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from detection and control to the in � uence of processing conditions on the virulence of the
pathogen. She has served as lead investigator and collaborator in several multi-institutional projec
addressing food safety and microbial risk assessment.

Dr. Destro has fostered extension and outreach activities by helping micro and small food
producers implement GMP, HACCP programs, and by training private and of� cial laboratory staff
in Listeriadetection and enumeration. As an FAO certi� ed HACCP instructor, she has delivered
courses all over Brazil. She has served on several Brazilian Government committees and works at
international level with FAO, ILSI North America, and PAHO.
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Dr. Destro has been very active in several scienti� c associations including the International Association for Food Protection where she ha
been serving in different committees. Dr. Destro was responsible with others for the establishment of the Brazil Association for Foo
Protection, the � rst IAFP Af� liate organization in South America. She has also acted as an ambassador for IAFP in different Latin Amer
countries, always committed to spreading the IAFP objective: advancing food safety worldwide.
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Dr Geraldine Duffy holds a Bachelor of Science Degree from University College Dublin and a PhD
from the University of Ulster, Northern Ireland. She has been Head of the Food Safety Departmen
at Teagasc, Food Research Centre, Ashtown, Dublin, Ireland since 2005. Her research focuses
detection, transmission, behaviour and control of microbial pathogens, in particular ver-
ocytotoxigenic E. coli, Listeria, Salmonella, and Campylobacteralong the farm to fork chain. She
has published widely in the � eld of microbial food safety with over 80 peer reviewed publications
including books and book chapters. Dr Duffy has considerable experience in the co-ordination of
national and international research programmes and under the European Commission Framewor
Research Programme and has co-ordinated multi-national programmes onE. coliO157:H7 and is
currently co-ordinating a 41 partner multinational European Union Framework integrated research
project on beef safety and quality (Prosafebeef). She is a member of a number of profession
committees including the scienti� c and microbiological sub-committee of the Food Safety
Authority of Ireland and serves as a food safety expert for the European Food Safety Authori
(EFSA) biohazard panel, W.H.O / FAO and I.L.S.I. (International Life Science Institute).
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Danilo Ercolini
Danilo Ercolini was awarded his PhD in Food Science and Technology in 2003 at the University o
Naples Federico II, Italy. In 2001 he was granted a Marie Curie Fellowship from the EU to work a
the University of Nottingham, UK, where he spent one year researching within the Division of Food
Science, School of Biosciences. He was Lecturer in Microbiology at the University of Naples fro
November 2002 to December 2011. He is currently Associate Professor in Microbiology at th
Department of Agricultural and Food Sciences of the same institution.

He is author of more than 70 publications in peer-reviewed journals since 2001. His h-index is
27 and his papers have been cited more than 2000 times according to the Scopus database (ww
scopus.com). He was book Editor of“Molecular techniques in the microbial ecology of fermented”
published by Springer, New York– Food Microbiology and Food Safety series by M. Doyle.

He has been invited as a speaker or chairman at several international conferences. He is on t
Editorial Board of Applied and Environmental Microbiology, International Journal of Food Microbiolo,
Food Microbiology, Journal of Food Protectionand Current Opinion in Food Science. He is Associate Editor
for Frontiers in Microbiology.

He has been responsible for several grants from the EU and Italian Government and has seve
ongoing collaborations with partners from industry. He was granted the Montana Award for Food
Research in 2010. He is responsible of a high-throughput sequencing facility at the Department o
Agricultural and Food Sciences at the University of Naples.

He has been working in the� eld of microbial ecology of foods for the last 12 years. His main
activities include the development and exploitation of novel molecular biology techniques to study
microorganisms in foods and monitor changes in microbiota according to different fermentation
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or storage conditions applied to food products. The works include the study of microbial pop-
ulations involved in the manufacture or ripening of fermented foods. In addition, he has studied
diversity and metabolome of the spoilage microbiota of fresh meat during storage in different
conditions including aerobic storage, vacuum, and antimicrobial active packaging.

The most recent interests include the study of food and human microbiomes by meta-omics
approaches including metagenomics and metatranscriptomics. Recently, he is involved in sever
projects looking at the structure and evolution of human-associated microbiome in response
mainly to diet and diet-associated disorders.
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Soichi Furukawa
Soichi Furukawa was awarded his BS in 1996 and his PhD in 2001, both from Kyushu University
Japan. During 1998–2001 he was a Research Fellow of the Japan Society for the Promotion
Science. Since 2001 he has worked as Assistant Professor, Principal Lecturer, and is now
Associate Professor at the College of Bioresource Sciences in Nihon University, Japan. He worked
a Researcher during 2005-6 in the O’Toole laboratory at the Dartmouth Medical School, New
Hampshire.

He has authored 59 papers in scienti� c international journals, and is involved with the
following academic societies: Member of American Society for Microbiology; Administration of� cer
of Japan Society for Lactic Acid Bacteria; Representative of Japanese Society for Bioscience
Biotechnology; Member of Japanese Society for Bioscience, Biotechnology, and Agrochemis
Member of Japanese Society for Food Science and Technology. He also is an editorial boa
member of the Japanese Journal of Lactic Acid Bacteria.

He was awarded the Incentive award of The Japanese Society for Food Science and Techno
(2007), and the Japan Bioindustry Association, Encouraging prize of Fermentation and Metabolism
(2009).
Colin Gill
Colin Gill has worked on various aspects of the microbiology of raw meats, including frozen
product, since 1973; until 1990 in New Zealand, and subsequently with Agriculture and Agri-Food
Canada. He has published some 200 research papers or review articles in scienti� c journals and
books.
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Jean-Pierre Guy
JPG is a researcher of IRD (Institut de recherche pour le développement, France). As a microbial e
physiologist he started his career in the 1980s by exploring the world of methanogens and sulfate
reducing bacteria,� rst in the lab of Professor Ralf Wolfe (University of Champaign Urbana, USA).
Following this � rst research experience, he was during a nine year stay in Mexico a visiting researc
at the UAM-Iztapalapa (Universidad Autonoma Metropolitana) and investigated the microbial
ecophysiology of anaerobic digestion for the treatment of wastewaters from the agro-food and
petrochemical industries.

Back to France in 1995 at the IRD’s research centre of Montpellier, he started a new research o
the microbial ecophysiology of traditional amylaceous fermented foods in tropical countries,
mainly those consumed by young children (6-24 m.o.) as complementary food to breast feeding in
African countries (e.g. Burkina Faso, Benin, Ethiopia,. ), exploring the relation between the food
matrix, its microbiota, and the nutritional quality of fermented complementary foods.

On the present time, JPG is the head of the IRD’s research group“NUTRIPASS”: “Prevention of
malnutrition and associated pathologies” (http://www.nutripass.ird.fr/).
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Vijay K. Juneja
Dr. Vijay K. Juneja is a Lead Scientist of the‘Predictive Microbiology’ research project at the Eastern
Regional Research Center, ARS-USDA, Wyndmoor, PA. He received his Ph.D. degree in F
Technology and Science from the University of Tennessee, Knoxville. Vijay has develop
a nationally and internationally recognized research program on foodborne pathogens, with
emphasis on microbiological safety of minimally processed foods and predictive microbiology. He
has authored/coauthored over 300 publications, including 135 peer-reviewed journal articles and is
a co-editor of eight books on food safety. Dr. Juneja has been a recipient of several awards, includin
the ARS, North Atlantic Area, Senior Research Scientist of the year, 2002;‘2005 Maurice Weber
Laboratorian Award,’ of the International Association for Food Protection; ‘2012 Institute of Food
Technologists (IFT) Research and Development Award’; ‘2012 National Science Foundation Food
Safety Leadership Award for Research Advances’, etc. He was elected IFT Fellow in 2008.
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Michael G. Kontomina
Michael G. Kontominas is a Chemistry graduate of the University of Athens (1975). He earned his
Ph.D. in Food Science from Rutgers University, New Brunswick, NJ, USA in 1979. After a short po
doc at Rutgers U. he joined the faculty of the Chemistry Department, University of Ioannina,
Ioannina, Greece in 1980 where he was promoted to Full Professor in 1997. He served as Visitin
scholar at Michigan State University, East Lansing, MI, Rutgers University and Fraunhofer Institut
Munich, Germany. He also served as Visiting Professor in the Chemistry Department of th
University of Cyprus and the American University in Cairo, Egypt. He has published 166 articles in
international peer-reviewed journals and more than 20 chapters in book volumes by invitation. His
research interests include: Analysis of Contaminants in Foods, Non thermal methods of Foo
Preservation, Food Packaging, and Food Microbiology. He has co-authored two University tex
books on ‘Food Chemistry’ and ‘Food Analysis’ respectively and edited two book volumes,‘Food
Packaging: Procedures, Management and Trends’ (2012) and ‘Food Analysis and Preservation:
Current Research Topics’ (2012). He has materialized numerous national and international (EU,
NATO, etc.) research projects with a total budget over 5 M Euros. He is editor of two internationa
journals (Food Microbiology, Food and Nutritional Sciences). He has supervised 14 Ph.D. and 45 MSc
theses already completed. He has served for several periods as Head of Section of Industrial a
Food Chemistry, Department of Chemistry, University of Ioannina and as national representative o
Greece to the European Food Safety Authority (EFSA) in the Working group: Safety of Irradiate
Food. He received the 1st prize both at national and European level in the contest‘Ecotrophilia
2011’ on the development of eco-friendly food products. During the period 2010–2012 he served
on the Board of Directors of the Supreme Chemical Council of the State Chemical Laboratory o
Greece. He is also technical consultant to the Greek Food and Packaging industry.
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Dietrich Knorr
He received an Engineering Degree in 1971 and a PhD in Food and Fermentation Technology from
the University of Agriculture in Vienna in 1974.

He was Research Associate at the Department of Food Technology in Vienna, Austria; Visiti
Scientist at the Western Regional Research Centre of the US Department of Agriculture, Berke
USA; at the Department of Food Science Cornell University, Ithaca, USA and of Reading Universit
Reading, UK. From 1978 until 1987 he was Associate Prof., Full Professor and Acting Chair at th
Department of Food Science at the University of Delaware, Newark, DE, USA where he ke
a position as Research Professor. From 1987 to 2012 he was Full Professor and Department He
at the Department of Food Biotechnology and Food Process Engineering, Technische Universi
Berlin, including the position of Director of the Institute of Food Technology and Food Chemistry
at the Technische Universität Berlin. He also holds an Adjunct Professorship at Cornell University

Prof. Knorr is Editor of the Journal “ Innovative Food Science and Emerging Technologies”.
He is President of the European Federation of Food Science and Technology, member of th

Governing Council, International Union of Food Science and Technology, and Member of the
International Academy of Food Science and Technology.

In 2013 he received the EFFoST Life Time achievement Award, 2011 he got the IAEF L
Achievement Award, in 2003 the Nicolas Appert Award, and in 2004 the Marcel Loncin Researc
Prize of the Institute of Food Technologists and the EFFoST Outstanding Research Award as wel
the Alfred-Mehlitz Medaille, German Association of Food Technologists.

Prof. Knorr has published approximately 500 scienti� c papers, supervised approx. 300
Diploma/Master Thesis and approx. 75 PhD theses. He holds seven patents and is one of the I
“highly cited researchers”.
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Aline Lonvaud
Aline Lonvaud is Professor Emeritus at the University of Bordeaux in the Sciences Institute of Vin
and Wine. After obtaining her master’s degree in biochemistry, she completed her� rst research at
the Institute of Oenology of Bordeaux under the direction of Professor Ribéreau-Gayon and
obtained his Doctorate in Sciences for his studies on the lactic acid bacteria in wine. She began h
career in 1973 as a teacher and as a researcher for the wine microbiology at the University
Bordeaux. Her work then continued those very new on the malolactic enzyme of lactic acid bacteria
At that point she engaged her research towards other metabolic pathways lactic acid bacte
important for their impact on wine quality. The bacterial use of citric acid, glycerol, the decar-
boxylation of certain amino acids, the synthesis of polysaccharides have been studied from th
isolation of bacteria to the identi� cation of the key genetic determinants of these pathways. On the
practical level this has led to accurate genomic tools, sensitive and speci� c, made available to
oenology laboratories for wine control and prevention of spoilage. By the late 1980s, Professo
Aline Lonvaud had addressed the topic of theOenococcus oeniadaptation to growth in wine, in
relation to industrial malolactic starter cultures, by the � rst studies on the signi� cance of the
membranes composition for these bacteria. The accumulation of results on the metabolic pathway
and the � rst data on the adaptation of cells to their environment, obtained in the framework of
several PhD theses, showed the need to implement other approaches. For this she directed t
research in order to learn more about the diversity of strains of theO. oenispecies and their rela-
y

,

tionships with the other partners in the oenological microbial system. Among recent work Professor Aline Lonvaud led a phylogenetic stud
on the biodiversity of O. oeniwhich involved more than 350 strains isolated worldwide. Currently, the microbiology laboratory of the wine
develops an axis on the microbial community of grapes and wine, started under the leadership of Aline Lonvaud for some� fteen years. The
students of DNO (National Diploma of Oenology) and other degrees of Master of the ISVV bene�t from these results, which are also valued
by the activity of the spin-off “Micro� ora� ” of which Professor Aline Lonvaud provides scienti� c direction. Today as Professor Emeritus
Aline Lonvaud works as an expert in the microbiology group of the OIV (International Organisation of Vine and Wine), as editor and
reviewer for various scienti� c journals and for professional organizations in the� eld of microbiology of wine.
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Aurelio López-Malo is Professor in the Department of Chemical, Food, and Environmental Engi
neering at Universidad de las Américas Puebla. He has taught courses and workshops in vario
Latin American countries. Dr. López-Malo is co-author of Minimally Processed Fruits and Vegeta
bles, editor of two books, authored over 30 book chapters and more than 100 scienti� c publications
in refereed international journals, is a member of theJournal of Food ProtectionEditorial Board. Dr.
López-Malo received his PhD in Chemistry in 2000 from Universidad de Buenos Aires in Argentina
the degree of Master in Science in Food Engineering in 1995 from the Universidad de las Améric
Puebla, and he graduated as a Food Engineer from the same institution in 1983. He has presente
over 300 papers in international conferences. He belongs to the National Research System
Mexico as a National Researcher Level III. He is Member of the Institute of Food Technologists (IFT
the International Association for Food Protection (IAFP), and the American Society for Engineerin
Education (ASEE). Dr. López-Malo has directed or co-directed over 35 funded (nationally an
internationally) research projects and has participated in several industrial consulting projects. Hi
research interests include Natural Antimicrobials, Predictive Microbiology, Emerging Technologie
for Food Processing, Minimally Processed Fruits, and K-12 Science and Engineering Education
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Since 1970 Rob Samson has been employed by the Royal Netherlands Academy of Scie
(Amsterdam) at the CBS-KNAW Fungal Biodiversity Centre and is group leader of the Applied an
Industrial Mycology department. He is Adjunct Professor in Plant Pathology of the Faculty o
Agriculture, Kasetsart University Bangkok, Thailand since July 15, 2002. Since January 2009 he
been the visiting professor at Instituto de Tecnologia Quimica e Biologica of the Universidade Nova
de Lisboa in Portugal. He is also an Honorary Doctor of Agricultural Sciences of the Faculty o
Natural Resources and Agricultural Sciences at the Swedish University of Agricultural Sciences
Uppsala (October 3 2009).

Rob’s main specialization is in the � eld of Systematic Mycology of Penicillium and Aspergillus
and food-borne fungi. He also specializes in the mycobiota of indoor environments, entomopa-
thogenic, thermophilic fungi, and scanning electronmicroscopy. His current research interes
include: Taxonomy of Penicillium and Aspergillus; Food-borne fungi with emphasis on heat
resistant and xerophilic molds; Molds in indoor environments; and Entomogenous fungi.

Rob is the Secretary General of the International Union of Microbiological Societies (IUMS)
Member of the Executive Board of the International Union of Microbiological Societies since 1986
Chairman of the IUMS International Commission on Penicillium and Aspergillus; Vice Chairman
of the International Commission on Food Mycology; Member of the International Commission of
the Taxonomy of Fungi; Chairman of the IUMS International Commission on Indoor Fungi;
Honorary Member of the American Mycological Society; and an Honorary Member of the
Hungarian Society of Microbiology.
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Ulrich Schillinger
Dr. Ulrich Schillinger obtained his PhD (Dr. rer. nat.) at the University of München, Germany in
1985 and completed his post doctoral research at the Bundesanstalt für Fleischforschung (Meat
Research Centre) in Kulmbach. In 1989, he became head of a food microbiology lab at the Institute
of Hygiene and Toxicology of the Bundesforschungsanstalt für Ernährung und Lebensmittel
(Federal Research Centre for Nutrition and Food) in Karlsruhe. Since 2008, he worked at the
Institute of Microbiology and Biotechnology of the Max Rubner Institut, Bundesinstitut für
Ernährung und Lebensmittel in Karlsruhe.

He published about 100 research papers in peer-reviewed international scienti�c journals and
several books in microbiology and food sciences. He served as editorial board member of ‘Food
Microbiology’ and as a regular reviewer of many scienti�c journals.

His research has focused on food microbiology, the taxonomy and physiology of lactic acid
bacteria, their application as bioprotective and probiotic cultures, bacteriocins and fermented
foods.
Bart Weimer
Dr. Weimer is professor of microbiology at University of California, Davis in the School of Veter-
inary Medicine since 2008. In 2010 he was appointed as faculty assistant to the Vice Chancellor of
Research to focus on industry/university partnerships. Subsequently, he was also appointed as
co-director of BGI@UC Davis and director of the integration core of the NIH Western Metab-
olomics Center in 2012. Prior to joining UC Davis Dr. Weimer was on faculty at Utah State
University where he directed the Center for Integrated BioSystems for seven years. The primary
thrust of his research program is the systems biology of microbial infection, host association, and
environmental survival. Using integrated functional genomics Dr. Weimer’s research program
examines the interplay of genome evolution and metabolism needed for survival, infection, and
host association. The interplay between the host, the microbe, and the interdependent responses is
a key question for his group. His group is currently partnered with FDA and Agilent Technologies to
sequence the genome of 100,000 pathogens and is conducting metagenome sequence of the
microbiome of chronic disease conditions associated with the food supply. Most recently he was
honored with the Agilent Thought Leader Award and his work in microbial genomics received the
HHSInnovate award as part of the 100K genome project. During his career Dr. Weimer mentored 30
graduate students, received seven patents with six pending, published over 90 peer-reviewed papers,
contributed 17 book chapters, edited three books, and presented over 400 invited scienti�c
presentations.
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HOW TO USE THE ENCYCLOPEDIA
The Encyclopedia of Food Microbiology is a comprehen-
sive and authoritative study encompassing over 400
articles on various aspects of this subject, contained in
three volumes. Each article provides a focused
description of the given topic, intended to inform
a broad range of readers, ranging from students, to
research professionals, and interested others.

All articles in the encyclopedia are arranged alpha-
betically as a series of entries. Some entries comprise
a single article, whilst entries on more diverse subjects
consist of several articles that deal with various aspects
of the topic. In the latter case, the articles are arranged
logically within an entry. To help realize the full
potential of the encyclopedia we provide contents,
cross-references, and an index:
Contents

Your �rst point of reference will likely be the contents.
The complete contents list appears at the front of each
volume providing volume and page numbers of the
entry. We also display the article title in the running
headers on each page so you are able to identify your
location and browse the work in this manner.

You will �nd “dummy entries” where obvious
synonyms exist for entries, or for where we have
grouped together similar topics. Dummy entries
appear in the contents and in the body of the ency-
clopedia. For example:

BUTTER see MILK AND MILK PRODUCTS:
Microbiology of cream and butter
Cross-references

All articles within the encyclopedia have an extensive
list of cross-references which appear at the end of each
article, for example:

MILK AND MILK PRODUCTS: Microbiology of
cream and butter

See also: ASPERGILLUS j Introduction; BACILLUS j
Bacillus cereus; CAMPYLOBACTER j Introduction;
CLOSTRIDIUM j Introduction; ENTEROBACTER;
ESCHERICHIA COLI j Escherichia coli; FERMENTED
MILKS j Range of Products; LISTERIA j Introduction;
PROTEUS; PSEUDOMONAS j Introduction;
RHODOTORULA; SALMONELLA j Introduction;
STAPHYLOCOCCUS j Introduction; THERMAL
PROCESSES j Pasteurization; ULTRASONIC
STANDING WAVES
Index

The index provides the volume and page number
for where the material is located, and the index
entries differentiate between material that is a whole
article; is part of an article, part of a table, or in
a �gure.
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Foreword
H Pennington, University of Aberdeen, Aberdeen, UK

� 2014 Elsevier Ltd. All rights reserved.
Food microbiology is a mature subject. It has come a long way
since its founding scientists were at work at the end of the
nineteenth century. Brilliant practical achievements have been
realized, such as pasteurization and hazard analysis and critical
control points (HACCP). From the microbiological point of
view, it is reasonable to say at this time that food has never
been safer and that the controls, applications, and outcomes of
fermentation processes have never been better. But the nature
of the challenges made by microbes means that for food
microbiologists, the resting on laurels is not an option. Not
only do new challenges emerge on a regular basis because of
changes in food technology and the rapid evolution of the
microbes but also old and traditional problems persist.

Emile van Ermengem discovered Clostridium botulinum in
1895. We have known for many years how to prevent botulism.
But outbreaks with fatalities still occur in countries with highly
developed national food safety systems. I have conducted two
inquiries for UK administrations into big Escherichia coli O157
outbreaks – the �rst, in 1997, helped to drive HACCP forward,
but the second, in 2009, showed that its journey to effective
implementation still had a long way to go. A problem that has
been with us ever since the start of agriculture also still remains;
every year 10–20% of the world’s annual cereal crop of
approximately 2 � 109 tons is lost through spoilage by molds.
Much of this loss happens in the humid tropics and contributes
there to other factors that lead to nutritional de�ciencies.
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
The surest and most immediate remedy for these problems
is the effective application of what we know. This information
is provided by the Encyclopedia of Food Microbiology through its
authoritative, up-to-date, and comprehensive coverage.

Microbes evolve in real time. Food technology evolves as
well, and our knowledge increases through experience. A
fundamental attribute of science is that its �ndings are never
more than a snapshot of work in progress. These facts all
explain why a second edition of the encyclopedia was
necessary.

The best recent example that justi�es this conclusion is the
emergence of E. coli O104:H4, the organism that caused the
enormous food-poisoning outbreak centered in Germany in
the early summer of 2011. The infections were severe (50 died).
Hardly any cases of infection caused by this particular organism
had ever been seen before. It was new. The power of molecular
methods – and our current ability to exploit them rapidly – was
shown by the complete genome being determined while the
outbreak was ongoing. But novelty was not the only note-
worthy feature of the outbreak. The vector was raw seed
sprouts, a high-risk food that has played a vectorial role many
times before. So food microbiologists must be fully aware not
only of the bene�ts coming from the latest advances in
molecular biology but also of facts published long ago. This
new edition of the encyclopedia covers both cutting-edge and
long-established science. It meets these needs handsomely.
-384730-0.00129-4 1
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Acetobacter

RK Hommel, CellTechnologie Leipzig, Leipzig, Germany

� 2014 Elsevier Ltd. All rights reserved.
This article is a revision of the previous edition article by Rolf K. Hommel, Peter Ahnert, volume 1, pp 1–7, � 1999, Elsevier Ltd.
Acetic acid bacteria (AAB) have been used for making vinegar at
least since Babylonian times. For most of this time, vinegar was
obtained by fermentation from natural alcoholic solutions
(10–15% v/v ethanol) without an understanding of the natural
process. A number of researchers established the microbial
basis of this process in the beginning of the nineteenth century,
including Kützing, Lafare, and Boerhaave. In 1822, Persoon
performed the �rst biological study of the surface �lms of wine
and beer and proposed the name Mycoderma. Later, Kützing
(1837) isolated bacteria from naturally fermented vinegar for
the �rst time. Considering them to be a kind of algae, he named
them Ulvina aceti. Pasteur established the causal connection
between the presence of Mycoderma aceti and vinegar formation
in the �rst systematic studies on acetic acid fermentation. These
discoveries and following studies resulted in a better under-
standing and new methods (Pasteur method) of vinegar
formation.
Characteristics of the Genus Acetobacter

The taxonomy of AAB has been strongly rearranged on the basis
of DNA-based methods in combination with phenotyping and
chemotaxonomic characterizations. AAB belong to the family
Acetobacter of the class Acetobacteraceae. The family is classi�ed
into the former core genera, Acetobacter and Gluconobacter, and
eight genera. Species of Acetobacter (now 19 species) were
partially newly classi�ed, and a new genus was introduced,
Gluconacetobacter (16 species). The type species include Aceto-
bacter aceti and Gluconacetobacter liquefaciens, respectively.
Table 1 shows some of the differential characteristics of the
genera Acetobacter, Gluconacetobacter, and Gluconobacter. Table 2
gives examples of new classi�cations of the former Acetobacter
species.

Acetobacteraceae represent strictly aerobic chemoorgano-
trophic bacteria that are able to carry out a great variety of
incomplete oxidations and to live in or on plant materials,
like fruits and �owers. Some members of this family include
plant pathogens. AAB have been considered as nonpathogenic
to mammals. The actual classi�cation includes two human
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
pathogens: Asaia bogorensis, causing peritonitis and bacter-
emia, and Granulibacter bethesdensis, associated with granulo-
matous disease. Recently, Acetobacter spp. have been reported
as human opportunistic pathogens in patients with under-
lying chronic diseases and/or indwelling devices. The detec-
tion seems to be dif�cult with standard medical
microbiological methods. Bacteria belonging to Acetobacter,
Gluconacetobacter, and Gluconobacter recently have established
secondary symbiotic relationships, which have been detected
with insects like Drosophila melanogaster, some mosquitoes, the
honeybee Apis mellifera, and others. Bacteria are in association
with the insect midgut; colonize tissues and organs, including
reproductive ones; and are able to pass through body barriers.
The involvement in regulation of Drosophila’s immune system
is reported.

Acetobacter are Gram-negative rods. Old cells may become
Gram-variable. Cells appear singly, in pairs, or in chains, and
they are motile by peritrichous �agella or nonmotile. There is
no endospore formation. Acetobacter spp. are obligate aerobes
except for Acetobacter diaztrophicus, for example, which belongs
to the diverse group of free-living aerobic or microaerophilic
diazotrophic AAB.

The metabolism is respiratory and never fermentative.
Single amino acids do not serve as sole source of nitrogen and
carbon. Essential amino acids are not known but may be
stimulatory in de�ned media, and the same will act as inhibi-
tors under de�ned conditions (e.g., homoserine vs. A. aceti).

Nutritional requirements may change with altered culture
conditions like pH, and concentrations of ethanol and acetic
acid. Depending on growth substrates, some strains may
require p-aminobenzoic acid, niacin, thiamin, or pantothenic
acid as growth factors. The temperature range is 8–45 �C with
an optimum range between 25 and 30 �C.

The optimal pH for growth is about pH 4–6.3. Acetophilic
strains have their optimum at pH 3.5, acetophobic ones at 6.5,
andacetotolerant strains cangrow on both pH values. Strains used
in making vinegar are more resistant toward acidic pH values.
Resistance is strain speci�c. Isolates obtained from commercial
submerged processes grow well at a pH of 2.0–2.3. The intracel-
lular pH closely follows the external (A. aceti). At or below pH 5.0,
-384730-0.00001-X 3
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Table 1 Different characteristics of the generaAcetobacter, Gluconacetobacter, andGluconobacter

Characteristics

Genera

Acetobacter Gluconacetobacter Gluconobacter

Flagellation Pe or nm Pe or nm Po or nm
Production of water-soluble brown pigment(s) � d d
Production of cellulose � d �
Production of mucous substances from sucrose d � �
Production of acetic acid from ethanol þ þ þ
Oxidation of

Acetate to CO2 and H2O þ þ �
Lactate to CO2 and H2O þ þ �

Growth in presence of 0.35% acetic acid þ þ þ
Growth on methanol � � �
Ketogenesis from glycerol d d þ
Production ofg-pyrones from

D-Glucose � d d
D-Fructose � � þ

Production of keto-D-gluconates
from D-glucose
2-Keto-D-gluconate d d þ
5-Keto-D-gluconate d d þ
2,5-Keto-D-gluconate � d d

Acid production from
D-Arabinose � � þ
L-Rhamnose � � �
D-Fructose � þ þ
L-Sorbose � d þ
Sucrose � � þ
Raf� nose � � �
D-Mannitol � d þ
D-Sorbitiol � � þ
Dulcitol � � �
Glycerol � þ þ

Major ubiquinone Q-9 Q-10 Q-10
Gþ C content (mol. %) 52–61 56–67 54–63

Symbols:þ , 90% or more of the strains positive; d, 11–89% of the strains positive; and� , 90% of the strains negative.
Abbreviations: Pe, peritrichous; Po, polar; nm, nonmotile.
With permission from Kersters, K., Lisdiyanti, P., Komagta, K., Swings, J., 2006. The familyAcetobacteraceae: the generaAcetobacter, Acidominas, Asaia, Gluconacetobacter,
Gluconobacter, andKozakia. In: Falkow, S., Rosenberg, E., Schleifer, K.-H., Stackebrandt, E., Dworkin, M. (Eds.), The Prokaryotes, third ed. vol. 5. Springer, New York,
pp. 163–200.

4 Acetobacter
the membrane potential of a cell is normally uncoupled, resulting
in free proton exchange across the cytoplasmic membrane an
thus depriving adenosine triphosphate (ATP) synthesis of its
driving force. Formation of acetic acid (or other acids) proceeds
-
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Table 2 Examples of new classi�cation of species of the genus
Acetobacterinto the genusGluconacetobacter

Former classiÞcation New classiÞcation

Acetobacter diazotrophicus Gluconacetobacter diazotrophicu
Gluconacetobacter johannae
Gluconacetobacter azotocaptans
Gluconacetobacter sacchari

Acetobacter europaeus Gluconacetobacter europaeus
Acetobacter hansenii Gluconacetobacter hansenii

Gluconacetobacter entanii
Acetobacter intermedius Gluconacetobacter intermedius
Acetobacter liquefaciens Gluconacetobacter liquefaciens
Acetobacter oboediens Gluconacetobacter oboediens
Acetobacter xylinus Gluconacetobacter xylinus
via membrane-bound dehydrogenases, which is closely con
nected to ATP-yielding reactions. High ethanol oxidation rates
enlarge the energy pool available for the detoxi� cation of Gluco-
nacetobacter europaeus, which contributes to keep the metabolic
activity intact. The energy-driven ef� ux system and the uptake are
speci� c for acetate and depend on the pH value. InA. aceti,a gene
cluster encoding three proteins including the citrate synthase is
involved in acetic acid tolerance by playing a central role in ATP
supply. Proteome analysis ofA. acetirevealed 19 acetate adapta
tion proteins (Aaps), including aconitase, most of which are
membrane associated. An ATP-binding cassette transporter w
shown to be involved in acetic acid resistance. High acetic acid
concentration forces adaptation to higher resistance.

Resistance to acetic acid is expressed more highly in strain
of Gluconacetobacter: Ga. europaeusresisted up to 10%,
Gluconacetobacter intermediusand Acetobacter pasteurianusresis-
ted up to 6%. Even ethanol tolerance is higher inAcetobacte
and Gluconacetobacterthan in Gluconobacter.The higher the
concentration of acetic acid, the lower the growth rate;
however, acetic acid production rates increase with decreasin
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Acetobacter 5
growth rates at increasing acetic acid concentration (Ga. euro-
paeus). Ethanol concentrations higher than 8 and 10% inhibit
strains ofA. aceti. Other strains, such as spoilers of sake or from
Iranian peaches, tolerate higher ethanol contentsin vitro. Both
growth and fermentation of acetic acid as well as gluconic acid
by Ga. intermediushave shown to be controlled by a complex
quorum-sensing system.

The high direct oxidative capacity for sugars, alcohols, an
steroids by rapid and incomplete oxidation and the near-quan-
titative excretion of oxidation products into the growth medium
is a special feature ofAcetobacterand Gluconacetobacter. This
ability is used in vinegar fermentation, food processing, chemica
synthesis, and even in enantioselective oxidations, with
A. pasteurianusas an example. Other examples include formation
of 2,5-dioxogluconic acid by Acetobacter melanogenumand
Acetobacter carinus,and the oxidations of ethanediol to glycolic
acid, of lactate to acetoin, and of glycerol to dihydroxyacetone
(e.g., polyols in which two secondary cis-arranged hydroxyl
groups in D-con� guration may be oxidized to ketoses).
Acetobacter rancensand Acetobacter peroxidansoxidize n-alkanes,
mainly by monoterminal attack, yielding corresponding fatty
alcohols and fatty acids.

Acetobacterand Gluconacetobacterare equipped with two sets
of enzymes, catalyzing the same oxidation reactions. Enzyme
in the � rst set are bound in the cytoplasmic membrane.
Enzymes in the second set are located in the cytoplasm and a
NAD(P)þ -dependent, providing intermediates for growth and
maintenance. pH optima of these enzymes are neutral o
alkaline.

Membrane-bound enzymes, such as alcohol dehydrogenas
aldehyde dehydrogenase, glucose dehydrogenase, and sorbi
dehydrogenase, convert substrates by nonphosphorylativ
oxidation at nearly quantitative product yields. These enzymes
show acidic pH-optima and display speci� c activities up to three
orders of magnitude higher than those of cytoplasmic counter-
parts. Substrates do not need to be transported into the cell: Th
active site is facing the periplasm. Most membrane-bound
enzymes share the prosthetic group pyrroloquinoline quinone
(PQQ; Figure 1). Electrons are transferred either directly to
a ubiquinone (Q-9) of the respiratory chain or via a cytochromec
(subunit of some alcohol dehydrogenases) to the terminal ubiq-
uinol oxidase, which is either cytochrome a1 or cytochrome o.
Same enzymes like gluconate dehydrogenase, harbor� avin (FAD)
as an additional prosthetic group linked directly to the respiratory
chain. Reducing equivalents are� nally transferred to oxygen.

The very low Hþ /e� ratios of incomplete oxidation reactions
explain low growth yields; most energy is lost as heat (strong hea
development). The oxidation of 1 mol ethanol to 1 mol acetic
.
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Figure 1 Structure of pyrroloquinoline quinone (PQQ).
acid yields 6 mol of ATP. This system functions as an ancillary
energy-generating pathway satisfying high energy demand (e.g
resistance to acetic acid). N2-� xing cells of Gluconacetobact
diazotrophicuscontain three times higher enzyme levels of qui-
noprotein glucose dehydrogenase than under non-N2-� xing
conditions.

Intracellular sugar metabolism continues over the hexose
monophosphate pathway and a complete tricarboxylic acid cycle
Glycolysis is absent or rudimentary. InGluconacetobacter xylinu,
the Entner–Doudoroff pathway is used (as inGluconobacter).

A. xylinussynthesizes an exopolysaccharide (ß-glu1d >4ß-
glu)n. Cellulose� bers may be regarded as part of the glycocaly
and maintain these highly aerobic organisms at the liquid–air
interface. When excreted into the medium� bers, they rapidly
aggregate as micro� brils, yielding a surface pellicle. Cellulose is
produced either in static cultures, or in submerged, fed-batch
cultures with low share force. Yields up to 28 g l� 1 of dry
polysaccharide may be obtained. This cellulose I form does no
contain hemicelluloses, lignins, or pectic substances. This hig
purity allows application mainly in medicine, for example, as
wound dressings for patients with burns or extended loss of
tissue. Additionally, an acidic exopolysaccharide (acetan
which resembles xanthan) is produced.

Genome sizes are reported forA. pasteurianusNBRC 2383
with 2.9 Mb and six plasmids and for Ga. diazotrophicusPal5
3.9 Mb and two plasmids. The majority of Acetobactersp. have
1–8 plasmids varying in size from 1.5 to 95 kb. Isolates from
some submerse vinegar processes have 3–11 plasmids, and
isolates from surface fermentation processes 3–7 plasmids
(2–70 kb). Plasmid pro� le analysis has become a powerful tool
for controlling homogeneity, stability, and identity. High
phenotype viability could not be correlated with plasmid
pro� les. Genome sequencing ofA. pasteurianusrevealed that
hypermutability is backed by the involvement of plasmids and
of mechanisms that generate extreme genome reduction– the
smaller the genome, the more advantageous to survive unde
stressful conditions.Acetobactercontains four ribosomal RNA
operons on the chromosome. Recombinant DNA techniques
have been adapted toAcetobacter.Host–vector systems and
transformation systems are available forA. acetiand Ga. xylinus.
Bacteriophages speci� c to Acetobacterlead to a complete stop
of submerged fermentation. Morphologically, different phage
types described are isolated from vinegar fermentation
belonging to the Bradley’s group A and to theMyoviridae. The
high number of phages in disturbed acetic acid fermentations
suggests that they may be responsible for production problems

Classical niches of Acetobacterand Gluconacetobacterare
found in traditional vinegar making and submerged processes
in spoilage of alcoholic beverages, and in fermented food
Strains of both genera were originally associated with plants and
soils. Preferred habitats, such as fruits and� owers, are rich in
sugars, alcohols, and/or acids. Fermenting fruits, in particular
are excellent sources of sugar and ethanol. VariousAcetobacte
spp. have been isolated from apricots, almonds, beets, banana
� gs, guavas, grapes, mandarins, mangoes, oranges, pomegr
ates, pears, peaches, persimmons, pineapples, plums, stra
berries, and tomatoes.A. aceti, A. xylinus,andA.pasteurianuswere
predominantly associated with ripe grapes: 75% of the strains in
isolates from Southern France with high numbers on damaged
grapes.Acetobacterspp. have been isolated from tofu and the
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immature spadix of the palm tree.Ga. xylinuswas present on the
lea� ets of the palm tree and in the surrounding air.A. acetiand
A. pasteurianushibernate in dried and injured apples spreading
to � owers in spring. The noticeable physiological instability is
advantageous in survival.Gluconacetobacterssp. were isolated
from the rhizosphere of coffee plants. The nitrogen-� xing AAB,
Gluconacetobacter johannaeand Gluconacetobacter azotocapta,
are associated with coffee plants in Mexico and closely phylo
genetically related toGa. diazotrophicus, which has been settled
in the stem and roots of sugarcane in Brazil, plays a major role
in nitrogen supply to the plant. N 2-� xing AAB contribute to the
plant also by synthesis of phytohormones, enzymes, and vita
mins; by nutrient solubilization (phosphate and zinc); and by
biocontrol ( Ga. diazotrophicusas antagonist of nematodes).
Fixation of nitrogen is also known with Acetobacter peroxyda
and Acetobacter nitrogeni� gensin association with rice and tea
plants, respectively, in India.

Acetobacterspp. were described in cocoa bean� ora. They are
causal agents of bacterial rot in pears and apples, resulting i
different shades of browning and tissue degradation. Pears ar
more susceptible to bacterial brown rot.Acetobacterspp. have
been isolated from decaying apple tissue and from the larvae
and adults of apple maggots.
.
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Methods of Detection

Strains of Acetobacter, Gluconacetobacter, and Gluconobacterare
present in the same habitat and may be coisolated. For routine
isolation of Acetobacterfrom natural or arti � cial habitats, culture
media of low pH, containing 2 –4% ethanol as an energy source
supplemented with glucose and acetic acid, are recommended
As low cell counts are expected, enrichment cultures becom
necessary. In addition to beer, de� ned enrichment medium
containing glucose (10 g l� 1), ethanol (5 ml l � 1), and acetic acid
(3 ml l � 1) in the presence of yeast extract (8 g l� 1), peptone
(15 g l� 1), and cycloheximide (0.1 g l� 1) are recommended as
the addition of cycloheximide and/or penicillin to prevent
infections by both yeasts and lactic acid bacteria. Incubation
times vary from 2 to 10 days at temperatures ranging from 20 to
30 � C. Speci� c enrichment procedures adapted to individual
sources are available. Frateur developed a procedure wi
different culture and enrichment media to differentiate between
A. pasteurianus, A. aceti, and Gluconobacter oxydans.

Yeast water–glucose medium is recommended for isolation
and puri� cation. It contains yeast water (supernatant of auto-
claved bakers’ or brewers’ yeast, 200 g l� 1) and glucose
(20 g l� 1), has a pH of 5.5–6.0, and can also be used for the
enrichment on solid media (agar: 15–30 g l� 1). Wort medium is
composed of malt powder diluted with tap water to 8% soluble
solids; for solid medium, the pH should be 5.5–6. Peptone
glucose agar includes bacto-peptone or bacto-tryptone (5 g l� 1),
glucose (20 g l� 1), KH2PO4 (1 g l� 1) in tap water, and agar
15–20 g l� 1. Additions of yeast extract (3–5 g l� 1) or of freshly
prepared and� ltered tomato juice (10%) may enhance growth.

Acetobactersettling on � owers or fruits may be ef�ciently
enriched in broth containing glucose (50 g l� 1), yeast extract
(10 g l� 1), and cycloheximide (0.1 mg l� 1) (30 � C). The ring or
pellicle formed after 2–8 days is plated out on a solid medium,
which may also serve for further puri� cation of the acid-
forming colonies: 50 g glucose, 10 g l� 1 yeast extract, 30 g
CaCO3, and 25 g l� 1 agar.

In cidermaking, media are recommended for successful isola
tion of AAB from orchard soil, apples, pomace, juice, fermenting
juice, and cider or from the factory equipment base on low-tannin
apple juice and yeast extract, pH 4.8, 30 g l� 1 agar containing
actidione (0.1 mg l� 1), and incubation at 28 � C for 3–5 days.
Alternatively, diluted sweet cider (1:2) supplemented with yeast
extract (12 g l� 1) and (NH 4)3PO4 (2 g; pH 5) may be used.

Beer (without preservation agents) or wort are also practi-
cable media. Strains ofAcetobacter diazotrophicuscan be isolated
by stepwise enrichment. Recommended conservation media
are summarized in Table 3. Agar cultures should be stored at
4 � C and transferred monthly or in glycerol at � 80 � C. Most
strains stay alive lyophilized for several years and some fo
longer than 10 years.

A large number of highly adapted acidophilic bacteria from
submerged fermentation (acetic acid concentrations up to 17%
and low pH values) are considered as not cultureable and are
dif � cult to isolate. Isolates will change their properties rapidly,
partially, and immediately; different phenotypes may be dis-
played after long-time cultivation (hypermutability). Enrich-
ment media with selection pressure or use of grape must be
supplemented with ethanol, acetic acid, and carbohydrates
(gluconic acid and sorbitol) are recommended. In isolation,
cultivation, and preservation, highly speci� c demands must be
considered: for example,A. europaeusessentially requires acetic
acid (4–8%) for growth. Acetic acid resistance is dif� cult to
preservein vitro. Addition of calcium carbonate reduces the
amount of the metabolically inactive undissociated acid.
Double-layered media like a modi� ed acetic acid–ethanol
medium ensuring a constant supply of ethanol and high
humidity, or the reinforced acetic acid–ethanol medium, are
successful tools in the isolation from submerged fermenters
(cf. Table 3). Storage of acidophilic Gluconacetobacterstrains
requires complex handling at low temperatures in preparing
lyophilized samples. Malt extract (200 g l� 1) may serve as
cryoprotectant.
IdentiÞcation

Bacteria belonging toAcetobacteraceaemay be Gram-negative or
Gram-variable (namely, older cells), are strictly aerobic, and
oxidize ethanol to acetic acid in neutral or acidic media. Cells
are ellipsoidal to rod shaped (0.6–0.8 mm� 1–4 mm), have
a respiratory type of metabolism, are oxidase-negative, an
acidify glucose below pH 4.5. They do not form endospores,
liquefy gelatin, reduce nitrate, or form indole.

Phenotypically, Acetobacter,Gluconobacter, and Gluconaceto
bactermay be easily differentiated by acetic acid production
from ethanol and by acetate and lactate oxidation.Acetobacte
show strong and fast acetate and lactate oxidation, respectivel
which does not happen with Gluconobacter, whereas withGlu-
conoacetobacter, the overoxidation rates depend on acetate
concentration that is not as high as with Acetobacter(Carr or
Acetobacter medium;Table 3). Additionally, the ubiquinone
Q-9 system is only present inAcetobacter(Table 1).

Some phenotypic features allow preliminary discrimination
between some species: Formation of dihydroxyacetone from



f

d

s
d
e

us,

l

s

Table 3 Selection of common media for growth and maintenance ofAcetobacterandGluconacetobacter

Medium Component Concentration [g l� 1]

AAB medium (pH 5.0) Malt extract 15
Yeast extract 5
Agar 15
Ethanol (96% v/v) 30

Carr medium/Acetobactermedium (pH 6.5) Yeast extract 30/10
Agar 20/25
Bromocresol green 0.022/0.04
Ethanol (96% v/v) 20/15

Frateur medium (pH 6–7) Ethanol (96% v/v) 20
Yeast extract 10
Agar 20
CaCO3 20

GYC agar (Acetobacter/Gluconobacteragar; pH 7.5) D-Glucose 100
Yeast extract 10
Agar 25
CaCO3 20

MYP agar D-Mannitol 25
Yeast extract 5
Peptone 3
Agar 15

AE medium (Gluconacetobacterfrom submerged fermentation) D-Glucose 5
Yeast extract 2
Peptone 3
Acetic acid 40
Ethanol 30
Agar 5 (bottom layer)

10 (top layer)
Add 930 distilled water

RAE medium (Gluconacetobacterfrom submerged fermentation) D-Glucose 40
Yeast extract 10
Peptone 10
Na2HPO4) 2H2O 3.38
Citric acid 1.5
Acetic acid 100 ml
Ethanol 20 ml
Agar 5 (bottom layer)

10 (top layer)
Add 970 distilled water
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glycerol as well as the formation of 2- and 5-ketogluconate are
restricted to A. aceti. Both negative catalase activity and lack o
acid formation from glucose indicate A. peroxydans. Others, like
a high tolerance for acetic acid (A. pasteurianus) or a requirement
for acetic acid for growth (Acetobacter pomorum) may be indica-
tive. Phenotypic identi� cation may be affected by spontaneous
mutations even in taxonomically important properties: There are
mutants of A. acetiunable to oxidize, e.g., ethanol.

Although identi � cation of the genus level can be done by
a combination of 16S rRNA gene sequence analysis an
phenotypic tests, accurate species identi� cation is dif� cult for
both. High sequence homologies between several specie
reduce resolution power of 16S rRNA gene techniques an
hinder identi � cation: The overall 16S rRNA gene sequenc
similarity between the species of the genusGluconacetobacteris
above 96.3% up to 99% (Ga. europaeus, Ga. intermedi
Gluconacetobacter oboediens, Ga. xylinus); within Acetobacter, it is
above 95.5 and <96.3% with those of other genera; within
Gluconobacter, it is above 97 and< 98.8% and is well separated
from other genera by numerical analysis of protein pattern and
by phenotypic features.

Techniques used to analyze microbial populations and to
identify species include DNA–DNA hybridization, restriction
fragment-length polymorphism analysis of rRNA genes,
randomly ampli � ed polymorphic DNA � ngerprinting, ampli-
� ed fragment-length polymorphism DNA � ngerprinting, rep-
PCR using (GTG)5 primer, and sequence analysis of different
rRNA genes and ofadhA(encoding the subunit I of the PQQ-
dependent alcohol dehydrogenase), as well as tempora
temperature gradient gel electrophoresis and denaturing
gradient gel electrophoresis (PCR-DGGE).
Importance to the Food Industry

Food Processes

Acetobacterspp. are used in different processes of making food
and food additives. The fermentations to produce acetic acid or
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gluconic acid are well established. These exothermic reaction
are backed by the high oxidative capacity of enzymes bound in
the cytoplasmic membrane with the active center directed into
the periplasm. Other processes also use such enzymes but a
more complex with regard to the microbial population and the
substrates used.

Vinegar is the most popular product of Acetobacterand
Gluconacetobactermade by incomplete oxidation. From the
technical point of view, one can differentiate between slow
traditional and fast submerged processes, respectively. I
traditional vinegar making, AAB grow near/at the surface where
oxygen tension is high.

Submerged processes of semicontinuous fermentation ar
characterized by strains with tolerance to high concentrations
of acetic acid, low nutrient demands, and inability to over-
oxidize. Strong agitation and oxygen supply are important
factors, which guarantee high yields. WhereasAcetobacterssp.
show higher production rates, Gluconacetobacterhave a lower
tendency to overoxidize the acetic acid that is produced
DNA–DNA hybridizations show up to 100% hybridization
between isolates from different technical processes. Isolate
(A. pasteurianus, A. aceti) from production facilities differed
strongly from those from strain collections (hybridization
below 45%); homologies between production strains and
collection strains of Ga. europaeusbelow 22% stand for the
unique specialization of production consortia. Technical
strains have acquired this phenotype to survive, so inoculation
of new tanks is done with old, used bacteria.

In traditional fermentation, inoculation by de � ned cultures
(A. pasteurianus) may provide conditions for the settlement of
wild strains. More frequently, isolated species from vinegar
fermentation facilities are A. aceti, Acetobacter malorum,
A. pasteurianus, A. pomorum, G. oxydans, Ga. europaeus
Gluconacetobacter hansenii, Ga. intermedius, Ga. oboediens, an
Ga. xylinus. Some of these species were also met in traditiona
Ethanol Ace

Periplasm

Cytoplasm

ADHCytoplasmic
membrane

NAD(P)-ADH

Ethanol Ace

NAD+ NAD(P)H

Figure 2 Scheme of ethanol oxidation by AAB. The formation of ace
drogenase (ALDH) yields 6 mol of ATP per mol of ethanol. The cytop
(NAD(P)ADH) and aldehyde dehydrogenase (NAD(P)-ALDH). The pr
arrow. Reproduced with permission from Matsushita, K., Toyama, H.,
Microb. Physiol. 36, 247–301.
balsamic fermentations, including Ga. europaeusas a wide-
spread indigenous species, as well asA. pasteurianus, A. aceti,
and A. malorum. Microbial population of vinegar production
displayed regional compositions. A. pasteurianusdominates
over members of theGa. xylinus/europaeus/intermediuscluster in
Chilean vinegars and dominates in rice vinegar in Japan
Thermotolerant strains of Acetobacter tropicalisand
A. pasteurianusare becoming more important for regions with
temperatures above 30� C as well as in respect to process hea
development (efforts for cooling). Ga. europaeusis the main
strain in European vinegar reactors.

Membrane-bound quinoproteins, i.e., alcohol and alde-
hyde dehydrogenases, are the enzymatic basis of acetic ac
formation ( Figure 2). They are more active and stable unde
acidic conditions than those of Gluconobacter.Prevention of
overoxidation of acetic acid to CO2 and H2O requires
a constant high concentration of ethanol. Both lack of ethanol
and oxygen as well as the application of pure oxygen or oxygen
enriched air harm populations and thus the process. The
conversion rate of ethanol is 90–98% with � nal concentrations
between 12 and 17% in submerged fermentations.

Different types of fruit substrate vinegar, starch substrate
vinegar, spirit vinegar, or the traditional balsamic and Chinese
vinegar are made with locally different consortia of AAB (and
also yeasts). Vinegar formation is discussed in detail in a sepa
rate article.

Gluconacetobacter oboediensaccumulates high concentration
of gluconic acid (130 g l� 1) growing in the presence of high
concentrations of glucose.Acetobacter peroxydansis applied in
amperometric biosensors to detect hydrogen peroxide.

Acetobacterspp. are involved in a number of natural
fermentations. A typical tropical beverage, palm wine, is made
from palm sap as a result of a mixed alcoholic, lactic acid, and
acetic acid fermentation by a complex microbial consortium.
Initially, yeasts and Zymomonasferment the available sugar to
taldehyde Acetate

ALDH

NAD(P)-ALDH

taldehyde Acetate

NAD+ NAD(P)H

tic acid via the quinoprotein alcohol dehydrogenase (ADH) and aldehyde dehy-
lasmic pyridine nucleotide-dependent counterparts are alcohol dehydrogenase
eferred direction of the reversible reaction of the NAD(P)-ADH is indicated by the
Adachi, O., 1994. Respiratory chains and bioenergetics of acetic acid bacteria. Adv.
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Acetobacter 9
ethanol, which is partly converted into acetic acid byAcetobacte
spp., which appear after 2–3 days of fermentation and can be
isolated from the � nal product.

Acetobacterstrains have been isolated from cocoa wine
made by fermentation of cocoa seeds. Its alcohol content o
9–12% is higher than that of palm wine.

The characteristic� avor of cocoa is developed through
a natural complex spontaneous fermentation starting from the
fruit pod up to 13 days. The yeasts, lactic acid bacteria, and AA
involved in the process follow a de� nite succession. In the� rst
anaerobic phase, yeasts produce ethanol, resulting� nally in
a shifting to aerobic conditions in which lactic acid bacteria and
subsequently AAB settle the beans. Species such
Acetobacter lovaniensis, A. tropicalis, A. pasteurianus, A. ranc
xylinus,and Acetobacter ascendensoxidize ethanol. Acetic acid
produced and heat liberated (up to 50� C) by this exothermic
bioconversion cause death of the seed embryo and destructio
of the internal cellular composition of beans. In this fermenta-
tion process, the typical� avor, aroma, and brownish color of the
bean are developed; polyphenols and alkaloids are los
(reduction of bitterness). Enzymatic reactions, microbial
consumption, and conversions of pod and bean components
also contribute to � nal tasty product.

Nata is a dessert delicacy in southeast Asia. This gelatinlik
� rm, creamy-yellow to pinkish substance is composed o
a form of cellulose formed by bacteria from sugared fruit juices.
A. pasteurianus, Acetobacter orleanensis, A. lovaniensis, Ga
nii, and Ga. xylinusare involved. Nata is usually grown for fruit
juice and the � oating mat is candied, while still chewable, to
produce gumdrops-like treats.

The so-called tea fungus is a symbiosis of yeasts withA. xyli-
nus. A slightly sweet, alcoholic, aromatic, and acidic beverag
(kombucha, Ma-Gu) is made from fermented sweetened
(sucrose, 5–150 g l� 1) black tea. Health effects are aromatized to
the beverage, includingin vitro antimicrobial activity, improved
athletic performance, and enhanced sleep and pain thresholds
Initially yeasts produce ethanol (up to 10 g l� 1). A. xylinus
oxidizes ethanol to acetic acid and glucose to gluconic acid
respectively. The usual concentration of acetic acid is 10 g l� 1

after 3–5 days; enlarged incubation results in higher acetic acid
concentration. Gluconic acid is also present in substantia
quantities of about 20 g l� 1. Depending on origin and culture
conditions, different yeasts are involved, such asBrettanomyces
Candida, Pichia, Saccharomyces, Schizosaccharomyces, Tor
and Zygosaccharomyces. Cellulose produced byA. xylinusforms
a compact, granular, and gelatinous surface� lm in which yeast
and bacterial cells are housed. Both bene� t from the � oating mat
that eases aeration for these aerobic microorganisms.
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Food Spoiling

Acetobacterand Gluconoacetobactermay cause both considerable
economic pro� ts and losses. The latter aspect results from th
spoiling activity in many products that provide suf� cient
conditions for growth.

Acetic acid is the major volatile acid in wines. Spoilage by AAB
may proceed in different steps of wine production: Grapes may
be physically damaged or infected by fungi (Botrytis cinerea),
during stuck fermentation, during maturation or storage if they
are exposed to air, and during packaging. In vertically uprigh
, A.

nse-

pora,

bottles, packaged wine can be spoiled visible as an interface at th
neck of the bottle. Critical acetic acid contents vary with the kind
of wine – lower in dry wines (to 0.5 g l � 1) and higher in sweet
ones (to 1.5 g l� 1). Once infected, the chemical composition of
musts/wines change with the increase of population.

Grape must constituents like glucose, fructose, and citric aci
can be converted to gluconic acid, succinic acid, acetaldehyd
and ketone compounds. High concentrations of gluconic acid
and ketogluconic acids are markers for ABB spoilage.Glucono-
bacter oxydansand A. acetican transform glycerol to dihydroxy-
acetone. Grape must is a highly selective medium (high suga
concentrations, high acidity, and presence of sul� te). In the
absence of yeast, the population can strongly increase and wi
decrease during subsequent ethanol production. These cond
tions (high concentrations of ethanol, low nutrient content)
favor strains of Acetobacterand Gluconacetobacter, which are
better adapted. A positive correlation exists between acetic ac
and ethyl acetate. Sweet white wines spoiled by dextran
producing Acetobacterspp. often turn viscous and slimy. Usually,
in all alcoholic beverages containing less than 15% ethanol
formation of acetic acid is possible. The higher the alcohol
content, the more resistant the beverage will be toward bacteria
infection. Alcohol concentrations of 10% inhibit strains of
A. acetiand Ga. xylinus.Infections byAcetobacterare indicated by
an increase of volatile and nonvolatile free organic acids and
a decrease of glucose and ethanol.

Spoilage of sake, containing up to 24% ethanol, by
A. pasteurianushas been reported. The sake smelled like acet
acid. Strains of the same species along withA. indonesiensis,
A. tropicalis, and Ga. xylinusare spoilers of palm wine as well as
mnazi. Cloudiness of tequila during the summer is due to
Acetobacterspp. Even cidermaking may be affected by AAB
which enter the facilities with damaged apples. The pH of apple
juice of 3.2–4.2 allows only for the growth of acid-tolerant
microorganisms, such asA. acetiand A. pasteurianus.Spoilage of
cider by these bacteria may cause acidi� cation and the so-called
cider sickness of sweet ciders, characterized by an unpleasa
odor and taste (acetaldehyde) and the formation of adducts of
acetaldehyde with polyphenols, which has a milky, colloidal
precipitate. Acidi� cation of draft beer by Ga. xylinus and
A. pasteurianusresult in the formation of slime, accompanied by
turbidity and loss of alcohol content because of the formation
of acetic acid. This makes the beer ropy and causes stron
alterations in � avor (vinegar) and color.

AAB are also found in unusual habitats. Moist� our (>13%
humidity) can be settled by a microbial community, and
subsequently acetic acid formation may start. Meat conserve
by lactic acid was alkalized by the overoxidation of
A. pasteurianusand A. aceti, which previously allowed for the
settlement of pathogenic and toxigenic bacteria to be excluded
See also:Bacteria:Classi� cation of the Bacteria– Phylogenetic
Approach;Biochemical and Modern Identi�cation Techniques
Introduction;Biochemical and Modern Identi�cation
Techniques:Food-Poisoning Microorganisms;Biochemical
and Modern Identi�cation Techniques:Micro� oras of
Fermented Foods; Biophysical Techniques for Enhancin
Microbiological Analysis; Cider (Cyder; Hard Cider);Ecology of
Bacteria and Fungi in Foods:In� uence of Redox Potential;



vitie

m

., H
200

oss

m

zati
niv

osa-Torres, M.,
hol dehydroge-

of
egar. Appl.

n of acetic acid
Microbiol. 48,

., Dworkin, M.

bioenergetics of

s
l. 187,

acetic acid in
in acetic acid

ic acid bacteria.

, T.M., 2008.

on. Microb.

bacteria. Int. J.

10 Acetobacter
Fermentation (Industrial): Basic Considerations; Fermentation
(Industrial): Production of Some Organic Acids (Citric,
Gluconic, Lactic, and Propionic); Fermented Foods: Origins and
Applications; Fermented Vegetable Products; Gluconobacter;
Lactobacillus:Introduction; Spoilage of Meat; Preservatives:
Traditional Preservatives – Organic Acids; Spoilage Problems:
Problems Caused by Bacteria; Vinegar; Wines: Microbiology of
Winemaking.
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Introduction

Gram-negative nonfermentative bacteria belonging to the
genus Acinetobacter have been classi�ed under a variety of
names. At least 15 different ‘generic’ names have been used to
describe these organisms, including Bacterium anitratum, Here-
llea vaginicola, Mima polymorpha, and Achromobacter. The name
Acinetobacter was proposed in 1954 for a genus encompassing
a heterogeneous collection of Gram-negative, nonmotile,
oxidase-positive, and oxidase-negative saprophytic organisms
that lacked pigmentation. Extensive nutritional studies showed
that the oxidase-negative strains (Acinetobacter) were different
from the oxidase-positive strains (Moraxella). In Bergey’s Manual
of Systematic Bacteriology (1984), the genus Acinetobacter,
composed of a single species, Acinetobacter calcoaceticus, of two
varieties (var. anitratus and var. lwof�i) was placed in the family
Neisseriaceae. Further phylogenetic studies led to members of
the genus being classi�ed in the new family Moraxellaceae,
which includes Moraxella, Acinetobacter, Psychrobacter, and
related organisms that constitute a discrete phylogenetic
branch within the Gammaproteobacteria.
The Genus

Acinetobacter spp. are strictly aerobic, nonmotile, Gram-
negative, oxidase-negative and catalase-positive, diplococcoid
rods, with a DNA GþC content of 38–47 mol%. Members of
the genus are ubiquitous, free-living saprophytes that can be
isolated from soil, water, and various foods. Acinetobacters are
short, plump rods, typically 1–1.5 � 1.5–2.5 mm in the loga-
rithmic phase of growth, but they often become more coccoid
in the stationary phase. They are nonfastidious, non-
fermentative organisms that are easy to cultivate and able to
utilize a large variety of substrates as sole carbon source. They
grow over a wide range of temperatures, forming smooth,
sometimes mucoid colonies on solid media, although clinical
isolates prefer 37 �C, and some environmental isolates grow
best at temperatures of 20–30 �C. The genus is distributed
widely, but there are substantial differences between Acineto-
bacter populations found in clinical and other environments. In
clinical environments, they can be found as commensals on the
skin of staff and patients, and as nosocomial pathogens.
Acinetobacter Species

A microbial species traditionally has been de�ned as group of
strains with similar phenotypic characteristics. Genomic rela-
tionships identi�ed by DNA–DNA hybridization, however,
provide fundamental information for the discrimination of
species. A species should be composed of strains with 70% or
higher DNA–DNA relatedness and dTm values of 5 �C or less;
dTm being the difference between the melting temperature of
a homologous hybrid and the melting temperature of
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
a heterologous hybrid. Species identi�ed from DNA data alone
are termed genomic species. A formal species name can be
given to a genomic species when it can be differentiated by
phenotypic properties also.

Several genomic species of Acinetobacter have been recog-
nized. Seven of the genomic species have been given formal
species names (Table 1). Genomic species 1, 2, and 3 of Bouvet
and Grimont and group 13 of Tjernberg and Ursing have an
extremely close relationship and are referred to by some as
the A. calcoaceticus–Acinetobacter baumannii complex. Groups 5
(Acinetobacter junii), 7 (Acinetobacter johnsonii), and 8/9
(Acinetobacter lwof�i) often have been found in samples from
nonclinical sources, including foods. The genomic species
13–17 of Bouvet and Jeanjean and 13–15 of Tjernberg and
Ursing have, in part, common numbering, but only one
genomic species of each group corresponds. The suf�xes BJ and
TU are used in the literature and in this article to avoid
confusion. Recently, species names for three genomic species
(Acinetobacter venetianus, Acinetobacter bereziniae, and Acineto-
bacter guillouiae) have been proposed, and several novel species
from the environment or from clinical sources have been
described. Some of these proposed species are species already
named. Thus, Acinetobacter grimontii is a later synonym for
A. junii and Acinetobacter septicus is synonymous with Acineto-
bacter ursingii. The genus is now composed of 21 species with
valid names and 11 species with provisional names. Many of
the species are dif�cult to differentiate. At present, the genomes
of seven Acinetobacter strains have been sequenced.
Ecology

Acinetobacter spp. are isolated easily using appropriate enrich-
ment techniques from soil, water, sewage, and a wide variety of
foods, including poultry and red meats, and milk products.
Acinetobacters are normal inhabitant of human skin, being
isolated commonly from moist areas such as toe webs, the
groin, and the axilla; with A. johnsonii, A. lwof�i, and Acineto-
bacter radioresistens being the species found most frequently.
Acinetobacter johnsonii in addition has been found frequently in
feces of nonhospitalized individuals and has been implicated
in cases of meningitis. Acinetobacter ursingii and A. junii have
been associated with bloodstream infections in hospitalized
patients, and A. junii reportedly has been involved in outbreaks
of infection in neonates and eye infections. Acinetobacter parvus
is isolated regularly from blood cultures. Many Acinetobacter
infections occur in patients �tted with intravascular catheters or
subjected to other clinical procedures.

The clinical importance of some Acinetobacter species has
been reviewed extensively. They are typical opportunistic
pathogens that usually pose risks for only critically ill, hospi-
talized patients. Hospital reservoirs of the organism may
include baths, disinfectants, room humidi�ers, peritoneal
dialysis �uid, wet mattresses, respirometers, and the hands of
hospital staff.
-384730-0.00002-1 11
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Table 1 Selected phenotypic tests for differentiation ofAcinetobactergenomic species (results of genomic species 14BJ–17BJ are based on only one strain)

A. calcoaceticus/
baumannii A. haemolyticus A. juniiBG6 A. johnsonii A. lwof� i A. bereziniae A. guillouiae A. radiresistensBJ14/TU13 BJ15 BJ16 BJ17

Number of strains: 73 16 21 2 18 23 3 7 22 2 1 1 1
Acid production from:

D-Glucose 89 50 5 100 0 43 100 0 27 50 0 0 0
Assimilation of:

Trans-aconitate 93 69 0 0 0 0 33 0 0 50 0 0 100
Adipate 97 44 71 100 56 87 67 100 100 50 0 100 100
4-Aminobutyrate 100 94 81 50 56 78 67 86 100 50 0 100 0
Azelate 97 0 0 0 17 83 67 100 95 50 0 100 0
Citrate 100 69 48 100 56 9 100 57 0 100 0 100 100
Glutarate 97 12 14 50 28 26 100 100 100 50 0 100 100
Malonate 92 75 57 100 50 65 0 14 100 100 100 0 100
b-Alanine 93 6 0 0 0 0 100 100 0 100 100 0 100
L-Arginine 100 100 95 100 33 4 0 0 95 100 100 100 100
L-Aspartate 97 38 29 100 61 0 100 100 27 0 0 100 0
L-Histidine 100 100 95 100 0 0 100 100 0 100 100 100 100
L-Leucine 99 94 29 100 17 0 0 0 100 100 100 100 100
L-Phenylalanine 82 0 0 0 0 0 0 0 100 100 100 100 100
4-Hydroxybenzoate 95 100 0 50 6 0 67 86 9 100 100 0 100
Phenylacetate 85 0 0 0 0 83 0 71 95 100 100 100 100
Oxoisocaprate 100 100 33 100 50 22 0 0 100 100 100 100 100
DL-Aspartate 99 6 10 100 44 0 100 86 0 50 0 0 0
L-Glutamate 100 100 100 100 100 39 100 100 100 100 100 100 100
L-Tryptophane 93 0 0 0 0 0 0 0 14 100 100 0 100
L-Leucinamide 100 88 10 100 22 0 0 0 100 100 100 0 100
Quinate 95 100 0 100 56 0 67 100 0 50 100 100 100

Data reported by Bouvet, P.J.M., Grimont, P.A.D., 1986. Taxonomy of the genusAcinetobacterwith the recognition ofAcinetobacter baumanniisp. nov.,Acinetobacter haemolyticussp. nov.,Acinetobacter
johnsonii, sp. nov., andAcinetobacter juniiact sp. nov. and emended descriptions ofAcinetobacter calcoaceticusandAcinetobacter lwofÞi. International Journal of Systematic Bacteriology 36,
pp. 228–240; Bouvet and Grimont (1987); Tjernberg, I., Ursing, J., 1989. Clinical strains ofAcinetobacterclassi� ed by DNA–DNA hybridization. APMIS 79, pp. 595–605, Carr et al. (2003), Nemec
et al. (2001, 2003)
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Nosocomial infections with Acinetobacterspp. include
infections of the blood, urinary tract, wounds, skin and soft-
tissues, secondary meningitis, and ventilator-associated pneu
monia. Most cases involveA. baumanniior the closely related
genomic species 3TU and 13TU. Severe infections wit
A. baumannii have been documented, but colonization is
evidently much more frequent than infection; however, differ-
entiation between these conditions may be dif� cult. Commu-
nity-acquired infections with A. baumanniiare uncommon but
have been reported. In particular, community-acquired
A. baumanniipneumonia is reported increasingly from tropical
areas, such as Southeast Asia and tropical Australia.

There is a clear difference in the distribution of genomic
species between clinical and food isolates. In food, genomic
species 7 (A. johnsonii) and 8 (A. lwof� i) predominate.
These species often are isolated from the environment, esp
cially water and wastewater. However, there have been fe
studies in which Acinetobacterisolates from environmental
sources have been identi� ed at the genomic species level.
d

t

Methods of Detection and Enumeration
of Acinetobactersin Foods

Detection

None of the methods in common use (i.e., standard plate
counts and most probable number methods) allows for the
exact quanti� cation of Acinetobactersor other speci� c micro-
organisms in foods. Recently, a method that is independent of
cultivation has been developed. The method involves the
application of genus- or species-speci� c rRNA-targeted oligo-
nucleotide probes for in situ identi � cation of microorganisms
without cultivation ( Figure 1). The detection of Acinetobacter
spp. in aquatic habitats using this approach has been succes
ful. It may become important in food microbiology.
Isolation

Acinetobacterscan be isolated using a wide variety of standard
and commercially available laboratory media, including
nutrient agar, trypticase soy (TS) agar, brain–heart infusion
agar, and MacConkey agar. Nutrient agar with the addition of
sheep or human blood may be useful for the detection
of hemolytic strains. Several de� ned media consisting of
a mineral base with one or more carbon sources (acetate
pyruvate, or lactate) have been used for speci� c purposes.

Incubation is usually at 35–37 � C, but some strains grow
better at or below 30� C and may be detected only on plates
incubated at room temperature. In such cases, all tests shoul
be carried out at room temperature. Some of the commercial
kits, such as the API 20 NE, are designed to be incubated a
30 � C. Growth on selective primary media, such as
MacConkey agar, is variable and may be in� uenced by lot
variations in the composition of media. Although selective
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TU14 TU15A. ursingii A. schindleri A. baylii A. gerneri A. bouvetii A. tjernbergiae A. towneri A. towneri A. parvus A. beijerinckii A. gyllenbergii A. venetianus

4 2 3 3 3 1 1 2 2 1 10 15 9 2
Acid production from:
0 0 0 0 100 100 0 0 0 0 0 0 0 0
Assimilation of:
0 0 0 33 100 0 0 0 0 100 0 0 0
100 100 100 0 100 100 0 0 0 0 0 0 100 0
0 50 0 0 100 100 0 0 0 100 0 100 v 100
0 50 100 67 100 100 0 0 0 0 0 0 100 0
100 0 100 33 100 100 0 0 0 0 0 100 100
50 50 100 0 0 100 100 0 0 0 0 100 v
75 50 0 33 100 0 0 0 50 100 0 100 v 100
50 0 0 0 0 100 0 0 0 0 0 0 100 0
75 0 0 0 100 0 0 100 0 100 0 0 100 100
50 0 0 0 100 0 0 0 0 100 0 0 v
100 0 0 0 33 0 100 100 0 100 0 100 100 100
25 0 0 0 0 0 0 0 0 0 0 100
100 50 0 0 0 100 0 0 0 100 0 0 v
100 0 100 67 100 100 0 0 0 0 0 0 v 0
100 100 0 0 100 100 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0
0 0 67 100 100 0 100 50 0 100
100 50 0 0 0 0 0 0 0 0
100 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0 50 0 0
100 0 100 0 100 0 100 100 0 0
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media have been described for Acinetobacterspp., their
usefulness is uncertain.

For isolating acinetobactersfrom soil or water, 20 ml of
Baumann’s enrichment medium, pH 5.5–6.0 is inoculated with
a 5 ml sample of water or a � ltered 10% soil suspension and
vigorously aerated at 30� C or room temperature. Cultures are
examined microscopically after 24 or 48 h and streaked onto
nutrient or TS agar. Baumann’s enrichment medium contains
(per liter) sodium acetate (trihydrate), 2 g; KNO3, 2 g;
MgSO4$7H2O, 0.2 g; dissolved in 0.04 MKH2PO4–Na2HPO4

buffer (pH 6.0) containing 20 ml per liter of an appropriate
mineral base.

A selective medium for Acinetobacterspecies, containing
sugars, bile salts, and bromocresol purple, is availabl
commercially as Herellea Agar (Difco). Modi� cation of the
medium by the addition of vancomycin, ampicillin, cefsulo-
din, sugars, and phenylalanine to improve selectivity has been
suggested. Selection ofAcinetobacterscan also be achieved by
enrichment cultivation.

Holton ’s selective medium contains (per liter): agar, 10 g
casein pancreatic digest, 15 g; peptone, 5 g; NaCl, 5 g; des
cated ox-bile, 1.5 g; fructose, 5 g; sucrose, 5 g; mannitol, 5 g
phenylalanine, 10 g; phenol red, 0.02 g, adjusted to pH 7.0.
After autoclaving, the following � lter-sterilized ingredients are
added (� nal concentration in g l� 1): vancomycin, 0.01 g;
ampicillin, 0.061 g; cefsulodin, 0.03 g. After overnight incuba-
tion at 37 � C, red colonies are tested for negative oxidas
reaction and negative phenylalanine deamination (10% ferric
chloride method). These colonies can be regarded a
presumptive acinetobacters.
The optimum growth temperature for most strains is
30–35 � C. Most strains will grow reasonably well at 37� C, but
some environmental strains may be unable to grow at 37� C.
Food isolates belonging toAcinetobactergenomic species 3, 5, 7,
8/9, and 10 grew at 5� C, but not all grew at 37 � C. To meet the
requirements of acinetobactersand other nonfermenting Gram-
negative organisms, a general cultivation temperature of 30� C
is recommended. In some cases, however, the selection
a lower temperature or a combination of temperatures may be
advisable.
Identi�cation at the Genus Level and
Metabolic Characteristics

Acinetobacterspp. are Gram-negative coccoid rods that ar
sometimes dif� cult to destain. They grow aerobically and are
oxidase negative using Kovac’s reagent, O-F negative, nonmo
tile in hanging drop preparations, catalase positive, mostly
nitrate negative, and mostly positive for Tween hydrolysis.
DNA from an isolate that is Acinetobacterwill transform auxo-
trophic Acinetobactertest strains to prototrophy and so con� rm
the isolate asAcinetobacter.

Many Acinetobacterisolates resemble saprophytic pseudo
monads and other Gram-negative nonfermentative organisms
in their ability to utilize a wide range of organic compounds as
sole sources of carbon and energy. Consequently,acinetobacter
degrade a variety of organic pollutants. Most isolates canno
utilize glucose, although some do so via the Entner–Doudoroff
pathway. Many acinetobactersacidify media containing sugars,
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Figure 1 Detection ofAcinetobacterswithin a sample of spoiled steak
tartar.In situhybridization of an ethanol-� xed sample with a Fluorescein-
labeled probe speci� c for Acinetobacterspp. and a rhodamine-labeled
probe binding to all bacteria. Panels show (a) phase contrast, (b) Flu
rescein epi� uorescence, and (c) Fluorescein plus rhodamine epi� uor-
escence (bottom). Photomicrographs by Neef, A., Institute for Applied
Microbiology, Justus-Liebig-University Giessen, Germany.
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including glucose, via an aldose dehydrogenase. Usually, all th
enzymes of the tricarboxylic acid cycle and the glyoxylate cycl
are present. Most strains do not reduce nitrate to nitrite, but
both nitrate and nitrite can be used as nitrogen sources via an
assimilatory nitrate reductase.
Identi�cation at the Genomic Species Level

DNA–DNA hybridization methods used to identify genomic
species have included a nitrocellulose� lter method, the S1
endonuclease method, the hydroxyapatite method, and
a quantitative bacterial dot � lter method. All these methods are
time-consuming and laborious and can be applied only in
special situations. Most phenotypic methods do not allow
unambiguous identi� cation of all Acinetobactergenomic
species.

Several sets of physiological–biochemical tests for identi� -
cation of acinetobactersas genomic species have been devise
including tests for sugar acidi�cation, hemolysis and other
speci�c enzymic activities, growth temperature, and carbon
source utilization. Such testing often is combined with
computer-assisted identi� cation methods based on probability
calculations. A set of tests useful for phenotypic identi� cation
of most (but not all) genomic species is shown in Table 1.
Molecular or DNA–DNA hybridization methods should also
be used, however.

Several commercially available identi� cation systems,
such as API 20NE, API LAB Plus, Biolog, Vitek 2, an
Phoenix, include Acinetobacterin their databases. Most
isolates are identi�ed correctly to the genus level with these
systems. A correct identi� cation at the genomic species level
however, is dif� cult and usually possible for only a few
species.

Analysis of cell components increasingly is used for
identi � cation of bacteria. The analytical methods used
include gas chromatography, high-pressure gas–liquid
chromatography, infrared spectroscopy, and pyrolysis mas
spectrometry. Studies of polyamine and fatty acid patterns
did not allow for differentiation of genomic species.
Comparison of cell envelope protein electrophoretic pro� les
gave better differentiation, but this method requires
rigorous standardization of electrophoretic conditions and
probably cannot be used routinely. Commercial systems for
bacterial identi� cation by matrix-assisted laser desorption
ionization time-of- � ight mass spectrometry are now avail-
able. A recent evaluation of the method showed 84% correc
identi � cation to the species level. Fewacinetobacterswere
included in the study, but even so, this method seems
promising.

Sequencing of the16S rRNA gene is not suf� cient to identify
acinetobactersat the species level (Figure 1). Further molecular
methods include sequencing ‘housekeeping’ genes, for
example, those encoding RNA polymerase subunit B (rpoB),
gyrasesubunit B (gyrB), or the RecA protein (recA).

Many ‘housekeeping genes’can be acquired, however, by
lateral or horizontal gene transfer. Their value for classi� cation
is then dif� cult to assess. Even so, they play a major role in
identi � cation of Acinetobacterspecies at the genomic specie
level.

Methods based on DNA-array hybridization and
DNA-sequence based� ngerprinting methods also have been
used for species identi� cation. All � ngerprinting methods
require the existence of a high-quality library of reference
� ngerprints.

Some genomic groups ofAcinetobactercan be identi� ed
unambiguously by only DNA –DNA hybridization. This is most

o-
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Figure 2 Phylogenetic analysis based on 16S rRNA gene sequenc
available from the European Molecular Biology Laboratory data
library (accession numbers in parentheses). Trees were construc
using the ARB software package (version December 2007) and
the corresponding SILVA SSURef 100 database (release August
2009). (a) Tree building was performed using the maximum likel
hood method with fastDNAml without conservatory� lter. (b) Tree
building was performed with the neighbor-joining method without
conservatory� lter. Bar, 0.10 nucleotide substitutions per nucleotid
position. Note: Some branches are highlighted to point out
selected differences; note the different branching patterns.
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obvious for the genomic species of the A. calcoaceticus–
A. baumannii complex. Identi� cation of genomic species
should be considered presumptive unless an extensive set o
assimilation tests or DNA hybridization tests are used. The
additional use of high-resolution molecular methods is highly
advisable.
t

ve
Epidemiological Typing

Many methods are now available for discrimination of
Acinetobacter strains, with or without reference to
genomic species. Standardized ‘random ampli � cation’
PCR-� ngerprinting is useful for local typing, but its interlabor-
atory reproducibility is limited. Macrorestriction analysis with
pulsed-� eld gel electrophoresis (PFGE), AFLP� ngerprinting,
and genotyping based on the variable number of tandem repea
loci are more suitable and can be used in conjunction with
PFGE analysis. Three multilocus sequence typing systems ha
been developed to study the population biology of A. bau-
mannii. These could be extended to otherAcinetobacterspecies.
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Acinetobactersin Foods

Acinetobacterscommonly are found on many foods and food
products, especially refrigerated fresh products. The primar
sources of theacinetobactersfound in foods are soil and water.
The proximate sources of food contaminants may be plants
and plant products, animal hides, human skin, and dust. The
minimum water activity ( aw) values for growth of acinetobacter
are about 0.96, so they do not grow in foods of low moisture or
high solute contents; however, some are able to grow at chille
temperatures (� 2 to 5 � C). In only a few studies have organ-
isms belonging to the genusAcinetobacterthat were isolated
from foods been identi� ed to the genomic species level. I
seems, however, that genomic species 7 (A. johnsonii) and 8
(A. lwof� i) are the species predominantly found in foods,
although other species, such asA. baumanniihave been detec-
ted in food spoilage � ora. Further application of molecular
methods can be expected to provide better identi� cation of
acinetobactersinvolved in food spoilage (Figure 2).

Although acinetobactershave long been viewed as major
components of the aerobic spoilage � ora of poultry, red
meats, and � sh stored at chiller temperatures, their role in
the aerobic spoilage processes of muscle foods remain
uncertain. Various studies found thatacinetobactersisolated
from red meats did not produce highly offensive metabolic
by-products, such as hydrogen sulfide, organic sulfides, o
amines, when growing on meat. They therefore were cate
gorized as organisms of low spoilage potential, in contrast
to organisms of high spoilage potential, such asPseudomona
spp. and Shewanella putrefaciens, that produce highly offen-
sive by-products when utilizing amino acids as carbon
sources. Even so, strains ofA. calcoaceticusand A. lwof� that
were isolated from poultry were found to produce sulfu-
rous, rancid, and � shy off-odors when grown on poultry
meat. It then seems that some acinetobactersmay have
a more than low potential for spoilage of muscle foods.
Acinetobacters, however, may be present in only relatively
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16 Acinetobacter
small numbers in the � ora that develop on, and ultimately
spoil, refrigerated muscle foods. Recent studies of th
aerobic spoilage� ora of ground beef, pork, and � sh found
that Acinetobacterspp. could be major fractions of the � ora
on fresh products, but that they were only a minor fraction
of or absent from the � ora of these products after periods of
storage in air at chiller temperatures. Thus, further clari� -
cation of the role of Acinetobactersin the spoilage of muscle
foods is required.

Egg shells inevitably are contaminated with bacteria from
soil and water; and bacteria may enter the egg through the
pores present in the shell. If they penetrate the egg membran
and avoid inactivation by the antimicrobial systems of the
albumin, they can grow in the albumin to spoil the egg. Egg
spoilage conditions are referred to as rots. Those caused b
proteolytic or pigmented bacteria cause blackening or other
discoloration of the albumin. As acinetobactersare neither
proteolytic or pigmented, they cause colorless rots.Acineto-
bacter calcoaceticushas been identi� ed as a cause of colorles
rots. However, colorless rot spoilage of eggs may be a relative
uncommon form of egg spoilage.

Raw milk often can contain high numbers of Acinetobacte
spp. Some of these organisms can form large amounts o
capsular polysaccharides and cause ropy spoilage of milk. Th
same organisms also may spoil soft cheeses, curds, and oth
solid milk products by forming slime on their surfaces. The
extent to which slime formation by acinetobactersis a problem
for the dairy industry is not clear, and the species involved in
this form of spoilage of dairy products have not been
identi � ed.
n
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Acinetobactersin Water and Soil

Acinetobacters, particularly A. lwof� , A. junii, and A. johnsonii,
often are isolated from environmental samples; they may
constitute as much as 0.001% of the populations of hetero-
trophic aerobic bacteria of soil and water. They can be isolated
even from heavily polluted waters and soils, and they play an
important role in the mineralization of organic compounds.
The phenomenon of enhanced biological phosphorus
removal from wastewaters at treatment plants has bee
attributed to Acinetobacters, even though members of the
genus are only 5–10% of the bacterial populations of such
systems.
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Acinetobactersin the Clinical Environment

Acinetobacterscan colonize and infect patients in hospital
intensive care units. Acinetobacterspp. can be regarded as
opportunistic pathogens responsible for nosocomial infec-
tions, that include septicemia, pneumonia, endocarditis,
meningitis, skin and wound sepsis, and urinary tract infec-
tion. The species mostly isolated from clinical specimens are
A. baumannii and genomic species 3 and 13TU. Although
acinetobactersare associated predominantly with nosocomial
infection, community-acquired infections have been repor-
ted, which indicates that some strains may behave as primar
pathogens. The main sites of infection are the lower
respiratory tract and the urinary tract, with such infection
being 15–30% of total infections caused byacinetobacters. The
virulence of acinetobacterswas thought to be relatively low, but
some characteristics seem to enhance the virulence of strain
involved in infections. These characteristics are (1) the pres
ence of a polysaccharide capsule formed ofL-rhamnose and
D-glucose; (2) the ability to adhere to human epithelial cells
by � mbriae, the presence of which correlates with twitching
motility, or the formation of capsular polysaccharide; (3) the
production of butyrate esterase, caprylate esterase, an
leucine arylamidase, which seem to be involved in damaging
tissue lipids; and (4) the presence of a potentially toxic lipo-
polysaccharide component of the cell wall and lipid A.
Acinetobacterspp. are important agents of nosocomial pneu-
monia, particularly ventilator-associated pneumonia. Acine-
tobacterinfections can be dif� cult to treat because the infecting
strain is resistant to multiple antibiotics. With the emergence
of carbapenem resistance, a last option for treatment o
infections with these organisms is disappearing. Multidrug
resistance mainly is restricted toA. baumannii, but it has been
reported for the closely related genomic species 3. Resistan
mechanisms inA. baumanniiinclude enzymatic breakdown of
antibiotics, modi � cation of target sites, and active ef� ux or
decreased in� ux of antibiotics. A resistance island integrated
within the ATPase gene has been found. Other element
distributed throughout the genome are also important for
antibiotic resistance.
Biotechnological Applications

Some strains of Acinetobactercan utilize a wide variety of
hydrophobic growth substrates, including crude oil, gas oil,
triglycerides, and middle-chain-length alkanes, because o
their production of emulsans. Emulsans, the extracellular
forms of polyanionic, cell-associated heteropolysaccharides
stabilize emulsions of hydrocarbons in water. Puri� ed emul-
sans have a number of potential applications in the petroleum
industry, including viscosity reduction for pipeline
transport of oil in the form of heavy oil –water emulsions, and
production of fuel oil– water emulsions for improved
combustion. Emulsans also could be important in the food
industry, because some are better emulsifying agent
than the common food additives gum arabic and
carboxymethylcellulose.

Some Acinetobacterstrains produce extracellular polymers
termed biodispersans that are capable of dispersing limeston
in water. The active component is an anionic polysaccharide
Limestone is used in many industries, and puri� ed bio-
dispersan may have applications in manufacturing processe
for such products as paints, ceramics, and paper.

Acinetobactersmay have applications for biodegradation of
organic industrial pollutants in biological remediation
processes. The biodegrading (biotransformation) abilities of
acinetobactersmay also be used to inactivate toxins such as
ochrotoxin.

BecauseAcinetobacterare easy to isolate, cultivate, and
manipulate genetically, it is likely that technological uses for
the organisms will be further investigated, and they possibly
may become important in the future.
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General Introduction of Adenylate Kinase

Adenylate kinase (AK, adenosine triphosphate (ATP): adeno-
sine monophosphate (AMP) phosphotransferase, EC 2.7.4.3)
is a ubiquitous and abundant enzyme found in virtually all
eukaryotic and prokaryotic cells. It catalyzes the reversible
reaction:

Mg2þ$ATP þ AMP4Mg2þ$ADP þ ADP

where ATP, adenosine diphosphate (ADP), and AMP are the
adenosine tri-, di-, and monophosphates, respectively.

In vivo the reaction maintains the balance of adenylates in
the cell, usually proceeding to the right to rephosphorylate the
AMP into ADP. The ADP generated in the reaction can then be
further phosphorylated to form ATP in major metabolic path-
ways, such as glycolysis.

In eukaryotes, AK is found predominantly in the space
between the inner and outer mitochondrial membranes. In
Gram-negative bacteria, the enzyme is present primarily in the
cytoplasm and the periplasmic space. Nevertheless, some extra-
cellular AK can be found and has been implicated as a bacterial
virulence factor causing macrophage death. It is the only enzyme
produced by the cells for the purpose of phosphorylating AMP to
ADP and, as such, is essential for life. It is a stable protein with
a relatively long intracellular lifetime. The molecular mass of AK
is typically 20–25 kDa. The bacterial AK usually is longer than its
eukaryotic counterpart and is made up of approximately w210
or 220 amino acids. The Michaelis constant (KM) of the Escher-
ichia coli AK for ADP is approximately 100 mM. Most AKs share
similar tertiary features and are grouped into three functional
subdomains. The core of the protein is composed of a central
�ve-stranded parallel b-sheet surrounded by a number of a-
helices. On the periphery of the core subdomain are the AMP-
binding and the ATP-binding subdomains. Because of its
essentiality and association with virulence, there is a profound
interest in AK as a target for developing new drugs against
infectious bacterial agents. The enzyme is also a good model of
structural dynamics and catalysis research.
AK as the Detection Target in ATP Bioluminescence
Assay

Fire�y luciferase catalyzes the following light-emitting reaction:

ATP þ Luciferin þ O24AMP þ Oxyluciferin þ PPi þ Light

Because of the high speci�city of the �re�y luciferase to ATP
and the relative ease in light detection, the reaction is therefore
convenient for quantifying ATP. The main reagents required in
the assay, luciferase and luciferin, are commercially available
and can be obtained in good purity. The reaction is simple to
carry out and the light emitted can be measured easily by
a luminometer that is generally inexpensive. Since ATP is
present in all living organisms and is rapidly degraded
18 Encyclopedia of Food Mic
following cell death, it can be used as a marker to monitor
biomass, such as microorganisms. A recent study evaluated
rapid microbiological monitoring methods based on detec-
tion of growth and found that ATP bioluminescence assay
detected common microorganisms signi�cantly faster than
CO2 monitoring and turbidity assays. The ATP biolumines-
cence assay has gained acceptance by major regulatory
authorities. For example, one of the commercial ATP biolu-
minescence assays, the Pallcheck Rapid Microbiology System
(Pall Life Sciences, Hants, UK), has been granted approval by
the Center for Drug Evaluation and Research at the US Food
and Drug Administration for the release of certain nonsterile
pharmaceuticals.

Nevertheless, the sensitivity of ATP bioluminescence assay
still has plenty of room to be improved. In typical assays, the
limit of detection is about 103 bacteria or 1000 yeast cells,
primarily due to background noise. The luminescence sensi-
tivity can be improved partly by using a more sensitive optical
sensor in the luminometer, although this is accompanied by
adding up the instrument cost, and raising the background
noises. An alternative way to improve the assay sensitivity is to
change the detection target from ATP to ATP-producing
enzyme such as AK. A medium-size bacterium normally
contains about 10�21 mol of AK in comparison with about
10�18 mol of ATP. Escherichia coli AK has a kcat to ADP of
around 300, which means that with just 1-min incubation the
enzyme can generate 18 times more ATP for bioluminescent
signal production than would be possible from the ATP
naturally present on its own. The ampli�cation reaction
requires only a single substrate (i.e., ADP) and provides
a linear increase in the amount of ATP over time. In theory, an
AK assay should allow single bacterial cells to be detected in
10 min. Raised backgrounds from contaminating ATP and AK
prevent this from being easily achieved, but it has been
demonstrated.

Kinases other than AK, such as pyruvate kinase, potentially
could be used as ATP-generating cell markers. Unlike AK,
which uses two ADP molecules to generate ATP, all the other
ATP-generating kinases require two substrates: a phosphoryl
donor and ADP. Obtaining a high degree of purity in the
reagents is consequently made more dif�cult than when only
one reagent is used in the assay. The approach based on AK
detection thus has a unique advantage in terms of simplicity.
Other reasons for the greater usefulness of AK over other
kinases include its high catalytic activity, high robustness,
and its ubiquitous nature due to its essential metabolic
function.
General Considerations in AK-Based Bioluminescence Assay

The procedure for AK detection is similar to the conventional
ATP bioluminescence assay, except that an extended incubation
time (of about 5 min) is needed for the AK assay. Certain
requirements must be addressed in conducting and developing
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00003-3
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Adenylate Kinase 19
the reagents for AK assays. First, different luminometers hav
different upper and lower detection limits and linear dynamic
range in light detection. Appropriate tuning of the instrument
into the right range is important. Second, there are both upper
and lower limits to the concentrations of ADP substrate that
can be used. A very high ADP concentration is inhibitory to the
� re� y luciferase reaction, reducing the light output for a given
amount of AK, while a very low concentration of ADP provides
too little substrate for conversion to ATP. Concentrations
between 10mM and 1 mM work out to be appropriate for most
purposes. Third, the quality of the reagent must be in the
highest obtainable purity to minimize the background signals
that any extraneous ATP will cause. Certain batches o
commercial ADP may require an additional puri� cation step,
frequently an anion exchange chromatography in which the
ADP elutes before the contaminating ATP. Other components
in the assay, in particular the luciferase, should be tested befor
the AK detection assay to ensure that the enzyme preparatio
contains minimal levels of contaminating AK to reduce
background signals.
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Release of ATP and AK from Cell by Detergents

As in ATP bioluminescence, an extraction step is needed t
release the intracellular AK. Extraction usually is carried ou
using a detergent. All of the manufacturers of ATP biolumi-
nescence kits have proprietary formulations of extractants, an
the suitability of the reagents for AK detection needs to be
tested empirically to avoid inactivating either the AK or the
luciferase. The concentration chosen for the detergent has to b
a balance between maximizing disruption of cell membranes,
and thus extraction of the AK, and minimizing inactivation of
its enzymatic activity. Detergents, such as Triton X-100 andN,
N0,N0-polyoxyethylene (10)-N0-tallow-1,3-diaminopropane at
a concentration of 0.05%, have been found to produce
reasonably good cell disruption effects without compromising
the AK activity. Certain protocols (such as Promega’s
ENLITEN� ATP Assay System) employ trichloroacetic acid t
extract ATP from bacterial and fungal cells. This approach is to
harsh for AK and therefore is not suitable for AK assay even
a neutralization step is followed.
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Effects of Reaction Time on AK Assay

As explained, AK offers at least 10 times, and usually 100 times
greater sensitivity than the conventional ATP assays. Becau
the ampli � cation kinetics is linear, it is therefore possible to
increase the sensitivity of AK assays by extending the incub
tion time. Increasing the incubation time in the conventional
ATP bioluminescence assays has no effect, because the major
of the ATP is extracted and consumed usually within the� rst
1-min incubation. The most convenient combination of speed
and sensitivity for AK is achieved with a 5-min incubation.
Using this, fewer than 100 cells of bacteria (such asE. colior
Pseudomonas aeruginosa) can be readily detected. The assay
reproducible and is relatively unaffected by changes in growth
medium or conditions. By using small reaction volumes in
combination with incubation times of up to 1 h, limits of
detection approaching the single-cell level become possible. A
this point, sampling statistics rather than assay sensitivity
become limiting, and the technique compares favorably with
polymerase chain reactions and growth assays. Such sma
volume assays, in effect, can be carried out on� lter
membranes, and the full capability of the AK approach may be
realized in this format.
Effects of Exogenous AK on the Assay

In industrial applications, the source of the sample on which
the test is being carried out could have a large effect on the en
result. AK is present in virtually all living matter, not just
bacteria. This means that the samples to be tested coul
contribute toward the signal. This applies to plant sources (e.g.
fruit or vegetable juices) as well as meat and dairy produce. Th
levels can be seen to vary greatly, with those in meat bein
especially high. When total microbial loading is to be deter-
mined, the nonmicrobial AK may either be removed by suit-
able sample pretreatment methods or accounted for by
subtracting the results from control assays carried out on
uncontaminated samples. In a practical sense, both of the
approaches are dif� cult to carry out without compromising the
microbial AK detection. As might be expected, physical inacti-
vation techniques such as high temperature and ultraviolet
treatment cause a reduction in extraneous AK levels, althoug
the microbial AK levels also will be reduced. Subtracting the
results from that of uncontaminated control assays is also
dif � cult, particularly when the extraneous AK level is much
higher than that of the microbial AK. Thus, the AK lumines-
cence assay is better to be performed in samples natural
low of AK.
Correlation of AK Assay Results
with Viable Cell Count

The concentration of ATP typically � uctuates widely within
bacteria according to their metabolic status, size, and stres
This leads to inaccuracies when attempting to quantify the
bacterial loading of a sample. So caution must be exercised in
setting pass and fail levels when using ATP bioluminescenc
assay in standard hygiene monitoring. In contrast, AK is presen
at relatively constant levels regardless of the energy status of th
cell. It therefore provides a much more reliable measure of the
number of bacteria present than ATP. Nevertheless, sever
factors can affect the correlation between cell numbers, dete
mined as colony-forming units, and the net bioluminescent
signal from an AK assay. First, the viable cell counts obtaine
will tend to be lower than the number of cells present in the
sample. This may be due to the fact that the culture condition is
not suitable for the growth of the target bacteria, the bacteria
are in a viable but nonculturable state, and the bacterial cells
have not been fully divided or are clumped together. Second
the AK assay may not always be in linear kinetics. This happen
frequently when compounds inhibiting either AK or luciferase
are present in the testing samples. The accumulation of the AK
and luciferase reaction products can feedback inhibit these
enzymes. Thus, whether AK assay readings or the number
live cells provide the better measure of contamination will
depend on the reason for carrying out the assay in the� rst
place. In general, AK may be particularly useful where safet
critical monitoring is required.
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Potential Applications of AK Detection Assay

The main application areas for AK-based microbiology assay
in the food industry are rapid contamination and sterility
testing, for example, hygiene monitoring for low-level
contamination by microorganisms and other organic matter,
such as air quality and food preparation surfaces. The mate
rials to be tested should contain little endogenous AK or ATP
(e.g., processing water) or samples in which endogenous fre
AK and ATP can be removed (e.g., beverages such as be
cider, and soft drinks). With minor modi � cation, the AK
detection method may be used to monitor the presence of
speci� c organisms such as foodborne bacterial pathogens.

Such applications exploit the advantages that the high
sensitivity of the AK approach can provide and will expand the
areas of microbiological testing where rapid testing is feasible
Assays with AK as a marker should come to supplement rathe
than replace direct ATP measurements, which will remain
appropriate in cases in which background contamination is
inherently low, extreme sensitivity is not needed, or false-
positive results are more of a problem than false-negative
results. Some application examples in using AK as a detectio
marker follow.

Hygiene Monitoring Using AK Bioluminescence Assay
The procedure for hygiene monitoring using AK should be
essentially the same as the widely used ATP bioluminescenc
method, lending itself equally well to the use of single-shot
disposables. The only differences between the two assays a
the addition of exogenous ADP and the need for an addi-
tional 5-min incubation time for AK detection. A typical AK-
based luminescence method would include the following
steps:

1. Swab area of interest with swab moistened with magnesium
acetate buffer.

2. Place swab in a cuvette with ADP and extractant.
3. Incubate at room temperature for 5 min.
4. Add bioluminescence reagent.
5. Measure light output using a portable luminometer.
Figure 1 Magnetic bead immunoassay for selective immobilization o
detection with AK bioluminescence. (a) Target cells are removed from
bacteria B. (b) Beads are immobilized by applying a magnetic� eld. Unwanted
added. (d) After incubation, bioluminescence reagent is added and th
SpeciÞc Assays
In cases in which identi� cation of particular organisms is
required rather than measurement of the total microbial
loading, the AK assay may be used as the end point in
immunoassays. One approach is to capture the target micro
organism with magnetic beads coated with a speci� c antibody
such as those againstListeria monocytogenes, E. coliO157, and
Salmonellaspp. The immunomagnetic separation procedures
have been used to isolate bacterial cells from complex
suspensions, such as food, before culture on agar plates o
biochemical identi � cation procedures to determine the level
of contamination in the original sample. Nevertheless, the
culture procedures are time consuming, taking 24–72 h to
complete.

The problem can be overcome by directly detecting the AK
from the organisms captured on magnetic beads. Contamina-
tion from other organisms or the food materials is eliminated
during the separation. Once immobilized, the bacteria can be
lysed in the same way as a nonspeci� c assay. As illustrated in
Figure 1, a typical AK-based pathogen-speci� c assay procedure
is as follows:

1. Add antibody-conjugated beads to sample, resuspend, an
incubate at room temperature.

2. Immobilize beads with a permanent magnet and remove
supernatant.

3. Wash beads to remove any unbound material.
4. Resuspend beads in magnesium acetate buffer.
5. Add ADP plus extractant and incubate for 5 min.
6. Add bioluminescence reagent to sample extract.
7. Measure light output using a portable luminometer.

The rate at which the bacteria will bind to the beads
depends on the complexity of the testing sample. For typical
liquid samples, binding of bacteria to the antibody-coated
magnetic beads is rapid, taking a few minutes. In a more
complex and viscous medium, the incubation time will need
to be increased to allow the antibodies time to � nd the
organisms. Nonetheless results will be obtained in approxi-
mately 1–2 h – a considerable time saving on conventional
f microorganisms from food and beverage samples, prior to generic lysis and
suspension by mixing with magnetic beads pre-coated with an antibody speci� c to
material is removed by washing. (c) The captured cells are lysed and ADP is
e light output is measured.
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Adenylate Kinase 21
methods and without the need to start with a pure culture. A
major drawback of this approach is that it is dif� cult to obtain
an antibody with good speci� city and sensitivity for many
bacterial species.

In addition to using regular extractant to disrupt the
captured cells, a promising strategy is the use of test method
that have double speci� city. This speci� city is achieved by
combining a speci� c capture step with a speci� c lysis step,
which gives extra con� dence in assays for a particula
organism. This may be achieved using lytic bacteriophages o
commercially available lysins, such as colicin forE. coliand
lysostaphin for Staphylococcus aureus. These should allow
signi� cant opportunities for replacing traditional microbio-
logical testing with rapid methods, because it is more sensitive
and easier to carry out in comparison with techniques such as
enzyme-linked immunosorbent assay. Bacteriophage-medi
ated lysis of target cells may be achieved by adding to a cultur
a phage speci� c for the organism of interest. If the target
organisms are present, the phage will infect them and caus
the cells to be lysed. This releases all the intracellula
components, including AK, into suspension. By adding ADP
(with no extractant), the activity of this released AK can be
measured. The assay principle is illustrated inFigure 2 and
a typical procedure is as follows:

1. Mix the sample with culture medium and incubate at 37� C
for 1–2 h to activate bacteria growth and enhance their
susceptibility to bacteriophage.

2. Split sample into two: add bacteriophage into one and leave
the other as an uninfected control.

3. Incubate at 37� C for 30–90 min
4. At timed intervals, remove a sample from each culture into

a cuvette containing magnesium acetate buffer.
5. Add ADP and incubate for 5 min.
6. Add bioluminescence reagent and measure light output.

Using bacteriophages, fewer than 103 log phase,E. colicells
can be detected in around 2 h under laboratory conditions.
The bacteria must be in log phase to be receptive to phag
infection, so a short culture step would be required to activate
stationary phase or otherwise stressed cells. The time course
Figure 2 Speci� c bacteria detection assay based on selective lysis of t
to the sample. (b) The phage causes bacteria B lysis and AK release
output is measured.
the phage lysis is speci� c to the phaged host combination
used. Certain coliphage starts to induce bacteria lysis afte
about 20 min and may need 1 h to complete the lytic process.
This means that the assay time will vary depending on the
target organisms and bacteriophage chosen. Bacteriophag
vary in their speci� city. Some are capable of infecting bacteria
from the same genus, whereas others are strain speci� c within
a particular species. Because their bacterial host keep evolvin
in the natural environment, it is unlikely to identify a bacte-
riophage that can recognize all strains in a given specie
Furthermore, the testing sample may not provide a suitable
environment for the bacteriophage to complete their life cycle
and hence release of AK. Together, these limitations prohibi
wide application of bacteriophage in speci� c pathogen
detection.
Application of AK in ATP Regeneration
for Ultrasensitive Bioluminescence Assay

Although AK can be a useful alternative cell marker to ATP in
hygiene monitoring, ATP measurement remains a common
and important test in biochemical research and medical
diagnosis. The detection limit of ATP by conventional
bioluminescence assay is approximately 10� 14–10� 12 M,
which is suitable for most assays. Nevertheless, as high
throughput screening technologies become widely adopted
and the testing sample volume is getting smaller, the increas
of ATP bioluminescence assay sensitivity also has becom
important.

In many testing samples, ATP is present in relatively low
quantities and is depleted rapidly in the conventional lucif-
erase assay. If the ATP consumed in the luciferase assay can
replenished, the assay sensitivity can be signi� cantly
enhanced. The replenishment of the ATP pool must be in
a constant rate so the original ATP concentration can be
determined reliably. A straightforward approach of ATP
regeneration in the luciferase assay is to recycle the reactio
products, either AMP or inorganic pyrophosphate (PPi), back
to ATP. Because AK is the main kinase in the cells t
arget bacteria with bacteriophage. (a) Bacteriophage speci�c to bacteria B is added
. (c) ADP and bioluminescence reagents are then added to the sample and the light
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ATP + Luciferin + O2 AMP + Oxyluciferin + PPi + Light

Acetate Adenylate UTP

UDPADPAcetyl-P

Acetate
kinase

kinase

Figure 3 Schematic presentation of AMP-regeneration bioluminescen
assay.

22 Adenylate Kinase
phosphorylate AMP into ADP, the enzyme was tested for its
potential to replenish the ATP pool in the luciferase assay. It is
obvious that exogenous ATP and ADP cannot be used as th
phosphoryl donor in the recycling reaction because they will
change the original ATP concentration and compromise the
quantitative assay. Luckily, the substrate speci� city of AK is
remarkably high for AMP as a phosphoryl acceptor and rela
tively low for ATP as a phosphoryl donor. Thus, uridine
triphosphate (UTP), which can be used as the phosphory
donor in AK reaction but not in the luciferase reaction, is used
in the AMP-recycling reaction. The reaction is as follows:

Mg2þ $UTPþ AMP4 Mg2þ $UDP þ ADP

In theory, the ADP generated in this reaction can be further
converted into ATP by AK. An additional kinase, such as acetat
kinase, pyruvate kinase, and polyphosphate kinase, and thei
respective phosphoryl donor (acetyl phosphate, phospho-
enolpyruvate, and polyphosphate) often are added to improve
the ef� ciency of ADP to ATP conversion. In the presence o
excess UTP, AK together with the luciferase reaction form
a cyclic loop of ATP regeneration. Ideally, this ATP regeneratio
approach enables the light signal output in a constant rate
when other substrates are at excess. Thus, the assay sensiti
can be enhanced simply by increasing the measurement time
This approach is much more sensitive than the conventiona
bioluminescence assay, allowing for the detection of as low as
one colony-forming unit of bacterium per assay. Further
improvement of the ATP bioluminescence assay by recyclin
both PPi and AMP into ATP can result in exponential ampli-
� cation of ATP. The exponential ATP ampli� cation assay
provides an extremely sensitive mean for ATP and bacteri
detection. It therefore will be useful in situations in which the
highest standard of hygiene is required, such as pharmaceutica
Table 1 Comparison of direct ATP detection, AK detection, and A

Di

Nature of cell marker Me
Ubiquitous in living cells Ye
Amount/average bacterial cell 10
Intracellular levels Va
Approximate assay time 1 m
Incubation time dependent No
Correlation with cell number Ap
Assay detection limit (colony-forming unit/0.1 ml sample) 10

aDependent on the size and energy status of the bacterial cell.
manufacturing. On the other hand, the AMP recycling assay is
preferred in situations in which accurate ATP quanti� cation is
more desirable, such as in enzyme kinetic studies and meta
bolic pathway analysis (Figure 3).

Although the modi � cation can signi� cantly improve the
sensitivity of an ATP bioluminescence assay, such an approac
is more dif� cult to perform because several additional reagents
need to be included in the assay. To reduce the assay bac
ground, the highest purity of the reagents must be used in the
reaction. The concentration of the reagents also needs to b
adjusted carefully to optimize the assay performance without
adding too much reagent cost. Apparently, identifying how to
simplify the assay components while maintaining the high
sensitivity of the modi � ed ATP bioluminescence reaction is the
direction in which to go.

ce
Conclusion

Fire� y luciferase-based ATP bioluminescence assay is a fa
developing technique in rapid microbiological testing.
Recently, several attempts have been made to apply AK in th
bioluminescence assay to improve the assay sensitivity and t
better correlate the results with the bacterial cell counts in the
sample. AK can be used as the cell marker that generates ATP
detection or a tool to form a cyclic loop for ATP ampli� cation.
Certain types of samples inevitably may contain their own AK,
which will tend to swamp that from contaminating microor-
ganisms. The applicability of AK detection in rapid testing is
thus restricted to cleanliness monitoring (i.e., testing for the
absence of AK) and testing samples that have an inherently low
level of AK or that can be treated easily to remove endogenou
AK. On the other hand, the AK-mediated ATP regeneration
approach offers high sensitivity in ATP detection and gives
reliable results in ATP quanti� cation. A comparison among
the bioluminescent assays based on direct ATP detection
AK detection, and ATP-regeneration for microorganism
monitoring is shown in Table 1.

The primary advantage of using AK-based luminescenc
assays in hygiene monitoring over the conventional viable cell
count method is their short assay time. This makes on-site
monitoring possible and allows for decisions, such as whether
to sterilize the processing facility or whether a food product can
be shipped out, to be made without signi� cant delay. In the
future, the AK-based luminescence assays likely will becom
TP-regeneration bioluminescent assays for microorganism detection

rect ATP AK ATP regeneration

tabolite Enzyme Metabolite
s Yes Yes

� 18mol 10� 21mol 10� 18mol
riable Constant Variable
in 5 min 5 min

Yes Yes
proximate Good Approximate
00–10 000a w 100 < 10
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Table 2 Comparison of AK-based luminescence assay and
conventional viable cell count assay in hygiene monitoring

AK luminescence
assay

Viable cell count
assay

Time required w5 min Overnight
On-site monitoring Yes No
Major equipment required Luminometer Incubator
Interference by food High Low
Microbial species identi� cation Dif� cult Possible
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a common supplement to the current ATP bioluminescent
assay in situations in which high sensitivity is needed (Table 2).

See also:Application in Meat Industry; Bacteriophage-Based
Techniques for Detection of Foodborne Pathogens; Biophysical
Techniques for Enhancing Microbiological Analysis; Rapid
Methods for Food Hygiene Inspection; Total Viable Counts:
Metabolic Activity Tests; Water Quality Assessment: Routine
Techniques for Monitoring Bacterial and Viral Contaminants.
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Table 1 Differential characteristics of Aeromonas

Test Aeromonas Plesiomonas Vibrio

Growth in: 0% NaCl þ þ –a

6% NaCl – – þ
Resistance to 0/129b þ – –c

Fermentation of inositol – þ –

þ, >90% positive; –, 0–10% positive.
aExcept Vibrio mimicus, Vibrio cholerae and Vibrio fluvialis.
bVibriostatic agent (2,4-diamino-6,7-diisopropypteridine; 150 mg/disk).
cExcept V. cholerae serogroups 01 and 0139.
Characteristics of the Genus Aeromonas

The genus Aeromonas includes Gram-negative oxidase positive
bacilli considered autochthonous of the aquatic environments
that are commonly isolated from healthy or diseased �sh,
a broad range of food products, animal and human feces, and
other clinical and environmental samples. It is included in the
class Gammaproteobacteria, order Aeromonadales, and despite
being originally placed in the family Vibrionaceae, it was later
recognized to be different enough to merit its own independent
family Aeromonadaceae. The �rst descriptions of Aeromonas
species date back to 1891 and 1894 when the bacteria Bacillus
hydrophillus fuscus (now Aeromonas hydrophila) and Bacillus de
Forellenseuche (now Aeromonas salmonicida) were linked to
diseased frogs and trout, respectively. The formal description of
the genus, by Stainer, was not made until 1943. The majority of
Aeromonas are mesophilic (they grow at 35–37 �C), motile and
nonpigmented, although one species, that is, A. salmonicida,
also includes nonmotile pigmented psychrophilic strains
(optimum growth at 22–25 �C). Aeromonas can be differenti-
ated from other closely related genera by several characteristics
(Table 1).

In order to prevent confusion with other genera, a molec-
ular genus probe was developed in our laboratory that targets
the lipase glycerophospholipid-cholesterol acyltransferase gene
(gcat). This lipase has been considered an important virulence
factor in Aeromonas strains, causing diseases in �sh (Table 2).
However, we now know that all the Aeromonas harbor the gcat
gene independent of their origin. Presumptive colonies can be
con�rmed as belonging to the genus by a gcat probe, by
amplifying this gene by PCR or by the ampli�cation of the aroA
4 Encyclopedia of Food Mic
gene, which is involved in the biosynthesis of folic and
aromatic amino acids (Table 2).

At present, the genus comprises 25 species, some of which
have been isolated from human clinical samples, drinking
water, and food (Table 3). Three subspecies have been de�ned
from A. hydrophila, that is, subsp. hydrophila, ranae, and dha-
kensis. However, A. hydrophila subsp. dhakensis is considered
a synonym of Aeromonas aquariorum, a species �rst identi�ed
from aquarium water and ornamental �sh, then later from
a wide range of human extraintestinal infections, and very
recently from chironomid egg masses, from where they can
contaminate drinking water systems. The species A. salmonicida,
mainly implicated in �sh disease, has been divided into �ve
subspecies (salmonicida, masoucida, smithia, achromogenes, and
pectinolytica), which are very dif�cult to differentiate.

On the basis of their phenotype, the species Aeromonas veronii
has been divided into two biovars (bv. sobria and bv. veronii) that
cannot so far be distinguished genetically. Some species have
been synonymized with previously recognized species, such as
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00004-5
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Table 3 Species included in the genusAeromonas.a–d Isolation from
clinical and environmental samples

Species Year and origin of the type strain

A. hydrophilaa–d 1943/Milk
A. salmonicidaa–d 1953/Salmon
A. sobriaa,b,d 1976/Fish
A. mediaa–d 1983/Water
A. veroniia–d 1987/Sputum
A. caviaea–d 1988/Guinea pig
A. eucrenophilaa–d 1988/Freshwater� sh
A. schubertiia,d 1988/Skin abscess
A. jandaeia,b,d 1991/Human feces
A. trotaa 1991/Human feces
A. allosaccharophilaa,c,d 1992/Eel
A. encheleiaa,d 1995/Eel
A. bestiaruma–d 1996/Diseased� sh
A. popofÞia,b 1997/Drinking water
A. simiaec 2004/Monkey feces
A. molluscorumd 2004/Bivalve mollusks
A. bivalviumd 2007/Bivalve mollusks
A. tectaa,d 2008/Child feces
A. aquarioruma–d 2008/Ornamental� sh
A. piscicolad 2009/Diseased salmon
A. ßuvialisb 2010/River water
A. taiwanensisa 2010/Wound infection
A. sanarelliia 2010/Wound infection
A. diversaa 2010/Leg wound
A. rivulib 2011/Water rivulet

aClinical samples (the most prevalent species in bold).
bWater.
cMeat.
dFish and seafood.

Table 2 Primers and PCR conditions for con�rming strains as belonging to the genusAeromonas

Gene (bp) Primer Conditions Reference

gcat(237) GCAT-F 50- CTCCTGGAATCCCAAGTATCAG-30

GCAT-R 50- GGCAGGTTGAACAGCAGTATCT-30
95� C 3 min
94� C 1 min
65� C 1 min
72� C 1 min
72� C 5 min

� 35

Chacón et al. (2002),a

aroA(1236) PF1 50-TTTGGAACCCATTTCTCGTGTGGC-30

PR 50-TCGAAGTAGTCCGGGAAGGTCTTGG-30
94� C 2 min
92� C 1 min
50� C 1 min
72� C 1 min
72� C 10 min

� 40

Naharro et al. (2010)

aPreviously described conditions are adapted for PCR reaction with an anealing temperature of 56� C.
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Aeromonas ichthiosmiaand Aeromonas culicicolawith A. veroniiand
Aeromonas enteropelogeneswith Aeromonas trota, and the species
A. sharmanahas been recognized as not belonging to the genu
Aeromonas. However, some of these names are still being reporte
in the literature because these are the names of 16S rRNA ge
sequences deposited at the GenBank.
e

Clinical Relevance

Nowadays,Aeromonasare considered to be the etiological agents
of several infections that can occur in both immunocompetent
and immunocompromised people. The most common isolation
is from feces of patients with diarrhea, then from wounds, and
� nally from blood. The enteropathogenicity of Aeromonashas
been demonstrated by the production of an intestinal secretory
immunoglobulin A in the intestinal mucosa in response to the
exoproteins produced by strains of these bacteria. Three speci
clearly predominate in clinical samples, which in our experience
account for 90% of all clinical isolates when genetic identi� ca-
tion methods have been applied, that is,Aeromonas caviae(49%),
A. veronii(34%), and A. hydrophila(7%). A. veronii(bv. sobria) is
clearly the species of clinical importance rather thanAeromonas
sobriathat is frequently mentioned in the literature. In fact,
A. sobria sensu strictohas seldom been isolated from clinical
samples but is a typical environmental species frequently
recovered from diseased� sh (especially trout).

The recent discovery of new clinical species lik
A. aquariorum(misidenti � ed asA. caviaeor A. hydrophilausing
biochemical methods) has changed the mentioned prevalence
of the species. For instance, in a study carried out in Australi
that sequenced therpoDand gyrBgenes,A. aquariorumwas the
most frequently isolated species in clinical and water samples
Furthermore, we sequenced therpoD in our laboratory from
138 biochemically identi � ed Aeromonasrecovered from human
extraintestinal infections in Taiwan, and 73 (52.9%) corre-
sponded to A. caviae, 22 (15.9%) to A. aquariorum, 17 (12.3%)
to A. hydrophila, 16 (11.6%) to A. veronii, 5 (3.6%) to Aeromonas
media, 3 (2.1%) to A. trota, 1 (0.7%) toAeromonas sanarellii, and
1 (0.7%) to Aeromonas taiwanensis.

Other less prevalent clinical species areA. veronii(bv. ver-
onii), Aeromonas jandaei, Aeromonas schubertii, Aeromonas bestia
rum, A. salmonicida, Aeromonas eucrenophila, Aeromonas enchele,
A. allosaccharophila, Aeromonas popof� i, and A. sobria, but the real
prevalence of these species is not known. Again, there is a lot o
inaccurate information in the clinical literature due to the
erroneous biochemical identi� cation of the species. Therefore
speculation about the predominance of phenotypically iden-
ti � ed A. sobriaor A. hydrophilaor about their virulence, antibi-
otic resistance, and clinical characteristics has to be regarded
unreliable.
Molecular versus Phenotypic IdentiÞcation

Numerous biochemical schemes have been proposed for th
characterization ofAeromonasspecies, and even though some
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26 AEROMONASj Introduction
may include a large number of biochemical tests they are no
accurate and produce a lot of errors. Comparison of the results
obtained using genetic identi� cation methods with those
using commercial identi� cation systems (i.e., API20E, Vitek
BBL Crystal, and MicroScan W/A) and/or conventional
biochemical methods has revealed that the latter two can
identify erroneously up to 70% of the strains as belonging to
A. hydrophila. As a result, there is a clear bias toward an ove
estimation of the clinical and environmental importance
attributed to A. hydrophila, with a lot of studies concentrating
only on this species. For instance, the U.S. Food and Dru
Administration considers only A. hydrophilaas an emerging
food borne pathogen of concern when, in fact, many other
species are more relevant. This overestimation has given rise
the development of speci� c molecular methods that target
only this species in different types of food products, and to
many studies that evaluate its behavior and survival charac
teristics under different conditions. Biochemical identi� cation
is therefore not recommended for an accurate identi� cation of
Aeromonasspecies.

The phylogeny of the genus Aeromonaswas originally
studied in the early 1990s using the 16S rRNA gene, and at tha
time this gene was already recognized as highly conserve
Despite the extensive use of this gene for identi� cation of
bacteria, it is not useful for the genusAeromonasbecause specie
share a high percentage of similarity (99.8–100%). For
instance, strains from the speciesA. salmonicida, A. bestiarum,
and Aeromonas piscicolacan share identical 16S rRNA gene
sequences or have at most two nucleotide differences in th
complete gene (1503 bp). Short fragments of this gene
(200–500 bp), routinely used for identi � cation of many
bacteria or microbial communities, are totally unreliable for
identi � cation of Aeromonasspecies (i.e., strains identi� ed as
A. sobriawere shown to belong to a new speciesAeromonas rivul
or to A. encheleia). Other housekeeping genes that codify
essential proteins for the survival of the bacteria, such asgyrB
(b-subunit DNA gyrase) or rpoD (s70 factor), have a higher
resolution than the 16S rRNA gene and are therefore more
useful for separating Aeromonasspecies. The phylogenetic
analysis of the genus using the concatenated sequences of sev
genes (gyrB, rpoD, recA, dnaJ, gyrA, dnaX, and atpD) was pub-
lished very recently as well as the� rst open-access multilocus
sequence typing scheme (http://pubmlst.org/aeromonas).

Many molecular methods (different from sequencing) have
been proposed for identifying Aeromonasspp., but they target
only a few species and have rarely been validated by comparin
the results with those of otherbona� demolecular methods. The
restriction fragment length polymorphism (RFLP) of the aroA
gene has been used for identifying food strains (Table 2). It
uses theHaeII nuclease and generates species-speci� c patterns
for 11 Aeromonasspp. An RFLP method of the 16S rRNA gen
described by our group recognizes the 14 species described
the genus up to the year 2000. The 16S rRNA-RFLP metho
involved an initial digestion of 1503 bp of the 16S rRNA
ampli � ed gene with two restriction enzymes (AluI þ MboI) and
a comparison of the obtained banding patterns with those
de� ned as speci� c for 10 species or as a common pattern for
A. salmonicida, A. bestiarum, A. encheleia, and A. popof� i. The
differentiation of these species required further digestions with
other enzymes. However, the addition of 11 new species in the
genus since 2000 limits the usefulness of this method becaus
the same patterns are obtained for some species (i.e
A. aquariorumand A. caviae), even though new species-speci� c
RFLP patterns have been obtained for the recently describe
species Aeromonas tecta, Aeromonas molluscorum, Aeromonas
simiae, and A. rivuli. This RFLP method has been applied in
several studies, enabling the authors to recognize several ne
species and mutations in the 16S rRNA gene. For instance,
was noticed that the prevailingAeromonasspecies to which 82
isolates from frozen freshwater� sh (Tilapia) sold in markets in
Mexico D.F. belonged wereA. salmonicida(n ¼52), A. bestiarum
(n ¼16), A. veronii (n ¼4), A. encheleia (n ¼3), and
A. hydrophila(n ¼2). It was also observed that� ve strains (6%)
did not belong to the genus, despite being considered so when
they were identi� ed with biochemical methods.

There can be a lot of confusion when using commercial
identi � cation systems. The Vitek-GNI system identi� ed 81
strains isolated from the intestines of cat� sh (Ictalurus puncta
tus) collected from different geographical regions of the United
States asA. hydrophila(n ¼23), A. trota (n ¼7), A. veronii
(n ¼42), A. caviae(n ¼6), and A. jandaei(n ¼3). However,
when they were evaluated with the mentioned 16S rDNA-RFLP
all the 81 strains were identi� ed asA. veronii.In that instance,
the errors in phenotypic identi� cation were masking the
importance that the speciesA. veronii may have in cat� sh
pathology and the possible implications this may have for
human health, considering that this is a very common species
associated with human disease.

In a more recent study, the results of the 16S rDNA-RFL
identi � cation method for 90 strains recovered from� sh and
shell� sh were veri� ed by sequencing therpoD gene. The only
strains which could not be differentiated by the 16S rRNA gene
were those belonging toA. bestiarum, A. salmonicida, and the
new species discovered in this study,A. piscicolaas they shared
99.8–100% similarity. Furthermore, it was recognized that
under the phenotypically identi � ed strains of the species
A. hydrophilaeight other species were uncovered (i.e.,A. sobria,
A. media, A. bestiarum, A. piscicola, A. salmonicida, A. eucrenophila,
A. caviae, and A. tecta).

One of the most complete studies whose methodological
approach can be used as a model is one that usedgyrBgene
sequences for the identi� cation of Aeromonasspecies recovered
from pork and from abattoir environments in Portugal. The
species that they found, in order of prevalence, wereA. media
(23.1%), A. hydrophila (19.8%), A. salmonicida (19.8%),
A. allosaccharophila(14%), A. veronii(9.9%), A. caviae(8.3%),
A. bestiarum(3.3%), A. aquariorum (0.8%), and A. simiae
(0.8%). In fact, this is the � rst report of the speciesA. simiae
since its description in 2004. Among the species isolated in
these slaughterhouses were the clinically relevant specie
A. media, A. hydrophila, A. veronii, A. caviae, and A. aquariorum.
Applying genotyping techniques, they were able to trace the
origin of some of the Aeromonasstrains within the abattoir,
which will be discussed later.

We recommend laboratories that are unable to properly
identify the strains by molecular methods to refer their isolates
as Aeromonasspp. If not, they should send their strains to
reference laboratories before publication to ensure reliable
identi � cation by sequencing therpoD or gyrB genes. In our
view, this is the only way to clarify the true relevance of the
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different Aeromonasspecies in different types of foods (infor-
mation that is largely missing at present). This will help to
prevent the continual bias towardA. hydrophilathat is obvious
at present in the literature.

Aeromonasin Water and Their Interaction with Food

Aeromonasare considered inhabitants of mainly freshwater
environments (lakes, rivers, and reservoirs) although they hav
been isolated from chlorinated and unchlorinated drinking
water systems, bottled water, and swimming pools as well a
reused water, brackish waters, and seawater. The presence
Aeromonasin drinking water systems is linked to poor main-
tenance, characterized by low levels of disinfectant (chlorine
etc.), high concentrations of organic matter, and presence o
bio� lms. Relatively high amounts of biodegradable organic
carbon, together with warm temperatures and low chlorine
residual concentrations, can allow Aeromonasand other
microorganisms to multiply during drinking water storage and
distribution. Some countries like the Netherlands have estab
lished quality standards of 20 colony-forming units (CFUs)
100 ml � 1 of Aeromonasfor � nished water and 200 CFU
100 ml � 1 for the water in the distribution system. Drinking
water systems are affected by seasonal variations, with high
numbers of Aeromonasbeing present in the warmer months.
This is coincidentally the time when cases of gastroenteritis an
septicemia attributed to this microbe are generally higher.

The Aeromonasspecies prevalent in drinking water have
commonly been considered different from those found in
clinical cases, but recent studies have shown the most preva
ing species identi� ed molecularly to be A. veronii, followed by
A. salmonicida,A. hydrophila, A. media, and A. jandaei. Free
chlorine residuals in these samples were between<0.05 and
1.5 ppm. Also, recently the same strains have been found in
both drinking water and in cases of diarrhea.

Aeromonascan easily enter the food chain through
contaminated water (through irrigation in the case of vegeta-
bles or washing) or during many of the ‘farm-to-table’
manipulation processes. Many products sold in supermarkets
and stores, such as meat, milk, cheese, ready-to-eat food
salads, vegetables,� sh, and shell� sh, have been found to
contain aeromonads, and in most cases water was considere
the source of contamination. Flies and mosquitoes can also be
mechanical and biological vectors, and the feces of pets lik
dogs, cats, and horses can be additional reservoirs ofAeromonas,
as can soil, chironomid egg masses, and plankton because th
bacterium has been recovered from all these origins. Vegetables
that are eaten raw have been reported to containAeromonasin
26–40% of samples, meat such as lamb, veal, pork, poultry
and ground beef have been found to be positive in 3–70% of
the cases, and those from shell� sh (31%) and � sh (72%)
reportedly contain the most positive samples. However, in
most of these studies the majority ofAeromonaswere recovered
after an enrichment step, which indicates that concentrations
must have been relatively low.

Aeromonasand Fish

Members of the genusAeromonasare considered important
pathogens of� sh, and therefore� sh can be an important reser-
voir of these microbes. It has been estimated that there are man
(up to 80% of cultivated trout) so-called carrier � sh, meaning
that � sh do not show external lesions or clinical signs of disease
but are indeed able to shedAeromonasat high concentrations
(105–106 CFU per � sh per hour). These carriers increase th
likelihood of transmission of the microbe to other susceptible
� sh or to humans. In fact, 20% of ready-to-eat salted herring
samples have containedAeromonas, as frequently has marinated
raw � sh. Despite the common belief that theAeromonasspp. that
cause diseases in� sh (i.e.,A. salmonicida) do not infect humans,
the latter species have in fact been isolated from human sample
and recently linked to an episode of peritonitis in a 68-year-old
diabetic woman, who had to be treated by continuous ambu-
latory peritoneal dialysis after she ate� sh. In fact, many cases o
Aeromonasdiarrhea or bacteremia have been linked to having
eaten raw� sh or shell� sh on the preceding days.

Furthermore, several species linked to human clinica
samples have been recovered from both diseased and health
� sh. Strains of A. veronii have been recovered from appar
ently healthy freshwater � sh (tilapia) that had been sold
frozen in markets in Mexico D.F. or together with cat� sh in
the United States, as have other species such asA. encheleia,
A. allosaccharophila, A. jandaei, A. media, A. eucrenophila,
A. aquariorum, and A. tecta.
Epidemiology

As commented before, ingestion of contaminated water or food
(meat, � sh, and bivalves such as oysters and mussels) a
considered the principal routes ofAeromonastransmission. An
infectious level of Aeromonasin humans, based on the limited
oral exposure studies, ranges from 103 to 109 CFU g� 1, but
some strains might also have a lower infective level in immu-
nocompromised people or children. In fact, it has been found
that meat and � sh suspected of being responsible for a gastro
enteritis outbreak had concentrations of 106–107 bacterial cells
per gram of food product.

It has recently been reported that the exact global incidenc
of Aeromonasinfections is unknown because it is not manda-
tory to report these infections. Despite that, based on data
collected from 219 patients over a 12-month period in
California, the overall incidence of Aeromonasinfections was
estimated to be 10.6 cases per million of the population.
However, this seems relatively low considering that many
studies worldwide on the incidence of Aeromonasin diarrhea
cases estimate it at around 2% (the most coincidental value)
This incidence is also similar to that found in cases ofAero-
monastraveler’s diarrhea.

Suspected food borneAeromonasdisease outbreaks have
mainly been linked to raw � sh and seafood such as prawns
oysters, and shrimp, and may affect just a few or many people
and have incubation periods as short as 24 h. It is in the
investigation of such outbreaks that molecular� ngerprinting of
Aeromonasisolates is required to determine strain relatedness
Random ampli� ed polymorphic DNA (RAPD), enterobacterial
repetitive intergenic consensus (ERIC) sequences, pulsed-� eld
gel electrophoresis (PFGE), or ampli� ed fragment length
polymorphism (AFLP), among others, have all been tested in
Aeromonasas well as MLST approaches. A comparative stud
using several of these typing methods has revealed that ERI
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Table 4 Major virulence factors in the genusAeromonas

Virulence factor (genes)a Function

Filamentous adhesins
Polar� agella (ßaA,B,G,H,i, maf-1, ßiA)
Lateral� agella (lafA-U, maf-5, ßhAL, ßiU)
Pili or � mbriae types I–IV (tapA-D, ßp)

Swimming and swarming motility, enhances adherence, bio� lm formation, host attachment,
and cellular invasion.

NonÞlamentous adhesins
Capsule (kpsC,D,E,M,S,T)
A or S-layerb (vapA)
Lipopolysaccharide (wahA-F, waaA,C,E,F)

Enhances resistance to nonspeci� c immune defenses.
Protects the bacteria against the host defense.
Responsible for the in� ammatory activity.

Extracellular products
Cytotoxic enterotoxin (act)

Cytotonic enterotoxins (alt, ast)
Hemolysins (aerA, hylA)
Proteases (tagA) and lipases (gcat, pla)
Shiga-like toxins (stx1,stx2)

Inhibits the host’s phagocytic activity, produces hemolysis and increases levels of necrosis
tumoral factor-a, interleukine 1b, etc.
Increases the level of cAMPc and prostaglandins in the intestinal mucosa.
Creates pores in host cell membranes and lysis.
Facilitates invasion and tissue damage.
Inactivates ribosomes (stops protein synthesis) of the vascular endothelium cells, leading to
cell death.

Secretion systems
T2SS (exeA,exeB, exeD)
T3SS (ascF-G, ascV) and T6SS (vasH,vasK)
T4SS (traA-K, VirB1-11, VirD)

Secretion of amylases, proteases, aerolysine, etc.
Injection of effector proteins into the host cells.
Delivery of proteins and DNA into the host cells acting as a bacterial conjugation system.

aOnly some genes are listed.
bIt is an outer membrane protein.
ccAMP (Cyclic adenosine monophosphate).
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has a better discriminatory power than PFGE and AFLP whe
those methods were applied to a study ofA. popof� i strains. In
fact, earlier studies based on ribotyping found that some
oysters were responsible for an outbreak ofAeromonas. The
same PFGE pattern was revealed recently fromAeromonas
strains recovered from drinking water and from the feces o
patients with diarrhea.

Genotyping methods have been used to compare the
isolates recovered from pigs at slaughterhouses in the north o
Portugal and one strain ofA. caviaeisolated from pig feces was
recognized to share an identical ERIC pattern of a strain
obtained from the � oor at the same slaughterhouse. Also
strains ofA. hydrophila, showing the same genetic patterns, wer
isolated from diaphragm muscle and pig feces collected on the
same day. This suggested a direct role of feces in the contam
nation of the meat. Applying these genotyping methods can
therefore be very useful for tracing such food-chain contami-
nation problems and may be relevant for the Hazard Analysis
of Critical Control Point assessment.
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Virulence Factors

Like many other bacteria, aeromonads possess many virulenc
factors that participate in infecting the host tissues that can be
classi� ed into three groups: (1) structural components, such as
� lamentous adhesins (i.e.,� agella) and � mbriae and non� la-
mentous adhesins (i.e., lipopolysaccharide, capsule, and oute
membrane proteins), (2) extracellular proteins (exoenzymes or
exotoxins), such as cytotoxic and cytotonic enterotoxins
hemolysins, lipases, proteases that may pose a health risk du
to their capacity to produce tissue damage, infection, spoilage
of food, or intoxication, and � nally (3) some of the six secre-
tion systems (T1SS–T6SS) that have been molecularly
characterized in Gram-negative bacteria, that is, types II (T2SS
III (T3SS), IV (T4SS), and VI (T6SS) specialized in deliverin
speci�c toxins into the host cells. The principal genes encoding
these factors as well as their virulence-associated properties a
summarized in Table 4.

The virulence properties associated with the mentioned
secretion systems and with the other factors listed inTable 4have
been demonstrated, generating mutant strains for the implicated
genes and comparing their behavior with the wild-type strains.
For instance, mutant de� cient strains for a structural gene (ascV)
of the T3SS have been shown to be less toxic or virulent in
different cell lines. Mutated strains for two genes (vasH,vasK)
encoding components of the T6SS were also less toxic to murin
macrophages and human epithelial cells than the nonmutated
strains. There has been a dramatic decrease in the adheren
bio� lm formation, and invasive ability of mutated strains for
some of the genes encoding the polar (� aA, � ab, � aH, maf-1, � iA,
among others) and lateral (lafA1, lafA1, lafK, maf-5, � hAL, � iU,
among others) � agella. In addition, a mutant for the Act cyto-
toxic enterotoxin encoded by the act gene did not cause any
damage to the small intestinal epithelium of mice, whereas the
wild-type strain caused complete destruction of the microvilli.

A typical food borne disease linked to the consumption of
contaminated meat products is the hemolytic uremic syndrome
(HUS), which causes hemolytic anemia, thrombocytopenia,
and acute renal failure due to the production of Shiga toxins
(Stx1 and/or Stx2). HUS normally occurs after a gastrointes
tinal infection produced by a Shiga-toxin-producingEscherichia
coli (O157:H7). However, cases attributed toAeromonashave
also been described, and the genes involved (stx1 and stx2)
have been detected in clinical and environmental strains of
A. hydrophila, A. caviae, and A. veroniiand were sequenced for
the � rst time. The stx genes found in Aeromonaswere highly
homologous to those of the most virulent variants of E. coli, but
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in Aeromonasthese toxins are situated in plasmids, which tend
to be lost after regrowth of the strains in the laboratory, making
it very dif � cult to detect them.

The expression of many virulence factors (like the T3SS o
the Act toxin) is believed to be regulated by signal molecules
(the N-acylhomoserine lactones (AHLs)) produced by the
bacteria in response to their density through a phenomenon
de� ned as quorum sensing (QS). When the concentration of
the signal molecules reaches a limit (a minimum population
size), it induces the expression of certain genes like the earlie
mentioned virulence genes. It has been indicated tha
compounds present in the food matrix and/or its storage
environment can in� uence the production of AHLs involved in
the QS phenomena. Several studies have used simulated foo
culture agar media to� nd out if Aeromonasstrains can produce
AHL molecules in similar conditions to those found in the real
food product. Regarding that, AHL production was observed in
simulated shrimp and � sh agar media but practically none in
simulated vegetable media. Plant products (such as plan
exudates from the pea plant,Pisum sativum) that mimic bacte-
rial AHL-like activities and that can alter the dependent
behavior of cell density have been considered responsible fo
false positive results obtained with the vegetable media. Furthe
insights into the ability of Aeromonasstrains to produce AHLs in
food products or their conditions for preservation might lead to
a better understanding of the role of bacteria in food.
n
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Virulence Genes and Complete Genomes

Complete genomes are now available for� veAeromonasspecies
– two strains of A. salmonicida(A449 and 01-B526) isolated
from diseased rainbow trout and infected brook trout, the type
strain of A. hydrophila(ATCC 7966T) isolated from milk, a strain
of A. caviae(Ae398) isolated from stool samples of a child,
a strain of A. veronii(B565) isolated from aquaculture pond
sediment, and a strain ofA. aquariorum(AAK1) isolated from
blood of a cirrhosis patient. Comparative analyses enabled the
presence and functionality of knownAeromonasvirulence genes
(like the T3SS, etc.) to be veri� ed and new potential virulence
genes (like the T6SS) to be discovered. In comparison with the
others, the genome ofA. salmonicidashows many insertions and
pseudogenes that are suggested to be the result of its evolutio
and adaptation to a very speci� c host (� sh). On the other hand,
the genome of A. hydrophila (ATCC 7966T) shows genes
encoding a greater diversity of metabolic pathways, re� ecting
the versatility of this bacteria for living in a variety of different
environments, including aquatic ecosystems, foods, and a wide
range of hosts (i.e., humans, animals).
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Detection of Virulence in Food Isolates

Many studies in recent years have investigated the presence
some of the virulence genes mentioned inTable 4 in strains of
Aeromonasrecovered from several food products using PCR
assays, while fewer studies have phenotypically evaluate
proteolytic, hemolytic, and cytotoxic behavior. The most
commonly sought genes by PCR have beenaerA(aerolysin), hylA
(hemolysin), ast, alt (cytotonic enterotoxins), act (cytotoxic
enterotoxin), and to a lesser extent those encoding elastas
(ahyB), GCAT, DNase, serine protease, or the T3SS. Ma
conclusions about the virulence of the studied strains have been
derived from results on the presence or absence of the invest
gated genes. However, these studies have serious limitation
PCR assays can produce false negative reactions due to inhi
tion or to the presence of variability in the targeted DNA
sequence, but these possibilities are rarely taken into conside
ation in the interpretation of the results. Furthermore, when
a positive reaction is obtained, the presence of the genes alon
does not guarantee its expressionin vivo. In addition, the pres-
ence and expression of the virulence genes can be stra
dependent or in� uenced by the host and/or temperature
conditions (such as when evaluating theb-hemolysis). Several
reports indicate that clinical isolates express virulence traits mor
frequently at 37 � C, while isolates from food do this at refrig-
eration temperatures (2–10 � C). Other studies report no differ-
ences between clinical and food Aeromonasstrains in the
expression or presence of genes. In general, these types of stud
simply con� rm the relative frequency of the studied genes, bu
there is no evidence of their real implication in the development
of the infection. Despite that, it has been found thatAeromonas
strains recovered from food products can harbor and/or expres
a high number of virulence genes, this reinforcing the potential
of this bacteria as a human pathogen. It is evident that some
aeromonad strains within certain species have true entero
pathogenic potential in humans and that a high concentration
and prevalence of these pathogenic bacteria in ready-to-eat foo
products can be a threat to public health. It would therefore be
advisable to control the density of these microbes both in food
production and in drinking water supplies.
Preservation and Control

Aeromonasare active spoilers of minimally processed food
products such as vegetables,� sh, and meat, and the strains
recovered can express virulence factors even at low refrige
ation temperatures. In fact, the majority of the members of
the genus have an optimal growth temperature similar to
mesophilic microbes (28–30 � C), but most are capable of
acting as psychrophilic bacteria surviving and multiplying at
the lower refrigeration temperatures (2–10 � C), highlighting
the importance of monitoring the presence of Aeromonasin
the cold chain. The number of Aeromonasin food products
can range from 102 to 105 CFU g� 1, but they can survive and
grow to higher numbers (increasing 10–1000 fold) during
7–10 day storage at 5� C. It has also been shown that they
can grow slowly at 0� C or even at temperatures as low
as �3 � C.

Members of the genusAeromonasare also able to survive
under other preservation measures such as vacuum packag
packaging under modi� ed atmospheres, and high salt
concentrations. The recent use of vacuum and modi� ed pack-
aging extends the storage time of many food products and
assures their safety in most cases. For instance, packing of t
pearlspot � sh (Etroplus suratensis), a popular brackish water� sh
species from India, in a modi� ed atmosphere containing 60%
CO2/40% O2 has inhibited the growth of Aeromonasand other
bacteria and has extended the life of the product. On the other
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hand, low levels of these bacteria have been isolated from
vacuum-packaged fresh pork.

Sodium chloride is a common food preservative for raw
meat and �sh products. Even though Aeromonas are generally
considered to be unable to grow at 6% NaCl (though they do
grow from 0 to 4% NaCl), some strains have been shown to
be tolerant to this concentration, reaching levels of 105 viable
bacterial cells per ml when measured by �ow cytometry.
Using this latter technique, from an initial inocula of 107 cells
per ml in nutrient broth containing 6% NaCl, it has been
observed that the number of viable cells remains stable and
relatively high (104–105 cells per ml) after storage for 188
days at 4 �C and at 24 �C. However, after that time only
103 CFU ml�1 of the cells that proved to be viable by �ow
cytometry at 4 �C and 10 CFU ml�1 at 24 �C were recovered in
culture. These results indicate that at 6% NaCl concentration,
the temperature affects the ability of the cells to grow on solid
media but does not affect their viability. The physiological
adaptation of bacterial cells to high NaCl concentrations has
been linked to modi�cation of the transport of Naþ ions
across the bacterial cell membrane. It seems that higher
temperatures hamper this physiological adaptation and
therefore enhances the permeability of the membrane to Naþ,
thus inducing cytotoxicity of the bacteria and inhibiting their
growth. Several studies have reported that these two impor-
tant factors limiting bacterial growth, that is, low temperature
and high salt concentration, do not always reduce the viability
of Aeromonas and cannot always assure safety, especially in the
case of high levels of this bacteria contaminating food
products.

Another way to control bacterial pathogens in food is to
lower the pH, such as use of lime juice to prepare raw �sh
dishes (such as ceviche). However, it has been demonstrated
that a pH of 5 (obtained with lime juice) is not suf�cient to kill
or even to reduce Aeromonas counts.

Radiation has been shown to be another effective method
for eliminating food borne pathogens. Gamma radiation has
a high penetration power and can inactivate pathogens that
may have entered the tissues of vegetables, meat, or �sh �esh. It
has been proven that radiation treatment with a 1.5 kGy dose
has completely eliminated 105 CFU g�1 of Aeromonas spp. from
mixed sprouts, chicken, and �sh samples.

Aeromonas are also able to colonize and/or form bio�lms on
food surfaces and drinking water distribution systems. In the
latter, it has been demonstrated that single strains seem to
dominate these bacterial populations. Eliminating and
controlling aeromonad numbers in a distribution system that
contains bio�lms can take some time and needs concentrations
of chlorine of 0.2 mg l�1.
See also: Aeromonas:Detection by Cultural and Modern
Techniques; Classi�cation of the Bacteria: Traditional;
Biochemical and Modern Identi�cation Techniques: Food-
Poisoning Microorganisms; Chilled Storage of Foods: Use of
Modi� ed-atmosphere Packaging; Shell� sh Contamination and
Spoilage; Water Quality Assessment: Routine Techniques for
Monitoring Bacterial and Viral Contaminants; Water Quality
Assessment: Modern Microbiological Techniques.
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Glossary

Diarrhea Derived from the Greek, ‘�owing through,’ the
term refers to loose or liquid bowel movement.
Enrichment technique A process by which the proportion
of a desired organism is enhanced.
Enterotoxin A protein toxin released by bacteria in the
intestine.
Extra-intestinal infection An infection at sites outside of
the intestine.
Furunculosis An infection of salmonid �sh caused by
Aeromonas salmonicida sometimes leading to the
development of external boil-like lesions, termed furuncles.
Hemolysin An exo-toxin that lyses red blood cells.
Mesophile An organism which grows best in a temperature
range of w25–37 �C.
Molecular biology The study of biological molecules
including DNA, RNA, proteins, and lipids.
Most probable numbers technique A statistical method
for estimating the total number of organisms.
Multilocus enzyme electrophoresis (MEE) A method
to differentiate organisms based on variations in
electrophoretic mobility of metabolic enzymes.
Pathogen An infectious agent that can cause disease.
Phenotyping The measurement of an organism’s
observable characteristics.
cyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-3
Polymerase chain reaction (PCR) The ampli�cation of
a single or few copies of a fragment of DNA to generate
multiply copies of the DNA sequence.
Proteases Enzymes which break down protein.
Psychrophile An organism which grows preferentially in
cold, i.e., �15 �C, temperature.
Pyrolysis mass spectrometry A rapid and highly sensitive
method for the analysis of nonvolatile components of
microorganisms.
Red leg disease A disease of frogs caused by motile
Aeromonas whereby there is extensive reddening of the skin
particularly on the legs.
Selective isolation The ability to enhance the recovery of
a particular microorganism usually by the addition of
compounds which either enhance the development of the
desired organism or inhibits others.
Septicemia A blood borne disease.
Serology The use of the liquid product of clotted blood
(… serum), which contains antibodies, in biological
reactions.
Virulence A broad term used to describe the ability of an
organism to cause disease.
Detection by Culturing

Commonly Used Media

l Aeromonas (Ryan’s) agar: 0.2% (w/v) L-arginine hydro-
chloride, 0.3% (w/v) bile salts no. 3, 0.08% (w/v) ferric
ammonium citrate, 0.25% (w/v) inositol, 0.15% (w/v)
lactose, 0.35% (w/v) L-lysine hydrochloride, 0.5% (w/v)
proteose peptone, 0.5% (w/v) sodium chloride, 1.067%
(w/v) sodium thiosulfate, 0.3% (w/v) sorbose, 0.375% (w/
v) xylose, 0.3% (w/v) yeast extract, 1.25% (w/v) agar,
0.004% (w/v) bromthymol blue, 0.004% (w/v) thymol
blue, 5 mg l�1 ampicillin; pH 8.0; dissolve by boiling;
autoclaving is not required. Aeromonas forms dark-green
colonies of 0.5–1.5 mm in diameter with dark centers.

l Alkaline peptone water (APW): 1% (w/v) peptone, 1% (w/
v) sodium chloride; pH 8.5–9 (typically at pH 8.5).

l Ampicillin–dextrin agar (ADA): 1% (w/v) dextrin, 0.01%
(w/v) ferric chloride hexahydrate, 0.02% (w/v) magnesium
sulfate heptahydrate, 0.2% (w/v) potassium chloride, 0.3%
(w/v) sodium chloride, 0.5% (w/v) tryptose, 0.2% (w/v)
yeast extract, 1.5% (w/v) agar, 0.004% (w/v) bromthymol
blue, 10 mg l�1 ampicillin, 100 mg l�1 sodium deoxy-
cholate; pH 8.0. Aeromonas spp. develop as yellow, circular,
convex colonies.
l Bile salts–brilliant green agar (BBG): 1% (w/v) proteose
peptone, 0.5% (w/v) Lab Lemco beef extract, 0.5% (w/v)
sodium chloride, 0.85% (w/v) bile salts no. 3, 1.5%
(w/v) agar, 0.000033% (w/v) brilliant green, 0.0025%
(w/v) neutral red; pH 7.2; dissolve by heating; auto-
claving is not required. Aeromonas produces whitish
colonies on this medium.

l Bile salts–brilliant green–starch agar (BBGS): 1% (w/v)
proteose peptone, 0.5% (w/v) Lab Lemco beef extract, 0.5%
(w/v) sodium chloride, 0.5% (w/v) bile salts, 1% (w/v)
soluble starch, 1.5% (w/v) agar, 0.005% brilliant green; pH
7.2; dissolve by heating; autoclaving is not required. After
�ooding with Lugol’s iodine, putative Aeromonas may be
visualized by the presence of clearing (indicative of starch
degradation) around the colonies.

l Meso-inositol–xylose agar (MIX): 0.01% (w/v) ammonium
ferric citrate, 0.2% (w/v) potassium chloride, 0.3% (w/v)
sodium chloride, 0.02% (w/v) magnesium sulfate hepta-
hydrate, 1% (w/v) meso-inositol, 0.3% (w/v) yeast extract,
0.15% (w/v) bile salts no. 3, 0.5% (w/v) xylose, 1.5% (w/v)
agar, 0.0005% (w/v) bromthymol blue, 20 mg l�1 ampi-
cillin; pH 7.2. Aeromonas produces convex, circular blue–
green colonies.
B Modi�ed bile salts irgasan brilliant green agar (mBIBG):

0.5% (w/v) meat extract, 0.5% (w/v) proteose peptone,
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1% (w/v) soluble starch, 0.58% (w/v) bile salts no. 3,
0.544% (w/v) sodium thiosulfate, 0.0005% (w/v) irga-
san, 0.0005% (w/v) brilliant green, 0.0025% (w/v)
neutral red, 1.15% (w/v) agar; pH 8.7. Aeromonas
develop as purple colonies after incubation at 37� C
for 24 h.

l Peptone–beef extract–glycogen agar (PBG): 1% (w/v) beef
extract, 0.5% (w/v) glucose, 1% (w/v) peptone, 0.5% (w/v)
sodium chloride, 0.004% (w/v) bromthymol blue, 1.5%
(w/v) agar, and 2% (w/v) agar for overlay. Presumptive
Aeromonasappear as yellow colonies with yellow haloes in
the otherwise green medium. Ellipsoidal colonies may be
seen if they are buried in the medium.

l Pril ampicillin dextrin ethanol agar (PADE): 1% (w/v) tryp-
tose, 0.2% (w/v) yeast extract, 1.5% (w/v) dextrin, 0.02% (w/
v) Pril, 0.02% (w/v) MgSO4$7H2O, 0.01%
(w/v) FeCl3$6H2O, 0.005% (w/v) bromothymol blue,
0.005% (w/v) 0.005% (w/v) thymol blue, 1.5% (w/v) agar,
autoclaveat110� C for 20 min before adding 10 ml ampicillin
(3 mg ml � 1), 10 ml sodium deoxycholate (10 mgml � 1), 1%
(v/v) ethanol; pH 8.6. Aeromonasdevelop as yellow colonies
after incubation at 37 � C for 24 h.

l Rimler Shotts medium (RS): 0.05% (w/v) L-lysine hydro-
chloride, 0.65% (w/v) L-ornithine hydrochloride, 0.35%
(w/v) maltose, 0.68% (w/v) sodium thiosulfate, 0.03%
(w/v) L-cysteine hydrochloride, 0.003% (w/v) bromthymol
blue, 0.08% (w/v) ferric ammonium citrate, 0.1% (w/v)
sodium deoxycholate, 0.0005% (w/v) novobiocin, 0.3%
(w/v) yeast extract, 0.5% (w/v) sodium chloride, 1.35%
(w/v) agar; pH 7.0: After boiling to dissolve the ingredients,
autoclaving is not required. Aeromonasdevelop as yellow
colonies after incubation of spread plates of RS at 30� C
for 24 h.

l Rippey–Cabelli agar (mA): 0.1% (w/v) ferric chloride
hexahydrate, 0.02% (w/v) magnesium sulfate heptahydrate
0.2% (w/v) potassium chloride, 0.3% (w/v) sodium chlo-
ride, 0.5% (w/v) trehalose, 0.5% (w/v) tryptose, 0.2% (w/v)
yeast extract, 1.5% (w/v) agar, 0.004%(w/v) bromthymol
blue, 1% (v/v) ethanol, 20 mg l � 1 ampicillin, 100 mg l � 1

sodium deoxycholate, pH 8.0. Aeromonasspp. develop as
yellow, circular, convex colonies.

l Starch–ampicillin agar (SAA): 0.1% (w/v) beef extract, 1%
(w/v) proteose peptone no. 3, 0.5% (w/v) sodium chloride,
0.1% (w/v) starch, 1.5% (w/v) agar, 25 mg l� 1 of phenol
Table 1 Media used for the recovery ofAeromonasspp.

Category of sample Medium

Diseased� sh Congo red agar
Diseased� sh Coomassie brilliant blue a
Meat,� sh, shell� sh Aeromonas(Ryan’s) medium
Raw and cooked foods– general use Alkaline peptone water

Meat, chicken Ampicillin–dextrin agar
Meat, chicken Bile salts–brilliant green ag
Meat, chicken Bile salts–brilliant green–star
Meat, chicken Bile salts–irgasan–brilliant g
Meat, chicken,� sh, shell� sh Modi� ed Bile salts–irgasan–b
Meat,� sh, shell� sh Blood–ampicillin agar
Occasional use with food MacConkey (trehalose) ag
red, 10 mg l� 1 of ampicillin. Putative Aeromonascolonies
are 3–5 mm in diameter, and are yellow to honey pig-
mented. After � ooding the plates with full or half strength
Lugol’s iodine, Aeromonascolonies will be surrounded by
a clear zone, indicating such hydrolysis.

l Tryptone–soya–ampicillin broth (TSAB): tryptone soya
broth containing 30 mg l � 1 ampicillin.

l Xylose–deoxycholate–citrate agar (XDCA): 1.25% nutrient
broth no. 2, 0.5% (w/v) sodium citrate, 0.5% (w/v) sodium
thiosulfate, 0.1% (w/v) ferric ammonium citrate (brown),
0.25% (w/v) sodium deoxycholate, 1.2% (w/v) agar, 1%
(w/v) xylose, 0.0025% (w/v) neutral red; pH 7.0; dissolve
by heating; autoclaving is not required.Aeromonasdevelop
as colorless colonies.
Nonselective Approach to Culturing

Aeromonads have been routinely isolated from a wide range of
habitats, and cultured, without pre-enrichment on nonselective
media, especially brain–heart infusion agar (BHIA) or tryptone–
soya agar (TSA) with incubation for 48 h at 37� C and 15–25 � C
for mesophiles and psychrophiles, respectively. With this
approach, nondistinctive 2–3 mm diameter round, raised/
convex shiny cream/off-white colonies develop. Such colonies
could represent many taxa, and it is important to carry out
further tests, as outlined below, before suggesting the presenc
of aeromonads. It should be emphasized thatAeromonas media,
Aeromonas salmonicida, and some isolates ofAeromonas hydro
phila may form a brown water-soluble pigment on BHIA and
TSA. When mixed populations are likely to occur, such as in
water and food, enrichment and/or selective methods are
inevitably necessary (Table 1). However, there is no consensus
about the most suitable media to use. As a compromise, those
media that are most commonly used are highlighted(Figure 1).
Enrichment Techniques

Enrichment techniques are used when low populations of
aeromonads and the presence of injured/dormant cells may
occur. Such damaged cells do not grow readily following direct
transfer to solid media. Consequently, an initial recovery phase
in liquid medium is desirable to enhance the likelihood of their
Application

Spread plating
gar Spread plating

Streak plate
Enrichment culture, most probable numbers

technique
Spread plating, membrane� ltration

ar Streak plate
ch agar Spread plating
reen agar Spread plating, streak plate
rilliant green agar Spread plating, streak plate

Streak plate
ar Spread plating, streak plate

(Continued)



Table 1 Media used for the recovery ofAeromonasspp.d cont'd

Category of sample Medium Application

Raw meat, poultry,� sh, shell� sh Modi� ed starch–ampicillin agar Spread plating
General use with liquids Peptone–beef extract–glycogen agar Pour plating
Mostly used for water; some use with

liquid foods
Rimler Shotts medium Spread plating, membrane� ltration

Mostly used for water; some use with
liquid foods

Rippey–Cabelli agar Membrane� ltration

Use in most foods Rippey–Cabelli–mannitol agar Streak plate
Use in most foods Rippey–Cabelli–trehalose agar Streak plate
Raw meat, poultry,� sh, shell� sh Starch–ampicillin agar Spread plating
Raw meat, poultry,� sh, shell� sh Starch–DNA–ampicillin agar Spread plating
Occasional use with food - general Thiosulfate–citrate–bile salt–sucrose agar Streak plate
General use with wide range of foods Tryptone–soya–ampicillin broth Enrichment culture, most probable numbers

technique
Use with food handlers in suspected cases

of food poisoning
Xylose–deoxycholate–citrate agar Streak plate

Water Aeromonas(Ryan’s) medium Streak plating
Water Alkaline peptone water Enrichment culture, most probable numbers

technique
Water Bile salts–brilliant green agar Streak plate
Water Bile salts–brilliant green–starch agar Spread plating
Water Ampicillin–dextrin agar Spread plating, membrane� ltration
Water Dextrin–fuchsin sulfite agar Spread plating, membrane� ltration
Water Glutamate–starch–penicillin agar Spread plating
Water Glutamate–starch–phenol red agar Spread plating
Water MacConkey trehalose agar Spread plating
Water Meso-inositol–xylose agar Membrane� ltration
Water Peptone–beef extract–glycogen agar Pour plating
Water Rimler Shotts medium Spread plating, membrane� ltration
Water Pril ampicillin dextrin ethanol agar Spread plating, membrane� ltration
Water Rippey–Cabelli agar Membrane� ltration
Water Starch–glutamate–ampicillin–penicillin

glucose agar
Spread plating

Water Tryptone–xylose–ampicillin agar Membrane� ltration
Water Xylose–ampicillin agar Membrane� ltration

Xylose–deoxycholate–citrate agar Streak plate
General use CHROM agar Spread plating
General use UNISC agar Spread plating

Figure 1 Generalized hemorrhagic septicemia in rainbow trout attributed to motileAeromonasspp. (presumed to beA. hydrophila).
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recovery. APW has been used most commonly, especially wit
ice cream, raw meat, poultry, seafood, vegetables, and wate
Other enrichment broths include RS broth medium, TSAB, and
0.2% (w/v) teepol broth.
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Methods

Food
If available, 25 g of the food sample is added to 225 ml of APW
or another enrichment broth with incubation at 28 � C over-
night. Then, 0.1 ml quantities are transferred to selective media
such as blood ampicillin agar (sheep blood agar supplemented
with 30 ml l � 1 of ampicillin), usually with incubation at 35 � C
for 24 h. A separate approach has been adopted for chicken an
ground meat whereby 10 g quantities of the meat are washed in
90 ml volumes of 0.1% (w/v) peptone water, and 10 ml of the
washings are transferred to 90 ml amounts of TSAB with
incubation at 30 � C for 24 h. Then, a loopful of the broth
culture is streaked for single-colony isolation on a suitable
selective medium, such as ADA (this is a modi� ed version of
mA) or SAA, with further incubation at 30 � C for 24 h.

Drinking Water
Only low populations of Aeromonas, that is, <10 colony-
forming units (cfu) ml � 1, are normally associated with
drinking water. To determine the presence of viable cells
Table 2 Characteristics ofAeromonasspp. by conventional phenotypi

Species Motility
Growth at
37� C

Arginine
dihydrolase

Lysine
decarboxylase

Gas
from

A. allosaccharophilaþ þ v þ þ
A. aquariorum þ þ þ þ þ
A. bestiarum þ þ - þ -
A. bivalvium þ þ - þ -
A. caviae þ þ þ � �
A. culicicola þ (þ ) þ þ þ
A. diversa þ þ þ - -
A. encheleia þ þ v - þ
A. eucrenophila þ þ þ � þ
A. �uvialis þ ? ? - þ
A. hydrophila þ þ þ þ þ
A. ichthiosmia þ þ þ þ ?
A. jandaei þ þ þ þ þ
A. media � þ þ � �

A. molluscorum þ þ þ - -
A. piscicola þ þ þ þ þ
A. popof�i þ v þ - þ
A. salmonicida � � þ v v
A. sanarellii þ þ þ - -
A. schubertii þ þ � þ -
A. sharmana þ þ - - -
A. simiae þ þ þ þ -
A. sobria þ þ � þ v
A. taiwanensis þ (þ ) þ - -
A. tecta þ ? þ v þ
A. trota þ þ þ þ v
A. veronii
bv. sobria þ þ þ þ þ
bv. veronii þ þ � þ þ

þ , � , v, and ? correspond to� 80, � 20, 21–79%, and unstated positive responses
50–100 ml of water is passed through membrane� lters (pore
size¼ � 0.45 mm) and then transferred to 10–25 ml volumes of
APW or 0.2% (w/v) teepol broth, with overnight incubation at
25 � C. Thereafter, inocula are transferred to selective media
such as BBG, MIX, or XDCA with anaerobic incubation.
This allows the growth of the facultatively anaerobic
(¼ fermentative) aeromonads, which will need to be identi� ed
further (Table 2).

Aquatic Animals (Especially Oysters)
TSAB enrichment in combination with PBG after incubation
for 24 h at 35 � C has been reported to give the highest recover
of Aeromonasfrom oysters.
Most Probable Numbers Technique

APW and TSAB are most commonly used for estimating
bacterial numbers in three- or� ve-tube series most probable
numbers technique (MPN). Essentially, the methods mirror
that of the MPN used to assess the presence of coliforms i
water. Thus, known volumes of the material are inoculated
into replicates of the liquid medium, and a positive result is
indicated by the presence of turbidity after incubation for
24–48 h at 35 � C. It is then necessary to subculture loopfuls of
c traits

production
glucose

Voges–Proskauer
reaction

Acid from
cellobiose

Acid from
sucrose

Aesculin
degradation

- þ þ þ
þ - þ þ

þ - þ þ
- ? þ þ

� þ þ þ
þ - þ -

v - - -
- - v þ

� þ þ þ
- ? þ -

þ - þ þ
þ - þ -

þ - v �
�

-
þ þ þ

- - þ þ
þ - þ þ

þ - - -
v $ þ þ
- - þ þ
þ v þ �
- þ þ þ
- þ þ -
þ þ þ �
- - þ þ
v - ? v
� þ - �

þ v þ �
þ v þ þ

, respectively.
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the turbid broths onto suitable solid media, such as BBG or
SAA, followed by identi� cation of the organisms present.
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Selective Isolation Techniques

In developing selective media, use has been made of the gener
inability of aeromonads to ferment inositol or xylose, or the
ability to attack trehalose, in contrast to the commonly occur-
ring Enterobacteriaceae representatives. Also, ampicillin, bil
salts, brilliant green, cefsulodin, deoxycholate, ethanol, irgasan
novobiocin, and Pril have often been adopted as selective
agents. As a note of caution, not all aeromonads are capable o
growth on selective media. For example, some strains ar
susceptible to ampicillin and would therefore be incapable of
growth on media containing ampicillin, for example, SAA.

Food
Interest has focused predominantly on the recovery of aero
monads from meat (including � sh and shell� sh), milk, cheese,
and vegetables (including salads) because of the perceive
involvement of the bacteria with food spoilage and human
disease (food-borne pathogens). Techniques have centered o
membrane� ltration, pour or spread plating, or MPN. The most
commonly used selective media include RS agar for oysters, m
for poultry, SAA (and a modi� ed derivative), and BBGS (this
medium overcomes some of the problems associated with
swarming by Proteusspp.) for a wide range of foods (of animal
and plant origin). In addition, thiosulfate –citrate–bile salts–
sucrose agar (a medium designed originally for the recover
of vibrios) has been used with seafoods, and MacConkey aga
and XDCA (both used for the selective isolation of Enter-
obacteriaceae representatives) have been used for some foo
especially seafood and ice cream.

Generally, 10–25 g quantities of the samples are homoge-
nized in diluent (APW, 0.1% (w/v) peptone water, phosphate-
buffered saline, peptone–saline, peptone–Tween 80 or TSAB),
10-fold dilutions prepared in fresh diluent, and known
volumes, that is, 0.1–1.0 ml, inoculated onto SAA, Aeromonas
(Ryan’s) medium, bile salts–irgasan–brilliant green agar
(BIBG) or blood –ampicillin agar and incubated aerobically at
28 or 35 � C for 24 h. This approach enables a detection limit of
100 Aeromonascfu g� 1 of food. Some workers have argued tha
BIBG provides the best selectivity, while supporting the growth
of Aeromonas(but not necessarily ofAeromonas caviae), which
appear as colonies of 1–2 mm in diameter. As starch-
containing media, for example, SAA and BBGS, will be� ooded
with Lugol ’s iodine to determine starch degradation, it is
essential to quickly subculture prospective aeromonads onto
fresh media for further characterization. Certainly, the use o
Lugol’s iodine is a disadvantage, insofar as contamination may
occur during transfer of the colonies to fresh media.

Another approach has been to� lter 1.0 ml volumes of
appropriate dilutions of the foodstuff through hydrophobic
grid membrane � lters, before transfer to mA supplemented
with (0.5%, w/v) trehalose agar followed by incubation at
35 � C for 20 h. Yellow colonies, which may be regarded as
trehalose-positive, are highlighted, and the membrane is
transferred to mA supplemented with (0.5%, w/v) mannitol
agar for reincubation at 37� C for 2–3 h. Colonies, which
remain yellow, are again highlighted, before the � lter is
transferred to a � lter pad saturated with the oxidase test
reagent, that is, 1% (w/v) tetra-p-phenylenediamine dihydro-
chloride solution. The development of a purple color within
15 s is indicative of the production of oxidase. The trehalose
mannitol, and oxidase-positive colonies are considered to
represent theAeromonas hydrophilacomplex.

Water
PBG is a medium differential and selective forAeromonas. In
use, 0.1–1.0 ml of appropriate dilutions of the water are
incorporated into molten cooled (to 50 � C) PBG, mixed thor-
oughly and allowed to set for 1 h at room temperature, after
which an overlay of 2% water agar is added uniformly to the
surface and allowed to set. Incubation may be at 15–37 � C for
5–7 days. A positive reaction for the oxidase test differentiate
aeromonads from enterics.

Dextrin–fuchsin sulfite agar (DFS) in conjunction with
membrane � ltration has been used to quantify aeromonads
from aqueous samples. The samples are� ltered through
membrane � lters, and the � lters are inverted onto plates of
DFS, which are then overlayered with molten cooled DFS
thereby trapping the � lter between layers of the medium. Red
colonies, which develop after incubation at 30� C for 24 h are
indicative of Aeromonas.

RS has been used successfully for the recovery of ae
monads from water. In this medium, maltose comprises the
carbon source, lysine, and ornithine function for the detection
of carboxylase activity, and cysteine detects hydrogen sul� de
production (by enterics that may also grow on the medium).
Selection is achieved by the presence of novobiocin and
sodium deoxycholate. pH changes are measured by th
response to bromthymol blue.

With the increasing awareness of the possible presence
damaged bacterial cells that may need special recove
methods, a modi� ed glutamate–starch–phenol red (GSP) agar
with trace glucose (to enhance recovery of the stressed cell
and 20 mg ml� 1 of ampicillin has been advocated to reduce the
concomitant growth of contaminants, such as pseudomonads.
Aeromonad colonies are yellow, whereas other organism
produce pinkish colonies.

Fish –Aeromonas salmonicida
Coomassie brilliant blue agar (CBB; tryptone–soya agar sup-
plemented with 100 mg l � 1 of Coomassie brilliant blue) and
Congo red (CRA; tryptone–soya agar supplemented with
30 ml l � 1 of Congo red agar) have been used with success t
readily differentiate A-layer positive (virulent) isolates from
� sh. Thus, after incubation of swabbed material (from kidney,
spleen, or surface lesions– furuncles or ulcers) for 48 h at
25 � C, A-layer-positive colonies appear as dark blue or deep re
on CBB and CRA, respectively.
Differential Media

The recovery of putative Aeromonasby using the above-
mentioned techniques raises the question of identi� cation.
One approach, which has been commonly adopted for food
and drink microbiology, has been to use differential media,
such as that formulated for A. hydrophila. For this organism,
a single tube medium was developed (Kaper’s medium; 0.5%
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(w/v) proteose peptone, 0.3% (w/v) yeast extract, 1% (w/v)
tryptone, 0.5% (w/v) L-ornithine hydrochloride, 0.1% (w/v)
mannitol, 1% (w/v) inositol, 0.04% (w/v) sodium thio-
sulphate, 0.05% (w/v) ferric ammonium citrate, 0.002% (w/v)
bromocresol purple, 0.3% (w/v) agar: pH 6.7)), and is suitable
for determining motility, inositol and mannitol fermentation,
ornithine decarboxylase and deamination, and the production
of H2S and indole. Thus,A. hydrophilagives an alkaline reaction
on the top of the medium, acid production in the butt,
motility, and indole but not H 2S production (H2S production
may occur on the top).
re

d
e

ch

d

e

,
r

n
s

IdentiÞcation ofAeromonas

Phenotyping

Typically, Aeromonascomprise Gram-negative rod-shaped cells
that are catalase and oxidase positive, degrade DNA, and a
resistant to the vibriostatic agent, O/129. Speciation may be
achieved by means of commercial kits, such as the API 20E an
API 20 NE, Vitek2, and Biolog GN systems. However, som
shortcomings of rapid systems have been identi� ed, insofar as
environmental isolates, including those from food and potable
water, may be misidenti� ed or not listed in the published
pro� le indices, which have often been developed for medically
important organisms that grow overnight at 35–37 � C. Never-
theless, considerable success has resulted with approaches su
as automated biochemical identi� cation systems (e.g., the
Abbott Quantum II system, with a spectrophotometer at
492.6 nm), and a sample cartridge containing 20 inoculated
biochemical chambers. Also, species of relevance to foo
may be differentiated on the basis of key phenotypic traits
(seeTable 2).
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Serology

A wide range of serological methods have been used to dete
and differentiate Aeromonas. The comparatively simple slide
agglutination technique using monospeci� c polyclonal anti-
sera usually produced in rabbits is still used for con� rming
the identity of pure and mixed cultures. However, for auto-
agglutinating cultures, a mini-passive agglutination test has
been recommended. This technique involves the use of shee
erythrocytes sensitized with O-antigen from the namedAero-
monasspecies (extracted with hot physiological saline). Then
this reacts with diluted antiserum. A disadvantage is that false
negative results may sometimes be obtained, especially wit
cultures that have been maintained in laboratory conditions for
prolonged periods. Hence, old cultures may not be suitable for
use in serology.

The � rst of the rapid diagnostic procedures developed for
Aeromonas, namely, A. salmonicida, was the latex agglutination
test, which is particularly useful insofar as it permits the
detection of bacterial cells in animal tissues, and enable
diagnosis usually within 2 min. Essentially, latex particles
(usually of 0.81 mm in diameter) are coated with the anti-
serum (or immunoglobulins). Coated latex particles are stable
and may be stored at 4� C for many months. In use, a drop of
the latex suspension is placed on black plasticized paper, an
an equal volume of the unknown antigen (in suspension or
solution) added, with gentle mixing for 2 min, whereupon
a positive result is indicated by clumping of the latex. As with
all serological procedures, use of negative and positive
controls is desirable. The system has been commercialized fo
A. salmonicida. The method has the advantage in that positive
diagnoses may be possible from tissues unsuitable fo
culturing (e.g., frozen or chemically preserved products). A
variation of this test is the India ink immunostaining reaction,
named after its originator as the Geck test, which allows
diagnosis within 15 min. This is a microscopic technique in
which the precise mode of action is unknown, although Geck
suggested that it could be regarded as an immunoadsorption
method. Essentially, India ink is mixed with antiserum, which
is mixed with the antigen on a microscope slide, and visual-
ized at a magni� cation of �400 and/or � 1000. A positive
reaction may be clearly seen as bacterial cells outlined with the
India ink. Unfortunately, negatives are dif� cult to visualize. A
co-agglutination test using speci� c antibody-sensitized staph-
ylococci suspensions– akin to the latex agglutination reaction
– has met with some success, and permitted results to b
recorded within 60 min.

Indirect and direct � uorescent antibody techniques (FATs)
are useful for the detection of cells in pure and mixed culture
and in aqueous samples and sections of solid material. Indeed
some workers regard FAT, particularly indirect-FAT, as superio
to culturing for the diagnosis of individual Aeromonasspecies,
although low numbers of cells are dif� cult to visualize and may
be confused with auto� uorescing debris.

The development of monoclonal antibodies has increased
the speci� city and sensitivity of serological tests, especially the
enzyme-linked immunosorbent assay (ELISA) or the modi� ed
dot ELISA. Both tube and dipstick ELISA systems, based o
horseradish peroxidase or alkaline phosphatase conjugate
have been used for detecting the presence of variousAeromonas
spp. An advantage of the dipstick ELISA is that it can be sel
contained, enabling use outside the laboratory environment.
Effective systems have been developed for the detection an
diagnosis ofA. salmonicidainfections in � sh. In particular, high
titer ( � 1:64 000) monoclonal antibodies are mixed with
coating buffer (0.015 M Na2CO3, 0.035 M NaHCO3, 0.003 M
NaN3; pH 9.6) in the ratio of 1:100. Then plastic or glass sticks
are immersed into the antibody solution for 24 h at 37 � C, after
which the antibody-coated dipsticks (¼probes) are air-dried
and stored at 4� C or room temperature, until required. Then,
the probes are placed in suspensions/homogenates containin
Aeromonasfor 10 min at room temperature, followed by thor-
ough washing for 2–3 min in tap water or buffer, depending on
the system, before transfer for 10 min at room temperature to
enzyme conjugate, that is, a 10� 2 dilution of puri � ed (using
protein A-Sepharose) monoclonal antibody (4 mg) which has
been conjugated at room temperature with alkaline phospha-
tase (5000 units of bovine Type VII-T from bovine intestinal
mucosa) before dialyzing for 18 h at 4� C with two changes of
phosphate-buffered saline (PBS), followed by the addition of
glutaraldehyde to 0.2% (v/v) with further incubation at room
temperature for 2 h. Thereafter, the conjugate is dialyzed
against PBS and then 0.05 M Tris buffer supplemented with
1 mM MgCl2 at pH 8.0, before the addition of bovine serum
albumin and NaN 3 to 1% (w/v) and 0.02% (w/v), respectively.
After thorough washing for 2–3 min to remove unbound
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conjugate, the probes are transferred to enzyme substrate, that
is, 20 mg of p-nitrophenyl phosphate, disodium hexahydrate
dissolved in 50 ml of diethanolamine buffer (96 mg l�1

diethanolamine, 48 mg l�1 MgCl2; pH 9.6), for 10 min,
whereupon a positive reaction is indicated by a yellow color-
ation. Reliable diagnoses are achieved within an hour.

Immunomagnetic separation, especially of A. salmonicida,
has been evaluated. Thus, monoclonal antibodies developed to
antigens, such as lipopolysaccharide, have been adsorbed to
magnetic particles, which are introduced to aqueous suspen-
sions containing the organism. In the presence of magnets, the
beads and thus the bacteria are then recovered. Subsequently,
the bacteria may be cultured or detected in ELISA-based
systems. Less success is achieved with viscous liquids or solid
samples, the latter of which will require an initial separation
phase to prepare suspensions of the bacteria.

Dot blot immunoassays have been developed and used
successfully to detect antigens, especially of the �sh pathogens.

The different serological techniques have proponents as
well as opponents. Generally, direct and indirect (latex)
agglutination requires 107 cfu ml�1 for positive results to be
recorded and are less sensitive than FAT or ELISA, which are
capable of detecting 103–104 cfu ml�1. However, there is a view
that latex and co-agglutination techniques permit more posi-
tive samples to be detected than indirect-FAT.
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Molecular Methods

DNA probe technology has been used with some taxa, for
example, A. hydrophila and A. salmonicida. Species-speci�c
probes have been developed. For example, speci�c DNA
fragments speci�c to A. salmonicida have been incorporated
into a polymerase chain reaction (PCR) technique enabling
a sensitivity of detection of <10 bacterial cells. Again, the
evidence suggests that PCR detected Aeromonas more often
than culturing. A triplex PCR involving three pairs of primers
detected pathogenic A. hydrophila in �sh tissues, with a detec-
tion limit of 100 fg. Moreover, a TaqMan PCR detected
A. hydrophila in human wounds, water, and food, and real-
time PCR detected A. hydrophila in necrotizing soft tissue
infections.
New York,

: Austin, B.,
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Other Methods

Some other approaches have been tried, including multilocus
enzyme electrophoresis and pyrolysis mass spectrometry.
However, these methods have not been adopted widely with
Aeromonas.
Future Perspectives

The signi�cance of Aeromonas in food and potable water has
previously been overshadowed by other supposedly more
important organisms, such as Escherichia and Salmonella.
However, it is recognized that aeromonads are involved with
food and water, and may impact on human health. Certainly,
attention will remain focused on the �sh and human patho-
genic taxa. With these, there is likely to be increasing interest in
the development and commercialization of sensitive molecular
methods, certainly involving PCR.
See also: Aeromonas; Fish: Spoilage of Fish; Sampling Plans on
Microbiological Criteria; Shell� sh Contamination and Spoilage;
Detection of Food- and Waterborne Parasites: Conventional
Methods and Recent Developments.
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Introduction

The genus Alcaligenes consists of motile Gram-negative rod or
coccal bacteria. Bergey’s Manual of Determinative Bacteriology
(9th ed.) lists seven species in the genus: Alcaligenes eutrophus,
Alcaligenes latus, Alcaligenes faecalis, Alcaligenes paradoxus, Alca-
ligenes piechaudii, Alcaligenes xylosoxidans subsp. xylosoxidans, and
A. xylosoxidans subsp. denitri�cans. Metabolism is strictly respi-
ratory, although most strains (A. eutrophus, A. faecalis, and both
subspecies of A. xylosoxidans) are capable of anaerobic respira-
tion using nitrate or nitrite as terminal electron acceptors.
Alcaligenes spp. are chemoorganotrophic organisms and are
able to use a wide variety of carbon sources for growth. They are
common in soil and water environments but are also found as
normal inhabitants of vertebrate intestinal tracts and in clinical
samples as a result of opportunistic infection.

Improvements in bacterial identi�cation have resulted in
changes to the classi�cation of many genera, and Alcaligenes is no
exception. On the basis of 16S rRNA sequencing and hybridiza-
tion studies, A. eutrophus now is placed in a proposed new genus,
Ralstonia, with the new name Ralstonia eutropha. In this review,
however, the familiar designation A. eutrophus will be used. Alca-
ligenes piechaudii now is placed in the related genus Achromobacter
as A. piechaudii. The status of A. xylosoxidans subsp. denitri�cans as
a member of the genus Alcaligenes or Achromobacter is currently
under question. In addition to these changes, a proposed new
member of the genus has been described, Alcaligenes defragrans.
This new species metabolizes monoterpene substrates and can
utilize nitrate or nitrite as electron acceptor.

Species in the genus Alcaligenes are of most interest in the
area of biotechnology. They produce a plasticlike storage
material, which serves as a model system for the industrial
production of biodegradable polymers. As soil-dwelling
microbes, they often are found in sites contaminated with
organic and inorganic compounds that present threats to
human welfare. Some isolates have adapted to metabolize or
neutralize these health hazards, and thus they show potential in
the development of biodegradation processes or as biosensors.

The role of Alcaligenes spp. in the food and health industries is
more complex. Enzymes and a polysaccharide isolated from Alca-
ligeneshavebeenused in thecommercialproductionofaminoacids
oras a foodadditive, respectively. Thepolysaccharide, curdlan, even
exhibits potential as a treatment against certain immune diseases.
On the other hand, these ubiquitous bacteria have the potential to
contaminate food supplies or become opportunistic pathogens.
Due to this latter possibility, diagnostic tests need to carefully
distinguish Alcaligenes from its pathogenic relative Bordetella.
8 Encyclopedia of Food Mic
Biotechnological Applications of Alcaligenes

Biodegradable Plastics

Ralstonia eutrophus (formerly A. eutrophus) and Azohydromonas lata
(formerly known as Alcaligenes latus) produces a high-molecular
weight, biodegradable polymer known as polyhydroxybutyrate
(PHB). Puri�ed PHB has the physical properties of brittle plastic,
and in recent decades, this �nd has opened a new �eld in the
study of naturally produced plastics as alternatives to petroleum-
based materials. The primary focus is on reducing space
requirements for solid waste disposal, but PHB could have
potential use in the medical �eld, where its degradability may
make it useful for slow release drug delivery.

In both R. eutrophus and A. lata, a single operon contains the
three genes required for PHB synthesis: phbA, a b-ketothiolase,
joins two acetyl-CoA molecules to create acetoacetyl-CoA,
which is reduced to (R)-b-hydroxybutyryl-CoA by phbB, a nico-
tinamide adenine dinucleotide phosphate (NADPH)–requiring
acetoacetyl-CoA reductase. Molecules of (R)-b-hydroxybutyryl-
CoA form the monomeric assembly units of PHB, which are
polymerized through ester linkage by phbC, PHB synthase
(Figure 1).

Ralstonia eutrophus produces PHB under conditions of
nitrogen, oxygen, or phosphorus limitation, whereas A. lata
produces the polymer continuously throughout growth. The
polymer is stored in the form of cytoplasmic granules and is
believed to act as a carbon reserve and source of reducing
equivalents. PHB synthesis in A. lata appears to play a basic role
in cellular metabolism as a way to regenerate NADþ from
NADH, either by using an NADH-dependent acetoacetyl-CoA
reductase, or by transferring protons from NADH to NADPþ.

In a nutrient-rich environment, PHB is degraded enzy-
matically to acetyl-CoA, which enters the primary metabolic
pathways and ultimately is mineralized to carbon dioxide.
Degradation is initiated by a depolymerase encoded by the
phbZ gene. Intracellular and extracellular depolymerases exist,
but each enzyme class is only capable of degrading a speci�c
type of polymer: either nonstructured, amorphous PHB gran-
ules in the cell or ordered, crystalline extracellular PHB.
Therefore, the function of the extracellular enzymes will be
a critical factor in determining the success of the commercial
use of biodegradable plastics. One of the model systems for
this work is the extracellular depolymerase secreted by A.
faecalis.

PHB is similar to only one type of the numerous plastics
used commercially. Much effort has been devoted to the
biosynthesis of polymers with different physical properties by
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00006-9
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Figure 1 The biosynthetic pathway for polyhydroxybutyrate synthesis inR. eutrophusandA. lata.
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incorporating monomeric units other than hydroxybutyrate.
A glucose-utilizing mutant of R. eutrophusgrown with glucose
and propionic acid has been shown to make a copolymer
consisting of hydroxybutyryl (HB) and hydroxyvaleryl (HV)
monomers. The HB–HV copolymer is less brittle than PHB, and
thus it has wider applicability. The compound already has been
marketed in Europe and the United States for certain specia
ized products. Azohydromonas latais also exploited for
production of HB –HV, as polymer yield per cell is greater than
with R. eutrophus.

Pioneering work with Alcaligenes(Ralstonia) has created
a burgeoning � eld devoted to the development of microbial-
based biodegradable plastics. Numerous prokaryotes from
many different genera are known to produce variations on the
PHB polymer with respect to chain length of the monomeric
unit. Ultimately, the higher cost of producing degradable
plastics by bacterial fermentation will impose limitations on
the use of this approach. Research in the� eld is now oriented
toward making PHB in plants with the goal of producing a cost-
effective alternative to traditional plastics.
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Bioremediation

Alcaligenes is located phylogenetically among the beta
subgroup of proteobacteria, which also contains the genus
Pseudomonas. Therefore, it is not surprising that species in this
genus are quite metabolically diverse like the pseudomonads
Ralstonia eutrophus, A. faecalis, A. xylosoxidans(both subspecies),
and A. paradoxusstrains are known to utilize an array of
aromatic compounds, as well as many heavy metals, for carbo
and energy. Many of these compounds are xenobiotic and
represent lingering environmental health hazards. Research o
xenobiotic-metabolizing isolates is directed toward exploiting
their biodegradative potential to redeem sites that otherwise
would remain contaminated, or be prohibitively expensive to
reclaim by other technology.
Alcaligenesspp. contain chromosomally encoded genes for
the catabolism of phenol and catechol via the metacleavage
pathway. Subsequently, some species acquired additiona
genes that extended their metabolic capabilities to include
polychlorinated biphenyls (PCBs), and other halogenated
aromatic compounds. For example, strains ofR. eutrophushave
been isolated that contain a transposon for the degradation of
PCBs, and others with a plasmid for the degradation of the
herbicide 2,4-dichlorophenoxyacetic acid. Degradation of
these molecules typically proceeds by a series of dehalogen
tions and aromatic ring oxidations that convert the molecule
into catechol, followed by entry into the metacleavage pathway
and further metabolism to acetate and pyruvate.

Heavy metals are another class of common contaminants a
toxic waste sites, often found in conjunction with aromatic
compounds. Ralstonia eutrophusCH34 was isolated from metal-
contaminated soil and found to contain two megaplasmids
that encode for resistance to Coþþ , Niþþ , CrO4

�� , Hgþþ , and
Tlþ (plasmid pMOL28), and resistance to Cdþþ , Coþþ , Cuþþ ,
Znþþ , Hgþþ , and Tlþ (plasmid pMOL30).

Resistance to heavy-metal toxicity proceeds via a metal ion–
proton antiporter ef� ux system. The best studied operons ar
czcCBA(Coþþ , Znþþ , Cdþþ ) in pMOL30 and cnrCBA(Coþþ ,
Ni þþ ) in pMOL28. These operons contain structural genes fo
the transmembrane cation–proton antiporters that are essential
for the ef� ux of metal ions from the cytoplasm. Metal ion
expulsion and proton in � ux results in a localized increase in
pH near the cell. Respired carbon dioxide is converted into
bicarbonate by the alkaline conditions, which forms a precipi-
tate with the metal, preventing reentry to the cell.

Bioreactors featuringRalstoniahave shown promise in � eld
studies for the removal of metals from solution by bio-
precipitation. Lab-scale experiments have been performe
using engineered strains ofRalstoniaable to catabolize xeno-
biotic compounds as well as remove metals. In this case, th
bacteria are able to consume the contaminating xenobiotic as
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the sole carbon source, thus reducing the cost of providing an
outside substrate. Work has also been done to developRalstonia
as biosensors for heavy metals, by fusing reporter genes
those normally expressed in the presence of metals.
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Relevance to the Food Industry

Enzymatic Production of Amino Acids

L-Glutamate is used to enhance the� avor of foods, particularly
as the monosodium salt found in fermented sauces, such
as soy. It is produced commercially by fermentation of
several species of bacteria. During the fermentation process,
signi� cant amount of a � avorless by-product, pyroglutamate
(5-oxoproline), is produced. 5-Oxoprolinase is an enzyme that
converts 5-oxoproline back into L-glutamate in an adenosine
triphosphate (ATP)–dependent reaction. The enzyme is ubiq-
uitous in nature, but recently a non-ATP-utilizing derivative
was found in a strain of A. faecalis. The enzyme may� nd
practical use in the food industry for increasing yields of
L-glutamate.

L-Lysine is an essential amino acid and a common dietary
supplement. In one production method, a combination of
chemical and enzymatic reactions is used to synthesize th
amino acid. A racemic mixture of the cyclic lysine derivative d,l
a-amino-b-caprolactam is synthesized chemically. The race
mate is treated with a hydrolase fromCandida lumicole, which
producesL-lysine from the L-isomer. The remainingD-isomer is
racemized bya-amino-b-caprolactam racemase fromA. faecalis,
and the process is repeated until all the material is converted
into L-lysine.
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Curdlan

In stationary phase growth, A. faecalissecretes an exopoly
saccharide composed of linear, unbranchedD-glucose mole-
cules in ab-1,3 glycosidic linkage. This form of polysaccharide
is synthesized by several bacterial species and is known by th
common name curdlan. Synthesis of curdlan is believed to
occur through the polymerization of UDP-glucose units, and
two loci involved in curdlan synthesis have been cloned from
A. faecalis. Curdlan has potential as a food additive and may
even have medical applications.

The property of curdlan that has the most promise in
regard to the food industry is the ability of the polysaccharide
to form a stable gel. In aqueous solution, curdlan is insoluble,
but it becomes soluble upon heating. Increasing the pH or
additional heating of a curdlan solution causes a change o
phase to a solid gel. This change is the result of the previousl
disordered glucan chains, assuming an ordered triple helica
structure. The gel exhibits stability across a wide pH range
and retains its physical properties on freezing and thawing
Curdlan currently is used in Japan as a food stabilizer and
thickener.

Curdlan also exhibits properties that may prove useful in
a clinical setting. A sulfated form of the polysaccharide has
been shown to prevent human immunode� ciency virus from
binding to the CD4 receptor of T cellsin vitro. Clinical trials are
under way to demonstrate in vivo effectiveness. Certain vira
and bacterial infections are known to cause a rise in levels of the
hormone tumor necrosis factor (TNF). TNF normally is
involved in the host immune response, but in some disease
states, a rise in the hormone is observed, and this cause
problems such as in� ammation and endotoxic shock. Curdlan
sulfate has been found to prevent exaggerated levels of TN
expression, retaining the bene� cial action of the hormone
without the side effects.
Food Microbiology

In the � eld of food science, Alcaligenesis recognized as
a potential contaminant of dairy products, meats, and seafood.
This is a particular concern in the dairy industry, because food
items (milk especially) can be kept under refrigeration for
extended lengths of time.Alcaligenesspp., among others, orig-
inate in milk samples during processing. Once introduced, they
can grow on prolonged storage under refrigeration, even
though optimum growth occurs at 20–30 � C. These psychro-
trophic organisms can give off-� avors to milk and reduce its
keeping quality, if the storage time before sterilization was long
enough to allow for bacterial growth.

Methods for the enumeration of psychrotrophic organisms
have been developed, but there is no accepted standar
methodology due to the diverse nature of dairy products. The
primary emphasis is on keeping bacterial levels low, and not on
identi � cation.
Detection Methods

The generaAlcaligenesand Bordetellahave been shown to be
closely related on the basis of 16S rRNA sequence, fatty ac
composition, and biochemical properties. Bordetella pertuss
and Bordetella parapertussis, the causative agents of whooping
cough, are isolated from human samples, whereasBordetella
bronchisepticaand Bordetella aviumare animal and bird path-
ogens, respectively. Recently, two new species,Bordetella hinzii
and Bordetella holmesii, have been isolated from human blood
and are the only members of the genus not associated with
respiratory infections. Alcaligenes faecalisand both subspecies
of A. xylosoxidanscan be found as saprophytic inhabitants of
human and animal intestinal tracts and are sources of noso-
comial infection. Although not usually pathogenic, they
may be opportunistic invaders in a compromised host.
Therefore, it is critical to be able to distinguish con�dently
between the two genera when dealing with veterinary or
clinical isolates.

Several types of solid media, primarily Bordet–Gengou
agar, have been developed for the isolation of bordetellae
Alcaligenesspp. will grow on some of these, but they may be
distinguished by their colony morphology. Rapid and sensi-
tive polymerase chain reaction (PCR) tests have been deve
oped to distinguish between B. pertussis, B. parapertussis,
and B. bronchisepticaonce initial characterization based on
biochemical tests has been performed. Some of the propertie
distinguishing Bordetellaspp. from Alcaligenesspp. are listed
in Table 1.

Multidrug resistance is common in many bacterial genera,
and these organisms can rapidly spread throughout the world,



Table 1 Differential characteristics of Bordetellaand Alcaligenesspp.

Growth on MacConkey agar Motility Citrate utilization Nitrate reduction Oxidase Urease

B. pertussis � � � � þ �
B. parapertussis þ � v � � þ
B. avium þ þ v � þ �
B. bronchiseptica þ þ þ þ þ þ
B. hinzii þ þ þ � þ v
B. holmesii þ � � � � �
A. faecalis þ þ þ � þ �
A. xylosoxidanssubsp. xylosoxidans þ þ þ þ þ �
A. xylosoxidanssubsp. denitriÞcans þ þ þ þ þ v

V, some strains positive, some negative.
Information from Collier, L., Balows, A., Sussman, M., 1998. Topley and Wilson’s Microbiology and Microbial Infections, nineth ed. Oxford University Press, London; Lennette,
E.H., Balows, A., Hausler Jr., W.J., Shadomy, H.J., 1985. Manual of Clinical Microbiology, fourth ed. American Society for Microbiology Press, Washington DC; Roop, R.M.,
1990. Bordetellaand Alcaligenes. In: Carter, G.R., Cole, J.R. (Eds.), Diagnostic Procedures in Veterinary Bacteriology and Mycology, �fth ed. Academic Press, New York.
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primarily due to the ease of travel. Therefore, it is urgent that
diagnostic tools be developed for epidemiological typing.
Advances in PCR, gel electrophoresis, and automated ribotyp-
ing of organisms have resulted in the ability to classify species
and variants within species to a degree not previously possible.
Alcaligenes xylosoxidans subsp. xylosoxidans has become more
prominent as an opportunistic pathogen, particularly in the
hospital environment. Many isolates are resistant to the
common classes of b-lactam, aminoglycoside, and quinolone
antibiotics. A combination of antibiotic selectivity and pulsed-
�eld gel electrophoresis of digested chromosomal DNA has
been developed as an effective method for distinguishing
variants of this strain.
Genomics

The only member of the Alcaligenes genus whose genome is
being sequenced is A. faecalis subsp. phenolicus. This particular
species is noted for its ability to oxidize arsenite. A draft
genome has been published.
a green agenda.
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Conclusion

Bacteria in the genus Alcaligenes (and Ralstonia) are most
commonly found in the environment. As environmental
conditions change, the bacteria must be able to respond rapidly
to survive. This �exibility has endowed species of the genus
with capabilities that may prove useful in numerous industrial
applications. In nutrient-poor environments, cells make
a storage compound, PHB, that has served as a model system
for the development of biodegradable polymers. Other strains
have adapted to neutralize or utilize potentially toxic chemicals
as sources of carbon and energy, which may be exploited for the
development of bioremediation processes. An exopoly-
saccharide, curdlan, secreted during the stationary phase
perhaps to act as an antidesiccant, may have several uses in the
food and health care industries.
Bene�cial applications aside, some health risks are associ-
ated with Alcaligenes spp. They can become opportunistic
pathogens under certain circumstances, as they are already
present in the body as inhabitants of the intestinal tract. Alca-
ligenes are related genetically to species in the genus Bordetella,
therefore it is important to clearly distinguish between the two.
Bordetellae can be identi�ed reliably through a combination
of classical biochemical tests and newer molecular biology
techniques. Molecular biology methods are also used for
the epidemiological typing of multidrug-resistant strains of
A. xylosoxidans subsp. xylosoxidans.

See also:Bio�lms; Fermentation (Industrial): Production of
Xanthan Gum; Fermentation (Industrial) Production of Colors
and Flavors; Fermented Foods: Fermentations of East and
Southeast Asia.
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Introduction

Acidothermophilic microorganisms have been isolated since
the late 1960s, mainly from acidic and hot sites. The micro-
organisms, originally classi�ed as acidothermophilic Bacillus,
were for the �rst time associated with spoilage of apple juices in
the beginning of the 1980s in Germany. Bacillus acidoterrestris
was reported as the causative agent of an off-�avor or taint in
the spoiled apple juice.

Microorganisms with similar features of B. acidoterrestris
were isolated continuously from a variety of sources. Then, 16S
rRNA studies provided the basis for the distinction of the
acidothermophilic strains from other members of genus
Bacillus. In 1992, a new genus named Alicyclobacillus was created
to accommodate acidothermophilic and spore-forming
bacteria (Figure 1) characterized by the presence of unusual
amounts of u-alicyclic fatty acids and hopanoid in their
membranes. The new genus was composed by three species:
igure 1 Alicyclobacillus spores and vegetative cells as observed in optical m
afranin). Spores and vegetative cells are stained in green and purple, respec
rgentina de Microbiologia 43, 67–67 with permission.

2 Encyclopedia of Food Mic
A. acidocaldarius, Alicyclobacillus acidoterrestris, and Alicycloba-
cillus cycloheptanicus.

Currently, more than 21 species, two subspecies, and two
genomic species of Alicyclobacillus have been described
(Figure 2). The species may vary in terms of sources of isola-
tion, morphology, pH, and temperature ranges for growth,
among other properties (Table 1).
Characteristics of Alicyclobacillus Genus

Alicyclobacillus spp. are mostly Gram-positive, rod-shaped,
spore-forming, acidophilic, and moderately thermophilic
bacteria belonging to Alicyclobacillaceae family. The species
Alicyclobacillus disul�dooxidans is mesophilic, whereas Alicyclo-
bacillus sendaiensis is the only Gram-negative species within the
genus. Spores in Alicyclobacillus spp. can be terminal, subter-
minal, or central, with or without swollen sporangium. Spores
icroscope (100�) after spore staining (5% green malachite and 0.5%
tively. From Oteiza, J.M., 2011. Alicyclobacillus acidoterrestris. Revista

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00380-3
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57 Alicyclobacillus acidocaldarius subsp. rittmannii (AJ493667.1)

Alicyclobacillus acidocaldarius subsp. acidocaldarius (NR_074678.1)

Alicyclobacillus acidocaldarius (DQ838045.1)

Alicyclobacillus vulcanalis (AB222267.1)

Alicyclobacillus fastidiosus (NR_041471.1)

Alicyclobacillus acidiphilus (NR_028637.1)

Alicyclobacillus hesperidensis (AJ133632.1)

Alicyclobacillus hesperidensis (AJ133632.1)

Alicyclobacillus sacchari (NR_041470.1)

Alicyclobacillus macrosporangiidus (NR_041474.1)

Alicyclobacillus cycloheptanicus (KC354686.1)

Alicyclobacillus disulfidooxidans (AB233323.1)

Alicyclobacillus ferrooxydans (FN870342.1)

Alicyclobacillus pomorum (NR_024801.1)

Alicyclobacillus contaminans (AB264027.1)

Alicyclobacillus rolerans (AF137502.2)

Alicyclobacillus aeris (FM179383.1)

Alicyclobacillus pohliae (AJ607429.2)

Alicyclobacillus herbarius (NR_024753.1)

Alicyclobacillus shizuokensis (NR_041473.1)

Alicyclobacillus kakegawensis (NR_041472.1)

Alicyclobacillus acidoterrestris (EU723609.1)

Alicyclobacillus sendaiensis (NR_024796.1)
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Figure 2 Phylogenetic dendrogram ofAlicyclobacillusspecies based on the 16S rRNA genes, illustrating the genetic diversity within the genus. A
neighbor-joining tree ofAlicyclobacillussequences reported in the GenBank is shown.
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can be oval, ellipsoidal, or round and present high thermal and
chemical resistances at acidic conditions.

A unique characteristic of Alicyclobacillusspp. (excepting
Alicyclobacillus pomorum) is the presence of u-alicyclic fatty
acids, such asu-cyclohexane andu-cycloheptane, as the main
lipids of membrane. The presence ofu-alicyclic fatty acids in
their membrane is regarded to contribute for the heat resistanc
and thermoacidophilic behavior of Alicyclobacillusspp.

Although most species are aerobic, these microorganism
still can grow in aseptically packaged and canned acidic foods
Alicyclobacillus pohliaeseems to present a facultative anaerobi
metabolism. Most Alicyclobacillusare motile, with a wide
growth temperature range (20–70 � C), with the optimum
growth temperature being between 35 and 60� C. The most
concerning species for spoilage of acid foods,A. acidoterrestris,
presents an optimum growth temperature between 35 and
53 � C, although it cannot grow in temperatures below 20 � C
(Figure 3). Until now, the only three species able to grow in
temperature below 20 � C areA. disul� dooxidans, Alicyclobacillus
tolerans, and Alicyclobacillus ferrooxydans.

Species within Alicyclobacillusspp. can grow in a wide pH
range (0.5–7.5), although the optimum range is mostly in the
acidic region (< 4.5). Alicyclobacillusspp. can grow mixotroph-
ically or chemotrophically. Other factors affecting the behavior
of Alicyclobacillusspp. include the soluble solid content,
presence phenolic compounds, ethanol, salt content, and
preservatives.

Soluble solid contents above about 20� Bx markedly inhibits
the growth of Alicyclobacillusspp., whereas the presence of som
phenolic compounds may explain the inability of Alicycloba-
cillusspp. to grow in certain substrates, such as red grape juic
In concentrations higher than approximately 5%, ethanol
inhibits the growth of Alicyclobacillusspp. Therefore,Alicyclo-
bacillusspp. are not a challenge for winery industry, but acidic
beverages with lower ethanol content than 5% can be prone to
spoilage. Preservatives, such as sodium benzoate, potassiu
sorbate, and nisin, can be effective in inhibiting the growth of
Alicyclobacillusspp. vegetative cells, depending on the initial
concentration. Among the organic acids, benzoic, butyric, and
caprylic acids are the most effective, while tartaric, lactic, malic
citric, and acetic acids are the less effective in inhibiting the
growth of Alicyclobacillusspp. Despite this, some compounds,
such as sodium benzoate, can be only sporstatic agains
Alicyclobacillusspp. spores. Amounts of salt above 5–7% are
detrimental for Alicyclobacillusspp. growth.

Different species ofAlicyclobacillushave different nutritional
and environmental growth requirements (Table 1). The growth
parameters (growth rate, lag time, and maximum population)
of A. acidoterrestrisinoculated in orange juice processed and
stored at different conditions and with two different initial
levels can be seen inTable 2.

The growth probability of A. acidoterrestriscan be affected by
changes and interactions of temperature, pH, soluble solid
contents, and the presence of preservatives (Figure 4).

Apple and orange juices correspond to the main fruit juices
in which A. acidoterrestriscan grow easily. This bacterium is
also able to easily grow in tomato juice, grapefruit, pineapple,
mango, and pear juices. On the other hand, the microorganism
does not grow in prune, apple–grape, lemon, cranberry, red
grape, and Concord grape juices.

The effectiveness of oxidizing agents in inhibitingAlicyclo-
bacillusspp. varies with the chemical. For example, chlorine-



Table 1 Cultural, morphological, and colony characteristics of species belonging to the genusAlicyclobacillus

Alicyclobacillusspecies Source

Cultural characteristics Morphological characteristics

pH range (optimum)
T-range (� C)
(optimum)

Oxygen
requirement Gram stain Shape

A. acidiphilus Acidic beverage 2.50–5.50 (3.00) 20–55 (50) Aerobic + Rod

A. acidocaldarius Thermal acid waters 2.00–6.00 (3.50–4.00) 45–71 (53–65) Aerobic + To variable Rod

A. acidocaldarius
subsp.
acidocaldarius

Subspecies automatically created according to Rule 40d (previously Rule 46) of the International Code of Nomenclature
of bacteria (1990 revision). Characteristics, the same as forA. acidocaldarius.

A. acidocaldarius
subsp.rittmannii

Geothermal soil of Mount,
Rittmann, Antarctica

250–5.00 (4.00) 45–70 (63) Aerobic + Rod

A. acidoterrestris Soil/apple juice 2.50–5.80 (4.50–5.00) 20–70 (36–53) Aerobic + To variable Rod

A. contaminans Soil from crop� elds
in Fuji city

3.50–5.50 (4.00–4.50) 35–60 (50–55) Aerobic + To variable Rod

A. cycloheptanicus Soil 3.00–5.50 (3.50–4.50) 40–53 (48) Aerobic + Rod

A. disulÞdooxidans Waste, water, sludge 0.50–6.00 (1.50–2.50) 4–40 (35) Aerobic + To variable Rod

A. fastidiosus Apple juice 2.50–5.00 (4.00–4.50) 20–55 (40–45) Aerobic + To variable Rod

A. ferrooxydans Solfataric soil 2.00–6.00 (3.00) 17–40 (28) Aerobic + Rod/coccus

Alicyclobacillus
genomic species
1 (A. mali)

Solfataric soils of São
Miguel, Azores

3.50–4.00 40–70 (60–63) Aerobic + Rod

Alicyclobacillus
genomic
species 2

Soil near a geyser in
Kirishima, Japan

2.00–6.50 (4.00–4.50) 35–70 (55–60) Aerobic + Rod

A. herbarius Herbal tea 3.50–6.00 (4.50–5.00) 35–65 (55–60) Aerobic + Rod
A. hesperidum Solfataric soils of São

Miguel, Azores
3.50–4.00 35–60 (50–53) Aerobic + Rod

A. kakegawensis Soil from crop� elds
in Kakegawa city

3.50� 6.00 (4.00� 4.50) 40� 60 (50� 55) Aerobic + To variable Rod

A. macrosporangiidus Soil from crop� elds
in Fujieda city

3.50–6.00 (4.00–4.50) 35–60 (50–55) Aerobic + To variable Rod

A. pohliae Geothermal soil of
Mount Melbourne,
Antarctica

4.50–7.50 (5.50) 42–60 (55) Aerobic,
facultatively
anaerobic

+ Rod

A. pomorum Mixed fruit juice 3.00–6.00 (4.00–4.50) 30–60 (45–50) Aerobic + To variable Rod
A. sacchari Liquid sugar 2.50–5.50 (4.00–4.50) 30–55 (45–50) Aerobic + To variable Rod

A. sendaiensis Soil, Japan 2.50–6.50 (5.50) 40–65 (55) Aerobic – Rod

A. shizuokensis Soil from crop� elds
in Shizuoka city

3.50–6.00 (4.00–4.50) 35–60 (45–50) Aerobic + To variable Rod

A. tolerans Oxidizable lead–zinc ores 1.50–5.00 (2.50–2.70) < 20–55 (37–42) Aerobic + Rod

A. vulcanalis Geothermal pool, Caso
hot springs, California

2.00–6.00 (4.00) 35–65 (55) Aerobic + Rod

NR, not reported.
Reproduced from Smit, Y., Cameron, M., Venter, P., Witthuhn, R.C., 2011.Alicyclobacillusspoilage and isolation– a review. Food Microbiology 28, 331–349 with permission.

44 Alicyclobacillus





em
-

es
f

l,

-

l

Figure 3 Inability ofA. acidoterrestrisCRA 7152 to grow in orange juice stored at 20� C during 6 months. From Spinelli, A.C.N., Sant’Ana, A.S.,
Rodrigues-Junior, S., Massaguer, P.R., 2009. In� uence of different storage temperatures onAlicyclobacillus acidoterrestrisCRA7152 growth in hot-
� lled orange juice. Applied and Environmental Microbiology 137, 295–298 with permission.

Table 2 Predicted growth parameters forA. acidoterrestrisin hot-� lled orange juice stored under various conditionsa

Treatment
no.b Description Treatment conditions

Inoculum levels
(spores per ml)l (h) mlog ((cfu ml� 1)/h) k t 104 (h)

1 Hot� lling with
quick
cooling

Cooling to 30� C at the bottle
cold point and storage at
35 � C

< 101 51.71� 3.73 de 0.093� 0.0085 ABC 4.20� 0.12 A 81� 1.4 EF
101 62.73� 5.18 CD 0.104� 0.0332 AB 3.26� 0.01 BC 84� 5.7 DEF

2 Hot� lling with
slow cooling

Cooling to 30� C for 48 h and
storage at 35� C

< 101 75.19� 4.00 C 0.076� 0.01 BC 4.44� 0.05 A 116� 5.7 ABC
101 74.25� 11.31 C 0.091� 0.0071 BC 3.52� 0.20 B 104� 5.7 BCD

3 Hot� lling with
quick
cooling

Cooling to 25� C at the bottle
cold point and storage at
35 � C

< 101 53.90� 3.51 de 0.079� 0.0078 BC 3.56� 0.17 B 95� 1.4 CDE
101 41.14� 3.98 de 0.084� 0.0014 BC 2.69� 0.08 D 67� 1.4 F

4 Hot� lling with
slow cooling

Cooling to 25� C for 48 h and
storage at 35� C

< 101 100.4� 0.40 B 0.101� 0.0078 ABC 3.57� 0.13 B 132� 0.0 A
101 105.54� 1.22 B 0.149� 0.0226 A 2.90� 0.08 CD 125� 12.7 AB

6 Cold� lling Filling and storage at 25� C 101 270.95� 3.18 A 0.044� 0.0057 C 1.85� 0.01 E _c

aValues are means� standard deviations. Different capital letters in the same column indicate signi� cant statistical differences according to a Tukey test (p < .05).
bControl samples for treatments 1–4 were stored for 288 h, and for treatments 5 and 6, they were stored for 6 months. Data on treatment 5 were not included since no growth
was observed during the 6 months.
cMaximum population ofA. acidoterrestrisin orange juice did not reach 104 cfu ml�1 after 6 months of storage.
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based disinfectants seem to be the most ef�cient, while
peracetic acid–based disinfectants are the less ef�cient. Other
compounds such as lysozyme can greatly affectAlicyclobacillus
spores viability. Fatty acids and their esters (monolaurin,
sucrose laurate, sucrose palmitate, and sucrose stearate) se
to be effective against vegetative cells and spores, while chito
san and essential oils have limited effects.

Alicyclobacillusspp. are inhabitants of hot springs and soil
and the species have been isolated from several sourc
(Table 1). Nonetheless, soil seems to be the primary source o
acidic food contamination by these microorganisms. Dusty,
insects, birds, rain,� ooding, and close contact with soil or soil
particles seem to play an important role in the contamination
of raw materials with spores ofAlicyclobacillusspp. Water also
has been described as an important source of raw materia
equipments, and acidic foods contamination byAlicyclobacillus
spp. Thus, good agricultural practices to reduce the contami
nation of raw materials entering food-processing plants by
Alicyclobacillusspp. include the avoidance to pick up fruits from
the ground and the use of good quality water in acidic food
processing.
Alicyclobacillus Species

Species belonging to genusAlicyclobacillusspp. share severa
common characteristics as can be seen inTable 1.
Although there are few markedly dissimilarities among the
members of genus Alicyclobacillusspp. regarding cultural,
morphological, and colony features, the main characteristic
concerning the food industry is the ability to spoil acidic
food products.
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Figure 4 Growth probability ofA. acidoterrestrisCRA 7152 in apple juice as affected by soluble solid content and temperature at pH¼ 3.7 (a) and
pH¼ 4.5 (b) and in apple juice as affected by nisin and soluble solid content at 45� C (c) and 30� C (d).
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The spoilage of acidic foods byAlicyclobacillusspp. has
been restricted mainly to few species in the genus. Although
A. acidoterrestris, A. pomorum, and Alicyclobacillus acidiphilu
have been isolated from spoiled acidic foods,Alicyclobacillus
herbarius, Alicyclobacillus hesperidum, and A. cycloheptanicu
can be a concern because of their ability to produce off
� avor compounds linked to spoilage. In spite of their
ability to produce off- � avor compounds, the latter three
species still were not isolated from spoiled acidic food
products.

Although at least sevenAlicyclobacillusspecies are of concern
because of their spoilage potential,A. acidoterrestrisis deemed
to be the greatest challenge for acidic food industries. This i
becauseA. acidoterrestrisis the most frequent species isolated
from acidic foods spoiled or not. Nonetheless, it should be
regarded that not all A. acidoterrestrisstrains are deteriogenic.
Therefore, the simple isolation of A. acidoterrestrisfrom acidic
foods should be evaluated with care. Despite this, a common
practice at industrial level is to demand the absence ofAlicy-
clobacillusspp. in batches of fruit concentrates to overcome the
time required for isolation and identi � cation of this microor-
ganism to a species level as well as to determine its spoilag
potential.
Spoilage of Foods byAlicyclobacillus

Alicyclobacillusspp. was� rst reported as the causative agent o
acidic foods spoilage in the beginning of the 1980s. In an
unusual hot summer, a huge spoilage outbreak of aseptically
packaged apple juice was reported to be due to an acid
othermophilic spore-forming Bacillus, further named
A. acidoterrestris.

The spoilage by Alicyclobacillusis characterized by no
changes in turbidity, lack of gas, or the presence of sediments
but with the presence of a strong off-� avor and -odor. The off-
� avor and off-odor produced by Alicyclobacillushave been
described with adjectives, such as‘smoky,’ ‘medicinal,’ ‘anti-
septic,’ ‘disinfectant-like,’ ‘phenolic,’ and ‘hammy.’ The pres-
ence of guaiacol (2-methoxyphenol) or halophenols, such as
bromophenol (2,6-dibromophenol) and chlorophenol
(2,6-dichlorophenol), is regarded as the cause of off-� avor and
off-odor.

Although guaiacol is known as the main compound asso-
ciated with Alicyclobacillusspoilage, a guaiacol-positiveAlicy-
clobacillusstrain can also produce halophenols. Halophenols
can also be the only off-� avor compounds produced by
deteriogenicAlicyclobacillus. Therefore, the spoilage potential of
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this bacterium should not be based only on its ability to
produce guaiacol but also halophenols. Another important
characteristic to be taken into account is that the qualitative and
quantitative production of off- � avor compounds may vary
within strains and species ofAlicyclobacillus.

As guaiacol is pointed as the main compound associated
with Alicyclobacillusspoilage, the understanding of its metabo-
lism is of major relevance. The knowledge of guaiaco
production pathway can be useful either to develop strategies
to control deterioration by Alicyclobacillusor for early detection
of spoilage.

Guaiacol and halophenols can be formed either by chem-
ical reactions taking place during food processing or by
microbial synthesis. Although also possible, the synthetic
pathway for halophenols formation by Alicyclobacillushas not
been studied. Hypothesis are that halophenols are formed
through reactions involving a phenolic precursor, halide ions,
hydrogen peroxide, and halogenizing enzymes, such as ha
operoxidases. On the other hand, microbial synthesis of
guaiacol is associated with the metabolism of ferulic acid
(Figure 5).

Ferulic acid is an abundant phenolic compound found in
plant cell walls and a precursor for production of aromatic
compounds. From ferulic acid, 4-vinylguaiacol, vanillin, or
vanillic acid can be formed. Also, vanillic acid can be formed
directly from vanillin. Thus, the catabolism of vanillic acid
leads to the formation of guaiacol (Figure 5). Therefore, the
natural existence of 4-vinylguaiacol, ferulic acid, or their
precursors in foods seems to be a requirement for the forma
tion of off- � avor in acidic foods by Alicyclobacillus.

The formation of off- � avor in acidic foods by deteriogenic
Alicyclobacillusis affected by: (1) strain and species ofAlicyclo-
bacillus, (2) concentration of Alicyclobacillus, (3) presence of
vegetative cells or spores, (4) storage temperature, (5) avai
ability of oxygen/head space, and (6) substrata. Among these
concentration of Alicyclobacillusas vegetative cells, composition
of substrata, and storage temperature seem to play the majo
role for the occurrence of spoilage. Normally, detectable
amounts of guaiacol can be found when the concentration of
vegetative cells is above 104 cfu ml� 1. The time taken to reach
this population will vary with the processing, storage, and
initial load ( Table 2).

Once 4-vinylguaiacol, ferulic acid, or their precursors are
present in an acidic food, the production of off-� avor
compounds, such as guaiacol and halophenols, can take place
The sensory threshold of guaiacol and halophenols will depend
on the substrate, but they are in the range of 2–2.5 ppb and
0.5–30 ng l� 1, respectively. Guaiacol seems to be the ke
compound associated with Alicyclobacillusspoilage possibly
because of its high volatility and production in higher amounts
in comparison to halophenols.

The presence of off-� avor and off-odor compounds associ-
ated with Alicyclobacillusspoilage can be veri� ed through
chemical, sensory, instrumental, and analytical methods
Analytical approaches normally are used when the purpose is to
quantify the off- � avor compounds. Analytical methods include
chromatography-based techniques, such as liquid, gas chroma
tography, and mass spectrometry. Chemical methods include
colorimetric detection of guaiacol present in the substrate in
a reaction based on peroxidise enzyme activity (Figure 6).
Instrumental methods include the application of electronic
noses for early, rapid, and automated detection of acidic foods
contamination by deteriogenic Alicyclobacillus. Sensory methods
have been used mainly with qualitative purposes and stand out
as the most sensitive method for spoilage due toAlicyclobacillus.
Through sensory methods, the threshold for food spoilage by
this bacterium can be determined.

Despite the methods available for the detection of off-� a-
vors produced byAlicyclobacillus, the recognition of the spoilage
in the early stages is somehow hard to accomplish becaus
there are no major changes easily perceivable such as drops
pH, alteration of color, presence of sediments, and packaging
collapse. Most commonly, the spoilage caused byAlicycloba-
cillusis realized by the consumer when opening the product’s
packages. Therefore, this spoilage can be responsible for maj
economic losses and distrust of brands and companies.
Occurrence ofAlicyclobacillus in Raw Materials,
Ingredients, and Final Products

The populations of Alicyclobacillusin soil, their primary source,
can be as high as 106 cfu g� 1. From soil, this bacterium can
contaminate raw materials, the processing environment, and
� nal products. Water has also been identi� ed as an important
source of contamination of acidic foods by Alicyclobacillus.

The incidence and populations of Alicyclobacillusin raw
materials (e.g., fruits) will depend on the season, type of fruit,
and harvest conditions, among other factors. Nonetheless, the
concentration of spores in fruit surfaces can be between 1 an
10 spores per fruit. Therefore, considering the level o
contamination in the fruits and the high chemical resistance of
Alicyclobacillusspores, the role of fruits as route of food-
processing contamination is highlighted.

Once inside the food-processing unity, Alicyclobacillus
spores probably will be present in the� nal products because
of its chemical and thermal resistances. During peeling, the
microorganism certainly will be transferred to the pulps and
then to other ingredients (e.g., essential oils). At the industrial
level, condensate from evaporators seems to be an importan
source of Alicyclobacillusspores as they are added to� nal
products. Levels as high as 103–106 MPN ml � 1 of Alicycloba-
cillusspores can be found in industrial condensate water. The
contamination of essential oils, which are further used for
production of � avorings, is a great concern because thes
ingredients normally are added to a wide variety of foods at
post-thermal-processing steps. Thus, this contamination can
compromise the microbiological stability of acidic foods and
beverages in which Alicyclobacillusspores � nd conditions
to germinate, further outgrow, and produce off-� avor
compounds.

Alicyclobacillusspores have been found in a wide variety of
fruit juices, carbonated beverages, canned acid products, an
fruit juice concentrates. Incidence may vary from very low
levels to 100% of fruit juice concentrate samples. Populations
of this bacterium in fruit juice concentrate are normally <10 2

spores per ml. Nonetheless, higher counts can be found
depending on the preharvest contamination, washing and
processing conditions, and juice composition (Table 3).
Depending on the food composition, for example, soluble
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Figure 6 Visual judgment of the samples (a) positive and (b) negativ
for guaiacol. Considering a gray scale of colors, light gray refers to
negative results and dark gray refers to positive results.
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solid contents, Alicyclobacilluswill be able to grow and spoil
the product.
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Inactivation of Alicyclobacillus in Foods

The use of high-quality raw materials, ef� cient fruit washing,
and well-designed thermal processing can be considered thre
key points to ensure production of shelf-stable fruit juices.
Fruit washing can be particularly ef� cient to reduce pop-
ulation of most yeasts, molds, and vegetative bacterial cell
found at surface fruits. With the emergence ofAlicyclobacillus,
however, the ef� ciency of fruit washing has been challenged
The spores ofA. acidoterrestrishave been shown to be highly
resistant to chemical compounds, such as chlorine dioxide
and hypochlorite in different concentrations (Figure 7).
Disinfectants commonly applied in fruit washing, such as
hydrogen peroxide, chlorine, and acidi� ed sodium chlorite
lead to no more than one log reduction in the populations of
A. acidoterrestrisspores present on fruit surfaces. Therefore
measures should be taken to avoid or reduce fruit contami-
nation by A. acidoterrestristo optimize the ef� ciency of
washing process.

Alicyclobacillusspp. can withstand thermal process of acidic
foods because of their highly thermal-resistant spores. Th
thermal resistance ofA. acidoterrestrisspores has been deter
mined for a series of single-strength and concentrate fruit juice
(Table 4). The thermal inactivation curve of A. acidoterrestri
spores in cupuacu nectar at 90, 95, 100, 105, and 110 is shown
in Figure 8.

As expected, the heat resistance ofA. acidoterrestrisspores is
in� uenced by several factors, including strain, species, pH o
the heating medium, temperature, soluble solid content, pres-
ence of cations such as calcium and manganese, sporulatio
conditions (pH of the medium, composition, and tempera-
ture), presence of antimicrobial compounds, and spore age.

The focus of heat-resistance studies onA. acidoterrestrisis
explained by its high association with fruit juice spoilage
outbreaks. Also, because of this,A. acidoterrestrisspores are
considered to be the main target of thermal processing for
acidic products. Despite this, it has been shown that thermal
processing of single-strength orange juice (holding at 92� C for
10 s, followed by hot � ll at 85 � C with holding time of 20 s and
them cooling to 35 � C in 30 min) leads to <0.3 log reduction
(g) ( Table 5).

The emergence ofAlicyclobacillusspp. led to drastic changes
in the design of thermal processing applied to acidic
foods and fruit juices. The evolution in the requirements of
fruit juice pasteurization intensity to reach a hypothetical
5-log reduction for lactic acid bacteria (D60

� C ¼ 1.7 min,
z ¼ 9 � C), heat-resistant fungi (D90

� C ¼ 3.1 min, z ¼ 7.4 � C),
and A. acidoterrestris(D94.6

� C ¼ 6.3 min, z ¼ 7.7 � C) are
illustrated in thermal history shown in Figure 9.
Detection and Quanti�cation ofAlicyclobacillus

Several methods have been developed and applied with the
aim of isolating and quantifying Alicyclobacillusspp. Detection
or quanti� cation will be used depending on the concentration
of Alicyclobacillusexpected in the sample. Samples expected t
contain a low concentration of these microorganisms are
preferable subjected to� ltration or enrichment procedures.
On the other hand, samples contaminated with populations
of Alicyclobacillusspp. above 101 cfu ml � 1 or g can be sub-
jected to direct plating (spread or pour plating) after proper
dilution. Quanti� cation can also be done either through
membrane � ltration and most probable number (MPN). In
the case of the former, membranes are placed in appropriate
culture medium that is further incubated at appropriate
conditions. In the latter case, MPN is particularly useful when
recovery of injured cells and spores or further quanti� cation is
required.

The type of culture media, culture media pH, incubation
conditions, and sample preparation are also relevant factors
to be considered forAlicyclobacillusdetection and enumeration.
Despite this, some compounds, such as sodium benzoate
can present an inhibitorious effect againstAlicyclobacillisspp.
spores.

Another key step for proper isolation and quanti� cation of
Alicyclobacillusis the application of heat shocks. Heat shocks are
applied to trigger the germination and outgrowth of dormant
spores. The concentration ofAlicyclobacillusin culture media is
always higher when heat shocks are used. Therefore, th
application of these treatments before plating is of paramount
importance both for isolation and enumeration purposes. The
ef� ciency of heat shock in activating spores may be dependen
on few particularities, such as substrate, the purpose of the
study, and conditions to which the spores previously have been
exposed. Nonetheless, heat shock conditions tested includ
60 � C/10 min, 60 � C/30 min, 60 � C/60 min, 70 � C/10 min,
70 � C/20 min, 80 � C/5 min, 80 � C/10 min, 80 � C/30 min, and

e



Table 3 Heat resistance ofAlicyclobacillusendospores in high-acid
concentrated fruit products

Concentrated
juice

Soluble solid
( � Bx) pH

Temperature
(� C)

D-value (� SD)
(min)

Black currant
(light)

26.10 2.50 91 3.84 (� 0.49)

Black currant 58.50 2.50 91 24.10 (� 2.70)
Grape (concord) 30.00 3.50 85 76.00

90 18.00
95 2.30

Grape (concord) 65.00 3.50 85 276.00
90 127.00
95 12.00

Mango NR 4.00 80 4.00 (� 1.50)
85 25.00 (� 0.10)
90 11.66 (� 1.80)
95 8.33 (� 2.00)

Lemon (clari� ed) 50.00 2.28 82 17.36
86 18.06
92 7.60
95 6.20

50.00 2.80 82 25.81
86 22.01
92 15.35
95 11.32

50.00 3.50 82 33.66
86 68.95
92 16.87
95 12.63

50.00 4.00 82 21.95
86 35.16
92 23.19
95 9.72

Lemon
(nonclari� ed)

50.00 2.45 82 15.50
86 14.54
92 8.81
95 8.56

68.00 2.28 82 15.50
86 14.54
92 8.81
95 8.55

68.00 2.80 82 50.50
86 31.67
92 39.30
95 22.02

68.00 3.50 82 38.00
86 95.15
92 59.50
95 17.22

68.00 4.00 82 27.48
86 58.15
92 85.29
95 23.33

D-value is the time at a determined temperature to cause 1 log cycle reduction in the
target microorganism. TheZ-value is the change in temperature needed to cause
1 cycle reduction in theD-value.
SD, standard deviation; NR, not reported.
Reproduced from Steyn, C.E., Cameron, M., Witthuhn, R.C., 2011. Occurrence of
Alicyclobacillusin the fruit processing environment– a review. International Journal
of Food Microbiology 147, 1–11 with permission.
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Figure 7 Survival ofAlicyclobacillusspp. spores at 2 (a) and 5 (b) log
cfu ml� 1 inoculum levels following exposure to 0(A ), 5(- ), 10(: ),
50(, ), and 100(D) ppm chlorine dioxide in suspension and following
exposure to 0(A ), 100(- ), 200(: ), 500(> ), 1000(, ), or
2000(D) ppm hypochlorite in suspension (n ¼ 9; error bars represent
standard deviations).

Alicyclobacillus 51



Table 4 Mean number of decimal reductions forA. acidoterrestrisCRA 7152 in hot-� ll orange juice with and without holding at 85� C for 150 s

Inoculum level (A. acidoterrestrisspores per ml) Holding at 85� C for 150 s N0 (spores per l) Nf (spores per ml) Decimal reductions (g)

102 Yes 2.8 � 0.1 2.8� 0.1 0.03� 0.1b

103 No 3.6 � 0.5 3.3� 0.6 0.25� 0.1a

103 Yes 3.8 � 0.1 3.7� 0.1 0.03� 0.1b

Different letters in the same column indicate signi� cant statistical difference according to the Tukey test (p < .05).

Figure 8 Thermal inactivation kinetics ofA. acidoterrestrisspores in Cupuacu nectar (pH 3.2 and 18� Bx). Reproduced from Vieira, M.C., Teixeira, A.A.,
Silva, F.M., Gaspar, N., Silva, C.L.M. (2002).Alicyclobacillus acidoterrestrisspores as a target for cupuaçu (Theobroma grandißorum) nectar thermal
processing: Kinetic parameters and experimental methods. International Journal of Food Microbiology 77(1–2), 71–81 with permission.

Table 5 Media for isolation and cultivation ofAlicyclobacillusspp.

Substrate Composition Use

K agara Yeast extract, 2.5 g l� 1; bacteriological peptone, 5.0 g l� 1; glucose,
1.0 g l� 1; Tween 80, 1 g l� 1; malic acid; agar. The malic acid was added
as a 2.5% (w/v) solution (pH 3.7)

Apples, juices

APDA (acidi� ed potato dextrose
agar)

Potato extract, 4.0 g l� 1; dextrose, 20 g l� 1; agar. Acidi� ed to pH 3.5
through a sterile solution of tartaric acid (10%)

Juices

OSA (orange serum agar) Tryptone, 10.0 g l� 1; yeast extract 3.0 g l� 1; dextrose, 4.0 g l; K2HPO4,
2.5 g l� 1; orange juice 200 ml; agar. Acidi� ed to pH 3.5 through a sterile
solution of malic acid (25%)

Juices, cupuacu nectar

YSG (yeast extract starch
glucose agar)

Yeast extract, 2.0 g l� 1; soluble starch, 2.0 g l; glucose, 1.0 g l� 1; agar.
Acidi� ed to pH 3.7 through sulfuric acid 1 N

Dried hibiscus� ower

HGYE (Hiraishi glucose yeast
extract agar)

Glucose, 4 g l� 1; trypticase soy broth, 1.0 g l� 1; yeast extract, 0.5 g l� 1;
(NH4)2SO4, 3.0 g l� 1; MgSO4*7H20, 0.5 g l� 1; K2HPO4, 0.1 g l� 1.
Acidi� ed to pH 3.0 through sulfuric acid 1 N

Cell and spore
counting

BAT-BAM (B. acidoterrestris
thermophilic medium

B. acidocaldariusmedium)

Yeast extract, 2 g l� 1; glucose, 5.0 g l� 1; CaCl2, 0.25 g l� 1; MgSO4,
0.5 g l� 1; (NH4)2SO4, 0.2 g l� 1; K2HPO4, 3.0 g l� 1 1 ml of trace
elements solution (ZnSO4*7H2O, 0.10 g l� 1; MnCl2*4H2O, 0.03 g l� 1;
H3BO3, 0.30 g l� 1; CoCl2*6H2O, 0.20 g l� 1; CuCl2*2H2O, 0.01 g l� 1;
NiCl2*6H2O, 0.02 g l� 1; Na2MoO4*2H2O, 0.03 g l� 1); agar. Acidi� ed to
pH 4.0 through sulfuric acid 1 N

Suggested by
International Fruit
Union (IFU) as the
standard medium to
detect alicyclobacilli
in juices

ALI (Alicyclobacillusmedium) The composition is the same of BAM medium. Acidi� ed to pH 4.0 through
sulfuric acid 1 N

Orange and pear
juices, nectar juice

AAM (A. acidoterrestrismedium) Yeast extract, 2.0 g l� 1; glucose, 2.0 g l� 1; (NH4)2SO4, 0.2 g l� 1;
MgSO4*7H20, 1.0 g l� 1; CaCl2*2H20, 0.50 g l� 1; KH2PO4, 1.2 g l� 1;
MnSO4*4H20, 0.5 g l� 1; agar. Acidi� ed to pH 4.0 through a sterile
solution of malic acid (25%)

Cell and spore recovery

SK agar K agar supplemented with Tween 80 (1 ml); Ca2þ (0.5 g l� 1) and acidi� ed
to pH 4.0 through a sterile solution of tartaric acid (10%)

Recovery of low
number of spores
in juices

MEA (acidi� ed malt extract agar) Malt extract, 17.0 g l� 1; peptone, 3.0 g l� 1; agar. Acidi� ed to pH 4.5
through a sterile solution of citric acid 1:1 (w/w)

Evaluation of cells and
spore number from
juices or laboratory
media

aThe acidi� cation of the media has to be performed after autoclaving, to avoid agar hydrolysis.
Reproduced from Bevilacqua, A., Sinigaglia, M., Corbo, M.R., 2008.Alicyclobacillus acidoterrestris: new methods for inhibiting spore germination. International Journal of Food
Microbiology 125, 103–110 with permission.
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Figure 9 Comparison of pasteurization histories to obtain a hypothetical 5-log reduction of different microbial targets in fruit juice. Reproduced
from Lima Tribst, A.A., De Souza Sant’ana, A., De Massaguer, P.R., 2009. Review: microbiological quality and safety of fruit juice past, present
and future perspectives microbiology of fruit juices tribst et al. Critical Reviews in Microbiology 35(4), 310–339 with permission.
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100 �C/5 min. Although all these conditions have been tested
and may serve speci�c purposes, 80 �C/10 min corresponds to
the most acceptable and applied heat shock treatment.

Although culture medium–based methods are greatly used
with the purpose to isolate and enumerate Alicyclobacillus,
more sensible, selective, reproducible, and rapid methods are
required by industries to assess the quality of raw materials,
processing environment, and �nal products. Thus, there has
been observed an increased interest in the development
of molecular biology–based and instrumental-based methods,
such as real-time PCR, 16S rRNA gene sequence, and Fourier
transform infrared spectroscopy (FT-IR) spectroscopy. PCR-
based methods have been developed to detect genes required
for production of off-�avor compounds, such as guaiacol.
Other methods also used for detection, enumeration, and
identi�cation of Alicyclobacillus are based on immunological
reactions, such as ELISA.

Because of the great challenge posed by Alicyclobacillus, the
development of rapid, simple, and cost-effective methods
continues to be major need for quality-control programs of
acidic food industries.
istory,
al Reviews in

d

robiology
Final Remarks

Because of its characteristics, strategies to control and avoid the
spoilage by Alicyclobacillus must include the application of good
manufacturing practices in the �eld, ef�cient fruit washing and
selection, and strict control of time and temperature of
pasteurization, and be combined with adequate storage
conditions. Therefore, control strategies of Alicyclobacillus by
acidic food industries should be based on an integrated
approach from farm to market.

See also: Fruit and Vegetables: Introduction; Fruit and
Vegetable Juices; Heat Treatment of Foods: Principles of
Canning; Heat Treatment of Foods: Spoilage Problems
Associated with Canning; Heat Treatment of Foods: Ultra-
High-Temperature Treatments; Heat Treatment of Foods –
Principles of Pasteurization; Metabolic Pathways: Production
of Secondary Metabolites of Bacteria; Spoilage Problems:
Problems Caused by Bacteria.
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Introduction

Alternaria is a common fungal genus with a number of species
that cause pre- and postharvest damage to agricultural prod-
ucts, including cereal grains, fruits, and vegetables. The genus
Alternaria is widely distributed in the environment, and its
spores can frequently occur in a range of different habitats.
They are normal components of the soil mycota and also occur
ubiquitously in the air worldwide. Exposure to the spores can
cause allergy and severe asthma symptoms in susceptible
people. Alternaria species naturally contaminate the aerial parts
of plants and are easily isolated from decay matter. Many
species are host-speci�c pathogens that cause plant diseases in
the �eld, and others are able to colonize ripening crops as
opportunistic saprophytes causing spoilage of crops after
harvest and during storage. Since these fungi grow well at low
temperatures, they are responsible for spoilage of fruits and
vegetables in refrigerated storage.

A short life cycle, easily detachable spores dispersed by wind,
dark mycelium, and conidia are some of the properties of
pathogenic species. The presence of melanin in spores and
mycelial walls protects the structures against radiation effects
and adverse environmental conditions, determining resistance.
All these characteristics are advantageous for disease establish-
ment and dispersal, both attributes of an effective pathogen.

In addition to spoiling fruits and vegetables, many Alter-
naria species are also capable of producing a wide range of
secondary metabolites. Most of these metabolites are phyto-
toxins that play an important role in the pathogenesis of plants.
Others can be considered as mycotoxins that are harmful to
humans and animals that consume the contaminated vegetable
foods. Relatively little is known about the toxicity of Alternaria
toxins in comparison with mycotoxins produced by other fungi
such as Aspergillus, Penicillium, and Fusarium.

A correct identi�cation of Alternaria species combined with
wider surveys on susceptible crops is needed in order to
establish the toxicological risk related to Alternaria contami-
nation of agricultural products. The taxonomy of the genus is
not well de�ned yet, making it dif�cult to establish which
species is responsible for the production of each mycotoxin.
Taxonomy

Morphological Characteristics

The traditional methods for identi�cation of Alternaria are
primarily based on morphological characteristics of the
reproductive structures. Alternaria produces large brown con-
idia with both longitudinal and transverse septa, borne from
inconspicuous conidiophores, and with a distinct conical nar-
rowing or ‘beak’ at the apical end. These structures can be
solitary or produced in various patterns of chains.

The �rst attempts to organize the diverse taxa were based
exclusively on conidium morphology in regard to shape,
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color, size, septation, ornamentation, and so on. However,
these structures can be quite complex and present a consider-
able diversity within the genus, even between close-related
taxa. The classi�cation based on these principles may be
laborious and time consuming and is often restricted to
experts in this �eld.

According to conidia size, a subgeneric classi�cation was
made establishing two groups, the ‘large-spored’ (conidia size
in a range of 60–100 m) and ‘small-spored’ (conidia size less
than 60 m) Alternaria. The small-spored species are cosmopol-
itan saprotrophs, plant pathogens, allergens, and mycotoxin
producers, being the most commonly reported group in foods.
Its taxonomy is still under revision, and there is a need for their
accurate identi�cation in a broad range of disciplines.

In addition to morphology, Alternaria taxa have been clas-
si�ed according to host speci�city, such as Alternaria mali as host
speci�c in apple, Alternaria gaisen in pear, Alternaria longipes on
tobacco, Alternaria citri in citrus, Alternaria alternata sp. lycopersici
(AAL) in tomato, and so forth. However, many morphological
characteristics of small-spored host-speci�c taxa overlap those
of A. alternata. Some researchers have suggested that they should
be referred to as pathotypes of A. alternata until further stable
genetic or physiological data can be produced to differentiate
them. Other scientists similarly consider the small-spored plant
pathogenic Alternaria species to be variants of A. alternata but
differentiate them in terms of host speci�city, and a system of
naming isolates that produced host-speci�c toxins (HSTs) as
pathotypes of A. alternata was proposed.

Traditional classi�cations based on spore measurements or
production of HSTs have led to the belief that A. alternata is the
most abundant small-spore taxon in nature. This concept pre-
vailed for several years in scienti�c works.

More recently, Emory Simmons revised the taxonomy of
Alternaria and organized the genus into 276 species based on
diagnostic characteristics of conidia and chain formation, in
particular, of the complex three-dimensional sporulation
apparatus. In subsequent work, Simmons developed the
species-group concept by referring to certain groups using
a representative species, for instance, the Alternaria infectoria,
Alternaria brassicicola, Alternaria radicina, Alternaria tenuissima, or
A. alternata species group. The advantages of its use are that it
organizes at the subgeneric level the morphologically diverse
assemblage of Alternaria spp. and permits the generalized
discussion of morphologically similar species. This concept has
been particularly valuable between the small-spored catenulate
species, which represent the most challenging in terms of
accurate diagnostics due to their complex three-dimensional
sporulation patterns.

The main characteristics determining the sporulation
pattern include length of primary conidiophores, branching
patterns, presence, length and origin of secondary conidio-
phores, branching angles, degree of catenation, and size and
shapes of conidia. To summarize the morphological features of
the most common species groups reported in foods, the
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00007-0
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A. alternata, A. tenuissima, A. arborescens,and A. infectoriagroup
characteristics are described below.

The A. alternataspecies group is characterized by a sing
suberect, short primary conidiophore that bears a cluster o
branching or unbranched chains of 5–15 small conidia. The
branching of chains originates both from the elongation of short
secondary conidiophores following terminal conidium forma-
tion and developing a series of conidiogenous loci; or from lateral
secondary conidiophores emerging from one or more conidium
cells, resulting ina quite complex sporulation structurecomposed
of secondary, tertiary, and even quaternary branching (Figure 1).

TheA. tenuissimaspecies group can be diagnosed by its lon
and single chains originating from usually short and simple
primary conidiophores. Branching is scarce, and when it occurs
it originates from a lateral secondary conidiophore parting
from the conidium body. This group has a pattern of moderate
to long chains of 10–15 or more long-narrow conidia with or
without short lateral branches of usually 1–3 conidia.

The A. arborescensspecies group is recognized by the pres
ence of distinct long, well-de� ned primary conidiophores,
occasionally with a few subterminal branches, and a terminal
cluster of branching conidial chains of an arborescent appear
ance. Branching pattern is de� ned mostly by the presence of
a geniculate secondary conidiophore that can originate from
the conidial apex (most frequently) or body.

The A. infectoriaspecies group is characterized by chains o
small conidia that branch due to the formation of long septated
secondary conidiophores between conidia arising from the
apex or conidial body; the apical ones are often geniculate and
have several conidiogenous loci. Secondary conidiophores ar
conspicuous and determinant elements of the branched
architecture. This type of pattern results in an uncrowded set o
organized branching chains with a terminal cluster that is loose
in density.
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Molecular Analysis

With the advancement of molecular techniques, several studie
have examined taxonomic relationships among small-spored
catenulate Alternaria spp. using a variety of methods in an
attempt to establish consensus with contemporary morpho-
logical-based species.

Molecular studies have been made with special interest in
the classi� cation of small-spored Alternaria, which show little
resolution in their molecular phylogeny. Sequencing of
‘housekeeping genes,’ such as internal transcribed spacer regio
(ITS), mitochondrial small subunit, and mitochondrial large
subunit (MtLSU), which have been used with success in othe
genera, has not yielded any segregation among the smal
spored Alternariapathogens, except for theA. infectoriaspecies
group which constitutes a quite distinct clade. However, MtLSU
sequence data that resulted was variable enough to satisfact
rily differentiate the large-spored species ofAlternariafrom the
small-spored ones. Some sequences from functional gene
such asb-tubulin, translation elongation factor a, calmodulin,
actin, chitin synthetase, and 1,3,8-trihydroxynaphthalene
reductase, also failed to differentiate the small-sporedAlternaria
pathogens, whereas others, such as the partially sequenc
endopolygalacturonase gene and two anonymous genomic
regions, did provide some resolution.
More recently, the random ampli� cation of polymorphic
DNA (RAPD) technique, which characterizes random priming
sites across the entire genome, evidenced high genetic variabili
among small-sporedAlternaria. Such variability is consistent with
morphological, physiological, and chemical observations. In
a recent work, RAPD� ngerprint analysis demonstrated that
isolates belonging to the A. arborescensgroup are molecularly
different from those of the A. tenuissimaspecies group. Moreover
cluster analysis of RAPD pro� les permitted discrimination
of representative A. alternata strains from members of the
A. tenuissimaspecies group that were not distinguishable in
previous molecular studies.

Characterization of Alternaria species based on morpho-
logical and molecular analyses is important in making a correct
identi � cation, but might not be suf� cient to differentiate
between closely related species groups.
Chemical Segregation and Polyphasic Approach

In addition to morphology and molecular analysis, the
production of secondary metabolites has been used as a mean
of identi � cation and classi� cation. Pro� les of metabolites
produced on standardized laboratory media have been utilized
to distinguish between Alternaria species groups, taking
advantage of the enormous potential to biosynthesize different
secondary metabolites of this genus.

A pro� le of secondary metabolites can be visualized using
chromatographic methods such as thin layer chromatography
and ultraviolet light, high-performance liquid chromatography
and diode array detection (HPLC-DAD), or it can be combined
with mass spectrometry (HPLC-MS). A technique based on
electrospray ionization (ESI) with negative ion detection and
MS–MS has overcome previous limitations of other analytical
methods in terms of sensitivity and speci� city. Extraction
methods are easy to use, less time consuming than morpho
logical characterization, and relatively economic, and they have
been successful in differentiating between species in othe
genera such asAspergillus, Fusarium,and Penicillium.Secondary
metabolite data can be statistically analyzed to determine
a characteristic pro� le for a species or species group, or they ca
be used to determine species–speci� c metabolites that could be
adopted as chemotaxonomic markers in taxon identi� cation.

Most recently, a polyphasic approach, which integrates the
three aspects– morphological characteristics, molecular anal-
ysis, and secondary metabolite pro� ling – has been used to
achieve accurate identi� cation of Alternariaspecies. The combi-
nation of all the information provided by different perspectives
represents a powerful tool for classi� cation of this complex
genus. The inclusion of additional data, such as ecology or plan
pathogenicity, might lead to an unequivocal classi� cation and
systematic placement ofAlternariastrains into species.
Secondary Metabolites Production byAlternaria

Mycotoxins

Alternariaspp. can produce a wide variety of toxic metabolites
that play an important role in plant pathogenesis. Many of these
metabolites, under determined environmental conditions,
could accumulate in vegetable foods and be harmful to humans



Figure 1 (a)–(d). Sporulation pattern on 7-day-old Potato Carrot Agar (PCA) cultures of representative strains of (a)A. alternata, (b)A. tenuissima, (c)
A. arborescens, and (d)A. infectoriaspecies group; images from Petri dishes using a stereo microscope under low magni� cation. (e)–(h). Conididiophores
and conidia from (e)A. alternata, (f) A. tenuissima, (g) A. arborescens, and (h)A. infectoriaspecies group. Image from a prepared slide mount using
a compound microscope under high magni� cation.
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and animals. These metabolites belong principally to three
different structural groups: (1) the dibenzopyrone derivatives,
alternariol (AOH), alternariol monomethyl ether (AME),
and altenuene (ALT); (2) the perylene derivatives, altertoxins
(ATX-I, ATX-II, and ATX II); and (3) the tetramic acid derivative,
tenuazonic acid (TA).

TA, AOH, AME, and ATX-I are the mainAlternaria myco-
toxins that can contaminate foods. Of particular health concern
is the association found betweenAlternariacontamination in
cereal grains and the high levels of human esophageal cancer
China. The toxicity of TA has been reported in plants, in chick
embryos, and in several animal species, including guinea pigs
mice, rabbits, dogs, and rhesus monkeys. In dogs, it has cause
hemorrhages in several organs, and in chickens, subacu
toxicity has been observed. Precancerous changes have be
reported in the esophageal mucosa of mice. The possibl
involvement of TA in the etiology of onyalai, a human hema-
tological disorder occurring in Africa, has been suggested. AM
and AOH have been found to be mutagenic in microbial and
mammalian cell systems. There is also some evidence
carcinogenic properties as they induce squamous cell carc
noma in mice. Recently reported are the estrogenic potential o
AOH, its inhibitory effects on cell proliferation, and its geno-
toxic effect in cultured mammalian cells. ATX-I and related
compounds may cause acute toxicity in mice and have bee
reported to be more potent mutagens than AOH and AME.
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Host-Speci�c Toxins

Certain species in the genusAlternariaproduce low-molecular-
weight compounds known as HSTs that determine their host
range and contribute to their virulence or pathogenicity. These
host-speci� c forms were earlier designed as pathotypes o
A. alternatabut in more recent works they were assigned to
other species, as is shown inTable 1.

The virulence of the several‘pathotypes’ to different hosts
can be explained as an evolutionary adaptation based on the
ability to produce HSTs. Among the several HSTs produced b
this genus, the AAL(Alternaria alternataf. sp. lycopersici) toxins
are of concern because of their structural and toxicologica
similarities to the fumonisins, the carcinogenic mycotoxins
produced by Fusariumspecies.
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Secondary Metabolite Pro�les

The production of secondary metabolites has been successful
used for the identi� cation and classi� cation of similar species
within the genus, especially between the small-spored specie
groups.
Table 1 Host-speci� c toxins of plant pathogenAlternariaspecies

Species Synonym Pat

Alternaria gaisenNagano A. kikuchianaTanaka A. a
A. limoniasperaeSimmons A. citrirough lemon pathotype A. a
A. toxicogenicaSimmons A. citritangerine pathotype A. a
A. longipesMason – A. a
A. maliRoberts – A. a
A. arborescensSimmons A. alternataf. sp. lycopersici A
– – A. a
Isolates belonging to the A. alternata, A. tenuissima,and
A. arborescensspecies groups have been reported to produc
most of the known metabolites. The three groups produce
AOH and AME. TheA. alternatagroup also produces ATX and
ALT but not TA. The production of TA is common in both the
A. tenuissimaand A. arborescensspecies groups, the last of which
also produces ALT. The only speci� c metabolites from the
A. arborescensspecies group are the AAL toxins. Many isolate
within all these Alternariaspecies groups are able to produce
tentoxin, a cyclic tetrapeptide that causes chlorosis in severa
sensitive plants.

The species belonging to theA. infectoriaspecies group are
able to produce a metabolite pro� le very different from the
ones mentioned above. None of the isolates within this group
produces any of the most common metabolites reported; on
the contrary, they produce infectopyrones and novae-zelan
dins, which are metabolites never found in other Alternaria
species group.

Among the large-spored groups the most common metab-
olites produced are altersolanols. Zinniol is a metabolite
produced by Alternaria dauci, Alternaria porri,and Alternaria
solani.On the other hand, A. porri, A. tomatophila,and A. solani
have in common the production of altersolanol and macro-
sporin. Alternaria porriand A. solanishared the production of
alterporriols and tentoxin. ATX-I is produced byA. solaniand
A. tomatophila.AME has only been reported from A. dauci,
erythroglaucin and other anthraquinones from A. porri, and
alternaric acid, alternariol, solanapyrones, and zinnolide from
A. solani.

The diversity in the metabolite pro� les between different
species groups turns chemical data into a valuable tool to
complement morphological and molecular analysis in char-
acterizing small-sporedAlternariaspecies groups.
Ecophysiology

Few studies have determined the optimal and limiting condi-
tions responsible for germination, growth, and mycotoxin
production in Alternaria spp. The optimal temperature range
for Alternariagrowth is 22–28 � C, with the minimal reported
as�3 � C and enabling the fungus to grow under cold storage.
Alternariaspp. continue to develop in several vegetables store
at refrigeration temperatures or in certain apple cultivars stored
at 0 � C or below. Fruits and vegetables subjected to cold stres
are more sensitive to disease initiation. Optimal Alternaria
growth occurs at pH 4–5.4. Alternaria alternatais able to grow in
oxygen concentrations as low as 0.25%, with growth rates
being proportional to oxygen concentration. The minimum
hotype Disease Toxin

lternataJapanese pear Black spot of Japanese pear AK
lternatarough lemon Brown spot of rough lemon ACRL
lternatatangerine Brown spot of tangerine ACTG
lternatatobacco Brown spot of tobacco AT
lternataapple Alternariablotch of apple AM

. alternatatomato Stem canker of tomato AAL
lternatastrawberry Black spot of strawberry AF
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water activity (aw) for growth at 25 � C is 0.86. Faster growth
was registered ataw 0.98.

Optimal environmental conditions for Alternariamycotoxin
production reported by several researchers differ according t
the strains and the substrates considered. Two strains isolate
from soya bean produced the maximum amount of AOH on
irradiated soya beans ataw 0.98 and different temperature (15
and 25 � C), depending on the strain. The maximum amount of
AME was produced by both strains ataw 0.98 and 30 � C. No
signi� cant production of either toxin was registered ataw 0.90.
Other authors have reported that alternariol, its monomethyl
ether, and altenuene were produced optimally on autoclaved
wheat grains at 25� C and 0.98 aw. Another study was carried
out with a mixed inoculum of � ve strains ofA. alternataisolated
from tomato fruits affected by ‘black mold’ and grown on
a synthetic tomato medium of aw adjusted with glycerol.
Optimal conditions were aw 0.95 and 21 � C for AOH, aw 0.95
and 35 � C for AME, andaw 0.98 and 21 � C for TA.aw 0.90 was
found to be limiting for the production of these Alternaria
mycotoxins. None of the toxins were detected at a temperature
of 6 � C. According to these results, a storage temperature
6 � C or below could be considered safe for tomato fruits and
high-moisture tomato products (aw > 0.95) in relation to
Alternaria toxins. Even though the biosynthesis of AOH and
AME is affected differently than TA by environmental factors,
a low storage temperature would be effective in controlling
production of all three toxins in tomato products.
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Occurrence ofAlternaria and Alternaria Mycotoxins
in Foods

Alternariaspecies are commonly associated with plant disease
causing spoilage of agricultural commodities, with consequent
economic losses. Moreover, as a result ofAlternaria growth,
several mycotoxins have been detected as natural contam
nants in these products. Mycotoxin accumulation in fruits and
vegetables may occur in the� eld and during harvest, post-
harvest, and storage. Vegetable foods infected byAlternariarot
are obviously not suitable for consumption. Since consumers
will reject fruit that is visibly moldy or rotten, whole fresh
fruits are not believed to contribute signi� cantly with Alter-
naria toxins to human exposure. However, processed frui
products may introduce high amounts of these toxins to the
human diet if decayed or moldy fruit is not removed before
processing.
Figure 2 Fruits infected byAlternariaspp. (a) Black mold of tomato, (b)
Several crops of agricultural value are susceptible to infec
tion by different Alternariaspecies and can contribute to the
entry of Alternariamycotoxins into the food chain.

Citrus Fruits

Alternariabrown spot is a disease of mandarins, tangerines, and
various tangerine hybrids. The pathogen causes necrotic lesion
in mature fruit that are unacceptable to consumers. Although
the relationship between the presence of lesions and myco
toxins in citrus products is not currently known, fruit with these
defects should not be used to produce juice.

Black center rot (or‘black heart rot’) of oranges and lemons
caused by anAlternaria species generally known asA. citri
appears as internal blackening of the fruit. Two kinds ofAlter-
nariaheart rot are distinguished in mandarins based on the color
of the affected tissues (gray or black). The gray color is associate
with felty gray mycelium and the black color with sporulation
(Figure 2(c)). Investigations carried out on the natural occur-
rence of mycotoxins in infected fruits showed that the two kinds
of mandarin heart rot contain different mycotoxin pro� les: TA,
AME, and AOH were found in black rot samples, whereas TA wa
the only toxin detectable in gray rot samples.

Tomatoes

As is common for many soft-skinned fruits, tomatoes are
especially susceptible to fungal decay.Alternaria is the most
frequent fungus on moldy tomatoes, and it is responsible for
the disease known as‘black mold of tomato ’ (Figure 2(a)). It
appears as dark brown to black typical lesions, which are o
� rm texture and can become several centimeters in diamete
with abundant sporulation of the fungus. Fruits become
increasingly susceptible to fungal invasion during ripening. The
disease is promoted by warm rainy weather. Infection can occu
at the stem end of the fruit or through mechanical injury,
cracking from excessive moisture during growth, or chilling.
Some investigations have demonstrated thatAlternariarot can
develop at all acceptable handling temperatures and can b
avoided only by rapid marketing. Fungal decay of fresh toma-
toes is very rapid at 25� C.

Alternaria alternatahas been mentioned as the dominant
fungal species occurring in naturally infected tomato fruits, but
according to recent changes in the taxonomy of this genus
other species such asA. tenuissima, A. arborescens,and A. longipes
were also found to be associated with postharvest spoilage o
tomatoes.
moldy core rot of apple, and (c) black heart rot of mandarin.
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Alternaria mycotoxin occurrence has been reported in
tomatoes. TA was the major toxin produced in naturally
infected fruits. Lower levels of AOH and AME were also
recorded. The metabolite tentoxin, which is regarded as phy
totoxin, has also been isolated from tomato lesions.

Temperature is one of the major environmental factors
affecting the shelf life of tomato fruits and their rate of deteri-
oration by Alternaria.To control toxin production in tomato
fruits, temperature below 6� C should be maintained, and the
storage period should not exceed 10 days.

Direct consumption of moldy tomatoes by consumers is
unlikely, but these tomatoes may possibly be used for pro-
cessed tomato products. In fact, tenuazonic acid and alternario
were detected in tomato paste, tomato pulp, and tomato puree
samples, occasionally in very high amounts. To preven
mycotoxin contamination of processed tomato products,
moldy or damaged tomatoes should not be used. Few studies
have been carried out on the stability ofAlternariamycotoxins,
although like other mycotoxins they are probably quite stable.
A major proportion of the toxins survived the autoclaving of
tomatoes in producing tomato paste.
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Apples

Core rot of apples is a well-known postharvest disease tha
mainly infects the Red Delicious varieties (Figure 2(b) ). Moldy
core rot reduces apple fruit quality and is a worldwide problem
occurring in most countries where apples are grown. The diseas
has been linked in the past to the single speciesA. alternata,
whereas recent studies concluded that representatives of sev
ral species groups, includingA. arborescens, A. infectoria,and
A. tenuissima,were involved.

Newly harvested, undamaged apples are usually free o
fungal infection. Fungal spores, which are generally present o
the fruit surface, preferably enter through wounds formed
during harvesting and handling. Sometimes, the fungus can
also penetrate the fruit through open calyces, into the core o
carpel regions, during fruit development and storage.

Most of the Alternaria strains isolated from rotten apples
produced AOH and AME in the whole fruits after inoculation.
Studies on the possible transfer ofAlternariamycotoxins from
the rotten part of an inoculated fruit to the surrounding sound
tissues indicated that toxins were not restricted to the rotted area
which was characterized by abundant fungal hyphae. The
could also be isolated from the sound tissues, although the toxin
levels were lower. Apples with moldy cores may be used in
producing apple juice, resulting in high levels ofAlternariatoxins
in processed apple products. The natural occurrence of AOH an
AME in samples of commercial apple juice and apple juice
concentrate was reported in several countries.
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Small-Grain Cereals

Alternariais the most common genus found in cereal grains in
several regions of the world. References from many countrie
about the prevalence of this fungus in cereals indicate a very hig
incidence, with more than 90% of the grains affected. Infected
grains develop a disease called black point, which consists o
a discoloration of the germ and the seed due to mycelial and
conidial masses. Small-grain cereals such as wheat, tritica
barley, and oats are frequently infected, whereas rice and maiz
are less susceptible. Black point is known to affect grain quality
adversely, impairing � our, semolina, and their products. The
presence of dark specks in pasta and discoloration in noodle
results in downgrading, with heavy � nancial losses. Severa
Alternariaspecies have been involved, mainlyA. alternata, A.
tenuissima,and alsoA. triticina, which is an important pathogen
of wheat considered the major cause of leaf blight. The
A. infectoriaspecies group was found to be responsible for black
point in certain wheat cultivars in Argentina, Australia, North
America, and several European countries. As a consequence
the disease, small-grain cereals are frequently contaminate
with Alternaria mycotoxins. The natural occurrence of AOH,
AME, and TA has been reported worldwide in wheat, barley, and
oats. High concentrations of TA and AME and lower levels of ALT
were found in sorghum in India.

Other Foods

Olives are often affected byAlternaria, particularly if the fruits
remain in the soil for a long time after ripening. SeveralAlter-
naria toxins were detected in molded or damaged olives and
were also found in olive oil as well as in other edible oils
(rapeseed, sesame, and sun� ower).

Although A. alternataand A. radicina are associated with
black rot of carrots, no Alternariatoxins were found in carrot
roots or in commercial carrot products such as carrot juice. In
contrast, AOH and AME were detected in several fruit beverage
such as grape juices, cranberry nectar, raspberry juice, red win
and prune nectar.

Alternaria mycotoxins have been reported in many other
vegetable foods that are frequently infected by the fungus, suc
as peppers, melons, mangoes, sun�ower, raspberries, pecans
and Japanese pears. It has been reported thatAlternariamyco-
toxins were not a major problem in strawberries because of the
presence of fast-growing molds such asRhizopusand Botrytis,
which outgrow Alternariaand inhibit its growth.

At present, there are no speci� c regulations for any of the
Alternariatoxins in foods. However, these mycotoxins should
not be underestimated since they are produced by severa
Alternaria species frequently associated with a wide range o
agricultural products and processed plant foods of relevan
value in the human diet. More investigations on the toxic
potential of these toxins and their hazards for human
consumption are needed to make a reliable risk assessment o
dietary exposure and to better de� ne guidelines on Alternaria
mycotoxin limits in foods.

See also:Ecology of Bacteria and Fungi:In� uence of Available
Water;Ecology of Bacteria and Fungi in Foods:In� uence of
Temperature;Ecology of Bacteria and Fungi in Foods:
In� uence of Redox Potential;Ecology of Bacteria and Fungi i
Foods:Effects of pH;Fungi:Overview of Classi� cation of the
Fungi;Fungi:Classi� cation of the Deuteromycetes;Metabolic
Pathways:Production of Secondary Metabolites– Fungi;
Molecular Biology in Microbiological Analysis;Mycotoxins:
Classi� cation; Natural Occurrence of Mycotoxins in Food;
Mycotoxins:Toxicology;Spoilage Problems:Problems Caused
by Fungi; Genomics; Metabolomics;Fruit and Vegetables:
Introduction; Advances in Processing Technologies to Pre
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and Enhance the Safety of Fresh and Fresh-Cut Fruits and
Vegetables; Fruit and Vegetable Juices; Water Activity.
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Characteristics of the Genus

The rRNA Superfamily Vl of the proteobacteria was proposed in
1991 to encompass the genera Campylobacter, Helicobacter, and
Arcobacter. These spiral-shaped or slightly curved microbes are
microaerophilic Gram-negative rods. Motility is by means of
polar �agella, which may be either single or multiple, sheathed
or naked (Table 1).

Arcobacter spp. (Latin: arc-shaped bacterium) grow in
oxygen concentrations ranging from 0% (anaerobic) to 20%
O2 (aerotolerant) and at temperatures between 5 �C
(psychrophilic) and 37 �C, although some strains can grow at
42 �C. Most strikingly, some strains can replicate in up to 7%
NaCl (halotolerant) and survive in the presence of heavy
metals. This contrasts with growth of Campylobacter at
temperatures between 25�C and 42 �C in a microaerobic
environment (5% O2) in 0.9% NaCl.
Taxonomy

Arcobacter was �rst recovered from aborted bovine and porcine
fetuses and designated Campylobacter cryaerophila (Latin: loving
cold and air). Subsequently, Arcobacter species have been isolated
from water, raw milk, livestock, birds (including ostrich yolk sac),
lettuce, and meats, especially poultry, reminiscent of Campylo-
bacter jejuni. Because of its morphologic similarity to Campylo-
bacter, there have been attempts to incriminate it as a cause of
livestock abortion; its recovery from livestock and poultry led to
its recognition as an emerging foodborne zoonotic pathogen.

Upon publication of the full genome sequence in 2007,
Miller et al. (2007) concluded that nearly all of the Arcobacter
taxa are uncharacterized beyond the 16S level and represent
free-living organisms isolated from aquatic environments,
able 1 Characteristics of members of rRNA Superfamily VI

train Growth at 15 �C Oxygen t

rcobacter butzleri Yes Aerotole
M4018
ampylobacter jejuni No Microaer
CTC 11168
elicobacter pylori No Microaer
99
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including hydrothermal vents; tidal and marine sediments;
seawater, estuarine water, and river water; contaminated oil
�eld and aquifer water; septic tank ef�uent and dairy lagoon
water; processing plant water; and canal waterways. The genus-
type strain, Arcobacter nitro�gilis, inhabits the mud surrounding
the roots of a salt marsh plant in Nova Scotia, Canada. Genes
encoding enzymes to catabolize dimethyl sulfonioproprionate,
which is released from marine algae, are present in Arcobacter,
re�ecting its environmental adaptation. More recently, Arco-
bacter has been described from the rhizosphere soil in
Antarctica. Nevertheless, isolations from human cases of diar-
rhea underscore its pathogenic potential. Thus, in contrast to
Campylobacter, which is host associated, members of the genus
Arcobacter can be generalized as free-living organisms of
predominantly aqueous environments, and occasionally are
associated with livestock or isolated from food.

This article summarizes the characteristics of Arcobacter as
well as its distribution in food animals and meats, which
underscores its potential importance especially of Arcobacter
butzleri, to the food industry.
Public Health Signi�cance

In the United States alone, Campylobacter causes an estimated
845 024 (90% CI 337 031–1 611 083) cases of gastroenteritis,
8463 (90% CI 4300–15 227) hospitalizations, and 76 (90% CI
0–332) deaths annually. In contrast, there are less than 500
documented sporadic cases and a single con�rmed outbreak of
Arcobacter worldwide. The global distribution of Arcobacter in
clinical samples ranges from 0.1% in Denmark to 16% in
Thailand. Two recent European surveys of patient stool samples
ranked Arcobacter as the fourth most frequently recovered
Campylobacter-like microbe, after C. jejuni, Campylobacter coli,
olerance Motility Genome size

rant Single, unsheathed 2.3 mb
Polar �agellum

ophilic Single, unsheathed 1.64 mb
Polar �agellum

ophilic Multiple, sheathed
Polar �agella 1.65 mb
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Table 2 Summary ofArcobacterspecies and host distribution

Species Host

A. butzleri Humans
Livestock
Water

A. cibarius Broiler carcasses
A. cryaerophilus Humans

Livestock
A. deßuvii Sewage
A. halophilus Hypersaline lagoon water in Laysan Atoll
A. marinus Seawater, star� sh, seaweed
A. molluscorum Shell� sh
A. mytili Mollusks, brackish water
A. nitroÞgilis Roots of aquaticSpartinaplant

Mussels
A. skirrowii Humans

Preputial swabs of bulls

62 Arcobacter
and Campylobacter fetus. A comprehensive 8-year study in
Belgium of clinical stool samples (n ¼67 599) utilizing culture
techniques suitable forArcobacterestimated the prevalence ofA.
butzleri (3.5%) and of Arcobacter cryaerophilus(0.5%). A US
study in central Texas of stools of diarrheic patients (n ¼353)
reported two A. butzleriisolations, yielding a prevalence esti-
mate of 0.6%. For comparison, the authors estimated a 5%
Campylobacterprevalence for that subpopulation. Few studies
have screened forArcobacterin clinically healthy adults. Whereas
a Belgian survey recoveredA. cryaerophilus(1.4%) in stool
samples of clinically healthy individuals (n ¼500), the absence
of A. butzlerimay indicate its role as a human pathogen. An
evidence-based semiquantitative method for prioritization of
foodborne zoonoses rankedA. butzlerias a microbe of signi� -
cant importance. Arcobacterspp. are classi� ed by the Interna-
tional Commission on Microbial Speci� cations for Foods
(ICMSF) as emerging pathogens.
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Aborted fetuses
A. sulÞdicus Oceanic� lamentous mats
A. thereius Cloacal swabs of ducks

Liver, kidney of aborted piglets
A. trophiarum Pig
Taxonomy

Nearly all of the Arcobactertaxa, some of which are repre-
sented only by phylotypes (uncultured bacteria), represent
organisms from diverse aquatic environments. In reviewing
the full annotated genome of A. butzleriRM4018 (2.3 mb),
Miller et al. (2007) predicted that genes augmenting
survival in the environment, including adaptations to � uctu-
ations in temperature, oxygen concentrations, and metabolic
substrates, would be found in Arcobacter. Indeed, genes
encoding signal transduction proteins to detect and respond
to environmental conditions are more abundant in A. butzleri
RM4018 (w 79) than in Campylobacter(11–29). In contrast,
genes encoding surface hypervariability to protectCampylo-
bacter from the host immune response by altering the
microbial surface are absent fromA. butzleriRM4018. Most
signi� cant, Miller et al. (2007) noted that whereas 13% of the
A. butzleriRM4018 predicted proteins have their best match
with Campylobacter, 25% of the Arcobacterproteins have their
best match in predicted proteins encoded by deep sea ven
epsilon proteobacteria.

Descriptions of the recognized 13 species underscore the
diversity. The nitrogen-� xing type strain, A. nitro� gilis
(Campylobacter nitro� gilis) was � rst recovered from the roots of
Spartina, a salt marsh plant, with a subsequent isolation from
aquatic mussels. Free-living species,Arcobacter sul� dicus, which
inhabits coastal marine water;Arcobacter halophilus, which is the
� rst halophilic Arcobacterinhabiting a hypersaline lagoon on
Laysan Atoll in the Hawaiian Islands;Arcobacter marinusfrom
seawater; andArcobacter de� uvi, reported from sewage, exem
plify the versatility of the these microbes. Species recovere
from both healthy and sick livestock as well as human cases o
human gastroenteritis and septicemia includeA. butzleri, which
is regarded as the primary human pathogen,A. cryaerophilus,
and Arcobacter skirrowii. That A. butzlerican exist in a viable but
nonculturable state for 270 days demonstrates a unique
survival adaptation expected of environmental microbes.
Species that have been isolated from food animals but have ye
to be linked in human illness include Arcobacter cibarius(broiler
carcasses),Arcobacter thereius(ducks and pigs), Arcobacter tro
phiarum(pigs), Arcobactermolluscosum(mussels), andArcobacte
mytili (mollusks) ( Table 2).
Isolation Protocols

The ability to grow in air (aerotolerant, 20% O2) and at
5–30 � C (psychrophilic) distinguishes Arcobacterspp. from
other Campylobacterspp. WhereasC. jejuni grows optimally at
42 � C, few Arcobacterdisplay this thermotolerance. Of signi� -
cance, growth ofA. cryaerophilusisolated from cases of livestock
abortions at 25 � C and in the absence of glycine has led to its
misidenti � cation as C. fetussubsp. venerealis, a species wit
signi� cant export restrictions.

Because of their morphological similarity, protocols for the
isolation of Arcobacterparallel those optimized for Campylo-
bacter. Two basic approaches for detection and species ident
� cation are utilized: (1) conventional culture and (2) direct
detection of Arcobacterfrom food or clinical fecal samples by
molecular methods, most often by polymerase chain reaction
(PCR). In practicality, an isolate is recovered using conven
tional bacteriological enrichment and plating methods with
species identi� cation to the species level achieved by PCR
Although further subtyping to link food or water isolates with
clinical isolates utilize serotyping, molecular genotyping
methods, which circumvent the need for biological reagents,
currently are employed.

There is no standard method for the isolation ofArcobacter,
which hampers global comparison of prevalence estimates
Protocols range from direct detection via� ltration of a sample
suspension through a cellulose acetate� lter (0.45–0.65 mm
pore size) onto the surface of blood agar without antibiotics to
detailing cultivation in selective media. The isolation method
used for recovery, employing incubation in aerobic or micro-
aerobic environments, undoubtedly biases the specie
recovered.

Arcobacterspecies were� rst isolated from aborted livestock
fetuses in Ellinghausen McCullough-Johnson-Harris Poly-
sorbate 80 broth (EMJH-P80), a complex media formulated for
Leptospira. Following enrichment (25 � C, 5–7 days), an aliquot
is removed and examined by dark� eld microscopy for typical
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Campylobacter-like motility. Alternatively, the EMJH-P80 or any
other enrichment media can be screened by PCR and onl
positive cultures further processed for isolation ofArcobacter.

In practice, few studies have compared EMJH-P80 wit
other Arcobacterselective formulations, because EMJH-P8
incorporates multiple heat-labile components that make its
preparation prohibitively labor intensive. In one study, Arco-
bacterspp. were recovered from poultry more often when using
a Johnson Murano (JM)–modi � ed Arcobacterenrichment broth
(84%), supplemented with 3% activated charcoal to generate
a microaerobic environment, than from the EMJH-P80 (24%).
In a companion study, Arcobacterspp. were again recovered
more often from the JM enrichment (4.5%) than from EMJH-
P80 (0%). In contrast, Andersen et al. recoveredArcobacter,
albeit at comparable low levels (2%), from turkey cloacal
swabs (n ¼298), cecal contents (n ¼70), and feathers (n ¼75)
when using either EMJH-P80 or theArcobacterselective broth of
Houf. Nevertheless, the relative simplicity of preparation of any
of the numerous Arcobacterselective broths and agars, some o
which are commercially available, eliminates the need for
arduous preparation of EMJH-P80.

Despite its aerotolerance upon subsequent passage, prima
isolation of Arcobacteris enhanced in a microaerobic environ-
ment, which is achieved by incorporating oxygen quenchers
such as sheep blood or activated charcoal in the media. Merg
et al. (2011) evaluated � ve published isolation protocols,
excluding EMJH-P80, for the recovery ofArcobacterfrom cattle
feces (n ¼77). As a result, enrichment in Houf media (48 h, air,
30 � C), followed by plating to mCCDA, originally formulated
for Campylobacterand thus containing activated charcoal, sup-
plemented with CAT antimicrobials – that is, cefoperazone
(8 mgs l� 1), amphotericin (10 mgs l � 1), and teicoplanin
(4 mgs l� 1) – was the most sensitive (70.7%) and speci� c
(64.1%). Undoubtedly, the search for the best isolation
protocol will continue as new species are described.

To avoid biases inherent in enrichments, fecal samples hav
been screened directly using PCR. It is not unusual for a sampl
to be PCR positive but culture negative. To illustrate, Fera et a
screened fecal samples of diabetic (n ¼38) and nondiabetic
(n ¼61) individuals with a multiplex PCR targeting the three
species most frequently associated with human infections
namely, A. butzleri, A. cryaerophilus, and A. skirrowii. By PCR,
subjects with type 2 diabetes harbored a signi� cantly higher
prevalence ofArcobacter(79%) than their nondiabetic cohorts
(26.2%). Sequencing of a subsample of the PCR product
con� rmed a high degree of similarity with A. butzleri or
A. cryaerophilus. In contrast,Arcobacterwas recovered from only
3% (3 of 99) of cultures. The greater sensitivity of PCR, over
growth of competitors obscuring Arcobacter, and culture bias in
which antimicrobial supplements may inadvertently inhibit
the growth of a species may partially explain these
discrepancies.

Real-time PCR formats in which � uorogenic labels are
incorporated onto the primers may provide a 2-log improve-
ment in sensitivity when compared with a conventional
multiplex PCR. The convenience of performing the assay in
a single reaction tube without the need to detect the resulting
amplicons by gel electrophoresis, and the potential of
screening and quantifying Arcobacterin numerous samples
(high-throughput) are acknowledged bene� ts of the real-time
formats. A � uorescence resonance energy transfer (FRET) re
time PCR format targeting thegyrAgene detected four positive
samples in 345 clinical stools in France, yielding a 1.2%
prevalence estimate forA. butzleri. In that same study, no
recoveries were made with enrichment inArcobacterbroth fol-
lowed by passive� ltration through a 0.65 mm pore size� lter
onto blood agar. Field surveys have used PCR screening
enrichments to bypass cultural isolation. For example, a real
time multiplex PCR assay targeting therpoB/Cgene ofA. butzleri
and the 23S rRNA ofA. cryaerophilusdetectedA. butzleri(1.3%)
and A. cryaerophilus(7.3%) in livestock hide, feces, and abattoir
environmental samples after incubation in Arcobacterenrich-
ment broth þ CAT. Sequence comparison of the resultan
amplicons to reference strains was used for veri� cation.
Unfortunately, no comparisons were made with standard
bacteriological isolation protocols.
Species Identi�cation

Biochemical tests to phenotypeArcobacterto the species level
are limited while the lack of a uniform biochemical panel
hampers global comparison of isolates. Phenotypic tests
differentiating the nine recognized species have been describe
In practicality, however, typicalArcobacter-like colonies can be
routinely identi � ed via PCR formats, which provide genus and
species identi� cation and avoid potential misidenti � cation
inherent in phenotypic testing. These include, for example,
genus-speci� c PCR assays that amplify the 16S rRNA gene
Arcobacterand protocols targeting either the 23S rRNA orrpoB/
C genes ofA. butzleri, A. cryaerophilus, or A. skirrowii. PCR assays
can be performed directly from the sample (as described), from
enrichments, or from the colonies harvested from the selective
agar. The sensitivity and speci� city of the assay, however, must
be rigorously established to avoid the possibility of false-
positive reactions.

More frequently, individual colonies presumptively identi-
� ed asArcobacterare analyzed. PCR assays may amplify a sing
target (simplex), such as the 16S rRNA or 23S rRNA genes,
two or more genes (multiplex), such as both the genus- and
species-speci� c targets.

Once a � eld isolate is available, its identity may be
con� rmed by sequence analysis. Reagents for PCR ampli� ca-
tion of a 527-nucleotide segment of the 16S rRNA gene ar
commercially available with resultant sequences aligned with
those archived in public databases, such as GenBank and th
Ribosome Project II from the University of Michigan.
Subtyping of Isolates for Epidemiological Associations

Serotying
Further characterization of isolates is achieved by screenin
against a serotyping panel consisting of 65 groups. Th
majority of human isolates have been assigned to serogroup 1
In one study, up to 22 different serotypes, including serotype 1,
were identi� ed in 162 poultry isolates of A. butzleri. The sero-
type identity of poultry and clinical isolates indicated that
consumption of contaminated poultry was a risk factor for
arcobacteriosis. In practice, serotyping is infrequently used
because of the limited availability of reagents, and has been
replaced by a cadre of molecular-based protocols.
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Genotyping
In general, molecular strategies optimized to differentiate
Campylobacterisolates and to map its transmission have been
applied to Arcobacter. These include total chromosomal anal-
ysis by ribotyping and pulsed-� eld gel electrophoresis (PFGE
and single or multiple gene assays, such as PCR-based forma
including enterobacterial repetitive intragenic consensus–PCR
(ERIC-PCR), PCR-restriction fragment length polymorphism
(PCR-RFLP), and ampli� ed fragment-length polymorphism
(AFLP). Ribotyping employs restriction enzyme digestion of
chromosomal DNA, usually with PvuI, followed by hybridiza-
tion of the Southern blot with � uorescently labeled probes to
the 16S ribosomal gene (hence, ribotying). When used to
differentiate a cluster of clinical and veterinary isolates, the
resultant hybridization patterns (ribotypes) clearly differenti-
atedA. butzleriand two hybridization groups of A. cryaerophilus.
Pattern similarity of clinical isolates from macaques with
diarrhea indicated either exposure to a common source o
horizontal transmission.

PFGE utilizes whole genome analysis, incorporates endo
nucleases that recognize rare restriction site sequences (AvaI,
EagI, KpnI, SacII), and uses electrophoretic separation of the
resultant large fragments in an agarose gel matrix in which the
orientation of the electric � eld is periodically switched or
pulsed. To date,KpnI is the most discriminating enzyme based
on the number of resultant distinctive restriction fragments. To
unequivocally determine the identity of multiple strains, it is
imperative to utilize more than one restriction enzyme. To
illustrate, PFGE pro� les following EagI digestion of isolates
from the amniotic � uids of sows and piglet feces suggeste
intrauterine transmission. Whether the isolates were truly
identical requires a second restriction enzyme for veri� cation,
which unfortunately was not reported. Thus, although vertical
transmission of Arcobacteris attractive, especially because
parallels transmission ofC. fetussubsp. fetus, it requires addi-
tional con� rmation.

The quest for simple, reproducible, and inexpensive
typing methods for routine use in the clinical laboratory led
to the application of PCR-mediated DNA � ngerprinting,
which targets ERIC elements. ERIC-PCR ampli� es the
conserved, repetitive DNA sequences that usually are prese
in bacterial genomes as multiple copies. The targete
sequences generally are spaced 20–400 bp apart throughout
the genome and are located outside the open reading frames
and hence the term extragenic or ERIC-PCR. Because of
relative simplicity and the number of resultant patterns that
can be used for comparison, ERIC-PCR–based� ngerprinting
is the preferred genotyping method for Arcobacter. To illus-
trate, ERIC primers showed the identity of 10 clinical strains
recovered from a nursery school outbreak ofA. butzleri. In
contrast, 86 unique ERIC-PCR� ngerprints were obtained
from more than 100 A. butzleri � eld strains recovered from
mechanically separated turkey meat collected from a singl
processing plant. The multiple DNA � ngerprints, like the
diverse serotypes recovered from poultry, indicate numerou
environmental sources of contamination. Distinctive ERIC-
PCR pro� les were used to document a new species,Arcobacte
molluscorum.

AFLP, previously optimized for Campylobactercharacteriza-
tion, combines restriction enzyme digestion of genomic DNA
with BglII and Csp-6I and ligation of synthetic linkers with
known nucleotide sequences that then serve as templates fo
PCR primers. The ampli� ed fragments are then electrophoret-
ically separated. As a caveat, more technically sophisticate
protocols would be warranted if isolates cannot be discrimi-
nated by ERIC-PCR.

The publication of the full genome of Arcobacterspecies by
Miller et al. (2007) was central to the development of multi-
locus sequence typing (MLST) and to the design of microarrays
The most sensitive means of tracking phylogenetic relation
ships of � eld isolates utilizes MLST, which screens for the
presence of seven housekeeping genes. This gene set (aspA,
atpA(uncA), glnA, gltA, glyA, pgm, and tkt) is the same as that
used for MLST analysis ofC. jejuni, C. coli, Campylobacter he
veticus, and C. fetus. Sequence types (ST) are assigned followin
comparison of those in the global database. In addition to
deducing phylogenetic relations, MLST offers the potential to
identify the source of the isolate. For example, MLST patterns o
C. coli identi � ed those with unique signatures found only in
isolates from turkeys. In contrast, no such correlation could be
made between the sequence types of clinical (n ¼102) or
animal ( n ¼173) sources of A. butzleri, A. cryaerophilus, A
skirrowii, A. thereius, or A. cibarius.

Elucidation of the A. butzleri genome identi� ed house-
keeping and additional candidate virulence genes (ompR,nuoB,
lpxA, waaC,ciaB, cadF, and pgi) to be included in microarrays.
When combined with genes ofC. jejuniand C. coli, the resultant
array can simultaneously screen poultry samples for multiple
genes of bothCampylobacterand A. butzleri. In addition, mul-
tigene platforms (microarrays) can screen simultaneously for
thousands of genes to differentiate� eld isolates. To illustrate,
comparison of 13 � eld isolates of both human and animal
origin against the 2238 genes of the sequenced strainA. butzleri
RM4018 revealed that 74.9% of the genes were present on a
strains and thus encoded core functions. Genes absent i
A. butzleri� eld strains when compared with the human refer-
ence strain RM4018 con� rmed extensive genetic diversity.
Importance ofArcobacter in Livestock and Foods

Infections in Humans

Human infections have been epidemiologically linked to travel
and consumption of contaminated poultry and water. The
origins of food sources of travelers’ diarrhea in Thailand, which
is ranked as moderately risky for travelers’ diarrhea, prompted
a survey of 35 restaurants recommended in two Bangkok
guidebooks. Interestingly,Campylobacterwas not isolated from
any of the 70 meals sampled, whereas the single isolation o
Salmonellaindicated a 2% predicted risk per meal. In contrast to
these low estimates, the calculated risk of anA. butzleriinfection
following a single meal was 13% and increased to 75% with
consumption of 10 meals. Whereas no particular foods were
incriminated, the authors cite the possibility of cross-contam-
ination of serving utensils with raw meat in a specialty item. In
another study related to travelers’ diarrhea, Arcobacterwas
detected via PCR in 8% of stool samples of patients in India
and Central America (n ¼201). For comparison,
enteropathogenicEscherichia coli, the most frequent etiology of
travelers’ diarrhea, was detected in 76% of these specimens
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Table 3 Geographic distribution of human cases ofArcobactera

Host Clinical symptoms Country Species

Four patients Body� uids, blood Australia C. butzleri
35-year-old male Intermittent diarrhea Australia A. cryaerophilus
One Diarrhea Denmark A. butzleri

A. cryaerophilus
1-day-old male Neonatal sepsis United Kingdom A. butzleri
29 Diarrhea France A. butzleri
Four patients Diarrhea France A. butzleri
One 2-year-old boy Intermittent diarrhea France A. butzleri
73-year-old male Chronic diarrhea

Abdominal pain
Belgium A. skirrowii

67 adults Diarrhea Belgium A. butzleri
10 adults Diarrhea Belgium A. cryaerophila
Seven adult males None Belgium A. cryaerophilus
16 patients Watery diarrhea Belgium A. butzleri
Two patients Watery diarrhea Belgium A. cryaerophilus
48-year-old male Diarrhea Germany A. butzleri
52-year-old female Diarrhea Germany A. butzleri
Four 3- to 7-year-old males Abdominal cramps; Italy A. butzleri
Six 3- to 7-year-old females No diarrhea
Three Diabetics Italy A. butzleri

A. cryaerophilus
15 patients Diarrhea South Africa A. butzleri
35 cases None to various South Africa A. butzleri(6.2%)

A. cryaerophilus(2.8%)
A. skirrowii(1.9%)

7-year-old male Bacteremia 160 Hong Kong, China A. cryaerophilus
69-year-old female Appendicitis Hong Kong, China A. butzleri
Six of 4714 adults Diarrhea Hong Kong, China A. butzleri
72-year-old female Bacteremia 81 Taiwan A.cryaerophilus1B

Arcobacterspp.
60-year-old male Cirrhosis of the liver Bacteremia Taiwan A. butzleri
Fifteen 1- to 3-year olds Diarrhea Thailand A. butzleri
102 patients Diarrhea Thailand A. butzleri
Eight Diarrhea India A. butzleri
Two Diarrhea Canada, A. butzleri
Two adults Bacteremia United States A. cryaerophila
One adult Diarrhea A. cryaerophila
29 adults Diarrhea United States A. butzleri
Two adults Diarrhea United States A. butzleri
One adult Diarrhea Guatemala A. butzleri
Seven adults Diarrhea Mexico A. butzleri

aAdapted from Wesley, I.V., Miller, W.G., 2010.Arcobacter: an opportunistic human foodborne pathogen? In: Scheld, W.M., Grayson, M.L., Hughes, J.M. (Eds.), Emerging
Infections, vol. 9, ASM Press, Washington, DC, pp. 185–211.
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With respect to modes of transmission, an earlier European
report indicated that person-to-person transmission probably
resulted in the only known outbreak of arcobacteriosis, which
involved 10 school-age children.
,
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Water

Arcobacter spp. have been isolated from rivers, lakes
seawater, estuaries, and sewage, as well as from no
chlorinated drinking water (Table 3). When compared with
Campylobacter, Arcobacteris superbly adapted to existence
outside of a vertebrate host based on its aerotolerance and it
ability to replicate at lower temperatures and in 7% NaCl. Its
adherence and replication on the surface of water as well a
on copper, stainless steel, or polyethylene pipes and surviva
on heavy metals ensures a continuous source of wate
contamination. Although it remains viable in non-
chlorinated drinking water for up to 16 days at 5 � C, chlori-
nation (0.46 mg total chlorine l � 1, pH 7.06) achieves a 5-log
reduction of Arcobacterwithin 5 min. Thus, Arcobacter, like
Campylobacterand Helicobacter, is inactivated by standard
chlorination procedures used for water treatment plants.
Following its isolation in well water supplying a youth
summer camp that experienced an outbreak of gastroenter
itis, Rice et al. (1999) advised that continuous chlorination
was the only effective barrier to the spread ofA. butlzerifrom
contaminated water. Although Arcobacterhas been incrimi-
nated in a number of waterborne outbreaks, however, it has
not been unequivocally linked with to any clinical case
arising from such outbreaks.
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Table 5 Recovery ofArcobacterspp. from environmental, animal
sources, produce, and cooked meals, based on 118 publications through
2010a

Source Number of publications (%)

Poultry 34 (28.8%)
Water 23 (19.5%)
Hogs and pork 19 (16%)
Cattle, beef, and milk 18 (15.3%)
Exotic (zoo) animals, horses 6 (5.1%)
Invertebrates 6 (5.1%)
Sediments, waste water, sewage sludge 5 (4.2%)
Cooked foods 2 (1.7%)
Sheep, lambs 2 (1.7%)
Pets 1 (0.9%)

66 Arcobacter
Poultry

The distribution of Arcobacterin food animals and meat
products is summarized in Table 4. A tally of publications
through 2011 describing animal, meat, and environmental
sources indicates thatA. butzleriand A. cryaerophilusare readily
isolated from poultry ( Table 5).

The majority of � eld surveys of live animals or their meat
products have been related to freshly slaughtered or reta
poultry products, with � nding that up to 97% of chicken
carcasses are contaminated at levels approximatin
103 CFU g� 1 of neck skin. Adaptations to the chlorinated chiller
tank environment used in poultry processing, such as replica
tion at 5 � C, and enhanced survival in the presence of organi
material, favors cross-contamination and results in the high
in
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Table 4 Distribution ofArcobacterin water, sludge, and coastal
waters as detected by culture unless otherwise indicateda

Sample size Type Percent positive Country

100 Drinking water 3 (3%) Turkey
26 Drinking water 0 (0%) Turkey
11 Surface water 7 (63.6%) South Africa
10 Tap, ground water 0 (0%)
25 Spring water 1 (4%) Turkey
56 Reservoir 35 (64.8%) Italy
54 Reservoir 35 (64.8%) Germany
32 Raw water 29 (90.6%) Germany
17 River water 4 (23%) Japan
60 River water 48 (80%) Spain
29 River water 17 (58.6%) Spain
10 River water 10 (100%) France
NA River water NA Italy
1 Well water 1 (100%) United States
16 Well water 7 (43.8%) United States
29 Lakes 8 (27.5%) Spain
156 Canal water 74 (47.4%) Thailand
7 Canal water 7 (100%) Thailand
119 Drinkers on farm 47 (39.5%) United States
88 Sewage sludge 61 (69%) Italy
NA Wastewater sludge NA (4%) Germany
NA Wastewater sludge NA (4%) Germany
45 Sewage, sludge 44 (98%) Spain
39 Sewage 39 (100%) France
33 Waste water 33 (100%),

by SYBR
green PCR

Spain

15 Waste water 10 (67%) Spain
13 Pig ef� uents 13 (100%) Australia
12 Coastal water 6 (50%) Italy
24 Plankton 9 (37.5%) Italy
4 Estuary 3 (75%) Italy
101 Seawater 43 (42.6%) Spain
6 Seawater 6 (100%) Italy
10 Seawater 2 (20%) Italy
10 Copepods 0 (0%) Italy
6 Plankton 6 (100%) Italy
NA Halophile NA Hawaii
NA Dead coral NA Curacao

NA, Not available.
aAdapted from Wesley, I.V., Miller, W.G., 2010.Arcobacter: an opportunistic human
foodborne pathogen? In: Scheld, W.M., Grayson, M.L., Hughes, J.M. (Eds.),
Emerging Infections, vol. 9, ASM Press, Washington, DC, pp. 185–211.

Fish 1 (0.9%)
Produce 1 (0.9%)

aBased on Wesley, I.V., Miller, W.G., 2010.Arcobacter: an opportunistic human
foodborne pathogen? In: Scheld, W.M., Grayson, M.L., Hughes, J.M. (Eds.),
Emerging Infections, vol. 9, ASM Press, Washington, DC, pp. 185–211.
prevalence ofArcobacteron poultry carcasses as compared with
its infrequent isolation from live birds. A. butzleriforms bio-
� lms on stainless steel surfaces, especially when incubated
chicken meat juice (5–21 � C), an organic matrix that enhances
survival of both C. jejuni and A. butzleri at refrigeration
temperatures (77 days at 5� C).

The ease of recoveringArcobacterfrom poultry meat contrasts
with its infrequent, possibly age-dependent, isolation from live
birds. In contrast with C. jejuniand C. coli, which are commen-
sals of the avian intestinal tract,Arcobacteris unable to colonize
the intestinal tract of poultry. In studies with experimentally
inoculated birds, conventional broiler chicks (0%) were more
resistant than either conventional turkey poults (6%) or highly
inbred Beltsville White turkeys (65%). The difference between
live bird carriage and carcass contamination is reported repea
edly in the literature. To illustrate, a survey of live turkeys indi-
cated a 2% prevalence based on cloacal swabs taken on-far
(n ¼298) and 2% based on cecal contents (n ¼70) at slaughter.
In contrast, 22–96% of carcasses from three farms (n ¼150)
yielded Arcobacter, thus indicating postslaughter contamination
from either processing water or the environment of the abattoir.
Overall, prevalence rates forArcobacteron poultry products
generally exceed those reported for pork and beef.
i-

.

Swine and Pork

Arcobacteris present in both healthy and clinically ill pigs as
well as in pork. Using the PCR-based strategy,Arcobacterwas
detected in 46% of fecal samples of healthy swine andC. coli
was detected in 70% of that sample population. The estimated
prevalence in live hogs ranges from 10 to 44% with excretion
estimated at up to 104 CFU g� 1. As expected, prevalence est
mates vary with on-farm management practices, intermittent
shedding, geographic region, season, and method for isolation
Epidemiological studies throughout production show evidence
for both fecal–oral as well as other routes of on-farm trans-
mission, including water and aerosol dissemination. The
extensive genotypic variation of isolates recovered during one
farm survey suggests multiple sources of contamination.
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With respect to clinical disease,Arcobacterhas been cultured
from aborted porcine fetuses; in rectal, preputial, or vaginal
swabs of pigs in a herd with reproductive problems; and from
speci�c pathogen-free (SPF) hogs and normal porcine fetuse
obtained from a slaughterhouse. In one study, no distinctive
pathological features distinguished aborted porcine fetuse
from which Arcobacterwas isolated (23/55, 42%) from those
without Arcobacter(32/55, 58%). Despite compelling evidence
suggesting a role in porcine abortion, Koch’s postulates have
not been ful� lled.
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Cattle and Beef

Since its� rst description from aborted bovine fetuses,Arcobacte
species have been cultured from feces of calves with diarrhea an
cows with mastitis, as well as from clinically healthy dairy cows
with excretion ranging up to 104 CFU g� 1. For example, a survey
of Spanish dairy cattle reportedCampylobacterin 36% of herds
(n ¼89) and in 20.5% of individual cattle samples (n ¼254). In
that same study,Arcobacterwas reported from 68.5% of farms
and in 41.7% of fecal specimens. Colonization status may be ag
dependent, as suggested by a Texas study in which a signi� cantly
lower prevalence (p< .05) was observed in young calves (2%
n ¼100) when compared with adult cattle (16%, n ¼100)
originating from multiple farms. Screening of direct cultures
with PCR has expedited� eld surveys of fecal samples of healthy
livestock. In a survey of dairy herds (n ¼31), the prevalence and
projected on-farm risk factors forArcobacterand Campylobacte
were compared. Arcobacterspp. were identi� ed in 14.3% of
samples (n ¼1682), whereasC. jejuni was found in 37.7% of
dairy cattle feces (n ¼2085). With respect to age dependency
Arcobacterwas detected more frequently in feces of cull marke
cows (22.3%) than in lactating cows (12%), whereas for
C. jejuni, feces of lactating milk cows (42.9%) more frequently
harbored Arcobacterthan those of older cull market cows
(30.3%). That cows from large herds were more often colonized
with Arcobacterand C. jejuni than cows from smaller herds
suggested animal-to-animal transmission in con� ned
environments.
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Methods of Inactivation

Because of its adaptation to the environment,Arcobactermay be
more resistant to inactivation by heating, freezing, and so on
than Campylobacter. To illustrate, D-values, that is, the times at
speci�ed lethal temperatures for a tenfold reduction of the
number of viable bacteria, computed for survival ofArcobacte
and Campylobacterin phosphate-buffered saline at 50� C were
5.81 min and 0.88–1.63 min, respectively, with heat resistance
enhanced in a food milieu.

With respect to salt tolerance, some strains ofArcobactercan
survive in 5% NaCl, which corresponds to a water activity value
of 0.968. In contrast, Campylobacterspp. are sensitive to drying
and cannot tolerate an aw of < 0.990 (w 0.85% NaCl).

The search for alternatives to antibiotics has fueled the
resurgence of interest in phytotherapaeutics. Herbal and
essential oil extracts effective against either or bothC. jejuniand
Helicobacter pylori, such as peppermint, oregano, clove, sage
and aniseed, may inhibit Arcobacter. Because of the relatively
recent acknowledgment of Arcobacter as an emerging
foodborne pathogen, studies have yet to comprehensively
explore the ef�cacy of medicinal herbs bothin vitro and on the
surface of meats, especially poultry. Extracts of medicinal herb
and spices, such as rosemary, bearberry, cinnamon, allspic
thyme, St. John’s wort, and chamomile, inhibited A. butzleri,
A. cryaerophilus, and S. skirrowii in vitro. Whether they are
effective in foods, especially poultry, is unknown. When the
inhibitory effects of citrus fruit extracts were evaluated bothin
vitro and in the presence of competing (protective?) organic
material, bergamot, a citruslike fruit, was more inhibitory in
vitro than on chicken carcasses arti� cially inoculated with A.
butzleri. When Arcobacter(n ¼4 strains) and Campylobacte
(n ¼19 strains) were incubated in seven methanol extracts o
citrus fruits, only one of the seven formulations inhibited the
A. butzleri, demonstrating its capacity to survive hostile envi-
ronments. In contrast, all of the seven orange-based formula
tions inhibited the Campylobacterstrains.

International comparisons of susceptibility to antimicro-
bials should encompass a large suite of isolates evaluate
against the same panel of antimicrobials. A comparison of
poultry isolates in the United States reported that antibiotics,
such as erythromycin and gentamicin, are effective agains
isolates of Campylobacter(n ¼215) as well as Arcobacte
(n ¼174). That same US study indicated thatCampylobacte
isolates (27%) were more resistant to cipro� oxacin than
isolates of Arcobacter(0.6%). Using the same minimal inhibi-
tory concentration breakpoints as in the US study, a survey o
A. butlzeri(n ¼68) and A. cryaerophilus(n ¼20) isolated from
Belgian poultry exhibited increased resistance to erythromycin
(16%), but susceptibility to gentamicin (0%) and cipro � oxacin
(0%) compared with the US study. As expected, some thera
peutics may be more effective againstCampylobacterthan
Arcobacter.To illustrate, for clindamycin, whereas 88.5% of US
Arcobacterpoultry isolates were resistant, 98.6% of the
Campylobacterisolates were susceptible. The reverse was note
for tetracycline. Of signi� cance, although all of the Campylo-
bacter isolates (n ¼215) were susceptible to azithromycin,
which is the drug of choice for the treatment of travelers’
diarrhea in Asia, resistance was noted in 70% of theArcobacte
isolates (n ¼174). The growing importance of Arcobacteras an
etiologic agent of travelers’ diarrhea was noted. Therefore, these
data underscore the observation that therapeutics ef� cacious
for Campylobactermay not be suitable for Arcobacterand high-
light the changing dynamics of antimicrobial susceptibility
(Wesley and Miller, 2010).
See also: Campylobacter; Helicobacter.
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General Characteristics

Arthrobacter is a genus of mainly soil bacteria whose major
distinguishing feature is a rod–coccus growth cycle. Irregular
rods in young cultures are replaced by stationary-phase coccoid
cells, which when transferred to fresh medium, produce
outgrowths to give irregular rods again. Coccoid cells may
assume large and morphologically aberrant forms when in
conditions of severe nutritional stress. Both rod and coccoid
forms are Gram-positive but easily may be decolorized. Gram-
negativity may appear in midexponential- to stationary-phase
cells. Cells do not form endospores; they are nonmotile or
motile by one subpolar or a few lateral �agella, obligate
aerobes, and catalase positive. Their metabolism is respiratory,
never fermentative (little or no acid is formed from sugars), and
the nutrition is nonexacting. The G þ C content of the DNA is
in the range of 59–66 mol% (actinomycete branch) and the cell
wall peptidoglycan contains lysine as diamino acid.

A total of 15 species of Arthrobacter (sensu stricto) were
reported in the Bergey’s Manual of Systematic Bacteriology until
2000, whereas about 70 species now are recognized (Euzéby:
list of prokaryotic names with standing in nomenclature –
Genus Arthrobacter) Two groups of species, Arthrobacter
globiformis/Arthrobacter citreus and Arthrobacter nicotianae/
Arthrobacter sulfureus, are accepted on the basis of DNA–DNA
homology, 16S rRNA cataloging studies, peptidoglycan struc-
ture, teichoic acid content, and lipid composition (Table 1).
On the basis of 16S rDNA studies, the separation of Arthrobacter
into two groups of species has no phylogenetic validation.
Members of the second group (e.g., A. nicotianae) are signi�-
cantly more closely related to certain members of the �rst group
(e.g., A. globiformis) than members of the �rst group are related
to each other (e.g., A. globiformis vs. A. citreus). Nutritional
versatility is characteristic: carbohydrates, organic acids, amino
acids, aromatic compounds, and nucleic acids are used as
carbon and energy sources. A comparison between some
metabolic properties of A. globiformis and A. nicotianae is
reported in Table 2. With the exception of biotin, vitamins or
other organic growth factors are not required. Arthrobacters
mainly use inorganic nitrogen. Arthrobacter citreus is a notable
exception as it uses a more limited range of compounds as
energy and carbon sources and requires complex growth factors
in addition to a siderophore, such as ferrichrome or myco-
bactin, for growth. The optimum temperature for growth is
25–30 �C, and most arthrobacters grow in the range of about
10–35 �C. Many strains also grow at 5 �C and a few grow at
37 �C. Growth at 37 �C is in�uenced by the culture medium.

On a phylogenetic basis (homology within the 16S
ribosomal gene), the Arthrobacter species could not be sepa-
rated from members of the genus Micrococcus. Both are
included in the class: Actinobacteria, Subclass V: Actino-
bacteridae, Order I: Actinomycetales, Suborder IX: Micro-
coccineae, Family I: Micrococcaceae (see Bergey’s Manual of
Systematic Bacteriology, 2011).
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Ecology

Arthrobacters are numerically important among the indigenous
bacterial biota of soils and rhizospheres. Nutritional versatility,
extreme resistance to drying, and starvation ensure their
predominance in soils of different geographic locations. Soil
acidity decreases cell viability. Psychrotrophic strains are
abundant in terrestrial subsurface environments and occur in
the Arctic and Antarctic, glacier silts, alpine glacier cryoconites,
and ice caves. Isolates have been found in oil brines raised from
soil layers at w200–700 m depth.

Arthrobacter spp. are relatively common on the aerial
surface of plants, including �owers. Marine and freshwater
�sh and other seafoods contain arthrobacters. They occur in
shark spoilage, eviscerated freshwater �sh, �sh-pen slime, and
shrimp. Other populated habitats include sewage, brewery
waste, wastewater reservoir sediments, deep poultry litter,
dairy waste-activated sludge, and the surface of smear surface-
ripened cheeses. Recently, different novel species have been
isolated from archaeological mural paintings. Arthrobacter
spp. were also isolated from human and veterinary clinical
sources.
Culture Media

Arthrobacter spp. normally are isolated from soil by plating on
nonselective media because they are an appreciable proportion
of the aerobic, cultivable population. Soil extract agar is used
largely because it is suf�ciently poor in carbon and energy
sources. Possible modi�cations could include the addition of
low concentrations of yeast extract and glucose to give higher
counts, the incorporation of nystatin and cycloheximide to
suppress fungi growth, and salt to reduce growth of Gram-
negative bacteria.

The isolation of arthrobacters in selective medium (Table 3)
gives counts several times higher than those on nutritionally
poor medium. The combination of 0.01% cycloheximide and
2.0% NaCl is effective in inhibiting fungi and most Streptomyces
spp., Nocardia spp., and Gram-negative bacteria. Methyl red
(150 mg ml�1) inhibits other Gram-positive bacteria but does
not affect arthrobacters.
Metabolism and Enzymes

Carbohydrate dissimilation by Arthrobacter spp. falls into
two groups. Arthrobacter globiformis, Arthrobacter ureafaciens,
and Arthrobacter crystallopoietes primarily use the Embden–
Meyerhof–Parnas and, to a lesser extent, the hexose
monophosphate (HMP) pathways. Arthrobacter pascens and
Arthrobacter atrocyaneus use the Entner–Doudoroff and HMP
pathways. The pyruvate formed is oxidized by the tricarboxylic
acid cycle, and the cytochrome system mediates the terminal
-384730-0.00009-4 69
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Table 1 Characteristics of someArthrobacterspeciesa

Characteristics
A.
globiformis

A.
crystall-
opoietes

A.
pascens

A.
ramosus

A.
aurescens

A.
histidino-
lovorans

A.
ilicis

A.
ureafaciens

A.
atrocyaneus

A.
oxydans

A.
citreus

A.
nicotianae

A.
protophormiae

A.
uratoxydans

A.
sulfureus

Peptidoglycan
type

Lys-Ala Lys-Ala Lys-Ala Lys-Ala Lys-Ala-
Thr-Ala

Lys-Ala-
Thr-Ala

Lys-Ala-
Thr-Ala

Lys-Ala-
Thr-Ala

Lys-Ser-Ala Lys-Ser-
Thr-Ala

Lys-Thr-
Ala

Lys-Ala-
Glu

Lys-Ala-
Glu

Lys-Ala-
Glu

Lys-Glu

A3a variationb þ þ þ þ þ þ þ þ þ þ þ – – – –
A4a variationb – – – – – – – – – – – þ þ þ þ
MK-9(H2)

c þ þ þ þ þ þ þ þ þ þ þ – – – � d

MK-8c – – – – – – – – – – – þ þ þ � d

Teichoic acid – – – – – – – – – – – þ þ þ þ
Cell wall

sugars
Gal, Glu Gal, Glu Gal, Glu Gal, Rha,

Man
Gal

(Man)
Gal, Glu Gal, Rha,

Man
Gal (Man) Gal, Glu

(Man)
Gal, Glu Gal Gal, Glc

(one
strain)

ND ND Gal, Glc
(one
strain)

DNA
homologye

100%f 16%f 35%f 25%f 22%f 36%f ND 31%f 24%f 50%f 18%f 100%g 39%g ND 22%g

Starch
hydrolysis

þ – þ – þ – – – þ þ – þ – – –

Motility – – – þ – – þ – þ – þ – – þ h þ h

aSymbols:þ , 90% or more of the strains are positive;� , 90% or more of the strains are negative; (), con� icting reports on occurrence; ND, no data.
bWithin the type A peptidoglycan (cross-linkage between positions 3 and 4 of the peptide subunits), two groups occur: A3a variations (the interpeptide bridge of peptidoglycan contains only monocarboxylic acids and/or glycine)
and A4a variations (the interpeptide bridge always contains a dicarboxylic acid and in most strains also alanine).

cMK-9(H2), dihydrogenated menaquinones with nine isoprene units as major components. MK-8, unsaturated menaquinones with eight isoprene units as major components.
dA. sulfureuseither contains MK-9 as the major menaquinone or comparable amounts of MK-9 and MK-10.
eHomology index is expressed as percent of3H-DNA bound to a certain disc DNA relative to the homologous reaction.
fDNA homologies of named strains versusA. globiformisDSM 20125.
gDNA homologies of named strains versusA. nicotianaeDSM 20123.
hA. uratoxydans, rods, motile by peritrichous� agella or nonmotile.A. sulfureus, rods motile by one or few lateral� agella or nonmotile.
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Table 2 Comparison of some metabolic features between
Arthrobacter globiformisDSM 20124 andArthrobacter nicotianae
DSM 20123a

Metabolic properties
A. globiformis
DSM 20124

A. nicotianae
DSM 20123

Utilization of
4-Aminobutyrate þ þ
5-Aminovalerate – þ
Malonate þ þ
4-Hydroxybenzoate þ þ
Glyoxylate þ –
2-Ketogluconate þ –
L Leucine – þ
L-Asparagine þ þ
L-Arginine þ –
L-Histidine þ þ
L-Xylose þ þ
D-Ribose þ þ
L-Arabinose þ þ
D-Galactose þ þ
L-Rhamnose þ –
D-Xylitol þ –
m-Inositol þ –
2,3-Butylene glycol – þ
Glycerol þ þ
Nicotine – þ
Hydrolysis of
Xanthine þ –
Casein þ þ

aSymbols:þ , 90% or more of the strains are positive;� , 90% or more
of the strains are negative.

Table 3 Selective medium of Hagedorn and
Holta for the isolation ofArthrobacterspp.

Compound Quantity

Trypticase soy agar 0.4%
Yeast extract 0.2%
NaCl 2.0%
Cycloheximide 0.01%
Methyl redb 150mg ml� 1

Agar 1.5%

aPlate counts are made by spreading 0.1 ml amounts of
suitable dilutions over the surface of sterile medium in
Petri dishes. Peptone solution (0.5%, wt vol�1 ) is used
as the diluent.
bThe methyl red is� lter sterilized and added aseptically
to the autoclaved, cooled medium. The medium is
adjusted to the pH of the particular soil being examined.

Arthrobacter 71
electron transport. When acetate is used as the carbon an
energy source,arthrobactersmust produce tricarboxylic acid
cycle intermediates for biosynthetic purposes and should have
mechanisms to produce acceptor molecules for C2 units. The
glyoxylate cycle serves this purpose: Key enzymes of this cyc
have been found in Arthrobacterspp. when grown on acetate
plus glycine.Arthrobacter globiformisgrows on glycine as the sole
carbon and energy source and converts this amino acid through
serine into pyruvate. Pyruvate is converted into C4 dicarboxylic
acids for the tricarboxylic acid cycle and also into phospho-
enolpyruvate, as a precursor of carbohydrates. Additionally
nucleic acids (both DNA and RNA) are decomposed to produce
uric acid, allantoin, and urea. Arthrobactersfrom soil, but not
from cheese and� sh, use both uric acid and allantoin as the
sole sources of carbon, energy, and nitrogen.

Arthrobacterscarry out heterotrophic nitri � cation. Cells must
be provided with a carbon compound to produce energy and to
synthesize the carbon-containing products of nitri� cation.
Ammonium is converted into an amide, which is then oxidized
to acetohydroxamic acid. The latter is converted rapidly by
a reversible reaction into free hydroxylamine, but it is also
oxidized slowly to nitrosoethanol. Nitrite and nitrate are late
products in this sequence. Nitrite and nitrate are formed from
aliphatic nitro-compounds. Arthrobactersisolated from soil
respire nitrate in the presence of oxygen, but, in contrast to
other soil bacteria, do not synthesize periplasmic-type nitrate
reductase.

Soil arthrobactersgrown with excess glucose and a limited
amount of NH 4

þ , HPO4
� , or SO4

� are particularly rich in storage
polysaccharides such as glycogen. Glycogen enables survival
prolonged periods of nitrogen depletion and at the same time
provides energy and intermediates for protein synthesis when
inorganic nitrogen is available. Glycogen has an exceptionally
high degree of branching.

Extracellular polysaccharides are produced commonly by
arthrobacters. Polysaccharides may consist of glucose, galact
and uronic acid or mannuronic acid. Strains synthesizeb-fruc-
tofuranosidase, which transfers the fructosyl residues of sucros
to aldoses or ketoses, to produce hetero-oligosaccharides. Su
compounds protect against predation by protozoa in natural
environments and never are used as a carbon and energy sour
by producers.

The majority of Arthrobacterspp. isolated from soil, milk,
cheese, and activated sludge are highly proteolytic. Whe
actively growing in the soil, arthrobactersproduce extracellular
proteinases. Synthesis is repressed by high amino ac
concentration. Enzymes are stable. The proteinase o
A. ureafaciensconsists of a single peptide chain of 221 amino
acid residues cross-linked by two disulfide bridges, which, in
part, explain its stability. Proteinases may have very high
temperature optima, w 70 � C, and milk-clotting properties.
Two extracellular serine proteinases with molecular masses o
about 53–55 kDa and 70–72 kDa have been puri� ed from
A. nicotianaeisolated from smear surface cheese. The enzym
differ with respect to temperature optimum (55–60 � C and
37 � C), tolerance to low values of pH and temperature, heat
stability, sensitivity to ethylenediaminetetraacetic acid, and
sulfhydryl blocking agents and hydrophobicity. Peptidases
have been less studied than proteinases. An aminopeptidase o
broad speci�city, a proline iminopeptidase with activity against
long peptides with a free N-terminal proline, and an imido-
dipeptidase (prolidase), which hydrolyzes only dipeptides,
were found in cell extracts of soilArthrobacterspp.

Arthrobacters, especially those isolated from soil, have
enzymes that enable them to degrade unusual and polymeric
compounds. Strains that use levoglucosan (1,6-anhydro-b-D-
glucopyranose) possess a levoglucosan dehydrogenas
Glucose is produced from levoglucosan by three steps: dehy
drogenation, intramolecular hydrolysis, and nicotinamide
adenine dinucleotide–dependent reduction. Levoglucosan
dehydrogenase catalyzes the initial step. This pathway
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distinct from those reported for soil yeasts and fungi. A leva-
nase, which rapidly hydrolyzes levan (b-D-fructose polymer) in
an endo-type manner to produce a series of levanoligo
saccharides, was found. Pectolytic activity as well as th
capacity to degrade another polyuronide such as alginic acid
seems rather rare inarthrobacters. Methylamine oxidase, used to
assimilate carbon in the form of methylamine or ethylamine, is
synthesized by methylotroph Arthrobacterstrains. It oxidizes
primary amines methyl-, ethyl-, propyl-, butyl-, ethanol-, and
benzylamine, but not tyramine, spermine, putracine, trime-
thylamine, and dimethylamine. Only O 2 acts as a reoxidiz-
ing substrate for this enzyme. A maltooligosyl-trehalose
synthase, which converts maltooligosaccharide into maltooli-
gosyl trehalose by intramolecular transglycosylation, and
a maltooligosyl-trehalose trehalohydrolase, which hydrolyzes
the a-1,4-glucosidic bond between maltooligosyl and trehalose
moieties, have been found in Arthrobacterspp., which accu-
mulate trehalose.Arthrobacter globiformisproduces an inulinase,
which degrades inulin through an exo-type reaction. Choline
oxidase has been found inA. pascensand A. globiformis. This is
a cytosolic � avoprotein, hydrogen-peroxide-forming oxidase
that oxidizes choline to produce glycine-betaine by a two-step
reaction with betaine aldehyde as the intermediate. Betaine act
as a nontoxic osmolyte, highly compatible with metabolic
functions at high cytoplasmic concentrations and contributes
to turgor adjustment in cells subjected to osmotic stress.
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Genetics and Bacteriophages

Several genes ofArthrobacterspp. have been cloned and
sequenced. The focus here is on genes for food enzymes.

A 5.1 kbp genomic DNA fragment was cloned from treha-
lose-producing Arthrobactersp. strain Q36. Sequence analysi
revealed two open reading frames (ORFs) of 2325 and
1794 bp, encoding maltooligosyl-trehalose synthase and mal-
tooligosyl-trehalose trehalohydrolase. A novel trehalose syn
thase gene (treS) from Arthrobacter aurescensCGMCC was
cloned and expressed inEscherichia coli. Enzymes have severa
regions common to the a-amylase family. Somearthrobacters
infrequently produce b-galactosidase when grown in lactose
minimal media. The gene has similarities with theE. coli lacZ
gene. When DNA was transformed into anE. colihost, three
fragments each encoding a differentb-galactosidase isoenzyme
were obtained. The nucleotide sequence of the smallest frag
ment has no total similarity with the lacZ family but has
regions similar to b-galactosidase isoenzymes fromBacillus
stearothermophilusand Bacillus circulans. Different b-galactosi-
dase genes were found inArthrobactersp. ON14 (galAand galB),
Arthrobactersp. 20B (bgaS), Arthrobactersp. SB (bgaS3), and
Arthrobacter psychrolactophilusF2 (bglA). The gene-encoding
inulin fructotransferase was sequenced inA. globiformisS14-3
and Arthrobactersp. H65-7. The two genes share only 49.8%
homology and the sequence analysis of theift gene from strain
H65-7 consists of a single ORF of 1314 bp that encodes a signa
peptide of 32 amino acids and a mature protein of 405 amino
acids. The gene encoding an extracellular isomalto-dextranas
(imd) was isolated from the chromosome ofA. globiformisT6
and expressed inE. coli. A single ORF consisting of 1926 bp that
encodes a polypeptide composed of a signal peptide of 39
amino acids and a mature protein of 602 amino acids was
found. The primary structure has no signi�cant homology with
the structures of any other reported carbohydrases and th
enzyme differs in that it is capable of hydrolyzing dextran by
releasing only isomaltose units from dextran chains. Iso-
maltose inhibits the biosynthesis of mutan, which is the major
component of dental plaque and may be of signi� cant
importance in the prevention of dental caries. A gene for
dextranase (aodex) also was found in Arthrobacter oxydans; it was
cloned and expressed inE. coli. The pcdplasmid gene for phe-
nylcarbamate hydrolase was sequenced inA. oxydansP52. It has
signi� cant homology with esterases of eukaryotic origin.
Arthrobacter globiformisM6 produces a nonreducing oligosac-
charide from starch, characterized by a cyclic structure con
sisting of four glucose residues joined by alternatea-1,4 and
a-1,6 linkages and designated cyclic maltosyl-maltose (CMM)
The gene encoding for the glycosyl-transferase (cmmA), which
is involved in the synthesis of CMM from starch, was identi� ed.

Cholesterol oxidases are a group of� avin adenine dinu-
cleotide (FAD)-dependent enzymes having important indus-
trial applications and are used widely to determine cholesterol
in food and blood serum through peroxidase-coupled assays
In addition, they are used in the production of starting material
for the chemical synthesis of pharmaceutical steroids. The gen
(choAA) encoding cholesterol oxidase fromArthrobacter simple
F2 was cloned and expressed inE. coli.

A host–vector system based on pULRS8 containing the
kanamycin-resistant gene,kan(Tn5), was used for transforming
Arthrobactersp. strain MIS38 by electroporation. Electro-
transformation was optimized; a square wave pulse of
1 kV cm� 1 electric � eld strength for 0.5 ms duration yielded
3 � 105 transformants per microgram plasmid DNA. The host–
vector system expressed a lipase gene ofArthrobactersp. MIS38
in other strains.

Oligonucleotide probes for cheese surface bacteria
including Arthrobacter/Micrococcus, were developed. This is an
important contribution to identify the smear microbiota.
Sequences were chosen from sites of the 16S rRNA. Because
the intermixing of some Arthrobacterand Micrococcusspecies
and the signi� cant heterogeneity of this cluster, it was not
possible to design an Arthrobacter/Micrococcusspeci�c oligo-
nucleotide for colony hybridization that � ts all the species and
at the same time excludes related species (e.g.,Dermatophilus
congolensis). The few species from other genera, however, als
targeted do not live in the same habitat, namely the cheese
surface.

A total of 17 bacteriophages, active against 19 soilarthro-
bacters, have been detected in concentrated samples of rive
water and sewage. Bacteriophages have not been found
either concentrated or unconcentrated soil extracts because
the greater viral retention capacity of the soil and to the� uc-
tuations in the phage sensitivity of soil bacteria. Electron
microscopic studies showed morphologies characteristic o
Bradley’s groups B and C. The Gþ C content of bacteriophages
was in the range 60.2–65.3% which agrees with the Gþ C range
of arthrobacters. Isolation of bacteriophages for A. globiformis
depends on the nutritional features of the soil. Indigenous host
cells in nonamended soil are present in a nonsensitive spheroid
state, with the cells becoming sensitive to the phage in a rate
limiting fashion as outgrowth occurs.
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Role in Foods

Arthrobactersfrequently are encountered in foods. They may
occur as ineffective inhabitants, but when at high cell concen
trations, they may indicate inadequate hygiene. They play an
important role in biodegrading agrochemicals and in the
ripening of smear surface–ripened cheeses.
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Vegetables

Arthrobactersare distributed largely among the indigenous
bacterial biota of soils. They are not limited to any particular
soil but are found in sandy, clay, peaty, grassland, and tropica
soils. They occur in the rhizosphere and in the epiphytic part
of the plants. In the rhizosphere, they release growth factor
and auxin, but they also are sensitive to soil bacteriostasis
especially to wheat root secretions.Arthrobactersmay abun-
dantly populate vegetables during and after food processing
Arthrobacter globiformisis largely found in healthy sugarbeet
roots stored at 5� C. BecauseArthrobacterspp. may be associ-
ated with the seed before the fruit opens, they may spread to
the aerial parts of many higher plants (e.g., soybean).Arthro-
bactersare found in ready-to-use vegetables. Most of the
isolates in frozen peas, beans, and corn correspond t
Arthrobacter spp. Blanched vegetables may still contain
arthrobacters. Because cells do not survive blanching, airborne
contamination of the surfaces of processing equipment could
be another source of infection.

Arthrobactersplay a role in controlling some soil-borne
pathogens.Arthrobacterspp. have been recovered during culture
of the causal organism of pitch canker of Southern pines
Fusarium moniliformevar. subglutinans. Electron microscopic
observations revealed that the hyphae of the pathogen fungu
growing near Arthrobacterspp. were enlarged, producing many
vesicular-like structures. The surface of these hyphae was w
ped and wrinkled in comparison with normal hyphae. Arthro-
bacters are chitinolytic bacteria. Enzymes, capable o
hydrolyzing polymers, lyse fungal hyphae and hence inhibit
growth. Inhibition of Aspergillusspp. and Penicilliumspp. was
shown in stored cereal grains.

Arthrobacterstrains capable of degrading swainsonine, an
indolizidine alkaloid contained in poisonous plants Oxytropis
and Astragalusspp. and harmful to livestock, are considered
potential candidate for a novel biotechnological use in feed
industry.
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Meat, Eggs, and Fish

Catalase-positive bacteria with a rod–coccus growth cycle such
as Corynebacterium, Microbacterium, and Arthrobacteroften are
isolated in fresh beef. They also are recovered from turke
giblets and traditional bacon stored aerobically. Microbial and
chemical changes in aerobically stored bacon fall into two
phases, the� rst of microbial growth and reduction of nitrate to
nitrite, and the second in which most of the accumulated
nitrite is broken down to unknown products. Arthrobacter–
Corynebacteriumare mainly associated with the last phase o
bacon storage. Poultry litter contains yellow strains and strains
growing on citrate plus ammonia, classi� ed asA. citreusand
A. aurescens.

Arthrobacterspp., together with Pseudomonasspp., are the
most prevalent bacteria found in liquid egg. A study conducted
on microbial contamination of eggshells and egg packing
materials showed that arthrobactersaccounted for approxi-
mately 13% of the total number of isolates. Dust, soil, and fecal
material are the most common sources of contamination.
Arthrobactersdo not cause spoilage of shell eggs and, in liquid,
egg may not affect keeping quality but may indicate the
possibility of contamination by spoilage organisms present in
soil or fecal material.

Arthrobacterspp. together with Moraxella, Pseudomonas, Aci-
netobacter, and Flavobacterium–Cytophagaspp. are the microor-
ganisms predominantly associated with raw Paci� c and Gulf
coast shrimps. In peeled shrimp, the number and composition
of the microbiota vary, but arthrobactersmay remain constant.
They are isolated in greater proportion from plants that
minimally washed raw shrimp. Pond-reared shrimps also
contain arthrobacters, and the pond water frequently yields
more than 90% of such bacteria.Arthrobactersare commonly
isolated from Dungeness crab (Cancer magister) meat, both
from retails and intestine. They increase in proportion during
processing of crab meat, because they populate the brine an
are less sensitive to cooking, but they do not multiply in
refrigerated crab meat.
Milk and Cheese

Arthrobacterspp. are part of the microbiota of raw milk and in
some cases constitute the most predominant of the non-spore
forming Gram-positive rod-shaped bacteria. Psychrotrophic
strains increase during long-term storage of refrigerated raw
milk. Some psychrotrophic isolates of Arthrobacter spp.
synthesize ab-galactosidase with similarities to that ofE. coli
but which differed in the optimal temperature, w 20 � C lower.
Removal of lactose from refrigerated milk or whey was
proposed as a use of thisb-galactosidase to produce low-lactose
products during shipping and storage.

Bacteria such asBrevibacterium, Arthrobacter, Micrococcus, and
Corynebacteriumspp. are dominant at the end of ripening of
smear surface–ripened cheeses, such as Limburger, Bric
Münster, Saint–Paulin, Appenzeller, Trappist, Livarot, Mar-
oilles, Taleggio, and Quartirolo. During the initial stages of
ripening, the surface microbiota is dominated by yeasts and
molds, which cause an increase in pH due to a combination of
lactate utilization and ammonia production, enabling the
growth of acid-sensitive bacteria such asArthrobacterspp. Low-
molecular-weight compounds (peptides, amino acids, fatty
acids, etc.) are produced on the surface through the couple
action of various extracellular hydrolases produced by the
smear microbiota. The diffusion of these compounds to
the interior of the cheese is required for the development of the
characteristic qualities of these cheeses.

Arthrobacter arilaitensisis one of the major bacterial species
found at the surface of cheeses, especially in smear-ripene
cheeses, where it contributes to the typical color,� avor, and
texture properties. TheA. arilaitensisRe117 genome has been
sequenced and comparative genomic analyses revealed
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extensive loss of genes associated with catabolic activitie
presumably as the result of adaptation to the cheese surfac
niche.Arthrobacter arilaitensisRe117 has the complete pattern of
enzymes needed for the catabolism of the major carbon
substrates that are present at the cheese surface (e.g., fatty ac
amino acids, and lactic acid). Other speci� c features that
promote adaptation are the capacity to catabolize D-gal-
actonate, a high number of transporters for glycine-betaine and
related osmolytes, two siderophore biosynthesis gene cluster
and a high number of Fe3þ /siderophore transport systems.

Arthrobacters, together with yeasts andBrevibacterium linens,
were the main microorganisms found in Limburger cheese
during ripening; yeasts dominate up to 9 days of ripening,
B. linensreaches its highest level in 35-day-old cheese, bu
Arthrobacterspp. account for w 78% of the total count. Gray
and greenish-yellowArthrobacterspp. have the highest proteo-
lytic activity among the surface microbiota. Coryneform
bacteria from 21 brick cheeses (including Limburger, Romadur
Weinkäse, and Harzer) from 6 German dairies were identi� ed
as A. nicotianae, B. linens,Brevibacterium ammoniagenes, and
Corynebacterium variabilis. After an initial variability of the
surface microbiota of the Tilsiter cheeses from 14 Austrian
cheese plants, the decrease of the yeast cell numbers is followe
by the growth of a mixed population composed of A. citreus,
A. globiformis, A. nicotianae, Arthrobacter variabilis, B. linens, and
B. ammoniagenes. The yellow–green coloration of the Taleggio
cheese surface is mainly caused byA. globiformisand A. citreus.
Moreover, it was hypothesized that the ability of Arthrobacter
spp. to synthesize volatile sulfur compounds from methionine
could have a marked impact on the global odor of ripened
cheeses.

Even though the role during ripening is only partially
known, other Italian cheeses such as Quartirolo, Robiola, and
Fontina contain arthrobacters on the cheese surface. Also mol
surface–ripened cheeses such as Brie and Camembert from
20 days until the end of ripening are largely populated by
Brevibacteriumand Arthrobacter spp. together with fungal
hyphae and yeast cells.

Mixed cultures suitable for surface ripening have been
developed. Cultures (single or mixed species ofArthrobacterand
yeasts) are added as starters during the manufacture of Tils
cheese.Arthrobacter citreushas a signi� cant effect in cheese
proteolysis. Again in Tilsit cheese, a starter composed o
Lactobacillus helveticus, Lactobacillus delbrueckii, B. linens, Arthro-
bacterspp., and Geotrichum candidumor Debaryomyces hanse
was used. Mixed cultures of arthrobacters with yeasts an
micrococci are used for red smear cheeses. Nevertheless,
successful establishment of arthrobacters within the residen
microbial ripening consortia of smear surface–ripened cheeses
is still debated, because they are markedly affected b
competition.

Despite their high cell numbers in the smear, the role of
extracellular enzymes ofArthrobacterspp. probably is under-
estimated with respect to B. linens. Two extracellular serine
proteinasesof A. nicotianaeATCC 9458 show characteristics
that indicate a signi� cant contribution to proteolysis on the
surface of smear-ripened cheeses: high activity at the pH an
temperature of cheese ripening, tolerance to NaCl, and exten
sive activity on as1- and, especially,b-caseins. Because onl
plasmin and, probably, cathepsin D have a certain role in
,

b-casein hydrolysis in cheeses, the activity ofArthrobacter
enzymes should be fundamental.

Four strains ofA. nicotianaeisolated from red smear cheese
showed inhibition to Listeriaspp. Inhibition is more effective
againstListeria innocuaand Listeria ivanoviithan againstListeria
monocytogenes. The inhibitory compound loses activity upon
heating and has a molecular mass greater than 12–14 kDa.
Miscellaneous Biotechnological Potentialities

Arthrobacters are a commercially important host for the
production of valuable bioproducts. Some species are used to
produce sweeteners, phytohormones, ribo� avin, and a-keto-
glutaric acid. Coryneform bacteria, includingArthrobacterspp.,
are the most important microbial group for the commercial
production of amino acids (e.g., glutamic acid). A mutant of
Arthrobacter, strain DSM 3747, was used for the production ofL-
amino acids from D,L-5 monosubstituted hydantoins. Arthro-
bactersp. MIS38 isolated from oil spills produces no glycolipids
and only a lipopeptide. The lipopeptide (arthrofactin) is an
effective biosurfactant. Arthrofactin is at least� ve times more
effective than surfactin (the best-known lipopeptide bio-
surfactant). Moreover, arthrofactin is a better oil remover than
synthetic surfactants, such as Triton X-100 and sodium dodecy
sulfate. The potential of arthrobacters has been evaluated fo
the production of � avor metabolites, precursors and enhancers
and has found useful application in the synthesis of terpenes
and sweeteners, such asD-xylose.

Some enzymatic activities of arthrobacters have bee
proposed for speci�c technology purposes. For instance
a thermoalkalophilic and cellulase-free xylanase, which was
synthesized byArthrobactersp. MTCC 5214 during solid-state
fermentation of wheat bran, was evaluated for prebleaching of
kraft pulp. A thermostable alkaline lipase from Arthrobactersp.
BGCC no. 490, which was characterized by high activity in the
presence of acetone, isopropanol, ethanol, and methanol, was
proposed for applications in the detergent industry.
Biodegradation of Agrochemicals and Pollutants

Arthrobacters are capable of participating in the degradation of
various compounds deriving from agrochemicals, pharma-
ceuticals, and toxic wastes, in polluted temperate and cold
environments.

Polychlorinated phenols such as 4-chlorophenol may be
released accidentally into the environment.Arthrobacter ure
afaciensdegrades 4-chlorophenol through the elimination
of the chloro-substituent and the production of the hydro-
quinone as transient intermediates. Other para-substituted
phenols are metabolized through the hydroquinone pathway.
Picolinic acid (2-carboxylpyridine), structurally similar to the
herbicide picloram (4-amino-3,5,6-trichloropicolinic acid) and
the photolytic product of another herbicide, diquat (1,1 0-
dimethyl-4,40-bipyridylium ion), is used as carbon and energy
sources by Arthrobacter picolinophilus. Diazinon O,O-diethyl
O-[4-methyl-6-(propan-2-yl)pyrimidin-2-yl] phosphorothioate
added to paddy water for controlling stem borer, leafhopper,
and planthopper pests of rice is degraded by arthrobacters. On
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isolate from treated paddy water metabolized it in the presence
of ethyl alcohol or glucose. Arthrobacter oxydans, isolated from
soil, degrades the phenylcarbamate herbicides phenmedipham
methyl (3-methylcarbaniloyloxy) carbanilate and desmedip-
ham (3-ethoxycarbonylaminophenyl-phenylcarbamate), by
hydrolyzing their central carbamate linkages (carbamate
hydrolase). Phenmedipham and desmedipham are hydrolyzed
at comparable rates, whereas phenisopham, a compound with
an additional alkyl substitution at the carbamate nitrogen, is
not hydrolyzed. In some cases, synthetic aromatic compounds
such asm-chlorobenzoate, may account only for incomplete
degradation. The benzoate-oxidizing enzyme ofArthrobacter
spp. produces 4-chlorocatechol fromm-chlorobenzoate, which
is not further degraded by catechol-metabolizing enzymes
Cometabolism could result from an accumulation of some
toxic product or from an inability of the organism to carry
the metabolism to a stage at which the carbon could be
assimilated.

Arthrobacters would be promising candidates for biore-
mediation of contaminated soils and water. A bio� lter using
granular activated carbon with coimmobilized Paracoccussp.
CP2 and Arthrobactersp. CP1 achieved the complete degrada
tion of trimethylamine, a teratogenic and maleodorous
pollutant, which frequently was found in ef � uents from � sh-
meal manufacturing process. The ability to degrade trimethyl-
amine also was found inArthrobacter protophormiae. Arthrobacter
sp. strain JBH1 was able to degrade nitroglycerin in soi
through a pathway that involves the conversion of nitroglycerin
to glycerol, via 1,2-dinitroglycerin and 1-mononitroglycerin,
with concomitant release of nitrite.

Arthrobacter aurescensstrains, which were isolated from
contaminated sites and possess atrazine-degrading genestrzN,
atzB, and atzC, were capable of degrading atrazine in contam
inated soil and wastewater in bioremediation trials.

Arthrobactersp. strain IF1 had the capacity to grow on
4-� uorophenol (4-FP), as the sole source of carbon and energy
through the conversion of 4-FP into hydroquinone via a two-
component monooxygenase system.

Other compounds biodegraded in contaminated soil by
Arthrobacter sp. are 4-chlorophenol (Arthrobacter chlor
ophenolicus, Arthrobacter de� uvii sp. nov.), nicotine (Arthrobacter
nicotinovorans), 4-nitroguaiacol (Arthrobacter nitroguajacolicussp.
nov.), acrylonitrile ( A. nitroguajacolicussp. nov.), p-nitrophenol
(A. chlorophenolicus, A. protophormiae), phenol ( A. citreus), ima-
zaquin (A. crystallopoietes), and phthalic acid esters, 4-� uo-
rocinnamic acid, phthalate esters, tris (1,3-dichloro-2-propyl)
phosphate, dibenzothiophene, carbazole, quinaldine, and
4-chlorobenzoic acid.

Arthrobacterscolonize heavy metal–contaminated sites.
The multiple metal-resistant Arthrobacter ramosusstrain was
found to withstand and bioaccumulate several metals, such a
cadmium, cobalt, zinc, chromium, and mercury. It may reduce
and detoxify redox-active metals, like chromium and mercury.
Similar activities were found in A. globiformis. The use of
Arthrobacter viscosusand A. aurescensfor removing chromium in
water and soil was reported. The potential of the chromium
reductase of Arthrobacter rhombito reduce hexavalent chro-
mium (Cr(VI)) was evaluated. The capacity of Arthrobacter
sp. to remove Cu2þ ions from aqueous solution also was
demonstrated.
Arthrobacters may contribute signi�cantly to wastewater
treatment and groundwater remediation problems because o
the accidental release of gasoline in the environment. There ar
dif � culties with the biological treatment of gasoline oxygenates
such as methylt-butyl ether. Ethers tend to be quite resistant to
biodegradation by microorganisms. Pure cultures ofArthro-
bacterspp. are able to degrade methylt-butyl ether by using it as
a carbon source. Phenantrene- and anthracene-degradin
strains belonging to Arthrobacter phenanthrenivoranssp. nov.
were characterized.

Nondegradable and persistent compounds such as plastic
polyethylene, polycarbonate, and polyester pose a threat to the
environment. Bacteria may be considered as potent utilizers o
these compounds because of their ability to produce various
enzymes needed for breakdown of such compounds. In view o
these factors,Arthrobacterand Enterobacterstrains were used for
in vitro biodegradation, showing a signi� cant utilization of
polycarbonate.
Involvement in Clinical Specimens

Strains of Arthrobacterspp. have been very rarely described a
causing disease in humans (case reports described occasion
subacuted infective endocarditis, bacteremia, postoperativ
endophthalmitis, Whipple disease-like syndrome, and phle-
bitis). In recent years, however, clinical microbiologists have
begun to fully recognize the enormous diversities of coryne-
form bacteria in clinical specimens and a large number of
strains isolated in clinical bacteriology laboratories were
unambiguously assigned to theArthrobacterspp. through 16S
rDNA gene sequence and peptidoglycan analyses. New specie
such asArthrobacter cumminsiiand Arthrobacter woluwensis, were
proposed. Arthrobacter cumminsiimight be the most frequently
encounteredArthrobacterin clinical specimens, because it was
isolated from patients with urinary tract and deep tissue
infections, and external otitis. Arthrobacter cumminsiiseems to
be a microorganism with no or rather low pathogenicity as
cases of severe, life-threatening infections were not observed
patients. It might be the only bacterial agent for selected case
of urinary tract infections. It is likely that A. cumminsiiis part of
the normal human skin and mucosa membrane biota, in
particular, in the genitourinary tract.

Arthrobacter oxydans, Arthrobacter luteolus, Arthrobacter albus,
and Arthrobacter scleromaealso were isolated from human
clinical specimens. Arthrobacter sanguinisand, the creatine-
hydrolyzing species, Arthrobacter creatinolyticuswere isolated
from human blood and urine, respectively. The major part of
the Arthrobacters isolated from clinical specimens exhibited
susceptibility to b-lactams, doxycycline, gentamicin, linezolid,
rifampin, and vancomycin.

Arthrobacter equi and Arthrobacter nasiphocaewere isolated
from animal sources (horse and common seal, respectively).

Recently, lyophilized Arthrobactercells were included in
a vaccine for treatment or prevention of piscirickettsiosis in
salmonid � sh.
See also: Brevibacterium; Cheese:Mold-Ripened Varieties;
Cheese:Micro� ora of White-Brined Cheeses;Fish:Spoilage of
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Introduction

Morphological Characteristics of Aspergillus

The genus Aspergillus contains more than 100 recognized
species and belongs to the phylum Ascomycota. Figure 1
illustrates the basic morphological structure of Aspergillus.
The conidial head consists of a swollen vesicle bearing
either one or two layers of synchronously formed special-
ized cells. The specialized cells bearing the asexual spores
(conidia) are called phialides. A conidial head with only
phialides is referred to as uniseriate. When a second layer of
specialized cells (metulae) is present between the vesicle
and phialides, the conidial head is referred to as biseriate.
The conidial head is borne on a long stipe, the basal part of
which forms the ’foot cell’ characteristic of Aspergillus. The
structures that support the formation of conidia (foot cell,
stipe, vesicle, metulae, phialides) are collectively called the
conidiophore.

In addition to the typical conidial state (anamorph)
characteristic of the genus, some species also reproduce
sexually and have an ascosporic state (teleomorph). Sexual
reproduction is characterized by the formation of cleistothe-
cia, which are indehiscent ascocarps (fruiting bodies) con-
taining numerous asci. The asci contain meiospores called
ascospores. Other structures found in Aspergillus include Hülle
cells, which are thick-walled cells frequently associated with
cleistothecia, and sclerotia, which are asexual hardened
masses of hyphae capable of remaining dormant in soil for
long periods to cope with harsh environments until condi-
tions are favorable for growth. The color of sclerotia varies
from yellow to black, depending on the species. In some
Aspergillus species, cleistothecia form embedded within the
sclerotia.
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Isolation Methods and Identi�cation Media

In nature, Aspergillus species are abundant and grow sapro-
trophically on numerous substrates over a wide range of
climatic conditions. Aspergillus species have long been known
to be common contaminants of human foods and animal
feeds. The occurrence of Aspergillus in foods and feeds is
dependent on the substrate and environmental factors, such as
water activity, temperature, pH, redox potential, presence of
preservatives, and microbial competition.

For the detection of Aspergillus as well as other fungi in foods
and feeds, dilution plating and direct plating methods are used
routinely. The dilution plating method includes the prepara-
tion of a food homogenate, followed by serial dilution and
plating; either the pour-plate method or the spread-plate
method can be used. The direct plating method is easier to
perform than the dilution method but is less quantitative. For
direct plating, the food sample may be surface disinfected
before plating with 5% sodium hypochlorite or 70% ethanol-
water solution. If not surface disinfected, samples are instead
held at –20 �C to kill mites and insects that might interfere with
the analysis.

Potato dextrose agar (PDA), malt extract agar (MEA), and
more complex agar media are commonly used for the isolation
and enumeration of Aspergillus species. To control bacterial
growth, molten agar medium is acidi�ed with 10% tartaric acid
solution to pH 3.5. Alternatively, antibiotics, such as chlortet-
racycline, chloramphenicol, gentamycin, or streptomycin, are
added to inhibit bacterial growth. Rose bengal, dichloran, or
NaCl routinely are used to inhibit fast-growing molds, such as
Rhizopus and Mucor species. The petri�lm dry rehydratable �lm
method developed by the 3M company has been adopted by
the Association of Of�cial Analytical Chemists International.
-384730-0.00010-0 77
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Figure 1 The basic morphological structure ofAspergillus.
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The diagnostic conidiophore of Aspergilluscan be recog-
nized on the above media with low-power magni� cation
(10–30�). Most Aspergillusspecies are identi�ed readily
when grown on special media, such as Czapek agar (CZ
Czapek yeast extract agar (CYA), and MEA. For teleomorph
species, cornmeal agar, oatmeal agar, mixed cereal agar, a
malt agar are commonly used. For xerophilic species, CZ
CYA, and MEA supplemented with 20% sucrose are recom
mended. Culture agar plates inoculated at three points are
generally incubated at 25� C for 7 days in the dark for
anamorphic species and 10–14 days or longer for tele-
omorphic species.

Further distinction between Aspergillusspecies is based on
morphological characteristics. The important identi� cation
features at the species level include color and shape of conidia
heads, characteristics of vesicles and stipes, size and orn
mentation of conidia, and the presence of metulae.
Morphology of cleistothecia and ascospores, if present, is als
an important diagnostic character for someAspergillusspecies.
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Aspergillus ßavus

Habitats and Presence in Food

Aspergillus� avusis a common soil fungus and is predominately
saprotrophic, growing on dead plant tissue in the soil. The
species is also a facultative parasite on a broad range of plan
and often colonizes oil-rich seeds, such as corn, peanuts
cottonseed, and tree nuts (almond and pistachio), as well as
other crops such as barley, wheat, and rice.Aspergillus� avusis
an opportunistic pathogen of animals and humans, particu-
larly in individuals who are immunocompromised. Infection
by A. � avushas become the second leading cause of huma
aspergillosis next toAspergillus fumigatus. Because of its ubiq-
uitous nature, A. � avushas been isolated from a wide variety of
food items, including dried vine berries, sour lime, cocoa
beans, smoked dried meat products, cured ham, dried salted
� sh, and spices.

Morphological and Chemotype Variants ofA. ßavusIsolates

Populations of A. � avusare diverse. As currently delimited by
phylogenetic studies,A. � avusconsists of several major but
not yet fully de� ned lineages. Although not all A. � avus
isolates produce sclerotia, those that produce these structure
can be divided into two morphotypes based on sclerotial size.
The typical and more often encounteredA. � avusisolates are
called the L (large) strain whose average sclerotial size
greater than 400mm, whereas isolates of the S (small) strain
have sclerotial size less than 400mm. L and S morphotypes of
a� atoxigenic A. � avusisolates typically produce only B a� a-
toxins. On laboratory growth media under controlled condi-
tions in the dark, S strain isolates generally produce highe
levels of a�atoxins, more abundant sclerotia, and fewer
conidial heads than L strain isolates. Sclerotial morphology is
a poor indicator of phylogeny, however. The small sclerotial
phenotype also is exhibited by several species related t
A. � avus, including Aspergillus parvisclerotigenus, Aspergillus
minisclerotigenes, and some strains ofAspergillus nomius, all of
which typically produce both B and G a� atoxins. The
taxonomy of these Bþ G a� atoxigenic species has not been
fully resolved.

Culture and Microscopic Characteristics

On culture plates of PDA, CYA, and MEA,A. � avusL strain
forms fast-growing yellow-green colonies that commonly reach
60–70 mm in diameter after 7 days’ growth at 25–30 � C;
growth is also rapid at 37� C. The stipe of the conidiophore is
usually 400–800 mm in length and has rough walls that
are generally uncolored. The vesicles are nearly globose an
20–45 mm in diameter. Seriation is variable, but usually at leas
20% of the conidial heads produce both metulae and phialides
(biseriate) on CYA. Conidia are globose to ellipsoidal, mostly
3–6 mm wide, with smooth to � nely roughened walls. Black
sclerotia are produced by some isolates.Aspergillus� avusS
strain produces abundant small sclerotia and few conidio-
phores in the dark; growth of some isolates is restricted. Unde
constant illumination (white light), A. � avusS strain often
exhibits reduced sclerotial formation and produces abundant
conidiophores instead.

Secondary Metabolites and Hepatocarcinogenic A�atoxins

Aspergillus� avusproduces a variety of secondary metabolites
including a� atoxins, cyclopiazonic acid, a�atrem, a� avinin,
kojic acid, aspergillic acid, neoaspergillic acid, b-nitro-
propionic acid, and paspalinine. A� atoxins pose a great threat
to human and animal health. An association of hepatocellular
carcinoma and dietary exposure to a� atoxin has been estab-
lished from patients living in high-risk areas of the People’s
Republic of China, Kenya, Mozambique, Philippines,
Swaziland, and Thailand. Because of the risk of a� atoxin to
human health and livestock productivity, the International
Agency for Research on Cancer has designated a� atoxin as
a human liver carcinogen. A�atoxin contamination of agri-
cultural commodities causes substantial and recurren
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economic loss worldwide. Consequently, 48 countries
impose speci� c regulations limiting total a � atoxins in food-
stuffs and 21 have regulations for a� atoxins in feedstuff.
Regulatory guidelines of the US Food and Drug Administra-
tion (FDA) speci� cally prevent the sale of commodities if
contamination by a� atoxins exceeds allowed levels. The FD
has set limits of 20 ppb total a� atoxins for interstate
commerce of food and feedstuff and .5 ppb a� atoxin M1 (a
metabolite of B1) in milk. The European Commission has set
the limits on groundnuts subject to further processing at
15 ppb for total a � atoxins and 8 ppb for a� atoxin B1, and the
limits for nuts and dried fruits subject to further processing at
10 ppb for total a� atoxins and 5 ppb for a� atoxin B1. The
a� atoxin standards for cereals, dried fruits, and nuts intended
for direct human consumption are even more stringent, with
the limit at 4 ppb for total a � atoxins and 2 ppb for a� atoxin
B1.
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Genetics of Biosynthesis of A�atoxins and Cyclopiazonic Acid

A� atoxin production is a complex process, which involves
many pathway intermediates, genes, and converting enzyme
and is regulated at multiple levels. The biosynthesis of a� atoxin
and its regulation have been an intense study focus in the pas
two decades by many research groups. These efforts ha
resulted in signi� cant advances in the understanding of asso
ciated chemistry, biochemistry, genetics, and gene regulation
About 15 stable precursors have been identi� ed. At least 23
enzymatic steps have been characterized or proposed to b
involved in bioconversion of a� atoxin pathway intermediates.
The genes encoding the proteins required for the oxidative
reductive, and regulatory steps in the biosynthesis are clustere
within a 70 kb portion in the subtelomeric region on chromo-
some III in the A. � avus genome. A� atoxin production is
affected by nutritional factors, such as carbon and nitrogen
sources and trace elements. Production of a� atoxin also is
affected by many environmental factors, such as physiologica
pH, temperature, water activity, oxidative stress, and volatile
produced by host plants. Cyclopiazonic acid (CPA) is another
mycotoxin that often cocontaminates many crops with carci-
nogenic a� atoxins. The CPA biosynthetic gene cluster in
A. � avushas been found to reside next to the a� atoxin gene
cluster.
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Population Genetics

Populations of A. � avusin different regions of the United States
and other countries include varying proportions of strains that
produce both a� atoxins and CPA, a� atoxins alone, CPA alone,
and neither mycotoxin. The lack of toxin production often is due
to genetic defects, particularly deletions, in respective biosyn
thesis gene clusters. In addition, a� atoxigenic strains ofA. � avus
often differ in the amount of a � atoxins produced. Much of this
variation in mycotoxin production within A. � avuspopulations
can be categorized according to subpopulations called vegeta
tive compatibility groups (VCGs) in which strains within
a group are capable of forming stable hyphal fusions (anasto
moses) with one another. Vegetative compatibility is deter-
mined by multiple, unlinked het loci whose alleles must all be
identical for anastomosis to occur. Hence, vegetativ
compatibility provides a multilocus measure of genetic diver-
sity. VCGs are strongly clonal in composition, and strains within
a VCG are generally similar in morphology and mycotoxin
production.

Aspergillus� avusalways has been considered to be strictly
asexual in reproduction, which explains the strong clonal
component of populations. Considerable genetic variation,
however, also is present within populations, as shown by the
differences among VCGs and occasionally by strains within
a VCG. In the past, this variation was dif� cult to explain in the
absence of sexual reproduction. Parasexuality, which involve
hyphal fusion followed by mitotic recombination, might
explain the genetic variation, but the parasexual cycle has bee
demonstrated only under laboratory conditions and would
occur primarily between genetically similar individuals
belonging to the same VCG. Recent studies have shown tha
A. � avusis heterothallic, with individuals containing one of two
mating genes (MAT1-1, MAT1-2) at a single locus. Crosses
between individuals of the opposite mating type, yet belonging
to different VCGs, result in ascospore-bearing ascocarps withi
sclerotia following an extended incubation of 5–7 months. The
frequency of sexual reproduction in nature is not known, but
studies showing a 1:1 ratio of MAT1-1 and MAT1-2 in pop-
ulations as well as evidence for recombination within the
a� atoxin gene cluster suggest that sexual reproduction i
occurring to some degree and is responsible for the geneti
diversity in populations.
Control of A�atoxin

Control of a� atoxin contamination in crops is multifaceted and
is often inadequate for maintaining a� atoxin concentrations
below maximum regulatory limits. Drought stress and insect
damage in crops, both of which contribute greatly to invasion
by A. � avus, can be controlled partially by irrigation and
pesticide applications. Following harvest, proper storage
conditions at moisture levels below the growth requirements
for A. � avus will minimize further contamination. Various
processing procedures, including mechanical removal of small
damaged, and discolored seeds or the blending of contami
nated lots with those that are less contaminated, can often
bring a� atoxin concentrations to within acceptable limits.

A� atoxin contamination of crops can also be reduced
through biological control. With this strategy, a nontoxigenic
strain of A. � avusis applied to the � eld at high concentrations
where it competes with native toxigenic strains. Although the
level of A. � avusinfection in crops does not increase appre-
ciably following the application of the biocontrol agent, most
of the available infection sites will be dominated by the non-
toxigenic strain, resulting in an overall decrease in a� atoxin
contamination. Fields on which peanuts and cotton are culti-
vated, which fruit underground or relatively near the soil
surface, are normally treated with a grain that either is coated
with dry conidia of the nontoxigenic strain or is colonized
minimally by the biocontrol strain. Following application to
the soil surface, the treated grain absorbs moisture and th
biocontrol strain sporulates profusely on the grain surface, with
the conidia eventually dispersing to the developing crop. These
biocontrol formulations also have been used successfully with
maize, but control of a� atoxins in this crop may bene� t from
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aerial spraying of the biocontrol agent for a more direct
application to ears.
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Aspergillus oryzae

Morphological Characteristics ofA. oryzae
in Relation toA. ßavus

The � rst description of Aspergillus oryzaewas in 1876 by H.
Ahlburg, who isolated it from koji used in sake production and
named it Eurotium oryzae. Because of the lack of a sexual stag
E. oryzaewas renamedA. oryzaeby F. Cohn. Aspergillus oryza
belongs to Aspergillussection Flavi. The morphological charac-
teristics of A. oryzaeare similar to those of A. � avus. One key
difference for separatingA. oryzaefrom A. � avusis the conidial
diameter: A. oryzaeconidia are often greater than 5mm and
A. � avusconidia are less than 5mm. The stipe ofA. oryzaealso
tends to be longer than that of A. � avus. Aging colonies of
A. oryzaetend to change to brown color, but A. � avuscolonies
typically retain the yellowish-green color. Morphological
changes are frequently observed for some strains ofA. oryzae
with larger conidia. Morphologically stable strains of A. oryzae
are either very � occose with little sporulation or smooth
textured with heavy sporulation. In contrast, unstableA. oryzae
strains are characterized by having various degrees of aer
mycelium and sporulation after successive cultivation like the
degenerated strains ofA. � avus.Aspergillus oryzaestrains inten-
ded for commercial use commonly exhibit sparse sporulation,
have � occose aerial mycelia, and produce few or no sclerotia
These characteristics could be detrimental to dissemination and
survival of A. oryzaein the � eld. There is evidence, however, tha
certain nona� atoxigenic A. � avusisolates obtained from the
� eld have characteristics ofA. oryzae. Therefore,A. oryzaemay
be a morphological variant of typical A. � avus.
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The Origins ofA. oryzae

Because of economic and food safety issues,A. oryzaecontinues
to be classi� ed as a taxon separate from the closely relate
A. � avus, a predominant producer of a� atoxins. The long
history of safe use of A. oryzaeby the food fermentation
industry and the lack of a� atoxin production has earned it
GRAS (generally recognized as safe) status from the FDA. In th
past two decades, numerous molecular biological techniques
have been used to distinguish species inAspergillussectionFlavi.
These techniques include restriction fragment-length poly-
morphism, ampli � ed fragment-length polymorphism,
hybridization with a � atoxin biosynthetic genes, analysis of
ribosomal DNA internal transcribed spacer regions, and single
nucleotide polymorphisms. In general, these methods are able
to distinguish the A. � avus/A. oryzaegroup from the closely
related Aspergillus parasiticus/Aspergillus sojaegroup but are
unable to separateA. oryzaefrom A. � avus. The goal of unam-
biguously distinguishing A. oryzaefrom A. � avusas a distinct
species has not been realized. Some researchers believe t
A. oryzaeis distributed widely in nature, whereas others think
that A. oryzaestrains are just variants ofA. � avusthat have been
domesticated through years of selection under arti� cial
production environments. Under laboratory conditions, it is
possible to serially transfer a wild-type a� atoxigenic A. � avus
strain and create anA. oryzae-like phenotype that exhibits an
inability to produce a � atoxins as well as � occose growth,
reduced sporulation, olive-brown conidial color, and an
absence of sclerotia. The domestication hypothesis is furthe
supported by the origins of the A. oryzaestrains deposited in
culture collections around the world. Although A. � avusstrains
have been isolated from a wide array of habitats, including soil,
plants, dead organic matter, insects, foods, and feed stuffs
A. oryzaestrains mainly are obtained from traditional fer-
mented foods in East Asia.
Information from theA. oryzaeGenome Sequence Project

In December 2005, a Japanese consortium consisting o
scientists from universities, institutions, and the brewing
industry released the genome sequence ofA. oryzaeRIB40
(ATCC 42149). Later, the genome sequence ofA. � avusNRRL
3357 was released by the Institute for Genomic Research (TIGR
Rockville, Maryland, USA, now named the J. Craig Vente
Institute, JCVI) with funding from the Microbial Genome
Sequencing Project to scientists at North Carolina Stat
University. The assembledA. oryzaegenome is about 37 Mb
and organized in eight chromosomes. The genome is predicted
to encode 12 074 proteins. The genome size is comparable to
that of closely relatedA. � avusNRRL 3357, which is also about
37 Mb and consists of eight chromosomes. A comparative
analysis of the A. oryzaeand A. � avusgenomes revealed that
both share striking similarities; only 43 genes are unique to
A. � avusand 129 genes unique toA. oryzae. Because the genome
of only one strain for each species has been sequenced, it
unknown whether this variation can be attributed to strain or
species differences. These available genome sequences h
provided a wealth of information concerning evolution,
recombination, and the phylogenetic relationship of A. oryzae
to other genome sequences determined for Aspergilli, such a
Aspergillus nidulans(31 Mb) and A. fumigatus(30 Mb). It is
believed that the increase in theA. oryzaeand A. � avusgenome
size is due to sequence expansion rather than loss of sequen
in the A. nidulansand A. fumigatusgenomes.
Industrial Utilization ofA. oryzaeand Its Products

Aspergillus oryzaeproduces many extracellular enzymes tha
degrade carbohydrates, polypeptides, and nucleic acids. Henc
it has been used widely as the starter culture for the preparation
of koji in the production of traditional Oriental fermented
foods and alcoholic beverages– for example, soy sauce, miso
sake, and shochu. The word‘koji ’ actually refers to the solid
state fermentation involving both A. oryzaeand the fermented
materials that consist of rice, soybean, and wheat.Aspergillus
oryzaenot only provides the needed enzymes for transforming
raw materials into more readily digestible components but also
contributes to the color, � avor, aroma, and texture of the fer-
mented products.Aspergillus oryzaealso is an important source
of organic compounds, such as glutamic acid and many
industrial enzymes, such as glucoamylase,a-amylases, cellu-
lase, and proteases, used for starch processing, bakin
producing detergents, and brewing worldwide. About two-
thirds of the bread production in the United States uses
A. oryzaeprotease to release amino acids and peptides for yea



- d

ts

ASPERGILLUSj Introduction 81
growth and gas production. The patented production of
A. oryzaeTaka-diastase, a neutrala-amylase, as a medicine in
1894 marked the beginning of modern enzyme biotechnology.
Aspergillus oryzaeis capable of expressing high levels of heter
ologous enzymes. This ability led to the commercial produc-
tion in A. oryzaeof a recombinant lipase for use in detergents in
1988 by Novo Nordisk in Japan. Aspergillus oryzaeand its
fermentation by products also are used as probiotic and feed
supplements for livestock.
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Safeguards against Mycotoxin Contamination
of Products Derived fromA. oryzae

To ensure the safety of food-grade enzymes, the Joint Food an
Agricultural Organization/World Health Organization Expert
Committee on Food Additives requires that food enzymes
derived from fungal sources do not contain detectable amounts
of a� atoxin B1, ochratoxin, sterigmatocystin, T-2 toxin, or
zearalenone. Although no strains ofA. oryzaehave been found
to produce a� atoxins, some strains ofA. oryzaecan produce
mycotoxins such as CPA, a neurotoxin, and 3-nitropropionic
acid. In the United States, a number of enzyme preparations
derived from A. oryzaeused in various food-processing appli-
cations have been granted GRAS status on the basis of public
available information and scienti� c studies. The safety of food-
grade products derived fromA. oryzaeis evaluated carefully by
the industry before and after commercialization. The care taken
to ensure the safety ofA. oryzaein production includes (1) the
production species is correctly identi� ed; (2) the production
strain is carefully selected, manipulated, and maintained; (3)
the research, development, and manufacturing processe
including the establishment of a validated seed culture bank,
are carefully designed, operated, and monitored; and (4) the
product is tested routinely for mycotoxin contamination.
Therefore, industrial production strains of A. oryzaehave long
been successfully demonstrated as safe. Fermented foo
produced by A. oryzaehave been shown to be free of a� atoxins.
No A. oryzaestrains used in commercial production of soy
sauce have been reported to produce a� atoxins or CPA. In
addition, the US Environmental Protection Agency has
concluded that commercial strains ofA. oryzaedo not produce
the toxic metabolite, maltoryzine.
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Genetic Basis for Lack of Production of A�atoxins
and CPA byA. oryzae

Scientists in Japan� rst observed molecular defects in the
a� atoxin gene cluster in many of theA. oryzaestrains used for
food fermentation and categorized them into three groups.
This explains in part the underlying mechanisms for the
nona� atoxigenicity in at least some strains. An extensiv
investigation was carried out on 210A. oryzaestrains in the
culture collection of National Research Institute in Brewing
(RIB) in Japan. More than half of the RIB strains were found
belonging to group 1 (122 strains, 58.1%), which includes the
type strain RIB1301 and the strain used in theA. oryzae
genome-sequencing project, RIB40.Aspergillus oryzaeRIB40
contains all a� atoxin biosynthesis genes found inA. � avusbut
has deletions, frameshift mutations, and base substitutions in
some of the genes. Seventy-seven of theA. oryzaeRIB strains
(36.7%) belong to group 2, including a representative RIB62,
an isolate obtained from sake-koji in 1953. Characterization
using the PCR technique has con� rmed that all group 2 strains
have the same unique structure adjacent to the so-calle
breakdown-andrestoration region, which is located in the
middle of the a� atoxin gene cluster. This also sugges
a common origin for the group 2 strains. Group 3 strains
(4.3%) contain a deletion larger than that found in group 2
strains. The remaining RIB strains named group 4 (.9%)
appear to have lost the entire a� atoxin gene cluster. Most
recently, the gene cluster for CPA biosynthesis has bee
characterized in someA. oryzaestrains. Production of CPA by
A. oryzaehas long been recognized to be strain speci� c. The
lack of CPA production by certain strains like RIB40 has been
con� rmed to result from the partial loss of the CPA biosyn-
thesis gene cluster, which also is located next to the a� atoxin
biosynthesis gene cluster as inA. � avus.
Conclusion

The genusAspergillusrepresents a large number of species tha
are found in a broad range of habitats. Aspergillusspecies
possess a metabolic versatility that positively and negativel
affects our daily life. Separation of individual species into
various groups or sections within the genus has been base
mostly on overlapping morphological or physiological char-
acteristics.Aspergillus� avusand A. oryzaeare closely related and
conventionally distinguished from each other by morpholog-
ical and cultural characteristics. AlthoughA. � avusproduces
a� atoxins hazardous to health and is an etiological agent of
invasive aspergillosis in animals and humans,A. oryzaeis the
source of many industrial enzymes and is used in the produc-
tion of fermented beverages and foods for human consump-
tion. Recent advances at the genetic, molecular, and genom
levels are enhancing our ability to prevent production of and
contamination by mycotoxins, such as a� atoxin B1 and CPA,
on crops by A. � avusas well as harness and explore the bene
� cial attributes of A. oryzaefor a safer supply of fermented foods
and useful commercial products.

See also:Biochemical Identi�cation Techniques for Foodborne
Fungi:Food Spoilage Flora;Fungi:Overview of Classi� cation of
the Fungi;Foodborne Fungi:Estimation by Cultural Technique
Fungi:Classi� cation of the Deuteromycetes;Mycotoxins:
Classi� cation; Natural Occurrence of Mycotoxins in Food;
Mycotoxins:Detection and Analysis by Classical Techniqu
Mycotoxins:Immunological Techniques for Detection and
Analysis;Mycotoxins:Toxicology.
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One fungal species, Aspergillus �avus in Aspergillus section Flavi,
is most often associated with food spoilage and toxicity to
animals and humans due to its ability to produce the potent
toxins and carcinogens called a�atoxins (Cleveland et al., 2009;
Abbas et al., 2009). A closely related species that does not
produce toxins (Aspergillus oryzae) is used in food fermentations
(Chang and Ehrlich, 2010). Aspergillus �avus is a soil fungus
found in temperate regions worldwide. In the United States it is
found as a preharvest contaminant of corn, peanuts, cotton-
seed, and tree nuts. Aspergillus �avus was thought to lack a sexual
stage, but recent studies have proven that it not only propagates
vegetatively through asexual spores (conidiospores or conidia)
but also can form ascospores. The sexual teleomorph is called
Petromyces �avus (Horn et al., 2009). Recent genomic studies
have shed light on A. �avus’s ability to produce a�atoxins and
also have revealed its population diversity and evolution
(Chang et al., 2006).

Aspergillus �avus produces a�atoxins B1 and B2 and cyclo-
piazonic acid (CPA). It is incapable of producing a�atoxin G1
or G2, toxins produced by the evolutionarily ancestral Asper-
gillus species Aspergillus parasiticus and Aspergillus nomius because
of a mutation in the gene required to produce the cytochrome
P450 monooxygenase needed for their biosynthesis. Only half
of the natural isolates of A. �avus in cotton and corn �elds are
able to make a�atoxins.
Figure 1 Aspergillus flavus growth on a corn ear.
Biology and Habitat of A. flavus

Aspergillus �avus is found in temperate regions of the world as well
as in subtropical regions (Abbas et al., 2009). From an agronomic
perspective, A. �avus is a plant pathogen, but living tissue is only
a minor substrate for these soil-borne �lamentous fungi. From an
ecological perspective, A. �avus grows mainly on dead matter
(saprophytically) and can grow on a wide variety of substrates
including decaying plant and animal debris found in the soil,
where it must compete with the other soil micro�ora. The two
major factors that in�uence soil populations of A. �avus are soil
temperature and soil moisture. Aspergillus �avus can grow at
temperatures of 12–48 �C and at water activity (aw) as low as
0.80. The optimum temperature for growth is 25–42 �C. Fungal
growth and conidial germination are ideal at water activity
greater than 0.90 and are completely inhibited at aw <0.75. Thus,
these organisms are semithermophilic and semixerophytic.

When A. �avus interacts with plants, the primary source of
inoculum (predominantly conidia) appears to be from the soil.
Existing data suggest that fungal mycelia in debris are most likely
the primary soil propagule (Probst et al., 2010; Horn and
Dorner, 2009; Dorner, 2009). The presence of sclerotia (highly
melanized, compacted mycelial bodies) in infected tissue and in
the soil in the southern United States suggests that these
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
structures play an important role in fungal survival when
conditions are unfavorable for growth and propagation. For
peanuts, populations of the fungi in the soil are important in
contaminating the pods, whereas for other plant hosts, airborne
conidia appear to be most important (Horn and Dorner, 2009).

Another type of spore, called an ascospore, is produced by
the teleomorphs (sexual state) of Aspergilli, including A. �avus.
Although not yet observed in nature, evidence of sex has been
observed through laboratory mating tests, and long histories of
genetic recombination have been inferred by analyzing the
structure of A. �avus populations (Moore et al., 2009).
Preharvest Contamination

Temperature and moisture have a signi�cant effect on the
host–pathogen interaction because of their combined effect on
both the host plant and the fungus (Schmidt-Heydt et al.,
2009). Under conditions optimum for these fungi (i.e., high
temperature and low moisture), they thrive and outcompete
other soil and plant micro�ora. Under such conditions, the
fungi are able to produce abundant conidia that are easily
dispersed in the air. These conditions may allow A. �avus to
outcompete other micro�ora on the seed surface, placing them
in an ideal position to colonize both insect-injured or other-
wise susceptible seeds. Under drought conditions, many of the
physiological defense systems of the host plant are compro-
mised due to high temperatures and water stress. Further, these
conditions often lead to cracks in the seed, which allow the
fungi to breach the seed’s structural barriers. An example of an
ear of corn contaminated by A. �avus is shown in Figure 1.

Injury, especially that caused by insects, is very important in
the epidemiology of Aspergillus �avus infection (Abbas et al.,
2009). Abundant sporulation of A. �avus and A. parasiticus is
often observed on developing seeds damaged by insects. Injury
-384730-0.00012-4 83
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not only allows an easy means of entry to the fungus, but it also
provides increased access to plant nutrients and a more favo
able aerobic environment for sporulation and a� atoxin
production. Injury not only allows an easy means of entry for
the fungus, but it also causes dehydration of the kernels, thus
creating a more favorable environment for growth and a� a-
toxin production. Studies found that only minor injury to the
seed is needed to increase a� atoxin contamination.
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Postharvest Contamination

Aspergillus� avus can also rot improperly stored grain and
contaminate the grain with a� atoxins (Magan and Aldred,
2007). The two major environmental conditions for contami-
nation, like those for preharvest contamination, are tempera-
ture and moisture. Properly dried grain does not support
growth of the fungus. Insect activity in stored products some-
times creates favorable microclimates for fungal growth, and
once fungal growth starts, the water from metabolism by the
fungus provides suf� cient additional water for further growth
and mycotoxin development.
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Diversity in A. ßavusPopulations

Aspergillus� avus populations are diverse and composed of
vegetative compatibility groups (VCGs), which largely restrict
hyphal fusion to strains within the same VCG and thus limit
genetic exchange across VCGs (Grubisha and Cotty, 2009). New
VCGs may arise through chance mutations at compatibility loci,
but they may also occur through genetic recombination (Pil-
dain et al., 2004). Evidence of a long history of recombination
has been observed for anA. � avuspopulation from Georgia. The
shuf� ing of genes can create novel genomic structure i
offspring that would then be vegetatively incompatible with the
parental strains as well as sibling strains. A population experi
encing constant recombination will eventually encompass
individuals representing many different VCGs (Horn et al.,
2009). Isolates of A. � avusfrom different VCGs can differ in
enzyme production, virulence, and a� atoxin-producing ability.
Aspergillus� avusalso has been divided into two sclerotial mor-
photypes, called S (small) and L (large), re� ecting the differ-
ences in sizes of their sclerotia (Cotty et al., 1994). Recent
phylogenetic studies have determined that these morphotype
most likely diverged separately from an a� atoxin B- and
G-producing ancestor (Ehrlich, 2006) (see below). Isolates
belonging to the S group produce numerous sclerotia and fewe
conidia than those of the L strain and respond differently to pH
and growth and differentiation in light and dark environments.
The L strain, the‘typical’ A. � avus, produces fewer sclerotia but
more conidia when grown under the same conditions.
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Genomics Studies ofA. ßavus

Aspergillus� avusis very closely related toA. oryzae, a specie
used in the manufacture of Asian fermented foods (Chang and
Ehrlich, 2010). The complete genomic sequences ofA. � avus
and A. oryzaehave been determined. The assembledA. oryzae
and A. � avusgenomes are each 37 Mb and are organized into
eight chromosomes. These are predicted to encode abou
12 000 proteins (Machida et al., 2005; Payne et al., 2006).
Comparison of the genomes ofA. � avusand A. oryzaerevealed
that A. oryzaecontains an increased amount of genes tha
encode extracellular hydrolases but otherwise are remarkabl
similar. Only 43 genes are unique toA. � avusand 129 genes are
unique to A. oryzae; only 709 genes were identi� ed as uniquely
polymorphic between the two species. Many nona� atoxin-
producing A. � avusisolates are found to be associated with
crops; however, the relationship of these toA. oryzae, long
considered to be a separate species, is uncertain.

The numbers of genes encoding secretory hydrolyti
enzymes, proteins involved in amino acid metabolism, and
amino acid/sugar uptake transporters are increased in
A. oryzaecompared to A. � avus. This supports the idea tha
gene expansion inA. oryzaeresulted from its domestication as
a species better adapted for fermentation than is the typica
A. � avus. The degrees of identity at the genome, gene, an
protein levels between A. oryzaeand A. � avussupport the
conclusion that A. oryzaeis not a distinct species.Aspergillus
oryzaeis just one example of a nona� atoxigenicA. � avus. Most
nona� atoxigenic A. � avus isolates contain deletions in the
a� atoxin gene cluster.

Genomics studies ofA. � avushave allowed a better under-
standing of secondary metabolism and its regulation. In
A. � avus55 putative secondary metabolite clusters have bee
identi � ed (Khaldi et al., 2010). Some encode siderophores
(small, high-af� nity iron-chelating compounds) which are
necessary for iron transport, while others have been identi� ed
as encoding genes involved in biosynthesis of knownA. � avus
toxins (see below). A genomics comparison of genes expresse
under a� atoxin-conducive and nonconducive growth condi-
tions found that repression of a� atoxin biosynthesis was
correlated with overproduction of a particular gene product that
may be involved in regulating vegetative growth (the hypo-
thetical gene AFLA_078320) and is� anked by genes encoding
a chitin synthase activator and a cell wall glucanase. Thi
protein had not previously been known to be involved in
regulation of a� atoxin biosynthesis (Price et al., 2005).
Comparison of a� atoxin-conducive and nonconducive temp-
eratures for growth revealed that expression of the regulator
genes a� R and a� S(J) was not affected by temperature, sug
gesting that nonconducive temperature for a� atoxin produc-
tion most likely affects the stability of a key protein necessary
for biosynthesis. Genomics studies have revealed that protein
necessary for fungal development are also necessary for reg
lation of a� atoxin biosynthesis and that the two processes are
linked ( Bayram et al., 2008; Wiemann et al., 2010).
Evolution ofA. ßavus

Through phylogenetic inference, we have an idea of howA.� avus
is evolving. When a phylogeny was inferred for an a� atoxin
cluster gene known asmoxY(a� W), two distinct lineages of
A. � avuswere observed (Moore et al., 2009). One lineage is
composed of more toxin-producing individuals, while the other
lineage is predominantly nona� atoxigenic. Coalescent analysis
shows these lineages to be very old and to share an ancien
common ancestor. These lineages are coevolving, and individ
uals from each lineage may exchange genetic material. Also, a
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partial-cluster A. � avus strains appear to share the non-
a� atoxigenic lineage, and are experiencing lineage-speci� c gene
loss over time (Moore et al., 2009). Whether the cluster genes are
being moved elsewhere in the genome, or whether they are bein
removed from the genome, has yet to be determined.

Based on a phylogenetic comparison of conserved bu
variable genes in species ofAspergilluscapable of producing
a� atoxins, as well as the speciesAspergillus nidulanswhich
produces an a� atoxin precursor, sterigmatocystin, we deduced
that A. � avusevolved from a common B- and G-producing
ancestor about 5–8 Ma (Ehrlich, 2006). Additionally, a distinct
deletion in the a� atoxin biosynthesis gene cluster between
two genes (a� F and a� U) necessary for a� atoxin G formation
was used to phylogenetically distinguish A. � avus S and L
morphotypes (Chang et al., 2006). The deletion in the
S-morphotype isolates is 1516 bp, whereas in the L morpho-
type isolates it is 854 bp. The S-morphotype deletion is also
found in A. oryzaeand in some A. � avusVCG isolates that are
incapable of producing a� atoxins. Based on conservation o
these deletions in the different types ofA. � avus, we suggeste
that separation of the S and L morphotypeA. � avusmay have
occurred about 1 Ma.

Aspergillus� avus has developed an extraordinary ability
among Aspergillusspecies to colonize plants (Cotty et al., 1994).
This ability to escape its normally saprophytic role could have
resulted from an increase in the genome of proteolytic enzyme
encoding genes, nitrogen utilization genes, and genes involve
in carbohydrate metabolism (Rokas, 2009). This gene expan-
sion clearly is associated with a change in the lifestyle of the
fungus. Such changes may have been adaptations to a ne
living environment, and possibly to the emergence of grass
lands during interglacial periods when regions of the earth
became more temperate and whereA. � avushad been existing
mainly as a saprophyte. Grasslands became widespread both
North America and Africa at the expected time of divergence
(about 5–8 Ma) of A. � avus from an ancestral B- and G-
producing species (Osborne, 2008; Stromberg, 2005). Grass-
lands are thought to be maintained by dry periods that allow
frequent lightning-ignited � res (Anderson, 2006). Fires would
increase the nitrogen to carbon ratio in the ash. This change
nutrient composition is in accord with the increases in
nitrogen-utilizing genes found in A. � avus. Eventually agricul-
ture developed, and with the loss of selection pressure for toxin
and secondary metabolite production, nona�atoxigenic strains
of A. � avusmay have become a common variant in the pop-
ulation. This variant may have become so common that,
depending on the agricultural environments tested, 30% and
up to 80% of the isolates of A. � avusfrom a particular region
lack the ability to produce a� atoxins (Sanchez-Hervas et al.
2008; Yin et al., 2008). We hypothesize that, of all a� atoxin-
producing species, onlyA. � avusbecame well adapted to the
rise of agriculture, and with that change, it has a reduced
evolutionary selective pressure for a� atoxin production.
k
st
Methods for Detection ofA. ßavusin Foods and Feeds

Use of Growth Media

Generally, detection ofA. � avusin foods and feeds is carried out
by using traditional microbiological plating methods, by either
surface spread or direct plating of kernels and seeds (Klich,
2006). Media used for detection include potato dextrose agar
(PDA), acidi� ed PDA, and PDA with antibiotics such as
chlortetracycline, chloramphenicol, oxytetracycline, gentamy-
cin, and streptomycin. Because these fungi are semixerophyti
a selective medium containing up to 7% sodium chloride has
been used to isolateA. � avus.

A differential medium, called Aspergillus differential
medium (ADM), contains ferric citrate (0.05%) as the differ-
ential ingredient. This compound reacts withA. � avusmetab-
olites such as kojic acid and aspergillic acid (Figure 4) to
produce a bright orange–yellow pigment on the reverse side of
the colony. Dichloran and chloramphenicol have been added
to ADM to make a new medium called A. � avusand parasiticus
agar (AFPA). This medium contains peptone, 10 g; yeas
extract, 20 g; ferric ammonium citrate, 0.5 g; chloramphenicol,
100 mg; agar, 15 g; distilled water, 1 l; and dichloran, 2 mg (the
� nal pH of 6.2). Cultures on AFPA are routinely incubated at
30 � C for 42–48 h. Dichloran inhibits spreading of fungi, and
chloramphenicol inhibits bacterial contamination. Aspergillus
� avus and A. parasiticusare identi� ed on this medium by
production of typical yellow to olive green spores and a bright
orange reverse. This medium permits rapid identi� cation of
A. � avusand A. parasiticus(within 3 days) because these fungi
grow rapidly at 30 � C. Another advantage of the use of this
medium is the isolation and identi � cation of potentially a� a-
toxigenic fungi from other aspergilli. For example,Aspergillus
nigerproduces a yellow but not orange reverse color, and afte
48 h of incubation A. nigerstarts to develop its dark brown to
black conidia, which easily distinguish it from A. � avus.Asper-
gillus ochraceusgrows relatively slowly at 30� C, and the yellow
color appears after 48 h.

The fermentation industry has utilized a bleomycin-con-
taining medium to separate a� atoxigenicA. parasiticusfrom the
kojic mold Aspergillus sojae. Growth of both species is reduced
by the presence of bleomycin, but A. sojaeisolates barely
germinate or produce microcolonies.
Toxin Production

Screening isolates for a� atoxin production can also help differ-
entiate types of A. � avus. Cultures can be grown on coconut-
cream agar and observed under UV light, or simple agar plug
techniques coupled with thin layer chromatography can be used
to screen cultures for a� atoxin production as an aid to identi� -
cation. Use of polymerase chain reaction and pyrosequencing to
determine the presence and sequence of a� atoxin biosynthesis
genes can now distinguish different sclerotial morphotypes,
VCGs, and abilities ofA. � avusisolates to make a� atoxins (Das
et al., 2008; Hell et al., 2008; Abbas et al., 2004).
Morphological Characterization

Because media can in� uence the morphology and color of
Aspergillus, identi � cation of Aspergillusspecies requires growth
on media developed for this purpose. Czapek agar, a de� ned
medium based on mineral salts, or a derivative such as Czape
yeast extract agar, and malt extract agar or Czapek yea
extract–2% sucrose agar can be a useful aid in identifying
species ofAspergillus(Geiser et al., 2007).
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The morphology of the asexual reproductive structures is
the predominant characteristic that distinguishes the species o
Aspergillus. Species ofAspergillusare identi� ed based on the
arrangement of the conidial head, the shape and size of the
vesicle, the texture and length of the stipe, the shape, texture
and color of the conidia, and the presence or absence o
metulae. The stipe, vesicle, phialides, and conidia form
a structure called the conidiophore.

The stipe, which is also known as the stalk, is a thick-walled
hyphal branch which arises perpendicularly from the foot cell
(Figure 2). The foot cell is a specialized cell characteristic o
aspergilli; however, its absence does not prove that the isolate i
not from the Aspergillusgroup. The stipes in theA. � avusgroup
are rough and hyaline (nonpigmented).

The aerial tip of the developing stipe swells to form
a structure known as a vesicle. Vesicles of fungi in theA. � avus
group are elongated to globose. The shape varies somewh
with the composition of the substrate. The diameter is in the
range 10–65 mm.

Conidiogenous cells, referred to as phialides (formerly
termed sterigmata), develop on the vesicle surface. In som
species ofAspergillusthe phialides are the� rst layer of cells on
the surface of the vesicle. In other species a layer of supportin
cells, metulae, form on the surface of the vesicle and give ris
to the phialides. Conidia always form by budding of the
cytoplasm from the phialide cells. Thus, conidia form in
chains, with the youngest conidium adjacent to the phialide.
Species lacking metulae (e.g.,A. parasiticus) are termed
Figure 2 The conidiophore is attached to the mycelium by a characte
characteristic ofAspergillus ßavus. Electron micrographs ofA. ßavus: (c) Conid
Petromyces ßavus.
uniseriate; species with metulae and phialides (e.g.,A. � avus)
are termed biseriate (Figure 2a–d). The teleomorph of A. � avus
is called Petromyces� avus. In the sexual state the ascospore
develop inside a fruiting structure known as a cleistothecium
(Horn et al., 2009). The namePetromycesis used because the
cleistothecia form within a hardened sclerotial-like structure.
Sex inA. � avusis heterothallic, meaning it must occur between
individuals having opposite mating type, either MAT1-1 or
MAT1-2.

Conidial color and microscopic morphology are impor-
tant in species identi� cation. Conidia (singular: conidium),
also called spores, are asexual reproductive structures. Co
idia in Aspergillusspecies are single-celled structures that ma
be uni- or multinucleate. Ornamentation of conidia is the
most effective criterion for distinguishing A. � avus from
A. parasiticus(Table 1). Conidia from A. � avusare smooth to
slightly roughened, whereas conidia from A. parasiticusare
rough or echinulate. The color of the conidia determines the
color of the conidial head, which in A. � avusis green or olive
green.

In some cases the characteristics of sclerotia are used
taxonomy. Several groups of aspergilli such as theA. � avus,
A. ochraceus, A. nigerand Aspergillus candidusgroups produce
resistant survival structures called sclerotia (singular: sclero
tium). A sclerotium is a hard compact mass of hyphae with
a darkened (melanized) rind capable of surviving unfavorable
environmental conditions. Sclerotia vary in size and shape, and
their color ranges from yellow to brown or black. Aspergillus
ristically foot-shaped structure. Conidial heads, (a) biseriate and (b) uniseriate, are
iophore (magni� cation� 1000), (d) Photomicrograph of an ascospore from



Table 1 Key characteristics of a� atoxin-producing fungi

Characteristic A. ßavus A. parasiticus A. nomius

Conidiophore arrangement (Metulae) Mostly biseriate Mostly uniseriate Mostly biseriate
Conidia Almost smooth to moderately roughened,

variable in size (3–8 mm)
Conspicuously roughened, less

variation in size (4–7 mm)
Similar toA. ßavus

Sclerotia Large, globose Large, globose Small, elongated
Colony color Green Dark yellow–green Green
A� atoxins produced B1, B2 B1, B2, G1, G2 B1, B2, G1, G2

CPA produced Yes (most isolates) No No

Table 2 Signi� cant mycotoxins produced by theAspergillus ßavusgroup and their toxic effects

Mycotoxin(s) Toxicity Species producing

A� atoxins B1 and B2 Acute liver damage, cirrhosis, carcinogenic (liver), teratogenic,
immunosuppressive

A. ßavus, A. parasiticus, A. nomius

A� atoxins G1 and G2 Effects similar to those of B a� atoxins: G1 toxicity less than that of B1 but
greater than that of B2

A. parasiticus, A. nomius

CPA Degeneration and necrosis of various organs, tremorgenic, low oral toxicity A. ßavus
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� avus produces large, globose sclerotia, whereasA. nomius
produces vertically elongated sclerotia.
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DNA Methods

The morphological methods are time consuming, often
requiring 2–3 weeks for accurate identi� cation. Various
methods using biochemical differences between the fungi o
this group have been developed. Even the degree of nucle
DNA complementarity to determine the relatedness between
different members of the section Flavi has been used. Thes
methods are used for separating some toxigenic fungi (such a
A. � avus) from food fermentation fungi (such as A. oryzae).
More recently, detection of DNA single nucleotide poly-
morphisms (SNPs) has been used to identify VCG variants and
sclerotial morphotype variants (Geiser et al., 2000).
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Economic SigniÞcance ofA. ßavus

Food and Feed Contamination by Toxins

The toxigenic species of theA. � avusgroup produce a number
of toxins (Table 2). The best known of these are the a� atoxins.
Other toxic compounds produced by A. � avusare CPA, kojic
acid, b-nitropropionic acid (BNPA), aspertoxin, a� atrem, and
� avutoxin. These secondary metabolites are described in deta

Aßatoxins
A� atoxins are extremely potent, naturally occurring carcino
gens that occur in feed for livestock as well as in food for
human consumption. A� atoxin B1 is the most carcinogenic of
the a� atoxins as well as the most abundant, and thus receive
the most attention in mammalian toxicology. In fact, a� atoxin
B1 is second in carcinogenicity only to the most carcino-
genic family of chemicals known, the synthetically derived
polychlorinated biphenyls. A� atoxin B1 is a hepatocarcinogen
in rats and trout, and can induce carcinomas when ingested a
rates below 1mg kg� 1 body weight. Signi� cant emphasis has
focused on preharvest control of a� atoxin contamination,
because that is when the fungi� rst colonize host-plant tissues.
A� atoxin production is the consequence of a combination of
fungal species, substrate, and environment (Cotty et al., 1994).
The factors affecting a� atoxin production can be divided into
three categories: physical, nutritional, and biological factors.
Two main types of a� atoxins are commonly associated with
A. � avuscontamination, a� atoxins B1 and B2. A� atoxins G1 and
G2, the other main types of a� atoxins are only associated with
contaminations by other species ofAspergillus(Figure 3).

Although A. � avusis considered a‘weak’ parasite, under
favorable environmental conditions it can colonize and infect
living plant tissue, and contaminate seeds with a� atoxin. Even
in cases of serious a� atoxin contamination, the percentage of
seeds infected is often low. Because high levels of a� atoxin can
be produced in individual seeds, and the tolerance level for
a� atoxin contamination is low, even a small number of
infected seeds can be economically important because it ca
result in the rejection of the entire lot of a commodity. Why
A. � avusis most commonly associated with preharvest a� atoxin
contamination rather than other species of a� atoxin-producing
fungi is not well understood.

A� atoxin contamination has received signi� cant publicity
since the incidence of these compounds in food and feed is
ubiquitous and has occurred in many parts of the world. This
has resulted in serious food safety and economic implications
for the entire agriculture industry. A� atoxin content in foods
and feeds is, therefore, regulated in many countries. Of the
countries that attach a numerical value to their tolerance, the
difference between the limits varies signi�cantly. A guideline of
20 parts a� atoxin per billion parts of food or feed substrate
(ppb) is the maximum allowable limit imposed by the U.S.
Food and Drug Administration for interstate shipment of foods
and feeds. European countries are expected to introduce mor
stringent guidelines that may restrict a� atoxin levels in
imported foods (3– 5 ppb).

A� atoxin synthesis has no obvious physiological role in the
primary growth and metabolism of the organism and is,
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Figure 3 Major toxins produced byAspergillus ßavus(a� atoxins B1 and B2) andA. parasiticus(a� atoxins B1, B2, G1 and G2).
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therefore, considered to be a secondary process. It is know
that protein synthesis and consequently growth decline during
the a� atoxin-producing phase (idiophase). As yet, there is no
con� rmed biological role of a� atoxins in the ecological survival
of the fungal organism. However, since a� atoxins are toxic to
certain potential competitor microbes in the ecosystem,
a survival bene� t to the producing fungi is implied. It should be
noted, however, that a� atoxin per se is a poor antibiotic.
Theories have also been proposed about a possible biologica
role of a� atoxins or related compounds as deterrents to insec
feeding activity on fungal conidia and overwintering structures.

The mode of action, metabolism, and biosynthesis of a� a-
toxins has been extensively studied, particularly in the las
decade (Carbone et al., 2007). The chemical binding of the
liver enzyme-activated a� atoxin molecule to animal DNA,
Figure 4 Other minor toxic secondary metabolites produced byAspergillus ß
causing mutations and possible carcinogenesis, has bee
elucidated. The chemistry, biochemistry, and molecular
biology of synthesis of a� atoxins B1 and B2 are now understood
in signi� cant detail (Yu et al., 2010).

Several agronomic practices can reduce preharvest a� a-
toxin contamination of certain crops. Among these practices
are the use of pesticides, altered cultural practices (such a
irrigation), and the use of resistant varieties. However, such
procedures have demonstrated only a limited potential for
reducing a� atoxin levels in the � eld, especially in years
of drought when environmental conditions favor the
contamination process. Broad areas are being studied fo
control of a� atoxin contamination. These include: (1)
fundamental molecular and biological mechanisms that
regulate the biosynthesis of a� atoxin by the fungi, and the
avus.
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ecological and biological factors that in� uence toxin
production in the � eld; and (2) biochemistry of host-plant
resistance to a� atoxin and/or a� atoxigenic fungi (reviewed
in Bhatnagar et al., 2008; Brown et al., 2010). Knowledge in
these areas has already signi� cantly helped develop novel
methods to manipulate the chain of events in a� atoxin
contamination.

Cyclopiazonic Acid
CPA and a� atrem, two other toxins produced by A. � avus, are
only produced by some A. � avusisolates and represent a dis
tinguishing characteristic (Figure 4). Other toxic metabolites
produced by A. � avusare also shown in Figure 4. CPA is an
indole-tetramic acid mycotoxin produced predominantly by
severalPenicilliumspp. (Chang et al., 2009). However, most
A. � avus(but not A. parasiticus) strains produce this compound.
CPA is widely distributed in the environment and has been
detected in naturally contaminated agricultural raw materials
and mixed animal feeds.

The toxicity of CPA has been demonstrated in many anima
species, including chicken, rabbit, dog, pig, and rat. Treate
animals show severe gastrointestinal distress and neurologic
disorders after ingestion of food contaminated with CPA.
Affected organs, in particular the digestive tract, liver, kidney
and heart, show degenerative changes and necrosis. The c
occurrence of CPA along with a� atoxins in naturally contami-
nated agricultural products has not yet been adequately
studied.

MiscellaneousA. �avus Metabolites
Five additional metabolites produced byA. � avusunder certain
conditions are considered to be toxins. These are aspergill
acid, a� atrem, aspertoxin, kojic acid, and BNPA (Figure 4). On
ingestion by mice, aspergillic acid produces severe convulsion
followed by death. Aspergillic acid and other derivatives are
produced by other Aspergillusspecies as well. A� atrem has the
ability to produce a hypertensive state in dosed animals
characterized as an initial muscular inactivity followed by
a heightened response to auditory and tactile stimuli that
produces trembling. Such neurotoxins are called tremogens
Aspertoxin, a molecule closely related to sterigmatocystin
(a precursor of a� atoxins), has been isolated fromA. � avus
and has been shown to be embryotoxic in poultry. However, it
is not considered relevant in animal feedstuff toxicity. Kojic
acid is produced by variousAspergillusand Penicilliumspecies.
It is found in very low concentrations in traditional Japanese
foods such as miso, soy sauce, and sake. Kojic acid is also us
as an additive for preventing enzymatic browning and for
cosmetics. Although only very limited information about
kojic acid toxicity is available, it was found to be a weak
mutagen and was able to induce sister chromatid exchang
and chromosomal aberrations.Aspergillus� avusis considered
by some to be one of the most active heterotrophic nitrifying
microorganisms. BNPA is probably involved in the nitri� ca-
tion pathway of A. � avusand is suggested as a key interme
diate in formation of nitrates. The toxicity of BNPA is not
established, but inorganic nitrates per se are relativel
nontoxic to humans and animals except when reduced to
nitrites prior to ingestion or reduced within the gastrointes-
tinal tract prior to absorption.
A. ßavusas an Allergen and Animal Pathogen

Aspergillusspecies cause several allergic and infective condition
of humans and certain other vertebrates. These include allerg
bronchopulmonary aspergillosis and invasive pulmonary
aspergillosis. The most common cause of most of thes
conditions is Aspergillus fumigatus. However, other aspergilli,
including members of the A. � avus group, are sometimes
implicated ( Hedayati et al., 2007).

Biocontrol

The current strategy to control a� atoxin formation in cotton is
to introduce a single nona� atoxigenic isolate into the soil of
cotton (Cotty et al., 2008) or corn ( Reddy et al., 2009) to
‘displace’ a� atoxin-producing isolates. Use of different
biocontrol A. � avus strains has been found to be partially
effective for reducing a� atoxin levels in peanuts and corn
(Horn and Dorner, 2009; Wu and Khlangwiset, 2010) and
cotton (Jaime-Garcia and Cotty, 2008). Previous studies found
no correlation between a� atoxin-producing ability and
a strain’s ability to colonize and infect developing cotton bolls
(Cotty, 1990). In fact, competition between dissimilar strains
of fungi, bacteria, and yeast was also able to lower levels o
a� atoxin in a competitive environment ( Wicklow et al., 2003).
Simultaneous inoculation of developing cotton bolls and corn
ears with toxigenic and atoxigenic strains led to a� atoxin
reduction. Not all atoxigenic isolates reduced contamination
by a� atoxin-producing strains during co-infection of crops, but
certain strains consistently caused reductions of 90% or more
Optimal timing of applications in commercial cotton � elds was
found to be necessary to achieve effective dispersal of th
biocontrol strain AF36. Currently, the biocontrol strategy is the
most developed approach for reducing a� atoxin contamina-
tion in preharvest crops.

Ecological BeneÞts
Although A. � avusgroup fungi are not commonly recognized as
bene� cial, these ubiquitous organisms become dominant
members of the micro� ora under certain circumstances and
exert multiple in � uences on both biota and environment.
These fungi are important degraders of crop debris and ma
play roles in solubilizing and recycling crop and soil nutrients.
Aspergillus� avuscan even degrade lignin. As insect pathogens
these fungi may serve to limit pest populations and have been
considered potential agents to replace chemical pesticides.

Many insects typically carryA. � avus isolates internally.
Excretion of large quantities of diverse enzymes is a characte
istic of the A. � avusgroup. Insect use of enzymes excreted by th
fungus that degrade or detoxify plant products can result in
a symbiotic A. � avus–insect relationship.
Conclusion

The Aspergillussection Flavi comprises a metabolically diverse
group of fungi. Species within this group are either prized
for their many industrial applications or feared for the toxins
they produce. Of the latter group,A. � avusis the best known
species. It occurs in warm temperate and subtropical climate
all over the world. Although the fungus is not a very aggressive
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pathogen, under weather conditions conducive for its growth
A. � avuscan colonize seeds in the� eld and contaminate them
with a� atoxin. Because of its ability to grow at low water
activity, A. � avusis also well adapted to colonize seeds of grain
and oil crops in storage where exposure of seed to moisture i
purposely limited. Control methods have been developed for
postharvest control of a� atoxin contamination, but there are
no completely effective control strategies to prevent a� atoxin
accumulation in the � eld when conditions are favorable for the
fungus. Several tools are now available for detectingA. � avus
and for distinguishing A. � avusfrom related species used in the
fermentation industry. Newer molecular tools being developed
promise to make this distinction even easier.Aspergillus� avus
itself is composed of a diverse population, and isolates of the
fungus differ in several morphological and physiological traits.
As few as half of the strains from some locations produce
a� atoxin. A better understanding of the population genetics of
A. � avusand the genetics of secondary metabolism in this
fungus is helping in the development of new control strategies
to eliminate preharvest a� atoxin contamination resulting in
a safer, economically viable food and feed supply.
s fo

ofs
to

f No
l So

lex
Sc

nd
onta

har
ntia

e d
MC

gy

ongs
nati

hes

rol
:
ultu
, D

ulated with
l Science and

s

roduction and
l

ic mapping of
47, 736

cology 44,

nd analysis of

g mycotoxins in
1
tion in�

lineage-speci
18,

e the miocene

me comparison

on structure of
eographic

nal of Food

on-
c-

an

ntamination of
28,

e. Trends in

nd mycotoxin
crobiology 125,
See also: Aspergillus; Enzyme Immunoassays:Overview;
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Figure 1 Conidiophore structures of A. oryzae.
Characteristics of the Species

Aspergillus oryzae plays a pivotal role in Asian food
manufacturing, such as saké, shoyu (soy sauce), and miso
(soybean paste). For thousands of years, it has been used for
making fermented food and beverages. In addition, A. oryzae
has been used in the production of industrial enzymes for food
processing. A. oryzae is accepted as a microorganism having
generally regarded as safe status.

A. oryzae is an aerobic �lamentous fungus and belongs to
the Aspergillus subgenus Circumdati section Flavi, previously
known as the A. �avus group. Aspergillus section Flavi contains
industrially important species, such as A. oryzae, as well as
agronomically and medically signi�cant fungi, such as A. �avus
and A. parasiticus, which produce a potent carcinogenic
substance, a�atoxin. Taxonomically, A. oryzae is closely related
to A. �avus, A. parasiticus, and A. sojae, which has also been used
for shoyu fermentation for a long time. Despite such close
relatedness, A. oryzae and A. sojae never produce a�atoxins and
are used in fermented food manufacturing. Thus, it is of great
importance to differentiate these four species accurately,
although recent taxonomical studies on Aspergillus section Flavi
have some controversial aspects.

A. oryzae is isolated from soils and plants, particularly rice.
A. oryzae is named after its occurrence in nature and cultivation
industrially on rice, Oryza sativa. A. oryzae has an optimal growth
temperature of 32–36 �C (�1 �C) and is unable to grow above
44 �C. It has an optimal growth pH of 5–6 and can germinate at
pH 2–8. It has been reported that A. oryzae could grow in corn
�our with a water content of about 16%. It generally can grow
on media with a water activity (aw) above 0.8, but it rarely grows
below 0.8.

Like most other fungi, A. oryzae grows vegetatively as
haploid multinucleate �laments, designated hyphae, or
mycelia. Hyphae of A. oryzae extend at the apical tips and
multiply by branching, so that the colony covers the surface of
the solidi�ed agar medium after several days of incubation.
Hyphal growth keeps on going in liquid medium as long as
the hyphae are not exposed to air atmosphere. Conidiophore
structures, however, which bear asexual reproductive spores
called conidia (Figure 1), are produced when hyphae are
transferred onto solidi�ed agar medium. When grown on the
surface of an agar medium, the colony is initially white
because of the vegetative hyphal growth, and then it turns to
yellowish green as a large amount of conidia form. In most
strains of A. oryzae, the color of fresh culture or conidia is
yellowish green, but that of old culture is brown, sometimes
green with brown shades. Conidial heads are usually globose
to radiate, 100–200 mm in diameter. In A. oryzae, sexual life
cycle has not been found as in other industrially important
�lamentous fungi, such as A. niger and Penicillium chrys-
ogenum. Conidia of A. oryzae are haploid, but multinucleate
(conidia have mostly two to four or more nuclei) in contrast
to uninucleate conidia of A. nidulans or A. niger. This makes
genetic manipulation of A. oryzae more dif�cult, compared
92 Encyclopedia of Food Mic
with A. niger. Conidia are large, 5–8 mm in diameter, and
spherical to slightly oval. Conidial walls are mostly smooth to
�nely roughened. Most strains of A. oryzae have only phialides
on the vesicles (uniseriate sterigmata), but some contain
metulae and phialides (biseriate sterigmata). Stipes of
conidiophores are colorless and mostly roughened, to occa-
sionally smooth and less roughened. They are long, in the
range 1–5 mm.

Because of the dif�culties of classical genetic analyses,
little was known of the genetics of A. oryzae, or its �ne genetic
map. Recently, however, by means of pulsed-�eld gel elec-
trophoresis (PFGE), electrophoretic karyotyping of an
A. oryzae strain, RIB40, has been accomplished. A. oryzae
chromosomes prepared from protoplasts were separated by
PFGE and gave seven ethidium bromide (EtdBr)–stained
bands. The sizes of these were estimated roughly as 7.0, 5.2,
5.0, 4.5, 4.0, 3.7, and 2.8 Mbp, in comparison with the
chromosome size of Schizosaccharomyces pombe. Of these
seven chromosomal bands, the smallest was assumed to be
a doublet suggested by the �uorescence intensity of EtdBr
stain and the results of Southern blot analyses with 100
random clones isolated from A. oryzae. Consequently, it is
likely that A. oryzae has eight chromosomes and the genome
size is approximately 35 Mbp. The number of chromosomes
is the same as that of A. nidulans and A. niger, and the genome
size also is consistent with that of A. nidulans (31 Mbp) and
A. niger (36–39 Mbp). In addition, 13 genes – including
rDNA of A. oryzae – were hybridized to the chromosomal
bands, and at least one gene was assigned to an individual
chromosome. The related fungus A. �avus has also been
electrophoretically karyotyped and was assumed to have eight
chromosomes and an estimated 36 Mbp genome size. When
chromosomes derived from genealogically different strains of
A. oryzae were separated on PFGE, the results revealed slightly
different patterns. This indicated that changes in genome
organization such as a chromosomal translocation often have
occurred in A. oryzae intraspeci�cally. Also, this fact means
that the electrophoretic karyotype cannot be used to distin-
guish A. oryzae from A. �avus, although it would be expected
to be a promising taxonomic criterion.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00011-2
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Importance in the Food Industry

For a thousand years,A. oryzaeand A. sojaehave been used
widely in Asia, particularly in Japan, as the starter for prepa
ration of koji, which is a solid-state culture of the mold grown
on cereal grains such as rice, wheat, or barley. Thus, these fun
are called koji mold. Koji is a complex enzyme preparation
(which is comparable to malt in brewing), including amylo-
lytic and proteolytic enzymes, used to make fermented foods
and beverages (i.e., saké, shoyu, miso). The koji also contrib
utes to color, � avor, and aroma, which are important for the
overall character of the fermented products. The koji mold is
the most important factor in determining the distinctive quality
of these fermented foods.

In ancient times, for food fermentations in the production
of saké or shoyu, koji preparation depended on passive inoc
ulation by A. oryzaeassociated with the rooms and facilities in
the factory, which originated from the atmosphere or more
likely from rice husks and kernels. Once koji with good qual-
ities had been made, it was conserved successively as a se
culture of A. oryzaefor koji making. Very old publications in
Japan described the use of rice smut, in which a plant patho
genic fungus Ustilaginoidea virensis mainly found but from
which A. oryzaeis also isolated, as a seed culture of the mold
WhereasU. virenscannot grow on steamed rice grains becaus
of its low productivity of proteolytic enzymes, A. oryzaeis able
to grow rapidly and thus predominates in koji preparation.
Nowadays, seed cultures ofA. oryzaewith favorable character-
istics for the fermented products are available as conidiospore
of the mold ( tane-koji) from tane-kojimanufacturers in Japan
who provide them for saké, shoyu, and miso production.

The most important role of A. oryzaein the food industry is
as a source of a variety of enzymes for hydrolyzing the raw
materials used for fermentation. Of the hydrolytic enzymes
produced by A. oryzae, the most important enzymes in sak
fermentation are a-amylase and glucoamylase, which play
crucial roles in starch solubilization and sacchari� cation.
a-Amylase ofA. oryzaeis known as Taka-amylase A, which ha
been extensively studied. The enzyme, a glycoprotein consis
ing of a single polypeptide chain of 478 amino acid residues,
has been characterized by X-ray crystallography. The gen
encoding a-amylase have been cloned and sequenced from
genealogically unrelated strains ofA. oryzae. Interestingly, al
strains have two or three copies ofa-amylase-encoding genes
(amyA, amyB, and amyC). These multiple genes have nearly
identical nucleotide sequences in the coding and 50-� anking
regions and signi� cant divergences only in the 30-� anking
region. All of theseamygenes are functional in the mold. The
observation that there are multiple functional amy genes in
A. oryzaecould explain the reason why this mold is a high
producer of a-amylase. As mentioned,A. oryzaeis closely
related to A. sojae, and the a� atoxigenic fungi, A. � avusand
A. parasiticus. Among them, A. oryzaeis known as ana-amylase
hyperproducer and thus has been used for the industria
production of the enzyme. Southern analysis of a number of
strains of the four species showed that all strains ofA. oryzae
examined have multiple (two or three) genes, whereas all the
strains tested of the other three species have a single gene. It
suggested, therefore, that the ability ofA. oryzaeto make rapid
use of available starch due to the high productivity of
a-amylase could have been selected preferentially during long
term cultivation on rice grains in saké fermentation. Further-
more, since the� nding that multiple amygenes are a distinctive
feature ofA. oryzae, this may be used as a taxonomical criterio
to differentiate A. oryzaefrom the other closely relatedAsper-
gillus spp. As the isolated phage or cosmid clones contained
only individual amy genes, they could not be clustered on
a single chromosome. The threeamygenes were found by PFGE
Southern blot analysis to be dispersed on three differen
chromosomes.

Another amylase, glucoamylase, produced byA. oryzaeis also
important in saké fermentation, because the rate of alcohol
fermentation depends on the concentration of glucose in the
moromimash. The multiple forms of glucoamylase puri� ed from
rice-koji, did not adsorb to or digest raw starch, in contrast to
that of the A. nigergroup. The glucoamylase ofA. nigerexists in
two major forms; one larger form is able to adsorb onto and
digest raw starch, whereas the smaller form has no activity to raw
starch but digests soluble starch or maltodextrins. The smalle
glucoamylase is likely generated by limited proteolysis in the
C-terminal region of the larger one. Very recently, it has been
demonstrated that A. oryzaehas at least two glucoamylase
encoding genes, designatedglaA and glaB. The glaA gene
encodes glucoamylase with a starch-binding domain and an
ability to digest raw starch. On the other hand, theglaBgene
product has no starch-binding domain nor digestibility of raw
starch. Interestingly, the glaB gene has been shown to be
speci� cally expressed in solid-state culture, for instance, in rice
koji preparation, but it had an undetectable expression in
submerged culture. In particular, the expression level ofglaBis
much higher than that of glaAin rice-koji making, with the result
that the glaB-encoded glucoamylase predominates in rice-koji
This indicates the possibility of the existence of several kind
of genes other than theglaBgene being speci� cally expressed
under solid-state culture conditions, whereas useful enzyme
and metabolites are produced for fermented food processing.

In addition to amylolytic enzymes, proteolytic, cellulolytic,
and xylanolytic enzymes are important in shoyu making. The
genes encoding these enzymes have been isolated a
sequenced. Furthermore, a number of genes encoding othe
extracellular and intracellular proteins, including industrially
important enzymes, have been cloned and their structures and
functions have been investigated (Table 1).

Although A. oryzaeproduces a copious amount of useful
enzymes, its safety in food fermentation is most important.
Because there have been no reports of invasive growth o
infections by A. oryzaein healthy humans, it is generally
recognized as nonpathogenic. All theA. oryzaeisolates so far
examined for a� atoxin production have been proven non-
a� atoxigenic. On the other hand, some strains ofA. oryzaehave
been found to produce mycotoxins, cyclopiazonic acid, and
kojic acid. These compounds, however, are generally not muc
produced in the koji preparation and are decomposed easily by
yeasts in the fermentation process.
Method for Detection and IdentiÞcation ofA. oryzae

A. oryzaeis found primarily in Asia, especially in Japan and
China, where it is used widely for the fermentation of food and
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Table 1 Genes isolated fromAspergillus oryzae

Genes for extracellular enzymes Genes for intracellular proteins

a-Amylase (amyA, amyB,amyC) Acetamidase (amdS)
Glucoamylase (glaA, glaB(solid-culture speci� c)) 3-Phosphoglycerate kinase (pgkA)
a-Glucosidase (agdA) Glyceraldehyde 3-phosphate dehydrogenase
Alkaline protease (alpA) Calmodulin (cmdA)
Aspartic (acid) protease (pepA(pepO)) Nitrate reductase (niaD)
Neutral protease II (mep20) Alcohol dehydrogenase
Carboxypeptidase O Enolase (enoA)
Cellulase (b-1,4-glucanase) (celA, celB, celC) Protein disul� de isomerase (pdiA)
b-Galactosidase (lacA) RNA polymerase II
Ribonuclease T1, T2 (rntA, rntB) Nuclease O (nucO)
Nuclease S1 (nucS) Nuclease O inhibitor
Polygalacturonase (pgaA, pgaB, pecA, pecB) Pyruvate decarboxylase (pdcA)
Pectin lyase (pelA, pelB) b-Tubulin (benA)
Xylanase (xynF1, xynG1) Actin-related protein (arpA)
Lipolytic enzyme (cutL) Translation elongation factor (tef1)
Monodiacyllipase (mdlB) Orotidine-50-phosphate decarboxylase (pyrG)
Tyrosinase (melO) Ornithine carbamoyltransferase (argB)
Tannase Activator ofamdS(amdR)

Catabolite repressor (creA)
Activator for conidiation (brlA)
Activator of amylolytic enzymes (amyR)
CAAT-binding protein complex (hapB, hapC, hapE)

Table 2 Taxonomic key for identi� cation ofAspergillus oryzaeand
other closely related species

A. Conidial walls are smooth to Þnely roughened
1. Conidial diameters usually 4–8.5 mm; conidia usually

greyish yellow to olive brown in age; conidiophores
predominantly> 0.8 mm long

A. oryzae

2. Conidial diameters usually 3–6 mm; conidia remaining
green in age; conidiophores predominantly< 0.8 mm
long

A. ßavus

B. Conidial walls are consistently coarsely roughened
1. Conidia diameters usually 5–8 mm; conidia usually pale

brown in age; conidia not ornamented with dark-
colored tubercles

A. sojae

2. Conidial diameters usually 3–6 mm; conidia remaining
green in age

A. parasiticus
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alcoholic beverages. It is also isolated from soils or plants in
subtropical regions.A. oryzaeand A. sojaeare koji molds used
for food fermentation, and never produce a� atoxin, but are
conceived taxonomically as domesticated fungi ofA. � avusand
A. parasiticus, which are a� atoxin producers. Because of their
close relatedness, accidental use of anA. � avusor A. parasiticus
strain in food fermentation processes may result in a� atoxin
contamination in food products. Therefore, it is important to
differentiate A. oryzaeand A. sojaefrom a� atoxigenic A. � avus
and A. parasiticusand to certify the nona� atoxigenic properties
of the strain used.

As in other � lamentous fungi, A. oryzaeisolates are obtained
by dilution plating and direct plating methods from foods, soil,
and plant materials. Identi� cation of an A. oryzaeisolate is
based principally on morphological properties, such as the
diameter, color, and texture of the colony; the size and surface
texture of conidia; the structure of conidial heads (biseriate or
uniseriate); and the length and surface texture of stipes
Morphological characters of the isolates are examined afte
growth on Czapek agar (CZ) or Czapek yeast extract agar (CYA
at 25 and 37 � C, and malt extract agar at 25� C for usually
7 days. Macroscopical and microscopical observations on
a number of isolates belonging to four taxa, namely,A. oryzae,
A. sojae, A. � avus, andA. parasiticus, have not identi� ed one
character alone that will allow for differentiation of the four
species, because each species has a high degree of intraspe� c
variation and there is interspeci� c overlap of each character
The most reliable characteristic for differentiatingA. � avus/
oryzaefrom A. parasiticus/sojae, however, is the texture of
conidial walls. Conidial walls of A. � avus/oryzaeare smooth to
� nely roughened, whereas those ofA. parasiticus/sojaeare de� -
nitely rough. To further distinguish A. oryzaeand A. � avus,
a combination of several characters is required. For example
the conidial diameters of A. oryzaeare slightly larger than those
of A. � avus, and colonies on CZ or CYA become brown with ag
in most A. oryzaestrains but remain green in A. � avus. In
addition, conidiophores of A. oryzaeare mostly longer than
those of A. � avus. The taxonomic key for differentiation of the
four species is described inTable 2.

Although taxonomy using the morphological features
shown in Table 2 is established to differentiate the four
species, it is time consuming and requires experience fo
accurate identi� cations. It is sometimes impossible to deter-
mine the species because of the intra- and interspeci�c variety
of morphological characters. In particular, there are some
reports that ‘wild ’ isolates of A. � avusmay change morpho-
logically to resemble‘domesticated’ A. oryzaewith successive
transfers.

Besides morphological methods, biochemical and molec-
ular biological techniques have been used to identifyAspergillus
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section Flavi as well. These include isoenzyme pattern, DNA
complementarity, restriction fragment-length polymorphism
(RFLP), and random ampli� ed polymorphic DNA (RAPD).
DNA complementarity is used to compare the relatedness o
the species by measuring the rate and extent of reassociation
DNA from two species. The degree of nuclear DNA comple
mentarity was 100% similarity betweenA. oryzaeand A. � avus,
and 91% similarity between A. sojaeand A. parasiticus. DNA
complementarity between A. � avusand A. parasiticuswas also
high at 70%. This indicated that the four taxa may be divided
into two groups, namely, A. � avus/oryzae group and
A. parasiticus/sojaegroup, consistent with the morphological
difference in conidial wall texture. This method, however,
cannot differentiateA. oryzaefrom A. � avus. Isoenzyme patterns
obtained by polyacrylamide gel electrophoresis have also bee
used for taxonomic study. When electrophoretic mobility
patterns of several kinds of enzymes, including extracellula
and intracellular enzymes from isolates ofAspergillussection
Flavi were compared, it was possible to distinguishA. � avus/
oryzaefrom A. parasiticus/sojaebut impossible to differentiate
A. oryzaefrom A. � avus.

In the RFLP method, DNA from different species is digested
with a restriction endonuclease following electrophoresis and
the resulting DNA fragment patterns are then compared. Tota
DNA of the representative strains of the four related species i
Aspergillussection Flavi was digested with various restriction
enzymes and separated by agarose gel electrophoresis. O
enzyme, SmaI, produced interspeci� cally distinctive cleavage
patterns of the four species as shown inFigure 2. All species
had a 1.8 kb band, which stained strongly with EtdBr.A. oryzae
also showed major bands at 3.0 and 1.0 kb, whereasA. � avus
showed a major band at 4.0 kb. Similarly,A. sojaehad 3.4 and
1.0 kb bands, whereasA. parasiticushad a 4.4 kb band. It was
con� rmed by using several strains of each species that the
restriction patterns were intraspeci� c. Thus, the species-speci� c
differences in the length of the band at 3–5 kb could be used for
differentiation of the four species. This method is simple and
rapid, no experience is required and the identi� cation can be
done within 3 days. Furthermore, since the species-speci� c
bands can be distinguished readily from each other, the
isolates can be identi� ed even if it is dif� cult to differentiate
them by conventional morphological methods. This RFLP
method, therefore, provides an excellent adjunct to other
taxonomic keys to distinguish the four industrially important
species.

Recently,A. sojaeand A. parasiticushave also been differ-
entiated from each other by the RAPD method.
Figure 2 Distinctive cleavage patterns produced by the RFLP metho
As described, the koji molds,A. oryzaeand A. sojae, can be
distinguished clearly from a� atoxigenic fungi, A. � avus, and
A. parasiticus, morphologically and molecularly. Because of
a high degree of DNA similarity among the four species, it is
important to con � rm that the strain to be used in food
fermentation does not produce a� atoxin by chemical analysis,
particularly when strain improvement has been done by
mutagenesis or a strain has been newly isolated from natura
habitat. Production of a� atoxins can be assessed by sever
methods. The standard methods for quanti� cation of a� atoxins
are based on a� atoxin production on solid or liquid cultures
followed by extraction with solvents, separation, and detection
by thin-layer chromatography (TLC). As a qualitative method,
small agar plugs from plate cultures are spotted directly onto
a TLC plate and analyzed by TLC. Alternatively, simple
methods for the detection of the a� atoxins produced on agar
plates under long-wave ultraviolet (UV) light have been
developed as described in the following section.
Detection of the Fluorescence on A�atoxin-producing ability
(APA) Medium

Conidia of the isolate are inoculated on to the agar-solidi� ed
APA medium (3% sucrose, 1% (NH4)H 2PO4, 0.1% K2HPO4,
0.05% KCl, 0.05% MgSO4$7H2O, 0.001% FeSO4$7H2O,
5 � 10� 4 m HgCl2, 0.05% corn steep liquor, 2% agar, pH 5.5)
and then grown at 28 � C for 7–10 days. A� atoxin-producing
strains are detected by blue or green� uorescence of the a� a-
toxin diffusing around the colony at 365 nm.
UV Adsorption Detected by UV Photography

The isolate is inoculated on GY agar medium (2% glucose
0.5% yeast extract, 2% agar) and grown at 28� C in the dark for
3 days. Plastic Petri dishes are placed upsidedown on a blac
background and photographed under long-wave UV light
(365 nm) with a camera equipped with a UV lens and UV
interference � lter. In the UV photographs, nona� atoxigenic
strains appear as white colonies, whereas a� atoxin-producing
strains are observed as gray or black colonies because of U
absorption by the a� atoxin produced.
t
l.

es
Molecular Characterization of Nonaßatoxigenicity
of A. oryzae

Although A. oryzaeand A. � avus can be distinguished by
morphological and RFLP methods, it must be accepted tha
these two species are closely related on the molecular leve
Therefore, why is a� atoxin produced by A. � avusand not by
A. oryzae? A� atoxins are synthesized initially by condensation
of acetate units to form norsolorinic acid, which is converted
into a� atoxins through a biosynthetic pathway involving at
least 16 enzymes. So far, several genes encoding enzym
involved in a� atoxin biosynthesis have been cloned and well
characterized fromA. � avusand A. parasiticus. These arepksA
coding for polyketide synthase,nor-1 for a reductase convert-
ing norsolorinic acid into averantin, verAfor an enzyme con-
verting versicolorin A into sterigmatocystin, and omtA for
an O-methyltransferase involved in the conversion ofd.
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sterigmatocystin into O-methylsterigmatocystin. In addition,
a transcriptional activator gene, a�R, responsible for the
expression of the pathway genes, has also been isolated. More
recently, these �ve genes have been shown to be clustered on
about 60 kb region of the chromosome DNA in both a�a-
toxigenic fungi. Furthermore, A. nidulans, which produces
sterigmatocystin but not a�atoxin, has been shown to have 25
genes that possibly are required for the biosynthesis of ster-
igmatocystin within a 60 kb DNA fragment. Because so many
genes are involved in the synthesis of a�atoxin, it is most likely
that A. oryzae has lost one or more of the genes required for
a�atoxin biosynthesis.

To determine the existence of the genes involved in the
a�atoxin synthetic pathway in koji molds, Southern blot
analyses have been done using the a�R and omtA genes as
hybridization probes. All strains of A. �avus, A. parasiticus, and
A. sojae tested showed hybridized hands with both genes,
whereas none of the A. oryzae tested hybridized to the a�R gene
and one of the three strains did not hybridize to the omtA gene.
Another experiment in which the verA gene was used as
a hybridization probe showed that the verA homologue was
detected in 38 of 46 strains of A. oryzae examined, but not in
eight strains. The transcripts of the verA homologue could not
be detected in the strains of A. oryzae with the verA examined by
reverse transcription–polymerase chain reaction under the
conditions of a�atoxin production. These results indicate that
A. oryzae does not produce a�atoxin because at least one of the
genes required for a�atoxin biosynthesis is absent or is tran-
scriptionally blocked. In addition, homologous genes involved
in a�atoxin biosynthesis exist in all isolates of another koji
mold, A. sojae, examined so far, but some of the genes are not
transcribed even under a�atoxin-producing conditions.
Molecular biological techniques thus have revealed the non-
a�atoxigenicity of koji molds. Nevertheless, the strain of
A. oryzae that lacks one or more of the a�atoxin biosynthetic
genes, preferably the regulatory gene, a�R, should be used in
the fermentation process to ensure the nona�atoxigenicity of
the strain used on the molecular level.

The genome of A. oryzae has been completed and revealed a
genome of 37 Mb, which is much larger than those of A. nidulans
or A. fumigatus. The additional sequence blocks encode the ability
to synthesize secondary metabolites and amino acid–sugar
transporters. A total of 12 074 genes were identi�ed.

It appears that A. oryzae does not produce a�atoxin because
of the loss of function in the cluster of genes responsible for its
production.
See also: Aspergillus; Aspergillus:Aspergillus flavus; Fermented
Foods:Fermentations of East and Southeast Asia; Fungi:The
Fungal Hypha; Fungi:Overview of Classi� cation of the Fungi;
Foodborne Fungi:Estimation by Cultural Techniques; Fungi:
Classi� cation of the Deuteromycetes.
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Introduction

Meat production is a major contributor to the world’s food
supply. Unfortunately, meat products have been documented as
one of the predominant sources of food-borne illness.
Outbreaks of food-borne illnesses involving infectious Escher-
ichia coli, Salmonella spp., and Campylobacter jejuni are an indi-
cation that food industries may require a better means of
assessing microbial levels in food products. One of the prob-
lems associated with conventional microbiological techniques
is the incubation time required to obtain results (e.g., more than
24 h). Present methodologies are inadequate for the needs of
the food industry in determining quality and safety of their
products. Although there are ‘systems’ approaches to drive the
momentum of safe food production, there is a need for proto-
cols that can evaluate the hygienic condition of the processing
system effectively, accurately, and in ‘real time.’ Unfortunately,
conventional microbiological techniques are inadequate
methods for real-time analysis of food production systems.

There have been several developments in microbiology
designed to speed up the determination of microbial pop-
ulations in food samples. One approach that may be of prac-
tical use to the meat industry is 50-adenosine triphosphate
(ATP) bioluminescence. This has been used to determine
microbial levels in a variety of food products and has been
shown to be as reliable as plate count procedures. The major
advantage of the ATP bioluminescence assay is the speed of the
test – results are produced within 15–60 min – which would
allow a manufacturer to assess the hygiene of food products
and equipment during a production run.
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Figure 1 Chemical structure of adenosine 50-triphosphate.
The ATP Bioluminescence Reaction

Adenosine triphosphate is a universal energy transfer mole-
cule that is found in all living cells. It is a nucleotide identical
to the molecule found in RNA. The phosphate bonds of the
molecule are the major source of energy release (Figure 1).
It is typically used for synthesis of amino acids, protein
synthesis, active transport systems, and so on. Research has
suggested that the level of ATP in a sample could be used to
measure biomass. However, several assumptions are made if
this were applied to bacteria:

l all living organisms contain ATP,
l ATP is neither associated with dead cells nor absorbed onto

surfaces,
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
l the level of ATP among taxa is fairly consistent given a set
environmental conditions and metabolic activity.

Quantifying the level of intracellular ATP in a sample gives
an indirect measurement of the number of cells in that sample.
An easy method to quantify ATP levels is to rely on the
production of light from the bioluminescence assay.

Bioluminescence is the biological production of light from
various animals and fungi. A common occurrence in nature is
the intermittent glow from the American domestic �re�y
(Photinus pyralis). Research has shown that ATP is a major
constituent of the bioluminescence reaction from the �re�y
and that the evolution of light is directly proportional to the
amount of ATP present.

In the �re�y, light production is a catalytic reaction between
luciferin and luciferase which is fueled by ATP. In more detail,
luciferase combines with luciferin to form an unstable enzyme-
bound luciferyl adenylate molecule. The molecule will react
with oxygen to form oxyluciferin, CO2, water, and light at
600 nm (Figure 2). The reaction is stoichiometric (i.e., 1 ATP
molecule yields 1 photon of light), enabling evolution of light
to be used as an index of ATP level.
Use of ATP Bioluminescence in Food Assays

A means of quantifying microorganisms in a sample can be
developed based on the assumptions concerning the ATP
content in microorganisms and the stoichiometry of biolumi-
nescence reaction.

The ATP content of microorganisms can be used as a fuel
source for the luciferase enzyme in place of the ATP found in
�re�y tails. Therefore, the light output generated from this
bioluminescence reaction should be proportional to the total
-384730-0.00013-6 97
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Figure 2 The bioluminescence reaction.

Figure 3 Example of a commercial luminometer.
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ATP found in the microbial population. The reaction would
be instantaneous and can be easily monitored by a light-
measuring device such as a luminometer (Figure 3).
However, extraction of microbial ATP from food samples
may prove more of a challenge since most food products will
contain a certain amount of non-microbial ATP. Earlier
research showed that determination of microbial content in
food was dif� cult because of interference by background ATP
from food products. This was especially true for meat prod-
ucts. Background ATP concentrations can be equivalent t
ATP levels found in bacterial populations of 1 � 105 colony
forming units (cfu) per milliliter or more. Therefore, it is
imperative that the background ATP must be minimized in
food samples to increase the sensitivity of the ATP biolu-
minescence assay.

Most ATP bioluminescence assay kits for food purpose
employ some system of minimizing non-microbial ATP. This
may include a non-ionic detergent (e.g., Trition X-100) to break
open somatic cells, sonication, low-speed centrifugation, or
chromatographic techniques (e.g., ion exchange resins). I
some protocols, � ltration or an apyrase (an ATP hydrolyzing
enzyme) may be used to ensure reduction of background ATP
from the sample.

After concentration of cells, bacteria can be combined with
acids (e.g., trichloroacetic acid), organic solvents, stron
cationic detergents, or boiling buffers to release intracellular
ATP from microorganisms. An illustration of the ATP assay can
be found in Figure 4.

Raw Meat Materials
Of the several ATP bioluminescence assay kits developed fo
food applications, very few have been developed speci� cally
for meat products. In most cases, kits originally developed for
other food products or other applications have been used (e.g.
raw milk quality, fruit juice, hygiene monitoring). The main
problem found by all researchers who applied the technique
to raw meat products was the level of background and somatic
ATP from sample preparation.

Conventional microbiological sampling protocol for meat
products requires homogenization prior to microbial analysis
by plate count. Unfortunately, meat tissues can contain a large
number of ATP molecules and homogenization can release
a tremendous amount of background ATP. The large� ux of
background ATP cannot be accommodated by most ATP
bioluminescence assays. The interference associated with th
problem can be so great that the reliability of the test within
a meat product or between samples cannot be assured. T
overcome the problem with homogenization, several sampling
protocols have been developed that attempt to minimize the
amount of free ATP.

The ‘rinse-bag’ method is one approach that is widely used
by many researchers. Samples of meat (i.e., excised sample)
poultry carcasses are placed into a stomacher bag with a
aliquot of diluent (sterile distilled water, 0.1% peptone, etc.).
The stomacher bag is either mechanically or manually shaken
for 2 min to rinse the bacteria off the sample. The liquid is then
used for microbiological analysis.

Another method employs the use of sterile sponge (Nasco
Fort Atkinson, USA) pre-wetted with a diluent (usually 0.1%
peptone). The sponge is swabbed aseptically over a target ar
on the animal carcass placed in a bag containing diluent and
homogenized to liberate any microorganisms. The liquid
expressed from the sponge is used for microbiological analysis

One company (Celis-Lumac, Cambridge, UK) has developed
a swabbing procedure to determine total viable counts on meat
carcasses. A cotton-tipped baton is moistened with a wetting
solution and used to swab 25 cm2 of a carcass surface. The bato
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Figure 4 A typical ATP bioluminescence assay for food products.
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Figure 5 Relationship between ATP bioluminescence readings and plate
count for determining the microbial load in poultry‘carcass rinse’ samples
(n ¼ 149). RLU, relative light units. Courtesy of IAMFES, Inc.
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is placed into a buffer and mixed to liberate the cellular material.
The suspension is used for microbiological analysis.

In all cases, each strategy attempts to remove surface bacte
only and minimizes the evolution of background ATP from the
meat tissues. However, some background ATP will still be
present and additional steps are required to remove this non
microbial ATP; these may include a pre� ltration step and/or
detergents. However, strong detergents, such as Tween 8
should be avoided in any diluent with the rinse-bag method
since they may adversely affect the conformation of the luciferas
enzyme and thereby inhibit bioluminescence output. If they
must be used, the sample must be thoroughly rinsed free of the
detergent to avoid any adverse effect on the luciferase enzyme

Several researchers have successfully increased the se
tivity of the test down to 100 –1000 cfu ml� 1. In each
protocol, the key to the success of the assay was the clari-
cation step that eliminated or degraded non-microbial ATP
and/or other interfering components (e.g., lipids or organic
acids). One system used lipase in addition to somatic deter
gents and a coarse pre� ltration step prior to analysis of
microbial ATP. Other protocols may require a patented
detergent/hydrolyzing agent which effectively degrade
somatic cells and any free ATP.

Correlations between the modi� ed ATP bioluminescence
assays and plate counts have been very good (r ¼ 0.80–0.95,
p < 0.05) using the rinse-bag, sponge, or swab methods
(Figure 5, Table 1).

Finished Meat Products
The application of ATP bioluminescence to � nished meat
products (e.g., cooked ham) may be easier than assayin
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Table 1 Correlation between plate counts and ATP bioluminescence assays using various methods to remove somatic ATP

Meat product Method used No. of samples Correlation coefÞcient

Beef Rinse-bag 159 0.83
Beef Sponge 400 0.92
Beef Swabbing 111 0.95
Poultry Rinse-bag 149 0.85
Pork Sponge 320 0.93
Pork Swabbing 71 0.93
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Figure 6 Relationship between ATP bioluminescence and plate cou
for determining the microbial load in a ham product (n ¼ 50). RLU,
relative light units.

Meat sample Dilution

Homogenize (30 s)

Centrifuge
(1000 g for 30 s)

Add sample
to Bactofoss

Figure 7 Protocol for preparing meat samples for the BactoFoss auto-
mated luminometer.
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comminuted raw meat materials. This is due partly to the low
levels of ATP and the destruction of live cells after cooking
procedures. The added advantage of cooking procedures mak
the removal of non-microbial ATP less of an ordeal than with
raw materials. In fact, homogenized samples may be use
instead of the rinse-bag or sponging methods. Correlation
between the ATP bioluminescence assay and plate count fo
� nished meat products can be good (r ¼ 0.82, Syx ¼ 0.59, p <
0.001) (Figure 6).

BactoFoss: Automation of the ATP Bioluminescence Syst
An automated system, BactoFoss, has been developed
FOSS (MN, USA). It uses several protocols for extracting non
microbial ATP and quantifying microbial ATP in a self-
contained, automated system.

A meat sample (about 10 g) is combined with a diluent
(0.85% NaCl, 0.1% peptone) and homogenized in a stomacher
for 30 s. To clarify the suspension, an aliquot of the homoge-
nized mixture is centrifuged (350gfor 30 s) to precipitate meat
tissues. The supernatant is used with the BactoFoss, whic
automatically takes out the necessary sample volume an
performs the measurement (Figure 7). The procedure for
microbial ATP analysis by the machine consists of:

l Intake of sample.
l Lyzing of somatic cells.
l Washing of debris and non-microbial cells.
l Extraction of microbial ATP (with detergent).
l Measuring of light.
l Output of results.
Microbiological Analysis of Pork and Beef Products
using the BactoFoss
One study correlated bioluminescence results for pork and
beef samples analyzed using the BactoFoss machine wit
standard aerobic plate procedures. The pork samples (n ¼ 70)
had microbial levels of contamination between 3 � 103 and
5 � 107cfu g� 1; the beef samples (n ¼ 65) had microbial levels
between 7 � 102 and 7 � 109 cfu g� 1. All samples were
analyzed simultaneously by both the BactoFoss and standard
aerobic plate count procedures (Figures 8 and 9). The Bac-
toFoss has a calibration feature which increases accuracy
the ATP bioluminescence assay. Under calibration mode
a correlation coef� cient of 0.93 and residual standard devia-
tion (Syx) of 0.23 log cfu g� 1 were obtained for pork samples
between 1 � 105 and 5�10 7 cfu g� 1. For beef samples,
a correlation coef� cient of 0.94 was achieved under calibra-
tion mode.

nt
Detection ofEscherichia coliO157:H7

Several attempts have been made to use ATP bioluminescen
assays for detecting speci� c types of bacteria, mainly pathogenic.
One approach included a selective pre-enrichment procedure
prior to the assay to propagate target bacteria. By using the AT
bioluminescence with selective pre-enriched medium, a large
generation of light would indicate the presence of target
bacteria. This method has been somewhat successfulin vitro.
However, target bacteria on meat samples were not as readi
detectable.

Another approach is to use serological techniques to
capture and concentrate target bacteria or their by-product
and then use the ATP bioluminescence assay to detect them
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Figure 8 Relationship between ATP bioluminescence and plate count
for determining the microbial load in beef samples (n ¼ 65). (a) Without
calibration feature and (b) with calibration feature. Reproduced from
Bautista et al. (1998), courtesy of CRC Press, Inc.
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Figure 9 Relationship between ATP bioluminescence and plate count
for determining the microbial load in pork samples (n ¼ 70). (a) Without
calibration feature and (b) with calibration feature. Courtesy of
CRC Press, Inc.
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GEM Biomedical (Hamden, Conn., USA) has developed an
immunocapture method that involves a test tube coated
with speci� c antibodies for O antigen of Escherichia co
O157. Initially, meat or other food sample is added to
a broth supplemented with a selective agent (e.g., EC broth
with novobiocin) and incubated at 42 � C for 4 h. A sample
is withdrawn and added to a tube coated with the antibody
for the somatic O antigens found on E. coliO157. If E. coli
O157 or other O157 types are present in the food sample,
the target bacteria (i.e., bacterial antigens) will become
attached to the coated tube. The tube is aspirated an
washed several times to remove debris and non-target ant
gens. A conjugate of the primary antibody is added that has
been covalently coupled to the luciferase enzyme. Afte
a second washing step to remove unbound conjugate anti
bodies, bioluminescence reagents (luciferin and ATP) ar
added. The mixture is placed into a luminometer and any
light signal production will be indirectly correlated with the
bound antigens. From start to � nish, the entire assay takes
about 7h (Figure 10).

Using pure cultures of E. coliO157, results show that the
sensitivity is approximately 8 � 103 cfu ml� 1 for several types
of nutrient broth. Using meat samples inoculated with
various levels ofE. coliO157, the sensitivity of this assay was
10–100 cfu g� 1. The system has also been developed for gener
E. coliand Salmonellaspp.
The Role of ATP Bioluminescence in Meat Processing

Currently, ATP bioluminescence assays are used for validatio
of hygiene for sanitation programs in hazard analysis critical
control point (HACCP) systems where it is necessary to asse
the overall contamination of both food residues and
micro� ora.
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Figure 11 Determination of microbial contamination of poultry process
waters using the ATP bioluminescence assay. Solid line, scald water;
dotted line, prechill; dashed line, chill. Courtesy of Poultry Science
Association, Inc.

Table 2 Stations analyzed for carcass
cleanliness at a poultry processing plant

Station Location

1 Shower area 1
2 Shower area 2
3 Evisceration
4 Inspection station 1
5 Crop removal
6 Neck cutter
7 Decapitation
8 Carcass vacuuming
9 Inside/outside carcass washing
10 Inspection station 2
11 Prechilling of carcasses
12 Chilling of carcasses

102 ATP Bioluminescence: Application in Meat Industry
Some researchers have investigated the application o
ATP bioluminescence to real-time monitoring of process
waters during chill immersion. The technique involved
concentrating bacteria from prechill or chill water by
a � ltration method and analyzing the microbial ATP by lysis
and bioluminescence. When compared with plate count
methods, the ATP bioluminescence assay produced simila
results(r ¼ 0.85), but in a fraction of the time ( < 15 min). It
was suggested that the modi�ed ATP bioluminescence assa
would be useful for immediate action where problems of
contaminated process water exist, and that recycling of wate
in the chill immersion areas could be regulated according
to the results of this assay. This application may improve
the economy of water usage during chill immersion
(Figure 11).
The ATP assay could also be useful for the validation o
hygiene of carcass surfaces during poultry processing allowin
determination of the level of cleanliness of the bird in real time.
In this application, a swabbing procedure was used to deter
mine the level of cleanliness of birds at several points along
a processing line. The areas were analyzed by both plate cou
and ATP bioluminescence assay, then compared for interpre
tation ( Table 2, Figure 12). With the plate count method,
contamination levels on poultry carcasses were consisten
(p > 0.20) between stations 1 and 10, but there was a signi� -
cant (p < 0.001) drop in contamination at stations 11 and 12.
It was proposed that the cleanliness of the carcasses w
improved at stations 10 and 11 owing to a dilution effect
during the prechilling and chilling areas. With the ATP biolu-
minescence assay, similar signi�cant (p < 0.001) reductions
were observed for stations 11 and 12, but some variation
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Figure 12 The microbiological quality of key areas in a poultry pro-
cessing facility by (a) plate count and (b) the ATP bioluminescence as
Reproduced from Olsen (1991), courtesy of Elsevier Science, Inc.
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between stations 1 and 10 was also observed. Levels of AT
were higher on carcasses sampled at stations 3 and 4 an
stations 8–10. The higher levels of ATP at stations 3 and 4 wer
associated with the evisceration process. At stations 8–10, the
higher ATP levels were attributed to removal of the head and
crop. The results suggest that the ATP bioluminescence ass
could have an immediate application as an effective feedbac
mechanism to allow for correction when contamination levels
are inappropriate.
e
f

Advantages and Disadvantages of ATP Bioluminescence

Conventional microbiological techniques using cultural media
require 24–72 h of incubation time before results can be
Table 3 Measure of agreement between the ATP biolum
contamination on beef and poultry carcasses

Cutoff level by plate count (log cfu mlÐ1) Corresponding AT

Beef carcasses
4.0
5.0
6.0

3.43
3.98
4.52

Poultry carcasses
4.0
5.0
6.0

1.31
2.03
2.61

aBased on linear relationship;y ¼ mxþ b.
bValues between 0.50 and 0.60 indicate good agreement; values gr
interpreted. In that span of time, meat products can be further
processed, packaged, and delivered to the retailer befo
a problem can be detected. This can contribute to poor product
quality due to large numbers of spoilage micro� ora, or food-
borne illness due to large numbers of pathogenic bacteria
Therefore, conventional microbiological techniques should be
re-evaluated as the industry’s standard for ensuring food
quality and safety.

The short turnover time is the major advantage of the ATP
bioluminescence assay. This advantage could come into pla
when raw material requires microbiological analysis, allowing
poor-quality materials to be identi � ed quickly and removed
from the production process. Meat processors could therefore
be assured that the microbiological quality of raw materials for
further processing will always be high, and that � nished
products will be of the best quality and have good shelf life.
This reason alone has interested many meat processors
incorporating the ATP bioluminescence assay into their quality
assurance programs.

The protocol of the test can be easily understood and
requires very little training. In fact, proper ‘aseptic technique’
is all that is required to perform the test. There is no need for
special facilities or any additional equipment. The manufac-
turers of the ATP bioluminescence assays provide the nece
sary equipment (luminometer, pipette aids, tube holders,
etc.) to allow the user to begin testing immediately. In
addition, most manufacturers have an excellent level of
support for their systems to accommodate questions or
problems.

However, the ATP bioluminescence assay at present is bein
used as an equivalent to total viable microbial count proce-
dure. This may be an inconvenience when speci� c bacteria such
as pathogens need to be identi� ed and, especially, quanti� ed.
Another disadvantage of the ATP bioluminescence assay is th
lower detectable limit. Research has shown that the lowest leve
of microorganisms that can be accurately determined by this
technique is approximately 1� 103cfu ml–1; this is because of
the inability of these assays to remove non-microbial ATP
completely from food samples. Further research must be
directed toward the total and consistent removal of non-
microbial ATP from food samples to improve the sensitivity
and variability of the assay.

In their present form, ATP bioluminescence assays may b
inadequate if governing regulations require exact numbers o

say.
inescence assays and plate counts for determining surface

P counta (log cfu mlÐ1) Observed agreement k valueb

74.1
90.0
82.3

0.50
0.82
0.71

93.9
88.6
88.6

0.15
0.74
0.76

eater than 0.70 indicate very good agreement.
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bacteria. However, most microbiological analysis by food
companies does not totally rely on the exact enumeration of
populations of microorganisms. Instead, quality assurance has
interpreted results based on the acceptable level of microor-
ganisms in particular food products. Therefore, the ATP biolu-
minescence assay should be use in the same capacity as
conventional microbial analysis, that is based on the criteria
that correspond to the appropriate cutoff limit (Table 3,
Figure 13). In one study of this approach, using a simple linear
relationship, predictive quartiles were set at 1 � 104, 1 � 105,
and 1 � 106 cfu cm�2, and with corresponding ATP count levels.
Using the equivalent cutoff of 1 � 105 cfu cm�2 of the ATP
bioluminescence assay for beef samples, 90% of the samples
were accurately assigned to the predictive quartile. Using the
equivalent cutoff of 1 � 106 cfu cm�2, beef samples were
accurately predicted 82.3% of the time by the ATP biolumi-
nescence assay. Another method used a statistical calculation as
an indication of agreement between the two types of tests. A k
test value of 50–60% indicates good agreement and values
above 70% indicate very good agreement. Based on this test, the
agreement between the ATP bioluminescence assay and plate
count was shown to be satisfactory.
See also:ATP Bioluminescence: Application in Dairy Industry;
Application in Hygiene Monitoring; Application in Beverage
Microbiology; Acetobacter; Bacteriophage-Based Techniques for
Detection of Foodborne Pathogens; Biophysical Techniques for
Enhancing Microbiological Analysis; Electrical Techniques: Food
Spoilage Flora and Total Viable Count; Rapid Methods for Food
Hygiene Inspection; Immunomagnetic Particle-Based
Techniques: Overview; Total Viable Counts: Pour Plate
Technique; Total Viable Counts: Spread Plate Technique; Total
Viable Counts: Speci� c Techniques; Most Probable Number
(MPN); Total Viable Counts: Metabolic Activity Tests;
Total Viable Counts: Microscopy; Ultrasonic Imaging –
Nondestructive Methods to Detect Sterility of Aseptic Packages;
Ultrasonic Standing Waves: Inactivation of Foodborne
Microorganisms Using Power Ultrasound.
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Characteristics of the Genus

Habitat

Aureobasidium is a worldwide-distributed fungus mainly
present on diverse organic and inorganic outdoor materials,
such as phylloplanes, soil, wood, marble, and water. Examples
of isolation from extreme environments include the outer
space, salterns, and a damaged nuclear reactor. Indoors, it can
be found in house dust and in wet environments like bathroom
walls. In food factories, it sometimes can be isolated from
painted surfaces. Aureobasidium has been isolated from a wide
range of foods but only rarely has been designated as a cause of
spoilage. For wine grapes, it is known that Aureobasidium is
dominant on healthy grape berries, but is overgrown by others,
when the grape skin clearly is damaged. It is commonly isolated
from the surface of fresh fruits and vegetables – for example,
apple, pear, blueberries, peaches, strawberries, cabbage, lettuce,
and broccoli. Old records describe its presence in shrimp, grain,
�our, oats, and nuts. Many years ago, it was found in some
frozen foods and was involved in the black spot spoilage of
long-term-stored beef. Occasionally, it is found in raw milk,
cheese, and smoked beef.
Taxonomy

The genus Aureobasidium belongs to Ascomycota, order
Dothideales, family Dothideaceae. Of�cially described species
are Aureobasidium iranium and Aureobasidium pullulans, in which
the last species is divided into the subspecies pullulans, mela-
nogenum, subglaciale, and namibae. Their taxonomy is based on
morphology and phylogenetic studies and represents only
a small geographic area compared with the global presence of
this fungus. For example, analysis of isolates from Thailand and
Iceland resulted in 14 different phylogenetic clades.
Cultural Characteristics

Colonies on malt extract agar (MEA) at 25 �C expand rapidly
attaining at least 20 mm diameter after 7 days and appear
smooth. The shine, slimy, or matt appearance depends on the
(sub)species. The same applies to the border texture varying
from smooth to raveling. Aerial mycelium sometimes formed
scanty, thinly �occose.

Isolates are typically off-white to pale pink or black on solid
media, whereas some tropical isolates have been described as
‘color variants’ with pigments of pink, brown, yellow, or
purple. The color of a single isolate can vary due to the type of
solid media. Although colonies on MEA and potato dextrose
agar can show dark- or bright-colored pigmentation, colonies
on Dichloran Glycerol (DG18) are mostly white.

On MEA, most strains start as pinkish white colony. They
turn dark brown or black after some time varying from a day to
a few weeks. Colonies can turn dark along the whole colony,
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
only in the center or partially in sectors (see Figure 1). Dark-
ening of cultures is due to the formation of chlamydospores,
which contain the pigment melanin.
Micromorphology

Aureobasidium can grow as budding yeast or as mycelia in dark
or hyaline appearance, depending on environmental condi-
tions and (sub)species. On MEA the following microscopic
characteristics can be seen in the of�cially described species:
smooth hyaline thin-walled hyphae, maximum 13 mm wide.
The occurrence of hyaline hyphae converting to dark-brown
hyphae depends on the (sub)species varying from sometimes
locally in older cultures to rather soon in all cultures. These
thick-walled hyphae may act as a chlamydospore chain or fall
apart into separate dark cells commonly called chlamydospores
or chlamydoconidia. Conidiogenous cells are undifferentiated,
intercalary, or terminal on hyaline hyphae. Conidia produced
synchronously in dense groups from small denticles, and in
most strains are formed percurrently from single butts on short
lateral branches. Hyaline conidia are one-celled, smooth,
ellipsoidal, and variable in shape and size. Budding of hyaline
and dark-brown conidia frequently is noticed. Chlamydoco-
nidia are mostly 1-2-celled, being bigger than hyaline conidia.
Endoconidia occasionally have been seen.

Of the tropical isolates of A. pullulans, young colonies on
MEA showed polymorphic forms with blastospores, swollen
cells, and pseudohyphae, with older colonies showing hyphae
and chlamydospores.
Physiology

Aureobasidium chlamydospores can survive low temperatures
and reduced water activity present in frozen foods. For micro-
bial growth, the temperature has to rise above 4 �C. Optimum
growth is 20–25 �C and a maximum of 37 �C is reported. The
fungus cannot grow in highly salted food but might survive the
salinity because it is reported as halotolerant. It is an aerobic
fungus, needing oxygen for growth. Chlamydospores were
found in outer space, which demonstrates that they can survive
without oxygen. High doses of gamma irradiation are needed
to sterilize Aureobasidium in food products. Assumptions are
made that the melanin present in the chlamydospores are
responsible for the high tolerance against the gamma irradia-
tion and especially ultraviolet (UV) irradiation.
Industrial Application of Aureobasidium

Aureobasidium pullulans is an industrially important microor-
ganism especially because of its capability to produce pullulan
(poly-a-1,6-maltotriose). Pullulan is a commercially exploited
biodegradable extracellular polysaccharide used in coatings
and wrappings potential and as a food ingredient. Also the
-384730-0.00017-3 105
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Figure 1 Aureobasidium pullulans. (a)–(b), (d)–(e): Colonies grown at 25� C for 7 days on MEA and DG18. (c)–(f): Colonies grown at 25� C for 14 days on
MEA. (g): Conidiogenous cells producing blastoconidia synchronously. (h): Hyphae. (i)–(j): Conidia. Scale bar¼10mm.
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Table 1 Food additives and medical supplements produced byAureobasidium

Product Strains Application

Pullulan Most strains isolated Coating and wrapping agent and as a food ingredient
b-Glucan A. Pullulans NP1221 Supplement to enhance immune system and lower blood pressure
Erythritol Aureobasidiumsp. SN-124A An arti� cial sweetener used as food ingredient
Gluconic acid A. pullulansAHU 9190, DSM 7085 Flavoring and leavening agent, reducer of fat absorption
L-Malic acid A. pullulansFERM-P2760 Acidulant
Poly(b-L-malic acid) Most strains isolated Drug carrier
Fructoligosaccharides Strains producing fructosyl transferase Nondigestible sweeteners; they have applications in health foods

Table 2 Enzymes produced byAureobasidium

Enzyme
Temperature
optimum (� C) pH optimum Food industry application

Alkaline protease 45, 48–52 9.0 Cleaves peptide bonds of proteins; detergent, food processing
Acidophilic endo-1,4-b-xylanase 50 2 Hydrolyses xylan, clari� cation of fruit pulp and juices,

production of wine
b-Xylosidase 80 3.5 Hydrolyses xylan, clari� cation of fruit pulp and juices,

production of wine
Glucoamylase 50–60 4–4.5, 5.75 Starch sacchari� cation, detergent, bread and baking processing,

production of high-fructose syrup
a-Amylase 55 5.0 Starch sacchari� cation, detergent, bread and baking processing,

production of high-fructose syrup
Lipase 35 8.5 Breaks down milk fat,� avoring cheeses, food processing
Endo-b-1,4-mannanase Not published Reduces viscosity of coffee extracts
a-Galactosidase Not published Reduces viscosity of coffee extracts
b-Galactosidase 45 6.8 Hydrolyses lactose in whey or milk
b-Mannosidase Not published Reducing viscosity of coffee extracts
Pectinase (unspeci� ed) 12 3.5 Wine production
Protopectinase Not published 4.5 Maceration of fruit pulps and for clari� cation of juices and wines
Polygalacturonase 50–60 4.6–5.5 Maceration of fruit pulps and for clari� cation of juices and wines
Endopolygalacturonase 37 3.8 Maceration of fruit pulps and for clari� cation of juices and wines
Pectin lyase 40 5–7.5 Maceration of fruit pulps and for clari� cation of juices and wines
Pectin methylesterase Not published Maceration of fruit pulps and for clari� cation of juices and wines
b-fructofuranosidase I 50–55 5.5 Production of prebiotics, sweetener
Fructosyl transferase 65 4.4 Production of prebiotics, sweetener
b-Glucosidase 75 4 Removal of bitterness from citrus fruit juices,

wine production, diary processing
Endoglucanase 60 4.5 Food fermentation
Exoglucanase Not published 5.5 Preparation of dehydrated vegetables and food products
Xylitol dehydrogenase 25 10–10.5 Oxidizes xylitol toD-xylulose
Laccase 25–35 4.5–6.4 Bioremediation, beverage (wine, fruit juice and beer) processing,

ascorbic acid determination, sugar beet pectin gelation, baking
L-Fucose dehydrogenase 30 9.5 ConvertsL-fucose toL-fuconic acid
Phosphatase Not published
Polyamine oxidase Not published Biological inactivation of polyamines component

of clinical diagnostic assay kits
L-Rhamnose dehydrogenase Not published 9.0 HydrolysesL-rhamnose
Sucrase 35 4.5 Hydrolyses sucrose
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polysaccharide b-glucan produced by Aureobasidium is
commercially available. It is identi� ed as an effective substanc
to improve animal health condition. Other metabolites
produced by A. pullulansthat are used as medical supplemen
or additives in food are presented inTable 1.

Different strains of A. pullulans isolated from different
environment can produce many important enzymes, such as
amylase, protease, lipase, cellulose, xylanase, mannose, a
transferases. Consequently, it has become an important
organism in applied microbiology. In Table 2, the different
enzymes are listed together with the corresponding optimum
reaction conditions and a description of the possible applica-
tion in the food industry. Of the multiple studied Aureobasi
dium enzymes, a general description has been made:

Proteases in general have been shown to have man
applications; however, studies on the production and
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108 Aureobasidium
characterization of proteases derived fromAureobasidiumare
rather new. Marine-derived strains as well as a terrestria
derived strain, secrete extracellular proteases.

Aureobasidium pullulanshas shown to be a xylan-degrading
fungus. The enzymatic degradation of xylan to xylose require
the catalysis of both endoxylanase andb-xylosidase. Xylanases
have applications in paper, fermentation, and food industries,
as well as in waste treatment.

Amylases have applications in bread and baking industry
starch liquefaction and sacchari� cation, textile desizing, paper
industry, detergent industry, and food and pharmaceutical
industries. Amylases hydrolyze starch molecule into glucose
maltose, and dextrin. They can be classi� ed into a-amylase,b-
amylase, and glucoamylase.Aureobasidium pullulansis known to
produce a-amylase a glucoamylase.

A few studies exist on the extracellular lipases produced b
Aureobasidiumisolates from marine environment. Lipases
catalyze a wide range of reactions, including hydrolysis o
lipids, interesteri� cation, alcoholysis, acidolysis, esteri� cation,
and aminolysis. They are the enzyme of choice for potentia
applications in the food, detergent, pharmaceutical, leather,
textile, cosmetic, and paper industries.

In the 1990s, different strains were found to produce
mannanases. Mannanases are useful in many� elds, including
the coffee industry. Mannan is distributed widely in nature as
part of the hemicelluloses (polyoses) fraction in plant cell
walls. One strain A. pullulanswas mentioned to produce all
enzymes required for complete degradation of galactomannan
and galactoglucomannan: endo-b-1,4-mannanase is secreted
into the culture � uid, b-mannosidase is strictly intracellular,
and a-galactosidase andb-glucosidase are found both extra-
cellular and intracellular.

Aureobasidiumalso produces pectinases. These enzymes a
widely used for fruit pulping and for the clari � cation of juices
and wines. Protopectinases, polygalacturonases, pectin lyas
and pectin esterases are among the studied enzymes produc
by Aureobasidium.

The enzymesb-fructofuranosidases and fructosyltransferas
produced by A. pullulanshave been used to produce fructo-
oligosaccharides (FOS). These FOS are a class of prebioti
used as food material. Its taste is close to that of conventiona
sweeteners such as sucrose.

Cellulases are enzymes that degrade crystalline cellulose
glucose. Cellulases have diverse applications also in the foo
industry. Three types of cellulases, endoglucanases, cellobi
hydrolases, andb-glucosidases, are considered to be needed
degrade cellulose to glucose. It has been observed that most
the cultures of A. pullulansusually have failed to show any
cellulolytic activity. Mostly strains that produce b-glucosidase
were found. Some isolates of A. pullulans of tropical
origin produced CMCase (endoglucanase) anda-cellulase
(exoglucanase).

Laccase production from A. pullulanswas studied in the
1970s but up-to-date reports are also available. Laccases a
well known as a component of fungal enzyme systems of lignin
degradation. Potentially, they can be used in several areas, su
as textile, paper, and food industries.

Aureobasidiumis mentioned repeatedly as producer of single
cell proteins that are used as protein supplement in human
foods or animal feeds. Although dried cells of microorganism
generally have an application potential due to high nutritive
values, there is doubt on the replacement of conventional
protein sources because of the slower digestibility and uncer
tainty on possible allergic reactions.

Aureobasidiumas a natural living system can be used in
various applications. It is commercially developed as a micro-
bial pest control agent protecting the blossom of pome fruit
against the plant pathogen Erwinia amylovora. The mode of
action againstE. amylovorais explained by an increased resis
tance of host plants toward the � re-blight pathogen by
competition for nutrients and space. Another high-potential
application is the use of Aureobasidiumas a black bio� lm pro-
tecting wood against wood rot or UV degradation. Wood that is
treated with linseed oil can naturally form a completely
covered black� lm on the wood surface during outside exhi-
bition of the treated wood. Studies revealed that chlamydo-
spores are responsible for the black color of the� lm.
Aureobasidiumis mentioned in reports to be an indicator of
environmental perturbations generated by chemicals or other
biological organisms on leaf surfaces.
Method of Detection

Aureobasidiumcan be isolated from food by homogenization of
solid food in peptone water or swapping the surface of the food
with sterile cotton wool and shaking it in water. After plating
and several days of incubating on MEA, pure subcultures can b
made. Identi� cation of the pure cultures can be done by the
classical method of morphology analysis or by molecular
methods.

The morphology of Aureobasidiumcan be used as a diag
nostic feature. The synchronous conidia production from
young expanding hyphae distinguishesAureobasidiumfrom
other related genera. This conidiation is also known in
sporodochial Kabatiella species; its micromorphology on
plate is very similar to that of A. pullulans. The additional
percurrent condition of Aureobasidiumis identical to that in
the anamorph genusHormonema, which makes identi� cation
sometimes dif� cult. Although no commercial products
presently are available for speci� c detection of Aureobasidium,
molecular methods like polymerase chain reaction and DNA
sequence analysis of the internal transcribed spacer (ITS) lo
are well suited for a more secure identi� cation. Phylogenetic
analysis of the ITS region is useful to distinguishAureobasi-
dium isolates on species level.
Importance ofAureobasidiumas Spoiler
for Food Industry

In the 1980s A. pullulanswas determined to be one of the
causative molds for the black spot spoilage of frozen mea
transported long distances by sea. Colonies produced b
A. pullulansmainly were located in the subsurface of the meat
tissue, with the hyphae spreading along the intercellular
junctions, possibly in response to the arid conditions at the
frozen meat surface. During the past decades, temperatur
control was better controlled during shipping and distribution
and black spot spoilage seems no longer to be an issue
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The occurrence ofAureobasidiumon other frozen products no
longer is reported.

Assumptions are made thatA. pullulanscan cause rotting of
healthy fruits and vegetables because of its ability to produce
pectinolytic enzymes. Pectin is a part of the cell wall of fruits
and might be degraded byAureobasidium. The production of
pectinolytic enzymes is no guarantee for spoilage becaus
pectin will be broken down during natural ripening of the
fruits. Furthermore,A. pullulansis isolated from a wide range of
fruits and vegetables, but only rarely is designated as a cause
spoilage.

To control fungi on vegetables and fruits, modi� ed atmo-
sphere can have positive effects, such as increasing the lag pha
of fungal growth, repressing mycelial growth, and decreasing
spore development. Increasing the carbon dioxide content o
decreasing the oxygen content of the atmosphere has bee
reported to be fungistatic on A. pullulans.
-

obiology 51,

)
f

ger, Dordrecht,

2010. Food and
t.
ans
Health Impact ofAureobasidiumin Food

Human mycotoxins are not known to be produced by
Aureobasidium. A few clinical records exist on the presence ofA.
pullulans in immunocompromised or traumatically injured
patients causing divergent mycosis, such as phaeohyphomy
cosis, keratomycosis, or pulmonary mycoses.
Symptoms vary with the portal of entry and condition of the
host. Health test that were done with A. pullulans strains
selected as preharvest fungicide showed no toxicity, infection
or pathogenicity to rats. No health hazards have been reported
associated with the presence ofAureobasidiumon food.

See also:Spoilage of Meat;Mycotoxins:Classi� cation.
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Introduction

The genus known as Bacillus to traditional food microbiology
has disaggregated in the past 20 years, as molecular taxonomy
has exploded the genus to create new genera and families.
Despite these changes in taxonomy, the signi�cance of the
bacteria found previously entirely in the genus Bacillus has
changed little for food microbiologists. The collective noun
‘bacilli’ will be used to denote this phylogenetically diverse
collection of microbes. A number of species of bacilli are
signi�cant foodborne pathogens and spoilage organisms.
Certain strains of bacilli also may be used as insecticides, as
sources of enzymes for food processing, and as probiotics.

The characteristics that result in these organisms being
signi�cant in food microbiology include their ability to grow
over a wide range of temperatures and pH, lack of complex
nutritional requirements, ability to survive food-processing
conditions such as the application of high temperature,
production of extracellular enzymes that result in the degra-
dation of food components, and production of polymers that
change the sensory characteristics of food.

This article describes the current nomenclature of the bacilli
of interest to food microbiology and elucidates the main
characteristics of these organisms that make them signi�cant to
yclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
man as pathogens, causes of food spoilage, or bene�cial in
food production and processing. Finally, the signi�cance of
these organisms as pathogens, probiotics, and sources of food-
grade enzymes will be discussed.
Taxonomy

The application of molecular taxonomy has resulted in the
genus becoming rather less heterogeneous as species have
been moved to new genera and even new families. Over the
same time, many new species have been described. Current
classi�cations are based �rmly on a phylogenetic approach
using 16S rRNA gene sequences as the basis for de�ning
families and genera. Species of interest to food microbiologists
are now to be found in several genera and in more than one
family, but only a few new species are of interest to food
microbiologists.

Within the phylum Firmicutes and order Bacillales, families
of interest to food microbiologists (and relevant to this article)
include Bacillaceae, Paenibacillaceae, and Alicyclobacillaceae.
The Firmicutes include Gram-positive bacteria with a low DNA
mol% GþC and have rigid cells walls containing muramic acid.
Bacillales is distinguished from other orders based on its rRNA
-384730-0.00018-5 111
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112 BACILLUSj Introduction
sequence homology. All of the families of interest to food
microbiologists contain species formerly classi� ed as Bacillus
and in this article are referred to as bacilli. No phenotypic
characteristics will clearly allow the differentiation of one
family from another, although a combination of characteristics
may be suggestive of a particular family.

The family Bacillaceae now has 19 genera. The genusBacillus
incorporates many species of Gram-positive, rod-shape
bacteria, which are able to grow under aerobic and anaerobic
conditions (i.e., they are facultative) and thus differ from
Clostridiumspp., which are strictly anaerobic. This differentia-
tion is of practical importance, but it should be noted that
Clostridiumis not a member of the order Bacillales. The family
Bacillaceae will undergo further taxonomic rearrangemen
based on signi� cant differences in 16S rRNA gene sequences
some genera.Bacillusand Geobacillusare part of the Bacillaceae
sensu stricto. Geobacillusgenerally have a more limited range of
growth; for example, they don’t grow at lower temperatures
(i.e., they are thermophiles), higher salt concentrations, or
extremes of pH.

The genusBacillusconsists of a group of Gram-positive
(although may sometimes stain Gram negative) endospore-
forming rods that grow aerobically and usually produce cata-
lase. At present, the genusBacillusencompasses more than 140
species. These species are widespread in nature and can
isolated from food, soil, water, animals, and plants.

The members of the family Paenibacillaceae that may be o
interest to food microbiologists include species causing defect
in canned foods and diseases of honeybees. They are mes
philes with spores that swell the sporangium.

The family Alicyclobacillaceae, with a single genus,Alicy-
clobacillus, contains many species that are found in the envi-
ronment, which often are considered to be extremophiles.
Some species� nd their way into food and cause taints.

The species of relevance to food microbiology, and relevan
characteristics are summarized inTable 1.
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Genetics

Bacillus subtilisis probably the best understood of Gram-positive
prokaryotes. In the late 1950s, John Spizizen successful
demonstrated the genetic transformation of a particularB. sub-
tilis isolate using puri� ed DNA. Several members of theBacillus
genus, the best studied of which isB. subtilis, demonstrate
natural competence for DNA uptake under certain conditions.
Before sporulation initiation, about 10 –20% of cells in a culture
express competence in the postexponential growth phase unde
de� ned growth conditions. Such competent cells ef� ciently
bind, process, and internalize available exogenous high
molecular-weight DNA. The DNA can originate either from
chromosomal DNA or DNA fragments, which must integrate
themselves into the host chromosome to be replicated, or from
plasmid DNA, which can endure and replicate as extrachro
mosomal DNA in the cytoplasm if it contains a functional origin
of replication. Studies of transformation provided a foundation
for a series of intensive studies of metabolism, gene regulation
bacterial differentiation, chemotaxis, and starvation.

The complete sequence of the genome ofB. subtiliswas
determined in 1997, which has facilitated further investigations.
The genome ofB. subtilisis characterized by signi�cant dupli-
cation of many families of genes, with many genes that code for
enzymes allowing for the utilization of a wide variety of carbon
sources, particularly those found in plants, and multiple secre-
tion systems. Many genes also are associated with synthesis
secondary metabolites, such as antibiotics. Many prophage an
parts of prophage genes also are present, indicating the impor
tance of horizontal gene transfer in this species.

The genomes of manyBacillusand Bacillus-like species have
now been sequenced and information can be found athttp://
genodb.pasteur.fr/cgi-bin/WebObjects/GenoList
Growth and Survival

The feature that distinguishes bacilli taxonomically is the
formation of dormant structures, formed from within the
bacterial cell, called endospores. These dormant structures als
are signi� cant in food microbiology because they are resistan
to heat and to desiccation. Under suitable conditions, endo-
spores will germinate and the resultant vegetative cells wil
grow and reproduce by binary � ssion. The life cycle and
survival of bacilli are dependent on their Gram-positive cell
wall structure and ability to form endospores.

The cell wall of Bacillusconsists of peptidoglycan and is
composed of up to about 30 layers. The peptidoglycan is a het
eropolymer of glycan cross-linked by short peptides. Peptide
chains are always composed of alternatingL- and D-amino acids.
The Gram-positive bacteria, includingBacillus, reveal a highly
varied peptidoglycan composition and structure. About a 100
different types have been described. Therefore, cell wa
composition often has been a useful criterion in taxonomy.

Spore formation in Bacillustakes place when the cell culture
reaches the stationary growth phase. Sporulation may be
induced by nutritional deprivation, or cell density and is
affected by numerous factors, such as temperature, pH, aer
tion, and availability of various nutrients. During the sporu-
lation process, a vegetative cell (the progenitor) gives rise to
two specialized cells that differ in cell type both from each
other and from the parent cell. In some cases, this process
associated with the synthesis of useful products, such as inse
toxins and peptide synthetases creating peptide antibiotics.

The sporulation process is initiated at the end of the expo-
nential growth phase. The development of the endospore
formation involves an energy-intensive pathway and requires
the production of a complex morphological structure. External
(and presumably also internal, however, partially unknown)
signals force the cell to respond by inhibiting cell division and
initiating the sporulation process. In contrast to vegetative
growth, sporulation gives rise to an asymmetrically positioned
septum, which partitions the developing cell into compartments
of unequal sizes. The smaller part is the forespore, which in its
subsequent development exhibits a biochemical composition
and structure completely different from the remaining mother
cell. During the sporulation process, several genes are activate
sequentially; this selected gene activation is induced by the
communication of mother cell and forespore, by signals trans-
ferred across the septum. In turn, the forespore is engulfed by th
other cell, resulting in the endospore, initially within the mother
cell, but subsequently the mother cell dies by cell lysis.



Table 1 Characteristics of bacilli relevant to food microbiologyBacillusspecies are arranged so that similar strains are generally grouped together

Family Species
Spores oval
or cylindrical

Spores
spherical

Anaerobic
growth

Growth
Temperature
d
þ
d Growth pH

NaCl Maximum
Growth %

Casein
degradation

Starch
degradation

Gelatin
degradation

SigniÞcance of the
species in food
microbiology

Bacillaceae Bacillus subtilis þ Central, not swelling – 5–10
20–40
50–55

6–8 7, Some strains 10 þ þ þ Rope in bakery products, human
illness, production of some
fermented soy products such
as natto and kinema; animal
and human probiotic

Bacillus
amyloliquefaciens

þ Central, not swelling – 5–10
20–50
55–60

7 Some
strains 10

5, Some strains 10 þ þ þ Production of a-amylase,
metalloprotease

Bacillus licheniformis þ Central to terminal,
not swelling

þ –
20–50
55

6–7 7, Some strains 10 þ þ þ Rope in bakery products, human
illness,� at sour defect in
canned foods; animal
probiotic. Production of

a-amylase, serine protease
Bacillus circulans þ Central or terminal,

swollen
þ nd

30–50
55

Some strains 5
6–9
Some strains 10

nd þ þ d Production of xylanase

Bacillus pumilus þ Central, not swelling – 5–10
20–40
50

Some strains 5
6–9

10 þ – þ Potentialfoodborne pathogen

Bacillus cereus þ Central, not swelling þ 10
20–40
–

6–7 5
Some strains 7

þ þ þ Human illness; bitty cream;
animal and human probiotic,
phospholipase

Bacillus mycoides þ Central, not swelling þ 10
20–30
40

6–7 7 þ þ þ Member of the B. cereusgroup

Bacillus pseudomycoidesþ Central, not swelling þ –
10–40
–

6–7 7 þ þ þ Member of the B. cereusgroup

Bacillus thuringiensis þ Central, not swelling þ 10
20–40
–

7 7 þ þ þ Insect pathogen, potentially
foodborne pathogen

Bacillus anthracis þ Central, not swelling þ –
20–40
–

6–7 7 þ þ þ Anthrax in herbivores and man

Bacillus
weihenstephanensis

þ Central, not swelling þ 5
10–30
40

6–7 5
Some strains 7

þ þ þ Food spoilage

Bacillus coagulans þ Central/terminal,
swollen

þ nd
30–40
50–55

5–10 2 – þ d Aciduric� at sour defect of
canned foods, tomato juice
and milk, human and animal
probiotic. Production of
glucose isomerase

(Continued)(Continued)
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Table 1 Characteristics of bacilli relevant to food microbiologyBacillusspecies are arranged so that similar strains are generally grouped togetherd cont'd

Family Species
Spores oval
or cylindrical

Spores
spherical

Anaerobic
growth

Growth
Temperature
d
þ
d Growth pH

NaCl Maximum
Growth %

Casein
degradation

Starch
degradation

Gelatin
degradation

SigniÞcance of the
species in food
microbiology

Bacillus alcalophilus þ Central – –
10–40
–

8–9
Some strains 10

2 þ þ þ Production of serine protease

Bacillus clausii þ Central variable
swelling

nd –
20–50
–

7–8 7, Some 10% þ þ þ Potential probiotic

Bacillus smithii þ Central/
terminal, variable

swelling

þ –
30–55
65

6–7 – w – Aciduric� at sour defect of
canned foods, evaporated
milk, cheese, sugar beet juice

Geobacillus
stearothermophilus

þ Subterminal to
terminal not
usually swollen

– 35
40–70
75

6–8 4%, Some strains 5% d/w þ þ Thermophilic� at sour defect of
canned foods. Production of

a-amylase, glucose kinase,
glucose-6-phosphate
dehydrogenase,
phosphotransacetylase

Lysinibacillus sphaericus þ Terminal
swollen

– 10
20–30
40

Some strains 6
7–9

5 d – d Insect pathogen

Paenibacillaceae Paenibacillus polymyxaþ Terminal, swollen þ 30 opt 7 Some strains 2% þ þ þ Flat sour defect of canned foods
Paenibacillus maceransþ Terminal, swollen þ 30 opt, some

strains 50
7 nd – þ þ Flat sour defect of canned foods

Paenibacillus larvae þ Central or terminal,
swollen

þ 28–37 opt nd 2% þ – þ Insect pathogen– American
foulbrood of honeybees

Paenibacillus popilliae þ Central, swollen þ 28–30 opt nd 3% – – – Pathogenic to the Japanese
beetle

Brevibacillus brevis þ Subterminal swollen – 20
30–40
50

6–8 Some strains 2% þ – þ Potential foodborne pathogen

Alicyclobacillaceae Alicyclobacillus
acidocaldarius

þ Terminal – 45–70
60–65 opt

2–6
(3–4 opt)

2% Tainted acidic foods

Alicyclobacillus
acidoterrestris

þ Terminal/subterminal – 35–55
42–53 opt

2.2–5.8
(4 opt)

4% Tainted acidic foods

þ , 85% positive; d, depends on strain 16–84% positive;–, Less than 15% positive; v, variation with strains; w, weak; opt, optimum; nd, no data.
Sources:Cutting, S.M., 2011.Bacillusprobiotics. Food Microbiology 28, 214–220. de Vos, P., Garrity, G.M., Jones, D., Krieg, N.R., Ludwig, W., Rainey, F.A., Schleifer, K.-H., Witman, W.B. (Eds.), Bergeys Manual of Systematic Bacteriology,
vol. 3. The Firmicutes, second ed. Springer, New York. Glick, B.R., Pasternak, J.J., Patten, C.L., 2010. Molecular Biotechnology: Principles and Applications of Recombinant DNA, fourth ed. Washington: ASM Press. Jenson, I., Jensen, N., Hyde,
M., 2001. Gram positive aerobic sporeforming rods. In: Moir, C.J., Andrew-Kabilafkas, C., Arnold, G., Cox, B.M., Hocking, A.D., Jenson, I. (Eds.), Spoilage of Processed Foods: Causes and Diagnosis. Australian Institute of Food Science and
Technology (NSW Branch) Food Microbiology Group, Sydney, pp. 271–294.
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BACILLUSj Introduction 115
The spore consists of layers of modi� ed peptidoglycan and
proteins that are unique to spores. The spore is relatively dr
and contains large amounts of dipicolinic acid as well as
divalent cations. The structure and composition of spores and
their metabolic inactivity is responsible for the long dormancy
and resistance to heat and desiccation.

The process of conversion of the endospore to vegetative ce
involves three steps: activation, germination, and outgrowth. In
some species, mild heat treatment is able to activate the proce
of germination. Even without activation, germination can
occur when environmental conditions are suitable for cell
growth. During germination, the spore cortex is degraded, the
spore becomes hydrated, and dipicolinic acid and minerals are
excreted. Hydration allows conformation of DNA, ribosomes,
and enzymes to be restored, which then allows metabolic
activities to resume. Depending on the type of spore formation
observed, we distinguish among the following:

l species producing oval endospores that distend the mothe
cell

l species producing oval endospores that do not distend the
mother cell

l species producing spherical endospores

The morphological characteristics of the spores of variou
bacilli are summarized in Table 1.

Spores are more resistant than vegetative cells to hea
freezing, high pressure, desiccation,g radiation, ultraviolet
light, chemicals, and extreme pH.

The temperature resistance of spores is a signi� cant feature
of bacilli and their signi� cance in food processing. This resis
tance is related to the maximum growth temperature of vege
tative cells. The various species of bacilli grow at temperature
that encompass a wide range from psychrotolerant species t
thermophiles. Strains or species with a higher maximum
growth temperature are more temperature tolerant, and thus
they require exposure to a higher temperature to obtain the
same decimal reduction time (inactivation rate). Temperature
resistance is modulated by the actual growth temperature of the
cells before sporulation, where again, growth at higher
temperatures leads to greater heat resistance. Sporulation
neutral pH also favors heat resistance of the spores. Clear
some of these factors can lead to deviations from the heat
resistance data (D- andz-values) published in the literature and
can be signi�cant to various food processes.
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Metabolism

The behavior of bacilli in food, and the resulting spoilage or
growth to levels that can cause human illness, is a result of thei
nutritional requirements, degradation and metabolism of
nutrients, and the production of polymers.

Most bacilli of signi� cance in foods and food environments
have nonexacting nutritional requirements. Paenibacillusspp.
may be more fastidious, which means that these species a
more likely to contaminate food via nutrient-rich rather than
nutrient-poor soils, but once in a nutritionally rich food envi-
ronment, they are unlikely to behave differently than other
bacilli. Some strains of Bacillus thuringiensismay require less
nutritious media. Alicyclobacillussp. do not have exacting
nutritional requirements, but they do require media with low
pH ( Table 1).

Many bacilli produce extracellular hydrolytic enzymes
essential for the breakdown of polysaccharides or oligosac
charides, nucleic acids, proteins, and lipids (Table 1). The
resulting products can be used as carbon sources, nitroge
sources, energy sources, and electron donors. They also conta
hydrolytic enzymes in the cytoplasm, however, which prepare
carbon sources to enter glycolysis by further hydrolytic, phos
phorylation, and isomerization reactions.

Glucose is readily utilized as a sole carbon source tha
usually is fermented. Many mesophilic bacilli can grow
anaerobically and ferment glucose to produce 2,3-butanediol,
glycerol, and carbon dioxide. Small amounts of lactate,
ethanol, diacetyl, or acetate may be produced by some specie

Bacilli may utilize a range of nitrogen sources, including
ammonium ions, urea, and amino acids. Fixation of atmo-
spheric nitrogen may occur in Bacillus cereus, Bacillus lichen
iformis, and Paenibacillusspecies.

Levan and dextran are sucrose polysaccharides produced
some species. When a product is spoiled byAlicyclobacillus, the
juice products develop a disinfectant-like odor or� avor due to
the production of guaiacol, probably from the degradation of
ferulic acid.
SigniÞcance in Food Spoilage

The bacilli may cause signi� cant spoilage problems. Bacilli are
found in soil and consequently also in water and air. Soil is
considered to be the primary habitat for most bacilli.
Contamination of food generally is considered to be via the
entry of soil, air, or water.

Bacilli are particularly noted as spoilage organisms in heat
treated (including, retorted) foods. Bacilli may not dominate
the microbial population of a food before heat treatment but
treatment failure and the absence of competitive microorgan-
isms can result in spoilage of shelf-stable foods by bacilli.
Bacilli may be responsible for the spoilage of dairy and bakery
products, among others, that have undergone mild (pasteuri-
zation) heat-treatment processes, and the products are held a
ambient or refrigeration temperatures for long periods of time.

These organisms survive in food processing because
thermal tolerance resulting from their thermophilic nature or
spore formation, but this does not explain why they spoil foods.
Spoilage occurs primarily due to the ability of many bacilli to
grow under a wide range of conditions and due to the fact that
they possess metabolic capabilities to access a wide variety
substrates and produce a range of undesirable end products.

Many bacilli growth over a wide range of conditions. Most
bacilli grow at temperatures under 20� C and above 40� C, with
some growing well at temperatures above 50� C. Strains of
some species appear to be able to adapt to grow at temperature
outside the usual range (Table 1). Although some bacilli grow
in a narrow range of pH around neutral, some are acidophilic
(Alicyclobacillus) and others grow over a wide range of pH
(Bacillus coagulans). Some species of bacilli are able to grow a
high salt concentrations (Table 1).

The ability of many species to grow under anaerobic condi-
tions also provides opportunities to spoil foods. Although
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B. subtilisusually is regarded as an aerobe, it actually is abl
to grow anaerobically using nitrate or nitrite as an electron
acceptor.

The widespread ability to degrade polymers– such as starch,
fats, gelatin, or casein–provides bacilli with the opportunity to
cause changes in the structures of a number of foods as well a
leads to end products of metabolism that are unpleasant to
consumers (Table 1). For example, the production of amylo-
lytic enzymes byB. subtilisleads to the degradation of starch,
which results in stickiness in bread and stringy strands when
the bread is pulled apart (rope). The fermentable carbohydrate
released (glucose) is fermented to mixed acids and alcohols
which result in estery odors. Another example is the phos-
pholipase of B. cereus, which cleaves fatty acids from lipids
resulting in bitter � avors and unstable fat globules when milk is
heated (e.g., in a beverage), so-called bitty cream. Spoilage
vegetables may be due to such bacilli asB. subtilisand Paeni-
bacillussp. in potato rot.

Bacilli also may form polymers of glucose or sucrose. Thes
polysaccharides (dextrans and levans) contribute to slimines
in spoiled foods and stringiness (rope formation) in spoiled
bread and bakery products. Levan production byB. subtiliscan
cause processing problems in sugar re� ning and B. licheniformis
may cause ropiness in alcoholic beverages, such as cider.
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Foodborne Disease

Several species of bacilli, almost all in the genusBacillus, are
implicated as human foodborne pathogens.Bacillus cereusand
Bacillus anthracis, are well recognized as foodborne pathogens
whereas the evidence for the pathogenicity ofB. subtilisand
B. licheniformisis less well developed. Illness has been reporte
due to other species, includingBacillus pumilus, B. thuringiensis
and Brevibacillus brevis.

Bacillus cereusand B. anthracisare closely related organisms
distinguishable by a few somewhat-variable characteristics, bu
ultimately by possession of genes that determine pathogenicity
Bacillus cereuspossesses a chromosomally encodedb-lactamase,
whereasB. anthracisis virtually always penicillin sensitive. Not
all strains of B. cereusare pathogenic for humans. Two toxins,
one causing diarrhea and the other provoking vomiting (emetic
toxin), may be produced. The diarrheal syndrome often is
associated with protein-rich foods, whereas the emetic
syndrome often is associated with starchy foods, custards, an
dairy products. The production of toxin appears to be associated
with certain genetic clusters of strains, with some producing one
toxin and some the other. The closely related speciesBacillus
weihenstephanensisdoes not appear to produce either toxin.
Human pathogenic potential exists in some B. thuringiensis
strains and has been implicated in some human illness. Strains
that are used as commercial insecticides, however, appear
have low ability to produce enterotoxin. Bacillus anthraci
possesses three toxin genes that are located extrachromosoma
on a large plasmid.Bacillus anthraciscauses the disease anthrax
primarily as disease of animals, which spreads to humans
usually through minor breaks in the skin or mucous membranes
from wool or hairs from infected animals. Cutaneous anthrax
� rst appears as a papule, which develops into a vesicle and aft
2–6 days into a black eschar; 5–20% of untreated cases are fatal
Gastrointestinal or oropharyngeal anthrax also may occur in
humans due to the ingestion of milk or meat from infected
animals. Antemortem and postmortem veterinary examination
should exclude anthrax-affected animals from the food chain,
but in areas of the world where veterinary examination is
nonexistent, gastrointestinal anthrax may occur, requiring
surgery to remove the affected part of the colon.

Foodborne illness due to other Bacillusspecies has been
reported infrequently. Bacillus subtilisor B. licheniformis
have been implicated most frequently. Bacillus pumilus,
B. thuringiensis, and Brevibacillus brevisalso have been impli-
cated in human illness. Quite possibly, lack of de� nitive
methods for these species, and the inability to easily distin-
guish these species from other bacilli that may be present in
food has led to these species being underrecognized. A fe
researchers have collected a number of cases. A wide range
foods appears to be implicated, usually involving relatively
mild heating steps, which may create an environment in which
these species can grow easily to high levels. High levels hav
been sometimes found in implicated food and sometimes in
the absence of other known agents of foodborne disease. Bot
emetic and diarrheal episodes have been reported, which ar
usually of short duration, with onset within an hour to several
hours after consumption of the implicated food.
Insect Control

Different variants of B. thuringiensis, Paenibacillus popilliae, Pae-
nibacillus larvae, B. cereus, Lysinibacillus sphaericus, and other
related species are pathogenic to insects. The use of these stra
for microbial insect control offers the advantage of being safer
than the more toxic chemical control agents. Furthermore, they
have relatively slight effects on the ecological balance of the
environment due to their speci� city for insect larvae. The
microbial insecticide is composed of, at least in the case o
B. thuringiensis, spores and crystalline proteins that, when
ingested by larvae, cause gut paralysis, probably by upsetting th
ionic balance of the gut. The spore survives its passage throug
the gut, penetrates the weakened midgut wall, and multiplies in
the hemolymph. Death results from either intoxication or
septicemia. High selectivity and the absence of harmful side
effects on plants, warm-blooded animals, or humans give many
of the Bacillusproducts an advantage over other insecticides
Several insect-speci� c pathogens are produced commercially for
use as microbial pesticides.Bacillus thuringiensisis produced
commercially as an insect larvicide and has been used world
wide to control damage to crops, trees, and ornamental plants
During endospore formation, this bacterium produces toxic
protein crystals (Bt toxin) that make it a good pesticide. Most of
the toxin genes of B. thuringiensisare located on conjugative
plasmids, which are transmissible by conjugation between
B. thuringiensisand B. cereusunder laboratory conditions.

Paenibacillus popilliaecauses a fatal illness called milky
disease in Japanese beetle larvae. After ingestion by the larva
B. popilliaegerminates in the gut, begins to multiply, and
invades the hemolymph. After about 10 days, a typical milky
appearance is observed due to the massive numbers of bacteri

Bacillus cereusstrains often are pathogenic for insects. The
produce phospholipase C, an a-exotoxin that permits the
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bacteria to pass through the barrier of the intestinal epithelial
cells. Subsequent penetration into the hemolymph followed by
multiplication kill the insect.
Probiotics

Bacillus species are sometimes used as probiotics in both animals
and humans. Bacillus subtilis, Bacillus clausii, B. cereus, B. coagulans,
and B. licheniformis have been the most extensively examined. It
is clear that few scienti�c studies have been performed on the
potential of these species as probiotics, especially compared with
the application of lactic acid bacteria. Bacillus have the obvious
advantage over other potential probiotics that they can be
produced ef�ciently and cost effectively by drying and survive
well through shelf life. They also will survive gastric acidity and
survive into the bowel, the reputed site of action. At least some
strains are able to germinate and reproduce in the human
gastrointestinal tract. A number of products are registered for
human use and also for animal use (pigs, poultry, calves,
aquaculture). Most products on the market do not have exten-
sive clinical trial data. Claims often relate to extragastrointestinal
effects, such as alleviation of allergy symptoms and rheumatoid
arthritis symptoms, but claims for gastrointestinal ef�cacy are
made for some products. The mechanisms by which bacilli may
be effective as probiotics is not known. Some strains have been
shown to produce extracellular proteases.

Natto is a B. subtilis–fermented soybean product, native to
Japan, for which health bene�ts often have been ascribed. It is
popular as a breakfast food. Natto has a strong odor and �avor
and a viscous, stringy texture. In part, this is due to the
production of a cell capsule of poly-g-glutamic acid in stationary
phase. Some B. cereus probiotic products are produced from
strains that produce enterotoxin or at least contain enterotoxin
genes.
Enzyme Production

The genus Bacillus encompasses species often used for the
production of metabolites and enzymes by fermentation. This
is partly due to the fact that most are excellent protein and
metabolite secretors and are easy to cultivate. The tremendous
advances in molecular biology have increased the use of Bacillus
spp. in heterologous gene expression.

Nonpathogenic Bacillus strains are used both in food pro-
cessing and industrial fermentation. The numerous products
accepted as safe include enzymes for food and drug processing,
as well as foods produced from these strains.

Bacillus species are used to manufacture commercially
important enzymes (Table 1). For example, amylases are used
for the production of glucose from corn, wheat, or potato
starch. The resulting glucose can be converted by glucose
isomerase to a glucose–fructose mixture, which has a sweeter
taste than either glucose or sucrose. This enzymatic process
therefore has become important for the industrial production
of sugar from starch, either as a substrate for subsequent
fermentation to ethanol, or as a sweetening agent in soft drinks
and other foods. In principle, these reactions can be catalyzed
separately by enzymes, which operate sequentially in the
conversion reactions. These reactions are composed of three
principal steps:

l Thinning reaction, in which the starch polysaccharides are
attacked by a-amylase, shortening the chain and reducing
viscosity.

l Sacchari� cation, which produces glucose from the shortened
polysaccharides catalyzed by the glucoamylase.

l Isomerization, which converts glucose into fructose, cata-
lyzed by the glucose isomerase.

Cellulases, lipases, and proteases also may be produced
from B. subtilis and B. licheniformis.

See also:Bacillus: Bacillus cereus; Geobacillus
stearothermophilus(Formerly Bacillus stearothermophilus);
Bacterial Endospores.
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Figure 1 Cutaneous anthrax lesion.
Characteristics of the Species

Bacillus anthracis, the causative agent of the disease anthrax, is
the only obligate pathogen within the genus Bacillus. The genus
includes Gram-positive aerobic or facultatively anaerobic
spore-forming, rod-shaped bacteria. The ability to form resis-
tant spores accounts for its reported persistence in the envi-
ronment over many years (accounts vary from 60 to 200 years)
and resistance to physical agents, such as heat and chemical
disinfectants. The spores can withstand temperatures of 70 �C
and, depending on the conditions, exposure to acids, alkalis,
alcohols, phenolics, hypochlorite, quaternary ammonium
compounds, and surfactants. They usually are destroyed by
boiling for 10 min and by dry heat at 140 �C for 3 h. They are
susceptible to sporicidal agents, such as formaldehyde, and are
inactivated by gamma radiation, an approach that has been
used to decontaminate animal hides.

Conditions conducive to the germination of B. anthracis are
not well characterized. Germination is in�uenced by temper-
ature, pH, moisture, and the presence of oxygen and carbon
dioxide. Spores will germinate at temperatures of 8–45 �C, pH
values of 5–9, relative humidity >95%, and adequate nutri-
tion. Optimum germination conditions for the Vollum strain
of B. anthracis have been shown to be 22 �C in the presence of
the germinant L-alanine.

Frequently, it is convenient to classify B. anthracis informally
within the Bacillus cereus group, which includes B. cereus,
B. anthracis, Bacillus thuringiensis, and Bacillus mycoides on the
basis of phenotypic reactions. Genetic techniques have provided
clear evidence, however, that B. anthracis can be distinguished
reliably from other members of the bacilli. In practical terms,
the demonstration of virulence constitutes the principal point of
difference between typical strains of B. anthracis and those of
other anthrax-like organisms.

Although primarily a disease of herbivores, particularly the
human food animals, cattle, sheep, and goats, the organism can
infect humans, frequently with fatal consequences if untreated.
In herbivores, the disease usually runs a hyperacute course, and
signs of illness can be absent until shortly before death. At
death, the blood of the animal generally contains >108 bacilli
per milliliter.

Bacillus anthracis is regarded as an obligate pathogen; its
continued existence in the ecosystem appears to depend on
a multiplication phase within an animal host. Spores of
anthrax reach the environment either from infected animals
and their products or as a consequence of the actions of
humans. In the wild, it is thought that the release of spores
from infected animals plays an important part of the infective
cycle; the spores contaminate the soil, and healthy animals that
graze on contaminated land are exposed to the spores and
subsequently may develop infection.

The disease largely has been eradicated from the western
world due to mass animal vaccination programs and the
118 Encyclopedia of Food Mic
maintenance of stringent veterinary control measures. In other
parts of the world where vaccination is not available or
routinely administered, the organism is still a signi�cant cause
of animal mortality and human disease.

In the United Kingdom, the sudden death of a food animal
is investigated by the veterinary authorities, and, if death is due
to anthrax, the animal and its products are destroyed. In
countries, with less–well-developed public health systems, the
meat of an infected animal may be considered too valuable to
‘waste’ and, subsequently, the �esh is likely to be consumed or
sold. In Zambia, custom dictates that an animal that has died
from unknown causes cannot be disposed of, but it is opened
up, shared among relatives and friends, and eaten. Efforts to
advise local communities on the dangers of such behavior meet
resistance due to the economic loss caused by burying or
burning.

Three forms of the disease are recognized in humans:
cutaneous, pulmonary, and gastrointestinal infection. Devel-
opment of meningitis is possible in all three forms of anthrax.
The gastrointestinal tract and pulmonary forms are regarded as
being most frequently fatal due to the fact that they can go
unrecognized until it is too late to instigate effective treatment.

The cutaneous form accounts for the majority of human
cases (>95%). It is generally believed that B. anthracis is
noninvasive and thus requires a break in the skin to gain access
to the body. Infection is normally caused by spores of the
organism colonizing cuts or abrasions of the skin (Figure 1).
Workers who carry contaminated hides or carcasses on their
shoulders are liable to infection on the back of their necks,
while handlers of other food materials or products tend to be
infected on the hands, arms, or wrists. Most carbuncular cases
recover without treatment, but in 20% of the cases, the infec-
tion will progress into a generalized septicemia, which is
invariably fatal.

Pulmonary anthrax is caused by the inhalation of spores of
B. anthracis that is aerosolized during the processing of
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00021-5

http://dx.doi.org/10.1016/B978-0-12-384730-0.00021-5


f

s

is

l

en

al

th

g
on

s

-

r,

e

-

in

e
e

d

t
t
.

BACILLUSj Bacillus anthracis 119
contaminated animal products, such as hides, wool, and hair.
The onset of illness is abrupt. The early clinical signs are o
a mild respiratory tract infection with mild fever and malaise,
but acute symptoms may appear within a few hours with
dyspnea, cyanosis, and fever. Death usually follows within
2–3 days with acute splenomegaly and circulatory collapse a
terminal events. This form of infection has an associated
mortality rate of >80%.

Gastrointestinal anthrax occurs mainly in Africa, the Middle
East, and central and southern Asia. Where the disease
infrequent or rare in livestock, it is rarely seen in humans. Most
cases of intestinal anthrax result from eating insuf�ciently
cooked meat from anthrax-infected animals. Gastrointestina
anthrax is probably greatly underreported in many of these
rural disease-endemic areas. Although most cases have be
reported from adults, children tend to have a more fulminate
course of infection. Due to the rareness of the conditions, there
are no � gures for the number of organisms that need to be
ingested to cause disease. Two clinical forms of gastrointestin
anthrax may occur following the ingestion of contaminated
food or drink:

l Intestinal anthrax: the symptoms include nausea, vomiting,
fever, abdominal pain, hematemesis, bloody diarrhea, and
massive ascites. Toxemia and shock develop and dea
results.

l Oropharyngeal anthrax: the main clinical features are sore
throat, dysphagia, fever, regional lymphadenopathy in the
neck, and toxemia. Even with treatment, the mortality is
about 50%.

It is extremely important that effective treatment is started
early as the prognosis is often death. Suspicion of the case bein
anthrax depends very greatly on the awareness and alertness
the part of the physician as to the patient’s history and the
likelihood that he or she had consumed contaminated food
and drink.

The two major virulence factors ofB. anthracisare the ability
to form an antiphagocytic capsule and a toxin expression. Both
of these factors are carried on different plasmids, with the loss
of either resulting in a reduction in the virulence of the
organism.
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Figure 2 Coordinate regulation of virulence factors. The production
temperature. The molecular mechanism of enhanced virulence has n
The capsule ofB. anthracisis composed of a polypeptide
(poly- D-glutamic acid), which inhibits phagocytosis and
opsonization of the bacilli. The genes controlling capsule
synthesis,CapA, CapB, and CapCare organized in an operon
that is located on the plasmid, pXO2. Capsule expression is
subject to regulation by CO2 and bicarbonate via an, as yet,
unclear mechanism involving the regulatoratxA. This regulator
also controls the level of expression of the anthrax toxin gene
(Figure 2). Why the expression of virulence factors should be
linked to CO 2 and bicarbonate levels is unclear. It could be that
the bacteria‘monitor ’ the level of these agents in the host as an
indication of the nutrient availability.

The tripartite anthrax toxin is considered to be the major
virulence factor. The three proteins of the exotoxin are protec
tive antigen (PA), lethal factor (LF), and edema factor (EF). The
toxins follow the A–B model with the A moiety being the
catalytic part and the B moiety being the receptor-binding part.
PA acts as the B moiety and binds to the cell surface recepto
where LF and EF complete for binding to PA.

EF is an inactive adenyl cyclase that is transported into th
target cell by PA. Once in contact with the cytoplasm, EF
binds calmodulin (a eukaryotic calcium-binding protein) and
becomes enzymatically active, converting adenosine triphos
phate into cyclic adenosine monophosphate (cAMP). The
resulting effects are the same as those caused by cholera tox
with the affected cells secreting large amounts of� uid.

The contribution of EF to the infective process is ill de� ned.
In general, bacterial toxins that increase cAMP dampen th
innate immune responses of phagocytes and there is som
evidence that this may be true for edema toxin. It is generally
considered that the pathological changes seen in infecte
animals are due to the lethal factor combined with PA. In the
only studies directly implicating EF as a virulence factor, mice
were found to be killed by lower doses of the lethal toxin when
EF was administered simultaneously.

Lethal toxin is the central effector of shock and death from
anthrax. Animals injected intravenously with puri� ed lethal
toxin succumb in a manner that closely mimics the natural
systemic infection. Lethal toxin appears to be a zinc-dependen
metalloprotease, but its substrate and mode of action have ye
to be de� ned. It affects most types of eukaryotic cells
pXO21
90 kbp

Cap A

Cap
 C

C
ap

 B

acp A2 /HCO3

.

dep

of the capsule and anthrax toxin genes are enhanced by CO2/bicarbonate and
ot been elucidated.



y

d
ent
rs

,

t

o
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Macrophages, which play a key role in combating infection, are
particularly sensitive to the toxin. At low levels, the toxin
appears to interfere with the ability of macrophages to kill
bacteria. The toxin also stimulates the production of cytokines
within the macrophage. As the level of toxin increases in the
blood, more cytokines accumulate within the macrophage
until the cell is � nally lysed. It is proposed that this sudden
release of cytokine leads to shock and would explain the rapid
death seen in animals.

In addition to the major factors previously outlined, B.
anthracis expresses a number of other factors that ma
contribute to virulence. These‘minor factors’ could account for
the difference in virulence between strains.

Like many other pathogenic organisms, B. anthracis
produces an S-layer composed of two proteins called Eal an
Sap. S-layers are proteinaceous paracrystalline sheaths pres
on the surface of many Archaebacteria and Eubacteria. S-laye
have been found on many bacterial pathogens, including
Campylobacterspp. andClostridiumspp. Various functions have
been proposed for S-layers, including shape maintenance
molecular sieving, or phage � xation. The S-layer may be
a virulence factor, protecting pathogenic bacteria agains
complement killing.

It has been demonstrated thatB. anthraciscan produce
a number of chromosomally encoded extracellular proteases
that, like lethal toxin, kill macrophages.

The presence of similar, if not identical, toxin genes in
a number of members of the B. cereus, B. thuringiensis, and
B. mycoidesgroup raises the possibility that these genes als
may be present in B. anthracis. A homolog to the cereolysin
gene of B. cereushas been detected inB. anthracis. Although
functionally inactive in the majority of strains, spontaneously
occurring low-level activity has been demonstrated. It would
not be surprising if homologs to other bacillus virulence factors
were not detected.
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Detection

Given the scarcity of anthrax in the industrial world it is
unlikely that many routine diagnostic laboratories would have
the experience or access to the materials required, to identif
the organism correctly. The main problem is the differentiation
of B. anthracisfrom the phenotypically similar B. cereus/thur-
ingiensisgroup, which may also be present in many of the
samples examined for anthrax.

Direct detection of the organism in the � eld is relatively
simple in animals that have died suddenly of the disease. At death
the blood of an animal generally contains >10 8 bacilli per
milliliter. Blood � lms are dried, � xed immediately by heat or
immersion for 1 min in absolute alcohol, and stained with
polychromemethylene blue,which after 20 s iswashedoff.When
the slide is dry, it is examined for characteristic deep blue, square
ended bacilli surrounded by a well-demarcated pink capsule
(McFadyean’s reaction) (Figure 3). In some animal species,
such as pigs, the terminal bacteremia is limited, and the bacilli are
unlikely to be seen in McFadyean-stained blood smears.

Antigen-based direct detection methods have been deve
oped that are more sensitive than staining. A highly speci� c
immunochromatographic assay has been developed utilizing
a monoclonal capture antibody to the anthrax toxin compo-
nent, PA. This assay can detect as little as 25 ng ml� 1 of PA and
can be performed in a few minutes without the need for special
reagents. This test could be used in addition to staining to
screen animal blood and tissue and con� rm the presence, or
absence, of the organism.

DNA-based detection using polymerase chain reaction
(PCR) methodologies have been used successfully to detect th
presence ofB. anthracisin environmental samples. Once the
problem of PCR inhibitors in blood and animal tissue have
been overcome, it should be possible to detect the organism in
animal samples.

Unless there is an index of suspicion, it is unlikely that
animal products would be examined routinely for the
presence ofB. anthracis. In cases in which contamination with
B. anthracis is suspected, the World Health Organization
(WHO) in their Comprehensive and Practical Guidelines
Anthraxpropose the isolation protocol shown in Figure 4.

The sensitivity limit of this technique is approximately � ve
spores per gram of the starting material. The number of bacteria
isolated very much depends on the distribution of the
organism within the sample.

The polymyxin-lysozyme-EDTA-thallous acetate (PLET) aga
described in the method is a semiselective medium forB. anthra-
cis, which contains polymyxin (30 000 units l � 1), lysozyme
(300 000 units l � 1), ethylenediaminetetraacetic acid (0.3 g l� 1),
and thallous acetate (0.04 g l� 1).

Once colonies have been isolated, further testing is required
to con� rm their identity ( Table 1). Many saprobic species of
aerobic spore-forming bacilli are hard to distinguish from
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Blend to suspend in 2 volumes
of sterile distilled/deionized water

(buffered if specimen is likely
to have a low/high pH)

ROUTE A
(When there is reason to believe

some or all of the B. anthracis
will be in vegetative forms)

ROUTE B
(When B. anthracis is only

likely to be present as spores)

Decant ±10 ml into a
tube/bottle

Prepare ±10 ml volumes of
undilute and 1:10, 1:100 and

1:1000 dilutions of the
suspension in sterile

distilled/deionized water

Place in 62.5 °C water bath
for 15 min (‘heat shock’) or
(‘alcohol shock’ by adding
equal volume of 95 –100%

ethanol and hold 1h)

First

Second

Place in 62.5 °C water bath
for 15 min (‘heat shock’) or
(‘alcohol shock’ by adding
equal volume of 95 –100%

ethanol and hold 1h)

Prepare ±10 ml volumes
of 1:10 and 1:100 dilutions
of the suspension in sterile

distilled/deionized water

dilution on polymyxin blood
agar (BAP) and 200–250 l

on PLET agar

Spread 100 l of eachSpread 100 l of each
dilution on blood agar
(BA) and 200–250 l

on PLET agar

Incubate BAP/BA overnight at 37 °C
and PLET for 36– 48 h at 37 °C

Figure 4 WHO protocol for the isolation of anthrax.
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B. anthracisexcept on the basis of pathogenicity. The mos
commonly encountered are B. cereus/thuringiensis/mycoides,
Bacillus subtilis, and Bacillus licheniformis.

The preliminary tests shown inTable 1are used routinely by
the Anthrax Section, Centre for Emergency Preparedness a
Response (CEPR), Porton Down, Salisbury, United Kingdom
and allow the presumptive identi� cation of an isolate asB.
anthracis. Similar tests are conducted under the auspices of th
US Centers for Disease Control and Prevention’s Laboratory
Response Network.

l Lack of motility: Log phase cultures of the organism grown in
nutrient broth at 22 � C and 30 � C are examined for motile
organisms by phase contrast microscopy. Unlike the othe
closely related bacilli,B. anthracisis nonmotile.

l Lack of hemolysis: When cultured on 7% de� brinated horse
blood agar, colonies of B. anthracisare large, opaque, and
white, and have a very rough surface and an irregular edge
They are normally nonhemolytic, although the occurrence
of hemolytic colonies has been reported.

l Sensitivity to diagnostic gamma phage: Sensitivity to
B. anthracis–speci� c phage is determined by spreading 200ml
of a log phase culture over the surface of a blood agar plate
After incubation for 1 h at 37 � C, 20ml of B. anthracis-speci� c
gamma phage suspension is spotted on the plate. Afte
overnight incubation at 37 � C, the plate is examined for
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Table 1 Detection and identi� cation methods forB. anthracis

Direct
Microscopy (McFadyean’s stain)
Antigen detection
Polymerase chain reaction

Preliminary tests
Lack of motility
Lack of hemolysis
Sensitivity to diagnostic gamma phage
Sensitivity to penicillin
Commercial biochemical kits: API 50CHB, Biolog

ConÞrmatory tests(specialist lab)
Virulence in animals– guinea pig
Capsule formation– McFadyean’s stain
Toxin detection– immunoassays
Virulence gene detection– polymerase chain reaction
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plaques. On rare occasions phage-negativeB. anthracisand
phage-positiveB. cereusmay be encountered (Figure 5).

l Sensitivity to penicillin: The test organism is subcultured to
a blood agar plate; a 10 unit penicillin disk is spotted on the
culture and the plate is incubated overnight at 37� C.
Bacillus anthracisis sensitive to penicillin, whereasB. cereusis
resistant. Very rarely penicillin-resistantB. anthracisisolates
are encountered.

Commercially available biochemical screening system
such as API 50CHB (bioMerieux, France) and Biolog (Biolog
Inc., Hayward, United States) have been evaluated for thei
ability to identify B. anthracis. These systems offer the advan
tage of being easy to use and show promise as simple,� rst-line,
one-step screening tests for the presumptive identi� cation of
B. anthracis.

These tests are called presumptive tests as other strains
bacilli can give similar reactions to B. anthracis. The demon-
stration of virulence constitutes the principal point of differ-
ence between typical strains ofB. anthracisand those of other
anthraxlike organisms.

Traditionally, the guinea pig has been the model used to
demonstrate virulence. The animal is injected with the sample
and if it dies, the cause of death is con� rmed by the isolation of
B. anthracisfrom blood. Although this traditional technique is
Figure 5 Gamma phage lysis.
sensitive, it is likely to be replaced by more sensitivein vitro
tests.

Virulent isolates of B. anthracisproduce both a capsule and
exotoxins. Detection of capsule formation is relatively simple.
Capsule-forming organisms, when grown on medium con-
taining bicarbonate and in the presence of CO2, produce
colonies that are raised and mucoid in appearance, wherea
noncapsule-forming organisms produce� at, dull colonies. In
addition, the presence of the capsule can be con� rmed by
McFadyean’s stain.

Detection of active toxin production is not as straightfor-
ward and requires either an animal system, a tissue culture
assay using toxin-sensitive cell lines, or an immunological
technique, such as an enzyme-linked immunosorbent assay.

PCR allows for the detection of the genes encoding the
virulence factors without the need for their expression. Speci�c
DNA primers have been developed for the detection of capsule
and toxin genes. Primers have been developed speci� c to the
genome of the organism allowing the detection of atypical,
nonvirulent strains of B. anthracis. A rapid-viability PCR
method, incorporating primers and probes speci� c for the
chromosome and each of the two virulence plasmids, has been
developed to detect viable, virulent B. anthracisin environ-
mental samples.
Regulations

Most countries have regulations concerning the handling and
disposal of infected food animals and their products. Concerns
about the importation of contaminated animal products into
the United Kingdom at the beginning of the twentieth century
led the government to set up disinfection stations to treat all
animal hair and leather goods.

The United Kingdom Anthrax Order (1991) prescribes the
steps that should be taken to deal with an animal that has, or is
suspected of having, anthrax. This measure calls for the infecte
animals and its products, such as milk, to be destroyed, thus
removing them from the food chain.

The WHO has produced detailed comprehensive and
practical guidelines on anthrax, detailing best practices on al
aspects of the disease. In many areas where anthrax is endem
particularly Africa, the problem is not the lack of regulations
but rather the will and the means to enforce them in the face of
local customs.
n
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e

Importance to the Food Industry

The number of reported cases of foodborne illness involving
B. anthracisis extremely small compared with other traditional
food-poisoning organisms. To date, there has never bee
a documented case in the United States. In countries with well-
developed veterinary and public health systems, infected
animals will be identi � ed and removed from the food chain. In
countries where such systems are not in place, the potentia
exists for contaminated animals and their products to be pro-
cessed and consumed. A survey of animals in a slaughterhous
in eastern Nigeria revealed that 5% of cattle and 3.3% of sheep
were positive for anthrax. These infected animals not only pose
a risk to the people consuming the meat but also an
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occupational risk to workers exposed to the carcasses. In the
same survey, it was found that 13% of butchers and skinners
had acquired cutaneous anthrax. Slaughterhouse waste in the
form of offal for animal feed, and slurry discharged into the
environment, represents a further source of potential infection.
A study of uncut anthrax-contaminated slaughterhouse waste
showed that viable anthrax still could be recovered after the
offal had been heat treated for 30 min at 130 �C.

The use of bone charcoal by the food industry in the
production of sugar products presents an avenue for anthrax
contamination. The bones normally are obtained from areas of
the world in which anthrax is endemic and, on occasion,
B. anthracis has been isolated. For this reason, the bones must
be sterilized, usually by gamma irradiation, before use.

It is also important to note the potential of gastrointestinal
anthrax occurring as a result of a bioterrorism event. Inten-
tional contamination of food products may result in disease
that would differ from naturally occurring infections associated
with the consumption of meat from an infected animal.
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Importance to the Consumer

Due to the scarcity of the disease, there are few published
records of human infection. The cases that are published
mainly originate from Africa, the Middle East, and central and
southern Asia. Figures for human anthrax in China showed that
of 593 recorded cases, 384 were linked to the dismembering
and processing of infected animals and only 192 cases were due
to the consumption of contaminated meat. In neighboring
Korea, sporadic outbreaks of human anthrax have been
reported. From 1992 to 1995, three outbreaks occurred, a total
of 43 cases, all linked to the consumption of contaminated beef
or bovine brain and liver.

An outbreak in India was centered on an infected sheep. Of
the �ve individuals who skinned and cut up its meat for human
consumption, four developed fatal anthrax meningitis.
Another person who wrapped the meat in a cloth and carried it
home on his head developed a malignant pustule on his
forehead and went on to develop meningitis. A large number of
people who cooked or ate the cooked meat of the dead sheep
remained well.

See also:Bacillus:Bacillus cereus; Bacterial Endospores;
Classi� cation of the Bacteria: Traditional; Bacteria:
Classi� cation of the Bacteria – Phylogenetic Approach;
Nucleic Acid–Based Assays:Overview.
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Characteristics of the Species

Bacillus cereus is a diverse species belonging to the larger Bacillus
cereus group, which also includes Bacillus mycoides and Bacillus
thuringiensis. Distinction between the species is based on
a number of biochemical characteristics; however, distinguish-
ing between the species can be dif�cult.

A number of different schemes have been reported to identify
B. cereus, thus differentiating it from the other members of the
B. cereus group. Depending on which scheme is employed, the
overlap between two or all three of the species differs.

The bacterium B. cereus is Gram positive and is characterized
by its ability to form spores. It has an optimum growth
temperature of 28–35 �C with a minimum of 4–5 �C and
a maximum of 48 �C. The generation time of the organism is
18–27 min. It grows over a wide pH range of 4.9–9.3 and at salt
concentrations of up to 7.5%. The spores are relatively heat
resistant, although the D values tend to be variable. Typically,
the D100 range is approximately 2.2–5.4 min, although
considerable variation has been observed between different
strains. Germination of spores is robust and frequencies of up
to 100% have been reported. The germination process is rapid
and can occur in some strains within 30 min. Germination
requires a number of small molecules, including glycine or
alanine and purine ribosides.

Bacillus cereus is a common inhabitant of soils and can be
transmitted easily into vegetation and subsequently into foods.
It often is present in a variety of foods, including dairy prod-
ucts, meats, spices, and cereals. In general, foods that are pro-
cessed by drying or are otherwise subjected to heating can still
contain B. cereus. Typically, foodborne poisoning involving
B. cereus results from the consumption of cereal dishes and
other predominantly starchy foods. Of all foods, fried rice has
been implicated most often in B. cereus foodborne illnesses.
This is due to the fact that this pathogen is a frequent
contaminant of uncooked rice and that B. cereus spores can
survive the cooking process. Rice cooked, but then held at room
temperature, can allow the bacteria to multiply and produce
toxin. The subsequent heat treatment during frying usually is
insuf�cient to kill vegetative cells and certainly is insuf�cient in
inactivating the toxin. Thus, when this food product rests at
room temperature, the problem is exacerbated by allowing
vegetative cells to multiply.

Despite their apparent close phenotypic relationship,
members of the B. cereus group – B. cereus, B. thuringiensis, and
B. mycoides – are genotypically diverse, but several genes are
common to all three. Typology using multiple enzyme electro-
phoresis, carbohydrate pro�les, phage, DNA–DNA homology,
or rRNA suggests differences both within species and between
species. Differences within B. cereus are perhaps best exempli�ed
by the differences in genome size between isolates. The size can
vary by as much as 2 Mb (or more than 50% of the genome).
Mapping and hybridization analysis reveals, for example, that
one B. cereus isolate has a small genome (2.4 Mb) and is a subset
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of a larger B. cereus genome and that this genome is conserved
as part of the genome of at least four other B. cereus strains.
Within this conserved genome is at least one virulence factor,
phospholipase C. In certain strains, some of this variant genome
is ‘extrachromosomal,’ whereas in other cases it is absent.

The inherent diversity within the B. cereus group and the
presence of similar, if not identical, toxin genes in a number of
other members of the B. cereus group, including B. mycoides and
B. thuringiensis, raise the issue of microbiological identity and
safety, based solely on a microbiological name. For example,
B. thuringiensis, which commonly is used as a biopesticide, is
known to carry a number of ‘virulence’ genes similar, if not
identical, to those found in B. cereus. These include the
hemolysin and the cereolysin genes. It is probably that
B. thuringiensis is not a threat to human health, as its prepara-
tions used as biopesticides typically are rendered nonviable.
Few limited reports of disease have been attributed to strains of
B. thuringiensis avirulent, although the absolute accuracy of the
strain identi�cation may be an issue. Because the discrimina-
tion between B. cereus and B. thuringiensis typically is based on
the presence or the absence of a parasporal crystal, misidenti-
�cation may arise. As the absolute requirements for virulence
are better de�ned for B. cereus, new opportunities for functional
identi�cation schemes may be realized.

Virulence in B. cereus is a function of a number of different
factors. Thus, there are different clinical pictures of the disease
(Table 1). Two forms predominate; one is an emetic version,
and the other is diarrheal and is characterized, in part,
by abdominal pains. The emetic symptoms develop within
1–5 h after the consumption of the contaminated food, and
the diarrheal symptoms may take up to 12 h or more to
develop.

The diarrheal form of the disease is similar to Clostridium
perfringens food poisoning. In general, the symptoms pass, and
no further complications arise from Bacillus cereus. In a limited
number of cases, more severe forms of the disease have been
observed in both humans and animals. These more severe
forms include bovine mastitis, systemic and pyrogenic infec-
tions, gangrene, septic meningitis, lung abscesses, and endo-
carditis. A metastatic bacterial endophthalmitis form also has
been described.

At least some of the extracellular enzymes are assumed to be
toxins. These extracellular enzymes include proteases, amylases,
phospholipases, b-lactamases, hemolysins, and sphingomyeli-
nases. The role of one or more of these enzymes in virulence is
dif�cult to establish because of the absence of appropriate
model systems, and isogenic strains speci�cally de�cient in one
or more of these enzymes.

The different forms of disease caused by B. cereus are
presumably a function of the combination of toxins and the
health status of the host. In all cases, identifying the toxin and
then assigning a functional role to that particular toxin is
complicated. There are no perfect model systems for studying
either the diarrheal or the emetic response.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00019-7
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Table 1 Toxins found in theB. cereusgroup

Toxin Gene Comments

Hemolysin A tripartite protein that contains a hemolysin and two binding proteins. It also has
enterotoxin activity as demonstrated in a rabbit ileal loop assay

BL hblA
B
L1

L2

Enterotoxin bceT A single protein whose activity has been established on the basis
of a mouse ileal loop assay

Cereolysin Two genes encoded in a single operon
A cerA Phospholipase C
B cerB Sphingomyelinase
Cereulide Not identi� ed Small dodecadepsipeptide, produces vacuole response in HEp-2 cells
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Several model systems have been reported that have varyin
degrees of authenticity to the actual disease response. They al
have varying degrees of dif� culty, and usually the degree of
dif � culty is inversely proportional to the likelihood that
a particular assay will truly model the disease state.

The most widely used model to measure compounds for the
diarrheal response is the rabbit ileal loop assay. In this model
the lower portion of the intestine of a rabbit is surgically
exposed to allow ligation of the ileal region. Multiple regions
can be ligated to allow different samples to be tested in a single
animal. The sample is injected into one ligated section, and the
response in terms of � uid accumulation is monitored with
time. Because injecting material into a ligated ileal loop can
cause� uid accumulation without the sample necessarily being
toxic, controls are important. The assay is typically qualitative
based on the degree to which the loop is distended becaus
of � uid accumulation. As with any animal bioassay, local or
federal guidelines and requirements may complicate and limit
any attempts to apply it.

The toxins that are responsible for the diarrheal respons
have not been � rmly established. It is clear that there are
a number of toxins, including a hemolysin and a cereolysin. The
hemolysin designated hemolysin BL includes three distinct
peptides, B, L1, and L2. Each of the genes coding for the three
components has been cloned and the sequences determine
The B component appears to have the ability to lyse erythrocytes
whereas the two L components are responsible for binding to
the erythrocytes. It is hemolysin BL that is responsible for the
discontinuous appearance of the hemolytic pattern that
surrounds colonies ofB. cereus.

A second virulence factor inB. cereusis cereolysin, which
again is a multicomponent cytotoxic complex. Tandemly
arranged genes for phospholipase C and sphingomyelinase ar
transcribed as an operon. There are in total three phospholi
pases in B. cereusand they hydrolyze phosphatidylinositol.
Some, but not all, of these phospholipases are metalloenzyme
requiring divalent cations for activity. The sphingomyelinase is
also a metalloenzyme that has hemolysin-like activity.

A putative emetic toxin has been isolated and identi� ed. A
major dif � culty in the identi � cation of the emetic toxin is the
lack of a suitable assay for biological activity. The most accepte
model system is the monkey, but monkey assays are expensiv
to carry out because of the cost of procurement and housing o
these animals. Furthermore‘read-out’ of the assay is far from
exact and the time of onset, as well as the severity of the respons
needs to be taken into account. Typically, the sample is intro-
duced by a stomach tube, and then the animals are observed fo
approximately 5 h. A set of six animals is tested and an emetic
response in two of the six is considered a positive indication of
the toxin. To � nd a more amenable model system, it was
reported that the adult male suncus (a white-footed shrew) was
similarly susceptible to emesis. Both the time to emetic response
and frequency of episodes is the output of this assay.

The putative emetic toxin is a small dodecadepsipeptide
and has been shown to produce a vacuole response in HEp-
cells. The involvement of this puri� ed peptide in the emetic
response is based on anin vitroassay, but there is still a need to
con� rm this using more established assays for the emeti
response. The emetic toxin is cyclic composed of a three repe
of D-O-Leu-D-ala-L-O-Val-L-ala. Structurally, it is related to the
ionophore valinomycin, and this may suggest its mode of
action. No genes coding for cereulide have been identi� ed, but
it is likely they will be structurally similar to those involved in
cyclic peptide biosynthesis as observed in otherBacillusand
Streptomycesspp. A survey ofB. cereusreveals that strains of the
H-1 serovar were most likely to produce cereulide when
compared with any other serotype of this organism.

Recent attempts to develop more facile assays have be
reported. As mentioned, one such example is an HEp-2 ce
assay in which the proliferation of the cell line is used as an
index of the cytostatic (or emetic) effects of theB. cereustoxin.
In a survey ofB. cereusstrains, a signi�cant proportion (74%)
were enterotoxin producers, but only 5% produced the emetic
toxin as measured by this assay. As with any model assay, th
results need to be con� rmed against a‘gold standard.’ In this
case with the emetic toxin, the gold standard is the monkey
assay, and it is rare to see an unequivocal comparison made b
these assays.
Methods of Detection

Bacillus cereusis dif� cult to detect, primarily because of the close
relationship between it and other members of the B. cereus
group. Differentiation usually is accomplished by growth on
selective media followed by microscopic observation of



h-

f

.

s

d

us

t

126 BACILLUSj Bacillus cereus
a parasporal crystal, characteristic ofB. thuringiensis. Bacillus
mycoidesis characterized by its rapid colony spread, although
this trait as well as spore crystal formation inB. thuringiensiscan
be lost upon culture.

Detection of B. cereusin foods, typical as for other microor-
ganisms, consists of a series of steps, including selective enric
ment followed by plating on to selective agar media, which
contain ingredients to screen for the organism. Homogenates o
food are prepared in Butter� eld’s phosphate buffered water at
a 1:10 dilution. Direct plate counts can be made using a selective
screening agar, such as mannitol egg-yolk polymyxin (MYP)
The polymyxin is added to suppress the growth of other micro-
organisms, and B. cereusis highly resistant to this antibiotic.
Mannitol is not utilized by most B. cereus, and therefore the
colonies are pink, as opposed to yellow for mannitol-fermenting
bacteria. The MYP agar medium contains egg yolk, which i
a substrate for lecithinase, an enzyme found inB. cereus. The
precipitate that forms around the colony can be distinguished
easily after 24 h at 30� C. In some cases, an additional 24 h is
required to observe clearly the zone of precipitation.

In cases in which low numbers ofB. cereusare expected, direct
plating may not be suitable. The threshold for direct plating is
approximately 10 colony forming units (cfu) g � 1. The most
probable number (MPN) technique can be used to enumerate
bacteria in samples below 10 cfu g� 1. The MPN technique for
B. cereusstarts with dilution into trypticase soy polymyxin
broth in triplicate. The tubes are incubated for 48 h at 30� C and
dense growth usually is observed. The culture is then streake
onto MYP agar and incubated (as described previously). Any
presumptive positives must be recon� rmed asB. cereus.
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Con�rmatory Tests

Con� rmation of B. cereusrequires completion of a number of
tests (Table 2). Unfortunately, no single test can be used to
identify B. cereusunequivocally. As mentioned, the most dis-
tinguishing features of B. cereusas compared with B. mycoides
and B. thuringiensisare the absence of rhizoid growth and spore
crystal, respectively. Unfortunately,B. mycoideson culture in the
laboratory may lose its rhizoid growth and B. thuringiensismay
lose its ability to form crystals. The basic characteristics o
B. cereusinclude large Gram-positive rods with spores that do
not swell the sporangium, in addition to its production of
Table 2 Con� rmatory tests for theB. cereusgroup, including
B. cereus, B. thuringiensis, andB. mycoides

ConÞrmation test B. cereus B. thuringiensis B. mycoides

Gram reaction þ þ þ
Catalase þ þ þ
Motility � � �
Nitrate reduction þ � þ
Tyrosine degradation þ þ �
Lysozyme resistance þ þ þ
Egg yolk hydrolysis þ þ þ
Glucose utilization

(anaerobic)
þ þ þ

Voges–Proskauer þ þ þ
Acid from mannitol � � �
Hemolysin þ þ þ
lecithinase and failure to ferment mannitol. It produces acid
from glucose under anaerobic conditions. Other characteristics
of B. cereusinclude reduction of nitrate to nitrite, production of
acetylmethylcarbinol (Voges–Proskauer positive), degradation
of tyrosine, and resistance to lysozyme. To assess these vario
characteristics and to con� rm B. cereus, additional tests include
those detailed in the following sections.

Phenol Red Glucose Broth
Three milliliters of the broth is inoculated with a loopful of
culture and incubated at 35� C for 24 h. Growth is determined
by turbidity and anaerobic fermentation of glucose measured
by the change in color from red to yellow.

Nitrate Broth
A 3 ml quantity of broth is inoculated with a loop of culture
and after 24 h at 35� C, nitrite production is measured by the
addition of a-naphthylamine and a-naphthol.

Tyrosine Agar
The clearing of the agar medium around a colony streaked ou
on tyrosine agar indicates utilization.

Lysozyme Broth
Nutrient broth supplemented with 0.001% lysozyme can be
used to score for lysozyme resistance, a property ofB. cereusin
addition to other bacteria.
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Speci�c Tests

Speci� c tests to distinguishB. cereusfrom other members of the
B. cereusgroup are detailed in this section.

Currently, commercial enzyme-linked immunosorbent
assays (ELISAs) can detect at least one of the toxins produc
by B. cereus, and, in a number of studies, this test has proved
useful. These assays include the reverse passive latex aggl
nation (RPLA) enterotoxin assay and a visual immunoassay
the latter is reported to be speci� c against the diarrheal
enterotoxin. Detection of this toxin does not, however, resolve
all food safety concerns and the assays do not yield equivalen
results. It has been documented that the two commercial
ELISAs detect either only one component of the hemolysin BL
complex or two nontoxic proteins.

Several studies have surveyed the virulence of strains isolate
from different sources. For example, 12B. cereusstrains isolated
from different foods and disease outbreaks all were shown to
produce the diarrheal enterotoxin. A slightly lower frequency
(84–91%) of toxigenic strains was reported from a collection
isolated only from food. In another study, only 8 of 11 strains
tested produced toxin. One limitation to a number of these
studies is the use of commercial kits, which may not be accurate
in assessing toxigenic potential ofB. cereus. Because these ELISA
measure the toxin but not its activity, the relevance of these
results are not clear. For example, the RPLA test yields a positi
result for samples after boiling, a process that inactivates them
biologically. Subtle differences in activity or virulence may be
missed using this type of analysis.

Toxin production can be variable and dependent on the
growth conditions. For example, the pH and sugars in the
growth medium can result in an almost 20-fold difference in
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toxin production. In these studies, toxin production was
measured using the RPLA test, which apparently recognizes th
hemolysin B component of the BL complex. Under certain
conditions, including high-glucose concentration, toxin was not
produced at detectable levels. Therefore, in assessing t
potential for a particular B. cereusisolate to cause disease, non
of these methods will yield an unequivocal answer. Further-
more, simply isolating B. cereusfrom a food without further
assaying its virulence may be a suggestion of risk but withou
justi� cation.

Motility
Motility is measured by stabbing the center of a tube of semi-
solid medium and allowing the culture to grow and spread for
18 h at 30 � C. Motile bacteria will diffuse out from the stab,
forming an opaque growth pattern, whereas nonmotile bacteria
do not diffuse out. A second option is to put a loop of culture on
a prewet agar plate and observe the spread of bacterial grow
beyond the boundaries of the area de� ned by the loop.

Rhizoid Growth
A freshly poured agar plate is inoculated with a loop of an
overnight culture and the inoculum is allowed to absorb into
the agar. After 48–72 h rhizoid growth is characterized by the
production of hair or rootlike structures projecting from the
inoculated area. Rough colonies should not be confused with
typical rhizoid growth of B. cereus.

Hemolysin Activity
Trypticase soy–sheep blood agar plates are inoculated with an
overnight culture and incubated at 35� C for 24 h.

Strong hemolytic activity is characterized by a complete
zone of hemolysis approximately 2–4 mm around the colony.

Protein Toxin Crystal Formation
Nutrient agar slants are inoculated with an overnight culture and
left at room temperature for 2–3 days. A smear on a microscope
slide is then stained with 0.5% basic fuchsin of TB carbolfuchsin
ZN. Toxin crystals fromB. thuringiensisappear as dark-staining,
diamond-shaped objects that are smaller than the spores. The
are released from the sporangium upon lysis, and therefore
unless spore release is observed, the test is inconclusive.
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Genomics

The genome ofB. cereushas been completed and compared
with other members of the B. cereusgroup, including Bacillus
anthracis. The genome is 5.4 Mbp with approximately 84%
coding sequences. The majority of the differences, which ar
attributed to the ability of some members of the group to cause
disease and host speci� city, are located on plasmids.
e

Regulations

The actual number of cases of foodborne illness involving
B. cereusis dif� cult to estimate. In the United States, the
number of outbreaks reported varies from 6 to 50 per year. The
relatively mild symptoms and the short duration of illness
contribute to the underreporting of this foodborne pathogen.
In addition, testing for B. cereusis not a routine practice in
a number of state health laboratories.

In the United States, beyond a general concern about an
pathogen in the foods, speci� c attention has been directed
toward the contamination of infant formula with B. cereus. The
Food and Drug. Administration (FDA) historically has
expressed concern“due to levels of B. cereusthat exceed 1000
colony forming units (cfu) per gram (g) of a powdered infant
formula ” (see 54Federal Regulation3783, 26 January 1989 and
56 Federal Regulation66566, 24 December 1991). Moreover,
infant formula is of concern because of the ability ofB. cereusto
replicate rapidly upon rehydration of dried formula. Therefore,
recent efforts by the FDA are directed toward reducing the
maximum permissible level (M) of B. cereusin infant formula
to 100 cfu (or MPN) per gram. The FDA will determine
compliance with the M values listed below using theBacterio-
logical Analytical Manual(8th ed., 1995).
Importance to the Food Industry

Bacillus cereusspores are able to survive low-temperature
processing, which occurs, for example, in spray drying. There
fore, any food product that is a spray-dried powder is subject to
contamination by B. cereus. The estimated infectious dose of this
pathogen is probably greater than 105 and it will not grow in
dried ingredients. Problems arise not only with foods that are
processed improperly, but, more important, with foods that
are stored improperly. A compilation of a number of studies
reported that the frequency ofB. cereus–positive dairy samples
ranged from 4 to 100%. Levels ofB. cereusranged from 5 to more
than 1000 B. cereusper gram of sample. As mentioned, attention
has been given to infant formula because it typi-
cally is composed of spray-dried dairy ingredients. In infant
formula, B. cereus–positive samples were found at frequencies
of 1.9–100%.

Contamination of dairy products by B. cereuspresumably
originates with the raw milk. Improper cleaning of processing
equipment can contribute only to the contamination problem.
Thermal processing is not totally effective at killingB. cereus
spores. Values of D at 100� C range from 2.2 to 5.4 min.
Removal of spores using processing steps, including centrifu
gation (bactofugation) are very effective at reducing spore
loads. Although spray-drying towers are operated at tempera
tures in the range of 150 to 220� C, rapid cooling of the
particles results in their temperature reaching only 40 to 50� C.
Aside from its toxigenic potential, B. cereuscan cause other
problems in foods. The organism causes spoilage, which ha
been termed‘broken cream’ or sweet curdling of milk. This is
because of its proteolytic activity in the absence of high levels o
acid production.
Importance to the Consumer

There are few reports ofB. cereusintoxication, although certain
foods, including fried or boiled rice, pasteurized cream, cooked
meat, mashed potatoes, and vegetable sprouts appear to b
common sources of food poisoning. Its ability to sporulate
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leads to the high frequency of B. cereus contamination in dried
food products. The species is ubiquitous and hence its isolation
from a suspect food associated with a foodborne illness is not
strong enough evidence for a causal relationship.

The prototypical B. cereus outbreak was reported in 1994
and concerned food poisoning at two child-care centers in
Virginia. The initial reports described acute gastrointestinal
illness among children and staff at two day-care centers, which
were under a single management. The symptoms were reported
after the consumption of a catered lunch at these facilities.
A total of 67 individuals consumed the lunch, and of those,
14 people (approximately 21%) became ill. The 13 individuals
at the centers who did not consume the lunch did not become
ill. The predominant symptom was nausea, and to a lesser
extent abdominal cramps, and diarrhea. The majority of the
cases were in children ages 2.5–5 years. The median onset time
of the symptoms was 2 h.

The one dish at the catered lunch that was common to
a number of the victims was chicken fried rice. Bacillus cereus
was isolated from some leftover food (approximately
106 cfu g�1) and from the vomitus of one child. Only a single
other food (milk) was available for testing, and it proved to be
negative for B. cereus. The rice had been cooked the previous
day and cooled at room temperature before refrigeration. The
�nal dish was prepared that day and then stored without
refrigeration for approximately 1.5 h.

This incident illustrates the major issues in linking a food-
borne illness like B. cereus to the consumption of a speci�c food.
Con�rmation requires the isolation of the pathogen from the
suspected food and then linkage to the incident by epidemio-
logical data. Furthermore, it is widely accepted that contamina-
tion levels in excess of 105 cfu g�1 should be observed in the food
to justify a causal relationship.

At least one compelling study was carried out to determine
the consequences of consuming B. cereus-contaminated milk.
In this study, healthy adults consumed pasteurized milk, some
of which, after storage, was found to be contaminated with
>108 B. cereus cells. Only at the highest levels was there any
signi�cant correlation to reports of gastrointestinal distress.
Below 108 there was no signi�cant effect. Diarrheal enterotoxin
was measured, and although many of the recovered strains
produced toxin, the levels in milk, even with high B. cereus
numbers, were low.

In general, the consumer can reduce the risk of B. cereus
foodborne illness by storing potentially suspect foods at
temperatures below 7 �C or above 55–60 �C. In addition, rapid
cooling or heating to reach these temperatures reduces the time
the food spends at temperatures that allow B. cereus growth.
See also:Biochemical and Modern Identi�cation Techniques:
Food-Poisoning Microorganisms; Enzyme Immunoassays:
Overview; Food Poisoning Outbreaks.
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Characteristics of the Species

On the basis of 16S rRNA gene sequence analysis, the group 5
of the Bacillus genus has been de�ned as a phenotypically
and phylogenetically coherent group of thermophilic bacilli
displaying a high degree of similarity among their 16S rRNA gene
sequences (98.5–99.2%). Based on phenotypic and genotypic
characteristics, some existing Bacillus species within group 5
were reclassi�ed into the new genus Geobacillus, and the former
Bacillus stearothermophilus is now Geobacillus stearothermophilus. For
simplicity, all studiespreviously referring toas B. stearothermophilus
are referred to in this article as G. stearothermophilus.

Geobacillus stearothermophilus is a thermophilic, aerobic,
spore-forming bacterium with ellipsoidal spores that distend
the sporangium. It is a heterogeneous species in which the
distinguishing features are a maximum growth temperature
of 65–75 �C, a minimum growth temperature of 40 �C, and
a limited tolerance to acid. The bacterium does not grow at
37 �C; its optimum growth is at 55 �C with a fast growth rate
(a generation time of w 15–20 min). Starch hydrolysis is typical,
although some strains do not hydrolyze starch. Hydrolysis of
casein and reduction of nitrate to nitrite are variable. Growth
in 5% NaCl is scant. The heterogeneity of the species is indicated
by the wide range of DNA base composition as well as the
diversity of the phenotypic characters (Table 1). Minimum pH
for the growth of G. stearothermophilus is 5.2; the minimum water
activity (aw) for growth at optimum temperature is 0.93.

Geobacillus stearothermophilus was�rst isolated from cream-style
corn by P.J. Donk in 1917. The bacterium is a common inhabitant
of soil, hot springs, desert sand, Arctic waters, ocean sediments,
food, and compost. The incidence of G. stearothermophilus in foods
is related to the distribution of the microorganism in soil, water,
and plants. Foods that have been heated or desiccated generally
possess an enriched and varied �ora of bacterial spores. Especially,
milk contains minerals, such as calcium, magnesium, and so on,
which stimulate spore formation of Geobacillus spp. during dairy
processes. Some Geobacillus strains are able to sporulate in
a laboratory medium (tryptone soya broth supplemented with
CaCl2,MnSO4, FeSO4,orMgCl2)with amaximum yield (105–107

spores ml�1) in 12–18 h. Geobacillus stearothermophilus is included
in the usual micro�ora of cocoa bean fermentation as well as of
cocoapowder. It is the dominant microorganismofbeet sugarand
is isolated from pasteurized milk, ultrahigh-heat-treated milk, and
milk powders.

The incidence of G. stearothermophilus spores in canned
foods is of particular interest. The spores enter canneries in soil,
on raw foods, and in ingredients (e.g., spices, sugar, starch, and
�our). The presence of G. stearothermophilus spores in some
containers of any given lot of commercially sterile low-acid
canned foods may be considered normal. If the food is to be
distributed in nontropical regions where temperatures do not
exceed about 40 �C for signi�cant periods of time, complete
eradication of the microorganism is not necessary because it
cannot grow at such low ambient temperatures. For tropical
conditions, the thermal process must be suf�cient to inactivate
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
spores of G. stearothermophilus that might otherwise germinate
and multiply under these conditions. Geobacillus stear-
othermophilus is the typical species responsible for thermophilic
�at sour spoilage of low-acid canned foods or coffee during
storage in automatic vending machines.

Spores or vegetative cells of G. stearothermophilus from dairy
manufacturing plants attach to stainless steel surfaces and form
bio�lms. A doubling time of 25 min has been calculated for
this organism grown as a bio�lm. The formation of bio�lms
within the plant is the cause of contamination of manufactured
dairy products.

The importance of thermophilic spoilage organisms in the
food industry has generated considerable interest in the factors
affecting heat resistance, germination, and survivalof their spores.
Because it grows at high temperatures, G. stearothermophilus tends
to produce heat-resistant spores. The genetic variation, however,
in moist as well as dry heat resistance between different strains of
G. stearothermophilus is of considerable magnitude (Table 2). The
main factors affecting these discrepancies are the composition of
the sporulation medium, the sporulation temperature, and the
chemical state of the bacterial spore, as well as the heating
conditions in terms of the water activity, the pH, and the ionic
environment of the heating medium, the presence of organic
substances, the composition of the atmosphere, and so on. Under
dry conditions G. stearothermophilus spores show the greatest
increase in heat resistance (Table 2). At high water activity, the
decimal reduction at 100 �C (D100-value) of G. stearothermophilus
spores isno less than800 min, and under dry conditions, the D100
is about 1000 min. There is a need for technologies that require
short thermal processing times to eliminate bacterial spores in
foods. The superheat steam processing and drying system, which
has been applied in Asian noodles, potatoes, and potato chips, is
effective for the reduction of G. stearothermophilus ATCC 10149
spores. The thermal resistance constant (z-value, i.e., the tem-
perature increase needed for a 10-fold decrease in the D value)
calculated for superheated steam-processing temperatures
between 130 and 175 �C is 25.4 �C, which is similar to those
reported for conventional steam treatment.

In low-acid canned foods, D120 values of 4–5 min and
z-values of 14–22 �C have been reported. Values of D decrease
when the pH is reduced from 7.0 to 4.0. Values of z appear to be
higher when the medium is acidi�ed, although the difference is
not statistically signi�cant. Organic acids and glucono-delta-
lactone have the same effect as acidulants in reducing the heat
resistance of G. stearothermophilus spores. Sodium chloride
reduces heat resistance of G. stearothermophilus when present at
relatively low levels (i.e., less than 0.5 mol l�1). The increased
heat resistance of the spores of a strain of G. stearothermophilus
during incomplete rehydration of dried pasta indicates possible
implications in regard to food safety, as the reported D121 values
range from 4.6 to 6.5 min and the z-values range from 10.7 to
15.6 �C, may not be applied for products that are rehydrated
during heat treatment.

When a dormant heat-resistant spore is activated and
germinates to form a vegetative cell, its heat resistance is lost.
-384730-0.00020-3 129
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Table 1 Differential characteristics ofG. stearothermophilus

CharacteristicS G. stearothermophilus

Morphology Rods
Width of rod (mm) 0.6–1
Length of rod (mm) 2–3.5
Sporangium swollen þ
Spore shape Ellipsoidal
Spore position Terminal

Motility þ
Acid from:

Glucose þ
L-arabinose �
D-xylose �
Maltose þ

Hydrolysis of:
Starch þ
Casein �
Gelatin þ

Utilization of citrate �
Catalase �
Anaerobic growth –
Voges–Proskauer reaction –
Nitrate reduction �
Growth in NaCl:

5% �
7% –

Maximum growth temperature (� C) 65–75
Minimum growth temperature (� C) 40
pH range 6.0–8.0
Gas from glucose –
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Spores frozen at�18 � C or freeze dried exhibit a loss in viability
and heat resistance. Heating of spores at sublethal temperature
can result in enhanced heat resistance. Activation of dorman
spores by sublethal heating breaks dormancy and increases th
ability of spores to germinate and grow under favorable condi-
tions. Heat-shocked spores ofG. stearothermophilusATCC 7953
that are activated become permeabilized at the outer membrane
and become susceptible to lysozyme. WhenG. stearothermophilu
spores are plated on conventional media without prior heat
shock, commonly less than 10% of the total number of spores
Table 2 Moist and dry heat resistance ofG. stearothermophilusspores

Strain of
G. stearothermophilus

Investigated temperature
range (� C)

Heating
or in R

D-value (

NCIB 8923 115–130 D120 5.8
NCIB 8919 115–130 D120 5.3
NCIB 8924 115–130 D120 1.0
ATCC 7953 111–125 D121 2.1
ATCC 7953 100–130 D121 0.7
ATCC 7953 Up to 132 (continuous

heating system)
D121 0.12

ATCC 7953 110–120 D118 10.0
ATCC 7953 150–170
NCA 1518 100–160
NCTC 10339 150–180
germinate; after heat activation, 50% germination occurs; and
after treatment with 0.5 mol l � 1 hydrochloric acid, almost 100%
germination results. Spores produced at 65� C are optimally
activated after holding at 30� C for 6 h, resulting in increased
frequency of spore germination. Sublethal heating at 80� C
for 10 min may induce dormancy in some strains of
G. stearothermophilusrather than activation. Optimum germina-
tion of spores is a function of temperature, time, pH, and sus-
pending medium. After heat treatment, maximum recovery of
G. stearothermophilusspores is obtained at pH 7.0 and decreases a
pH falls. Phosphates in the recovery medium result in a progres
sive decrease in spore recovery, whereas starch improves recov

Spores of G. stearothermophilusare used as biological
indicators for verifying exposure of a product to a sterilizing
process. For monitoring steam sterilization, endospores o
G. stearothermophilus(strains NCTC 10007, NCIB 8157, ATCC
7953) are in current use, particularly for processes performed
at 121 � C or higher. Biological indicators are available com-
mercially, either as suspensions for inoculating test pieces, or o
already inoculated carriers such as� lter paper, glass, or plastic.
After exposure to the sterilization process, the biologica
indicators are cultured in appropriate media incubated under
suitable conditions. Immobilized G. stearothermophilusspores
are used to monitor the ef� cacy of a sterilization process,
particularly to measure sterilizing values in aseptic processin
technologies for viscous liquid foods containing particulates;
they can also be used to monitor in-pack sterilization ef� cacy.
The main immobilization matrices are alginate beads or cubes
mixed with puréed potatoes, peas or meat, and polyacrylamid
gel spheres. Particle dimensions vary between 0.16 and 0.5 cm
The estimatedz-values for immobilized G. stearothermophilu
spores were 8.5–11.8 � C.

Geobacillus stearothermophilusproduces a wide range
of enzymes, many of which are of industrial signi� cance
(Table 3). Some of them are extracellular, enabling simple
recovery from fermentation broths. The microorganism pres-
ents a number of advantages for the isolation of intracellular
enzymes because its cell yield is generally good. A 400
fermentation of G. stearothermophilusNCA 1503 yields 5–8 kg
of wet cell paste, equivalent to 15 g l� 1. The majority of
enzymes produced are intrinsically thermostable, and this
in phosphate buffer (pH 7)
inger’s solution (pH 7.1)

or in water Dry heat

min) z-value (� C) D-value (min) z-value (� C)

13.0
11.0
8.9
8.5

13.0
13.0

5.7
D160 0.08 19
D160 3.2–27.0 14–22
D160 0.16 26–29
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Table 3 Enzymes produced byGeobacillus stearothermophilus

Strain of
G. stearothermophilusEnzyme

Temperature
optimum (� C)

pH
optimum

Thermal stability
retained Application

NCIB 8924 Neutral protease 50 – 100% at 65–70� C Detergent and leather industry;
food industry in beer and
bakery products

KP 1236 Neutral protease 80 7.5 100% at 80� C for 10 min
100% at 60� C for 18 h

503-4 a-Amylase 55–70 4.6–5.1 100% at 70� C for 24 h
71% at 85� C for 20 h

Hydrolysesa-1,4 glucosidic
linkages in amylose and
amylopectinATCC 12980 a-Amylase 80 5.5 95% at 70� C for 2 h

KP 1064 Pullulanase 60–75 6.0 Splitsa-1,6 glucosidase
linkages in pullulan to
maltotriose

KP 1006 a-Glucosidase 60 6.5 100% at 60� C for
30 min

Hydrolysesa-1,4 or
a-1,6 linkages in short-chain

saccharides
All strains Cyclodextrin

glycosyltransferase
60 – Produces from starch

nonreducing cyclodextrins
Glucose isomerase 55 – 100% at 80� C for

30 min
Production of fructose syrups

H-165 Lipase 75 5.0 Assay of monoacylglycerols
NCIB 11270 Glycerokinase – – 50% at 70� C for 5 h Assay of serum triacylglycerols
NCIB 11270 Glucokinase – – Assay of creatine kinase
ATCC 12980 Leucine dehydrogenase– – Assay of leucine

aminopeptidase
98 Gellan lyase 70 5.0–8.0 100% at 70� C for 2.5 h

100% at 60� C for 24 h
Gelling agent, thickener, or

stabilizer in food and
pharmaceutical industries
and cosmetics

US100 L-Arabinose isomerase 80 7.5 Safe low-calorie sweetener in
food products
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enhanced stability is exhibited against the action of other
protein denaturants, such as detergents and organic solvents

The thermostable enzymes that have found commercia
application are essentially intracellular enzymes. Glycerokinas
produced from G. stearothermophilusNCA 1503 is used as
a clinical diagnostic for the assay of serum triacylglycerols. Th
same strain cloned into Escherichia coliproduces lactate dehy-
drogenase, which is used in a clinical diagnostic kit for the assa
of glutamate pyruvate transaminase and glutamate oxaloace
tate transaminase. Other diagnostic enzymes produced b
G. stearothermophilusNCA 1503, including phosphofructoki-
nase, phosphoglycerate kinase, and glucose phosphate isom
erase, have been used as components of clinical diagnost
assay kits. The strain also produces restriction enzymes f
molecular biology, while another strain of G. stearothermophilu
isolated in China produces thermostable DNA polymerase,
which is used in polymerase chain reaction and DNA
sequencing.
ce
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f
n

Methods of Detection

Geobacillus stearothermophiluspossesses greater heat resistan
than most other organisms commonly present in foods. This
characteristic is advantageous to the examination of foods and
ingredients because by controlled heat treatment of samples
is possible to eliminate all organisms except the spores o
heat-resistant microorganisms. Further, heat shock or activatio
is necessary to induce germination of the maximum number
of spores. In a standard procedure, heat treatment at 100� C for
30 min or at 106 � C for 30 min (for heat-resistant spores in
milk powder) followed by rapid cooling should be done.

Aerobic thermophilic spore formers can be encountered in
heat-shocked samples using dextrose tryptone agar after inc
bation at 55 � C for 48 h. Dehydration of the plates during
incubation is minimized by placing the plates in oxygen-
permeable bags.Geobacillus stearothermophilusshould be grown
preferably in nutrient media supplemented with calcium and
iron, as well as with manganese sulfate to promote sporulation
(i.e., nutrient agar supplemented per liter with 3 mg of
manganese sulfate as well as the following sterile solutions
10 ml D-glucose 20% w/v, 0.8 ml CaCl2 5% w/v, and 0.8 ml
FeCl2 5% w/v).

When investigating the incidence of process-resistant spore
(i.e., spores that will survive the heat treatment of low-acid
canned foods that is generally accepted as adequate for elim
nation of Clostridium botulinumspores) in ingredients such as
dry sugar, starch,� our, or spices, it is convenient to heat suit-
able portions of the commodities, suspended in brain–heart
infusion broth with 1% added starch (pH 7), in a pressure
cooker for 4 min at 120 � C, followed by rapid cooling. The
presence of any surviving thermophilic aerobic spore formers is
demonstrated by incubating the heated samples at 50� C under
aerobic conditions.

Samples other than� nished products must be handled so
that there will be no opportunities for spore germination or
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spore production between the collection of the samples and the
start of examination procedures.

Geobacillus stearothermophilusincludes Gram-positive rods
with terminal or subterminal spores, which swell the sporan-
gium. It is dif � cult to identify because of the close relationship
between it and other aerobic spore-forming thermophiles.
Con� rmation of G. stearothermophilusrequires completion of
a number of tests as indicated inTable 1. The bacterium does
not grow under anaerobic conditions and is negative on Voges–
Proskauer test. Some strains grow in medium containing up to
5% salt. The distinguishing feature of G. stearothermophilu
compared with other aerobic, thermophilic spore formers was
formerly considered to be starch hydrolysis; however, the
isolation of strains unable to hydrolyze starch has restricted the
distinguishing features to the temperature growth range and
the limited tolerance to acid. Additional tests to con� rm
G. stearothermophilusare presented onTable 1.

The incorporation of the majority of the tests indicated in
Table 1 into the wells of a microtiter plate facilitates the
application of the identi � cation scheme. This miniaturized
procedure saves a considerable amount of time in operation
effort in manipulation, materials, labor, and space.

Another approach to the identi� cation of Geobacillusstrains
that is currently used is based on the API 50CHB identi� cation
system (BioMérieux). These highly standardized, commercially
available materials eliminate the problems of interlaboratory
variation in media and improve test reproducibility.

The biochemical tests that have been used traditionally to
identify G. stearothermophilusare time consuming, can be dif� -
cult to interpret, and do not have the taxonomic resolution
required for the thermophilic bacteria. In addition to the
morphological and physiological characterization presented on
Table 1, the cellular fatty acid pro� ling in case of
G. stearothermophilusindicates that the sum of iso-15:0, iso-16:0,
and iso-17:0 fatty acids makes up more than 60% of the total
fatty acids. Polymerase chain reaction (PCR)-based identi� ca-
tion techniques are used for identifying and typingGeobacillus
species that include random ampli� ed polymorphic DNA,
restriction fragment-length polymorphism, 16S-23S internal
spacer region pro� ling, and gene sequence analysis of variou
genes, such asgyrB, recA, rpoB, spo0A, and recN. Geobacillu
stearothermophilusis indistinguishable using 16S rDNA sequence
analysis and multilocus sequence analysis is applied for ef� cient
and convenient determination of Geobacillusspecies (Table 4).

Classical genotyping techniques based on sequence va
ability of single or multilocus PCR-ampli � ed genes often lack
Table 4 PCR methods used for identi� cation ofGeobacillusspp.

Target
gene Primer sequence (50 – 30) Teste

recA F: ATTAGGTGTCGGCGGTTAT
R: CCAT(G/A)TCATTGCCTTG(T/C)TT(A/G)

rpoB F: TTGACAGGCCGACTAGTTCA
R: CGCGTCGGTATGGTGTTTCAAT

spo0A Fa: ATYATGYTVACRGCVTTYGGBCARGAAGA
Ra: TAKCCTTTWATRTGIGCDGGIACRCCGATTTC

Milk p

aNucleotide substitution according to the universal degenerate code: R¼(A/G), W¼(A/
discriminative power at the level of individual isolates within
the same species or need laborious and extensive sequenci
labor. Microarray-based comparative genome hybridization is
a powerful tool providing high-resolution discrimination at the
level of individual isolates from a single species and allowing
rapid and cost-effective typing of thermophilic bacilli in a wide
variety of food products.

Microbiological test results obtained by standard test
methods concerning the enumeration of thermophilic bacteria
in milk powders are of limited value in feeding useful data to
the manufacturer. Milk powder must be stored until the
samples are analyzed and the results reported (i.e., for 5 days o
more) and only then it can be released to the consumer. Rapid
assays giving results that are close to real time are of great use
monitor manufacturing processes and provide con� dence in
the manufacturing process. The BactiFlow� (Chemunex SA,
France) uses bacterial esterase activity to label viable cells f
� ow cytometry, and using this system, a rapid test to count
thermophilic bacteria in milk powder (with a lower limit of
detection of 103 cfu g� 1) has been developed, which gives
results within 1–2 h.
Regulations

The presence ofG. stearothermophilusspores in ingredients for
foods other than thermally processed low-acid foods is prob-
ably of no signi� cance provided those foods are not held
within the thermophilic growth range for many hours. This
microorganism has no public health signi� cance.

The National Food Processors Association (NFPA) standar
for the total thermophilic spore count in sugar or starch spec-
i� es that for the � ve samples examined, there shall be
a maximum of not more than 150 spores and an average of not
more than 125 spores per 10 g of sugar (or starch). The suga
and starch standard may be used as a guide to evaluate oth
ingredients, keeping in mind the proportion of the other
ingredients in the � nished product relative to the quantity
of sugar or starch used. For canners, the NFPA standar
for thermophilic � at sour spores (typical species is
G. stearothermophilus) in sugar or starch specify that for the� ve
samples examined, there should be a maximum of not more
than 75 spores and an average of not more than 50 spores pe
10 g of sugar (or starch).

The typical number of thermophilic bacilli in raw milk,
usually as spores, is in the range of� 50 cfu ml� 1. During
d food Detection limit Speci�city

G. stearothermophilus

G. stearothermophilus

owder Vegetative cells: 800 cfu g� 1

Spores: 6400 spores g� 1
Geobacillus, Bacillus,

Anoxybacillus

T), Y¼ (C/T), K¼ (G/T), V¼ (A/G/C), B¼(T/C/G), D¼(A/G/T), and I¼ (A/G/C/T).
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processing, the raw milk is concentrated approximately 10-fold
to form a powder, so the expected number of thermophilic
bacilli is 500 cfu g� 1, provided that no signi� cant growth
occurred within the processing lines. A common speci� cation
limit for viable plate counts for thermophiles in milk powder is
105 cfu g� 1. Typically, milk powder is produced continuously
over an 18–24 h processing period. With increased processin
time, the number of thermophiles increases until speci� cation
limits are reached and the process run is terminated to preven
product downgrading.
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Importance to the Food Industry

Geobacillus stearothermophilusis a potential contaminant in
a variety of industries where elevated temperatures (40–65 � C)
prevail during the manufacturing process or during product
storage, such as canning, juice pasteurization, sugar re� ning,
gelatine production, dehydrated vegetable manufacture, and
dairy product manufacture. In dairy processes, the microor
ganism is an issue in products such as milk powder, pasteurize
milk, buttermilk, and whey. Geobacillus stearothermoph
accounts for up to 65% of the thermophilic strains derived from
milk powders, because the spores are able to survive the lo
water activity and high temperature of the drying process, the
cleaning-in-place system, and the long-term storage of the� nal
product. In addition, G. stearothermophilusproduces heat-stable
proteinases and lipases that survive the heat treatments applie
during commercial milk powder manufacture. The enzymes
remain active in milk powder during storage and would be
active in milk products made from recombined milk powder.

Geobacillus stearothermophilusis the typical species responsible
for the thermophilic � at sour spoilage of low-acid canned foods.
It ferments carbohydrateswith the productionof short-chain fatty
acids that sour the product. Spoilage does not result in ga
production and hence there is no swelling of the cans, so the end
of the container remain � at. The species is responsible for th
spoilage of low-acid foods, such as canned peas, beans, corn, a
asparagus, when they are maintained at a temperature abov
43 � C for an extended period or when cooling is carried out very
slowly, if the food contains viable spores capable of germinating
and growing in the product. Because� at sour spoilage does not
develop unless the product is at high temperature, proper cooling
after thermal processing and avoiding high temperatures during
warehouse storage or distribution are essential.

Spores ofG. stearothermophilusenter canneries in soil, on raw
foods, and in ingredients, and their population may increase at
any point at which a suitable environment exists. For example
equipment – such as holding tank blanchers and warm� ller
bowls – may serve as a focal point for the build-up of an
excessive population. The spores show exceptional resistance
destruction by heat and chemicals and therefore are dif� cult to
eliminate in a product or in the plant. To minimize spore
contamination, control of spore population in ingredients and
products entering the plant, as well as the use of sound plan
sanitation practices, are suggested.

The application of bacteriocins as part of hurdle technology
can contribute to control thermophilic spoilage in low-acid
canned vegetables (corn, peas, okra, and mushrooms), whe
the cans are stored under warm conditions for prolonged
periods or to allow a reduction in heat processing without the
risk of thermophilic spoilage occurring. Nisin, a polypeptide
consisting of 34 amino acids, has received generally recognize
as safe (GRAS) status in 1988. It is perceived to be a natur
preservative and can be applied to inhibit thermophilic bacteria
in canned vegetables. Enterocin AS-48, a broad spectrum cyc
antimicrobial peptide, is active against G. stearothermophilu
vegetative cells and endospores in different types of canned fru
juice and vegetable foods during storage under temperatur
abuse conditions. An enzyme, the hen egg white lysozyme
stable at 100� C for 30 min at pH 5.3, is classi� ed as GRAS in the
United States and is approved for use in some foods. Lysozym
in heat treatment processes reduces the heat resistance
G. stearothermophilus.

Dormant G. stearothermophilusspores are of no concern in
commercially sterile canned foods destined for storage and
distribution where temperatures will not exceed 43� C.
However, canned foods in tropical locales and those intended
for hot-vend service must not contain thermophilic spores
capable of germination and outgrowth in the product to be
considered commercially sterile.

Traditional thermal processing methods cause loss of desir
able properties related to texture,� avor, color, and nutrient
value of foods. The most serious commercial problems with
product sterility are caused by thermally resistant spores. On the
other hand, consumers demand high-quality foods that are free
of additives, fresh tasting, and microbiologically safe and that
have an extended shelf life. The following food technologies
meet these consumer demands and their effect on inactivation
of G. stearothermophilusspores is brie� y discussed. High-pressure
processing can inactivate the vegetative form of many microor
ganisms; however, spores can be resistant to pressures as high
1000 MPa. Pressure-assisted thermal sterilization process, whe
applied at six 5-min cycles at 600 MPa and 70� C to reduce or
destroyG. stearothermophilusspores, resulted in the destruction
of 106 spores ml� 1, whereas by static application, 800 MPa, and
60 � C for 60 min, spores were reduced to 102 ml � 1. High-pres-
sure CO2 treatment at 95� C and 30 MPa pressure for 120 min
causes 5-log-cycle inactivation of spores ofG. stearothermophilu,
whereas sodium chloride and glucose have a protective effec
and the level of inactivation is reduced. The heat resistance o
G. stearothermophilusspores is reduced by ultrasonic treatment
as the ultrasonic treatment affects the release of calcium
dipicolinic acid, fatty acids, and other low-molecular-weight
components. Using hydrogen peroxide as a sterilant for food-
contact surfaces of ole� n polymers and polyethylene in aseptic
packaging systems, theD25 value of G. stearothermophilusspores
is 1.5 min when the concentration of H2O2 is 26%. Geobacillus
stearothermophilusspores are among the most radiation resistan
spore formers.

Geobacillus stearothermophilusforms bio� lms on the surfaces
of processing equipment in sections of dairy manufacturing
plants at elevated temperatures of 40–65 � C – that is, pre-
heating and evaporation sections of milk powder plants, plate
heat exchangers used during the pasteurization proces
centrifugal separators (used to separate cream from whol
milk) operated at warm temperatures, recycle loops in butter
manufacturing plants, cream heaters in anhydrous milk fat
plants, and ultra� ltration plants operated at warm tempera-
tures. Extensive bio� lm formation occurs when production
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cycles are too long, the manufacturing equipment is not
cleaned properly between production cycles, recycle loops are
used, and contaminated ingredients or by-products are used.
The prevention of bio�lms focuses on altering the
manufacturing conditions (such as temperature), manipulating
the surface of stainless steel to reduce bacterial attachment, and
developing novel sanitizers.
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Importance to the Consumer

The prolonged heating necessary to destroy all
G. stearothermophilus spores causing spoilage to low-acid can-
ned foods would impair taste, texture, and appearance and lead
to loss of nutritional value. It is therefore necessary to store
canned foods at temperatures below the minimum required for
growth of this microorganism.

The incidence of G. stearothermophilus spores in heat-pro-
cessed foods may affect the commercial life of the product
without presenting a hazard for public health. The bacterium,
however, can be an indicator organism for assessing the overall
hygiene of the manufacturing process. High numbers of ther-
mophilic spore-forming bacteria (>104 cfu g�1) in milk
powder indicate poor manufacturing practices, and when
numbers reach >106 cfu g�1, there is potential for enzymatic
deterioration of the product, resulting in changes in its
composition and organoleptic properties.

Inadequate cooling subsequent to thermal processing is
a major contributor to spoilage by G. stearothermophilus.
Localized warming of sections of stacks of heat-processed foods
placed too close to heating appliances is also of importance.
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Species – Scope

The genus Bacillus through most of the history of bacterial
systematics has consisted of a rather heterogeneous group of
Gram-positive endospore-forming rods that grow aerobically
and usually produce catalase. The advent of molecular
taxonomy, however, has resulted in the genus becoming rather
less heterogeneous as species have been moved to new genera.
Species of interest to food microbiologists are now to be found
in several genera and in more than one family. All of the Bacillus
and former Bacillus species of interest to food microbiologists
will be dealt with here, and the collective noun ‘bacilli’ will be
used to denote this phylogenetically diverse collection of
microbes that once were considered to be species in a single
genus.

Most bacilli are detected easily using a wide range of media.
The species most likely to be found in food generally have
simple nutritional requirements and can be grown on media
such as nutrient agar. All species grow aerobically and some are
facultative anaerobes. Colonial morphology of bacilli often is
distinctive, but considerable variation may be observed, even
within a single species. Colonies are usually translucent to
opaque and white to cream colored. Most species do not
produce pigments.

Many established tests are not for particular species, but
rather are for bacteria that spoil food in particular ways and
subsequently are identi�ed as bacilli.
Choice of Tests

The test method can be chosen according to the purpose of the
examination, the type of food being examined, the form of
the organism (i.e., spores or vegetative cells) being sought, and
the level of sensitivity required.
Purpose of Examination

Tests may be conducted to determine the cause of spoilage, in
which case tests will be chosen that are capable of detecting
a wide range of microorganisms, even if bacilli are suspected as
the most likely cause of spoilage. Tests also may be conducted
to determine whether a speci�c pathogen is present, in which
case quite speci�cally selective and differential methods are
performed. The most general test that is performed for bacilli
tests for ‘aerobic mesophilic spore formers’ or ‘thermophilic �at
sour spore formers.’ More speci�c tests may be performed for
spore formers that are classed as ‘aciduric �at sour spore
formers’ or ‘rope spores.’ Speci�c methods are used for Alicy-
clobacillus species. The only well-established methods for
a species of interest to food microbiologists are for Bacillus
cereus. It is now recognized that without con�rmation of
colonies, the tests for this species also will detect closely related
species. It may be of interest to isolate Bacillus licheniformis or
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Bacillus subtilis, because these species have been implicated in
food poisoning but no speci�c methods exist to do so.

A wide range of Bacillus species may be involved in the
mesophilic spoilage of low-acid canned foods. Flat sour
spoilage is the result of acid production with little or no gas
production; product pH is decreased, but the can is not dis-
tended. Bacillus coagulans and Bacillus circulans are largely
responsible. Swollen cans may result from spoilage with
B. subtilis, Bacillus pumilus, or Paenibacillus macerans.

Low-acid foods are more likely to be spoiled by thermo-
philic bacilli, such as Geobacillus stearothermophilus. This species,
B. coagulans, and the closely related Bacillus smithii are respon-
sible for �at sours. Bacillus subtilis may produce some gas and
swelling of the can.

High-acid foods are not as susceptible to spoilage by bacilli.
An exception is the �at sours of tomato products that
frequently are associated with B. coagulans.

Rope in bread and bakery products is due to the growth of
B. subtilis or B. licheniformis, which hydrolyze starch to produce
esters that lead to the characteristic stickiness and odors. In
extreme cases, the bread structure breaks down, resulting in
strands of spoiled material (rope) that can be removed from
the surface of the breadcrumb.

Alicyclobacillus acidoterrestris is a thermophile that has been
associated with spoilage of fruit juices and the production of
taints. The extent of problems caused by this or other Alicyclo-
bacillus species, which have received little attention, is not well
understood.

Bacillus cereus is a foodborne pathogen that has been asso-
ciated with the consumption of a wide range of foods. It can be
responsible for both emetic and diarrheal syndromes. The
organism can grow rapidly in some foods, and for this reason,
enrichment techniques able to detect very low numbers of
organisms have been developed. Dried milk products that are
to be used in infant foods are an example of foods that might
be tested by such procedures. Bacillus cereus can be responsible
for the breakdown of fat in cream, which results in a �akey
appearance when added to a hot beverage. This is referred to as
‘bitty’ cream.
Type of Food

The type of food, form of packaging, or storage conditions may
help to determine a suitable test. Cereals, dairy products, spices,
dried foods, and vegetables may all be spoiled by bacilli or
contribute to the spoilage of multicomponent foods (Table 1).
The pH of the food is signi�cant to the kinds of spoilage that
may occur. Canned foods and other foods that have been
heated suggest the spores of bacilli may have survived the
process. Storage of foods at high temperatures may allow the
growth of thermophilic species.

Samples of spoiled canned food or ingredients for canned
food may be tested for a number of groups of bacilli,
depending on the likely temperature of product storage as
well as the level of product acidity. Thermophilic spoilage
-384730-0.00024-0 135
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Table 1 Association of bacilli with foods and nature of spoilage

Species/functional
group Food

Bacillus cereus Cereals, spices, milk products, legumes, food
associated with characteristic illness

Rope spores Flour, bread, bakery ingredients
Mesophilic aerobic

spore formers
Starch, dried fruits, vegetables, dried milk,

spices, cereals, low acid (pH> 4.6) canned
foods

Thermophilic� at sour
spores

Sugar, starch,� our, spices

Aciduric� at sour spore
formers

Tomato products, dairy products

Alicyclobacillusspecies Fruit juices, sugar products
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should be considered if the product may be stored for long
periods above 43� C. Low-acid foods have a pH above 4.6,
whereas high-acid foods have a pH below 4.6. Samples o
ingredients, such as sugar, spices, and starch, may be tested
bacilli.

Rope spores may be tested for in bread,� our, or bakery
ingredients. It is relevant to test raw materials for the presenc
of spores that might survive processing, germination, and caus
product spoilage. Once a product is actively spoiling, it is more
relevant to test for appropriate vegetative organisms, although
in already spoiled products, spores are, once again, likely to b
present.

Raw foods, such as rice,� our, raw milk, and spices, are
recognized sources ofB. cereus. Prepared meat, bakery, egg, an
lentil and rice products have been associated with outbreaks
Levels of 105 g� 1 or more usually are found in food associated
with illness.

Form of the Organism

In some cases, it is desirable to test for the presence of vege
tive organisms and at other times a test for spores is required. In
spoiled products, it is reasonable to assume that tests fo
vegetative cells (which also will detect spores) will easily detec
the high level of organisms likely to be present (unless the
spoilage occurred some time before examination). When
testing raw materials for a heat-processed food, it may be
desirable to test only for the spores, which may survive the
process.

Sensitivity

In most cases, plating techniques will give suf� cient sensitivity,
but sometimes enrichment methods may be necessary. Speci�c
enrichment methods for B. cereusmay be useful for testing raw
materials or product at the time of production, if they permit
the growth of this organism.
Test Procedures

The procedures for different types of bacilli have a number of
features in common (Table 2). Samples are diluted and then
may be heated to inactivate vegetative cells. Heating may occu
either in the diluent or in agar. After plates are poured or
inoculated, they are incubated and colonies are counted to
provide a count per gram of the original sample. Comments on
these procedures are given in the section General Aspects befo
providing details on each procedure.
General Aspects

Sample Size
A minimum sample size of 10 g should be taken in an attempt
to ensure that the sample is representative. Some authoritie
recommend testing samples of up to 50 g to ensure that
a representative sample is tested.

The quantity of sample inoculated into media is frequently
large. Many authorities recommend the testing of up to 1 g of
product. For instance, 10 ml of a 10� 1 dilution is added to
100 ml agar and distributed over � ve Petri dishes. Obviously
dilutions need to be made if the number of organisms is
expected to be large. It should be noted, however, that the
practice of plating a sample over several plates will result in
methods that are both sensitive and able to accommodate
highly contaminated samples.

Heating
Samples being tested for the presence of spores are heated
destroy vegetative organisms and encourage spore germinatio
It is generally accepted that 80� C for 10 min is suf� cient to
inactivate vegetative cells. Spore germination is necessary if a
accurate count of spores is to be obtained. The spores of som
species are more heat resistant than others, and this feature
used in some methods to make them more selective.

When samples are heated, several aspects require attentio
Some spores can germinate very quickly, and therefore it ha
been recommended that the period between preparing the� rst
dilution and heating is less than 10 min, preferably at as low
a temperature as possible. The heating and cooling period
should be as short as possible. A small sample should be
heated in a sealed tube (to prevent contamination from the
waterbath or evaporation of the sample), and a pilot tube
should be used to measure the temperature of the sample. Th
level of the waterbath must be above the level of the sample in
the tube. Samples should be agitated during the heating and
cooling stages. When a temperature above 100� C is required,
this is most conveniently achieved in an autoclave. For
instance, 108� C is equivalent to applying a pressure of 5 psi
(34.5 kPa).

Some methods require the sample to be added to aga
before the heat treatment step. In those cases, the agar
maintained at around 50 � C. Once the sample is added, the
agar is quickly heated. After the required time, the agar is
cooled as quickly as possible, taking care not to cause the ag
to gel. After a short period of equilibration at 45 � C, the plates
are poured.

Media
All media can be produced using standard laboratory tech-
niques. Commercially available dehydrated media may be
used in many cases. Formulations can be found in the
Appendix.



Table 2 Procedures for detectingBacillusspecies in foods

Sample Dilution Heating Enrichment/plating Incubation

Mesophilic spores 50 g food 10� 1 dilution in 0.1% peptone then
100 ml tryptone–glucose extract
(TGE) agar

80� C for 30 min 5 plates 35� C for 48 h

Thermophilic� at sour 20 g sugar Water up to 100 ml 100� C for 5 min 2 ml in each of 5 plates dextrose–
tryptone agar (DTA)

50–55� C for 48, 72 h

Thermophilic� at sour 20 g starch Water up to 100 ml then 100 ml DTA 100� C for 3 min then
108� C for 10 min

5 plates with 2% water agar overlay 50–55� C for 48, 72 h

Aciduric� at sour Lique�ed tomato
products or milk

88� C for 5 min 1 ml in each of 2 DTA and 2
thermoacidurans agar (TAA) plates

55� C for 48 h

Aciduric� at sour 10 g nonfat dried
milk

0.02 N sodium hydroxide up to 100 ml 108� C for 5 min 2 ml in each of 10 plates DTA 55� C for 48 h

Aciduric� at sour 20 ml cream Special diluent up to 100 ml 108� C for 5 min 2 ml in each of 5 plates DTA 55� C for 48 h
Rope spores 20 g Butter� eld’s diluent up to 100 ml then

DTA
94� 2 � C for 15 min Add tetrazolium salts and pour 5 plates 35� C for 24, 48, 72 h

Alicyclobacillusspecies 10–100 g 80� C for 10 min Bacillus acidoterrestrisbroth/agar 50� C for 48–72 h (enrichment up to 5
days)

Bacillus cereus(direct
plating)

10–50 g Serial dilution in Butter� eld’s diluent or
0.1% peptone solution

0.1 ml spread on Mannitol–egg yolk–
polymixin agar (MEYP, MYP);
polymixin–egg yolk–mannitol–
bromothymol blue agar (PEMBA)

30� C or 37� C for 24 h, optionally
followed by 24 h at room
temperature

Bacillus cereus(MPN) 10 g Serial dilution in Butter� eld’s diluent or
0.1% peptone solution

Tryptone soy polymixin broththen
MYP or PEMBA

48 h at 30–37� C, 24 h at 30–37� C

Sources:Holbrook, R., Anderson, J.M., 1980. An improved selective and diagnostic medium for the isolation and enumeration of Bacillus cereus in foods. Canadian Journal of Microbiology 26, 753–759.
Vanderzant, C., Splittstoesser, D.F. (Eds.), 2002. Compendium of Methods for the Microbiological Examination of Foods, third ed. American Public Health Association, Washington.
Van Netten, P., Kramer, M., 1992. Media for the detection and enumeration of Bacillus cereus in foods: a review. International Journal of Food Microbiology 17, 85–99.
International Federation of Fruit Juice Producers (IFU), 2007. Method for the detection of taint producing Alicyclobacillus in fruit juices. IFU Method no. 12. IFU, Paris.
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Incubation
A temperature of 30–37 � C is used for mesophiles and
50–55 � C for thermophiles. At the higher temperatures, the
plates should be sealed in plastic bags or containers containin
water so that the plates will not dry out. It is usual to examine
the plates during the required incubation period to ensure that
the plates do not become overgrown with large or spreading
colonies and that acid reactions do not revert to alkaline by
continued incubation.
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Mesophilic Aerobic Spore Formers

The method given here is that of the American Public Health
Association. Usually 0.1–10 ml of the initial dilution is inoc-
ulated into the tryptone–glucose extract (TGE) agar. All colo
nies appearing on the plates are counted. If 10 ml is used to
inoculate TGE agar, then the sum of the number of colonies on
� ve plates can be expressed as the number of mesophil
aerobic spore formers per gram of the original sample.

Some authorities suggest that the sample need only be heate
for 10 min at 80 � C and suggest an incubation temperature of
30 � C.
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Thermophilic Flat Sour Spore Formers

The methods here are those of the U.S. National Food
Processors Association; the method for sugar additionally ha
approval as an Association of Of� cial Analytical Chemists
(AOAC) Of � cial method (972.45).

The method for sugar allows either solid or liquid sugar to
be tested. If the liquid product is tested, the amount added to
the initial dilution is adjusted to contain 20 g dry sugar
equivalent. After heating to 100� C, 2 ml of the heated sugar
solution is added to each of � ve Petri dishes before adding
dextrose–tryptone agar (DTA). In the AOAC procedure, the
plates are incubated at 55� C for 35–48 h.

The method for starch requires 10 ml of the starch suspen
sion to be added to DTA and boiled for 3 min to gelatinize the
starch before proceeding to heat the suspension further. Afte
pouring the agar into plates and allowing it to gel, a thin layer
of 2% water agar is overlayed to prevent the spread of som
organisms across the surface of the agar.

Typical colonies are round, 1–5 mm in diameter, with an
opaque central spot and a yellow halo in the agar. This halo
may be missing. Subsurface colonies are compact and may b
pinpoint in size. It may be necessary to isolate subsurfac
colonies by streaking onto the surface of fresh DTA to con� rm
their typical appearance.
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Aciduric Flat Sour Spore Formers

The methods given here are those of the American Publi
Health Association. Tomato products and other liquid prod-
ucts, dry products such as nonfat dry milk, and cream are teste
by different procedures.

Tomato and milk products are tested by plating onto DTA
and thermoacidurans agar. Raw tomatoes and similar tomato
products may need to be blended so that spore tests can b
performed on a liquid product. Bacillus coagulanscolonies
appear slightly moist, slightly convex, and pale yellow on the
surface of DTA. Subsurface colonies appear as compact yello
to orange colonies 1 mm or more in diameter with � uffy edges.
On thermoacidurans agar, this organism will produce large
colonies, which are white to cream in color.

Nonfat dry milk is suspended in 0.2 M sodium hydroxide
before being heated; 2 ml of the heated suspension is added to
each Petri dish before adding DTA. Incubation conditions for
mesophilic organisms are used.

Cream is suspended in a special diluent and heated. Th
suspension has high viscosity. It is recommended that the DTA i
poured into Petri dishes and the cream suspension is added
before the agar sets. Incubation conditions for mesophilic
organisms are used.

Rope Spores

The method given here is that of the American Association o
Cereal Chemists (method 42–20). Volumes of 10 ml and 1 ml
of the � rst dilution are added to molten DTA. The� asks should
reach 94� C within 5 min and are maintained at this tempera-
ture for 15 min. After cooling, 1 ml tetrazolium salts solution is
added before pouring the plates. After 24 h, subsurface colonie
with a yellow halo are drawn to the surface of the agar with
a sterile inoculating needle. After a further 24 h, the plates are
inspected for the presence of typical colonies. Typical colonie
are gray–white, moist, and blisterlike at � rst and may become
drier and wrinkled with age. The colonies have a stringy
consistency when touched with an inoculating needle. If any
further subsurface colonies have appeared, they are treated an
inspected as for those appearing at 24 h. The total count o
typical colonies over the � ve plates is used to calculate the
number of rope spores per gram.

AlicyclobacillusSpecies

A number of species have been isolated from foods such a
juices, beverages, and sugar products, butA. acidoterrestrisis
implicated in the majority of incidents.

The International Federation of Fruit Juice Producers ha
developed a standard method, based on the use ofBacillus
acidoterrestrismedium. Potato dextrose agar or orange serum
agar, both with pH adjusted to 3.5 with organic acids, may also
be used.

The numbers of cells and spores ofA. acidoterrestrisare
generally very low in foods, so even spoiled foods will need to
be heated and enriched before plating. Liquid products such as
fruit juices can be heated (80� C for 10 min) without dilution.
Heated samples should be incubated for 48–72 h at 50 � C and
then plated. A presence or absence test can be performed aft
incubating a sample at 50� C for 48–72 h, if desired. Tentative
identi � cation can be made by Gram stain, which reveals Gram
positive rods with terminal to subterminal spores that are
slightly swollen.

Spread plating appears to be preferred to pour plating.
Incubation may be performed at 43� C, but lower recoveries
have been reported. Longer incubation may be bene� cial.
Bacillus cereus

Two direct plating methods and one enrichment method
commonly are used to detect B. cereusin foods. Two
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methods commonly are used to con� rm the identity of
presumptive B. cereusdetected by these procedures. Mos
regulatory authorities use the mannitol–egg yolk–polymyxin
(MYP) agar procedure (e.g., the Association of Of� cial
Analytical Chemists, International (AOAC) method 980.31
and 983.26 and International Standards Organization (ISO)
7932:2004), but there is also general support for the use o
polymyxin –egg yolk–mannitol –bromothymol blue agar
(PEMBA).

In the direct plating procedure, dilutions of the food under
test are made in either Butter� eld’s diluent (AOAC) or 0.1%
peptone solution. Incubation conditions vary between 30� C
and 37 � C for 24–48 h, sometimes at 25� C for the second day.
If the longer incubation time is used, the plates should be
examined at 24 h to avoid problems due to overgrowth. Typical
colonies on MYP are crenate to� mbriate, 3–6 mm in diameter
with a ground glass surface surrounded by a zone of precipitat
and pink agar. On PEMBA, typical colonies are similar but
3–5 mm diameter and surrounded by a zone of precipitate and
turquoise to peacock blue agar.

In the enrichment procedure, dilutions of the food under
test are made as in the direct plating procedure and are inoc
ulated in tryptone–soy–polymyxin broth. If it is desired to
enumerate low levels ofB. cereusin a food, then the enrichment
is con� gured as an MPN test. The broth is incubated at 30� C
for 48 h before plating onto MYP or PEMBA and incubating
according to the requirements of the standard method being
followed.

Presumptively positive colonies may be con� rmed by either
biochemical or physiological identi � cation or the use of the
Holbrook and Anderson staining technique (if PEMBA was
used). It is considered by many that the characteristics o
B. cereusare so distinctive that the Holbrook and Anderson
stain is suf� cient to con� rm B. cereusisolated on PEMBA or
other media containing low concentrations of nitrogen that
encourage sporulation. Con� rmatory tests to differentiate
B. cereusfrom most other Bacillusspecies include Gram stain,
anaerobic glucose fermentation, nitrate reduction, Voges–
Proskauer, tyrosine decomposition, lysozyme sensitivity
mannitol fermentation, and egg yolk reaction (Table 3). To
differentiate B. cereusfrom other closely related species (Bacillus
anthracis, Bacillus mycoides, Bacillus pseudomycoides, Bacillus wei-
henstephanensis, Bacillus thuringiensis), it is necessary to perform
a number of other tests. For this reason, ISO considers th
method to be only a presumptive test for B. cereus. Bacillus
anthraciscan can be differentiated through lack of motility,
B. mycoidesand B. pseudomycoidesdemonstrate rhizoidal
growth, B. weihenstephanensisis able to grow at 7� C, and
B. thuringiensisis nonhemolytic and produces a toxin crystal
(Table 3).

PresumptiveB. cereuscolonies are grown on nutrient agar or
tryptone–soy broth for 18–24 h at 30 � C. If nutrient agar is
used, a colony is suspended in a small volume of Butter� eld’s
diluent to produce a turbid suspension. Con� rmatory tests are
performed as detailed in the following sections.

Gram Stain
Bacillus cereuswill appear as large Gram-positive rods in short
to long chains; spores are ellipsoidal, in a central to subter
minal position, and do not swell the cell.
Anaerobic Glucose Fermentation
After inoculating phenol red dextrose broth with a small
inoculum and incubating in an anaerobe jar for 24 h at 37 � C,
acid production is indicated by a change in the indicator from
red to yellow.
Nitrate Reduction
After inoculating nitrate broth with a small inoculum and
incubating at 37 � C for 24 h, 0.25 ml of each of the
nitrite reagents A and B is mixed and added. An orange
color developing within 10 min indicates a positive
reaction.
Voges–Proskauer
Inoculate Voges–Proskauer medium and incubate at 37� C for
48 h. Transfer 1 ml to an empty test tube and add 0.2 ml of
40% potassium hydroxide, 0.6 ml of a-naphthol, and a few
crystals of creatine. If the solution turns pink within 1 h, the
reaction is considered positive.
Tyrosine Decomposition
Inoculate the surface of the slope and incubate at 37� C for
48 h. Examine for clearing of the agar around the growth,
which indicates tyrosine decomposition. Incubate for a further
24 h and examine again, if necessary.
Lysozyme Sensitivity
Inoculate nutrient broth containing lysozyme and a control
nutrient broth with a small inoculum and incubate at 37 � C for
24–48 h. Record strain as sensitive if no growth occurs in broth
containing lysozyme.
Mannitol Fermentation
If it was not possible to record mannitol fermentation from the
primary isolation plate, inoculate the strain onto MYP or
PEMBA and incubate at 37� C for 24 h. The agar will become
pink or blue around the growth, indicating a lack of mannitol
fermentation.

Egg Yolk Reaction
If it was not possible to record egg yolk reaction from
the primary isolation plate, inoculate the strain onto MYP
or PEMBA and incubate at 37� C for 24 h. A white precipi-
tate around the growth indicates a positive egg yolk
reaction.

Holbrook and Anderson Stain
Smears may be produced from the center of a 24 h colony o
the edge of a 48 h colony growing on PEMBA. Smears are a
dried and � xed with minimal heating. Stain with malachite
green over a boiling waterbath for 2 min. After washing the
slide and blotting it dry, stain with Sudan black for 15 min.
Then rinse the slide in xylol for 5 s and blot dry before staining
with safranin for 20 s. Bacillus cereuswill appear 4–5 mm long
and 1.0–1.5 mm wide with square ends. Lipid globules, staining
black, are present in vegetative cells. Spores, staining green, a
ellipsoidal, central to subterminal in position, and do not swell
the sporangium.



Table 3 Identi� cation ofBacillusspecies of public health interest

B. anthracis B. cereus B. mycoides B. pseudomycoides B. thuringiensis B. weihenstephanensis B. subtilis B. licheniformis

Cell diameter> 1.0mm þ a þ þ v þ þ � �
Anaerobic glucose

fermentation
þ þ þ þ þ þ � þ

Nitrate reduction þ b b þ þ b þ þ
Voges–Proskauer þ þ þ þ þ þ þ þ
Tyrosine decomposition � þ b þ þ þ � �
Lysozyme sensitivity þ þ þ þ þ þ b b

Mannitol fermentation � � � � � � þ þ
Egg yolk reaction þ þ þ þ þ þ � �
Motility � þ � � þ þ þ
Rhizoidal growth � � þ þ � � � �
Hemolysis � þ þ þ
Toxin crystals � � � � þ � � �
7 � C growth � � � � � þ b �

aþ , 85% or more of strains are positive;� , 85% or more of strains are negative.
b16–84% of strains are positive. v, variation within strains.
Reproduced from Logan, N.A., de Vos, P., 2009. GenusBacillusCohn 1872. In: de Vos, P., Garrity, G.M., Jones, D., Krieg, N.R., Ludwig, W., Rainey, F.A., Schleifer, K-H., Witman, W.B. (Eds.), Bergey’s Manual of Systematic Bacteriology, second
ed., vol. 3, Springer, New York, pp. 21–128.
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Motility
Stab inoculateBacillus cereus(BC) motility medium and incu-
bate at 30� C for 24 h and examine for diffuse growth away
from the stab, indicating that the strain is motile.

Rhizoidal Growth
Inoculate the center of a predried nutrient agar plate with
a loopful of inoculum in one spot and allow it to dry. Inoculate
the plate right side up at 30� C for 24 h. Rhizoidal growth is
indicated by root or hairlike structures growing from the center
of the colony.

7 � C Growth
Inoculate a nutrient agar (or similar) slope and incubate in
a waterbath with water up to the level of the neck for 7 days.

Hemolysis
Inoculate the sheep blood agar plate with a loopful of inoc-
ulum in one spot and allow it to dry. Incubate at 30 � C for 24 h
and examine for a zone of complete hemolysis around the
colony.

Toxin Crystal Production
After allowinga culture ona nutrient agarslope togrow for 24 h at
30 � C, hold at room temperature for 2–3 days. Smears are ai
dried and � xed with minimal heating. Flood smear with meth-
anol for 30 s and drain. Dry slide in burner � ame. Flood with
basic fuchsin. Heat until steam rises and remove heat. Repe
heating after 1–2 min. After a further 30 s, pour off stain and rinse
well. Dry slide without blotting and examine for dark-colored,
tetragonal crystals that have been liberated from lysed sporangia
It may be necessary to allow more time for spores to lyse.
d

e
s

e

Bacillus subtilisand Bacillus licheniformis

These species are sometimes implicated in cases of foo
poisoning but no standard methods exist. They are able to grow
on MYP or PEMBA and ferment mannitol. For example, on
PEMBA, these species produce� at colonies that are about
3 mm in diameter and green to gray–green in color. They do
not produce an egg yolk precipitate. These species may b
identi � ed using the con� rmatory tests speci� ed for B. cereus
and the reactions inTable 3.
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Advantages and Limitations of Methods

Mesophilic Aerobic Spore Formers, Flat Sour Spore Form
and Aciduric Flat Sour Spore Formers

The procedures outlined in this section are considered to be
standard methods, but it is possible that other methods are
more applicable to certain foods and certain situations. Incu-
bating canned food and observing for signs of spoilage is both
easier and more sensitive than microbiological tests. The tes
are therefore most relevant to raw materials.

Rope Spores

The result of the rope spore test is highly dependent on the
heating procedure used and the subjective analysis of colon
types.
It is widely acknowledged that this test does not correlate
with the development of rope in bakery products. Bakery
products receive different heat treatments to those used in thi
test. Also, some spores will germinate and grow more slowly
than others in bakery products. Strains vary in their amylase
activities and their ability to produce odors and stickiness in
product. An actual baking test, although qualitative, is the most
predictive for the development of rope in products.
Alicyclobacillus

Methods for the growing number of species of this genus
implicated in spoilage of juices, sugar, and beverage product
suggest that methods will continue to develop. Although
a standard method has been proposed, a number of approache
might need to be used to have certainty of successfull
diagnosing the involvement of this genus in spoilage or inves-
tigating an incident.
Bacillus cereus

The MYP medium was considered to be a signi�cant advantage
over earlier media because it combined selective (polymyxin B
and differential (mannitol, egg yolk) features into one agar and
gave a quantitative recovery of the target organism. Care need
to be taken to examine the plates after 24 h incubation because
the mannitol fermentation reaction can become positive as
other mannitol positive organisms grow on the plate. Also the
plate can become overgrown, making colonies dif� cult to
count and egg yolk reactions dif� cult to read. Bacillus cereu
does not sporulate well on this agar, making the con� rmatory
microscopy test of little value. Closely related species will be
indistinguishable from B. cereuson this agar.

PEMBA was developed from Kim and Goepfert’s (KG)
medium, which, in turn, was developed from the MYP medium.
It allows B. cereusto sporulate after 24 h, provides more buffering
to assist in reading mannitol fermentation reactions, and
contains sodium pyruvate to improve the reading of the egg yolk
reaction. There is less growth of competitive organisms on
PEMBA when testing most foods, which makes the reaction
easier to read. Egg yolk reactions sometimes can be dif� cult to
detect, and someB.cereusstrains may appear to benegative. Som
closely related species will be indistinguishable on this agar.

Both media can be stored only at 4� C for 4 days after pour-
ing, as the egg yolk reaction becomes less intense with storage
Collaborative Evaluations and Validations

AOAC Collaborative evaluations of the MYP agar method, the
tryptone–soy–polymyxin broth MPN method, and the
biochemical con� rmatory tests, both for differentiation from
unrelated Bacillusspecies and closely relatedBacillusspecies,
have been performed. The MYP agar method was considered
be preferable to the MPN method for counting high numbers
of B. cereus. The MPN method was suitable for counting low
numbers of B. cereusbut had a higher standard deviation both
within and between laboratories. The between-laboratory
standard deviation for the plating method was 0.1–0.2 log10

and was 0.48–0.55 log10 for the MPN method. The
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The following solutions are required:
5% w/v malachite green
0.3% Sudan black B in 70% ethanol
Xylol
0.5% w/v safranin
Toxin crystal stain
0.5 g basic fuchsin dissolved in 20 ml ethanol then made up to

100 ml with water
Media for enumeration
Mannitol–egg yolk–polymyxin (MYP) agar
Beef extract 1.0 g
Peptone 10.0 g
D-Mannitol 10.0 g
Sodium chloride 10.0 g
Phenol red 0.025 g
Agar 12–18 g
Water 940 ml
Adjust pH so that it will be 7.1� 0.2 at 25� C after autoclaving

at 121� C for 15 min; add 10 ml of� lter-sterilized polymyxin
B sulfate solution (10 000 units ml� 1) and 50 ml of 50%
egg yolk emulsion per 940 ml of the basal agar

Polymyxin–egg yolk–mannitol–bromothymol blue agar
(PEMBA)

Tryptone 1.0 g
D-Mannitol 10.0 g
Sodium pyruvate 10.0 g
Magnesium sulfate heptahydrate 0.1 g
Sodium chloride 2.0 g
Disodium hydrogen phosphate 2.5 g
Bromothymol blue 0.12 g
Agar 12–18 g
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collaborative studies show that the methods are reliable for
differentiating B. cereusfrom other bacilli.

Holbrook and Anderson’s validation of the PEMBA method
and con� rmatory staining was thorough. They used a number
of B. cereusstrains as well as closely related and other species
Bacillusin their tests and showed that the strains gave typica
egg yolk and staining reactions in nearly all cases. There we
no problematic egg yolk reactions with PEMBA as there wer
with MYP. They showed equivalent recovery ofB. cereuson
MYP and PEMBA.

A study of the repeatability and reproducibility of these
methods for enumeration of B. cereushas shown that MYP and
PEMBA give equivalent quantitative results. In both media, the
variation within a laboratory would result in an expectation
that 95% of results on duplicate samples would be within
0.3 log10 of each other and between laboratories would result
in an expectation that 95% of the results on duplicate samples
would be within 0.5 log 10 of each other.

See also:Bacillus:Introduction;Bacillus:Bacillus cereus;
Geobacillus stearothermophilus(FormerlyBacillus
stearothermophilus); Bacterial Endospores;Heat Treatment of
Foods:Spoilage Problems Associated with Canning; Samp
Plans on Microbiological Criteria;Identi�cation Methods:
Introduction.

Appendix: Formulations
Diluents/solutions
Butter� eld’s phosphate
Stock solution
Potassium dihydrogen phosphate 34.0 g
Distilled water 500 ml
Adjust pH to 7.2 with approximately 175 ml of 1 mol l–1 NaOH
Adjust� nal volume with distilled water to 1000 ml store

refrigerated
Diluent
Stock solution 1.25 ml
Distilled water to 1000 ml
Dispense and sterilize by autoclaving at 121� C for 15 min
Peptone diluent
Bacteriological peptone 1.0 g
Distilled water to 1000 ml
Dispense and sterilize by autoclaving at 121� C for 15 min
Cream diluent
Gum tragacanth 1.0 g
Gum arabic 1.0 g
Water 100 ml
Autoclave for 20 min at 121� C
Tetrazolium salts
2,3,5-Triphenyl-tetrazolium chloride 10.0 g
Water to 100 ml
Sterilize by membrane� ltration through a 0.2mm� lter
Nitrite reagents
Reagent A
Sulfanilic acid 8.0 g
5 mol l–1 Acetic acid 1000 ml
Reagent B
a-naphthol 2.5 g
5 mol l–1 Acetic acid 1000 ml
Holbrook and Anderson stain

Water 940 ml
Adjust pH so that it will be 7.2� 0.2 at 25� C after autoclaving

at 121� C for 15 min; add 10 ml of� lter-sterilized polymyxin
B sulfate solution (1000 units ml� 1) and 50 ml of 50% egg
yolk emulsion per 940 ml of the basal agar

Tryptone–soy–polymyxin broth
Tryptone 34.0 g
Soya peptone 6.0 g
Sodium chloride 10.0 g
Glucose 5.0 g
Dipotassium hydrogen phosphate 5.0 g
Water 1000 ml
Adjust pH so that it will be 7.3� 0.2 at 25� C after autoclaving

at 121� C for 15 min; add 1 ml of� lter-sterilized polymyxin
B sulfate solution (1000 units ml� 1) per 100 ml broth

Dextrose–tryptone agar (DTA)
Tryptone 10.0 g
Dextrose 10.0 g
Agar 12–18 g
Bromocresol purple 0.04 g
Water 1000 ml
Adjust pH so that it will be 6.7� 0.2 at 25� C after autoclaving

at 121� C for 15 min
Thermoacidurans agar (TAA)
Yeast extract 5.0 g
Proteose peptone 5.0 g
Dextrose 5.0 g
Dipotassium phosphate 4.0 g
Agar 20.0 g
Adjust pH so that it will be 5.0� 0.2 after autoclaving

at 121� C for 15 min
Tryptone–glucose extract agar (TGE)
Beef extract 3.0 g
Tryptone 5.0 g
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Dextrose 1.0 g
Agar 15.0 g
Adjust pH so that will be 7.0 � 0.2 after autoclaving at 121 � C

for 15 min
Bacillus acidoterrestrismedium
Basal medium
CaCl2$2H2O 0.25 g
MgSO4$7H2O 0.5 g
(NH4)SO2 0.2 g
KH2PO4 3.0 g
Yeast extract 1.0 g
Glucose 5.0 g
Trace element solution 1.0 ml
Distilled water 1.0 l
Adjust to pH 4.00; for agar the liquid medium is made up

at twice the concentration and mixed with an equal volume
of agar (15–20 g agar per liter) after autoclaving

Trace element solution:
CaCl2$2H2O 0.66 g
ZnSO4$7H2O 0.18 g
CuSO4$5H2O 0.16 g
MnSO4$4H2O 0.15 g
CoCl2$6H2O 0.18 g
H3BO3 0.10 g
Na2MoO4$2H2O 0.30 g
Distilled water 1.0 l
Media for con� rmation
Phenol red glucose broth
Proteose peptone no. 3 10.0 g
Beef extract 1.0 g
Sodium chloride 5.0 g
Phenol red 0.018 g
Dextrose 5.0 g
Water to 1 l
Dispense in 3 ml quantities in small test tubes; autoclave

for 10 min at 121 � C; � nal pH should be 7.4 � 0.1
Nitrate broth
Beef extract 3.0 g
Peptone 5.0 g
Potassium nitrate 1.0 g
Distilled water to 1 l
Adjust pH to 7.0 � 0.1 and dispense 5 ml quantities into small

test tubes; autoclave 15 min at 121 � C
Modi� ed VP medium
Proteose peptone 7.0 g
Dextrose 5.0 g
Sodium chloride 5.0 g
Water to 1000 ml
Adjust to give a pH of 6.5 � 0.1 after autoclaving and dispense

5 ml quantities into small tubes; autoclave for 10 min at
121 � C

Tyrosine agar
Prepare nutrient agar and after autoclaving, add 10 ml of water

containing 0.5 g of L-tyrosine (sterilized by autoclaving at
121 � C for 15 min) to each 100 ml of nutrient agar; dispense
into slopes in sterile bottles; the tyrosine will not dissolve
and must be evenly suspended throughout the agar

Nutrient broth with lysozyme
Dissolve 0.1 g lysozyme hydrochloride in 100 ml water and

sterilize through a 0.2 mm membrane� lter; add 1 ml of this
solution to 99 ml nutrient broth; dispense 2.5 ml volumes
into small sterile tubes

Nutrient broth/agar
Beef extract 3.0 g
Peptone 5.0 g

Agar (if required) 15.0 g
Water to 1000 ml
Adjust pH to give 6.8 � 0.1 after autoclaving at 121 � C

for 15 min
BC motility medium
Trypticase 10.0 g
Yeast extract 2.5 g
Dextrose 2.5 g
Disodium hydrogen phosphate 2.5 g
Agar 3.0 g
Water to 1000 ml
Adjust pH to give 7.4 � 0.2 after autoclaving; dispense into

tubes and autoclave at 121 � C for 10 min
Sheep blood agar
Trypticase 15.0 g
Phytone peptone 5.0 g
Sodium chloride 5.0 g
Agar 15.0 g
Water to 1000 ml
Adjust pH to give 7.0 � 0.2 after autoclaving; autoclave

at 121 � C for 15 min; cool to 48 � C and add 5 ml sterile
de� brinated sheep blood per 100 ml medium and dispense
into Petri dishes
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Introduction

Bacteria from the genus Bacillus occur widely within the envi-
ronment and are frequently detected both in raw materials used
in the food industry and in food products at the point of sale.
Although the majority of Bacillus spp. are nonpathogenic,
Bacillus cereus is a recognized foodborne enteropathogen and
causative agent of food poisoning in humans. Other species in
the genus that have been implicated in food poisoning
outbreaks include Bacillus subtilis, Bacillus licheniformis, Bacillus
pumilus, Bacillus brevis, and Bacillus thuringiensis. The problems
associated with Bacillus spp. are exacerbated as their spores
resist – or are activated during – food processing, and in
addition, psychrotrophic strains are capable of growth in milk
and food products correctly stored at refrigeration
temperatures.
Foodborne Illness

Illness Caused by Bacillus cereus

Bacillus cereus is associated with two distinct foodborne
gastrointestinal disorders, the diarrheal and emetic syndromes.
The diarrheal illness was �rst described following an outbreak
of food poisoning in a Norwegian hospital in the 1940s,
although earlier uncon�rmed reports described outbreaks with
a similar etiology. The syndrome is typi�ed, in the absence of
fever, by abdominal discomfort, profuse watery diarrhea, rectal
tenesmus, and on some occasions nausea that rarely produces
vomiting. The illness is usually associated with the consump-
tion of one of a diverse range of proteinaceous foods that
include milk products, cooked meats, sauces, and desserts.
Onset of the symptoms occurs some 8–16 h after consumption
of the contaminated food, and this delay is indicative of
subsequent bacterial growth and toxin formation in the small
intestine. The inactivation of preformed toxin in contaminated
foods by digestive enzymes and gastric pH reduces the effects of
its ingestion. The symptoms normally resolve within 12–24 h
without the need for medical intervention, although there are
reports of more severe symptoms developing in speci�c pop-
ulation groups.

The emetic syndrome is caused by a preformed toxin
produced as a consequence of the growth of toxigenic strains of
B. cereus in the food. Farinaceous foods are most commonly
associated with the emetic illness. This disease is more
common than the diarrheal form in Japan, whereas in North
America and European countries the diarrheal syndrome is
more prevalent. The onset of the emetic syndrome occurs
within 1–5 h of consumption of the contaminated food, and
the symptoms (which include malaise, nausea, vomiting, and
occasionally diarrhea), persist for 6–24 h. The diarrhea is most
probably caused by the concomitant synthesis of enterotoxin in
some emetic strains. Although the symptoms of the emetic
illness are generally regarded as being relatively mild, there is
144 Encyclopedia of Food Mic
a published case report describing the progress of the disease in
an Italian teenage boy; his subsequent death was attributed to
liver failure induced by the emetic toxin produced by a strain of
B. cereus isolated from a pasta sauce that he had consumed.

Incidence of B. cereus–mediated Foodborne Illness
Although B. cereus is now recognized as an important cause of
foodborne illness in humans, it is dif�cult to ascribe de�nitive
�gures to the number of outbreaks caused by the microor-
ganism because of inherent inadequacies in existing reporting
procedures. It is recognized that the of�cial statistics for all
foodborne disease outbreaks underestimate the true extent of
the problem, and may only represent 10% of the number of
cases that actually occur. The short duration and nature of the
illness caused by B. cereus limit medical diagnosis and accurate
recording of incidents, with the result that the full extent of the
B. cereus problem is not known.

Analysis of food poisoning statistics collected in North
America during the decades commencing in 1970 and 1980 led
reviewers to conclude that B. cereus was a relatively unimpor-
tant food-poisoning agent. Only 3.1 and 6.9% of the cases of
bacterial foodborne diseases in the United States and Canada,
respectively, were caused by the microorganism; this repre-
sented only 1–2% of the total number of cases recorded. There
are, however, geographical differences in the incidence of
outbreaks and number of cases attributable to B. cereus. Data
obtained in several studies over various periods between 1960
and 1992, in Europe, Japan and North America, indicate that
1–22% of outbreaks and 0.7–33% of food-poisoning cases
could be attributed to B. cereus. In both Norway and the
Netherlands, where more detailed surveillance of foodborne
illness has been undertaken, B. cereus has emerged as the most
frequently identi�ed bacterial foodborne pathogen.

Bacillus cereus occurs widely in raw and processed foods.
The microorganism is ubiquitous in nature and it seems
impossible to exclude its spores from the food chain. Strains
of B. cereus will grow over a wide pH and temperature range
and at salt concentrations up to 7.5%. The generation time of
the organism under optimum conditions is approximately
20 min. It is, therefore, evident that the organism will be able
to grow in foods that are improperly prepared or subjected to
temperature abuse during storage. Should B. cereus growth
occur, the potential exists for food poisoning to ensue. Foods
particularly associated with B. cereus include dairy produce,
meat products, spices, and cereals. Food containing more than
104–105 cells or spores per gram may not be safe for
consumption as the infectious dose has been calculated to vary
from 105–108 cells or spores per gram. The variation in the
estimated infectious dose re�ects the large interstrain differ-
ences in the amount of toxin produced and the inherent
variability in the susceptibility of the population at large. It
has been suggested that repeated exposure to low levels of
B. cereus in foods, especially milk, may lead to a partial
protective immunity developing.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00023-9
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Illness Associated with OtherBacillusSpecies

Bacillusspecies other thanB. cereusare present in a range of
food products and on occasions have been isolated from food
samples implicated in outbreaks of food poisoning. The species
most frequently isolated in such cases areB. subtilis and
B. licheniformis, although B. pumilus, B. brevis, and
B. thuringiensishave been associated with a smaller number o
outbreaks. A number of incidents of intestinal anthrax have
been caused by the consumption of meat from animals infec-
ted with Bacillus anthracis. In addition, some strains of Bacillus
mycoides, Bacillus circulans, Bacillus lentus,Bacillus polymyxa, and
Bacillus carotarumproduce extracellular components that cross
react with antibodies raised against the enterotoxin ofB. cereus
for use in commercially available kits for toxin detection. This
implies some form of structural relatedness. A strain ofB. brevis
involved in a food-poisoning incident was also able to produce
a heat-labile enterotoxin.

Bacillus subtilisand B. licheniformisare widely distributed
in the environment and have been implicated in incidents
of foodborne illness. Bacillus subtilishas been identi� ed as a
causative agent of foodborne disease in the United Kingdom
(49 episodes with more than 175 cases between 1975
and 1986), Australia and New Zealand (14 incidents), and
Canada. Ingestion of contaminated food was characterized
by a peppery or burning sensation in the mouth; the onset of
symptoms, which typically include diarrhea and vomiting, can
occur within a very short period although the median incu-
bation period is 2.5 h (range 10 min–14 h). Other symptoms
can include abdominal pain, nausea, and pyrexia; the duration
of the episode is 1.5–8 h. Incriminated foods include meat,
seafood, pastry dishes, and rice. The levels ofB. subtilisin these
implicated food vehicles was in the range 105–109 colony
forming units (cfu) per gram.

There have been detailed descriptions of food-poisoning
outbreaks caused byB. licheniformisin North America and in the
United Kingdom where 24 episodes (218 cases) were recorde
between 1975 and 1986. Cooked meats and vegetables were th
principal food vehicle from which large numbers (>10 6 cfu g� 1)
of the causative organism could be isolated. As a result o
infection, B. licheniformismay dominate the intestinal bacterial
population. The median incubation period prior to onset is
about 8 h (range 2–14 h). The most common symptom is
diarrhea, although vomiting and abdominal pain have been re-
ported to occur in about 50% of cases; nausea, pyrexia, an
headaches are not characteristic ofB. licheniformis–mediated food
poisoning. The duration of the illness is approximately 6–24 h.

Although B. pumilusis closely related toB. licheniformisand
B. subtilis, there are few reports implicating this species a
a foodborne pathogen. In � ve incidents reported in England
and Wales during the period 1975–86, symptoms of diarrhea
and vomiting developed after varying periods (0.25–11 h)
following the consumption of food contaminated with large
numbers (106–107 cfu g� 1) of this microorganism. Foods
implicated included meat products, canned fruit juice, and
cheese sandwich.

An outbreak of food poisoning involving B. brevishas been
reported, and in other incidents the microorganism has been
isolated from the suspected food vehicle and the feces o
a patient. The mean incubation time in the B. brevis–mediated
outbreak was 4 h and the symptoms reported were nausea
vomiting, and abdominal pain. A heat-labile enterotoxin was
responsible for the illness.

Bacillus thuringiensisis closely related to B. cereusand,
although widely used as an insecticide, it has the potential to be
pathogenic to humans. Isolates ofB. thuringiensis, belonging to
the H serotypeskurstakiand neoleonensis, recovered from food
products such as milk, pita bread, and pasta were shown to be
enterotoxigenic. Fecal isolates from an outbreak of gastroen
teritis in a chronic care institution in Canada were identi� ed as
enterotoxin-producing strains of B. thuringiensis. In addition,
the microorganism has also been shown to induce foodborne
illness in human volunteers. Recent reappraisal studies, usin
speci�c molecular probes based on variable regions of 16S
rRNA, have indicated that causative strains from food-
poisoning incidents that had been initially identi � ed by
phenotypic characteristics asB. cereuswere in fact stains of
B. thuringiensis. The potential for enterotoxin-producing strains
of B. thuringiensisto cause food poisoning should not be
overlooked in diagnostic laboratories, especially as prepara
tions of the microorganism are used widely to control insect
pests in many countries. Cases ofB. cereus–mediated diarrheal
outbreaks resulting from the consumption of raw and
improperly cooked vegetables have been recorded. In view o
the phenotypic relatedness ofB. cereusand B. thuringiensis, it is
possible that some of these incidents, and other outbreaks, ma
have been caused byB. thuringiensis. The actual incidence of
B. thuringiensis–mediated foodborne illness may therefore be
greater than reported� gures currently indicate. Some charac
teristics of foodborne illness associated withBacillusspp. are
summarized in Table 1.
Bacillus cereusDiarrheal Syndrome

Bacillus cereusEnterotoxins

Bacillus cereusdiarrheal enterotoxin is produced during the
logarithmic stage of growth. The enterotoxin interacts with the
membranes of epithelial cells in the ileum, and causes a type o
food poisoning that is almost identical to that of Clostridium
perfringens. Both species produce toxins damaging to the
membrane, but with different modes of action. Clostridium
perfringensrequires Ca2þ ions in order to bind to target cells,
and thus causes leakage. Conversely,Bacillus cereusenterotoxin
is inhibited from causing cell leakage if Ca2þ ions are present.
Bacillus cereusenterotoxin is about a hundred times more toxic
to human epithelial cells than the C. perfringenstoxin.

The diarrheal syndrome associated with B. cereusis
considered to be caused by viable cells or spores, rather tha
preformed toxin, because the time between consumption of
incriminated food to onset of the symptoms is too long for the
disease to be an intoxication.Bacillus cereusis capable of growth
and enterotoxin production under anaerobic conditions, and is
therefore capable of forming enterotoxin in the ileum.

Nutrient availability appears to be important in the
production of diarrheagenic toxin. In uncontrolled batch
fermentations, high levels of sugar did not support toxin
formation, whereas starch enhanced toxin production. In
controlled fermentations, where pH was regulated, sugar and
starch neither enhanced nor repressed toxin formation



Table 1 Characteristics of foodborne illness caused byBacillusspp.

B. cereusemetic
syndrome

B. cereusdiarrheal syndrome

B. thuringiensis B. subtilis B. licheniformis B. pumilus B. brevisType I Type II

Symptoms Malaise, nausea,
vomiting

Abdominal pain,
watery diarrhea

Gastroenteritis As forB. cereus
diarrheal
syndrome

Vomiting, diarrhea,
nausea, abdominal
pain, pyrexia,
headaches

Diarrhea, vomiting,
abdominal pain

Diarrhea, vomiting,
nausea

Nausea, vomiting,
abdominal pain

Implicated food
vehicle

Farinaceous rice,
pasta, noodles,
pastry

Proteinaceous
dairy products,
meats, sauces,
desserts

Proteinaceous
dairy products,
meats, sauces,
desserts

AsB. cereusand
unwashed
sprayed
vegetables

Meat, seafood, pastry,
rice

Cooked meat and
vegetable dishes

Meat products Meat

Infective dose
(cfu g� 1)

105–108 < 104 < 104 < 104 < 105–109 < 106 < 106 < 108

Incubation period
(h)

0.5–5 8–16 8–16 8–16 < 1–14 2–14 < 1–11 1–9.5 (av.4)

Duration of illness
(h)

6–24 12–24 12–24 12–24 1.5–8 6–24 Unknown Unknown

Nature of toxin Heat-stable, cyclic
dodecadepsi-
peptide,
ingested in food

Hemolytic,
dermonecrotic,
heat-labile
complex of three
peptides;
formedin situin
gut

Nonhemolytic
heat-labile
complex of three
peptides

Enterotoxin,
structure not
determined but
reacts with
antibodies to
B. cereus
enterotoxin

Unknown Unknown, but
culture
supernatants of
some strains
react with
antibodies to
B. cereus
enterotoxin

Unknown, but culture
supernatants of
some strains react
with antibody in
Oxoid RPLA assay
for B. cereus
enterotoxin
detection

Heat-labile
enterotoxin

Potential detection
method

No kit Oxoid BCET-RPLA Tecra via kit Oxoid/Tecra kits
for B. cereus
enterotoxin

Cytotoxicity Cytotoxicity Cytotoxicity Cytotoxicity

Cytotoxicity, boar
spermatozoa
motility, emesis
in primates, and
Suncussp.

Rabbit-ligated ileal
loop,
cytotoxicity, gel
diffusion

Cytotoxicity Cytotoxicity Not detected by kits for
B. cereus
enterotoxin

Some strains Tecra
VIA/Oxoid BCET
kit for B. cereus
enterotoxin
detection

Some strains Oxoid
BCET-RPLA kit for
B. cereus
enterotoxin
detection
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indicting that the repression occurring in the presence of high
sugar levels was due to the accompanying pH fall rather than
to the sugar itself. Water activity has a signi� cant effect on
growth and toxin production of B. cereus. Low pH inhibits
enterotoxin formation, and outside the range pH 5–10
a rapid loss in activity occurs. The diarrheal enterotoxin is
unstable over a wide range of conditions, with ionic strength
being particularly critical. However, enterotoxin stability is
greater after heating in milk than in cell-free culture
supernatants.

The amount of toxin produced by different strains ofB. cereus
varies considerably. It has been shown that 60–70% of strains
isolated from milk products are able to produce diarrheal
enterotoxin; however, the number of strains that are able to
produce suf� cient enterotoxin to constitute a health risk is prob-
ably limited. It is alsounlikely thatdiarrheagenic toxin production
will occur in dairy products that are maintained in the cold chain.
Nevertheless, the presence of the organism still constitute
a potential hazard to the consumer, particularly sinceB. cereusis
able to grow well at 37 � C and under low oxygen concentrations,
conditions typical of the gastrointestinal ecosystem.

Structure of the Enterotoxin
There has been considerable debate concerning the structu
and molecular mass of B. cereusdiarrheagenic toxins. Three
different enterotoxins have now been characterized: two
tripartite enterotoxin complexes and a single protein entero-
toxin ( Table 2).
r
t

Hemolysin BL

One of the enterotoxin complexes is hemolysin BL, which is
hemolytic, cytotoxic, and dermonecrotic, causes vascula
Table 2 Some characteristics of toxins formed byBacillus cere

Toxin Molecular mass (kDa) C

Enterotoxins
Hemolysin BL B 37.8 Hem

L1 38.5
L2 43.2

Nonhemolytic 39 Hea
45
105

Enterotoxin T 41 Enc
Emetic 1.2 Hea

Stab
Stab

Hemolysin
Cereolysin 56 Thio
Hemolysin BL See above
Sphingomyelinase 34 Stab
Hemolysin II 30 Hea

Phospholipase C
Phosphatidylinositol hydrolase 34 Non

an
Sphingomyelinase See above
Phosphatidylcholine hydrolase Stab

ph
permeability changes, and has been shown to cause� uid
accumulation in the ligated rabbit ileal loop. Hemolysin BL is
made up of three components: B, L1, and L2, with molecular
masses of 37.8, 38.5, and 43.2 kDa, respectively. The individua
components of hemolysin BL do not possess the enterotoxic
activities separately, and all three components are required fo
maximal activity. The B protein component binds hemolysin
BL to the target cell; L1 and L2 components have lytic functions.
The L2 component of hemolysin BL interacts with the antibody
component of the Oxoid BCET-RPLA toxin detection kit
(Oxoid, Unipath, Basingstoke, UK).
Nonhemolytic Enterotoxin Complex

The causative strain (0075–95) of a large outbreak ofB. cereus
diarrheal food poisoning in Norway in 1995 was shown to
produce a different, nonhemolytic tripartite enterotoxin
complex. This second complex, referred to as the nonhemolytic
enterotoxin, comprises three proteins (39, 45, and 105 kDa),
which are nontoxic individually but are cytotoxic in combi-
nation. The 45 and 105 kDa proteins react with a commercially
available visual immunoassay (Tecra) (Tecra Diagnostics, Ba
ley, UK), but the 45 kDa protein is considerably more reactive
than the 105 kDa component. This strain ofB. cereus, although
a foodborne pathogen, reacted negatively when tested with the
Oxoid BCET-RPLA kit.
Enterotoxin T

ThebceTgene ofB. cereusencodes an enterotoxin protein with
the characteristics of the diarrheal toxin, known as enterotoxin
T. Enterotoxin T has a molecular mass of 41 kDa; it has no
been implicated in any outbreaks of food poisoning to date,
us

haracteristics

olytic, heat-labile, tripartite enterotoxin

t labile

oded by thebceTgene
t stable, stable to proteolysis, stable over a range of pH (2–11)
le to proteolysis, stable over a range of pH (2–11)
le over a range of pH (2–11)

l activated, heat labile, mouse lethality

le metalloenzyme, hemolytic, only hydrolyzes sphingomyelin
t labile, sensitive to proteolytic enzymes

metalloenzyme, speci� cally hydrolyzes phosphatidylinositol (PI)
d PI-glycan-containing membrane anchors

le metalloenzyme (Zn2þ , Ca2þ ), hydrolyzes phosphatidylcholine,
osphatidylethanolamine, and phosphatidylserine
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but approximately 43% of randomly selectedB. cereusstrains
isolated from different food products possessed thebceTgene.
However, the BceTgene was absent from 5 out of 7B. cereus
strains that had been involved in food-poisoning incidents.

There is evidence to suggest that more than one enterotoxi
may be produced by a single strain ofB. cereus. Many strains of
B. cereushave been found to react with both the Oxoid and
Tecra detection kits. This indicates that some strains are able
produce both tripartite enterotoxin complexes.
h

h

al
Bacillus cereusEmetic Syndrome

The emetic syndrome was� rst characterized in the United
Kingdom following several incidents associated with the
consumption of rice from Chinese restaurants and take-away
outlets. The emetic syndrome is an intoxication as opposed
to an infection; it has a rapid onset of up to 5 h after
consumption of incriminated foodstuff. The symptoms of the
illness are vomiting and nausea, with accompanying diarrhea
in about 30% of cases. The syndrome is not associated wit
fever. The emetic toxin ofB. cereuscauses similar symptoms to
Staphylococcus aureustoxin.

The emetic toxin of B. cereusis a cyclic dodecadepsipeptide
named cereulide, which is structurally related to valinomycin.
Cereulide has a molecular mass of 1.2 kDa, and was originally
believed to be a breakdown product of a lipid component in
the growth medium. However, the molecule is now known to
consist of a ring structure of three repeating tetrameric units
containing amino and oxyacids (D-O-Leu-D-Ala-L-O-Val-L-Val).
The toxin molecule is very stable to heat, extremes of pH and
proteolysis with trypsin. Emetic toxin formation is generally
associated with H-1 serovars ofB. cereus, and occurs after spore
formation. The emetic toxin causes swelling of the mitochon-
dria, and uncoupling of mitochondrial oxidative phosphory-
lation in HEp-2 cells. In higher animals, the toxin mode of
action is through binding to the 5-hydroxytryptamine receptor
and stimulation of the vagus afferent nerve.
s

Factors Affecting Emetic Toxin Formation

Emetic toxin production is affected by the composition of the
culture medium. Milk and rice-based media support effective
emetic toxin production, whereas the toxin is not detectable
after growth on brain–heart infusion (BHI) broth or tryptone –
soya broth. Factors controlling emetic toxin formation have not
been determined, although it has been observed that optimal
emetic toxin production occurs after 20 h incubation at 30� C in
batch cultures. The toxin is also detectable in nonsporulating
chemostat cultures grown at a dilution rate of 0.2 h on a whey
protein medium at pH 7 at 30 � C.
se

,
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OtherB. cereusToxins

In addition to producing food-poisoning toxins, B. cereusalso
produces other toxic substances. The characteristics of the
compounds are described inTable 2. They include phospho-
lipase C and hemolysins. One of the phospholipases
sphingomyelinase, is also a hemolysin. Phospholipases, along
with proteinases and lipases, are the degradative enzyme
responsible for the off-� avors and defects associated with the
growth of B. cereusin milk. All of the toxins of B. cereus, with
the possible exception of the emetic toxin, are produced during
the exponential phase of the life cycle.

The hemolysins of B. cereusconsists of sphingomyelinase,
cereolysin, cereolysin AB, hemolysin II, hemolysin III, hemo-
lysin BL, and a ‘cereolysinlike’ hemolysin. Several of the
extracellular hemolysins, including hemolysin BL, are consid-
ered to be virulence factors.
Toxins of OtherBacillus Species

Although other Bacillus species have been associated wit
outbreaks of foodborne disease, there is no de� nitive infor-
mation on the identity of the toxins formed. Culture super-
natants of some isolates ofB. circulans, B. lentus, B. mycoides,
and B. thuringiensisare cytotoxic to Chinese hamster ovary
(CHO) cells, although the activity is lost on heating, suggesting
that like B. cereusand B. brevis, the component is heat-labile
enterotoxin. Culture supernatants of some strains of
B. carotarum,B. circulans, B. lentus, B. licheniformis, B. mycoides,
B. pumilus, B. polymyxa, and B. thuringiensisreact positively with
the antibody present in the Oxoid B. cereusenterotoxin detec-
tion kit. Strains belonging to the species B. thuringiensis,
B. circulans, B. lentus,B. licheniformis, and B. thuringiensiswere,
however, positive with antibodies supplied in the Tecra kit for
B. cereusenterotoxin detection. This implies that extracellular
components produced by these species have some structur
similarity to components present in the B. cereustripartite
hemolytic and nonhemolytic complexes, respectively.
Detection ofB. cereusToxins

In Vivo

Detection of B. cereustoxins has traditionally involved the use
of studies in vivo (Table 3). Methods for detection of the
diarrheal enterotoxins have included the rabbit or guinea pig
ileal loop test, vascular permeability testing, dermonecrotic
tests on guinea pigs, mouse lethality testing and rhesu
monkey feeding trials. Rhesus monkey andSuncus murinus
feeding trials, and mouse andS. murinuslethality testing, are
suitable for determining the presence of the emetic toxin.
However, studies in vivo are expensive; they require highly
trained, licensed staff to perform them; and to many people
they are morally unacceptable. Therefore alternativein vitro
methods have been developed for use in diagnostic and
research laboratories.
In Vitro

In vitro assay methods for the detection ofB. cereusfood-
poisoning toxins include the application of antibody-based
reactions (BCET-RPLA and Tecra BDE), cell cytotoxici
and various diffusion techniques (e.g., microslide immu-
nodiffusion, disc diffusion, and gel diffusion assays) (see
Table 3).
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Table 3 Detection ofB. cereusemetic and diarrheal enterotoxins

Assay Toxin detected Mode of action

In Vivo
Rhesus monkey feeding trials Enterotoxin and emetic toxin Monkeys fed rice culture slurry and are observed for

symptoms of the syndromes
Nonspeci� c

Suncus murinusfeeding trials Emetic Oral and intraperitoneal injection resulting in emesis
Mouse lethality Enterotoxin and emetic toxin Mice intravenously injected withB. cereusculture

supernatants
Suncus murinuslethality Emetic toxin Suncus murinusintravenously injected withB. cereusculture

supernatants
Rabbit or guinea pig ileal loop test Enterotoxin Fluid accumulation in ligated ileal loops
Vascular permeability testing Enterotoxin Intradermal injection causes changes in vascular permeability

(edema and hemorrhage)
Dermonecrotic tests on guinea pigs Enterotoxin Skin cell death

In Vitro
Antibody
BCET-RPLA (Oxoid) Hemolysin BL enterotoxin Reverse passive latex agglutination technique

OtherBacillusspp. Detects the L2 component of hemolysin BL
BDE-VIA (Tecra) Enterotoxin– nonhemolytic

enterotoxin
Enzyme-linked immunosorbent assay detects six different

proteins, including 45 and 105 kDa components
OtherBacillusspp.

Cytotoxicity
Visual Enterotoxin and emetic toxin Microscopic detection of visual changes

Emetic– vacuolization of HEp-2 cells
Metabolic assessment (MTT) Enterotoxin and emetic toxin Proliferation assay
Lactate dehydrogenase release Enterotoxin and emetic toxin Measurement of LDH leakage from lysed cells
Disruption of monolayer Crystal violet
Diffusion
Gel diffusion assay Hemolysin BL Hemolysin BL causes a discontinuous hemolysis pattern on

blood agar plates
Fluorescent immunodot assay Enterotoxin Substrate gel system, measured by� uorescence
Microslide immunodiffusion assay Enterotoxin Detected by a line of identity on immunodiffusion assay
Other
Motility of boar spermatozoa Emetic Loss of motility of boar spermatozoa
Polymerase chain reaction Hemolysin BL Ampli� cation of DNA to look for hemolysin BL gene
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Cell Cytotoxicity

Cell culture techniques have been used for the detection o
both diarrheal toxin and emetic toxin of B. cereus(seeTable 3).
Cultured cell lines used include HeLa, HEp-2, Vero, McCoy
and CHO cells. Different approaches have been used for th
detection of cytotoxicity. Initially, the presence of toxin was
detected by the microscopic monitoring of any morphological
response by cells in the presence of toxin; however, suc
methods were subjective. Detection methods have bee
improved by the measurement of speci� c cellular responses in
the presence of the toxin. These methods include an asses
ment of the metabolic status of the cells using the tetrazolium
salt 3-(4,5,-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), and detection of lactate dehydrogenase
release from damaged cells.

A cell culture assay for the detection of the emetic toxin was
developed following the observation that culture supernatant
� uids from 87% of B. cereusstrains isolated from emetic
syndrome outbreaks caused vacuoles to appear in HEp-2 cell
The emetic toxin affects the proliferation of cells, and this has
been exploited in cytotoxicity assays. Cereulide causes vacuo
formation in HEp-2 cells; the vacuolation factor is thought to
be the emetic toxin itself. Electron microscopy has revealed tha
the apparent vacuoles are swollen mitochondria. Oxygen
consumption rate was found to increase in the vacuolated HEp-
2 cells; the toxin appeared to be acting as an uncoupler o
oxidative phosphorylation in the mitochondria.

Different cell lines respond in different ways to the effects
of emetic toxin. For instance, Chinese hamster ovary (CHO)
cells have been found to be as sensitive as HEp-2 cells
emetic toxin, but instead of forming vacuoles, the CHO cells
become spherical with granulation of the cell contents. In all
cell lines, cell multiplication was arrested in the presence of
the emetic toxin.

Other cell culture assays developed for emetic toxin detec
tion include a cell proliferation assay which measures total
metabolic activity of cultured cells, monitoring acid formation
by HEp-2 cells induced byB. cereusemetic toxin, monitoring of
amino acid uptake, and staining reactions with crystal violet
(Table 3). Cell cytotoxicity methods can be used to detect
the presence of enterotoxin and emetic toxins in culture
supernatants and incriminated food samples. The methods are
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semiquantitative and can be used to establish the toxigenic
potential of isolates.
s

nen, M., 1998. A
ted
4, 1338
s
in Applied

f haemolysin BL

n of
ity factor from

T., Lund, T.,
produced by

ing

an
International

s and activity of
from
Immunological Methods

Two commercially available in vitro immunoassay kits have
been developed to detect B. cereus diarrheal enterotoxins.
These kits are the B. cereus enterotoxin reverse passive latex
agglutination (BCET-RPLA) assay (Oxoid), and the Bacillus
diarrheal enterotoxin visual immunoassay (BDE-VIA) (Tecra)
(Table 3).

These two test kits are antibody based. The Oxoid reverse
passive latex agglutination assay uses latex particles to amplify
the antibody:antigen reaction. The latex particles are coated
with antibody to detect a speci�c antigen; the antibody in this
protocol has been raised against the L2 component of the
hemolysin BL enterotoxin.

The Tecra BDE VIA kit is a sandwich enzyme-linked
immunosorbent assay (ELISA) in which the antibody is
absorbed onto the solid phase, and the antigenic sample
(enterotoxin) is added to complex with the antibody.
Unbound antigen is removed by washing, and an enzyme-
labeled conjugate which binds to the antigen is added. Excess
conjugate is removed by washing, and the complex detected
colorimetrically by the enzyme-mediated release of a chromo-
phore from a speci�c exogenous substrate.

The two commercial test kits detect different antigens. While
the Oxoid kit detects the L2 component of hemolysin BL, the
Tecra kit has been shown to react with six different proteins,
including at least one from the nonhemolytic enterotoxin
complex. In the past, several studies have compared the
detection sensitivities of Oxoid, Tecra, and cell cytotoxicity
assays. However, it is now recognized that two distinct
enterotoxin complexes are produced by B. cereus, and that the
kits detect components in the different enterotoxins. Thus, the
hemolytic enterotoxin is detectable with the Oxoid RPLA assay
and the nonhemolytic complex with the Tecra VIA. The
apparent differences in ef�cacies therefore re�ect the differ-
ences in the proportion of B. cereus strains that produce the
different enterotoxins. The toxic potential of an unknown
isolate should therefore be established by both methods. Cell
cytotoxicity assays have the advantage of detecting toxic effect,
rather than speci�c enterotoxins. Therefore, cell cytotoxicity
assays can be used to detect all of the toxins produced,
including the emetic toxin, for which there are currently no
commercial test kits available. However, cytotoxicity assays are
subject to interference from any other toxic metabolites that
may be present in the samples assayed.
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Other In Vitro Methods

In addition to the commercial test kits and cell cytotoxicity
assays, several other in vitro methods have been developed.
These methods include a gel diffusion assay, a �uorescent
immunodot assay, and a microslide immunodiffusion test (see
Table 3). The emetic toxin adversely affects the motility of boar
spermatozoa, and an assay system monitoring spermatozoa
activity has been developed for the detection of the emetic
toxin. A DNA probe has been designed for the detection of
hemolysin BL using polymerase chain reaction (PCR)
ampli�cation. Further development work may result in the
commercialization of one or more of these detection methods.

Components in culture supernatants of strains of Bacillus
species, other than B. cereus, also react positively in the Oxoid
BECT-RPLA and Tecra BDE VIA assays, and induce cytotoxic
effects in CHO cells. Strains of B. thuringiensis, B. mycoides,
B. circulans, B. lentus, B. polymyxa, B. carotarum, and
B. licheniformis produced putative enterotoxins that reacted
positively with the Oxoid antibody preparation, causing latex
particle agglutination. Bacillus thuringiensis, B. circulans,
B. lentus, and B. licheniformis strains, however, produced
a moiety that resembled a component of the nonhemolytic
complex, as a positive reaction has been obtained using the
Tecra kit. Culture supernatants from strains of B. brevis,
B. circulans, B. lentus, B. licheniformis, and B. subtilis were cyto-
toxic when tested with a CHO cell line. Until more speci�c
protocols are developed, methodologies developed for the
detection of B. cereus toxins may be adapted for use in the
detection of toxins produced by other species of Bacillus.

See also: Bacillus– Detection by Classical Cultural Techniques;
Biochemical and Modern Identi�cation Techniques:
Introduction; Sampling Plans on Microbiological Criteria.
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Table 1 Molecular composition of a typical bacterial cell

Component
Mass
(� 10 �13 g)

Percentage
of total mass

Molecular
weight

Molecules
per cell

Entire cell 15 100
Water 12 80 18 4 � 1010

Dry weight 3 20
Protein

Ribosomal 0.22 1.5 4 � 104 3.3 � 105

Non-ribosomal 1.5 10 5 � 104 1.8 � 106

RNA
Ribosomal 16S 0.15 1 6 � 105 1.5 � 104

Ribosomal 23S 0.30 2 1.2 � 106 1.5 � 104

tRNA 0.15 1 2.5 � 104 3.5 � 105

mRNA 0.15 1 106 9 � 105

DNA 0.15 1 4.5 � 109 2
Polysaccharides 0.15 1 1.8 � 102 5 � 107

Lipids 0.15 1 103 9 � 106

Small molecules 0.08 0.5 4 � 102 1.2 � 107
Introduction

The kingdom of bacteria is an extremely diverse group of
microorganisms and can be found in any environment where
liquid water is present. There are over 5000 recognized species
of bacteria, distinguished by structural and biochemical char-
acteristics. However, they share a basic cellular organization.
This article describes the basic components of the cell and their
function. Much of the study of bacteria is restricted to a rela-
tively few well-worked organisms; these include the Gram-
negative enteric bacteria as exempli�ed by Escherichia coli and
Salmonella, the pseudomonads. The study of Gram-positive
bacteria is dominated by Bacillus, Clostridium, and the lactic acid
bacteria including Streptococcus and Staphylococcus.

The cell is the basic unit of a living system and as such the
understanding of its structure is of prime importance to their
growth and survival in the environment. The structure allows
them to compete for food, survive hostile environments, and
occupy speci�c niches within the environment. By de�nition,
the distinction between prokaryotes and eukaryotes is best seen
at the level of cellular organization.

The basic composition of a typical bacterial cell is shown in
Table 1 and illustrates the average composition of E. coli. Table 1
shows that over 95% of the mass is made up of macromolecules.
It also shows the estimated number of molecules of speci�c
components. The composition of bacterial cells is never
constant; it is highly dynamic responding to changes in the
environment. The types of molecules produced and the
proportions of these components are very much dependent on
interaction with the environmental conditions in which the
organism is growing and the control systems programmed by
the genetic material within the cell. The composition of the cell
is constantly changing as the cellular material is turned over.
yclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Types of Morphology

Of all living cells, the bacteria are the smallest and most
rapidly growing. There are a number of clearly discernible
morphological types and these are shown in Figure 1. Most of
the common bacteria are simple cocci or rods (bacillus) or
spirals or curved forms. However, more complex forms exist.
Cocci may occur in pairs, tetrads, and sarcina forms or as
chains or grape-like forms. The bacillus form may easily be
mistaken for a coccus when the rods are very short, for
example, coccobacillus. They can also occur as long spindly or
fat-distorted forms such mycobacteria and the corynebacteria
that often takes the form of Chinese characters. Finally, rods
-384730-0.00025-2 151
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Coccus

Rod or bacillus Curved forms: Spirillum/ Spirochaete

Diplococci
(cocci in pairs)

Neisseriae
(coffee-bean

shape in pairs) Coccobacilli Vibrios
(curved rods)

Tetrads
(cocci in packets

of 4)

Sarcinae
(cocci in packets
of 8, 16, 32 cells) Mycobacteria Corynebacteria

(palisade arrangement) Spirilla

Streptococci
(cocci in chains)

Micrococci and
staphylococci (large

cocci in irregular clusters) Spore-forming rods Streptomycetes
(mold-like, filamentous

bacteria)

Spirochaetes

Figure 1 The different morphologies of bacterial cells.
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can differentiate with the formation of spores or may assume
mold-like � lamentous structures as with the Streptomycetes
The curved spiral forms can be found in the form of vibrios or
curved bacteria. Spirilla can also be found and they may be
� agellated. Long spiral forms are exempli� ed by the
Spirochaetes.

Table 2 shows the size of cellular forms and other structures
found within the cells. These structures are described in more
detail below.
l

o

l
e,
Environmental In�uences on Morphology

Although a great diversity of morphology can be found in
bacteria, the types of morphological forms observed depends
very much on the environmental conditions in which the cells
are grown. The growth rate or physiological state and the physica
environment can in� uence the shape, color, size, and motility of
the cells. Under certain conditions, the cells may differentiate, for
example, sporulation or the formation of aerial hyphae.
Organization of the Prokaryotic Cell

The organization of the prokaryotic cell bears little relation to the
eukaryotic cell. Prokaryotic cells contain no organelles bound by
membranes. The genetic material is never organized into
complex structures such as chromosomes. They contain n
endoplasmic reticulum, Golgi apparatus, mitochondria, chlo-
roplasts, microtubules, or a membrane-bound nucleus. The
bacterial cell consists of important macromolecular structures as
shown in Figure 2. The envelope which encloses the cel
comprises a series of complex substructures: the cell membran
the cell wall, and sometimes (in Gram-negative organisms) an
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Table 2 Size and composition of various parts of bacterial cells

Part Size range Comments

Slime layer 5–500 nm
Microcapsule Complex hydrated materials that vary in composition, mainly carbohydrate but can contain signi� cant

amounts of protein. Often responsible for the main antigenic properties of the cell.
Capsule
Slime

Cell wall 10–20 nm 20% Cell dry weight
Gram-positive Mainly a mixed polymer of muramic acid, peptides techoic acid, and polysaccharides.

Have a multilayered wall structure consisting of an asymmetric outer membrane that is semi-permeable.
Gram-negative There is a thin muramic acid layer and the space between the cell membrane and the outer membrane,

the periplasm consists mainly of proteins in solution.
Outer membrane
Periplasm

Cell membrane 10–20 nm 5–10% Cell dry weight, 50% protein, 30% lipid, 20% carbohydrate A lipid bilayer; the main semi-
permeable barrier of the cell; the membrane also contains linked electron transport systems which are
coupled to energy generation and selective transport processes for ions and organic materials.

Flagellum 0.1–10 000 nm This largely protein structure arises from the membrane and is responsible for motility. Rotation of the
� agellum is coupled to proton� ux across the cell membrane.

Pili 0.2–2000 nm Protein structures protruding from the envelope. They function to attach cells to surfaces.
Inclusions

Spores 0.5–2 mm Specialized resistant cellular structures that are formed in adverse conditions.
Storage granules 0.05–2 mm Consist of polysaccharide, lipid, polyhydroxybutyrate, and sulfur.
Chromatophores 50–100 nm Specialized cell membrane invaginations that contain photosynthetic apparatus.
Ribosomes 10–30 nm Organelles for protein synthesis; consist of RNA and protein and make up about 20% of the dry weight

of cells. Their concentration is a function of growth rate.
Nuclear material Poorly aggregated materials but can occupy up to 50% of the cell volume. Consists of DNA duplex

and can make up to 3% of the cell dry weight.
Cytoplasm Made up of proteins, mostly in the form of enzymes.
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outer membrane. In some organisms, there is also a well-de� ned
region between the outer membrane and cytoplasmic mem-
brane called the periplasm. In the interior of the cell, the cyto-
plasm or cytosol is densely packed with ribosomes and the
nuclear region. In some organisms, other discernible bodies ca
be found and are normally associated with storage. Developing
spores can also be found. Bacteria also possess a number
important surface structures. Capsules,� agella, and pili are
commonly present. The following sections review the chemistry
and function of these structures.
ic
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Structure and Chemistry of the Bacterial Envelope

The structures found within the cell envelope represent the
solution to problems that the cell encounters in its natural
environment. The strength of the cell wall infers resistance to
high osmotic pressure and resistance to phage and enzymat
attack. Its selectivity combats organic poison and antibiotic
action. In addition, it functions in the selective acquisition of
nutrients and in the survival of changing environments.
f
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Cell Membrane

All bacteria possess a cell membrane, which usually consists o
phospholipids and many types of protein. Over 200 proteins
have been identi� ed in E. colimembrane preparations. Typi-
cally about 70% of the weight of a membrane consists of
protein. Sterols are usually absent but other analogous lipid
terpenoid-derived materials can be present. At or near the
optimum growth temperature the membrane is in a � uid state.
Individual lipids can exchange places with one another but
considerable order exists within the membrane especially
around proteins. The proteins in the membrane are capable o
moving through, or rotating within the membrane.

The membrane functions as an osmotic barrier modi� ed
by the presence of complex transport systems and energ
generation systems.Figure 2 shows an idealized structure.
Zone A in Figure 2 illustrates electron transport processes tha
are used to drive energy generation via ATPase (zone D) an
the transport of ions and sugars (zone C). For a cell to be alive i
is thought that the membrane must be energized and intact.
The energization of the membrane normally means that it
maintains a potential difference between the inside and the
outside of the membrane. This can take the form of a pH
gradient (usually slightly more alkaline on the inside of the
cell) and an electrical potential. These are maintained by the
pumping of protons and other ions across the membrane. This
is achieved by the harnessing of the redox process that alte
natively reduces and oxidizes electron carriers which straddl
the membrane.

Because of the complexity of the membrane structure, it is
not surprising that materials that disrupt the cell membrane
can have catastrophic consequences for the bacterial ce
Some of the most common food preservatives are though
to act on cell wall structure and function, for example, fatty
acids (acetic acid) and parahydroxybenzoic acids, alcohol
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Figure 2 The structure and activities of the cytoplasmic membrane involving proton transfer.
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and other solvents, detergents, and mineral acids and alkalis
Temperature has also a signi� cant effect on the composition
of the lipids and it has been shown that lowering the
temperature will freeze the membrane and stop membrane
function.
of

e
f

Cell Wall

One of the main features of bacterial cells is their extreme
toughness and their resistance to mechanical stress. Much
their remarkable strength can be attributed to the cell wall. The
cell wall not only prevents the cell from bursting but also
protects the delicate cell membrane from chemicals that could
cause its disruption. The organization of the cell envelope
can be considerably different between bacteria. Indeed on
of the fundamental distinctions between different types
of bacteria is made on the basis of the wall structure. The
Gram stain functions to distinguish between these marked
differences in structure.Figure 3 shows a comparison of the
cell structures of Gram-positive and Gram-negative bacteri
and their dimensions.
Gram-Positive Cell Wall

The Gram-positive cell wall consists mainly of a thick layer
of murein or peptidoglycan that is interspersed with techoic
and techuronic acids. These layers are laid down upon one
another and wrap around the cell forming a sacculus. This
determines the overall shape of the cell. The precise structure o
the murein layer is dif� cult to visualize. However, the two basic
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Figure 3 Comparison of the structure of the Gram-positive and Gram-negative cell envelopes.
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structures are represented by the chemical composition. Th
peptidoglycan consists of an alternating sugar backbone o
N-acetylglucosamine andN-acetylmuramic acid that form very
long chains. The chains are cross-linked with small bridging
tetra-peptides. The precise composition of the peptide bridge
is to some extent species dependent. The type and proportion
of the peptide can be used to distinguish certain groups of
bacteria.

The techoic acids found in Gram-positive bacteria are also
species dependent. The basic structure of techoic acid compris
smaller repeating units of sugars, glycerol, and amino acids tha
are linked via phosphodiester bonds.

Apart from the mechanical strength of the cell wall, the
surface may also act as powerful ion-exchange or chelatio
systems for sequestering ions from the environment. The
techoic and techuronic acids have been implicated in this. It
has been demonstrated that under phosphate limitation the
levels of techoic acid will decrease within the cell wall but
techuronic acid levels increase so the capacity of the cell wal
for binding magnesium is almost unchanged. The higher
techuronic acid levels may aid the sequestration of magnesium
and other compounds. Thus the precise composition of the cell
wall is very much dependent on the environmental condition
in which the organism is grown. In general, the cell is the
hydrophilic, inhibiting the movement of hydrophobic mate-
rials that may seriously disrupt the environment.

The high strength of the cell wall means that bacteria are
capable of tolerating hypotonic solutions. However, Gram-
positive bacteria are normally susceptible to lysozyme (mur-
amidase) which disrupts the cell wall to such an extent that
the cells burst in hypotonic environments. Lysozyme is found
in many body � uids but notably in teardrops where contami-
nating bacteria are lysed. It is possible to create wall-less cells
sphaeroplasts if treated with lysozyme in a hypertonic envi-
ronment such as 0.5 m sucrose.
Gram-Negative Cell Walls

Gram-negative organisms have a more complex cell envelop
than Gram-positive organisms. They have developed a differen
approach to protecting the membrane. As shown inFigure 3,
the Gram-negative cell wall contains relatively small quantities
of murein in a thin layer. However, there is an additional layer,
the outer membrane that is built upon the murein layer. The
outer membrane is chemically distinct from the cell membrane
in that it is chemically resistant and highly asymmetric. The bi-
layer structure on the inner side is very similar to a normal cell
membrane, but the outward-facing side of the outer membrane
is made up of a unique material, lipopolysaccharide (LPS). One
of its unique properties is the ability to exclude hydrophobic
compounds. There are three parts to the LPS structure: (1
Lipid A, which anchors the structure to the membrane,
consists of fatty acids slightly shorter than those typically
found in cell membranes. (2) Core carbohydrates, connected
to Lipid A, consist principally of ketodeoxytonic acid, octo-
noic acid and heptose. (3) Connected to the core carbohy-
drate is the O antigen that consists of up to 40 sugars. Thes
hydrophilic carbohydrate chains cover the surface of the cell
The Gram-negative outer membrane therefore represents a
effective barrier to both hydrophobic and hydrophilic mate-
rials. To allow materials through the envelope, severa
proteins or porins straddle the membrane and allow passive
diffusion of low-molecular-weight compounds. In addition,
there are speci� c protein molecules which translocate speci� c
compounds.

The outer membrane structure confers a greater resistance
antibiotics than the Gram-positive system. The Gram-negative
structure is highly reactive when introduced into animals. The
components of the outer wall are often toxic causing fever and
activating the immunological system. The outer O antigen can
be used for the identi� cation of species and variants of
important food poisoning bacteria such as the salmonellae.
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The outer membrane is � xed to the rest of the cell by
covalent bonding via the outer membrane lipoprotein and by
weaker bonds between the outer membrane and the cell wal
proteins and proteins in the cell membrane.
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The Periplasm

The cell membrane and the outer membrane create a compar
ment between them called the periplasm. Although deceptively
small when seen in electron micrographs of the cell, the peri-
plasmic space can be up to 40% of the membrane. Within the
periplasm lies the cell wall and a whole range of proteins which
either bind important materials or act as enzymes to hydrolyse
materials into more utilizable forms. The space may also
contain detoxifying enzymes, such as penicillinase. Many o
the enzymes and proteins within the cell can easily be release
from the periplasm by osmotic shock.
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Acid-Fast Cell Walls

A few signi� cant bacteria have a further development of the cel
wall structure in that they contain large quantities of waxy
materials. These are complex long-chained hydrocarbon
substituted with sugars and other materials. One of the most
common types is the mycolic acid found in mycobacteria,
which can have a carbon backbone of up to 90 carbons. This
unique wall structure forms the basis of the acid-fast tests
When a dye is introduced into the cells, for example, by heat-
ing, it cannot be removed by dilute hydrochloric acid as with
most other bacteria, and so these bacteria are said to be ac
fast. The wall structure is typically Gram-positive containing
murein, polysaccharides, and lipids in addition to the waxy
materials. The waxy coat makes them resistant to man
poisonous chemicals and to white blood cells. Another
important consequence is that they are very slow growing with
a doubling time well over 24 h.
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Crystalline Surface Layers

Crystalline surface layers have also been found in som
bacteria and represent another way to organize the ce
envelope. The surface consists of a protein layer in the form
of a crystal and is sometimes referred to as the S-layer and
located on the outermost layers of cells. It represents a
additional layer to either the Gram-positive or Gram-nega-
tive cell wall architecture and can occur in layers severa
molecules deep. An S-layer is made up of a single kind o
protein which sometimes has carbohydrates attached. Th
function of the S-layer is not clearly understood but it does
afford protection against phagocytosis. It may also serve to
protect against phages and may aid the bacteria in adhesio
to surfaces.
,
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Other Cell Surface Structures

Capsules
Many bacterial cells, both Gram-positive and Gram-negative
secrete a hydrophilic slime layer usually constructed from high-
molecular-weight polysaccharides. This layer is termed th
capsule (Figure 3) and can extend a distance many times tha
of the cell diameter. The polysaccharides may be either hete
opolymeric or homopolymeric, for example, dextrin (poly-
glucose) in the capsule of Leuconostoc mesenteroides. The
formation of the capsule depends on the cell’s environment
and its secretion is not essential. Capsule-forming bacteria wil
grow under laboratory conditions without forming a slime
layer. The capsule, however, functions to aid cell survival in
a variety of environments. It protects the cell from physical and
chemical attacks such as those found when food surfaces o
preparation equipment are cleaned. The‘stickiness’ of the
capsule promotes cell adhesion to surfaces, a survival advan
tage. In addition, the capsule protects the cell from phagocy
tosis. The ‘slipperiness’ of the capsule hinders the uptake of
the bacteria by phagocytic cells. Many pathogenic bacteria ar
able to travel unchallenged through the bloodstream to the
target organ. Well-known capsule-forming bacteria include
Streptococcus pneumoniae, Haemophilus in� uenzae, and species of
meningococci.
Flagella

Some bacteria are motile by means of� agella rotation. A
� agellum is a helical � lament that is rotated by a ‘motor ’
located at its base in the bacterial cell envelope. The� lament
imparts movement by rotation, not by bending which is the
case for eukaryotic� agella. Bacteria can be differentiated by the
different arrangements of their � agella. Some species hav
a single polar � agellum, for example, some Pseudomona
species; others have multiple polar� agella. When� agella are
located all over the bacterial cell envelope this is termed peri-
trichous � agella. E. coli has approximately 10 peritrichous
� agella.

There are three component parts to a� agellum, the
extending � lament, the hook, and the basal body (Figures 2
and 3). The hook attaches the� lament to the basal body that
acts as the motor that rotates the� agellum. The� lament can
be up to 10 mm in length. Each � lament consists of several
thousand units of the protein � agellin, an extremely rigid
protein. Single molecules of� agellin aggregate spontaneously
to produce the characteristic structure of the� agellum � la-
ment. The � lament is formed by constant distal growth. The
hook is a short curved structure that acts as a universal join
holding the � lament in the basal body. The hook is wider than
the � lament and has a constant length. Like the� lament it is
an aggregation of a single protein called hook protein. The
basal body consists of at least 15 proteins that form a rod
structure with four rings. These four rings anchor the
� agellum, yet allow it to rotate. It is unknown how the basal
body is held in the cell envelope; however, each ring of the
basal body is seen to correspond to the layers of the Gram
negative cell boundary (Figure 3).

The precise mechanism that rotates the basal body i
unknown, however, it is known to be linked to membrane
potential. The � agellum rotation mechanism is ef� cient,
requiring only the transport of about 1000 protons per turn.
The � agellum motor exhibits chemotaxis responding to
attractive or repulsive chemical stimuli. The concentration of
the chemical dictates which direction the� agellum rotates, and
thus which direction the bacterium swims, and also for how
long.
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Pili

Pili or � mbriae are protein structures that extend from the
bacterial cell envelope for a distance up to 2mm (Figure 3).
They function to attach the cells to surfaces.E. colicells can have
up to 300 of these organelles. They are constructed from
structural proteins, called pilins, arranged in a helix to form
a straight cylinder. Some pili contain more than one type of
pili. Pili can have other proteins located at their tip responsible
for attachment speci� city. When these proteins promote the
adhesion of bacteria in a host–pathogen relationship, they are
termed adhesins. For example, the adhesins of pili found on
the cell envelope ofNeisseria gonorrhoeaeare responsible for the
binding to speci� c receptors found on the urinary or genital
tracts, in this case believed to be glycoproteins. Pili termed typ
1 or common type are involved with the attachment of cells to
substrates such as eukaryotic cells. Sex pili, as their nam
suggests, are involved in the conjugation of bacterial cells
promoting the initial joining of mating pairs.
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Cellular Contents and Inclusions

The Cytosol
The bacterial cell envelope contains the cytosol which is
essentially a highly concentrated solution housing regions of
biosynthesis, energy production and genetic information. Its
major component is protein but it also contains all the
compounds involved in the cell’s metabolic functioning.
There are no internal lipid membrane barriers thus all the
metabolite products pass very quickly to sites of macromole-
cule formation. This organizational feature is cited in the high
metabolism and growth rates of bacterial populations. The
extent of cytosol organization is debated, however, it is clea
that the self-assembly of protein aggregates infer order to thi
region. Cytosol order can be seen in the formation of organ-
elles that are speci� c functional regions of the cytosol. These
can be enclosed by protein to form a diffusion barrier holding,
for example, gas, as in the gas vesicles of aquatic bacte
conferring buoyancy to the cell. Chlorobium vesicles are
protein-bound organelles that enclose photosynthetic
pigments in the cytosol of photosynthetic green bacteria.
Important regions that can be differentiated within the cytosol
and are essential to bacterial survival are now discussed.
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Polysomes

The cytosol can be packed with ribosomes, organelles respon
sible for the translation of messenger RNA (mRNA). A poly-
some is the name of the structure formed when severa
ribosomes transverse the same mRNA molecule. In an active
growing bacterium, up to 90% of ribosomes are bound to
a polysome structure. It is thought that in bacteria there is no
specialization of ribosomes to synthesize speci� c proteins.
The integrated cytosol of the bacterium allows transcription,
mRNA synthesis and translation to occur simultaneously. In
eukaryotes, these processes take place in the nucleus a
endoplasmic reticulum. The prokaryotic system allows faste
adjustment of gene expression enhancing survival in changin
environments. The ribosome organelles are complexes of RN
and protein. The ribosomes ofE. coliconsist of 62% RNA and
38% protein. Recent studies have shown that ribosoma
structure has been conserved throughout the prokaryotes
Bacterial ribosomes are complex highly asymmetric structure
constructed from two subunits, 70S and 30S, designated
according to their different centrifugal separation.
Nucleoid

In bacteria, an amorphous region is seen to be distinct from the
cytosol; this is the location of the cell’s DNA. The region,
termed the nucleoid, is an undulating irregular shape. Bacteria
can have several nucleoids depending on their growth rate
Real-time images of actively growing bacteria have shown tha
nucleoids simply ‘pull apart’ and divide without the
complexities seen in eukaryotic cell division. The genetic
material of bacteria consists of a single covalently linked ring-
shaped molecule. Its length (106 nm) is many times that of the
bacterium. To be housed in the nucleoid it is consequently very
thin (3 nm). The dense packaging of the DNA molecules is
achieved by their supercoiling, which is thought to be induced
by the ionic environment in the nucleoid region.
Storage Granules

Other regions can be differentiated from the cytosol and these
are generally responsible for storage. Bacteria contain storag
granules that function to supply compounds when they are
limiting in the environment. For example, E. colihas glycogen
granules, about 50 nm in diameter which accumulate when
carbon is in excess and compounds containing nitrogen are
growth limiting. These storage granules disappear when
external carbon becomes limiting and the glycogen is used a
a carbon source. Many bacteria store carbon in the form o
glycogen but other carbon-rich compounds can be used, suc
as poly-b-hydroxyalkane that is accumulated by pseudomo-
nads. Other elements are stored by prokaryotes in granules
Certain bacteria are able to store phosphate and sulfur as po
yphosphate and elemental sulfur, respectively. Some inclusion
bodies are formed within the cytosol to perform highly
specialized functions. For example, some bacteria form iron
deposits enabling them to respond to magnetic� elds.
Endospores

A few bacterial species are able to form endospores within the
vegetative cell.Bacillusand Clostridiumspecies are important
spore formers that pose extreme problems to public health and
the food industry. Spores are structures that can surviv
extremes of chemical and physical attacks in harsh environ
ments. They can remain viable for centuries to germinate in
a favorable environment. Cleaning regimes within the food
industry and food preservation methods must kill spores or risk
contamination by spore-formers such asClostridium botulinum.
When nutrients become limiting the bacterial population
begins to form endospores. The nucleoid divides and the cel
splits unequally to produce a small forespore containing a copy
of the cell’s DNA and a mother cell. The forespore is then
engulfed by the mother cell, which further re� nes the forespore.
Finally, the cortex and spore coat are thickened, prior to lysis
and release of the endospore. The formation of endospore



Figure 4 Photographs showing the surface topology of colonies from
four strains ofBacillus cereusgrown on tryptone–soy agar at 30� C. Strain
numbers: (a) NCTC 9680; (b) NCTC 9947; (c) C19; (d) D11.
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requires a high degree of cellular chemical and morphological
differentiation. The endospore is substantially different from
the mother cell. It is smaller with lower water content, a thicker
wall and a much higher amount of calcium dipicolinate. The
function of the latter is unknown.
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Structural Changes During Cell Division

Typically, bacteria divide by binary � ssion into two equal
daughter cells. Others have more complex patterns that ma
involve more unequal division. Indeed the basis of the many
different cell morphologies is thought to be due to division
occurring only in one plane to yield sheets. Division along
three perpendicular planes results cubical packets. Even mor
intricate patterns can be seen in developmental cycles, fo
example, actinomycetes.

Cell division requires that the cell partitions the cytosol
contents by invagination of the cell envelope; only then can the
daughter cells separate. Cell division therefore proceeds b
a series of steps.E. coliand other Gram-negative rods divide by
making a ring-shaped furrow around the mid-cell region. This
invagination curves inward until two hemispherical caps are
formed. A further unfolding of the membrane and murein
layers occurs to form a septum. The cells, although now sepa
rate, may stay linked together for some time again giving rise to
a characteristic morphology.

In some Gram-positive bacteria cell division occurs without
constriction at the girth. In these cases, a septum form
tangentially to the surface and grows inward. Whatever the
system of division, the cell surface components must double in
thickness at the septum site. The cells may be held together b
e
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incompletely separated cell walls or membranes or by extra-
cellular polysaccharide.
Bacterial Colony Formation and Characteristics

One of the main methods of distinguishing one bacterium
from another is the type of colony that it forms on agar. The
bacterial colony represents growth of bacteria under heteroge-
neous conditions that are encountered on an agar plate. When
cells are inoculated onto an agar plate there is rapid growth,
however, this soon becomes limited by diffusion of nutrients in
agar gel or from the gas phase above the colony. Many bacterial
colonial forms can be recognized by characteristic color and
spatial patterns that imply that the morphogenic structure
can be generated from a single cell. Figure 4 shows the surface
topology of four strains of Bacillus cereus. It is quite clear that the
colonies formed have different textures and sizes. The basis of
these differences is the subtle response of cells to the environ-
ment that they are in. Detailed analysis of colonies has shown
that depending on their position the cells will have different
physiological and structural characteristics. For example, indi-
vidual microbe cells may be long on the edge of the colonies
whereas they are short on the interior. The enzyme composition
of cells will also vary with their position in the colony.

Thus the architecture of a developing colony is complex and
depends not only on intrinsic factors, including shape of
individual organisms, size range, method of reproduction, the
production of extracellular molecules, and motility, but also on
extrinsic factors, such as diffusion of gases and nutrients into
the colony.
Cellular Differentiation

A further extension to cellular activity of a bacterial colony
formation is the response of cells to the environment causing
cells to differentiate and form new structures. The formation of
resistant endospores is one good example; another is the life
cycle of the Caulobacter. One form is a vibrio-shaped cell with
a single prostheca or stalk which has a localized stick region
called a holdfast; once attached to a surface it can release
a motile swarmer cell. The swarmer cell does not divide, but
with time develops a stalk and settles on the surface.

The actinomycetes are prokaryotes with a growth habit that
in some respects resembles that of the fungi. Figure 5 shows the
life cycle of Streptomyces ceolicolor. Starting from the germinating
spore, a mycelium is formed that grows over and into the agar
surface. In some cases, aerial hyphae develop which initially
coil and then begin to form spores that on maturation are
released to restart the cycle.
Conclusions

The structure and function of bacterial cells are intimately
related. The ef�ciency of this relationship has meant that
bacterial species exist in a vast range of environments, over-
coming most of the problems that are present in an environ-
mental niche. Sometimes their survival is useful but often it is
to the annoyance of the food microbiologist and frequently
compromises public health.

See also: Bacterial Endospores; Classi�cation of the
Bacteria: Traditional; Bacteria: Classi� cation of the
Bacteria – Phylogenetic Approach.
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Problems and Advantages of Bacterial Spores in the
Food Industry

The contamination of food with bacterial spores is a relevant
issue in the food industry. Foodborne poisonings and food
spoilage can occur by the expansion of vegetative bacterial cells
formed after spore germination and outgrowth at a wide range
of temperature, pH, and water activity in almost any given type
of food. The main food-poisoning spore-forming bacteria
are Clostridium botulinum, Clostridium perfringens, Bacillus cereus,
and occasionally Bacillus subtilis. In addition, a number of
nonpathogenic spore formers, including thermophilic and
butyric anaerobic bacteria, can produce food spoilage, resulting
in signi�cant economic loss to food producers. Soil is consid-
ered to be the major habitat of spore-forming bacteria and is
a direct source for food contamination. Spores in soil may be
transferred to plant-derived food and animal feed. Ingestion of
contaminated plant food therefore possibly represents a direct
health risk for humans and animals, since spore-forming
bacteria are capable of colonizing the digestive tract of
mammals and cause intestinal infections. For example, inges-
ted C. perfringens vegetative cells as well as spores, which
germinate during the passage through the stomach, colonize
and grow in the intestine. After initial sporulation, spores turn
on enterotoxin production. The toxin is released later on by the
lysis of the mother cell, causing severe diarrhea due to the
destruction of the intestinal epithelium. The dispersion of fecal
material from farming animals is a major cause of spore
contamination in milk and cheese. For instance, B. cereus spores
are a serious quality and safety concern in dairy products. A
signi�cant correlation was found between spores of B. cereus in
animal feces (>105 spores g�1 feces) and the spore concentra-
tion in milk (>102 spores l�1 milk) on dairy farms when
contaminated feed was fed to cows. Spores can be transmitted
into food by food-processing facilities. Milking equipment has
been identi�ed as a source for milk contamination. Contami-
nation of equipment is favored by the resistance of spores to
disinfection and by the strong surface-adhering properties of
many spore-forming bacteria, such as B. cereus. In addition,
packaging material also may contain spores and contaminate
the processed food. Mixing of multiple ingredients such as milk
powder, �our, and spices, which contain up to 103 spores g�1,
into a processed food might lead to the accumulation of
bacterial spores in the �nal food product. Ways to prevent
ingestion of bacterial spores are provided by washing of plant-
derived food and by preservation or sterilization of processed
food. Incomplete sterilized food allows the survival of spores
and heating activates spore germination. Subsequent storage of
food at favorable growth conditions, such as in canned food,
causes the return of the germinated spore to vegetative growth
and further toxin production, as is the case for C. botulinum.

In contrary to these negative effects, nonpathogenic spore-
forming bacteria, mostly of the genus Bacillus, recently have
found application as probiotics in the food sector such as in
160 Encyclopedia of Food Mic
novel foods, therapeutic, and farming animal products. The
application of endospores provides a functional advantage over
commonly used probiotics like lactic acid bacteria, because
endospores have a higher survival rate during the acidic
stomach passage and display greater stability during food
processing and storage due to their various resistance mecha-
nisms. Currently, only a few strains of the species B. cereus,
Bacillus licheniformis, and B. subtilis and of some other spore
formers are used in probiotic products of which some have
been approved by of�cial safety guidelines. This is being
substantiated by the multiple health risks caused by these
species, including gastrointestinal infections and antibiotic
resistance transfer. Nevertheless, nonpathogenic strains of these
bacteria have shown bene�cial effects in the gastrointestinal
tract of animals and humans. For instance, Bacillus coagulans
has been used to successfully prevent antibiotic-associated
diarrhea in children. In other studies, a laboratory strain of
B. subtilis was found to suppress the colonization and persis-
tence of pathogenic Escherichia coli, C. perfringens and Salmonella
enteritidis in chicken. Two of the proposed mechanisms of
action are the stimulation of the host immune system and the
production of antimicrobial substances by probiotic spore-
forming bacteria that both inhibit pathogens in the gut.
Endospore Formation and Structure

Endospores are formed in response to unfavorable growth
conditions in the bacterial environment, most commonly
induced by the limitation of nutrients. Sporulation, however, is
not the �rst response of the bacterial cell to nutrient depletion.
In fact, nutrient-limited cells initiate several adaptive response
mechanisms to reach (chemotaxis), take up (expression of
transport systems), or metabolize (induction of catabolic
pathways) potential secondary energy sources. Only if these
mechanisms fail to provide enough nutrients for continued
vegetative growth, the cell commits to the sporulation pathway.
Although limitation is critical, a fully starved cell also cannot
sporulate, because endospore formation is an energy-
demanding biosynthetic process. Cells have to reutilize existing
macromolecules, but they also need to synthesize new mRNA
and peptides to make structural spore proteins. The process of
spore formation is divided into distinct morphological and
biochemical stages and has been studied extensively in
B. subtilis (Figure 1).

Initiation of sporulation is controlled by several regulatory
systems, which re�ect that B. subtilis, as well as many other
spore-forming bacteria, frequently are encountered with star-
vation in their natural habitat soil. One of the most important
transcriptional regulators in this system is Spo0A, having
several 100 genes under its direct or indirect control. Spo0A
essentially functions as a positive regulator of sporulation, by
transcriptional activation of various key sporulation-speci�c
genes, such as spoIIA, spoIIE, and spoIIG. Another important
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00026-4
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Figure 1 Different stages of endospore formation with major morphological changes. The point at which the developing spore demonstrates resistance
mechanisms against various chemical and physical stresses is indicated for each stage. Adapted from Errington, J., 2003. Regulation of endospore
formation inBacillus subtilis. Nature Reviews Microbiology 1, 117–126 and McDonnell, G.E., 2007. Antisepsis, Disinfection, and Sterilization: Types,
Action, and Resistance. ASM Press. ISBN-13: 978-1-55581-392-5.
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positive regulator is the sigma factors H, which regulates the
transcription of more than 87 genes via the interaction with
core RNA polymerase. Both Spo0A ands H regulatory pathways
interact in multiple ways and are required for the initiation of
sporulation, most notably for the asymmetric cell division. This
positive regulation is counteracted by many negative regulator
of transcription. For example, the protein Soj seems to be
important for the prevention of sporulation in response to
a signal that is related to the replication status of the bacteria
cell, most likely if some aspect of chromosome segregation ha
failed or has not been completed correctly.

Once the bacterial cell initiates sporulation, the process
begins with the termination of vegetative cell growth and the
formation of an axial � lament, an elongated nucleotide struc-
ture that extends to the length of the cell (Stage 0). This is
followed by the asymmetric septation(Stage I) of the cell to yield
a large compartment, the mother cell, and a smaller one, the
forespore. The division site between both cells is marked by
the formation of a ring of the tubulinlike protein FtsZ in the
midcell, which later forms a spore septum at one of the cell
poles to separate both cells from one another. Cell division and
Z-ring positioning are facilitated by a combined action of the
nucleoid occlusion effect, the Min protein system (MinCD and
DivIVA) and various other division proteins of unknown
function. Once the Z-ring has been formed in the midcell,
synthesis of the sporulation protein SpoIIE and accumulation
of FtsZ are required to reposition the Z-ring into two separate
rings near each cell pole. Usually, the Z-rings near the two pole
are unequal and only one of them forms the septum by
constriction of the cell and synthesis of new membrane and cell
wall layers.

In the next step the so-calledengulfment(Stage II), the larger
compartment grows around the smaller one by proliferation of
the initial spore septum around the forespore toward the cell
pole. Engulfment begins with the degradation of the cell wall
material in the center of the septum. This seems to be accom
plished by the SpoIIB protein, asspoIIBmutants display a severe
delay in this � rst step of the engulfment process. After septum
hydrolysis, the edges of the septal membranes migrate aroun
the prespore cytosol. This requires the action of three protein
SpoIID, SpoIIM, and SpoIIP. These proteins are thought to
have a cell wall hydrolytic activity, so they presumably hydro-
lyze linkages in the cell wall and membrane, which is needed
for the movement of the septal membranes. The� nal step is the
membrane fusion, where the whole engulfed structure
becomes detached from the membrane of the mother cel
forming the spore protoplast(Stage III), which now exists within
the mother cell cytoplasm as a discrete cell bounded by
a double membrane and containing at least one genome. A
this stage, the two membranes of the spore protoplast are
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oriented in opposition – that is, the outer of the two spore
membranes has a reversed surface polarity. This unusu
arrangement, which is unique in prokaryotic cells, arises from
the nature of the engulfment process in which the outer spore
membrane originates from what was previously the inner
cytoplasmic membrane of the mother cell. It is also thought
that this membrane structure interferes with normal transport
processes of ions and low-molecular-weight nutrients causing
a decrease in osmolality and a subsequent loss of water from
the spore protoplast. This dehydration process is the majo
cause for spore dormancy, with the low–core water content
preventing spore enzymes activity on their substrates. Dehy
dration is further accompanied by the accumulation of calcium
dipicolinate (Ca2þ DPA) at high levels in the forespore
(Figure 2). DPA is synthesized in the mother cell by SpoVF
proteins and then is transported into the spore core as a chelat
with divalent cations in a process that involves SpoVA proteins
This endospore-speci� c chemical can include up to 10% of the
spore dry weight and appears to play a role in maintaining
spore dormancy and resistance to various stresses. Simult
neously, the pH within the spore core fallsw 1 unit compared
with that in the growing cell. During this phase, the DNA of the
spore protoplast is stabilized and protected by newly synthe-
sizeda- and b-type small acid-soluble proteins (SASPs). Thes
are nonspeci� c DNA-binding proteins that are encoded in
B. subtilisby four monocistronic sspgenes (sspA,-B, -C, and -D).
The total amount of a- and b-type SASPs in spores is about 4%
of total spore protein, which is enough to saturate the DNA. In
addition to the stabilizing and protective function, a- and
b-type SASPs also serve as an energy and carbon source for
growth of a new vegetative cell during germination. In the next
stage, peptidoglycan is laid down between the two membranes
of the spore protoplast to form the cortex(Stage IV). The cortex
is additionally surrounded by a spore coat, which is built by
successive layers of proteins (Stage V). In these later stages,
heat resistance of the developing spore increases dramaticall
which is caused by ongoing dehydration of the protoplast. This
represents the end of the differentiation. Finally, the mother
cell lyses and releases the mature spore (Stage VI).

The longevity and resilience of the mature spore can be
explained by its unusual cellular structure. On the outside of
some speci� c types of spores, an exosporium is found, which is
a large loose-� tting structure composed of proteins, including
some exosporium-speci� c glycoproteins. The function of these
proteins and the exosporium itself is largely unknown.
However, the exosporium is particularly present in the path-
ogenic B. cereusgroup, suggesting an important role of this
structure in the spore’s interaction with target organisms. The
outer protein coat, which sits on top of the reversed-polarity
membrane, is a complex structure composed of several laye
of different proteins. For instance, the spore coat ofB. subtilis
contains �50 proteins, most of which are spore-speci� c gene
products. The function of most individual coat proteins is
Figure 2 Chemical structure of calcium dipicolinate.
unknown. Some proteins, however, have been identi� ed to be
involved in morphogenesis and overall spore coat assembly, a
well as assembly of the exosporium. The coat provides much
of the spore resistance to exogenous enzymes that can degra
the spore cortex, to some chemicals, and to predation by
protozoa, but it has little or no role in spore resistance to heat,
radiation, and some other chemicals. The cortex beneath i
made of a thin layer of mother cell-type-speci� c peptidoglycan
contiguous to the spore inner membrane and a surrounding
thicker layer of spore-speci� c peptidoglycan. The peptido-
glycan layer is composed of alternating glucosamine and
muramic acid residues. It is less cross-linked than in mos
bacterial cells and also lacks the amino acid cross-link
between adjacent peptide chains commonly found in vegeta-
tive cell peptidoglycans. A proper cortex formation is needed
for spore dehydration, which contributes to spore heat resis-
tance and dormancy. Under the cortex resides the inner spor
membrane, which is a major permeability barrier supporting
the resistance of the spore against potential harmful chemicals
The center of the spore, the core or protoplast, exists in
a dormant and highly dehydrated state and contains
a complete genome, ribosomes, and cytoplasmic enzymes. I
addition, it contains high levels of Ca2þ DPA and other spore-
speci� c components, such asa- and b-type SASPs, that bind to
and stabilize spore DNA (Figure 3).
t
-

Dormancy and Longevity of Endospores

Various factors may be contributing to spore dormancy, but
a major factor is certainly the signi�cant dehydration of the
spore core preventing spore enzyme activity. The degree
spore dormancy is so deep that virtually no metabolism of
endogenous compounds is detectable within the inactive
spore. Nevertheless, the dormant spore contains some enzyme
that are not affected by the general dormancy and resistanc
mechanisms. These include not only receptors that interact� rst
with speci� c germinants, but also a number of enzyme–
substrate pairs that are capable to readily interact in the� rst
minutes of germination. One indication for the spore’s extreme
dormancy is its low levels of adenosine triphosphate (ATP),
nicotinamide adenine dinucleotide, and nicotinamide adenine
dinucleotide phosphate, which make up less than one-thou-
sandth of the levels in vegetative cells. The spore contain
a depot of 3-phosphoglyceric acid and other spore-speci� c
molecules, allowing for the generation of ATP shortly after
spore germination.

Endospores can survive an impressively long time period
and have been isolated from various sources. For instance
Bacillus anthracisspores originally prepared by Pasteur were
found to be viable after 68 years. Spores of thermophile
bacteria have survived in some of the earliest canned foods afte
more than 100 years of storage.Thermoactinomyceshave been
isolated from strati� ed lake sediments deposited more than
7000 years ago. Some reports of spore isolation from ancien
material have been suspected to be a result of modern envi
ronmental contamination. Recent studies have tried to prevent
such contamination by careful sample selection, stringent
sterilization techniques, convincing genetic analysis, and
comparison to extant organisms. One report claims the
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Figure 3 Major structures of a bacterial endospore. Adapted from Setlow, P., 2003. Spore germination. Current Opinion in Microbiology 6, 550–556.
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isolation of a spore from a bacterium that is closely related to
Bacillus sphaericusand was preserved for 25–40 million years in
the abdominal contents of extinct bees buried in Dominican
amber. Another study even excels this� nding by reporting the
isolation of a 250-million-year-old halotolerant spore-forming
bacterium from a primary salt crystal found in the Permian
Salado Formation. Following these reports, it is a serious
consideration that bacterial endospores may survive in the we
state for thousands of years and in the dry state possibly fo
millions of years.
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Heat Resistance of Endospores

One of the hallmark features of bacterial spores is their enor
mous resistance to heat. This heat tolerance varies betwe
endospores of different types of bacteria. For example, strain
of Desulfotomaculum nigri� canscan survive wet heat of 121� C
with a D-value as high as 55 min. The most heat-resistan
spores are those of the anaerobic thermophileClostridium
thermosaccharolyticum, being highly resistant to moist heat with
D-values at 121� C of up to 5 h. In contrast, there are endo-
spores that survive only a short time at much lower tempera-
tures like spores of some psychotropic bacteria, such a
C. botulinumtype E, which have reported D-values as low a
a few minutes at 80� C. Multiple factors contribute to the
resistance of spores to wet heat (Table 1). At least four factors
have been identi� ed to date, including sporulation tempera-
ture, protection of spore DNA by a- and b-type SASPs, spor
core mineralization, and dehydration. Various studies have
shown that if sporulation takes places at higher temperatures
spores generally are more heat resistant due to the decrease
spore core water content as the sporulation temperature
increases. Spore killing by wet heat is not triggered by DNA
damage, as the spore DNA is protected by the saturation with
a- and b-type SASPs. These proteins are synthesized ea
during sporulation and remain bound to the DNA of the
dormant spore with approximately one SASP molecule per� ve
base pairs. Binding ofa- and b-type SASPs to the DNA results in
a conformation change from the B-helix into the more compact
and stiffened A-like helical conformation, which makes the
DNA more resistant against pyrimidine dimer mutations
caused by ultraviolet (UV) light, enzymatic and chemical
agents, as well as denaturation by heat. The role of SASPs in w
heat resistance has been demonstrated with SASP-deletio
mutants of B. subtilis, resulting in a signi� cant increased sensi
tivity to wet heat and increased spore killing largely due to DNA
damage. Other protecting factors are the extremely high leve
of mineral cations associated with the spores depot of DPA and
other anions. In general, the higher the concentration of spore
core minerals, the more wet heat resistant the spores are. Th
effect appears to be partly the result of a decreasing core wat
content with increasing core mineralization, but core mineral
ions also are expected to have certain effects on protei
stability. The major factor determining the resistance of spores
to wet heat is spore core dehydration, which is somewha
in� uenced by the other factors stated earlier. It is hypothesize
that reduced core water content decreases the amount of wate
associated with spore proteins leading to protein stabilization
and protecting them from thermal denaturation. Although the
mechanisms of spore resistance to wet heat are quite we
understood, the mechanism whereby spores are killed by this
treatment have not been fully revealed yet. Experiments with
B. subtilissuggest that the release of DPA is a major event durin
moist heat treatment, causing an increase of the core wate
content and subsequent damage of key spore proteins b
denaturation.

Compared with moist heat, the resistance of spores to dry
heat is much greater with reported D-values forB. subtilisof
3.5 min at 160 � C. Therefore, sterilization systems using
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Table 1 Characteristics of vegetative cells and their endospores

Characteristic Vegetative cell Endospore

Structure Bacterial cell surrounded by a typical Gram-positive cell
wall structure

Inner spore core enclosed by multiple protective layers

Dipicolinic acid Not present Present; up to 10% of spores dry weight
Calcium level High Low
Water content (in %) w 80 < 30
Internal pH w 7 w 6
SASP Not present Present;w 4% of total spore protein
Macromolecular synthesis Active None
Heat resistance Low; however, some thermophilic bacteria have a growth

optimum atw 55� C
High, some spores can survive> 100� C for several

minutes
Chemical resistance Low, with the exception of some extremophilic bacteria High
Life span Days, depending on environment Up to several years

Adapted from McDonnell, G.E., 2007. Antisepsis, Disinfection, and Sterilization: Types, Action, and Resistance. ASM Press. ISBN-13: 978-1-55581-392-5.

Table 2 Additional heat resistance (in� C) of spores compared with
their vegetative growing cells

Speciesa

Heat resistanceb in � C Additional
heat
resistance
in � C

Vegetative
cell Spore

P. macquariensis 40 88 þ 48
L. sphaericus 47 88 þ 41
B. megaterium 47 89 þ 42
B. cereustype-T 48 92 þ 44
B. licheniformis 54 99 þ 45
Br. brevis 55 106 þ 51
B. subtilis 57 111 þ 54
G. caldolyticus 72 115 þ 43
G. stearothermophilus 72 120 þ 48

aB., Bacillus; G.,Geobacillus; P., Paenibacillus; L., Lysinibacillus; Br., Brevibacillus.
bHeat resistance is de� ned as the temperature for a decimal reduction time (D)
of 10 min.
Adapted from Warth, 1978. Journal of Bacteriology 134(3), 699–705.
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superheated (dry) steam rather than saturated (wet) steam
require 50 � C higher temperatures to reach a similar ef� ciency.
As opposed to the situation with wet heat, spore killing by dry
heat seems to be largely due to DNA damage and mutations
Therefore, DNA-repair capacity is an important factor in
determining the resistance of spores to dry heat. This is sup
ported by the � nding that the expression of DNA-repair
proteins is induced during germination of spores that are dry-
heat treated and that spores of DNA-repair mutants are much
more sensitive to dry heat than their wild-type strains. In
addition, the spore is protected by two other factors from dry-
heat killing, DNA protection by a- and b-type SASPs, and spor
core mineralization, similar to the situation for wet heat.

All these resistance mechanisms protecting spores from he
commonly add 40–45 � C to the spore heat tolerance compared
with the resistance of vegetative cells from which they are formed
The intrinsic heat resistance of the vegetative cell itself als
determines the spore heat resistance. For example, vegetat
cells of psychrophilic bacteria such asC. botulinumtype E are far
less heat tolerant than that of thermophiles, such asC. thermo-
saccharolyticum. For some speci� c types of spore formers, such a
various Bacillusspecies, the heat resistance of the vegetative ce
correlates with the heat resistance of the corresponding spore
This correlation is not precise, as some spores add on conside
ably more heat resistance to their vegetative cells than other
Another factor determining heat resistance of spores is th
aw (water activity), ERH (equilibrium relative humidity), and
osmolality of the environment at the time of heating.
Table 3 Heat resistanceb of spores at differentaw

Speciesa Reduction ofaw by

G. stearothermophilus Absence of solutes
B. megaterium
C. botulinumtype E
B. subtilis By addition of glycerol
G. stearothermophilus

aB., Bacillus; G., Geobacillus.
bHeat resistance is expressed as an increase relative to the heat
Adapted from Gould, 1999. Encyclopedia of Food Microbiology, 1–17
Commonly, a decrease ofaw, an equilibrium at low ERH, or the
addition of solutes increases the heat resistance of spores. Th
effect varies greatly between different types of spores and differen
water activities. For instance, the reduction ofaw from 1.0 to 0.3
increases the heat resistance ofBacillus stearothermophilus235-
fold, whereas the heat resistance ofC. botulinumtype E largely
increases up to 105-fold ( Tables 2 and 3).
Heat resistance of spores ataw

0.9 0.7 0.5 0.3

3.2 73 180 235
5.3 76 2700 1340
0.4 1000 8000 1� 105

1.3 5.5 19 71
1.2 8.4 47 108

resistance at anaw of w 1.
683.
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Table 5 Sporistatic and sporicidal concentrations of different
biocidal agentsa

Biocidal agent

Concentration in mg l� 1

Sporistatic effect Sporicidal effect

Chlorhexidine 1 n.d.
Sodium hypochlorite 1 100
Benzalkonium chloride 5 n.d.
Peracetic acid 10 100
Glutaraldehyde 50 10 000
Phenol 500 n.d.
Formaldehyde 500 20 000
Hydrogen peroxide 500 50 000
Ethanol 700 n.d.

aConcentrations may vary depending on the test conditions and the type of bacterial
endospore. All chemicals were tested as suspensions in water.
n.d. Not de� ned, little or no sporicidal effect has been reported for these chemicals.
This may vary depending on the type of endospore.
Adapted from McDonnell, G.E., 2007. Antisepsis, Disinfection, and Sterilization:
Types, Action, and Resistance. ASM Press. ISBN-13: 978-1-55581-392-5.
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Resistance to Other Stresses

In addition to heat resistance, spores are also resistant again
various other stresses, such as chemicals, UV- andg-radiation,
desiccation, and ultrahigh hydrostatic pressure. Usually
spores are signi� cantly more tolerant against these stresse
compared with vegetative growing cells. One example is th
high resistance of spores to numerous toxic chemicals
including phenols, alkylating agents, acids, bases, oxidizing
agents, and aldehydes. For some chemicals (i.e., alkylatin
agents), it is known that the target for spore killing is spore
DNA. Yet, for many other chemicals, the reasons fo
spore resistance to these types of agents and the target f
spore killing is uncertain. It, however, has been indicated that
protein damage may be a killing target for oxidizing agents.
Four factors playing an important role in spore resistance to a
least some chemicals have been suggested. These include l
spore–core water content, presence of a spore coat, impe
meability of the spore core to hydrophilic chemicals, and
protection of spore DNA by a- and b-type SASPs. Interplay o
these and some other factors, such as DNA-repair mechanism
also contributes to the resistance of spores to other stress
(Tables 4 and 5).
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Spore Germination

Resistance, dormancy, and longevity are effective mech
nisms of spores helping them to survive under adverse
conditions. Even while metabolically inactive, however,
spores must constantly monitor their environment to be
capable to rapidly germinate under conditions favorable for
growth, in particular, in the presence of nutrients as it occurs
in foods. Spore germination is mainly triggered by nutrient
germinants that are speci�c to different types of spores. These
germinants are usually single amino acids such asL-alanine,
sugars such as glucose and fructose, or purine nucleosid
such as adenosine, but there are also combinations o
nutrients that trigger germination, such as a mixture of
glucose, fructose, asparagines, and Kþ in B. subtilis. In addi-
tion to nutrients, spore germination can be triggered by non-
nutrient agents, including peptidoglycan degrading enzymes
(lysozyme), cationic surfactants (dodecylamine), salts, spore
speci� c Ca2þ DPA, and some physical processes (hig
hydrostatic pressure).
Table 4 Factors determining spore resistance to various stresses

Treatment Factors determining resistance

Wet heat Low–core water content, core mineraliza
b-type SASPs

Dry heat DNA repair,a- andb-type SASPs, core m
Chemicals Protein coat, inner membrane imperme

water content,a- andb-type SASPs, D
UV-radiation DNA repair,a- andb-type SASPs, DNA p

core mineralization, low–core water con
g-radiation Unknown
Ultrahigh hydrostatic pressurea- andb-type SASPs
Desiccation a- andb-type SASPs

Adapted from Setlow, P., 2005. Spores ofBacillus subtilis: their resistance to and kill
Major events that occur during germination have mainly
been worked out from genetic and biochemical analysis of
B. subtilis. Following the � rst contact of the spore with the
germinant, the spore becomes committed to germinate within
seconds. This initially is facilitated by one or more germinant
receptors (GRs), which sense and bind their cognate germ
nant. Spores generally contain multiple GRs located in the
inner membrane, and each with different speci� cities for ger-
minants. GRs consist of three subunits that in many cases ar
encoded by homologous tricistronic gerA family operons.
Subunits A and B are integral membrane proteins of the GR
while subunit C functions as a peripheral membrane protein.
Binding germinants to their GR triggers a series of biophysica
events that can be separated into� ve steps. First, Zn2þ , Hþ ,
and some other monovalent cations are released probably
from the spore core. The release of Hþ leads to an elevation of
the pH in the spore core fromw 6 to w 7, which is essential for
the activation of the spore metabolism once the hydration
levels in the core are high enough for enzyme activity. In
a second step, the spores depot of Ca2þ DPA is released.
Release of core cations and DPA early in the germinatio
process involves a transduction of the germination signal from
the GRs to downstream effectors such as SpoVA protein
which are equally involved in DPA uptake into the developing
and spore-killing targets

Spore-killing targets

tion,a- and Unknown (not DNA damage)

ineralization DNA damage
ability, low–core
NA repair

DNA damage, protein damage, some inner membrane
damage

hotochemistry,
tent

DNA damage

DNA damage
Induction of germination, loss of resistance mechanisms
DNA damage

ing by radiation, heat and chemicals. Journal of Applied Microbiology 101, 514–525.
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spore during sporulation. Cation and DPA release also sugges
that upon binding a germinant to its GR, the downstream
signal must trigger an opening of one or more ion-speci� c
channels in the inner spore membrane. InB. cereus, a Naþ /H þ -
Kþ antiporter termed GerN has been identi� ed as a possible
transporter for cation movement during germination. Third,
Ca2þ DPA is replaced by water, causing an increase of the co
hydration and a subsequent decrease of the spore heat resi
tance. The fourth germination step is composed of the
hydrolysis of the peptidoglycan spore cortex. This is facilitated
by the proteolytic activation of a proform peptidoglycan-lytic
enzyme after binding the germinant to its receptor. In the
dormant spore, the proform of this enzyme is immobilized by
being bound to peptidoglycan, but it becomes active and
mobile after cleavage and begins to degrade peptidoglycan i
the spore cortex. InB. subtilis, two enzymes, CwIJ and SleB, ar
known to play a role in peptidoglycan cortex hydrolysis. Both
enzymes require for their action muramic-d-lactam in pepti-
doglycan. This ensures that while cleaving the cortex, th
spore’s germ cell wall, which lacks this modi� cation, is not
degraded during germination and becomes the cell wall of the
outgrowing spore. During this process, the cortex peptido-
glycan becomes depolymerized, which results in the swelling
of the spore core through an expansion of the cell wall and
further water uptake, which is the last step of the spore
germination. Only this further core hydration allows protein
mobility, leading to enzyme activity and initiation of metab-
olism in the spore core (Figure 4).
Core

Cortex

Coat

Germinants Stage I
• Cation rele
• Ca2+DPA r
• Partial core
• Partial loss

Coat
remnants

Cell wall

• Outgrow
• Partial l
• Loss of

Figure 4 Key stages and events occurring during endospore germin
Microbiology 6, 550–556.
Control of Spore-Forming Bacteria and Spores
in Food

After germination, the spore grows out to a vegetative cell
During outgrowth, the spore coat is partially lysed and its
remnants are lost. Generally, most food preservatives act a
this stage by inhibiting the outgrowth of the cell from the
spore, rather than by inhibiting germination itself. For
example, lysozyme is used to prevent spoilage of som
cheeses byClostridium tyrobutyricum. Lysozyme cleaves t
peptidoglycan found in the cell wall of this organism once the
spore core has been shed after germination, causing lysis o
the vegetative cells. Another example is the bacteriocin nisin
which is effective against a broad range of Gram-positive
bacteria, including spore-forming bacteria, such as
C. botulinum and B. cereus, and used to inhibit vegetative
growth from spores in processed cheese, meats, beverag
and some canned foods. In addition, nitrates and nitrites are
used in cured meat and poultry products to inhibit the growth
of spore-forming bacteria, such asC. botulinum. Nitrites,
however, are signi� cantly more effective in slowing bacterial
growth and preventing spore germination.

One of the most common techniques to control spore-
forming bacteria in food is by heat according to the D-value
concept. Although heat treatment is suf� cient to eliminate
vegetative growing cells, it may not kill all spores present in the
food due to the enormous spore heat resistance. Therefore
newly developed preservation techniques employ
ase
elease

rehydration
of resistance

H2O

Zn2+, H+

Ca2+DPA

Stage II
• Cortex hydrolysis
• Further core hydration
• Core expansion
• Loss of dormancy
• Loss of resistance

th of cell
ysis of coat
 coat remnants

ation. Adapted from Setlow, P., 2003. Spore germination. Current Opinion in
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a combination of different treatments to � rst induce germina-
tion of spores and then to kill the less resistant outgrowing
cells. This synergistic effect has been described for ultrason
treatment and heat. Ultrasonic treatments cause the release
some low-molecular-weight polypeptides and DPA from the
spore core by damaging the external layers. This subsequen
facilitates rehydration and results in increasing susceptibility of
the spore to heat. Another method is the combination of high
hydrostatic pressure and heat. Bacterial spores are extreme
resistant to ultrahigh hydrostatic pressure and can withstand
up to 1000 MPa for long treatment periods, but pressure at
a moderate level induces spore germination. This observation
has been the basis for the development of a concept in which
spores are induced to germinate in a� rst step with pressure and
inactivated in a second step with mild heat. Contamination
with spore-forming bacteria and spores during food processing
and packaging also is controlled by sterilization of surfaces and
packaging material. Two of the most widely used treatments ar
the use of chemical disinfectants, such as chlorine and UV light
Application of only one treatment may not be suf� cient for
complete sterilization, however, as contamination of equip-
ment is promoted by the resistance of some spores to disin
fection and UV light, as well as by the strong surface-adherin
properties of many spore-forming bacteria. Thus, the bes
strategy to control spores in food is the combination of
different sterilization and preservation techniques during the
course of food processing.
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Conclusion

Bacterial spores are one of the most resistant life forms known
to date, being extremely tolerant against various stresses such
heat, chemicals, and harsh physical conditions. One of the
signature properties of spores is heat resistance. General
spores are resistant to approximately 40–45 � C higher
temperatures than their corresponding vegetative cells
increasing the spore heat tolerance up to 105-fold. Moreover,
spores are extremely dormant and may survive thousands o
years in the wet state. The mechanisms contributing to resis
tance and dormancy are manifold. One of the key factors is the
unusual spore structure that is formed during sporulation. This
results in a dehydrated spore core surrounded by the inne
spore membrane, the peptidoglycan cortex, and the oute
protein coat, where the cortex plays an important role in the
maintenance of resistance and dormancy by preserving the low
water content in the central protoplast. Within the spore,
several other mechanisms help to determine spore resistanc
and dormancy. These include dehydration of the spore core
large depots of calcium dipicolinate in the protoplast, and
protection of spore DNA by small acid-soluble molecules and
DNA-repair mechanisms.

The contamination of food with spores is favored by their
survival to food processing and long-term persistence in food
Foodborne poisonings and food spoilage may be caused by
germination of spores and outgrowth to vegetative bacteria
cells during food processing and storage. The spore contam
nation of food depends on various factors, such as the type o
animal feeding, the farming practices, the local microbial
ecology, and the hygienic practices during food processing
Contamination through soil is rarely the main, the most direct,
or the only source. Other contamination sources may include
animal feed, feces, or food ingredients. Germination has been
used as a procedure to control spores in food by preventing the
expansion of spores to vegetative growing cells. Although som
types of spores may be made to germinate rapidly and lose
their resistance mechanisms, this procedure of spore contro
has not been fully successful due to the fact that differen
populations of spores display phenotypic variability and do
not all germinate quickly and completely in a similar way. In
the future, new preservation techniques need to be develope
to have better control of spores in food. An alternative method,
which may form the basis of new sterilization processes, is
offered by the application of a cyclic combined treatment of
high hydrostatic pressure and heat in which spores are� rst
induced to germinate and are inactivated in a second step. In
contrast to the adverse effects of many spore-forming bacteria
some nonpathogenic strains of these microorganisms recentl
have found attraction in their use as probiotics on the basis of
their bene� cial and functional properties. Future research has
to be performed in this � eld, due to the multiple health risks
commonly caused by this group of bacteria, making the
application of spores as probiotics safe for the food consumer
See also:Bacillus:Introduction;Bacillus:Bacillus cereus;
Geobacillus stearothermophilus(FormerlyBacillus
stearothermophilus); Bacillus:Bacillus anthracis; Bacillus:
Detection of Toxins;Bacillus– Detection by Classical Cultu
Techniques;Bacteriocins:Potential in Food Preservation;
Bacteriocins:Nisin;Biochemical and Modern Identi� cation
Techniques:Food-Poisoning Microorganisms;Clostridium;
Clostridium: Clostridium perfringens; Detection of Enterotox
of Clostridium perfringens; Clostridium:Clostridium
acetobutylicum;Clostridium:Clostridium tyrobutyricum;
Clostridium:Clostridium botulinum; Clostridium:Detection of
Neurotoxins ofClostridium botulinum; Food Poisoning
Outbreaks; Good Manufacturing Practice;Hazard Appraisal
(HACCP):The Overall Concept;Hazard Analysis and Critica
Control Point (HACCP):Critical Control Points;Hazard
Appraisal (HACCP):Involvement of Regulatory Bodies;Hazard
Appraisal (HACCP):Establishment of Performance Criteri
Heat Treatment of Foods:Principles of Canning;Heat
Treatment of Foods:Spoilage Problems Associated with
Canning;Heat Treatment of Foods:Ultra-High-Temperature
Treatments; Heat Treatment of Foods– Principles of
Pasteurization;Heat Treatment of Foods:Action of
Microwaves;Heat Treatment of Foods:Synergy Between
Treatments; High-Pressure Treatment of Foods;Process
Hygiene:Types of Sterilant;Process Hygiene:Overall
Approach to Hygienic Processing;Process Hygiene:Modern
Systems of Plant Cleaning;Process Hygiene:Risk and Contro
of Airborne Contamination;Process Hygiene:Disinfectant
Testing;Process Hygiene:Involvement of Regulatory and
Advisory Bodies;Process Hygiene:Hygiene in the Catering
Industry;Spoilage Problems:Problems Caused by Bacteri
Thermal Processes:Pasteurization; Processing Resistanc
Ultraviolet Light; Water Activity.
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Taxonomy is a subdiscipline of biology that deals with classi-
�cation of living beings. Classi�cation involves characterizing,
naming, and grouping organisms according to their natural
relationships. Systematics relates taxonomy with phyloge-
netics, which studies the relation among the sequences of
organisms, like a phylogenetic tree (see Bacteria: Classi�cation
of the Bacteria – Phylogenetic Approach).

Bacterial taxonomy has changed profoundly during recent
decades, incorporating novel identi�cation methods and addi-
tional criteria todescribenewspecies. This ‘polyphasic taxonomic
approach’ involves the combination of phenotypic, genotypic,
and phylogenetic techniques that are necessary to identify and
describe bacteria. The phenotypic study includes morphological,
metabolic, physiological, and chemical characteristics of the cell,
whereas genotypic analysis compares the bacterial genome. With
these two techniques, organisms are grouped according to their
similarities. These studies are complemented with phylogenetics,
which studies the parental relation among microorganisms.
Polyphasic taxonomy also considers the importance of the
habitat of each bacterium and its ecology.

Traditional bacterial taxonomy provides useful identi�ca-
tion methods based on phenotypic characteristics. The prom-
inent role it used to play in the past is now decreasing, however,
due to the easiness to obtain particular DNA sequences. These
advances in molecular techniques are the cause for the decline
in importance of the traditional approach of taxonomy because
its reliability does not meet modern standards. In fact, newly
developed genetic techniques allow for microbial identi�cation
without the need to culture them, as many microorganisms can
be present in their noncultural state (see Identi�cation
Methods: Culture-Independent Techniques).

In any study involving microorganisms, reliable identi�cation
of isolates is absolutely essential. Identi�cation is possible only
when coherent bacterial classi�cation is available. Bacteria are
classi�ed into a hierarchy of ranks (from high to low): domain,
phylum, class, order, family, genus, species, and subspecies.

Table 1 shows the different ranks of taxonomic information
provided by the different techniques and the degree of reli-
ability of the results obtained. As can be observed, phenotyping
has the lowest reliability of the techniques mentioned.
Phenotypic Analysis

Phenotypic analysis of bacteria involves determination of
observable characteristics that allow differentiation between
species. These characteristics do not merely describe morpho-
logical traits, but also metabolic, physiological, and chemical
features of the cells.

Phenotypic characterization traditionally has formed the
base for microbial description and characterization. Table 2
lists the phenotypic characteristics from a taxonomic point of
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
view from the most traditional to the most modern features
that are based on molecular assays. Studies of bacterial strains
usually involve several characteristics for their identi�cation.
The results then are compared with information available in
publications or, something becoming less common, with
results of an already identi�ed microorganism that is used as
a control or reference strain in identi�cation assays.

The phenotypic characteristics are the �rst traits that are
determined when a strain is assayed. They are useful, and some-
times essential, to differentiate between taxa at superior levels,
such as phylum, class, order, and family, as well as inferior levels,
such as species and subspecies, strains, varieties, and types. The
problem is that there is no such group of characteristics that
describe univocally each of the existing prokaryotes. Additionally,
the fact that organisms show great phenotypic differences or
similarities does not automatically imply that they genetically are
different or similar.

The characteristics to be assayed depend on the type of
organism that is being studied, and selection is based on previous
knowledge of the bacterial group to which the organism most
likely belongs. Initially, only a minimal number of characteristics
will be analyzed. These data can be used by way of identi�cation
procedures that allow for a �ow chart, such as those presented in
manuals like Bergey’s Manual of Determinative Bacteriology that
summarize this information.

Clinical microbiological diagnosis, which requires fast iden-
ti�cation, uses a set of well-de�ned phenotypic characteristics
that are easy to determine and useful for rapid discrimination
between possible identities, a topic that will be discussed in
articles Biochemical and Modern Identi�cation Techniques:
Introduction; Biochemical Identi�cation Techniques for Food-
borne Fungi: Food Spoilage Flora; Biochemical and Modern
Identi�cation Techniques: Food-Poisoning Microorganisms;
Enterobacteriaceae, Coliforms, and Escherichia Coli; Micro�oras
of Fermented Foods.

It is important that phenotyping should always comple-
ment genotypic studies, and this is particularly signi�cant at the
moment of de�ning species.
Microbial Species

To date, no species concept is universally accepted within
prokaryotes. Currently, a set of keys divides bacteria into inde-
pendent species based on a combination of phenotypic and
genotypic information and sequence-based phylogeny. This set
of benchmarks is useful for practical identi�cation of prokary-
otes, but it does not answer the question of what constitutes
a microbial species. This de�nition is necessary because the
species represents the fundamental unit in taxonomy, and
perception and interaction with the whole of the microbial
universe depend on it. That is, the differentiation and
-384730-0.00027-6 169
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Table 1 Taxonomic information

Information Cellular compounds and techniques Reliability level

Genetic Total DNA
Mol% Gþ C
Restriction patterns (RFLP, PFGE)
Genome size
DNA: DNA hybridizations

DNA segments
PCR-based DNA� ngerprinting
(Ribotyping, ARDRA, RAPD, AFLP)
DNA probes
DNA sequencing

RNA
Base sequencing
LMW RNA pro� les

High

Protein Electrophoretic patterns of total cellular or cell envelope
protein (1D or 2D)

Enzyme patterns (multilocus enzyme electrophoresis)

Medium–High

Chemotaxonomy Cellular fatty acids (FAME)
Chemotaxonomic markers (polar lipids, mycolic acids,

quinones, polyamines, exopolysaccharides)
Cell walls compounds (peptidoglycans)

Medium

Phenotyping Morphology
Physiology (Biolog, API)
Enzymology (APIZIM)
Serology (monoclonal, polyclonal, precipitation or

agglutination test, complement� xation test)

Low

RFLP, restriction fragment-length polymorphism; PFGE, pulsed-� eld gel electrophoresis; ARDRA, ampli� ed rDNA restriction anal-
ysis; RAPD, randomly ampli� ed polymorphic DNA; AFLP, ampli� ed fragment-length polymorphism; LMW, low–molecular weight;
1D, 2D, one- and two-dimensional, respectively; FAME, cellular fatty acid� ngerprinting.
Source: Vandamme, P., Pot, B., Gillis, M., de Vos, P., Kersters, K. Swings, J., 1996. Polyphasic taxonomy, a consensus approach to
bacterial systematics. Microbiological Reviews 60, 407–438.

Table 2 Phenotypic characteristics of taxonomic valor

Characteristics Components

Morphology
Cell Shape, size, endospore,� agella, inclusion

bodies, Gram staining
Colony Shape, size, dimensions, elevation, texture,

opacity, pigments, odor
Growth conditions Components of media, growth at different

temperatures, pH values, salt concentrations
atmospheric conditions, or growth in the
presence of antimicrobial agents

Metabolization
of substrates

Assimilation and fermentation of carbohydrates

Serotyping Capsules, cell envelopes,� agella,� mbriae,
intracellular molecules and secretion products
(enzymes, toxins)

Chemotaxonomic
markers

Cell wall and cell membrane components, pola
lipids, fatty acids, isoprenoids, lipoquinones,
pigments, polyamines, etc.

Protein Whole-cell protein analysis

Sources: Madigan, M.T., Martinko, J.M., Stahl, D.A., Clark, D.P., 2012. Brock
Biology of Microorganisms, thirteenth ed. Benjamin Cummings, Boston; Moore
E.R., Mihaylova, S.A., Vandamme, P., Krichevsky, M.I., Dijkshoorn, L., 2010.
Microbial systematic and taxonomy: relevance for a microbial commons. Resea
in Microbiology 161, 430–438.
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classi� cation of individual bacteria within the whole of the
microbial universe depend on this de� nition.

The prokaryotic species is de� ned as a category that includes
a similar genomic group of strains and isolates that show a high
degree of overall similarity in a set of independent features,
when they are studied under highly standardized conditions.

Currently, in practice, a bacterial species is regarded as a set
strains sharing a certain degree of phenotypic consistenc
a signi� cant degree (50–70%) of genomic hybridization (DNA/
DNA hybridization), and a percentage of sequence homology
among the small ribosomal RNA (16S rRNA) subunits of more
than 97%. Thus, genetic criteria are fundamental to the de� ni-
tion of the species and will be addressed in detail in the corre-
sponding article (seeBacteria: Classi� cation of the Bacteria –
Phylogenetic Approach). Consequently, to de� ne an organism at
the species level requires a polyphasic taxonomic approach
Notably, 16S rRNA gene sequencing has a low divergence, an
hence it provides good resolution at the family and genus level,
whereas resolution at the species level is poor. This makes
a powerful tool to classify prokaryotes at a higher rank than
species level. Good de� nition at the species level can be obtained
by sequencing thegyrBand gyrAgenes, which encode the B or A
subunits of DNA gyrASE, respectively, or theluxABFEgenes,
which encode enzymes involved in luminescence.

,

r

,

rch



:

-

s is

s

r-

es
re

f

c

y

he

f

d
d

p-

s
ly

Table 3 Hierarchical taxonomy of theBacillus subtilisbacterium

Rank Characteristics Methodology

Kingdom: Bacteria Prokaryotic cells and typical ribosomal RNA (rRNA)
sequences ofBacteria

Microscopy, rRNA sequencing and presence of
biomarkers (peptidoglycan)

Phylum: Firmicutes Gram-positive bacteria with a low DNA mol.% Gþ C Gram stain, microscopy,� ow cytometry or HPLC-based
methods

Class: Bacilli Typical 16S rRNA sequences ofBacilli 16S rRNA sequencing
Order: Bacillales Typical 16S rRNA sequences ofBacillalesand formation of

endospores
16S rRNA sequencing, microscopy

Family: Bacillaceae Typical 16S rRNA gene sequences of Bacillaceae and
aerobic or facultatively anaerobic chemo-organotrophic
rods

16S rRNA sequencing, microbiological tests

Genus:Bacillus Cell rod-shaped, straight or slightly curved, occurring
single and in pair or same in chains or occasionally
as long� laments, mobile, catalase-positive, saprophyte
of the soil

Morphology, microscopy, microbiological tests

Specie:Subtilis Hydrolysis of starch (þ ), Voges–Proskauer (þ ), utilization
of citrate (þ ), growth in 6.5% NaCl (þ ), growth at 55� C
(� ), cell diameter< 1 mm

Microscopy, biochemical tests
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ClassiÞcation and Nomenclature

As mentioned, taxonomy is based on three key elements
characterization, classi�cation, and nomenclature. These three
elements are dynamic and interrelated � elds. Thus, an
organism is � rst characterized on the basis of collected infor
mation, then classi� ed within a group according to common
characteristics, and� nally is assigned a name to identify and
recognize it.

Classi� cation is the organization of individuals into cate-
gories or taxa (singular: taxon) based on their phenotypic
similarity or phylogenetic relationship. In biological classi� -
cation, rank is the level or the relative position in a hierarchy.
The rank order, from high to low, is domain, phylum, class,
order, family, genus, species, and subspecies. The subspecie
the lowest of� cial rank in prokaryotic taxonomy. Table 3shows
the different taxonomic ranks and corresponding characteristic
of the bacterium Bacillus subtilis.

Bacterial nomenclature involves the assignment of names to
taxonomic units that previously have been characterized and
classi� ed. Contrary to classi� cation, nomenclature follows
a precise set of rules. The Bacteriological Code (BC) or Inte
national Code of Nomenclature of Bacteria (ICNB) governs the
rules that must be followed to formally name bacteria and
archaea, as well as the procedures for any change in nam
assigned before the existence of the code or when changes a
made to the classi� cation. The name of a prokaryotic taxon is
considered valid only after complying with the requirements of
the Code, as revised and published in theInternational Journal o
Systematic and Evolutionary Microbiology(IJSEM), the of�cial
journal of the International Committee on Systematics of
Prokaryotes (ICSP), and hence the of�cial publication of
prokaryotic and yeast taxonomy and classi� cation records. The
function of the code is to assign names to organisms, and it is
not entrusted to resolve issues regarding methods or taxonomi
interpretations. The application of the rules of this code often
leads to rejection of the original names or names that are in
common use and may lead to confusion. Since 1980, a list of
validly published prokaryotes names continuously has been
monitored and compiled on the Internet. This Internet tool
provides an invaluable resource for the current status of the
nomenclature of all validated prokaryotes as new analyses ma
require restructuring the taxonomy.

Prokaryotes are named according to the binomial nomen-
clature, a system generally applied to all living organisms, which
assigns a name for the genus and an adjective for the species. T
terms generally are derived from Latin or Latinized Greek and
are written in italics, and they often refer to typical descriptive
characteristics of the organism in question. For example, more
than 96 species are described within the genusLactobacillus(L),
like L. acidophilus, L. plantarum, and L. fermentum. The adjectives
describing these three species refer to‘af� nity for acids,’ ‘proper
of the plant matter,’ and ‘proper for fermentation,’ respectively,
and they make reference to morphological, physiological, and
ecological key features of each organism.

Classi� cation of organisms into groups based on their simi-
larities and assigning names allows for an ordered perception o
living beings, which facilitates effective communication about
individual organisms in relation to their behavior, ecology,
physiology, pathogenesis, and phylogenetic relationships.
Description of New Species

The absolute diversity of prokaryotes is unknown and the
hypothetical approach is a continuing topic of study. In recent
decades, culture-independent molecular methods have reveale
the existence of a number of species that have yet to be isolate
and identi� ed. These organisms are classi� ed temporarily into
candidate species and candidate genera. The number of descri
tions of new species in the IJSEM has increased drastically.

The formal proposal to create a new genus or species� rst
requires that the new organism be unique and signi� cantly
different from other genera or species to be considered a new
taxon; this means that it possesses a distinctive position within
prokaryotic diversity. Second, a detailed description of the
isolate and the proposed name must be published. The name
of new taxa (species or even genera) are considered valid on
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after peer review and publication in the IJSEM. Names and
descriptions of new organisms published in other scienti� c
journals should be sent to the IJSEM so that it can be accepte
formally as a new microbiological taxon.

Before publication of the name of a new species, a viable
culture of the type strain must be deposited in at least two
permanently established (public) culture collections, which
should be associated with the World Federation for Culture
Collections (WFCC) (seeCulture Collections).

After approval, the deposited strain can be used as a typ
strain of the new species or genus and therefore as a pattern
compare other strains that are thought to belong to the same
taxon. The importance of prokaryotic type strains for taxo-
nomic studies is that such material is readily available to the
scienti� c community for comparison and description of new
species. All relevant type strains of a related species must b
included as comparison in the classi� cation of the new species
of a genus or when revealing new bacterial strains.
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Bergey’s Manualand The Prokaryotes

To date, there is no of� cial classi� cation of bacteria and
archaea. Additionally, classi� cation is not de� nite and
changes constantly, because it depends on new information
from rapid progress in scienti� c research. The most widely
accepted classi�cation system, however, is probably the one
presented in Bergey’s Manual series, which is overseen by
Bergey’s ManualTrust. The Taxonomic Outline of theBacteria
and Archaea(TOBA), � rst used in the second edition of the
Bergey’s Manual of Systematic Bacteriology, maintains
a resource for up-to-date classi�cations, enumerating genera
and other groups of higher order and proposed in
Bergey’s Manual. The purpose of periodic updates of this
outline is to provide the scienti� c community with infor-
mation on the progress that has been made in resolving
classi� cation problems, as well as to point out any discrep-
ancies that have occurred between revisions. Therefore, an
reference to the outline should include the release number
the publication date, and the digital object identi� er (DOI)
of the release being referenced.

Bergey’s Manual, which is a primary agreement on taxonomy
of bacteria and archaea, was� rst published in 1923 under the
name Bergey’s Manual of Determinative Bacteriology. It summa-
rized information about all bacterial species known until the
date of publication. The manual was updated until the ninth
and last edition in 1994. The � rst edition of a manual that is
more focused on classi� cation than identi � cation was pub-
lished in 1984: Bergey’s Manual of Systematic Bacteriology. Since
the � rst edition, considerable progress has been made in th
� eld of bacterial taxonomy. As a result, the second edition of
Bergey’s Manual of Systematic Bacteriologyconsists mainly of
phylogenetic rather than phenotypic information and therefore
is signi� cantly different from the � rst edition. The second
edition of this handbook was published in � ve volumes
between 2001 and 2012. Each chapter was written by expert
and includes tables,� gures, and other information useful for
systematic identi� cation of organisms. In addition to pheno-
typic information, this edition has incorporated concepts
emerging from the sequencing of small-subunit rRNA genes
and genomic studies, and hence it better re� ects the current
opinion and advances in the � eld.

Another important taxonomic publication, The Prokaryotes,
addresses microbial diversity and provides detailed informa-
tion on enrichment, isolation, and cultivation of numerous
groups of bacteria and archaea. The information is supplied by
experts in each microbial group, and the work consists of seven
volumes that make up the third edition (2006). The two
publications offer microbiologists both general and key details
about the taxonomy and phylogeny of Bacteriaand Archaea
based on current information. Consequently, reference works
are an absolute requirement for microbiologists when per-
forming microbial isolation.
See also:Bacteria:Classi� cation of the Bacteria– Phylogenetic
Approach;Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical Identi�cation Techniques for
Foodborne Fungi:Food Spoilage Flora;Biochemical and
Modern Identi�cation Techniques:Food-Poisoning
Microorganisms;Biochemical and Modern Identi�cation
Techniques:Enterobacteriaceae, Coliforms, andEscherichia
Coli; Biochemical and Modern Identi�cation Techniques:
Micro� oras of Fermented Foods; Culture Collections;
Identi�cation Methods:Culture-Independent Techniques.
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Introduction

Readers of this encyclopedia most likely are not involved
directly in bacterial systematics and classi�cation. Nevertheless,
their daily routine is in�uenced by decisions on classi�cation
and reclassi�cation of many species and genera. Unless
informed regularly by the most recent nomenclatural updates –
that is, by contacting the List of Prokaryotic Names with Standing
in Nomenclature (http://www.bacterio.cict.fr/sz.html), names
may be used that are not current. The simultaneous use of
synonyms and different names for the same biological entity,
causing communication problems among the nontaxonomist
microbiologists until about 30 years ago, has by and large
diminished – although not ended – with the molecular-based
rearrangement of the classi�cation system. The adjustment of
the af�liation of species, genera, families, and higher taxa
according to the most recent insights into the natural rela-
tionships among species is an inherent part of classifying the
prokaryotes. New methods of unraveling these relationships,
ranging from intraspecies to interdomain ranks, guide
systematics to propose continuously changes in their attempts
to formally describe a hierarchically structured image that most
closely matches the evolutionary course of prokaryotes. The
past 30 years have witnessed an avalanche of taxonomic
changes that, in the absence of a fully outlined system of higher
taxa, mainly affected the reclassi�cation of species at the genus
level. In the twenty-�rst century, based on the information on
the taxonomic position of almost all type strains investigated
by comparative 16S rRNA gene sequence analysis, a rich
structured hierarchic outline, spanning ranks between phyla
and species, is available. By expanding the analyses of single
genes to multiple genes, even up to genomes, the most recent
system will be on the test bench, leading to the conclusion that
further re�nements are to be expected.
Ribosomal RNAs, Housekeeping Genes, and Genomes

In the frame of a polyphasic classi�cation of prokaryotic species
and genera, ‘molecular classi�cation’ is only one of many
elements needed to describe these taxa. None of them can be
characterized properly without the provision of the 16S rRNA
gene sequence, which places an organism in the vicinity of its
nearest phylogenetic neighbors. For the delineation of species,
DNA–DNA hybridization (DDH) studies are indispensable,
determining relative overall genome similarities between these
neighbors. To have a species and genus description accepted by
the community, however, additional data on physiological,
chemotaxonomic, morphological, and eventually ecological
and other molecular properties need to be provided to
encompass as much of the genetic and epigenetic level as
possible. This situation changes at the description of taxonomic
ranks above the genus level, as less and less common pheno-
typic properties of its members (i.e., genera within a family,
families within an order, etc.) can be observed.
174 Encyclopedia of Food Mic
In contrast to traditionally determined properties, the main
advantage of working with nucleotide sequences is their
unambiguous nature and electronic portability, allowing for
the global retrieval of references. Not all genes have the same
signi�cance for elucidating phylogenetic relationships. For
the set of organisms under investigation, the genes should
have evolved directly from an ancestral gene, and hence are
orthologous. The most widely used gene for phylogenetic
studies is the 16S rRNA gene, coding for the ribosomal RNA in
the 30S subunit of ribosomes. Because of its size of about
1540 nucleotides (Escherichia coli), it carries suf�cient high-
evolutionary information to determine a wide range of
phylogenetic diversity. This range excludes the two
most divergent ranks of the classi�cation system, the species
and the phylum. As the sequences of rRNA genes (mainly 16S
and 23S) are too conservation to mirror recent speciation
events, strains of a species or those of neighboring spe-
cies cannot discriminated unambiguously. The order of phyla
along the phylogenetic tree cannot be resolved with con�dence
as even the most unrelated prokaryotes share about 60%
sequence similarity, but the number of multiple mutations
and back mutations per nucleotide site cannot be
approximated.

Genes coding for rRNAs and ribosomal proteins have
certain features that make them superior to genes coding for
‘housekeeping’ genes – that is, genes associated to funda-
mental, constitutively expressed cellular processes:

l Ribosomes must have been present in the earliest prokary-
otic cell as they are part of the protein-translating apparatus.

l The function of the components of the ubiquitously
occurring ribosomes remained unaltered.

l The 16S rRNA molecule form highly complex secondary,
tertiary, and quaternary structures by short- and long-
distance intermolecular interactions of inverse comple-
mentary sequence stretches. Many of these helixes and
the linking loop regions show signi�cant variability in
length and sequence. The secondary structure facilitates
the alignment of sequences needed for a meaningful
analysis.

l The degree of sequence conservatism is high. The molecules
consist of regions of varying degree of conservatism,
depending on their function within the ribosome; although
highly important parts show almost no differences among
most unrelated organisms, moderately and highly variable
regions are scattered throughout the molecule. Even
humans and E. coli still share about 60% 16S rDNA
sequence similarity, whereas the other 40% of the sequence
has suf�cient differences to permit phylogenetic resolution
down to the level of genera and species.

l The presence of mostly multiple genes coding for rRNA
makes their horizontal transfer unlikely.

l As rRNAs do not code for peptides or proteins their primary
structure is not composed of codons, hence lacking the
associated third base variation.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00028-8
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l The presence of conserved stretches along the prima
structure allows for the use of the same set of polymeras
chain reaction (PCR) primers for ampli� cation of almost all
bacterial strains.

These features stand in contrast to those observed
protein-coding genes: Many if not most of them were either
once or several times involved in horizontal gene transfer
during the evolution of life forms; many if not most (at least at
early evolutionary stages) were subjected to gene duplication
and hence the switch from orthologs to paralogs. The� nding of
fewer conserved nucleotide sequences (degeneration of th
code) makes the formation of PCR-generated sequences mo
complicated than for rRNA genes, and probably very few
proteins are as evolutionary conserved (exceptions are elon
gation factors, ATPase subunits, aminoacyl-tRNA synthetase
as ribosomal components. On the other hand, the advantage o
working with single-copy housekeeping genes rather than with
the multiple-copy rRNA genes and their accompanying
sequence microheterogeneity, is their unambiguous quality.

Despite some limitations, the comparative analyses o
orthologous proteins have been in the center of scienti� c
interest, when the multilocus sequence typing (MLST) approach
was introduced to investigate the epidemiology of pathogens by
sequencing internal fragments of alleles of 6–11 housekeeping
genes. Rather than scoring the presence or absence of individu
sequences within a set of alleles, phylogenetic studies adopte
this approach by comparative analyses of about� ve to seven
sequences of housekeeping genes (MLSA). This approach w
considered an excellent backup of 16S rRNA gene compariso
and, depending on the gene (e.g.,recA, gyrb, rpoB), generally
provided a better resolution of close relationships than the 16S
rRNA gene sequence analyses. The recommendation of an
hoc committee to add MLSA to the list of approaches for clas
si� cation of species has been acknowledged by an increasin
number of such studies accompanying species descriptions.

Nevertheless, MLSA must be considered an intermedia
stage until full genome sequencing will become so inexpensive
to be routinely applied to evaluate the ribosomal phylogeny.
Several approaches have been published to unravel genom
based phylogenies, based on whole or selected parts of th
genome. Techniques evaluate either the presence or the absen
of clusters of orthologous genes, conservation of local gene orde
(gene pairs), concatenated alignment of proteins, comparison o
trees of multiple gene–protein families, genome Basic Loca
Alignment Search Tool (BLAST) atlases, or signature sequenc
Certain limitations also apply for the use of genome sequences
for phylogenetic conclusions: The still-unresolved frequency a
which lateral transfer and subsequent recombination events
occur, the extent of hidden paralogy, the lack of universa
orthologous genes to rest the conclusion upon a� rm basis, and
the loss of phylogenetic signal for deep branches, something tha
also applies to ribosomal RNAs.
to
red

of

Sequence Determination, Sequence Alignment,
Treeing Methods, and Databases

Ampli� cation of rRNA genes by PCR provides easy access
sequenceable material. The conserved regions that are scatte
over the rRNA molecules or genes (rDNA) serve as target sites
oligonucleotide primers (usually 14–20 bases in length)
needed for ampli� cation and sequencing. Thus, a set of no
more than 10 primers is suf� cient to analyze a wide spectrum
of phylogenetically diverse organisms. The design of primer
for ampli � cation of housekeeping genes is more demanding a
the occurrence of conserved target stretches are more sparse a
the degeneration of the code may cause sequence heterogen
ities even between closely related species. This often results
an incomplete view of protein relationships among, for
example, species of a genus.

One advantage of PCR-based systems is access to phylo
netic analysis of microbial communities, including uncultured
bacteria, from natural samples. Following PCR ampli�cation,
the resulting mixture of DNA fragments with different primary
structures can be separated by cloning. The ampli� ed DNA
fragments then are sequenced directly by the chain termination
method. Automated DNA sequence analysis is carried out mos
conveniently as a linear PCR cycle sequencing reaction. Th
introduction of high-throughput sequencing approaches based
on 454/Roche pyrosequencing or Illuminas SBS technology o
variable 16S rRNA regions has allowed even deeper insigh
into the microbial diversity in natural samples.

Given the high content of invariant and conserved positions
or regions along the sequence of rDNA, alignment of indi-
vidual 16S rDNA is a straightforward procedure. Within the
variable and highly variable regions with a high degree of
length variation it often is dif � cult or even impossible to
recognize homology from primary structure similarity. The
alignment of these regions in many cases can be improved b
taking into account the predicted higher order structure.
Automated sequence alignment exists for large databases, usin
for example, the RDP (http://rdp.cme.msu.edu/) or the SILVA
(http://www.arb-silva.de/ ) databases as references. Sequen
classi� cation also is done automatically, based, as in the case o
the RDP classi� er, on the higher order taxonomy proposed in
Bergey’s Taxonomic Outline of the Prokaryotes(2nd ed., release
5.0, Springer-Verlag, New York, NY, 2004). Several other sof
ware programs exist in addition, which also are capable o
constructing phylogenetic trees and calculating phylogenetic
methods to compare microbial communities (UniFrac
distances) (e.g., QIIME,http://qiime.sourceforge.net).

Different types of tree-inferring approaches commonly are
used to analyze nucleotide sequences for phylogenetic studie
including pairwise distance, maximum parsimony, and
maximum likelihood. For detailed information of treeing
algorithms and procedures, see the Phylip package of Jo
Felsenstein (http://evolution.genetics.washington.edu/phylip.
html ). For the application of distance methods, a matrix of
pairwise dissimilarity values is calculated from the sequence
alignment. On the basis of these distance matrices, phyloge
netic trees are reconstructed preferentially applying additive
tree methods. These methods seek the tree for which distanc
expected from topology and branch lengths are most similar to
those calculated from present-day sequences. A disadvantage
distance methods is that only overall dissimilarity values are
used and all information about individual sequence positions
is disregarded. Neighbor joining is a rapid computational
method that joins the closest neighbors. It does not make
the assumption of a molecular clock. Maximum parsimony
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Figure 1 Dendrogram of 16S rRNA gene sequence relatedness between
the hypothetical operational taxonomic units (OTUs) A to T for which only
their gene sequence is known. The vertical hatched lines 1 to 3 indicate
three of several possible similarity levels at which OTUs could be assigned
to taxa (see text). The graph illustrates that in the absence of phenotypic
data, genera and species cannot be de� ned meaningfully at this restricted
level of information.x marks the delineation of genera as a result of
a polyphasic approach to taxonomy. For bootstrap values, seeFigure 2.
Bar represents 2 nucleotide substitutions per 100 nucleotides.
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methods use information of the individual positions of aligned
sequences directly. The underlying model of evolution assume
that contemporary sequences were derived from their ancestor
through the minimum number of changes. These methods seek
the most parsimonious trees among all possible tree topologies
by determining the sum of changes that must have occurred to
give the sequences in the alignment. Maximum likelihood,
such as the fast RAxML algorithm, uses each position in a
alignment and evaluates all possible trees. It calculates th
likelihood for each tree and seeks the one with the maximum
likelihood. With fast computers now available, phylogenetic
studies usually compare the branching patterns of at least two
of these algorithms and denote within dendrograms of rela-
tionships those branching points with identical order.

The signi� cance of the relative branching order in a phylo-
genetic tree can be tested by resampling techniques, such as t
‘bootstrap’ method. This approach randomly resamples align-
ment positions and generates trees (between 100 and 1000)
The more often an individual branching point is resampled,
the higher the value that de� nes a branching point to be
monophyletic.

Publicly available databases and software programs revolu
tionized the analyses of sequences of pure cultures and env
ronmental clone sequences. Among the most widely used public
alignments are the ARB software, including the SILVA databas
Greengenes (database and workbench compatible with ARB
and the RDPII – myRDP(http://rdp.cme.msu.edu) space pack-
ages. The‘living tree’ project (http://www.arb-silva.de/projects/
living-tree) offers an alignment of >8000 and >750 curated
16S rRNA and 23S rRNA gene sequences, respectively, of sing
type strains of validly named prokaryotic species. SILVA
provides more than 1.6 million aligned rrn sequences, while
RDPII and Greengenes offer>1.48 million and >705 000
sequences of aligned 16S rDNA records, respectively.

Databases also exist for MLSTyping patterns (e.g.,http://
www.mlst.net and http://pubmlst.org ) and for individual
MLSA sequence, for example, for plant-associated microo
ganisms or for pseudomonads. Sequences of publicly availabl
genome sequences including orthologous genes are not avai
able in an aligned format but need to be searched in public
databases and aligned according to the aim of the study.

The phylogenetic relationships of organisms based on
comparative sequence analyses can be graphically presente
Generally, two formats of graphic representation are used
Radial trees resemble‘botanical’ trees; the distances between two
nodes (organisms) are measured by the sum of edges betwee
the nodes. Dendrograms (seeFigures 1 and 2) arrange the
organisms in a fork-like fashion; only the horizontal compo-
nents of connecting lines are summed to read the distances.
ls
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The Limited SigniÞcance of Genes Sequences for
Taxonomic Delineations

In the context of the use of 16S rDNA (or any other nucleic acid
sequence) in systematics, a phylogenetic gene tree unrave
the evolution of that particular gene but not necessarily the
evolution of the genome of the organism. The more similar the
topologies of phylogenetic trees of different genes, the large
the fraction of the genome that evolved along the same
evolutionary path. Recent results from comparative whole-
genome sequences showed good congruence of the compos
tion of higher ranks, especially at the intraphylum level
(membership of classes and orders to the same phylum). The
branching order of phyla, however, disagrees in certain region
from the 16S rRNA gene tree. Comparative analysis o
sequences of housekeeping genes (either singly or concat
nated) by and large support the 16S rRNA gene sequenc
identity at the species and genus level.

Although important to an understanding of the evolution
of an organism, a phylogenetic tree rarely can be used alone t
decide on the phylogenetic rank of a novel organism, especially
not at the rank of species and genera. This statement
explained as follows.

The phylogenetic branching pattern such as the one shown
in Figure 1 indicates that the organisms A to T are members o
a single monophyletic line of descent. Most branching points
are supported by high bootstrap values indicating their statis-
tical signi� cance (seeFigure 2). Isolates for which no other
information is available than their phylogenetic position form
clusters at different levels of relationship, but no obvious hints
are given from the branching pattern about how to interpret
these clusters.
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Figure 2 16S rRNA gene sequence dendrogram showing the phylogenetic position of some members of nine genera of Acetobacteraceae. Numbers at
branching points refer to bootstrap values. The bar represents 2 nucleotide substitutions per 100 nucleotides.
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If one assumes that lineages A through T, separated b
16S DNA differences of less than 2%, de� ne species (vertica
line 3), then are all monophyletic lineages branching at line 2
members of individual genera (A–H, I–J, K–L, M, N–O, P–T),
while line 1 then delineates a family? Or should the species
delineation be set at line 2, which would make line 1 the
threshold line for a genus? The dif� culty in the interpretation of
phylogenetic patterns partly is caused by the presence o
different branch lengths of the lineages. These are due t
differences in evolutionary tempo and mode, which vary
among different groups of prokaryotic taxa. Even if organisms
would evolve isochronally (at the same rate), however, the
place of an organism relative to its phylogenetic neighbors
would not give any clue to morphological, physiological, and
chemotaxonomic properties needed to distinguish organisms
for the purpose of a taxonomic description of a species. Also, a
the phylogenetic position of an organism may change with
more phylogenetic neighbors included in the analysis, the
decision about the rank must await determination of such
epigenetic properties. The main advantage of knowing the
phylogenetic position of a strain relative to its phylogenetic
neighbors is the provision of a sound underlying molecular
structure needed for a modern approach to the polyphasic
classi� cation of genera and species. The situation is different in
the description of higher taxa, that is, above the level of genera
Here, for the description of families, orders, classes, and th
like, common phenotypic properties often are missing or not
yet determined, and clusters of phylogenetically similar ranks
were de� ned during the past 20 years by common properties a
the level of 16S rDNA. On the basis of the analyses o
completely sequenced genomes, recent results of comparativ
analysis of amino acid identities, however, showed that adja-
cent higher ranks (e.g., phylum versus class) frequently showe
extensive overlap in terms of genetic and gene content: henc
the current practice to delineate higher ranks is of limited
predictive power.
Links with ÔTraditionalÕ Bacteriology

Analysis of 16S rDNA genes sequences has become standa
methods in bacterial identi� cation and classi� cation.
Although, as explained, the sequence of this gene is often to
conserved to de� ne a prokaryotic species, once the species ha
been described, its analysis speeds up the identi� cation
process. The availability of more than 8000 curated 16S rRNA
gene sequences from more than 90% of all described specie
provides an advantage unmatched by any other sequencin
method. Of the species-rich genera, such asStreptomyces,
Bacillus, and Clostridium, and of large families such as Enter
obacteriaceae, Flavobacteriaceae, Rhodobacteraceae, Mic
bacteriaceae, and Pseudomonadaceae, all or nearly all spec
have by now been subjected to 16S rRNA gene sequen
analysis, allowing a reliable phylogenetic placement of novel
isolates. The phylogenetic position of a new isolate next to its
nearest phylogenetic neighbors immediately indicates whethe
the isolate falls within the radius of members of a described
genus or whether it forms a separate branch outside the
boundaries of a genus. Information on genus af� liation is
extremely useful in selecting the characterization or identi� ca-
tion strategy to be used. In the past, time-consuming experi
ments were needed to obtain information on super�cial
resemblances to known species; analysis of 16S rRNA ge
sequences now guides the taxonomist immediately to the
required tests. A branching point within the genus would
concentrate on characters used to distinguish species, where
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a branching point outside the radiation of a genus would aim
� rst at the investigation of new genus-speci� c properties and
second at characteristics de� ning a new species.

Identi � cation turns into classi� cation when an isolate
shares only moderate 16S rRNA gene sequence homologi
with described species and no shared phenotypic properties ar
obvious. In such a case, the presence of a novel taxon is ind
cated. In contrast to identi� cation, however, classi� cation is
a subjective matter, and although both approaches may be
working with the same objective information, different taxon-
omists may come to different conclusions regarding the depth
and breadth of a new taxon (seeFigure 1). No classi� cation
system can claim to re� ect the natural situation, because
prokaryotes and lower eukaryotes do not reveal the‘true’ nature
of their relationships. To give an example, a validly named
family containing two genera will remain taxonomically valid
even if a different research group separates this family into two
families each containing a single genus. It is the user o
taxonomy who must be convinced that either the new system
works better in the identi� cation or makes better sense from
the overall biological point of view. If the user sees no practical
advantage in working with a new classi� cation system, the
system simply will not be used.

Rather than discussing problems involved in the interpreta-
tion of 16S rRNA dendrograms in theory, an actual example
should be used. The dendrogram depicted inFigure 1, used to
outline some of the problems involved in the interpretation of
phylogenetic data, re� ects the situation seen among some gener
of the acetic acid bacteria, family Acetobacteraceae. For decad
the biotechnologically important bacteria involved in the
oxidation of ethanol to acetic acid were af� liated to the two
genera Acetobacterand Gluconobacter. Reclassi� cation started
with more detailed chemotaxonomic and phylogenetic anal-
yses. The genusAcidomonaswas established for Acetobacte
methanolicastrains growing on methanol. Subsequent chemo-
taxonomic analysis of ubiquinone pointed toward the hetero-
geneity of members of Acetobacteraceae. Although some speci
of Acetobactercontain Q-9, other species of this genus, as well a
those of Acidomonasand Gluconobacter, possessed Q-10. Conse
quently, two Acetobactersubgenera were described to embrac
species with the two different ubiquinone types (subgenus
Acetobacterfor the Q-9 species, subgenusGluconacetobacterfor
the Q-10 species). Phylogenetic analysis then revealed th
incoherence of the genusAcetobacterin that the subgenusGlu-
conacetobacterclustered separately from members of the
subgenusAcetobacter. Subsequently, the subgenusGluconaceto
bacterwas elevated to generic rank. Recently, additional gener
such asSaccharibacter, Kozakia, Asaia, Neoasaia, Swaminathania,
and Granulibacterwere placed within the family, separating even
more the generaAcetobacterand Gluconacetobacter.

As shown in Figure 2, most branching points are supported
by high bootstrap values, indicating the statistical signi� cance
of the branching order of lineages. Members of the 10 genera
can be differentiated from each other by a few phenotypic
properties (e.g., pigmentation, oxidation of acetate and lactate
utilization of methanol, acid production from sugars, dihy-
droxyacetone from glycerol, as well as chemotaxonomic
properties), but phenotypic distinction may be blurred with the
inclusion of additional strains and species into the recently
described monospeci� c genera.
The dendrogram in Figure 2 depicts bifurcations that
separate single species and pairs of species of the same gen
Within Acetobacter, Acetobacter acetistands isolated, whereas
within Gluconacetobacter, two clusters are formed that separate
Gluconacetobacter liquefaciensand Gluconacetobacter diaz
trophicusfrom the other � ve Gluconacetobacterspecies. The
bifurcation points of these two clusters are almost as low as the
one that separatesAcetobacterand Gluconobacter. The question
commonly asked in the interpretation of such situation is, Do
the separate species– A. acetion the one side andG. liquefaciens
and G. diazotrophicuson the other – represent novel genera?
This question cannot be answered without inclusion of type
stains of all validly named species of the respective genera (>20
in Acetobacterand > 15 in Gluconacetobacter). Only then, and in
concert with either similar or dissimilar genus-speci� c pheno-
typic properties, especially 16S rRNA gene sequence signatu
nucleotides (e.g., variable regions around positions 380 and
1030) and chemotaxonomic markers (such as fatty acids
polyamines, polar lipids, and the like), can a decision on
taxonomic ranks be made. Taxonomic rearrangements ar
advised whenever novel phenotypic and genomic data, eithe
using established or novel techniques, point toward a generic
heterogeneity. Even recent taxonomic descriptions are due t
such changes as witnessed regularly in theInternational Journa
of Systematic and Evolutionary Microbiologyin which by far most
of the new descriptions of prokaryotes are published.
New Approaches for Delineating Taxonomic Ranks

As in bacteriology a natural entity ‘species’cannot be recog-
nized as a group of strains that is genetically well separate
from its phylogenetic neighbors, the taxon‘species’is de� ned
by a pragmatic, polyphasic approach. This includes the
recognition of genomic and phenotypic similarities and
dissimilarities among strains, followed by the decision as to
which of these strains should be af� liated to the same species
In this process, DDH – and not the highly conserved
sequences of the 16S rRNA genes– marks the dominant
approach in that phenetically similar strains sharing DDH
values of 70% or higher similarities should be considered
members of the same species. DDH identities of 70%
however, do not equalize 70% DNA sequence identity at the
genome level. Although considered the gold standard in
species delineation, more than almost any other method the
DDH approach suffers from several shortcomings that made
taxonomists search for an alternative method: the inability to
examine mechanisms behind the reassociation process– that
is, which DNA stretches actually do hybridize; the signi� cant
physico–chemical parameters in� uencing the outcome and
reproducibility of the reassociation results; or the inability to
generate a cumulative database, open to inspection of quality
and assessment by reviewers.

Recently, a novel approach was introduced that may replac
DDH in the genomic era (Konstantinidis and Tiedje, 2005).
Based on pairwise comparison of draft incomplete genomes
the ANI of shared orthologous genes or of large genome frag
ments between two strains was found to be a robust means o
comparing the genetic relatedness among strains. ANI values o
approximately 95–96% corresponded to the 70% DDH
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threshold value for delineating strains of phylogenetically
neighboring species (Goris et al., 2007). Pairs of organisms
with higher than 95% ANI also show higher than 98.5% 16S
rRNA gene identity. Correlation of DDH, ANI, and 16S rRNA
gene identity values for strains of closely related species indi-
cate that below 98.5% 16S rRNA identity DDH must not be
performed as strains are unlikely to be related at the intraspe-
cies level. Raising the threshold value from 97 to 98.5% will
ease the labor of performing DDH in an intermediate period
until the general applicability of the ANI approach has been
fully explored, suf�cient draft genomes can be generated within
a reasonable short period, and the approach can be accepted by
the community of taxonomist.

It follows from the correlation of the DHH and ANI iden-
tities that strains af�liated to a species may show differences of
about 4–5% in their genome sequences. They thus are de�ned
to differ signi�cantly in terms of genomic, and hence pheno-
typic, diversity. These �ndings are encountered regularly in
physiological test on several strains of the same species, for
example, by commercial kits such as API (bioMérieux) or
BIOLOG Inc. panels, as well as by DNA typing analyses (i.e.,
riboprinting). Comparison of genome size and genome archi-
tecture in strains of the same species has supported this notion
impressively (e.g., E. coli O157:H7 with a genome size of
5.44 Mb possesses 1346 genes not found in E. coli K-12 with
a genome size of 4.64 Mb; genomes of Staphylococcus aureus
strains range from 2.80 to 3.08 Mb).

An impressive insights into the intraspecies relationship
was provided �rst by the MLST/MLSA approach and recently
by full-genome comparison. The recognition of discrete
strain centers may be viewed as nuclei for species to evolve
in time and space. In addition to providing hints for speci-
ation events, and the epidemiological signi�cance, tracing
the path of speci�c strains around the globe, these high-
resolution methods allow microbial ecologists to see distri-
bution patterns of strains. Although some species are
distributed worldwide, certain strain clusters within a species
may show different habitat distribution. As mentioned, the
molecular-based delineation of strain clusters lacks suf�cient
arguments to describe these discrete units of diversity as
species. It will be fascinating to witness whether suf�cient
stable phenotypic data support the existence of such
intraspecies clusters. If so, a revolution in bacterial system-
atics can be anticipated.
See also: Acetobacter; Biochemical and Modern Identi�cation
Techniques:Introduction; Gluconobacter; Nucleic Acid–Based
Assays:Overview; PCR Applications in Food Microbiology.
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Introduction

The changing consumer habits, food globalization, and
demand for natural and minimal processed foods have led to
changes in various food production and processing practices.
The complex chain of production, processing, and distribution
of food products create ecological niches to which microor-
ganisms may grow and adapt. The increasing globalization of
food commodities often necessitates the extended shelf life of
food products. Simultaneously, the demand for minimally
processed and natural ready-to-eat food products requires food
preservation techniques that utilize natural food preservation
approaches. Several natural antimicrobial compounds have
been studied for their application, safety, and consumer
perception as food additives. Bacteriocins, a natural food
antimicrobial, have been studied for their potential application
as food preservatives in dairy food, meat, seafood, juices, and
beverages. Out of all known bacteriocins, nisin, a lantibiotic,
has been studied widely and already has been approved as
generally recognized as safe (GRAS) for food application. With
the increasing demand of natural food antimicrobials, routine
application of bacteriocins – in particular, nisin – is increasing
and has drawn the attention of food safety professionals.
Bioprotection or Biopreservation

The preservation of foods using their natural or controlled
microbiota or their antimicrobial metabolites has been termed
as bioprotection or biopreservation to differentiate it from
80 Encyclopedia of Food Mic
arti�cial (chemical) preservation. The main purpose of bio-
preservation is the extension of shelf life as well as the
enhancement of food safety. Lactic acid bacteria (LAB) have
a major potential for use in biopreservation because they can be
consumed safely and, during storage, they naturally dominate
the microbiota of many foods. LAB are GRAS due to their typical
association with food fermentations and their long tradition as
food-grade bacteria. LAB can exert a bioprotective or inhibitory
effect against other microorganisms as a result of competition
for nutrients or production of bacteriocins or other antagonistic
compounds, such as organic acids, hydrogen peroxide, and
enzymes. A distinction can be made between starter cultures and
protective cultures based on their intended application – that is,
metabolic activity (acid production, protein hydrolysis) and
antimicrobial action for starter and protective cultures, respec-
tively. Antagonistic cultures added to foods to inhibit pathogens
or extend shelf life with the least possible changes in sensory
properties are called protective cultures. Food processors face
a major challenge with consumers demanding safe foods with
a long shelf life, but also expressing their preference for mini-
mally processed products, without severe damage by heat and
freezing and without containing chemical preservatives. Hence,
bacteriocins appear to be an attractive option to provide at least
part of the solution.
Microbial Defense System

Microbes produce an array of microbial defense systems, which
include broad-spectrum classical antibiotics, metabolic by-
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00029-X
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products such as lactic acid, lytic agents such as lysozym
numerous types of protein exotoxins, and bacteriocins, which
are loosely termed as biologically active protein moieties with
a bacteriocidal and/or bacteriostatic activity. Bacteriocins ar
highly diverse and abundantly produced by certain group of
bacteria naturally. Bacteriocins are found in almost every
bacterial species examined, and within a species, tens or eve
hundreds of different kinds of bacteriocins are produced.
Halobacteria universally produce their own version of bacte-
riocins, halocins. It is clear that microbes invest considerable
energy to produce and elaborate the antimicrobial mecha-
nisms. Less clear is how such diversity arose and what role
these biological systems serve in microbial communities.
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Bacteriocins

Bacteriocins may be de� ned as protein-containing macromol-
ecules with a capacity to exert bactericidal action on susceptibl
bacteria. They are a heterogeneous group having potent ant
microbial activities and produced by a large and diverse
assortment of bacterial species. Bacteriocins possess antibio
properties, but they normally are not termed antibiotics to
avoid confusion with therapeutic antibiotics. They differ from
most therapeutic antibiotics in being proteinous in nature and
generally possess a narrow speci� city of action against strains of
the same or closely related species. Bacteriocins, the ribos
mally synthesized polypeptides, are digested rapidly by prote
ases in the human digestive tract.

As LAB and their metabolites have been consumed in high
quantities by countless generations of people in cultured foods
with no adverse effects, the LAB continue as the preferre
source for food-use bacteriocins, either in the form of puri� ed
compounds or growth extracts. A crude bacteriocin fermentate
can be obtained by growing the bacteriocin-producing LAB on
a complex substrate. The crude fermentate contains othe
substances besides the bacteriocin. The term‘puri � ed bacte-
riocin ’ implies that the bacteriocin is not a crude bacteriocin
fermentate and the only antimicrobial substance contained in
the puri� ed preparation. The antimicrobial substances that are
produced by the desirable bacteria are used in the food industry
and include nisin and reuterin. Even though the bacteriocin,
nisin, has been used as a food preservative compound in othe
Table 1 Different classes of bacteriocins

Class Properties

I-Lantibiotics
Ia-Linear
Ib-Globular
Ic-Multicomponent

Modi� ed, heat stable, 21–38 amino
Pore forming, cationic
Enzyme inhibitor, noncationic
Two peptides

II-Unmodi� ed peptides
IIa-Pediocin-like
IIb-Miscellaneous
IIc-Multicomponent

Heat stable, 30–60 amino acids,< 15
Anti-listeria, YGNGV consensus
Non-pediocin-like
Two peptides

III-Large proteins
IIIa-Bacteriolytic
IIIb-Nonlytic

Heat labile,> 30 kDa
Cell wall degradation
Cytosolic targets

IV-Circular peptides Heat stable, tail–head peptide bond
countries since the 1950s, the US Food and Drug Administra
tion (FDA) approved the use of nisin in pasteurized processed
cheese in 1988. Nisin remains the most commercially impor-
tant bacteriocin, although other bacteriocins have been char
acterized and developed for possible approval and use. Th
food products that have been targeted for use of bacteriocins o
bacteriocin-like inhibitory substances include meat and meat
products, � sh products, dairy products, cereals, fruits and
vegetables, and beverages.
ClassiÞcation

Different researchers have classi� ed bacteriocins into three to
� ve classes. The latest classi� cation group, however, places
bacteriocins in four classes (Table 1).
Mode of Action

The microbial cell membrane is the major site of action for
bacteriocins in which the anionic lipids of cytoplasmic
membrane are the primary receptors for bacteriocins of LAB fo
the initiation of pore formation. Other class I bacteriocins of
LAB behave in a similar manner. Conductivity and stability of
pores induced by these lantibiotics may be heightened by
docking molecules (lipid II, the peptidoglycan precursor),
while in the case of class II bacteriocins, receptors in the targe
membrane apparently act to determine speci� city. Class I
bacteriocins supposedly induce pore formation in a wedgelike
model, and class II bacteriocins may function by creating barre
stavelike pores or a carpet mechanism, whereby peptides orien
parallel to the membrane surface and interfere with membrane
structure. Nisin often is compared to a surface-active cationi
detergent in that adsorption to the bacterial cell envelope is the
necessary� rst step for membrane disruption followed by the
inactivation of sulfhydryl groups. Listeria monocytogenesis
resistant to class IIa bacteriocins, such as pediocin PA-1 an
leucocin A, due to a mutation in the membrane-speci� c
recognition site for bacteriocins. The common mutation
site found in all the resistant strains is located on a subunit of
an enzyme in a mannose-speci� c phosphoenolpyruvate-
dependent phosphotransferase system regulated by thes54
Examples

acids,< 15 kDa Nisin, lacticin 481, plantaricin C
Mersacidin
Lct3147, plantaricin W

kDa Pediocin PA1/AcH, enterocin A, sakacin A
Enterocin B, L50, carnobacteriocin A
Lactococcin G, plantaricin S, lactacin F

Enterolysin A, Lcn972 (15 kDa)
Colicin E2-E9

AS-48, gassericin A, acidocin B
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transcription factor. It was suggested that mutation to this
speci�c subunit located in the membrane changed the targe
recognition site of the class IIa bacteriocins and prevented
inhibition by the bacteriocins. Bacteriocins from some LAB,
such as Lactobacillus acidophilus, have been found to act by
affecting the ion permeability or channel formation in the
cytoplasmic membrane. Lactocin 27, produced byLactobacillus
helveticusLP27, has a bacteriostatic effect and binds equall
well to bacteriocin-sensitive and -resistant cells, resulting in the
termination of protein synthesis. However, there is an appre-
ciable effect on DNA and RNA syntheses and adenosin
triphosphate levels. Lactostrepcin and Las 5 block syntheses
DNA, RNA, and protein, but these responses were probabl
a secondary reaction to severe membrane disruption and los
of intracellular constituents.
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Gram-Positive Bacteriocins

Bacteriocins of Gram-positive bacteria are as abundant an
even more diverse as those found in Gram-negative bacteria
Bacteriocin production is not necessarily a lethal event for
Gram-positive bacteria since their transport mechanisms
encode release of bacteriocin. Moreover, Gram-positiv
bacteria have evolved bacteriocin-speci� c regulation. The LAB
are particularly proli� c in bacteriocin production. Gene clusters
required for the production of Gram-positive bacteriocins in
general and lantibiotics, in particular, are most often encoded
on plasmids but are occasionally found on the chromosome.
Several Gram-positive bacteriocins, including nisin, are located
on transposons. The conventional wisdom about the killing
range of Gram-positive bacteriocins is that they are restricted t
killing other Gram-positive bacteria. The range of killing can
vary signi� cantly, from relatively narrow as in the case of lac-
tococcins A, B, and M, which have been found to kill only
Lactococcus, to extraordinarily broad. For example, some type A
lantibiotics such as nisin A and mutacin B-Ny266 have been
shown to kill a wide range of organisms, includingActinomyces
Bacillus, Clostridium, Corynebacterium, Enterococcus, Gardn
Lactococcus, Listeria, Micrococcus, Mycobacterium, Propion
rium, Streptococcus,and Staphylococcus. Moreover, these partic-
ular bacteriocins are also active against a number of medicall
important Gram-negative bacteria, including Campylobacter
Haemophilus, Helicobacter,and Neisseria.
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Gram-Negative Bacteriocins

The most extensively studied Gram-negative bacteriocins are th
colicins produced by Escherichia coli. Its production is lethal for
the producing cell and any neighboring cells recognized by that
colicin. A receptor domain in the colicin protein that binds to
a speci� c cell surface receptor determines target recognition
Such bacteriocins have a range of activity such as pore formatio
in the cell membrane to nuclease activity against DNA, rRNA
and tRNA. Colicins, as well as Gram-negative bacteriocins, a
large proteins. Pore-forming colicins range in size from 449 to
629 amino acids, while nuclease bacteriocins have an eve
broader size range, from 178 to 777 amino acids. Although
colicins are representative of Gram-negative bacteriocins, the
are intriguing differences found within this subgroup of the
bacteriocin family. Eschericia coliencodes its colicins exclusively
on plasmid replicons. The nuclease pyocins ofPseudomona
aeruginosa, which show sequence similarity to colicins, are
found exclusively on the chromosome. Another close relative to
the colicin family, the bacteriocins of Serratia marcescens, a
found on both plasmids and chromosomes. Many bacteriocins
isolated from Gram-negative bacteria appear to have bee
created by recombination between existing bacteriocins.
Bacteriocins from Archaea

Archaea produce the bacteriocin-like antimicrobials known as
archaeocins. The only characterized member is the haloci
family produced by halobacteria. The� rst reported halocin S8,
is a short hydrophobic peptide of 36 amino acids, which is
processed from a much larger pro-protein of 34 kD. Halocin S8
is encoded on a mega-plasmid and is extremely resistant to
desalting, boiling, organic solvents, and chilling temperatures
for extended periods. Although basal levels are present in low
concentrations during exponential growth, there is an explosive
ninefold increase in production during the transition to the
stationary phase. When resources are limited, the producing
cells lyse sensitive cells and enrich the nutrient content of the
local environment. As stable proteins, they may remain in the
environment long enough to reduce competition during
subsequent phases of nutrient� ux. The stability of halocins
may account for the low species diversity in the hypersaline
environments frequented by halobacteria.
lla,
cte-

Nisin

The bacteriocins produced by Gram-positive bacteria are th
most investigated group of antibacterial peptides, given their
potential for commercial applications in foods and other prod-
ucts. Nisin, a polypeptide composed of 34 amino acids has led
this popularity because of its relatively long history of safe use
and its documented effectiveness against important Gram
positive foodborne pathogens and spoilage agents. It is
produced by fermentation of a modi� ed milk medium by certain
strains of lactic acid bacterium,Lactococcus lactis. The name nisin
was coined in 1947 by Mattick and Hirsch. At least six different
forms of nisin have been discovered and characterized (desig
nated as A through E and Z), with nisin A as the most active type

Nisin is a lantibiotic, that is, lanthionine-containing anti-
biotic as it contains unusual distinctive posttranslationally
modi � ed amino acids, thioether-bridged lanthionine and
3-methyllanthionine, and unsaturated 2,3-didehydroalanine
and 2,3-didehydrobutyrine. Closely related lantibiotics not
produced by LAB include subtilin from Bacillus subtilisand
epidermin from Staphylococcus epidermidis. Like nisin, these
peptides function by disrupting membrane integrity. The most
established commercially available form of nisin for use as
a food preservative is Nisaplin� from Danisco (DuPont
Nutrition & Health). In most countries, nisin is the only
bacteriocin authorized for use as a food preservative. Interna
tional acceptance of nisin occurred in 1969 by the Joint Food
and Agriculture Organization/World Health Organization
Expert Committee on Food Additives.



ty
-
in
s

h
r-

h-

d,

f

e

f

.

-

Table 2 Worldwide use of nisin in some foods

Country Nisin permitted in foods Maximum level (IU g� 1)

Argentina Processed cheese 500
Australia Cheese, processed cheese, canned tomatoes No limit
Belgium Cheese 100
Brazil Cheese, canned vegetables and sausages 500
France Processed cheese No limit
Italy Cheese 500
Mexico Nisin is a permitted additive 500
Netherlands Factory cheese, processed cheese, cheese powder 800
Peru Nisin is a permitted additive No limit
Russia Dietetic processed cheese, canned vegetables 8000
United Kingdom Cheese, canned foods, clotted cream No limit
United States Pasteurized processed cheese spreads 10 000
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Generally, nisin affects Gram-positive bacteria, including
LAB; vegetative pathogens, such asListeria, Staphylococcus, and
Mycobacterium; and the spore-forming bacteria such asBacillus
and Clostridium. The spores of bacilli and clostridia are actually
more sensitive to nisin than their vegetative cells, although the
antagonism is sporostatic, not sporicidal, thus requiring the
continued presence of nisin to inhibit outgrowth of the spores.
Heat damage of spores substantially increases their sensitivi
to nisin. Nisin is effective against spores in low-acid, heat
processed foods, resulting in its use as a processing aid
canned vegetables. The mechanism whereby nisin inhibit
spore outgrowth is unclear, although it has been determined
that the sporostatic action of nisin is caused by its binding to
sulfhydryl groups of protein residues. Nisin usually has no
effect on Gram-negative bacteria, yeasts, and molds, althoug
Gram-negative bacteria can be sensitized to nisin by pe
meabilization of the outer membrane layer as caused by
sublethal heating, freezing, and chelating agents, such as et
ylenediaminetetraacetic acid.

Since, nisin is relatively heat-stable at acidic conditions, the
bene� cial effects of its inclusion prior to heat treatment is
twofold. First, it enhances the effect of heat process. Secon
residual nisin, even at relatively low levels, prevents the
outgrowth of any surviving spores (Table 2).
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Bacteriocins and Potential for Food Preservation

Consumers consistently have been concerned about possib
adverse health effects from the presence of chemical additive
and preservatives in their foods. This has resulted in consumer’
attention to natural and ‘fresher’ foods with no chemical
preservatives added. This perception, coupled with the in
creasing demand for minimally processed foods with longer
shelf life and convenience, has stimulated research interests
� nding natural but effective preservatives. Bacteriocins, pro
duced by LAB, may be considered natural preservatives o
biopreservatives that ful� ll these requirements. Bacteriocins ac
synergistically against spoilage and pathogenic microbes whe
used with other preservation methods and processing tech
niques. Thus, they may have applications in minimally pro-
cessed refrigerated foods, for example, vacuum- and modi� ed
atmosphere-packaged refrigerated meats and ready-to-e
meals, which lack multiple barriers or hurdles to the growth
of pathogenic and spoilage bacteria. Thus, the application o
bacteriocins in minimally processed foods helps to prevent
damage to nutrients that may be decreased by extrem
treatments.

Three approaches are commonly used in the application o
bacteriocins for the biopreservation of foods:

l Inoculation of food with LAB that produce bacteriocins in
the products. The ability of LAB to grow and produce
bacteriocins in the products is crucial for its successful use

l Addition of puri � ed or semipuri� ed bacteriocins as food
preservatives.

l Use of a product previously fermented with a bacteriocin-
producing strain as an ingredient in food processing.
Application in Dairy Foods

Bacteriocins in raw milk subjected to pulse electric� eld (PEF)
processing or high-pressure processing (HPP) reduce micro
bial growth and inactivate mesophilic bacteria. Likewise,
acidi� cation in yogurt and other fermented products control
bacteria. Bacteriocins inhibit gas formation by Clostridium
tyrobutyricumon semihard and hard cheeses and pathogeni
and toxicogenic bacteria (L. monocytogenes, B. cereus, Sta
lococcus aureus) in cheese and on the cheese surface
Bacteriocin-producing strains are used as starter or adjunc
cultures to inhibit pathogenic and spoilage bacteria in cheese
and other fermented milk products and inhibit adventitious
nonstarter LAB micro� ora in cheese and also accelerate chee
ripening through the increased release of bacterial intracel
lular enzymes. Bacteriocins inhibit endospore formers
(mainly, Clostridium botulinum) in processed cheese and othe
processed dairy products andL. monocytogenesin dairy prod-
ucts after postprocess contamination. Addition of nisin
(100 IU ml � 1) in cheese effectively inhibits the growth of
L. monocytogenesfor a period of 8 weeks or more depending on
the type of cheese. A nisin-containing Cheddar cheese (30
and 387 IU nisin g� 1) that had been made with nisin-
producing lactococci as an ingredient in pasteurized pro-
cessed cheese or cold-pack cheese spreads had a shelf
signi� cantly greater than that of control cheese spreads. I
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cold-pack cheese spreads, nisin (100 and 300 IU g� 1) signif-
icantly reduced the numbers ofL. monocytogenes, S. aureus,and
heat-shocked spores of Clostridium sporogenes. Nisin is
commonly added to pasteurized processed cheese spreads
prevent the outgrowth of clostridia spores, such asC. tyrobu-
tyricum, and to prevent butyric acid fermentation.

A lacticin 3147, a broad-spectrum, two-component bacte-
riocin produced by Lactococcus lactissubsp. lactis DPC3147
controls Cheddar cheese quality by reducing nonstarter LAB
populations during ripening. Moreover, cheese manufactured
with three natural lacticin 3147-producing strains had no
detectable nonstarter LAB. In cottage cheese, the population o
L. monocytogeneswas reduced by 3 log cycles over a 1 wee
ripening period when it was manufactured with Lactococcus lac
DPC4275 against control cheese for which the number ofListeria
remained unchanged. The lacticin 3147-producing trans-
conjugant also has been used as a protective culture to inhibi
Listeriaon the surface of a mold-ripened cheese. The presence
the lacticin 3147 producer on the cheese surface reduced th
number of L. monocytogenesby 3 log cycles.
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Application in Poultry and Muscle Foods

Application of bacteriocins in meat and meat products,
including poultry products, is reported widely, including (1)
sanitization of beef carcasses to reduce the populations o
Brochothrix thermosphacta, Carnobacterium divergens, orListeria
innocua and inhibit spoilage bacteria with shelf-life exten-
sion of vacuum-packaged raw meat; (2) inhibition of
L. monocytogeneson raw meat surfaces, in minced meat as
well as in meat products, and spoilage LAB in cooked mea
products; (3) shelf-life extension of vacuum-packaged sliced
meat products; and (4) reduction of the intensity of high
hydrostatic pressure (HHP) treatments applied for inhibi-
tion of foodborne pathogens and spoilage bacteria.

Bacteriocin-producing LAB cultures act agains
L. monocytogenesand spoilage bacteria in vacuum-packaged
meats and egg and egg products, thus extending the storag
life. Such cultures decreased the intensity of thermal treatment
and increased inactivation of pathogenic bacteria, especiall
L. monocytogenesin combination with HHP and PEF treatments.
The addition of nisin in minced buffalo meat at a level of
400 IU g� 1 increased the lag phase ofL. monocytogenesand at
a level of 800 IU g� 1 resulted in counts of L. monocytogene
2.4 log cycles lower than the control samples after 16 day
storage. The addition of 2% sodium chloride in combination
with nisin was found to increase the ef�cacy of nisin. Nisin is
found to be more effective when used in combination with
modi � ed atmosphere packaging (MAP) particularly at 4� C.
The possible adverse health effect due to production of carci
nogenic nitrosamines through the reaction between nitrite and
secondary amines has prompted researchers to explore th
potential of using bacteriocins as an alternative to nitrite. The
combination of 3000 IU g � 1 of nisin and 40 ppm of nitrite
almost completely inhibits outgrowth of C. sporogenesspores in
meat slurries at 37� C for 56 days. Even much higher concen
tration of nisin and nitrite failed to prevent outgrowth of
C. botulinumspores in meat slurries at pH 5.8. In this regard
reducing the pH is found to enhance nisin activity.
In fermented meat products, use of a protective culture
inhibits undesirable LAB, and foodborne pathogens
(Salmonella, L. monocytogenes, S. aureus). Use of bacteriocin-
producing LAB, in particular, Lactobacillus sakestrains, as
starters inhibits L. monocytogenesand spoilage bacteria and
thus increases the predominance of starters during fermenta
tion. The addition of 10 000 IU ml � 1 of nisin inhibits the
growth of L. monocytogenes, but not Pseudomonas fragi, in
cooked tenderloin pork. Sakacin K, a bacteriocin produced by
Lactobacillus sakeCTC494, inhibits the growth of L. innocuain
vacuum-packaged samples of poultry breasts and cooke
pork, and in MAP samples of raw minced pork. Lactocin 705
produced by Lactobacillus caseiCRL 705 inhibits the growth of
L. monocytogenesin ground beef.
Application in Seafood

The major application of bacteriocins or bacteriocin-producing
starters in� sh and other seafood is to controlL. monocytogene
To improve shelf life, brined shrimp typically are produced with
the addition of sorbic and benzoic acids. Concerns about the
use of these organic acids have led researchers to explore t
potential of using bacteriocins for the preservation of seafood. It
was observed that the use of bavaricin A in brined shrimp results
in a shelf life of 16 days, whereas nisin Z delivers a shelf life o
31 days. The inhibitory effect of nisin in combination with
carbon dioxide and low temperature on the survival of
L. monocytogenesin cold-smoked salmon showed that nisin
along with low temperature delayed, but did not prevent, the
growth of L. monocytogenesin vacuum-packed products.
A combination of nisin, CO 2 packing, and low temperature for
cold-smoked salmon results in an 8 day lag phase for
L. monocytogeneswith numbers eventually reaching 106 cfu g� 1

in 27 days. In cold-smoked salmon, sakacin P gives an initia
inhibiting effect on the growth of L. monocytogenes, while
cultures of Lactobacillus sakehave a bacteriostatic effect. When
Lactobacillus sakeculture is combined with sakacin P in salmon,
a bacteriocidal effect againstL. monocytogenesis observed. Both
nisin and lactate inhibit the growth of L. monocytogenesin cold-
smoked rainbow trout stored at 8 � C for 17 days or at 3� C for
29 days, and a combination of the two compounds is even more
effective. The combination of nisin and sodium lactate injected
into smoked � sh decreases the count ofL. monocytogene
Additionally, the level of L. monocytogenesremains almost
constant for 29 days at 3� C in samples injected before smoking,
which contained both nisin and sodium lactate.
Application in Other Foods and Beverages

The vegetable food and drink industries offer a wide variety of
scenarios, depending on raw materials, processing conditions
and � nal products. These vary from raw fruit and vegetables
ready-to-eat vegetable foods, canned products, fermente
vegetables, fruit juices and drinks, and beverages. Bacterioci
and bacteriocinogenic strains could be applied in the preser
vation of vegetable foods and drinks. Application of ex situ-
produced bacteriocins seems to be a reasonable alternative t
avoid the problems of in situ bacteriocin production in
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BACTERIOCINSj Potential in Food Preservation 185
vegetable foods. Because bacteriocins have not been reported
elicit adverse effects on vegetable cells or tissues, they could
applied for the decontamination of fruits and vegetables, either
alone or in combination with sanitizers. Bacteriocins have been
applied in vegetable foods and beverages to (1) reduce o
suppress the growth of L. monocytogenesin raw vegetables
(sprouts and others), and kimchi and L. monocytogenesand
Salmonellain fresh-cut produce; (2) control endospore formers
in pasteurized foods and B. cereusin rice-based foods; (3)
control of aciduric and nonaciduric endospore-forming
spoilage bacteria (as well asC. botulinum) in canned vegeta-
bles and prevent spoilage byC. tyrobutyricumin canned fruit
pulp; (4) prevent spoilage by Alicyclobacillusin fruit juices and
drinks; (5) reduce or suppressE. coliO157:H7 and Salmonella
Typhimurium in fruit juices; (6) inhibit L. monocytogenesand
S. aureusin soy milk; (7) improve fermentation, control of
overripening and inhibition of B. subtilisin rice miso by using
a nisin-producing Lactococcus lactissubsp.lactisas a starter; (8)
improve sourdough fermentation and inhibit rope-forming
bacilli in bread and foodborne pathogens in traditional
cereal-fermented foods; (9) inhibit S. aureusand complete
inactivation of L. monocytogenesand B. cereusin lettuce juice;
(10) reduce Salmonelladirectly from fresh-cut pieces using
combination of nisin-sodium lactate, nisin-potassium sorbate,
and nisin-sodium lactate-potassium sorbate; (11) prevent
spoilage in canned vegetables caused by nonaciduric (Bacillus
stearothermophilusand Clostridium thermosaccharolyticum) and
aciduric (Clostridium pasteurianum, Bacillus macerans,
Bacillus coagulans) spore formers; (12) suppressB. coagulan
vegetative cells in tomato paste, syrup from canned peache
and juice from canned pineapple; (13) eliminate
L. monocytogenesand reduce the counts ofS. aureusin soy milk;
and (14) improve the safety and quality of fermented foods
derived from cereals and legumes by decreasing the survival
B. cereus, E. coliO157:H7, and Salmonella enterica.

A still largely unexplored � eld of great interest is the
application of bacteriocins in the preservation of fermented
alcoholic beverages. Bacterial spoilage of beers is limited t
a few types of microorganisms, most of them belonging to
Lactobacillusand Pediococcus, and some other species such a
Megasphaeraand Pectinatus. In fermented drinks, bacterio
cins are used to inhibit beer and cider spoilage bacteria
wine spoilage bacteria, and control of wine malolactic
fermentation and reduction of SO2 addition in wines.
Several bacteriocinogenic LAB strains have been isolate
from wine including species of Lactobacillus plantarum,
Oenococcus oeni, andPediococcus pentosaceus. These could be
useful against undesired LAB in vini� cation and for proper
control of the wine malolactic fermentation. In apple juice
and in commercial apple ciders, added bacteriocin
completely prevents spoilage by inhibiting rope-forming
Bacillus licheniformis, as well as exopolysaccharide- an
acrolein-producing LAB.
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Advantages of Bacteriocins as Food Additives

Harmless

One of the advantages associated with the use of bacterio
cins in food is that these molecules can be said to be
normal constituents of the human and animal diet, in that
meat and dairy systems are particularly rich sources o
bacteriocinogenic LAB. Bacteriocins are proteinaceous i
nature and therefore would be expected to be inactivated by
proteases of gastric or pancreatic origin during passag
through the gastrointestinal tract. Therefore, such bacterio
cins, if used in foods, would not alter the digestive tract
ecology or result in risks related to the use of common
antibiotics.
Sturdy in Nature

Most bacteriocins have good thermostability and thus can
survive the thermal processing cycle of foods. Others can wor
at both low pH and low temperature and therefore could be
useful in acid foods and cold-processed or cold-stored
products.
Development of Transgenic Starter

The genetics of better-known bacteriocins are well characte
ized, and thus it is possible that the genes encoding bacteriocin
production and immunity could be transferred to nonpro-
ducing starter strains forin situ production. This is particularly
true for bacteriocins whose genes are located on naturall
transmissible elements, like nisin conjugal transposon and
lacticin 3147 conjugal plasmid.
Limitations of Bacteriocins as Food Additives

Hydrophobic Nature

One possible drawback to the use of bacteriocins in foods
is that they are hydrophobic molecules that may partition
to the organic fat phase within a food matrix. Although
most bacteriocins are indeed very hydrophobic, however
they are relatively small molecules and thus easily can
diffuse into the water phase of food products. Nonetheless,
binding to food surfaces and poor activity often are
observed when bacteriocin-producing strains are added to
food systems.
In�uence of Food Environment

The food-speci� c environment may have other drawbacks such
as poor solubility or uneven distribution of the bacteriocin
molecules, sensitivity to food enzymes, and the negative
impact of high levels of salt or other added ingredients affecting
the production or activity of bacteriocin.
Resistant Pathogens

Spontaneously, bacteriocin-resistant mutants of target strain
may arise. Nisin-resistant mutants ofL. monocytogenesappear
at frequencies of 10� 6 to 10� 8. In properly processed foods,
however, such high levels should not be encountered
Although these disadvantages have been identi� ed by many
scientists, in practice, bacteriocins have been shown to b
effective in a number of food systems, including full-fat cheeses
and meats.
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Industry’s Apprehension

Another problem to overcome is the reluctance of industry to
incorporate new methodologies over old tried and tested ones,
particularly if they have to embark on the substantial and
expensive programs of toxicological testing that may be
necessary for the introduction of a new antimicrobial as
a puri�ed additive. Although it is unclear how many detailed
toxicity trials have been performed to date, no evidence of
bacteriocin toxicity has been reported. Toxicity studies for nisin
were carried out using amounts far in excess of the amount that
would be used in food, with no ill effects. Nisin is inactivated
rapidly in the intestine by digestive enzymes and is undetect-
able in human saliva 10 min after consumption. There was no
evidence of sensitization and any cross-resistance that might
affect the therapeutic effect of antibiotics. The use of any new
food ingredient has to undergo strict regulatory considerations.
In the case of biologically derived macromolecules with well-
understood pathways of digestion and metabolism, such as
proteins, however, they may be determined to be safe for
consumption by utilizing available knowledge of their struc-
ture, biological activity, digestibility, and biological and
compositional factors. In the case of bacteriocins, safety
assessment may require characterization of the substance as
completely as possible, description of the preparation,
proposed use and proportion in food, knowledge of the effect
in the food, and the metabolic fate in the gastrointestinal tract,
and also perhaps an environmental impact assessment. There
was an earlier concern that the use of bacteriocins such as nisin
might hide the use of poor-quality materials or poor
manufacturing practice, but this fear is unfounded because
bacteriocins have a relatively low antimicrobial activity, and
ef�cacy is dependent on a low microbial load. Bacteriocins
exhibit a narrow inhibiting spectrum. Thus, a bacteriocin that is
effective against L. monocytogenesmay have little or no effect on
E. coli O157:H7. It is also dif�cult to maintain bacteriocin
activity. Loss of bacteriocin activity occurs when the bacteriocin
interacts with food components by binding with food lipids
and proteins or being degraded by proteolytic enzymes.

Economic Issue

Cost remains an issue, impeding broader use of bacteriocins as
food additives. Hence, not only do searches continue for new
and more effective bacteriocins, but also development is
ongoing for the optimization of existing bacteriocins to address
both biologic and economic concerns.
Conclusion

Bacteriocins are being used in different food items in many
countries to prevent spoilage and pathogenic organisms. They
have very limited range of activity, however, and the use of
individual bacteriocins cannot safeguard either food products
or consumers. Several bacteriocinogenic cultures and bacte-
riocins have been investigated for their use in various food
materials; only nisin has been allowed in foods, although it
lacks universal acceptance. Application of various bacteriocins
in combinations can enhance their activity spectra. Recently,
amalgamation of bacteriocins with HPP, PEF processing, as
well as MAP techniques are being used through so-called
hurdle technology to develop minimally processed foods with
optimum levels of nutrients. Applications of bacteriocins in
various food materials still are being explored, and thus exist-
ing as well as newer bacteriocins with more ef�cacy and
potency will be seen in the near future.
See also:Bacteriocins: Nisin; Hurdle Technology; Natural
Antimicrobial Systems: Preservative Effects During Storage;
Preservatives: Classi�cation and Properties.
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Introduction

Nisin is a natural, toxicologically safe, antibacterial food
preservative. It is regarded as natural because it is a polypeptide
produced by certain strains of the food-grade lactic acid
bacterium Lactococcus lactis subsp. lactis (hereafter referred to as
L. lactis) during fermentation. Nisin exhibits antimicrobial
activity toward a wide range of Gram-positive vegetative
bacteria and is particularly effective against bacterial spores. It
shows little or no activity against Gram-negative bacteria,
yeasts, or molds.
History

Nisin was discovered in the late 1920s and early 1930s, when
problems arose during cheesemaking. Batches of milk starter
culture used in the process had become contaminated with
a nisin-producing strain of L. lactis (then called Streptococcus
lactis), and as a result of nisin’s inhibitory properties, the
development of the cheese was detrimentally affected. Nisin
was named accordingly, from group N (streptococcus) Inhibi-
tory Substance. Subsequently, it was shown to have antimi-
crobial activity against a wide range of Gram-positive bacteria,
particularly spore formers, but not against Gram-negative
bacteria, yeasts, or fungi.

Initial research on nisin focused on its potential thera-
peutic qualities for medical and veterinary uses. At that
time, it was found to be unsuitable for such purposes,
mainly because of its limited antibacterial spectrum and its
low solubility and instability in body �uids. The potential
use of nisin as a food preservative was �rst suggested in
1951 by Hirsch, who demonstrated that clostridial gas
formation in cheese could be prevented by the use of nisin-
producing starter cultures. Subsequently, numerous other
applications of nisin were identi�ed. In 1969, nisin was
approved for use as an antimicrobial in food by the Joint
Food and Agriculture Organization/World Health Organi-
zation Committee on Food Additives. More recent toxico-
logical safety studies on nisin A carried out in Japan have
con�rmed its safety.

The suitability of nisin as a food preservative arises from
the following characteristics: it is nontoxic; the producer
strains of L. lactis are regarded as safe (food grade); it is not, at
present, used clinically; no apparent cross-resistance in
bacteria appear to affect antibiotic therapeutics; it is digested
immediately; and it is heat stable at a low pH. Since 1953,
nisin has been sold as a commercial preparation under the
trade name Nisaplin� by Danisco (Denmark) and is currently
permitted as a food additive (labelled 234) in more than 50
countries. Various nisin preparations are also manufactured
in China. The activity or potency of a nisin preparation is
expressed in terms of international units (IU): 1 g of pure
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
nisin is usually equivalent to 40 � 106 IU and 1 g of Nisaplin
is equivalent to 1 � 106 IU. The assay method is most
commonly used to actively measure nisin levels in foods is by
agar diffusion bioassay. This involves measuring zones of
inhibition in agar seeded with the test organism Micrococcus
luteus. High-performance liquid chromatography (HPLC) can
also be used.

The principal commercial applications of nisin are in foods
and beverages that, by their nature, are pasteurized but not fully
sterilized. Examples of such foods are processed cheese
(including spreads), clotted cream, dairy desserts, ice cream
mixes, liquid egg, and hot-baked �our products, such as
crumpets and potato cakes, and ready-to-eat meals. In warm
climates, nisin is used in canned products to prevent spoilage
by thermophilic, heat-resistant spore formers. Other applica-
tions include beer, nonalcoholic malt beverages, and salad
dressings, in which nisin controls spoilage by lactic acid
bacteria, and natural cheeses, such as ripened cheese and soft
white fresh cheeses, to control Listeria monocytogenes.
Structure and Biosynthesis

In 1971, Gross and Morell elucidated the complete structure of
the nisin molecule (Figure 1). Nisin was at that time a novel
oligopeptide, but subsequently, a number of similar bacteriocins
have been identi�ed and characterized. Although nisin is, as yet,
the only commercially accepted bacteriocin for food preserva-
tion, most of the lactic acid bacteria that produce these similar
bacteriocins can also be used commercially in starter cultures.

Nisin belongs to a group of bacteriocins collectively
known as lantibiotics. Lantibiotics are produced by Gram-
positive bacteria of different genera, for example, Lactococcus
(nisin, lacticin 481), Lactobacillus (lactocin S), Staphylococcus
(Pep 5, epidermin, gallidermin), Streptococcus (streptococcin
A-FF22, salivaricin A), Bacillus (subtilin, mersacidin), Carno-
bacterium (carnocin U149), Streptomyces (duramycin), and
Actinoplanes (actagardine). Like nisin, the other lantibiotics
are effective against a range of Gram-positive bacteria. On the
basis of their different ring structure, charge, and biological
activity, the lantibiotics are classi�ed into two subgroups:
Type A, lantibiotics of the nisin type; and Type B, lantibiotics
of the duramycin type. Established Type A lantibiotics include
Pep 5, epidermin, gallidermin, subtilin, mersacidin, and
actagardine.

Lantibiotics are relatively small polycyclic polypeptides; nisin
consists of 34 amino acids (3354 Da). They are so named because
they contain, in addition to protein amino acids, the unusual
amino acids lanthionine or b-methyllanthionine, both of which
form interchain thioether bridges. Nisin also contains two
unusual amino acids: dehydroalanine and dehydrobutyrine. In
total, nisin has two dehydroalanine (Dha), one dehydrobutyrine
(Dhb), one lanthionine, and four b-methyllanthionine residues.
-384730-0.00030-6 187
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Dha and Dhb arise from the dehydration of serine and threonine,
respectively, and the condensation of Dha or Dhb with cysteine
generates thioether bonds and the amino acids lanthionine and
b-methyllanthionine, respectively. Subtilin is a natural analogue
of nisin. They each contain the same number of dehydroresidue
and lanthionine rings, with conserved locations of the Dha
residues and rings. However, there are 12 amino acid difference
and nisin has 34 residues, whereas subtilin has 32.

Lanthionine is known to introduce a high level of hydro-
phobicity, and a high proportion of basic amino acids gives
nisin a net positive charge. Nisin can form dimers or even
oligomers, which possibly arise through a reaction between the
dehydroamino acids and amino groups of two or more nisin
molecules. In aqueous solutions, nisin is most soluble at pH 2.
At a high pH, the presence of nucleophiles makes Dha and Dhb
susceptible to modi� cation, which may explain the decreased
solubility and instability of nisin under basic conditions. Using
NMR analysis, it has been shown that nisin exists in a rigid
three-dimensional structure because of the constraints impose
by the � ve thioether rings.

Apart from chemically derived modi� cations, nisin A vari-
ations can arise through changes in DNA sequence. Nisin-lik
molecules with different activity spectra are produced by
different strains of L. lactis. This phenomenon is due to minor
differences in amino acid sequence. For example, nisin Z i
identical to nisin A except for a substitution of Asn for His as
amino acid residue 27. This amino acid change is a result o
a single nucleic acid substitution. Other nisin variants include
nisin F, Q, S, T, U, and V. These variants may have compare
with nisin A single or several amino acid substitutions. Only
nisin A and Z are used in commercial applications. Most
published scienti� c information pertains to nisin A.

Nisin is initially synthesized ribosomally as a precursor
peptide, which is then enzymatically cleaved (to give pronisin)
and post-translationally modi � ed to generate the mature lan-
tibiotic. The prepronisin structural gene has been cloned and
sequenced, and it has been designatedspaN and nisA by
different workers. The primary transcript of prepronisin
consists of an N-terminal leader peptide of 23 amino acids,
followed by a C-terminal propeptide of 34 amino acids, from
which the lantibiotic is matured.

Nisin biosynthesis genes are encoded by a novel conjugativ
transposon (70 kbp), generally thought to be located on the
chromosome as opposed to being plasmid mediated. Sucros
fermentation, nisin immunity, conjugal transfer factors, N-(5-
carboxyethyl)-ornithine synthase, and bacteriophage resistanc
determinants have all been linked with nisin production. The
nisin genes are organized into an operon-like structure, with
the functions of genesnis A, B, T, C, I, P, R, K, F, E, G havin
been identi� ed (Figure 2):

l nisAgene: encodes nisA, the prepronisin structural protein
l nisB and nisC genes: encode the enzymes needed for th

modi � cation of the lantibiotic precursor peptides
l nisT: involved in the transport of (precursor) nisin mole-

cules across the cytoplasmic membrane
l nisI gene: encodes a putative lipoprotein, involved in

immunity to nisin
l nisP gene: encodes a subtilisin-like serine protease, involve

in cleavage of the leader peptide sequence from the� nal
precursor peptide

l nisR gene: encodes a positive regulatory protein needed fo
the activation of expression of thenis genes

l nisK gene: encodes another regulatory protein, histidine
kinase

l nisF, nisE, and nisG genes: also thought to be involved in
immunity to nisin.
Mode of Action and Antimicrobial Effect

Nisin, like other preservatives, works in a concentration-
dependent manner in terms of the amount of nisin applied and
the level of contamination in the food. The condition of test
can dictate whether nisin action against vegetative cells will be
predominantly bactericidal or bacteriostatic. The more ener-
gized the bacterial cells, the more bactericidal effect the nisin
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will have, whereas if the cells are in a non-energized stat
because they are in the lag or stationary phase of growth or ar
in a medium or food with nonoptimum pH, water activity, or
low nutrient availability, or at a nonoptimum temperature of
growth, the nisin effect will be predominantly bacteriostatic.
The use of nisin as a food preservative in combination with
other factors is the basis of multifactorial preservation other-
wise known as‘hurdle technology’. The target for nisin action
against vegetative cells is the cytoplasmic membrane. A majo
breakthrough on the mode of action of nisin against vegetative
cells was the discovery that the cell-wall peptidoglycan
precursor lipid II acts as a docking molecule for nisin, and it is
the nisin–lipid II complex that inserts itself into the cyto-
plasmic membrane, forming transient pores that cause leakag
of essential cellular material. A further mode of action of nisin
is that it also inhibits peptidoglycan synthesis, a component of
bacteria cell walls.

The outer membrane of Gram-negative bacteria effectivel
prevents nisin from making contact with the cytoplasmic
membrane. In combination with a chelating agent, such as
disodium ethylene-diamine-tetra-acetic acid (EDTA), nisin
can be effective against a variety of Gram-negative bacteri
Chelating agents remove divalent ions from Gram-negative
cell walls, releasing phospholipids and lipoproteins, thus
increasing cell outer-membrane permeability. Unfortunately,
chelating agents are much less effective in food compared with
in buffer solutions because of their preferential binding to free
divalent ions within the food. Any treatment, such as sublethal
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heat, hydrostatic pressure, pulsed electric� eld, or freezing, that
disrupt the outer membrane may render Gram-negative
bacteria sensitive to nisin.

Mode of action against bacterial spores has not been s
intensively studied, and it is still uncertain as to its precise
mode of action, and even whether it is sporostatic or sporicidal.
Early research showed that when nisin was applied to spores o
Geobacillus stearothermophilus, the reduction in heat resistance
observed was apparent rather than real and was due to th
adsorption of nisin onto the spores, and the nisin could be
removed and viability restored if the nisin was removed using
the enzyme, trypsin. However more recent research in th
United States, demonstrated that spores ofBacillus anthracislost
their heat resistance when nisin was applied and the spore
became hydrated. It is clear that the more spores are hea
damaged, the more they are sensitive to nisin and tha
thermophilic spores belonging to G. stearothermophilusand
Thermoanaerobacterium thermosaccharolyticumare extremely
sensitive.

The use of nisin in combination with other preservatives
and food ingredients with the objective of � nding combina-
tions that demonstrate additive or synergistic effect has bee
the subject of much research. Other antimicrobials that have
been shown to exhibit synergy with nisin include organic acids,
monoglycerides, sucrose fatty acid esters, chelating agen
lactoperoxidase system, lysozyme, other bacteriocins,3-poly-L-
lysine, reuterin, lactoferrin, and various plant-derived essentia
oils. Similarly, synergies have been identi� ed with nisin in
combination with novel nonthermal processes, such as ultra-
high pressure (UHP), pulsed-electric� eld (PEF), and ultra-
sound. Its use in active packaging systems and in edible� lm
coatings is also attracting attention.
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Solubility and Stability

The commercial preparation Nisaplin� contains approxi-
mately 2.5% nisin, with the remainder consisting of residual
solids from the fermentation process and NaCl. Nisaplin� is
an extremely stable product, showing no loss of activity over
a 2-year period, provided that it is stored under dry condi-
tions, in the dark, and at temperatures below 25� C. Nisin
shows increased solubility in an acid environment and
becomes less soluble as the pH increases. However, due to th
low level of Nisaplin � used in food preservation, solubility
does not present a problem. Nisin solutions are most stable to
autoclaving (121 � C for 15 min) in the pH range 3.0–3.5
(<10% activity loss). pH values below and above this range
cause a marked decrease in activity, especially those furthe
removed from the range (>90% activity loss at pH 1 or 7).
Losses of activity at pasteurization temperatures are, howeve
signi� cantly lower (< 20% during standard processed chees
manufacture at pH 5.6–5.8). Food components can also
protect nisin during heat processing as compared with a buffer
system.

The stability of nisin in a food system during storage
depends on three factors: incubation temperature, length of
storage, and pH. The greatest nisin retention occurs at lowe
temperatures. For instance, the manufacture of a pasteurize
processed cheese spread (85–105 � C for 5–10 min at pH
5.6–5.8) results in an initial 15–20% nisin loss, with nisin
retention after 30 weeks’ storage being approximately 80% at
20 � C, 60% at 25� C, and 40% at 30� C. Thus, a higher level of
nisin addition will be required if storage at unusually high
ambient temperatures is intended. Residual nisin levels in
canned foods after heat processing can be as low as 2%, but th
fact that heat-resistant thermophilic spores are highly nisin
sensitive and heat-damaged spores have increased sensitivity
nisin means that extremely low levels of residual nisin can be
effective. Preacidi� cation of the brine used in canned vegeta-
bles, to pH 4 with citric acid, also improves nisin retention,
with minimal effect on the pH of the � nal product after heat
processing.
Applications

Processed Cheese Products

Nisin has been established as a most effective preservative
pasteurized processed cheese products, including bloc
cheese, slices, spreads, sauces, and dips. This is because typ
heat processing (85–105 � C for 5–10 min) of the raw cheese
during melting does not eliminate spores. Without the addi-
tion of nisin, the composition of the pasteurized processed
cheese would favor the outgrowth of the spores. Spore
formers associated with processed cheese includeClostridium
butyricum, Clostridium tyrobutyricum, Clostridium sporogenes, and
Clostridium botulinum. Spore outgrowth of the � rst three
species may result in spoilage due to the production of gas, of
odors, and liquefaction of the cheese, whereasC. botulinum
more seriously produces a potentially fatal toxin. The level of
nisin required to inhibit the outgrowth of spores in processed
cheese and other products depends on a number of factors
the level of clostridial spores present, the composition of the
food, for example, NaCl, disodium phosphate, pH, and
moisture content; the shelf life required, and the temperature
of storage. Generally, levels of nisin used to control non-
botulinal spoilage in processed cheese vary from 6.25 to
12.5 mg kg� 1. For anti-botulinum protection, the level
required is 12.5 mg kg� 1 or higher.
Other Pasteurized Dairy Products

Other pasteurized dairy products, such as chilled dessert
cannot be subjected to full sterilization without damaging
their organoleptic qualities, and are thus sometimes preserved
with nisin to extend their shelf life. For example, tests on
chocolate dairy dessert demonstrated a 20-day increase
shelf life with 3.75 mg kg� 1 of nisin added at 7 � C. Similarly,
canned evaporated milk has an extended shelf life with added
nisin.

The addition of nisin to milk is permitted in some countries
because of shelf-life problems associated with the climate (high
ambient temperatures), long-distance transport, and inadequate
refrigeration. The use of nisin at levels of 0.75–1.25 mg l� 1 has
been demonstrated to more than double the shelf life of the
product. However, it is not permitted in the European Union,
the United States, and other countries with temperate climates
The addition of nisin to high-heat-treated � avored milk has also
been shown to extend shelf life.
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Pasteurized Liquid Egg Products

Pasteurized liquid egg products can include the whole egg, th
egg yolk, or the egg white. Heat treatment applied (62–65 � C
for 2–3 min) kills salmonella but not all bacterial spores
and vegetative cells. Many of the surviving bacteria are ps
chrotrophic, and so pasteurized liquid egg products usually
have a limited shelf life. In a trial conducted with pasteurized
liquid whole egg, nisin (5 mg l � 1) caused a signi� cant increase
(>60 days) in refrigerated shelf life. Nisin also protected the
egg from the growth of psychrotrophic Bacillus cereus.
f

l

n
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High-Moisture Hotplate Bakery Products

Typical hotplate bakery products include crumpets and
potato cakes. They are� our based, have a high moisture
content (48–56%), are nonacid (pH 6–8), and are lightly
cooked on a hotplate during manufacture. Sold at ambient
temperature, they are traditionally toasted before consump-
tion. The � our used in the manufacture of these products
invariably contains a low number of Bacillus spores, and
conditions are ideal for outgrowth, so it is not surprising that
outbreaks of food poisoning linked to B. cereustoxins have
been reported.

These bakery products have a short shelf life (3–5 days), but
in a recent survey conducted in the United Kingdom, very high
levels of Bacillus(108 cfu g� 1) were detected in potato cakes
well within the sell-by date. The popularity of crumpets in
Australia and the risk of B. cereusfood poisoning, accentuated
by high ambient temperatures, led to factory trials incorpo-
rating nisin. The addition of nisin to crumpet batter at
concentrations of 3.75 mg kg� 1 and above effectively inhibited
the growth of B. cereus, resulting in safe levels. This resulted in
regulations in Australia allowing for the use of nisin in such
high-moisture hotplate products.
-
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Canned Foods

Nisin is used in canned foods principally to control thermo-
philic spoilage. It is mandatory in most countries that low-
acid canned foods (pH> 4.5) should receive a minimum heat
process (F0 ¼3) to ensure the destruction of C. botulinum
spores. The survival of heat-resistant spores of the thermo
philes Geobacillus stearothermophilusand Thermoanaer
obacterium thermosaccharolyticumduring this process are
responsible for spoilage, particularly under warm conditions.
The bacterial spoilage of high-acid foods (pH< 4.5) is
restricted to nonpathogenic, heat-resistant, aciduric, spore
forming bacterial species, such asClostridium pasteurianum
Bacillus macerans, and Bacillus coagulans. Spoilage resulting
from the growth of all these bacteria can be effectively
controlled by nisin. Addition levels are generally between 2.5
and 5.0 mg kg� 1 and product examples include canned vege
tables, soups, coconut milk, and cereal puddings (such as rice
semolina, and tapioca).
of

f

Meat and Fish Products

In relation to processed meat products, nisin has been
considered as an alternative preservative system to that
nitrite, due to concerns about toxicological safety. However,
various studies have shown that nisin does not perform at its
full potential in meat systems. Results generally indicate tha
nisin is only effective at high levels, that is, 12.5 mg kg� 1 and
above. Proposed reasons for the inadequacy of a nisin prese
vative system in meats include: poor solubility in meat systems;
binding of nisin onto meat particles and surfaces; uneven
distribution; and possible interference with nisin’s mode of
action by phospholipids. However, both modi � ed atmosphere
and vacuum packaging in combination with nisin have shown
more promising results.

Relatively few studies have been carried out on the use o
nisin as a preservative of� sh and shell� sh. However, the
potential hazard of botulism from chilled � sh packed under
vacuum or modi� ed gas atmospheres prompted a tria
application of nisin by spray to � llets of cod, herring, and
smoked mackerel inoculated with C. botulinumtype-E spores.
Toxin production was delayed by 5 days compared with the
control at 10 � C, but only by half a day at 26 � C. Recent
research into the application of nisin to canned lobster meat,
to control Listeria monocytogenes, has been very positive. Heat
processing of canned lobster, which is retailed frozen, can only
be achieved by heating at 60� C for 5 min without undesirable
product shrinkage occurring. Such heat processing results i
a 2 log reduction of L. monocytogenes, whereas the addition of
nisin to the brine at 25 mg l � 1 increases the reduction by
5–6 logs.
Natural Cheese

Nisin can be used to prevent blowing in some hard and
semihard ripened cheeses, such as Emmental and Goud
This blowing is caused by contamination with the anaerobic
spore-formersC. butyricumand C. tyrobutyricum, usually from
a milk source when the cow has been fed with silage. The
bacteria convert lactic acid into butyric acid, which causes the
off-� avor and aroma of the cheese. The formation of H2 and
CO2 gas during ripening also results in the development of
too many large holes in the cheese. Cheeses can also
contaminated with Lactobacillusspp., causing off-� avors and
gas production, and with the food-poisoning pathogens
L. monocytogenesand Staphylococcus aureus, all of which are
susceptible to nisin.

The use of nisin is an attractive alternative to other
agents, including sodium nitrate, which has become
increasingly unpopular and usually only works against
speci� c microorganisms (e.g.,Clostridium). However, nisin-
resistant starter cultures must be used in conjunction with
nisin to ensure successful development of the cheese. Th
use of nisin producing starter cultures to manufacture
cheese with signi� cant levels of nisin is also being investi-
gated. At present, no existing nisin-producing starters hav
the � avor-generating, eye-forming, and acidifying activities
and the bacteriophage resistance that are suitable for th
manufacture of most cheese types. However, a nisin
producing starter culture for Gouda production has been
developed using the food-grade genetic transfer technique o
conjugation. During production, clostridial blowing and
S. aureusgrowth were both inhibited over the whole period
of ripening.
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Soft white fresh cheeses (e.g., ricotta, paneer) do not requir
starter cultures, being alternatively coagulated by direct acidi
� cation, calcium chloride, or rennet. In these cheeses, nisin ver
effectively controls the growth of L. monocytogenes. Shelf-life
analysis of ricotta in an inoculated trial demonstrated that the
addition of 2.5 mg l � 1 nisin to the milk preproduction could
effectively inhibit the growth of L. monocytogenesat 6–8 � C for
at least 8 weeks. Ricotta made without the addition of nisin
contained unsafe levels of the organism within 1–2 weeks of
incubation.
lus
Yogurt

The addition of nisin to stirred yogurt postproduction has an
inhibitory effect on the starter culture (a mixture of Lactobacillus
delbrueckii subsp. bulgaricus and Streptococcus thermophi
strains), thereby preventing subsequent overacidi� cation of the
yogurt. Thus, an increase in shelf life is attained by maintaining
the � avor of the yogurt (less sour).
s
,

-
Salad Dressings

The development of salad dressings with reduced acidity give
improved � avor and protects the added ingredients. However
raising the pH (from 3.8 to 4.2) can make salad dressings prone
to lactic acid bacterial spoilage during ambient storage. Such
growth has been successfully controlled by the addition of
nisin at levels of 2.5–5 mg l� 1.
n
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Alcoholic Beverages

Nisin has a potential role in the production of alcoholic
beverages. It has been demonstrated that nisin is effective i
controlling spoilage by lactic acid bacteria, such asLacto-
bacillus, Pediococcus, Leuconostoc, and Oenococcusat a level of
0.25–2.5 mg l� 1 in both beer and wine. Yeasts are
completely unaffected by nisin, which allows its addition
during the fermentation. Identi � ed applications of nisin in
the brewing and wine industry include: its addition to
fermenters to prevent or control contamination, increasing
the shelf life of unpasteurized beers, reducing pasteurization
regimes, and washing pitching yeast to eliminate contami-
nating bacteria (as an alternative method to acid washing
which affects yeast viability). Formerly, nisin could not be
used during wine fermentations that depend on malolactic
acid fermentation. However, this problem has been over-
come by developing nisin-resistant strains of Oenococcu
oenos, which can grow and maintain malolactic fermenta-
tion in the presence of nisin. In the production of fruit
brandies, the addition of nisin reduces the growth of
competitive lactic acid bacteria and directly favors the
growth of the fermenting yeast, to increase alcohol content
by at least 10%.
s

e;
s

Antagonistic Factors

Various factors can detrimentally affect nisin’s action. In non-
or minimally heat-processed foods, proteolytic enzymes of
microbial, plant, or animal origin can degrade nisin during the
shelf life of the food. The extent of degradation is dependent on
the length and temperature of storage and on pH. Thus, the
likely retention of nisin during shelf life is a factor dictating
nisin addition levels.

There is evidence that both fats and proteins in food can
interfere with nisin action. As nisin is predominantly hydro-
phobic, it is thought that it binds onto certain food particles,
thus becoming unavailable for antibacterial action. This is
particularly important in meat systems, in which nisin is
thought to bind onto phospholipids, resulting in a much lower
ef� cacy than in other products.

Generally, nisin works best in liquid and homogenous,
rather than solid and heterogenous, foods. Certain food
additives have been shown to be antagonistic to nisin. For
example, nisin is degraded in the presence of titanium
dioxide (a whitener) or sodium metabisulphite (an antiox-
idant, bleaching agent, and broad-spectrum antimicrobial
agent).

Some bacterial species, such asL. monocytogenes, can offer
resistance to nisin– that is, strains with acquired nisin resis-
tance can arise in the presence of sublethal nisin concentra
tions. However, this phenomenon does not occur in all strains
and the frequency of isolation of these nisin-resistant cells is
very low (approximately 10� 6 to 10� 8). External factors such
as temperature, pH, and salt in� uence the frequency of nisin
resistance inL. monocytogenes. At reduced temperature (10� C),
pH (5.5), and salt concentration (0.5%), nisin resistance is
eliminated. Thus, only in cases of high-level contamination
with high storage temperatures allowing rapid growth, or long
shelf lives at low temperatures (under suitable conditions)
or low levels of nisin, could nisin-resistant mutants of
L. monocytogenespotentially arise. The nisin resistance mech
anism in L. monocytogenesis thought to be associated with
adaptation of the cell envelope to prevent the incorporation
of nisin into the cytoplasmic membrane. Recent research ha
indicated the possible involvement of both the cytoplasmic
membrane and the cell wall. It has also been reported that
some bacterial species, includingLactobacillus plantarum,
Streptococcus thermophilus, and Bacillus cereusproduce an
enzyme nisinase, which speci� cally deactivates nisin.
However, it has been shown thatnisinaseis not produced by L.
monocytogenes.
See also:Bacillus:Bacillus cereus; Bacteriocins:Potential in
Food Preservation;Cheese:Microbiology of Cheesemaking a
Maturation; Role of Speci�c Groups of Bacteria;Clostridium:
Clostridium tyrobutyricum; Clostridium:Clostridium botulinum;
Eggs:Microbiology of Egg Products; Fermented Milks an
Yogurt;Fish:Spoilage of Fish;Heat Treatment of Foods:
Spoilage Problems Associated with Canning; Heat Treatm
Foods– Principles of Pasteurization;Lactococcus:Lactococcu
lactisSubspecieslactisandcremoris; Listeria Monocytogene;
Spoilage of Cooked Meat and Meat Products;Natural
Antimicrobial Systems:Preservative Effects During Storag
Preservatives:Classi� cation and Properties; Starter Culture
Employed in Cheesemaking;Wines:Microbiology of
Winemaking.
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Introduction

When testing food products, the limitation of traditional
culture-based methods is the requirement for results to be
rapidly available. These are needed to either con�rm successful
application of critical control point treatments during
production or con�rm the microbiological quality of food
products before release. Hence, methods that rely on extended
periods of culture are either (1) too slow to be of bene�t during
production or (2) reduce the shelf life of products that require
test results before release (positive release). When tests take
days, or even weeks, to complete (e.g., con�rming the absence
of Listeria monocytogenes in samples of ready-to-eat products
that will support growth of the organism takes a minimum of
5 days; ISO 11290-1-1998), products often have to be released
before the test results are available. This can lead to product
recalls that may have a negative impact on customer con�dence
and ultimately may affect the long-term viability of food
producers. Hence, there is a drive to �nd methods that will
allow for the rapid detection of bacterial pathogens that has
focused on novel technologies that circumvent the need for
culture-based methods.

The challenge for applications in food microbiology is not
developing a robust method that can identify the organism; it is
developing methods that can sensitively detect a single cell
present in a complex matrix. Many researchers have described
polymerase chain reaction (PCR)-based methods for the direct
detection of bacteria in food samples, but often these cannot
routinely achieve the detection of a single cell in a 25 g sample
of the food. An additional concern is that the cost of the test
should not be prohibitive. Unlike in the �eld of medical
diagnostics, the cost per test must be kept to a level that is
economically sustainable when large numbers of tests need to
be performed on a low-unit-value product. Given these
constraints, bacteriophage seem to be a good candidate to form
a basis of rapid methods for the detection of bacterial patho-
gens in food.

Bacteriophage are viruses that infect bacterial cells. They
were �rst discovered in the early part of the nineteenth century
by Twort and d’Herelle and quickly were applied as antimi-
crobial agents. Their use in the treatment of infections,
however, fell out of favor following the discovery of antibiotics;
however, in the postantibiotic era, interest has revived in the
use of phage as speci�c antimicrobial agents. Like all viruses,
phage will only infect their speci�c host cells, and after infec-
tion, they replicate rapidly inside the bacterial cells. The host
cell speci�city has evolved over millions of years of coexistence
and either can be relatively broad within a group or can be
quite speci�c. This has to be exploited to develop phage-based
tests that either detect all members of a group or subtypes of an
organism. The rapid growth of the virus inside the host cell can
be exploited to replace the slower replication of the host cell,
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so rather than requiring long periods of time for a single cell to
reach detectable levels, growth of the phage can be monitored
(Figure 1).

The bacteriophage-based methods reported to date fall into
two main types: �rst is the use of unmodi�ed phage as speci�c
lysing agents and the detection of bacteria by release of speci�c
cellular components. This may be achieved by using intact
phage or by applying phage-encoded enzymes that induce cell
lysis. The second approach detects only the growth of the
bacteriophage on a speci�c host cell. This can be achieved
either by engineering the phage to express reporter genes to
indicate that a speci�c target cell has been infected or by directly
detecting bacteriophage growth (termed ‘phage ampli�cation’).
Bacteriophage Characteristics

Bacteriophage are viral parasites that infect bacteria. Like all
viruses, when outside the host, they are metabolically inactive
and therefore are described as obligate parasites. The virus
structure consists of the nucleic acid surrounded by a protein
coat (called a capsid), and in some instances, the capsids may
contain lipid layers or even be surrounded by a lipid envelope.
The nucleic acid most commonly consists of double-stranded
DNA, but some phage have single-stranded DNA genomes.
Others have RNA genomes, and phage with both ssRNA and
dsRNA have been identi�ed. Unique among viruses is the
presence on some bacteriophage of a complex tail structure that
is involved in recognition of the host cell surface and delivery of
the nucleic acid into the host cell during the �rst stage of
infection. The length and complexity of the tail structure is
variable, however, and some phage do not possess tail struc-
tures at all. These three characteristics (capsid structure, tail
structure/presence, and nucleic acid type) are used as a basis for
morphological characterization of phage. The majority of
phage described to date and used to develop diagnostic
methods fall into two morphological groups – the Myoviridae
and the Siphoviridae – both of which have ds DNA genomes
packaged into an icosahedral capsid. The Siphoviridae have
simple, long, noncontractile tails, and the Myoviridae possess
rigid, contractile tails and additional tail �bers, and complex
base plate structures are seen (Figure 2).

Bacteriophage particles have evolved to be relatively robust
and are capable of existing for long periods of time between
release from the parent cell and contact with new host cells. In
the presence of an appropriate host cell, the phage becomes
attached to the cellular surface and the viral nucleic acid enters
the cell (Figure 3). When this happens, the phage enters what is
known as the eclipse phase – this is the time during which the
phage DNA is not packaged into a capsid but rather is repli-
cating inside the host cell and new phage particles have not yet
been formed. During this period, the bacteriophage takes over
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00032-X
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Figure 1 Graph showing difference in theoretical rate of change of bacterial cell number per generation or bacteriophage particles produced per round of
replication. Two lines are shown for the bacteriophage, representing phage with different burst sizes: either low (10 phage particles per infection) or
high (100 phage particles per infection). The dashed line represents the limit of detection achieved by many rapid methods (102 cells). For one cell to reach
this threshold, eight generations of growth is required, whereas phage numbers increase far more rapidly. The time taken to complete one round of
infection is similar to the generation time of the bacterium, although it can be longer as normal host cell growth normally is inhibited when a cell is infected
by a bacteriophage.
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Figure 2 Bacteriophage structure.
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the host’s metabolic machinery to replicate the viral genome
and synthesize new capsids and tails. The phage also encod
a number of proteins required for the assembly of these
components into new mature phage particles, which then need
to be released from the infected host cell. This is normally
achieved by phage-induced breakdown of the bacterial pepti
doglycan layer, resulting in the loss of the structural integrity of
the cell wall, causing the cell to rupture and release progen
bacteriophage. This process often is mediated by a two
component system, composed of a peptidoglycan digesting
enzyme (lysin) and a transport protein (holin). This system is
required to allow the lysin protein to cross the inner membrane
of the cell and access the peptidoglycan present in the per
plasm of Gram-negative bacteria or in the outer layer of the cel
wall of Gram-positive bacteria. Not all phages require speci� c
genes to achieve phage lysis, however. Some, such as ØX1
weaken the cell wall and induce lysis by interfering with host
cell wall synthesis pathways. Others, such as the� lamentous
phage M13 or Fd, create a persistent infection and extrud
phage particles from the host cell in an adenosine triphosphate
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(ATP)-dependent manner, and in this case, the host cells do no
lyse. These examples are the exceptions, however, and t
majority of phage encode lytic enzymes that can be exploited a
biocontrol agents or to develop detection methods (see the
Phage-Based Detection Methods section).
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Applications of Bacteriophages for the IdentiÞcation
of Bacterial Pathogens

Phage Typing

One of the most established uses of bacteriophage is for th
differentiation of subtypes of a bacterial species. Robust and
widely adopted phage-typing schemes exist for both Gram
negative bacteria and Gram-positive bacteria, and in this case
bacteriophage are chosen that have a relatively limited hos
range. Thus, the phage chosen for inclusion in phage-typing
sets will not be those that can infect all members of the group,
but rather those that only infect a subset of the species ar
selected. A number of such phage with different host range
are used to form a phage-typing panel, and then a bacteria
isolate is infected separately with each of the phage. The resul
are recorded as either phage sensitivity (lysis of the bacteria
cell) or resistance (no infection occurs) and the pattern of
results is used to determine the phage type. Many host ce
factors affect the ability of a bacteriophage to infect host cells
and the methodology has been developed carefully to create
a simple test that accommodates any biological variation in
results obtained. The typical reaction patterns for a variety o
phage are published and both public health agencies and
commercial companies routinely use these methods for the
subtyping of a range of foodborne pathogens, such asSalmo-
nella enterica, Escherichia coliO157, and Vibrio cholera. Phage
typing is both rapid and low cost, which explains why the
method still is used routinely for subtyping bacterial isolates,
despite the fact that much� ner discrimination between strains
can be achieved using DNA-based subtyping methods.
Phage-Based Detection Methods

When selecting phage for detection tests, phage with the wides
host range are selected, preferably those that can infect a
members of the genus, species, and subspecies to be detect
There are many examples of such broad host range phag
including Salmonella phage Felix O1 that infects more than
95% of Salmonellaisolates, phages A511 and P100 that can
infect a broad range ofListeriaisolates, and phage D29 that can
infect a wide range of species within theMycobacteriumgenus.
All of these have been used to develop rapid phage-base
methods for the identi� cation of bacterial pathogens in food
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samples (see the Phage Lysis-Based Methods section).
addition, broad host range phage such as these have been us
as biocontrol agents to control levels of pathogens in food
products. Using these broad host range phage, many differen
phage-based assay formats have been developed, but genera
they can be divided into phage lysis–based methods and phage
replication–based methods.
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Phage Lysis–Based Methods

Many rapid detection methods rely on detection of cellular
components and a limitation of these methods often is
achieving ef�cient cell lysis. The advantage of using bacterio
phage to lyse cells as part of a detection assay is that they ha
evolved over millions of years to be both host speci� c and
ef� cient at lysing open cells to allow phage release. ATP ha
been adopted widely in the food industry as a molecule that
can be used to indirectly detect the presence of microbes. This
the basis of several commercially produced, rapid, hygiene
tests. As the level of ATP produced by all bacterial cells
approximately the same, measuring ATP provides an indication
of the numbers of bacterial cells present in a sample. Th
reagents used to measure the ATP will not freely permeate ce
membranes. Therefore, to detect the ATP, they must be� rst
lysed open. In general hygiene tests, this is achieved usin
a chemical lysing agent, but this does not speci� cally lyse one
cell type. To add speci�city to these hygiene tests, phages, o
phage components, have been used to allow speci� c cell types
to be detected.

Such pathogen-speci� c ATP assays have been described f
rapid and sensitive detection of bacterial pathogens, such a
Salmonella, E. coli O157, and Listeria in food samples, and
a commercial assay, marketed as FastrAK, was made availab
All of these assays require some time for pre-enrichmen
however, so that cells can reach a detectable level and al
include other rapid method technologies to increase both
speci�city and sensitivity. For instance, the FastrAK assa
included four stages: (1) an 8 h pre-enrichment, (2) immu-
nomagnetic separation and concentration of cells from the pre-
enrichment broth, (3) speci� c phage-mediated lysis, and (4) an
ATP assay to detect the presence of target cells. Using t
combination of methods, the assay was able to detect less tha
10 bacterial cells in under 11 h, even in the presence of a highly
competitive micro� ora. Therefore, this method achieved a leve
of sensitivity as good as conventional culture methods. When
using intact phage to achieve phage lysis, however, time
required to complete the phage replication cycle, including
synthesis and assembly of new phage particles, before the ce
will lyse open. This extends the time required for a detection
assay to be performed.

Hence, puri� ed bacteriophage lysins have been used t
replace phage as lysing agents, as these retain both host spe
� city and can ef�ciently lyse cells rapidly. For instance, puri� ed
phage lysin isolated from listeriaphage A511 was found to be
speci�c for the type of peptidoglycan found in Listeriacell walls
and was incapable of digesting the peptidoglycan from other
bacterial genera (except two strains of its close genetic relativ
see Bacillus: Introduction). Extensive studies of the structure and
function of the phage lysins have revealed that this speci� city
comes from their structure, whereby the module with enzyme
activity is linked to a speci� c substrate-recognition module
(termed ‘CBD’ for carbohydrate-binding domain). Extensive
research has been undertaken to produce recombinant forms o
these enzymes with both enhanced activity and extended
substrate speci�city, although this research has focused mostly
on generating biocontrol agents rather than agents that can b
used to detect bacterial pathogens.

The limitation of phage lysins is that they are most effective
against Gram-positive bacteria since their substrates (cell wa
carbohydrates and peptidoglycan) are exposed on the oute
surface of the cells. In Gram-negative bacteria, the presence
the outer membrane prevents the enzyme reaching its targe
site. Although modi� cations of lysozyme have been used to
improve the activity of a lytic enzyme against Gram-negative
bacteria, this has not been attempted using other phage lysin
and no commercial detection assay have been developed t
date that take advantage of the speci� city of these phage lysins.
Phage Replication–Based Methods

Phage replication–based methods also can be split into two
different types: those that use genetically engineered phage th
carry a reporter gene that is expressed when the host cell
infected and those that simply detect the replication of the
bacteriophage. When using engineered phage– generically
termed ‘reporter phage,’ the assays utilize the fact that bacte
riophage are metabolically inert until they infect their host cell.
Hence, the gene for a protein with a detectable characteristi
(the reporter gene) is not expressed until the phage infect
a suitable host, and therefore induction of measurable protein
production signals the fact that a host cell is present in a sample
(Figure 4). In contrast, assays that monitor phage growth can
take a variety of formats. Traditional culture techniques rely on
the exponential doubling of bacterial cells, whereas replication
of bacteriophage particles results in the release of many phag
particles per cell, and so they can reach detectable levels withi
a much shorter time frame. For example, bacterial growth ove
30 min will result in a doubling of cell numbers (assuming
a doubling time of 30 min), whereas the replication of bacte-
riophages would generate a 20–100-fold increase in phage
particles (seeFigure 1). The liberation of progeny phage can be
detected in a variety of ways, either by plaque formation on
lawns of susceptible bacteria (visualization is possible after 4 h
on lawns of Salmonella) or by lysis of liquid cultures, but one of
the best developed is the phage ampli�cation assay, which has
been produced as a commercial assay (see the Phage Ampli� -
cation section).
Reporter Phage

The key characteristic of a reporter phage is that the bacterio
phage has been engineered to carry a reporter gene th
produces a signal that can be measured. A variety of differen
reporter genes have been used, including both bacterial an
� re� y luciferases (lux and luc, respectively), ice nucleation
(ina), � uorescent proteins, such as green fluorescent protei
(gfp), and more common enzymatic reporter genes, such asb-
galactosidase (lacZ). This list, however, is not exhaustive and
more examples of reporter phage that have been engineered t
carry different reporter genes continually are appearing in the



d
us t

f

Figure 4 (a) Schematic showing general principles of reporter phage technology. (b) Application of theluxreporter phage. The phage is added to
a sample that can contain a mixture of different bacterial cell types (represented by the different gray-shaded shapes). Within this complex mixture,
the reporter phage can infect only the cell type for which it is speci� c, removing the need for selective enrichment or capture before the detection event.
After phage infection, the target cell synthesizes theluxgenes (represented by the green-shaded cell) and the signal is detected without the need for
culture. The accompanying equation shows the bacterial luciferase reaction used in many of the reporter phage developed for food applications. The image
of phage shows light produced from bacterial cells expressing the bacterialluxgenes. Light produced is blue green (peak emission at 490 nm).
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literature. For instance, recently, a reporter phage incorporate
a hyperthermostable glycosidase from Pyrococcus furios
(celB), which can be detected using either chromogenic,� uo-
rescent, or chemiluminescent substrates.
When developing a reporter phage, there are two main
considerations. The� rst is the issue of packaging constrain
(de� ned as the maximum amount of genetic material that can
be packaged into a bacteriophage capsid). All development o
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engineered bacteriophage is limited by the amount of addi-
tional information that can be introduced into the phage
genome before the size of the genome exceeds the packagi
constraint. For this reason, the smaller reporter genes such
gfp (750 bp) and luc (Renilla (Rluc) ¼ 936 bp, Fire� y
(Fluc) ¼ 1650 bp) have been favored over the longer reporte
genes such aslux (two genes – luxA and luxB – are required,
which together are approximately 2 kbp). If a reporter gene
does exceed the packaging constraints of the phage, the
compensatory deletions of nonessential bacteriophage gene
are required. Although this is possible with well-studied
bacteriophage (such as bacteriophage Lambda), it is in practic
dif � cult to achieve for a phage that has not been extensivel
genetically characterized and would make the cost of deve
oping the reagent for a food application prohibitive.

The next factor that must be considered is the promote
chosen to control expression of the reporter gene. To achiev
sensitive detection, high-level expression of the reporter gene
required, preferably during the early stages of phage infection
to reduce the time to detection (if the genes are expressed on
late during the phage infection, a longer incubation time will
be required). Hence, the promoter chosen (1) needs to allow
high-level expression of the gene, (2) is functional during
phage infection (some phage speci� cally repress expression o
host genes during infection), and (3) is ideally expressed early
during phage infection.

One speci� c advantage of using reporter phage that should
be remembered is that the cells detected must be viable fo
a signal to be generated, because the infected cell must st
allow transcription and translation of the reporter gene before
the signal is detected. This is also true for phage replication
based assays, and this is a major difference between the
phage-based methods, and those that either sensitivel
detected DNA sequences (e.g., PCR) or proteins found on cel
(e.g., seeEnzyme Immunoassays: Overview). Most reporte
phage described to date have been developed with a clinica
application in mind – for example, bacteriophage speci� c for
Mycobacteria carrying theFluc gene have been extensivel
evaluated for the rapid diagnosis of human tuberculosis. The
examples described here, however, focus on those develope
speci� cally for food analysis.

Reporter Phage Carrying thelux Genes
TheluxABgenes encode a dimeric enzyme (luciferase), which i
responsible for the bioluminescence produced by a number of
marine bacteria. In the production of light in this reaction,
aldehyde (R.CHO) is converted to carboxylic acid (R.COOH).
The reaction also requires both the reducing agent� avin mono-
nucleotide (FMNH2) and oxygen (Figure 4). The aldehyde
substrate is produced by a complex of three genes encoded b
luxC, luxD, and luxE. Although all � ve genes are found in the
native lux operons found in naturally bioluminescent bacteria,
the size of the complete operon approaches 7 kbp, and henc
to meet the requirements of the packaging constraint, bacte
riophage normally are engineered to contain just theluxAB
genes and light is produced following the addition of exoge-
nous aldehyde substrate to the sample, because many o
these aldehydes will freely permeate bacterial cells. The ligh
produced can be detected by using either sensitive camer
or luminometers, and many such instruments have been
developed for use in routine testing and diagnostics. Modern
light detection equipment is capable of detecting the light
produced from single cells within an hour.

Listerialux Phage
One well-studied example of alux reporter phage is theListeria
A511::luxAB phage. In this case, theluxAB genes from Vibrio
harveyiwere introduced into the A511 genome downstream of
the major capsid protein gene, cps, without exceeding the
packaging constraints for this phage. The promoter of thecps
gene is highly induced during the later stages of the bacterio
phage replicative cycle, such that luciferase expression and lig
production is detected 20 min postinfection. The ability of this
reporter phage to detectL. monocytogenesin food samples was
evaluated, but it was found that the maximum sensitivity
approximately 100 cells ml� 1, which is insuf� cient to allow
direct testing of food samples. The incorporation of standard
broth enrichment procedures before infection with the reporter
phage improved the sensitivity of the test. For example
L. monocytogeneswas detected in food samples seeded a
0.1 cfu g� 1 (cabbage), 1 cfu (milk), and 10 cfu (Camembert
cheese). The variability in the cell detection limits observed in
different foods is thought to a re� ection of the complexity of
the food matrices and the level of competitive micro� ora found
within the food. Applying these reporter phage after enrich-
ment stages allows the presence ofListeriato be con� rmed after
just 24 h in contrast to conventional culture-based techniques,
which take up to 4 days for presumptive detection ofListeria.

Other Reporter Phage for Detection of Foodborne Bacteri
In addition to the two examples described previously, reporter
phage have been developed for the identi� cation of the whole
E. coli species (bacteriophage Lambda),Salmonellaspecies
(bacteriophage Felix-01), and speci� c serovars ofS. enterica
(Typhimurium and Enteritidis). In most cases, these have used
lux genes as the reporter because the background levels
natural bioluminescent produced by food substances is very
low. Unfortunately, many foods – especially those that contain
either large amounts of plant material or are vitamin rich– do
contain components that are naturally � uorescent, and this
limits the sensitivity with which a � uorescent signal can be
detected. Recently, aListeriareporter phage containing thecelB
reporter gene (A511::celB) was described, which was able to
detect low numbers of Listeria(10 cfu g� 1 or fewer) in spiked
samples of chocolate milk and salmon within 6 h. In this case,
the heat-resistant properties of the enzyme are used to reduc
levels of background noise in the sample and increase th
sensitivity of the test. Similar modi� cations of protocol, or
combinations with immunomagnetic capture, have been
described to produce reporter phage that are sensitive enoug
to be of value to the food industry, but despite this large body
of work, no commercial application of the reporter phage for
food applications has yet been developed.
Phage Ampli�cation

The phage ampli� cation technique for detecting bacteria relies
on two key characteristics: the speci� city of bacteriophages
to target cells and the ability of a potent virucidal agent to
rapidly inactivate free (extracellular) phage, while remaining
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nondestructive to bacterial cells. These attributes permit the
detection of speci� c groups of bacteria on the basis of their
ability to protect the phage from the destruction by the virucide
once they have infected a host cell and then allow for the
production of new (progeny) phage particles. A variety of
compounds can be used as the virucide, including chemicals
such as ferrous ammonium sulfate, and plant extracts, such a
tea and pomegranate rind.

In the phage ampli� cation assay, a positive indication of
the presence of bacteria is the formation of plaques at the end
of the assay (Figure 5). The sample containing the target cell is
� rst infected with the bacteriophage. An incubation period then
follows to allow time for cell infection and for the phage to
enter the eclipse phase. At this point, any exogenous phage a
destroyed by the addition of a virucide, which does not affect
the viability of the host strain but that will inactivate any phage
that have not infected a target bacterium. Hence the assay is i
essence a phage-protection assay; only those that have infect
an appropriate host cell will avoid inactivation and can repli-
cate inside the host cell. To detect the phage released fro
this primary infection, a phage-susceptible, nonpathogenic
Figure 5 Diagram of phage ampli� cation assay. Phage are added to sam
remaining intact phage are destroyed using a virucide. This is neutrali
plating the sample in a lawn of phage-sensitive‘sensor’ cells. To increase sp�
signature sequences from the target cell.
variant is used as a host strain (termed‘sensor strain’);
a nonpathogenic variant is used to increase the safety of thos
working in the laboratory performing the assays. The senso
strain is added to the sample after the virucide treatment, and
the whole sample is mixed with soft agar and poured into Petri
dish. The sensor cells will grow on the agar and form a lawn of
phage-sensitive cells that will support phage replication. So, i
any target cells are present in the original sample, these will lys
at the end of the lytic cycle, new phage will be released, and
these then will infect the surrounding cells. This will result in
the formation of plaques (areas of cell lysis) in the bacterial
lawn.

The phage ampli� cation assay can be tailored to the detec
tion of speci� c bacterial genera by the choice of bacteriophag
used in the assay. Visualization of plaques in lawns ofSalmonella
and Pseudomonasis possible within 4 h, permitting detection
of these pathogens within a working day. Phage ampli� cation
has been applied successfully to the speci� c detection of
Campylobacter, Listeria, Pseudomonas, Salmonella, Staphylococcu,
and Mycobacteriumcells, the latter has been developed as
commercial diagnostic test for human tuberculosis.
ple and infects any target cells present in the sample. After time for infection, any
zed by dilution and then new phage produced from the infected cell are detected by
ecicity, DNA can be extracted from plaques for PCR ampli� cation of genomic



t

c
s

of

is

e

d.

s
n

s a

.

h-

se

e

,

,

Bacteriophage-Based Techniques for Detection of Foodborne Pathogens201
Detection of Mycobacteria by Phage AmpliÞcation
FASTplaqueTB� (FPTB) is a commercially available tes
produced for the detection of Mycobacterium tuberculosisin
human sputum samples. The commercial test uses the lyti
mycobacteriophage D29 to infect the target mycobacteria cell
in human sputum samples. It also has been shown that the
components of the FPTB assay can be used for the detection
Mycobacterium aviumsubspeciesparatuberculosis(MAP) in raw
milk and cheese samples. Unlike human sputum, raw milk is
a sample that is more likely to contain other environmental
mycobacteria in addition to the pathogens that are being tar-
geted. Hence, infection by a broad host range phage alone
not suf� ciently discriminating to allow for identi � cation of the
bacterium detected. This has led to the development of a PCR
identi � cation test that is used following the phage assay. Th
PCR assay can be species speci� c, or it can have a multiplex PCR
format for the simultaneous identi � cation of different species.
The combination of phage ampli� cation with PCR has been
shown to deliver a high speci� city and is very sensitive, with
less than 10 cells per sample being detected routinely detecte

Detection ofMycobacterium aviumsubspecies
paratuberculosisin milk
MAP is the infective agent responsible for paratuberculosi
(Johne’s disease), a chronic enteritis that can cause productio
losses and mortal diarrhea in cattle and other ruminants.
Detection of MAP in milk has become a food microbiological
issue because of the fact that MAP has long being suspected a
contributing agent to the development of Crohn’s disease, and
its presence in milk is a potential source of human exposure
Detection of MAP in milk currently relies on culture, immu-
noassays, and molecular techniques. The culture-based tec
niques require a long incubation period of about 3 months and
Figure 6 Reproducibility of phage assay results. Comparison of plaqu
that were tested independently using the phage ampli� cation assay. Values
Botsaris, G., Liapi, M., Kakogiannis, C., et al., 2013. Detection of Myco
assay: Evidence that plaque number is a good predictor of MAP. Inte
therefore immunoassays also have been developed. The
have a low sensitivity in milk, however, and no other reliable
molecular-based detection method exists that can detect viabl
cells without requiring extensive culture.

With the application of a combined phage-PCR assay
detection of viable MAP cells is possible after only 18 h, with a
higher sensitivity compared with the conventional culture
method. The test only identi� es viable organisms, and therefore
it is of use if trying to con� rm the inactivation of the organism
by pasteurization, which cannot be determined by enzyme-
linked immunosorbent assay (ELISA), and only by the use of
qPCR methods. An important feature of this assay is that despite
the fact that the method requires several sample preparation
steps, it still retains good reproducibility (Figure 6). An assay
has also been described for the detection of MAP in milk that
uses a lateral� ow device to detect the growth of the bacterio-
phage. This is similar to the Microphage commercial technology
(see section Conclusion), although the cost of a lateral� ow
device may be more acceptable within a clinical environment.

An advantage of phage ampli� cation technology is its
adaptability. It can be adapted for use in detection of many
bacteria, taking advantage of the speci� city of the bacterio-
phage that will be applied. Very important is the selection of
the propagating strain (sensor cells), which is better to be from
a fast-growing nonpathogenic organism within the infection
spectrum of the phage. Of critical importance is the cost, which
is low compared with other rapid phage–based methods used.
Conclusion

Currently, no commercial tests for food applications are avail-
able; although some commercial tests have been launched
e results (pfu per 50 ml sample) for the 44 duplicate bulk tank milk (BTM) samples
were arbitrarily assigned to either group A or B (r2 ¼ 0.897). Taken from

bacterium avium subsp. paratuberculosis in bulk tank milk by combined phage-PCR
rnational Journal of Food Microbiology 164, 76–80.
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202 Bacteriophage-Based Techniques for Detection of Foodborne Pathogens
they have not proved to be long-term commercial successes,
often failing due to issues surrounding either cost or sensitivity
(e.g., Alaska Foods Diagnostics’ fastrAK� system). Recently,
however, a commercial bacteriophage-based test for the detec-
tion of Staphylococcus aureus in clinical samples has been
developed successfully by the US company Microphage (Key-
Path� Pathogen Tests). These tests combine a bacteriophage
ampli�cation assay with a lateral �ow detection device and
were approved by the US Food and Drug Administration in
2011 for the rapid detection and discrimination between
Methicillin-resistant or -sensitive Staphylococcus aureus in clinical
settings. Microphage also reports evaluating the same tech-
nology for food applications, and developments in biosensor
technology mean that it is likely that bacteriophage-based tests
will become more practical and cost effective.

See also:Hazard Analysis and Critical Control Point (HACC
Critical Control Points; Potential Use of Phages and Lysins;
National Legislation, Guidelines, and Standards Governin
Microbiology:European Union; Genetic Engineering; Bacteria:
The Bacterial Cell; Virology:Introduction; Escherichia coli
O157:E. coliO157:H7; Identi�cation Methods:Introduction;
Vibrio:Vibrio cholerae; Salmonella:Introduction; Listeria
monocytogenes; Mycobacterium; Application in Meat Industry;
Natural Antimicrobial Systems:Lysozyme and Other Proteins
in Eggs; Adenylate Kinase; Bacillus:Introduction; PCR
Applications in Food Microbiology; Enzyme Immunoassays:
Overview; Immunomagnetic Particle-Based Techniques:
Overview; Pseudomonas:Introduction; Staphylococcus:
Introduction; Campylobacter; Milk and Milk Products:
Microbiology of Liquid Milk; National Legislation, Guidelines
and Standards Governing Microbiology:US.
):
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Table 1 Some major cultured species of Bacteroidetes reported from
human feces

Bacteroides vulgatus Parabacteroides distasonis
B. dorei P. merdae
B. uniformis
B. eggerthii
B. stercoris Barnsiella intestinihominis
B. fragilis Prevotella copri
B. caccae
B. intestinalis Alistipes shahii
B. ovatus A. finegoldii
B. xylanisolvens A. massiliensis
B. splanchnicus A. onkerdonkii
Classification, Cultivation, and Genomics

Bacterial species belonging to the Bacteroidetes phylum
(formerly referred to as the CFB, Cytophaga-Flavobacterium-
Bacteroides, phylum) are dominant members of gut microbial
communities. Host-associated habitats include the oral cavity,
gastrointestinal tract, and urogenital tract of humans, farm
animals, rodents, and insects. Although most species are
regarded as harmless commensals, representatives have also
been isolated from soft tissue infections and some are patho-
gens. The human large intestine harbors around 1011 bacterial
cells per milliliter of contents and between 5 and 50% of these
are found to be Bacteroidetes in fecal samples from healthy
human adults. The genus Bacteroides underwent a major revi-
sion in 1989 and is now restricted to species closely related to
Bacteroides fragilis. A number of species have been reclassi�ed to
the genera Prevotella, Porphyromonas, Parabacteroides, and Alis-
tipes, and some newly described species (e.g., B. dorei, B. cellu-
losilyticus) have also been added to the Bacteroides genus.

Bacteroides and Prevotella species are Gram-negative, non-
sporing bacteria that show pleomorphic cell morphology
ranging from short, cocco-rods to long, irregular rod-shaped
cells. Vacuoles or swellings are commonly observed in many
strains of Bacteroides. Most cultured species metabolize
carbohydrates and peptides. Saccharolytic species form
formate, acetate, lactate, propionate, and succinate as major
fermentation products. Bacteroidetes are likely to be the main
contributors to propionate formation in the colon along
with less abundant organisms, such as the Veillonellaceae, that
can convert succinate to propionate. Their membrane
structures possess sphingolipids and a mixture of long-chain
fatty acids with predominantly straight-chain saturated,
ante-isomethyl branched and isomethyl-branched acids.
Diaminopimelic acid is present in the peptidoglycan layer,
and menaquinones (mainly MK10 and MK11) are present
within the cell. The composition of the lipopolysaccharide
(LPS) differs from that of other Gram-negative bacteria,
including Escherichia coli.

Many human colonic Bacteroides species can survive for
several hours in the presence of oxygen (discussed further
below) but require anaerobic conditions to grow. This makes it
feasible in some cases to perform plating work on the bench,
followed by growth in anaerobic jars. Most Prevotella species
from the rumen, however, are strict anaerobes that show
limited survival in the presence of oxygen, necessitating
rigorous anaerobic methods (e.g., Hungate technique, anaer-
obic glove boxes). Isolation of Bacteroides species usually
requires using a complex medium that contains peptone, yeast
extract, vitamin K, and hemin. Some species require the addi-
tion of volatile fatty acids to the growth medium. Bacteroides
species may be partially selected for using Bacteroides bile
esculin agar, that contains 20 g l�1 oxgal, with esculin added as
the carbon source and 100 mg ml�1 gentamicin. Most grow well
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
under 100% carbon dioxide (CO2), at 37 �C at pH values close
to neutrality (6.5–7.0).

Large genome programs, including the National Institutes
of Health (NIH)-funded Human Microbiome Project (http://
nihroadmap.nih.gov/hmp/) and the European Union funded
MetaHIT project (http://www.metahit.eu) have sequenced
more than 50 Bacteroides and Prevotella isolates of human
origin. Draft genomes are publicly available from Genbank and
reveal that these species possess a wide array of glycosidases
with predicted activities against plant- and host-derived poly-
saccharides as well as many pathways for vitamin and cofactor
synthesis. The genome size among the Bacteroidetes is
comparatively large, for example, 6.26 Mb for B. thetaiotaomi-
cron. The highest copy number of the 16S rRNA gene found so
far in the Bacteroides genus is seven (in B. vulgatus). At the whole
genome level, Bacteroides spp. share a core of over 1000 protein
families with Parabacteroides, but they share a smaller number
of core family protein families with Porphyromonas and
Prevotella.
Dominant Bacteroidetes Found in the Human
Large Intestine

Members of the Bacteroidetes are normally the most abundant
Gram-negative bacteria which are present in the human large
intestine, with the other main Gram-negative phylum in the
colon being the Proteobacteria. The species of Bacteroidetes most
commonly reported from human feces by molecular surveys
based on 16S rRNA sequencing are listed in Table 1. These
include many representatives of newly de�ned species and
genera, but the most commonly reported species, as in earlier
cultural surveys, remains Bacteroides vulgatus. However, it is
estimated that perhaps only 50% of the diversity in this
phylum within the human colon is currently represented by
cultured strains. In particular, the abundance of apparently
uncultured Prevotella species in human feces has been
emphasied by molecular surveys. A recent report indicated
-384730-0.00031-8 203
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that Prevotellaspp. were more abundant in a group of African
children compared with a group of European children,
whereas Bacteroideswere more abundant in the European
children. This difference was ascribed to differences in dietar
intake.

Some studies have indicated thatBacteroidetesmay be more
abundant in samples of gut wall (biopsies) than in fecal
samples. In fecal material, however, evidence shows tha
Bacteroidetesare associated more with the liquid phase than
with � ber, accounting for 29 and 19% of 16S rRNA sequence
in liquid and washed � ber fractions, respectively, in a recen
investigation.
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Figure 1 Glucose fermentation pathway ofB. thetaiotaomicron. Enzymes
involved: (1) PEP carboxykinase; (2) malate dehydrogenase; (3) fuma-
rase; (4) fumarase reductase; (5) NADH dehydrogenase; (6) lactate
dehydrogenase; (7) pyruvate:ferredoxin oxidoreductase; (8) hydrogenase;
(9) phosphotransacetylase and acetate kinase; (10) pyruvate carboxylase.
Major excreted products are in boxes and minor products are in
parentheses. Based on scheme from Pan, N., Imlay, J.A., 2001. How does
oxygen inhibit central metabolism in the obligate anaerobeBacteroides
thetaiotaomicron? Mol. Microbiol. 39, 1562–1571.
Changes inBacteroidetesPopulations in Humans
with Diet, Obesity, and Life Stage

Before birth, the gastrointestinal tract of babies is considered to
be sterile. Bacteroidesspecies are likely to be passed from
mother to child during birth and are usually detectable in baby
stool samples one to two weeks after birth. Breastfed infants, in
which Bi� dobacteriumspecies generally predominate, do not
tend to show appreciable numbers ofBacteroidesspp. in their
stool until after weaning. In early life stages,Bacteroidesspecies
may persist in the gut largely through their ability to utilize
host-derived growth substrates. Transcriptomic analysis o
B. thetaiotaomicronrecovered from the ceca of suckling mice
showed increased expression of enzymes that can utilize hos
derived polysaccharides, such as those present in mucus as w
as those that can hydrolyze oligosaccharides present i
mothers’ milk. After weaning, the array of glycosyl-hydrolase
enzymes is increased, re� ecting the utilization of plant-derived
polysaccharides from the diet.

As noted, the percentage ofBacteroidetesdetected in adult
human fecal samples has been reported to vary widely betwee
individuals. The reasons for this variation, however, remain
unresolved. Despite initial reports suggesting a reduce
percentage ofBacteroidetesin obese individuals, other studies
have found either no relationship with body mass index or
a slight increase in the ratio ofBacteroidetesto Firmicutesin the
obese state. The few studies that have followed the population
of this group within individuals in carefully controlled dietary
trials have not revealed a signi� cant change in the percentage o
Bacteroidetesin obese human subjects as a consequence of low
carbohydrate diets or diets enriched in resistant starch or whea
bran. One study reported a long-term increase in the percentag
of Bacteroidetes(over 12 months) in obese individuals
achieving weight loss through dietary intervention. An increase
in the percentage of Bacteroidetes, correlating with plasma
glucose concentrations, has been reported in humans sufferin
from type 2 diabetes.
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Fermentative Metabolism

Most of the pioneering work on the biochemistry of Bacteroide
metabolism was conducted onB. fragilis.Early studies showed
that when grown on glucose in a minimal medium under
a 100% CO2 atmosphere, the growth rate and yield of cells was
low and the major fermentation products formed under these
conditions were fumarate and lactate with approximately
1 mol of fumarate formed per mol of glucose fermented. When
hemin was included in the medium, however, growth was
faster and the major fermentation products became propio-
nate, succinate, and acetate. Studies using14C-labeled glucose
revealed that B. fragilis ferments glucose via the Embden-
Meyerhof pathway and that there was a randomization of
carbons 1, 2, and 6 of glucose during conversion to propionate,
which is in accordance with propionate formation via fumarate
and succinate (Figure 1). Model colonic fermenter experiments
run under CO2 to maintain anaerobiosis revealed that CO2

may be a factor in promoting Bacteroidesgrowth, asBacteroides
species utilize CO2 and phosphoenolpyruvate for the synthesis
of oxaloacetate, which can then be converted to pyruvate o
succinate.
Factors Likely to Inßuence Survival ofBacteroides
and Prevotellain the Gut

Oxygen

Anaerobic environments arise in the gut when facultative
anaerobes reduce the partial pressure of oxygen. Similar t
facultative anaerobes, mostBacteroidesspecies can bene� t from,
yet do not require, oxygen for growth.B. fragiliscan colonize
the colon in the absence of facultative anaerobes and migh
even play a role in driving anaerobiosis in these ecosystems
Conversely, these bacteria have been described as‘nanaerobes’
because they are incapable of growth in the presence o
>5 � 10� 3 atm oxygen. B. fragilis encodes a cytochromebd
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oxidase that is essential for oxygen consumption and enable
growth in the presence of nanomolar concentrations of oxygen
Production of superoxide during exposure to oxygen cause
inhibition in particular of iron-sulfur cluster containing
enzymes, including fumarate reductase, the terminal compo
nent of an anaerobic respiratory chain that couples the oxida-
tion of nicotinamide adenine dinucleotide (NADH) to the
generation of adenosine triphosphate (ATP). These iron-sulfu
enzymes can be maintained in a stable, inactive form for long
periods in aerobic cells and can rapidly regain activity once cell
are maintained under anaerobic conditions. Several othe
Bacteroidesspecies, includingB. thetaiotaomicronand B. vulgatus,
also show some capacity for growth in the presence of low
concentrations of oxygen. The ability to grow in the presence o
nanomolar concentrations of oxygen may allow bacteria, such
as B. fragilis, to grow close to the mucosal surface where the
partial pressure is higher than in the intestinal lumen as a resul
of the constant in� ux of small amounts of oxygen from the
surrounding environment.
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pH Tolerance

Anaerobic growth of B. thetaiotaomicronis severely curtailed at
pH values below 6.0, particularly in the presence of short-chain
fatty acids (typically 50–100 mM total concentration in the
colon). Such sensitivity to acidic pH has been well documented
in another Gram-negative gut bacterium,E. coli. Although it is
not known whether all members of Bacteroidetesfound in the
intestine behave in this way, similar responses were reporte
recently for eight dominant human intestinal Bacteroide
species tested, whereas many Gram-positiveFirmicutesappear
to be more tolerant of acidic pH. This relative sensitivity to
mildly acidic pH is likely to have important consequences for
competition within the microbial community of the large
intestine, because the pH of the proximal colon is estimated to
drop regularly to between 5 and 6 under conditions of active
substrate fermentation. In vitro studies with continuous-� ow
fermentor systems have shown thatBacteroidesþ Prevotella
species could outcompete other members of the human
intestinal microbiota at pH values close to neutrality when
soluble complex carbohydrates (mainly starch) were supplied
as the main energy source. The high abundance ofBacteroidete
in these fermenters (up to 80% of the total bacteria) also
resulted in a high percentage of propionate among the short-
chain fatty acid products. Decreasing the pH from 6.5 to 5.5,
however, led to a relative decrease in the percentage
Bacteroidesand an increase in butyrate-producingFirmicutes,
with a corresponding adjustment in the proportions of short-
chain fatty acid products.
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Metabolism of Food Components
and Host-Derived Products

Polysaccharide Utilization

Many dietary carbohydrates remain undigested in the smal
intestine and constitute components of dietary � ber that are
resistant to attack by host digestive enzymes. In addition to
plant structural polysaccharides and some oligosaccharide
these include some forms of dietary starch (resistant starch
Polysaccharides metabolized byBacteroidesspecies include
amylose, amylopectin, xylan, pectin, guar gum, and arabino-
galactan. Most of these are fermented by strains ofB. ovatus,
B. thetaiotaomicron, and B. fragilis, although only B. ovatus
strains ferment xylan. Interestingly, a new species possessi
some cellulolytic activity (B. cellulosilyticus) has also been
reported recently. Many Bacteroidesspp. are also capable of
fermenting host-derived polysaccharides, including hyaluro-
nate, heparin, and chondroitin sulfate. The genome of
B. thetaiotaomicronhas been estimated to include more than
230 glycoside hydrolase, 15 polysaccharide lyase, and 2
carbohydrate esterase genes, thus allowing this organism t
metabolize a wide variety of carbohydrates. In fact,B. thetaio-
taomicroncontains as many glycosyl hydrolase genes as an
prokaryote that has been sequenced. These glycosyl hydrolas
include glucosidases, glucuronidases, fructofuranosidase
mannosidases, amylases, and xylanases, with more than 60%
of these predicted to be either in the periplasm or outer
membrane. TheB. thetaiotaomicrongenome also encodes a large
collection of hybrid two-component systems and alternative
sigma factors involved in regulating the expression of poly-
saccharide utilization loci in response to environmental
signals.

The starch utilization system (Sus) ofB. thetaiotaomicron
provides a valuable model for the utilization of soluble carbo-
hydrates in this group of bacteria. Eight genes have been iden
ti � ed as having key roles in starch utilization; these are the
regulatory gene (susR) whose product responds to maltose and
malto-oligosaccharides, and seven structural genes,susAto susG.
The encoded enzymes are largely cell associated and constitu
a sequestration-type system in which starch binds to the ce
surface in the� rst step, followed by periplasmic breakdown and
internalization of the breakdown products. The SusC and SusD
proteins form part of an outer-membrane complex that has
a crucial role in initial starch binding. External hydrolysis of
bound starch by the susGgene product degrades the polymer
into fragments small enough to pass through outer-membrane
porins without losing the products of digestion to nearby
competitors (sequestration). SusA is located in the periplasmic
space and is a neopullulanase that can digest pullulan, amylose
and amylopectin, whereas the cytoplasmic SusB enzyme brea
down oligosaccharides released by SusA and SusG into gluco
residues. Targeted gene knockouts have established that most
the genes in thesusgene cluster play crucial roles in starch
utilization, even though the B. thetaiotaomicrongenome encodes
7 putative amylases and 14 glucosidases.

The genome ofB. thetaiotaomicronencodes 106 paralogues
of SusC and 57 paralogues of SusD, and many of these a
linked to genes involved in the utilization of polysaccharides or
oligosaccharides. Thus, the sequestration model employed fo
starch utilization also may apply to the utilization of other
polymeric carbohydrates. Evidence suggests that simila
mechanisms may also apply to the utilization of xylans in
rumen Prevotellaspp. For example,P. bryantiican use water-
soluble, but not water-insoluble, xylans for growth. Hydrolytic
activity is largely cell associated, and its expression is regulate
by a hybrid two-component regulator that responds to xylo-
oligosaccharides.

Comparisons between B. thetaiotaomicronand amyloytic
Gram-positive bacteria, includingRoseburiaspp., Ruminococcu
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bromii, and Bi� dobacterium adolescentis, have revealed that
B. thetaiotaomicrongrew poorly in comparison with some of the
Gram-positive representatives on certain particulate resistan
starches. Furthermore, it was shown recently tha
the populations of two groups of Gram-positive Firmicutes,
but not the Bacteroidetes, are stimulated in human fecal
samples from individuals consuming diets enriched in a type 3
resistant starch. This suggests that amylolytic members of th
Bacteroidetesso far studied may be best equipped to compete
for soluble starches, rather than particulate resistant starch.
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Protein Metabolism

Bacteroidesspecies are among the most numerous proteolytic
bacteria in the human colon and therefore are likely to
contribute signi� cantly toward protein turnover in the
colon. There is no shortage of organic nitrogen-containing
compounds available for fermentation by bacteria along the
length of the gastrointestinal tract with undigested dietary
material and endogenous secretions entering the colon each da
from the small intestine. Proteolytic activity detected in gut
contents is apparently maximal at pH values close to neutrality.
B. fragilisstrains are able to utilize ammonia and peptides as
nitrogen sources, but they do not grow well on mixtures of
individual amino acids. B. fragilisproteases are largely cell bound
and are likely to damage mucosal membranes in the gut. This
species forms at least three proteases constitutively that are� rmly
cell bound during exponential growth, but are released into the
culture medium as cells enter stationary phase. These proteas
are serine enzymes which have elastase-like activities. The ma
products of protein breakdown and amino acid fermentation in
the large intestine are short-chain fatty acids. SomePrevotella
species prefer peptides to amino acids and yield succinate an
acetate, whereas deamination will yield ammonia.B. fragiliswill
form amines from amino acid metabolism, but this activity is
limited in the presence of carbohydrates. The aromatic amino
acids, tyrosine, phenylalanine, and tryptophan are metabolized
by some Bacteroidesspecies to form phenylacetic acid, phenyl-
propionic acid, and indole derivatives.

Products of peptide and amino acid fermentation by
colonic bacteria may have wide-ranging effects on host health
Accumulation of ammonia can be cytopathic for epithelial
cells, although ammonia is the preferred nitrogen source for
other bacterial groups in the colon. Amines, such as putrescine
in� uence colonic cell growth and differentiation.
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Metabolism of Xenobiotics and Carcinogens

Azo-compounds are added to foods as colorants;Bacteroide
species can cleave these compounds releasing aromatic amin
Because of concerns that these products may be carcinogen
the numbers of products permitted for use in foods have been
restricted. In contrast, for certain anticolitic drugs, such as
salazopyrin, it is the azoreductase activity that results in the
release of the anti-in� ammatory aminosalicylic acid in the
colon. The nitroreductases ofBacteroidesspecies and other gut
bacteria act on a wide range of substituted nitrophenols.

Enterohepatic circulation is an important route for the
excretion of glutathione conjugates of xenobiotics. The enzyme
C-S lyase produced byBacteroidesand other species converts
cysteine conjugates into a thiol metabolite, pyruvic acid, and
ammonia. Certain Bacteroidesspecies also possessb-glucuron-
idases that can liberate toxins and mutagens that have bee
glucuronidated in the liver and excreted into the gut with bile.
This can lead to high local concentrations of carcinogenic
compounds within the gastrointestinal tract, potentially
resulting in the risk of carcinogenesis. It has been proposed tha
Bacteroidesspp. may be involved in the formation of mutagenic
faecapentaenes.
Bile Salt Metabolism

Bacteroidesare likely to play an important role in bile salt
metabolism in the gut. The physiological concentration of bile
in the human large intestine can range from 0.1 to 1.3% and
bile can exist as conjugated or free bile salts. Conjugated bil
salts containing a linked amino acid are synthesized from
cholesterol in the liver. From there, they enter the duodenum
via the bile duct. Bile salts can permeabilize bacteria
membranes and can eventually lead to membrane collapse and
cell damage. Most colonic Bacteroidesstrains produce chol-
ylglycine hydrolase, the enzyme responsible for the� rst step in
bile salt metabolism and resulting in the release of free cholic
acid and glycine. In addition, they can produce hydroxysteroid
dehydrogenases. Deoxycholate stimulates the growth ofBac-
teroidesstrains, which is likely to be a selective advantage fo
Bacteroides in vivo, because this product suppresses growth o
other bacterial species. Studies inB. fragilis revealed that
exposure to 0.15% bile resulted in the overproduction of
� mbria-like appendages and outer membrane vesicles. More
over, there was increased expression of genes encoding ef� ux
mechanisms for antimicrobial agents and outer membrane
proteins. In essence, this organism is well equipped to tolerate
bile in gut ecosystems.
Bacteriocins, Phages, and Gene Transfer

Bacteriocin production by Bacteroidesspecies was� rst reported
in the mid-1950s in France and occurs in around one-quarter of
fecal strains of bacteroides tested. For example,B. fragilisforms
a bacteriocin, namely fragilicin. Bacteriophages have bee
reported that infect human colonic Bacteroidesand rumen
Prevotellaspp. Although many strains harbor plasmids, hori-
zontal transfer of genes conferring resistance to antibiotics
(especially erythromycin, clindamycin, and tetracycline) is
commonly mediated by large chromosomal conjugative
transposons. Systems for the genetic manipulation of some
human colonic Bacteroidesstrains have been based mainly on
the conjugal transfer of plasmids and have been exploited
successfully to achieve targeted gene knockouts as well as t
expression of heterologous proteins.
BacteroidesInteractions with Host Cells

Bacteroides fragilishas developed methods to evade the hos
immune system that include production of a large number of
capsular polysaccharides, thereby creating variable surfa
antigenicities. The expression of the phenotypically distinct
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polysaccharides, each of which undergoes variable expressio
is known as phase variation. This phase variation is controlled
by DNA inversions of the promoter regions upstream of their
biosynthesis loci, placing them in the correct or incorrect
orientation for transcription of the downstream polysaccharide
biosynthesis genes. InB. fragilis, the inversions of all invertible
polysaccharide promoters are mediated by a single serine sit
speci�c recombinase. This global DNA inversion activity results
in rapid changes in surface architecture, conferring a selectiv
advantage to this bacterium and allowing the cells to evade
host recognition.

Evidence also suggests a complex interplay betwee
Bacteroidesspp. and host cells.B. thetaiotaomicroncan appar-
ently modify intestinal fucosylation. This involves a molecular
sensor ofL-fucose availability that coordinates expression of the
bacterial operon, encoding L-fucose utilization with an
expression of another locus that regulates production o
fucosylated glycans in intestinal cells. Other evidence sugges
interactions with in � ammatory pathways. IntestinalBacteroide
species may play a role in the development of the host immune
system. Polysaccharide A of theB. fragilis capsular poly-
saccharide has been shown to increase the anti-in� ammatory
interleukin-10. Moreover, in animal models, B. thetaiotaomicro
stimulated a Paneth cell protein with antimicrobial properties
that killed certain pathogens.
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Bacteroidetesin Health and Disease

Anaerobic infections are often polymicrobial, and B. fragilisis
detected in many cases; intra-abdominal infection is the most
common type caused byBacteroidesspecies. In early stages o
infection, E. coli tends to predominate; however, once oxygen
has been removed to allow anaerobicBacteroidesspecies to grow,
then these predominate in the chronic phase of infection. At sites
of infection, B. fragilismay utilize host-cell surface glycoproteins
and glycolipids as nutrient sources. Some reports indicate a
increase inBacteroidespopulations associated with the colonic
mucosa in in� ammatory bowel disease (IBD), but the gut
microbial community changes associated with IBD are complex
and require clari� cation. B. fragilispossesses potent virulence
factors and this organism by itself can induce abscess formation
Proteases ofB. fragilishave been implicated in destroying brush
borders. This species also possesses hemolysins and neuram
idase activity. TheB. fragilisenterotoxin can destroy tight junc-
tional proteins, resulting in barrier leaks and diarrhea. The
enterotoxin pathogenicity island is contained within a con-
jugative transposon. The LPS ofB. fragilisis unusual and likely to
be at least 100–1000 times less toxic than that ofE. coli. There is
considerable interest in the role of bacterial LPS signaling via
toll-like receptor 4 and invoking a low-grade in� ammatory
response which in turn may affect metabolic health.

Members of the Bacteroidetesare found within the human
oral cavity and are among the most important pathogens
contributing to periodontitis, other diseases, and systemic
diseases. Porphyromonas gingivalisand Tanarella forsythens
colonize subgingival plaques of mammals. Chronic perio-
dontitis results from the presence of complex microbial
communities in the subgingival sulcus, and smoking signi� -
cantly increases disease severity. Comparing the 16S rRN
pro� les of subgingival plaque from smokers and nonsmokers
revealed that smokers had a higher abundance ofBacteroide
species compared with nonsmokers.
Importance in Agriculture

Prevotellaspecies, related to colonicBacteroides, are the largest
single bacterial group reported in the rumen of cattle and sheep
under most dietary regimes. One dominant rumen species
P. ruminicola, has been reclassi� ed into four new species,
P. ruminicola, P. bryantii, P. brevis, and P. albensis, based on
cultured isolates. Molecular analyses, however, demonstrat
considerably wider diversity within this phylum, that is only
partially covered by cultured strains. Most cultured isolates use
starch, xylan, and pectins along with other products that are
released from plant cell wall breakdown in the rumen. Cellu-
lolytic strains have seldom been reported, whereas cellulolytic
strains are commonly found among the unrelated Gram-
negativeFibrobacterspp. and Gram-positive ruminococci. The
rumen Bacteroidetesalso play a role in the metabolism of
proteins, peptides, and amino acids, as most strains ar
proteolytic and possess dipeptidyl peptidase activity that is
readily detectable in rumen contents. Although the host animal
bene� ts from postruminal utilization of microbial cell protein,
breakdown of dietary protein by ruminal bacteria can cause
serious loss of amino acid nitrogen as ammonia.Prevotellaand
Bacteroidesspecies are also signi�cant members of the hindgut
of the microbiota of pigs and chickens.
Conclusion

Bacteroidetesare highly successful competitors in gut ecosystem
exhibiting considerable nutritional � exibility and an ability to
respond to stresses imposed by the host and the gut environ
ment. It is dif � cult to decide on balance whether intestinal
Bacteroideteshave negative or positive consequences for the hos
As members of polysaccharide-degrading consortia, the
contribute to the release of energy from dietary� ber and starch,
and they are likely to be a major source of propionate; however,
they are also involved in the release of toxic products from
protein breakdown. Members of this group have some activities
that may help to suppress in� ammation, but they also have the
potential to promote in � ammation and some are known to be
opportunistic pathogens. Our understanding of the role ofBac-
teroidetesin health and disease should increase signi� cantly with
the bene� t of newly available genome sequence information.
See also:Bacteriocins:Potential in Food Preservation;
Microbiota of the Intestine:The Natural Micro� ora of Humans
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Introduction

Beer brewing is one of mankind’s most ancient pursuits; it is
steeped in tradition and has accompanied human progress
since the dawn of farming and sedentism. During the Neolithic
Revolution, approximately 11 000 years ago, brewing was
commonly practiced in the Near East. Beer brewing is
a biotechnological process, during which enzymes in malted
grain degrade the contents of the kernels to the point at which
they can be dissolved in water. The resulting aqueous extract
(wort) is transformed through fermentation by the enzyme
complex of the yeast to alcohol and carbon dioxide. Modern
beer production within the realm of the Bavarian purity law (or
Reinheitsgebot) sanctions the use of only four ingredients: malt,
water, hops, and yeast. Later on, other extracts, juices, spices,
and supplements were used to brew a wide range of styles. In
the twenty-�rst century, Belgium, Germany, Great Britain, and
the Czech Republic are considered traditional beer-brewing
countries. Countries like Italy, Denmark, and the United States
are traditional beer-brewing countries with a high innovative
craft brewer impact.

Brewing beer represents one of humankind’s �rst forays in
biotechnology. One can only imagine how the �rst fermented
grain-based beverage may have tasted; however, by approxi-
mately 3000 BC at the very latest, the highly professional
brewers in the advanced civilizations of Mesopotamia and
Egypt recognized which raw materials were suitable for brewing
beer and which were not. Figure 1 shows an ancient depiction
of beer drinkers using straws in Mesopotamia. This method of
drinking beer is still practiced in regions of Sub-Saharan Africa
(see Figure 1).

By de�nition, beer can be distinguished from other fer-
mented beverages containing alcohol, like wine, in that it is not
Figure 1 Men using straws to drink locally brewed beer in Uganda. Photo use
drinkers using straws. Berlin, Vorderasiatisches Museum, Inv.-Nr. VA 522; Dr

Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
produced using fruit sugars but rather sugars from starch
sources. The starch must �rst be solubilized using enzymes to
make it available to microbes, particularly yeast, so that
fermentation can take place. This age-old principle is now as it
was in the distant past: The primary objective is that as much
fermentable sugar as possible is brought into solution –
brewers refer to this as ‘original gravity.’ This must be carried
out in accordance with the style of beer brewing. Methods have
been developed over time that caused the insoluble starch in
the grain to become soluble. This is possible by means of
technology almost as old as beer brewing itself: baking bread.
By heating �our mixed with water, moisture is taken up by the
starch, a process known as gelatinization. Starch in this state is
still not soluble in water; however, since it has been gelatinized,
the appropriate enzymes are now capable of breaking down the
starch into its smaller molecular building blocks. These
component parts consist of glucose molecules that alone or
together as small compounds (maltose, maltotriose) can be
converted to alcohol, carbon dioxide, and heat during
fermentation by the brewing yeast. Another means for making
starch available to enzymes, which at least found acceptance in
Mesopotamia given the scarcity of fuel for building �res, was
a longer cold method of mashing at ambient temperature (in
summer, temperatures can reach 50 �C in the shade). By
increasing the parameter time, starch is broken down by the
enzymes by allowing the mashing process to progress over
several days. Amylases are the enzymes necessary for this
process and are so named because the substrates they degrade
are sugars. They naturally occur, for instance, in species of grain
and in human saliva; in fact, native brewing methods in Africa
and Latin America still make use of saliva for this purpose. The
aboriginal beer found in Latin America is called chicha,
meaning ‘saliva’ in translation.
d with the kind permission of Michael Eberhard. Inset: Mesopotamian beer
awing: D. Hinz.
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210 Beer
Next, consider more recent developments in Germany
where beer also is considered to be a traditional food: Jus
150 years ago, many small breweries were in existence acro
Germany. Through industrialization, larger breweries greatly
increased their capacity by using modern equipment and
technology, and the smaller breweries could not keep pace with
progress on this scale and disappeared. The beer styles no
common in Germany were developed in the � rst half of the
nineteenth century, that is, at the time the Industrial Revolution
began in Germany.

At that time, small batches were still being brewed on the
simplest equipment. This required that the brewmaster posses
extensive experience and monitor the process carefully to brew
good quality beer. A brewer followed traditional methods,
which were based on the experiences of the predecessors.
a modern brewery, large batches are produced with state
of-the-art equipment. The individual production steps are well-
founded in scienti� c principles. Processes in many breweries
even in smaller ones, are automated and computer controlled

The BavarianReinheitsgebotis still in effect, which was of� -
cially signed into law in 1516. According to this law, beer could
be brewed only using barley (malt), hops, and water. Yeast wa
not included as an ingredient at that time but made its � rst
recorded appearance in a decree dating to 1551. Wheat ma
and the production of wheat beer (Weissbier) was reserved
exclusively for the breweries of the Dukes of Bavarian, who fo
a very long time retained this privilege for themselves exclu
sively. The Bavarian Reinheitsgebotwas adopted by other
German states in the late nineteenth and early twentieth
centuries. Since 1919, it has been legally binding in all of
Germany.

Beer normally possesses an original gravity– that is, an
extract content of 11–12% before fermentation. The alcohol
content produced through fermentation of the extract is
generally one-third of the original gravity or 3.7–4.0% by
weight. European Union regulations require that the alcohol
content is indicated in percent by volume on the labels of
alcoholic beverages. The density of alcohol is used to calculat
the volume of alcohol in beer; typically beer contains 4.7–5.0%
alcohol by volume (abv). Beers of this strength also contain
around 4% unfermented extract, which consists of carbohy-
drates and protein as well as bitter substances, tannins
minerals, and vitamins. The caloric content of 1 l of beer
brewed to an original gravity of 12% is approximately 450 kcal.

Of course, the original gravity of beer can vary widely– for
example, there are reduced-alcohol, low-calorie beers with a
original gravity of 7–8%, and styles such as export andSpezial
brewed at 12–14%. Bock beer has an original gravity of 16%
and strong beer, 18%. Styles brewed to an original gravity a
high as that of strong beer usually contain an alcohol content of
7.5% by volume or more. And yet, the strongest beers in the
world can reach 40% abv and are produced using unconven
tional brewing processes. These beverages fall more into th
realm of liqueur than beer. Nonalcoholic beers, which contain
less than 0.5% abv, have been brewed now for almost three
decades.

Beer is normally relatively light in color – that is, between
a lemon yellow and golden hue. However, 130 years ago the
majority of beers were dark. The� rst beer to be brewed on
a large scale that was light in color was pilsner in Bohemia. In
1842, a Bavarian brewmaster brewed pilsner for the� rst time
using the local raw ingredients and existing equipment. Not
long afterward, this beer style swiftly gained acceptance in
Germany and Austria. The percentage of dark beers brewe
in Germany following World War II fell sharply and is now
below 5%.

Currently, the majority of beer consumed around the world
is bottom-fermented lager beer or pilsner-style beer.‘Bottom
fermented’ means that the wort is fermented using bottom-
fermenting yeast, which functions best at 7–10 � C (some of the
strains currently available can ferment at 15� C). At the end of
primary fermentation, this kind of yeast settles to the bottom of
the fermentation vessel where it is later harvested.‘Top fer-
mented’ refers to beer that is produced using top-fermenting
yeast, which ferments at higher temperatures (18–25 � C). At
the end of primary fermentation, this yeast rises to the surface
of the fermenting beer, where it is collected and used again.

The wheat beers orWeissbieroriginating in Bavaria belong
to the top-fermented variety, as doAltbier and Kölschfrom
North Rhine-Westphalia and alsoBerliner Weisse. Belgian and
British ales as well as stout, porter, and bitter are also top
fermented.

According to the Vorläu� ges Biergesetz, or the law derive
from the Reinheitsgebot, malt produced from wheat, rye, oats,
spelt, einkorn wheat, triticale, and emmer wheat may be used
to brew top-fermented beer. With the exception of the wheat
used in Weissbier, these other types of grains do not play a large
role in the brewing industry but interest in them is slowly
growing. Alternative grains are employed especially for brewing
‘organic’ beers, which are free of pesticides and other chemica
and must be produced according to strict regulations.
Beer-Brewing Processes

Malting

Malt is sprouted barley (or wheat), meaning that the natural
germination process, as it would normally occur when grain is
sown, is induced, and allowed to take its course under carefu
control. The processes that convert barley into malt are malting
Malting can be divided into three stages: (1) Steeping– the
barley are immersed into water until the required moisture
level is reached, (2) Germination– the soaked barley germinate
under carefully controlled condition, and (3) Kilning – the
germinated barley are heated to dry and further roasted into
light or darker malt (see Figure 2).

Brewers exercise a strong in� uence on the cultivation and
selection of barley varieties. Malting barley must posses
a germinative energy close to 100% as well as relatively low
protein content, between 10 and 11%. The barley is cleaned
and then is transferred to the steeping vessel where th
moisture content of the barley is elevated to 38% within 24 h.
Germination begins at this time, that is the barley kernels
sprout. First, the rootlet develops, followed by the acrospire.
The plantlet requires low-molecular-weight substances (e.g
sugars and amino acids) for the development of new cells and
tissues. To degrade starch to sugars and proteins to amin
acids, the relevant enzymes must either be created or activate
The walls of the cells that enclose the starch also need to b
broken down. For this purpose, another enzyme complex is
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Figure 2 A schematic representation of the malting process. Reproduced from: Deutscher Brauerbund e. V., Neustädtische Strasse 7A, D-10117 Berlin.
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necessary. As these processes continue, the kernels begin
soften. After 1 day of steeping and 6 days of germination, the
green malt has been suf� ciently modi � ed that it can be dried
and kilned. Steeping is carried out in large cylindro-conical
vessels. Germination traditionally was accomplished on the
� oor of malthouses, where the green malt had to be turned two
or three times daily. Modern, temperature-controlled germina-
tion vessels can reach capacities of 150–300 tons.

As mentioned, germination lasts approximately 6 days at
temperatures of 14–18 � C. During germination, the moisture
content of the green malt is raised gradually to 44–48%. The
subsequent drying process takes place in a kiln. Ove
a period of 20–22 h, large volumes of air at temperatures
between 50 and 65� C are blown through the malt. During
the last few hours, the temperature of the air is raised to
w 80 � C for light malt and 95 –105 � C for darker malt. After
kilning, the rootlets are removed and the kernels are cleaned
The malting process requires large amounts of energy
Through the use of energy recovery systems, this can b
reduced by approximately 50%.

Different kinds of malt form the foundation of the beer
styles brewed using them. Roasted malts, in particular, ca
intensify the � avor characteristics of beer. The basis of all bee
brewed in Germany is malt; however, in other countries (where
there is no purity law), unmalted grains or adjuncts are used in
addition to malt. These were originally rice or corn but later
came to include unmalted barley or other types of grain. If the
percentage of adjuncts is high enough that the enzymes natu
rally formed during malting or the conversion processes during
mashing need to be compensated, enzymes isolated from
certain microbes can be used to target the same molecules
the enzymes derived from malt, thereby performing their
respective functions.
Brewing

The substances in the malt must be brought into solution and this
liquid is known as ‘wort’ and forms the substrate for the
downstream process of fermentation. The processes that too
place during malting are continued in the brewhouse: High-
molecular-weight substances are further degraded an
solubilized.

Basically, six operations turn the malt into ‘ready wort’ for
fermentation: (1) milling – grind the malt into grist to facilitate
the extraction of sugar and other soluble substances, (2
mashing – mix the wort meal with water and subject the wort
solution to a series of temperature rest to break down proteins
convert starches to fermentable sugars, and further degrad
nonfermentable carbohydrates (dextrins), (3) lautering– � lter
the wort to clear on the � lter bed formed by spent grains, (4)
boiling – boil the sweet wort for 60–90 min and hops will be
added during this operation, (5) whirlpooling – pump the wort
tangentially under controlled temperature to separate wort from
solid sediments, and (6) cooling – cool the boiled wort in heat
exchanger to reach the temperature for fermentation. The proces
is depicted schematically inFigure 3.

After storage in silos, the malt is cleaned again before bein
crushed in a mill. Once it has been milled, the grist is mixed
with liquor, or brewing water, and subjected to a series of
temperature rests, meaning approximately 50� C for the so-
called protein rest, 65� C for degradation of starch to maltose
(malt sugar), and � nally 70–72 � C for degradation of high-
molecular-weight dextrins. The purpose of the� nal step at
75–78 � C is to curtail the enzymatic degradation processes. Th
mashing process lasts from 120 to 180 min, depending on the
enzymatic potential and the ‘modi � cation’ of the malt as well
as the beer style being brewed.
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Figure 3 A schematic representation of the brewing process. Reproduced from: Deutscher Brauerbund e. V., Neustädtische Strasse 7A, D-10117 Berlin.
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When this process is� nished, the mash is pumped into the
lauter tun equipped with screens to create a false bottom. The
husks and other solids in the mash sediment out onto the false
bottom of the lauter tun, thus forming a � lter bed. The solids in
the mash can be separated from the liquid using this natural
� lter bed, and in this way, clear wort is obtained. The wort that
initially � ows out of the lauter tun (known to brewers as‘� rst
runnings’) possesses an extract concentration of 18%. Afte
ward, the � lter bed is rinsed with water at 75� C, bringing the
extract in the wort close to the target concentration of 11–12%.
The spent grains remaining in the lauter tun are valued as
nutritious animal feed.

The wort is then transferred to the wort kettle, where it is
boiled for 60 –90 min, depending on the type of wort kettle.
The hops are added at this point in the process. Previously
hops in the form of whole cones were added directly to the
wort kettle; now, hop extract or pulverized whole hops in the
form of pressed pellets are used. These products retain the
freshness much longer and therefore are more suitable fo
storage over long periods than whole hop cones. The quantity
of bitter substances in the hops added to the wort kettle
determines the bitterness of the� nished beer. There are many
hop varieties cultivated in different areas around the world.
Both the variety and provenance greatly in� uence the bitterness
and aroma of the hops. Aside from transferring bitter
substances from the hops into the wort, boiling also brings
about a certain degree of precipitation of high-molecular-
weight proteins as well as the evaporation of undesirable
aroma compounds. Additionally, any remaining enzyme
activity is brought to a stop and the wort essentially is sterilized.
Boiling the wort is energy intensive. Modern boilers and wort
kettles have been designed to be much more energy ef� cient.
The evaporative surfaces of wort kettles have been improve
signi� cantly, and heat exchangers are used to recover energy
critical points in the brewing process. By implementing these
energy-saving measures, only 50% of the energy expended f
boiling wort using conventional equipment is required for the
same process in a thorough modern brewhouse.

After boiling is completed, the wort is tangentially pumped
around the inside of a vessel called a whirlpool until the hot
break material (protein) and spent hops form a cone of sedi-
mentation in the middle of the � oor of the vessel. Upon leaving
the whirlpool, where the sediment remains, the wort is cooled
in a heat exchanger to the temperature needed for fermenta
tion, 7–15 � C. Cold brewing liquor runs countercurrent to the
hot wort in the heat exchanger and thereby is heated to
approximately 80 � C.
Fermentation and Maturation

Fermentation refers to the chemical conversion of fermentable
sugars in the wort into ethyl alcohol and carbon dioxide
through the action of yeast. Maturation is aimed to improve the
quality of beer by aging the fresh beer in a storage containe
that also gives the yeast cells time to precipitate.

At this stage, the yeast is added to the cooled wort– that is,
the yeast is pitched in the wort, where it ferments the sugars in
the wort to alcohol and carbon dioxide. In doing so, the yeast
heavily in� uences the� avor of the � nished beer. How the yeast
affects the� avor of the beer depends on the type of yeast (top
or bottom fermenting) and also the speci� c strain. To facilitate
yeast reproduction, the wort is aerated with sterile air. The yeas
obtains amino acids and other substances (e.g., higher fatt
acids) it needs from the wort to create new cells. Aside from
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alcohol and carbon dioxide, fermentation by-products are
formed, including higher alcohols and esters – important
compounds in shaping the character of the� nished beer– in
addition to substances that can create off-� avors. The
compounds known as vicinal diketones are among those
substances, and one of them, called diacetyl, evokes an unr
� ned, butter-like � avor and aroma in the beer. Diacetyl and its
precursor are eliminated from the beer during the maturation
period that follows primary fermentation. Acetaldehyde and
volatile compounds containing sulfur also lend an unre� ned
green � avor to the beer and during maturation are scrubbed
out by the evolving carbon dioxide bubbles. The length of
fermentation and maturation is dependent on the temperature.
Fermentation lasts approximately 7 days at 9� C, while at
15 � C, it requires only 4 days, although a maturation period
immediately follows the latter, so that a total of 7 days can be
expected for fermentation and maturation together. A cooler
lagering stage is required to achieve the requisite protei
stability as well as a more rounded � avor. Observing more
traditional fermentation practices, near the end of primary
fermentation, the beer is cooled to 5� C, so that a certain
amount of residual extract remains in the beer for maturation
in the lager tank. Also, much of the yeast� occulates at around
5 � C, and it can be harvested, rinsed, sieved, and then store
until needed. During a 6-week lagering period, the yeas
ferments the residual extract, the green beer clears, and carb
dioxide dissolves in the beer at a pressure determined by th
brewmaster. Modern methods can limit the time needed for
fermentation, maturation, and lagering by selecting the
appropriate yeast strain, using modern propagation methods
and carefully maintaining the harvested yeast. In the past, open
fermentation vessels were the norm, originally constructed o
wood with a capacity of 40 hl. The fermenting beer normally
would have reached a height of 1.60 m in these wooden vessels
These were later replaced by rectangular vats with capacities
up to 600 hl made of aluminum or stainless steel. A more
recent development was the horizontal fermentation tank with
a capacity of approximately 1000 hl; however, due to their
construction, these vessels made harvesting yeast dif� cult.
Hugely successful since its introduction, the cylindro-conica
tank can hold as much as 6500 hl as a fermentation vessel an
as much as 8000 hl as a lager tank. The height of the beer in th
tank is 12–18 m. For these tanks to be optimally dimensioned,
the ratio of the diameter of the tank to the height of the beer in
the tank should be 1:2–2.5. Above all, with these tanks it is
possible to precisely maintain the temperatures required
during fermentation. The old lager cellars with their wooden
barrels would not have been as conducive to this type of precis
temperature control. In this way, a precisely de� ned procedure
can be developed according to temperature, pressure, and th
timely removal of yeast sediment, so that uniform beer quality
can be attained. The matured beer is now ready for the next ste
in the process:� ltration – unless the beer is destined to be sold
in a naturally cloudy form.
o

d

t

Filtration

The goal of � ltration is to clear any cloudiness that may be
present in the beer, originating from proteinaceous material,
residual bitter substances, or yeast still in suspension, and als
to eliminate any possible beer-spoiling microbes, thus stabi-
lizing the beer. In the past, beer was� ltered over pulp � lter
sheets made by pressing cotton or cellulose� bers together.
After each� ltration cycle, they were removed from the� lter,
washed, and pressed together again. Yeast cells remaining
the beer as well as beer-spoiling microbes are able to pas
through pulp � lters. To eliminate these from the beer, espe
cially the beer spoilers, sheet� lters with very small pore sizes
were connected downstream. These kinds of� lters became
known as ‘sterile � lters.’

Modern � ltration is carried out using kieselguhr � ltration.
Kieselguhr is also known as diatomaceous earth and is found in
large deposits in the United States and France. Kieselguhr
extracted, ground, sieved, and– depending on the variety –
sintered. It is classi� ed into different grades according to
de� ned particle sizes. The kieselguhr is slurried with water o
beer and then dosed upstream from the� lter into the beer. It is
either used to coat � lter sheets or metal candle� lters. After
precoating is complete, a de� ned � lter bed is present, to which
constantly dosed deposits of kieselguhr are added, over th
course of� ltration. This allows � lter operations to be sustained
for 7–14 h. In some cases, however,� ltration can become
problematic, for instance, if undermodi� ed malt was used to
brew the beer being� ltered or if mistakes were made at some
point during the production process. In such cases,� lter
operations would be cut short, and additional time would be
required to clean, sterilize, and precoat the� lter anew. Used
kieselguhr is dif� cult to dispose of, and regeneration, although
possible, is expensive under the current circumstances. Becau
of the problems associated with disposal, a substitute for
kieselguhr has been sought for more than 20 years. Membran
� ltration with a de � ned pore size carried out according to the
principle of a cross-� ow system has been introduced, but until
now has not yielded entirely satisfactory results. Membranes o
de� ned pore sizes also can be utilized for sterile� ltration.

Ordinarily, a � ash pasteurizer is employed for reducing the
microbial load of beer. Flash pasteurizers heat the beer at a s
pressure to temperatures in the range of 68–74 � C, where it is
held for 30–60 s. The pasteurized beer is then run countercur
rent to the beer entering the pasteurizer, while the pressure i
reduced, to cool it back down. Worldwide, � ash pasteurization
has proven to be an effective means for stabilizing foods and
beverages without detracting from their quality.
Filling and Packaging

Barrels
At the beginning of the twentieth century, almost all of the beer
was� lled in barrels; for private consumption, however, barrels
were too large and unwieldy. For this reason, consumers had to
fetch beer in a large� agon or pitcher from the nearest brewery.
Barrels originally were made of wood and were lined with hot
pitch, and then allowed to cool. The layer of pitch on the
barrels had to be renewed at regular intervals. Barrels� lled with
beer destined for export to faraway places had to be treate
with hot pitch before each use to prevent infection from taking
hold in the beer. Eventually, barrels made of aluminum alloy
or stainless steel supplanted the old wooden barrels bu
retained their shape. Beer was served either directly from
the barrel through a tap and a valve under atmospheric
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214 Beer
pressure– rather unfavorable since the beer became� at within
a few hours– or was served under CO2 pressure, which kept the
beer fresher for longer if maintained and operated properly.
The introduction of cylindrical kegs represented an important
innovation, because the� tting for tapping the beer was inte-
grated in the container itself. Kegs were named for the olde
English wooden drums of the same name and ensured bette
beer quality, even though the cleanliness of the entire beverag
dispensing system lies with the gastronomic establishmen
where the beer is served. Kegs can be cleaned automatical
sterilized, pressure checked, and� lled again on the keg� lling
line at a brewery. The process of� lling kegs is described in the
next section with bottling.

Bottling
In the twentieth century, 80% of all beer produced is packaged
in bottles or cans. Modern bottling lines can� ll 3000 to 60 000
bottles per hour. Although the bottle washer, the depalletizing,
and packing equipment can be operated at higher speeds, th
size of � llers is restricted to 60 000 bottles per hour for reasons
of quality.
y

r
,

be

t
l
at
l-

e

t
,
e
n

,

s
n
r,

e

-
t

,

o,
Beer Ingredients

Brewing Liquor
The importance of the brewing liquor, or the water used to
brew beer, is obvious when one considers that beer is 90%
water. Brewing liquor is subject to all of the regulations gov-
erning drinking water in Germany. Breweries, however, place
much higher demands on their brewing liquor than the
authorities do on public drinking water. The hardness of the
water is decisive in the brewing process and is determined b
the quantity of calcium and magnesium salts, and the ratio of
carbonate to noncarbonate hardness is also important. Fo
example, Stuttgart’s water originates from Lake Constance
where the water is very soft, whereas water from the Munich
area possesses high carbonate hardness. Hard water must
treated. This is carried out primarily using membrane� lter
systems, which are easy to operate and that� lter out the salts
responsible for hardness. Many breweries have their own
springs or wells providing them with an ample supply of
brewing water.

Malt
High-quality malting barley is chosen to produce malt. Plant
breeders in Germany and other European countries submi
10–25 new varieties each year for registration at the Federa
Plant Variety Of� ce. These varieties are tested for 3 years
different locations. Traits that are necessary from an agricu
tural standpoint include high yield along with suf � cient
resistance to lodging and disease. The most important malting
and brewing qualities are a high extract content coupled with
low protein, a high limit of attenuation, and an abundant
enzyme capacity. Above all, the barley must possess th
enzyme capacity to bring about adequate modi� cation of the
cell walls during malting.

Hops
Brewers make a distinction between aroma and bittering hops
according to the amount of substances present in the� owers,
or hop cones, which are able to impart bitterness to the� nished
beer. The primary constituents of these substances are colle
tively known as a-acids. Aroma hops possess fewera-acids and
often have more b-acids. The characteristic bitterness of thes
acids is not apparent, until they are oxidized or polymerized.
Hops exhibit speci� c aroma pro� les, which are anchored in
their genetic makeup. This affects not only the beer’s aroma but
its bitterness as well and also helps round out the� avor. Bit-
tering hops possess low amounts ofb-acids and soft resins but
ample amounts of a-acids. Furthermore, substances found in
hop oils are capable of lending a somewhat harsher note to the
beer. The polyphenol content of the hops is important, because
they possess substances with antioxidant qualities. Antioxi
dants are signi�cant for health reasons (as with red wine). The
purpose of research into hop cultivation is to develop varieties
containing substances valued by brewers that also can ful� ll
requirements necessary for farmers or ultimately to develop
hops with high yield that exhibit a tolerance to or even
a resistance for disease to limit pesticide usage. This also lowe
the amount of pesticide residues in the environment, which are
already quite low in Germany in the cultivation of hops and
barley. Not only are the varieties important but the growing
regions are important as well: In Bavaria, these regions consis
of the Hallertau, Hersbruck, and Spalt; in Baden-Württemberg
they include Tettnang; and in central Germany, the Elbe-Saal
region. Saaz hops from the Czech Republic also play a
important role because of their high level of quality. The US
hop growers are competitive on the international market,
producing interesting varieties. Hops are dioecious plants
meaning that the male and female� owers develop on separate
plants. In Germany, only the hop cones of the unfertilized
female plants are used in the brewing process. If female plant
are fertilized and produce seed, yield is higher; however, eve
though there are more cones and they are larger and heavie
the quality of the hops suffers in part due to an increase in their
lipid content. The lupulin content is lower in hops with seeds.
For this reason, male hop plants are not allowed in the hop-
growing regions of Germany, but this is not the case everywher
hops are grown in the world.

Beer Yeast
Both bottom- and top-fermenting yeasts exercise a strong
in � uence on the � avor of every style of beer. In medieval
times, yeast was still unknown. The most plausible technique
for fermenting wort at the time was most likely to simply
allow spontaneous fermentation to take its course. The envi-
ronment of the fermentation cellar and especially the wooden
fermentation vats would have contributed signi� cantly to the
microbial � ora that eventually would colonize the wort (as is
still the case with spontaneously fermented lambic beers in
Belgium). The beers made in this way would have been
extremely varied and at times undrinkable, if objectionable
microbes gained the upper hand over the course of fermen
tation. The brewers of this period learned to save the sedimen
at the bottom of each batch for inoculating the next one. In
this manner, yeast strains became adapted to speci� c condi-
tions present in each respective brewery. Infections with wild
yeast and acid-producing bacteria were a constant problem
however, often resulting in spoiled beer especially in the
warmer seasons of the year. Approximately 150 years ag
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yeast was recognized as the fermenting organism in beer. Two
scientists, Emil Christian Hansen from Denmark and Robert
Koch from Germany, invented the propagation of pure yeast
strains. This represents the beginning of yeast propagation as
we know it. In doing so, the two men performed a great service
for the �eld of brewing, as brewers now were able to select the
yeast best suited for their purposes, thereby achieving a more
consistent product quality. Infected or weak yeast could be
discarded and replaced with continually propagated fresh
yeast. In the twenty-�rst century, yeast banks in Germany and
other countries have a wide range of strains at their disposal
with well-documented characteristics, and they can be retrieved
at any time.
erlag Hans Carl,

.
rauerei, seventh

auerei, seventh
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3200 Jahren.
Conclusion

Beer brewing thus has come full circle. By tracing back the
brewing activity in Germany and other countries, we intro-
duced several general concepts about beer brewing; by discus-
sing the producing process, the chapter presented steps for
brewing beer in both traditional and modern ways; after
stressing the crucial ingredients in beer, the chapter highlighted
the decisive control points that make the brewed beer special.
Beer is a natural product, which through scienti�c and tech-
nological advances, can be produced at a consistently high level
of quality.
See also:Fermentation (Industrial):Basic Considerations;
Fermentation (Industrial):Media for Industrial Fermentations;
Fermented Foods:Origins and Applications; Beverages from
Sorghum and Millet; Saccharomyces– Introduction;
Saccharomyces cerevisiae(Sake Yeast); Saccharomyces:
Saccharomyces cerevisiae; Saccharomyces:Brewer’s Yeast;
Yeasts:Production and Commercial Uses.
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Introduction

There once was a time when bi�dobacteria were largely
unknown by people working in the area of food science and
human nutrition, but since the mid-1980s there has been
a revival of interest because of the expanded use of bi�do-
bacteria as food additives in products that are now marketed
as nutriceuticals, functional foods, or probiotic products.
Consumer interest in nutritional health and well-being is the
driving force for the application of these anaerobic gut bacteria
for use as probiotic cultures. Subsequently, studies have arisen
to evaluate bi�dobacteria in foods and to study the physio-
logical response of people who are fed bi�dobacteria and
supplements that enhance proliferation of resident bi�dobac-
teria (prebiotics). This article describes the genus Bi�dobacte-
rium and reviews current knowledge of these organisms used in
our food supply.
Historical Perspective

Discovery

Bi�dobacteria have generated attention from people interested
in the host–bacterium relationship in humans. This was true at
the time of the discovery of bi�dobacteria by Henri Tissier in
1900 from the feces of newborn infants. Tissier called his gram-
positive, curved, and bifurcated (clefted, X- or Y-shaped)
rodlike cells Bacillus bi�dus communis. (Tissier’s original isolate
is now referred to as Bi�dobacterium bi�dum Ti.) Soon afterward,
his colleague at the Institut Pasteur, Nobel Prize laureate
biologist Elie Metchnikoff, incorporated Tissier’s bacilli into his
theories of vigor and long life. Although there were earlier
reports of fermented milks with implied health bene�ts,
Metchnikoff was the �rst to put the subject on a scienti�c basis.
Metchnikoff spoke and published on his theories of sound
health and longevity from the ingestion of lactobacilli and
other bacteria present in such foods as yogurt, ke�r, and sour
milk. His work and statements led to a 20-year public demand
for sour-milk products. Metchnikoff developed and perpetu-
ated the theory that not only does the intestinal microbiota
control the outcome of infection by enteric pathogens, but it
also regulates the natural chronic toxemia which plays a major
role in aging and mortality.

General interest in Metchnikoff’s bacteriotherapy greatly
diminished with the outbreak of World War I and Metchnikoff’s
death at the age of 71; however, studies on the use of lactic acid
cultures in dietary regimen continued through the century and
16 Encyclopedia of Food Mic
are as popular as ever. The discovery of bi�dobacteria in high
numbers in healthy breastfed infants and the fermentative/
acidulating nature of bi�dobacteria have long implied a bene�-
cial relationship in human nutrition and gastrointestinal health.
Regardless, most of the studies in this century on nutrition
therapy (or bene�cial host–bacterium relationships) have
generally focused on yogurt cultures and other lactobacilli, such
as Lactobacillus acidophilus. This is due in part to past practice as
well as the reputation of bi�dobacteria as being dif�cult to work
with and maintain as obligate anaerobes; however, bi�dobac-
teria, streptococci, enterococci, yeasts, and other microorganisms
have now attracted considerable attention for probiotic appli-
cation. Subsequently, studies have broadened. Not only have
humans been evaluated for bene�cial effect from the
consumption of probiotic cultures, but domestic livestock and
other animals as well.
Taxonomy

Over the twentieth century, the bi�dobacteria have been
assigned to at least 11 different genera. These have included
genus names that could be anticipated, such as Bacillus, Tisseria,
Lactobacillus, and Bi�dobacterium. Other assigned genera names
were Bacteroides, Bacterium, Nocardia, Actynomices, Actino-
bacterium, Cohnistreptothrix, and Corynebacterium. Species names
have varied accordingly, but in the early years, they usually
included some base form of bi�d, such as bi�dus, bi�dum, bi�da,
and parabi�dus. Bi�dus means cleft or divided in Latin (the
characteristic split ends of the cells are evident when nutrition
is restricted). The genus Bi�dobacterium (originally from Orla-
Jensen in 1924 and described in the ninth edition of Bergey’s
Manual of Systematic Bacteriology, 1986) is phenotypically and
morphologically outlined in Table 1.

Bi�dobacteria are classi�ed in the order Actinomycetales –
a group characterized by the formation of branching �laments.
This property can be described as a fungal appearance. Well
distributed in nature, actinomycetes can be separated into two
large subgroups: The very numerous oxidative forms that are
commonly found in soil and the fermentative types that are
primarily found in the natural cavities of humans and animals.
It is this latter subgroup that the bi�dobacteria belong. Bi�do-
bacterium is taxonomically separated from other actinomycetes
(such as Streptomyces and Nocardia) by cell wall type; the bi�-
dobacteria are designated as having a type VIII cell wall (rela-
tively high concentrations of ornithine).

On agar plates, colonies of bi�dobacteria closely resemble
those of lactic acid bacteria (especially lactobacilli).
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00033-1
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Table 1 Genus description:BiÞdobacterium

Rods of various
shapes

Short, regular, thin cells, slightly bifurcated club-
shaped elements in starlike aggregates or
disposed in‘V’ or ‘palisade’ arrangements.

Gram-positive Usually catalase negative, nonspore forming,
nonmotile; colonies on agar smooth, convex,
entire edges, cream to white, glistening and of
soft consistency.

Anaerobic Some species aerotolerant (degree depends on
species and culture medium); optimum growth
temperature 37–41 � C (minimum 25–28 � C;
maximum 43–45 � C); optimum pH for initial
growth 6.5–7.0, no growth at 4.5–5.0
or 8.0–8.5.

Saccharoclastic Acetic and lactic acid are formed primarily in th
molar ratio of 3:2; carbon dioxide is not
produced; glucose is degraded exclusively and
characteristically by the fructose-6-phosphate
shunt (fructose-6-phosphoketolase cleaves
fructose-6-phosphate).

Habitat Intestines of humans, various animals, and
honeybees; found also in sewage and human
clinical material.

From Scardovi, V., 1986. Genus Bi� dobacterium. In: Sneath, P.H.A. (Ed.), Bergey’s
Manual of Systematic Bacteriology, vol. 2. Williams & Wilkins, Baltimore, MD,
pp. 1418–1434.

BiÞdobacterium 217
Bi� dobacteria can easily be confused with lactobacilli and are
often incorrectly referred to as a member of the lactic acid
bacteria; however, bi� dobacteria are not closely related to any
of the traditional lactic acid bacteria used in the production of
fermented foods. For example, compared with lactobacilli,
bi � dobacteria are not as acid tolerant and their growth cannot
be termed ‘facultative anaerobic.’ Indeed, bi� dobacteria do
produce lactic acid from the fermentation of carbohydrates, but
acetic acid is normally produced in equal or higher amounts
than lactic acid and the catabolic pathway used is distinct from
the homofermentative and heterofermentative pathways
employed by lactic acid bacteria. A key determinative assay t
distinguish bi � dobacteria from lactobacilli is the fructose-6-
phosphate phosphoketolase (F6PPK) assay. F6PPK splits t
hexose phosphate to erythrose-4-phosphate and acetyl pho
phate; bi� dobacteria have this enzyme, lactobacilli do not.
Another noteworthy example of the unrelatedness between the
two genera is that the mean mol.% Gþ C of DNA for Lacto-
bacillusis approximately 37%, for Bi� dobacteriumthe mean is
about 58%.

Bi� dobacteriumand Propionibacteriumare both actinomycetes
and thus have more in common with each other than either does
with lactic acid bacteria. Aerotolerant anaerobes, the propioni-
bacteria, ferment carbohydrates or lactic acid to propionic acid
acetic acid, and carbon dioxide. Propionibacteria also have
credibility as probiotic cultures but have greater recognition for
putting the eyes in such cheeses as Swiss and Jarlsberg as we
serving as commercial producers of vitamin B12 and the food
preservative, Microgard� .

As with other bacteria, technical improvements in identi� -
cation protocols and expansion of information in microbial
systematics have steadily increased the number of de� ned species
in the genus. Bergey’s Manual of Systematic Bacteriology(1986)
identi � ed 24 different species of Bi� dobacterium(Table 2).
s

Of these species, the types considered primarily human in origin
are the following species:bi� dum, longum, infantis, breve, ad
lescentis, angulatum, catenulatum, pseudocatenulatum,and dentium.
Most of these species predominate in the human colon and
subsequently can be found in feces and sewage. All the speci
associated with humans can ferment lactose; an importan
characteristic when considering the application of bi� dobacteria
in dairy products and as probiotic cultures with intended effec-
tiveness in easing the discomfort of lactose malabsorption
Ventura et al. (2004)listed a total of 33 species ofBi� dobacterium;
most of the newly added species were isolated from anima
sources. Nine additionalBi� dobacteriumspp. not listed in Table 2
are aerophilum(originally isolated from porcine feces), gallicum
(human feces), gallinarum (chicken caecum), lactis (yogurt),
merycicum(bovine rumen), psychroaerophilum(porcine feces),
ruminatium (bovine rumen), saeculare(rabbit feces), and ther-
macidophilum(piglet feces and wastewater). The exact status
the specieslactisis somewhat unclear. Frequently in the past, the
name B. lactishas been used in advertising probiotic products
without regard to scienti� c de� nition. It has been used indis-
criminately with such invented species marketing names a
digestivum, regularis, andessensis. Bi� dobacterium animalishas been
shown to be among the hardiest of Bi� dobacteriumspecies in
remaining viable with refrigerated storage, and some strains hav
been shown to deliver health bene� ts to humans, but the name
animalisis not user-friendly in connoting bene� ts to humans,
especially with mouse feces as the original source.Masco et al.
(2004) suggested classi� cation of B. animalisasB. animalissubsp.
animalisand B. animalissubsp. lactis;however, it is not always
evident which subspecies is added to a food. Such issue
currently weakenB. lactisas a legitimate species name.

With limited application, the species of bi� dobacteria
commonly associated with animals have not been studied in as
much detail as the human types. Taxonomically, the three specie
of Bi� dobacteriumassociated with honeybees (asteroides, co
yneforme, and indicum) have relatively little in common geneti-
cally and phenotypically with any other species in the genus.

Not all bi � dobacteria can be considered GRAS (general
regarded as safe) for use in foods. Isolates ofBi� dobacterium
dentiumare potentially pathogenic. Strains can be isolated from
human dental caries and the oral cavity, feces of the human
adult, the human vagina, abscesses, and the appendix. Strain
of B. dentiumhave also been namedBi� dobacterium appendicit
and Actinomyces eriksonii. Although pathogenic, members ofB.
dentium are not considered highly infectious or virulent in
comparison with many common bacterial pathogens.

Over the past decade, genomic sequencing has become mo
mainstream in the structuring of bacterial taxonomy.Bottacini
et al. (2010) examined genome-sequencing for the bi� dobac-
teria; at that time, of the 34 species listed, only 9 genomes
representing 5 species were fully sequenced. These genom
ranged in size from 2.0 to 2.8 Mbp.Bottacini et al. (2010) noted
that several of these� ve species strains were commercially use
probiotic cultures, but commercial probiotic strains are
susceptible to genome decay– that is, as a result of sustained
growth in microbiological media over relatively long periods of
time, there can be a loss of chromosomal regions dispensable in
an environment different from the original ecological niche, in
this case from the human gastrointestinal tract. Plasmid loss
under similar conditions is more well known.

e



Table 2 Description of established 24 species ofBiÞdobacterium

B. adolescentis Predominates in feces of human adults; occurs frequently in sewage; ferments pentoses; four biovars (a throughd vary in
fermentation of sorbitol and mannitol; cannot be distinguished phenotypically fromB. dentium; analysis of transaldolase
isozymes necessary.

B. angulatum Characteristically in‘V’ (angular) or palisade forms, branching absent; more sensitive to oxygen than most bi� dobacteria;
isolated from human feces and sewage; most strains do not ferment sorbitol and could be confused withB. globosum,
B. pseudolongum, and sorbitol-negative strains ofB. pseudocatenulatumfrom calf feces.

B. animalis Isolated from feces of calf, sheep, rat, chicken, rabbit, and guinea pig, and sewage; phenotypically very similar toB. longum
but inactive toward melezitose; DNA unrelated to any other species; two biovarsa andb; can be distinguished from
‘human’ species by the absence of gluconate fermentation.

B. asteroides Found in the intestine of the western and the asiatic honeybees; lactose negative; growth in static� uid generally adheres to
the glass walls leaving the liquid clear; hydrogen peroxide vigorously decomposed when grown in 90% airþ 10% carbon
dioxide (necessary for aerobic growth); strains contain high number of plasmids; 50% DNA homology toB. choerinum.

B. biÞdum Type species of genus; highly variable in appearance; serovara predominates in feces of human adults,b predominates in
that of infants; contains strains once identi� ed asLactobacillus biÞdusvar.pennsylvanicus(György).

B. boum From bovine rumen and pig feces; cell morphology varies greatly; can grow in 90% airþ 10% CO2 becoming catalase
positive; nearly 70% DNA related toB. thermophilum; distinction fromB. thermophilumandB. choerinumby transaldolase
electrophoresis or with PAGE proteins electrophoresis; lactose negative.

B. breve Represent the shortest and thinnest rods among bi� dobacteria found in the human intestine; also found in human vagina and
clinical material; most related toB. infantisandB. longum(40–60% DNA homology).

B. catenulatum Cells form chains; found in feces of human adult and sewage; carbon dioxide has no effect on oxygen sensitivity;
distinguishable fromB. adolescentisandB. pseudocatenulatumbased on the ability to ferment melezitose and lack of starch
utilization; 55 (Tm) is lowest mol.% Gþ C of DNA in the bi� dobacteria.

B. choerinum Found in feces of piglets; mol.% Gþ C of DNA is 66.3 (Tm); if not distinguishable fromB. thermophilumandB. boumby sugar
fermentation patterns, then transaldolase electrophoresis or PAGE patterns of soluble proteins can be used.

B. coryneforme Isolated from intestine of European honeybees; lactose negative; CO2 does not in� uence growth; grows poorly on TPY
(Trypticase-phytone-yeast extract medium) but very well on MRS; 60% DNA relatedness toB. indicum.

B. cuniculi Found in feces of adult rabbit; highly anaerobic, CO2 has no effect on growth; lactose, ribose, and raf� nose are not fermented,
which distinguishes fromB. globosum, B. pseudolongum, andB. animalis, and also the morphologically different
B. magnum.

B. dentium Morphological similarity toB. infantis; isolated from human dental caries and human abscesses, considered to have
pathogenic potential; also found in feces of human adult and human vagina; some DNA relatedness toB. adolescentis, CO2

does not affect growth; requires ribo� avin and pantothenate for growth.
B. globosum Anaerobically grown cells are short, coccoid, or almost spherical; found in feces of pig, suckling calf, rat, rabbit, and lamb,

and rumen of cattle, occasionally sewage; displays anaerobic aerotolerance (in the presence of 10% CO2); most closely
related toB. pseudolongum; harbors high molecular weight plasmids.

B. indicum From the intestine of honeybees; CO2 required for aerobic growth; unrelated by DNA homology to any other species in the
genus; lactose negative.

B. infantis Pentose-negative forms predominate in feces of breastfed infants, also found in human vagina; closely related toB. longum,
can be differentiated on the basis that members ofB. longumferment both arabinose and melezitose.

B. longum Can form elongated and relatively thin cells; two biovars are de� ned, biovara is found in adult humans and biovarb is found
in infants and is mannose negative; only species isolated from humans that usually harbors a large variety of plasmids.

B. magnum From feces of rabbit; cells are usually long and thick and occur in aggregates; species is the most acid-tolerant of the
bi� dobacteria, original optimum pH for growth is 5.3–5.5, growth is slow at 5.0–5.9, no growth at 4.2 or 7.0; DNA
unrelated to any other species.

B. minimum Small cells of bi� dobacteria isolated from sewage or wastewater; few strains studied; no DNA relatedness to other species;
distinct PAGE proteins pattern; Lys–Ser interpeptide bridge of peptidoglycan unique among bi� dobacteria.

B. pseudocatenulatum Abundant in sewage, in feces of infants and suckling calves; cell morphology is extremely variable and shows highly diverse
traits according to strain and origin; DNA related toB. catenulatumbut DNA Gþ C content different by 3 mol.%; ribo� avin,
pantothenate, and nicotinic acid required for growth.

B. pseudolongum Feces of chicken, cattle, rat, and mice; four biovars recognized on the basis of different fermentative patterns of mannose,
lactose, cellobiose, and melezitose; most similar toB. globosum, distinguished by Gþ C mol.% of DNA and DNA
homology patterns.

B. pullorum Feces of chicken; requires nicotinic acid, pyridoxine, thiamin, folic acid,p-aminobenzoic acid, and Tween 80 for growth; does
not ferment lactose and starch; acetic and lactic acids produced in 3.5:1 ratio but unlike any other species of bi� dobacteria,
the isomeric type of lactic acid formed is DL; the mol.% Gþ C DNA is 67.4 (Tm), highest in the genus; no DNA relatedness
to any other species.

B. subtile From sewage and wastewater; optimum temperature for growth is 34–35.5� C, markedly lower than other species; lactose is
not fermented; few strains have been studied; unrelated by DNA homology to any other species in the genus.

B. suis Found only in feces of piglets; ribo� avin is the only growth factor required; unrelated in DNA homology to any other species in
the genus; can be distinguished from other species found in pig by ability to ferment arabinose and xylose and inability to
ferment starch.

B. thermophilum Feces of pig, piglet, chicken, and calf, rumen of cattle, and sewage; can grow at 46.5� C and survive 60� C for 30 min; four
biovars have been de� ned; only DNA homology relatedness in bi� dobacteria is withB. longum(27–80%).

(Continued)
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Table 2 Description of established 24 species ofBiÞdobacteriumd cont'd

Additional Species ofBiÞdobacterium
B. aerophilum A species capable of growing under aerobic conditions, renaming to novel genusAeriscardovia aeriphilahas been proposed;

these varieties have a lower Gþ C content than most bi� dobacteria.
B. gallicum Isolated from human feces and found to have very low genetic relatedness to any previously described species; also contains

a unique type of peptidoglycan,L-lysine-L-alanine-L-serine (A3 alpha), and distinctive relative electrophoretic mobilities of
some enzymes.

B. gallinarum Isolated from ceca of chickens, differs from other species in morphology, carbohydrate fermentation pattern, Gþ C of
deoxyribonucleic acid, and deoxyribonucleic acid homologies.

B. lactis Current opinion favors identi� cation at subspecies level asB. animalissubsp.lactis.
B. merycicum Isolated from rumen of cattle; ribose-,L-arabinose-, and xylose-positive; of a distinct DNA homology group.
B. psychraerophilum From ceca of swine, species de� nition based on 16S rDNA and hsp60 gene sequences; has high tolerance to oxygen and

capability of growing at 4� C.
B. ruminatium Isolated from rumen of cattle; ribose positive; of a distinct DNA homology group.
B. saeculare Isolated from rabbit feces; 63% Gþ C content; distinctive for RpoC gene and 16S rRNA.
B. thermacidophilum Human origin; several subspecies suggested; distinction based on 16S rDNA analysis and PFGE.

Consolidated from Scardovi, V.,
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Extensive genome diversity has been found to exist amon
different species ofBi� dobacterium.Whole-genome alignments
among different species ofBi� dobacteriumare generally not
collinear (Bottacini et al. 2010). Genome alignments can be
adapted to construct phylogenetic trees; most common are
phylogenetic relationships based on 16S rDNA sequence
Miyake et al. (1998) used 16S rDNA gene sequences of bi� -
dobacteria and related genera to construct a phylogenetic tre
All species of Bi� dobacteriumand Gardnerella vaginaliswere
contained in a cluster phylogenically distinct from other
genera. Their work suggested that>99% similarity (or more) in
16S rDNA sequences should con� rm a species identity.

The recAgene sequence has also been used in phylogene
analysis. Costa et al. (2011) analyzed a recA gene fragment
from 30 bacteria to identify Lactobacillus plantarumin food and
feeds. Using a 995-kb fragment of therecA gene, lactic acid
bacteria, enterobacteria, and bi� dobacteria were distinctly
grouped in different clusters. Other speci� c genes used in
phylogenetic classi� cation of Bi� dobacteriumhave included
genes for L-lactate dehydrogenase, the heat-shock protei
HSP60, and pyruvate kinase. So it is possible to distinguish the
principal human species of Bi� dobacteriumafter sequencing
and alignment of a relatively short sequence of a number of
different speci� c genes (Ward and Roy 2005); however,
continued contributions from genome sequencing of multiple
strains is necessary to improve the clarity of phylogenetic tree
used for speciation of the genus,Bi� dobacterium.
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Enumeration and Isolation Methods

Maintenance of anaerobic conditions is important when
culturing bi � dobacteria. Accordingly, bi� dobacteria require
reducing agents in culture media for optimum growth (i.e.,
ascorbic acid, thioglycolate, or cysteine). Cysteine and cystine a
considered essential amino acids for growth. Normally,
ammonium salts can serve as the sole source of nitrogen. Iro
(both oxidation forms), magnesium, and manganese are
necessary trace elements. Bi� dobacteria of human origin usually
require a full complement of the B vitamins for optimal growth
that can be supplied by yeast extract, even though some huma
strains of bi� dobacteria can synthesize relatively large amount
of vitamins B6 (pyridoxine), B9 (folic acid), and B12 (cyanoco-
balamine). Most strains of Bi� dobacteriumcan utilize glucose,
galactose, lactose, lactulose, oligosaccharides, products of star
hydrolysis, bicarbonates, and carbon dioxide as carbon source

Complex growth media are favored for optimal propaga-
tion of bi � dobacteria. For pure-culture growth, common
commercial media such as deMan, Rogosa, and Sharpe (MR
broth and reinforced clostridial medium (RCM) work very
well. There are numerous examples of selective media that hav
been developed for bi� dobacteria. Many of the older media
were designed to select for bi� dobacteria from fecal material.
More recent media have been devised to select bi� dobacteria
from fermented dairy foods. In yogurts and fermented milks,
the dif� culty is distinguishing bi � dobacteria from probiotic
lactobacilli and lactic acid bacteria used as starter cultures.

Because of the varied physiological requirements of the
different species inBi� dobacterium,it is nearly always the case
that no single selective medium permits growth of all types of
bi� dobacteria while also preventing the growth of other genera
A case in point is the use of antibiotics to select out for bi� do-
bacteria in samples of mixed microbiota. Bi� dobacteria are
known to be resistant to nalidixic acid, polymyxin B, kanamycin,
paromomycin, and neomycin. Therefore, these antibiotics have
been incorporated into various selective solid media to inhibit
colony formation by yogurt bacteria and L. acidophilus; however,
natural antibiotic resistances do occur, some types of bi� do-
bacteria do display sensitivities to these compounds, and
individual variation among strains is not uncommon. As
a result, other con� rming tests need to be employed. For
example, colony morphology and the use of oligosaccharide- or
arabinose-containing agars have accompanied the use of sele
tive agars containing antibiotics and selective inhibitors, such as
lithium chloride, sodium azide, and propionic acid.

Many of the molecular techniques for identi� cation and
detection of bi� dobacteria are based on the 16S ribosoma
gene and are commonly used in conjunction with traditional
cultural and biochemical methods. Polymerase chain reaction
(PCR) and ampli� ed rDNA restriction analysis (ARDRA) are
two straightforward and reliable methods for genus and species
determinations; at the strain level, pulsed-� eld gel
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electrophoresis (PFGE) works quite well. Additional molecular
methods used for other bacteria as well asBi� dobacterium
include random ampli � cation of polymorphic DNA (RAPD),
real-time PCR, and denaturing gradient gel electrophoresi
(DGGE). For bi� dobacteria, sequencing of speci� c genes, such
as recA, ldh, hsp60, and pyruvate kinase, and GC analysis o
membrane fatty acid composition, are additional approaches
for detection and characterization (Ward and Roy 2005).
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Intestinal Ecology

Approximately 1014 microorganisms populate the human
gastrointestinal tract. This is more than 10 times the total
number of human cells in the body. It has been estimated that
up to 450 different species of microorganisms reside in the
human gut. Most of these organisms are located in the lower
portion of the small intestine and the colon. The stomach and
the upper intestine possess gastric acid, bile salts, and a high
propulsive motility to keep the concentrations and diversity of
the microbiota low. Along the length of the small intestine, the
microbiota gradually increases. With healthy conditions, the
population of bacteria in the upper intestine is generally less
than 105 organisms ml� 1 of contents. The middle of the small
intestine is a transitional zone between the sparse populations
of the upper intestine and the luxuriant levels found in the large
intestine. The ileum contains approximately 107 bacterial
cells ml� 1. Most of the intestinal lactobacilli reside here. Once
past the ileocecal valve, the intestinal population of the
microbiota increases dramatically. The total concentration of
bacteria in the large intestine approaches the theoretical limit
that can � t into a given mass, approximately 1011 to 1012

organisms ml� 1. Bi� dobacteria are most prevalent in the large
intestine, especially in the area of the caecum.

Given the large amount of microorganisms in residence, the
human colon is an active bioreactor. The microbiota of the
colon is mostly anaerobic (about 1000:1, anaerobes:aerobic o
facultative bacteria). The large intestine can be described i
three sections: the right ascending colon, the transvers
(middle) colon, and the left descending colon. The ascending
colon receives its contents from the small intestine via the
ileocecal valve. The right colon features active fermentation
with high bacterial growth rates; the total short-chain fatty acids
(SCFA) are about 127 mmol l� 1 and pH is 5.4–5.9. As the
intestinal contents move toward elimination from the body,
nutrients are depleted and bacterial activity slows. In the
transverse colon, total SCFA is about 117 mmol l� 1 and the pH
is approximately 6.2. In the left colon, little carbohydrate
fermentation continues; the end-products of protein fermen-
tation (phenols, indoles, and ammonia) are relatively high.
Total SCFA is about 90 mmol l� 1 and the pH is about 6.6–6.9.
Thus the microbiota is capable of fermenting carbohydrates
and proteins while metabolizing a wide range of compounds,
such as bile acids, fats, and drugs.

Bi� dobacteria thrive in this environment. Members of Bi� -
dobacteriumcan be isolated from feces of humans at any age. A
birth, bi � dobacteria are one of the� rst groups to establish
themselves in the intestinal tract and usually are the larges
group represented in infants. For breastfed babies, levels o
1010 to 1011 g� 1 of feces are common. It is generally believed
that during the birth process, bi� dobacteria residing in the
mother’s vagina and feces act as an oral inoculum for the
developing intestinal microbiota of the newborn infant. Bottle-
fed babies normally have 1-log10 g� 1 less bi� dobacteria present
in fecal samples than breastfed babies, and bottle-fed infants
generally have higher levels of Enterobacteriaceae, streptococ
and anaerobes other than bi� dobacteria. Bi� dobacteria
constitute up to 90–99% of the intestinal biota in healthy
breastfed infants, while lactococci, enterococci, and coliforms
represent less than 1% of the population; bacteroides, clos
tridia, and other organisms are absent. Such� ndings suggest
a health advantage to breastfeeding in part because of th
establishment and maintenance of high numbers of acidu-
lating bi � dobacteria in the gut.

The relationship between breastfeeding and high intestina
levels of bi� dobacteria led to the belief that bi� dobacteria
require a growth factor present only in human milk, but this
has been shown not to be the case. Apparently, bi� dobacteria
grow better in human milk than bovine milk because of a lower
protein content and a diminished buffering capacity, so that
now many infant formula manufacturers adjust the protein and
mineral pro� le to more closely approximate that of human
milk.

With the change of diet and the aging process following
infancy, the level of bi� dobacteria declines so that Bacter
oidaceae predominate in the adult gut, with eubacteria, bi� -
dobacteria, and Peptococcaceae represented in that order.
the elderly, bi� dobacteria continue to decline with an increase
in the fecal populations of coliforms, enterococci, lactobacilli,
and Clostridium perfringens.

Microbiota in the human colon varies signi� cantly among
individuals. This variation involves not only the types of
species present but also the fermentation capacity and meta
bolic product pro � le. The ability of the intestinal microbiota of
an individual to ferment different carbohydrates depends on
past diet and the species of bacteria present. These bacte
affect digestion and absorption, and their metabolic products
provide nutrients and affect the well-being of the host.

In healthy adults, the intestinal microbiota is fairly stable;
however, in infants, it is not particularly stable and is suscep-
tible to � uctuations caused by small disturbances of diet or
common childhood diseases. At any age, the equilibrium of the
human intestinal ecosystem can be altered because of stres
diet, disease, and drugs (i.e., antibiotics).
Prebiotics

Diet will affect the microorganism of the intestinal tract. Some
dietary � bers increase stool output and colonic content turn-
over, resulting in increased bacterial turnover and growth.
These substances include cellulose, pectins, vegetable muco
substances, microbial and dietary polysaccharides, oligosac
charides, scleroproteins, and Maillard products. In the case o
some of these� bers, the increased bulk of bacterial cells is the
major component of the increase in weight of the stool.

The term, prebiotic, is often used to describe use o
a component intentionally added to the diet for desirable
health bene� ts linked to stimulation of metabolism and
proliferation of desirable gut bacteria while preferably
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Table 3 Bene� ts attributed to bi� dobacteria

Stabilization of intestinal microbiota/resistance to enteric diseases
Prevention of pathogenic and autogenous diarrhea/treatment of some

diarrheas
Reduction of toxic metabolites and detrimental enzymes related to aging

process
Deconjugation of bile salts
Prevention of constipation/stimulation of peristaltic movement/control

mucin at intestinal surface
Protection of liver function
Reduction of serum cholesterol
Reduction of blood pressure
Induction of cell-mediated immunity
Antitumorigenic activity
Production of nutrients and vitamins
Improvement of lactose tolerance to milk products
Important role in infant nutrition
Prevention of vaginal yeast infections
Degradation of nitrosamines/metabolism of ammonium ions
Aid in absorption of calcium
Intestinal recolonization following antibiotic treatment, chemotherapy,

or radiation treatment
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inhibiting or minimizing the growth of undesirable varieties.
Prebiotics are included in the segment of products known as
functional foods or nutriceuticals, that is, foods that can
prevent and treat diseases. Regarding prebiotics for bi� dobac-
teria (e.g., bi� dus growth factors), earliest studies centered on
the effects of human milk on gut bacteria. The list of
compounds that have been examined and used as prebioti
compounds for speci� c growth enhancement of resident
intestinal bi � dobacteria include N-acetylglucosamine, glucos-
amine, galactosamine, human and bovine casein digestate
lactoserum of bovine milk, porcine gastric mucin, yeast extract
liver extracts, colostrums of various milks, milk glycoproteins,
lactoferrin, lactulose, lactitol, carrots, chitin, raf� nose, sta-
chyose, inulin, Jerusalem artichoke� our, tri- and penta-
saccharides of dextran, neosugar, fructooligosaccharides, a
galactooligosaccharides. Effects from ingestion of these preb
otic compounds vary and ef�cacy has been debated.

In Japan, oligosaccharides are one of the most popula
functional food components. These physiologically functional
oligosaccharides are the short-chain polysaccharides calle
fructooligosaccharides, galactooligosaccharides, and soybea
oligosaccharides. The two requirements for their use are tha
they are not digestible by human digestive enzymes and the
are preferentially metabolized by bi� dobacteria in the large
intestine. An advantage in using prebiotics (oligosaccharides
instead of probiotics (ingestion of viable cultures of bi� do-
bacteria) to elevate and maintain populations of colonic Bi� -
dobacteriumare that prebiotic compounds can easily be added
to foods as a stable ingredient while the delivery of viable
bi� dobacteria in food products can be dif� cult given the
stresses of food processing and storage (e.g., exposure to lo
pH, oxygen, heat, and cold).
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Probiotics and Implied Health BeneÞts
of BiÞdobacteria

For a culture to be considered a viable candidate for use a
a dietary adjunct, it must be a normal inhabitant of the
intestinal tract, survive passage through the upper digestiv
tract, be capable of surviving and preferably growing in the
intestine, produce bene� cial effects when in the intestine, and
maintain viability and activity in the carrier food before
consumption. Most bacteria are killed after ingestion by the
severe acid conditions in the stomach and the bile juice that is
released into the duodenum. Once in the intestine, only
a limited number of bacteria can reside there. Indigenous
bacteria tend to eliminate transient or exogenous specie
spontaneously.

Bi� dobacteria have been shown to activate immunological,
antibacterial, and antitumor effects in animals even though
bi� dobacteria demonstrate low antigenicity compared with
other intestinal bacteria. Also, the metabolic activities of bi� -
dobacteria do not result in the production of ammonia or other
detrimental compounds, such as putrescine, cadaverine
indole, skatole, hydrogen sul� de, phenols, cresols, aglycones
tyramine, tryptamine, or histamine, and they do not reduce
nitrate to form nitrite, which can lead to the formation of
nitrosamines. Such compounds are foul smelling and, more
importantly, are toxic or potentially carcinogenic. Putrefactive
bacteria, such as the clostridia, coliforms, and enterococc
contribute many of these noxious compounds.

Regardless of whether gut bi�dobacterial numbers are
increased by prebiotics, probiotics, or both (i.e., synbiotics),
it is widely accepted that elevation and maintenance of
bi� dobacterial populations in the intestinal tract relative to
other bacterial populations is a desirable circumstance
Several bene� ts are implied because bi� dobacteria produce
acetic and lactic acids from the fermentation of carbohy-
drates that lowers fecal pH. The increased level of acidity an
greater numbers of bi� dobacteria reduce the levels of unde-
sirable bacteria, which results in the reduction of toxic
metabolites and detrimental enzymes. This reduction leads
to a number of bene� cial situations which are outlined in
Table 3.

Children with high numbers of bi � dobacteria effectively
resist some enteric infections. In fact, the feeding o
bi� dobacteria-containing dairy products has been used to trea
these infections in Japanese children with success. Regu
supplementation of the infant diet with bi � dobacteria can be
used to maintain normal intestinal conditions; it can also be
used in conjunction with antibiotic therapy to correct
abnormal conditions, such as intractable diarrhea.

Compared with children and adults, the elderly have lower
counts of indigenous bi� dobacteria. With this decline, there is
a corresponding increase in the population of C. perfringens
detected in the elderly.Clostridium perfringensis a pathogenic
bacterium that produces toxins and volatile amines. Adults
who are fed foods containing high numbers of bi� dobacteria
over a 5-week period demonstrate a signi� cant decrease in
clostridia with an increase in bi� dobacteria. Also, elderly
patients suffering from bowel obstruction respond favorably to
treatment with yogurt containing bi � dobacteria. The presence
of high numbers of bi � dobacteria in the infant and adult colon
seems to be desirable and can be in� uenced by dietary
supplementation. Bi� dobacteria are known to exhibit
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inhibitory effects on many pathogenic organisms, both in vivo
and in vitro, in addition to C. perfringens; this includes other
clostridia, Salmonella, Shigella, Bacillus cereus, Staphylococcus
aureus, Campylobacter jejuni, and the pathogenic yeast, Candida
albicans.
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Bifid-Amended Foods and Beverages

In the United States before the 1980s, the use of bi�dobacteria
in foods was limited to a few products intended for therapeutic
treatment. Among the earliest products was a bi�dus milk
developed by Mayer in the 1940s for use in treatment of infants
af�icted with nutritional de�ciencies. By the 1960s, enough
evidence had been accumulated to show it was possible to
modify intestinal biota with B. bi�dum. In the 1970s, Japan
produced its �rst bi�dus product, a fermented milk containing
B. longum and Streptococcus thermophilus (in 1971). Bi�dus
yogurt followed in 1979. Growth of bi�dus foods and bi�dus
growth factor supplements continues to this day in Japan with
other countries of the world following suit. Products that have
been formulated with viable bi�dobacteria and/or bi�dus
growth supplements include fermented and nonfermented
milks, buttermilk, yogurt, cheese, sour cream, dips and spreads,
ice cream, powdered milk, infant formula, cookies, candies,
fruit juices, and frozen desserts. Bi�dus growth factors are
available at health food stores along with gel caplets and
liquids containing bi�dobacteria that are often in combination
with L. acidophilus.
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See also:Biochemical and Modern Identi�cation Techniques:
Micro� oras of Fermented Foods; Fermented Milks and Yogurt;
Lactobacillus:Lactobacillus acidophilus; Microbiota of the
Intestine: The Natural Micro� ora of Humans; Micro�ora of the
Intestine: Biology of Bi� dobacteria; Micro�ora of the Intestine:
Detection and Enumeration of Probiotic Cultures; Probiotic
Bacteria: Detection and Estimation in Fermented and
Nonfermented Dairy Products; Propionibacterium.
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Introduction

In the past 15 years, applied microbiologists have developed
and tested a large number of biochemical identi�cation tech-
niques and modern techniques within the discipline entitled
‘Rapid Method and Automation in Microbiology.’ This �eld of
study has been de�ned as dynamic areas of study that address
the utilization of microbiological, chemical, biochemical,
biophysical, immunological, and serological methods for the
study of improving isolation, early detection, characterization
and enumeration of microorganisms and their products in
clinical, food, industrial and environmental samples. Clinical
microbiologists started to utilize these techniques in the early
1960s and in the past 10 years food microbiologists have
accelerated their involvements in this area (Figure 1). This
introductory article provides an overview of the developments
of this �eld and sets the stage for more detailed discussions on
practical applications of some of these methods and proce-
dures in food spoilage �ora, food poisoning organisms,
Enterobacteriaceae, coliforms and Escherichia coli, and micro-
�oras of fermented foods.

There are �ve major areas of developments in this �eld:
(1) improvements in sampling and sample preparation; (2)
alternative methods for viable cell count procedures; (3)
instruments for estimation of microbial population and
biomass; (4) miniaturized microbiological techniques; and (5)
novel and modern techniques. Each development has a de�nite
in�uence on the total discussion of the following articles.
1965
Year

Figure 1 Relative interest in rapid methods among medical microbiol-
ogists (B) and food microbiologists (C). Fung, D.Y.C., 1995. What’s
needed in rapid detection of foodborne pathogens. Food Technology
49 (6), 64–67.
Improvements in Sample Preparation

The stomacher is a very successful instrument designed more
than 25 years ago by Antony Sharpe to massage food samples
in a sterile bag. The food is placed in the sterile disposable
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
plastic bag to which appropriate sterile diluents are added. The
bag with the food is placed in the open chamber. After the
chamber is closed, the bag is massaged by two paddles for
a suitable time period, usually 1–5 min. There is no contact
between the instrument and the sample. During massaging
microorganisms are dislodged into the diluent for further
microbiological investigation. Recently, a new instrument
called the pulsi�er has been developed which can dislodge
bacteria from food by high speed pulsi�cation of food and
diluent in a bag in the instrument. An evaluation of the pul-
si�er showed that the stomacher and pulsi�er provided similar
bacterial counts of paired studies of 96 samples. However, the
pulsi�er provided much clearer liquid samples which are
advantageous for further microbiological manipulations, such
-384730-0.00034-3 223
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as measurement of ATP, immunological tests, and polymeras
chain reaction procedures.

Another development in sample preparation is to have
instruments which can dispense a desired amount of liquid
automatically into a vessel for blending of solid or liquid food.
An instrument called Dilu � o can accurately dispense from 0.1
ml to 100 ml into a bag or container with samples already in
place. Furthermore, the instrument dispenses proportionally
the amount of liquid in relation to the weight of the food
sample. For example if a 1:10 dilution of a food is required,
a sample of food is placed into the vessel (e.g., 9 g) and
automatically the Dilu � o will deliver 81 ml of sterile dilution
into the vessel thus making exact manual weighing of the food
sample and exact application of sterile diluent unnecessary and
saving considerable amount of operation time. The instrument
can be programmed to make 1:10, 1:50, 1:100, or other dilu-
tion factors.
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Alternative Methods for Viable Cell Count Procedure

The conventional viable cell count or standard plate count
method has been in use for more than a century. It involves
preparing food into a slurry and then serially (1:10 series)
diluting it to a � nal desired concentration of somewhere
between 1:100 and 1:1 000 000 depending on the estimated
concentration of microbial population. Then the diluted
liquids are accurately pipetted into a sterile Petri dish (usually
0.1 or 1 ml) and then melted nutrient agar (48 � C) is poured
into the Petri dish. After solidi� cation of the agar, the Petri
dishes are then placed into the incubator at the desired
temperature, for example, 32� C, 35 � C, or other temperatures
for microorganisms, to grow to visible colonies, usually 24–48
h before counting the number of colonies and converting the
number in counts per milliliter or per gram of the food.
Although this time-honored procedure is practised all over the
world, it is time-consuming, labor intensive, and wasteful of
glassware and large numbers of disposable items, such a
plastic pipettes and Petri dishes. Several ingenious method
have been developed to make the viable cell count more ef� -
cient, automatic and cost effective. These new methods wer
� rst designed to perform total viable cell counts but more
recently due to improvements of media development and
additional tests these methods can also detect and enumerat
pathogens such asSalmonella, E. coliO157:H7, and other
pathogens.

The Spiral Plating system (Spiral Biotech, Bethesda, MD
can spread a liquid sample on the surface of nutrient agar in
a Petri dish automatically in a spiral shape (the Archimedes
spiral) with a concentration gradient starting at the center and
decreasing as the spiral progresses outward on the rotatin
plate. The volume of liquid deposited at any segment of the
agar plate is known. After the liquid containing microorgan-
isms is spread, the agar plate is incubated overnight at a
appropriate temperature for the colonies to develop. The
colonies developed along the spiral pathway can be counted
either manually or electronically. New versions of the original
Spiral Plater can automatically perform all the functions,
including picking up a sample with a stylus, spreading the
sample on the agar, lifting the stylus away from the plate, and
then rinsing and sterilizing the stylus for another sample. This
system has been in use for more than 20 years in the food
industry with excellent results.

The Isogrid System (QA Lab, San Diego, CA) consists o
a square� lter with hydrophobic grids printed on the � lter to
form 1600 squares for each� lter. Food samples are weighed
blended, and enzyme treated before passage through th
membrane� lter containing the grids. The� lter is then placed on
agar containing a suitable nutrient for growth of bacteria, yeast,
molds, fecal coliforms, E. coli, Salmonella, etc. The hydrophobic
grids prevent colonies from growing further than the grids; thus
all colonies have a square shape and are easily counted eith
manually or electronically. Both the Spiral Plating method and
the Isogrid method require much less dilution of food sample
compared with the conventional method. Usually only a 1:10
dilution of the food is necessary before application of the
sample to the Spiral Plating system or the Isogrid system.

Rehydratable nutrients are embedded into� lms in the
Petri� lm system (3M Co., St Paul, MN) which is about the size
and thickness of a plastic credit card. An analyst can lift up the
plastic cover of the unit and then apply 1 ml of liquid sample
(with or without dilution) into the rehydratable nutrient gel
and then replace the cover. The thin units (up to 10 can be
stacked together) are then placed into the incubator at suitable
temperature for 24 or 48 h for microbial growth. After incu-
bation the colonies are counted directly through the clear
plastic cover. The� lm can be kept as a permanent record of the
microbial sample. Besides total count this system has� lms for
coliform count, E. colicount, yeast and mold count, and others.
Simplicity and ease of operation along with long shelf-life
(1 year or more in cold storage) and smallness of the units have
made this a very attractive system for small microbiological
laboratories.

Another convenient viable count system is the Redigel (also
marketed by 3M). This system consists of sterile nutrients with
a pectin gel in a tube and no traditional agar. The tube is ready
to be used at any time and no heat is needed to‘melt’ agar.
A 1-ml food sample is � rst pipetted into the tube. After mixing,
the entire content is poured into a special Petri dish previously
coated with calcium. When the liquid comes in contact with the
calcium, a calcium-pectate gel is formed and the complex
swells to resemble conventional agar. After incubation the
colonies can be counted exactly as in the conventional standard
plate count method. This system also has units for total count,
coliform count, etc. similar to the Petri� lm system.

A comprehensive analysis of all four methods against the
conventional method on seven different foods (20 samples
each) showed that these newer systems and the conventiona
method were highly comparable and exhibited a high degree of
accuracy and agreement (r ¼ 0.95þ ). Other methods such as
Simplate,etc. are also being developed and tested. The aim is t
� nd the easiest, fastest, and most automated systems fo
making the conventional viable count method more ef� cient
and less time consuming in both operation and reading of
results.
Instruments for Estimation of Microbial Populations
and Biomass

Counting viable colonies is only one way to monitor growth of
microorganisms in our food and the environment. A variety of
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oxygen) will be generated by the reaction of catalase an
catalase-like enzymes with hydrogen peroxide. The amount o
gas is proportional to the degree of contamination. Yet another
exciting use of catalase activity is to monitor how well foods,
such as chicken and� sh, are cooked. Catalase is heat sensitiv
and when food is well cooked to 71� C catalase activities will be
destroyed. This is a rapid test since it takes only a few seconds
measure the reaction.
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Miniaturized Microbiological Techniques

Biochemical testing methods have been used in applied
microbiology to differentiate groups of microorganisms for
almost 150 years. Microorganisms can metabolize a grea
variety of organic materials and can generate acidic, basic, an
neutral end products with or without the production of gas or
colored compounds from these reactions. By ingenious design
of growth media in solid or liquid forms microbiologists have
been able to use this information to identify and characterize
closely related bacteria into genera and species. A typical set
biochemical tests for the differentiation of the family Enter-
obacteriaceae would include indole, methyl red, Voges–Pros-
kauer, Simmons’ citrate, hydrogen sul� de, urea, KCN, motility,
gelatin, lysine decarboxylase, arginine dihydrolase, ornithine
decarboxylase, phenylalanine deaminase, malonate, gas from
glucose, fermentation of glucose, lactose, sucrose, mannito
dulcitol, salicin, adonital, inositol, sorbitol, arabinose, raf � nose,
and rhamnose. By growing pure cultures in these media fo
a period time, usually 24–48 h, and by observing changes of
color of the liquid from red to yellow (or other pH indicator
colors), or typical reactions after addition of reagents one can
identify unknown cultures using a variety of diagnostic schemes
matching the biochemical data of the unknown with well-
established pro� les of known cultures. This is the basis of
classical identi� cation methods using the Bergey’s Manual of
Determinative Bacteriologyas the guide. This type of procedure
has been used for more than 100 years and has served bacte
ology well. However, the procedure is time-consuming, labor
intensive, and uses large amount of culture media, chemicals
glass ware, tubes, cap, bottles, Petri dishes, and incubator spac
In addition, a microbiologist has to be very skilful in inter-
preting the results and making subtle judgements on the accu
racy of the tests. A slight shade of color difference may mea
a test is interpreted as positive or negative. In this type o
diagnostic scheme one error in judgment can easily result in
a wrong identi� cation. There is a de� nite need to improve the
conventional method of identi � cation of unknown cultures
using biochemical tests.

About 30 years ago this author initiated a systematic
approach to miniaturize all biochemical tests for the identi� -
cation of bacteria from foods and labeled this set of tests as
miniaturized microbiological techniques. In this system the
volume of reagents and media was reduced from 5–10 to about
0.2 ml for microbiological testing in microtiter plates. The basic
components of the miniaturized system are the microtiter
plates for test cultures (8 � 12 multiwell con � guration),
a multiple inoculation device and containers to house solid
media (large Petri dishes) and liquid media (another series of
microtiter plates). The procedure involves placing liquid
cultures (pure cultures) to be studied into sterile wells of
a microtiter plate to form a ‘master plate.’ Each microtiter plate
can hold up to 96 different cultures, 48 duplicate cultures, or
various combinations as desired. The cultures are then trans
ferred by a sterile multipoint inoculator (96 needles protruding
from a template) to solid or liquid media. Sterilization of the
inoculator is by alcohol � aming. Each transfer represents 96
separate inoculations in the conventional method. After incu-
bation at an appropriate temperature, the growth of cultures on
solid or liquid media can be observed and recorded, and the
data analyzed. These miniaturized procedures save a conside
able amount of time in operation, effort in manipulation,
materials, labor, and space. These methods have been used f
the study of large numbers of bacterial and yeast isolates from
foods and developed many bacteriological media and proce-
dures. Many useful microbiological media were discovered
through this line of research. For example, an aniline blue
Candida albicansmedium was developed and marketed by
DIFCO under the name Candida Isolation Agar. Some excellen
agars forE. coliO157:H7, E. coli, Yersinia enterocolitica, etc. are
being developed and studied. The progression of developmen
of miniaturized microbiological techniques and modern rapid
methods is depicted in Table 1.

At around the time when the author was working on
miniaturization of microbiological techniques in late 1960s to
1970s an important trend in diagnostic microbiology started to
unfold. This was the commercialization of miniaturized diag-
nostic kits in Europe and the United States. These kits can b
characterized as agar-based kits, dehydrated media-based ki
and paper-impregnated media-based kits. This section gives a
introduction to how these systems came into being. More
information about these kits and their applications is provided
in later articles.

Agar-Based Kits
The R/B and Enterotube II systems are the two prime example
and are among the oldest commercial diagnostic kits. The R/B
system is similar to the familiar TSI tube for differentiating
Enterobacteriacaeexcept that it has eight different reactions in
two tubes. After inoculating the pure culture into a larger tube
and a smaller tube the tubes are incubated for 24 h and then
the reactions are recorded and compared to color charts o
known cultures for identi � cation. There is a lot of color
bleeding in this system which makes it very dif� cult to inter-
pret the data.

The Enterotube II system has 12 separate compartments i
a cigar-shaped plastic tube with a sterile needle placed throug
all 12 chambers. After removing the caps from both ends the
sterile inoculation needle is used to touch a pure colony grown
on agar. The needle is then slowly pulled through all
12 chambers in one motion. This deposits the culture in the
12 agars in the respective chambers. After incubation appro
priate reagents are added into the chambers and the colo
reactions are recorded. The data are then fed into a data she
and a number is generated from blocks of three reactions base
on the positive reactions. The numerical score is then trans
formed into a code. A code book is used to identify the
unknown culture. This procedure is used by most other kits
systems to be discussed. These agar-based systems are eas
use but have a short shelf-life (a few months) and there are
problems with dehydration and occasional contamination.
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Table 1 Major developments

Diagnostic tests for liquid, semi-solid and solid media
1. Large tubes: One reaction per tube
2. Large tubes: multiple reactions per tube
3. Small tubes: one reaction per tube
4. Small tubes: multiple reactions per tube
5. Wells in a tray of different con�gurations:

a. One type of reaction for many organisms per tray
b. Many types of reactions for one type of organism per tray
c. Many types of reactions for a few organisms per tray

6. Diagnostics kits

Inoculations into diagnostic tests
1. One inoculation per tube
2. Multiple inoculations (manually or by instruments)

a. Liquid in a tray
b. Solid in agar
c. Agar in multiple compartments
d. Liquid dispensing to multiple wells

Automated instruments for monitoring
1. Cell mass
2. Cell components
3. Cell metabolites
4. Cell activities

Development of serological and immunological techniques
1. Immunoblotting
2. Electrophoresis
3. Radioimmunosorbant assay
4. Enzyme-linked immunosorbent assay

Development of genetic techniques
1. DNA probes, RNA probes
2. Polymerase chain reaction
3. RiboPrinting, random ampli� ed polymorphic DNA
4. Ligase chain reaction, Q-beta replicase

Concepts involving the living cell
1. Living cell versus dead cell
2. Growing cell versus non-growing cell
3. Meaning of viable cell count
4. Correlation between total count and other parameters
5. Ampli� cation of cells
6. Concentration of cells
7. Signal versus background
8. Sensitivity versus detection line

Reproduced from Fung, D.Y.C., 1992. Historical development of rapid methods
automation in microbiology. Journal of Rapid Methods and Automation in Micro
biology 1, 1–14.
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Dehydrated Media-Based Kits
The best example is the API system. In 20 small chambe
housed in a long strip 20 different media are placed in the
chambers and dehydrated. A pure culture is� rst suspended in
a sterile liquid and then aliquots are carefully placed into each
chamber. Some tests require an oil overlay to ensure anaerob
condition. After overnight incubation, reagents are added to
some chambers and the color of the tubes are recorded. A
described for Enterotube II system a code for the unknown
culture is generated and compared with a code book for
identi � cation. API has the largest database of all the kits an
has become de facto the standard diagnostic test kit for
Enterobacteriaceae.
Biolog is a dehydrated medium system using 95 carbon
sources with one positive control in the microtiter plate. An
unknown culture is � rst homogenized in liquid and then the
liquid culture is placed in all 96 wells using a multichannel
pipetter. The design of the system is such that when an
organism utilizes a particular carbon source the liquid will turn
blue. Thus there is only one color to read in these wells. An
analyst can match the positive growth pattern of the unknown
culture with the pattern of a known culture for identi � cation.
A better way is to put the microtiter plate with growth results
into a specially designed instrument which can automatically
match the pattern of the unknown culture with patterns of
known cultures in the data bank for identi� cation. This is an
ambitious system designed to identify hundreds of clinical,
food, and environmental cultures.

The crystal system is also a dehydrated medium kit. In this
system 30 different biochemical substrates are dehydrated at th
tip of small plastic rods. A culture suspension is� rst placed into
the trough of the bottom unit. A unit with 30 small rods each
with a different dehydrated medium at the tip is placed � rmly
into the bottom unit with the culture. The unit is then incubated.
After growth and reaction the color of the tips of the rods indi-
cates positive or negative reactions. The unit is placed int
a reader to register the reaction pattern which is then matched
with the database of known culture patterns for identi� cation.

The RapidID system is also based on dehydrated medium
housed in small chambers. The difference between RapidID
system and API is that chambers are not inoculated individually
but rather the ingenious design receives 1 ml of culture suspen
sion in a trough. By tilting the trough perpendicular to the
openings of the small chambers with the media in one movement
10 chambers can be inoculated simultaneously thus saving much
time and labor compared with the API inoculation procedure.

One of the earliest and most automated dehydrated medium
systems is the Vitek system. This system comprises a plastic ca
(about the size of a credit card) with 30 different dehydrated
media placed in tiny wells connected to each other by a series o
microtubes in the card. A pure culture is� rst suspended in
liquid and then by vacuum the liquid is introduced into the
30 wells in the card. The card is then placed into an incubator
unit. At regular intervals the card is scanned and identi� cation
is done automatically by computer. This system has been use
in hospital environments for more than 20 years.

The major advantage of the dehydrated medium-based kits
is long shelf-life (1.5 years) in refrigerated storage.

Paper-Impregnated Medium-Based Kits
The two kits in this category are the MicroID and Minitek
systems. The MicroID system has 15 separate chambers, 10
which have one paper disc containing one reaction medium.
The other � ve chambers have one paper disc in the bottom
portion of the chamber and another paper disc in the top
portion of the chamber for secondary reaction. A liquid culture
is introduced to the opening of each of the 15 chambers; the
liquid drops to the bottom of the chamber and wets the paper
disc with medium. After 4 h incubation one reagent is added to
the � rst chamber and the unit is rotated through 90� so that the
liquid from the � ve chambers will come into contact with the
discs at the top portion of these chambers for secondary reac
tion. The color of the � ve discs in the top part of the chamber are

and
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228 BIOCHEMICAL AND MODERN IDENTIFICATION TECHNIQUESj Introduction
read as well as the 10 paper discs of the other 10 chamber
Identi� cation of the unknown is similar to other systems by
� nding the code number and comparing with the code book.
This was the� rst 4 h test from the time the analyst picked the
colonies from the agar plate. This is possible because this syste
utilized pre-formed enzymes in the cultures for the reactions.

The Minitek system is more� exible than the other kits. The
manufacturer sells 36 different substrates on paper discs con
tained in small tubes. These tubes can be dispensed in a
instrument and then the discs with substrates are dropped into
the wells of a 10-unit multiwell plastic plate. After the paper
discs are in place, an automatic pipetter with the liquid culture
is used to inoculate the culture in all the chambers. Usually, 20
paper discs in two 10-well plates are used for identi� cation of
enterics. After inoculation of the culture some wells are� lled
with mineral oil to keep the test under anaerobic conditions.
After incubation, identi � cation is done by � rst reading positive
and negative test results and the code generated is matche
with a code book. It should be emphasized that the code book
of one system cannot be used to identify unknowns from
another system. Also the biochemical results of one system
cannot be transposed to biochemical results of another system
The same organism may give a positive result of a test in on
system but a negative result in another system because of th
amount of chemicals used by different systems.

These paper-impregnated medium kits also have long she
life of 1.5 years. These kits are based on biochemical chang
due to enzymes in the cells. These methods have found th
greatest use in clinical microbiology. Many systems now
include bacterial isolates from food sources and put the
information in the database for identi � cation of food isolates.
There are many other diagnostic kits made by different coun
tries throughout the world but the basic principles are the same
as the three types of kits described here.

An example of the variety of methods developed and tested
to identify one family of bacteria, the Enterobacteriaceae, is
given in Table 2. Many charts for the detection of other path-
ogens are described in the literature.
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Re�nements of Novel Methods

This section describes new developments in immunology and
genetic techniques.

Immunology
Antibody and antigen reactions for diagnostic microbiology
have been used for more than 50 years in clinical science
food science, biological sciences, and related science
A variety of formats have been used such as agglutinatio
tests, precipitation tests, haemagglutination, single ge
diffusion, double gel diffusion, microslide diffusion, latex
bead agglutination, etc. The most popular format in terms of
commercial kits is the enzyme-linked immunosorbent assay
(ELISA). In the Organon Teknika (Durham, NC) system two
monoclonal antibodies speci� c for Salmonelladetection are
used; one for capturing the organism and the other for
reporting the captured antigen. The� rst antibody is � xed in
a solid base such as a microtiter well. A suspected samp
containing Salmonellais then added to the well. If Salmonella
is present it is captured by the antibody. The second
antibody labelled with an enzyme is then added to the well.
It reacts with the captured Salmonellaand after addition of
the appropriate substrate a color reaction occurs. The colo
reaction can be detected visually or by use of colorimeter. A
series of washing steps are involved in this type of ELIS
test. Another system which utilizes monoclonal antibodies is
the Assurance EIA test marketed by BioControl (Bothell
WA). The Tecra system (International BioProducts, Red
mond, WA) was developed in Australia and uses polyclonal
antibodies to detect Salmonella. Such ELISA test kits have
been developed forListeria, E. coli, Campylobacter, etc. Many
companies provide a host of polyclonal and monoclonal
antibodies for a variety of diagnostic tests, including some
food pathogens.

In the VIDAS system (bioMerieux Vitek, Hazelwood,
MO) all intermediate steps are automated. Other
completely automated ELISA systems include Tecra OPU
(International BioProduct, Redmond, WA), Bio-tek Instru-
ments (Highland Park, VT), and Automated EIA Processo
(BioControl, Bothell, WA). In recent years a series of‘lateral
migration ’ ELISA tests have been developed. After overnigh
pre-enrichment, an analyst only needs to add a drop of the
suspect liquid (boiled or unboiled) into the � rst well of the
unit. If a suspect culture (e.g.,E. coli O157) is present an
antibody will react with the antigen and form a complex
which will migrate laterally to another part of the unit
where another speci� c antibody is � xed to capture the
target organism (e.g.,E. coli O157). A colored particle is
attached to the � rst antibody; thus reaction is reported as
a color band in the unit. Excess antibodies will continue to
migrate to a region where they will be captured by another
antibody and form a visible complex. This is the test
control to ensure the system is performing properly. The
entire reaction takes only about 10 min, making this type
of test very rapid indeed. Currently REVEL (Neogen, Lans
ing, MI) and VIP (BioControl, Bothell, WA) are two popular
systems for rapid detection of Salmonellaand E. coli by
lateral migration technology. It should be emphasized that
with this type of test a negative result would allow the food
products, such as ground beef, to be released for shipmen
However, when the test is positive the conventional
approved methods must be used to con� rm the identity of
the culture.

The UNIQUE system (Tecra system, Roseville, Australia
for Salmonellais another method of using immunocapture
technology. In this system a dip stick with antibody against
Salmonellais applied to the pre-enriched broth. The anti-
body captures the Salmonella, if present. This charged dip
stick is then placed in a fresh enrichment broth and the
cells are allowed to multiply for a few hours. After the
second enrichment step, the dip stick with a much larger
population of Salmonellaattached to it will be subject to
further ELISA procedures. The entire test is housed i
a convenient plastic self-contained unit. A similar system is
developed for Listeria monocytogenesby the same company.
This type of self-contained unit is very useful for the smaller
laboratory where automated systems may not be practica
for routine use.

Immunomagnetic capture technology is another exciting
development in applied microbiology. In this system



Table 2 Miniaturized biochemical assays: Enterobacteriaceae

Type of kit Supplier Limit of detection % Correctly identiÞed % Total errors Sensitivity SpeciÞcity % Agreement Total time Cost per assay

API20E bioMérieux Vitek, Hazelwood, MO Pure colony 77a 1.6 (a) NRe NR NR 21 h $4.17
95.6b

78.7c

95.2d

Enterotube II Roche, Basel, Switzerland Pure colony NR NR NR NR 97 18–24 h NR
MicroIDf REMEL Pure colony NR NR NR NR 97 4 h NR

98.8 (Salmonella)
97.7 (E. coli)
88.1 (Other enterics)

MUCAP Test Biolife, Italy Pure colony NR NR 100 80 NR NR NR
90.1

Rambach Agarg Technogram, France Pure colony NR NR 91 100 NR NR NR
88 76

RapIDonE Innovative Diagnostic Systems Inc. Pure colony NR 4.6 NR NR 92.1 4 h NR
Salmonella-strip LabM, UK Pure colony NR NR 100 99 NR NR NR
SM-IDc bioMérieux Vitek, Hazelwood, MO Pure colony NR NR 93 37 NR NR NR
Spectrum-10 ABL Austin Biological Laboratories Pure colony NR NR NR NR 91 18–24 h NR
Vitek GNIf bioMérieux Vitek, Hazelwood, MO Pure colony NR 4.40 NR NR 84.5a NR NR

92.8b

aAfter initial incubation.
bAfter additional biochemical tests were performed as directed by the manufacturer.
cAfter 24 h of incubation.
dAfter 48 h of incubation.
eNR, not reported.
fAOAC� nal action.
gSelective agar.
Reproduced from Kalamaki, M., Price, R.J., Fung, D.Y.C., 1997. Rapid methods for identifying seafood microbial pathogens and toxins. Journal of Rapid Methods and Automation in Microbiology 5, 87–137.
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230 BIOCHEMICAL AND MODERN IDENTIFICATION TECHNIQUESj Introduction
paramagnetic beads are coated with antibodies designed t
capture target pathogens such asSalmonella. The beads are
placed in a liquid culture and the antibodies capture any
Salmonellapresent. Then a powerful magnet is applied to the
side of the glass container to localize all the paramagnetic
beads with captured target pathogens, thus greatly concen
trating the population from the liquid. The rest of the liquid is
discarded and the tube washed to remove compounds that are
not needed. The beads are released from the side of the gla
tube by removing the magnetic � eld. Further microbiological
processes are performed to identify the target pathogen. Th
procedure saves at least 1 day in most pathogen detectio
systems. Vicam (Somerville, MA) and Dynal (Oslo, Norway)
are two systems using this technology.

Motility enrichment is another way to rapidly screen for
motile organisms such asSalmonella, Listeria, etc. A motility
� ash system has been developed that can presumptively dete
the presence ofSalmonellain food in about 16 h. Con � rmation
takes another 24 h with this system. BioControl (Bothell, WA)
have marketed a 1–2 test system forSalmonellawhich utilizes
motility as a form of selection. The food is � rst pre-enriched for
24 h in lactose broth and then 0.1 ml is inoculated into one of
the chambers in the L-shaped system. The chamber contain
selective enrichment liquid medium. There is also a small hole
connecting the liquid chamber with the rest of the system
which contains a soft agar for Salmonellato migrate. An
opening on the top of the second chamber allows the intro-
duction of a drop of polyvalent anti-H antibody for reaction
with � agella of Salmonella. If the sample contains Salmonella
from the lower side of the unit, they will migrate through
the hole and up the agar column. When the antibody meets
the Salmonellaa visible ‘immunoband ’ forms. The presence
of the immunoband indicates that the original food sample
contained Salmonella. Further con� rmation tests are necessar
for � nal identi � cation. Stimulation of the growth of pathogens
in these systems will shorten the detection time. The author’s
laboratory has developed a variety of procedures utilizing an
enzyme named oxyrase to stimulate the growth of pathogens
such asListeria monocytogenes, Campylobacter, E. coli, etc. in the
pre-enrichment or enrichment stage so that the cells reac
106 per milliliter rapidly for secondary detection such as ELISA
or other technologies. Oxyrase can also be used to stimulate th
growth of starter cultures in the fermentation of a variety of
food products such as buttermilk, yoghurt, bread dough,
sausages, beer, and wine.
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Genetic Methods for Identi�cation

DNA and RNA probes have been used for more than 15 year
in the diagnostic � eld. At � rst the target was DNA of patho-
gens such asSalmonellaand used radioactive compounds to
report the hybridization. More recently the target has been
RNA and the reporting system is a probe with enzyme
attached to change the color of substrates for reporting the
hybridization. The reasons are that in a bacterial cell there is
only one copy of DNA but up to 10 000 copies of RNA thus by
probing RNA these systems will be more sensitive and enzym
systems are far more user friendly than radioactive material
for reporting the hybridization reaction. For more than 10
years, Genetrak (Hopkinton, MA) has been marketing DNA
and RNA for the detection of Salmonella and Listeria
monocytogenes.

Polymerase chain reaction (PCR) systems are the late
development in DNA ampli � cation technology and have
recently gained much attention in food microbiology. Orig-
inally the procedures were highly complicated and a very
clean environment was needed to perform the test. Recently
much research has been directed at simplifying the procedur
for laboratory analysts. Qualicon (Wilmington, DE) is
marketing BAX screening system which utilizes pre-package
tubes for PCR tests of pre-enriched sample for pathogen
such asSalmonellaand E. coli. All the reagents necessary fo
PCR are in the tube (primers, buffer, MgCl2, TAQ, and
nucleotides). The target DNA, if present in the pre-enriched
sample will be subjected to the PCR procedure automati-
cally in the thermal cycler. The cycle consists of heating th
liquid to 95 � C for a few seconds or minutes to cause the
DNA to unfold, then lowering the temperature to about
50 � C for the primers (oligonucleotides for speci� c sequence
of bases of the target pathogen) to anneal to the targe
sections of the half DNA with another speci� c primer
attached to the opposite region of the other half DNA. The
temperature is then raised to 72� C for the enzyme TAQ to
complete the polymerization of the half DNAs to complete
DNA by depositing complementary nucleotides to the
unfolded DNA. After the completion of polymerization one
original DNA becomes two identical DNA pieces. The cycle
repeats and the number of DNA will increase exponentially.
Depending on the speed of each cycle one piece of DNA ca
be ampli� ed to 1 � 106 pieces in about 2 h. The PCR
products can then be detected by electrophoresis, dot blot
ting, Southern blotting or ELISA type hybridization. In the
BAX system electrophoresis is used to detect PCR produc
for Salmonellaand E. coliO157. A new system named Pro-
belia developed by Pasteur Institute is introduced by
BioControl in the United States for effective PCR test for
Salmonellaand Listeria monocytogenes. There are a number of
differences between BAX and Probelia systems: (1) In Pro
belia the nucleotides used are adenine, uracil, guanine and
cytosine instead of adenine, thymine, guanine, and cytosine.
(2) A special enzyme uracil-D-glycolase is in the system
which can destroy all Probelia PCR products from a previous
run; thus for a new run there will be no contaminants before
the start of another new sequence of PCR cycles. (3) There
an internal control in the same tube with all the other
ingredients for PCR. (4) The PCR products are detected by a
ELISA type hybridization procedure. These systems are no
being introduced into food laboratories and will be very
useful when all the technical details are solved for common
food laboratories.

Qualicon also markets a Ribotyping system which can
track the origins of several pathogens in food plants and other
environments. This is especially important for epidemiolog-
ical work in foodborne outbreaks. In this system a pure
culture must be isolated from a suspected sample. DNA from
the culture is then extracted and digested by special enzyme
into fragments. These fragments are subjected to electropho
resis for separation and then the fragments are loaded on
a membrane and the membrane is processed. A highly
sensitive photo system is used to record patterns of the



Table 3 Predictions of food microbiological developments

1. Viable cell counts will still be used
a. Early sensing of viable colonies on agar, 3–4 h
b. Electronic sensing of viable cells under microscope, 2–3 h
c. Improvement of vital stains to count living cells
d. Early sensing of MPN

2. Real-time monitoring of hygiene will be in place
a. ATP
b. Catalase
c. Sensor for biological materials

3. PCR, ribotyping, genetic tests will become reality in food
laboratories

4. ELISA and immunological tests will be completely automated
and widely used

5. Dipstick technology will provide rapid answers
6. Biosensors will be in place in HACCP programmes
7. Instant detection of target pathogens will be possible by

computer generated matrix in response to particular
characteristics of pathogens

8. Effective separation; concentration of target cells will greatly
assist in rapid identi� cation

9. Microbiological alert system will be in food packages
10. Consumer will have rapid alert kits for pathogens at home

Reproduced from Fung, D.Y.C., 1995. What’s needed in rapid detection of food-
borne pathogens. Food Technology 49 (6), 64–67, presented at the American
Society for Microbiology Annual Meeting.
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fragments and the data are processed through sophisticated
computer systems and a riboprint pattern of the culture is
obtained. The pattern is then matched with the database to
identify the culture. It is important to know that the same
organism can have many different patterns. For example
Salmonella has 97 RiboPrint Patters, Listeria has 80, E. coli has
65, and Staphylococcus has 252 patterns. Thus when there is an
outbreak of Salmonella, for example, it is possible to trace the
exact origin of the contamination by matching patterns of the
culture causing the outbreak versus the source. Finding
a culture of Salmonella in a certain food is not enough to pin-
point the source of this culture to the outbreak but if the
RiboPrint of the culture matches exactly with the culture that
caused the sickness then it is more reliable to identify the
source of the problem. This process is completely automated
once the pure culture is introduced into the RiboPrint
instrument. In about 8 h eight samples can be processed
simultaneously. Also every 2 hours a new set of eight samples
can be introduced to the instrument. This instrument won the
1997 Institute of Food Technologists Industrial Award for the
excellence of the process and the potential impact on tracing
foodborne pathogens.

Other techniques of this type of work include the random
ampli�ed polymorphic DNA (RAPD) method, pulsed-�eld
electrophoresis, multiplex RAPD, etc.

It is not possible to mention all the new and useful
methods, suf�ce to say that there are many chemical,
biochemical and physical methods that can be used to identify
microorganisms such as gas liquid chromatography, GC mass
spectrometry, fatty acid pro�le, protein pro�les, pyrolysis,
calorimetry, etc.

In conclusion, this article has described a variety of
methods that are designed to improve current methods,
explore new ideas and develop new concepts and technolo-
gists for the improvement of applied microbiology. This �eld
will certainly grow, and many food microbiologists will �nd
these new methods very useful in their routine work in the
immediate future. Many methods described here are already
being used by applied microbiologists nationally and
internationally.

Table 3 (compiled in 1995 by the author) lists some
predictions of food microbiological developments. As we move
into the twenty-�rst century many of the predictions have
become realities. The future is bright for this �eld of endeavor
for promoting food safety and protecting the health of
consumers nationally and internationally.
See also:Biochemical and Modern Identi�cation Techniques:
Food-Poisoning Microorganisms.
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Introduction

The Enterobacteriaceae is a large family of Gram-negative
bacteria that includes, along with many harmless symbionts,
many of the more familiar pathogens, such as Salmonella,
Escherichia coli, Yersinia pestis, Klebsiella, Shigella, Proteus, Enter-
obacter, Serratia, and Citrobacter. Members of the Enter-
obacteriaceae are rod shaped and typically are 1–5 mm in
length. Enterobacteria have Gram-negative stains, and they are
facultative anaerobes, fermenting sugars to produce lactic acid
and various other end products. Many members of this family
are a normal part of the gut �ora found in the intestines of
humans and other animals, whereas others are found in water
or soil, or are parasites on a variety of different animals and
plants (Williams et al., 2010).

Some bacteria grouped as Enterobacteriaceae are sub-
categorized as ‘coliforms,’ including Escherichia, Enterobacter,
Klebsiella, Serratia, and Citrobacter, because they share similar
morphological and biochemical characteristics. Coliform
bacteria are a commonly used bacterial indicator of sanitary
quality of foods and water (Taylor, 1986).

Given the importance of these bacteria, as food-poisoning
organisms, the accurate identi�cation of the different species is
of great importance to food microbiology. The identi�cation of
microorganisms with conventional methods involves a great
amount of materials and work. Therefore, many rapid identi-
�cation systems have been developed (MacFaddin, 1980).
These techniques are based on ready-to-use media, or more
accurate methods using dehydrated substrates, placed in
cupules or tubes, or rapid microbiological methods (Kilian and
Bulow, 1976).

There are a number of conventional and commercially
available automated and nonautomated systems to identify
Gram-negative rods. Except for reference testing, conventional
macrotube biochemical tests for bacterial identi�cation have
been replaced by commercial systems, because the classical
methods are too expensive, slow, and unwieldy for routine use
in the microbiological laboratory. Some of the systems are
restricted to one genus (i.e., API Listeria), and others can be
applied for large groups (BBL Crystal Grampositive Identi�ca-
tion System). These systems range from visual interpretation of
miniaturized biochemical panels with computerized taxo-
nomic databases to semiautomated or automated systems that
can interpret and analyze results in a matter of hours. Many
laboratories now adopt semiautomated phenotypic identi�-
cation systems, such as VITEK or Omnilog, or they have
embraced genotypic methods, including polymerase chain
reaction (PCR)–based methods.

Systems for determination of Enterobacteriaceae are more
available than identi�cation systems for other microorganisms
232 Encyclopedia of Food Mic
(Grif�oen and Beumer, 1995). As most of these systems
initially were developed for application in clinical microbi-
ology, bacteria from animal, food, feed, or environmental
sources may be tested less commonly and incorporated in the
identi�cation databases of the system. The diversity of these
microorganisms, originating from various sources, may cause
problems for the identi�cation systems, since bacterial strains
of the same species may vary slightly in their biochemical
reactions. There are also differences among the databases
(Phenetic Classi�cation Database) of different identi�cation
systems.

Although results obtained with various identi�cation
systems for Enterobacteriaceae have been described in the
literature, worldwide most tests for the biochemical identi�-
cation of Enterobacteriaceae (in medical, industrial, and
research laboratories) are performed with the miniaturized
systems API 20E, BBL� Enterotube�, and BBL� Crystal�
Enteric/Nonfermenter ID. This article described these systems
in detail, and the results obtained with the systems in identi-
fying test strains of Enterobacteriaceae are discussed.
Principles and Types of Commercially Available Tests

Identi�cation methods can be divided into two groups:
phenotypic and genotypic. The genotype–phenotype distinc-
tion is drawn in genetics. ‘Genotype’ is an organism’s full
hereditary information, even if not expressed. ‘Phenotype’ is an
organism’s actual observed properties, such as morphology,
development, or behavior. Phenotypic methods are the most
widespread due to their relatively lower costs for many labo-
ratories. Expressions of the microbial phenotype – that is, cell
size and shape, cellular composition, antigenicity, biochemical
activity, sensitivity to antimicrobial agents, and so on –
frequently depend on the media and growth conditions that
have been used.
Phenotypic Methods

Phenotypic methods tend to work on the process of elimina-
tion. If test A is positive and B is not, then one group of possible
microorganisms is included and another is excluded. From this,
tests C and D are performed, and so on. The test results are
compared against databases that work on the basis of
a dichotomous key. A dichotomous key is a way of dividing
groups of organisms, based on certain attributes. Bacteria are
categorized using this method based on differences in their
physical or metabolic attributes.

Phenotypic methods can be divided into manual and
semiautomated methods.
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Manual Test Kits

Once the cellular characteristics of the unknown organism
have been reported (such as through a microscopic view of the
Gram reaction), the second stage of identi� cation is to identify
the genus and species of bacteria. The most common tech
niques used, based on their costs and long history, ar
biochemical tests. Before starting a test, it must be con� rmed
that the culture is an Enterobacteriaceae. To test this, speci� c
growth on violet red bile agar, fermentation of glucose
(positive), and oxidase reaction (negative) should be observed
(Sutton and Cundell, 2004). The oxidase test is for cytochrome
c oxidase. Enterobacteriaceae are typically oxidase negativ
meaning they either do not use oxygen as an electron accepto
in the electron transport chain, or they use a different cyto-
chrome enzyme to transfer electrons to oxygen. If the culture
is determined to be oxidase positive, alternative tests mus
be carried out to correctly identify the bacterial species
The subsequent Gram stain should be negative, and th
morphology of the stained cells should be rod shaped (Hart-
man, 1968).

Phenotypic reactions typically incorporate reactions to
different chemicals or different biochemical markers. These
rely on the more subjective determinations. The reliance on
biochemical reactions and carbon utilization patterns intro-
duces some disadvantages to the achievement of consiste
(repeatable and reproducible) identi� cation. These are
mature technologies, however, such as the API strip, that ar
marketed by multiple companies as consistent, prepackage
kits with well-established quality control procedures (Monnet
et al., 1994).

For the Enterobacteriaceae, the appropriate test kits are th
API 20E (bioMérieux, Marcy-l’Etoile, France), BBL� Enter-
otube� , and BBL� Crystal� (Becton Dickinson and Company,
Maryland, United States). These test kits do not require high
investments in apparatus, are user friendly, and are well known
in laboratories for clinical, veterinary, and food microbiology
(Micklewright and Sartory, 1995).
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Principle and Use of the API 20E Identi�cation System
for Enterobacteriaceae

API 20E is a standardized identi� cation system for Enter-
obacteriaceae and other nonfastidious Gram-negative rods
which uses 23 miniaturized biochemical tests and a database
The API 20E strip consists of 20 microtubes containing
dehydrated substrates. These tests are inoculated wi
a bacterial suspension that reconstitutes the media. During
incubation, metabolism or metabolite produces color
changes that either are spontaneous or revealed by the add
tion of reagents. The obtained reactions are analyze
according to the interpretation table, the analytical pro� le
index (a codebook), or the APILAB software (or, more
commonly, an online resource).

The API 20E kit consists of 25 API 20E strips and 2
incubation boxes. To use the API 20E, the following mate-
rials are necessary: suspension medium or sterile wate
(5 ml), reagent kit, zinc reagent, mineral oil, pipettes, API
20E pro� le index or identi� cation software, and an ampoule
rack. The following general laboratory equipment also is
required: incubator (35–37 � C), refrigerator, Bunsen burner,
and marker pen.

To determine fermentative or oxidative metabolism and
motility, API OF-medium and API M-medium might be
necessary.

Directions for Use
Preparation of the Strip

l Prepare an incubation box, tray, and lid and distribute
about 5 ml of water into the honeycombed wells of the tray
to create a humid chamber.

l Record the strain reference on the elongated tab of the tray
l Place the strip in the tray.
l Perform the oxidase test on an identical colony. Only use

oxidase-negative colonies for the biochemical determina
tion of Enterobacteriaceae.
Preparation of the Inoculum

l Open an ampoule of suspension medium or sterile water
without additives.

l With the aid of a pipette, remove a single well-isolated
colony from an isolation plate.

l Carefully emulsify to achieve a homogenous bacteria
suspension.
Inoculation of the Strip

l With the same pipette,� ll both the tube and cupule of tests
CIT (citrate utilization), VP (acetoin production, Voges–
Proskauer reaction), and GEL (gelatinase), with the bacte
rial suspension.

l Fill only the tubes (and not the cupules) of the other tests.
l Create anaerobiosis in the tests ADH (arginine dihy-

drolase), LDC (lysine decarboxylase), ODC (ornithine
decarboxylase), URE (urease), and H2S by overlaying with
mineral oil.

l Close the incubation box and incubate at 35–37 � C for
18–24 h.

Reading of the Strip

l After 18–24 h at 35–37 � C, read the strip by referring to the
interpretation table.

l Record all spontaneous reactions on the record sheet.
l If the glucose reaction is positive or three tests or more ar

positive, reveal the results that require the addition of
reagents: VP, TDA (tryptophane desaminase), IND (indole
production), and NO 2.

l Add the reagents required and record the results on th
report sheet.

l If the glucose reaction is negative and the number of posi-
tive tests is less than or equal to two, do not add reagents
IdentiÞcation

l Using the identi� cation table, compare the results recorded
on the report sheet with those given in the table.
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l With the analytical pro� le index or the identi� cation soft-
ware, code the pattern of the reactions obtained in
a numerical pro� le.

On the report sheet, the tests are separated into groups o
three, and a number (4, 2, or 1) is indicated for each. By adding
the numbers corresponding to positive reactions within each
group, a seven-digit pro� le number is obtained for the 20 tests
of the API 20E strip.

In some cases, the seven-digit pro� le is not discriminatory
enough, and additional tests should be carried out, including
the following: reduction of nitrates to nitrites (NO 2),
reduction of nitrites to N 2 gas, motility, growth on Mac-
Conkey agar medium, oxidation of glucose, and fermenta-
tion of glucose.
re

t-
Principle of the BBL® Enterotube™ for the Identi�cation
of Enterobacteriaceae

The Enterotube� and its computer coding and identi� cation
system are designed specially for the identi� cation of Enter-
obacteriaceae (i.e., aerobic, Gram-negative rods, which a
oxidase negative). The Enterotube� consists of 12 compart-
ments in a row, � lled with ready-to-use media (‘wet’ system),
with which 15 reactions can be performed.

Enterotubes� are delivered in boxes containing 5
or 25 units, 5 or 25 report sheets, and an instruction
manual.

Directions for Use
Preparation of the Tube
Remove both caps from the tube. The tip of the inoculation
needle is under the white cap. Without� aming the needle, pick
a well-isolated colony directly on the top of the needle. Do not
puncture the agar.
,
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Inoculation of the Tube

l Inoculate the tube by � rst twisting the needle, then with-
drawing it through all the compartments using a turning
motion. Reinsert the needle (without sterilizing) into the
tube until the notch on the needle is aligned with the
opening of the tube. The tip of the needle should be seen in
the citrate compartment.

l Break the needle at the notch by bending. The portion of the
needle remaining in the tube maintains the anaerobic
conditions necessary for true fermentation of glucose
decarboxylation of lysine and ornithine, and the detection
of gas production. Replace both caps.

l With the broken-off part of the needle, punch holes through
the foil, covering the air inlets of the last eight compart-
ments (adonitol, lactose, arabinose, sorbitol, Voges–Pros-
kauer, and dulcitol/PA (phenylalanine desaminase), urea,
and citrate) to support aerobic growth in these
compartments.

l Incubate the tube at 35–37 � C, standing it upright if
possible in the test-tube support with its glucose compart-
ment pointing upward, or lay the tube on its � at surface.
Reading of the Tube

l Interpret all the reactions with the exception of indole
and Voges–Proskauer, in comparison with a reference
picture or a not-inoculated tube. Record the reactions on
the interpretation pad. The reaction is negative if the
compartment remains unchanged (exceptions: indole and
Voges–Proskauer).

l Perform the indole test and the Voges–Proskauer test by
adding the Kovacs’s reagent into the H2S/indole compart-
ment (directly under the plastic � lm) and a-naphthol and
potassium hydroxide (through the air inlet) into the Voges–
Proskauer compartment.

To identify an isolate, the numbers for the positive reactions
are written down on the interpretation pad. The circled
numbers for 5 � 3 reactions are added together, resulting in
a � ve-digit number (ID value). The number thus obtained then
is compared with the Computer Coding and Identi� cation
system (available at Becton Dickinson), which results in the
identi � cation of a microorganism.

If further tests are required, or if the purity of culture has to
be checked, an inoculum from the incubated tube can be taken
and applied to a suitable medium or broth for subcultivation as
follows:

l The inoculation needle is drawn out with sterile forceps and
streaked on a plate.

l Bacterial substance is extracted from a positive compar
ment with a sterile loop after the plastic � lm has been
removed.
Principle of the BBL® Crystal™ Enteric/Nonfermenter
ID System for Enterobacteriaceae

The BBL� Crystal� Enteric/Nonfermenter (E/NF) identi� ca-
tion system is a miniaturized identi� cation method employing
modi � ed conventional and chromogenic substrates. The ki
includes lids, bases, and inoculum� uid tubes. The lid contains
30 dehydrated substrates on the tips of plastic prongs. The bas
has 30 reaction wells. The test inoculum is prepared with the
inoculum � uid and is used to � ll all 30 wells in the base. When
the lid is aligned with the base and snapped in place, the tes
inoculum rehydrates the dried substrates and this rehydration
initiates test reactions.

After an incubation period, the wells are examined for color
changes, resulting from metabolic activity of microorganisms.
The resulting pattern of the 30 reactions is converted into
a 10-digit pro� le number that is the basis for identi� cation.

The BBL� Crystal� kit consists of 20 lids, 20 bases, 20
tubes with inoculum � uid, two incubation trays, one color
reaction card, and a results pad. To use the kit, the following
materials are required (but not provided): sterile cotton swabs,
incubator (35–37 � C, 40–50% humidity), a BBL� Crystal�
light box, the BBL Crystal� ID system electronic codebook,
nonselective culture plates (e.g., tryptone–soy agar), and
reagents to perform the indole test and the oxidase test (BB
DMACA Indole and BBL Oxidase reagent dropper) (Holmes
et al., 1994).
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Directions for Use
Preparation of the Panels

l Remove the lids from the pouch. Discard the dust cover and
desiccant. Once removed from the pouch, the lids should be
used within 1 h.

l Take a tube with inoculum � uid and label it with the
number of the strain to be tested. Using an aseptic tech
nique, pick one well-isolated large (w 2–3 mm) colony
(or 4–5 smaller colonies of the same morphology) with the
tip of a sterile cotton swab or a wooden applicator stick
from a blood plate such as Trypticase� soy agar with 5%
sheep blood or MacConkey agar (or any suitable nonse
lective medium).

l Suspend the colony material in the inoculum � uid.
l Recap the tube and vortex for approximately 10–15 s.
l Take a base, and mark the number of the strain on the side

wall.
l Pour the entire contents of the inoculum into the target area

of the base.
l Hold the base in both hands and roll the inoculum gently

along the tracks until all of the wells are � lled. Roll back
any excess� uid to the target area and place the base on
a bench top.

l Align the lid so that the labeled end of the lid is on top of
the target area of the base.

l Push down until a slight resistance is felt. Place your thumb
on the edge of the lid toward the middle of panel on each
side and push downward simultaneously until the lid snaps
into place (listen for two ‘clicks’).

l Place inoculated panels in incubation trays. All panels
should be incubated upside-down in a non-CO2 incubator
with 40–60% humidity. Trays should not be stacked more
than two high during incubation. The incubation time is
18–20 h at 35–37 � C.

Reading of the Panels

l After the recommended period of incubation, remove the
panels from the incubator. All panels should be read upside-
down using the BBL� Crystal� light box. Refer to the color
reaction chart for an interpretation of the reactions. Use the
BBL� Crystal E/NF results pad to record reactions.

l Each test that is positive is given a value of 4, 2, or 1
corresponding to the row at which the test is located. A
value of 0 (zero) is given to any negative result. The
numbers resulting from each positive reaction in each
column are then added together, resulting in a 10-digit
number: the BBL� Crystal� pro� le number.

l This number, and the offline tests for indole and oxidase
tests, should be entered on a personal computer in which
the BBL� Crystal� ID system electronic codebook has been
installed to obtain the identi � cation.
is
s

Comparison of the Manual Tests

The biochemical reactions used in the identi� cation systems
can be classi� ed according to the reaction patterns in
the following groups: decarboxylation reactions, hydrolysis,
oxidation or fermentation reactions, production of character-
istic substances, and‘other reactions.’ The biochemical reac-
tions used for each of the three identi� cation systems are given
in Table 1.

The criterion for a ‘good identi � cation’ is 90% con� dence
(Holmes et al., 1977). A percentage level is provided by the
BBL� Crystal� system and the BBL� Enterotube� (78%). With
the API 20E test, in addition to the con� dence percentage, a so
called T-index is provided. This value varies from 0 to 1 and is
inversely proportional to the number of atypical reactions.
According to the manufacturer, apart from a percentage o
identi � cation of at least 90%, percentages below 90% with
a T-index between 0.5 and 1.0 are also acceptable.

Problems can arise in cases in which an inadequate identi
� cation is obtained. This can be due to a short incubation time
or a too low level of inoculation.
Semiautomated Methods

Some of the commercially available methods– for example,
VITEK (bioMérieux, Marcy-l’Etoile, France) or Omnilog (Biolog
Inc., Hayward, California) – can be used only in combination
with expensive equipment. Nonetheless, such systems reduc
costs when processing a large volume of samples (Stager and
Davis, 1992). Both systems are growth-based, biochemical and
carbohydrate utilization.

With the VITEK system, microbial cells from isolated colo-
nies are used to prepare a microbial suspension, which then i
added to speci� c test cards containing substrates for enzymati
utilization, carbohydrate acidi� cation, and other tests. Color or
turbidity changes in each well are measured every 15 min and
results are compared with an internal library. Gram staining is
required to determine the correct test card to use (Gherardi
et al., 2012).

With the Omnilog, microbial cells from isolated colonies
are used to prepare a microbial suspension, which then is
added to speci� c test cards containing a variety of carbohy
drates and a colorless tetrazolium violet dye (Klingler et al.,
1992). If growth occurs, the dye turns violet in color. The
resulting color patterns are compared with an internal library
(Shea et al., 2012).

Alternative rapid, automated phenotypic systems include
the Hy-enterotest (Hy laboratories, Israel), Phoenix (BD
Diagnostics, United States), MALDI Biotyper (Bruker Dal-
tonics), and the Sherlock MIS (MIDI) (Miller, 2012).
Genotypic Methods

Genotypic methods are not reliant on the isolation medium or
growth characteristics of the microorganism. Genotypic
methods have considerably enhanced databases of differen
types of microorganisms. In contrast to the phenotypic
methods, genotypic techniques are more accurate. This
because the microbial genotype is highly conserved and i
independent of the culture conditions, so the identi� cations
may be conducted on uncultured test material–primary
enrichments that increase the amount of nucleic acid available
for analysis (Dutka-Malen et al., 1995).
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Table 1 Biochemical reactions used in three identi�cation systems for Enterobacteriaceae (API 20E, BBL® Enterotube™, and BBL® Crystal™)

Type of reaction API 20E Enterotube™ BBL® Crystal™

Decarboxylation Lysine, ornithine Lysine, ornithine Lysine
Hydrolysis Arginine o-n-p (ortho-nitro-phenyl)

galactoside, urea
Urea Arginine, aesculin, p-n-p-acetyl-

glucosaminide, p-n-p-arabinoside, p-n-
p-bisphosphate, p-n-p-b-galactoside, p-
n-p-a-b-glucoside, p-n-p-b-glucuronide,
p-n-p-g-L-glutamyl-p-n-anilide, p-n-p-
phosphate, p-n-p-phosphorylcholine,
p-n-p-xyloside, prolinep-n-anilide, urea

Oxidation
fermentation

Amygdalin, arabinose, citrate, glucose,
inositol, mannitol, melibiose, rhamnose,
sorbitol, sucrose

Adonitol, arabinose, citrate, dulcitol,
glucose, lactose, sorbitol

Arabinose, adonitol, citrate, galactose,
inositol, malonate, mannitol, mannose,
melibiose, rhamnose, sorbitol, sucrose

Production Acetoin, H2S, indole, nitrite Gas (glucose), H2S, pyruvic acid, indole –
Other reactions Gelatin (degradation), tryptophan

(deamination)
– Tetrazolium (reduction), p-n-DL-p-alanine

(oxidative deamination), glycine
(degradation)
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Genotypic microbial identi � cation methods based on
nucleic acid analyses are less subjective, less dependent on t
culture method, and theoretically more reliable because nucleic
acid sequences are highly conserved by microbial species. The
methods would include DNA –DNA hybridization, PCR, 16s
and 23s rRNA gene sequencing (the 16s rRNA gene is mo
commonly used), and analytical ribotyping (Kolbert and
Persing, 1999). Given the expense of genotypic systems and th
current low use in food microbiology laboratories, they are not
discussed any further.
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Conclusion

This article has examined the main methods for the identi� -
cation of bacteria collectively grouped as Enterobacteriacea
Coliforms, and E. coli. Given that most food microbiology
laboratories continue to use manual identi� cation test kits, the
emphasis is on these techniques. Reference has been mad
however, to semiautomated methods and to genotyping.

See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical and Modern Identi�cation
Techniques:Food-Poisoning Microorganisms;
Enterobacteriaceae, Coliform, andEscherichia coli:Classical
and Modern Methods for Detection and Enumeration;Enzyme
Immunoassays:Overview; Hydrophobic Grid Membrane Fi
Techniques;Immunomagnetic Particle-Based Techniques:
Overview;National Legislation, Guidelines, and Standards
Governing Microbiology:European Union;National
Legislation, Guidelines, and Standards Governing
Microbiology:Japan;Nucleic Acid–Based Assays:Overview;
Petri�lm – A Simpli�ed Cultural Technique; Rapid Methods f
Food Hygiene Inspection; Sampling Plans on Microbiolog
Criteria;Water Quality Assessment:Modern Microbiological
Techniques.
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Table 1 Information needed for the identi�cation of foodborne
pathogens (Fung, 1995).

Phenotypic characteristics
Macroscopic morphology on agar plates
Morphology under microscopic magni�cation
Gram reaction (positive, negative, or variable) and special staining

properties
Biochemical activity pro�le and special enzyme systems
Pigment production, bioluminescence, chemiluminescence, and

�uorescent compound production
Nutritional and growth factor requirements
Temperature and pH requirements and tolerance
Fermentation products, metabolites, and toxin production
Antibiotic sensitivity pattern (antibiogram)
Gas requirements and tolerance
Cell wall, cell membrane, and cellular components
Growth rate constant and generation time
Motility and spore formation
Resistance to organic dyes and special compounds
Impedance, conductance, and capacitance characteristics
Genotypic characteristics
Genetic pro�le: DNA/RNA sequences and �ngerprinting
Extracellular and intracellular products
Information relating to the microorganism
Pathogenicity to animals and humans
Serology and phage typing
Ecological niche and survival ability
Response to electromagnetic �elds, light, sound, and radiation
Introduction

Identi�cation methods can be divided into two groups:
phenotypic and genotypic. The genotype–phenotype distinc-
tion is drawn in genetics. ‘Genotype’ is an organism’s full
hereditary information, even if not expressed. ‘Phenotype’ is an
organism’s actual observed properties, such as morphology,
development, or behavior (Sutton and Cundell, 2004).

Phenotypic methods are the most widespread due to
their relatively lower costs for many laboratories. It should
be recognized, however, that expressions of the microbial
phenotype – that is, cell size and shape, sporulation, cellular
composition, antigenicity, biochemical activity, sensitivity to
antimicrobial agents, and so on – frequently depend on the
media and growth conditions that have been used.

These conditions will include variables such as temperature,
pH, redox potential, and osmolality and possibly lesser-known
variables such as nutrient depletion, vitamin and mineral
availability, growth cycle, water activity of solid media, static or
rotatory liquid culture, and solid versus liquid media culture, as
well as colony density on the plate. Therefore, some care is
required in the interpretation of microbiological identi�cation
test results and the trending of data.

A further limitation with phenotypic methods is the size
and type of the Phenetic Classi�cation Database. With the type
of database, many databases are orientated toward clinical
applications and do not necessarily serve industrial application
well. In terms of size, databases are limited based on the rela-
tively low number of microorganisms that have been charac-
terized (Stager and Davis, 1992).

The classical scheme of identi�cation of bacteria by
biochemical methods depends on whether a pure culture of the
microorganism of interest can grow in an agar plate, an agar
slant, a broth, a paper strip, or other supportive material con-
taining specialized growth promoters or inhibitors in the
presence of a fermentable or degradable compound, resulting
in the medium changing color, development of gas, develop-
ment of �uorescent compound, and other manifestation of
metabolic activities. If the behavior of known cultures in these
media is known, an unknown culture can be matched with
these characteristics, and based on the closest match to a data-
base, an analyst can make an identi�cation of the unknown
culture. This process is tedious, is time-consuming, and
requires a lot of labor, materials, time, and energy to perform
the tests. In addition, the skill of the analyst in interpreting the
reactions and arriving at a correct judgment makes this process
subjective and often unreliable (Kalamaki et al., 1997).

Genotypic methods are not reliant on the isolation medium
or growth characteristics of the microorganism. Genotypic
methods have considerably enhanced databases of different
types of microorganisms. Before the advent of genotypic
methods, microbiologists speculated that a number of taxa
238 Encyclopedia of Food Mic
were present and unculturable (so-termed viable-but-non-
culturable strains). Genotypic methods have opened up
a whole new set of species and subspecies, as well as reclassi-
fying species and related species (thus, taxa that often are
grouped similarly by phenotypic methods actually are poly-
phyletic groups – that is, they contain organisms with different
evolutionary histories that are homologously dissimilar
organisms that have been grouped together).

Another advantage with genotypic methods is their accuracy
and faster time to result (as microorganisms do not need to
be grown on culture media). They are, however, relatively
expensive.

To make a complete identi�cation, a great many tests can be
done, as shown in Table 1.
Phenotypic Identification Methods

Phenotypic reactions typically incorporate reactions to
different chemicals or different biochemical markers. These rely
on the more subjective determinations. The reliance on
biochemical reactions and carbon utilization patterns intro-
duces some disadvantages to the achievement of consistent
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00036-7
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Table 2 Reactions of biochemical tests for Enterotube II

Test
Positive
reaction

Negative
reaction

GLU Glucose utilization Yellow Red
Gas Gas production Wax lifted Wax not lifted
LYS Lysine decarboxylase Purple Yellow
ORN Ornithine decarboxylase Purple Yellow
H2S H2S production Black Beige
IND Indole formation Pink-red Colorless
ADON Adonitol fermentation Yellow Red
LAC Lactose fermentation Yellow Red
ARAB Arabinose fermentation Yellow Red
SORB Sorbitol fermentation Yellow Red
VP Voges–Proskauer Red in 20 min
DUL Dulcitol fermentation Yellow or pale yellow Green
PA Phenylalanine deaminase Black to smoky gray Green
UREA Urease Red-purple Yellow
CIT Citrate utilization Deep blue Green
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(repeatable and reproducible) identi� cation. To improve on
the classical methods of biochemical identi� cation, several
developments have been made and re� ned in recent years.
Collectively, these methods are considered to be modern
biochemical identi � cation techniques.

Although it is possible to prepared militarized biochemical
tests within the laboratory, the purchase of commercial test kits
is preferable as these can be closely aligned to a database.

Commercial diagnostic test kits consist of miniaturized and
multitest units. The two main types of diagnostic kits are agar
based and dehydrated media based. In these systems, the pu
cultures grow in a variety of solid or liquid media, changing
color or gas formation, or utilizing their enzymes to change the
color of the substrates. Diagnostic charts can be used to identif
unknown cultures or the numerical manuals of computer-
assisted systems. Most of these systems were� rst designed to
identify the family Enterobacteriaceae, and the database
remain largely orientated toward clinical microbiology rather
than toward food microbiology. Later, some systems branched
out to identify other microorganisms, such as the non-
fermentors, lactics, yeast, and so on. The following are synopse
of how diagnostic kits operate and the range of microorganisms
tested (Russell et al., 1997). As far as possible, information
concerning comparative analysis of these kits with conven
tional methods will be made (also see the Further Reading
section).

For many diagnostic kits, accuracy ratings are provided in
cases in which kits are compared with conventional methods
Most comparative analyses of diagnostic kits were done man
years ago and not repeated. It is dif� cult to compare one kit
with another as the databases often vary. The consensus
opinion is that, to be acceptable, a kit should have a 90–95%
accuracy correlated with the conventional method. When
the value drops to 85% or below, the system is marginally
acceptable and any value below that is not acceptabl
(Thippareddi and Fung, 1998).
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Agar-Based Diagnostic Kits

Several agar-based multimedia diagnostic kits are available
such as the Enterotube system (Roche Diagnostic, Nutley, NJ
The Enterotube II is a self-contained, compartmented plastic
tube containing 12 different conventional media and an
enclosed inoculating wire, which is threaded through the entire
unit ( Farmer, 2003). This system permits 15 standard
biochemical tests to be inoculated and performed from a single
bacterial colony. Reagents are added to the indole test an
Voges–Proskauer (VP) test before color reactions and ga
formation are read. Table 2 shows the color reactions of the
tests. Because such a table exists for every diagnostic
described in this article, this table will serve as a model for
other kits. Similar tables will not be repeated.

After reading the reactions, each result is given a sco
according to the system. After all the scores are added, a
identi � cation (ID) value in the form of a � ve-digit number will
be generated. Other systems (to be described) may have 7-
10-digit numbers. From the code book, the microorganism can
be identi� ed. This procedure is repeated for most other system
and will not be described again. The Enterotube II was devel
oped to identify Enterobacteriaceae only; it has developed to be
able to identify a variety of other oxidase-negative Gram-
negative rods.

A similar unit, the Oxi/Ferm Tube, was designed for Gram-
negative nonfermenters. Advantages of Enterotube II include
rapidity and ease of inoculation, that inoculum suspension is
not required, and a single colony can be used for identi� cation.
Disadvantages include that it is only useful for Enter-
obacteriaceae, it is dif� cult to stack in the incubator, and it has
a short shelf life.
Dehydrated Media Diagnostic Kits

Dehydrated media diagnostic kits are another type of minia-
turized microbiological method. Dehydrated media kits have
the advantage of much longer shelf life than agar-based medi
(18 months versus a few months). Those currently used in
clinical, environmental, industrial, and food microbiology
will be discussed in the following sections. Of course, many
similar systems are available worldwide: The systems dis
cussed here have been well tested and used in the United Stat
and Europe.
Analytical Pro�le Index

The Analytical Pro� le Index (API; bioMérieux, Hazelwood,
MO) is arguably the most popular system for diagnostic
bacteriology in the world, especially for Enterobacteriaceae
The API 20E system is a miniaturized microtube system that ha
20 small wells designed to perform 23 standard biochemical
tests from isolated colonies of bacteria on plating medium.
The system has procedures for same-day and 18–24 h identi � -
cation of Enterobacteriaceae. It consists of microtubes contain
ing dehydrated substrates. The substrates are reconstituted
adding a bacterial suspension into each of the 20 wells; some o
the wells are� lled with mineral oil to create anaerobic condi-
tions. The unit then is incubated so that the microorganisms
react with the contents of the tubes and are read when the
indicator systems are affected by the metabolites or adde
reagents– generally after 18–24 h incubation at 35–37 � C.
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After all the reactions are read and recorded in a data shee
a number code is generated and the code can be matched wit
the code book for identi� cation. The strip also can be read in
a reader and the results interpreted by a computer (Woolfrey
et al., 1984).

Using similar formats, other microorganisms can be iden-
ti � ed, such as API Gram-negative Identi� cation: API Rapid 20E
(4 h identi � cation of Enterobacteriaceae); API 20NE (24–48 h
identi � cation of Gram-negative non-Enterobacteriaceae); AP
Campy (24 h identi � cation of Campylobacter species); API

�

Gram-positive Identi� cation: API Staph (identi� cation of
clinical staphylococci and micrococci); API 20 Strep (identi-
� cation of streptococci and enterococci); API Coryne (identi-
� cation of Corynebacteria and corynelike organisms); AP
Listeria (24 h identi� cation of all Listeria species); API

�

Anaerobe Identi� cation: API 20A (identi� cation of anaer-
obes); Rapid ID 32 A (identi� cation of anaerobes); and API
Yeast Identi� cation: API 20C AUX (48–72 h identi � cation of
yeasts).

Advantages include being the most complete system
commercially available for the identi� cation of Enter-
obacteriaceae and an excellent database. Disadvantages inclu
that it is dif � cult and time-consuming to inoculate, problems
in handling and stacking of tray and lids due to � exible plastic
materials, and that a competent microbiologist is needed to
read and interpret the color changes.
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MicroID

The MicroID (Organon Teknika, Durham, NC) system provides
results in 4 h. The system measures enzyme activities and n
growth of the culture. It consists of a molded polystyrene tray
containing 15 reaction chambers and a hinged cover. The� rst
� ve reaction chambers contain a single combination substrate
or detection disc with upper and lower discs in the same
trough. The remaining 10 reaction chambers each contain
a single combination substrate or detection disc. Discs contain
all substrate and detection reagents required to perform the
indicated biochemical tests (except for the Voges–Proskauer
test). The surface of the tray is covered with clear polypropylen
tape to prevent spillage and also for reading the reactions
(Appelbaum and Olmstead, 1982).

A few cultures from a Gram-negative isolation agar plate are
� rst mixed into a liquid form and 0.2 ml of the liquid is then
introduced into each of the 15 wells. The unit is then incubated
at 35 � C for 4 h, after which time two drops of 20% KOH are
added into the VP well. The unit is then rotated 90� so that the
liquid from the lower part of the � rst � ve wells comes into
contact with the upper discs of the same chamber for� nal
reactions. The reactions of these� ve tests are read from the
upper discs. Then the reactions from the remaining 10 discs ar
read. Again, a number is generated in the data sheet and th
code number is matched, with codes in the code book for
identi � cation. A similar format with different substrates was
available to identify Listeriaspp. (Goosh and Hill, 1982).

Advantages of the system include high accuracy, speed
reaction (4 h), and convenience: It is self-contained, easy to use
requires only one reagent addition, and has a long shelf life.
A disadvantage is that a competent microbiologist is needed to
read the color reaction.
Minitek

Minitek (Becton Dickinson Microbiology Systems, Cockeyville,
MD) is a � exible system. The unit contains 10 wells. Two units
(20 wells) can be used to identify one culture. The system
supplies 36 different substrates, and thus the user can choos
which test to perform. First, paper discs containing individual
substrates are applied to the wells, one disc per well. A liquid
culture is prepared and applied to each well using an automatic
application gun (about 0.2 ml per well). Some wells will be
� lled with mineral oil to create an anaerobic environment. The
unit is then incubated overnight at 35 � C. After incubation, the
color reactions are read and identi� cation is made with the aid
of a code book (Holloway et al., 1979).

On the one hand, the advantage of the system is versatility
and � exibility, but this may be a disadvantage when no code
book is available for microorganisms other than Enter-
obacteriaceae. The construction of the unit is sturdy. Disad
vantages include that the various components of the total
system are handled excessively in preparation and operation
Again skill is needed to read borderline reactions in the discs.

BBL Crystal

The BBL Crystal (Becton Dickinson Microbiology Systems
Cockeysville, MD) system requires relatively little manipulation.
In one system (Enteric/Nonfermentor ID Kit), both enteric and
nonfermenters can be identi� ed. It is important to ensure that
the unit is marked correctly as to whether an oxidase-positive
(nonfermenter) or oxidase-negative (fermenter) pure culture is
to be analyzed (Knapp et al., 1994).

The system is easy to use. On one panel, 30 drie
biochemical substrates are housed and a companion unit
(base) is used for the liquid sample. The liquid culture
(approximately 2 ml) is poured carefully into the trough of the
base. Then the upper unit containing the 30 tests is simply
snapped into the base such that the culture interacts with the 30
substrates. The unit is then incubated at 35� C overnight. After
incubation, the unit is introduced into a Crystal light box to
record reactions and for identi� cation using a 10-digit system.
Identi � cation can be made using a computer.

In addition, there is also a Rapid Stool/Enteric ID kit for
stool samples. Advantages of the system include sturdy panel
ease of operation, and computer-assisted identi� cation. Very
few disadvantages are noted.

RapID One System

RapID One (Remel, Lenexa, KS) is a miniaturized unit housed
in an ingenious chamber. On one side of the chamber, there is
a trough where a liquid culture can be introduced. Then the
unit can be tilted slowly at a 45-degree angle forward: The
liquid will � ow into individual wells, each containing a sepa-
rate substrate. Thus, inoculation into 20 wells can be made in
one motion. This is more convenient than the API system
where the analyst needs to insert 20 drops of liquids into 20
miniaturized wells. After incubation, the color reactions can be
read after 4 h incubation and the cultures identi� ed. The
forerunner of the RapID enteric system is the Spectrum
10 system. The Spectrum 10 is rated as 91% accurate. Using t
basic design, Remel markets strips for Enterobacteriacea
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nonfermenters, yeasts, anaerobes, streptococci,Leuconostoc,
Pediococcus, Listeria, Neisseria, Haemophilus, and urinary tract
bacteria (Stager et al., 1983). Identi � cation of various anaer-
obes to the genus level using the anaerobic RapID syste
ranges from 83% to 97% accuracy and to the genus level from
76% to 97% (Celig and Schreckenberger, 1991).

Advantages include results in 4 h, clear chromogenic reac
tions, and one-step inoculation. A disadvantage is the skill
required to read the color changes.
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ATB

ATB (bioMérieux Vitek, Inc., Hazelwood, MO) is a 32-carbon
assimilation test system. The culture is� rst made into a solu-
tion and then the liquid is introduced to the unit. After incu-
bation (4 –24 h depending on the culture), the tests can be read
manually or automatically. Test strips are available for anaer
obes, staphylococci, micrococci, yeast, Enterobacteriacea
streptococci, and Gram-negative bacilli. The automatic reade
also can read API 20 and API 50 test strips.
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Omnilog System

Omnilog (Biolog, Hayward, CA) is a miniaturized system
utilizing the microtiter plate format for growth of bacteria in
various liquid media. Some 95 different carbon sources are
used in the microtiter plate; one well, containing a rich growth
medium, is used as the positive control. An unknown culture is
suspended in a liquid medium and the liquid aliquots are
injected into the 96 wells. The plate then is incubated overnight
at 35 � C, and after incubation, the color of the wells is exam-
ined. The advantage of this system is that the color is eithe
clear (no reaction) or blue (as a result of reduction of the dye in
the medium). The pattern of blue wells will indicate the
identity of the unknown culture. Using the human eye to
interpret these data would be tedious and unreliable. For this,
an automatic reader is used to provide instant identi� cation of
the unknown culture by matching the pro� le of the known
cultures in the data bank against the pro�les of the unknown
cultures (Sellyei et al., 2011).

This is indeed a simple system to use and interpretation o
the results is easy. The system is reliant upon its database
match an unknown microorganism against a probable species
Sometimes nontypical isolates are not identi� able and the
system is less accurate at identifying anaerobes.
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Vitek System

Vitek (bioMérieux Vitek, Hazelwood, MO) is a similar auto-
mated identi� cation system to Omnilog. The system has its
origin in the Viking Mission during the early stages of the US
space program during the 1980s. The heart of the system
a plastic cord with 30 tiny wells containing selective media and
specialized substrates designed to discriminate bacterial taxa b
the growth pattern and kinetics of the unknown culture in
media in the 30 wells. A pure culture is � rst suspended in
a liquid, and liquid is introduced into the card (the size of an
ordinary credit card) by pneumatic pressure, such that al
30 wells will be � lled with an aliquot of the culture. The card
then is placed into the incubator. Up to 240 cards can be
inserted into one large unit. More units can be tested at the
same time if more incubators are connected to the system. Th
instrument periodically scans each card and determine
the kinetics of the growth of the microorganism in each well
and then determines the identity of the unknown culture. For
typical cultures, the identi� cation can be completed in 2 h.
Other bacterial cultures can be identi� ed in about 18 h
(Crowley et al., 2012).

Overall, the performance is exceptionally good and can
identify Gram-negative, Gram-positive, yeast,Bacillus, anaer-
obes, nonfermenters,Neisseria/Haemophilus, and other classes
of microorganisms. It constantly receives high correlations with
conventional methods of identi � cation of unknown microbial
cultures.
Fatty Acid

Analysis of cellular fatty acids by using gas chromatograph
(where patterns of fatty acid esters are determined by ga
chromatography) has been available for a number of years
but until recently this was not in a format easy for labora-
tories to adopt. The technology works by screening for
different fatty acids and then comparing the fatty acid pro� le
to a library of different bacterial species. An example of fatty
acid analysis is the Sherlock system (MIDI Inc.) (Osterhout
et al., 1991).
Mass Spectrometry

Mass spectrometry can be orientated toward the identi� cation
and classi� cation of microorganisms by using protein ‘� nger-
prints’ (characteristic protein expression patterns that are
stored and used as speci� c biomarker proteins for cross-
matching). The utilization of long-standing technology is
based on the measurement of high-abundance proteins
including many ribosomal proteins. As ribosomal proteins are
part of the cellular translational machinery, they are present in
all living cells. As a result, the mass spectrometry protein
� ngerprints are less in� uenced by variability in environmental
or growth conditions than other ‘phenotypic’ methods. An
example is the matrix-assisted laser desorption ionization
time-of-flight BioTyper system from Bruker Daltonics (Hsieh
et al., 2008).
Flow Cytometry

Flow cytometry is a technique that can employ serologica
methods (although it does not in all cases) that analyzes cells
suspended in a liquid medium by light, electrical conductivity,
or � uorescence as the cells individually pass through a sma
ori � ce. Most pharmaceutical microbiology laboratories are not
equipped to use � ow cytometric methods (Muller and Davey,
2009).
Genotypic Methods IdentiÞcation Methods

In contrast to the phenotypic methods, genotypic techniques
are more accurate. This is because the microbial genotype
highly conserved and is independent of the culture conditions,
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so the identi� cations may be conducted on uncultured test
material-primary enrichments that increase the amount of
nucleic acid available for analysis. Genotypic microbial iden-
ti � cation methods based on nucleic acid analyses are les
subjective, less dependent on the culture method, and theo
retically more reliable because nucleic acid sequences a
highly conserved by microbial species. These methods would
include DNA–DNA hybridization, polymerase chain reaction
(PCR), 16s and 23s rRNA gene sequencing (the 16S rRNA ge
is used most commonly), and analytical ribotyping (Olsen
et al., 1994).

An example is the RiboPrinter (manufactured by Dupont
Qualicon), an automated Southern Blot device that uses
a labeled ssDNA probe from the 16sRNA codon. The Ribo
Printer uses a restriction enzyme and strains can be identi� ed or
characterized by analyzing the ribosomal DNA banding pattern
(Kolbert and Persing, 1999).

Another rapid method is a PCR system that uses a form o
‘bacterial barcodes’ in which the ampli � ed genetic sequence
is separated by gel electrophoresis and visualized to giv
a ‘barcode’ speci� c to that strain. PCR is a technique that
uses a DNA polymerase enzyme to make a huge number o
copies of virtually any given piece of DNA or gene. It facil-
itates a short stretch of DNA (usually fewer than 3000‘base
pairs’) to be ampli � ed by about a millionfold. In practical
terms, it ampli � es enough speci� c copies to be able to carry
out any number of other molecular biology applications.
Thus, the PCR technique utilizes small amounts of samples
to produce a high yield of the targeted DNA material. With
this comparative test, differences in the DNA base sequence
between different organisms can be determined quantita-
tively, such that a phylogenetic tree can be constructed to
illustrate probable evolutionary relatedness between the
microorganisms. An example of such a system is th
MicroSeq manufactured by Applied Biosystems (Fontana
et al., 2005).

The genotypic methods are more technically challenging for
the food microbiologist and are more expensive in terms of
both equipment and current testing costs. The methods often
are used for more critical identi� cations, such as suspect reca
issues, rather than for the routine characterization of the
microbial population within a given food sample.
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The methods and systems described previously are designe
for the identi � cation of pure cultures obtained from clin-
ical, food, industrial, and environmental samples. Almost
all foods are potential sources of contamination of patho-
genic microorganisms. Thus, all microbiological methods
are designed to enrich, isolate, enumerate, characterize, an
identify the unknown culture in question. The results of the
diagnostic tests are only as valuable as the purity of the
culture. If there is a mixed culture in the primary isolation,
all the valuable identi� cation capabilities of these systems
will be meaningless. Thus, for food microbiologists, it is
essential that all food samples be properly prepared
before either directly plating the sample on selective agar
or enriching the foods in preenrichment and enrichment
liquid media and isolating pathogens on appropriate agar
plates. The continuing development of excellent primary
isolation agars for selectively isolating the target microor-
ganism has assisted in selecting the isolates for furthe
identi� cation by one or more of the diagnostic systems
described (Fung, 1998).

Another related development of identi� cation of food-
poisoning microorganisms by modern biochemical tech-
niques is the variety of screening tests on the market. Tests fo
pathogens such as enzyme-linked immunosorbent assay test
DNA probes, PCR tests, dipstick techniques, and motility tests
for pathogens are considered to be screening tests. Negati
screening tests would allow the food processors to ship their
products to the market but a positive screening test will
necessitate an embargo of the product and a con� rmation test
to be done on the suspected food. This procedure involves
conventional methods as well as some of the diagnostic kits
mentioned in this article.

What are the bacterial food pathogens facing us thes
days? The list is long but worth reiterating:Salmonellaspp.,
Staphylococcus aureus, Clostridium perfringens, Clostridium
botulinum, Campylobacter jejuni, Escherichia coliO157:H7,
Yersinia enterocolitica, Shigella spp., Vibrio, Aeromonasand
Plesiomonas, Bacillus cereus, Listeria monocytogenes, and others.
The biochemical techniques can identify most of these
microorganisms in a laboratory setting, but most commercial
diagnostic kits are designed for speci� c groups of microor-
ganisms. Thus, knowledge of the basic principles of diag
nostic microbiology is essential for all food microbiologists,
regardless of whether one uses the diagnostic kits describe
Which diagnostic system is best for the identi� cation of
a particular food-poisoning microorganism is the subject of
much debate.
Conclusion

Modern biochemical identi � cation techniques, together with
genotypic methods, are more convenient modes of improving
the conventional biochemical techniques. They make sample
operation, inoculation, incubation, reading, data collection,
and interpretation of data for diagnostic purposes more
convenient than the conventional methods. To make
a quantum jump in the identi � cation of food-poisoning
microorganisms, one has to look to PCR and biosensor tech
nologies to obtain real-time rapid identi � cation.
See also:Biochemical and Modern Identi� cation Techniques:
Introduction;Biochemical and Modern Identi� cation
Techniques:Enterobacteriaceae, Coliforms, andEscherichia Col.
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Current forecasts and concerns about global food security and
safety place signi�cant focus on fungal contamination and
spoilage of foods and their impact on food security. In addi-
tion, consequences to humans and food-producing animals’
health and welfare are associated closely with problems of
fungi that require mitigation. The control of fungal food
contamination, disposal of spoiled foods, and prevention and
mitigation of consequential health issues will require signi�-
cant amount of resources and investments. Fundamental to all
of these concerns is proper identi�cation and rapid detection
tools. Major advancements in detection techniques and their
scaledown or automation have allowed for early detection and
identi�cation. The transformation of these advancements must
become more economical, reliable, and quick. These tech-
niques and tools then will help identify fungi and yeasts from
foods of greater complexity and variety. The sophisticated
instrumentation unavailable for parts of the developing world
or remote places in the meantime should be supported through
conventional methods. Comparative evaluation of protocols
will remain our challenge as will ease in operation, cost,
sensitivity, speci�city, speed, and reproducibility. Lastly,
molecular methods also must address the detection and iden-
ti�cation of nonculturable and nonviable molds.

Foodborne fungi and their mycotoxins affect a quarter of
the world’s food creating a considerable loss both in their
quantity and nutritional quality. In humans and animals,
exposure to these compounds are mutagenic, teratogenic,
hepato- or nephrotoxic, and carcinogenic and affect develop-
ment. Certain species of the genera, Fusarium, Aspergillus, and
Penicillium, are most important because of their ability to
produce secondary metabolites, a�atoxin, fumonisin, ochra-
toxin, trichothecenes such as deoxynivalenol, T-2 toxin and
nivalenol, and zearalenone. These concerns necessitate regular
monitoring of fungal propagule presence from planting, har-
vesting, storage, and even processing of agricultural products
from any corner of the world.

Fungi are ubiquitous and found in many foods and ingre-
dients and are global in their presence. Filamentous fungal
genera, Alternaria, Aspergillus, Botrytis, Cladosporium, Fusarium,
Geotrichum, Monilia, Manoscus, Mortierella, Mucor, Neurospora,
Oidium, Oosproa, Penicillium, Rhizopus, and Thamnidium, often
are found on meat products as much as on grains. Although the
obvious moldy growth on foods is noticed leading to their
rejection, in the �rst instance, the detection of contamination
must occur much earlier.

Taxonomic characterization is aided by microscopy,
biochemistry, and genetic techniques as the identi�cation of
�lamentous fungi is an evolving endeavor. Biochemical iden-
ti�cation of �lamentous fungi and yeasts found in spoilage of
foods can be based on genomics, transcriptomics, proteomics,
metabolomics, and phenomics. The level of spoilage can vary
depending on the type of food, relative humidity, and other
physical conditions. Chemical characteristics of ascomycetes
yeasts and certain �lamentous food spoilage fungi have been
244 Encyclopedia of Food Mic
based mainly on physiological and chemical tests involving cell
wall biopolymers, quantitative pro�les of sterols, total fatty
acids (FAs), and pyrolysis of triphospho-pyridine. This section
outlines methods in the identi�cation of yeast and �lamentous
fungi and discusses the values of biochemical markers, the
immunoassay, isozymes, and automated systems over molec-
ular detection techniques.
Biochemical Diagnostic Markers

FAs, Proteins, and Isozymes

FAs composition can differentiate between fungi. Among the
foodborne fungi, the presence of neutral lipids, glycolipid, and
phospholipid fractions and that of omega 3 and omega 6 of
FAs and their relative amounts (C16 and C18) help with
species identi�cation. FA pro�les have helped yeast and �la-
mentous fungal taxonomists to differentiate members of
Schizosaccharomyces, Nadasonia, Aspergillus, Mucor, and Penicil-
lium. The cellular FA composition of wine spoilage strains of
Torulaspora delbreuckii and Zygosacharomyces bailli have been
a useful differentiating tool. Saccharomyces cerevisiae and other
wine-associated yeasts species have been differentiated by
capillary gas chromatography (GC), which is an easy, quick,
and inexpensive method. This method has been applied to
determine the causes of ‘stuck’ fermentation in a South African
food and beverages industry. Similarly, these methods have
been applied successfully to monitor the fungal contaminants
in the bioprotein pilot plants in South Africa. In the case of
Rhodosporidium, FA and sterol (FAST, for 20 FAs and seven
sterols) pro�les have been used for the rapid differentiation of
species and intraspeci�c variation to determine the identity of
1740 fungal isolates collected from Finland.

Proteins can be used for the identi�cation and separation of
fungal isolates, mating types, and formae speciales and for the
determination of spoilage species. Protein pro�les may vary
depending on the growth and metabolic conditions. Detection
of common molds from contaminated foods using protein
pro�ling has potential dif�culties and pro�ling needs simpli-
�cation, standardization, and automation.

Isozymes are protein enzymes, which have similar and often
identical enzymatic properties with different amino acid
sequences. Because various amino acids create net charge
differences, isozymes can be detected by electrophoresis.
Isozymes can be used to identify fungal isolates based on
different alleles of a single gene locus (allozymes), multiple loci
coding for a single enzyme, and those with posttranslational
modi�cations. The use of isozymes as a tool allows for the
analysis of several fungal samples that are relatively simple.
Although detection of isozymes allows a genetic interpretation
of variations in alleles and loci, they are not practical for the
detection of food contaminating fungi.

Electrophoresis is a commonly used technique for the iden-
ti�cation of isozymes. Whether using polyacrylamide or starch
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00035-5

http://dx.doi.org/10.1016/B978-0-12-384730-0.00035-5


ed

s

d

s,
n

r

e
y.
ar

,
l

,

f

t

e

-
y

t

ly
y

BIOCHEMICAL AND MODERN IDENTIFICATION TECHNIQUESj Food Spoilage Flora 245
and isoelectric focusing gels, isozymes can be separated and us
for ‘� ngerprinting’ of fungal and yeast proteins. Contemporary
electrophoresis systems permit for (1) a large number of enzyme
to be detected from a single or several fungi and (2) the detection
of allozymes and isozymes. Functional assays can be combine
with nondenaturing electrophoretic techniques to generate
effective zymography. Here, enzyme activity (e.g., amylase
proteases, and polygalacturonidases) canbevisualized directly o
a polyacrylamide gel containing appropriate substrates resulting
in discrete banding patterns. The use of isozyme analysis fo
identi � cation and examination of food-contaminating fungi is
simple. In brief, starch- or polyacrylamide-based gel is boiled and
poured into a mold to form the gel. After the gel cools, a sample
containing the enzymes is run according to de� ned current for
voltage, amperage, and time in a buffer. After electrophoresis, th
gel can be processed and tested for the particular enzyme activit
Examples of assays are (1) slicingof the gel and assay for particul
activity, (2) staining of the gel for transformation of a chromo-
genic substrate (e.g.,o-nitrophenylated sugars), and (3) over-
laying of the gel with a gel substrate (e.g., casein, albumin, starch
etc.). With automated systems, many more gels under identica
conditions can be run, processed, and read in a single day.

The main drawback for isozyme analysis is that a large
number of staining systems is required for comparative studies
especially if multiple genetic loci coding for enzymes are
involved. Additionally, with some fungi, dif � culties arise if they
are dif� cult to grow, or the amount of material and time
requirements discourage isozyme analysis.
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Fungal Metabolite ProÞling

Fungal metabolites are synthesized in response to interna
needs or as a consequence of externally directed signals. Som
of the latter function as pigments, toxins, antibiotics, and
signaling molecules. The general term‘extrolites’ is used to
describe these and can be volatile or nonvolatile secondar
metabolites, organic acids, extracellular enzymes, mycotoxins
and other bioactive compounds. For example, only three of the
approximately 90 food-spoiling Penicilliumspecies are able to
produce the secondary metabolite penicillin.

Much has been learned from fungal comparative metabolite
pro� ling and metabolomics. Metabolomics is the scienti� c
investigation of the unique chemical � ngerprints that speci� c
cells leave behind and can be used in functional genomics and
organismic classi� cation. In food spoilage fungi, as with others,
growth and cell differentiation, response to the environment,
and the production of metabolites and enzymes lead to their
chemo-diversity. The fungal metabolic pro� ling from
a genomic perspective includes about 6000 genes inS. cerevisia
to more than 10 000 genes in Aspergillussp. From the
perspective of food spoilage, metabolite pro�ling has become
an ef� cient tool for identi � cation and taxonomic placement.
Metabolite pro� ling requires several tools and concepts
including integration of high-performance analytical method-
ology, intelligent screening, ef� cient data-handling techniques,
and accepted core concepts of species.

Volatile compounds, such as alcohols, carbonyls, hydro
carbons, terpenyls, and others, are produced as fungi colonize
Fungal volatiles differ from those produced by bacteria. Thes
volatile compounds can be useful as taxonomic markers and
early indicators of food quality loss and mycotoxin production
in commodities such as grains. Different analytical methods
are applied for the separation and detection of secondary
metabolites. Some of these methods involve the use o
thin-layer chromatography, GC, high-performance liquid
chromatography, micellar capillary electrophoresis, � ow
injection electro-spray mass spectrometry (MS), ultraviole
(UV) diode array detection, and nuclear magnetic resonance
detection. Synthesis of secondary metabolites can be sensitiv
to growth and environmental factors, and their identity can be
strain speci�c. Therefore, their diagnostic use must be consid
ered cautiously. Secondary metabolites have been particularl
effective in identifying food spoilage fungi Penicillium, Asper-
gillus, and Fusarium. There are some pitfalls in using secondary
metabolites for identi� cation of foodborne fungi, including (1)
highly specialized people are needed, (2) simpli� ed procedures
are lacking, (3) some food spoilage fungal species may no
produce thesein situ, and (4) other limitations can be imposed
by inef� cient extraction procedures or low analytical sensitivity
or low reproducibility under different growth and metabolic
conditions. The foodborne terverticilliate penicilliais dif� cult to
characterize by using traditional characters. Several close
related species ofPenicilliumwere separated using secondar
metabolites by using diode array detection or� ow injection
analysis electro-spray MS. Odoriferous fungi produce unique
combinations of volatile metabolites like alcohols, ketones,
esters, terpenes, and other hydrocarbons. Isolates ofAspergillus
and Fusariumcanbe distinguished based on their production of
sesquiterpenes. Similarly, a large number ofPenicilliumspecies
could be classi� ed based on pro� les of volatile metabolites –
for example, Penicillium roquefortiand Penicillium commune, in
which the latter is the most frequent contaminant of cheeses
Volatile metabolites, however, are not used widely for identi-
� cation purposes.
Immunological Techniques

Fungal antigens are used for the identi� cation of � lamentous
fungi and yeasts in food. This is particularly possible because o
the availability of monoclonal antibody technology, which has
revolutionized the development process in detection and
diagnosis of organisms. It is possible to raise isolate-, specie
and genus-speci� c antibodies that are sensitive and targe
speci�c. Raising monoclonal antibodies from the infected food
materials, however, has problems tied with the isolation,
growth, and extraction of fungal antigens. The immunological
diagnosis of foodborne fungi has resulted in several advance
ments, such as characterization of immunodominant sites and
antigenic sugars and proteins in some of the common food-
borne fungi, such asAspergillus, Botrytis, Cladosporium, Fusarium,
Geotrichum, Monascus, Mucor, Penicillium, and Rhizopus. The
rapid detection of common food spoilage � ora in foods with
Aspergillus, Penicillium, and Fusarium using immunological
techniques still is underutilized.

In addition to proteins, the recognition of fungal cell wall-
and cell surface-associated or extracellular polysaccharides (EP
can be deployed using speci� c immunoassays with appropriate
antibodies. Thermostable EPSs of fungi contain mannose
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galactose, glucose, fucose, and occasionally glucoronic aci
which are released into the growthmedium invariable quantities.
Thus the EPS or cell surface proteins could be used to produc
polyclonal IgG antibodies in rabbits to be speci� cally and sensi-
tively used in a number of immunoassays.

The methodology for the use of immunological techniques
depends on methodologies, instruments, and trained human
resources. The methods included in this group of tests are mold
latex agglutination test, enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay, and enzyme immunoassay fo
which some commercial kits are available. Commercially
available kits include the mold latex agglutination test
(Holland Biotechnology, B. V. Leiden, the Netherlands), Pas
torex AspergillusTest (Eco-BioDiagnostic Pasteur, Genk, Be
gium), and others. The use of ELISA to detect food spoilag
fungal � ora basically depends upon the particular objective of
the investigator; that is, the level of sensitivity desired, appli-
cation of the technique in pure culture or food materials, the
need for quanti� cation, and use of poly- or monoclonal anti-
bodies as reagents. The indirect and double-antibody sandwich
ELISA has been used widely for identi� cation and detection.
Sandwich ELISA has some advantages over other techniques
chlorophyll and other interfering components from the plant
food materials can be removed easily. Interpretation of ELISA i
usually straightforward, although appropriate control must be
included to avoid the false-positive or false-negative results
Multiwell ELISA formats for the detection of mold from food
are available commercially that are rapid and less time
consuming. Although immuno � uorescence is considered to be
more sensitive than ELISA, it is dif� cult to standardize and
interpret or it is dif � cult because of contamination of food
samples with large numbers of nontarget microorganisms may
interfere with assay unless highly speci� c antibodies are used.
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Evaluation of Commercial Techniques and Tests

Lack of or an incomplete reference database hinders fulle
deployment of commercially available kits for fungal and
yeasts identi� cations for foodborne spoilage detection. In
recent years, however, several biotechnological companies ha
enhanced their database use for foodborne yeasts and hav
made the diagnostic techniques automated using computers
read-out devices, and databanks. Most of these systems a
expensive but are becoming affordable for the larger food
companies and institutions. These techniques are convenien
and useful for the identi� cation of isolates, but they may need
1–3 days for the results. Newer methodologies or kits should be
possible as is the case for human infectious fungi and yeasts

Among all commercially available metabolic activities
determination kits perhaps the Analytical Pro� le Index (API)
from bioMerieux – such as API 20C, API 50CHB (which is
designed for Bacillusspp. but can be successfully used fo
yeasts and fungi), and API YEAST-IDENT (Analytab Product
Plainview, NY, USA)– have been used for the identi� cation of
a wide range of yeasts and fungi. To perform the test, a heav
suspension of yeast or fungal spores are prepared and inoc
ulated into the API test system as per instructions of the
manufacturer. The resulting biochemical reactions are rea
after 2–3 days and are used for identi� cation.
The BIOLOG identi� cation system (Biolog Inc., Hayward
CA, USA;http://www.biolog.com/products/?product ¼Microbial
ID %2F Characterization&system¼Fully Automated) is a stan-
dardized, computer-linked semi- or fully automated technology
for the identi � cation of yeasts and fungi. The Biolog derives its
uniqueness from conventional methods for identi� cation by
introducing a number of cometabolism tests and many assimi-
lation and oxidation assay techniques not usually common in
conventional methods. This test incorporates a wide range o
substrates and a redox dye, tetrazolium violet (TZV), as an
indicator of substrate utilization. During cellular metabolic
activity of the test substrate, nicotinamide adenine dinucleotide
(NADH) is formed and for it to be reoxidized, electrons pass
through electron transport chain (ETC) and cause an irreversible
reduction of TZV to formazan, which is purple. Because the TZV
functions independent of any ETC, it will accept electrons irre-
spective of metabolism of many of some 95 substrates (e.g.
amino acids and other carbon or nitrogen sources). Thus, an
extensive number of substrates can be used. The formation o
purple formazan can be read visually or in a microplate reader
with a � lter cutoff of 600 nm. The results are compared with
Biolog8,adatabase for yeasts.Thespeci� city and sensitivity of the
test system depends on growth and metabolism of yeast or funga
species. The Biolog FF MicroPlate� is the � rst broad-based rapid
identi � cation and characterization product designed for� la-
mentous fungi and yeast. Not all fungal genera identi� ed are
found to be food spoilage associated; however, they include
species of Aspergillus, Penicillium, Fusarium, Alternaria, Mucor,
Gliocladium, Cladosporium, Paecilomyces, Stachybotrys, Trichoderma,
Zygosaccharomyces, Acremonium, Beauveria, Botryosphaeria, Botrytis,
Candida, and Geotrichum. The Biolog system has been evaluate
for correct identi� cation of 21 species (72 strains) of yeasts o
foods and wine origin; S. cerevisiae, Debaryomyces hansenii, Yar-
rowia lipolytica, Kluyveromyces marxianus, Koeckera apiculata, Dek-
kera bruxellensis, Schizosaccharomyces pombe, Zygosaccharomyc
bailii, and Zygosaccharomyces rouxiiwere identi� ed correctly 50%
of the time and Pichia membranaefaciens20% of the time. A test
of 46 strains of yeasts representing 14 species by automate
Biolog and ATB32C systems correctly identi� ed most, with
Biolog 38 strains and with the ATB 30 strains. BioMeriex 32 C
strips for the identi� cation of many foodborne yeasts identi� ed
most yeast isolates with 95% or greater accuracy.

The Biolog System protocol is simple and includes (1) the
strain of the interest is cultivated on a simple agar medium
(available from Biolog), (2) cells are removed from the surface
of the agar and suspended in sterile water at speci� ed density,
(3) cell suspension is inoculated into each of the 96 wells of the
Biolog MicroPlate, and (4) the MicroPlate is then incubated at
26 � C for 24–72 h until a suf� cient metabolic pattern is found.
For species identi� cation, the MicroPlate must be read with the
Biolog MicroStation Reader. Currently, 267 species of yeas
have been identi� ed by the Biolog System (for details, see the
published literature and protocols from Biolog).
Molecular Techniques

A most useful book entitled Biodiversity of Fungi: Invento
and Monitoring Methodsedited by Mueller, Bills, and Foster
(2004) is a remarkable compilation of standard protocols and
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commercial product vendors, morphological data, growth
media formulas, and molecular methods for discriminating
fungal taxa and monitoring species and diversity. Advances in
molecular techniques employed in the detection of fungi in the
environment as a result of presentations at a special interes
group meeting convened during the International Mycological
Congress (IMC9) in Edinburgh, United Kingdom, August 2010.
Some of the latest diagnostic techniques employed in the
detection of fungi include � uorescencein situ hybridization,
DNA array technology, multiplex tandem polymerase chain
reaction (PCR), and Padlock probe technology with rolling circle
ampli � cation and loop-mediated isothermal ampli� cation are
presented. There is always a need for timely and accurate dia
nostics in the context of food spoilage fungal tests because o
issues of sensitivity, accuracy, robustness, acceptability, and co
Despite many novel technologies being available, challenge
remain to identify as yet the nonculturable fungi, to detect
cryptic species, and to characterize the assemblage and divers
of fungal communities. Next-generation sequencing (NGS) and
pyrosequencing approaches should prove to be useful in
enlarging the scope of molecular detection studies.

Molecular techniques for the identi� cation of food spoilage
fungi and yeasts are versatile because of (1) the ability of thes
tests to recognize genomic differences, (2) the speedier appl
cation of methods through innovative new tools, and (3) the
inclusively for considering ecological or processing source in
tracking these agents. Several yeast and fungal genom
mitochondrial DNA, and other plasmids, killer factors, and Ty-
elements have been sequenced completely. These DN
sequences in combination should further assist in the spoilage
fungal detection and identi� cation as presented in the next
section.
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Electrophoretic Karyotyping

Fungal genomes vary in size and are between 6 and 40 Mb
Compared with classical karyotyping of fungal chromosomes
by cytochemical methods, electrophoretic karyotyping (EK)
uses pulsed-� eld gel electrophoresis (PFGE), in which chro-
mosomes can migrate through a series of reorienting arrange
ments in an electric� eld to eventually align according to their
sizes and numbers. Initially, PFGE method was used to inves
tigate the chromosomal content of yeasts as an alternative t
karyotyping and further developed to be a powerful technique
for studying the electrophoretic karyotype of� lamentous fungi.
Chromosomes of many industrially important yeasts and fungi
have been characterized in this manner. Isolates or strains o
certain species show distinct EK‘� ngerprint’ differences.
Contour-clamped homogenous electric � eld gel electropho-
resis, for example, is used to separate intact, chromosome-siz
DNA of different species of Saccharomycesand Zygosacchar
omyces. Strains of the sameSaccharomycesspecies, as expected
have similar electrophoretic karyotypes. Furthermore, differ
ences between individual chromosomal bands can be
performed to show strain-speci� c chromosome-length poly-
morphism. Strains’ karyotype differences by DNA–DNA
hybridization techniques have conspeci� city, permitting the
study of genetic diversity of a given yeast species and spec
identi � cation and taxonomy. This technique, however, rarely is
used for the contemporary identi� cation of food spoilage
yeasts or fungi.
RFLP and DNA AmpliÞcation Techniques

Restriction fragment-length polymorphic (RFLP) analyses, eve
though not as widely used today for spoilage analysis, involves
isolation of fungal DNA, its cleavage by DNA restriction
enzymes, and agarose gel electrophoresis to test fragmen’
polymorphisms by their size and banding patterns. DNA from
such gels can be transferred onto suitable membranes b
electro-blotting process and identi� ed for the presence of
hybridizable gene-speci� c probes. The emerging result can b
viewed and used for identi� cation and taxonomy. RFLP anal-
yses require a substantial amount of time (several days). An
alternative to this is to use a PCR technique and employ
random-ampli � ed polymorphic DNA (RAPD) analysis. This
method requires a nanogram quantity of fungal DNA that
would results in the formation of a number of DNA sequence
ampli � cations from one set of primers of arbitrary nucleotide
sequence. The product of ampli�cation that would generate
DNA bands in an electrophoretic gel, which should vary in size
and sequence. This type of analyses has been useful in th
RAPD analysis of wine yeast. PCR-based techniques, such
RAPD, ampli� ed fragment-length polymorphism, DNA
ampli � cation � ngerprinting, and random ampli� ed micro-
satellite sequence (RAMS) can also be used for identifying DNA
markers.

Genomic variability among S. cerevisiaestrains using RAPD
analysis, PCR� ngerprinting, and restriction enzyme analysis of
the internal or nontranscribed spacer regions (ITS and NTS
respectively) has been performed. This approach has shown th
identity of spoilage-causing yeast in a survey of yeasts present
certain production chains of mayonnaises to beZ. bailii strains.
The combined typing techniques are useful in discriminating
yeast species involved in food spoilage in that they help trace
back to the origin of a spoilage outbreak.
Critical Evaluation of Techniques

Assessment of fungal contamination or spoilage� ora of
ingredients and processed foods is an essential part of any foo
safety and food quality assurance or control programs
Enumeration of viable yeasts and� lamentous fungi associated
with fermented foods and beverages is also important. In some
instances, the counts of total fungal load in a commodity are
needed. For example, exact counts of viable molds (e.g., i
spices, dried vegetables, human and animal food, frozen and
fresh vegetables and meat) and toxigenic ones, especially
combinations of toxins are suspected is a regulatory necessit
It is in the latter context that critical evaluation of rapid and
reliable techniques is most valued. Moreover, in commodities
that have been damaged or deteriorated to the point of
inability to recover any viable fungal cells, the molecular
methodology becomes the sole source of identity and level of
hazard evaluation.

Molecular methods based on DNA are commonplace and
have changed our ability to detect and identify a wide variety of
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fungi and yeasts in foods. The PCR-based methods can amplif
a limited amount of a nucleic acids with a high degree of
sensitivity. Finally, methods for the removal of the interfering
material within foods can affect these ampli�cation test
systems to add power to the detection of fungi.
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Molecular over Biochemical

With either traditional biochemical- or molecular-based tech-
niques, there are some issues in the detection of fungi in foods
Antibody methods for the detection of certain yeast or mold
antigens rely on the principle that the presence of such antigen
always must correlate. Therefore, the accuracy of diagnosis an
identi � cation requires that (1) the EPS always is made by the
fungal agents but not other agents or cells (animal, microbial,
or plant species); (2) the antigen or the epitope is made in
suf� cient quantities to be detected by the antibodies; (3) the
antigen is accessible and stable within the food’s composition,
processing, and the environment; and (4) the antibody for test
system has high avidity and speci� city. For example, with EPS
detection by immunological techniques, some cross-reacting
immunological reactions can occur. Although the EPS ELISA
of some yeasts is speci� c, it is not so with basidiomycetous
yeasts. The EPS ofZ. bailii could be detected in a highly speci� c
competitive ELISA but not in a sandwich ELISA or in a latex
agglutination test. The cell surface–speci�c antibodies can be
used (e.g., rapid detection ofSaccharomycesand Zygosacchar
omycesspecies) against infectious wild yeasts rapidly and reli
ably. With the exception of capsulated species, in which cel
wall antigens are masked, yeast cells are readily agglutinated b
speci�c antiserum. Some antigens are present in many asco
mycetous yeasts and in some basidiomycetous yeasts, where
other antigens display more genera and species speci� city.

ELISA tests forAspergillusand Penicilliumspp. are shown to
be quick, reliable, and sensitive in the testing of 161 food
samples, and the use of latex agglutination test for EP
produced by Aspergillusand Penicilliumhas been performed.
This test system was tried collaboratively by nine laboratories
and the identi� cation results were compared with colony
counts for the detection of fungi in food samples. Eight of the
nine laboratories were able to detect 5–15 ng ml� 1 of puri � ed
EPS. Fair correlation was shown between colony counts an
latex agglutination titers for cereals, spices, and animal feed
but there was no correlation for fruit juices and walnuts, which
gave false-positive results. It is concluded that the latex agglu
tination test is a rapid (w 10–15 min to read results), simple,
and reliable quantitative method for the detection of Aspergillus
and Penicilliumin cereals, spices, and animals feeds. The Mol
Reveal Kit (Eco-Bio, Genk), which is a rat monoclonal antibody
againstAspergillusgalactomannan coated onto latex beads, ha
been compared with Hydrogen Breath Test (HBT) Mold Latex
Agglutination Test kit (Holland Biotechnology, Laiden, the
Netherlands), an EPS-induced polyclonal antibody test. Both
kits are used for the rapid screening of food stuffs for mold
contamination. The HBT kit was negative for several fungi, and
results were not as sensitive. The sensitized latex beads det
this EPS at a 15 ng ml� 1 after 5 min incubation. Of 35 common
foodborne fungi tested, 27 gave positive reactions in the latex
agglutination test, including all 16 Aspergillusand Penicillium
spp. tested. The Mold Reveal Kit was shown to be faster tha
the latex agglutination test (2–5 min), and it is simple and
semiquantitative.
Advantages and Limitations of Biochemical
over Other Techniques

Although the assumption can be that binding of antibody to an
antigen is similar to that of nucleic acids, DNA-based diag-
nostics are based on principles of greater speci� city and
authenticity. In contrast to immunodiagnostics, DNA has an
advantage for not only speci� city of binding but also ampli � -
cation and authentication by automated sequencing. The
assumption to be satis� ed, however, is that such genomic DNA
from yeasts or fungi will be present intact within or outside the
microbial agent (a cell or a spore) in partially preserved form,
interfering substances would be absent, and the sequence use
for diagnostics would be suf� ciently distinct from the food
ingredients.

Both types of fungal identi� cation tests rely on genetic and
chemical taxonomic diversity of the species. The advantage o
molecular and biochemical tests are that standard commercia
kits for performing simple tests are procedurally complex
(e.g., isolation and ampli� cation of any DNA from most yeasts
and fungi). A number of commercial plant or fungal DNA
puri � cation kits that utilize silica-based resins and anion
exchangers are available. Finally, the singular best advanta
here is the detection of nonviable and nonculturable fungi that
can be accomplished through the detection of a homologous
sequences search in various public repositories for culturabl
agents.

With as many as 70 fungal species genomes fully se
quenced, in many cases the PCR detection system can identi
desired gene sequences quickly, with high speci� city and in
large volumes. Reports indicate that ampli� cation of DNA
sequences from a number of regions can be used for th
identi � cation and differentiation of yeasts and fungi. Variable
region of the 50end of the large nuclear ribosomal DNA (28S),
ITS sequences, intron splice sites, and RAMSs have been us
for detection and identi� cation purposes. As for sequencing
the best analytical tool available to do this is current NGS
technology (e.g., mass or ion torrent spectrometry that has the
capability to analyze hundreds of DNA samples in a day).
Although originally used more than a decade ago for protein
analysis, it was not available for DNA analysis until 1993
when various matrices were developed that would work with
DNA fragments as long as 100 base pairs. For practica
sequencing, however, matrix-assisted laser desorption ion
zation time of � ight (MALDI-TOF) would have to work with
DNA fragments much longer than the current 100 base-pair
capacity. At the present time, new matrices are being studie
that could extend MALDI-TOF reach to 1000 bases, and if this
works, then this technique would be a major breakthrough for
high-throughput sequencing. Ion torrent DNA sequencing is
both cheaper and faster. Described in 2006 by Nader Pour
mand and Ronald Davis of Stanford University, this system
determines DNA sequences through electrical detection
measuring the release of hydrogen ions. Six years afte
publishing details of the � rst NGS system is commercially
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available, by 454 Life Sciences, Jonathan Rothberg and his
colleagues at the company Ion Torrent published in the
journal Nature the �rst results from a new desktop NGS
technology.

In spite of the power of DNA ampli�cation methods, and
while overcoming the sensitivity limitations of direct DNA
probe assays and immunological assays, they contain inherent
limitations and problems, such as carryover contamination of
ampli�cation products. In a typical PCR ampli�cation reaction
with nanomolar concentrations of reagents and products, one
can estimate 1012 molecules 100 ml� 1 of ampli�cation prod-
ucts to be present. A carryover of just under 10 copies of
product in 1015 l can generate false-positive results and hence
the need for extreme care. To further prevent such problems,
postampli�cation sterilization of ampli�cation reaction prod-
ucts through UV irradiation, use of uracil DNA glycosylase, and
addition of psoralens and copper bis(1, 10-phenanthroline)
are encouraged. Finally, proper negative controls, such as
internal and external ampli�cation controls and a DNA
extraction control, should be prerequisites for a reliable
spoilage fungal �ora identi�cation and detection system.

The development of real-time PCR systems in which the
reaction tubes are not opened after ampli�cation and in-tube
monitoring of ampli�cation is carried out has eliminated most
of the concerns of carryover. Full instrumentation is now
possible as advances in the clinical use of nucleic acid analysis
are being applied for food systems.

It is important to realize that against strengths or weak-
nesses of any one test system, the powerful approaches of
molecular or biochemical diagnostics can complement the
conventional techniques. It should be interesting to see how
future developments will shape today’s ‘modern’ techniques.
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See also:Application in Meat Industry; Biochemical and
Modern Identi�cation Techniques: Introduction; Biochemical
and Modern Identi�cation Techniques: Food-Poisoning
Microorganisms; Enzyme Immunoassays: Overview; Food-
borne Fungi: Estimation by Cultural Techniques; Mycotoxins:
Detection and Analysis by Classical Techniques; Spoilage of
Plant Products: Cereals and Cereal Flours; Spoilage Problems:
Problems Caused by Fungi; Identi�cation Methods:
Introduction; Enrichment; Viable but Non-culturable.
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Introduction

More than 5000 varieties of fermented foods and alcoholic
beverages, representing about 5–40% of the total daily meals,
are consumed around the world. Fermented foods are de�ned
as foods produced by people using their native knowledge
from locally available plant or animal sources either naturally
or by adding starter cultures containing functional microor-
ganisms that modify the substrates biochemically and
organoleptically into edible products that are culturally and
socially acceptable to the consumers. Fermented foods are
consumed in diverse forms of cuisines, such as staple, curry,
stew, side dish, fried, cooked, paste, seasoning, condiment,
pickle, confectionery, salad, soup, dessert, savory, drink,
candied, masticator, colorant, tastemaker, and alcoholic and
nonalcoholic beverages. Major sensory properties of fer-
mented foods are acidic in taste (low pH), such as lactic-fer-
mented foods (gundruk, sauerkraut, kimchi, and yogurt); some
foods are alkaline in nature (high pH), such as kinema,
dawadawa, and pidan; and some are alcoholic, such as beer,
wine, saké, and pulque. In lactic fermentation, the substrates
are kept in airtight containers (less or no oxygen or anaerobic
condition) to allow LAB to grow on starchy materials to get
Table 1 Common plant-based fermented foods of the world

Fermented food Plant source Microorg

Cucumber pickle Cucumber LAB
Ekung, Eup Bamboo shoot LAB
Fu-tsai, Suan-cai Mustard LAB
Gundruk Leafy vegetable LAB
Khalpi Cucumber LAB
Kimchi Cabbage, radish LAB
Naw-mai-dong Bamboo shoots LAB
Mesu Bamboo shoots LAB
Olives (fermented) Olive LAB
Pak-sian-dong Gynandropis sp. leaves LAB
Sauerkraut Cabbage LAB
Sayur asin Mustard leaves LAB
Soibum, Soidon Bamboo shoots LAB
Sinki Radish taproot LAB
Suan-tsai Mustard LAB
Sunki Turnip LAB
Chungkokjang Soybean Bacillus
Dauchi Soybean Bacillus
Dawadawa Locust bean Bacillus
Dhokla Bengal gram LAB, ye
Doenjang Soybean Mold
Furu Soybean curd Mold
Iru Locust bean Bacillus
Kinema Soybean B. subtil
Miso Soybean Mold
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the acidic product. In alkaline fermentation, semianaerobic or
aerobic condition should be maintained to facilitate the
growth of aerobic bacilli (mostly Bacillus subtilis). Sacchari�-
cation (starch to glucose) and glycolysis (glucose to alcohol
and CO2) are processes performed by yeasts and molds during
production of alcoholic beverages. Some common plant-
based, animal-based fermented foods and some popular
alcoholic beverages of the world are presented in Tables 1–4.

Fermented food is a hub for various types of native micro-
organisms, which include mycelia or �lamentous molds,
yeasts, and bacteria, and are present in or on the ingredients,
plant or animal sources, utensils, containers, and environment.
Microorganisms transform the chemical constituents of
substrates (raw or cooked) during fermentation and enhance
the nutritive value of the products; enrich the bland diet with
improved �avor and texture; preserve the perishable foods;
fortify the products with essential amino acids, omega 3 fatty
acids, iso�avones, saponins, vitamins, and minerals; degrade
undesirable compounds and antinutritive factors; produce
antioxidant components, such as a-tocopherol, b-carotene,
selenium or phenolic compounds, and antimicrobial com-
pounds; improve digestibility; and stimulate the probiotic
functions.
anisms Country

Europe, United States, Canada
India
Taiwan
India, Nepal, Bhutan
India, Nepal
Korea, China
Thailand
India, Nepal, Bhutan
United States, Spain, Portugal, Peru
Thailand
Europe, United States
Indonesia
India
India, Nepal, Bhutan
Taiwan
Japan

spp. Korea
spp., molds China, Taiwan
spp. Ghana
asts India

Korea
China

spp. Nigeria, Benin
is India, Nepal, Bhutan

Japan

(Continued)

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00038-0

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-384730-0.00038-0


Table 1 Common plant-based fermented foods of the worldd cont'd

Fermented food Plant source Microorganisms Country

Natto Soybean B. natto Japan
Ontjom Peanut Mold Indonesia
Papad Black gram LAB, yeasts India, Nepal
Pepok Soybean Bacillusspp. Myanmar
Sieng Soybean Bacillusspp. Cambodia, Laos
Shoyu Soybean Mold Japan, Korea, China
Soy sauce Soybean Mold Worldwide
Sufu Soybean curd Mold China, Taiwan
Tempe Soybean Rhizopus oligisporus, bacteria Indonesia (Origin), The Netherlands, Japan,

United States
Thua nao Soybean Bacillusspp. Thailand
Wari Black gram LAB, yeasts India
Ang-kak Red rice Mold China
Ben-saalga Pearl millet LAB, yeasts Burkina Faso, Ghana
Dosa Rice and black gram LAB, yeasts India, Sri Lanka, Malaysia, Singapore
Enjera Tef� our, wheat LAB Ethiopia
Idli Rice and black gram LAB, yeasts India, Sri Lanka, Malaysia, Singapore
Jalebi Wheat� our Yeasts, LAB India, Nepal, Pakistan
Kenkey Maize LAB, yeasts Ghana
Kisra Sorghum LAB, yeasts Sudan
Kishk Wheat, milk LAB, yeasts Egypt
Mawè Maize LAB, yeasts Benin, Togo
Nan Wheat� our Yeasts, LAB India, Pakistan, Afghanistan
Ogi Maize, sorghum, millet LAB, Yeasts Nigeria
Pizza dough Wheat Baker’s yeast Worldwide
Pozol Maize LAB, yeasts, molds Mexico
Puto Rice LAB, Yeasts Philippines
Rabadi Buffalo or cow milk and

cereals, pulses
LAB, yeasts India, Pakistan

San Franciscobread Rye, wheat Yeasts, LAB United States
Selroti Rice, wheat� our, milk Yeasts, LAB India, Nepal, Bhutan
Sourdough Rye, wheat Yeasts, LAB America, Europe, Australia
Trahana Sheep milk, wheat LAB, yeasts Cyprus, Greece, Turkey
Uji Maize, sorghum, millet,

cassava� our
LAB Kenya, Uganda, Tanzania

Fufu Cassava roots LAB Togo, Burkina Faso, Benin, Nigeria
Gari Cassava roots LAB Africa

Table 2 Some common animal-based fermented foods of the world

Fermented milks Substrate Microorganisms Country

Acidophilus milk Cow milk LAB Russia, East Europe, Greece, Turkey, North
America, Scandinavia

Airag Mare or camel milk LAB, yeasts Mongolia
Butter Animal milk LAB All parts of the world
Cheese Animal milk LAB, yeasts, mold Worldwide
Chhurpi, chhu Cow milk LAB, yeasts India, Nepal, Bhutan
Dahi Cow milk LAB, yeasts India, Nepal, Pakistan, Sri Lanka, Bangladesh,

Bhutan
Filmjö lk Cow milk LAB Sweden
Ke�r or kefyr Goat, sheep, or cow milk,kefyrgrain LAB, yeasts Russia, Europe, Middle East, North Africa
Kishk Sheep milk, wheat LAB, yeasts Greece, Turkey, Egypt, Libya, Middle East, Iran
Koumissor Kumiss Horse, donkey, or camel milk LAB, yeasts Kazakhstan, Russia, Scandinavia, Mongolia,

China
Laban Animal milk LAB, yeasts Egypt, Turkey
Lassi Cow milk LAB, yeasts India, Nepal, Bhutan, Bangladesh, Pakistan,

Middle East
La�ng�l Cow milk LAB Sweden

(Continued)
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Table 2 Some common animal-based fermented foods of the worldd cont'd

Fermented milks Substrate Microorganisms Country

Misti dahi Buffalo/cow milk LAB, yeasts India, Bangladesh
Rob Cow, goat, sheep milk LAB Sudan
Shrikhand Cow, buffalo milk LAB India
Tarag Cow, yak, goat milk LAB, yeasts Mongolia
Viili Cow milk LAB, yeasts Finland
Yogurt Animal milk LAB, yeasts Europe, Australia, America
Balao balao Shrimp Micrococci, LAB Philippines
Belacan, budu Shrimp Micrococci, LAB Malaysia
Burong isda Fish, rice Micrococci, LAB Philippines
Hentak Fish and petioles of aroid plants LAB, yeasts India
Jeot kal Fish LAB Korea
Kung chao Shrimp, salt, sweetened rice LAB Thailand
Nga pi Fish LAB Myanmar
Nam-pla Anchovies LAB Thailand
Narezushi Sea� sh, cooked millet LAB Japan
Ngari Fish LAB, yeasts India
Pla ra Fish, rice LAB Thailand
Shiokara Squid LAB Japan
Surströmming Herring Haloanaerobium praevalens Sweden
Tungtap Fish LAB, yeasts India
Androlla Ground lean pork LAB, micrococci, yeast Spain
Bacon Slices of cured pig, beef LAB, yeast, micrococci Germany, Belgium, Spain
Chorizo Pork LAB Spain
Kargyong Pork, yak LAB India, Nepal, China (Tibet), Bhutan
Ham Cured pork LAB, yeasts, micrococci Spain, Italy
Nham Pork LAB, micrococci, yeast Thailand
Peperoni Pork, beef LAB, micrococci Europe, America, Australia
Salami Pork LAB, micrococci Europe

Table 3 Ethnic mixed amylolytic starters of Asia

Ethnic starter Substrate Organisms Country

Bubod Rice, wild herbs Molds, Yeasts, LAB Philippines
Chiu-yueh Rice, wild herbs Molds, Yeasts, LAB China, Taiwan, Singapore
Loogpang Rice, wild herbs Molds, Yeasts, LAB Thailand
Koji Rice, wheat Aspergillus oryzae, A. sojae, Yeasts Japan
Marcha Rice, wild herbs, spices Molds, Yeasts, LAB India, Nepal
Men Rice, wild herbs, spices Molds, Yeasts, LAB Vietnam
Nuruk Rice, wild herbs Molds, Yeasts, LAB Korea
Phab Wheat, wild herbs Molds, Yeasts, LAB China (Tibet), Bhutan
Ragi Rice, wild herbs Molds, Yeasts, LAB Indonesia

Table 4 Alcoholic beverages and drinks of the world

Beverage Substrate Nature Starter/Organisms Country

Bantu beer Sorghum, millet Opaque appearance, sour LAB, Yeasts South Africa
Basi Sugarcane Clear or cloudy liquid Bubod, binubudan Philippines
Bhaati jaanr Rice Mild alcoholic, sweet–sour Marcha India, Nepal
Brandy Fruit juice Distillates S. cerevisiae Worldwide
Brem Rice Sweet–sour, mild alcoholic Ragi Indonesia
Bouza Wheat, malt Alcoholic thin gruel LAB Egypt
Cider Apple Clear alcoholic drink Yeasts France, Spain, Ireland, Slovenia
Feni Cashew apple Distilled wine from cashew

apples, strong� avor
S. cerevisiae Worldwide

Gin Maize, rye, barley Clear, high-alcohol distilled S. cerevisiae Worldwide
Kanji Carrot/beetroots Strong� avored Toranicontains LAB, yeasts India

(Continued)
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Table 4 Alcoholic beverages and drinks of the worlddcont'd

Beverage Substrate Nature Starter/Organisms Country

Krachae Rice Nondistilled and� ltered liquor Loogpang Thailand
Kodo ko jaanr Finger millet Mild alcoholic, sweet–acidic Marcha India, Nepal
Lao chao Rice Sweet -sour, mild alcoholic pasteChiu yueh China
Merrisa Millet, cassava Turbid drink Yeasts, LAB Sudan
Palm wine/Toddy Palm sap Sweet, milky, effervescent, and

mild alcoholic
Yeasts, LAB Palm-growing regions

Pulque Agave juice White, viscous, acidic–alcoholic Yeasts, LAB Mexico
Raksi Cereals Clear distilled liquor Marcha India, Nepal
Rum Molasses Clear distilled liquor S. cerevisiae Worldwide
Ruou nep Rice Clear distilled liquor Men Vietnam
Saké Rice Nondistilled, clari� ed, and

� ltered liquor
Koji Japan

Sato Rice Distilled liquor Loogpang Thailand
Shochu Rice Distilled spirit Koji Japan
Soju Rice Distilled liquor Nuruk Korea
Champagne Grapes Clear and� avored S. cerevisiae Worldwide
Takju Rice, wheat, barley, maize Alcoholic Nuruk Korea
Tapuy Rice Sweet, sour, mild alcoholic Bobod Philippines
Tari Palmyra and date palm sap Sweet, milky, effervescent, and

mild alcoholic
Yeasts, LAB India

Vodka Mashed potato Clear, distillate,� avored,
high-alcohol content spirit

Saccharomyces cerevisiae Russia, Poland, Finland

Whisky Barley Distillate clear liquor from
fermented malted barley

Saccharomyces cerevisiae Worldwide

Wine Grapes Red, white,� avored, clear Yeasts Worldwide
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Microbial Composition of Fermented Foods

Three major groups of microorganisms are associated wit
ethnic fermented foods: bacteria, yeasts, and fungi.

Bacteria

Bacteria have the dominant roles in production of many fer-
mented foods. Among bacteria, LAB are widely encountered in
fermented foods; bacilli and micrococcaceae are also involve
in fermentation of foods.

Lactic Acid Bacteria

LAB are nonsporeforming, Gram-positive, catalase-negativ
without cytochromes, nonaerobic or aerotolerant, fastidious,
acid tolerant, and strictly fermentative bacteria with lactic acid
as the major end-product during sugar fermentation. LAB
genera isolated from various fermented foods areLactobacillus
Pediococcus, Enterococcus, Lactococcus, Leuconostoc, Oe
Streptococcus, Tetragenococcus, Carnobacterium, Vagococc, Weis-
sella, andAlkalibacterium. Among genera of LAB, bothLactoba-
cillus(hereto- and homo-lactic) is the most dominant genus in
fermented foods, mostly followed by the species ofPediococcu.
The status of LAB in foods is termed as generally recognized
safe. Many species of LAB, such as probiotics and antimicrobia
can also exert biopreservers and have functional properties.

Bacilli

Bacillusis a Gram-positive, endospore forming, rod-shaped
catalase positive, motile, and aerobic to semianaerobic growing
bacterium. Common species ofBacilluspresent in fermented
soybean foods areB. subtilis, B. natto, B. licheniformis, B. thu
ingiensis, B. coagulans,and B. megataerium. Some strains of
B. subtilisproduce l -polyglutamic acid, which is an amino acid
polymer commonly present in Asian-fermented soybean foods
giving the characteristic sticky texture to the product.
Micrococcaceae

Micrococcaceae are Gram-positive coccii, aerobic, no
sporeforming, nonmotile, and catalase-positive bacteria with
irregular clusters. Species ofStaphylococcus, Micrococcus,
Kocuriaare reported in fermented meats and� sh.
coccus,

Other Bacteria

Klebsiella pneumoniae, K. pneumoniaesubsp.ozaenae, Enterobacte
cloacae, species of Propionibacterium, Bi� dobacterium, Hal
oanaerobium, Halobacterium, Halococcus, and Pseudomonashave
also been reported in many fermented foods.
Yeasts

About 21 genera with several species of yeasts have be
reported from fermented foods and beverages, which include
Brettanomyces, Candida, Cryptococcus, Debaryomyces, D
Galactomyces, Geotrichum, Hansenula, Hanseniaspora, Hypho
Issatchenkia, Kazachstania, Kluyveromyces, Metschnikowia,
Rhodotorula, Saccharomyces, Saccharomycodes, Saccharo
Schizosaccharomyces, Torulaspora, Torulopsis, Trichosporon
wia, andZygosaccharomyces. Yeasts food fermentation is practiced
around the world along with bacterial and fungal fermentation
or in combination. Yeasts ferment sugar, produce secondar
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metabolites, inhibit growth of mycotoxin-producing molds, and
have several enzymatic activities.
cilli

nd

d

e

t.
Filamentous Fungi

Some common genera of mycelial or� lamentous fungi asso-
ciated with fermented foods and beverages areActinomucor,
Amylomyces, Aspergillus, Monascus, Mucor, Neurospora, Peni
Rhizopus,and Ustilago. Mycelia fungi are mostly present in
Asian-fermented foods and beverages, European cheese, a
sausages. Functional properties of the fungi in fermented foods
mainly include production of enzymes, such as maltase,
invertase, pectinase,a-amylase,b-galactosidase, amyloglucosi-
dase, cellulase, hemicellulase, acid and alkaline proteases, an
lipases, and also include degradation of antinutritive factors.
s

s

-

.
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Importance of Microorganisms in Fermented Foods

The most remarkable aspects of age-old ethnic fermented food
are their biological functions, which enhance several health-
promoting bene� ts to the consumers thanks to the associated
functional microorganisms. Some traditional fermented foods
and beverages are commercialized and marketed globally a
health foods or functional foods.
,

-

-

Biotransformation of Bland Foods

Biological transformation of bland vegetable protein into meat-
� avored sauces and pastes by mold fermentation is common in
Japanesemisoand shoyu, Korean doenjang, Chinese soy sauce
and Indonesian tauco. Inang-kak, an ethnic fermented rice food
of Southeast Asia,Monascus purpureusproduces a purple-red
water-soluble color in the product, which is used as a colorant.
In tempe, a fermented soybean food of Indonesia, mycelia of
Rhizopus oligosporusknit the soybean cotyledons into a compact
cake that, when sliced, resembles nontextured bacon.
Pe

e
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euros-
s

Biological Preservation

Biological preservation takes a signi�cant approach to
improving the microbiological safety of foods without refrig-
eration by using lactic acid fermentation. During fermentation
of the Himalayan ethnic fermented vegetable products (gun-
druk and sinki), Lactobacillus plantarum, Lactobacillus brevis,
iococcus pentosaceus,and Leuconostoc fallaxproduce lactic acid
and acetic acid, and lower the pH of the substrates, making the
products more acidic in nature. Several fermented vegetabl
products preserved by lactic acid fermentation includekimchiin
Korea andsauerkrautin Germany and Switzerland.
e,
e
e

Biological Enhancement of Nutritional Value

During fermentation, biological enrichment of food substrates
with essential amino acids, vitamins, and various bioactive
compounds occur spontaneously. Intempe, the levels of niacin,
nicotinamide, ribo � avin, and pyridoxine are increased by
R. oligosporus, whereas cyanocobalamine or vitamin B12 is
synthesized by nonpathogenic strains ofK. pneumoniaeand
Citrobacter freundiiduring fermentation. Pulque, produced by
lactic acid fermentation of juices of the cactus plant, which is rich
in thiamine, ribo � avin, niacin, pantothenic acid, pyridoxine,
and biotin, and serves as important part of the diet in Mexico.
um,

Biodegradation of Undesirable Compounds

Enzymes produced by functional microorganisms present in the
fermented foods degrade antinutritive compounds and thereby
convert the substrates into consumable products with enhanced
� avor and aroma. Bitter varieties of cassava tubers contain th
cyanogenic glycoside linamarin, which can be detoxi� ed by species
of Leuconostoc, Lactobacillus, and Streptococcusin gari and fufu, a
fermented cassava food of Africa, and thereby rendered safe to ea
Bioimprovement in Lactose Metabolism

People suffer from lactose intolerance or lactose malabsorp
tion, a condition in which lactose, the principal carbohydrate of
milk, is not completely digested into glucose and galactose
Lactobacillus delbrueckiisubsp. bulgaricusand Streptococcus the
mophilus, the cultures used to make yogurt, contain substantia
quantities of b-D-galactosidase, and consumption of yogurt may
assist in alleviating the symptoms of lactose malabsorption.
Probiotic Properties of Fermented Foods

Probiotic cultures are considered to provide health-promoting
bene� ts by stabilizing the gastrointestinal tract, such as protec
tion against diarrhea, stimulation of the immune system, alle-
viation of lactose-intolerance symptoms, reduction of serum
cholesterol, and prevention against cancer. Some common pro
biotic cultures used in the production of fermented functional
foods are Lactobacillus acidophilusLa2, La5, Johnsonii;Lactoba-
cillus bulgaricusLb12; Lactobacillus lactisL1a;Lb. plantarum299v,
Lp01;Lactobacillus rhamnosusGG, GR-1;Lactobacillus reuteriMM2;
Lactobacillus caseiShirota; Lactobacillus paracaseiCRL 431;Bi� do-
bacterium adolescentis; Bi� dobacterium longumBB536;Bi� dobacte-
rium breveYakult; Bi� dobacterium bi� dusBb-11; Bi� dobacterium
essensisDanone; and Bi� dobacterium lactisBb-12.
d-

Bio-production of Enzymes

During fermentation, indigenous microorganisms or starter
cultures produce a wide spectrum of enzymes on the substrate
to break down complex compounds to simple biomolecules
for several biological activities. Bacillus subtilisproduces
enzymes, such as proteinase, amylase, mannase, cellulase, a
catalase, during natto and kinema fermentation. Species of
Actinomucor, Amylomyces, Mucor, Rhizopus, Monascus, N
pora, and Aspergillusproduce various carbohydrases, such a
a-amylase, amyloglucosidase, maltase, invertase, pectinas
b-galactosidase, cellulase, hemicellulase, and acid and alkalin
proteases and lipases. Taka-amylase A (TAA), a major enzym
produced byA. oryzae(present in koji) is well known worldwide
to be a leading enzyme for industrial utilization.
Antimicrobial Properties

Protective properties of LAB resulting from antimicrobial
activities are useful in food fermentation and make foods safe to
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eat. Many strains of LAB isolated fromkimchi produce antimi-
crobial compounds, such as leuconocin J byLeuconoctocsp. J2,
lacticin BH5, and kimchicin GJ7 by Leuconoctoc lactisBH5 and
Leuconoctoc citreumGJ7, and pediocin byP. pentosaceus. Nisin-
producing LAB inhibit the growth of Listeria monocytogenesin
Camembert cheese. Bacteriocins inhibitL. monocytogenesin
fermented sausages, cottage cheese, and smoked salmon.
o
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Medicinal Values

Consumption of fermented foods containing viable cells of
Lb. acidophilusdecreasesb-glucuronidase, azoreductase, and
nitroreductase (catalyze conversion of procarcinogens t
carcinogens), and thus possibly remove procarcinogens an
activate the human immune system. Lactic acid produced by
kimchi is found to improve obesity-induced cardiovascular
diseases. Antioxidant activities have been reported in man
ethnic fermented soybean foods of Asia, such askinema, natto,
chungkokjang, kinema, douchi, and tempe. Puertea, a fermented
tea of China, prevents cardiovascular disease.Koumissis used in
the treatment of pulmonary tuberculosis.
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Parameters for the Study of Fermented Foods

The study of traditional fermented foods and beverages is
primarily focused on the following parameters: documenta-
tion on traditional method of preparation of fermented food
and beverages, culinary practices, and mode of consumption
ethnical and cultural values, if any; therapeutic uses, if any
economy of the product; market survey; case study o
marginal producers; physicochemical determination of pH;
and temperature of the product in situ. Samples should be
collected aseptically in presterilized poly bags or bottles kep
in a cooler. Microbiological investigation of fermented food
includes determination of microbial loads of functional
microorganisms (bacteria, yeasts, molds) and pathogeni
contaminants (colony-forming unit per gram or liter of
sample); isolation, enrichment, and puri� cation of microor-
ganisms; determination of phenotypic (morphological,
physiological, and biochemical tests) and molecular identi-
� cations; and assignment of the proper identi� cation of
functional microorganisms following the standard norm of
the International Code of Botanical Nomenclature(ICBN) for
microorganisms and well-authenticated taxonomical keys
Unknown strains of isolates should be further identi� ed to
the species level using genotypic identi� cation methods, such
as DNA-based composition, DNA hybridization, and ribo-
somal RNA sequencing, and using chemotaxonomica
tools, such as cell wall, cellular fatty acids, and isoprenoid
quinones. Accurate identity of isolated microorganisms
associated with fermented foods and beverages is essential f
microbial taxonomy, which determines the quality of the
product. Identi � ed strains of microorganisms should be
preserved in 15% glycerol at below�20 � C and deposited at
authorized microbial culture collection centers. Experimen-
tation on fermentation dynamics or microbial changes during
in situ fermentation may help to understand the role of each
microorganisms during natural fermentation. The analysis of
proximate composition and nutritional values of fermented
foods is also an important parameter of these studies. Opti-
mization of the traditional process using pure or consortium
identi � ed native microorganisms and organoleptic evaluation
of the product are essential for any claim on the development
of a starter culture. Identi� ed strains may be further studied
for their enzymatic pro� les, antimicrobial activities, toxicity,
probiotics, biogenic amines formation, and other biochem-
ical activities to determine their speci� c roles in a particular
fermented product; this may help to improve the native
product.
Phenotypic IdentiÞcation

Proven producing strains must be identi� ed by phenotypic
characteristics, such as colony, cell morphology, Gram staining
growth at different temperatures (8–65 � C), pH (3.9–9.6), and
salt tolerance (4.0–18%).
Biochemical IdentiÞcation

Biochemical tests are based on the metabolic activities o
bacteria, such as carbon and nitrogen sources, energy sourc
sugar fermentation, secondary metabolites formation, and
enzyme and toxin production. Biochemical tests to identify
bacteria in fermented foods are mainly as follows:

1. Tests for metabolism of carbohydrates: whether an
organism can metabolize a carbohydrate (usually glucose
to an acid by oxidation (aerobic process) or fermentation
(anaerobic process), ability to ferment sugars, production of
CO2 from glucose to distinguish homo- and hetero-
fermentative LAB, and tests for starch hydrolysis.

2. Tests for metabolism of proteins and amino acids:
production of ammonia from arginine, casein hydrolysis,
gelatin liquefaction, indole production, amino acids
decarboxylase tests, and phenylamine deaminase test.

3. Test for the metabolism of fats: hydrolysis of tributyrin.
4. Tests for enzymes: catalase, oxidase, urease, coagulase,

nitrate reduction.
5. Test for the production of dextran from sucrose: exclusively

for leuconostoc.
6. Lactic acid con� guration: The con� guration of lactic acid

produced by LAB is determined enzymatically using
D-lactate andL-lactate dehydrogenase kits.
API System

One of the widely used modern biochemical identi� cation
methods for prompt sugar fermentation test of microorgan-
isms is the Analytical Pro� le Index (API) system. The API
system of bioMérieux (API System [SA], France) is a miniatur
biochemical kit for the phenorypic identi � cation of different
groups of bacteria and even yeasts. The API 50 CHL test str
enables the determination of the fermentative ability of 49
different carbohydrates by an isolated strain. The system i
standardized, and every step is exactly de� ned, e.g., for inoc-
ulation of each of the 50 wells in the strip with a cell
suspension, use of a Pasteur pipette, and aftergrowth unde
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exactly de� ned conditions. The incubation temperatures (e.g.,
26, 30, or 37 � C) are selected according to the product and the
typical environmental conditions of fermentation. Fermenta-
tion reactions are recorded after 3, 6, 24, and 48 h, also noting
the intensity of the reaction on a scale from 0 (negative) to 5
(strongly positive). The APILAB PLUS database identi� cation
software (bioMérieux, France) makes use of a computer
driven optical reader and speci� c cards to generate a
biochemical pro� le and is used to interpret the results. When
no additional tests are performed, however, using the AP
system may lead to erroneous identi� cation. More reliable
results are obtained when isolated strains are preliminarily
grouped according to hetero- and homo-fermentation; the
lactic acid isomers,L(þ) or D(�); the racemic DL, produced
from glucose; cell morphology; and some key physiological
tests, such as growth at different temperatures, NaCI concen
trations, and pH values.

Rapid API-ZYM System
The study of the enzyme pro�les of LAB involved in food
fermentation is enabled by another development of bio-
Mérieux, called the Microenzyme Rapid API-ZYM System, an
it has found applications (among others) for LAB involved
in different fermented foods. The relative activities of 19
hydrolytic enzymes may be determined semiquantitively, and
drops of cell suspensions are inoculated in microcupules and
incubated at 30� C for 6 h. After incubation, one drop of the
ready-made zym-A and zym-B reagent is added and observe
for color development based on the manufacturer’s color
chart. A value ranging from 0 to 5 is assigned, corresponding
to the color developed: 0 corresponds to a negative reaction, 5
(¼40 nmol) corresponds to a reaction of maximum intensity,
and values 4, 3, 2, and 1 are intermediate reactions corre
sponding to 30, 20, 10, and 5 nmol, respectively. The use o
the API-ZYM technique is a rapid and simple method to
evaluate the enzymatic pro� les of microorganisms, mainly
LAB associated with fermented foods. This method is also
relevant for the selection of strains as potential starter culture
based on superior enzyme pro� les for the quality develop-
ment of traditional fermented products.
f
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Biolog System

The Biolog Microbial Identi � cation System offers a fast and
easy way to identify more than 2200 species of both Gram-
positive and Gram-negative bacteria, yeast, and� lamentous
fungi. This system has excellent potential for the study o
bacterial succession and dynamics even on the strain level.
uses 96 microwell plates containing a basal medium with 94
different carbon sources with two additional control wells. A
redox indicator enables the rapid detection of the microbial
activity in each well. After incubation for 4–24 h, a pattern of
active wells is obtained yielding a metabolic� ngerprint. The
strain is identi� ed by comparison with patterns of the reference
database. A turbidometer and a computer-aided Micro-Plate
Reader, together with the appropriate software, are supplied b
the company and simplify the � nal identi � cation. The Biolog
System provides an extended database for LAB species. Manual,
semiautomated, and fully automated systems make use of the
database.
Meso-Diaminopimelic Acid

For con� rmation of Lb. plantarumand Lactobacillus pentos
strains, the presence of meso-diaminopimelic acid (DAP) in the
cell wall should be determined by using thin-layer chroma-
tography (TLC). Each sample is spotted on TLC on cellulose
plates. Descending one-dimensional chromatography is done
by keeping the plates in a TLC chamber in a solvent solution
containing methanol, pyridine, 10 N HCl, and water (32:4:1:7).
After keeping the plates in the chamber for 4–5 h, the plates are
dried and the chromatograms are developed by spraying acidi
ninhydrin. Spots representing meso-DAP appears dark green t
gray and turn yellow within 24 h.
Immuno�uorescent System

Other modern developments, such as immuno� uorescent or
immunomagnetic separation and isolation procedures, have
thus far been developed and applied mainly for clinical strains.
They, however, do offer extremely elegant and highly precis
typing methods for studying microbial communities during
food fermentation. Monoclonal as well as polyclonal anti-
bodies are being used. Labeling using commercial immuno-
assay kits is mainly based on enzymes (e.g., peroxidase
alkaline phosphatase) and such compounds that participate in
a luminescent reaction (e.g., acridinium ester, isoluminal
derivatives).
Cellular Fatty Acid Pro�le

Cellular fatty acid pro� le systems may reduce subjectivity and
turnaround time, but they still rely on phenotypic identi � ca-
tion. It is practical to use gas chromatography of whole-cell
fatty acid methyl esters to identify a wide range of organisms
Branched-chain acids predominate in some Gram-positive
bacteria, whereas short-chain hydroxy acids often characteriz
the lipopolysaccharides of the Gram-negative bacteria.
Modern or Molecular IdentiÞcation

Molecular or genotypic identi� cation is emerging as an alter-
native or complement to established phenotypic methods,
which is an accurate and reliable identi� cation tool, and is
widely used to identify both culture-dependent and culture-
independent microorganisms from fermented foods. Typically,
genotypic identi� cation of bacteria involves the use of
conserved sequences within phylogenetically informative
genetic targets, such as the small subunit (16S) rRNA gen
Some important molecular identi� cation or genotypic
methods that are widely or occasionally used in studies of
fermented foods follows.
Polymerase Chain Reaction

DNA extract of microorganism is subjected to polymerase
chain reaction (PCR) ampli� cation using universal primers or
primers designed to amplify rRNA genes. The broad-rang
ampli � cation of 16S ribosomal DNA (rDNA) genes with
universal 16S rDNA primers allows the unselective detection o
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unexpected or previously unknown bacteria in fermented food
samples. The PCR products can be cloned by overhanging 30-
deoxyadenosine residues and blunted ligation procedures or by
using commercially available kits to clone PCR products.
r

Species-Speci�c PCR
A species-speci� c PCR technique is applied using speci� c PCR
primers to identify a particular species of the genus. Fo
example, to identify Lb. brevis, a species-speci� c PCR is applied.
,
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Repetitive Extragenic Palindromic Sequence-Based PCR

Bacterial and fungal genomes contain numerous noncoding
repetitive DNA sequences separating longer, single cop
sequences and their arrangement varies between strains. T
repetitive extragenic palindromic sequence–based PCR (rep-
PCR) technique ampli� es these repetitive sequences to produc
amplicons of varying length that can be separated by electro
phoresis, giving a� ngerprint composed of bands that� uoresce
at different intensities after binding with an intercalating dye.
rs

s

Random Ampli�cation of Polymorphic DNA

Random ampli� cation of polymorphic DNA (RAPD) is a type
of PCR reaction, but the segments of DNA that are ampli�ed
are random. The RAPD creates several arbitrary, short prime
(8–12 nucleotides) and then proceeds with the PCR using
a large template of genomic DNA; hence, the technique usually
is called RAPD-PCR analysis.
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DNA Sequencing and Phylogenetic Analysis

Screening of rRNA gene-containing clones by restriction frag
ments length polymorphism (RFLP) analysis of puri� ed
plasmid DNA or insert DNA, which is obtained by PCR for the
presence of near-identical sequences, can greatly reduce t
number of clones that require complete sequencing. RFLP
however, is of limited use for demonstrating the presence o
speci� c phylogenetic groups and is a time-consuming method.
An automated DNA sequencing system has facilitated the rapid
screening and analysis of large gene libraries in the identi� ca-
tion systems of microorganisms. By sequencing individua
clones and comparing the obtained sequences with sequence
present in databases, it is possible to identify the phylogenetic
position of the corresponding bacteria without their cultivation.
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Pulsed-Field Gel Electrophoresis

Pulsed-� eld gel electrophoresis (PFGE) is a technique tha
allows for the electrophoretic separation of low numbers of
large DNA restriction fragments. These fragments are produce
using restriction enzymes to generate a highly discriminatory
genetic� ngerprint. PFGE is relatively costly and requires at leas
3 days to obtain a result.
r

f

DNA–DNA Hybridization

DNA–DNA hybridization measures the degree of genetic
similarity between pools of DNA sequences. It is used to
determine the genetic distance between two species. Whe
several species are compared, the similarity values allow th
species to be arranged in a phylogenetic tree.
Fluorescentin situ Hybridization

Fluorescent in situ hybridization (FISH) can be applied to
samples without prior cultivation and can be used to determine
the cell morphology and identity of microorganisms, their
abundance, and the spatial distribution in situ. Fluorescent
rRNA-targeted oligonucleotide probes confer a� uorescent
stain speci� cally to the cells of a phylogenetically coherent
group on various taxonomic levels.
Denaturing Gradient Gel Electrophoresis

Denaturing gradient gel electrophoresis (DGGE) is a method
by which fragments of partial 16S rDNA-ampli� ed fragments
of identical length but different sequence can be resolved
electrophoretically because of their different melting behavior
in a gel system containing a gradient of denaturants. DGGE
and its relative, temperature gradient gel electrophoresi
(TGGE), were developed to analyze microbial communities
in fermented milk products based on sequence-speci� c
distinctions of 16S rRNA amplicons produced by PCR. If the
total DNA of a microbial community is used in PCR ampli-
� cation, these techniques can provide the pro� le of the
genetic diversity of the dominant populations. If total RNA
is used instead, the pro� les reveal the metabolically active
populations. Both PCR–DGGE and PCR–TGGE are used to
study the diversity and dynamics of microorganisms in food
fermentations and to pro� le pathogens directly in food
samples.
Multilocus Sequence Typing of Housekeeping Genes

Multilocus sequence typing directly determines the DNA
sequence variations in a set of housekeeping genes (constitu
tive genes required for the maintenance of basic cellula
function) and characterizes strains by their unique allelic
pro� les. Nucleotide differences between strains can be checke
at a variable number of genes (generally seven) depending o
the degree of discrimination desired. Housekeeping genes a
molecular markers alternative to the 16S rRNA genes hav
been proposed for LAB species identi� cation: rpoA and pheS
genes for Enterococcusand Lactobacillus; atpA and pepN for
Lactococcusspecies; and dnaA, gyrB, and rpoC for species o
Leuconostoc, Oenococcus, and Weissella. Phylogenetic analysis
based on the sequences of housekeeping genes is a super
approach to the 16S rRNA gene sequence for the discrimina
tion of closely related LAB strains from ethnic fermented
foods.
Microarray

Microaaray is a multiplex lab-on-a-chip and is a two-
dimensional array on a solid substrate (usually a glass slide o
silicon thin- � lm cell) that assays large amounts of biological
material using high-throughput screening methods. Types o
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microarrays include DNA microarrays, such as cDNA, oligonu-
cleotide, and SNP microarrays; MM chips for surveillance of
microRNA populations; protein microarrays; tissues microarrays;
cellular or transfection microarrays; chemical compound
microarrays; antibody microarrays; and carbohydrate arrays or
glycoarrays.
microbial pop-
gradient gel
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and beverages.
: Diversity and

everages of the
Culture-Dependent and Culture-Independent
Techniques

The phenotypic identi�cation methods are based on culture-
dependent techniques and can detect only culturable
microorganisms, ignoring very important unculturable micro-
organisms from food ecosystems. A culture-independent
molecular method is now being used for the microbial typing
in food fermentations. The application of direct culture-
independent methods can pro�le microbial populations, thus
avoiding the biases encountered in culture-dependent
methods. The most popular culture-independent methods is
a direct PCR–DGGE analysis to pro�le bacterial populations in
fermented foods, particularly fermented sausages and fer-
mented milk products. Culture-independent methods may
detect species that are missed by plating, provided that the
ampli�cation ef�ciency is high enough. The culture-indepen-
dent method, however, is typically dependent on PCR and
other molecular techniques. Several potential biases have been
observed for the required extraction of community DNA, the
PCR, and other enzymatic reactions. Separation of 16S rDNA
by DGGE and TGGE has its own potential shortcomings
regarding accurate separation of taxa. Both culture-dependent
and culture-independent techniques are contradictory to each
other, but for microbial taxonomy, both techniques are equally
important and complementary.

Identi�cation of any unknown microorganism isolated
from fermented foods should be based on simple phenotypic
methods, such as Gram stain, colony and cell morphology,
growth in or at different temperatures, pH and salt tolerance,
and biochemical tests (such as catalase, arginine hydrolysis,
CO2 production, and sugar fermentation pattern), and is fol-
lowed by modern molecular tools, such as RAPD–PCR, DGGE–
TGGE, and the housekeeping genes technique. Culturable as
well as unculturable microorganisms from any fermented food
and beverage should be identi�ed using culture-dependent and
culture-independent methods to document a complete pro�le
of native microorganisms and to study the diversity within
species of a particular genus or genera.

See also: Biochemical and Modern Identi�cation Techniques:
Introduction; Electrical Techniques:Lactics and Other Bacteria;
Probiotic Bacteria:Detection and Estimation in Fermented and
Nonfermented Dairy Products.
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Figure 1 Water contact angles of three different �oor materials: A, B,
and E in a pastry site, as a function of residence time. A and B … vitri�ed
tiles. E … resin-based material. Number of repetitions … 30; error bars
represent the standard deviations. Unused … unused material. Residence
Biofilm Formation

Adhesion

Adhesion is a physicochemical process of interaction between
molecules that are situated in the outermost layer of the inert
surface and of the microorganisms, and molecules of the
surrounding �uid. Interaction occurs because of three types of
forces that combine into free interfacial energy: Van der Waals’
forces, which are attractive; electron acceptor and electron donor
interactions; and electrostatic interactions, which can be either
repulsive or attractive. In the aqueous phase of foods, inwhich the
ionic strength is high, electrostatic interactions are negligible. In
water, in which the ionic strength is weak, electrostatic interac-
tions are not negligible, and they limit adhesion to a variable
extent, because both the surface of the microorganisms and the
inert surface generally are negatively charged. Such a limitation is
not suf�cient to prevent bio�lm formation, however, because
thick bio�lms are found on drinking water ducts.

As soon as a solid material is placed within a liquid, in
a matter of seconds, soluble molecules in the liquid concen-
trate on the surface of the solid and form a “conditioning �lm.”
Mircoorganisms need more time to adhere. Consequently, the
surface to which microorganisms stick is conditioned. In the
food industry, conditioning results from the adsorption of
molecules of food materials or from cleaning agents and
disinfectants, and thus work surfaces close to each other tend to
become similar in terms of free energy. Figure 1 shows that the
water contact angles (one of the values used to calculate the
surface’s free energy) of different �oor materials introduced in
a pastry site are the same on each surface material from the
third week onward. This result is consistent with cleaning and
disinfection that causes the spread of residual food and
cleaning agents, and hence the coating of surfaces.

Adhesion of bacteria is frequently favored when surfaces are
hydrophobic – that is, when the water contact angle is high
(higher than 90�), which is a characteristic of low-energy
surfaces; however, this is not a general rule. This, added to the
fact that the surface energy of materials changes once placed in
a food-processing area, suggests that hydrophobicity is not the
best criterion, in regards to bacterial adhesion, to follow when
choosing a construction material for food processing.

Bacteria can sense contact with a solid surface, and within
a few minutes, adhesion triggers the expression of many genes,
including those involved in the production of exopoly-
saccharides. Another example is the expression after adhesion of
the gene laf in Vibrio parahaemolyticus, leading to the production
of lateral �agella allowing cells to swarm on the surface.
time … 0 corresponds to �oor materials installed in the site and submitted
once to one cleaning (Mettler, E., Carpentier, B., CNEVA France, 1998.
Variations over time of microbial load and physicochemical properties of
�oor materials after cleaning in food industry premises. J. Food Prot. 61,
57–65.). Reprinted with permission from Journal of Food Protection.
Copyright held by the international Association of Milk, Food and Envi-
ronmental Sanitarians, Inc.
Colonization

After adhesion, growth of adherent microbial cells frequently
leads to the colonization of the surface – that is, formation of
microcolonies with the production of extracellular polymeric
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
substances (EPSs). Some bacterial species do not always form
microcolonies – for example, Listeria monocytogenes produces
only single attached cells after growth in static conditions in
tryptone soya broth (TSB) or in brain heart infusion (BHI).
Colony formation can lead either to patchy (Figure 2),
continuous bio�lm or to large mushroom-shaped microbial
clusters separated by interstitial voids and water channels.
Numerous mechanisms are involved in bio�lm differentiation,
and for a same-bacterial strain, the mechanisms involved are
dependent on growth conditions. Cell density-dependent
signaling systems called quorum-sensing systems can be
necessary to form a typical three-dimension complex structure
in one environmental condition and have no impact in another
one, as shown for Pseudomonas aeruginosa. In other species, such
as Staphylococcus epidermidis, a quorum-sensing signal called
autoinducer-2 (AI-2) represses bio�lm formation. Surprisingly,
AI-2, which is also produced by L. monocytogenes, does not have
the same impact, but S-ribosyl homocysteine, a precursor of AI-
2, is responsible for repression of bio�lm formation. Other
factors, such as nutrient availability and hydrodynamic
conditions in �owing systems, also have an in�uence on
-384730-0.00039-2 259
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Figure 2 Example of food industry bio� lm developed on a stainless steel coupon left for 1 week in a noncleaned place of a meat-processing room.
Cells were stained with acridine orange.
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bio� lm amount and architecture. Interestingly,L. monocytogene
is able to form typical thick bio � lms when grown in a chemi-
cally de� ned medium but not, as mentioned, in classical rich
laboratory media (TSB and BHI). When grown on diluted TSB
under dynamic conditions, L. monocytogenesshows ball-shaped
microcolonies surrounded by a network of knitted chains.
Bacterial interactions can modify cells localization on a surface
For instance, although most bacterial species reduc
L. monocytogenesgrowth in mixed culture and thus reduce the
number of attached L. monocytogenescells, some bacterial
strains belonging to several genera (Kocuria, Pseudomona
Comamonas)improve attachment of L. monocytogenescells,
which are then gathered in microcolonies. When a mixed
culture of attached cells was submitted daily to a chlorinate
product, cells of a species susceptible to chlorine gathere
around colonies of other species highly resistant to chlorine,
suggesting a protective effect of the latter.

The time for achieving maximal population density and
a stable state can be long, and it can be expressed in day
weeks, or even in months. For example, bio� lm accumulation
assessed with adenosine triphosphate (ATP) measurements o
surfaces exposed to groundwater that did not contain a disin-
fectant was shown not to reach steady state after 4 month
despite heterotrophic plate counts stopped increasing afte
10 days. This indicates that culturable bacteria represent onl
a fraction of active biomass (� 1%).
c
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Extracellular Polymeric Substances

In addition to water, the bio � lm matrix contains EPSs– that is,
polysaccharides, proteins, lipids, lipopolysaccharides, and nuclei
acids.Thematrix alsocontainsproducts ofcell lysisand entrappe
substances whose composition depends on the environment.

It is often assumed, notably in review papers from J.W
Costerton and colleagues in the 1990s, that bacterial adhesion
to a surface is mediated by exopolysaccharides but it has bee
shown by Allison and Sutherland (1987) that non-
polysaccharide-producing mutants were able to adhere. Simi
larly, it was shown by Leriche and Carpentier (2000) that an
increase in polysaccharide production by aStaphylococcus sciu
was not linked with an improvement in bacterial attachment. In
fact, exopolysaccharides are necessary for the accumulation
microorganisms and microcolony formation, and it is also
suggested that extracellular DNA have a role in bio� lm stability.
By contrast, proteins and proteinaceous appendages (pili
� mbriae, curli) play an important role in bacterial adhesion
thanks to the presence of acidic and hydrophobic amino acids.
By maintaining cells close to each other, EPSs permit ef� cient
genetic exchange and, through secondary metabolites o
quorum-sensing systems, allow for communication not only
between cells of a same bacterial species but also between cells
different species. Exopolysaccharides can trap nutrients from th
bulk liquid or those produced in the bio � lm by cells or by cell
leakage. Anionic exopolysaccharides (e.g., alginic acid, colan
acid) can bind cations, toxic metallic ions, and other substances
that contact the bio� lm. This entrapment capacity is essential in
aquatic environments or in bioreactors where molecules are
easily metabolized helping to purify spoiled water. Because
exopolysaccharides form a gel with high capacity for retaining
water, they also are important for desiccation resistance. It ha
been shown by Roberson and Firestone (1992) that reducing
available water enhances exopolysaccharides production. Th
could explain the survival of Gram-negative bacteria with a low
resistance to desiccation, such asPseudomonasspecies, on food
industry surfaces that are intermittently dry.
Physiological Status of Attached Bacteria

According to the most commonly accepted de� nition of bio-
� lm, not all attached bacteria are considered to belong to
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a bio� lm. However, all attached bacteria and particularly those
remaining after cleaning and disinfection deserve attention. Fo
this reason, all attached bacteria are considered in this section

In the food industry, bacteria have to survive stressful condi-
tions because of unsteady nutrient supply, chemical shocks, an
desiccation. For example, because� oors are one of the main
reservoirs ofL.monocytogenesandbecause� oors indairy plantsare
usually acidic, it is likely that acid adaptation occurs in harborage
sites of� oors surface(Figure 3). Induction of the acid tolerance
response also protectsL. monocytogenesagainst the effects of other
environmental stresses. Similarly, bacteria are able to adapt to low
disinfectant concentrations that could be found when rinsing
after disinfection is not suf� cient. Such adaptation is detected
when the minimum inhibitory concentration (MIC) is higher
than expected. But, as disinfectants do not aim to inhibit growth
but rather to kill bacteria, such high MIC should designate
a tolerance to disinfectant but not a resistance.

As in other environmental conditions, a proportion of the
adhering microorganisms submitted to stresses (i.e., starvation
disinfection) is not culturable on classical culture media used to
perform colony-forming unit (cfu) counts. Among non-
culturable cells, some can show activity, such as a respirato
one, as revealed by the capacity to reduce 5-cyano-2,3-ditoly
tetrazolium chloride (CTC; seeFigure 4). Active cells– for which
viability, classically de� ned as the ability to multiply, is not
demonstrated – are called viable-but-nonculturable (VBNC)
cells. Among VBNC cells, there are likely cells lacking appro
priate conditions to support culture, cells that are seriously
damaged and will die later, and perhaps cells needing a signal fo
resuscitation. In a recent study conducted in a meat-processin
site, when a polyvinyl chloride (PVC) conveyor belt material
was swabbed after cleaning and disinfection, cfu numbers from
the swab samples could be up to 1.7 log greater when tryptone
soya agar plates were incubated for 14 days instead of 6 days
25 � C. Similarly, an increase in cfu numbers can be observe
Figure 3 Harborage site in a new� oor material.
when substances, such as sodium pyruvate or sodium thio
glycollate, are incorporated in nutritive agar media to decrease
the oxidative stress of bacteria. The vitality of VBNC cells wa
recently proved by their ability to divide in the ecosystem in
which they dwell. Several methods are used to quantify VBNC
cells, the most robust of which is direct viable count, which is
enumeration under the microscope or by� ux cytometry of cells
that are able to elongate when incubated with yeast extract and
an antibiotic that inhibits cell division. When using the widely
used methods to quantify cells with membrane integrity– that
is, live–dead viability staining or, more recently, real-time
polymerase chain reaction (PCR) after pretreatment with ethy
dium monoazide (EMA-qPCR) or propidium monazide (PMA-
qPCR)– more viable cells can be detected, showing the existenc
of several physiological states among the VBNC state. Both EMA
and PMA-qPCR appear to be useful methods because they ca
target a pathogen in the swabbing samples and identify the
source of a pathogen detected by a culture in food but not in the
food-processing environment.
Reducing BioÞlm Buildup

Hygienic Design

This article has stressed the need to avoid crevices and reces
for surface material, and the importance of water draining.
These same requirements should be applied inside of the
equipment. For mechanical engineers, however, they some
times are not obvious and even may contradict their traditions.
Therefore, recommendations were prepared and published b
the European Hygienic Equipment Design Group (EHEDG).
These recommendations are being standardized at the inte
national and continental level (International Organization for
Standarization (ISO), 3A in the United States, the European
Committee for Standarization (CEN) in the European Union).
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These standards concern, for example, global design, materi
and surface� nish, welding of stainless steel, design of valve
and joints, and testing methods for cleanability.
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Dryness

The food sectors in which reducing bio� lm buildup is
extremely dif� cult are those for which water is unavoidable–
that is, aquaculture and� sh processing. In other food sectors
however, the best method to limit bio � lm development is to
maintain dryness of the surfaces and atmosphere. All availabl
means to obtain dryness should be used. There should not be
any possibility for water to stagnate. The slope of� oors and
gutters should be>1.5% to allow for the ef� cient � ow of the
water used for cleaning and disinfection. A suf� cient number of
traps and siphons should be correctly placed. It is advisable to
remove all the cold spots where water can condensate and, a
already performed by some food operators, to implement an
air treatment to remove humidity after cleaning and disinfec-
tion. Use of water should be restricted to cleaning and disin-
fection, and no water should be used when the product is
exposed, notably after a drying or thermal-processing step.
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Surface Texture

Materials should not be porous. Therefore, concrete or mate
rials containing a high proportion of cement are not recom-
mended. Because of its high porosity, wood has a bad
reputation. Nevertheless, provided the necessary hygien
precautions are well understood and implemented, wood can
be used in some instances because of its other characteristic
Notably chopping boards and chopping blocks can be used in
home kitchens and butcher shops because wood limits the
sliding of knives and resulting accidents, or in cheese-ripening
rooms because wood harbors a micro� ora that is needed for
ripening. Furthermore, it has been demonstrated that the
microbial consortium resident on wooden shelves for cheese
ripening inhibit L. monocytogenes.

New and used material should have and keep a low
roughness and should not have pits and crevices. To check fo
the absence of pits in� oor materials, for example, observations
under a binocular lens with side illumination are necessary.
Indeed, holes that are capable of harboring bacteria and ye
cannot be cleaned are frequently present on resin-based� oors.
The arithmetical mean roughness (Ra) and peak-to-valley
height (Rz) usually are used to characterize roughness. Thes
parameters, however, do not differentiate between peaks an
valleys, and another parameter called reduced valley dept
(RVK) could be taken into account to assess the cleanability o
� oors materials. Rvk was better linked to cleanability when
calculated with a cutoff value of 0.8 mm than 2.5 mm, indi-
cating that the gross topographic irregularities of� oor materials
were not responsible for their cleanability performances. The
parameter RVK is not useful for every type of material – for
example, those containing irregularly placed holes and pits or
those, like some stainless steel, that are too smooth forRVK to
be measurable. For stainless steel, the rule of thumb supporte
by EHEDG is anRa equal to or less than 0.8mm.
Surface Modi�cation

The antimicrobial material concept has been under investiga-
tion in medical sciences since the early 1980s to preven
implant-related infection. Although food-processing surfaces
represent a completely different situation (periodical cleaning
and disinfection, cold temperature or dry atmosphere, and so
on), some antimicrobial materials have been proposed to the
food industry, the most common ones being materials con-
taining triclosan or silver. Triclosan, although used in soap and
deodorants for several decades, has many detractors because
possibly selects cells with reduced susceptibility to severa
antibiotics.
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BioÞlms 263
Cleaning and Disinfection

Two situations related to cleaning and disinfection should be
distinguished: The� rst situation is a bio� lm that slowly forms
on a surface because that surface was not or incorrectly cleane
The second situation is a bio� lm that forms in a harborage site
in a place that is periodically and correctly cleaned and dis
infected. Regarding the� rst situation, one can cite two major
foodborne outbreaks that could have been avoided if cleaning
and disinfection had been correctly applied. In 1994, in the
United States, anEscherichia coliO157:H7 outbreak was due to
a contaminated meat grinder in a supermarket that was cleane
only once a week, although it should have been at least once
a day. In 2000, in Japan, a poisoning episode that affected
13 809 people was caused by aStaphylococcus aureus-contami-
nated valve connecting a supply pipe to a tank: the valve had
not been cleaned for almost 1 month, although it should have
been cleaned every week.

The second case is a lot more worrisome when the bio� lm is
formed by an undesirable species, because it means that th
microorganism is able to grow between two successive cleanin
and disinfection operations, and it will be dif � cult or even
impossible to eliminate the persistent strain. Such persistenc
occurs frequently withL. monocytogenesin refrigerated ready-to-
eat processing sites, which is a major concern for food
hygienists.

Cleaning, which aims to remove soils and microorganisms,
and disinfection, which aims to inactive the remaining cells, do
not eliminate all bacteria from a surface, but they normally are
good means to stop bio� lm formation and to remove patho-
genic bacteria. The latter are usually less numerous tha
nonpathogenic bacteria and they are less resistant to cleanin
and disinfection than the dominant bacteria in food-processing
ecosystems, such asPseudomonasand coagulase-negative
Staphylococcus. Bio� lm resistance to disinfection often is pre-
sented as a major concern, but cleaning must be done befor
disinfection. The mechanical and chemical actions of cleaning
provided that the surfaces are accessible, are good means
detach bacteria and the nutrients needed for bacterial growth
Scrubbing a surface on which a thick bio� lm is visible to the
naked eye will leave some cells but a visibly clean surface.
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Mechanical Action of Cleaning

Gently rinsing a bio� lm always leads to light erosion. When
pouring a liquid on a bio � lm, cells are continuously detached,
but the number of detached cells is negligible compared with
the bio� lm population so that a decrease in the bio� lm pop-
ulation cannot be detected after a simple rinse. Conversely, it i
quite impossible to detach all microorganisms adhering to
a surface.

Ef� ciency of the mechanical action of cleaning (brushing,
water-jet application) depends on the strength of bacterial
attachment. The latter is dependent on the species considere
E. coli O157:H7 is much easier to detach thanPseudomona
� uorescenscells. Bacterial attachment strength increases wit
bio � lm age, as seen onP. � uorescensbio� lm, and depends on
the surface material. For instance, in laboratory as well as i
� eld studies, bacterial attachment strengths were shown to b
lower on stainless steel than on PVC. By performing multiple
vigorous swabbings and constructing a detachment curve b
plotting the log cfu cm� 2 detached by each swabbing agains
the swabbing number, it is possible to calculate the population
present on the surface. The calculation uses the slope of th
detachment curve; when swabs are performed on equipment in
a food-processing site, this slope can be close to zero, showin
the high attachment strength of a low number of bacterial cells.
A more demonstrative way to assess attachment strength is t
assess the proportion of cells detached by the� rst swabbing. In
a laboratory study in which Pseudomonas putidabio� lms were
grown on stainless steel, one swabbing detached nearly 100%
of the cells; on naturally attached aerobic mesophilic bacteria
however, it was much more dif� cult to detach all of the cells.
We showed that one swabbing of a conveyor belt’s PVC before
cleaning and disinfection in a meat-processing site detache
only 6% of the 4 � 103 attached cfu cm� 2. Another study of the
inner surfaces of a refrigerated serve-over counter for a fe
mented pork product showed that one swabbing detached 59%
of the 103 cfu cm� 2 attached to a PVC sheet.
Chemical Action of Cleaning

Neutral surfactants and acid products are both no more active
than water to detach a bio� lm from a surface. Alkaline and
enzymatic products allow for cell detachment. Severa
commercial alkaline products used at the lower recommended
concentration were shown to detach from 10% to 90% of the
bacterial cells of a P. � uorescenslaboratory-grown bio-� lm
whose initial population was 3 � 107 cfu cm� 2. Alkaline
products have another property: a 0.1 M caustic soda i
bactericidal on Gram-negative bacteria, but unfortunately is
not on coagulase-negativeStaphylococcusbelonging to the
dominant � ora of the premises in which foods of animal origin
are processed.
Disinfection

As mentioned, a major property of bio� lm as well as of
attached single cells is the high resistance of a subpopulation to
disinfectants. Cells belonging to this subpopulation can be
called persister cells.The existence of this subpopulation is
illustrated in Figure 5, which shows that the size of the
subpopulation of L. monocytogenesresistant to a disinfectant
increases with the age of the attached cells: Single cells adhere
to a glass slide were obtained after 4-h incubation in culture
broth and adherent microcolony cells after a 14-day incuba-
tion. This is likely the reason of the following difference. Three
decimal reductions of the culturable population of a laboratory
1-day bio� lm (10 7 cfu cm� 2 P. � uorescensgrown on tiles) could
be obtained by a chlorinated alkaline solution applied at the
concentration recommended by the manufacturer. Yet this
chemical treatment led to a one decimal reduction of aerobic
mesophilic counts (104 cfu cm� 2) on the same tiles that had
been placed in a cheese-making site for 4 weeks.

Increased resistance occurs soon after adhesion, befo
detectable EPS production, and vanishes when cells a
detached and suspended in a liquid. The resistance increas
depends on the nature of the disinfectant. Surface activ
disinfectants (e.g., quaternary ammonium compounds,
amphoteric agents) have a markedly reduced ef� cacy on



n

l

0

1

2

3

4

5

6
0 4 8 12 16 20 24

Time (min)

D
ec

re
as

e 
in

 lo
g 

cf
u 

cm
-2

Figure 5 The decrease of log cfu cm� 2 of adherent microcolonies, adherent single cells, and planktonic cells ofL. monocytogenescaused by 800 ppm
benzalkonium chloride. planktonic cells; adherent microcolonies; adherent single cells (Frank, J. F., Kof� , R. A., University of
Georgia, USA, 1990. Surface-adherent growth ofListeria monocytogenesis associated with increased resistance to surfactant sanitizers and heat. J. Food
Prot. 53, 550–554.). Reprinted with permission fromJournal of Food Protection. Copyright held by the international Association of Milk, Food and
Environmental Sanitarians, Inc.

Table 1 Ef� cacy of disinfectants against bio� lm or planktonicPseudomonas aeruginosa

Quaternary ammonium compounds Amphoteric surfactant Oxidizers Phenolic compounds

Cetrimide Benzalkonium chloride Tegol Peracetic acid Sodium hypochlorite Phenol O-Cresol
> 400 100 25 4 5 1 4

Results are reported as the ratio of MBC of bio� lm over MBC of planktonic cells, where MBC stands for minimal bactericidal concentration resulting in� ve decimal reductions of
the initial population in 5 min at 20� C (calculation after results from Ntsama-Essomba, C., Bouttier, S., Ramaldes, M., Fourniat, J. 1995. In� uence de la nature chimique des
désinfectants sur leur activité vis-à-vis de bio�lms dePseudomonas aeruginosaobtenus en conditions dynamiques. In: Bellon-Fontaine, M. N., Fourniat, J. (Eds.), Adhésion des
micro-organismes aux surfaces, Lavoisier Tec & Doc, Paris, 282–294.)
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bio� lms compared with suspended cells (Table 1).On the
contrary, it has been shown that phenol had the same ef� cacy
whether P. aeruginosacells were suspended or within a bio� lm
(Table 1). The nature of the surface to which cells adhere has a
in� uence on biocide ef�cacy. It was shown in the laboratory as
well as in � eld conditions that stainless steel is more easily
disinfected than many other materials, such as aluminum or
polymers.
r

BioÞlm Detection in Food-Processing Plants

Because of the slimy extracellular matrix of thick bio� lms in
wet locations, they can be detected visually and by touch. Thin
bio� lms or microcolonies on surfaces cannot be detected by
the naked eye, and thus swabbing surfaces and quanti� cation
of microbial cells can be performed. Cell quanti� cation is not
able to distinguish between single attached cells (nonbio� lm
cells) and aggregated cells (bio� lm cells). When it is possible to
bring a surface suspected to be colonized by microbial cells to
a laboratory, observation by scanning electronic microscopy is
a good method to detect bio� lm. Other microscopic methods,
including epi � uorescence microscopy and confocal lase
scanning microscopy, also can be used to see how microbia
cells are organized.
Conclusion

To conclude, if the state-of-the-art rules in hygienic design and
cleaning and disinfection were perfectly applied, there would
likely be no undesirable real bio� lm on open surfaces in food-
processing lines. Two challenges remain: communication and
environmental impact. Communication with food processors
is essential, especially with small and medium enterprises in
which operators are not all aware of basic principles to avoid
bio� lm buildup. The food industry also must reduce the
environmental impact of cleaning and disinfection without
compromising the microbial quality of food products.
See also:Good Manufacturing Practice;Hazard Appraisal
(HACCP):The Overall Concept;Process Hygiene:Overall
Approach to Hygienic Processing;Process Hygiene:Modern
Systems of Plant Cleaning;Pseudomonas:Introduction;
Injured and Stressed Cells; Viable but Nonculturable.
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By using microelectrode structures, various forms of electric
�elds, such as nonuniform, rotating, and traveling wave, can be
imposed on particles of sizes ranging from proteins and viruses
to microorganisms and cells. Each type of particle responds to
the forces exerted on them in a unique way, allowing for their
controlled and selective manipulation as well as their charac-
terization. Moreover, particles of the same type but of different
viability can be distinguished in a simple, reliable manner. The
principles that govern the way in which bioparticles respond to
these various �eld types are described with examples of current
and potential biotechnological applications.
Basic Concepts

The induced motion or orientation of bioparticles in electrical
�elds has been observed for over 100 years. Until compara-
tively recently, only particle motion or phoresis, induced by DC
electric �elds was studied. From the generic idea of electro-
phoresis, a whole new branch of novel electrokinetic manip-
ulation methods of bioparticles has arisen, simply by taking
advantage of another dimension, the particle response to the
frequency of the applied �eld.
Innate Electrical Properties of Bioparticles

In order to understand the interactions of a particle with an
electric �eld, one must �rst consider the innate electrical
properties of that particle. The important passive electrical
properties of a bioparticle, such as a cell or microorganism, are
its effective conductivity and electrical capacitance (i.e.,
dielectric permittivity) as well as its surrounding electrical
double layer. A generalized bioparticle suspended in an
aqueous solution (weak electrolyte) is represented in Figure 1
with the relative distribution of innate charges, both bound
and free. Many of the molecules that make up biological
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Figure 1 The relative distribution of charge for a suspended particle.
A simpli�ed cell (solid circle) suspended in an aqueous medium at neutral
pH showing the relative distributions of charge, both free and bound.
Approximate conductivity (s … S m�1) and relative permittivity (3r where
air … 1) of the bulk solution: (a) s … 10�4, 3r … 80, cell wall (where
present); (b) s … 10�2, 3r … 60, membrane; (c) s … 10�7, 3r … 3; and
interior (d) s … 10�1, 3r … 70 for a typical viable cell.
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particles possess ionizable surface chemical groups such as
COOH or NH2. The ionizable head groups of lipids in the
plasma membrane are one such example and because of these
the particle possesses a net surface charge. An electrostatic
potential due to these charges will be present around the
particle, the effect of which decreases to that of the bulk
medium with increasing distance from the particle. Ions of
opposite charge, counter-ions, to those on the surface will be
attracted toward the particle by this electrostatic potential.
Together, the bound surface charges and the surrounding
counter-ion atmosphere, shown as the cation dense region in
Figure 1, form what is termed an electrical double layer.
Application of a DC Field to Particles

On the application of a DC electric �eld across the bioparticle,
all the charges, bound and free, in the system will be attracted to
the electrode of opposite polarity (Figure 2). If the solution is
more or less neutral only relatively small concentrations of Hþ

and OH� will be present, ions such as Naþ and Cl� will carry the
bulk of the current. Those ions associated with the electrical
double layer will respond to the �eld to form an asymmetric
distribution around the particle, the new equilibrium of which is
established by the magnitude of the electric �eld and the
opposing ionic concentration diffusion gradient, which tends to
restore the random, symmetrical distribution. Any motion of
the particle toward the electrodes in a DC �eld is due to the net
surface charge. Human erythrocytes, for example, in a standard
saline solution under the in�uence of a DC �eld of 1 V cm�1

migrate toward the anode at around 1 mm s�1. Particle separa-
tion is therefore possible due to differences in their mobility in
an electric �eld, which may be due to their size, mass, or charge.

Whereas bound charges and polar molecules in the system
may orientate in the �eld, free charge carriers (e.g., ions) will
migrate toward the electrodes, that is unless they encounter
a material with different electrical properties. Ions encountering
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Figure 2 Application of a DC electric �eld to a suspended particle. On
the application of a DC electric �eld to a cell in aqueous solution, charges
will experience a force toward the oppositely charged electrode. Ions in
the bulk solution are free to migrate to the electrodes, whereas charges
associated with the electrical double layer are restricted and show
a distortion or polarization.
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Figure 3 The polarization of particles in an AC electric� eld. Two
particles in an aqueous medium between two parallel electrodes.
Particlea is more and particleb is less electrically polarizable than the
surrounding� uid. Electrical charges are induced on the surfaces of both
particles, to produce induced dipole momentsm.
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the plasma membrane, will be prevented from free motion
toward the electrodes by this membrane if it is intact. The
membranes of viable cells are only semi-(selectively) permeabl
to ions and non-lipid soluble molecules (i.e., are relatively non-
conducting). The conductivity of the cell membrane tends to be
around 10� 7 S m� 1, some 107 times less conductive than that of
the interior which can be as high as 1 S m� 1. For particles the
size of erythrocytes, then within about a microsecond after the
application of an electric� eld, the ions will have fully built up at
the particle boundary forming an aggregation of interfacial
charges.

Importantly these induced charges are not uniformly
distributed over the bioparticle surface, forming predomi-
nantly on the sides of the particle facing the electrodes. Thes
charges and the distorted electrical double layer lend to the
particle the properties of an electrical dipole moment, m. This
dipole moment is in the order of 2.5 � 105 debye units (D) for
a cell of 5 mm diameter (cf. 1.84 debye for a water molecule)
the cellular dipole moment is therefore described as macro
scopic, although the magnitude of the induced charge is still
only a fraction, around 0.1%, of the net surface charge carried
by cells and microorganisms.
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Application of an AC Field to Particles

If we now consider the application of an alternating � eld to
a particle, we see that various phenomena occur over differen
frequency ranges of applied� eld. Starting close to the DC
condition, with a � eld that reverses direction a few times
a second, the particle motion is dominated by electrophoretic
forces. The particle may follow reversals of the� eld electro-
phoretically for frequencies up to a few hundred hertz, where
reversals of the� eld take less than a few milliseconds. Becaus
of the particle’s inertia, this electrophoretic motion becomes
vanishingly small for frequencies above around 1 kHz.

Other mechanisms can respond to� eld reversals of much
higher frequencies such as the dynamic behavior of the elec
trical double-layer distortion or polarization around cells. This
can follow changes in� eld direction that take as little as a few
microseconds. Any faster than this (i.e., frequencies>50 kHz)
then the counter-ion cloud around cells does not have time to
distort. Like the fall off in the electrophoretic motion with
increasing � eld frequency, the decrease in response of th
double layer to the changing� eld occurs gradually over a range
of frequencies. This is termed a dielectric dispersion.

Interfacial polarizations are even more responsive to
changing � eld directions and for subcellular-sized particles can
take as little as tens of nanoseconds to respond to a reversal
� eld direction, they can therefore exert their in� uence up to
frequencies of 50 MHz and beyond. This is still nowhere near as
responsive as small polar molecules such as water to alternatin
� elds. A measure of the ability of molecules in a material to align
in an electric � eld is given by the relative permittivity of that
material, which for bulk water molecules at 20 � C in an alter-
nating � eld less than 500 MHz has a value of 80. At frequencie
above 100 GHz the relative permittivity of water falls to that
typical of nonpolar molecules, around 4. A similar fall in
permittivity is seen above about 50 kHz on the freezing of water,
because the molecules of the liquid become restricted in a solid
lattice and can no longer rotate so freely to align with the� eld.
On cell death, membrane integrity is lost, it becomes
permeable to ions and its conductivity increases by a factor o
about 104 with the cell contents freely exchanging material
with the external medium. This transition in the properties of
the membrane shows up as a large change in the polarizability
of the cell in an electric � eld. Other causes for particles having
different polarizabilities include differences in their morphol-
ogies or structural architecture, which may be associated with
the cells belonging to different species, different stages o
differentiation or physiological state. Two such particles, that
differ in polarizability, are shown in Figure 3 subjected to an
alternating homogenous � eld created between two parallel
electrodes. The direction of the dipole moment formed by the
interfacial charges is shown to depend on the relative polariz-
abilities of the particle compared with the medium.
Particle Motion in Inhomogeneous AC
Electric Fields: Dielectrophoresis

Homogeneous AC electric� elds do not induce motions in
electrically neutral particles, due to equal forces acting on both
sides of the polarized particle. If the particle carries a net charge
it will oscillate back and forth as a result of electrophoresis. As
the frequency increases these translational oscillations becom
vanishingly small. Net translational motion is possible,
however, if instead the� eld is inhomogeneous (Figure 4). To
distinguish this force from electrophoresis, Herbert Pohl
adopted the term dielectrophoresis (DEP) from the term
dielectric which is used to describe liquid and solid materials of
low conductivity. For example, an intact membrane is
a dielectric material characterized by having a conductivity 1016

times smaller than copper and a dielectric permittivity 3 times
that of air. Examples of some particles investigated with DEP
are given inTable 1.
The DEP Force as a Function of Medium Conductivity

Figure 4 shows that the polarity of the force exerted on the
particle depends on the polarity of the induced dipole
moment, which in turn is determined by the relative
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Figure 4 Polarization of particles in nonuniform AC electric� elds. Two
particles of different polarizability in a nonuniform (inhomogeneous)
electric� eld. The highly polarizable particlea experiences a positive DEP
force directing it toward the high-� eld region near the pin electrode,
while the weakly polarizable particleb is directed away from the high-� eld
region by a negative DEP force.

Table 1 Examples of particles investigated by nonuniform AC
electric� elds (DEP)

Particle type Examples

Acellular Virus Trapping of single virion herpes
simplex type 1

Prokaryotes Bacteria Characterization and separation of
bacteria

Eukaryotes Protozoa Differentiation between
normal andPlasmodium
falciparum–infected erythrocytes

Yeast Batch separation of viable and
nonviable (heat treated)
Saccharomyces cerevisiae

Plant cells Batch separation of plant cells
from mixture-containing yeast
and bacteria.

Mammalian cells Cell lines MDA231 human breast cancer cell
separation from erythrocytes
and T-lymphocytes

Lymphocyte Removal and collection of human
leukemic cells from blood

Other particles Proteins Collection of proteins, e.g., avidin
68 kDa and ribonuclease A
13.7 kDa.

DNA Separation of different sizes of
DNA (9–48 kb) using positive
DEP with� eld� ow fractionation

Liposomes Alignment of cell size liposomes
for subsequent electrofusion

Arti� cial
nanoparticles

Separation of latex beads of
diameter 93 nm, with differing
surface charge
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polarizability of the particle and the medium. As a conse-
quence, by altering the polarizability of the medium one can
control the direction of motion of a particle. This principle can
be exploited to gain particle separations by choosing a sus
pending medium with an intermediate polarizability, that is
between the polarizabilities of two particles in the mixture, so
that each particle type will be under the in� uence of a DEP
force of different polarity. Selective manipulation using the
DEP force has been used to enable separations of variou
interspeci� c mixtures such as between some Gram-positive an
Gram-negative bacteria, as well as the intraspeci� c separation
of live and dead cells, or cancerous from normal cells. Exam
ples of separations demonstrated are listed inTable 2, together
with the appropriate medium polarizabilities (conductivity)
and � eld frequency. The DEP force imparted on a particle by an
electrical� eld is also proportional to a number of other factors;
the particle size, shape, and the magnitude and degree of non
uniformity of the applied electric � eld.

The electrode geometry is very important in maximizing the
forces on the particles. For example, small and sharply pointed
electrodes create strong� eld gradients, and therefore large DEP
forces. Microelectrodes and the relatively low conductivity
required for these separations both have the advantage o
reducing heat production at the electrodes and electrolysis
Fabricated using standard photolithographic techniques, they
typically take the form of thin 0.1 mm layers of gold on chro-
mium, evaporated on glass (microscope slide size) substrate
In one design, the interdigitated castellated electrode
(Figure 5), through their geometry, provide an ef� cient means
of repeating regions of high and low � eld gradient, which,
Table 2 Values of suspending medium conductivity and v

Cell mixture Conducti

Escherichia coli
(Gram� ve)

Micrococcus luteus
(Gramþ ve)

55

Erythrocyte M. luteus 10
Nonviable yeast Viable yeast 1
Blood cells Leukemic cells 10
Human peripheral blood Breast cancer cells 10
Bone marrow Peripheral blood 1
when fabricated over large areas, provide the means of large
scale separations of particles.Figure 6 illustrates the local cell
separation between the electrode castellations.

Separation of particles under positive and negative DEP ca
be achieved either by gravity or� uid � ow over the electrodes,
which selectively removes the less-immobilized particles unde
the in� uence of negative DEP and enables their subsequen
collection. Those cells still held, under positive DEP, can be
released by turning off the � eld and collecting in a similar
manner. Separation chambers based on this mechanism ar
usually composed of two electrode arrays sandwiching a thin
layer of � uid. Thin chambers are used because the DEP forc
decays with distance in a near exponential manner, and an
effective DEP force is considered to extend no further than
oltage frequency used to dielectrophoretically separate cell mixtures

vity (mS m� 1) Frequency (kHz) Released cell

100 E. coli

10 Erythrocyte
10 MHz Nonviable

80 Blood cells
80 Erythrocyte

5 CD34þ subpopulation
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Figure 5 A typical DEP separation chamber consisting of two sealed
glass plates with microelectrode arrays fabricated on their inner surface,
and inlet and outlet ports for the passage of cell mixtures and suspending
� uids. The interdigitated, castellated, electrode design enables cells to be
separated locally under the in� uences of negative and positive
dielectrophoreses.

Figure 6 Separation of viable and nonviable cells by DEP. By applying
a 4 MHz signal to a cell suspension on castellated interdigitated elec-
trodes, healthy and nonviable cells can be separated. Nonviable cells
stained by a dye experience a negative force and collect into loosely held
triangular formations in regions of low electric� eld strength. The
unstained viable cells experience a positive dielectrophoretic force and
collect in chains between opposite castellations.
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Figure 7 Variation of the particle polarizabilitya as a function of the
frequency of the applied electric� eld for viable and nonviable yeast cells in
a suspending medium of 8 mS m� 1.

Figure 8 Examples of positive (a) and negative (b) dielectrophoretic
collection of yeast cells (Saccharomyces cerevisiae). Positioning of cells in
the center of a polynomial array by negative dielectrophoresis is conve-
nient prior to electrorotation analysis using the same electrodes with the
appropriate electrical connections.
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300 mm from the plane of the microelectrode. Despite this
possible limitation, separations of more than 104 cells per
second can be achieved by using quite simple equipment.
t

e

The DEP Force as a Function of Field Frequency

The polarizability of a particle also changes as a function of the
frequency of the applied � eld. A single particle may therefore
exhibit both positive and negative dielectrophoreses as its
polarizability changes over a frequency range, for a constan
medium conductivity. A typical DEP frequency spectrum illus-
trating such a transition is shown for a live yeast cell inFigure 7.
Also represented is the DEP spectra for a dead yeast cell, whi
only experiences a change in the polarity of DEP force fo
frequencies greater than a few megahertz at a conductivity o
8 mS m� 1. DEP spectra are obtained by measuring the particl
motion in a chamber with, for example, polynomial type
electrodes (Figure 8) energized with sinusoidal voltages, with
180� phase difference between adjacent electrodes.
Levitation of Particles

Contact with the electrode induced by positive DEP may
impinge on subsequent removal of the particle (e.g., by� uid
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� ow or gravitational forces). The attractive or repulsive forces
on the particles by DEP so far described are for interaction
where both the particle and electrode are in the same plane, the
particle resting on the substrate. These forces can also
applied to particles to make them levitate above the substrate
either from the result of an attractive high � eld region pre-
sented above the particle in the form of an electrode probe or
by the repelling action of interdigitated electrodes on the plane
of the glass, where the particle can be con� ned in a stable
position above the electrodes. Particle levitation can be
combined with other techniques, for example, � eld � ow frac-
tionation (FFF), whereby particles levitated to different heights
(up to 100 mm and above) are exposed to different rates of� uid
� ow. Negative DEP forces can also be exerted simultaneous
from above and below to trap particles in a ‘3D � eld cage.’
,

s

Cell Handling for Electrofusion

Another application for DEP is the manipulation of cells prior
to electrofusion. Attractive interactions between the induced
dipoles of adjacent cells can result in the formation of chains of
cells (pearl chains) of variable length. Close cell contact
followed by a high � eld strength DC pulse(s) of kV cm� 1 and
ms duration can lead to cell fusion of two to several thousand
cells, so that giant cells can be formed as well as hybrid cell
with two nuclei.
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Are Cells Damaged?

To induce cell fusion, or indeed electrical breakdown of the cell
membrane, a � eld strength of at least 10 times more than is
typically used in DEP separations is required. Hybrid cells from
electrofusion are viable, which suggests that cells havin
undergone exposure to normal DEP forces are not damaged
Further evidence includes the exclusion of trypan blue from
dielectrophoretically separated erythrocytes and the successf
culture of various cell types including yeast cells and
CD34þ cells.

The� uid � ow during a DEP separation procedure produces
a maximum shear stress on the cell of around 3 dyn cm� 2.
T-lymphocytes and erythrocytes have been reported to be abl
to withstand a shear stress some 50 and 500 times this value
respectively. Therefore, almost insigni� cant levels of shear
stress are experienced by these cells in DEP chambers.

The conductivity of suspending medium used is normally
much below that of a normal physiological medium, however,
as long as the osmolarity is of the right value, osmotically
sensitive cells can be investigated. This is achieved by additiv
such as sucrose at 280 mM, which has little effect on the
conductivity. An alternative approach has been to use sub
micrometer electrodes which minimize heating effects enabling
the use of normal physiological strength media.
f

e

Figure 9 Generation of particle torque in a ROT chamber. In a stationary
� eld (a), the induced dipole moment for a particle that is less polar-
izable than the medium is directed against the� eld. On turning the� eld in
a clockwise direction (b), the� eld interacts with the decaying charges
to produce a torque on the particle. In the example shown the resultant
spin of the particle opposes the direction of the moving� eld, this is
termedanti-Þeld electrorotation. Conversely for a particle that is more
polarizable than the surrounding medium the torque induced results in
a spin in the same direction as the� eld orco-Þeld rotation(not shown).
DEP: Concluding Remarks

The method is noninvasive and does not require the use o
antibodies or cell surface antigens or other labeling, although
in some applications the use of speci� c markers or dielectric
labels may be an advantage. DEP can be employed at either th
single-cell or multicell (more than 104 cells per second) level,
and it has already been demonstrated for a variety of applica
tions, notably: the puri � cation of cell cultures by DEP separa-
tion of nonviable or contaminating species; the isolation or
enrichment of cell subpopulations; and the rapid isolation of
toxic microorganisms in water and food.

Manipulation of sub-micrometer particles such as single
virions of Herpes simplex virus (type-1) both in enveloped and
in capsid form gives an indication of the potential for sub-
micrometer applications, such as the study of single virion–
bacterium interactions or virus harvesting. Rapid biopolymer
(DNA or protein) fractionation has also been described in
a method termed DEP chromatography.
Particle Motion in Rotating Electric Fields:
Electrorotation

Whereas conventional DEP utilizes stationary� elds, two
closely related techniques utilize moving� elds, more speci� -
cally either of rotating or traveling wave form. The investigation
of particle motion in these moving � elds has led to the devel-
opment of some different applications. Inducing cellular spin
by subjecting the cell to a uniform (homogeneous) rotating
electrical� eld is termed electrorotation (ROT). Applications of
ROT include the real-time assessment of viability of individual
cells and their characterization.

A uniform rotating electric � eld can be generated by ener
gizing four electrodes with sinusoidal voltages, with 90� phase
difference between adjacent electrodes. Creation of the dipol
moment in a particle takes a characteristic time to reach its
maximum value, equally when the � eld changes direction the
dipole will respond and decay at a rate determined in part by
the passive electric properties of the particle and suspendin
medium that appertain to the frequency of the applied voltage.
Torque resulting in cellular spin is induced by the interaction
between the rotating electric� eld and the remnant dipole. As
illustrated in Figure 9, the torque created can result in spin of
the particle in the opposite direction to the � eld as well as in the
same direction as the� eld (not shown).

For a given particle, there is a unique rotation rate for each
frequency of applied voltage. This variation in rotation rate is
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Figure 10 ROT spectra of live and deadCryptosporidium parvum
oocysts. Viability was con� rmed with the� uorogenic vital dyes 40,6-
diamidino-2-phenylindole (DAPI) and propidium iodide (PI).

Table 3 Examples of particles investigated by rotating electric� elds
(ROT)

Particle Type Examples

Acellular Virus Virus erythrocyte interactions
Prokaryotes Bacteria Biocide treatment of bacterial bio� lms
Eukaryotes Protozoa Cryptosporidiumspp. oocysts

Yeast Saccharomyces cerevisiaecomparison
of wild type/vacuole de� cient
mutant

Algae Neurosporaslime
Plant cells Barley mesophyll protoplasts
Insect cell line Effect of osmotic and mechanical

stresses and enzymatic digestion on
IPLB-Sf cell line of the fall
armyworm (Spodoptera frugiperda,
Lepidoptera)

Mammalian
cells

Cell lines MDA-231 human breast cancer cells

Lymphocyte In� uence of membrane events and
nucleus

Erythrocyte Erythrocytes parasitized
byPlasmodium falciparum

Platelet In� uence of activators
Other particles Liposomes Liposomes with 1–11 bilayers

Latex bead Effect of surface conductance

Table 4 Examples of particles investigated by traveling wave
electric� elds (TWD)

Particle type Examples

Eukaryotes Protozoa Cryptosporidium parvumoocysts
Yeast Saccharomyces cerevisiae
Plant cells Membrane-covered pine polls

Mammalian cells Blood cells Separation of components of
whole blood

Other particles Arti� cial
spheres

Cellulose spheres
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shown in Figure 10 for a viable and nonviable oocysts of
Cryptosporidium parvumsuspended in a 5 mS cm� 1 solution,
whose viability had been con� rmed using a � uorogenic vital
dye technique. Although the � eld may be rotating at rates
greater than 107 s� 1, the induced particle rotation rate which is
dependent on the square of the � eld strength remains
measurable by the human eye. Depending on the frequency
typical rotation rates observed are between�3 and þ1.5 rota-
tions per second for a viableC. parvumoocyst subjected to
a rotating � eld of around 10 kV m� 1, with negative rotation
rates indicating anti� eld rotation of the particle. There is
a frequency (around 800 kHz for this conductivity) in the ROT
spectra ofFigure 10 where the viable and nonviable oocysts
rotate in opposite directions, providing a convenient, single
frequency, viability check on individual oocysts.

After concentration from a sample, particles for observation
in a ROT chamber (which can be manufactured on a reusable
glass slide or as a cheap‘use once–throw away’ device) only r-
equire a few washes followed by resuspension in a known con
ductivity medium. Analysis by ROT observation of a sample
using a normal microscope can require less than 15 min
preparation. Although the particle suspension may require
a puri� cation step to avoid particle–debris interactions, ROT to
date has found many applications, both with biological and
synthetic particles (Table 3).

As well as the rapid (a few seconds per cell) straightforward
assessment of the viability of individual cells, the viability of
larger numbers of cells (e.g., 30 cells of diameter 5mm in a� eld
of view at a magni� cation of 400) can also be assesse
simultaneously. To assist the analyst, automatic measuremen
of the rotation rate for a full spectrum is also possible. A full
frequency ROT spectrum, which can be thought of as a‘� nger-
print ’ for heterogeneous particles like oocysts and cells
provides information not only about the viability of the
particle, but also the conductivity and permittivity of the
various ‘compartments’ within its structure. After ROT analysis,
as with DEP, the particle remains intact and unchanged, and
because ROT is a noninvasive method the particle can b
subjected to further holistic or destructive analytical methods.

A variety of particle types, including cells, protozoan cysts
and bacteria can be investigated by this technique. By probing
a common difference between all dead and viable cells
namely membrane integrity, ROT is applicable to many
particles. Potential applications also include distinguishing
between subtypes or strains of bacteria, whose surface o
membrane properties differ, for example, the rapid diagnosis
of the causitive agents of food poisoning to direct appropriate
action.
Particle Motion in Traveling Wave Electric Fields

Like ROT, a third AC electrokinetic technique also uses moving
� elds, instead of rotating they are in the form of linear traveling
waves, made simply by applying AC voltages in phase sequenc
to a linear array of electrodes. At low frequencies (< 100 Hz)
translational motion is induced in the particles by largely
electrophoretic forces, associated with surface charge chara
teristics. To overcome problems such as erroneous partic
trajectories and motion caused by the convection of suspend
ing � uid, higher frequencies are more commonly utilized at
which DEP forces have the strongest effect on the motions o
particles.
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Figure 11 Schematic representation of the traveling� eld effect for a particle less polarizable than the medium (ap < am). In the instant (t< 0) before
voltage switching between electrodes occurs the dipole moment induced is opposed to the direction of the� eld. On switching the electrode voltages at time
t ¼0, the interaction between the remnant dipole and the� eld induces a translational force in the particle in the opposite direction to the traveling� eld.
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Unlike DEP, the motion of particles by traveling wave die-
lectrophoresis (TWD) is achieved in a stationary supporting
� uid; without the need for � uid � ow there is no dilution of
particle density. Indeed, the concentration of particles without
centrifugation may be important for certain delicate particles
which may be distorted or damaged. Loss of particles through
adhesion to the container is avoided as TWD can manipulate
particles without contact with the substrate, a small distance
above an array of electrodes. Indeed, for successful tran
lational motion of particles by TWD, the particle must be under
conditions of negative DEP (or negligible positive DEP).
Examples of particles investigated by traveling wave electr
� elds is given inTable 4.

Selective retention or transportation of subpopulations
from a suspension is one application of TWD. In this way,
target organisms can be separated from benign backgroun
cells. Separation of yeast cells using TWD has been demo
strated, both by retaining viable cells at 5 MHz and moving
nonviable cells, and at a higher conductivity by moving viable
cells while retaining nonviables. The TWD response o
a particle can be predicted by examination of the respective
DEP and ROT spectra; the sense and magnitude of the RO
indicating the direction and magnitude of the TWD force on
the particle in the traveling wave.

Electrode geometries also in� uence the resultant TWD force,
the optimum electrode gap is found to be similar to the
effective particle size. Particles can be made to move over line
of electrodes (of the appropriate geometry, spacing width and
voltage) or for more convenient viewing, in the gap between
the tips of many rows of electrodes as shown inFigure 11.

Unless spiral electrode geometries are utilized, whose are
can be increased simply by adding further helical turns, there
are limits to the size of planar monolayer electrode arrays a
there are special limitations for the connections to the indi-
vidually addressed electrodes. Multilayer electrode fabrication
only require four connections (for quadrature phases) to
energize one or more TWD arrays of any length. Theoretically
multilayer TWD devices can be built up (like a model railway
track) so that particles may be taken to many investigative units
such as ROT chambers, in a single integrated device. Sepa
tion, manipulation, and characterization of particles in a single
device, a sort of ‘laboratory-on-a-chip device’ has been
proposed.
Conclusions

Detection, enumeration, and characterization of low numbers
of microorganisms in foods and water by methods that do not
require a culture stage would be advantageous. The rapi
concentration, separation, and identi� cation of microbes
(and their viability) already present in samples would avoid
testing delays due to slow bacterial growth phases. The nove
dielectric methods of DEP, ROT, and TWD may offer
a solution.

Although some applications have already been demon-
strated on bench-scale experiments, further data must b
collected on the electrokinetic responses of a wider range o
bioparticles. These include nontarget particles such as plan
spores and nonpathogenic protozoan cysts, so the speci� city of
the tests can be optimized. Particles from different sources mus
also be investigated as this may alter the electrokinetic
response.

For these technologies to proceed and compete with curren
techniques they must be more speci� c, sensitive, reliable, rapid,
or more competitively priced. One simple way of achieving
many of these requirements is to make the tests fully auto-
mated by integrating them onto a single disposable device
Following the introduction of microelectrodes into this � eld of
study using photolithography and associated semiconductor
micro-fabrication technologies, and more recently the devel-
opment of multilayer fabrication techniques, dielectrophoresis,
electrorotation, and TWD have all developed into techniques
that can be incorporated onto a single ‘bioprocessor-chip’
device.
See also:Adenylate Kinase; Biosensors– Scope in
Microbiological analysis; Flow Cytometry; Polymer
Technologies for the Control of Bacterial Adhesion– From
Fundamental to Applied Science and Technology; Rapid
Methods for Food Hygiene Inspection; Sampling Plans o
Microbiological Criteria; Ultrasonic Imaging–
Nondestructive Methods to Detect Sterility of Aseptic Pack
Virology:Introduction;Virology:Detection;Water Quality
Assessment:Modern Microbiological Techniques.
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Introduction

This article makes only occasional mention of instrumentation.
This can be as simple as a pH meter for potentiometric
measurements or as costly as instruments using chips and
processing microarrays. Flow cell cytometry has been used with
many immunological reactions and can be correlated with
plate counts using, for example, Salmonella enterica serovar
Typhimurium (0.99 regression analysis). The �nal total
instrumentation ‘package’ depends on the desired sensor,
analyte, and formatted transducer platform.
Biosensor Introduction

Biosensor technology has changed the manner in which diag-
nostic methodologies are being performed in diverse areas of
science, including food technology. The threat of bioterrorism
targeting various aspects of food preparation from the farm to
the fork is real. In addition, the trends re�ecting minimal
processing and packaging of both raw and processed foodstuffs
have made the ability to rapidly identify and characterize
foodborne pathogens more important than ever. The use of
microarrays as multiplexed examples of various biosensors has
broadened the �eld. In the last several years, various nano-
particles have been used both as sensors and as biomarkers. In
addition, the use of nucleic aptamers, antibody mimetics, other
nucleic acids, and protein-DNA chimeras has expanded the
boundaries of biosensor technology. Biosensors have enhanced
the ability of microbiologists to identify very small numbers of
speci�c microorganisms that are mixed among other microor-
ganisms present in various matrices. Detection of the presence
of many of these ‘signature microorganisms,’ such as strains of
Escherichia coli and salmonellae, in foodstuffs is federally
mandated. This article will not report speci�cally on poly-
merase chain reaction methodology (PCR) per se. However,
many of the DNA probes have been used simply to detect small
numbers of target-bound antibodies.

The �rst portion of this article deals with de�nitions of
various types of biosensors and their instrumentation.
Biosensors that can be used for monitoring microbial
contamination of foods and the environment follows. Infor-
mation that could be applied to online and �ow injection
analysis (FIA) monitoring as well as spot analyses that could be
performed in real time are also discussed. Limitations and
future directions conclude the article.
Biosensor De�nitions

The ‘bio’ in biosensor refers to the biological sensing portion or
sensor. It can either be a speci�c group of molecules or some-
what general in nature, depending on the degree of speci�city
required by the speci�c problem facing the investigator. As can
be seen from both the general discussion and the various
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tables, these biomolecules can be used either as ‘sensor’ or
as ‘analyte’ (target molecules), depending on the analysis
required – for example, if one is detecting the presence of
certain microorganisms via their reactions to substrates (using
them as analytes) or if one is using microorganisms as sensors
to detect toxins, such as Shiga toxins. The transducer measures
the changes that occur when the sensor couples with its ‘ana-
lyte’ and converts the results into a digital readout. These
changes must also re�ect some relationship between the
intensity of the signal and the concentration of the analyte.
Again, the degree of sensitivity is determined by the type of
transducer ultimately employed. The transducer is usually in
close contact or coupled to the sensor. The analyte is the
substance that is to be detected. Again, it can be speci�c as
a distinct compound or more general as a related group of
substances. As will be seen, one of the important aspects of
biosensor usage is the adaptability and versatility of the various
systems relating to many different areas of microbiology,
foods, food products, and foodborne pathogen detection. Of
course, other microbiological �elds, such as clinical and envi-
ronmental microbiology, employ biosensors.
The Sensor

As mentioned above, the sensor can be a selective bio-recognition
moiety such as a polyclonal or monoclonal antibody or a single-
stranded DNA molecule. It can also be more general, as a tester
microorganism that responds tomany different toxic compounds
by an increase or decrease in one or more metabolic activities.
Enzymes have also found frequent use in biosensors responding
again both to speci�c and nonspeci�c substrates. Table 1 lists
typical sensors that have been used to detect target analytes.
Details on several of these follow.

Immunoglobulin Sensors
Immunoglobulins have the advantage of being able to recog-
nize their target antigens (analytes) in a mixture of organisms
like those usually found in foods. This can be contrasted to the
activity or extreme speci�city of other types of sensors or
transducers. Monoclonal and polyclonal antibodies have been
used to identify various strains of E. coli, Salmonella serovars,
staphylococci, staphylococcal enterotoxin B as well as atrazine,
and other herbicides in drinking water. Monoclonal antibodies
as sensors have been used to identify Botulinum toxin A and
Mojave toxin. The above examples indicate the speci�c reac-
tions conferred by antibody–antigen couplings. Although there
appears to be no published research using antibodies to
bacterial ribosomal RNA or DNA as sensors, these antibodies
are available and could rapidly detect the presence and
concentration of generic bacteria in foods, pharmaceuticals, or
sterile liquids. Observing a heightened reaction with time could
indicate bacterial growth. The addition of a vital stain such as
acridine orange or BacLite and a spectrophotometric transducer
could distinguish viable from nonviable cells and also deter-
mine Gram stain positivity.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00041-0
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Table 1 Biosensing entities

Sensor Analyte detected Recognition signal

Lectins Salmonellae Piezoelectric
Aptamers and mimetic compounds Non-nucleic acid targets Optical instrumentation
Bacteriophage Various bacteria, e.g.,E. coli0157:H7;

salmonellae
Fluorescence

DNA-protein chimeras Biotin, RNA, protective antigens ofBacillus
anthracisandE. coli

Evanescent wave and spectroscopy

Glycans Shiga toxins Surface plasmon resonance (SPR)
CytochromeC Microorganisms in wastewater; denitri� cation

of E. coli0157:H7, salmonellae,Bacillus
spores, bio-aerosols,Shigellaspp.

Surface enhanced Raman spectroscopy
(SERS)

Fluorescein-labeled immunoglobulins
NAD-Redox

S. entericaserovar Typhimurium
Salmonellae, Staphylococci bearing protein
A

Wave guide (Raptor)
Current changes, chip-based

Hexacyanoferrate III Fructose and ascorbate in fresh foods Current changes
Acetylcholinesterase FITC-tagged enzymes Insecticides Fiberoptic,� uorescence
Enzymes Milk, fruit juice, wine, online monitoring,

lactose, and galactose analyses
Voltage change in enzyme electrode, thermal

Electrochemical enzymes with nanoparticle
biomarkers

Bisphenol A, phenolic compounds Amperometric

DNA microarrays Campylobacter, salmonellae,E. coli0157:H7
Staphylococcus aureusenterotoxins,
CIostridium perfringens

Hybridization reactions

Liposome-doped nanocomposites Listeriolysin Fluorescence
Pigmented chromatophores fromBetta

splendens
Toxin-producing strains of Shigellaspp.,

salmonellae,
Vibriospp.,Bacillus cereus

Aggregation, color changes

B lymphocytes Pathogenic bacteria Light production, luminescence
B cell hybridomas Bacillusspp. enterotoxins

Listeria
Alkaline phosphatase release

Immunomagnetic ELISA E. coli0157:H7 Electrochemical, based on ruthenium
Polyclonal and monoclonal

antibodies
Botulinumtoxins

Protein A in foods, protein interactions,
atrazine, herbicides, staphylococcal
enterotoxin B
LPS ofE. coli

Fiberoptic (� uorescence), temperature
changes
Piezoelectric, resonance changes
Bioluminescence

Recombinant antibody
Molecules

E. coli, plant viruses
Plant viral epitopes

Optic, microarrays

Immunoassay Many foodborne pathogens
Salmonellae, coliforms

Sheer horizontal surface acoustic waves
(SAW)

Nucleoside phosphorylaseþ
Xanthine oxidase

Phosphatesin food products Production of hydrogen peroxide
Uric acid, current changes

Monoclonal antibodies Plant viruses, viral epitopes,Botulinumtoxins,
LPS ofE. coli

Evanescent waves, polarized light changes,
chrono-colimetric

Invertase, maltase, saccharase
Glucose oxidase

Sucrose concentration in syrups and jams Current changes
Impedance

mRNA Target DNA,in situDNA hybridization Fluorescence, ELF
Technology

B-galactoside and glucoamylase Lactose in raw milk Current changes
Single-stranded DNA binding protein DNA in processed pharmaceuticals Voltage change when captured
Luciferaseþ NAD-dependent enzymes ATP microbial biomass, sorbitol, ethanol,

oxaloacetate sanitation ef� ciency, other
ATP

Luminescence changes
Bioluminescence

Enzyme/amperometric Atrazine, chlorocresol, phenols in ointments Colorimetry, current changes
Enzyme/thermister Cholesterol, glucose, lactose Heat emission changes, calorimetry
DNA hybridization, antibody–antigen reaction DNA antibody, antigens, salmonellae,E. coli

containing stx1 and 2 toxins
Current changes, optical, evanescence,

� uorescence
Tyrosinase and peroxidase Phenol and peroxidase in pharmaceuticals Current changes
Bis methylacridinium nitrate DNA, ATP Luminescence
Nanoparticles

Quantum dots
Nano� bers

Temperature of live cells (viability)
Salmonellae, staphylococcal enterotoxin B,
cholera toxin,
Non-nucleic acid targets

Calorimetry,� uorescence
Luminescence
Electrochemical

(Continued)
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Table 1 Biosensing entitiesd cont'd

Sensor Analyte detected Recognition signal

Glucoamylase and alpha amylase ATP, NADþ , Starch, disaccharides Current changes
Lactate oxidase Lactate Current changes
Nitrate-sensing electrode Nitrates in nitrifying bio� lms Current changes
Frog bladder membranes Sodium ion-channels blockers such as

tetrodotoxins, saxitoxin
Sodium electrode

Peak inhibition
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Antigens and Other Compounds as Sensors
Aptamers
Aptamers are predominantly small nucleic acid sequences tha
can bind to many nucleic as well as non-nucleic analytes. Ther
are also a few protein-derived aptamers. The majority of nucleic
aptamers have been identi� ed through a method involving
systematic evolution of ligands by exponential enrichment
(SELEX). Aptamers can substitute for antibodies in simila
biosensor assay systems. If not destroyed by nucleases or oth
inhibitors, they appear to have a longer shelf life and to be more
stable to renaturation and reuse than antibodies. They also ca
be chemically modi� ed and labeled more easily. Aptamers have
been coupled with magnetic nanoparticles and will no doubt be
more rigorously applied in the detection of foodborne and
environmental pathogens. Recently reported was a combina
tion of plastic adherent DNA aptamer-magnetic bead and
quantum dots (QDs) in an assay for the detection ofCampylo-
bacter. RNA aptamers (via SELEX) have also been immobilize
on slides for identi� cation of E. coli0157:H7 cell wall LPS.

Antigen sensors are mainly used to detect antibodies. A
slaughterhouse might wish to test cattle for immunoglobulins
to certain pathogens as an indicator of disease. Single-strande
DNA-binding proteins have been used to capture DNA in
processed pharmaceuticals as indications of contamination
Avidin can capture biotin-labeled compounds. Small peptides
synthesized on automated peptide synthesizer instrumentation
have been used to mimic antibody-binding sites as recepto
molecules or af� nity ligands. For example, S. aureusenter-
otoxogenic strains (teichoic acids) and S. entericaserovar
Typhimurium (outer membrane components). These synthetic
antibodies have functioned well as sensors to detect much
larger protein analytes. They hold much possibility for wide use
in biosensors. Lectin saccharides, hormone receptor
hormones, aptamers, mimetics (e.g., reactive portions o
immunoglobulins), and leukocytes are among the sensors that
have been used.

Enzyme Sensors
When an enzyme reacts with its proper substrate (analyte)
a measurable change occurs. Enzymes have been used for ma
years in basic and applied areas. Over 400 enzymes can b
purchased from various chemical and pharmaceutical compa
nies. Many enzymes such as glucose oxidase, horseradi
peroxidase, and alkaline phosphatase are well understood an
well characterized. These three enzymes have been used
markers for immunological and other reactions, including
enzyme-linked immunoassays (ELISA) and other enzyme-liquid
immunoassays (EIA, EI). As seen fromTable 1and in the section
on transducers, many of these enzymes– glucose oxidase in
particular – have been coupled to electrodes and to other
biosensor instrumentation. Luciferase is probably one of the
most common sensor entities involved with environmental
food microbiology. Fire� y luciferase is the major biolumines-
cent luciferase, but others can be obtained from other organ-
isms. When luciferin is oxidized in the presence of ATP, oxygen
and the enzyme,light is generated proportional to the concen-
tration of ATP. Thus, luciferases are labels in biosensors to dete
total biomass and the degree of microbial and other bioorganic
contamination containing ATP (from blood, tissues, cells,
microorganisms, etc.). The ef� ciency of sanitation techniques
used in plants handling raw and processed foods is easily
con� rmed by kits determining ATP concentrations via biolu-
minescence techniques. Bioluminescence methodologies hav
been used as� uorophores and quenchers in nucleic acid assay
and in immunoassays. There are several types of whole ce
assays based on bioluminescence. Cells that luminescenc
naturally and those bacterial cells that have been geneticall
modi � ed by insertion of the lux CDABE cassette have bee
employed. When the target analyte is present, lux expression
either turned on or off. Target analytes have been heavy meta
such as mercury, cadmium, aluminum, and lead. An example of
a genetically modi� ed whole organism is E. coli. Whole cell
biosensors made withE. colihave been incorporated into lab-
on-a-chip instruments that can monitor water and environ-
mental pollutants. Sporulating bacteria such asBacillus subtilis
have been used to develop sensing systems for the detection
arsenic and zinc. Here, the bioluminescence system is based o
reporter-gene strategies. Spores have the advantage of long sh
life and insensitivity to cold or heat, while other whole cells have
limited stability. Thus, stocks of organisms that can sporulate
and are used as sensors can be stored as spores for several ye

QDs have been combined with luciferase. Bioluminescence
transfer between these two components has resulted in
different spectral wavelengths that have been used in multi-
plexed bioassays.

Polymerases have been widely used in PCR reaction
detecting many foodborne pathogens such as salmonellae
E. coli 0157:H7, and Shigellae. Horseradish peroxidase, in
particular, has been used in immunoassays and recently on an
amperometric sensing chip to detectE. coli0157:H7.

Glucose oxidase was one of the� rst enzymes to be used in
biosensors. Some of the impetus in the biosensor� eld in this
area was prompted by the search for rapid methods to detec
glucose concentrations in diabetics, with a view to eventually
developing an implantable device that would automatically
add insulin in response to glucose blood levels.
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The Biotechnology Center at Cran� eld, UK, has developed
a knife-type biosensor incorporating glucose-sensing enzyme
to measure the concentration of glucose in animal muscle
tissues as an indicator of meat freshness. The lower the gluco
concentration, the less fresh the meat (due to microbial utili-
zation of the glucose). An indicator of � sh freshness, using
enzymes to detect hypoxanthine, has also been reported, an
� sh freshness with another enzyme system was also dete
mined. The use of enzymes for biosensor detection of othe
carbohydrates, including galactose oxidase,b-galactosidase,
invertase, and glucoamylase, has been reviewed, includin
detection of alcohol, lactate, pyruvic acid, choline, cholesterol,
and biological purines such as inosine by enzyme electrodes
Fish freshness can also be determined by the degradation o
ATP to inosine and eventually hypoxanthine.

A thermostable reporter enzyme,‘esterase 2,’ has been used
to detect E. coli strains in meat juices. Enzyme sensors hav
been commonly employed to measure milk, fruit juice, wine,
phosphates in foods, sucrose in syrups and jams, and aspa
tame. Table 1 lists several other types of enzyme sensors an
the analytes they detect that are important in the food industry.
These include herbicides, pesticides, and various chemic
contaminants.

Microbial Cells as Sensors
The use of microorganisms as sensors demonstrates the ran
of sensitivities that can be employed in biosensors. Whole
cells of Alteromonas putrefacienswere used to determine the
freshness of tuna based on the presence of glucose. Here, t
fresher the� sh, the higher the glucose content and the greate
the metabolic activity of the bacteria. Short-chain free fatty
acids in milk (e.g., butyric acid using Arthrobacter nicotianae)
were determined in an amperometric biosensor with a 3 min
response time. Microbial biosensors for glucose estimations
as well as monitoring fermentation processes have bee
reported. Clostridium acidiuriciwas used to detect serine using
a potentiometric NH 3 gas sensor. AProteussp. was used to
detect L-cysteine.Pseudomonascells were created in a speci� c
biosensor to identify and quantify L-proline. A microbial
electrode was used to study biochemical oxygen deman
(BOD). Molecular biologists have aided biosensor technology
by constructing specialized bacteria for various purposes. O
particular interest is the transfer of the lux AB genes that
encode for bioluminescence (luciferase) into the genome of
several bacteria. As a result of this fusion with the� ic genes of
E. coli, luminescence could be induced in the presence of a
little as 1 mg ml� 1of aluminum but not copper, iron, or
nickel. The metal responsivesmt region of Synechococcu,
a cyanobacterium, was fused to thelux CDABE genes ofVibrio
� scheri. These transformed cells ofSynechococcusluminesced
in the presence of 0.5–4 mmol l � 1 ZnCl2 as well as trace levels
of CuSO4 and CdCl2. Conversely, the addition of antimi-
crobial agents (and probably other inhibitory compounds)
can extinguish light production in E. coli. Since the genetics o
E. coli has been extensively studied and understood, this
organism has been the bacterium of choice in many
instances. However, the insertion of these samelux genes,
when fused next to the genes encoding mercury detoxi� cation
(mer genes) in Serratia marcescens, has resulted in light emis-
sion in the presence of mercury in a quantitative manner.
In a different experiment, a lysogenic strain 6Y5027 ofE. coli
was used to detect mutagens such as a� atoxins. The mutagens
caused phage induction that killed the bacteria and decrease
respiration. A recombinant E. coliwas used to detect a wide
spectrum of organophosphorous and other pesticides.Hanse-
nula anomalahas been used in a� ow-through system to
measure organic pollution. Rhodococcuscells and their enzyme
extracts were used to determine phenol, cresol, benzoate, an
2-methyl-4-chlorophenol, and nitrifying bacteria were used to
determine creatinine. Trichosporon cutaneumwas immobilized
on the electrodes of a disposable amperometric biosensor to
determine BOD of treated and untreated wastewater from
municipal sewage and industrial ef�uents. Response time was
7–20 min compared to the conventional 5-day methodology.
Table 2 lists many more whole cells used in the detection of
widely varied substances, including sulfur dioxide in orange
juice, glucose, lactic acid in milk, andL-aspartate. Thus, one can
see the widespread use of whole organisms in biosenso
methodology. Various tissues and organs have also been use
with relatively minor applications to the scope of this article.
A tissue biosensor of a frog bladder was used to measur
sodium ion channel blockers such as tetrodotoxin and saxi-
toxin (shell � sh poisoning). One assay took 5 min and was
a modi� ed-� ow system. A microbial cyanide biosensor has
been described usingSaccharomyces cerevisiaeto monitor the
presence of cyanide in river water. Oxygen electrodes mon
tored the yeast’s respiration in a� ow-through system. Linearity
was observed over the range of 0.3–150 mm cyanide.
The Transducer

The transducer portion of a biosensor senses a signal chang
when sensor and analyte have coupled or reacted together an
converts this into a digital readout. The type of transducer that
is ultimately employed depends on the type of analyte to be
detected, the type of sensor available, the required degree
accuracy, and the speed of the reactions. The transducer
usually coupled to the sensor or is in close proximity, although
the signal can be sent to a receiver located at a distance from th
reaction. Biosensors with fairly short reaction times are usually
employed under these circumstances. The time allotted to
detect a measurable level or threshold of analyte may be longer
The signal ultimately generated by the transducer must be
related to the concentration, presence, or absence of the an
lyte. Transducers can be as simple as a pH or Clark oxyge
electrode or as complex as automated instrumentation based
on the change in the angle of light refraction from a mirrored
surface (surface plasmon resonance). Gas chromatography an
mass spectroscopy instruments are being used more often t
detect foodborne microorganisms. These often involve
immune-diagnostics of E. coli and salmonellae. Table 3 lists
various more common transducing elements and some of the
instrumentation involved. More details follow.

Electrochemical Transducers
The combination of sensors with electrodes has resulted in
biosensors that function most ef� ciently. Depending on
the stability of the sensor, electrode-based biosensors ar
accurate and easily used. They were among the� rst to be
employed. Electrochemical transducers include potentiometric
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Table 2 Biosensors using whole cells

Cell type Analyte detected Recognition signal

Sarcina ßava Glutamine, NH3 Voltage change
Thiobacillus thioxidans SO2 in orange juice foods Oxygen production
Nocardia erythropolis Cholesterol Current changes
Hansenula anomala Glucose, organic pollution Voltage change, current changes
Alcaligenes eutrophusþ luxgenes Heavy metal resistance Optical detection
Bacterium cadaveris L-Aspartate Voltage changes
Escherichia coli(lysogenic strain) Mutagens, a� atoxin, etc. Phage induction
E. coliþ lac Z gene Ecotoxicity testing Current change
E. coliþ attached� uorescent protein Toxins, arsenic, heavy metals Electrochemical light transformation changes

and degree of� uorescence
E. coli Organophosphorus pesticides, lipoic acid

reduction, glutamic acid, neurotoxins
Voltage changes

Human leukocytes Egg allergens Voltage changes
E. colicontainingluxAB ormer-luxgenes Environmental monitoring for aluminum,

mercury
Bio-luminescence (luciferase)

Pseudomonas aminovorans Trimethylamine levels in� sh tissue Oxygen uptake
Pseudomonasspp. L-Proline Current changes
Pseudomonas putida Benzene Current changes
Pßuorescens ßuorescensþ potassium

ferricyanide complexes
BOD Current changes

Klebsiellaspp. Methane Current changes
Acetobacter pasteurianus Lactic acid in yogurt, milk Current changes
Carboxydotrophic bacteria Carbon monoxide Oxidation/reduction
Gluconobacter suboxydans Ethyl alcohol Voltage changes
Trichosporon brassicae Ethyl alcohol Oxidation/reduction
T. cutaneum Phenol, BOD Oxidation/reduction, current changes
Clostridium acidiurici Serine, NH3 Voltage changes
Alteromonas putrefaciens Glucose (freshness of tuna) Current decreases
Rhodococcusspp. Phenol, cresol, benzoate Current changes
Clostridium butyricum BOD, organic matter Current changes
Hansenula polymorpha Formaldehyde Voltage changes
Saccharomyces cerevisiae Nystatin, cyanide Current changes
E. colicontaining luciferase Biologically active antimicrobials Light emission changes
Arthrobacter nicotianae Short-chain fatty acids in milk Current changes
Synechococcus(smt-luxtranscriptional

fusion)
Heavy metals: ZnCl2, CuSO4, CdCl2 Bioluminescence

BOD¼ Biochemical oxygen demand.
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amperometric, piezoelectric, capacitative, and conductive and
other impedance instrumentation as well as electrochemica
complexes with Ruthenium. The electric signal can be digitized
recorded accordingly, and the data stored in a computer for
future analysis or reports.

Potentiometric Transducers
Potentiometric transducers are among the most popular types
of biosensors. When the sensor and analyte react on the surfac
or in proximity to a potentiometric transducer, a membrane
potential (charge) develops that can be correlated with analyte
concentration. At a steady current therefore, the resultan
change in voltage (potential) can easily be measured. Th
transducer can vary from a simple hand-held disposable probe
to automated analyzers and pH meters. Probably the simples
involve the classic glass pH electrode. When an antibody to
S. entericaserovar Typhimurium is attached or held close to the
electrode in a common pH meter and the dial is changed from
pH to voltage (mv), the detection of this Salmonellacan be
detected within 20–30 s after its addition. The addition of
similar serovars or other bacteria had no effect within this time
frame. As electrodes have developed to a� ner degree through
the years, gas and ion-sensing potentiometric electrode
have been exploited as transducers in biosensors. Mor
recently, solid-state transducers have been used employin
semiconductors.

Most sensors can be combined with potentiometric elec-
trode transducers. In particular, antibodies and enzymes ar
among those most frequently used in relation to the food
industry. One of the particularly fascinating aspects of
biosensor technology is re� ected in the fact that the limits of
application are only bounded by human ingenuity. The
methods of attaching the sensor to the electrode usually
include some type of encapsulation, varying from a collodion
layer and a nylon mesh to other types of� lms. In addition,
magnetic beads or magnetic nanoparticles can be attached t
either sensor or transducer to increase the speed and sensitivi
of the reaction. If a solenoid valve is added to the transducer
the sensor can� rst be af� xed to magnetic particles and easily
removed from the transducer to be exchanged or reactivated
Silicone, rubber membranes, various polymers with pre-
impregnated sensors such as antibodies or enzymes have al
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Table 3 Transducing elements used in biosensor instrumentation

Transducing element Instrumentation Measurement

Electrochemical
Potentiometric pH and ion-sensitive electrodes, gas sensors

(CO2, NH3), semiconductors
Change in potential, (e.g., voltage at constant

current)
Amperometric Clark oxygen electrodes, carbon

electrodesþ benzoquinone mediators,
channeling system, silicone technology

Current change in constant voltage

Piezoelectric, surface acoustic wave and
cantilevers

Horizontal polarized surface acoustic waves,
quartz or sapphire crystals, and oscillating
electrical� eld

MHz changes, resonance changes, bending,
and light de� ections

Capacitance and conductance Impedance types: combination with
amperometrics, pH-sensitive� eld-effect
transistors

Dielectric effects, current changes

Optical
Visible light Luminometer, spectrophotometer,

� uorometer, light-addressable sensor CCD
camera, silicon microchips
Fiberoptics, microscopy

Photon emission/change in spectra
Fluorescence, colorimetry,
bioluminescence

Bioluminescence As above As above
Luminescence As above As above
Fluorescence As above As above
Fiberoptic: optical� bers in contact with

instrument
Luminometer, spectrophotometer,

� uorometer
Photon emission

Surface plasmon resonance, wave� eld
detection

Spectrophotometer (refractometry),
evanescent wave� eld detection

Change in re� ected light angle, detection in
evanescent� elds

Other transducer systems
Calometric, other thermal Calorimeters, infrared detectors, thermistors,

special nanoparticles
Change in emission or absorption of heat

CCD¼ Charge-coupled device.
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been used. The simplest method of attachment appears to b
covalently binding or cross-linking the sensor to the transducer
The same techniques used in immunoassay procedures t
anchor antibodies to glass or plastic surfaces are applicable he
(pH, glutaraldehyde, tosylation, etc.). The solid-state trans
ducers do not need an internal reference solution as do the
classic liquid-� lled transducers. The latter can only sens
a single analyte, while the former can be formulated using
chips and gates to sense several analytes simultaneously. T
solid-state transducers can also be miniaturized and incorpo
rated into various ‘chip’ or cartridge formats. Among the
enzyme sensors coupled to this type of transducer, glucos
oxidase, other peroxidases, and urease have been used. Malto
and starch can be determined by� rst passing the specimens
through an amylo-glucosidase bed and then detecting the
liberated glucose by glucose oxidase potentiometry. A batch
wise detector has been developed using a recombinantE. colito
detect various organo-phosphorus pesticides.Tables 1–4 re� ect
the use of potentiometric transducers by the various indicated
recognition signals. Light-addressable potentiometric trans
ducers have a special silicon wafer that is illuminated from the
back side by a light-emitting diode. The light causes a photo
current to � ow which depends on the pH. A chemical reaction
on the surface that changes the pH affects this photocurren
Where a potential is applied externally to maintain a constant
current, a change in this potential results and is recorded. I
re� ects the light-inducing reaction occurring on the surface o
the wafer.
Amperometric Transducers
Amperometric transducers measure the change in current a
a � xed potential (or voltage) between working and reference
electrodes, usually of Ag/AgCl. Occasionally, three electrode
are used. Platinum appears to be one of the metals of choice fo
electrodes. Newer ones use impregnated carbon� bers. The� rst
enzyme electrode was developed in 1962. A Clark oxyge
electrode was modi� ed by adding an enzyme layer and using
a platinum electrode that responded linearly with a change in
current during the production of hydrogen peroxide when the
af� xed enzyme, glucose oxidase, reacted with glucose in th
presence of oxygen at a constant potential. Later, other electro
acceptors such as NADH or hexacyanoferrate III were added
the amperometric con� guration.

There are other newer and more detailed third-generation
amperometric transducers. Organic conductors in contact with
enzyme sites have been reported. Lactate oxidase was used
measure soluble L-lactate in yogurt and buttermilk using
screen-printed sensors made under industrial conditions
Accuracy needed to be improved. An amperometric enzyme
channeling immunosensor has been developed using
a disposable polymer-modi� ed carbon electrode with two
enzymes. One is bound to the electrode and co-immobilized
with an antibody, while the other one is free and ampli� es the
signal.

As can be seen, a wide variety of sensor entities can b
employed. These include whole cells, glucose-sensing enzyme
phosphate detection in food products by phosphatases
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Table 4 Flow injection and online systems employing biosensors

Transducing element methodology Analyte detection Recognition signal

Amperometric Hypoxanthine/� sh Current change
Potentiometric Aspartame Voltage change

Pesticides, organophosphates, insecticides Voltage change
Amperometric Creatinine, ammonia, urea Current change

Glucose Current change
Salmonellain foods Current change
Penicillin Current change
Glucose and cellobiose Current change
Phenols, dopamine, BOD Current change
Aspartame Current change
Vitamin C in foodstuffs Current change
Starch Current change

Piezoelectric and acoustic wave Drugs of abuse, pesticide analyses, atrazine,
organophosphorus compounds

Change in resonance (MHz) spectra

Optical/photometric Phenols, dopamine Change in absorbance spectra
H2O2, glucose, lactose Change in absorbance spectra

Optical/spectrophotometric Lysine, cadaverine (ammonium) Change in spectra of indicator dye
Optical/surface plasmon resonance,

evanescent wave
Antibody–antigen reactions, mycotoxin

a peptides
Change in re� ected light angle

Optical/� beroptics Penicillin Fluorescence
Optical/� beroptics/amperometric Glucose Fluorescence
Optical/� beroptics Glucose, fructose, sorbitol, glucono-lactone Fluorescence
Electrochemiluminescence based on

ruthenium
Salmonellae,E. coli0157:H7 Converting electrical into radiative

chemiluminescence
Surface enhanced Raman scattering (SERS) Listeria, Legionella, Oocysts ofCryptosporidium Spectral changes
‘In situ’ biosensing Incorporation into automated instrumentation Spectrophotometric and other optical

changes
Calorimetric/thermistor Penicillin, glucose, urea, lactose Temperature changes
Calorimetric/thermistor Immunoglobulins Temperature changes
‘Chip’ calorimetry Physiological changes in bio� lms Changes in heat production
Calorimetric Penicillin Temperature changes
Nitrate-detecting ion electrode Nitrifying organisms in a bio� lm Changes in nitrate ion responses

BOD¼ Biochemical oxygen demand.
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detection of sucrose in syrups and jams by enzymes such a
invertase, mutarase, and saccharase, and the detection
phenols in ointments. Organophosphorus and carbamate
pesticides have been determined by inhibition of acetylcho-
linesterase activity. Monoclonal and polyclonal antibodies
have been used to detectSalmonellaspp. in foods as well as
staphylococcal cells containing protein A. A multivalent
amperometric immunosensor system based on silicone tech
nology in which the capture molecule is streptavidin covalently
immobilized on silica. Miniaturized needle-type biosensors
that detect glucose amperometrically have been reported.

Conductance, Capacitative, and Impedance Transducers
Conductance is measured in ohms and is the reciprocal o
resistance (or current/voltage). Capacitance is measured i
farads as a re� ection of the dielectric changes (using semi-
conductors) that occur when the voltage varies with time and
produces current changes proportional to the rate of voltage
changes. Impedance is the measure of the opposition that an
electrical circuit presents to the passage of a current whe
a voltage is applied in an alternating current circuit. Thus, it is
the ratio of voltage to current (E/I), and it is commonly
expressed as the symbol,‘Z.’ Staphylococcal enterotoxin B has
been detected by immunoglobulins immobilized on the
surface of silanized SiO2. Impedance instrumentation has been
used to measure sterility in foodstuffs and in liquids. Salmo-
nellae have also been detected and characterized by th
methodology. An enzyme biosensor has been developed to
determine penicillin concentrations using conductometric
planar electrodes and pH-sensitive � eld-effect transistors.
Capacitance has been used with an acetylcholine receptor t
detect Crotalussnake toxin. Since impedance techniques and
instrumentation have been accepted and used in the food
industries, perhaps this type of transducer will become more
applicable in the future. However, these are rather lengthy
procedures as growth, resulting in metabolic activity of the
microorganisms, is needed to produce smaller electric
conducting ions from foods or added substrates, and the like,
which then can change the electrical results.

Piezoelectric and Acoustic Wave Transducers
The piezoelectric transducer can be either a sapphire or quart
A/T cut crystal transducer that is electrically stimulated to
oscillate or resonate. It can also be a cantilever with a� xed end.
The sensor (such as an immunoglobulin, enzyme, or single-
stranded DNA molecule) is� xed to the surface of the crystal or
cantilever, and a frequency or resonance value (in MHz) is
established. When the sensor and analyte combine, there is a
increase in mass and a subsequent shift in the oscillation
frequency which can be related to the concentration of the
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analyte. Salmonellae and E. coli have been identi� ed and
characterized in these systems. Horizontal polarized surfac
acoustic waves (HP-SAW) were� rst applied in an immuno-
sensor at 345 MHz. Piezoelectric immunobiosensors were use
for atrazine herbicides in drinking water. As little as 1 ppb was
detected with polyclonal or monoclonal antibodies as sensors.
An immunopiezoelectric transducer was used to detect staph
ylococcal enterotoxin B and compared favorably with a capac
itative biosensor.

An immunological system has been used in which one side
of the crystal was� rst coated with staphylococcal protein A and
a resonant frequency of 10 MHz was established. This metho
was subsequently used for an immunobiosensor to detec
speci�c immunoglobulins and coupled with a piezoelectric
transducer. Protein G silanized to the crystal was used for stab
immobilization of ligand-bound compounds. The addition of
immunoglobulin G decreased the resonant frequency at a ratio
of 1 MHz to each 10 ng of added immunoglobulin. Metal ions
(Cu and Ni) were selectively absorbed from solution over
a wide range of concentrations. A piezoimmunosensor was
developed to detectS. entericaserovar Typhimurium.

Piezoelectric A/T-cut crystals coated with a special� lm
sensitive to a pH change near its isoelectric point have bee
used to monitor bacterial growth and metabolic rates. pH
changes of 0.001 unit could be detected. A bulk acoustic wav
ammonia biosensor has been used to determine the lag time a
well as the speci�c growth rate of Proteus vulgarisand the
in� uence of various temperatures on these parameters.

Optical Transducers
The use of optical instrumentation in various analyses has long
been accepted. It is no surprise, therefore, that the� eld of optics
has been successfully adapted to biosensor technology for ove
30 years. Optical transducers range from simple absorbanc
luminescence, re� ectance, � uorescence, chemiluminescent
and bioluminescent determinations to the use of more
complex optical � bers in various procedures, including auto-
mated instrumentation and � uidic methodology. In comparing
the sensitivity of optical analytical detection methods, color-
imetry is the least sensitive method at 10� 10 mol, � uorimetry is
intermediate at 10� 13 mol, with chemical and bioluminescent
procedures the most sensitive at 10� 18 mol.

A charge-coupled device (CCD) camera has been used
perform DNA hybridization on microchips, and nucleic acid
hybridization has been detected on the surface of a CCD
device. These cameras have often been used to detect a
record reactions.

Optical Transducers without Fiberoptics
Spectrophotometers, � uorometers, and luminometers have
been used singly or in conjunction with other transducers.
Glucose oxidase was immobilized on a polyaniline polymer
electrode. When glucose reacted with this electrode, the optica
absorption spectra changed, and a linear response of up t
2.2 mmol l � 1 glucose with a 2.5–4 min response time was
observed. Thelux (luciferase) genes have been transferred int
E. coli, S. marcescens, and other bacteria and used as sensor
with various transducers to detect various antimicrobial
substances by observing the production or inhibition of
bioluminescence.
The optical detection of DNA by bioluminescent biosensor
technology has been reported using bis-methylacridinium
nitrate and luminol in an inexpensive luminometer. The
af� nity sensor (IAsys) has been evaluated based on detectio
with an evanescent� eld within a few hundred nanometers
from the sensor surface. An evanescent wave immunosens
has also been used to determineBotulinumtoxins. The IAsys
was used with immobilized antibody to carboxypeptidase in
studying quantitative characteristics of protein interactions.
Spreeta has been used to determine BRIX in cans, bottles, an
fountain colas. This biosensor has also been used in DNA
hybridization detection and even to determine the presence of
TNT via antibody immunoassay.

Fiberoptic Transducers
The use of optical glass or plastic� bers allows remote
measurement to be made and recorded. The combined trans
ducer complexes of bioluminescent or chemiluminescent
enzymes and dehydrogenases bound to optical� bers have
been used in the rapid detection of ATP, NADH, or H2O2.
Chemiluminescent optical biosensors can measure reactiv
oxygen species. A� beroptic evanescent wave immunosenso
detects protein A production by S. aureusin foods. A 40 mV
argon-ion laser (488 nm) was used here, and antibodies to
protein A were adsorbed on the optical� ber. A single optical
� ber (100 mm in diameter) was used as a pH sensor. A
evanescent wave� beroptic biosensor detects endotoxins from
E. coliusing immobilized polymyxin B on � bers. An automated
optical biosensor system has been described based o
� uorescence detection of 16 mer oligonucleotides in DNA
hybridization assays. Insecticides have been studied via th
optical detection of luminescence in a� beroptic biosensor.

NADH has been determined with � beroptic transducers,
and there have been reports on the microdetermination of
sorbitol, ethanol, and oxaloacetate in this system. Another
hybrid-transducing system has been described in which a pH
indicator (bromopyrogallol) is incorporated into polymer
membranes � xed to � beroptic bundles. The change in calori-
metric and refractive indices quantitate the reaction. In addi-
tion, these hybrids help overcome, to an extent, the
attenuations that occur during light propagation along the
� bers. A fully automated� beroptic spectro� uorimeter has been
described which could operate up to 18 biosensors from
a remote center. Of course, the use of antibody–antigen reac-
tions on � beroptic transducers soon followed. The antigens o
the antibodies could be bound to the optic bundle, to naked
� bers, tapered� bers (evanescent wave), along the� bers, or at
the cut surface ends of the� bers. Tapered optical probes were
used to develop a� uoroimmunoassay for the F1 antigen of
Yersinia pestisand the protective antigen of Bacillus anthracis.
The rapid detection of Clostridium botulinumtoxin A was
reported using a sandwich immunoassay employing rhoda-
mine-labeled polyclonal antitoxin that produced a � uorescent
signal. Within 1 min, toxin concentrations as little as 5 ng ml� 1

were detected. Botulinum neurotoxins were reported using
� beroptic biosensors.

A competitive immunoassay was used to immobilize
herbicide atriazine derivatives on the surface of� beroptic
transducers. Fiberoptics have been used to identify PCR prod
ucts in detecting Listeria. An optical biosensor has been
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282 Biosensors – Scope in Microbiological Analysis
developed in which an ethylene vinyl acetate polymer was used
as a controlled-release system to deliver� uorescent reagents to
the optical � ber. Continuous and stable measurements were
provided over a lengthy period. Many optical instruments
utilize � uorescence either directly incorporated with the senso
or in solution, separated only by a membrane. A� beroptic
immuno-biosensor was developed to detect staphylococca
enterotoxin B in ham as well as in urine and serum.

Surface Plasmon Resonance and Other Evanescent
Wave Transducers
If the base of an optical prism is coated with or coupled to
a thin semitransparent metal layer (such as gold), it is possible
to excite an electromagnetic wave, called a surface plasmo
along the surface when incident polarized light at a certain
de� ned critical angle is beamed at the prism. Reactions occu
ring at or very near the metal surface cause a change in th
refractive index. Thus, when an antibody–antigen or
DNA–DNA coupling has occurred, there is a change in mas
and the system then moves out of this optical resonance. Th
resultant angle of light re� ected from the prism is changed and
can be used both to quantitate and to indicate that a reaction
has occurred at (or coupled with) the metal-coated layer,
producing a ‘sensorgram.’ Since the re� ected angle is all that is
needed, it is therefore possible to measure native reactions tha
occur without additional reagents or markers. This is a very
important advantage! This technique has been termed‘bio-
speci�c interactions analysis.’An instrument (the BIAcore) that
utilizes this technology has made it possible to conduct very
sensitive tests. The BIAcore uses a� ow-through cartridge. The
exiting � uids have even been coupled to a mass spectrograp
for further analysis.

Several other instruments are reported such as the Spree
IAsys, and BIOS-1, which uses recognition on an optical grating
surface. The Spreeta has also determined the purity of corn o
diluents. As is necessary with all new technology, comparison
with accepted gold standard techniques such as ELISA, hapt
ne–antibody binding, and DNA –DNA hybridization have been
performed and were found to exhibit excellent correlations.
The BIAcore instrument also appears to have overcome sever
inherent biosensor problems through the use of replaceable
sensor chips containing the ligands, an integrated� ow-through
liquid-handling system for the transport of the samples (ana-
lytes), and sensor reactivation after use. Kinetic studies o
BIAcore reactions with many different foodborne pathogens
have been discussed in relation to the mass transfer rates of on
species in a� owing solution reacting with an immobilized
component in the hydrogel. The BIAcore instrument has been
described determining kinetic association and dissociation rate
constants at different temperatures. The technique of poly
merase-induced elongation on nucleotide hybridization holds
real promise for sensitive, accurate, and rapid determination
for the investigation of foods, food products, and their bio-
logical safety as well as environmental concerns. DNA–DNA
hybridization of 10 fmol of a 97 base target could be detected
in less than 5 min. DNA probes used in PCR reactions could
easily be utilized with this instrumentation. An octamer probe
was used to analyze oligonucleotide af�nities. Again, no
additional reagents were needed to indicate that a reaction had
occurred. Antibodies have been used to measure small, speci� c
antigenic regions in the form of peptides that were speci� c
epitopes from one of the envelope glycoproteins of the HIV-1
virus; the results correlated with conventional ELISA tests an
in fact had an extended response range. This instrument wa
used to study the monoclonal antibody reactions with human
vaccinia and polioviruses and two plant viruses (cowpea
mosaic virus and tobacco mosaic virus). This technology was
more advantageous than the conventional methods.

In a study of tetanus toxoid, dissociation and association
rates were evaluated as well as af� nity constants of IgG, IgM,
and mimetic Fab fragments. Surface plasmon resonance wa
used to detect and measure antibody–antigen af� nity and
kinetics. Protein interactions using a Fab fragment of an anti-
paraquat monoclonal antibody in the BIAcore have been
studied. The amino acid moieties of an antibody that reacts
with the antigen actually make up only a minor portion of the
whole immunoglobulin molecule. The rest of the molecule
could actually cause some steric hindrance. Therefore, the us
of synthetic peptides that mimic the antibody-binding site
should (and do) give more accurate results. Similarly, peptides
can be used as ligands to combine with antibody analytes
Peptides and super antigens that react with major histocom-
patibility classes have been discussed. Since several bacte
toxins, such as staphylococcal enterotoxin B, are super antigen
this methodology is applicable. Although most of the literature
dealing with surface plasmon resonance is presently biomed
ical in nature, applications to rapid detection of food patho-
gens, products, and the environment are bound to follow. A
� beroptic sensor utilizing surface plasmon resonance has bee
discussed: a section of the cladding surrounding the optic� ber
was removed, and a layer of re� ecting silver was symmetrically
deposited on the core, creating the sensing element. Thi
eliminates the need for a coupling prism as there is a� xed angle
of incidence with modulated wavelength measurements.
Samples of high-fructose corn syrup were diluted. The resultan
surface plasmon resonance (SPR) spectra were in good agre
ment with other refractometer values. BIAcore AB has deve
oped a similar system: the BIAcore probe with a gold interface
on the optic � ber. Detecting molecules such as antibodies
could identify target analytes such as antigens within minutes.

Thermal Transducers
Measurements of heat absorption or production have been used
for many years to assess the varied activities of microorganism
Older instruments were relatively insensitive, measuring only
gross temperature changes. However, newer instrumentatio
can measure very small changes (10� 5 � C) within minutes. The
two main types of thermal transducers involve the use of either
thermistors or thermopiles. In a thermistor, energy � ow is
measured, and the voltage across a semiconductor varies as t
current is increased. Therefore, a relatively small rise i
temperature results in a relatively large change in resistanc
Thermopiles, on the other hand, are merely arrays of thermo-
couples that measure voltage changes.

Very sensitive thermistor-based biosensors have been use
in bioprocess monitoring and environmental control, and an
integrated thermal biosensor for the simultaneous determina-
tion of multiple analytes has been developed. A thermal
transducer using a thermopile composed of strips of silicone/
aluminum integrated on 5 mm silicone membrane has been
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described. Glucose oxidase, urease, and penicillinase enzym
were immobilized on the back side of the thermopile in an FIA
system. Genetically prepared enzyme conjugates have be
used in lactose and galactose analyses. The online productio
of penicillin V using an enzyme (penicillinase) coupled with
a thermistor was monitored. The values compared well to those
obtained from high-pressure liquid chromatography. A ther-
modynamic analysis of antigen–antibody binding was con-
ducted using biosensor measurements on a BIAcore at differen
temperatures. A general enzyme thermistor based on speci� c
reversible immobilization using antibody –antigen interactions
was discussed. Perkin–Elmer (Norwalk, Connecticut) markets
a differential scanning calorimetric (DSC-7) robotic system
(DSC-7) with a 48-position carousel. Gilson (Worthington,
Ohio) sells a microscale � ow microcalorimeter. Although
neither instrument is a biosensor, the addition of sensing
molecules such as enzymes, antibodies, and antigens cou
probably convert these instruments into thermal biosensors
without too much dif � culty. The Gilson instrument is probably
the more readily adaptable of the two. Nanoparticles called
QDs have been used to reveal heterogeneous local thermo
genesis within single living cells as one of their responses t
changes in their environment.

Nanoparticles
The most universally accepted de� nition of a nanoparticle is
a particle having one or more dimensions of the order of
100 nm or smaller. Novel properties that differentiate nano-
particles from the bulk material typically develop at a critical
length of scale under 100 nm. There is no strict dividing line
between nanoparticles and nonnanoparticles. The size at whic
materials display different properties compared to the bulk
material is material dependent and can be claimed for many
particles larger than 100 nm. De� nitions certainly become
more dif � cult for materials that are a very long way from being
just a sphere such as nanotubes. One of the aims for thes
materials is to grow then into long tubes, certainly not‘nano’ in
length, but as they have a diameter in the order of 3 nm for
a single walled tube, they have properties that distinguish them
from other allotropes of carbon and hence can be described a
‘nanomaterials.’ The web has a nano-library, ‘Nano Now,’
including a ‘nanogallery’ that is a good directory.

Nanotechnology refers to the building of small machinery
or compounds on a nanometer scale (billionth of a meter)
using many of the principles of macroscopic engineering.
Objects are built up atom by atom, bearings, axles of diamond-
like lattices of carbon, pumps, and even tiny computers. The
goal is precision and control at the level of individual atoms. A
comparison with biologic nanotechnology and its organic and
� exible forms is necessary to understand this new and growin
� eld. These include nucleic acid molecules, proteins, and othe
molecular machinery. Enclosing dye particles inside of nano-
particles enhances the sensitivity of reactions even thousands
times. Use of liposome-containing dyes are also effective an
can be coupled to antibodies as well as to magnetic nano
particles in biosensor assays.

Quantum dots (QDs) are colloidal nanocrystalline semi-
conductors having diameters between 1 nm and a few microns
which, upon broadband irradiation, emit light at certain
wavelengths that are directly related to their size. For example
CdS QDs at 2 nm emit green light (550 nm), while 4 nm dots
emit red radiation (630 nm). These are very stable nano-
particles. Various companies now make QDs in various sizes
and some are attached to various immunoglobulins (such as
IgG) or other biosensing entities. QD’s � uoresce ten times
brighter than traditional � uorescent dyes. Their small size
allow rapid thermal equilibrium and a spectral shift toward the
red in elevated temperatures. They also have broader excitatio
pro� les for multiplex biosensing and better photo stability for
long-term studies.

QDs are either formulated as single nanocrystals (CdS) o
prepared as core/shell/hybrids (Cd/Se/ZnS). Other substance
such as silicon and germanium, have been used. These types
nanoparticles have been coupled to antibodies and other
sensing entities and have found their place in microarrays. In
particular, the presence of salmonellae and coliforms have
been detected and characterized by antibody-linked QDs
Simultaneous detection of multi-foodborne pathogens was
found when QDs were coupled with immunomagnetic sepa-
ration procedures in investigating food samples.

Gold nanoparticles appear to enhance reactions, making
them promising platforms for optical detection-based biosen-
sors. They have been used to immobilize molecular receptor
on surfaces. They have been linked to DNA by hybridization
and used in colorimetric biosensors. These particles on Te� on
surfaces can be incorporated into composite electrochemica
matrices and form bio-electrode types of biosensors with
improved analytical performance, having enhanced stability
and sensitivity. Gold QDs have been used in protein micro-
arrays. Gold nanoparticles at 55 nm appear to increase immune
receptors in their accessibility to analytes. These particles ca
also increase ampli� cation of electrochemical impedance and
capacitance reactions. A DNA biosensor was constructed usin
a 20 mer oligonucleotide probe hybridized with a carbon
electrode modi� ed with gold nanoparticles and can be used for
rapid screening of DNA damage. Detection of DNA by
hybridization in surface plasmon resonance instrumentation
using gold nanoparticles has been reported. Antibodies
conjugated with oval-shaped gold nanoparticles have been
used to detectS. entericaserovar Typhimurium.

Silver nanoparticles can be similarly incorporated. When
also combined with magnetic core/shell (Fe3O4/SiO2 and
Fe3O4/Ag/SiO2), they have been used in surface plasmon
resonance biosensors as an immobilization matrix for IgG.
They have also been used alone in this type of biosensor. Silve
nanoparticles, when used in surface enhanced Raman sca
tering (SERS) methods, have identi� ed E. coli 0157:H7 and
salmonellae. Silver nanoparticle-based af�nity probes in
assisted matrix-assisted laser desorption/ionization (MALDI)-
mass spectrometry have been used as biosensors in the rap
analysis of yogurt. Bacterial peaks were obtained as ma
spectra. The silver nanoparticles were acting in af� nity capture
of bacterial surfaces. Changes with age in the bacterial numbe
and bacterial strains in yogurt were found. Thus, shelf life of
yogurt and other foods can be readily analyzed by this method.
In addition, contaminated foods containing more than one
species of microorganism can be detected and characterized
a nanoparticle-assisted mass spectrometer.

Silica has been utilized as a matrix. Silica nanoparticles hav
been doped with organic dye particles such as� uorescein.
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284 Biosensors – Scope in Microbiological Analysis
When the reaction of an analyte molecule with an antibody-
nanoparticle containing encapsulated dye crystals occurs, th
sensitivity of the reaction is greatly enhanced as the dye i
released. Staphylococcal enterotoxin B in bottled water ha
been detected by this method.

Thermal, piezoelectric, and electrochemical biosensor
made from electrospun nano� bers have demonstrated sensi
tivities that are 2 or 3 orders of magnitude higher than
comparable thin � lms. Nano� bers from food biopolymers are
well tolerated in the food industry.

Electrochemical interfaces with functionalized magneto
ferrite nanoparticles and wrapped carbon nanotubes were
constructed and used as platforms for high-performance‘bio-
zyme’ biosensors.

Up-converting nanoparticles (UCNP) have unique proper-
ties. They can convert near-infrared light (800–1000 nm) into
visible luminescent light when the sensor and target analyte
unite. They can label antibodies and oligomers. UCNPs can
also act as‘lamps’ in luminescence resonance energy transfer i
chemical- and biosensors. Improved sensitivity has been
observed for ampli� ed nucleic acid targets with UNCP,
compared to immunogold containing sensors, in assays for
Vibrio cholera, where attomoles of DNA could be detected. Flow
cell cytometric assays have been reported based on UCNP f
the detection of Erwiniaespecies,B. anthracisspores, and MS2
coliphage.

An enzyme-linked oligonucleotide � uorescence assa
provided a correlation between nanosignals and targe
concentrations and could detectE. coli0157:H7 and staphy-
lococcal enterotoxin B.

Nanoparticles have been used as functionally conductive
inks for coatings and printed electronics. Nanoparticles can be
manufactured in many forms. They can be spheres,� bers,
ovals, nanodiscs, triangulated, nanoprisms, nanotubes, and
even branched structures. They can thus enhance Rayleigh lig
scattering and are excellent additives to various optical detec
tion biosensor systems.

A word of caution is needed concerning possible unforeseen
toxic effects upon the inhalation or ingestion of these small-
sized nanoparticles. Impacts on health and environments have
been reported. They have been compared to asbestos� bers.
Possible regulations on their use may eventually be put in
place. The European Union has recommendations for their
usage. Thus far, the FDA feels that particle size is not the re
issue. Newer materials or products, regardless of the metho
used to make them, will be subjected to the usual standard
battery of tests and comparisons with accepted standards.

A word of extreme caution must be added here. Qualities
that make nanoparticles very promising also may have unex
pected hazardous consequences. Elements that are harmful
conventional form may be more toxic as nanoparticles. To date
some research indicates that some nanoparticles can bypass t
body’s defenses and eventually reach the brain via nasal nerve
They can move into the lungs by inhalation and then into other
organs. Toxic effects in laboratory animals have been found. I
has been postulated that nanoparticles may act similarly to
asbestos particles. Ingested ones appear to reach other orga
easily. Some nanoparticles can pass through the skin. No doub
federal guidelines concerning the use of nanoparticles wil
eventually be issued. Nanoparticles should be handled with
great care. Unfortunately, they are already present in ou
environment in paints, cosmetics, automobile parts, fuels
(diesel fuel usage emits nanoparticles), and other substances
FIA, Microarrays, and Online Systems Employing Biosens

It is important to be able quickly and continuously (more or
less) to monitor online various aspects of microbial growth,
production of valuable end products (vitamins, amino acids
and glucose), as well as rapidly determine the sterility of
� nished products. FIA methodology has been elaborated in
great detail in several reviews. The discussion in this sectio
focuses on the use of biosensor systems that can be unique
adapted to many different analyses employing FIA and other
online or � ow-through systems in relation to foodborne
pathogens. This discussion will highlight biosensor capabil-
ities. FIA has been mentioned earlier in this article. As can b
seen from Table 4, biosensor technology has been easily
adapted into FIA procedures. A few of these approaches will b
discussed to demonstrate biosensor versatility.

Microarrays
Microarrays, micro� uidics, and ‘labs on a chip’ are indis-
pensable parts of biosensor technology. These methods allow
the measurements of thousands of analytes simultaneously
Thus, genomics can be coupled to proteomics to provide
integration, visualization, and data mining. In a microarray,
a biological sample, the ‘analyte’ also can be labeled with
a biomarker such as a dye or a nanoparticle. Many analytes ar
nucleic acids or proteins. The results of analyte-senso
coupling due to hybridization, immunoassay, electrochem-
istry, and so on, is recognized by the transducer. In many
cases, the transducer is� xed in an automated instrument. The
resulting information is digitalized and identi � es and further
characterizes the analytes. The transducer can be optic
electrical, and electrochemical. Even gas chromatographi
electrophoretic, and mass spectrometric measurements hav
been used when the ef�uent from a chip or cartridge is easily
transferred to that type of instrumentation. Even PCR products
have been further identi� ed following ‘on chip’ lysis and
multiplexed ampli � cation of E. coli 0157:H7 genome and
plasmid DNA.

Antibody-based microarrays and ‘nanoarrays’ have been
used for proteome analysis. There are literally thousands o
recombinant antibodies and fragments in the data-based
library carrying desired speci� cities. E. coli strains have been
identi � ed using this array methodology on chips with limits of
detection of 300 zmol or 500 molecules. With micro� uidics,
integration cell-bound assays with electric measurements could
detect cell culture densities and indicate single-cell level func
tions. Impedance measurements on food samples using
a micro� uidic chip assay could identify E. coli. Amperometric
� uidic chip assays could detect dissolved oxygen in yeas
fermentations, whereas micro� uidic � ow cytometers could
differentiate cell sizes, membrane capacities, and cytoplasm
conductivities.

As early as 1983, optical� uorescence sensors were reporte
for the continuous measurement of chemical concentrations in
biological systems using glucose oxidase amperometricall
and in combination with � beroptics. An online glucose sensor
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Biosensors – Scope in Microbiological Analysis 285
was developed for fermentation monitoring. Similarly, an
optoelectronic sensor employing penicillinase to generate
a measurable pH change when reacted with penicillin was used
Different biosensors were used for online analysis of this anti-
biotic. Antibody-coated piezoelectric crystals have been used fo
continuous gas-phase analyses. A� ow-through genosensor
using DNA fragments on silicone was reported. Immobilized
acetylcholinesterase has been used to detect organophosphor
and carbamate insecticides. An optical biosensor for lysine
based on bacterial lysine decarboxylase has been reported. A
optical transducer as well as optical biosensors for biologica
oxygen demand studies have been described. When lysine reac
with lysine decarboxylase, cadaverine is produced. When th
cadaverine ion transports into a membrane, it is coupled with
the transport of a proton (of an indicator dye) out of the
membrane; thus, a measurable spectral change occurs in th
indicator dye and is detected optically in the � ow-through
system.

The development of the BIAcore instrument, with its system
for the � ow of analyte samples, presents an excellent examp
of an adaptable and sensitive online biosensor. It is easy to use
and it regenerates a powerful biospeci� c interaction analysis
involving antibodies and antigens. Moreover, it is adaptable for
the identi� cation of speci� c proteins in mixtures. If a heating
unit could be inserted just in front of an FIA injecting unit to
produce single-stranded RNA, DNA, or DNA (or RNA) frag-
ments, then PCR or other similar probes could be used to detec
and identify quickly and accurately target microorganisms
using the BIAcore instrumentation.

A miniaturized enzyme column integrated with a micro-
electrochemical biosensing agent attached to a� ow cell for the
� ow injection detection of glucose has been described. Glucos
oxidase was the enzyme. The amperometric microelectrode wa
fabricated and integrated on a silicone wafer by various
micromachining techniques. The biosensor was then con
nected to a conventional FIA system and demonstrated a linea
relationship between current and glucose concentration in the
range of 1–25 mmol l � 1. Various sensors for environmental
analyses, including water quality and heavy metal screening
have been reported. Glucose determinations, amperometri
immunosensors, and microbial sensors for water pollutants
have been discussed. A nitrate biosensor was used to determin
the structure and function of a nitrifying bio � lm in a trickling
� lter of an aquaculture water recirculation system. In a study o
bioprocess monitoring, either permeabilized cells ofZymomo-
nas mobilisor oxido-reductase enzymes isolated from this
organism were used as a model for a� beroptic-� uoro
biosensor that could be integrated into an FIA system
NADP(H) was oxidized or reduced during the enzymatic
reactions, depending on the substrate and operating condi
tions. Fluorescence intensity of the NADP(H) was measured a
450 nm after excitation at 360 nm.

An amperometric biosensor was constructed to determine the
concentration of galactose in online yeast fermentation broths
using galactose oxidase. More than 900 samples were measur
in 6 weeks. A correlation coef� cient of 0.991 compared to the
standard UV method was found. A potentiometric� ow-through
system was used to detect organophosphorus pesticide
employing recombinant E. coli. The response time was 20 min. A
� ow-through system containing a piezoelectric immunosensor
was used to determine atrazine concentrations. The measureme
of biological parameters during fermentation processing was
discussed, as was the role of biosensors in the monitoring and
control of manufacturing processes related to food analyses. A
� ow-through biosensor, the Origen (Igen International, Gai-
thersburg, MD), was used to detectE. coliO157 and S. enterica
serovar Tuphimurium, which were added to foods and fomites.
This instrument combines immunomagnetic separation with
electrochemiluminescence. It was possible to detect 100–1000
per ml of the bacteria.

A new type of biosensor was developed using an optica
� ow cell and detection of H2O2 production by foodborne
pathogens. The peroxidase was immobilized on an upper laye
of controlled pore glass in the 1 mm path of the � ow cell. The
bottom layer contained an ion-exchange resin where the reac
tion product was temporarily retained. In this biosensor, the
hydrogen peroxide produced reacted with 4-amino phenazone,
and absorbance was measured. The� ow cell could be placed in
a spectrophotometer. It could also be connected to an FIA
system. A bolus of NaCl� ushed the colored product from the
� ow cell and regenerated the system for next sample injection
An FIA biosensor system was developed to determine aspa
tame. The aspartame was� rst cleaved to phenylalanine by
pronase and then anL-amino acid oxidase, immobilized on an
amperometric transducer, reacted with the phenylalanine. Each
assay took 4 min. When dietary food products were tested fo
aspartame concentrations, the results agreed quite well with th
manufacturer’s data.

A microprocessor-controlled FIA system was utilized to
analyze the ascorbic acid content in a range of foodstuffs. Thi
system was based on an amperometric detection of a wall-je
electrode coupled with an ascorbate oxidase-packed bed.
robotic autosampler-diluter further automated the system.
Concentrations of 1–200 mg ml� 1 gave a linear response in
4 min with a correlation of 0.98 when compared to existing
methods.

As mentioned above, thermal transducers have been used i
FIA systems. The microscale micro� ow calorimeter marketed
by Gilson could easily be adapted for FIA analysis. Surfac
plasmon resonance instrumentation was used with different
� ow cells on a single biosensor that was interfaced with
a MALDI time-of-� ight mass spectrometer looking at an
immunoassay for a mycotoxin peptide.
Caveats

Thus far, a rosy picture has been painted concerning the utility
and value of biosensor technology. But as with a rose, there ar
thorns that one must recognize in order to avoid a major or
minor (scienti � c) bleed. Some of the main problems are
summarized as follows.

Toxicity

The use of injecting nanoparticles, luminescent bacteria, o
components into laboratory animals, and even into humans,
may well increase in the future. This adds allergic response
Food wrapping materials have included antimicrobials,
microorganisms, nanoparticles, or other compounds (e.g., zinc
oxide) in hopes of preventing the growth of microbial
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pathogens. These usages are becoming more common and ma
present a health hazard to older or more susceptible persons
The use of antimicrobials may also increase antimicrobial
resistance in foodborne pathogens.
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Stability

Instability is inherent, to different degrees, in all biological
molecules. Many authors report sensor stabilities ranging from
a few days or months to (rarely) a year. Antibodies in particular
appear to lose activity after constant regeneration. Enzyme
seem to be somewhat more stable depending on the buffering
capacity or pH of the system. DNA molecules, DNA fragments
and peptides appear to be fairly stable. Disposable sensor
would solve this problem. Spores and aptamers appear to be
very stable. Some of the aptamers and nanoparticles ar
apparently able to regenerate fairly easily without loss of
activity.
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Shelf Life

Refrigeration, and even freezing of sensors when not in use
have contributed to their longevity. If sensors could be lyoph-
ilized on transducers by companies that manufacture biosen
sors, their shelf life would be greatly enhanced since they would
not become activated until used. Spores and aptamers hav
a long shelf life. Spores, in fact, have been used after 2 year
Some microorganisms that are spore formers can be stored a
spores and then activated or used as necessary. Thermophi
spore strips have been used to determine the sterility of variou
materials after autoclaving.
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Regeneration of Activity

Once a test has been completed, the sensor must be regenerat
or reactivated for the next sample, unless it is designated an
prepared as a‘single-use’ entity. In the case of antibodies, the
antigen must be uncoupled. With enzymes, the reactive prod
ucts must be removed. Piezoelectric surface mass must b
restored. Interesting solutions have been reported, rangin
from magnetic particles to the use of staphylococcal protein A
which couples to the Fc end of an antibody. The antibody can
be easily uncoupled from this protein by a brief acid rinse.
Plug-in duplicate modules (containing sensors, transducers, o
both) could be used if regeneration times constituted a serious
bottleneck. Flow injection and online analyses are dependen
on a quick purge of the system. Several instruments hav
appeared to solve many of these problems.
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Acceptance of Techniques by Regulatory Agencies
and Potential Users

As mentioned throughout this article, biosensor technology
must be compared to existing, accepted methodologies (the
gold standards). So far, the reported results have had hig
coef� cients of agreement. In many cases, the range, speed, a
accuracy of biosensors have been superior to other commonl
used methods. That suf�cient data must be accumulated to
prove the ef� cacy of these biosensor procedures is sel
evident.
The National Institute of Standards and Technology in
Gaithersburg, Maryland, in conjunction with more than
six companies, has become involved in a consortium to
study and eliminate obstacles to biosensor acceptance an
use.
Assessment of the Future Use of Biosensors

All indications point toward biosensors as the great wave of the
future methodology in many diverse disciplines, including the
rapid detection and characterization of microorganisms and
their reactions. With the aid of molecular biologists, geneticists,
and other scientists and engineers, new and ingenious senso
and transducer methodologies will be created. Many of the
E. coli strains mentioned in this article predominantly
mention E. coli0157:H7 because of mandated requirements
Since several other strains ofE. coliproducing Shiga toxins and
other virulence characteristics will now be mandated, one will
see these biosensors and automated instrumentation include
these strains. As other foodborne microorganisms become
included in these regulations, they too, will be added to exist-
ing and even new biosensor instrumentation. With the
susceptibility to bioterrorism of food production and process-
ing from the farm to the fork, there is a real need for biosensor
technology to provide speci� c, sensitive, and rapid results,
especially those not involving lengthy microbial growth. Other
bioterrorism-listed microorganisms, which are not usually
found as foodborne ones, have not been extensively included
in this article, although biosensor detection and characteriza-
tion certainly exist for them. They should, however, be
considered in the future in case foods are deliberately
contaminated with them by terrorists. Eventually, biosensors
will greatly shorten the time needed to detect the presence o
food-related pathogens, toxins, and environmental pollutants.
They will provide real-time kinetics in the study of immuno-
logical and nucleic acid interactions; they have already done so
on a limited basis. Online biosensors will improve the present
capabilities for rapid monitoring of fermentations, food-pro-
cessing, and pharmaceutical procedures. In short, biosenso
will eventually keep changing the way we perform our rapid
methodologies. The fun and attendant creative exhilaration
has only just begun. Prepare for the explosion that is certain
to come.

See also:Enzyme Immunoassays:Overview;Nucleic
Acid–Based Assays:Overview; Nanotechnology; Nanopartic
overview.
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Introduction

Botrytis refers to a group of fungal species that vary from being
highly specialized to a generalized plant pathogen. Most
species infect bulbous crops (e.g., onions, tulips, lilies),
whereas others are specialized to dicots, such as legumes (e.g.,
beans, lentils, clover). Despite their pathogenic potential,
none are obligate parasites, being able to survive saprophyt-
ically within diseased plant remains. Except for a few species,
most are of limited economic importance. Nonetheless, those
that are important more than make up for the insigni�cance
of the others. As a common plant pathogen, Botrytis cinerea
causes untold damage on an exceptionally wide range of
bulbous, vegetable, fruit, f lower, �ber, and oilseed crops, not
only in the �eld and greenhouse but also during storage and
shipment. Infection primarily starts in senescent or damaged
plant tissues. In only one instance (grapes) do rare and unique
environmental conditions restrict pathogenesis, leading to
improved ‘quality.’ Noble-rotted grapes produce the most
luscious dessert wines and one of the most distinctive of red
wines.

The worldwide signi�cance of Botrytis is partially indicated
by the number of texts and frequent international symposia
dedicated to this genus. Botrytis has also become a model
organism in the study of the molecular basis of pathogenesis.
Taxonomy, Evolutionary Relationships, Genetic
Characteristics

All Botrytis species have, or presumably had, a sexual stage.
However, the genus has evolved to depend primarily on asex-
ually (mitotically) produced spores (conidia) for dispersal and
infection. As a consequence, they are classi�ed among the fungi
imperfecti (deuteromycetes). This arti�cial collection of
evolutionarily diverse fungi consists of those that have lost or
seldom undergo sexual reproduction. Despite containing
members from all fungal phyla, most of them possess evolu-
tionary connections with the Ascomycota. This also applies to
Botrytis. Relative to its sexual stage, it is classi�ed among the
inoperculate discomycetes (leotiomycetes, pezizomycotina).
As is typical of members of the fungi imperfecti, those members
that occasionally express asexual state possess two generic
designations – one referring to the asexual (anamorph) stage,
in this case Botrytis, as well as its sexual (teleomorph) desig-
nation, Botryotinia. The speci�c name may also change relative
to how it is classi�ed – for example, B. cinerea becomes
Botryotinia fuckeliana.
88 Encyclopedia of Food Mic
Mitotically generated spores are borne on upright hyphae-
termed conidiophores. The generic designation, Botrytis, re�ects
the resemblance of the conidia–conidiophore apex to a cluster
of grapes (bossy2, ancient Greek for grape cluster) (Figure 1).
These structures are often produced in such abundance, and so
densely, as to resemble felt. Initially, the conidia possess
a grayish color, giving rise to the general name for Botrytis
diseases – gray mold. As the spores mature, the feltlike mat of
conidia and conidiophores turns light brown.

The sexual stage involves the generation of a stalk that
expands into an apical, cup-shaped, hyaline to buff colored,
multicellular, fruiting body (apothecium). These originate
from dark, multicellular resting stages termed a sclerotium
(Figure 2). Apothecia tend to form in the spring under cool,
moist conditions, such as found in crevices in soil partially
covered by decaying plant material. This feature, their ephem-
eral nature, small size, and pale color may partially explain
their infrequent observation.

Sclerotia form within diseased tissue, being liberated upon its
decay. Sclerotia act as an overwintering stage, along with myce-
lium in decayed plant material. Sclerotia may produce conidia
and conidiophores (Figure 3) or, after a cold treatment, produce
apothecia and ascospores. Ascospores are generated in elongated
cells (asci) that pack the upper, exposed surface of the apothe-
cium. Two haploid nuclei fuse in the ascus, forming a diploid
nucleus that immediately undergoes meiosis, forming eight
haploid nuclei. Each is divided off, with cytoplasm, by a wall to
form eight ascospores. On the buildup of turgor pressure within
the ascus, the apical, ascal plug is ejected, followed by the active
discharge of the ascospores. The simultaneous release from
hundreds to thousands of asci, by wind-induced sudden changes
in relative humidity, produces the impression of a miniature puff
of smoke. In contrast, conidia are released passively, as a result of
�uctuating, humidity-inducing sudden twists in the conidio-
phores, or from rain impact. Ascospores initiate infection in
a manner identical to that of conidia.

In addition to conidia and ascospores, many species
produce minute microconidia termed spermatia. They can
fertilize sclerotia and may initiate apothecial development.
Unlike macroconidia, spermatia are produced in long chains
from the tapering ends (phialides) of short conidiophores.
These branch in fascicles and are clustered together in loose
structures called sporodochia. Each sporodochium is envel-
oped in a viscous gel. They develop on sclerotia or scattered on,
over, or within aging nutrient cultures. Their formation is
favored by the same cold preconditioning that favors apothe-
cial production. Crossing is regulated by a single matting-type
locus, occurring in two allelic forms. Vegetative hyphae and
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00042-2
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Figure 2 Carpogenic sclerotial germination inBotrytis(Botryotinia)
squamosaproducing apothecia.

Figure 1 Conidiophore and conidia ofB. cinerea.Photo courtesy of Dr. D. H. Lorenz, Neustadt, Germany.
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conidia are heterokaryotic, containing several (usually 4–5)
haploid nuclei per cell segment.

The normal genome appears to consist of 16 nuclear chro
mosomes. In addition, species such asB. cinereamay possess
variable numbers of two transposable elements, termedBoty
and Flipper. Partially based on their presence, French isolate
have been divided into two, sympatric, but genetically diverse
subspecies:transposa(containing both elements) and vacuma
(possessing neither). Other strains have been discovered tha
possess either one or the other of these elements. B. cinereamay
be infected by one or more mycoviruses. One of the most
intriguing, from a control perspective, is a dsRNA mycovirus
associated with diminished (hypo-)virulence.
Culture

As typical of nonobligate parasitic–saprobic fungi, Botrytis
species grow readily on all standard culture media (e.g.
Potato Dextrose Agar). In a few days, colonies tend to
produce copious numbers of conidia and conidiophores
typical of the species. Microconidia (spermatia) may form
later on. Sclerotia usually form when vegetative growth
ceases, especially when the colony is cultured in darknes
These sclerotia may or may not resemble those formed on
and/or within diseased tissue. Their development is often
favored on media, such as sterilized oats or wheat. Occa
sionally, an amorphous, black, rind forms over the surface of
agar-based culture media, instead of distinct, well-formed
sclerotia. Occasionally, even this aspect is not shown on aga
media (Figure 4). The sexual stage rarely develops unless th
culture is exposed to a cool storage period in darkness
Spermatization is frequently bene�cial, if not required. In the
lab, this typically involves spreading spermatia over sclerotia
with a sterilized camel hair brush.
IdentiÞcation

Botrytisis primarily identi � ed by its morphological features.
Sporulation develops on upright, apically branched, thin-
walled, hyaline conidiophores, possessing few cross wall
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Figure 3 Conidiogenic sclerotial germination inB. cinereaproducing conidia.
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(septa). These may develop in mass on diseased tissue
culture media, or they may arise from sclerotia. There is no
enclosing fungal structure (sporocarp). Multiple, unicellular,
slightly pyriform or globose, smooth, hyaline spores arise on
short sterigmata over the surface of swollen branch end
(ampullae) of the conidiophore. The conidia and conidio-
phores appear grayish in mass when young, turning a light to
medium brown on maturation.

Depending on the species and nutrient substrate, scleroti
can vary from small (w 1 mm in Botrytis tulipae) to relatively
large (w 20 mm) and may be rounded, ovate, elliptical, or
convoluted, as inB. convoluta. The outer layers (rind) are black
and composed of melanoid, pseudoparenchymatous, thick-
walled cells. The interior (medullary) cells are white, loosely
interwoven, and � lamentous (Figure 5). They exist embedded
in a colorless, homogenous, gelatinous matrix, consisting
largely of ß-glucans. These provide protection from desiccation
and act as an energy reserve for conidiogenic, carpogen
(ascal), or myceliogenic germination. In the latter case, the
sclerotium can induce direct infection of underground plant
parts, such as bulbs, rhizomes, or corms.

The genus possesses more than 20 well-characterized spec
one hybrid (Botrytis allii), and several poorly or undescribed
species. Species separation is based primarily on morphologica
characteristics, and to a lesser extent on physiological traits an
host range. Seven species are not currently known to produc
a sexual stage. This feature appears to have arisen at least th
separate times during evolution in the genus.

No traditional morphologic key for the identi � cation of
all well-characterized species presently exists. Nonetheles
a molecular phylogenetic tree, based on nucleotide variation
in three genes, is consistent with classical species different
ation ( Figure 6). It suggests that the genus split into two
clades, after evolving from closely related genera, such a
Sclerotiniaand Monolinia (Sclerotiniaceae). Members of one
clade possess host-speci� c species that affects only dicots
whereas the other contains species that infect either mono
cots or dicots.
Detection and Assessment

Detection of infection is obvious when its characteristic spor-
ulation is abundant. Con� rmation can be obtained by the
transfer of single spores to an agar culture medium. The
generate colonies that typically demonstrate the features use
in identi � cation – that is, the morphology, size, shape, and
arrangement of the conidia, conidiophores, and sclerotia.

In cases in which sporulation is not present, disease
symptomology is too variable and dependent on the host to
permit clear identi� cation. For example,Botrytismay induce
soft or blossom-end rots in � eshy fruit; � re blights, or necrotic
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Figure 4 Variation in growth characteristics of single ascospore cultures (B. cinerea).
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spotting of leaves; bulb and rhizome rots;� ecking or pocking
of � ower petals; stem lesions; or damp-off of seedlings
Placing diseased parts under humid conditions (e.g., mois
chambers, plastic bags, or petri dishes) for several days usual
results in spore production. However, nascent infections may
Figure 5 Internal sclerotial structure (B. convoluta).
remain quiescent for days or weeks, before beginning to
sporulate. In this situation, infected tissues may need to be
surface sterilized (e.g., 70% ethanol or 0.5–1.0% sodium
hypochlorite) and washed with sterile distilled water, and
sections plated on culture media. Exposure of colonies to
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Figure 6 A phylogenetic tree ofBotrytisspp. based on a semistrict consensus of two most-parsimonious trees derived fromG3PDHdata. Reproduced
with permission from Staats, M., van Baarlen, P., van Kan, J.A.L., 2005. Molecular phylogeny of the plant pathogenic genusBotrytisand the evolution of
host speci� city. Mol. Biol. Evol. 22, 333–346.
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near-ultraviolet radiation (black-light) promotes sporulation
in some species.

Isolation of sclerotia and/or mycelium from plant remains
in soil is more complicated. The latter usually requires the
addition of fungicides and/or antibiotics to culture media to
suppress competitive soil microbes. In addition, soil sampling
procedures need to re� ect the epidemiology and life cycle of the
species to provide useful and representative data. Isolatin
sclerotia and/or diseased tissue remains from soil usually
involves a preliminary sifting, followed by � otation.

Once cultured, microscopic examination may be adequate
for identi � cation. Alternatively, DNA may be ampli� ed by
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polymerase chain reaction (PCR); for example, using primer
for nuclear genes, such asG3PDH, HSP60, and RPB2.This
process has the advantage of permitting classi� cation down
to the level of speci� c strains. This is particularly valuable
when assessing the proportion of a population resistant to
a particular fungicide, for example, benzimidazole-resistance
(Ben R1). When possible, and developed, this technique is
faster and simpler than the laborious, individual assessment o
single-spore-derived colonies on fungicide-supplemented
culture media.

In some instances, as with grapes delivered to wineries
an estimate of the degree of fruit infection may be required.
Infection not only can reduce thiamine and nitrogen levels
in the juice but it can also disrupt color stability in the
wine, add undesirable � avors, and cause problems during
� ltration. Thus, pricing and acceptance at the winery door
can depend on the results. Because manually removin
infected grapes is complex, time consuming, and costly, o
impossible with mechanically harvested grapes, the
concentration of gluconic acid has often been used as a
indicator of infection. However, gluconic acid is more an
indicator of secondary infestation of infected grapes by
acetic acid bacteria than the degree ofBotrytisinfection itself.
Methods based on the presence ofBotrytisantigens are far
more precise and can be accurate down to low levels o
infection. Examples are plate trapped enzyme-linked
immunosorbent assay (PTA-ELISA), tube immunoassays
and micro� uidic immunosensor with micromagnetic beads
(MMBs) coupled with carbon-based screen-printed elec
trodes (SPCEs). DNA-based detection ofBotrytisinfection is
possible, but its quanti� cation is inadequately precise for
winery application.

Direct microscopic detection in tissue is generally restricted
to research purposes. In cases in which onlyBotrytisis expected,
traditional staining techniques, such as Bengal red or cotton
blue dyes in lactophenol, visualize the almost colorless hyphae
within diseased tissue. Because con� rmation of the presence of
Botrytisis impossible by this means (the vegetative hyphae o
most � lamentous fungi are essentially identical), immuno� u-
orescent techniques are required. Acridine orange and anilin
blue have often been the dyes of choice to be combined with
antibodies.

Enumeration of infection by macerating tissue, dilution,
and plating on culture media is rarely used. Not only is it
laborious, costly, and time consuming, but its interpretation is
also dif� cult. With � lamentous fungi, it is impossible to
determine if a colony originated from a single cell, several cells
or an extended hyphal fragment, representing tens or hundred
of cells. Dilution plating of conidia can be used to assess the
degree of sporulation. However, spore counting with an
instrument such as a Coulter counter is far more accurate
economic, rapid, and ef�cient.

When assessing the airborne spore population, slides from
spore traps may be either directly viewed microscopically o
pretreated with Botrytis-speci� c antibodies attached to a� uo-
rescent dye to con� rm identi � cation. Alternatively, spores may
be isolated and cultured on agar media. Such data may b
combined with weather data to predict the timing of an
epidemic outbreak and, correspondingly, when fungicide
application is judicious.
Pathogenicity

The majority of Botrytis species are host-speci� c pathogens
of monocots. The others are primarily specialized to dicots.
These specialized pathogens can initiate infection on othe
plants, but their lesions fail to expand. Examples infecting
food crops include B. aclada, B. allii, B. byssoidea, B. globosa,
B. porri, B. squamosa, and B. sphaerospermaon onions and its
relatives, and B. fabaeon legumes. On horticultural crops,
B. convolutainduces iris rhizome rot, B. crocievokes crocus
blight, B. ellipticaincites lily � re, B. galanthinaelicits snowdrop
blight, B. gladioloruminitiates gladiolus blight, B. hyacinthi
causes hyacinth� re,B. narcissicolaprovokes narcissus smoulder
mold, B. polyblastisinitiates narcissus� re and attacks peony,
and B. tulipaeinstigates tulip � re. B. cinereais unique in being
polyphagous, reported to infect more than 240 plant species.
Important food crops attacked by B. cinereainclude grapes,
strawberry, kiwi, apple, lettuce, tomato, and cucumber.

All members are necrotrophs, meaning that they incite
tissue necrosis in advance of hyphal penetration. The fungu
grows within the dead tissue. The molecular nature of this
pathogenicity has been most investigated withB. cinerea.Of its
toxic agents, the� rst studied were its range of pectinases. Th
ef� cacy of these enzymes is probably aided by the simulta
neous production of oxalic acid. By reducing the pH of inter-
cellular � uids, it favors the action of pectinases. Pectinase
degrade the pectins that hold plant cells together. The resultan
tissue maceration facilitates hyphal invasion as well as initiates
changes disrupting cell membrane function. This action also
instigates the release of phytotoxic chemicals, such as botc
nolide, botrydial, secobotrytriendiol, and laccase by the fungus.
Laccase is a potent polyphenol oxidase generating a wide rang
of toxic quinones and can detoxify host phytoalexins, such as
resveratrol. It may be their combined effects that so rapidly
induce apoptosis. Necrosis and ethylene-inducing proteins
(NEP1 and NEP2) produced byBotrytisappear to be relevant
only in the pathogenesis of dicot hosts. The secretion of cuti-
nases and lipases undoubtedly aids the initial penetration of
plant surfaces.

The origin of the host speci� city of most Botrytisspecies
is unknown. However, it may partially relate to how host
defense chemicals are degraded. For example, in tulip
B. tulipaeinactivates tuliposides to nontoxic hydroxylic acids,
whereasB. cinereaconverts them into phytotoxic tulipalins.
In addition, host-selective toxins have been reported in
B. fabaeand B. elliptica. Host speci� city also may relate to the
selective suppression of phytoalexin production, as occurs in
B. narcissicola.

Because of the economic importance of the genus an
success in using molecular genetic and genomic technique
Botrytisis becoming a model system for studying the molecular
nature of plant pathogenesis. Particularly informative has been
the incorporation of targeted gene inactivation.
Positive Relationship in Wine Production

Under most circumstances, infection byBotrytisis undesirable
to catastrophic. Its control typically requires the extensive use
of fungicides. This is especially the case with bulbous crops
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both food (onions) and horticultural (tulips, lilies, narcissus).
Nonetheless, under a unique set of vineyard conditions, the
destructive nature ofB. cinereais constrained just before and up
to harvest. The resultant transformation permits the production
of one of the most delectable white wines, and one of the more
unique red wines. This rare happenstance is termed noble rot
to distinguish it from its more ignoble version, bunch rot.

Infection typically commences in the spring with the inva-
sion of senescing petals. From this base, the fungus penetrat
the young developing fruit. Subsequently, infection ceases and
the hyphae remain inactive until fruit ripening and the level of
antifungal compounds falls. Infection may also originate in
mid- to late season, typically via insect-feeding wounds or
cuticular cracks. The latter are the result of heavy rains inducin
rapid fruit enlargement. A destructive bunch rot can rapidly
develop and spread, if protracted rainy or high humidity
conditions develop, especially near harvest.

If autumnal conditions involve a prolonged cycling of cool,
foggy nights, alternating with warm, dry, sunny days, infection
takes a markedly different and distinctive track. Instead o
extensive, destructive fruit rotting, mycelial rami� cation is
limited to just underneath the skin. Sporulation is often
extensive and, in white grapes, skin coloration turns purplish.
The conidiophores act as wicks, allowing extensive loss o
water, concentrating most grape constituents. Although funga
metabolism reduces the absolute sugar content, dehydration
leads to a pronounced increase in sugar concentration. Equall
signi� cant is the partial degradation of one of the main grape
acids, tartaric acid. The combined effects balance sugar and ac
contents, so that the resultant wine’s sweetness is not perceive
as cloying. Other signi� cant sensory modi� cations include
a reduction and/or modi � cation of many grape varietal
aromatics, notably monoterpenoids, esters, and thiols. There is
also the generation of distinctive Botrytis-derived � avorants,
such as octene-3-ol and sotolon. The result is the generation o
a characteristic and much-appreciated honey, apricot-like
fragrance. The marked increase in glycerol content (an
elevated sugar level) also provides the wine with a smooth
luscious mouth feel. Depending on the degree of botrytization
and dehydration, and the conditions of fermentation, the
wine’s alcohol content can range from as high as 14% in
Sauternes to as low as 7% in some German versions. Occ
sionally, highly botrytized wines may be marred by the exces
sive presence of ethyl acetate (the ester of acetic acid an
ethanol). This arises from the secondary action of acetic aci
bacteria on infected fruit. Thankfully, unlike bunch-rotted
grapes, secondarily invaded by potentially toxin-producing
Penicilliumand Aspergillusspp., botrytized (noble-rotted) grapes
possess no animal toxins or carcinogenic compounds.

Because of the highly speci� c conditions that favor noble
rot, the production of botrytized wines is geographically
restricted, primarily to sites such as those proximal to lakes and
large rivers. The most renowned regions include those in
Sauternes (France), Mozel and Rheingau (Germany), Toka
Hegyalja (Hungary/Slovakia), and Lake Ruster (Austria)
Additional excellent botrytized wines are also produced in
select sites in northern Italy, California, and Australia.

Botrytized wines may be produced with grapes inoculated
with B. cinereaand stored under controlled temperature and
humidity conditions. Although reported to be of great quality,
the expense involved has discouraged their production. The
process also faces a consumer image issue, as it is viewed
unnatural.

There is no reason why red botrytized versions are no
possible. They have been produced in California. However
consumer demand and appreciation have not been suf� cient to
make it worth the risk (if conditions become rainy, noble rot
rapidly changes to bunch rot, and the crop is lost). The lack of
appreciation for wines made from red grapes, botrytized in the
� eld as with white grapes, may arise from the action of laccase
It rapidly oxidizes the grape’s red anthocyanins to a brown
color. Nonetheless, a partially botrytized red wine is produced
in certain parts of northern Italy. In this case, infection does not
express itself in the � eld. In contrast, the harvested grapes
appear perfectly healthy, although portions possess invisible
nascent, quiescent infections from the spring. The most fully
mature grape clusters are treated to an ancient drying proces
termed appassimento. In it, clusters are laid on racks, stacked in
unheated, airy, storage warehouses for several months, usual
until January. During this period, the grapes undergo partial
dehydration, and nascent infections reactivate. Fungal growth
is slow, but generates many of the same chemical changes th
occur during botrytization in white grapes in the � eld. The
involvement of Botrytiswas long unsuspected becauseBotrytis
rarely sporulates under these conditions, eliminating obvious
signs of infection. Amazingly, and for unknown reasons, lac-
case production and/or action seems to be limited. As
a consequence, a distinctly red, albeit somewhat brickish, wine
can be produced. Typically, a slow, cool, fermentation is
encouraged, resulting in a dry wine with an alcohol content
typically above 14%. This contrasts with white botrytized wines
where fermentation is terminated early to retain up to half the
grape’s sugar content. The high glycerol content generated b
Botrytispartially softens the bitter, astringent attributes typical
of red wines, donating a smoother mouth feel. Although lac-
case does not oxidize anthocyanins signi�cantly, it does oxidize
enough phenolics to generate a distinctive oxidized-phenolic
odor. In the Veneto, the wines are termed Amarone. Similar
wines are also produced in a few locations in mountainous
regions of Lombardy.
Control

The potential for Botrytis to rapidly produce astronomic
numbers of spores and the ease with which they can be
dispersed over long distances give the fungus the ability to go
from undetectable to serious in a matter of days. Thus, tradi-
tional control has involved the prophylactic use of fungicides,
almost on a weekly schedule, throughout much of the growing
season.

One means by which application rates can be reduced to
only as needed has involved the development of predictive
epidemic models. These models are based on correlatin
current climatic data with those existing prior to previous
epidemics. These models are predictive because of the stron
dependence of epidemic outbreaks on speci� c climatic condi-
tions, especially when there is extensive monoculture ove
large, uniform areas. With these models, growers can be quickl
noti � ed when fungicide application is critical.
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Correspondingly, prophylactic spraying can be curtailed, if not
eliminated. Studies of epidemiology have shown, as is the cas
with grapes, that disease late in the season may arise primari
from nascent infections that occurred in the spring. Thus, one
of the most effective periods in bunch-rot control is associated
with preventing infections during � owering.

Previously, only nonspeci� c fungicides, such as dichlo-
� uanid, chlorothalonil, maneb, and thiram were available for
use againstBotrytis. Because these agents produce multiple-si
cellular damage, development of effective resistance has bee
rare or nonexistent. However, these fungicides are effective on
as protective agents, preventing or killing spores upon germi
nation. They have no curative function postinfection. Being
active on plant surfaces, rain washes them off, diluting or
eliminating their effectiveness. In addition, their post-
application dispersal over expanding plant surfaces tends to b
poor. Thus, frequent application may be required for effective
control.

With the development of more selective, systemic fungi-
cides, there was a tendency to shift to these newer agen
Examples effective againstBotrytisinclude dicarboximides (e.g.,
iprodione, procymidone, vincololin); anilinopyrimidines (e.g.,
cyprodinil, mepanipyrim, pyrimethanil); aromatic hydrocar-
bons (e.g., dicloran), phenylpyrroles (e.g.,� udioxonil); and
hydroxyanilides (e.g., fenhexamid). Benzothiadiazole, a new
class of disease control agent, possesses the novel property
inducing systemic acquired resistance. It has been found t
activate phenol synthesis that enhances disease resistan
These selective agents have the advantages of inciting le
environmental disruption (reduced general toxicity) as well as
penetrating and potentially being translocated throughout
plant tissues. Thus, they have the desirable properties of bein
curative as well as being resistant to dilution by precipitation or
inactivation by ultraviolet radiation. The Achilles’ heel of these
compounds is one of their advantages– selectivity. Their single-
site action leaves them open to resistance via point mutations
in the pathogen. With its prodigious spore production, rare
resistance mutations inBotrytiscan rapidly spread, nullifying
fungicidal activity. To limit resistance development, strategies
such as Integrated Pest Management (IPM) have been deve
oped to extend the functional life span of these agents, to
improve control while reducing application rates, and to avoid
negative interactions between them and other control strategie
against other pathogens and pests. Non-selective, conta
fungicides are retained as general protective control agent
when disease stress is moderate. However, when developme
of an epidemic appears eminent, control switches to selectiv
agents because of their postinfection, curative potential. In
addition, a rotation among agents from different chemical
classes is encouraged, with no member of any one class bein
used more than once in sequence. This is designed t
constantly shift selective pressures on the pathogen, to reduc
the development of long-term resistance. Resistance to on
member of a fungicide class often provides resistance to othe
members of the same class, a phenomenon termed cros
resistance. In addition, resistance development usually has a
initially negative competitive effect, relative to sensitive strains
However, protracted selective pressure eventually results in th
development of stable resistance, without competitive disad-
vantages. At this point, the agent’s effective action is
permanently lost. Examples of competitively neutral resistance
probably involve mutations to adenosine triphosphate-
binding cassette (ABC) and major facilitators superfamily
(MFS) transport proteins. These can expel fungicides befor
they can damage the cell. Risk of developing resistance
further reduced by assuring uniform and adequate coverage
Newer spray heads can be adjusted to produce uniform drople
sizes, appropriate for optimal impact and dispersal on plant
surfaces. This can improve control, reduce application rates
and limit runoff. Nonuniform spread actually facilitates resis-
tance evolution by selectively eliminating susceptible and
moderately resistance strains, leaving only the more resistan
strains to propagate and multiply.

Reduction in application rates is desirable not only for
economic reasons but also to reduce environmental pollu-
tion and respond to government regulations and consumer
demand. Residue limits often dictate when the last appli-
cation is permissible. Further restrictions may also apply, as
with wine being exported to particular countries. Dosage
rates for contact fungicides tend to be in the range of 1000–
3000 g ha� 1, whereas systemic application rates are more in
the range 400–500 g ha� 1. Treatments can vary from 1 to
more than 20, depending on the crop and disease stres
level.

In most instances, environmental modi� cation alone has
proven to be ineffective in reducing the incidence ofBotrytis.
Their use can be bene� cial, however, in reducing the inoculum
load and suppressing conditions favorable for rapid disease
spread. For example, modifying how grapevines are trained ca
produce a more open canopy. This not only permits better
air� ow through the vine (lowering relative humidity within the
canopy) but also facilitates better and more uniform fungicide
dispersal. The removal of leaves around developing grap
clusters also favors sun exposure (drying) and improved
exposure to sprays. Hygiene (destruction of diseased plan
remains) has generally been shown to be of little value,
certainly relative to its expense and the effort involved. The
reproductive potential of Botrytisis too high, and for B. cinerea,
the host range is too extensive.

To further reduce dependence on traditional fungicides,
intense efforts have gone into searching for alternative contro
agents. To date, none are as effective as commercial fungicide
but they can achieve adequate control in more moderate
disease stress situations. Examples include biologic contro
agents such as Trichodex� (Trichoderma harzianum), Greygold�

(a mixture of Trichoderma hamatum, Rhodotorula glutinis, and
Bacillus megaterium), Pythium radiosum, and Pichia mem-
branifaciensas well as mycoviruses.

Rhamnolipids from Psuedomonas aeruginosaare not only
effective as direct inhibitors but also can activate defens
mechanisms in grapevines. Other options have involved the
application of compost and manure extracts as well as puri� ed
paraf� nic oil (Stylet oil).
See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical Identi�cation Techniques for
Foodborne Fungi:Food Spoilage Flora;Biochemical and
Modern Identi�cation Techniques:Food-Poisoning
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Microorganisms; Biochemical and Modern Identi� cation
Techniques: Enterobacteriaceae, Coliforms, and Escherichia
Coli; Biochemical and Modern Identi�cation Techniques:
Micro� oras of Fermented Foods; Enrichment Serology: An
Enhanced Cultural Technique for Detection of Foodborne
Pathogens; Fungi: The Fungal Hypha; Foodborne Fungi:
Estimation by Cultural Techniques; FUNGI: Overview of
Classi� cation of the Fungi; Fungi: Classi� cation of the
Eukaryotic Ascomycetes; Fungi: Classi� cation of the
Deuteromycetes; Spoilage Problems: Problems Caused by
Fungi; Wines: Microbiology of Winemaking.
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Introduction

Bovine spongiform encephalopathy (BSE) belongs to a group
of transmissible spongiform encephalopathies (TSEs). These
fatal diseases (listed in Table 1) are caused by proteinaceous
agents that have many unusual properties, including a rela-
tively high degree of resistance to standard methods of inacti-
vation and degradation.

A principal feature of the TSEs is that prion (PrP)
protein becomes conformationally modi�ed (misfolded) as
a consequence of infection. This protein can be found
expressed in a variety of tissue cell types but is present at the
highest levels within the central nervous system (CNS). The
disease-speci�c form of the protein (designated PrPSC)
resists normal degradation in the host and accumulates as
pathological deposits within the CNS; this is usually
accompanied by vacuolar lesions in neurons (Figure 1),
which is why these diseases are often described as spongi-
form encephalopathies.

The PrPSC protein appears to be associated speci�cally with
TSEs, but since its discovery there has been an ongoing debate
as to whether it is (1) the infectious agent per se as suggested by
the protein-only (prion) hypothesis, (2) a component of the
agent as proposed by the virino hypothesis, or (3) simply
a pathological product of infection. Evidence from in vivo PrPSC

serial dilution propagation with bioassay experiments using
the protein misfolding cyclic ampli�cation (PMCA) method to
generate a de novo infectious TSE agent suggests that the
conformational conversion of normal (PrPC) to misfolded
(PrPSC) forms involves the protein-only (prion) hypothesis
(Castilla et al., 2005).
Table 1 Listing of transmissible spongiform encephalopathies and specie

Species affected

Cattle
This prion agent also infects several ungulates, including ankole (Bos taurus),

oryx (Oryx leucoryx), eland (Taurotragus oryx), gemsbok (Oryx gazella), kudu
(Tragelaphus strepsiceros), nyala (Tragelaphus angasii), and scimitar-horned
(Oryx dammah)

Sheep, goats, mouf�on
Mink
Mule deer, white-tailed deer, black-tailed deer, Rocky Mountain elk, Shira’s m
Domestic cats, captive exotic felids (tiger, puma, ocelot, and cheetah)
Humans

Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
BSE in the United Kingdom

BSE was observed initially in only a few English cattle in 1986
but later became a major epidemic in Britain, which peaked in
1992. In the United Kingdom (UK) between December 1986
and 2012, BSE was con�rmed in 184 619 cattle, as reported to
World Organization for Animal Health (WOFAH; the Of�ce
International des Epizooties (OIE)). However, it was estimated
that the total number of BSE cases during this time in the UK
was much greater than the number reported, with cases ranging
anywhere from 840 000 to 1 250 000 infected cattle (Anderson
et al., 1996).

The infectious dose, ID50, was later experimentally esti-
mated by Wells et al. (2007) to be 0.20 g of brain material
with 95% con�dence intervals of 0.04–1.0 g. The same
experiments showed that there was no evidence of a
threshold dose for which the probability of infection was
reduced, even when 0.001 g was used. Early epidemiological
studies in Britain demonstrated a probable association
between feeding calves with diets containing meat and bone
meal (MBM) rendered from sheep and cattle carcasses con-
taining high-risk tissues, and their later tendency to develop
BSE. The early ban on feeding ruminant-derived protein to
ruminants that was introduced in 1988 in Britain resulted in
a downturn in the incidence of BSE from 1993 onward. The
delayed effect was simply a re�ection of the average incuba-
tion period for BSE, which is around 5 years, and supported
the hypothesis that MBM had been the source of the infec-
tious agent. The suspect MBM had been manufactured by the
rendering industry from animal tissues obtained mainly from
abattoirs and would have included sheep tissues infected
s affected

TSE disease

Arabian

oryx

Bovine spongiform encephalopathy (BSE)

Scrapie
Transmissible mink encephalopathy (TME)

oose Chronic wasting disease (CWD)
Feline spongiform encephalopathy (FSE)
(new) Variant Creutzfeldt–Jakob Disease (vCJD)
Sporadic Creutzfeldt–Jakob Disease (sCJD)
Iatrogenic Creutzfeldt–Jakob Disease (iCJD)
Familial Creutzfeldt–Jakob Disease
Gerstmann–Sträussler–Scheinker (GSS) syndrome
Fatal insomnia (FI) (sporadic (SFI) or familial (FFI))
Kuru
Proteinase-sensitive prionopathy (PSPr)
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Table 2 Number of BSE cases reported in indigenous cattle
populations in Europe by April 2012

Country Number of cases

Austria 8
Belgium 133
Czech Republic 30
Denmark 16
Finland 1
France 1020
Germany 419
Greece 1
Ireland 1651
Italy 144
Liechtenstein 2
Luxembourg 3
The Netherlands 88
Poland 71
Portugal 1080
Slovakia 25
Slovenia 8
Spain 779
Sweden 1
Switzerland 467

Excluding the United Kingdom; number includes imported (classical) and detected
(atypical) BSE cases.
Note one con� rmed case of BSE was detected in the Golan Heights of Northern Israel
on May 2002.

Figure 1 Infected brain showing spongiform encephalopathy.
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with the transmissible agent that causes the sheep diseas
scrapie, which is endemic in Britain. The only detectable
lesions in BSE-affected cattle are con� ned to the CNS, the
principal lesion being neuronal vacuolation, which is similar
to that observed in the brains of sheep with scrapie. Although
this tends to support the idea that BSE was caused by th
presence of a scrapie agent in MBM, the existence of a prev
ously unrecognized scrapie-like disease of bovines cannot b
formally excluded. The hypothesis that infected MBM was the
source of the BSE outbreak was supported further by studie
which showed that BSE and scrapie agents could surviv
rendering processes used within the European Union to
manufacture MBM.

The majority of BSE cases occurred in cattle born shortl
after the British ban on feeding ruminant-derived proteins to
ruminants (in 1988), because no attempt had been made to
remove and destroy any ruminant-derived MBM already in
existence at the time of the ban. However, a signi� cant
number of cases were detected in cattle born well beyond the
time of the feed ban, and it was subsequently observed tha
the legally required exclusion of potentially BSE-infected
speci� ed bovine offals (SBOs, as described later) from the
animal food chain had not been observed conscientiously.
Epidemiological evidence shows that BSE infectivity probably
cross-contaminated cattle diets produced in feed mills that
were processing ruminant-derived proteins to be fed to pigs
and poultry.
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BSE in Europe

The disease also occurred in a number of cattle born in othe
European countries. The number of cases reported in th
indigenous cattle herds of these countries by April 2012 is
shown in Table 2. A total of 16 out of 27 European Union
member countries reported cases of BSE within their respectiv
domestic cattle herds.

It seems likely that some, if not all, of these cases wer
acquired through feeding of MBM exported from Britain,
before such exportation was prohibited in 1996. Countries that
imported large amounts of MBM from the UK between 1980
and 1996 included Indonesia (600 000 tons) and Thailand
(185 000 tons); other purchasers included Czechoslovakia
Kenya, Lebanon, Liberia, Nigeria, Puerto Rico, Russia, S
Lanka, South Africa, and Turkey. The international marketing
arrangements for trading MBM make it impossible to deter-
mine the ultimate destination of all MBM exported from
Britain since European� rms often repackaged and reexported
MBM from the UK to both EU and non-EU countries. Never-
theless, the strain of the agent responsible for the Swiss an
French BSE epidemics has been found to be identical to that o
the unique strain associated with the British epidemic.
Considering that the British rendering industry was particularly
successful in exporting MBM to Europe after the 1988 British
ban on feeding ruminant-derived proteins to ruminants, many
European countries imported British MBM during this time
period; MBM exports to Europe peaked in 1989 and continued
until 1994. As reported by Lord Phillips in The BSE Inquiry
Report(2000, volume 10, p. 72, figure 7.1), after 1989, exports
from the UK to non-EU countries including Africa, the Middle
East, and Asia, increased rapidly to 30 000 tons annually (BSE
Inquiry, 2000). The key point is whether that exported MBM
was used to feed cattle. In addition to the cases that have arise
through the importation of British MBM, there are cases
resulting from the exportation of adult cattle from Britain to
Europe for breeding purposes between 1985 and 1990. The
number of BSE cases recorded in mainland Europe is we
below the number that can be calculated to have been devel
oping the disease by the time they were exported, quite apar
from indigenous cattle that acquired their disease through the
consumption of MBM; this discrepancy is likely the result of the
weakness of passive surveillance to detect the majority of BS
cases and low postmortem testing rates at that time (Leiss et al.,
2010a).
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BSE in North America

North American cases of BSE remain only a very sma
percentage of cases reported worldwide. Canada reported i
� rst domestic case of BSE on 20 May 2003. Since that time, 2
con� rmed cases of BSE have been reported in Canada as
April 2012. The � rst case of BSE in the United States wa
reported on 23 December 2003 in a Holstein cow from
Washington State. Ear-tag identi� cation number tracing
revealed that this� rst case was imported into the United States
from Canada in August 2001. Later, on 24 June 2005, the
United States Department of Agriculture (USDA) con� rmed the
� rst domestic case of BSE in a Brahma-cross cow. This cow w
born before the 1997 feed ban and was raised on a ranch in the
state of Texas. Nearly a year later, the USDA con� rmed its
second domestic case in a cow that tested positive for BSE o
13 March 2006 in the state of Alabama. The animal was esti
mated to be 10 years old and was also born before the 1997 fee
ban (Lewis et al., 2010). A third indigenous case was reported in
a dairy cow from California in early 2012. After investigation,
all three domestic USA cases were reported to be atypical
sporadic forms of BSE. Mexico has not reported any cases of B
to date. All three North American countries have met or
exceeded yearly prescribed WOFAH BSE surveillance targets
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BSE in Japan

Japan was the � rst country outside of Europe to report
a domestic case of BSE con� rmed on 10 September 2001.
Domestic consumption of beef decreased drastically after th
� rst con� rmed BSE case was announced in Japan. The Japan
government quickly implemented new legislation and several
policies under the“Food Safety Basic Law,” which provided the
legal infrastructure for many of the management actions,
including high-risk material bans, 100% postmortem testing
system, and stringent animal traceability. Policies, programs
and training were initiated and implemented quickly, along
with risk communication efforts in an attempt to regain public
trust. Japan has reported a total of 36 con� rmed BSE cases as o
April 2012 ( Tyshenko and Krewski, 2010).
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BSE-Related Diseases

In Animals

Since the emergence of BSE in Britain, a previously unrecorde
TSE, described as feline spongiform encephalopathy (FSE), w
observed in British domestic cats. By August 1998, the tota
number of reported cases was 85 in Great Britain, and one cas
in Northern Ireland. Single cases have also been reported i
Liechtenstein and Norway. Within the same time frame, novel
BSE like diseases have been observed in captive exotic fel
and ruminants that were born in Britain and were fed bovine
carcasses and MBM, respectively. British-born exotic spec
affected by BSE included felids (cheetah, ocelot, puma, an
tiger) and ungulates (ankole, Arabian oryx, bison, eland,
gemsbok, kudu, nyala, and scimitar-horned oryx).

In contrast to the variety of strains of agent that can be
recovered from sheep with scrapie, BSE appears to be caused
a single strain. This conclusion is based upon the consisten
pattern of incubation periods in a panel of � ve strains of inbred
mice injected with BSE-infected cattle brains obtained from
varied locations at different times throughout the epidemic. The
patterns of severity of spongiform encephalopathy in different
areas of the brains of these mice are also extremely consisten
Samples from FSE-infected cats and from two of the affecte
captive ruminant species (kudu and nyala) have produced iden-
tical results, which indicates that these diseases were all caused
the BSE agent, because no strain of agent with the same properti
has ever been recovered from scrapie-infected sheep. Furth
more, the BSE agent has been found to retain this characterist
strain type in mice after experimental passage through goats, pig
or sheep. Sheep are susceptible to BSE by experimental o
challenge, and the ensuing clinical and neurohistopathological
featuresare indistinguishable fromthose ofscrapie.Becausesom
British sheep were fed ruminant-derived proteins until 1988, it is
possible that BSE has been masquerading as scrapie in sheep.
contrast to cattle with BSE, the spleen (and other tissues) become
infected in sheep with BSE. If the placenta becomes infected, th
could provide a mechanism whereby BSE could pass from
generation to generation in sheep by perinatal contact with this
infected tissue after birth. Such a mechanism is considered t
account for the perpetuation of scrapie in sheep in which the
placenta has been shown to be infected.
In Humans

Although there is no evidence that the scrapie agent has eve
infected humans, it now appears that the BSE agent probabl
has. By April 2012, a total of 176 cases of a new variant form o
Creutzfeldt–Jakob disease (vCJD) had been observed in Britai
with three of these cases resulting from secondary transmissio
through blood transfusion. Additional cases of vCJD have been
reported in several other countries, including France (25),
Republic of Ireland (4), Italy (2), the United States (3), Canada
(2), Saudi Arabia (1), Japan (1), the Netherlands (3), Portugal
(2), Spain (5), and Taiwan (1). It was determined that for seven
of these cases reported outside of the UK that the individuals
had a cumulative residence in the UK of greater than 6 months
during the 1980–96 time period. The case reported in Japan is
notable as the individual had resided in the UK for only 24 days
during the 1980–96 time period. These cases of vCJD ar
distinguishable from classical CJD because of (1) a much
younger age distribution, (2) different clinical symptoms,
and (3) different pathological lesions in the brain. It is con-
sidered that these cases (other than the three secondary bloo
transfusion–transmission cases) are likely attributable to the
incorporation of BSE-infected CNS tissue in human foodstuff.
The use of high-risk materials (SBOs, which were late
expanded and termed speci�ed risk materials (SRMs)) in food
was prohibited in 1989 in Britain. Transmission studies in mice
showed that the strain characteristics of the agent that cause
the new form of the human disease are exactly the same a
those of the BSE agent and are unlike those of any other agen
characterized to date.
Protection of Human and Animal Health

In 1988, BSE was made a noti� able disease in Britain. Cattle
suspected of having the disease are required to be slaughtere
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and the carcasses destroyed. Incineration is the routine metho
of destruction, although land� ll was used to some extent in the
earlier days when there was insuf� cient capacity to incinerate
all such carcasses.

A ban on feeding ruminant-derived proteins to ruminants
was introduced in Britain in 1988, and this was followed in
1994 by a European Community ban on feeding mammalian-
derived proteins to ruminants. As a result of studies showing
the ineffectiveness of many rendering procedures for inacti
vating BSE and scrapie agents, the rules for rendering within th
European Community were changed in April 1997. The only
procedure now permitted for producing MBM for animal
consumption is a process that involves exposure of the raw
materials to steam under 3 bar pressure at 133� C for 20 min.
As a consequence of the occurrence of the new variant form o
CJD in humans, and its potential association with BSE, the
incorporation of MBM into the diets of any species of farmed
animal has been prohibited in Britain since 1996.

Although epidemiological studies have failed to demon-
strate any enhanced risk of humans developing CJD through
dietary or occupational exposure to scrapie agent, it wa
considered prudent to exclude potentially BSE-infected tissue
from human and animal foodstuff. These regulations were
introduced in 1989 and 1990, respectively, and the selected
tissues were designated as SBOs. These represented the tis
that were likely to contain the highest levels of infectivity based
upon what was known about scrapie in sheep namely: brain,
spinal cord, spleen, tonsil, thymus, and intestine. However, it
was shown that the only tissues containing detectable infec
tivity in cattle with naturally acquired BSE are brain, spinal
cord, and retina. This suggested that the pathogenesis of BS
was different from scrapie. The UK SBO Order of 1995
expanded the list of high-risk materials to include head and
brain, spinal column, tonsils, thymus, spleen, and intestines. At
the end of 1995, an additional ban was introduced in Britain
on the use of meat recovered mechanically from bovine
vertebral columns as human food. In 1996, regulations were
introduced in the UK which required that human food derived
from bovines could come from cattle only under the age of 30
months, at which time there is likely to be very little PrPSC in
BSE-infected cattle. European Union–wide mandatory BSE
testing of all slaughtered cattle over the age of 30 months wa
instituted on January 2001. With the waning BSE epidemic, this
testing limit in the European Commission was increased to 48
months on January 2009 and later to 72 months on February
2011.

In view of the possibility that sheep might have become
infected with the BSE agent and that the disease could b
clinically and neurohistopathologically indistinguishable from
scrapie, it is now a statutory requirement in the UK that sheep
heads, spinal cords, and spleens are not incorporated into
animal or human foodstuff.
e
-

Figure 2 Immunocytochemical staining of PrPSCdeposits in brain.
Diagnosis

No fully validated, practical, preclinical (antemortem) diag-
nostic test is available for BSE. There is no classical immun
response or other host reaction to disease and normal sero
logical tests are therefore not applicable. Initial diagnosis of
s

BSE depends on the observation of clinical signs of diseas
(passive surveillance), which include incoordination, increased
fear, increased startle response, and decreased rumination.

Postmortem con� rmation of diagnosis of TSEs traditionally
relies on histopathological examination of the brain where
vacuolation (spongiform change), neuronal loss, and a reactive
astrocytosis can be observed to differing degrees. In BS
vacuolation in the mesencephalon, medulla, and pons is
particularly prominent. Examination of the medulla has been
found to be a reliable means of con� rming diagnosis. A
signi� cant number of clinically suspect cattle are not con� rmed
as BSE-positive cases. At the height of the UK epidemic abo
10% of cases were found not to be BSE on neuropathologica
examination, but this ratio has risen to around 20% as the
epidemic has waned.

Since the association of abnormal, protease-resistant form
of the PrP protein with the TSEs was discovered, its detectio
has been a potentially valuable diagnostic tool. This is a host-
encoded protein that is found in brain and other tissues. In
TSEs, it is found in an altered form (PrPSC), distinguished
biochemically from the normal form (PrP C) by its sedimen-
tation from detergent-treated tissue extracts and its partia
resistance to protease digestion. Fibrillar structures terme
scrapie-associated� brils (SAFs) can also be observed by
negative stain electron microscopy in the pellets of detergen
extracts. Deposits of PrPSC can be observed by immunohisto-
chemistry in infected brain (Figure 2). In some TSEs, although
not in BSE, amyloid plaques consisting of PrPSC can be
observed microscopically in the brain.

The basis of the deposition of PrPSC is considered to be the
conversion of the normal form of the protein (PrPC) into PrPSC.
The normal form is de� ned by its solubility in detergents and
its susceptibility to proteases, whereas PrPSC is de� ned by its
sedimentation and partial proteolytic resistance. The two forms
differ in their tertiary structure. The structure of PrPSC may be
associated with aggregation of the protein leading to its amy-
loidlike deposition as � brils and plaques.

In experimental transgenic mouse models of TSEs, th
sequence of deposition of PrPSCcan be studied in brain, spleen,
and other tissues throughout the incubation period of the
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disease. The data show that in some cases PrPSCcan be detected
soon after infection, but in other cases, PrPSC is detected later.
In a mouse model of BSE, PrPSC was not detected in spleen
until late in the incubation period, and only in some animals.
When and where PrPSC was detected was controlled by the
strain of TSE agent, the route of infection, and the PrP genotyp
of the host. These data have implications for the diagnostic
potential of PrPSC detection. The PrPSC protein was found in
the brains of all sheep affected by natural scrapie and cattl
affected by BSE. Although PrPSCwas detected in sheep spleens
it was not detected in any cattle spleens. PrPSC was detected in
tonsils of sheep infected with scrapie (using immunohisto-
chemical techniques) well before the onset of clinical disease

The detection of PrPSC postmortem using validated diag-
nostic rapid tests (As of April 2012, the European Commission
approved rapid tests for the monitoring of BSE in bovine
animals are as follows: Prionics-Check Western test, Enfer te
amp; Enfer TSE Kit version 2.0, automated sample preparation
Enfer TSE Version 3, Bio-Rad TeSeE rapid test, Prionics-Ch
LIA test, IDEXX HerdChek BSE Antigen Test Kit EIA, Prioni
Check PrioSTRIP, Roboscreen Beta Prion BSE EIA Test Kit,
Roche Applied Science PrionScreen.) (e.g., Western blotting
enzyme-linked immunosorbent assay (ELISA) based methods
is applicable as a� rst con� rmation of TSE. Antibody-based
diagnostics are of use particularly when the tissue has becom
autolytic. De� nitive con� rmation of antibody tests and the
presence of TSE usually are done by immunohistochemistr
(often in combination with histopathology and additional
immunoblotting as veri � cation). Thus, PrPSC may be detected
by biochemical analysis, immunohistochemical procedures, or
electron microscopy SAF. Detection of PrPSC is most sensitive
to bioassay. The utility of diagnostic testing for preclinical
diagnosis remains questionable. It may be possible in some
models of the disease to use the detection of PrPSC in
a preclinical diagnostic test but only when factors such as
infecting agent, route of infection, and host genotype are
constant, and if and when PrPSC deposition in the test tissue
(such as tonsil) has been characterized. However, in othe
models of the disease such a test may be impossible, if acce
sible organs or body� uids are not affected by the disease and
do not accumulate PrPSC.

Tissues and body� uids from TSE-infected and uninfected
animals have been compared to determine whether any
differences in protein composition or in metabolites can be
detected, which could then be used diagnostically. In cerebro
spinal � uid (CSF), a protein designated 14-3-3 has been
detected in elevated amounts in patients with CJD. Other brain
proteins (e.g., tau) have been found in similar circumstances
The 14-3-3 protein has also been found in clinically affected
animals with TSE, including animals with clinical signs of BSE.
However, since its appearance probably arises from its relea
into the CSF from affected cells in the brain, it is unlikely that it
will be detected much before the� rst clinical signs of disease
are diagnosed. In humans, elevated levels of 14-3-3 are als
found in a few other neurological conditions so its speci� city is
not absolute. Nevertheless, a test for 14-3-3 protein on biopsy
samples of CSF may be of some value in supporting a TS
antemortem diagnosis.

A study of the electrochemical properties of urine showed
elevated levels of some metabolites in BSE-infected catt
compared with uninfected cattle. The value of this� nding for
diagnosis in preclinical animals has yet to be demonstrated
but again it will be of limited use if these metabolic changes are
only associated with signi�cant neurodegeneration.

Overall, there are few candidate approaches available fo
in vivodiagnosis in cattle. This is perhaps not surprising given
the pathogenesis of the disease. Typically, after periphera
infection of a TSE agent, infectivity� rst replicates in lymphoid
organs before passing to and replicating in the CNS later in the
incubation period. However, in BSE-infected cattle no infec-
tivity has been found in peripheral organs (apart from the
distal ileum of experimentally infected cattle). There is no
histopathological sign of infection in peripheral organs and
therefore little reason to predict altered levels of metabolites or
other molecular markers, which might aid diagnosis. In the
brain, there is pathological damage which increases progres
sively from the time that it � rst becomes infected until clinical
disease becomes manifest, presumably due to the pathologica
lesions. Molecular or other consequences of pathologica
change cannot therefore usually be expected to appear until lat
in the infection and close to clinical disease, as is the case so fa

The postmortem diagnosis of TSEs in food–animal species
uses one or more of the following procedures:

l Microscopic examination of stained sections of� xed-brain
tissue for spongiform encephalopathy

l Electron microscopy examination of negatively stained
detergent extract of brain tissue for SAF

l Microscopic examination of immunocytochemically stained
sections of� xed brain tissue for PrPSC

l Immunoblotting samples of brain tissue for PrPSC
See also:National Legislation, Guidelines, and Standards
Governing Microbiology:European Union.
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Bread

Bread is a food prepared by cooking fermented dough, essen-
tially made from �our, water, and yeast. In a bread loaf, two
different parts are visible: the crispy crust, brown and aromatic,
and the soft crumb, characterized by an alveolated matrix
whose bubbles are �lled with fermentation gasses. From
a nutritional perspective, bread is a food characterized by
partially or totally gelatinized starch, being easily hydrolyzable
by the enzymes (amylases) in our digestive system and
providing a rapidly available source of energy.

Countless varieties of bread exist, differing in size, shape,
color, texture, and �avor. Several ingredients might be added to
the �our–water–yeast dough to improve palatability or quality,
such as salt, malted cereal �ours, malt extracts, alpha- and beta-
amylases and other enzymes, dried sourdough (see sourdough
bread), pregelatinized �ours, gluten, food starches, milk, egg,
sugars, lipids (oil, butter, or lard), spices, fruits and nuts (such
as raisins and walnuts), vegetables (such as onion), and seeds
(such as poppy). Additionally, bread can be commercialized
baked, frozen, or partially baked.
Bread Ingredients and Their Functions

As previously mentioned, the main ingredients used to prepare
bread dough are �our, water, and yeast; in most types of bread
other ingredients, such as salt, sugars, fats, malt extracts, and
ascorbic acid, are commonly found.

l The �our is the structuring ingredient during the kneading,
leavening, and baking phases. During kneading, the addi-
tion of water and energy leads to the development of gluten,
a tridimensional protein structure entrapping starch gran-
ules. The gluten has peculiar viscous and elastic properties
that enable its stretching under the pressure of the fermen-
tation gasses and its ability to retain them. During baking,
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
protein denaturation leads to a hardening of the glutinic
structure, determining the conservation of bread shape and
volume.

l The water participates in gluten making, regulates enzy-
matic activities, hydrates starch granules during cooking,
and behaves as a solvent for other ingredients such as
glucose, sucrose, salt, and powder milk.

l The yeast Saccharomyces cerevisiae transforms the ferment-
able carbohydrates of the dough to carbon dioxide and
ethanol. The gas determines the increase in volume of the
dough during the leavening phase, thus leading to relevant
changes in the structure of the product.

l The salt (usually 1–2% of �our weight) enhances the taste
and shows positive structuring properties, improving the
‘strength’ of the dough, probably through salt links with the
gluten proteins.

l The sugars are a source of carbohydrates for the yeasts and
improve the taste and color of the bread.

l The shortenings are added to the dough at a rate of about
4% of the �our; special breads, obtained with the addition
of butter, lard, or oil, reach at least 4.5% fats in the end
product. The primary role of shortenings, when in reduced
quantity, is lubrication: They ease the sliding among gluten
macromolecules, thus improving prerupture extensibility
(greater end-product volume). Furthermore, the fats stabi-
lize the air bubbles formed during kneading, avoiding their
merging and the production of bigger bubbles, and favor
the establishment of �ne and even holes in the crumb.
During storage, the fats prevent the interactions between
starch granules, retarding the retrogradation, and hinder
water migration between starch and proteins, thus delaying
bread staling. These steps lead to an increase of the shelf-life
of the product.

l Malt extracts or malted cereal �our enrich the dough with
enzymes able to degrade starch to fermentable sugars, food
of the fermenting yeasts. The addition of malt, therefore,
allows a rapid start of the fermentation and determines an
-384730-0.00044-6 303
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increase of bread volume and an improvement of crumb
holes.

l The ascorbic acid is added in very low quantities (mg/kg)
because of its ability to favor disul� de bridges among gluten
proteins, thus enhancing dough strength.
Flour

The bread-making quality of the � our is determined by its
ability to produce a consistent � nished product, characterized
by high loaf volume, attractive crust color, � ne and uniform
crumb structure, and ability to withstand ingredients and
processing variations. Flour quality depends on intrinsic wheat
properties, milling, and post-milling management.
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Wheat Properties
Protein quantity and protein composition are the main deter-
minantsof theviscoelasticproperties ofdough,and henceof� our
quality. Protein quantity, in � uenced primarily by growing
conditions, is positively impacted by nitrogen fertilization;
typical � our protein levels for bread products range from 11 to
15%. Protein quality, on the other hand, is under strict genetic
control: In fact, the unique bread-making properties of wheat are
generally ascribed to the viscoelastic properties of its glute
proteins, gliadin and glutenin, which represent more than 80%
of total � our proteins. While the monomeric gluten proteins
(gliadin) show viscous behavior, the polymeric gluten
proteins (glutenin) are elastic. Glutenin is a highly heterogeneous
mixture of polymers consisting of a number of different high- and
low-molecular-weight glutenin subunits linked by disul � de
bonds. Variations in both quantity and quality (structure, size
distribution, and subunit composition) of the glutenin strongly
determine variations in bread-making performance.

Other determinants of � our quality are as follows:
Color, in� uenced by the yellow endosperm pigments, bran

particles, and foreign material. Flour color has a direct effect on
crumb color and combines with crumb structure to in� uence
crumb ‘brightness.’ Flour may be bleached by removing yellow
endosperm pigments with oxidizing agents.

Water absorptionor the ability of � our to hold water while
maintaining its consistency. High protein and damaged starch
levels give high absorption, which is good for baking perfor-
mance because it increases the� nished product yield and
improves shelf life.

Damaged starch, originated from starch granules ruptu
during milling. Higher damaged starch levels increase wate
absorption and amount of yeast fermentation.

Alpha-amylase activity, in� uenced by wheat-growing condi-
tions. High moisture during harvest negatively affects quality,
as sprouting may occur, thereby increasing the amylase enzym
level. Standardizing amylase activity in� our is accomplished
by adding malted wheat, barley� our, or fungal alpha-amylase
to low-amylase � our.
ls,
ir
Milling

Milling separates the bran and germ fractions from the endo-
sperm, which is used to make� our, and reduces endosperm
particles to the correct size. Patent� our is made from the purest
endosperm fraction with the lowest bran content. Straight� our
has slightly superior protein and bran content. Clear� our is
made from less pure fractions and has high protein and bran
content. Whole meal � our, prepared using all of the grain
(bran, germ, and endosperm), has the highest protein and bran
contents. The ash content of the� our is linked to milling: The
wheat bran contains more minerals than the endosperm, so ash
content roughly correlates with � our type; well-re� ned � our
has a low ash content, while whole meal� our has a high ash
content. Typical ash levels are 0.4–0.45% for patent � ours,
0.45–0.5% for straight � ours, and approximately 0.6% for clear
� ours.
Post-Milling Management

Flour age and storage conditions are important because pos
milling maturation is essential for achieving good processing
characteristics; fresh� our lacks the strength and tolerance
needed for bread making. Flour is normally stable over a long
period of time when stored properly, but it can deteriorate
when exposed to extremes of temperature and humidity. Fresh
� our can be matured chemically to improve� our strength and
tolerance, using oxidizing agents such as potassium bromate
ascorbic acid, or azodicarbonamide, and enriched to replace
a portion of the nutrients lost during milling.
Yeast

Dough fermentation with compressed yeast was introduced in
the bread-making industry as soon as the role ofSaccharomyce
in leavening was recognized. Initially, impurity-free beer
brewing leftovers were employed; today, fresh yeast is gene
ally available as compressed yeast with 60–75% moisture and
44% dry matter protein content. Other commercialization
forms are bulk liquid or cream yeast (a washed suspension o
fresh yeast with 82% moisture) and dry yeast. Dried yeast is
available in two commercial forms: active dry yeast and
instant dry yeast. Active dry yeast, granular and with a mois
ture content of 8%, gives much lower leavening activity than
fresh yeast. Instant dry yeast, with a moisture of about 5%, has
a higher activity than standard dry yeast, approaching that of
compressed yeast.
Compressed Yeast

The industrial production ( Figure 1) multiplies the yeast from
pure yeast culture to large-quantity� nal product, through � ve
to six successive multiplication cycles. The most common
growth medium is a broth composed by sterilized sugarcane or
sugarbeet molasses (containing 45–55% fermentable sugars in
the form of sucrose, glucose, and fructose), liquid ammonium
and/or urea (as nitrogen supply), phosphoric acid or ammo-
nium phosphate, vitamins (biotin, pantothenic acid, inositol,
thiamine, and pyridoxine), and minerals (potassium, magne-
sium, sodium, iron, copper, and zinc). The broth pH is between
4.5 and 5.0, and the incubation temperature is around 30� C.

Yeast cells are grown in a series of fermentation vesse
operated under aerobic conditions (free oxygen or excess a
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FERMENTATION

PRESSING 
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Yeast cream 18–20% DM

CENTRIFUGATION

Yeast cake 30% DM

Figure 1 Compressed yeast production� owsheet.
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present) because under anaerobic conditions (limited or no
oxygen) the fermentable sugars are consumed in the formation
of ethanol and carbon dioxide, leading to low yeast yields. The
molasses are gradually added to the mix, maintaining suga
content around 0.01%; if the yeast is grown with excessive
amounts of glucose, its oxidative activity will rapidly be
inhibited, and lower biomass yields will be obtained. The � nal
fermentation has the highest degree of aeration, and molasse
and other nutrients are fed incrementally. After all the molasses
have been fed into the fermentor, the liquid is aerated for an
additional 0.5–1.5 h to further mature the yeast, making it
more stable for refrigerated storage. The amount of yeas
increases with each fermentation stage, reaching 15 000 t
100 000 kg in the last fermentor.

Once an optimum quantity of yeast has been produced, it
is washed with water to remove impurities that might affect
color, � ltration, and hydration properties. The yeast cells are
recovered by centrifugal yeast separators, obtaining a crea
with 18 –20% dry matter. The centrifuged yeast solids ar
further concentrated by a� lter press or rotary vacuum� lter.
Before� ltration, small quantities of salt (0.5%) may be added
to the yeast cream to expel more water and increase yea
solids content. Finally, a rotary vacuum � lter forms cakes
containing approximately 27–30% solids. In compressed
yeast production, emulsi� ers are added to give the yeas
a white, creamy appearance and to inhibit water spotting of
the yeast cakes. A small amount of oil is added to help extrude
the yeast through nozzles to form continuous ribbons of yeast
cake. The ribbons are cut, and the yeast cakes are wrapped a
cooled to 5 � C.
Active Dry Yeast

The active dry yeast is obtained from strains ofS. cerevisiae
which are resistant to drying. Therefore, the yeasts used for th
type of product are resistant to drying, to high sugar concen
tration, and to some inhibitors (e.g., propionates). Before yeast
extrusion and cutting, emulsi� ers (often 0.2–1% sorbitans) are
generally added to facilitate hydration of dried yeast cells in the
bread dough. After extrusion in thin ribbons, the yeast is cut
and dried for about 2–4 h at 25–45 � C on a belt dryer, and
� nally vacuum packed or packed under nitrogen gas. Th
instant active dry yeast, which has a higher dispersion and
faster hydration because of its� ner granulation (0.2–0.5 mm),
is dried on a � uidized bed for 0.5–2.0 h.
Characteristics of Fresh Yeast

Color: White-gray-beige, the differences are due to microor
ganism species and purity, molasses cleaning procedur
concentration, acidity, and moisture of the end product.

Taste:Tasteless; any taste might be due to contaminating
microorganisms such as those of acetic or lactic acids.

Acidity:It is due to the presence of lactic, acetic, phosphoric
or sulfuric acids. Their presence leads to different consequenc
on bread making: Lactic acid has a proteolytic effect on the
gluten network, acetic acid makes it more rigid, and phosphoric
acid improves it. These acids are formed during slow fermen
tation processes, or are added to prevent mold formation
(sulfuric acid). A high acidity reduces or ends the fermentation
activity of the yeast.

Nitrogen content: It is very important in bread-making tech
nology. A high nitrogen content facilitates a good initial
fermentation, but becomes defective during the baking phase

The presence of contaminating microorganisms is checke
by analyzing Salmonella, Escherichia coli, and coliform bacteria
(indicative of pathogens). Compressed yeast contains abou
1010 cells g� 1, so bacterial contamination may be in the order
of 0.0001–1% CFU (colony forming units).

Enzymatic activity: Yeast gassing power must be constan
from batch to batch. Dry matter content is useful to check the
uniformity of the yeast production process. Yeast gassin
activity may be determined by bread volume and scoring, or by
dough volume expansion.
Yeast Storage

Proper storage conditions preserve the enzymatic activity o
fresh yeast. Fresh yeast has a 15-day shelf life when stor
at 4 � C and 80–85% relative humidity. For longer storage,
temperature should be around 1� C and relative humidity
90–92%. Frozen yeast has a 3-month shelf-life. Dry yeast
have a shelf life of about 1 (active dry yeast) or 2 years (instan
active dry yeast) when packed under vacuum or nitrogen.
Yeast Utilization

Commercial yeast is in a dormant state, due to low storage
temperature (fresh) or low moisture content (dry). When water
is added, yeast cells become ready for fermentation. The yea
can also be presoaked in water to reduce proof time, or in a sal
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solution for 6 h to adapt yeast to the salt present in standard
dough and improve gas production, or in a 6% sugar solution
for 30–120 min at 25 � C to improve gas production because of
lag-time reduction. For optimal performance, dry yeast should
be rehydrated at max 40� C before use. Frozen yeast should b
defrosted at room temperature before utilization, without
involving boiling water or fat, because it is inactivated at
temperatures above 45� C.

For lean doughs (� our, water, salt, and yeast only),
compressed yeast should be added at a rate of 1–2% (� our
basis). Compared with compressed yeast (28–30% solids), 45%
of dry yeast and 33% of instant active dry yeast are used in doug
formulation; weight differences are compensated with water.
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Bread-Making Technology

Notwithstanding some differences among dough-making
techniques, the standard bread-making� owsheet consists of
several major steps. Every step targets speci� c objectives and
induces several changes in the product.

Bread making is traditionally a discontinuous process
because the different phases of kneading, leavening, an
baking are performed on separate quantities of products and
in distinct plants. However, some continuous bread-making
processes were proposed during the late 1950s.

The bread-making process can be performed by the straigh
dough method or the sponge-and-dough procedure.

In the straight-dough method (Figure 2), all ingredients
are combined and mixed together at one time. The dough
KNEADING

LEAVENING

DIVIDING

INTERMEDIATE PROOF

MOLDING

PROOF

BAKING

COOLING

SLICING/PACKAGING

Flour Yeast Water Salt

Figure 2 Bread-making straight-dough method� owsheet.
may be fermented in bulk before dividing, or go directly to
dividing after a short resting period; after molding, the
dough is put to leaven again before baking. The Chorley-
wood is a no-time dough process that requires considerable
high-speed mechanical mixing in order to develop the dough
structure within a short time. This process was developed in
1956 in the United Kingdom, to abbreviate bread-making
time and to use lower protein wheat; air incorporation in
the dough is helped by the use of emulsi� ers and high-
melting fats.

In the sponge-and-dough process (Figure 3), a batter is
produced � rst by mixing yeast-dispersed water with 60–70% of
the � our. After 4–16 h of leavening, depending on bread type,
when the batter becomes spongy and foamy, the other ingre
dients are added. The� nal dough, after a 30-min leavening
step, is divided, molded, leavened for an additional 90 min,
and baked. The use of compressed yeast (and not of the sou
dough) allows a quicker process and the use of� ours with low
gluten strength, because they have to withstand shorter leav
ening times. The most common continuous processes, Am
� ow and Do-Maker, were introduced in the United States by
the end of 1950s. In the Am-Flow liquid-sponge method,
a small amount of � our is added to a ferment. In the Do-Maker
system, generally, no � our is exposed to fermentation,
although a maximum of 20% can be added to a broth.
Continuous processes use fermentable sugars in prefermen
that constitute the main liquid ingredients. The liquid prefer-
ment is composed of sucrose, yeast, water, yeast nutrients, an
eventually a little � our. The fermented preferment produces the
necessary leavening power.
KNEADING

LEAVENING

DIVIDING

INTERMEDIATE PROOF

MOLDING

PROOF

BAKING

COOLING

SLICING/PACKAGING

Yeast Salt

Flour

65%35%

Water

40%60%

KNEADING

LEAVENING

Figure 3 Bread-making sponge-and-dough method� owsheet.
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Kneading

After being weighed, the ingredients are mixed together
Kneading is necessary to distribute homogeneously all the
ingredients, form a uniform and coherent gluten structure, and
include microbubbles of air, which will expand during leav-
ening. Kneading is performed with discontinuous mixers, or
with carrousel mixers that feed continuous systems. Mixing is
normally designed to achieve a target energy input into dough
or a target� nal dough temperature.

Leavening/Fermentation

Leavening leads to an increase in the volume of bread dough b
the gasses during fermentation, and to the synthesis of organi
acids and volatile products that contribute to the taste and
� avor of bread.

The yeasts transform glucose and fructose obtained b
degradation of more complex carbohydrate molecules such a
sucrose, maltose, and starch. The enzymes of the� our or of
diastased malt (amylases) degrade the starch into maltose o
dextrose that, along with sucrose, are transformed to glucos
and fructose by the enzymes in yeast cells; these last two suga
are transformed into carbon dioxide and ethanol by another
enzyme (zymase). Among food fermentations involving yeast
(bread, beer, alcohol, wine, cheese), bread making is th
shortest and limited aroma formation is expected. Baking,
instead, triggers the production of highly aromatic compounds.

In compressed yeast, cells are generally in a state of litt
reproductive activity. Under anaerobic conditions, which is the
case in fermenting dough, reproduction proceeds slowly and
yeasts consume sugars to produce the energy needed for th
metabolism, transforming glucose into carbon dioxide and
ethanol. In fact, the oxygen from the air entrapped during
mixing is consumed in a couple of minutes by the respiration
of yeast cells. From that moment the yeast is involved in the
fermentation reaction; thus, from 180 g glucose, 88 g CO2 and
92 g ethanol are obtained:
s
C6H12O6 / 2CO2 D 2C2H5OH D 27 kcal
s;

t

or

l,

e

s,
r

Dough optimum conditions for fermentation are around
34–38 � C at pH 4.0–5.2. Yeast age strongly in� uences
leavening, because old yeasts need longer fermentation time
the addition of fat, salt, or spices hinders yeast multiplication.

Proo�ng

At the end of the leavening stage, the dough is divided and
rounded and undergoes a further expansion from yeas
fermentation (intermediate proo� ng). Afterward, the doughs
are sheeted and release the gas produced during resting
intermediate proo� ng; the sheeting makes the dough more
pliable, and the gluten strands align in a more orderly fashion.
The dough pieces, maintained at 27–40 � C and about 85%
relative humidity by using hot water or steam, will expand
dramatically due to yeast fermentation.

Baking

The dough-baking phase initiates several physical, chemica
and biological transformations that lead to a � nal product
characterized by excellent organoleptic and nutritional char-
acteristics. Oven temperature and baking time chang
depending on bread type and size; in general, oven temper
atures range from 220 to 275� C, and baking time ranges from
15 min (small breads) to 50 min (big breads). Once the
dough is in the oven, the heat will progress toward the core
thus establishing a thermal gradient. At the same time, there
is a movement of water molecules from the interior to the
exterior, coupled with water evaporation from the loaf
surface; soon enough, water transfer and evaporatio
decrease, the temperature of the external layers of the doug
increases, and a crust forms; the longer the baking time, th
thicker the crust. In the center of the loaf, the temperature is
always lower than 100� C, and at its periphery should not
exceed 120–140 � C.

During baking, the compounds with an evaporation
temperature lower than 100� C, such as ethanol and the
aromatic compounds produced during fermentation and cook-
ing (e.g., aldehydes, ethers, acids, etc.), volatilize. At the sam
time, gas dilatation and aqueous vapor pressure generate a rap
volume increase of the dough that, depending on weight, shape
and texture of the dough, reaches a maximum after 5–10 min.
Dough swelling is correlated to gas concentration as well as to
the elasticity, resistance, and gas retention capacity of th
doughs. Elastic doughs with good retention produce light,
swell breads with low speci� c weight and well-developed crumb;
poor elasticity or low gas retention leads to smaller breads
with compact crumb and irregular bubbles.

At temperatures lower than 55� C the yeasts continue the
fermentation process; however, from 65� C onward, yeasts and
enzymes are inactivated, the gluten coagulates, and the starch
partially dextrinized. All these changes, together with water
loss, trigger a loss of plasticity of the dough and lead to a rigid
shape. Baking temperature also in� uences other compounds,
such as the vitamins thiamine and ribo� avine, provoking
a reduction of their content.

The temperature gradient existing between the core an
the surface of the loaf is responsible for the different behavior
of the starch: in the center, the lower temperature make
the starch sticky and with a colloidal structure, forming the
crumb; on the surface, the higher temperatures set off the
dextrinization and caramelization process of the available
sugars. Gasses and volatile compounds are lost, and th
Maillard reaction between sugars and amino acids leads to the
formation of new compounds that give bread its typical
organoleptic properties.
Cooling and Packaging

After baking, bread loaves are removed from the oven (and
eventually the pan), placed on a wire rack, and cooled to let
the steam and alcohol formed during baking escape. If the
bread is left in the pan, the heat of the pan prolongs baking;
as a result, the crust overcooks and moisture condense
leading to a damp crust. The cooling rate depends on ai
temperature, humidity, speed, and� ow, as well as bread size
and temperature; it is highest in the initial stages and slows
down later on. To speed up bread cooling, conventional air
blast coolers and vacuum coolers are generally utilized in
baking industries.
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Bread quality and freshness are kept intact by means of
packaging and closure systems. Artisan breads are usually
sold in simple paper or plastic bags; industrial breads,
instead, are commercialized in plastic, sealed packaging. To
improve the microbial safety during packaging and storage,
and to increase the shelf life of bread, ethanol, CO2, N2, and
oxygen scavengers are often utilized for modi�ed atmosphere
packaging.
Shelf Life

Microorganism spoilage rarely is a factor in the shelf life of
bread; decreased consumer acceptance is usually linked to
staling, due to starch retrogradation. Artisan bread has a short
shelf life, mainly in�uenced by moisture, size, and type of
bread. French and Italian breads last 1 day, sourdoughs and
whole wheats 2–3 days, while big durum breads can reach
5–7 days. In contrast, industrial bread in modi�ed atmo-
sphere packaging can have a shelf life extending over several
months.

A different approach for improving the shelf life of indus-
trial bread consists in baking the bread until the crumb is
formed, and in stopping the baking before the Maillard
reactions starts on the crust. This partially baked bread can be
kept frozen or at room temperature; �nal baking is done just
before consumption.
See also:Bread: Sourdough Bread; Yeasts: Production and
Commercial Uses; Fermentation (Industrial): Basic
Considerations; Saccharomyces– Introduction; Saccharomyces
Saccharomyces cerevisiae; Saccharomyces:Brewer’s Yeast.
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Introduction

Sourdough bread-making encompasses dough fermentation
with yeast and lactic acid bacteria. The use of sourdough in
baking is an ancient craft that is currently undergoing a revival
of interest. The technology and microbiology of the constituent
processes are examined, and the diversity of the processes is
illustrated. Connections with other traditional fermentations of
cereals and legumes are noted.
History

The origins of bread-making are so ancient that everything said
about them must be pure speculation. One of the oldest
sourdough breads dates from 3700 BC and was excavated in
Switzerland, but the origin of sourdough fermentation likely
relates to the origin of agriculture in the Fertile Crescent several
thousand years earlier. Sourdough fermentation starts sponta-
neously if a mixture of �our and water is left in a warm place for
a few hours, and satisfactory bread can be made from such
a ferment. Sourdough fermentation to obtain porridges or
beverages may have been the original process, out of which the
production of bread would develop fairly easily. Bread
production relied on the use of sourdough as leavening agent
for most of human history; the use of baker’s yeast as a leav-
ening agent dates back less than 150 years.

Hieroglyphs in early Egypt as well as the analysis of bread
from that time demonstrates that bread production certainly
used sourdough fermentation. More detailed descriptions of
sourdough fermentations were provided in the �rst century by
Pliny the Elder in the Natural History; here, the use of back-
slopped, acidi�ed dough as well as the use of yeast from
winemaking are described. In early Egypt as well as the Roman
Empire, bread was produced at a large, essentially industrial
scale. In Europe, sourdough fermentation remained the main
process for dough leavening until the use of excess brewer’s
yeast became common in the �fteenth century. The dedicated
production of yeast for use as leavening agent started in
the late nineteenth century and all, but replaced the use of
sourdough for production of wheat bread. Nevertheless,
sourdough breads continued to play a signi�cant part in the
market in much of Europe, particularly in countries where rye
bread is common, including Scandinavia, Germany, eastern
Europe, and the former Soviet Union, as well as in parts of
the Middle East.

In the United States, sourdough bread was vital to the
pioneers traveling west in slow-moving wagon parties, with no
means of preserving yeast for baking. Sourdough starters are
relatively easy to maintain, and if all else failed, another starter
could be prepared from �our and water. It was so important
a part of the survival kit of the adventurers seeking gold in
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Alaska and the Yukon in 1898 that they became known as
‘sourdoughs,’ as featured in the poems of Robert Service (1957)
and the novels of Jack London. In North America, sourdough
bread is usually associated with San Francisco, California,
where the tradition and practice of sourdough bread produc-
tion survived in numerous small-craft bakeries in the century
after the California gold rush. It reemerged in the 1980s with
San Francisco sourdough bread on sale throughout the United
States.

In some cases, bakers use sourdough technology without
realizing that they are doing so. The use of sponge dough,
extended fermentation of a part of the dough after addition of
baker’s yeast, is commonly used to improve the quality of wheat
bread and soda crackers. If the fermentation time extends to
more than 8–12 h, a lactic microbiota invariably develops,
resulting in moderate acidi�cation of the dough. The growth of
lactic acid bacteria in sponge dough exerts a decisive in�uence on
product quality, but is often not adequately controlled by starter
cultures or process parameters. In these cases, minor changes in
the recipe or the process (e.g., a different supplier of baker’s
yeast) can lead to unexpected and entirely undesirable conse-
quences for product quality. Likewise, the practice of overnight
soaking of whole grains used in bread recipes to ensure full
uptake of water by the grains is commonly associated with lactic
fermentation.
Contemporary Use of Sourdough and Pattern
of Consumption

The sourdough process is the original type of bread-making,
but it is easy for a consumer in the Anglo-Saxon world to
assume that sourdough bread has been replaced in all but a few
specialist cases by baker’s yeast-leavened bread. The expanding
interest in the San Francisco bread is seen as a rather new
phenomenon. However, Scandinavia, Germany, the Low
Countries, eastern Europe, and the countries of the former
Soviet Union all maintained thriving baking industries based
on sourdough technology. This continued use of sourdough is,
in part, related to the use of rye in bread production because rye
�our requires acidi�cation for optimal bread quality. Sour-
dough use in these countries also re�ects the demand of
consumers for bread variety and quality. To a British visitor, the
variety of breads on offer in these countries can seem most
bewildering – or stimulating, if forewarned and interested in
this subject. Mediterranean countries also maintained the use
of sourdough as leavening agent for specialty products with
unmatched quality. The best example of this are the Italian
Panettone and Colomba, sweet breads associated with the
Christmas and Easter festivities, respectively. Both are produced
with sourdough as sole leavening agent, which is labeled as
lievito naturale or natural yeast on the ingredient list.
-384730-0.00045-8 309
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310 BREADj Sourdough Bread
In addition to the use of sourdough as leavening agent,
which retains its place in bread production, current industrial
practice predominantly employs sourdough or sourdough
products as ingredient to achieve dough acidi� cation, and as
baking improver. In these cases, sourdough fermentation is
used in combination with baker’s yeast as leavening agen
although the use of sourdough can substantially reduce the
amount of yeast in the recipe. The most basic form of these
dough fermentations is sponge dough, which typically
includes a signi� cant contribution of lactic acid bacteria to
biochemical conversions in dough. Other processes are derive
from traditional fermentations, and current fermentation
equipment allows the automated fermentation of sourdough
at a scale that is compatible with industrial bread production.
This development was pioneered in the Soviet Union in the
early twentieth century as a result of the (forced) industriali-
zation of bread production and was replicated independently
in Western countries more than 50 years later. The large-sca
sourdough fermentation requires liquid, pumpable sour-
doughs, and is typically fermented to higher levels of acidity to
reduce the amount of sourdough in the � nal recipe. Dough
consistency and acidity levels alter fermentation microbiota,
favoring lactic acid bacteria over yeasts. Moreover, fermenta
tion control does not allow maintaining metabolic activity of
sourdough microbiota at a level that achieves dough leavening
without baker’s yeast. Other bene� ts of sourdough fermenta-
tion, however, are achieved with these processes combinin
sourdough fermentation with baker’s yeast. Because sou
dough fermentation allows obtaining improved bread quality
and product diversi� cation without adding ingredients or
additives, up to 50% of (industrial) bread production in
European countries currently includes sourdough or sour-
dough products.

Dried or pasteurized sourdough products provide a third
avenue to the use of sourdough in baking. Dried sourdough
has been produced by specialized suppliers to the baking
industry since the 1970s and has surpassed the econom
importance of sourdough starter cultures. Drying or pasteuri-
zation inactivates fermentation microbiota but also stabilizes
the product, providing a long shelf life and allowing distribu-
tion without refrigeration. Drying facilitates transportation as
water is removed; drying at high temperatures (e.g., drum
drying) also generates� avor compounds through the Maillard
reaction. Pasteurization of sourdough retains fermentation
� avors and partially gelatinizes the starch with concomitant
improvements of dough hydration in the � nal recipe.

In sourdough fermentations performed at artisanal or
industrial bakeries, the composition of fermentation micro-
biota results from the raw materials and the choice of
fermentation parameters. In contrast, fermentation for
production of dried sourdough allows for control of fermen-
tation microbiota by direct inoculation of pure cultures with
desired properties. The array of products ranges from drie
sourdoughs to achieve the desired level of acidity to products
that are fermented and dried to achieve a high level of� avor
volatiles or hydrocolloids. The quality and � avor intensity of
bread produced with stabilized sourdough does not quite
match that of the ‘originals’ produced by traditional sourdough
fermentation. When compared to straight dough processes
however, stabilized sourdoughs offer signi� cant opportunities
for improved bread quality, shelf life, and product diversi� ca-
tion without the use of additives.
Raw Materials and Methods of Production

A process with a rich history, a widespread geographic distri
bution, and signi� cant variations in terms of integration in
contemporary industrial processes will have many variations.
The following sections outline the basic process of sourdough
fermentation, to which variations can be linked. The raw
materials are� our and water. In continental Europe, much of
the sourdough bread is made with rye� our, but the North
American and Mediterranean markets are predominantly
devoted to wheat-� our sourdough, often using white � our. The
increasing production of gluten-free bread in North America
and Europe has resulted in the commercialization of gluten-
free sourdough on the basis of corn, sorghum, or rice� ours.
The remarkable diversity of processes and raw materials
matched by a corresponding diversity of lactic acid bacteria
isolated from sourdough; sourdough is the only known source
for more than a dozen Lactobacillusspecies. Even if the
perspective is limited to the traditional sourdoughs, a remark-
able diversity of fermentation procedures is recorded. However
all of these processes rely on continuous propagation to
maintain yeasts and lactic acid bacteria in a continuous state o
growth and high metabolic activity. These traditional processes
select for a fermentation microbiota that shows remarkable
convergence across different countries or continents and a hig
stability over time.
Traditional Sourdough Fermentation

Preparation and Maintenance of the Starter

Sourdough starter can be initiated by mixing� our and water and
leaving the mixture in a warm place overnight for spontaneous
fermentation. After 12–24 h, visible fermentation has occurred,
and the dough will possess a sour, alcoholic odor. The condi-
tions favor yeasts and lactic acid bacteria that dominate the
fermentation rapidly, but the outcome of spontaneous fermen-
tations can be quite variable. Bakers control the fermentation by
continuous propagation, also referred to as refreshments o
back-slopping– a portion of fully fermented sourdough is used
to inoculate the next batch. The inoculation of each new batch
with sourdough containing actively fermenting organisms
results in more rapid fermentation than would otherwise be the
case. It also selects for fast-growing organisms. The yeasts a
lactic acid bacteria grow synergistically, and this process
ensuring constant reselection, results in the emergence of a ve
stable consortium of organisms. Following initial spontaneous
fermentation, a stable fermentation microbiota consisting of
heterofermentative lactic acid bacteria and yeasts is establishe
after about 10 refreshments. Sourdoughs are regularly refreshe
for very long periods of time: some are known to be over
a century old, with stable fermentation microbiota documented
over a period of more than 20 years. However, a price must be
paid for these advantages, and it is expressed in the form o
labor. Sourdoughs for use as leavening agent are refreshed eve
6–12 h and thus require a labor-intensive process that does no
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lend itself to much automation. Modi � ed fermentation
protocols that combine sourdough fermentation with leavening
by baker’s yeast reduce the demands of the traditional proce
dures, but do not afford the same stability of fermentation
microbiota.
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Examples for Traditional Sourdough Processes

There are at least as many protocols for traditional sourdough
propagation as there are bakers using sourdough as leavenin
agent. Two representative examples for sourdough propaga
tion, sourdough for production of Panettone and rye bread, are
shown in Table 1. Panettone is sweet sourdough bread without
pronounced acidity; likewise, plain white wheat bread without
pronounced acidic taste can be produced with sourdough as
sole leavening agent. Dough propagation for rye bread
production aims to achieve a more or less pronounced acidic
taste in the � nal product. Wheat sourdough for production of
San Francisco sourdough bread is also propagated to achie
distinct bread acidity. Despite substantial variations in sour-
dough processes, there are several common principles for th
use of sourdough as leavening agent: (1) Processes are based
continuous propagation; (2) Sourdough is refreshed two or
three times before the bread dough is prepared. This usuall
corresponds to 2–4 refreshment steps per day; (3) Dough
propagation is done in the temperature range of 20–30 � C.

Sourdough does not keep well during storage; storage a
refrigeration temperature rapidly reduces the metabolic activity
of sourdough microbiota. Freezing of sourdough inactivates
sourdough yeasts and much of the leavening activity of sour
dough. Thus, the use of sourdough as leavening agent require
continuous refreshment of the dough even when the bakery is
not producing bread.

Experienced bakers adjust the fermentation time, tempera
ture, dough yields, and level of inoculum to ensure suf� cient
activity of the fermentation microbiota, and the desired
balance between lactic acid bacteria and yeasts, correspondin
Table 1 Examples for propagation of sourdough for use as leaven

Wheat sourdough for p

% starter %� our % water % total
1st stage 3.5 4.3 2.2 10
2nd stage 10 13 7.0 30
3rd stage 30 50 20 100

Sourdough used for production of ca. 350% Panettoneb in on
two stages of dough preparation

Rye sourdough for rye br

% starter %� our % water % total
1st stage 0.4 1.45 1.45 3.1
2nd stage 3 16 9 28
3rd stage 28 35 37 100

Sourdough used for production of ca. 250% bread in o

aDY, dough yield (g dough/100 g� our).
bA typical Panettone recipe consists of 38% wheat� our, 20% water, 9% sugar, 9% b
cRye or mixed rye-wheat bread,� nal dough yield between 160 and 170 depending
to the balance between dough acidity and leavening. As
a general rule, low temperatures and� rm dough favor growth
of yeasts over the growth of lactic acid bacteria. Referring to th
two examples shown in Table 1, the wheat sourdough is
propagated at lower dough yield and at a lower temperature
when compared to the rye sourdough, resulting in a higher
contribution of sourdough yeasts to the overall metabolic
activity, higher leavening activity, and lower acidity. Likewise,
the second stage of the rye sourdough propagation shown in
Table 1 is conducted at a lower temperature and dough yield to
promote yeast growth. Yeasts and lactobacilli in traditional
sourdoughs grow optimally at 28 and 32 � C, respectively with
temperature maxima of 35 and 40� C, respectively. Fermenta
tion temperatures of more than 30� C thus favor growth of
lactobacilli over the growth of yeasts and result in sourdoughs
with higher acidity and reduced leavening activity. It is an
apparent paradox that low temperatures also favor formation
of acetic acid in sourdough. Acetic acid is produced almos
exclusively by heterofermentative lactobacilli. However, acetic
acid formation by heterofermentative lactobacilli is dependent
on the availability of fructose (see below), and thus on inver-
tase activity of sourdough yeasts to release fructose from fructo
oligosaccharides present in wheat and rye� ours. Salt is gener-
ally not included in the sourdough propagation steps, but
added to the � nal bread dough. The addition of 1% NaCl to
sourdough does not fundamentally alter the microbial ecology
of the dough, but is suf� cient to signi� cantly reduce the growth
rate of obligate heterofermentative lactobacilli. Higher salt
concentrations (2–5%) shift fermentation microbiota in favor
of homofermentative lactobacilli; these sourdoughs are suit-
able for dough acidi� cation but not for leavening.
Processes to Combine Sourdough Fermentation
with Baker’s Yeast

Fermentation combining sourdough fermentation with leav-
ening by baker’s yeast eliminates the need to maintain
ing agent

anettone production (Italy)

DYa Fermentation temp./time
150 24–26� C, 4 h

150 24–26� C, 4 h
150 24–26� C, 4 h

e or Starter culture (madre) for inoculation of next dough is stored
at 15–16� C for 12 h

ead production (Germany)

DY Fermentation temp./time
200 25–26� C, 6 h

160 23–27� C, 8 h
180 28–31� C, 3 h

ne stagec Starter culture (Anstellsauer) used for inoculation without
prolonged storage

utter, 2% egg yolk, skim milk powder, dried or candied fruit, emulsi� ers, and� avors.
on the� our(s) used.
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metabolic activity of sourdough microbiota at a level that
generates suf� cient CO2 to leaven the dough. Metabolism of
sourdough lactic acid bacteria and yeasts, however, remain
suf� cient to produce dough acidi� cation and to attain other
bene� cial effects of sourdough on bread quality. Sourdough
propagation is derived from traditional procedures but with
a reduced number of refreshments– one or two refreshments
per day– is commonly used in combination with baker ’s yeast.
Sponge dough or ‘poolish ’ are a second example. In sponge
dough fermentations, 10–20% of the � our used in the bread
dough is fermented with addition of baker’s yeast for severa
hours or overnight. If fermentation times exceed 8–12 h, lactic
acid bacteria grow to high cell counts and the pH drops to
values of less than 4.5 while the leavening activity is entirely
attributable to baker’s yeast. Large-scale and in some cas
continuous fermentation systems rely on long fermentation
times – 12 h to several days– to achieve high levels of acidity
and to obtain sourdough that remains stable for several hours
or days of refrigerated storage. Dried or pasteurized sourdough
are produced on the basis of the same principle; the de� ning
difference is the stabilization step to allow shipment from the
sourdough producer to the bakery.
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Microbiology

The diversity of sourdough fermentation processes is matche
by the diversity of lactic acid bacteria and yeasts that are found
in sourdough. Over 100 species of lactic acid bacteria have bee
identi � ed, predominantly lactobacilli, but Weissellaand Leu-
conostocare also frequently found, and species of the gener
Lactococcus, Enterococcus,and Pediococcusare occasionally
identi � ed. The diversity of lactic acid bacteria can be catego
rized to some extent by differentiation between different
sourdough processes.

Traditional sourdough used for leavening is categorized a
Type I sourdough. The frequent refreshments needed to susta
a high metabolic activity selects for fast-growing organisms. In
Type I sourdoughs, yeasts and lactobacilli are found in
a numerical ratio of about 1:100. In most cases,Lactobacillus
sanfranciscensis(previously Lactobacillus sanfranciscoor Lactoba-
cillus brevisssp.lindneri) is the dominating lactic acid bacterium
and occurs together withCandida humilis(syn. of Candida milleri)
or Kazachstania exiguus(syn. Saccharomyces exiguus,anamorph
Candida holmii,prev. Torulopsis holmii). Sourdough yeasts are
more acid tolerant than Saccharomyces cerevisiae. The species
L. sanfranciscensiswas described with isolates from San Francisc
Sourdough as type strains. However, strains of the specie
dominate Type I sourdoughs worldwide and have no speci� c
association with the Bay Area in the United States. The domi
nance of this species in a majority of Type I sourdoughs is
explained by its rapid growth;L. sanfranciscensisgrows optimally
between 28 and 32� C and a pH of 5.0–6.0, conditions matching
Type I sourdough fermentations. Moreover, its metabolism is
highly adapted to maltose and sucrose, the most abundan
carbohydrate sources in wheat and rye sourdoughs. Coexisten
with C. humilisor K. exiguusrelies on the lack of competition
for nutrients – L. sanfranciscensispreferentially uses maltose or
sucrose and peptides, while sourdough yeasts preferentiall
metabolize glucose and amino acids. Moreover, yeast invertas
hydrolyzes fructo-oligosaccharides, which are not accessible t
lactic metabolism, to release fructose, which stimulates growth
of obligate heterofermentative lactobacilli (see below). In Type I
sourdoughs,L. sanfranciscensisis sometimes replaced by related
hetofermentative lactic acid bacteria (e.g.,L. brevis, Lactobacillu
hammesii, Lactobacillus rossiae, or W. confusa), and often associ-
ated with the homofermentative Lactobacillus plantarumor
Lactobacillus paralimentarius.

Sourdoughs with long fermentation times, often at elevated
temperature, that are fermented to achieve high levels of acidity
are categorized as Type II sourdoughs. Owing to the mor
diverse fermentation conditions when compared to Type I sour-
doughs, more diverse microbiota are encountered in different
processes. Infrequent refreshments and high levels of acidit
select for acid tolerant and typically thermophilic lactobacilli.
Lactobacillus reuteri, Lactobacillus pontis, Lactobacillus amyl
and Lactobacillus fermentumfrequently dominate Type II sour-
doughs. Comparable toL. sanfranciscensis, L. reuteri, L. fermentum,
andL. pontisare heterofermentative lactobacilli that preferentially
metabolize maltose and sucrose. In contrast toL. sanfranciscensi,
these species generally convert arginine to ornithine and gluta
mine to g-aminobutyrate. Both conversions contribute to the
acid tolerance of these species. Type II sourdough microbiot
show remarkable overlap with Lactobacillusspecies in intestinal
microbiota of humans and animals, and the intestinal origin of
Type II lactobacilli was shown for sourdough isolates ofL. reuteri.

Sponge doughs that are started by addition of baker’s yeast
are categorized as Type 0 sourdoughs. The microbiota o
sponge doughs that are not started by back-slopping of mature
sourdough is dependent on lactic acid bacteria from the bakery
environment, the raw materials, or those present in baker’s
yeast. Baker’s yeast is probably the most signi� cant source of
lactic acid bacteria present in sponge doughs, but yeast from
different suppliers may be contaminated with different levels
and types of lactic acid bacteria.Lactobacillus sakei, L. plantaru
and Pediococcusspecies were isolated from sponge doughs in
France, Germany, and the United States.
Biochemistry of Sourdough Fermentation

In contrast to most other food fermentations, obligately heter-
ofermentative lactic acid bacteria are numerically dominant in
most sourdoughs. Heterofermentative metabolism converts
hexoses via the phosphoketolase pathway to lactate, ethanol o
acetate, and CO2. Heterofermentative lactobacilli contribute to
the leavening power of sourdough, and experimental sour-
dough fermentations have demonstrated that suf� cient leav-
ening can be achieved byL. sanfranciscensisin pure culture. The
competitiveness of heterofermentative lactobacilli in sour-
dough is attributable to the ef� cient metabolism of maltose and
sucrose. Utilization of these disaccharides is not repressed b
glucose and is preferred over glucose metabolism by man
sourdough lactobacilli, including L. sanfranciscensisand
L. reuteri. Maltose and sucrose metabolism by maltose phos
phorylase and sucrose phosphorylase generates glucose
phosphate without expenditure of ATP and thus increases the
energy yield of hexose metabolism. The effective utilization of
fructose as electron acceptor to achieve cofactor regeneration
a second important contributor to the competitiveness of
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heterofermentative lactobacilli. Hexose metabolism via the
phosphoketolase pathway generates acetyl-phosphate
energy-rich metabolic intermediate, which is reduced to ethanol
as end product with concomitant oxidation of two reduced
cofactors, NADH, to NADþ . If fructose is present, hetero-
fermentative lactic acid bacteria generally reduce fructose t
mannitol with concomitant oxidation of NADH to NAD þ . This
allows the conversion of acetyl-phosphate to acetate, coupled t
synthesis of ATP from ADP and a further increase of metaboli
ef� ciency. The use of fructose as electron acceptor is preferr
over the use of fructose as carbon source by heterofermentativ
lactobacilli. Virtually all strains of L. sanfranciscensisreduce
fructose to mannitol, but many strains do not use fructose as
carbon source. A majority of sourdough lactobacilli are not
capable of oligo- or polysaccharide metabolism and rely on
cereal- and yeast-derived amylases and invertase, respectively
release maltose and fructose from starch and fructo-oligosac
charides, respectively. Likewise, sourdough lactobacilli gene
ally do not exhibit extracellular protease activity and rely on
cereal enzymes to provide peptides, which are taken up by oli
gopeptide or dipeptide transporters.
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Technological Effects of Sourdough Fermentation
on Bread Quality

Sourdough fermentation affects all aspects of bread quality
volume, texture, microbial shelf life and staling, and taste and
aroma. Principal effects can be attributed to acid production by
lactic acid bacteria and to the increased fermentation time
allowing for increased activity of cereal amylases, protease
phytases, and pentosanases.

Dough acidi� cation is particularly important in rye bread,
a fact that contributed to the continued use of sourdough in
countries where rye bread has a substantial share of the brea
market. The importance of dough acidi�cation in rye baking is
attributable to two factors. First, rye� our lacks structure-forming
gluten proteins; dough hydration and gas retention are largely
dependent on pentosans. The partial hydrolysis of pentosans b
cereal pentosanases during sourdough fermentation increase
their solubility and water binding, and improves the volume
and texture of the bread. A solubilization of water-insoluble
pentosans also occurs in wheat sourdough, but is of secondar
importance due to the presence of polymeric gluten proteins.
Second, rye� our has a higher amylase activity and rye starch ha
a lower gelatinization temperature when compared to wheat.
This results in a small temperature range during which active
amylase and gelatinized starch coexist. During heating of th
crumb in the baking process, the amylase activity of rye� our is
suf� cient to compromise or destroy the crumb structure unless
amylase is inhibited by low pH.

The low pH also enhances the activity of cereal proteases an
phytases. Minerals in wheat and rye� ours are mainly bound in
insoluble complexes with phytate. Dough acidi� cation allows
for optimal activity of cereal phytase (pH 5.0–5.5) and solubi-
lizes the insoluble phytates (pH< 5.0). Phytate hydrolysis
during sourdough fermentation reduces the binding of minerals
and increases their bioavailability. It is doubtful if this is
signi� cant for a consumer eating a reasonably varied diet
However there is an increasing concern that even the America
diet is only marginally adequate in terms of trace minerals, and
so a reduction in phytate may be signi�cant. There is no evidence
that phytases from lactic acid bacteria contribute to phytate
degradation during sourdough fermentation.

Proteases in wheat and rye� ours are optimally active in the
pH range of 3.5–4.5. Sourdough fermentation thus allows for
high protease activity, and the amino acid concentration
increases 5–10-fold during fermentation. Amino acids are
important precursors for � avor formation by lactic and yeast
metabolism, or in thermal reactions during baking. Excess
proteolysis in wheat sourdoughs, however, compromises the
gluten network and results in a reduced bread volume.

Microbial metabolites with speci� c effect on bread quality
particularly include acetic acid, ornithine, glutamate, and exo-
polysaccharides. Acetic acid is produced by heterofermentativ
lactic acid bacteria if fructose is available as electron accepto
Acetic acid is volatile and thus in� uences bread odor as well as
taste. Moreover, acetic acid has a stronger antimicrobial activit
than lactic acid and contributes to the extended microbial shelf
life of sourdough bread. However, acetic acid in concentrations
that prevents fungal bread spoilage has such a strong impact o
bread � avor that the bread is inacceptable to most consumers

Ornithine is the product of arginine conversion by L. reuteri,
L. pontis, L. rossiae,and other sourdough lactobacilli. During
baking, ornithine reacts to 2-acetyl-1-pyrroline, the characte
impact compound of wheat crust odor. Experimental strategies
to speci� cally augment the ornithine content of sourdough also
increased the pleasant, roasty crust odor. Glutamine is the mos
abundant amino acid in wheat and rye proteins; individual
gliadins contain up to 50% glutamine. Sourdough lactobacilli
convert glutamine to glutamate, which imparts umami taste.
Glutamate addition to levels matching microbial glutamate
accumulation improved the sensory properties of bread. All
sourdough lactobacilli are capable of glutamine conversion,
although the extent of conversion is strain speci� c. The
conversion of amino acids by yeast metabolism results in
formation of � avor volatiles; for example, methylbutanal and
phenylethanol are formed from leucine or isoleucine and
phenylalanine, respectively.

Exopolysaccharide formation by lactobacilli in sourdough
is based on glucansucrase or fructansucrase activity. The
enzymes are extracellular or cell wall associated and conve
sucrose to polymeric fructans (fructansucrases) or glucan
(glucansucrases). Polymers produced by lactobacilli in sour
dough include the fructans inulin and levan, and the glucans
dextran, reuteran, or mutan. The frequency of exopoly-
saccharides producing sourdough strains is high, and any give
sourdough likely contains at least one exopolysaccharide
producing strain. The amount of exopolysaccharides produced
during sourdough fermentation is dependent on the strain
employed, sucrose concentration, and process conditions. In
experimental and industrial sourdough fermentations, exopo-
lysaccharides accumulate to more than 20 g kg� 1 dough. This
quantity is suf� cient to improve the volume and texture of
sourdough bread and to delay bread staling. For example, the
long shelf life of Panettone was attributed to dextran formation
by Leuconostocspp. during sourdough fermentation. Sucrose
conversion by glucansucrases and fructansucrases, howev
also releases fructose and increases acetic acid formation
heterofermentative lactobacilli. Most Weissellastrains are an
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exception among heterofermentative lactic acid bacteria as the
do not employ fructose as electron acceptor to support acetat
formation and dextran-producing Weissellaspp. are highly
suitable to improve bread volume and texture.

Sourdough fermentation delays the spoilage of bread by
rope-forming bacilli and molds. Moderate acidi� cation of
bread that is achieved in most sourdough breads is suf� cient to
prevent ropy spoilage. Experimental sourdough fermentations
were also shown to delay the growth of fungal spores on bread
This antifungal effect is strain speci� c. Active antifungal
metabolites remain to be identi� ed; known antifungal
metabolites of lactobacilli are not produced to inhibitory
concentrations during sourdough fermentation. The antifungal
effect of sourdough is likely attributable to a combination of
several microbial metabolites and substrate-derived antimi-
crobial compounds.
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Sourdough Starter Cultures

Sourdough starter cultures have been available since 1910 an
were among the � rst commercially available starter cultures.
Initial culture preparations were based on cereal substrate–
essentially refrigerated sourdough with mixed strain composi-
tion containing yeasts and lactic acid bacteria and a shelf life o
a few weeks. Culture preparations on cereal substrate hav
retained their relevance to date, owing to their superior activity
upon refreshment at the bakery when compared to dried
cultures. Recent developments include the commercialization
of rice- or sorghum-based gluten-free starter cultures for use i
gluten-free baking.

Freeze-dried, pure culture preparations for sourdough
fermentations have also been available for several decade
However, freeze-dried cultures fail to develop suf� cient
metabolic activity in straight dough processes; their use
requires one or more refreshment in the bakery. Moreover
freeze-dried cultures of lactic acid bacteria cannot replac
traditional sourdoughs that contain sourdough yeast as
well as lactic acid bacteria. Dried or pasteurized sourdough
products do not contain relevant numbers of viable lactic
acid bacteria and are used as baking improver rather than a
starter culture.
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Related Cereal Fermentations

Numerous other cereal fermentations exist worldwide that are
highly related to sourdough fermentation in terms of fermen-
tation conditions and microbial ecology, but are used to
produce beverages or porridges rather than bread. A detaile
description of these fermentations is beyond the scope of this
article, but a few examples are presented to indicate tha
very diverse products are obtained from the same basi
fermentation.

Steamed wheat bread (man tou) produced in China and
throughout Southeast Asia differs from bread only insofar that
the baking process is replaced by steaming. Dough fermenta
tion for steamed bread relies on sponge dough fermentation or
back-slopped sourdoughs, resulting in fermentation micro-
biota that are comparable to sourdough used in baking.
Kvass, widely consumed in Russia, and boza, consumed i
Turkey and surrounding countries, are two examples of cerea
based beverages. Kvass is produced from malt or sourdoug
bread, whereas boza is produced from boiled wheat, maize
rice, and/or millet � ours. Both beverages are sweetened wit
sucrose, are slightly alcoholic (0.5–1%), and undergo lactic
fermentation. Fermentation microbiota consist of S. cerevisia
and lactic acid bacteria, including dextran-producingLeuco-
nostocspp.

Cereal fermentations in Africa and South Asia employ
corn, sorghum, millet, or teff as raw materials to produce
porridges, gruels, or cakes. Many of the fermentations docu
mented in the scienti� c literature are based on spontaneous
fermentation, but the use of back-slopping has also been
reported. Examples include mawè and ting, porridges
produced in West Africa and Botswana, respectively, and idli
a soft cake produced in South India and Sri Lanka. The high
ambient temperature in these countries selects for thermo
philic fermentation microbiota. It is noteworthy that cereal
fermentations in tropical climates frequently harbor amylo-
lytic lactobacilli. This may relate to the low amylase activity of
the substrates employed.
Conclusion

Sourdough fermentation is the most ancient way of producing
bread and has retained its relevance in contemporary brea
production. The continued importance of sourdough in
bread production relates to the unique quality of sourdough
bread that cannot be reproduced with alternative fermentation
methods or ingredients. Sourdough can replace several ingre
dients or processing aids and allow a substantial reduction of
the production cost. Traditional procedures for sourdough
fermentation retain their relevance in the artisanal production
of (specialty) bread. Moreover, traditional processes were
adapted and modi� ed to meet the requirements of large-scale
and automated bread production.

See also:Bacteriocins:Potential in Food Preservation;Bread:
Bread from Wheat Flour;Candida; Ecology of Bacteria and
Fungi in Foods:In� uence of Redox Potential;Ecology of
Bacteria and Fungi in Foods:Effects of pH;Fermentation
(Industrial):Basic Considerations;Fermentation (Industrial):
Control of Fermentation Conditions;Fermented Foods:Origins
and Applications;Fermented Foods:Fermentations of East an
Southeast Asia; Beverages from Sorghum and Millet;
Lactobacillus:Introduction;Lactobacillus:Lactobacillus brevis;
Metabolic Pathways:Release of Energy (Aerobic);
Saccharomyces– Introduction;Saccharomyces:Saccharomy
cerevisiae; Starter Cultures;Starter Cultures:Importance of
Selected Genera;Torulopsis; Yeasts:Production and
Commercial Uses;Yersinia:Introduction.
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General Characters

The current taxonomy of the Brettanomyces yeast includes two
genera: the teleomorphic ascomycetus genus Dekkera and its
anamorphic counterpart Brettanomyces. Within the genus Dek-
kera, two species are accepted: Dekkera anomala M. Th. Smith
and van Grinsven (1984) (anamorphic species Brettanomyces
anomalus Custers, 1940) and Dekkera bruxellensis van der Walt
(1964) (anamorphic species Brettanomyces bruxellensis Kufferath
and van Laer, 1961). In the anamorphic ascomycetus genus
Brettanomyces, there are three species: Brettanomyces custersianus
van der Walt (1961), Brettanomyces naardenensis Kolfshoten and
Yarrow (1970), and Brettanomyces nanus (M. Th. Smith,
Batemburg-van der Vegte and Scheffers) M. Th. Smith, Boekh-
out, Kurtzman and O’Donnel (1994).

The cell morphology across these species is quite variable, as
they can go from spheroidal to subglobose and to ellipsoidal.
A typical and characteristic form is that of ogival or cylindroidal
to more elongated. They can also sometimes form a pseudo-
mycelium (Figure 1).

Dekkera/Brettanomyces yeasts grow slowly and are generally
short-lived. All of these species ferment at least glucose, with
D. anomala and D. bruxellensis as the generally good fermenting
species, which has the typical regulatory mechanism known as
the Custers effect. Through this effect, fermentation is stimu-
lated by oxygen. The broad production of acetic acid from
glucose under aerobic conditions is a characteristic physiolog-
ical trait of Brettanomyces/Dekkera yeasts. Another particular
physiological character, which has been used for their selective
isolation, is their resistance to cycloheximide (0.01%, and
sometimes up to 0.1%). The application of this antibiotic
fungicide at selective concentrations in nutrient media makes it
easy to effect their isolation, as they grow slowly and are more
dif�cult to detect on plates than are other yeasts. Their culture
requires vitamin sources, such as thiamine and biotin. In
Figure 1 Typical pseudomycelial growth of Dekkera/Brettanomyces
yeasts.
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addition to being a distinctive taxonomic characteristic, their
acetic acid production also has an important role in fermented
beverages: It can result in spoilage and can have selective
actions toward other microorganisms.
Physiological Properties

Brettanomyces/Dekkera yeasts show particular physiological
behavior, and they represent a very interesting model from
both the fundamental and applied points of view. Brettano-
myces/Dekkera yeasts can assimilate and ferment a variety of
sugars, and their fermentative performances are strain speci�c.
They also show low fermentation rates in comparison with
other fermenting yeasts (e.g., Saccharomyces), and variable
fermentation power (the maximum capacity for ethanol
production in the presence of excess sugar). However, some
strains that have been isolated from wines show high
fermentation power close to those of Saccharomyces cerevisiae
strains that have great resistance to ethanol.

The regulation of the respiration–fermentation metabo-
lism in these yeasts has some particularities. Indeed, inhibi-
tion of alcoholic fermentation under anaerobic conditions
(the Custers effect) can be considered as a speci�c physiolog-
ical behavior of Brettanomyces/Dekkera that is related to their
growth and fermentation. This regulatory mechanism, which
was discovered by Custers in 1940, is a consequence of redox
imbalance caused by the reduction of NADþ during the
oxidation of acetaldehyde to acetic acid. In the absence of
a H-acceptor, the conversion of acetaldehyde in acetic acid
results in a drop in the NADþ/NADH ratio that is not restor-
able by glycerol formation via glycero-pyruvic fermentation
(Figure 2). Nevertheless, the block of glycolytic �ux should be
transient, and growth and ethanol production resumes after
a period of adaptation. The Custers effect (or negative Pasteur
effect) de�nes the metabolic behavior of Brettanomyces/Dek-
kera yeast as a function of the oxygen concentration. Full
aerobiosis provides optimal cell growth, but the large
production of acetic acid that is linked to high activity of
aldehyde deydrogenase NADþ/NADPþ to the detriment of
ethanol production can result in rapid cell death. Semi-
anaerobiosis is the best condition for alcoholic fermentation
associated with acetic acid production, while in strict anaero-
biosis, there is slow pure fermentation (little or no acetic acid
production) and reduced growth occurs. Thus, the character-
istic high acetic acid producer in Brettanomyces/Dekkera yeasts
is related to the oxygen concentration, which is under the
control of the respiration–fermentation mechanism.

This particular metabolic behavior, which provides the ability
to assimilate a wide variety of carbon sources and to respond to
environmental factors, determines the presence and colonization
of Brettanomyces/Dekkera mainly as contaminant yeast in bio-
ethanol fermentation processes, and in beer, wine, and other
fermented beverages. In particular, in fermented foods and
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00046-X
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beverages, the metabolic characteristicscan signi� cantly in� uence
the � nal product. Other than, the high production of acetic acid,
another distinctive metabolic activity of Brettanomyces/Dekke
yeasts is the production of undesirable compounds, such a
volatile phenols and tetrahydropyridines, the N-heterocyclic
compounds. Brettanomyces/Dekkerayeasts can synthesize tetra
hydropyridines from lysine. These compounds are responsible
for an unpleasant odor and taste that makes wine undrinkable,
which is often de� ned as a‘mousiness’ or ‘mousy taint’.

Volatile phenols cause off-� avors in beers and wines. Vinyl
phenols and ethyl phenols are responsible for taints described a
‘medicinal’ in white wines and ‘leather,’ ‘horse sweat,’ or ‘stable’
in red wines, respectively. The ability to produce volatile phenols
is related to the sequential activities of two enzymes tha
decarboxylate hydroxycinnamic acids (e.g., ferulic,p-coumaric,
and caffeic acids) to vinyl phenols, which are then reduced to
ethyl phenols (Figure 3). The � rst step is catalyzed by the
enzyme hydroxycinnamate decarboxylase, while the second
reduction, step is catalyzed by a vinylphenol reductase. A wide
variety of microorganisms carry out the decarboxylation of
hydroxycinnamic acids, while the reduction step that follows is
poorly diffused among yeasts and limited to Brettanomyces
Dekkera, Pichia guilliermondii, Candida versatilis, Candida halophila,
and Candida mannitofaciens. Apart from Brettanomyces/Dekke
yeasts, onlyP. guilliermondiiis found in fermented food and
beverages as responsible for spoilage activity.
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R = OCH3 (4-ethyl guaiacol)

Figure 3 Production of volatile phenols via decarboxylation of hydroxycinnamic acids.
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Another particular metabolic trait of Brettanomyces/Dekke
yeast is the esterase enzymatic activities that are sometimes
interest in fermented food and beverages. The esterase
through their ester-hydrolyzing and ester-synthesizing activi
ties, all have important roles in � avor modi� cations of food
and beverages.

Polysaccharide and disaccharide assimilation is anothe
metabolic trait of Brettanomyces/Dekkerayeasts that supports
their ability to colonize some speci� c substrates where these
sugars are the only carbon source. An intracellular and extra
cellular a-glucosidase activity was found inBrettanomyces lam
bicus(now reclassified asD. bruxellensis). Its enzymatic activities
are probably involved in the overattenuation of spontaneously
fermented Belgian lambic beers. As the spoiling activity in fer-
mented food and beverages is the most important characteristi
of the Brettanomyces/Dekkerayeasts, a large number of culture-
based techniques have been studied and proposed for asses
ment of this undesirable yeast. However, its absence at a give
time does not assure that it will not develop in the future and
produce unpleasant aromas. The behavior ofBrettanomyces
Dekkerayeasts toward environmental factors is crucial to detec
and avoid their presence in food and beverages. An increase
ethanol concentrations and the ability to grow using little sugar
favorably affects the competitive ability of Brettanomyces
Dekkerayeasts in their various ecological niches. Moreover, th
ability to assimilate starch, dextrins, maltotriose, and cellobiose
provides an evident ecological advantage in particular envi
ronments, such as in fermented beverages.

Another physiological aspect that has great importance in
fermented food and beverages is the ability ofBrettanomyces
Dekkerayeasts to enter into a viable but non-culturable (VBNC)
state. This is characterized by the inability of the cells to
reproduce in a nutrient media, although the cells are still alive
and can maintain their metabolic activity. Among various
technological and environmental factors, pH and SO2

concentration have fundamental roles in the control of these
spoilage yeasts in wine. The amount of molecular SO2, and
consequently its antiseptic activity, affect the possibility of
entering into the VBNC state, a physiological condition where
the yeasts can still produce vinyl phenols, thus promoting their
spoilage activity.
Genomic Analysis

Despite their economic importance and physiological interest,
the Brettanomyces/Dekkeraspecies have remained poorly inves
tigated at the genomic level. However, various mitochondrial-
DNA (mtDNA)-based analyses have been carried out to perform
a revision of their taxonomical position. Using speci� c mtDNA
probes from S. cerevisiaeto map six mitochondrial genomes
from Brettanomyces/Dekkeraand the closely relatedEeniella nana,
it was noted that 34.5 kbp mtDNA of E. nanais almost identical
to that of B. custersianus(28.5 kbp) and B. naardenensi
(41.7 kbp). This � nding suggests that the yeastE. nanais af� li-
ated with these other two species, B. custersianusand
B. naardenensis. A closer relationship was suggested for mtDNAs
of the Dekkera intermedia(73.2 kbp) and D. bruxellensis
(85.0 kbp) species, which show the same sequence order an
most of the common restriction endonuclease sites.

Studies have also focused on sequencing ribosomal-RN
(rRNA) regions, to aid in the molecular detection of
D. bruxellensiscontamination, and only one nuclear-protein-
coding gene has been sequenced to date. Consequently, th
genetic bases of their physiological abilities remain largely
unknown.

To investigate theDekkera/Brettanomycesgenome, and to
provide a resource for further research, a genome examinatio
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that sequenced a collection of strains ofD. bruxellensisisolated
from wine was carried out. This study reported a preliminary
analysis of the genome organization and gene content of thes
strains.D. bruxellensishas the distinctive genome characteristic
of the hemi-ascomycetes, which includes estimated gen
content and size, number of introns, and intergenic lengths.

The heredity of D. bruxellensisand S. cerevisiaehas been
separated at approximately 200 million years ago. However
D. bruxellensisand S. cerevisiaeshare several characteristics, suc
as the production of ethanol, the ability to propagate in the
absence of oxygen (anaerobic growth), and‘petite’ positivity,
which is described as the ability to produce offspring without
mtDNA, which is rarely found among other yeast. The genome
analysis of 30 isolates ofD. bruxellensisthat originated from
different geographical locations around the world showed
differences in the number and size of chromosomes, and in the
number of copies of several genes whose sequences vary.
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Ecological Distribution

The � rst studies on the isolation and identi� cation of Bretta-
nomyces/Dekkerayeast were carried out for wine fermentation,
high-gravity and lambic beer fermentation, and soft drinks. In
the winemaking environment, Brettanomyces/Dekkerayeasts
were largely found in fermenting musts and � nished wines,
where ethanol has an important role in the selective pressure
Indeed, their classical habitat is the winery and its equipment,
and in particular in the barrel aging of red wines. More recently,
using speci� c selective medium,Brettanomyces/Dekkerayeasts
have been detected on the surface of grape berries. The en
ronmental conditions in winemaking for the dominance of
speci�c ecological niches by Brettanomyces/Dekkerathat
promote their spoilage activity are the presence of high ethano
concentrations, minimal sugar residues, limited dissolved
oxygen, and low molecular SO2, which is directly linked to the
pH. For example, in industrial beer production, Brettanomyces
Dekkerayeasts have been found during Belgian lambic bee
fermentation where they promote speci� c and desired changes
to the � nal product. On the other hand, in high-gravity beer,
they show spoiling activities that result in overattenuation,
‘ropiness,’ and undesired � avor modi� cations. Brettanomyces
Dekkerayeasts have also been reported in fermentation plant
for the industrial bioethanol process. In this industrial
Table 1 Distribution and impact ofBrettanomyces/Dekkerain different e

Habitat Role Type of inte

Grape berry surface Inhabitant, or rarely found–
Wine Spoilage Dominant d

Beer Contaminant/fermenting� ora Competitio

Bioethanol Contaminant Competition
Cider Cofermenting micro� ora Dominant d
Kombucha tea Cofermenting micro� ora Dominant d
Rice-steamed sponge cake Dominant agent of

fermentation
Dominant d

and main
Tequila Cofermenting micro� ora –
fermentation process, and in particular during the batch-
cell–recycle processes, they compete withS. cerevisiae, which are
the most used and adapted yeast species in the bioethano
fermentation process. The increasing occurrence ofBrettano-
myces/Dekkerayeasts as a contamination in the fermentation
process results in a signi� cant reduction in the ethanol yield
and productivity. Brettanomyces/Dekkerahave also been found
in other fermentation processes, such as spontaneous cide
fermentation. Among the species identi� ed in the whole of the
microbial ecosystem of cider production,Brettanomyces/Dekke
yeasts are the dominant micro� ora during the maturation
phase of the process. Also,Brettanomyces/Dekkerayeasts have
been found in fermented tea, another particular food-fer-
mented matrix, during the maturation stage. They have been
reported also during the fermentation of juice from the agave
plant, which is used to obtain tequila, a widely diffused
Mexican distilled beverage.

Microbiological studies on cereal-based traditional fer-
mented foods have shown the presence ofBrettanomyces/Dek
kerayeasts during fermentation. Also in this natural process
Brettanomyces/Dekkerayeast can have very important roles
during the maturation phase, with in� uences on the quality of
the � nal product. D. anomalaand D. bruxellensishave also been
found in dairy products, but their roles here have not been
clari� ed yet. A summary of the ecological distributions and
roles for Brettanomyces/Dekkerayeast in fermented food and
beverages are reported inTable 1.

In summary, Brettanomyces/Dekkerayeasts are little diffused in
natural substrates, such as fruits, grasses, plants, and sug
substrates. Their presence and colonization increase with th
fermentation process. The presence of ethanol and limited suga
availability appear to have an important role in its ability to
compete with other microorganisms. At the end of fermentation
and during the maturationphase of alcoholic foodand beverages
Brettanomyces/Dekkeracan become the dominant yeast, depend-
ing on the speci� c environmental conditions, which can result in
modi � cations that can affect the quality of the� nal product.
Implications in Fermented Food and Beverages

Although Brettanomyces/Dekkerahave been isolated from
a variety of foods and beverages, their role in the� nal olfactory
properties of these products is not well established. Indeed
cological niches

raction Metabolic activities

–
uring wine aging Vinyl-ethyl phenols and tetrahydropyridine

production
n with fermenting yeastsa-Glucosidase activity, overattenuation, ester

formation
withS. cerevisiae Reduction in production and yield of ethanol

uring maturation phase Contribution to� nal aroma
uring maturation phase Control of bio� lm formation during storage
uring maturation phase
tenance

Improve quality and taste

–
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320 Brettanomyces
they are often viewed as a contaminant, and only in few
systems are they believed to have any positive role in forming
the analytical and sensory characteristics. Only recently hav
researchers begun to assess the value ofBrettanomyces/Dekke
yeasts with regard to both their ethanol and acetic acid
production.

The metabolism of Brettanomyces/Dekkerayeasts has
a signi� cant impact on various fermented food and beverage
industries, and as indicated, especially in winemaking. Grape
juice transformation in wine is the result of the activities of
a range of microorganisms. In the vineyard, grape berries ar
already colonized by � lamentous fungi, yeasts, and bacteria
Microorganisms do not always have positive effects on the� nal
product, and some can be prejudicial to wine quality by, for
example, producing off-odors, like the yeastD. bruxellensis.
Under winemaking conditions and depending on the carbon
and energy sources,D. bruxellensiscatalyzes the transformation
of p-coumaric acid and ferulic acid into 4-ethyl phenol and
4-ethyl guaiacol, which confer a negative characteristic arom
to the wine. This alteration, which is sometimes referred to as
Brett character, mainly occurs in red wines. For all thes
reasons,Brettanomyces/Dekkerayeasts are considered the majo
cause of wine spoilage.

To provide enough information and ef� cient solutions to
problems during winemaking, microbiologists have carried out
investigations to better understand the origins ofD. bruxellensis
in wine, along with its growth conditions, volatile phenols
production pathways (and their regulation), and genetic and
physiological characteristics. This is probably the most well-
adapted yeast species to dry red wine. It is relatively resistant t
high concentrations of SO2, high ethanol content, oxygen, and
sugar depletion. It can be particularly active during sluggish
alcoholic or malolactic fermentation, and its growth is
promoted during the decline of the fermentative species. It can
also grow during wine aging, and the use of techniques such a
� ning and racking, which contribute to the microbial stabili-
zation of wine, can support D. bruxellensiscolonization.

Antimicrobial actions, like heat treatment and wine � ltra-
tion, represent only transitory practices, as they cannot de� -
nitely protect wine from contamination by Brettanomyces
Dekkerayeasts unless they are performed at bottling. The mos
ef� cient way to prevent wine spoilage byD. bruxellensisis the
control of winemaking management, and the introduction of
preventive actions, such as careful monitoring of the pre-
fermentative and fermentation phases, and the use of the
correct practices of stabilization of the wine during aging.
However, at the end of barrel aging and before bottling,
residual populations of D. bruxellensiscan frequently be
detected. Although these populations are usually too low at
this point to synthesize ethyl phenols, they can develop later
and thus spoil the wine during bottle storage, a stage at which it
is very dif� cult to intervene.

Brettanomyces/Dekkerayeasts can also be found as contam
inants in beer, although differently from the wine, they are part
of the fermentation micro � ora. Indeed, B. lambicus, which is
now reclassi� ed as B. bruxellensis, has been isolated from
a variety of samples of Belgian beer, where an overattenuatio
was detected. For this reason, the glucosidase activity th
allows the release of glucose from dextrin has been studied. I
contrast to wine, most of the derivatives of benzoic and
cinnamic acids have high threshold levels in beer and do not
negatively in� uence the aroma; indeed, they are appreciated fo
the strong antioxidant activity. For the optimization of the
volatile phenol levels in beer, the selection of a suitable
brewing yeast strain is the most important means of creating
a phenolic taste pro� le. However, the choice of a yeast strain by
the brewer is mostly dominated by other reasons, such as the
fermentation behavior, � occulation properties, overall � avor
generation, and tradition.

Cider is another fermented beverage whereBrettanomyces
Dekkerayeasts contribute to the fermentation process. Cider is
a common alcoholic beverage that is made in various different
European countries, and it is produced by alcoholic fermen-
tation that is carried out by a complex mixture of many
different species of microorganisms. In general, the yeas
population involved in this fermentation process might be the
resident micro� ora that colonize the plant. This micro� ora can
survive from one season to another without any contact with
fresh must. In this process,Brettanomyces/Dekkerayeasts appear
to dominate the maturation phase of cider fermentation. Their
presence during the last phase of fermentation has also bee
reported in French cider and in lambic beer fermentation,
where they contribute to the overall organoleptic properties of
the � nal products.

A further interesting food-fermented matrix that is naturally
colonized by Brettanomyces/Dekkerayeasts is kombucha tea,
a sugared black tea that is fermented for about 14 days with
a mix of acetic acid bacteria and yeast, known as‘tea fungus’.
Tea fungus is an excellent example of a bio� lm that consists of
variable bacteria and yeast communities. Generally,Brettano-
myces/Dekkerayeasts are found during the maturation stage
After fermentation, kombucha tea is stored at 20� C, and the
bio� lm continues to form due to the presence of live micro-
organisms. This is a big problem when the kombucha tea is
commercialized, as it is essential to kill the spontaneous
micro� ora after fermentation. In this context, theBrettanomyces
Dekkera yeasts contribute to the control of spontaneous
micro� ora and thus have an important role in kombucha tea
storage. Indeed, acetic acid has been suggested to be the ma
antimicrobial agent in kombucha tea, in conjunction with
other compounds like bacteriocins and tea-derived phenolic
compounds.

Together with S. cerevisiae, Zygosaccharomyces bailii,and
Candida milleri, Brettanomyces/Dekkerayeasts can be considered
a fermenting member in the tequila matrix, the beverage
obtained by distillation of fermented juice only from the agave
plant, which is classically associated with Mexico.

Rice-steamed sponge cake (RSSC) is considered to be one
the oldest traditional cereal-fermented foods in China. It is
made from indica rice, and generally the initial microorgan-
isms in the rice paste, along with any contamination from the
container and the surrounding air, ferments the rice batter
within 12 –16 h. Finally, the fermented batter is placed in
special RSSC pans and steamed for 15–20 min. The preparation
of RSSCs remains a household art, and the wide variety o
microorganisms present in this spontaneously fermented food
gives a product with widely varying qualities. Microbiological
studies have foundBrettanomyces/Dekkerato be the predomi-
nant yeast in RSSC batter throughout the fermentation period,
and they contribute to better quality, better taste, and more
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uniform ripening. It has been observed that the addition of
selected strains ofDekkera anomalusto the batter increased the
rate of fermentation. Also, in this natural fermentation, their
role during the maturation phase and in maintaining the � nal
product quality is critical.
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Methods of Detection

The food and beverage industry needs rapid tests to dete
spoilage microorganisms, with the aim of limiting potential
economic losses. As indicated, in particular,Brettanomyces
Dekkerayeasts represent one of the most important microbial
causes of wine spoilage worldwide, and their monitoring
remains dif� cult for most winemakers.

The ideal method to detect Brettanomyces/Dekkerayeasts
should include the following features: fast results (within
a day), high speci�city, low detection limit (10 1–102 cell ml� 1),
and ability to distinguish viable and physiologically active cells
from dead and physiologically inactive ones.

Several classical methods have been developed that use
enrichment medium to reveal and con� rm the presence of
D. bruxellensis. A selected liquid medium, known as EBB
medium (seeTable 2), contains commercial grape juice added
at 40 ml l � 1 to ethanol, malt extract, yeast extract, and othe
oligo-elements. The pH is 5.0 and biphenyl and chloram-
phenicol are added to limit mold and bacteria development,
respectively. Using this medium, the presence ofD. bruxellensis
was established for the� rst time in several vineyards and at
different stages of grape development after the veraison.

Other researchers developed a medium that contained
ethanol as the sole carbon source, known asBrettanomyces/De
keradifferential medium (DBDM). Through optimization of the
cycloheximide concentrations added to Wallenstein Laboratory
(WL) medium, this advance might represent an approach to
selectively detectBrettanomyces/Dekkerayeasts in a matrix.

A new procedure that is compatible with the routine use in
wineries has been studied forBrettanomyces/Dekkeradetection
in wine-environment samples. This method uses a selectiv
enrichment medium that contains 10 g l� 1 glucose as carbon
and energy source, 20 mg l� 1 cycloheximide to avoid the
growth of Saccharomyces, 200 mg l� 1 chloramphenicol to
prevent bacteria contamination, and 20 mg l� 1 p-coumaric acid
as the precursor for the production of the ethyl phenols. After
inoculation with the sample wine to assay, the medium is
monitored by visual inspection of turbidity and by periodic
olfactory analysis. Contaminated wines will develop visible
turbidity in the medium and produce the 4-ethyl phenol off-
odor, which can be easily detected by smelling. The advantag
of this method is its simplicity; it can be performed even in
a winery.

However, these methods require long incubation times, and
generally the identi� cation using traditional methods may take
up to 3–4 weeks, with the results often being ambiguous. The
absence of culturableBrettanomyces/Dekkerayeasts does not
guarantee a lack of spoiling activity, due to the possible entry
into the enduring VBNC state, where they can slowly continue
ethyl phenol production.

Some researchers have proposed new molecular techniqu
for rapid detection and identi � cation of Brettanomyces/Dekke
yeasts. PCR-based methods are fast and represent a valid tool
detect and enumerate undesired yeast and bacteria in a matrix
On this basis, several culture-independent methods based o
molecular biology techniques have been developed to study
microbial population dynamics, including real-time PCR,
� uorescencein situ hybridization (FISH), temperature gradient
gel electrophoresis (TGGE), and denaturing gradient gel elec
trophoresis (DGGE).

In several studies, yeast diversity has been followed durin
wine fermentation using DGGE of PCR-ampli� ed rDNA genes,
or real-time PCR protocols, to detect and quantify
D. bruxellensis. Furthermore, a PCR restriction fragment length
polymorphism analysis of the internal transcribed sequence
(ITS) regions for indigenous Brettanomyces/Dekkeraidenti � ca-
tion at the species level has been developed.

More recently, to enumerateBrettanomyces/Dekkerayeasts,
several further culture-independent methods have been
proposed, such as an innovative chemiluminescent DNA
optical-� ber sensor. In this method, probes were designed
speci� cally to target the ITS regions, which are suitable targe
sites for the identi� cation of D. bruxellensis. The speci� c
probes were adapted to construct an optical� ber genosensor,
which produced neither false positives nor false negatives
and it was both repeatable and faster than traditional
methods. Another molecular approach based on ITS region
analysis to speci� cally detect Brettanomyces/Dekkerayeasts
(D. anomala, D. bruxellensis, Dekkera custersiana, and B. naar-
denensis) uses a loop-mediated isothermal ampli� cation
(LAMP) method. Here, a speci�c primer set was designed with
target sequences in the ITS regions of the four species, whic
speci� cally ampli� es the target DNA of isolates from beer
wine, and soft drinks. Furthermore, the primer set differenti-
ated between strains of the target species from strain
belonging to other species, even within theBrettanomyces
Dekkeragenera. The detection limit of this method is about
10 cfu ml� 1 Brettanomyces/Dekkerayeasts in suspensions in
distilled water, wine, and beer. This method offers advantage
in terms of speci� city, sensitivity, and simplicity of operation,
as compared with standard PCR methods.

A further method that has been proposed to quantifyBret-
tanomyces/Dekkerayeasts in wine, for example, is� ow cytom-
etry analysis, which uses antibodies coupled to a� uorochrome.
Among the many molecular methods for microbial investiga-
tions, FISH is a widely used method for monitoring Brettano-
myces/Dekkerayeasts, which combines a counting technique
with an identi � cation technique using rRNA-targeted probes to
identify and quantify these microorganisms. The main
methods for identi � cation and enumeration of Brettanomyces
Dekkerayeasts are summarized inTable 2.

Today, culture-independent methods are particularly
attractive, as they offer good and rapid strategies for yea
detection, in comparison with classical microbiological
methods. However, the majority of industries, including
wineries, do not have the training, equipment, or facilities to
routinely perform these sophisticated analyses.

Moreover, even if a large number of molecular techniques
can now determine the presence of these undesirable yea
during the winemaking processes, the physiological state of the
cells (culturable, viable, but not culturable, dead) cannot be
distinguished.
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Table 2 Main methods for identi� cation and enumeration ofBrettanomyces/Dekkerayeast

Procedure Method Detection mode

Culture dependent Selective liquid medium (EBB) Selective action of ethanol, biphenyl, and chloramphenicol at pH 5
Differential medium (DBDM) Ethanol as the sole carbon source
Selective enrichment medium Addition of cycloheximide, chloramphenicol, andp-coumaric acid to rich

medium: turbidity and olfactive analysis
Culture independent Denaturing gradient gel electrophoresis.

(DGGE)
Partial 16S and 26S rDNA sequences analysis in denaturing gradient gel

electrophoresis
Real-time-PCR A quantitative real-time PCR using speci� c primers designed to the 26S

rDNA gene
Restriction fragment length polymorphism

(RFLP) analysis
Pattern evaluation after restriction analysis with endonucleases

Chemiluminescent DNA� ber Speci� c DNA probes designed on the bases of ITS sequence
Loop-mediated isothermal ampli� cation

method (LAMP)
Evaluation of the DNA precipitate synthesized using one type of enzyme

Flow cytometry analysis (FCM) Use of speci� c antibodies coupled with� uorochrome
Fluorescencein situhybridization (FISH) Use of rRNA target probes for detection and enumeration

322 Brettanomyces
Interactions with Other Microorganisms

Considering that the aim of microorganisms in the environ-
ment is to survive, grow, and dominate, the interactions
between them result in an equilibrium that forms the basis of
all ecological niches. Ecological theory describes the range o
interactive associations as competitive, antagonistic, commen
salistic, mutualistic, and parasitic or predatory. There are many
examples of interactive associations in the microbiology liter-
ature. Antagonism in food matrices is a well-known microbial
interaction, as it can be used as a natural biocontrol strategy to
improve food quality and safety.

In winemaking, interactions between S. cerevisiae,
D. bruxellensis, and other yeasts are clearly evident.S. cerevisiaeis
the main agent of alcoholic fermentation, but D. bruxellensis
can also convert glucose and fructose to ethanol. During alco
holic fermentation, the evolution of the S. cerevisiaepopulation
is not in � uenced by the presence ofBrettanomyces/Dekke
yeast, and the same maximumS. cerevisiaepopulations can be
found in mixed and pure S. cerevisiaecultures. However, toward
the end of fermentation and during aging, theS. cerevisiaecells
are numerically reduced and less active, while theD. bruxellensis
cells develop because of their high ethanol resistance and the
ability to grow on the residual carbon sources, as mono-
saccharides or polysaccharides, such as dextrin or cellobiose

Because of their particular characteristics as spoilage yeas
Brettanomyces/Dekkerais an excellent example of microorgan-
isms that need to be monitored and controlled in the food
industry. In particular, in winemaking, over the years various
methods have been developed to combatBrettanomyces/Dek
kera yeast diffusion and contamination. Some procedures
might not be appropriate according to correct practice for wine
aging (e.g., sul� tation, � ltration), while others might not be
suf� cient to de� nitively avoid any contamination (e.g., cellar
hygiene, low temperatures during aging).

In recent years, the use of natural bioactive compounds ha
been proposed as an interesting strategy to combat undesire
microorganisms in the food industry. In this context, the
exploration of killer yeasts as producers of mycocins tha
counteract the activities ofDekkera/Brettanomycesyeasts in wine
appears to be an alternative and appropriate approach to the
problem. In recent years, several killer yeasts active again
these spoilage yeast have been discovered and characteriz
For instance, two yeast killer toxins produced byPichia anomala
and Kluyveromyces wickerhamii, Pikt and Kwkt, have been
described; they are active againstBrettanomyces/Dekke
spoilage yeasts. Preliminary investigations have shown tha
these two toxins differ in their molecular weight and
biochemical properties. Of interest, the fungicidal effects exer
ted by Pikt and Kwkt againstD. bruxellensisis stable for at least
10 days in wine. Another killer toxin that is active against
D. bruxellensisis produced by Ustilago maydis. Mixed cultures
under winemaking conditions show that U. maydiscan inhibit
D. bruxellensis, while S. cerevisiaeis fully resistant to this
U. maydiskiller activity. This indicates that this system might be
useful in wine fermentation, to avoid the development of
D. bruxellensiswithout having undesirable effects on the
fermentative yeast. Also a killer activity towardD. bruxellensis
was found in a strain that belongs to thePichia membranifacien
species. The molecular characterization of its killer toxin shows
that it has a potential biotechnological use as a biocontrol
agent of Brettanomycesin winemaking. Thus, an interesting
application for the toxins would be as antimicrobial agents
active onBrettanomyces/Dekkeraduring wine aging and storage.

Another model of interactions has been described for fuel
alcohol fermentation, where Brettanomyces/Dekkeramight be
used to control S. cerevisiaegrowth. Continuous advances in
fuel-alcohol production are related to the stability and
economic feasibility of the production processes. Indeed, losse
in production levels of even 1% ethanol cannot be tolerated
and can have negative effects on the� nancial health of fuel
alcohol plants, some of which already operate with narrow
pro� t margins. Accordingly, the biofuels industry has great
interest in reducing losses in ethanol yield. A major factor that
contributes to these losses is microbial contamination by both
lactobacilli and wild yeasts, which compete withS. cerevisiaefor
micronutrients (e.g., trace elements, vitamins) and macronu-
trients (e.g., glucose, nitrogen), and which produce inhibitory
end products, such as acetic and/or lactic acids. Indeed, it wa
recently suggested thatBrettanomyces/Dekkerayeasts compete
with S. cerevisiae, producing inhibitory levels of acetic acid and/
or competing for the ability to use nitrate as the carbon source.
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In other fermentation processes such as kombucha tea, RSSC,
cider, and agave juice fermentation the interactions between
Brettanomyces/Dekkera yeasts and other microorganisms seem
to play an important role, but further knowledge is needed.
Clearly, for the control and monitoring of metabolic activities
of Brettanomyces/Dekkera in fermented foods and beverages
a better understanding of the interactions with other microor-
ganisms is crucial.

See also: Fermentation (Industrial) Production of Colors and
Flavors; Genetics of Micro-Organism; Wine-Spoilage; Viable
but non-culturable; Identi� cation methods.
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Introduction

Brevibacterium linens, originally known as organism IX, was
changed to Bacterium linens in 1910. In 1953, the name was
changed back to B. linens. Interest in �nding a taxonomic niche
for this organism was sparked again in the United States and
Japan during the 1970s. While this line of research continues
today, Brevibacterium is now recognized as a single genus con-
sisting of the Brevibacteriaceae family. This genus is included in
the Micrococcineae suborder, order of Actinomycetales, subclass
of Actinobacteridae, class of Actinobacteria. Brevibacteriaceae
have been isolated from various habitats, such as milk products,
poultry, sediment, soil, oil paintings, clinical specimens,
multiple sites on the human body, insects, brown algae, and
marine environments. With advanced genomics, additional
phylogenomic and metabolic studies will be enabled to more
accurately understand the potential in this organism.
Taxonomy and General Characteristics

Many studies have demonstrated that this family is very
phenotypically heterogenous. Currently, the Brevibacterium
genus is de�ned to contain 25 species, including B. linens (the
type species), Brevibacterium aurantiacum (the type strain is
ATCC 9175 and the sequenced strain is ATCC 9174), Brevi-
bacterium epidermidis, Brevibacterium casei, Brevibacterium album,
Brevibacterium antiquum, Brevibacterium avium, Brevibacterium
celere, Brevibacterium frigoritolerans, Brevibacterium halotolerans,
Brevibacterium iodinum, Brevibacterium luteolum, Brevibacterium
marinum, Brevibacterium mcbrellneri, Brevibacterium massiliense,
Brevibacterium oceani, Brevibacterium otitidis, Brevibacterium
paucivorans, Brevibacterium permense, Brevibacterium picturae,
Brevibacterium pityocampae, Brevibacterium ravenspurgense, Bre-
vibacterium samyangense, Brevibacterium sandarakinum, and
Brevibacterium sanguinis. Recently, using DNA–DNA hybrid-
ization, B. linens was divided into four species: B. linens,
B. aurantiacum, B. antiquum, and B. permense. New Brevibac-
teria species are being identi�ed routinely as isolation
methods and metagenomic analyzes �nd improve. With these
methods and additional genome sequencing efforts that are
under way, new genotypes will be found from new sources
that can be used in genomic comparative analyses to further
re�ne the phylogeny of this family with phylogenomics.
Fresh culture ~18 h 36–48 h >48 h

Figure 1 Cellular morphology change during growth.
General Characteristics

Brevibacteria are nonmotile, nonspore-forming, nonacid fast,
Gram-positive, obligate aerobe organisms with a growth
temperature range of 4–42 �C and an optimum temperature of
2l–28 �C. Strains isolated from human skin or poultry have
a higher optimum growth temperature of 37 �C. It produces
rods in singlets, pairs, or short chains ranging from 0.6 to
2.51 mm. With time, about 2 days, the rods are replaced with
cocci about 0.6–1 mm. Rods predominate in the exponential
324 Encyclopedia of Food Mic
phase and change to cocci in the stationary phase (Figure 1).
The cellular morphology change is associated with methionine
concentration, growth medium pH, growth temperature, and
aeration. Brevibacterium also reduces nitrates to nitrites, along
with being lipase positive, urease negative, oxidase variable,
catalase positive, litmus milk positive, and DNAse positive.

When grown on nutrient agar, colonies are opaque, small
(0.5–1 mm in diameter) and convex, with a shiny, smooth
surface. After 4–7 days of incubation the colonies become large,
2–4 mm in diameter. During growth via aerobic respiration,
this organism produces a cell membrane–associated carotenoid
pigment (Figure 2) that displays various colony colors varying
from a light cream to a dark red depending on growth condi-
tions. Brevibacterium generally is heat labile, is resistant to
drying, and survives carbohydrate starvation. Cellular poly-
saccharide content remained constant after 56 days of starva-
tion, as did the basal respiration rate (0.03% 14CO2 h�1). The
low endogenous metabolism of Brevibacterium is attributed to
their ability to survive nutrient starvation and plays a role in the
slow growth rate of most species. Salt (NaCl) tolerance is
widely variable among strains and ranges from 0 to 20% with
an average of 5%.

Brevibacteria grow in a wide pH range, starting at pH 5.5
and continuing to 10 with the optimum being w7.0. As the salt
concentration increases, the ability of the organism to grow at
lower pH decreases, but these organisms often produce large
amounts of ammonia to increase the pH well above 7.0 during
growth in laboratory and food conditions. This pH dependence
is overcome in surface-ripened cheese by growing in a succes-
sion of organisms, where yeast initiates the community, raising
the pH, and Brevibacteria subsequently replace the yeast to
produce ammonia during cheese ripening.

As reported by many investigators, Brevibacteriaceae are
sensitive to antibiotics commonly used to treat mastitis and
also are resistant to many other commonly prescribed antibi-
otics (methicillin, nafcillin, cloxacillin, oxacillin, furadantin,
and nalidixic acid).

The genus Brevibacterium is capable of metabolizing many
different carbon and nitrogen sources for growth, with acetate
and lactate besting very common substrates for growth. These
species also use glucose and galactose as a carbon source, while
sucrose and lactose are not metabolized well and starch usually
is not degraded. In the presence of lactic acid as the sole source
of carbon, Brevibacteria can utilize ammonium sulfate as
inorganic nitrogen and sulfur source. This genus is also capable
of using amino acids as a source nitrogen and carbon in the
absence of another compounds. In the presence of lactic acid,
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00047-1
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Figure 2 Metabolic production of the carotenoid pigments in Brevibacteriaceae. IPP, Isopentenyl pyrophosphate; GGPP, Geranylgeranyl pyrophosphate;
DMAPP, dimethylallyl diphosphate. Gene names are indicated in italics.
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however, amino acids are metabolized after complete deple
tion of the lactate. Ammonia is a source of nitrogen consumed
in preference to amino acids and its disappearance accelerat
the consumption of amino acids. Limiting factors of the growth
of Brevibacteria are often auxotrophic for phenylalanine,
tyrosine, arginine, proline, glutamic acid, and histidine, but
this characteristic is highly variable.
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Genomics

The complete nucleotide sequence ofB. aurantiacum(ATCC
9174) has a circular chromosome of 4.4 Mb with 4104 pre-
dicted open-reading frames and 48 tRNA genes with a Guanine
Cytosine (GC) content of 62.3%. It also contains one 7.3 kb
plasmid with seven open-reading frames. Interestingly, a shift in
the GC content at the origin of replication is not found
readily in this genome. Plasmid studies indicate that Brevi-
bacteriaceae contain a diverse range of plasmids that vary
number (0–5) and in size (2–12 kb). Before genome sequencing
transformation of this genus with a very low ef� ciency was re-
ported twice. Other reports of genetic manipulation are lacking,
however. Considering the unique metabolism and survival
capabilities coupled with the wide distribution of this organism,
development of genetic tools to manipulate the brevibacterial is
needed to fully explore the potential of this organism.
Brevibacteriumand Cheese

Brevibacteriumgrows in association with salt-tolerant yeast on
the surface of smear-ripened cheeses. The pioneer organism
yeast, show noticeable growth after 2–4 days. Depending on
the cheese type being produced, a variety of species, includin
Mycoderma, Debaryomyces, Kluyveromyces, Trichosporon, and
Geotricum, are found to be synergistic with Brevibacteria.Bre-
vibacteriumdepend on yeast for growth to change curd acidity
and to produce growth factors, speci� cally vitamins, for use
during the succession from yeast to Brevibacteria. As yea
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utilize lactic acid produced by the starter culture,Brevibacterium
begins to grow at pH 5.9–6.5. Within 5–10 days,Brevibacterium
dominates the surface micro� ora of the cheese, changing the
color to a yellow hue and imparting a distinct sulfur and
ammonia aroma and � avor to these cheese varieties. Vitamin
requirements of Brevibacteriumare strain dependent and vary
from no requirement to speci� c auxotrophic requirements that
may include pantothenic acid, ribo� avin, niacin, and biotin
which is also commonly provided by the yeast during cheese
production . In pure culture, yeast extract is the only additive
that increases both cell number and growth rate, which
provides many of the speci� c nutrients needs for growth in this
unde� ned medium component.

Studies on � avor development in Limburger cheese found
Candida mycodermaand Debarymyces kloeckeriare the pioneer
organisms (107 yeast per gram cheese), butBrevibacterium
gradually replaces them during aging to the point that the
surface contains only orange Brevibacteria. Along with Brevi
bacteria, surface yeast produce volatile fatty acids (VFAs), H2S,
carbonyl compounds, large quantities of citric acid, and butyric
acid. Although the yeast end products are diverse, howeve
they are limited in the sheer concentration compared with
production of the same compounds by Brevibacterium. Prote-
olysis during cheese ripening is also important to release
substrates for bacterial growth. Brevibacterium produces
a diverse set of very potent proteolytic enzymes to provide
amino acids for growth, which also results in curd softening as
� avor compounds are produced. Brevibacteria are mor
proteolytic than either of the yeasts in the same time period.
-

,

,

Antimicrobial Compounds Production

Brevibacteriumproduces a number of potent antimicrobial
compounds that inhibit the growth of some foodborne path-
ogenic bacteria and yeast (Table 1) that include several bacte-
riocins, such as linecin A, linocin M18, and linescin OC2.
Bacteriocin activity� rst was discovered by Grecz et al. (1959) in
the culture supernatant of both strains ofB. aurantiacum(ATCC
9174 and 9175) to inhibit the germination of spores of Clos-
tridium botulinum. Although the compound responsible for this
activity has not been puri� ed, bioassays demonstrate that it
remains active after treatment for 15 min at 120� C. Another
unidenti � ed and unpuri� ed compound is reported to inhibit
Table 1 Antimicrobial compounds produced by Brevibacteria

Antimicrobial agent Strain Action Organis

Unknown 1 B. linens ND Listerias
Unknown 2 B. linens ND Clostrid
Antibacterial

peptide
B. aurantiacum

ATCC 9175
ND L. mono

Coryn
Linecin A B. aurantiacum

ATCC 9175
ND Breviba

Linocin M18 B. linensM18 ND Bacillus,
Micro

Linenscin OC2 B. linensOC2 Cytoplasmic membrane
lysis and induction
autolysis

S. aureu

ND, not determined.
Listeria. It remains active after heating at 80� C for 30 min in
acidic pH and treatment with proteases, lipases, or catalase
Lastly, a third unpuri� ed compound produced by B. aur-
antiacum ATCC 9175 that is sensitive to temperature and
treatment with trypsin also has been reported. Production of
the peptide and activity are stimulated in the presence of 0.4–
0.8% salt in the growth medium with growth at 25 � C. It is
capable of inhibiting the growth of Listeria monocytogenesATCC
7644 and Corynebacterium� mi NCTC7547.

An additional three compounds or bacteriocins are puri� ed
and characterized in Brevibacteriaceae. Linecin A is produce
by B. aurantiacumATCC 9175 and is capable of inhibiting the
growth of other strains asBrevibacteriumlike B. linensATCC
9172, 9174, or 8377. It does not, however, seem to be active
Corynebacteriumor Micrococcusspecies. This bacteriocin is heat
labile; it is sensitive to the action of a protease and has
a molecular mass of 95 kDa. The second puri� ed bacteriocin is
linocin M18 and was isolated from the culture supernatant of
B. linens M18. It is chromosomally encoded (lin) and
composed of 28.5 kDa subunits with an active protein of
>2000 kDa, but it is activated completely by heat treatment
(5 min at 80 � C). This protein displays a broad spectrum of
activity against species ofBacillus, Arthrobacter, Corynebacterium,
Micrococcus, and Listeria. The antimicrobial activity of B. linens
M18 againstListeriawas demonstrated in a cheese model with
the reduction of 1–2 orders of magnitude with Listeria ivanovii
and L. monocytogenes. The last identi� ed antibacterial
compound, linenscin OC2, was isolated from B. linensOC2.
This molecule is active against foodborne pathogens, such a
Staphylococcus aureusand L. monocytogenes. Unfortunately, this
molecule demonstrates hemolytic activity on sheep erythro-
cytes, suggesting it would be toxic for usein vivo; however, this
is not demonstrated. These compounds are not well charac
terized, but they are produced in a variety of growth conditions
with soybean and meal broth being optimal.
Carotenoid Pigment

The red color of orange rind-cheese, like Munster or Livarot
largely is due to carotenoid pigments produced by surface
bacteria, especially by various species ofBrevibacterium. In Bre-
vibacteriaceae, the pigments responsible for the yellow to red
color are carotenoids: isorenieratene, 3-hydroxy-isorenieratene
ms inhibited Size (kDa) Reference

pp. ND Fox et al. (1999)
ium botulinum ND Grecz et al. (1959)
cytogenes,
ebacterium Þmi

ND Motta et al. (2002)

cteriaceae 95 Kato et al. (1991)

Arthrobacter, Corynebacterium,
coccus, Listeria

� 2000 Valdes-Stauber et al. (1994;
Valdes-Stauber et al. 1996)

s, L. monocytogenes 285 Maisnier-Patin et al. (1995;
Boucabeille et al. 1997)
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and 3,30-dihydroxy-isorenieratene. Isorenieratene is also found
in green sulfur bacteria. In these organisms, this carotenoid
replaces chlorophyll during anaerobic conditions to photosyn-
thetically utilize H 2S and CO2 for production of SO4

� 2. The
genes encoding the carotenoid synthesis pathway are found i
the genome of B. aurantiacumATCC 9175 as part of thecrt
cluster (Figure 2). The formation of these compounds from the
isopentenyl pyrophosphate (IPP) occurs by successive action o
IPP isomerase,idi, a geranylgeranyl pyrophosphate synthase
crtE, a phytoene synthase,crtB, b-carotene desaturase,crtU, and
� nally a cytochrome P450 (Figure 2). Heterogeneity of pigment
production within species is often observed, and it can be
changed by growth in light conditions. Using light to modulate
pigment production, three groups of Brevibacteria can be
de� ned: (1) strains are cream colored when grown in darknes
but change to orange with light (e.g., this includesB. linens
ATCC 9172), (2) strains are orange in light and dark (e.g.
B. linensATCC, 19391), and (3) pigment is more intense with
growth in the dark (e.g., B. aurantiacumATCC 9175). Pigment
production is also linked to the stage of growth, with
a maximum production in the exponential phase. Abiotic
conditions, such as pH, salt concentration, aeration, and
temperature also modulates pigmentation intensity. Finally,
growth with other microorganisms, in particular Debaryomyce
hansenii, also changes the pigment production of by Brevi-
bacteriaceae. Although pigmentation is an interesting aspect o
the organism, little translational application has been done for
use or isolation of the pigment for industrial use.
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Proteolytic Enzymes

Characterization of proteolytic and lipolytic enzymes in Bre-
vibacteriaceae is a long-standing� eld of interest, but it has
renewed interest because of this organism’s implications to
accelerate cheese ripening via protein digestion.Brevibacterium
is very proteolytic and lipolytic as part of the surface smear on
cheese that in part provides substrates for additional metabo
lism. Dating back to 1959, about one paper per year was
published until the 1970s when a number of investigators
published important work describing extracellular proteases of
Brevibacterium. More recently, an extracellular protease from
B. aurantiacumATCC 9174 was isolated and characterized t
show that it is produced as a pre–pro enzyme, and after auto-
catalytic activation, a similar activation mechanism to that of
subtilisin, it has very high proteolytic activity against many
substrates.

Historically, numerous investigators reported Brevibacte
rium proteolytic activity using gelatin, casein, milk, and
paracasein as substrates.Brevibacterium is unusual for
protease activity because the enzyme activity curve cycl
during the incubation time with the phase being w 24 h.
Optimum incubation time for total cell density is 6 days, but
the optimum incubation time for enzyme activity is 1 day
with a rapid decrease in enzyme activity after 2 days. Th
optimum pH is 7 for proteolysis and neither glucose nor
oxygen affects proteolysis in cheese. Glucose favors growt
but hinders production of extracellular proteases, and it
produces a difference in enzyme activities in preparations
after 2 days of growth compared with preparations after 6–
8 days of growth. Peptone, yeast extract, NaCl, an
K2HPO4 supplemented with casein have shown increases in
protease activity. When cultures are incubated at 20� C, the
greatest enzyme activity occurs in 24 h, but at 25� C, the
maximum enzyme activity is delayed to 48 h. Activity cycles
over time, but not with growth temperature shifts. The pure
extracellular protease has optimum activity at pH 7.0 and
25 � C and is sensitive to heat above 40� C. The best substrate
for the extracellular protease is casein, although it show
some activity toward hemoglobin and albumin at an
optimum pH and temperature of 7.9 and 45 � C. Addition-
ally, an intracellular protease is inhibited by reducing agents,
metal chelating agents, mercury, and p-hydroxymercur-
icbenzoic acid.

Aminopeptidase activity is also high and varies by growth
condition and medium composition. The aminopeptidase is
more heat stable than the protease, and it has activity in a wide
range of pH and temperatures. When stored between 0 an
20 � C, the aminopeptidase is stable for> 1 year at pH 8.0. The
enzyme is speci�c for L-leu, but activity is in� uenced by speci�c
amino acid residues at the C-terminus with hydrolysis of
dipeptides. The enzyme is composed of two subunits with
positive cooperation, with subunit molecular weights of
48 000 � 3000 Da. Aminopeptidase is activated by cobalt,
requiring a minimum preincubation period of 1 h at 20 � C.
Inhibitory substances include heavy metals, metal-complexing
reagents, and reducing agents. Aminopeptidase activit
decreases, unexpectedly, with cadmium, which seems to b
unique to this enzyme. Some amino acids inhibit activity (His
and Ser, Glu and Cys), but alcohols (methanol, ethanol,
propanol, butaneol, and amyl alcohols) also reduce the
enzyme activity.
VFA Products

Determination of VFA production by Brevibacteriaceae has
focused on whole milk, butterfat, milk fat, carbohydrates, and
individual amino acid as substrates largely due to the impor-
tance of this organism in cheese production. Many studies
demonstrate that Brevibacteria associated with smear chee
produce VFAs that are acidic, neutral, and alkaline to produce
typical � avors associated with the cheese variety.

VFA production by Brevibacteriumfrom amino acids is
medium dependent with the best medium being whey con-
taining added acid hydrolyzed casein or whey with additional
Gly. Gly, Ala, Glu, Leu, Asp, Asn, Met, and Cys are metabolize
to acetic acid primarily, while Ala, Asn, and Cys are converted
to caproic acid, and Leu is converted to isovaleric acid.

Galactose and glucose play important roles in the formation
of VFA, but lactose has no in� uence on this catabolic trait.
Glucose in� uences VFA production the most, with peak
production after 3 days of incubation at 21 � C. The optimum
pH range for VFA production is 7 and 8 for glucose and
galactose, respectively.

Acetic acid,n-butyric acid, and caproic acid are the primary
VFAs when the base medium is supplemented with butterfat
This fat substrate requires 4 days of incubation at 21� C to get
peak production at pH 7. In whole milk, Brevibacterium
produces acetic acid, isovaleric acid and caproic acid.Brevi-
bacterium linensproduces almost twice the amount of VFA than
the yeast associated with Limburger cheese.



Figure 3 Metabolism of methionine. (1)L-methionine g-lyase, (2a)L–aminoacid oxidase and (2b) aminotransferases, (3) methionine adenosyl transferase, (4) methionine decarboxylase, (5)
methylase, (6)S-adenosylmethionine decarboxylase, (7) adenosylhomocysteinase, (8) cystathionine b-synthase, (9) cystathionine b-lyase, (10) cystathionine gamma-lyase, (11) homocysteine
methyltransferase, (12) acyl-enzyme, (13) decarboxylase, (14) homoserineO-acetyl transferase, (15) homocysteine methyltransferase, and (16) cystathionine g-synthase. ND, not demonstrated in
microorganisms.
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Primary volatile carbonyl compounds produced by Bre-
vibacteriumare acetone, formaldehyde, and 2-pentanone in
whole milk. Production of volatile carbonyl compounds
from amino acids, carbohydrates, and milk fat is common,
while acetaldehyde and acetone are produced from an
amino acid, except Gly, Tyr, and Met. Formaldehyde is
produced from Gly, Leu, Asp, and Tyr, and 2-pentanone is
produced from Glu.

Acidic carbonyl compounds are derived from fatty acids
(FAs) and are the direct precursors of methyl ketones. Glucos
yields formaldehyde, acetaldehyde, and 2-pentanone, while
pyruvic acid is converted to acetaldehyde. Casein and fat yiel
more volatile carbonyl compounds than do carbohydrate
sources.n-Butyric acid is the original FA for acetone with the
intermediate being acid. Casein and milk fat, however, are
more important in volatile carbonyl compound production by
Brevibacteriumthan is glucose or pyruvic acid.
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Volatile Sulfur Compound Production

Production of alkylthiols, speci� cally methanethiol (also
known as methyl mercaptan, MTL) has been the subject o
great interest in recent years due the wide variety of� avors
associated with different concentrations and redox condi-
tions that contribute to bene� cial cheese� avors from brevi-
bacterial addition to Cheddar cheese as a� avor adjunct
(Figure 3). A putrid aroma arises with the appearance of the
reddish color in surface-ripened cheeses and in pure culture
of Brevibacterium, largely due to the aerobic conditions and
large amounts of MTL production. Production of volatile
sulfur compounds (VSCs) is strain variable (Table 2), with
isolates from cheese often having the largest production and
isolates from human skin producing low levels of MTL.
Addition of Met to the growth medium increases MTL and
VSC production. In B. aurantiacum, ATCC 9175 production
of MTL is done by a single enzyme with a demethiolation
Table 2 Volatile sulfur compound produced by Brevibacteria that a

Compound Species O

Thiols
Hydrogen sul� de B. aurantiacum, B. linens, B. antiquum Rotte
Methanethiol Cook

Sulfur
Dimethyl sul� de B. aurantiacum, B. linens, B. antiquum Cook
Dimethyl disul� de Cabb
Dimethyl trisul� de Garli
Dimethyl tetrasul� de Cabb

Thioethers
2,4-Dithiapentane B. aurantiacum, B. linens, Cabb
2,4,5-Trithiahexane B. aurantiacum Garli

Thioesters
S-methylthioacetate B. aurantiacum, B. linens, B. antiquum Cabb
S-methylthiopropionate Cabb
S-methylthioisovalerate Chee
S-methylthioisobutyrate Garli
step, whereas in other Brevibacteria and lactic aci
bacteria, this conversion usually is done with a series o
Cys-dependent enzymes. Addition of puri�ed methionine
g-lyase to a model cheese system resulted in production o
MTL and additional oxidation products important in � avor
production.

In Brevibacteriaceae, VSCs arise from the degradation
methionine to MTL by a methionine g-lyase, a pyridoxal
phosphate dependent enzyme. MTL then is used as a commo
precursor for a wide variety of VSCs found in cheese, including
dimethyl disul � de, dimethyl trisul � de, and S-methylthioesters
MTL production. The capacity of the culture to produce MTL
depends on the dissolved oxygen concentration (optimum
being 25%), culture age (optimum at 25 h), temperature
(optimum at 30 � C), and pH (optimum from 8 to 9). Glucose
inhibits MTL formation and favors cell growth. Amino acids
other than Met have no effect on production of MTL. Lactate
favors both cell growth and MTL production. Repression of
MTL production by glucose is connected to the coenzyme
pyridoxal phosphate and substrate transport enzymes. Genom
analysis of B. aurantiacumATCC9174 shows the presence o
complete sulfur metabolism.

In addition to production of VSCs, Met seems to be
important for B. aurantiacumgrowth. The genome contains
three cobalamine-independent methionine synthases, all of
which are expressed in different growth conditions. Moreover,
two methionine transporters are present in theB. aurantiacum
genome. One is similar to the high-af� nity transporter
MetNPQ of B. subtilis, and the second one shares similarities
with the low-af� nity transporter MetPS ofCornebacterium glu
tamicum. Finally, the expression of genes encoding a methio
nine g-lyase, locus BL929, and a methionine transporte
(metPS) are induced with Met addition that results in a signi� -
cant increase in VSC production, whereas in other organisms
the addition of Met represses production of methionine
g-lyase.
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Introduction

Brochothrix thermosphacta can be translated to mean loop �la-
ments sensitive to heat, which aptly describes this bacterium.
The organism was originally included in the genus Micro-
bacterium; however, because it was not particularly thermoto-
lerant, had a DNA base composition (mol.% G þ C … 36) lower
than the 58–64% of other members of the genus, did not have
an operational tricarboxylic acid (TCA) cycle, and contained
mesodiaminopimelic (m-DAP) in the peptidoglycan, it was
moved from this genus and tentatively placed in the family
Lactobacillaceae. Recently, it has been shown that it more closely
resembles Listeria because catalase activity and cytochromes are
present in both genera (Table 1). Also, Brochothrix and Listeria
show 16S rRNA oligonucleotide sequence homology and have
similar GC contents as well as some major fatty acids and
menaquinones in common. Brochothrix and Listeria are included
in the family Listeriaceae within the Clostridium–Lactobacillus–
Bacillus supercluster of taxa at present.

Currently, the genus Brochothrix contains two species, Bro-
chothrix thermosphacta and Brochothrix campestris, which are bio-
chemically similar. Both are indigenous to the farm environment
and can be found in soil and on grass, but only B. thermosphacta
has been found to be associated with animal and food micro-
�ora when conventional or molecular microbiology techniques
are used. Brochothrix thermosphacta has frequently been isolated
from hogs and pork carcasses as well as from beef, lamb, poultry,
�sh, and a variety of other foods (frozen vegetables, tomato
salad, and dairy products). The organism has also been isolated
from processing equipment and animal feces.

Brochothrix thermosphacta has drawn considerable attention
because it frequently causes early, nonproteolytic spoilage of
able 1 Characteristics that distinguish Brochothrix from other Gram-pos

eature Brochothrix Listeria La

od diameter (mm) 0.6–0.8a 0.4–0.5 0.5
acultatively anaerobic or microaerophilic þ þ þ
atalase þ þ �
otility � þb �
rowth at 37 �C �d þ þ
rowth on STAA agar þ � �
eptidoglycan diamino acid m-DAP m-DAP m-

TAA agar, Streptomycin Thallous Acetate Actidione agar; m-DAP, meso-diaminopimelic
Pleomorphic.
At 20–25 �C.
Species dependent.
Occasional strain grows.

ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
fresh and cured meats. This spoilage is partly due to its ability
to tolerate high concentrations of salt and to grow at both low
water activity (aw) and low temperature in the presence of little
oxygen (>0.2%). Nonetheless, the exact range of the natural
habitat of this organism and B. campestris has not been fully
characterized. This article focuses on B. thermosphacta. In cases
in which information is available on B. campestris, it is
presented.
Brochothrix thermosphacta Characteristics

Brochothrix thermosphacta is a Gram-positive �lamentous rod
measuring 0.6–0.8 mm in diameter and 1–2 mm long. Cells
occur individually, in chains or in characteristic long �laments
that often fold into loops or knots. In older cultures, coccoid
forms are found that yield rod-shaped cells upon subculture.
Cells do not form spores, do not have capsules, and are
nonmotile. The organism is facultatively anaerobic and
produces nonpigmented colonies. Catalase activity and cyto-
chromes are present. However, tests for catalase should be
conducted using cells grown on speci�ed media, such as all-
purpose tween (APT; Difco or RBL) within the optimal
temperature range for the organism (20–25 �C). Cells culti-
vated at higher temperature or on other media may lose their
catalase activity. Brochothrix thermosphacta is a psychrotroph and
will grow at 0–30 �C, but above 30 �C, growth seldom occurs.
They are nonhemolytic and nonpathogenic to humans. Bro-
chothrix thermosphacta is thermosensitive, and it is generally
agreed that it does not survive exposure to 63 �C for 5 min. The
D value at 55 �C is 0.1 min and the Z value has been calculated
to be 8 �C. Fermentation of glucose gives rise to mainly
itive non-spore-forming rods

ctobacillus Carnobacterium Kurthia Erysipelothrix

–1.6 0.5–0.7 0.7–0.9a 0.2–0.5
þ � þ
� þ �
�c þ �
�c �c þ
� � �

DAP, lysine, ornithine m-DAP Lysine Lysine

acid.
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332 Brochothrix
(þ)-lactic acid, but formation of small amounts of acetic and
propionic acids has been noted. Ethanol can be formed
anaerobically in glucose-limited continuous culture. Under
aerobic conditions, glucose is metabolized to acetoin and
diacetyl, plus acetic, isobutyric, and isovaleric acids as well a
a number of other branched-chain fatty acids and alcohols.
Fatty acid residues are formed from amino acids and not by
lipolysis. Several of these products are organolepticall
unpleasant, because they have sour, acidic, malty, musty, sick
sweet, or sweaty odors, which explains whyB. thermosphact
contributes to substantially shortened food product shelf life.
Acetoin is produced only aerobically, from glucose, glycerol, or
ribose. Indole and H2S are not produced.

The organisms are methyl red and Voges–Proskauer-
positive and reduce both potassium tellurite and tetrazolium
salts at 0.01% (w/v). Added citrate cannot be utilized. Enzymes
of the TCA cycle are largely undetectable when cells are grow
in a complex medium; however, in chemically de� ned media
these enzymes may be active enough to provide substrates f
synthesis but not active enough to yield energy. The organism
forms acid weakly but no gas from a number of carbohydrates
(arabinose, cellobiose, dulcitol, glucose, inositol, lactose,
maltose, mannitol, sucrose, and xylose). Organic growth
factors (biotin, cysteine, lipoate, nicotinate, pantothenate,
p-aminobenzoate, and thiamine) are required for both aerobic
and anaerobic growth in glucose–mineral salts medium.
Pyruvate, acetate, propionate, and citrate (as mentioned)
cannot be used as sole sources of carbon. The cell-wall pep
doglycan is directly cross-linked bym-DAP. Cellular content of
long-chain fatty acids is characteristic and consists mainly o
the straight chain saturated iso- and anteiso-methyl-branched
chain types. Brochothrix thermosphactamay be distinguished
from Listeria spp. by its greater content of (anteiso-C15:0)
12-methyl tetradecanoic acid (41–70%) compared with the
22–31% present in Listeria. The major respiratory quinones
present in both genera are menaquinones; these are not usefu
in differentiation.

Brochothrix thermosphactacontains a glycerol esterase, bu
this lipase attacks short-chain fatty acids within the tempera-
ture range of 35–37 � C and it has no activity at 20� C. Tribu-
tyrin and tween 60 are utilized as substrates but not other
tweens or beef fat. Lecithinase was present in just over half o
the strains that were tested.Brochothrix thermosphactaare
essentially nonproteolytic and cannot attack either casein o
gelatin. On meat, its activities are largely con� ned to exposed or
cut surfaces. The organism is unable to hydrolyze arginine an
has no effect on the meat protein myoglobin. Nitrate is not
reduced to nitrite by these organisms.

Brochothrix thermosphactais capable of growth over a pH
range of 5.0–9.0 (optimum pH 7.0). All strains can grow in
6.5% NaCl and some grow in 10% NaCl. Under aerobic
conditions, these organisms grow in substrates with aw of
0.96–0.94 at 20–25 � C. Under anaerobic conditions, growth is
more restricted by low temperature, low pH, and low aw. Nitrite
is slightly more inhibitory toward B. thermosphactathan lacto-
bacilli, but B. thermosphactacan grow in up to 100 ppm nitrite
at �pH 5.5 and 5 � C, and aerobically in the presence of 2–4%
NaCl. Except for pH, these conditions approximate the averag
composition of cured meat products and the conditions in
which they are often stored. In the absence of oxygen, or if the
nitrite concentration is doubled to 200 ppm, growth is
inhibited at pH > 5.5. The inclusion of CO2 in growth atmo-
spheres is not inhibitory to B. thermosphactauntil concentra-
tions reach 50%, provided oxygen is present. Low
concentrations of oxygen have no effect on growth rate until
they fall below 0.2%.
Comparison ofBrochothrix Species

The two species ofBrochothrixshare most characteristics, but they
can be distinguished on the basis of several biochemica
differences.Brochothrix campestrisdoes not grow in the presence
of 8% NaCl within 2 days or in the presence of 0.5% potassium
tellurite, which are both characteristics possessed byBrochothrix
thermosphacta. In contrast, B. campestrisproduces acid from
rhamnose and hydrolyses hippurate, whereasB. thermosphact
does not. The end products of glucose metabolism by
B. thermosphactahave been intensely studied because of thei
impact on meat spoilage, but those produced byB. campestri
(which is not known to be present in food) have not yet been
documented. Brochothrix campestrishas been shown to produce
a bacteriocin, brochocin-C, which was active againstB. thermos-
phacta, a variety of lactobacilli, Listeriaspp., and other Gram-
positive bacteria. Brochothrix thermosphactais not known to
produce bacteriocins, but more study is needed.

Although little work has been done on the serology of
Brochothrix spp., investigations of bacteriophage speci� city
among isolates of B. thermosphactafrom beef have been con-
ducted. The 14 different phage lysotypes that were identi� ed
showed intragenic speci� city with some indication that further
speciation of Brochothrixisolates from this genus may occur in
the future. Taxonomic work based on esterase gel electropho
resis also suggests this possibility.
Isolation and Enumeration

Normally present in meat and meat products stored aerobically
or vacuum packed at chill temperatures,B. thermosphactais
usually detected in such samples without enrichment. This
organism may be recovered from stored meats by directly
plating swabs of meat surfaces or suitable dilutions of macer-
ated meat in 0.1% (w/v) peptone directly onto suitable media,
such as glycerol nutrient agar. The latter is prepared by dis
solving the following: 20 g peptone; 2 g yeast extract; 15 g
glycerol; 1 g K2HPO4; 1 g MgSO4$7H2O, and 13 g agar in 1 l
distilled water and adjusting the pH to 7.0. The medium is
autoclaved at 121� C for 15 min. This medium will allow for
the growth of a variety of other bacteria as well (e.g.,Kurthia
spp., pseudomonads, staphylococci, and lactobacilli). The
direct selective isolation of Brochothrixspp. on Streptomycin
Thallous Acetate Actidione (STAA) agar is the procedure o
choice. Normally, enrichment is not necessary. STAA agar
prepared as for glycerol nutrient agar; however, after auto
claving, when the sterile liquid reaches 50� C, the following
solutions, prepared with sterile distilled water, are added:
streptomycin sulfate to a � nal concentration of 500 mg ml� 1,
actidione to 50 mm ml� 1, and thallous acetate to 50mm ml� 1.
After these additions, the liquid is mixed well and dispensed in
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Petri plates and solidi� ed. These can be stored for up to 2 week
at 4 � C before use. Appropriate sample dilutions are spread on
the agar surface and plates are incubated at 20–25 � C for 2–3
days. Almost all colonies that develop (whitish color, 1–4 mm
in diameter) are Brochothrixspp., but some pseudomonads, if
present in the sample, will grow on this medium. The latter
may be detected by their positive-oxidase reaction following
� ooding of the plate with a fresh 1% solution of tetramethyl-
p-phenylenediamine dihydrochloride. Oxidase-positive colo-
nies become blue, whereas the oxidase-negativeBrochothrix
remain uncolored. The selectivity of STAA is based on the us
of a high concentration of streptomycin sulfate, which inhibits
many Gram-negative and some Gram-positive bacteria, espe
cially the coryneform bacteria that morphologically resemble
Brochothrixspp. Thallous acetate and actidione inhibit practi-
cally all yeasts as well as many aerobic and facultativel
anaerobic bacteria, but not all lactobacilli and streptococci are
inhibited by the 0.005% thallous acetate present in STAA
Many are inhibited by the presence of streptomycin. None-
theless, STAA is not perfectly selective and dif� culty can be
encountered with fecal samples whereBrochothrixare present in
low numbers relative to other organisms. Normally, bacilli,
coryneforms, lactobacilli, and streptococci do not grow on
STAA, and growth on STAA is used as a con� rmatory test for
Brochothrix. Some improvement of selectivity has been
obtained by the addition of nalidixic acid (5 mg ml� 1) and
oxacillin (5 mg ml� 1) to the original STAA medium. This
formulation has been used to isolate both Brochothrixspecies
from soil and grass. Another medium for recovery ofBrochothrix
spp. from meat and meat products is composed of blood agar
base (Merck) supplemented with the following (per liter): 2 g
yeast extract, 1 g K2HPO4, 0.8 g MgSO4$7H2O, 0.35 g Na2CO3,
10 g inositol, and 10 ml of a 0.3% solution of neutral red as
indicator. After pH adjustment to 7.0, autoclaving, and cooling
to 50 � C, 0.5 g l� 1 of � lter-sterilized streptomycin sulfate is
added. Streptomycin is the major selective agent, andBrocho-
thrix spp. produce acid from inositol to give pink colonies.

It is not known to what extent the incorporation of inhib-
itors, including antibiotics in media for the direct recovery of
Brochothrixspp. from food and environmental samples may
have on stressed or injured organisms. This is particularly tru
of thallous acetate, so more study on its effects is needed. Th
� nding that one of 25 strains of Brochothrixwas sensitive to the
presence of streptomycin in STAA suggests that the selectivity
this medium may restrict the isolation of some members of the
genus.
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Alternative Rapid Detection ofBrochothrix

Early molecular-based methods for direct genus-speci� c detec-
tion of B. thermosphactawere of insuf� cient sensitivity and were
subject to interference by staphylococci. A more recent real-tim
polymerase chain reaction (RTi-PCR)-based method, whic
used primers speci� c to two common regions of the 16S rRNA
gene in B. thermosphactastrains, yielded linear quantitative
responses from 2 to 7 log10 cfu bacteria ml� 1 in aqueous extracts
from vacuum-packed beef; however, consistent underestima
tion of numbers was problematic and detection sensitivity and
recovery was not as good as that obtainable by plating on STAA
A species-speci� c method for B. thermosphactathat used PCR
ampli � cation of the 16S–23S rDNA intergenic transcribed
spacer region (ITS-PCR) coupled with repetitive sequence-base
PCR (rep PCR) allowed discrimination of four B. thermosphact
genotypes.
International Guideline forBrochothrix Enumeration

The Nordic Committee on Food Analysis (NMKL) completed
a controlled multilaboratory, blinded study on the use of STAA
for recovery ofBrochothrixstrains in the presence of the natural
micro� ora isolated from food samples. The repeatability and
reproducibility of the method were good, but the number of
false positives was higher than desirable. The committee rec
ommended that STAA should be incubated for well-de� ned
periods at a precise temperature, and speci� ed 48� 3 h at
25 � 1 � C. In addition to the test for oxidase, a catalase test wa
deemed necessary when lactobacilli were suspected of bein
present in samples. They also noted from other work that
actidione did not improve STAA selectivity and suggested that i
need not be included in the medium formulation. The thus-
modi � ed STAA medium and procedure for the recovery o
Brochothrixspp. from food was adopted as an of�cial method
by NMKL.
Importance to the Food Industry

Since Brochothrixspp. are nonpathogenic to humans, these
organisms are of importance. They cause premature spoilage
meat and meat products by virtue of their production of
objectionable odors in refrigerated products that are packaged
with residual concentrations of oxygen greater than 0.2%. This
spoilage can occur even though they may not be the dominant
population of bacteria present in samples. Once levels of abou
5 log10 cfu g� 1 or cm� 2 are reached, sensory evidence of the
presence can lead to product rejection. They do not caus
discoloration of meat pigments.

Brochothrixspp. are natural contaminants on food animal
carcasses and inevitably� nd their way into meat-processing
plants where they can be isolated from equipment surfaces
They do not survive the thermal process normally used for
cooked products but recontaminate these during packaging
operations. Brochothrixspp. are more of a problem on cured
meats than on fresh meats because cured meats have a high
pH (6.2–6.5) than fresh meats (pH 5.3–5.5) and are often
stored at higher temperatures during retail distribution and
display (<9 � C). Provided good oxygen barrier � lms for
vacuum packages are used, i.e.,� lms having an O2 permeability
of <15 cm � 3 m� 2 day� 1 atm at 23 � C and 75% RH, such as
polyvinylidene chloride (PVDC)-based � lms, B. thermosphact
spp. will not cause problems. Improvements in O2 barrier � lm
materials and reduced costs for their production mean that this
group of organisms should be of reduced importance to the
food industry in the future, even though the benchmark shelf
life for many meat products has been extended to 60 days
Brochothrix thermosphactaand staphylococci have about the
same sensitivity to high-pressure (400 MPa for�20 min) pro-
cessing of vacuum-packed ham, and because both are mo
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334 Brochothrix
sensitive than the lactic acid bacteria, B. thermosphacta would
not be expected to be problematic in high-pressure-treated
cured meats.

Brochothrix thermosphacta can form the dominant portion of
the micro�ora on refrigerated meat and meat products when
stored in air, under vacuum, or on meat of normal pH that is
stored under high O2-modi�ed atmosphere. They are, however,
a minor part of the micro�ora of these products when stored
under 100% CO2 or when CO2–N2 mixed atmospheres are
used to pack meat products. This behavior is related to the
greater ability of these organisms to grow at lower pH in the
presence of O2. Brochothrix thermosphacta is innocuous when O2
is absent from the packaging atmosphere. It behaves in
a manner similar to homofermentative lactic acid bacteria
under these conditions, producing mainly lactic acid.

In the presence of measurable O2, growth of
B. thermosphacta is unaffected by the presence of other organ-
isms and malodorous metabolic products are generated. Bro-
chothrix thermosphacta does not grow anaerobically at pH < 6.0,
and this is the reason that it is infrequently identi�ed as
a problem in fresh meats of normal pH that are vacuum
packaged with suitable O2 barrier �lms. Brochothrix thermos-
phacta is present in dry-fermented sausage, but the pH after
initial fermentation is suf�ciently low (<5.3) to retard its
development. Numbers are usually signi�cantly lower than
5 log10 cfu g�1.

Historically, this group of organisms has been a continual
problem in refrigerated retail-ready British fresh sausage where
�450 ppm SO2 is permitted as a preservative. Because
O2-permeable �lm is traditionally used for packaging to
maintain meat pigment color, and because B. thermosphacta can
grow in the presence of up to 1000 ppm SO2, their in�uence on
product shelf life is signi�cant. Sulfite keeps the normally
dominant pseudomonads in check, providing opportunity for
growth and spoilage by B. thermosphacta. Improved meat plant
sanitation and handling practices can have a major impact on
reducing the prevalence of this organism.

Brochothrix thermosphacta spp. can dominate in meat pack-
ages for which products are preserved under high O2-modi�ed
atmosphere, but it is inhibited in packaging systems for which
�50% CO2 is used with very low or no residual O2. At 10 �C,
they are overgrown by lactobacilli, particularly in reduced O2
environments where packaging �lms of low permeability are
used. Brochothrix thermosphacta could be of major importance in
the determination of fresh-meat shelf life when retail-ready cuts
are prepared at a central cutting facility and packaged on trays
in traditional high gas-permeable �lms, with packages being
grouped together in high-barrier �lm pouches that are back-
�ushed with CO2 or N2 to achieve low residual O2 in the
master package. Upon removal from master packs, meat
blooms to an acceptable color in 30 min. Alternative systems
use an atmosphere of 80% O2:20% CO2 to �x color and yield
a shelf life of 12–16 days. Very low residual O2 (<300 ppm)
also fosters color stability and delays microbial growth. From
the central site, meat is distributed to retail stores where it is
displayed in the primary package upon its removal from the
master pack. Provided there is good temperature control during
master package storage (�1.5 � 0.5 �C), fresh meat products
can be held for 3 weeks before retail display and achieve the
same retail display shelf life as freshly cut meat. These systems,
particularly the master packages containing high O2-modi�ed
atmosphere, provide almost ideal conditions for growth and
spoilage by B. thermosphacta spp., if present.

In the United States, irradiation of red meats as well as
poultry is permitted. Brochothrix thermosphacta may be able to
dominate the spoilage �ora of meats preserved in this manner
because it is about 10 times more resistant to irradiation than
the pseudomonads that usually spoil meat that is stored in air.
See also: Listeria:Introduction; Listeria: Detection by Classical
Cultural Techniques; Spoilage of Meat; Spoilage of Cooked
Meat and Meat Products; Total Viable Counts: Spread Plate
Technique.
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Brucella Species

Brucellae are facultative intracellular bacteria that can infect
many species of animals, as well as humans. The genome of
brucellae comprises two circular chromosomes, namely, chro-
mosome I (2.11 Mb) and chromosome II (1.18 Mb), which
have a G þ C content of 57.2% and 57.3%, respectively. Both
replicons encode essential metabolic and replicative functions
and are therefore considered to be chromosomes and not
plasmids. Based on DNA–DNA hybridization studies, the
genus Brucella is a highly homogeneous group with members
showing greater than 50% DNA homology. Brucella was orig-
inally thought to be land-based, until its isolation from marine
mammals in the 1990s. There are seven Brucella species of
terrestrial origin, namely Brucella abortus, Brucella melitensis,
Brucella suis, Brucella canis, Brucella ovis, Brucella neotomae,
and Brucella microti, and two species of marine origin, namely
Brucella ceti and Brucella pinnipedialis. In addition to these
recognized species, a novel species, Brucella inopinata, was
recently isolated from a breast implant infection of an elderly
female patient with clinical signs of brucellosis. The classi�ca-
tion of Brucella species is based mainly on a difference in
pathogenicity and host preference. Within the respective
species, nine biovars are recognized for B. abortus, three for
B. melitensis, and �ve for B. suis. The other species have not been
differentiated into biovars, although variants do exist.

Brucella abortus primarily infects cattle but can be trans-
mitted to buffalo, camels, deer, dogs, horses, sheep, and
humans. Although cattle can also be infected by B. melitensis, it
causes a highly contagious disease in sheep and goats, and is
highly infectious in humans. Brucella suis covers a wider host
range than most other Brucella species. Biovars 1 and 3 infect
swine primarily; biovar 2 causes infection in European wild
hares; biovar 4 is responsible for infection in reindeer and wild
caribou; and biovar 5 was initially isolated from rodents in
Russia. With the exception of biovar 2, all of these biovars can
be transmitted to humans. B. canis infects dogs, but is
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
occasionally transmitted to humans, causing a mild type of
brucellosis. Brucella ovis infects sheep primarily, whereas
B. neotomae and B. microti infect the desert wood rat and
common vole (Microtus arvalis), respectively. Of all the species,
B. melitensis occurs most frequently in the general population
and is the most pathogenic and invasive species. This is
followed, in order of decreasing susceptibility, by B. suis,
B. abortus, and B. canis.
Morphology and Physiology

Brucellaeare small, nonmotile, nonsporulating, nonencapsidated
Gram-negative capnophilic coccobacilli. Cocco-bacillary forms
(0.3 � 0.44 mm) are predominant, but cocci and longer rods
(0.5 � 1.5 mm) that occur either singly, in pairs, or in short chains
may also be observed. Most Brucella strains are slow-growing
fastidious organisms on primary isolation and grow poorly on
nutrient media unless supplemented with 5–10% serum or
blood. The growth of many strains is improved by the addition of
calcium pantothenate and meso-erythritol. Although growth
occurs aerobically, many strains require increased (i.e., 5–10%)
CO2 for optimal growth and no growth occurs under strict
anaerobic conditions. Brucellae can grow at temperatures
between 10 and 40 �C, but the optimal growth temperature
is 37 �C. The optimal pH range for growth is 6.6–7.4.
General biochemical characteristics of brucellae are summarized
in Table 1.

Brucellae can adapt to and survive in environments with
low pH and low nutrient concentration and in the presence of
reactive oxygen species, such as superoxide anions, hydrogen
peroxide, and hydroxyl radicals. They have evolved several
mechanisms of adaptation, which include the production of
various repair mechanisms, regulatory systems, and enzymes.
For example, they produce two types of superoxide dismutase
(SOD) enzymes, namely Fe-Mn and Cu-Zn co-factored SOD,
which are involved in detoxi�cation of peroxide in the
-384730-0.00049-5 335
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Table 1 General characteristics of the genusBrucella

Hemin (X factor) Not required

NAD (V factor) Not required
Catalase þ
Oxidase þ (exceptB. neotomae

andB. ovis)
Urease Variable
H2S Variable
Nitrate reduction þ (exceptB. ovis)
Methyl red �
Voges-Proskauer �
Indole �
Hugh and Leifson’s O/F medium Variable
Litmus milk No change or may

render it alkaline
Release ofo-nitrophenol from ONPG

o-nitrophenylb-D-galactopyranoside
�

Citrate �
Gelatin liquefaction �
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cytoplasm and protection of the pathogen against macro-
phages, respectively. Moreover, brucellae can survive in lacta
acidity levels of less than 0.5%, and the production of urease
enables them to withstand gastric acidity.
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Epidemiology of the Disease

Worldwide, brucellosis remains a major source of disease in
humans and domesticated animals. New cases of human
brucellosis reported around the world are in excess of 500 000
cases per annum, but this is very likely to be an underestima
tion. Although brucellosis is a noti� able disease in many
countries, the disease is often unrecognized and unreported
and the true incidence of brucellosis is therefore not known.
Epidemiological studies have shown that the risk of trans-
mission of the disease to other animals and humans is closely
related to national and international trade in live animals,
animal products, and animal feedstuffs; methods of processing
milk for butter, cheese and other dairy products; standards o
animal and personal hygiene; the growth in urbanization,
coupled with the increased numbers of domesticated or half-
wild animals living in close association with humans in cities,
which exposes more people to zoonoses; tourism and othe
movements of people; and new systems of animal farming,
leading to changes in the ecology that disseminate and increas
animal reservoirs of zoonoses.

The reported incidence and prevalence of brucellosis var
from country to country and in different regions within
a country. With the exception of countries where it has been
eradicated, bovine brucellosis, caused mainly byB. abortus, is
the most widespread form and is prevalent in South America,
as well as in developing regions in Africa and Asia. In humans
ovine and caprine brucellosis, caused byB. melitensis, has
a limited geographic distribution but is a signi� cant problem in
the Mediterranean basin of Europe, western Asia, and parts o
Africa and Latin America. Brucella melitensisin cattle has
emerged as an important problem in Israel, some southern
European, and certain Middle Eastern countries. Although few
outbreaks of disease byB. suisbiovar 4 have been reported, foci
of the infection persist in the Arctic regions of North America
and Russia.Brucella ovisinfection appears to be distributed in
all major sheep-rearing countries, but it has not been demon-
strated to cause overt disease in humans.Brucella caniscan
cause disease in humans, notably in dog handlers, laboratory
workers, and children with infected pet dogs. However, this is
rare even in countries where the infection is common in dogs.
Notably, the isolation of Brucellaspecies from marine animals
may extend the ecologic range of the genus, as well as i
possible pathogenicity and zoonotic potential.
Brucellae in Foods

The prevalence of brucellae in foods is in� uenced by both food
habits and the methods used for food processing. Unhygienic
food production conditions, improper cleansing and disinfec-
tion of utensils and equipment, insuf� cient freezing, and long
storage times are all associated with increased levels
brucellae in foods.

Although brucellae are resistant to environmental stress
they are rapidly killed by high temperatures, such as those use
in pasteurization and for cooking processed meats. Therefore
meats are rarely implicated in outbreaks of brucellosis becaus
cooking (80–85 � C for several minutes) is usually suf� cient to
destroy theBrucellaorganisms. However, highly relevant to the
transmission of brucellae by food products is the extent of
survival of these organisms in food. It appears that brucellae are
a group of sturdy organisms that can survive prolonged periods
in milk and dairy products, as well as in raw meat products but
not in smoked (heated) products. Although brucellae are less
prevalent in fermented products, it has been reported that
acidic pH only affects the organism mildly. Brucellasurvives
well under refrigerated and deep freeze conditions. Conse
quently, dairy products such as cheese, cream, sour cream
butter, yoghurt, and ice cream carry a risk of brucellosis, espe
cially in instances when unpasteurized milk is used as a raw
material. Indeed, cheese made from unpasteurized milk is one
of the foods frequently implicated as a source of infection. The
organism survives the cheese manufacturing process, and it ca
persist in the cheese during storage. Moreover, the presence
the pathogen in manure may lead to its transmission to fruits
and vegetables. Since these are consumed raw in most cas
there is an increased risk of contracting the disease.
Routes of Human Infection

Despite being primarily a contagious disease of domesticated
animals, humans contract the disease through various means
Males and females across all age groups are susceptible
infection. Although the infective dose of Brucellaereportedly
varies between 10 and 100 organisms, it is nevertheless in� u-
enced by the route of infection. The infectious dose is generally
low if invasion occurs through skin lesions, the conjunctiva,
and alimentary tract.

Brucellosis is spread to humans by direct contact with
infected animals and their secretions (e.g., blood, tissue, urine
vaginal discharges, aborted fetuses, and placenta). It may als
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spread through ingestion of infected food products (e.g., raw
milk and dairy products, such as unpasteurized cheese, o
rennet from infected lambs and kids). Individuals recognized
to be at increased risk include shepherds, farmers, veterina
ians, butchers, and meatpackers. Arctic dwellers are also
increased risk of infection, since both wild and semi-
domesticated reindeer supply the native population with milk,
meat, and clothing, and brucellosis is enzootic in these
animals. National or local dietary customs and habits also
contribute to the transmission of brucellosis to human pop-
ulations. Well-documented examples of dietary practices tha
expose both rural and urban populations to food contami-
nated with Brucellaare the habit of the Mongolians of drinking
airig (fermented mare’s milk), the Eskimos of eating bone
marrow and uncooked liver and kidneys from freshly killed
reindeer, and the Sudanese of eating raw liver and other offa
with spices (um� t� t or Marrara).

Though rare, brucellosis has been reported to be transferre
through human-to-human contact (e.g., blood transfusions,
bone marrow transplantation, or sexual contact), mother-to-
child transmission (e.g., possibly through transplacental
transmission during pregnancy or the time of delivery and
breast milk) and inhalation of the pathogen in infectious
aerosols. The latter is a recognized occupational hazard i
workers in abattoirs and microbiology laboratories. Accidental
self-inoculation or corneal contamination with the vaccine
strains of B. abortusstrain 19 and B. melitensisstrain Rev1 has
also been reported occasionally.
ia

.

s

ge
d

-
te

m
e

-

,

es

f

en

e

n

o
t
le
Pathogenicity and Symptomatology

Once brucellae have entered the body, they are transported v
the lymphatic and blood circulation systems to the liver,
spleen, kidneys, and bone marrow where they enter and
replicate in � xed macrophages and parenchymal host cells
Spread from these foci of infection to other organs and tissues
may occur by septicemic dissemination. Pathogenesis depend
on strain virulence and host immunity. Symptoms usually
appear from 2 to 8 weeks after infection, but acute cases avera
10–14 days. The clinical features of the disease are variable an
may range from a mild � u-like disease to a prolonged inca-
pacitating illness. Human brucellosis is characterized by
headache, undulant fever, arthralgia, myalgia, profuse
sweating, chills, weakness, malaise, insomnia, anorexia, con
stipation, nervousness, and depression. The case fatality ra
without treatment is less than 2% but is higher forB. melitensis
infections. In severe cases of brucellosis, the skeletal syste
may be affected, causing spondylitis and arthritis, as well as th
genitourinary system, resulting in orchitis, prostatitis, and
epididymo-orchitis in young males. Rarely, neurologic and
cardiac complications may also occur. Neurologic manifesta
tions include meningitis, encephalitis, brain abscess, and
psychosis; cardiovascular manifestations include endocarditis
myocarditis, and pericarditis. Infective endocarditis accounts
for the majority of brucellosis-related deaths. The original
syndrome, either in part or in its entirety, may reappear as
relapses, especially upon reexposure, but the recurrent episod
are generally shorter in duration than the primary attack.
Chronic brucellosis is diagnosed on the basis of a history of
brucellosis and the clinical symptoms of weakness, malaise
and emotional disturbances.
Detection Methods

Isolation on Culture Media

Cultural isolation of brucellae is the gold standard diagnosis,
and therefore a positive result with this method is regarded as
a de� nite diagnosis of brucellosis. Nevertheless, various factor
may in� uence the sensitivity, including the culture strain, levels
of the bacterium present in clinical specimens, stage of infec
tion, use of antibiotics prior to diagnosis, and the method used
for culturing. Detection of Brucellaconsists of a series of step
that includes selective enrichment, followed by plating onto
selective agar media that contain constituents to screen for th
organism. Primary isolation of the bacteria from blood and
lymph node or bone marrow aspirates may be enhanced using
tryptose broth, brain heart infusion broth, or Brucellabroth in
biphasic bottles. Fibrous clots, exudates, and tissues are ase
tically ground, and the resulting material is inoculated onto
trypticase soy agar supplemented with 5% sheep blood
Brucella agar with 5% serum, or serum dextrose agar. I
contamination of the sample by other microorganisms is
a strong possibility, selective media should be employed for
primary isolation, for example, Farrel’s agar medium supple-
mented with antibiotics (bacitracin, polymyxin B, nalidixic
acid, vancomycin, cycloheximide, and nystatin). However, the
growth of brucellae may be signi� cantly retarded by selective
media. Following incubation of the agar plates (37� C in an
atmosphere of 5–10% CO2 for 48–72 h), smooth Brucella
isolates produce circular, convex colonies that are 1–3 mm in
diameter, with a smooth glistening surface. RoughBrucella
isolates produce colonies of similar size and shape, but o
a more opaque off-white color and often with a granular
surface. Plates must be incubated for a minimum of 4 weeks
before being discarded as negative. Once an isolate has be
identi � ed as aBrucellaculture, species and biovars may be
identi � ed by tests based on agglutinin absorption assays, phag
typing, dye sensitivity, CO2 requirement, H2S production, and
metabolic properties.
Serological Tests

As indicated above, brucellae can present itself on culture with
smooth or rough colony morphology, but some present
a mucoid phenotype.Brucella ovisand B. canisoccur normally in
the rough form, whereas the other species are usually isolated i
the smooth form. It is possible for smooth colonies to sponta-
neously become rough, and some roughBrucellacan revert to the
smooth morphology. Smooth strains are often markedly more
pathogenic than the rough variants. Coupled to the rough versus
smooth morphology is the composition of the lipopolysaccha-
ride (LPS) molecule ofBrucella. Smooth organisms have an LPS
molecule containing a polysaccharide O-chain consisting of
a homopolymer of 4-formamido- a-D-4,6-dideoxymannose.
The structure of the LPS of rough strains is essentially similar t
that of the smooth LPS, except that the O-chain is either absen
or reduced to a few residues. The O-chain plays a central ro
in the serological diagnosis of brucellosis, since it is an
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immunodominant antigen and most diagnostic serological tests
are based on the detection of antibodies to the O-chain.

Most classical serology tests used, for example, standa
tube agglutination test (SAT) andBrucellamicroagglutination
test (BMAT), along with the enzyme-linked immunosorbent
assay (ELISA) method, offer good detection of antilipopoly-
saccharide agglutinating and/or nonagglutinating antibodies.
In recent years, the immunocapture agglutination anti-Brucella
(BrucellaCapt [BCAP]) test has been reported to detect agglu
tinating and nonagglutinating antibodies with very high
sensitivity and has been suggested as a possible substitute f
the antihuman immunoglobulin (Coombs) test and, perhaps,
as a better marker of disease activity. Immunochromatic latera
� ow assay, such as theBrucellaimmunoglobulin (Ig)M/IgG
lateral � ow assay, has also gained popularity, and the correla
tion between this lateral � ow assay results and culture-
dependent brucellosis tests vary between 73% and 100%. It is
however, recommended that two serology test be used
for reliable diagnosis of brucellosis. The recommended com
bination of tests are SAT and indirect Coombs, or SAT and
BrucellaCapt or ELISA.

The diagnosis of human brucellosis is based on clinica
suspicion, epidemiological evidence, and positive culture or
serology. Since the protean manifestations of the disease
especially in the chronic stage, can be misleading and consid
ering that brucellae grow rather slowlyin vitro so that primary
isolation can be delayed, the preliminary diagnosis often
depends on the results of serologic tests. Immunoglobulin IgG
and IgA antibodies appear to be the most useful indicators of
active infection. TheBrucellaELISA is widely used for serologic
diagnosis of the disease in humans and has been use
successfully for diagnosis of acute and chronic brucellosis, a
well as neurobrucellosis. In the past decade, polymerase chai
reaction (PCR) and real-time PCR assays with random o
selected primers have yielded promising results, but standard
ization and further evaluation are needed before they are to be
implemented for routine diagnostic investigations.
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Treatment of Disease

The purpose of chemotherapy for brucellosis in humans is to
control the illness promptly and to prevent complications and
relapses. Several antimicrobial agents and regimens have be
used in the treatment of brucellosis, but the intracellular
location of the microorganisms makes it refractory to the action
of many antibiotics. Doxycycline is considered to be the most
effective single drug for uncomplicated brucellosis, but the rate
of relapse with single-drug therapy is in the range of 50%
within 6 months of treatment. Therefore, combination therapy
is generally recommended.

The treatment recommended by the World Health Organi-
zation for acute brucellosis in both adult men and nonpreg-
nant adult women is doxycycline (200 mg day� 1) and
rifampicin (600– 900 mg day� 1) given orally for a minimum of
6 weeks. This doxycycline-rifampicin (DR) combination is
convenient, nontoxic, and highly effective, and relapses ar
infrequent after its use. Trimethoprim-sulphamethoxazole
(TMP-SMZ) alone or in combination with rifampicin or
gentamicin is useful for treating pregnant women or patients
intolerant to tetracyclines. Rifampicin or alternatively cotri-
moxazole has been recommended for uncomplicated diseas
in children. However, both of these drugs are associated with
a high relapse rate if used singly, and best results are achieve
by using them in combination. Doxycycline in combination
with TMP-SMZ and rifampicin has been used successfully fo
treatment of brucellar meningitis. In brucellosis of the nervous
system, an effective regimen has been a prolonged course
TMP-SMZ plus rifampin and a brief course of corticosteroids. A
promising alternative combination treatment, comprising
intravenous administration of rifampicin and oral adminis-
tration of minocycline, has been associated with 100%
response and a low relapse rate. Moreover, a combination o
DR with amikacin was reported to be more ef� cacious than the
DR regimen and also relieved symptoms much more quickly.
Despite the availability of these alternative treatments, the DR
regimen remains the clinicians’ treatment of choice.

Relapses of the infection can occur due to a number of factors
including the bacteriostatic nature of the antibiotics used, the
emergence of antibiotic resistance, nonadherence to treatment
and self-termination of treatment. The use of rifampicin for the
treatment of brucellosis might also induce rif resistance, thus
complicating the treatment of other diseases such as tuberculosis
Nevertheless, relapses of brucellosis can be treated with a repe
tion of the antibiotic regime used for the initial infection, as they
are commonly caused by bacteria with a similar antibiotic
susceptibility pro� le to the initial infecting bacterium.
Disease Control and Prevention

As a consequence of the high incidence and wide distribution
of brucellosis in both humans and animals, various control
measures against brucellosis have been instituted in man
countries. However, the prevention of brucellosis is dependent
on the eradication or control of the disease in animal hosts, the
exercise of hygienic precautions to limit exposure to infection
through occupational activities, and the effective cooking of
potentially contaminated foods.

Brucellosis can only be eradicated through control and
prevention of animal infections. Livestock should be tested
serologically to identify infected animals, and such animals
should subsequently be eliminated by segregation and/or
slaughter. The success of this approach is exempli� ed by
a reduction of human bovine brucellosis cases reported in
Denmark, France, and the United States, following the
slaughter of infected cattle. In areas of high prevalence, youn
goats and sheep should be immunized with live attenuated
vaccines such as theB. melitensisstrain Rev1, whereas cattle
should be vaccinated withB. abortusstrain 19. Vaccines, such a
the B. abortusrough strain RB51, can serve as an effectiv
vaccine to prevent infection from exposure to virulent strains of
B. abortus, B. melitensis, B. suis, and B. ovisin various animals,
including cattle and swine. However, the B. abortusRB51
vaccine strain is inef� cient againstB. melitensisin sheep. Other
live vaccines, such asB. abortus104M, B. suisstrain 2 and B.
melitensisstrain 5, have also been used, but they failed to show
better ef� cacy when compared to the commonly and widely
accepted vaccines. Alternative vaccines, such as cell-free nat
and recombinant proteins, recombinant strains, and DNA or
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RNA vaccines, have been developed, but they do not meet
quality requirements, and most of these have been associated
with lower protection of animals.

Vaccination has only a small role in the prevention of
human disease. Indeed, the use of vaccines for prevention of
human brucellosis is not approved in most countries. However,
in the past, various preparations have been used, including the
live attenuated B. abortus strains 19-BA and 104M, a phenol-
insoluble peptidoglycan vaccine, and a polysaccharide-protein
vaccine. All of these vaccines had limited ef�cacy. The live
vaccines were associated with potentially serious reactogenicity
and provoked unacceptable reactions in individuals sensitized
by previous exposure to Brucella or if inadvertently adminis-
tered by subcutaneous rather than percutaneous injection.

Other, more practical, preventative measures have been
recommended. Farmers and workers in abattoirs, meatpacking
plants, and butcher shops must be educated as to the nature of
the disease and the risk in the handling of carcasses or products
of potentially infected animals. Furthermore, such occupa-
tional exposure can be minimized by wearing impermeable
clothing, rubber boots, gloves and face masks for respiratory
and eye protection, and by practicing good personal hygiene.
Since brucellae are able to survive in the environment in soil,
water, urine and manure for periods of 1 day to several weeks,
depending on the temperature, contaminated areas should be
disinfected. Care should be taken in the handling and disposal
of placenta, discharges, and fetuses from aborted animals.
Decontamination of utensils and clothing requires exposure to
1% phenolic soap or chloramine for 30 min. The area
contaminated by abortion products may be disinfected by 20%
chlorine solution or washed with slaked lime. The general
public should also be educated not to drink untreated milk or
eat products made from unpasteurized or otherwise untreated
milk.

See also: BrucellaProblems with Dairy Products; Biochemical
and Modern Identi�cation Techniques: Food-Poisoning
Microorganisms; Enzyme Immunoassays: Overview;
Fermented Milks/Products of Eastern Europe and Asia; Milk
and Milk Products: Microbiology of Liquid Milk; Milk and Milk
Products: Microbiology of Dried Milk Products; Microbiology of
Cream and Butter.
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Problems with Dairy Products
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Sir David Bruce (Australian bacteriologist and physician:
1855–1931) was the �rst to discover the microorganism that
had caused the death of a man suffering from Malta fever, back
in the 1880s. This microorganism was later called Brucella
melitensis and is the �rst species of the genus ever to be isolated.
The fact that the same agent was later isolated from caprine
and ovine milks re�ects the zoonotic character of the disease,
widely known as brucellosis or undulant fever. Despite the
numerous technological improvements that have occurred
since the �rst isolation, brucellosis remains a major worldwide
zoonosis, particularly in the developing world.

The Brucella genus has six recognized species: Brucella abortus
associated with cattle and other biovidae with nine biovars;
B. melitensis associated with sheep and goats with �ve biovars;
Brucella suis associated with swine, reindeer, and wild rodents
with �ve biovars; Brucella ovis associated with sheep; Brucella
canis associated with dogs; and Brucella neotomae associated
with rats. A new strain, Brucella microti, has been isolated from
the common vole. Further strains have been isolated from
marine mammals and named Brucella ceti and Brucella pinni-
pedialis, but their correct taxonomic position within the genus
has not been con�rmed.

Brucella spp. are highly pathogenic for man and animals and
have been ascribed into risk group III, and hence laboratory
work necessitates special containment facilities. The most
important species listed in descending order of pathogenicity
are B. melitensis, B. suis, and B. abortus. The abundance of
B. melitensis in dairy products made from raw milk makes it both
the most important economically and the most hazardous to
health.
Factors Affecting Survival and Growth
in Milk Products

In liquid milk and dairy products, a number of extrinsic factors
have to be satis�ed for Brucella spp. to survive and cause disease
in humans.
Storage Temperature

The survival of Brucella spp. has been reported over a range of
temperatures from �40 to 37 �C; the general trend is that as
storage temperature increases, survival decreases when
a nonlethal stress is applied.
Sodium Chloride

An increased sodium chloride content in milk products may
prove inhibitory to the growth of Brucella spp. For example,
B. abortus survived in unsalted butter for 13 months, whereas
the survival time of the same species was approximately halved
when the salt content of the butter was increased to 2.3%. In
brine, B. abortus survived in solutions containing 4%, 12%, and
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25% sodium chloride concentrations for 28, 12, and 6 days,
respectively. In sheep’s milk, cheese stored in 27% sodium
chloride brine B. melitensis survived for 45 days.

Survival of salt challenge is dependent on temperature,
however. Brucella spp. survived for 12 days in Domiati cheese
with sodium chloride concentrations ranging from 7.60% to
7.66% when stored at 18–22 �C, but when the temperature
was reduced to 2–4 �C, with a similar salt concentration
(7.60–8.99%), the survival time doubled.
Fat and Water Content

A high fat content may have a protective effect on the survival
of Brucella spp. in a food matrix and data from cheese studies
support this.

Brucella spp. survive for shorter periods of time in cheeses
with a low water activity of 6 days’ survival in Gruyère
compared with 57 days’ survival in a soft cheese, such as
Camembert. Generally, in respect of Brucella spp., mature
cheeses subjected to long storage times are safer than fresh
cheeses. During the production of hard cheeses, a cooking step
is included in the manufacturing process (Table 1), and during
storage, the organism is subjected to the inimical effects of
reduced water activity, low pH, and salt.
pH Value

Brucella abortus survived in a model system using sterilized
milk and lactic acid for 34 days at a pH range of 5.0–5.8, but
when the pH dropped to 3.9, the survival period decreased to
only 2 days. The same species showed 90% survival after 3 h
exposure to pH 3.8 and this dropped to only 60% survival
after 24 h. Similar results were obtained with B. suis. Brucella
suis also demonstrated an acid tolerance response with
a 30-min exposure to pH 5.8, compared with a control
(at optimum growth pH of 7.2), inducing a twofold increase
in resistance to a pH value of 3.2. There is evidence that this is
not under the control of the rpoS gene, a major regulator of
stationary phase growth and a stress response inducer in
bacteria. It must also be recognized that Brucella spp. are
facultative intracellular pathogens and reside in the host
within acidi�ed phagosomes, and this environment is
important for the expression of virulence genes, such as virB,
and thus could be expected to demonstrate tolerance to low
pH conditions.
Eradication and Control of Brucella in Foods

Pasteurization

The numbers of Brucella spp. in raw milk vary between infected
animals depending on the physiological status of the animal
and the route of infection; 12–44% of infected cows and up
to 60% of infected goats will excrete infective Brucella spp.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00050-1
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Table 1 Behavior ofBrucella abortusduring cheese manufacture, storage, and ripening

Cheese
Cooking
temperature (� C) Time (min) cfu ml� 1 (milk)a After 24 h

Storage time
(days)

Survival time
(days)

Hard Emmental 52 50 10 000 794 57 6
Gruyère 48 25 10 000 1259 57 6

Semihard Tilsiter 43 15 10 000 1585 57 15
Soft Muenster 38 10 10 000 1585 57 > 57

Camembert 32 60 10 000 1995 57 > 57

aArti� cially inoculated.
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Numbers such as 5� 104 – 5 � 105 cfu ml� 1 in raw milk have
been reported; however, in 55% of samples, the count was les
than 103 cfu ml� 1.

The most effective way to eradicateBrucellain milk is by
pasteurization or sterilization before marketing or further
processing.Brucellain milk have a D value at 65.6 � C of 6–12 s
and an z value between 4.4 and 5.6� C. Brucella abortuswas
killed in arti � cially inoculated fresh milk (10 6 cfu ml� 1) when
heat treated in a high-temperature short-time simulator at
65.8 � C for 5 s. No quantitative data are available on the
infective dose for humans.
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Control

The risk of foodborne brucellosis can be controlled when two
demands are met: (1) strict hygiene and process control during
dairy product manufacture and (2) the application of control
measures at farm level.

The phosphatase test can be used to con� rm the correct
pasteurization of milk used for manufacture of dairy products
and special vigilance is required when such products ar
produced in areas in which brucellosis is endemic, or applied
technology does not give a high degree of certainty of lethality
with respect to the elimination of Brucellaspp.

An effective hazard analysis critical control point plan is
crucial on a production line to ensure the delivery of a safe
product to the consumer and to avoid economic losses and
possible litigation.

At the farm level, the most successful means of eradicatio
are by test and slaughter programs and by vaccination (S19
RB51 for cattle and Rev 1 for small ruminants), although the
search for new vaccines continues because of the remainin
virulence of the S19 and Rev 1 vaccine strains for human host
and interference with conventional serological assays. Add
tional measures to be taken include adherence to sanitation
and disinfection procedures on farms and monitoring of the
transport of animals to brucellosis-free herds from areas in
which the infection exists.
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Diagnostic Techniques

Diagnostic methods based on serology have been employe
with the lipopolysaccharide from smooth strains producing the
greatest immunological responses. Competition enzyme
linked immunosorbent assays have been modi� ed for use on
bulk milk samples. Fluorescence polarization assays have bee
modi � ed and are a useful alternative to conventional serolog
ical tests. The latter detects the increase in rotational speed th
occurs when the size of a molecule increases, such as when
antibody binds with an antigen. Intradermal skin tests similar
to that for the detection of bovine tuberculosis, but using
brucellin instead of tuberculin, may have some application.
Tests based on a cell-mediated immunological response, suc
as production of interferon gamma, can be more speci� c than
other serological tests.

Polymerase chain reaction (PCR) assays of various type
have been devised– for example, end point, real time, simplex,
and multiplex. For example, a multiplex PCR assay based o
the bscp31sequence for the detection of theBrucellagenus has
been combined with a primer based on the IS711, which
distinguishes betweenB. melitensisand B. abortus. Because the
genomes of B. melitensisand B. abortushave now been
sequenced, this should lead the way to more speci� c and
sensitive primers and perhaps allow a greater insight into the
pathogenic mechanisms ofBrucellaspp. It has been postulated
that the lack of plasmids or lysogenic phage within the genus,
which provides evidence of a lack of genetic exchange, may b
a result of their preference to persist within a protected intra-
cellular environment.

For culture purposes, a nonselective biphasic medium
known as Castaneda’s medium is recommended for the isola-
tion of Brucellaspp. from blood and milk. This basal medium
can be made selective by the addition of six antibiotic
supplements, namely, polymyxin B sulfate, bacitracin, nata-
mycin, nalidixic acid, nystatin, and vancomycin.
Brucellosis in Humans

Some of the factors that will determine whether a pathogen
will invade the host are the virulence of the organism, the
immune status of the host, the infection dose, and the route of
exposure.
Epidemiology

Human brucellosis remains the most common zoonotic
disease worldwide with more than 500 000 new cases annually
Its epidemiology has changed over the past decade because
sanitary, socioeconomic, and political reasons as well as th
increase in international travel, migration, and operation of
animal control programs. Those regions in which the human
disease was considered endemic (e.g., France, Israel, and La
America) have achieved control. New foci have emerged (e.g
particularly in central Asia), whereas in others, such as coun
tries of the near east, the situation has worsened (e.g., Syria an



Table 2 Outbreaks of human brucellosis associated with the consumption of milk or milk products

Country Year Pathogen
Number of
cases Fatalities Type of food Factors

Israel 1998 B. melitensis 498 ND Goat’s and shee’
cheese and m k

Raw milk suspected

Saudi Arabia 1990–1991 (3-month
period)

B. melitensisand
B. abortus

90 0 Raw milk Raw milk and occupation
acquired

United Kingdom 1992–1994 B. melitensis(9 cases)
B. abortus, Brucella
spp. (35 cases)

44 0 ND Infection acquired abroad
(22 cases)

Malta 1995 Brucellaspp. 135 1 Soft cheese Raw ovine and caprine milk
United Kingdom 1995 B. melitensis(5 cases) 9 0 Caprine milk or eese Raw caprine milk suspected
Sicily 2003 B. melitensis 29 0 Tuna and ricotta
Italy 2005 Brucellaspp. 5 0 Raw milk chees
Bulgaria 2007 Brucellaspp. 3 0 ND Contact with animals and consumption

of unpasteurized dairy products
Spain 2008 Brucellaspp. 4 0 ND Workers in cheese factory– occupational

contact

ND, no data.
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Turkey). In European countries, and the United States, the
disease is still present albeit at a low level. An interesting situ-
ation pertains in Germany where human brucellosis has
evolved from an occupational disease among the whole pop-
ulation into a travel-associated foodborne zoonosis, primarily
affecting Turkish immigrants.

Brucellosis incidents in countries where the disease is
endemic are highest in spring and summer and coincide with
increased abortion, parturition, and milk production of
animals, such as sheep and goats. Details of brucellosis
outbreaks are given in Table 2.

The fact that both human and animal brucellosis is still
present and extends beyond both medical and veterinary
disciplines to encompass political considerations provides
evidence that complete eradication of the disease will remain
elusive.
Transmission

Humans are generally infected in one of three ways:
consumption of food, such as fresh cheese and unpasteurized
milk that is contaminated with Brucella spp.; inhalation of
aerosols containing the organism; or via skin wounds.
Consumption of raw milk or milk products is the most
common route of infection. Inhalation of Brucella spp. is an
uncommon transmission route, but it can be signi�cant for
people in some occupations, such as scientists in laboratories
where the organism is cultured or abattoir employees. Infection
via wounds is certainly a problem for those working in abat-
toirs and meat-processing plants and veterinarians. Direct
person-to-person spread of infection is rare, but mothers who
are breast-feeding may transmit the infection to their infants.
Sexual transmission has been reported.

In respect to farmers and agricultural workers, Brucella spp.
during winter can survive for up to 10 weeks in soil, 7 weeks in
feces, and up to 25 weeks in urine. Goat manure, which is used
as a fertilizer, may be regarded as a potential vehicle for the
indirect transmission of the organism to humans.
., Evirgen, O.,
028 cases of
e. International
Incubation Period

Because of differences in the virulence of Brucella spp., different
routes of infection, variations in the quantity of infectious
agent, and immune status of the host, the incubation period
varies. A period of 3–4 weeks is about the average, although
cases can be divided into three groups according to their
history, symptoms and clinical presentation time: acute
brucellosis (0–2 months), subacute brucellosis (2–12 months),
and chronic brucellosis (>12 months).
of

2006. The new

. OIE Terrestrial
Clinical Signi�cance and Symptoms

The characteristics of acute brucellosis is an intermittent fever, in
the range 38–41 �C, but hyperpyrexia (i.e., a substantially higher
temperature) is a signi�cant cause of death. At the onset of
brucellosis, other symptoms include malaise, back pain, weight
loss,anorexia,and,especiallyduringtheevening,chillsandsweats.

Brucella spp. localize within the tissues of the body that are
rich in elements of the reticuloendothelial system and infection
involves lymph nodes, spleen, liver, and bone. The majority of
patients suffering from infection by B. melitensis have enlarge-
ment of the liver, spleen, and super�cial lymph nodes. In the
case of B. abortus infection, fewer cases of spleen enlargement
have been reported, and the number decreased further with
regard to perceptible liver enlargement.

The most frequent complication in humans is osteomyelitis
due to localization of the disease in the bones. Neurological
involvement in the form of meningoencephalitis is rare,
accounting for only approximately 5% of brucellosis cases
reported. Brucellosis is one of the best imitators in the world of
infectious diseases, however, and can mimic various multi-
system diseases, showing wide clinical polymorphism, which
frequently leads to misdiagnosis and treatment delays, further
increasing the complication rates.
Treatment

As Brucella spp. are intracellular bacteria residing in phag-
osomes, they are relatively inaccessible to antibiotics and relapse
is often seen. Treatment regimens involve a number of antibi-
otics, including the following: oral doxycycline (every 12 h),
oral rifampin (every 24 h), intramuscular streptomycin (every
24 h), oral cipro�oxacin (every 12 h), and cotrimoxazole (every
12 h). In neurobrucellosis patients and pregnant women,
intravenous ceftriaxone may be added to the regimen initially
for 2–4 weeks and other antimicrobials for at least 6 weeks. In all
cases, the treatment can be extended as deemed necessary.

See also:Cheese: Cheese in the Marketplace; Microbiology
of Cheesemaking and Maturation; Micro� ora of White-Brined
Cheeses; Mold-Ripened Varieties; Role of Speci� c Groups
of Bacteria; Food Poisoning Outbreaks; Hazard Appraisal
(HACCP): The Overall Concept; Heat Treatment of Foods –
Principles of Pasteurization; Milk and Milk Products:
Microbiology of Liquid Milk; Microbiology of Cream and Butter.
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Burholderia cocovenenans see Pseudomonas: Burkholderia gladioli pathovar cocovenenans
Butter see Microbiology of Cream and Butter
Byssochlamys
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Characteristics of the Genus

The genus Byssochlamys belongs to the Ascomycetes class. It is
the teleomorph of certain species of Paecilomyces. According to
phylogenetic analyses, the genus Byssochlamys includes nine
species, �ve of which form a teleomorph, namely Byssochlamys
fulva, Byssochlamys lagunculariae, Byssochlamys nivea, Byssochlamys
spectabilis, and Byssochlamys zollerniae, while four are asexual –
Paecilomyces brunneolus, Paecilomyces divaricatus, Paecilomyces
formosus, and Paecilomyces saturatus. The three species signi�cant
in food mycology are B. fulva, B. nivea, and B. spectabilis, which
are among the most commonly encountered fungi associated
with spoilage of heat-processed fruits worldwide. The current
species classi�cation is based on a polyphasic approach,
including micro- and macroscopical characteristics as well as
molecular and secondary metabolite data.

The ascomycete Byssochlamys is characterized by the absence
of the ascoma wall. Asci are spherical to oval, borne in open
clusters, composed of loose wefts of hyaline, thin, twisted
hyphae. Each ascus contains eight ascospores. The anamorph
produces reproductive structures borne from surface hyphae or
long trailing aerial hyphae and asexual spores (conidia). The
characteristics of the three economically important species of
the genus are presented in Table 1.

Byssochlamys is fairly common in soil, particularly in vine-
yards, orchards, and �elds in which fruits are grown. It
contaminates fruits and other vegetation on contact with soil,
before delivery to the processing plant. Byssochlamys is almost
uniquely associated with food spoilage, particularly with the
spoilage of heat-processed acid foods. Its ascospores persist in
a dormant yet viable state in the soil for extended periods of
time, and contaminate fruits harvested from or close to the
ground. Since these ascospores are able to survive routine heat
pasteurization treatments applied to many fruit products,
spoilage may occur due to postpasteurization germination and
subsequent outgrowth. Byssochlamys spectabilis is heterothallic,
and its ascospores are formed when strains of opposite mating
types are grown together, that is, in raw materials or in habitats
where mating can take place. The species B. nivea is commonly
detected in raw milk (as a contaminant with soil and silage
feeding), and its ascospores, which are resistant to normal
pasteurization, may occur in cream cheese and fermented milk.

The most important physiological characteristic that makes
Byssochlamys signi�cant in food mycology is the heat resistance
of its ascospores. It is assumed that the rather thick cell wall
with a distinct electron-transparent layer between the outer cell
44 Encyclopedia of Food Mic
wall and the cytoplasmic membrane protects the ascospores
against heating. Intrinsic heat resistance of ascospores varies
markedly between strains of the same species and with heating
conditions (Table 2). The nature of the heating medium – pH,
soluble solids, and organic acid content – in�uences the
sensitivity of ascospores to elevated temperatures. Ascospores
are more susceptible to heat if the pH is low and/or if preser-
vatives such as organic acids (especially fumaric, lactic, and
acetic acids) or SO2 are present. On the other hand, high levels
of sugar and sodium chloride have a protective effect. The
protective mechanism is due in part to establishment of an
osmotic pressure differential between the heating medium and
ascospores, which favors heat resistance.

For B. fulva, a D value between 1 and 12 min at 90 �C and
a z value of 6–7 �C are practical working values. Byssochlamys
nivea ascospores are marginally less heat resistant than those of
B. fulva. A D value at 88 �C of 0.75–0.8 min, with z values
ranging from 4.0 to 6.1 �C, is of practical importance. Asco-
spores of B. spectabilis are one of the most heat-resistant fungal
ascospores with a D value between 47 and 75 min at 85 �C.

Attempts have been made to inactivate Byssochlamys asco-
spores in fruit juices by the combined effect of high pressure
and temperature as well as by ionizing radiation. Estimated
values for an effective pasteurizing process are reported in
Table 3.

Another physiological characteristic that makes B. fulva,
B. nivea, and B. spectabilis important spoilage agents in canned,
bottled, or laminated paperboard packaged fruit products is
their ability to grow at very low oxygen tensions, producing
CO2. A small amount of oxygen contained in the headspace of
a jar or bottle, or the slow leakage of oxygen through a package
such as a Tetra-Brik, can provide suf�cient oxygen for these
fungi to grow. The production of gas may cause swelling and
spoilage of the product. Byssochlamys spp. are particularly
tolerant of conditions of elevated carbon dioxide. Byssochlamys
fulva and B. nivea are capable of growth in atmospheres con-
taining up to 60% carbon dioxide with less than 0.5% oxygen.

The species of the genus Byssochlamys produce pectolytic
enzymes, which are responsible for the degradation of pectic
substances and the maceration of plant tissues. Pectolytic
enzymes from B. fulva and B. nivea have been implicated in the
softening and breakdown of canned fruits, such as apricots,
strawberries, grapes, cherries, and apples. Ascospores of the
fungus, which may be present on the raw fruit, survive the heat
of can processing. Germination and limited growth occur, and
pectolytic enzymes are produced before the O2 within the can
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00051-3
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Table 1 Characteristics ofByssochlamys fulva, B. nivea, andB. spectabilis, the three major species in theByssochlamysgenus

Characteristics B. fulva B. nivea B. spectabilis

Anamorph Paecilomyces fulvus Paecilomyces niveus Paecilomyces variotii

Morphology
Colonies on CYA

and MEA
Buff to brown White to cream Yellow to brown

Colony diameter 6–9 cm 3–5 cm 3–6 cm
Mycelium Septate Septate Septate

Reproductive structures
Anamorph Penicilli on short stipes Penicilli on short stipes Conidiophores irregularly

branched
Phialides� ask-shaped (12–20mm long),

narrowing gradually
Phialides cylindrical (12–20mm long),

gradually tapering
Phialides ellipsoidal and/or

cylindrical
Conidia: cylindrical (7–10mm long) Conidia: ellipsoidal to pyriform

(3–6 mm long)
Conidia: ellipsoidal (3.3–6.1 x

1.5–4.4mm)
Chlamydospores: no Chlamydospores: spherical to pyriform

(7–10mm long)
Chlamydospores: smooth

to � nely roughened
Teleomorph Asci: without distinct wall, spherical

(9–12mm diameter)
Asci: without distinct wall, spherical

(8–11mm diameter)
Asci (formed in a heterothallic

manner): spherical
Ascospores: ellipsoidal (5–7.1� 3–4 mm) Ascospores: ellipsoidal

(4–5.5� 2.9–3.9mm)
Ascospores:smooth

(5.5–6.5� 3.5–4.5mm)
Growth temperatures
Minimum 10� C 10 � C
Optimum 30–35� C 30–35� C 30–37� C
Maximum 45� C 40 � C 50 � C

Minimumaw for growth 0.893 0.87

Ascospore maturing time at
25� C Occasionally 10–14 days
30� C 7–12 days 7–10 days 6–9 weeks
37� C 10–14 days Rarely

CYA¼Czapek yeast autolysate agar; MEA¼ malt extract agar;aw ¼water activity.

Table 2 Heat resistance ofByssochlamys fulva, Byssochlamys. nivea,andByssochlamys. spectabilisascospores

Species Heating medium Heat resistance

Byssochlamys fulva Glucose (16� Brix), tartaric acid (33 mM), pH 3.6 and 5.0 90� C, 1.2–46 min 3 log10 inactivation time
Tomato juice 90� C, 8.1 min 1 log10 inactivation time
Grape juice D87.8� C, 11.3 min

Byssochlamys nivea Grape juice 88� C, survived 60 min
Apple juice 99� C, survived in juice containing 4.7% sucrose
Cream (10% w/w fat) D92 � C, 1.6–19 s
Tomato juice 90� C, 1.5 min 1 log10 inactivation time

Byssochlamys spectabilis ACESa buffer (10 mM), pH 6.8 D85 � C, 47–75 min

aACES:N-[2-acetamido]-2-aminoethane-sulfonic acid.
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is exhausted. All fruits within a can are typically affected, but
several months of storage may elapse before all have softene
completely. Off odors and a slightly sour taste may develop,
and gas production may occur. The pectolytic enzyme
produced vary between strains of the same species.Byssochlamy
fulva produces a variety of pectolytic enzymes, including pol-
ygalacturonase, pectinesterase, polymethylgalacturonase, a
pectate lyase.Byssochlamys niveaproduces endopolygalactur-
onase and endopolymethylgalacturonase. Pectolytic enzyme
are particularly tolerant to heat and show a de� nite bimodal
heat stability. Stability to heating is minimal at 50–80 � C and
increases at about 100� C. Pectolytic enzymes that survive
during thermal processing of canned fruits cause signi� cant
softening of the fruit tissues during postprocess storage.

Byssochlamys niveacan produce the mycotoxin patulin from
many natural substances, including fruits and heat-processe
or fermented products (i.e., fruit juice, cider, and apple
compote). The patulin production by B. fulva is still contro-
versial. Apple juice serves as an excellent substrate for growth
B. nivea,followed by production of patulin over a temperature
range of 12–37 � C. Patulin is stable at acidic pH, but at alkaline
pH, it is unstable. The production of patulin is affected
by headspace in glass jars of heat-processed fruit juic
controlled atmospheres, temperature, water activity (aw), and
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Table 3 Inactivation ofByssochlamysascospores by high pressure
and ionizing radiation

Species Pressure Ionizing radiation

Byssochlamys fulva 300–600 MPa at 10–60� C 7 kGy for
pasteurization

Byssochlamys nivea 700 MPa at 70� C
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preservatives. Very low levels of patulin can be produced unde
atmospheres containing less than 0.5% O2 and 20–60% CO2.
Minimum aw values for patulin production are 0.92 at 21� C
and 0.87 at both 30 and 37 � C.

Because of the health risks due to patulin consumption by
humans as shown in Table 4, many countries regulate its
amounts in food. Due to the occurrence of patulin in stored
apple juice, the present regulatory level is 50mg kg� 1 in apple
juice and apple products in the United States. In the European
Union, the regulatory level for patulin in apple juice and apple
products has recently been lowered to 25mg kg� 1, whereas
a lower level of 10mg kg� 1 has been established for all products
intended for infants and young children. SomeB. fulvastrains
produce byssochlamic acid only under aerobic conditions;
partial or complete exclusion of air prevents its formation.
Byssochlamic acid can be produced from a wide variety o
sugars at various concentrations and at a pH range of 2.5–8.0.
Both mycotoxins can conceivably gain entrance to the human
food chain via fruits and fruit juices. Byssochlamys spectab
produces the mycotoxin viriditoxin.
s.

i.
l
ly,
r-

the
r

.

n-
-

-

Methods of Detection

Plating Techniques

Because of the low incidence of the genusByssochlamysin
foods, it is important that relatively large amounts of samples
be analyzed for its detection. In some liquid fruit products,
centrifugation may be necessary to concentrate the ascospore
Laboratory pasteurization of fruit juices, pulps, and concen-
trates adds to the selective isolation of the heat-resistant fung
An inactivation of vegetative cells of fungi and bacteria, as wel
as less heat-resistant spores, is also achieved. Simultaneous
a heat activation of ascospores of heat-resistant molds to ge
minate is necessary. The composition of the heating medium
in� uences the rate and extent of activation. However, the
achievement of maximal activation is species dependent. In
heat-processed foods, since ascospores may be stressed by
heating process, highly acidic media are not recommended fo
heat activation or detection. In low-acid foods that are heavily
Table 4 Secondary metabolites produced by the three economica

Secondary metabolite Species Effects

Byssochlamic acid Byssochlamys fulva
Byssochlamys nivea

Inhibition of so

Byssochlamysol Byssochlamys nivea Antitumor ster
Mycophenolic acid Byssochlamys nivea Antitumor, ant
Patulin Byssochlamys nivea

Byssochlamys fulva(?)
Immunologica

conjugation
Viriditoxin Byssochlamys spectabilis Mycotoxicosis
contaminated with bacterial spores, the addition of antibiotics
(chloramphenicol) to the plating medium is required to inhibit
heat-resistant bacterial spores.

Byssochlamyscan be detected and enumerated by two
methods: the plating method (an overview is given inFigure 1)
and the direct incubation method (Figure 2).

The plating method is recommended for solid and liquid
foods, such as fruits and products containing pieces of fruits
whereas the direct incubation method is suitable for semisolid
foods, such as homogenates and fruit pulps. The disadvantag
of the plating method is that aerial contamination during
plating may be a problem. An indication of contamination is
the occurrence of greenPenicillium colonies or colonies of
common Aspergillusspp. such asA. � avusand A. niger. To
minimize the problem, use of a laminar � ow hood is recom-
mended. Alternatively, the direct incubation method can be
used, as risk of contamination from the air is avoided and loss
of moisture is minimized. A disadvantage of the direct incu-
bation method is that colonies growing in � asks must be
picked and cultivated in suitable media. However, subculturing
of the colonies is also recommended for identi� cation of fungi
detected by the plating method.
Impedimetry and Conductimetry

Detecting fungi of the genusByssochlamysby plating techniques
is laborious and time-consuming, requiring incubation for at
least 7 days and sometimes up to 30 days. As a result, imped
ance monitoring has been suggested as a useful tool for rapi
detection. An impedimetric method for Byssochlamysdetection
in fruit juices is described inFigure 3 using a Bactometer (Vitek
Systems, UK). This instrument is capable of simultaneously
monitoring 256 samples distributed in 16 disposable modules
of 16 wells. The instrument monitors changes in impedance and
its two components, conductance and capacitance, over time
Incubation temperature is 30� C. Fruit juice is pasteurized at
80 � C for 15 min or at 75 � C for 30 min before being dispensed
into the wells. Undiluted fruit juice concentrates give poor
capacitance changes even when the fungi grows in the conce
trate. Therefore, diluting concentrates before analysis is recom
mended. In samples contaminated with spore-forming bacteria,
antibiotics generally used in mycological media (e.g., 50 ppm
chloramphenicol and 50 ppm chlortetracycline) may be added.
This has little or no effect on curve quality and detection time.

Impedimetry and conductimetry are effective, rapid methods
when used under well-de� ned conditions in a particular kind of
food. They can be used on a broader scale only with consider
able developmental studies.
lly important species of the genusByssochlamys

me essential enzymes; hepatotoxic and hemorrhagic effects

oid against IGF-1 dependent cancer cells
i-psoriasis, immunosuppressant
l, neurological, and gastrointestinal effects and possible carcinogenicity;
to sulfhydryl and primary amino groups causes chromosomal aberrations



Solid food Liquid food 

<35° Brix 

pH >3.5 

(or adjust pH)

Liquid food

>35° Brix 

 pH >3.5  

(or adjust pH)

Dilution depending on solubility of sample 

100 g food sample + 100 ml 0.1% peptone water  

or 

25 g food sample + 225 ml 0.1% peptone water 

Dilution 1:1 with

0.1% peptone

water 

Homogenization by stomaching for 1–2 min

and sealing of the Stomacher bag

Heat treating the Stomacher bag submerged in a water

bath at 75 °C for 30 min; rapidly cooling

Distribution over large Petri dishes (150 mm), mixed with double-strength MEA  

(if the product contains large numbers of heat-resistant bacterial spores add 100 mg l–1 of 

medium chloramphenicol)

Incubation at 30 °C for 14–30 days (Petri dishes sealed in a plastic bag to prevent drying)

Subculturing of the growing fungal colonies on CYA and MEA

Incubation at 25 and 30 °C for at least 7 days

Identification of the growing colonies as described in Table 1

Figure 1 Detection ofByssochlamysin foods by the plating method. CYA¼ Czapek yeast autolysate agar; MEA¼Malt extract agar.
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Three or more samples of 30 ml of semisolid food in 100 ml cell culture flasks

Heating at 75 °C for 30 min in upright position; rapidly cooling

Incubation (flat) at 30 °C for 14–30 days

Subculturing of the growing fungal colonies on CYA and MEA

Incubation at 25 and 30 °C for at least 7 days

Identification of the colonies as described in Table 1

Figure 2 Detection ofByssochlamysin semisolid foods by the direct incubation method. CYA¼Czapek yeast autolysate agar; MEA¼Malt extract agar.

Fill wells of a Bactometer module with 0.5 ml supplementary medium

(containing 2.25% yeast extract, 1.8% KH2PO4, 0.3% (NH4)2SO4)

Heat 5 ml juice in a small capped test tube for 15 min at 80 °C or 30 min at 75 °C

Dispense 1.0 ml aliquots of the heated juice in four wells

Monitor changes in capacitance at 30 °C for 100 h

Detection limit: one viable ascospore per milliliter sample

Figure 3 Detection ofByssochlamysin fruit juices by impedimetry and conductimetry.
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Molecular Identi�cation

A more accurate identi� cation of all Byssochlamysspecies, as wel
as mycotoxin production by each species, can be achieved b
using molecular data. PCR methods with speci� c primers are
very useful for the rapid identi� cation and mycotoxin produc-
tion of the different strains. The speci� c primers for detecting
Byssochlamysspp. (Table 5) decrease the time required to identify
the target fungi from 14 to 3 days. In addition, identifying the
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Table 5 Primers used for identi� cation ofByssochlamysspp.

Oligonucleotide SpeciÞcity Sequence (50/ 30)

Forward primer B1F B. fulva
B. nivea

TTGGGACCAAACAAGAGAC

Reverse primer B1R B. fulva
B. nivea

TGTGCACTTACACACCAGC

Forward primer Pae4F B. spectabilis GAGCACGGCCTTGACGGC
Reverse primer Pae4R-1B. spectabilis GCATATGGAGCGTCCTTAT
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genes responsible for patulin biosynthesis contributes to an
understanding of the molecular mechanisms used to regulate
toxin production. Two genes are involved in patulin biosyn-
thesis: the 6-methylsalicylic acid synthase gene (6msas) and the
isoepoxydon dehydrogenase gene (idh), which are expressed
during 6-methylsalicylic acid (which is the patulin � rst
precursor) and patulin production by B. nivea.
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Unacceptable Levels ofByssochlamysspp

The acceptable level of contamination of a raw material with
ascospores of the genusByssochlamysdepends on the type of
product into which the material will be incorporated and the
heat process to which it will be subjected. If it will be incor-
porated into frozen desserts such as ice creams and i
confections, or short-life chilled desserts such as fruit salads
cakes, and yogurts, there is no need to set a speci� cation.
Products that are at risk from spoilage byByssochlamysasco-
spores are self-stable products that receive a relatively lig
process (such as conventional or UHT pasteurization) and do
not contain preservatives such as sorbate or benzoate. A cou
of 5 ascospores per 100 g or 100 ml of product at a stage jus
before the retort or heat exchanger indicates a serious problem
For UHT-processed fruit juice blends without preservatives
even a lower level of contamination is unacceptable.

In Australia, practical experience has shown that the mos
common spoilage problems caused byByssochlamysare asso-
ciated with passion fruit juice or pulp. A contamination level
of less than 2 spores per 100 ml gives a negligible spoilage rat
in most � nished products. Contamination levels of 2–5 spores
per 100 ml are marginal, and more than 5 spores per 100 ml
are unacceptable. However, for some products, such as UHT
processed fruit juice blends (preservative-free) containing
a high proportion of passion fruit juice, the speci� cation of
one manufacturer requires thatByssochlamysspores be absen
from a 100 ml sample taken from each 200 l drum of raw
material.
e

,
tant molds. In:
Microbiological
n, Washington,
Importance to the Food Industry

Byssochlamysspp. produce ascospores that frequently show high
heat resistance and survive the thermal processes given to som
fruit products. Germination of ascospores results in growth of
the fungi on fruits and fruit products, producing pectic
enzymes that cause complete breakdown of texture in fruits
phase separation, gas production, and off-� avor development.
SomeByssochlamysspp. produce patulin and byssochlamic acid
and therefore may constitute a public health hazard.
Byssochlamys fulvaand B. niveahave been implicated in
spoilage of strawberries, blackberries, apricots, grape
plums, and apples in cans and bottles, blended juices
(especially those containing passion fruit), and fruit gel
baby foods. Byssochlamys spectabilisis common in heat-
treated fruit juices and rye bread. The soil acts as the primar
reservoir for Byssochlamysascospores and fruits that come in
direct contact with soil or from rain splash are susceptible to
contamination. The number of ascospores on fruits is low–
less than one per g.Byssochlamys niveaappears to be a less
common problem in foods than B. fulva. Byssochlamysspp.,
although only occurring sporadically, are a continuing
problem to the food industry. Ascospores can survive hea
treatments normally applied to hot-packed canned fruit
products and subsequently grow under reduced oxygen
Spoilage in cans is evidenced by growth of fungi where smal
amounts of oxygen remain in the container’s headspace
Pasteurization temperatures applied to canned foods may
stimulate spore activation, thus resulting in postpasteuriza-
tion germination and subsequent outgrowth. To solve the
problem in canned fruits and fruit juices, washing fruit
before canning or juice extraction, rejecting dif� cult-to-clean
wrinkled fruit, and screening products for heat-resistant
ascospores are suggested.

Byssochlamys niveaascospores can be present in raw milk
when contamination with soil occurs. They can survive the
pasteurization processes applied to milk and cream. The fungu
can occasionally cause spoilage in heat-processed cheeses s
as cream cheese, in the case of prolonged storage and inad
quate cooling. Rarely, it causes spoilage in UHT dairy products
To ensure that only 1 out of 106 packs of cream cheese (500 g
packages) produced is infected, a heat treatment time of 24 s a
92 � C is required. Problems caused byB. niveain packaged
ravioli can be alleviated by packing in an atmosphere of 60%
CO2, 39.4% N2, and 0.6% O2.

The control of B. fulvaand B. niveaby modi � ed atmosphere
packaging in minimally processed foods can be achieved in
combination with reduced water activity and/or temperature.
Although growth response is delayed and reduced under high
CO2 atmospheres, the ability of these fungi to tolerate 60%
CO2 in the presence of low O2 (<0.5%) or 80% CO 2 with 20%
O2 means they are dif� cult to control only by modi � ed
atmosphere packaging. The ability ofB. nivea to produce
patulin in 20 and 40% CO 2 (though only at low levels) is of
concern. Since there is as yet no industrial process to detoxif
a product contaminated with patulin, ensuring the highest
quality of raw materials remains essential.

A

A
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See also:Heat Treatment of Foods:Spoilage Problems
Associated with Canning;Milk and Milk Products:
Microbiology of Liquid Milk;Spoilage Problems:Problems
Caused by Fungi.

Further Reading

Beuchat, L.R., Pitt, J.I., 2001. Detection and enumeration of heat-resis
Downes, F.P., Ito, K. (Eds.), Compendium of the Methods for the
Examination of Foods, third ed. American Public Health Associatio
DC, pp. 217–222.



t
am

ime

., 2
ilage fungus
vi-

sic taxonomy of

gi 22, 14
and beverage

350 Byssochlamys
Houbraken, J., Samson, R.A., Frisvad, J.C., 2006.Byssochlamys: signi� cance of hea
resistant and mycotoxin production. In: Hocking, A.D., Pitt, J.I., S
Thrane, U. (Eds.), Advances in Food Mycology: Advances in Exper
and Biology, vol. 571. Springer, New York, pp. 211–224.

Houbraken, J., Varga, J., Rico-Munoz, E., Johnson, S., Samson, R.A
reproduction as the cause of heat resistance in the food spo
Byssochlamys spectabilis (anamorphPaecilomyces variotii). Applied and En
ronmental Microbiology 74, 1613–1619.
son, R.A.,
ntal Medicine

008. Sexual

Samson, R.A., Houbraken, J., Varga, J., Frisvad, J.C., 2009. Polypha
the heat resistant ascomycete genusByssochlamys and itsPaecilomyces
anamorphs. Persoonia: Molecular Phylogeny and Evolution of Fun–27.

Tournas, V., 1994. Heat-resistant fungi of importance to the food
industry. Critical Reviews in Microbiology 20, 243–263.



C

E

Cakes see Confectionery Products – Cakes and Pastries
CAMPYLOBACTER
Contents
Introduction
Detection by Cultural and Modern Techniques
Detection by Latex Agglutination Techniques
Introduction
MT Rowe and RH Madden, Agri-Food and Biosciences Institute, Belfast, UK

� 2014 Elsevier Ltd. All rights reserved.
Introduction

In the 1880s, Theodor Escherich made the �rst recorded
observation of spiral bacteria in the feces of patients with
infantile diarrhea, but he was unsuccessful in culturing these
foodborne campylobacters and regarded them as nonpatho-
genic. The �rst isolation of Campylobacter spp. related to human
gastroenteritis was achieved by King in 1957 when she
successfully isolated ‘vibrios’ from blood samples of humans
with diarrhea. A major advance in the culture of these organ-
isms was made by Martin Skirrow who developed a selective
medium that obviated the need for a laborious �ltration stage,
making possible the routine isolation of these organisms from
human stool samples. Currently, Campylobacter spp. are the
most frequently isolated bacteria causing diarrhea in humans,
particularly young children, in both the industrial and devel-
oping world. Historically, more than 95% of Campylobacter spp.
isolated from cases of human disease are Campylobacter jejuni
subsp. jejuni or Campylobacter coli; it must be recognized,
however, that many of the culture-based isolation methods
employed may not support the growth of other members of
the genus, either because of their fastidious nature or sensitivity
to the selective agents used.
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
However, campylobacters are small and highly motile;
therefore, some isolation methods, such as the Capetown
protocol, are based on �ltration. A suspension of organisms is
placed on a 0.6 mm �lter laid onto a nonselective medium for
a short time, and the campylobacters pass through the �lter,
which retains the competing micro�ora. The medium can then
be incubated in an appropriate atmosphere and the campylo-
bacters detected.

The incubation period for Campylobacter enteritis is usually
1–7 days, but it can extend to 10 days. The symptoms expe-
rienced depend on the virulence of the infecting strain, the
challenge dose, and the susceptibility of the individual con-
cerned; but they are usually abrupt, presenting with cramping
pains in the abdomen, quickly followed by diarrhea. These
symptoms can persist for up to 3 months. Approximately 30%
of patients present with nonspeci�c in�uenza-like symptoms.
These symptoms are displayed by patients suf�ciently ill to
seek medical attention; undoubtedly, however, many experi-
ence milder prodomes that do not prompt the individual to
seek medical intervention. Systemic infection is uncommon,
but complications such as Guillain–Barré syndrome (GBS),
reactive arthritis, and Reiter’s syndrome can arise. Fortunately,
most Campylobacter enteritis cases are self-limiting and
-384730-0.00052-5 351
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mortality rates are low. Infection has been induced by as few
as 500 organisms.
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Guillain–BarréSyndrome

GBS, although a rare disease condition, is one of the common
forms of acute neuromuscular paralysis in countries from
which poliomyelitis has been eradicated. Preceding infection
with C. jejuni is the predominant cause, and GBS is a result o
production by the organism of lipopolysaccharides that have
regions homologous to human gangliosides. This molecular
mimicry can lead to an autoimmune response resulting in GBS
The patients may notice numbness in the arms and legs with
loss of strength in the hands and feet. This weakness progress
and may � nally lead to paralysis of limbs, trunk, eyes, face
pharynx, and tongue. Treatment usually involves genera
medical support aided by plasma exchange and intravenou
administration of immunoglobulins.
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Reactive Arthritides (Reactive Arthritis
and Reiter’s Syndrome)

Both syndromes that sometimes followCampylobacterenteritis
are no different from those associated withSalmonellaor other
enteric pathogens. Ankles, knees, wrists, and small joints o
the hands and feet are most commonly affected. Duration
of symptoms range from several weeks to several months, o
occasionally a year, but full recovery is the rule.
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Taxonomy

The genusCampylobacterwas created in 1963, but it required
the development and re� nement of isolation techniques in the
decades that followed for members of the genus to be readily
obtained in pure culture. In addition, the lack of biochemical
activity shown by species ofCampylobacter, which had hindered
their classi� cation, was overcome by the rapid development of
analytical techniques, many DNA based, late in the twentieth
century. In 1984, Bergey’s Manual of Determinative Bacteriolo
listed only � ve species ofCampylobacter. In 1991, a major
taxonomic reorganization of campylobacters and related
organisms was undertaken, based in part on DNA hybridiza-
tion studies. This led to the genusCampylobacterbeing assigned
to the newly created order Campylobacterales, in the class
Epsilonproteobacteria. Campylobacteralesalso included the genera
Arcobacterand Sulfurospirillum. In 1996, a probability matrix for
the identi� cation of campylobacters (and related organisms)
was published that listed 13 species ofCampylobacterwith
several subspecies also being described. Over the followin
years, the number of recognized species has more tha
doubled. However, none of the new species appeared to affec
humans as signi� cantly as those described in 1984.

Because of the perceived dif� culty in culturing campylo-
bacters, noncultural detection methods, based on DNA
extraction and analysis, were applied to sample matrices sus
pected of harboring undetected species. Human feces from
asymptomatic adults yielded positive results forCampylobacte
DNA and led to proposals that as-yet-undiscovered campylo-
bacters could be present in humans as commensal organisms
as was known to happen in birds. However, it was later
established that someCampylobacterspp., such asCampylobacte
rectus, could colonize the human buccal cavity, and that these
organisms could therefore be present in the lower gastrointes
tinal (GI) tract as itinerants, and give rise to the positive results
for these members of the genus.

As genetic analyses became mainstream tools to identif
organisms, and the physiological requirements of campylo-
bacters were better understood, new species were identi� ed and
the relationships between species were better de� ned. The main
causes of human illness associated with foods areC. jejuniand
C. coli, but when stool samples are analyzed, medical labora
tories normally identify isolates only to the level of genus.
Differentiating these two species was based on the hippurate
hydrolysis test becauseC. jejuni can perform this reaction
whereasC. coli cannot. To avoid false-negative reactions, this
test must be conducted with care, but it can be replaced by
polymerase chain reaction (PCR)–based testing targeting the
hippuricase gene.
General Physiology

Campylobacters have a distinctive morphology, being
slender, spirally curved rods 0.2–0.5 mm wide and 0.5–5 mm
long. Species are highly motile by means of a single pola
� agellum at one or both ends, which gives rise to character
istic cork screw-like motion. The principal distinguishing
feature of the physiology of this genus is that most species ar
microaerophilic with a respiratory type of metabolism. Thus,
oxygen is required for energy production but it can only be
tolerated at levels below normal atmospheric pressure. This
property was partly responsible for the genus remaining
undetected until relatively recently as it could not tolerate
fully aerobic or anaerobic conditions, that is, those normally
employed to isolate organisms from animals and humans.
However, some species associated with periodontal diseas
are anaerobic.C. rectusis both an anaerobe and a straight rod,
and so lacks the characteristic spiral morphology of the
Campylobacterales. The following physiological descriptions
apply to the potential foodborne pathogens within
Campylobacter.

Optimal oxygen concentrations have been quoted as being
from 3 to 6%, but media supplements can be used to allow for
growth at higher concentrations. For example, ferrous sulfate
sodium metabisul� te, and sodium pyruvate (FBP) increase
aerotolerance to allow for growth at oxygen levels of 15–20%.
The size and state of the inoculum will dictate whether growth
in synthetic media takes place, with a heavy inoculum being
advisable to ensure growth. Campylobacters are often capno
philic – that is, their growth is enhanced by CO2. Therefore,
elevated levels of CO2 are recommended, with levels of 2–10%
having been used. Also, the growth of some species depends o
the presence of hydrogen. Therefore, it has been recommende
that hydrogen be present in the atmosphere used to incubate
clinical samples.

Despite their sensitivity to oxygen, C. jejuni and C. coli
possess catalase, oxidase, and superoxide dismutase activiti
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These enzymes, however, appear to give limited protectio
from hydrogen peroxide and superoxide ions, as shown by the
increased growth resulting from the addition of FBP supple-
ment, which destroys these compounds. Growth is increase
by the presence of blood, which also contains both catalase and
superoxide dismutase.

Campylobacters are chemo-organotrophs, which do not
ferment or oxidize carbohydrates. Instead, energy is derive
from either amino acids (aspartate and glutamate can be
utilized) or tricarboxylic acid cycle (TCA) intermediates. The
amino acids are deaminated to provide TCA intermediates for
subsequent oxidation. No complex molecules, such as
proteins, are utilized.

In terms of growth temperature, most campylobacters are
mesophilic, as would be expected from their association with
warm-blooded creatures. Growth temperatures range from
about 25 to 45.5 � C, but C. jejuniand C. colido not grow below
30 � C. In medical usage, organisms that grow above 41� C can
be referred to as thermophilic. Hence, campylobacters tha
grow at 42 � C are sometimes grouped under the general term o
thermophilic campylobacters. None of the genus, however, is
a true thermophile.
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Ecology

The normal habitats of Campylobacterspp. are selected niche
(intestinal tract, reproductive organs, and oral cavity) of
homeothermic animals. For those organisms related to
gastroenteritis, the normal habitat is the lower part of the GI
tract. In this environment, the organisms are exposed to
controlled temperatures in the range 37–41 � C, and hence
the inability of campylobacters to grow below 30 � C is of no
consequence. The low oxygen tensions found in the lumen o
the gut mean that campylobacters do not require protective
mechanisms to counter the toxic effects of atmospheric level
of oxygen, whereas the high nutrient levels are conducive to
the proliferation of these highly fastidious organisms.

Despite their limited defenses against oxygen, relativel
high minimum growth temperatures, and complex nutritional
requirements, campylobacters can persist in cool moist envi
ronments. Waterborne outbreaks have been documented
especially in cases in which untreated water has bee
consumed by people such as campers or those participating i
water sports. Their presence in foodstuffs most likely is due to
fecal contamination. Because they are commensals in birds
raw chicken is commonly contaminated with these organisms.
They are relatively sensitive to heat, however, so norma
cooking will kill these organisms. Transmission to consumers is
therefore the result of underprocessing or undercooking or the
result of raw–cooked product cross-contamination.
l
f

f
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Species Other thanC. jejuniand C. coli

Campylobacter lari

Campylobacter lariis the third most common species obtained
from humans with gastroenteritis. Reactive arthritis may be
a complication following enteritis. The organism has been iso-
lated from gulls, starlings, mussels, and oysters. Contamination
of shell� sh is assumed to be the result of birds. In one study
relatively extensive DNA polymorphisms were found within
a single batch of shell� sh, indicating a high degree of genetic
diversity within the species. A low prevalence in raw chicken
has been reported.
Campylobacter upsaliensis

Campylobacter upsaliensisis common in the feces of cats and
dogs, especially in younger animals. Because of antibioti
sensitivity, isolation is normally based on� ltration. In humans,
infection results in enteritis, but some strains have caused
abortion, bacteremia, and hemolytic uremic syndrome. Trans-
mission is more likely to be via contact with domestic pets than
by consumption of contaminated food.
Campylobacter sputorum

Campylobacter sputorumhas been isolated from cattle and sheep
as well as humans. Three biovars have been described and the
characteristic biochemical tests are as follows:

C. sputorumbiovar sputorum– catalase negative
C. sputorumbiovar fecalis– catalase positive
C. sputorumbiovar paraureolyticus– urease positive

The biovar sputorumhas been found in samples from the
human buccal cavity, whereas the latter two biovars have bee
isolated only from patients with enteritis.
Campylobacter concisus

Campylobacter concisushas mainly been associated with the
buccal cavity and periodontitis, but it also has been isolated
from stool samples of children suffering from enteritis. In one
study of children with and without enteritis, however, there
was no signi� cant difference in rates of isolation ofC. concisus
among the groups. It has been isolated from patients along
with known pathogens, but it was the sole apparent cause o
diarrhea in some immunosuppressed adults.
Campylobacter fetus

Campylobacter fetushas two subspecies:fetusand venerealis. Th
former has a wide host range, whereas the latter is speci� cally
adapted to the bovine genital tract. Both are a cause of abortion
in cattle. C. fetussubsp. fetusis an opportunistic pathogen in
humans. In one study, C. fetuswas the second most common
cause ofCampylobacterbacteremia in humans, afterC. jejuni.
Campylobacter gracilis

Campylobacter gracilisoften is isolated in cases of human peri-
odontal disease, and it has been associated with denta
implants. No conclusive evidence exists that it is a cause o
human enteritis.
Campylobacter helveticus

Campylobacter helveticushas been isolated from the feces o
domestic cats and dogs. There is no conclusive evidence that



354 CAMPYLOBACTERj Introduction
is involved in human disease. One study of methods of geno-
typing of Campylobacterspp. from animals recommended
ampli � ed fragment-length polymorphisms (AFLPs) to distin-
guish both between species and among speci� c strains within
species.
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Campylobacter hyointestinalis

Two subspecies exist forCampylobacter hyointestinalis: hyointes-
tinalis and lawsonii. The species causes porcine proliferativ
enteritis. It has been isolated from healthy cattle and deer with
diarrhea, as well as from humans with GI disease. Reindeer a
slaughter have yieldedC. hyointestinalissubsp.hyointestinalisas
the only Campylobacterspecies. Therefore, reindeer meat wa
proposed as a source for human infections.
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Pathogenicity

For Campylobacterspp. to exhibit virulence, they must complete
the following three main tasks:

l Locate onto the host cell surface
l Become internalized into nonphagocytic host cells
l Achieve intracellular survival and replicate within host cells

Bacterial adherence typically is due to an interaction
between molecules on the organism’s surface (adhesins) and
molecules on the host surface (receptors). ReportedCampylo-
bacter adhesins, besides� agella, include outer-membrane
proteins (OMPs) and surface polysaccharide moieties. Scan
ning electron microscopy has indicated thatC. jejuni binds to
� bronectin, a component of the extracellular matrix of host
cells. This is mediated by a 37 kDa OMP (CadF). A surface
exposed lipoprotein JlpA (42.3 kDa) also confers adherence
and has been shown to bind to Hep-2 epithelial cells. Other
factors that aid adherence include the high molecular weight
glycan capsule and lipopolysaccharide produced by some
C. jejuni strains and chemotaxis functions. Chemotaxis
describes a process by which bacteria migrate toward favorab
environments (e.g., those that contain nutrients) and away
from unfavorable environments (e.g., those that contain toxic
elements).

Flagella clearly have an important role to play in internali-
zation because mutations that prevent motility also eliminate
internalization. In Campylobacter, microtubules and micro� la-
ments, composed of tubulin and actin, respectively, play a role
in internalization. In the case of C. jejuni, drugs that inhibit
microtubule dynamics block the process. In addition, available
information indicates that internalization of C. jejuni may
require signaling to yet unidenti� ed kinases that trigger
a microtubule event.

After internalization, C. jejuni resides within a membrane-
bound compartment or vacuole that is functionally distinct
from lysosomes and separate from the normal endocytic
pathway. This means that the organism is able to evade th
bactericidal action that would result from lysosome fusion. A
unique property of this vacuole is its close association with the
Golgi apparatus of the host cell, the components of which
include microtubules and the motor protein dynein. The
interaction of C. jejuni with intestinal epithelial cells leads to
the production by the host of cytokines (such as IL-1a, IL-4,
and IL-10), tumor necrosis factor, and interferon gamma,
which stimulate an in� ammatory response. Most strains of
C. jejuni produce cytolethal-distending toxin, which is
composed of three subunits: CdtB, which has DNase activity
and CdtA and CdtC, which are binding proteins responsible for
delivery of CdtB to the target cells. The toxin causes cell cyc
arrest at the G2/M phase because of the induction of DNA
repair cascades leading to cell distension and,� nally, apoptotic
cell death.

Although much has been learned about the pathogenicity of
C. jejuni, many questions remain unanswered. For example, ar
some strains invasive whereas others have the ability to caus
nonin � ammatory diarrhea? It is known that surface proteins
and polysaccharides are important for adherence to host cells
but the precise nature of the host receptors and their relative
importance to the outcome of infection needs to be clari� ed.
Typing ofCampylobacterspp.

The identi� cation of speci� c subspecies of pathogens is essenti
for effective epidemiology. However, biotyping of campylo-
bacters is restricted by their limited range of biochemical
activities, although schemes were devised and applied. Sero
typing has been developed and the method of Penner, based on
heat stable antigens, has been most widely applied. However
use of this method has been limited by the availability of
antisera, so generally it is used by only public health laborato-
ries that have the facilities to raise their own antisera. Coinci-
dentally, the increasing recognition of the importance of
Campylobacterspp. as foodborne pathogens occurred at a time
when methods of genotyping were becoming more widely
available and, in addition, whole genome sequencing of
Campylobacterspp. was being undertaken.

The lack of an established biotyping scheme forC. jejuniled
to the application of genotyping methods. As such methods
evolved, or were invented, they have been applied to investi
gate speci�c aspects of the epidemiology of this species. As with
the development of all epidemiological tools, the ultimate aim
of a given investigation, and the resources available to it, will
determine which genotyping method is selected. Initially,
methodologies were applied to relatively small groups of
isolates with the aim of discovering whether different geno-
types were present. Such studies revealed a high level of gene
diversity. This and several different genotyping methods that
were used made comparison of genotyping results problematic

As pulsed-� eld gel electrophoresis (PFGE) had emerged a
a powerful tool in epidemiological studies with pathogens
such asSalmonellaspp. and Escherichia coli, a US wide PFGE
system was introduced for Campylobacter. To reduce vari-
ability, a standardized PFGE protocol was developed, and
images of the resulting pro� les were sent for analysis to
a central facility. In the United Kingdom, an automated
serotyping system was developed, but this was succeeded b
multilocus sequence typing (MLST). MLST has the advantag
of providing an absolute result (DNA sequences from seven
housekeeping genes), which has led to worldwide compara
bility of types becoming feasible. Centralized databases
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accessed over the Internet, have been created to allow for su
comparisons.

In addition, MLST data can be further mined to provide
information on the host associations of C. jejuni, and such
analysis has con� rmed the association between broiler strains
of C. jejuni and those isolated from humans. Thus, MLST ha
emerged as the gold standard for typing of campylobacters in
epidemiological studies. However, its cost and lack of� ne
discrimination mean that there is still a place for less complex
genotyping techniques.

An overview of some bene� ts and drawbacks of the typing
methods that have been applied toCampylobacterspp. is pre-
sented in Table 1.
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Methods of Control

Undercooked chicken and poultry products are considered to
be the main source of pathogenic campylobacters acquired b
humans. However, other sources of these organisms hav
been documented, such as untreated water, raw milk, cattle
and food handlers. Campylobacterspp. normally colonize the
GI tract of poultry as a commensal organism, with 108 cfu g� 1

being found in caecal contents. OnceCampylobacteris estab-
lished within an individual bird, horizontal transmission
within the rest of the � ock occurs rapidly, with all birds in
� ocks of 25 000 being infected within 3 days. The skins
of birds are contaminated with fecal organisms, including
campylobacters, and such contamination can increase durin
dressing of carcasses, especially as a result of mechani
evisceration. A number of factors play a role in the spread o
the organism, including � ock size, environmental water
supplies, insects, rodents, another poultry shed on-farm, and
other animals on-farm.

Control measures for broiler chickens can only be effective
with intensively reared birds that have no access to outdoo
areas, where campylobacters are widespread. Strict biosecur
regimes can exclude campylobacters, by measures such
dedicated clothing for each shed, stepover barriers, and hand
washing facilities. Exclusion of� ies by screens also has show
bene� ts. Practices such as� ock thinning cause major breaches
of biosecurity but also can have signi�cant � nancial bene� ts.
Other approaches proposed include competitive exclusion
Table 1 Overview of typing methods applied toCampylobacterspp.

Method Advantages

Biotyping Simple, cheap

Serotyping Relatively simple, reasonable discrim
Flagellin typing Fast, modest equipment requiremen

discrimination
Pulsed-� eld gel electrophoresis High discrimination

Ampli� ed fragment-length
polymorphism

Fast, can speciate as well as identify
within species

Multilocus sequence typing Sequences are absolute, allow co
speciation possible and sequence
provenance of isolate
through oral administration of mixed bacterial cultures to
young birds, which is mainly directed at preventing initial
colonization rather than displacing an established infection.
Vaccination and the addition of organic acids or bacteriocins to
feed in the last days of life have been proposed. However
campylobacters and birds have coevolved over a considerab
period of time. Therefore, separating the two is no simple
matter. In the case of free-range and organic bird production
infection by campylobacters is almost inevitable.

Withdrawal of feed immediately before and during trans-
port may reduce fecal shedding and gut rupture during evis
ceration. Online interventions are limited by law in the
European Union, because only potable water can be used t
wash carcasses. However, decontamination of dressed carcas
using, for example, trisodium phosphate, lactic acid, atmo-
spheric steam, or gamma irradiation have all been shown to
kill campylobacters present on poultry meat. Campylobacte
contamination of carcasses can be reduced by adding chlorine
chlorine dioxide, or hypochlorite to the water used for carcass
washing or by cooling and freezing. However, application of
such decontamination measures requires both consume
acceptance and in many countries, for at least some treatment
changes to legislation.
Viable but Nonculturable Forms

Campylobactercells, in common with those of other genera such
as Vibrio, Salmonella, and Shigella, have been shown to meta-
morphose into a viable but nonculturable (VNC) state when
subjected to unfavorable conditions, such as when in water, o
a low nutrient status. Although VNC cells can be shown to be
viable using, for example, vital stains or reverse-transcriptas
PCR assays, they are unable to grow on culture media t
produce detectable colonies. The VNC cells typically exhibi
a reduction in size, change in shape (e.g., from rod to coccus)
and major decreases in macromolecule synthesis and rates
respiration. However they retain plasmids, and continue amino
acid uptake and incorporation, maintenance of ATP levels, and
high membrane potential. Antibiotics highly active on growing
cells do not necessarily act on VNC cells. The VNC state
thought to represent a survival stratagem for the organism in
the environment.
Disadvantages

Limited range of tests, dif� culty of interpretation in some
cases.

ination Antisera not widely available. Lack of standardization.
ts, good Lack of standardization limits exchange or comparison of

results.
Slow, need for speci� c equipment. Pro� les best compared

at one central facility.
speci� c types High capital cost of DNA sequencer, results speci� c to

machine type. Analytical software expensive.
mparison worldwide;
s can inform on

Relatively expensive. Requires technically advanced
equipment for interpretation. Limited discrimination can
require use of second technique for higher resolution.



356 CAMPYLOBACTER j Introduction
The enzyme polyphosphate kinase 1 (PPK1) is important in
controlling the transition of C. jejuni from the culturable to the
VNC state. This enzyme mediates the synthesis of poly-
phosphate, which regulates the stress response of the organism
as well as its virulence and colonization characteristics. A
mutant strain of C. jejuni, defective in PPK1 and hence de�cient
in polyphosphate accumulation, exhibited a decreased ability
to form VNC cells, decreased frequency of natural trans-
formation, and an increased susceptibility to antimicrobials.
Complementation of the mutant with the wild-type copy of
PPK1 restored the de�cient phenotype to levels similar to the
wild type.

VNC C. jejuni cells retain their virulence factors, and
although not able to initiate infection immediately, they can do
so after resuscitation either in vitro or in vivo. Thus, VNC C. jejuni
still pose a risk to public health.
See also:Bacteria: Classi� cation of the Bacteria – Phylogenetic
Approach; Campylobacter: Detection by Cultural and Modern
Techniques; Campylobacter: Detection by Latex Agglutination
Techniques; Milk and Milk Products: Microbiology of Liquid
Milk.
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Introduction

Campylobacter spp. are the most common cause of foodborne
bacterial diarrhea. This has focused the attention of public
health services, the food industry in general, and supermarket
chains in particular on the need for optimum methods for
detection of these bacteria.

There are about 20 species and subspecies of Campylobacter.
Most reported cases of human campylobacter diarrhea in the
United Kingdom are caused by Campylobacter jejuni subsp.
jejuni and Campylobacter coli. These are generally referred to as
‘thermophilic’ species because of their limited and relatively
high growth temperature range. Other species that have been
reported to cause gastrointestinal illness in humans are
Campylobacter lari, Campylobacter jejuni subsp. doylei, Campylo-
bacter fetus subsp. fetus, Campylobacter upsaliensis, Campylobacter
hyointestinalis subsp. hyointestinalis, Campylobacter concisus,
Campylobacter sputorum biovar, sputorum, Campylobacter sputo-
rum biovar. paraureolyticus, and Campylobacter curvus. The last
of those species, and several others, also cause periodontal
(mouth) infections. Many Campylobacter species can also cause
systemic infections in humans and animals, including septi-
cemia, abortion, meningitis, and abscesses.

Members of two other closely related genera, Arcobacter and
Helicobacter, originally included in the genus Campylobacter,
also cause gastroenteritis in humans. These are Arcobacter but-
zleri, Arcobacter cryaerophilus, and Arcobacter skirrowii; and Heli-
cobacter pullorum, Helicobacter fennelliae, Helicobacter heilmannii,
Helicobacter cinaedi, and Helicobacter canis. The helicobacters are
related closely to Helicobacter pylori, which colonizes the human
stomach wall and is an important cause of gastritis and
duodenal and peptic ulcers. It has also been implicated in
gastric cancer in humans. This chapter discusses methods for
the isolation of the most important species of Campylobacter,
Arcobacter and Helicobacter (referred to as ‘campylobacteria’).
Methods for H. pylori, although it might be transmitted in food,
are not considered. The sources of human infection with
Arcobacter spp. are not clear, but H. pullorum causes hepatitis in
poultry and is found frequently on poultry meat and in the
intestinal contents. Arcobacter spp. are common in wastewater
and sewage ef�uent and can also be found on poultry meat and
on red meat. As most Arcobacter strains do not multiply at the
body temperature of birds, it seems unlikely that they are
normal inhabitants of poultry intestines; however, they can be
found in high numbers in the poultry-processing plant envi-
ronment, from which they contaminate poultry carcasses.
Campylobacter Gastroenteritis

The most common symptoms of gastroenteritis caused by
Campylobacter jejuni are diarrhea, sometimes bloody, and
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
abdominal pain. The infectious dose is low, probably much
lower than the 500 cfu quoted most frequently. The incubation
period is 2–11 days. The symptoms usually last for up to
3 weeks, but sometimes longer. As with many gastrointestinal
infections, there may be complications after the infection
appears to have resolved. These are autoimmune diseases that
include arthritis. The most serious of these conditions is
Guillain–Barré syndrome, which has an annual incidence of
1–2 per 100 000 and is associated with a recent Campylobacter
infection. This syndrome affects the nerves and causes paralysis.
Usually patients make a full recovery, but 5–10% of patients
who develop this illness die and 15–20% are left with signi�-
cant residual nerve damage.

In developing countries most victims of Campylobacter
diarrhea are children. The older population develops resistance
to subsequent infection. In the United Kingdom and similar
countries, most cases occur in young children and young
adults. Young men catering for themselves for the �rst time are
especially likely to be infected. New recruits working in poultry-
processing plants almost always contract campylobacteriosis
shortly after they start work.
Sources of Infection

Campylobacter spp. (including C. jejuni) can be found, often in
high numbers, in the intestinal contents of many wild and
domestic animals and birds, where they usually cause few or no
symptoms. However, C. upsaliensis and Campylobacter helveticus,
as well as C. jejuni, sometimes cause diarrhea in cats and dogs
(especially kittens and puppies). Lambs and calves sometimes
suffer from diarrhea, usually due to C. fetus subsp. fetus or
C. jejuni. Humans therefore can be infected directly from these
animals. Outbreaks associated with farm animals have been
reported, particularly among parties of children that visited
farms and came into contact with calves and lambs. There also
have been large outbreaks associated with the consumption of
raw milk and with untreated water supplies. Milk can be
contaminated by campylobacters from feces or, sometimes,
from infected udders (campylobacter mastitis) of milk animals.
Surface waters (e.g., in streams and lakes) are often rich source
of campylobacters, due to fecal contamination from wild and
domestic animals (e.g., cattle and sheep) and birds (particu-
larly chickens and other poultry).

Campylobacter infections appear to occur mostly as sporadic
cases rather than in outbreaks involving two or more people, as
is usual with Salmonella infections. This means that the sources
of the organisms involved in infections are more dif�cult to
determine for campylobacters than for Salmonella and that
cases of campylobacteriosis are less likely to be reported and
their causes investigated. Investigations have also been ham-
pered because not all strains isolated from animals or the
-384730-0.00053-7 357
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environment are pathogenic to humans and there is no easy
method of determining pathogenicity. In addition, there has
been no convenient typing system that could be used in
epidemiological investigations of the causes of infections. The
species ofCampylobacterisolated at clinical laboratories are
rarely determined, but when they are, about 90% of cases ar
found to be caused byC. jejuni, with most other cases resulting
from C. coli. The species identi� ed from human cases in Wales
and the northwest of England in 1999 were as follows:C. jejuni
subsp. jejuni (93%), C. coli (6.5%), C. lari (0.5%), C. jejuni
subsp. doylei (<0.1%), C. fetus subsp. fetus (<0.1%), and
C. upsaliensis(<0.1%). Similar proportions of these species in
cases of human illness have been found in other developed
countries when standard methods were used for the detection
of thermophilic Campylobacterspecies. A study carried out in
Belgium between 1995 and 2002 on human feces, using
a variety of isolation methods, found 77% C. jejuni, 11% C. coli,
4.5% C. upsaliensis, 3.5% A. butzleri, and a few instances each o
C. concisus, C. fetussubsp.fetus, A. cryaerophilus, C. curvus, C. lari,
Campylobacter hyointestinalis, H. pullorum, and Campylobacte
sputorum.

Typing methods most commonly used to compare strains
of C. jejuniand C. coliinclude pulsed-� eld gel electrophoresis,
� agellar typing, and other molecular methods. Recently
multilocus sequence typing has been found to be particularly
useful. This method is applied mostly in specialized labora-
tories, but it has been used especially to elucidate the origin
of strains of campylobacter that cause human disease. Th
vehicles of infection in approximate order of frequency are
as follows: raw or undercooked poultry meat (especially
chicken liver products), raw or poorly pasteurized milk,
raw or undercooked red meat, contaminated water, and
ready-to-eat foods cross-contaminated from raw meat, espe
cially poultry meat.
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Detection of Campylobacteria

Campylobacteria are Gram-negative, spiral-shaped bacteri
They are motile with one or more polar � agella and are oxidase
positive. They have a reputation for being dif� cult to grow and
for needing complex media. In fact, most will grow in or on
basic media, such as nutrient broth or agar, provided that the
atmosphere and humidity are appropriate. Campylobacters are
sensitive to oxygen and drying, so environmental samples
should be collected directly into enrichment media. The ther-
mophilic campylobacters, C. jejuni, C. coli, C. lari, and
C. upsaliensis, are able to grow at 43–45 � C, but not at 30 � C or
below. Campylobacter jejuniand other campylobacters require
a microaerobic atmosphere containing 5–7% oxygen and
about 10% carbon dioxide, and their growth, particularly on
solid media, is assisted by the use of substances that neutraliz
toxic oxygen derivatives. The most commonly used of these
oxygen-quenching substances are whole or lyzed blood,‘FBP,’
which is a mixture of ferrous sulfate (F), sodium metabisul� te
(B) and sodium pyruvate (P), and charcoal or hematin plus BP.
A few species (e.g.,H. pullorum) require about 10% hydrogen in
addition to the standard microaerobic atmosphere, whereas
Arcobacterspp. can grow both aerobically and microaerobically,
and at temperatures down to 15 � C. The classica
campylobacters grow much better on the surface of solid media
if it is not too dry. Many of the new campylobacteria, including
the arcobacters, are unable to grow at 41.5–43 � C, or in the
presence of some of the antibiotics used in selective media
devised for the classical thermophilic strains. Biochemically,
campylobacteria are relatively inert, making routine speciation
using traditional methods, such as sugar fermentation, dif� cult.
Polymerase chain reaction (PCR)-based methods therefore a
often used to identify to the species level.
Methods of Generating Microaerobic Atmosphere

Microaerobic atmospheres can be generated using anaerob
jars (minus catalyst) with sachets sold by many laboratory
supplies companies, but these normally do not provide
a hydrogen-containing atmosphere. Alternatively, an anaerobic
jar (minus catalyst) can be evacuated to one-third of ambient
atmospheric pressure using a vacuum pump and re� lled with
an anaerobic gas mixture of 10% CO2, 10% H2, and 80% N2.
Cabinets are also available for use with microaerobic ga
mixtures. These have the advantage of providing a de� ned gas
mixture continuously during incubation. Candle jars can be
used if no other method is available. These work quite well for
isolating most strains of the important thermophilic species
(i.e., C. jejuniand C. coli).
Selective Media

Bearing in mind that campylobacters came to widespread
attention only after 1977, the number of different media that
have been devised for their isolation is surprisingly large. The
number of selective agents used is relatively small, howeve
and most media differ only in the concentrations of selective
agents or their combinations, the basal medium and the
oxygen-quenching agents. Cycloheximide, amphotericin, or
nystatin are used to inhibit fungal competitors. Rifampicin is
used to inhibit both Gram-positive and Gram-negative
bacteria, while Gram-positive bacteria commonly are inhibi-
ted by inclusion of vancomycin or bacitracin in combination
with cefoperazone. Polymyxin B or E (colistin) are used to
inhibit most Gram-negative rod-shaped bacteria, exceptProteus
spp., for which trimethoprim or deoxycholate is added.

Table 1 summarizes the constituents of some of the most
important agars used for campylobacters. Butzler and
coworkers have devised various agars, the earlier of whic
contained bacitracin and novobiocin with polymyxin B or
polymyxin E as selective agents. Later, the bacitracin an
novobiocin were replaced by rifampicin and cefoperazone; or
the novobiocin was replaced by vancomycin and cephazolin.
All the agars contain sheep blood except the medium of
Goossens, which is semisolid and uses only cefoperazone i
combination with a high level of trimethoprim as selective
agents. This medium relies on the ability of campylobacters to
swarm or swim, which reduces the need for selective agent
The plates are inoculated with small volumes of neat feces nea
the edge of 50 mm diameter plates. Campylobacters swarm jus
below the surface, which apparently makes the use of oxygen
quenching compounds unnecessary. Subcultures ar
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Table 1 Selective and other agents used in various solid media for campylobacters; some similar liquid enrichment media exist

Medium name (date)
Equivalent
liquid medium?

Cephalosporin
name (mg l� 1)

Trimethoprim
mg l� 1

Polymyxin
type IU l� 1

Vancomycin
mg l� 1

Rifampicin
mg l� 1 Other agents

Butzler (1973) No – – B 10 000 – – Novobiocin 5 mg l� 1

bacitracin 25 000 IU l� 1

Lauwers (1978) No Cephalothin 15
cephalexin 15

– E 10 000 – – Sheep blood

Skirrow (1977) No – 5 B 2500 10 – Lyzed horse blood
Campy-BAP (1978) No Cephalothin 15 5 B 2500 10 – Sheep blood
Preston (1982) Yes – 10 B 5000 – 10 Lyzed horse blood
Butzler (1983) No Cefoperazone 15 – E 10 000 – 10 Sheep blood
Butzler (Virion) (1986) Cefoperazone 30 – – – 10 Sheep blood 5%

amphotericin 2 mg l� 1

mCCD (1984) Yes Cefoperazone 32 – – – – Hemin FeSO4 charcoal
deoxycholate 1%
amphotericin 2 mg l� 1

CAT (1993) Yes Cefoperazone 8 – – – – Hemin FeSO4 charcoal
deoxycholate 1%
amphotericin 2 mg l� 1

teicoplanin 4 mg l� 1

Karmali (1986) No Cefoperazone 32 – – 20 – Hemin charcoal pyruvate
Goossens

semisolid (1993)
No Cefoperazone 30 50 – – – –

Exeter (1986, 1995) Yes Cefoperazone 15 10 B 2500 – 5 Lyzed horse blood, FBP,
amphotericin 2 mg l� 1
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inoculated with material from the edge of the swarming zone.
Because this medium has no added blood or other oxygen
quenching components, it is relatively simple and inexpensive.
Moreover, according to the workers who devised it, the
medium can be used with a candle jar; however, it must be
prepared not more than 4 days before it is used and be stored
chilled and in the dark. Similar precautions are advisable for all
Campylobactermedia.

Butzler and Skirrow agars are still used, particularly in
clinical laboratories. Skirrow agar, like Butzler agar, contains
blood and replaces some of the polymyxin B used in the Butzler
medium with trimethoprim and vancomycin, while the
Campy-BAP medium developed by Blaser and colleagues
basically Skirrow medium with added cephalothin.

Preston agar, modi� ed charcoal cefoperazone deoxycholat
agar (mCCDA), and CAT (cefoperazone, amphotericin, teico
planin) agar, which were devised by the Preston group, are th
only media for which rational explanation for their develop-
ment has been provided. All these media have nutrient agar a
a base. Preston medium has a similar formula to that of Skir-
row (lyzed horse blood, but double the concentration of
trimethoprim and polymyxin B, rifampicin instead of vanco-
mycin because of its wider spectrum of antibacterial activity,
and amphotericin to suppress fungi). mCCDA is one of only
a few Campylobactermedia that contains no blood. Charcoal,
pyruvate, and ferrous sulfate are used as oxygen quenchers a
casein hydrolysate is added to support the growth ofC. lari.
Selective agents were limited to cephazolin (later, replaced with
cefaperozone) and deoxycholate. Now the medium usually
contains amphotericin also, which allows incubation at 37 � C
rather than 42 � C without loss of selectivity. CAT agar is
a modi� cation of mCCD agar, devised to isolateC. upsaliensi
in addition to the classical thermophilic strains. Some strains of
C. upsaliensisare sensitive to cefoperazone at 32 mg l� 1 used in
mCCDA and many other Campylobacter-selective agars. CAT
agar uses cefoperozone at 8 mg l� 1 and teicoplanin at 4 mg l� 1,
resulting in a medium that is slightly less selective but grows
a wider variety of campylobacters. Another charcoal-containing
medium was devised by Karmali. This contains vancomycin
and cefoperazone at 32 mg l� 1 (e.g., Oxoid CM908 and
SR139). Campy-Cefex agar contains blood as protective agen
with cefoperazone at 33 mg l� 1. It is widely used in the United
States. A problem with all the media listed in Table 1 is that
Campylobactercolonies often are dif� cult to distinguish from
those formed by competing microorganisms. Several new agar
for campylobacters have ingredients that are not speci� ed and
are available only as ready-poured plates (e.g., Oxoid Brillianc
Campylobacter, Biomerieux CampyFood ID, EAS chemunex
CASA agar). It is claimed that it is easier to seeCampylobacte
colonies on these agars, becauseCampylobactercolonies are
colored red and are not obscured by charcoal or blood.
Without knowledge of the compositions of these relatively
expensive media, informed assessment of their value is no
possible.
Membrane Filtration Method

The membrane � ltration method avoids the use of selective
media with the possibility of failing to � nd campylobacteria
sensitive to the inhibitors they contain. A 47 mm, 0.45 mm, or
0.65 mm pore cellulose triacetate membrane� lter is laid on the
surface of an agar plate (usually blood agar, but it could be
a selective medium). A small volume of a suspension of the
sample is dispensed onto the� lter, taking care not to allow it to
spill over the edge. The plate is incubated aerobically a
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ambient temperature or 37 � C, face up, for 30–60 min. Then
the � lter is removed, the� uid that has passed through the� lter
is spread over the agar, and incubation is continued at 37� C
under a microaerobic atmosphere for up to 10 days. Campy-
lobacteria can penetrate the membrane while other bacteria
cannot. Not all campylobacteria in the inoculum will penetrate
the � lter, however, so numbers around 105 ml � 1 of suspension
are needed before they can be detected using this method, an
the method is not quantitative. When the technique is carried
out carefully, very few colonies of other bacteria are obtained
even on blood agar. Helicobacter pullorumhas been detected
only by this method, with incubation of plates in a micro-
aerobic atmosphere that includes hydrogen.
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Enrichment Media

Table 2summarizes the most commonly used liquid media for
thermophilic campylobacters. Many of the solid media have
been adapted for use as enrichment media (e.g., Preston broth
mCCD broth, Exeter broth). Others have been devised specif
ically as enrichment media (e.g., VTP FBP and the media o
Park and Sanders and of Hunt and Radle). Even in these latte
media, however, the selective and oxygen-quenching agen
differ little from those used in many of the solid media. Liquid
media are sometimes used to isolate campylobacters from
feces, but more often they are used to examine food or water
Table 2 Inhibitors and other agents used in various liquid enrichm

Medium name (date) Cephalosporins Trimethoprim Po

Preston (1982) 10 5000
Doyle and Roman (1982) 5 20 000
VTP FBP 7.5 5000
mCCD 32 Cefoperazone
Park and Sanders (1991) 32 Cefoperazone

(add after 4 h)
10

Exeter 15 Cefoperazone 10 2500
Hunt and Radle (1992) 15 Cefoperazoneþ 15

after 3 h
12.5

Bolton (2000) 20 Cefoperazone

aInternational units per liter.
a/b, antibiotics; F, ferrous sulfate; B, sodium metabisul� te; P, sodium pyruvate; LHB

Table 3 Selective agents used in isolation media forArcobacterspp. (mg

Reference Cefaperazone Trimethoprim 5-Fluor

Ellis et al. (1977) broth with
nonselective agar

– 100

de Boer et al. (1996) broth
and agar

32 20

Atabay and Corry (1998) broth
with nonselective agar

8

Johnson and Murano (1999)
broth and agara

32 200

Houf et al. (2001)
broth and agar

16 100

aJohnson and Murano agar has cefoperazone only (32 mg l�1 ).
mO2, microaerobic; O2, aerobic.
where these microorganisms are likely to be present in low
numbers. Bolton broth is satisfactory for isolating thermophilic
campylobacters from most foods. Bolton, Preston, and Exete
broths have been used most commonly for enrichment of
samples of raw poultry products, followed by plating onto
mCCDA. Recently, dif� culty has been encountered with
enrichment in Bolton broth followed by plating on mCCDA
because of the increasing incidence of extended-spectrum
betalactamase (ESBL) Enterobacteriaceae, which are resistan
the cefaperazone in both Bolton broth and mCCDA. Therefore,
for raw poultry products, it is advisable to use Preston or Exete
broth for enrichment. Alternatively, clavulanic acid at 2 mg l� 1

can be added to Bolton broth.
Detection of Arcobacters

Several enrichment and plating media have been devised fo
arcobacters (Table 3). These media can be incubated aerobi
cally, as arcobacters are not obligately microaerophilic. Incu
bation is generally at 30 � C. This incubation temperature
together with aerobic incubation helps to avoid development
of Campylobactercolonies. Most methods detectA. butzleri, but
some seem to be less ef� cient and much less ef� cient for
detecting A. cryaerophilusand A. skirrowii, respectively. This
could be due to the enrichment procedures favoring some
species over others. If arcobacters are present in high number
ent media for thermophilic campylobacters (mg l� 1)

lymyxin Ba Vancomycin Rifampicin Other agents/methods

10 LHB, FBP
15 LHB, cysteine, succinate
15 LHB, FBP

10 LHB, pyruvate, citrate 4 h 32� C, 2 h 37� C
then 42� C (shaking)

5 LHB, FBP a/b added after 4 h at 37� C
10 LHB, FBP 3 h at 32� C, 2 h 37� C then 42� C

20 LHB, hemina-ketoglutarate, BP

, lyzed horse blood.

l� 1)

ouracil Bile salts Other Antifungals Incubation

mO2 30 � C, 48–72 h

75 Piperazine 100 Cycloheximide O2 24 � C, 48–72 h

1% 4 Teicoplanin 10 Amphotericin mO2 30 � C, 48 h broth,
48–72 h agar

0.25% O2 30 � C, 48 h

32 Novobiocin 10 Amphotericin mO2 28 � C broth, mO2
30 � C, 24–72 h agar
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direct plating using the membrane � ltration method with
nonselective blood agar is recommended. This plating
method can also be used after enrichment. It is important to
incubate plates for at least 7 days to recover strains o
A. cryaerophilusand A. skirrowii, which grow more slowly than
A. butzleri.
r
s-

r)
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Microaerobic Atmosphere for Enrichment
of Thermophilic Campylobacters

Many laboratories incubate selective enrichment media in an
aerobic incubator in glass bottles, with a small air space and the
lid tightly closed. This is a particularly useful method if
supplements are to be added during incubation (in order to
allow damaged campylobacters to recover). Results will be
more reliable if bottles with loose lids are incubated in
a microaerobic atmosphere. Some laboratories incubate
enrichment cultures aerobically, in sealed stomacher o
Whirlmix � bags. Both of these bags are made of highly ga
permeable plastic, so the method presumably relies on the
activities of competing micro� ora to produce a microaerobic
environment. Incubation of all enrichment cultures should be
in microaerobic atmosphere.
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Isolation of Thermophilic Campylobacters from Food

As thermophilic campylobacters do not grow at temperatures
much below 32 � C, there is little likelihood of their multiplying
in foods. Campylobacters in foods often may be injured
sublethally, so various methods for resuscitation of injured
campylobacters have been devised. Temperatures of 42–43 � C,
and various antibiotics and antimicrobials in Campylobacter-
selective media may inhibit injured campylobacters. Methods
of enrichment for organisms from foods, therefore, have often
involved incubating at 37 � C for 4 or 6 h, or at 31–32 � C for 4 h
then at 37 � C for 2 h before transfer to 42 or 43 � C. Table 4
summarizes the current International Standards Organization
(ISO) enrichment–plating method. The incubation tempera-
ture has been reduced to 41.5� C for convenience because
standard methods for Salmonellaand Escherichia coliO157:H7
specify this incubation temperature. Part 2 of the campylo-
bacter standard describes direct plating onto mCCDA for use
with samples likely to be highly contaminated, such as raw
poultry skin. Recent comparisons of results obtained by direc
plating and enrichment–plating using these ISO methods have
shown that some samples positive by direct plating are negativ
by enrichment–plating. This is attributed to the presence of
ESBL Enterobacteriaceae, which can multiply in Bolton broth
Table 4 International Standards Organization method for isolating
thermophilic campylobacters (ISO 10272-part 1, 2006)

1. Enrich in Bolton broth at 41.5 or 37� C for 4–6 h, then at 41.5� C for
40–42 h

2. Use a microaerobic atmosphere (e.g., 5% O2; 10% CO2; 85% N2)
3. Plate on mCCDA plus another selective agar, incubate microaerobi

at 41.5� C for 48 h.
and on mCCDA, so that Campylobactercolonies are obscured.
The ISO standard currently is being revised. The method liste
in Table 4 for use with foods in which low numbers of
sublethally injured campylobacters might be expected (e.g.
cooked meat, raw vegetables) will be retained. For foods suc
as raw poultry, direct plating onto mCCDA will be recom-
mended. Enrichment in Preston broth at 41.5� C, followed by
plating onto both mCCDA and another plating medium that
contains different selective agents (e.g., Butzler or Skirrow aga
will be recommended as well, or instead.
Isolation of Less Common Campylobacteria

The occurrence ofCampylobacterspecies other than the‘clas-
sical’ thermophilic campylobacters probably is underestimated
because the media and methods used frequently are unsuitabl
for isolating them.

A comparison of various combinations of the membrane
� lter method and a selective medium for isolatingC. concisus
from human feces is summarized in Table 5. The total
number of positive results obtained by any method was 116
and the most effective combination of methods was use of
a 0.65 mm pore size membrane in combination with blood
agar supplemented with nalidixic acid and vancomycin, both
at 10 mg l� 1. Another study compared the use of a 0.45 mm
pore size� lter on blood agar with use of Butzler Virion agar
and de Boer’s Arcobacter agar for examination of human
diarrhetic feces. Using a single method, the highest numbe
of positive samples was detected with Butzler agar. The tw
methods that together detected most samples were Butzle
agar in combination with the membrane � lter method.
Butzler agar failed to recover any strains ofC. concisus,
C. curvus, C. hyointestinalis, C. sputorum, or H. pullorum, and
very few C. upsaliensis, C. lari, Arcobacterspp., or C. fetus
subsp. fetus.
r
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ConÞrmation and Speciation

Campylobacteraceae characteristically appear as small, high
motile, curved rods when viewed microscopically under
phase contrast illumination. They are Gram negative and
oxidase positive.Campylobacter jejuniand C. colicannot form
colonies below 30 � C or aerobically, while Arcobacterspp.
can, so strains capable of forming colonies on blood agar
aerobically at 25 � C are not Campylobacterspp., but they
could be Arcobacter. Several rapid test kits are available to
con� rm colonies of Campylobacter, Arcobacter, and Heli-
cobacter(e.g., Oxoid OBIS campy), or only Campylobacte
(Microgen M46 Campylobacter latex agglutination) or
C. jejuni, C. coli, C. lari, or C. upsaliensis(Oxoid dry spot
latex). Campylobacter jejuni, C. coli, C. lari, and C. upsaliensi
can be differentiated provisionally using tests for catalase
resistance to nalidixic acid and cefalothin, and indoxyl
acetate and hippurate hydrolysis according to ISO (2006).
Speciation of otherCampylobacter, Arcobacter, and Helicobacte
spp. is more dif� cult, and generally it is done using
PCR-based methods.

cally



f cefoperazone
eoxy-

ampylobacters,
ird, R.M. (Eds.),
oyal Society of

W.M., 1996.
plied

olation of
cord 100,

1989. Semisolid
ters from stool

emical identi
eraceae and

Table 5 Sensitivities of different culture methods for C. concisus

Culture method Number of positive cultures Sensitivitya (%)

Filter (0.45 mm pore size) 59 51
Filter (0.65 mm pore size) 62 53
Selective mediumb 51 44
Filter (0.45 and 0.65 mm pore size) 81 70
Filter (0.45 mm pore size) and selective medium 97 84
Filter (0.65 mm pore size) and selective medium 99 85

aSensitivity was calculated on the basis of the total number of positive cultures (116) obtained by the use of the three methods combined.
bBlood agar þ nalidixic acid, 10 mg l�1 þ vancomycin, 10 mg l�1 .
From Van Etterijck, R., Breynaert, J., Revets, H. et al., 1996. Isolation of Campylobacter concisusfrom feces of children with and without diarrhea. Journal of Clinical
Microbiology 34, 2304–2306.
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Rapid Detection Methods

There are numerous reports of PCR methods for detecting
campylobacters. For routine purposes, these have several
disadvantages, including the possibility of detecting nonviable
cells, the lack of an easy method of determining numbers, and
the lack of an isolate for further study. In combination with
a preliminary enrichment step, however, and when mostly
negative results are expected, a PCR technique or other rapid
method can be appropriate. A number of commercial PCR, real-
time PCR, latex agglutination, enzyme-linked immunosorbent
assay , and immunodiffusion tests are available for this.

There is controversy over the ‘viable but nonculturable’
concept. Improvements in methods for recovery of injured
campylobacters will most likely reduce the apparent incidence
of this postulated condition.
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See also: Arcobacter; Campylobacter; Food Poisoning
Outbreaks; PCR Applications in Food Microbiology.
199
nsis

6. A
e
nsis

ylo
robi

um

e or

tivit
.G.
gs

late

cal

d

. 7.01
y of Food and
eration of
echnique.

n ofa
uni
248
the isolation of

uation of three

. Restoring the

and related

Journal

to
.

er
l of Clinical

s.
Further Reading

Aspinall, S.T., Wareing, D.R.A., Hayward, P.G., Hutchinson, D.N.,
medium for thermophilic campylobacters includingCampylobacter upsalie.
Journal of Clinical Pathology 46, 829–831.

Aspinall, S.T., Wareing, D.R.A., Hayward, P.G., Hutchinson, D.N., 199
of a newCampylobacterselective medium (CAT) with membrane� ltration for th
isolation of thermophilic campylobacters includingCampylobacter upsalie.
Journal of Applied Bacteriology 80, 645–650.

Atabay, H.I., Corry, J.E.L., 1997. The isolation and prevalence of camp
dairy cattle using a variety of methods. Journal of Applied Mic
733–740.

Atabay, H.I., Corry, J.E.L., 1998. Evaluation of a newArcobacterenrichment medi
and comparison with two media developed for enrichment ofCampylobacterspp.
International Journal of Food Microbiology 41, 53–58.

Atabay, H.I., Corry, J.E.L., On, S.L.W., 1998. Diversity and prevalencArcobacte
spp. in broiler chickens. Journal of Applied Microbiology 84, 1007–1016.

Atabay, H.I., Corry, J.E.L., Post, D.E., 1996. Comparison of the produc
of selective media forCampylobacterandArcobacterspecies. In: Newell, D
Ketley, J., Feldman, R.A. (Eds.), Campylobacter VIII. Proceedin
International Workshop on Campylobacters, Helicobacters and Re
Plenum, New York, p. 19.

Collardo, L., Figueras, M.J., 2011. Taxonomy, epidemiology, and clini
the genusArcobacter. Clinical Microbiology Reviews 24, 174–192.

Collins, C.I., Wesley, I.V., Murano, E.A., 1996. Detection ofArcobacterspp. in groun
pork by modi� ed plating methods. Journal of Food Protection 59, 448–452.
3. Selective

comparison

bacters from
ology 84,

f

y of a variety
,
of the 8th

d Organisms.

relevance of

Corry, J.E.L., Atabay, H.I., 1997. Comparison of the productivity o
amphotericin teicoplanin (CAT) agar and modi� ed charcoal cefoperazone d
cholate (mCCD) agar for various strains ofCampylobacter, ArcobacterandHeli-
cobacter pullorum. International Journal of Food Microbiology 38, 201–209.

Corry, J.E.L., Atabay, H.I., 2012. Culture media for the isolation of c
helicobacters and arcobacters. In: Corry, J.E.L., Curtis, G.D.W., Ba
Handbook of Culture Media for Food and Water Microbiology. R
Medicine, Cambridge, pp. 403–450.

de Boer, E., Tilburg, J.J.H.C., Woodward, D.L., Lior, H., Johnson,
A selective medium for the isolation ofArcobacterfrom meats. Letters in Ap
Microbiology 23, 64–66.

Ellis, W.A., Neill, S.D., O’Brien, J.J., Ferguson, H.W., Hanna, J., 1977. Is
Spirillum/Vibrio-like organisms from bovine fetuses. Veterinary Re
451–452.

Goossens, H., Vlaes, L., Galand, I., Van Den Borre, C., Butzler, J.P.,
blood-free selective motility medium for the isolation of campylobac
specimens. Journal of Clinical Microbiology 27, 1077–1080.

Hoosain, N., Lastovica, A.J., 2008. An evaluation of the oxoid bioch� -
cation system Campy rapid screening test for Campylobact
Helicobacterspp. Letters in Applied Microbiology 48, 675–679.

Houf, K., Devriese, L.A., De Zutter, L., Van Hoof, J., Vandamme, P.
opment of a new protocol for the isolation and quanti� cation ofArcobacterspecies
from poultry products. International Journal of Food Microbiology 7–196.

Humphrey, T., Mason, M., Martin, K., 1995. The isolation ofCampylobacter jejunifrom
contaminated surfaces and its survival in diluents. International J
Microbiology 26, 295–303.

Hunt, J.M., Abeyta, C., Tran, T., 1998. Campylobacter (Revision A). In
ological Analytical Manual, eighth ed. AOAC, Arlington VA, USA, pp–7.27.

International Standards Organization, 2006. ISO 10272 Microbiolog
Animal Feeding Stuffs– Horizontal Method for Detection and Enum
Campylobacterspp.– Part 1: Detection Method. Part 2: Colony Count T
International Standards Organisation, Geneva.

Jasson, V., Sampers, I., Botteldoorne, N., et al., 2009. CharacterizatioEscherichi
colifrom raw poultry in Belgium and impact on the detection ofCampylobacter jej
using Bolton broth. International Journal of Food Microbiology 135,.

Johnson, L.G., Murano, E.A., 1999. Development of a new medium for
Arcobacterspp. Journal of Food Protection 62, 456–462.

Miller, R., Speegle, L., Oyarzabal, O.A., Lastovica, A.J., 2008. Eval
commercial latex agglutination tests for identi� cation ofCampylobacter spp.
Journal of Clinical Microbiology 46, 3546–3547.

Moran, L., Kelly, C., Cormican, M., McGettrick, S., Madden, R.H., 2011
selectivity of Bolton broth during enrichment forCampylobacterspp. from raw
chicken. Letters in Applied Microbiology 52, 614.

On, S., 1996. Identi� cation methods for campylobacters, helicobacters
organisms. Clinical Microbiology Reviews 9, 405–422.

Skirrow, M.B., 1977.Campylobacterenteritis: a new disease. British Medical
2, 9–11.

Steele, T.W., McDermott, S.W., 1984. The use of membrane� lters applied directly
the surface of agar plates for the isolation ofCampylobacter jejunifrom feces
Pathology 16, 263–265.

VanEtterijck, R., Breynaert, J., Revets, H., et al., 1996. Isolation ofCampylobact
concisusfrom feces of children with and without diarrhea. Journa
Microbiology 34, 2304–2306.

Vandenberg, O., Dediste, A., Houf, K., et al., 2004.Arcobacterspecies in human
Emerging Infectious Diseases 10, 1863.

http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0010
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0010
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0010
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0015
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0015
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0015
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0015
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0020
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0020
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0020
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0025
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0025
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0025
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0030
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0030
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0035
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0035
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0035
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0035
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0035
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0040
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0040
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0045
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0045
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0050
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0050
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0050
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0050
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0055
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0055
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0055
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0055
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0060
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0060
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0060
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0065
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0065
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0065
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0070
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0070
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0070
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0075
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0075
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0075
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0080
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0080
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0080
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0085
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0085
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0085
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0090
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0090
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0095
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0095
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0095
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0095
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0100
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0100
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0100
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0105
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0105
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0110
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0110
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0110
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0115
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0115
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0115
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0120
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0120
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0125
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0125
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0130
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0130
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0130
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0140
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0140
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0140
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0135
http://refhub.elsevier.com/B978-0-12-384730-0.00053-7/ref0135


Detection by Latex Agglutination Techniques
WC Hazeleger and RR Beumer, Wageningen University, Wageningen, The Netherlands

� 2014 Elsevier Ltd. All rights reserved.
Introduction

The traditional methods for the isolation and con�rmation of
foodborne pathogens usually consist of (pre)enrichment fol-
lowed by isolation on selective media, subculturing of suspect
colonies on nonselective media, and, �nally, con�rmation of
isolates. Traditionally, the con�rmation tests involve exami-
nation of morphology, Gram reaction, and biochemical tests,
which take several days. In some cases, in medical as well as
food microbiology, this procedure might take too long.
Therefore, several rapid tests have been developed to reduce the
time needed for con�rmation of pathogens. One of these tests
is the latex agglutination test, which is easy to perform, reliable,
and rapid. Since the middle of the 1980s, latex agglutination
tests have also been developed to facilitate the con�rmation of
foodborne pathogens, such as Staphylococcus aureus, Salmonella,
Yersinia, and Campylobacter. For enteropathogenic Campylo-
bacter, three different latex tests are commercially available.
According to the manufacturers, these assays can be used
for the con�rmation of suspect colonies. In this chapter,
latex agglutination assays and test protocols for con�rmation
of Campylobacter are described in detail. Furthermore, the use
of the different tests in the detection and con�rmation of
Campylobacter is discussed.
Brief Principles and Types of Commercial Tests

The isolation and identi�cation of Campylobacter jejuni involve
many con�rmation steps. Usually, Campylobacter is isolated
from food and environmental samples via selective enrichment
in broth followed by isolation on selective agar plates. In
contrast, isolation from feces usually takes place directly on
selective agar plates because of the expected high numbers of
Campylobacter present in stool samples. After the cultivation on
solid media, colonies are subcultured, examined for
morphology (small curved bacilli) and motility (þ), Gram
stained (�), and �nally con�rmed via biochemical reactions,
such as oxidase (þ), catalase (þ), microaerobic growth at 25 �C
(�), and aerobic growth at 41.5 �C (�). If it is necessary to
make a distinction among C. jejuni, C. coli, and C. lari, addi-
tional tests such as antibiotic resistance and hippurate hydro-
lysis can be performed. To reduce the time needed for
con�rmation, several rapid tests based on immunological or
DNA methods have been developed. One type of rapid
immunological test is the latex agglutination assay.

The basic element of this type of test is polystyrene latex
particles with a diameter of 0.8–1.0 mm that are coated with
rabbit immunoglobulins raised against antigen preparations
from selected strains. When these antibody-labeled latex
particles are mixed with a suspension-containing antigen, such
as whole bacteria cells or cell wall parts like �agella, a sensitive
and speci�c immunochemical reaction takes place causing the
latex particles to agglutinate into aggregates that are macro-
scopically visible (Figure 1).
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
For con�rmation of enteropathogenic campylobacters,
three commercial latex agglutination tests are commercially
available: Dryspot Campylobacter (Oxoid, Basingstoke, UK);
Scimedx–Campy (jcl), previously marketed as Meritec-Campy
and PanBio-Campy (Scimedx Corporation, Denville, USA);
and Microgen� Campylobacter, previously marketed as Micro-
screen (Microgen Bioproducts Ltd., Camberley, UK). All tests
consist of latex beads coated with rabbit antibodies against
C. jejuni strains. Additionally, the particles of Scimedx–Campy
(jcl) also contain antibodies against C. coli and C. lari. All tests
detect C. jejuni, C. coli, and C. lari. Some kits show agglutination
with other Campylobacter species and Helicobacter pylori as well
(Table 1). No agglutination is observed with the closely related
Arcobacter.
Detailed Protocols of Tests and Their Points
of Application in the Cultural Techniques
for Campylobacter

Tests (Protocols According to the Manufacturers’ Instructions)

Dryspot Campylobacter can be applied for the con�rmatory
genus-level identi�cation of selected campylobacters (C. jejuni,
C. lari, C. coli, and C. upsaliensis) from solid culture media. In
this test, the latex reagents are dried onto the reaction cards. The
following materials are provided:

l Dryspot Campylobacter reagent cards: reaction cards with
test and control areas, sensitized with respectively reactive
latex (anti-Campylobacter species rabbit antibody–coated
blue latex particles dried onto the card) and control latex
(normal rabbit immunoglobulin–coated blue latex parti-
cles dried onto the card)

l Extraction reagent (dilute solution of acetic acid)
l Neutralization reagent (Tris buffer)
l Positive control reagent (extracted antigens of Campylobacter

species)
l Paddle pastettes

To check the performance of the test, a positive control
reagent is used. Distinct agglutination with the reactive latex
should occur within 3 min, whereas no agglutination greater
than a slight graininess should be observed with the control latex.

For the negative control, no agglutination should occur, so
a smooth blue suspension should remain.

Test Protocol
Colony material must be thoroughly suspended with extrac-
tion reagent in a small test tube. After the incubation step of
3 min, a neutralization reagent is added. After mixing, one drop
of the mixture is applied to the test circle and one drop is
applied to the control circle. The materials within each circle are
mixed with supplied paddles until they are completely sus-
pended. The card must then be rocked for up to 3 min, during
which time it is examined for reactions. Reactions occurring
after 3 min should be ignored. The test is negative if
-384730-0.00354-2 363
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Table 1 Reaction of three commercial latex agglutination tests wit
Campylobacter, Helicobacter, andArcobacterspecies (data provided by the
manufacturers)

Strain Dryspot Scimedx–Campy (jcl) Microge�

C. jejuni þ þ þ
C. coli þ þ þ
C. lari þ þ þ
C. fetus Variable – þ
C. upsaliensis þ a þ
H. pylori Variable a Variable
Arcobacter – a –

þ , clearly visible agglutination;þ /� , weak agglutination;� , no visible
agglutination; a, no information provided.

Figure 1 Principle of a latex agglutination reaction. When latex beads, coated with antibodies raised againstCampylobacter, are mixed with a suitable
amount of campylobacters, agglutination will occur. The aggregates formed in this manner are visible to the naked eye.
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agglutination occurs with neither the reactive nor the control
latex and a smooth blue suspension remains. For a positive tes
there is distinct agglutination with the reactive test but not with
the control latex. When the control latex reagent shows agglu
tination, autoagglutination has occurred and the test is
uninterpretable.

Scimedx–Campy (jcl) is a latex agglutination test used for
con� rmatory identi � cation to the genus level of C. jejuni,
C. coli, and C. lari from culture. The following materials are
provided:

l Latex detection reagent (rabbit antiserum to common
antigens of selectedCampylobacterspecies bound to latex
particles suspended in buffer)

l Extraction reagent (dilute solution of hydrochloric acid)
l Neutralization reagent (glycine buffer)
l Positive antigen control reagent (neutralized acid extract o

appropriate Campylobacterorganisms in buffer)
l Test slide

For the positive control, the included positive antigen
control reagent is mixed with latex detection reagent. De� nite
agglutination should be observed.

For the negative control, the extraction reagent is mixed
with a neutralization reagent and then latex detection reagent is
added. No agglutination should be observed.
Test Protocol
One to six colonies are suspended in the extraction reagen
and mixed with a wooden stick to dissociate all visible clumps
of the inoculum. No incubation time is speci � ed for this step.
Neutralization reagent and, subsequently, latex detection
reagent are added to the extract. The contents must be mixe
thoroughly to a homogeneous suspension before the slide is
placed on a rotator for 5 min (100–110 rpm), after which the
agglutination reaction can be observed under a high-intensity
light. A positive test is indicated when the latex detection
reagent clearly agglutinates with the test specimen and no
agglutination occurs in the negative control. When no
agglutination with the latex detection reagent occurs, the
test is negative. If an extremely weak agglutination reaction
occurs, the procedure can be repeated with a larger initia
inoculum.

Microgen� Campylobacteris an assay for the identi� cation
of enteropathogenic campylobacters on solid media. The
following materials are provided:

l Test latex reagent (latex particles coated with rabbi
immunoglobulins raised against antigen preparations from
selectedC. jejuniserotypes)

l Control latex reagent (latex particles coated with non-
speci� c rabbit immunoglobulins

l Positive control suspension
l Saline (0.85% NaCl)
l Disposable agglutination slides
l Mixing sticks

For quality control, positive control suspension is mixed
with test latex reagent and control test reagent. Easily discern
ible agglutination of the test latex reagents, with no signi� cant
agglutination of the control latex, indicates normal reagent
function.

No negative control test is described in this assay.

Test Protocol
One drop of saline is dispersed on to each of two ovals of the
agglutination slide. Several colonies are removed from aga
plates and mixed in the saline to form an even suspension in
each of the ovals. One drop of control latex is added to the
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bacterial suspension in one oval, and a drop of test latex is
applied on the other oval. After thorough mixing, the slide
must be rocked gently from side to side for 2 min after which
the test can be read. Agglutination of the test latex and no
agglutination of the control latex is an indication that
campylobacters were present. If both test and control latex
do not show agglutination, Campylobacterwas not present or
it was present in insuf� cient numbers to be detected by the
test. A specimen that causes the control latex reagent
agglutinate shows nonspeci� c agglutination and cannot be
interpreted.
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Comparison of the Test Protocols

A short overview of the three tests is given inTable 2. The
principles of the tests are the same, and all of the tests are ea
to perform and do not require the purchase of expensive
devices. For the DrySlide� and the Scimedx–Campy tests,
extraction and neutralization steps are necessary. Because
incubation step of 3 min is required for the extraction of anti-
gens in the DrySlide� test, this assay will take more time to
perform than the two others. In all tests, several samples can b
tested simultaneously.
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Points of Application

Latex agglutination tests are often used for the con� rmation of
campylobacters isolated from food, stool, or environmental
samples. In these cases, after isolation on solid media, suspe
colonies are microscopically examined. If the cells show the
characteristic morphology of Campylobacter(typical spiral
shape and rapid darting motility), latex tests can be applied
instead of the biochemical con� rmation steps. Thus, the time
needed for con� rmation is reduced by 1 to 2 days. It is not
advisable to use the latex agglutination assay directly on fece
or on material from enrichment broths because false negative
may occur as a result of low numbers of campylobacters
present in this material; or, especially with feces, the high
density of the material may cause nonspeci�c agglutination,
rendering the tests noninterpretable. Furthermore, non-
culturable coccoid forms of campylobacters also can give
positive reactions with the latex tests. Additionally, culture
� ltrates can aggregate the latex beads, which indicates that n
only whole cells but also cell components and dead cells play
a role in the agglutination reaction.
Table 2 Comparison of basic steps in the procedures of three com
to the manufacturers’ instructions

Procedure Dryspot Scime

Detection Colonies Coloni
Sample preparation/extraction Mix with extraction reagent
Incubation period 3 min No
Neutralization necessary Yes Yes
Positive control provided Yes Yes
Negative control Not described Extrac

dete
Incubation time with latex beads 3 min 5 min
Estimated time for total assay 10 min 10 min
Regulations, Guidelines, and Directives

Currently, the use of latex tests for the con� rmation of
Campylobacteris not validated by the Association of Of� cial
Agricultural Chemists (AOAC), French Association of Stan
dardization (AFNOR), or Nordic Committee on Food Analysis
(NMKL) and is not described in the International Organization
for Standardization (ISO) regulations, although these kits are
considered for future revisions of these relevant publications
Dutch guidelines (NEN 6269 and NEN 6252), however, allow
latex agglutination tests as a substitute for the biochemica
con� rmation reactions.
Detection Limits

No apparent differences in detection limits between the tests
are reported. The minimum number of cells needed for
a positive latex agglutination test varies between strains o
Campylobacterspp. In general the detection limit is
105–108 colony forming units per ml. However, some authors
have reported much lower detection limits. This could be
because the nonculturable coccoid form ofCampylobacterand
culture � ltrates act as agglutinants. When many coccoid cell
are present in a culture, the number of cells will be under-
estimated from colony counts on solid media. Another expla-
nation for con � icting results can be that test sensitivity may
vary because of the amounts and types of antibodies used, a
these cannot easily be standardized. Occasionally, longe
incubation of the test latex with the test suspension enhances
the sensitivity of the tests. However, waiting too long before
reading the test may result in drying of the material, which
could be mistaken for agglutination. No recent studies exam-
ining the detection limits of the latex agglutination tests have
been published, so the limits indicated in this paragraph may
not hold for the presently available tests. However, large
changes in the detection limits are not likely.
Advantages and Limitations of Latex Agglutination
Tests and Other Techniques

Although latex agglutination assays have not yet been included
in international regulations for con � rmation of campylobac-
ters, these tests can be used successfully in the process
mercial latex agglutination tests forCampylobacter, according

dx–Campy (jcl) Microgen�

es Colonies
Mix with extraction reagent Mix with sample diluent

No
No
Yes

tion reagentþ neutralization reagentþ latex
ction reagent

Not described

2 min
5 min



nimal Feeding

d.
nd membrane
ods.

s for detecting
Montville, T.J.
ss, Washington,

antimicrobial
i, C.M.,
C, USA,

tex agglutination
biology

utination test for
ical

luation of three

orne-
, 83
Gerhardt, P.,

al and Molecular

or the detection
, 72

Table 3 Sensitivity and speci� city of three commercial latex
agglutination tests used for con� rmation of Campylobactercolonies
(data provided by the manufacturers)

Procedure Dryspot Scimedx–Campy (jcl) Microg�

Sensitivity 100% 99.1% 98.6%
Speci� city 100% 100% 99.7%
Positive predictive value a 100% a
Negative predictive value a 95.2% a
Accuracy 98.8% 99.2% 99.4%

a, no information provided by the manufacturer.
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isolation and identi�cation. The reported sensitivity and spec-
i�city data provided by the manufacturers do not indicate large
differences between the tests (Table 3). A positive test will give
a quick indication that Campylobacter was present in food,
environmental samples, or feces.

Occasionally, false-positive reactions have been reported
with other Gram-negative bacteria, such as Pseudomonas aeru-
ginosa, Proteus mirabilis, and Acinetobacter calcoaceticus. These
false positives, however, should not be a problem as long as the
test is used for con�rmation after microscopical examination of
the suspect colonies, because other bacteria can be easily
discriminated from Campylobacter by their morphology.

With latex agglutination assays, no distinction can be made
among C. jejuni, C. coli, and C. lari. This, however, usually
would not be a problem because these species are all patho-
genic. If further characterization is desirable, additional tests
can be carried out to distinguish pathogenic strains.

If a rapid test is needed early in the isolation or identi�ca-
tion process, polymerase chain reaction or other DNA-based
methods can be used. These methods are highly speci�c with
much lower detection limits than latex agglutination tests and
therefore can be applied to enrichment broths. However, these
methods require speci�c experimental experience and invest-
ment in expensive equipment. Another disadvantage of DNA
methods is that the target microorganism is not isolated and so
is not available for further examination.
Although they have limitations, the latex agglutination
assays are easy to perform, do not require expensive equip-
ment, and give immediately available results. Thus, they
provide a quick and accurate way to con�rm colonies of
C. jejuni, C. coli, and C. lari.
en
See also: Campylobacter; Campylobacter: Detection by Cultural
and Modern Techniques.
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The genus Candida Berkhout (1923) belongs to the order
Saccharomycetales of the phylum Ascomycota de�ned as
incerta sedis (of uncertain placement). It is highly polyphyletic:
collecting all imperfect ascomycetous species that are not
classi�ed otherwise. Imperfect species summarized do not
display any sexual state of growth and reproduction.

Genotyping based primarily on sequence analysis of
the D1/D2 domain of the large subunit rRNA gene
strongly promotes reclassi�cation and phylogenetically rele-
vant renaming. Many species have been reclassi�ed as ana-
morphs of perfect species (teleomorphs) that belong to
different genera (Table 1) and have relatives in most tele-
omorphic clades, but most Candida species are in clades with
unknown ascosporic states.

Candida are widespread in natural and arti�cial habitats,
being damp and wet with a high level of organic material,
including organic acids and ethanol, low and high tempera-
tures, and high salt and sugar osmolarity. Various species are
used in the processing of foods and feeds for thousands of
Table 1 Examples of anamorph and teleomorph
connections of Candida species

Anamorph Teleomorph

Candida ciferrii Stephanoascus ciferrii
Candida deserticola Pichia deserticola
Candida euphorbiae Linderna (Pichia) euphorbiae
Candida famata Debaryomyces hansenii
Candida guilliermondii Meyerozyma (Pichia) guilliermondii
Candida holmii Kazachstania exiguus
Candida kefyr Kluyveromyces marxianus
Candida krusei Pichia kudriavzevii
Candida lipolytica Yarrowia lipolytica
Candida lusitaniae Clavispora lusitaniae
Candida pelliculosa Wickerhamomyces (Pichia) anomalus
Candida pulcherrima Metschnikowia pulcherrima
Candida valida Pichia membranifaciens

Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
years. Their high biochemical potency makes Candida useful for
commercial and biotechnological processes.
Characteristics of the Genus Candida

Candida is phylogenetically heterogeneous and covers 314
species accepted with the type species Candida vulgaris Berkhout
(syn. Candida tropicalis). The colonies of Candida are cream
colored to yellowish, grow rapidly, and mature in 3 days. The
texture of the colony may be pasty, smooth, glistening or dry,
wrinkled, and dull, depending on the species. Cells appear in
different forms: globose, ellipsoidal, cylindrical or elongated,
and occasionally ogival, triangular, or lunate. Pseudohyphae
and nonseptate true mycelium may be formed. Dimorphism,
the alternate occurrence of unicellular and hyphal or pseudo-
hyphal phases, occurs in many species (e.g., Candida albicans).
The reproduction proceeds by holoblastic budding. Blastoco-
nidia may be round or elongate. The wall is ascomycetous and
two layered. Arthroconidia and ballistoconidia are not formed.
Endospores, that is, vegetative cells formed inside other cells,
may occur mostly in long-standing cultures. The diploid
Candida glabrata and C. albicans display no known sexual cycle,
despite the fact that haploid strains of the two distinct mating
types are isolated regularly from patients. The heterogeneity of
the genus is re�ected by some degree of unique species behavior
with respect to colony texture, microscopic morphology, and
fermentation or assimilation pro�les: sugars may be fermented,
nitrate may be assimilated, and pellicles may be formed in
liquid media. Extracellular starch-like compounds are not
produced. Inositol is assimilated by some species, urease is not
produced, and gelatine may be lique�ed. The reaction with
diazonium blue B is negative. Xylose, rhamnose, and fucose are
not present in cell hydrolysates. Ubiquinones Q9, Q7, Q8, and
Q6 dominate. The assimilation of inositol may be positive or
negative. Most inositol-positive strains form pseudomycelia.

Candida �ts the typical ascomycetous distribution of GC
content with 29–63%. Up to 45 chromosomes are reported,
-384730-0.00055-0 367
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variations within one species occur: for example,Candida par-
apsilosis5–45 and C. albicans5–16. Starting with genomes of
Candida of medical interest, the number of fully sequenced
genomes is increasing.
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Physiological Properties

The diverse conditions of Candida’s habitats determine the
wide range of physiological properties. The majority ofCandida
is mesophilic, growing well at temperatures of 25–30 � C, with
extremes of below 0� C and up to 50 � C. Candida austromarina
and Candida psychrophilaare obligate psychrophilic, and
Candida sloof� i, Candida pintolopesii, and Candida bovinaare
obligate thermophilic.

Candidado not photosynthesize or � x nitrogen and gener-
ally cannot grow anaerobically. Some strains survive and
reproduce under microaerophilic conditions. Respiratory
metabolism is preferred in the presence of oxygen. Only a few
former Torulopsisspecies prefer a fermentative metabolism
under this condition.

Some species, such asCandida apicola, Candida bombicola,
Candida famata, Candida magnoliae, and Candida lactis-condens,
are osmotolerant. Candida glucosophilais osmophilic and
C. parapsilosistolerates salt concentration >200 gl � 1. Their
natural habitats normally impose a continuous osmotic stress,
usually accompanied by low levels of nitrogen. One response
to high osmolarity includes intracellular accumulation and
excretion of glycerol.

Glucose, mannose, and fructose are metabolized by all wild
types. Nicotinic acid is required by most Candida, and some
require pyridoxine. Candida utilis, one of the most useful
species, does not require biotin; it accumulates dulcitol and
lipids (oleogenous yeast) intracellularly and has the broadest
S-metabolism spectrum among yeasts. In the presence
energy (carbohydrate and nitrogen), it utilizes inorganic
sulfate, sulfite, thiosulfate, sulfur-containing amino acids,
sulfide, and taurine. The ability of C. utilisto grow well on spent
sulfite liquor, rich in pentoses, is used in the Waldorf process to
produce fodder yeast.Candida blankiiuses bagasse pentoses a
a substrate for single-cell protein production. Simultaneous
consumption of pentoses and hexoses (weak carbon catabolit
repression) byCandida shehataewill be advantageous for ef�-
cient fermentation of lignocelluloses. Biomass also is produced
on the basis of whey (C. utilis and Candida krusei) as well as
ethanol (Candida lipolytica) and acetic acid (C. utilis) and
methanol (Candida boidinii).

Species likeC. tropicalis, Candida intermediata, and Candida
maltosaare able to grow on alkanes as a sole source of carbo
which is of interest in bioremediation and for biotechnological
applications. Most methanol-utilizing yeasts are Pichia or
Candida. In the presence of methoxy groups from lignin and
pectin, from which methanol may be liberated on hydrolysis of
methyl esters, the number of methylotrophic C. boidinii
and Candida sonorensisis enlarged. Methanol assimilation is
accompanied by radical morphological and metabolic changes
such as packing of the cytoplasm with microbodies containing
alcohol (methanol) oxidase.

Candida yeasts are used to produce a variety of bio
technologically interesting compounds like higher alcohols,
organic acids, esters, diacetyl, aldehydes, ketones, acids, lon
chain dicarboxylic acids, xylitol, and glycerol (Candida stellata,
Candida glyerinogenes). Other products are nicotinic acid,
biotin, and D-ß-hydroxyisobutyric acid. Some strains synthesize
sophorosides when grown on n-alkanes, alkenes, fatty acids
esters, or triglycerides.

Extracellular enzymes, like pectinases, ß-glucosidase
proteases, invertases, amylases, and lipases, are of commerc
interest. Candida cylindracealipase is used for enzymatic
synthesis in nonaqueous phases or at interphases for th
synthesis of odorus and other chemically important substances
Involvement in biodiesel production of Candida antarctica
lipase is studied. The lipase fromCandida rugosa, used for the
hydrolysis of milk fat, displays a high stereoselectivity and
enantiopreference. A large number of oxidoreductases carry ou
high (enantio)selective ketoreductions, (de)recemizations and
steroinversions, and promiscuous catalytic imine reductions.
Habitats

Heterotrophic Candidacolonize in a vast variety of nutrient-
rich habitats. They mainly are associated with plants, rotting
vegetation, and insects that feed on plants: leaf surfaces, slim
� uxes, nectaries and nectar of� owers,� ower petals and other
� ower parts, skin of fruit, decaying fruit (preferably
damaged), stems, and plant-associated habitats, including
soil. Many tropical fruits from Africa and South America
display a consistent colonization with Candidaand Rhodotor-
ula. In Japan,C. famatapreferentially colonizes fruit surfaces.
Nectaries have a high sugar and low nitrogen content and are
settled by fermentativeCandida pulcherrimaand Candida reu-
kau� i (nectar and bumblebee nests). A nonspoiling associa
tion of Serratia plymuthicaand Candida guilliermondii is
involved in pollination of a commercial � g variety. Fallen
green � gs are settled byCandida fructus. Candida sorboxylos
has been isolated from souring� gs. Some formerTorulopsisare
spoilers of berries and currants;C. krusei is isolated from
decaying oranges. On cacti methylotrophicC. boidinii and
C. sonorensis, the strong lipolytic Candida ingens, and cacto-
philic ones such asCandida orba or Candida coquimbonen
were found.

Insects serve as vectors (Drosophilaspecies, bees, bumble
bees), and yeasts are a major food source for both the larval an
adult stages of numerous insects.Candidaspecies represent the
majority of yeast isolates found in collected nectar and
pollen like C. reukau� i and C. pulcherrima. Xerotolerant yeasts
predominate in association with bees: C. apicola and
C. magnoliaein the crops of honey bees, andC. apicolaand
C. bombicolain nests of bumblebees. FormerTorulopsisare
intracellular symbionts of insects.Candida krusei, C. ingens, and
C. sonorensisare associated closely withDrosophilaspecies.

Candidaare found in bark beetles (Candida silvicola, Candida
nitratophila, Candida curvata, Candidatenuis) and other borers
like Ambrosia beetles, their larvae, or their borings (C. shehatae,
Candida oregonensis). Candida tenuissettles on many coniferous
trees and species of beetles and is isolated from cactus roots

Surface layers (aerobic or microaerobic conditions) of
nutrient rich soils are preferred byCandida. Plant-associated
yeasts reach the ground, washed off by rain or along with
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CANDIDAj Introduction 369
falling fruit. There they survive the winter and are transported
back at the beginning of summer (wind, insects).

Candida famata, C. guilliermondii, C. tropicalis, C. parapsilosis,
and others may be isolated from‘natural’ and polluted water
(rivers, lakes, pulp mill basins, sewage plants, etc.) and sed
ments. With decay of marine plants, kelp, and plankton, their
number increases. Other species likeC. glabrata and
C. parapsilosisoften are isolated from seafood;Candida incon-
spicuaand C. parapsilosisfrom � sh; andC. stellata, Candida sake,
and C. parapsilosisfrom oysters. Candida kruseiand Candida
validaprefer polluted sediments. The presence of theC. krusei
complex may indicate sewage pollution. The pathogenic
C. albicansstands for general pollution because it is restricted to
warm-blooded animals: The higher the pollution with
domestic sewage, the higher the cell counts of pathogenic one
in seafood (oysters and mussels). Oil pollution results in
a strong increase ofC. lipolytica, C. guilliermondii, C. tropicalis,
and C. maltosa.

Manmade habitats are food and waste materials.Candida
anatomiaewas found in human corpse in formalin. Candida
boidinii is associated with tanning solutions containing sugars
nitrogenous compounds, and mineral salts (pH 4.0–5.9). The
broad spectrum of differing habitats is demonstrated with
Candida aaseriisolated from the sputum of asthma patient in
Norway, butter in Japan, abscess in the Netherlands, an
seawater from the Indian Ocean.
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Pathogenic Yeasts of the GenusCandida

Although a large number of Candida species have been
described, only a few species occur in humans and othe
warm-blooded animals and are of clinical importance:
C. albicans, C. glabrata, C. guilliermondii, C. krusei, Candida lusi-
taniae, C. parapsilosis, C. tropicalis, C. magnoliae, C. utilis, Candida
dubliniensis, Candida ciferii, Candida haemuloniiand Candida
viswanathii, Candida kefyi, and Candida norvegensis. All are part
of the general body� ora, found in the skin, mouth, vagina, and
intestines, and are not harmful in healthy hosts.

For both super� cial infections (e.g., oral thrush, vaginitis)
or deep-tissue invasions (e.g., endocarditis, endophthalmitis)
host debility (predisposing factors) is more important than
fungal virulence. Single organs may be the subject of fungemi
(e.g., pulmonary candidiasis). Hosts with compromised
immune system are at risk for developing invasive candidiasis
Up to 97% of these blood-stream infections (BSI) are caused
by C. albicans, C. glabrata, C. parapsilosis, C. tropicalis, and
C. krusei.

Candida albicansmost commonly recovered from clinical
samples is endogenous in the oral, gastrointestinal, and
urogenital tracts of humans and is a ubiquitous pathogen of
most warm-blooded animals like poultry, pigs, cattle, dogs,
various primates, and wild animals. Approximately 40–60% of
the adult human populations harbor this yeast. It may be
considered as an obligate, harmless, and often-symptomles
commensal. Its host-free occurrence is rare. Infections i
general are not transmitted through food.

The diploid C. albicansis unable to undergo meiotic divi-
sion to a haploid phase, although mating between strains can
occur, producing tetraploids that undergo unprogrammed
chromosomal loss. Candida albicansreact to alterations of
microenvironment by high rates of genetic recombination and
genetic diversity (reassortment of genome, chromosomal los
and reduplication, gene deletions, additions and trans-
locations). Often, mixtures of related types (genetic diversity)
colonize hosts. Distinct molecular mechanisms, including
tandem gene repeat formations, segmental duplication,
massive genome duplications, and extensive gene losses, m
be involved in strain development. Sharing a common ancestor
of C. albicansand Saccharomyces cerevisiaeallows the adaptation
of genetic methodologies toC. albicans.

Candida albicansyeast forms invasive hyphae at 37� C.
Adherence to epithelial host tissue aided by adhesins is the ke
event in transition from colonization to invasive candidiasis.
Candida glabratagenome encodes at least 23 epithelial adhesin
(Epa) mediating adherence to the host cell, and inC. albicansat
least eight adhesins (Als; as inS. cerevisiae). In infected tissues,
mycelia forms dominate, being less susceptible to antibiotics
and more pathogenic. Mechanisms of the primary attack
include production of acetaldehyde from sugars; disruption of
the intestinal lining, allowing large immunogens to enter; and,
� nally, release of antigenic and toxic substances. Virulence
regulated by quorum sensing that also includes associate
pathogens likePseudomonas aeruginosa.

A chronic super� cial candidiasis often is associated with
malnutrition, pregnancy, and diseases with an impaired
immune system (e.g., diabetes). Deep-seated or system
candidiasis of C. albicans, including two or more organs, is
frequently iatrogenic as a result of hyperalimentation, broad-
spectrum antibiotics, immunosuppressive, or antineoplastic
therapies. The presence of esophageal candidiasis indicates t
progression from HIV infections to AIDS. Emphysematous
gastritis (C. glabrata, C. krusei, C. albicans) is a rare but lethal
clinical entity.

Fungemia and BSI caused byC. glabratahave increased due
to its intrinsic and acquired resistance to azoles and othe
antifungal agents used commonly.Candida kruseishows higher
resistances to these agents which are very effective in treati
infections caused by otherCandida. In people over 60 years of
age more than 33% of BSI of theCandidatype is caused by
C. glabrata. This fungemia appears to be multifactorial with
disparate prevalence.

Although most syndromes associated withCandida infec-
tions are disseminated, de� nite syndromes are associated with
C. glabrata (pyelonephritis, osteomyelitis), C. guilliermondii
(endocarditis), C. parapsilosis, (endocarditis, endophthalmitis),
or C. viswanathii(meningitis). Candida tropicalisand C. krusei
infections occur most often in patients with neutropenia. In
addition, the number of species isolated from immunocom-
promised patients and from BSI increased (C. maltosa,
C. magnoliae). Candida famata, Candida heamulonii, C. krusei,
C. lipolytica, and C. rugosaare reported to be associated with
transient fungemia. Housewives, fruit canners, and workers
handling � sh or having wet hands for long periods of time are
often affected by transient and super�cial infections.

The virulence is strain, but not species, speci�c. In spite of
the fact that pathogenic species– such as those mentioned
thus far – have been isolated from different food products,
there are no reports of negative impact on human health
so far.
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370 CANDIDAj Introduction
Methods of Isolation and IdentiÞcation

The isolation and identi� cation of Candidato the species level
are dif� cult since they are widely distributed, extremely vari-
able, change physiology with growth conditions, and usually
are associated with other yeasts, bacteria, and molds.

Most commonly, glucose containing nonselective media for
yeast separation, cultivation, and enumeration may be used in
the beginning, such as dextrose agar (pH 6.9), dextrose brot
(pH 7.2), Sabouraud medium, dextrose tryptone agar, rice agar
malt extract medium, or plate count agar. Acidi� cation of
these media, preferably with lactic acid or tartaric and citric
acid (10%, � nal pH 3.5), or addition of antibiotics (up to
100 mg l� 1), such as cycloheximide, streptomycin, chloram-
phenicol, and gentamycin, increase the selectivity (lactobac
teria and other yeasts are inhibited). Biphenyl, propionic acid,
and dichloran control overgrowth of � lamentous fungi.
Microscopic enumeration, discriminating between bacteria and
yeast, is hampered by yeast clusters.

The respective source determines subsequent procedure
Isolates from foods with high sugar content prefer to grow on
sugar-rich media; highly osmophilic strains require low water
activity. Isolates from (fermenting) brined foods prefer acidi-
� ed dextrose agar over malt agar. Colony appearance diffe
entiates � lm-forming surface yeasts from fermentative
subsurface ones; the former generally are dull and very rough
Reduction of tartaric acid to 3% allows growth of osmotolerant
yeasts. Temperature tolerance increases with increasing osmo
pressure. Two incubation temperatures, 25� C and 30–32 � C,
should be chosen. Incubation times are generally in the range
of 3–5 days and must be extended for osmotolerant and
osmophilic yeasts to 5–10 days and 14–28 days, respectively.
Special media for lipolytic Candida are available. Candida
lipases are nonlipolytic with tributyrin.

Corn meal agar (with or without supplementation of
Tween) and CROMagarCandida(designed for C. albicans) are
applied in detection and enumeration of opportunistic path-
ogens. CHROMagarCandidais also useful in initial differenti-
ation and enumeration of some foodborne species due to their
speci�c color development and colony structure:C. tropicalis,
Candida zeylanoides, Kluyveromyces lactis, Kluyveromyces mar
ianus, Debaryomyces, Cryptocossus, Torulaspora, Zygosacchraomyc,
and S. cerevisiae.

A large number of speci� c media is available for enumer-
ating Candida in speci� c food products, including in the
brewing industry and wine industry (non- Saccharomycesyeasts
like C. stellata). Schiff ’s reagent is used to detect sul� te-binding
yeasts (acetaldehyde producing once), special media exists f
yeasts from tropical fruits. Enumeration from dairy products
can be done with antibiotic-supplemented media.

For fast detection and initial identi� cation a number of
yeast, identi� cation and data-related management system
are available, based on physiological properties (growth
substrates, morphology, enzymes, oxidases, cell fatty ac
content) and gene sequences polymerase chain reactio
respectively. Species identi� cation is complex as demon-
strated in the routine of the CBS-KNAW Fungal Biodiversity
Centre. Identi� cation is based on morphological, physiolog-
ical, and chemotaxonomic characteristics and� nally sequence
analysis of the D1/D2 domain of the 26S rDNA. DNA
sequencing has become the major classi� cation tool
commonly used.
Importance to the Food Industry

Production and spoiling of food are two sites of Candidathat
are used in the production of fermented food wine and
indigenous food and beverages. They are found in sourdough
in and on milk products, and on meat and sausages. Proteo
lytic, glycosidasic, and pectinolytic activities; production of
secondary metabolites; and lipolytic and urease activities
osmotolerance, broad temperature range, tolerance toward
ethanol and to low water activity are basic properties useful in
food processing.

Fermentation of food for preservation and increasing
nutritive value has been used in Japan, China, Indonesia, India
Latin America, and Africa for a long time. These processe
impart a moderately acidic � avor, form partly small quantities
of ethanol, and feature a quasi symbiotic relation of mostly
lactic acid bacteria and yeasts.Candida, like C. krusei, antago-
nize mycotoxin-producing molds (Penicillium, Aspergillus, etc.)
by substrate competition, inhibition of spore germination, and
so on.

Cereal crops, rice, wheat, maize, sorghum, and barley ar
important in the human diet in countries that rely mainly on
plant sources of protein and energy. In processing of unique
indigenous fermented foods, Candida are strongly involved.
With other yeast species, C. krusei, C. guilliermondii,
C. parapsilosis, C. tropicalis, and Candida saitoanaare associated
in preparation of pozol, a dough from maize grains in Latin
America. African-fermented nonalcoholic mainly maize-based
foods are variants of porridge, dough, or liquid, like ogi,
bogobe, koko and kenkey, mawe, mahewu, uji, kisra, and
enjara. Candida mycoderma(ogi) and C. guilliermondii(enjara)
are major parts of the respective consortia. Dominant micro-
organisms in mawe preparation include lactic acid bacteria,
C. krusei, and S. cerevisiae. Candida belong to consortia
producing Indian and Himalayan fermented foods and drinks.
Candida famataand Trichosporon pullulansare isolated form the
idli batter (rice), both impart the characteristic acidity in dosa
and dohkla, acid-leavened breads made from rice and
black or Bengal gram, respectively.Candida tropicalisand
C. guilliermondiioccur in kanji fermentation. Candida kruseiis
present in the starter for the rice-based chhang, from which
arrack is distilled. The same species is present in the micro� ora
of fermented food based on milk, in fruits, or in vegetables.
Candida vartiovaarae, C. krusei, C. famata, C. parapsilosis, and
other species are found in various legume-based fermentations

Formation of alcoholic cereal-based beverages has a long
standing tradition. Tesgüino or tejuino, going back to the Aztec,
is prepared by fermentation of germinated maize or maize stalk
juice by yeast species, includingC. guilliermondii. Fermentations
of agave juices by a yeast consortium (S. cerevisiae, Kloeckera
africana, C. magnolia, C. krusei, and others) transform the must
into an alcoholic aromatic product to be distilled (tequila).
Burukutu is a popular alcoholic beverage of a vinegar-like� a-
vor in Eastern Africa. After the 2-day maturing periodAceto-
bacter and Candida dominate. The Indonesian Brembali,
a liquid alcoholic sour, is made from glutinous rice with Mucor
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CANDIDAj Introduction 371
indicusand Candida. Candidaalso participate in fermentation of
beverages sake, mead, tee kvass (Russia), ke� r (Caucasus
region), koumiss (Asia), or leven (Egypt) as well as in the
fermentation of Lao-chao, a Chinese alcoholic beverage from
rice with a sweet taste and fruity aroma, as well as in the
fermentation of Malaysian tapai. Fermentation of seeds of
� nger millet to produce kodo ko jaanr (Himalayas) demands
amylolytic activities of C. glabrata. Candida lactosa(amylolytic
activities) is known from other fermentations, such asTorulopsis
from rice wine.

Candidaplay an important role in fermentations of olives,
brined cucumber, cured meat, and fruit wine from other
regions contributing to the � avor and increasing the content of
proteins, vitamins, and so on.

Japanese fermented food has a high salt content. In so
sauce fermentation,Candidametabolize decomposed proteins,
starch and lipid, made by the Koji enzymes presence o
180 gl� 1 NaCl. Candida famata and Candida polymorpha,
producing considerable amounts of glycerol, are detected in
young soy mash.Candida rugosa, C. tropicalis, C. stellata, Candida
solani, and Candida parapsilosiswere coisolated.Candida versa
tilis and Candida etchellsiiare able to ferment galactose, sucrose
or maltose in high-saline media. These consortia produce the
rich aroma of soy sauces in the second stage of fermentation
Candida versatilis, Candida gropengiesseri, and C. etchellsiiare
involved in miso fermentation at 50 –130 gl� 1 salt. In matured
moromi, C. versatilisand C. etchellsiiproduce various additional
phenolic compounds. Flavor quality increased with time of
fermentation. Candida inconspicusis isolated during all phases
of the process. Although osmotolerant Zygosaccharomyc
rouxii conducts ethanol fermentation, Candida contribute to
characteristic � avors (phenolic compounds); formations of
glycerol and phenolic compounds are responses to high
osmolarity.

Heterofermentative sourdough is composted of autoch-
thonous consortia covering lactic acid bacteria and yeasts–
mostly S. cerevisiae, C. krusei, Candida milleri, Candida humilis,
and C. lipolytica. In this complex fermentation, yeast’s primary
and secondary metabolites contribute to bread� avor and affect
the organoleptic characteristics as well as the overall appea
ance of the � nal product (crust color, crumb texture, and
� rmness of the bread).

Natural evolved populations of spontaneous cocoa and
coffee fermentation, respectively, display the interaction of the
microbiota demonstrating both yeast–bacterial and yeast–yeast
interactions. These fermentations are dominated by both lactic
acid and acetic acid bacteria, and by yeasts in a de� nite
sequence of appearance that determines individuality and
product quality. In cocoa fermentation, Candida(e.g.,Candida
catenulata, C. famata, C. norvegensis, Candida holmii, C. krusei,
C. parapsilosis, and C. zeylanoides) are dominant after 24 h.
Pectinolytic enzymes of C. zeylanoides(polygalacturonidase)
and C. famata (pectin methylesterase), contribute to the
degradation of pectin giving pulp’s texture. Metabolization of
citric acid by strong fermentative yeasts (alsoPichia) increases
pH, which promotes bacterial growth. Raised ethanol level
ceasesCandidagrowth. Candida rugosais present until the end
of the fermentation at temperatures up to 50� C. In wet coffee
fermentation, autochthonous C. guilliermondiidominates over
other pectinolytic yeasts (C. tropicalis, C. parapsilosis, Candida
pelliculosa, C. boidinii). In dry processes,Candidaaccounts for
more than 20% of total yeasts.

In spontaneous fermentation of grapes, indigenous specie
frequently associated with wine dominate (103–106 cfu ml� 1

fresh most; pH 3.5, sugar concentrations up to 200 gl� 1; e.g.,
C. sake, Candida vini, and C. versatilis), others are fortuitous.
Candida famatasettles the surface of wine grapes. Extracellula
pectinases, glucosidases, proteases of these non-Saccharomyce
yeasts, facilitate the clari� cation and stabilization of must and
wine, and they prevent incomplete fermentation by nitrogen
supply. Exo- and endoglucosidases and polygalactosidase
C. stellata are important in the degradation of ß-glucans
produced by Botrytis cinerea. Non-Saccharomycesyeasts
contribute signi� cantly to wine quality, complexity and indi-
viduality, body, aromas, and � avor by affecting the analytical
composition as well; succinic acid and glycerol affect the body
of the wine (C. stellata); and acetaldehyde (C. krusei, C. stellata)
and acetate esters affect the wine aroma (Candida pulcherima).
Changes to anaerobicity, sulfur dioxide, depletion of nutrients,
and ethanol concentration (>5 –7%) result in a decline of non-
Saccharomycesyeasts (106–107 cfu ml� 1). SomeCandidaare less
sensitive to ethanol at lower temperatures. Spoilage of othe
wines by � lm-forming Candidaduring storage usually presents
a cosmetic problem. In sherry-style wine processing, surfac
� lm-forming yeasts form � avor components (aldehydes).

In traditional balsamic vinegar production C. lactis-condens
and C. stellataproduce ethanol from fructose. High concen-
trations of glycerol, succinic acid, ethyl acetate, and acetoi
(C. stellata) shape the aromatic pro� le of traditional vinegar.

The dairy yeast, Candida kefyr, dominates in natural
fermentation of milk. It has been coisolated from Rob (Suda-
nese) and Amasi (Zimbabwe).Candida kefyr, C. lipolytica, and
C. stellataparticipate in Nunu fermentation (Ghana). Potential
pathogens are eliminated in the progress of fermentation.

Proteolytic and lipolytic activities and fermentation of
residual lactose byC. lipolyticaand C. zeylanoides, for example,
contribute to � avor and texture development during matura-
tion of cheese and in the production of fermented milks, such
as ke� r and koumiss.Candida kefyris found in cheeses.Candida
zeylanoidesand C. lipolyticaare isolated from surface-ripened
cheese (including Camembert and blue-veined cheese
Candida lipolytica, mostly present in high-fat products, has
positive sensory effects on Raclett cheese as well as on low
cheeses and produces brownish pigments in cheeses. Prope
made ke� r contains yeasts (105–106 cfu ml� 1) like C. kefyr,
lactobacilli, streptococci, and acetic acid bacteria. Koumiss is a
alcoholic beverage made from mare milk with participation of
C. kefyr.
Food Spoiling

The public health signi� cance of yeasts in foods is considered
minimal or negligible by most authorities. Candidalike other
yeasts dominate, where bacterial spoiling is prevented by high
acidity, high sugar or high salt contents, products with weak
acids, and frozen products. Yeast spoiling affects food
quality (off- � avor, surface bio� lms, distractions of texture, gas
production, etc.) and increases chances for less adapte
bacteria (including micrococci and coryneforms) and molds.
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Table 2 Examples of spoilingCandidaspecies frequently isolated
from foods

Food from whichCandida
yeast isolated Examples ofCandidaspp. characterized

Meat
Red meat; poultry meat C. zeylanoides
Processed meat
Minced beef, pork, lamb C. famata
Preferred in high salt

(> 4%) bacon
C. rugosa, C. lipolytica, C. zeylanoides,

C. famata
Low salt bacon C. tropicalis, C. krusei
Khundi, smoked meat

(Nigeria)
C. albicans, C. famata

Sausage C. lipolytica, C. rugosa, C. apis C. famata
(Germany)

C. lipolytica, C. intermedia, C. parapsilosis
(Spain)

C. lipolytica, C. zeylanoides,
C. gropengiesseri(Italy)

Seafood
Shell� sh, oysters, quahogs,

mussels, crabs
C. albicans, C. parapsilosis, C. sake,

C. stellata, C. tropicalis, C. glabrata,
C. inconspicua

Dairy products
Soft and fresh cheese C. parapsilosis, C. sake, C. lipolytica
Cheese C. famata
Italian cheese (cow, buffalo,

goat)
C. kefyr, C. sphaerica, C. famata,

C. lipolytica, C. colliculosa
Retail cheese C. lipolytica, C. famata(same regions in

Egypt:C. albicans, C. tropicalis,
C.parapsilosis)

Yogurt C. famata, C. versatilis, C. lusitaniae
Fruits and vegetables C. haemulonii, C. sake, C. famata, C. krusei,

C. stellata
Fruit juices, soft drinks C. tropicalis, C. sake, C. apicola, C. krusei,

C. magnoliae, C. davenportii,
C. parapsilosis

Concentrated juices C. magnoliae, C. krusei
Nonalcoholic beverages C. parapsilosis, C. krusei, C. valida,

C. holmii, C. inconspicua, C. famata,
C. vini

Food with high sugar
content

C. mogii, C. apicola, C. bombicola, C. lactis-
condensi(osmotolerant)

Sugar C. apicola
Syrups/molasses C. valida
Chocolate syrup C. etchellsii, C. versatilis
Jam C. cantarelli
Beer C. pelliculosa, C. utilis
Mayonnaise, salad

dressings, mixed salads,
tomato sauces

C. parapsilosis, C. famata, C. difßuens,
C. lipolytica, C. sake, C. stellata,
C. zeylanoides, C. krusei
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Biochemical and physiological features ofCandidaare funda-
mental in food spoiling that mostly proceeds as surface growth
(C. parapsilosis, C. zeylanoides); Table 2 summarizes examples of
food spoilers.

Candidamay form glycerol, higher alcohols, organic acids,
esters, or diacetyl and affect� avor. Under more oxidative
conditions aldehydes, ketones and acids are produced. Th
conversion of phenylalanine into phenethyl alcohol gives
a distinctive aroma (cheese). Organic sul� des and H2S from
sulfur-containing amino acids result in a foul smell. The action
of extracellular enzymes like pectinases, lipases, or proteas
alters texture.

During the processing of fresh meet and storage
progressively basiomycetous yeasts are replaced by ascom
cetous yeasts. Meat salting, curing, and fermentation (acidity
and nitrate) bene� t Debaryomycesand Candida. Lipolytic and
proteolytic activities may impair sensory characteristics
including off-odors, slime, discoloration, and surface colo-
nization. Metabolization of nitrate or nitrite, added for meat
conservation, enables bacterial spoiling.Candida (< 3% of
the microbial � ora) are isolated from pastures,� eece, and
carcass surface.Candida famata, C. glabrata,Candida mesen
terica, and C. curvata found on lambs were outgrown
by C. zeylanoidesat �5 � C. Candida lipolyticaand Candida
lambicaaccount for more than 80% of the yeasts� ora on
fresh beef and pork.Candida zeylanoidesis strongly present in
acidic meat.

In Germany and Spain, Candida dominate over Debar-
yomycesin colonizing sausages butDebaryomycesdominates in
Italy. A majority of C. famata(52%) was shown on Southern
Italian salami. Settlement on sausage (inhabitable by garlic
powder) is accompanied by the formation of � avor
compounds and causes a decrease of total free fatty acid
which reduces potential to rancidity.

Freezing of meat (e.g., turkey carcasses;� 5 to �10 � C)
increased the proportion of C. zeylanoidesamong the microbial
� ora from initially 5% to >90%. In nearly all processed meat
(salted, vacuum packed, stored refrigerated:�4 to 7 � C)
Candidaspecies develop well. Treatment of poultry meats with
antibiotics stimulates yeast growth.

Cell counts of Candidaincreased with long-term storage of
refrigerated fruit, damaged fruit, or fruit juices.

Yeast colonizes cheese surfaces (up to 109 cfu g� 1). Spoiling
results mainly in fermentation of lactose (and sucrose) and
hydrolysis of casein and fat. Utilization of lactic acid increases
pH, resulting in overripening. Candidaspoilage in dairy prod-
ucts is commonly noticeable by gas production, off-� avors,
discoloration, change in texture, and surface slime with or
without pigmentation. Fermentative Candida are present in
sweetened and condensed milk;Candida veratilis, C. kefyr, and
C. lipolyticaare isolated from raw milk, and C. magnoliaeand
C. parapsilosisare isolated from quark and yogurt with fruit
base. Appearance in soft and fresh cheese is most common wit
gassy and� avor defects. Representatives were isolated from
Italian cow and buffalo cheeses, respectively.Candidadomi-
nate the surface of goat cheese. As an important component o
the maturation of microbiota, the outgrowth of individual
strain may differentiate between bene� t and spoilage in
cheeses.

Candidaspoilage in yogurt causes yeasty and bitter off-� avors,
andgassy or frothy texture. Containersstart swelling at cell count
above 105 cfu g� 1. Explosion of packages (CO2 production) or
gross alterations in food appearance may happen. Similar effect
maybe observed for mayonnaise and salad dressings. High acid
mayonnaise does not support yeast growth; the addition of fruits
and other ingredients reduces acidity and introduces metabo
lizable substrates, inviting Candida. Species participate in
softening of brined vegetables, like sauerkraut or pickles
Fermentation or formation of pellicles and sediments indicate
Candidaspoiling in nonalcoholic beverages.
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Yeasts are present on fruit surfaces (102–106 cfu cm� 2).
Candida famata, C. guilliermondii, Candida oleophila, and C. sake
are dominant on citrus fruits. Banana, avocado, pears, guavas,
amazon fruit, and tomatoes also are settled with the preference
to damaged tissues. The density of surface yeast increases to
107–108 cfu ml� 1 with processing. Spontaneous fermentation
will be initiated and will be taken over by S. cerevisiae at
increased ethanol level.

Candida species are typical spoilers in nonalcoholic bever-
ages. The water activity of soft drinks is with 0.999 (sucrose)
and 0.990 (glucose) not stressful. Osmophilic Candida grow at
aw > 0.85. Species are found in orange and citrus juices (pH 3,
high sugar concentration) and in fermented pasteurized pine-
apple juice, guava, and passion fruit nectar as well. Candida are
present in or on concentrates, canned fruits, dried fruits, glazed
fruits, ready-to-eat meals, and fruit salads.

Candida belongs to the most common isolates in breweries
and spoilers of beer: Formation of alkohols, aldehydes, ester,
organic acids, ketones, and sulfur-containing compounds will
have sensory implications. Additional adverse effects are hazy
beer, bio�lm formation, and gushing. The �lm forming
C. mycoderma grows at low oxygen content and produces high
levels of ethyl acetate.

Species act as killer yeasts in beer- and winemaking by toxin
production that binds to the cell wall: Nearly 1% of killer strain
may wipe out a production strain.

The high physiological potential and speci�c properties of
Candida make it dif�cult to select effective preservation agents
or methods. Application of environmental stresses may result
in additive or synergistic (interactive) effects. Stationary cells
generally are less sensitive to physical and chemical stresses like
exponentially growing cells. Heat treatment is more effective
than refrigeration but depends on environmental conditions
like the type of fruit juice, its concentration, and the presence of
preservatives and antioxidants. The addition of sucrose reduces
the ef�ciency. At low water activity, osmotolerant yeasts
(C. lactis-condensi) are less sensitive to higher temperatures. Cell
exposed to sublethal doses may initiate adaptive mechanisms.
Acidi�cation by citrate and lactate stimulates yeast growth in
and on meat. The combination of sorbic acid, acetic acid, and
benzoates, on the one hand, and citric acid and lactic acid, on
the other, may reveal synergistic inhibitory effects.

Physiological properties of Candida demand prevention and
minimization of contaminants as key requirements in the
management of yeast spoilage.
See also: Bread: Sourdough Bread; Yarrowia lipolytica (Candida
Lipolytica); Cocoa and Coffee Fermentations; Ecology of
Bacteria and Fungi: In� uence of Available Water; Ecology of
Bacteria and Fungi in Foods: In� uence of Temperature;
Ecology of Bacteria and Fungi in Foods: In� uence of Redox
Potential; Ecology of Bacteria and Fungi in Foods: Effects of
pH; Fermentation (Industrial): Production of Some Organic
Acids (Citric, Gluconic, Lactic, and Propionic); Fermentation
(Industrial): Production of Oils and Fatty Acids; Fermentation
(Industrial): Production of Colors and Flavors; Fermented
Foods: Fermentations of East and Southeast Asia; Fish:
Spoilage of Fish; Molecular Biology in Microbiological Analysis;
PCR Applications in Food Microbiology; Single-Cell Protein:
Yeasts and Bacteria; Spoilage Problems: Problems Caused by
Fungi; Torulopsis; Yeasts: Production and Commercial Uses;
Fermentation (Industrial): Production of Oils and Fatty Acids.
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General Characteristics

The yeast genus Yarrowia consists of a single species. Yarrowia
lipolytica commonly is found in a variety of meats and dairy
products, especially sausages and cheeses. It tolerates low pH,
gastric juice, and bile salts, and it can be isolated from the
mouth, lungs, and intestinal tract, but it is also found in soil,
seawater, and hypersaline lakes. As a dimorphic yeast, Y. lip-
olytica produces not only multipolar budding cells but also
mycelia with septate hyphae (Figure 1). Partial anaerobiosis in
the presence of N-acetylglucosamine stimulates some strains to
make the yeast to mycelial transition, but growth on hydro-
carbons stimulates the mycelial to yeast transition. Mutations
in the SEC14 and GPR1 genes and deletion of the XPR6 gene are
linked with the yeast to mycelial transition, but the roles of
their protein products in this transition are unknown. Yarrowia
lipolytica also produces pseudohyphae, which are budding cells
that remain attached to each other. The cells may form bio�lms
in several different habitats, especially in the presence of
glucose, glycerol, erythritol, lactate, and vegetable oils.

Yarrowia lipolytica is classi�ed in the phylum Ascomycota,
the class Saccharomycetes, and the order Saccharomycetales; its
familial position is uncertain. It represents the teleomorph
(ascospore-producing form) of Candida lipolytica, the name
given to the anamorph (imperfect form). Yarrowia lipolytica also
has been classi�ed formerly as Saccharomycopsis lipolytica and
Endomycopsis lipolytica. Cells of both mating types, MatA and
MatB, are required for the production of asci and ascospores,
which have different shapes depending on the strain. High
sporulation rates can be achieved on yeast extract–malt extract
(YM) and V-8 juice media as well as on media containing 1.5%
sodium citrate as the sole carbon source. Limitation of nitrogen
is not required for sporulation as in the baker’s yeast
Figure 1 Yarrowia lipolytica. Differential interference contrast micro-
graph of budding cells and hyphae, isolated from refrigerated meat. Bar =
5 mm. Courtesy of R.B. Simmons, Georgia State University.
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Saccharomyces cerevisiae. The sugar of the cell walls is mainly
galactose, and the structural lipids of the membranes contain
fatty acids with linoleic acid but not a-linolenic acid. Yarrowia
lipolytica is one of a small number of yeasts that produce the
ubiquinone coenzyme Q-9.

The G þ C content of the DNA of Y. lipolytica has been
measured as 49.6–51.7%. Both the chromosomal and mito-
chondrial genomes of selected strains of Y. lipolytica have been
sequenced. The genome of strain CLIB122 contains six chro-
mosomes with a total of 6700 genes, about 1000 of which are
similar to those of S. cerevisiae. The genomic organization of
those strains that have been studied shows conservation of the
basic chromosomal structure. The internal transcribed spacer
(ITS1 and ITS2) regions of the DNA, which are noncoding
regions, have been ampli�ed by the polymerase chain reaction
(PCR) for several strains and then were analyzed. Although the
lengths and numbers of the chromosomes of different strains
may be variable, the ITS sequences are nearly identical.

The metabolism of Y. lipolytica is strictly aerobic; it can grow
on glucose, sucrose, glycerol, mannitol, acetate, pyruvate,
citrate, lactate, succinate, or casein in aerated cultures, but it is
unable to ferment sugars anaerobically like S. cerevisiae. It
metabolizes a great variety of food ingredients and other
substrates, including proteins, lipids, and hydrocarbons, via the
tricarboxylic acid cycle. The cells usually can grow on L-methi-
onine and some strains grow on N-acetylglucosamine, gluco-
nate, or sorbitol. Most strains produce colonies in 5 days or less
at pH 3.5, but some are able to grow at pH 2.0–8.0. Occasional
strains can tolerate up to pH 9.7. Many strains are psychro-
trophic, growing in refrigerated foods at 5 �C, but they also grow
well at room temperature. Only a few strains can grow at 37 �C.

Yarrowia lipolytica grows in foods with high salt concentra-
tions, even in the presence of 7.5% NaCl, and some strains will
grow even at 15% NaCl. This yeast also grows on carrot juice,
celery by-products, radish sprouts, grape must, and currants.
Production of the mycelial form usually is favored by growth
on media containing N-acetylglucosamine and synthesis of
lipase is favored by growth on media containing citrate, but
there does not appear to be a connection between the forma-
tion of mycelium and the production of lipase. Growth on
hydrocarbons or the long-chain fatty acids palmitate, stearate,
and oleate favors production of the yeast form. Cultures of
Y. lipolytica adsorb metals and have been proposed for use in
the bioremediation of wastes containing heavy metals,
including Cr, Fe, Ni, Cu, Zn, and Cd. Growth in media con-
taining 1 mM aluminum potassium sulfate may inhibit
mycelial formation in yeast-form cultures of Y. lipolytica.

A small number of clinical studies have shown that
Y. lipolytica occasionally is pathogenic but has low virulence. It
has caused infections of the mouth, eye, and bloodstream, and
it may also infect patients with catheters or other indwelling
medical devices. Yarrowia lipolytica appears, however, to be
harmless to people with healthy immune systems.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00056-2
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Table 1 Foods that frequently containY. lipolytica

Beef (ground)
Butter
Cheese
Chicken
Crab
Cream
Fermented milk products (amasi, kumis, etc.)
Ham
Ke�r (or kefyr)
Lamb (ground)
Margarine
Milk (cow, ewe, goat, and mare)
Mussels
Sausage
Seafood
Turkey
Yogurt
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Methods for IdentiÞcation in Foods

The presence ofY. lipolyticain foods can be shown phenotyp-
ically, by isolating colonies on agar media, or its DNA
sequences can be recognized by a variety of genotypic method

In most phenotypic isolation methods for Y. lipolyticain
foods, colonies are isolated either by streaking or by dilution
plating on agar. Three examples of media that commonly have
been used to isolate this and other yeasts from food samples ar
tryptone glucose yeast extract agar, YM agar, and dichloran ro
bengal chloramphenicol agar. Crystal violet, malachite green
chloramphenicol, and oxytetracycline sometimes are used a
selective agents in growth media to favor the growth of
Y. lipolytica.

A differential medium containing peptone, yeast extract,
L-tyrosine, MnSO4, and lactic acid can be used to recognize
colonies of Y. lipolytica, which are distinguished by the
appearance of a brown color around the colonies. The color is
due to Y. lipolyticaconverting L-tyrosine to homogentisic acid
via p-hydroxyphenylacetaldehyde andp-hydroxyphenylacetic
acid. Homogentisate then is oxidized to produce the melanins
responsible for the brown color.

The species of yeasts in foods can be identi� ed by their
morphological and physiological characteristics, by consulting
published descriptions of the species of yeasts and comparin
the new isolates with type cultures of those species. They als
can be identi� ed by biochemical characteristics by using
a variety of commercial systems that use automated tests wit
special software, but these systems mostly have been develop
for clinical strains of yeasts and are not as reliable fo
foodborne yeasts. Fourier transform infrared spectroscop
(FTIR) has been used to identify populations of yeasts, in
cluding Y. lipolytica, in cheese. Although techniques using
CHROMagar� Candida and matrix-assisted laser desorption–
ionization time-of- � ight (MALDI-TOF) mass spectrometry
have been investigated for the identi� cation of clinical yeasts,
these methods have not yet been adapted forY. lipolyticaor
other typical foodborne yeasts.

Genotypic methods that have been used for identi� cation of
yeasts in cheeses and other foods include the PCR ampli� cation
of selected genes, including the ITS1 and ITS2 regions� anking
the gene encoding the 5.8S ribosomal RNA (rRNA) of the large
ribosomal subunit. PCR also may be used to amplify either the
hypervariable D1/D2 domain of the gene encoding the 26S
rRNA of the large subunit or the gene encoding the 18S rRNA o
the small subunit. From the PCR amplicons, the yeasts can b
identi � ed by the PCR product size (350 bp forY. lipolytica) and
restriction pattern analysis (e.g., the restriction enzymesHinfI
and HaeIII produce fragments of 200 and 150 bp) as well as by
gene sequencing. Fluorescencein situhybridization probes have
been used to detect the genes ofY. lipolyticain cheese.

Random ampli� cation of polymorphic DNA (RAPD) is
another PCR technique that often can distinguishY. lipolytica
from other yeasts in foods. Using enterobacterial repetitive
intergenic consensus sequences as primers, RAPD is able
discriminate patterns associated with yeast strains from mea
products. The patterns can be organized into groups tha
usually are correlated with the different origins of the strains.
RAPD also has been used to analyze the D1/D2 domain of the
gene encoding the 26S rRNA of yeasts.
Pulsed-� eld gel electrophoresis has been used to separa
the chromosomal DNA of strains of Y. lipolyticainto bands that
show the variability of the genome.

Ampli� ed ribosomal DNA restriction analysis has been
used for identi� cation of dairy yeasts. When PCR is performed
with the primers ITS1 and ITS4, it produces amplicons of
375 bp representingY. lipolytica. With the restriction enzymes
Hin6I, HinfI, or BsuRI, additional diagnostic fragments are
produced.

Restriction fragment-length polymorphism analysis of the
ITS regions, 5.8S rDNA, and 18S rDNA amplicons also ha
been used but may not separate all species of yeasts in me
products.
Isolation from Meat Products

Poultry, ground beef, ground lamb, sausage and other dry
cured meat products, crabs, mussels, and several types of� sh
frequently contain Y. lipolytica(Table 1). Even meat products in
cold storage may harbor slow-growing cultures ofY. lipolytica.

In refrigerated chickens and turkeys, 39% of the yeas
isolates consist of strains ofY. lipolyticathat are able to grow at
5 � C. Comparable numbers can be found in fresh, frozen,
smoked, and roasted chickens and turkeys.

In dry-cured ham and sausages,Y. lipolytica is typically
abundant. Although cultures may be obtained from raw ham,
high numbers found in cured ham often are associated with
spoilage. Yarrowia lipolyticatolerates the sulfur dioxide that
often is added to unfermented sausages and also is found in
many types of fermented sausage.Yarrowia lipolyticasometimes
is combined with the yeastDebaryomyces hanseniiand the lactic
acid bacterium Lactobacillus plantarumin starter cultures for
pork sausages because its lipases produce free fatty acids a
other volatile compounds that add � avor to the product. It also
has proteases that cause an increase in low-molecular weig
peptides. In some but not all countries, the polyene antibiotic
natamycin (pimaricin) is permitted to be used on sausages as
a surface preservative, where it acts as an inhibitor o
Y. lipolytica.
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Isolation from Dairy Products

Nearly all dairy products produced from cows, goats, mares
and ewes milk, including cream, butter, cheese, and yogurt
may be expected to harborY. lipolytica(Table 1). This yeast is
common in raw milk, growing on casein at refrigerator
temperatures, although its proteolytic and lipolytic activities
are lower at reduced temperatures. Strains ofY. lipolyticaiso-
lated from butter usually have the ability to grow on
N-acetylglucosamine, gluconic acid, and sorbitol; these char
acteristics appear to be correlated with the source of the strain
If milk contains a suf� cient supply of L-methionine, Y. lipolytica
produces ethanol, methionol (3-(methylthio)-1-propanol),
and other � avor compounds.

Amasi (a naturally fermented goat’s milk from Zimbabwe)
and kumis (a naturally fermented mare’s milk from central
Asia) usually containY. lipolytica, which breaks down lipids and
produces volatile organic compounds. This yeast also typically
is found in ke� r (a fermented milk beverage from Russia,
eastern Europe, and central Asia). The presence ofY. lipolyticain
fermented milk enhances survival of the lactic acid bacterium
Lactobacillus rhamnosus. Pressure at 300 mPa reduces th
numbers of Y. lipolyticain fermented milk, but the numbers
recover after 3 weeks.

About 15% of yogurt samples contain Y. lipolytica; it
enhances the stability ofLactobacillus bulgaricuscultures some-
what in the yogurt but declines in numbers with time.

Most cheeses are prime habitats for yeasts.Yarrowia lipolytica
is one of the predominant yeast species in Gouda, Camembert
Brie, and blue cheese, and it also commonly is found in a wide
variety of other soft and hard cheeses. It prefers amino acids fo
growth; the cells also will grow on lactic acid made by lacto-
bacilli in the cheese, but they will not grow on lactose.Yarrowia
lipolyticais used in starter cultures with lactic acid bacteria and
other yeasts for some cheese varieties, such as Cheddar. Thi
because it produces so many proteolytic and lipolytic enzymes
and has the ability to grow in the presence of high salt
concentrations at low temperatures. It produces ethyl esters o
oleic and palmitic acids, which add fruity � avors to soft curd
cheese. Mixed cultures ofY. lipolyticaand two other yeasts
produce the aroma of Cantalet cheese by making ethanol, othe
alcohols, and esters. In Danish cheeses,Y. lipolyticaproduces
4-methylthio-2-oxobutyric acid, methanethiol, dimethyldi-
sul� de, dimethyltrisul � de, 2-pentylfuran, hexylfuran, 2-
propanone, 2-butanone, and limonene. Production of the
sul� des is enhanced by NaCl.Yarrowia lipolyticamay inhibit the
growth of the pathogenic bacterium Listeria monocytogenesin
soft cheeses, but a cell-free extract from a blue cheese strain
Y. lipolyticastimulates the growth of bi� dobacteria. FTIR spec
troscopic analysis and free fatty acid pro�les have been used to
compare the effects of different strains of this and other yeast
on the quality of cheese during ripening.

Some strains of Y. lipolyticaproduce pigments, such as
melanins, when they metabolize L-tyrosine. Ornithine,
phenylalanine, tyrosine, and lysine are decarboxylated to the
biogenic amines putrescine, phenylethylamine, tyramine, and
cadaverine, respectively, but histidine apparently is not con
verted to the common allergen, histamine.

At the cheese surface, or in cottage cheese or yogu
Y. lipolyticacan be inhibited by a� lm of whey protein containing
natamycin or by the yeast killer toxins produced byD. hansenii.
This inhibition is counteracted by sucrose esters of fatty acids.

Although the yeasts found in cheese adversely may affect th
health of immunocompromised patients, they should be safe
for healthy persons.
Involvement in Spoilage of Foods

Several aerobic yeasts, includingY. lipolytica, have been asso-
ciated with surface spoilage of sauerkraut, olives, macaroni an
potato salads, meats, cream, butter, margarine, mayonnaise
refrigerated � sh and shell� sh, � sh oils, carrot juice, radish
sprouts, currants, vegetable oils, and cheese.Yarrowia lipolytica
metabolizes the proteins in these affected foods to free amino
acids, and the fats to glycerol plus free fatty acids, usuall
producing various off-odors.

Meats may be spoiled by the growth of this and other yeasts
A large portion of the spoilage yeasts found in refrigerated
chicken and turkey at 5� C are Y. lipolytica, due to its decom-
position of proteins and lipids. Yarrowia lipolyticais associated
with spoilage of ham, including vacuum-packed, sliced, and
dry-cured ham. It also is found in spoiled ground beef.

Although Y. lipolyticais used in the production of many
varieties of cheeses, in Feta cheese it produces an undesira
aroma due to 1-octen-3-ol and 2-phenylethanol. It causes
spoilage of fresh lactic curd cheeses, even at low temperatur
in the presence of the preservative sorbate, and it contaminate
smear-ripened cheeses. Cheese samples containingY. lipolytica
may have an unpleasant odor due to its production of
ammonia, volatile sulfur compounds, and free amino acids.
The ammonia raises the pH signi�cantly. When it metabolizes
L-tyrosine, Y. lipolyticaproduces a brown pigment in various
cheeses, and it also spoils the� avor of yogurt.

The effects of various growth conditions and preservative
on food spoilage by yeasts have been studied. Some of th
problems for food preservation are thatY. lipolyticagrows at pH
2.0–8.0, has high NaCl tolerance at pH 5.0–7.0, and is some-
what tolerant of the preservatives sodium benzoate and
potassium sorbate. A food spoilage model study indicated that
pH, sodium benzoate, and potassium sorbate concentrations
are signi� cant interacting factors controlling the probability of
Y. lipolyticagrowth in cold beverages. Whey protein� lms added
to cheese also may reduce spoilage. Oils from cinnamon, clove
thyme, marjoram, peppermint, basil, and sage inhibit the
growth of Y. lipolyticaand other yeasts, but they have been
unsuccessful in preventing the spoilage of refrigerated poultry
Conversion of Fats, Oils, and Hydrocarbons

As expected, the degradation of fats and oils is a specialty o
Y. lipolytica.It produces lipases and bioemulsi� ers, such as the
glycoprotein liposan, that allow it to grow on vegetable oils,
animal fats, and cheeses. In the food industries, it converts wast
fats and oils to citric acid and other value-added products. It has
been used to metabolize wastes from the soybean oil, olive oil,
palm oil, vegetable processing, pineapple canning,� sh process-
ing, and other industries. Free cells, as well as cells immobilized
in calcium alginate, have been used for bioremediation of olive
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mill and palm-oil mill ef � uents. These substrates are converte
by Y. lipolytica� rst to glycerol and fatty acids and then to citric
acid. Coconut oil and palm kernel oil, which contain lauric and
myristic acids, induce cells in the yeast form to convert to the
mycelial form. The lipids produced by Y. lipolyticacan be used as
a cocoa butter substitute.Yarrowia lipolyticaconverts� sh waste to
higher-quality � sh meal, and an immobilized lipase from this
yeast has been used to hydrolyze� sh oils.

A strain of Y. lipolyticawith resistance to bile salts is some-
what resistant to stomach acids (pH 1.2). It adheres to cultures
of human colonic epithelial HT-29 cells, although not to Caco-2
cells, and has been suggested for possible use as a probiotic
assimilate cholesterol in the intestine.

Numerous genes in Y. lipolyticaencode enzymes for the
utilization of fats, oils, and other hydrophobic materials, even
including crude petroleum. Five of the cytochrome P450 genes
in Y. lipolyticaare induced by alkanes and can hydroxylate
hydrocarbons, including n-decane,n-dodecane,n-tetradecane,
n-hexadecane, and n-octadecane. n-Dodecane and other
hydrocarbons favor growth in the yeast form, at least in some
strains. When grown on alkenes, such as 1-hexadecene
1-heptadecene,Y. lipolyticais involved in the oxidation of
terminal methyl groups, epoxidation of double bonds, and
oxidation of subterminal carbon atoms. Cultures of Y. lipolytica
also may play a critical role in the degradation of environmental
hydrocarbons by producing biosurfactants and bioemulsi� ers.

When tested with aromatic hydrocarbons, Y. lipolytica
oxidizes naphthalene to 1-naphthol and other products, and
it oxidizes benzo(a)pyrene to the 3- and 9-hydroxylated
derivatives. Yarrowia lipolyticadegrades at least one othe
aromatic hydrocarbon, biphenyl, which is hydroxylated to
4-hydroxybiphenyl and other metabolites, and then the ring
may be cleaved by some strains to produce 4-phenyl-2-pyrone
6-carboxylic acid. Yarrowia lipolyticaalso degrades some
heterocyclic compounds and phenols, including dibenzofuran,
phenol, and 4-chlorophenol, by hydroxylation and subsequent
ring cleavage. It even degrades residues of the explosive nit
compound 2-,4-,6-trinitrotoluene by reducing both the nitro
groups and the aromatic ring.
id
se,
f

for
-

of
e

.

n

f
.

y-
Production of Enzymes, Organic Acids, and Lipids

Various enzymes, organic acids, and lipids are produced from
food substrates byY. lipolytica. For instance, when growing in
cheeses, it makes at least one alkaline protease, three ac
proteases, a neutral protease, a ribonuclease, at least one lipa
and an acid phosphatase. Glucose reduces the production o
extracellular alkaline protease, but it enhances the production
of ribonuclease. In addition to these enzymes, which have
various industrial uses, Y. lipolyticaproduces citric acid and
lipids that are used in the food industry.

There are 16 genes for lipases inY. lipolytica; the most
important is the one for the glycosylated serine hydrolase Lip2p
(YlLip2), which also has been cloned experimentally into other
yeasts to achieve enhanced expression. Lipases are known
the hydrolysis of fats, but they also are capable of trans
esteri� cation, forming methyl esters from oils, and of the chiral
synthesis of esters. These enzymes are used in the production
cheese, butter, and margarine. Extracellular lipase may b
produced in cultures grown on stearin, a tallow derivative;
waste cooking oil enhances lipase production. Cultures may be
grown on rapeseed (canola) oil mixed with animal fat; the
rapeseed oil content should be about 5 g l� 1 for optimal
production of lipase. Fish oil also is hydrolyzed by yeast lipase
and releases omega-3 fatty acids. A preparation ofY. lipolytica
lipase with gum arabic and milk powder, which is highly
resistant to digestive enzymes, has been developed as a reme
for exocrine pancreatic insuf�ciency.

Many strains of Y. lipolyticamake citric acid, which is used
as a preservative in foods and soft drinks to add tartness
Yarrowia lipolyticamakes citric acid not only from glycerol but
also from a variety of other substrates, including carrot juice
and celery by-products. It uses both the glycerol and the fatty
acids that it derives from sun� ower and rapeseed oils to
make citric acid. Lipase, glycerol kinase, isocitrate lyase, an
malate synthase all are necessary enzymes in citric ac
production and are induced during growth on vegetable oils.
At pH 4.5, Y. lipolyticaproduces both citric and isocitric acid,
but it produces only isocitric acid at pH 6.0. A mutant strain
has been selected to produce only citric acid without isocitric
acid.

The food additive a-ketoglutaric acid can be produced
aerobically from ethanol by Y. lipolyticaat pH 3.5, at least if
thiamine is limited in the medium and zinc and iron are
provided. Enhancement of acetyl coenzyme A or the carbox
ylation of pyruvate increases the production ofa-ketoglutaric
acid even more. The � nal product in the pathway from
a-ketoglutaric acid is succinic acid, which also has many use
in the pharmaceutical industry. This yeast also produces
L-b-hydroxybutyric acid, which is used to make biodegradable
plastics from butyric acid.

When growing in cheese,Y. lipolytica� rst produces short-
chain fatty acids and then long-chain fatty acids, including
palmitic, palmitoleic, stearic, oleic, and linoleic acids. Linolenic
acid also may be produced, but it disappears later. In sausage
the same fatty acids may be produced as well as myristic acid

Cultures of Y. lipolyticagrown on glycerol, upon the addi-
tion of acetic, propionic, or butyric acid, convert the volatile
fatty acids to lipids. They also can make reserve lipids from
stearin and hydrolyze rapeseed oil to a cocoa butter substitute
Biodiesel fuels, composed of the methyl and ethyl esters of fatty
acids, can be produced from agricultural wastes by using a
immobilized lipase from Y. lipolytica.

Foreign proteins can be produced by recombinant cultures o
Y. lipolyticausing vesicle-mediated protein transport pathways
The proteins that have been produced byY. lipolyticarecombi-
nants include laccase, tyrosinase, endoglucanase, cellobioh
drolase, hydroperoxide lyase, endo-inulinase, prochymosin, and
human glycoproteins, interferon a2b, granulocyte-macrophage
colony-stimulating factor, and proinsulin.
Production of Specialty Chemicals

Microbial biotransformations have great potential for use in
the production of specialty chemicals, including compounds
used as food additives and drugs.Yarrowia lipolyticaproduces
the sugar alcohols erythritol, an arti� cial sweetener used in
chewing gum, candies, and other food products, and mannitol,
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a diuretic and vasodilator. Yarrowia lipolytica can produce L-
dopa, a drug used for treatment of Parkinsons disease, from L-
tyrosine. The lipase Lip2p, which has a strong preference for
(S)-enantiomers, has been immobilized and used for the
stereospeci�c resolution of racemic chiral compounds,
including (�)-1-phenylethylamine and several
2-bromoarylacetic acid esters that are used as drug synthesis
intermediates. This lipase also can be used to convert the active
S-enantiomer of racemic ibuprofen, an antiin�ammatory drug,
into an ester. This ester can be separated from the inactive (R)-
ibuprofen enantiomer and then converted back into active (S)-
ibuprofen by hydrolysis. A lipase from another strain of
Y. lipolytica preferentially hydrolyzes the S-enantiomer of the
propyl esters of racemic o�oxacin (an antimicrobial �uo-
roquinolone drug), thus releasing the more active S-enan-
tiomer, levo�oxacin. Terpenoids also can be biotransformed;
Y. lipolytica produces perillic acid and 7-hydroxypiperitone
from limonene and piperitone, respectively. Perillic acid
inhibits the isoprenylation of proteins in �broblast cells and
mammary epithelial cells.

Several lactones and esters are produced for �avors and
fragrances by cultures of Y. lipolytica. When a uracil auxotroph
of Y. lipolytica is grown on a uracil-free medium, it produces
g-decalactone, which is used in foods as a peach �avoring. The
process involves b-oxidation of the fatty acids produced from
either castor oil or puri�ed ricinoleic acid, and it does not
require the additional growth of the yeast. In addition to
g-decalactone, Y. lipolytica also can produce g-dodecalactone,
g-nonalactone, d-decalactone, dec-3-en-4-olide, dec-2-en-
4-olide, and 3-hydroxy-g-decalactone from methyl ricinoleate.
Whole cells of Y. lipolytica are used in the production of
2-phenylethyl acetate, an ester with a roselike odor that is used
as an aroma component in foods, soaps, and cosmetics. One of
the lipases of Y. lipolytica has even been used to polymerize
� -caprolactone to produce a polyester.

Some other uses of Y. lipolytica or its enzymes are the
production of cerebrosides (monoglucosyl ceramides) for
biomedical research; monoacylglycerols for use as food
ingredients; bioemulsi�ers for use in ice cream, sauces, and
baked goods; and the carotenoids b-carotene, which can be
converted to vitamin A, and lycopene, a food colorant.
Disaccharides, and then citric acid, can be produced from
the plant polysaccharide, inulin, using an inulinase gene
derived from another yeast, Kluyveromyces marxianus. Finally,
recombinant cultures of Y. lipolytica expressing human cyto-
chrome P450 genes may be used in the conversion of
progesterone to 17-a-hydroxyprogesterone.
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Introduction

The genus Carnobacterium was proposed to clarify the taxo-
nomic position of Lactobacillus-like organisms isolated from
foods such as meat, chicken, or �sh. Ten species are presently
recognized as members of this genus (Table 1). The various
species are found in animals or products of animal origin and
also in environments that are not associated with animals or
foods. Only Carnobacterium divergens and Carnobacterium mal-
taromaticum are frequently isolated from foods. The interest in
Carnobacterium spp. in relation to food is due mainly to their
antibacterial activities and possible use in protective cultures.
Thus, most research related to the activities of carnobacteria in
foods has focused on the production of bacteriocins, the
regulation of metabolic enzymes and pathways, their roles in
inhibition of Listeria monocytogenes, and their impact on
spoilage of �sh products such as cold-smoked salmon. In
natural ecosystems, they may reduce the oxygen levels and so
create conditions that favor the development of obligatory
anaerobic microorganism.

In this chapter, the following topics are covered: the char-
acteristics of the genus and individual species, methods of
identi�cation, and importance of the genus and individual
species for the food industry.
Characteristics of the Genus and Related Species

Taxonomy

The genus Carnobacterium is grouped with lactic acid bacteria
(LAB). LAB are Gram-positive, catalase-negative bacteria that
produce lactic acid as the main end product of the fermentation
of carbohydrates. According to Bergey’s Manual of Systematic
Bacteriology, the genus Carnobacterium belongs to the phylum
Firmicutes, class Bacilli, order Lactobacillales, family Carno-
bacteriaceae with Carnobacterium the genus type. The 12 other
genera in the family are Alkalibacterium, Allofustis, Alloiococcus,
Atopobacter, Atopococcus, Atopostipes, Desemzia, Dolosigranulum,
Granulicatella, Isobaculum, Marinilactibacillus, and Trichococcus.
On the basis of 16S rRNA similarity, the Carnobacterium species
forms a phylogenetically coherent group. Based on their habi-
tats, two ecological groups that do not correlate with the
phylogenetic groups can be de�ned. Six species have been
isolated from food of animal origin and four species from
cold environments such as Antarctic ice lakes and permafrost
(Table 1).
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Biochemical and Physiological Attributes

This genus is composed of nonspore-forming, Gram-positive
rods or coccobacilli (Figure 1), that may or may not be motile.
They are fermentative and usually facultatively anaerobic,
although some species grow aerobically or microaerophilically.
They are unable to grow on the acetate-containing medium,
which is commonly used for recovery of LAB. Species may
variously be psychrotolerant, and grow at 0 �C but not at 45 �C;
halotolerant, and growth at NaCl concentrations up to 81%;
and/or alkaliphilic, and grow at pH 9. Some species exhibit
catalase activity in the presence of heme. The peptidoglycan of
the cell wall contains meso-diaminopimelic acid. The genomic
GþC contents of Carnobacterium spp. vary from 33 to 44%.
They do not reduce nitrate to nitrite.

The metabolism of all the species is fermentative, and they
are capable of reducing rezazurin in aerobic media during
growth. Respiration, with increased oxygen consumption, can
occur in the presence of hematin. Although they were initially
described as being heterofermentative, carnobacteria can be
regarded as homofermentative organisms that produce lactic
acid from glucose (except for the species Carnobacterium pleisto-
cenium) or as being facultatively heterofermentative. They are
able to catabolize a range of carbohydrates, although there are
considerable differences in this respect both between and within
species. Some species can use both hexoses and pentoses, with
production of L(þ)-lactate and, depending on the availability of
oxygen, may produce acetic acid, ethanol, CO2, and formic acid
in various amounts. The Voges–Proskauer test shows that some
species can produce acetoin from pyruvic acid (Table 1).

Carnobacterium alterfunditum and Carnobacterium funditum
ferment glycerol without production of gas, to mainly acetic
and formic acids and small amounts of ethanol. The metabolic
end products of C. pleistocenium growing on glucose are acetate
and ethanol, with only small amounts of CO2.

The metabolic by-products of amino acid degradation,
branched alcohols, and aldehydes are well characterized for
food species. Production of NH4

þ from arginine is a result of its
catabolism via the arginine deaminase pathway.

Some species have the ability to convert tyrosine to
tyramine.
Genomics

The entire genome of Carnobacterium sp. strain 17-4, which was
isolated from permanently cold seawater, has been sequenced.
Drafts of the genomes of two other strains are available. Those
-384730-0.00381-5 379
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Table 1 Characteristics useful in differentiatingCarnobacteriumspecies

Characteristic C. alterfunditum C. divergens C. funditum C. gallinarum C. inhibens C. jeotgali C. maltaromaticum C. mobile C. pleistocenium C. viridans

Main sources Fish, polar lakes,
deep sea
sediment

Dairy, meat,
� sh, shrimp,
intestine of� sh

Polar lakes,
intestine of� sh,
marine sponges

Meat,� sh Atlantic
salmon

Jeotgal
shrimp

Dairy, meat,
� sh, shrimp

Meat,
shrimp� sh

Permafrost Meat

Ecological group II I II I I I I I II I

Growth at:
Temp.(0 � C) range 0–20 0–40 0–20 0–37 0–30 4–37 0–40 0–35 0–28 2–30
NaCl (%) range(req) ND (0.6) 0–10 ND (1.7) ND 0–6 0–5 0–5 ND 0.1–5.0 0–4
pH range (opt) ND (7.0–7.4) 5.5–9 ND (7.0–7.4) 5.5–9 5.5–9.0 5.5–9.5 ND 6.5–9.5 5.5–9.1
Motility þ – þ � þ � � þ þ �
Voges–Proskauer

test
� þ � þ � þ � ND �

Aesculin hydrolysis � þ � þ þ þ þ þ þ þ
DNA Gþ C content

(mol%)
33–34 33–36.4 32–34 34.3–35.4 NT 43.9 33.7–36.4 35.5–37.2 42 NT

ND: not determined,þ positive test,– negative test.
Req, required concentration; opt, optimum pH range.
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Figure 1 Atomic force microscopy images of a microcolony (left pane
and a single cell (right panel) ofC. maltaromaticumDSM207302.
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strains areC. maltaromaticumATCC 35586, which was isolated
from diseased salmon, andCarnobacteriumsp. 7, a piezophilic
strain which was isolated from the Aleutian trench. The genome
sizes ofCarnobacteriumspp. are estimated to range from 1.9 (for
C. alterfunditum) to 3.7 Mb (for C. maltaromaticum). Knowledge
of the genetics and DNA sequences ofCarnobacteriumspp. is
mainly about bacteriocin-related genes and genes involved in
metabolism in the speciesC. divergensand C. maltaromaticum.
Genes for bacteriocin production may be encoded on the
chromosome or on plasmids. For example,C. maltaromaticum
LV17 produces three bacteriocins: Carnobacteriocins A (Cbn A
Cbn B2, and Cbn BM1. Carnobacteriocins Cbn A and Cbn B2
are, respectively, encoded on the different and compatible
plasmids pCP49 (72 kb) and pCP40 (61 kb). The Cbn BM1
structural gene and its immunity gene are located on the chro
mosome, whereas activation and export of Cbn BM1 depend on
genes located on plasmid pCP40. The plasmid ofCarnobacterium
sp. 17-4 encodes three putative carbohydrate phosphotransfe
ase systems. InC. maltaromaticumATCC 35586, a range of
putative virulence genes has been identi� ed. These include gene
that variously encode products involved in adhesion, capsule
synthesis, hemolysis, invasion, and resistance to toxi
compounds. The putative virulence genes carried by this strai
may explain its reported ability to infect � sh. However, the
presence of this species in food products is not regarded a
hazardous for human health.
Table 2 Agars used for recovery and enumerationC

Agar pH Principal ag

D-de Man Rogosa
Sharpe (D-MRS)

8.5 Acetate 0
Sucrose 2

CTAS 9.1 Sucrose 2�
Nalidixic
Cresol re
Thallium
Triphenyl

CTSI 9.1 Sucrose 1�
Inulin 1�
Nisin 1.25
Vancomy
Thallium

CM medium 8.8 TS-YE 1.5�
Gentamic
Vancomy
Nalidixic
Isolation, Enumeration, and IdentiÞcation

Isolation and Cultivation

Carnobacteriumspecies belonging to the two ecological groups
require different conditions for their growth.

Species isolated from foods and products of animal origin
(group I) do not grow on acetate-rich media, so conventional
Lactobacillusmedia with acetate omitted is commonly used for
their recovery. The use of neutral to alkaline pH media
promotes the growth of carnobacteria at the expense ofLacto-
bacillus spp., so such media can be used forCarnobacteria
enrichment. Nonselective media such as Tryptone Soy broth o
agar or Brain Heart Infusion can be used for the recovery o
carnobacteria when they dominate the microbial population of
samples. Even though growth of carnobacteria can be best a
30–37 � C, incubation under psychrotrophic conditions
(10 days at 7� C) permit the selection of Carnobacteriumspecies.

Species isolated from cold environments are less fastidious
These organisms do not grow at 30� C and are psychrotrophic.
At 20 � C, C. alterfunditumand C. funditumgrow better anaero-
bically than aerobically, whereasC. pleistoceniumgrows well
under aerobic or anaerobic conditions.

For general cultivation, nonselective media with neutral or
alkaline pH can be used. Cultures can be preserved by freezin
or by lyophilization.

l)
Enumeration of Carnobacteria in Foods

Various media are available for the nonselective, semiselectiv
or selective recovery of carnobacteria of group I (Table 2).
deMan Rogosa and Sharpe (MRS) agar is commonly used fo
recovery of LAB from foods but, because of its acetate conten
carnobacteria are poorly recovered with this medium.
However, MRS modi� ed by increasing the pH to 8.5, omitting
acetate, and substituting glucose for sucrose can be used f
recovery of allCarnobacteriumspecies of group II.

Some media include one or more antibiotics. Nalidixic acid
inhibits most Gram-negative microorganisms, while vanco-
mycin and gentamicin inhibit most Gram-positive bacteria.
Cresol Red Thallium Acetate Sucrose (CTAS) agar was devis
ofarnobacteriumspp

ents (mg l� 1) Culture condition

� 104
24–72 h at 25� C

104

acid 40
d 4
acetate 1� 103

-tetrazolium chloride 10

24–48 h at 30� C
3–4 days at 25� C

104

104

cin 1
acetate 500

2 days at 25� C
2 days at 8� C

104

in 5
cin 3.5
acid 20

36–46 h at 25� C
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382 Carnobacterium
for the selective recovery ofCarnobacteriumspp., but problems
with low recovery and interference by other microorganisms
prevented this medium from becoming widely accepted. The
selectivity of this medium is based on its high pH and the
presence of thallium acetate, nalidixic acid, and a relatively
high concentration of sodium citrate (15 g l� 1). This medium
supports good growth of Enterococcusspp., but Listeria spp.
grows sparsely. Cresol Red Thallium Acetate Sucrose Inul
(CTSI) agar, a medium devised for the enumeration of the four
principal species ofCarnobacterium, is not satisfactory because i
inhibits some strains of the organisms targeted for selection
On CTAS and CTSI,Carnobacteriumcolonies often have
yellow edges due to media acidi� cation, and a red button in the
center due to the reduction of tetrazolium chloride. Extract de
levure Biotrypticase Ribose Esculine Rouge de phenol (EBRE
agar contains ribose, aesculin, and phenol red and is supple
mented with amphotericin and nalidixic acid. The medium is
more selective if incubated for 10 days at 7� C than 24 h at
30 � C. However, this medium also allows the growth of
enterococci.

A selective medium based on Tryptose Soy Yeast Extra
agar, with a pH of 8.8 and supplemented with the antibiotics
nalidixic acid, vancomycin, and gentamicin, was proposed and
named Carnobacterium Maltaromaticum (CM) agar. It is
highly selective for C. maltaromaticumfor which recovery is
100%. CM supports growth of Carnobacterium mobileand
Desemzia incertabut does not permit growth of other carno-
bacteria. The standard approach to enumerating carnobacteri
in � ora dominated by LAB involves simultaneously plating on
two agars using an acetate-containing agar and nonselectiv
plate count agar, with carnobacteria numbers being determined
from the differences between the pairs of counts.
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Identi�cation

Carnobacteriumspecies have been identi� ed by both pheno-
typic and genotypic methods. The genusCarnobacteriumwas
proposed on the basis of numerical taxonomy studies. Subse
quent studies indicated that isolates could be identi� ed as
Carnobacteriumspp. from traditional biochemical reactions and
carbohydrate fermentation and inhibition tests. Simple iden-
ti � cation keys must always be used with caution. But when
a larger number of phenotypic tests were used with isolates and
data were evaluated by numerical taxonomy methods, isolates
were identi� ed with the same degree of con� dence as for
identi � cation by genotypic methods.

During isolation and identi � cation of bacteria from foods,
the acetate sensitivity of isolates and their ability to grow at
alkaline pH and chiller temperatures may serve as routine test
for recognition of carnobacteria among the rod-shaped LAB.

Whole cell lysates can be used for detection of meso-dia
minopimelic acid (meso-DAP) in the cell wall. Analysis of
whole cell protein by sodium dodecylsulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) can be used to differentia
C. maltaromaticumfrom C. divergens. Fourier Transform Infrared
Spectroscopy has been used to differentiateCarnobacterium
species and strains.

Carbohydrate fermentation patterns can be determined
using API 50 CH carbohydrate fermentation test strips (Bio-
merieux, France) and automated strip reading equipment
(Biomerieux). All Carnobacteriumspecies produce acid from
cellobiose, fructose, glucose, maltose, mannose, and salicin bu
not from adonitol, dulcitol, glycogen, inositol, raf � nose,
rhamnose, and sorbitol.

Sequence analysis of 16S rRNA permits differentiation of al
Carnobacteriumspecies. In conjunction with DNA–DNA
hybridization, this may be the best way to differentiate
phenotypically very similar species. Various polymerase chain
reaction techniques using speci� c or nonspeci� c primers can be
used. These include restriction fragment length polymorphism,
ampli � ed fragment length polymorphism, and randomly
ampli � ed polymorphic DNA analyses. Digestion of DNA fol-
lowed by pulse � eld gel electrophoresis can also be used fo
identi � cation of species.
Importance of the Genus and Individual Species
in the Food Industry

Red and Poultry Meats and Meat Products

In 1987, the genus Carnobacteriumwas proposed as a new
genus to accommodate the speciesLactobacillus divergensand
Lactobacillus piscicola,both of which had been isolated from
refrigerated meats. These are the two carnobacteria species m
commonly found in foods. Red and poultry meats and prod-
ucts prepared from them are rich in nutrients for bacteria, with
water activities (aw) and pH values generally favorable for the
growth of carnobacteria. Consequently, carnobacteria can
reach high levels (i.e., 106–108 cfu cm� 2 or g� 1) on or in such
foods. They are found in vacuum-packaged raw meats an
meat products stored at colder temperatures. The� ve species
C. divergens, Carnobacterium gallinarum, C. maltaromaticum,
C. mobile,and Carnobacterium viridiansare commonly associ-
ated with the spoilage of these products. For instance
C. viridiansis responsible for the green discoloration of refrig-
erated vacuum-packed bologna sausage. In cooked sausag
C. maltaromaticumcan be responsible for off odors.
Fish and Seafood

Carnobacterium maltaromaticumwas� rst isolated from diseased
rainbow trout and salmon, and so was described as a� sh
pathogen. Subsequently, it and other carnobacteria were
shown to be components of the normal gastrointestinal � ora
of healthy � sh and other aquatic animals, C. divergensand
Carnobacterium inhibensalso inhabit � sh intestines.

Among the 10 Carnobacteriaspecies, onlyC. divergensand
C. maltaromaticumare frequently isolated from seafood. They
can tolerate high pressures, cold temperatures, modi� ed
atmospheres, and high concentrations of NaCl. Thus, they ar
able to grow to high levels (106–108 cfu g� 1) in vacuum-packed
cold smoked seafood. These species can form tyramine, whic
can be hazardous for human health. They can be important
parts of the spoilage � ora of some, but not all seafood
products.
Dairy Products

Carnobacterium maltaromaticumwas� rst isolated from milk that
had developed a distinct malt- or chocolate-like � avor and
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aroma due to the presence of aldehydes formed by the
organism. Carnobacterium maltaromaticum was also found to be
a citrate-fermenting member of the micro�ora involved in
mozzarella cheese fermentation. Its presence was reported in
a variety of French soft-ripened or red-smear cheeses made
from cow, sheep, or goat milks. It can be the dominant
organism in the psychrotrophic LAB �ora of these cheeses, and
can reach high levels at the end of the storage period. It has
a role in the ripening of soft cheeses by contributing to aroma
development, which depends on various factors, including the
activities of intracellular enzymes involved in the catabolism of
branched-chain amino acids, that is, leucine, isoleucine, and
valine, the bacterial transaminases, the availability of oxygen,
and the redox potential of the substrate. Not much is known
about their metabolism during ripening, but they apparently
do not cause off-�avors in cheeses.
Preservation of Food

The genus Carnobacterium is well known for its ability to
produce bacteriocins. These bacteriocins are effective against
spoilage microorganisms and the pathogen L. monocytogenes.
The genera Listeria and Carnobacterium are both psychrotrophic
and have similar pH and temperature ranges. The use of
bacteriocin-producing Carnobacterium strains can prevent
the growth of Listeria during the processing and storage of
a variety of refrigerated foods. Nevertheless, bacteriocins can be
inactivated by proteolytic enzymes, and the use of bacteriocin-
producing Carnobacteria can promote the emergence of resis-
tant strains of the targeted organisms. Inhibition of competing
organisms in foods as a result of glucose depletion by
a bacteriocin negative strain of C. maltaromaticum has been
demonstrated.

Since 2005, one strain of C. maltaromaticum (CB1) has been
classed as Generally Recognized as Safe for use in ready-to-eat
meat products.
See also:Classi�cation of the Bacteria: Traditional; Bacteria:
Classi�cation of the Bacteria – Phylogenetic Approach;
Bacteriocins: Potential in Food Preservation; Biochemical and
Modern Identi�cation Techniques: Food-Poisoning
Microorganisms; Biochemical and Modern Identi�cation
Techniques: Micro�oras of Fermented Foods; Cheese:
Microbiology of Cheesemaking and Maturation; Role of
Speci�c Groups of Bacteria; Lactobacillus:Introduction.
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Introduction

Cheese belongs to the family of fermented dairy foods dating
back to ancient times. It has been consumed as a vital part of
human diet in many regions of the world ever since man
domesticated animals (Johnson and Law, 2010). Historically,
conversion of liquid milk (87% moisture) to solid cheese (30–
50% moisture) resulted in the conservation of valuable nutri-
ents, namely protein, fat, and minerals. The cheesemaking
process resulted in acidic environment in the food system as
well as partial dehydration of the curd. The water activity (aw)
of a food is a measure of relative humidity of air in equilibrium
with the food. It is an indicator of its stability and safety for
human consumption. The aw of cheese is 0.87–0.98 as
compared with 0.993 for milk, 0.83 for sweetened condensed
milk, 0.2 for nonfat dry milk (NFDM) containing 4.5% mois-
ture, 0.1 for NFDM with 3% moisture, and 1.0 for water
(Chandan and Kapoor, 2011a; Walstra et al., 1999). The
lowering of aw in cheese is accomplished by the removal of
liquid whey from milk gel. Further dehydration is achieved by
the addition of sodium chloride to the curd and production of
low–molecular weight nitrogenous compounds during
ripening. Thus, in addition to enhanced shelf life, cheese
84 Encyclopedia of Food Mic
displays safety and portability attributes for the nutrition-dense
food to travel relatively long distances. Besides salt, the
preservative effect is enhanced by the microbial metabolites
generated by the activity of the culture. Consequently, the main
components of milk (protein, fat, and minerals) are concen-
trated in cheese. The cheese-ripening process produces an array
of variety and novelty of �avors and textures for the consumers.

The 2011 world production of milk, the basic raw material
for cheesemaking, is estimated to be around 727.6 million
metric tons (MT) (FAO, 2011). Major milk-producing regions
are South Asia (India), the Americas, and Europe. Most milk-
producing animals are cows (84.0%), water buffaloes (12.1%),
goats (2.0%), ewes (1.3%), and camels (0.2%) (IDF, 2008). It
is estimated that a quarter of milk produced in the world is
utilized for cheese production (Guinee and O’Brien, 2010). In
Italy, France, Denmark, and Germany, however, cheese
production accounts for as much as 70–90% of the milk
produced. Table 1 gives cheese production data related to
various countries.

In 2009, the largest producer of cheese in the world was
European Union (EU27), accounting for 8.287 million MT
(IDF, 2010). As a single country, however, the United States has
the distinction of being the largest producer of cheese (4.585
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00058-6
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Table 1 Cheese production around the world (thousand tons)

Country

Year

2007 2008 2009

EU27 countries 8263 8306 8287
Germany 2019 2025 2088
France 1732 1719 1693
Italy 1043 1047 1059
Netherlands 732 724 714
Poland 582 617 610
United Kingdom 339 349 323
Denmark 351 319 321
Greece 188 182 195
Ireland 127 163 158
Austria 149 148 146
Spain 128 127 126
Czech Republic 116 111 109
Sweden 109 114 108
Finland 102 107 105
Lithuania 91 107 94
Hungary 72 73 75
Belgium 66 66 68
Estonia 32 36 37
Slovakia 40 34 31
Latvia 34 32 24
Other 213 208 205

North America
United States 4435 4499 4585
Canada 332 329 331
Mexico 142 142 142

South America
Brazil 580 607 614
Argentina 474 478 509
Chile 70 65 65
Uruguay 46 52 53

Other Europe
Russia 434 430 436
Ukraine 337 327 312
Switzerland 176 179 178
Belarus 110 128 134
Norway 84 85 86
Croatia 30 29 30
Iceland 8 8 8

Oceania
Australia 361 342 330
New Zealand 348 295 270

Asia
Iran 230 234 245
Turkey 151 151 153
Israel 115 119 121
Japan 43 43 45
China 18 15 15
Korea, Republic of 9 10 8
India 6 5 5

Africa
South Africa 44 43 43

Source: FAO, 2011. Food Outlook, Food and Agriculture Organization of the U
Nations, Rome, Italy.
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million MT) in the world. Cheese production has registered an
average increase of about 1.5% for the past 20 years.

More than 1400 varieties of cheese are enumerated in th
World Cheese Exchange Database. Around 400 cheese variet
are more recognized, however. In reality, less than 25 varieties a
more popular around the world. The large numbers of varieties
essentially resulted from historical, geographical, and environ-
mental origin. The varieties owe their distinct� avor and textural
attributes to the use of milk of various mammals, different
ingredients, processing procedure, ripening conditions, and the
� nal composition of the cheese. Inaddition, various shapes, sizes
and con� gurations– including shredded and sliced versions– are
created to provide novel applications. The consumer can us
these products in a variety of ways, such as an integral part o
national and international cuisine, a ready-to-eat snack, a spread
sandwich slices, and as a dip or topping on snacks.

In the United States, more than 300 varieties of cheese ar
marketed. In 2010, total natural cheese production was esti
mated to be 4.73 million MT ( IDFA, 2011). Italian cheeses
totaled 2.01 million MT, American cheeses were 1.94 million
MT, and other cheeses constituted 0.79 million MT. The larges
volume in the Italian cheese group was Mozzarella cheese
which accounted for 1.58 million MT. In the American cheese
group, Cheddar cheese topped at 1.47 million MT. In the same
year, process cheese foods and cold pack amounted to 0.9
million MT.

Cheesemaking requires four basic raw materials: goo
quality milk, coagulating enzyme (rennet) or coagulating acids,
culture, and salt. Cheese can be made from cream; whole milk
reduced-fat, low-fat, or nonfat milk; or mixtures thereof. Some
cheeses are made from whey, whey cream, or whey–milk
mixtures. Furthermore, milk of sheep, goat, water buffaloes
and other milk-producing animals yields distinct color,
� avor, and texture pro� les. At the turn of the twentieth
century, developments in melting processes, involving natura
cheese of various ages, gave birth to a line of process chee
products with controlled � avor, texture, functionality, and
extended shelf life. In addition, imitation and arti � cial cheeses
or cheese analogs are also available as ingredients of foo
products (e.g., pizza). They are formulated with rennet casein
sodium and calcium caseinates, starch, vegetable oils, an
emulsifying salts (sodium phosphates and citrates). The
emulsifying salts help in melting the ingredients and creating
a homogeneous blend. Gums (xanthan, guar, and carrageenan
are used for texture development. Speci�c cheese� avor is
generated by the use of natural cheese, enzyme modi� ed
cheese, starter distillates, glutamates, or yeast hydrolyzates.
-
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DeÞnition and ClassiÞcation of Natural Cheese

Cheese may be de� ned as fresh or ripened solid or semisolid
product obtained by the coagulation of whole milk, skim
milk, low-fat milk, cream, whey, whey cream, or buttermilk.
A combination of these raw materials may be used. Coagu
lating agents like rennet, and in some cases, a food-grade ac
help in setting milk into curd and whey. A starter is used in
most cheese varieties to create� avor and texture. Removal of
whey leads to cheese curd, which may be pressed. The resulti
cheese is packaged to prevent its spoilage and is sold as fresh
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ripened by holding at speci� c temperature and a given time
period to obtain ripened or matured cheese.

Cheese may be classi� ed based on whether cheese is ripene
or not and the type of ripening or on the basis of moisture
content, � rmness, and ripening microorganisms.
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Fundamentals of Cheese Manufacture

The basic raw materials for cheese manufacture are milk, colo
(optional), starter (culture), rennet, and salt. For more infor-
mation on manufacture of various varieties, the reader is
referred toChandan and Kapoor (2011b).

Milk

Milk of several species of animals is the raw material of choice
in the various parts of the world. The milk of cows, goats,
sheep, and buffaloes forms a majority of the cheese produced
The composition of milk (fat, protein, minerals, and lactose) of
various mammals is different, giving rise distinctive character
istics of cheese derived there from. Raw milk is often stan
dardized for cheese production.

Cheese industry uses fat-in-dry matter (FDM) as a param
eter of its quality and minimum regulatory requirement.
Typical average content of 100 kg of cow’s milk is 3.6 kg of fat,
2.7 kg of casein, 0.7 kg of whey proteins, 4.9 kg of lactose
0.7 kg of minerals, and 87.4 kg of water. Thus, milk would
contain 12.6 lb of total solids or dry matter, composed of fat,
protein, lactose, and minerals. The average FDM of whole milk
therefore is 100� 3.6/12.6 ¼ 28.6%. Different ratios of protein
and fat are needed for many cheese varieties.

Cheese milk can be standardized for fat by using a separato
For example, partial removal of fat is required for part-skim
mozzarella, and skim milk is needed for cottage cheese manu
facture.Anotherway tostandardize fat content is toaddskimmilk
or cream, low-heat NFDM, or milk protein concentrate, if
permitted by regulatory authorities. Preconcentrating the chees
milk to approximately 15 –18% total solids via evaporation or
ultra� ltration has become a common practice in the cheese
industry to improve production ef � ciencies. Evaporation of milk
leads to an equal increase in all the milk constituents, including
lactose. Cheese made using such milk requires changes in chee
making protocols to ensure proper fermentation and conse-
quently the � nal cheese. Ultra� ltration selectively separates the
milk into an enriched protein –fat fraction and the water–lactose
fraction. This enhances the cheese milk with the desirable solids
such as protein and fat, and the lactose tends to stay at the sam
level as in the cheese milk. Use of ultra� ltration to produce
wheyless hard cheeses, suchasCheddar, isalsogaining popular
in the cheese industry mainly to produce‘Cheddar cheese for
manufacture’ (21Code of Federal Regulation 133.114) that is
used as an ingredient in pasteurized process cheese.

Raw milk is better suited for certain cheese varieties, but fo
public health and safety reasons, most of the world’s cheese
production involves pasteurized milk. Generally, in the United
States, the Food and Drug Administration (FDA) regulations
require pasteurization of milk at 71.7 � C for 15 s (or 63 � C for
30 min) for cheeses consumed fresh or the varieties not held
for at least 60 days at 1.67� C or higher. Calcium chloride may
be added to milk at approximately 0.02% level to accelerate
coagulation and to improve cheese yield. Cheese color may b
added to produce cheese of consistent color throughout the
year. Bleaching agents may be used in some cheeses made fro
cow’s milk to simulate the white appearance of milk of water
buffalo, goat, or sheep. In this regard, titanium dioxide- and
chlorophyll-based colorants are permitted in many countries.
Certain enzymes (lipases and proteases) are used as ripenin
supplements. Other enzyme preparations (esterases), derive
from the buccal cavity of young goats and sheep, are used whe
cow’s milk is substituted for goat or sheep milk. These enzyme
preparations simulate the development of traditional � avor of
Feta, Romano, and Parmesan cheese.
Starter Cultures

Starter culture for cheesemaking has two major functions. One
is to produce acidity during cheesemaking, and the second
function is to aid in ripening of cheese. Acid development leads
to milk coagulation in acid coagulated cheeses, a key step in
cheesemaking. In rennet-coagulated cheeses, acid developme
accelerates coagulation.

Table 2 shows the composition of various primary starters
used for cheesemaking.

Besides the genus and specie of the organism, starters m
contain various strains of the same organism.

Production of many cheeses is dependent onLactococcus lact
subspecies lactis and cremoris for acidity development. Thes
cultures belong to mesophilic group. Their acid production is
optimum at 30 –35 � C. Acid production, however, essentially
stops at temperatures below 20� C and above 39� C. Thecremoris
subspecie generally is regarded as best for optimum cheese� a-
vor. The subspecielactis, however, is a better acid developer. It
therefore, is common to encounter blends of the two subspecies
in cheese starters. Biovariant speciediactelylactis, also called
L. lactiscitrateþ, produces CO2 and a buttery � avor compound
(diacetyl) from normal milk constituent citrate. A week acid
producer Leuconostoc mesentroidesssp. cremorisalso produces
diacetyl and CO2. The� avor compound (diacetyl) is essential in
fresh cheese production. They are used in cheese varieties, su
as soft-ripened, Cheddar, most washed, and fresh cheeses.

Thermophilic starters traditionally are used in Swiss,
Gruyere, and some Italian cheeses such as Mozzarella.
addition to lactic acid, these cultures characteristically produce
acetaldehyde. Thermophilic starters consist of cultures capabl
of growth at temperature of from 39 to 50 � C. Minimum
growth is at 20 � C, but they are partially inactivated at<20 � C.
They are capable of survival at 55� C and have blends of cocci
and rods. The cocci consist ofStreptococcus thermophilus(ST)
and the rods areLactobacillus delbrueckiisubsp. bulgaricus (LB),
lactis, and helveticus.

Secondary cultures are used for special functionality
Propionibacterium freudenreichiisubsp. shermanii produces CO2,
which under pressure, generates large holes in the interior o
cheese (eyes) in Swiss cheese varieties. Surface and sm
ripening organisms consisting ofBrevibacterium linens, micro-
cocci, and certain yeasts and molds produce distinct� avors and
textures, whereas blue mold (Penicillium roqueforti/Penicillium
glaucum) develops blue-veined appearance and characterist
� avor. A white mold (Penicillium caseicolum/Penicillium candi-
dum, Penicillium camemberti) gives a snow-white appearance
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Table 2 Microbial composition of starters used in the manufacture of major cheese groups

Starter compositiona Cheese group

Lactococcus lactisssp.lactis
Lactococcus lactisssp.cremoris

Cheddar, Colby, Gouda, Edam, Monterey

Lactococcus lactisssp.lactis
Lactococcus lactisssp.cremoris
Lactococcus lactisssp.lactisbiovar.diacetylactis
Leuconostoc mesenteroidesssp. cremoris

Cream, Neufchatel, Cottage

Lactococcus lactisssp.lactisbiovar.diacetylactis
Leuconostoc lactisssp.cremoris
Lactobacillus delbrueckiissp.bulgaricus
Lactobacillus delbrueckiissp.lactis
Lactobacillus caseissp.casei
Lactobacillus helveticus
Streptococcus thermophilus
Propionibacterium freudenreichii
Propionibacterium shermanii

Swiss, Emmental, Gruyere, Samso, Fontina

Lactococcus lactisssp.lactis
Streptococcus thermophilus
Lactobacillus delbrueckiissp.bulgaricus
Lactobacillus delbrueckiissp.lactis
Lactobacillus helveticus

Italian cheeses: Mozzarella, Provolone, Romano

Lactococcus lactisssp.lactis
Lactococcus lactisssp.cremoris
Penicillium roqueforti
Brevibacterium linens

Blue-veined cheeses: Roquefort, Bleu, Stilton, Gorgonzola

Streptococcus thermophilus
Lactobacillus delbrueckiissp.lactis
Brevibacterium linens

Brick, Limburger, Muenster, Trappist, Port Salut, St. Paulin, Bel Paese, Tilsit

Lactococcus lactisssp.lactis
Lactococcus lactisssp.cremoris
Streptococcus thermophilus
Penicillium candidum
Penicillium caseicolum
Penicillium camemberti

Camembert, Brie

aIn some cheeses, two or more starters may be used.
Adapted from Chandan, R.C., Kapoor, R., 2011a. Principles of cheese technology. In: Chandan, R.C., Kilara, A. (Eds.), Dairy Ingredients for Food Processing. Wiley
Blackwell, Ames, IA, pp. 225–265 (Chapter 10).

CHEESEj Cheese in the Market Place 387
and discreet � avor pro� le to Camembert and Brie cheeses
Accordingly, the bacteria and the fungi present in the starte
leave an imprint on cheese� avor and texture. Other cultures
are used as ripening adjuncts. They are added in addition to
starter cultures. They may be bacterial or yeast cultures,
nongrowing attenuated cultures designed to furnish desirable
enzymes. In this regard, certain lactobacilli and pediococci ar
also used, which do grow during cheese ripening and delive
ripening enzymes. Consequently, basic character and individ
uality of a cheese are governed by the type, composition
growth, and metabolic attributes of the starter.
t
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Milk Coagulation

Rennet is the mode of coagulation in vast majority of the world
cheeses. It is induced by enzyme chymosin, a highly speci� c
proteolytic enzyme. The clotting of milk by rennin at normal
pH 6.6 is a three-phase reaction. In the primary stage, renne
cleaves a speci�c bond (Phenylalanine105–Methionine 106) in k-
casein molecule, slicing it into para-kappa casein and soluble
glycomacropeptide fractions. The hydrolyzedk-casein can no
longer hold the hydrophobic casein particles together. The
Caþ 2 ions commence coagulation of casein micelles in chees
milk when about 80% of the Phenylalanine105–Methionine 106

bonds are cleaved. In the secondary stage, the micelles agg
gate to form clusters that lead to gel formation. Water along
with soluble constituents and fat are trapped in the three-
dimensional network. In the � nal stage, the network continues
to attain � rmness. Cutting of the gel is timed according to the
type of cheese. In soft-ripened cheeses, the gel is allowed
acquire more � rmness, whereas for hard cheeses, the cuttin
process starts as soon as adequate� rmness is achieved.

Residual rennet in cheese curd plays an important role in
ripening of cheese. It is estimated that< 15% of rennet used in
cheesemaking is recovered in some varieties of cheese cu
Calf rennet is destroyed by high cooking temperatures used in
Swiss and Italian cheeses, but in Cheddar cheese, a signi� cant
amount of rennet survives and participates in proteolysis to
yield desirable texture and� avor.
Curd Cutting

After the coagulated mass becomes� rm enough, it is then
cut. In Swiss cheese, setting temperature is higher tha



es

f
ft-
e

as

er

o
or

fo

he

he

-
e

se

d

388 CHEESEj Cheese in the Market Place
Cheddar. Consequently, the Swiss cheese curd assum
a � rm form quickly, necessitating cutting before it becomes
too � rm. The size of cutting knife is chosen for a particular
variety of cheese. The curd size is related to retention o
moisture in cheese. High moisture cheeses, such as so
ripened varieties, are cut with large-size (2 cm) knives. Larg
curd is relatively fragile and produces more� nes leading to
less retention of fat and nonfat milk solids in cheese. In
some cases, the curd may be duly broken for dipping into
forms and molds. Cheddar and washed curd cheeses, such
Colby, are cut by medium-size (1 cm) knives. Small curd
size resembling rice grain leads to low moisture as in Italian
hard cheeses. Recovery of milk solids is higher in small curd
cheeses. High setting temperature also assists in low
moisture retention.

Manual cutting of curd is done with a harp-shaped knife in
which a series of stainless steel wires (resembling pian
wires) are stretched across a stainless frame in a vertical
horizontal fashion. The horizontal-wired stainless steel knife
is pulled through the curd, followed by vertical knife to
complete three-dimensional cut to form curd cubes of the
curd. The cutting time is important to control the curd char-
acter and should be completed within 5–10 min. The cutting
process is designed to increase surface area of cheese cubes
enhancing whey expulsion and ef� ciency of heat transfer
during the cooking step.
,
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Cooking

Cooking refers to the application of controlled heat to the curd
cubes. The� nal temperature is 37–41 � C for many cheeses
except it is as high as 53� C for Swiss and Parmesan cheese
After the cooking temperature is attained, the cheese-va
agitation is set to high speed and the curd–whey mixture is
stirred vigorously for another 45–60 min with a view to
promote more expulsion of whey. During cooking and after-
math, acid production by the starter culture continues and
titratable acidity of whey increases (pH decreases), which
further promotes whey expulsion. In fresh cheeses, the pH
drops to 4.6–4.7 and all the colloidal calcium ends up in whey.
In renneted curd varieties, however, the pH of curd is higher
(>5.3) and some colloidal calcium is retained in cheese curd.
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Draining Whey

When the cooking step has been completed and desirabl
acidity has been recorded (pH of whey 6.1–6.4), the whey is
removed physically from the vat. The curd is allowed to settle to
the bottom of the vat and a screening device is� tted in the
discharge end of the vat. On opening the valve, clear whey exit
from the vat, leaving a heap of curd behind. Draining time
(typically, 20 min) should be fairly uniform from all vats to
maintain quality of cheese.

Whey separation in automated cheese vats is carried out b
pumping curd along with whey onto draining and matting
conveyer belt, where it is allowed to reach proper acidity. The
fused curd mat is then mechanically cut, salted, and conveye
further to a hooping station for shaping into Cheddar blocks
and barrels. In several other cheese varieties, salting is don
after hooping and pressing. In soft and semisoft cheeses, th
curd and whey are dipped into perforated molds and hoops of
selected shapes and sizes. As whey drains, the curd settles. T
hoops should be turned upside-down at regular intervals to
ensure better draining of whey and formation of smooth plastic
mass of uniform shape. The molds and hoops are selected to
form discs of various sizes, small wheels, or slabs of cheese. T
cheese forms are removed from molds and hoops and are
immersed in brine for cooling and salting.
Hooping

The curd is� lled into hoops, and in hard cheese varieties, it is
subjected to hydraulic pressure to fuse the curd into a single
block. Warmer curd requires lower pressure. Little or no pres
sure is needed for soft cheeses. A small amount of whey may b
expelled at this stage.
r

Salting

Salt (sodium chloride) incorporation in cheese curd is
another key step in cheese production. Salting may be
accomplished by adding crystalline salt to the curd before
pressing as in Cheddar, Colby, and Monterey Jack chee
varieties. Another technique of salt incorporation involves
immersion of pressed cheese blocks, wheels, or discs in col
brine solution containing approximately 23% sodium
chloride. In certain cheeses, coarse salt is rubbed on th
cheese surface. Cheeses salted in brine are Gouda, Eda
Swiss, Camembert, Brie, Mozzarella, Parmesan, Roman
Provolone, and Blue-veined varieties. In rare cases, both dr
salting of curd particles and immersion in brine may be
practiced. In mechanized cheesemaking, brine solution is
injected into cheese curd. Most cheese varieties conta
1.2–2.0% salt. For Cheddar cheese containing 38% moisture
and 1.2% salt, the effective salt level would amount to 3.2%
salt in the aqueous phase. Similarly, Mozzarella containing
50% moisture and 1.2% salt, the effective level of salt would
be 2.4%. For pickled cheese, like Feta, much higher levels o
salt are used.
Packaging and Ripening

Next, cheese curd is prepared for ripening. Mold surface
ripened cheeses are sprayed with suspensions of white mol
Penicillium camemberti/P. candidum. Blue-veined cheese blocks
are drilled vertical holes and then are sprayed with blue mold
P. roquefortito encourage the growth of the mold in the interior
of cheese.

A large majority of cheese is now packaged in� lms and
foils. Tight wrapping with certain � lms has been utilized for
large ripening blocks. Shrink � lms are often used. Some
cheeses are dipped, sprayed, or coated with molten-colore
waxes and resins. The waxes are used for coating the surface
cheese itself or may be combined with tight wrapping with
bandages of cloth or plastic� lm. Waxed cheeses should be
ripened under high humidity conditions because wax coating
is inherently more prone to moisture loss than� lm wrapping.
Wax and � lm wrapping materials may be impregnated with
antimold agents like sorbate, propionate, or pimaricin to
prevent growth of mold in cheese blocks. The moisture barrier
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packages are vacuum treated to expel air and often are� ushed
with CO 2 or N2 gas to prevent mold growth during ripening.
Flushing with CO2 has the advantage because of its solubility
characteristics, making the package tight enough to cling to
the surface of cheese. Shrink� lms also give a skin-tight
package after dipping them in hot water or bypassing them
through steam chamber. Packages containing cheese curd
cheese shreds are� ushed with nitrogen to avoid fusion of curd
particles.

For ripening, the pressed cheese blocks are protected fro
moisture loss and growth of undesirable bacteria and molds by
wax coating, rind formation, enrobing in special emulsions, or
vacuum wrapping in plastic � lms.
.

Popular Cheese Groups

Table 3 shows major popular cheeses and their salient features
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Extrahard Cheese Group

Asiago, Parmesan/Grana, Romano, Caciocavallo, Montasio
Regianto, and Sbrinz are some examples of the grating type o
cheese. They are characterized by moisture content of 25–30%.
After ripening for 2 years, they possess granular texture wit
a strong � avor and aroma. Generally, raw whole milk from
cows or sheep is used. In the case of Asiago cheese, low-fat m
is used.
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Hard and Firm Cheeses, Close-Textured Group

Cheddar cheese is an outstanding example of the close
textured hard cheese, which is the most popular cheese i
the world. It is made from cow’s milk in many countries,
including England, Ireland, Canada, Australia, and the
United States. In Cheddar cheese, legal minimum for FDM in
the United States is 50%, while moisture maximum is 38%.
To achieve such parameters, a fat–casein ratio of 1.47 is
generally considered optimum for Cheddar cheese. Assumin
casein level at 2.2%, an optimal fat level of 3.2% in milk is
desirable for making cheddar cheese. It contains 1.5–3% salt.
Mesophilic cultures (Table 2) are used along with rennet to
form milk coagulum. The coagulum is cut into small cubes.
The curd is trenched on the sides of the vat to facilitate
further draining. The curd is allowed to stick together
(matting) to form loaves, while acidity builds and whey
acquires near-clear character. The� nal pH should be 5.2–5.4.
When proper acidity level is attained, the Cheddar chees
loaves are ready for milling into small cuts and salting. The
salted curd is poured into hoops and pressed. Traditionally,
170 kPa of pressure is applied for several hours. Cheddar an
American cheeses are ripened in� lm-wrapped blocks.
Vacuum treatment can be applied before or after pressing to
reduce or eliminate mechanical openings in the blocks. The
packages are then allowed to ripen by placing them in
ripening rooms with controlled temperature. Larger cubes or
drums of Cheddar (227–290 kg) are ripened in barrier � lms,
which are impervious to gas migration and moisture loss.
Ripening period varies from 3 months (mild Cheddar) to
1 year (sharp Cheddar). During ripening, the major
constituents of cheese (lactose, fat, protein, and metabolic
products of culture) are broken down further to form typical
cheese� avor and texture.
Hard Cheese and Semihard Cheese, Small Eyes Group

Dutch cheeses, Havarti, and Tilsiter are examples of this grou
of cheeses with small eyes. The moisture content varies from
36 to 46%. They are semihard cheeses with very small eye
The hole formation is attributed to heterofermenting meso-
philic cultures. Edam contains not more than 45% moisture
and a minimum FDM of 40%. Gouda has slightly more
fat (46% FDM). Gouda cheese is made from cow’s milk
standardized to a protein–fat ratio of 1.07, pasteurized, and
set at 32� C.

Following the addition of mesophilic starter, rennet is
added to set the milk. After cutting the coagulum, the curd is
washed with hot water at 60 � C to achieve a temperature of
36–38 � C to dry out the curd. The curd is pressed with plates
and whey is removed. The curd is transferred to hoops and
pressed. The pressed cheese is placed in 20% brine for saltin
Cheese is packaged and ripened at 15� C for 4–6 weeks.
Hard Cheese, Large Holes and Eyes Group

Swiss and Emmentaler have well-developed holes throughou
the cheese body. It has a characteristic sweet and nutty� avor.
The maximum moisture content is 41% and minimum FDM
is 43%. This cheese is made from cow’s milk using thermo-
philic cultures. Additional culture Propionibacterium sherman
produces holes and eyes during ripening. Before draining, the
curd is pressed under whey to eliminate trapped air and liquid,
with a view to obtain smooth texture. During ripening, the eyes
are formed by trapped CO2. Special� lms are used for ripening
Swiss cheese because of considerable evolution of CO2 during
ripening.

Gruyere cheese has smaller eyes. It has a maximum of 39
moisture and a minimum of 45% FDM. It has a mild � avor.
Semihard Cheese Group

Cheeses in this group include among others Colby, Monte-
rey jack, Brick, Munster, Tilsiter, and Havarti. The texture
varies from semihard to hard. The moisture content is
36–48%. The cheesemaking process is similar to Chedda
except the curd is washed with water to reduce lactos
content of curd. After draining up to 67% of the whey, fresh
water is added to the vat to replace the drained whey, and
the curd–water mixture is agitated for about 15 min. The
washing step results in higher moisture retention in cheese
while achieving a pH of 5.0–5.2. The temperature of water
in � uences the moisture retention in cheese curd. Thes
cheeses may have very small holes and eyes.
Brined Cheese Group

In the Mediterranean and Balkan areas, brined cheeses a
made from sheep and goat milk. They are preserved in brine
They contain 50% moisture and may contain 5% salt. They are
crumbly in texture. Some examples are Feta-type cheese



Table 3 Popular cheese varieties, their characteristics, and uses

Cheese varieties Flavor Body Texture Common uses

Extrahard cheeses
Parmesan Mild Very hard, can be grated Granular Grated for use in lasagna, spaghetti, pizza, breads,

soups, salads
Romano Sharpe Very hard, can be grated Granular Grated for use in lasagna, spaghetti, pizza, breads,

soups, salads

Hard cheeses
Cheddar Mild to sharp Firm Smooth Appetizers, sandwiches, crackers, snacks, pizza,

salads, vegetables, pasta, entrees, breads,
cooking, fondues, sauces

Semihard cheeses
Colby Mild Medium� rm Slightly open Appetizer, snacks, salads, sandwiches
Monterey Jack Mild, creamy Semisoft Smooth Sandwiches, cheese trays, Mexican foods,� avored

with hot pepper and spices

Bacterial surface–ripened cheeses
Brick Mild to sharp Medium� rm,

semisoft
Smooth, waxy Appetizer, snack, sandwiches, served with fruit

dessert
Limburger Aromatic, strong� avor Soft Waxy Served with dark breads, snack, appetizer, with fruit

dessert
Port du Salut Robust, full� avor Semisoft Creamy Appetizers, dessert cheese with wine, fruits and

sweets, and crackers
Bel Paese Slightly tart, lingering

� avor
Semisoft Creamy soft Appetizers, dessert cheese with wine, fruits and

sweets, and crackers

Mold-ripened cheeses (internal mold)
Blue/Roquefort/

Stilton
Piquant Crumbly, blue-veined

interior
Pasty Salads, salad dressing, appetizer

Mold-ripened cheeses (surface mold)
Camembert/Brie Mild, creamy Soft, surface white mold Soft to pasty Appetizer, snack

Hard cheeses with large holes/eyes
Swiss Mild, nutlike Firm Smooth with large

eyes (holes)
Sandwiches, cooked dishes, fondue, salads

Hard and semihard cheeses with small holes/eyes
Gouda Mild, nutlike Semisoft Smooth with

small eyes
Sandwiches, cooked dishes, appetizers, salads, with

fruit as dessert
Edam Buttery, mild, nutty Semisoft Smooth with

small eyes
Sandwiches, salads, cooked dishes, with fruit as

dessert

Pasta� lata cheeses
Mozzarella Mild, creamy Semisoft Smooth Pizza, string cheese snacks, fresh Mozzarella in

salads, Mexican and Italian foods
Provolone Salty, mild to sharp Semihard Smooth Snacks, appetizers, ravioli, lasagna, dessert, Italian

foods

Brined cheeses
Feta and Feta-type Salty, piquant Soft Creamy soft Salads, Greek foods, Middle Eastern foods

Fresh unripened cheese varieties
Cottage cheese Creamy Soft, unripened Curd particles

(Large/small)
Salads, dips, in cooking, blintzes

Cream cheese Mild, delicate Soft, unripened Buttery Crackers, cheese balls, bagel spread, salads, dips,
toppings, sandwich spread, cheese cake,
desserts

Ricotta Mild, cooked Soft, smooth paste Smooth, pasty Salads, dips, for cooking lasagna and ravioli
Paneer Dairy, creamy Soft, softens on heating

but does not melt
Sliceable, can be

diced
Cooking of curry dishes, fried enrobed snacks,

appetizer

Hispanic cheeses
Queso blanco Mild, creamy Grainy, curdy, does not

melt
Sliceable, can be

shredded
Topping/� lling in cooked dishes

(Continued)
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Table 3 Popular cheese varieties, their characteristics, and usesd cont'd

Cheese varieties Flavor Body Texture Common uses

Queso fresco Milky, salty Crumbly, moist, does
not melt

Can be grated Use in cooked dishes, for garnishing

Queso panela Milky, mild, sweet Firm, Mozzarella-like,
does not melt

Can be sliced,
shredded

Sandwiches, salads, cooked dishes

Queso asadero Mild tangy,
Provolone-like

Melts on heating,� rm Can be
sliced/shredded

Used in quesadillas, grilled sandwiches,
nachos, hamburgers

Queso manchego Nutty, mellow Firm, melts on heating Can be sliced,
shredded

Sandwiches, as a snack with wine and fruit

Queso cotija Salty, piquant Hard, dry, Feta-like Crumbly, can
be grated

Grated for use in cooked food, soups,
for garnishing beans and salads

Queso enchilado Salty, paprika-spicy Hard, dry Crumbly, can
be grated

Grated/crumbles used in salads, soups, and
hot foods

Adapted from Chandan, R., 1997. Dairy-Based Ingredients. Eagan Press, St. Paul, MN, pp. 41–48; Chandan, R.C., Kapoor, R., 2011b. Manufacturing outlines and applications
of selected cheese varieties. In: Chandan, R.C., Kilara, A. (Eds.), Dairy Ingredients for Food Processing. Wiley Blackwell, Ames, IA, pp. 267–316 (Chapter 11).
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Domiati, Telemi, and Bulgarian white. Feta-type cheese is als
made from cow’s milk in Denmark. Only the cheese made in
Greece can be labeled as Feta.
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Mold-Ripened Cheese, Internal Mold Group

Made from the milk of cows, sheep, and goats, this group is
also called blue-veined cheeses. Stilton, Gorgonzola, Danablu
and Roquefort are outstanding examples. These cheeses m
possess a hard, semihard, or semisoft body and possess stro
� avor due to lipolytic and proteolytic activity of the mold.
Penicillium roquefortiis a blue-greenish mold forming veins
throughout the cheese body. Cheese blocks are made b
including spores of the mold in milk. Alternatively, the blocks
are drilled vertical holes with stainless skewers and spores o
the mold are � ushed into the holes. The holes encourage
aeration for luxurious growth of the mold throughout the
cheese body. Ripening is carried out traditionally in caves or a
15 � C and 85% humidity. In Roquefort cheese production, the
mold spores are already available in the caves. Contaminatin
yeasts, however, may also grow contributing typical� avor as
well. Only blue cheese made from sheep milk in France can be
called Roquefort.
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Mold-Ripened Cheese, Surface Mold Group

The snow-white mold covering the cheese isP. camemberti.
Additional microorganisms like B. linens may also be
observed on the surface. Camembert and Brie cheeses a
typical examples. They are semisoft cheeses with a mild� avor.
In overripened cheese, however, extensive proteolysis leads
the release of ammonia giving the cheese a pronounced odo
of ammonia. Camembert and Brie cheeses are made from
cow’s milk containing spores of the white mold. The curd is
deposited into open-ended molds with holes on the sides to
facilitate whey drainage. The curd settles to form cheese disk
which are ripened at 15� C and 85% humidity. Frequently, the
white mold spores are sprayed on the disks of cheese at th
start of ripening period. In about 2–3 weeks, white mold
grows all over the surface of cheese. Strict sanitary measur
are necessary to avoid the growth of contaminants and to
preserve the white appearance of Camembert and Bri
cheeses.
Bacterial Surface–Ripened Cheese Group

Brick, Muenster, Tilsit, and Limburger cheeses are som
examples of this group. These cheeses have 40–50% moisture
and have an intense odor and� avor generated by the growth
of surface microorganisms.Bacterium linens, Geotrichum candi
dum, and species ofMicrococci, Arthrobacter, and Caseobacte
have been isolated from the surface smear of these cheeses. T
surface micro� ora introduced by the environment (or inocu-
lated by wiping the cheese surface with cloth) feeds on lactic
acid, producing alcohols, extensive lipolysis, and proteolysis o
cheese components. The pressed curd is brined and ripene
at 15 � C and 90% humidity for 2 weeks, followed by drying.
The cheese blocks are waxed and ripened further at<10 � C for
2–3 months.
Pasta Filata Cheese Group

Originally made in Italy from water-buffalo milk, Mozzarella
cheese is popular throughout the world. It is a stretched
cheese made from cow’s milk outside Italy. For Mozzarella
cheese, it is necessary to standardize milk to 1–3% fat,
depending on the type of Mozzarella. Part-skim mozzarella is
made from 1 to 2% fat (fat–casein ratio ¼ 0.45–0.90),
whereas regular mozzarella is made from 3% milk (fat–casein
ratio ¼ 1.37).

The starter consists of thermophilic yogurt culture. The
curd in the form of loaves is cut into strips, which then are fed
into hot-water (82 � C) stretching and molding equipment. At
this point, the curd is softened, melted, and stretched and
exits in the form of a particular shape. The stretching proces
generates� brous plastic curd. In some cases, the curd is mad
pliable enough to form braided cheese. These forms then ar
immersed in cold brine for cooling and salting purposes.
Normally, Mozzarella cheese is not ripened.

During fermentation, lactose is hydrolyzed to glucose and
galactose. Glucose is metabolized while galactose accumulate
The residual galactose gives rise to brownish pigment in melted
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cheese on pizza surface due to Maillard reaction. The effect ca
be controlled by using galactose-positive variants of yogur
culture.

Another major pasta� lata cheese is provolone cheese. In it
production, milk is standardized to a protein–fat ratio of 1.17.
A mixture of mesophilic and thermophilic starters is used. The
curd formation and stretching process is similar to Mozzarella
cheese. Provolone cheese may be shaped as a cylinder, tru
cated cone, ball, or sausage and� oated in brine. It is ripened at
7 � C and 85% humidity. It may be smoked. Provolone cheese
should have compact, threadlike texture. After a few months of
ripening, the � avor is mild and creamy, but on further ripening,
it changes to piquant and sharp.
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Soft Cheese Group

Cottage cheese, Quarg, Fromage Frais, and Chhana are prim
examples. They contain 55–80% moisture and have shorter
shelf life. Cultures used are mesophilic type and in some
varieties thermophilic cultures may be used. Rennet generall
is not used, although some cheesemakers prefer a very sma
amount of rennet. Skim milk is the raw material in Cottage
cheese and Quarg. In Cottage cheese, culture activity resu
Table 4 Proximate composition of popular cheese varieties

Cheese pH Moisture % Fat

Cheddar 5.4 36.7 33.1
Colby 5.2 38.3 32.1
Mozzarella, whole milk 5.2 54.1 21.6
Mozzarella, part-skim 5.2 55.0 17.9
Mozzarella, low-moisture 5.2 49.5 23.9
Mozzarella, part-skim, low-moisture 5.2 48.5 21.0
Provolone 5.4 42.5 26.6
Parmesan 5.4 29.2 25.8
Romano 5.4 30.9 26.9
Feta 5.6 55.7 20.3
Camembert 5.7 52.5 23.0
Brie 5.8 48.4 27.7
Gouda 5.8 41.5 27.4
Edam 5.7 43.0 24.0
Swiss 5.6 37.2 27.4
Gruyere 5.7 33.5 30.0
Blue/Bleu 6.5 42.4 28.7
Roquefort 6.4 39.9 30.9
Gorgonzola 6.3 36.0 32.0
Stilton 5.2 38.3 33.0
Brick 6.4 41.1 29.7
Munster 5.7 41.8 30.0
Monterey Jack 5.7 42.0 29.6
Cottage cheese, 4% fat 4.9 79.0 4.1
Cream cheese 4.6 53.7 34.9
Quark, creamed 4.4 73.0 12.0
Ricotta, whole milk 5.8 72.0 13.0
Paneer 5.8 51.0 26.0
Queso blanco 5.2 55.0 15–27

Adapted from Chandan, R.C., Kapoor, R., 2011a. Principles of cheese technolo
Ames, IA, pp. 225–265 (Chapter 10); Chandan, R.C., Kapoor, R., 2011b. Manufa
(Eds.), Dairy Ingredients for Food Processing. Wiley Blackwell, Ames, IA, pp. 26–316 (C
Cheese and Related Cheese Products, vol. 2. Part 133. U.S. Department of Hea
in pH drop to 4.5. The curd is cut with cheese knives and
cooking of the curd is accomplished by heating to 50–55 � C.
Whey is drained off and cream dressing containing salt is
applied to get a fat content of 4%. Low-fat products may
contain 1–2% fat. Herbs, fruits, chives, or vegetables may b
incorporated. The product is packaged and marketed. In the
Quarg process, skim milk is cultured as in Cottage cheese,
heat treated, and is centrifuged to remove the whey. The cur
is blended with cream, fruits, vegetables, and herbs and
packaged.
Hispanic Cheese Group

These Latin American cheeses are popular in Mexico, Sou
American countries, and the United States, and form a distinc
group. They are made from whole milk, skim milk, cream, and
their mixtures. The production process involves either renne
coagulation of warm milk or the direct addition of lime or
lemon juice, fruit juice, or vinegar to hot milk. Directly acid-
i� ed cheese are queso del pais, queso de la tierra, queso
cincho, and queso sierra. They are all highly salted (salt leve
2–4%) to improve their shelf life. Generally, Latin American
White cheeses are white, creamy in taste, highly salted, an
% Fat in dry matter % Protein % Salt % Lactose %

52.4 24.9 1.6 1.3
52.0 23.8 1.5 2.6
45.1 19.4 1.8 2.2
40.3 21.6 1.6 2.3
47.5 22.8 1.5 2.2
37.9 26.3 1.4 2.4
46.1 25.0 3.0 2.1
36.5 35.7 2.2 3.2
39.0 31.8 4.8 2.6
47.4 13.4 2.2 4.1
50.4 18.5 2.5 0.4
53.7 20.7 2.3 0.4
46.9 25.0 2.0 2.2
42.1 26.1 2.0 2.1
43.7 28.4 1.2 3.4
50.4 30.0 1.1 2.9
49.9 21.4 4.5 2.3
50.5 21.5 3.5 2.0
50.0 26.0 4.0 2.2
53.5 24.8 3.5 2.2
50.4 23.3 1.9 1.8
51.6 23.4 1.9 1.1
51.0 23.5 2.0 2.8
33.3 12.5 1.0 2.7
75.4 7.5 0.7–1.2 2.5
44.4 10.0 0.7–1.2 2.6
46.4 11.0 < 0.5 2.9
53.0 17.0 02.3
33.3–60.0 23.0 2.5 2.5

gy. In: Chandan, R.C., Kilara, A. (Eds.), Dairy Ingredients for Food Processing. Wiley Blackwell,
cturing outlines and applications of selected cheese varieties. In: Chandan, R.C., Kilara, A.

7hapter 11); CFR, Code of Federal Regulations, 2011. Revised as of April 2011. Title 21
lth and Human Services, Food & Drug Administration. Available at:www.GMPPublications.com.
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Table 5 Functional attributes of various cheeses upon heating

Functional attribute of heated cheese Typical cheese contributor Remarks

Melting behavior– softening and
melting to� uid form

Cream cheese, pasteurized process cheese,
Mozzarella, Cheddar, Colby, Monterey Jack

Melting behavior of process cheese is engineered by use
of emulsifying salts and process variables.

Flow and spread of molten cheese Cream cheese, pasteurized process cheese,
Mozzarella, Cheddar, Colby, Monterey Jack

Flow and spread of process cheese is engineered by use of
emulsifying salts and process variables.

No melt and no spread of heated
cheese

Paneer, queso blanco No rennet used in cheesemaking. Whey proteins retained
in cheese. These factors give a nonmelting attribute.

Stretch/stringy behavior Pasta� lata-Mozzarella, string cheese Plasticization due to stretching treatment at high
temperature results in formation of para-casein� bers
that orient in planar form and formation of free fat.

Free oil on surface Aged cheeses, frozen cheeses, process cheese Fat globules disrupt on heating. Emulsifying salts used are
not effective in processed products.

Appearance of melted/cooked cheese Brown color, opaque or translucent; sheen
observed in aged cheeses

Free galactose in Mozzarella cheese gives brown color.
Overheating may dehydrate or curdle some cheeses.

Adapted from Chandan, R.C., Kapoor, R., 2011b. Manufacturing outlines and applications of selected cheese varieties. In: Chandan, R.C., Kilara, A. (Eds.), Dairy Ingredients for
Food Processing. Wiley Blackwell, Ames, IA, pp. 267–316 (Chapter 11).
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acidic in � avor. They possess the body and texture of young
high-moisture Cheddar and can be sliced for sandwich
use. Queso blanco made by direct acidi�cation can be fried
without melting. In this way, it resembles Paneer, a South
Asian cheese. The white cheeses can be used as a snac
salads, as cooking cheese in casserole dishes, grated for use
pizza and other foods, or included as an ingredient in the
manufacture of process cheese. Latin American white chee
(queso blanco) is consumed fresh or may be cooked a
a part of Mexican or Latin American cuisine. The presse
cheese is hard and crumbly with a slightly open texture. It
typically contains 52–53% moisture, 22–24% protein,
16–18% fat, 2–3% lactose, and 2.5% salt. The pH is in the
range of 5.3–5.5.
:
Cheese Composition

Table 4 shows typical chemical composition of major natural
cheese varieties. It is evident that wide variations in nutrients
exist in various cheese groups.
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Process Cheese Products

Natural cheese constitutes the main ingredient of the
process cheese products sold in marketplace. Compare
with natural cheeses, such products possess uniformity o
� avor and texture. Furthermore, the melting characteristic
can be manipulated by use of speci� c melting (emulsifying)
salts or by processing variables. Process cheese is manuf
tured by blending selected cheeses with up to 3% emulsi
fying salt (citrates/phosphates) in a cooker. In other
products, sodium chloride, cream, dairy solids, and other
food ingredients may be incorporated. On cooking the mass
to 73.8–82.2 � C, a uniform blend is obtained. On cooling
to room temperature, an extended shelf life product is
formed. It can be handled and used like natural cheese
counterpart.
Consumer Attributes of Cheese

As a functional ingredient in foods, it is essential to
understand the performance of cheese as it relates to it
� avor contribution, as well as textural and mouth feel
attributes. Another criterion in cooking is its behavior on
heating (Table 5).

From a consumer standpoint, cheese offers variety an
versatility of � avor and texture, provides sound nutrition, and
� ts into the dietary ethos. This is corroborated by a continuous
increase in consumption around the world.
See also: Arthrobacter; Brevibacterium; Cheese:Microbiology of
Cheesemaking and Maturation;Cheese:Mold-Ripened
Varieties; Role of Speci�c Groups of Bacteria;Cheese:
Micro� ora of White-Brined Cheeses;Fermentation (Industrial)
Basic Considerations;Fermented Milks:Range of Products;
Geotrichum; Lactobacillus:Introduction;Lactococcus:
Lactococcus lactisSubspecieslactisandcremoris; Micrococcus;
Milk and Milk Products:Microbiology of Liquid Milk;
Traditional Preservatives:Sodium Chloride; Starter Cultures
Employed in Cheesemaking;Streptococcus:Introduction;
Streptococcus thermophilus.
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Introduction

Cheesemaking is the conversion of milk from its �uid state into
a semisolid mass by the action of a coagulating agent, such as
rennet (e.g., chymosin), acid, heat þ acid, or a combination
thereof. The cheesemaking process involves the coagulation of
milk proteins to form a curd that entraps fat, moisture, and
some of the minerals in milk, followed by acidi�cation of the
curd by the action of starter bacteria (primarily lactic acid
bacteria, LAB) to form unripened (‘green’) cheese. The green
cheese is ripened (matured) at speci�ed temperature at varying
periods to give aged or matured cheese with different intensi-
ties of �avors. During cheese maturation, the activities of starter
bacteria, secondary or adjunct starter, and nonstarter lactic acid
bacteria (NSLAB) in�uence the quality and characteristics of
the cheese, giving the cheese its distinct and unique character-
istics. Cheese maturation processes involve various complex
biochemical reactions including glycolysis (fermentation of
lactose to lactic acid and the metabolism of lactate), proteolysis
(hydrolysis of cheese proteins – primarily, casein – to peptides
and amino acids), and lipolysis (hydrolysis of fat (triglycerides)
into free fatty acids). The type and complexity of biochemical
reactions vary for different varieties of cheeses and are in�u-
enced by the types of microorganisms and enzymes present in
the cheese, salt and moisture contents of the cheese and the
ripening conditions, including temperature and humidity.
Typical Composition of Cheese Milk

More than 400 cheese varieties are manufactured primarily
from cow, goat, sheep, or buffalo milk. Worldwide most cheese
is produced from cow’s milk. The typical chemical composition
of milk from various species is given in Table 1.

The chemical composition of bovine milk (Table 2) with
a casein-to-fat ratio of 0.67–0.70 is ideal for making Cheddar-
type cheeses. The casein-to-fat ratio in milk in�uences cheese
composition and determines the legal standards of identity of
the cheese.
Microbiological Quality of Milk

Cheese may be manufactured from raw or pasteurized milk. In
the United States, few natural cheeses (e.g., Cream cheese,
Mozzarella cheese) are required to be made from pasteurized
milk. Most hard and semisoft cheeses may be made from either
raw or pasteurized milk. In the United States and many other
industrial countries, cheese made from raw milk must be
ripened at not less than 1.7 �C for 60 days or longer before
consumption. Utilization of unpasteurized milk should be
considered potentially hazardous. In the past, it was thought
that the curing process (time, temperature, pH, salt, and water
activity) inactivated all pathogens in cheese made from raw
(unpasteurized) milk. Recent studies, however, suggest that
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
some pathogenic bacteria, such as Listeria, Salmonella, and
Escherichia coli 0157:H7, can survive for more than 60 days in
Cheddar cheese. Hence, the 60-day rule has been questioned.
Also, the 60-day rule does not apply to fresh soft cheeses with
a short shelf life. The microbiological quality of milk in�uences
cheese quality whether the cheese is made from raw or
pasteurized milk. Because of the variations in the microbio-
logical quality of milk, many countries have instituted stan-
dards that classify milk based on the bacteria count in raw milk.
The microbial and somatic cell quality standards for raw and
pasteurized milks in different countries are given in Tables 3
and 4, respectively. Although milk in the mammary gland is
sterile, it becomes immediately contaminated as it leaves the
udder by various bacteria present outside the udder or in the
surrounding environment. Therefore, milk may contain a few to
millions of microorganisms of different genera. Microorganisms
isolated from raw milk include pathogenic bacteria (e.g.,
Salmonella, Listeria, enteropathogenic E. coli), Pseudomonas,
Enterobacter, Klebsiella, Alcaligenes, Acinetobacter, Microbacterium,
Flavobacterium, Bacillus, Lactococcus, Lactobacillus, Propionibacte-
rium, coliforms, yeasts, and many others.

Most cheeses, particularly fresh soft cheeses must be made
only from pasteurized milk. It is preferable to use pasteurized
milk for the manufacture of all cheeses because pasteurization
destroys pathogenic organisms in the raw milk. Milk is legally
pasteurized at various temperature–time treatments (Table 5).
Most cheese milk is pasteurized at a minimum heat treatment
of 63 �C for 30 min (low-temperature long time batch process)
or 72 �C for 15 s (high-temperature short-time, continuous
process) (Table 5). In some countries, cheese milk is given
a heat treatment called thermization (65 �C for 15 s) to inac-
tivate psychrotrophic bacteria. Milk that has been given
thermization treatment may be used directly for cheesemaking
or may be pasteurized before use.
Principles of Cheesemaking

The basic principle of cheesemaking involves the coagulation
of milk proteins (primarily casein) by the following:

1. Addition of coagulant or rennet (milk-clotting enzyme)
(e.g., chymosin, bovine pepsin, and microbial proteases
from Mucor meihei, Mucor pusillus, and Cryophonectria para-
sitica). This method is used in the manufacture of most
cheeses – primarily, rennet-coagulated cheeses.

2. Direct acidi�cation of milk to pH 4.6 or in situ production of
lactic acid by starter bacteria. This method is used for the
manufacture of acid-coagulated cheeses, such as cottage
cheese, cream cheese, and so on.

3. Heat–acid coagulation – in which hot (80–90 �C) milk is
acidi�ed to pH 4.6–5.3. This method is used for the manu-
facture of ricotta, quarg, paneer, queso blanco, and others.

Traditionally, most rennet-coagulated cheeses are ripened
(cured) or matured before consumption whereas acid- and
-384730-0.00059-8 395
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Table 1 Average composition (g per 100 g) of milk from different
species commonly used for cheesemaking

Type of milk Dry matter Fat Protein Carbohydrate Ash

Cow 12.31 3.66 3.28 4.65 0.72
Sheep 19.30 7.00 5.98 5.36 0.96
Goat 12.97 4.14 3.56 4.45 0.82
Buffalo 16.61 6.89 3.75 5.18 0.79

Source: USDA Nutrient database,http://www.nal.usda.gov/fnic/foodcomp/cgi-bin/
list_nut_edit.pl.

Table 3 Microbial and somatic cell count standard for raw milk
intended for pasteurized milk products

Country Producer raw milka Plant raw milkb

United Statesc 100 000 cfu ml� 1d 300 000 cfu ml� 1

750 000 SCCe

Canadaf 50 000 cfu ml� 1 total live
mesophilic count; 121 000
individual bacteria count
per ml

50 000 cfu ml� 1

500 000 SCCe

ECg 100 000 cfu ml� 1 300 000 cfu ml� 1

400 000 SCC
Australia/New Zealandh 150 000 cfu ml� 1 150 000 cfu ml� 1

aUnpasteurized milk before it has left the holding tank on the farm.
bUnpasteurized milk after it has left the farm holding tank.
cUSDHHS (2009).
dcfu ml�1 measured by aerobic plate count.
eSCC must not exceed 1 000 000 000 ml�1 goat milk in United States and 1 500 000
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heat þ acid–acid–coagulated cheeses are consumed fres
(unripened). During manufacture of rennet-coagulated cheeses
the rate of acidi� cation, syneresis (expulsion of whey from
curd), and salt addition are important and unique to individual
varieties. These steps are dependent on the types of starter us
for manufacture and nonstarter bacteria present.
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ml�1 in Canada.
fCFIS (2011).
gEC (1992).
hANZFA (2000).

Table 4 Microbial standards (per ml) for pasteurized milk products

Country Total bacteriaa Coliform bacteriaa

United Statesb,c 20 000 10, Except in heat-treated,
bulk milk transport tank
shipment, which may
not exceed 100

Canadad m¼10 000
M¼ 25 000
n¼ 5
c¼2

m¼1
M¼ 10
n¼ 5
c¼2

European Union (EEC)e After 5 d at 6� C
m¼50 000
M¼ 500 000
n¼ 5
c¼1

m¼0
M¼ 5
n¼ 5
c¼1

Australia/New Zealandf m¼50 000
M¼ 100 000
n¼ 5

m¼1
M¼ 10
n¼ 5
Starter Bacteria, Starter Adjuncts, and Nonstarter
Lactic Acid Bacteria in Cheese

Starter Bacteria and Starter Adjuncts

Starter bacteria used in cheesemaking are primarily LAB. Th
primary purpose of LAB in cheesemaking is to ferment lactose
and produce lactic acid. A list of LAB used as the starter fo
cheesemaking is given inTable 6. Some microorganisms are
added as adjunct (or secondary) starter for speci� c function
(e.g., � avor and textural attributes) in certain varieties. Others
are added because they produce antimicrobial substance
called bacteriocins that inhibit other organisms that may be
present in cheese. Microorganisms that traditionally are used a
adjunct (secondary) starter are listed inTable 7. Also present in
cheese are NSLAB, which occur in cheese either by survivi
pasteurization or from postpasteurization contamination form
the cheese plant environment.

LAB used as cheese starter are classi� ed into two groups –
mesophilic or thermophilic – based on their growth tempera-
tures. LAB are also classi� ed as homofermentative or hetero-
fermentative. Homofermentative LAB ferment glucose to
produce lactic acid exclusively. Heterofermentative LAB
ferment glucose to acetic acid, CO2, or ethanol in addition to
lactic acid.

For cheesemaking, pure cultures of single-strain LAB o
mixed strains of LAB, propagated in special media, are added t
cheese milk at levels ranging from 0.02 to 5.0%, depending on
cell densities, to ferment lactose to lactic acid. The amount o
Table 2 Approximate chemical composition of bovine
milk

Component Mean (%) Range (%)

Water 87.3 86.1–89.4
Lactose 4.7 4.5–5.0
Fat 3.9 3.3–4.7
Protein 3.2 3.0–3.5

Casein 2.6 2.4–2.7
Whey proteins 0.6 0.5–0.7

Salts 0.7 0.6–0.9
starter added to cheese milk depends on the cheese type, th
medium in which the organism was grown, and the rate of
acidi� cation desired. The viable cell densities used for chees
making range from 105 to 107 colony-forming units (cfu) ml � 1,
although cell densities of starters for direct-to-vat inoculation
may contain as high as 4� 1011 cfu ml� 1. When concentrated
c¼1 c¼1

aTotal bacteria (as measured by aerobic plate count) and coliform bacteria counts
given as upper limit of cfu ml�1 in the United States. For Canada, European Union,
and Australia/New Zealand, two-tiered limits are given, with allowable results based
of n number of samples, wheren¼ number of samples units (subsamples) to be
examined per lot;m¼maximum number of bacteria per g or ml of product that is of
no concern (acceptable level of contamination);M¼ maximum number of bacteria
per g or ml of product, that if exceeded by any one sample unit (subsamples)
renders the lot in violation of the regulations;c¼ maximum number of sample units
(subsamples) per lot that may have a bacterial concentration higher than the value
for m but less than the value forM without violation of the regulations.
bUSDHHS (2009).
cNot applicable to cultured dairy products.
dCFIS (2011).
eEC (1992).
fANZFA (2000).
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Table 5 Equivalent temperature and time combinations of
milk pasteurization according to US regulations

Temperature Time

63� C (145� F)a 30 min
72� C (161� F)a 15 s
89� C (191� F) 1.0 s
90� C (194� F) 0.5 s
94� C (201� F) 0.1 s
96� C (204� F) 0.05 s
100� C (212� F) 0.01 s

aIf fat content of milk is 10% or more of if it contains added sweeteners,
the required minimum temperature must be increased by at least 3� C
(5 � F).
Source: USDHHS (2009).

Table 7 Microorganisms used as secondary starters in
cheesemaking

Microorganism or specie
Cheese type manufactured
with species

Propionibacterium freudenreichii
var.shermanii

Swiss-type (e.g., Emmental,
Gruyere)

Brevibacterium linens Limburger
Penicillium roqueforti Blue mold types (e.g., Roquefort,

Stilton, Blue, etc.)
Penicillium camemberti White mold types (e.g., Camembert)
Penicillium candidum Brie
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frozen starters are used, the levels added usually are lo
(<0.01%). In some traditional cheesemaking processes from
raw milk, indigenous micro � ora in the raw milk are relied on
for acid production without the use of starter bacteria.

During the cheesemaking time (usually less than 5 h for
most varieties) starter cell densities increase 100-fold to
w 109 cfu g� 1 in the � nished cheese. The cooking temperatur
used during cheesemaking in� uences starter activity. Cheese
made with mesophilic starters are cooked to lower tempera
tures (< 39 � C) than cooking temperatures (< 40 � C) for cheese
made with thermophilic starters. The starter cell density in the
� nished cheese depends largely on the cooking temperatur
the concentration of salt-in-moisture (S/M) and the residual
lactose content of the cheese. High salt concentration
(S/M > 6%) inhibit the activity of most starter LAB.

LAB used as starters for Cheddar and related types cons
primarily of single or mixed strains of Lactococcus lactisssp.
cremorisor Lactococcus lactisssp. lactis, although some manu-
facturers include citrate-fermenting cultures– for example,
citrate-positive (citþ ) Lc. lactisssp.lactis(formerly, Lc. lactisssp.
lactis biovar. diacetylactis) or Leuconostocsp. High levels of
citrate-fermenting starters in Cheddar cheese may lead t
undesirable open texture. Swiss-type (e.g., Emmental, Gruyér
and related cheeses with holes (eyes) are manufactured usin
very low levels (0.12–0.2%) of mixtures of Streptococcus the
mophilusand Lactobacillus delbruekiissp.bulgaricus, Lactobacillus
helveticus, or Lactobacillus lactisas primary starter. Mesophilic
lactococci may be included also as primary starter. Propionic
Table 6 Classi� cation of lactic acid bacteria used in cheese

Species of lactic acid bacteria

Mesophilic (growth optima from 20 to 40� C)
1. Homofermentative

Lactococcus lactisssp.cremoris
Lactococcus lactisssp.lactis

2. Heterofermentative
(citþ ) Lactococcus lactisssp.lactis
Leuconostoc mesenteroidesssp.cremoris

Thermophilic (growth optima 30–55� C)
1. Homofermentative

Streptococcus thermophilus
Lactobacillus helveticus
Lactobacillus delbrueckiissp.bulgaricus
acid bacteria (PAB)– that is, Propionibacterium freudenreichiivar.
shermanii– are added as a secondary starter for eye formatio
and � avor development. The levels of PAB added to chees
milk are low; typical cell densities of PAB are 103 cfu g� 1

postmanufacture. When the cheese is transferred to a warm
(18–25 � C) room, however, during ripening, cell densities
of PAB may reach 108–109 cfu g� 1 cheese with 20–30 days
postmanufacture.

Lactococcus lactisssp.cremorisor Lc. lactisssp.lactisare used
in conjunction with Leuconostoc mesenteroidesssp. cremorisor
cit þ Lc. lactisssp. lactisas starters for Gouda and Dutch-type
cheeses. Starters used for Mozzarella and other Italian varieti
include a 1:1 ratio of S. thermophilusand Lb. delbruekiissp.
bulgaricus. The ratio of the two organisms varies depending on
the characteristics desired in the� nished cheese.

Starter bacteria used in blue-veined and other mold-ripened
cheeses (e.g., Stilton, Roquefort, Camembert) are primarilyLc.
lacticssp.lactisor cremoris. Mold ( Penicillium roqueforti, Penicil-
lium gorgonzola, Penicillium glaucum, orPenicillium camemberti) is
added as secondary starter depending on the variety bein
manufactured. In blue-veined mold varieties, air (oxygen) is let
in the cheese during ripening to allow for the internal mold
growth, giving the cheese a distinct blue veiny appearance
Mold color varies from blue ( P. roqueforti) to blue-green
(P. gorgonzola) to green (P. glaucum). In surface mold-ripened
cheeses – for example, Camembert – white mold
(P. camemberti) is added to the milk or sprayed on the � nished
cheese. In bacterial surface-ripened cheese, such as Limbur
and Brick, Lc. lactisssp.cremorisor Lc. lactisssp. lactisare the
primary starters.
making

Cheese type manufactured with species

Cheddar-type, Gouda-type, Blue
Limburger, Brie, Camembert, cottage cheese, and cream cheese

Gouda and Dutch-type, Blue, cottage cheese, and cream cheese

Emmental/Swiss-type, Mozzarella, Romano,
Parmesan, Provolone, other Italian-types
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Nonstarter Bacteria

The predominant NSLAB in cheese are lactobacilli (Lactoba-
cillus caseissp. casei, Lactobacillus caseissp. pseudoplantarum,
Lactobacillus caseissp. rhamnosus, Lactobacillus brevis). Other
NSLAB arePediococcisp. (e.g., Pediococcus pentosaceus) and
Micrococcisp. Extensive studies on Cheddar cheese sho
that cell densities of starter bacteria– which typically is
108–109 cfu g� 1 in most cheese varieties– decrease during
early stages of ripening while cell densities of NSLAB increase
– the rate of which depends on how fast cheese is coole
after pressing. Typical cell densities of NSLAB in freshly mad
cheese are less than 102 cfu g� 1, but they grow rapidly to
w 107–108 cfu g� 1 within a few weeks postmanufacture and
remain constant throughout the ripening period. In Cheddar
cheese ripened at 6� C, a generation time of 8.5 days has been
reported. Cell densities of NSLAB at the end of ripening
generally are higher in raw milk cheeses than corresponding
cheeses made from pasteurized milk. In addition to NSLAB
molds (e.g., Geotrichum candidum) and yeasts (e.g.,Kluver-
omyces lactis, Saccharomyces cerevisiae, and Debaryomyces ha
sensi) are also present in mold-ripened cheeses. Nonstarte
organisms found in the surface smear include yeasts
G. candidum, Brevibacterium linens, and Micrococcussp.
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Table 8 Summary of end-products of lactose fermentation

Organisms

Principal end-products from lactose
metabolism (mole product per mole
lactose used)

Isomer of
lactate

Lactococci 4 Lactate L-(þ )
Leuconostoc 2 Lactateþ 2 ethanolþ 2 CO2 D-(� )
S. thermophilus 2 Lactate L-(þ )
Lb. delbrueckii

ssp.bulgaricus
2 Lactate D-(� )

Lb. helveticus 4 Lactate DL
Microbiological Changes during Cheesemaking

Action of Starter Bacteria

The principal action of starter bacteria during cheesemaking i
the metabolism of lactose to produce lactic acid. The lactic acid
by starter bacteria lowers pH and increases acidity in chees
during manufacture. In addition, lactic acid has other impor-
tant functions during the manufacture and ripening of cheese.
These include the following:

1. Low pH aids coagulation of milk, thereby in� uencing the
activities of residual coagulant, plasmin, and other enzymes
that aid in the cheese-ripening process.

2. Low pH aids solubilization of colloidal calcium phosphate,
which in turn affects cheese texture and functionality.

3. Low pH helps with whey expulsion (syneresis).
4. Stimulating the growth of symbiotic organisms present.
5. Inhibiting the growth of contaminating microorganisms

during manufacture and ripening, thereby extending shelf
life of cheese.

Metabolic pathways used by LAB for acid production
differ among organisms. LAB use two systems to transpor
lactose into the cell. They include the phosphoenolpyruvate
(PEP):lactose phosphotransferase system (PTS) or the lacto
permease system. The lactococci (Lc. lactisssp. cremoris, or lactis
and cit þ Lc. lactis) use the PEP:PTS for the assimilation o
lactose (as lactose phosphate) from milk and the serum phase
of cheese. The lactose is phosphorylated to lactose phosphat
which is hydrolyzed into glucose and galactose-6-phosphate
The glucose is fermented via the Embden–Meyerhof–Parnas
(glycolytic) pathway to lactic acid, whereas the galactose-6
phosphate is fermented via the Tagatose phosphate pathwa
to lactic acid. In Leuconostocsp., lactose assimilated by a
permease system is hydrolyzed byb-glactosidase into glucose
and galactose. The glucose is metabolized via the phosphoke
tolase pathway to lactate, ethanol, and CO2. The galactose
moiety is metabolized via the Leloir pathway.

Streptococcus thermophilus, Lb. helveticus, and Lb. delbruecki
ssp.bulgaricustransport lactose via a permease system into th
cell where it is hydrolyzed into glucose and galactose. Only the
glucose moiety subsequently is metabolized byS. thermophilus
and Lb. delbruekiissp.bulgaricus, the galactose is expelled back
into the medium. There is some evidence to suggest thatLb.
helveticusferments galactose by the Leloir pathway to produce
lactic acid.

The end-products of lactose fermentation by the various
organisms are summarized inTable 8.
Microbiological Changes during Cheese Maturation

Lactate and Citrate Metabolism

The concentration of lactate (lactic acid) varies among chees
varieties. Lactic acid contents in Camembert, Swiss, Chedda
and Romano are 1.0%, 1.4%, 1.5%, and 1.7%, respectively. Th
fate of lactate in cheese depends on the types of microorgan
isms present. In Swiss-type cheeses, PAB metabolize lactic a
in the pH range 5.0–5.3 at 18–25 � C, to give propionic acid,
acetic acid, and CO2 (eqn [1]).

3CH3CHOHCOOH / 2CH3CH2COOH þ CH3COOH

þ CO2 þ H2O
[1]

The CO2 generated accumulates in the cheese and
responsible for the characteristic holes (called‘eyes’) in the
cheese. In Cheddar and Dutch-type cheeses,L-(þ)-lactate is
isomerized by NSLAB (e.g., pediococci and some lactobacilli
to D-(�)-lactate, resulting in a racemic mixture of both isomers
in the cheese.D-(� )-Lactate reacts with calcium to form an
insoluble calcium salt that crystallizes and appears as unde
sirable white specks in cheese.

Bovine milk contains w 8 mM citrate. Although most of the
citrate in milk is soluble and is lost in the whey during
manufacture, Cheddar cheese contains 0.2–0.5% citrate. Not
all LAB metabolize citrate. Lactococcus lactisssp. cremoris,
Lc. lactisssp. lactis, S. thermophilus, and other thermophilic
lactobacilli do not metabolize citrate. Citrate is metabolized by
citrate-positive (citþ ) Lc. lactisssp.lactis(formerly, Lc. lactisssp.
lactisbiovar diacetylactis), Leuconostocsp., and mesophilic lac-
tobacilli like Lb. caseiand Lb. plantarum. Citrate is transported
via a pH-dependent inducible permease into the cell where
it is converted to oxalacetate and acetate. The oxalacetate
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decarboxylated to give pyruvate that is oxidized to diacetyl and
CO2 (eqn [2]).

2CH3COCOOH þ O2/ CH3COCOCH3 þ 2CO2 þ H2O

[2]

Diacetyl can be converted to acetoin, 2,3-butylene glycol
and 2-butanone. Diacetyl and acetate contribute the� avor and
aroma of Dutch-type cheeses in which citþ Lc. lactisssp.lactis
and Leuconostocsp. are used as starters. The production o
diacetyl increases as pH decreases. The CO2 produced from
citrate metabolism is responsible for the characteristic eyes i
Dutch-type cheeses. The production of CO2 in Cheddar-type
cheeses leads to texture defects called openness and sometim
slit defects. Therefore, LAB that metabolize citrate normally ar
not used for the manufacture of Cheddar and related types
Although diacetyl is an important component of the � avor
and aroma of cottage cheese, excessive activities of citra
metabolizing organisms during cottage cheese manufactur
leads to curd� oatation.
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Figure 1 Proteolytic agents in cheese during ripening.
Lipolysis

Although many LAB possess esterolytic and lipolytic enzymes
they are weakly lipolytic toward milk fat. Therefore, lipolysis in
bacteria-ripened cheeses like Cheddar, Dutch-type, and Swis
type cheeses is very low. Lipolysis due to microbial enzym
activity is greatest in mold-ripening cheeses.Penicillium cam-
embertisecretes one extracellular lipase, whereasP. roquefort
secretes two types (acid and alkaline) of extracellular lipase
that catalyze the hydrolysis of fat in cheese to produce free fatt
acids. The free fatty acids are further oxidized to formb-keto
acids that are decarboxylated to give methyl ketones (mainly 2
nonanone and 2-pentanone). The methyl ketones are reduce
further to secondary alcohols.
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Figure 2 Stretching property of low-moisture part-skim Mozzarella
cheese on baked pizza pie. Courtesy of Dr. Mark Johnson, Center for Dairy
Research, University of Wisconsin, Madison, WI.
Proteolysis

LAB are nutritionally fastidious, requiring exogenous sources o
nutrients, including free amino acids, for growth. The concen-
tration of free amino acids in milk is low. Therefore, to be able
to grow to high cell densities (109–1010 cfu ml� 1) in milk, LAB
possess proteolytic enzymes (proteases or proteinases a
peptidases) that hydrolyze milk proteins to give the free amino
acids needed for growth. The proteolytic enzymes in LAB
include a cell envelope-associated proteinase (lactocepin
PrtP), intracellular oligoendopeptidases (PepO) and (PepF), a
least three general aminopeptidases (PepN, PepC, PepG), gl
tamyl aminopeptidase (PepA), pyrolidone carboxylyl pepti-
dase (PCP), leucyl aminopeptidase (PepL), X-prolyl dipeptidyl
aminopeptidase (PepX), proline iminopeptidase (PepI),
aminopeptidase P (PepP), prolinase (PepR), prolidase (PepQ)
general dipeptidases (PepV, PepD, PepDA), and general tr
peptidase (PepT) (see list onTable 7; refer to Liu et al., 2010,
for a more comprehensive list) as well as a peptide and amino
acid transport systems. These proteases and peptidases a
play important roles in the ripening of cheese.

In cheese, the sequence of proteolytic events (Figure 1) that
lead to the formation of free amino acids are (1) initial
hydrolysis of milk proteins (primarily, as- and b-caseins) by
residual coagulant or indigenous milk enzyme (e.g., plasmin)
to give large polypeptides; (2) hydrolysis of the large poly-
peptides by microbial proteases and peptidases to sma
peptides; and (3) breakdown of the small peptides into amino
acids by microbial (LAB and NSLAB) peptidases (Figure 1).

Although proteolysis is desirable in ripened cheeses, it is
undesirable in many unripened cheeses (like Mozzarella)
which loses its unique stretching property on baked pizza pie as
a result of increased proteolysis.Figure 2 shows stretching
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property of low-moisture part-skim Mozzarella cheese on
baked pizza pie.

LAB cell envelop-associated proteases hydrolyze casein
casein-derived large peptides into small peptides that ar
transported into the cell. Peptides containing up to six amino
acid residues can be transported into the cell. LAB that lac
extracellular proteases and grow slowly in milk are character
ized as proteinase-negative (Prt-). Caseins are hydrolyzed b
extracellular cell envelope–associated serine protease, PrtP. Th
cell envelope–associated proteases are grouped as PI- and PIII -
type proteases based on their substrate speci� cities. PI-type
proteases preferentially hydrolyzeb-casein, whereas PIII -type
proteases have broad speci�cities and hydrolyze bothas- and b-
caseins. Generally, lactococci-producing PIII -type proteases are
thought to produce less bitter peptides in cheese.

LAB also possess various peptidases (endopeptidase
aminopeptidases, dipeptidases, tripeptidases, and proline
speci�c exopeptidases) that have different peptide-bond spec
i� cities (Table 9). Lactococci possess weak, if any, or n
carboxypeptidase activity. The collective action of the various
starter peptidases results in the production of free amino acids
that are further catabolized into � avor and aroma compounds
in cheese.

In mold-ripened cheeses, organisms such asP. roqueforti
and P. camembertiproduce aspartyl proteases and metal
loproteases that have similar speci� cities on as- and b-caseins.
In addition, Penicilliumsp. possesses both aminopeptidases an
carboxypeptidases. Yeasts (e.g.,Debaryomyces, Kluveromyces, and
Saccharomyces) that develop on the surface of soft cheeses, andG.
candidumthat grows on the surface of Camembert cheese mad
from raw milk also produce intracellular proteolytic enzymes
that contribute to proteolysis in cheese. Because of the hig
proteolytic activity of Penicilliumsp., the levels of proteolysis in
mold-ripened cheeses are higher than in bacteria-ripened var
eties, such as Cheddar-, Gouda-, and Swiss-type cheeses.

The microorganisms in cheese also break down the amino
acids produced from proteolysis to give numerous compounds
that contribute to the � avor and aroma of cheese. Microbial
enzymes involved in the catabolism of amino acids include
deaminases, decarboxylases, and transaminases that cataly
Table 9 Examples of peptidases present in various lactic acid
bacteria

Enzyme Other name or abbreviation Bond cleave

Aminopeptidase P X–Pro–Y–Z.
Proline iminopeptidase Pro–X–Y–Z.
Proline iminodipeptidase Prolinase (PIP) Pro–X
Imidodipeptidase Prolidase X–Pro
X-Prolyl dipeptidyl

aminopeptidase
PepX X–Pro–Y–Z

Pyrolidonyl carboxylyl
peptidase

PCP pGlu–Y–Z

Aminopeptidase A PepA Asp(Glu)–Y–Z
Aminopeptidase C PepC X–Y–Z
Aminopeptidase N PepN X–Y–Z
Dipeptidase DIP X–Y
Tripeptidase TRP X–Y–Z
Endopeptidase PepO . W–X–Y–Z.
respectively, deamination, decarboxylation, and transamina-
tion of amino acids to produce, respectively, a-keto acids,
amines, and other amino acids that then are converted into
aldehydes, alcohol, and acid. For example, in blue-veined
cheeses, arginine is converted to ornithine and citrulline by
P. roqueforti. Biogenic amine such as tyramine, histamine,
tryptamine, putrescine, and cadaverine are produced from the
decarboxylation of amino acids in cheese.Brevibacterium linen
and other coryneform bacteria produce an enzyme, demethio-
lase, which produces methanethiol directly from methionine.
Defects of Bacterial and Fungal Origin

The presence of undesirable microorganisms in cheese ma
lead to defects in appearance,� avor, and texture. Undesirable
organisms occur in cheese as a result of using raw milk with
poor microbial quality or from contamination during cheese
manufacture, handling, or packaging. Pathogenic organisms
(e.g., Staphylococcus aureusand Listeria monocytogenes) can
survive and grow in cheese. The inactivation of pathogenic
organisms by pasteurization stresses the signi� cance of
pasteurizing cheese milk. Also, lack of microbial standards for
cheese in many countries stresses the importance of adherin
strictly to good manufacturing practices during cheesemaking
Microorganisms causing defects in cheese include some LA
coliforms, psychrotrophs, spore-forming bacteria, coryne-
forms, yeasts, and molds.
-
s,

s

Defects Caused by Lactic Acid Bacteria

The predominance of heterofermentative LAB (e.g.,Lb. brevis
and Lb. caseissp. pseudoplantarum) in closed-textured cheese
such as Cheddar, results in an‘open texture’ due to gas
production. Pediococci and lactobacilli convertL(þ )-lactate to
D(�)-lactate, which reacts with calcium to form insoluble
calcium lactate crystals that appear as undesirable white spec
in ripened Cheddar. In brine-salted cheeses, such as Dutch- an
Swiss-type cheeses, contaminating salt-tolerant lactobacil
metabolize amino acids to give undesirable phenolic and
putrid H 2S-like � avors during ripening. Studies show that
concentration of gas-producing lactobacilli greater than
103 cfu ml� 1 in brine is detrimental to cheese quality. Soft-
body defect in Mozzarella cheese has been attributed to
proteolytic activity of mesophilic lactobacilli (e.g., Lb. caseissp.
casei). In Swiss-type cheeses, some strains ofLb. delbrueckiissp.
bulgaricusproduce a pink discoloration. Also, pink spots in
Swiss-type cheeses have been attributed to the growth of pig
mented strains of propionibacteria. Also in Swiss-type cheese
late CO2 production as a result of secondary fermentation by
some strains of PAB can lead to split–slit defects as shown in
Figure 3. The presence of fecal streptococci (e.g.,Streptococcu
duransand Streptococcus faecalis), that occur most frequently in
cheeses made from raw milk causes undesirable� avor and high
levels of amines (e.g., histamine and tyramine).
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Defects Caused by Psychrotrophic Bacteria

Psychrotrophic bacteria cause the most defects in fresh so
cheeses (e.g., cottage). The principal psychrotrophs that cau
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Figure 3 Picture of Swiss cheese showing split defect. Courtesy of Dr.
Mark Johnson, Center for Dairy Research, University of Wisconsin,
Madison, WI.
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defects belong to the genera Pseudomonas, Aeromonas, and Aci-
netobacter. Most common defects are surface discoloration, off-
odors, and off-�avors. Also, thermostable lipolytic enzymes
produced by psychrotrophic bacteria in raw milk survive
cheesemaking, causing rancidity in the cheese. Similarly, ther-
mostable proteases from psychrotrophic bacteria may cause
proteolysis leading to bitterness in cheese.
.
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Defects Caused by Coliform Bacteria

The presence of coliform in cheese is an indication of poor
sanitation since coliform bacteria present in raw milk are killed
by pasteurization. Coliforms grow rapidly in cheese during the
�rst few days of storage. Metabolites of coliforms include lactic
acid, acetic acid, formic acid, succinic acid, ethanol, 2,3-
butylene glycol, hydrogen, and carbon dioxide. The production
of H2 and CO2 by coliforms results in early gas blowing of the
cheese. In retail packaged cheese, coliform concentrations of
approximately 107 cfu g�1 results in a gassy defect and swelling
of the plastic package.
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Defects Caused by Spore-Forming Bacteria

The main source of clostridia contamination of milk is silage.
The spores survive pasteurization of milk and germinate in
cheese, causing late gas blowing and off-�avor development in
many varieties (mostly Swiss- and Dutch-type cheeses). Clos-
tridium tyrobutyricum is the major spore-forming organism that
causes late gas blowing. Other causative organisms are Clos-
tridium butyricum and Clostridium sporogenes. These organisms
metabolize lactate (or glucose) to produce butyric acid, acetic
acid, carbon dioxide, and hydrogen gas. Accumulation of the
CO2 and H2 produced causes late gas blowing. Late gas
blowing is prevented by removal of spores from milk by bac-
tofugation or micro�ltration before cheesemaking or by the
addition of lysozyme or nitrate to cheese milk. Research shows
that butyric acid fermentation and late gas blowing may occur
in cheese made from milk containing 5–10 spores per liter.
Defects Caused by Coryneform Bacteria, Yeasts, and Mo

The presence of large numbers of coryneform bacteria and
yeasts on cheese surfaces results in a slimy rind, discolored
appearance, and undesirable �avors. Mold growth on cheese
(other than those added to mold-ripened cheeses) is
a common and recurrent problem. The most common molds
found on cheese are Penicillium sp. Other molds that occur
include Aspergillus, Alternaria, Cladosporium, and Fusarium.
Undesirable mold growth in cheese results in discoloration,
poor appearance, and off-�avors. Furthermore, some molds
produce mycotoxins that may pose health risks to consumers.
Airtight packaging can prevent undesirable mold growth.
See also:Lactobacillus: Introduction; Lactococcus:
Introduction; Lactococcus: Lactococcus lactisSubspecies lactis
and cremoris; The Leuconostocaceae Family; Starter Cultures;
Starter Cultures Employed in Cheesemaking.
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Introduction

Brined-type white cheeses are particularly popular in the Bal-
kans, the Middle East, the Mediterranean region, North Africa,
and Eastern Europe. A large number of white-brined cheese
varieties exist around the world and the processing practices of
these cheeses vary from one region to another, but they basi-
cally suit the hot climatic conditions of the regions where they
are produced. The nomenclature and descriptions of some
white-brined cheeses are presented in Table 1.

The production of white-brined cheeses traditionally was
carried out by small-scale dairies for centuries, which made
standardization of the properties and composition of these
varieties dif�cult. Along with the developments in dairy tech-
nology, the incorporation of mechanization and automation in
cheese manufacturing made large-scale productions possible.
In the twenty-�rst century, except for the practices in remote
rural areas, the production of white-brined cheeses is carried
out by medium- or large-scale dairy factories.

The white-brined cheeses are rindless, white-colored, and
close-textured (no evidence of holes); they have a variety with
a salty-acidic taste and may have a slight piquant �avor, espe-
cially when made from sheep’s milk. These cheeses are matured
for a period of 1–3 months or longer. White-brined cheeses
traditionally have been produced from sheep’s or goat’s milk.
More readily available cow’s milk is used by large-scale dairy
processors to meet the growing demands for these cheeses in
the markets. On the other hand, cow’s milk is not ideal because
it gives a yellowish color and a characteristic ‘cowy’ odor to the
cheese. The main objection to goat’s milk is that it produces
a hard, dry cheese, which is atypical of this type of cheese. In
large-scale productions, the milk usually is pasteurized at
72–80 �C for 15–60 s (with plate heat exchanger) or 65–68 �C
for 15–30 min in cheese vats, and starter culture is added. In
some practices, the milk is thermized at 61–63 �C for 30–60 s,
and cheese is manufactured without starter culture. In the latter
case, the ripening relies on the activity of indigenous �ora. The
micro�ora of white-brined cheese is in�uenced by a number of
factors, including initial microbial load of milk, the use of heat
treatment (pasteurization or thermization), production prac-
tices (i.e., salting, scalding, etc.), and level of contamination
during or after manufacturing.
Microbiological Quality of White Cheese

Since pasteurized milk is used widely in the large-scale manu-
facture of white-brined cheese, the use of de�ned starter
cultures is essential. The selection, maintenance, and use of
starter cultures are, perhaps, the most important aspects of
cheesemaking, particularly in the context of modern mecha-
nized processes for which predictability and consistency are
essential. Lactic acid bacteria (LAB) are predominant in white-
brined cheeses and the main isolates are Lactococcus lactis
subsp. lactis, Lactococcus lactis subsp. cremoris, Lactobacillus casei,
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Enterococcus faecalis var. liquafaciens, and Leuconostoc para-
mesenteroides. At present, the subspecies of Lc. lactis, a combi-
nation of lactococci and yogurt starter cultures (Lactobacillus
delbrueckii subsp. bulgaricus and Streptococcus thermophilus) are
used widely to obtain optimum rate of acidi�cation and �avor
development. The combinations of starter cultures used in the
production of white-brined cheeses are given in Table 2.
Starter Cultures

Many species of starter microorganisms have been used in the
manufacture of white cheeses, and many combinations have
been tested to establish the best match of composition and
characteristics of this variety of cheese. In this respect, deter-
mination of the technological properties of the natural �ora of
cheese is important in the selection of a balanced combination
of starter bacteria to obtain the best texture, aroma/�avor, and
body in cheese. The enzymatic activities of the natural lactic
�ora should be the prime criterion in deciding the starter
bacteria for cheesemaking. Additionally, the starter bacteria
employed in the manufacture of white-brined cheeses should
show high tolerance to salt and acidity. Some strains of Lc. lactis
subsp. lactis, Lc. lactis subsp. cremoris, and Lc. lactis subsp. lactis
biovar. diacetylactis are known to be salt tolerant. In most white-
brined-type cheeses, the number of lactococci decreases
constantly during the early stages of ripening due to the
inhibitory effect of high salt and low pH. The salt penetration is
almost complete within �rst 3–4 weeks of ripening. This period
coincides with the rapid reduction in the counts of lactococci.
The low pH and high salt-in-moisture seem, however, to favor
the growth of lactobacilli, and it was revealed that 90–95% of
the isolates of LAB from ripened Feta cheese were from this
group. The population dynamics in Feta cheese were screened
during ripening period of 90 days, and it was shown that in
90-day-old Feta cheese, the facultative heterofermentative
group of lactobacilli formed 81% of the isolates, whereas
obligate heterofermentative types accounted for 13.5%.

In the twenty-�rst century, the commercial supply of dairy
starter cultures worldwide is dominated by a small number of
companies. Therefore, the number and diversity of de�ned
strains of starter bacteria are rather limited, compared with the
number of white-brined cheese varieties globally. The use
of commercially de�ned starter cultures in the manufacture of
traditional white-brined cheeses may affect the diversity of
cheese �avor and texture negatively. To protect the character-
istic aroma, �avor, and textural properties of the traditional
cheeses, the screening of new strains of LAB is essential. In the
past decade, advances in molecular techniques have enabled
the molecular and genetic characterization of the new strains in
greater detail. It has been demonstrated that wild strains of
L. lactis have some distinctly different features compared with
the industrial strains. For example, the wild-type Lc. lactis
strains grew better at 40 �C in the presence of 4% NaCl. It has
also been demonstrated that wild strains of Lc. lactis had
potential to develop new �avors in white-brined cheese, as the
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00062-8
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Table 1 Nomenclature and description of some white-brined cheese varieties

Variety Milk used for manufacture Country of origin Description Remarks

Turkish Beyaz peynir Cow’s, sheep’s, goat’s,
or mixture

Turkey Rindless, close texture Curd is pressed; cheese blocks are kept in brine
overnight and then stored in tins with the brine. It is
ripened for 3–6 months before consumption.

Feta Cow’s, sheep’s, goat’s,
or mixture

Greece, Denmark Rindless with slightly acid and
salty taste; soft with a pure white color

The production practices of this variety show similarity
to Turkish Beyaz peynir. The whey drains by gravity
drainage and surface is dry salted. When the
mixture of milks is used, the portion of goat’s milk
should be< 30% in the mixture. Maturation period
is> 60 days.

Domiati Mixture of cow’s and
buffalo’s

Egypt Close texture, brittle when broken,
salty taste

One-third of milk is heated to 80� C. Table salt is added
into remaining two-thirds of the milk. The two parts
are combined together, rennet is added, and salted
milk is left to coagulate for 2–3 h. The coagulum is
pressed and the fresh cheese is ripened in salted
whey for> 3 months.

Nabulsi Raw cow’s, sheep’s,
or goat’s

Middle East Close texture and elastic body
on the surface

Production practices are similar to Feta cheese with
the exception that the fresh cheese blocks are boiled
in brine after overnight storage in dense brine. A
thin layer of melted cheese forms on the surface.

Tallaga Not speci� ed Egypt Clean and slightly acid� avor,
smooth and creamy texture

Prepared from high–heat treated milk. Characterized
with high fat and lower salt levels than Domiati
cheese.

Akawi Cow’s, sheep’s,
or goat’s

Middle East Soft white cheese with a smooth
texture and mild salty taste

The molded curd is pressed to expel whey and stored
in brine (10% NaCl).

Halloumi Goat’s, sheep’s, or
mixture

Cyprus Elastic body with no rind No starter culture is used. After cutting the coagulum,
the curd is cooked at 90� C for 30 min. The cooked
cheese is dry salted and sprinkled with dry crushed
leaves of mint. Ripened in brine with 12% NaCl.

(Continued)
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Table 1 Nomenclature and description of some white-brined cheese varietiesd cont'd

Variety Milk used for manufacture Country of origin Description Remarks

Braided (Mujaddal) Sheep’s, goat’s, cow’s or
mixture

Middle East Plasticized body with no rind;
braided in shape

The curd is pressed at 45� C until pH 5.0–5.2 and then
it is scalded in boiling water, stretched, and shaped.
Stored in brine (15%).

Teleme Sheep’s or mixture of sheep’s
and goat’s milks

The Balkans Soft, rindless white cheese with slightly
salty and acidic� avor

Fresh curd is salted in brine bath (18% NaCl) at
15–18� C forw 20 h. Cheese blocks are placed
into an open tin and dry salting is applied. Teleme
cheese is ripened in brine with 7–8% NaCl.

Bjalo Salamureno Sirene Sheep’s Bulgaria Semihard cheese with smooth and
close texture, and salty-acidic� avor

Production practices are similar to Teleme cheese, but
the salting is carried out in saturated brine.
Maturation period is 2–4 weeks.

Brinza Cow’s, sheep’s, goat’s,
or mixture

Israel, Russian
Federation,
Czech Republic

White, slightly grainy cheese with mild
taste and moist-crumbly body; sweet
and aromatic� avor

Brine concentration varies between 12% and 24%
NaCl. Brining is achieved at 12� C for 12 h. The
cheese is ripened in brine (10–14% NaCl) at 6–8 � C.

Beli Sir U Kiskama Sheep’s (traditionally),
cow’s, or goat’s

Serbia and former
Yugoslavian
countries

Acidic and salty taste; tender but
� rm texture

Production practices are similar to Teleme cheese, but
the salting is carried out in higher brine solution
(20–24% NaCl). Maturation period is 4–6 weeks.

Urfa, Malatya, Antep Sheep’s, goat’s, or mixture Turkey Plasticized body with mild to strong
salty taste; no holes or eyes formation
in the cheese

Cheeses are scalded in their own wheys at 85–90� C.
The cheeses are dry salted for 3–4 days and then
stored in dense brine (16–22% NaCl)
for> 6 months.

Minas Cheese (Minas Frescal,
Minas Padrao, etc.)

Cow’s Brazil White color, closed or open texture with
few mechanical eyeholes, soft consistency
with � avor ranging from mild to acid

After whey expelling, the curd is molded and salted
(0.7% NaCl). The molds are turned upside down at
every 20 min and then are salted either by direct
addition of salt or by immersing in dense brine
solution. Alternatively, brine solution may be
applied onto the surface of the cheese.
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Table 2 Starter cultures used in the manufacture of white-brined cheeses

Type of cheese Starter cultures

Turkish Beyaz peynir Lc. lactissubsp.lactisþ Lc. lactissubsp.lactisbiovar.diacetylactisþ Lb. casei
Lc. lactissubsp.lactisþ Lb. caseiþ Lb. plantarum
Lc. lactissubsp.lactisþ Lc. lactissubsp.cremoris
Lc. lactissubsp.lactisþ Lc. lactissubsp.cremorisþ B. animalisBb12þ Lb. acidophilusLa5
Enterococcus duransþ Lb. delbrueckiisubsp.bulgaricus
Lc. lactissubsp.lactisþ Lc. lactissubsp.cremorisþ Leuconostoc cremoris
Lc. lactissubsp.lactisþ Lc. lactissubsp.cremorisþ Lb. sake
Lc. lactissubsp.lactisþ Lb. plantarumþ E. durans

Feta Yogurt culture
Lc. lactissubsp.lactisþ Lactobacillus caseiþ Leuconostoc mesenteroidessubsp.cremoris(3:1:1)
Lc. lactissubsp.lactisþ Lc. lactissubsp.cremoris(1:1)
P. pentosaceusþ lactic starter
Lc. lactissubsp.lactisþ Lb. casei
Lc. lactissubsp.lactisþ Lc.lactissubsp.lactisbiovar.diacetylactisþ Lb. casei
Lc. lactissubsp.lactisþ Lb. caseiþ Enterococcus duransþ Ln. mesenteroidessubsp.cremoris(6:2:1:1)
Lc. lactissubsp.lactisþ Lb. caseiþ E. durans(6:2:2)
Lc. lactissubsp.cremorisþ E. durans
Lc. lactissubsp.lactisþ Lb. delbrueckiisubsp.bulgaricus
Yogurt cultureþ Lc. lactissubsp.lactisþ Lb. casei

Teleme cheese Pediococcus pentosaceus
Lc. lactissubsp.lactisþ Lb. caseisubsp.casei
Lc. lactissubsp.lactisþ Lb. delbrueckiisubsp.bulgaricus(1:3)

Brinza cheese Homofermentative lactic acid bacteria
Bjalo Salamureno Sirene cheese Lc. lactissubsp.lactisþ Lb. caseisubsp.casei
Halloumi cheese Without starter culture
Osetinskii cheese E. faecalisþ Leuconostocspp.þ Lb. plantarum
Iranian white-brined cheese Yogurt culture
Imeretinskii cheese Lc. lactissubsp.lactisþ Lc. lactissubsp.lactisbiovar.diacetylactisþ Str. paracitrovorous
White-brined cheese Lb. helveticusþ Str. thermophilus
Domiati Pediococcus cerevisiaeþ E. faecalis

Pediococcusspp.þ Ln.paramesenteroides
E. faeciumþ mesophilic and thermophilis lactobacili

Tallaga cheese Lc. lactissubsp.cremorisþ Lb. caseisubsp.casei(1:1)
Minas cheese Lc. lactissubsp.lactisþ Lc. lactissubsp. cremoris
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wild strains probably harbor more amino acid–converting
enzyme than commercial starters.

A wide range of inoculation rates for starter culture has been
proposed, depending on the type of starter culture used
0.1–0.2% of a mixture of Lc. lactissubsp. lactisand Lb. caseiis
satisfactory for Feta cheese, and an inoculation rate of 1–2% of
Str. thermophilusand Lb. delbrueckiisubsp.bulgaricusis optimal
for Feta cheesemaking using a thermophilic culture. Fo
Turkish Beyaz peynir, an inoculation rate of 1–1.5% of meso-
philic lactococci is recommended. As long as the inoculum
rates does not exceed 0.5%, however, the thermophilic starte
bacteria are more suitable for scalded Turkish white-brined
cheese (Urfa type).
,
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Nonstarter Lactic Acid Bacteria and Adjunct Cultures

The white-brined cheese varieties made from unpasteurized
thermized, or in some cases pasteurized milk may contain
nonstarter lactic acid bacteria (NSLAB), originating from raw
milk or post –heat treatment contamination of milk. The
majority of NSLAB in white-brined cheeses are mesophilic
lactobacilli. NSLAB also containPediococcusspp., Enterococcu
spp., and Leuconostocspp. Most of the NSLAB are salt- and
acid-tolerant facultative anaerobic bacteria and can grow easil
in cheese. The number of NSLAB increases rapidly after pressi
and salting of cheese, reaching up to 109 cfu g� 1 during
ripening. Lactobacillus plantarum,Lactobacillus paracaseisubsp.
paracasei, Lactobacillus hilgardii, Lactobacillus brevis, Lactobacillus
paraplantarum, and Lactobacillus pentosusare the most
commonly isolated lactobacilli from white-brined cheeses
made from goat’s or sheep’s milk.

The number of salt-tolerant group of enterococci also
increases during the prematuring period of Feta cheese, and th
predominant species areEnterococcus faeciumand Enterococcu
durans. The use of a combination ofE. faeciumFAIR-E 198 and
E. faeciumFAIR-E 243 as adjunct culture in the manufacture o
Feta cheese resulted in acceleration of proteolysis, presented
high free amino acids level, and a high degree of degradation o
b-casein andas1-casein. Similarly, enterococci used as adjunc
culture in the production of Feta cheese or Turkish Beyaz peyni
contributes to the organoleptic properties of the resulting
products. Enterocin A, enterocin B, enterocin P, enterocin 50
bacteriocin 31, and AS-48 cytolysin are the most common
bacteriocins produced by the various strains ofE. faecalis
and E. faeciumisolated from white-brined cheeses. These
bacteriocins show inhibitory effect on Listeria monocytogene,
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Staphylococcus aureus, Clostridium botulinum, Clostridium per-
fringens, and Vibrio chlorae. The salt-resistant enterococci wer
reported to form the predominant group of bacteria in mature
Domiati cheese. This cheese type was also demonstrated
contain Lactococcusspp.,Lactobacillusspp.,Brevibacterium linens,
and Propionibacterium jensenii. High salt content in Domiati
cheese milk reduces the total bacterial and other microbia
counts, and micrococci and lactobacilli share predominance in
mature Domiati cheese with high salt content. Opposite to
Domiati cheese, enterococci (e.g.,E. faecalis, E. durans) and
pediococci (e.g.,Pediococcus pentosaceus, Pediococcus acidilactic)
have been found in high numbers in fresh Feta cheese, an
their numbers declined throughout ripening, and both groups
were outgrown by the lactobacilli. Incorporation of E. duransin
a mesophilic LAB starter orE. faecalis, E. durans, andE. faecium
in a ratio of 4:3:2 in a Lc. lactissubsp.lactisand Lc. lactissubsp.
cremorismixture gave a better� avor, texture, and body to Feta
cheese and Urfa cheese, respectively.

Pediococcus acidilacticiand P. pentosaceusare the most
frequently isolated species ofPediococcusspp. from white-
brined cheeses. Most strains of pediococci can grow in th
presence of 6.5% NaCl. Although the mechanism by which
Pedicoccusspp. contribute to ripening is unclear, they may form
Ca-lactate crystals through undesired racemization of lactose

Among the Leuconostocspp. in NSLAB of white-brined
cheese,Leuconostoc mesenteroidessubsp. mesenteroides, Ln. mes-
enteroidessubsp.dextranicum, and Ln. citreumare the dominant
species or subspecies. They contribute to the� avor develop-
ment in brined cheeses; however, they are also able to metab
olize citrate and form holes in cheese matrix that is not
desirable for most of the white-brined cheeses. In recent year
some strains of Ln. mesenteroideshave been demonstrated to
produce heat-stable bacteriocins (i.e., mesentericin Y105 from
Ln. mesenteroidessubsp.mesenteroidesY105) that have a strong
inhibitory effect on L. monocytogenes.

Although brined-type cheeses are less suitable for th
growth of probiotic bacteria as adjunct culture, due to high salt
and low pH levels in cheese, various combinations of probiotic
bacteria, including Bi� dobacteriumbi� dum, Bi� dobacterium ani
malis, Bi� dobacterium adolescentis,Lactobacillus acidophilu,
Lactobacillus fermentum, and Lb. plantarumhave been reported to
be employed successfully in the production of white-brined
cheeses. BothB. animalisBb12 andLb. acidophilusLa5 grew well
in white-brined Turkish cheese and the numbers of the pro-
biotic bacteria were above the threshold level for therapeutic
effect (>10 7 cfu g� 1) after 90 days of ripening. Similarly, the
survival and metabolic activities of Lb. acidophilus593N in
vacuum- or brined-packed white cheeses were found to b
satisfactory. Lactobacillus sakeLS-9, in combination with
Lc. lactissubsp.lactisand Lc. lactissubsp.cremoris, can be used to
produce a good-quality probiotic white-brined cheese. To
reduce the negative effects of salt and acidity in cheese matr
on the survivability of probiotic bacteria, the probiotics are
recommended to incorporate into cheese milk in protected
form (i.e., microencapsulation). If the probiotic white-brined
cheese is produced using probiotic adjunct cultures in unpro-
tected (free) state, the initial load of these bacteria should be
high (i.e., 1010–1011 cfu ml� 1) and salt level should be as low
as possible. Comparing this result with the unprotected
probiotic bacteria, the decrease in the number of
microencapsulated probiotic bacteria in white-brined cheese
was fairly limited (3 log decreases in the former vs. 1 log
decreases in the latter). Alternatively, the salt-tolerant strains o
probiotic bacteria should be selected to produce probiotic
white-brined cheese. In principle, the probiotic bacteria in
cheese should not affect the metabolic activities and viabilities
of main cheese starter bacteria. It has been found that mos
strains of Lb. paracaseisubsp.paracasei, E. faecium, and B. bi� -
dum showed no antagonistic effect against lactococcal chees
starters in white-brined Turkish cheese.
Composition of Cheese in Relation to Starter
Culture Activity

A number of white-brined cheeses– including Feta, Turkish
Beyaz peynir, Urfa cheese, Brinza, and Nabulsi– are charac-
terized with a crumbly body, formed by strong acid-producing
starter or NSLAB. A starter activity with a 1:1 ratio of strepto
cocci and lactobacilli (1%, v/v) is able to convert lactose to
lactic acid to create a crumbly body in cheese. Fast acid
producing lactococcal strains frequently are used as starte
culture, whereas poor or medium acid producers can be used a
adjunct cultures depending on their other technological prop-
erties. Although there are some exceptions, the overall acid
fying activity of many potentially interesting wild lactococcal
strains is low, despite the high esterolytic and proteolytic
activities and � avor-generating abilities of these strains or vice
versa. Therefore, in most cases, a combination of high acid
producing and high proteolytic strains or species of LAB is
employed in white-brined cheesemaking. The biochemical
activities of strains of mesophilic lactobacilli, lactococci, and
enterococci show strain-dependency. For example, most strain
of Lc. lactissubsp. lactis and Lc. lactisCit(þ ) exhibit strong
acidifying activity, but the acid production capacity of
Lb. plantarumand Lb. caseiis rather weak. Similarly, most strains
of lactobacilli have lower proteolytic activity than lactococcal
strains. The types and concentrations of amino acids ar
considered to be important criteria in monitoring degrees of
proteolysis and in deciding the suitability of starter cultures for
white-brined cheesemaking. Although the type of amino acids
in white-brined cheeses depends on the period of maturation
or proteolytic activity of the starter bacteria or NSLAB, the
glutamic acid, leucine, phenylalanine, valine, and serin are
generally the most abundant free amino acids in these chees
varieties. The degree of ripening varies among the cheese
depending on the starter culture used as well as production
practices (i.e., salting type, salt level, scalding, and maturation
period). The ripening develops faster in nonscalded white-
brined cheeses (Turkish Beyaz peynir, Feta, Teleme, etc.) ma
by using a mixed culture of lactococci (Lc. lactissubsp.lactisand
Lc. lactissubsp. cremoris) than the cheeses made with mixed
mesophilic and thermophilic cultures (Lc. lactissubsp. lactis
and Str. thermophilus). In general, white-brined cheeses made
from raw milk ripen more quickly and develop more intense
� avor than cheeses made from pasteurized milk, indicating the
active role of nonstarter � ora in the process of maturation
without contributing to the development of acidity. Therefore,
the addition of this secondary � ora into cheese milk as adjunct
culture is expected to shorten the period of ripening in cheese
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made from pasteurized milk. Pediococcus pentosaceus, for
example, added to Feta cheese as an adjunct culture w
reported to reduce the time needed for maturation. The
improvement in � avor was a result of the formation of volatile
compounds from amino acids, as lipolysis was observed a
negligible levels in the� nal product. To accelerate the ripening
process in white-brined cheese, various methods affecting th
starter activity directly or indirectly can be employed. Heat or
freeze shocking of the starter cultures is an effective way t
reduce ripening time, particularly in reduced fat or ultra� ltra-
tion white-brined cheeses commonly associated with weak
� avor and rubbery texture. A mixture of 2% of heat-shocked
yogurt culture (Lb. delbrueckiisubsp. bulgaricusand Str. ther-
mophilus) plus 1% primary starter was reported to give the bes
performance, as far as sensory properties of Iranian white
brined cheese were concerned. Freeze-shockedE. faecium
strains isolated from Domiati cheese exhibited high amino-
peptidase activity and had the potential to shorten the ripening
period of cheese. The ripening of white-brined cheeses also ca
be accelerated by cheese slurry systems. It was demonstra
that the addition of Blue cheese slurry (at a level of 2%) or
ripened Ras cheese slurry (at levels of 1–5%) into Domiati
cheese stimulated the proteolytic and lipolytic activities of
starter bacteria and accelerated the ripening to a great extent.
another way, ripening of white-brined cheeses (such a
Domiati cheese) could be accelerated, without impairing the
� avor balance, using crude cell-free extracts from lactobacill
and more particularly Lb. plantarum. The bitter � avors associ-
ated with pasta-� lata-type cheeses usually are absent in white
brined cheeses with high salt content. This may be attributed to
that high salt content in the latter cheese types, which masks th
bitter � avor or limits the relevant enzyme activity to an
acceptable level.

White-brined cheeses are not characterized with high lipo
lytic � avor, and thus weak lipolytic starters are preferred in
cheese production. The long-chain free fatty acids (FFAs
including mrystic (C14), palmitic (C 16), stearic (C18), and oleic
(C18:1) acids, are the principal FFAs in most varieties of white
brined cheeses. It is well known that FFAs, particularly short
chain FFAs (SCFFAs, C4:0-C8:0), contribute to the cheese� avor
development directly or indirectly. Degradation products of
FFAs by microorganisms include mainly volatile compounds,
such as esters, alcohols, aldehydes, (methyl-)ketones, an
lactones.

A number of volatile compounds are produced by de� ned
or wild-type lactococcal bacteria used in the manufacture o
white-brined cheeses. Although it may vary depending on the
type of starter bacteria and manufacturing practices, th
predominant groups of volatiles are methyl ketones (mainly
2-pentanone, 2-butanone, and 2-heptanone) and alcohols
(mainly ethanol, 2-pentanol, 2-heptanol, and 3-methyl-1-
butanol). Lactic acid accounts for the 95% of the total organic
acids during the early stage of ripening, but at the later stage
the butyric acid constitutes about 20–25% of the total organic
acids in brined-type cheeses.

The white-brined cheeses made with thermophilic starters
suffer from a lack of characteristic aroma and� avor of this type
of cheeses. Textural problems may be pronounced: A fragil
structure and a bitter taste sometimes are quoted as the mai
drawbacks to using yogurt cultures. The combination of yogurt
culture with E. durans, however, eliminates these problems t
a great extent and yields a cheese with a� rm but spreadable
consistency and a pronounced aroma. The use of salt-toleran
starters in the production of white-brined cheese, together with
ripening in 18–20% brine, produces cheeses with an elasti
texture. The combination of Lc. lactissubsp.lactisand Lc. lactis
subsp.cremorisis agreed to be the best combination as far as the
� avor and aroma in white-brined cheese are concerned.

Bacteriocins produced by LAB can be de� ned as biologically
active proteins or protein complexes displaying a bactericida
mode of action exclusively toward Gram-positive bacteria and
particularly closely related species. Bacteriocin-producin
Lc. lactis strains have been used in starter cultures fo
manufacturing white-brined cheese to improve the quality of
the end-product. On the other hand, these strains are added
with sensitive adjunct cultures to increase their autolysis to
accelerate cheese ripening. The susceptibility of lactococc
starter cultures to infection by bacteriophages remains a majo
problem facing the dairy fermentation industry worldwide.
This problem is compounded by phage biodiversity, which is
driven by rapid growth rates, large burst size, and genomic
plasticity. These traits work synergistically to enable phages t
rapidly evolve resistance to existing phage-defense systems
mutation and recombination.

Cheese starter bacteria usually are able to produce low leve
of biogenic amines in cheese during storage. In Feta cheese,
increase in the biogenic amine concentrations of 330 mg kg� 1

(60-day-old cheese) to 617 mg kg� 1 (4-month-old cheese) was
reported. Overall, the white-brined cheeses made without
starter culture have higher levels of biogenic amines than thos
made with starter culture. Tyramine, histamine, cadaverine
and putrescine are the predominant biogenic amines presen
in white-brined cheeses, with concentrations usually not
exceeding the toxic levels.
Contaminants in White-Brined Cheeses

The microbiological quality of cheese is closely related to the
method of manufacture and, as unpasteurized milk is still in
use in the manufacture of white-brined cheeses, the initial
microbiological load of the milk determines the quality of the
� nal product.

The counts of psychrotrophic bacteria tend to increase in
white cheeses during the� rst few weeks of maturation, and
then their numbers � uctuate depending on the initial microbial
load in the milk or degree of contamination during the
production stages.Pseudomonasspp., Aeromonasspp., and Aci-
netobacterspp. are among the genera of psychrotrophs mos
frequently found in white cheese. Coliforms often are present
in high numbers during the early stages of maturation, espe
cially when using unpasteurized milk or due to poor sanitary
conditions during cheesemaking. Coliforms are soon reduced
to negligible levels, however, under usual conditions for the
ripening and storage of white-brined cheeses.

The pathogens, including Yersinia enterocolitica, Staphylo-
coccus aureus, and Listeria monocytogenesalso may be present in
white cheeses. The survival ofY. enterocoliticain brined-type
cheeses depends on the rate of development of acidity and th
� nal pH of the product. If acid production is slow and the � nal
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pH of the cheese is >4.5, Y. enterocolitica can survive up to
30 days, but with rapid acid development, this period is as
short as 4 days. Yersinia enterocolitica is destroyed completely in
scalded cheeses (e.g., Urfa-type cheeses) after boiling in hot
water or whey. Listeria monocytogenes is more acid and salt
tolerant than Y. enterocolitica and can remain active in pickled
cheese for up to 90 days in pH 4.3 and a salt concentration of
6%. Depending on the initial level of contamination and
ripening conditions in cheese (i.e., storage temperature),
L. monocytogenes can remain alive in Feta cheese up to the point
of retail sale. Listeria monocytogenes can be destroyed by
thermization at 65 �C for 15–18 s. Staphylococcus aureus can
survive in white-brined cheeses, especially in the presence of
yeasts: Even at low pH and high salt levels, mutual stimulation
between yeasts and Staph. aureus is evident. Surprisingly,
increasing the amount of salt in the milk used for the manu-
facture of Domiati cheese stimulated the growth of Staph. areus
in the cheese, probably due to the inhibition of LAB by high salt
content. This pathogenic bacteria was reported to show
a partial resistance against scalding during the manufacture of
scalded white–brined cheeses ripened in brine containing NaCl
at concentrations ranging from 12.5% to 17.5%. Escherichia coli
O157:H7 is considered to be a potential risk for soft and
semihard cheeses. It was demonstrated that E. coli O157:H7
was completely inhibited in the scalded–brined cheeses within
30 days of ripening; however, the same pathogen remained
active in the unscalded cheeses even at high salt concentrations
(i.e., 17.5% NaCl). The growth of coliforms other than E. coli
O157:H7 can be controlled by salt level of >9.5% in brine.
Salmonella enteritidis and Salmonella typhi are affected largely by
high salt and low pH in cheese, and during ripening of white-
brined cheeses, these pathogens are expected to be inhibited to
a great extent. Similarly, the growth of Shigella � exneri in white-
brined cheeses ripened in brine solution with a salt level of
>12.5% is limited.

Yeasts are not among the predominant micro�ora of white-
brined cheeses and present at low levels in brined cheeses.
Yeasts may have an important role in the formation of �avor,
through enhancing proteolysis and, therefore, they are recom-
mended for inclusion in the starter culture for the manufacture
of Teleme cheese. The growth of molds on white–brined cheese
is more common than yeasts. Unless they are capable of
producing mycotoxins, they do not carry any potential health
risk for humans, but the aroma, �avor, and appearance of the
cheese may be affected negatively. The genera Penicillium,
Mucor, Aspergillus, Cladosporium, and Fusarium have been iso-
lated from Teleme, Feta, Turkish Beyaz peynir, and Domiati
cheeses, and there is a concern that some species, including
Penicillium cyclopium, Penicillium viridicatum, Aspergillus � avus,
and Aspergillus ochraceus, are able to produce mycotoxins. In
addition, a�atoxins may pass into cheese from brine and may
penetrate it as deeply as 15–20 mm from the surface. Therefore,
washing the surface of cheese may not be suf�cient to remove
a�atoxins. However, a�atoxin production depends on the
storage temperature, and at temperatures of 5–10 �C, it is
synthesized at only low levels.

Apart from cheese itself, the brine also may serve as a
reservoir for pathogenic microorganisms, especially for hal-
otolerant groups. It was reported that, L. monocytogenes survived
in fresh Feta cheese brine (6.5% NaCl, pH 6.8, at 4 or 12 �C) for
up to 118 days. On the other hand, increasing salt level of brine
(pH 5.5) to 12% resulted in a marginal decline in the counts of
L. monocytogenes. Similarly, Listeria innocua and E. coli O157:H7
were demonstrated to keep their viability in model brine
solutions (6.0% NaCl, pH 4.5, at 5 �C) for 60 days; however,
the counts of Staph. aureus decreased by 5-log cycles >10 days
under the same conditions. It also was shown that the counts of
pathogenic bacteria in brine tended to increase during cold
storage.
Microbial Defects in White-Brined Cheeses

Early blowing is the principal defect in white-brined cheeses,
particularly in the products made from raw milk. Coliforms
and yeasts (e.g., Saccharomyces spp.) are primarily responsible
for this defect. Klebsiella aerogenes and Aerobacter aerogenes,
which are salt-tolerant, are both able to produce gas and cause
holes in the cheeses, leading to spongy body. Late blowing is
another defect that occasionally occurs in cheeses manufac-
tured from raw milk or under poor sanitary conditions. This
defect is caused by Clostridium tyrobutyricum and Clostridium
butyricum or heterofermentative LAB, but it is not a common
problem in brined cheeses because of the inhibitory effect of
salt in brine on butyric acid bacteria, as long as the salt level in
brine is adequate. Other microorganisms responsible for the
swelling of cans of white-brined cheeses by generating carbon
dioxide and hydrogen include Bacillus subtilis, Bacillus fastidious,
Bacillus pumilis, Bacillus � rmus, Clostridium paratri� cum, and
Clostridium tertium. A slimy brine sometimes is observed during
the storage of white-pickled cheeses, and this is caused by ropy
strains of Lb. plantarum (e.g., var. viscosum) and Lb. casei subsp.
casei. These bacteria are inhibited at low pH (<4.0) and high
salt content (>8% NaCl).
See also:Bacteriocins: Potential in Food Preservation;
Bacteriocins: Nisin; BiÞdobacterium; Brevibacterium; Brucella
Problems with Dairy Products; Cheese in the Marketplace;
Cheese: Microbiology of Cheesemaking and Maturation; Role
of Speci�c Groups of Bacteria; Clostridium: Clostridium
botulinum; Enterococcus; Lactobacillus: Lactobacillus brevis;
Lactobacillus: Lactobacillus acidophilus; Lactococcus:
Lactococcus lactisSubspecies lactisand cremoris; Starter
Cultures Employed in Cheesemaking; Streptococcus
thermophilus.
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Introduction

Mold-ripened cheeses are of two major types: surface mold-
ripened cheeses, which are ripened using molds that grow on
their surface (externally ripened), and blue cheeses (or blue-
veined cheeses), which are ripened by molds growing inter-
nally. The best known of the surface mold-ripened cheeses are
Camembert and Brie, generally ripened by Penicillium camem-
berti and, in most cases, by Geotrichum candidum. The internally
mold-ripened cheeses are best represented by Danablu,
Roquefort, Stilton, and Gorgonzola. The major organism used
for ripening these cheeses is Penicillium roqueforti.

This article describes the manufacture of internally and
externally mold-ripened cheeses as well as the processes and
microorganisms involved in their maturation. The roles of
the molds P. roqueforti and P. camemberti and of the yeast
G. candidum are notably described, in relation to the degrada-
tion of milk components during the maturation process and to
the production of the �avor and texture pro�le typical of these
cheeses.
Diversity and History of Mold-Ripened Cheeses

Surface mold-ripened cheeses include diverse cheeses produced
using various technologies. They are all characterized by their
relatively small volume (Table 1), often due to a brittle curd.

Most are soft-ripened cheese, produced either from acid-
coagulated milk gels (mainly goat’s cheeses) or from predom-
inantly lactic curd obtained by mixed coagulation (rennet and
lactic acid bacteria (LAB)). Such cheeses are generally charac-
terized by the presence of Penicillium camemberti ssp. caseicolum
(mainly used for cow’s cheeses and known as Penicillium can-
didum) or by the presence of P. camemberti subsp. camemberti
(mainly for goat’s cheeses and known as Penicillium album). For
some (goat’s) cheeses, the surface mold can also be P. roqueforti
(known as Penicillium glaucum). Among fungal species, the
yeast G. candidum (still considered to be a mold by some
authors) frequently is used as a ripening agent alone or in
combination with the above-mentioned molds. For this
reason, it would be more suitable to talk about ‘fungal surface-
ripened cheeses.’

Many surface mold-ripened cheeses are produced. These
include, for example, Chaource, Bonchester, Belyi desertny,
several goat’s (e.g., Badaia, Whitehaven) and some ewe’s milk
cheeses.

Other molds may participate in the ripening of surface
mold-ripened cheeses. They are encountered mainly on the
rind of semihard cheeses, which are issued from uncooked
rennet curd. Sporendonema casei and Fusarium domesticum
(formerly Cylindrocarpon heteronema) are reported to contribute
to the ripening of Saint-Nectaire; Chrysosporium sulfureum
(formerly Sporotrichum aureum) to the ripening of Saint-
Nectaire and Tomme de Savoie; and Mucor fuscus and Mucor
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
plumbeus to the ripening of Tomme de Savoie, Tome des
Bauges, and farmhouse-made Saint-Nectaire. Some examples
of surface mold-ripened cheeses are shown in Table 1.

Among surface mold-ripened cheeses, Brie and Neufchâtel
are some of the most ancient cheeses. The �rst authenticated
historical reference to Brie dates from the end of the eighth
century and references to Neufchâtel date from the eleventh
century. The history of Camembert cheese is well documented.
In 1791, in the Normandy region of France, Marie Harel,
assisted by a young priest originating from the Brie region,
adapted the Brie method to take into account the smaller
volume of the vessel used to mold cheeses in the area and
developed Camembert cheese.

Internally mold-ripened cheeses include soft to semisoft
cheese, mainly blue-veined cheese, so-called because of the
presence of P. roqueforti, which give them a green to blue color
localized in openings in the paste (veins). Strong-�avored blue
cheeses are made from a predominantly lactic mixed curd,
while mild-�avored ones are made from a predominantly
rennet-coagulated mixed curd. Rarely, for some cheeses, the
mold can be a white one (e.g., a white variant of P. roqueforti).
Some examples of blue-veined cheeses are shown in Table 1.

Legend has it that a shepherd would have left, in order to
follow a shepherdess with whom he was in love, ewe’s milk
cheese and bread in a limestone cave in an area called
Combalou, in France. When he returned, the cheese and bread
were covered with molds. He tasted the cheese and loved it.
Roquefort cheese was born.

From a historical point of view, among blue-veined cheeses,
Roquefort and Gorgonzola were the �rst mentioned in the
literature in the eighth and ninth centuries, respectively.
Roquefort was described in customs papers in 1070. In the
�fteenth century, Charles VI gave the habitants of the French
village Roquefort sur Soulzon a monopoly on its ripening and
made Combalou a protected area. A cream cheese known as
Stilton cheese was being made around the village of Stilton
(England) in the late seventeenth century or in the early eigh-
teenth century. A recipe for Stilton cheese was published in
a newsletter by Richard Bradley in 1723 and in 1724 Daniel
Defoe commented of the village of Stilton in Cambridgeshire
being ‘famous for cheese.’ In 1874, Hanne Nielsen started
the production of the �rst Danish blue cheese, inspired by
the French cheese Roquefort, which she had encountered on
one study trip abroad. Forty years later, Marius Boel created
Danablu, which is now recognized by a Protected Geographical
Indication.

From a historical perspective, it is interesting to differentiate
between cheeses for which the presence of molds is intentional
and cheeses that have long been suffering contaminations.
Indeed, for most soft-ripened cheeses and from the beginning,
a white color was expected on the surface; therefore, ripening
rooms always have been driven accordingly. Blue cheeses are
also the result of a voluntary presence of molds. Conversely,
Saint-Nectaire and Tomme cheeses became what they are
-384730-0.00060-4 409
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Table 1 A few examples of mold-ripened cheeses and some of their characteristics

Cheese variety Shape Size Treatment of milk Salting

Brie de Meaux
(PDO cheese)

Cylindrical 35–37 cm in diameter; 2.5 cm thick,
about 2.8 kg

Raw cow’s milk Dry salt

Brie de Melun
(PDO cheese)

Cylindrical 24 cm in diameter; 3 cm thick,
1.5–1.8 kg.

Raw cow’s milk Dry salt

Camembert Cylindrical Pasteurized, micro� ltered,
or raw cow’s milk

Brine or dry salt

Camembert de
Normandie
(PDO cheese)

Cylindrical 10.5–11 cm in diameter; 2.5 cm thick,
at least 250 g

Raw cow’s milk Dry salt

Carré de l’Est Square Small: 6.5–7.5 cm by side, 125–160 g;
medium: 8.5–11 cm, 300 g; large:
18–21 cm, 800 g, 1.2 kg

Pasteurized or thermized raw
cow’s milk

Neufchâtel
(PDO cheese)

Variable, often
heart shaped

8–9 cm from the center to the tip, 3.2 cm thick,
200 g (100–600 g, depending on molds)

Raw cow’s milk for farmhouse-
made cheese; pasteurized,
thermized, or raw cow’s milk
for industrial cheese

Dry salt (in the mass or
on the surface)

Saint-Nectaire
(PDO cheese)

Cylindrical 20–24 cm in diameter, 3.5–5.5 cm thick,
� 1.85 kg; 12–14 cm in diameter,
3.5–4.5 cm thick,� 0.65 kg

Raw cow’s milk for farmhouse-
made cheese; pasteurized,
thermized, or raw cow’s milk
for industrial cheese

Dry salt or brine

Gorgonzola
(PDO cheese)

Cylindrical Straight side with a minimum height of
13 cm, diameter 20–32 cm; large wheel:
10–13 kg; medium: 9–12 kg; small:
6–8 kg

Pasteurized cow’s milk Dry salt

Roquefort
(PDO cheese)

Cylindrical 20 cm in diameter, 9 cm thick, 2.5–2.9 kg Raw ewe’s milk Dry salt

Stilton
(PDO cheese)

Cylindrical 25 cm in diameter, 15 cm thick, about 8 kg Pasteurized cow’s milk Dry salt in the mass
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(development of Mucor) because they always have faced env
ronmental constraints.
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Manufacture of Mold-Ripened Cheeses

Surface Mold-Ripened Cheeses

Common features of the production of these cheeses include
milk coagulation at a temperature (32–35 � C) that favors both
renneting and growth of LAB. Coagulation time is between 20
and 75 min for mixed coagulation and up to 24–36 h for acid-
coagulated milk gels (e.g., Cabécou, Neufchâtel). The coa
ulum is cut or used as it. A signi� cant acidi� cation occurs,
mainly after the curds have been placed in molds, as well a
slow whey draining. Curds are characterized by a low miner-
alization. At the end of the draining step, curd is salted in brine
or with dry salt (in its mass or on the surface). Maturation
occurs in an environment with low temperature (8–15 � C) and
high humidity (80 –85% relative humidity).

One example is the manufacture of the Protected Designa
tion of Origin (PDO) Camembert cheese (called ‘Camembert
de Normandie’). Raw milk is used with the addition of a meso-
philic starter. First, raw milk is ripened (primary maturation)
during no more than 24 h at about 12–15 � C (maximum
temperature is 22 � C). Just before renneting, a secondar
maturation may be realized (time �2 h, temperature �38 � C).
The pH at renneting is about 6.4. The coagulation time is
30–45 min. The coagulum may be cut vertically twice before
being transferred into molds by the mean of a ladle. In each
mold, at least � ve ladles are transferred at 40-min intervals
Spontaneous draining takes place while temperature is
decreased from 26–28 to 20 � C. Curds can be turned one time.
After draining, when removed from the mold, the curd has a pH
of 4.6–4.7. It is then dry-salted and ripened in cellars in which
temperature ranges from 18 to 10� C. Under no circumstances
may the cheeses be marketed before the 22nd day from the dat
of renneting. During ripening, surface pH rise up to 7–8.

The technology of the generic Camembert cheese is quit
different. Pasteurized, thermized, micro� ltered, or raw milk can
be used. Coagulation generally takes place continuously. Th
coagulum is cut into pieces of 2–2.5 cm in thickness, and the
whole batch of cheese curd is placed into molds in a single step
30–50 min after cutting. Curds generally are salted in brine.
Blue Cheeses

Blue-veined cheeses mainly are made from the milk of cows
ewes, and buffalo. Such cheeses are characterized in general
pronounced gradients of pH, salt, and water activity. Common
features of the production of all these cheeses include milk
coagulation at 28–30 � C (strong flavored) or at 35–40 � C (mild
� avored). Coagulation time is between 30 and 75 min. The
coagulum is cut into strips or cubes. After stirring, when the
grains of curd are � rm enough, molding occurs quickly to
ensure a spontaneous cohesion while maintaining openings in
the cheese. To do this, no pressure is applied during draining
but molds are inverted frequently. At the end of the draining
step, curd is salted in brine or with dry salt (in its mass or on
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the surface) to obtain a generally high salt concentration. To
create and maintain openings, piercing of the curd is realized to
allow further gas exchange. Maturation occurs in an environ
ment with low temperature and high humidity.

Roquefort cheese is the� rst cheese that received a PDO. It i
made from raw whole milk produced by ewes of the‘Lacaune’
breed. Milk is matured using a mesophilic starter and heated a
renneting temperature (28–34 � C). Renneting occurs no later
than 48 h after the last milking. The P. roqueforticulture
(traditional strains isolated from caves in the de� ned area) is
added either in liquid form at the renneting stage or in powder
form at the molding stage. The coagulum is cut until the lumps
are the size of a hazelnut, and the curd-whey mixture is then
mixed and rested several times until suf� ciently drained grains
of curd emerge. After part of the whey is drawn off (pre-
drainage), the curd is hooped and slow whey drainage occurs a
room temperature (w 18 � C) for up to 48 h, during which time
curds are turned three to� ve times a day. Once curds are
drained, their heel and faces are salted with dry marine salt, and
then curds are transferred to the natural caves of Roquefort fo
ripening at 6–10 � C. Cracks in the limestone (‘� eurines’) act as
natural � lters and allow the circulation of fresh air with the
correct temperature and relative humidity for optimal mold
growth. Piercing of curds is done either in caves or in dairies no
more than 2 days before curds are transferred to caves. Th
operation allows carbon dioxide (CO2) produced during
fermentation to be expulsed and to oxygenate the curds and
promote the development of P. roqueforti. Curds are left
exposed in the caves for the length of time needed fo
P. roquefortito develop successfully (at least 2 weeks). Th
ripening step is followed by a slow aging step in a protective
wrapping, in the caves or in temperature-controlled cellars
Roquefort cheese cannot be sold for 3 months.
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Microbial Flora

The making and ripening of mold-ripened cheeses involve
LAB, yeasts, and molds. Additionally, on the surface of mold-
ripened cheeses, Staphylococcaceae and coryneform bacte
are described. Surface mold-ripened semihard cheeses will n
be considered.
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Lactic Acid Bacteria

Mesophilic and thermophilic LAB are used as primary starters
for the production of different varieties of mold-ripened
cheeses. A mesophilic culture typically contains lactic acid–
producing Lactococcus lactissubsp. lactisand Lactococcus lac
subsp. cremorisand sometimes also citrate-positiveLc. lactis
subsp.lactisand Leuconostoc mesenteroides, which produce CO2

and create openness in blue cheese as well as in the core
some surface mold-ripened cheese. The thermophilic starte
used in blue-veined cheeses usually containLactobacillus de
brueckiisubsp.bulgaricusand Streptococcus thermophilus. Beside
starter strains, LAB found in cheese also may originate from
cheese environment and from unpasteurized milk, leading
to high variability in strains. For example, Roquefort was
reported to contain 94 strains of Lactococcusand 49 strains of
Leuconostoc.
Nonstarter LAB (NSLAB) can be found in several cheese
varieties along ripening. They are facultatively hetero
fermentative strains of the genusLactobacillus, mainly Lactoba-
cillus plantarumand Lactobacillus paracasei/casei. Other NSLAB
described in both internally and surface mold-ripened cheeses
include Enterococcus faecalis, Lactobacillus brevis, Lactobacillus
curvatus, Lactobacillus fermentum, Leuconostocsp., Weissella para
mesenteroides, and Pediococcussp.

In Stilton cheese, microbial colonies of bacteria have
shown a differential location in the different parts of the cheese
examined. Lactococci were found in the internal part of the
veins as mixed colonies and as single colonies within the core
Lactobacillus plantarumwas detected only underneath the
surface, while microcolonies ofLeuconostocsp. were distributed
homogeneously in all parts observed.
Staphylococcaceae and Coryneform Bacteria

Various Staphylococcussp. and coryneform bacteria have been
isolated from the surface of white mold-ripened cheeses. Besid
Brevibacterium linens, used as commercial culture, coryneform
bacteria such asBrevibacterium aurantiacum, Corynebacteriumsp.,
Arthrobactersp., Brachybacteriumsp., and Micrococcussp. were
found. From the crust of Gorgonzola-style cheeses,Micrococcus
luteus, Arthrobactersp., and B. linenswere also described. In
Stilton cheese,Staphylococcus equorumand Staphylococcussp.
have been described.

These organisms presumably contribute to the maturation
process, and most are particularly active in the degradation o
amino acids, with the release of volatile sulfur-containing
compounds. The extent of the contribution of these organisms
relative to that of fungal species, however, is not always known
Gram-Negative Bacteria

Several Gram-negative bacteria have been described on t
surface or in the cheese core of mold-ripened cheese
For example, Pseudomonassp., Stenotrophomonas rhizoph,
Stenotrophomonassp., Psychrobacter namhaensis, Psychrobacte
celer, Serratia proteomaculans, Proteus vulgaris, Klebsiella terrigena,
and Chryseobacteriumsp. were isolated from Saint-Nectaire or
Camembert cheese. There is no doubt that at least some o
these organisms contribute to the maturation process, and
some are particularly active in the release of esters, alcohol
and volatile sulfur-containing compounds.
Yeasts

Yeasts are a signi� cant component of the microbial commu-
nities encountered in white-mold (e.g., Camembert) and blue
cheeses. Lactose-fermenting yeasts initially grow. They main
include Debaryomyces hansenii/Candida famataand Kluyver-
omyces marxianus/Candida kefyr. Lactate, resulting from the
activity of LAB, can be used by these and various other yeast
Some of the species commonly described in white-mold and
blue cheeses includeKluyveromyces lactis/Candida sphaerica,
Yarrowia lipolytica/Candida lipolytica, Galactomyces candidus/G.
candidum, Saccharomyces cerevisiae/Candida robusta, Candida
zeylanoides, Candida catenulata, Candida intermedia, and Tor-
ulaspora delbrueckii/Candida colliculosa. New species are being
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regularly described– for example, Candida cabralensissp. nov,
recently isolated from Spanish blue-veined Cabrales chees
Geotrichum candidumis used, either alone or coupled with
P. camemberti, as a ripening agent on the surface of many
semifresh cheeses made from goat’s or ewe’s milk and of many
soft cheeses. First classi� ed as a mold, it was recognized as
a yeast in 1983. One of its commonest synonyms isOïdium
lactis. Geotrichum candidumis desirable on the surface of smear
ripened, mold-ripened, and semihard cheeses and is though
to give, for example, its white crust to Saint-Nectaire cheese
On soft cheeses such as Camembert and semihard chees
such as Saint-Nectaire,G. candidumdetermine the texture,
cohesiveness, and thickness of the rind.
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Molds

While P. camembertiand P. roqueforti(Figure 1) are the main
fungal starter species, mold-ripened cheeses display conside
able diversity with respect to the fungi they contain. From the
crust of Gorgonzola-style cheeses,Penicillium citrovorumand
Penicillium brevicompactumhave been described.Penicillium
commune, Penicillium biforme, Penicillium fuscoglaucum, and
Penicillium palitansare found on cheese, either as contami
nants or ‘green cheese mold.’ A species closely related to
P. camemberti, Penicillium caseifulvumgrows naturally on the
surface of blue mold cheeses and has a valuable aroma.
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Fungal Growth

The physical changes in the cheese and the growth of mold on
or within it are paralleled by chemical changes associated with
the mold growth and metabolism. One of the most marked
features of this process is the dramatic change in pH during
maturation.

In Camembert cheese, pH values start from 4.6 to 4.7 both
on the cheese surface and in the cheese core. Due to the grow
n

r

(a) (b)

Figure 1 Penicilli by scanning electron microscopy: (a)P. camemberti,
(b) P. roqueforti. The conidiospores are either alone or in chains at the
end of the conidiophores. Source: Guéguen, M., Université de Caen
Basse-Normandie.
of G. candidum(starting from 3 to 5 days of ripening) and of
P. camemberti(starting from 7 to 8 days), a rapid increase of pH
occurs on the cheese surface (where the fungi develop) tha
leads to pH values at the 20th day of 6.5, while pH remains
below 5 in the cheese core. After the 30th day of ripening,
surface pH is about 7 and core pH is 6.

In blue cheese, during the � rst week after salting, pH
continues to drop due to the continued activity of LAB. At
piercing, mold growth begins and a rise in pH takes place,
which peaks at about 10 weeks. The pH of the interior rises
more rapidly than that of the surface, as the level of NaCl is
lower and allows a faster growth of the mold. Final pH values
are generally in the range 6.6–6.9 in the core and about 5.9 on
the surface.

Whatever the variety of mold-ripened cheese, a balance
growth of the microbial � ora leads to high-quality cheese. The
key points for white-mold cheeses are (1) to make the mold
rapidly cover the cheese surface, and (2) when the yea
G. candidumis involved, to obtain favorable association of the
two fungi. A quick colonization of the cheese surface depends
on the germination time of P. camembertispores, because there
are important variations between strains. One way to reduce
the colonization time is to carry on a pregermination step.
Physicochemical conditions encountered on the cheese surfac
may delay the mold growth. Reduced growth is observed a
�8% NaCl and at pH �7, making sense for the selection of
appropriate strains based on these criteria. Within the specie
G. candidum, two major morphotypes have been described
(Figure 2). The � rst corresponds to strains with cream-colored,
yeast-like colonies that produce abundant arthrospores. The
second is characterized by white felting colonies, with
a predominance of vegetative hyphae and few arthrospores
Between the two forms, strains form a continuum, offering
a wide diversity of morphological aspects. Based notably on
such characteristics, adequate association betweenG. candidum
and P. camembertiimprove the covering of the cheese surface

For blue cheeses, the main points are as follows:

l To promote the growth of P. roqueforti, that requires O2
l To combine heterofermentative bacteria able to produce

CO2, to maintain holes needed for an optimal development
of the mold

Mold growth in the inadequately drained curd is usually
poor, however, and the moisture in mold-ripened cheeses must
be maintained at an optimal level to obtain an appropriate
distribution and activation of enzymes released from the mold.

Steps aimed at allowing O2 to enter the interior of the
cheese and allowing CO2 out include the following:

l Pretreatment of milk, when allowed: Homogenized milk
curds are less dense than curd from nonhomogenized milk
due to the incorporation of air.

l Control of the development of acidity: A relatively acid
environment will give a short, crumbly textured curd with
considerable mechanical openness.

l Incorporation of CO 2 producers: The use of mixed cultures
containing Leuconostocspecies helps to create openness i
the curd, due to the fermentation of citrate leading to the
release of CO2.

l Adequate drainage of the curd: Well-drained curd has lowe
moisture content in the matured cheese.
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Figure 2 Major morphotypes ofGeotrichum candidum: (a) yeast-like colony, (b) mold-like colonies. Source: Bré, J.M., Université de Caen
Basse-Normandie.
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l Spiking at the correct stage (usually 1–4 weeks after salting):
If it is too early, the spike holes may collapse. If it is too late,
slow maturation and the presence of competing organisms
such as yeasts may result in the holes being blocked an
hence poor gas exchange.

The growth of P. roquefortiin experimental loaves of blue
cheese has been investigated. At day 5 most, but not all, of th
conidia had germinated. The cheeses were pierced at abo
this stage. Fully germinated conidia were seen after 2 week
At 3 weeks, mycelium was dense and supported a large numbe
of spores. By 6 weeks, the mycelium had degenerated partl
Detachment of conidia from the conidiophores (Figure 1)
characterized the mature cheese, after 9 weeks.
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Fungal Metabolism

The fungal � ora is notably involved in the consumption of
lactic acid as well as in proteolysis and lipolysis.

The changes in pH occurring in and on cheeses are asso
ated with two major metabolic events. The � rst is the
consumption of lactic acid. The second is, later on, the
production of ammonia through deamination of amino acids.

The enzymes involved in proteolysis in mold-ripened cheese
are a combination of endogenous milk protease (plasmin),
rennet, and microbial proteases.b-casein is degraded highly
by plasmin and mainly by Penicilliumproteases. Whatever the
cheese, proteolytic activity ofPenicilliumdominates once the
mold has grown, although it is less important in white-mold
cheeses. In the early phases of growth, the proteolysis ofb-casein
largely is due to extracellular proteinases. Two extracellula
proteinases are produced: a metalloproteinase (optimum for
casein hydrolysis at pH 5.5–6.0) and an aspartic proteinase
(optimum for casein hydrolysis at pH 4.0 for P. camembertiand
at 5.5 for P. roqueforti). In Camembert cheese during ripening,
the proteolytic activity increases after 6–7 days of ripening, due
to the beginning of mold growth. In blue cheeses, proteolytic
activity increases after 2–5 weeks, and depending on the blue
cheese variety, whenP. roquefortibecomes visible in the cheese
Several extracellular and intracellular peptidases have bee
described, but the latter play a much more limited role. Extra-
cellular serine carboxypeptidase and metalloaminopeptidase
have been detected for bothP. camembertiand P. roqueforti.
Geotrichum candidumalso produces proteolytic enzymes, with
variable activity from one strain to another. Extracellular
proteolytic activity is low compared with the intracellular
activity. While it is considered that its proteolytic activity in
cheese is much lower than that ofP. camemberti, signi� cant
changes in caseins are recorded during cheese ripening f
1–2 days with G. candidumas the sole ripening agent. Bothas

fraction and b-casein are hydrolyzed. One important point is its
aminopeptidase activity. Indeed, because endoprotease activit
of P. camembertiis higher than its exopeptidase activity, the
mold may release low–molecular weight hydrophobic peptides,
which are responsible for bitterness. Depending on the strain
used,G. candidummay decrease bitterness through the activity
of its aminopeptidases that hydrolyze bitter peptides.

Toward the end of maturation, peptides, amino acids, and
other forms of nonprotein nitrogen accumulate in the cheese.
Branched-chain amino-acid breakdown is achieved mainly
through Erhlich’s pathway, leading to the production of
branched-chain aldehydes, branched-chained alcohols, an
branched-chain acids. Primary and secondary alcohols an
ketones are important aroma compounds in mold-ripened
cheeses. In raw milk Camembert cheese, phenyl-2-ethanol, an
phenylethylacetate are major compounds, mainly produced by
yeasts. For example,G. candidumhas a deaminative activity on
glutamic and aspartic acids as well as on leucine, phenylalanine
and methionine, and is followed by the formation of
ethanol, 2-methylpropanol, 3-methylbutanol, 2-methylbutanol,
3-methylpropanol, and phenylethanol. In the same way,
P. camemberticatabolizes valine to 2-methylpropanol and
leucine to 3-methylbutanol.

Proteolysis contributes to not only the characteristic� avor
of the cheese but also, and perhaps more important, to its body
and texture. The short, crumbly texture of the low-pH curd
changes to a creamy texture, with the creaminess depending o
the degree of proteolysis. This is extensive in such cheeses
Gorgonzola, Brie, and Camembert, which have a rich creamy
texture. If proteolysis becomes too extensive, the chees
becomes liquid and rank in odor, due to the presence of
excessive amounts of amines.

Mold-ripened cheeses are characterized by an intens
fat degradation. Penicillium camemberti, P. roqueforti, and
G. candidum synthesize lipases that degrade triglyceride
and generate free fatty acids (FFAs) having between 6 and 2
carbons.Geotrichum candidumnotably produces a lipase that is
relatively speci� c for the hydrolysis of triglycerides containing
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oleic acid, which occurs in high concentration in Camembert
and Pont-l’Evêque cheeses. Compared with cheese for whic
lipolysis is negligible (e.g., Emmental in which FFA�1% of
total fatty acids), the FFA:total fatty acids ratio is high for white-
mold cheese like Camembert (3–5%) and raw milk Camem-
bert cheese (6–10%); and very high for Roquefort (7–12%)
and diverse blue cheese (6–25%). The characteristic peppery
� avor of Danish blue, Stilton, and similar cheeses primarily is
due to this process. Starting from FFA, many� avor compounds
are produced. Metabolic pathways are shown inFigure 3.

Methylketones produced by the oxidation of fatty acids play
an important role in determining the � avor of mold-ripened
cheeses. Both for white-mold and blue cheeses, the mos
important are 2-nonanone and 2-heptanone.Penicillium cam-
emberti, P. roqueforti, and G. candidumhave an enzymatic system
allowing for a diversion from the b-oxidation pathway normally
used. It leads to methyl ketones having one less carbon than th
FFA from which they originate. In PDO Camembert cheese
alkan-2-ones from C4 to C13, and traces of octan-3-one wer
detected, as well as 3-methylpentan-2-one, 4-methylpentan
2-one, traces of methylhexan-2-one, non-1-en-2-one, and
undec-1-en-2-one in larger amounts. Primary and secondar
alcohols, along with ketones, are considered to be the mos
important compounds in the aroma of soft and mold-ripened
cheeses. By its characteristic mushroom note, oct-1-en-3-ol play
a major role in Camembert cheese.
i-
.

Control of Ripening

Interactions between microorganisms and their environmental
factors and between microorganisms themselves are determ
nant in controlling ripening and sensorial properties of cheeses
Figure 3 General pathways for the catabolism of free fatty acids (FF
involved in the� avor of surface mold-ripened cheeses: origins and pro
The choice of the strains ofG. candidum, P. camemberti, and
P. roquefortiis important in the production of mold-ripened
cheeses. Among important factors, salting has a selective effe
on fungi. Geotrichum candidumis known to be very sensitive to
NaCl. Its growth generally is limited in cheese at concentrations
above 1–2%. Penicillium camembertiis much less affected and
too much or not enough salt can lead to an unbalanced growth
of the two fungi and to defects. Penicillium roquefortialso is
affected by increasing salt concentration. The growth of mos
strains is stimulated by 3.5% NaCl, but higher concentration
cause a decrease in the growth rate.

The tolerance to low levels of O2 and high levels of CO2 is
another important point, mainly but not only for blue cheeses.
Geotrichum candidumtolerates reduced O2 and elevated CO2

conditions. Penicillium camembertiexhibits little sensitivity to
a decrease in the concentration of O2. Nevertheless, CO2
atmospheric composition in ripening chamber has been shown
of importance to control microbial growth. Camembert-type
cheeses inoculated withK. lactis, G. candidum, P. camemberti,
and B. aurantiacumwere ripened under� ve different controlled
atmospheres: continuously renewed atmosphere, periodically
renewed atmosphere, no renewed atmosphere, 2% CO2, and
6% CO2. All microorganism dynamics depended on CO2 level.
An increase of CO2 led to a signi� cant improvement in
G. candidum. Mycelium development in P. camembertiwas
enhanced by 2% CO2. The balance betweenP. camembertiand
G. candidumwas disrupted in favor of the yeast when CO2 was
higher than 4%. The best atmospheric condition to produce an
optimum between microorganism growth, biochemical
dynamics, and cheese appearance was a constant CO2 level
close to 2%. Penicillium roquefortiis the species of the genus
with the highest tolerance to low levels of O2. CO2 concen-
tration higher than 4% stimulates its growth. Sporulation is
As) in cheese. Adapted from Molimard, P., Spinnler, H.E., 1996. Compounds
perties. Journal of Dairy Science 79, 169–184 with permission.



CHEESE j Mold-Ripened Varieties 415
inhibited for CO2 equal to 25% and O2 equal to 0.3%. The
behavior of the starter culture P. roqueforti, undesired cultures
P. caseifulvum and G. candidum, and a potential starter culture of
D. hansenii were studied in environmental conditions similar to
Danablu. Growth and sporulation of P. roqueforti was highly
affected in the presence of G. candidum at 25% CO2 irrespective
of levels of oxygen and NaCl in the cheese media. Penicillium
caseifulvum caused a pronounced inhibitory effect toward
growth of P. roqueforti and D. hansenii at 21% oxygen. Positive
interactions between the two last species were observed at 25%
CO2 and 0.3% O2.
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Spoilage and Defects in Mold-Ripened Cheeses

Defects in white-mold cheeses can be associated with a low
LAB:coliform bacteria ratio, either due to a high initial level of
coliform bacteria or to the presence of inhibitory substances
(antibiotic residues) active on LAB in milk. This leads to defects
ranging from inadequately drained curds to spongy curds that
cannot be drained. A common defect is due to the excessive
growth of P. camemberti that can lead to bitterness, due to the
formation of bitter hydrophobic peptides from b-casein.
Browning reactions, which almost always are associated with
the presence of high levels of free tyrosine and tyrosinase-
containing yeasts, have been described. The inappropriate
growth of fungi on these cheeses also causes important defects.
They often are due to undersalting or to slow growth of
G. candidum or P. camemberti (e.g., inappropriate blue color due
to P. roqueforti, cat hair due to Mucor/Rhizomucor). They can also
be due to too much development of G. candidum alone
(a defect called ‘toad skin’) or together with yeasts and coryn-
eform bacteria (a defect called ‘slippery rind’).

The most serious defect in blue cheese is poor mold growth
or failure of the mold to grow. This defect almost always is
caused by closure of the spike-holes too soon after spiking, or
the texture of the cheese being insuf�ciently open, leading to
insuf�cient penetration of O2 to the interior of the cheese.
Poor mold growth is associated with defects in �avor, texture,
and body.

Spoilage of blue cheese due to fungal contamination
mainly is caused by the formation of off-�avors. Various
molds, including Penicillium discolor, Penicillium nalgiovense,
P. caseifulvum, and Scopulariopsis brevicaulis can grow well on
blue-veined cheese and can also cause discoloration. Creamy-
pink spots can be observed due to the development of
the yeast Geotrichum fragrans in openings at the expense of
P. roqueforti. Browning reactions are also a problem. The
pigment that causes browning is a melanin-like substance
produced by the action of yeasts, especially Y. lipolytica, through
the activity of the enzyme tyrosinase.

A number of aspects of mold-ripened cheeses have been
described here, but not all issues could be addressed. One is the
safety aspect. Indeed, although it seems to be limited, pro-
duction of mycotoxins in cheese could be associated with the
presence of molds. During ripening, the growth of potentially
pathogenic bacteria, arising from milk or from the dairy
environment, may also occur. Another issue is the under-
standing of microbial interactions and their roles in the
complex ecosystem that cheese constitutes. While progress has
been made, further research is still needed to characterize the
cheese as a matrix, and the microbiota it contains.

See also: Brevibacterium; Yarrowia lipolytica(Candida Lipolytica);
Cheese in the Marketplace; Cheese:Microbiology of
Cheesemaking and Maturation; Role of Speci� c Groups of
Bacteria; Corynebacterium Glutamicum; Debaryomyces; Fungi:
The Fungal Hypha; Fungi:Overview of Classi� cation of the
Fungi; Geotrichum;Kluyveromyces; Lactobacillus: Introduction;
Lactococcus: Introduction; The Leuconostocaceae Family;
Microscopy:Scanning Electron Microscopy; Mycotoxins:
Classi� cation; Mycotoxins:Classi� cation; Natural Occurrence
of Mycotoxins in Food; Pediococcus; Starter Cultures Employed
in Cheesemaking; Water Activity.
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Propionibacterium

Propionibacterium species are characterized by being Gram-
positive, non-spore-forming, nonmotile, facultative anaerobes.
They are usually pleomorphic, diphtheriod (i.e., resembling
Corynebacterium diphtheriae), or club shaped with one end
rounded and the other end tapered or pointed. Individual cells
may be coccoid, elongated, bi�d, or branched. They occur
singly, in pairs, clumps, short chains, and, sometimes, in
a number of other confusing con�gurations.

The genus Propionibacterium includes two distinct groups of
microorganisms: the acnes or cutaneous Propionibacteria,
which form a major part of the skin �ora of humans; and the
dairy or classical propionibacteria, which traditionally have
been isolated from dairy products, particularly cheese. The
dairy propionibacteria group includes four species – Propioni-
bacterium freudenreichii, Propionibacterium acidipropionici, Pro-
pionibacterium jensenii, and Propionibacterium thoenii – that are
industrially important as starter cultures in hard cheese
ripening and recently also as protective biopreservatives and
probiotics. The species P. freudenreichii is generally recognized
as safe for use in cheese.

The economic value of the Propionibacteria of dairy origin
derives from their important role in eye formation and �avor
development in Swiss-type cheeses. Dairy Propionibacteria also
have industrial applications outside the cheese industry.
Propionic Acid Production

Propionic acid and its salts are used in the food industry as
antifungal agents. A large part of the world’s production of
propionic acid (>120 000 t) is obtained from the petrochem-
ical industry. Production involving fermentation processes
using Propionibacteria, however, has been described and
probably will increase in the near future due to increasing
consumer demand for natural and biological products.
Production of Vitamin B12

Propionibacterium freudenreichii strains have been selected
speci�cally for their high yields of vitamin B12. Yields of
19–23 mgl�1 were reported in a two-stage process (a primary
anaerobic stage followed by a secondary aerobic phase).
Propionibacteria as Probiotics

A number of health bene�ts have been claimed for probiotic
bacteria and more than 90 probiotic products containing one
or more groups of probiotic organisms are available world-
wide. A number of probiotic organisms, including Bi�do-
bacterium spp., Lactobacillus acidophilus, Lactobacillus casei,
Lactobacillus rhamnosus, and Propionibacterium are incorporated
in dairy foods.

There is clear evidence that Propionibacteria have probiotic
(a mono or mixed culture of microorganisms that when
416 Encyclopedia of Food Mic
applied to animal or human affect the host bene�cially) effects
on the basis of their production of bene�cial metabolites (e.g.,
vitamin B12) and antimicrobial compounds, such as propionic
acid and bacteriocins. Cells of Propionibacterium freudenreichii
subsp. shermanii were reported to also exhibit antimutagenic
activity. In probiotic food products, propionibacteria usually
are combined with lactic acid bacteria or bi�dobacteria.
Exopolysaccharides Production

In the dairy industry, exopolysaccharides (EPS) contribute to
improving the texture and viscosity of yogurt and low-fat
cheeses. EPS also are receiving increasing attention because of
their bene�cial properties for health. The production of EPS is
documented poorly for dairy propionibacteria. The data
dealing with EPS-producing propionibacteria show a strain-
dependent production, in�uenced by the medium composi-
tion as well as by the fermentation conditions. Recently, the
primary structure of an EPS produced by P. freudenreichii subsp.
shermanii strain JS has been determined, showing the produc-
tion of homopolysaccharide.
Propionibacteria as Adjunct Starter

Propionibacterium freudenreichii is used commonly as an adjunct
starter in Swiss-type cheeses, a variety of cheeses with charac-
teristic round ‘eyes,’ such as Emmental and Maasdam cheeses,
where this species grows during the ripening and constitutes
one of the major micro�ora. Propionic acid bacteria (PAB) are
involved in the formation of the characteristic �avor and the
opening of this variety of cheeses, via the fermentation of
lactate to ethanoate (acetate), propanoate (propionate), and
CO2. PAB are added to hard-cheese varieties, such as Emmental
and semihard-cheese varieties, such as Jarlsberg, Maasdamer,
and Greve. The propionibacteria are essential in the develop-
ment of the characteristic sweet and nutty �avor in the cheeses.
Propionibacteria are assumed to be the source of peptidases,
which release amino acids, particularly proline, and small
peptides, which contribute to the sweet, nutty �avor.

Propionibacterium freudenreichii has been used successfully in
experimental Cheddar cheese manufacture to improve the �a-
vor and texture. Intracellular crude extracts of PAB increase the
degree of proteolysis and the intensity of �avor and bitterness
in experimental Ras cheese when compared with the control
cheese.

Because of their ability to produce a high amount of CO2,
PAB also can be involved in undesirable fermentation reactions
and defects observed in several varieties of hard and semihard
cheeses, such as Comté and Italian cheeses.
Metabolic Activity during Eye Formation

The total number of cheese varieties reported in the literature is
400–1200. Although the basic steps in cheesemaking are to
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00061-6
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a great extent similar, cheeses come in different shapes an
colors, have different consistencies, and develop different� a-
vors. One of the major factors leading to this is the various
microorganisms involved in the cheesemaking process and th
ripening of the cheese.

One group of bacteria, including special heterofermentative
species ofLactococcusand Leuconostocin addition to P. freu-
denreichiisubsp. shermanii, liberate CO2 during the fermenta-
tion of lactose, citrate, or lactate. This has led to the
development of a distinct group of cheeses known as‘cheeses
with eyes.’ Propionibacteria are used in the production of these
so-called Swiss cheeses. There are several types (Table 1) that
differ in terms of the size of the cheese and the number o
holes.

The number and activity of Propionibacteria are controlled
to a great extent by the production process and the physica
properties of the curd. In Swiss-type cheeses, lactose is meta
olized to lactic acid by Streptococcus thermophilusand the
Lactobacillus helveticusand Lactobacillus delbrueckiisubsp. bul-
garicusand lactis. Streptococcus thermophilusmetabolizes lactose
to L(þ)- lactic acid, using the glucose moiety. Galactose is fer
mented to a mixture of D(þ)- and L(�)-lactic acid in the pres-
ence of L. helveticus. Lactose catabolism begins during
processing in the cheese vat.

After 4–6 h of molding, the sugar is entirely hydrolyzed.
Propionic acid fermentation is initiated by a rise in the curd
temperature to 18–25 � C. At these temperatures, propionibac-
teria levels reach up to 109 cfu per gram of cheese. Hotroom
curing takes 5–7 weeks, during which L(þ)-lactate is metabo-
lized preferentially by propionibacteria compared to the
D(�)-isomer. As a result of the fermentation of L(þ)- and later
D(�)-lactate, propionic acid, acetic acid, and CO2 are produced
according to the following pathways:

l Lactate is oxidized, in the presence of a� avoprotein as H2

acceptor, to pyruvate:

Lactate 

 –2{H} 

Pyruvate
e

be

s

es

d

e

Table 1 Cheeses with eyes produced by propionibacteria

Cheese variety Country of origin Weight (

Appenzeller Switzerland 6–8
Beaufort France 14–70
Comté France 38–40
Danbo Denmark 6
Elbo Denmark 6
Emmental Switzerland 60–130
Emmental français France 45–100
Fynbo Denmark 7
Gruyere Switzerland, France 20–45
Herregardsost Sweden 12–18
Jarlsberg Norway 10
Maasdamer Netherlands 12–16
Samsoe Denmark 14
Svecia Sweden 12–16
Tybo Denmark 3
l Pyruvate accepts a carboxyl group from methylmalonyl-
CoA by a transcarboxylase reaction leading to the formation
of oxaloacetate and propionyl-CoA:

Methylmalonyl-CoA  

Oxaloacetate + Propionyl-CoA 

Pyruvate
+[COOH]

l Propionyl-CoA reacts with succinate to produce succinyl
CoA and propionate, in the presence of a CoA transferase
Succinate results from the reduction of oxaloacetate to
fumarate, which then is reduced to succinate:

Oxaloacetate Malate Fumarate

CoA transferase

Propionyl-CoA + Succinate        

Succinyl-CoA + Propionate 

Succinate 

l In a reaction catalyzed by an isomerase, methylmalonyl-
CoA is obtained from succinyl-CoA to complete the cycle:

Succinyl-CoA ���� !
Isomerase

Methymalonyl-CoA

l Part of the pyruvate resulting from the oxidation of lactate is
converted to acetyl-CoA and CO2 by the action of pyruvate
dehydrogenase:

Pyruvate ����� !
NAD;CoA

Acetyl-CoAþ NADH þ CO2

l Acetyl-CoA is then converted to acetate.

Acetyl-CoA / Acetyl-P / Acetateþ Pi

The CO2 generated is responsible for the development o
eyes. The texture of the cheese and the temperature at which th
propionic acid fermentation takes place play a key role in the
process.

The steps in eye formation in Swiss-type cheeses can
summarized as follows:

l CO2 diffusion occurs before propionic acid fermentation
begins, with some CO2 being produced from the hydrolysis
of lactose.

l Most of the CO2 needed for eye formation is produced by
the action of PAB on lactate.

l A critical gas pressure is reached, at which the gas form
a small bubble, or becomes part of another bubble in
a favorable part of the cheese. Gas generated nearby mov
to the initial eye, which expands.

l The number and size of the eyes depend on the pressure an
the rate of diffusion of the CO2 produced in the cheese
matrix. If gas production is too slow, saturation does not
occur and few or no eyes are obtained. The resultant chees
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Table 2 Varieties of surface-ripened cheese

Cheese variety Country of origin Average weight

Appenzeller Switzerland 6–8 kg
Beaufort France 20–60 kg
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is described as‘blind. ’ In an ‘overset’ cheese, an excessiv
number of small eyes are produced because of the rapi
generation of CO2. Excessively rapid gas production
however, causes breaking of the cheese structure, and t
formation of very large holes is observed.
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Brick United States 2.5 kg
Epoisses France 4.5 kg
Limburger Belgium, Germany 200 g–1 kg
Livarot France 300–500 g
Mont d’or France 200 g–3 kg
Muenster Germany 500 g–1 kg
Pont L’Êvêque France 350 g
Reblochon France 240–500 g
Ridder Norway 2 kg
Romadur Germany 80–180 g
Saint-Nectaire France 800 g–1.5 kg
Saint-Paulin France 1.5–2 kg
Serra da Estrela Portugal 1.5–2 kg
Taleggio Italy 2 kg
Tilsiter Germany 1.5–2 kg
Trappist Germany 1.5–2.7 kg
Brevibacterium linens

Brevibacterium linens, which is the type species of the gen
Brevibacterium, is Gram positive with both rod and coccoid
forms. Cells of older cultures (3–7 days) are composed of
coccoid cells, whereas cells in the exponential phase are cha
acterized by their irregular rod shapes.Brevibacterium linensis
an obligate aerobe that does not produce acid from lactose. Th
microorganism grows well at neutral pH. Growth also occurs in
the pH range 6.5–8.5 and in NaCl concentrations up to 15%.
Brevibacterium linensstrains produce colonies that are yellow to
deep orange-red, on a variety of media.

Brevibacterium linenshas long been recognized as an
important dairy microorganism because of its ubiquitous
presence on the surface of a variety of smear surface-ripen
cheeses, such as Limburger, Munster, Brick, Tilsiter, an
Appenzeller.Brevibacterium linensis a strictly aerobic microor-
ganism, with a rod-coccus growth cycle, with temperature
growth optimum of 20 –30 � C.

The growth of B. linenson the surface is thought to be an
essential prerequisite for the development of the characteristi
color, � avor, and aroma of smear surface-ripened cheeses. T
growth of B. linensalso is stimulated by vitamin production by
the yeasts during growth. The major factors that in� uence the
distinctive characteristics of smear surface-ripened cheeses a
the number, type, and growth rate of the surface micro� ora are
the physical and chemical characteristics intrinsic to the chees
(pH, water activity, redox potential, composition, and size), the
environmental parameters (ripening temperature, relative
humidity), and the technological conditions during manufac-
ture (ripening time, degree of mechanization, and micro� ora of
cheese equipment).

Surface-ripened cheeses (Table 2) can be de� ned as varieties
with desirable microbial growth on the surface that plays a key
role in the development of the characteristic � avor of the
cheese. Surface-ripened cheeses can be differentiated, accord
to the types of microorganism growing on their surface, into
cheeses with mold and those with yeasts and bacteria. In th
latter, surface ripening is the result of the symbiotic growth of
the bacteria and yeasts.

Yeasts are present in higher concentrations during th
earlier stages of the ripening process, because they can devel
at rather low temperatures and at relatively high humidities.
They also can tolerate the low pH and high NaCl concentra-
tion at the cheese surface. The yeast� ora is composed mainly
of Debaryomyces, Candida, and Torulopsis, and it plays a ke
role in the transformation of the environment on the cheese
surface. They yeast� ora uses lactic acid as a carbon source
transforming it to H 2O and CO2. As a result, the pH of the
cheese surface is increased considerably from close to 5
to about 5.9. The yeasts also stimulate the growth ofBrevi-
bacterium linensand of micrococci through the synthesis of
vitamins, including ribo � avin, niacin, and pantothenic acid.
The yeast� ora disappears after 1–20 days, giving way to the
micrococci and B. linens.

The micrococci isolated from surface-ripened cheeses hav
been identi� ed asMicrococcus caseolyticusand Micrococcus freu
denreichii. It is believed that micrococci play a role in the
proteolysis of cheese and in� avor development.Brevibacterium
linens, along with microorganisms of the genusArthrobacter,
forms the predominant � ora of the smear of surface-ripened
cheeses. Through their various metabolic activities, thes
microorganisms cause changes in the texture of the cheese an
play a key role in the development of its characteristic� avor.
Action of Brevibacteriumduring the Maturation of
Smear-Coated Cheeses

Brevibacterium linensstrains give the smear its distinctive orange
or orange-brown color, re� ecting their ability to synthesize
orange pigments. Pigment formation seems to be light
dependent, because some strains do not synthesize pigmen
in the dark. The color of B. linenscolonies during growth
depends on the composition of the medium, age of the culture,
and the presence of oxygen.

In contrast to many cheese-related microorganisms,B. linens
exhibits a wide range of protein, peptide, and amino acid–
degrading enzymes. Indeed, both intracellular and extracel
lular proteinase activities have been detected inB. linens,
indicating that the extracellular proteolytic system can hydro-
lyze cheese proteins from the� rst days of ripening. Hydrolysis
continues after the death of the cells, due to the release of thei
intracellular proteinases. The resulting peptides are then
degraded by the various extracellular aminopeptidases, to
amino acids. Intracellular aminopeptidases and dipeptidases
play a similar role after cell autolysis.

Brevibacterium linenspossess the ability to decarboxylate
a wide range of amino acids including lysine, leucine and
glutamic tyrosine, and serine. As a result of this action, volatile
and nonvolatile amines, which play an important role in
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Figure 1 Degradation of casein and formation of� avor compounds byBrevibacterium linens.
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cheese� avor, are produced. The deamination of several amino
acids, including phenylalanine, tryptophan, histidine, serine,
and glutamine, leads to the formation of ammonia, which also
is an important player in the � avor and aroma of smear-coated
cheeses. Ammonia production also raises the pH, leading to
a softer cheese body. Volatile sulfur compounds, resulting from
the degradation of methionine through demethiolase activity,
also make a signi�cant contribution to the � avor characteristics
of smear-coated cheeses.Figure 1 summarizes the possible role
of the different enzymes produced by B. linens in protein
degradation during surface ripening.

Brevibacterium linensalso produce lipolytic enzymes: Extra-
cellular lipase– as well as extracellular, cell-bound, and intracel
lular esterases– has been detected in various strains. It is believe
that the lipolytic activities of B. linensand other surface micro� ora
make a signi� cant contribution to lipolysis in varieties of cheese,
such as Brick, Port-Salut, and Limburger, in which fatty acid level
in the range 700–4000 mg per kg of cheese have been reported

The compounds responsible for the typical� avor of surface-
ripened cheeses, which are produced on the surface, diffus
into the interior until equilibrium is reached.
See also: Brevibacterium; Candida; Yarrowia (Candida) lipolytic;
Cheese in the Marketplace;Cheese:Microbiology of
Cheesemaking and Maturation;Cheese:Mold-Ripened
Varieties;Debaryomyces; Fermentation (Industrial):Basic
Considerations;Fermented Milks:Range of Products;
Lactobacillus: Introduction;Lactococcus: Introduction;
Lactococcus: Lactococcus lactisSubspecieslactisand
cremoris; Micrococcus; Designing for Hygienic Operation;
Propionibacterium; Streptococcus: Introduction;Streptococcus
thermophilus; Yeasts:Production and Commercial Uses.
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Many cheeses are characterized by the development of micro-
bial growth on their surfaces during ripening. These are called
surface-ripened cheeses and are subdivided into mold-ripened
and bacterial-ripened cheeses, depending on the major
microorganisms involved. Mold surface-ripened cheeses
include the well-known varieties, Brie and Camembert. Bacte-
rial surface–ripened cheeses are less well known and include
Comté, Livarot (Figure 1), Reblochon, Limburger, and Tilsit.
Bacterial surface–ripened cheeses also are called smear-ripened
cheeses, because of the glistening appearance of the cheese
surface; washed-rind cheeses, because their rind is washed
several times with brine during ripening; or red-smear cheeses,
because of the red or orange color that characteristically
develops on the surface of these cheeses. Color development is
due to the production of pigments by the yeast and bacteria
growing on the surface. The ripened cheeses generally have
a strong, pungent smell, reminiscent of smelly socks.

Bacterial surface-ripened cheeses can be classi�ed as hard
(e.g., Gruyère and Comté), semihard (e.g., Tilsit, Brick, and
Limburger), or soft (e.g., Münster, Livarot, and Reblochon).
Most washed-rind cheeses are brine salted. Comté, however, is
an exception to this rule and is dry salted by rubbing salt and
smear on to its surface several times a week during the �rst
3 weeks of ripening.
Manufacture

Typically, hard, surface-ripened cheeses like Gruyère and
Comté are made with thermophilic starter cultures and the
semihard and soft cheeses are made with mesophilic ones.
Figure 1 Livarot cheese. Note the rushes around the cheese that
traditionally were used to keep its shape intact when the cheese was
brought by farmers to the �eld for lunch.

Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Cheeses made with thermophilic cultures are cooked to
temperatures around 54 �C, whereas only limited cooking
(w35 �C) is given to washed-rind cheeses made with meso-
philic cultures, which consequently have relatively high mois-
ture contents. After light pressing, sometimes overnight, the
cheeses are brined (usually saturated brine, pH 5.2; 0.2% Ca)
for 4–18 h, depending on their size, small cheeses are brined
for shorter times than larger ones. Sometimes the only pressing
received is that of the weight of the curd itself. The cheeses then
are drained for a few hours after which they are smeared.

Smearing can occur by two methods, either the ‘old–young’
method, which traditionally is practiced in Germany, or by
dipping or washing the surface of the cheese with brine con-
taining various combinations of yeast and bacteria (e.g., Geo-
trichum candidum, Debaryomyces hansenii, or Brevibacterium linens)
obtained from commercial sources (most other countries). In
the ‘old–young’ method, a smear from ripened cheese (old
cheese) is washed off the surface of the cheese and then is used
to inoculate the surface of the fresh cheese. This ensures that all
the microorganisms that are present on the surface of the old
cheese and that also have contributed to its ripening, are trans-
ferred to the young, fresh cheese. Then the cheese is ripened at
10–15 �C at relative humidity (RH) >90% for several weeks to
allow the surface micro�ora to develop and produce the red or
orange color. Smearing is usually done two or three times at 2- to
4-day intervals from the beginning of ripening. After 2–3 weeks,
the desired micro�ora has developed and soft and semisoft
cheese then are wrapped or transferred to another ripening room
at a lower temperature for further maturation. The organisms in
the smear form microcolonies, and the washing spreads the cells
of the individual colonies more evenly throughout the cheese,
resulting in the development of a more uniform smear. The old–
young method of smearing also can result in contamination of
the young cheese by pathogenic bacteria, especially Listeria,
which is totally undesirable in a cheese.
Microbiology

The surface of the cheese has a relatively high salt content and
a low pH w5.2 and therefore the microorganisms that grow
on it are salt and pH tolerant. Usually plate count agar con-
taining 5–7% salt is used to enumerate (and isolate) the
surface bacteria, many of which grow as yellow-, red-, orange-,
or brown-colored colonies, while yeasts are enumerated (and
isolated) on a selective medium like yeast glucose chloram-
phenicol agar. Environmental factors like RH, ripening
temperature, ripening time, micro�ora of the cheesemaking
equipment, and the frequency of washing the cheese all
in�uence the development of the surface micro�ora. The high
RH prevents the surface from drying out, whereas the rela-
tively high temperature and the duration of ripening promote
the growth of the microorganisms on the surface and the
washing of the surface promotes uniform distribution of
microorganisms on it. Distribution of the smear is vital as
-384730-0.00440-7 421
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spreading the organisms ensures uniform ripening and
reduces the risk of unwanted contaminants like molds colo-
nizing the cheese surface. Generally, one can see visib
growth on the cheese surface within a few days of the begin
ning of ripening.

The microbiology of the smear, particularly that of the
bacteria, is very poorly understood and, despite being studied
for several decades, is rather ill-de� ned, containing micrococci,
staphylococci, coryneforms, and yeast. The pH of a youn
cheese after acidi� cation of the cheese curd by the starter lactic
acid bacteria (LAB) is about pH 5. Yeast can grow at this pH and
begin to deacidify the curd, increasing the pH to 7 or greater
depending on the cheese, through metabolism of lactate to
CO2 and H2O and the production of NH 3 from deamination of
amino acids. Deacidi� cation also enhances the action of
enzymes, many of which have optima close to neutrality. It
generally is felt that salt-tolerant bacteria do not begin to grow
until the pH rises to 5.6 or even 6.0. Some studies, however
have shown thatCorynebacterium variabileand Corynebacterium
caseican grow at pH 4.9 in the presence of 7–8% salt, while
Microbacterium gubbeenensedoes not grow below pH 5.8 except
in the presence of 10% salt. The difference between pH 4.9 an
5.8 is almost 10-fold in terms of the concentration of Hþ . These
bacteria also utilize lactate and the amino acids, glutamate
phenylalanine, and proline, rapidly but use glucose poorly
during growth. Growth restarts when lactate or the amino acids
are added to the medium at the end of growth, indicating that
these compounds are being used as energy sources. A typic
progression of the increases in pH and in bacterial and yeas
numbers during the ripening of a smear-ripened cheese i
shown in Figure 2. The yeasts and bacteria reached� nal
numbers of 106 and 108 cfu cm� 2, respectively, within 10 days
of ripening, but the pH continued to rise throughout ripening
from an initial level of 5.0 to a value of 6.2 during 42 days of
ripening.

A major reason that the microbiology of the smear is poorly
understood is that coryneform bacteria were quite dif� cult to
identify accurately until the recent advent of molecular tech-
niques. When present, micrococci and staphylococci are found
early in ripening and quickly are overgrown by the coryne-
forms, which dominate the later stages of ripening. For a long
Figure 2 Growth of bacteria and yeast and development of pH in
a smear-ripened cheese during ripening.
time, B. linenswas thought to be the major bacterium on the
surface of smear-ripened cheese. Now it constitutes less tha
15% of the � ora of a mature cheese.Brevibacterium linensdoes
not grow below pH 5.5 or 6 and recently has been shown to be
a mixture of two different species,B. linensand, a new species,
Brevibacterium aurantiacum.

The general consensus is that early in ripening, yeasts gro
and metabolize the lactate to CO2 and H2O. This is called
deacidi� cation and causes the pH of the surface to increase t
a point at which the bacteria can grow. This is not the
complete story, however, as many of the bacteria isolated
from the surface recently have been shown to also metabolize
the lactate and grow at pH 5. Mathematical approaches to
describe the effect of different parameters, particularly
temperature and relative humidity, on deacidi� cation have
been proposed. The best ripening conditions to achieve
optimum decidi� cation and the subsequent appearance of the
surface of the cheese were 12� C and 95% RH. No decidi� -
cation occurred at RHs of 85% or lower, regardless of the
temperature. A model describing growth ofD. hanseniiand
lactate consumption during the ripening of surface cheese also
has been developed.

Recently, a collaborative project funded by the European
Union examined the microbiology of � ve smear-ripened
cheeses, Limburger from Germany, Reblochon and Livaro
from France, Tilsit from Austria, and Gubbeen from Ireland
(Figure 3), using both traditional and molecular techniques to
identify the microorganisms. The project identi� ed 2597
strains of bacteria and 2446 strains of yeast from the surface o
the smear cheeses, isolated at three or four times durin
ripening, and found 55 species of bacteria and 30 species o
yeast. The micro� ora of the � ve cheeses showed many simi
larities but also many differences and interbatch variation.
Limburger cheese had the simplest micro� ora, containing two
yeasts,D. hanseniiand G. candidum, and two bacteria,Arthro-
bacter arilaitensisand B. aurantiacum. Livarot was the most
complicated, accounting for 10 yeasts and 38 bacteria
including many Gram negatives. Reblochon also had a diverse
micro� ora containing 8 yeasts and 13 bacteria (excluding Gram
negatives that were not identi� ed), while Gubbeen had 7 yeasts
and 18 bacteria, and Tilsit had 5 yeasts and 9 bacteria
Figure 3 Gubbeen cheese.
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Debaryomyces hansenii(1360 isolates) was by far the dominant
yeast and was found in all cheeses, followed in order by
G. candidum(498 isolates, but not found in Gubbeen), Candida
catenulata(159 isolates, only found in Livarot and Gubbeen),
Kluyveromyces lactis(109 isolates, only found in Reblochon and
Livarot), and Candida lusitaniae(64 isolates, only found in Tilsit
and Gubbeen). Brevibacterium aurantiacumwas the dominant
bacterium (491 isolates) and was found in every batch of the
� ve cheeses. The next most common bacteria in order we
Staphylococcus saprophyticus(365 isolates, found in all cheese
except Limburger), A. arilaitensis(313 isolates, found in all
cheeses),C. casei(306 isolates, only in Reblochon, Tilsit, and
Gubbeen), C. variabile(266 isolates, only in Reblochon, Tilsit,
and Gubbeen), andMb. gubbeenense(89 isolates, in all cheeses
except Limburger). Except forS. saprophyticus, these are all
coryneform bacteria. Micrococci and staphylococci dominated
the bacterial � ora early in ripening, but later they were
overgrown by corynebacteria (i.e., Gram-positive, irregular
shaped rods).

Staphylococcus saprophyticuswas found mainly in Gubbeen,
and A. arilaitensiswas found in all cheeses but not in every batch
Corynebacterium caseiwas found in most batches of Reblochon,
Livarot, Tilsit, and Gubbeen.Corynebacterium variabilewas found
in all batches of Gubbeen and Reblochon but in only one batch
of Tilsit and in no batches of Limburger or Livarot. Other
bacteria were isolated in low numbers from each of the cheese
suggesting that each of the� ve cheeses has a unique micro� ora.
In Gubbeen cheese, several different strains of the dominan
bacteria were present, as determined by pulsed-� eld gel elec-
trophoresis (PFGE) and many of the less common bacteria wer
present as single clones. The culture-independent method
denaturing gel electrophoresis (DGGE), resulted in identi� ca-
tion of several bacteria that were not found by the culture-
dependent (isolation and rep-PCR identi� cation) method. It
was thus a useful complementary technique to identify other
bacteria in the cheeses. The gross composition, the rate
increase in pH, and the indexes of proteolysis used wer
different in most of the cheeses. Different strains of the indi-
vidual, dominant organisms were present, at least in Gubbeen
cheese, while in the Dutch washed-rind cheese, Danbo
a succession of strains ofD. hanseniioccurred during ripening,
and one strain dominated after 3 days.

Several new species were identi� ed during the study, in-
cluding Agrococcus casei, C. casei, Corynebacterium mooreparken,
Mb. Gubbeenense, and Mycetocola reblochoni; C. mooreparkensewas
later shown to be a heterotypic synonym ofC. variabileand both
it and A. arilaitensis, which was isolated from a French smea
cheese in a different study, have been sequenced. Two other ne
species,Staphylococcus succinussubsp. caseiand Staphylococcu
equorumsubsp. linenshave been isolated from a Swiss smear
ripened cheese andBrachybacterium tyrofermentansand Brachy-
bacterium alimentariushave been isolated only from the smear of
hard cheese. Whether they occur on the smear of soft cheese
not known. The role that any of these bacteria play in� avor
formation of the cheese has not been studied, except fo
B. aurantiacum(as B. linens) and needs to be investigated. In
addition, it recently has been shown that iron is a limiting factor
in determining the growth of bacteria in the smear, a� nding that
needs to be further investigated because the amount of iron in
milk also is limited and much of it would be lost in the whey.
A study of the surface micro� ora of � ve Italian washed-
rind cheeses, Taleggio, Gorgonzola, Casera, Scimudin, an
Formaggio di Fossa, also has been conducted using molecula
techniques, including DGGE and random ampli� cation
of polymorphic DNA. The cocci identi� ed included
S. saprophyticus, S. equorum, Staphylococcus vitulinus, Staphylo-
coccus caprae, Micrococcus luteus, and Macrococcus caseolyticusand
only two coryneforms, B. linens(the reference strain used was
actually B. aurantiacum) and Chionochloa� avescens. These data
suggest that the micro� ora of Italian washed-rind cheeses
differed signi� cantly from other similar European cheeses.

The � nding of staphylococci in cheese raises issue
regarding their pathogenicity even though the strains were
coagulase negative. A French study has shown thatS. equorum,
Staphylococcus xylosus, S. saprophyticus, and Staphylococcus e
dermidis were the dominant species in numerous French
cheeses examined over a 16-year period from 1990. Clinica
sources also were examined.Staphylococcus equorumand
S. xylosuswere not found in the clinical samples, and the PFGE
patterns of the S. saprophyticusand S. epidermidisisolates from
clinical and cheese samples were different.
DeÞned Cultures

Commercially available cultures do not re� ect the diversity of
the cheese surface micro� ora and too much emphasis has been
put on B. linens. Commercially, only cultures ofB. linens,
D. hansenii, and G. candidumare used to deliberately inoculate
the cheese surface, and these are not subsequently recovered
the cheese except in low numbers at the beginning of ripening
De� ned strain secondary cultures are being developed, and th
successful use of a de� ned strain culture containingD. hansenii,
B. linens, Arthrobacter nicotianae(probably Mb. gubbeenense),
Corynebacterium ammoniagenes(probably C. casei), and Staphy-
lococcus sciurihas been shown on a pilot scale; such cultures ar
not yet available commercially. The fact that commercial
cultures are not recovered subsequently from cheese ma
militate against their use, but a better understanding of the
microbiology, ecology, and interactions that occur between
bacteria on the cheese surface will help considerably in deve
oping them.
Source of the Bacteria

In several studies, few of the commercial smear microorgan
isms, which were inoculated deliberately onto the cheese
surface, were reisolated from any of the cheeses and the
mainly from the initial stages of ripening, implying that smear
cheese production units must have an adventitious‘house’
� ora and that the use of commercial secondary starters in th
production of smear-ripened cheeses is questionable. One wa
around this problem is to identify the dominant organism
present in a particular cheese and then give them back to th
cheesemaker, and this has been shown to be effective i
practice. Brines, many of which can be several years old, hav
been shown to be an important source ofS. saprophyticusand
D. hansenii, and the skin of the arms and hands of workers
were sources ofC. caseiand C. variabile. This raises interesting
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questions concerning the ecology of surface-ripened chees
and skin since the dominant organisms on both surfaces are
similar, staphylococci andCorynebacteria. Micrococci, coryne-
forms, and yeasts and molds have been shown to be presen
on timber shelves used for ripening French smear-ripened
cheese.
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Flavor Development

Except for the hard surface-ripened cheeses like Gruyère, mo
surface-ripened cheeses are small and ripen quite rapidly. Th
rate of ripening depends on the size, the moisture content, the
temperature and RH of ripening, and the composition of
the ripening � ora. The high moisture content is due to the fact
that the curd is cut into large pieces, cooked to low tempera-
tures of<35 � C, and lightly pressed, often only by the weight of
the curd itself.

Flavor development in the internal part of smear-ripened
cheeses has not been studied to any great extent. As in a
cheeses, proteolysis and lipolysis by the starter and nonstarte
bacteria are part of the ripening process, and the patterns o
both activities are similar in washed-rind cheeses compared
with other semihard and soft cheeses that do not have a surfac
micro� ora. Proteolysis results in the production of peptides
and amino acids, which can be further transformed via trans-
aminases, decarboxylases, and dehydrogenases into the vario
� avor compounds, including organic acids, alcohols, alde-
hydes, and aromatic compounds. Except for blue cheese
lipase activity is limited but results in the production of free
fatty acids, which can be further transformed tob-keto acids,
methyl ketones, and secondary alcohols byb-oxidation and
decarboxylation.

The temperatures of ripening may vary between 12 and
20 � C, and the RH is normally > 95%, both of which favor
growth of the surface� ora. The high numbers of bacteria and
yeast on the cheese surface must play a major role in� avor
formation. Enzymes do not diffuse through the cheese curd
and so the enzymes produced by the surface� ora are local-
ized near the cheese surface. The ratio of the surface area
volume is an important parameter in ripening. Thus, the
smaller the cheese the greater this ratio will be, and the greate
the relative contribution of the surface � ora to the � avor of
the cheese.

The production of S-containing compounds, particularly,
methanethiol (MTL, CH3SH), and other volatile sulfur-
containing compounds from methionine is of major impor-
tance in � avor formation in smear-ripened cheeses. MTL is
thought to be a major component of the ‘smelly sock’ odor of
these cheeses. Two pathways are involved: direct formation v
a methionine g-lyase or via and aminotransferase to forma-
keto-g-methyl-thiobutyric acid (KMBA), which, in turn, is
transformed to MTL by KMBA demethiolase. MTL is very
reactive and is rapidly oxidized nonbiologically to dimethyl
disulfide and dimethyltrisulfide; S thioesters also may be
formed. All these activities have been demonstrated in
B. aurantiacum, G. candidum, and in many starter and nonstarter
LAB. Many of these compounds have extremely low olfactory
thresholds and so only trace amounts are necessary to impa
the � avors.
Color Development on Cheese

Not surprisingly, growth of B. linenstraditionally has been
thought to be responsible for color development on smear-
ripened cheeses, because of its traditional dominance on the
smear and the orange color the colonies of the organism
develop, due mainly to carotenoid production. Metabolism of
phenylalanine, tyrosine, and methionine also is considered to
be important in color formation. The ability of some of the new
species to produce color has been studied on asepticall
produced model curds at 10 and 14� C. Color intensity was
greater on cheeses ripened at 14� C than on cheese ripened at
10 � C and differences in color development were only noticed
after 15 days ripening at 14 � C or 21 days at 10 � C. Not
unexpectedly, the greatest red color was developed by th
B. aurantiacum/D. hansenii coculture followed by the
C. variabile/D. hanseniicoculture. TheC. casei/D. hanseniiand
Mb. gubbeenense/D. hanseniicocultures gave mostly a yellow
rather than a red color. TheS. saprophyticus/D. hanseniicoculture
gave the least color and, surprisingly, cheese smeared wi
D. hansenii only developed a pale yellow color. Bacterial
numbers reached 109–1010 cfu g� 1 at the end of ripening,
pH values reached 8, and lactate was utilized completely in
8–10 days.
Pathogens

Listeriosis is caused byL. monocytogenesand anyone can acquire
it; however, immunocompromised individuals, pregnant
women, and the unborn are particularly susceptible to the
organism. A major problem in the production of washed-rind
cheeses is the presence and growth of pathogens, particular
L. monocytogenes,on the cheese surface. The causative organis
is unique among pathogens in that it can grow at low pH
(the lower limit of growth is pH 4.4, but growth will occur over
the pH range, 4.4–9.4), high salt concentrations (the upper
limit is 12%), and low temperatures (the lower limit is
�0.4 � C, but growth will occur over the range�0.4 –45 � C). The
composition of smear-ripened cheeses are well within these
limits and so the cheese surface, especially when som
deacidi� cation has occurred, is an ideal medium for growth of
the organism. Listeria monocytogenesis inactivated by pasteuri-
zation. This does not imply that pasteurized, washed-rind
cheeses are safe as the cheeses receive a lot of hand
during smearing, the conditions of ripening favor bacterial
growth and the pH increases in them during ripening. In fact, in
some studies,Listeriacontamination was just as prevalent in
smear-ripened cheeses made from pasteurized milk cheeses
in those made from raw milk. In addition, the old –young
method of smearing the cheese will spread the organism on to
young cheese if the old cheese is infected withListeria.

At least� ve major outbreaks of listeriosis have been cause
by cheese, Mexican-style cheese in California; Vacherin Mon
d’Or in Switzerland; Quargel in Austria, Germany, Czech
Republic, Slovakia, and Poland; pasteurized milk cheese in
Canada; and a ‘washed cheese’in Japan. Three of these
outbreaks, Mexican-style cheese, Vacherin, and the Quarg
resulted in fatalities. Vacherin is a raw milk cheese, which is
produced in limited amounts, and poor hygiene was a major
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contributory factor in the outbreak, which occurred over severa
years; in the Mexican-style outbreak, low acid production, poor
hygiene, and inadequate pasteurization were the major factor
involved. The main contamination of the Quargel cheese took
place during the smearing process and cross-contaminatio
was a major problem in the case of the Canadian outbreak.
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Control ofListeria

Control of the growth of Listeriain smear-ripened cheeses i
very dif� cult and considerable attention should be given to the
application of good hygiene, good manufacturing procedures,
and the principles of hazard analysis and critical control points
to reduce contamination with and growth of Listeria. Lowering
the temperature of ripening may help to reduce the growth of
L. monocytogenesif it is present, but this also will result in longer
ripening times for the cheese to reach maturity, which could be
counterproductive.

Some smears washed from ripened, commercial washed
rind cheeses appear to be inhibitory to the growth ofListeria
when these were applied subsequently to fresh cheese deli
erately inoculated with Listeria. The cause of this effect is no
clear, but the inhibitory effect is very stable since it could be
seen in the smear of cheeses from the same plant produced ov
a year. A strain ofS. equorum, isolated from the French cheese
Raclette, produced the macrocyclic antibiotic, Microccin P.
which inhibited 95 strains of Listeriaand was a potent inhibitor
of the growth of L. monocytogeneson the cheese surface.Staph-
ylococcus equorumis a coagulase negativeStaphylococcus, which
never has been reported to be involved in disease. Ther
therefore, would be good reason to consider it a generally
regarded safe organism. Micrococcin P. is an antibiotic
however, and therefore it would be wise to be careful in
spreading this strain widely in the human community before
its pharmaceutical potential is evaluated.

The application of a broad-range phage forL. monocytogene
also has shown promise. On smear-cheese ripened for 22 day
the number of Listeria monocytogenesdecreased by more than
3 logs after application of 109 phage to cheese inoculated with
up to 103 L. monocytogenesper cm2. With lower initial levels of
contamination (10 –100 cfu cm� 2), viable counts dropped
below the limit of detection, corresponding to more than
a 6 log reduction compared with the control.

Another natural way to control the growth of pathogens in
cheese is through the application of bacteriocins. These ar
peptides, generally of low molecular mass, which are produced
by many bacteria and inhibit the growth of other, generally
closely related, species. They vary in their spectrum of activity
mode of action, molecular weight, genetic origin, and
biochemical properties. Two bacteriocins produced by LAB ar
used in food: Nisin, which is a Class I bacteriocin, with a wide
spectrum of activity; and Pediocin PA-1, a Class II bacteriocin
which is particularly active againstListeria. The use of different
bacteriocin producers, including LAB, enterococci, and coryn
eforms, to control the growth of Listeria in smear-ripened
cheese is only partly effective (see Brennan et al., 2004, fo
details) but Lactobacillus plantarumWHE 92, which produces
Pediocin AcH, was shown to be very effective in controlling the
numbers of Listeria. Further studies showed that an initial level
of L. monocytogenesof 102 cfu ml� 1 of brine was nearly
completely inhibited by this strain, while a pediocin-resistant
mutant of L. monocytogenesgrew to numbers greater than
105 cfu cm� 2 of cheese.In vitro pediocin resistance developed
in all strains of Listeriatested, however, and a resistant mutan
remained stable and multiplied easily in a smear cheese ove
a 4-month period in the absence of selective pressure. It wa
concluded that the use of this culture was a potent measure to
combat Listeria in a production line; however, due to the
development of resistance, its use should be restricted t
emergency situations. This strain ofLb. plantarumis available
commercially from Danisco asLb. plantarumALC 01.

Foodborne yeast, particularly a strain ofPichia norvegensi,
also has potential, although it was much more effective in
reducing growth on agar plates (7 log cycles) than on the chees
surface (1–2 log cycles) in the case of Tilsit cheese and n
inhibition in the case of Harzer cheese. Some evidence tha
lactate in the cheese may be involved in reducing its ef� cacy
was obtained since cocultivation ofListeria monocytogeniswith
P. norvegensison glucose resulted in a reduction in pH from 6.6
to 4.6, whereas cocultivation on lactate as a C source resulted i
an increase in pH from 6.6 to >8.0.

The ripening conditions of smear-ripened cheeses also wil
allow other pathogens to grow (e.g., Escherichia coliand
Staphylococcus aureus), if they are present. In addition, these
organisms often are present in raw milk and could grow to
signi� cant numbers during manufacture and ripening of raw
milk cheeses. Despite this,L. monocytogenesis the real problem
pathogen in smear-ripened cheeses.
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Introduction

Using low temperatures to preserve foods likely started in
prehistoric times, after early humans discovered that the
remains of dead animals buried in snow or ice remained edible
after a long period of time. This discovery probably led to the
practice of covering or burying foods in snow or ice to preserve
them for later use. Packing foods in snow or ice was an early
application of food preservation utilizing low temperatures,
and this was a common practice in many ancient cultures.
Before arti�cial cooling was invented, ice was collected from
rivers, lakes, or mountains; transported; and stored in under-
ground or places insulated with straw or woods. The ice was
used for cooling foods, preparing cold beverages, or cooling
living quarters. An early application of arti�cial cooling was
invented by mixing certain chemicals with water to produce
endothermic reactions. Such chemicals as sodium chloride or
sodium or potassium nitrate were added to water to lower the
water temperature for more manageable and ‘on-demand’
cooling. The use of this cooling method to chill wine and the
use of the word ‘refrigerate’ were recorded as early as 1550. In
1756, William Cullen demonstrated the �rst example of
mechanical cooling at the University of Glasgow in Scotland. In
his demonstration, diethyl ether was placed in a container, and
a pump was used to create a partial vacuum in the container.
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Under vacuum, the diethyl ether boiled, absorbed heat, and
lowered the temperatures of the container and its surrounding
space. In 1848, Alexander Twining of the United States inven-
ted vapor-compression refrigeration. This cooling method used
a refrigerant that absorbed heat when vaporizing from liquid to
gaseous form. The gas was reversed to liquid form under
pressure created by a compressor. The repeated cycle of the
liquid–vapor state of the refrigerant created continuous cool-
ing. Twining’s invention was credited with the start of the
commercial application of refrigeration in the United States.
This technology was further developed, and by 1911,
mechanical refrigerators became available for household use in
the United States. The refrigerants used in early vapor-
compression refrigeration were based mostly on chloro�uo-
rocarbons, which were trademarked ‘Freon’ by the DuPont
Corporation. In the late 1920s, refrigerants such as hydro-
chloro�uorocarbon and hydro�uorocarbon (HFC) also were
developed and made refrigerators widely available for
commercial and household use. In the 1970s, Freon was found
to react with and destroy ozone, which makes up the gaseous
atmospheric barrier that protects the Earth from harmful solar
ultraviolet radiation. Since the late 1970s, the use of Freon
worldwide has been phased out gradually and replaced with
a new refrigerant, HFC 134a, which is as effective as Freon but
less destructive to the ozone layer.

The bene�ts of using low temperature to preserve foods are
numerous. The color, �avor, and nutrients of raw and pro-
cessed foods preserved by low temperatures are generally better
than those preserved by other methods, such as dehydration,
canning, and freezing. Chilled storage also extends the micro-
biological shelf life of foods, so they can be stored for a rela-
tively long period of time and transported over long distances.
-384730-0.00063-X 427
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428 CHILLED STORAGE OF FOODSj Principles
Chilled storage allows a wide variety of local, domestic, and
foreign food products to be available for consumption year-
long, hence providing a healthy, balanced diet. Chilled storage
is the most widely used method for transporting and storing
fresh foods, such as fruits, vegetables, meats, seafood, dai
and egg products.
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Refrigerated Foods

The temperature at which foods are stored is the most impor-
tant factor that determines the microbiological and sensory
qualities of the foods, particularly for those that are highly
perishable. Raw or processed animal and plant foods are kep
at ambient, refrigerated, or freezing temperature during distri-
bution and storage at retail stores and consumers’ homes. In
general, foods kept under ambient temperature are termed
shelf-stable foods, and their microbiological quality is
preserved mainly by heat treatments that inactivate microor-
ganisms or by processes that render the foods with high acidity
low moisture, or preservatives that inhibit the growth of
microorganisms during distribution and storage. Shelf-stable
foods such as canned and dehydrated foods can be kept fo
years. Foods kept at refrigeration and freezing temperatures a
termed refrigerated or chilled and frozen foods, respectively
and the low temperature is the main factor that inhibits the
growth of surviving microorganisms in these foods. Frozen
foods normally are kept at �18 � C or below. At this tempera-
ture, microorganisms are not able to grow, and the rates o
chemical and physical processes are also signi�cantly slow.
Because of the cessation of microbiological, chemical, and
physical processes, frozen foods can be kept for years. Refr
erated foods normally are kept at 2–6 � C (refrigeration
temperature), at which the growth of many microorganisms
commonly associated with foods does not occur. Although
some microorganisms are capable of growing and multiplying
at refrigeration temperature, the growth is signi� cantly slower
than that at temperatures above refrigeration temperature
Refrigeration temperature also slows the chemical and physica
changes of food components and reduces the quality degra
dation. Depending on the initial microbiological quality and
storability, refrigerated foods have a shelf life ranging from
a few days to several weeks. Compared with shelf-stable an
frozen foods, refrigerated foods are perceived to have bette
organoleptic and nutritional qualities, but they have a rela-
tively shorter shelf life.

Consumers are demanding food products and varieties tha
are processed minimally, high in sensory quality and nutri-
ents, and convenient to prepare and use. Among many food
preservation methods, refrigeration can maintain both
microbiological and sensory quality of foods, therefore
allowing them to be processed minimally, such as with low or
mild heat treatment. A low or mild heat process generally
produces foods with higher nutritional and sensory qualities.
Additionally, refrigerated foods increasingly are being manu-
factured to have an extended shelf life. These foods general
receive minimal heat processing, contain no additives, and
have a longer shelf life than traditional refrigerated foods.
Examples of these foods are fully cooked cured and uncure
meat, poultry, and seafood products; prepackaged delicatesse
salads; complete meals; entrees; sauces; soups; and partia
cooked meat and poultry products. The increasing demand for
minimally processed and convenient foods has stimulated the
growth of refrigerated foods in the United States, which is
evident by the expansion of gross refrigerated storage capacit
In 2011, the gross refrigerated storage capacity in the Unite
States was 3.96 billion cubic feet (112.1 million cubic meters),
which represents an increase of 4% since 2009 and nearl
double the capacity of 2.2 billion cubic feet (62.3 million
cubic meters) in 1992.
Microbiology of Refrigerated Foods

The main principle of using refrigeration temperature to
preserve microbiological quality of foods is that the tempera-
ture inhibits or reduces the growth of food-associated micro-
organisms. It is important to understand the types of
microorganisms that are capable of growing at refrigeration
temperature and the microorganisms of concern in chilled
foods, so proper processing and control measures can b
applied in the manufacturing of refrigerated foods.
Microorganisms and Growth Temperatures

Microorganisms grow over a wide range of temperature and
therefore commonly are grouped as psychrophiles, psychro
trophs, mesophiles, or thermophiles based on temperature
requirements for growth. Each group of microorganisms has
minimum, optimum, and maximum growth temperatures.

Psychrophiles have a minimum growth temperature of
5 � C, optimum growth temperature of less than 16� C, and
maximum growth temperature of 20 � C. Examples of psy-
chrophiles are Pseudomonas, Arthrobacter, Psychrobacter, Hal-
omonas, Flavobacterium, Psychrophilum, Hyphomonas, and
Sphingomonas. Psychrotrophs are capable of growing at 0–7 � C
and have optimum and maximum growth temperatures of
20–30 � C and 30–35 � C, respectively. Pseudomonas, Entero-
coccus, Lactobacillus, Micrococcus, Flavobacterium, and Brochothrix
are examples of psychrotrophs and common spoilage micro-
organisms found in meats, poultry, seafood, and eggs. Patho
genic microorganisms, such asYersinia enterocolitica, Vibrio
parahaemolyticus, Listeria monocytogenes, and Aeromonas hydro
phila, are capable of growing at refrigeration temperature and
are of great food safety concern in refrigerated foods, particu
larly those that are processed minimally and have an extended
shelf life. The typical refrigeration temperature does not inhibit
the growth of psychrophiles and psychrotrophs.

The minimum growth temperature for mesophiles is
around 10 � C, and the optimum temperature is 30–40 � C and
the maximum temperature is 45� C. Although they do not grow
at refrigeration temperature, mesophiles can survive unde
refrigeration and grow during temperature abuse. Thermo-
philes can grow well at and above 45� C with optimum growth
temperature at 55–65 � C. Bacillus stearothermophilusis one
example of a spoilage thermophile that is relevant in foods that
are kept hot during serving. Table 1 shows the minimum,
optimum, and maximum growth temperatures of common
foodborne pathogens.
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Table 1 Minimum, optimum, and maximum growth temperatures
(� C) of pathogenic microorganisms commonly associated with foods

Microorganism Minimum Optimum Maximum

Aeromonas 1 28–35 44
Bacillus cereus 4 30–40 55
Brucella 6 37 42
Campylobacter 32 42–43 45
Clostridium botulinum

(nonproteolytic strains)
3 33–40 45

Clostridium perfringens 12 43–47 50
PathogenicEscherichia coli 7 35–40 46
Listeria monocytogenes 0 37 45
Plesiomonas 8 30 45
Salmonella 5 35–43 46
Shigella 6 30–40 47
Staphylococcus aureus 4 37 45
Streptococcus 10 37 44
Toxigenic fungi:Aspergillus 10 33 43
Toxigenic fungi:Penicillium < 5 20–24 37
Vibrio parahaemolyticus 5 37 45
Yersinia enterocolitica � 1 25–37 42
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Although many microorganisms are found in foods, psy-
chrotrophic pathogens and spoilage microorganisms are
microorganisms of concern in refrigerated foods.
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Pathogenic Microorganisms

Listeria monocytogenesis ubiquitous in the environment. It
survives well in adverse environmental conditions and often is
found in food-manufacturing environments. Listeria mono
cytogenescauses listeriosis, which is one of the leading causes
death from foodborne illness, with an average fatality rate of
20%. Young children, pregnant women, elderly, and immu-
nocompromised adults are most susceptible toL. monocytogene
infections. Foodborne illnesses caused byL. monocytogeneshave
been linked to the consumption of frankfurters, deli meats,
coleslaw, soft cheese, raw and underpasteurized milk, ic
cream, fermented raw-meat sausages, smoked seafood, r
vegetables, meats, and poultry.Clostridium botulinumis a spore-
forming anaerobic bacterium that grows well in environments
with low oxygen density, such as the conditions found in
vacuum-packaged foods. Its spores are distributed widely in th
environment and in raw foods. The spores can survive the mild
heat processes commonly used for manufacturing refrigerate
foods. The bacterium can produce botulinal neurotoxin, which
causes botulism, a severe and often fatal intoxication. Non
proteolytic strains of C. botulinumare capable of growing and
producing neurotoxin at temperatures as low as 3.3� C and
hence are a particular pathogen of concern for vacuum
packaged refrigerated foods with an extended shelf life. Th
incidence of botulism from the consumption of refrigerated
foods is rare; however, outbreaks of botulism have been linked
to the consumption of luncheon meats, ham, sausage, and
smoked and salted seafood.Yersinia enterocoliticahas the ability
to grow at temperatures below 4� C, to withstand freezing
temperatures, and to survive in frozen foods for a long period
of time. Contaminated pasteurized milk, bean sprouts, tofu,
and raw pork intestine have been implicated in outbreaks of
foodborne illness caused byY. enterocolitica. Aeromonas hydro
phila is a waterborne microorganism commonly found in fresh
and brackish waters and is considered a major� sh and
amphibian pathogen. The bacterium, however, also can caus
serious illnesses in humans. Raw milk, beef, pork, poultry,
lamb, cheese,� sh, shell� sh, and produce have been contami-
nated with this bacterium. Bacillus cereusis an aerobic spore
former consisting of psychrotrophic and mesophilic strains.
The bacterium is distributed widely in the environment and
foods, and it can survive most heat processes used fo
manufacturing refrigerated foods. During growth,B. cereuscan
produce diarrheal and emetic enterotoxins that cause diarrhea
illness and vomiting illness, respectively.Bacillus cereusintoxi-
cations have been linked to spices and starch-based foods, suc
as cereal and rice. Most pathogenic strains ofEscherichia coliare
not considered to be psychrotrophs; however, some strains ca
grow at temperatures below 7� C. Strains of Shiga-toxin-
producing E. coli(STEC) are mainly responsible for foodborne
illness caused by pathogenicE. coli. Among them, serotype
O157:H7 has been the predominant strain causing foodborne
illnesses. In recent years, non-O157 serotypes– such as O111,
O26, O121, O103, O145, and O45 – increasingly are impli-
cated in foodborne illnesses caused by pathogenicE. coli.
Foods that have been linked to STEC foodborne illnesse
include raw or undercooked ground meats and meat products,
raw milk, fermented sausages, unpasteurized cheeses and fru
juices, lettuce, spinach, and alfalfa sprouts.Vibrio para-
haemolyticusis commonly found in seawater, � sh, mollusks,
and crustaceans. The microorganism is not considered to b
a psychrotroph; however, it may grow at temperatures as low a
5 � C when other environmental conditions are optimal.
Because of its high frequency of association with seafood
V. parahaemolyticus-associated foodborne illnesses are cause
mainly by the consumption of raw or improperly cooked � sh,
squid, octopus, lobster, shrimp, crab, clams, and oysters.
Spoilage Microorganisms

With suf� cient time at refrigeration temperature, the pop-
ulations of several psychrotrophic spoilage microorganisms in
foods may grow to high levels to cause spoilage. Lactic aci
bacteria, mainly composed of the genera ofLactobacillus, Leu-
conostoc, Pediococcus, Lactococcus, and Streptococcus, can grow in
a variety of foods, including meat, poultry, vegetables, fruit
juices, sugary products, and milk and dairy products. When
growing in food products, the bacteria produce lactic acid,
acetic acid, formic acid, ethanol, and carbon dioxide that
impart unpleasant smell and taste to the foods. Lactic acid
bacteria andPseudomonasspp. are the most common spoilage
microorganisms found in refrigerated foods. During growth,
Pseudomonasspp. can produce proteases and lipases tha
degrade proteins and fat to peptides and fatty acids that give of
unpleasant� avor and odor. Brochothrix thermosphactacan grow
at temperatures as low as 0� C. Its ability to grow in an envi-
ronment with low water activity or curing agents makes the
bacterium the predominant spoilage microorganism in
vacuum-packaged and modi� ed-atmosphere-packaged refrig
erated raw and processed meat products. During growth, th
bacterium produces slim and short-chain fatty acids that form
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off-odors and off-� avors. Many yeasts and molds are capable o
growing at refrigeration temperature and spoiling fruit juices,
cheeses, refrigerated pasta, sauces, meat products, vegetab
and dairy products. Yeasts are able to grow in foods with a pH
below 5 and with high sugar and acid contents.Saccharomyce,
Geotrichum candidum, Rhizopus, Mucor, Candida, and Penicillium
are examples of yeast capable of growing at refrigeratio
temperature. During growth, yeasts metabolize food compo-
nents and produce carbon dioxide and yeasty, fruity, or alco-
holic off- � avors and odors. Molds are most responsible for
spoilage of refrigerated foods with low water activity, such as
concentrated soup and sauce products. During growth, molds
produce enzymes that degrade food components, leading to
off-� avors and odors that cause food spoilage.
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Effect of Chilled Temperature on Microorganisms

The general principles of using refrigeration temperature to
preserve the quality of foods are that low temperatures stop o
reduce the growth of microorganisms as well as the chemica
and biochemical reactions within foods. As temperature drops,
the metabolic activities in microbial cells slow down, causing
the microorganisms to take longer time to initiate growth and
multiply. The effects of refrigeration temperature on the
viability of microbial cells are not as clear and are understood
as the effects of freezing temperature. At freezing temperatur
ice crystals form inside and outside microbial cells and increase
the intracellular and extracellular solute concentrations. An
osmotic shock to the cells contributes in part to the inactivation
of the microbial cells. The increased concentration of solute in
microbial cells alters the pH and ionic strength of cellular
liquid that lead to the inactivation of enzymes, proteins, DNA,
and RNA. In addition, ice crystals formed inside the cells also
cause rupture or structural damage to the cellular organelle
and cell membranes. Since refrigeration temperature does no
cause the water to freeze, its effects on microbial cells a
different from those of freezing temperature and are not
determined easily. The effects generally are recognized as bei
related to the changes in the activity of the cell membrane and
cellular proteins, and the change of the integrated cellular
processes. The effects of refrigeration temperature on microbia
cells are complicated, however, and food and environmental
conditions also play an important role in the viability of
microorganisms at refrigeration temperature.

When exposed to low temperatures, microbial cells may
incur cold injury. The extent of injury depends on how far the
temperatures are below the microorganism’s minimum
growth temperature and how long the cells are subjected to
those low temperatures. The cold injury occurs in two stages
The� rst stage is a direct cell injury when the cells are expose
to the low temperature, and the degree of injury is dictated by
the rate of chilling. A rapid chilling causes a greater extent o
cell injury than a slow chilling. The second stage of injury
occurs when the cells remain at the low temperature for a long
period of time. The constant stress of low temperature
imposes additional injury to the cells. The extent of cell injury
determines the overall behavior, growth, survival, or inacti-
vation of the microorganism at chilled temperatures. For
some microorganisms, the injury may not be signi� cant
,

enough to stop growth. These microorganisms may remain
capable of growing and multiplying, albeit at a signi� cantly
slower rate than that at optimum growth temperatures.
Although damaged, the cell’s biological reactions and essen-
tial functions remain intact. For some microorganisms, such
as mesophiles, the injury interrupts cell metabolism and cell
functions, and they may survive for a long period of time or
die off during chilled storage. The type of microorganisms and
the degree of chilled temperature determine the effect o
temperature on the growth, survival, or inactivation of
microorganisms. It has been recognized that chilled temper-
atures cause injury to microbial cells by affecting the structure
and activity of both cellular proteins and lipids, therefore
altering the bioactivity of cell membranes and disrupting the
protein system.

The composition of cell membrane affects the microbial
cell’s ability to resist refrigeration temperature. The types and
compositions of lipids in cell membranes of psychrotrophs
are different from those of mesophiles or thermophiles. The
initial effect of chilled temperature on cells is an increase in
membrane viscosity followed by a phase separation. The
changes can alter the physiology and biological functions of
the membrane and result in cellular injury. The phase sepa
ration process concentrates membrane-associated enzym
into the liquid phase of the lipids that cause these enzymes to
lose their catalytic functions. At refrigeration temperature, the
cell membranes of psychrotrophs have increased amounts o
unsaturated fatty acids and sterols, fatty acids with longe
chain length, and a higher portion of branched-chain fatty
acids. The increase in the degree of unsaturation, chain length
and composition of fatty acids in cell membranes leads to
a decrease in the lipid melting point, which maintains
membrane lipids in a � uid and mobile state at refrigeration
temperature. The lipid composition in cell membranes of
psychrotrophs also allows them to decrease the uppe
temperature of membrane phase separations. These cond
tions allow membrane proteins to continue to function at
refrigeration temperature. When microorganisms are not able
to stop or reverse phase changes, the normal functions o
membranes are lost and the cells are not able to grow o
survive at refrigeration temperature. Some microorganisms
are capable of modifying their lipid composition at refriger-
ation temperature to counter the increase of membrane
viscosity and phase separation and to maintain normal
membrane functions. Microbial cells must transport cations
across membranes to maintain a relatively high internal
potassium concentration to remain viable, but the disruption
of normal membrane functions and the slow metabolic
activity at low temperature affects this process. It has bee
proposed that the range of temperatures at which a microor-
ganism may grow depends on how well the microorganism
regulates its lipid � uidity within the temperature range. In
addition, the transport enzymes and system of psychrotrophs
are more operative at low temperatures than those o
mesophiles.

At refrigeration temperature, the structure and function of
proteins in microbial cells are affected and the biological
activities of these proteins are altered. The changes includ
a reduction in the rate of enzyme activity and enzymatic reac-
tions, which slows or interrupts biochemical reactions and
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pathways. Low temperatures also alter the activation energies
for enzyme-catalyzed reactions and modify enzymes that
lead to a reduced rate of protein synthesis and changes in
protein-type synthesized. Cell proteins also may denature or
spontaneously unfold and lose their biological activities at
refrigeration temperature.
Good Chilled Storage Practices

Good chilled storage practices should be applied to gain their
full advantage in maintaining the microbiological quality of
refrigerated foods. Microorganisms in refrigerated foods survive
better when the temperature is lowered at a slower rate;
therefore, foods should be cooled to refrigeration temperature
as rapidly as possible. An important practice in cooling foods
for chilled storage is to avoid an extended cooling time at
product temperatures between 130 � F (54.4 � C) and 80 � F
(26.7 � C). In this temperature range, bacterial spores such as
Clostridiumand Bacillusare capable of germination and rapid
growth. The Food Safety and Inspection Service of the US
Department of Agriculture (FSIS-USDA) has established
a cooling performance standard for heat-treated meat and
poultry products. The FSIS-USDA requires manufacturers of
ready-to-eat roast beef; cooked beef and corned beef products;
fully cooked, partially cooked, and char-marked meat patties;
and certain partially cooked and ready-to-eat poultry products
to meet the performance standards for preventing the growth of
spore-forming bacteria. The standard states the following
temperature and time requirements for cooling these food
products:

1. For products containing no nitrite, the product’s internal
temperature should not remain between 130 � F (54.4 � C)
and 80 � F (26.7 � C) for more than 1.5 h or between 80 � F
(26.7 � C) and 40 � F (4.4 � C) for more than 5 h (6.5 h total
cooling time).

2. For products cured with a minimum of 100 ppm sodium
nitrite, the product may be cooled so that the maximum
internal temperature is reduced from 130 � F (54.4 � C) to
80 � F (26.7 � C) in 5 h and from 80 � F (26.7 � C) to 45 � F
(4.4 � C) in 10 h (15 h total cooling time).

Because the rates at which foods can be cooled depend on
the type, size, and shape of the foods and packages and cooling
methods, manufacturers of refrigerated food need to select
proper methods of cooling for their products to lower the
temperature of food before refrigerated storage.

During chilled storage, properly maintaining refrigeration
temperature is essential to achieving high microbiological
quality and safety. The growth rates of microorganisms that
survive in refrigerated foods increase signi�cantly once the
storage temperature rises above the refrigeration temperature.
Psychrotrophs and many mesophiles are capable of rapid
growth at abuse temperatures. The temperature of storage of
refrigerated foods may vary greatly and �uctuate during
manufacturing, distribution, retail sale, and storage in the
home. The greater the temperature abuse, the greater the
potential for microbial growth. Therefore, it is important to
maintain proper refrigeration temperature and to avoid
temperate �uctuation during chilled storage.
See also: Food Poisoning Outbreaks; Classi�cation of the
Bacteria: Traditional; Listeria Monocytogenes; Thermal
Processes: Pasteurization; Food Packaging with Antimicrobial
Properties; Freezing of Foods: Damage to Microbial Cells;
Freezing of Foods: Growth and Survival of Microorganisms;
Spoilage of Cooked Meat and Meat Products.
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Introduction

Antimicrobial packaging is one of the various applications of
active packaging to food products. It can be considered an
emerging technology with a signi�cant impact on extending
the shelf life of fresh food. It is a system able to reduce, inhibit,
or retard the growth of spoilage microorganisms. The anti-
microbial function can be achieved by adding antimicrobial
agents in the package headspace, by directly including active
compounds into polymers, or by using an edible coating. All
antimicrobial agents have a speci�c action against microor-
ganisms. For example, it is well known that some anti-
microbial agents inhibit essential metabolic pathways of
microorganisms, while some others alter cell membrane/wall
structure. Antimicrobial �lms can be classi�ed into two types:
systems that contain an antimicrobial agent that migrates to
the surface of the food and systems that do not need
compound migration to be active. This last typology would
require a molecular structure large enough to retain activity on
the microbial cell wall, even though bound to the plastic. Such
agents are likely to be limited to enzymes or other antimi-
crobial peptides. In fact, the most examples of antimicrobial
packaging are release systems. This chapter presents an over-
view of the most recent systems containing essential oils,
organic acids, bacterial–antimicrobial peptides, and metal
and/or photocatalytic nanoparticles. Packaging systems,
including direct incorporation with either surface active via
solid diffusion or volume active via headspace diffusion and
coating, were taken into account.
Packaging Containing Essential Oils

In recent years, natural antimicrobial agents have attracted much
attention in the food packaging industry as replacements for
synthetic compounds for food preservation. A wide number of
packaging containing essential oils (EOs) have been used by
direct incorporation into the polymeric matrix or by being
carried to the product by a natural coating. Being volatile
compounds, the EOs have also been used in the package head-
space. Many studies focus on interactions between polymer and
active compounds because these mechanisms are key factors in
optimizing the formulation of active systems. The incorporation
of EO into polymers allows reducing the quantities required to
guarantee food safety. However, during the drying stage of the
�lm, signi�cant losses can occur. Micro- and nanoencapsulation
of EOs could be a solution to minimize this problem and
improve the effectiveness of active systems enriched with EO.
Direct Incorporation of EO into the Polymeric Film

The antimicrobial properties of whey protein isolate �lms
containing 1.0–4.0% (wt/vol) of oregano, rosemary, and garlic
EO against some foodborne pathogens were studied. The �lm
432 Encyclopedia of Food Mic
containing oregano EO at the 2% level was found to be more
effective than the other �lms. The rosemary EO did not exhibit
any antimicrobial activity, whereas an inhibitory effect was
observed for �lms with 3 and 4% of garlic EO. Gelatin-chitosan
�lms incorporated with EOs were used for �sh preservation.
The authors investigated the effects of clove (Syzygium aroma-
ticum L.), fennel (Foeniculum vulgare Miller), cypress (Cupressus
sempervirens L.), lavender (Lavandula angustifolia), thyme
(Thymus vulgaris L.), herb-of-the-cross (Verbena of�cinalis L.),
pine (Pinus sylvestris), and rosemary (Rosmarinus of�cinalis) EO
on some important foodborne bacteria. The study showed that
clove oil recorded the highest inhibitory effect, followed by
rosemary and lavender oils. Then, in vivo tests were carried out
by using �lms with clove oil. During chilled storage, Gram-
negative bacteria, especially enterobacteria, were drastically
reduced. A different behavior was recorded with �lms con-
taining thyme and oregano EOs because the authors demon-
strated the great antimicrobial activity of �lms by the sole
in vitro test. The same inhibitory effects were not observed
when the antimicrobial �lms were applied to meat. EOs,
such as clove (Sygzium aromaticum), cinnamon (Cinnamomum
zeylanicum), oregano (Origanum vulgare), and cinnamaldehyde-
enriched cinnamon EO, were also applied to paper packaging.
The active paper was manufactured using paraf�n coatings.
Among them, the forti�ed cinnamon EO paraf�n coating was
found to be the most effective against several common fungal
and bacterial food contaminants. In particular, a total inhibi-
tion of Candida albicans, Aspergillus �avus, Eurotium repens, and
a signi�cant activity against both Penicillium nalgiovense and
Penicillium roquefortii was obtained. Use of this active packaging
ensured complete protection of two varieties of strawberries
during 7 days of refrigerated storage without any visible fungal
contamination. The antimicrobial activity of oregano and
cinnamon essential oils incorporated into a paper packaging
against Alternaria alternata using an in vitro antifungal assay was
also assessed. Linalool, constituent of the basil oil, has been
reported to possess both fungistatic and antibacterial properties
against a wide spectrum of microorganisms. Its activity against
growth of Staphylococcus aureus, Listeria innocua, Escherichia coli,
and Saccharomyces cerevisiae on the surface of Cheddar cheese
was demonstrated. In a subsequent work, the diffusion of
linalool and methyl-chavicol from polyethylene-based �lm
was investigated. The diffusion coef�cient and the temperature
sensitivity of migration of linalool were found to be higher
than those of methyl-chavicol. The antimicrobial activity of
linalool coated onto low-density polyethylene and nylon �lms
against E. coli was assessed in liquid culture and on Cheddar
cheese.
Coatings as Carriers of EO

The effect of an alginate-based coating with thymol EO on the
shelf life of peeled shrimps was investigated. The active coating
affected microbial growth of �sh and delayed sensory quality
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00065-3
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decay, especially at the lowest thymol concentration. Cinnamon
in alginate coating was used to maintain the quality of fresh
northern snakehead� sh � llets. The active coating was found to
be very effective in inhibiting bacterial growth, even though the
color of the � llets was compromised by the active agent. Th
application of a coating with thyme and Mexican lime EO to
control postharvest disease of papaya fruit was examined. I
papayas immersed in mesquite gum emulsion and formulated
with small amounts of both EOs, it was possible to reduce the
attack of Colletotrichum gloeosporioides. Coatings of hydroxy-
propyl-methyl-cellulose or chitosan with bergamot EO were
applied to table grapes during postharvest cold storage. Be
results were recorded with active chitosan because it promote
a good control of respiration rate and water loss, even if fruit
color was slightly compromised.

The antimicrobial and antioxidant activity of edible coat-
ings enriched with natural plant extracts was investigated on
native micro� ora of butternut squash by in vitro assays. Then
in vivoexperiments were carried out. The use of chitosan coa
ings enriched with rosemary and olive oleoresins applied to
butternut squash did not highlight a signi� cant antimicrobial
activity. However, the active coatings seemed to exert very goo
antioxidant properties. The combined effects of malic acid and
EOs of cinnamon, palmarosa, and lemongrass and their main
active compounds (eugenol, geraniol, and citral) were tested
on the shelf life and safety of fresh-cut Piel de Sapo melon
(Cucumis meloL.). The incorporation of the EOs or their active
compounds into an edible coating applied to the fruit pro-
longed the microbiological shelf life. In particular, a signi� cant
reduction of Salmonella enteritidisinoculated in fresh-cut melon
was achieved. The inclusion of lemongrass, oregano oil, an
vanillin in apple puree-alginate coating signi� cantly inhibited
the growth of psychrophilic aerobes, yeasts, and molds of fresh
cut Fuji apples. Lemongrass and oregano oil containing coat
ings exhibited the strongest antimicrobial activity against
L. innocua. Moreover, a signi� cant reduction in respiration rates
was observed in samples containing high concentrations o
EOs, thus promoting better preservation of sensory quality.
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EO in the Packaging Headspace

The effect of volatile antimicrobial agents such as carvacro
allyl isothiocyanate (AITC), and cinnamaldehyde on the
growth of Penicillium notatumin the vapor phase was assesse
The in vitro experiment was performed by introducing the
volatile compounds deposited on a � lter paper in a hermeti-
cally closed jar together with an uncovered Petri dish contain-
ing the assay medium inoculated with spores ofP. notatum. The
researchers found that AITC and cinnamaldehyde exerted th
highest inhibition activity . Moreover, the combination of the
two agents exerted a synergistic effect, thus reducing the
concentrations, with a consequent reduced impact on sensor
properties. The effects of several natural volatile compounds
such as methyl jasmonate, tea tree oil, and garlic oil, on the
quality of fresh-cut tomatoes was evaluated. Natural volatile
compounds were spotted onto� lter paper strips placed inside
the containers, before covering the lids. The authors found
a relevant antimicrobial activity against bacteria and fungi. The
effect of absorbent pads containing oregano EO on shelf life
extension of overwrap-packed chicken drumsticks was studied
The active packaging caused a reduction of microorganism
without affecting sensory properties, thus ensuring an exten
sion of shelf life by 2 days. A new active packaging, consistin
of a label with cinnamon EO incorporated and attached to the
plastic packaging, was used to extend the shelf life of late
maturing peach fruit. The visible microbial attack on spoiled
peach fruit was characterized by the appearance of sever
species of mold, mainly Monilinia fructicola, Penicillium expan
sum, and Rhizopusspp. After 12 days of storage at room
temperature, the percentage of infected fruit in the active labe
packaging was 13% versus 86% in the nonactive packaging
The use of natural antifungal compounds such as eugenol
thymol, menthol, or eucalyptol was also found to be an
effective tool for maintaining cherry fruit quality and reducing
the occurrence of decay. Treatments were performed by placin
the active compounds on sterile gauze, and then the packagin
� lm was immediately sealed to avoid vaporization. The EOs
were effective in reducing microorganism proliferation, the
effect being higher for molds and yeasts than for mesophillic
aerobic bacteria.
Packaging Containing Organic Acids

Organic acids are widely used as antimicrobial agents becaus
they are active and cost effective. The most diffused are sorbi
citric, propionic, benzoic, potassium sorbate, and sodium
benzoate. It is generally accepted that the nondissociate
molecules of organic acids or esters are responsible for th
antimicrobial activity. The key basic principle regarding the
mode of action of organic acids on bacteria is that non-
dissociated organic acids can penetrate the bacteria cell wa
and disrupt the normal physiology of certain types of bacteria.
Upon passive diffusion, the acids will dissociate and lower the
bacteria’s internal pH, leading to situations that will impair or
stop the growth of bacteria. On the other hand, the anionic part
of the organic acids that cannot escape the bacteria in it
dissociated form will accumulate within the bacteria and
disrupt many metabolic functions, leading to and increase in
osmotic pressure increase that is incompatible with survival of
the bacteria. The increased effectiveness of organic acids may
achieved when used in lower concentrations, but in combina-
tion with additional inhibitors. The literature provides
evidence that organic acids may also be effective as foo
additives when incorporated into food packaging materials.
Antimicrobial � lms or coatings have been found to be more
effective than the addition of antimicrobial agents directly to
food as these may gradually migrate from the package onto the
surface of the food, providing concentrated protection when
most needed.
Direct Incorporation of Organic Acids into the Polymeric F

The incorporation of organic acids into a � lm is a cheap tech-
nique to develop antimicrobial packaging. Active� lms made
up of sweet potato starch incorporating various levels of
potassium sorbate were tested against bacteria of minimally
processed pumpkin. The effect of organic acids in whey
protein-based � lm was assessed against some foodborn
pathogens. The most effective compound was benzoic acid
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while the least effective was lactic acid. Whey protein� lm
with lactic and propionic acid in combination with chito-
oligosaccharides and natamycin were studied through aga
diffusion and viable cell counting, againstE. coli, St. aureus, and
Yarrowia lipolytica. Lactic acid in particular led to the highest
antimicrobial activity against St. aureus. An antimicrobial � lm
based on whey proteins and containing malic acid, nisin, and
natamycin was developed for fresh cheese preservation. A
antimicrobial system based on chitosan, with inclusion of
acetic and propionic acid, was prepared and applied to
vacuum-packed cured meat. The antimicrobial� lms did not
affect lactic acid bacteria, whereas growth of Enterobacteriace
and Serratia liquefacienswas delayed during the 21 days of
storage. Organic acids were also used in combination with
bacteriocins. Nisin and stearic acid were incorporated into
a hydroxy-propyl-methyl-cellulose � lm, and their effects were
tested on Listeria monocytogenesand St. aureus. Because the
molecular interactions between nisin and stearic acid were pH
dependent, the in� uence of the pH of the � lm-forming solu-
tion on � lm inhibitory activity was investigated. Adjusting the
pH to 3, the interactions between stearic acid and nisin were
totally avoided, thus inducing a high inhibitory activity.
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Coatings as Carriers of Organic Acids

Grapefruit treatment with a coating of chitosan or carnauba
wax containing benzoic or sorbic acids, and their salts, wa
successfully used on fruit. The effects of different concentra
tions of organic acids, their salts, chitosan, and fungicide
sodium ortho-phenyl-phenate were evaluated on growth and
spore production. Organic acids and salts showed superio
ef� cacy to the fungicide against fruit decay. Use of citric acid
(1%) and calcium chloride (10%) in the coating of sodium
alginate were tested with success on minimally processe
lampascioni (Muscari comosum) and fresh-cut ‘Madrigal’ arti-
chokes. Potassium sorbate in carboxy-methylcellulose-base
coating was applied to pistachios. An antimicrobial coating
containing organic acids was found effective against severa
molds isolated from fruits. The incorporation of potassium
sorbate in pea starch and guar gum coatings improved the
antifungal effectiveness better than the direct application by
aqueous solution. The impact of edible coating with or
without potassium sorbate on aerobic microbial growth was
investigated using potato. During refrigerated storage, the us
of coating led to a signi� cant reduction of the maximum
microbial load. Coating with antimicrobial compounds hel-
ped to extend the lag phase and postpone time to reach
maximum load by almost four days, compared to the control
coating.
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Packaging Containing Bacteriocins

Bacteriocins, discovered by Gratia in 1925, are antimicrobia
peptides usually made up of less than 50 amino acids. As anti
microbial peptides, bacteriocins are ribosomally synthesized
polypeptides and possess bactericidal activity against strains o
the same or closely related species. Bacteriocins are only o
category of substances produced by bacteria that are inhibitor
to other bacteria. Bacteriocins are categorized in several way
including producing strain, common resistance mechanisms,
and mechanism of killing. They are nontoxic for eukaryotic
cells; they have little in� uence on the gut micro� ora, a broad
antimicrobial spectrum, and a bactericidal mode of action; and
they are pH and heat tolerant. Bacteriocins are often used in
combination with other antimicrobial agents such as organic
acids. These potent inhibitors offer potential alternatives to
antibiotics and may also replace chemical preservatives in food
The gradual release of bacteriocins from� lm to food surface
may have an advantage over other techniques such as dipping o
spraying. In fact, in these processes, the antimicrobial activity
may be lost or reduced due to the inactivation of bacteriocins by
food components or dilution below the active concentration.
Two methods have been commonly used to prepare� lms with
bacteriocins: direct incorporation into polymers and coating
or adsorption of bacteriocins onto polymer surface. Various
examples have been reported for both cases.
Direct Incorporation of Bacteriocins into/onto
the Polymeric Film

Nisin received considerable attention in the food packaging
sector, being the sole puri� ed antimicrobial peptide approved
by the US Food and Drug Administration. Nisin was incor-
porated into a polyethylene-based plastic� lm that was used
to vacuum-package beef carcasses. Nisin retained activi
against Lactobacillus helveticusand Brochothrix thermosphac
inoculated in carcass surface tissue sections. Nisin wa
also incorporated in � lms made up of hydroxy-propyl-
methyl-cellulose. Inhibitory effect has been demonstrated
against L. innocuaand St. aureus, but � lm additives such as
stearic acid, used to improve the water vapor barrier proper
ties of the � lm, signi� cantly reduced the inhibitory activity.
Nisin, lauric acid, and ethylenediamine tetraacetic acid
(EDTA) were included in corn zein � lms and then exposed to
broth cultures of Salmonella enteritidis. None of the combi-
nations produced reductions of the pathogen greater than
1 log CFU ml� 1. In contrast, the use of edible � lms with
nisin, EDTA, citric acid, and Tween 80 was evaluated on
Salmonella typhimuriumin poultry skin. Nisin is inactive
against yeast, molds, and Gram-negative bacteria. This partia
success of nisin as a natural food preservative has prompte
examination of other bacteriocins. Bacteriocins in genera
should not be used as the main processing step to prevent th
growth or survival of pathogens but to provide an additional
hurdle to reduce the likelihood of foodborne disease.
The combination of antimicrobials with other inhibitory
treatments such as high hydrostatic pressure treatment ha
been proposed to achieve a high inactivation of Gram-
negative foodborne pathogens. Natamycin is commonly used
as an antifungal agent for cheese and sausages. Natamyc
impregnated cellulose� lms showed inhibitory effect against
P. roquefortiion Gorgonzola cheese. Combination of nisin and
natamycin in cellulose � lm prolonged the shelf life of sliced
mozzarella cheese by 6 days. In contrast, methyl-cellulose an
wheat gluten � lms containing natamycin did not cause any
signi� cant decrease ofP. roquefortiion cheese surface. The
bilayer coating of chitosan and polyethylene wax micro-
emulsion, including natamycin, demonstrated an inhibitory
effect against two pathogenic fungi during storage of melon.
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Coatings as Carrier of Bacteriocins

A chitosan coating containing natamycin affected the fungi
population in fresh cheese. An alginate coating with nisin was
used to enhance the quality of fresh� llets. Alginate coatings
containing oyster lysozyme and nisin to controlL. monocytogene
and Salmonella anatumgrowth on ready-to-eat smoked salmon
were other recent examples of active coatings. Release
Plantaricin 423 and bacteriocin ST4SA from electrospun nano
� bers, prepared by combining poly(D,L-lactide) and poly-
(ethylene oxide) dissolved in N,N-dimethylformamide, was
also evaluated.
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Nanocomposite Systems as Food Packaging

Although the applications of nanotechnology to food industry
are rather limited, achievements and discoveries in this secto
are beginning to impact the food industry as well and in
particular, food packaging. Materials constructed from nano-
technology have been found to provide unexpected and valu-
able packaging properties. These properties may even be
such high value that they can justify the early price of nano-
materials. Nanocomposite materials are structures made up o
nanoparticles with dimensions below 100 nm diffused in
a polymeric matrix. Particles with nanometer size can be use
to improve polymers characteristic in terms of barrier proper-
ties, strength, elasticity, and optical clarity. Moreover, nano
particles such as silver, copper, titanium dioxide (TiO2), and
zinc oxide (ZnO) show considerable antimicrobial properties,
thus suggesting their use for food applications. It is also
necessary to consider that the application of nanocomposites
promises to expand the use of edible and biodegradable� lms
because nano-hybrid composites often show self-extinguishing
behavior and, eventually, tuneable biodegradability. Therefore
the use of bio-nanocomposites for food packaging not only
protects the food and increases its shelf life but can also b
considered a more environmentally friendly solution because it
reduces the requirement to use plastics as packaging materia
y
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Nanoparticles in/on the Polymer Matrix

Silver nanoparticles loaded in chitosan lactate� lms were tested
againstE. colito prevent food bacterial infections. The strong
inhibitory action of nanosilver was also observed after 60 h of
contact. A signi�cant antibacterial activity againstE. coliwas
also reported for silver nanoparticles embedded in cellulose
acetate. A new food packaging material characterized b
a paper coated with nanosilver was tested againstE. coliand
St. aureus.The effectiveness of active polyethylene� lms
obtained by depositing via plasma an Ag-containing poly-
ethylene-oxidelike coating was proved against theAlicycloba-
cillus acidoterrestrisstrain, a thermal-resistant food spoilage
microorganism generally found in acidic beverages. Silver
montmorillonite nanoparticles were embedded into different
bio-based polymer matrices to realize active systems. Due t
the best macromolecular mobility, the optimal polymer matrix
was the agar-based one. Therefore, agar containing silv
nanoparticles was tested with success on Fior di Latte chees
The active packaging system increased the shelf life of chee
due to silver ion’s ability to control the microbial proliferation,
without affecting the functional dairy microorganisms and the
sensory characteristics of the product. Silver was also used
prevent microbial growth in absorbent pads. Some authors
studied the combined effect of silver nanoparticles and ZnO
embedded in low-density polyethylene � lms to improve the
shelf life of fresh orange juice. Development of TiO2 as a pho-
tocatalytic substance incorporated in food packaging also
received great attention. The activity of nanotextured TiO2 � lms
was tested against Gram-positive and Gram-negative bacteri
To control fruit rots, powder and coated plastic � lm of TiO 2

were activated againstP. expansumboth in vitro and in vivo, on
apple, tomatoes, and lemon. Copper ions into plastic materials
were also investigated as potential antibacterial packaging, an
the effect against some diffused pathogens and foodborne
microorganisms was widely documented.
Coating as Carrier of Nanoparticles

Coating with nanoparticles can signi�cantly improve the
microbiological quality of food. A chitosan coating containing
silver oxide was used to wrap foods or to coat perishable fruits
and vegetables. Silver nanoparticles in a bio-based coating we
applied in combination with modi � ed atmosphere packaging
to prolong the shelf life of Fior di latte cheese. Coating with
silver nanoparticles-poly-vinyl-pyrrolidone controlled micro-
bial population on stored green asparagus. Silver nanoparticle
biosynthesized byTrichoderma virideincorporated into sodium
alginate were found to be active against test strains in fruit and
vegetables. In addition, in the coated products weight loss and
soluble protein content were well retained.
Future Trend of Antimicrobial Packaging

During the early twentieth century, substantial improvements
were made to both rigid and � exible packaging materials, thus
increasing signi� cantly the options available for maintaining
food quality and improving shelf life. The food industry faces
the task of satisfying the increasing consumer demand for food
that should keep as long as possible while maintaining the
required qualities. In this context, packaging can play a key role
The efforts to enhance packaging performance have bee
directed toward many areas. Among the most promising food
technologies, active systems represent an attractive solutio
Before this innovation, one of the main requirements of food
packaging was the passive role, to mean the capacity to rema
inert without interacting with the food it contains. Develop-
ment of active packaging now makes it acceptable for the
packaging to have an interactive role with product in order to
extend the shelf life. As highlighted in the current chapter,
numerous examples of active systems with antimicrobial
properties were available in the scienti� c literature. To date,
synthetic compounds have been largely used in active pack
aging, and their effects have been assessed on target microb
groups. Public perception that synthetic agents may cause sid
effects allows consumers to prefer natural over synthetic add
tives. Therefore, essential oils and bacteriocins were abundant
used as valid natural compounds to realize new active systems
Today the increasing attention to the environmental impact of
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packaging, together with the potential of nanotechnology, has
led to developing packaging systems based on renewable
polymeric materials with metal or photocatalytic nano-
particles. Much progress has been made, but still needed is
more research on the effect of various active packaging solu-
tions on product characteristics. The participation and collab-
oration of research institutions, industry, and government
regulatory agencies will be key to the success of active pack-
aging technologies for food applications. More work in this
regard will expand the applicability and further improve the
economic viability of active systems. In addition, combining
intelligent and active packaging offers many intriguing possi-
bilities, thus allowing development of more sophisticated
packaging systems.

See also:Bacteriocins: Potential in Food Preservation;
Bacteriocins: Nisin; Preservatives(b): Traditional Preservatives –
Oils and Spices; Traditional Preservatives: Sodium Chloride;
Preservatives: Traditional Preservatives – Organic Acids;
Permitted Preservatives – Hydroxybenzoic Acid; Permitted
Preservatives: Nitrites and Nitrates; Natamycin; Permitted
Preservatives – Propionic Acid; Active Food Packaging.
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Introduction

Cider (cyder, United States: hard cider) is an alcoholic beverage
produced by the fermentation of apple juice; a related product,
perry (also known as pear cider) is produced by the fermen-
tation of pear juice. Cider and perry have been produced for
more than 2000 years in temperate areas of the world. Tradi-
tional cidermaking in England, France (Normandy and Brit-
tany), northern Spain, Ireland, and Germany is based largely on
farmhouse production; in the eighteenth and nineteenth
centuries, farm laborers in England received up to 2 l cider
day�1 as part of their wages.

In England, commercial cidermaking started during the late
nineteenth century, although some farmhouse cider had been
sold commercially since the eighteenth century. Total cider
production in England in 1900 was estimated at 0.25 � 106 hl,
of which about 0.025 � 106 hl was produced commercially. In
2010, total European production of cider and perry was
14.3 � 106 hl, of which the United Kingdom produced about
9 � 106 hl, mostly as commercial products. Commercial ciders
are now produced also in Argentina, Austria, Australia,
Belgium, Canada, China, Finland, New Zealand, South Africa,
Sweden, Switzerland, and the United States.
Cider Production

Ciders are made by fermenting the juice of apples, often with
some added pear juice. The juice may be either fresh or
reconstituted from concentrate. In England, France, and Spain,
most cider is produced from the juice of special cultivars of
cider apples, referred to as bittersweet, bitter-sharp, sweet, or
sharp, depending on the relative levels of tannins and acids.
Such ciders have a higher degree of astringency than those
made from the juice of culinary or dessert apples. The alcohol
content of cider made only from juice ranges up to about 6.5%
alcohol by volume (abv), depending on the sugar content of
the apple juice. In many countries, chaptalization (i.e., the
addition of fermentation sugars) is practiced widely, especially
in years when juice sugars are low. In some cases, the total
fermentable sugar may be increased so that the fermented
product contains up to 12% abv. Such strong ciders are blended
and/or diluted to produce commercial ciders within the range
1.2–8.5% abv. Products with a higher alcohol content are
generally sold as apple wine.
Preparation of Cider Juice

The fruit is transported from the orchards to the cider mill,
where it is washed and milled using equipment such as a knife
mill. The milled fruit is pressed using either batch or contin-
uous presses, and the solid residue (pomace) from the �rst
pressing may be extracted with water to maximize the yield of
sugar and tannins. In some processes, the milled fruit may be
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
lique�ed by treatment with pectolytic and amylolytic enzymes,
before centrifugation to separate the juice from residual solids.
The spent apple pomace is used for the extraction of pectin (if
enzyme treatment has not been used), as cattle feed or as a soil
conditioner.

The juice is normally treated with SO2 gas or sodium met-
abisul�te to a level of 100–200 mg l�1 and is allowed to stand
for 24 h before use. If a clear juice is required, the cloudy
pressed juice may be treated with pectinases and amylases;
enzyme treatment is normal if the juice is to be concentrated for
storage purposes.

Concentrated juices are generally prepared in a multistage
evaporator and may have volatile aromas added back. The
concentrate, at about 72�Bx, can be stored for 2 or 3 years at
refrigeration temperatures without serious loss of quality. The
concentrate is diluted with an appropriate volume of water to
reconstitute it for fermentation.
Cider Fermentation

The juice is transferred to fermentation vats, where yeast
nutrients such as ammonium phosphate, ammonium
carbonate, and pantothenic acid are added, together with any
chaptalizing sugars and an appropriate yeast culture. Fermen-
tation is allowed to proceed at 15–25 �C until all the
fermentable sugars have been used, which usually takes about
3–8 weeks, depending on the temperature. The raw cider is
sometimes chilled, to facilitate �occulation of the yeast, before
being racked off from the lees and transferred to other vats for
maturation. The maturation process can take up to 2 months,
but the cider is often matured for more than a year before
further processing.
Final Preparation

The strong cider base (up to 12% abv) is centrifuged and/or
�ned to remove solids; increasingly, micro�ltration processes
are being used commercially to produce a bright cider that is
blended with apple juice or water to give an appropriate level of
alcohol (usually 3.5–8.5% abv). At this stage, sweetener and
other ingredients may be added to adjust the acid–sweetness
balance, according to the organoleptic style of cider required.
Increasingly, �avoring with fruit juices such as cranberry or
raspberry also gains popularity. The blended cider may be
carbonated and packaged into bottles, cans, kegs, or barrels for
distribution and sale, or it may be packaged as a still product
without carbonization. Processes involved in the preparation
of certain special ciders are discussed later in this chapter.
The Microbiology of Apple Juice and Cider

The fermentation of apple juice to cider occurs naturally
through the metabolic activity of the yeasts and bacteria present
-384730-0.00066-5 437

http://dx.doi.org/http://dx.doi.org/10.1016/B978-0-12-384730-0.00066-5


-

s

y

e

Table 1 Typical microbial contaminants of freshly pressed apple jui

Typical species SO2 sensitivity Growth in juice

Yeasts
Saccharomyces cerevisiae

var.cerevisiae
� or � a þþþþ b

Saccharomyces cerevisiae
var. uvarum

� or � þþþþ

Saccharomyces cerevisiae
var. carlsbergensis

� or � þþþþ

Saccharomycodes ludwigii � þþþþ
Kloeckera apiculata þþþ þþþþ
Candida pulcherrima þþþþ þþþþ
Pichiaspp. þþþþ þþþþ
Torulopsis famata þþ þþþþ
Rhodotorulaspp. þþþþ þþþþ

Filamentous fungi
Penicilliumspp. þþ þþþþ
Aspergillusspp. þþþþ þþþþ
Paecilomyces varioti þ þþþþ
Byssochlamys fulva � þþþþ
Cladosporiumspp. þþþþ þþ
Botrytisspp. þ þþþþ

Bacteria
Acetobacter xylinum þþ þþþþ
Pseudomonasspp. þþþþ �
Escherichia coli þþþþ � (some strains� )

Salmonellaspp. þþþþ �
Micrococcusspp. þþþþ �
Bacillusspp. � (spores) �

Clostridiumspp. � (spores) �

a� (resistant),� , þ , þþ , þþþ , þþþþ (increasing sensitivity).
b� (unable to grow),� , þ , þþ , þþþ , þþþþ (increasing ability to grow).
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on the fruit at harvest, which are transferred into the apple juice
on pressing. Other microorganisms, from the milling and
pressing equipment and the general environment, can also
contaminate the juice at this stage. Examples of typical juice
associated organisms are shown inTable 1, together with an
indication of their susceptibility to SO 2 and their ability to
grow in apple juice. Unless such organisms are inhibited, for
example, by the use of SO2, a mixed fermentation occurs. This
causes signi�cant variations in organoleptic characteristics
between batches, even if the composition of the apple juice
remains constant.

The preferred approach for the production of commercial
cider is by inoculation with a selected strain of aSaccharomyce
spp., following control of the indigenous and adventitious
microorganisms using sul� te and/or pasteurization. However,
the transfer of fermented juice into different maturation and
storage vessels may result in a secondary fermentation b
microorganisms that occur naturally in the traditional oak vats
which are frequently used. These organisms may produc
bene� cial or detrimental changes in the chemical and organ-
oleptic properties of the � nal cider.
Hammond, S.M., Carr, J.G., 1976. The antimicrobial activity of SO2 – with
particular reference to fermented and non-fermented fruit juices. In:
Skinner, F.A., Hugo, W.B. (Eds.), Inhibition and Inactivation of Vegetative
Microbes. Academic Press, London. pp. 89–110 (S.A.B. Symposium
Series No. 5).
The Role of SO2 in Apple Juice and Cider

The use of SO2 as a preservative in cidermaking is controlled by
legislation in most countries. The maximum level permitted in
the � nal product in Europe is 200 mg l� 1 but different limits
may apply elsewhere. The addition of SO2 to apple juice results
in the formation of so-called sul� te addition compounds,
through binding to carbonyls. When dissolved in water, SO2 or
its salts produce a mixture of molecular SO2, bisul� te, and
sul� te ions, the equilibrium of which is pH dependent
(Figure 1). The antimicrobial activity of SO2 is due to the
molecular SO2 that remains unbound (the so-called free SO2).
Less SO2 is needed in juices of high acidity: for instance,
15 mg l� 1 of free SO2 at pH 3 has the same antimicrobial effect
as 150 mg l� 1 at pH 4.

The binding of SO2 is dependent on the nature of the
carbonyl compounds present in the juice. Naturally occurring
compounds that bind SO2 include glucose, xylose, and xylo-
sone. If the fruit has undergone any degree of rotting, other
binding compounds are formed, including 2,5-dioxogluconic
acid and 5-oxofructose (2,5-D-threo-hexodiulose). Such juices
require increased additions of SO2 if wild yeasts and other
microorganisms are to be controlled effectively. The addition of
SO2 to fermenting juice results in rapid combination with
acetaldehyde, pyruvate, anda-oxoglutarate produced by the
fermenting yeasts. Consequently, all additions of SO2 must be
completed immediately after pressing the juice although,
provided initial fermentation is inhibited, further additions to
give the desired level of free SO2 can be made during the
following 24 h. Studies have shown that the presence of sul� te-
binding compounds in fermented cider depends on the quality
of the original fruit, the type of apple juice (i.e., cider, dessert,
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or culinary juice) and whether pectinases were used for clari
� cation, the strain of yeast and its ability to produce sul� te
compounds, the fermentation conditions, and the extent to
which yeast nutrients have been added.
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Fermentation Yeasts

In traditional farmhouse cidermaking, especially when the
juice is not sul� te treated, the indigenous yeasts that ar
important in fermentation include Candida spp., Kloeckera
apiculata, and Saccharomycesspp. Generally, theCandidaand
Kloeckeradie out within the � rst few days, but they may be
important in the initial fermentation. When the juice has been
treated with sul� te, the fermentation process is carried ou
primarily by strains of Saccharomycesspp., especiallyS. cerevisia
vars.cerevisiae, bayanus, capensis,carlsbergensis, and uvarum.

In commercial practice, speci� c strains are added to the
sul� te-treated juice as a pure culture. The starter culture
prepared in the laboratory from freeze-dried or liquid-nitrogen-
frozen cultures, which are resuscitated and then cultivated b
increasing volumes of a suitable culture medium, to give an
inoculum for use in a starter propagation plant. The nature of
the cultivation medium varies, but it is often based on sterile
apple juice supplemented with appropriate nitrogenous
substrates and vitamins, such as pantothenate and thiamin
Increasingly, commercially produced dried or frozen yeast cel
preparations are used, either for direct vat inoculation or as
inocula for the yeast propagation plant. The condition of the
yeast at pitching is critically important – the culture must have
both high viability and high vitality if cider fermentation at
high original gravity is to be effective. The ideal attributes of
a cider fermentation yeast are summarized inTable 2.
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Table 2 Desirable characteristics of yeasts for cidermaking

Attribute Objective

Produces polygalacturonase Hydrolyzes soluble pectin
High vitality and viability,

producing consistently high
fermentation rate

Strong fermentation
characteristics

Resistant to SO2 and low pH Competes well with wild yeasts
Resistant to high original

gravity and ethanol
Good commercial

characteristics
Ferments to dryness Ef� cient utilization of sugars
Does not produce excessive

foam
Avoids product loss from

frothing
Strongly� occulant Ensures good racking off
Minimal production of SO2 Avoids excessive levels of SO2

Minimal production of SO2
�

binding compounds
Minimizes binding of SO2

Nonproducer of H2S and acetic
acid

Avoids undesirable
metabolites

Compatible with malolactic
bacteria

Important for malolactic
fermentation

Good production of aroma
compounds, organic acids,
and glycerol

Important for� avor production

Modi� ed from Jarvis, B., Forster, M.J., Kinsella, W.P., 1995. Factors affecting t
development of cider� avour. In: Board, R.G., Jones, D., Jarvis, B. (Eds.), Microbi
Fermentations: Beverages, Foods and Feeds. J. Appl. Bacteriol. Symp. Suppl.
pp. 5s–18s (S.A.B. Symposium Series No. 24).
After inoculation, the starter yeasts, together with SO2�

resistant wild yeasts selected from the juice, increase in numbe
from an initial level of about 10 5 cfu ml� 1 to 5 � 106 –
5 � 107 cfu ml� 1. Following an initial aerobic growth phase,
the resulting O2 limitation and high carbohydrate levels in the
media trigger the onset of the anaerobic fermentation process
Fermentation typically takes some 3–8 weeks to proceed to
dryness (S.G. 0.990–1.000) at which time all fermentable
sugars have been converted to alcohol, CO2, and other
metabolites.

In controlled fermentations, a maximum temperature of
25 � C will generally be permitted, although slow fermentation
at or below 16 � C is common in some countries, especially in
France. Because of the exothermic nature of the fermentatio
process, temperatures of 30� C or above can be attained during
periods of high ambient temperature. In Australia, it is not
uncommon for temperatures as high as 35–40 � C to occur in
the vat, in the absence of a cooling facility. Generally,
temperatures >25 � C are considered undesirable, becaus
during rapid fermentation many desirable � avor compounds
are not produced, some undesirable� avors are produced, and
alcohols and other metabolites may be lost by evaporation. In
addition, the activity of the desirable yeast strain may be
inhibited, leading to stuck fermentations and the growth of
undesirable thermoduric yeasts and spoilage bacteria. Stuc
fermentations can sometimes be restarted by the addition
of nitrogen (10–50 mg l� 1), usually as ammonium sulfate or
di-ammonium phosphate, together with thiamine (0.1 –
0.2 mg l� 1) and/or a yeast cell wall (ghost cell) preparation.

At the end of fermentation, the yeast cells� occulate and
settle to the bottom of the vat – this process may be aided by
chilling the cider in the vat. A certain amount of cell autolysis
occurs, liberating cell constituents into the cider. The raw cide
is racked off the lees (i.e., the settled yeast cells) as a cloud
product and is transferred to storage vats for maturation. In
some plants, the cider may be centrifuged or rough-� ltered at
this time. If the cider is left too long on the lees, autolysis may
become excessive, leading to an increase in nitrogenous mat
rials, which act as substrates for subsequent undesirab
microbial growth and the development of off � avors in the
product.
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Maturation and Secondary Fermentation

Traditionally, cider vats are made of wood (usually oak). The
wood acts as a reservoir of microorganisms, such as yeasts a
lactic acid bacteria which are important in the secondary
fermentation of cider (Figure 2); undesirable organisms, such
as acetic acid bacteria, may also occur. Modern processes us
sterilizable stainless steel vats for fermentation and maturation
lack the native micro� ora. If secondary fermentation is
required, it is necessary either to inoculate the vats with
a culture of malolactic organisms suitable for cider (N.B.
malolactic cultures sold for wine are generally unsuitable for
cider making) or to use a process of backslopping, in which
part of an earlier batch of matured cider is used as an inoculum
(with all the inherent risks of such action). The maturation vats
are � lled with racked-off cider and provided with an over-
blanket of CO2 or otherwise sealed to prevent the ingress of air
which would stimulate the growth of undesirable � lm-forming
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Figure 2 Electron micrograph of a section 1.2 cm below the surface
an oak wood block suspended in fermented cider for 10 weeks, show
individual yeast and bacterial cells within the structure of the wood.
Reproduced with permission from Swaf� eld, C.H., Scott, J.A., Jarvis, B.,
1997. Observations on the microbial ecology of traditional alcoholic ci
storage vats. Food Microbiol. 14, 353–361.
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yeasts (e.g., Brettanomycesspp., Pichia membranaefacien
Candida mycoderma) and aerobic bacteria (e.g.,Acetobacte
xylinum).

During the maturation process, the growth of malolactic
acid bacteria (e.g.,Lactobacillus pastorianusvar. quinicus, L. mali,
L. plantarum, Leuconostoc mesenteroidesand other species, and
Pediococcusspp.) can occur extensively, especially if wooden
vats are used. The malolactic fermentation (MLF) results in the
conversion of malic acid to lactic acid and also produces
secondary metabolites. The MLF reduces the acidity of the cide
and imparts subtle changes that improve the� avor of the
product. However, in certain circumstances, metabolites o
the lactic acid bacteria may damage the� avor and result in
spoilage– for instance, excessive production of diacetyl (and its
vicinal-diketone precursors), the butterscotch-like taste o
which can be detected in cider at a threshold level of about
0.6 mg l� 1.

In ciders made without SO2, such as the farmhouse ciders o
the Basque region of Spain, it is common for the MLF to occur
concurrently with the yeast fermentation. This leads to complex
� avor development and, because the lactic acid bacteria als
metabolize some of the sugar, to reduced alcohol levels.
o
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Pathogenic and Spoilage Microorganisms in Cider

Bacterial pathogens such asSalmonellaspp.,Escherichia coli, and
Staphylococcus aureusmay occasionally occur in apple juice,
being derived from the orchard soil, farm and processing
equipment, or human sources. Outbreaks of food poisoning
have occurred because ofE. coliO157: H7 strains in freshly
pressed nonpasteurized apple juice (usually known in the
United States simply as cider). Normally, the acidity of both
apple juice and fermented cider prevents the growth of path-
ogens, which survive for only a few hours. However, the speci� c
strains of E. coli involved in food poisoning have a greater
tolerance to acid and can survive for up to 30 days at 20� C in
apple juice. These strains are destroyed by normal pasteuriz
tion conditions and do not survive in fermenting cider for more
than 2–3 days because of the interaction of alcohol and acidity.
The presence of bacterial endospores from species ofBacillus
and Clostridiummay be indicative of poor plant hygiene. They
can survive for long periods and are frequently found in cider;
however, because of its low pH value, they do not create
a spoilage or health threat.

The juice from unsound fruits and juice contaminated
within the pressing plant may show extensive contamination
by microfungi, such as Penicillium expansum, P. crustosum,
Aspergillus niger, A. nidulans, A. fumigatus, Paecilomyces vario,
Byssochlamys fulva, Monascus ruber, Phialophora mustea, and
species ofAlternaria, Cladosporium, Botrytis, Oosporidium, and
Fusarium. None of these are of particular concern in cider-
making, except that spores of heat-resistant species, such
Byssochlamysspp., can survive pasteurization and grow in cider
if it is not adequately carbonated.

The growth of P. expansumon apples leads to the occurrence
of the mycotoxin patulin in the apple juice. Most countries
have imposed a guideline limit of 50 mg l� 1 for patulin. At high
levels, patulin inhibits the yeasts used as starter cultures, bu
they metabolize the patulin under anaerobic fermentation
conditions within a few days, to form a number of compounds,
including ascladiol. Patulin, therefore, would not be expected
to occur in cider unless patulin-contaminated juice were added
to sweeten the fermented cider.

The role of organisms, such asBrettanomycesspp. and Ace-
tobacter xylinum, in the spoilage of ciders during the latter stages
of fermentation and maturation was mentioned previously. Of
equal concern is the yeastSaccharomycodes ludwigii, which is
often resistant to SO2 levels as high as 1000–1500 mg l� 1.
S. ludwigiiis an indigenous contaminant of cidermaking facil-
ities and can grow slowly during all the stages of fermentation
and maturation. Its presence in bulk stocks of cider does not
cause an overt problem. However, if it is able to contaminate
‘bright’ cider at bottling, its growth will result in a butyric � avor
and the presence of� aky particles that spoil the appearance of
the product. Although the organism is sensitive to pasteuriza-
tion, it is not unknown for it to contaminate products at the
packaging stage, either as a low-level contaminant of clean bu
nonsterile containers or directly from the packaging plant and
its environment. Clumps of the organisms may also survive if it
is present in un� ltered cider at the time of pasteurization.

Environmental contamination of � nal products with yeasts,
such asSaccharomyces cerevisiaevars.cerevisiae, bailii, and uvarum
can also occur. These will metabolize residual or added sugar t
generate further alcohol and, more importantly, to increase the
concentration of CO2. Strains of these organisms are frequently
resistant to SO2. In bottles of bright cider inoculated with such
fermentative organisms, carbonation pressures up to 900 kP
have been recorded. To avoid any risk of burst bottles, it is
essential to maintain an adequate level of free SO2 in the � nal
product, particularly in multiserve containers that may be
opened and then stored with a reduced volume of cider.
Alternatively, a second preservative such as benzoic or sorb
acid can be used, where permitted by legislation. This precau
tion is not necessary for products packaged in single-serve can
and bottles, which receive a terminal pasteurization process
after � lling.
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Some Special Fermentation and Other Processes

Keeving and Cidre Bouché

In France and parts of southwest England, the process o
keeving is used to prepare traditional cider. Apple pulp is
packed into barrels immediately after milling and held for 24 h
at �5 � C; the thick juice is run into sul� te-treated barrels where
pectin esterases produce pectic acid. This reacts with calcium
form an insoluble complex that rises slowly to the surface as the
wild-yeast fermentation proceeds, to produce a thick brown
cap. Pectin reacts also with tannins and proteins to form
a sediment and, at the end of the fermentation, a clear liquor is
drawn off between the brown cap and the sediment. The
product is a naturally sweet, relatively low-alcohol cider (ca.
4% abv) that is matured in bottles closed with wired mush-
room stoppers. A typical French product of this process is cidre
bouché.
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Traditional Conditioned Draught Cider

This product receives a secondary fermentation process. Aft
� lling barrels with a bright cider, a small quantity of ferment-
able carbohydrate is added, followed by an inoculum of active
alcohol-resistant yeasts. The subsequent growth is accomp
nied by a low-level fermentation that generates suf� cient CO2

to produce a pétillant cider, together with a haze of yeast cells
Such products have a shelf life in the barrel of about 4–6 weeks.
f

Double Fermented Cider

Double fermented products are initially fermented to an
alcohol content of about 5% abv and then chilled to stop the
fermentation process. The liquor is racked off immediately and
is either sterile-� ltered or pasteurized before transfer to
a second fermentation vat. Additional sugar and/or apple juice
is added and a secondary fermentation is induced following
inoculation with a selected alcohol-tolerant strain of Saccha-
romycesspp. Such a process permits the development o
complex � avors in the cider.
e

e
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Frankfürter Apfelwein mit Speierling

In Germany, most cider (apfelwein) production occurs in the
area around Frankfurt. One local specialty uses berries from th
Speierling tree (Sorbus domestica) to add astringency to the cider
that is made from culinary apples. The speierling berries ar
placed into a muslin bag that is suspended in the fermenting
apple juice to permit extraction of the bitter � avor constituents.
The product is extremely astringent.
t

Sparkling Ciders

Traditionally, sparkling ciders were prepared according to
the Méthode Champenoise. After bright � ltration, the fully
fermented dry cider is � lled into bottles containing a small
amount of sugar and an appropriate Champagne yeas
culture. The bottles are corked, wired, and laid on their sides
for the secondary fermentation process, which will take 1–2
months at 5–18 � C. Following this stage, the bottles are
placed in special racks with the neck in a downward
position. The bottles are gently shaken each day to move th
deposit down onto the cork, a process that can take up to 2
months. The disgorging process involves careful removal o
the cork and yeast� oc without loss of any liquid; sometimes
the neck of the bottle is frozen to aid this process. The
disgorged product is then topped up using a syrup of
alcohol, cider, and sugar before� nal corking, wiring, and
labeling. It is not dif � cult to understand why this process is
rarely used nowadays. Most commercial sparkling ciders ar
normally prepared by arti� cial carbonation to a level of 3.5–
4 vol. CO2.
Cider Vinegar

Fermented cider is refermented under aerobic conditions a
15–25 � C using selected strains ofAcetobacterspp. to produce
cider vinegar. The product typically contains up to 5% acetic
acid and is used for culinary purposes and for its reputed health
properties.
Further Processes

Fermented cider and perry may be distilled to produce spirit
liquors such as Eau-de-vie-de-cidre, cider brandy, and calvado
Blends of cider and distilled cider liquor may be sold as
intermediate products: for instance, Cider Royale is a blend o
cider and cider brandy containing about 15–20% abv. Note
that the addition of distilled liquor to a cider is permitted only
if excise duty is levied as a spirit drink.
Biochemical Changes during Cidermaking

The chemical composition of cider is dependent on the
composition of the apple juice, the nature of the fermentation
yeasts, microbial contaminants and their metabolites, and any
additives used in the� nal product.
Composition of Cider Apple Juice

Apple juice is a mixture of sugars (primarily fructose, glucose
and sucrose), oligosaccharides, and polysaccharides (e.
starch), together with malic, quinic, and citromalic acids;
tannins (i.e., polyphenols), amides, and other nitrogenous
compounds; soluble pectin; vitamin C; minerals; and a diverse
range of esters, in particular ethyl- and methyl-iso-valerate,
which give the typical apple-like aroma. The relative propor-
tions are dependent on the variety of apple; the environmental
and cultural conditions under which it was grown; the state of
maturity of the fruit at the time of pressing; the extent of
physical and biological damage (e.g., rotting because of mold);
and, to a lesser extent, the ef�ciency with which the juice was
pressed from the fruit.

The treatment of fresh juice with SO2 is important in the
prevention of enzymic and nonenzymic browning reactions of
the polyphenols; SO2 also complexes carbonyl compounds to
form stable hydroxysulfonic acids. If the apples contain a high
proportion of mold rots, appreciable amounts of carbonyls
such as 2,5-dioxogluconic acid and 2,5-D-threo-hexodiulose
will occur.
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Table 3 Some key� avor compounds in cider

Group of compounds Examples of important ßavor metabolitesa

Alcohols Ethanol; propan-1-ol; butanol-1-ol; iso-
pentan-1-ol; heptan-1-ol; hexan-1-ol; 2-
and 3-methylbutan-1-ol; 2-phenylethanol

Organic acids Malic; lactic; butyric; acetic; hexanoic;
nonanoic; octanoic; succinic

Aldehydes Acetaldehyde; benzaldehyde; butylaldehyde;
hexanal; nonanal

Carbonyls Pyruvate; decalactone; decan-2-one
Esters Amyl, butyl, and ethyl acetates; ethyl and butyl

lactate; diethyl succinate;ethyl benzoate;
ethyl hexanoate; ethyl guiacol; ethyl-2- and
ethyl-3-methylbutyrate; ethyl octanoate;
ethyl octenoate; ethyl decanoate; ethyl
dodecanoate

Sulfur compounds Methanediol; ethanthiol; methyl thioacetate;
dimethyl-disulÞde; ethyl-methyl-disulÞde;
diethyl-disulÞde

Others Diacetyl; 1,4,5,6-tetrahydro-2-acetopyridine

aCompounds in italics are generally considered undesirable when more than traces
are present; compounds in bold are essential� avor constituents.
Modi� ed from Jarvis, B., Forster, M.J., Kinsella, W.P., 1995. Factors affecting the
development of cider� avour. In: Board, R.G., Jones, D., Jarvis, B. (Eds.), Microbial
Fermentations: Beverages, Foods and Feeds. J. Appl. Bacteriol. Symp. Supplement.,
79, pp. 5s–18s (S.A.B. Symposium Series No. 24).
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Products of the Fermentation Process

The primary objective of fermentation is the production of
ethyl alcohol, and the biochemical pathways that govern this
process are well recognized. Various intermediate metabo
lites can be converted to form a diverse range of other end
products, including glycerol (up to 0.5%). Diacetyl and
acetaldehyde may also occur, particularly if the process i
inhibited by excess sul� te and/or uncontrolled lactic
fermentation occurs. Other metabolic pathways will operate
simultaneously, with the formation of long- and short-chain
fatty acids, esters, lactones, and so on. Methanol is produce
in small quantities (10 –100 mg l� 1) as a result of demethy-
lation of pectin in the juice.

The tannins in cider change signi� cantly during fermen-
tation; for instance, chlorogenic, caffeic, and p-coumaryl
quinic acids are reduced with the formation of dihy-
droshikimic acid and ethyl catechol. The most important
nitrogenous compounds in apple juice are the amino acids
asparagine, aspartic acid, glutamine, and glutamic acid
smaller amounts of proline and 4-hydroxymethylproline
also occur. Aromatic amino acids are virtually absent from
apple juice. With the exception of proline and 4-hydrox-
ymethylproline, the amino acids are largely assimilated by
the yeasts during fermentation. However, leaving the cide
on the lees signi� cantly increases the amino nitrogen content
as a consequence of the release of cell constituents durin
yeast autolysis.

Inorganic compounds in cider are mostly derived from the
fruit and depend on the conditions prevailing in the orchard.
Their levels do not change signi� cantly during fermentation.
Trace quantities of iron and copper occur naturally, but the
presence of larger quantities derived from process equipmen
results in signi� cant black or green discoloration because o
the formation of iron and copper tannates, with � avor
deterioration.
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Changes during Cider Maturation

Maturation results in further changes in the composition of the
cider, but these changes are not fully understood. The primary
effect of the MLF is the conversion of malic acid into lactic acid,
which, being a weak acid, results in a reduction in the apparen
acidity. Much of the lactic acid is esteri� ed, with the formation
of ethyl, butyl, and propyl lactates. This removes harshness an
gives a more balanced, smoother� avor. Other desirable� avor
changes arising from the MLF include production of small
quantities of diacetyl, which gives a butterscotch� avor to the
cider, although as noted, excessive levels of diacetyl a
undesirable.

Some strains of lactic acid bacteria also produce excessi
quantities of acetic acid if residual sugar is present in the
maturing cider. Sulfur aromas and� avors resulting from yeast
autolysis are generally lost during maturation, although
unpleasant sulfur compounds, such as mercaptans, may b
produced if the cider is infected by� lm yeasts. Acetic acid may
be formed either from the uncontrolled growth of hetero-
fermentative lactic acid bacteria or, more commonly, from
the growth of strains of Acetobacterspp. Butyric � avors are
generally caused by the growth ofS. ludwigiiand mousy � avors
(believed to be the result of 1,4,5,6-tetrahydro-2-acetopyridine
and related compounds) are generally ascribed to the growth o
� lm yeasts, such asBrettanomycesspp. Table 3 illustrates some
of the key � avor compounds found in cider.
See also: Acetobacter; Candida; Ecology of Bacteria and Fun
in Foods:In� uence of Redox Potential;Escherichia coliO157:
E. coliO157:H7;Fermentation (Industrial):Basic
Considerations;Fermentation (Industrial):Control of
Fermentation Conditions;Fermented Foods:Origins and
Applications; Natural Occurrence of Mycotoxins in Food;
Preservatives:Classi� cation and Properties;Preservatives:
Traditional Preservatives– Organic Acids;Permitted
Preservatives:Sulfur Dioxide;Saccharomyces: Saccharomyce
cerevisiae; Starter Cultures:Importance of Selected Genera
Starter Cultures Employed in Cheesemaking;Wines:
Microbiology of Winemaking;Wines:Malolactic Fermentatio
Yeasts:Production and Commercial Uses.
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Introduction

Characteristics of the Genus Clostridium

The genus Clostridium contains physiologically and genetically
diverse species involved in the production of toxins as well as
acids and solvents. The broad range of mol% GþC values
together with 16S rRNA cataloging demonstrates a high degree
of phylogenetic heterogeneity within the genus Clostridium.
Cato and Stackebrandt indicated that the genus does not
include a phylogenetically coherent taxon. From an evolu-
tionary standpoint, members of this genus appear to have
evolved during ancient times, perhaps during the anaerobic
phase of evolution.

Species within the genus Clostridium have both medical and
industrial signi�cance. The genus Clostridium originally was
described in 1880. Because of the observed heterogeneity, it
should not be surprising that the genus is quite large, on the
order of 100 species. The clostridia are ubiquitous and are
commonly found in the soil, marine sediments, and animal and
plant products. They typically are found in the intestinal tract of
humans and in the wounds of soft tissue infections of humans
and animals. To be included within this genus, the isolate must
be anaerobic or microaerophilic; be able to produce an endo-
spore-forming rod, Gram-positive, or Gram variable; and be
unable to carry out dissimilatory sulfate reduction. There is
4 Encyclopedia of Food Mic
considerable interspecies variability in these observed criteria,
and intraspecies Gram-stain variability appears in some cases to
be related to the age of the culture. Most clostridia are motile
via peritrichous �agella; however, for some species such as
C. perfringens, motility has not been observed.

Clostridial spores appear to be produced only under
anaerobic conditions, and in some species, sporulation occurs
with considerable dif�culty. In certain cases, special media have
been formulated to promote sporulation. Depending on the
species, endospores may occur in a central, subterminal, or
terminal positions and, because of the slender nature of the
mother cell sporangium, cells containing spores appear
swollen, unlike the thicker bacilli. The location of the endo-
spores within the cell has important taxonomic value. The heat
resistance of clostridial spores is also a function of the species;
however, because of their foodborne association and patho-
genic nature, the greatest concern is with the spores produced
by C. botulinum and C. perfringens. These spores may be able to
survive routine cooking procedures and germinate and resume
vegetative growth once nutritionally and environmentally
appropriate conditions return. Because of the spore-forming
capability of this foodborne pathogen, C. botulinum is regarded
as the ‘target microorganism’ for the development of appro-
priate time–temperature heat treatment relationships for can-
ned food products.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00067-7

http://dx.doi.org/10.1016/B978-0-12-384730-0.00067-7


d
e

st

en

e

f
–

d

f

de
e
f

f

e
l

t
f

l

d

r
d

-

Table 1 Species ofClostridiuminvolved in causing diseases

Species Diseases

C. perfringens Food poisoning, gas gangrene, necrotic
enteritis, minor wound infection

C. tetani Tetanus
C. botulinum Botulism food poisoning
C. difÞcile Pseudomembranous colitis enterocolitis
C. novyi Gas gangrene
C. histolyticum Gas gangrene
C. septicum Gas gangrene

Table 2 Optimal growth temperatures of thermophilicClostridium
species

Species Optimal growth temperature (� C)

C. thermoaceticum 58
C. thermosulfurogenes 60
C. thermocellum 60
C. fervidus 68
C. thermosuccinogenes 58–72
C. thermobutyricum 57
C. stercorarium 65
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Species within the genusClostridiumproduce a wide diver-
sity of exoproteins, many of which function as virulence
factors. Some of these proteins are antigenic in nature an
some have associated enzyme activity. An overview of th
major and minor antigens produced byC. perfringensis given in
the article on C. perfringens. Table 1 lists a representative group
of clostridial species that cause various diseases. The mo
important species with respect to human disease include
C. botulinum, C. perfringens, C. tetani, and C. dif� cile. The role of
toxins produced by these species in causing disease has be
well characterized.

From the standpoint of metabolism, there appears to be a
delineation between clostridia that are principally saccharolytic
and those described as proteolytic. Genetic studies hav
demonstrated that strains falling into these two groups are
unrelated with respect to DNA similarity. Following growth on
carbohydrates, the clostridia usually produce mixtures o
alcohols and organic acids. The clostridia use the Embden
Meyerhof–Parnas pathway for breakdown of monosacc-
harides. Although carbohydrates appear to be the preferre
carbon source, metabolism of alcohols, amino acids, and other
organic compounds may also occur. Purines and pyrimidines
have also been shown to be fermented by various species o
clostridia. The industrial utility of the clostridia is enhanced by
their ability to degrade and utilize a diverse group of poly-
saccharides. Various species of clostridia are able to degra
polymers (such as cellulose, starch, and pectin) and produc
useful products such as acids and solvents. The ability o
the clostridia to coferment both � ve and six carbon sugars
bodes well for utilization of biomass as a fermentation feed-
stock. The acetone–butanol–ethanol (ABE) fermentation using
C. acetobutylicumor C. beijerinckiigrowing on starch or molasses
dominates the history of clostridial fermentations.

For most clostridial species, growth occurs most rapidly
between pH 6.5 and 7.0 and at a temperature of 30–37 � C,
although some species, such asC. perfringenshave very rapid
growth (generation times as low as 10 min) at temperatures of
40–45 � C. There are also a number of thermophilic clostridia
that are able to grow up to a maximum temperature of 80� C.
Because of the industrial potential of hydrolytic enzymes–
such as amylase, pullalanase, and glucoamylase– recovered
from the thermophilic clostridia, these microbes recently
have been the subject of intensive investigation. A list o
representative thermophilic clostridial species is presented in
Table 2.

With respect to the development of genetic systems (gen
transfer, shuttle vectors, etc.) for the clostridia, the mode
species have been the foodborne pathogen,C. perfringens
and the solventogenic clostridia, which include principally
C. acetobutylicumand C. beijerinckii. Most of the early plasmid
work initiated 20 years ago was carried out withC. perfringens,
whereas the industrial signi�cance of strains that are able to
produce acetone and butanol has resulted in a renewed
emphasis on genetic systems development inC. acetobutylicum
and C. beijerinckii. The molecular tools developed over the pas
20 years now are being used to investigate the mechanism o
toxin production in the pathogenic clostridia (e.g., C. perfringens
and C. botulinum) and to understand the molecular basis
for acid and solvent productions (e.g.,C. acetobutylicumand
C. beijerinckii). Recently, a genome-scale metabolic mode
(iCM925) of butanol-producing C. beijerinckiiwas described.
The model can accurately reproduce physiological behavior and
provide insight into the underlying mechanisms of microbial
butanol production. RNA-seq technology has been used to carry
out single-nucleotide resolution analysis of the transcriptome of
C. beijerinckii. The application of these technologies is expecte
to allow for the directed metabolic engineering of these indus-
trially signi � cant species.
Selected Clostridial Species

Clostridium perfringens

Clostridium perfringenshas been described as the most ubiqui-
tous pathogenic bacterium in our environment. This anaerobic
Gram-positive bacterium is an inhabitant of the soil and the
intestinal tract of both humans and animals. It produces as
many as 12 biologically active toxins. Although primarily
associated with foodborne disease, it is also responsible fo
causing gas gangrene, lamb dysentery, necrotic enteritis, an
minor wound infection.
Clostridium botulinum

Botulism food poisoning is caused by the consumption of food
containing heat-labile neurotoxin produced by C. botulinum.
C. botulinum� rst was isolated in 1895 by E. van Ermangen from
salted ham. The causative microorganism was namedBacillus
botulinus (from the Latin ‘botulus’ meaning sausage). It is
described as an intradietic intoxication in which the exotoxin is
produced by the microorganism during growth on the food.
The types of C. botulinumare identi� ed by neutralization of
their toxins by the antitoxin. There are seven recognized anti
genic types ofC. botulinum, A–G (Table 3). In addition to toxin
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Table 3 Occurrence ofC. botulinumtypes

Location Type Proteolytic Disease Antitoxin

Western United States, Canada A þ Human Speci� c
Europe, Eastern United States B þ /� Human Speci� c
Widespread Ca – Paralysis of birds X-react Ca and Cb
Widespread Cb – Forage poisoning Cattle X-react with D
South Africa, Russia, United States D – Cattle X-react with Cb
Northern hemisphere E – Human Speci� c
Japan F þ Human Speci� c
Argentina G þ No disease Unknown
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production, the types are differentiated on the basis of their
ability to produce proteolytic enzymes. The production of
proteolytic enzymes by C. botulinumwhen present on food
results in a putrid, unpleasant odor that can be a useful
deterrent to consumption. Although strains of C. botulinumare
variably proteolytic, they are always saccharolytic and are abl
to ferment glucose with the production of energy as well as acid
and gas. Most outbreaks (w 72%) of botulism have been traced
to home canned foods and vegetables, in particular. Thes
outbreaks have been traced to foods that have been handle
improperly or insuf� ciently heated to destroy spores. In the
United States,C. botulinumtypes A and B are most common,
whereas in Europe, meat products frequently have served as th
vehicle, and botulinal food poisoning primarily is due to type B
strains. C. botulinumis a strictly anaerobic, Gram-positive rod
that produces heat-stable spores that are located subterminall
on the mother cell sporangium. The microorganism is motile
via peritrichous � agella. The neurotoxins produced by
C. botulinumand C. tetani are composed of the most potent
group of bacterial toxins known. The toxins act by inhibiting
the release of neurotransmitters from presynaptic nerve termi
nals inducing a � accid paralysis (C. botulinum) or a spastic
paralysis (C. tetani). Although the symptoms induced by the
toxins appear dramatically different, the toxins have similarities
in their structures and modes of action.
t

t

i-
Detection ofC. botulinumNeurotoxins

The botulinum neurotoxins are simple proteins composed of
only amino acids. These toxins are among the most toxic
substances known. Ingestion of as little as 1–2 mg toxin may
prove fatal. Although the toxins produced byC. botulinumhave
all been puri� ed and characterized, type A neurotoxin is bes
characterized and was the� rst to be puri� ed. The complete
covalent structure of the proteolytically processed, fully active
type A neurotoxin has been determined. In addition to being
a neurotoxin, hemagglutinin activity is normally associated
with type A toxin. Hemagglutinin is believed to stabilize the
toxin in the gut. The toxin molecule that is produced by
a toxigenic culture is referred to as a progenitor toxin and
consists of a toxic and an atoxic component. The progenitor
toxin is the precursor of the more toxic derivative toxin. The
progenitor toxins can be converted into the derivative form by
the action of proteases in the digestive tract of the host or via
the direct action of proteolytic enzymes associated with the
microorganism. Unlike staphylococcal toxins, botulinal toxins
are heat-sensitive proteins. They are destroyed by boiling fo
10 min. Therefore, a food can be rendered nontoxic by heating
although the cooking of a suspect food is not considered
a worthwhile risk. On the other hand, consumption of low
levels of spores by a healthy adult apparently will do no harm.
Tryptophan has been shown to be required for toxin produc-
tion together with carbon dioxide.

Typically, one portion of the food to be examined is set
aside and examined for the presence of the microorganism, and
the other portion is used in toxicity testing. Food samples
containing suspended solids are centrifuged and the superna
tant � uid examined for toxin. Solid food is extracted with an
equal volume of gel-phosphate buffer. The macerated food
sample is centrifuged under refrigeration and the supernatant is
used for assay of the toxin. Food samples containing toxins o
nonproteolytic C. botulinummay require trypsin activation to
be detected. In this case, the trypsin-treated preparation i
incubated for 1 h with gentle agitation.

The mouse lethality assay was the� rst method employed for
detection of toxins produced by foodborne pathogens, and
although still used for assay of botulinal toxins, its use has
become more limited with the advent of alternative assays. The
approach when using the mouse lethality assay is quite
straightforward. Pairs of mice are injected intraperitoneally with
trypsin-treated and untreated preparations. A portion of
untreated supernatant� uid or culture is heated for 10 min at
100 � C. All injected mice are observed for 3 days for symptoms
of botulism or death. If, after 3 days, all mice except those
receiving the heated preparation have died, the toxicity tes
should be repeated using higher dilutions of supernatant� uids
or cultures. This approach allows determination of the
minimum lethal dose (MLD) as an estimate of the amount of
toxin present. From these data, the MLD per milliliter can be
calculated. The precision of the mouse lethality assay for est
mating the activity of C. botulinumtoxin has been shown to be of
the order of �5%. Protocols for typing of the toxin involves
rehydrating antitoxins with sterile physiological saline. Antisera
can be obtained from the Centers for Disease Control and
Prevention, Atlanta, Georgia, or from the Food and Drug
Administration, Washington, DC. Various types of monovalent
antitoxins are employed. Mice are injected with the respective
monovalent antitoxins 30–60 min before challenge with
toxic samples. A pair of unprotected mice (no injection of
antitoxin) is injected with the toxic sample as a control. Mice are
observed for 48 h for symptoms of botulism and to record
deaths.
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Additional approaches for the detection of botulinal toxins
include gel diffusion, speci� cally electroimmunodiffusion,
which has a reported sensitivity of� ve mice LD50 per 0.1 ml
and the polymerase chain reaction (PCR), which has bee
applied to detect C. botulinum types A–E toxin genes with
a reported sensitivity of 10 femtogram. Another approach is the
evanescent wave immunosensor to detect type BC. botulinum
toxin. The sensor detects� uorescently tagged, toxin-bound
antibodies. The enzyme-linked immunosorbent assay (ELISA
system has been used successfully to detectC. botulinumtoxins.
For type A C. botulinum toxin, a double-sandwich ELISA
detected 50–100 mice LD50 of type A and less than 100 mice
LD50 of type E. A double-sandwich ELISA using alkaline
phosphatase was able to detect one mouse LD50 of typ
G toxin. Clostridium botulinumtoxin type A was detected at
a level of nine mice LD50 per milliliter when using a mono-
clonal antibody.
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The Solventogenic Clostridia:C. acetobutylicum
and C. beijerinckii

The fermentation of carbohydrates to ABE by the solventogeni
clostridia is well known. For an overview of developments in
the genetic manipulation of the solventogenic clostridia for
biotechnology applications, the reader is referred to the further
reading list. Currently, this value-added fermentation process is
attractive for several economic and environmental reasons
Prominent among the economic factors is the current surplus
of agricultural wastes or by-products that can be utilized as
inexpensive fermentation substrates. Examples include myco
toxin-contaminated corn that is unsuitable for use as animal
feed and 10% solids light corn steep liquor, which is a low-
value by-product of the corn wet milling industry.

It has been suggested that the instability of certain sol
ventogenic genes (ctfAB, aad, adc) may be the cause of strain
degeneration in C. acetobutylicum. Speci� cally, the genes for
butanol and acetone formations in C. acetobutylicumATCC
824 were found to reside on a large 210 kb (pSOL1) plasmid
whose loss leads to degeneration of this strain. Eight gene
concerned with solventogenic fermentation in C. beijerinckii
8052 were found at three different locations on the genome.
In C. beijerinckii8052, genomic mapping studies suggest tha
the ctfA gene is localized on the chromosome and is colocated
next to the acetoacetate decarboxylase gene. An examinati
of the effects of added acetate on culture stability and solven
production by C. beijerinckiishowed that one of the effects
may be to stabilize the solventogenic genes and thereb
prevent strain degeneration. To examine this hypothesis
further genetic analysis of the solventogenic genes will need t
be carried out.

Given the dramatic advances and cost reductions in
sequencing technologies over the past decade, sequenci
technology is proposed as a means to identify and characteriz
subtle, genomic-level changes that occur in the hyperbutanol
producing C. beijerinckiiBA101 mutant, which was produced
using chemical mutagenesis. Differences observed for th
C. beijerinckii BA101 strain (U.S. Patent 6358717) at the
sequence level can be compared directly to the parent strain
Determination of the genomic alterations responsible for the
physiology associated with the C. beijerinckii BA101
hyperbutanol phenotype ultimately will lead to the develop-
ment of a strategy for engineering a strain ofC. beijerinckiiwith
enhanced solvent-producing characteristics for industria
applications.

The genome ofC. beijerinckiiis approximately 50% larger
than that of its cousin, C. acetobutylicum. C. beijerinckii
demonstrates a multiplicity of genes for whichC. acetobutylicum
many only have one or two copies. This may at least partially
explain the differences between the two species. The size of th
C. acetobutylicumgenome was found to be 4.11 Mb, with an
overall GþC ratio of 29.2%. There is an expectation for 4200
genes, and analysis of the sequence has revealed similari
although not necessarily functionality, to a number of antibi-
otic-resistant genes, clostridial-toxin genes, and variou
substrate hydrolytic genes. It is expected that analysis of th
chromosome sequence will provide important information
regarding the phylogenetic relatedness of the solvent
producing clostridia.
Recommended Methods of Detection
and Enumeration in Foods

The clostridia generally can be isolated on nutritionally
complex media that are appropriate for the cultivation of
anaerobes. This may, for example, include blood aga
and cooked meat medium. Tryptone–glucose–yeast extract
medium is easy to prepare and can meet the nutritional
requirements of many different species of clostridia. The media
should be reduced, normally by the addition of L-cysteine or
sodium thioglycollate. To selectively recover clostridia from the
soil or intestinal contents, it is useful to heat the sample at
80 � C for 10 min. This process destroys most vegetative cel
and allows the spores to predominate. It has been shown to be
useful for the recovery and regeneration of solvent-producing
clostridia, such asC. acetobutylicumand C. beijerinckii.

Methods for detection and enumeration of C. perfringens
are found in a separate article. Although not as fastidious as
C. perfringens, the nutritional growth needs of C. botulinumare
complex and include a number of amino acids, B vitamins,
and minerals. Routinely, C. botulinumis cultivated in brain–
heart infusion or cooked meat medium. Although many
foods satisfy the nutritional requirements for growth, not all
provide anaerobic conditions. Growth in foods can be
restricted if the product is of low pH, has low aw, and has
a high concentration of salt or an inhibitory concentration of
a preservative, such as sodium nitrite. A food may contain
viable cells of C. botulinum, and yet it may not cause disease
For this reason, the focus is primarily on detection of the
neurotoxin (see section Detection of C. botulinum Neuro-
toxins). Because of the heat lability ofC. botulinumneurotoxin,
however, processed foods should be examined for the pres
ence of viable cells as well as toxin.

The detection of viable C. botulinum typically involves
enrichment. Cooked meat medium or trypticase–peptone–
glucose–yeast extract (TPGY) is inoculated with 1–2 g solid or
1–2 ml liquid food and incubated. If the organism is suspected
of being a nonproteolytic strain, TPGY containing trypsin
should be used. After 7 days incubation, the culture is exam
ined for gas production, turbidity, and digestion of
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meat particles. The culture also is examined microscopically.
A typical cell shows distention of the mother cell sporangium
due to the presence of the spore, which results in a bulging or
swollen appearance. If enrichment results in no growth after
7 days, the sample may be incubated for an additional 10 days
to detect injured cells or spores. Pure cultures of C. botulinum
are isolated by pretreatment of the sample with either absolute
alcohol or heat treatment (typically 80 �C for 10 min). Heat- or
ethanol-treated cultures may be streaked on to anaerobic egg
yolk agar to obtain distinct and separate colonies. The selection
of typical C. botulinum colonies involves using a sterile transfer
loop to inoculate each isolated colony into TPGY or cooked
meat medium broth. Cultures are incubated for 7 days as
described and tested for toxin production. Repeated serial
transfer through enrichment media may help to increase the
cell numbers enough to permit pure colony isolation.

C. botulinum and C. perfringens are particularly important
species in the food industry because of their ability to produce
heat-stable spores and their ability to grow rapidly under
anaerobic conditions. Although normally producing only
a mild form of food poisoning, C. perfringens is of particular
concern to the food service industry in those cases in which
food is prepared in advance, reheated, and held on steam
tables. It is primarily problematic because of its ubiquitous
nature and rapid growth rate given appropriate nutritional and
environmental conditions. Because of the devastating nature of
botulism foodborne illness, minimum heating times for
ensuring the safety of canned foods have been developed with
the C. botulinum microorganism in mind.

Simple �ow-chart based approaches for the identi�cation
of Clostridium species are available as part of the National
Standard Methods Working Group (see http://www.hpa-
standardmethods.org.uk/wg_bacteriology.asp).

See also: Clostridium: Clostridium perfringens; Detection of
Enterotoxin of Clostridium perfringens; Clostridium : Clostridium
acetobutylicum; Clostridium: Clostridium tyrobutyricum;
Clostridium: Clostridium botulinum; Clostridium: Detection of
Neurotoxins of Clostridium botulinum; Bacterial Endospores;
Biochemical and Modern Identi�cation Techniques: Food-
Poisoning Microorganisms; Detection of Enterotoxin of
Clostridium perfringens.
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Introduction

The fermentation of carbohydrates to ethanol and lactic acid
has been used since prehistoric times for beverages (e.g., wine
and beer) and other food processes. Fermentation to butanol
and acetone, which is catalyzed by the genus Clostridium,
presumably was discovered by Louis Pasteur, Albert Fitz, and
Martinus Beijerinck at the end of the nineteenth century and
was exploited on an industrial scale in the �rst half of the
twentieth century. The main products, butanol and acetone, do
not have nutritional signi�cance, but they are used as solvents
for technical applications. Due to competition with more
favorable petrochemical production lines and increasing prices
for the necessary agricultural feedstocks, the acetone–butanol
fermentation industry declined after World War II and was
abandoned around 1960 in almost all the Western countries.
As a consequence of the oil supply limitations at the end of the
1970s, a revival of the process was contemplated and major
research activities were initiated in Europe, North America, and
elsewhere, resulting in signi�cant progress.
Description of the Species

Bacteria of the genus Clostridium ful�ll four general criteria: (1)
possess a Gram-positive cell wall, (2) form heat-resistant endo-
spores, (3) exhibit an obligate anaerobic fermentation metabo-
lism, and (4) are incapable of dissimilatory sulfate reduction. On
the basis of these inconclusive criteria, species of the genus
Clostridium re�ect a large heterogeneous group with pheno- and
genotypical diversity. Clostridium acetobutylicum belongs to the
Figure 1 The general cell cycle of Clostridium acetobutylicum with its differen
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group, demonstrating peritrichous �agella and amylolytic
activity. Furthermore, C. acetobutylicum is well characterized by
its biphasic fermentative metabolism (Figure 1). During the
exponential growth phase, vegetative cells of C. acetobutylicum
are straight rods of 0.5–0.9 � 1.5–6 mm size and convert sugars
or starch into acetic and butyric acids. This growth phase is called
acidogenesis. At the end of exponential growth in association
with the transition growth phase, the cells differentiate, swell
markedly, and form cigar-shaped cells (clostridial stages). At this
time, the cells accumulate the polysaccharide granulose,
a glycogen-like polymer consisting of a-D-glucose, which is ex-
pected to function as an energy deposit for subsequent spore
formation. Meanwhile, the metabolism of the cells switches to
solvent production (solventogenesis), which is referred as the
solventogenic switch in the acetone–butanol–ethanol (ABE)
fermentation. The solventogenic clostridia convert the produced
acids (acetate and butyrate) into the neutral solvents (acetone
and butanol, respectively). The production of solvents is
accompanied by the initiation of sporulation. Clostridial stage
cells differentiate into forespores that still contain signi�cant
amounts of the polysaccharide granulose (Figure 2). Spores are
oval and subterminal and spore germination completes the
clostridial cell cycle.

The optimum growth temperature is 35–37 �C, and biotin
and 4-aminobenzoate are usually required as growth factors.
Clostridium acetobutylicum cells cannot be identi�ed by their
metabolic products alone, as solvent may be absent and
several related species are also able to form butanol – for
example, Clostridium beijerinckii (formerly Clostridium butyli-
cum), Clostridium saccharoperbutylacetonicum, or Clostridium
saccharobutylicum. Clostridium beijerinckii was also used for
t cell forms and major products during acidogenesis and solventogenesis.
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Figure 2 Light-microscopy picture of forespores ofClostridium aceto-
butylicumATCC 824. Cells were stained in an iodine solution. The end
spores are visible as a white refractive part of the cell, whereas the
stored polysaccharide granulose shows typical reddish-brown color.
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industrial fermentations and includes strains that are able to
produce isopropanol instead of acetone. All butanol-forming
clostridia are classi� ed into four major taxonomic groups on
the basis of phage biotyping, DNA � ngerprinting, and 16S
rRNA base sequencing.

Nevertheless, only about 40 solventogenicClostridium
strains survived in public strain collections and differ signi� -
cantly in carbohydrate utilization, butanol production, or
solvent yield.
,

)
r
-

r
r

e

n

-

o

Enrichment and Isolation

There is no selective enrichment procedure for ABE-forming
clostridia. Nevertheless, they are obtained easily from soil
mud, roots (especially of leguminous plants), cracked
cereals, and comparable sources using starchy mashes (4%
or media containing sugar. The samples are pasteurized fo
10 min at 80 � C to exclude non–spore-formers (e.g., vege
tative cells) and to initiate the spore germination. Positive
cultures are recognized by a characteristic sweet butylic odo
or by chromatographic analysis. Isolation is easiest on aga
plates made of glucose (20–40 g l� 1) mineral medium with
yeast extract (2–5 g l� 1) incubated under strictly anaerobic
conditions.
,
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History of the ABE Fermentation Industry

The production of butanol and acetone is closely linked to the
name of Chaim Weizmann, the � rst president of Israel.
Although the idea to exploit this fermentation economically
was� rst realized by others, he isolated the� rst ef� cient strains
of C. acetobutylicumin 1912, organized a research group, and
was involved in founding the � rst successful solvent factories in
southern England in 1916. One year earlier a patent was issued
which was the very � rst that covered a biological process
Originally conceived for the production of butadiene, the
monomer for synthetic rubber, interest shifted to acetone
during World War I and butanol became a useless by-product
Acetone was required in large amounts as a colloidal solvent fo
the production of explosive cordite. The feedstocks for the
fermentation were molasses or maize meal, but other grain
products also were used. After the war, the process temporaril
was abandoned, but very soon a new application for butanol
was found. Butanol and its ester butyl acetate are ideal solvent
for the nitrocellulose lacquers that were required by the
expanding automobile industry. Thus, the stored butanol was
salvaged; process facilities that had been erected in England, th
United States, and Canada at the end of the war were rein
stalled; and new factories were built. At the peak of the devel
opment, in 1927, a total of 148 fermenters, each with a capacity
of 190 m3, were operating in two US plants, producing about
100 tons of solvents per day in empiric batch fermentations.

At the beginning of the 1930s, concomitant with the expi-
ration of C. Weizmann’s patent in 1936, a large number of
commercial production plants in different countries were
established. Furthermore, at this time, there was a glut o
molasses, and strains ofC. acetobutylicumwere isolated and
developed that were able to convert higher amounts of carbo-
hydrate and produce higher concentrations of solvents than
obtained from maize (i.e., 6.5% of sugar to 1.8–2.2% of
solvents in contrast to 1.2–1.8% with starchy materials).
During World War II, the butanol– acetone fermentation
capacities in the United States (e.g., in Philadelphia), Franc
(e.g., in Usines de Melle), and England expanded again to ful� ll
the increased demand for acetone used for the manufacture o
munitions, partly by commandeering alcohol distilleries. After
1945, the fraction of butanol and in particular acetone that was
produced by fermentation declined progressively because som
of the companies shifted to antibiotic production. Neverthe-
less, a few small facilities survived. The last factory in the
Western Hemisphere, South Africa, closed in 1983, whereas i
Brazil, butanol production plants still are in operation.

o-
The Industrial Fermentation Process

Proper performance of the ABE fermentation requires exper
tise in a variety of � elds, including anaerobic culture tech-
niques, sterilization, distillation, and waste disposal. Starting
with a spore–sand mixture, the inoculum for the fermentation
tank is scaled up through � ve stages of increasing size. T
avoid degeneration of the culture (see below), the spores
always were‘activated’by heat shock (e.g., 2 min at 100� C or
10 min at 80 � C) after suspension in liquid medium, which
was usually potato mash. For the� nal fermentation, maize
meal and other starchy materials were used at a concentratio
of 8–10% without any supplements. Molasses media con-
tained up to 6.5% sugar and had to be supplemented with
a nitrogen source. Yeast water, corn steep liquor, or distilla
tion slop were used in combination with ammonium salts or
gaseous ammonia, which also served as pH control. A phos
phorus source was necessary with beet and invert molasse
but not with backstrap molasses. The medium was sterilized
by steam injection in continuous cookers, cooled to the
fermentation temperature (37 � C for maize mash, 30–33 � C
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for molasses medium) through heat exchangers, and pumped
into the � nal fermenter. The fermenter, 90–750 m3, was steam
sterilized, as were all other parts that come into contact with
medium or inoculum, and gassed with CO2 before, during,
and after � lling and inoculation. There was no mechanical
agitation.

Depending on the strain and the inoculum size, the
fermentation was complete after 30–60 h, and the beer was
subjected to distillation. In a continuous process, a concen
trated solvent mixture was obtained that was separated an
puri � ed in fractionating columns. Usually, an acetone:buta-
nol:ethanol ratio of 3:6:1 was obtained with slight variations.
Frequently, the fermentation gases, which consisted of abou
60% CO2 and 40% H2, also were collected. CO2, which
accounts for 50% of the carbohydrate fermented, was con
verted into dry ice, and the hydrogen was used for chemica
synthesis, for fat hardening, or as fuel. The stillage that contain
relatively high amounts of ribo� avin and B vitamins was dried
and sold as an additive to animal feeds. A� ow sheet of the
entire process is given inFigure 3.

Bacteriophage infection and strain generation are seriou
problems in the ABE fermentation process. Bacteriophag
infection is manifested as an unexpectedly early slowing o
growth and gas production (H2 and CO2). Because bacterio-
phages have a narrow host range, it was a common strategy
keep spores of a large number of strains and switch to differen
strains if or when an infection was observed during inoculum
preparation. Also phage-resistant mutants were isolated lon
before the infectious particles had become visible in the elec
tron microscope. The degeneration ofC. acetobutylicumstrains
Figure 3 Flow diagram of the traditional ABE (acetone–butanol–ethanol) pro
In: Robinson, R.K., Batt, C.A., Patel, P.D. (Eds.), Encyclopedia of Fo
occurs especially during long fermentation processes. Thes
strains lose their large extrachromosomal plasmid (pSOL1)
which contains all genes for the solvent production. Degen-
erated strains are unable to produce any solvents and show
a characteristic accumulation of acids, which is known as‘acid
crash.’ Interestingly, the solvent-producingC. beijerinckiistrains
do not harbor an extrachromosomal plasmid, and all sol-
ventogenic genes are located on the chromosome.
Physiology of the ABE Fermentation

As mentioned, the fermentation of carbohydrates by sol-
ventogenic clostridia typically proceeds in two phases
(Figure 4). The � rst phase is characterized by exponentia
growth, production of butyric and acetic acids, and a concom-
itant decrease of the pH in combination with the signi� cant
production of hydrogen. At a certain time, which varies among
strains, growth slows down and reaches a stationary growth
phase, while product formation switches from acidic to the
neutral products, butanol, acetone, and ethanol. Furthermore,
the hydrogen production reduces to one-half of the former
yield. The acids produced previously are converted gradually
butyric acid faster than acetic acid. As a rule, this second phas
also is associated with marked changes in cell morphology
Cells begin to swell and form cigar-shaped cells by accumula
tion of a carbohydrate reserve material in the form of granulose
and transit through all the stages of spore formation (Figure 1).

Several factors have been found necessary for the shift from
acid to solvent production, a minimum concentration of the
cess using molasses. Based on Biebl, H., 1999.Clostridium acetobutylicum.
od Microbiology, vol. 1. Academic Press, London, pp. 445–451; mod.
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Figure 4 Typical batch fermentation pro� le ofClostridium acetobutylicum. Optical density (open square), pH (� lled triangle), acetate (� lled diamond),
butyrate (� lled square), ethanol (� lled circle), acetone (open circle), and butanol (open triangle).
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carbon source, a low pH, and a minimum amount of butyric
(and acetic) acid. pH and total acid concentration account for
the deleterious undissociated acid fraction, which explains why
solvents can be formed not only at low pH and low-acid
concentration, but also at neutral pH, if high amounts of
butyric acid are added externally.

The sequence of physiological events is shown inFigure 5.
The� rst step is the conversion of a carbohydrate molecule (i.e.
glucose) to pyruvate via the Embden–Meyerhof–Parnas
pathway concomitantly with formation of nicotinamide
adenine dinucleotide (NADH) and adenosine triphosphate
(ATP). Pyruvate will be used primarily by the pyr-
uvate:ferredoxin oxidoreductase to form acetyl-CoA. During
the exponential growth phase acetyl-CoA is catabolized to
acetate via phosphotransacetylase (Pta) and acetate kina
(Ack), whereas for butyrate production, two molecules of
acetyl-CoA are converted to acetoacetyl-CoA and furthe
reduced to butyryl-CoA. Butyryl-CoA is used during acido-
genesis as a precursor for butyrate biosynthesis via phospho
transbutyrylase (Ptb) and butyrate kinase (Buk). Notably, each
acid-forming pathway, to acetate or butyrate, generates ATP a
important energy molecule for the cell. Concomitantly with the
production of acids, the pH value signi� cantly decreases and
C. acetobutylicumswitches its metabolism from acidogenesis to
solventogenesis. Here, the organism reutilizes acetate an
butyrate to convert to acetyl-CoA or butyryl-CoA, respectively
via the CoA transferase (CtfAB) and synthesizes in the sam
step as one molecule of acetoacetate. Acetoacetate is conver
to acetone via acetoacetate decarboxylase (Adc) under th
formation of CO 2. The produced CoA derivates, acetyl-CoA
and butyryl-CoA, are used to form the respective intermedi-
ates acetaldehyde or butyraldehyde via an aldehyde dehydro
genase (AdhE). These aldehydes are precursors for ethanol a
the major fermentation product butanol is synthesized via
potentially different alcohol dehydrogenases (AdhE1, AdhE2,
BdhA, and BdhB).
The shift from acids to solvents can also be described a
a biochemical level in terms of � uctuations in the ATP and
NAD(P)H pools and signal transduction to initiate synthesis of
the relevant enzymes. Recently, it was shown that an NAD(P)H
pool in � uenced mutant demonstrated earlier solvent produc-
tion and, in consequence, higher� nal ABE concentrations. The
regulation of the metabolic switch, however, still remains to be
elucidated.

In some cases, the transition to the solvent production
phase may not take place. The cultures may miss the pH that i
favorable for a shift and to further acidify the medium until the
cells are inactivated and lyse. This phenomenon is called‘acid
crash’ and can be observed in fast-growing cultures at near
optimum temperature or in rich medium. It cannot be con � -
dently predicted and, therefore, aptly has been characterized a
‘teetering on the edge of acid death.’ Under automatic pH
control, however, the pH can be held above the shift point and
solvent formation can be secured. The shift pH– which varies
from strain to strain and with the culture conditions – ranges
between pH 4.3 and 5.5.

If cultures of C. acetobutylicumare transferred regularly as
vegetative cells, the ability to form butanol and acetone may be
lost permanently. This unusual property is known as degener
ation and has been circumvented by inoculating only from dry
spores that were heat-shocked before incubation to eliminate
the ‘weak’ spores and vegetative cells. Nevertheless, solve
production can be retained in continuous cultures under
conditions of organic substrate excess but not under substrat
limitation. This is particularly true for the type strain of
C. acetobutylicum, which was maintained for more than 1 year
under phosphate limitation without changes in solvent
productivity. Other strains, however, regularly shift to acid
formation after 20–25 residence times independent of the
limiting factor. As mentioned, the molecular basis for degen-
eration has been elucidated. The genes that encode for th
enzymes associated with solvent formation (sol operon and
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Figure 5 The acetone–butanol–ethanol fermentation metabolism ofClostridium acetobutylicumwith the respective enzymes. CoA, coenzyme A; Pfor,
pyruvate:ferredoxin oxidoreductase; Fdred, erredoxin reduced; Thl, thiolase; hbd,b-hydroxybutyryl-CoA dehydrogenase; Crt, crotonase; bcd, butyryl-
CoA dehydrogenase; etf, electron transfer� avoprotein; pta, phosphotransacetylase; ack, acetate kinase; ptb, phosphotransbutyrylase; buk, butyrate
kinase; Ctf A/B, acetoacetyl-CoA:acyl-CoA transferase; adc, acetoacetate decarboxylase; AdhE, aldehyde/alcohol dehydrogenase; Bdh, butanol
dehydrogenase.
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adc) are located on a large plasmid (pSOL1) that may be lost
under an appropriate selective pressure.

The ratio of butanol to acetone is usually 2:1 and varies very
little. Under special conditions, which include iron limitation
and fermentation of whey, the acetone fraction is reduced
Considerably high butanol:acetone ratios are achieved i
hydrogen evolution is blocked by gassing with carbon
monoxide or the addition of methyl viologen and thus reduces
the redox potential. So far, only one multiple knock-out
mutant strain targeting the buk, ctfAB, ldh, and hydA genes
was documented in a patent application, but unfortunately
without any information about the phenotypic behavior in
solvent production. As mentioned, spore formation is linked to
the solvent formation phase, but solvent formation does not
necessarily require sporulation. Asporogenous mutants hav
been isolated that still produce butanol and acetone, as do
continuous cultures using vegetative cells under phosphate o
product limitation.

In comparison to other fermentations, the maximum
product concentration of 2% is relatively low. Growth experi-
ments in the presence of individual end products have shown
that cessation of the process is caused almost exclusively b
butanol, whereas acetone and ethanol are not inhibitory at
their physiological concentrations. The toxicity of butanol has
been linked to an observed increase in the� uidity of the cell
membrane impeding nutrient and product exchange. Further-
more, several butanol stress experiments were conducted
analyze the transcriptional response using batch or continuous
cultures.

The � nal product concentration also is affected by an
exoenzyme called autolysin that is produced during spore
formation and may lead to premature cell lysis. Mutants that
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are de� cient in autolysis formation exhibit an increased toler-
ance to butanol.
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Recent Progress in ABE Research

Since 1980, the number of journal-based publications related
to the ABE fermentation has been increased substantially
Nevertheless, only three areas are considered here: the use
alternative fermentation substrates, development of bette
fermentation and recovery techniques, and genetic improve
ment of strains.
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New Substrates

As the feedstock for the fermentation amounts to more than
60% of the production costs, efforts have been made to replace
corn starch and molasses with cheaper substrates, preferab
waste carbohydrates, such as apple pomace, Jerusalem a
chokes, lignocellulose, whey, or industrial wastewater. The
Jerusalem artichoke, a potatolike tuber, contains fructosan
that, if hydrolyzed enzymatically and supplemented with
ammonia, gives excellent solvent yields. Lignocellulose, the
most abundant carbohydrate source, also requires hydrolysi
by acid or cellulases in addition to steam explosion to dissolve
the hemicelluloses. Less pretreatment is necessary for sulfi
waste liquor, a by-product of the paper industry. The hexose
and pentoses contained in this wastewater are slowly bu
quantitatively fermented. Sweet whey from cheese production
is one of the most promising substrates. It contains lactose in
a concentration low enough to avoid inhibiting product
concentrations (up to 5 g l� 1). Although lactose is more slowly
fermented than glucose, the process (including product
recovery) has been developed suf� ciently that application in
the near future seems possible.
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Development of Fermentation and Product Recovery

Continuous fermentation in a chemostat mode has proven to
be an effective means to increase productivity in the ABE
fermentation. Phosphate is an appropriate limiting factor, but
cultivation without nutrient limitation is also possible as the
accumulating products limit growth and give rise to steady
states. Usually lower product concentrations are obtained than
in batch culture, but by application of two stages, an acid-
forming growth stage at high dilution rate and a solvent-
forming fermentation stage at low dilution rate, a solvent
concentration was achieved approaching the usual batch
concentration of 20 g l� 1 solvents.

To increase the relatively low productivity of chemostat
cultures (0.5–2 kg solvents per (h� 1 m3)) two techniques,
both designed to operate at elevated cell densities, wer
studied. With cell immobilization, spores are entrapped in
gel beads or attached to solid particles using a low-growth
medium, which is preferably nitrogen limited. Calcium-
alginate beads and beechwood shavings have been teste
successfully. Cell recycling involves permanent withdrawa
of cell-free culture liquid into an external � ltration unit and
a returning of the more concentrated culture to the
fermenter. With both methods, a productivity increase of
about fourfold was achieved in comparison to the free-cell
continuous culture. The rates obtained vary according to
the amount of added complex substances, such as yea
extract and peptone, the maximum being at 3 kg solvents
per (h m3).

The low � nal solvent concentration attained in the ABE
fermentation and the high energy requirement for distillation
of butanol, the boiling point of which is greater than that of
water, has initiated a search for alternative solvent recover
processes. The main emphasis was put on product remova
procedures that are integrated in the fermentation and thus
increase productivity by reducing the concentration of toxic
products in the culture.

As suggested in relation to the industrial production,
liquid– liquid extraction by a water-immiscible liquid in
direct contact with the culture has the advantage of being
simple to realize. Good results have been obtained with oleyl
alcohol, diluted with decane to reduce viscosity. Octanol has
also proved to be a useful extractant, but this compound is
slightly toxic to the clostridia, and it was necessary to sepa
rate the cells from the culture liquid by micro� ltration. The
solvents are extracted selectively and can be recovered
distillation at a relatively low energy input. Nevertheless,
liquid– liquid extraction has the disadvantage of being
comparatively expensive and forming emulsions. Therefore
a modi� cation of the liquid –liquid extraction, known as
perstraction, was developed. Here, the culture is separate
from the extractant by a solvent-permeable membrane. This
strategy avoids formation of emulsions between the phases
and the extractant need not be sterilized and does not affec
the culture.

Inert gas is used to remove the solvents in variants with and
without membranes. Gas-stripping (i.e., direct sparging of gas
through the fermenter) is likewise attractive because of its
simplicity and low chance of clogging or fouling. The micro-
organisms are not affected, and the products are recovere
easily by condensation, with less energy consumption than
with distillation of liquid extractants. It has been suggested that
the self-produced fermentation gases, carbon dioxide, and
hydrogen, are used instead of expensive nitrogen. Th
membrane modi� cation of gas-stripping, known as pervapo-
ration, requires an extended tubing system that is immersed in
the fermentation vessel. The solvents evaporate through th
membrane and are drawn off by vacuum or sweep gas. As th
available membranes only allow passage of the solvents
the acids accumulate in the culture and may stop the fermen-
tation. This problem was solved by low-acid mutants that were
able to reutilize all of the acids.

Adsorption to solid materials such as silicalite or poly-
vinylpyridine also has been tested. Relatively low loading
capacity, high estimated costs for the adsorbants, and the hea
for desorption of the solvents presently diminish the chances
for this method. For external application, reverse osmosis
has been evaluated and found to be more favorable than
distillation.

Recently, a novel process with simultaneous ABE fermen
tation and in situ product recovery with vacuum was reported.
Results indicated that fermentation coupled with in situ
vacuum recovery led to complete substrate utilization, greate
solvent productivity, and improved cell growth.
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Generally speaking thein situ recovery methods are inter-
esting, but require high capital expenditure and permanent
monitoring by the operator, and although their technical
feasibility has been established, they require further develop
ment at the engineering level.
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Genetic Strain Improvement

Greater expectations can be achieved by biochemical eng
neering and are envisioned in directed alteration of the
bacterial metabolism, in particular by application of genetic
engineering. The two major perspectives of genetic engineerin
approaches are (1) to enhance butanol tolerance and (2) to
increase the� nal solvent concentration.

Until the 1990s, different chemical approaches were
applied to increase the butanol tolerance, production or yield
by exposure to mutagens (i.e., methylnitronitrosoguanidine,
ultraviolet-light) and selection on medium with high butanol
concentrations or by spontaneous alteration. On the basis o
chemical treatment approaches, promising strains were gene
ated with increased solvent tolerance (C. beijerinckiiSA1 and
SA2 (formerly C. acetobutylicumSA1 and SA2)) or solvent
productivity ( C. beijerinckiiBA101 (formerly C. acetobutylicum
BA101)). The strain C. beijerinckiiBA101 represents a hyper
butanol producing strain with up to 20 g l � 1 butanol using
batch culture conditions that markedly exceeded all previously
reported values.

Within the past 20 years, several analytical and engineerin
tools were developed to overcome the burden of the genetic
Figure 6 Selected analytical and genetic methods for clostridial stra
Mermelstein and Papoutsakis, 1993. Applied and Environmental Mic
2086. (3) Tummala et al., 1999. Applied and Environmental Microbio
4838; (5) Tummala et al., 2003. Journal of Bacteriology 185, 1923–1934; (6)
et al., 2006. International patent WO2008/04038; (8) Heap et al., 200
963–965; (9)Lee et al., 2008. Applied Microbiology and Biotechnology
3061 andJanssen et al., 2010.Applied Microbiology and Biotechnology
Microbiology 77, 7984–7997.
inaccessibility of clostridial strains, that is, plasmid-based
overexpression systems, gene knock-down antisense RN
constructs, or gene knock-out (KO) methods. A detailed chro-
nological overview with respective references is given in
Figure 6. After publication of the genome sequences of the
solventogenic strains C. acetobutylicumand C. beijerinckii,
several transcriptomic and proteomic studies for batch or
continuous culture led to further insights into the cellular
behavior during the metabolic switch from acid to solvent
formation. Recently, several genome-scale metabolic model
for C. acetobutylicumand C. beijerinckii, as well as computa-
tional models for kinetic simulations for the ABE fermentation
were developed to highlight new targets for further metabolic
engineering approaches.

The following paragraphs give a few examples of geneticall
engineered strains affecting the metabolic pathway, which may
help identify the steps for future development. A more detailed
account of the present state ofC. acetobutylicumgenetics,
regulation of the solventogenic switch, and associated
phenomena (e.g., sporulation) can be found in Further
Reading at the end of this chapter.

It seems to be challenging to improve the butanol
production when considering the complex branched fermen-
tative pathway of the solventogenic clostridia (Figure 5).
Recently, based on the ClosTron gene KO technology o
homologous recombination, several mutants affected in the
ABE fermentation process were described (Table 1). One
approach targeted the acetoacetate decarboxylase (adc) gene
with the goal of diminishing acetone production during
ins, with the focus onC. acetobutylicum, developed in the past 20 years. (1)
robiology 59, 107710–107781; (2)Green et al., 1996.Microbiology 142, 2079–
logy 65, 3793–3799; (4) Nölling et al., 2001. Journal of Bacteriology 183, 4823–
Tomas et al., 2003. Journal of Bacteriology 185, 4539–4547; (7) Soucaille
7. Microbiological Methods 70, 452–464 andShao et al., 2007. Cell Research 17,
80, 849–862; (10)Mao et al., 2010. Journal of Proteome Research 9, 3046–
87, 2209–2226; (11)Amador-Noguez et al., 2011. Applied and Environmental
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Table 1 Documentation of single or double KO mutants ofC. acetobutylicum(C. ac.) or C. beijerinckii(C. bei.) and the� nal product concentrations

Parental strain Mutationa Acetate (g l� 1)b Butyrate (g l� 1) Acetone (g l� 1)b Butanol (g l� 1)b Ethanol (g l� 1)b
Total ABE
(g l� 1)b Reference

C. ac.EA2018 adc 5.82 0.36 0.34 12.2 3.86 16.4 (Jiang et al., 2009)
C. bei.NCIMB 8052adc N.d. N.d. 8.0 12.0 2.0 22 (Han et al., 2011)
C. ac.ATCC 824 adc 3.6 2.8 0.5 5.5 0.8 6.8 (Lehmann et al., 2012a)
C. ac.ATCC 824 buk 8.4 3.3 1.9 10.5 0.7 13.1 (Green et al., 1996)
C. ac.ATCC 824 pta 4.1 5.5 3.5 8.7 0.6 12.8 (Green et al., 1996)
C. ac.ATCC 824 pta 2.3 2.9 2.9 11.8 1.2 15.9 (Lehmann et al., 2012a)
C. ac.ATCC 824 hbd 2.8/3.3 0.0 1.6/2.5 0.0 16.2/33.1 17.8/35.6 (Lehmann et al., 2011)
C. ac.ATCC 824 ptb 3.2/3.8 0.0 0.1/4.2 3.4/7.8 0.3/32.4 3.8/44.4 (Lehmann et al., 2012b)
C. ac.WUR ack 2.0 1.1 5.7 11.6 1.6 18.9 (Kuit et al., 2012)
C. ac.ATCC 824 ctfA 4.8 2.8 0.0 7.4 1.0 8.4 (Lehmann et al., 2012a)
C. ac.ATCC 824 pta::adc 1.1 5.3 0.1 3.0 0.4 3.5 (Lehmann et al., 2012a)
C. ac.ATCC 824 pta::ctfA 0.5 6.1 0.0 0.7 0.3 1.0 (Lehmann et al., 2012a)

aadc¼ acetoacetate decarboxylase;buk¼ butyrate kinase;pta¼ phosphotransacetylase;ptb¼ phosphotransbutyrylase;ack¼ acetate kinase;hbd¼ b-hydroxybutyryl-CoA
dehydrogenase;ctfA¼ acetoacetyl-CoA:acyl-CoA transferase subunit A.
bIf documented tow values,� rst value is based on batch fermentation, and second is based on glucose fed-batch fermentation.
N.d.¼ no values documented.
Jiang, et al., 2009. Metabolic Engineering 11, 284–291;Han, et al., 2011. Applied Microbiology and Biotechnology 91, 565–576;Lehmann, et al., 2012a. Applied Microbiology
and Biotechnology 94, 743–754; Green, et al., 1996. Microbiology 142, 2079–2086;Lehmann, et al., 2011. Metabolic Engineering 13, 464–473;Lehmann, et al., 2012b.
Applied Microbiology and Biotechnology. doi:10.1007/s00253-012-4109-x;Kuit, et al., 2012. Applied Microbiology and Biotechnology 94, 729–741.
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solventogenesis. These data have shown that the KO ofadc
alone did not lead to an acetone negative phenotype. The
reason may be a nonenzymatic decarboxylation of acetoace
tate, the precursor of acetone. Moreover,adc-disrupted
mutants also demonstrate decreased levels of butanol whe
compared with the parental strains, which makes it more
challenging to generate acetone negative mutants withou
a loss of butanol productivity. Therefore, the asporogenous
and degenerated strainsC. acetobutylicumM5 or DG1 (lost the
pSOL1 plasmid that contains thesoloperon for butanol and
adc for acetone production) were used and complemented
with a single adhE1or adhE2gene to restore butanol produc-
tion without acetone synthesis.

Other approaches targeted the acid formation pathways to
examine in more detail the role of the respective acids acetat
and butyrate. The� rst singlebukand pta-negative mutants were
generated in 1996 (Table 1), followed by several single (ack,
ctfA, ptb) and double KO mutants (pta::adcand pta::ctfA) to
elucidate the different pathways of reassimilation of acetate
and butyrate for solvent biosynthesis. For the reassimilation of
acids, the acetoacetyl-CoA:acyl-CoA transferase (CtfA/B) pla
an important role and converts acetate and butyrate to the
respective CoA derivate acetyl-CoA or butyryl-CoA (Figure 5).
Recently, a second pathway for butyrate assimilation was dis
cussed. A singlectfA mutant showed a complete acetone
negative phenotype with signi� cant accumulation of acetate up
to the end of growth. Interestingly, this ctfAmutant is still able
to produce butanol, although in decreased amounts (50% vs.
parental strain). This phenotype suggests that the organism i
able to convert butyrate to butanol independently of CtfAB and
further suggests that Buk and Ptb convert butyrate to butano
during their reverse reactions.

It can be predicted that the progress achieved during the
past 20 years of research in understanding physiology, genetic
and regulation of C. acetobutylicumwill bear fruit. The devel-
opment of genetically engineered strains with enhanced
butanol production and broader substrate utilization in
combination with novel developments in fermentation tech-
nology and product recovery will increase the odds for a revival
of the ABE fermentation as an economically viable industrial
process.
See also:Fermentation (Industrial):Basic Considerations;
Fermentation (Industrial):Media for Industrial Fermentations
Fermentation (Industrial):Control of Fermentation Condition
Fermentation (Industrial):Production of Some Organic Acid
(Citric, Gluconic, Lactic, and Propionic); Genetic Enginee
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Introduction

Botulism is a neuroparalytic disease in humans and animals,
resulting from the actions of neurotoxins produced by Clos-
tridium botulinum and rare strains of Clostridium butyricum
and Clostridium baratii. Botulinum neurotoxins (BoNTs) are
the most poisonous toxins known, and are toxic by the oral,
intravenous, and inhalational routes. It is estimated that
0.1–1 mg of BoNT is suf�cient to kill a human and the lethal
dose for most animals is w1 ng kg�1 body weight. Foodborne
botulism occurs following ingestion of BoNT preformed in
foods. Botulism also can result from ingestion of spores and
growth and BoNT production by C. botulinum in the intestine,
which is absorbed into circulation (infant botulism and adult
intestinal botulism).

Since the early 1900s, botulism has been a serious concern
of the food industry and regulatory agencies because of the
resistance properties of the pathogen, its ability to survive and
grow in many foods, and the severity of the disease. Resistant
endospores produced by C. botulinum are distributed widely in
soils and contaminate many foods. In improperly processed
and preserved foods, the endospores can germinate and vege-
tative cells proliferate to form BoNTs, which cause botulism on
ingestion. Consequently, a major goal of the food industry and
of regulatory agencies is to prevent survival of spores and
proliferation of vegetative cells in foods, and certain food
regulations and industry practices have been designed speci�-
cally to prevent growth and toxin formation by C. botulinum.
The importance of C. botulinum and its neurotoxins in food
safety has contributed to unique research approaches and
preventative measures in food microbiology.
Figure 1 Characteristic spindle morphology of C. botulinum. The
photograph shows a transmission electron micrograph (�50 000) of
a longitudinal section through a spore and sporangium of C. botulinum
type A.
Characteristics of C. botulinum

The genus Clostridium is a large and diverse group with more
than 120 species. It includes anaerobic or aerotolerant rod-
shaped bacteria that produce endospores and obtain their
energy for growth by fermentation. Clostridia are classi�ed on
the basis of morphology, disease association, physiology,
serologic properties, DNA relatedness, and ribosomal RNA
gene sequence homologies. Many species of clostridia produce
protein toxins that are lethal to animals and are responsible for
their pathogenicity. Botulinogenic clostridia are distributed
widely in nature by virtue of their ability to form resistant
endospores. The two principal habitats are soils, including
marine and freshwater sediments, and the gastrointestinal
tracts of certain animals (but not healthy humans). The inci-
dence of spores of C. botulinum varies according to geographic
region. In the United States, type A is found most commonly
west of the Rocky Mountains, and type B is found in certain
regions of the eastern United States. Type B from non-
proteolytic strains of C. botulinum also frequently is found in
Europe. Type A is found infrequently in the soils of England.
Type A spores have also been detected in soils of China and
458 Encyclopedia of Food Mic
South America. The principal habitat of type E spores appears
to be freshwater and brackish marine habitats. It commonly
has been found in the Great Lakes of the United States and in
the western seacoasts of Washington state and Alaska. Type C
strains occur worldwide, whereas the distribution of type D is
more limited and is especially common in certain regions of
Africa.

Clostridium botulinum is a diverse species including organ-
isms differing widely in physiological properties and genetic
relatedness. They all share the ability to produce BoNT and
cause botulism in humans and animals. The neurotoxins are
distinguished serologically by homologous antisera and
designated as serotypes A to G. C. botulinum types A, B, and E
most commonly cause botulism in humans, whereas types B,
C, and D cause the disease in various animal species. Clos-
tridium botulinum consists of four physiological groups (I–IV)
with diverse physiological and genetic characteristics. Group IV
C. botulinum is the only group that has not been demonstrated
to cause botulism in humans or animals and has been assigned
to the species Clostridium argentinense. The organisms are
morphologically large rods, typically 1 � 4–6 mm with oval,
subterminal spores that swell the rod giving the characteristic
‘tennis-racket’ or spindle-shaped cells (Figure 1). Spores of
most pathogenic species of clostridia can be produced in
complex laboratory media, such as chopped meat broth or
tryptose–peptone–glucose broth.

Groups I and II are the cause of human botulism, whereas
group III causes botulism in various taxa of animals. The
primary properties and limiting growth parameters of
C. botulinum groups I and II pertaining to foods are presented
in Table 1. Organisms in group I are proteolytic, and may
produce type A, B, or F BoNT. They may form highly heat-
resistant spores, have an optimum growth temperature of
30–40 �C, and are inhibited by 10% NaCl. Organisms in
group II commonly are referred to as nonproteolytic, require
sugars for growth, and may produce either type B, E, or F
BoNT. They have a lower optimum temperature for growth
(20–30 �C), and some strains of types B and E can grow slowly
in foods at temperatures as low as 3.3 �C. Consequently, there
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00072-0
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Table 1 Factors controlling growth and inactivation ofC. botulinum
in foods

Factor

C. botulinumgroup

I II

Minimal pH 4.6 5.0
Minimalaw 0.94 0.97
Required brine concentration for

growth inhibition (%)
10 5

Minimum temperature (� C) 10 3.3
Maximum temperature (� C) 50 45
D100 of spores (min) 30 < 0.2
D121 of spores (min) 0.2 –
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has been considerable concern that group II organisms ca
grow and produce toxin in refrigerated foods that receive
minimal processing and have extended shelf life. Strains tha
produce type E toxin commonly are associated with food-
borne botulism transmitted in contaminated � sh or marine
products. Group II strains that produce type B toxin com-
monly are found in Europe and are associated with botulism
from salt-cured meats.

The D value is the time at a speci� ed temperature to inac-
tivate 90% of spores. An industry ‘bot cook’ is typically
designed to inactivate 1012 of spores (see below).
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Control ofC. botulinumin Foods

The primary factors controlling growth of C. botulinumin foods
are temperature, pH, water activity, redox potential, oxygen
level, presence of preservatives, and competing micro� ora. In
the commercial setting, botulism can occur when a food is
exposed inadvertently to temperatures that allow growth and
toxin formation. Because BoNT is extremely potent, quantities
suf� cient to cause botulism can be formed without obvious
spoilage of foods. In most foods, C. botulinum is a poor
competitor and other microorganisms, such as lactic acid
bacteria, often grow more rapidly, commonly lowering the pH,
producing inhibitory metabolites, and preventing growth.
Spores of C. botulinum, however, are more resistant to heat
irradiation, and other processing methods than are vegetative
cells of competing organisms. Therefore, minimal processing o
foods can eliminate or reduce the numbers of competing
micro� ora and increase the probability ofC. botulinumgrowing
and producing toxin. The critical level of oxygen that will
permit growth of group I C. botulinum is 1–2%, but this
depends on other conditions, such asaw and pH.

Spores of group IC. botulinumhave heat resistances rangin
from D121 ¼ 0.03–0.23 min and D100 w 30 min. Certain
strains of Clostridium sporogenes, which are related genetically
to group I C. botulinum, can produce spores with much higher
heat resistance (maximumD121 w 1.0 min) than C. botulinum,
and these strains may be used to determine the heat treatmen
required for obtaining a 12D inactivation or total lethality ( F0)
as is recommended for shelf-stable low acid foods in cans
glass jars, or pouches. The required treatment for achieving F0

of a food from C. botulinumspores isw 3 min at 121 � C or
higher. The commercial processing of many foods is less tha
an F0 of 3 min since other factors control their safety from
C. botulinum.

In preserved food products, C. botulinumgrowth can be
prevented by a single factor, such as extensive thermal pro
cessing (a‘bot cook’). Often, a combination of factors is used to
prevent C. botulinumgrowth in low-acid foods (pH �4.6). For
example, in cured meats, the combination of a mild heat
treatment, and the presence of nitrite and salt prevents growth
Challenging foods with spores ofC. botulinumand determining
whether BoNT is produced in optimal conditions or on
temperature abuse is often a desired procedure to evaluate th
botulinogenic safety of a food, particularly in new products or
new formulations.

Because of the severity of botulinum poisoning, the food
industry has devoted considerable research and resources
prevent botulism outbreaks in foods. The control of this
organism is of such paramount importance to the safety of
foods that certain food laws and de� nitions such as thermal
processing of low-acid foods in hermetically sealed containers
were designed speci�cally to control C. botulinum. The
organism has served as a‘barometer’ by which to gauge certain
advances in food formulation and processing. Thus, newly
developed foods and food processes may need to be evaluate
for their impact on C. botulinumgrowth and toxin formation.
These efforts and vigilance by the food industry have contrib-
uted to a safe food supply.
Clinical Features of Botulism

Botulism is categorized according to the route by which BoNT
enters the human circulation. Classical foodborne botulism
results from the ingestion of neurotoxin preformed in foods.
Botulism caused by food poisoning generally has an incuba-
tion period of 12 –36 h after consumption of a toxic food.
Wound botulism is analogous to tetanus and occurs when
C. botulinumgrows and produces toxin in the infected tissue.
Intestinal botulism results from the growth and toxin produc-
tion by C. botulinumin the intestine (infant botulism and adult
intestinal botulism). Because BoNT is entirely responsible for
the clinical symptoms, the three types of botulism exhibit
similar clinical symptoms. The characteristic symptomatology
of botulism poisoning is a progressive descending symmetrica
� accid paralysis initially affecting musculature innervated by
cranial nerves. The� rst signs are typically disturbances in ocular
function, including blurred and double vision, and the pupils
become enlarged and unresponsive to light. As intoxication
proceeds, a� accid paralysis occurs in the facial and head
region, characterized by weakness and drooping of the eyelid
and facial muscles (Figure 2). Speech becomes slurred, and
swallowing and breathing become dif� cult. In severe cases
extreme muscular weakness causes the patient to become wea
fatigued, and unable to lift their head and limbs. Death can
occur, usually by respiratory failure or possibly by cardiac
arrest. Because BoNT affects alpha motor nerves and does n
enter the central nervous system in toxic concentrations
sensory responses, mental function, and consciousness gene
ally are maintained. The inability of the patient to communi-
cate the symptoms and the awareness of the progression of th
disease can cause mental depression and anxiety. In seve
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Figure 2 Patient with botulism. Photograph courtesy of Charles L.
Hatheway (deceased), Centers for Disease Control and Prevention,
Atlanta, GA, USA.
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cases, intubation and respiratory assistance are required.
diagnosed early, administration of antibodies can scavenge th
free toxin in the blood and prevent the disease from progress
ing to more severe symptoms. Equine antibodies are availabl
from the Centers for Disease Control and Prevention in the
United States and in various other public health laboratories
throughout the world. Recovery from botulism generally is
prolonged, requiring weeks to months for muscle activity to
return to a normal level, but complete recovery usually is
attained.

Foodborne botulism is rare in most areas of the world,
although the actual incidence probably is higher than reported
because mild cases often are not diagnosed, and botulism ma
be misdiagnosed as another neurological disorder. The preva
lence of foodborne botulism throughout the world probably is
associated with the prevalence of spores in the environment
The primary geographic regions of the world with reported
foodborne botulism are East Asia (China, Japan), North
America, certain countries in Europe (Poland, Germany
France, Italy, Spain, Denmark, Finland, Norway), the Middle
East (Iran), Latin America, Russia, and South Africa. Foodborn
botulism is rare in the United Kingdom, although certain
outbreaks such as the Loch Maree incident, the Birmingham
outbreak, and the hazelnut yogurt incident have attracted
much attention and publicity. Recent examples of outbreaks of
botulism in commercial or restaurant-prepared foods have
been summarized (see further reading).

Infant botulism differs from foodborne and wound botu-
lism in the ages of the affected persons, and usually the� rst
symptom is constipation, indicated by not passing stool for 3
days or more. As the neurotoxin binds to motor nerves, the
characteristic� accid paralysis affects the baby’s musculature in
the head and neck regions. The baby has a weak cry and su
and the paralysis may render the baby unable to hold its head
and limbs erect. Infants should receive intubation and respi-
ratory assistance to prevent respiratory arrest. Recent studi
have shown that administration of human antibotulinal anti-
bodies shortened the hospital stay of infants with botulism.
Botulism may be dif� cult to recognize in infants because of the
baby’s inability to communicate its symptoms, the rarity of the
disease and inexperience of many doctors, and misdiagnosis o
other neurological diseases such as Guillain–Barré syndrome,
tick paralysis, drug reactions, or viral and bacterial infections of
the nervous system.

Infant botulism has been reported from various countries
around the world, including all continents except for Africa.
Infant botulism is rare in most countries and the majority of
cases have been detected in the United States. Within th
United States, infant botulism occurs in clustered geographic
regions with about half of the diagnosed cases occurring in
California. The clustered geographic distribution of infant
botulism may be related to the prevalence and type of spores in
the environment. Nearly all cases of infant botulism have been
caused by proteolytic strains ofC. botulinumtypes A and B.
BoNT-producing strains of C. butyricumand C. baratii also
successfully colonized the intestine of babies and cause
botulism. The only food de� nitively shown to be associated
with infant botulism is honey, and babies under 1 year of age
should not be given this food. Most cases probably occur from
environmental exposure to dust and other sources.

Botulism is rare compared with many other foodborne
microbial diseases, but it has a relatively high fatality rate in
humans and animals. Human botulism outbreaks can have
a dramatic impact on communities in which they occur and can
lead to the demise of food companies, and outbreaks of animal
botulism periodically devastate populations of domestic and
wild animals. To prevent outbreaks, it is necessary for the food
industry to properly formulate and process foods to prevent
growth and toxin formation.
Properties and Detection of BoNT

The outstanding feature of C. botulinum is its ability to
synthesize a neurotoxin of extraordinary potency. BoNTs
include a family of pharmacologically similar toxins that bind
to peripheral cholinergic synapses and block acetylcholine
exocytosis at the neuromuscular junctions, resulting in
a characteristic� accid paralysis. BoNTs are produced in foods
in the intestine, and in culture as progenitor toxin complexes
that consist of BoNT associated with nontoxic proteins. The
nontoxic components of the complexes have been demon-
strated to impart stability to the neurotoxin in culture and
in foods and to prevent inactivation by digestive enzymes in
the gut.
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The diagnosis of botulism generally is accomplished by
assessment of clinical symptoms in patients, and for foodborne
outbreaks, on the clustering of cases involving a group o
people who have eaten a common food. In most investigations
of botulism, the primary goal is to detect the presence of BoNT
because spores ofC. botulinumare widespread in the environ-
ment and contaminate many foods. The detection of BoNT in
the blood, gastric contents, and food provides con� rmation of
botulism. Isolation of C. botulinumfrom a suspect food, from
feces of infants with botulism symptoms, or from wounds
provides supporting evidence for the diagnosis of botulism.

BoNT preferably is detected using a bioassay of the toxi
extracted from a food or clinical sample. The extract is injected
intraperitoneally into mice and the animals are observed
periodically for typical signs of botulism for up to 4 days.
Depending on the quantity of BoNT present, symptoms of
botulism generally are observed within 4–24 h. Characteristic
symptoms include decreased mobility of the animals, ruf� ing
of the fur, dif � culty in breathing, contraction of abdominal
muscles giving the ‘wasp’ morphology, followed by convul-
sions and death. Animals demonstrating these signs usually di
within 24 –48 h. Animals that die sooner than 2 h or after 48 h
should be considered as succumbing to substances other tha
BoNT. Death resulting BoNT is con� rmed by neutralization
with serotype-speci� c antitoxins.

Complications often are encountered in the mouse bioassay
of BoNT from clinical specimens and from certain foods. In
particular, deaths caused by non-BoNT interfering substances a
common. These nonspeci� c fatalities generally can be avoided
by diluting out the interfering lethal substance to an end point at
which death is caused by the more potent BoNT. Occasionally
more than one serotype of BoNT may be present in a sampl
being analyzed, and con� rmation would require neutralization
by a mixture of antitoxins. With foods or clinical specimens,
nonbotulinum deaths can occur by infection or by the presence
of endotoxins. Infectious agents can be removed by membran
� ltration or by the addition of antibiotics to the extract being
tested. Extracts containing endotoxins generally can be diluted t
a proper end point, or the endotoxins can be removed by
adsorption. With extracts from nonproteolytic strains of
C. botulinum(group II), toxicity is increased by activation by
a protease such as trypsin. In some foods, trypsin can genera
toxic peptides, and therefore the reaction should be terminated
by addition of soybean trypsin inhibitor after 30 –60 min.

Viable C. botulinumcan be isolated from foods by enrich-
ment in a suitable growth medium, such as cooked meat–
glucose broth or media containing peptones, yeast extract, an
glucose. Clostridium botulinumhas complex nutrient require-
ments and requires a rich medium for growth. For isolation, it
often is useful to heat a portion of the food or clinical specimen
at 80 or 60 � C to select for spores of groups I and IIC. botulinum,
respectively. Occasionally, 50% ethanol or chloroform is used
to inactivate vegetative cells in food samples analyzed for group
II C. botulinum. Following enrichment, the presence of BoNT is
assayed by mouse bioassay as described previously. Selec
isolation agars containing antibiotics, including cycloserine,
sulphamethoxazole, and trimethoprim, have been used for the
isolation of group I C. botulinumfrom clinical samples.

A variety of immunological methods have been developed
for the detection of BoNT but most are not as sensitive as the
mouse bioassay, and they also have the potential drawback o
detecting biologically inactive BoNT. Several advances i
enzyme-linked immunosorbent assays (ELISA) have bee
made to alleviate these drawbacks, and it is likely that ELISA
will be used to complement but not replace the mouse
bioassay. Recently, cell-based assays using neuronal cells ha
been developed and hold much potential for replacement of
the mouse bioassay.
Botulinum Toxin as a Pharmaceutical

One of the most remarkable recent developments in medicine is
the use of BoNT to treat humans who suffer from dystonias,
hyperactive muscle disorders, in� ammatory conditions, and
pain. Botulinum toxin increasingly is being used to treat humans
suffering from a number of neurological diseases. Botulinum
toxin frequently is used for the treatment of a number of dys-
tonias, movement disorders, cosmetic problems, and pain
disorders, all of which have been dif� cult to treat by traditional
therapies. The important properties of BoNT as a therapeutic ar
its high speci� city for motor neurons, its very high toxicity that
enables the injection of extremely low quantities, thereby
avoiding side effects and an immunological response, and its
long (several months) duration of action. The treatment of
neurological disorders with BoNT stemmed from its properties
as a food poison and its study as a potential biological terrorism
agent. The use of the toxin as a drug has enabled thousands
humans to lead an enjoyable and productive life and also has
opened a new� eld of investigation in the application of BoNT
to nerve and muscle tissue in the human body.
See also: Clostridium; Ecology of Bacteria and Fungi:In� uence
of Available Water;Ecology of Bacteria and Fungi in Foods
In� uence of Temperature;Ecology of Bacteria and Fungi in
Foods:In� uence of Redox Potential; Food Poisoning
Outbreaks;Hazard Analysis and Critical Control Point (HAC
Critical Control Points;Hazard Appraisal (HACCP):Involvement
of Regulatory Bodies;Hazard Appraisal (HACCP):
Establishment of Performance Criteria;Heat Treatment of
Foods:Spoilage Problems Associated with Canning;National
Legislation, Guidelines, and Standards Governing
Microbiology:Canada;National Legislation, Guidelines, and
Standards Governing Microbiology:European Union;National
Legislation, Guidelines, and Standards Governing
Microbiology:US; Processing Resistance; Modi� ed
Atmosphere Packaging of Foods;Ecology of Bacteria and
Fungi in Foods:Effects of pH.
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Clostridium perfringens Food Poisoning

Food poisoning caused by Clostridium perfringens was suggested
as early as 1895 by Klein. The nature of the food poisoning was
recognized after World War II due to the precooking and
hoarding of meat rations. In 1953, a number of outbreaks
occurred in Great Britain; the foods involved and the micro-
organism responsible were identi�ed.

Clostridium perfringens food poisoning typically is associ-
ated with banquet or cafeteria-style settings, during which
bulk foods are prepared for a large number of people. Together
with nontyphoidal Salmonella and Campylobacter, C. perfringens
is among the three leading causes of cases of bacterial food-
borne illness in the United States with an estimated annual
number of cases of approximately 966 000. Clostridium per-
fringens food poisoning occurs because foods (particularly
meat or poultry) are treated improperly by subjection to long,
slow cooking followed by nonrefrigerated storage and inade-
quate reheating procedures. The greater involvement of
meats and poultry may be due to the higher incidence of
C. perfringens food–poisoning strains in these foods and the
nutritionally fastidious nature of this microorganism. Clos-
tridium perfringens requires at least 13 amino acids as well as
vitamins and nucleotides for growth. Because C. perfringens is
distributed widely in nature, it must be accepted that it will be
present in many foods and cannot be eradicated from our
food supply. Prevention of C. perfringens food poisoning must
be concerned with the control of outgrowth or germination of
spores and the subsequent multiplication of vegetative cells in
cooked foods. Clostridium perfringens food poisoning is pre-
vented by rapid and adequate cooling and reheating to prevent
the growth of the microorganism.

One of the largest outbreaks ever reported for C. perfringens
occurred in 1969 in the Nashville, Tennessee (US) school
system and involved 13 000 cases. Most outbreaks of
C. perfringens food poisoning have been associated with
commercially prepared food in restaurants and institutions.
Outbreaks at home are less common and more likely to go
unreported.

In addition to causing food poisoning, C. perfringens is also
responsible for gas gangrene, necrotic enteritis, lamb dysentery,
and minor wound infections. Recent evidence suggests that the
microorganism has been implicated in sporadic cases of diar-
rhea, antibiotic-associated diarrhea, and diarrhea in chronic
care facilities. It is an important cause of foodborne illness
because of its widespread occurrence. It has been described as
the most ubiquitous pathogenic bacterium in our environment
and commonly is found in the soil, marine, and fresh-water
sediments and in the intestinal tract of humans and animals.
Because it is an inhabitant of the animal intestinal tract, it can
easily contaminate ground beef and ground poultry during
processing.
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Characteristics of C. perfringens

Clostridium perfringens is a Gram-positive rod, nonmotile, and
encapsulated. It is typically 2–4 mm long by 0.8–1.5 mm wide
with blunt ends. In foods or other complex media, the bacilli
may appear shorter and fatter. Hydrogen sul�de is produced
and most strains produce a ‘stormy fermentation of
milk’dreaction that involves the rapid formation of a �rm,
tight clot of case in that is torn by gas bubbles and rises to
the surface. Although C. perfringens is an anaerobe, it can
tolerate brief exposure to the atmospheric conditions. A
reduced oxidationdreduction potential of around�45 mV is
necessary for rapid growth. Sporulation occurs with dif�culty
and special media such as Duncan–Strong medium have
been developed,which induce sporulation. Spores rarely are
observed in smears from foods. When formed, however, they
are subterminal and oval. The optimum growth temperature
for C. perfringens is 43–45 �C, whereas the growth range is
between 15 and 50 �C. Clostridium perfringens is sensitive to
low-temperature storage. Vegetative cells, but not spores,
inoculated into meat are inactivated slowly when held at
1, 5, 10,or 15 �C. The lowest temperature for growth is 15 �C,
and there is no growth at 55 �C. Growth of C. perfringens is
inhibited by water activity ranging from 0.95 to 0.97,
depending on the solute used to adjust the Aw, the pH,
temperature, and other environmental conditions. The opti-
mum pH for growth is 6.0–7.0, and the range is between pH
5.0 and 9.0. When grown at the optimum temperature, the
generation times can be as short as 7–10 min, which makes
C. perfringens one of the most rapidly growing microbes.
The consequences of this are obvious. Given the appropriate
environmental conditions, C. perfringensis able to proliferate
rapidly to a high cell population.

The spores of C. perfringens differ widely in their resistance
to heat, and heat-sensitive and heat-resistant strains have been
observed. Heat-resistant spores have been shown to survive
100 �C for 1 h. Also, cooked meat exerts a protective effect and
enhances the heat resistance of spores. Several studies have
shown that spores of C. perfringens may survive routine cooking
procedures. At 50 �C, an interesting phenomenon called the
‘Phoenix effect’ occurs. Most vegetative cells introduced as
inoculum at this temperature perish in the �rst few hours;
however, the survivors start multiplying at their maximum rate
and continue to do so for several hours. By taking advantage of
the high temperature tolerance, C. perfringens can be isolated
from mixed cultures.

Although the organism commonly is found in meat and
poultry products, enterotoxin-positive strains are uncommon
in retail foods. This requires testing for the presence of the cpe
gene in outbreak isolates. This typically is done by the poly-
merase chain reaction (PCR) assays mentioned in the following
paragraph.
-384730-0.00068-9 463
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ClassiÞcation

Twelve soluble antigens have been detected inC. perfringens
culture � ltrates, all of which are protein in nature; some are well-
known enzymes such as collagenase, proteinase, lecithinas
hyaluronidase, and deoxyribonuclease.Clostridium perfringensis
divided into � ve types (A to E) on the basis of the production of
four major necrotizing or lethal toxins: alpha, beta, epsilon, and
iota (Table 1). All strains produce alpha toxin (lecithinase or
phospholipase C). Alpha toxin is a multifunctional metal-
loenzyme that is responsible for the cytotoxicity, necrosis, and
hemolysis observed in gas gangrene caused byC. perfringens. The
alpha toxin gene has been cloned and sequenced. Compariso
of the amino acid sequences ofC. perfringensalpha toxin and the
phospholipase C derived fromBacillus cereusrevealed extensive
homologies and the presence of 65 identical amino acid resi-
dues. Clostridium perfringensalpha toxin attacks membrane
phosphorylcholine associated with intestinal villus cells, but it
does not appear to play an important role in human food
poisoning. Beta toxin is produced during vegetative growth of
C. perfringensand appears to be associated with an intestina
disease called necrotic enteritis. This disease has had a history
affecting poorly nourished individuals in postwar Germany and
New Guinea. Epsilon toxin is associated with gastrointestina
diseases in livestock. Iota toxin normally is associated with type
E strains and causes necrosis. Traditional methods used f
typing of C. perfringensstrains involve using speci� c antisera and
examining neutralization by injecting the toxin–antiserum
mixture into mice or into the skin of guinea pigs. More recent
procedures use multiplex PCR as mentioned in the following
section. The complete genome sequence of three pathogen
type A strains has been published.

The food-poisoning strains belong to type A and produce
relatively heat-resistant spores. In addition to these toxins
C. perfringensproduces an enterotoxin that is a spore-speci� c
protein (i.e., its production occurs together with that of spor-
ulation). There is a high correlation between enterotoxin
production by C. perfringensstrains and their ability to cause
food poisoning. The administration of 8 –10 mg of puri � ed
enterotoxin to healthy adults has been shown to cause food
poisoning.
e

Clinical Features of Disease

Symptoms ofC. perfringensfood poisoning are characterized by
severe diarrhea and lower abdominal cramps. Normally, there
Table 1 Distribution of major lethal toxins among the types
of C. perfringens

Type Disease

Toxin

Alpha Beta Epsilon Iota

A Food poisoning, gas gangrene þ � � �
B Lamb dysentery þ þ þ �
C Necrotic enteritis, enterotoxemia of

sheep, lambs, piglets
þ þ � �

D Enterotoxemia of sheep, goats, cattle þ � þ �
E Pathogenicity doubtful þ � � þ
is no vomiting, fever, nausea, or headache. The incubation
period is usually 8–24 h before the onset of symptoms.
Symptoms generally abate within 12–24 h. Fatalities mainly
occur among debilitated persons (i.e., the elderly) and average
less than one per year in the United States. Diagnosis o
C. perfringensfood poisoning is con� rmed by isolating
C. perfringenswith the same serotype from the feces of patients
and the implicated food. The detection of enterotoxin in feces
aids in the con� rmation of the disease.
f

Mechanism of Intoxication

The mechanism of intoxication by C. perfringensinvolves the
ingestion of 106–107 living cells per gram of food. Because
C. perfringensis able to grow rapidly under optimum condi-
tions, it is able to reach the threshold level in only a few hours
in temperature-abused foods. Acidic conditions encountered in
the stomach actually may trigger the initial stages of sporula-
tion of the vegetative cells of C. perfringens. Clostridium per-
fringensenterotoxin is produced in the large intestine during
sporulation of the microorganism and is released upon lysis of
the sporangia. The function of the enterotoxin during sporu-
lation is not yet understood. Clostridium perfringensenterotoxin
has a molecular weight of 36 kD, has an isoelectric point of 4.3,
and is heat sensitive (i.e., it is destroyed after heating at 60� C
for 10 min).

The relationship between enterotoxin production and
sporulation in C. perfringenswas demonstrated by the use of
mutants with an altered ability to sporulate. When the mutants
reverted to sporulation, enterotoxin production was demon-
strated. The peak for toxin production is just before lysis of the
cell sporangium, and the toxin is released with the spores. In
culture media, enterotoxin is produced only where endospore
formation is permitted. Enterotoxin can be detected in cells
about 3 h after inoculation of vegetative cells into media that
encouraged sporulation. Enterotoxin accumulates intracellu-
larly, and because of limited solubility, it is able to form
inclusion bodies. Most heat-resistant strains that sporulate wel
in Duncan–Strong medium produce high concentrations of
enterotoxin. Heat-sensitive sporeformers do not sporulate as
well. When spores are formed, the toxin can be detected outsid
the cell in the culture � ltrate after about 10 h. The toxin
production peak coincides with the release of free mature
spores from the sporangia. Although cells sporulate readily in
the intestinal tract, sporulation in cooked foods is poor. The
ingestion of preformed enterotoxin in food as would be the
case in an intradietic intoxication is not normally an issue with
C. perfringens, as the time required for vegetative cell growth
and sporulation would make the food unacceptable.

In the small bowel, enterotoxin has been shown to bind to
a brush border membrane receptor of intestinal epithelial cells,
which then induces a calcium ion–dependent breakdown of
permeability, resulting in the loss of low-molecular-weight
metabolites and ions. This loss alters intracellular metabolic
function and eventually results in cell death. Clostridium per-
fringensenterotoxin may act as a superantigen and speci� cally
stimulates human lymphocytes. Therefore, pathogenesis o
C. perfringensfood poisoning may involve a massive release of
in� ammatory factors via its reaction with a large proportion
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of T lymphocytes. TheC. perfringensenterotoxin gene has been
cloned and the amino acid composition of the protein deter-
mined. The cloned gene has been a useful tool for the epide
miological screening of C. perfringensstrains isolated from
food-poisoning outbreaks. Comparative studies suggested tha
hybridization with an enterotoxin gene probe was more reli-
able than an immunologically based assay for detecting
enterotoxigenicC. perfringensstrains.

Factors leading toC. perfringensfood poisoning are fairly
clear-cut. Inadequate cooking temperatures will allow the
survival of spores of C. perfringens. The danger exists in the
prolonged cooling of cooked meat containing small numbers
of surviving spores. These spores are able to germinate an
grow rapidly at holding temperatures around 45–50 � C, as may
occur during the malfunction of a steam table. Meat and
poultry dishes with histories of storage at warm temperatures
(i.e., below 60 � C) for at least 2 h after cooking are common
factors in almost all outbreaks due toC. perfringens.
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Detection and Enumeration

BecauseC. perfringensvegetative cells are sensitive to col
temperatures, food samples should be examined as quickly a
possible. Since con� rmation of C. perfringensfood poisoning
depends on the detection of a large number of cells in the
implicated food, cold storage of samples may result in a false
negative con� rmation. To minimize cell death during trans-
port and storage, it is recommended that food samples be
mixed 1:1 (wt/vol) with 20% glycerol and stored on solid CO 2

or at �60 � C. Implicated food samples are aseptically trans
ferred to a sterile container and a suitable diluent (normally
peptone � uid) is added to bring about a 1:10 dilution. The
food subsequently is stomached to bring about uniform
homogenization of the sample. Serial dilutions are prepared
over a range of 10� 1 to 10� 6 using peptone dilution blanks. A
volume (0.1 ml) of each dilution is spread plated or pour
plated on a suitable selective medium such as tryptose–sul� te–
cycloserine (TSC) agar containing egg yolk emulsion
(Table 2). TSC with or without egg yolk has been adopted as
of� cial � rst action for the presumptive enumeration of
C. perfringensin foods by the Association of Of� cial Analytical
Chemists and also in the ISO standard method. After the
Table 2 Composition of tryptose–sul� te–cyclo-
serine medium for presumptive identi� cation and
enumeration ofClostridium perfringens

g l� 1

Tryptose (Difco) 15
Yeast extract 5.0
Soytone 5.0
Sodium metabisul� te 1.0
Ferric ammonium citrate 1.0
Agar 20
Cycloserinea 0.4

Note: pH adjusted to 7.6 prior to autoclaving 8 ml egg yolk
emulsion (50% in saline) per 100 ml medium may be added,
but normally it is omitted from overlay.
aDissolved separately in 60 ml water at 50–60 � C.
inoculum has absorbed into the medium, the plates are
overlaid with 10 ml TSC agar without added egg yolk. Plates
are incubated for 24 h at 37 � C in an anaerobic jar or hood.
After incubation, sulfate-reducing clostridial colonies are black
due to the reduction of sul� te to H2S and are further charac-
terized by an opaque halo surrounding the colony. Opales-
cence or halo production is due to lecithinase (alpha toxin)
activity during which the lecithin contained in egg yolk is
broken down into phosphorylcholine and a diglyceride. This
is termed the Nagler reaction.

The antibiotic cycloserine is added to TSC as a selectiv
agent for C. perfringens. Many other clostridia are sensitive to
this antibiotic and, therefore, are inhibited. Black colonies with
haloes are counted to calculate the number of cells per gram o
food. Additional tests for presumptive identi� cation of
C. perfringensinclude the Gram stain and examination of the
‘stormy clot reaction’ using iron–milk medium. In this test,
modi � ed iron–milk medium is inoculated with 1 ml of an
actively growing C. perfringens� uid thioglycollate culture and
incubated at 46 � C. After 2 h incubation, the sample is checked
hourly for ‘stormy fermentation’ reaction.

Con� rmatory procedures are required to exclude physio
logically similar species of clostridia, which are able to form
black colonies on sulfite-containing media. Con� rmation of
C. perfringensinvolves inoculating a colony from TSC agar into
buffered motility –nitrate and lactose–gelatin media and incu-
bating for 24 h at 35 � C. Gelatin liquefaction and lactose
utilization is evaluated. Cultures are examined for gas
production and for a red to yellow color change that is indic-
ative of acid production. BecauseC. perfringensis nonmotile,
tubes of motility –nitrate medium should contain growth only
in and along the stab line. Clostridium perfringensis able to
reduce nitrates to nitrites. If isolates are tested for sporulation
Duncan–Strong sporulation medium is inoculated with an
actively growing culture and incubated for 18–24 h. Duncan–
Strong medium is the most widely used sporulation medium
for C. perfringens(Table 3). Sporulation of C. perfringensis
notoriously strain-dependent. Adjuncts such as caffeine may
increase sporulation in some cases. The sporulation broth i
examined subsequently for the presence of spores by usin
a phase-contrast microscope. Additional biochemical reactions
may be required in those cases in which the isolates do no
meet all the criteria for C. perfringens. Biochemical test strips are
available from a number of suppliers for the identi� cation of
C. perfringensstrains.

The isolation of C. perfringensfrom the feces of individuals
with suspectedC. perfringensfood poisoning involves heating
stool samples at 100� C for 60 min to select for heat-resistant
spores. Strains ofC. perfringensisolated from several persons
Table 3 Composition of modi� ed Duncan–Strong
sporulation medium forC. perfringens

g l� 1

Protease peptone 15
Yeast extract 4
Sodium thioglycollate 1
Na2HPO4$7H2O 10
Raf� nose 4
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in an outbreak and those recovered from a suspect food should
be compared serologically for toxin production. Several
molecular epidemiological techniques have been used to
compare the identities of patient isolates relative to food
sources. These include phage typing, bacteriocin typing
plasmid pro� les, the use of DNA probes, and pulsed-field ge
electrophoresis.
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Molecular Aspects and Detection of the Enterotoxin Gene

The enterotoxin gene (cpe) is present in a small percentage of
isolates from retail foods. In outbreak stains, thecpegene can
be located either on a plasmid or, more likely, on the chro-
mosome. Chromosomally located cpeisolates exhibit greater
resistance to high and low temperatures, NaCl, and nitrites
typically used in processed foods, than do cells or spores o
plasmid-borne cpeisolates. Con� rming the enterotoxigenicity
of isolates usually involves demonstrating the presence of the
alpha toxin and enterotoxin gene in a duplex PCR reaction
Multiplex PCR assays for detection ofcpeand other toxin genes
listed in Table 1 also have been described. Real-time PC
procedures for the toxin genes also have been developed.
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Enterotoxin Detection

Serological methods have been shown to be considerabl
more sensitive than biological methods in terms of ability to
detect low levels of C. perfringensenterotoxin. Examples of
biological methods for detection of C. perfringensentero-
toxin include the rabbit ileal loop test, the guinea-pig test,
and the mouse test. These tests have been shown to dete
enterotoxin in the microgram range. The rabbit ileal loop
test is an example of a classical biological method for
assayingC. perfringensenterotoxin. This test is based on the
observation that enterotoxins elicit � uid accumulation in the
small intestine of some animals that can be quanti� ed.
Clostridium perfringensenterotoxin results in increased capil-
lary permeability, vasodilation, and intestinal motility.
Permeability continues to increase and the injured cells
eventually lyse. In the intestines, cell death leads to a loss o
� uid and diarrhea.

The serological methods that have been used to detec
C. perfringensenterotoxin include the microslide diffusion, single-
or double-gel diffusion, electro-immunodiffusion, and the
enzyme-linked immunosorbent assay (ELISA) technique. Thes
methods involve the use of speci� c polyclonal or monoclonal
antibodies and are able to detect enterotoxin in the nanogram
range. Monoclonal antibodies to C. perfringensenterotoxin
recently have been developed. The microslide diffusion, single
or double-gel diffusion, and electro-immunodiffusion tech-
niques are dependent on observing a precipitation‘line of
identity ’ that occurs between the enterotoxin and the corre
sponding antiserum. The sensitivity of the ELISA for detecting
and quantifying C. perfringensenterotoxin is quite good
and commercially available. The assay uses rabbit ant
C. perfringensenterotoxin IgG to trap the enterotoxin on micro-
titer wells. The wells then are treated with anti-enterotoxin
conjugated with horseradish peroxidase followed by a suitable
chromogenic substrate. The absorbance for the unknowns easi
can be compared to the absorbance for enterotoxin standards to
quantify the enterotoxin. Detection of as little as 1 ng enterotoxin
per gram of fecal material has been demonstrated.

To test C. perfringensisolates for enterotoxin production,
cultures are inoculated into Duncan–Strong sporulation
medium for 18 –24 h at 35 � C under anaerobic conditions.
Rapidly metabolizable carbohydrates such as glucose shoul
be avoided in sporulation media because they repress th
sporulation process and are fermented vigorously to acid. The
addition of starch, raf� nose, methylxanthines, caffeine,
theophylline, and guanosine have been shown to increase
sporulation and enterotoxin production by some
C. perfringensstrains. The sporulated culture is centrifuged for
15 min at 10 000 g and the cell-free culture supernatant is
tested for the presence of enterotoxin by using reverse
passive latex agglutination (RPLA). RPLA is a serological ass
for C. perfringensenterotoxin, which appears to be compa-
rable to ELISA in terms of sensitivity. The RPLA techniqu
involves the use of sensitized (antiserum to enterotoxin
treated) latex beads that are exposed to serial dilutions o
enterotoxin. The agglutination titer is determined after over-
night incubation.
Medical Applications of Enterotoxin

Clostridium perfringensenterotoxin binds to claudin receptors in
cell membranes. Many cancer cells express large amounts
claudins, and the enterotoxin is lethal to such cells, including
pancreatic, ovarian, and prostate cancer cells.
Regulations to ControlC. perfringensHazard

Virtually every outbreak due toC. perfringensinvolves improper
cooling. Accordingly, speci� c regulations have been established
to limit vegetative cell growth by this organism. For example,
the US government issued new rules for meat and poultry
inspection to set performance standards concerning cooked
beef products, uncured meat patties, and certain poultry
products. To ensure that vegetative microorganisms do no
have an opportunity to grow, the new US performance stan-
dards state that cooling from 54.4 to 26.7 � C should take no
longer than 1.5 h, and cooling from 26.7 to 4.4 � C should take
no longer than 5 h. Additional guidelines allow for the cooling
of certain cured cooked meats from 54.4 to 26.7� C in 5 h, and
from 26.7 to 7.2 � C in 10 h. If meat processors are unable to
meet the prescribed time–temperature cooling schedule, they
must be able to document that the customized or alternative
cooling regimen used will result in a less than 1-log10 cfu
increase inC. perfringensin the � nished product. Limiting the
growth of C. perfringenswould limit the multiplication of other
slower growing spore–forming bacteria. The regulation thereby
suggests that the monitoring ofC. perfringenscan be a useful
indicator for limiting other harmful bacteria, such as B. cereus,
Clostridium botulinum, and Staphylococcus aureusin cooked
foods.

It is anticipated that additional rapid and quantitative
assays for the detection ofC. perfringenswill be added to the
list of Federal Drug Administration and Association of
Of� cial Analytical Chemists–approved standard detection
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methodologies. Such technological development will allow the
meat industry to monitor the presence of C. perfringens in meats
and thereby meet the new federal performance standards.
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Table 1 Characteristics of C. tyrobutyricum a

Characteristic C. tyrobutyricuma

Spores Oval, subterminal
Motility þ
Hemolysis �/Weakly b-hemolytic
H2S formation �
Aesculin hydrolysis �
Gelatin hydrolysis �
Indole production �
Nitrate reduction �/(þ)
Products from PYG Butyric acid, in some cases acetic acid and/or

small amounts of succinic, formic, lactic,
and propionic acid

Enzyme activities
Lecithinase �
Lipase �
Urease �

Acid production from
Arabinose �
Cellobiose �
Dulcitol �
Fructose þ
Galactose �
Glucose þ
Glycerol �
Glycogen �
Inositol �
Lactose �/(þ)
Maltose �
Mannitol �/(þ)
Mannose þ/(þ)
Melezitose �
Melibiose �
Raf�nose �
Rhamnose �
Ribose �
Saccharose �/(þ)
Salicin �
Characteristics of the Species

Clostridium tyrobutyricum is a Gram-positive, strictly anaerobic
rod, occurring singly or in pairs, which usually is peritrichously
�agellated and motile. Its size is in the range 1.9–13.3 � 1.1–
1.6 mm. Spores are oval, subterminal, and swell the cell. The
optimum growth temperature is in the range 30–37 �C, with
moderate growth at 25 �C and poor or no growth at 45 �C.
Surface colonies on anaerobically incubated blood agar plates
are frequently b-hemolytic, circular, glossy, and gray, with
a diameter of 0.5 mm. This organism has been isolated from raw
milk and dairy products, chicken, chicken salad, fruit juices,
silage, gley soil, and the fecal material of cattle, beagle dogs,
and human adults and infants. Clostridium tyrobutyricum is
nonpathogenic to humans and animals.

Clostridium tyrobutyricum is a saccharolytic Clostridium spp. In
peptone–yeast extract–glucose (PYG) broth, C. tyrobutyricum
fermentation produces large amounts of butyric and acetic
acids. Large volumes of gas are produced in PYG deep agar
cultures. Pyruvate is converted into butyrate and acetate and
lactate is fermented to butyrate, CO2, and H2. Clostridium tyro-
butyricum ferments lactate if acetate is also present in the growth
medium, and therefore this carbon source commonly is added
to media to enhance detection of this organism. Clostridium spp.
producing butyric acid often are referred to as ‘butyric anaer-
obes’; these include Clostridium butyricum, Clostridium sporogenes,
Clostridium beijerinckii, and Clostridium pasteuranium. Clostridium
tyrobutyricum produces only traces of alcohol in comparison to
C. butyricum, which can produce signi�cant amounts of butanol
in the late stages of fermentative growth.

Clostridium tyrobutyricum is distinguished from C. butyricum
and C. beijerinckii by its inability to ferment lactose, maltose,
and salicin. A limited number of C. tyrobutyricum strains have
been shown to ferment lactose, however. Some C. tyrobutyricum
strains ferment mannitol, xylose, and mannose, and they
produce nitrite from nitrate. Characteristics of C. tyrobutyricum
are summarized in Table 1. Biochemical reaction patterns, as
determined by the API 20 A system, are shown in Table 2. As
C. tyrobutyricum shows distinctive patterns in this test, this
system provides differentiation from other Clostridium spp.
commonly found in milk.
Sorbitol �
Starch �
Sucrose �
Trehalose �
Xylose �/(þ)

aþ, positive reaction in >95% of isolates; �, negative reaction in >95% isolates;
�/(þ), negative or weakly positive reaction in >95%; þ/(þ), positive or
weakly positive reaction in >95%. PYG, peptone–yeast extract–glucose broth.
Detection Methods

Speci�c, sensitive, and quantitative detection of C. tyrobutyricum
in milk represents a major challenge for the food microbiolo-
gist. Detection and enumeration of C. tyrobutyricum spores in
raw milk is necessary for monitoring and screening milk
468 Encyclopedia of Food Mic
supplies used for cheesemaking. Since spore numbers of
C. tyrobutyricum should be less than one or two spores per 10 ml
of raw milk to avoid the late-blowing defect, very sensitive
detection methods are crucial. Despite this need, no selective or
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00071-9
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Table 2 Phenotypic characteristics ofC. tyrobutyricumand selected otherClostridiumspp. commonly found in milk

ind ure gel esc glu man lac sac mal sal xyl ara gly cel mne mlz raf sor rha tre

C. beijerinckii � � v v þ v þ þ þ þ þ v v þ þ � þ v v v
C. bifermentans v � þ v þ � � � v � � � � � v � � � � �
C. butyricum � � v v þ v þ þ þ þ þ v v þ þ � þ v v þ
C. sporogenes � � þ v þ � � � þ � � � � � � � � � � v
C. tyrobutyricum � � � � þ þ � � � � v � � � þ � � � � �

indole formation (ind), urease activity (ure), gelatin hydrolysis (gel), aesculin hydrolysis (esc), acid formation from glucose (glu), mannitol (man), lactose (lac), saccharose
(sac), maltose (mal), salicin (sal), xylose (xyl), arabinose (ara), glycerol (gly), cellobiose (cel), mannose (mne), melezitose (miz), raf� nose (raf), sorbitol (sor), rhamnose (rha),
and trehalose (tre).
þ , Reaction positive for 90–100% of strains; v, reaction positive for 10–90% of strains;� , reaction negative for 90–100% of strains.

Table 3 Media used for estimation ofC. tyrobutyricumby most
probable number method

Media Ingredients Amount

Modi� ed reinforced
clostridial media (RCM
lactate) (adjust pH to 6.1)a

Beef extract 10 g
Tryptone 10 g
Yeast extract 3 g
60% Sodium lactate solution 23.3 ml
Sodium acetate 8 g
Starch 1 g
L-Cysteine-HCl 0.5 g
NaCl 5 g
Agar–agar 2 g
Dist. H2O 1000 ml

BBMB lactate (adjust pH
to 6.0)

Peptone 15 g
Beef extract 10 g
Yeast extract 5 g
Sodium acetate 5 g
60% Sodium lactate

solution
8.4 ml

L-Cysteine-HCl 0.5 g
Dist. H2O 1000 ml

NIZO-Edeb

Solution 1 Glucose 5 g
Lactic acid (1M) 20 ml
Dist. H2O Up to

100 ml
Solution 2 (adjust pH

to 5.45)
Skim milk 900 ml
Solution 1 100 ml

Lactate–acetate–
thioglycollate–ammonium
sulfate (LATA) medium
(adjust pH to 6.1)

Calcium lactate 20 g
Sodium acetate 8 g
Sodium thioglycollate 0.5 g
Ammonium sulfate 1 g
Agar 2 g
Mineral supplement

(MgSO4.7 H2O), 2.0%;
MnSO4.4$H2O, 0.5%;
FeSO4.7$H2O, 0.4%)

10 ml

Dist. H2O 990 ml

aFor increased selectivity forC. tyrobutyricum, the pH can be adjusted to 5.4. For this
medium, the pH must be adjusted when using 10 ml of the sample to compensate
for the pH increase due to sample addition.
bFor 10 ml of the sample, use 1 ml of solution 1; for 1 ml of the sample or dilution of
it, use 10 ml of solution 2.
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differential media speci� c for C. tyrobutyricumcurrently are
available. A detailed review of the various enumeration
methods for C. tyrobutyricumused in different countries has
been published by the International Dairy Federation and is
included in Further Reading section.

The presence ofC. tyrobutyricumspores currently is moni-
tored by applying methods for either the detection of lactate-
fermenting anaerobic spore formers or for the detection of
total numbers of anaerobic spore formers. Media appropriate
for isolation of anaerobic spore formers can be made more
selective for C. tyrobutyricumby (1) substituting lactate for
glucose as the fermentable carbohydrate source; and (2
adjusting the growth media to a pH of 5.3–5.5, which is similar
to that of many cheeses.Clostridium butyricum, which also
ferments lactate in the presence of acetate, but is not respon
sible for the late-blowing defect, grows signi�cantly more
slowly than C. tyrobutyricumat pH 5.3–5.5 and is inhibited at
pH 5.3 or below. A low pH in growth media also helps to avoid
false-positive results due to the growth of facultative anaerobic
Bacillusspp. Therefore, it is advisable to adjust media for the
speci�c detection of C. tyrobutyricumto a maximum pH of 5.4,
as in the medium used in the NIZO-Ede (Netherlands Institute
for Dairy Research at Ede) method (seeTable 3).

Although detection of C. tyrobutyricumin cheese has been
valuable in establishing this organism as the causative agen
of the late-blowing defect, quantitative determination of
C. tyrobutyricumspore numbers in cheeses (as achieved by th
most probable number (MPN) methods described later) is of
limited value, as vegetative cells are destroyed in the proce
dure. As a consequence, theC. tyrobutyricumnumbers esti-
mated by MPN do not re� ect total numbers of vegetative cells
and spores present in the cheese. Predictive capabilities f
estimating relative numbers of C. tyrobutyricumspores to
vegetative cells in cheeses have not been established. Spo
numbers of 101–107 per gram have been found in cheese
evolving butyric acid. Butyric acid production, which is
an indicator of C. tyrobutyricumcontamination in cheeses,
can be evaluated by head-space gas chromatography or b
high-performance liquid chromatography techniques. These
analytical techniques offer an additional approach for quan-
titatively screening for the presence and metabolic activity o
C. tyrobutyricumin cheese. Because fat degradation in chee
also can produce small amounts of butyric acid, however
determination of butyric acid values, alone, in cheeses with
signi� cant fat degradation might not be diagnostic for the
presence of C. tyrobutyricum. To overcome this potential
complication, quanti � cation of capronic acid in addition to
butyric acid (i.e., determination of an increase in butyric acid
content, but no increase in the capronic acid content) will
indicate fermentation of lactate to butyric acid and the
absence of lipid degradation. Butyric acid values greater tha
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100 mg butyric acid per kilogram in Gouda cheese are
indicative of fermentation of lactate to butyric acid.

A variety of media, including the Bacto-AC-medium,
reinforced clostridial medium (RCM), and cooked-meat
medium, are suitable for the cultivation and maintenance of
C. tyrobutyricum. Chopped-meat agar slants or old PYG culture
are recommended for culture sporulation. Agar media con-
taining sulfite (e.g., differential reinforced clostridial medium
(DRCM), sodium ferric-citrate agar) generally are used for the
detection of sulfite-reducing mesophilic Clostridiumspp., but
also permit growth of C. tyrobutyricum. Although many Clos-
tridium spp. (e.g., Clostridium botulinum, C. sporogenes, Clos-
tridium bifermentans, Clostridium perfringens) have the ability to
reduce sulfite, C. tyrobutyricumis reported to be nonsulfite
reducing.

The presence of some selective components commonl
used in formulations for the detection of Clostridiumspp. in
agar media (e.g., crystal violet, neomycin, polymyxin B) is
problematic for the detection and growth of C. tyrobutyricum.
This species, or some strains within the species, is somewh
sensitive to many selective components. DRCM medium
contains no selective components and therefore can be used fo
the detection and isolation of Clostridium spp., including
C. tyrobutyricum, from milk. The absence of selective compo-
nents mandates that the sample undergoes a heating step t
inactivate vegetative cells that may be present. None o
these media provides adequate selectivity or differentiation
to allow direct quantitative detection of C. tyrobutyricum
in milk. The utility of these media for the detection of
C. tyrobutyricumfrom food products could be enhanced by
combination with subsequent tests speci� c for this organism
(e.g., colony hybridization, immunoblots, polymerase chain
reaction (PCR)).
g
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MPN Procedures

Overview

The MPN procedure using three or� ve tubes is currently the
most common method for the estimation of C. tyrobutyricum
numbers in milk. Generally, for MPN estimation of C. tyro-
butyricum, milk sample volumes of 0.1 ml, 1.0 ml, or 10 ml
are added to an appropriate medium. Determination of the
sample volumes (i.e., dilutions) used and the number of tubes
per dilution depends on the speci� c application and purpose
of each test. Since as few as one or twoC. tyrobutyricumspores
per 10 ml of milk can cause the late-blowing defect, a sensitivity
of two spores per 10 ml is necessary for a raw milk screenin
assay. This level of contamination is indicated by a maximum
of one positive tube out of three tubes containing 10 ml of
milk per tube in an MPN test. Two dilutions (10 ml and 1 ml
of milk) with three tubes per dilution typically are used in
routine testing.
ce
re
Sample Preparation and Incubation Conditions

All MPN methods used for C. tyrobutyricumquanti � cation
detect the presence of spores, but not vegetative cells, sin
samples are heated to inactivate vegetative cells either befo
inoculation or immediately after addition to the medium.
Although temperatures used for heat treatments vary widely
between different protocols, recommended heat treatments are
in the range 5–10 min at 75–80 � C. Since C. tyrobutyricum
spores are reportedly more heat sensitive than those of man
other Clostridium spp., higher temperatures or longer heat
treatments should be avoided.

Before incubation, inoculated MPN tubes are sealed (e.g
with paraf� n) to exclude oxygen. Tubes usually are incubated a
37 � C for 7 days. Tubes are positive if they show visible ga
formation at the end of the incubation period. For the detec-
tion of C. tyrobutyricum, tubes are designated positive only if
large volumes of gas have been produced, as indicated b
obvious vertical displacement of the paraf� n plug above the
culture medium. Clostridium tyrobutyricumspores generally
produce positive results after incubation at 37� C for 4 days. In
fact, a 4-day incubation is used for the NIZO-Ede MPN method
to optimize the likelihood that the growth of C. tyrobutyricumis
predominantly responsible for positive results.
Media Commonly Used for MPN Estimations

Media most suitable for quantitative detection of
C. tyrobutyricumby MPN procedures include RCM with the
substitution of lactate for glucose (also known as Fryer–
Halligan method), Bergère’s modi� cation of the lactate
medium of Bryant and Burkey (BBMB lactate), and the NIZO-
Ede media (Table 3). These media contain lactate as a carbon
source to allow selective growth of lactate-fermenting spore
formers. RCM lactate and BBMB lactate also contain acetat
which facilitates lactate fermentation byC. tyrobutyricum. The
pH of RCM lactate can be adjusted to 5.4 to improve its
selectivity for C. tyrobutyricum. The Weinzirl method is a clas-
sical MPN test for the detection of anaerobic spore formers. The
Weinzirl approach uses milk; milk supplemented with glucose;
milk supplemented with yeast extract, lactate, and cysteine; o
milk supplemented with glucose and lactate as growth media.
Determination of the presence of anaerobic spore formers by
the original Weinzirl method, however, generally does not
correlate with the potential of the milk to cause the late
blowing defect in cheese. Because the original Weinzirl method
uses milk as the primary growth medium, C. tyrobutyricum
spores usually are not detected, since most strains are unable
ferment lactose. The NIZO-Ede method is a modi� cation of the
Weinzirl method, which uses a lactic acid–glucose solution or
a skim milk–lactic acid–glucose solution adjusted to pH 5.45
to add lactate as a carbon source.

MPN techniques using RCM lactate and BBMB lactate d
not allow speci� c detection of Clostridium tyrobutyricum, but
rather they detect the presence of any spore formers that hav
the ability to ferment lactate in the presence of acetate. Th
modi � ed RCM lactate (pH 5.4) and NIZO-Ede utilize low pH
(5.3–5.5) to improve selectivity for C. tyrobutyricum. The NIZO-
Ede method is reportedly somewhat less sensitive for the
detection of C. tyrobutyricumthan the Fryer–Halligan method
using modi� ed RCM lactate (pH 5.4).

Before inoculation, tubes containing the appropriate
amount of media are either freshly sterilized or otherwise
treated (i.e., by heating in a boiling-water bath or steaming for
10–20 min) to drive off dissolved oxygen that might inhibit
growth of Clostridium spp. Although indicators such as
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resazurin can be used to indicate the redox status of the medi
(resazurin is colorless when reduced and pink when oxidized),
these generally are omitted in routine MPN applications. The
inoculation of 1 ml of milk, or more, to media containing
lactate as a sole carbon source compromises the selectiv
of the media due to the incorporation of lactose as an
additional fermentable carbohydrate. Although con� rmation
tests on positive MPN tubes are not performed frequently on
a routine basis, subculturing positive tubes in lactate–acetate–
thioglycollate–ammonium sulfate medium (LATA) is advis-
able. Plating on RCM plates containing 200mg cycloserin pe
milliliter, followed by anaerobic incubation for 24 –48 h and
testing of selected colonies for lactate dehydrogenase activi
using a colorimetric enzyme assay also has been proposed
a con� rmation method. Currently, the most commonly used
con� rmation procedure is the inoculation of 1 ml of a 1:10
dilution prepared from a positive MPN tube into 10 ml LATA,
followed by incubation under anaerobic conditions for up
to 5 days. Enzyme-linked immunoassay (ELISA) tests fo
C. tyrobutyricumand gas chromatography for butyric and acetic
acid also provide speci�c con� rmation.
s,

e

-

Antibody and DNA-Based Detection Methods

Due to dif � culties in identifying and differentiating Clostridium
spp. and C. tyrobutyricumto species by classical approache
novel methods for improving our abilities to quantitatively and
rapidly identify and enumerate C. tyrobutyricumare under
investigation. Current classical methods require 4–7 days for
quantitative estimation and are not speci� c for C. tyrobutyricum.
Alternative antibody or DNA-based methods show signi� cant
promise. Although these approaches currently cannot replac
standard MPN methods, some are well suited for reliable
con� rmation of the presence of C. tyrobutyricumspores in
conjunction with the classical MPN methods. Particularly
promising are strategies for detection and quanti� cation of
C. tyrobutyricumin � uid milk samples that could combine
a membrane � ltration step with subsequent antibody-based
techniques, such as ELISA, and antibody-coupled� ow cytom-
etry or with rapid DNA-based detection techniques, such as
real-time PCR.
f
rly

e
,

Antibody-Based Methods

Antibody-based tests, speci� cally ELISA tests, for detection o
C. tyrobutyricumhave been described. These tests are particula
useful for con� rmation of the presence of this organism from
positive MPN tubes. Clostridium tyrobutyricumisolation using
membrane � ltration followed by direct detection of the
organism on the membrane by a monoclonal antibody also has
been reported. A detection method utilizing � uorescently
labeled antibodies and� ow cytometry has been described. Thes
antibody-based strategies offer promising approaches for rapid
quantitative detection of this organism from � uid samples.
n

Figure 1 Late gas blowing in Gouda cheese. Reproduced with
permission from Kosikowski, F.V., Mistry, V.V., 1997. Cheese and Fer-
mented Milk Foods, third ed. F.V. Kosikowski L.L.C., Westport,
Connecticut.
DNA-Based Methods

DNA probes based on speci�c 16S rDNA sequences have bee
shown to provide reliable identi � cation of this species.
Furthermore, PCR primers based on unique sequences (e.g
16S rDNA) have been used successfully to design a PCR ass
for the speci� c detection of this species. The combination of
these tools with the development of ef�cient methods for the
extraction of bacterial DNA from milk matrices could allow for
the application of such strategies as real-time PCR for rapi
detection and quanti� cation of C. tyrobutyricumin raw milk.
Importance in the Food Industry

Clostridium tyrobutyricumis an economic concern for the dairy
industry because it causes structural and sensory defects
cheeses (the late-blowing defect,Figure 1) through production
of large quantities of gas and butyric acid. The late-blowing
defect, which is a consequence of the outgrowth ofC. tyrobu-
tyricum spores, occurs most frequently in brine-salted, hard
and semihard cheeses (e.g., Gouda, Edam, Emmenta
Gruyère). Butyric acid levels above 200mg l� 1 produce detect-
able off-� avors that result in the downgrading of cheese. In
some cases, gas production is suf� cient to rupture the entire
cheese structure. Although otherClostridium spp., including
C. beijerinckii, C. butyricum, and C. sporogenes, have been asso-
ciated with the late-blowing defect, C. tyrobutyricumwidely is
considered the primaryClostridiumspp. responsible for the late-
blowing defect in cheese. Not only has this species been iso
lated from cheeses exhibiting this defect, but also inoculation
of C. tyrobutyricum(but not other species) into experimentally
made cheeses can result in reproduction of the late-blowing
defect. Not all cheeses arti� cially contaminated with
C. tyrobutyricumdeveloped the defect, however.
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Clostridium tyrobutyricumis thought to enter cheese in raw
milk contaminated with silage or bovine fecal material.
Spores of lactate-fermenting Clostridium spp. (including
C. tyrobutyricum) often are found in high numbers ( >100 000
spores per gram) in improperly fermented silages. As
a secondary indicator, a butyric acid content>1 g kg� 1 silage
suggests the likelihood of the presence of high numbers o
clostridial spores, including C. tyrobutyricum. Grass silage has
been associated more frequently with high spore counts than
corn silage. This may be explained by the fact that a higher leve
of contamination with soil (containing clostridial spores)
occurs when cutting grass as compared with harvesting corn
Improvement in the quality of grass silage– for example, by
using silage starters such as propionic or formic acid– can
signi� cantly improve feed quality and reduce the risk of
transferring clostridial spores into raw milk. As there is a clea
positive correlation between the feeding of poor-quality silage
and the presence of high spore numbers in the fecal matter o
dairy cows, fecal material is likely the primary source of
C. tyrobutyricumcontamination in milk. Milking hygiene
represents another critical point for reducing spore numbers
proper cleaning and disinfection of udders and teats can reduce
the C. tyrobutyricumspore load in raw milk by > 90%.

Raw milk from cows fed silage is considered undesirable o
un� t for the production of certain gourmet cheeses. European
regulations speci� cally prohibit the use of raw milk produced
by silage-fed dairy cows in the production of several cheese
including Gruyère, Comte, and Emmental. The ability to test
quantitatively for the presence ofC. tyrobutyricumis, therefore,
essential for screening milk for quality and compliance with
the requirement for avoidance of silage feeding. High
numbers of lactate-fermenting clostridial spores in raw milk
generally are considered to be indicative of the presence of a
least some amount of raw milk from cows fed silage.

Pasteurization of the raw milk does not prevent the late-
blowing defect sinceC. tyrobutyricumspores survive pasteuri-
zation, and even very low numbers ofC. tyrobutyricumspores
(1–2 in 10 ml) are suf� cient to cause the late-blowing defect.
Bactofugation (centrifugation > 5000 g) of raw milk can
reduce spore numbers by about 98%, but it cannot eliminate
them completely. Therefore, this technology is effective in
preventing the late-blowing defect only if the raw milk is of
good microbial quality (<5 –10 spores per milliliter milk).
Quality control for prevention of the late-blowing defect
in the cheesemaking process should therefore includ
(1) monitoring clostridial spore numbers in raw milk and
using these numbers in the determination of quality
premiums paid to milk producers or to exclude raw milk
batches above a certain cutoff point for the production of
speci� c types of cheeses and (2) testing the milk at the
manufacturing level before fermentation to monitor the
effectiveness of bactofugation for reducing spore numbers. In
addition to improved sanitation and restriction of silage
feeding, potential control measures for the late-blowing
defect include alternative processing methods, such as E-bea
radiation, or the addition of inhibitory substances, such as
sodium nitrate (which is not permitted in the United States or
in some other countries), cupric sulfate (CuSO4), or enzymes,
particularly lysozyme, during the cheesemaking process
The addition of lysozyme, which also negatively affects starte
cultures, is effective in preventing late blowing only when low
levels of C. tyrobutyricumspores are present. Several strains o
lactic acid bacteria can produce anticlostridial bacteriocins
Therefore, the use of these strains as adjunct starter cultur
represents a potential method for preventing outgrowth of
C. tyrobutyricumduring cheese ripening.

In summary, C. tyrobutyricumposes a signi� cant economic
problem for the cheesemaking industry. Since raw milk is the
primary source of this organism and since the spores are abl
to survive pasteurization, beyond physical removal through
bactofugation or other means, in-plant quality assurance
programs have a minimal effect on reducing product
contamination with this organism. Silage quality and milking
hygiene are the most important factors with regard to the
contamination of raw milk and therefore present potential
critical control points for improvement of raw milk quality
with regard to reducing levels ofC. tyrobutyricum. Therefore,
milk producers supplying manufacturers of gourmet cheeses
increasingly will be called on to produce raw milk with low
spore levels. As an incentive for producers, quality premiums
for raw milk designated for the production of certain cheeses
could be based on maintainingC. tyrobutyricumspore numbers
below speci� c levels. Currently, clostridial spore numbers in
raw milk are included in the calculation of milk quality
premiums in certain areas of Germany, Italy, and the Nether-
lands. Development and improvement of rapid detection
methods will aid in monitoring, and ultimately, in reducing
the presence ofC. tyrobutyricumin raw milk and therefore will
help to minimize economic losses due to the late-blowing
defect in high-value cheeses.
See also:Cheese in the Marketplace;Clostridium; Enzyme
Immunoassays:Overview;Milk and Milk Products:
Microbiology of Liquid Milk;Nucleic Acid–Based Assays:
Overview; Sampling Plans on Microbiological Criteria;Spoilage
Problems:Problems Caused by Bacteria.
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Glossary

CIEP counterimmunoelectrophoresis
CPE Clostridium perfringens enterotoxin
ELISA enzyme-linked immunosorbent assay
MLST multilocus sequence typing
ble 1 Clostridium perfringens toxins, typing, and associated diseases
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4 Encyclopedia of Food Micr
PCR polymerase chain reaction
PFGE pulse �eld gel electrophoresis
RPLA reverse passive latex agglutination
SLAT slide latex agglutination
Clostridium perfringens Enterotoxin
and C. perfringens Food Poisoning

Clostridium perfringens is a spore-forming anaerobic bacterium
that is widespread in the environment and is pathogenic to
humans and animals. Strains are classi�ed into �ve toxinotypes
(Table 1) based on the production of four toxins (alpha, beta,
epsilon, and iota), occurring during the exponential growth
phase. In addition, some strains of types A to E synthesize an
C. perfringens enterotoxin (CPE), which is formed only during
sporulation.

Human food poisoning is caused by ingestion of food
containing a large number of vegetative C. perfringens cells, and
it rarely is due to preformed CPE in food. C. perfringens
multiply and sporulate in the gastrointestinal track and
synthesizes CPE, which is released with the bacterial lysis. In
humans, the illness is caused by enterotoxigenic C. perfringens
type A strains, which represent a small proportion (5%) of the
global C. perfringens population. The cpe gene is located on
a mobile DNA element �anked by insertion sequences on the
chromosome or on a large conjugative plasmid. When chro-
mosomally located, cpe is �anked by IS1470 insertion
sequences and is associated with Tn1565 transposon, whereas
plasmidborne cpe is limited by IS1151- or IS1470-like
elements. More rarely, cpe is located in a different genetic
structure. C. perfringens strains with chromosomal cpe form
a genetically homogeneous cluster distinct from the other
strains. These strains are more resistant to high and low
temperature, as well as to NaCl and nitrites, and grow more
rapidly at optimal temperatures than plasmidborne cpe strains.
Chromosomal cpe-positive strains mainly are involved in
human food poisoning, whereas plasmidborne cpe strains
mostly are associated with nonfoodborne human gastrointes-
tinal and veterinary diseases. Recent investigations, however,
show that plasmidborne cpe strains also have been identi�ed in
food-poisoning outbreaks. In all the strains, the cpe gene is
under the control of regulating sporulation genes (spoOA, sigE,
and sigK), and it is expressed tightly in a sporulation associa-
tion manner. CPE is responsible for the symptoms (diarrhea,
abdominal pain, and rarely nausea) that usually occur 8–24 h
after the ingestion of contaminated food. Death is uncommon,
but it can occur in debilitated individuals, elderly people, and
young infants.

When orally administered to animals, CPE induces rapid
�uid and electrolyte losses within 15–30 min. The ileum
appears to be the segment of the intestine that is the most
sensitive to CPE. In addition, CPE causes necrosis and
desquamation of the tips of the intestinal villi.

CPE is a 35 kDa protein that shows three structural
domains, the two N-terminal of which are related to those of
the pore-forming toxins from aerolysin family, including
C. perfringens epsilon toxin. CPE binds to a speci�c receptor,
claudins, at the tight junction between intestinal epithelial cells
resulting in formation of small complexes (z100 kDa).
Subsequently, CPE forms large complexes or prepore
(z200 kDa) by association with other membrane proteins,
such as occludin, a major structural protein of tight junctions.
Insertion of the prepore into the membrane results in
Typing Associated diseasesNetB

� A Humans: gangrene
� Humans: food poisoning. Animals: enteritis
þ Poultry: necrotic enteritis
� B Animals: diarrhea, enteritis
� C Humans and animals: necrotic enteritis
� D Animals: enterotoxaemia
� E Animals: enterotoxaemia
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functional pores, leading to the leakage of small molecules
CPE also induces a disorganization of intercellular junctions
and increased paracellular permeability. Cell death occur
possibly by cell necrosis at high CPE concentration o
apoptosis at low CPE concentration.

Enterotoxigenic C. perfringensstrains are also associate
with nonfoodborne digestive diseases, such as antibiotic
associated diarrhea, chronic nonfoodborne diarrhea, and
some cases of sudden infant death syndrome. Immunologica
immaturity of some infants could lead to a nonselective
absorption of molecules, including CPE, from the intestine and
to a rapid transport to the circulation responsible for the
systemic effects of CPE.

A less common digestive disease is termed pig bel, whic
occurs in young people of New Guinea. This is a necrotizing
hemorrhagic enteritis that is caused byC. perfringenstypeC.The
beta toxin, which is responsible for the lesions, is very sensitive
to protease digestion. People of New Guinea are usuall
vegetarian and consume sweet potatoes, which contain trypsi
inhibitors. In some circumstances, they have traditional pig
feasting. C. perfringenstype C. ingested from contaminated
meat multiply in the intestine and produce beta toxin, which is
a necrotizing and cytotoxic toxin. After World War II,
Darmbrand, which resembles pig bel, was associated with
a C. perfringensinfection precipitated by malnutrition in
Northern Germany.

A beta-2 toxin has been found in C. perfringensstrains
involved in necrotizing enteritis in piglets and in typhlocolitis in
horses. The role of beta-2 toxin in human diarrhea is still unclear.
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Importance ofC. perfringensFood Poisoning

C. perfringensis ubiquitous and can contaminate a wide variety
of foods. Most of the C. perfringensoutbreaks occur in collective
restaurants (school canteens, hospitals, prisons, and speci
gatherings). Meat from beef or pork and poultry products,
particularly cooked with sauce, are found at highest risk. In
France, during the period 1990–92, 36.1% of C. perfringens
outbreaks were associated with the consumption of meat and
poultry products. Contamination of meat by C. perfringensis
common, but usually at a low level. This can be due to transfer of
C. perfringensfrom the intestine to the muscles during the
preparation of animals or to surface contamination of meat by
dust at the slaughterhouse. But the contamination at this step is
often at a low level. Recently, the human intestinal tract has been
identi � ed as a potential reservoir ofcpe-positive strains. Food
responsible forC. perfringenspoisoning contains a large number
of C. perfringens(at least 105 per gram), since most of the bacteria
are killed by the acidic pH of the stomach and their multipli-
cation in the intestine is hampered by the resident digestive
micro� ora. TheC. perfringensmultiplication in food depends on
the preparation and storage conditions of meals. Since this
microorganism sporulates, it can survive heating procedures. Th
multiplication rate is very rapid, and growth temperature ranges
from 15 to 50 � C, with an optimum temperature of 40–45 � C.
The generation time (5–7 min at 41 � C in optimum conditions)
is one of the shortest reported for any bacterium. Meat in sauce
constitutes an excellent culture medium forC. perfringens, which
has fastidious growth requirements. The contributing factors
involved in the proliferation of this bacterium in food include
preparation in large amounts too far in advance of eating,
inadequate cooling, and cooked food being stored without
adequate refrigeration and served again later.

The incidence ofC. perfringensoutbreaks varies according to
countries and cooking practices.C. perfringensis the second or
third cause of reported foodborne disease outbreaks and
represents 1–35% of the outbreaks (Table 2). In each country,
the number of outbreaks has changed with time. This could be
due to changes in cooking practices or in methods of prepa
ration and storage of food. It is noteworthy that the number of
cases (22–42) in each C. perfringensoutbreak is higher than in
the other foodborne diseases (Table 2).

EnterotoxigenicC. perfringensis involved in sporadic cases:
7–31.1%. Risk factors associated with these infections are no
known, but all intestinal disorders leading to perturbation of
the digestive micro� ora can possibly induce a proliferation of
C. perfringensand production of the enterotoxin. C. perfringens
counts in feces of patients with sporadic diarrhea are generall
lower (<10 5 per gram) than found in patients with food
poisoning (>10 6 per gram).
IdentiÞcation ofC. perfringensFood Poisoning

The identi� cation of C. perfringensfood poisoning is based on
the determination of CPE in stools of patients and bacterio-
logical investigations of stools and incriminated food.

The bacteriological criteria are as follows:

l Food containing a large number (>10 5 per gram) of vege-
tative C. perfringenscells.

l Isolation of large numbers (>10 6 per gram) of the organism
from fecal specimens. Fecal count in the normal human
population is <10 3 per gram. However, several reports
indicate that C. perfringensspore counts>10 6 per gram also
can be found in debilitated, institutionalized patients who
are neither acutely ill nor involved in a food-poisoning
outbreak.

Additional investigations to associate human illness and
incriminated food are as follows:

l The determination of a common C. perfringenstoxinotype
based on polymerase chain reaction (PCR) detection of al
toxin genes, pulse-� eld gel electrophoresis (PFGE), multi-
locus sequence typing (MLST), or ribotype in fecal speci
mens and in the incriminated food.

l A common toxinotype, PFGE, MLST, or ribotype in feca
specimens from several people.
C. perfringensEnterotoxin Assays

Because CPE is only synthesized during sporulation, culture in
special sporulation medium and control of the presence of
sporulating cells are required for CPE detection in culture
supernatant. Several sporulation media have been propose
with variable results according to the strains. A typical proto-
cole of C. perfringenssporulation is as follows:

A 1 ml sample of C. perfringensgrowing culture in cooked
meat medium is transferred to 10 ml � uid thioglycollate



Table 2 Reported foodborne outbreaks caused by bacteria in different countries

Bacteria

France

1996–2005 2006–08

Con�rmed bacteria Suspected bacteria Con�rmed bacteria Suspected bacteria

Outbreaks (%) Cases (%) Outbreaks (%) Cases (%) Outbreaks (%) Cases (%) Outbreaks (%) Cases (%)

Salmonella 1713 (64.2) 16 230 (48.8) 261 (12.6) 3558 (11.4) 388 (46.8) 2742 (29.8) 102 (8.8) 836 (6.9)
C. perfringens 126 (5.1) 5375 (16.2) 383 (18.5) 8956 (28.8) 58 (7.0) 1540 (16.7) 107 (9.2) 2143 (17.7)
Staphylococcus aureus 366 (13.7) 5750 (17.3) 744 (35.9) 8926 (28.7) 133 (16.0) 1401 (15.2) 439 (37.9) 3835 (31.7)
Bacillus cereus 94 (3.5) 1766 (5.3) 196 (9.5) 3532 (11.4) 37 (4.5) 688 (7.5) 172 (14.9) 1907 (15.8)
Campylobacter 37 (1.4) 426 (1.3) 10 (0.5) 250 (0.8) 27 (3.3) 247 (2.7) 5 (0.4) 21 (0.2)
Shigella 42 (1.6) 337 (1.0) 3 (0.1) 29 (0.1) 13 (1.6) 66 (0.7) 3 (0.3) 17 (0.1)
Other 152 (5.7) 1622 (4.9) 143 (6.9) 31 093 (38.7) 54 (6.5) 696 (7.6) 103 (8.9) 900 (7.4)

Bacteria

The United States England and Wales

1992–97
2000–08c

1992 2000 1992–2008

Outbreaksa (%) Casesb (%) Cases (%) Outbreaks (%) Cases (%) Outbreaks (%) Cases (%) Outbreaks (%) Cases (%)

Salmonella 3640 (19.9) 1 413 332 (27.1) 1 028 382 (28.2) 32 056 (35.1) 99 310 (8.6) 15 365 (17.3) 41 797 (6.8) 1135 (54.5) 27 339 (59.1)
C. perfringens 6540 (35.8) 246 520 (4.7) 965 958 (26.4) 805 (0.9) 276 266 (23.9) 245 (0.3) 84 081 (13.8) 244 (11.8) 5559 (12.0)
Staphylococcus aureus 4870 (26.6) 185 060 (3.5) 241 148 (6.6) 112 (0.1) 25 493 (2.2) 10 (0.01) 2276 (0.3) 35 (1.7) 505 (1.0)
Bacillus cereus 72 (0.4) 27 360 (0.5) 63 400 (1.7) 182 (0.2) 43 152 (3.7) 47 (0.05) 11 144 (1.8) 69 (3.3) 588 (1.2)
Campylobacter 146 (0.8) 2 453 926 (47.1) 845 024 (23.2) 38 536 (42.2) 247 860 (21.5) 55 888 (63.0) 359 466 (59.1) 103 (4.9) 2331 (5.0)
Shigella 1476 (8.1) 448 240 (8.6) 131 254 (3.6) 18 069 (19.8) 3778 (0.3) 966 (1.0) 202 (0.03) 10 (0.5) 423 (0.9)
Other 1497 (8.2) 428 496 (8.2) 371 507 (10.2) 1500 (1.6) 455 788 (39.5) 16 129 (18.1) 108 984 (17.9) 360 (17.4) 12 718 (26.3)

aReported average annual number of bacterial foodborne outbreaks.
bEstimated average of annual number of bacterial foodborne cases.
cCon� rmed and estimated annual averages.
According to Gormley, F.J., Little, C.L., Rawal, N., Gillespie, I.A., Lebaigue, S., Adak, G.K., 2011. A 17-year review of foodborne outbreaks: describing the continuing decline in England and Wales (1992–2008). Epidemiology and Infection 139,
688–699; Scallan, E., Hoekstra, R.M., Angulo, F.J., Tauxe, R.V., Widdowson, M.A., Roy, S.L., et al., 2011. Foodborne illness acquired in the United States– major pathogens. Emerging Infectious Disease 17, 7–15; Delmas, G., Jourdan da Silva,
N., Pihier, N., Weill, F.X., Vaillant, V., de Valk, H., 2010. Les toxi-infections alimentaires collectives en France entre 2006 et 2008. Bulletin Epidemiologique Hebdomadaire 31–32, 344–348; Delmas, G., Gallay, A., Espié, E., Haeghebaert, S.,
Pihier, N., Weill, F.X., et al., 2006. Les toxi-infections alimentaires collectives en France entre 1996 et 2005. Bulletin Epidemiologique Hebdomadaire 51–52, 418–422; Adak, G.K., Long, S.M., O’Brien, S.J., 2002. Trends in indigenous foodborne
disease and deaths, England and Wales: 1992 to 2000. Gut 51, 832–841; Mead, P.S., Slutsker, L., Dietz, V., McCaig, L.F., Bresee, J.S., Shapiro, C., et al., 1999. Food-related illness and death in the United States. Emerging Infectious Diseases 5,
607–625.
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medium. The inoculated � uid thioglycollate medium is heat
shocked for 20 min at 70 � C. The� uid thioglycollate culture is
transferred to 100 ml Duncan-Strong sporulation medium
and incubated overnight at 37 � C. The culture is checked for
the presence of spores by observation under phase-contra
microscopy and culture supernatant obtained by centrifuga-
tion is subjected to CPE detection.

The presence of CPE may also be detected directly in fec
samples prepared as follows. One volume of fecal specime
(approximately 1 g) is mixed in one volume (1 ml) of 0.001 M
phosphate buffer pH 7.2, containing 0.15 M sodium chloride
(phosphate buffered saline (PBS)) in a vortex mixer. The
suspension is either centrifuged at 12 000 g for 20 min at 4� C
or passed through 0.45 or 0.22mm membrane� lters and the
resulting supernatant or� ltrate is tested.

Initially, biological techniques have been used for CPE
detection, including mouse lethality, Vero cell cytotoxicity, and
plating inhibition of Vero cells.

Speci� c polyclonal and monoclonal anti-CPE antibodies
have been obtained, and a large variety of immunological tests
have been proposed for the detection and titration of CPE.
The � rst immunological tests were based on immunoprecipi-
tation of CPE in agarose gel in the presence of speci� c anti-
bodies: single-gel diffusion, and double-gel diffusion or
Ouchterlony test.
ed

t

e

Counterimmunoelectrophoresis

The sensitivity of the precipitation reactions is improved
by using an electrical � eld (Table 3) and counterimmuno-
electrophoresis is the most used of these techniques.

Two rows of wells separated by about 5 mm are cut in
agarose gel. Serial dilutions of CPE and samples are dispers
into the wells of one row, and anti-CPE antibodies are
distributed in the wells of the other row. An electrical � eld
(10 V cm� 1) is applied (þnear the wells containing the
antigen) for 30–60 min. A precipitation lane is observed in the
presence of CPE. The sensitivity is shown inTable 3.
se
r

e
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Latex Agglutination Tests

Two latex agglutination tests have been described: A rever
passive latex agglutination (RPLA), which is achieved afte
rd

Table 3 Sensitivity of assay methods forC. perfringensenterotoxin

Method

Detection limit of

Puri�ed CPE
(ng ml� 1)

CPE in feces
(ng ml� 1)

Double diffusion 500–2000
Counterimmunoelectrophoresis 200–2000
Vero cell cytotoxicity 25–50
RPLA 1 40
SLAT 3 5–50
ELISA 0.1–3 5–10

ELISA, enzyme-linked immunosorbent assay; RPLA, reverse passive latex ag
nation; SLAT, slide latex agglutination.
overnight incubation; and a slide latex agglutination (SLAT),
which requires only a few minutes.

Reverse Passive Latex Agglutination

RPLA is commercially available (PET-RPLA, TD930, Oxoid
Basingstoke, UK). The sensitivity is about 3 ng ml� 1 (Table 1).
The procedure is as follows:

1. For each sample, two rows of a 96-well V type microtiter
plate are used.

2. Place 25ml of PBS containing 9.5% bovine serum albumin
(BSA) in each well, except in the� rst well of each row. The
last wells only contain PBS-BSA.

3. Add a 25ml sample to the� rst and second well of each row.
4. Serial twofold dilutions are done in each row from the

second to the seventh well.
5. Add 25 ml of beads sensitized with immunopuri� ed anti-

CPE antibodies to each well of the� rst row.
6. Add 25 ml of control beads sensitized with nonimmune

rabbit immunoglobulins to each well of the second row.
7. Mix well by hand rotation of the plate or by using a plate

shaker.
8. Cover the microplate with a lid or put the microplate in

a humidi � ed chamber.
9. Incubate the plate at room temperature for 20–24 h.

The results are interpreted as follows:

1. Agglutination is determined by visual inspection. This is
easier with a black sheet under the microplate or with a tes
reading mirror.

2. The results are scored asþþþ (complete agglutination),
þþ, þ, þ /� or – (absence of agglutination) (Figure 1).

3. The row containing control latex must be negative.
A nonspeci� c agglutination can be observed in some
samples. A sample is considered to contain CPE when th
positive agglutination in the sensitized row exceeds that in
the control by two wells or more.

Slide Latex Agglutination

The SLAT technique consists of latex bead agglutination in th
presence of CPE on a glass slide. Reagent preparation is
follows:

1. Dilute latex beads (0.8 mm) 1:3 in glycine buffer (0.1 M
glycine, 0.15 M NaCl, pH 8.2).

2. Add anti-CPE immunoglobulins that have been puri� ed by
immunoaf� nity on a Sepharose column containing
immobilized CPE (13 mg ml� 1, � nal concentration).

3. Agitate the mixture for 1 min at room temperature, then add
an equal volume of PBS-0.1% BSA, and vortex vigorously to
mix the suspension.

4. Use nonimmune rabbit immunoglobulins G (Sigma) for
the control latex.

5. Store the latex suspensions at 4� C.

The test procedure is as follows:

1. Mix 25 ml of samples and serial twofold dilutions in PBS
containing 0.1% BSA with 25 ml sensitized or control latex
beads on a glass slide. Gentle rotate each mixture and reco
the results after 1–5 min by visual inspection.

gluti-
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Figure 1 Interpretation of the agglutination results in RPLA.þ corresponds to the agglutination of latex,� corresponds to the sedimentation of
particles.
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2. Score the results in a similar way to those for RPLA:þþ
(complete agglutination), þ, þ/ � or – (absence of
agglutination).

3. Samples containing CPE do not agglutinate control latex
beads. Note that samples containing a high concentration of
CPE give negative or weakly positive results, and complet
agglutination is observed with diluted samples.

The sensitivity depends on the puri� cation of the immu-
noglobulins used for the latex bead preparation. When the
immunoglobulin G fraction puri � ed from rabbit anti-CPE
serum is used for the sensitization of latex beads, the SLA
sensitivity with puri � ed CPE is 100 ng ml� 1. By using speci�c
anti-CPE immunoglobulins puri � ed by immunoaf � nity,
however, a lower limit of detection of 0.1 ng ml � 1 is attained.
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Enzyme-Linked Immunosorbent Assays

Several enzyme-linked immunosorbent assay (ELISA) tech
niques have been proposed for the CPE titration in different
samples including stools of patients. An ELISA kit is available
from TECHLAB (Blacksburg, VA). A typical protocol is as
follows:

1. Coat a microtiter plate with rabbit anti-CPE immunoglob-
ulins (100 ml of a 5mg ml� 1 solution in PBS). Seal the plate,
incubate it overnight at 22 � C, and wash it four times with
PBS containing 0.05% Tween20 (PBST).

2. Add CPE standard and test samples (100ml diluted in PBST)
to the antibody-coated plate, and then seal it and incubate
at 37 � C for 90 min. Wash the plates as previously described
and incubate for a further 90 min at 37 � C in the presence of
anti-CPE immunoglobulin G (IgG) horseradish peroxidase
conjugate (100 ml diluted in PBST containing 1% normal
rabbit serum).

3. After the washing procedure, add 100ml of ABTS–H2O2

solution containing 0.4 mM 2,2 0-azino-di(3-ethylbenzo-
thiazoline-6-sulphonate) (ABTS) and 1.3 mM H2O2 in
0.1 mM citrate phosphate buffer, pH 4, to each well. Incu-
bate the plate for 30 min at room temperature.

4. Read the absorbance at 403 nm. The sample is considered
contain CPE when the absorbance is�0.2 after correction
for background that corresponds to the absorbance in
a control noncoated well. Estimate the CPE concentration
from a standard curve using puri� ed CPE (0–50 ng ml� 1).

A variant procedure is the four-layer sandwich ELISA
procedure:

1. Coat each well of an immulon II enzyme immunoassay
plate with 200 ml of goat anti-CPE serum (1–100 dilution in
carbonate buffer 0.0015 M Na2CO3 – b 0.035 M NaHCO3,
pH 9.6), and incubate the plate overnight at 4� C in a humid
chamber. Then after washing the plate with 100ml of warm-
washing solution containing 0.85% NaCl, 0.05% Tween20,
and 0.3% BSA per well, gently shake the plate on a rotar
shaker for 2 min. Repeat this washing procedure three times

2. To block the excess binding sites on the microtiter plate
incubate at 37 � C for 30 min with 100 ml of 3% BSA-1%
normal goat serum diluted in PBS per well. Then wash the
plate twice as described above.

3. Add samples (100ml per well) containing CPE diluted in
0.05% Tween20 in PBS to each well, and incubate the plate
at 37 � C for 2 h. Wash each well once prior to the repetition
of the blocking procedure as described above for 30 min at
37 � C.

4. Wash the plate twice and then add 200ml of rabbit antitoxin
diluted 1:200 with 0.85% NaCl, 0.05% Tween20, and 1%
BSA to each well and incubate for 2 h at 37� C. Wash three
times, and then add 200 ml of conjugate (goat antirabbit
immunoglobulin G conjugated with alkaline phosphatase)
of a 1:800 dilution in PBS-0.05% Tween20 for 2 h at 37� C.
Wash three more times and add 200ml of warm substrate
(0.1% p-nitrophenol phosphate-10% diethanolamine-
0.01% MgCl2, pH 9.6).

5. Allow the reaction to progress at 37� C for 30 min and then
terminate it by adding 50 ml of 2 M NaOH.

6. Read results spectrophotometrically at 405 nm. For each
sample, perform the test in duplicate. Determine the
absorbances by subtracting the absorbances (<0.02) in
negative controls that do not receive CPE or sample. Value
above 0.1 are considered to be positive.

The sensitivity of ELISA is 1–25 ng ml� 1 using puri� ed CPE
in aqueous solution and 5–500 ng g� 1 CPE in feces samples
(Table 3). Protease activity of some samples is responsible fo
the decrease in sensitivity as a consequence of digestion of th
IgG used for coating the polystyrene surface. This can be pre
vented by addition of serum albumin (1%) to the samples.
Detection of EnterotoxigenicC. perfringens

DNA-based methods– including PCR, standard PCR, nested
PCR, real-time PCR, and loop-mediated isothermal ampli� ca-
tion, as well as DNA–DNA hybridization – have been devel-
oped for the identi � cation of enterotoxigenic strains and
C. perfringenstyping. Multiplex PCR permits the simultaneous
detection of several toxin genes. A duplex PCR has bee
designed to identify the alpha-toxin gene, which corresponds
to a marker of the C. perfringensspecies, since this gene i
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present in all strains except in very few rare strains, and thecpe
gene which is characteristic of the strains involved in food
poisoning. The detection level ranges from 103 to 105

C. perfringenscells per gram of stool or food sample, and 10
cells per gram when enrichment culture is used. The advantag
of PCR is that C. perfringenssporulation is not required and
reliable results are obtained with culture in usual growth
medium.

Among the protocols of stool preparation, a rapid method
is as follows: A 1 g stool sample is homogenized with 9 ml of
distilled water; 1 ml is the centrifuged and the supernatant
discarded. The pellet is resuspended in 0.2 ml of Instage
(BioRad). The mixture is incubated for 30 min at 55 � C, vor-
texed vigorously for 10 s, and incubated for 10 min at 100� C.
The mixture is vortexed again for 10 s and centrifuged (10 min
at 10 000 rpm). Supernatant (3ml), both undiluted and diluted
1:10 in distilled water containing 3% BSA, is used for PCR
ampli � cation.
r

e

e

-

Advantages and Limitations of the CPE
Detection Methods

Two situations have to be considered:C. perfringensfood-
poisoning outbreaks and routine food control ( Figure 2).

In a C. perfringensfood-poisoning outbreak, the contami-
nated food contains at least 105 C. perfringenscells per gram
and CPE is not detectable. The patients, during the 2 days afte
the onset of symptoms have�10 6 enterotoxigenicC. perfringens
cells per gram and CPE of 0.012–140 ng g� 1 of stool. When
fecal samples were collected on the� rst 2 days of an outbreak,
77% were enterotoxin positive, and among the specimens
collected later than the second day, only 33% has detectabl
CPE. Enumeration and identi� cation of C. perfringensfrom
contaminated food and stool by the standard method is ach-
ieved in at least 24 h. The identi� cation of enterotoxigenic
Figure 2 Schematic representation of the main methods forC. perfringeni
and enterotoxigenic strains from food containing a large number of v
reaction; ELISA, enzyme-linked immunosorbent assay; RPLA, revers
strains requires sporulation by the strain and subsequently
detection of CPE by an immunological or biological test
(Table 4). Rapid methods can be used to identifyC. perfringens
outbreaks and set preventive measures in place. The presence
enterotoxigenic C. perfringensin food and stool is rapidly
detected (about 6–8 h) by PCR without enrichment culture.
The con� rmation of C. perfringensfood poisoning can be ach-
ieved by CPE detection in stool of patients in a few minutes by
SLAT or several hours by ELISA or RPLA. The detection limits
these methods are in the range of the CPE levels found in
patients, and CPE is not detectable in healthy individuals.
ELISA requires a longer time than SLAT, but it can b
automated.

The standard method for routine testing of food enumer-
ates sulfite-reducing bacteria, which includesC. perfringens
and also otherClostridiumspp. PCR with enrichment culture is
a reliable and sensitive method (10 C. perfringenscells per
gram). Within 24 h, C. perfringenscan be detected and the
enterotoxigenic strains discriminated. Moreover, PCR can b
automated. The limitation is that the results are not quanti-
tative. A quantitative method based on the most probable
number method consists of inoculating serial dilutions of
food samples into enrichment medium and performing PCR
with each dilution culture. Quantitative PCR and standardi-
zation with the reference method of C. perfringensenumera-
tion are required to use this method in food bacteriology, as
certain levels ofC. perfringens(50–200 per gram) are tolerated
in some food products. Of� cial regulations concern the
anaerobic sulfite-reducing bacteria without distinction of
C. perfringensfrom other bacteria, and without distinction of
enterotoxigenic and nonenterotoxigenicC. perfringens. Since
only enterotoxigenic C. perfringensstrains have been recog
nized as being responsible for food poisoning, and new
methods that speci�cally can identify these toxigenic bacteria
are available in routine testing, adjustment of the regulation
should be considered.
sdenti� cation from food and feces.aDirect PCR detection ofC. perfringens
egetativeC. perfringenscells (> 105 bacteria per gram). PCR, polymerase chain
e passive latex agglutination; SLAT, slide latex agglutination.
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Table 4 Comparison of usual methods of CPE detection

ELISA RPLA SLAT Vero cell assay (plating inhibition of Vero cells)

Time required for complete test <8 h 24 h 30 min 24 h
Time spent on test 2.5 h 0.5 h 3–10 min 0.75 h
Speci� city Excellent Good Good Good
Reproducibility Yes Yes Yes Yes/No (a fourfold change in cytotoxicity was observed)

ELISA, enzyme-linked immunosorbent assay; RPLA, reverse passive latex agglutination; SLAT, slide latex agglutination.
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See also: Clostridium; Clostridium:Clostridium perfringens; Heat
Treatment of Foods – Principles of Pasteurization; Spoilage of
Meat; Spoilage of Cooked Meat and Meat Products; Process
Hygiene:Overall Approach to Hygienic Processing.
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Introduction

Botulism is a paralytic disease caused by one of the several
potent protein exotoxins produced by the bacterium
Clostridium botulinum. The illness usually occurs in one of the
three clinical–epidemiological forms: (1) foodborne botulism,
(2) infant botulism, and (3) wound botulism. A small number
of cases are of undetermined etiology. The exotoxin produced
by C. botulinum may be one of the seven different immuno-
types, designated A–G (Table 1). All types share a common
�nal pathogenesis: hematogenous circulation of toxin to
peripheral cholinergic synapses in which release of acetylcho-
line is blocked, impairing autonomic and neuromuscular
transmission. Foodborne botulism is almost completely
limited to botulinum toxins types A, B, and E.

Assays for botulinum toxins have been developed primarily
for diagnostic purposes as well as to increase knowledge of the
etiology of botulism. Assays are also used to develop rules for
good manufacturing practices in the food industry.

Con�rmation of foodborne botulism is based on the
detection and identi�cation of the toxin in the blood serum of
patients as well as in the incriminated food. The quantities of
toxin in blood serum typically are low, whereas those in the
incriminated food may be substantially higher. For diagnosis of
infant botulism, detection and identi�cation of the toxin in
fecal material is necessary. Detection of large numbers of toxin-
producing organisms is also useful, however. Con�rmation of
wound botulism depends on the demonstration of
C. botulinum organisms in wound exudate.

The detection of C. botulinum and the discrimination of
these organisms from other clostridia are based on assays for
toxin. This can sometimes be dif�cult because isolation of pure
cultures is rather cumbersome. In the usual procedure, samples
are enriched in suitable media and, after proper incubation,
Table 1 Toxins produced by Clostridium botulinum
organisms

Type Subtype

Toxins

Major Minor

A A –
AB A B
AF A F

B B –
BA B A
BF B F

C (Ca) C1 C2, D
(Cb) – C2

D D C1,C2
E E –
F F –
G G –

Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
culture supernatants are tested for the presence of toxin. The
quantity of toxin produced depends on several factors, such as
the type of sample, the presence of competitive microorgan-
isms, and incubation temperatures. Generally, only small
quantities of toxin are produced. Furthermore, the production
of toxic components by microorganisms other than
C. botulinum has to be taken into account. For this reason,
neutralization by speci�c antisera has to be tested, which then
allows for the identi�cation of the infecting strain.

Ultrasensitive assays are of interest for the detection of
botulinum neurotoxins. These include the bioassay in mice
and the highly sensitive immunoassays like the enzyme-linked
immunosorbent assay (ELISA).
Bioassay for Botulinum Toxin

The most sensitive and widely used biological assay of botu-
linum toxin is the intraperitoneal (i.p.) injection of material
into mice that weigh 18–22 g. The test is unsuitable for
examination of samples containing other substances that may
cause interference or nonspeci�c death in mice. Furthermore, to
obtain a quantitative determination of toxicity by i.p. injection,
relatively large numbers of animals and a period of 4 days are
required.

Figure 1 presents a scheme for the mouse bioassay for
botulinum toxin. To stabilize the toxin, samples to be tested are
diluted in 0.05 m phosphate buffer, pH 6, containing 0.2%
Figure 1 Schedule for testing samples for the presence of botulinum
toxin by the mouse bioassay.
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gelatin. The addition of bovine serum prevents nonspeci� c
death in mice used to test the toxicity of � sh samples. After
centrifugation of the homogenized samples, the supernatan
can be concentrated by ultra� ltration. It has been shown that
after centrifugation, a homogenate of canned beans could be
concentrated at least 15-fold.

Botulinum toxin present in the (concentrated) supernatants
can be potentiated considerably by the addition of trypsin,
which causes limited proteolysis (nicking) of the toxic mole-
cule. This is especially true for type-E toxin and for type-B toxin
produced by nonproteolytic strains of C. botulinum. Other
toxins originating from proteolytic strains are activated
endogenously, but they are often nicked partially and addi-
tional trypsinization results in an increased toxicity. Trypsini-
zation usually is omitted when stool samples are tested. It is
not clear, however, whether the activation of the toxin of
nonproteolytic type-B and -E strains in the gut is maximal.

The symptoms in the mice often develop within 4 h after
injection and include characteristic vibration of the abdominal
wall, followed by the wasp-shaped abdomen and labored
breathing with or without paralysis of the limbs. Heating of the
sample (80 � C for 5 min) or neutralization by speci � c antitoxin
results in negative mouse bioassays. Samples with antisera a
incubated at 37 � C for 30 min before i.p. injection into mice.
When the toxicity of a sample is too high, it is diluted appro-
priately in the gelatin–phosphate diluent and neutralization
tests are prepared. For identi� cation of the toxin by neutrali-
zation reactions, account has to be taken of the seven immu
nologically different types of botulinum toxin (A –G). As
a consequence, a sample (e.g., an enrichment culture) ma
contain more than one type of toxin, and a large number of
mice are needed to test all toxin–antiserum combinations.

For the quantitative determination of toxin by mouse
bioassay, usually 0.5 ml volumes of serial twofold dilutions in
the gelatin–phosphate medium are injected into four animals.
After 4 days, the 50% lethal dose (LD50) is calculated, often by
using the method developed by Reed and Münch (1938).
When mice are injected intravenously with 0.1 ml toxin solu-
tions (about 103–105 i.p. LD50), they are killed, within
minutes, according to a de� nite and reasonably reproducible
dose–survival time relationship. Standard curves have been
prepared for different types of toxin. The intravenous injection
method, however, should be applied only to fully activated
toxin, because activated and nonactivated type-E toxin giv
parallel, but distinct, curves.
e

e

of

Table 2 Relation between ELISA and mouse bioassay for detection
of type-B botulinum toxin added to surface watera

Incubation time
(h) at 20� C

Quantity of toxin detectedb

Mouse
bioassay

ELISA with coating antibodies

Polyclonal
antibodies

Monoclonal
antibody B-6–2

0 7100 7000 7100
24 2200 7200 2300
72 400 7100 500

aSterile culture� uid ofC. botulinumstrain Okra was added to surface water (pH 8.1).
bData expressed in i.p. mouse LD50 per ml.
Reproduced from Notermans and Nagel 1989. Assays for Botulinum and Tetanus
Toxins. In: Simpson, L.L. (Ed.), Botulinum Neurotoxin and Tetanus Toxin. Academic
Press, San Diego, p. 319.
Immunoassays for Botulinum Toxin

In both the serum of patients and in enrichment cultures, small
quantities of the highly potent botulinum neurotoxin may be
present. Therefore, only the most sensitive immunoassays ar
of value, such as the ELISA and the ampli� ed ELISA. These
techniques are based on a quantitative reaction of the toxin
(antigen) with its antibody (antitoxin). The most widely
applied technique is based on binding of the toxin present in
a test sample to antibodies coated to a solid surface. Th
adsorbed toxin is then captured by a second antibody, which is
labeled with an enzyme. The enzyme activity is a quantitative
indication of the amount of toxin present. Ampli � cation of the
ELISA reaction can be accomplished by among others the use
biotin –avidin reaction kinetics. In this case, the capturing
antibody is conjugated with biotin. Avidin, which is labeled
with enzymes, reacts with the biotin. It has been demonstrated
that the sensitivity is increased at least 10-fold. Nonspeci� c
reactions, however, will also be ampli� ed. Therefore, well-
selected antibodies, such as monoclonal antibodies, are
necessary for success.

A general disadvantage of immunoassays, such as the ELIS
is that only the antigenicity is determined, and this may differ
from the actual toxicity (Table 2). Speci� city and sensitivity of
the assays are determined mainly by the quality of the anti-
serum used. A number of systems for antibody production
and selection have been developed to improve the quality of
antiserum.
Production of Antiserum

Impure botulinum toxin is composed of nontoxic and toxic
parts. The size of the progenitor toxin may be 19S, 16S, or 12S
whereas the homogeneous neurotoxin has a sedimentation
constant of 7S. The nontoxic parts of some progenitor toxins
are immunologically identical. Traditionally, antisera against
botulinum toxin are produced by immunization with crude
preparations of detoxi� ed materials. Such antisera are suited
for neutralization reactions but not for immunoassays. Type-
speci�c antisera are prepared by immunization with homoge-
neous neurotoxins. Antibodies, produced as described earlie
with the immunological sites (epitopes) in the whole molecule
may still react with the toxin even if it is detoxi� ed. In the
experiments described inTable 2, botulinum toxin type B was
added to surface water, at pH 8.1, and stored for several days
20 � C. There was a decrease in the mouse toxicity over time, bu
there was no associated decrease in immunogenicity. The sam
results were obtained with other types of botulinum toxins that
were added to surface water. These results show that preferab
antibodies that react with the toxic site(s) of the molecule
should be used. This can be accomplished by using well
selected monoclonal antibodies.
Nonspeci�c Reactions

Each immunoassay is potentially sensitive to nonspeci� c
reactions. These reactions occur if substances like staphyl
coccal protein A bind to the antibodies that are used in the
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assay. This protein A binds to the Fc fragments of immuno-
globulin G (IgG) present in the coat of the solid surface as
well as in the enzyme–antibody conjugate, giving rise to false-
positive reactions. These reactions can be avoided by addin
neutral IgG to the test sample. False results may also b
caused by lysozyme, which strongly associates with protein
with low isoelectric points, like immunoglobulin, and form
bridges between the IgG in the coat and the enzyme-labele
antibodies.

Besides protein A and lysozyme, other unknown cross
reacting substances might be present in test samples. Cons
quently, the immunological detection of botulinum toxin may
not be reliable, and it is necessary to check for both false
positive and false-negative results. The addition of a known
quantity of toxin to a negative sample easily can indicate false
negative results. False-positive results, however, are mo
dif � cult to recognize.
e
te
t
d

Sensitivity of Immunoassays

To date, the sensitivities of allin vitro immunological methods
are less than that of the mouse i.p. injection method, although
some investigators have claimed techniques with a comparabl
sensitivity. With the mouse bioassay, the minimum detectable
quantity of toxin is approximately 20 pg. The ELISA method
has a minimum detectable quantity of 1–10 ng, whereas an
ampli � cation-based method has the minimal detectable
quantity of 0.1–0.8 ng.
ect

d

.

t

e

r

in

e
t

Electrochemiluminescence

Electrochemiluminescence (ECL) assays can be used to det
and quantify the presence and toxicity of speci� c neurotoxin
based on an ECL signal. Sensitivities have been demonstrate
similar to that of the mouse bioassay with time to results in
a matter of hours compared with days.

ECL uses an immunoassay format, with an antibody and
labeled paramagnetic bead that captures the neurotoxin. A
second detection antibody is used that is labeled with a chelate
When toxin is present, the detection and capture antibodies
form an immunocomplex. This immunocomplex leads to the
formation of a chelate-labeled paramagnetic bead. A magne
on to an electrode surface within the instrument collects
the paramagnetic beads. The chelate on the surface of th
bead produces an ECL signal that can be quanti� ed by the
instrument.
t
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d
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Lateral Flow Assays

Lateral � ow assays (LFAs) are one of the simplest and mos
rapid of the detection methods for neurotoxins. Although LFAs
do not currently have the sensitivity of other assays, thes
devices are low cost and can be used readily in the� eld without
trained technicians to use and interpret results. Results can b
read in a matter of minutes compared with hours. LFAs work by
adding capture antibodies to a nitrocellulose membrane and
then blocking it with reagents. This blocked membrane is then
added to a backing card. Conjugated antibodies are then adde
to a membrane and dried and� xed. The conjugated membrane
is overlapped onto the nitrocellulose and backing card. This is
overlaid with a sample membrane, which is then applied to
a plastic type housing. When a sample is applied to the sample
pad, it migrates via capillary action and binds to the conjugated
detector antibody if the toxin is present. Results are then
interpreted by visualization of a colored line.
Polymerase Chain Reaction

Polymerase chain reaction (PCR) has emerged as a leadin
molecular technique in food safety. It can be used to detec
trace amounts of DNA from a sample to aid in isolate iden-
ti � cation, pathogenicity determination, and the presence or
absence of target microorganism. Conventional PCR proto
cols have been developed to determine the presence o
neurotoxin-producing Clostridial strains in a sample. This
technique can detect the toxin gene, but it is unable to
determine whether the gene is expressed and whether th
expressed protein is indeed toxic.
PCR Identi�cation of Toxin-Producing Clostridial Strains

PCR samples are prepared by culturing the suspect isola
overnight at 35 � C in tryptone peptone glucose yeast extrac
(TPGY). The cell suspension (1 ml) is washed and resuspende
to its original volume of using nuclease-free water. DNA can be
extracted by using a commercially available kit or by boiling
the suspension for 10 min. To minimize potential cross-
contamination and to ensure uniformity across multiple indi-
vidual PCR reactions, it is recommended that PCR maste
mixes (commercial or laboratory prepared) be used.

The reaction is prepared using a forward primer with the
sequence and a reverse primer with the sequence listed
Table 3. The primers for each toxin type can be combined into
a multiplex protocol. The thermal cycling parameters are the
same for all toxin types and include an initial denaturation of
5 min at 95 � C followed by 30 cycles of 1 min at 94 � C
(denaturation), 1 min at 60 � C (primer annealing), and 1 min
at 72 � C (primer extension). A � nal extension of 10 min at
72 � C is then performed. At the completion of the thermal
cycling, the reaction should be held at 4� C until it is analyzed.

Successful ampli� cation of each neurotoxin gene is deter-
mined by analyzing 10 ml of the PCR product plus 2ml of 6�
gel-loading dye on a 1.8% agarose gel containing 1mg ml� 1

ethidium bromide. Agarose gel electrophoresis separates th
DNA fragments by size by using an electrical current a
a constant voltage of 5–10 V cm� 1 to move molecules through
the gel. The ethidium bromide intercalates the DNA and upon
exposure to ultraviolet light will � uoresce, thus allowing for
visualization of the PCR product. PCR product sizes are liste
in Table 3.
Conclusion

The mouse bioassay is the most sensitive and widely use
method for assaying botulinum toxins. Other methods have
been developed, but the sensitivity of all thesein vitro methods
is lower than the mouse i.p. injection method. Currently, no
nonanimal tests cover all the neurotoxin types. Therefore, for
diagnostic purposes, especially for botulism, the mouse
bioassay is still the method of choice.
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Table 3 PCR primers for the identi�cation of botulinum neurotoxins

Application Toxin type Sequence Product size (bp) Reference

polymerase chain
reaction (PCR)

A Forward 983 US Food and Drug
Administration
Bacteriological
Analytical Manual
(FDA BAM)

50-GTG ATA CAA CCA GAT GGT AGT TAT AG-30

Reverse
50-AAA AAA CAA GTC CCA ATT ATT AAC TTT-30

B Forward 492 FDA BAM
50-GAG ATG TTT GTG AAT ATT ATG ATC CAG-30

Reverse
50-GTT CAT GCA TTA ATA TCA AGG CTG G-30

E Forward 410 FDA BAM
50-CCA GGC GGT TGT CAA GAA TTT TAT-30

Reverse
50-TCA AAT AAA TCA GGC TCT GCT CCC-30

F Forward 1137 FDA BAM
50-GCT TCA TTA AAG AAC GGA AGC AGT GCT-30

Reverse
50-GTG GCG CCT TTG TAC CTT TTC TAG G-30
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All in vitro methods so far described for botulinum toxin have
an immunological basis, and thus their sensitivity is determined
primarily by the kinetics of the antigen–antibody reaction. The
sensitivity and reliability of these immunoassays may approach
that of the mouse bioassay if high-quality immunoglobulins
(high speci�city and high af�nity) are used. Currently, active
research is being done in this area by a number of groups, which
undoubtedly will lead to commercial products.

See also: Bacterial Endospores; Clostridium; Clostridium:
Clostridium botulinum; Food Poisoning Outbreaks; Heat
Treatment of Foods: Principles of Canning; An Brief History of
Food Microbiology.
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Introduction

The primary objectives of cocoa and coffee fermentations are
the removal of mucilage from coffee and cocoa beans and the
development of a number of �avor precursors in cocoa. Cocoa
is made from the seeds (beans) of the cacao plant, the fruit of
which is a pod containing up to 50 beans covered in white
mucilage. The mucilage is fermented by yeasts, and then beans,
which darken during the week-long fermentation, are dried and
roasted. The manufacture of coffee from ripe coffee fruits
requires the initial removal of a sticky mucilaginous mesocarp
from around the two beans in each fruit. The outer skin of the
fruit is mechanically disrupted, and the whole is left to ferment.
The mucilage is degraded by the fruit’s own enzymes and by
microbial extracellular enzymes. After fermentation, the beans
are washed, dried, blended, and roasted.

The popularity of cocoa and coffee is derived from their
unique and complex �avors and possibly also from the presence
of caffeine and similar compounds that may have a mild stim-
ulatory effect. The �avors are initially developed during pro-
cessing immediately after harvesting. This �avor development
involves the action of various enzymes on the polyphenols,
proteins, and carbohydrates. Unlike many other fermented
products, it is those endogenous enzymes that are mainly
responsible. In cocoa, the role of microorganisms is limited to
the removal of the pulp that surrounds the fresh seeds or beans.
The microbial activities result in the death of the bean and the
creation of the environment for development of �avor precur-
sors. In coffee, their role is limited to the removal of the pulp in
some of the processing methods. During this initial processing,
a number of �avor precursors are formed, which in cocoa and
coffee are further modi�ed in Maillard reactions during roasting.
In cocoa, there is also a reduction in bitterness and astringency
caused by the oxidation of polyphenolic compounds.
Cocoa

Cocoa is native to the Amazon region of South America. It is
used in a variety of products, including the following:

l Confectionery – milk chocolate morsels or bars, dark
chocolate, white chocolate based on cocoa butter, milk and
sugar, chocolate-coated products with various centers

l Beverages – malted milk cocoa drinks, sweetened cocoa
powder-based drinks

l Ice cream and desserts
Figure 1 Section of cacao pod showing beans.
Nature of the Crop

The cocoa tree (Theobroma cacao, family Sterculiaceae) is a small
tree that grows naturally in the lower story of the evergreen
rainforest in the Amazon basin. Cocoa is commercially grown
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
within the latitudes 20� north or south of the equator, in the
tropical regions. The several types or varieties of cocoa usually are
classi�ed in to three main groups: Forastero, Trinitario, and
Criollo. Trinitario is considered to be derived from hybrids
between various Forastero and Criollo varieties. Forastero is high
yielding, more pest and diseases resistant, more drought tolerant,
and the most commercially grown variety all over the world. The
quality of �nal cocoa products is the result of the volatile and
nonvolatile compounds in the product that depends upon the
genotype, agroclimatic conditions, drying, fermentation, and
production processes. The �avor potential of cocoa is deter-
mined genetically and depends mainly on the variety. Forastero
types (e.g., Amelonado, Amazon varieties) are bulk cocoas used
for milk chocolates and for cocoa butter and powder production.
They account for 95% of the crop. Criollo (light brown in color)
and Trinitario are �ne cocoas; they are used for specialty dark
chocolates because of their particular �avor and color
characteristics.
Cacao Fruit

T. cacaobears small�owers in small groupson the trunksand lower
main branches of the trees. Pollinated �owers develop into berries
(pods), maturing over a 5–6 month period. The berry is a drupe
2.5–4.0 cm by 1.25–1.75 cm in size, containing 20–40 seeds
(beans) embedded in a mass of mucilaginous pulp (Figure 1).
-384730-0.00074-4 485
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Harvesting

T. cacaonormally begins to bear berries after 3 years, and
the yield reaches a maximum after 8 or 9 years. Generally
cocoa yields two main crops in a year (September–January
and April–July). Trees simultaneously bear� owers, devel-
oping berries and mature fruits. The pods develop on the
trunk and branches that ripen in about 5–6 months after
fertilization and turn yellow or orange. Harvesting is carried
out at varying frequencies (1–4 weeks). Each pod carries
about 25–45 beans embedded in mucilage. The pods are
then opened either on the same day or after a few days to
allow for a suf� cient quantity to accumulate for the
fermentation stage. Beans are removed and separated fro
the placenta. At this stage, they are covered in a swe
mucilaginous pulp.
Fermentation

The fermentation stage is of major importance in determining
the quality of cocoa powder and chocolate confectionery. It has
three purposes:

l Liquefaction and removal of the mucilaginous pulp
l Killing of the bean
l Initiating the development of aroma, � avor, and color
t
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Table 1 Composition of fresh pulp from cocoa

Component Fresh weight of pulp (%)

Water 82–86
Mono- and disaccharides 11–13
Plant cell-wall polymers 1.5–2.8
Proteins, peptides, and amino acids 0.64–0.74
Fat 0.35–0.75
Citrate 0.29–1.3
Trace metals, vitamins, ethanol, etc. Trace

Adapted from Fowler, M.S., Leheup, P. and Cordier, J.L., 1998. Cocoa, Coffee and
Tea. In: Wood, B.J.B. (Ed.), Microbiology of Fermented Foods, second ed. vol. 1,
Blackie, London, 128. with due acknowledgment to Professor B.J.B. Wood.
Procedures of Fermentation

Three main methods of fermentation are used in various parts of
the world. The best fermentations results are obtained a
maximumtemperature close to 50� C (ranging from45 to 50 � C).

1. Heap method: The simplest method, used in West Africa
requires no special apparatus. In this method, beans ar
piled up underneath plantain leaves, covering the surface
and bottom of the pile. To assist the sweatings to run away
the pile is built up over radially arranged pieces of wood.
The pile is kept together for 6 days and turned on the second
and fourth days. This has the effect of making the aerobic
parts anaerobic and vice versa. Piles vary in size and can
60–120 cm in diameter.

2. Box method: This method is used extensively in South
America and involves the fermentation of beans in large
hardwood boxes holding up to 1.5 tonnes. These boxes
have slatted bases or holes in the sides and base, which ha
a twofold function. They allow the sweatings to drain away
and permit the access of air. Often, these boxes are stack
stepwise and have removable sides, allowing easy transfer
beans to the box below. In this system, the� rst box often
has twice the surface area of the other boxes and is half th
depth. A covering of sacking or plantain leaves is placed ove
the surface of the beans. Six changes usually take place
this system in 24 h.

3. Other methods: In these other methods, beans may be
placed in a plantain leaf-lined basket and left to ferment, or
they may be placed in a hole in the ground. These methods
have the disadvantage of low initial aeration and lack of
drainage for the sweatings.
Changes Resulting from Fermentation

During the course of fermentation, microbial activity outside
the cocoa beans induces biochemical and physical change
inside the beans. The external appearances of the beans al
change. Initially they are pinkish with a covering of white
mucilage, but gradually they darken and the mucilage disap-
pears. This color change is oxidative; when a heap is disarrange
the beans on the outside are darker than those on the inside. A
the beans are mixed, their color becomes a more uniform
orange-brown and, toward the end of the fermentation, nearly
all of the mucilage has disappeared, leaving the beans slightl
sticky; at this stage, they are ready for drying. Acidic acid
produced during fermentation, penetrates the husk and cause
biochemical reactions in the bean to form the chocolate� avor
precursors and to reduce the astringent and bitter taste.
Microßora Active in Cocoa Fermentation

When the beans are removed from the pods, the pulp is inoc-
ulated with a variety of microorganisms from the environment.
The pulp is an excellent medium for the growth of microor-
ganisms because it contains plenty of sugars (Table 1). The
following types of microorganisms have been found in the
pulp fermentation (although only a few are actively involved):
Acetobacter, Aerobacter, Arthrobacter, Azotomonas, Bacillus
lomonas, Corynebacterium, Erwinia, Escherichia, Lactoba
Microbacterium, Micrococcus, Pediococcus, Propionibact
Pseudomonas, Sarcina, Serratia, Staphylococcus, Strept
Zymomonas, and yeasts.

The fermentation consists of three overlapping phases. Th
total count of microorganisms increases in the� rst 24–36 h
(105–106 organisms per gram) and then stabilizes or gradually
reduces.
Phase 1: Anaerobic Yeasts

In the � rst 24–36 h, sugars are converted into alcohol in
conditions of low oxygen and a pH of below 4.
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Table 2 Various yeasts isolated from cocoas

Yeasts Ability to ferment African cocoa Malaysian cocoa

Hansenulaspp. þ Present Present
Kloeckeraspp. þ Present Present
Saccharomycesspp. þ Present Present
Candidaspp. � Present Present
Pichiaspp. Weak Present Absent
Schizosaccharomycesspp. þ Present Absent
Saccharomycopsisspp. � Present Absent
Rhodotorulaspp. – Absent Present
Debaryomycesspp. Weak Absent Present
Hanseniasporaspp. þ Absent Present

Adapted from M.S., Leheup, P. and Cordier, J.L., 1998. Cocoa, Coffee and Tea. In: Wood, B.J.B. (Ed.), Microbiology of Fermented Foods, second ed. vol. 1, Blackie, London,
128. with due acknowledgment to Professor B.J.B. Wood.

Table 3 Lactic acid bacteria of cocoa fermentation

African cocoa Malaysian cocoa Trinidadian cocoa

Lactobacillus plantarum(homofermentative) Lactobacillus Lactobacillus acidophilus
Lactobacillus mali(homofermentative) plantarum Lactobacillus bulgaricus
Lactobacillus collinoides(heterofermentative) Lactobacillus Lactobacillus casei
Lactobacillus fermentum(heterofermentative) collinoides Lactobacillus fermentum
Unidenti� ed strains (heterofermentative) Unidenti� ed strains Lactobacillus lactis

Lactobacillus plantarum(alsoLeuconostoc, Pediococcus, andStreptococcus)

Adapted from M.S., Leheup, P. and Cordier, J.L., 1998. Cocoa, Coffee and Tea. In: Wood, B.J.B. (Ed.), Microbiology of Fermented Foods, second ed. vol. 1, Blackie, London,
128. with due acknowledgment to Professor B.J.B. Wood.

Table 4 Acetic acid bacteria of cocoa fermentation

African cocoa Malaysian cocoa Trinidadian cocoa

Acetobacter rancens Acetobacter rancens Acetobater acetie
Acetobacter xylinum Acetobacter xylinum Acetobacter roseus
Acetobacter ascendens Acetobacter lavaniensis Gluconobacter oxydans
Acetobacter lavaniensis Gluconobacter oxydans
Gluconobacter oxydans

Adapted from M.S., Leheup, P. and Cordier, J.L., 1998. Cocoa, Coffee and Tea. In: Wood, B.J.B. (Ed.), Microbiology of Fermented Foods, second ed. vol. 1, Blackie, London,
128. with due acknowledgment to Professor B.J.B. Wood.
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Yeasts isolated from cocoa fermentations (Table 2) produce
pectinolytic enzymes that break down the pulp cell walls. This
process causes the pulp to drain off the beans as sweatings. T
spaces formed between the beans allow air to enter. Bean deat
which usually occurs on the second day, is caused by acetic ac
and ethanol; the rise in temperature does not play any part in
the chemical changes but has a role in the color formation.
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Phase 2: Lactic Acid Bacteria

Lactic acid bacteria are present at the start of fermentatio
(Table 3), although yeasts are dominant. The yeast activity
becomes inhibited by alcohol concentration, increasing pH,
and greater aeration. After 48–96 h, conditions become more
favorable to the lactic acid bacteria, which then dominate.
Lactic acid bacteria convert a wide range of sugars and som
organic acids (e.g., citric and malic acids) to lactic acid and
depending on the type of Lactobacillus, to acetic acid, ethanol,
and carbon dioxide.
Phase 3: Acetic Acid Bacteria

Acetic acid bacteria occur very early in fermentation (Table 4)
and persist until the end of the process. As aeration increase
acetic acid bacteria become more important. The main reaction
is the conversion of ethanol to acetic acid.

This strongly exothermic reaction is mainly responsible for
the rise in temperature up to 50� C.
Other Microorganisms Present During
Fermentation and Drying

Toward the end of fermentation, the numbers of spore-
forming bacteria increase, especiallyBacillus subtilis, B. circu
lans, and B. licheniformis. In Trinidad, Streptococcus thermophi
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and Bacillus stearothermophilusaccounted for more than
half the isolates after 120 h. The most commonly present
fungi, Aspergillus, Mucor, Penicillium, and Rhizopus, are largely
restricted to the outer surface of the fermenting and drying
beans because they are strongly aerobic, tolerant of low wate
activity, and can continue growth until the beans are
nearly dry.
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Effect of Fermentation on Product Quality

Development of Cocoa Flavor Precursors

Flavor development occurs within the cotyledons in the bean.
The compounds involved in � avor development are split
between two types of cells: storage cells containing fats an
proteins, and pigment cells containing the phenolic com-
pounds and xanthines.

In the fresh, live cocoa seeds, the cells and their contents a
separated by membranes. During fermentation, germination is
� rst initiated, which causes water uptake by the protein vacu
oles within the cells. Later, after bean death, the membrane
break down. Various enzymes and substrates are then free
mix, and the subsequent reactions produce the� avor precur-
sors. The pH, determined mainly by diffusion of acetic acid, is
important, and the reaction rates are increased by the warm
temperatures during fermentation and drying.

During fermentation, reducing sugars are released an
proteins are degraded by enzymes to polypeptides and amino
acids, and these sugars form chocolate� avor precursors. A
portion of the polyphenols is oxidized, forming large tannin
molecules. The rest of the polyphenols, theobromine, and
Figure 2 Biochemical change in cocoa during fermentation process
Mars, Inc.
caffeine are diffused and exudated from the bean, reducing the
astringent and bitter taste.
Flavor-Developing Compounds

Following are the compounds responsible for the main� avor
attributes and precursors in cocoa (also presented inFigure 2).

1. Methylxanthines (caffeine and theobromine) impart
bitterness. During fermentation, the levels of methylxan-
thines fall by around 30%, probably by diffusion from the
cotyledons.

2. Polyphenolic compounds impart astringency. The levels
drop signi� cantly during fermentation and drying. Antho-
cyanins are rapidly hydrolyzed to cyanidins and sugars
(catalyzed by glycosidases). This accounts for bleaching o
the purple color of the cotyledons. Polyphenol oxidases
convert the polyphenols (mainly catechin) to quinones.
Proteins and peptides complex with polyphenols give rise to
the brown coloration typical of fermented cocoa beans.

3. Maillard reaction precursors are formed from sucrose and
storage proteins. Sucrose is converted by invertase int
reducing sugars. Fructose is found in fermented dried coco
beans, and glucose is utilized in further reactions. The
storage proteins are initially hydrolyzed by an aspartic
endopeptidase (pH optimum 3.5) into hydrophobic oli-
gopeptides. A carboxypeptidase (pH optimum 5.4–5.8)
then converts these oligopeptides into hydrophilic oligo-
peptides and hydrophobic amino acids. These are coco
� avor precursors involved in Maillard reactions during
roasting to form cocoa � avor compounds.
(Cross section of cocoa seed). Adopted from presentation from Smilja Lambert,
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Drying

Drying of fermented cocoa is an essential process as some of th
reactions that produce good � avored cocoa are completed
during the drying process. It takes about a 5-to-7-day period
This process allows acids in the cocoa to evaporate and produc
a low-acid, high-� avored product. It reduces moisture from 45
to 7%, and sun drying is the best method to get high-quality
cocoa.
Coffee

Coffee is not consumed for nutrition. Coffee gives the
consumer pleasure and satisfaction through� avor, aroma, and
desirable physiological and psychological effects.
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Figure 3 Partial cross section of coffee fruit.

Nature of the Crop

The genusCoffeais a member of the family Rubiaceae and
includes evergreen trees and shrubs. Funnel-shaped� owers are
followed by a pulpy fruit, the cherry, which contains two seeds,
the coffee beans.Coffeagrows wild in Africa and Madagascar,
and the genus includes a large number of species. Only three
Coffea arabica, Coffea canephora(Robusta), and Coffea liberica
have been successfully used in commercial cultivation.Coffea
liberica, however, was devastated during the 1940s b
epidemics of tracheomycosis, resulting from infection by
Fusarium xylaroides, and commercial growth of this species has
effectively ceased. BothC. arabicaand C. canephoraare avail-
able in a large number of varieties and cultivars. A number of
both intra- and interspeci� c hybrids have been developed, of
which the Arabica–Robusta hybrid, Arabusta, is intended to
produce a coffee of better quality than Robusta, and is more
vigorous and disease resistant than Arabica. The beans al
have low-caffeine content. Although only C. arabica and
C. canephoraare grown commercially, the gene pool ofCoffea
includes all species. Species such asC. stenophyllaand
C. congenisare thus important sources of novel genetic materia
in breeding improved strains of C. arabicaand C. canephora.

Coffee trees grow in tropical regions, mainly between the
tropics of Cancer and Capricorn, with abundant rainfall,
a warm climate (average temperature 21� C) without frost, at
altitudes ranging from 2000 m mean sea level and above
Coffee trees take about 5 years for the� rst full crop and will be
productive for about 15 years.
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Coffee Fruit

A mature coffee fruit is a� eshy, spheroidal berry, a drupe about
15–20 mm in diameter. It changes color from green to cherry-
red while ripening. Fruits reach their maturity within an average
of 9 months, depending on the variety. Arabica coffee fruits are
oval and long, whereas Robusta fruits are smaller, of round to
irregular shape. They are covered by a skinlike, smooth red� lm
(the epicarp) that covers the mesocarp. Depending on the
variety, the mesocarp represents 40–65% of the weight and is
composed of water (70–85%), sugars, and pectin. The bean is
rich in polysaccharides, lipids, reducing sugars, sucrose, poly
phenols, and caffeine.

The fruit normally contains two beans (endosperm) sur-
rounded by a thin membrane known as the silver skin (sper-
moderm). The beans and the silver skin are protected by a hard
horny endocarp, which generally is referred to as the parch
ment. Adhering � rmly to the outside of the parchment is
a pulpy, mucilaginous mesocarp, which is covered by the fruit
skin or pulp (exocarp) (Figure 3).
Harvesting

To preserve and protect the coffee quality, aroma, taste an
� avor as well as acidity in the cup, the right kind of coffee fruits
have to be harvested at the right time. Coffee is harvested whe
the berries are fully red ripe. Under ripe and over ripe berries are
dif � cult to process and result in a poor-quality product. Coffee
berries come to full ripeness over an extended period, and it is
usual to pick red berries individually and to repeat picking at
intervals of 7–14 days.

Picking mats should be used to harvest the coffee berry, as
makes collection easy, and prevents mold formation, and
avoids the production of Ochra Toxin-A in coffee beans; it also
reduces the Coffee Berry Borer infection.

A maximal yield is normally obtained from 7-year-old trees.
Coffee trees produce an average of 2.5 kg of berries per ye
yielding around 0.5 kg of green coffee or the equivalent of
0.4 kg of roasted coffee, which corresponds to about 40 cups o
beverage.
Fermentation

Quality coffee is prepared by pulping the fruit, which are
cleanly washed with water and dried under sun, and requires
an adequate supply of fresh and clean water. The harveste
fruits must aim to be pulped on the same day. The previous
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490 Cocoa and Coffee Fermentations
day fruit or pulp should not be mixed with the fresh, and
pulped water should not be used for washing, as it spoils the
quality. Fruit skins separated in the pulping process should be
taken away as soon as possible to avoid the microbia
decomposition of skins.

Pulping involves the removal of the coffee skin by a suitable
mechanical method, such as using a machine aqua-pulper
After pulping, coffee is fermented. Fermentation of coffee is the
process by which the mucilaginous mesocarp adhering to the
coffee parchment is degraded by enzymes. The mucilage
subsequently washed off to leave parchment coffee, which i
subjected to a drying regime to obtain a moisture content of
10–11%. Coffee fermentation accomplishes two important
objectives. It removes the sticky mucilage layer allowing for
quick drying of the parchment coffee and improves the
appearance of the raw beans.
;
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Procedure of Coffee Mucilage Removal

By Natural Fermentation

Coffee fermentation is required for the removal of mucilage
from parchment coffee. Natural fermentation refers to the
process of mucilage removal by enzymes naturally occurring in
the coffee fruit and/or elaborated by the natural micro� ora
acquired from the environment. Pulped coffee is placed in
concrete or wooden tanks and left to ferment, either under
water or with constant drainage of water and mucilage liquors.
The latter process, known as dry fermentation, is preferred
underwater fermentation is slower and results in a greate
production of volatile acids, which may taint the � nal coffee
beverage. Natural fermentation takes 20–100 h; its duration
varies with the stage of ripeness, temperature, pH value
concentration of ions, coffee variety, micro� ora population,
and aeration. It has been demonstrated that lowering the
temperature and pH value retards the rate of fermentation and
that aerobic fermentations are faster than anaerobic fermenta
tions. It would be expected that the availability of oxygen under
water is restricted by the amount that can dissolve in the wate
at any given time. The fermentation process should be carefully
monitored and stopped as soon as fermentation is complete, as
an extended fermentation can lead to harsh off-coffee� avors
(ferment).
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By Commercial Enzymes

Several commercial enzymes are available for coffee ferme
tation. The earliest one was marketed under the trade nam
Benefax. Later brands have included Pectozyme, Cofepec, a
Ultrazym. These are mold-enzyme preparations with appro-
priate inert � llers. The commercial enzymes are generall
mixtures of pectic enzymes but may contain hemicellulases and
cellulases. Because of� nancial constraints, these enzymes hav
not been widely used. Most factories restrict the use o
commercial enzymes to peak production periods or when
natural fermentations are slow. Conditions created by over-
production and slow fermentations usually upset the smooth
running of a factory. Congestion can occur either in fermen-
tation and soaking tanks or on drying tables. These conditions
affect the coffee quality adversely because of the concomitan
physiological activities of the wild microorganisms as well as
those in the bean. Because commercial enzymes are applied b
mixing them with coffee in fermentation tanks, only a little
saving of space is afforded by their use in the normal factory
routine.
Stages of the Coffee Fermentation

Various factory practices increase the rate of fermentation
These include dry feeding pulped coffee into fermentation
tanks and using recirculated water that is rich in enzymes
Sophisticated factories aerate or use other additives tha
enhance enzyme activity. The addition of lime provides
calcium ions that activate speci� c enzymes. After the mucilage
has been degraded, parchment coffee is washed and graded
water in concrete canals.

In East Africa, a two-stage fermentation procedure include
a quick-dry fermentation stage, washing off the mucilage, fol-
lowed by a 24 h underwater soak. The advantages of thi
procedure include improvement of the raw bean’s appearance
through the outward diffusion of undesirable browning
compounds from the beans, speci� cally from the center cut and
the silver skin. Coffee fermented underwater or processed b
the two-stage fermentation procedure tends to deteriorate in
quality during drying because of the preponderance of cracked
parchment. This may be avoided by subsequent carefully
controlled drying.

Natural fermentation of coffee is carefully controlled;
otherwise, off � avors can develop and be re� ected in the � nal
liquor quality. Onion � avor develops in coffee as a result of the
production of propionic acid. The production of propionic and
butyric acids during the � nal stages of fermentation is greater
during underwater fermentation and is also dependent on
a heavy initial washing before fermentation. The incidence of
an off � avor, referred to as stinkers, may be associated wit
high temperatures reached during fermentation. The taste o
sourness and stinkers in coffee is caused by fermentation unde
anaerobic conditions created by high proportions of reducing
agents in the fermentation waters. Off � avors in coffee are
caused by various factors that need proper investigation base
on a correct understanding of the biochemistry involved in the
fermentation process. This problem has led to the introduction
of various methods of coffee processing that do not depend on
natural fermentation and therefore is easier to control.
However, the delicate nature of the coffee-bean tissue de� es
any attempts to rid it completely of off � avors as detected by
a subjective human palate.
Biochemistry of Coffee Fermentation

Composition of Mucilage

The chemical and physical characteristics of coffee mucilage a
basic to an understanding of coffee fermentation. Mucilage
forms 20–25%, wet basis layer of 0.5–2.0 mm thickness.
Chemically, coffee mucilage consists of all of the higher plant
cell materials, including water, sugars, pectic substances, ho
ocellulose, lipids, and proteins (Table 5). The most important
chemical components of mucilage are pectic substance
together with carbohydrates and their breakdown products.
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Table 5 Chemical composition, on a wet and dry basis,
of coffee mucilage

Mucilage components Chemical composition (%)

Wet basis
Moisture 85.0
Total carbohydrates 7.0
Nitrogen 0.15
Acidity (as citric acid) 0.08
Alcohol-insoluble compounds 5.0
Pectin (as galacturonic acid) 2.6
Dry basis
Pectic substances 33
Reducing sugars 30
Non reducing sugars 20
Cellulose and ash 17

Figure 4 Products of coffee fermentation.
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The important component in the coffee fermentation is
mainly the cell wall and the intercellular material characteristic
of the parenchymatous cells of fruits. The middle lamella of
coffee mucilage cells is primarily pectinic, and the cell contains
pectin and cellulose materials. The insoluble fraction of coffee
mucilage is expected to consist mainly of pectic substances i
close association with other cell wall and intercellular mate-
rials, including hemicelluloses and phospho- and galactolipids.
Breakdown of this cellular material and its detachment from
coffee parchment are important biochemical processes in
coffee fermentation.
d

f

f

e

e,
re

e

h

l

Changes Resulting from Fermentation

1. When coffee is pulped and left in a dry heap or under water,
fermentation occurs. After a period of 20–100 h, depending
mainly on the environmental temperature, the mucilage
detaches from the parchment and can be readily washe
with water.

2. On completion of fermentation, a few beans when rubbed
in the hand feel gritty.

3. Various chemical changes occur during the process o
fermentation (Table 6).

4. The production of carboxylic acids changes the pH value o
the fermentation liquor from 5.9 to 4.0. Acetic and lactic
acids (also sometimes propionic acid) are produced early
in coffee fermentation, and propionic and butyric acids are
produced later.

5. A close positive correlation exists between the appearanc
of propionic acid in the fermentation stage and the inci-
dence of onion � avor in coffee beverages.
r
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Table 6 The composition of coffee mucilage before
and after complete fermentation

Component

Percentage on dry basis

Before fermentation (%) After fermentation (

Water soluble 35.3 50.7
Lipid 6.0 4.0
Pectin 47.0 36.2
Holocellulose 9.4 8.0
Unaccounted 2.3 1.1
6. Carboxylic acids are produced through the degradation o
sugars by microorganisms.

7. Ethanol is one of the products of coffee fermentation
(Figure 4). The evolution of hydrogen and carbon dioxide
occurs during both dry and underwater fermentations.
Hydrogen is produced through the breakdown of sugars by
bacteria of the coliform group. Escherichia colimetabolize
glucose by a mixed acid fermentation at pH 7.8.

8. Aerobacter aerogenesgives a lower yield of mixed acids,
particularly of lactic acid, because some pyruvic acid is
converted into acetylmethyl-carbinol and butanediol.

9. The presence of reducing and nonreducing sugars i
soluble mucilage fractions is observed after complete
fermentation. Some of the sugars forming part of the
structure of mucilage are arabinose, xylose, galactos
fructose, and glucose. Arabinose, xylose, and galactose a
part of the insoluble structure of mucilage. The soluble
sugars form an excellent medium for growth of
microorganisms.

10. A lipid fraction isolated from fermented mucilage indi-
cated the presence of an esteri� ed sterol glycoside. Becaus
pectic acids with four or fewer galacturonic acid units are
not found in natural fermentation liquors, mucilage
degradation involves breakages in cross-linkages, whic
may implicate lipids and hemicellulose materials.

11. Changes in the quality of the coffee bean are fundamenta
to the continued practice of naturally fermenting coffee. In
the two-stage fermentation process (in East Africa), the raw
bean quality improves, and this improvement is re� ected
in the roast and � nal beverage quality. The improvement
in raw appearance is dependent on the diffusion of various
compounds from the bean, which also result in weight
losses of 3–12%.

12. The higher weight losses are observed in underwate
fermentations. This magnitude of loss would make
fermentation an expensive exercise, thus nullifying the
gains in raw bean quality. Despite these observations
natural fermentation of C. arabicais the preferred dimu-
cilaging method.%)
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Micro�ora Active in Coffee Fermentation

The major factors in natural fermentations are the extracellula
enzymes elaborated by microorganisms. Because mucilag
contains simple sugars, polysaccharides, minerals, protein, an
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lipids, it forms a good medium for microbial growth. Bacteria
observed in fermenting coffee include lactic acid-producing
bacteria of the genera Leuconostoc and Lactobacillus, coliform
bacteria resembling species of the genera Aerobacter and
Escherichia (in Brazilian coffee), and pectinolytic species of the
genus Bacillus.

A microbial succession, involving members of the Enter-
obacteriaceae, species of Enterococcus, and lactic acid
bacteria, plays some part in the lowering of the pH value to
about 4.3, which tends to inhibit the activity of pectinolytic
enzymes. This inhibited activity prevents the growth of many
spoilage microorganisms. The extensive growth of micro-
oganisms is likely to lead to the development of undesirable
�avors.

Bacteria belonging to the family Enterobacteriaceae found
in Congo coffee are similar to those isolated from fermenting
Brazilian coffee. They resemble closely Erwinia dissolvens and
Erwinia atroseptica.

Pectinolytic microorganisms isolated from coffee fermen-
tations belong to the genera Bacillus, Erwinia, Aspergillus, Peni-
cillium, and Fusarium. Bacterial isolates from coffee closely
correspond to E. dissolvens.

Yeasts in fermenting coffee have no ability to degrade
pectin; however, some mucilage-degrading yeasts are found on
the surface of C. canephora.

Mold enzymes are known to speed up mucilage breakdown.
Fungi of the genera Aspergillus, Fusarium, and Penicillium were
isolated from depulped coffee.
n: Wood, B.J.B.
London, p. 128.
d Hill, London,

Reed, G.,
nd Feed, second

fermentation of
r

and Related
y. Chapman and
Effect of Fermentation on Product Quality

The aim of the fermentation is the degradation of the residual
mucilage layer, which contains up to 30% pectin. The positive
aspects linked with the development of �avors, tastes, and
change in texture normally associated with fermentation
processes are not considered important for coffee. However,
certain organoleptic and visual deviations are due to the
formation of aliphatic acids, which is increased by underwater
fermentation. This is in contrast to dry fermentation, in which
water is drained away immediately. Washing or soaking to
eliminate undesirable components is thus recommended,
although some losses in caffeine and chlorogenic acids may be
observed. Apart from aspects related to fermentation, the
growth of microorganisms in beans has been linked to the
development of off �avors and off tastes and the presence of
mycotoxins. Beans causing rio taste showed the presence of
bacteria and molds. The presence of 2,4,6-trichloroanisole,
which can be produced by molds, has been detected in beans
showing organoleptic deviations.
See also:Lactobacillus: Introduction; The Leuconostocaceae
Family.
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Cold Atmospheric Gas Plasmas
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Figure 1 Schematic of a seven-jet plasma array arranged in a honey-
comb con�guration with both elevation (left) and plan view (right). Each
plasma jet delivers a jet-centric spread of reactive species on the down-
stream substrate.
The Nature of Gas Plasmas and Cold Gas Plasmas

Gas plasmas are ionized gases formed by liberating electrons
from gas molecules and atoms using external energy sources
such as lasers or high electrical voltages. Once ignited, and
under the in�uence of an external energy source, electrons and
other charged particles (e.g., ions) are accelerated to acquire
considerable kinetic energy and, as a result, become capable of
ionizing, exciting, and dissociating gas molecules and atoms to
form highly reactive chemical species. When excited gas atoms
and molecules relax back into their normal energy state, which
is referred to as the ‘ground state,’ they release photons. Most of
these are in the visible range, but some are in the ultraviolet
(UV) and even vacuum UV (VUV) regions. Gas plasmas then
may be thought of as a collection of coexisting chemically
reactive species, energetic electrons, and other charged particles,
as well as electromagnetic waves including UV photons, in
a stationary or �owing gaseous medium. These chemically
reactive species, charged particles, and UV photons are gener-
ated, lost (e.g., via recombination), and replenished dynami-
cally often in a periodic fashion.

Numerous examples of gas plasmas exist all around us.
They may be naturally occurring, such as �ames, lightning, the
auroras, and the sun, or arti�cially created, as in �uorescent
lamps, welding arcs, and plasma television screens. Gas
plasmas have been referred to as the fourth state of matter after
solids, liquids, and gases – in fact, 99% of the visible universe is
made up of plasmas. Gas plasmas span a vast range of physical
and chemical properties. Interstellar plasmas, for example, may
have a density as low as 10 particles per cubic centimeter.
Hence, interparticle collisions are infrequent and particle
kinetic energy is inef�ciently transferred into the thermal
energy of the gas, and therefore the gas temperature of the
plasma is low. On the other hand, welding arcs can have
electron densities of the order 1015 cm�3 and the frequency of
collision with gas molecules is high. This leads to electron
kinetic energy being ef�ciently converted into thermal energy,
and gas temperatures that can exceed 10 000 K.

As far as the treatment of thermally labile materials
(including foods) is concerned, it is necessary to prevent gas
temperatures from rising above about 60 �C. It is additionally
important to ensure that temporal stability of the plasma is
maintained. These two operating constraints, low gas temper-
ature and temporal stability, must be achieved without
compromising the reactivity of plasma chemistry, which would
render the plasma inef�cient for its intended applications. This
poses a challenge, as a large electrical power input increases the
concentrations of reactive plasma species (and hence applica-
tion ef�cacy) but accounts for plasma instability and leads to
high gas temperatures. One of the main challenges in gas
plasma technology is to address the potential mutual exclusion
of plasma reactivity and plasma stability.

A breakthrough occurred in the late 1980s when low-
temperature plasmas at atmospheric pressure, subsequently
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
known as ‘cold atmospheric plasmas,’ were �rst demonstrated.
This became possible through a combination of three different
approaches in the way in which the plasma was generated. The
�rst of these was the use of dielectric barriers to the electrodes
to limit the rapid growth in the discharge current – and hence
prevent the heating up of the gas. Second, was the use of high
excitation frequencies so that the electric �eld changes its
polarity quickly to sti�e the buildup of a large discharge
current, and, �nally, the utilization of noble and atomic gases
such as helium and argon that have good thermal conductivity
and little electron af�nity. In general, the excitation frequency
for plasma generation is above 1 kHz (10 000 oscillation
voltage cycles per second) and extends to radio frequencies of
1–300 MHz and microwave frequencies of 1–50 GHz. Reactive
gases such as oxygen, nitrogen, air, or even water vapor usually
are mixed in small quantities into the background noble gas to
enable the production of reactive oxygen and nitrogen species.
These innovations led to the start of a rapid development in
cold atmospheric plasma science and technology. Figure 1
shows an example of a cold atmospheric plasma that could
potentially be used in the food industry.

Perhaps the greatest immediate potential application of cold
gas plasmas in the food industry has to do with their ability to
inactivate a wide range of microorganisms. This is achieved by
means of reactive plasma species, particularly reactive oxygen
species (ROS), and reactive nitrogen species. These include
hydroxyl radicals (OHl), singlet oxygen (1O2), superoxide
(O2

�), ground and excited state oxygen atoms (O/O*), nitric
oxide (NO), hydrogen peroxide (H2O2), and ozone (O3). Some
-384730-0.00366-9 493
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494 Cold Atmospheric Gas Plasmas
of these species (e.g., OHl and 1O2) are extremely short lived,
particularly in moist environments, whereas others, such as
H2O2 and O3, are considerably more stable.

In cold atmospheric plasmas, electrons can have kineti
energies as high as 10 eV (which is equivalent to 110 000 K). A
a result, they produce numerous ROS at higher concentration
than would be possible with conventional oxidizing agents. To
quote speci�c values, the plasma species OHl and 1O2 typically
are present at concentrations above 1015 cm� 3 (or w 100 ppm)
in liquid-containing gas plasmas. The presence of these high
energy electrons along with ROS will lead to synergistic
oxidation effects.

It has been demonstrated that it takes less than 60 s for cold
atmospheric plasmas to achieve more than 6 log reductions in
Bacillus subtilisspore viability. In fact, this is more impressive
than the quoted plasma treatment time of 60 s because both
electrons and plasma ROS are produced in a train of shor
bursts each lasting for 1–5 ms for one half-period of the applied
voltage. At 20 kHz, this is equivalent to 4–20% of the voltage
on-time and the actual on-time of plasma ROS is only 2.4–12 s
of 60 s of the plasma treatment.

This very short on-time for electrons and plasma ROS is
bene� cial for controlling plasma stability and maintaining low
gas temperature. It is also useful in minimizing potential damage
to the integrity of the material that is undergoing treatment.
Electron-enabled temporal modulation of plasma ROS allows
them to be applied at high concentrations for a short period of
time, achieving high microbial inactivation ef� cacy with little
damage to the material (e.g., a foodstuff) associated with the
microorganisms. This is distinctively different from microbial
inactivation using conventional chemical disinfectants that may
produce one or two relatively stable ROS such as H2O2 or O3.
The relatively low oxidation potentials of the latter combined
with the absence of synergy with other (plasma-produced) ROS
necessitates long contact time with the contaminated material
thus posing greater risk of material damage. Plasma chemistr
offers an arguably unique route to biological decontamination
with advantages of application ef� cacy and process control.

Different arrangements for treating foods with plasmas are
possible. For example, the light-emitting part of the plasma
either may be allowed to make direct contact with the surface of
the food undergoing treatment or, alternatively, may be placed
remotely from it so that direct contact does not occur. These
two different methods of con� guring treatment may be used to
modulate both the quantities and the types of plasma species
impinging on the food. Direct treatment brings about ef� cient
bacterial inactivation; however, if the food undergoing treat-
ment is particularly labile, then indirect treatment is recom-
mended to avoid unacceptable changes occurring to the food
In addition, the reaction chemistry at the surface of the food
will be determined by the particular con� guration employed.
Choice of contact mode therefore offers a further means o
bringing about optimization of cold plasma technology as
a food preservation technology.
g

e

The Biological Effects of Gas Plasmas

Gas plasmas have been shown to be capable of inactivatin
a wide range of microorganisms, including bacteria and their
spores, fungi and fungal spores, and viruses. The absence
other microorganisms associated with water and food
contamination, such as protozoan cysts and the eggs o
helminths, is a re� ection that they have not featured in
previous studies and not necessarily that they are resistant t
plasmas. There are also reasons to be optimistic that plasma
may inactivate prions as more than one study has shown that
they have the ability to destroy amyloid aggregates, which are
widely accepted to be models for the highly infective prion
proteins.

Despite the steady accumulation of evidence of the lethality
of gas plasmas toward microorganisms in general, relatively
little is known about the mechanisms of inactivation, cell
injury, and recovery, and in particular which of the many
plasma species are the most active. The current situation
complicated by the fact that there are many different types of
gas plasmas and a number of different ways of operating them
There is a practical incentive in identifying the most lethal
plasma species. By altering plasma operating conditions or the
gases used to generate the plasma, it should in theory b
possible to alter the composition of the plasma to favor the
formation of desired individual species. This would effectively
enable plasmas to be tuned and thus operated more effectively

Much of the work on elucidating mechanisms has made use
of bacterial spores, and in particular spores from the closely
related genera Bacillus and Geobacillius. Spores posses
a distinctive structure that is quite different from vegetative
bacteria, and although certain spores do present a threat to
foods, the risk is perhaps not as great as that posed by certa
nonsporulating bacteria.

Some initial clues to possible inactivation mechanisms have
been obtained by analysis of the form of inactivation curves,
which are conventionally plotted in the form of the logarithm
of survivors against time. These are rarely monotonic in ga
plasma inactivation studies, and in practice may be bi- or even
triphasic. Additionally, useful information has been gained
from close observation by scanning electron microscopes of the
physical appearance and dimensions of spores following
treatment by different types of plasmas.

Conclusions drawn from this type of analysis can only ever
be tentative and need to be con� rmed by means of additional
studies. Notwithstanding these reservations, a consensus seem
to have formed that inactivation – principally among spores–
is brought about by a number of individual mechanisms. UV
photons are thought to exert a direct lethal effect by damaging
DNA, but they may also participate in so-called photo-
desorption, which results in the release of volatile compounds
as the surface of the microorganism is gradually eroded. A
different form of surface erosion is also thought to take place
under the in� uence of oxygen atoms– and possibly radical
species– and has been termed‘etching.’

An alternative approach aimed at de� nitively identifying
the participation of individual plasma species has involved the
use of mutants of Escherichia colide� cient in particular genes.
This approach succeeded in identifying oxygen atoms as th
principal cause of cell inactivation with only minor participa-
tion from UV photons, OH radicals, and nitric oxide. These
apparently con� icting conclusions as to the identity of the most
lethal species illustrate that it is unlikely that a single uni� ed
mechanism is in operation and that lethality will depend on
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the target organism as well as being in� uenced by the type of
plasma and its mode of operation.

Different gases favor proportionally ef�cient production of
different plasma species. For example, argon mixed with
oxygen tends to produce more UV photons than helium mixed
with the same amount of oxygen, and helium–oxygen plasmas
tend to produce more atomic oxygen and less ozone than ai
plasmas. While oxygen atoms, ozone, and UV photons are a
known to be effective against bacteria, the extent to which they
bring about damage to plant and animal tissues are quite
different. Less is currently known about damage to animal
tissue, and this needs to be taken into consideration in
assessing the potential of this technology and its potentia
applications.

An additional consideration in the treatment of foods is the
depth to which the generated plasma species are able to attai
beyond the surface of the food. In the treatment of either plant
or animal tissue, or foods constituted from either of these,
water will nearly always be present. The plasma species w
need to penetrate through this water to reach any contami-
nating microorganisms. Oxygen atoms are known to be short
lived in the liquid phase whereas hydrogen peroxide (generated
due to presence of water vapor in the air and in the food) is
relatively long-lived. The evidence from studies conducted with
Table 1 Air-based gas plasma treatment of plant-derived foods

Foodstuff Targeted microorganisms

Almonds E. coli
Apples E. coliO157:H7SalmonellaSta

Apples E. coliO157:H7
Lettuce Listeria monocytogenes
Mango E. coli

Saccharomyces cerevisia
Pantoea agglomerans
Gluconobacter liquefacie

Melon (cantaloupe) Salmonella(Unspeci� ed serov
Melon (honeydew) E. coli

Saccharomyces cerevisia
Pantoea agglomerans
Gluconobacter liquefacie

Nuts (hazelnuts, peanuts, and pistachios)Aspergillus parasiticus

Table 2 Air-based gas plasma treatment of dairy

Foodstuff Targeted microorganisms

Bacon Listeria monocytogenes
Salmonella typhimurium
E. coli

Cheese Listeria monocytogenes
Chicken (raw) Listeria innocua
Chicken (cooked) Listeria monocytogenes
Eggs Salmonella enteritidis

Salmonella typhimurium
Ham Listeria monocytogenes
Pork (raw) E. coli
deionized water is that antimicrobial activity can be obtained at
depths in the range of 5–30 microns. Heat generation within
the plasma can signi� cantly enhance mass transfer from the ga
phase to the liquid phase, thus increasing the penetration
depth. In addition, plasma-induced changes to the pH of water
present in foods have also been shown to affect the extent o
penetration.
Gas Plasmas in the Food Industry

The potential for the application of gas plasmas in the food
industry falls broadly into two distinct areas: treatment of foods
(including food packaging) and treatment of equipment used
in food processing– possibly also extending to the premises in
which food-processing operations are conducted. Much of the
work that has been done in this� eld has been directed toward
achieving microbial inactivation, but the potential also exists
for the removal of allergens as well as microbial endotoxins
from the surface of food-processing equipment.

Tables 1 and 2 show the range of foods that have been
treated using gas plasmas. The range of foods is expanding an
includes both plant-derived foods and also meat and a variety
of dairy products. The data used to compile these tables com
Effects of treatment

5 log reductions after 30 s
nley Salmonella; 2.9–3.7 log reductions after 3 min

E. coliO157:H7
2.6 to 3 log reductions after 3 min
> 2 log reductions after 2 min
1 log reduction after 1 min

e

ns

P. agglomeransandG. liquefaciens> 3 log reductions after 2.5 s
E. coli> 3 log reductions after 5 s
S. cerevisiae> 3 log reductions after 30 s

ars) > 2 log reductions after 1 min

e

ns

P. agglomeransandG. liquefaciens> 3 log reductions after 2.5 s
E. coli> 3 log reductions after 5 s
S. cerevisiae> 3 log reductions after 10 s

1 log reduction after 5 min
5 log reductions in the presence of SF6

products and meat

Effects of treatment

4.6 log reductions after 1.5 min
(results reported as total aerobic counts)

> 8 log reductions after 2 min
> 3 log reductions after 4 min
4.7 log reductions after 2 min
S. enteritidis4.5 log reductions after 90 min

S. typhimuriumw 3.7 log reductions after 90 min
1.7 log reductions after 2 min
6 log reductions after 0.5 min
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496 Cold Atmospheric Gas Plasmas
from a variety of sources, and it is dif�cult to make compari-
sons between individual studies because not only are the target
organisms frequently different but so too are the types of
plasma-generating equipment and conditions of operation. As
a general rule, comparisons can be safely made at this stage
only between inactivation data within the same study. Another
important consideration that affects microbial survival is the
physical nature of the surface of the foodstuff and the distri-
bution of the microorganisms associated with it. One study
showed that bacteria applied to the surface of freshly cut fruit
surfaces could migrate into the interior of the food and as
a result �nd themselves beyond the reach of active plasma
species. In another study that compared the treatment of
bacteria on the surface of chicken �esh and chicken skin, it was
found that greater reductions in viability were obtained in the
former case. This presumably indicated that when deposited on
the surface of chicken skin, some bacteria could become lodged
inside feather follicles and as a result become immune from the
effects of the plasma. Surface topography should not be
assumed �xed even for a single type of food, and atomic force
microscopy has revealed, for example, that changes can occur
to the surfaces of fruit during ripening.

Gas plasmas have been used to sterilize the interior of
bottles and various other forms of food packaging, such as
plastic trays and �lms. An innovative approach currently under
development is the use of gas plasmas to bring about the
deposition of thin �lms directly onto the surface of foods –
typically fruits – to extend their shelf life.

Gas plasmas also have potential applications in the treat-
ment of food-processing surfaces. Quite conventional plasma-
generating con�gurations could be used to effect this. A recent
innovation was the permanent incorporation of a plasma-
generating device into an item of food processing (a circular
slicing blade). Blades of this type have been shown capable of
transmitting contamination between foods, and as proposed in
the study, it was intended that the device would be activated
periodically to deal with any accumulation of microorganisms
at the surface of the blade. This represents a quite radical
approach to the maintenance of hygienic conditions.

Gas plasmas could be used to remove allergens, and
possibly endotoxins as well, such as lipopolysaccharides from
E. coli, from the surface of food-processing equipment. As
mentioned, it has been shown that plasmas were effective in
destroying protein �brils that had been generated on the
surface of inert materials. This is clearly one area in which more
work is required.
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Future Prospects

From the perspective of food processing, cold gas plasmas must
be classed as an emerging technology. Any new process for the
treatment of foods is required by regulatory agencies to
demonstrate de�nitively that it does not bring about any
harmful effects in the food undergoing treatment. This covers
both the generation of compounds that could harm human
health as well as the destruction of compounds naturally
present in the food that are bene�cial to human health –
a prime example being vitamins. To date, relatively few food-
related studies employing plasmas have extended to these
considerations. Such investigations, however, will need to be
undertaken in the future if gas plasma technology is to be
adopted by the food industry.

Consumers will automatically reject foods that appear
different to their preconceived idea of what a food should look,
smell, and taste like. Again, relatively few studies have been
conducted to con�rm that the organoleptic properties of the
food have not been adversely affected. Encouragingly, those
few studies that have addressed this issue have not reported
adverse effects, but more work is clearly necessary to con�rm
this. The uses of gas �ows, for example, could result in moisture
losses from foods undergoing treatment and it would be rela-
tively simple to amend processing conditions to counter this
possibility.

Cost of treatment with gas plasmas remains an area on
which little information has been made openly available. The
use, for example, of noble gases will add to processing costs,
but it might be possible to bring about some form of gas
recycling with the aim of lowering operating costs if the use of
noble gases rather than, say, air or nitrogen was shown to be
essential for a particular application.

Scale-up is another issue that needs to be addressed if the
technology is to be translated into the commercial sector. There
are no fundamental restrictions as to the scale at which plasmas
can be generated, what is needed however is the demonstration
of this capability and that it can be achieved at an acceptable
cost.

See also:Minimal Methods of Processing; Non-Thermal
Processing.
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Confectionery Products � Cakes and P
astries
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� 2014 Elsevier Ltd. All rights reserved.
Cakes and pastries provide a nutritious environment for
microbial growth but probably show a greater diversity of
moisture content, water activity (aw), and pH than most other
food groups. Hence, cakes and pastries offer a wide range of
different habitats for microbial growth. Nevertheless, they have
an excellent public health record. In part, this is because factors
intrinsic to the products, such as aw, pH, or preservative
content, prevent the growth of bacterial pathogens and also the
baking process inactivates most organisms that would be
present in the raw materials. A disproportionate number of
the microbiological problems affecting these products are
associated with perishable, unbaked �llings such as dairy cream
or certain types of custard. This chapter discusses the factors
affecting the spoilage of cakes and pastries, including aw, pH,
use of preservatives, and atmosphere modi�cation, with refer-
ence to their effects on both the rate and type of spoilage. It also
examines outbreaks of food poisoning that have been associ-
ated with cakes and pastries and discusses some measures for
maximizing the safety of these products.
What Are Cakes and Pastries?

Cakes and pastries are sweet baked goods (of a class often
called �our confectionery). Cakes are made by baking a batter
of �our, sugar, fat, and water (possibly with eggs, milk, fruit, or
other �avorings). Pastries are baked from a dough or paste of
�our and fat that may be enriched with other ingredients. Both
cakes and pastries may be �lled or coated with a variety of
materials.

Products include rich fruit cakes, which may be stable for
many months or even years as a result of a combination of
reduced aw, low pH, and antimicrobial effects of the fruit that
are probably linked to caramelization products formed on
baking. Less stable are plain sponge cakes like Madeira cake or
pound cake, which have a shelf life of a few days to several
weeks. Least stable of all are cakes or pastries �lled with cream,
custard, or fresh fruit that are highly perishable (high aw); this
restricts the life of these products to only a day or so at ambient
temperatures. These perishable �llings support bacterial growth
and have occasionally given rise to spoilage and food-
poisoning incidents. Fondant, fudge, sugar paste, and choco-
late coatings may also be susceptible to microbial spoilage. The
microbiology of chocolate is covered elsewhere in this book.
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Effects of Baking

Cakes are made in a variety of formats, and their bake time and
temperature vary widely. In each case, baking is suf�cient to kill
any vegetative microbes that are present prior to baking. A
number of bacterial spores (produced, for example, by species
of Bacillus) are able to survive baking. The outgrowth of bacterial
spores is inhibited by aw below .97–.93. Some fungal ascospores
such as those of Xeromyces bisporus and Byssochlamys fulva may
survive some baking processes if present. These are poten-
tially signi�cant spoilage organisms, but are not frequently
encountered.
Effects of Postbake Operation

Microbial contamination of cakes and pastries most
commonly originates in the handling and processing that
occur after baking but before packaging. These include cool-
ing, slicing, �lling, and decorating. Pastries are produced in
two basic ways:

1. Fillings are dispensed into prebaked pastry tubes or shells,
and then icing is added (e.g., chocolate éclairs).

2. A preformed pastry shell is �lled with uncooked �lling; the
entire pastry is then baked (e.g., custard tarts).

Cooking �llings to 76–86 �C (170–187 �F) kills most
microorganisms except bacterial spores, assuming that the
minimum temperature in the entire batch reaches this
temperature. Type 1 pastries present an opportunity for
recontamination during cooling and dispensing. There is more
risk associated with type 2 pastries, since some ingredients are
not cooked at all.

Meringue is an important exception to these rules. It can be
made by heating at 230 �C (446 �F) for 6 min or at tempera-
tures as low as 60 �C (140 �F) for several hours. The high
sucrose concentration signi�cantly increases the heat resistance
of many strains of Salmonella. This, coupled with a process at
the lower end of the temperature range, has allowed Salmonella
to survive in laboratory challenge studies. Of course, meringue
is also an excellent insulator (it consists of foam from air
bubbles), and this property may allow the survival of bacterial
pathogens; the insulation protects the bacterial pathogens from
high temperatures.
-384730-0.00075-6 497
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498 Confectionery Products – Cakes and Pastries
Factors Affecting Microbial Growth

For a microorganism, cakes and pastries offer a range o
tempting environments for growth. Several factors in� uence
the type and rate of microbial growth in cakes and pastries and
their coatings, � llings, or raw ingredients, including aw,
temperature, pH, concentration of preservatives, and gaseou
environment around the product. Of these, the most important
is aw. In simple terms, aw is a measure of the amount of free
water available in a foodstuff. As theaw value increases, the eas
with which microorganisms can extract water from the product
increases. Water activity is normally derived from measuremen
of the relative humidity (RH) that develops in the head space
around the product in a sealed chamber (aw ¼ RH/100). This
value is easy to obtain and useful for predicting microbial
growth. It is often not the true aw, however, becauseaw is
de� ned under equilibrium conditions, whereas the products
that we are interested in are never truly in equilibrium. Theaw

range of a number of cake and pastry items is given inFigure 1,
together with the minimum aw that permits the growth of
various groups of microorganisms.

Below aw .6, no microbial growth occurs, thus dry ingredi-
ents such as� our, cocoa powder, coconut, sugar, and low-
moisture products such as biscuits (cookies), crackers
meringues, and shortbread are not subject to microbiological
spoilage as long as they are packaged and stored to preve
moisture migration from the environment. However, patho-
gens, if present, may survive for considerable periods.
Figure 1 Water activity (aw) ranges for various types of food, and theaw ra
At aw levels below .7, the range of microbes capable o
growth is restricted, and � our confectionery items can be
considered to be safe from microbial growth for most
practical purposes. They are safe provided that condensatio
is avoided, as this can lead to localized regions of higheraw.
Nevertheless, a few organisms can cause spoilage if prese
– for example, fermentation of jam � llings caused by
growth of the yeast Zygosaccharomyes rouxii(minimum aw

.65), and growth of the mold Xeromyces bisporus(minimum
aw .61) on fruit cakes, dried fruit, and chocolate-covered
products.

As theaw of products and ingredients increases, so does th
range of microorganisms that are able to grow, until at anaw of
.95–.99 almost all bacteria, yeasts, and molds are able to
proliferate.

Temperature also in� uences the rate of growth of microor-
ganisms found in association with � our confectionery items.
Chill temperatures of 0–5 � C (32–41 � F) are needed to restrict
microbial growth in perishable items such as cakes and pastrie
with dairy cream � llings.

Bacteria tend to be more sensitive to low pH than are yeast
and molds. Consequently, certain acidic fresh fruit � llings
are not subject to bacterial spoilage despite the fact that the
have anaw high enough to support growth. These� llings may
still be spoiled by yeast or mold growth. The pH of � our
confectionery items is also important when considering the
use of preservatives, which will be discussed later in this
chapter. Environmental conditions such as the makeup of the
nges at which microorganisms can grow.
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gaseous atmosphere around the product or item may also be
important.
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Foodborne Disease and Incidence of Pathogens

In one survey of 133 samples of vanilla slices containing
custard (carried out in the United Kingdom in 1977), 41% were
found to contain Bacillus cereus. Microbiological surveys of
product purchased in retail stores in Europe and the United
States have found coliforms andEscherichia coliin up to 30% of
cakes and pastries, especially those containing cream� llings.
Staphylococcus aureusand B. cereushave been found in 4–25% of
cream-� lled pastries. Surveys of ready-to-eat foods sampled b
public health authorities in Wales from 1995 to 2003 tested
a wide range of foods for aerobic plate count and pathogen
content. Of 862 cakes with dairy cream, 1.8% were judged to
have unsatisfactory levels ofE. coli.Of 808 cakes without dairy
cream, 3.6% were judged unsatisfactory forE. coliand 2.9% for
Listeria monocytogeneslevels. In a survey of ready-to-eat foods in
Korea during 2003 and 2004, 12 of the 38 cream cakes teste
(31.6%) were positive for the presence ofS. aureus.

Despite this incidence of potential pathogens and indicator
organisms, bakery items do not contribute greatly to foodborne
illness. Out of 2226 outbreaks of food poisoning in the United
States between 1973 and 1987, only 51 (2%) were attributed to
bakery products. Nevertheless, foodborne disease outbrea
have been linked to cakes and pastries, and it is important to
identify the lessons of those outbreaks so that managemen
practice can continue to improve.

In the investigation of one food-poisoning incident, 20% of
the products sampled from small-plant bakeries contained
coagulase-positiveS. aureus. In another outbreak, 17 people
contracted Salmonella enteritidisphage-type 4 food poisoning
from custard slices from a small bakery. The custard had bee
made with fresh shell-eggs and had not been properly cooked
In 1992, a bakery in Wales was involved in two consecutive
food-poisoning outbreaks in which at � rst custard slices, and
then, separately, fresh cream cakes were the vehicles for tran
mission of Salmonella enteritidisphage-type 4. Poor environ-
mental hygiene was the linking factor, and the bakery appear
to have been inadequately cleaned between outbreaks. A
outbreak in the United States of Salmonella enteritidisfood
poisoning was reported in 2002 associated with cannolis or
cassata cakes. Poor handling practices, including inadequa
sanitation of equipment and hand washing, was found to be
responsible for the outbreak. In 2007, chocolate cakes from
a bakery in Singapore were linked to an outbreak ofSalmonella
enteritidis, with over 100 cases of illness. Reportedly, two baker
workers tested positive forSalmonella. All products from the
bakery were recalled, and the bakery and 39 franchise location
were closed for a week for hygienic improvements. In
December 2010, over 100 people became ill after eating
desserts from a bakery in Illinois. Sampling showed high levels
of S. aureuswere present, and investigation identi� ed S. aureus
contamination in the bakery. Cakes, pastries, pies, and othe
products distributed locally were recalled, as were decorate
gingerbread houses distributed nationally. More recently, ove
100 people suffered food poisoning caused bySalmonella
typhimurium phage-type 9, linked to custard-� lled Berliners,
a kind of doughnut, and éclairs and cannolis from two bakeries
in south Australia in early 2011. Of� cial investigations did not
identify the sources of contamination within the bakeries, but
products were withdrawn from sale.

In one unusual outbreak of illness, though not food
poisoning, in Sätila, Sweden, in 2003, 153 people contracted
sore throats caused by a beta-hemolytic group AStreptococcu
Pulsed � eld electrophoresis patterns identi� ed the same
organism in the patients, in samples of sandwich layer cake
and in wounds on the caterer’s � ngers.

Resultsof outbreak investigations continue to point to the
need for scrupulous attention to plant and personal hygiene to
prevent postbaking contamination. In addition, it is necessary
to take steps to control the growth of pathogenic microorgan-
isms between product manufacture and consumption. The use
of chilled or frozen storage and display is possibly the easies
means for this, although it may adversely affect the taste of the
product. Chilled distribution of short-life products is more
readily achieved in geographically small markets such a
the United Kingdom, European national markets, and around
US cities. The logistics can become prohibitive for geographi
cally large markets, including pan-European or US nationa
distribution.
Spoilage

Many � our confectionery products are designed to be distrib-
uted, sold, stored, and consumed at ambient temperatures
These products are expected to have shelf lives ranging from a fe
days to several months and are generally very safe because th
aw is too low to support bacterial growth. In most � our confec-
tionery products, the primary factor limiting shelf life is mold or
yeast growth. However, nonmicrobial rancidity, staling, drying
out, or softening due to moisture gain are all factors capable of
limiting the life of these products and should not be forgotten.

The rate at which molds and yeasts spoil� our confectionery
is de� ned by the product aw. Typically, mold or yeast spoilage
of � our confectionery can manifest itself in several ways:

1. As typical visible mold colonies, for example of the molds
Penicilliumor Aspergillusspp. or, at lower aw of more xero-
tolerant molds, including Eurotiumspp. and Wallemia sebi
Xeromyces bisporusis rarely seen, but its extreme xerotol-
erance (minimum aw for growth .61) means that it occa-
sionally causes severe spoilage in products general
considered stable.

2. As bubbling in jams, fondants, or fruit � llings or as pitting
or cracking of icings as a result of the pressure of carbo
dioxide gas formed by yeast fermentation. Yeast fermenta
tion also produces alcohol and may produce other
compounds with strong odors. For example,Pichia anomala
can produce ethyl acetate, which may give the impression o
a product suffering from a chemical adulteration.P. burtonii
produced styrene from cinnamaldehyde when fermenting
syrup spiced with cinnamon was used for glazing hot cross
buns. Recently, there have been reports of some species
mold (e.g., Penicillium roqueforti) and some species of yeas
(e.g., Zygosaccharomyces rouxii) being able to degrade
potassium sorbate preservative to 1,3 pentadiene in cake



t

e

e

at

g

o
h
s.

t

es

Figure 3 Effect of water activity (aw) and initial yeast count on the time
needed for fermentative spoilage of jam at 25� C. Filled squares,aw

.73–.74; � lled circles,aw .76–.77; open circles,aw .82–.83.
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and beverages. 1,3 pentadiene has a petroleum-like tain
and so has caused a number of spoilage issues.

3. As low white or off-white ‘dusty’ growth of one of a number
of ‘pseudomycelial’ yeasts such asCandida guilliermondii,
C. parapsilosis, Debaromyces hansenii, P. anomala, P. burtonii,
Saccharomycopsis� buligera,and even baker’s yeastS. cerevisia
on the product surface. This growth is especially visible on
the surface of dark products and is known as chalk mold
because of its resemblance to a sprinkling of chalk dust. Sinc
it is white in color, it is often missed on white-colored
products. It is more frequently seen on breads than on� our
confectionery.

Of all the microbiological spoilage problems encountered
by the cake and pastry manufacturer, mold growth is most
frequently encountered and is often the major factor governing
shelf life. The work of Seiler and colleagues in the 1960s
identi � ed a logarithmic relationship linking aw and the mold-
free shelf life of preservative-free cakes when incubated
different temperatures. The relationship is represented in
simple form in Figure 2 and is widely used to estimate the
mold-free shelf life of existing and new products, without the
need for expensive and long storage trials. It is also used durin
new-product development to identify the aw needed to achieve
the desired mold-free shelf life. This work forms the basis of the
software package ERH-CALC� , marketed by Campden BRI
(Gloucestershire, UK).

Water activity is also very in� uential in determining the rate
at which yeasts spoil� our confectionery. Fermentative spoilage
problems are less common than mold spoilage, but, at a given
aw, fermentation tends to occur more quickly than mold
spoilage. Since the materials that are most susceptible t
fermentative spoilage, such as jams and icings, are used as� ll-
ings and coatings, this is very important because moisture
migration from the product crumb to the � lling can increase its
aw and reduce its expected fermentation-free life.

The number of yeasts initially present in a product or� lling
is important in determining the spoilage potential of that
� lling. Figure 3 shows the effect of jams at different water
activities on the growth of an osmophilic yeast over time. It also
illustrates the effect ofaw and inoculation level in the rate of
fermentation of jam. The yeast strain used wasZ. rouxii.
t

y

Figure 2 Relationship between water activity (aw) and shelf life of cake at
16, 21, and 27� C (60, 70, and 80� F, respectively). The cake contained
no mold inhibitor and was protected from moisture loss during storage
Preservation Methods

The easiest and cheapest way of preventing microbial growt
on cakes and pastries is through use of permitted preservative
The more commonly used preservatives worldwide for� our
confectionery products are propionic acid and sorbic acid and
certain of their salts. Their regulatory status varies from marke
to market both for concentration permitted and product types
in which they are allowed. Since both are organic acids (or their
salts), their antimicrobial action is heavily in� uenced by the
concentration of undissociated acid (or salt) present rather
than the total concentration. The percentage of undissociated
acid (the effective species) increases as the pH decreas
(Figure 4). Thus, a manufacturer seeking to increase produc
shelf life by using a preservative will consider pH when
deciding how much preservative to add.

Figure 5 shows the effect of pH on the increase in the mold-
free shelf life in cake containing 1000 mg kg� 1 of sorbic acid.
Dramatic increases in mold-free shelf life are theoretically
possible, especially in products with low aw. However, high
concentrations of preservative can cause‘off ’ odors and � avors
within the product. A level calculated to give a 50% increase in
mold-free shelf life rarely causes such problems, but sensor
evaluation of a test batch of product is always recommended.

Reformulation of recipes is sometimes useful for extending
the shelf life of � our confectionery items. Water activity (cakes)
and/or pH ( � llings) are commonly manipulated to restrict
microbial growth. However, care must be taken not to interfere
to any great extent with the sensory properties of the product
being developed. Staphylococcus aureus(a toxin-producing
bacterium) can be a particular problem with this approach,.
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Figure 5 Effect on the approximate percentage increase in the mold-f
shelf life of cake at a water activity (aw) of .85 treated with sorbic acid
at 1000 mg kg� 1.

Figure 4 Dissociation curves for sorbic (dotted line) and propionic acid
(continuous line).

Figure 6 The effect of packaging in carbon dioxide on the mold-free
shelf life of cake with a water activity (aw) of .9.
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since it can grow at anaw as low as .86 and a pH of 4.3–4.8
(although not both together; seeTable 1).

Gas packaging is a technique that is now widely used fo
products in the United Kingdom and Europe. Typically, carbon
dioxide and an inert gas such as nitrogen are used in differing
Table 1 Limiting water activity (aw) for Staphylococcus aureugr
and temperatures

Limitingaw aw controlled by Temperatur

.85 NaCl 45

.86 NaCl 30

.85–.87 Sucrose or NaCl 30

.89 Glycerol 30

.90–.93 Sucrose or NaCl 30

.93–.96 Sucrose or NaCl 12

.94 NaCl 22

.96–.99 Sucrose or NaCl 12
percentages for different product types. These gases are� ushed
into a � lm sealed around a product such that they replace the
air surrounding the product. Carbon dioxide is used for its
inherent antimicrobial effect, and nitrogen for its help in pre-
venting organoleptic deterioration of the products. Since molds
require oxygen to grow, and oxygen is limited in a modi� ed
atmosphere pack, very signi� cant increases in the mold-free
shelf life of � our confectionery items can be achieved using this
technique.

The use of carbon dioxide to replace the air around products
with aw below .90 has increased a given mold-free life up to� ve
times that in air packs, provided that seal integrity is main-
tained (Figure 6).

Another approach to mold control by restricting the oxygen
content of the package is to include an oxygen scavenge
Currently, this consists of a small sachet of iron-based materia
that is added to the package. As the iron rusts, it remove
oxygen from the package, creating an atmosphere with oxyge
<.1%. The sachet then acts as a sink to remove any oxygen th
diffuses through the � lm during storage. Very long extensions
in life are possible using this technology, which is well accepted
in Japan and is gaining acceptance in other markets.

ree
sown aerobically in brain–heart infusion at different pH

e (� C) pH Duration of experiment (days)

7.5 Not stated
7.0 28
7.0 10
7.0 28
4.9 10
5.5 25
5.0 30
4.9 25



s

e

-

is

e
ct

l

t
e

t
s

-

;

f Cake Making,

gy and Practice.

ty. Water Control

arac-
ol. 5. Blackie

reals
roorganisms in

robi-
Foods, vol. 7.

d-Parker, A.C.,
Foods. Aspen

Table 2 International Commission on microbiological speci�cations for foods recommendations for production of microbiologically acceptable
pastries

1. Use only pasteurized eggs and dairy products.
2. Cook the pastry� lling thoroughly, with appropriate mixing to ensure uniformity of temperature.
3. Keep raw ingredients and processes separate from cooked products.
4. Control dusts and aerosols by establishing air movement away from the cooked product area.
5. Clean and sanitize equipment that contacts� llings on a frequent basis.
6. Cool cooked� llings rapidly to 5� C (40� F) or below by refrigeration, while mixing; or� ll pastry shells with hot� lling and refrigerate immediately.
7. Maintain refrigeration of� llings and� lled pastries that are capable of supporting growth ofStaphylococcus aureusuntil they are consumed.
8. As an alternative to refrigeration, alter the formulation by reducing the pH, reducing theaw, or using preservatives to control the growth of pathogens.
9. Wash and sanitize hands before handling cooked product.
10. Minimize hand contact with cooked products, and keep persons with respiratory or skin infections away from the cooked product area.

Table 3 Institute of Food Science and Technology microbial
speci� cations guidelines for cakes and pastries

GMP Maximum

Pathogens
Salmonellaspp. ND in 25 g ND in 25 g
Staphylococcus aureus 1 � 102 per g 1� 104 per g
Indicators and spoilage organisms
TVC 1 � 103 per g a

Enterobacteriaceae 10 per g 1 � 103 per g
Yeast (fondants, etc.) 1� 102 per g 1� 105 per g
Molds 1 � 102 per g 1� 104 per g

GMP¼ Good manufacturing practice; ND¼ not detected; TVC¼ total viable count.
aFor TVCs, monitoring levels over time is a useful means of building up tre
analysis, which can be a powerful tool in picking up changes in levels of micro
ganisms throughout production.

502 Confectionery Products – Cakes and Pastries
The use of alcohol is effective in preventing mold growth,
especially on a number of bakery items. The alcohol acts a
a vapor phase inhibitor rather than a surface sterilant and can
be sprayed on to the product or applied indirectly (e.g., on
a saturated pad). Some popular cake products in Argentina us
this technology.

Good hygienic practice has a major part to play in
achieving and even extending the shelf life of� our confec-
tionery products. Hand-� nished cakes and pastries are espe
cially susceptible to contamination from pathogenic bacteria
such asS. aureus(which is carried by up to 50% of the pop-
ulation) and yeasts.

The International Commission on Microbiological Speci� -
cations for Foods has made a number of recommendations for
controlling the quality and safety of cream- and custard-� lled
pastries (Table 2). Many of these also apply to cakes and other
baked foods.

One of these recommendations that needs special emphas
is adequate baking of the product. This will kill many organisms
in the dough used to formulate the products. Good hygiene is
still needed postbaking to ensure that associated problems ar
restricted. Postbaking techniques, such as passing the produ
under ultraviolet or high-intensity light to kill off surface
contamination, especially from molds, have been reported to
have some success in restricting microbial growth on some
products.
Microbial Speci�cations

In the United Kingdom, the Institute of Food Science and
Technology (IFST) has drawn up generalized microbiologica
speci� cations for cakes and pastries (Table 3). The speci�ca-
tions include a level good manufacturing practice (GMP),
which indicates the level expected immediately following
production of the food under GMPs and a level Maximum,
which speci� es the maximum acceptable levels at any point in
the shelf life of the product. The speci� cations give a useful
benchmark, but it is important to recognize that no amount of
end-product testing will ensure product safety. The excellen
safety record of cakes and pastries is a testament to th
inherent properties of the products and the traditional skills
of bakers in the days before formal safety managemen
systems such as hazard analysis of critical and control point
(HACCP).

Cakes and Pastries are not explicitly mentioned in EC Regu
lation 2073/2005 on Microbiological Criteria for Foodstuffs.

nd
or-
See also:Bacillus: Bacillus cereus; Food Poisoning Outbreaks
Salmonella: SalmonellaEnteritidis;Spoilage Problems:
Problems Caused by Fungi;Staphylococcus: Staphylococcus
aureus.
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History

The history of Corynebacterium as an amino acid producer
started when Kinoshita isolated Micrococcus glutamicus
(Kinoshita et al., 1957; Nakayama et al., 1961; Udaka, 1960).
It is a soil-dwelling Gram-positive, facultatively anaerobic,
and non-spore-forming bacterium that was renamed later as
Corynebacterium glutamicum and is capable of secreting signi�-
cant quantity of amino acids such as L-glutamate, L-lysine,
L-arginine, L-histidine, L-valine, and so forth (Eggeling and
Sahm, 1999; Ikeda and Nakagawa, 2003; Kimura, 2003). Wild-
type cultures produced up to 10 g l�1 glutamic acid and the
yields were quickly improved by metabolic (genetic manipu-
lations) as well as advanced process engineering. Because of the
high industrial importance of these amino acids as food �avor
enhancers and food additives, Corynebacterium glutamicum is
considered to be one of the leading industrial microbes. The
remarkable discovery of Ikeda in 1908 – that the unique
�avor of the sea weeds ‘kon-bu’ is due to monosodium gluta-
mate (MSG) – essentially laid the foundation for the search
of microbial amino acid production, and it �ourished to
a big industry with an annual production of more than
1 000 000 tons of MSG.
Taxonomy

Chemotaxonomic studies based on cell wall composition and
lipid pro�le analysis suggested that the genera Corynebacterium,
Mycobacterium, Nocardia, and Rhodococcus are closely related to
each other and can be considered as the ‘CMN (Corynebacterium–
Mycobacterium–Nocardia) group’ (Barksdale, 1970). In one clas-
si�cation, it was suggested to join these genera in the family of
Mycobacteriaceae (Jones and Collins, 1986). In a different clas-
si�cation scheme, the mycolate-containing cell wall chemotype
IV actinomycetes were combined in the family Nocardiaceae,
and the genera Corynebacterium and Mycobacterium were treated
separately (Goodfellow, 1992). Owing to the advanced molec-
ular systematic approaches of sequence comparison (such as 16
SrDNA), it is now obvious that the CMN group includes the
genera Corynebacterium, Mycobacterium, Nocardia, Rhodococcus,
Dietzia, Gordonia, Skermania, Tsukamurella, and Williamsia, and
the mycolate-less Turicella forms a robust monophyletic taxon
(Chun et al., 1997; Kampfer et al., 1999).
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The hierarchy leading to the genus Corynebacterium is like
the class Actinobacteria, subclass Actinobacteridae, order Acti-
nomycetales, suborder Corynebacterineae, and family Cor-
ynebacteriaceae. This genus is differentiated into more species
than many other genera. The glutamate-producing
C. glutamicum, isolated by Kinoshita et al. and coworkers
(1957), initially was known as M. glutamicus, and later
a number of different names were given to various isolates (e.g.,
Brevibacterium �avum, Brevibacterium lactofermentum, Brevibacte-
rium divaricatum, and Corynebacterium lilium). Liebl et al. (1991)
showed by modern taxonomic classi�cation methods that
these species all belong to the species C. glutamicum (ATCC
13032, DSM 20300, and NCIB 10025).

The signi�cant role of the cell wall chemistry and lipid
composition played an important role in framing acceptable
classi�cation concepts for corynebacteria and related genera.
The presence of mycolic acids in the outer membrane-like
structure of the cell envelopes of most species of Corynebacterium
and related genera underscores the relevance of these lipids as
chemotaxonomic markers for classi�cation purposes. The cell
wall of corynebacteria contains an arabinogalactan poly-
saccharide, which is esteri�ed partially by mycolic acids,
is linked covalently linked to the A1g-type (Schleifer and
Kandler, 1972), and is cross-linked directly to peptidoglycan
(Figure 1). The cell wall also contains signi�cant amounts of
mannose and glucose. Additionally, high– and low–molecular
mass glucan, arabinomannan, lipoglycans, and a protein surface
layer are present in the cell walls of corynebacteria (Gibson
et al., 2003; Puech et al., 2001). In addition, the cell walls of this
genus and related ones contain a hydrophobic layer that has
been shown to play an important role in drug and substrate
permeability (Nikaido et al., 1993; Puech et al., 2000).

Collins and Cummins (1986) described the salient features
of the genus Corynebacterium as follows: Gram-positive; non-
sporulating; nonmotile; not acid-fast; and straight or slightly
curved rods, ovals, or clubs; a ‘coryne-form’ (club shape) often is
observed and generally exhibit a typical V-shaped arrangement
of cells (Figure 2); facultatively anaerobic to aerobic; catalase-
positive; peptidoglycan directly cross-linked to the arabinoga-
lactan; arabinose and galactose as major cell wall sugars; and the
presence of corynomycolic acids (short-chain a-substituted-
b-hydroxy acids with 22–36 carbon atoms). The percentage of
GþC content for most of the species is between 51 and 68 mol.
This suborder of the Actinobacteria also lacks actin like
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00076-8
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Figure 1 A model for the cell envelope ofCorynebacterium glutamicum. From the cytoplasmic to the external side of the bacteria, the cell envelope is
composed of a plasma membrane (PM), a complex wall that is seen in thin sections as an electron-dense layer (EDL), an electron-transparent layer (ETL),
and an outer layer (OL). The PM is a typical bilayer of proteins (dark rectangles and oval spots) and phospholipids (PL, empty oval symbols). The
EDL consists of thick peptidoglycan (PG) covalently linked to the heteropolysaccharide arabinogalactan (AG); some of the arabinosyl termini of this
polysaccharide are esteri� ed by C32–36 corynomycolic acids (thin parallel bars). Covalently bound corynomycoloyl residues probably are arranged to
form with other noncovalently linked lipids– for example, trehalose dicorynomycolates (TDCM, a pair of empty squares with two pairs of thin parallel
bars), and trehalose monocorynomycolates (TMCM, a pair of empty squares with one pair of thin parallel bars). From Puech, V., Chami, M., Lemassu, A.,
Laneelle, M.-A., Schif� er, B., Gounon, P., Bayan, N., Benz, R., Daffe, M., 2001. Structure of the cell envelope of corynebacteria: importance of the non-
covalently bound lipids in the formation of the cell wall permeability barrier and fracture plane. Microbiology 147, 1365–1382.

Figure 2 Club-shapedCorynebacterium glutamicum: (a) microscopic view (b) scanning electron microscope view.
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cytoskeleton elements, which are involved in cell shape deter
mination and chromosome segregation in various bacteria.
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Genome

Corynebacterium glutamicumwas one of the � rst completely
sequenced Gram-positive soil bacteria from the Corynebacter
ianeae (Stackebrandt et al., 1997). The other members of
this group whose genomes are known areCorynebacterium ef� -
ciens, Corynebacterium diphtheriae, Mycobacterium tuberculos,
Mycobacterium leprae, Mycobacterium bovis, and Mycobacterium
marinum – most of these are important pathogens. Being
nonpathogenic, C. glutamicummay serve as an ideal system fo
studying the cell wall structure and synthesis and, especially
mycolic acid synthesis. This section deals mainly with the
genomes of amino acid–producing Corynebacteriumspp.

The DNA sequencing of individual C. glutamicumgenes
started three decades ago, when several genes from amino ac
biosynthetic pathways in C. glutamicum were cloned and
analyzed (Thierbach et al., 1990; Vrljic et al., 1996). These
studies have led to a general understanding of metabolic
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pathways, but a complete picture of the complex interactions
could not be achieved because of the lack of comprehensiv
genetic information. The scenario rapidly changed when
updated genome information as well as exciting bioinformatics
tools were generated at a tremendous pace.

Determining the genome size and establishing a geneti
and physical map is a prerequisite for any whole genome–
sequencing process and early initiatives (Bathe et al., 1996)
revealed that the genome size ofC. glutamicumwas estimated
to be 3.1 megabase pairs (Mbp) and theC. glutamicumATCC
13032 genome consisted of one circular chromosome. Later
in a network research project led by the Degussa company an
the Department of Genetics of Bielefeld University, the 116
overlapping bacterial arti� cial chromosome and cosmid clones
were sequenced individually by the shotgun method and
assembled by bioinformatics software and arrived to a whole
genome sequence of 3 282 708 base pairs (bp), harboring
3002 potential genes with an average GþC content of 53.8%
(Kalinowski et al., 2003). In addition to this German effort,
a Japanese team– consisting of the Kyowa-Hakko Company
and Kitasato University– applied the whole genome shotgun
method based on plasmid and cosmid libraries (Ikeda and
Nakagawa, 2003) and presented a contiguous sequence o
3 309 401 bp and the identi� cation of 3099 genes. Sequencing
other corynebacterial genomes include that ofC. ef� ciens
(Nishio et al., 2003), a temperature-tolerant glutamate
producer that displays 3 147 090 bp for the main chromosome
with high G þC content (63.4%) and around 2950 genes were
predicted. Similarly, C. diphtheriae,the causative agent of
diphtheria, is 2 488 635 bp long, with a GþC content of 53.5
(Cerdeno-Tarraga et al., 2003). In a book chapter, Kalinowski
(2005) made a comparison table of signi� cant features of
Corynebacterium genome sequences.

Some of the features ofC. glutamicuminclude (1) a region of
20 kbp in size located at around 3150 kbp, which deviates
signi� cantly to a high GþC content (66%), and named HGC1;
(2) in contrast to the HGC1 region, a number of genomic
regions were identi� ed as exceptionally de� cient in GþC
(41–49%) and referred to as LGC1; and (c) the presence of a
least 24 insertion elements, which could be responsible for
horizontal gene transfer are present in theC. glutamicum
genome (Kalinowski et al., 2003). These elements frequently
are found at the borders of HGC1 regions.

Integration of prophages into a bacterial genome generally
is recognizable by a discontinuity in the DNA composition
(mean GþC, GC skew). Prophages are diverse in size and ar
found in bacterial genomes in various stages of degeneration
The potential prophages found in C. glutamicumare diverse in
size. The largest prophage region CGP3 spans more tha
180 kbp. It covers approximately 200 coding regions, most of
which lack any signi� cant similarities to known bacterial genes.

Corynebacterium glutamicumis able to synthesize all cell
constituents, including metabolites, cofactors, and vitamins
from simple precursors. One of the signi�cant genes absent in
C. glutamicumincludes the gene bioF, encoding the biotin
biosynthetic enzyme 7-keto-8-aminopelargonic acid synthetase
(Hatakeyama et al., 1993). Similarly, compared with other
C. glutamicumstrains, the gene for the paracrystalline surface
layer protein cspB(Peyret et al., 1993) from C. glutamicum
ATCC 17965, which is synthesized in extremely large amount
and has a possible function in protecting the bacterium in soil
against rough conditions, is missing theC. glutamicumATCC
13032 sequence. The conjunction of automated and manual
annotation of coding regions by similarities to known genes in
public databases helped to annotate 82% of theC. glutamicum
open reading frames. Annotated genes can be assigned
functional classes with the widely used cluster of orthologous
groups system (Tatusov et al., 2001). Expert-manual annota-
tion already provided a deeper understanding of gene function
and helped to reconstruct most parts of the central metabolism,
starting from sugar consumption and ending with produced
amino acids (Kalinowski et al., 2003). A comparative study of
gene-order conservation revealed a high degree of similarit
between all three Corynebacterium species (C. glutamicum,
C. ef� ciens, and C. diphtheriae). A possible reason thatNaka-
mura et al. (2003) gave for this unique genome stability could
be the fact that corynebacteria did not containrecBCDgenes,
encoding the recombinational repair system, and that the
absence of this system prevented gene shuf� ing and retained an
ancestral gene order in corynebacteria.
Proteome

The proteome is the total proteins present in a cell and is the
� nal result of transcription and translation regulation processes
as well as posttranslational regulatory mechanisms. Analysis o
the proteome is a potent tool for monitoring the adaptation
processes of cells in response to changing environmenta
conditions. Schaffer and Burkovski (2005)wrote an excellent
chapter on the proteomics ofC. glutamicum. Various protocols for
two-dimensional (2D) polyacrylamide gel electrophoresis of
C. glutamicumproteins have been established over the past few
years (Hermann et al., 2000; Hermann et al., 2001). For
C. glutamicum, a fractionation protocol according to cellular
compartments was established and submaps of cytoplasmi
proteins, membrane fraction proteins, cell wall–associated
proteins, and secreted proteins are now available. A high
resolution reference map of cytoplasmic and membrane-
associated proteins fromC. glutamicumcells grown in minimal
medium with glucose as carbon source has been published
(Schaffer et al., 2001). Shaffer and Burkovski (2005) listed
a majority of C. glutamicumproteins that have been identi� ed on
2D gels in the course of the studies mentioned with their putative
functions and conserved domains indicated. Analysis of protein
modi � cations also were monitored inC. glutamicumand in this
connection a phosphoproteome map indicating the phosphor-
ylated proteins also was available (Bendt et al., 2003). A number
of C. glutamicumproteins were analyzed by N-terminal micro-
sequencing (Hermann.T et al., 2001; Lichtinger et al., 2001;
Matsushita et al., 2001) and, in addition, the identity of
N-terminal peptides was determined by MALDI-TOF-MS
(matrix-assisted laser desorption/ionization-time of � ight-mass
spectrometer)–based postsource decay analysis (Schaffer et al.,
2001). Among them, nearly 70% proteins showed methionine
aminopeptidase-dependent processing of their N-termini.

Proteome analyses are especially suitable for the compa
ison of a cell’s protein pattern under different physiological
conditions, such as the effect of nitrogen limitation (Nolden
et al., 2001). It also is useful to characterize the mutant with
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speci�c deletions, such as the ones inclpCand clpXgenes of
C. glutamicum, coding for regulatory subunits of the adenosine
triphosphate (ATP)-dependent proteaseclp (Engels et al.,
2004). Scope existed for further improvements in this area
because the present protein maps lacks the majority of basi
proteins and membrane proteins (represents 5–10% of total
proteins of C. glutamicum). The reasons are mainly technica
issues that can be addressed in future.
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Metabolic Pathway for Glutamate Production by
C. glutamicum

In C. glutamicum, L-glutamate is biosynthesized from glucose
via glycolysis, the oxidative branch of the tricarboxylic acid
(TCA) cycle and the action of glutamate dehydrogenase (GDH
as shown in Figure 3 (Bormann et al., 1992). During these
reactions, 1 mol of CO2 per mol of L-glutamate produced is
� xed to Pyruvate by Pyruvate carboxylase (PYCx), where
2 mol of CO 2 is released by Pyruvate dehydrogenase (PDH
and isocitrate dehydrogenase (ICDH). Accordingly, the overal
reaction for the biosynthesis ofL-glutamate from glucose is as
follows: glucoseþ NH3 þ 3NAD þ L-glu þ 3 nicotinamide
adenine dinucleotide (NADH)NADH þNADH3 H þ þ CO2.
The maximum yield of L-glutamate from glucose via the
conventional metabolic pathway is therefore 81.7% by weight
(100% mol � 1 glutamate produced/glucose consumed).Chi-
nen et al. (2007), however, have designed an innovative
pathway for ef� cient L-glutamate production employing
phosphoketolase to bypass the CO2-releasing PDH reaction,
thereby increasing the maximum theoretical yield ofL-gluta-
mate from glucose to up to 98.0% by weight (120% mol� 1

glutamate produced/glucose consumed). To understand the
mechanism involved in glutamic acid production by
C. glutamicum, several studies were conducted. The dynam
behavior of the metabolism of C. glutamicumduring L-glutamic
acid fermentation was evaluated by quantitative analysis of the
evolution of intracellular metabolites and key enzyme
concentrations (Gourdon and Lindley, 1999). These intracel-
lular metabolites analysis showed important variations of
glycolytic intermediates and NADH, NAD coenzymes levels
throughout the production phase. Genes involved in L-gluta-
mate biosynthesis of C. glutamicum, sugar metabolism,
Figure 3 Metabolic pathway for glutamic acid production inCorynebacter
glycolysis and central metabolism, the TCA cycle nitrate
assimilation, transport, and energetic have been studied thor
oughly (Kimura, 2005). The expression of genes in response t
the conditions inducing glutamate overproduction was inves-
tigated by using a DNA microarray technique (Kataoka et al.,
2006). This analysis showed that most genes involved in the
Embden–Meyerhof–Parnas (EMP) pathway, the pentose
phosphate pathway (PPP), and the TCA cycle were down
regulated, whereas � ve genes were highly upregulated
(NCgl0917, NCgl2944, NCgl2945, NCgl2946, and NCgl2975).

Citrate synthase (CS), encoded bygltA, catalyzes the initial
reaction of the TCA cycle and is supposed to be the rate
controlling enzyme for the entry of substrates into the cycle.
The speci� c activity of CS inC. glutamicum, however, was found
to be independent of the level of substrate and of the phase o
growth. The enzyme was not affected by NADH or 2-oxoglu-
tarate and was only weakly inhibited by ATP (Shiio et al.,
1977). Ampli � cation of gltA did not result in increased gluta-
mate production, and its inactivation resulted in glutamate
auxotrophy, indicating that only one single CS is present in
C. glutamicum (Eikmanns et al., 1994). The ICDH of
C. glutamicumis expressed constitutively because its speci� c
activity is independent of the substrate and the growth phase
(Benett and Holms, 1975). The enzyme is a monomer, in
contrast to the dimeric enzyme ofEscherichia coli. In addition
to the different tertiary structure, the C. glutamicumenzyme
exhibits a 10-fold increased activity as compared with theE. coli
enzyme as well as a striking increased speci� city toward nico-
tinamide adenine dinucleotide phosphate (NADP) and iso-
citrate. The enzyme is weakly inhibited by oxaloacetate
2-oxoglutarate, and citrate, and is inhibited strongly by oxalo-
acetate plus glyoxylate (Eikmanns et al., 1995). An ICDH-
de� cient mutant ( icd) was a glutamate auxotroph, and a strain
overexpressingicd showed no detectable alteration ofL-gluta-
mate production, even when the glutamate dehydrogenase
gene gdh was simultaneously overexpressed. These resu
indicate that some factor other than ICDH is rate limiting for
L-glutamate production (Eikmanns et al., 1995). Because both
ICDH and GDH of coryneform bacteria are dependent on
NADP(H), a direct coupling, at least when considering the
cellular NADP(H) balance, seems to be important for effective
L-glutamate overproduction (Figure 4). Moreover, because
much NADPH certainly is required for fatty acid synthesis, an
ium glutamicum.
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Figure 4 Branch points in glutamate and lysine production pathways ofCorynebacterium glutamicum.
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NADPH-type GDH might be an important feature of glutamate
overproduction as a physiological link to fatty acid synthesis.

Oxoglutarate is reductively aminated to affordL-glutamate
synthesis, and there are two principal mechanisms to achiev
this. Either GDH (Elke et al., 1993; Labarre et al., 1993) or the
glutamine synthetase (GS) (Jakoby et al., 1997). GS/glutamate
synthase (also known as glutamine: 2-oxoglutarate amino-
transferase, GOGAT) system is operative (Kanno, 1999;
Trotschel et al., 2003). GDH was genetically and enzymatically
analyzed inB. � avum(Shiio and Ujigawa, 1978), C. glutamicum,
and Corynebacterium callunae(Ertan, 1992b). These studies
indicated that the formation of glutamate in coryneform
bacteria is mainly dependent on GDH because (1) GDH
defective mutants ofB. � avumshowed L-glutamate auxotrophy
(Shiio and Ujigawa, 1978) and lower L-glutamate production
in the presence of high ammonia concentration (Sung et al.,
1985), (2) the GS/GOGAT system of coryneform bacteria was
repressed at high ammonia concentrations, and (3) GDH
activity was far higher than GOGAT activity (Ertan, 1992b;
Sung et al., 1984). As shown with the cloned gdhgene available
(Elke et al., 1993), however, GDH is in principle not essential
for L-glutamate synthesis and excretion with the wild type
(Labarre et al., 1993), albeit the situation for high-level
production might be different. In gdhmutants, the GS/GOGAT
system substitutes the absent dehydrogenase activi
(Ertan, 1992a,b). Interestingly, upon gdh overexpression, the
intracellular glutamate pool is increased without resulting in
increased excretion (Labarre et al., 1993), which indicates
a limiting export system. Although GDH and GS/GOGAT often
are depicted as alternative mechanisms, both systems a
operating in parallel, as for instance derived by anin vivo� ux
analysis (Tesch et al., 1998). One important aspect is that GS
activity has to be regarded as a reaction removing glutamate
Indeed, glutamine synthesized by GS from glutamate is an
undesirable by-product in L-glutamate production. The
components of the respiratory chain and the ATPase o
C. glutamicumhave been studied (Kusumoto et al., 2000;
Matsushita et al., 1998). Interestingly, with the mutated AtpG
subunit of the H þ ATPase (Sekine et al., 2001), glutamate
production was abolished, although the mutant accumulated
pyruvate-derived metabolites in large concentrations, as well a
a considerable concentration of oxoglutarate, suggesting majo
cellular changes due to the altered energy situation of the
mutant. Since glutamate excretion is strictly energy dependen
(Burkovski et al., 1996; Hoischen and Krämer, 1990), the
energy situation in the mutant might be unfavorable to allow
for the export of glutamate.
Anaplerotic Pathways inC. glutamicum

The anaplerotic reactions present at the junction between
glycolysis and the TCA cycle are of particular importance fo
glutamate synthesis, since net carboxylation must occu
(Figure 3). Individual enzymes of these reactions have been
studied with respect to glutamate and lysine formation (Cocain-
Bousquet et al., 1996; Sano et al., 1987). Interestingly, during
glutamate overproduction, as triggered by a temperature
increase, phophoenolpyruvate carboxylase (PEPCx) activit
carries up to 70% of the glutamate � ux, whereas pyruvate
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carboxylase (PCx) is responsible for the remaining 30%
(Delaunay et al., 1999). This is in agreement with the fact that
almost no PCx protein was detectable under glutamate
producing conditions, and it agrees furthermore with the fact
that PCx is a biotin-binding enzyme (Shiio et al., 1962), never-
theless, biotin limitation can be used for ef� cient glutamate
production. It is interesting that L-glutamate production by wild-
type C. glutamicumin response to detergent or penicillin is more
or less comparable to biotin-limiting conditions, even though
PC might be active in the former case in which an adequate
biotin level is present. This shows the robustness of the ana
plerotic reactions. One of the important issues in the over-
production of glutamate by C. glutamicumis the anaplerotic
pathway of the PEP–pyruvate–oxaloacetate node (Sauer and
Eikmanns, 2005) because glutamate is synthesized from
2-oxoglutarate (a member of TCA cycle) and carbon is release
as CO2 in the TCA cycle. Peters-Wendisch et al. (2001) chara
terized the importance of the anaplerotic pathways of
C. glutamicum. Corynebacterium glutamicumpossesses both PEPC
and PCx as anaplerotic enzymes for growth on carbohydrates
Overexpression of thepyc gene and thus increasing the PCx
activity in a lysine-producing strain of C. glutamicumresulted in
approximately 50% higher lysine accumulation in the culture
supernatant, whereas inactivation of the pyc gene led to
a decrease by 60%. In a threonine-producing strain ofC. gluta-
micum, the overexpression of thepycgene led to only a 10–20%
increase in threonine production; however, it led to a more than
150% increase in the production of the threonine precursor
homoserine. PCx is an important target for breeding hyper-
producing strains to be used in large-scale fermentation
processes, such as the industrial glutamate and lysine produ
tion. Single or combined overexpression or disruption of genes
coding for (in some cases deregulated) enzymes involved in
amino acid biosynthetic pathways enabled the redirection of the
carbon � ux toward a given amino acid in response to elevation
or removal of the respective enzyme activity (Cremer et al., 1991;
Eggeling et al., 1998; Ikeda and Katsumata, 1992; Katsumata and
Ikeda, 1993; Morbach et al., 1995). Malic enzyme, that catalyzes
the reversible decarboxylation of malate to pyruvate with
simultaneous reduction of NADP (Fraenkel, 1975) is another
key anaplerotic enzyme present inC. glutamicum(Cocain-
Bousquet et al., 1996), and it has been suggested that the enzym
may play an important role in NADPH generation on substrates
other than glucose (Dominguez et al., 1998).
e
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Metabolic Flux Distribution during Glutamate
Synthesis

The � ux analysis over the EMP pathway and the pentos
phosphate pathway (HMP) has been done with C 13-labeled
substrate, because the latter supplies the reducing power fo
biosynthesis, including production of glutamate. It was
shown that the � ux into the HMP decreases during glutamate
overproduction ( Ishino et al., 1991). The EMP/HMP ratio
was estimated to be 80/20 during glutamate production, in
sharp contrast to lysine production, in which this ratio is
30/70 to 40/60. From these results, it is supposed that regu
lation of the EMP/HMP ratio has an important role in
maintaining the balance of the metabolic network under L-
glutamate overproduction. The � ux distribution at the key
branch point, 2-oxoglutarate, was investigated by changing
activities of ICDH, GDH, and 2-oxoglutarate dehydrogense
complex (ODHC) ( Shimizu et al., 2003). Even though both
GDH and ICDH activities were enhanced, the� ux distribu-
tion was not changed signi� cantly. When the ODHC activity
was attenuated, however, the� ux through ODHC decreased,
and L-glutamate production was increased markedly. Thus
the factor with the greatest impact onL-glutamate production
in the metabolic network is attenuation of ODHC activity
(Shimizu, 2002). The details of the metabolic � ux change
model accommodating the various observations and
dynamic � ux changes have been described (Kimura et al.,
1997; Wendisch et al., 2000). Regulation mechanisms of
ODHC enzyme activity in C. glutamicumwas reported by
(Niebisch et al., 2006). They found a novel protein kinase,
PknG, regulating ODHC activity via the phosphorylation of
OdhI protein. The regulatory mechanism in ODHC activity
by the phosphorylation state of OdhI establishes one clue for
understanding the mechanism of glutamate overproduction
by C. glutamicum.
Leakage Model for Glutamate Efßux byC. glutamicum

Although C. glutamicumrequires biotin for growth, L-glutamate
is not accumulated in the medium when cultured in the pres-
ence of excess biotin (Carlsson and Hederstedt, 1989). In the
presence of excess biotin, glutamate overproduction can b
induced by the addition of detergents, such as polyoxyethylene
sorbitan monopalmitate (Tween 40) or polyoxyethylene sor-
bitan monostearate (Tween 60) (Carlsson and Hederstedt,
1989). Monolaurate or monooleate esters (Tween 20 and
Tween 80, respectively) are not effective for unknown reasons
It is also known that some b-lactam antibiotics, particularly
penicillin and ethambutol, induce L-glutamate production
similar to the detergents (Radmacher et al., 2005). Since these
conditions that induce L-glutamate overproduction seem to
affect the cell surface,L-glutamate secretion by coryneform
bacteria was once interpreted as a passive process caused
enhanced membrane permeability (Eikmanns et al., 1994;
Eikmanns, 1992). According to this ‘leakage model’, L-gluta-
mate passively leaks out through the damaged membrane
(Dominguez et al., 1998) and accumulates in the culture
medium. Under biotin-limited conditions, membrane perme-
ability was thought to be higher than that under normal
conditions, so that the intracellular concentration of L-gluta-
mate would remain low due to the ef� ux by diffusion. Under
such conditions; it was thought that the L-glutamate biosyn-
thetic pathway was also free from feedback inhibition, thereby
contributing to the overproduction of L-glutamate. When
ODHC activity is reduced, the metabolic � ux is thought to
proceed towardL-glutamate production from the tricarboxylic
acid cycle (Hirasawa et al., 2000). Historically, in coryneform
bacteria, only the weak activity of ODHC that catalyzes the
oxidation of 2-oxoglutarate, the direct precursor ofL-glutamate,
to succinyl-CoA has been detected (Figure 4) ( Shiio and
Ujigawa, 1978). Therefore, in these bacteria, it was considere
that the cellular concentration of 2-oxoglutarate remains high,
and the metabolic � ux was directed toward L-glutamate
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synthesis. This was the important assumption in the leakage
model.

Evidence that disagrees with the leakage model also wa
reported. First, signi�cant ODHC activity was detected in
C. glutamicum(Shiio and Ujigawa, 1980). It also was revealed
by metabolic � ux analysis that the tricarboxylic acid cycle is not
totally blocked during glutamate production ( Shiio et al.,
1961). Second, secretion ofL-glutamate under biotin-limited
conditions occurs despite the unchanged permeability of the
membrane to other ions and other amino acids or carboxylic
acids (Fudou et al., 2002). Moreover, it has been suggested tha
a glutamate exporter is present inC. glutamicum. Furthermore,
it was con� rmed that membrane turbidity does not change
under biotin-limited conditions ( Gourdon and Lindley, 1999).
Similarly, the importance of � ux changes has been suggested b
analysis of metabolic enzyme activity.
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Role of Fatty Acid Biosynthesis in Glutamate Overproduct

It was observed that disruption of the DtsR1 gene, which
encodes a putative component of a biotin-containing enzyme
complex that is involved in fatty acid synthesis, causes const
tutive overproduction of L-glutamate (Kimura et al., 1997). The
amino acid sequence ofDtsR1 showed homology to that of
a subunit of acyl-coenzyme A(CoA) carboxylases of variou
origins and disruption of DtsR1resulted in fatty acid auxot-
rophy. Hence, DtsR1 is presumed to represent a subunit of
acetyl-CoA carboxylase (Kimura et al., 1997), which catalyzes
the � rst step in fatty acid biosynthesis. As in the case of biotin
limitation, addition of a surfactant, or penicillin, DtsR1-
disruption also reduces the activity of the ODHC. These results
indicate that the DtsR1level affects the activity of ODHC. On
the basis of studies onDtsR1, it is assumed that a decrease in
the DtsR1cellular concentration due to biotin limitation and
Tween 40 addition triggers a reduction in ODHC activity and
leads to glutamate overproduction (Kimura et al., 1999). It was
observed, however, that penicillin treatment did not decrease
the DtsR1cellular concentration, rather it reduced the ODHC
activity. Unfortunately, the reason for the identical response of
the ODHC activity to treatments with the two agents having
different sites of primary action remains unclear (Eggeling
et al., 2001).

The effects of overexpression or deletion of genes related t
lipid or fatty acid biosynthesis on glutamate overproduction by
C. glutamicumalso was investigated (Nampoothiri et al., 2002 ).
The changes in the expression of the genes related to lipid o
fatty acid biosynthesis caused severe alteration of phospholipid
composition and temperature-sensitive growth. The alteration
of phospholipid composition was obvious with overexpression
of fadD15 (encoding acyl-CoA ligase),pgsA2(phosphatidyl
glycerophosphate synthase) andcdsA(Cytidine diphosphate-
diacylglycerol synthase) genes, respectively. The mutants ofcls
gene encoding cardiolipin synthase most signi�cantly showed
temperature sensitivity. Not only changes in phospholipid
composition and growth phenotype but also changes in
glutamate ef� ux were observed by changing the expression o
the phospholipid or fatty acid biosynthesis genes. Sun-uk et al
(2004) made an interesting observation that the ef�ux of glu-
tamic acid from cells of Brevibacteriumspp. is affected by
temperature. The yield, as well as the speci� c production rate,
of glutamic acid also was increased by a temperature upshif
and estimated that cultivation temperature may affect the ef� ux
of glutamic acid (Kishimoto et al., 1989). Analysis of the lipid
composition of the cell membrane (Lehniger et al., 1993)
indicated that the degree of� uidity depends heavily on lipid
composition and temperature.

In 1990, Hoischen and Krämer reported in detail the rela-
tionship between the alteration of the membrane state and
glutamate overproduction by C. glutamicum. The total amount
of lipids or fatty acids, as well as phospholipids, was decrease
and the ratio of saturated/unsaturated fatty acids (decrease
level in oleic acid and increased level in palmitic acid) was
changed under biotin-limiting conditions. Moreover, the total
content of phospholipids was decreased, but the distribution of
the phospholipids species was not changed. LaterHashimoto
et al. (2006) investigatedthe relationship between the forma-
tion of the mycolic acid layer and glutamate overproduction by
C. glutamicum. The major mycolic acids ofC. glutamicumwere
C30, C32, and C34 under normal growth conditions. C32
mycolic acid is the most abundant and forms about 70% of
total mycolic acid. C32 mycolic acid was composed of two C16
fatty acids (palmitate, one of the abundant fatty acids in
C. glutamicum). Another abundant fatty acid, oleic acid (C18:1)
was hardly found in the mycolic acid layer. The cellular content
of mycolic acid decreased under biotin limitation, Tween 40
addition, penicillin treatment, and cerulenin addition. More-
over, the content of short chain–length mycolic acids increased
with biotin limitation and cerulenin addition. These indicate
that defects in the mycolic acid layer are caused by treatment
inducing glutamate overproduction. Some genes whose prod
ucts are involved in mycolic acid biosynthesis were identi� ed
from the genome sequence ofC. glutamicum(Gande et al.,
2004; Portevin et al., 2005), further investigation is required for
understanding the mechanism of the reduction of the content
of mycolic acid in the mycolic acid layer by the treatments
triggering glutamate overproduction.
Lysine Production Pathway inC. glutamicum

Lysine belongs to the aspartate amino acid family, and in
C. glutamicum, it is produced from pyruvate, oxaloacetate, and
two ammonia molecules involving the additional supply of
four NADPH as reducing power (Michal, 1999). Interestingly,
the organism has a split pathway for the biosynthesis of lysine
as shown in Figure 5 (Schrumpf et al., 1991; Sonntag et al.,
1993). The two alternative branches giveC. glutamicuman
increased� exibility in response to changing environmental
conditions, involving different ammonia levels ( Sahm et al.,
2000). DL-Diaminopimelate as an intermediate of the lysine
pathway is another essential building block for the synthesis
of the murein sacculus (Wehrmann et al., 1998). In bacteria
and plants, lysine may be synthesized from aspartate by one
or several of four variants of the diaminopimelate route.
These pathway variants diverge at the common intermediate
tetrahydrodipicolinate ( McCoy et al., 2006;Schrumpf et al.,
1991).

Oxaloacetate is a direct precursor of aspartate-derive
amino acids, including lysine. In C. glutamicum, the anaplerotic
enzymes phosphoenolpyruvate carboxylase (Eikmanns et al.,
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Figure 5 Lysine biosynthetic pathway and feedback regulation points inC. glutamicum.
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1989) and PCx (Peters-Wendisch et al., 1998) are involved in
supplying oxaloacetate. The importance of these enzymes fo
lysine production becomes obvious from the correlation
between the lumped anaplerotic net carboxylation� ux and the
� ux into the lysine biosynthetic pathway under various
conditions determined by C13 metabolic � ux analysis. Con-
cerning regulation of lysine biosynthesis, aspartokinase
(EC 2.7.2.4), catalyzing the formation of aspartyl phosphate
from aspartate, is the key enzyme. It is feedback regulated a
shown in Figure 5 by concerted action of lysine and threonine
(Kalinowski et al., 1991).

The maximal capacity (i.e., the theoretical maximum
yield) of a C. glutamicumcell for lysine production is an
important characteristic, since it provides an estimate of the
remaining optimization potential of a running industrial
process and gives advice for process or genetic enginee
Previous stoichiometric calculation considering only the
major pathways involved in lysine production has yielded
a molar lysine yield on glucose of 75% (Hollander, 1994).
Now, however, by a more detailed elementary� ux mode
analysis (Schuster et al., 2002), which considers the full set of
available pathways in the central metabolism with informa-
tion on reversibility or irreversibility of the different reactions
and additional assumptions and restrictions posed on the
metabolic network, the theoretical maximum molar yield of
C. glutamicumfor lysine production obtained by such an
analysis is 82%.
e

Autotrophy and Feedback Inhibition of Lysine Production

After the discovery of the ability of C. glutamicumto secrete
amino acids, mutants auxotrophic for amino acids were used in
production. For example, strain ATCC 13287, auxotrophic for
homoserine (Kitada et al., 1961), exhibited a conversion of
approximately 26% g L-lysine-HCl (g sugar)� 1. Kyowa-Hako
(1970) presented a process resulting in 53.2 g l� 1

L-lysine-HCl
with 29% conversion in a batch process with ATCC 21300,
auxotrophic for threonine and leucine. One key property of
L-lysine production strains developed in this period has been
a feedback resistance to a mixture of theL-lysine analoge
S-(2-aminoethyl) cysteine plus L-threonine (Sano and Shio,
1970). Auxotrophic strains, however, have several disadvan
tages. Those strains have acquired a large number of mutation
that are not bene� cial for a stable process. These strains a
highly sensitive to higher temperature or unsuited pH and very
often are affected strongly by certain limitations of vitamins
and micronutrients. To cope with the numerous auxotrophies
and to reduce raw material costs, most industrial processe
were based on media containing large amounts of complex raw
materials like molasses, corn steep liquor, soybean mea
hydrolysate, or other protein hydrolysates, rather than de� ned
media. But low-cost complex media components like molasses
are prone to variation, affecting process performance. Driven
by the disadvantages of auxotrophic strains, there was a deve
opment toward leaky strains rather than auxotrophic strains.
Metabolic Engineering for Lysine Overproduction

Most of the structures of the genes of the aspartate family ar
analyzed in C. glutamicum(Eggeling, 1994; Eikmanns et al.,
1994), as is the � ux through the peculiar split pathway of
L-lysine synthesis in this organism (Sonntag et al., 1993). Flux
control toward L-lysine is exerted at the level of aspartate kinas
and dihydrodipicolinate synthase (Cremer et al., 1988). This
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type of control as evolved in C. glutamicumappears to be ef�-
cient for a balanced � ux toward L-lysine and prevents the
wasting of this valuable metabolic building block. L-Lysine
synthesis in the cell is increased only if the regulation of the
kinase or synthase is overcome arti� cially (Cremer et al., 1991).
This results in an intracellular accumulation of L-lysine (Broer
et al., 1993), accompanied by an ef�ux of this amino acid.

The simple fact that four NADPH are required for synthesis
of one lysine has stimulated metabolic engineering of the
NADPH supply in C. glutamicum(Marx et al., 1999). As
a prerequisite for successful modi� cation of the NADPH
metabolism, the key pathways supplying NADPH for lysine
production in C. glutamicum were identi� ed by different
approaches. Stoichiometric investigation of the lysine network
in the early 1990s already predicted that an increased lysin
yield is linked to an increased � ux through the PPP and
a decreased� ux through the TCA cycle (Kiss and Stephano-
poulos, 1992). The importance of the PPP for ef�cient lysine
production was later shown by metabolic � ux analysis and
genetic experiments (Georgi et al., 2005).

Knowing the importance of PCx for lysine production, the
point mutation C1372T, identi � ed in a classically derived
producer, was introduced into the pyc gene and resulted in
a strong increase of lysine production (Ohnishi et al., 2002).
Overexpression of the phosphoenolpyruvate carboxylase gen
ppc, however, also is bene� cial for the formation of amino acids
of the aspartate family (Sano et al., 1987). Other targets for
strain development focus on the reduction of by-product
formation ( Wolf et al., 2003) and redirection of central carbon
metabolism (Koffas et al., 2002). Analyzing the anaplerotic
enzymes phosphoenolpyruvate carboxylase encoded by theppc
gene and PCx encoded by thepycgene demonstrated that the
anaplerotic CO2 incorporation via PCx is a major bottleneck
for amino acid production in C. glutamicum(Peters-Wendisch
et al., 2001). Overexpression of the pyc gene and thus an
increase in the PCx activity in anL-lysine–producing strain of
C. glutamicumresulted in approximately 50% higher L-lysine
accumulation in the culture supernatant.
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Other Genes for Enhanced Lysine Production and Regula

De� ned improvements were added to strains generated b
random mutagenesis. These improvements usually involved
the introduction of feedback resistant biosynthetic genes or the
Table 1 Key genes involved in lysine biosynthesis

Gene Enzyme Enzym

lysC Aspartate kinase 2.7.2.4
asd Aspartate semialdehyde dehydrogenase 1.2.1.1
dapA Dihydrodipicolinate synthase 4.2.1.5
dapB Dihydrodipicolinate reductase 1.3.1.2
dapD Tetrahydrodipicolinate succinylase 2.3.1.1
dapC Succinyl-amino-keto- pimelate transaminase 2.
dapE Succinyl-diamino- pimelate desuccinylase 3.5.1.1
ddh Meso-diaminopimelate dehydrogenase 1.4.1.1
dapF Diaminopimelate epimerase 5.1.1.7
lysA Diaminopimelate decarboxylase 4.1.1.2
lysE Lysine permease –
n

additional ampli � cation of feedback resistant biosynthesis
genes like lysC. These genes together withasd encoding the
aspartate semialdehyde constitute an operon (Cremer et al.,
1991). The aspartate kinase encoded bylysCwas considered
very early to be the key enzyme for the fermentativeL-lysine
production using C. glutamicum, and a number of mutations
are now localized that in� uence the allosteric control of the
enzyme in addition to the ampli� cation of a feedback-resistant
aspartate kinase, the enhancement of dihydrodipicolinate
synthase encoded by thedapA gene is considered to be
a promising target for strain improvement strategies (Hanke
et al., 2001; Kreutzer et al., 2001). Table 1 summarizes some of
the key genes and the gene product (enzymes) involved in
lysine biosynthesis. In addition to increasing the copy number
of the dapAgene, there was a strategy to increase the syntha
activity by introducing single nucleotide exchanges in the
extended �10 region of the dapA promoter (de Graaf et al.,
2001). This way, the enzyme activity was enhanced up to
2.5-fold compared with the wild-type enzyme. Overexpression
of the two genesdapFand dapC(Hartmann et al., 2003) coding
for diaminopimelate epimerase and succinyl-amino keto-
pimelate transaminase in an industrial C. glutamicumstrain
resulted in increasedL-lysine production, indicating that both
genes might be relevant targets for the development o
improved production strains. A striking discovery with respect
to lysine production was the discovery of the lysine exporter
(LysE) and the subsequent overexpression of theLysEgene,
which resulted in an increased lysine secretion rate (Bellmann
et al., 2001). It also was revealed that there is no alternative
function to substitute the LysEmediated L-lysine export.

Although the improvement strategies already listed often
were applied, implementing de� ned changes in a conven-
tionally developed production strain Ohnishi et al. (2002)
impressively demonstrated the effect of a limited number
of mutations in the central carbon metabolism on a wild-type
C. glutamicumbackground. By introducing alleles of the
genes coding for aspartate kinase (lysCT311I), pyruvate
carboxylase (pycP458S), and homoserine dehydrogenase
(homV59A), production of 80 g l � 1

L-lysine with a productivity
of 3.0 g l� 1 h� 1 was achieved. The key driver for this devel
opment is the availability of whole genome analysis of
wild-type and numerous conventional production strains
in combination with well-established postgenomic
technologies.
e number Transcription unit Reference

lysC (Kalinowski et al., 1991)
1 asd (Cremer et al., 1988)
2 dapB-orf2-dapA-orf4 (Patek et al., 1997)
6 dapB-orf2-dapA-orf4 (Patek et al., 1997)
17 dapD (Wehrmann et al., 1998)
6.1.17 dapC (Hartmann et al., 2003)
8 dapE (Wehrmann et al., 1998)
6 ddh (Cremer et al., 1988)

dapF (Hartmann et al., 2003)
0 lysA (Cremer et al., 1988)

lysE (Vrljic et al., 1996)
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The systems presently available to triggerL-lysine excretion
in C. glutamicumare (1) mutations in the aspartate kinase that
prevent allosteric control, but the mutation in the aspartate
kinase always results in increased intracellular� ux as does
overexpression of the synthase, and no regulation is possible
(2) overexpression of dihydrodipicolinate synthase; and (3)
use of peptides and addition of L-methionine to cultures. The
main disadvantages with the use of L-lysine–containing
peptides is that only a transient increase in the intracellular
L-lysine pool and are usually expensive. The methionine effect
however, represents an extremely simple on–off switch for � ux
increase and export.
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Industrial Application ofC. glutamicum

In food and pharma sector, the primary application of
C. glutamicumis on the fermentative production of amino
acids. The essential amino acids hold a major place in the
global amino acid market, as these cannot be synthesized in th
organisms and have to be supplied externally. The annua
demand for feed grade amino acids globally is about
2.43 million tons with an estimated value of US$6 billion. The
global amino acid market is estimated to hit US$12.8 billion
by the end of 2017, according to the survey conducted by
http://www.companiesandmarkets.com. There has been
a substantial increase in the demand for amino acids in the pas
30 years with a steady 5–10% growth rate in the market. It is
estimated that in that past 10 years, the market demand fo
amino acids has doubled (http://www.prlog.org ) with gluta-
mic acid and lysine on the top of the chart. The global annual
demand for lysine is about 1.4 million tons (with a value of
about US$2.3 billion), demand for methionine is about
800 000 tons (US$3.2 billion), demand for threonine is about
210 000 tons (US$420 million), and demand for tryptophan is
about 5000 tons (US$100 million). According to a study by the
Business Communication Company (Brown, 2011), the US
market for amino acids represents 20% of the global marke
with $1.2 billion in 2011, and is likely to exceed $1.4 billion by
2016, a compound annual growth rate of 2.8% between 2011
and 2016. The biggest market among the amino acids is that o
glutamate, as a� avor enhancer, and the annual production was
more than 1.5 million tons per year worldwide ( Ajinomoto,
2006). The glutamic acid market is growing by about 6% per
year and the leading producers of MSG are Ajinomoto, Miwon,
Kyowa-Hakko, and Cheil Jedang.L-lysine is used almost
completely as a feed additive. Traditional feedstuffs like corn
wheat, or barley are poor in lysine. The addition of 0.5%
L-lysine increases feed quality as much as adding approximate
20% soybean meal. In 2001, the world market forL-lysine was
550 000 tons with a growth rate of 7% per year. Its main
producers are Ajinomoto, Archer Daniels Midland Company
(ADM), Kyowa Hakko, Cheil Jedang, Baden Aniline and Soda
Factory (BASF), and Degussa. The amino acidL-threonine also
is used almost exclusively as a feed additive. Especially pig an
poultry diets have a high demand of L-threonine. The increase
of L-threonine concentration from 0.55% to 0.75% in a corn–
sorghum–peanut meal–based diet for young broilers
increases the breast meat deposition by more than 15%. In
2002, the L-threonine world market had a volume of about
30 000 tons with an approximate annual growth rate of 15%.
Major producers are Ajinomoto, ADM, and Degussa. Marke
size for L-tryptophan for food and feed purpose was approxi-
mately 1200 tons per year in 2001 with two-digit annual
growth rates (Ikeda and Katsumata, 1999). The leading
producers in this market are Ajinomoto, Kyowa Hakko, and
ADM. Low-caloric sweetener aspartame is the source o
commercial interest for L-phenylalanine. World consumption
in 2002 was estimated to be 14 000 tons (Budzinski, 2001). In
times of increasing demand for soft drinks and low-caloric
food, the market is still growing. Industrial production of
L-glutamine started in the late 1960s for use as a therapeuti
agent. Furthermore, it is applied in cosmetics and as a food
additive. Worldwide annual production using bioprocesses
with coryneformbacteria is approximately 2000 metric tons
(Kusumoto, 2001).

With this much huge demand, the cost-effective produc-
tion of amino acid by C. glutamicum, a number of different
substrates (e.g., sugars, acetate,n-paraf� ns, and methanol)
have been used. In general practice, use of sugars such as c
molasses, beet molasses, or hydrolysates from corn or cassa
became standard. The type of sugar for fermentation wa
selected based on the geographic location of the production
plant. For example, starch hydrolysate from corn is the mos
important carbon source in North America, molasses is
common in Europe and South America, and starch hydroly-
sate from cassava is preferentially used in South Asia (Ikeda
and Nakagawa, 2003). Industrial amino acid fermentation
using C. glutamicumis performed using batch, fed batch,
repeated fed-batch, or continuous fermentation. In all cases
the concentration of the carbon source is maintained at low
levels to limit oxygen uptake rate and to avoid excessive
formation of by-products. The major advantage of the fed-
batch process is the rather high product concentration tha
can be achieved. When the maximum� lling degree is reached,
the vessel is not emptied completely, but an appropriate
volume (10–20%) remains in the reactor as inoculums for the
next cycle. This approach (also referred to as‘semi-
continuous’) is feasible only if the production strain exhibits
suf� cient stability. Cheap sources of vitamins and other
nutrients include corn steep liquor, a by-product of cornstarch
manufacture that is replete with amino acids, nucleic acids
minerals, and vitamins. Solid state fermentation, using inert
sugar cane bagasse impregnated with hydrolysate also w
reported for glutamate production (Nampoothiri and Pandey,
1996).

Apart from amino acid fermentation, C. glutamicumhas
many other industrial applications. For example,C. glutamicum
is used for making cheese (Birget, 2003) and is used in the
bioremediation of arsenic (Mateos et al., 2006).

Recent studies show thatC. glutamicumalso can utilize
aromatic feedstocks for amino acids production. Most of the
intermediates generated from aromatic compound assimila-
tion are further metabolized through the TCA cycle in
C. glutamicum(Qi et al., 2007; Shen et al., 2005), and amino
acids are coupled with the TCA cycle inC. glutamicum(Bott,
2007). Amino acid production processes through the utiliza-
tion of aromatic compounds such as phenol and naphthalene
in C. glutamicumprovide an alternative for bioremediation and
bioconversion of aromatic pollutants (Lee et al., 2010).
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Corynebacterium glutamicumis capable of producing a variety of
other value-added commodities– like sugar alcohols, alcohols,
and organic acids – by utilizing pentose sugars from agro-
residual hydrolysates (Gopinath et al., 2012), thus acting as
a valuable tool for an industrial biore� nery using lignocellu-
losic biomass. Recently C. glutamicum was used for the
synthesis of polyamine putrescine (Meiswinkel et al., 2012).
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Conclusion

This industrial microbe has been molded to demonstrate its
� exible product range from amino acids to alcohols by
simultaneous utilization of various carbon sources and is
a hallmark of this bacterium, setting it apart from E. coliand
Bacillus subtilis, which typically show sequential utilization of
substrates present in blends. Their growth pattern often is
accompanied by a diauxic growth lag.Corynebacterium gluta
micum shows only very few exceptions to substrate coutiliza
tion. In-depth knowledge of the metabolic pathways and
regulatory mechanisms of the organism made genetic eng
neering easy, and the central metabolic pathway o
C. glutamicumwas � ne-tuned for the synthesis of various
products by utilizing many different types of cheaper carbon
sources. The recent advances in the metabolic engineerin
paved the way for the beginning of an epoch of cost-effective
and sustainable biotechnological production processes. To mak
it a cost-effective strategy, production of second-generatio
biofuel from lignocellulosic biomass can be combined with the
recovery and puri� cation of other value-added fermented
products, such as amino acids and polyamines derived from
lignocellulosic biomass hydrolysates. Future developments in
these directions de� nitely will enhance the potential of
C. glutamicumas an ef�cient biocatalyst for various biore� nery
applications.
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Costs

A number of major food industries would not exist without
microbiological organisms. These include industries producing
dairy products, such as cheese and yogurt, alcoholic beverages,
such as wine and beer, and leaven breads, among others. On
the other hand, microbiological organisms are a major cause of
food spoilage and food safety concerns. Considerable resources
are devoted to reducing the potential losses arising from food
spoilage and ensuring the safety of food. Hence, microbiolog-
ical organisms provide both bene�ts to the food industry and
imposing costs. The major costs arising from microbiological
agents are associated with food spoilage and food safety. The
former tends to be borne privately by food industry �rms and
consumers. Food safety has both private and public costs when
foodborne diseases are considered. Mitigation of food spoilage
and reducing the incidence of foodborne diseases can impose
signi�cant costs on the food industry.
Economic Approaches to Food Spoilage and Food Safety

Calculating the costs associated with food spoilage and food-
borne diseases, as well as the costs of strategies used to reduce
or mitigate their effects, can be complex; nevertheless, the
conceptual model used by economists to depict the choices
available to food industry �rms is quite simple. The two types
of costs associated with food spoilage are depicted in Figure 1.
Food spoilage is taken to mean food whose condition has
deteriorated to the point at which it cannot be sold either
because it is unpalatable or because it is no longer safe. In the
food spoilage case, it is assumed that the �rm can easily
determine whether the food is safe, either by visual inspection
(or perhaps odor detection) or by simple testing. This differs
from the food safety case in which determining whether food is
and will remain safe once it leaves the control of the �rm is
much more costly. In Figure 1, monetary cost is depicted on the
vertical axis. The effect of microbiological problems in terms of
the extent of food spoilage (or food safety problems) is
depicted on the horizontal axis. The right-hand end of the
horizontal axis indicates that no effort has been expended to
reduce the spoilage arising from microbiological organisms –
with complete food spoilage (100%). The point at which the
horizontal axis intersects the vertical axis represents total
elimination of spoilage (0% spoilage). In many ways the 0%
and 100% points on the horizontal axis represent theoretical
extremes, but they are useful in demonstrating conceptually the
effect on costs of attempting to achieve 0% food safety prob-
lems or in allowing 100% spoilage or contamination.

The cost of microbiological problems (in this case spoilage)
associated with each level of spoilage is the curve labeled AA in
Figure 1. We refer to these costs as Impact Costs. If no effort is
made to control harmful microbial agents, so that a high level
of spoilage occurs, then the impact costs in terms of spoiled
food will be very high. The cost will be the revenue lost from
not being able to sell spoiled food and the costs of disposing of
518 Encyclopedia of Food Mic
products that cannot be sold. On the other hand, if consider-
able effort has been undertaken to reduce spoilage, then
spoilage will be reduced and the losses will be small (moving
us closer to 0% spoilage on the graph). The curve normally is
expected to have the depicted shape because (reading from
right to left) the initial low levels of effort to reduce food
spoilage are likely to produce large reductions in spoilage,
giving large reductions in the cost of microbiological problems.
Additional efforts (as we move closer to 0% spoilage) are
unlikely to bring equally large returns. This is because �rms will
take the easiest steps �rst to reduce food spoilage – that is, those
with the biggest impact. The shape of the curve will vary
depending upon the individual food product.

The costs associated with mitigating the effects of microbial
agents for each level of reduction in spoilage are labeled BB in
Figure 1. We refer to these costs as mitigation costs. These costs
might be those associated with installing refrigeration,
pasteurization, chemical treatments, the use of food safety, and
quality management plans, such as hazard analysis and critical
control points (HACCP). These costs typically will encompass
a number of activities undertaken to reduce spoilage in
a particular food. Again, the curve is expected to have the shape
depicted in Figure 1 because (reading from right to left) the
costs associated with achieving modest gains in spoilage
reduction are low, whereas the costs of achieving reductions to,
say, only 5% or 0% spoilage are extremely high. Of course, the
curves may have other con�gurations depending on the
particular technology employed.

The costs associated with any percentage reduction in food
spoilage, such as point E1 can be read off the graph. At that
point, the cost of the remaining spoilage is E1–Y, and the cost
associated with achieving that level of spoilage is higher at
E1–X. The total cost of E1-level spoilage would be the sum of
E1–X and E1–Y or E1–Z. Point E2, in comparison, represents
a higher level of spoilage. At E2, mitigation costs are lower,
E2–H, but the impact costs of spoilage are higher, E2–I. The
total cost associated with percentage reduction E2 is E2–J.

The rational strategy for food industry �rms is to minimize
total cost – for example, to �nd the minimum value of the
curve CC. This is depicted at point E* with the total cost E*–M.
Figure 1 clearly illustrates that it is inappropriate to focus
exclusively on either the cost of reducing spoilage (mitigation
costs) or the losses associated with spoilage (impact costs)
when making business decisions. Furthermore, it shows that
some positive level of food spoilage is likely to be optimal. The
importance of this point is that, as a business strategy,
attempting to totally eliminate spoilage will be suboptimal.
Technological changes that improve spoilage reduction should
lower costs – shifting the BB curve down and lead to a leftward
movement in E*, meaning less spoilage.

The economics of food safety can be approached in a similar
manner and Figure 1 can also be used to depict food safety (as
opposed to spoilage problems). In this case, however, the costs
of microbiological problems are those associated with food-
borne diseases. These costs tend to be more complex because
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00077-X
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they can involve not only health care costs, such as visits to th
doctor and medicines, but also the costs associated with th
lost earnings of those suffering foodborne illnesses, los
productivity, and death, as well as reductions in quality of life.
Often these costs are dif� cult to measure. Governments may ge
involved in food safety because it may not be possible to
directly attribute the cause of a disease to the perpetrato
(meaning the legal system will not be effective in awarding
damages) and� rms will then underinvest in food safety. This
market failuremeans that governments will become involved in
food safety issues in the name of increasing society’s welfare
through regulation or through activities, such as direct food
inspections. Thus, the cost of microbiological problems may be
only partially re� ected in the costs faced by� rms, and the costs
of reducing the effect of microbiological organisms will be
shared by � rms and the government. Again, however, the
objective of food safety strategies (of food industry � rms,
consumers, and governments combined) should be to mini-
mize the sum of the two costs for society. The model sugges
that the objective of a food safety strategy normally should not
be the total removal of risks of foodborne diseases. Probably
the most obvious example of this trade-off is with Salmonella.
Total eradication is not considered a commercially viable
option by either industry or government regulators, yet
Salmonellarepresents a major cause of documented foodborne
illness in industrial countries. Eradication would be the correct
strategy only if the cost of a foodborne disease was very high a
any level other than reduction to 0%. This would mean that at
any level greater than 0% food safety problems, theAA curve
would be above where theBB curve cuts the vertical axis.
.
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Losses in the Production and Storage of Food

In industrial countries, it may appear that the main threat to
foodstuffs arises as a result of the activities of microbial agents
This may not be the case, however, in developing countrie
where considerable losses and damage to food during
production and storage are the result of rodents, insects, an
other nonmicrobial organisms, such as maggots. For example
it has been estimated that up to one-third of the Indian grain
harvest is lost to rats– primarily due to poor storage facilities.
In industrial countries, these types of losses have been reduce
to the point at which they are almost ignored. Although their
control has simply become routine, one should not ignore the
fact that considerable resources are spent on their control.

Food spoilage arising from microbial organisms, however,
is a primary focus of modern food industries. As with the
control of nonmicrobial pests, many of the food industry
activities to control spoilage arising from microbial origins
have become so routine as to be considered normal production
practices– cooking of canned meat, pasteurization of milk, the
addition of chemical preservatives, and so on. As olde
processes become routine, new challenges for the food industr
arise and become the focus of attention. Changes in the focu
of food spoilage mitigation activities arise for a number of
reasons. Technological change in the commercial food and
related industries (e.g., transportation, home food storage, and
preparation) is a major initiator of change. For example, the
advent of relatively low-cost refrigeration spawned the need to
develop cold chain capabilities for the meat industry. The
widespread availability of microwaves led to the need to think
about an entirely new range of spoilage situations. Changes in
consumer tastes can also alter the way spoilage is viewed.
consumers become resistant to the use of chemical additives i
food, then � rms are faced with either higher incidents of
spoilage or � nding alternative control mechanisms. The activ-
ities of the food industry may be responsible for raising the
expectations of consumers regarding what is an acceptab
product, hence, inadvertently increasing the proportion of food
that is considered spoiled. The marketing of the cosmetic
aspects of fruits and vegetables is the most obvious example

Supply chains in the food industry also have become longer
over time. The lengthening of supply chains has led to
increased opportunities for food to spoil. This lengthening has
two aspects – longer geographic distances (hence, often
a lengthening of shelf-life time requirements) and a greater
number of participants along the supply chain handling food.
One example of the latter is the increase in the proportion of
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520 Costs, BeneÞts, and Economic Issues
meals eaten outside the home. The problems faced by restau
rants, both in matching quickly available food quantities to
unpredictable customer numbers and preferences (how many
steaks to unthaw on any given day) and the training of low-
paid and often-transient staff, lead to increases in spoilage
relative to within-home food preparation.

It should be clear that the degree of food spoilage cannot be
separated from the efforts expended to reduce it. Furthermore
increased efforts to reduce spoilage at one point in the supply
chain (food processing) may be offset by a different set of
trade-offs between the quantity of food allowed to spoil and
the costs of reducing spoilage at another point in the supply
chain (restaurants). Getting any reasonable estimates of th
proportion of foods spoiled or their value is almost impossible.
Food spoilage within the commercial food chain arises from
two sources. First, from� rms making routine calculations that
implicitly recognize the total cost minimizing trade-offs illus-
trated in Figure 1. This means that a certain quantity of food is
expected to spoil routinely because the cost of further reducing
spoilage exceeds the bene� ts of reducing spoilage. This is rep-
resented by points to the left of E* in Figure 1. Spoilage also
arises from unforeseen breakdowns in the systems put in plac
to reduce the problem. These can lead to a high degree o
spoilage for a particular crop or to the withdrawal of entire
production runs when, for example, samples of meat products
are found in a deteriorated condition and all of the product
must be destroyed to restore consumer con� dence. Although
much of this product is not technically spoiled, it still repre-
sents a loss arising from a breakdown in spoilage prevention.
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The Costs of Quality Control

Food quality control problems arising from microbial agents
encompass two main cost issues. The� rst is the absolute cost of
food quality control relative to the total cost of food. The
second relates to who bears those costs. In the case of the latte
three broad groups can be identi� ed: the food industry,
government, and consumers (broadly de� ned to include their
signi� cant role in the home preservation and preparation of
food). The food industry makes substantial expenditures to
ensure the quality of food. Governments take considerable
responsibility for establishing food safety standards and for
inspection (everything from meat inspectors in slaughter plants
to visits to restaurant kitchens). Despite all of these efforts, the
main line of defense against many foodborne diseases is th
consumer preparing food in the home. The simple precautions
taken to adequately cook meat, for example, is the major
defense against the health hazard posed bySalmonella. In
a similar fashion, home food preservation methods– such as
canning, pickling, and latterly home freezing– can constitute
a signi� cant proportion of the resources expended by a societ
to maintain the quality of food. Of course, in the past when
food supply chains were shorter and simpler– when home-
produced food on farms constituted the major portion of the
society’s diet and most food transactions took place at local
markets – food quality maintenance activities were almost
entirely the responsibility of the consumer. This is still the case
in many developing countries. As technology changed and
food supply chains lengthened as countries developed, more
and more of the responsibility for food quality maintenance
fell on � rms. As it is often dif� cult to isolate the source of
foodborne disease, and therefore dif� cult to assign liability,
governments increasingly became involved in ensuring the
maintenance of food quality to better protect consumers. Cost
ef� ciencies relating to prevention in processing plants and the
strategic use of individuals with scienti� c knowledge (relative
to the cost of broad-based scienti� c education of consumers)
moved food safety � rmly into the public realm.

The proportion of the total cost of quality maintenance
borne by the actors along the food chain is changing con-
stantly. For example, government-funded meat inspection has
been moved into the private sector in some countries, wherea
in others, the burden of government-run inspection services
has been transferred to industry through cost-recovery
programs. The move to HACCP systems in many countries
while likely improving the ef � cacy of food safety systems, may
also have been motivated by the desire of the government to
move more of the cost of maintaining food quality to the
private sector in times of government budget dif� culties.

In some cases, consumer preferences (or prejudices) kee
the total costs of maintaining food quality higher than neces-
sary. The poor image of irradiated foods among consumers
effectively has restricted the use of this technology in control-
ling microbial agents. In general, however, technological
changes tend to shift theBB curve in Figure 1 downward,
moving E* to the left and increasing food quality, while
lowering its cost. Governments in most industrial countries
continue to invest considerable resources in food safety
inspection programs, whereas private sector expenditures b
the food industry to comply with food safety regulations and in
private initiatives to reduce the spoilage of foods are usually
many times that amount.
Societal Losses from Foodborne Disease

As suggested, three costs make up theBB curve in Figure 1:
costs incurred by individuals and households, the private food
industry, and the public regulatory system. When foodborne
disease is considered, the costs that make up theAA curve in
Figure 1 – the impact costs associated with problems caused b
microbial agents – extend far beyond those associated with
spoiled food. These costs include the direct cost of diseas
(medical visits, drugs, and hospitalization), the costs associated
with death (including the loss of a breadwinner’s income and
trauma for family members and friends), unmitigated pain and
suffering of those who become ill before treatment or for
whom no treatment is available, reduced quality of life, losses
in worker productivity, and the anxiety created about food-
borne health risk. Looked at another way, these could all be
reduced from increased activities to maintain the quality of
food and, hence, represent the true costs associated wit
foodborne disease. Research dealing with the costs of food
borne disease often usescost of illness(COI) estimates. These
estimates, however, tend to be incomplete because they onl
include medical costs and the cost of lost productivity. The
other costs usually are omitted because of a lack of suitabl
measures. Estimating the costs associated with death a
particularly dif � cult. As a result, COI estimates usually under-
estimate the true costs of foodborne disease caused by micro
bial organisms. An alternative method sometimes used to
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determine the value (or costs) associated with foodborne
disease iswillingness to pay(WTP) studies that attempt to esti-
mate the value that individuals place on reductions in the risks
associated with foodborne disease. Again, these studies provid
only ballpark estimates because of the dif� culties associated
with individuals ’ understanding of the actual (as opposed to
the perceived) risks involved and the costs that would be
imposed on them. In other words, the estimates attained in
WTP studies represent only the individual’s perception of the
costs associated with foodborne disease and may either ove
or underestimate the true cost.

Although estimates vary considerably due to under-
reporting and failures to identify the true cause of illness, in
1999 the Centers for Disease Control and Prevention estimate
that microbial pathogens in food caused 76 million cases of
foodborne diseases annually in the United States, resulting in
325 000 hospitalizations and 5000 deaths annually. Estimates
of the economic costs of foodborne illness vary considerably
with a 2010 estimate putting the costs as high as US$152
billion per year in the United States alone. These are the cos
that remain after the extensive expenditure of resources b
individuals, the food industry, and the public sector to main-
tain the quality of food. The foods most likely to cause human
illness are animal products, such as red meat, poultry and
eggs, seafood, and dairy products. Meat and poultry are est
mated as the source of approximately 80% of the annual cost
of human illness from foodborne pathogens.

The major microorganisms that cause disease are bacter
fungi, parasites, and viruses. More than 40 different foodborne
pathogens are believed to cause human illness. More than 90%
of con� rmed foodborne illnesses have been attributed to
bacteria. Six bacterial pathogens are considered to be of th
greatest importance– Salmonella, Campylobacter jejuni, Escher-
ichia coli0157:H7, Listeria monocytogenes, Staphylococcus aure,
and Clostridium perfringens. The potential pathways of human
exposure to pathogens found in animals, for example, include
direct contact with live animals (putting at risk farmers, live-
stock transporters), indirect contact with live animals such as
coming into contact with fecal material or other animal waste
(farmers, processing plant workers), direct contamination by
the carcass (processing plant workers, government inspectors
indirect contamination by the carcass through contact with
knives or contaminated clothing (processing plant workers,
laundry employees), cross-contamination of food products in
slaughterhouses, food preparation establishments and in the
home (food industry workers, consumers), consumption of
meat, poultry, and dairy products (consumers), and person-to-
person transmission (restaurant staff, consumers). Hence, th
costs of foodborne disease can be found all along the food
supply chain and prevention measures cannot be centere
exclusively on the� nal consumer. Measures taken near the en
of the food supply chain, which could eliminate the risk to
consumers at a low cost, may not be appropriate when the risk
along the entire food chain are considered.

There are three major classi� cations of foodborne diseases
Foodborne intoxications are caused by consuming food that
contains toxins released during the growth stages of speci� c
bacteria or microtoxins produced by molds. Foodborne tox-
icoinfections arise when the pathogens produce harmful or
deadly toxins while multiplying in the human intestinal tract.
Foodborne infections result when pathogens are eaten, becom
established, and multiply in the body. Most cases of foodborne
illness are classi� ed as acute because the symptoms (ofte
gastrointestinal problems or vomiting) occur quickly after
ingestion and are self-limiting. Unless the acute foodborne
illness results in death, most costs relate to health care expen
ditures and short-run losses in worker productivity.

Approximately 2–3% of acute cases develop long-term
illness or chronic problems of the rheumatoid, cardiac, and
neurological systems. These chronic illnesses may af� ict
the individual for the rest of their life or cause premature
death. In these cases, the costs are ongoing and include th
reduced productivity and incomes associated with long-term
disability. The costs may even be borne intergenerationally
with reduced incomes eliminating the possibility of university
education for children and their subsequent ability to earn
income. Quality of life for the individual and family members
may be reduced considerably. Clearly, an individual’s WTP to
avoid the chronic effects of foodborne illness might consid-
erably exceed COI estimates based on medical costs and lo
productivity.
BeneÞts

Although attention is often focused on the costs associated
with food spoilage and food safety that result from the activi-
ties of microbiological agents, it is clear that considerable
bene� ts also accrue from the existence of other microbia
organisms. Beyond the basic fact that life as we know it could
not exist without microorganisms – cows would not be able to
digest grass, there would be no oil to fuel industrial processing
and food distribution, no compost recycling of nutrients would
take place– there are speci�c industries that are based on the
activities of microorganisms. Fermented milk products, such as
cheese and yogurt, are based on species ofLactobacillusand
Streptococcus. Furthermore, some cheeses such as Stilto
Camembert, Brie, and Limburger have speci� c bacterial
ripeners added. All three of the major alcoholic beverage
industries, winemaking, brewing, and spirit production depend
on the actions of microbial agents. Vinegar production is
directly dependent on Acetobacter. The quality of bread is
enhanced considerably by leavening, which is based on havin
yeast act on sugars in the dough. The resulting CO2 forms tiny
bubbles in the dough, which lightens it and gives the bread
a more open texture. Citric acid used in the manufacture of, for
example, lemonade is produced by fermentation of glucose by
the mold Aspergillus. Glutamic acid is a� avor enhancer. Yeasts
extracts are marketed directly as food products. Food enhance
with probiotics to deliver speci� c health bene� ts are a compo-
nent of the rapidly growing functional food sector. Many other
food production processes bene� t directly from the actions of
microbiological organisms. Clearly, food consumers’ choices
are increased considerably and their quality of life enhanced by
the existence of microbial agents.
Added Value from Microbiological Agents

In assessing the bene� ts accruing from industries based on
microbiological organisms, it is important to keep in mind that
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it is the added value that can be attributed to the industry that is
important and not the total value of the industry. Added value
is the difference between an industry’s sales and the costs of its
raw materials. In other words, the cheese industry can b
assessed only for its additional value above the raw milk, which
is used to produce it. The wine industry adds value to the grape
that are produced. Of course, if no wine were produced, fewe
grapes would also likely be produced due to saturation in the
table grape or grape juice markets. This does not mean
however, that the additional grapes plus the wine produced
represent the net gain attributable to the wine industry because
the resources used to produce the grapes likely would be used t
produce other products. Those products are forgone as a resu
of wine production. The foregone products represent what
economists callopportunity costs. The added value of an industry
arises in relation to its opportunity cost. Despite this, the added
value in, for example, the cheese industry is still considerable
when the wholesale value of cheese is compared with its raw
milk inputs. The value of brewery products far outstrips its
input costs. In the case of industries, such as bakeries, the adde
value seems much more modest when one compares, fo
example, the prices of leaven and unleavened bread.
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National and International Issues

The signi� cant degree of international trade and investment in
the food industry raises a number of international issues,
including rising consumer concerns regarding food safety and
the technological changes embodied in agrifood biotech-
nology. Food safety awareness has been rising amon
consumers in industrial countries. Awareness is not synony
mous with being informed, and those charged with ensuring
food safety at both the political and technical levels often are
faced with what appear to be irrational consumer concerns
Nevertheless, consumer perceptions are a key determinant
consumer food choices, and understanding what drives and
shapes these perceptions remains important for the food
industry. The food industry had long been a bene� ciary of
a virtual consensus among food scientists, consumers, an
policy makers regarding what was considered to be‘appro-
priate science’ as it related to food safety. In practice, this often
meant that the latter two groups deferred to the former for the
establishment of food safety standards and protocols. In recen
years, however, the consensus on what constitutes appropria
science has declined. Although the degree to which thi
consensus has been diluted varies among industrial countries–
less trust in western Europe than in the United States, fo
example – there is little doubt that suf� cient numbers of
consumers (where suf� cient numbers means that they cannot
easily be ignored by politicians) are no longer willing to defer
to the judgments of scienti� c experts regarding what constitutes
appropriate science. The decline in consumer con� dence is
related to well-publicized breakdowns in the food safety
system– tainted fast food hamburgers,Salmonellain eggs– and
in the United Kingdom, the industry and regulatory system’s
apparent inability to deal with the bovine spongiform
encephalopathy (mad cow disease) crisis. This deterioration in
con� dence in food safety regimes has left policy makers with
the unenviable job of attempting to restore con� dence by
tightening and redesigning food safety regimes. Often this has
been accomplished in times of severe budgetary restraints
Food processors have been faced with rising regulatory cos
and the specter of large liability awards arising from the legal
system (particularly juries that are more willing to directly
assign blame than in the past). A period of rapid change in food
safety initiatives, both public and private, has been under way
over the past decade. Individual countries unilaterally have
been altering standards and protocols leading to differences
among countries– differences that can inhibit trade.

The international harmonization of food safety standards is
a long and resource-intensive process. Differences in foo
safety standards and protocols increase costs for� rms wishing
to export because they must undertake a separate set of foo
safety procedures for each foreign market they wish to enter
This may be the case even if food safety standards are mo
stringent in their domestic market because foreign regulations
specify different procedures. In some cases, the extra cost m
not be justi� ed by the level of foreign sales, effectively shutting
the � rm out of foreign markets. In other cases, it may not be
technically feasible to satisfy foreign requirements. Food
processors in developing countries may be particularly disad
vantaged. Food safety regulations also can be used strategica
asnontariff barriersto international trade.

The World Trade Organization (WTO) is a forum through
which countries agree to rules governing international trade.
Two WTO agreements are in place that affect countries’ ability
to impose trade barriers related to food safety and food quality:
The Agreement on the Application of Sanitary and Phyto-
sanitary Measures (SPS) and the Agreement on Technic
Barriers to Trade (TBT). In the SPS agreement, any tra
restrictions based on food safety issues should be based sole
on scienti� c principles. In the TBT agreement, countries hav
agreed that the costs associated with regulations, for example
relating to the labeling of food and in particular to the veri � -
cation of labels, should not exceed the bene� ts consumers
receive from food labeling.

Biotechnology provides numerous value-adding and
product-differentiation opportunities for the food industry,
including the creation of speci� cally tailored microorganisms
to enhance food production and the building in of genetic
resistance to existing harmful microbial agents. Consume
acceptance of genetically modi� ed foods, however, is far from
universal and regulators have struggled with how to deal with
the potential for unforeseen long-term health consequences o
possible environmental risks. Nowhere has the lack of
consumer con� dence in the food safety system been more
evident than on the topic of food derived from genetic modi-
� cation. Again, levels of consumer concern vary internationally
bringing the issue to the forefront of the trade agenda.
See also:Bread:Bread from Wheat Flour;Campylobacter;
Cheese in the Marketplace;Chilled Storage of Foods:
Principles;Escherichia coli:Escherichia coli;Escherichia coli
O157:E. coliO157:H7; Food Poisoning Outbreaks; Genet
Engineering; Good Manufacturing Practice;Hazard Appraisal
(HACCP):The Overall Concept;Hazard Analysis and Critical
Control Point (HACCP):Critical Control Points;Hazard
Appraisal (HACCP):Involvement of Regulatory Bodies;Listeria:
Introduction; Spoilage of Meat; Spoilage of Cooked Mea



an,.

nes
dian

rial
omi

estv

., 2

ts and bene
mics 81 (5),

96. Prevention
luation. Oxford

of the Processed
Department of

erfections and

uality: interna-
nd Trade Policy

ics and Public

s. Chapman and

1. The Institute

98. The Future of

e United States.
.org

Costs, Benefits, and Economic Issues 523
Meat Products; Probiotic Bacteria: Detection and Estimation in
Fermented and Nonfermented Dairy Products; Salmonella:
Introduction; Salmonella: SalmonellaEnteritidis; Spoilage
Problems: Problems Caused by Bacteria; Spoilage Problems:
Problems Caused by Fungi; Yeasts: Production and
Commercial Uses.
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Introduction

Coxiella burnetii is a Gram-negative obligate intracellular
bacterium that preferentially grows inside the vacuoles of
a host cell. It is the etiological agent of acute and chronic Q
fever (or Coxiellosis), which is an infectious disease of
arthropods, animals, and humans. Coxiella burnetii belongs to
the class of gammaproteobacteria, which includes many of the
medically important bacteria, such as Escherichia coli, Salmonella
enteritis, Yersinia, Vibrio, and Klebsiella pneumonia.
History of C. burnetii Discovery

The discovery of C. burnetii was made during late 1930s by
Australian and US scientists who were investigating the veteri-
nary and zoonotic febrile illness with an unidenti�ed causal
agent at the time. The ‘spotted fever of the Rockies’ was a local
epidemic in the mountains of the western Montana in the
United States and Dr Ralph Parker at the Rocky Mountain
Laboratory (RML) along with his colleague Dr Hideyo Noguchi
at the Rockefeller Institute isolated a ‘�lter-passing virus’ from
Dermacentor andersoni ticks. Dr Gordan Davis at the RML suc-
ceeded in infecting guinea pigs with a tick blood meal to prove
the cause of the febrile disease. Dr Davis continued to work
on the strain along with Dr Herald Cox at RML and characterized
the organism as pleomorphic resembling Rickettsia species and
was not a �lterable virus. During 1935, there was an outbreak
of a similar febrile illness among slaughterhouse workers
in Brisbane, Australia. Dr Edward Derrick, an Australian physi-
cian, began investigating the disease of unknown etiology and
coined the term ‘query (Q) fever.’ Dr Derrick successfully
infected guinea pigs with patients’ blood or urine and isolated
the causal agent. Dr Derrick suspected the disease was caused
by a novel agent, however, and concluded that the agent was
a virus. He then sent liver samples to a virologist named
Macfarlane Burnet at the Walter and Eliza Hall Institute in
Melbourne, Australia. Burnet and his colleague Mavis Freeman
studied the etiology of the Q fever agent in mice and monkey
animal models and identi�ed the causal agent as a rickettsial
pathogen. It was during 1948 that the bacterium, which earlier
was thought to belong to the same family of Rickettsia, was later
classi�ed as Coxiella. The causative agent of Q fever was identi-
�ed and classi�ed as C. burnetii, which was named after the
two microbiologists Herold Cox and Frank Burnet who had
studied the organism in great detail.
Cultivation and Isolation of C. burnetii

Coxiella burnetii generally is isolated by inoculating a sample
suspension derived from infected, clinical, or reservoir hosts onto
cultured host cells or into embryonated chicken eggs or
524 Encyclopedia of Food Mic
laboratory animals, such as mice or guinea pigs. Experiments
involving C. burnetii isolation generally require biosafety level 3
requirements. Coxiella is an acidophilic bacterium and grows at
a pH of 4.5–5. Organs such as spleen, liver, and bone marrow
from a host animal show necrotic foci due to acute infection, and
spleen homogenates are most commonly used to recover
C. burnetii. A typical isolation procedure involves homogenizing
a specimen, such as placenta or spleen, in phosphate buffered
saline containing added antibiotics against contaminating
bacteria. The homogenized sample is centrifuged and an aliquot
of the supernatant �uid is used as the inoculant. In the case of cell
culture experiments, there are various options of cell lines, animal
cell lines, or most commonly used embryonated eggs. Some of
the primary and established cell lines include chicken embryo
cells, cultured mouse �broblasts (L cells), insect (mosquito) cells,
human embryo �broblasts, vero cell lines, tick tissue cultures, and
macrophage-like tumor cell lines. Typically, the monolayer of cell
lines are inoculated with an aliquot of clinical sample and incu-
bated at room temperature with gentle shaking to allow adher-
ence and internalization of C. burnetii. Veri�cation of the host cell
infection by C. burnetii can be measured microscopically by using
�uorescent dyes, or staining involving Gimenez stain or immu-
no�uorescence antibodies. Under a microscope, the bacteria
may appear to be short individual rods that are not stained by
Gram staining but rather are visible after Giemsa or Gimenez
staining. Other staining methods may use Stamp methods,
involving the use of basic fuchsin solution, Macchiavello, and
modi�ed Koster staining methods. The cells of C. burnetii may
appear to be thin, pink-stained coccobacilli against a blue or
green background. The location of C. burnetii within the host cells
is a contrasting feature that differentiates them from other rick-
ettsial bacteria. Most commonly, the cells of C. burnetii proliferate
within the vacuoles of host cells, whereas the rickettsial species
grow within the cytoplasm without any visible association
with vacuoles. Use of control-positive slides during microscopic
identi�cation of the bacteria is highly recommended and may
require con�rmatory serological tests. Identi�cation of C. burnetii
inside the host cells or cell lines can be performed by direct
immuno�uorescence assay with speci�c antibodies conjugated to
�uorescein isothiocyanate. Other methods include micro-
agglutination assays or enzyme-linked immunosorbent assay
(ELISA) for serum specimens. Further identi�cation of C. burnetii
from the infected cells can be done by amplifying the DNA
genetic material using polymerase chain reaction (PCR) and can
be quanti�ed using real-time PCR. DNA ampli�cation can be
done from blood, milk, placenta, biopsy and fetal specimens, and
cell culture supernatants.
Biology of C. burnetii

Coxiella burnetii is a small bacterium that varies in size
from 0.5–0.8 mm to 1.2–3 mm and exhibits a pleomorphic
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00389-X
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coccobacillus shape that is an intermediate morphology
between coccus (spherical) and bacillus (elongated). The ce
walls of C. burnetii contain a peptidoglycan layer composed
of N-acetylmuramic acid, N-acetylglucosamine, D-alanine,
D-glutamic acid, and meso-diaminopimelic acid. They also
have an outer lipopolysaccharide (LPS) membrane. Th
chemical composition of the LPS layer gives antigenic variation
of the C. burnetii. The pathogenic phase I and the attenuated
phase II, the two antigenic forms ofC. burnetii, contribute to the
complexity of the LPS layer. Phase I commonly is isolated from
infected animals or humans, and phase II is isolated from
embryonated eggs in a laboratory orin vitro. The bacterium is
pleomorphic with both vegetative and sporelike form, and due
to this ability, the bacterium can exhibit developmental cycle
variants known as the large-cell variants (LCV), small-ce
variants (SCV), and small dense cells (SDC). Both the SC
and the SDC are the small morphological variants that may
survive outside the host cells as infectious particles. These thre
morphological types vary in their shape and physical and
chemical resistance mechanisms. The SCVs appear to be sm
rods, and the LCVs appear to be sporelike particles of approx
imately 1 mm in length. The LCV is believed to be the more
metabolically active, replicative cell type, and are more sens
tive to environmental stresses. The SDC and the stationary SC
forms of C. burnetiiare known to resist environmental stresses
including high temperature, UV radiation, desiccation, soni-
cation, and other conditions of pressure, osmotic, and oxida-
tive stresses. These SCVs are more structurally stable w
a thick peptidoglycan layer and are highly infectious. Further-
more, due to their spore forming ability, the bacteria can resist
biocides including 5% lysol, formalin and sodium hydroxide,
0.5% sodium hypochloride, and 10% ammonium chloride.
Thus, the abilities of these bacteria to persist under such hars
conditions enable them to survive outside the host cells for
more than 5 months. Other characteristics of the organism
include the small size of its nucleic acid (about 1600 kb),
which makes the bacteria one of the smallest in the order
Rickettsiales. The genomes ofC. burnetiiisolates from different
host types are highly conserved, however, and they show
polymorphism, which is of high importance in the genotyping
of the organism.
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Epidemiology of Q Fever

Transmission

Since the� rst report of Q fever in Australia, the disease occur
rences have been reported throughout the world in various
species, including arthropods, ticks, birds, rodents,� sh, live-
stock, and humans. Although wild rodents are considered to be
important reservoirs, most common sources of human infec-
tion include farm animals such as cattle, goats, sheep, and pet
In the case of goats and sheep, Q fever causes abortions, and
cattle, it causes reproductive problems. Ticks are the majo
reservoirs transmitting C. burnetii among domestic animals.
Nearly 40 species of ticks are considered to be primary vecto
in transmitting C. burnetiiinfections among domestic animals.
In humans, C. burnetiiinfection may occur when aerosols from
amniotic � uid or placenta or contaminated wool are inhaled;
thus, Q fever is an occupational hazard. People at risk fo
C. burnetii infection include people in contact with farm
animals and also the laboratory personnel working with
infected animals. Consumption of raw milk is another source
of infection as the bacteria are known to be shed by the animals
in milk. The organism is classi� ed as a class B bioterrorism
agent.

Thus, the most common routes of human exposure include
inhalation of aerosols or contaminated dusts containing
airborne bacteria originating from infected animals or their
products, including milk, urine, and feces. The amniotic� uids
and placenta during birthing of calves may contain high
number of C. burnetii, which may be carried onto host through
aerosols produced during birthing. Secondary transmission o
C. burnetiiis rare, but a few cases involving pneumonia patients
have been reported. Thus, farmers, veterinarians, abatto
workers, and people coming in close contact with infected
livestock may be considered as the at-risk populations for
C. burnetiiinfections. Other at-risk populations include people
with underlying valve disease or endocarditis. Transmission o
Q fever from person to person is rare, although sexual trans
mission or blood transfusion and exposure during childbirth
are possible.
Clinical Manifestations of Q Fever

Because of public health and economic importance, studies
pertaining to the ecology, immunology, and epidemiology
of Q fever gain more attention than the biology of
C. burnetii. The clinical signs or symptoms of Q fever are
often mild and nonspeci� c, subclinical or asymptomatic. The
infectious dose of C. burnetii is calculated to be as small as
a single organism in laboratory animals and the estimated
human infectious dose by inhalation is approximately 10
organisms. Coxiella burnetiiinfections may lead to pneu-
monia, hepatitis, or fever, and the febrile illness is consid-
ered to be the most common form of Q fever, which may
manifest as acute or chronic infections. The incubation
period from high fever (usually > 40 � C body temperature)
has been estimated to range from 14 to 39 days, with an
average of 20 days in humans.
Acute Infection

Although there is no typical form of acute infection as the
symptoms vary from patient to patient, some of the manifes-
tations include sudden onset of high fever, headache, and
cough, and sometimes are associated with rash or a meninge
syndrome. The acute form generally is not fatal and is self
limiting with � ulike illness and subclinical to debilitating
symptoms. Along with radiographic symptoms like pneu-
monia, patients may have increased liver enzyme levels
erythrocyte sedimentation rates, and thrombocytopenia. In
case of acute infection, the antibody levels to phase II antigen
are usually higher than for phase I agents and may be detecte
during second week of symptoms. Overall, the acute infection
may involve three major presentations as self-limited� ulike
syndrome, pneumonia, and hepatitis. Treatment of acute Q
fever is effective when treated with doxycycline within 3 days
after onset of the illness.
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Chronic Infection

Chronic Q fever can occur in rare instances among very few
patients infected with C. burnetiiand may occur after months to
years of acute illness. The chronic disease involves endocardit
hepatitis, and chronic fatigue. The chronic Q fever endocarditis
is dif� cult to diagnose and treat due to poor prognosis.
Combination long-term therapy with doxycycline and
hydroxychloroquine or doxycycline with a � uoroquinolone
usually is recommended. During chronic illness, high antibody
levels to phase I antigens and constant or decreasing levels
antibodies to phase II antigens can be seen. In this form of the
disease, multiplication of C. burnetiioccurs inside the macro-
phages, which ingest the organism into a phagolysosome
where the acidic pH activates theCoxiella’s metabolic enzymes.
Upon reaching maturity, the bacteria begin sporulation.
Furthermore, the infected macrophages lyse leading to spor
release to infect other cells. Usually, chronic fever occurring a
endocarditis is common in patients with valvular damage or in
patients with compromised immunity. The symptoms of
chronic Q fever occur mainly as cell-mediated in� ammatory
responses and may include anemia, elevated erythrocyte sed
mentation rate, and hypergammaglobulinemia. The culture-
negative endocarditis is considered to be a suggestive clue
chronic Q fever.
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Serological Tests for Diagnosis

Several techniques are recommended for serological diagnos
and the most commonly used ones include indirect immu-
no� uorescence assay (IFA), ELISA, and the complement� xa-
tion test (CFT). The ELISA or immune-detection tests ar
preferred due to their high sensitivity and speci� city during
veterinary diagnosis and for convenience and reliability.
Readily available commercial ELISA test kits in microplate
format can detect either anti–phase I or anti–phase II anti-
bodies. Typical ELISA tests involve the use of microplate well
coated with C. burnetii whole-cell inactivated antigens, and
these antigens can react with antibodies in serum specimens
After initial washing, horseradish-peroxidase-labeled secon
dary antibodies are added, which react with the bound
primary antibodies. Once an enzyme substrate is added, th
reaction is stopped by adding a stop solution and the resulting
color is measured spectrophotometrically. The mean absor
bance of the sample serum is compared with that of positive
and negative controls to calculate the percent absorbance t
interpret the values. Other immunoassay methods include
enzyme-linked immunosorbent � uorescence assays or tes
using monoclonal antibodies, dot immunoblotting, and
western immunoblotting. Any particular test is chosen based
on parameters including sensitivity, speci� city, cost, and
amount of antigen required for the test.

In the case of the IFA, which is used as the reference assay
diagnosing Q fever, the preparation of antigens for the tes
phase I and phase II reference ofC. burnetiiare used. First, the
phase II strains are grown in con� uent mouse cell lines and
inoculated with phase I antigens from the spleens of mice
inoculated with phase II C. burnetii. Preparation of antigens
this way yields the highest sensitivity antigens for detection of
C. burnetii antibodies. Diluted sera are placed on the immu-
no� uorescence slides containing wells already coated with
antigens. If the sera contain speci� c antibodies, they will be
� xed on the slide and the complex will be detected using
a � uorescence microscope following the addition of a� uores-
cent conjugate that would recognize the species-speci� c
immunoglobulins. The CFT detects the compliment-� xing
antibodies present in a serum sample containing theC. burnetii
antigens. This test is less speci� c and lacks sensitivity.
Conclusion

Coxiella burnetiiis the causal agent of Q fever and has world
wide distribution. Although the disease was reported during
1930s, it is poorly understood because of the low intensity
and subclinical symptoms of illness. The exact disease preva
lence is unknown as the number of cases of Q fever is
underestimated. Coxiella burnetiimainly is transmitted from
contact with livestock and domestic animals; farm animals
such as sheep and goats are considered the main reservoirs
C. burnetii. Consumption of raw milk is also a means of its
transmission. Diagnostic tests that allow direct detection of
C. burnetiiare preferred and such tests include PCR detectio
and immunoassays.

See also: Acetobacter; Biochemical and Modern Identi�cation
Techniques:Introduction;Biochemical Identi�cation
Techniques for Foodborne Fungi:Food Spoilage Flora;
Biochemical and Modern Identi�cation Techniques:
Food-Poisoning Microorganisms;Biochemical and Modern
Identi�cation Techniques:Enterobacteriaceae, Coliforms, an
Escherichia Coli; Biochemical and Modern Identi�cation
Techniques:Micro� oras of Fermented Foods; Biophysical
Techniques for Enhancing Microbiological Analysis;
Brettanomyces; Helicobacter; Injured and Stressed Cells;
Klebsiella;Microscopy:Light Microscopy;Microscopy:
Confocal Laser Scanning Microscopy;Microscopy:Scanning
Electron Microscopy;Microscopy:Transmission Electron
Microscopy; Atomic Force Microscopy;Microscopy:Sensing
Microscopy;Mycobacterium; Shigella: Introduction and
Detection by Classical Cultural and Molecular Techniques
VibrioIntroduction, IncludingVibrio parahaemolyticus, Vibrio
vulniÞcus, and OtherVibrioSpecies;Vibrio: Vibrio cholerae;
Vibrio: Standard Cultural Methods and Molecular Detectio
Techniques in Foods;Xanthomonas.
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Cream see Bacillus: Bacillus anthracis
Critical Control Points see Hazard Analysis and Critical Control Point (HACCP): Critical Control Points
Cronobacter (Enterobacter) sakazakii

X Yan and JB Gurtler, US Department of Agriculture, Wyndmoor, PA, USA

� 2014 Elsevier Ltd. All rights reserved.
Introduction

Cronobacter sakazakii has been identi�ed as an infrequently iso-
lated opportunistic pathogen based on neonatal illnesses asso-
ciated with contaminated powered infant formula (PIF).
Cronobacter spp., formerly known as Enterobacter sakazakii, was
�rst called “yellow-pigmented Enterobacter cloacae” by Pangalos
in a case of septicemia in an infant in the late 1929. Only after
1980, E. sakazakii (now C. sakazakii) was considered to be
a distinct species and was named in honor of the Japanese
bacterial taxonomist and microbiologist Riichi Sakazaki
(1920–2002), who discovered a distinct yellow-pigmented
variant of Enterobacter cloaca. C. sakazakii is a motile, Gram-
negative, non-spore-forming, rod-shaped coliform bacterium
within the family Enterobacteriaceae, genus Cronobacter. It has
been implicated in outbreaks of neonatal illness (premature
infants), in isolated cases of severely immunocompromised
individuals, and in the elderly, but it rarely causes disease in
healthy adults. More than 120 cases of C. sakazakii–related
illness have been reported, and most are presented as life-
threatening infections (FAO/WHO, 2008). Many of these
outbreaks have been associated with the consumption of
C. sakazakii–contaminated powdered infant formula, leading to
numerous recalls and litigation. A considerable amount of basic
research has investigated the biochemical, morphological,
taxonomic, physiological, and molecular mechanisms of the
pathogen, including molecular aspects of pathogenicity and
virulence. Because of the relatively recent understanding and
recognition of the importance of C. sakazakii as an emerging
opportunistic foodborne pathogen in low-moisture food prod-
ucts, a great deal remains unknown about C. sakazakii, such as its
natural habitat, the genomic information and comparative
sequence analysis, genetic diversity among strains, and virulence
factors contributing to pathogenicity and adherence properties
of C. sakazakii. To date, only a few C. sakazakii genomes have
been completely or partially sequenced, including C. sakazakii
strains ATCC BAA-894, E899, ES713, and Sp291.
Characteristics of the Species

Morphological, Taxonomic, and Biochemical Characteristics

Cronobacter sakazakii organisms are members of the family
Enterobacteriacea. Taxonomy, classi�cation, and nomenclature
28 Encyclopedia of Food Mic
of genera in the family Enterobacteriacea have evolved over the
years based on genetic, serological, and biochemical charac-
teristics, and clinical and morphological phenotype similarities
and differences. Cronobacter sakazakii typically presents two
different morphological colony types when fresh isolates are
streaked on fresh trypticase soy agar (TSA; i.e., Type A and Type
B). Type A is also called matt (or matte) and includes large, dry,
or mucoid colonies with scalloped edges, which are rubbery
when touched with a loop. Type B is referred to as glossy and
smooth, is soft or pasty in texture, and often exhibits relatively
small amounts of pigment production. About 80% of strains
produce a temperature-dependent yellow pigment, a nondif-
fusible compound on TSA at 25 �C, rarely exhibited at 37 �C.
Subcultures from a single well-isolated colony are known to
present in both type A and type B morphologies (i.e., matt vs.
glossy), and it is also common to �nd both colony types in one
culture (Farmer et al., 1980). Differences in Cronobacter colo-
nial morphologies were apparent among food, environmental,
and clinical isolates. It has been reported that strains isolated
from different clinical samples showed a mucoid appearance
on violet red bile glucose agar (VRBGA) containing both
glucose and lactose, whereas the strains isolated from food and
environmental sources produced matte colonies with a rubbery
texture.

Classi�cation of the genus Cronobacter was proposed for
revision in the year 2007, based on a detailed polyphasic tax-
onomical approach; a method that incorporates all available
molecular, biochemical, morphological, and physiological data
into a consensus classi�cation (Iversen et al., 2007). Cronobacter
sakazakii was reclassi�ed into the six species: C. sakazakii,
C. malonaticus, Cronobacter turicensis, Cronobacter muytjensii, Cro-
nobacter dublinensis, and Cronobacter genomospecies along with
three subspecies of C. dublinensis, namely, dublinensis, lau-
sannensis, and lactaridi. Although frequently utilized, 16s rRNA
gene sequencing has been found not to be an ideal method of
distinguishing C. sakazakii and C. malonaticus, due to their close
relatedness and since both of these species are de�ned according
their biotype – biotype 1. DNA–DNA hybridization and
biochemical tests reveal that C. sakazakii consists of 15 bio-
groups, biotype 1 being the most common. Yellow-pigmented
C. sakazakii strains were only 41 and 54% homologous to
nonpigmented Citrobacter freundii and E. cloacae, based on
DNA–DNA hybridization data analysis. Currently, 16S rDNA
sequencing, biotyping, and multilocus sequence typing (MLST)
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00382-7
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Table 1 Some key biochemical and metabolic properties fromC. sakazakii, C. freundii, E. cloacae, and Salmonella

Biochemical test C. sakazakii Citrobacter freundii Enterobacter cloacae Salmonellaspp.

Indole _ _ _ _
Methyl red test _ þ _ þ
Acetoin production (VP test) þ _ þ _
Citrate utilization þ þ þ þ
Phenylpyruvic acid production þ /� _ _ _
Lysine decarboxylase _ _ _ þ
Ornithine þ _ þ þ
Arginine hydolysation þ þ /� þ þ
H2S production _ þ _ þ /�
Lactose þ þ /� þ (with gas) _
Trypticase soy agar at 25� C Yellow pigmented _ _ _
DNase test on toluidine blue agar (36� C, 7 days) þ _ _ _
Catalase þ þ /� þ Moderate reactive
Oxidase _ _ _ _
Urease _ þ _ _
Growth in KCN þ þ þ þ /�
Tween 80 esterase production þ _ _ _
D-Sorbitol _ þ þ _
Phosphoamidase activity _ þ þ þ
a-glucosidase activity þ _ _ _
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are the most commonly used approaches to ensure a mor
accurate and robust means of identifying and discriminating
a diverse range of well-characterizedCronobacterspp. strains.

Differences between C. sakazakiiand other Enterobacte
species have shown that mostC. sakazakiiare capable of utilizing
the sugars L-arabinose, D-cellobiose, D-fructose, D-glucose,
D-galactose, x-methyl-D-glucoside, D-maltose, D-sucrose, and
D-trehalose, as well as the sugar alcoholD-mannitol. After
growth on TSA at 25� C, C. sakazakiiare malonate and catalase
positive, lack H2S gas production, and are negative for oxidase
methyl red test, urease, indole, phosphoamidase,D-sorbitol,
and D-arabitol. Most biochemical tests forC. sakazakiiare per-
formed to con� rm the absence of phosphoamidase and the
presence ofa-glucosidase, which has been considered one of th
major biochemical traits distinguishing Cronobacterfrom other
related Enterobacteriaceae. Nevertheless, it is now known tha
a-glucosidase activity is not unique to C. sakazakii, and the
performance and utility of 4-methylumbelliferyl- a-D-glucoside
as a selection marker cannot be solely used to con� rm C. saka-
zakii on selective medium.Table 1 lists some key biochemical
and metabolic properties of C. sakazakii, C. freundii, E. cloacae
and Salmonella,another predominant Category A foodborne
pathogen, occasionally isolated from low-moisture products. As
an alternative to the use of biochemical identi� ers as selection
biomarkers, the discovery of genetic biomarkers through the
identi � cation of unique C. sakazakiigene expression pro� les or
pathways in response to various environmental conditions have
been studied. Researchers indicate that intracellular trehalos
accumulation in Cronobactercells during the stationary phase
may confer high tolerance to dehydration. Several othe
proteins, including Dps (DNA starvation/stationary phase
protection protein), Hns (histonelike nucleoid structuring
protein), superoxide dismutase, and alkylhydroperoxide
reductase were shown to be expressed inCronobactercells
exposed to desiccation or oxidation. These proteins are involve
in DNA repair and protection of proteins against oxidative
damage or desiccation stress.
Some other notable characteristics ofC. sakazakiispecies
are that C. sakazakiistrains have been reported to form bio-
� lms on a wide variety of surfaces, including silicon, glass
stainless steel, and enteral feeding tubes. The survival an
growth characteristics ofC. sakazakiifrom a wide range of
sources have been consistently reported to be related t
thermal and osmotic stress resistance, desiccation and ac
tolerance, variable susceptibility and resistance to antibiotics
and evolving genetic diversity and adaptation to extreme
environments.
Omics Studies

To date, severalCronobactergenomes, including C. sakazakii
ATCC BAA-894, E899, ES713, Sp291, and oneC. turicensis
strain (LMG 23827) have been completely or partially
sequenced. The genome ofC. sakazakii strain BAA-894
(Kucerova et al., 2010) has a total of 4563 genes and includes
a 4.4 Mb chromosome (57% GC content) with two plasmids
of 31 kb (51% GC) and 131 kb (56% GC). Array-based
comparative genomic hybridization (CGH) analysis revealed
that a total of 4382 genes of C. sakazakiiATCC BAA-894
were common to all the Cronobacterstrains, excluding
C. genomospecies.

Molecular serotyping by polymerase chain reaction (PCR)
or microarray is based on targeting unique sequences within
O-antigen clusters. The cell wall antigen (O-antigen), O poly-
saccharide, or O side-chain of the bacteria is a repetitive glyca
polymer that is contained within a lipopolysaccharide (LPS).
Since the bacterium was reclassi� ed asCronobacterand all six
species identi� ed as pathogens in the 2008 FAO/WHO report,
only two major serotypes – O1 and O2 have been identi� ed.
With the increasing use of next-generation DNA sequencing
technology, however, more and more information pertaining
to a variety of ecological niches and large volume ofC. sakazakii
sequence data is becoming available for the molecular char
acterization of C. sakazakii O-antigen gene clusters
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Development of serogroup-speci� c PCR assays has targeted th
wzx, O-antigen � ippase, andwzy, O-antigen polymerase genes

Due to the dif � culty of resuscitating injured or stressed
C. sakazakiicells from extreme environments, metagenomic
sequencing could be used to characterize unculturedC. saka-
zakii in PIF-speci� c microbial communities. A commonly used
strategy for the classi� cation and identi� cation of complex
bacterial communities consists of 16S rDNA-based PCR. Th
main limitation of a 16s rRNA-based metagenomics approach
is that 16S rRNA genes evolve at different rates, but wit
a relatively rigid 1–1.3% operational species threshold.
Another limitation is that 16S rRNA does not represent the
entire genomic content that determines the biological charac-
teristics for a species. Signi� cant differences in genome
composition may be present in bacterial species that are
completely identical or that differ only slightly in 16S rRNA
genes. The genomic sequence of reference strains of all s
groups of C. sakazakiicould be used to compare the meta-
genomic fragments ampli� ed from various sources and
sequenced by next-generation sequencing (NGS) technolog
This kind of analysis reveals the presence of metagenom
islands, that is, O-antigens, a highly variable region among the
different lineages in the population.

A complete proteome is the entire set of protein sequence
that can be expressed by a speci� c organism. The complete
proteome of C. sakazakiican be found online at http://hamap.
expasy.org/proteomes/ENTS8.html. Noteworthy proteomics
research involves the identi� cation of proteins implicated in
the osmotic stress response ofC. sakazakii.
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Detection Methods

A few problems are associated with isolatingC. sakazakii,
particularly from dehydrated PIF. One dif� culty relates to
resuscitating stressed cells from tested samples, where
another is the uneven distribution and low pathogen levels of
less than 1 CFU g� 1 found in food. In recent years, there has
been considerable interest in� nding or developing methods
for the speci� c detection ofC. sakazakiifrom PIF with improved
speci�city, selectivity, and reliability. A review of monitoring
methods available for C. sakazakiihas recently been published
by Fanning and Forsythe (2007).

The resuscitation ef�ciency of injured or stressedC. sakazakii
cells relies on a nonselective preenrichment followed by
a selective enrichment medium. U.S. Food and Drug Admin-
istration (FDA) laboratories use Enterobacteriaceae enrichmen
(EE) broth for food enrichments, which are then streaked, not
pour- or spread-plated, onto a solid violet red bile glucose agar
(VRBGA). VRBGA growth is then restreaked onto TSA an
incubated at 25� C for 48–72 h, and yellow-pigmented colo-
nies are then con� rmed by the oxidase test and a commercia
biochemical identi � cation panel. VRBGA is not speci� c for
C. sakazakii, however, and is selective only for coliforms and the
family Enterobacteriaceae. Iversen and Forsythe develope
a slightly improved C. sakazakii–speci� c enrichment broth
designed for maximum recovery ofC. sakazakiiafter comparing
three other C. sakazakii enrichment broths: EE broth,
C. sakazakii–selective broth, and modi� ed lauryl-sulfate broth.
Other methods that have been reported have relied on Tween
80 esterase production to con� rm presumptive isolates.
Preenrichment steps, including resuscitation of injured or
stressed bacteria, are usually carried out with distilled water in
the FDA method, rather than with buffered peptone water.
Preenrichment via Pathatrix cationic beads was able to captur
all 15 C. sakazakiibiotypes. The sensitivity of this method can
be increasedfrom 0.4 to 0.1 CFU g� 1 by extending the preen-
richment incubation period from 6 to 24 h. Preenrichment
cultures can then be transferred to either a chromogenic
medium or, for a faster results, tested directly by a molecular
method, such as PCR.

Although a number of other members of the family Enter-
obacteriaceae are alsoa-glucosidase positive, methods based
on the a-glucosidase reaction have been recommended a
a supplementary con� rmation test to avoid false-positive test
conclusions. Additionally, around 2% of C. sakazakiistrains do
not produce yellow pigmentation on tryptone soya agar at
25 � C; therefore, other biochemical con� rmation tests are still
required (Table 1).

Further characterization and subtyping ofC. sakazakiiisolated
from food and environmental samples can be accomplished
using pulsed-� eld gel electrophoresis (PFGE), PCR-restrictio
fragment-length polymorphism (PCR-RFLP), multilocus
sequence analysis (MLSA), or automated ribotyping. Other
methods of analyses that have been used include testing fo
antibiotic resistance patterns (antibiograms), toxin assays
hemagglutination, serotyping, and phage typing. It is recom-
mended that laboratories identifyall C.sakazakiiisolates based on
molecular characteristics to facilitate epidemiologic investiga-
tions and to identify new infection vehicles. A recent publication
by Williams et al. (2004) described a method to differentiate
strains of C. sakazakii based on protein biomarkers. The
biomarkers were sequenced to provide insight into why certain
strains were more thermal tolerant than others.

Nucleic acid–based detection technologies are becoming
widely used, practical tools in pathogen detection and food
safety control. However, the bacterial genetic material (DNA or
mRNA sequences) is not always translated into proteins due to
single nucleotide polymorphisms (SNPs), mutations, inser-
tions, and deletions. Protein detection will serve as an impor-
tant con� rmation for the presence of pathogenic foodborne
pathogens in samples and is becoming an increasingly
important approach for developing diagnostic kits for the food
safety industry. Typical methods for protein or toxin detection
include enzyme-linked immunosorbent assays (ELISA), latera
� ow strips, lectin-based arrays, phage displayed libraries, an
biosensors. A comparison of various detection methods that
have been applied toC. sakazakiiare outlined in Table 2 and
recently have been reviewed byYan et al. in 2010.
Importance to the Food Industry and Consumer

International surveillance of C. sakazakiiin food production,
processing, preservation, consumption of PIF, and outbreak
investigations have been described and discussed in the 2004
2006, and 2008 FAO/WHO expert meeting reports on
C. sakazakiiand other pathogens. Cronobacter sakazakiiis
widespread within the environment; having been isolated from
water, meat, milk, cheese, soil, dust from households, sewage



s,

i

a-

i

d

s

-

nd

-

,

-

o

Table 2 Overview of detection methods applied toC. sakazakii

Method Advantage Disadvantage

Conventional methods (refer toTable 1)
1. Morphological tests Simple, cheap, and instrument-

independent
Time consuming, low discrimination, labor intensive,

and expensive2. Biochemical tests

Molecular-based detection methods
1. Regular PCR detection:dnaG, ompA, cellulose,

andgluA
1. Fast, relatively simple 1. Instrument dependent

2. DNA–DNA hybridization-microarray 2. Highly discriminatory 2. Instrument dependent, skilled data processing
required

3. PCR-ampli� ed fragment-length
polymorphisms (PCR-AFLP)

3. Fast, levels of discrimination can be
de� ned by primers

3. Need expensive instrumentation, time consuming
for method development

4. Automated ribotyping 4. Fast, intermediate level of discrimination 4. Expensive
5. Pulse-� eld gel electrophoresis 5. Highly discriminatory 5. Slow, instrument dependent, and dif� cult for data

comparison
6. Multilocus sequence typing (MLST) 6. Fast, reliable and highly discriminatory 6. Instrument dependent
7. 16s rRNA sequencing 7. Fast, relatively reliable, and intermediate

level of discrimination
7. Dif� cult to discriminateC. malonaticusand

C. sakazakiistrains

Immuno-based methods
1. Enzyme-linked immunosorbent assay (ELISA) 1. Reliable 1. Expensive and time consuming
2. Phage-displayed library 2. Relatively simple, reasonable

discrimination
2. Phage sets not widely available

3. Biosensor 3. Reliable, relatively faster than traditional
ELISA

3. Relies on either speci� c antibodies or DNA probes
for speci� city, time consuming for method
development
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plants, and vegetables, and it has been associated with human
other mammals, birds and possibly � sh, reptiles, and
amphibians (seeGurtler et al., 2005). The primary reservoir of
C. sakazakiiis unknown, but there are indications that these
pathogens might be of animal or plant origin. In the food
industry, C. sakazakiiis an opportunistic pathogen that can
cause life-threatening bacterial infections in infants and may be
a common contaminant in the dairy environment, both at the
farm and in the dairy plant. As a consequence of its ability to
withstand extreme environmental conditions, C. sakazakiiis
a particularly signi� cant concern for the infant milk formula
industry reviewed by Gurtler and Beuchat (2007a, b, & c).

In elaborating a risk assessment model ofC. sakazaki
contamination, experimental studies have determined that
C. sakazakiicells imbedded within bio � lms cannot be inacti-
vated by disinfectants, and some strains can survive refriger
tion temperatures, as well as thermal, osmotic, and desiccation
stress conditions. Based on a 2002 FDA� eld survey, 22.7% of
the of� cial samples collected from each major domestic PIF
manufacturer tested positive forC. sakazakii. Despite increased
research interest inC. sakazakii, little is known regarding how
genetic diversity and strain classi� cation are important to risk
assessment based on the prevalence of pathogenicC. sakazaki
in the environment and in foods, especially in PIF. PIF, as
nonsterile commercial products, are unlike liquid infant
formula products that are subject to high temperatures for
a suf� cient time to make the � nal packaged product
commercially sterile. The FDA Center for Food Safety an
Applied Nutrition (CFSAN) sent a letter to “healthcare
professionals about a growing body of information pertaining
to E. sakazakiiinfections in neonates fed milk-based powdered
infant formulas. In light of epidemiological � ndings, and the
fact that powdered infant formulas are not commercially
sterile products, FDA recommends that powdered infant
formulas not be used in neonatal intensive care settings unles
there is no alternative available” (http://www.fda.gov/Food/
FoodSafety/Product-Speci� cInformation/InfantFormula/
AlertsSafetyInformation/ucm111299.htm). The U.S. Centers
for Disease Control and Prevention (CDC) also identi� ed
effective or promising intervention strategies forC. sakazakii
prevention and control, including irradiation in combination
with other techniques, and engineering of sterile PIF pack
aging. Obtaining scienti� c information from professionals
and government regulators on procedures for consumers to
prepare PIF is necessary, since PIF is not a sterile product a
may be contaminated with foodborne pathogens, such as
C. sakazakii, Salmonellaspp., and others. The WHO/FAO in
2004, 2006, and 2008 issued guidelines for the safer prepa
ration, storage, and handling of PIF, including hot water for
preparation of PIF, storage and transportation of prepared PIF
feeding time, and cleaning and sterilization of feeding and
preparation equipment. The United States and other nations
also developed speci� c recommendations, including breast-
feeding of infants when possible, using ready-to-feed sterile
liquid infant formula in care settings, and taking special care in
the preparation of PIF.
Conclusion and Future Studies

Cronobacter sakazakiihas been identi� ed as an infrequently iso-
lated opportunistic pathogen based on neonatal illnesses asso
ciated with contaminated PIF. Current and future research
among regulatory agencies, academia, and industry are likely t
build collaborative efforts to integrate approaches that would
effectively (1) prevent and control contamination and its
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associated illnesses and (2) further study transmission mecha-
nisms. Needed control techniques and procedures and a number
of research areas that merit further investigation include
improved consumer education and product labeling, increased
access to sanitation and effective hygienic practices, national and
international product standards and testing programs,
biomarker discovery and molecular serotyping, and compre-
hensive integrated databases. Additional areas of investigation
include information pertaining to stress responses, virulence,
and pathogenesis factors; epidemiology and environmental
reservoirs; antimicrobial resistance; and identifying effective
intervention strategies for the reduction or elimination of
C. sakazakii from PIF and other food products (see Richards et al.,
2005).

Other studies involving C. sakazakii have focused on methods
to eliminate coliforms from PIF, thermal resistance, environ-
mental reservoirs, pathogenicity, antibiotic resistance, exopoly-
saccharide production, development of rapid detection
methods, enumeration and identi�cation, subtyping, and
predictive modeling. Although traditional research in these and
other areas is needed, the urgency for attaining information in
some areas is greater than in others. Cronobacter sakazakii and
Salmonella enterica increasingly are implicated as major micro-
biological contaminants in low-moisture food products, inter-
nationally. Estimates are that 40–80% of infants infected with
C. sakazakii in the United States do not survive the illness or are
severely neurologically impaired. The FAO/WHO 2004 expert
meeting on E. sakazakii and other microorganisms revealed clear
evidence of causality for C. sakazakii and S. enterica as Category A
organisms, capable of causing severe illness and death, especially
with regards to contamination in infant formula. Research is
currently needed to integrate a systematic approach, integrating
computational genomic analysis, kinetics models (predictive
microbiology), Fourier transform infrared (FTIR) spectroscopy,
and new technologies to detect and verify pathogenic E. sakazakii
and Salmonella in complex low-moisture food matrices.
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Characteristics of the Genus

Protozoa found in the gastric glands of laboratory mice were
�rst described and named Cryptosporidium by Tyzzer in 1907,
followed by further observations in mice, rabbits, and chickens.
Cryptosporidium was �rst recognized as a cause of morbidity and
mortality in turkeys in the 1950s, as a cause of scouring in
calves in the early 1970s, and gastrointestinal disease in
humans in 1976. Although infection has been reported in all
vertebrate classes, the main health risks are of gastrointestinal
disease in humans, young ruminants, reptiles and birds, and
renal and respiratory disease in birds. Respiratory disease is
seen occasionally in young ruminants and severely immuno-
compromised humans. Disease in �sh and reptiles is poorly
described.

In humans, transmission is usually by the fecal oral route;
there are rare reports of respiratory disease via inhalation or
possibly aspiration. Direct transmission to humans is by
contact with an infected host and their feces, for example,
changing diapers, caring for a person with diarrhea, having
another person in the household with diarrhea, and feeding
or petting young ruminants. Indirect transmission is by
consumption of contaminated drinking water, food, and
recreational water or from contaminated fomites.

Classi�cation of the family Cryptosporidiidae is uncertain
(Table 1). Although traditionally ascribed to the order Emer-
iidae, with other medically important protozoa, including
Cystoisospora, Sarcocystis, Cyclospora, and Toxoplasma, there are
life cycle, structural, and ultrastructural differences. Further-
more, genetic analyses show closer relationship with the greg-
arines, and distinct lineage of apicomplexan parasites has been
proposed for Cryptosporidiidae. At present, there is a single
genus, Cryptosporidium. The considerable genetic distance, as
well as ultrastructural and developmental differences between
piscine and other Cryptosporidium species, has led to proposals
for a new genus, Piscicryptosporidium, but additional piscine
isolates need to be studied.
Table 1 Traditional classi�cation of the genus
Cryptosporidium

Kingdom Protozoa
Phylum Apicomplexa (Sporozoa)
Class Coccidea
Order Eimeriidae
Family Cryptosporidiidae
Genus Cryptosporidium

ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Species in the Genus

The total number of Cryptosporidium species is not known;
about 25 have been accepted as valid, having suf�cient
morphological, host range, and genetic data. Of these, 17 have
been reported to infect mammals, 2 birds, 1 both mammals
and birds, 2 reptiles, and 1 amphibians at the time of writing
(Table 2). Some species have broader host ranges within host
class than others, but not all present a zoonotic risk to
humans. Most human cryptosporidiosis is caused by Crypto-
sporidium parvum and Cryptosporidium hominis, although local
differences in species prevalence may occur. Risk factors for
infection with anthroponotic C. hominis differ from zoonotic
C. parvum. Species cannot be differentiated reliably by oocyst
morphology. Cryptosporidium parvum and C. hominis oocysts
are spherical or subspherical, smooth-walled, 4.5–5.5 mm in
diameter, and contain four curved, naked sporozoites
(Table 2).
Life Cycle

The Cryptosporidium life cycle requires a single host (mon-
oxenous), and usually occurs in the gastrointestinal or, less
frequently, respiratory tract, following ingestion of the envi-
ronmentally resistant, transmissive oocyst stage (Figure 1).
Oocysts excyst releasing sporozoites that probe and penetrate the
microvillus surface of the epithelium, become internalized
within a parasitophorous vacuole and develop into spherical
trophozoites (meronts). Type 1 meronts initiate repetitive
asexual multiplication (merogony or schizogony), releasing
merozoites that invade other epithelial cells repeating the
process. Merozoites can develop into Type II meronts, which
differentiate to form microgamonts and macrogamonts, initi-
ating sexual reproduction. The microgamonts rupture to release
microgametes, which fertilize the macrogamonts to produce
zygotes, the majority of which mature into thick-walled oocysts;
a minority become thin-walled oocysts, which release sporozo-
ites within the lumen, perpetuating epithelial invasion and
infection. Thick-walled oocysts are shed in feces fully sporulated
and infectious.
Infectivity and In Vitro Culture

Experimental infections have shown that small numbers of
oocysts can cause infection and disease in humans and
-384730-0.00078-1 533
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Table 2 Some key features ofCryptosporidiumspecies

Cryptosporidiumspecies Mean oocyst dimensions (mm) Major host(s) Evidence for human pathogenicity

Infecting mammals
C. hominis 4.9� 5.2 Humans Common in sporadic cases and outbreaks; infectivity

data from experimental infections
C. parvum 5.0� 4.5 Humans, ruminants Common in sporadic cases and outbreaks; infectivity

data from experimental infections
C. andersoni 7.4� 5.5 Cattle Occasional reports only
C. muris 7.0� 5.0 Rodents Occasional reports only
C. bovis 4.9� 4.6 Cattle Occasional reports only
C. canis 5.0� 4.7 Dog Epidemiologically linked to diarrhea in Lima, Peru
C. cuniculus 5.6� 5.4 Rabbit, humans Caused a waterborne outbreak; sporadic cases
C. fayeri 4.9� 4.3 Red kangaroo Occasional reports only
C. felis 4.6� 4.0 Cat Epidemiologically linked to diarrhea in Lima, Peru
C. macropodum 5.4� 4.9 Eastern gray kangaroo None
C. ryanae 3.7� 3.2 Cattle None
C. suis 4.6� 4.2 Pig Occasional reports only
C. tyzzeri 4.6� 4.2 Mice None
C. ubiquitum 5.0� 4.7 Mammals Sporadic cases
C. viatorum 5.4� 4.7 Humans Sporadic cases emerging
C. wrairi 5.4� 4.6 Guinea pig None
C. xiaoi 3.9� 3.4 Sheep Occasional reports only
Infecting birds
C. baileyi 6.2� 4.6 Chicken None
C. galli 8.3� 6.3 Chicken None
C. meleagridis 5.2� 4.6 Homoeothermic birds and

mammals including humans
Sporadic cases reported, more frequent in some

populations; infectivity data from experimental
infections

Infecting amphibians
C. fragile 6.2� 5.5 Black-spined toad None
Infecting reptiles
C. serpentis 6.2� 5.3 Snakes None
C. varanii 4.8� 4.7 Mainly lizards; snakes None
Infecting� sh
C. molnari 4.7� 4.5 Sea bream None
C. scopthalmi 4.4� 3.9 Turbot None
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animals. Human volunteer studies indicated an ID50 of 10
C. hominis oocysts; ID50s for different C. parvum isolates
were 9, 87, 132, 300, and 1042 oocysts. FiveC. parvumoocysts
produced disease in gnotobiotic lambs. Dose response model
have shown a relationship between preexisting antibodies
and some protection from disease.

Animal models for C. parvuminfection include neonatal
mice, immunosuppressed rodents, and, for the production
of large oocyst yields or disease models, neonatal calve
and lambs are used. Animal models for C. hominis infec-
tion are immunosuppressed Mongolian gerbils and gnoto-
biotic pigs.

In vitro culture is not used for diagnostic purposes, but
can be used for oocyst survival and infectivity studies in place
of animal models. The � rst stage in investigating infectivity is
the detection of sporozoites following in vitro excystation: If
sporozoites are not released from the oocyst into a suspend
ing medium, they will not be able to infect cells. The most
useful cell line is HCT-8. Recent studies have reporte
completion of the life cycle in host cell–free media, a� nding
that requires independent veri� cation and challenges
current belief that Cryptosporidiumis an obligate intracellular
parasite.
Detection and IdentiÞcation

In Feces

Oocysts, or oocyst antigens, are the detection target for mos
diagnostic tests, including microscopy, enzyme immunoassay
(EIA), and immunochromatographic assays. For these tests
feces can be stored fresh atþ4 � C, frozen or preserved in� xa-
tives including 10% formalin, sodium acetate–acetic acid–
formalin, or 2.5% potassium dichromate which preserves
viability. Fresh or preserved stools can be concentrated b
sedimentation using modi� ed formol–ether or formol–ethyl
acetate techniques or by conventional fecal parasite� otation
methods, such as zinc sulfate, saturated sodium chloride, o
sucrose solutions. Check with kit manufacturers for compati-
bility with � xatives and concentration methods.

Staining is extremely useful before microscopic examina
tion for differentiation of the oocysts from similarly small
objects in feces. The most widely used stains are a modi� ed
Ziehl–Neelsen (mZN) acid-fast stain and the auramine phenol
� uorescent stain. Slides stained with� uorescent stains can be
scanned at lower total magni� cations (typically � 200),
and therefore more rapidly, and are less prone to staining
artifacts than those stained by mZN (typically �400).
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Figure 1 Life cycle ofCryptosporidium parvum. Adapted from Smith and Rose (1998) with permission from Rachel Chalmers.
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Immuno � uorescence microscopy (IFM), using anti-Cryptospo
ridium monoclonal or polyclonal antibodies bound to a � uo-
rochrome, often � uorescein isothiocyanate (FITC-Ab),
provides improved genus speci� city, and slides can be scanned
at lower total magni� cations (typically �200).

Enzyme immunoassays are used routinely in many diag
nostic laboratories, have the advantage of automation, and
may provide simultaneous detection of other parasites, such a
Giardia duodenalisand Entameboa histolytica/Entameboa dis.
Sensitivity is not as good as immuno� uorescent microscopy
and positive reactions need to be con� rmed by a suitable assay

Polymerase chain reaction (PCR)–based assays ca
be more sensitive and speci� c than conventional and immu-
nological assays and target the sporozoite DNA. Stoo
preservatives can inhibit the reaction and need to be removed
by washing, although this may not be possible if the� xative
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536 Cryptosporidium
has penetrated the oocysts. Oocyst disruption procedures
such as bead beating, freeze–thaw cycles, or enzymatic
digestion are required before DNA extraction. Multiplexed
assays have been designed for more than one target (such
Cryptosporidium, Giardia, and E. histolytica) and increasingly
are used for diagnostic purposes, facilitated by automated
DNA extraction procedures and PCR conditions designed to
overcome substances in feces potentially inhibitory to PCR
such as heme, bilirubin, bile salts, and complex carbohy-
drates. PCR primers and conditions need to be selected car
fully to amplify all Cryptosporidiumspecies of interest and to
avoid nonspeci� c ampli� cation. Conventional and real-time
PCR assays have been described.
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Other Specimen Types

Stool testing can be augmented by light microscopy of
hematoxylin and eosin-stained intestinal, liver, or respiratory
mucosal biopsies. Biopsy material can be tested by PCR. Othe
specimen types, most relevant to severely immunocompro
mised patients, may include bile and bronchoalveolar lavage
tested by microscopy or PCR.

Serological assays for the presence of speci� c immuno-
globulins in blood sera are not used for diagnostic purposes
because positive reactions cannot differentiate readily curren
from past infection, but they are used for epidemiological
studies. Oral � uid tests for speci� c immunoglobulins may
indicate recent infection but need validation.

The choice of diagnostic assay depends on multiple attri
butes and factors, including the population being investigated,
whether concomitant infections need to be diagnosed, the
� nancial and laboratory resources, technical expertise and tim
available, required turnaround time, and the acceptable sensi
tivity and speci� city.
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Sensitivity of Detection

The sensitivity of diagnostic assays forCryptosporidiumcan be
regarded in two ways: analytical sensitivity (the smalles
number of parasites that can be detected reliably by an assay
and diagnostic sensitivity (the percentage of true positive
samples identi� ed by the assay as positive).

Although oocysts can be shed in large numbers by suscep
tible hosts, up to 107 oocysts per gram (opg) during acute
infection, shedding can be intermittent and the threshold for
analytical sensitivity of diagnostic assays can be high. Sever
samples may need to be examined before a symptomati
patient can be considered negative. These limitations
contribute to the underdiagnosis of infection. The analytical
sensitivity for unconcentrated feces by mZN microscopy is
about 106 opg, similar to the 3 � 105–106 opg reported for
EIAs. The detection limit for auramine phenol and FITC-Ab
stains is lower. Microscopy sensitivity is improved to 1� 104–
5 � 104 opg by concentration. The analytical sensitivity of PCR
methods is most commonly in the region of 200 opg.

Variations in fecal consistency in� uence the ease of detec
tion, as oocysts are more readily detected in watery than
formed stool specimens. Antigenic variability between clinical
isolates of Cryptosporidiummay further compromise immuno-
diagnostic tests. Although the use of a FITC-Ab offers little
increase in analytical sensitivity over conventional� uorescent
stains, diagnostic sensitivity is improved because the oocyst
are seen more readily.

Note that for Cryptosporidiumthere is no gold standard assay
and that cryptosporidiosis is a laboratory, not a clinical, diag-
nosis. To compare diagnostic sensitivity, a nominated gold
standard needs to be used. In one study, performing the assay
under routine diagnostic conditions, detection of Cryptospo
ridium oocysts in unconcentrated human fecal samples wa
75.7% sensitive by mZN, 84.9% by ICLF, 92.1% by auramine
phenol, 94.1–93.4% by three EIA kits, and 97.4% by FITC-Ab
compared with PCR. PCR has been used successfully in th
identi � cation of asymptomatic carriers; rapid detection of
carriage in high-risk groups could limit clinical sequelae.
Species Identi�cation and Genotyping

It is not possible to identify the species of Cryptosporidium
without molecular assays as the oocysts are indistinguishabl
morphologically, and the antibodies that currently are avail-
able are only genus speci�c. Species identi� cation is critical for
understanding epidemiological data, with demographic,
temporal, and spatial trends identi� ed for cases infected with
different species, and for the investigation of outbreaks.

Before molecular assays can be applied, oocyst disruptio
and DNA extraction processes need to be completed, a
described in sections below (seealso sections Methods of
detection in food, water, and other liquids; Nucleic acid–based
methods for detection and identi� cation).

A PCR–enzyme-linked immunosorbent assay (ELISA) kit is
available commercially for differentiation of C. parvumand
C. hominisbut is no more sensitive for detection than conven-
tional ELISAs and requires validation. The most commonly used
methods for species differentiation are based on conventiona
and real-time PCR assays, usually applied as reference rather th
routine diagnostic assays. Conventional PCRs mainly target th
SSU rRNA, 70 kDa heat-shock protein (hsp70), oocyst wall
protein ( cowp), or Actin genes with analysis of restriction frag-
ment-length polymorphisms (RFLP) or by sequencing. A
multiplex allele-speci� c PCR based on sequence differences
the dihydrofolate reductase genes ofC. hominisand C. parvum
permits their identi � cation on an agarose gel, without the
requirement for endonuclease digestion and RFLP analysis
Species-speci� c real-time PCR assays forC. parvumandC. hominis
and other human-infectious species have been developed. Th
benchmark is the sequence analysis of the SSU rRNA gene.

There is no standard method for subtypingC. parvumand
C. hominis, the major human pathogens. Sequence analysis o
the gp60gene is informative to a certain extent, and can be used
to further characterize isolates, but will underestimate diversity.
A standardized, internationally accepted, multilocus scheme is
required for each species.
Foodborne Transmission

Although usually considered to be transmitted directly person
or animal to person or by contaminated water, food is
a potential vehicle of transmission of Cryptosporidiumto
humans following contamination during production,
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Figure 2 Sources and routes of transmission ofCryptosporidiumto food.
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harvesting, transport, processing, or preparation. The sources
contamination are feces, fecally contaminated soil or water, o
infected food handlers and their contacts (Figure 2). Index
cases should be identi� ed in outbreaks as they may be potential
sources and food handlers should not work while ill.

Water used in food production, such as for crop irrigation,
and processing, such as washing, or as an ingredient, must be
adequate microbiological quality. Contamination of water
supplies can be from sewage ef�uent and discharges, agricul-
tural runoff, or direct fecal contamination, and may be linked
to heavy rainfall events (Table 3). Conversely, following
drought, there is less dilution of contamination in surface
waters and one outbreak was linked to intrusion of river water
into groundwater following a dry period. Poor practice,
Table 3 Characteristics ofCryptosporidiumimportant to food- and wate

Feature De

Multiple hosts forC. parvum Esp
Ubiquitous distribution Cry
Large numbers ofC. parvumor C. hominisoocysts shed Ap

u
Oocysts are shed fully infective No
Small size ofC. parvumandC. hominisoocysts Oo

P
Oo
Oo

a
Robust nature of oocysts Su

Su
Su
Su

Small infectious dose Sm
operation, and infrastructure at water treatment works and in
distribution (such as recycling� lter backwash water to the head
of the works), breaches in biosecurity in contact and pressure
tanks, and ingress of sewage in distribution have all cause
waterborne outbreaks. Bottled water and ice in an ice-making
maching also have become contaminated with oocysts
Molecular typing can be helpful in establishing links with
suspected sources of contamination or infection. Food- and
waterborne outbreaks have been attributed to human, farmed
and wild animal sources of Cryptosporidium.

At least 17 outbreaks of foodborne cryptosporidiosis have
been reported, although the strength of evidence for associa
tion with implicated foods is variable and, in some outbreaks,
other risk factors were present and perhaps more likely than
rborne transmission

tail

ecially humans and young ruminants
ptosporidiumoccurs worldwide

proximately 1010 oocysts are shed during acute disease;
p to 107 oocysts per gram of feces
maturation period is required
cysts are 4–6 mm and can pass between grains of sand in� lter beds
rior � occulation or coagulation is needed for removal by sand� lters

cysts can be discharged in sewage ef� uent in signi� cant numbers
cysts can adhere to plant surfaces and may become internalized in leaves
nd enter the food chain. They are dif� cult to remove by washing

rvive for months in cool, moist environments
rvive sand� ltration
rvive chlorine disinfection
rvive transport by vectors, such as� ies and seagulls
all numbers of ingested oocysts can cause cryptosporidiosis



e
s-
e

-

,

nd

g
,

e
,

538 Cryptosporidium
food. Outbreaks with good evidence for association with food
have been attributed to the consumption of contaminated
milk, apple juice (nonalcoholic cider), raw vegetables, and raw
meat, either contaminated during production or processing or
through cross-contamination from infected food handlers or
their contacts. Most of the evidence for association with food
items in outbreaks has been epidemiological rather than
microbiological. Oocysts have not been looked for in many
suspected vehicles in outbreak investigations, partly becaus
standard methods are not available and, in many cases, su
pected food items have been consumed or discarded by th
time the outbreak or suspected source was identi� ed (Table 4).

Well over 100 outbreaks of drinking water–borne crypto-
sporidiosis have been linked to both surface and groundwater
supplies, mostly contaminated as source water, although post
treatment contamination of supplies has occurred at the treat-
ment works or because of a loss of integrity in the distribution
network. Oocysts have been detected in irrigation and wash
water used in food production and processing. One outbreak
has been reported involving an ice-making machine contami-
nated by an infected person using their hands to remove ice.
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Methods of Detection in Food, Water,
and Other Liquids

Cryptosporidiumcan survive for months in cool, moist condi-
tions, but does not multiply in the natural environment, food,
or water. Ef� cient isolation and detection procedures are
critical because there is no laboratory-enrichment process
Ampli� cation in molecular assays only partially overcomes this
problem because of the small numbers of targets present in
often-complex matrices.

Food items, including raw fruit and vegetables, milk, apple
juice, raw meat, and shell� sh, have been investigated for the
presence ofCryptosporidium. There are no standard methods for
detection in food, although an International Organization for
Standardization (ISO) standard is being developed for leafy
green vegetables and berry fruits. To isolate oocysts, solid food
can be agitated in buffered solutions, liquids can be centri-
fuged, and the pellets can be washed; the suspensions then ca
be processed as for those from water samples for which stan
dard methods exist. The basic steps for water samples are
follows: (1) � ltration-elution and centrifugation, (2) concen-
tration and isolation of oocysts by immunomagnetic separa-
tion (IMS), and (3) detection by immuno � uorescent
microscopy. In general, the application of IMS improves
recovery ef� ciencies, but it is expensive, and for some food and
beverage samples, alternative approaches to oocyst concent
tion and isolation may be considered.

The results of microscopic examination should be given as
the number of Cryptosporidiumoocysts counted per weight or
volume of sample tested, and absence should be expressed
Cryptosporidiumoocysts‘not detected’ in the sample weight or
volume analyzed. Sample sizes based on typical portion size
are a practical approach to testing food forCryptosporidium. It is
desirable that analytical sensitivity is below the human ID50,
for which the lower estimate is nine oocysts; thus a recovery
ef� ciency of at least 11% is required to detect one oocyst. Batc
controls can be used to monitor recovery rates.
Methods for Water

Standard methods have been published. Cryptosporidium
oocysts occur in small numbers in water sources and supplies
and either large volumes (100–1000 l) are sampled through
� lter cartridges at site or smaller bulk volumes (10–20 l) are
taken and processed in the laboratory through � atbed
membranes,� lter cartridges, or� occulation. The� lter retentate
is eluted and processed as described above. Detergents a
surfactants (0.01% Tween 20, 0.01% Tween 80, 1% sodium
dodecyl sulfate (SDS)) are included to prevent oocysts and
particulates from sticking together. Oocysts are stained usin
FITC-Abs and detected by epi� uorescence microscopy and
where possible, differential interference contrast (DIC)
microscopy. Putative oocysts are con� rmed using morpho-
metric and morphological criteria, which are necessary as th
FITC-Abs can bind to similarly sized and shaped objects
including some other protozoa and algae. Examination by DIC
microscopy can assist in identi� cation of internal structures
and con� rm the morphological integrity of the sporozoites
within the oocyst. It is subjective, however, and often
compromised by the presence of occluding particulates and
other debris. The nuclear� uorochrome 4,6-diamidino-2-phe-
nylindole (DAPI), which binds to DNA, is an effective adjunct
for highlighting the four sporozoite nuclei. The features
observed by FITC-Ab, DAPI, and DIC do not con� rm viability
(Table 5).

Molecular methods to differentiate human pathogenic
Cryptosporidiumspecies from those that do not pose a risk to
human health can be applied after IFM detection but currently
are not part of standard methods.

Methods for Beverages

Beverages investigated forCryptosporidiuminclude fruit juices
and milk. Only preliminary work has been published
regarding methods for fruit juice, largely based on those used
for water with oocysts detected by IFM or PCR. The turbidity
and pH of the sample, however, may affect oocyst recover
ef� ciency by IMS. Cheaper methods have been explored usin
micro� lters, but the � lters may clog and they can disrupt
oocyst integrity leading to an adverse effect on PCR sensitivity
The best analytical sensitivity reported is 10 oocysts in 100 m
using a magnetic cell separator adaptation of IMS and also by
sucrose � otation and immunocapture, using PCR for
detection.

Milk has been tested for Cryptosporidiumas part of an
outbreak investigation, in prospective studies, and in seeding
trials, although there have been no interlaboratory trials. Pro-
cessing was based on centrifugation with Tween, sometime
followed by IMS, and detection of oocysts by IFM, antigens by
ELISA, or DNA by PCR. The most recent PCR-based metho
appear to be more sensitive than IFM. The best analytica
sensitivity reported is 10 oocysts in 100 ml.

Methods for Berry Fruits and Leafy Greens

Leafy green vegetables and berry fruits have been extensive
tested for the occurrence ofCryptosporidium, and one method
was subjected to an interlaboratory validation trial. This trial
has been used as the basis for a proposed ISO standard an



Table 4 Documented outbreaks of cryptosporidiosis involving food

Year Country

Total cases
(laboratory
conÞrmed) Circumstances Implicated foodstuff

Analytical epidemio-
logical association

Cryptosporidiumdetected
in implicated food

Cryptosporidium
typing

SufÞcient evidence that
outbreak is foodborne?

1985 Mexico 22 (22) High school students and
teachers visiting from
Canada

Unpasteurized cow’s milk No Not tested Not done Other exposure risks
documented, including
ice in drinks and drinking
tap water

1983 Australia 2 (2) Mother and 1-year-old child Unpasteurized goat’s milk No Not tested Not done Scant evidence
1990 Russia Not known (13) Infants from hospital,

nursery, and orphanage
Ke� r produced in milk kitchen

supplying hospital,
orphanage, and social
support

No, but cases
restricted to those
who had eaten ke� r

Oocysts detected in milk� lters
by staining deposits with
mZN

Not done Some; possibly person-to-
person spread too

1993 United States 160 (50) Students and staff attending
a school agricultural fair

Unpasteurized apple cider
(juice): apples, collected
from the ground in an
orchard grazed by infected
calves

Yes Yes
Oocysts detected in cider,

apple press, and a calf
on the farm

Not done Yes

1995 United States 15 (1) Food for a social event
prepared by a child
minder in domestic
kitchen; cross-
contamination from
a child suggested as
potential route

Chicken salad also containing
pasta, eggs, celery, and
grapes in mayonnaise
dressing

Yes Not tested Not done Yes

1995 United Kingdom 48 children (16) Pasteurization failures at
a commercial, on-farm
dairy supplying a local
school

Cow’s milk Yes Filter socks from milling parlor
tested, methods not stated,
Cryptosporidiumoocysts not
detected

Not done Yes

1996 United States 31 (11) Community outbreak Unpasteurized apple cider
Picked apples washed and

processed using water from
fecally contaminated well

Yes Cider, surface swabs at mill,
and water tested for
Cryptosporidium(method
not stated);Cryptosporidium
not detected

Not done Yes

1997 United States 54 (8) A restaurant-catered
banquet; two catering
staff shedding
Cryptosporidium

Strongest association was
with eating a menu item
containing uncooked green
onions, although multiple
menu items may have been
contaminated

Yes Not tested Not done Yes

1998 United States 152 (92) College setting Strongest association was with
eating dinner on one date;
possible cross-infection
and -contamination
from a child by a food
handler

Yes No C. hominiscases Yes

(Continued)
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Table 5 Characteristic morphological features for detection by microscopy ofCryptosporidiumoocysts in food

Feature FITC-Ab staining (oocysts)
DAPI staining (sporozoite nuclei,
4 per oocyst) DIC examination

Color Bright, apple-green� uorescing
bodies

Sky blue N/A

Intensity Greater round the circumference
than the center

Bright N/A

Shape Round or slightly ovoid,
circumference intact and even

Ovoid Round or slightly ovoid; an even,
thick oocyst wall

Size (human-pathogenic
species)

4.0–6.0mm w 1.0–1.5mm Con� rm on two axes 4.0–6.0mm

Exceptions and comments Ruptured oocysts may appear to
have a segment missing; aged
or environmentally exposed
oocysts may stain weakly or
diffusely; oocysts may collapse
or become distorted due
environmental exposure or
processing conditions

Not all nuclei may be visible in
one plane of view: scan the full
depth of focus; nuclei may
appear comma-shaped due to
DAPI staining of a mitochondrion
forming the tail of the comma,
which must not be counted as
another nucleus; in cases in which
oocysts have ruptured, sporozoite
nuclei may be visible just outside
the oocyst; alternatively, sporozoites
may be lost, giving rise to empty
shells that do not exhibit any
characteristic DAPI� uorescence

In intact oocysts, observe and
count sporozoites and nuclei,
protoplasmic residual body; in
cases in which a segment is
missing, some or all of the
contents may be outside the
segment

N/A¼ not applicable.
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begins with separation of oocysts from the sample by agitation
in glycine buffer, pH 5.5 for leafy greens and pH 3.5 for berry
fruits. For leafy greens, the buffer is added to the sample in
� ltered bags and processed in a peristaltic homogenizer. Ber
fruits are agitated gently in the buffer by hand. The eluates ar
centrifuged, subjected to IMS, and examined by microscopy a
described for water samples.

It is critical to the recovery ef� ciency that samples are
processed as fresh as possible, because recovery rates dec
with sample storage. If samples cannot be processed imme
diately, store at 4–8 � C to reduce deterioration. When
analyzing whole leafy green vegetables, such as lettuce hea
a random selection of leaves from different parts should be
examined. For berries, take a random sample. Samples shou
be 25–100 g.

The median recovery rate in a validation trial of lettuce was
30.4% and of raspberries was 44.3%. Subsequent surveys usi
the method, however, report variable recovery ef� ciencies
between 4 and 47% for a variety of vegetables. Similar method
have been described for strawberries, bean sprouts, Chine
leaves, lettuce, prechopped salad mixes, tomatoes, an
peppers, with recovery ef� ciencies of w 40%. One exception
was for bean sprouts for which debris interfered with detection,
even when tested fresh.
nd
,
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Methods for Shell�sh

Molluscan shell� sh (e.g., oysters, clams, cockles, mussels, a
scallops) feed by� ltering several liters of water daily through
their gills, entrapping suspended plankton. Although there
have been no con� rmed reports of human Cryptosporidium
infection caused by eating shell� sh, potential risk has been
identi � ed, and shell� sh have been tested using a variety o
approaches. Different tissues have been examined, includin
gills (washings or homogenates), hemolymph, gastrointes-
tinal tract (homogenates), and whole tissue (washings or
homogenates). Investigation of tissue homogenates from
pools of shell� sh representing a portion size appears to be
most appropriate. Homogenates can be produced by
squeezing and rubbing the tissue in a plastic bag or by using
a peristaltic blender. The resulting material is sieved to remove
gross particles or is digested using pepsin (1 h at 37� C)
allowing analysis of up to 3 g homogenate. Although data are
con� icting about the best oocyst concentration method, IMS
would appear to be most appropriate, although less effective
in more mucoid samples. Detection by FITC-Ab and epi-
� uorescent microscopy may be hampered if hemocytes, which
auto� uoresce, remain in the hemolymph concentrate.
Recovery ef� ciencies have not been reported widely but
appear to be in the order of 50% or more, although less for
mussels.
Methods for Meat

Only preliminary work for meat has been published. A pul-
si� er has been used to extract oocysts from beef carca
surfaces, although the reported recovery ef� ciencies by FITC-
Ab without DAPI or DIC of more than 85% for fat tissue and
more than 128% for lean tissue seem unreliable. Hams that
had been processed and possibly contaminated during
a waterborne outbreak were investigated using surface elution
deoxycholate pretreatment before IMS to combat the fa
content of the sample, and oocysts were detected as for wate
samples.
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542 Cryptosporidium
Nucleic AcidÐBased Methods for Detection
and IdentiÞcation

PCR-based methods have been used to detectCryptosporidium
once oocysts have been concentrated and isolated from th
sample matrix. Advantages over detection by IFM include
detection of small numbers of parasites and the potential for
species determination. Disadvantages are that only oocys
containing sporozoites, and thus DNA, will be detected, and
PCR inhibitors will vary between sample types, making stan-
dardization dif � cult. So far, no reliably quantitative PCR has
been validated to replace oocyst counts. For this reason
although widely used in research studies, PCR detection ha
not been used in operational or regulatory monitoring of
drinking water sources and supplies. Genotyping has been use
on oocysts extracted from IFM slides to assist in understandin
contamination routes and infectivity potential for humans.
Without such assays, all oocysts detected by microscopy mu
be assumed to present a public health risk. Alternatively
molecular assays can be applied before oocysts are dissociat
from IMS beads as this is technically less demanding. Becaus
empty oocysts cannot be detected by molecular methods, the
advantage of testing counted oocysts from microscope slides
that both sets of data are collected: the oocyst count and the
species, improving the data for assessment of risk to public
health. It is important that the processes in staining and
mounting the microscopy slides are understood as some
brands of mounting media, for example, contain formalin that
signi� cantly inhibits the PCR.

A method has been developed and standardized to ef� -
ciently remove, extract, and purifyCryptosporidiumDNA from
oocysts on US Environmental Protection Agency (EPA) Method
1623 slides. The procedure involves removal of the coverslip
a water wash of the slide well to remove residual mounting
medium, scraping the surface with closed-cell foam swabs to
remove oocysts from the slides into molecular-grade water, and
lysis by multiple freeze–thaw cycles in Chelex resin. To relieve
the effect of PCR inhibitors, the addition of 400 ng of bovine
serum albumin per ml or 25 ng of T4 gene 32 protein perml to
the PCR mixture is recommended. The use of high-� delity DNA
polymerase during PCR and the use of 20deoxyuridine, 50tri-
phosphate/uracil-N-glycosylase in reducing carryover contam
ination also contribute to improved accuracy of the assay.

For food and water samples, the ability to identify all
species or genotypes is desirable. Although, theoretically, th
SSU rRNA,hsp70, cowp, and Actin genes could meet this chal-
lenge, in reality, it has been dif� cult to design genus-speci� c
ef� cient PCRs for all but the SSU rRNA gene, which provide
the benchmark for Cryptosporidiumdetection and species iden-
ti � cation. This has been dif� cult for the following reasons:

l Sequences from allCryptosporidiumspecies and genotypes
from a variety of hosts are available on the GenBank
database.

l It is a multicopy gene, which provides improved PCR
sensitivity (5 copies per sporozoite; 20 copies per oocyst).

l It has conserved regions interspersed with highly poly-
morphic regions, facilitating the assay design.

Because other related organisms may be present, PC
primer speci� city as well as ampli� cation conditions are critical
to prevent nonspeci� c ampli� cation. Recommended primers
for conventional PCR are those published by Jiang and
colleagues in 2005 in a nested assay (known as the 18S rRNA
Xiao nested PCR). DNA sequencing has been established as t
de� nitive method of identi � cation. Mixed contamination of
the same sample is dif� cult to recognize, but it can be over-
come by testing multiple DNA aliquots. The assay is not viewed
as suitable for many compliance and water utility laboratories,
however, because of the extensive handling of PCR produc
and complex data analysis. A simpli� ed multiplex genotyping
approach is being validated, complementing genus-speci� c,
sensitive detection by SSU rRNA PCR withhsp70 real-time
PCR to differentiate the presence ofC. hominis, C. parvum,
and Cryptosporidium meleagridisfrom gastric species commonly
found in the environment.

Alternatives to PCR amplification are being investigated for
the detection and typing of Cryptosporidium, for example, non-
PCR-based loop-mediated ampli�cation. These alternatives
however, have yet to be validated in independent studies.
Determination of Viability

The conventional techniques of excystation (including esti-
mation of sporozoite ratios), cell culture, and animal infectivity
are not applicable readily to the small numbers of oocysts
found in water and food concentrates. Surrogate methods to
estimate viability have centered on the microscopic observation
of inclusion or exclusion of � uorogens especially DAPI and
propidium iodide (PI). The key principle is that PI cannot
traverse intact cell membranes and uptake is an indicator of cel
death. Three categories of oocysts can be identi� ed: (1) viable
(inclusion of DAPI, exclusion of PI), (2) nonviable (inclusion
of both DAPI and PI), and (3) dormant but potentially viable
(exclusion of both DAPI and PI). Although relatively cheap and
easily implemented, the vital dye approach can overestimate
infective potential compared with infectivity assays; results are
especially unreliable for disinfectant studies, as the disinfectan
action may prevent the inclusion of PI. Vital dyes, however,
may be useful in providing preliminary data for estimating the
effect of environmental pressures on oocyst survival.

Although molecular approaches have been investigated to
estimate viability of individual oocysts, none have yet been
found to be robust or reliable. One approach is the detection of
messenger RNA transcripts, which are found only in viable
oocysts. For example, mRNA detected from heat-shock protei
synthesis or decay of mRNA transcripts for B-tubulin and
amyloglucosidase and other markers can be detected b
a reverse-transcription PCR. However, mRNA remains stab
for some time, even after oocyst death, which may lead to
overestimations of viability.

Fluorescentin situhybridization (FISH), a technique taking
advantage of rRNA beakdown following cell death, incorpo-
rates nucleic acid probes targeting speci� c sequences of rRNA
and thus, theoretically, labels only potentially infective or
recently inactivated oocysts. Although results correlate we
with in vitro excystation, poor correlation with infectivity
methods has been observed and rRNA appears not to brea
down particularly rapidly or predictably. Furthermore, it
appears to remain stable under some circumstances; potentia
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Table 6 Inactivation ofCryptosporidiumin food and beverages

Agent or process Application Oocyst survival Comments

Desiccation Dried foods Drastically reduced
Low pH Yogurt, fruit juices,

carbonated drinks
Equivocal data Addition of organic acids to fruit

juices can reduce infectivity
Hydrogen peroxide Fruit juice 0.025% H2O2 led to> 5 log reduction

in infectivity
Low water activity Salt, glycerol, sucrose Reduced, most effectively by sucrose

(1–2 log reduction)
Alcohol content Preservation, beverages Reduced
Heat Pasteurization Drastically reduced or completely

eliminated
Light steam cooking of mussels

insuf� cient
Freezing Foods, ice, ice cream Depends on speed; rapid is most

effective; further reduction over time
Ice made with water suspected to be

contaminated should be discarded
Ozone Apple juice Dependent on multiple factors (time,

dose, temperature)
Chlorine dioxide Water, surfaces Dependent on multiple factors (time,

dose, temperature)
UV C Water Dependent on multiple factors (time,

dose, pressure)
Note depuration processes for

mussels insuf� cient
Gamma irradiation Specialist application Completely eliminated
E-beam irradiation 2 kGy Oysters Eliminated infectivity
High hydrostatic pressure Seafood 550 MPa> 1 log reduction
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problems in the detection of FISH signals from gamma-
irradiated oocysts have been identi� ed. FISH probes can be
selected to provide simultaneous species identi� cation.

Biophysical methods of dielectrophoresis and electro-
rotation have been explored for determination of oocyst
viability, and both have demonstrated differences between
viable and nonviable oocysts. Oocysts, however, need to b
partially puri � ed and suspended in a low-conductivity
medium.
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Importance to the Food and Water Industries

Food- and waterborne cryptosporidiosis is of concern globally.
Cryptosporidiumis widespread in the environment, and water-
borne outbreaks have affected hundreds of consumers. Food
borne outbreaks have been reported less frequently. Suc
outbreaks are hard to detect; reasons for this include th
potentially widespread geographic locations of exposed pop
ulations and sometimes low attack rates. Oocysts are dif� cult to
detect in implicated food items, which often are not available
for testing by the time the outbreak is recognized, particularly
as many have a short shelf life and the parasite has a relative
long incubation period. There is particular signi� cance in the
preparation and consumption of fresh produce and catering
practice related to food served without heat treatment. The
quality of process or ingredient water, and handling by infected
personnel, are speci� c concerns.

Cryptosporidiumoocysts may enter the food chain via four
main routes:

1. Contaminated ingredients or raw materials used during
production (cultivation, harvesting)

2. Contaminated water used in production, processing or
washing the food, or cleaning processing equipment
3. The environment, including dirty equipment, transport
(e.g., previously used for animals),� ies, rodents

4. Infected food handlers in production, packaging, prepara-
tion, or service or cross-contamination from infected
persons in domestic settings.
Control and Disinfection

Cryptosporidiumoocysts are resistant to most environmenta
factors, with the exception of heat and desiccation. Oocysts ca
survive for months in water and soil. Oocysts can survive
naturally better in some food stuffs than others as some foods
and their processing are more conducive to survival than others
(Table 6). Of particular concern are foods vulnerable to
contamination, eaten raw or only lightly cooked. Cryptospo
ridium oocysts are not especially heat resistant and ar
destroyed by conventional milk pasteurization. A temperature
of greater than 73� C will cause instantaneous inactivation.
Therefore, most controlled cooking processes used in food
production should destroy any viable oocysts in the product.
Oocysts can survive for short periods at temperatures below
0 � C, especially in water; commercial ice cream–freezing
processes have been shown to cause inactivation and die-o
occurs at temperatures below� 15 � C. There is little informa-
tion on the effect of pH, but some loss of viability has been
shown in acid conditions below pH 4.0. It has been reported
that oocysts lost 85% of viability in 24 h when contaminated
water was used to brew beer and produce a carbonate
beverage.

To ensure thatCryptosporidiumis not a signi� cant food-
borne hazard, appropriate preventive or control measures
must be included where relevant, from primary production
of ingredients and raw materials onward. To determine
whether there is a signi� cant hazard, food producers should
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include Cryptosporidiumas part of hazard identi� cation
within the framework of a hazard analysis of critical control
points (HACCP) plan. This plan also needs to take into
account the use of water in the process, or as an ingredien
and control of contamination in the water supply is critical.
A risk assessment on the consequences of contamination o
the main water supply and a‘boil water notice’ issued by the
water supplier must be conducted. Additional on-site water
treatment, such as membrane� ltration, may be required
where there is a high risk, as in the production of raw food
products, such as fresh-cut produce and salads. The reuse
water that has not been subjected to adequate treatment als
needs to be considered.

Cryptosporidiumoocysts have been shown to survive fo
hours on wet surfaces, including stainless steel, but they are no
resistant to drying and die rapidly on dry surfaces. Although
remarkably resistant to many disinfectants, notably chlorine,
Cryptosporidium-speci� c disinfection can be achieved by steam
cleaning, hydrogen peroxide, or chlorine dioxide.

Infected food handlers are a major Cryptosporidium
contamination risk for foods that do not undergo any further
processing, such as sandwiches and salads. Good person
hygiene practice, especially hand washing, is an essenti
control. Any staff suffering from gastroenteritis should be
excluded from food areas.

A complicating factor in prevention and control of crypto-
sporidiosis is the increasing globalization of the fresh produce
market. A clear quantitative understanding of the relative
importance of the various sources and transmission routes o
Cryptosporidiumas well as of their survival, viability, and viru-
lence is lacking. Improved knowledge will allow for a better
assessment of the actual risks presented byCryptosporidiumand
more effective design and installation of the necessary contro
measures. Water shortages globally may necessitate more wa
recycling in agriculture, food manufacturing, and service
operations, and careful management of water supplies and
their use is required.
f

).

c-

-
,

re

,

-

-

Importance to the Consumer

Although cryptosporidiosis is usually an acute, self-limiting
illness in immunocompetent people, it can be prolonged,
unpleasant, and debilitating. Symptoms occur 3–12 days after
ingestion of oocysts, and include watery diarrhea, abdominal
pain, nausea and vomiting, low-grade fever, and loss o
appetite. Symptoms can last for up to a month (mean dura-
tion among those seeking medical assistance is 12.7 days
Symptoms relapse in about a third of cases. In one study, 14%
sporadic cases were hospitalized. Anyone can become infe
ted, although illness is most common in infants in developing
countries and young children in industrial countries, because
of their lack of immunity, increased exposure risks, and
generally poorer hygiene. Other at-risk groups are immuno-
compromised patients and those exposed through occupa
tional and recreational activities (e.g., veterinary students
farmers, visitors to petting farms, international travelers,
infants attending day-care centers, and nursery or day-ca
center employees). Milkborne outbreaks have been identi� ed
mainly among children, but adults may be more likely to be
exposed to foodborne Cryptosporidiumvia vehicles such as
salad leaves because of dietary habits. In developing coun
tries, cryptosporidiosis is associated with substantia
morbidity and is of particular concern in malnourished chil-
dren. Severely immunocompromised patients with T-cell
immune de� ciency commonly experience chronic or intrac-
table disease. It is expected that the proportion of immuno-
compromised people is increasing globally, increasing the
potential importance of cryptosporidiosis. Furthermore, there
may be long-term effects of infection in the general pop-
ulation. For example, it has been suggested that infection can
cause relapse of in� ammatory bowel disease, and an anec
dotal association with irritable bowel syndrome is under
further investigation.

Prevention of spread of cryptosporidiosis can be achieved
by stringent personal hygiene as it is highly infectious from
person to person, and patients must wash hands carefully and
not share towels. Foodhandlers and those caring for vulner
able people should not attend work or undertake these
activities until 48 h after diarrhea has stopped. Likewise,
children should not attend nursery or school. No one should
use a swimming pool while they have diarrhea, or for 48 h
after having diarrhea. Recovering cryptosporidiosis patients
should not use swimming pools for 2 weeks after the diarrhea
has stopped, because chlorine-resistant oocysts still may b
shed.

Most patients may only require supportive therapy in the
form of rehydration salts. Speci� c therapy, nitazoxanide, is
approved by the US Food and Drug Administration for use in
immunocompetent patients above 1 year old. It is not licensed
in the European Union, but it may be available on a named
patient basis. It is well tolerated with a good safety pro� le.
There is no proven speci�c therapy for immunocompromised
patients; correction of underlying immune de� ciency is most
likely to lead to parasite clearance but is not always possible.
Regulations

In the European Union, cryptosporidiosis is a noti� able
disease and laboratory-con� rmed case data are collected
through the European Surveillance System under Directive
2003/99/EC. The diagnosis is statutorily noti� able in only
some European countries; for example, in the United
Kingdom, this is under the Health Protection (Noti � cation)
Regulations 2010 and the Public Health (Scotland) Act 2008.
Reporting of food and waterborne outbreaks of illness is
required under the same EU Directive. In the United States
cryptosporidiosis is a nationally noti� able disease, and health
care providers and laboratories that diagnose cases of labo
ratory-con� rmed cryptosporidiosis are required to report
those cases to their local or state health departments, which in
turn report the cases to Centers for Disease Control and
Prevention (CDC). Cryptosporidiosis is included in the
CDC’s National Outbreak Reporting System.

As Cryptosporidiumgenerally is considered to be a water
borne rather than a foodborne pathogen, it is not usually
mentioned speci� cally in food safety and hygiene laws but
may be covered in drinking water regulations. The principles
of the food laws, such as those underpinned in the European
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Union by regulation 2002/178/EC, are applicable. The US
Food and Drug Administration is responsible for enforcing
regulations as detailed by the Federal Food, Drug, and
Cosmetic Act.

General food law places primary responsibility to produce
safe food on the food business operator, including regulations
governing traceability. Under Regulation 2002/178/EC, food
business operators must be able to trace all food, ingredients,
and any other substance expected to be incorporated into
a food during all stages of production, processing, and distri-
bution. This would include water, which is highly relevant as
contaminated water is an important potential route of food
contamination. The relevant principal pieces of EU legislation
on water are as follows:

l The 1998 Drinking Water Directive, which sets out water
quality standards and upon which the UK Water Supply
(Water Quality) Regulations are based.

l The 1991 Urban Waste Water Treatment Directive, which
deals with the treatment and discharge of sewage.

l The 2001 Water Framework Directive, which regulates the
way Europe’s river basins are managed and sets out envi-
ronmental objectives for water sources across the continent.

The World Health Organization has published guidelines
for the safe use of wastewater, excreta, and graywater as well as
guidelines for drinking-water quality.

To meet the requirements of both the Water Framework
Directive and Regulation 178/2002/EC, good management
practices are promoted for farms and for agricultural wastes
through the Agri-Environment Regulation 2078/92/EC. For
example, in England, the Department of Environment, Food
and Rural Affairs has initiated the Catchment Sensitive Farming
Program for the control of diffuse pollution and has revised the
code of good agricultural practice for the protection of water,
soil, and air, consolidating advice to farmers, growers, and land
managers. The UK Food Standards Agency has produced
guidance to provide UK growers with practical advice on how
to reduce the risk of contamination of ready-to-eat crops when
using farm manures. The Food and Agriculture Organization of
the United Nations publishes Good Agricultural Practice, and
Codex Alimentarious developed a Code of Hygienic Practice
for Fresh Fruits and Vegetables. The US Food and Drug
Administration’s Center for Food Safety and Applied Nutrition
published a guide for commercial producers to help reduce
microbial contamination of fresh fruits and vegetables to be
consumed with no or minimal processing. Trade associations,
such as the United Fresh Produce Association, provide food
safety guides to help the fresh produce industry ensure the
highest levels of food safety. Audit checklists have been
developed, for example, by GLOBALG.A.P., a private sector
body that sets voluntary standards for the certi�cation of
production processes of agricultural (including aquaculture)
products.

See also: Food Poisoning Outbreaks; Good Manufacturing
Practice; Hazard Appraisal (HACCP); Immunomagnetic
Particle-Based Techniques: Overview; Milk and Milk Products:
Microbiology of Liquid Milk; Molecular Biology in
Microbiological Analysis; Nucleic Acid–Based Assays:
Overview; Waterborne Parasites; Molecular Biology; Fruits and
Vegetables.
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Cultural Techniques see Aeromonas: Detection by Cultural and Modern Techniques; Bacillus – Detection by Classical Cultural
Techniques; Campylobacter: Detection by Cultural and Modern Techniques; Enrichment Serology: An Enhanced Cultural Technique for
Detection of Foodborne Pathogens; Foodborne Fungi: Estimation by Cultural Techniques; Listeria: Detection by Classical Cultural
Techniques; Salmonella Detection by Classical Cultural Techniques; Shigella: Introduction and Detection by Classical Cultural and
Molecular Techniques; Staphylococcus: Detection by Cultural and Modern Techniques; Verotoxigenic Escherichia coli: Detection by
Commercial Enzyme Immunoassays; Vibrio: Standard Cultural Methods and Molecular Detection Techniques in Foods
Culture Collections
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Introduction

Culture collections are resource centers for the preservation,
storage, and distribution of living cultures of microorganisms
and laboratory-held cell lines and associated data. They
comprise a broad range of size and type, but all are established
to perform these basic functions, giving access to authentic and
representative reference strains for use in research and
production. The organisms they hold play vital roles in food
microbiology and therefore must be maintained in a manner
that retains their properties. Microorganisms are important in
both food production and food spoilage; therefore, production
strains, starter cultures, and reference strains must be available
for manufacture, as references in process control and research
and development. Providing this resource is not as simple as it
sounds, keeping strains in the back of the refrigerator until they
are needed is open to many serious problems including
contamination, complete replacement by other organisms, loss
of properties and death of what are potentially unique and
valuable commodities. Culture collections, no matter their size,
must follow best practice and rigorously controlled operational
processes to conserve microbial germplasm. Not only are the
methodologies of preservation crucial, but they must operate in
compliance with international and national rules, conventions,
and regulations. They must also implement quality control and
have a duty of care to protect their workers, the public, and the
environment from potential harm. As a result, the modern-day
culture collection has become a Biological Resource Center
(BRC) operating according to international criteria. They add
value to their holdings, developing the associated data and
linking out to a broad landscape of relevant information at
other sources to aid in the identi�cation of strains and to add
data on useful attributes. Such data facilitates strain uptake into
research and use.
The Mission, Scope, and Content
of Culture Collections

It is over a century since the �rst public service culture collec-
tion was established in Prague. Since then, many new
46 Encyclopedia of Food Mic
collections have developed, helping microbiologists learn so
much about the maintenance and supply of microorganisms.
The main objective of culture collections is the provision of
organisms and services that can improve the prospects for
knowledge development and innovation to address the global
challenges of health care, food security, biodiversity and the
environment, climate change, and poverty alleviation. Their
operations can be described in three key statements:

l The primary objective is to maintain strains in a viable state
without morphological, physiological, or genetic change

l Implementation of best practice in collection and supply
- Ensure authentication of deposited biological materials
- Ensure validity of data
- Ensure continued availability and reproducibility of

materials
l Utilize long-term methods of preservation

- Select the most suitable method
- Optimize to ensure organism stability
- Maintain viability, purity, and stability of holdings
- Ensure networked capacity building and research

Today a culture collection may be referred to as a microbial
resource center or a BRC as de�ned by the Organization for
Economic Cooperation and Development (OECD). The true
BRC can support countries’ efforts to establish a means to
release the potential of their microbial resources to provide
solutions to national economic, environmental, food and
health care problems and consequently contribute to achieving
the Millennium Development Goals. This ambitious agenda for
reducing poverty and improving lives can be partially delivered
by better management and utilization of biological resources:

l Improve livelihoods (Millennium Goal – MG1).
l Provide new sources of food and reduce agricultural losses

(MG1).
l Lead to discovery of new drugs and treatments of disease to

reduce child mortality and improve maternal health (MG4,
5 and 6).

l Understand and contribute to environmental stability
(MG7).

l Develop a global partnership in the conservation and
utilization of microbial resources for development (MG8).
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00079-3
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Culture Collections 547
Microorganisms are used for many different purposes: a
reference strains in identi� cation, as standards in tests, a
producers of chemicals, and as whole organisms in products o
for speci� c use, such as biocontrol. The sources of these strai
are many, individual scientists, private collections, and public
service collections. The collections in which these are retaine
can take many different forms ranging from simple laboratory-
based collections operated by a single researcher to depa
mental collections centrally maintained for internal use, or
larger public service collections. The organisms held ma
represent a general coverage of microbial diversity or may b
very speci�c, addressing sectors such as food microbiology o
even more speci� c single taxonomic groups or organisms with
speci�c metabolic attributes. It is dif� cult to estimate the total
number of collections in the world or the number of strains
they hold. However, the public service collections have a sup
porting organization, the World Federation for Culture
Collections (WFCC), which coordinates some common activ-
ities but importantly oversees the World Data Center for
Microorganisms (WDCM). This is a central registry for collec-
tions that lists over 600 collections worldwide. Through its
online services, the WDCM provides lists of these speci� c
collections, making available metadata on their content and
expertise and offering routes to access their holdings.

Themicroorganisms these collections hold represent both the
prokaryotes and the eukaryotes and span a wide range o
organism types. They include animal, human, and plant cells in
culture, microscopic algae, animal and plant viruses, bacterio
phages, archaea, bacteria,� lamentous fungi and yeasts, plas-
mids, and protozoa. There are currently over 2 million strains
available from the WDCM registered collections covering ove
500 000 fungi, 25 578 (25.5%) of whicharean ex-Type species o
subspecies. There are over 900 000 bacteria representing arou
80% of all Type species. The remaining cell types are therefo
covered less well by the public service collections. This problem i
being addressed by several initiatives that are described below
There is a long way to go before we have access to material re
resenting all known microorganisms; for example, only 15% of
the 100 000 described species of fungi and less than 2% of th
estimated total of 1.5 million are represented in collections.
Coordinated and targeted isolation programs are needed to
make inroads into this enormous task; mycologists need to
collaborate with culture collections to ensure a better coverage

BRCs are not just repositories or suppliers of strains; the
provide many essential services. In October 2012, of the 585
WDCM registered collections, 90 provide patent deposit
services, 311 identi� cation services, 264 training services, an
272 various consultation services. To operate successfull
access to these many collections, their expertise and servic
needs to be coordinated to facilitate use by the researcher. I
addition, all collections need to follow common approaches
and to operate in conformance with international criteria in
agreed best practices or standards (see the sectionNetworking
Collections below).
e
r

f

Deposit, Access to, and Distribution of Strains

The main function of a culture collection is to provide
a repository for research strains. Public service cultur
collections offer several different mechanisms for researchers t
preserve and protect their key strains for future use. Collection
will receive deposits of microorganisms of public interest into
their open collections for which they publish lists or catalogs
and make them available to quali� ed recipients (persons with
the authority, skills, and knowledge to handle the organisms in
appropriate laboratory facilities). However, most collections
have accession policies that restrict the organisms covered
the institutional priorities and the expertise and capacities they
have. Often they can store organisms as safe deposits, n
making them accessible in their open collections, holding them
solely for the depositor’s private use only. There are also speci� c
collections that nations recognize as International Depository
Authorities that are able to store and distribute, subject to
authorization, microorganisms that are cited in patents under
the Budapest Treaty on the International Recognition of the
Deposit of Microorganisms for the Purpose of Patent
Procedure.

Despite the availability of these alternative deposit options,
the deposit of strains that are cited in the literature to facilitate
their availability as vouchers for con� rmation of results and
further work is estimated at less than 1%. BRCs provide bio
logical resources (living organisms) and preservation service
to microbiologists working in the � elds of education, envi-
ronment, agriculture, and biotechnology. The American Type
Culture Collection (ATCC) has supplied over 100 000 cell lines
and strains per year since the late 1980s, and its curren
distribution � gures are estimated to be over 150 000 individual
samples per year. The DSMZ-Deutsche Sammlung von Mik
roorganismen und Zellkulturen, has supplied around 20 000
cell lines and strains, but most collections supply a lot less. A
more likely � gure for those most well used would be 1000 to
4000, and the majority only a few hundred. Based on this and
the fact that there are around 600 collections registered with the
WDCM, some 0.5 million strains are probably supplied each
year. The concern is that many of the strains provided by
noncollections are not authentic and not preserved well,
undermining any research done with them. It is therefore
essential that providers of strains use appropriate methodolo-
gies and adhere to regulations or, alternatively, leave this task t
the BRCs, to ensure that high-quality research is based o
reliable and authentic biological materials.

To discover the collections in which a researcher can depos
key strains or receive the specimens needed for research, t
WDCM provides an excellent starting point. There are also
regional and national contact points (see the Networking
section below), and the WFCC website can provide the linkage
you need to help you trace the necessary deposit, information
and services.
Preservation and Long-term Storage

The primary objective of preserving and storing an organism is
to maintain it in a viable state without morphological, physi-
ological, or genetic change until it is required for future use.
Ideally, complete viability and stability should be achieved,
especially for important research and industrial isolates.
However, even teaching or research collections must conside
implementing the best available technologies despite the cost i
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548 Culture Collections
the materials are to be kept stable. Preservation technique
range from continuous growth methods to methods that
reduce rates of metabolism to the ideal situation where
metabolism is suspended. There are many methods available
and these can be divided into three groups:

l Continuous growth techniques involve frequent transfer
from depleted to fresh nutrient sources, which initially
provide optimum growth conditions. The need for
a frequent subculture can be delayed by storing cultures in
a refrigerator, freezer (at�10 to �20 � C), under a layer of
paraf� n oil or in water.

l Drying of the resting stage (e.g., spores, cysts, or sclerotia)
an organism can be achieved by air drying, in or above silica
gel, in soil or sand.

l Suspension of metabolism normally involves reducing the
water content available to cells by dehydration or cryopres-
ervation. Freeze-drying (lyophilization) is the sublimation
of ice from frozen material at reduced pressure and require
storage in an inert atmosphere either under vacuum or a
atmospheric pressure in an inert gas. Cryopreservatio
generally implies storage at temperatures that impede
chemical reactions of around�70 � C and below. This can
be achieved in mechanical deep freezers (some are capab
of reaching temperatures of�150 � C) or in/above liquid
nitrogen. To achieve an adequate suspension of metabolism
to a point where no physical or chemical reaction can occur
requires storage at temperatures of below�139 � C.

Although growth techniques are readily available and
inexpensive, these are to be avoided as organisms can adapt
laboratory culture conditions and lose properties, become
contaminated, or rapidly die. Culture collections should aim to
preserve the strains by freeze-drying or cryopreservation t
retain long-term stability and genetic integrity. Similar tech-
niques are used for the preservation for many different organ
isms, often with special adaptations for the different types.

Freeze-drying (lyophilization) is a highly successful method
for preserving bacteria, yeasts, and the spores of� lamentous
fungi. During the freeze-drying process, water is removed
directly from frozen material by sublimation under vacuum. If
carried out correctly, freeze-drying will prevent shrinkage and
structural change and will help retain viability. Freeze-drying
should be optimized for different organisms and cell types. The
method is generally unsatisfactory for eukaryotic microalgae a
levels of post-preservation viability are unacceptably low.
Injury can occur during the cooling and/or drying stages. The
phase changes encountered during the drying process can cau
the liquid crystalline structure of the cell membranes to
degenerate to the gel phase, which disrupts the� uid-mosaic
structure of the membrane. This causes leakage of th
membrane, which may culminate in cell damage. Optimal
survival can be improved with the use of a suitable suspension
medium. Skimmed milk is a suitable protectant for fungi and is
sometimes used in combination with inositol. Saccharides
such as trehalose protect membranes by attaching to th
phospholipids, replacing water, and lowering the transition
temperature. Other suspending media can be used whe
preserving bacteria and yeasts, with many collections usin
their preferred preservation base.
The recommended� nal moisture content following drying
is between 1 and 2% (w/v). To monitor freeze-drying, a means
of measuring vacuum both in the chamber and close to the
vacuum pump is required. Comparing the measurements will
allow the determination of the end point of the drying process.
When the values are equal, water has ceased to evaporate fro
the material being dried and drying is probably complete. This
is con� rmed by determining the residual water content. This
procedure can be carried out by dry weight determination or by
the use of chemical methods or specialized equipment. The
sample temperature must not rise above the glass transition
temperature during the process or during storage. The glas
transition temperature (Tg) of a noncrystalline material is the
critical temperature at which the material changes its behavior
from being a glass (hard and brittle) to being rubbery or � ex-
ible when the atoms or molecules can undergo rearrangement
Additionally, the freezing point of the material should be
determined, and the temperature should be monitored during
freeze-drying. Melting during drying will cause irreparable
damage and can be seen in an ampoule as bubbles in the drie
material. To ensure that a high-quality product is produced and
maintained, the equipment used must be reliable and condi-
tions reproducible from batch to batch.

The technique of centrifugal freeze-drying, which relies on
evaporative cooling, can be used successfully for the storage
many sporulating fungi, as well as bacteria and yeasts
However, this is not a method that can be adapted and changed
easily, as it is dependent on the scope of the equipment
Optimization of the cooling rate to suit the organism being
freeze-dried can be applied using a shelf freeze-drier. Th
sealing of the ampoules or vials is most important, and heat-
sealed glass is preferred to butyl rubber bungs in glass vials a
these may leak over long-term storage and allow deterioration
of the freeze-dried organism. Freeze-drying has many advan
tages over other methods, including the total sealing of the
specimen and protection from infection and infestation.
Cultures generally have good viability/stability and can be
stored for many years. However, there are disadvantage
Notably, some isolates fail to survive the process, and other
have reduced viability and so genetic change may occu
Ampoules of freeze-dried organisms must be stored out o
direct sunlight, and chilled storage will reduce the rate of
deterioration and should extend shelf life. Liquid drying
(L-drying) is a useful alternative method of vacuum drying for
the preservation of bacteria that are particularly sensitive to the
initial freezing stage of the normal lyophilization process. The
intrinsic feature of this process is that cultures are prevented
from freezing; drying occurs directly from the liquid phase.
L-dried cultures have survived with good recovery levels for up
to 15 years. L-drying can, therefore, be considered a suitab
alternative to freeze-drying for bacteria that are susceptible to
damage by freeze-drying.

The ability of living organisms to survive freezing and
thawing was � rst realized in 1663 when Henry Power
successfully froze and revived nematodes. Lowering th
temperature of biological material reduces the rate of metab-
olism until, when all internal water is frozen, no further
biochemical reactions occur and metabolism is suspended
Although little metabolic activity takes place below �70 � C,
recrystallization of ice can occur at temperatures abov
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�139 � C, which can cause structural damage during storag
Consequently, the storage of microorganisms at the ultra-low
temperature of �190 to 196 � C in or above liquid nitrogen is
the preferred preservation method. Provided adequate car
is taken during freezing and thawing, the culture will not
undergo change, either phenotypically or genotypically.

Choice of cryoprotectant is a matter of experience and varie
according to the organism. Cryoprotection is achieved by:

1. Noncritical volume loss by the reduction of ice formation.
2. An increase in viscosity, which slows down ice crysta

growth and formation and solute effects.
3. Reduction of the rate of diffusion of water caused by the

increase of solutes.

Glycerol 10% (v/v) gives very satisfactory results bu
requires time to penetrate the organism; some fungi are
damaged by this delay. Dimethyl sulfoxide (DMSO) pene-
trates rapidly and is often more satisfactory. Sugars and larg
molecular substances, such as polyvinyl pyrrolidine (PVP)
have been used but in general have been less success
Trehalose has been shown to improve viabilities of some
organisms. Establishing the optimum cooling rate has been
the subject of much research. Slow cooling at 1� C min � 1 over
the critical phase has proved most successful, but some le
sensitive isolates respond well to rapid cooling, preferably
without protectant. Slow warming may cause damage owing
to the recrystallization of ice; therefore rapid thawing is rec-
ommended. Slow freezing and rapid thawing generally give
high recoveries for fungi.

As with other methods of preservation, liquid nitrogen
cryopreservation has advantages and disadvantages. Adva
tages include the length of storage, which is considered to b
effectively limitless if storage temperature is kept below
�139 � C. The majority of organisms survive well, giving the
method a greater range of successful application. Organism
remain free of contamination when stored in sealed
ampoules. Disadvantages of liquid nitrogen storage include
the high cost of apparatuses such as refrigerators an
a continual supply of liquid nitrogen. If the supply of nitrogen
fails (or the double-jacketed, vacuum-sealed storage vesse
corrode and rupture), then the whole collection can be lost.
There are also safety considerations to be made, and th
storage vessels must be kept in a well-ventilated room, as th
constant evaporation of the nitrogen gas could displace the ai
and suffocate workers.

After a suitable preservation technique is applied and the
strains are successfully stored, a distribution and master or see
stock should be kept. The size of the stock depends on th
anticipated distribution. Enough replicates must be maintained
to ensure that preserved strains have undergone a minimum
number of transfers from the original. Wherever possible, an
original should be preserved without subculturing. The seed
stock should be stored separately from the distribution stock. It
is also advisable to keep a duplicate collection in another secur
building or site as a ‘disaster measure.’An inventory control
system should be used to ensure that cultures remain in stoc
for distribution or use. After preservation, the viability, purity,
and identity should be rechecked and compared with the
original results before the culture is made available outside the
collection.
To ensure that cultures have not undergone physiological o
genetic change following preservation, they should be examined
in depth. This step should consist of more than mere assess
ments of growth rate and culture morphology and could
include analysis of metabolism or an assessment at the molec
ular level. Known properties can be checked periodically, but
full metabolic pro � le checks are seldom necessary on a regul
basis. However, to be able to judge stability, a less stabl
property should be selected to indicate how well a strain is
being maintained. PCR � ngerprinting is often performed to
provide an indication of molecular stability post-preservation.
The method of choice is Ampli� ed Fragment Length Poly-
morphisms (AFLP), which is a highly stringent and reproducible
method. However, other PCR techniques such as Random
Ampli � ed Polymorphic DNA (RAPD), Variable Nucleotide
Tandem Repeat (VNTR), Single Sequence Repeat (SSR), a
Inter Simple Sequence Repeat Anchored (ISSR)–PCR may be
suitable. These methods are straightforward and less expensi
than AFLP and may produce strain-speci� c banding patterns.
Unfortunately, minor changes in PCR conditions can result in
different patterns, and the methods can thereby suffer from
poor stringency and reproducibility. However, for one off
studies, ISSR is particularly useful to demonstrate if the prese
vation technique has caused gene duplication or gene deletion
The Impact of Legislation on the Handling, Storage,
and Distribution of Organisms

Many regulations apply to the work of collections from the
collecting through the handling to their dispatch and transport.
Collection workers must be aware of such legal requirements
not only in their own countries but worldwide. Examples of the
areas covered by regulations are:

l Access to national genetic resources
l Biosecurity
l Packaging, shipping, and transport
l Quarantine
l Health and safety
l Patenting

The collection, distribution, and exploitation of biolog-
ical materials must be in compliance with national require-
ments that may be implemented in response to international
conventions, treaties, and law– for example, the Convention
on Biological Diversity (CBD). The CBD requires that Prior
Informed Consent (PIC) be obtained in the country where
organisms are to be collected. Terms on which any bene� ts
will be shared must be agreed. If the organism is passed t
a third party, it must be under terms agreed to by the country
of origin. This will entail the use of material transfer agree-
ments between supplier and recipient to ensure bene� t
sharing with at least the country of origin. Access and bene� t
sharing rules must be followed and signatory countries to the
CBD have agreed on a code of practice, the Nagoya AB
Protocol.

Biosecurity impacts heavily on the operations of public
service culture collections. The OECD BRC Best Practi
includes biosecurity guidance as well as aspects of biosafet
particularly in regard to implementation of national
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550 Culture Collections
legislation. It is evident that culture collections must adopt
compliant procedures, � rst governed by national laws but
speci�cally compliant with the Biological and Toxin Weapons
Convention (BTWC). They must endeavor to reduce the
potential for misuse of biological agents, toxins, or associated
information or technologies. The Global Biological Resource
Center Network (GBRCN) and European Consortium of
Microbial Resources Centers (EMbaRC) projects have design
a Biosecurity Code of conduct for BRCs. This sets out a
undertaking by culture collections to tackle their responsibili-
ties and provides a baseline for their operation.

Another set of requirements on collection operations are
laid down by quarantine legislation that restricts the import of
nonindigenous plant and animal pathogens. Those who wish
to import such organisms must hold the relevant import
permit, which can be obtained from the relevant country
authority.

Whatever situation, microbiology or not, compliance with
duties of care, and health and safety law are a basic requiremen
to establish a safe workplace; key considerations are th
following:

l Adequate assessment of risks
l Provision of adequate control measures
l Provision of health and safety information
l Provision of appropriate training
l Establishment of record systems to allow safety audits to be

carried out
l Implementation of good working procedures

Good working practice requires assurance that correc
procedures are actually being followed, and this requires
a sound and accountable safety policy. The requirements fo
health and safety and biosecurity are covered by the OECD Be
Practice Guidance for BRCs.

The IATA Dangerous Goods Regulations (DGR) requir
that packaging used for the transport of hazard group 2, 3
or 4 must meet de� ned standards, IATA packing instruction
602 (class 6.2). Microorganisms that qualify as dangerous
goods (class 6.2) must be in UN certi� ed packages. Thes
packages must be sent by air freight if the postal services o
the countries through which it passes do not allow the
organisms in their postal systems. They can only be sen
airmail if the national postal authorities accept them. There
are additional costs above the freight charges and packag
costs if the carrier does not have its own� eet which will
require the package and documentation to be checked at th
airport DGR center. Details on these requirements are give
in IATA’s Dangerous Goods Regulations, and interpretation
of these regulations in various scenarios of shipping cultures
from collections are given in documents provided via the
WFCC on their website.
o

A

Management and Operational Standards

Culture collections are required to provide authentic strains
retaining properties that meet the user’s requirements. Not only
must they be able to con� rm the identity of the strains
deposited with them, but they need to employ preservation
techniques that will retain their properties in the long term.
This is critical at a time when the number of traditional
taxonomists is diminishing and when new platform technol-
ogies are taking over for the characterization of strains. It is eve
more essential that such an authentic resource remains avai
able for reference as nonmicrobiologists are utilizing strains
and must rely on their authenticity. Additionally, as databases
are built up, it is essential that they are based on authentic
material. Molecular taxonomy has had a signi� cant impact on
biosystematics. However, doubt has been expressed regardin
the reliability of sequences available in publicly available
sequence databases. It has been reported that up to 20% o
publicly available, taxonomically important, DNA sequences
for three randomly chosen groups of fungi were probably
incorrectly named, chimaeric, of poor quality or too incom-
plete for reliable comparison.

The OECD BRC Task Force considered the establishment
a common quality standard as essential for the development of
BRCs. Although publications on collection management and
methodology give information on protocols and procedures,
there is a need to introduce a common quality management
system that goes further toward setting minimum standards.
The collection communities themselves have developed oper
ational guidelines, and of course international standards have
also been developed speci� cally for laboratories covering
management and particular practices and services. There a
several examples of standards designed speci� cally for micro-
bial and cell culture collections:

l The WFCC Guidelines for the establishment and operation
of collections of microorganisms

l The Microbial Information Network for Europe (MINE)
project standards for the member collections

l UKNCC quality management system
l Common Access to Biological Resources and Information

(CABRI) guidelines (http://www.cabri.org )

The standards that can be applied to microbiology labo-
ratories include Good Laboratory Practice (GLP), ISO 17025
ISO Guide 25, and the ISO 9000:2000 series. Several publi
service collections have gone this route, the majority selecting
the ISO 9000 family of standards that relate to quality
management systems and are designed to help organization
ensure they meet the needs of customers and other stake
holders. The standards are published by ISO, the Internationa
Organization for Standardization, and are available through
National standards bodies. All above-mentioned guidance
provided background for the development of the OECD Best
Practice Guidance for BRCs published in 2007. This docu
ment can be used as a benchmark for culture collections
worldwide.
Networking Collections: Improving Access to Strains
and Addressing Common Challenges

Bioscience industry and academia require improved access t
high-quality, value-added products and services from culture
collections. BRCs are being enhanced to meet these needs.
requirement for quality, avoidance of duplication, research,
training, and networking is part of their main recommenda-
tions for development. The ultimate goal is a distributed
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Table 1 Contacts for some regional and global culture collection organizations

Acronym Network Link

ABRCN Asian Biological Resource Centers Network http://www.abrcn.net/
FELACC Federación Latinoamericana de Colecciones de Cultivosmir@qb.fcen.uba.ar, gdavel@anlis.gov.ar
ECCO European Culture Collection’s Organization http://www.eccosite.org
GBRCN Global Biological Resource Center Network http://www.gbrcn.org
WFCC World Federation for Culture Collections http://www.wfcc.info
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network of collections concentrating in the areas of their
expertise and operating to universal high standards. Sever
national, regional, and global networks (Table 1) support and
promulgate the activities of culture collections. The World
Federation for Culture Collections has been� ghting the cause
for over four decades, supported in Europe by the European
Culture Collection’s Organization (ECCO). However, a lot of
work needs to be done both by collections and governments if
they indeed wish to harness the power of microbial diversity.
There are 17 national collection organizations listed inTable 2,
all of which can help researchers access the products an
services of their member collections.

It is now recognized that research infrastructures provide the
new dimension in life science research. To this end, BRCs a
being networked through the GBRCN. The GBRCN Demon
stration Project emanates from an OECD Working Party on
Biotechnology initiative (1999 –2007). Presently, the German
Ministry of Science and Technology provides a small, centra
Secretariat to coordinate activities to deliver improved support
to the life sciences. No one single entity can provide the
necessary coverage of organisms and data; therefore, t
enormous task of maintaining biodiversity must be shared.
There are vast numbers of novel microbial species still to be
discovered (the majority of which are not yet grown in culture),
and large groups of specialized organisms are not readil
available for study. The GBRCN will help to provide legitimate
Table 2 Some national culture collection organizations

Acronym Network

AMRIN Australian Microbial Resources Information Networ
BCCM� Belgium Co-ordinated Collections of Microorganism
SBMCC Brazil– Sociedade Brasileira de Microbiologia Cole
CCCCM China Committee for Culture Collections of Micro
FCCM Federation of Czechoslovak Collections of Microor
CCRB French Comité Consultatif des Ressources Biologi
SCCCMOMB Cuban Culture Collection and other Biological M
KFCC Korean Federation of Culture Collections
HPACC UK Health Protection Agency Culture Collections
FORKOMIKRO Indonesia– Communication Forum for Indonesian C

Curators
JSCC Japan Society for Culture Collections
MICCO Finnish Microbial Resource Center Organization
PNCC Philippines National Culture Collections
RFCC The Microbial (Non-Medical) Culture Collections of

Federation
TNCC Thailand Network on Culture Collection
UKNCC UK National Culture Collection– UK af� liation of nation
USFCC US Federation for Culture Collections
access to high-quality materials and information facilitating
innovation in the life sciences.

In Europe, the European Strategy Forum for Researc
Infrastructures (ESFRI) was established in 2002 to suppor
a coherent and strategy-led approach to policy-making on
research infrastructures in Europe, and to facilitate multilat-
eral initiatives leading to the better use and development of
research infrastructures at the EU and international level
ESFRI are establishing pan-European structures to driv
innovation to provide the resources, technologies, and
services as the basic tools necessary to underpin research. T
ESFRI strategy aims at overcoming the limits due to frag
mentation of individual policies and provides Europe with
the most up-to-date research infrastructures (RI), responding
to the rapidly evolving science frontiers and also advancing
the knowledge-based technologies and their extended use
The European microbiology collection community led by the
GBRCN Secretariat, EMbaRC consortium and ECCO, ha
succeeded in placing the Microbial Resources Research Infr
structure (MIRRI) on the ESFRI roadmap. The resultant high
quality global platform will be designed to accommodate the
future needs of biotechnology and biomedicine. MIRRI will
provide coherence in the application of quality standards,
homogeneity in data storage and management, and
workload sharing to help release the hidden potential of
microorganisms.
Link

k http://www.amrin.org
s http://bccm.belspo.be

ções de Culturascolecao@sbmicrobiologia.org.br
organisms http://micronet.im.ac.cn
ganisms http://www.natur.cuni.cz/fccm/
ques http://www.crbfrance.fr
aterials Section;elsie@� nlay.edu.cu(President);

Shinchondong Sodaemunku, Seoul 120-749, Korea
http://www.hpa.org.uk/business/collections.htm

ulture Collectionhttp://www.mabs.jp/kunibetsu/indonesia/indonesia_04.
html

http://www.nbrc.nite.go.jp/jscc/aboutjsccc.html
Erna.Storgards@vtt.�
Rosario G. Monsalud,rosegm@laguna.net

the Russian http://www.vkm.ru/

http://www.biotec.or.th/tncc/
al collections http://www.ukncc.co.uk

http://www.usfcc.us/
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MIRRI brings together European microbial resource
collections with stakeholders (their users, policy makers,
potential funders, and the plethora of microbial research
efforts) aiming at improving access to enhanced quality
microbial resources in an appropriate legal framework, thus
underpinning and driving life sciences research. Similar
initiatives worldwide will establish the microorganism plat-
form within the future GBRCN. A global network of BRCs will
be able to enhance the ef�ciency in collections of laboratory
held, living biological material by harmonization of proce-
dures. Implementation of adequate collection management of
well-preserved and authenticated organisms is essential to
guarantee quality and safety in the various areas of application,
to allow controlled access to potentially hazardous organisms,
and to ease and improve the advantageous utilization of the
materials for food, health, and environment. Creating a critical
mass of high-quality data will allow its combination with data
from other �elds to produce information landscapes, and
through modern, interactive tools, allow new interpretations
and innovation. It will enable economies of scale, the ef�-
ciency of sharing skills and technologies, and the capacity to
bridge gaps and focus activities without duplication of effort.
User needs can be addressed more ef�ciently, and as a result
scienti�c endeavor is more likely to deliver the desired
outcome.
Microbiology

nager. Croner,

e validation of
3
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See also: Classi� cation of the Bacteria: Traditional; Bacteria:
Classi�cation of the Bacteria – Phylogenetic Approach;
Biochemical and Modern Identi� cation Techniques:
Introduction; Biochemical Identi� cation Techniques for
Foodborne Fungi: Food Spoilage Flora; Biochemical and
Modern Identi�cation Techniques: Food-Poisoning
Microorganisms; Biochemical and Modern Identi�cation
Techniques: Enterobacteriaceae, Coliforms, and
Escherichia Coli; Freezing of Foods: Damage to Microbial Cells;
Freezing of Foods: Growth and Survival of Microorganisms;
Fungi: The Fungal Hypha; Fungi: Overview of Classi�cation of
the Fungi.
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Cyclospora

AM Adams, Kansas City District Laboratory, US Food and Drug Administration, Lenexa, KS, USA
KC Jinneman, Applied Technology Center, US Food and Drug Administration, Bothell, WA, USA
YR Ortega, University of Georgia, Grif�n, GA, USA

� 2014 Elsevier Ltd. All rights reserved.
Characteristics of the Genus and Relevant Species

The genus Cyclospora was erected by Schneider in 1881 from
a myriapode, Glomeris spp. Cyclospora belongs in the family
Eimeriidae, subphylum Apicomplexa. The family Eimeriidae is
composed of about 16 genera that can be distinguished by the
number of sporocysts and of sporozoites within the oocysts.
Cyclospora is phylogenetically most closely related to the genus
Eimeria, particularly to those species infecting chickens. Oocysts
of Cyclospora have two sporocysts (Figure 1); oocysts of Eimeria
have four. Both genera have two sporozoites per sporocyst,
resulting in a total of four sporozoites in an oocyst of Cyclospora
and eight within an oocyst of Eimeria. Regardless of the
morphological differences, some researchers have proposed
that Cyclospora should be considered a member of the genus
Eimeria based on the similarity of their rDNA sequences, but
the validity of the genus Cyclospora continues to be recognized
by the scienti�c community.

Of the 19 species of Cyclospora described, only Cyclospora
glomericola has been described from an invertebrate host. All
others have been described and reported from moles, rodents,
insectivores, snakes, and primates – both human and
igure 1 Sporulated oocyst of Cyclospora cayetanensis, with two
porocysts. Diameter of oocyst … 10 mm.

ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
nonhuman. Several taxonomists have suggested that some
species from snakes (e.g., Cyclospora babaulti, Cyclospora tropi-
donoti, and Cyclospora zamenis) may be synonymous with other
species. Another coccidian belonging to this genus has been
reported from dairy cattle in China, but this has not been fully
described. Distinction between species of Cyclospora generally is
based on the size and morphology of the oocysts (Table 1).

The recognition of Cyclospora as a protozoan pathogenic to
humans is relatively recent. In 1979, Ashford reported an
Isospora-like coccidian infecting humans in Papua, New Guinea.
Throughout the 1980s, investigators found similar structures in
fecal samples from patients with diarrhea and soon determined
that the organism was the causal agent. Because of the appear-
ance and staining characteristics of the unsporulated oocysts,
these infections initially were attributed to cyanobacterium-
like bodies or coccidian-like bodies (CLBs). In 1993, these
CLBs were characterized as oocysts belonging to a species of
Cyclospora and were designated the following year as Cyclospora
cayetanensis.

Cyclospora cayetanensis appears to be endemic in subtropical
countries, although it has also been reported from temperate
countries. Cyclosporiasis has been diagnosed in Nepal,
Indonesia, Bangladesh, China, Vietnam, Peru, Guatemala,
Haiti, Honduras, Brazil, Mexico, England, Australia, Turkey,
Tanzania, Nigeria, Egypt, Germany, the United States, and
Canada. Foreign tourists and expatriates from Europe and
North America were found to be infected after returning from
endemic countries. Infections in the United States and Canada
were traced epidemiologically to imported produce during the
1990s. Although C. cayetanensis is not considered to be
endemic in the United States, some cases cannot be traced to
a foreign source. For example, a cluster of cases in Chicago in
1990 was traced to a contaminated water tank, but the original
source of the organism was not determined. Currently, the
number of domestic cases of cyclosporiasis in the United States
is estimated at about 11 000 annually. Most US foodborne
outbreaks have been attributed primarily to the consumption
of berries, basil, or mesclun lettuce.

Research continues to identify possible reservoir or inter-
mediate hosts for C. cayetanensis. This work focuses on experi-
mental infections and surveys of mammals and birds, both
domestic and wild, in endemic areas. Oocysts resembling those
of C. cayetanensis have been recovered from chickens in Mexico,
a duck in Peru, and two dogs in Brazil. No evidence of intestinal
involvement is available and experimental infections with these
animals were unsuccessful. Research is continuing, but given the
-384730-0.00080-X 553
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Table 1 Species ofCyclospora

Species Host species Common name Oocyst size (mm) Authorities

C. glomericola Glomerisspp. Millipede 25–36� 9–10 Schneider, 1881
C. caryolitica Talpa europaea European mole 16–19� 13–16 Schaudinn, 1902
C. viperae Vipera aspis European asp 16.8� 12.6 Phisalix, 1923
C. babaulti Vipera berus European adder 16.8� 10.5 Phisalix, 1924
C. tropidonoti Tropidonotus natrix

(¼Natrix natrix)
Grass snake 16.8� 10.5 Phisalix, 1924

C. scinci Scincus ofÞcinalis Apothecary’s skink 10.5� 7.0 Phisalix, 1924
C. tropidonoti Natrix natrix,Natrix stolata Grass snake 16.8� 10.5 Phisalix, 1924
C. zamenis Coluber viridißavus Dark green snake 16.8� 10.5 Phisalix, 1924
C. talpae Talpa europaea European mole 12–19� 6–13 Pellerdy and Tanyi, 1968;

Duszynski and Wattam, 1988
C. megacephalui Scalopus aquaticus Eastern mole 14–21� 12–18 Ford and Duszynski, 1988
C. ashtabulensis Parascalops breweri Hair-tailed mole 14–23� 11–19 Ford and Duszynski, 1989
C. parascalopi Parascalops breweri Hair-tailed mole 13–20� 11–20 Ford and Duszynski, 1989
C. angimurinensis Chaetodipus hispidus hispidusHispid pocket mouse 19–24� 16–22 Ford, Duszynski, and McAllister, 1990
C. cayetanensis Homo sapiens Human 8–10 Ortega et al., 1994
C. cercopitheci Cercopithecus aethiops African green or vervet

monkey
8–10 Eberhard, da Silva, Lilley,

and Pieniazek, 1999
C. colobi Colobus guereza Colobus monkey 8–9 Eberhard, da Silva, Lilley,

and Pieniazek, 1999
C. papionis Papio anubis Olive baboon 8–10 Eberhard, da Silva, Lilley,

and Pieniazek, 1999
C. niniae Ninia sebae sebae Redback coffee snake 14.6� 13.3 Lainson, 1965
C. schneideri Anilius scytale scytala Red pipe snake 19.8� 16.6 Lainson, 2005

554 Cyclospora
habits of these animals, oocysts could have been ingested from
the environment and passed through the gastrointestinal
system. Although further work may determine that these
animals were not infected with C. cayetanensis, they might act as
important vectors in the dissemination of oocysts. Thus far,
C. cayetanensisis considered speci� c to humans. In addition to
the inability to con � rm infections in other hosts, consideration
of the high degree of host speci� city demonstrated by other
species ofCyclosporaand Eimeriasupports this conclusion.
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Life Cycle

Contrary to other cyclosporans, the life cycle ofC. cayetanens
has been well studied (Figure 2). Infection occurs when food or
water contaminated with sporulated oocysts are ingested by the
host. The oocysts excyst within the intestine and release th
sporocysts, and subsequently, the sporozoites (Figure 3). The
sporozoites enter epithelial cells of the duodenum and
jejunum and undergo merogony (a form of asexual reproduc-
tion). Merozoites break out of the host cell and enter new cells.
Numerous cycles of asexual reproduction may occur. Eventu
ally, gametogony transpires in which sexual reproduction
occurs and oocysts are formed. Merogony and gametogon
occur intracytoplasmically in intestinal cells.

Few reports on the intracellular stages of the parasites o
other species ofCyclosporahave been reported.Cyclospora viper
and C. glomericolainfect host intestinal epithelium. The para-
sitic vacuoles ofCyclospora caryoliticaand Cyclospora talpaeare
localized intranuclearly; the � rst invades the small intestine,
whereas merogony forC. talpaeoccurs in mononuclear cells in
the capillary sinusoids of the liver and gametogony is localized
in the epithelial cells of the bile ducts.

After gametogony, the resulting oocysts are unsporulated
and noninfectious when shed by the host in feces (Figure 4).
Sporulation times for viable oocysts vary with the species
Cyclospora caryoliticasporulates at room temperature at
4–5 days; whereasC. talpae requires 2 weeks. Oocysts o
C. cayetanensisrequire 7–15 days for sporulation at 23–27 � C.
This period required for the oocyst to become infectious
suggests that the contamination of produce usually occurs with
fully sporulated oocysts.
Isolation and Culturing of Oocysts

Fecal samples from suspected infections can be preserved
10% formalin; polyvinyl alcohol; or sodium acetate, acetic
acid, and formalin solution (SAF). The oocysts, however, will
no longer be viable, sporulation will not occur, and diagnosis
will be restricted to staining and auto� uorescence. Produce
suspected of being contaminated withCyclosporaoocysts can
also be � xed and preserved as described for fecal samples.
viable oocysts are desired, saline should be substituted for th
formalin. Fecal samples containing viableCyclosporaoocysts
can be maintained under refrigeration in 2.5% potassium
dichromate or 1% sulfuric acid.

Various concentration protocols are available for isolation
of oocysts. Fecal samples containingCyclosporaoocysts are
strained through sterile gauze or screen mesh to eliminate the
debris. Oocysts can then be concentrated by the Ritchi
procedure (chloroform: ethyl acetate), standard Sheather’s
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Figure 2 Life cycle ofCyclospora cayetanensisin humans. Excystation occurs in the intestine, as do the intracellular stages.
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sucrose� otation method, and discontinuous sucrose gradients.
For � nal puri � cation, a cesium chloride gradient is recom-
mended. To improve the yield from the concentration of fecal
samples preserved by SAF, equal volumes of SAF-� xed samples
and 10% potassium hydroxide should be homogenized and
centrifuged with 0.85% saline solution. A discontinuous Per-
coll gradient for concentration has also been shown to yield
more positive results than Sheather’s sucrose.

Sporulation can be accomplished with oocysts stored in the
potassium dichromate or sulfuric acid solutions and main-
tained at room temperature for 7–15 days. Sporulation can
occur in water, but the growth of fecal bacteria or fungi will not
be inhibited. A sterile sample of puri� ed oocysts can be ach
ieved by exposing the oocysts to a straight bleach solution fo
15 min before washing and storing the oocysts in potassium
dichromate. Excystation of fully sporulated oocysts is accom
plished using a buffer containing sodium taurocholate and
trypsin.
Methods of Detection in Foods

The analysis of food samples for the presence ofCyclospora
poses a range of problems. In clinical samples, numerous
oocysts may be detected in a fecal smear. In contrast, th
number of oocysts within a food sample is likely to be consid-
erably lower, such that a slide may have few, if any, oocysts. I
addition, Cyclosporais an obligate intracellular parasite and no
replication or reproduction occurs outside of the host. There-
fore, no enrichment methods for food samples currently exist
for this protozoan.

Sample size may also affect the possibility of detecting the
parasite. Cyclosporais considered to have a low infectious
dose– approximately 100 oocysts and possibly as few as 10
When present at such low levels, detection of oocysts o
Cyclosporawithin a sample may be dif� cult. In addition,
protocols generally require results from an analysis to be
con� rmed by a separate method. Recovery of oocysts direct
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Figure 3 Excystation ofCyclospora cayetanensis, bar¼10mm. One
sporocyst (S1) has two sporozoites inside the ruptured oocyst. The
second sporocyst (S2) is ruptured outside of the oocyst. The residual
body remains inside the second sporocyst; the two sporozoites (Sp)
are free.

Figure 4 Unsporulated oocyst ofCyclospora cayetanensis. Diameter
of oocyst¼ 10mm.
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from commercial samples is uncommon, but Cyclosporahas
been reported from produce samples in Peru and Nepal, from
imported basil in Canada, and from a raspberry� lling in the
United States. Analytical procedures for the detection o
Cyclosporacontinually are being tested and re� ned to improve
sensitivity. Following are protocols and their variations
currently in use.
Wash Procedure

The two approaches developed to detect and identify oocysts o
Cyclosporaare microscopy and a molecular test often involving
polymerase chain reaction (PCR) techniques. The ef� cacies of
both microscopy and PCR are dependent on the recovery o
oocysts from the implicated product, usually through a wash
procedure. Produce (50–250 g) is placed in a bag with the wash
solution adequately covering the sample (requiring an equal or
greater volume of liquid to sample weight). After the sample is
agitated for a period of time, the wash solution is decanted and
centrifuged, and aliquots of the resulting sediment may be
analyzed directly by microscopy or PCR or may be subjected to
further � ltration before analysis.

Samples are washed by agitation for 30 min on an orbital
(platform) shaker at 100 cycles per minute. The bag is inverted
after 15 min. Care is taken to minimize the fragmentation or
destruction of the sample. For produce with greater structura
integrity, such as lettuce, the number of cycles per minute can
be increased. After completion of the agitation step, the wash
solution is centrifuged at 2000� g for 20 min. If further
concentration and isolation is desired, the pellet can be resus
pended in a buffer solution and � ltered. The resulting� ltrate is
centrifuged again. If the sample is liquid (e.g., fruit juice, cider,
or milk), an aliquot is taken, added to a buffer solution,
� ltered, and then centrifuged. The sediments are measured an
stored at refrigeration temperature (4� C). If storage is for an
extended time, the addition of a 2.5% solution of potassium
dichromate will retard the growth of bacteria and yeast. Pellets
can be � xed and preserved in 10% formalin, but sporulation
and PCR analysis are then no longer possible.
Microscopy

Oocysts ofCyclosporaare acid-fast variable, ranging from a clea
to a reddish color after the use of such stains as the modi� ed
Ziehl–Neelsen stain or the Kinyoun acid-fast stain. Preparation
of permanent slides for analysis is attractive because the samp
is preserved and easily can be sent to other laboratories, and th
material is no longer infectious after the� xation step. Through
the experiences of several laboratories, however, permane
slides such as those made with acid-fast stains are foun
generally to be unacceptable for food substrate samples
Oocysts may shrink or collapse and other components
frequently found in produce, such as pollens and yeasts, also
may take up stain. Internal structures of the oocysts are no
longer visible, and the characteristic shape and size of th
oocysts are altered. Few oocysts may be present on a slide fro
a food sample. Thus, determination of oocysts on such a slide is
dif � cult and false results are commonplace.

For detection of Cyclospora, � uorescent microscopy of wet
mounts using ultraviolet epi� uorescence is more sensitive than
scanning permanently stained preparations. The microscop
should be equipped with a mercury lamp; a tungsten bulb will
not provide the appropriate wavelengths, and the oocysts will
be dif� cult to observe. The excitation� lter should be a 365/10,
although a 330–380 nm � lter also will be adequate; the
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dichroic mirror should be 400 nm; and the barrier � lter should
be 420 nm.

Unlike a clinical sample, microscopical analysis of a food
sample requires that the entire slide be scanned. To prevent th
wet mount from drying out during analysis, the cover slip
should be ringed with silicone grease. Generally, 10ml of
sediment is analyzed per slide. The wet mount is examined a
400� . Oocysts ofC. cayetanensisare characteristically spherical
8–10 mm in diameter, and auto�uoresce cobalt blue. No� uo-
rescent stains are necessary. The interior of the cyst does n
� uoresce, or � uoresces very little. If a suspected oocyst o
Cyclosporais detected, con� rmation should be made with bright
� eld illumination at 1000 � (tungsten illumination is used at
this time). Internal structures are more clearly elucidated with
differential interference contrast. The oocyst may or may not be
sporulated; the analyst should consider the morphology of the
oocyst accordingly.

Microscopical examination of wash sediment from produce
is strikingly different from that of clinical samples. Sediment
from produce lacks the homogeneity encountered in other
samples. In addition to soil, the wash sediment has many
components, including pollens, yeasts, fungi, molds, and other
organisms. The pollens may vary in size and shape, bu
generally� uoresce a much brighter blue thanCyclospora. Yeasts
may be almost perfectly spherical and vary considerably in size
Yeasts, in the size range ofCyclosporaoocysts, are not
uncommon, but they do not � uoresce in a similar fashion.
Other organisms, such as free-living nematodes, mites from
pollinating bees, other insects, eggs (often nematode eggs
cysts, and other oocysts, may also be observed. The cysts a
oocysts may� uoresce blue or red. Other coccidian parasite
may be present naturally in agricultural settings and in the
resulting wash sediment of the produce. Oocysts of specie
of Eimeria have been isolated from raspberries (Figure 5).
Microscopically, the oocysts of the two genera can b
Figure 5 Unsporulated oocyst ofEimeriaspp. in wash from raspberries.
Length of oocyst¼14mm.
distinguished by size and shape, and when sporulated, by the
number of sporocysts (two for Cyclosporaand four for Eimeria).
Species ofEimeriaare generally oval in shape, although some
may be imperfectly round after sporulation (e.g.,Eimeria mitis),
and measure 11–35 mm in greater diameter. Oocysts ofEimeria
also auto� uoresce a blue, but the oocysts are not as distinctiv
as those ofCyclosporaand may be missed while scanning using
epi� uorescence microscopy.
e

s

Molecular Methods

Molecular approaches are available for screening or con� rma-
tion of microscopical results. Most PCR tests to detectCyclo-
sporaamplify a region of the Cyclospora18S ribosomal DNA.
These proceduresgenerallydonotproduceanampli� ed fragment
from other closely related coccidian species, such asCryptospo
ridium parvum, Toxoplasma gondii, or Isospora felis. Signi� cant
similarity in the 18S rRNA gene withEimeria(94–96%) and other
recently described nonhumanCyclosporaspecies (98.4–98.7%)
do exist. Special attention is required to ensure the speci� city of
the molecular assay to identifyC. cayetanensis, especially for food
and environmental samples in which these other organisms
which are not known to be infectious to humans, may be present.
Despite the similarity of these 18S rRNA gene nucleotide
sequences, restriction fragment length polymorphism (RFLP
analyses allow differentiation between PCR amplicons of
C. cayetanensis, Eimeriaspp., and otherCyclosporaspecies. Another
approach is an oligoligation assay (OLA) and the design of
primers and stringentPCRconditions todetectand con� rmsingle
nucleotide polymorphisms (SNPs) that occur within the ampli-
� ed regions. Others have looked to different regions of the 18S
rDNA gene or internal transcribed spacer sequences for whic
greater sequence variability exists to design PCR primers. As wi
microscopy, the application of PCR to food and environmental
samples often is hindered by low amounts of the target oocysts
and the presence of inhibitory substances in the sample matrix.

DNA Template Preparation for PCR
Template preparation from food samples entails concentrating
oocysts from the wash sediment, disrupting the oocysts to
expose the DNA, and overcoming the effects of PCR inhibitors
that may be in the sample. Generally, produce washes ar
concentrated by centrifugation, 1800–2000 rpm for 5–20 min,
and sediment is resuspended in smaller volumes (5–45 ml) of
buffer or digestion solution. Large volume (1–10 l) water
samples are concentrated by� occulation procedures or passed in
a � ow-through unit, such as Envirochek, (Pall Gelman Labora-
tory). Concentration of oocysts of another coccidian parasite,
C. parvum, has been accomplished through the use of magnetic
antibody techniques. Although this is an attractive method,
antibodies to C. cayetanensisare not available at this time.

The DNA is released by mechanically breaking the oocyst
open. A common method, adapted from PCR analysis forCryp-
tosporidiumoocysts, involves six cycles of a freeze–thaw procedure
in which the aliquot of sediment is subjected to liquid nitrogen or
a dry ice or ethanol bath for 2 min followed by a 2 min exposure
in a water bath at 98� C. The mixture is vortexed and then
centrifuged at 14 000 rpm for 3 min. The supernatant is retained
for PCR analysis and may be stored at�20 � C. Mechanical
disruption may be accomplished with siliconized glass beads and
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vigorous vortexing. Some protocols use a combination of three
freeze–thaw cycles followed by the addition of glass beads and
vortexing. Sonication (2 min at 120 W) may be used to disrupt
the oocysts, but some DNA fragmentation may occur. FTA� � lter
disks (Fritzco Inc., Maple Plain, MN) allow oocysts to adhere to
the � lter and the lyse. DNA is released on contact and during the
drying process at 56� C. The DNA then can be stored in this stable
matrix that can be used directly for PCR ampli� cation. Concen-
trated wash sediments can be applied either directly to the� lter
surface or� rst passed through a glass wool–packed column or
analytical � lter unit to remove particulates. Several commercia
kits have been successfully used to prepare nucleic acid templat
from Cyclosporaoocysts.

The amount and type of PCR inhibitors vary from sample
to sample. A number of strategies are used to reduce th
inhibitory effects. Dilution of the template is effective, but
the concentration of target oocysts decreases and lowe
the sensitivity of the PCR. For example, a dilution of 1:1000
can overcome PCR inhibition from raspberry samples.
The addition of a 6% Chelex resin matrix (Instagene, BioRad
Hercules, CA) to the template preparation before oocys
disruption or the addition of nonfat dried milk (50 mg ml � 1)
to a maximum of 20 ml of the supernatant before the ampli� -
cation reaction also can reduce PCR inhibition. This latter
approach has been used successfully with plant and soil PC
template extracts, although the mechanism by which the
inhibitory effects are reduced is unknown. For raspberry
samples, the addition of the nonfat dried milk solution results
in a 400-fold increase in the amount of template that can be
analyzed per reaction. Others have employed bovine serum
albumin and polyvinylpolypyrrolidone to address potential
PCR inhibition substances that may be present in food and
environmental samples.

PCR AmpliÞcation and Post-PCR Processing
Sequencing of the 18S rRNA gene led to the development of th
original nested PCR. This approach was modi� ed for improved
PCR ef�ciency by the removal of sequencing restriction site
leader sequences from the primers, resulting in a� nal PCR
amplicon of 294 bp. The utility of this PCR was extended by the
use of an RFLP to distinguish betweenCyclosporaspecies and
the closely relatedEimeriagenus using the restriction endonu-
cleaseMnlI. An OLA approach is also available to detect speci� c
SNP within the PCR amplicon and to distinguish between
Cyclosporaand Eimeria.

The description of new nonhuman primate Cyclospora
species from Ethiopian monkeys (Cyclospora cercopitheci, Cyclo-
spora colobi, and Cyclospora papionis) has led to further PCR assay
development to distinguish them from C. cayetanensis. An allele-
speci� c ampli� cation technique known as mismatch ampli� -
cation mutation assay (MAMA) was used to replace the secon
round of the nested PCR. Three separate MAMA primers an
a common reverse primer are used to simultaneously detec
C. cayetanensis(298 bp); C. cercopitheci, C. collobi, and C. papionis
(361 bp); and Eimeriaspp. (174 bp). The ampli� cation products
are separated and visualized by gel electrophoresis or by mel
curve analysis using a real-time PCR instrument.

Another approach is the development of primers targeting
a less conserved region of the 18SrRNA gene. One assay ampli� es
a 260 bp region of this hypervariable region followed by an RFLP
using the restriction enzymeAluI to distinguish Cyclosporaand
Eimeriaspp. In addition, several unique patterns also have been
observed for Cyclosporaspecies recovered from environmenta
samples. A real-timePCRassay targeting the 18SrRNA gene in t
hypervariable region speci� c for C. cayetanensishas been devel-
oped. This assay is performed as a single round of PCR because
the increased sensitivity of the real-time PCR format.

Other gene targets, such as the ITS-2, also have be
explored as the basis for a PCR assay for a 116 bp product fo
C. cayetanensis. The technique is promising as 1–10 oocysts can
be detected, but some faint spurious bands of 200–400 bp
products were also observed. Further speci� city with more
nonhuman Cyclosporatesting is needed.
Regulations

Although C. cayetanensishas been recognized as a human
pathogen only since the early 1990s, the organism is covered b
several rules and regulations within the United States. With
numerous outbreaks in 1996 and 1997 in the eastern United
States (and Canada), the Centers for Disease Control an
Prevention (CDC) established cyclosporiasis as a reportabl
disease.Cyclospora cayetanensiswas included as an emerging
pathogen in the Food Safety Initiative, which focused on the
monitoring of outbreaks, research of the selected pathogens
and regulatory enforcement. Infections and outbreaks of
C. cayetanensisin the United States continue to be monitored
and reported by CDC.

In the United States, the Food and Drug Administration
(FDA) is responsible for the enforcement of regulations as
detailed by the Federal Food, Drug, and Cosmetic Act. No regu
lations speci� cally addressC. cayetanensis, but products contam-
inated with the organism are covered by sections of the act fo
domestic (either produced within the United States, or already
imported and in the domestic market) or imported (at the port of
entry) foods under sections 402(a)(1) or 801(a)(1), respectively.
Analysis of regulatory samples by the FDA follows the procedure
contained within its Bacteriological Analytical Manual.

As part of the Food Safety Initiative in the 1990s and Food
Safety Modernization Act of 2011, efforts were undertaken to
ensure the safety of produce consumed within the United
States. As a result, guidance on good agricultural practices an
good manufacturing practices for fruits and vegetables wa
issued. The guidelines include recommendations to growers
packers, transporters, and distributors of produce to minimize
the risks of foodborne diseases. The purpose of the guidelines i
to prevent microbial contamination, including Cyclospora, by
applying basic principles to the use of water and organic
fertilizers, employee hygiene,� eld and facility sanitation, and
transportation. Advice is given on establishing a system for
accountability to monitor personnel and procedures from
producer to distributor.
Importance to the Food Industry

The presence ofCyclosporaand other foodborne pathogens can
have serious impacts on businesses within the food industry
Because the majority of cases and outbreaks have implicate
fresh produce (raspberries, lettuce, snow peas, and basil), th
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possible routes of contamination need to be considered and
addressed. Sources of water used for irrigation, fumigation, an
pesticide application should be inspected. If necessary, trea
ment of water by � ltration, heating, or ozone exposure should
be pursued. Chlorination, although effective against many
bacteria, is not an appropriate treatment forCyclospora. Simi-
larly, the use and application of fertilizers should be moni-
tored. Raw manure or night soil should be processed
adequately or composted to eliminate possible contamination
of crops. Contamination by infected personnel can be avoided
by proper hygiene and timely treatment of symptoms. Expo-
sure of produce to animals, both domestic and wild, should
be avoided as much as is reasonable. Although no reservo
host for C. cayetanensishas been found, evidence indicates tha
domestic animals can distribute oocysts with their feces.

The choice of produce grown in endemic areas should be
considered carefully. Although all fresh produce grown in
endemic regions theoretically can be contaminated with oocysts
of Cyclospora, some products by virtue of their surface structures
or growth requirements appear to have a greater probability of
transmitting the organism. For example, although raspberries
and blackberries are grown in similar areas, raspberries pr
marily have been implicated in outbreaks.

Infections by C. cayetanensisshow a marked seasonality,
but the speci� c environmental parameters need to be deter
mined. Endemic regions, where the prevalence ofCyclosporais
high before or during the rainy season, should consider
shipment in the drier season (autumn) as these have not been
implicated with outbreaks of cyclosporiasis. Agricultural
companies, importers, and distributors may consider
acquiring some produce from sources in nonendemic regions
Although fresh produce often brings a better price for growers
and importers, the use of spring crops for frozen or cooked
products may be a viable option to alleviate the transmission
of C. cayetanensis.

Although exposure to contaminated water is considered to
be the most prevalent route of infection for individuals in
endemic countries, exceptions to the incidence of cyclosporiasi
and the rainy season have occurred in Peru and Turkey. Durin
dry seasons, the incidence of cyclosporiasis appears to be relat
to the use of well water in Peru. In Turkey, cases of cyclosporias
peaked during a dry, warm summer in 2007. The investigators
attributed this heightened incidence to insuf� ciently washed
food, resulting from limited water supplies.
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Importance to the Consumer

Cyclosporiasis is characterized by mild to severe nause
anorexia, weight loss, abdominal cramping, bloating, increased
� atulence, vomiting, fatigue, mild fever, and watery diarrhea.
Diarrhea alternating with constipation commonly has been
reported. Some patients present with� atulent dyspepsia and less
frequently joint pain and night sweats. Onset of illness is usually
abrupt in patients 7–14 days after ingestion of oocysts, and
symptoms may persist an average of 7 weeks. Asymptomat
infections are more common in endemic regions, and infections
in children tend to become shorter and less severe as the
become older. Symptoms in immunocompromised patients are
generally more severe and persistent. The average duration
diarrhea associated with cyclosporiasis for HIV/AIDS patients is
199 days.

Histopathological � ndings in patients with cyclosporiasis
include varying degrees of jejunal villous blunting, atrophy, and
crypt hyperplasia. The widening is due to a diffuse edema and
in� ltration of the villous mucosa by a mixed in � ammatory
in� ltrate. Numerous plasma cells, lymphocytes, and eosinophils
frequently are observed. Extensive lymphocytic in� ltration into
the surface epithelium is present, particularly at the tip of the
shortened villi. Reactive hyperemia with dilation and congestion
of the villar capillaries are also observed. In Nepalese patients
but not in Peruvians, the surface epithelium shows focal vacu-
olation, loss of brush border, and an alteration of epithelial cells
from a columnar to cuboidal shape. The reactive response of the
host is not associated with the number of intracellular parasites
present in the tissues. Biopsies of stomach, rectum, and th
transverse and sigmoid colon have not demonstrated histologi-
cally the presence of any intracellular organisms.

The treatment of choice for Cyclosporais trimethoprim-
sulfamethoxazole (TMP-SMX). This therapy has been teste
in children and in immunocompetent and immunocompro-
mised adults. Cessation of symptoms and oocyst excretion ca
be observed as early as 3 days posttreatment. Cipro� oxacin has
been reported as an alternative for patients who are allergic to
or intolerant of TMP-SMX.

Immunocompromised patients including AIDS appear to
have a higher parasite load than immunocompetent individuals
infected with Cyclospora. The prevalence ofCyclosporain patients
positive for HIV is not higher than in immunocompetent pop-
ulations, probably because of the frequent use of TMP-SMX fo
Pneumocystis cariniiprophylaxis. This is further supported by the
high prevalence ofC. cayetanensisin adult AIDS patients in Haiti
where TMP-SMX prophylaxis is infrequent.

Routes of transmission for Cyclosporaremain undocu-
mented, although the fecal–oral route, either directly or via
contaminated food or water, is probably the major one. In the
United States, epidemiological evidence suggested that wate
was responsible for sporadic cases and clusters of cycl
sporiasis. Notably, an outbreak involving 20 individuals, most
of whom were physician residents, occurred in a Chicago
hospital in 1990. Despite the implications of water in trans-
mission, organisms con� rmed as Cyclosporararely have been
identi � ed from water samples in industrial countries. Studies,
however, have identi� ed oocysts ofCyclosporain water samples
in Guatemala, Haiti, Nepal, Egypt, and Ghana.

The prolonged sporulation time, 1–2 weeks, further supports
the hypothesis thatCyclosporacan be acquired by consumption
of contaminated water or produce that has been in contact with
contaminated water. Oocysts are excreted unsporulated an
are noninfectious at that time. The rate at which sporulation
occurs depends on a variety of environmental factors, including
temperature and humidity. Because sporulated oocysts ar
needed for infection, person-to-person transmission is unlikely.
The infectious dose ofCyclosporais unknown, although it is
considered to be between 10 and 100. How longCyclospora
can survive under different environmental conditions is also
unknown.

Foodborne outbreaks are more common than those traced
to contaminated water. In 1996, Cyclosporaoutbreaksoccurred
in the United States and Canada and affected more than 1400
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Figure 6 Scanning electron micrograph of oocysts ofCyclospora cayetanensisremaining on surface of lettuce after washing. Reproduced with
permission from Ortega, Y., Roxas, C., Gilman, R., Miller, N., Cabrera, L., Taquiri, C., and Sterling, C., 1997. Isolation of Cryptosporidium parvum and
Cyclospora cayetanensisfrom vegetables collected in markets of an endemic region in Peru. American Journal of Tropical Medicine and Hygiene 57 (6),
683–686.
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individuals. Many of the outbreaks were clustered, but sporadic
cases were also observed. Initially, these outbreaks were as
ciated with the consumption of strawberries, but later epide-
miological data implicated imported raspberries. In 1997,
outbreaks in the United States were associated with imported
raspberries, and later that year, with contaminated basil and
lettuce. Since then, berries, basil, and lettuce continue to be th
primary vehicles reported for outbreaks in the United States
and Canada. For example, an outbreak in British Columbia
affected 29 people who had consumed basil. In March 2005,
more than 500 people became ill in Florida with Cyclospora,
again, with basil as the suspected course. Several incidents
2001 and 2002 were traced to arugula or mesclun lettuce. A
more recent incident in 2008 involved 59 patients who had
eaten berries at a cafeteria in California.

In Nepal and Peru, the prevalence ofCyclosporawas highest
in adult expatriates and in children, the latter being asymp-
tomatic. Adults from endemic areas did not present the infec-
tion, but adults from medium to high socioeconomic status as
well as travelers would be symptomatic.

Seasonality of infection is extremely strong. In more than
6 years of charting cyclosporiasis in Peru, nearly all infections
occurred from December to May, coinciding with the hot and dry
seasons. The seasonality in Guatemala and Nepal correspon
to the rainy season from May to August, during which time cases
with gastroenteritis are diagnosed most frequently. In the United
States, the majority of outbreaks occur from May to July. The
reasons for this marked seasonality have not been de� ned.

Consumers can take some measures toward avoidin
infection by C. cayetanensis. Produce that is properly cooked or
frozen has not been implicated in any cases of cyclosporiasis
Few cases in North America or Europe have indicate
a domestic source of contamination, so produce from these
areas is unlikely to transmit the protozoan. Although still under
study, irradiation of produce may provide some protection
againstCyclospora. Consumers always should wash fresh vege
tables and fruit, but this may not be effective in the prevention
of cyclosporiasis. Numerous people affected by cyclosporiasi
in 1996 stated that they had washed raspberries before
consumption. Cyclosporaprobably not only has a low infectious
dose, but also washing vegetables experimentally contami
nated with C. cayetanensisoocysts does not remove all the
oocysts (Figure 6). Last, when traveling in endemic regions,
consumers should take care to consume only fully cooked
foods or properly washed and peeled vegetables and fruit. Th
purity and source of all liquids should be considered.
See also: Cryptosporidium; Direct Epi� uorescent Filter
Techniques (DEFT);Microscopy:Light Microscopy; PCR
Applications in Food Microbiology; Food Safety Objective
Identi�cation Methods:DNA Fingerprinting: Restriction
Fragment-Length Polymorphism.
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Characteristics of the Genus and Relevant Species

The genus Debaryomyces has undergone important revisions
since it was �rst reported by Klöcker in 1909. The �rst major
description of the genus, by Lodder and Kreger-van Rij in 1952,
included �ve species, 15 were recognized up until 2010,
although now this number has been reduced to 11. In 2010,
phylogenetic analysis based on a combination of the sequences
of the D1/D2 domains of the 26S subunit and nearly complete
18S subunit rRNA genes allowed the distribution of these
15 species, previously assigned to Debaryomyces, into three
clades corresponding to the genera Debaryomyces, Schwannio-
myces, and Priceomyces. Thus, some species treated as Debar-
yomyces, namely Debaryomyces castelanii, Debaryomyces etchelsii,
Debaryomyces occidentalis, Debaryomyces polymorphus var. poly-
morphus and var. africanus, Debaryomyces pseudopolymorphus,
Debaryomyces vanrijiae, and Debaryomyces yamade, are currently
placed in the genus Schwanniomyces and Debaryomyces carsonii is
placed in the genus Priceomyces. All Priceomyces species, except
Priceomyces carsonii, and all the Schwanniomyces species possess
just one copy of the 5S rRNA gene, whereas all the species now
assigned to Debaryomyces have two copies. As shown in Table 1,
the current taxonomic classi�cation recognizes 11 species,
although two species, Debaryomyces macquarensis and Debar-
yomyces vietnamensis, have been proposed since the last revision.

Debaryomyces is an ascomycetous genus that undergoes sexual
reproduction by conjugation between a cell and its bud, or
between independent cells. With the exception of Debaryomyces
udenii, the ascospores are not liberated from the ascus. Asco-
spores vary in shape and number, usually with one to four per
ascus, depending on the species. For example, although asco-
spores of Debaryomyces robertsiae have a lenticular shape, the
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
ascospores Debaryomyces fabryii, Debaryomyces nepalensis, and
Debaryomyces hansenii are spherical and have a warty wall.
Debaryomyces asexual reproduction is characterized by multilat-
eral budding and pseudohyphae are absent or poorly developed.

All the species (although no data is available for Debar-
yomyces prosopidis and Debaryomyces singareniensis) have a nega-
tive diazonium blue B reaction and have ubiquinone-9. In
general, with the exception of D. robertsiae and D. singareniensis,
the ability to ferment sugars is considered absent or weak in all
species. The assimilation of some carbon sources like cello-
biose, L-rahmnose, and sucrose, as well as the temperature for
growth are considered keys for the differentiation of species.
The mol% GþC content is in the range of 35.8–39.1. The key to
the characters of the species currently assigned to the genus
Debaryomyces, as well as assimilation and fermentation pro�les,
are listed in Table 1. Recently, a unique genetic code change
involving the decoding of the leucine CUG codon as serine in
Debaryomyces species was reported. This is mediated by a novel
serine-tRNA that acquired a leucine 50-CAG-30 anticodon (ser-
tRNACAG) through the insertion of an adenosine in the intron
of its gene. This happened approximately 300 million years
ago. Debaryomyces hansenii presents a high coding capacity for
a yeast, amounting to 79.2% of the genome with a putative
number of 6906 detected coding sequences.

Little is known about the ecology of most of the species in
the genus. They have been found in soil, sea water, foods, and
clinical samples. Debaryomyces hansenii is the most frequent
ascomycete in marine sea water and probably is widespread in
the ocean. It often is recovered as a member of plant commu-
nities or indoor air. Some species, in particular Debaryomyces
mycophilus, show a nutritional dependence on soil fungus
metabolic products.
-384730-0.00081-1 563
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Table 1 Key properties of species within the genusDebaryomyces

D. coudertii D . fabryii D. hansenii D. maramus D. mycophilus D. nepalensis D. prosopidis D. robertisiae D. singareniensis D. subglobosus D. udenii

Type strain CBS 5267 CBS789 CBS767 CBS1958 CBS8300 CBS5921 CBS8450 CBS2934 CBS10405 CBS792 CBS7056
Mol% Gþ C 37.4 36.5–36.8 36.5–37.8 39.1 38.5 37.6–38.0 37.5 42.7 Nd 36.4 35.8

Form Spherical Spherical Spherical Ovoid Ovoid to allantoid Spherical Spherical Lenticular Spherical Spherical Globose to
ellipsoides

Ascospores Wall Warty Warty Warty Spiral ridges Bilayered Warty Smooth Smooth Warty Colliculate to
pusticulate

Spore per
ascus

One One One or two One to four,
usually two

One or two One One One to four One or two,
occasionally
four

One One to four

Fermentation Glucose � w/– w/– w/– � w/– � þ þ ws/– ws
Galactose � � w/– � � � � � þ � �
Sucrose � w/– w/– � � w/– � þ � ws/– w/–
Maltose � � w/– � � w/– � þ � � w/–
Lactose � � � � � � � � � � �
Raf� nose � w/– w/– � � w/– � w/– � ws/– �
Trehalose � w/– w/– � � w/– � þ � � w/–

Growth Glucose þ þ þ þ þ þ þ þ þ þ þ
Inulin � � v v � � � � � þ �
Sucrose � þ þ þ � þ þ þ � þ þ
Raf� nose � þ þ s � þ þ þ w þ þ
Melibiose � þ v v � þ � � � þ þ
Galactose þ þ þ þ þ þ þ þ þ þ þ
Lactose � v v v � v � � � þ �
Trehalose þ þ þ þ w þ w þ � þ þ
Maltose þ þ þ þ � þ þ þ � þ þ
Melezitose � þ v þ � þ þ þ � þ þ
Methyla-D-glucoside � þ þ þ � þ þ þ � þ þ
Soluble starch þ þ v þ � þ þ � � þ þ
Cellobiose þ þ þ þ � þ � þ � þ þ
Salicin þ þ þ /w þ � þ � þ � þ þ
L-Sorbose � þ v v � þ þ þ w þ w/s
L-Ramnose þ � v � � � � þ � � w/s
D-Xylose þ þ þ þ þ þ þ þ � þ þ
L-Arabinose þ þ þ /w þ þ þ þ þ � þ s
D-Arabinose s v v � � v � � � s �
D-Ribose þ s v þ � s w v w þ þ

564
D

ebaryom
yces



Methanol � � � � � � � � � � �
Ethanol s þ þ /w þ � þ þ þ þ þ þ
Glycerol þ þ þ þ � þ þ þ þ þ þ
Erythritol þ þ v þ � þ þ þ þ þ þ
Ribitol þ þ þ þ þ þ þ þ � þ þ
Galactitol � v v � � v � � � � �
D-Mannitol þ þ þ þ � þ þ þ þ þ þ
D-Glucitol þ þ þ /w þ þ þ þ þ þ þ þ
myo-Inositol � � � � � � � � � � �
DL-Lactate � v v � � v � � � þ �
Succinate þ þ þ þ � þ þ þ � þ s
Citrate þ þ v þ � þ þ þ � þ s
D-Gluconate s s þ /w þ � s þ þ � s s
D-Glucosamine s w v w/– � w � � w w w/–
N-Acetyl-D-glucosamine þ v v þ n v þ þ n v þ
Hexadecano � � v � n � � þ /w n v s
Nitrate � � � � � � � � � � �
Vitamin-free � � � � � � � þ /s n � �
10% NaCl/5% Glucose þ þ þ þ � þ þ þ þ þ
2-Keto-D-gluconate þ þ þ þ � þ þ þ � þ þ
5-Keto-D-gluconate � � v � � þ � � � � �
50% Glucose medium � � � � � � þ � � � �
Starch formation � � � � � � � � � � �
37� C � � � � � v þ � � þ �

þ , positive;� , negative; s, slow; w, weak; v, variable; n, no data; ws, weak and slow; w/� , weak or negative; w/s, weak or slow;þ /w, positive or weak;þ /s, positive or slow; ws/� , weak and slow or negative.
Adapted from Suzuki, M., Prasad, G.S., Kurtzman, C.P., 2011.DebaryomycesLodder & Kreger-van Rij (1952). In: Kurtzman, C.P., Fell, J.W., Boekhout, T. (Eds.), The Yeast: A Taxonomic Study,� fth ed. vol. 2, Elsevier, New York, USA, pp. 361–372.
With permission from Elsevier science.
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566 Debaryomyces
Physiological and Biochemical Properties

With the exception of D. hansenii, little is known about the
environmental factors that limit the growth of the species listed
in Table 1. All grow in the presence of 10% (w/v) NaCl (except
D. mycophilusand without data available for D. singareniensis).
Debaryomyces prosopidistolerates high concentrations of glucose
(50% w/v). The pH range for D. hanseniigrowth is 2.5–9.0 and
water activity (aw) oscillates between 0.81 and 0.91. Curiously,
the growth of D. hanseniiat sucrose 60% (w/v) is scarcely
in� uenced by pH. Debaryomyces coudertiiand Debaryomyce
maramusare able to grow at 30� C (and D. mycophilusgrows
weakly), whereasD. prosopidisand Debaryomyces subglobosusare
able to grow at 37� C. Several authors have observed tha
D. hanseniiexhibits faster growth at 1–5 � C compared with other
yeast species, and there is one report of growth at� 12.5 � C. Heat
inactivation depends on pH andaw; for example, at 110� C in an
atmosphere containing less than 30% relative humidity, D
values range between 1.25 and 3.65 min.Debaryomyces hanse
is not particularly tolerant of heat and has aD value of 12 min
at 48 � C. It is also sensitive to preservatives. The minimum
concentrations to prevent growth are 100–200 mg l� 1 of
benzoic acid and 100 mg l� 1 of sorbic acid. Some plant extracts
such as vanillin (0.2% w/v), inhibit the growth of D. hansenii.

Few species have been studied from a physiological poin
of view. Debaryomyces hanseniiis considered to be non-
fermentative. It metabolizes sugars to pyruvate by the Embden–
Meyerhof–Parnas pathway and then oxidizes pyruvate through
the tricarboxylic acid (TCA) cycle. Organic acids, such as citric
lactic, and succinic, are assimilated through the TCA cycle. Th
pentose phosphate pathway also operates in this yeast. A
a consequence,D. hanseniibioenergetics are highly dependent
on respiration. Probably due to its ability to accumulate sugars
as trehalose, respiration continues even after 24 h of starvation
Although it generally is considered to be strictly aerobic and
nonfermentative, it has a limited but signi� cant fermentative
capacity. Low-phosphofructokinase enzymatic activity and
NADþ /NADH þ Hþ levels are due to the low fermentation rate.
Cells probably use ethanol through the TCA cycle. This specie
is considered a Pasteur negative and an almost-Crabtre
negative yeast. Even with this low fermentation capacity
however, it is able to spoil food products by fermentative CO2

production, provided that a high cell population (higher than
105 cfu g� 1) has been reached.

Debaryomyces hanseniigrows at NaCl concentrations of up
to 2.5 M, and growth was stimulated even at 0.5 M NaCl:
halotolerant/halophylic behavior is an important feature of the
species.Debaryomyces hanseniisalt tolerance varies with pH. It is
greatest at pH values near 5.0 and decreases below pH 3.0 an
above pH 7.0. NaCl protectsD. hanseniifrom additional stress
factors, such as high temperature and extreme pH. Gene
coding for Naþ -ATPases, includingDhENA1, were more highly
expressed at high concentrations of salt. In response to a sal
environment, changes occur in the cell plasma membrane tha
affects its composition, decreasing its permeability to small
molecules, such as glycerol. It is halotolerant because it accu
mulates high levels of intracellular Naþ , Kþ , and glycerol, the
main compatible solute, as well as other molecules, such a
trehalose or arabinose. NaCl increases the accumulation o
glycerol by diversion of the glycolytic pathway through the
inhibition of the glyceraldehyde-3-P dehydrogenase activity.
Thus, a high intracellular concentration of glycerol is main-
tained not only by an active glycerol–Naþ symporter but also
because glycerol leakage is prevented by cell membran
impermeability. Potassium and sodium homeostasis is also
essential to maintain the metabolic performance of the cells.
Long-term potassium starvation upregulates genes related t
stress response, presumably via Ras1 signaling, leading
protein expression, repression, and metabolic changes relate
to the inhibition of the upper steps of glycolysis, Krebs cycle,
and amino acids synthesis.

Debaryomycesspp. are able to accumulate lipids. This ability
is of commercial value for the production of lipids or
‘single-cell oil.’ Immobilized D. maramussingle cells may be
used for the industrial conversion of sorbitol in sorbose,
which is a precursor of vitamin C. Xylitol, a molecule with
sweetness comparable to that of sucrose, is also produced b
the metabolic reduction of xylose. Debaryomyces nepalensisis
a moderately halotolerant yeast with remarkably high activity
of Xylose reductase in the presence of NaCl and KCl at a wid
range of pH and temperature. Debaryomyces hanseniialso
exhibits a great ability to utilize xylose, which in turn is the
second most abundant sugar in lignocellulose biomass. This
renewable energy source is of great interest for the biofuel
industry. Recently, a recombinant Xylitol DH enzyme of
D. hanseniiwas obtained from E. coliwith improved thermo-
tolerance and cofactor requirement through a modeling and
mutagenesis approach. Debaryomyces hanseniisynthesizes
other exoenzymes of industrial importance, such as lipases
proteases, esterases, inunilases, andb-glucosidases. Other
metabolic properties that make D. hanseniiinteresting from
a biotechnological perspective are its high resistance to chlo
rine dioxide (ClO 2) that could be exploited to maintain
asepsis in fermentation.
Signi�cance in Foods

Literature on the occurrence ofDebaryomycesspecies in foods
has been largely sporadic and spread over many years. It
dif � cult to track because of the numerous changes to
nomenclature for the taxa.Debaryomyces hanseniiis one of the
most frequent yeast species occurring in food. Literature
reveals its isolation from a number of foods and beverages
There are only occasional reports, however, on the conse
quences of the occurrence and signi� cance for otherDebar-
yomycesspecies, such asD. fabryii in dairy products or
D. maramusin many foods (Table 2). Debaryomyces hanse
appears in the inventory of microorganisms with technolog-
ical bene� ts for use in food fermentation. So, the presence of
D. hanseniiin food is doubly relevant; on the one hand, it has
a positive role, metabolizing lactic acid and raising the pH,
contributing to the ripening of cheeses by enabling the growth
of proteolytic bacteria, or contributing to the production of
certain cheeses, such as Roquefort, by forming slime on th
surface. Moreover, the assimilation of lactose, lactic acid, and
its proteolytic and lypolitic activities contributes to cheese
aroma. It also improves the sensory quality of fermented
meat, such as sausages, salami, and Iberian dry-cured jam
because of the capacity to grow at low temperatures
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Table 2 Food signi� cance ofDebaryomycesspecies

Species Food signiÞcance

D. fabryii Occurrence: dry white wine, rice vinegar mash
Spoilage: Sake, rancidity butter

D. hansenii Occurrence: fruits, vegetables and grains, juices and alcoholic beverages, high sugar products, salted products, fermented
and acid preserved foods, bakery products, dairy products, meat and meat products, Japanese food products

Spoilage: dairy products (cheese, milk); high-sugar products (jam, marzipan); fruits and juices; meat, meat products
(sausages, ham), and� sh; packages of vegetables salads; fermented foods and acid preserved foods;� tness drinks; eggs

Biotechnological: starter for ripening and improving cheese and meat products quality; biocontrol agent; xylitol production
D. maramus Occurrence: cider, honey, pear

Biotechnological: maturing process of meat products
D. nepalensis Occurrence: soy sauce, yogurt

Spoilage: apples, sake
Biotechnological: clari� cation of fruit juices, pretreatment of wastewater from food processing industries (pectin lyase and

polygalacturonate lyase production); xylitol production
D. subglobosus Occurrence: apple, cheeses

Biotechnological:D-arabitol production

Debaryomyces 567
halotolerance, use of nitrates and lactic acid, and the
production of lipases and proteases, all of which improve the
sensory characteristics of the product. Indeed,D. hanseniiis
one of the predominant yeasts in meat products. Conse
quently, there is signi� cant interest in exploiting this species
as a starter culture.Debaryomyces hanseniiis considered to be
one of the most important non- Saccharomycesyeasts in
winemaking. It grows up to the second or third days of
fermentation and is active at ethanol concentrations of up to
15% (vol/vol). Even after dying, it contributes to the aroma of
the wine, releasing terpenes and pectin methylesterase o
macerating enzymes, such asb-glucosidases. For thes
reasons, it has been proposed as a starter in this industry.

On the other hand, although some species ofDebaryomyce
can cause food spoilage, literature generally is focused o
D. hansenii (Table 2). As mentioned, some preservation
methods used in foods to avoid spoilage, such as addition of
salt or refrigeration, do not affect the growth ofD. hansenii, as
shown by swollen � sh, meat, and meat product packages. In
Europe, sorbic acid is permitted as a preservative, though onl
limited levels may be added. In intermediate moisture foods,
such as nougat and marzipan, the ability ofD. hansenii, together
with other yeast species, to produce 1,3-pentadiene has bee
reported. The yeasts transform sorbate into 1,3-pentadiene b
decarboxylation to cope with the toxic effect of the preservative
1,3-pentadiene is not toxic, but it produces an unpleasant
petroleum-like odor that leads to consumer rejection.

In addition, D. hanseniihas been proposed for biological
control of other spoiling microorganisms. In the case of cheese
production, it has been reported to have good biocontrol over
some spoilage species ofClostridium. Debaryomyces hanseniihas
been touted as an effective agent to control mycotoxins– from
mycotoxygenic fungus – in food, speci� cally ochratoxin A,
produced by Aspergillus westerdijkiae. The mechanisms involved
in that reduction have been studied, and the results suggest a
effect on the regulation of toxin biosynthesis at the transcrip-
tion level. This species has a moderate probiotic ability to bind
the gut mucosa. It has been proposed as a� sh probiotic
because it is able to signi�cantly enhance the immune
response.
Pathogenic Behavior

Debaryomycesspp. generally are not regarded as pathogenic t
humans, and no foodborne diseases have been attributed to
this organism. Some species, such asD. fabryiior D. subglobosu,
however, have been isolated from skin lesions.Debaryomyce
hansenii(teleomorph of Candida famata) has been implicated
in isolated cases of septicemia (mainly catheter-related blood
stream infection and skin and mucosal surface infections) in
which they are considered to be weak, opportunistic patho-
gens, especially for immunocompromised patients. It also has
been reported, however, that 58% of the clinic isolates identi-
� ed as D. hanseniior Pichia guilliermondiiusing phenotypic
characteristics were misidenti� ed. In studies in which molec-
ular methods were used for the identi� cation of the isolates, no
cases of fungemia were due toD. hansenii.
Enumeration, Detection, and Identi�cation

The general procedure for enumeration of any yeast from foods
may require the previous treatment of samples and, if they are
solid, homogenization with a laboratory paddle blender is
needed. Samples should be representative of the whole lot. I
required, the initial suspension of samples is prepared in
a proportion of 1:10 in 0.1% peptone water. Although, in our
experience, reproducible isolation can be obtained with NaCl
(0.9%) as diluent. Aliquots (1 ml) of the appropriate dilution
are then poured onto the melted agar or spread (0.1 ml) over
the surface of culture medium. After incubation for 3–6 days at
25–28 � C, yeast colonies are counted. General culture media
such as malt extract agar, glucose–yeast extract agar, tryptone
glucose yeast extract agar, or yeast morphology agar (YMA) ca
be used for growing yeast. Some authors recommended DG1
(aw ¼0.955), containing 18% of glycerol, for the isolation of
xerotolerant yeast, although this may retard colony counts.
Excellent recovery rates forD. hanseniiand D. maramusfrom
subglacial ice in the coastal Arctic has been observed recently, o
MEA10NaCl (malt extract 10% NaCl,aw ¼0.924) and MY10-12
(malt extract, yeast extract, 10% glucose, 12% NaCl,aw ¼0.916)



Table 3 Methods used for identi� cation or typing ofDebaryomycesspecies

D. coudertii D. fabryii D. hansenii* D. maramus D. mycophilus D. nepalensis D. prosopidis D. robertsiae
D. singare-
niensis

D. subglo-
bosus D. udenii

PCR RFLPs ITS1-5.8-ITS2 þ a þ a þ þ þ þ a þ a

18S-ITS þ
18S þ þ
IGS þ þ b þ b þ b þ b þ þ þ

mtDNA RFLPs þ b

Sequenced
regions

rDNA 5.8S ITS þ þ þ þ þ þ þ þ þ þ þ
26S rDNA þ þ þ þ þ þ þ þ þ þ þ
18S rDNA þ þ þ þ þ þ þ þ þ þ þ
D1/D2 þ þ þ þ þ þ þ þ þ þ þ
5S rDNA þ þ þ þ þ þ þ þ þ þ þ
IGS þ þ þ þ þ þ þ þ þ þ þ

mt DNA cox genes þ þ þ þ þ þ þ
Nuclear

DNA
b-Tubulin þ þ þ
Ribosomal proteins þ þ
RNA polymerase þ þ þ þ þ þ þ þ þ
Actin þ þ þ þ þ þ þ þ þ
Ribo� avin biosynthetic

genes
þ þ þ

Others genes þ þ þ þ
PCR Minisatellite þ b þ b þ
Fingerprinting RAPD þ b þ b þ
Real-time PCR þ

þ , Specie identi� cation;þ a, Specie identi� cation with similar pattern to othersDebaryomycesspecies;þ b, Specie identi� cation and strain typing; *, Total genome sequenced. IGS, intergenic spacer region; PCR, polymerase chain reaction; RAPD, Random
ampli� cation of polymorphic DNA; RFLP, restriction fragment-length polymorphism.
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respectively. Antibiotics, such as oxytetracycline, chlorotetracy
cline, and especially the heat-stable chloramphenicol, may be
added to inhibit bacterial growth, at concentrations of up to
100 mg ml� 1. The growth of molds from several products (e.g.,
cheeses) may cover the plates with its mycelium, preventin
accurate counts and hindering the isolation of single colonies.
The medium DRBC, one of the most frequently used in food
mycology incorporates dichloran, Rose Bengal, and clor
anphenicol. Rose Bengal restricts mold growth; however, in
light, it becomes cytotoxic for yeasts. Biphenyl, is also a mold
inhibitor (used at 50 mg l � 1). Use of chromogenic differential
media has been reported for the direct discrimination of
D. hanseniion primary isolation plates. This culture medium,
named DDM ( Debaryomycesdifferential medium), was devel-
oped for its application in the isolation of D. hanseniifrom
foods. The colonies ofD. hanseniiturn violet after 1–3 days of
incubation. The basal medium is YMA without glucose plus
chloranphenicol (500 mg ml� 1), and it is important to adjust the
pH to 6.0. A dimethyl formamide solution of the chromogen
compounds magenta-glucuro-CHA (200mg ml� 1) has to be
added after sterilization.

The identi� cation of pure cultures from individual colonies
may be performed following morphological and physiological
tests, with the keys outlined in The Yeasts: A Taxonomic Stu,
5th edition, edited by C.P. Kurtzman, J.W. Fell, and T. Boekh
out (2011). For the identi � cation of species, morphological
and physiological tests, assisted by computerized identi� cation
keys, can be used. The‘Yeast Identi� cation PC Program,’
developed by Barnett and coworkers, was the� rst in the
market; this method expresses the identi� cation results in
frequency percentages. The rapid computer-based Biolo
(Biolog Inc., California) and the software program ‘Yeasts of
the World’ provide polyphasic identi� cation for yeasts and also
introduce molecular tools for their identi � cation. All methods
identify D. hanseniivery well, at least, but a new revision is
needed to include the classi� cation of new species of genus
Debaryomycespublished in 2011. It must take into account that
the higher probability obtained in the application of any of
these methods does not always correspond to a correct iden
ti � cation and, in some cases, expert interpretation of result
may be needed. Some commercialized systems are also ava
able on the market, such as the ATB 32C system (bioMérieux
that incorporates a range of physiological tests in a kit form.
Some reports point out the dif� culty of obtaining a correct
identi � cation of clinical isolates with some commercial kits
based on the carbohydrate assimilation pattern (API 20 C
AUX); they are unable to distinguish betweenD. hansenii, and
Pichia guillermondiior Candida parasilopsis. In ecological studies,
simpli � ed identi� cation schemes can be used, such as th
simpli � ed identi� cation method that requires about 20 tests. A
revised and improved version has been published, including
the 99 yeast species that occur most frequently in various foods

Although biochemical methods may be useful from an
ecological perspective, the dif� culty in separating species
within the same genus using phenotypic tests makes it prob
able that some misidenti� cations have occurred in the past. Fo
example,D. fabryii and D. subglobosushave close physiological
similarities with D. hansenii, even though they are genetically
distinct. Furthermore, the confusion of yeasts as different a
Candida cretensis(isolated from Spanish sausages) and
D. hanseniihas been reported. Although all the physiological
tests commonly used showed a strong similarity between both
species,C. cretensisdid not produce violet colonies in DDM and
the phylogenetic analysis showed differences in the D1/D2
domain sequence.

Currently, numerous molecular tools for phylogenetic
analysis or identi� cation are available for all the species of the
genus. As shown in Table 3, ribosomal genes have been
sequenced for all species, as well as some nuclear genes
some of them. Highly conserved ITS and D1/D2 26S sequence
have been reported for some species of the genus, includin
those currently placed in Schwanniomycesor Priceomyces. As
ACT1 sequences show more variability, they are considered t
be a suitable tool for differentiating these species. Random
ampli � cation of polymorphic DNA –polymerase chain reaction
methods are effective in separatingD. hanseniifrom D. fabryii.
The PCR ampli� cation of the intergenic spacer region of rRNA
gene followed by restriction fragment-length polymorphism
analysis allows the rapid discrimination of all species of the
genus. Also a number of probes have been developed, mainl
for the detection of D. hansenii. Whole-genome sequence of the
type strain ofD. hansenii(CBS 767T) is available in Génolevures
database. In addition, several companies have designed oligo
nucleotide microarrays for this species, among them
MYcroarrays, Agilent Technologies (Santa Clara, California
USA), and Roche Nimble Gen.
See also: Aspergillus; Aspergillus: Aspergillus oryzae;
Aspergillus: Aspergillus ßavus;Biochemical Identi�cation
Techniques for Foodborne Fungi:Food Spoilage Flora;
Cheese:Mold-Ripened Varieties; Intermediate Moisture Fo
Molecular Biology in Microbiological Analysis;Mycotoxins:
Classi� cation; Natural Occurrence of Mycotoxins in Food;
Mycotoxins:Detection and Analysis by Classical Techniqu
Mycotoxins:Immunological Techniques for Detection and
Analysis;Mycotoxins:Toxicology;Preservatives:Permitted
Preservatives– Sorbic Acid;Spoilage Problems:Problems
Caused by Fungi; Starter Cultures;Starter Cultures:Molds
Employed in Food Processing;Total Viable Counts:Spread
Plate Technique;Yeasts:Production and Commercial Uses;
Identi�cation Methods:DNA Fingerprinting: Restriction
Fragment-Length Polymorphism;Identi�cation Methods:
Chromogenic Agars;Identi�cation Methods:Real-Time PCR.
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Deuteromycetes see Fungi: Classi�cation of the Deuteromycetes
Direct Epifluorescent Filter Technique
s (DEFT)
BH Pyle, Montana State University, Bozeman, MT, USA

� 2014 Elsevier Ltd. All rights reserved.
This article is reproduced from the previous edition, volume 1, pp 527–530, � 1999, Elsevier Ltd.
The direct epi�uorescent �lter technique (DEFT) was intro-
duced in the early 1980s for the enumeration of bacteria in
milk. Since then, the method has been adapted for counting
bacteria in a variety of foods, including meat, fruit, vege-
tables and beverages. In addition to bacteria, it is possible
to enumerate yeasts and moulds. These techniques are
rapid, and facilitate enumeration of low cell numbers,
especially in �lterable samples such as beverages. A similar
technique is referred to as the acridine orange direct count
(AODC).

Direct microscopic counts of microorganisms in foods
avoid some of the inherent de�ciencies of traditional culture
methods. More than 90% of viable microbes may be missed by
current culture techniques, so direct counts are typically
10 times or more greater than total viable counts. The differ-
ences tend to be larger when bacteria have been injured by
stressors such as heat, dehydration, disinfection and osmotic
conditions. Some cells may become viable but nonculturable
(VNC), in which case they fail to grow in routine culture but
can be detected following special pre-incubation treatments or
direct activity measurements.
Principles of the Test

For food samples, the procedure involves sample pre-
treatment, usually with buffer containing detergents and
enzymes, �ltration through a microporous membrane �lter,
staining with a �uorochrome, and epi�uorescent microscopy
for examination and enumeration. Fluorescence microscopy is
mainly used for counting single cells or clumps. In addition,
�lter membranes can be transferred to solid media and incu-
bated for a few hours for microcolony formation by viable cells.
DEFT has also been used after enrichment to detect low
numbers of bacteria in foods.
Equipment

A compound microscope with an epi�uorescent illuminator,
appropriate light �lters, stage micrometer, and eyepiece
counting graticule (10 � 10 square) is required to perform
DEFT. Filter assemblies and vacuum systems (100 kPa or less)
are also needed.
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Procedures

Some procedural steps vary depending on the type of food,
microbes to be enumerated and whether stained cells or
microcolonies are to be counted. The following procedure is
recommended by the American Public Health Association for
milk samples.
Sample Pre-treatment

Pre�ltration or hydrolytic enzyme digestion may be required
to facilitate membrane �ltration. For milk, somatic cells are
lysed by adding 0.5 ml rehydrated trypsin and 2 ml 0.5% Triton
X-100 to 2 ml of sample, and incubating for l0 min at 50 �C.
Filtration

A �lter assembly is warmed with 5 ml of 50 �C Triton X-100
before sample �ltration through a 25 mm diameter black
polycarbonate membrane (0.6 mm pore size). The �lter
assembly is then rinsed with a second 5 ml of 50 �C 0.1%
Triton X-100.
Staining

The membrane �lter is overlaid for 2 min with 2 ml of stain
(0.025% acridine orange (AO) and 0.025% Tinpal AN in
0.1 mol l–1 citrate-NaOH buffer, pH 6.6). This is followed by
rinsing with 2.5 ml 0.1 mol 1�1 pH 3 citrate-NaOH buffer, and
2.5 ml 95% ethanol. The �lter is air-dried and mounted on
a slide with non�uorescent immersion oil.
Microscopy

The slide is examined either with a dry 60� �uorescence
objective, or an oil immersion l00� objective, through
a �uorescence microscope with light �lters for AO, and an
eyepiece counting graticule which has been calibrated with
a stage micrometer. While some standard methods recom-
mend counting only orange �uorescent cell clumps and
single cells, it is advisable to count both orange and green
cells to obtain the total direct microscopic count. A clump is
a group of cells separated by at least twice the distance of the
two cells nearest each other. Typically, at least 300 cells and
-384730-0.00084-7 571
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at least three microscopic � elds should be counted. The
sensitivity of direct microscopy is approximately 104–105

cells ml� 1 of sample.
Calculation

The number of cells in the original sample is obtained by
multiplying the average count per � eld by the number of
� elds on the � ltrable area of the � lter (w 18 mm diameter,
depending on the � ltration assembly), and dividing by the
volume of sample � ltered.
-
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n

Microcolony Count

Either selective or nonselective media may be used for micro
colony formation. A 10 g sample of food is homogenized in
90 ml 0.1% peptone water, pre� ltered through 5.0 mm pore
size nylon mesh, then� ltered through a 0.4mm pore size black
polycarbonate membrane. The� lter is incubated on an agar
medium or lipid medium support pad for 3 –6 h at 30 � C,
depending on the medium and target organism. After AO
staining, microcolonies that have � 4 bright orange cells are
enumerated microscopically.
to

h

.

Direct Viable Count (DVC)

The sample is incubated with dilute nutrients and nalidixic acid
or another similar antibiotic that inhibits DNA gyrase, pre-
venting completion of the cell division cycle. Substrate
responsive cells elongate or enlarge because of failure
septate. Following staining, cells that are more than 1.5� the
typical size are enumerated by microscopy.
as
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Alternative DEFT Stains

Differences in the numbers of bacteria detected may depend on
the staining method and the sample characteristics. While AO
has been used widely in DEFT procedures, alternatives such
4’,6-diamidino-2-phenylindole (DAPI) are replacing AO in
many applications. A variety of other stains including acri� a-
vine, bisbenzimide dyes, erythrosine and � uorescein iso-
thiocyanate have also been used.
e
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Viability Stains

A number of � uorescent stains are available that can indicat
bacterial cell viability or metabolic activity. These include
the use of dual staining such as the Live/DeadBacLight
viability kit (Molecular Probes, Eugene, OR), which is used
to distinguish live bacteria with intact plasma membranes
from dead bacteria with compromised membranes. Stains
such as rhoda-mine 123 can be used to detect cells wit
a membrane potential, while DiBAC4(3) (Molecular Probes)
permeates cells that lack a membrane potential. Cyanodi
tolyl tetrazolium chloride (CTC) is taken up and converted
to intracellular � uorescent CTC-formazan crystals by dehy
drogenase activity in respiring cells. Esterase activity can b
detected by uptake and cleavage of� uorescein diacetate,
which forms free � uorescein in active cells. Although the
color of AO staining was proposed as a means of deter
mining viability or physiological activity, results should be
interpreted with caution because of the effects of staining
methods.
Ab-DEFT and Immunomagnetic Separation

Use of � uorescent antibodies permits rapid enumeration and
identi � cation of speci� c bacteria such asEscherichia co
O157:H7 in some foods, including milk, juice, and beef. Lis-
teria in fresh vegetables have also been quanti� ed by Ab-DEFT.
Immunomagnetic separation (IMS) methods have been
combined with AB-DEFT to improve sensitivity. It may be
possible to detect as few as 101–102 cells per milliliter or per
gram of sample using IMS methods.
Automated Methods

At least two automated systems are available for DEFT. Th
BactoScan (Foss Electric) performs a total count of bacteria i
raw milk by pre-treatment, staining, and detection on the
outer edge of a rotating disc. Up to 80 raw milk samples may
be analyzed per hour. COBRA (Biocom) automates the
� ltration, staining, rinsing, drying, and counting procedures
using automated microscopy and image analysis. Over 100
samples per hour may be processed. Results obtained wit
these systems correlate well with colony counts. Image
analysis has also been used to automate the DVC procedure
The MicroStar (Millipore) is an instrument for enumerating
bacterial microcolonies and individual yeasts using ATP
luminescence. Flow cytometry techniques have been used t
enumerate � uorochrome-stained cells, in addition to solid-
phase laser scanning cytometry (ChemScan or ScanRD
Chemunex). ChemChrome V3 (Chemunex) which indicates
esterase activity may be used to detect the total number o
metabolically active cells with this system. A hybrid method
that includes IMS with CTC incubation and � uorescent
antibodies has been used with the solid-phase cytometer to
detect low numbers (<10 g–1) of E. coli O157:H7 with an
indication of their respiratory activity in ground beef within
5–7 h.
See also:Application in Meat Industry;Electrical Techniques
Food Spoilage Flora and Total Viable Count;Escherichia coli
O157 and Other Shiga Toxin-ProducingE. coli: Detection
by Immunomagnetic Particle-Based Assays; Flow
Cytometry; Hydrophobic Grid Membrane Filter
Techniques;Immunomagnetic Particle-Based Techniques
Overview;Total Viable Counts:Pour Plate Technique;Total
Viable Counts:Spread Plate Technique;Total Viable Counts:
Speci� c Techniques; Most Probable Number (MPN);Total
Viable Counts:Metabolic Activity Tests;Total Viable Counts:
Microscopy;VerotoxigenicEscherichia coli: Detection by
Commercial Enzyme Immunoassays; Application in Hyg
Monitoring; Application in Beverage Microbiology.
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Dried Foods

Drying is the most ancient way of preserving food. Preservation
of foods by drying is based on the concept of lowering the
availability of water for the activity of microorganisms and
enzymes in food.

In this process, the moisture content is lowered to a point at
which the activities of food spoilage and food-poisoning
microorganisms are inhibited, which in turn increases the shelf
life of foods. Furthermore, changes in the texture of the product
becomes harder and the mass-to-volume ratio of the product
decreases.

Almost all biological materials have high moisture content
of 80% and above. This increases volume as well as the mass of
the biomaterial, leading to dif�culties in handling and trans-
port. Removal of moisture content through drying has
numerous bene�ts. It enables easier handling at lower cost
because of reduced bulk and reduced space required during
storage and transportation and can be stored at ambient
temperature. Shriveled appearance, reduced water holding, and
poor rehydration due to protein denaturation, loss of certain
nutrients, and changes in color, texture, and �avor (especially
in fruits and vegetables) are some of the undesirable attributes
of dried foods.

In tropical countries, postharvest losses are signi�cantly
higher due to lack of awareness and infrastructure facilities. In
fresh fruits and vegetables, postharvest losses range from 20 to
40% and in grains and cereals from 10 to 30% leading to huge
economic losses. Fruits and vegetables are important sources of
essential dietary nutrients, such as vitamins, minerals, and
�ber. Even though refrigeration can keep the product fresh, it is
dif�cult to maintain low temperature throughout the distri-
bution line. Drying is a suitable alternative for postharvest
management in which the cold chains are established inade-
quately. Mostly the perishable crops are dried to increase the
shelf life and promote food security. The preservation of
cereals, grains, fruits, and vegetables through drying dates back
to many centuries and is based on sun- and solar-drying tech-
niques, which later were followed by controlled drying in hot-
air ovens.

Sun drying is the traditional method of drying. Sun drying
consists of exposing fresh foods to sunlight until drying had
been achieved. Fruits such as grapes, �gs, and apricots can be
dried by this method but require a large amount of space for
74 Encyclopedia of Food Mic
large quantities of the products. In traditional methods in
tropical countries, meats are cut into thin strips or cubes
sprinkled with 1–2% equivalent weight of common salt and
turmeric and pierced through a thread and subjected to sun
drying for 7–10 days or until a moisture level of around 7% is
achieved. The resultant product is packaged in polythene
pouches and stored at room temperatures for 2–3 months
satisfactorily. The antimicrobial properties of salt and tur-
meric complement the antibacterial state achieved through
removal of water during drying. Such products still command
popular appeal as increased concentrations of precursors
contribute to enhanced �avor. Sundried diced meat usually is
rehydrated before subjecting to cooking preferably with
vegetables to prepare gravy-based dishes. From a modern
technology point of view, however, it is desirable to dry
foods, including meats, in a gas or electric oven or in an
electric dehydrator with circulating air. It ensures quicker
processing under controlled conditions with more uniform
characteristics in end products.

Generally, fruits are pretreated before drying to maintain
quality. Dipping is employed by immersing the fruits in alkali
solution such as hot lie between 0.1 and 1.5%. Before sun
drying, light-colored fruits and certain vegetables are treated
with sulfur dioxide to maintain color, conserve certain vita-
mins, prevent storage changes, and reduce the microbial load
before drying. After drying, fruits are usually heat pasteurized at
65–85 �C for 30–70 min.

Blanching of vegetables is a vital step before dehydra-
tion. Blanching destroys the enzymes that may become
active and bring about undesirable changes in the �nished
product. For many of vegetables, a temperature zone of
60–63 �C has been found to be safe. The moisture content
should be lowered to below 4% to have satisfactory shelf
life and quality. Convective drying results in products of
slightly lower quality.

Commercially, fruits and vegetables can best be dried by
different methods of drying, which include freeze, osmotic,
cabinet or tray, vacuum, �uidized bed, ohmic, heat pump,
spouted bed, microwave drying, and combinations thereof. In
addition to these drying methods, advanced techniques, such
as conduction drying, superheated steam drying, particulate
medium drying, and infrared drying, are used for drying of
cereals and grains. Except in freeze-drying, heat is applied for
drying through conduction, convection, and radiation to force
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00085-9

http://dx.doi.org/10.1016/B978-0-12-384730-0.00085-9


r

s
e

.
e

al

d-

e
c

s

,

s

d

e
n

c

Dried Foods 575
water to vaporize. Freeze-drying is a process in which, afte
freezing, water in the form of ice is removed by sublimation
under vacuum. Conventional freeze-drying permits reduction
of moisture to less than 2%. The end product is porous and
easy to be rehydrated and come close to fresh products. Food
should be heat treated before freeze-drying to reduce th
enzyme activity.

The type of product, availability of a dryer, cost of dehydra-
tion, energy consumption, and quality of dried products,
purpose of dried products like ready-to-cook or ready-to-
consume products will determine the drying method and drying
time and temperature schedules.

Milk is dried either as whole milk or nonfat skim milk.
Removal of 60% water results in milk products like evaporated
milk. Dried milk or milk powder contain less 5% moisture.
Eggs may be dried as whole powder, yolks, or egg white
Reducing the glucose content before drying increases th
dehydration stability of dried egg products.

In arti � cial drying, meat is usually cooked partially before it
is dehydrated. The� nal moisture content after drying should be
approximately 4–7% for beef and pork. Any lean meat without
fat and connective tissue can be dried effectively. All meats,� sh,
and poultry can be diced and dried in oven with circulating air.

Some examples of different types of dried and partially
dried meat products traditionally prepared in different coun-
tries are furnished inTable 1.

The drying time of foods varies widely depending on the
method selected and the size and amount of moisture in food
pieces. Sun drying requires a long time, whereas electric
dehydration requires the least time. Vegetables take 1–12 h
for drying, whereas fruits take 6–20 h and meats require
about 12 h.

Microbiological criteria for dried foods are varied like the
end use of products, target consumers, and processing sche
ules. The type of microorganisms present in dried foods is
similar to those occurring in fresh foods. If low moisture levels
achieved after drying remain constant, their numbers decreas
greatly during dehydration and storage. Even pathogeni
bacteria inoculated before drying were fond to have been
destroyed after dehydration. Endospores present on such food
Table 1 Different types of dried and partially dr

Product name Type of meat produc

Charque Beef
Jerky Beef
Tasajo Beef
Kilishi Beef/mutton/goat
Balangu Mostly beef organ mea
Dendeng Beef/pork/� sh/chicken
Ruogan Pork
Shafu Pork
Jirge Beef/mutton/goat
Cecina Beef
Biltong Beef
Pemmican Buffalo/beef/deer
Ndariko Beef/mutton and goat
Basterma/patirma Beef
Sharmoot Beef
survive drying do not produce toxins. Attempts were made by
moderating the effects of high temperature with methods like
partial removal of water at moderating temperatures, binding
remaining water, and ensuring its nonavailability to microbial
growth and incorporation of additional antimicrobial hurdles
like permitted preservatives, low pH, and vacuum packaging
which can result in higher rehydratable and better quality
products. Some organisms can survive, but the hygienic statu
of foods, hygienic processing, and packaging with or without
the incorporation of additional antimicrobial hurdles can
ensure the safety of dried food consumption. Further rehy-
dration and through cooking warrant no public health hazards
for dried vegetables and meats. Dry or semidry sausages an
cured and smoked� sh retain certain levels of moisture, which
is conducive to bacterial growth, but curing and smoking
constituents that are antibacterial and antioxidative in nature
contribute synergistically to shelf stability and safety. Yeast and
mold counts are more important for dried fruits and juice
concentrates.Escherichia colilevels are usually considered to be
indicator organisms.
Effects of Drying on Microorganisms

The main purpose of drying food is to lower their moisture
content to a particular level that will exclude the growth of
microorganisms. During drying, water vapor evaporates from
the surface of the product and because of the evaporation, th
energy status of the water in food system decreases, which ca
be predicted by water activity (aw). aw is a measure of how
much of the water in a product is free and not chemically or
physically bound, and which is available for food–enzyme
activity and microbial growth. aw of fresh foods is 0.99–1.00.
Dried foods with a aw of less than 0.60 are microbiologically
stable. If they remain dry, their shelf life is not limited by
microbial spoilage.

The relationship between average moisture content andaw

can be expressed through isotherms. In addition to sorption
isotherms, hydrogen bond formations, presence of dissolved
solutes, differences between electrolytic and nonelectrolyti
solutions, and the amount of positively and negatively charged
ied meat products

t Country

Brazil
America and India
Cuba

Nigeria
t/rarely mutton and goat Africa

Indonesia
China
China
Africa
Spain
Africa
America and India
Africa
Egypt/Turkey
Sudan
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ions play a role in the sorption process and in�uence the aw
levels.

During drying, although some microorganisms are des-
troyed, the process is not lethal to microorganisms, and some
bacterial endospores survive, as do yeasts, molds, and many
Gram-negative and Gram-positive microorganisms. Foodborne
parasites like trichinella spiralis survive drying. The dried foods
should have a total count of not more than 100,000 g�1 with no
coliform organisms. Death of organisms occurs during the early
phases of drying and mostly is due to denaturation. In the case
of intermediate moisture foods (IMFs) along with the inhibitory
effect of aw, antimicrobial activity results from added humec-
tants, pH, Eh, low storage temperature, heat process applied
during processing, and competitive micro�ora. The effect of an
IMF system on the destruction of bacteria acts in a way in which
the heat resistance increases with the lowering of the aw and
the degree of resistance depends on the compounds employed
to control the aw.

Drying brings about various structural changes that differ
from those of the initial structure of the product. These changes
may be disadvantageous or may bring about favorable changes
in some products (e.g., crispy granules for breakfast cereals,
instant dry milk powder, and porous structure of mashed
potato �akes). Drying can be applied to either highly hydrated
agricultural products for weight reduction (e.g., tea leaves, eggs,
milk, fruits, and vegetables) or low hydrated agricultural
products like corn, rice, wheat, and oil seeds and intermediate
products from industrial processes such as coffee, tea extracts,
pasta, and sugar. In modern food processing, focus is given to
maintaining the bioactivity and structural functionality of the
product. Control of these bioactivity and structural function-
ality depends on all the chemical and physical phenomena
occurring during drying and subsequent storage.

Time and temperature of drying enhances the reaction rates
and in�uences the aw of the product. Temperature increase can
induce degeneration of thermally unstable proteins, enzyme
reaction, Maillard reactions, fat oxidation, and vitamin degra-
dation. All the reactions are linked to simultaneous evolution
of temperature, product composition, and aw. Due to evapo-
ration of water, vitamin C content appears to be increased, but
good quality of vitamin C can be preserved by freeze-drying.

The color of fruits, vegetables, spices, and aromatic plants
depends on the presence of pigments that are susceptible to
degradation by enzymatic or nonenzymatic reactions. Decrease
of aw in dry products leads to an increase in the half-life of the
pigments.

At low aw of less than 0.2, auto-oxidation of unsaturated
fatty acids causes off-�avors, such as rancidity. Enzymatic
activity in food products is inhibited at aw < 0.75. The Maillard
reaction shows a classic response to change in aw with
a maximum in a range of 0.65–0.70 at 80–130 �C.
A decrease in aw leads to reduction of water availability and
mobility in the medium during drying. A decrease in aw slows
down the water transfer and therefore the rate of drying.
Metastable transition of products from relatively low-to-high
viscosity can be assessed with a glass transition curve. A glass
transition temperature (Tg) is a temperature at which an
amorphous solid becomes brittle on cooling or soft on heating.
Above Tg the viscosity of the matrix is decreased and molecular
mobility is increased, which results in increased rate of physi-
cochemical changes in dried products. Carbohydrates, proteins,
and minerals are miscible with water and dehydration increases
solute concentration. At temperature above Tg, sugars may
crystallize affecting the stability of products. A linier falling rate
curve is an acceptable approximate for drying of high-moisture
foods. Moisture and adsorption by the dried product surface
and spoilage depends on the aw of the surface of the product.
Dried foods are generally used after rehydration, but it does not
lead to recovery of the initial product.

It should be borne in the mind that the microbes that
survive the drying process remain dormant for longer periods
and become active once foods are rehydrated. Proper refriger-
ation is needed for such rehydrated products.

See also:Water Activity; Fermented Foods: Origins and
Applications; Fermented Meat Products and the Role of Starter
Cultures; Hurdle Technology; Intermediate Moisture Foods;
Traditional Preservatives: Sodium Chloride.
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The Concept of pH and Its Relevance in Food Products

Also known as potential or power of hydrogen, pH, like other
factors (i.e., water activity and redox potential), is an intrinsic
and inherent characteristic of food and beverages. The concept
of pH was �rst introduced by the Danish chemist Søren
Sørensen in 1909. The pH value of a system is a direct function
of the free hydrogen ions (or protons) present in that system.
More precisely, the pH value corresponds to the negative log of
the hydrogen ion concentration (pH … �log [Hþ]). Note-
worthy, to represent the nature of the proton in an aqueous
solution, pH also is described as the negative log of the oxo-
nium ion (H3Oþ). Water protonation, however, can lead to
several other forms such as H5O2

þ, H7O3
þ, or H9O4

þ. The
pH … �log [Hþ] de�nition corresponds to the fact that the pH
value of a given system decreases as the concentration of
hydrogen ions increases. For example, a system with a pH value
of 6 has a 10�6 (0.000001) mol l�1 hydrogen ion concentra-
tion, while for a pH value of 4, the concentration of hydrogen
ions equals 10�4 (0.0001) mol l�1. The pH scale ranges from
0 to 14 with pH 7 being neutral, based on the fact that pure
water at 25 �C has a pH value of exactly 7. pH values under
7 are considered as acidic, and those above pH 7 are considered
basic or alkaline. The concentration of hydrogen ions in
a system is correlated to the nature and concentration of the
yclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
acids present. These acids can correspond to strong acids (i.e.,
hydrochloric acid), dissociating completely in water (the ioni-
zation of the compound leads to an equal molar amount of Hþ

and the negatively charged conjugate base), and weak acids
(i.e., lactic acid), which only partially dissociates, leading to an
equilibrium of both the dissociated and undissociated forms.
Hence, pH might be de�ned as the measure of acidity of
a product.

In food products and beverages, acids are either intrinsic,
originally present, or produced during food processing, such
as in the case of fermented products, or they can be added
during processing for product conservation (see the section
Use of pH as a Microbial Control Tool). The nature and the
concentration of the various compounds (especially acids)
found in a food will determine its pH. With a few exceptions
(i.e., egg white), food products are acidic (Table 1). Within
acidic foods, a pH value of 4.6 has been determined to
separate the high-acid and low-acid products. This pH, which
is based on the necessary value preventing Clostridium botu-
linum (responsible for botulism) from growing and
producing a deadly toxin, is of great importance in the food
industry. Indeed, a pH under this value is considered to
prevent growth of pathogenic bacteria. Yeasts and molds are
more acid tolerant than bacteria and hence can grow at lower
pH values.
-384730-0.00439-0 577
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Table 1 pH ranges of some common foods

Dairy products
Butter 6.1–6.4
Buttermilk 4.5
Cheese (American mild and cheddar) 4.9; 5.9
Cream 6.5
Milk 6.3–6.5
Yogurt 3.8–4.2
Meat and poultry
Beef (ground) 5.1–6.2
Chicken 6.2–6.4
Ham 5.9–6.1
Egg white 7.6–9.5
Veal 6.0
Egg yolks (white) 6.0–6.3
Fish and shell� sh
Clams 6.5
Crabs 7.0
Fish (most species) 6.6–6.8
Oysters 4.8–6.3
Salmon 6.1–6.3
Shrimp 6.8–7.0
Tuna� sh 5.2–6.1
White fish 5.5
Fruits and vegetables
Apple cider 3.6–3.8
Apples 2.9–3.3
Asparagus (buds and stalks) 5.7–6.1
Bananas 4.5–4.7
Beans (string and lima) 4.6–6.5
Beets (sugar) 4.2–4.4
Broccoli 6.5
Brussels sprouts 6.3
Cabbage (green) 5.4–6.0
Carrots 4.9–5.2; 6.0
Cauli� ower 5.6
Celery 5.7–6.0
Corn (sweet) 7.3
Cucumbers 3.8
Grapefruit (juice) 3.0
Grapes 3.4–4.5
Honeydew melons 6.3–6.7
Lettuce 6.0
Limes 1.8–2.0
Olives (green) 3.6–3.8
Onions (red) 5.3–5.8
Oranges (juice) 3.6–4.3
Parsley 5.7–6.0
Parsnip5.3
Plums 2.8–4.6
Potatoes (tubers and sweet) 5.3–5.6
Pumpkin 4.8–5.2
Rhubarb 3.1–3.4
Spinach 5.5–6.0
Squash 5.0–5.4
Tomatoes (whole) 4.2–4.3
Turnips 5.2–5.5
Watermelons 5.2–5.6
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The pH of food usually is determined using a pH meter
consisting of a probe presenting a thin-walled glass bulb at its
tip and a numerical converter. The probe is composed of two
electrodes: The� rst one, which displays a constant potential, is
called a reference electrode; and the second one, called a gla
electrode, presents a variable potential correlated to the pH to
be measured. Once immersed in the solution to be measured
an electrochemical potential develops across the thin glas
membrane proportional to the hydrogen ion concentrations
on the two surfaces. The difference of potential evolves pro
portionally to the pH, according to the following formula:
DE¼a(pH a � pHb) þ b, where DE is the difference of poten-
tial between the two electrodes, pHa is the pH of the system to
be measured, pHb is the pH of the reference solution, and
a and b are intrinsic values of the apparatus determined
through the calibration. Indeed, to perform an accurate pH
measurement, apparatus calibration using precalibrated
solutions (e.g., 4, 7, and 10) is required. Noteworthy, air
pressure and temperature both in�uence pH measurements;
therefore, food products should be tested at room tempera-
ture, although most pH meters are equipped with a tempera-
ture sensor at the tip of a pH electrode to automatically correct
the pH reading.

As seen, the glass electrode is useful to measure pH
solutions; however, food products exist in large variety of
structures. For example, food products can vary from a ver
homogenous (i.e., wine) to a more heterogeneous product (i.e.,
an egg is constituted of two parts exhibiting different speci� c-
ities and pHs), and they can be frozen or desiccated. To
measure the pH of foods, the food should be in liquid form or
prepared as a puree in a blender. For homogeneous food
(beverages, salad dressing), no special preparation is require
as any portion is representative of the whole. For semisolid
foods, the addition of pure water (20%), which has no in� u-
ence on the measured pH, is generally performed for blending
the samples. In the case of oily foods, the oil layer is removed
by decanting, skimming, or pouring to measure the non-oil
phase. Cooling, freezing, and thawing also may be used to
allow oil separation.

To facilitate pH measurements in the agrifood context,
different probes have been designed. Examples of these app
ratus include puncture probes for semisolid food (cheese and
meat) testing, a� at membrane combination pH electrodes for
surface measurements, and knife probes for pH analysis in
frozen meat.

Beyond the actual food structure, people are consuming
more and more ready-to-eat (RTE) preparations (i.e., sand
wiches, RTE meals) that consist of various food products
(ingredients) each exhibiting a speci� c pH. In this context,
microorganisms present will not have the same behavior in the
various parts of the food preparation. Therefore, it is crucial to
establish the pH of each ingredient. This is especially important
when one wants to evaluate the growth potential of a food-
borne pathogen. Microbiological food challenge-testing corre-
sponds to the inoculation of a pathogen in a food preparation
to evaluate its ability to grow and therefore determines the risk
for the consumer. These tests are always performed in th
fraction of a food preparation, presenting the least strict
intrinsic conditions, especially pH.

Finally, although the pH of the � nal food product usually
is stable, pH may vary considerably during production. In this
context, microorganisms have to cope with the encountered
pH dynamics. For example, in beef meat, the animal� esh
prior to slaughter exhibits a pH value close to 7.0. After
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slaughtering, the glycogen in the meat turns into lactic acid. As
a result, the postmortem pH declines, reaching a pH value
around 5.5, 24 h after slaughter. The pH then rises again to
reach 6.5. Another example is fermented foods (wine, cheese
olives, and sauerkraut) in which the technological microbiota
lowers the pH, hence protecting the� nal product. Actually,
this is one of the � rst conservation methods discovered by
humans.
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Effect of pH on Food Microorganisms

The pH in a given environment has a profound effect on the
physiological state of all microorganisms (growth and survival,
and, in some cases, sporulation and germination). Thus, in
foods, this directly affects food product conservation and
safety. According to their taxonomical position, microorgan-
isms exhibit different pH ranges and optima for growth
(Table 2). In regard to prokaryotes in a food context, Gram-
negative bacteria grow between pH 4.0 and 8.5 and Gram
positive bacteria grow between 4.5 and 9.0. According to thes
parameters, bacteria can be classi� ed into three categories
according to their adaptation to more acidic, neutral, or alka-
line environments. They are named acidophiles, neu
tralophiles, and alkaliphiles, respectively. In food, the main
bacteria encountered, especially spoilage and pathogen
bacteria are neutralophiles; however, in fermented products
acidophiles are also found. For eukaryotes, the pH ranges fo
growth are much larger, between 2.5 and 8.5 for yeast an
between 1.5 and 9.5 for� lamentous fungi (molds).

To survive in a speci�c environment, microorganisms have
to be able to maintain their internal pH (pH i) in a relatively
narrow range. The pHi of acidophiles has been shown to be
Table 2 Examples of cardinal pH values for different
microorganisms

Microorganism Minimum Optimum Maximu

Prokaryotes
Bacillus cereus 4.9 6.0–7.0 8.8
Campylobacterspp. 4.9 6.5–7.5 9
Clostridium botulinum 4.6 8.5
Clostridium perfringens 5.5–5.8 7.2 8.0–9.0
EnterohemorrhagicEscherichia coli 4.4 6.0–7.0 9
Lactobacillusspp. 3.8 5.5–6.5 8.0
Listeria monocytogenes 4.4 7.0 9.4
Salmonellaspp. 4.2 7.0–7.5 9.5
Shigellaspp. 4.9 9.3
Staphylococcus aureus 4.0 6.0–7.0 10.0
Vibrio parahaemolyticus 4.8 7.8–8.6 11.0
Vibrio vulniÞcus 5.0 7.8 10.2
Yersinia enterocolitica 4.2 7.2 9.6
Eukaryotes
Aspergillus ßavus 2.1 7.5 11.2
Byssochlamys fulva 2.0 3.0 9.0
Debaryomyces hansenii 2.0 6.0 10.0
Geotrichum candidum 3.0 5.0–5.5 11.0
Penicillium crustosum 2.2 4.5 9.0–10.0
Penicillium roqueforti 3.0 6.0 10.0
Saccharomyces cerevisiae 1.6–2.0 4.0 8.6
situated between 6.7 and 7.0; neutralophilic bacteria have pHi
values of 7.5–8.0, and alkaliphiles exhibit pH values of 8.4–
9.0. In eukaryotes, due to cell compartmentalization, severa
pHs can be observed according to the considered organelle
While the vacuole is acidic (4.8–5.4), mitochondria are
alkaline. Yeast and mold cytosols display a circumneutral pHi.
In both prokaryotes and eukaryotes, the cytoplasm is the sieg
of the majority of metabolic reactions and hence the need for
� ne-tuning the pH conditions for optimal cell function
(enzyme activity, reaction rates, protein stability, nucleic acid
structure). The process allowing for pHi stability is called pH
homeostasis.
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pH Homeostasis

To be able to react to pH variations, microorganisms must
sense external as well as internal changes to initiate mech
nisms that will correct the pHi. In both prokaryotic and
eukaryotic organisms, passive and active homeostasis mech
nisms exist. If some of these mechanisms are speci� c to
particular species or groups, common mechanisms also ar
exerted. This section will focus only on these aspects.

Concerning bacteria, these microorganisms possess tran
membrane proton pumps expelling in an unregulated manner
Hþ ions from the cytoplasm. Although natural diffusion caused
by a concentration gradient would lead to the reentry of the
protons and the electrostatic force would cause the Hþ to
diffuse down the electrical potential, the low permeability to
ions of the bacterial bilipidic membrane counteracts these
effects. Hence, a transmembrane proton gradient is establishe
and associated with an electrochemical gradient. This gradien
is constituted with a chemical gradient of protons (DpH;
interior alkaline) and a transmembrane electrical component
(DJ; interior negative). This electrochemical gradient provides
the driving force for the production of adenosine triphosphate
(ATP) through the entry of Hþ via membrane bound ATPases
described as a proton-motive force (PMF).

The low membrane permeability toward protons is actually
a passive mechanism avoiding a passive in� ux of protons in the
case of a pH decrease. A second passive mechanism cor
sponds to the nature of the cytoplasm. Indeed, the cytoplasm is
composed of various molecules, including both organic
(amino acids, protein with ionizable groups, polyamines) and
inorganic molecules (polyphosphate, inorganic phosphate),
which provide buffering capacities. The term buffer corre-
sponds to the ability of a solution to maintain its pH in the case
of small additions of acid or base and also in the case of
dilution. According to the species considered, buffering
capacity (b) ranges typically from 50 to 200 mM protons per
pH unit shift.

Beyond low membrane permeability toward protons and
the cytoplasm buffering capacity, active homeostasis mecha
nisms are established by the bacterial cell to cope with externa
pH changes during acid shock. The bacteriumEscherichia co
was studied extensively due to its ease of grow and manipu
lation. In the food context, this bacterium is used as a hygiene
marker (fecal contamination indicator) in daily routine food
analyses and therefore will be used as the main exampl
throughout this section (Figure 1).
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Figure 1 Mechanisms involved in pH homeostasis inE. coli.
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The membrane is the� rst cell component in contact with
the external environment to detect various changes. During
an acid shock, the production of cyclopropane fatty acids
(CFAs), which usually is associated with late exponential and
early stationary growth phases ofE. coli, is observed. The CF
synthase gene (cfa) is upregulated by low pH (change of
external pH) and by acetate, a weak acid encountered in
foods (change of internal pH). The same type of regulation
was observed in the food pathogenSalmonella entericaand
various lactic acid bacteria. Moreover,E. coli cells with
a mutated cfa gene lose the ability to survive an acid shift
from neutral pH to pH 3. During acid shock, CFA synthesis is
regulated by thes 38 sigma factor; anrpoSgene product also
implicated in the regulation of other acid-related cell
responses (i.e.,gad regulon). CFAs have been shown to
reduce membrane permeability to Hþ and to enhance the
ability to extrude protons. In the food pathogen Listeria
monocytogenes, when confronted with a low pH, a decrease in
the ratio of branched chain and saturated straight fatty acids
of total lipids and the total lipid phosphorus has been
observed. Membrane-bound proteins are also regulated
during acid shock and contribute to acid tolerance response
(ATR). The most studied correspond to theompFand ompC
porins. Porin proteins are channels controlling the perme-
ability of low-molecular-weight hydrophilic polar solutes
across the outer membrane. The porin encoding genes (ompF
and ompC) are under the control of a two-component regu-
latory system EnvZ/OmpR. The ompCgene expression
increases inE. coli (high levels of OmpR-P) cells grown in
acidic pH, whereas the expression ofompF (low levels of
OmpR-P) is higher in alkaline conditions.

An essential level of response in pH homeostasis corre
sponds to the direct active ef�ux or in� ux of protons through
various dedicated systems. Primary proton pumps are the� rst
of these systems. Under acid stress,E. coli (respiratory neu-
tralophile) modulates the ef� ux and in� ux of protons by
upregulating the expression of the respiratory chain complexe
extruding protons out of the cell and by downregulating the
expression of the ATP synthase associated with proton entry fo
ATP production. In non-respiratory neutralophiles (i.e.,Strep-
tococcus mutans, Enterococcus hirae), in acidic conditions, F1F0-
ATPase expression and activity are increased to promo
ATP-dependent Hþ ef� ux. The second type of system corre
sponds to inorganic ion transporters corresponding mainly to
cation/proton (Na þ /H þ and Kþ /H þ ) and anion/proton (Cl � /
Hþ ) antiporters. The cation/proton antiporters show a central
role in non-respiratory and respiratory neutralophiles at alka-
line pH, whereas anion/proton antiporters are associated with
acidic conditions. The Naþ /H þ antiporter NhaA has been
studied extensively and is essential for homeostasis inE. coliin
an alkaline environment. NhaA has been shown to be inactive
at pH 6.5 and active at pH 8.5. This is an ef�cient system with
high transport capacity exchanging two Hþ ions for every Naþ

exiting the cell. In alkaline conditions, F1F0-ATPase contributes
to pH i acidi� cation through its in � ux of Hþ (ATP synthesis).
Although homeostasis also concerns growth at alkaline pH, in
food, this is less relevant due to the rather acidic nature of food
products as shown inTable 1.
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Figure 2 Mechanisms involved in pH homeostasis inS. cerevisiae.
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neutral and alkaline conditions, a complex pathway is acti-
vated. First, a plasma membrane complex constituted of two
plasma membrane sensors (palH/Rim21 and PalI/Rim9) will
transmit the environmental alkaline pH signal by triggering the
ubiquitination of the palF/Rim8 arrestin. Endocytosis is then
observed and allows for the formation of an endosome
membrane complex consisting of the PalC/YGR122W, PalA/
Rim20, and the PalB/Rim13 proteins. In this context, the PacC/
Rim101 effector bound to PalA/Rim20 will be cleaved by the
PalB/Rim13 cysteine protease to release an open conformation
truncated Pac protein. Unlike Rim101, the truncated PAC will
undergo a second pH-independent proteolysis for full activation
by a processing protease (proteasome). The active form of th
PacC/Rim101 effector is then transported to the nucleus where it
represses the expression of acid-expressed genes (i.e.,pacAand
gabA) and activates the expression of alkaline-expressed gen
(i.e., palD and prtA encoding an alkaline phosphatase and
alkaline protease, respectively). InS. cerevisiae, in addition to the
rim pathway, it has been shown that exposure to alkaline pH
initiates a strong calcium in� ux, resulting in the activation of
the calcium-activated phosphatase calcineurin and of the calci
neurin-regulated transcription factor Crz1/Tcn1. As stated, due
to the acidic nature of food products, these alkaline adaptive
pathways are not as relevant. During pH adaptation, gene
regulated by ambient pH also include those encoding intra-
cellular enzymes participating in the syntheses of exported
products (i.e., antibiotic, mycotoxins), as well as secreted
enzymes and permeases.
Effect of pH According to the Physiological State

Bacteria and fungi exhibit different physiological states during
their life cycle. Indeed, they can be in lag phase, exponentia
growth, or a stationary state, and some can exhibit resistance o
dissemination forms (bacterial spores and fungal spores, respec
tively) and when adequate conditions are encountered can
germinate. In combination with other food environmental or
intrinsic parameters (temperature, O2 content, water activity -aw-,
composition), pH will in � uence this physiological state. In foods,
these parameters are also used as a technological lever to ensu
food safety and quality (i.e., pasteurization and sterilization,
drying, modi � ed atmosphere packaging, and salting). For pH
this will be done through acidi � cation using permeant weak acid
that will not only decrease pH but also interfere with the micro-
bial metabolism.

Concerning bacterial growth, while bacteria can survive a
low pH, the pH range in which bacteria are able to grow is
much narrower. For example, while E. coli can survive for
several hours at low pH (2–2.5) using some of the mecha-
nisms presented above (Gad system and hydrogenase 3), th
lowest pH allowing growth is situated around 4.0. Indeed,
although pH homeostasis occurs, neutralophilic bacterial
growth rate is affected when pH and pHi decrease. For
example, E. coli exhibits 50% growth reduction at pHi 7.2
and almost complete inhibition at pH i 6.6. Some studies on
E. coli showed a linear relation between growth rate and
hydrogen ion concentration (E. colibeing unable to grow at
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pH 3.7) and growth rate and undissociated lactic acid
concentration (E. colibeing unable to grow above 8.32 mM
undissociated lactic acid). The same effect has been observ
on pathogenic food bacteria. For example, the maxima
growth rate h� 1 (mmax) of SalmonellaEnteritidis reduces to
0.99 in a medium at pH 4.35 compared with 1.20 at pH 7.1.
Listeria monocytogenesgrowth rates were also decreased wit
a linear correlation to undissociated acetic acid and sodium
benzoate. In this bacterium, survival at pH 2.5 was increased
by six orders of magnitude upon entry into a stationary
phase compared with the growth phase, underlining the fact
that the physiological state of cells also in� uences the
adaptive response to pH.

For fungi, if temperature and aw are recognized as the
most important parameters for determining fungal growth,
pH also in� uences fungal development. ForS. cerevisiae,
while the maximum speci� c growth rate is observed at pH 4,
modi� cation of the environment below or above this value
will reduce both the growth rate and the maximal pop-
ulation reached. As observed with bacteria, under low
external pH conditions, a relationship between pHi and cell
proliferation activity was shown in both the brewer’s and
baker’s yeasts. ForZygosaccharomyces rouxii, an osmoph
bakery product spoilage yeast, optimal growth is observed in
the range of pH 3.5 to 5. A reduction in pH to pH 2.5
induced a 30% decrease in growth rate. Filamentous fung
(molds) are less affected by environmental pH values than
bacteria. For example,Penicillium roqueforti, a dairy product
contaminant, shows a large tolerance to several pH value
tested from 4.5 to 7.5. ForPenicillium glabrum, radial growth
rate is almost constant in the pH range 2.0–7.0 (optimal pH
5.0), but growth rate is affected at pH 1 (50% reduction) and
even more at alkaline pH values (90% reduction at pH 11).
The minimal pH conditions for growth seemed to be
between 0.5 and 1.0. The higher sensitivity ofP. glabrum
toward alkaline conditions compared with acidic ones has
also been observed for variousPenicilliumspecies:Penicillium
citreonigrumand Penicillium jensenii. The latter was not shown
to be sensitive to pH ranges from 3.5 to 7.1; however, an
important decrease in fungal growth is observed at pH values
below pH 3.3.

The external pH value in� uences not only fungal growth
rate but also metabolism. For example, in the yeastS. cerevisiae,
alcoholic fermentation is affected by pH, and in molds,
mycotoxinogenesis is also affected.Aspergillus� avus isolates
produces more a� atoxins when the external pH becomes
increasingly acidic. In the case of the cereal pathogenFusarium
graminearum, trichothecene production is induced only under
acidic pH conditions.

Food-related microorganisms are not always in a growth
phase as some microorganisms may produce resistance form
(sporulated bacteria, such asBacillusspp. andClostridiumspp.)
or dissemination forms (fungal spores). In these conditions,
pH can also affect the various physiological states (i.e., sporu
lation and germination).

Concerning bacteria, spore sporulation, and germination
are highly affected by the decrease of external pH. For instanc
some authors have observed that bacterial sporulation wa
limited to environmental conditions allowing bacterial growth.
For example, the impact of the pH factor was quanti� ed in
Geobacillus stearothermophilus, Bacillus licheniformis, and Bacillus
weihenstephanensis. Sporulation rates and spore populations are
maximal in optimal growth conditions. Moreover, bacterial
spores formed at optimal growth conditions show the highest
heat resistance. Environmental pH in� uences bacterial spores’
germination and presents an optimal pH value directly affected
by incubation temperature changes. The magnitude of the pH
effect varies among species and strains. For example, among
different Bacillus cereusstrains, minimum germination pH varied
from pH < 3.8 to 5, according to strain, and was affected by the
type of molecule triggering germination. The nature of the acidic
compound present, however, does not have a signi� cant effect
on germination rate. For C. botulinum, germination rate also is
affected by external pH but at different levels according to the
bacterial strain. For instance, forC. botulinumreference strains
62A and 12885A, more than 90% of spores germinated at pH
6.5–7 while only 5 –10% of spores were able to germinate at pH
5.4–5.7. For C. botulinumstrain 53B, however, no clear inhibi-
tion appears at lower pH values.

In � lamentous fungi, the optimal pH for sporulation
usually is close to the optimal growth pH. For Didymella bryo-
niae(watermelon pathogen), pH 4–6 stimulated growth, with
the highest sporulation observed at pH 6, while pH in the range
5–6 stimulated conidial germination. In Rhizopus stoloniferand
Gilbertella persicaria(stone and pome fruit pathogens), spor-
angiospore germination as well as mycelial growth was optimal
at pH 3–10, while complete inhibition was observed at pH 2.5.
For Penicillium expasum, a fungi causing decay in various plants
(i.e., apples), spore cultures in media with pH values at 2, 5,
and 8 showed that spore germination was inhibited at pH
2 and 8.

A last effect of pH on microorganisms concerns the selectiv
aspect that is of particular interest in fermented foods. As
noted, microorganisms are adapted to speci� c pH. Variation of
pH in combination with other parameters (nutrients, ethanol,
decrease of inhibiting molecules) tends to favor adapted
microorganism. For example, in black olive fermentations in
brine, the pH decreases quickly between day 0 and day 1
(from pH 6.7 to 4.9) and then decreases slowly to reach 4.5 at
day 180. In wine, after the alcoholic fermentation, the pH will
increase during the malolactic fermentation carried out by
lactic acid bacteria. These changes in composition and th
characteristics of the food matrix will exert a selective effect on
the microbial communities, thereby explaining the sequential
emergence of speci�c microbial groups or species in these
products.
Use of pH as a Microbial Control Tool

Permeant acids (including fermentation acids and weak acids
used as preservatives) can drastically affect the pH homeostas
of a system, leading to growth retardation and even cell death
This ability is directly used in the food industry (use of weak
acids) to optimize food conservation and maintain not only
food product safety (action against pathogens) but also
organoleptic qualities (action against spoilage microorgan-
isms). Some of the oldest conservation methods (i.e., fermen
tation and pickling), although based at the time on empirical
observations, rely on this ability.
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Organic acids are present in a wide variety of foods derived
from plants or animals, fresh, frozen, or canned. The inhibi-
tory effect of organic acids is due to the decrease in pH in
relation to their concentrations and to speci� c molecular
inhibitory effects. Traditionally, it is recognized that undisso-
ciated forms of organic acids can easily cross the ce
membrane and enter into the cell cytoplasm, where they
dissociate into anions and protons, hence reducing the
bacterial pHi. The decrease in medium pH by organic acid
addition increases the concentrations and proportion of the
non-dissociated form, which has a bactericidal effect. Anti-
bacterial mechanisms are not yet fully understood. To main-
tain the pH in the cytoplasm near neutrality, bacterial export
of excess protons outside the cell requires energy (cellula
ATP) and may result in the depletion of cellular energy.
Bactericidal concentrations of organic acids may be due to the
combination of dissipation and the inability to maintain pH i

followed by the denaturation of acid-sensitive proteins and
DNA. Moreover, organic acids can interfere with cytoplasmic
membrane and protein structures in the electron transport
chain, which disrupts ATP production and PMF. Acid anion
accumulation in the cell increases osmotic pressure inside th
cell and induces feedback inhibition effects toward important
metabolic pathways. These effects also concern organic ac
salt concentrations present in the medium.

Organic acids traditionally are used in a wide variety of
foods and commonly are used as preservatives to ef� ciently
limit microbial development. Their nature and use varies
depending on the type of food, targeted pathogenic, or spoilage
microorganisms as well as legislation. Weak acids are applie
widely to decontaminate meat carcasses. Aqueous solutions o
1.5–2.5% lactic acid or acetic acid are sprayed on beef carcass
at all stages of the cutting process. The same decontaminatio
methods are used in poultry slaughterhouses. For package
meats, stored under refrigeration or in cold-storage conditions,
soaking solutions containing 2.5–5% of either lactic acid, acetic
acid, acetate salts, or sodium sorbate can be used again
L. monocytogenes. Lactic acid is used for meat product conser
vation, such as sausages, ham, or dry meats. Lactic acid m
also be added as a salt or is produced by lactic acid bacter
during fermentation and mainly presents a bacteriostatic effect

On seafood products, organic acids can be applied by
dipping or spraying foods to limit microbial growth and
increase shelf life during cold storage. The effects are high
variable, however, and concentrations are limited to avoid any
negative effects in regard to product quality (i.e., organoleptic
characteristics).

Lactic, citric, acetic, malic, and tartaric acids were shown t
be strong antimicrobial agents on fresh fruits and vegetables
For example, citric and ascorbic acids were used to reduce th
microbial load of salads. Organic acids are used in combina-
tion with other methods (i.e., modi � ed atmosphere packaging)
to limit bacterial growth.

Fruit juices present low pH values and naturally contain
high concentrations of organic acid, such as malic acid in apple
juice or citric acid and ascorbic acid in citrus fruits. In these fruit
juices, benzoic acid often is added to increase their conserva
tion and limit yeast and mold growth that are able to grow at
low pH values.
Fermented milks, dairy products, and most cheeses presen
low pH values due to lactic acid or propionic acid production
by bacteria, hence limiting pathogenic � ora development in
cheese or yogurt.

In canned foods, pH is a criterion that guides the intensity
of the heat treatment and sterilization value (F0) to be
applied. The heat treatments are different between foods
having a pH greater than or less than 4.6. This critical pH value
corresponds to the growth limit for C. botulinum. For acidic
foods with a pH lower than 4.6, low heat treatments can be
applied. Concerning canning of low acid foods with a pH
above 4.6, F0 values higher than 3 are recommended or
mandatory, according to state legislation. A decrease in pH
allows microbial loads to greatly reduce, especially bacteria
spores that are otherwise heat resistant during heat trea
ments. For example, forBacillus cereusADQP407 spores iso-
lated from shrimp, a decrease in pH from 7 to 5.4 led to
a 10-fold reduction in their heat resistance or decimal
reduction time. The pH decrease in canned foods usually is
carried out by the addition of organic acids. This method not
only allows reducing heat treatments (economic impact) but
also maintains organoleptic and nutritional food qualities
while ensuring complete inactivation of pathogenic and
spoilage micro� ora. In canned vegetables, citric acid or aceti
acids usually are added.
Modeling of pH and Weak Acids Incidence
on Microbial Growth

Predictive microbiology is a discipline that was developed in
the 1980s. It aims to predict the evolution of populations of
microorganisms using mathematical models. During the past
decades, many approaches and mathematical models hav
been developed to describe and quantify the effect of the main
environmental factors on the growth capacity or the survival of
pathogenic or food spoiler microorganisms. These mathemat-
ical tools are currently used to determine food shelf life or to
optimize food formulations. This section focuses on models
involving the pH and acid concentration effects on microbial
growth.

In the literature, many polynomial models describing the
effect of pH on bacterial growth have been proposed. The
models, however, lack robustness and provide poor predictive
quality. In 1992, a modular approach was proposed in which
the effect of each environmental factor was described inde
pendently by simple functions. These functions then are
combined into a global model taking into account each of the
considered factors. This approach to predictive microbiology,
named gamma concept (eqns [1] and [2]), predicts the
maximum growth rate of microorganism as a function of
environmental conditions (temperature, pH, acid concentra-
tion, water activity) and the optimal growth rate ( mopt)
obtained in optimal conditions in a given matrix for the
studied microbial species or strain.

mmax ¼ g$mopt [1]

Gamma function describes and quanti� es the relative
inhibitory effect of the studied factors on mopt.
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Mathematical gamma functions have been developed to
model the effect of each environmental factor temperature, pH,
water activities, or acid concentrations on microbial growth
rate.

g ¼ gðTÞ$gðpHÞ$gðawÞ$gð½AH�Þ [2]

For each factor,g function equals 0 when no growth is
observed and g function equals 1 for optimal growth rate.
Cardinal models, as gamma function, have been developed to
quantify the in � uences of temperature, pH, andaw using as
parameters the minimum, optimum, and maximum growth
values (cardinal values) corresponding to each factor. Cardina
model parameter values are associated and characteristic
bacterial strains, thus pHmin values depend only on the bacte-
rial strain, while mopt values depend on bacterial strains and
food matrix.

Concerning the pH effect (Figure 3), the gamma function is
given by the following equation:
l

gðpHÞ ¼

(
pH < pHmin ;

pHmin < pH < pHmax;
pH > pHmax;

0

gðpHÞ ¼
ðpH � pHmin ÞðpH� pHmaxÞ

ðpH � pHmin ÞðpH� pHmaxÞ � ðpH � pHopt Þ
2

0

[3]
This gamma function has been developed to model the
effect of pH on bacterial growth rate but also can be applied to
fungal development.

The in� uence of organic acid concentrations on bacteria
growth (Figure 4) can be described and quanti� ed by the
following gamma function, taking into account the
inhibitory effect of the undissociated forms of the organic
acids used.

g½AH� ¼ 1 �

 
½AH�
MICU

! a

[4]

½AH� ¼
½acid�

1 þ 10pH� pKa
[5]

In this model, [AH] is the concentration of the undissoci-
ated form of the acid used at a given pH, the MICU value is the
minimum inhibitory concentration of the undissociated form
of the acid, and the a parameter corresponds to a shape
parameter.

The effects of acid mixtures can be calculated by considerin
that the inhibitory effects of each acid are multiplicative.
gAH½AH� ¼ gacid 1½AHacid 1� � gacid 2½AHacid 2� [6]

Other models have been developed taking into account the
preponderant weight of the acid with the highest inhibitory
potential. For different species and strains, pH cardinal values
and the MICU for different acids are available in the literature



Table 3 Examples of MIC values (mM) and their associated
a values for different acids and different bacterial species

Microorganism Acid MICU a

L. monocytogenes acetic 6.2–18.9 0.67
S. typhimurium acetic 7.5 0.53
L. innocua acetic 21.5 0.42
S. aureus acetic 7.1 0.83
L. monocytogenes capric 0.04–0.07 0.39
L. monocytogenes citric 0.2–3.6 1.02
S. typhimurium citric 0.6 2.3
L. monocytogenes lactic 3.6–5.7 1.07
L. innocua lactic 6.4 1.68
S. enteritidis lactic 5.0–6.0 1.98
L. monocytogenes lauric 0.008–0.012 0.43
L. monocytogenes propionic 4.0–8.0 0.56
L. innocua propionic 8.9 0.43
E. coli propionic 8.3 0.33
S. typhimurium propionic 3.6 0.34
S. aureus propionic 6.9 0.32
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or in predictive microbiology databases (i.e., Sym’Previus;
Table 3).

See also:Ecology of Bacteria and Fungi: In�uence of Available
Water; Ecology of Bacteria and Fungi in Foods: In�uence of
Temperature; Ecology of Bacteria and Fungi in Foods:
In�uence of Redox Potential.
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Introduction

Although a variety of resting or survival stages of microorgan-
isms are resistant to drying, all organisms need water to remain
metabolically active. The availability of water for an organism
in an environment is not simply a function of how much water
is present, but the degree to which it is adsorbed to the insol-
uble components of the environment or chemically associated
with solutes in that environment. For this reason, the concept
of water activity, a measure of the ‘energy’ of water or the
availability of water to participate in chemical reactions, was
devised. Water activity is not a perfect predictor of the behavior
of microorganisms in a speci�ed environment because knowl-
edge of the solutes and factors that contribute to water activity
also is required. Water activity, however, is widely used to
describe the relationship between the water and solutes in
a food and the microbial ecology of that food.

Reduction of water activity to increase the microbiological
stability of foods probably has been used since antiquity:
drying of foods in air and the sun required no special tech-
nology. Such techniques are still in use in many parts of the
world, using free solar energy, and providing stable products.
Similarly, the addition of salt or sugar requires no special
technology and has been used for centuries to preserve food.
More recently, ‘hurdle technology’ has sought to maximize the
potential of drying and water activity reduction while mini-
mizing the severity of treatments to develop shelf-stable
products that are less altered from the ‘fresh’ state.

This article considers the microbial ecology of bacteria and
fungi in relation to water activity. Water activity and related
terms are de�ned. Methods for manipulating water activity in
foods are discussed, and the effects of water activity on growth
rate, lag phase duration, yield, and death rate of microorgan-
isms are described. The physiological responses of microbial
cells to water activity changes are also discussed.
Concept of Water Activity and Available Water

Water activity can be affected by both solutes and adsorption.
The solute effect is termed ‘osmotic potential.’ The adsorption
effect is called ‘matric water potential,’ but it is not widely
considered in food microbiology. Nonetheless, insoluble
materials, such as wood, paper, metal, and glass, as well as
foods, adsorb water. The strength of the attachment is a func-
tion of the physical and chemical properties of the material.
Those materials will tend to sequester water from, or release
water to, the atmosphere until equilibrium is reached between
the atmosphere and the material. Foods will tend to equilibrate
with the relative humidity of the container or environment in
which they are stored. Thus, dry foods can absorb water from
humid environments, and moist foods will tend to dry out in
dry environments. If a food is allowed to equilibrate with the
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
humidity of the storage atmosphere, the matric water activity
will affect the organism just as if the osmotic water activity had
been altered to the same relative humidity.

The terms water activity, water potential, osmotic pressure, and
solute concentration often are used interchangeably by microbi-
ologists to refer to the availability of water to microorganisms.
Although each of these concepts is related, they are different (see
Box 1). Solute concentration is self explanatory although it may
be expressed in different ways (e.g., w/w, w/v, molarity, molality,
etc.). High-solute concentrations result in decreased water
activity, and less water available to microorganisms for metab-
olism. Solutes that alter water activity are termed ‘humectants.’
Water Activity

The water activity (aw) of a solution is de�ned as follows:

Water activity …
r
ro

[1]

where

r … vapor pressure of the solution,
ro … vapor pressure of the pure water under the same condi-

tions of temperature, pressure, and so on, andr
ro

… relative humidity.

The aw of most solutions is temperature dependent. Equi-
librium relative humidity, a measure widely used in meteo-
rology and building environmental control, is related to aw by
the simple expression:

aw …
equilibrium relative humidity ð%Þ

100
[2]

When solutes are dissolved in water, some of the water
molecules become more ordered as they become oriented
around the solute molecule. This reduces the vapor pressure of
the solution because, on average, the water molecules then have
less entropy. In turn, aw is reduced. The effect of solute concen-
tration on water activity can be expressed mathematically:
aw …
�vmF
e55:51 [3]

where

v … the number of ions generated by each molecule of solute
(e.g., for nonelectrolytes v … 1; for NaCl, v … 2; for H2SO4,
v … 3),

m … molal concentration of the solute,
F … molal osmotic coef�cient,
N.B., 55.51 is the molal concentration of water.

Equation [3] reveals that aw at a given solute concentration is
dependent on the speci�c solute, because the osmotic coef�cient
and number of ions generated on solvation are solute speci�c.

Tables of water activities for various solutes and solute
mixtures are available in the literature. The effect on water
-384730-0.00086-0 587
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Box 1 Other terms related to water activity

Osmotic Pressure
The osmotic pressure of a solution is related to its water activity and includes the term in its de� nition:

Osmotic pressure¼
� RTln aw

V
[5]

where

R¼ the universal gas constant (8.314 J K� 1 mol� 1),
T¼ absolute temperature (K),
V ¼ partial molar volume of water,
and all other terms are as previously de� ned.

Increased osmotic pressure literally means that the cell is subjected to an increased external pressure, or alternatively, a decreased internal pressure. Increased
extracellular osmotic pressure refers to a situation where the availability of water to bacteria is decreased.

Water Potential
The term‘water potential,’ widely used by soil microbiologists, also expresses the availability of water, but is de� ned as the difference in free energy of the
environment being considered, and a pool of pure water at the same temperature, i.e., the terms water activity and water potential are measures of the‘energy’
of water. Water potential may be expressed in a number of units, of which the most widely used is the bar (106 dyne cm� 2). Water potential is always a negative value
or zero.

As shown inTable 1, water activity and water potential are not directly proportional, however, a 0.01 decrease inawcorresponds to a decrease ofw 15 bar water
potential in the range of water activity typical of foods.

Water potential,j , is related to water activity
�

r
r o

�
by the equation:

j ¼ ðRT=MÞln
�

r
r o

�
[6]

where

M ¼ the molecular weight of water (0.018 kg mol� 1)
and all other terms are as previously de� ned.
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activity of solutions containing several solutes can also be
estimated from the concentration and osmotic coef� cient of
each solute, using the following formula:

Water activitytotal ¼ aw1 � aw2 � aw3 � $$$� awn [4]

where aw1, aw2, aw3, . , awn are the water activities calculated
from the concentration and osmotic coef� cients of each solute
independently.

This equation can be applied readily to liquid foods (e.g.,
broths, juices, syrups, etc.) and can also be used for‘solid’ foods
by determining the concentration of solutes in the aqueous
phase.

Factors Affecting Water Activity

The addition of water or removal of solutes can increase wate
activity. In food microbiology, however, one usually is inter-
ested in reducing water activity to improve the microbiological
stability of the product. The water activity of an environment
can be reduced by the addition of solutes, by the addition of
water-binding substances that decrease matric water potentia
or by the removal of liquid water (i.e., drying).
e

Freezing

Liquid water can be removed, effectively, by freezing. Th
preservative effects of freezing (seerelated entries) are due not
only to temperature depression but also to the effect of
decreasing water activity in the remaining liquid water. As the
water in the food freezes, it increases the effective concentratio
of solutes in the remaining liquid water. Those organisms
remaining in the liquid phase are exposed to increasingly
severe osmotic challenge as freezing proceeds. The sa
ecological challenges apply to bacteria naturally present in
polar and snow-covered regions. The physiology of the
organisms naturally present in those extreme environments is
instructive for understanding the effects on microorganisms in
frozen foods.
Drying

The removal of water by evaporation also increases th
concentration of the solutes in the remaining water. As
described in the following section, the effect on water activity of
the remaining free water will depend on the level and type of
solutes initially present.
Speci�c Solutes

The water activity–modifying effects of several solutes are
shown in Table 1. The addition of solutes increases the osmotic
potential of the water. As suggested byeqn [3], the effect of
speci�c ionic solutes is related to their concentration, the
number of ions that the molecule dissociates into, the mole-
cule’s dissociation constant, and also speci� c properties of the
solute. Nonionic solutes also reduce water activity.
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Table 1 Comparison of water activity and water potential values and concentration of some solutes required to achieve them

Water activity Water potential (bar)a NaCl concentration (g l� 1) Sucrose concentration (g l� 1) Other solutes (g l� 1, aw at 25� C)

0.995 � 7 8.7 92
0.980 � 28 35 342
0.850 � 224 190 2050 (Saturated)
0.843 � 235 KCl (saturated)
0.753 � 390 260 (Saturated)
0.577 � 757 – NaBr (saturated)
0.328 � 1534 – MgCl2 (saturated)
0.113 � 3000 – LiCl (saturated)
0.100 � 3168

a1 bar¼ � 100 J kg�1

Table 2 Representative water activity of some foods

Food Typical water activity

Milk, fruit, vegetables 0.995–0.998
Fresh meat,� sh 0.990–0.995
Cooked meat, cold smoked salmon 0.965–0.980
Liverwurst 0.96
Cheese spread 0.95
Caviar 0.92
Bread 0.90–0.95
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Generally, NaCl, KCl, glucose, and sucrose show simila
patterns of effect on microbial responses, while glycerol (as
a humectant) usually permits growth at lower water activity
although there are speci�c exceptions– for example, Staphylo-
coccus aureusis more inhibited by glycerol than by NaCl.
Glycerol differs from other solutes in that it is able to freely
permeate the cell.

NaCl is somewhat unique as a humectant in that the ionic
species Naþ is also a primary ion in cell function. Symporters
are proteins that transport selected substances across the c
membrane, in a manner dependent on the cotransport of
a second substrate in the same direction. A number of sym
porter systems are Naþ driven. Cytoplasmic levels of Naþ are
also regulated tightly in most species, and� uctuating external
Naþ levels challenge microbial cells by mechanisms in addition
to the osmotic effect. Much of the research in this area has bee
conducted using bacteria; however, the general principles als
hold for fungi.

Within Escherichia coli, for example, Naþ ions enter the cell
via symporter systems requiring an active extrusion mechanism
for the regulation of intracellular concentration. The primary
mechanism consists of a series of membrane-associated tran
port proteins known as antiporters. As protons� ow into the
cell (through the antiporter channel) along the concentration
gradient established by respiratory chains, Naþ is extruded
from the cytoplasm. Many marine and anaerobic bacteria rely
heavily on Naþ cycling, with additional Na þ -translocating
respiratory chains and ATPases responsible for Naþ removal
from the cell interior. Most, if not all, symporters in these
bacteria are coupled to Naþ in� ux.

The linkage between Naþ /H þ antiporters results in an
increased interaction between pH and NaCl in marine and
anaerobic bacteria, so that their growth tends to be increasingl
inhibited by NaCl as the pH of the medium increases. This is an
example of speci� c effects of the humectant itself other than its
direct effect onaw.
r
t
s

Salami (dry) 0.85–0.90
Soft, moist pet food; chocolate syrup 0.83
Fruit cakes, preserves, soy sauce 0.80
Salted� sh, honey 0.75
Dried fruit 0.75–0.6
Dried milk (8% moisture) 0.70
Cereals, confectionary, dried fruit, peanut butter 0.70–0.80
Ice at� 40 � C 0.68
Dried pasta, spices, milk powder 0.20–0.60
Freeze-dried foods 0.10–0.25
Levels in Typical Foods

Representativeaws of foods are shown inTable 2. Foods range
from those with very little free water (freeze-dried products,
cereals, powdered products) to almost completely free wate
(e.g., fresh meat and produce, bottled water products). Mos
fresh produce has water activity close to 1.00 if the tissue
are cut, but they may have signi� cantly lower surfacewater
activity – for example, on intact fruits and vegetables– due to
the presence of the cuticle. Although meat has a high wate
activity (w 0.992), meat carcass surfaces can dry during pro
cessing, lowering the water activity suf� ciently to greatly
inhibit microbial activity. Thus, it is important to know not
only the type of food but also the form, and the packaging, to
understand the microbial ecology.
General Responses of Bacteria, Yeasts,
and Mycelial Fungi

Most microorganisms are active over only a relatively narrow
range ofaw and aw differences of the order of 0.001–0.002 can
induce measurable effects on microbial ecology and physi
ology. Thus, aw values in food microbiology normally are
quoted to three signi� cant � gures.

Gram-negative bacteria, typically, are only able to grow in
foods of aw > w 0.95. Many Gram-positive bacteria can with-
stand aw as low asw 0.9, but few can grow at water activities
lower than 0.8. Some, speci� cally adapted to life in hypersaline
environments, are active ataw as low as 0.75 and might be
found, for example, in dried salted � sh. Fungi generally are
more tolerant of reduced water activity than are bacteria. Some
yeasts and molds are able to withstand water activities as low a
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Table 3 Representative tolerance ranges for various microbial
groups and species

Organism or group Loweraw limit (solute)

(Most) Gram-negative rods 0.95–0.96 (NaCl)
Escherichia coli 0.95–0.955 (NaCl)
Pseudomonas ßuorescens 0.97 (Sucrose)
Pseudomonas ßuorescens 0.96 (NaCl)
Vibrio parhaemolyticus 0.96 (Glucose)
Vibrio parhaemolyticus 0.93 (NaCl)

(Most) Gram-positive bacteria 0.90–0.94 (NaCl)
Listeria monocytogenes 0.92–0.93 (NaCl)
Staphylococcus aureus 0.89 (Glycerol)
Staphylococcus aureus 0.87 (Sucrose)
Staphylococcus aureus 0.86 (NaCl)
Bacillus cereus 0.95 (Glucose)
Bacillus cereus 0.94 (NaCl)
Bacillus cereus 0.92 (Glycerol)

Yeasts 0.65–0.92 (NaCl)
Zygosaccharomycces rouxii 0.65 (Sucrose)
Saccharomyces cerevisiae 0.90 (Sucrose)

Molds 0.65–0.90 (NaCl)
Penicillum chrysogenum 0.80 (KCl, glucose)
Wallemia sebi 0.75 (Glycerol)
Eurotiumspp. 0.66 (Glucose and fructose)

Algae 0.90–0.75
Most groups 0.90–0.95 (NaCl)
Dunaliella 0.75 (NaCl)
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0.60 (Table 3). Growth rates of bacteria typically are faster than
those of eukaryotes. Thus, despite that many yeasts and mold
are able to grow on foods of high aw, such foods usually are
rapidly dominated and spoiled by bacterial contaminants.
Fungi have a selective advantage at loweraw and usually are
associated with the spoilage of reducedaw products (e.g., bread,
cheese, jams, syrups, fruit juice concentrates, grains). As ind
cated previously, the effect of aw depends on the major
solute(s) responsible for the reduction in aw. Ionic solutes
(salts) have greater inhibitory effect on microbial metabolism
than nonionic solutes (e.g., sugars).
f

Range of Growth

For each microorganism, there is a minimum and maximumaw

that permits growth. For many species, the maximum water
activity for growth is effectively 1.000. Although growth could
not occur in pure water, some organisms are able to grow in the
Table 4 Classi� cation of microorganisms accordin

Nomenclature Water activity range for gro

Haloduric Able to withstand, but not g
Halophile Requiring salt for growth
Extreme halophile Requiring 15–20% salt for gr
Osmotolerant Able to withstand, but not g
Osmophile Organisms that grow best,
Xerophile Requiring reduced water ac
presence of very low levels of nutrients. Pseudomonads, an
some algae, are able to grow in some types of bottled water
indicating the need for techniques to eliminate viable organ-
isms from these products during production. A range of terms
used to describe the response and tolerance of microorganism
to water activity and speci�c solutes is shown inTable 4.

The aw range that permits microbial growth is solute de-
pendent.Manybacteria, forexample,aremore tolerant of reduced
water activity if the solute is glycerol. Tolerance to water activity
is greatest when all other factors in the environment are optimal
for growth. As other environmental factors become less optimal,
the range of aw that supports growth is reduced. Examples are
presented in Figures 3 and 5 (seePredictive Microbiology and
Food Safety) of the related entry‘Predictive Microbiology.’ The
effects are not always intuitive.
Combinations of Factors

It is common for a variety of factors to be used to control
microbial growth in some foods. This approach exploits the
interaction of aw and other physicochemical parameters, such
as temperature and pH in food environments. Such interac-
tions form the basis of the hurdle concept.

NaCl concentration and temperature have a close interac
tion with the temperature range for growth of most organisms
displaying a dependence on salinity. In general, reducedaw

confers enhanced heat resistance on microbial cells. The bas
for this behavior is perhaps due to the‘cross-protection’ that
osmotic stress affords against temperature stress, believed to
mediated by a general stress response under the control of th
rpoS gene product. (Interestingly, if grown at suboptimal
salinities, a number of marine bacteria exhibit a lowered
maximal temperature for growth compared with growth at the
optimal salinity.) The minimum temperature for growth for
many foodborne organisms, however, isincreasedby decreasing
aw. This raises the possibility that the basis of these effects lie
in the energy of the water itself (i.e., if the kinetic energy of
water molecules mediates the lethal effect of temperature, then
the reduction of water ‘energy’ by solutes may have the same
effect as reducing temperature).

The growth rate response of microorganisms toaw is illus-
trated in Figure 1. Growth rate increases, approximately in
proportion, with increasing aw above the minimum aw for
growth, and up to an ‘optimum ’ aw at which growth rate is
maximal. Beyond this value, the growth rate declines, usually
rapidly, as a function of increasingaw until the maximum aw

that permits growth is reached. Growth rate is a characteristic o
the environment, and it is not affected by the previous history
of the cell, unlike lag time. As noted earlier, the effect ofaw on
growth rate is affected by the speci� c humectant.
g to their preferred water activity range for growth

wth

row at, high concentrations of salt

owth
row at, high concentrations of sugar
or only, under high osmotic pressure, due to sugars
tivity (as distinct from requiring high osmotic pressure)
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Figure 1 Effect of water activity on the growth rate of bacteria. Curves
and D represent two organisms, each of which is adapted to a differe
water activity range for growth. Curve B represents the effect of a sec
suboptimal environmental factor on the growth rate of organism A. Th
water activity range is unaltered, the relative response remains the sa
but the absolute growth rate is reduced at all temperatures. Curve C
represents the effect of a different, nonionic solute (or humectant) on
the growth response of organism A. That humectant permits A to grow
over a wider range of water activities.
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There is no speci� c correlation betweenaw tolerance and
tolerance to other environmental factors. Thus, the manip-
ulation of aw in a product could have different consequences
for the microbial ecology of the foods at different tempera-
tures. An illustration of the selective effect of temperature
and water activity on different organisms is presented in
Figure 2.
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Lag, Germination and Sporulation, and Toxin Production

The lag time generally is considered to be a period o
adjustment to a new environment, requiring the synthesis of
new enzymes and cell components to enable the maximum
rate of growth possible in that environment. As indicated
previously, the growth rate and by inference the metabolic
rate, is a function of the environment. As such, the lag time
observed upon transfer of a cell to a new environment
could be expected to result from both the amount of
adjustment required by that new environment and the rate
at which those adjustments can be made. In general, la
times are longer at water activities that are less optimal fo
growth and where the difference between the old and new
growth environment is larger, especially when the new
environment is less favorable for growth than the previous
environment.

Generally, the limits for microbial sporulation are the same
as the limits for growth, although sporulation may occur at aw

slightly lower than that required for growth. Spores can also
germinate at aws below those that permit growth. Toxin
production does not occur at aws below those that permit
growth and often is prevented ataws considerably higher than
those required to prevent growth.
-

Yield

At aw less than the optimum for growth rate, cell yield declines.
The decline is not always a direct function of theaw stress
applied and it appears that some bacteria, at least, tolerat
a range ofaw without a change in yield. In E. coli, for example,
over the aw range w 0.970–0.997 (using NaCl as the humec-
tant) yield declines slightly (�20%) with decreasing aw

compared with that at the optimum aw (w 0.995). At aws lower
than w 0.970, yield declines dramatically as a function of water
activity, until the lower water activity limit for growth
(w 0.955), is reached.
Inactivation

At aws lower than the minimum for growth, the cell either
remains dormant or dies. Compounding this action, however,
is the effect of aw on the cell and the environment itself.
Reducedaw usually correlates to decreased chemical activity
with the result that the preservative effect of low water activity
on foods also may preserve microorganisms present in the
foods. This is particularly true for low aw (e.g.,<0.7) products,
in which microbial survival may be enhanced in comparison
to that at higher aw. Salmonellaspp., in particular, are widely
reported to have longer than expectedsurvivalin a range of
foods with low to intermediate aw, such as chocolate, peanu
butter, halva, cookie dough, and milk powders, and to have
been the vehicle of foodborne disease outbreaks. The basis
this ‘tolerance’ is not well understood.

A
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Mechanisms

Although the changes in cell physiology that accompany
osmotic stress are known in some detail, the physicochemica
mechanisms that underlie the effects of those responses a
not well understood. One interpretation of the effects of aw

on the ecology of microorganisms considers that nonoptimal
aw creates a homeostatic burden. To maintain homeostasis
the cell must expend energy, whether to import or synthesize
compatible solutes, modify membrane components, and so
on. This energy is unavailable for synthesis of new biomas
and leads to reduced yield. This hypothesis further propose
that the cells’ homeostatic demands ultimately consume all
the available energy and the cell is able only to survive
Extending this paradigm, cell death could be interpreted to
result when the homeostatic demands are unable to be me
and the cell is unable to maintain the functional integrity
of those enzymes and pathways necessary for continue
viability.
Effect of Water Activity on Intracellular Structures
and Chemical Composition of Cells

To remain viable, microorganisms, like plant cells, need to
maintain a positive turgor pressure, possibly to provide
a stimulus for cell elongation and growth. When a cell experi-
ences an osmotic‘upshock’ (i.e., transfer to lower aw) the cell
loses water due to osmosis because the microbial cell mem
brane is permeable to water and relatively impermeable to
solutes. Water moves out of the cell to restore osmotic equi
librium, resulting in shrinkage of the cells. In extreme cases, the
cell membrane shrinks away from the cell wall, a process
termed ‘plasmolysis.’ Microbial cells must counteract the
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Figure 2 Comparison of the combined effect of environmental factors on growth rate of psychrotrophic spoilage pseudomonads,Listeria mono-
cytogenes, Escherichia coli, andStaphylococcus aureus. (a) The predicted effect of temperature on rates of aerobic growth ataw ¼ 0.990. (b) The
predicted effect of temperature on rates of growth ataw ¼ 0.960. (c) An illustration of the interactive effects of temperature and water activity on the
microbial ecology of foods. Dominance domains for selected microorganisms potentially present on raw foods were estimated from predictive models
for the aerobic growth of psychrotrophic spoilage pseudomonads,Listeria monocytogenes, Escherichia coli, andStaphylococcus aureusat many
combinations of water activity and temperature. The shaded areas represent that combination of factors in which the indicated organism would
be expected to limit the acceptability of the product. The limits imposed for acceptability were that the predicted increase in the pathogen should not
exceed a factor of 10 after 7 days storage. The limits for pseudomonads were that the increase in 7 days be not more than 1000-fold, assuming
an initial level of 1000 cfu cm� 2. All organisms were assumed to experience a lag time equivalent to one generation time at the nominated conditions.
The part of the plot to the left of the bold line are those sets of conditions under which the required bacterial growth limits are exceeded. For all
conditions, the organism closest to attaining the tolerance limit, and hence posing the greatest risk, is indicated (n.b., the growth rate of pseudo-
monads was scaled to re� ect the greater tolerance of this organism on the product, i.e.,w 10 doublings of pseudomonads but onlyw 3 doublings of
pathogens are tolerable by the criteria described).
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osmotic stress to restore the turgid, prestress, state, and ha
evolved a number of physiological responses to reducedaw,
including changes in the following:

l Cell membrane composition
l Protein synthesis
l Adjustment of cytoplasmic water activity

The cell membrane is the main barrier to water and solute
exchange between the cytoplasm and the external environ
ment. It plays an important role in the physiological response
to osmotic stress, responding with changes to both its lipid and
protein components.
The synthesis of speci� c proteins is induced by osmotic
stress. Increased levels of solute transport proteins (porins
are likely during the osmoregulatory response. Like porins,
many other osmotically induced proteins form the cellular
machinery to facilitate a change in cytoplasmic water
activity.

Macromolecular conformation, and therefore function and
activity, is affected by intracellularaw due, in part, to the effects
of humectants on the physical structure of water. Some change
to membrane structure in response toaw stress appear to enable
membrane-bound enzymes to retain the conformation re-
quired for catalytic activity. Compatible solutes, discussed later



ECOLOGY OF BACTERIA AND FUNGI IN FOODSj Inßuence of Available Water 593
also have a universal role in optimizing molecular conforma-
tion under osmotic stress.
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Cell Membrane Composition

The chemical composition of microbial cell membranes is
described elsewhere in this volume (seeFigure 7 in In� uence of
Temperature). In response to high salinity, the proportion of
negatively charged phospholipids in the cell membrane
increases. This alteration is needed to maintain the membran
in the proper bilipid layer phase for normal function.

Apart from the extreme halophiles of the archea, there doe
not appear to be a correlation between microbial membrane
composition and intrinsic aw tolerance. The effect, however, o
aw on membrane composition does, to a large extent, depend
on the ‘type’ of membrane (correlated with chemotaxomonic
grouping, e.g., bacteria, archaea, yeast, fungi) and, to a less
extent, the nature of the humectant.

Several elements are common to cell membrane response
to changing aw. The � rst of these is membrane surface charge
The head-groups of the major microbial membrane lipids
(phospholipids and phosphoglycolipids) are charged nega-
tively from the associated phosphate residue. Certain phos
pholipid classes also contain positively charged head-group
moieties, resulting in all polar lipid classes being either anionic
or zwitterionic. The membrane surface of all microbes therefore
possesses a net surface charge dependent on the phospholip
classes present. Ionic humectants may disrupt the membran
surface charge by interaction with phospholipid groups,
requiring an alteration in membrane composition. Many hal-
otolerant and moderately halophilic bacteria respond to
reducedaw by increasing the proportion of anionic phospho-
lipids in the membrane at the expense of zwitterionic
components, believed to aid the membrane in maintaining
a functional bilayer phase.

The fatty acid composition of the cell membrane also
in� uences functionality and is actively modi� ed in response to
changing environmental factors. In general, in response to
decreasingaw, the majority of bacteria increase fatty acid chain
length or decrease fatty acid unsaturation. Again, this i
thought to maintain the membrane in a functional bilayer
phase. In certain cases, the mechanism may involve dire
inhibition of fatty acid biosynthetic enzymes by increased
levels of NaCl.

Archaeal membranes possess phosphorous-containin
lipid species as in other microorganisms but consisting of
a glycerol backbone with two ether-linked C20 prenyl
chains. This Domain contains all the extremely halophilic
bacteria, with their membranes characterized by diphyta-
nylglycerol diethers. The resulting membrane bilayer is more
ordered and less� exible than those formed from other lipid
types. The C20 phytanyl residues may be present a
branched or ring-containing structures that act as adaptive
responses similar to fatty acid structure within other
microorganisms.

Although yeasts and fungi, as eukaryotes, contain man
additional lipid types as storage and intracellular membrane
components, their cellular membrane is dominated by phos-
pholipid species as for the bacteria. Thus, the typical changes i
fungal cell membrane composition to changingaw are similar
to those of bacteria both in terms of polar lipid class manip-
ulation and altered fatty acid composition.
Cytoplasmic Water Activity

Molds and yeasts accomplish the restoration and maintenance
of turgor pressure after osmotic upshift by accumulation from
the environment, or by de novosynthesis, of intracellular pol-
yols to establish equivalent osmotic pressure intracellularly as
exists extracellularly. Bacteria also accumulate or synthesiz
a range of compounds for the same purpose. Compounds used
in this way share the property that they do not interfere with
metabolic processes. As such they have been termed‘compat-
ible solutes.’

Bacteria adjust their cytoplasmic water activity using one o
two strategies: the salt-in-cytoplasm type and the organic
osmolyte-in-cytoplasm type. Most, like the yeasts and molds
use the organic-osmolyte-in-cytoplasm strategy for osmoa
daptation. In this strategy, salts are excluded, whereas organ
solutes are synthesized or accumulated from the environment
Some bacteria also can adjust their cytoplasmic water b
accumulating KCl to high intracellular concentration, or as
a � rst response before compatible solutes are available t
achieve osmotic equilibrium. This is considered a‘primitive ’
strategy because it does not provide a‘normal ’ cytoplasmic
environment. This salt-in-cytoplasm strategy requires that the
cell make additional physiological adjustments, especially in
regard to enzyme function. The enzymes of prokaryotes tha
use the salt-in-cytoplasm strategy have additional negativ
charge that makes them stable at high-solute concentration bu
unstable at low concentrations.
Compatible Solutes

The activity of water is signi�cantly in� uenced by the molecular
structure of the solution. Water as a liquid is characterized by
a (relatively) high degree of molecular motion resulting in
a dynamic random distribution of molecular orientation. The
potential degree of hydrogen bonding between water mole-
cules, therefore, is not fully realized, allowing water molecules
to pack together in a relatively tight manner and achieving
a higher density. As the degree of molecular motion decrease
(e.g., with lower temperature), a higher degree of hydrogen
bonding between water molecules becomes possible and
molecules adopt a more ordered structure with decrease
density. These localized regions of lower density, in which
water molecules are arranged in large, cage-like, structur
termed ‘clathrates’ can coexist with more randomly distributed
water molecules. With decreased temperature, the probability
of water molecules being part of a clathrate increases until the
ordered molecular array of ice is achieved, that is, when most o
the water molecules are in the low density, ordered, form.
Solute molecules decrease the activity of water by the sam
process, that is, by‘encouraging’ water molecules to assume
a thermodynamically favorable, more orderly, structure.

The organic compounds synthesized or accumulated by
microorganisms to balance their intracellular osmotic potential
to that of their environment share the property that they do not
affect the function of ‘normal’ salt-sensitive enzymes. The use o
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Table 5 Classes of compounds that can act as compatible solutes

Compound class Example

Cations Kþ

Sugars Trehalose, sucrose, sorbitol
Sugar polyol derivatives Glucosyl glycerol
Zwitterionic trimethylammonium and

demethylsulfonium compounds
Betaines, thetaines

Natural amino acids Proline, glutamine
Glutamine amide derivatives Na-carbamoylglutamine amide
N-actylated diamino acids Nd-acetylornithine
Ectoines Ectoine, b-hydroxyectone
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compatible solutes to counter osmotic stress is not limited to
microorganisms. Plants and animals also use the organic-solute-
in-cytoplasm strategy and employ the same types of com-
pounds as compatible solutes. The characteristics common to
compatible solutes are that they have low molecular weights
and polar functional groups, properties that make them highly
soluble and facilitate their accumulation to high intracellular
concentration. They are uncharged at normal cytoplasmic pH,
an important property because high cytoplasmic ionic strength
would be detrimental to enzyme function. These characteristics
are found in a limited range of compounds: classes of com-
pounds that ful�ll these criteria and are known to perform this
function, including speci�c examples, are presented in Table 5.

Compatible solutes do not hinder the function of ‘normal’
(salt-sensitive) enzymes and, in fact, protect proteins from the
denaturation that otherwise would occur in solutions of high
ionic strength. That protection also extends to the denaturing
effects of freezing, heating, and drying. The mechanism of this
protective effect is unknown. One observation, fundamental to
attempts to resolve that mechanism, is that compatible solutes
are excluded from the layer of water immediately surrounding
macromolecules. Several hypotheses exist, but common to them
is that compatible solutes affect the physical structure of liquid
water, whether through their surface tension-modifying effects,
or through alteration in the ratios of ‘high and low density’
regions of water, or regions of ‘free and bound’ water within the
cell. Thus, it is widely considered that compatible solutes alter
the physical environment within the cell at the molecular level,
rather than altering the physiology of the cell itself.
Abee, T., 1995.
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Summary

Extracellular aw has a profound in�uence on the microbial
ecology of foods, a fact that has been exploited empirically
since antiquity. Superimposed on the relatively simple
ecological responses of individual microorganisms are
complex interactions due to speci�c solutes, other environ-
mental conditions, and other microorganisms that may be
present in the food. Equally, although super�cially simple,
those responses belie complex physiological responses, and
changes that occur in the physical structure of water itself.
Food scientists increasingly are seeking ways to exploit the
microbial ecology of foods to satisfy consumer preferences and
the need for safety and stability of products but with minimal
processing and additives. Reliable manipulation of the
microbial ecology of foods, however, will require a detailed
understanding of the mechanisms controlling those microbial
responses and for which mechanistic understanding remains
incomplete.
See also:Dried Foods; Ecology of Bacteria and Fungi in Foods:
In� uence of Temperature; Freezing of Foods: Damage to
Microbial Cells; Freezing of Foods: Growth and Survival of
Microorganisms; Hurdle Technology; Intermediate Moisture
Foods; Predictive Microbiology and Food Safety; Traditional
Preservatives: Sodium Chloride; Water Activity.
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Introduction

The oxidoreduction potential (abbreviated as redox potential)
as well as pH are intrinsic parameters of a biological medium.
Oxidoreduction reactions are the basic principle of energy
generation in biological systems in which energy-rich
compounds are oxidized stepwise. Dioxygen tension and redox
potential in�uence the growth and survival of microorganisms.
Microbial cultures generate a reducing activity during growth
that depends of their ability to grow in the presence of dioxy-
gen. The regulation of redox balance is vital for microorganisms
to monitor the redox state of the internal and external cell
environments and to control redox homeostasis. The regula-
tion of cellular redox potential within different cell compart-
ments plays an important role in the protein’s disul�de bond
reduction or oxidation. The cellular thiol-redox equilibrium is
mediated by thiol-redox enzymes. The molecular mechanisms
by which cells sense redox and dioxygen concentration are
regulated by redox sensors that convert redox signals into
regulatory outputs, usually at the level of transcription.

Since the technology of redox sensors was developed for
biotechnology industries during the 1970s, the redox potential
measurement has been investigated in the �eld of food mate-
rials and microbial cultures. Results could appear to be dif�cult
to interpret, to compare, and to analyze. This is mainly due to
default in metrology control – that is, measure reproducibility
and differences in the expression of redox potential values. On
another hand, the effect of redox potential on microorganisms
is often associated with the presence of dioxygen. In many
studies, the speci�c impact of the redox potential or the
dioxygen could not be distinguished. Thus, the effect of
oxidizing conditions in the presence of dioxygen on the
biology of bacteria and fungi is well documented, whereas the
knowledge on microbial cell biology in reducing conditions is
much less. The redox control in a food matrix could modify the
growth survival of microorganisms and may have an in�uence
on the pathogenicity and the cell resistance to different stress.
Several applications in food industries have shown the interest
in controlling the redox state of the food material or at least to
monitor the redox potential. Despite the scienti�c and indus-
trial interests of redox potential in microbiology, the expertise
in the redox potential determination suffers from a relative lack
of scienti�c development surrounding this parameter in food
microbiology.
The Concept of Redox Potential

Thermodynamic de�nes the redox potential, as the oxidizing or
reducing power of a chemical system. During an oxidor-
eduction reaction, an oxidizing substance captures electrons
and is reduced by a reducing substance that loses electrons and
thus is oxidized (eqn [1]).

Ox2 þ Red14 Red2 þ Ox1: [1]
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
The capacity of a molecule or an atom to accept or donate
electrons is expressed as its standard redox potential (E0). E0
describes the difference in electrical units measured in milli-
volts (mVs) generated by a system in which one substance is
oxidized and a second substance is reduced. E0 is measured in
standard conditions: 1 M concentration (1 mol l�1) at 0 �C
(273 K) and pH 0. The reference system used to measure the
standard redox potential is the gaseous hydrogen electrode
(H2g) supplying electrons according to the following reaction:
1/2 H2g / Hþ þ e� (by de�nition, E0 … 0). In biology, E0

0 –
which is the standard redox potential at pH 7 and 25 �C – is
used. A large positive value E0

0 indicates that the oxidized form
of the couple is a strong oxidizing substance able to accept
electrons. If the E0

0 is very negative, this indicates a strong
reducing substance able to lose electrons. By example, the
couple O2/H2O is very oxidizing with an E0

0 … þ 820 mV and
the couple 2Hþ/H2 is very reducing with an E0

0 … � 415 mV
(Table 1). Thus, by combining the half-equation for a redox
couple with that of hydrogen, the �nal redox equation between
the two couples is as follows:

Ox þ n=2 H2 … Red þ nHþ; [2]

where n: number of electron exchanged.
The Nernst equation gives the equilibrium redox potential

(Eh) in different conditions than standard conditions (other
concentrations and temperature):

Eh … E0
0 þ

2:3RT
nF

$log
�

fOxg
fredg

�
; [3]

where

Eh: redox potential (pH 7, 25 �C, in volt)
E0

0: redox potential under standard conditions (pH 7, 25 �C)
with H2g electrode as a reference (in volt)

R: gas constant (8.31457 J mol�1 K�1)
T: temperature in Kelvin
F: Faraday’s constant (96 485 C,mol�1)
n: number of electron exchanged
2.3RT/F … 0.0591 V at 25 �C.

In the �eld of biotechnology and food processing,
combined electrodes are used for redox and pH measure.
Combined redox electrodes are composed of a reference elec-
trode and a measuring electrode. The measuring electrode acts
as an acceptor or a donor of the electron. The use of platinum as
a metal in the measuring electrode is generalized. Platinum
with its high standard potential (E0 … þ1200 mV) is consid-
ered to be inert (not reducing) in biological media. Therefore,
the electron exchange with the environment, with the oxidizing
or reducing species, is carried out with the Pt-electrode. Because
of dif�culties in implementation technology, the
H2g electrode is not used easily as a reference electrode.
Thus, in combined electrodes, reference electrodes are
silver/silver chloride (AgCl þ e� 4 Agþ þ Cl�) or calomel
(HgCl2 þ 2e� 4 2Hg þ 2Cl�) electrodes. These two redox
-384730-0.00088-4 595
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Table 1 Redox potentials (E0
0) of redox couples important in microbial catabolism

Half reaction E0
0(mV)

Succinateþ CO2 þ 2Hþ þ 2e� 4 a-Ketoglutarateþ H2O � 670
Acetateþ 2Hþ þ 2e� 4 Acetaldehyde � 580
2Hþ þ 2e� 4 H2 � 415
a-Ketoglutarateþ CO2 þ 2Hþ þ 2e� 4 Isocitrate � 380
NADPþ þ 2Hþ þ 2e� 4 NADPHþ Hþ � 324
NADþ þ 2Hþ þ 2e� 4 NADHþ Hþ � 320
FADþ 2Hþ þ 2e� 4 FADH2 � 219
SO4

2� þ 10 Hþ þ 8e� 4 H2Sþ 4H2O � 210
Acetaldehydeþ 2Hþ þ 2e� 4 Ethanol � 197
Pyruvateþ 2Hþ þ 2e� 4 Lactate � 185
Oxaloacetateþ 2Hþ þ 2e� 4 Malate � 166
SO3

2� þ 3H2Oþ 6e� 4 S2þ þ 6OH� � 116
Fumarateþ 2Hþ þ 2e� 4 Succinate þ 31
Ubiquinoneþ 2Hþ þ 2e� 4 Ubiquinol þ 45
2Cytochromec(Ox)þ 2e� 4 2Cytochromec(red) þ 254
NO2

� þ H2Oþ e� 4 NOþ 2OH� þ 374
2Cytochromea3(Ox)þ 2e� 4 2Cytochromea3(red) þ 385
NO3

� þ H2Oþ 2e– 4 NO2
� þ 2OH� þ 420

Fe3þ þ e� 4 Fe2þ þ 771
1/2O2 þ 2Hþ þ 2e� 4 H2O þ 815
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couples have anE0
0 higher than that of the reference hydrogen

couple. For the Ag/AgCl (3 M KCl) electrode,E0
0 is þ 207 mV at

25 � C, and for the calomel electrode,E0
0 is þ 244 mV at 25 � C.

The standard reference potential (Er) for the Ag/AgCl electrode
can be calculated for any temperature (T in � C) by the
following equation: Er (mV) ¼207 þ 0.8 � (25 � T). The value
of Eh, however, must always be expressed relative to the H2g

electrode and the redox potential measured by these electrode
(Em) must be corrected. Thus,Eh is calculated by the addition
of Em and Er (Eh ¼Em þ Er). For example, when an Ag/AgCl
reference electrode is used and theEm read on the milli-
voltmeter is � 107 mV, the correctedEh value will be þ100 mV
at 25 � C, þ108 mV if measuring at 15 � C and þ88 mV at 40 � C.
If these corrections are not achieved, theEh values are wrong
because they are dependent of temperature and the referen
electrode used.
s

f

Redox Potential Determination in Biological System

In food materials, many redox couples involve protons, and
thus there is a‘Nernstian’ relationship betweenEh and pH. Thus,
all pH variations modify the Eh. Leistner and Mirna (1959)
established an equation to calculateEh independently of the pH:

Eh7 ¼ Eh � ½a � ð 7 � pHmÞ� [4]

where

Eh7: redox potential at pH 7, 25 � C
Eh: redox potential (25 � C) at pHm

pHm: measured pH
a: Nernst coef� cient (mV pH� 1 unit)

TheEh7 is useful to determine the amplitude of a pH effect
on the Eh value. This equation shows that anEh measure ach-
ieved in acid pH conditions leads to lower Eh. The Nernst
coef� cient: a (mV pH � 1 unit) is used to correct Eh to Eh7
corresponding to the value obtained if the measure was per
formed at pH 7. A change by one pH unit of the medium results
in a modi � cation of 59 mV. This equation applied to the
standard reference redox couple Hþ /H 2 explains why, for this
redox couple, at pH 0,E0 ¼0 and at pH 7, E0

0 is �415 mV. In
a biological system like foods, however, the value ofEh results
from a large number of redox couples with an unknown stoi-
chiometry. Therefore, the Nernst coef� cient must be deter-
mined experimentally and is speci� c to each medium. By
example, the Nernst coef� cient in sterilized milk is
a ¼38 mV pH� 1 unit at 28 � C, and in brain heart infusion
(BHI) medium, it is a ¼34 mV pH� 1 unit at 25 � C.

TheEh could be measured in static or dynamic conditions. In
static conditions, the evolution of Eh during measurement is
due only to low redox reactions, and the redox food system
could be considered at equilibrium when Eh is stabilized. In this
condition, the stabilization of the Eh value could occur after
a relatively long time (15–45 min) depending on the food
material and the conditions; then, theEh value is retained when
stabilized. In dynamic conditions, the Eh is modi � ed versus
time due to modi � cation of redox food system equilibrium
during measurement, and a kinetic ofEh evolution could be
measured during several hours. To measureEh in static or
dynamic conditions, a continuous monitoring of the Eh is
necessary using an online data acquisition device. TheEh7 is
useful when the Eh measure is performed in dynamic condi-
tions, for example, during a bacterial growth by acidifying
bacteria like lactic acid bacteria (LAB). In these conditions, the
value of Eh appears to be not stabilized and continues to
decrease lightly during the end of acidi� cation. After correction,
if the evolution of Eh7 is stable, this indicates that the decrease o
Eh is due only to the effect of pH. The measurement operation in
static or dynamic conditions must be performed to avoid
modifying the redox equilibrium by introduction of other redox
couples. During the measurement, the food must be protected
to any cause able to modify theEh that is to be measured. The
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presence of dioxygen is the main cause that could modify theEh

during the measurement process. For this reason, the proce
could be achieved in a dioxygen-free atmosphere by usin
anaerobic generation systems like N2 � ushing or anaerobic
work station. When external conditions change, like partial
pressure of dioxygen, theEh can be modi� ed with different
intensities depending on the food product. This is another
important factor known as the ‘poising capacity’ of the food.
The poising capacity could be considered to be similar to the
buffering capacity for pH. The poising capacity of the food can
be affected by oxidizing and reducing constituents in the food as
well as by the presence of active respiratory enzyme systems.

The technology of redox sensor used must be considere
carefully. The manufacturers recently offered new multiparam
eter sensor. This technology is very useful to measure simulta
neously the three parameters redox, pH, and temperature with
only one sensor and the associated electronics can proce
automatic compensation of temperature on pH andEh values.
Most of the Eh data published in the literature are obtained with
macroelectrodes whose diameter typically varies from 6 to
12 mm. Microelectrodes recently have been proposed for the
measurement of Eh in extremely small volumes and for the
determination of Eh gradients over micrometer to centimeter
distances. Redox microelectrodes with tip diameters o
10–100 mm have been used forEh environmental measure-
ments in activated sludge� ock particles, in bio� lms, in gel
beads containing immobilized bacteria, and in cheeses. Thes
redox electrodes are fragile and susceptible to electrical inte
ferences due to the low signals and the length of cable con
necting the microelectrode to the signal processor. To overcom
this problem, it is essential to use shielded cables and in some
cases to perform measurements inside a well-grounded Far
day’s cage to protect the system from external electrical o
electromagnetic noise. An interesting new technology is digita
macroelectrodes with ISM� technology (Intelligent Sensor
Management by Mettler-Toledo) equipped with an integrated
chip in the sensor head that stores all relevant sensor paramete
for enhanced sensor diagnostics. A digital transmission of the
signal from the sensor to the electronic signal processor reduce
the electric interference risk.

Although the determination of Eh in food is done with the
same type of equipment as pH, this measure does not hav
even the simplicity and requires a strict control of many
parameters. Dif� culties encountered during Eh measurement
result mainly from the complexity of redox environments, slow
reaction kinetics, low current exchanges with the electrode
oxidation of the platinum surface state, contamination by
dioxygen, interferences by electrical environment, and inade
quate correction and expression ofEh value. The renewed
interest in measuring redox potential in food industry in the
last 15 years results from the development of new technology
for sensors and online dataloggers and for a rigorous metro
logical approach that is useful to compare the results obtained
by different research groups and biological systems.
e
Redox and Microbial Growth

Microbial cultures generate a reducing activity during growth.
The ability of bacteria to modify Eh depends of their ability to
grow in the presence of dioxygen. The reducing activity o
growing microbial cells is characterized by a decreased inEh

resulting from metabolic activity – that is, the use of oxidizing
molecules such as electron acceptors and the production o
reducing compounds. The depletion of dioxygen appears to be
an important mechanism of Eh decrease during microbial
growth.

The energy generation by microbial cells is based on
oxidation of organic substrates by energetic pathways like
glycolysis and citric acid cycle generating reduced electro
carriers (nicotinamide adenine dinucleotide: NADH, � avin
adenine dinucleotide: FADH2). Adenosine triphosphate (ATP)
can be produced by oxidative phosphorylation, which drives
electron via an electron transport chain (ETC) from oxidized
electron donors to an electron acceptor. ETC is located to th
cytoplasmic membrane in bacteria or the inner mitochondrial
membrane in fungi. Using the energy available in the elec-
trons, the protons are translocated outside the membrane. This
produces a transmembrane electrochemical gradient used t
drive ATPase to form ATP from adenosine diphosphate (ADP
and Pi. During aerobic respiration, the dioxygen, which is the
terminal electron acceptor of the ETC, is reduced to water
Strict aerobes microorganisms that require oxygen as an ele
tron acceptor for energy generation by aerobic respiration ar
able to decreaseEh from þ500 to �100 mV. The aerobic food
spoilage micro� ora is dominated by species ofAcetobacter,
Acinetobacter, Aeromonas, Alcaligenes, Moraxella, and Pseudo
monas. The bacteria grow at food surfaces exposed to air o
where air is readily available. Facultative anaerobes and stric
anaerobes form ATP by fermentation corresponding to
a phosphorylation at the level of substrate. Fermentation end-
product energy-rich metabolic compounds result from
a partial oxidation of the electron donors and mainly are
produced via pathways resulting in reoxydation of the
reducing equivalent NADH. The production of strongly
reducing fermentation end-products, such as H2
(E0

0 ¼ � 415 mV) or H 2S (E0
0 ¼ � 210 mV), can also explain

bacterial-reducing capacity.Escherichia coliand Clostridium
species can produce H2 fermentation. Strict anaerobes cannot
grow in the presence of small amounts of dioxygen and mostly
grown on the basis of fermentation processes. They can gro
generally from þ 100 to less than �250 mV and can decrease
the Eh from þ100 to �500 mV. The anaerobe Clostridium per-
fringenscan initiate growth at Eh close toþ200 mV. Clostridium
botulinum requires an Eh of less than þ60 mV for optimal
growth. The growth-limiting Eh can be increased signi� cantly
by the salt. Bacteria in dioxygen-free conditions can be reduce
by oxidative phosphorylation alternative electron acceptors,
such as nitrate, fumarate, trimethylamineN-oxide (TMAO), or
thiosulfate. In � sh products, the major oxidant can be TMAO,
which becomes the electron acceptor for spoiling or patho-
genic bacteria. By example, in these conditions, the growth
limiting Eh for C. botulinum using TMAO as an electron
acceptor could be higher thanþ 150 mV. The spoilage micro-
� ora under anaerobic conditions in meat and� sh products is
dominated by LAB, such asLactobacillusand Carnobacterium.
Generally, the ranges at which microorganisms can grow ar
from þ500 to þ300 mV for aerobes, between þ300 and
�100 mV for facultative anaerobes, and between þ100 and
�250 mV for anaerobes.
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Redox Potentials in Foods

Some measuredEh values of various foods are given inTable 2.
These values can be highly variable depending on several facto
in� uencing the Eh. The main factors are the redox couples
present as a function of the composition, the pH, the microbial
activity, and the partial pressure of dioxygen in the storage and
measure atmosphere. In food systems, dioxygen is the mos
oxidizing molecule (E0

0 ¼ þ 815 mV). Therefore, the change in
dissolved dioxygen concentration is the easiest way to modifyEh

and the redox balance of the other couples present. The rela
tionship between Eh and dissolved oxygen is strong. Thus, the
contact of food material with the air resulting, for example, from
slicing or shopping will increase Eh. The removal of dissolved
dioxygen by vacuum or by bubbling or � ushing inert gases
(N2, CO2, Ar) are ef� cient methods to decreaseEh. Because of
the multitude of redox couples coexisting in food, however,
when the redox conditions change due to a modi� cation of
atmosphere composition or microbial activity, the modi � cation
of Eh is dependent on the poising capacity of the food.

In food industries, gases, mainly N2, O2, and CO2, are used
in the modi � ed atmosphere packaging technology to enhanc
the shelf-life of fresh or minimally processed foods. The tech-
nology substitutes the atmospheric air inside a package with
a protective gas mix. The mixture of gases in the packag
depends on food product, storage temperature, and packagin
materials. Generally, the growth rate of bacteria and fung
under anaerobic conditions is reduced considerably compared
with aerobic conditions. This atmosphere contains high
concentration of carbon dioxide, resulting in a drastically
reduced growth rate of microorganisms. The speci� c mecha-
nism of this bacteriostatic activity of carbon dioxide is poorly
understood. Most food products like fruits and vegetables
continue to respire and consume oxygen and produce CO2 and
water vapor after they have been harvested. The way to redu
the respiration rate without harming the quality of the product
is to keep the temperature low at low dioxygen and to increase
CO2 levels in the packaging atmosphere. A too-low dioxygen in
the packaging atmosphere, however, can lead to anaerob
respiration that accelerates spoilage. In vacuum-packed prod
ucts, the initial oxygen present in the meat is breathed by the
tissue. If the pH of the muscle tissue is high, as in pork or lamb
meat, microorganisms such asShewanella putrefaciensand Bro-
chothrix thermosphactacould contributed to product spoilage. In
microbial culture media Eh can be adjusted by the addition of
Table 2 Redox potentials (Eh7) of some foods

Foods Eh7 (mV)

Milk þ 100 toþ 400
Camembert � 350 to� 259
Conté � 175 to� 122
Cheddar – 300 to� 140
Butter serum þ 290 toþ 350
Yogurt � 150 toþ 410
Cooked sausage and canned meat� 20 to � 150
Turkey meat (leg) þ 200 toþ 270
Fish (hake) þ 210 toþ 250
Beef steak þ 300 toþ 330
oxidizing or reducing molecules (Table 3). Their use in
appropriate concentrations provides different levels ofEh. An
Eh easy control method is the use of gas� ow, in particular
hydrogen, to reduce the Eh of the environment. In food
systems, glutathione and cysteine in meat, for example, and to
a lesser extent the ascorbic acid and the reducing sugars
vegetables, induce reducing conditions.
Applications of Redox Potential in Food Microbiology

Several interesting applications for the control of redox
potential in food processing have been proposed in the last
10 years. These applications concern mainly food safety an
food biotechnology.
Redox Potential Measurement as a Rapid Method for
Microbiological Testing

Eh could be a useful tool for rapid qualitative and quantitative
determination of microbial contamination. The microbial
growth leads to anEh decrease and the shape of theEh curve is
characteristic of the type of microorganism. With the new
generation of redox sensors, automated systems were deve
oped similarly to the impedance and conductance equipment.
Like in impedimetric measurements, a linear correlation could
be established between the time of theEh change detection and
the logarithm of the initial concentration of microorganisms.
This standard calibration curve is used to determine initial cell
concentration with generally a quanti� cation threshold of
10 cells ml� 1. The redox potential method avoids some of the
disadvantages of the impedance technique– for example,
conventional culture broth can be used, no precise thermo-
regulation is required, and the method is simpler and less
expensive. The correlation betweenEh and contaminating
bacteria has been validated for several bacteria like coliforms
Redox Potential and Thermoresistance

Few studies have dealt with the redox potential action on
bacterial heat resistance. In dioxygen-free medium, thermore
sistance of E. coli O157:H7 was modi� ed signi� cantly
depending on the pH. A greater thermal destruction ofLacto-
bacillus plantarumand Saccharomyces cerevisiaeat high Eh values
was obtained in orange juices when redox was modi� ed by gas
Table 3 Oxidizing and reducing compounds
used in microbiology

Compounds E0
0 (mV)

Sodium borohydride � 415
Hydrogen � 415
Cysteine � 230
Dithiothreitol � 323
Glutathione � 240
Ascorbic acid þ 58
Potassium ferricyanide þ 435
Dioxygen þ 815
Hydrogen peroxide þ 1361
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sparging. The thermal resistance ofE. coli, Listeria monocytogene,
and Salmonella enteritidisis lower under aerobic conditions than
under oxidizing anaerobic conditions. Oxidizing conditions
enhance the thermal inactivation of microorganisms by heat
treatment only in the presence of dioxygen. To date, the effec
of the Eh of heating media redox potential on heat resistance is
not considered to optimize and to model heat treatments in
food safety. A Bigelow model was used to describe the effect o
redox potential and pH on the apparent L. monocytogenesheat
resistance. The highest D58� C values have been obtained at pH 7
and oxidizing conditions. However, a major effect of pH was
observed. The role of redox potential on microbial thermal
inactivation is complex and not clearly understood. This may
depend on many factors, including the microorganism and the
method used to adjust redox potential. Several studies hav
suggested that the main in� uence of redox potential takes place
on the recovery of heat-damaged cells. The lag phase
culture inoculated with heat-damaged bacteria (S. enteritidis,
L. monocytogenes, and E. coli) is longer in reducing conditions at
low Eh than in oxidizing conditions.

The control of Eh by sparging with reducing gas has been
used to improve survival of industrial microorganisms during
production or utilization processes. Reducing conditions
appear particularly relevant to increase the survival of bacteri
in a fermented food (fermented milks containing probiotic) or
during the production of lyophilized LAB and Bi� dobacterium
starters for dairy industry.
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Redox Potential and Selection of Lactic Acid Bacteria Sta

Eh can be used as selection criterion for starter used in fermente
food industry. LAB, which mainly are involved in food
fermentation, present atypical reducing capacities. LAB have n
functional ETC and produce ATP from lactic fermentation that
permits the reoxydation of NADH produced during glycolysis
by reducing pyruvate to lactic acid. The evolution ofEh during
lactic fermentation is bacterial strain dependent. Among LAB
some species like thermophilic yogurt bacteria (Streptococcu
thermophilusand Lactobacillus bulgaricus), have low reducing
capacities. The maximum reduction rate of Lactococci strains i
higher than Streptococciand Lactobacilli. Lactococci � rst
completely reduce the medium before they acidify, whereas
Streptococciand Lactobacillishow simultaneous reductive and
acidifying activities. LAB likeLactococcus lactisgrowing anaero-
bically is able to decrease theEh7 to �200 mV. This bacterium
does not produce H2 or H2S. The use of dioxygen resulting from
the reoxydation of NADH to NAD and water catalyzed by NADH
oxydase cannot explain the decrease ofEh to this reduced value.
Recent studies have shown that exofacial thiols located on th
cell surface are responsible for this reducing capacity. Th
suggests that thiol groups displayed in membrane- or cell-wall-
bound proteins could protect cells against oxidative stress.
l
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Redox Potential and Metabolic Flow

Eh has been identi� ed to play an important role in the modi � -
cation of metabolic carbon � ow in different microorganisms.
The growth of S. cerevisiaein a low-Eh environment generated by
bubbling with nitrogen plus hydrogen gas leads to a deviation of
carbon and electrons� ows. This results in a decrease of ethano
and acetate production in favor of glycerol. Deviation of the
metabolic � ux in reducing conditions is linked to an increase of
carbon � ows to the pentose phosphate pathway at the expens
of glycolysis. The production of g-decalactone, a compound
involved in the � avor of dairy products by the yeastSporidiobolus,
is enhanced when grown in reducing conditions. The catabolism
of amino acids by LAB contributes to the formation of aroma
compounds in cheeses. The characteristic� avor of certain
cheeses is related to free SH groups, which are stabilized
reducing medium. Eh in� uences the catabolism of phenylala-
nine, methionine, and leucine in L. lactis. Oxidizing conditions
are favorable to the production of aldehydes and volatile sulfur
compounds, while reducing conditions would promote the
synthesis of carboxylic acids. Some LAB likeLeuconostocand
L. lactissubsp. diacetylactisare able to metabolize citrate into
diacetyl. This compound is involved in the characteristic� avor
of butter and fresh cheeses. A key step of this metabolism is th
decarboxylation of a-acetolactate. In oxidizing conditions, an
oxidative decarboxylation occurs and leads into diacety
production. In reducing conditions, a-acetolactate is enzymati-
cally decarboxylated into acetoin, a non-� avoring compound.
To drive the reaction toward the diacetyl production, oxidizing
conditions are maintained by milk aeration.
r

Bacterial Redox Homeostasis

Bacterial Redox Sensors

The ability to maintain redox balance is vital to all organisms.
Various regulatory redox sensors monitor the redox state o
internal and external cell environments and control redox
homeostasis. These sensors convert redox signals into regu
tory outputs, usually at the level of transcription. This allows
for the bacterium to adapt to the modi� ed redox environment
to control the redox status of cell compartments.

In bacteria, several well-described systems are responsib
for sensing and regulating the transcription levels of genes in
response to redox change. Thiol-based sensors use cyste
modi � cation to sense redox alterations. Examples include
OxyR in E. coliand OhrR from Bacillus subtilis. Cysteine is suited
uniquely to sensing a range of redox signals because the thio
side-chain can be oxidized to several different redox states
Other types of redox sensors exist, some use cofactors sensit
to redox conditions such as heme (FixL),� avin adenine dinu-
cleotide (FAD) and � avin mononucleotide (FMN) like NifL
and Aer, and the pyridine nucleotides NADH and NAD (Rex,
CbbR). Fe–S cluster-based sensors play important roles a
redox-responsive transcriptional and post-transcriptional
regulators in many bacteria. InE. coli, several redox sensors us
oxidation of Fe� S clusters to produce appropriate transcrip
tional responses to monitor the redox status of cell compart-
ments. Fe–S cluster-based sensors include Fnr, SoxR, aconita
and IcsR. InE. coli, fumarate and nitrate reduction (Fnr) is an
Fe–S protein regulator sensing oxygen, which regulates gene
involved in the adaptation to low oxygen (reducing) condi-
tions occurring during a change from aerobic to anaerobic
metabolism. The utilization of alternative electron acceptors
(anaerobic formate dehydrogenases) and nitrate and nitrite
reductases, TMAO reductase, and fumarate reductase a
induced by Fnr. Fnr also acts as a repressor of genes involved



ck

n
r.

-
ce

e
-

s
.

cB
-

-
f

.
s,

he

ir

f

,

600 ECOLOGY OF BACTERIA AND FUNGI IN FOODSj Inßuence of Redox Potential
aerobic respiration, such as cytochromebdand cytochromebo.
Fnr consists of two domains, a C-terminal DNA-binding
region, which recognizes a speci� c DNA sequence in target
promoters, and an N-terminal sensory domain that contains
four essential cysteines capable of binding either a [4Fe–4S]2þ

or a [2Fe–2S]2þ cluster. Under reducing conditions, the iron
sulfur cluster is in a [4Fe–4S]2þ homodimeric active form and
the regulator can bind to its speci� c DNA sequences to activate
or inactivate gene expression. The cluster is susceptible to atta
by dioxygen, resulting in rapid and reversible conversion to an
inactive Fnr apo-state. Thus, the oxygen-dependent conversio
of the Fe–S cluster inactivates Fnr as a transcriptional regulato
In Bacillus cereus, the redox regulator Fnr is essential for tox-
inogenesis. In this bacterium, Fnr is involved in the regulation
of the PlcR-regulated HBL (hemolysin BL) enterotoxin and Nhe
(nonhemolytic enterotoxin). The production of these toxins
that are recognized as major virulence factors is stimulated
under very reducing conditions.

Q-pool (quinones þ quinols), an important component of
the ETC, is a redox mediator and drives electrons from dehy
drogenases toward the terminal oxidases. By sensing the balan
between quinone and quinol present in the Q-pool, the redox
status of the cell can be monitored. In this way, aerobic bacteria
can indirectly sense the oxygen. The best characterized quinon
redox sensor is the ArcA/B system ofE. coli.ArcA/B is a response
regulator system. During transition from aerobic to microphilic
or anaerobic conditions, the terminal oxidases run out of
substrate to reduce, the ETC is slowed, and the Q-pool shift
toward a more reduced state. ArcB is anchored to the membrane
In the anaerobic state, the cysteines of ArcB are reduced and Ar
sensor kinase autophosphorylates and then transfers the phos
phate to ArcA that, when phosphorylated, binds DNA. Under
aerobic conditions, oxidized quinone forms disulfide bridges
between two subunits of ArcB, resulting in a dimerization,
which inactivates the kinase activity. The two-component regu
latory system ArcA/B is mainly responsible for the repression o
genes of the aerobic metabolism (cytochromeo oxidase, citric
acid cycle enzymes, NADH: quinone oxidoreductase) and the
induction of enzymes of mixed acid fermentation.
f
to

s

-

r
-

s

Thiol–Redox Pathways in Bacteria

The thiol-dependent redox reactions are essential to maintain
catalytic activity of several metabolic enzymes and to modulate
the activity of some proteins via changes in the redox state o
cysteines. Thiol-dependent redox reactions are also necessary
the maturation of proteins to achieve their native conforma-
tions. Because the cytoplasm is a reducing environment that i
very unfavorable to the formation of disul� de bonds, most
proteins – in which the sulfhydryl groups of cysteine residues
are oxidized to form disul� de bonds – are found mainly in
extracytoplasmic cell compartments. The oxidation and reduc
tion of protein disul � de bonds are mediated by thiol-redox
enzymes that perform a thiol–disul� de exchange between thei
active site cysteines and cysteines in the target protein.
-
e

Thiol–Disul�de Bond Reducing Systems in the Cytoplasm

The electron transfer through disul� de bond exchange reac
tions in the cytoplasm recycles the metabolic enzymes whos
active sites contain cysteine residues that must be oxidized
These enzymes are mainly ribonucleotide reductase
which provide desoxyribonucleotides for DNA replication,
phosphoadenosine–phosphosulfate reductase, methionine–
sulfoxide reductase, and arsenate reductase. In bacteria, t
thioredoxin and the glutaredoxin are the two systems respon-
sible for the reduction of cytoplasmic protein disul� de bonds.
Thioredoxins are small proteins (12 kDA) found in all organ-
isms from archaea bacteria to humans and containing
a conserved active site CGPC (Cys-Gly-Pro-Cys). Due to the
low redox potential ( �270 mV, for E. coli), thioredoxins are
very ef� cient in thiol –disul� de reduction. The main function of
thioredoxin (Trx-(SH) 2) is to reduce disul� de bonds of
proteins and to maintain a reducing environment in the cyto-
plasm. The thioredoxin oxidized form (Trx-S2) resulting from
the reduction of target proteins needs to be reduced to return to
its active form (Trx-(SH)2). Thioredoxin reductase, a dimeric
� avoenzyme, catalyzes the NADPH-dependent reduction o
thioredoxin in bacterial systems.Escherichia colicontains two
different thioredoxin (i.e., thioredoxin 1 and thioredoxin 2),
which are encoded bytrxA and trxC genes, respectively.

The tripeptide glutathione (L-g-glutamyl-L-cysteinylglycine)
is the most important compound of the E. coli redox buffer
present at the millimolar level in the cytoplasm, but it is not
essential to the survival ofE. coli. Two genes,gshA (g-glutamyl-
cysteine synthase) andgshB (glutathione synthase) are involved
in its biosynthesis. Glutathione (GSSG) is reduced (GSH) in
the cytoplasm by the enzyme glutathione reductase (Gor),
which is a member of the dimeric FAD-containing thiol
reductase family. Glutaredoxins are similar to thioredoxins
with two cysteines separated by two amino acids in a CPYC
(Cys-Pro-Tyr-Cys) motif. Glutaredoxins are generally less ef� -
cient than thioredoxins in the reduction of disul � de bonds.
Three glutaredoxins have been found inE. coli. Gram-positive
bacteria are mostly incapable of producing GSH. They
however, can produce other types of thiol compounds with low
molecular weight similar to GSH. Indeed, in Actinobacteria
(high GC%), the GSH system is replaced by the mycothiol
system (maintained in the reduced state by mycothiol–disul-
� de reductase). A compound similar to mycothiol named
bacillithiol (BSH) was discovered in Bacillus species and
Staphylococcus aureus.
Disul�de Bond Formation in the Periplasm

In Gram-negative bacteria, disul� de bonds for protein folding
are formed in the periplasmic space whereEh is highly
oxidizing. In E. coli, the periplasmic space contains the thiol
oxidant DsbA and the disul� de bond isomerase DsbC. DsbA
acts as a thiol oxydase. Due to its redox potential of�122 mV,
DsbA is a strong thiol oxidants. The disul� de bridge between
the two cysteines of DsbA CXXC motif is very unstable and is
transferred to a target protein newly secreted into the peri
plasm. DsbA is then reoxidized by DsbB, which is a quinone
reductase anchored in the cytoplasmic membrane. DsbC ha
a chaperone activity that is likely important for its ability to
recognize the misfolded proteins that result from incorrect
disul� de bond formation. The active site cysteines of DsbC
must be maintained in a reduced state to be able to reduce and
isomerize incorrectly formed disul� de bonds. The reducing
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potential necessary to restore activity to oxidized DsbC is
transferred from the cytoplasmic membrane protein DsbD,
which, in turn, receives its electrons from cytoplasmic
thioredoxin.
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Introduction

Temperature control is perhaps the most widely used method
of manipulating the microbial ecology of foods. It can be used
to inhibit growth of spoilage or pathogenic organisms, to
inactivate or kill unwanted microorganisms, or to optimize
growth or metabolism of microorganisms in fermentations.
The patterns of the effect of temperature on the ecology of
bacteria, yeasts, and �lamentous fungi are remarkably uniform.
In general,

l Although microorganisms have evolved to grow within
different temperature ranges, those preferred ranges typi-
cally span only w35–40 �C for bacteria, and 25–30 �C for
fungi.

l Within most of that range, an increase in temperature
increases the rate of the microbial response, whether
growth–metabolism or inactivation.

l Although microorganisms have some capacity to alter their
structure and biochemistry to moderate the effects of
temperature on their activity and metabolism, they are
unable to achieve temperature homeostasis.

This entry considers the temperature limits for microbial
growth, and the effect of temperature on microbial growth rate,
metabolic rate, and composition. The physiological basis of
those responses and their consequences for the microbial
ecology of foods are also discussed. Separate entries consider
the effects of heating and freezing on microbial populations
and physiology.
10
9
8
7
6
5
4
3
2
1
0

0 5 10 15 20 25
Time (hours)

Lo
g 

m
ic

ro
bi

al
 n

um
be

rs

Long lag, fast rate

Short lag, slow rate

Maximum
carrying
capacity

Slope represents
relative growth rate

Lag time

Initial inoculum
level

Figure 1 Microbial population growth curves, typical of growth in
foods. Microorganisms may exhibit a lag phase before the full growth
rate potential is reached. Each species of microorganism will have
a characteristic maximum growth rate, governed by its genetics and
the conditions in the food. When the total population in the food reaches
109–1010 cfu g�1, the growth of most or all other components of the
microbiota will slow markedly or cease.
Microbial Ecology of Foods: Evolution of Specific
Microbiota

Environmental microbial ecology tends to be concerned with
open systems through which energy and chemicals �ow. Food
microbiology is more often concerned with batch processes,
whether daily production runs, or the resulting individual units
of foods for retail sale. Those batches are closed systems having
�nite resources of carbon and energy, and negligible capacity
for the removal of the waste products of microbial metabolism.
The features of populations growing in a batch culture are
shown in Figure 1. Under constant environmental conditions,
the pattern of population growth is ‘S’-shaped and can be
described mathematically in terms of four properties shown in
Figure 1, that is, initial inoculum level, lag time, growth rate,
and ‘maximum carrying capacity.’

The values of those properties are variable. The maximum
carrying capacity of the system is usually a property of the food.
When this level is reached, the growth of most or all groups of
organisms in the product slows greatly or ceases, a phenom-
enon that has been termed the ‘Jameson Effect.’ Thus, a slow-
growing organism or one initially present in very low numbers
602 Encyclopedia of Food Mic
may never reach that level. Conversely, if the growth rate of
organisms initially present in very low numbers is much faster
than that of all the other elements of the microbiota initially
present, then it still may achieve numerical dominance. The
steeper curve in Figure 1 is an example.

That the microbial ecology of foods often is concerned with
batch processes tends to simplify understanding of the ecology
of the system. In most foods, there are relatively few microor-
ganisms present initially, and there is little competition for
resources. Thus, bacteria and fungi present will grow at their
fastest rates possible in that environment, until the environ-
ment is either depleted of essential nutrients or until it is so
altered by the toxic metabolites of microbial growth that
growth is no longer possible. In many cases, this level is
reached when the total microbial population is of the order of
109–1010 cfu g�1 or ml�1 of the food product. Attainment of
maximal population densities of desirable organisms, at the
expense of other organisms potentially present, is the aim of
fermented food production and is an example of manipulation
of the microbial ecology of a food to select for the desired
fermentative microbiota. That selection is achieved by opti-
mization of the growth rate of the desired organisms in
comparison to those of other organisms. It can also be achieved
by using a high level of inoculum or a combination of both.

For an organism to contribute to the ecology of an envi-
ronment, it must be metabolically active in that environment.
That, in turn, requires that the physicochemical conditions of
the environment remain within the tolerance range of that
organism. In the current context, if temperature is beyond
the minimum or maximum tolerance of the organism, the
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00087-2
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Figure 2 Interaction of environmental factors in determining the
growth rate of bacteria and fungi. Curves A and C represent two
organisms, each of which has adapted to a different temperature range
for growth. Curve B represents the effect of a second suboptimal
environmental factor on the growth rate of organism A. The relative
response remains the same, but the absolute growth rate is reduced at all
temperatures.
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organism will fail to thrive and eventually will be eliminated.
Temperature control can be used to slow the growth of a targe
organism relative to others present and suppress its potentia
effect on the environment.

Thus, knowledge of the environmental tolerance ranges o
microorganisms, and the effects of other environmental factors
on the growth rate within that tolerance range, can be used to
manipulate the microbial ecology of foods, for example, to
extend shelf life. Shelf life can be extended by promoting high
levels of desirable organisms that stabilize the microbiology of
the product, as with fermented foods, or by delaying the
attainment of high levels of undesirable organisms that would
cause spoilage of the product. The microbial ecology of foods
however, is concerned not only with organisms that become
numerically or metabolically dominant but also equally
involves manipulating the food environment to suppress
growth of, or even eliminate, pathogenic microorganisms
whose signi� cance bears no relationship to their contribution
to the microbial ecology of the product.

Thus, to determine the microbial ecology of a food requires
information about the types and numbers of organisms
initially present, their tolerance ranges and growth rates, the
properties of the food, and the environmental conditions that
the food was exposed to between production and consump-
tion, and the time involved. Microbial tolerance limits to � uc-
tuations of chemical and physical factors in an ecosystem do
not determine which microorganisms are present at any given
moment, but rather which microorganisms can be present on
a sustained basis in that ecosystem. The interactions, over tim
of the environment and the microorganisms present leads to
the evolution of a speci� c microbiota.

Frequently, temperature will be the most variable feature of
the environment of a microorganism in food. Thus, to under-
stand the effects of temperature on the microbial ecology o
foods, and to manipulate that ecology, it is necessary to
consider the effects of temperature on the rates and limits o
microbial growth.
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Table 1 Classi� cation of microorganisms according to
their preferred temperature range for growth

ClassiÞcation Temperature at which growth rate is maximal

Psychrophile 15� C or less
Psychrotroph 25–30 � C
Mesophile 35–45 � C
Thermophile > 45 � C
Effect of Temperature on Microbial Growth

Growth Rate

Temperature affects thepotentialfor microbial growth, the rate
of growth or death, the composition of the cells, and the
production of metabolites. Bacterial and fungal growth rates
respond to temperature as shown inFigure 2. There are upper
and lower limits to growth, at which the growth rate becomes
zero, and an optimum temperature at which the growth rate is
maximal. The minimum, maximum, and optimum tempera-
tures for growth are known as‘cardinal’ temperatures. As will
be discussed later, the temperature at which growth rate i
maximal is not, of necessity, the optimum temperature for
growth.

Between the minimum and optimal temperatures, the
growth rate increases with increasing temperature. The growt
rate increase is not proportional to the temperature, but it
increases more rapidly as the temperature is increased until th
optimum temperature is neared. As the temperature increase
above the optimum, the growth rate decreases rapidly, due to
thermal inactivation of the cellular macromolecules needed for
growth. At low temperatures, the growth rate does not neces
sarily decrease inde� nitely to zero, and there may be a critical
threshold temperature below which growth suddenly is not
possible. The pattern of response depicted inFigure 2 is true,
generally, for poikilothermic organisms.

Each organism has its own preferred temperature range fo
growth, related to its usual growth habitat. For bacteria, the
range of growth usually spans 35–40 � C, irrespective of the
preferred temperature region for growth. Fungi typically grow
over a range of 25–30 � C. According to the preferred temper-
ature for growth, organisms are classi� ed as psychrophiles,
psychrotrophs, mesophiles, or thermophiles as described in
Table 1.

Despite that organisms have adapted to different temper
ature ranges for growth, bacteria do not exhibit complete
growth rate compensation for that preferred temperature
range. Among the fastest growing organisms known are thos
that are selected for, and cause problems in, moist proteina
ceous foods with simple sugars present. Typically, those food
are nutritious and temperature is the only constraint to
microbial growth. Among those organisms, strains that grow
fastest at low temperatures nonetheless grow more slowly a
their optimum than those species best adapted to growth at
higher temperature. For example, the fastest known bacteria
growth rates recorded are forClostridium perfringens, which has
a generation time of w 7 min in the temperature range
40–45 � C. Conversely, psychrotrophic pseudomonads, which
are the dominant species and cause of spoilage of aerobicall
stored, chilled, fresh foods, have generations times at 5� C in
the range 4–5 h, Figure 3 illustrates this behavior.
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Figure 3 Comparison of the growth rates of selected foodborne
bacteria of different thermal adaptation in nutrient-rich environment
and showing the lack of temperature compensation. The organisms
depicted are among the fastest growing in their respective preferre
temperature ranges. The solid curve in the lower range (� 5 to 37 � C)
represents the growth rate of psychrotrophic spoilage pseudomonads,
the middle solid line (7–48 � C) is for growth ofEscherichia coli,
a mesophile, and the upper curve is representative of the nearly th
mophilicClostridium perfringens. The dotted line is for the growth of
Listeria monocytogenesand is included to show thatL. monocytogenes
is not fast growing, relative to other foodborne organisms. Nonethe
less, under appropriate conditions, it can multiply suf� ciently to
cause problems, particularly in foods of reduced water activity (e.g
< 0.97). Under such conditions,L. monocytogenesdoes have a growth
rate advantage over other foodborne organisms, particularly in the
chill temperature range.
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Lag Times

For a given population, the lag time responds to temperature in
the same way as growth rate: It often has been reported tha
there is a direct proportionality between the lag time of a culture
and its generation time at any temperature. The previous
environment experienced by the cell or population, however,
also can affect the lag time. The lag time may be considered t
be determined both by the amount of work to be done to equip
the cell to adjust to a new environment, and the rate at which
that work can be done. The former component is thought to be
related to the magnitude of the change in environment, the
latter by the environment itself. In an otherwise-constant
environment, an abrupt temperature shift can induce a lag time
in an exponentially growing microbial population (see section
Uni � cation of the Microbial Response to Temperature).
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Figure 4 Interaction of environmental factors in determining the
boundary between growth and death of bacteria. In the example in the
figure, showing the effects of temperature and pH on the growth range of
L. monocytogenes, the minimum temperature for growth depends on the
pH of the environment. Closed circles are conditions under which growth
was possible; crosses are conditions under which growth could not be
demonstrated.
Interactions with Other Factors

The patterns of microbial responses to water activity and
pH are described separately in this volume. In terms of growth
rate, those responses are superimposed on the effect
temperature. The combined effects can be understood in term
of the ‘Gamma concept’ sometimes applied in predictive
microbiology. The Gamma concept proposes that the effects o
multiple inhibitory factors are additive (in terms of their rela-
tive effects on growth rate) so that microbial growth rate can
be described by an expression based on the growth rate a
the optimum conditions (i.e., optimum temperature, water
activity, pH, etc.) multiplied by a sequence of terms (each of
which can take values between 1 and 0) that model the degree
of ‘nonoptimality ’ of each of the other environmental condi-
tions (i.e., the ‘distance’ from the respective optima).

Thus, the model has the general form:

growth rate ¼ optimum rate
timesrelative inhibition due to suboptimal

temperature (a scale from 1 to 0),
timesrelative inhibition due to suboptimal

water activity (a scale from 1 to 0),
timesrelative inhibition due to suboptimal pH

(a scale from 1 to 0),
etc.

This concept can also be extended to include the inhibitory
effects of conditions beyond the optimum.

There is synergism, however, when multiple inhibitory
factors are present in the environment. That synergism i
manifest in modi � cation on the environmental limits for
growth of microbes.

s,

d

Growth Limits

Each organism has reasonably well-de� ned limits for growth in
response to individual environmental factors, when all other
factors are optimal for growth or survival. These limits,
however, are altered by the other environmental conditions.
For example, the potential temperature limits for growth are
reduced if a second environmental factor is at a suboptimal
level. An example of these interactions is shown inFigure 4.

The hurdle concept and, more speci� cally, its application
in ‘hurdle technology,’ seeks to exploit this phenomenon by
using combinations of levels of environmental factors, each of
which on its own is insuf � cient to prevent growth. When
applied simultaneously, however, these individual mild stresses
can interact to prevent the growth of target microorganisms.
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Figure 5 An illustration of a metabolic reaction in terms of Gibbs free
energy (Gy). The change in free energy of the system (DG) determines
whether the reaction is possible. The magnitude of the free energy of
activation (DGy) in� uences the likelihood of the reaction and the rate.DG
andDGy are both functions of temperature.
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Quantitative knowledge of the combination of levels of envi-
ronmental factors required to prevent growth is scarce. A limited
amount of data exists for a few foodborne bacteria that are
pathogenic to humans. It is believed, however, that as condi
tions become less optimal, that is, as environmental conditions
move further away from the growth–no-growth boundary and
to the no-growth region, the rate of microbial death increases
There are, however, minor exceptions to this pattern. Fo
example, if a factor other than temperature prevents microbia
growth, reduction of the temperature (i.e., moving further into
the ‘no-growth’ region) will reduce the rate of death.

An interesting observation from studies on the interaction
of environmental factors is that the optimum temperature for
tolerance to a second inhibitory factor is often at a lower
temperature than for optimum growth rate. Evidence of this
behavior can be seen inFigure 4. Suboptimal water activity due
to the presence of salt may increase the maximum temperatur
at which growth is possible. This effect may be due to the
synthesis of stress proteins that provide cross-protection t
temperature stress, to the alteration of the physicochemica
structure of water due to the presence of a humectant, due t
membrane rigidi� cation, and so on.
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Interpretation of the Effect of Temperature
on Microbial Growth

Effect of Temperature on Reaction Rate

Microbial growth can be considered as a complex sequence o
chemical reactions. The chemical reactions that occur within
bacterial or fungal cells are geared toward either

l Provision of energy and reducing power from the environ-
ment to the cell (catabolism), or

l Synthesis of structural and other macromolecules required
for growth (anabolism).

The rates of those reactions, and hence of microbial growth
are dependent on temperature as may be described by Eyring’s
absolute reaction rate equation:

V ¼
kT
h

� ½r� � e
�

� DGy
=RT

�
[1]

where

V ¼ rate of reaction,
k ¼ Boltzmann’s constant,
T ¼ temperature,
H ¼ Plank’s constant,
[r] ¼ concentration of reactant,
DGy ¼ Gibbs free energy of activation, or‘activation energy,’
R ¼ gas constant.

and which is based on the Arrhenius–van’t Hoff equation.
Most metabolic reactions within cells, however, do not

occur at measurable rates without the catalytic assistance
enzymes. Enzymes are proteins and are fundamental to a
metabolic functions. They mediate the transformation of
different forms of chemical energy.

A biochemical reaction proceeds from reactants to products
via one or more ‘transition’ states that possess a higher fre
energy than that of the reactants (seeFigure 5). Enough energy
must be supplied to the system to overcome this barrier and
allow the formation of the transition state. Thermodynami-
cally, this is quanti� ed by the free energy of activation,DGy. The
Gibbs free energy function is derived from a combination of
the � rst and second laws of thermodynamics:

DG ¼ DH � TDS [2]

where

DG ¼ change in free energy of the system,
DH ¼ change in enthalpy of the system,
DS ¼ change in entropy of the system,
T ¼ temperature (K).

For a chemical reaction to occur spontaneously, the chang
in free energy,DG (i.e., free energy of the products minus the
free energy of the reactants), must be negative. This requir
ment is independent of the path of the reaction (Figure 5).

Although DGindicates whether a given reaction is possible
DGy describes the amount of energy needed to‘drive’ the
reaction. The kinetic energy of the reactants determin
whether they have suf� cient energy to overcome the Gibbs free
energy, which often is termed the ‘activation energy.’ The
kinetic energy is related to the temperature of the system, bu
not all the reactant molecules have the same kinetic energy a
a given temperature. Rather, the energies of the reacta
molecules form a distribution of kinetic energies, the average
of which increases with temperature. Higher temperature
increases the probability that the reactants will have suf� cient
energy to overcomeDGy so that the reaction can proceed to
completion. Thus, the probability of reaction, and therefore
the rate, is also dependent on temperature.

Enzymes accelerate biochemical reactions by decreasi
DGy. Decreasing DGy effectively increases the number o
substrate molecules with suf� cient energy to complete the
reaction. Consequently, the reaction is perceived to occur at a
increased rate.

From eqn [1], the logarithm of rate is expected to be linearly
related to the reciprocal of temperature, with the slope of that
line being equal to the activation energy of the response. A plot
of ln(rate) vs. 1/temperature is known as an Arrhenius plot.
Figure 6 is an Arrhenius plot of the growth rate of Escherichia
coli and is typical of Arrhenius plots of microbial growth rate.
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Figure 6 An Arrhenius plot, based on a predictive model� tted toE. coli
growth rate data, and typical of microbial growth rate responses to
temperature. The dotted line is the predicted growth rate based on dat
the ‘normal temperature region for growth.’ If growth rate data are
collected over the full biokinetic region, however, deviations from this
prediction are observed at high and low temperatures. The‘normal
temperature region’ depicted was judged subjectively, based on the
deviation of the observed data from that predicted by extrapolation o
eqn [1], but it does correspond to temperatures beyond which measurab
changes in the composition ofE. colioccur.
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That plot, however, shows a deviation from the Arrhenius
relationship at high and low temperatures. This deviation often
has been attributed to the denaturation of one or several key
macromolecules required by the organism for growth, as
described inBox 1. An alternate hypothesis is that the coordi-
nation of catabolic and anabolic reactions within the cells
breaks down at high and low temperatures, leading to
a reduction in the ef� ciency of metabolism, and eventually to
the complete breakdown of balanced growth.

Whatever the reason, the Arrhenius plot of microbial
growth rate can be considered in terms of three regions relate
to temperature. The‘normal ’ physiological range is that region
where the growth rate responds to temperature as predicte
Box 1 A hypothetical physiological basis for the effect of te

Effect of Temperature on Enzyme Structure and EfÞciency
The rate of enzyme-catalyzed reactions is also dependent on the
functional activity of enzymes is dependent upon their shape, or co
Temperature affects the bonds in the molecule and, if the tempera
catalytically active. This process is called‘denaturation.’Denaturation can be vis
high and also when it becomes too low. That denaturation is revers
stability. If the temperature becomes too high, however, irreversibl

Hypothetical Physiological Basis of Temperature on Microbial Met
A number of theoretical models have been advanced since the 1930
a rate limiting, enzyme-catalyzed,‘master reaction’ for growth. The concept of
is that there is a single enzyme-catalyzed reaction that limits microb
been termed the‘master reaction’ and the‘master enzyme,’ respectively. The a
rate at all temperatures.

The hypothesis continues that the master enzyme is subject to th
stability or decreases below it, the enzyme progressively becomes d
is a function of temperature. The effect of this is a reduced level of si
temperature beyond the normal physiological range.
by eqn [1], that is, the central ‘straight-line’ portion. At any
temperature within the normal physiological range, the
chemical composition of the cell is essentially constant.
Beyond this range are the high- and low-temperature regions
Cells grown in the high- and low-temperature regions not only
have growth rates that deviate from that predicted byeqn [1]
but increasingly are different in composition to those grown in
the ‘normal’ physiological range. Transitions to the high- and
low-temperature regions have been shown to result in synthesi
of proteins not expressed in the normal temperature region. As
will be discussed in detail, membrane lipid composition also is
altered by the synthesis and incorporation into the membrane
of lipids that have the effect of maintaining membrane� uidity.
Uni�cation of the Microbial Response to Temperature

The previous observations and discussion offer a consisten
interpretation of the effects of temperature on microbial
growth rates and limits. The temperaturelimits for growth are
governed by the high- and low-temperature stability of one, or
several, key macromolecules without which growth cannot
proceed.

Growth rate increases with increased temperature in accor
dance witheqn [1] until the increase in temperature disrupts the
conformation of enzymes, or the integration of anabolic and
catabolic rates. Thus, metabolic ef� ciency decreases, leading to
the observed high- and low-temperature deviations. In this
interpretation, the optimum growth temperature is viewed as
the point of equilibrium between increasing reaction rates due
to temperature and the deleterious effects of temperature on
macromolecular stability or integration of metabolism. This
interpretation also leads to an explanation of why the temper-
ature for maximum growth rate does not necessarily corre
sponds to the temperature ofmaximum toleranceto a second,
suboptimal, environmental constraint, that is, the temperature
of maximum tolerance is in the mid-range of the normal
temperature region, where one would expect the greates
metabolic ef� ciency, and greatest capacity to overcome an othe
environmental hurdle by homeostatic mechanisms.

a in

f
le
mperature on microbial growth rate

concentration of active enzyme– itself a function of temperature. Enzymes are proteins. The
nformation, but they are� exible– the� exibility being required to achieve their catalytic function.
ture changes too much, the conformation becomes so distorted that the enzyme is no longer
ualized as unfolding of the protein and can occur both when temperature becomes too
ible and the protein can refold spontaneously if the temperature returns to within the range for

e denaturation takes place.

abolism
s to explain the effect of temperature on bacterial growth rate. Most have as their basis the idea of
the models for the temperature dependence of poikilothermic growth mentioned earlier
ial growth rate under all conditions. This putative reaction and the enzyme that catalyzes it have

ctivation energy of the master reaction is considered to be the ultimate limit to growth

e effects of temperature, so that as temperature increases above the optimum for conformational
enatured. The transition of the master enzyme between conformationally active and inactive states
tes available for catalysis, perceived as a reduction in the rate of reaction as seen at high and low
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If the lag time is a period of metabolic adjustment, requiring
synthesis of new protein, it follows that the effect of tempera-
ture on those processes will be similar to the effect of temper
ature on growth rate. The induction of lag times due to abrupt
temperature shift corresponds to whether the temperature shif
involves a transition from one temperature region to another,
particularly from the normal to low regions.
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Figure 7 Illustration of the lipid bilayer structure in (a) the crystalline
(gel) phase where acyl motion is low; (b) the� uid phase where acyl
residue motion is high; and (c) a nonbilayer (inverted hexagonal)
lipid phase.Tm refers to the liquid–crystalline phase transition that may
occur to the membrane due to a temperature downshift.Th refers to
the bilayer–nonbilayer phase transition that may occur due to
a temperature upshift.
Effects of Temperature on Metabolism

Enzymes energetically stabilize transition states of reactio
intermediates. By catalyzing speci� c reactions between selecte
substrates, enzymes can act as‘molecular switches’ in deter-
mining both the rate and the direction of metabolic pathways.

The preceding discussion has described how temperatur
may act at a fundamental level of metabolism by directly
in � uencing the type and rate of biochemical reactions. Tem
perature is an‘extrinsic’ ecological factor in� uencing microbial
growth and metabolism. Although most bacteria and fungi
can actively regulate‘intrinsic ’ physicochemical parameters
within the cell (e.g., water activity, pH, redox), the microbial
cell can react only to changes in environmental temperature in
an effort to maintain functional metabolism. The regulation of
cellular metabolism in response to changes in environmental
temperature is of primary importance to survival and growth.
There are two broad areas in which metabolic regulation in
response to temperature variation occurs:

l The microbial cell, as a single compartment, must maintain
functional integrity and continue to provide a suitable
physicochemical environment for metabolic function.

l The regulation of enzyme activity must maintain coordi-
nation between catabolic and anabolic processes.

Maintenance of a physicochemical environment compat-
ible with enzyme function necessitates a functional cell
membrane assembly for both bacteria and fungi. Under the
� uid mosaic membrane model, this requires the following:

l That the cell regulates its lipid composition to ensure that
a stable bilayer is formed with membrane proteins, and

l That this bilayer remains in a suf� ciently ‘� uid’ state.

A great deal of research has been aimed at the latte
requirement. The former point has been ignored largely due to
the general assumption that natural lipid mixtures spontane-
ously form a bilayer arrangement. Generally, during normal
cell growth, this is true.

Lipid Composition

In the � uid state, the lipid components of a membrane bilayer
remain miscible in all proportions. However, as the � uid-
crystalline phase transition occurs during a temperature
downshift ( Figure 7) individual lipid components begin to
separate and crystallize depending on their individual ther-
modynamic properties. As the bilayer freezes, crystallin
regions grow at the expense of� uid ones, with progressively
lower melting point lipids moving out of � uid regions into
crystalline ones.

The crystallization, or freezing, of the membrane cause
large changes in viscoelastic properties of the cell. In th
predominantly crystalline state, cellular membranes can become
‘osmotically fragile’ with leakage of intracellular components as
the bilayer loses its ability to act as an ef� cient semipermeable
barrier. Such leakage is believed to occur from two main sources
the formation of microscopic � ssures in crystalline regions and
the formation of grain boundary effects. Grain boundary effects
represent areas of disorder occurring at interfaces betwee
differently oriented crystalline regions formed during the� uid-
crystalline phase transition. These areas may provide leakag
sites for small molecules and ions. In addition, the crystalline
regions formed are, in effect, semisolid regions within the
membrane (Figure 7). As the membrane loses the� exibility
previously afforded by the more viscous� uid state, mechanical
deformation, and shrinkage can result in microscopic� ssures
forming through which additional leakage may occur.

Second, the physical state of the membrane lipids also
has the potential to exert a large effect on many essentia
physiological cell processes, such as sugar, amino acid, an
ion transport, chemotaxis, and membrane-associated oxida
tion and reduction enzymes. The sensitivity of these pro-
cesses to the physical state of the membrane derives from th
fact that major protein components or assemblies of these
systems are located within, or in close association with, the
lipid bilayer.

Liquid–crystalline phase transitions caused by temperatur
downshifts therefore are detrimental for the cell. Indeed, for
almost all microbes, the membrane bilayer is present in a� uid
or predominantly � uid state at growth temperature. For
example, inE. coli, the bulk crystalline–liquid phase transition is
completed 7–15 � C below the ambient temperature, ensuring
that the membrane is completely � uid at the temperature of
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growth. Upshifts in temperature may also be detrimental to
metabolic function, as the membrane may lose proper function
from excess� uidity. If the temperature upshift is of suf� cient
severity, the increased fatty acid chain motion within the bilayer
may also result in the formation of nonbilayer lipid phases and
the loss of membrane function (Figure 7). The transition
temperature is controlled mainly by the melting point of the
constituent membrane phospholipid fatty acids, as the phase
transition is essentially a hydrocarbon-mediated event. By
manipulation of phospholipid fatty acid composition, bacteria
and fungi may alter their physical membrane characteristics to
maintain metabolic functions during and after changes in
environmental temperature.
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Regulation of Enzymes in Response to Temperature

The manipulation by bacteria and fungi of one aspect of their
cellular composition, to retain functionality in response to
changes in temperature, has been described in general term
The innate effect of temperature on enzyme function and the
critical role of enzymes in metabolic processes has also bee
discussed. There are multiple mechanisms by which metabolic
regulation occurs. Enzymes also play a fundamental role in the
regulation of metabolism in response to temperature. Two
major modes of enzyme regulation occur:

l A change in the cellular concentration of a given enzyme
(usually achieved by a change in the rate of enzyme
synthesis), thereby altering the overall level of cellular
activity, and

l Modulation of existing enzyme activity primarily via cova-
lent modi � cation or allosteric interactions.

An example of such an enzymatic regulatory mechanism is
found in the adaptation of membrane fatty acid composition
Acetyl-ACP
+ Malonyl-ACP

1 Condensation via
   KAS I or KAS III

3 Dehydration
   via HDD

2 Reduction
   via KAS R

4 Reduction and 
by KAS I or KA

,  Dehydration
product

4 Elongation
   KAS I

,  Dehydration
product

Figure 8 Schematic pathway of fatty acid biosynthesis inE. colidenoting the
acid is a critical metabolic function in response to decreasing environm
KAS I,b-ketoacyl-ACP synthase I; KAS II,b-ketoacyl-ACP synthase II; KAS
hydroxydecanoyl-ACP dehydrase.
to temperature within E. coli. Figure 8 summarizes the major
steps in the fatty acid biosynthetic pathway of E. coli.
The major fatty acids produced byE. coli are palmitic acid
(16:0), palmitoleic acid (16:1 u 7c), or cis-vaccenic acid
(18:1u 7c) with the ratio of these major components varying
with temperature. In response to a decrease in growth
temperature, the amount ofcis-vaccenic acid in the membrane
increases while the level of palmitic acid declines. That is, there
is an increase in unsaturated fatty acids at the expense o
saturated components.

Studies with temperature sensitive mutants ofE. colihave
revealed that the speci� c ability to produce cis-vaccenic acid
(rather than simply palmitoleic acid) was essential for thermal
regulation. Further investigations revealed the presence o
a single enzyme, b-ketoacyl-ACP synthase II (KAS II) was
responsible for the critical step of converting palmitoleic acid to
cis-vaccenic acid during low-temperature thermal regulation
(Figure 8). Inhibitor studies demonstrated the neither mRNA
nor protein synthesis was required to achieve an increased rat
of cis-vaccenic acid synthesis within 30 s of a temperatur
downshift. That is, KAS II is present withinE. coliat all growth
temperatures but is regulated so that it becomes active only
under low-temperature conditions.

Similar studies of fatty acid modi� cation in fungi have
highlighted a further important aspect of metabolic response to
temperature. Experiments using the mycelial fungiTetrahymena
pyriformis and Cunninghamella japonicaindicate that the
production of unsaturated fatty acids by enzyme-linked desa-
turation relies on the temperature-induced changes in
membrane � uidity. A decrease in membrane� uidity (with
decreasing temperature) results in the activation of membrane
associated desaturase enzymes, which undergo a change
conformation allowing them to act on surrounding fatty acid
substrates. The increase in unsaturated fatty acids consequen
Palmitic acid
(16:0)

cis-Vaccenic acid
(18:1 7 c)

elongation
S III

Palmitoleic acid
(16:1 7 c)

 by 5 Elongation by
   KAS II

major products involved in thermal regulation. The synthesis ofcis-vaccenic
ental temperature. This process is regulated by the activity of KAS II. Abbreviations:

III,b-ketoacyl-ACP synthase III; KAS R,b-ketoacyl-ACP reductase; HDD,
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restores a functional level of �uidity to the membrane.
Importantly, in this case, the activation of desaturase enzymes
is modulated directly by the degree of membrane �uidity,
which is in�uenced by temperature.

Microbes display both generic and speci�c responses to
extremes of temperature. Suites of proteins (often involved in
protection of enyzme conformation) are produced in response
to temperature changes and described as heat-shock, or cold-
shock, proteins. Speci�c responses to temperature change also
are documented. In the intracellular pathogen L. monocytogene,
for example, virulence genes are expressed at 37 �C, a temper-
ature that might signal to the organism that it is in a mamma-
lian host, but not at 25 �C – a temperature more likely to be
associated with the organism being in the environment, and
needing to adopt a saprophytic lifestyle rather than expending
energy on the production of virulence factors involved in
intracellular survival and movement when they are not needed.
Complex systems of control of gene expression in response to
temperature exist and mechanisms by which temperature is
‘sensed’ also are being elucidated, including transmembrane
proteins involving histidine kinases, and which respond to the
thickness of the lipid bilayer. Temperature sensitive sequences
of RNA in mRNA molecules, termed ‘RNA thermometers,’ fold
into a conformation at low temperature that prevents their
access to the ribosome at low temperature, thereby preventing
expression of that gene.
icroorganisms.
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Summary

Bacteria and fungi are unable to achieve temperature homeo-
stasis and, within a narrow range of temperature, their meta-
bolic rates respond to temperature in the same manner as
simple chemical reactions, increasing in rate with increasing
temperature. Beyond this range, the effects of temperature
become more pronounced requiring microorganisms to
manipulate their composition to minimize the effects of
temperature on their metabolism. Different species have
adapted to growth in different temperature ranges, but even
with the capacity for manipulation, most bacteria can grow
within a range of temperature that spans 35–40 �C only and
fungi 25–30 �C only. Those temperature tolerance limits may
be further reduced by other environmental constraints.
Although there is a complex interaction of growth rates and
tolerance ranges of microbes to temperature and other factors,
the known patterns of microbial response to temperature
enable the microbial ecology of foods to be reasonably well
understood and to enable that ecology to be manipulated by
temperature control.
See also:Clostridium:Clostridium perfringens; Escherichia coli:
Escherichia coli; Predictive Microbiology and Food Safety;
Ecology of Bacteria and Fungi:In� uence of Available Water;
Ecology of Bacteria and Fungi in Foods:Effects of pH; Hurdle
Technology; Lipid Metabolism; Food Packaging with
Antimicrobial Properties; Freezing of Foods:Damage to
Microbial Cells; Freezing of Foods:Growth and Survival of
Microorganisms; Heat Treatment of Foods:Principles of
Canning; Heat Treatment of Foods:Spoilage Problems
Associated with Canning; Heat Treatment of Foods:
Ultra-High-Temperature Treatments; Heat Treatment of
Foods – Principles of Pasteurization; Heat Treatment of Foods
Action of Microwaves; Heat Treatment of Foods:Synergy
Between Treatments; Microbiology of Sous-vide Products;
Preservatives:Traditional Preservatives – Organic Acids;
Thermal Processes:Pasteurization.
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Eggs are one of the few foods that can pass from the farm
to the consumer with minimum treatment. In some
countries, such as the United Kingdom, even the washing
or sanitizing of the shell is prohibited if the egg is to be
sold as a Grade A product. The ability of the chicken to
produce a food that can be stored for up to 3 weeks
without adverse effects on its eating quality or bacterio-
logical safety is an indication of the complex antimicrobial
systems that have evolved to protect the egg, and in
particular the yolk, from both pathogens and spoilage
organisms. The ability of microorganisms to adapt,
however, as evidenced by the impact of Salmonella enter-
itidis on egg production in the United Kingdom and more
recently in the United States, poses a constant challenge to
the safety of fresh eggs as a food product.
Structure and Composition of Fresh Eggs

The hen’s egg is formed in the ovaries and oviduct (see
Figure 1). The oviduct is some 60 cm in length and for func-
tional purposes is divided into the infundibulum or neck, the
Immature
ova

Mature
ova

Infundibulum

Magnum
(albumen deposition 3 h)

Figure 1 Schematic diagram of the reproductive organs of the hen.
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magnum, isthmus, uterus or shell gland, and the vagina. The
ova or yolk is formed over a period of approximately 9 days.
The constituents (approximately 16% protein, 34% lipid, 0.1%
carbohydrate, and 1% ash) are transported via the bloodstream
to the ovaries, where the material is taken up and contained
within the perivitelline membrane. Following its release, the
yolk should be guided into the oviduct by the infundibulum
and from there begins its passage down the oviduct.

Immediately after its entry into the oviduct, the second
vitelline membrane is deposited and then, on entry to the
magnum, albumen deposition begins. The albumen is laid
down in three distinct layers: the inner and outer, thin albumen
differing from the more viscous middle, thick albumen in the
amount of the protein ovomucin; the percentages of ovomucin
are approximately 1.2% and 7.5% in the thin and thicker
albumens, respectively. With this exception, the different
albumen layers are similar in composition, consisting of
approximately 88% water, 10% protein, 0.03% lipid, 0.6%
carbohydrate, and 0.5% ash. The egg spends approximately 3 h
in the magnum before moving on to the isthmus, where the
sheet-like limiting membrane is deposited, followed by two
�brous shell membranes. The �bers lie parallel to each other
Isthmus (shell membrane
formation 1 h)

Shell gland
(shell formation 20 h)

Vagina

Cloaca

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00089-6
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Figure 2 Radial section of the� brous egg shell membranes showing the relative thin� bers of the inner membrane and the thicker� bers of the outer
membrane.
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and are arranged in a random manner within the tangential
plain (see Figure 2).

The � bers of the inner membrane, which oppose the
limiting membrane, differ from those in the outer-shell
membrane only in that they are thinner (<2 microns
cf<3.6 microns) and more tightly packed. The inner
membrane is approximately 20 microns thick, whereas the
outer membrane is thicker, at approximately 50 microns.
Towards the end of the hour that the egg spends in the isthmus
water is taken up by the albumen. This process, calle
‘plumping ’ continues throughout the early stage of the shell
formation in the shell gland (or uterus).

The egg spends some 18 h in the uterus, that is, approx
mately 75% of the total time it spends in the oviduct. Once the
initial layer of shell has formed across the surface of the outer
shell membrane, the plumping process ceases. The she
consists of 98% calcium carbonate in the calcite form and 2%
organic matrix (seeFigure 3). Traversing the shell are between
7000 and 17 000 trumpet-shaped pores that are approximately
10 microns in diameter. These pores are essential in the fertil
egg for the exchange of respiratory gases. Immediately befo
oviposition, the organic cuticle is deposited. This process forms
a relatively thin (0.5–13 microns) layer over the shell that is
normally 300–400 microns thick. Where the cuticle bridges the
mouth of a pore canal, it forms a loose plug, rather like a loose
cork in the neck of a bottle.
l
Figure 3 Radial section of hen egg shell showing the cuticle (C), pore
canal (PC), and shell membranes (SM).
Antimicrobial Defense Systems

Physical Defense

The egg’s antimicrobial defense mechanisms are both physica
and chemical in nature. If we consider bacteria located on the
surface of the shell, the cuticle presents the� rst line of defense.
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Figure 4 Salmonellaon the inner surface of the shell’s limiting
membrane.
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Figure 5 The effect of albumen pH on the growth ofS. typhimurium
when incubatedin vitro, at 37.5� C.
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Immediately following oviposition, the cuticle has a fragile,
spongelike, moist structure. While in this condition, any
bacteria that come into contact with the surface of the shell will
be rapidly translocated by the water associated with the mois
cuticle and underlying pores, through the shell to the shell
membranes (seeFigure 4). Normally, however, the cuticle
would have dried before bacteria come into contact with it.
Under these circumstances, the bacteria would tend to b
con� ned to the relatively dry and hostile environment of the
shell surface. Because of this environment, Gram-positiv
bacteria are found more commonly on the shells of eggs (e.g.
Micrococcus, Bacillus, Escherichia, and Staphylococcus) although
Gram-negative organisms are also routinely isolated (e.g
Aerobacter, Cytophaga, and Flavobacterium).

Once the cuticle has dried, probably the most common
cause of bacteria being drawn through the shell is the presenc
of water on the shell and in the pore canals. This can come
about either through condensation forming on the shell (so-
called ‘sweating’) or as a result of the egg being washed o
sanitized.

Fungal growth on the shell tends to occur only when the
eggs are held at relatively high levels of humidity (>80% RH).
The following species have been reported to be associated wit
shell eggs:Aspergillus, Penicillium, Cladosporium, Rhizopus, and
Mucor. Once fungi have colonized the shell’s surface, the pores
can be penetrated relatively easily by the hyphae.

Although the shell remains intact, microorganisms are
forced to traverse the pore canals; however, once the shell
cracked, it may provide very little protection and, consequently,
gross contamination of the egg contents can be extremely rapid

The � brous shell membranes that form the foundation for,
and hence are crucial to, the correct formation of the overlying
shell offer relatively little defense against microorganisms
Studies have shown that bacteria can grow within the
membranes, the environment favoring Gram-negative ove
Gram-positive organisms. Ultimately, the growth of contami-
nants in the membranes is limited by a combination of the
presence of the limiting membrane and the bacteriostatic
nature of the albumen. If contamination of the albumen is to
occur, bacteria must pass through the limiting membrane.
Whether this is achieved by organisms degrading the limiting
membrane or passing through naturally occurring holes in the
membrane is uncertain; however, once the organisms hav
passed through the limiting membrane, they are presented with
the hostile environment of the albumen, which separates the
yolk (which is rich in nutrients and has little, if any, inherent
antimicrobial properties) from the shell.

The albumen’s viscosity, or physical defense, is the result o
the interaction between the proteins ovomucin and lysozyme
at neutral pH. However, during the days that follow oviposi-
tion, the loss of carbon dioxide from the albumen by diffusion
brings about an increase in the pH. As the pH rises, the inter
action between ovomucin and lysozyme decreases, and th
viscosity is lost. This is important in the fertile egg for the
successful development of the embryo. Although the antimi-
crobial bene� ts of the high viscosity are lost, the increased pH
increases the ef� cacy of the chemical defense provided by the
numerous antimicrobial proteins in albumen (see Figure 5)
These are discussed in the following sections.
Chemical Defense

Evidence is emerging that the cuticle of chicken eggs an
probably the cuticle of the eggs of at least a related species o
bird have antimicrobial chemical properties and not just the
more commonly recognized physical antimicrobial properties.
For example, lipophilic compounds that have been extracted
from the cuticle are active against Gram-positive and Gram
negative bacteria. Similarly, porphyrins in the cuticle have been
associated with the photoinactivation of Gram-positive
(Staphylococcus aureus, Bacillus cereus) organisms.

It has long been recognized that the albumen contains
a large number of antimicrobial proteins. More recently,
similar proteins have been identi� ed in the shell and shell
membranes. For example, lysozyme has been isolated from th
sheetlike limiting membrane that forms a barrier between the
� brous shell membranes and the underlying albumen. Simi-
larly, lysozyme has been identi� ed in the � brous shell
membranes, the shell, and the cuticle. Other proteins that may
have antimicrobial proprieties have been isolated from the
shell of hens’ eggs include ovotransferrin and ovocalyxin-36.

Although the lysozymes are probably the best known of the
albumen’s antimicrobial proteins, they may be less ef�cacious
than the protein ovotransferrin. Lysozyme acts on the beta-
(1-4) glycosidic bond between N-acetyl glucosamine and
N-acetylmuramic acid in the water-insoluble peptidoglycan of
eubacterial cell walls, whereas ovotransferrin, as the nam
suggests, chelates a number of metal ions, including iron. By
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making iron unavailable to bacteria, the ability of microor-
ganisms to replicate is restricted. The importance of ovo
transferrin’s ability to bind the available iron within the
albumen is exempli� ed by experiences in the United States
There, eggs that had been washed and sanitized were rotting
relatively large numbers when held in store. Upon investiga-
tion, it was shown that the increased incidence of rots resulted
from the eggs being washed in water containing relatively high
levels (> 4 ppm) of iron. The wash water was penetrating the
shell and providing suf� cient iron to negate the effect of
ovotransferrin.

Other proteins, such as ovomucoid, ovoinhibitor, ovo-
� avoprotein, and avidin will inhibit trypsin, inhibit proteases,
chelate ribo� avin, and chelate biotin, respectively.

The proportions and ef� cacies of the proteins in albumen
vary according to the species. Thus, it has been shown th
while ovotransferrin and ovalbumin were present in the
albumen of the chicken, turkey, duck, and goose, c-type lyso
zyme was not present in the goose-egg albumen. The highe
concentrations of ovotransferrin and the broad-acting c-type
lysozyme resulted in the albumen of the chicken being more
antimicrobially effective than that of the goose.

Under normal production and storage conditions, the phys-
ical and chemical defense systems combine to delay the growth o
contaminants for about 21 days. Even when abused, for example
by inoculating bacteria onto the shell membranes and incubating
the egg at 37� C, the egg’s antimicrobial systems prevented (see
Figure 6) gross contamination for more than 12 days.

The mechanisms that result in this delay are, however, th
subject of debate. It is generally agreed that the quiescen
period is terminated when the contaminants make contact with
the nutrients originating from the yolk. Although some
researchers contend that growth occurs following penetration
of the vitelline membrane by contaminants, others postulate
that it is the leeching of iron and nutrients from a deteriorating
membrane that allows the onset of a rapid growth of the
contaminants.
d

Contamination of Eggs with Salmonellae

Pathogens recovered from eggs in the past have include
species ofAeromonas, Campylobacter, Listeria, and Salmonella.
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Figure 6 The growth of a mixed culture in the shell membranes and
subsequent growth within the albumen of an egg incubated at 37.5� C.
However, in terms of reported outbreaks of illness attrib-
uted to eggs onlySalmonellais of signi� cance. Shells of egg
have been reported to be contaminated with a range of
Salmonellaspp., including S. anatum, S. bareilly, S. enteritidis,
S. derby, S. essen, S. heidelberg, S. montevideo, S. oranienburg,
S. thompson,S. typhimurium, and S. worthington. The normally
dry condition of the surface of the ‘nest-clean’ (i.e., free of
visible contamination) shell means that in practice most
Salmonellaspp. die relatively soon after they contaminate
the shell.

Until the 1980s, salmonellosis associated with hens’ eggs
was relatively infrequent. Duck eggs had long been implicated
in salmonellosis outbreaks, presumably because of the envi
ronment in which they were produced. Therefore, concerns
were raised in the United Kingdom when in the late 1980s an
increase in the incidence of salmonellosis was attributed to
hens’ eggs and speci� cally an increase in outbreaks due to
S. enteritidis. In the last 3 weeks of November 1988, for
example, this organism accounted for 1167 or 57.2% of the
salmonellae identi� ed in reports, although eggs were not
implicated in all outbreaks caused byS. enteritidis. Of these,
890 reports were of outbreaks that involvedS. enteritidistype 4
(PT4). In 1997, more than 32 000 salmonella infections were
reported in England and Wales, an increase of 11% from the
previous year. During the same period,S. enteritidisPT4
infections rose by more than 2000 (16%), and infections
associated with otherS. enteritidisphage types rose by 2500
(48%); and infections associated with S. typhimuriumand
other salmonellas fell by 16% and 9%, respectively. More
recently, eggs accounted for most of the 3578 cases ofS.
enteritidisacquired from foods reported in the United States
between May 1 and November 30, 2010. As of 2011, the US
Department of Health and Human services had noted that
‘one in 10 000 eggs may be contaminated withSalmonella
inside the egg shell’.

It has been suggested that, by adapting to the conditions
found in the oviduct or ovaries, S. enteritidisPT4 has managed
to circumvent many of the egg’s natural antimicrobial systems;
unlike, for example, S. enteritidis PT13A, which is more
commonly associated with fecal contamination. However,
studies have shown that the correlation between the number of
hens infected withS. enteritidisand the number of infected eggs
laid is variable. For example, in one study of infected� ocks, the
fraction of eggs whose contents tested positive ranged from
0.1–1.0%. Furthermore, becauseSalmonellaspp. are commonly
associated with both red and white meats and dairy products,
as well as eggs, cross-contamination can occur postproductio
and, in particular, in the home. Poor hygiene can also result in
secondary outbreaks.
,

Implications for Human Health

The common clinical features of salmonellosis are diarrhea
vomiting, and fever, but infection may result in symptoms
ranging from mild gastroenteritis to septicaemia or death.

Although salmonellae are transmitted predominantly in
foodstuffs, cooking usually kills the organisms. The rise in the
United Kingdom in the late 1980s in the reported numbers of
infections attributed to salmonella in eggs or egg products
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culminated in the chief medical of� cer advising consumers to
stop eating raw eggs and food containing uncooked eggs
Furthermore, it was recommended that those who could be
considered vulnerable, such as the sick, elderly, pregnan
women, and babies, should only eat eggs when they had bee
cooked suf� ciently to solidify the yolk and albumen. At that
time, the dominant causal organism wasS. enteritidis. Data
for the period July to September 1998 show thatS. enteritidis
accounted for 80.4% of a total of 353 outbreaks attributed to
salmonellas. Of the outbreaks caused byS. enteritidis, 60.9%
of these were due to S. enteritidis PT4. S. typhimurium
accounted for 44 of the 69 outbreaks caused by salmonella
other than S. enteritidis. Although eggs were not identi� ed as
the suspect vehicle of infection in all of the outbreaks caused
by S. enteritidis, foods incorporating eggs, such as mayon
naise, egg sandwiches, egg fried rice, or mousse are list
frequently. Part of the UK egg industry’s response to the rapid
rise in salmonella infections linked to eggs was the intro-
duction of a Salmonellavaccination program for laying hens.
This had a marked effect on the number of eggs testin
positive for Salmonella. For example, by 2011, UK (England
and Wales) data showed that although S. enteritidisstill
accounted for most of the 1020 reported cases of salmonel
losis in August of that year, it was only 29.4% of the isolates;
and of the S. enteritidisisolates, only 13.3% wereS. enteritidis
PT4. In contrast to the situation in the late 1990s,
S. typhimuriumaccounted for 28.7% of the 1020 reported
cases of salmonellosis in August 2011. A somewhat simila
split between these serotypes was reported for US isolates
2009, by the US Centers for Disease Control and Prevention
with S. enteritidisaccounting for 17.5% of the nearly 50 000
isolates, the next nearest andS. typhimuriumbeing 15% of
the total.
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Reducing Infection of Flocks and the Risks in Storag

Eggs may become contaminated with microorganisms through
either the vertical (i.e., infection of the ovaries or oviduct) or
horizontal (i.e., cross-contamination due to dust, fecal mate-
rial, etc.) routes.

Although the vertical transmission of viruses (e.g., Onco-
viridae, paramyoviruses, picornavirus) andMycoplasmaspp.
(e.g.,M. meleagridis, M. gallisepticum, M. synoviae, or M. iowae)
can have a major impact on poultry production, these organ-
isms do not affect the human population. The vertical trans-
mission of food-poisoning bacteria has been largely restricted
to S. enteritidis, although S. typhimuriumserotypes have infected
the ovaries.

Organisms associated with the contamination of eggs by
horizontal transmission are far more numerous. Spoilage
organisms that have been recovered from eggs include speci
of Pseudomonas, Aeromonas, Acinetobacter, Alcaligenes, Cit-
robacter, Cloaca, Escherichia, Hafnia, Proteus, and Serratia. Path-
ogens recovered from shells include a wide range o
salmonellas (e.g.,S. heidelberg, S. montevideo, S. typhimurium,
S. enteritidis, S. bareilly), Campylobacterspp., Listeriaspp., and
Aeromonasspp. However, in the past 20 years it is the upsurge o
infections resulting from S. enteritidisthat has been notable,
with S. enteritidisPT13A being more often associated with feca
contamination of the shell than infection of the ovaries, and so,
probably, often being transmitted horizontally.

Control measures designed to reduce the risk of produc
contamination must therefore encompass two approaches
First, they should ensure that replacement laying hens are fre
of the microorganisms that would be of concern and, secondly,
the risk of infection of the housed birds or cross-contamination
of the product must be minimized.

To understand the control measures, it is necessary t
consider the operation of the commercial production process.
In brief, day-old chicks hatched in a dedicated layer hatchery
will normally be reared either on the � oor (the majority of UK
birds are reared in this way) or in cages. Birds will be reared a
dedicated rearing sites until they are about 16 weeks old, when
they are approaching sexual maturity. The bird are then referred
to as being at‘point-of-lay ’, and will be transferred to a laying
farm.

In Europe, eggs are produced using a number of system
including cage, barn, free range, and organic. These systems
production have remained relatively unchanged for decades
However, from 2012 European regulations require that hens
no longer be housed in the system of choice for most egg
producers, the conventional barren cage. If producers want to
continue to house hens in cages, then they have to replace th
conventional barren cage with the so-called enriched or
modi � ed cage. This cage design differs from that of the barre
cage in a number ways, including the requirements for
provision of a nest box area, scratch mat area, perches, an
generally, more space (vertical and horizontal) per bird. In
practice, the colony size has also increased from 4 to 6 up to
60, or in some cases, 80 birds per cage. Although man
producers have or will convert from conventional to enriched
cages, a considerable number will have converted to free-rang
production by 2012. For example, in the United Kingdom, in
the year 2000, the typical recorded percentages of table eg
produced from cage, barn, free-range, and organic system
were, respectively, 74%, 8%, 18%, and<1%. Comparable
� gures for 2011 were 48%, 4%, 44%, and 4%, respectively. In
contrast, in the United States, approximately 95% of laying
hens are housed in cages; other countries also have little or n
alternative to the cage-laid egg.

Irrespective of the production system used, the pullet will be
stimulated into lay by increasing the number of hours of light
that the bird is exposed to in a 24 h period. Once in lay, hens
will typically be kept until they are 70 –76 weeks old. Then, the
housing will be depopulated and cleaned before being
restocked.

Measures aimed at reducing the risk of contamination of
the product are often targeted at salmonellae, these bein
particularly high-pro � le organisms as far as egg products ar
concerned. In Europe, the control ofSalmonellain laying hens
(and some other farmed species) is being coordinated at the
level of the European Union. For example, Regulations (EC)
No. 2160/2003 and (EC) No. 1168/2006 are designed to
ensure coherent action to reduceSalmonellaserotypes consid-
ered to be of human health signi� cance (S. enteritidisand
S. typhimurium) across the member nations of the European
Union.

In the United Kingdom, the related National Control Pro-
gramme (NCP) for Salmonellain laying hens was implemented
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on February 1, 2008. To minimize the risk that eggs could
present to public health, the NCP required that,
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from 1st January 2009, eggs originating from� ocks infected with
SalmonellaEnteritidis or SalmonellaTyphimurium cannot be sent for
human consumption unless they are treated in a manner that will
guarantee the elimination of Salmonella(i.e. pasteurisation/heat
treatment).

The UK NCP is supported by other legislation and codes
of practice aimed at reducing the opportunity for Salmonellas
spp. to enter the production unit. For example, there are
codes and legislation that cover the production and testing
of chicks, feed, and the control of vermin and, in particular,
rodents.

It is advisable that replacement pullets should be vaccinated
againstS. enteritidisPT4. Before day-old chicks are placed in th
rearing house, the house should be checked forS. enteritidis,
with the area being resanitized if a positive result is obtained.
Standard biosecurity measures should be adopted, including
the use of footbaths, operation of an effective rodent control
program, and the wearing of protective clothing by all
employees. The risks associated with either people, vehicles,
materials coming on site and acting as vectors for microor
ganisms, such asS. enteritidisare substantial. Therefore, the
number of visitors to the site should be minimized, and those
who do visit should wear protective clothing. Any vehicle
coming on to the site should be cleaned externally, and the
wheels and lower portion of the vehicle sprayed with a sani-
tizer. The feed should be treated to minimize the risk of
S. enteritidiscontamination. This can be achieved in a number
of ways – two of the more common techniques being heat
treatment of the feed (mash) or the addition of an organic acid.
The use of heat (e.g., 85� C for 3 min or 75 � C for 6 min) can
achieve a total kill of Enterobacteriaceae and molds when
either group of organisms is initially present at a level
of �10 6 cfu g� 1.

Before the point-of-lay pullets can be transferred from the
rearing to the laying farm, a statistically valid number of birds
should be tested forS. enteritidisby taking cloacal swabs. Once
the laying house has been tested and shown to be negative fo
S. enteritidis, the point-of-lay pullets can be housed. Strict bio-
security is imperative as most commercial sites are multiage–
that is, the poultry houses on a site will contain � ocks, each
in a separate house, that range in age from approximately 16–76
weeks. Measures such as those outlined earlier for rearing sit
should be adopted to minimize the risk of cross-contamination.

Depending on the system, eggs may be laid in a range o
environments. Cage eggs can be laid onto an inclined wire� oor
that causes the egg to roll away to the front or rear of the cage
away from the bird. The eggs would normally roll onto a belt,
which conveys the egg, via a series of lifts and belts, to the eg
store or packing station. Eggs that are produced on barn or free
range systems are normally laid into a nest box, the require
ment in Europe being that there be‘one nest for every 7 birds or
1 square meter of nest space for every 120 birds’. Depending
on the design of the nest box, eggs may be collected manuall
or, as in the cage systems described earlier, automatically.
collected manually, the eggs are normally laid on to either
white wood shavings or similar material, or plastic tur� ike
matting. Automated systems can also use plastic matting o
a similar material, the main criteria being that the eggs will roll
over the surface and that the matting is not lost from the nest
box as the egg moves on to the belt.

At the moment the egg emerges from the bird, it is warm
(w 41 � C) and moist. The moisture is due to the cuticle, which
at this stage has an‘immature structure’ (see section on
bacterial defense). In essence, the presence of water within th
cuticle, combined with the open structure, allows bacteria to
penetrate the egg, to the level of the membranes, in relativel
large numbers. It is therefore essential that the environmen
into which the egg is laid contains as few pathogens and
spoilage organisms as possible.

The move from cages to the extensive systems of eg
production is being led by member countries of the Europe
Union, but it is likely to be adopted in other countries in years
to come. Although the pressure for conventional cages to be
banned in the European Union was driven by welfare
concerns, it has been noted that the move could have a dele
terious effect on the microbiological quality of table eggs.
Although the barren cage does not ful� ll the needs of the
laying hen, it does enable rapid removal of the egg from the
environment in which the hen lives and thus minimizes,
relative to other systems of production, opportunities for
cross-contamination to occur following lay. This argument has
been examined by a number of researchers. Although it ha
been reported that ‘contamination of eggshells with aerobic
bacteria is generally higher for nest eggs from non-cag
systems compared to nest eggs from. cages’ it is commonly
reported that the differences in contamination are greater
when the comparison is made using hens housed in experi
mental facilities, rather than hens housed in commercial
production units. In the limited studies that have been con-
ducted to assess whether, compared with cage system
extensive systems pose a greater risk to the laying hen
Salmonellainfection the evidence has been reassuring. That
to say, within the limitations of the studies, there was no
evidence that the risk of salmonella infections increased if
birds were housed in extensive systems. This said, whether
not the move from cage to extensive systems of egg produc
tion, such as free-range, will present a greater challenge to th
bacterial defense mechanisms of the table egg.

Once laid, the risk of cross-contamination from other hens
or other eggs should be minimized by removing the egg as
soon as is feasible from the bird, and moving the egg to either
a store or the packing station. The main contaminants isolated
from the shell of hen’s eggs have been shown to be species
Micrococcus, Achromobacter, Aerobacter, Alcaligenes, Arthrobacter,
Bacillus, Cytophaga, Escherichia, Flavobacterium, Pseudomona,
and Staphylococcus. These bacteria are associated with dus
feces, and soil and re� ect the relatively dry environment of the
shell. To minimize the incidence of these contaminants, staff
handling eggs need to wash their hands before and after col
lecting eggs; segregate (and handle separately)‘nest clean’ and
dirty, cracked, or broken eggs; and collect eggs on to visibl
clean trays.

Whether eggs are collected from egg stores and taken b
road to the packing station or conveyed directly from the
poultry house to the packing station, care must be taken to
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ensure that the temperature that the eggs are exposed to
remains constant and above 5 � C but below 20 � C. This is
important as it is a means of controlling the growth of organ-
isms within the egg and because it reduces the risk of
condensation forming on the shell. In the egg industry
condensation, or ‘sweating’ as it is referred to colloquially, can
occur on the shell when eggs are moved out of cool stores into
a warmer environment. Water on the shell is of particular
concern because of the ease with which bacteria, in the presence
of water, can move through the pores of the shell. If conden-
sation is allowed to remain on the shell for prolonged periods,
the risk of fungal (e.g., Cladosporium spp.) growth on the shell
becomes signi�cant.

Although the washing of Grade A eggs is forbidden in the
United Kingdom, egg washing or sanitizing is common practice
in other parts of the world. If eggs are to be sanitized, it is
important that certain criteria are met, because water can
facilitate the movement of bacteria through the shell. These
criteria include ensuring that the wash water is maintained at
a constant temperature of w 42 � C; the temperature of the eggs
is less than that of the wash water; the difference between the
egg and water temperatures is not greater than w 35 � C, as
a greater temperature difference will increase the incidence of
shell cracks; and that the sanitizing solution always contains
suf�cient active sanitizer.

Recommended conditions for the storage of table eggs on
the farm or at the packing station are <20 � C (typically 15 � C)
and approximately 75% RH. If they are to be stored on the
farm, it is good practice to ensure that eggs are transported to
the packing station as soon as possible after lay and within
a maximum of 3 days.

Once in the packing station, the eggs are graded. As of 2011,
eggs sold in the European Union were classi�ed as either Grade
A or B.
a

Grade A eggs are the highest grade. They are naturally clean, fresh
eggs, internally perfect with shells intact and the air sac not exceeding
6 mm in depth. The yolk must not move away from the center of the
egg on rotation. Grade A eggs are sold as shell eggs. Grade B eggs are
broken out and pasteurized. Industrial eggs, which are for nonfood
use only, are used in products such as shampoo and soap.
Grading consists of removing those with visible signs of
contamination on the shell; ‘candling’, that is, shining a bright
light through the egg to allow an operator to detect and remove
eggs with inclusions, cracked shells, and other imperfections;
and sorting according to weight, stamping, and packing. All
Class A eggs are stamped or marked with a code that de�nes
the farming system (i.e., 0 ¼organic, 1 ¼ free range, 2 ¼barn,
3 ¼ cage), country of origin, and production unit. Following
packing and boxing or �lm-wrapping on a pallet, the eggs are
held in store (as described) and dispatched as rapidly as
possible. Among other information, such as the packing station
details, the packaging should show the ‘Best before date’. This
date is a maximum of 4 weeks from the time of lay.

See also:Eggs: Microbiology of Egg Products; Natural
Antimicrobial Systems: Lysozyme and Other Proteins in Eggs;
Salmonella: SalmonellaEnteritidis.
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The albumen and yolk removed from the whole egg are used to
produce a variety of liquid and dried products (Table 1). With
liquid products destined for further processing, salt, sugar, or
acidulants can be added. Salt and sugar prevent gelling and act
as preservatives, whereas acidulants maintain color. When shell
eggs are broken and converted into egg products, the health
and spoilage risks can increase greatly.
Effects of Processing on Microorganisms

The initial micro�ora of raw liquid egg consist of diverse Gram-
negative and Gram-positive bacteria that originate from the
shell, the occasional infected egg, and processing equipment
(egg breakers, pipes, shell �lters, etc.), as well as from those
who handle eggs. All means of controlling the bacterial load
originating from the above sources by implementing and
maintaining of Good Manufacturing Practice (GMP), through
cleaning of equipment and so on, should be employed to
ensure that the bacteriological quality of the raw egg prior to
further processing is as good as possible. Thus, in the selection
of eggs for breaking, spoiled eggs should, if possible, be
discarded, as a single rotten egg can add millions of bacteria to
egg products and contaminate equipment. In most cases,
candling – that is, examination of unbroken eggs with trans-
mitted light – allows identi�cation of grossly contaminated
eggs. However, some types of rot (e.g., �uorescent rots caused
by Pseudomonas spp., and especially, those caused by organisms
of the Acinetobacter–Moraxella group) are dif�cult or impossible
to detect by candling alone.
Table 1 Egg products and their uses

Product Examples of use

Whole egg
Frozen Baked goods, institu
Drieda As for frozen, plus i
Liquid – extended-shelf-life products 250–1000 ml carton
Value-added liquid extended-shelf-life products As liquid but, includ

omelet and crèpe
Albumena

Baked goods, icings
Yolk
Frozen – plaina Baked goods, noodl
Chilled or frozen – salted Salad dressings, so
Chilled or frozen – sugared Baked goods, egg n
Chilled – liquid with extended shelf life 1 kg cartons or larg
aGlucose must be removed before freezing or drying (see Table 5).
Based on Board (1999).

Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Some egg processors operate an inspection system. A person
sitting alongside an egg-cracking machine can stop the
process and remove a contaminated egg if one is detected by
appearance or smell. Some cracking machines permit dumping
of spoiled eggs manually without stopping the process. Even
so, a colorless rot produced by organisms of the Acinetobacter/
Moraxella group is unlikely to be detected.

Eggs with dirty or cracked shells, or those that have been
incubated, or stored for a long time, will considerably increase
the initial level of bacterial contamination of raw egg. Newly
laid eggs contain signi�cantly fewer bacteria than older ones.
Indeed, in order to produce ultrapasteurized egg products of
good bacteriological quality, it is essential both to use eggs
within a few hours of their being laid by dedicated �ocks of
hens and to pay critical attention to the cleanliness and hygiene
of the processing equipment. Use of dedicated �ocks often
adjacent to the egg-processing facility is common practice in
the United States. In Europe, however, eggs used for processing
are usually second-grade eggs that have been rejected for sale as
fresh eggs. Second-grade eggs can be dirty or cracked, or too
small, too large, or odd shaped.

Washing eggs correctly can signi�cantly reduce the levels of
bacterial contamination of liquid egg products. Egg washing on
a large scale began in the United States in the 1940s. It became
evident that the practice could be counterproductive if the
temperature of the wash water was lower than that of the egg
contents. When this was the case, water, bacteria, and iron in
water from bore holes were pulled into the egg with conse-
quent gross contamination of the white and yolk.

Appropriate codes for egg washing have been introduced.
Washing is mandatory in the United States and Canada.
tional cooking, mayonnaise
ce cream manufacture, preparation of dry mixes for cake
s for use by bakers, caterers, home bakers, home use, etc.
ing low-cholesterol products, ready-prepared liquid scrambled egg,
mixes, peeled boiled eggs

, chocolate

es, ice cream
ups, mayonnaises
og, ice cream
er amounts in ‘bag-in-box’ for use by bakers, caterers, home bakers, etc.
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Table 2 Heat resistance characteristics ofSalmonellaandListeria
monocytogenesin liquid egg products

Organism Medium D
� C valuea Z valueb

S. enteritidis(17 strains) Whole egg D57.2 1.21–2.81 c

D60 0.20–0.52 c

S. typhimurium Whole egg D60 0.27 c

Yolk D60 0.40 c

S. enteritidis Yolk D60 0.55–0.75 4.6–6.6
S. senftenberg Yolk D60 0.73 4.1
S. typhimurium Yolk D61 0.67 3.2
S. typhimurium Albumen D54.8 0.64 c

D56.7 0.25 c

Eight isolates Albumen D56.6 1.44 4.0
Listeria monocytogenes Whole egg D51 14.3–22.6 5.9–7.2

D55.5 5.3–8.0 c

D60 1.3–1.7 c

D66 0.06–0.20 c

Listeria monocytogenes Yolk D61.1 0.7–2.3 5.1–11.5
D63.3 0.35–1.28 c

D64.4 0.19–0.82 c

Listeria monocytogenes White D55.5 13.0 11.3
D56.6 12.0 c

D57.7 8.3
�
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It is prohibited in many countries, however, out of the fear
that, if improperly done, washing will increase contamina-
tion within the egg and lead to unacceptable levels of rot
in stored eggs. Bactericidal agents such as chlorine, iodine, o
quaternary ammonium compounds can be added to the
wash water.

Contemporary egg-breaking machines break large number
of eggs quickly, producing whole egg or separating the yolk
from the albumen. Whole egg may also be produced by
crushing the eggs and separating the egg contents from th
shell debris by centrifugation. Mixing of contents with broken
and even relatively clean shells can lead to signi� cant
contamination of liquid egg. Indeed, this practice is pro-
hibited in many countries. Filters are often used to remove
shell debris from the liquid egg. It is important that these are
back � ushed, cleaned, and sanitized regularly. If they are not
accumulated debris will support the growth of bacteria
that continuously inoculate the product. Homogenization
of the liquid whole eggs, albumen, or yolks will ensure
that microbial contaminants are distributed uniformly
throughout a batch. Liquid eggs should be processed with
minimum delay or, if not, they should be stored at temper-
atures of not more than 4� C.
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aD C value is the time in minutes at a stated temperature required to reduce the
number of bacteria by 1 log (90%).
bZvalue is the temperature increase required to reduce the D value by a factor of 10.
cNo data available.
Based on ICSMF (1998).

Table 3 Minimum pasteurization temperatures and times for whole-
egg products required by regulations in various countries

Country Time (s) Temp. (� C)

Produced whole egg
Australia 150 62
China 150 63
Denmark 90–180 65–69
Poland 180 68
United Kingdom 150 64
United States 210 60

AlbumenUK 150 57.2
AlbumenUS 372 56
AlbumenUS 210 57

YolkUS 210 61
Yolk with 2% or more added sugar
US 210 63
Yolk with 2–12% added salt
US 210 63

Based on ICMSF (1998) and Board (1999).
Pasteurization of Liquid Egg

Pasteurization equipment consisting of heat plates or tubular
heat exchangers used by the egg-processing industry is basica
similar to that used in the dairy industry for milk pasteurizing.
Heat-processing regimes for liquid egg are designed to ensu
the destruction of the bacterial pathogen,Salmonella. Salmonella
may be derived from the surface of the shell, or in the case o
some Salmonellaspp., including highly virulent pathogen
Salmonella enteritidisPT4, from egg contents infected in the
oviduct. A summary of studies on the heat resistance o
Salmonellain egg products is presented inTable 2. Many studies
have shown that the heat resistance ofSalmonellavaries
between species and strains, and depends on the physiologic
state of the cells used in addition to the physical and chemical
characteristics of individual egg products. An atypical strain
that is not destroyed by current commercial pasteurizing hea
processes isSalmonella senftenberg. Fortunately, this organism
has been found to be rare; so that it has been decided that th
functional quality of the pasteurized egg products does not
need to be sacri� ced to protect against a strain that occurs ver
infrequently. It is notable that the pasteurization regimes
developed to control Salmonellawere found to be effective
during the pandemic caused byS. enteritidisPT4. In the United
States, eggs from suspectedSalmonella-infected � ocks are often
sent to processing for safety’s sake.

The psychrotrophListeria monocytogenesis another pathogen
of concern. Investigations into the heat resistance o
L. monocytogenes(Table 2) indicate that it is controlled by the
current heat processes used in the egg industry, even though
is more heat-resistant than Salmonella. Investigators have
concluded that the heat processes currently used will ensure th
eradication of L. monocytogenesin the processing of liquid egg,
provided the initial levels of contamination with the pathogen
are low (Table 3). These processes ensure extensive inactivatio
of Salmonellawithout adversely affecting the egg products’
functional properties (whipping, emulsifying, binding, coagu-
lation, � avor, texture, color, and nutrition).

In some countries, a test fora-amylase present in the yolk is
used to verify the ef� cacy of pasteurization. Pasteurization
processes used in the United Kingdom (64.4� C for 2–5 min)
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Table 4 Time and temperatures of hot-room storage to destroy
salmonellas in dried egg albumen

Pre-treatment Temperature (� C) Time (days)

Pan dried 51.7 5
Fermented, pan dried 48.9 20
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destroy this enzyme, but those used in the United States (60� C
for 3.5 min) do not. The a-amylase test cannot be used with
salted or sugared egg products. Pasteurization reduces t
bacterial count in liquid eggs by 100- to 1000-fold, usually to
a level of about 100 cfu g� 1. Survivors are mostlyMicrococcus
Staphylococcus, Bacillus, and a few Gram-negative rods. Mos
survivors are incapable of growth at temperatures below 5� C.
Psychrotrophic strains ofBacillus cereuscan be of concern. The
bacteriocin nisin has been used to control the growth of this
spore-forming food-poisoning bacterium as well as to extend the
shelf life of refrigerated pasteurized liquid egg products. Ultra-
pasteurization has permitted the production of long shelf life,
refrigerated liquid egg products for use in institutions, restau-
rants, or the home. The process uses novel temperature/tim
combinations that result in greater destruction of bacteria
without impairment of the functional properties of egg products.
Examples of ultrapasteurization processes are 70� C/90 s for
liquid whole egg, 65.5 � C/300 s for liquid yolk, and 57 � C/300 s
for albumen. Such products have a shelf life of 3–6 months at
refrigerated temperatures.

Products other than whole liquid egg are also pasteurized
Generally, pasteurization processes have to be more severe
modi � ed than for unmodi � ed egg products because the hea
resistance of bacteria is increased by solutes such as sugar a
salt addition. Of course, the growth of surviving bacteria,
particularly if they are heat-damaged, is inhibited by the solute-
rich products, even at temperatures conducive to the growth o
the survivors.

Care must be taken to avoid impairment of the functional
properties of egg white by pasteurization. Pasteurized salte
and sugared egg products, because of their low water activit
have signi� cantly increased shelf life, even at ambien
temperatures. The addition of aluminum sulfate solution
protects the egg white from damage by heat; the addition of
hydrogen peroxide allows the use of a less severe heat proce
(52–53 � C for 1.5 min) with a similar bactericidal effect, as
does a vacuum process combined with heating at 57� C for
3.5 min. Novel but as yet not commercially exploited methods
of pasteurization of liquid egg include electroporation and
nanothermosonication.

Unpasteurized liquid egg can be used as an ingredient in
acid salad dressings and mayonnaises.Salmonellaand staphy-
lococci derived from eggs will die in a few days, provided the
pH is below 4.0. The death rate of the bacteria– in other words,
the autosterilization of a product – will be faster if products are
held at ambient rather than refrigerated temperatures. Sala
dressings and mayonnaises prepared from unpasteurize
liquid egg for domestic purposes should not be consumed
when freshly prepared but stored for 3–4 days at ambient
temperature before consumption.
y

y

54.4 8
57.2 4

Pan dried to 3% moisture 50 9
Pan dried to 6% moisture 50 6
Adjusted to pH 9.8, with ammonia,

pan dried
49 14

Treated with citric acid, pan dried 55 14
Spray dried 49

54.5
14
7

Based on ICSMF (1998).
Dried Eggs

Spray drying is the most common method of drying egg
products. In this process the� nely atomized liquid is sprayed
into a stream of hot air. The very large surface area created b
atomization allows water evaporation to take place rapidly.
Other less commonly used methods include pan and belt
drying. Freeze drying is a new method of drying egg products b
which water is removed from a product while it is in the frozen
state. The product is frozen and then subjected to a high
vacuum. Heat is supplied to the product while it is drying.
Freeze-dried products are more popular commercially in the
United States than in Europe.

The microbiological effects of all these methods are similar
Drying kills many of the bacteria initially present in the liquid
egg. Once the product is dry, growth of the microbiological
population is precluded, but further decline in bacterial
numbers occurs only slowly, even at ambient temperatures
The predominant bacteria in the dried product are enterococc
and Bacillusspp. The number ofSalmonellacan be reduced by
10 000-fold during drying but Salmonellacan still be a problem
in dried eggs. The problem can be exacerbated by growth o
Salmonelladuring fermentation for glucose removal (see
below). Despite the fact thatSalmonellashould be absent from
pasteurized liquid egg before it is dried, salmonellas can often
contaminate a � nished dry-packaged product. After the
product has been dried, the salmonellas can be destroyed b
hot storage (hot-room treatment). Examples of times and
temperatures for pasteurization of dried egg white are given in
Table 4. These combinations have no demonstrable effect on
functional qualities. Salmonellain egg powders can also be
inactivated by irradiation. During and immediately following
World War II when dried eggs were in widespread use, espe
cially in the home, salmonellosis arising from ingestion of
contaminated products was common. Since that time, the
control measures of pasteurization and hot-room storage
enforced by legislation have made it a negligible problem in
developed countries.
Glucose Removal

Dried egg whites contain about 0.6% free carbohydrate, mostly
as glucose. During warm storage the carbohydrate can rea
with proteins by the Maillard reaction, which causes off� avors,
insolubility, and brown discoloration. These problems are
prevented by the removal of glucose from the liquid egg white
before the product is dried. An early method of glucose
removal allowed natural fermentation to take place. This
caused problems if salmonellas grew. More recent method
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Table 6 Egg and egg product handling and storage conditions as
recommended by the USDA’s food safety and inspection service
(Shebuski and Freier 2009)

Product Refridgerator Freezer

Raw eggs in shell 3–5 weeks Do not freeze
Raw egg whites 2–4 days 12 months
Raw egg yolks 2–4 days Yolks do not

freeze well
Raw egg accidently

frozen in shell
Use immediately

after thawing
Keep frozen, then

refrigerate to thaw
Hard-cooked eggs 1 week Do not freeze
Liquid egg substitutes
Unopened 10 days Do not freeze
Opened 3 days Do not freeze
Frozen egg substitutes
Unopened 7 days after

thawing*
12 months

Opened 3 days after
thawing*

Do not freeze

Casseroles made with
eggs

3–4 days 2–3 months after
baking

Eggnog, commercial 3–5 days 6 months

Table 5 Methods for removal of glucose from liquid eggs

Method Comment

Fermentation by natural
� ora

Traditional method used in China until
1940s. Principal bacteriaEnterobacterand
Enterococcibut other bacteria are also
involved.

Controlled bacterial
fermentation by, e.g.,
Klebsiella pneumoniae

Most commonly used method.Lactobacillus
spp. have also been used.

Yeast fermentation, by,
e.g.,Saccharomyces
cerevisiae

3 h fermentation at 37� C. Can be followed by
centrifugation to remove the yeast.

Oxidation by glucose
oxidase and catalase

Glucose oxidized to gluconic acid. Catalase
destroys the hydrogen peroxidase that is
formed.

Based on ICSMF (1998) and Board (1999).
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(Table 5) exploit fermentation by yeast or bacteria, or the use of
the enzyme glucose oxidase. Of these, bacterial fermentatio
appears to be the most commonly used method.
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Eggnog, homemade 2–4 days Do not freeze
Pies, pumpkin, or pecan 3–4 days 1–2 months after

baking
Pies, custard, and chiffon 3–4 days Do not freeze
Quiche with any kind of

� lling
3–4 days 1–2 months after

baking
Product Innovation

Added-value products include liquid scrambled egg mixes
omelet mixes, and pancake mixes. Ready-to-eat egg produc
include hard-cooked eggs, diced egg, scrambled egg, an
omelets. The shelf life of hard-boiled eggs with shell removed
followed by immersion in boiling water or exposure to steam,
can be extended by packing them in a solution of citric acid and
benzoates. Other products mentioned above need to be stored
either chilled or frozen and treated basically in the same way as
cooked meat products. A process for pasteurizing shell eggs th
minimally impacts their sensory characteristics has been
developed. This patented process was developed to kill inter
nalized Salmonella,thus providing a safe form of egg for
preparation of uncooked or minimally cooked egg dishes. The
process is based on a moderate temperature (approximatel
59 � C) for a period of 40–48 min during which heat transfer to
the center of the egg is increased by vibration, shaking, o
ultrasound.

Otherwise, preparation of egg dishes in the home using
shell egg should entail thorough cooking procedures to ensure
destruction of S. enteritidisPT4, and eggs should be no more
than 3 weeks old and have been stored at chill temperatures.
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Processed Egg Products

Numerous cooked egg products and products containing
cooked egg are available. Many of these products are used
food-service applications, although some are sold at retail
Hard-cooked eggs, scrambled eggs, and omelets are exampl
These products are usually manufactured from previously
pasteurized liquid eggs. They are cooked at temperatures
excess of 71� C to coagulate the proteins, changing the egg
from a liquid to a solid-gelled state. Vegetative spoilage and
food poisoning bacteria are killed by cooking. Nevertheless, in
order to provide suf� cient shelf life during distribution and
storage, virtually all of these products are sold in a frozen
condition. Freezing prevents microbial spoilage of these
products, provided they are maintained frozen throughout
distribution, then thawed and consumed promptly. Once
thawed, these products should be kept refrigerated and use
within 3 days to ensure their � avor and quality and to avoid
microbial growth. The U.S. Department of Agriculture’s rec-
ommended storage conditions for various egg products are
shown in Table 6.
See also: Acinetobacter;Chilled Storage of Foods:Principles;
Dried Foods;Eggs:Microbiology of Fresh Eggs; Heat Treatm
of Foods– Principles of Pasteurization;Listeria Monocytogene;
Natural Antimicrobial Systems:Lysozyme and Other Protein
in Eggs;Salmonella: Introduction;Salmonella: Salmonella
Enteritidis.
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Impedimetry, which is now undergoing important develop-
ment, is not in fact a new technique. Impedimetry associated
with microbiology was �rst mentioned during a congress of the
British Medical Association in Edinburgh in July 1898, at which
G.N. Stewart presented a paper (later published in the Journal of
Experimental Medicine) entitled ‘The changes produced by the
growth of bacteria in the molecular concentration and electrical
conductivity of culture media’. The curves presented followed
the putrefaction of blood and serum, and were very similar to
those obtained with the current apparatus. Today, impedimetry
is considered to be a rapid method, whereas Stewart’s imped-
ance changes were recorded over 30 days. Serious development
of the technique began in the 1970s. Today, four systems are
commercially available as shown in Table 1.
Impedance, Conductance, and Capacitance

De�nitions

The impedance (Z) can be simply de�ned as the resistance to
�ow of an alternating current as it passes through a conducting
ble 1 Commercially available impedimetry systems for microbiology

asuring cells RABIT Bactometer

terial Propylene Polypropyl
lume 10 ml Modules o
e Reusable Single use
ctrodes Stainless steel Stainless s
ubator Aluminum block with

stabilized temperature
Air pulse c

incubato
mperature accuracy �0.005 �C �0.1 �C
n�guration 16 � 32 cells 4 � 128 ce
rrent frequency 21 kHz 1.2 kHz
asures Conductance Impedance

Capacita
mperature range Room temperature to 55 �C 8–55 �C

2 Encyclopedia of Food Mic
material. When two metal electrodes are immersed in
a conductive medium, the system behaves either as a resistor
and capacitor in series, or as a conductor and capacitor in
parallel. Three components determine the �ow of current: the
real resistance of the solution, a capacitance in series with
a resistance arising from an oxidization at the surface of the
electrodes, and a resistance due to the accumulation of charge
dipoles just close to the electrodes. The impedance of such
a circuit, and therefore of a measurement cell, is given by
eqn [1].

Z … O
�

R2 þ ð1=2pfCÞ2�

… O
��

1=GÞ2 þ ð1=2pfCÞ2� [1]

where Z is the impedance expressed in ohms (U), R is the
resistance expressed in ohms, C is the capacitance expressed in
farads (F), G is the conductance expressed in reciprocal ohms
(U�1) or siemens (S), and f is the frequency expressed in hertz
(Hz).

The conductance (G) is de�ned as the inverse of resistance:
G … (1/R). When an electric �eld is imposed on an electrolytic
Malthus 2000 BACTRAC

ene Glass Propylene
f 2 � 8 ml 8 ml or 100 ml 10 ml or 100 ml

Reusable Reusable
teel Platinum Stainless steel
onvection
r

Water bath Aluminum block with
stabilized temperature

�0.006 �C �0.1 �C
lls 5 � 240 cells 4 � 40 cells

10 kHz 1.0 kHz
Conductance

nce
Conductance Conductance

4–56 �C Room temperature to 65 �C

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00091-4
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Figure 1 Schematic de� nition of capacitance.
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solution, the ions tend to migrate – the cations toward the
cathode and the anions toward the anode. This migration of
ions constitutes the � ow of current in the solution, and each
ion carries a fraction of the current proportional to its motility
and concentration.

The capacitance(C) is a property of an element that stores
electrical energy without dissipating it. It is linked to the
accumulation of electric charges around the electrode
(Figure 1). An increase in conductance or capacitance results i
a decrease in impedance.
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Factors of Variation

The capacitance and the conductance vary with the curren
frequency (seeeqn [1] and Figures 1 and 2). At low frequency,
the impedance is principally affected by the capacitance, while
at high frequency, it depends mainly on the conductance
(Figure 2).

The electrochemical perturbation required to create a detec
able impedance change depends on the type and position of the
electrodes. It has been shown that electrodes located at th
bottom of a measurement cell allow detection thresholds log10

lower compared with the same electrodes located at the top o
the cell, near the surface of the bacterial solution.

Bacterial generation times are affected by the temperatur
As a result, changes in temperature affect the detection time
owing to the increasing motility of ions (molecular agitation).
A temperature increase of 1� C causes a mean increase of 0.9%
Im
pe

da
nc

e

C
ap

ac
ita

nc
e

Z =

f

C

Figure 2 Impedance (Z), capacitance (C), and conductance (G) change as
in the capacitance and of 1.8% in the conductance. If the
temperature is not constant, the impedance curves may re� ect
temperature changes rather than bacterial metabolism.

For a given initial bacterial concentration, conductance
change frequently can be correlated with bacterial metabolism
The time required before an acceleration in conductance
becomes observable (the ‘detection time’) is shorter for
samples of high initial bacterial density than for samples of low
bacterial density.
Differences between the Measurements

The impedance is a function of the capacitance, the conductance
and the frequency. It has been established that the capacitance
relatively insensitive to changes due to bacterial growth, and tha
it is subject to random � uctuations of the same amplitude as
those due to bacterial growth. However, more recently, it has
been shown that under certain conditions (such as the use o
stainless-steel or low-frequency electrodes), the capacitan
effect can be useful in the study of microbial growth.

The impedimetric systems available record either the
impedance, conductance, and capacitance signals or only th
conductance signal. The choice may be guided by the following
observations: when employing a medium or low ionic strength,
the bacterial metabolism results in easily detectable conduc
tance changes associated with an accumulation of ionized en
products in the medium. In such a case, measurement of the
conductance signal alone is usually suf� cient to detect the
bacterial growth. The situation is different for detection of
yeasts, which produce signi�cant capacitance changes but only
minor conductance changes– a capacitance change of 20% due
to yeast metabolism, with a low conductance change (2%), has
been described. Moreover, conductance variations (decreas
and increases) vary between yeast species. The low conductan
changes obtained with yeasts may be because either they do n
produce highly ionized metabolites or they absorb ions from
the medium. Except for yeasts and molds, conductance is mor
frequently used today.
Relationship between Conductance and Conductivity

For many years, the application of impedimetric techniques for
the detection of microorganisms was completely dependent on
the empirical development of adequate culture media. There
was insuf� cient theoretical knowledge to foresee that a given
combination of microorganism and medium would increase or
+
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decrease the medium’s conductivity. In 1985, Owens described
a theory of solution conductivity that permits the rational
formation of culture media destined to measure conductance
changes. Although the theory is suitable only for dilute solu-
tions containing few ionic species (unusual in a speci� c culture
medium), it can nevertheless direct the researcher to a usefu
choice of ingredients when developing a medium.

Electrolytic solutions are characterized by their capacity to
conduct current when they are introduced in a circuit. The
ability of an electrolyte to conduct current determines the
resistanceR of the solution. The resistance of any conductor is
given by eqn [2]:

R ¼ r ðl=AÞ [2]

where R is the resistance expressed inU, r is the speci�c resis-
tance or resistivity of the material expressed inU cm, l is the
distance between two electrodes expressed in cm, andA is the
surface area of the electrodes expressed in cm2.

The conductivity (k) is the reciprocal of the resistivity of the
material (eqn [3]):

k ¼ 1=r ¼ ð1=RÞðl=AÞ ¼Gðl=AÞ [3]

where k is the conductivity expressed inU� 1 cm� 1 or S cm� 1.
Consequently, the electrolytic conductivity of a solution is
equal to the conductance of a length of 1 cm and a surface o
1 cm2.
in

,

s

Conductivity of Electrolytic Solutions

An empirical relationship exists between the molar conduc-
tivity and the electrolyte concentration (eqn [4]):

L ¼ L 0 � K
��
c

p
[4]

where L is the molar conductivity expressed in S cm2 mol � 1,
L 0 is the molar conductivity at in � nite dilution expressed in
S cm2 mol � 1, and K is a constant mainly controlled by the
valency of the ions; this is the concentration of the solution
expressed in mol l� 1.

In theory, the conductivity of electrolyte mixtures can be
calculated by adding the respective conductivities of the
Electron
donor
E±0

P±0

Metaboilc
products

B±0+ H+

pH buffe

Electron
acceptor

R±0

Carbon
source

C±0

MICROBIA

Figure 3 Interactions of a microbial cell with its external environme�

zero change. From Owens, J.D., 1985. Formulation of culture med
Microbiology 131, 3055–3076.
different ions. For example, for a mixture of KCl 0.001 mol l� 1

and NaCl 0.001 mol l � 1.

1000k ¼ ðl Na � 0:001Þ þ ðl k � 0:001Þ þ ðl Cl � 0:002Þ [5]

where k is the conductivity expressed inU� 1 cm� 1 or S cm� 1,
and l is the molar conductivity of respective ions expressed in
S cm2 mol � 1.

However, while it is possible to calculate the molar
conductivities of ions in diluted solutions containing three or
four kinds of ions, it is not possible to calculate such values
accurately in more complex solutions, especially at the
concentrations encountered in culture media.
Evaluation of Conductimetric Data

Variation of Conductivity Linked to Metabolic Activity
Culture media contain various ionic species, and as a conse
quence calculation of their absolute conductivities is dif� cult.
However, because the conductivity changes resulting from the
metabolic activities of microorganisms are the main interest, it
is not necessary for the calculated conductivities to be accurat
values.

A microorganism can be represented as a compartmen
engaged in exchanges with the external environmen
(Figure 3). The compounds of the external environment may
be classed as electron donors, electron acceptors, carbon
nitrogen sources, other inorganic nutrients, or metabolites, all
of which may be charged or not. However, the conductivity of
the microbial cell is negligible compared with the conductivity
changes of ions associated with the growth.

Variation of Conductance Linked to Metabolic Activity
The conductance changes are linked to the changes occurring
the culture medium. Bacterial metabolism gives rise to new
compounds in the medium: the weakly charged or neutral
substrate molecules are transformed into charged end products
and this phenomenon is observed during the transformation of
proteins into amino acids, carbohydrates into lactate, and
lipids into acetate. If conductance changes are plotted a
a function of time, the resulting curve is similar to a bacterial
growth curve (Figure 4).
 BH±0

r

Excenzymos
Cp

±0 Pp
±0

L CELL

Nitrogen
source

N±0

Other
inorganic
nutrients

M+  A-

nt. E0, R� 0, and so on represent compounds with net positive, negative, or
ia for conductimetric assays: theoretical considerations. Journal of General
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Figure 4 Characteristics of (a) direct and (b) indirect conductance techniques. DT: detection time.
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Figure 5 Calibration curve for the hypothetical product X. The permis-
sible level of 104 cfu g� 1 and the shaded zones (a for the impedance
method, b for the standard plating method) allow the samples to be
classi�ed into three groups: A, acceptable samples; B, doubtful samples;
C, unacceptable samples.
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The detection time (DT) is the point where the conductance
change rate exceeds a predetermined value. Because DT
a function of both the type of growth medium and the initial
bacterial population, it is generally shorter than the time
required for the visual detection of bacterial development on
agar media. Samples likely to contain low microbial pop-
ulations are detected later than those that are highly contami-
nated. The detection time correlates well with the number of
bacterial cells present initially. If a good correlation between
the DT and colony count on agar medium is obtained, it will be
possible, for a given product, to classify samples by choosin
a contamination level – for example, 104 cfu g� 1 – and deter-
mining the corresponding DT (an ‘acceptable’ DT). Samples
with DTs exceeding this value will be recorded as‘acceptable’
samples. Because all microbial count estimations are subject t
some uncertainties, impedimetric results are graded into three
levels: acceptable samples, doubtful samples (in the interme
diate zone), and unacceptable samples. The concept of th
intermediate zone allows the operator to take into account the
uncertainty of some detection times and to subject these
samples to further tests, eventually by traditional methods
(Figure 5).

The growth of some microorganisms, such as yeasts, doe
not result in high conductance changes; these microorganism
produce nonionized metabolites such as ethanol rather than
highly ionized products. This highlights the fact that the range
of media for impedimetry is limited by the requirement for
a low initial conductivity. Culture media of high inherent
conductivity do not permit the visualization of a conductance
curve due to bacterial metabolism, even if growth has
occurred. An alternative, ‘indirect’ technique was therefore
developed.
Indirect Impedimetry

The indirect impedance technique measures conductanc
changes not in the culture medium but rather in a solution of
potassium or sodium carbonate or hydroxide. Such solutions
are carbon dioxide released by the microorganisms growing in
the culture medium positioned just above the alkaline
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solution. This ingenious technique eliminates the problem of
saturation of the impedance apparatus by highly conductive
media (see Figure 2).

Principle

The CO2 produced by the microorganisms is absorbed by the
alkaline solution. The hydroxide (OH�) ions react with CO2
(eqn [6]):

CO2 þ 2OH�/ CO2�
3 þ H2O [6]

and the negative conductance variations recorded can be
explained by the molar ion conductivity:

DL0 … L0CO2�
3 � 2L0OH�

DL0 … 138:6 � 2ð198:6Þ … �258:6 S cm2 [7]

per mole CO2 absorbed, and the observed variations are
mainly due to the conductivity of OH� ions. These ions
disappear from the solution to give CO3

2� ions that contribute
less to the overall conductivity.
Measurement Systems

The stripping solution is an alkaline solution of potassium or
sodium salts. The pH must be 11 or more. The conductance
change is proportional to the amount of CO2 produced, the
volume and concentration of the absorbing solution, and the
cell constant of the electrode. For optimal CO2 transfer from
the culture to the absorbing solution, the culture medium pH
must be around 5, the head space volume must be low, and the
exchange surface large.

The company Don Whitley Scienti�c Ltd (Shirley, UK) was
the �rst to adapt its RABIT apparatus to the indirect technique.
The culture medium is held in a test tube above the electrodes,
which are in contact with a KOH solution. The acid–base
reaction between CO2 and KOH results in a negative conduc-
tance change. This technique can be used for all microorgan-
isms that produce CO2, regardless of the type of metabolism
and the nature of the culture medium. The best results are
obtained with a KOH volume suf�cient to cover the electrodes
(0.7–1.2 ml) and with concentrations up to 7 g l�1, although
5–6 g l�1 is preferred. This technique is applicable to the
detection of numerous microorganisms, including Staphylo-
coccus aureus, Listeria monocytogenes, Enterococcus faecalis, Bacillus
subtilis, Escherichia coli, Pseudomonas aeruginosa, Aeromonas
hydrophila, and Salmonella spp.
Conclusion

Impedimetry is a useful way to estimate the amount of bacteria
in a product in a short time (less than 24 h). The detection time
is shorter when bacterial levels are high. This technique is
therefore of prime interest for industrial monitoring of quality
assurance or hazard analysis critical control point systems, as it
is able to predict shelf life or contamination with pathogens
before the sale of the product.
See also: Electrical Techniques: Food Spoilage Flora and Total
Viable Count; Electrical Techniques: Lactics and Other
Bacteria; Hazard Appraisal (HACCP): The Overall Concept.
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Impedimetry was �rst used in 1898 by Stewart to monitor the
changes of electrical conductivity during the putrefaction of
blood and serum over a period of 30 days.

The �rst commercial applications concerned the prediction
of shelf life for food. Methods used to appreciate food spoilage
were nonspeci�c (total viable count, TVC) or concerned the
detection or counting of speci�c identi�ed food spoilage
agents, such as pseudomonads, yeasts, lactobacilli, or Brocho-
thrix thermosphacta. This article presents both speci�c and
nonspeci�c techniques for use in shelf life prediction.
Nonspeci�c Impedance Technique: TVC

Media for TVC

Each commercial �rm developing impedance apparatus has
formulated its own media for TVC application. This method
uses simple culture media able to yield charged metabolites
through the growth of the majority of bacterial species. The
�rst step in applying the method is to develop the correlation
curve between classical TVC and impedance measurements.
This requires that at least 100 samples are treated with both
methods to obtain a reliable correlation curve. A correlation
curve must be plotted for each speci�c application, and attention
must be paid to the identity of the spoilage �ora encountered.
The potential level of Enterobacteriaceae is an important
parameter to consider if this microorganism is present in great
quantity, it may grow more rapidly than the real spoilage �ora
and interfere with the shelf life prediction as the incubation
temperatureused most often favored Enterobacteriaceae (30 �C).
Method Development and Calibration

The user of an impedance technique has to bear in mind that this
method measures the metabolic activity of bacteria that may not
correlate precisely with the amount of bacteria. There are two
ways of obtaining well-�tted correlation curves. The �rst is to
build a curve for each family of analyzed samples – one for
poultry, one for meat, and one for cooked meals. The second way
to improve the reliability of the curves is to lower the incubation
temperature (w20–25 �C) to favor the growth of spoilage
microorganisms rather than those of Enterobacteriaceae. This
approach may signi�cantly increase time to detection.

Other parameters, such as sample preparation or storage
conditions, may interfere with the time to detection. Diluting
samples with the media used for impedance measurement
shortens the detection time and avoids another dilution of the
sample. This parameter may be important when high volumes
of diluted samples are added to the impedance growth medium.
Diluents of low conductivity must be used for impedance, or it
may be impossible to detect impedance changes.

Refrigeration or other stresses applied to bacteria present in
the diluted samples before analysis may increase the detection
time. Nevertheless, the calibration curve has to be built with
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
a wide range of data covering a range of levels of con�rmation
as great or greater than expected data. Refrigeration of the
samples or of the bacterial suspension before impedance
analysis may extend the detection time and result in an
underestimate of the TVC.

The presence of inhibitory substances may interfere with
the detection of microorganisms: appropriate dilution and
neutralizing solutions must be used in such cases, in particular
when the samples are obtained from cleaned and disinfected
surfaces.

The last point to consider when inspecting a calibration
curve obtained from a wide range of contamination levels
(from 108 to 101 cfu ml�1) is the mathematical function
describing the curve. Impedance curves usually are better
described by a decreasing exponential function than by
a straight line, and especially in the range of lower counts, it
means high detection time (DT). When a linear regression of
the log10 versus the log10 cfu ml�1 was calculated, an increase
in the linear regression coef�cient generally was noticed. This
phenomenon of nonlinear conductance curve response has
been described for high- and low-contaminated samples. It was
concluded that accurate linear results could not be guaranteed
for bacterial counts of >107 or <102 cfu g�1. For high
contamination levels, the threshold level for impedance change
(DT) may be reached before establishment of a good baseline,
making accurate determination of short DT more dif�cult; for
low levels of contamination, a ‘tail’ may be produced in the
scattergram, because of the imprecision of both standard plate
counts and distribution of microorganisms in the impedance-
measuring wells.

Despite this, correlation coef�cients obtained for the TVC
by linear regression with the impedance technique are
frequently good enough (r2 > 0.90) for the impedance tech-
nique to be used to evaluate TVC in a lot of kind of food
products. An example of calibration of TVC in fresh thermi-
sized cheese is shown in Figure 1. Results from the standard
plate count method (log cfu) were plotted against DT
measurement in the impedance medium for TVC estimation
(BiMedia 001A). The number of samples was 100 and a corre-
lation coef�cient of 0.86 was obtained.
Application for Shelf Life Prediction and Sterility Test

Spoilage of food appears frequently by formation of
metabolism products of spoilage micro�ora. Electrical tech-
niques are suitable for the formation monitoring of majority
of these metabolites. Shelf life and sterility of food products
can be assessed by this way. Shelf life of pasteurized milk
and other dairy products is estimated by the impedance
method, usually after preincubation. The test needs a total
time of 13–48 h. The results are correlated with a shelf life
similar or better than traditional methods, for example,
standard plate count method or Moseley test, but they take
up to 10 days.
-384730-0.00092-6 627
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Figure 1 Calibration of TVC in the fresh thermisized cheese. Impedan
curves measurement: BacTrac 4100, impedance medium BiMedia 00
(SYLAB, Austria), inoculum 10% (w/w), cultivation temperature 30� C.
Calibration equation: log cfu¼27.32–3.64$DT, correlation coef� cient 0.86.

628 ELECTRICAL TECHNIQUESj Food Spoilage Flora and Total Viable Count
The quality of products fermented by lactic acid bacteria
(LAB) often is deteriorated by the Gram-negative bacteria tha
can be estimated using a selective medium. The shelf life o
these products can be predicted from calibration and from the
relationship between shelf life andDT.

Ultra-high-temperature (UHT) products have been avail-
able widely during the past few years. These products do no
contain any viable microorganisms, and the impedance
measurement is a suitable tool for the sterility check. The
analysis involves a preincubation step (24 h) of the UHT
product, which ensures that all microorganisms (including
those sublethally injured) will be detected. The whole test is
performed within 48 h. In UHT milk, some heat-stable
microbial proteases may not be destroyed completely by the
UHT process and, hence, may cause sensory defects duri
storage. Thus, the increase of impedance sometimes observ
in a sterile product (baseline drift) may indicate signi� cant
enzymatic or chemical changes of the product. The method also
is used for the estimation of LAB in UHT-treated fruit juices.
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Estimation of Food Spoilage Microorganisms

Yeasts

The growth of some microorganisms, such as yeasts, does n
result in large conductance changes; these microorganism
produce nonionized metabolites, such as ethanol, rather than
highly ionized products. Moreover, the growth media for these
organisms tend to have high conductivities, which prevents
visualization of a conductance curve due to bacterial metab
olism, even if growth occurs. That is why alternative tech-
niques, the indirect impedance technique (conductance) or
capacitance measurements are becoming popular for th
determination of yeast counts. The indirect technique is based
on the change in the electrical conductivity of a reaction
solution, which occurs through the absorption of gases (CO2)
produced by yeasts present in sample.
Lactic Acid Bacteria

Impedance techniques commonly are used to count LAB in
such products as milk, fruit juices, and wheat sourdough or
starter cultures. When applied to milk or milk products, the
impedance medium is usually milk itself, milk acidi � ed at pH
5 for speci� c Lactobacillussp. count from yogurt, or milk added
with 15% (w/v) sucrose for a speci�c streptococci count from
yogurt. Generally speaking, for LAB impedance counting
applications, a general purpose impedance medium could
be enriched with the sugar speci� c to the fermentative
metabolism of the LAB, which represents the main� ora of the
test sample.

We are unaware of the development of a speci� c medium
for estimating LAB in meat. This probably is due to the possi-
bility of cross-reactions with other spoilage � ora or Entero-
bacteriaceae that may be encountered in meat and poultry
products due to the dif� culty in formulating a speci� c medium
for LAB.
ce

1A
Pseudomonads

Some authors have tested, with some success, an impedan
technique that is able to detect pseudomonads on meat
products within less than 24 h. A conductance broth, supple-
mented with cephaloridine, fusidin, and cetrimide (CFC) is
used, but with higher concentrations of fusidin and cetrimide
to obtain a better inhibition of pseudomonads competitors. In
our experience, CFC agar is not able to inhibit all Entero-
bacteriaceae encountered on refrigerated poultry carcasses, a
the oxidase test is required to provide a presumptive identi� -
cation of the colonies. Such a test cannot be used, however, i
an impedance liquid medium. For these reasons, a new
medium speci� cally designed for the detection ofPseudomona
sp. in poultry products has been developed. The� nal medium,
designated MCCCD, was � rst validated for its ability to
promote the growth of 16 Pseudomonassp. strains. TheDT of
0.2 ml of a 10� 6 dilution of a 24 h culture of the pure strains
was approximately 10 h, except for one strain ofPseudomona
mattophila, which had a DT of 15 h. MCCCD medium was then
compared with the standard plating procedure in 106 samples
of poultry neck skin originating from two different processing
plants. The linear regression was established between the CF
agar count of con� rmed Pseudomonassp. colonies (log10) and
the DT obtained with the impedance technique using the
MCCCD medium.

To ensure the speci� city of the MCCCD medium, 67 bacte-
rial strains isolated from analysis of poultry neck skins with the
MCCCD medium were identi� ed. All were Pseudomonassp.
strains. Samples contaminated with approximately 103 cfu ml� 1

Pseudomonassp. were detected within 18 h 45 min. This
impedance technique, using MCCCD medium, could be used to
count Pseudomonassp. from poultry neck skins sampled in
processing plants. The technique enables the shelf life of poultry
products to be predicted within 19 h and could be of value for
hazard analysis and critical control points monitoring and
veri� cation purposes.
See also:Application in Meat Industry;Biochemical and
Modern Identi�cation Techniques:Introduction;Biochemical
Identi�cation Techniques for Foodborne Fungi:Food Spoilage
Flora;Biochemical and Modern Identi�cation Techniques:
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Food-Poisoning Microorganisms; Biochemical and Modern
Identi�cation Techniques: Enterobacteriaceae, Coliforms, and
Escherichia Coli; Biosensors – Scope in Microbiological
Analysis; Direct Epi� uorescent Filter Techniques (DEFT);
Electrical Techniques: Introduction; Electrical Techniques:
Lactics and Other Bacteria; Enterobacteriaceae, Coliform, and
Escherichia coli: Classical and Modern Methods for Detection
and Enumeration; National Legislation, Guidelines, and
Standards Governing Microbiology: Canada; National
Legislation, Guidelines, and Standards Governing
Microbiology: European Union; National Legislation,
Guidelines, and Standards Governing Microbiology: Japan;
Rapid Methods for Food Hygiene Inspection; Sampling Plans
on Microbiological Criteria; Spoilage of Plant Products: Cereals
and Cereal Flours; Spoilage Problems: Problems Caused by
Bacteria; Spoilage Problems: Problems Caused by Fungi; Total
Viable Counts: Pour Plate Technique; Total Viable Counts:
Spread Plate Technique; Total Viable Counts: Speci� c
Techniques; Most Probable Number (MPN); Total Viable
Counts: Metabolic Activity Tests; Total Viable Counts:
Microscopy; National Legislation, Guidelines, and Standards
Governing Microbiology: US; Microbial Spoilage of Eggs and
Egg Products; Spoilage of Animal Products: Seafood.
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Bacteria are unicellular prokaryotic microorganisms that
usually multiply by transverse divisions. The daughter cells
either separate from the parental cell, or they remain attached
to each other forming pairs, chains, or irregular aggregates.
Bacteria of importance in foods are heterotrophic, that is, they
assimilate small organic molecules and utilize macromole-
cules, such as starch, cellulose, proteins, or lipids, by means of
extracellular hydrolytic enzymes. The occurrence and activity of
bacteria in foods may be positive (e.g., starter cultures in the
dairy industry) or negative (e.g., foodborne infections and
intoxications, food spoilage).

Lactic acid bacteria (LAB) play an important role in the food
industry. LAB produce lactic acid in L(þ), D(�), or DL form from
pyruvate according to different metabolic pathways. Homo-
fermentative LAB ferment glucose via fructose diphosphate
pathway to lactic acid that is the only end metabolite (e.g.,
Lactococcus sp., Streptococcus sp., and Pediococcus sp., and
homofermentative lactobacilli). The 6-phosphogluconate
pathway (Leuconostoc sp.) and bi�dus pathway (Bi�dobacte-
rium sp.) are used by heterofermentative bacteria that produce,
in addition to lactic acid, a number of products such as acetic
acid, ethanol, CO2, or acetoin.

LAB and other bacteria are particularly suited to electrical
techniques (ET), because, under proper conditions, they
usually produce strongly ionized metabolites that cause
changes in the electrical properties (e.g., impedance) of the
culture medium. The measurement of the electrical properties
is a function of the bacterial viable biomass. On the other hand,
microorganisms such as yeasts and molds give a weak imped-
ance signal only and usually are measured by indirect methods
(indirect impedimetry).
Range of Food Applications

The versatility of ET enables their broad application in food
microbiology, including assessment of the quality of incoming
raw materials, evaluation and control of the production
process, and assessment of the quality of �nished products and
their shelf life.
Microorganisms Analyzed by Electrical Techniques

Most applications relate to the estimation of the contamination
level of a food sample. In addition to the total viable count
(TVC), different groups of bacteria may be studied by ET using
selective media. Applications for detection or estimation of
coliforms, Enterobacteriaceae, Escherichia coli, Salmonella sp.,
Listeria sp., Staphylococcus aureus, Clostridium sp., LAB including
dairy starter cultures, aerobic sporeformers, and psychrotrophs
are known. For quantitative evaluation, it is essential to
perform a calibration step. This is described in the following
sections.
0 Encyclopedia of Food Mic
Types of Samples

A broad spectrum of food samples have been analyzed by ET,
including milk and dairy products (raw, pasteurized, ultra-
high-temperature (UHT) or dried milk, whey powder, butter,
yogurt, cheese, ice cream), meat and meat products (minced
meat, sausage), �sh and �sh products, margarine, eggs,
confectioneries, chocolate, beverages (beer, fruit juices, mineral
water), tomato products, spices, cereals, and bakery products.
Shelf Life Prediction and Sterility Test of UHT Products

Since the ET are based on the end products of microbial
metabolic activity, they are suitable for the estimation of shelf
life and sterility of various products. Application for shelf life of
pasteurized milk and other dairy products and sterility testing
of UHT milk is described in the article Food Spoilage Flora and
Total Viable Count.
Activity of Starter Cultures

Starter cultures for the dairy, meat, and wine industries, from
a technological point of view, are better characterized by their
metabolic activity than by viable cell counts. The changes in
electrochemical properties of culture media can be used for the
evaluation of metabolic activity and the stability of the starter
culture. Reconstituted skim milk (10% w/w) can be used as
a culture medium for determining activity of dairy starter
cultures. Signi�cant reduction of detection time (DT) is achieved
by the addition of yeast extract (0.1–0.2% w/v). Impedance or
conductance measurements are less sensitive to buffering
properties than pH. The main parameters responsible for the
activity of starter cultures are DT, generation time (GT), in�ec-
tion time (IT), and intercept on the log cfu-axis in calibration
equation (q) (see Interpretation and Presentation of Results –
Calibration). The stability could be judged besides these
parameters, from the general shape of the impedance curve.

The activity of starter cultures is related closely to the
metabolic activity of LAB used in fermentation processes,
which are controlled on the basis of results of the impedance
measurement. The activity of the starter culture, besides culti-
vation conditions, is in�uenced mainly by the presence of
antibacterial substances or by phage infection.
Antibacterial Substances

Many antibacterial substances occur in food samples (e.g.,
preservatives, antibiotics, or bacteriocins). Because the growth
and metabolic activity of microorganisms are suppressed in the
presence of these substances, their content in the food can be
estimated by monitoring the growth kinetics of a selected test
microorganism, and ET are a suitable tool for this task. The
inhibitory activity of the substance is shown by an increased
DT. Other parameters also in�uence DT (e.g., the microbial
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00093-8
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ELECTRICAL TECHNIQUESj Lactics and Other Bacteria 631
generation time). The sensitivity of the method increases i
a lower initial count of a test microorganism is used. Longer
cultivation time is needed in this case for suf� cient growth.
Therefore, a suitable compromise should be selected (usuall
between 103 and 105 cfu ml� 1), allowing for suf � ciently
accurate determination in a short time. From a technological
point of view, it is important to pay attention to speci � c
inhibitory action exhibited by some antibacterial substances–
for example, bacteriocins with a narrow spectrum of activity
may induce some imbalance in mixed LAB cultures.

ET also are suitable for estimating antibiotics and preser
vatives (e.g., benzoic or sorbic acids, nisin) quickly and cos
effectively. Direct effects of the preservatives on bacteri
species responsible for spoilage of preserved food also can b
investigated. For this purpose, the conditions of measuremen
should be as near as possible to those in the real sample (e.g
milk can be used as a culture medium for psychrotrophic
spoilage� ora). Additionally, pH has a signi� cant effect on the
ef� cacy of many preservatives and on bacterial growth.

As test microorganisms for detection of antibacterial
substances, the commonly used strains includeLactobacillus
delbrueckiisubsp. bulgaricus, Lactobacillus acidophilus, Bacillus
stearothermophilus, and Bacillus subtilis.

The ef� cacy of disinfectants for the removal of microbial
bio � lms can be determined by ET inserting a test disc directl
into a sample cell. Bio� lms are formed on the metal or rubber
surface and are potential sources of food contamination.
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Phage Infections

Phage infections of lactic starters and cheese milk account fo
severe problems and product defects in the dairy industry. A
these defects are caused especially by a serious failure of a
development or proteolytic activity, ET are useful for the
detection of phage infection. A suitable medium for this
purpose seems to be reconstituted skim milk in which LAB are
cultured at optimal temperature. Phage activity on a sensitive
strain of LAB is shown by a delay in theDT and a decrease in
� nal conductance response.

When phages stop microbial growth at less than 107 cfu ml� 1,
DT is not observed. For a quantitative result, it is important to
correlate the number of LAB cells and the initial phage number.
The quantitative evaluation of phages is based on an inversel
proportional relationship between phage number and imped-
ance or conductance after a de� ned time interval. Final
conductance or impedance is very sensitive to the presence
phages, with 10 phages per milliliter being detectable. The
traditional methods may be ef� ciently replaced by this method.

ET also are useful for the detection and selection of phage
resistant strains in the culture. Different values of delay inDT
are obtained in this case;DT depends on the proportion of
resistant cells in the inoculum.

Further research in the� eld of phage infections is needed.
The method using speci� c bacteriophage as selective agent
also remarkable.
ly
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Optimization of Cultivation Conditions

The type and composition of culture media are important
requirements of the ET. For a given analysis, the media usual
require optimization to give the desired conductance response
and selectivity. Estimation of growth factors (e.g., vitamins)
also can be carried out using microbiological media combined
with impedance measurements. This technique is further
optimized by varying conditions, such as temperature, stirring
rate, and extent of aeration.
Identi�cation of Bacteria

ET have recently shown potential in the� eld of microbial
identi � cation. In this case, bacterial growth is measured in
a number of media with different nutrient status and under
different growth conditions, the results of which can be used
for identi � cation purposes.
Other Applications

ET have been used to detect other microorganisms, including
Salmonellasp., Listeria sp., S. aureus, Clostridium perfringens,
Enterobacteriaceae, coliforms, andE. coli. Many of these
applications are described in more depth elsewhere.
Electrical Media

The composition of the culture medium is a fundamental
requirement for ET. In formulating the electrical medium, we
need to consider that any uptake or excretion of a charged ion
by the bacterial cell must be balanced by the outward� ux of
oppositely charged ions or by the excretion of similarly charged
ones. In the case of LAB, the major outward Hþ � ux is associ-
ated with the excretion of lactic acid. This� ux may be enhanced
by using a positively charged donor of electrons or nitrogen
source (some amino acids and NH4). The electron donor has
a major in� uence on conductivity changes, because it i
metabolized in a large quantity. The selected buffer system
should amplify H þ � ux, resulting from the metabolic activity
that in turn produces a large change of its conductivity. The
direction of this change should support other conductivity
changes. Tris or histidine buffers are suitable for LAB becaus
their conductivity increases with decreases in pH. A phosphat
buffer is not recommended as its conductivity change coun-
teracts the increase associated with acid production. Conduc
tivity increases in the presence of small or multicharged ions
but it decreases with ion pair formation. The hydrogen ion is
a more effective conductor than other ions.

In general, the medium needs to be suitable for providing
maximal metabolic activity for the test bacteria; the medium
should produce a strong electrical signal, and it should be selec
tive if microorganisms other than that being studied are present
in the sample. Media and cultivation conditions used in standard
classical methods generally are optimized for the developmen
of a maximal amount of biomass. ET measures metabolic
activity, however, and hence the composition of the electrica
medium, pH, or temperature may be different from the classical
techniques. The standard classical media often have high sa
content and high initial conductivity, and for that reason, they
are used in conjunction with indirect electrical methods or
with electrode impedance measurement only. For the direc
electrical method, a low ionic strength medium is recommended.
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632 ELECTRICAL TECHNIQUESj Lactics and Other Bacteria
The simplest medium suitable for ET is reconstituted
skim milk (10% w/w). The electrical change associated with
growth of LAB in this medium is satisfactory. Milk is also
optimal for the growth of LAB. The results for LAB growth
using ET are related closely to that associated in a number o
dairy products. ShorterDT and, therefore, quicker results are
obtained with addition of yeast extract (0.1–0.2% w/v).
Yeast extract is prepared as a stock solution (10–20% w/v),
which is autoclaved separately (121� C for 15 min). Leuco-
nostoc mesenteroidessubsp. cremoris is stimulated by the
addition of 0.14 g l � 1 of MnSO4. Production of CO2 can be
measured by indirect methods in milk with yeast extract,
MnSO4, and 0.5% (w/v) sodium citrate. Gram-negative
bacteria are cultivated selectively after the addition o
0.1% (w/v) of benzalkonium chloride in 10% (w/w)
reconstituted skim milk. Short DT was found for Lactococcu
lactis subsp. lactis in a sterile medium composed of 3%
(w/v) special peptone and 0.25% yeast extract (w/v)
(pH 7), 12.5 ml of 5% (w/v) urea, and 25 ml of 5%
(w/v) arginine made up to a � nal volume of 1000 ml.
Conductance change in a carbohydrate-de� cient medium
is increased by ammonia production. The addition of easily
metabolizabled nitrogen sources is therefore advantageous

Producers of instruments for ET supply a range of dehy
drated culture media that has been speci� cally developed to
obtain optimal results – for example, BiMedia 630A (SY-LAB
GmbH, Austria) for lactobacilli, BiMedia 140A for Enter-
obacteriaceae, or BiMedia 160C for coliforms. Preprepare
conductance or impedance cells containing microbiological
media are also available for some systems.
-

ys
Techniques and Protocols

Instruments for Electrical Techniques

Commercial availability of instrumentation and media has
enabled the use of ET in food microbiology. In general,
the instruments consist of an incubator unit and personal or
Table 1 Instruments for electrical techniques and their parameters

Bactometer Bac

Producer bioMérieux sa, Genève, France

Measured signal Impedance or conductance
or capacitance

Med
e

Measured value (units) Relative change (%) Rel
Direct/indirect method +/� +/+
Growth recognition Rate change of signal basis Thr
Sample capacity 64–512 64–
Incubators per one PC 4 24
Incubator dimensions 590 x 1880 x 610 mm 430
Temperature range 10� C below ambient to 55� Ca 0–6
Thermostat type Air cabinet Dry
Cooling system Peltier element Tap
Sample cell Disposable modules with 16 wells
Cell volume 1.5–2 ml 1–1
Electrodes 2, Stainless steel 4, S
Operating system – Win

aTwo separate compartments with different temperatures in one incubator.
Data compiled from:http://www.biomerieux.ch; http://www.sylab.com; http://www.dws
built-in computer. The incubator unit is equipped for the
measurement of the electrical quantity and ensures the
temperature control. Precise temperature control is a critica
requirement for this technique, because for common culture
media used in classical techniques, the rate of change o
conductivity is about 1.016 � C� 1. The software automatically
acquires data from incubators and stores them on hard disk
This software allows the user to view impedance curves, prin
them, create reports, and evaluate calibration curves. Som
instruments use disposable sample cells that reduce operato
exposure to pathogens and microbial contaminants. An over-
view of instruments designated for ET is shown inTable 1.
SY-LAB offers also a smaller version of the impedance analyz
mTrac (capacity 21 samples). Previously quoted Malthu
Instruments seems to be inactive in this� eld. Manufacturers
offer a range of application notes or develop speci� c applica-
tion according to the customers’ requirements.
Standardization of Electrical Techniques

Standard methods are available mainly for TVC and estimation
of certain pathogens (e.g.,Salmonellasp.). ET for detection of
Salmonellasp. have been validated by the Association o
Analytical Communities (AOAC) as a � rst-action method
and the German Standards Institute (DIN 10120). General
impedance standard (ÖNORM-DIN 10115) and enumeration
of microorganisms by means of impedance method– Deter-
mination of aerobic mesophilic bacterial count (ÖNORM-DIN
10122) are valid in Austria and Germany. The American Public
Health Association has incorporated the conductance and
impedance method as Class B in its Standard Methods for the
Examination of Dairy Products. ET were accepted widely in
France: AFNOR NF V08-105 for the use of impedance tech
nology in the analysis of food and animal feeds, and AFNOR
NF V08-106 for the impedance detection ofE. coliin seafood
and for the impedance method for the detection of Enter-
obacteriaceae in dairy products are validated. There are assa
for bacterial count in milk, shelf life of pasteurized milk,
Trac 4300 Rabit

SY-LAB VGmbH, Purkersdorf, Austria Don Whitley Scienti� c Ltd,
Shipley, UK

ium impedance (conductance) and
lectrode impedance (capacitance)

Impedance

ative change (%) Absolute values (mS)
+/+

eshold of change (set by operator) Rate change of signal basis
768 32–512

16
� 640 � 380 mm 400 � 600 � 400 mm
5 � C 25–45 � C
aluminum block Dry block
water or any external cooling system Not possible

Re-useable and disposable Re-useable
0 ml and 5–100 ml 2–10 ml
tainless steel Stainless steel
dows Windows

cienti� c.co.uk/.
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sterility test of UHT milk, and the analyses of Gram-negative
bacteria, coliforms, andSalmonellasp. Still, there is a growing
demand on rapid microbial test. This is supported by expec-
tation of the worldwide acceptance of the ET as a standar
method for the detection of bacteria in foods.
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Sample Preparation

Sample preparation for ET is usually very simple. No dilution is
required for liquid samples (milk, beer, juice), as they are
analyzed directly after shaking. Pulpy or solid samples are
diluted with Ringer solution or peptone water and homoge-
nized in a Stomacher or Ultra-Turax. If the dilution step is
omitted, then a pH adjustment of the culture media might be
necessary especially for samples with low pH (yogurt). Butte
(5 g þ 9 ml of Ringer solution) is melted at 45 � C in a water
bath and the aqueous phase (2 ml corresponds to 1 g of butter)
is used for inoculation. Resuscitation (4 h at 37� C in buffered
peptone water) of bacteria stressed by high temperature and b
low water activity is recommended for powdered samples (e.g.
dried milk). Raw meat is analyzed after dispersion in peptone
water with a stomacher. Selective heating of sample during
estimation of sporeformers in a food sample is needed.
Samples with low numbers of bacteria need preenrichment
before inoculation.
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Figure 1 Examples of the impedance curves for yogurt culture in
reconstituted skim milk (10% w/w).M, impedance change [%]; inoculum
1% (v/v),DT¼ 0.53 h (: ); 0.1% (v/v),DT¼ 1.39 h (- ); 0.01% (v/v),
DT¼ 2.14 h (C ); 0.001% (v/v),DT¼ 2.98 h (; ). DTvalues for
impedance change limit 3%. Average values from three measurements at
42 � C (BacTrac 4100).
Interpretation and Presentation of Results

Data Acquisition

As mentioned, ET monitor microbial metabolic activity
through speci� c changes in the electrical properties (conduc
tance, capacitance, or impedance) of the growth media. Mos
systems use impedance, which is a measure of the tota
opposition to the � ow of a sinusoidal alternating current in
a circuit. Impedance includes the vectorial combination of
a conductive and capacitive element. Their combination
depends on the frequency used. This varies between 400 an
25 kHz for a conductance signal. The conductance is associate
with changes in the bulk ionic medium (so-called media
impedance), and the capacitance with changes near the ele
trode surface (capacitance, electrode impedance). The units
impedance are S� 1. Conductance is recommended for moni-
toring bacterial growth in media with low conductivity.

The capacitance is directly proportional to the area of the
double layer near the electrode surface and inversely propor
tional to the thickness of the double layer. Both of these factors
are in� uenced strongly by pH, because hydrogen ions increas
the effective area and decrease the distance between inner a
outer layers on the electrode surface. Electrode impedance
useful only if a more conductive medium is available or if the
inoculated sample contains many ions. Greater sensitivity o
electrode impedance results in quicker response to microbia
growth, but it is more prone to scattering, which results in
a high noise-to-signal ratio.

Changes in electrical properties of inoculated culture medium
are measured in cells equipped with one or two pairs of stain-
less steel electrodes. Data are collected at a present inter
(e.g., every 10 min) and stored in a computer. Some system
convert the impedance data into relative change of impedance
The shape of the resulting impedance curve resembles a grow
curve in a normal culture medium. An example of impedance
curve is shown in Figure 1. Relative changes are more
comparable. Similarities in appearance show conductance o
conductivity.

The � rst part of the impedance curve is stabilizing time,
which is required for temperature equilibration between
sample and incubator. It depends on the incubator type and
sample volume. Some systems do not register this phase. Th
growth curve of bacteria starts with a lag phase. The number o
cells in this phase remains practically the same. Impedance als
may be constant or a drift is observed owing to weak metabolic
activity of bacteria. This drift can occur even in a sterile medium
without microorganisms. The impedance change can take on
negative values, for example, in the case of the uptake of som
ions by bacteria. A decrease of impedance may denote synthet
activity of bacteria.

As soon as the bacterial count reaches a level of approx
mately 105–106 cfu ml� 1, the impedance curve accelerates an
DT is registered. This acceleration is related to the production o
low-molecular-weight metabolites above a certain threshold
level. Variability of microbial count estimated as DT for
different LAB strains can be explained by dissimilarity of
metabolic activity – some strains need fewer cells to achiev
a threshold concentration of ionized metabolites detected at
DT. Cell multiplication occurs at DT, which corresponds to
a log phase.DT is mainly dependent on the initial bacterial
count, but it also is affected by physiological state of bacteria
An inverse linear calibration curve is obtained between loga
rithm of initial bacterial count per milliliter and the DT.

The impedance curve takes on an approximately linea
shape after an acceleration phase and is characterized by slo
K (Figure 2). The time IT span to the turning point of the
impedance curve– that is, to the in� ection point of this more
or less sigmoidal curve – provides information about the
maximal metabolic activity of the bacterial culture. TheIT is
the maximum point on the curve obtained by plotting differ-
ences of impedance measurement against time. The paramet
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Figure 2 Evaluation of impedance curve.M, impedance change [%] (D);
dM, differences of two subsequentM values within 10 min measurement
interval [%] (O);DT, detection time for impedance change limit 3%
(8.91 h);IT, time of in� ection point (12.00 h). Inoculum:Lactobacillus
acidophilus(1% v/v) in reconstituted skim milk (10% w/w). Average value
from three measurements at 37� C (BacTrac 4100).
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IT is useful – for example, for the estimation of preservative
concentration, particularly if the preservative counteracts the
metabolic activity of bacteria and has no killing activity.
The correlation betweenIT and the preservative concentration
is better than comparison with DT.

When the nutrients in the sample are exhausted or the end
product metabolites inhibit multiplication of the bacterial
population in the stationary phase, the slope of the impedance
curve decreases, but it is still positive. In the death phase, th
number of viable bacterial cells decline. Despite this, metabolic
products increase. Impedance can be increased in this phase
lysis of the cells that releases ions. Metabolic pathways may b
changed in the stationary and death phases by the lack of som
nutrients, and the course of the impedance curve is often
unpredictable at this stage.

The ideal impedance curve possesses no noise, the baseline
without drift, and there is a short and acute acceleration phase
These properties enable an accurate determination ofDT.
Evaluation of the impedance curve can be complicated by the
presence of two or more accelerations caused by a change of th
metabolic pathway or by the presence of miscellaneous types o
bacteria with different generation times. The formation of gas by
some bacteria may cause noise in the impedance signal.
l

.

Calibration

The calibration procedure consists of estimating the bacteria
count by the standard cultural method and the determination
of DT on a set of samples contaminated by bacteria of interest
As mentioned, the relationship between a logarithm of colony
forming units (log cfu) and DT is calculated. A linear calibra-
tion equation is predominantly applied as follows:

log cfu ¼ bþ a$DT

The reliability of a calibration curve described by the
correlation coef� cient r depends on the accuracy of standard
and electrical methods, number of samples analyzed, and
range of bacterial counts.
Inoculation of nutrient broth by food sample or by food
extract may in� uence the initial impedance value and
microbial growth kinetics and must be accounted for during
the calibration procedure. In particular, the presence of
uneven concentrations of antibacterial substances might lead
to an impairment of the correlation between DT and the
standard plate count, where the in� uence of inhibitors is
lowered by the dilution step. DT and consecutively the cali-
bration or results might be in� uenced negatively, if time
between mixing the food sample with culture medium and
the insertion of the measuring cell into the instrument is not
constant.

The correlation between the plate count andDT is improved
if differences in the meanGTs of all bacteria in the sample are
minimized. It can be reached by a proper choice of cultivation
conditions and by a modi � cation of the culture medium. The
correlation coef� cient (r) may achieve a value >0.97 for
a single-strain culture, but for a multiple-strain culture of one
species, r may be about 0.9, and for samples containing
bacteria belonging to different species (e.g., raw milk), the
expectedr value could be roughly 0.8.

The required number of samples depends on the desired
reliability of the calibration. The samples should cover the
calibration range evenly. The recommended calibration range
is four or � ve log cycles.

The calibration curve is used for the rapid assessment o
cfu and for a rough classi� cation of food samples into three
groups: (1) samples having a contamination level above the
permissible level, (2) suspect samples, and (3) sample
having a contamination level below the permissible level.
The limit detection times are estimated from the calibration
curve and from the permissible contamination level, and
to this value of DT one standard deviation is added and
subtracted. By means of calibration curves, the automatic
determination of initial bacterial concentration also is
enabled.

The calibration line may be further utilized for the estima-
tion of the generation time and metabolic activity of test
bacteria in test samples. TheGT of the studied bacterial strain
can be estimated from the calibration equation:

GT ¼
log 2

jaj

wherea is slope in the calibration curve. A rapid procedure for
the estimation of GTis based on inoculation of the culture into
a suitable medium, with a simultaneous inoculation of
a 100-fold dilution of the culture. DT is determined from two
or more replicates, and the average difference inDDT is
calculated.GT is estimated as follows:

GT ¼
DDT$log 2

2

GTestimated by this method is not in� uenced by metabolic
activity because it depends only on the difference ofDT and on
the slope of calibration line.

The intercept on the log cfu-axisb represents the number of
bacteria that may determine aDT at time zero. Although it is a
theoretical extrapolation, this value can serve for characterization
of the strain, because it is related to the rate of production of
ionized compounds.

s
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Advantages and Limitations of Electrical Techniques

Versatility

A wide range ofbacteria in foodsamples canbedetermined byET
as described previously. Many advantages accompany th
combination of ET with other methods for con� rmation of
results. For instance, time is saved because ET serves as
enrichment step (min. 106 cfu ml� 1) and costs are kept at a low
level because expensive traditional or alternative rapid method
(e.g., immunological methods) need only be used on presump-
tive positive samples identi� ed by ET. Low contaminated
samples can be analyzed by the impedance method in conjunc
tion with � lter techniques in which a � lter containing the test
sample is inserted directly into the impedance cell with culture
medium. It is possible to analyze turbid or opaque samples and
samples with small particles by ET. Other methods are more
suitable for some applications, however, for example, the biolu-
minescence method for hygiene monitoring or the method based
on � ow cytometry for total viable � ora in raw milk samples.
l
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Rapidity

DT of most assays takes a few hours, whereas traditiona
methods usually require several days. Potential risk from
heavily contaminated food samples can be reduced, becaus
these samples have a shorterDT than less contaminated ones. A
shorter time of analysis of raw materials and products reduce
storage space requirements and allows the products to b
moved to the market more rapidly. Rapidity of the impedance
method depends on the sensitivity of the instrument and
proper optimization of the culture medium. ET are not as fast
as some noncultural techniques because they involve a cult
vation step, thus, several hours are required to obtain results. I
differences exist amongGT of bacteria in the samples, a low
correlation with standard plate count could be observed.
n
e

d

Costs

ET require high capital expenditure. They bring cost savings i
terms of reduction in labor and chemicals, however, becaus
they require only a simple preparation of the sample. Dilution
of the sample before its insertion into the instrument often is
omitted. The traditional methods are labor and material
intensive, time consuming, and cumbersome.
-
le

g

Computer Control

This allows automatic measurement and evaluation proce
dures. Data on previously analyzed samples are easily availab
for further evaluation. Computer control also reduces risk of
operator error.
.
l
g
l
d

Precision, Accuracy, and Reproducibility

Traditional methods tend to have relatively low reproducibility;
their precision and accuracy are highly operator dependent
The sensitivity of ET is, in some cases, greater than for traditiona
methods– for example, impedance assay is capable of detectin
lower concentration of antibacterial substance. The analytica
parameters of ET could be impaired by some factors. The foo
sample or its extract used as inoculum may in� uence microbial
growth kinetics and should be taken into consideration during
the calibration procedure. Frozen samples can show longerDT
for a similar plate count, because stressed bacteria have a low
initial growth rate. Changes in DT of frozen samples can be
caused by the presence of different kinds of bacteria.
Capacity

ET provide simultaneous analysis of large numbers of food
samples. The sample capacity is� exible, unlike techniques
such as direct epi� uorescent filter technique and adenosine
triphosphate bioluminescence.
Growth Analysis

Impedance assay and other ET are dynamic methods wit
nearly continuous measurement that provide information
about microbial activity and growth kinetics as a function of
time. Information concerning metabolic activity may have
greater importance than information about colony-forming
unit from standard plate count method.
Recent Development of ET

Recently some new aspects have appeared in the developme
of impedance methods, including different electrode systems
microfabrication technologies, production of microarray elec-
trodes in impedance detection, and the miniaturization of
impedance microbiology into a chip format. These aspects have
resulted in developments in impedance biosensors for bacteria
detection that have great potential for application in food
microbiology.

See also:Application in Meat Industry; Bacteriophage-Base
Techniques for Detection of Foodborne Pathogens;
Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical Identi�cation Techniques for
Foodborne Fungi:Food Spoilage Flora;Biochemical and
Modern Identi�cation Techniques:Food-Poisoning
Microorganisms;Biochemical and Modern Identi�cation
Techniques:Enterobacteriaceae, Coliforms, andEscherichia
Coli; Biochemical and Modern Identi�cation Techniques:
Micro� oras of Fermented Foods; Bio� lms; Biosensors– Scope
in Microbiological Analysis; Direct Epi� uorescent Filter
Techniques (deft);Electrical Techniques:Introduction;
Electrical Techniques:Food Spoilage Flora and Total Viable
Count; Hydrophobic Grid Membrane Filter Techniques;
Immunomagnetic Particle-Based Techniques:Overview;
National Legislation, Guidelines, and Standards Governin
Microbiology:Canada;National Legislation, Guidelines, and
Standards Governing Microbiology:European Union;National
Legislation, Guidelines, and Standards Governing
Microbiology:Japan; Petri� lm – A Simpli� ed Cultural
Technique; Rapid Methods for Food Hygiene Inspection;
Sampling Plans on Microbiological Criteria;Total Viable
Counts:Pour Plate Technique;Total Viable Counts:Spread
Plate Technique;Total Viable Counts:Speci� c Techniques;
Most Probable Number (MPN);Total Viable Counts:Metabolic
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Introduction

The detection and isolation of pathogens from food and
environmental samples are possible if the contaminating
organisms are present in suf�cient numbers (approximately
4 log10 CFU ml�1) to be detected by microbiological diag-
nostic assays. However, detection assays are not normally
applied directly on food samples as the numbers of contam-
inating pathogens either are not known in advance or are
present in low numbers. Furthermore, food samples may
contain sublethally injured or stressed microbial cells, which
cannot actively multiply unless they are provided an envi-
ronment to resuscitate to a healthy metabolic state. Cultural
enrichment of food and environmental samples is required
for the resuscitation and ampli�cation of low levels of
contaminating pathogens. Microbial culture medium
provides essential nutrients for the growth of bacterial pop-
ulation in sample matrices. Cultural enrichment required for
the detection of pathogens in food traditionally consists of
two steps: (1) primary enrichment using a nonselective broth,
and (2) secondary enrichment using a selective broth
medium. Nonselective cultural enrichment ampli�es the
entire bacterial population in a food sample. In contrast,
selective cultural enrichment provides growth conditions
favorable to a particular target organism and generally unfa-
vorable to background �ora. Selective enrichment cannot
always be applied directly to food samples as selective agents
in the media could further lead to stress and potential death of
previously stressed target cells. However, several specialized
proprietary broths are commercially available and can
appropriately be applied for the direct selective enrichment of
food samples. In food microbiological diagnostics, suppres-
sion of nontarget competing background �ora is a major
concern. The cultural enrichment of samples can potentially
lead to succession of background populations if the selective
suppression is not adequately performed. These �oras inter-
fere with the growth of the target organism and lead to false
negative results. Therefore, selective enrichment is usually
performed after nonselective preenrichment of a sample to
provide conditions favorable to the growth of target organ-
isms. This allows the target organism to dominate the pop-
ulation. Target organisms in enriched samples normally
remain at the levels detectable by pathogen screening
methods; this provides an additional advantage, as the
enriched samples can be stored (i.e., refrigerated for some
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
period of time) until the completion of the identi�cation
process. Multiple standard bacterial enrichment schemes for
various food samples are available from several regulatory
agencies (e.g., Association of Of�cial Analytical Chemists
(AOAC), Association Française de Normalisation (AFNOR),
US Department of Agriculture (USDA) Food Safety and
Inspection Service (FSIS), US Food and Drug Administration
(FDA), and Health Canada) in different countries. When
selecting a method for enrichment and detection of a path-
ogen in food or environmental samples, it is important to
consider the validation speci�cations of a particular method.
Although this chapter is not intended to provide details of all
available and validated enrichment approaches, we discuss
various technical aspects of the microbiological enrichment
procedure.
Primary Enrichment (Pre-enrichment)

Primary enrichment is typically applied to enrich the bacterial
population in a sample nonselectively. The preenrichment step
is helpful to resuscitate stressed and sublethally injured target
bacterial cells in a sample. Furthermore, the preenrichment step
assists in neutralizing and/or diluting the effects of various
inhibitory substances (i.e., preservatives and other antimicro-
bials) present in food matrices, which could potentially hinder
the growth of bacterial cells. Primary enrichment is also
important for the rehydration of cells in dried or processed
food samples. Dried food products can also be allowed to
stand at room temperature for a brief period before incubation
as this assists in the loosening of microbes from food surfaces.
In general, 18–24 h of incubation is performed for the primary
enrichment of food samples. However, the duration of
enrichment depends on many factors such as food product
type, enrichment medium, growth rate of the target organism,
optimal growth temperature, and sensitivity of the subsequent
detection method. Alternatively, sample concentration tech-
niques such as centrifugation, �ltration, and immuno-
concentration may be applied prior to the primary enrichment
as an effort to reduce the duration of primary enrichment. It
must be also noted that while concentration methods are
potentially bene�cial in concentrating the target cells for
further enrichment, they are not always 100% ef�cient. An
ideal concentration method must be able to recover all target
cells directly from complex food matrices.
-384730-0.00421-3 637
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638 Enrichment
Factors Affecting Preenrichment

Multiple factors such as the dilution ratio of sample to broth
medium, incubation temperature, duration of preenrichment,
and sample pH are critical for the recovery and growth of
microbial populations in food samples. Several media
formulations have been reported to achieve optimum
recovery of bacterial populations during preenrichment. The
choice of medium for enrichment of samples depends on the
target pathogen and type of food sample. For example, the
primary enrichment for Salmonelladetection in food samples
is typically performed using buffered peptone water (BPW).
However, media such as lactose broth and Tryptic Soy Brot
(TSB) are also utilized for speci� c food categories. The media
composition, particularly the source and type of contents
(peptone, salt, buffering agents,etc.) and their concentration,
impacts the recovery and growth of a microbial population
during preenrichment. Complex ingredients such as peptones
signi� cantly impact the performance of an enrichment
medium in the growth and recovery of bacterial populations.
This may be attributed to variability in the ability of bacterial
populations with respect to protein uptake mechanisms and
metabolic pathways. These metabolic mechanisms regulat
various factors such as secretion of enzymes for the degrad
tion of macromolecules into utilizable forms, diffusion or
uptake of essential molecules by permeases, and tran
portation of various bimolecular byproducts within the cell
and across the periplasmic space. These factors cumulative
affect the generation time of the target pathogen. The bacteria
populations differ in their ability to utilize peptone from
different sources; thus, the source of peptone can affect the
growth rate during enrichment. For example, peptone from
yeast extract is reported to perform better in the recovery o
certain pathogens, including SalmonellaTyphimurium and
SalmonellaPoona, compared to peptones from casein, meat
or soya sources. Yeast peptone contains the amino acid
essential for microbial growth. However, gelatin-based
peptones are low in tyrosine, an essential component for
better growth of several bacteria. Similarly, peptones obtained
from casein sources may contain traces of antimicrobials (e.g
lactophoricin) that can affect bacterial growth during
enrichment.

Media preparation steps such as autoclaving can also impac
media performance; thus, appropriate precautions should be
taken in performing these steps. Overheating during auto-
claving may result in autooxidation of media components such
as buffering agents and sugars, which in turn can generate tox
oxygen byproducts such as hydrogen peroxide. Other factor
such as buffering capacity of media also impact the recovery o
stressed and injured cells from food products. Media with
higher buffering capacity such as BPW could potentially
counteract conditions such as extreme pH changes caused b
either food or metabolic activity of microbial populations
during enrichment.

If possible, freshly prepared selective media should be use
for the recovery of microaerophilic and anaerobic pathogens
These media may absorb oxygen during storage, leading t
stress injury to the pathogens of interest such asCampylobacte
spp. or Clostridiumspp. If preparing fresh media, supplements
must be added after the broth is cooled to 45–55 � C as
supplements may be heat sensitive and lose their potency a
higher temperatures. Speci� c instructions, if provided, must be
followed for the preparation and storage of certain media to
retain their proper activity. Deionized or distilled water is rec-
ommended for all media preparation.
Pre-enrichment for Different Food Categories

The ef�cacy of enrichment procedures depends on the characte
of food samples such as pH, water activity, and ingredients. Fo
example, pH-buffering capacity is usually higher for meat but
lower for dairy products. Therefore, enrichment conditions
including sample size to broth dilution ratio, temperature, and
enrichment duration vary depending on the nature of different
food samples. Higher dilutions are helpful to minimize the
inherent antimicrobial activity in food items such as spices,
cinnamon (1:100), and cloves (1:1000). Similarly, higher
dilutions could be also performed for products containing high
amounts of sugar and salt to reduce the adverse effect o
osmotic imbalance on bacterial growth. Various additives may
also be employed during primary enrichment to neutralize
food components, which can interfere with the recovery and
growth of target bacteria. For example, neutralizing agents suc
as potassium sul� te are added for the enrichment of food
products rich in organo-sulfur compounds such as onion and
garlic. Similarly, nonfat dry milk (10%) and/or nonacidic
casein (5%) are used to recover sublethally injured or stresse
cells usually present in foods such as cocoa powder and choc
olate confectionary.

The pH of food also may affect the enrichment of target
populations. For the enrichment of special-category foods with
pH extremes such as fermented products, mayonnaise, fruits
and vinegar-containing products, pH must be adjusted to
6.8–7.0 (near neutral) before incubation. Furthermore, high-
buffering-capacity media such as double-strength BPW ar
useful to avoid abrupt decreases in pH during the enrichment
of highly acidic foods (juices, berries, etc.). Similarly, surfac-
tants such as tergitol and tween 80 may be added in the broth
medium to dissolve the content of food sample with high fat
content such as cheese. Broth media such as neutralizin
buffers are helpful in the recovery of stressed and injured cell
present in food and environmental samples that might contain
antimicrobial agents. Sponge and swab samples from envi
ronmental and food contact surfaces contain anionic deter-
gents that can inhibit the recovery of target bacteria during
preenrichment. Carcass rinse samples may contain antimicro
bials such as trisodium phosphate that have been reported to
decrease the recovery of salmonellae from processed poultr
carcasses. To mitigate this potential concern, neutralizing
buffers such as Dey–Engley (D/E) neutralizing broth
and letheen broth may be used in the enrichment of such
samples.
Signi�cance of Background Population in Preenrichment

If a high bacterial background is present in food matrices, the
effect of a dominant population on a minority population is
expected. In mixed cultures, the growth of target bacteria ma
terminate prematurely if competitor organisms reach the
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Enrichment 639
maximum cellular concentration that the enrichment broth can
support. This could result in reduced numbers of target bacteria
after enrichment than expected. Primary enrichment at highe
temperatures, for example incubation at 41–42 � C for Salmo-
nellaand Escherichia coliO157:H7 enrichment in nonselective
broth, may be helpful to reduce the background� ora. If the
examination of large-sized samples is to be performed, it is
advisable to use prewarmed media for the primary enrichment
as it assists in achieving the suitable temperature for inhibition
of nontarget organisms and faster multiplication of target
bacteria.

Category of food and its background microbial pop-
ulation in � uence the growth of target pathogens during
cultural enrichment. For example, greater inhibition of Lis-
teria monocytogenesis observed in minced beef, salami, and
soft cheese; however, less inhibition is seen in prepared fres
salad and chicken pâté. Number ofL. monocytogenescells
recovered after enrichment were inversely related to th
initial aerobic plate count (APC) in these foods. This indi-
cates that both the burden of background � ora and the
composition of micro � ora in� uenced the degree of inhibi-
tion of L. monocytogenes. Enrichment conditions such
temperature and dilution ratio are important in mitigating
concerns associated with background population and sup
porting the growth of target bacteria. Alternatively, chemical
agents may be added to a growth medium to enhance its
selectivity, which is discussed in the‘Secondary enrichment’
section of this chapter.
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Recovery of Sublethally Injured and Stressed Cells

Heat stress to bacterial cells during food processing may lea
to blebbing and vesiculation of cell surfaces increasing the
permeability of the cell. The selective enrichment of such
injured cells would lead to further stress to these cells, which
in turn is detrimental to the repair of injury. Different
components of selective media such as bile salts and antibi
otics may not only stress the already injured cells but also
interfere with their repair process. Ingredients in these
complex media lead to cell defects such as the development o
DNA lesions.

Enrichment using nonselective media is essential for cells to
repair and become functionally normal. For example, for the
detection of heat-injured L. monocytogenesin semihard cheeses
and soft cheeses from pasteurized milk, enrichment using
selective broth is not a preferred choice. Factors related t
enrichment such as incubation temperature, pH, and salt
concentration of the medium should also be considered as these
factors in� uence the rate at which a population of injured cells
undergoes repair. Various specialized media for the recovery o
injured cells have also been reported. The medium TA10 broth
is reported to perform better than traditional preenrichment
broths such as lactose broth, BPW, and universal preenrichmen
broth in the recovery of heat- and freeze-injuredSalmonellafrom
beef.

Bacterial growth enhancers such as sodium pyruvate ass
in the recovery of target cells in enrichment broths. For
example, modi� ed BPW with pyruvates enhances the growth
of enterohemorrhagicE. coli(EHEC). Similarly, the addition of
exogenous pyruvate to repair media stimulates the recover
of heat-stressedL. monocytogenes. The decreased catalase an
superoxide dismutase activities in injured cells make them
susceptible to lethal effects of hydrogen peroxide and the
superoxide radicals. Divalent cations, speci� cally iron, also
enhance the growth ofL. monocytogenesas (in the case of iron)
it may supplement iron needed for essential redox reactions
for enzymes such as catalase, peroxidase, and cytochrome
Cell injury may lead to the loss of essential compounds
through damaged cell membranes; these compounds must be
supplied in the recovery medium. Failure to employ a proper
nonselective repair enrichment step when attempting to
recover injured cells may lead to missed detection. The use o
oxygen-scavenging compounds such as thioglycollate o
oxyrase� (Oxyrase, Inc., Knoxville, TN, USA) enhances th
recovery of injured bacterial cells. The addition of oxyrase to
commercial enrichment broth is reported to enhance the
recovery of injured salmonellae from ice cream and milk
powder samples.
Universal Media for Preenrichment

In addition to pathogen- or food-speci� c media for the preen-
richment of food samples, Universal Preenrichment Broth (UPB)
is used for the enrichment of multiple pathogens in a single
enrichment step. UPB has been shown to support the recover
and growth of injured cells in raw and processed foods with high
background micro� ora. UPB is a highly buffered medium with
limited amounts of carbohydrates to protect cells from drastic
pH drops that typically result from heavy microbial growth. One
of the most commonly used UPB formulations available was
developed by Bailey and Cox (1992). This medium is strongly
buffered from components such as sodium and potassium
phosphate, which facilitates the recovery of pH-sensitive bacteri
such asSalmonella. The medium has also been used for the
recovery of pathogens such asE. coli O157:H7 and Yersinia.
Essential ions in this medium are provided by components such
as sodium chloride, magnesium sulfate, and ferric ammonium
citrate. Sodium pyruvate is used as a growth stimulator for
stressed microorganisms. Several studies have been conduct
on the performance of UPB for enrichment of various target
pathogens. For example, UPB was utilized to recover verotox
genicE. coli, Salmonellaspp., andL. monocytogenesfrom milk and
cheese. Similarly, in another study UPB was used to determin
recovery and growth rates of heat-injuredE. coli O157:H7,
S. Typhimurium, SalmonellaEnteritidis, and L. monocytogene.
Various modi� cations of UPB have been reported to enhance th
recovery of injured microbial cells. In one such modi� cation,
Oxyrase and ferrioxamine E were used to enhance the growth o
S. Typhimurium, Yersinia enterocolitica, E. coli O157:H7, and
L. monocytogenes.
Secondary Enrichment (Selective Enrichment)

Secondary enrichment is performed on preenriched sample
using specialized broth medium to selectively enhance the
growth of target bacteria and simultaneously minimize the
background microbial population. The length of secondary
enrichment depends on factors such as the number of targe
cells expected in the primary enrichment during the transfer to
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secondary enrichment and the growth rate of target bacteria in
the selective broth. It is also important to consider the lag
phase in bacterial growth due to the transfer from nonselec-
tive to selective broth. Normally a 1:10 to 1:100 dilution of
primary enrichment is performed during secondary enrich-
ment. Selective enrichment assists in reducing the interferenc
of competing � ora while recovering target organisms. Dilu-
tion of preenriched samples during the secondary enrichment
aids in achieving a cleaner sample as it decreases th
concentration of excessive food components present in the
preenriched samples. The incubation temperature for selectiv
enrichment depends on factors such as the organism targeted
type of broth media, and background microbial load in the
sample. The matrices and expected background play signi� -
cant roles in the need to ‘differentiate’ or spread apart the
enrichment of the target bacteria and background� ora. A
cooked product or a dried product will not contain the same
background population as a raw product. This is why much
attention should be paid to the matrix type from which the
target bacteria are being enriched. Several media and selecti
agents are available for the selective enrichment of targe
pathogens in foods (Table 1). In this section, we will brie� y
discuss the salient points for the selective enrichment of selec
target pathogens.
t
,

Salmonella

The enrichment of foods for commonly found Salmonella
entericasubsp.entericaserovars is typically performed at either
35 � C or 42 � C using broths such as Rappaport–Vassiliadis
(RV) and/or tetrathionate (TT) depending on the expected
background microbial loads. For example, for the recovery of
Salmonellaspp. from foods with a low microbial load, selec-
tive enrichment using TT broth with incubation at 35 � C and
RV medium at 42� C may be used. Different formulas of TT
broth contain varying amounts of thiosulphate (as thionate),
Table 1 Selected cultural media for the primary and secondary en

Broth

Modi� ed EC broth with novobiocin
Buffered peptone water plus SOC
EHEC enrichment broth (EEB)
Modi� ed buffered peptone water with supplements (pyruvate and acr� avine

supplement)
Tryptic Soy Broth modi� ed with novobiocin and acid digest of casein
BufferedListeriaenrichment broth with supplements (sodium pyruvate,
UVM broth with nalidixic acid and acri� avine hydrochloride supplements
Demi-Fraser broth (with ferric ammonium citrate and reduced nalidixic
Fraser broth (ferric ammonium citrate with supplement including lithiu

acri� avine)
Campylobacterenrichment broth/Bolton broth with lysed horse blood an

(sodium cefoperazone, rifampicin, amphotericin)
Buffered peptone water
Lactose broth
Selenite cystine broth (SC)
Trypticase (tryptic) soy broth
Tetrathionate broth (TT) (or variants such as TT broth-Hajna )
Rappaport–Vassiliadis medium (RV) (or variants such as Rappaport–Vassilia

Rappaport Vassiliadis broth (mRV), Rappaport–Vassiliadis Soya pepton
brilliant green, and bile salts as selective agents. Rappapo
medium, having a high concentration of malachite green and
magnesium chloride, was originally developed for the
enrichment of SalmonellaParatyphi and other serotypes
resistant to brilliant green. The high ionic strength leveraged
by MgCl2 was used to reduce the adverse effect of malachit
green onSalmonellagrowth. Later, the medium was modi� ed
by signi� cantly reducing the quantity of malachite green. The
selectivity of RV medium is dependent on its low pH (5.2),
high ionic strength (due to MgCl2), and malachite green.
Several studies have reported better performance of RV med
compared to TT for the selective enrichment ofSalmonellain
foods such as meat, chicken, produce, and environmenta
samples. Several improvements for TT and RV broths hav
been reported to enhance the recovery ofSalmonella. For
example, tryptone may be replaced with soya peptone to
improve Salmonellarecovery.

Several other media formulations have been designed to
enhance the selectivity ofSalmonellaenrichment broth. BPW
supplemented with ammonium –iron (III) –citrate, ferriox-
amine E and G, or novobiocin in combination with cefsu-
lodin has been reported for the enrichment of S. Enteritidis.
Similarly, TSB supplemented with ferrous sulfate and
Salmosyst� broth supplemented with potassium tetrathio-
nate, ox bile, brilliant green, and calcium carbonate favor the
growth of S. Enteritidis during the enrichment. Selenite
cystine broth (SC) is another selective broth that is used
for food enrichments targeting SalmonellaTyphi and S.
Paratyphi.
Shiga Toxin–ProducingE. coli(STEC)

Several broth media have been investigated for the enrichmen
of STEC in food samples such as modi� ed TSB (mTSB), BPW
E. colibroth (ECB), enterohemorrhagicE. colibroth (EHECB),
and brain heart infusion broth (BHIB). These media are
richment of foodborne pathogens

Target pathogen Type of use

E. coliO157:H7 Selective enrichment
E. coliO157:H7 Selective enrichment
E. coliO157:H7 Selective enrichment

i-cefsulodin-vancomycin E. coliO157:H7 Selective enrichment

E. coliO157:H7 Selective enrichment
cycloheximide, natamycin etc.)Listeriaspp. Selective enrichment

Listeriaspp. Selective enrichment
acid and acri� avine concentration) Listeriaspp. Selective enrichment
m chloride, nalidixic acid, andListeriaspp. Selective enrichment

d antibiotics supplementsCampylobacterspp. Selective enrichment

Salmonellaspp. Enrichment
Salmonellaspp. Enrichment
Salmonellaspp. Enrichment
Salmonellaspp. Enrichment
Salmonellaspp. Selective enrichment

dis R10 broth, modi� ed
e broth (RVS)

Salmonellaspp. Selective enrichment
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Enrichment 641
supplemented with selective agents such as bile salts and/o
different antibiotics to inhibit the growth of unwanted back-
ground bacteria. One of the most commonly used broths to
selectively enrichE. coliO157:H7 is mTSB supplemented with
novobiocin and acid digest of casein. The use of TSB is widel
reported to enrich E. coliO157:H7 in meat, bovine hides, and
carcasses. EC medium is a broth used for the enrichment o
E. coliO157 that contains varying concentrations of antibiotics
and bile salts. Similarly, EHECB, a TSB-based medium con
taining varying amounts and combinations of antibiotics such
as vancomycin, cefsulodin, ce� xime, and novobiocin, has been
reported to improve detection and isolation of E. coliO157:H7.
Modi � ed BHIB medium enhances the resuscitation ofE. coli
O157:H7 as well as EnterotoxigenicE. coli (ETEC) strains
belonging to other serogroups. Media such as BHIB tha
contain amino acids of animal origin are reported to enhance
toxin production ( stx) in STEC compared to media that contain
plant proteins.

Commonly used antibiotics for selective enrichment of
STEC include tellurite (speci� cally potassium tellurite), novo-
biocin, ce� xime, vancomycin, cefsulodin, and acri� avine.
Novobiocin, an aminocoumarin that inhibits the DNA gyrase
activity, is reported to be effective against the competing Gram
positive organisms such asStaphylococcus epidermidisand Gram-
negative bacteria such asProteus, genericE. coli, andPseudomona
spp. Novobiocin is mostly used at the concentration of
20 mg l� 1 for the enrichment of E. coli O157:H7. However,
strains of non-O157 STEC may be susceptible to novobiocin a
this concentration. Enrichment using novobiocin doesn’t
always effectively inhibit the background micro� ora in certain
meat samples. For example, enrichment using mTSB suppl
mented with novobiocin yielded false-negative results for the
detection of E. coliO157:H7 in comparison to BPW alone or
supplemented with vancomycin in a study performed on meat
samples.

Vancomycin, a glycopeptide antibiotic that inhibits cell wall
synthesis and has been reported effective against Gram-positiv
bacteria, is also used for the selective enrichment ofE. coli
O157:H7 and other non-O157 STEC. Vancomycin at the
concentration of <1 –2 mg l� 1 is reported to be bactericidal
against various organisms. However, accounts of increasin
numbers of strains with higher minimum inhibitory concen-
tration (MIC) have been reported. Currently, one of the most
commonly used concentrations of vancomycin is 8 mg l� 1.
Another antibiotic, ce� xime, is reported to be effective agains
SalmonellaTyphi and Proteusspp. without impacting E. coli
O157:H7 growth.

The type and concentration of media components are crit-
ical for the enrichment of target organism as they can
in� uence the interaction of media components with target
cells. For example, sublethally injured E. coli cells have
a reduced capability to ferment lactose. Novobiocin may be
harmful for such metabolically stressed cells. Incubation
temperature is also effective in the selective enrichment o
E. coliO157:H7. For example, the most effective condition to
enrich O157 cells in radish sprout samples is reported as
incubation in modi � ed E. coli broth supplemented with
novobiocin at 42 � C. Extreme acid shock, followed by growth
in noninhibitory medium, may also be used as an effective
method for selective enrichment of EHEC. Enrichment of
EHEC in nonselective broth after a brief exposure to extremel
low pH is reported to improve the recovery of EHEC when
compared with the standard methods. Competing enterics are
inhibited more effectively by an enrichment protocol,
including a brief exposure to low pH.
Campylobacter

The enrichment of pathogenicCampylobactercells from foods
requires precise atmospheric conditions consisting of micro-
aerophilic atmosphere (5–10% CO2) and thermophilic
conditions (42 � C) to facilitate growth. These growth condi-
tions may not be suitable for strains of Campylobacter, which
are anaerobic and nonthermophilic. Several studies hav
reported a higher growth rate and better recovery of damage
cells of selectCampylobacter jejunistrains at 37� C. Alterna-
tively, resuscitation of injured cells at 30–37 � C in media such
as Bolton broth followed by enrichment at 42 � C could
be used to enhance the selective pressures on competin
microorganisms.

Media such as Preston broth (PB), Bolton broth (BB), and
Mueller–Hinton broth (MHB) are commonly used for the
enrichment of campylobacters. In a pure culture study for the
comparative evaluation of PB, BB, and MHB, all three media
were determined to perform equally well for C. jejuni; however,
BB and MHB performed better than PB forCampylobacter co.
Various supplementary agents are available to provide suitabl
conditions for the selective enrichment of Campylobacterspp.
Oxygen-quenching agents such as lysed or de� brinated blood
or charcoal; a combination of ferrous sulfate, sodium meta-
bisulfite, and sodium pyruvate; and hemin or hematin may be
added in the enrichment broth to protect campylobacters from
the toxic effect of oxygen derivatives and to enhance thei
recovery. Sodium pyruvate, sodium metabisulfite, iron sulfate,
and sodium carbonate increase the aero-tolerance ofCampylo-
bacterspp. by acting as oxygen scavengers. Media such as Bolt
selective enrichment broth, which contain the oxygen-scav
enging nutrients to support resuscitation of sublethally injured
cells, might not require a microaerobic atmosphere for the en-
richment of campylobacters. A combination of antibiotics such
as vancomycin, cefoperazone, trimethoprim, and cyclohexi-
mide may be added to media to enhance selectivity by inhib-
iting the growth of background microbial population.
Listeria

Listeriais a Gram-positive pathogen with the ability to adapt
to a wide range of conditions such as refrigeration tempera
tures (2–4 � C) and acidic and high-salt conditions. Listeria
cells are slow growers and may be rapidly outgrown by
competitors. Various selective agents consisting of antibiotic
and other antimicrobials are utilized for the enrichment of
Listeriaby suppressing nontarget bacterial populations. It is
also interesting to note that if samples are contaminated with
both L. monocytogenesand Listeria innocua, the accompanying
L. innocuastrains could potentially suppress the growth of
L. monocytogenesduring enrichment. This may lead to a false
detection. Although selective agents are required to suppres
the unwanted background � ora, a direct enrichment in
selective broth could further suppress the growth of injured
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or stressedListeriacells. Therefore, it is recommended to add
the selective agents in enrichment broth after a brief incu-
bation in broth base. For example, a combination of acri-
� avine, sodium nalidixate, and the antifungal agent
cycloheximide is added to bufferedListeriaenrichment broth
(BLEB) after 4 h of primary enrichment to create a selective
enrichment for a total incubation of 48 h at 30 � C. An
additional enrichment approach includes primary enrich-
ment in half-Fraser broth that contains half of the concen-
tration compared to the Fraser broth in which selective
enrichment is performed after the primary enrichment (ISO
11290 method). Some standard methods replace the half-
Fraser broth with another specialized broth such as Univer
sity of Vermont Medium (UVM) containing acri � avine and
nalidixic acid. This modi� cation is speci� cally for the
primary enrichment of food samples such as poultry, eggs
meat, and environmental samples and is followed by
enrichment in selective media such as Fraser broth or mor
pholinepropanesulfonic acid–buffered Listeria enrichment
broth (MOPS-BLEB). The majority of enrichment protocols
for Listeria follow incubation at 30 � C; however, a lengthy
cold enrichment procedure has been also investigated in
several studies.
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Universal Selective Enrichment Broth

Universal selective enrichment broths targeting the concurren
growth of 2–3 prominent foodborne pathogens have been
reported. For example, a universal selective medium has bee
developed for the simultaneous enrichment of S. Enteritidis,
Staphylococcus aureus, and L. monocytogenesfrom food samples.
Nalidixic acid, lithium chloride, and potassium tellurite were
added as the selective agents in this medium, while sodium
pyruvate and mannitol were employed as the additional
growth supplements. In the individual growth trial, the target
pathogens were shown to grow to levels as high a
7–8 log10 CFU ml� 1 after 24 h incubation at 37 � C when being
inoculated at 50–100 CFU ml� 1. Similarly, a multiplex selec-
tive enrichment broth has been reported for the simultaneous
detection of pathogens S. enterica, E. coli O157:H7, and
L. monocytogenesfrom a single enrichment.
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Single-Step and Broth Enrichment Approaches

Many methodologies combine primary and secondary
enrichments into a single enrichment step in order to reduce
the time to detection and the assay cost. These single medium
enrichments employ speci� c growth promoters for the target
species, thus combining resuscitation and growth stages int
a single enrichment. Strategies such as a brief enrichmen
without selective supplements followed by selective enrich-
ment could be helpful when using an approach with a single
enrichment step. Addition of selective supplements after 4 h
of Listeriaspp. enrichment in BLEB media is a good exam
ple of this proposition. In many single-broth enrichment
approaches, where base broth is used to dilute and homog
enize samples� rst, parameters such as total viable counts o
enumeration of other quality indicators may be performed
before addition of the supplements for further enrichment for
pathogen detection. This eliminates the need to prepare
separate broths for both parameters (quality indicators and
pathogen detection), thus saving time and resources fo
a laboratory.

A single enrichment step could affect the resuscitation o
injured and/or stressed cells as direct enrichment using broth
with selective supplements could further stress the injured
cell. However, in some cases it may help to reduce the
concentration of the selective antimicrobial agents used
during the enrichments, but in doing so, the background
organisms could be resuscitated as well. In this case, opt
mizing the temperature for the target enrichment in combi-
nation with the reduced antimicrobial agents should
reestablish the anticipated selectivity along with target
enrichment. The use of half-Fraser medium for the recovery o
Listeriaspp. is a good example of how lessening the antimi-
crobial quantity in preenrichment will enhance the recovery
of stressedListeriacells.
Conclusion

Overall, the function of the enrichment process is to amplify
the target pathogen by several-fold such that at this concen
tration, detection becomes easier and eliminates the proba
bility of observing false negative results. Although severa
target- and food-speci� c enrichment strategies have been
reported, a single universal enrichment approach applicable to
amplify the most common pathogens from diverse food
matrices remains far from the reach of laboratories. The
enrichment of food pathogens is critical in the success of food
microbial detection as pathogens are adversely impacted by th
food-processing environment both physiologically and meta-
bolically. This, in turn, necessitates the appropriate resuscita
tion step or steps for the recovery of injured and stressed cell
during their detection. Furthermore, a scenario such as single
cell contamination of food samples makes the enrichment step
most critical for the success of detection assay. The enrichme
process will remain a critical step in assay development due to
its signi� cance and complexity.
See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical and Modern Identi�cation
Techniques:Food-Poisoning Microorganisms;
Campylobacter: Detection by Cultural and Modern Techniqu
Escherichia coli:Detection of Enterotoxins ofE. coli; Listeria:
Detection by Classical Cultural Techniques;Salmonella
Detection by Classical Cultural Techniques.
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Introduction

Conventional methods for the detection of foodborne bacterial
pathogens in food rely on a series of cultural enrichment steps.
In the case of Salmonella, the conventional cultural method
(CCM) consists of the following:

l Preenrichment (16–26 h) to allow the resuscitation and
multiplication of sublethally injured Salmonella cells.

l Selective enrichment (22–52 h) to increase the ratio of
Salmonellae to competitor organisms.

l Plating on selective–differential agar media (22–48 h) to
enable the recognition of Salmonella colonies while sup-
pressing the growth of the background micro�ora.

l Biochemical and serological con�rmation (4–48 h) of
presumptive positive Salmonella colonies.

The de�nitive identi�cation of Salmonellae is for the most
part serological and one of the strategies for rapid detection has
been to apply this stage directly to liquid cultures, thereby
omitting the selective–differential agar plating stage.
Food (25 g) + preenrichment broth

37 °C, 18 h (or 6 h)

Selective enrichment

37 °C, 18–24 h

 M broth

37 °C, 6–7 h (or 24 h)

Modified tube agglutination (polyvalent H antiserum) 

 50 °C, 1 h 

Observe for agglutination
 (total time: 32–68 h) 

Figure 1 Enrichment serology method for the detection of Salmonella
in foods.
Original Enrichment Serology Method

In 1969, an accelerated Salmonella detection procedure was
reported by Sperber and Deibel that involved standard preen-
richment and selective enrichment followed by application of
direct serological testing. The standard tube agglutination test,
which has been shown to require 2 � 108 Salmonellae per
milliliter for a positive result, was modi�ed to give a fourfold
increase in sensitivity and was applied initially to Salmonella-
selective enrichment cultures. The test was found to be unreli-
able, however, due to carryover of precipitates and insuf�cient
cell numbers or poor antigen development because of the
toxicity of the media. The inclusion of a 6 h elective enrichment
step in brain–heart infusion broth provided a nonselective
environment in which �agella production was not inhibited,
but there were problems with autoagglutination of some
bacteria. This was overcome by the use of a broth containing
0.2% D-mannose (M broth), which had been used previously
to prevent �mbrial agglutination of Salmonella cultures, and the
inclusion of nonspeci�c agglutination controls (physiological
saline instead of antiserum). Using this procedure, termed
enrichment serology (ES) by its originators, results could be
obtained within 50 h compared with 96–120 h for the CCM
(Figure 1).

Initial application of the ES procedure to the detection of
Salmonella in foods and animal feeds showed good correlations
with the CCM, but in some subsequent evaluations, ES yielded
large numbers of false-negative results (Table 1). Increasing the
M broth enrichment to 24 h, or using the ES procedure in
combination with the �uorescent antibody technique, was
found to improve detection rates. As with the CCM, the
sensitivity of the ES procedure was dependent on the selective
644 Encyclopedia of Food Mic
enrichment broth, but a combination of both selenite–cystine
broth and tetrathionate broth gave the most positive results.
A further decrease in analysis time has been achieved using
a modi�ed ES procedure (6 h preenrichment, 18 h selective
enrichment in tetrathionate broth, 6 h M broth enrichment),
which when applied to the detection of Salmonella in soy
products, yielded fewer false-negative results than the CCM.

The ES method is rapid and less labor intensive than the
CCM because the presumptive positive colony stage is avoided,
although a pure culture of Salmonella cells can be obtained by
streaking from the M broth culture. No specialized equipment
or training is required for the method and there is no increased
expense; in fact, a 37% cost reduction has been claimed. The
method requires a minimum of about 107 colony forming
units (cfu) per milliliter in the enrichment broth and failure to
reach these levels may account for the high false-negative rate
for some products. Nonmotile strains will not be detected,
although this can be overcome by the use of a polyvalent
O antiserum, but at the expense of a likely increase in the false-
positive rate.

In addition to the detection of Salmonella, the ES method
has been applied to two eight-tube most probable number
(MPN) techniques (one miniaturized using microtiter wells
and one using larger working volumes) for the enumeration of
Salmonella spp. on poultry carcasses (Humbert et al., 1997).
Following preenrichment in Buffered Peptone Water (18–20 h)
and selective enrichment in Muller–Kauffmann tetrathionate-
brilliant green (TBG) broth (18–24 h), the traditional MPN
technique involved plating on Rambach agar, and the ES
method involved postenrichment in M Broths (overnight)
prior to serology. Of the 26 naturally contaminated chicken
skin samples, the traditional MPN identi�ed 23 positive
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00094-X

http://dx.doi.org/10.1016/B978-0-12-384730-0.<?thyc=10?>00094<?show $132#?>-<?show $132#?>X<?thyc?>


.

h
.

e

d
f

y

Table 1 Examples of evaluations of Sperber and Deibel’s enrichment serology (ES) method

Authors Foods
No. of
samples ModiÞcations

ES-positive
results

CCM-positive
results

Agreement
(%)

Sperber and Deibel (1969) Dried foods and feeds (nc) 105 None 37 37 100
Fantasia et al. (1969) Foods, feed, and pharmaceutical

products (nc)
689 None 132 (1 f� ) 132 (1 f� ) 99.7

Boothroyd and Baird-Parker
(1973)

Raw materials and products (nc) 2005 None 209 (93 f� ) 302 95.4

769 24 h M broth 184 (11 f�) 195 98.5
Hilker and Solberg (1973) Condiments, food products,

animal feeds (nc)
126 None 64 (2 f� , 1 fþ ) 66 97.6

Surdy and Haas (1981) Soy products (nc) 3486 6 h PE 3475 (11 f� ) 3382 (104 f�) 96.7
Humbert et al. (1990) Poultry meat products (nc) 72 None 29 (13 f� ) 41 (1 f� ) 80.5
Humbert et al. (1997) Chicken skin (nc) 26 M broth/tMPN 24 23 (1 f� ) 96.1

26 M broth mMPNa 26 26 100

aOvernight M broth incubation in traditional or miniaturized 8-tube most probable number (MPN) technique format.
nc, naturally contaminated; f� , false negatives; fþ , false positives; PE, preenrichment.

Enrichment Serology: An Enhanced Cultural Technique for Detection of Foodborne Pathogens645
samples compared with 24 samples with the ES MPN method
It was concluded that the microplate MPN coupled with ES
offered a reliable and more cost-effective analytical approac
for the quantitative recovery ofSalmonellaon broiler carcasses

Although the ES method is not widely used by the food
industry, its principle has led to the development of several
commercially available methods, and ES has become th
generic term for these methods.
-
e

s

es

e-

s

Commercial ES Methods

Latex Agglutination

To improve the sensitivity and visualization of serological
agglutination reactions, speci� c somatic or � agella antibodies
have been coupled to latex particles and many latex agglutina
tion tests covering a range of microorganisms are now availabl
commercially (Blackburn, 1993). These kits are intended for use
with dense-cell suspensions prepared from isolated colonies a
a means of con� rming a presumptive pathogen identi� cation
(Figure 2). The tests are quick and easy to perform and the
agglutination reaction typically takes place within 2–10 min.
Food (25 g) + pre

Selective enrichment

37/43 °C, 18–24 h

Latex test Agar plates M bro
(total time: 34–44 h)

37 °C, 22–48 h

Latex test Latex 
 (total time: 56–92 h)    (total time: 

Figure 2 Application of latex agglutination kits for the detection ofSalmon
Most kits consist of a single color latex preparation, although
a colored latex test for the detection ofSalmonella(Spectate
SalmonellaColored Latex Test) was developed. The test consiste
of a mixture of red, blue, and green latex particles; each color o
latex was sensitized with speci� c antibodies to different groups
of Salmonella, which agglutinate to produce a crescent of color
depending on the serogroup present.

Latex agglutination has the advantages of being ver
simple and rapid, but the minimum detection limit (about
107 cfu ml� 1) in the � nal broth means that it is limited in its
point of application during cultural enrichment. A number of
Salmonellalatex kits have been evaluated for use at various stag
of cultural enrichment (Table 2). When applied to Salmonella-
selective enrichment broths, the latex tests often gave a high fals
negative rate due to the inability of the broths to produce
detectable numbers. Application at progressively earlier stage
of cultural enrichment (6 h selective enrichment, 18 h preen-
richment) only compounded the problem. The kits also suffered
from the presence of suspended particulate matter in the
food enrichment cultures and the color of the selective enrich-
ment broth occasionally hampered interpretation of reactions.
Application of the latex kits after a 6 h postenrichment in either
enrichment broth 

37 °C, 16–20 h 

Electrical impedance medium 

35/37 °C, 24 h 

th  Latex test 
(total time: 40–44 h) 

37 °C, 6 h

test 
40–50 h)

ellain foods.
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Table 2 Examples of evaluations of methods using latex agglutination kits after liquid enrichment

Authors Foods Latex kit
Preceding
enrichment

No. of
samples

Latex positive
results

CCM positive
results

Agreement
(%)

Blackburn and Patel
(1989)

Milk powder,
turkey, prawns (ac)

Microscreen
Salmonella

SE broths
M broth

9
9

2 (2 f� )
4

4
4

77.7
100

Clark et al. (1989) Raw/cooked
products (nc)

Spectate SE broths 40 16 16 100

Bird et al. (1989) Environmental,
powders (ac)

Spectate SE broths 501 203a

(2 f� , 10 fþ )
205 97.6

Reid (1991) Beef, beef
by-products (nc)

Serobact
Salmonella

TBG/M broth
RV/M broth

81 11 (3 fþ)
16 (1 fþ, 1 f� )

11
17

96.3
97.5

D’Aoust et al. (1991) Meat, animal feed,
egg, dried
products (nc)

Bactigen
Spectate
Microscreen

Salmonella

M broth
Nutrient broth
M broth

55
55
55

21 (3 f� )
19 (5 f� )
18 (6 f� )

24
24
24

94.5
90.9
89.1

Davda and Pugh (1991) Confectionery
products (nc/ac)

Microscreen
Salmonella

Bactometer
conductance
positives

90 44 44 100

Sutcliffe et al. (1991) Water (nc) Microscreen
Campylobacter

Filtration,
centrifugation

76 12 (11 f� ) 17 (6 f� ) 77.6

Baggerman and Koster
(1992)

Fresh/frozen
meat (nc)

Microscreen
Campylobacter

Filtration, CCD
broth

75 62 46 (16 f� ) 78.7

aEight negative samples caused autoagglutination.
ac, arti� cially contaminated; nc, naturally contaminated; f� , false negatives; fþ , false positives, SE, selective enrichment; TBG, tetrathionate-brilliant green broth; RV,
Rappaport–Vassiliadis broth; CCD, charcoal cefoperazone desoxycholate.
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M broth or nutrient broth generally gave the best agreement
with the CCM. Cross reactions of theSalmonellaantibodies
with certain strains of Citrobacter freundii, Escherichia coli, and
Proteus mirabilisaccounted for some false-positive reactions
which mainly occurred with environmental samples.

The limitation of sensitivity has led to the use of latex
agglutination tests for the con� rmation of presumptive positive
biochemical tests in which large numbers of the target
organism are required to give a reaction. For example, a late
agglutination test is used as part of the OxoidSalmonellaRapid
Test (OSRT) (see Section Oxoid Salmonella Rapid). Latex tes
have also been used to con� rm presumptive positiveSalmonella
samples using methods based on impedance or conductive
measurement.

Although it is primarily Salmonellalatex tests that have been
evaluated as ES methods, the MicroscreenCampylobacterTest
(now called Microgen CampylobacterRapid Test, Microgen
Bioproducts Ltd, Camberley, United Kingdom) has been used
for the detection of Campylobacterin fresh and frozen raw meat.
The method involved incubation in charcoal cefoperazone
deoxycholate (CCD) broth (42 � C, 8 h), � ltration (0.45 mm),
and incubation in blood-free modi � ed CCD broth (42 � C,
16–40 h) prior to application of the latex test. The Campylo-
bacterES method was more rapid and sensitive than the CCM
The Microscreen� Campylobacterlatex kit has also been used for
the testing of water samples following a physical enrichment
(� ltration and centrifugation) rather than a cultural enrich-
ment. The latex test was found to be 1000 times more sensitive
for Campylobacter jejunithan Campylobacter coli, but the preva-
lence of this latter species in a number of the samples
accounted for the high rate of false-negative results.

The ease of use and speci� city of latex agglutination kits has
resulted in their widespread use in the food industry, although
their application is primarily for rapid con � rmation of
presumptive positive colonies from agar plates. The aggluti
nation technique itself is rapid and requires no additional skills
or equipment.
OxoidSalmonellaRapid Test

Several ES techniques have utilized the fact that mostSalmo-
nella serotypes are motile. In 1969, a glass apparatus wa
developed that relied on the migration of Salmonellae
through selective or differential semisolid agars and the sero
logical testing of the resulting presumptive positive broth
cultures. A commercially available method, based on similar
principles, has since been developed. The OSRT (Oxoid Ltd
Basingstoke, United Kingdom) consists of a disposable culture
vessel containing two tubes, each of which contains dehy
drated selective media in the lower compartment and dehy-
drated selective–differential media in the upper compartment,
separated by a porous partition. The media are hydrated with
sterile distilled water, and a Salmonella-elective medium is
added to the culture vessel along with a novobiocin disc. The
unit is inoculated with food preenrichment broth culture, and
during incubation at 41 � C for 24 h, any Salmonellae present
migrate into the tubes containing selective and diagnostic
media. Cultures in the tubes in which the biochemical tests are
positive are tested by serological agglutination with a 2 min
antibody-coated latex test (Figure 3). Con� rmation of
OSRT-positive results can be obtained by conventiona
streaking from the positive tubes.

The OSRT has been evaluated using a wide range of food
(Table 3). The incidence of false-positive results generally wa
low, and in many studies, there was a sensitivity equivalent to,
or greater than, the CCM. In one evaluation, a high level of
false-negative results was obtained from minced meat and
poultry samples, and it was suggested that overgrowth o
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Food (25 g) + preenrichment broth 

 37 °C, 18 h

Add 1 ml to prepared OSRT culture vessel 

41 °C, 24 h

Test positive tubes with Oxoid Salmonella latex test   
(total time: 42 h)

Figure 3 OxoidSalmonellaRapid Test method for the detection of
Salmonellain foods.
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Salmonellaby competing � ora had occurred. In a separate study
it was noted that although discrimination between positive and
negative results was generally obvious, occasionally with raw
foods, the color change was less distinct and these sample
might otherwise be reported as negative. With raw foods, it also
has been reported that the percentage of OSRT color-positiv
samples that were subsequently latex negative (11–53%) was
greater than that for processed foods.

Although quite manipulative, the test is quick (3–5 min)
and easy to set up; because it provides results after 42 h, it offe
a time saving of 1–3 days for Salmonella-negative results
compared with the CCM. Con� rmation of presumptive posi-
tive samples requires another 1–2 days. It has been estimated
that the hands-on time for the test is 6 min per sample
compared with 20 min for the CCM. As with all tests based on
motility enrichment, nonmotile strains of Salmonellawill not
be detected, but their incidence accounts for less than 0.1% o
clinical isolates.
f

-

Modi�ed Semisolid Rappaport–Vassiliadis Medium

Rappaport–Vassiliadis (RV) broth was developed for the
selective enrichment of Salmonella, and in 1986, De Smedt
developed a modi� ed semisolid RV (MSRV) medium by add-
ing agar. The detection principle was based on the ability o
Salmonellato migrate through the MSRV, thus forming halos of
growth, while the motility of other organisms was largely
inhibited by selective agents (magnesium chloride, malachite
green, novobiocin, and a 42 � C incubation temperature).
Motility enrichment on MSRV medium was applied after
conventional preenrichment (direct motility enrichment) by
placing drops of culture on the surface of an MSRV plate and
Table 3 Examples of evaluations of the OxoidSalmonellaRapid Test

Authors Foods

Holbrook et al. (1989a) Poultry, raw/cooked meat, offal, vegetab
ice cream, animal feed environmenta

Holbrook et al. (1989b) Meat, poultry, seafood, dairy products,
Hirata et al. (1991) Chicken (nc)
Blackburn and Patel (1991) Raw/cooked meat and seafood, powde
In’t Veld and Notermans (1992)Mayonnaise, milk powder, minced mea

ac, arti� cially contaminated; nc, naturally contaminated; f� , false negatives; fþ , false p
incubating at 42 � C for 24 h (Figure 4). If migration occurred,
the culture was tested by slide agglutination either directly, by
cutting a well in the outer edge of the migration zone and
allowing it to � ll with liquid, or after inoculation and growth in
brain–heart infusion broth for 4 –6 h. This MSRV method gave
39% more Salmonella-positive samples than a CCM using TBG
broth.

Subsequent to this initial study, however, direct motility
enrichment was shown to be less productive than the CCM
with some foods and environmental samples, possibly because
of overgrowth by a competing � ora (Table 4). As a result, the
application of MSRV after preenrichment and 8 h selective
enrichment (indirect motility enrichment) was developed.
Although no more productive than direct motility enrichment,
when the two MSRV methods were used in combination, they
proved to be as effective as conventional procedures. Some
these studies have included collaborative trials, and as a resul
the MSRV method received AOAC International approval for
the detection of motile Salmonellain dried milk products,
cocoa, and chocolate.

The MSRV method has the advantages of being able t
detect atypical Salmonellas (lactose-fermenting and non
H2S-producing), which otherwise might be missed on some
Salmonella-selective agars. Nonmotile strains and some typ
cultures– for example,SalmonellaTyphimurium NCTC 74 – are
not detected. In one study, a large number of strains (11%)
from naturally contaminated samples failed to migrate on
MSRV, and it was suggested that the highly selective environ
ment of the MSRV medium could affect the development of
� agella. It is important to record motility soon after removal
from incubation at 42 � C because migration of some motile
non-Salmonellae can occur at lower temperatures.

A modi � cation of MSRV has been developed with the
inclusion of a differential system. Diagnostic SemiSolid
SalmonellaAgar (Diassalm, Lab M Ltd, Bury, United Kingdom)
has two indicator systems: saccharose combined with bro
mocresol purple and ferrous iron in combination with thio-
sulphate. After incubation, the plates are examined for
a motility zone with a purple –black color change (due to H2S
production). When the motility zone is absent, but the center
of the drop is blackened, nonmotile Salmonellae may be
present. Con� rmation is done by taking a culture from the edge
of the motility zone and streaking it on to Salmonella-selective
agar or applying a latex agglutination test directly. The addition
of ferrioxamine E to buffered peptone water has been shown to
increase the motility of Salmonellaon both DIASSALM and
No. of
samples

OSRT-positive
results

CCM-
positive
results

Agreement
(%)

les, dried products,
l (nc/ac)

820 216 (10 fþ, 7 f� ) 201 (22 f� ) 95.2

dried foods (nc/ac) 96 46 (1 f� ) 47 99.0
77 29 (1 f� ) 30 98.7

rs, chocolate (nc/ac) 38 16 16 100
t, poultry (nc/ac) 80 28 (13 f� ) 40 (1 f� ) 85.0

ositives.
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Direct motility enrichment   Indirect motility enrichment 

Food (25 g) + preenrichment broth 

37 °C, 16–20 h 

Add 3 drops (0.1–0.2 ml) to MSRV plate Selective enrichment

 42 °C, 22–24 h       37/42 °C, 8 h 

Observe for migration    Add 3 drops to MSRV plate
Agglutination test or subculture in BHI/M–broth 

37 °C, 4–6 h      42 °C, 16 h 

Agglutination test Observe for migration  
 (total time: 38–50 h) Agglutination test or subculture in BHI/M broth 

37 °C, 4–6 h 

Agglutination test
(total time: 40–50 h)

Figure 4 Direct and indirect methods using modi� ed semisolid Rappaport–Vassiliadis medium for the detection ofSalmonellain foods. BHI,
brain–heart infusion.
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MSRV, and a modi� ed direct motility enrichment method
using a 6 h preenrichment has been proposed.

The MSRV technique is more rapid and less labor intensiv
than the CCM, although if a number of samples show migra-
tion but are subsequently negative, then the degree of time
saving is reduced. In one study, for example, 70 out of 217
naturally contaminated feed samples showed migration, but
Table 4 Examples of evaluations of the MSRV method

Authors Method Foods

De Smedt et al. (1986) Direct Minced meat, egg, coc
milk powder (nc)

De Smedt and Bolderdijk (1990)Direct and
indirect

Cocoa, chocolate produ

De Zutter et al. (1991) Direct Meat, poultry, cocoa, m
environmental (nc)

In’t Veld and Notermans (1992)Direct Mayonnaise, milk pow
poultry (nc/ac)

O’Donoghue and Winn (1993) Direct and
indirect

Meat, dried products,
ready meals (nc/ac)

Joosten et al. (1994) Direct Environmental (nc/ac)
De Smedt et al. (1994) Direct and

indirect
Cocoa powder, chocola

Bolderdijk and Milas (1996) Direct and
indirect

Dried milk products (ac

Fierens and Huyghebaert (1996)Direct Animal feeds (nc)
Wiberg and Norberg (1996) Direct Meat, poultry, dried pro

liquid egg, red peppe
De Medici et al. (1998) Direct Poultry meat (nc)
Worcman-Barninka et al. (2001)Direct

Indirect
Combined

Chicken thighs, pork sa
Cocoa (powder, granul
Coconut

ac, arti� cially contaminated; nc, naturally contaminated; f� , false negatives.
only 19 of these were found to be contaminated with Salmo-
nella. The cost of the MSRV method is similar to the CCM and
dehydrated MSRV medium is available from a number of
manufacturers. These factors have helped maintain interest i
the MSRV method and subsequent studies have continued to
access its suitability (examples are highlighted in the following
paragraphs).
No. of samples
MSRV-positive
results

CCM-positive
results

Agreement
(%)

oa, chocolate,448 75 (1 f� ) 54 (22 f� ) 94.9

cts (ac) 450 (15 labs) 347 (24 f� ) 320 (51 f� ) 83.3

ilk powder, 430 (8 labs) 154 (7 f�) 145 (16 f� ) 94.7

der, meat, 80 39 (2 f� ) 40 (1 f� ) 96.3

237 165 (1 f� ) 166 99.6

210 82 (18 f� ) 100 91.4
te (ac) 750 (13 labs) 407 (8 f� ) 394 (21 f� ) 96.1

) 860 (19 labs) 828 820 (8 f� ) 99.0

217 19 (2 f� ) 17 (4 f� ) > 97.2
ducts,
r (nc)

419 134 (20 f� ) 153 (1 f� ) 95.2

133 31 (8 f� ) 33 (6 f� ) 89.5
usages (nc)

ated)
146
146
146

16 (10 f� )
23 (3 f� )
25 (1 f� )

22 (4 f� )
22 (4 f� )
22 (4 f� )

90.4
95.2
96.6
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MSRV, applied after preenrichment and selective enrich
ment, was compared with a CCM for the isolation ofSalmonella
spp. from municipal wastewater samples and specimens o
broilers of slaughtering age (Zdragas et al., 2000). In all cases,
the MSRV method was more sensitive and showed highe
percentages of positivity than the CCM. The speci� city of both
methods was 100%.

The ef�ciency of direct and indirect MSRV methods was
compared with a CCM for the detection of food samples,
including chicken thighs, pork sausages (both of which
were naturally contaminated), cocoa, and coconut (Worcman-
Barninka et al., 2001). Overall, the MSRV method
(direct þ indirect) and the CCM detected 96.1 and 84.6% of
the positive samples, respectively. When compared with the
CCM, the indirect MSRV method showed 86.4% sensitivity and
96.8% speci�city, whereas the direct MSRV method showed
a sensitivity of 71.4% and speci� city of 99.2%. Combined,
both MSRV methods showed 95.5% sensitivity and 96.8%
speci�city. It was concluded that indirect MSRV or a combina-
tion of direct and indirect MSRV can be used for rapid detection
of Salmonellain food samples.

The MSRV has been evaluated against other rapid an
alternative methods. MSRV medium was compared with the
Single-StepSalmonella(SSS) method and the 1-2 Test for the
detection of Salmonellain ground beef contaminated with � ve
Salmonellaserotypes inoculated at 10, 102, and 103 cfu g� 1 in
triplicate (Af � u and Gyles, 1997). The MSRV medium detec-
ted all � ve serotypes at all levels of contamination after
a combination of preenrichment (in buffered peptone water)
followed by selective enrichment (in tetrathionate broth) and
also after preenrichment alone. The SSS method was equal
sensitive to the MSRV method after selective enrichment (45
45 positives), but it was less sensitive after preenrichmen
(36/45 positives). The 1-2 Test, which was used only afte
selective enrichment, was the least sensitive method (21/4
positives).

There were no major differences between the direct MSR
method, the ICS-Vidas method, and a CCM for the detection
of Salmonellain arti � cially contaminated samples of poultry
meat (De Medici et al., 1998). Although showing a similar
Raw flesh and highly
contaminated products

Food (25 g) + preenri

 35 °C

Selective enrichment (TBG)

42 °C, 6–8 h   

Add 1.5 ml to emptied inoculation chamber of 1–2 T

35 °C, 14–30 h 

Observe for U–shaped band
(total time: 42–64 h)

Figure 5 Salmonella1-2 Test method for the detection ofSalmonellain foo
sensitivity to the ICS-Vidas method for the detection of
Salmonellain naturally contaminated poultry meat, the direct
MSRV was less sensitive than the CCM. The MSRV meth
has been compared with the BAX� System for Salmonella
polymerase chain reaction assay for the detection ofSalmo-
nella in naturally contaminated chicken carcass samples and
raw pork meat, and no signi� cant difference was found
(Franchin et al., 2006).

In addition to Salmonelladetection, the MSRV method has
been applied to the enumeration of Salmonella. A method has
been developed based on miniaturization of the steps of
dilution, preenrichment, and the selective enrichment on
MSRV with a degree of automation as the transfers are pe
formed with multichannel pipettes ( Fravalo et al., 2003). The
so-called mini-MSRV method provided a rapid and convenient
way to assess the quanti� cation of Salmonellain studies
including large numbers of samples.
Salmonella1-2 Test

The Salmonella1-2 Test (BioControl Systems, Inc., Bothel
United States) is a two-chamber plastic vial for the detection of
Salmonellaand is based on selective and motility enrichments
combined with immunoprecipitation. Preenrichment or
selective enrichment culture is added to an inoculation
chamber containing TBG serine broth, and Salmonellae
migrate through a chamber containing a nonselective semi
solid medium and are immobilized by polyvalent anti-
Salmonella� agella antibodies giving a U-shaped precipitation
band. The 1-2 Test is read after 14–30 h and presumptive
positive results are con� rmed using conventional procedures
by streaking from the inoculation chamber (Figure 5).

TheSalmonella1-2 Test protocol has been modi� ed since it
was � rst launched. Originally, the 1-2 Test vial was inoculated
with direct selective enrichment cultures for raw� esh and
highly contaminated foods and with preenrichment cultures
for all other foods. In several evaluations, high rates of false
negative results for animal feeds, environmental samples, an
raw meats were obtained (Table 5). This occurred when either
preenrichment or direct selective enrichment cultures were
All other samples  

chment broth 

, 22–26 h 

Add 0.1 ml to inoculation chamber of 1–2 Test

   35 °C, 14–30 h 

est Observe for U–shaped band
(total time: 36–56 h)

ds. TBG, tetrathionate-brilliant green broth.
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Table 5 Examples of evaluations of theSalmonella1–2 Test

Authors Foods
Preceding
enrichment

No. of
samples

1-2 Test positive
results

CCM-positive
results

Agreement
(%)

D’Aoust and Sewell
(1988)

Meat, chocolate, dried
products, animal
feeds (nc)

PE or DSE 186 25a (21 f� ) 43 (3 f� ) 87.0

Nath et al. (1989) Environmental, animal feeds,
milk powder (nc)

PE
PE/SE (24 h)

196
314

26 (8 f� )
82 (2 f� )

34
81 (3 f� )

95.9
98.4

Oggel et al. (1990) Animal feeds, environmental,
egg products (nc)

PE/SE (7 h) 283 70 (3 f� ) 73 98.9

St Clair and Klenk (1990) Animal feed, chicken,
nuts (nc)

PE/SE (24 h) 250 128 (5 fþ, 3 f� ) 120 (11 f� ) 92.4

Humbert et al. (1990) Poultry products (nc) PE
DSE
PE/SE (24 h)

72
24
24

19 (2 fþ, 23 f� )
11 (4 f� )
14 (1 f� )

41 (1 f� )
14 (1 f� )
14 (1 f� )

63.8
79.2
91.6

Allen et al. (1991) Frozen shrimp (ac) PE/SE (24 h) 200 115 (9–12 fþ,
1–6 f� )b

110 (5 f� ) 92.0–94.5

Feldsine et al. (1995) Animal feed, dried products,
chocolate, cheese (nc/ac)

PE
PE/SE (6–7 h)

1735
(3 labs)

1016 (15 f� )
1029 (3 f� )

1029 (2 f� )
1029 (3 f� )

99.0
99.7

Feldsine et al. (1995) Meat,� sh, animal feed (nc/ac) PE/SE (6–7 h) 320 213 (6 f�) 211 (4 f� ) 96.9
Erdman and Harris

(2003)
Swine pen feces (nc)
Swine rectal swabs (nc)

PE/SE (18–24 h) 118
51

18 (2 fþ)
11

14 (4 f� )
10 (1 f� )

94.9
98.0

a20 positive after 8 h incubation of 1-2 Test vial.
bVariation due to analysts’ interpretation.
ac, arti� cially contaminated; nc, naturally contaminated; f� , false negatives; fþ , false positives; PE, preenrichment; SE, selective enrichment; DSE, direct selective enrichment.
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used to inoculate the 1-2 Test vial and it was attributed to the
presence of large numbers of competitor organisms. The use o
a two-step enrichment (preenrichment and selective enrich
ment in TBG broth for 18–24 h) increased the reliability of the
1-2 Test for these samples, and the manufacturer modi� ed the
enrichment protocol for animal feeds and� our-based products
accordingly. This prolonged the time required for testing
by 24 h, but a further modi � cation was made to obtain
presumptive results within 48 h. After preenrichment and a 7 h
incubation in TBG broth, 1.5 ml culture was added to the
emptied inoculation chamber of the 1- Test vial. This modi� ed
1-2 Test method has been found to be more reliable in
subsequent studies, and it has been adopted by the manufac
turer for use with raw � esh and highly contaminated products.
Although the 1-2 Test has been reported as being easy to rea
in one evaluation using frozen shrimp, a variation in inter-
pretation of results between analysts was demonstrated, an
this degree of subjectivity was thought to explain some of the
false-positive results that occurred.

In the original protocol, the 1-2 Test vial was read after both
8 and 24 h incubation. A number of studies demonstrated that
early (8 h) examination of the 1-2 Test vials led to false-positive
results and an increase in the false-negative rate for both high
and low-moisture foods compared with examination after
24 h. Since then, the manufacturer has modi� ed the incubation
step to 14–30 h.

The Salmonella1-2 Test is easy to use and provides resul
more rapidly than the CCM. The hands-on time has been
estimated to be 4 min per sample for processed foods and
9 min per sample for raw foods. Although a number of eval-
uations have shown the reliability of the method to be poor,
subsequent protocol modi� cations have led to improvements
in its performance, and it received AOAC approval.
Further studies have highlighted both the bene� ts and
limitations of the Salmonella1-2 Test. The method has been
shown to give similar results to the CCM when evaluated for
the detection of Salmonellain naturally contaminated swine
feces and rectal swabs and outperformed the CCM when fece
samples spiked with SalmonellaTyphimurium were tested
(Erdman and Harris, 2003). The 1-2 Test had sensitivity and
speci�city levels of 100 and 96.2%, respectively, for pooled pen
fecal samples and 100 and 97.6%, respectively, for rectal swab
It was concluded that the 1-2 Test was a suitable method fo
detecting motile Salmonellain swine feces when both preen-
richment and selective enrichment are carried out before
inoculation.

The 1-2 Test was compared with the SSS method and MSR
for the detection of Salmonellain ground beef contaminated
with � ve Salmonellaserotypes inoculated at 10, 102, and
103 cfu g� 1 in triplicate ( Af� u and Gyles, 1997). When used
after a combination of preenrichment (in buffered peptone
water) followed by selective enrichment (in tetrathionate
broth), the 1-2 Test detected only two of � ve strains at
100 cfu g� 1 and none at 10 cfu g� 1 (21/45 positive results) and
was less sensitive than the SSS method and MSRV medium
which detectedSalmonellain all 45 samples.
Conclusion

Most ES methods have been developed for the detection o
Salmonella, and by obviating the need for the isolation of
colonies, they provide results more rapidly and are less labo
intensive than CCMs. Con� rmation of ES-positive results
by streaking from liquid culture, however, increases the labor
and test time for presumptive positive samples. Subsequen
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inability to isolate the target organism may indicate a false-
positive reaction, but it sometimes can re� ect the de� ciencies of
selective and differential agars in the presence of high number
of competing organisms. The reliability of ES methods has
been shown to depend on a number of factors, including
length of cultural enrichment, the choice of enrichment media,
food products, level of competitor organisms, injured cells, and
the presence of nonmotile strains. Some of these factors ma
need to be considered before a choice of ES method is made

In the future, the application of modi � cations to the
preenrichment or selective enrichment to improve the growth
of the target microorganism could further improve the speed
and reliability of ES methods. For example, the use of speci� c
bacteriophages for the control of immunocrossreactive and
competitive micro� ora during the food sample enrichment
step has been shown to provide a new approach for enhancing
the performance of both immunological- and cultural-based
detection methods (Muldoon et al., 2007).
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See also:Bacteriophage-Based Techniques for Detection o
Foodborne Pathogens;Biochemical and Modern Identi�cation
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Microbiological Analysis;Campylobacter; Campylobacter:
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Introduction

Enterobacter were proposed as a genus in 1960 by Hormaeche
and Edwards based on the division of the former genus
Aerobacter into motile, ornithine decarboxylase–positive
strains (Enterobacter) and nonmotile ODC-negative strains
(Klebsiella). The type species of the genus is Enterobacter cloacae.
Enterobacter are ubiquitous and can be isolated from natural
environments (soil, water, and plants), animal hosts (verte-
brates and invertebrates), clinical environments and patients,
home and industrial environments, as well as foods. Enter-
obacter are an increasing cause of opportunistic and nosoco-
mial infections, however, only Enterobacter sakazakii (now
Cronobacter spp.) are considered to be foodborne pathogens
and only in association with infant formula intended for
consumption by children less than 6 months old. Some other
Enterobacter species are considered to be plant pathogens and
some Enterobacter have an apparently bene�cial association
with plant hosts (see Table 1).
Nomenclature

Enterobacter are a genus within the family Enterobacteriaceae.
Table 1 lists the Enterobacter species along with current and
former naming conventions. Notably, E. cloacae and Enterobacter
dissolvens are now considered the two subspecies of E. cloacae.
Enterobacter asburiae, Enterobacter hormaechei, Enterobacter kobei,
Enterobacter ludwigii, and Enterobacter nimipressuralis are consid-
ered closely related to E. cloacae and this group of organisms is
often referred to as the Enterobacter cloacae-complex. All of these
species have been associated with clinical cases and
are increasingly a cause of hospital-acquired infections.

Several Enterobacter species have been reclassi�ed over the
years as taxonomic tools have improved; however, in some
cases, there is divided opinion as to the most appropriate
nomenclature. Enterobacter intermedius is now considered to
belong to the genus Kluyvera as Kluyvera intermedia; Enterobacter
agglomerans has been transferred to the genus Pantoea and
E. sakazakii to the genus Cronobacter. In 2013, there was a proposal
to reclassify E. nimipressuralis and Enterobacter amnigenus as
Lelliottia nimipressuralis and L. amnigena in a new genus; Enter-
obacter gergoviae and Enterobacter pyrinus as Pluralibacter gergoviae
and Pluralibacter pyrinus in a new genus; Enterobacter cowanii,
Enterobacter radicincitans, Enterobacter oryzae, and Enterobacter
arachidis as Kosakonia cowanii, Kosakonia radicincitans, Kosakonia
oryzae, and Kosakonia arachidis in a new genus; and Enterobacter
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
turicensis, Enterobacter helveticus, and Enterobacter pulveris into the
existing genus Cronobacter as Cronobacter zurichensis, Cronobacter
helveticus, and Cronobacter pulveris, respectively.

There is some dispute in academia and industry as to the
latter proposal, as it has been demonstrated in previous studies
that there is a clear genetic, phenotypic, and clinical distinction
between these three Enterobacter spp. and Cronobacter spp.
The genus Cronobacter was newly described in 2007 on the
basis of a polyphasic approach using extensive genotyphic and
phenotypic evaluations, additional studies led to the identi�ca-
tion of seven species (Cronobacter sakazakii, Cronobacter malona-
ticus, Cronobacter muytjensii, Cronobacter turicensis, Cronobacter
dublinensis, Cronobacter universalis, and Cronobacter condimenti).
Cronobacter spp. as originally described are known as rare but
important causes of life-threatening neonatal infections, which
can lead to severe disease manifestations, such as brain abscesses,
meningitis, necrotizing enterocolitis, and systemic sepsis. Enter-
obacter turicensis, E. helveticus, and E. pulveris can be found in the
same ecological niches as Cronobacter and share some morpho-
logically similar characteristics; however, there is no indication
that they cause infection in neonates. If this new proposal stands,
then it potentially creates a gray area for both the food industry
and clinicians if ‘Cronobacter’ are found in a product or a patient.
The de�nition of the Cronobacter genus as originally described
is an effective taxonomic tool in clinical and industrial
management of organisms that are pathogenic to infants.
Physiological Description

The genus Enterobacter are rod-shaped, Gram-negative faculta-
tive anaerobes that are usually motile (�agellated), non-spore-
forming, and oxidase negative. Enterobacter spp. grow well on
nonselective laboratory media and most will grow on selective
media, such as Violet Red Bile Agar, Hektoen, or MacConkey
agar. However, some strains of Cronobacter are sensitive to
antimicrobial agents (including antibiotics, brilliant green,
crystal violet, bile salts, and sodium lauryl sulfate), which are
commonly used in Enterobacteriaceae selective media. Crono-
bacter are the only species for which speci�c isolation media has
been developed and for which an ISO standard method exists
for detection in foods.

The tolerance to pH and to temperature varies among
species with Cronobacter being able to grow between 6 and
47 �C with a pH range of 4.5–10 at 37 �C and Pantoea
agglomerans being more sensitive to temperatures above 37 �C.
The tolerance to pH is similar to other Enterobacteriaceae, such
-384730-0.00095-1 653
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Table 1 Enterobacterspecies past and present

Enterobacter species Alternative names Sources clinical/food

Enterobacter aerogenes(1960) Klebsiella mobilis(1971)
Aerobacter aerogenes(1958)

Ubiquitous in the environment, occurs in foods and
opportunistic infections (bacteremia).

Enterobacter agglomerans(1972) Pantoea agglomerans(1989)
Bacillus agglomerans(1888)
Erwinia herbicola(1964)
Erwinia milletiae(1937)

Ubiquitous in the environment, occurs in foods and
opportunistic infections (bacteremia).

Enterobacter amnigenus(1981) Lelliottia amnigena(2013)
Group H3 of Izard et al. (1980)

Isolated from water, raw milk, cream, Spanish pork sausage
Clinical infections reported in adults.

Enterobacter arachidis(2010) Kosakonia arachidis(2013) Isolated from groundnuts.
Enterobacter asburiae(1988) CDC Enteric group 17 Isolated from clinical cases (associated with community-

acquired pneumonia), isolated from farm machinery.
Enterobacter cancerogenus(1988) Enterobacter taylorae(1985)

Erwinia cancerogena(1966)
CDC Enteric group 19

Isolated from trees, water, and food, and from clinical cases
(osteomyelitis, bacteremia, cholangitis, and pneumonia).

Enterobacter cloacae(1960)
(type species of the genus)

Enterobacter cloacaesubsp.cloacae(2005)
Aerobacter cloacae(1958)
Cloaca cloacae(1919)
Bacterium cloacae(1896)
Bacillus cloacae(1890)

Isolated from infant food, sewage, soil, hospital
environments, clinical cases (including meningitis,
necrotizing encephalitis, bacteremia in neonates/infants).

Enterobacter cowanii(2001) Kosakonia cowanii(2013)
NIH group 42

Isolated from clinical specimens.

Enterobacter dissolvens(1988) Enterobacter cloacaesubsp.dissolvens(2005)
Erwinia dissolvens(1948)
Aerobacter dissolvens(1945)
Phytomonas dissolvens(1926)
Aplanobacter dissolvens(1926)
Pseudomonas dissolvens(1922)
Bacterium dissolvens(1922)

Ubiquitous in the environment, associated with plants and
biomass utilization for 2,3-butanediol production.

Enterobacter gergoviae(1980) Pluralibacter gergoviae(2013) Isolated from water and from clinical cases in infants and
children.

Enterobacter helveticus(2007) Cronobacter helveticus(2013) Isolated from infant food, fruit powder. Not reported in
clinical cases.

Enterobacter hormaechei(1990) CDC Enteric group 75 Isolated from nosocomial infections, including sepsis in
infants,sometimes mistaken forCronobacterinfections

Enterobacter intermedius(1980) Kluyvera intermedia(2005)
Group H1 of Izard et al. (1980)

Isolated from natural environments, water.

Enterobacter kobei(1997) NIH group 21 Isolated from food, one reported case of nosocomial
urosepsis.

Enterobacter ludwigii(2005) Isolated from soil, plants.
Enterobacter mori(2011) Associated with bacterial wilt onMorus alba(mulberry tree).
Enterobacter nimipressuralis(1988) Lelliottia nimipressuralis(2013)

Erwinia nimipressuralis(1969)
Erwinia nimipressuralis(1945)

Isolated from trees, plants. Not reported in clinical cases.

Enterobacter oryzae(2009) Kosakonia oryzae(2013) Isolated from rice.
Enterobacter pulveris(2008) Cronobacter pulveris(2013) Isolated from fruit powder, infant formula, and production

environment. Not reported in clinical cases.
Enterobacter pyrinus(1993) Pluralibacter pyrinus(2013) Associated with brown leaf spot disease of pear trees.
Enterobacter radicincitans(2005) Kosakonia radicincitans(2013) Promotes root growth of plants. Associated with a case of

osteomyelitis.
Enterobacter sakazakii(1980) Cronobacterspp. (2008) (E. sakazakiiwas

identi� ed to be a group of at least seven species
that were renamed as a new genus,Cronobacter,
including the following:C. sakazakii,
C. malonaticus, C. muytjensii, C. turicensis,
C. dublinensis, C. universalis, C. condimenti)

Yellow-pigmentedEnterobacter cloacae(pre-1980)

Ubiquitous in dry environments, including dried foods.
Associated with illness in neonates (meningitis,
necrotizing enterocolitis, bacteremia) and considered
a foodborne pathogen in infant formula.

Enterobacter soli(2011) Isolated from soil; degrades lignin.
Enterobacter turicensis(2007) Cronobacter zurichensis(2013) Isolated from fruit powder. Not reported in clinical cases.

654 Enterobacter



i
to

o

r

s

Enterobacter 655
asSalmonella, but it is not as marked as that ofEscherichia col.
There is variation between species and strains in regards
thermal inactivation. Adaptation to survival in food produc-
tion environments with an average surface temperature close t
60 � C has been observed in some strains ofCronobacter. All
Enterobacterare susceptible to pasteurization; however, in
infant formula production, it has been demonstrated that
Cronobacterpose a risk of postprocess contamination after the
drying step. Although most Enterobacterare not considered to
be particularly desiccation resistant,Cronobacterare noted for
their ability to survive at low aw and can grow in media con-
taining up to 7% sodium chloride or 20% sucrose.Cronobacte
strains can persist in a viable state in powdered milk formula-
tions for at least 2 years and have been shown to form� la-
mentous cells under dry stress conditions that can divide
rapidly on rehydration.
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Environmental Niches

Enterobacterare a heterogeneous group of species as evidenc
by the changes in taxonomic classi� cation between genera over
the years. They are found in varied locations, but their natura
habitat appears to be environmental in association with plant
ecosystems. They have been isolated from a variety of plant
including trees, and are found in the soil and the microbial
rhizosphere, as well as in association with plant diseases
Enterobacter cancerogenous, E. cloacae, E. asburiae, and Crono-
bacter have been isolated from water (environmental and
domestic). Enterobacterhave been isolated from vertebrates and
invertebrates, including human feces; however, this may be
transitory in association with dietary ingestion rather than
being part of the established gut � ora. Enterobacter cloaca-
complex species can be found routinely in the feces o
asymptomatic colonized humans and animals.
,
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Presence in Food

Enterobacterspp. have been found in a wide range of foods,
including fruit and vegetables (fresh, frozen, or powdered),
legumes, tea, herbs, spices, dry animal feed (pellets), meat,� sh,
eggs, dairy products, powdered infant formula, grains, nuts
seeds,� our, pasta, chocolate, beverages, and water.Enterobacte
cloacaeis a contaminant of raw milk, yogurt, cheese, and other
dairy produce. Enterobacterdo not survive pasteurization,
but they have been found in pasteurized milk and cream,
indicating that postprocess contamination occurred. The
Enterobacteriaceae species most frequently isolated from
powdered milk products are E. cloacae, Cronobacter,
E. agglomerans(Pantoea), E. pulveris, E. helveticus, and Klebsiella
pneumoniae. Investigation of contamination routes has indi-
cated that contamination most likely occurs after the drying
stage and emanates either from nonsterile dry-mix ingredients
or from the processing environment. A diverse range of Enter
obacteriaceae enters production facilities as contaminants in
raw ingredients, through water leaks, through human and
vehicular carriages, or as particles in the atmosphere.Enter-
obacterwith a high desiccation resistance, such asCronobacter,
E. pulveris, and E. helveticus, are able to persist in dry processing
environments and survive in powdered food products for
extended periods of time. These organisms were originally
isolated from dried milk and dried fruit powders, the earliest
report of Cronobactercontamination in powdered milk was
in 1950.
Clinical Implications

Enterobacterspp. are recognized as opportunistic pathogen
in the natural, community, and hospital environments. They
can be isolated from hospital surfaces, medical and feeding
equipment (such as medical supplements and catheters), and
medical staff. Enterobacterorganisms are considered to be
responsible for around 50% of nosocomial infections in
immunocompromised patients and can affect people of all
ages. TheE. cloacae-complex and Enterobacter aerogenesare the
most frequently isolated Enterobacterspecies in the clinical
setting. Cronobacter, E. hormaechei, and E. gergoviaehave been
responsible for outbreaks of infections in neonatal intensive
care units (NICUs). Community-acquired infections can
occur through open wounds or severe crush injuries and are
often related to plant-associated Enterobacterspp., such
as P. agglomerans. Cronobacterspp., E. cloacae, E. aerogenes,
E. hormaechei, and E. gergoviaecan cause opportunistic infec-
tions in neonates; particularly in infants who have a low birth
weight or were premature. More than 90% of all cases o
Enterobacterbacteremia are caused byE. cloacaeand E. aerogenes.
Enterobacterare estimated to cause up to 9% of all bacteremia
and approximately 20% of Gram-negative sepsis cases in chi
dren, with case fatality rates of 6–20%. While up to 15% of
bacteremia in the elderly are caused byEnterobacterspp., with
Enterobactersepsis, case fatality rates ranging from 20 to 50%
Enterobacterspp. are a signi�cant cause of ventilator-associated
and early post–lung transplant pneumonia, with high case
fatality rates in the elderly.Enterobacterare also responsible for
some skin and soft-tissue infections, including cellulitis, fas-
ciitis, myositis, abscesses, burns, crush injuries, and woun
infections. Enterobacterspp. are responsible for approximately
10% of postsurgical peritonitis cases and rare cases of end
carditis resulting from Enterobacterinfection have been re-
ported. They also cause up to 4% of nosocomial urinary tract
infections, which is usually linked to urinary catheters or
antibiotic therapy. Enterobacterspp. are estimated to cause up to
10.4% of meningitis cases in children and up to 4.5% of cases
in adults. The main species isolated from adult patients are
E. cloacaeand E. aerogenes; however, in children, the most
frequently reported species areCronobacter. Ingestion of infant
formula contaminated with these organisms has been identi-
� ed as the infectious route in several outbreaks.
Foodborne Illness

The only Enterobacterthat has been associated with foodborne
illness isE. sakazakii(Cronobacter) with the � rst recognized case
of neonatal illness occurring in London in 1958. The link
between neonatal illness and ingestion of infant formula was
� rst recognized in 1983, and in the following two decades,
a number of outbreaks occurred in NICUs that were linked
epidemiologically to consumption of contaminated recon-
stituted powdered formula.
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l Iceland (1986) – three neonatal cases with identical
biotypes, plasmid DNA pro� les, and antibiograms to strains
isolated from infant formula.

l Belgium (1998) – in an outbreak of necrotizing entercolitis,
patient strains had similar arbitrarily primed PCR (AP-PCR)
types to isolates from milk.

l United States (2001) – pulsed-� eld gel electrophoresis
(PFGE) matched isolates from opened and unopened
containers of a nutritional supplement with those from
a neonatal meningitis patient.

l France (2004) – a contaminated hypoallergenic formula
was found to be the common link between cases occurring
in � ve hospitals. Failures were found in hospital practices
regarding the preparation, handling, and storage of feeding
bottles.

In cases in which no link is found to the batch of powdered
infant formula, it is possible that extrinsic contamination of the
feed occurred during preparation, or horizontal transmission
occurred from other infected or colonized hosts. Con� rming
the source of infection is more dif� cult in cases in which
multiple strains of Cronobactercoexist in either the patient or
the food samples.
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Antibiotics

Antibiotic resistance in Enterobacterspp. is similar to that of
other Enterobacteriaceae and an increase in antibiotic resis
tance amongEnterobacterspp. is a global emerging problem.
Resistance has developed to manyb-lactam antibiotics due to
extended-spectrumb-lactamases and approximately 25% of
Enterobacterspp. are resistant to extended-spectrum cephalo
sporins. Cronobacterappears to be more sensitive to antibiotics
than other Enterobacterspecies, but treatment of some neonata
infections, particularly those affecting the central nervous
system, can be exacerbated by antibiotic use.
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Detection

Enterobactergrow well on nonselective laboratory media and
can generally be cultured from clinical, environmental,
and food samples. All Enterobacterspecies ferment glucose
and most species will appear as typical Enterobacteriacea
colonies on selective media for this family, such as Violet Red
Bile, MacConkey, or Hektoen Enteric agars. As members of th
Enterobacteriaceae,Enterobactercontribute to the microbial
load as indicators of hygiene and generally are not considered
foodborne pathogens (with the exception of Cronobacterin
infant formula). The EC regulation requirements for the
detection of Enterobacteriaceae are ful� lled by the ISO 21528-
1:2004 method, which includes a preenrichment in buffered
peptone water (BPW), a selective enrichment in Enter
obacteriaceae Enrichment (EE) broth, isolation on Violet Red
Bile Glucose (VRBG) agar, and con� rmation of typical colonies
using an oxidase test (negative) and glucose fermentation
(positive). It has been found that some Enterobacteriaceae
(especiallyCronobacter) are sensitive to the brilliant green dye
used in EE broth. A new shortened ISO method has been
proposed, omitting the EE broth and going straight from the
preenrichment to VRBG plates. In food samples in which a lot
of background organisms (such asBacillusspp.) are likely to be
present, the addition of vancomycin has been shown to
improve recovery of target organisms.

No microbiological media are designed speci� cally for the
genusEnterobacter, but speci� c methods have been developed
for Cronobacter. Initially, these were based on the isolation of
Enterobacteriaceae (ISO 21528-1:2004) with an additional
culture step on nonselective media at low temperature (25� C)
to enhance the formation of yellow colonies. In the presence of
background � ora, however, low levels of Cronobactercan be
missed on VRBG, and the formation of yellow pigment has
been found to be an unreliable trait. Fluorogenic and chro-
mogenic media have been developed for the detection of
Cronobacterbased on detection of the enzymea-glucosidase.
This enzyme is expressed constitutively inCronobacterspp., but
it is not induced by the chromogenic substrate in most other
Enterobacteriaceae with the exception ofE. helveticus, E. pulveris,
and E. turicensis(seeChromogenic Agars).

The current ISO Technical Speci� cation for the detection
of Cronobacter in milk-based infant formula (ISO/TS
22964:2006) includes preenrichment in BPW; selective enrich
ment in modi � ed lauryl sulfate tryptose broth (mLST), which is
lauryl sulfate broth to which 0.5 M NaCl and 10 mg ml � 1

vancomycin hydrochloride has been added; followed by
streaking onE. sakazakiiIsolation Agar (ESIA, AES Cheminux). A
new ISO method has been under development since 2006. The
proposal is to use a less-selective enrichment step based o
enhancing the growth of Cronobacterrather than inhibiting
competitors and using differential criteria to achieve greater
selectivity of the overall method. A semiselective differential
Cronobacterscreening broth (10 g l� 1 peptone, 3 g l� 1 meat
extract, 5 g l� 1 NaCl, 0.04 g l� 1 bromocresol purple, 10 g l� 1

sucrose, and 10 mg l� 1 vancomycin hydrochloride) is used in
place of mLST because of the susceptibility of a signi� cant
number of clinical Cronobacterisolates to the selective agents
Sucrose-fermenting organisms reduce the pH of the broth
causing a color change from purple to yellow. The combination
of sucrose fermentation anda-glucosidase activity on chromo-
genic media is speci� c for Cronobacter, with only one other
species (E. pulveris) being a potential false positive. This
organism is easily distinguished from Cronobacterusing
common biochemical tests.
Biochemical Identi�cation

The Enterobactergenus is dif� cult to de� ne using biochemical
criteria as the species it contains are heterogeneous. Phenotyp
identi � cation of individual Enterobacterspecies is also some
times dif� cult because of the close relationships between
species and horizontal gene transfers; there can also be a lot
strain variation within species. Cronobacterdiffer from Enter-
obacterspecies based on hydrolysis of 5-bromo, 4-chloro,
3-indolyl a-D-glucopyranoside, and ornithine decarboxylation
and use of the 2,3-butanediol fermentation pathway (deter-
mined by Methyl Red and Voges–Proskauer reactions).
Molecular Identi�cation

There are no molecular probes to identify the genusEnterobacter;
however, oligonucleotides have been designed to detect the 16
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and 23S rRNA gene sequences of the family Enterobacteriace
Multilocus sequence analysis using combinations of house
keeping genes have been used to examine similarities betwee
species of Enterobacteriaceae. TherpoAand rpoBgene sequence
can be more discriminatory than 16S rRNA sequencing and ca
provide useful diagnostic tools to identify and differentiate
species of this family. A number of molecular methods have
been developed for Cronobacter, including conventional PCR
targets (e.g., the 16S rRNA gene, theompAgene, the gene coding
for the 1,6 a-glucosidase, and a gene encoding a zinc-containin
metalloprotease). Real-time PCR assays have been develop
based on the 16S rRNA gene, the region located between the 16
and 23S rRNA genes, the region between the tRNA-glu and 23
rRNA genes, and thednaG gene in the macromolecular synthesis
(MMS) operon. The methods based ona-glucosidase anddnaG
genes have proven to be 100% sensitive and speci� c for
Cronobacter.
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Subtyping

Various methods have been used to characterizeEnterobacter,
including antibiograms, biotyping, serogrouping, plasmid
pro� ling, ribotyping, random ampli� cation of polymorphic
DNA, AP-PCR, repetitive sequence based PCR, enterobacte
repetitive intergenic consensus PCR, ampli� ed fragment-length
polymorphism, and PFGE. PFGE has been used to investiga
outbreaks in NICUs involving Enterobacterspecies and is
currently seen as the‘gold standard’ for molecular subtyping of
foodborne pathogens. The restriction enzymes commonly used
for Enterobacterare XbaI, SpeI, NotI, and SmaI. PFGE has been
used successfully in a number of studies to map the distribu-
tion of Cronobacterstrains within infant formula and milk
protein factories. A standard protocol for CronobacterPFGE
typing has been developed by the PulseNet Internationa
Program.
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Control

In most food-manufacturing facilities, the general measures
designed to control levels of Enterobacteriaceae, such a
sourcing quality ingredients, adhering to good manufacturing
practice, and maintaining hygiene standards, are suf� cient to
control Enterobacter. In dry-manufacturing environments, it is
essential to limit the presence of water to prevent proliferation
of Enterobacterin the environment. Contamination of milk
powders with Enterobacterspp. occasionally may occur as
a result of failures in the pasteurization process, but more often
it is attributed to postdrying contamination during mixing
with other ingredients, packing, and � lling. Using current
manufacturing processes, it is not possible to eliminateEnter-
obacterfrom a manufacturing plant, but effective cleaning
strategies and zoning of low- to high-risk areas are effectiv
control measures. Limiting accumulation of food product and
residues, monitoring and maintaining effective air � ltration
systems, and removing dust and water, prevents the spread
airborne microorganisms and their ingress into the product
from the environment.

In cases in which contamination issues exist, molecula
typing of isolates can help to identify the key contamination
points, and physiological pro� ling can provide information on
whether isolates have adapted to the environment, making
them particularly dif � cult to control. It has been found that
Cronobactercan colonize production facilities and adapt to
survive at the elevated temperatures on the surface of produc
tion equipment, resulting in the presence of a persistent clone
within the manufacturing environment.

Reduction in the levels of Enterobacteriaceae in factorie
producing dried food products can be achieved by imple-
menting a dry-cleaning program rather than using wet-cleaning
methods. Ineffective cleaning can result in the build-up of
residues on processing equipment, creating a nutritious and
protected environmental niche for bacterial survival and
proliferation. Even on visibly clean surfaces, bio� lms can form
within which the microorganisms can be more resistant to
disinfectants and sanitizers.
Conclusion

The genusEnterobacterhas been composed of various specie
with similar biochemical and physiological traits. Improve-
ments in molecular methods for examining relationships
between species have led to several stages of reclassi� cation of
Enterobacterinto new genera. In terms of clinical signi�cance,
the E. cloacae-complex cause the majority of human illness
attributed to these organisms, but these are largely opportu
nistic community, environmentally, and nosocomially
acquired infections most often in already immunocompro-
mised persons. In terms of signi� cance in food, Cronobacte
(E. sakazakii) are the only species considered to be foodborne
pathogens and only in relation to powdered infant formula for
consumption by children less than 6 months of age. The
presence of otherEnterobacterhas not been linked directly
to disease; however, the Food and Agriculture Organization
and World Health Organization risk assessment categorize
E. cloacaeand E. (Pantoea) agglomeransas ‘Category B’ organ-
isms (causality plausible, but not yet demonstrated) in relation
to the risk of foodborne infection if they are present in infant
formula.
See also:Enterobacteriaceae, Coliform, andEscherichia coli:
Classical and Modern Methods for Detection and Enumer
Cronobacter(Enterobacter) sakazakii.
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Enterobacteriaceae

The members of Enterobacteriaceae occupy a central position
in current biology, and, due to their diverse properties and
historical role, they are of great signi�cance to medical
researchers, food microbiologists and technologists,
biochemists, and molecular biologists. The members of this
family, especially Escherichia coli and Salmonella, have most
widely been used to study the fundamentals of biology,
whether genetic exchange, biochemical pathway elucidation,
genetic map sequencing, gene regulation, genetic engineering,
or molecular portrayal of viral morphogenesis. The family
Enterobacteriaceae is the largest of three families in Section 5
of Bergey’s Manual. Members of this family are sometimes
referred to as enteric bacteria because many are inhabitants of
the intestines of humans or animals. Because of this, they are
also called coliforms. While some of these members are free-
living organisms, others live in cooperation with or at the
expense of their host, and yet others decompose dead organic
matter.

The micro�ora, such as E. coli, Fusobacterium, and Bacter-
oides, that colonize the inner surface and cavities of the intes-
tines of humans and other animals (referred to as normal
micro�ora), provide their host with a certain amount of
protection against invading pathogens such as Salmonella and
Shigella. This protection is partly achieved by competing for
space and nutrients and partly by the antimicrobial substances,
such as colicins, they produce. Human feces, with an estimate
of more than 400 different species and composition, obviously
provide a good source of intestinal bacteria.
yclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Members of the Family Enterobacteriaceae

In Bergey’s Manual of Systematic Bacteriology (1994), facultative
anaerobic Gram-negative rods have subgroup 1 family Enter-
obacteriaceae, subgroup 2 family Vibrionaceae, subgroup 3
family Pasteurellaceae, and subgroup 4 containing other genera.
The family Enterobacteriaceae has 63 genera and approximately
4500 species included in it. These genera, with their type species,
are listed in Table 1.
General Characteristics of the Family Enterobacteriaceae

The bacteria belonging to this family are Gram-negative, motile
(petrichously �agellated) or nonmotile, facultative anaerobic
straight rods. Members of this family convert glucose into
acid or acid and gas. Nitrate is converted to nitrite. The indo-
lephenol test is negative, and most members of the family
produce catalase. Table 2 gives general characteristics of some
genera of the family Enterobacteriaceae.
Nutritional Requirements

The minimal nutritional requirements of the members of
the family Enterobacteriaceae are often very simple. However,
Enterobacter, Proteus, and Shigella need nicotinic acid frequently,
Salmonella needs tryptophan, and Photobacterium needs methi-
onine. Growth under aerobic conditions is easily achieved
but, in the anaerobic mode, growth is severely dependent on
the availability of fermentable sugars. Biosynthesis of amino
-384730-0.00096-3 659
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Table 1 Genera and species of Enterobacteriaceae

Genera Type species Species

Alishewanella A. fetalis 4
Alterococcus A. agarolyticus Only species
Aquamonas A. haywardensis 2
Arsenophonus A. nasoniae 1 and 77 unnamed species
Aranicola A. proteolyticus 1 and 11 unnamed species
Averyella A. dalhousiensis 1 and 1 unnamed species
Azotivirga A. blochmannia brenneria 2
Biostraticola B. toÞ Only species
Budvicia B. aquatica Only species
Buttiauxella B. agrestis 7 and 17 unnamed species
Brenneria B. salicis 6 and 4 unnamed species
Buchnera B. aphidicola 2 and 5 unnamed species
Candidatus Blochmannia C. blochmannia ßoridanus 19 and 74 unnamed species
Candidatus Curculioniphilus C. curculioniphilus Curculio camelliae 4
Candidatus Hamiltonella C. hamiltonella defensa 2 and 2 unnamed species
candidatus Ishikawaella C. ishikawaella capsulata 7 and 1 unnamed species
Candidatus Macropleicola C. macropleicola muticae 2
candidatus Phlomobacter C. phlomobacter fragariae 1 and 1 unnamed species
Candidatus Regiella C. regiella insecticola 1 and 1 unnamed species
Candidatus Riesia C. riesia pediculicola 3 and 1 unnamed species
Candidatus Stammerula C. stammerula tephritidis 8
Cedecea C. davisae 9, including unnamed spp. 3 and 5
Citrobacter C. freundii 12 and 186 unnamed species
Cronobacter C. sakazakii 6 and 9 unnamed species
Dickeya D. solani 5 and 89 unnamed species
Edwardsiella E. tarda 3 and 13 unnamed species
Enterobacter E. cloacae 17 and 1065 unnamed species
Erwinia E. amylovora 17 and 127 unnamed species
Escherichia E. coli 6 and 67 unnamed species
Ewingella E. americana 1 and 1 unnamed species
Grimontella G. senegalensis 2
Hafnia H. alvei 1 and 18 unnamed species
Klebsiella K. pneumoniae 10 and 465 unnamed species
Kluyvera K. ascorbata 4 and 28 unnamed species
Leclercia L. adecarboxylata 1 and 5 unnamed species
Leminorella L. grimontii 2 and 1 unnamed species
MargaleÞa M. venezuelensis Only species
Moellerella M. wisconsensis 1 and 1 unnamed species
Morganella M. morganii 2 and 22 unnamed species
Obesumbacterium O. proteus 1 and 2 unnamed species
Pantoea P. agglomerans 21 and 361 unnamed species
Pectobacterium P. atrosepticum 9 and 28 unnamed species
Photorhabdus P. luminescens 4 and 44 unnamed species
Phytobacter P.diazotrophicus Only species
Plesiomonas P. shigelloides 1 and 9 unnamed species
Pragia P. fontium 1 and 1 unnamed species
Proteus P. vulgaris 6 and 38 unnamed species
Providencia P. stuartii 10 and 57unnamed species
Rahnella R. aquatilis 4 and 206 unnamed species
Raoultella R. planticola 3 and 14 unnamed species
Salmonella S. choleraesuis 7 and 357 unnamed species
Samsonia S. erythrinae Only species
Serratia S. marcescens 15 and 418 unnamed species
Shigella S. dysenteriae 4 and 70 unnamed species
Sodalis S. glossinidius 5 and 11 unnamed species
Tatumella T. ptyseos 3 and 4 unnamed species
Thorsellia T. anophelis 1 and 1 unnamed species
Tiedjeia T. arctica Only species
Trabulsiella T. guamensis 3
Wigglesworthia W. glossinidia 1 and 6 unnamed species
Xenorhabdus X. nematophilus 20 and 25 unnamed species
Yersinia Y. pestis 14 and 100 unnamed species
Yokenella Y. regensburgei Only species

Bergey’s Manual of Systematic Bacteriology (1994).
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Table 2 Characteristics of important members of the family Enterobacteriaceae

Microorganism Salient characteristics

Escherichia coli Straight rods, inhabitant of gastrointestinal tract of mammals, may cause enteric disease, indicator organism for faecal
contamination, they are motile, able to utilise lactose, sarbitol and decarboxylate Lys, produceb-galactosidase,

Salmonella Known pathogen, food-poisoning agent, causes typhoid and gastroenteritis, they are motile, able to decarboxylate Lys, Orn,
Arg, produce H2S

S. typhi
S. enteritidis
S. arizona
S. paratyphi Do not produce H2S, able to decarboxylate Orn, Rha

Shigella Cause of shigellosis or bacillary dysentery; some species produce exotoxins, inhabitant of gastrointestinal tract, transmitted
through water and food, they are non-motile, not able to utilise lactose and decarboxylate Lys

S. dysenteriae
S. sonnei
S. ßexneri
S. boydii

Citrobacter freundii Found in water and food, associated with many infections, produce H2S,motile and do not decarboxylate Lys
Klebsiella pneumoniae Widely distributed in nature, commensal in the intestinal tract of mammals, can cause gastroenteritis, pneumonia and

urinary tract infections, able to decarboxylate Lys but not Orn, Arg
Enterobacter Inhabitant of gastrointestinal tract of mammals, can cause enteric and urinary tract infections, Enterobacters are involed in

food spoilage especially meat and milk products and cause nausea, abdominal pain, Ulcerative-colitis like dysentery, do
not produce H2S, able to decarboxylate Orn

E. aerogenes
E. cloacae
Serratia marcescens Widely distributed, forms red-colour colonies, opportunistic pathogen
Proteus Found in intestine of mammals; some species can cause urinary infections while others cause diarrhoea, produce H2S,

phenylpyruvic acid
P. vulgaris
P. mirabilis
P. inconstans
Yersinia Found in nature infecting small feral rodents from where it is transmitted to humans by� eas, causing bubonic plague and

enteric disease: enterocolitis, Produce urease, able to decarboxylate Orn

Modi� ed from Cano RJ and Colome JS (eds) (1986)
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acids has a distinct regulatory pattern in these bacteria, which i
not found outside the enteric group.
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Fermentative Metabolism

The members of the family universally utilize carbohydrates.
Fermentation of sugars takes place via the Embden–Meyerhof–
Parnas pathway through mixed acid fermentation, resulting in
lactic acid, acetic acid, succinic acid, formic acid, and ethano
There may be a large variation in the end products formed
quantitatively among different strains and even within strains
under different fermentation conditions as end products are
Table 3 Biochemical tests and response of selected m

Member Indole (from tryptophan)
Methyl re
to bring p

Escherichia coli þ ve þ ve
Shigella þ ve þ ve
Salmonella typhimurium� ve þ ve
Citrobacter freundii � ve þ ve
Klebsiella pneumoniae � ve þ ve
Enterobacter aerogenes� ve � ve
formed by independent pathways. One unique fermentative
metabolic characteristic ofEnterobacterand Serratiaand some
species ofErwinia is the formation of a neutral end product
(butanediol). Metabolic properties of members of the Enter-
obacteriaceae family are useful in characterizing and dis
tinguishing them ( Table 3). During fermentation, the
production of gas (carbon dioxide) is a tool to differentiate
between E. coli from pathogens like Shigellaand Salmonella,
which do not produce gas. Similarly, because they posses
formic hydrogenylase, members of the genusEnterobacterare
vigorous gas producers, but paradoxicallySerratia does not
produce it (in fact, the gas is produced but remains solubilized
embers of Enterobacteriaceae

d (acid production
H below 4.4)

Voges-Proskauer
(acetoin production) Citrate utilization

� ve � ve
� ve � ve
� ve þ ve
þ ve þ ve
� ve þ ve
þ ve þ ve



,

662 ENTEROBACTERIACEAE, COLIFORMS AND E. COLIj Introduction
in the medium). Lactose fermentation is a characteristic of
Escherichiaand Enterobacterbut is absent in Shigella, Salmonella
and Proteus.
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Genetic Relations among Enterobacteriaceae

The genetic relationship between enteric bacteria has bee
facilitated by the discovery of conjugational and trans-
ductional gene transfers. This group of bacteria can acquir
plasmids by conjugation from the donor ( E. coli) and maintain
it as an extrachromosomal element. Both substituted (F-lac)
and R-factors (drug resistance) can be widely disseminate
among the enteric group. Production of chromosomal hybrids
and genetic maps indicates a high degree of homology inE. coli
and other members of the generaSalmonellaand Shigella.
Intergenic DNA–DNA hybridization obtained in vitro also
con� rms the close relationship of this group. However, as
evidenced by rare chromosomal hybrid formation and
DNA–DNA hybridization, members of the generaEnterobacter
Proteus,and Serratiaare different from E. coli, Salmonella,and
Shigella.

Coliforms
Coliforms are an important group of the family Enter-
obacteriaceae, which constitute about 10% of intestinal micro-
� ora. General species of Coliforms include Citrobacter,
Enterobacter, Hafnia, Klebsiella, Escherichia, etc. They are bacteria
indicators of sanitary quality of food. Hence they are being used
in microbiology. These bacteria are facultative anaerobes, non
spore-forming, nonmotile and motile, and rod-shaped, which
ferment lactose with acid and gas formation when incubated at
35–37 � C. The biochemical test was designed to meet the de� -
nition to differentiate this member from other members of the
family Enterobacteriaceae, as detailed later in this section. Col
forms are abundant in the feces of warm-blooded animals, but
can also be found in aquatic environments, soil, and vegetation.
For almost a century, coliforms, especiallyE. coli, were thought to
be of intestinal origin in humans and other animals; however,
there are coliforms that do not have any history associated with
feces and are found in fresh water. When coliforms are no
detected in a speci� ed volume of water, it is considered to be
noninfectious to drink. It was therefore necessary to revive the
coliform concept to establish water quality, or do we need
a superior alternative to these organisms? Nevertheless,
remains a widely accepted indicator of the microbial quality of
water. Coliforms and E. coli enumeration also have great
importance for indication of environmental and food hygiene as
well, for their detection B-galactosidase and B-glucuronidas
activity are checked respectively.

As a matter of fact, the coliform group remains an arti� cial
group of convenience rather than a precise indicator of sanitary
signi� cance. Instead of challenging its usefulness, confusio
has ensued.

Escherichia
The genus Escherichia consists of both motile and
nonmotile bacteria, which conform to the de� nition of the
family Enterobacteriaceae and the tribe Eschericheriea
Both acid and gas are formed from fermentable carbohy-
drates. Salicin is fermented by many species, but inositol is
not utilized and adonitol is used by only one species.
Lactose is rapidly fermented by most members, although
there are also slow- or nonfermenting strains. Sodium
acetate is frequently used as a sole carbon source.Escher-
ichia coli (Migula) Castellani and Chalmers is the type
strain of this genus.

Escherichia coli
Based on serological properties or the presence of virulenc
factors,E. coli, facultative anaerobic, nonspore-forming bacteria
have been grouped into many subdivisions, among which the
following four deserve special attention:

1. Enteropathogenic (EPEC)
2. Enteroinvasive (EIEC)
3. Enterotoxigenic (ETEC)
4. Enterohaemorrhagic (EHEC)

While in the � rst two cases the pathogenic mechanisms ar
not fully understood and are still being studied, in the latter
two cases it has been established that pathogenicity is related t
toxin production.

Escherichia coliis the most important member of the family
Enterobacteriaceae and is probably the best-understoo
organism. First isolated by the German bacteriologist, Theoda
Escherich, in 1885 from children’s feces, it shows remarkable
power in colonizing its host, the intestine of mammals and
birds. It does not survive long in water and soil. It is a universal
inhabitant of the human gut (less than 1% of total microbial
population) and is predominantly a facultative anaerobe. Not
all strains of E. colilive peacefully in the gut of its host, and it is
responsible for many diseases. It is used as an indicato
organism to determine the fecal contamination of water and
the presence of enteric pathogens.
General Characteristics ofE. coli

Escherichia colicells are rod-shaped, nonmotile, and non-
sporulating. They grow at mesophilic temperature, and 37� C is
the optimum. They show a positive result to the fermentation
test and catalase reaction and negative to the oxidase test. The
D-value at 60� C is .1 min. Although they can grow at pH 4.4,
they grow well in media with near-neutral pH and water
activity (aw) .95.

Escherichia colican be differentiated from the other
members of Enterobacteriaceae on the basis of its ability to
ferment lactose at 44� C in its fecal coliform test, different
sugar fermentation, and other biochemical reactions. The
classical IMVIC (indole, methyl red, Voges-Proskauer, citrate
group of tests is commonly employed for differentiation;
some of these tests are available in modern miniaturized
test systems. In the IMVIC test (seeTable 3), most strains of
E. coliare methyl red-positive and VP (Voges-Proskauer) an
citrate-negative.

The plasmids of E. coli have been studied in detail. The
enterotoxigenic strains are known to carry� ve or more plas-
mids, including those for antibiotic resistance, enterotoxin
production, and adherence to antigens. Col. V is a speci� c
plasmid that controls a sequestering mechanism, possibly
by enterochelin or enterobactin-serum resistance. Th
serotyping scheme (lipopolysaccharide somatic O,� agellar H,
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polysaccharide capsular K antigen) shows that in the currently
applied O:H system, O antigen de� nes the principal group
while H signi� es the serovars. The strain tends to fall in this
group and thus plays an important role in detecting pathogens
in epidemiological investigations. The enteropathogenic
serotypes ofE. coli (018, 044, 055, 086, 0111, 0114, 0119,
0126, 0127, 0128ab, 0142, 0158) produce toxins, adhere to
intestinal mucosa, disturbing the function of microvilli, and
cause diarrhea, while enteroinvasive serotypes (028ac, 02
0124, 0136, 0143, 0144, 0152, 0164, 0167) invade and
proliferate within epithelial cells, eventually causing death of
the cells. Enterotoxigenic serotypes (06, 08, 020, 025, 027
063, 078, 080, 085, 0115, 0128ac, 0139, 0148, 0153, 0159
0167) and enterohaemorrhagic serotypes (01, 026, 091, 0111
0113, 0121, 0128, 0145, 0157) of E. coliare associated with
diarrheal disease.

Pathogenic E. coli capable of producing diarrhea can be
transmitted through the fecal–oral route. These strains posses
virulence factors such as adherence factor,� mbriae, and a variety
of toxin products. Based on their phenotype characteristics and
nucleotide sequence, these toxins could be grouped under tw
different categories: heat-labile (LT) and heat-stable (ST). Th
heat-stable toxins (ST) can be divided into ST I and ST II base
on their solubility in methanol and activity in the infant mouse
intestine. Further division of ST I is made into ST Ia (STP), found
in exotic and farm animals and humans, and ST Ib (STH), found
only in humans. Thus, the incidence of STH toxin could
be a potential indicator of human versus animal fecal sources
of E. coli.
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Survival of Coliforms/E. coli
Coliforms, especially E. coli, have the capability to survive
during nutritional starvation and adverse conditions. These
bacteria have evolved a sophisticated system of physiologica
and morphological changes, which they undergo when they
pass through stationary stresses. Their modi� ed cells have
characteristics of the endospores of Gram-positive bacteria
such as resistance to a wide range of environmental stresse
Survival responses are directed to ensure survival of th
stress as well as to ensure growth after removal of the stres
Some strategies adopted to ensure their survival are give
here:

l Reproduction in large numbers.
l Growth in a variety of habitats, thus serving as environ-

mental reservoirs from which animals can be infected.
l Protection by sheltering from unfavorable stresses; fo

example, shade from the� oating mat of Lemna gibbaL
provides shelter toE. colifrom high-intensity sunlight.

l Stresses such as osmotic and temperature shocks a
nutrient limitations are dependent on position in the
growth cycle; for example, during log-phase, stress impact
greater.

l During stationary starvation, survival is controlled at
a molecular level by bringing about physiological and
morphological changes, for example, starvedE. colicells are
smaller than normal cells. Some starved cells also produc
curly � bers, causing bacteria to clump together.

l After passing through a stationary phase,E. colicells show
more resistance to other stresses caused by nutrie
limitation, osmotic and temperature shocks, acid and
salinity, UV radiation, oxidative stress, and uptake of
antibiotics.

l When exposed to high temperatures, E. coli quickly
produces heat-shock proteins (HsPs) to alleviate damage t
proteins.

l Osmotic stress is overcome by osmoregulation, which is
either controlled by moving away from unfavorable
concentrations of osmolytes or by maintaining the constant
cell volume.

l When grown in acid or alkaline media, the cells produce
decarboxylase and deaminase to neutralize the acid o
alkali, respectively.

l Formation of viable but nonculturable cells is an important
strategy. These cells are metabolically active, incapable
division, have characteristics of stationary starving cells, an
do not grow unless they are ingested by a suitable host.
Coliforms/E. coliand Water Supplies
Water contains a large number of microorganisms, some o
which are harmful to human health, while others are indicative
of the level of contamination. It is not only impractical but also
economically not feasible to monitor water for each and every
type of microorganism. Thus, some selected representativ
microorganisms are monitored, and these are termedindicator
organisms. However, there is no satisfactory performance stan
dard for using coliforms to characterize the effectiveness of th
water supply since coliforms are captured in the treatmen
process. Coliphages mimic many properties of viruses, and
these can be used in the evaluation process. Alternatively
Clostridium may be another promising candidate for this
purpose.

The major human pathogens belonging to the Enter-
obacteriaceae family transmitted in water includeSalmonella
Shigella, E. coli,and Yersinia enterocolitica.
Coliform Bio�lm

A surface exposed to water containing populations of microor-
ganisms can result in the establishment of these microorganism
in an immobilized form. The immobilized microorganisms are
capable of growth, reproduction, and production of extracel-
lular polymeric substances (EPS). EPS frequently extend from
the cell, forming a mass of tangled� brous structure to the entero
assemblage, which is called bio� lm. Bio� lm pro � ling of coli-
forms is another problem. Klebsiella, Enterobacter,or Citrobacter
could prevent the detection of fecal coliforms orE. coli. Bio� lm-
derivedE. coliis capable of surviving in large populations at free
chlorine levels several times higher than that needed to kill
a planktonic culture. These E. coli are protected either by
a component of the bio� lm or by their own physiological
characteristics.

Thus, bio� lm causes problems in the water supply as it
provides opportunities to the pathogens to adhere and
reproduce, despite the high concentration of free chlorine. It
also supplies nutrients and water for bio� lm bacteria; and
offers protection against microbial predators, ultraviolet
(UV) light, drying, and disinfectants. The sloughing of bio-
� lm might release aggregation of cells with pathogens into
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the potable water supply system. Consumption of such
water could lead to infection and health problems in
humans.

Bio� lms also have signi� cance in the context of food
hygiene. Various techniques have been adopted for the prope
study and understanding of bio� lm attachment and control.
If the microorganisms from food-contact surfaces are not
completely removed, they may lead to bio� lm formation and
also increase the biotransfer potential. Bacteriocins and
enzymes are important and have a unique potential in the
food industry for the effective biocontrol and removal of
bio� lms.
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Injured Coliforms and Their Signi�cance

When enteric bacteria are subjected to sublethal levels o
acute antibacterial agents and conditions, phenotypes o
these bacteria are altered. However, they may adopt the
normal growth under favorable conditions. This leads to the
formation of injured coliforms. For example, E. coli, when
exposed to phenolic antiseptics, does not form colonies
when grown on the commonly accepted media and condi-
tions but shows revival when grown subsequently under
favorable conditions. Estimation of enteric bacteria with
sublethal stress conditions could provide additional safety in
water supplies.
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Detection of Coliforms andE. coliin Water

Fecal pollution of water supplies is monitored by testing
the indicator microorganisms. The most probable number
(MPN) test is most commonly applied. Membrane � lters are
also suitable for analysis of water samples. A list of methods
and assays available for detection and enumeration of thes
bacteria can be obtained in detail from the source; chapter 4
Enumeration of Eischerichia coliand coliforms bacteria; in book
Bacteriological analytical manual should be referred.

Coliforms/E. coliand Foods
It is well known that fecal coliforms are involved in food
spoilage and cause illness in both humans and animals. Coli-
form’s infections are transmitted to the host with the contam-
inated food. Coliform counts are generally used as an indicator
of possible fecal contamination, and re� ect the hygiene stan-
dards adopted in the food’s preparation. Improper processing,
handling, and storage can allow the level of contamination to
increase. Coliforms are also reported in many types of plan
material since the organisms are usually found at high levels in
soil. Some strains (e.g.,E. coliO157) can cause illness when
present at levels as low as 10 per gram of food. These strain
would not necessarily be included in traditional E. coli tests:
The very low infective dose means that cross-contamination
between foods is a particular hazard.
Coliforms/E. coliand Food Quality

Coliforms and E. coliassume signi� cance for their role in food
and food quality. Their presence and population indicate the
microbiological quality of the raw material as well as the ef� cacy
of the processing techniques, such as pasteurization. Since a
the operations in food processing involve water, the microbio-
logical quality of water will have a great in� uence on the quality
of the � nal product. There are a number of related factors
including contamination by the food handler, hygienic condi-
tions prevailing in the processing plant, and postprocessing
contamination, or inadequate processing. These are relevan
where products like canned and packaged products such a
vegetables, fruits, milk, and milk products are concerned. Coli-
forms may come into contact of canned food during packaging
process if hygienic environment is not maintained. If coliforms
come into contact with such products, they result in spoilage or
being transmitted to humans, causing gastrointestinal problems
or even food poisoning. Escherichia colihas been found to be
a causative agent in many such diseases. It is also an indicator
the bacteriological quality of milk.

In heat-treated food, although the coliform test is a useful
means of assessing inadequate processing, poor sanitary pra
tices, or postprocessing contamination, it is a common practice
to use the total Enterobacteriaceae count instead of coliforms
alone. Since some members of the family (e.g.,Erwinia) are
associated with soil or plants, their presence in some foods
especially vegetables, may be unavoidable. Thus, the presen
of such coliforms in foods would not indicate fecal contami-
nation. It is important to note that in respect to sublethal injury
to some E. coliin food, the situation is similar to that arising in
contamination of water, as it may not be detected by conven-
tional tests. It should be kept in mind that E. colimay not be as
resistant as other enteric pathogens. It is killed during
pasteurization and dies in storage under conditions of drying
and freezing. Even in the environment where most pathogens
persist,E. colidisappears. A similar situation is encountered in
the marine environment. It is therefore considered a poor
indicator of pathogens of marine origin.
Detection of Coliforms/E. coliin Foods

Coliforms/ E. coliare normally detected by growing in different
media and determining various biochemical tests. The
LST-MUG assay is used for detectingE. coliin frozen and chilled
foods, which is based on the enzymatic activity ofb-glucuroni-
dase (GUD), which cleaves the substrate 4-methylumbellifery
b-D-glucuronide (MUG), to release 4-methylumbelliferone
(MU) that gives bluish � uorescence when exposed to UV radi
ation. Bacteria are cultured in LST medium. More detail can be
found in the book Bacteriological Analytical manual (BAM),
from FDA Chapter 4. Serotyping provides a useful guide to
identi � cation.
Infective Bacterial Food Poisoning and Enterobacteriacea

A group of bacteria, including some genera of Enter-
obacteriaceae, is responsible for infective bacterial food
poisoning. This mode of pathogenesis is not mediated by
toxins, although they may be produced. Commonly involved
genera areSalmonella, Yersinia,and Escherichia.

Salmonellais responsible for salmonellosis, which is the
most frequently occurring bacterial infection and food-borne
illness. In Salmonellainfection, when there is a high increase in
the number of Salmonella, the chances of an outbreak of this
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disease increase. However, it is dependent on many factor
such as consumer resistance, number of organisms ingeste
and their ineffectiveness. Apparently,Salmonellaattains quite
a high number without causing an alteration in the sensory
qualities of the food. Salmonella typhimurium, which causes
human gastroenteritis, is the species that is most frequentl
isolated. The organism originates from a host of sources
primarily including foods, poultry and their eggs, and rodents,
although there are also other sources such as cats, dogs, swin
and cattle. Changes in the processing, packaging, and com
pounding of food and feeds in recent years have apparently
increased the incidence of salmonellosis. Large-scale handlin
of foods also tends to increase the spread of salmonellosis
Food-vending machines add to the risk, as does precooke
food.

Yersinia enterocoliticais the species that is generally
associated with meat and meat products, milk and milk
products, and vegetables. This organism has been isolate
from almost 50% of samples of raw milk analyzed in the
United Kingdom. It has even been isolated from milk
pasteurized at high temperature for a short time, causing
serious concerns. It is also capable of multiplying at low
temperatures (in cold storage), causing concern for the
contamination of other foods stored together. The organism
can come from contaminated pork or meat products con-
taining pork, although human carriers have also been
implicated. Yersinia pseudotuberculosisis another closely
related species of concern. It is believed thatY. enterocolitica
is probably the organism responsible for sporadic cases o
food poisoning in Europe and Japan, in which abdominal
pain was the major symptom.

Escherichiais the third group of the family which has been
found to be associated with food contamination. Escherichia
coli is the species responsible; besides producing enterotoxi
and causing related diseases, it is responsible for infective foo
poisoning. However, to cause infection, the number must be
quite high. Fecal contamination of foods, either by direct
contact or indirectly through contaminated water, is the most
common method of transmission. Although a range of food
products may be the source of infection (as described below)
the most likely contaminated foods are meat, meat products,
and fresh vegetables.
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E. coliand Food-Borne Outbreaks

Escherichia colihas been incriminated as the etiological agent of
food poisoning involving diverse foods such as raw milk,
cream, cream puffs, creamed� sh, pie, mashed potatoes, dates
vegetables, mold-ripened cheese, uncooked or poorly cooke
meat, and poultry. The main source of contamination of this
organism is apparently beef.

Several strains ofE. colihave emerged as the potent food-
borne pathogens. One particular strain (O157:H7) has been
identi � ed as one of the most devastating for humans, causin
several deaths each year. It generally causes bloody diarrhe
but it is also responsible for kidney failure in children.

This organism came into sharp focus in 1971 when an
outbreak of gastroenteritis of food origin was traced to
imported cheese in the United States. This led to the deve
opment of speci� c and accurate methods of assessing tox
components as well as the virulence of the pathogenic strain
of E. coli. In the nursery epidemics that occurred in the United
Kingdom in 1945, the mortality rate was as high as 50%.
Some E. coli strains were shown to produce responses with
rabbit ileal and led to studies on E. colias etiological agent of
a cholera-like disease in India. The disease symptom is usual
diarrhea, taking about 12–72 h to manifest itself. The disease
usually lasts 1–7 days. Traveler’s diarrhea is another common
enteric infection among North Americans and Europeans
traveling to less-developed countries. The infection rate is a
high as 50%. The local population is immune to this
infection.

In 2010 in California, there was a Bravo farm gouda cheese
E. colioutbreak, and Bravo farms recalled all of its cheeses
That action followed laboratory testing by the California
Department of Food and Agriculture that revealed the pres
ence of Listeria monocytogenesand E. coliO157:H7 in cheese
samples. In England in January 2011, anE. coli O157:H7
outbreak was observed in ground beef patties. Many more
cases can be found at the web address:http://www.ecoliblog.
com/e-coli-recalls/.
Preventive Measures

While considering preventive measures, it should be
remembered that generally these strains are widely distrib
uted in the food environment, though in small numbers.
Even when the number of E. coli in food is low, it does
have a potential as a food-borne pathogen and will prolif-
erate, if conditions permit. Thus, in general, preventive
measures include avoiding direct and indirect contamination
of foods, strict personal hygienic practices, proper cooking o
processed foods, and reasonably good packaging and storag
conditions.
See also:Biochemical and Modern Identi�cation Techniques:
Enterobacteriaceae, Coliforms, andEscherichia Coli; Bio� lms;
Enterobacteriaceae, Coliform, andEscherichia coli: Classical
and Modern Methods for Detection and Enumeration;
Escherichia coli:Escherichia coli; Detection by Latex
Agglutination Techniques;Escherichia coliO157 and Other
Shiga Toxin-ProducingE. coli: Detection by Immunomagneti
Particle-Based Assays; Food Poisoning Outbreaks;Salmonella:
Introduction;Water Quality Assessment:Routine Techniques
for Monitoring Bacterial and Viral Contaminants;Water Quality
Assessment:Modern Microbiological Techniques;Yersinia:
Introduction.
Further Reading

Adams, M.R., Moss, M.O. (Eds.), 1996. Food Microbiology. New Ag
New Delhi.

Balows, A., Truper, H.G., Harder, W., Schliefer, K.H. (Eds.), 1992. T
vol. III. Springer-Verlag, New York.

Black,J.G. (Ed.), 1996. Microbiology: Principlesand Applications. Prentice
Cano, R.J., Colome, J.S. (Eds.), 1986. Microbiology. West Publishing
E. coliblog: Surveillance and Analysis onE. coliNews and Outbreaks,http://www

ecoliblog.com/e-coli-recalls/.
Eley, A.R. (Ed.), 1996. Microbial Food Poisoning. Chapman & Hall, L



666 ENTEROBACTERIACEAE, COLIFORMS AND E. COLI j Introduction
Ewing, W.H. (Ed.), 1986. Identi� cation of Enterobacteriaceae. Elsevier, Oxford.
Frozier, W.C., Westhoff, D.C., 1996. Food Microbiology. Tata McGraw Hill, New Delhi.
Hort, J.G., Krieg, N.R., Sneath, P.H.A., Staley, J.T., Williams, S.T., 1994. Bergey’s

Manual of Determinative Bacteriology. Williams & Wilkins, Baltimore, MD.
Joshi, V.K., Pandey, A., 1999. Biotechnology: Food Fermentation, vol. I. Educational

Publishers, New Delhi.
Kay, D., Fricker, C. (Eds.), 1997. Coliforms andE.coli. Royal Society of Chemistry, Cambridge.
Lim, D.V. (Ed.), 1989. Microbiology. West Publishing, New York.
Madigam, M.T., Martinko, J.M., Parker, J. (Eds.), 1977. Biology of Micro-organisms.

Prentice Hall International.
Pandey, A., Soccol, C.R., Larroche, C., Gnansounou, E., Dussap, C.G. (Eds.), 2010,
Comprehensive Food Fermentation Biotechnology, vol. I. Asiatech Publishers, Inc.,
New Delhi.

Peter Feng, Stephen D., Weagant, Michael A., 1998. Grant, in Bacteriological
Analytical Manual. Revision A, eighth ed. (Chapter 4). Revised: 2002-
September.

Prescott, L.M., Harley, J.P., Klein, D.A. (Eds.), 1993. Microbiology. Wm. C. Brown,
Oxford.

Stanier, R.Y., Adelberg, E.A., Ingraham, J.L. (Eds.), 1976. General Microbiology.
Prentice Hall, London.



Classical and Modern Methods for Detection and Enumeration
R Eden, BioLumix Inc., Ann Arbor, MI, USA

� 2014 Elsevier Ltd. All rights reserved.
This article is a revision of the previous edition article by Enne de Boer, volume 1, pp 610–617, � 1999, Elsevier Ltd.
Introduction

What Are Indicator Organisms and Why Use Them?

Indicator organisms are organisms used as a sign of quality or
hygienic status in food, water, or the environment. The initial
goal in �nding an indicator organism was to �nd a group of
bacteria that could indicate the presence of fecal material and
serve as a surrogate for Salmonella but that was easier and simpler
to detect. The presence of indicator organisms may signify the
potential presence of pathogens, a lapse in sanitation as required
in good manufacturing practice (GMP), or a process failure.

The longest used indicator organism is the coliform group.
This group was recommended for use in water testing, in the
early 1900s. Fecal coliform and Escherichia coli followed as
more speci�c indicators for the potential presence of patho-
gens. The Pasteurized Milk Ordinance includes a requirement
to test for coliforms in pasteurized milk and milk products.
Definitions

Coliform

Coliform is Gram-negative oxidase negative, non-spore-
forming, aerobic, or facultative anaerobic rod-shaped bacteria.
The coliform group is not a distinct valid taxonomic group, but
it is de�ned functionally as organisms that ferment lactose with
both gas and acid production at 35 �C. The members of the
coliform group include Citrobacter, Enterobacter, Escherichia, and
Klebsiella. Some de�nitions also add Serratia and Hafnia to the
coliform group. Many of these bacteria are found naturally in
the intestines of humans and animals, and some are even
found naturally in soil and water. Of the 1% of coliform found
naturally in the human gut, however, E. coli represents the
majority and is found exclusively in the intestines of humans
and animals. Many of the coliform also can be found in plants
and the environment. Therefore, a positive coliform test does
not necessarily indicate fecal contamination. The coliform
assay is used extensively in the dairy industry as an indicator
organism to show process failure and product recontamina-
tion. This group also is used extensively in water testing.
Enterobacteriaceae

The family Enterobacteriaceae encompasses approximately 20
genera, including E. coli and all members of the coliform group;
in addition, it includes the foodborne pathogens Salmonella,
Shigella, and Yersinia. The family originally was proposed as an
alternative indicator to the coliform group because testing for
the entire family would be more inclusive for the pathogenic
bacteria. The Enterobacteriaceae may be superior to coliform as
indicators of sanitation GMPs because they have collectively
greater resistance to the environment than the coliform. This
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
group is more widely used as indicators in Europe than in the
United States. The determining factor separating coliform from
Enterobacteriaceae is the ability of coliform to ferment lactose
while the Enterobacteriaceae family ferments glucose. The
entire Enterobacteriaceae family is used as indicator organisms
in the evaluation of processed foods, such as cooked meals,
meat products, and egg products. The presence of these
organisms indicates postprocess contamination.

Fecal Coliform

These organisms are a subset of the total coliform group. The
fecal coliform has the same properties as the coliform group,
except that the fermentation of lactose is able to proceed at
44.5–45.5 �C. They are considered a better indicator of fecal
contamination than the coliform group. Fecal coliform group
often is used as a presumptive test for E. coli, and it is applied in
several products, such as milk products, baby foods, ice cream,
and mineral waters.

Escherichia coli

Escherichia coli is present in all mammalian feces at high
concentrations; it does not multiply appreciably, but it can
survive in water for weeks, and so it is useful as an indicator of
fecal pollution of drinking water systems. Escherichia coli meets
all the criteria used for the de�nition of both total coliform and
fecal coliform. In addition, the organism can be distinguished
from other fecal coliform by the lack of urease and the presence
of B-glucuronidase enzymes. Escherichia coli is considered
primarily as an index organism, indicating the possible pres-
ence of ecologically similar pathogens because this organism is
always present in feces. Testing for E. coli is done in products,
such as raw vegetables, raw milk, cheeses, and shell�sh.

Pathogenic E. coli

In 1993, 700 people were sickened by hamburger patties
contaminated with E. coli O157:H7 sold at Jack-in-the-Box
restaurants. This incident led to 171 hospitalizations and 4
deaths. Escherichia coli O157:H7 is notorious for causing serious
and even life-threatening complications, such as hemolytic-
uremic syndrome (HUS). Severity of the illness varies consid-
erably depending on the E. coli strain and the health of the
consumer; it can be fatal, particularly to young children, the
elderly, or the immunocompromised.

After the Jack-in-the-Box episode, many more outbreaks
resulted from hamburger meat, fresh vegetables, and other
food commodities. Eventually other strains of E. coli producing
lethal toxins were identi�ed, including O194:H4, O104:H21,
O121, O26, 103, O111, and O145. Figure 1 shows the rela-
tionships between the various groups of organisms discussed in
this article.
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Figure 1 The relationships between the various indicator groups.
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Classical Methods

Plate Count Methods

The most common method to test for coliform and Enter-
obacteriaceae is the plate count method. In applying this
method to counting of coliforms and Enterobacteriaceae, one
need to keep in mind that counted plates should have 25–250
colonies. Lower number of colonies on the plates increase the
errors associated with the methodology. The error a
a percentage of the mean is 18% at counts above 30 colonie
per plate and increases to 100% with a single colony. As
a result, only samples with relative high counts should use the
plate count methodology. The classical methods for the
detection of coliforms and E. coliare described in the Bacteri-
ological Analytical Manual (BAM) maintained by the Food and
Drug Administration (FDA).
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Enterobacteriaceae, Coliforms, and Fecal Coliforms

The most common medium for the enumeration of Enter-
obacteriaceae is violet red bile glucose (VRBG) agar. The mo
commonly used plating medium for coliforms is violet red bile
(VRBA) agar. The only difference between VRBA and VRBG
the sugar (glucose has been replaced by lactose). The mediu
selectivity is due to the presence of bile salts and crystal viole
Typical colonies of coliforms on VRBA or Enterobacteriacea
on VRBG are round 0.5 mm or larger in diameter, purple-red,
usually surrounded by purple-red haloes. Nonlactose fermen-
ters produce pale colonies. Typical colonies on VRBG an
VRBA must be further con� rmed as some other organisms,
especially Aeromonasspp., may show speci� c growth on this
medium. The suspect colonies must be tested for oxidas
reaction (negative) and glucose fermentation (positive) for
con� rmation as Enterobacteriaceae. For identi� cation to the
genus and species level, modern biochemical identi� cation
techniques can be used.
l
,

Escherichia coli

Most of the E. coli culture methods are based on lactose
fermentation, gas production, and indole formation. Because
of the low numbers of E. coli in most samples, most
methods require a preincubation in liquid media, preferably
at an incubation temperature of 44–45 � C as lower
temperatures result in less speci�city. The incubation time
may be limited to 24 h for water and shell� sh, but for
other products, more positive tubes are found after 48 h of
incubation.

Levine’s eosin-methylene blue agar (LEMB) is used for the
differentiation of E. coliand Enterobacter aerogenes. Colonies of
E. colishow a typical greenish metallic sheen and dark purple
centers. Some biotypes ofE. coli, however, do not produce
typical colonies with a green sheen, and slow or nonlactose
fermenters produce colorless colonies.
PathogenicE. coli

ISO (International Organization for Standardization)
method (ISO 16654) for food and animal feed for the
isolation of E. coliO157 has an enrichment step in modi� ed
TSB with novobiocin (mTSBn) at 41.5 � C for an initial
period of 6 h followed by further incubation of 12– 18 h.
There is no standardized enrichment protocol for non-O157
Verotoxigenic E. coli (VTEC). A number of enrichment
protocols have been reported in the literature that will allow
for the isolation of a wide range of VTEC serogroups. BAM
recommends an initial 1:10 dilution in BHI; after 3 h of
resuscitation, the liquid is mixed with double-strength tryp-
tone phosphate broth and is incubated for 20 h at 44.0 � C.
Thereafter, the samples are streaked into MacConkey an
LEMB plates.

The majority of commercial agars for VTEC still focus
predominantly on the identi � cation of E. coli O157. The
inability of most E. coliO157 to ferment sorbitol is exploited
in sorbitol MacConkey agar (SMAC). Cexi� me and potas-
sium tellurite can be added to the SMAC (CT-SMAC) to
increase its selectivity in heavily contaminated samples
Escherichia coliO157 produces colorless colonies on this
media, thus distinguishing it from other micro� ora. This is
the media of choice in the ISO standard protocol (ISO
16654) for E. coliO157, together with a second appropriate
selective agar.

Although most E. coli O157 do not ferment sorbitol,
sorbitol-fermenting E. coliO157 (nonmotile) have emerged as
causes of HUS in Europe and Australia. These particular var
ants will not be identi � ed readily on SMAC. Additionally, the
presence of potassium tellurite in CT-SMAC may actively
inhibit the growth of sorbitol-fermenting E. coliO157.

Non-O157 VTEC strains display a heterogeneous rang
of phenotypic properties making it dif � cult to � nd a com-
mon agar that selectively and differentially recover these
pathogens.
Most Probable Number

The most probable number (MPN) procedure requires severa
days (up to 5 days) and is extremely labor intensive; however
for many samples, it is the only alternative due to the low
numbers of Enterobacteriaceae, coliforms, orE. coli. The
methods are described in detail in the BAM.
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After performing a 1:10 (10–50 g of sample in 90–450 ml of
Butter� eld’s phosphate-buffered water), decimal dilutions are
performed. Each of at least three dilutions are added to three
tubes containing lauryl sulfate tryptose (LST) broth, a mildly
selective enrichment medium, and are incubated at 35� C. The
tubes are examined for gas production after 24 and 48 h.
-

-
Coliforms

From each LST tube containing gas, a loopful is transferred into
brilliant green lactose bile broth (BGLB, a selective both con
taining bile salts and brilliant green as inhibitors). The BGLB
tubes are incubated at 35 � C and are examined for gas
production after 24 and 48 h. The MPN is calculated using
speci�c tables.
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E. coliand Fecal Coliforms

From each LST tube containing gas, a loopful is transferred into
EC broth (a selective both containing bile salts). The EC tube
are incubated at 44–45.5 � C and are examined for gas
production after 24 and 48 h.

The complete test forE. coli is performed by taking each
gassing EC tube and streaking it for isolation on LEMB aga
plate. The plates are incubated for 18–24 h at 35 � C and
examined for typical colonies. Isolates are tested for IMViC
reactions (Indole, Voges–Proskauer (VP), Methyl red, and
citrate).
Membrane Filtration Methods

Membrane � ltration is used mainly with water samples or
other samples that can be� ltrated easily. Most food samples
are not � ltrated easily, and as a result, they are not used with
this type of methodology, as diluted food samples easily will
clog � lters.
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Coliform

The procedure involves � ltering the sample through the
membrane (pore size 0.45 mm). The membrane is placed
on the selective M-Endo medium or LES Endo aga
(LES¼ Lawrence Experimental Station) and incubated at 35� C
for 22–24 h. Both variants of the media use fuchsin to differ-
entiate between lactose-fermenting and lactose-non-fermentin
bacteria. Sodium desoxycholate inhibits the growth of Gram-
positive bacteria. Sodium lauryl sulfate partially inhibits
organisms other than coliforms. Coliform organisms ferment
the lactose in this medium, producing pink to dark red colonies
with a green metallic sheen. The amount of sheen may var
from pinpoint to complete coverage of the colony.
-

e

.
e

Con�rmation

If there are sheen colonies on the� lter, con� rm by transferring
into tubes of LST; incubation at 35� C for 48 h is required. Any
gas-positive LST tubes are subcultured into BGLB and incu
bated at 35� C for 48 h. Gas production in BGLB within 48 h is
a con� rmed coliform test.
Coliform/E. coliCombination

After � ltering the sample, the membrane is placed on
a selective–differential medium MI-Agar (contains inhibitors,
such as sodium lauryl sulfate and sodium desoxycholate) and
the dyes b-D-lactose4-methylumbelliferyl-b-D-galactopyrano-
side (MUGal) and indoxyl-b-D-glucuronide (IBDG). The
plates are incubated for 24 h at 35� C. The bacterial colo-
nies are inspected for the presence, under long-wave ultra
violet light (366 nm), of blue � uorescence from the
breakdown of IBDG by the E. coli enzyme b-glucuronidase
or from the breakdown of MUGal by the coliform enzyme
b-galactosidase. Blue colonies are coliforms, and� uorescent
colonies are E. coli.
Escherichia coli

The procedure involves � ltering the sample through the
membrane. The membrane containing the bacteria is placed
on a selective–differential medium, mTEC (contains inhibi-
tors, such as sodium lauryl sulfate and sodium desoxycholate)
is incubated at 35 � C for 2 h to resuscitate stressed or injured
cells, and then is incubated at 44.5� C for 22 h. After incuba-
tion, the � lter is transferred to a pad saturated with urea
substrate for 15 min; yellow, yellow-green, or yellow-brown
colonies are counted with the aid of a � uorescent lamp and
a magnifying lens.
Hydrophobic Grid Membrane Filter

The technique was developed for the enumeration ofE. colior
a combination of coliform and E. coli. These� lters are divided
into 1600 grid cells. The sample is � ltered through the
membrane � lter, which traps target organisms within the grid
cells. The inoculated hydrophobic grid membrane� lter (HGMF)
is placed on an agar medium appropriate for the isolation of
E. coliand colonies are counted and con� rmed after incubation.
The HGMF technique has the advantage of removing inhibitors
or unwanted ingredients (through washing of the � lter),
concentrating organisms (through the � ltration step), and
a three-log counting range (due to the 1600 grid cells).
PresenceÐAbsence with Enrichment Step

For the detection of low numbers of Enterobacteriaceae and
coliforms, a selective enrichment step in broth is required.
MacConkey was the� rst to formulate a medium for coliform
bacteria containing lactose as sugar for fermentation and bile a
selective component. MacConkey broth with either neutral red
or bromocresol purple as indicators for acid production is in
use for the detection of coliforms andE. coli, especially in water
and milk.

Enterobacteriaceae enrichment broth for Enterobacteriacea
and brilliant green bile broth for coliforms are modi � cations of
MacConkey’s liquid medium. In these media, the triphenyl-
methane dye brilliant green and bile are used as inhibitors,
especially for lactose-fermenting Gram-positive organisms
After the enrichment step, the presence of the organisms can b
con� rmed on selective media.
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PetriÞlm

Petri� lm Coliform E. coli count plates (3M, Minneapolis,
MN) contain X-GLUC for the detection of the enzyme b-D-
glucuronidase (GUD), and ingredients similar to VRBA with
a cold-water-soluble gelling agent coated on to a plastic� lm.
The media ingredients are hydrated when 1 ml of the diluted
sample is added. After incubation for 24 h at 37� C, coliforms
appear as red colonies surrounded by gas bubbles andE. coli
appears as blue colonies with gas bubbles. For most food
products, the Petri� lm result in data that are comparable with
the plate count methodology.

For many food commodities, the Petri� lm Coliform E. coli
count plates are used routinely. However, this system wa
found unsuitable for the enumeration of E. colifrom shell� sh
because of the inhibition of the blue coloration of E. coli
colonies by undiluted mussel homogenate.

False-positive results with GUD-basedE. coli detection
methods sometimes are found because of the presence of GU
in some raw foods. For such samples, the use of a pretreatmen
procedure to eliminate auto-� uorescent substances from the
sample is recommended.

The ratio of coliforms to E. colimust be such that E. coli
colonies are not totally covered by the coliforms.
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Fluorogenic and Chromogenic Media

In the past decade, a new type of culture media has bee
described using� uorogenic and chromogenic substrates. Thes
substrates yield brightly colored or� uorescent products when
acted on by bacterial enzymes and often make subculturing
and further con� rmation unnecessary.

The enzyme b-D-galactosidase is used in many media
because it catalyzes the breakdown of lactose into glucose an
galactose. In various media, 5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside (X-GAL) is added for the detection and
enumeration of coliforms. Decomposing of X-GAL results in
a color change from blue-green to indigo and indicates the
presence of coliforms.

More than 95% of E. colistrains, but also someSalmonella
spp.,Shigellaspp., andYersiniaspp., possess the enzyme GUD
E. coliO157:H7 strains do not possess GUD, and this char
acteristic is used in the con� rmation of these strains, especially
to discriminate E. coli O157:H7 from other E. coli strains.
GUD is an enzyme that catalyzes the hydrolysis ofb-D-
glucopyranosiduronic acids into their corresponding aglycons
and D-glucuronic acid. For the detection of GUD activity, the
� uorogenic substrate 4-methylumbelliferyl-b-D-glucuronide
(MUG) and the chromogenic substrate 5-bromo-4-chloro-
3-indolyl- b-D-glucuronide (X-GLUC or BCIG) are used most
frequently. MUG is broken down by GUD to release
4-methylumbelliferone, which � uoresces under ultraviolet
light. Indoxyl released from X-GLUC is rapidly oxidized to
indigo, which is insoluble and therefore, builds up within the
cells, resulting in blue E. colicolonies. These substrates hav
been incorporated into several selective media for rapid
detection of E. coli.

Commercial chromogenic agars for the detection of patho-
genicE. colihave been developed, including Chromocult (Merck,
Darmstadt, Germany) and Rainbow agar (BioLog, Hayward CA),
which differentiate between O157 and other selected VTEC
serogroups (O111, O26, O103, and O145) on a color basis.
Some methodologies combine the immunomagnetic separa-
tion (IMS) (see Immunological Separation) with chromogenic
media.

There are reports on media based on chromogenic
compounds with a mixture of selected carbohydrates that can
identify and discriminate among serogroups (O26, O103,
O111, O145, and O157) on a color basis.
Colilert and Quanti-Tray Enumeration

Colilert and Quanti-Tray (IDEXX Laboratories, Portland, ME,
United States) are based on the ability of coliforms (including
E. coli) to metabolize ortho-nitrophenyl galactopyranoside
using the enzymeb-galactosidase to produce ortho-nitrophenyl.
As a result, the broth media get colored yellow.

Escherichia colialso will metabolize 4-methyl-umbelliferyl
glucoronide, using the enzyme b-glucuronidase to produce
4-methyl-umbelliferone, which � uoresces under UV light at
365 nm. Fecal coliform-possessing the enzymeb-D-galactosidase
can cleave the chromogenic substrate, resulting in the release
the chromogen at 44.5 � C. The Colilert system can enumerate
total coliforms and E. coli from water samples without the
requirements of any further con� rmation.

Enumeration of total coliform and E. coli organisms are
achieved through the use of a Quanti-Tray. Depending on the
resolution of result required, 100 ml of water sample is mixed
with Colilert-18 medium and distributed into a Quanti-Tray
with either 51 (up to 200 orgs/100 ml) or 97 (2000 orgs/
100 ml) wells. After the 18–22 h of incubation, the number of
wells that are positive for coliforms and E. coli are counted.
Results then are calculated from MPN probability tables.

Colilert and Quanti-Tray can be used for waters with low
numbers of coliform and E. coli, even when such samples have
high turbidity and high level of background � ora. One
advantage of the Quanti-Tray utilization of 52 and 97 wells is
that the con� dence interval, for the results obtained, is much
smaller than in traditional MPN.
Rapid Automated Method (Growth-Based Methods)

All rapid automated methods rely on a change in a signal as
a result of microbial growth and metabolism. When microor-
ganisms grow in a broth medium, they consequently change
the chemical composition of the medium, resulting in a change
in signal. The two main growth-based methods operate on the
principles of impedance and optical signal changes. The
instruments serve as incubators and monitor the changes in
signals over time. All systems on the market use a 6 min time
interval of monitoring samples since this sampling rate is
compatible with the rate of growth for most relevant micro-
organisms at incubation temperatures of 20–65 � C. The second
component of each system is a disposable container or vial in
which the sample is mixed with the appropriate growth media.
The third element of growth-based systems is a softwar
package that allows for data analysis and reporting. The system
include a detection algorithm that automatically determines
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the detection time for each sample and displays the result in
real time. Most software packages use a‘traf� c light’ color-code
approach to report on the screen the status of the samples. Th
approach was� rst used with the impedance-based systems an
consequently was adopted by other growth-based system
With this approach, samples that have detection times indi-
cating that they are above the speci� ed level (unacceptable
samples) will appear in red to alert the operator that they
require immediate action. Samples that have microbial levels
lower than the allowed level appear in green, and marginal
samples appear in yellow.
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Generation of the Calibration Curve

The time taken for a detectable change in signal is calle
detection time (DT), and it depends on the initial concentra-
tion of organisms, among some other factors. Calibration
curves can be constructed relating the DT obtained to log10 of
the initial bacteria concentration. The Figure 2 shows an
example of such calibration curve for the direct inoculation of
yogurt into BioLumix coliform vials. After a calibration curve is
embedded into the system, the system automatically yield
counts in cfu g� 1 of product.
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Impedance

Impedance can be de� ned as the resistance to� ow of an
alternating current as it passes through a conducting materia
Impedance (Z) has two elements: a resistive element (R) and
a capacitive element (C)

Z ¼
�������������������������������������
ðR2 þ ð1=2P fCÞÞ2

q

To measure impedance, the measuring container needs t
have a pair of electrodes. Most systems on the market us
stainless steel electrodes.

A number of instruments based on impedance are available
on the market, including the Bactometer (bioMerieux, Marcy
l’Etoilte, France), the BacTrac system (Sy-Lab, Geräte Gmb
Purkersdorf, Austria), and the RABIT (Rapid Automated
Bacterial Impedance Technique) (Don Whitley Scienti� c Ltd.,
Shipley, England).
Figure 2 Calibration curve relating detection times to log cfu g� 1 of
coliforms in yogurt.
Impedance methodology required the development of
unique coliform, Enterobacteriacae, andE. coli media. The
unique impedance coliform media resulted in good correlation
with VRBA and or MPN methodology. A single impedance
container can substitute for the nine MPN tubes.
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Optical Systems

Media used in optical systems contain speci� c nutrients or
indicators that change color or � uorescence due to microbial
metabolisms. Indicators of pH change (e.g., phenol red, bro-
mocresol purple), CO2 production, or other chromogenic or
� uorogenic compounds that can be cleaved by the targe
organisms are embedded into the broth media. As microor-
ganism grow and metabolize, the substrate the color changes
sensed by the system and detection is recorded.

To eliminate product interference due to the presence o
particulate matter, turbidity, or color from the product, the
optical methods require a means of separation between the
area containing the microorganisms and product and the area
where reading takes place (reading zone). The systems on th
market utilize mechanical means of separation between the
reading zone and the incubation zone where the organisms
grow.

Two optical instruments are available: The Soleris System
(Neogen Corp, Lansing, MI, United States) and the BioLumix
system (BioLumix, Ann Arbor, MI, United States).

BioLumix system relays on a CO2 sensor located at the
bottom of the vial that detects the released CO2. The trans-
parent solid sensor changes its color whenever CO2 diffuses
into the sensor. Only gases can penetrate the sensor, blockin
liquids, dyes, microorganisms, and particulate matter. The use
introduces the sample by opening the screw cap and dropping
the sample into the incubation zone. Gases produced by
microorganisms growth can diffuse through the sensor. The
color of the sensor is dark in sterile vials. As microorganisms
grow, the sensor turns yellow, indicating CO2 production and
metabolic growth. The media at the incubation zone do not
contain any dye indicator.

Media similar to the coliform media developed for
impedance can be used with the optical systems.

It typically takes from 12 to 16 h to detect coliforms and
E. coli using these instruments. For some products such a
yogurt, 0.5–1.0 ml of the sample can be added directly to the
BioLumix vial, resulting in a sensitivity of <1 cfu ml � 1. If higher
sensitivity is desired (e.g., none in 10 g), the appropriate
amount of sample can be preincubated in a growth medium
before the transfer to the vial.

For the E. coli assay, BioLumix uses a membrane vial (a
membrane � lter is used to separate the sample-containing are
where microorganisms may be present from the reading zone
where detections occur). The assay is based on the incorpor
tion of MUG (4-methylumbelliferyl-3- D-glucuronide) in
a highly selective medium. The glucuronidase activity ofE. coli
is detected. Because the medium does not contain lactose,
allows for a direct indole test from a positive vial.

The TEMPO system consists of a vial of culture medium
disposable cards, which are speci� c to each test and the system
hardware that includes a vacuum-sealing chamber (� ller)
and a computerized reader. The card contains three sets of 1



,

t

,

,

672 ENTEROBACTERIACEAE, COLIFORMS AND E. COLIj Classical and Modern Methods for Detection and Enumeration
wells with one-log cycle difference in volume for each set
representing three decimal dilutions. Each of the card wells
contains selective medium with a� uorogenic substrate.

The culture medium is inoculated with the sample to be
tested. The inoculated medium is transferred into the card
contained in the vacuum chamber. The coliforms present in the
sample assimilate nutrients in the culture medium during
incubation, resulting in a decrease in pH and, as a result, the
extinction of the � uorescent signal. After 22 h of incubation,
the cards are transferred to an automated card reader tha
detects the� uorescent signal. Depending on the number and
type of positive (non� uorescing) wells in the three-log dilution
range, the TEMPO system calculates the number of coliform
bacteria present in the original sample, using a calculation
based on the MPN method. TEMPO has cards for coliforms
Enterobactericeae, andE. coli.
Immunological Methods

The bases for the immunological methods are the speci� c
recognition between antibodies and antigens and the high
af� nity that is characteristic of this reaction.
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Immunomagnetic Separation

A number of isolation methods using antibodies speci� c to
particular VTEC serogroups are available. IMS recovers targ
cells from the enrichment broth using paramagnetic beads
These beads are coated with polyclonal antibodies speci� c for
a particular VTEC serogroup. Beads coated with antibodie
against serogroups O157, O26, O111, O103, and O145 are
commercially available. The cell bead combination is recovered
from the medium by applying a magnetic � eld that causes the
beads with cells to be concentrated. The bulk of the medium is
decanted off, leaving a concentrated cell bead combination in
the tube. The concentrate then can be examined by culturing on
solid media or by a rapid method, such as polymerase chain
reaction (PCR).
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Lateral Flow Devices

Lateral � ow devices (LFD) typically are composed of a simple
dipstick made of a porous membrane that contains colored
latex beads or colloidal gold particles coated with detection
antibodies targeted toward a speci� c microorganism. The
particles are found on the base of the dipstick, which is put in
contact with the enrichment medium. If the target organism is
present, then it will bind with the particles. This conjugated
cell–particle moves by capillary action until it � nds the
immobilized capture antibodies. Upon binding with these, it
forms a colored line that is clearly visible in the device window,
indicating a positive result. As with other immunoassays, LFD
also requires previous enrichment. The technique is extremel
simple to use and easy to interpret, requires no washing o
manipulation, and can be completed within 10 min after
culture enrichment. All commercial lateral � ow devises on the
market are used to detect the various pathogenic strains o
E. coliafter preincubation in various media. Examples of lateral
� ow kits for E. coliinclude RapidChek� SDIX (part of Romer
Lab, Newark, DE, United States); Duopath� Verotoxins and
Singlepath� (Merk Darmstadt, Germany); Reveal (Neogen
Lansing, MI, United States) and VIP� Gold – EHEC (BioCon-
trol, Bellevue, WA, United States).
Molecular Methods

In the past 15 years, many nucleic acid–based assays for the
detection of foodborne pathogens were introduced, including
pathogenic E. coli. There are many DNA-based assay formats
but only probes and nucleic acid ampli� cation techniques
have been developed commercially for detecting foodborne
pathogens.
Polymerase Chain Reaction

PCR is a method used for the enzymatic synthesis of speci� c
DNA sequences byTaqand other thermoresistant DNA poly-
merases. PCR uses oligonucleotide primers that are 20–30
nucleotides in length and whose sequence is homologous to
the ends of the genomic DNA region that needs to be ampli-
� ed. Repeated cycles of ampli� cation are involved, so that the
products of one cycle serve as the DNA template for the nex
cycle. As a result, the number of target DNA copies in each cyc
are doubled. Due to the rapid increase in the number of copies
of the target sequence that can be achieved with PCR-base
methods, the method can result in faster microbiological
detection systems.

Real-time PCR has greatly increased the speed and sen
tivity of PCR-based detection methods. The signal emitted
from continuous measurement of a � uorescent label during
the PCR reaction is monitored in real time. Although the PCR
itself requires only about 30–90 min, it can only be done after
enough growth (1000 (cfu ml � 1)) has been accomplished;
therefore, detection of foodborne pathogens using PCR
usually require preenrichment times that may vary from 6 to
24 h.
PCR-Based Systems

A number of commercial PCR systems currently are offered fo
food pathogen detection.

Assurance GD (BioControl)uses a preenrichment step fol-
lowed by IMS, using magnetic particles coated with antibodies
and the Pickpen� to separate them. The antibodies are speci� c
to the Top STEC O-groups, followed by PCR ampli�cation and
detection. Assurance GDS forE. coliO157:H7 offers results in
8 h, with a 6.5 h enrichment and 70 min of cycling time; results
are available within a single 8-h shift. ForE. coli(STEC) O26,
O45, O103, O111, O121, O145, and E. coliO157:H7, Assur-
ance GDS Top STEC MPX results can be obtained for bot
E. coli O157:H7 and the top non-O157 STEC from a single
enriched sample and with a single test, after as little as 10 h o
incubation.

BAX PCR(DuPont Qualicon, Wilmington, DE, United
States) uses a preenrichment step of 10–24 h followed by real
time PCR.

BioFire Diagnostics (previously Idaho Technology)
R.A.P.I.D.� System (Salt Lake City, UT, United States) i
a portable PCR-based instruments that uses an a
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thermocycling process and a �uorimetric detection system to
detect E. coli O157 in food samples. This platform detects E. coli
O157:H7 in less than 1 h after 8 h of enrichment. The valida-
tion studies on ground beef and spinach prove that the
R.A.P.I.D. LT food security system (FSS) performed as well as or
better than traditional culture methods with faster time to
result.

iQ-Check (Bio-Rad Laboratories, Hercules, CA, United
States) is another real-time PCR System. Speci�c �uorescent
oligonucleotide probes are used to detect target DNA during
the ampli�cation by hybridizing to the amplicons. These
�uorescent probes are linked to a �uorophore that �uoresces
only when hybridized to the target sequence. The PCR assay is
performed after 8–24 h of preincubation.

Additional systems include the MicroSEQ� food pathogen
detection kits from Life Technologies, and foodproof� real-
time PCR detection kits distributed by Merck.
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Isothermal Ampli�cation Kits

3M� Molecular Detection System (3M, St. Paul, MN, United
States) combines loop-mediated isothermal ampli�cation
(LAMP) of DNA and a unique bioluminescence detection
method to detect the ampli�cation of DNA sequences. LAMP
uses multiple primers and a bacterial polymerase (Bst poly-
merase) derived from Bacillus stereothermophilus to amplify
DNA rapidly at a constant temperature (63 �C). This does away
with the need for a thermocycler component in the instrument
and can reduce the cost signi�cantly. The ampli�cation and
detection processes are completed within 75 min with real-
time positive results available in as early as 15 min. An over-
night single enrichment step is still required.

rRNA-based detection ribosomal RNA (rRNA) is more
abundant in bacterial cells than the DNA of the genome, but it
can be equally speci�c to individual species. This means that
detection of speci�c rRNA sequences has the potential to
provide more rapid detection than conventional PCR, but with
no loss of sensitivity.

Atlas� Detection System (Roka Bioscience, Warren, NJ,
United States) targets rRNA using hybridization technology
licensed from GenProbe. The target sequences are ampli�ed
not by PCR, but by using a technique called transcription-
mediated ampli�cation, which is both rapid and isothermal.
The detection system uses labeled oligonucleotides probes.

See also:Enterobacteriaceae: Coliforms and E. coli,
Introduction; Detection by Latex Agglutination Techniques;
Escherichia coli O157 and Other Shiga Toxin-Producing E. coli:
Detection by Immunomagnetic Particle-Based Assays;
Escherichia coli/EnterotoxigenicE. coli(ETEC).
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Table 1 Species included in the genus Enterococcus

Species Habitat/Isolation source

Enterococcus aquimarinus Water, seawater
Enterococcus asini Donkey intestine
Enterococcus avium Poultry (rare) and mammalian

intestines
Enterococcus caccae Human stools
Enterococcus camelliae Fermented tea leaves
Enterococcus canintestini Dog fecal samples
Enterococcus canis Dog anal swabs
Enterococcus casseliflavus Grass, silage, plants, soil
Enterococcus cecorum Clinical origin, animals
Enterococcus columbae Pigeon intestine
Enterococcus devriesei Animal sources
Enterococcus dispar Human origin
Enterococcus durans Clinical isolate
Enterococcus faecalis Human and other animal intestines
Enterococcus faecium Human and other animal intestines
Enterococcus flavescens Clinical origin
Enterococcus gallinarum Poultry intestine
Enterococcus gilvus Human clinical specimens
Enterococcus haemoperoxidus Water/surface waters
Enterococcus hermanniensis Packaged broiler meat; canine tonsils
Enterococcus hirae Animal intestines; chicken pathogen
Enterococcus italicus Italian cheeses
Enterococcus malodoratus Gouda cheese
Introduction

Bacteria of the genus Enterococcus or enterococci (formerly the
‘fecal’ or Lance�eld group D streptococci) are ubiquitous
microorganisms, but have a predominant habitat in the gastro-
intestinal tract of humans and animals. Enterococci are not only
associated with warm-blooded animals, but they also occur in
large numbers in soil, surface waters, vegetables, plant material,
and foods, especially those of animal origin, such as fermented
sausages and cheeses. By intestinal or environmental contami-
nation, they can then colonize raw foods (e.g., milk and meat)
and multiply in these materials during fermentation because of
their ability to survive to adverse environmental conditions, such
as extreme pH, temperatures, and salinity. This ability to survive
means that these bacteria could withstand normal conditions of
food production. They can also contaminate �nished products
during food processing. Therefore, enterococci can become an
important part of the fermented food (especially fermented
meats and cheeses) micro�ora.

However, the presence of enterococci in foodstuffs may
pose safety concerns because they are acknowledged to be
organisms capable of causing life-threatening infections in
humans. Enterococci are the leading cause of nosocomial
infection (or secondary infection acquired while in a hospital).
Enterococci can also cause food intoxication through produc-
tion of biogenic amines and can be a reservoir for worrisome
opportunistic infections and for virulence traits, such as
production of adhesins and aggregation substances. The exis-
tence of enterococci in such a dual role is facilitated, at least in
part, by its intrinsic and acquired resistance to virtually all
antibiotics currently in use. Enterococci are also characterized
by a potent and unique ability to exchange genetic material.
Therefore, their presence in food and environmental sources
may play a signi�cant role in the dissemination of antimicro-
bial resistance and other virulence traits. Although a balanced
view on both the bene�cial and negative traits of enterococci
has been presented in several reviews, the genus Enterococcus
still remains one of the most controversial group of lactic acid
bacteria (LAB), and its presence and acceptability in fermented
food will always be a matter of debate.
Enterococcus moraviensis Water
Enterococcus mundtii Grass, silage, plants, soil
Enterococcus pallens Human clinical specimens
Enterococcus phoeniculicola Uropygial gland of the Red-billed

Woodhoopoe
Enterococcus pseudoavium Bovine skin
Enterococcus raffinosus Clinical origin
Enterococcus ratti Animal enteric disorders
Enterococcus saccharolyticus Bedding and skin of cattle
Enterococcus silesiacus Drinking water
Enterococcus solitarius Clinical isolate
Enterococcus sulfureus Plant material
Enterococcus termitis Termite gut
Enterococcus thailandicus Fermented sausage
Enterococcus villorum Animal enteric disorders
Taxonomy and Physiology

Enterococci are Gram-positive, oxidase-negative, catalase-
negative, non-spore-forming cocci that occur singly, in pairs, or
in short chains. They are facultative anaerobes and have
a fermentative metabolism in which they convert carbohy-
drates to lactic acid. Enterococcus species grow in a temperature
range between 5 �C and 50 �C (with an optimum at 35–37 �C),
in 6.5% NaCl, and at a pH of 9.6, surviving heating at 60 �C for
30 min. They previously were classi�ed as Group D streptococci
because they have the Lance�eld Group D antigen (glycerol
teichoic acid antigen) in their cell walls. Enterococcus faecium
674 Encyclopedia of Food Mic
and Enterococcus faecalis grow in a wide range of pH (4.6–9.9)
and in the presence of 40% (w/v) bile salts.

The classi�cation of the genus Enterococcus has undergone
considerable changes as a consequence of the increase in the
number of novel species and also improvements in the
methods used to discriminate separate species. As of 2011,
37 Enterococcus species names have been validly published
(Table 1; Euzéby, 1997; last full update of the related web-
site at www.bacterio.cict.fr, April 13, 2011). Despite close
relationships and similarities, the species are well separated
by DNA–DNA similarity determinations. Several species
groups, such as E. faecium, E. avium, E. gallinarum, E. italicus,
and E. faecalis, exist within the genus Enterococcus based on
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00098-7

http://www.bacterio.cict.fr/
http://dx.doi.org/10.1016/B978-0-12-384730-0.00098-7
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comparative 16S rRNA gene sequence analysis. However, n
all the described species meet the physiological an
biochemical traits of the typical enterococci (E. durans,
E. faecalis, E. faecium, E. gallinarum, E. hirae, and E. mun
There are some species (E. cecorum, E. columbae, E. disp
E. pseudoavium, E. saccharolyticus,and E. sulfureus) which do
not react with group D antiserum. Exceptions include
E. dispar, E. sulfureus, and E. malodoratus, which do not grow
at 45 � C, and E. cecorumand E. columbae,which do not grow
at 10 � C. Although enterococci are generally nonmotile and
able to grow in 6.5% NaCl, also these traits seem to creat
some discordance. Clearly, reliable identi�cation of entero-
cocci to differentiate them both from other Gram-positive,
catalase-negative cocci and within the genus often appea
dif � cult. Consequently, a plethora of techniques and modi-
� cations of selective media have been reported to solv
frequently encountered isolation and quanti� cation prob-
lems for enterococci. However, given the variability in the
biochemical and phenotypic traits of enterococci, molecular-
based methods are essential for reliable and fas
identi � cation.
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Habitat

Enterococci are ubiquitous. The origins ofEnterococcusspecies
vary from environmental to animal and human sources
(Table 1). The main habitatof enterococci is the gastrointestinal
tract of animals, although the species distribution shows some
peculiarities. Enterococcus faecalisand E. faecium are the
predominant, Gram-positive cocci in human stools. In
production animals like poultry, cattle, and pig, E. faeciumis
the prevalent species, but other species occur likeE. faecalis,
E cecorum, E. gallinarum, and E. durans. Some enterococci are
also found in the upper and lower human urogenital tracts and
in the oral cavity. Although enterococci are considered to be
only a temporary part of the micro� ora of plants, in good
conditions, they can propagate on their surface. To this regard
Enterococcus casseli� avusand E. mundtii are typically isolated
from vegetal sources. Enterococci are also found in water, so
birds, and insects.
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Ecology in Foods

Enterococci belong to the micro� ora of many kinds of food,
especially those of animal origin, such as milk and milk
products, meat, and fermented sausages. Once released to t
environment by means of human feces or animal dejecta
they can colonize diverse niches because of their remarkab
ability to resist or grow within hostile environments. By
intestinal or environmental contamination, they may colo-
nize raw foods (e.g., milk and meat). Their resistance to
pasteurization temperatures and their adaptability to
different substrates and growth conditions (low and high
temperature, extreme pH, extreme salt concentrations
enable them to colonize both food manufactured from raw
materials and heat-treated food products. Enterococci ca
also multiply during fermentation. Therefore, many fer-
mented foods contain them.
.

Dairy Products

The presence of enterococci in dairy products has long bee
considered as an indication of insuf�cient sanitary conditions
during the production and processing of milk. However, it has
clearly been demonstrated that enterococci have little value a
hygiene indicators in food processing. On the contrary, many
authors suggested that certain strains of enterococci in som
cheeses may be highly desirable on the basis of their positiv
contribution on � avor development during the cheese
ripening. This bene� cial role led to the inclusion of entero-
coccal strains in certain starter cultures.

Enterococci are a part of both the raw and pasteurized milk
micro� ora. Different species of enterococci, especiallyE. faecalis
and E. faecium, and E. italicusare found in dairy products.
Enterococci may also occur in artisan milk (or whey) starter
cultures, which are still widely used for the manufacture of
a variety of cheeses, mostly traditional cheeses, produced bot
in Southern and Northern European countries from raw or
pasteurized milk. Most importantly, enterococci occur as
nonstarter lactic acid bacteria (NSLAB) in a variety of cheese
In some cheeses, especially fresh or soft industrial cheeses ma
with pasteurized milk and selected lactic starter culture, the
presence of enterococci can be deleterious and, therefore, the
are undesirable in these products. Enterococci are mos
commonly found in traditional cheeses produced in Italy,
France, Portugal, Spain, and Greece from raw or pasteurize
goats’, ewes’, water buffaloes’, or cows’ milk. In these cheeses
enterococci (especiallyE. faecium, E. faecalis, and, to a lesser
extent,E. casseli� avus) belong to the desirable micro� ora.
Meat Products

Enterococci are associated with raw and processed meats. T
presence of enterococci in the gastrointestinal tract of animal
determines the contamination of the raw material at the time of
slaughtering. Enterococci have been isolated from bee
poultry, and pig carcasses. In many cases, however, enteroco
have been isolated also in cooked, processed meats as w
because they are able to survive heat processing, especially
initially present in high numbers. In this regard, both E. faecalis
and E. faecium have been implicated in the spoilage of
pasteurized canned hams.Enterococcus faeciumcan survive
cooking to 68 � C for 30 min during normal ‘Frankfurter’
production. Furthermore, great potential exists for recontami-
nation with enterococci, both in raw and properly cooked
products, from intestinal or environmental sources. Therefore,
the presence of enterococci in fermented or nonfermented mea
products appears unavoidable by present-day applied tech
nologies. To prevent spoilage of the processed meats b
enterococci, the initial contamination levels should be kept as
low as possible.

Enterococci have also been isolated from fermented meats
A wide variety of fermented meat products is produced in many
parts of the world. In Europe, the predominant types are Italian
salami and German raw sausage, with numerous national and
regional variants. The technology for the production of most of
these products is essentially similar. After a period of fermen
tation to biologically stabilize the product, processed meats are
typically salted or smoked, and for the most part, they are eaten
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raw. In these conditions, enterococci, which usually contami-
nate raw meats, are very resistant to extremes in temperatur
pH, and salinity; may multiply to high numbers (10 3 to
105 cfu g� 1) and act as spoiling agents in processed meats.
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Other Foods

Enterococci occur in large numbers in olives and plant mate-
rials. They have been isolated from Spanish-style green oliv
fermentations and from naturally fermented brines of green
olives collected from different areas of Sicily. The mos
frequently isolated species are E. faecium, E. faecalis,
E. casseli� avus, andE. hirae.Enterococcus casseli� avusis consid-
ered to be typically plant-associated and might play a usefu
role when used as starter in green olive fermentation.Entero-
coccus faeciumhas also been isolated from uncooked seafoods
(mollusc, � sh, and � sh � llets).
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Functional Properties of Enterococci in Foods

Enterococci have been featured in the fermented food industry
especially the dairy industry, for decades because of the
speci�c biochemical traits, such as lipolysis, proteolysis, and
citrate breakdown, hence contributing typical taste and� avor
to the products. Furthermore, the production of bacteriocins by
enterococci (enterocins) is well documented. These traits hav
led to the proposed use of enterococci as adjunct starters an
protective or functional cultures in fermented foods.

The positive in� uence enterococci may have on cheese seem
due to speci� c biochemical traits, such as proteolytic and lipo-
lytic activities, citrate utilization, and production of aromatic
volatile compounds. Proteolysis and lipolysis are the principal
reactions responsible for the � avor development in foods.
Generally, enterococci show very weak proteolytic activity
Literature data indicate a marked strain-to-strain variation and
no clear relationship has been observed between proteolytic and
acidi� cation activities. The lipolytic activity in enterococci is
very variable as well. Low and often species- or strain-dependen
lipolytic activity has been reported. An increase in fatty acids ha
often been observed in Cheddar, Feta, Picante, and Cebreir
cheeses. However, onlyE. faecalisshowed a degree of lipolysis
worthy of using it as adjunct ‘lipolytic ’ starter. The esterolytic
system of enterococci is rather complex and more ef� cient than
their lipolytic system. Enterococci show higher activity than
strains of most other genera of lactic acid bacteria, with
E. faeciumbeing the most esterolytic species within enterococci
Citrate and pyruvate metabolism are important phenotypic
traits of many LAB. Citrate is cometabolized by many LAB
species into important � avor compounds, such as acetate
acetaldehyde, and diacetyl. The ability of enterococci to
metabolize pyruvate has been extensively studied but little is
known about their ability to metabolize citrate, in which
pyruvate is also an intermediate. Enterococci produce signi� -
cant amounts of acetate, formate, and ethanol depending on the
growth conditions. Pyruvate is the immediate precursor of these
products. Furthermore, the breakdown of lactose and citrate
during food ripening gives rise to a series of volatile compounds,
such as acetaldehyde, diacetyl, acetone, and acetoin, which ma
further contribute to � avor.
Enterococci are also capable of producing a variety o
bacteriocins, called enterocins, with activity against severa
food pathogens, such asListeria monocytogenes, Staphylococcu
aureus, Clostridium botulinum, Clostridium perfringens, and Vibrio
cholerae. Bacteriocin-producing enterococci have been isolated
from wide and diverse environments, including silage, dairy
products, vegetable, and fermented sausages. Enterocins a
small, heat-stable, nonantibiotic bacteriocins showing activity
over a wide pH range. Such properties meet some of the
characteristics required to compounds used as antimicrobials
in food products. Enterococci also possess properties tha
would allow them to be used as probiotics. The probiotic
bene� ts of some strains are well documented.

Overall, enterococci possess the metabolic potential to be
applied as starter adjuncts or functional cultures in fermented
foods.
Ripening Cultures

Several research works have been carried out to evaluate t
feasibility of selected enterococci to act as starter adjuncts i
cheese production. Enterococcus faecium, E. faecalis, and
E. duranshave been proposed in combination with both mes-
ophilic and thermophilic LAB species as a part of de� ned starter
cultures for different European cheeses, such as Italian sem
cooked cheeses, water-buffalo Mozzarella, Venaco, Cebreir
and Hispanico. Generally, the presence of the added entero
coccal� ora throughout ripening positively affects taste, aroma,
color, and structure, as well as the overall sensory pro� le, of the
fully ripened cheeses. This seems linked to the increase
amount of soluble nitrogen, total free amino acids, volatile free
fatty acids, long-chain free fatty acids, and diacetyl and acetoin
in cheeses made with enterococci.

Many European cheese are characterized by comple
bacterial surface � ora, which generally consists of yeasts
coryneform bacteria, and micrococci or coagulase-negativ
staphylococci. However, also enterococci can often be found a
nondominant surface bacteria as promising candidates for the
development of a de� ned surface-smear ripening � ora.
Enterococci may also contribute to sausage aromatization by
their glycolytic, proteolytic, and lypolytic activities. Metmyo-
globin reduction has been described for meat enterococci, with
a hypothesized role on red color maintaining in fresh meat.
Protective Cultures

Bacteriocin-producing strains, de� ned as ‘protective cultures’
when applied to food, belong to a particular class of starter
adjuncts. Enterococci have long been shown to be prominent
bacteriocin producers and may play an important role in the
natural preservation of foods by controlling the growth of
pathogens. Several studies in milk, soft cheeses, and soy mi
demonstrate the inhibitory effect of enterocin-producing
E. faeciumand E. faecalisagainstL. monocytogenesand S. aureus.
The presence and the anti-Listeria activity of enterocins
produced by protective cultures in cheese persist throughout the
ripening process. Generally, enterocins have little effect on both
the commercial starter activity and the organoleptic character
istics of the products. In some cases, the complex curd (o
cheese) environment may interfere with bacteriocin production
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levels. Alternatively, the lack of growth of the enterocin-
producing strains may affect thein situbacteriocin ef� ciency.

During sausage fermentation, the major microbial hazards
to be controlled are Salmonella, enterohemorrhagicEscherichia
coli, L. monocytogenes, and S. aureus. The addition of enterocins
signi� cantly decreasesL. monocytogenescounts in sausage
fermentations and limits the growth of the pathogen in cooked,
ready-to-eat meat products. Enterocins combined with high-
pressure treatments are effective in controllingL. monocytogene,
Salmonella enterica, and S. aureusin low-acid fermented
sausages. Inhibition of toxicogenicBacillus cereusby enterocin
AS-48 was shown in rice-based foods. Enterocins can be als
used in different food products to enhance their shelf life.
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Enterococci: Health Issues

Over the last 25 years, enterococci, formerly viewed as orga
isms of minimal clinical impact, have emerged as important
hospital-acquired pathogens in immune-suppressed patients
and intensive care units. Although enterococci are commensa
inhabitants of humans, they have increasingly been isolated
from a variety of hospital diseases, such as urinary tract, intra
abdominal, pelvic, and surgical wound infections; bacteremia;
and neonatal sepsis.Enterococcus faecalisis the most common
cause (80–90%) of infection followed by E. faecium
(10–15%). Enterococci are also suspected of being involved in
food poisoning. The ambiguity concerning the relationships of
these bacteria with human beings is related to their enteric
habitat, their entering the food chain, and their possible
involvement in foodborne illnesses resulting from the pres-
ence of virulence factors. To this context, enterococci do no
generally possess all the common virulence factors found in
many other bacteria, but they have a number of other char-
acteristics, for example, the resistance to antimicrobial agent
that may enhance their virulence and make them effective
opportunistic pathogens.
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Antibiotic Resistance

The antibiotic resistance ofEnterococcusis well documented.
Antibiotic resistance encompasses both natural (intrinsic) and
acquired (transferable) resistance. Enterococci are intrinsical
resistant to many b-lactams, � uoroquinolones, lincosamides,
and aminoglycosides. Acquired antibiotic resistance mediated
by genetic mobile elements includes resistance to chloram
phenicol, tetracyclines, macrolides, lincosamides, streptoga
mins, quinolones, and aminoglycosides. The extremely high
level of intrinsic antibiotic resistance within enterococci,
coupled with the selective pressure imposed by the use o
antibiotics both in clinical therapy and animal husbandry, led
to increased selection of resistant strains. The widesprea
� nding of these microorganisms in raw foods could be the key
factor contributing to the spreading of antibiotic-resistant
enterococci (ARE) in both unfermented and fermented foods.
ARE have been found in meat products, dairy products, and
ready-to-eat foods, and even within enterococcal strain
proposed as probiotics.

The selection and spreading of enterococci resistant to th
glycopeptide antibiotics vancomycin and teicoplanin are
a serious problem in the hospital environment. The use of this
class of antimicrobials is the preferred option in clinical
therapy against multiple antibiotic-resistant strains, especially
for patients allergic to other antibiotics. Although nosocomial
acquisition and subsequent colonization of vancomycin-
resistant enterococci (VRE) has been emphasized amon
hospitalized people, colonization appears to occur frequently
in people not associated with the health care setting. Severa
studies conducted in European countries and the United State
in recent years indicate that colonization with VRE frequently
occurs in the community and that many animal, food, and
environmental reservoirs can act as sources for VRE outside t
health care setting. In this context, the transport of these
resistances via the food chain (especially by meat products) to
humans seems likely to occur.

The increasing resistance of enterococci to antibiotics i
exacerbating the increased occurrence of these bacteria
nosocomial opportunists. Additionally, the � nding of resistant
strains outside the hospital environment widens the risk of
human exposure to opportunistic pathogens. Those at greates
risk include the elderly and children who, for opposite reasons,
may have de� cient immune status. Recent studies are als
showing the emergence of multidrug-resistant enterococci. Thi
antibiotic resistance alone cannot explain the virulence of these
bacteria in the absence of pathogenic factors and activ
mechanisms of gene transfer.
Virulence

A number of studies over the years have addressed the issue
enterococcal virulence and the identi� cation of enterococcal
virulence factors. Most prominent among these virulence
determinants have been cytolysins (also called hemolysins)
hydrolytic enzymes (gelatinase, serine protease, hyaluron
dase), aggregation substances, cell-wall carbohydrate an
capsular polysaccharide, extracellular surface proteins an
other adhesins involved in binding to host cell and bio� lm
formation, extracellular superoxide, and plasmid-encoded
pheromones. It has recently been suggested that enterococc
disease is a two-step process. Colonization of the gastrointes
tinal tract by strains carrying virulence determinants or antibi-
otic resistance is followed by translocation of the bacteria
through the epithelial cells of the intestine and further spreads
within the human body. Within this mechanism, the ability of
enterococci to produce bio� lms is a key factor in causing
urinary tract infections and endocarditis.

A number of genes encoding several of these virulenc
factors (especially in E. faecalis) have been sequenced and
characterized, and the effects of the associated phenotypes ha
been demonstrated in both human and animal studies. The
sequencing ofE. faecalisstrain V583 has given a lot of insight
into its genetic makeup. Strikingly unique to this genome is the
fact that more than 25% of the genome is made up of mobile
and exogenously acquired DNA, which includes a number of
conjugative and composite transposons, a pathogenicity island
(PAI), integrated plasmid genes and phage regions, and a hig
number of insertion sequence (IS) elements. The identi� cation
of the PAI in this species has provided compelling evidence fo
genetic differences between commensal and infection-derive
isolates for genetic transmission.
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Enterococci with the highest virulence are medical isolates
followed by food isolates and starter strains. The incidence o
virulence determinants among food isolates studied so far
appears to be strain dependent. Many of these enterococc
virulence traits, such as hemolysin–cytolysin production,
adhesion ability, and antibiotic-resistance, have been shown to
be transmissible by gene transfers mechanisms. Transfer
virulence determinants to starter strains has been demon
strated. Mobile genetic elements carrying vancomycin- and
tetracycline-resistance determinants were transferred at hig
frequencies toE. faecalisduring cheese and sausage fermenta
tions. It has been also suggested that strains lacking virulenc
and antibiotic-resistance determinants introduced into the
human gut via dairy products would not be of risk for immu-
nocompetent individuals. A well-documented example is
E. faeciumstrain SF68, used in pharmaceutical preparations.
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Involvement in Foodborne Illnesses or Food Poisoning

High levels of biogenic amines in many fermented foods, such
as fermented sausages, cheeses, wines, fermented olives, a
� sh products, involved in food intoxication, may be a clinical
concern. Food intoxication caused by ingestion of biogenic
amines determines a number of symptoms of increasing
complexity that include headache, vomiting, increased blood
pressure, and allergic reactions even of strong intensity
Microbial agents involved in biogenic amine production in
foods may be derived from either starter and nonstarter LAB o
contaminating micro� ora. Cheeses may represent a goo
substrate for production and accumulation of biogenic amines
(especially tyramine, tryptamine, and putrescine) from
enterococci able to decarboxylate free amino acids into the
matrix. The ability to produce biogenic amines in cheeses
fermented sausages, and wine has been reported for enter
cocci. In particular, E. faecalis, E. faecium, and E. duransstrains
are considered to be strong tyramine producers.

Clearly, the barrier separating enterococci as commensals (o
opportunistic pathogens) from pathogens appears most fragile
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Conclusion

A number of comprehensive reviews during the past two
decades have addressed various aspects of enteroco
including classi� cation, biology, virulence, and antibiotic
resistance. Although the overall picture emerging from litera-
ture data has provided, during recent years, a‘balanced budget’
between bene� cial and virulence features, their role as primary
pathogens is still a question. On one hand, there is positive
evidence that enterococci can be useful in food biotechnology
Enterococci could be bene� cial as starter adjuncts for the bio-
preservation or improvement of organoleptic characteristics of
different products. On the other hand, the emergence of
enterococci resistant to glycopeptides and other antibiotics, the
production of biogenic amines in some fermented foods, and
the � nding of a large variety of virulence traits within both
clinical and foodborne isolates raise questions about the safety
of enterococci in foods. In the Directive 2000/54/EC of the
European Parliament concerning risks of exposure to biologica
agents, the genusEnterococcuswas allocated as a whole into risk
group 2, which includes microorganisms harboring potential
virulence factors. The inclusion of the whole genus appears
however, excessive since only for very fewEnterococcusspecies,
mostly isolated from clinical environments, the pathogenic
potential has been undoubtedly demonstrated.

Literature data and epidemiological studies show a species
and strain-dependent distribution of virulence factors and the
existence of clonality among outbreak isolates, thus supporting
the notion that a subset of virulent lineages with greater
propensity to cause diseases exist and are often responsible f
infections of epidemic proportions. This means that the de� -
nition of the role of enterococci in food biotechnology will
bene� t from studies aimed at distinguishing nonpathogenic
from pathogenic strains on the basis of careful selection and
case-by-case studies. More speci� cally, the selection of strains
of interest for the food application could be based on the
source of isolation, the absence of any possible virulence traits
and the lack of transferable antibiotic-resistance determinants
This task, however, could be further complicated by the still-
developing taxonomy of enterococci, which needs more effec
tive identi � cation and characterization tools. Although myriad
methods to identify the taxonomy and identi � cation of
Enterococcusspecies have been developed, it remains relativel
dif � cult to correctly identify these groups of bacteria or to
discriminate them from other LAB. Finally, more knowledge on
the quanti� cation of enterococci in food systems, their ability
to survive stressful conditions, and their propensity to increase
antibiotic-resistance will also be required to better understand
the ecology of these bacteria in food and to fully comprehend
the mechanisms involved in causing disease.

See also:Cheese:Microbiology of Cheesemaking and
Maturation; Role of Speci�c Groups of Bacteria;Micro�ora of
the Intestine:Biology of theEnterococcusspp.; Starter Cultures
Employed in Cheesemaking.
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Immunoassay

Immunoassays combine the principles of chemistry and
immunology, enabling scienti�c tests for detection of the
analytes of interest. This technique is used for the detection and
quanti�cation of an analyte at low concentration present in
a complex mixture of assay chemicals or biological �uids. The
technique depends on the speci�city and high af�nity of anti-
bodies for their complementary antigens.
Components of Immunoassay

To quantify the analyte (antigen), a known, limited amount of
speci�c antibody is added and the fraction of the antigen-
forming immunocomplex is detected and expressed as
bound:free ratio. The components of an immunoassay are
discussed in the following sections.
Antigen

Antibody could be raised against a speci�c substance called an
antigen, which is generally a complex macromolecule (protein,
nucleic acid, polysaccharide, or lipid). An antigen with an ability
to generate an immune response is called an immunogen.
Hapten

Hapten refers to any small (<1 kDa) compound, such as
toxins, drugs, and hormones, which are not capable of
invoking an immune response when injected directly into
animals. They need to be attached by their carboxylic or amino
group to a large carrier molecule, such as proteins like bovine
serum albumin (BSA) to get the desired antibody.
Adjuvant

Adjuvant is a preparation that enhances the immunogenicity of
an antigen and is used in the production of both polyclonal
and monoclonal antibodies. They permit prolonged and slow
release of the antigen. Adjuvant also protects the antigen
through nonspeci�c stimulation of immune response. It allows
smaller quantities of the antigen to be used. Some of the
common adjuvants are complete Freund’s adjuvant, which is
a preparation containing inactivated Mycobacterium tuberculosis
80 Encyclopedia of Food Mic
cells in oil, alum salt containing inactivated Bordetella pertussis
cells, some nonionic surfactants, and muramyl peptides.
Antibody

Antibodies belong to a group of glycoproteins known as
immunoglobulins, which are further divided into �ve
classes: IgG, IgM, IgA, IgD, and IgE. They are produced by
lymphocytes during humoral response to a foreign antigen. All
immunoglobulins contain two heavy and two light polypeptide
chains. About 100 residues in the N-terminal region of both
heavy and light chains are called variable regions. Antibody
molecules with high speci�city and af�nity for a particular
antigen form tight, noncovalent bonds with the antigen, result-
ing in the formation of immunocomplexes. The latter subse-
quently leads to precipitation, neutralization, or death (via
phagocytosis or complement-mediated cell lysis) depending on
whether antigen is a macromolecule, toxin, or microorganism.

Types of Antibody
Antibody should be characterized for speci�city to the antigen
(analyte) or, in other words, to the cross-reactivity toward the
structural analogues of the analyte. On the basis of production
technique and speci�city, antibodies are classi�ed broadly into
two groups – that is, polyclonal and monoclonal.

l Polyclonal Antibody (Antiserum)

Antiserum is raised by injecting a solution or suspending an
immunogen into a suitable vertebrate (usually rabbit, sheep,
goat, or horse). This will generate a primary humoral response
producing mainly IgM-type antibodies. A further injection
(booster) generates high titer of IgG-type antibodies. Because
a multivalent antigen offers many binding sites (epitopes) to
the antibody, the antiserum, thus raised, contains a population
of antibodies (more than 10 000 types of IgG molecules)
speci�c to a single antigen but capable of binding to different
epitopes. This can lead to cross-reactivity of the antiserum to
different analytes that are structurally similar (conformation of
the protruding group, accessibility of binding group, sequence
of the binding group) to the antigen.

l Monoclonal Antibody

The discovery of hybridoma technology by Köhler and Milstein
in 1975 came out with the successful production of
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00099-9
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Enzyme Immunoassays: Overview 681
a homogenous population of single molecular species of an
antibody that can attach speci� cally to a single epitope. This
technique utilizes the immunoglobulin production machinery of
a virtually immortal neoplastic murine myeloma (B lympho-
cytes) cell line. Unlike polyclonal antibody, they have high
epitope speci� city and homogenous af� nity and are highly
reproducible.

l Lectins

Lectins or agglutinins or phytohemagglutinins are glycopro-
teins responsible for hemagglutinating activity of seed extracts
Many important lectins such as conA are in use that can bind to
different sugar derivatives.
e

e
-

Immunoreaction

The binding of an antibody with its antigen, say, a hapten, with
one antigenic determinant can be given by the following
equation:

Antibody þ Antigen 5
ka

kd

Antigen � Antibody complex

Keq ¼ Ka=Kd ¼
½Complex�

½Antigen� ½Antibody �

[1]

Keq, Ka, and Kd are known as the equilibrium, association and
the dissociation constants, respectively, where theKeq value
normally ranges between 106 and 109 l mol � 1.
,

ol

le
Methods of Immunoassay

The detection and estimation of immunocomplex is done by
usingan indicatormolecule labeled to theantigen.On thebasisof
the nature of labeling compound, the immunoassays are named
as radioimmunoassay (RIA) (radioisotopes: 14-C, 3-H, 32-P
125-I, 57-Co), � uoroimmunoassay (� uorophore:� uorescein,
umbelliferone, rhodamina, rare earth chelates), spin immuno-
assay (stable free radical), luminescence-based assay (lumin
and derivatives, luciferase/luciferin), and enzyme immunoassay
(enzyme). Other labels in use are particular labels (Fe3O4, latex,
red cells, nanosilica SiO2, nanomagnetic labels, and metallic ions
(Au3þ )). The amount of the antigen in the sample is found by
comparison with standards containing known amounts.
Table 1 Commonly used enzymes in immunoassay

Enzymes Sources Chromogenic s

Alkaline phosphatase Calf intestine p-Nitrophenyl phos
b-Galactosidase E. coli o-Nitrophenylb-D-ga
Horseradish

peroxidase
Horseradish Tetramethylbenzid

with H2O2, 4-Chl
Urease Soybean Urea/Bromocre
Glucose oxidase Aspergillus niger Glucose/o-Dianisidi
Catalase Bovine liver H2O2

Penicillase Staphylococcus aureus Penicillin
Hexokinase/GDPase E. coli ATP/glucose, NADþ

methosulphate/I
NAD oxidoreductase/

luciferase
E. coli(recombinant),

originally from� re� y
–

RIA, enzyme immunoassays like ELISA (enzyme-linke
immunosorbent assay), luminescent immunoassay, and� uo-
rescent immunoassay are used widely in research, drug discover
and diagnostics for highly speci� c and cost-ef� cient detection of
analytes that generally are not detectable with other techniques
RIA, the most powerful tool for diagnosis of endocrine diseases
in particular, poses health and environmental hazards because o
risks involved in handling and waste disposal. Moreover, sensi
tivity of radioisotopes depends on their half-life.
Enzyme Immunoassay

Depending on the situation, either an antibody or antigen is
coupled to an enzyme. For low-molecular weight analytes,
a reporter molecule (e.g., enzyme) preferably is attached to th
antigen. Ideally, coupling should neither affect the speci� city of
the antibody nor the catalytic property of the enzyme.
Characteristics of Enzymes Used in Immunoassays

Enzymes can be coupled to different molecules without losing
their catalytic activity. The large catalytic potential of an enzyme
molecule provides an ampli� cation effect. The enzymes initially
were employed to replace radioactive markers used in RIAs. Th
desirable characteristics of the enzymes required for immuno
assays include purity, high speci� c activity, and stability at room
temperature, high turnover number, simple detection and
measurement of the enzyme activity, and cheap and large-sca
production. Table 1 enlists the enzymes commonly used in
immunoassays.
Coupling Agents

Coupling of the enzyme could be carried out either by
covalent linkage or through noncovalent linkage. For linking
the enzyme covalently, a number of agents– such as glutaral-
dehyde, carbodiimide, cyanuric chloride, bis-diazotized
O-dianisidine, and P–P-di� uoro-m, m-dinitro-diphenyl sulf-
one, periodate,N-succinimidyl 3-(2-pyridyldithio) propionate,
adipic acid dihydrazide, and maleimide – are used. Treatment
of the enzyme with these agents results in the formation of
active aldehyde group, which in turn interact with the free
amino group of the antibody or antigen. Noncovalent linkages
ubstrates Fluorogenic substrates

phate 4-Methylumbelliferyl phosphate
lactopyranoside –
ine oro-Phenyldiamine

oronapthol/H2O2

p-Hydroxyphenyl acetic acid

sol purple –
ne –

–
–

P/indicators (Phenazine
odonitrotetrazolium chloride)

–

NADH/FMN, indicator (Luciferin
phosphate or Luciferin galactoside)
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make use of bispeci� c interaction of avidin with biotin mole-
cules. In these assays, a biotin-labeled antibody is allowed to
react with the antigen followed by addition of an avidin-
labeled enzyme.
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Types of Enzyme Immunoassay

Enzyme immunoassays can be of two types depending on
separation criteria of immunocomplex: homogenous and
heterogenous immunoassays.

l Homogenous Immunoassay

In these assays, the enzyme coupled to an antigen or antibod
retains its activity partially after the reaction. Therefore
separation of the immune complex from the reaction mixture
is not required for detection. The change in enzyme activity
relates to the concentration of the analyte. Such assays a
used mainly in the drug industries and also are known as
enzyme multiplied immunoassay technique. The homoge-
nous method commonly is used for the measurement of small
analytes like drugs. The absence of a separation step makes
an easier and faster method.

l Heterogenous Immunoassay

Here, separation of immune complex from the reactants is
a prerequisite for analyte estimation. In such assays, also know
as ELISAs, an antibody or antigen is bound either noncovalently
or covalently to a solid matrix. The unreacted antigen or anti-
body is removed, and the bound count is taken. The solid matrix
can be a microtiter plate, nitrocellulose membrane, polystyrene
tubes or beads, nylon beads or tubes, or magnetic beads. It ca
be of two kinds: competitive and noncompetitive immunoas-
says. In heterogenous competitive immunometric assay, th
antibody is immobilized on a solid surface. An analyte consists
of a mixture of antigens that compete for common binding site
and one of the antigens is labeled for quanti� cation.
e
-
e

e

Enzyme-Linked Immunosorbent Assays

ELISA is a heterogenous enzyme immunoassay that can b
either competitive or noncompetitive.

l Competitive Assays

Here, unlabeled analyte (usually antigen) in the test sample is
measured by its ability to compete with the labeled antigen in
the immunoassay. The unlabeled antigen blocks the labeled
antigen to bind because of limited availability of binding sites
on antibody. The amount of antigen in the test sample is
related inversely to the amount of label measured in the
competitive mode.

l One-Step Competitive Assay

In the one-step competitive method, both the labeled antigen
reagent (Ag*) and the unlabeled analyte compete for a limited
amount of antibody.

l Two-Step Competitive Assay

In the two-step competitive method, the antibody concentra-
tion of the reaction solution is present in excess in comparison
with the concentration of antigen. The antibody reagent is� rst
incubated with a specimen containing antigens of interest; then
in the second step, a labeled antigen is added. It is more
sensitive than the one-step assay. The competitive assays can
performed in two formats:

l Antigen Capture Format (Competitive Solid-Phase Assay
Analyte Excess Procedure)

The antibody is coated onto the solid phase and the antigen
is labeled with the enzyme. This technique can be used fo
the analysis of both the hapten and the macromolecular
immunogens. The principle of this method is similar to that
of RIA.

The three major components of the system include the
following:

l A constant and limited amount of the antibody immobi-
lized on solid surface

l A constant and limited amount of the antigen labeled with
the enzyme

l A standard antigen of the known concentration or analyte
(antigen) in the sample

In the assay mixture, labeled and unlabeled antigens compete
for the limited number of the binding sites on the bound anti-
body. The greater the count of enzyme-labeled bound complex
the lower the amount of the analyte. Separation of the unbound
and bound fractions and subsequent estimation of the bound
enzyme activity by the addition of the substrate in a� xed time
gives the estimate of the analyte by comparison with a standard
curve that is obtained by using an authentic sample.

l Antibody Capture Format

In this format, the antigen is coated onto the solid phase. The
analyte and the enzyme-labeled antibody are added to the
well. The enzyme-labeled antibody either binds the free
antigen (analyte) or the one bound to the solid phase. In
other words, both the free and the bound antigens compete
for the sites on the enzyme-labeled antibody.

l Noncompetitive Solid-Phase Assay

A noncompetitive assay provides better sensitivity and speci
� city and therefore can be used for the detection of diseas
markers. Its principle is similar to that of reagent excess
immunoradiometric assay in which the bound count is directly
proportional to the antigen (analyte) concentration in the test
sample. It can be performed in many a formats.

l The Sandwich/Two-Site Assay

The most frequently used format is the sandwich assay in which
an analyte is trapped between two antibodies of which one is
the labeled or the tracer antibody and the other is the immo-
bilized well-bound antibody. It is an antigen capture format. It
can be applied either in one-step or in two-step formats, the
former being the most sensitive and speci� c of all the assays. In
this format, the sandwich binding complex is isolated. The
sandwich-type ELISA can be used only if the antigen has mor
than one antigenic determinant, and antibodies can be raised
speci�cally against at least two of these. Moreover, the antibody
should have equal af� nity to both the determinants, without
sterically hindering each other’s binding.
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l Assay Procedure

The antibody to a speci� c antigen is coated on a microtiter plate.
The antigen to be detected in a sample then is added to the wel
The antigen is trapped by the antigen binding site on the anti-
body. The wells are washed to remove the unbound materials. A
second antibody conjugated with the marker enzyme is added
The second antibody is also speci� c to the antigen, and so it
binds to the remaining antigenic determinants. After washing
the wells, only bound enzyme remains in the well. The enzyme
substrate now is added to the wells. The color formed is
proportional to the amount of antigen present.

l The Double Antibody Format

This is a noncompetitive antibody capture format in which the
antigen is bound to the solid phase. After the capture of a� rst
unlabeled antibody to the bound antigen, excess antibody is
washed off followed by the addition of an enzyme-labeled
second antibody. The enzyme-labeled antibody is one of the
species-speci� c anti-immunoglobulins, which is one of the
more commonly used labels and forms the basis of this
indirect ELISA. The procedure requires an additional step. Bu
it obviates the need to label an antigen-speci� c antibody or
the antigen itself, either of which may be in limited concen-
tration. In addition, the same labeled antispecies-speci� c
antibody may be used in a number of different ELISA,
provided that the primary antibody is raised in the same
species.
.

Application of Immunoassays

Immunoassay is used widely in the� elds of medicine, industry,
agriculture, health, food, environment, and research. Detection
as well as quanti� cation of a minute quantity of analyte is
made possible by the accuracy and speci� city of immunoassay
techniques. Common applications of immunoassay are
summarized in Table 2.
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Immunoassay in Food

Analysis of Foodborne Microbes and Chemicals

The growing awareness regarding the adverse effects of fo
additives, including preservatives, contaminants, and adulter
ants among the general public initiated the application of
immunoassay techniques in food analysis. Now, it is a widely
used technique recommended by the regulatory boards and
practiced by food research facilities and industries.

There is an increasing need to assay multiple target mole
cules at a single go. One approach is to incorporate multiple
differentially labeled antibodies in a single test (multiplexing),
but for an industrial approach it is costly. An economical
approach is to include a broad-spectrum antibody and thus
a number of analytes, especially small molecules (i.e., differen
types of vitamins) can be quanti� ed together. In this regard,
the hapten designing approach is being adopted recently
(multianalyte broad speci� city screening method). Current
advances of immunoassay in food technology and industry
include structure–activity relationship, molecular modeling,
production of broad speci� city anti-idiotypic antibody, and
production of recombinant antibody.
Testing of GMO Seed, Grain, Feed, and Food

Hybridization, breeding, recombinant DNA technology, and
cloning have lead to the development of genetically modi� ed
organisms (GMO), which are designed to translate into
genetically modi� ed or enhanced products (GMP/GEP). In
ELISA-GMO, generally two methods are used (1) double
antibody sandwich ELISA and (2) lateral� ow strip method.
The second method is a membrane-bound system provided
with two capture zones: one for the transgenic protein, and
another for the colored reagent. The sample moves through the
strip by capillary action and forms bands, whose intensity will
help in semiquantitative detection.
Advantages and Disadvantages of ELISA
for GMO Testing

The main disadvantages of ELISA include long and tediou
method development, high initial cost for assay development,
and inability to differentiate among different transgenic events
that result in expression of similar protein. Some GMPs are
produced only during certain developmental stages or in
particular plant parts, and these are dif� cult to be analyzed with
ELISA. Some food-processing techniques cause modi� cation of
the protein structure, which then cannot be detected by ELISA
On the other hand, large-scale routine detection of GMO
proteins produced in suf� cient quantity can be detected easily
using ELISA. Lateral� ow strip methods help in quick and
reliable detection of transgenics in the� eld. Once a test kit has
been developed, the detection can be done by semiskilled
personnel at a cheap sampling cost.
ModiÞcations of Standard Immunoassay

Multiplex Enzyme Immunoassay

Multiplex enzyme immunoassay system is used for simulta-
neous detection of multiple analyte components in a test
sample and it � nds its application mainly in the detection of
allergens in food. First, a general primary antibody speci� c for
a group of different allergens is immobilized in discrete spots
on strips of solid supports like cellulose membrane or poly-
ester cloth. After the addition of a test sample, biotinylated
allergen-speci� c secondary antibodies are added sequentially
At the end, a streptavidin conjugated enzyme is added. Th
addition of the chromogenic substance can detect all these
allergens at a time. The development of antibodies with broad
speci� city that can detect a group of structurally related
molecules at one go is made possible by the use of an anti
idiotypic antibody and molecular modeling technique. Use
of selective receptors or enzymes that bind to a group o
molecules with similar conformational attributes is yet
another approach to multianalyte testing. In another variation
of multiplex assay (multiplexed bead–based � uorescence
immunoassays on miniaturized micro� uidic devices), poly-
styrene beads are� rst functionalized according to their color



Table 2 Applications of enzyme immunoassay

Applications Detected entity Examples

Clinical Disease markers Tumor markers detection in cancer
patients

Alpha-fetoprotein, carcinoembryonic antigen,
prostate-speci� c antigen, cytokeratins (epithelial
tumors), glial� brillary acid protein (glial cell
tumors), vimentin (connective tissue tumors),
desmin (muscle tumors), protein and polypeptide
hormones (protein and polypeptide hormone
producing tumors), carcinoembryonic antigen
(glandular tumors of GI tract and breast), steroid
hormone receptors (breast duct cell tumors)

Cardiac markers in heart patients Creatine kinase-MB, myoglobin, digoxin, troponin
Cell culture and assays Cytotoxic drug detection in cancer

patients
Paclitaxel, docetaxel

Hypersensitive reactions Allergen study in asthma and other
allergic reactions

Histamine, nuts, eggs

Endocrine system Treatment of thyroid patients,
detection
of hormones

T3, TSH, T4

Nonpermitted drugs Drug abuse screening Lysergic acid diethylamide, amphetamines, cocaine
Vaccination studies Viral markers Antibodies in measles, cytomegalovirus (CMV)

infections
Epidemic study and

prevention
Detection of infectious diseases Herpes, CMV, rubella, varicella, hepatitis B, hepatitis

C, syphilis, chlamydia, mumps, toxoplasmosis
Molecular detection of

infection
PCR-based detection

Detection of parasites DIG-ELISA, Dot-ELISA, and indirect
ELISA

Seroprevalence of antibody produced in host serum
against secretory or excretory metabolites of
parasites (e.g., liver� ukes in cattle)

Medicine industries Quality control for antibiotics Kanamycin, sulfonamides,� uoroquinolones
Veterinary drugs Nitrofurans, sulfonamides, bacterial infection, fertility,

drugs, BSE
Food, animal feed,

and beverages
Mycotoxins Fumonicin, A� atoxins

Bacterial toxins Shiga toxin
Pathogens Pathogenic strains ofE. coli
Nutrient analysis in milk

and baby foods
Ovalbumin, casein, lactalbumin, lactoglobulin, soluble

protein mixtures
Protein determination Gluten/gliadin content, soluble protein pro� le
GMP/GMO testing for food and feed Starlink (Bt) protein in corn or the roundup (RR)

transgene in corn or soybeans
Adulterants Meat and milk
Food allergens Nuts

Water analysis Detection of water pollutants
and safety analysis

Bacterial contamination, toxins, heavy metal
complexes

Agriculture Detection of endotoxins, pesticides Parathion
GMO testing of seed and grain Presence of genetically modi� ed protein or

carbohydrate
Environment Industrial chemicals Melamine from plastic industries, dioxins from

bleaching and incineration process
Pesticides Benzoylphenylurea, parathion
Herbicides Triazine, atrazine, phenoxy acetic acid, sulfonylurea
Surfactants Alkyl phenolics, linear alkylbenzene sulfonates
Other pollutants Semicarbazide, nitroaromatics, polychlorinated

biphenyls, nonylphenol (toxic metabolite)
Basic research Study of biomolecular interactions,

and detection of biomolecules
Western blot analysis for protein detection and

EMSA-ELISA for DNA-protein interaction

TSH, Thyroid stimulating hormone; BSE, Bovine Spongiform Encephalopathy; DIG, Diffusion-In-Gel; ELISA, Enzyme Linked Immunosorbent Assay; PCR, Polymerase Chain
Reaction; GMO, Genetically Modi� ed Organism; GMP, Genetically Modi� ed Product; Bt, Bacillus thuringiensis; EMSA, Electrophoretic Mobility Shift Assay.
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tag with de� nite capture protein, mixed together, and then
loaded into the detection chamber. After that, the serum–
analyte containing multiple target antigens are loaded. After
the formation of immune complexes, the detection antibodies
speci� cally bind to these complexes. In the detection chamber
the beads form a monolayer and a digitally processed multi-
colored image is generated by the computer attached to th
detector.
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Diffusion in Gel-Enzyme-Linked Immunoassay

In the diffusion in gel-enzyme-linked immunoassay
(DIG-ELISA) method, the polystyrene surface of a Petri dish i
coated with an antigen and then overlaid with agar. Wells are
scooped out into the gel and an antibody-containing serum is
applied in the wells. After diffusion, the agar layer is removed
and the zones are treated with enzyme-linked secondary ant
body. Visualization is achieved by pouring a mixture of agar
containing chromogenic enzyme substrate. Estimation of the
enzymatic reaction in the analyte is done by measuring the
diameter of the zone of reaction.
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Polymerase Chain Reaction DIG-ELISA

The polymerase chain reaction (PCR) DIG-ELISA techniqu
can detect a particular serotype of an infectious agent from
the patient’s blood sample or from milk samples of bovines.
Here, a polymorphic gene (e.g., antigenic polysaccharid
chain of Salmonella) shows great but speci� c gene diversity
among its subtypes. For detection of infection in clinical
sample, PCR is performed with primers speci� cally designed
to amplify lipopolysaccharide (LPS)-rfa genes of different
serogroups of the bacterium. Biotinylated primers were used
together with digoxigenin-labeled dUTP, which is incorpo-
rated into the ampli � ed PCR product. The ampli� ed DNA
can be captured on the solid phase provided by streptavidin-
coated microtiter plate through avidin–biotin interaction.
Detection can be done with enzyme-conjugated anti-
digoxigenin antibody.
-
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l

Electrophoretic Mobility Shift Assay– ELISA

Proteins–DNA interaction is studied by the electrophoretic
mobility shift assay (EMSA) in which the DNA-protein
complex moves slower than the free DNA in agarose gel elec
trophoresis. To detect and quantify the complex as well as to
eliminate the nonspeci� c interactions, target DNA can be pro-
bed with immune-active substances. Hapten-modi� ed DNA
probes can be detected by reagents like streptavidin or ant
digoxigenin antibodies with speci� c substrates in a manner
similar to that done in Western blotting.
l
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Dot-ELISA

Dot-ELISA is used extensively in research as well as analytica–
diagnostic laboratories. In sandwich Dot-ELISA, the antigen is
sandwiched directly between two antibodies (one nitrocellu-
lose strip-bound unlabeled antibody and the other free
enzyme-linked antibody), which react with two different
epitopes on the same antigen. The enzyme-linked antibody
bound antigen is measured by incubating the strip with
a chromogenic substrate, which upon enzyme catalysis i
converted to a colored, insoluble product and gets precipitated
as small dots on the strip. The bound–enzyme activity, which is
directly proportional to the analyte concentration, is measured
by the intensity of the spot at a particular wavelength.
4-Chloronapthol/H 2O2 is a chromogenic, precipitable system
used in peroxidase-linked assays.
Immune Complex Transfer Enzyme Immunoassay

Immune complex transfer enzyme immunoassay is a two-site
binding enzyme immunoassay conducted by two antibodies
targeted against two different epitopes on the same antigen. Thi
method can sensitively detect as well as quantitate the presenc
of two structurally close alternative forms of a single analyte
and can distinguish between the immature and posttransla-
tionally modi � ed active forms of a peptide. Therefore, it can be
used to study the activation kinetics as well as the differen
intermediates in the biochemical pathway. The technique can
be applied to identify the particular form of a peptide related to
disease.

First, the capture antibodies are prepared by conjugating
the two different antibodies to 6-maleimidohexanoyl-
DNP-biotinyl-BSA. Antibody-labeled enzymes are prepared by
conjugating the former to an enzyme (i.e., h-D-galactosidase)
usingo-phenylenedimaleimide. Next, anti-DNP-BSA-IgG–coated
polystyrene beads are made. Biotinyl-BSA is coupled covalently t
the polystyrene beads and streptavidin-coated beads are prepare
as well. The serum containing the analyte is incubated in the
presence of the capture as well as the enzyme-labeled antibodie
which is followed by incubation with the anti-DNP-BSA-IgG–
coated beads. After an elution with DNP-containing solution,
the eluate is treated with streptavidin-coated polystyrene beads
The bead is then subjected to� uorometric assay for the labeled
enzyme activity by providing it with the substrate. Thus, the
immune complex consists of three components captured on an
anti-DNP-IgG–coated immobile phase: a dinitrophenyl (DNP)-
biotinyl antibody, an antigen, and an antibody-labeled enzyme.
The transfer of the complex to the streptavidin-coated solid phase
also helps in reducing nonspeci� city.
Chemiluminescent Microparticle–Membrane Capture ELISA

The chemiluminescent microparticle–membrane capture
ELISA method is applicable for the detection of infections like
hepatitis B. It consists of a recombinant antigen coupled to
carboxylated solid-phase latex microparticles. A polyclona
enzyme-labeled polyclonal IgG competes with the analyte for
limited attachment sites on the solid matrix. The reaction
mixture can be transferred to a glass� ber capture membrane
and a signal can be detected by the addition of the substrate fo
the labeled enzyme. It is more sensitive than conventiona
enzyme immunoassays and its sensitivity equals almost that o
RIAs, thus the use of isotopes can be avoided.
Optical Immunoassay

The optical immunoassay technique involves direct visualiza-
tion of a second antigen layer applied to an existing monolayer
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of enzyme-labeled (optional) antibody coated on an optical
substance (of high refractive index) upon silicon wafer base
After the formation of immunocomplexes, the substrate for the
enzyme is added (optional). Generation of the second layer
causes change in thickness and therefore its re� ective properties
get altered, resulting in distinct change of color. Thus, the
presence of antigen in serum can be con� rmed at a glance. The
detection limit of this system is lower than that of enzyme
immunoassay, but it can be enhanced by using antibody-
coated nanoparticles. Refractometric immunosensors needs n
labeling moreover; the binding kinetics can be analyzedin situ.
Applications include the study of biomolecular interactions
like immunoreactions, DNA–RNA hybridizations, and the
determination of af� nity constants. Sensitivity can be increased
by using microoptical-transducers along with polarized light
beams and charge coupled device (CCD)-based detecto
system. The output mode is called a sensorgram. The cost
sensor surface can be regenerated by chemically dissociati
the immunocomplexes with acid treatment.
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Current Advances in the Field of Immunoassay

In the past few decades, enzyme immunoassay has bee
modi � ed or complemented with other sensitive immunoassay
technics. Several detection systems with higher sensitivity a
being designed based on the knowledge of optical physics
nanotechnology, and other� elds. Some of these techniques ar
mentioned in the following sections.
-

d

are

n

Radioimmunoprecipitation Assay

Radioimmunoprecipitation assay is a qualitative test for
con� rmation of viral antigens. Here, radiolabeled antigen
fragments are obtained by lysis of radioactively labeled virus
infected cell cultures.
its

al
Optoelectronic ImmunosensorÐBased Assays

Attenuated Total Re�ection–Based Immunoassay

When total internal re� ection occurs at the interface of two
mediums with different refractive indices, a portion of light
(evanescent wave) penetrates the less-dense medium, and
intensity decreases exponentially with distance from the inter-
face. A surface-bound immunoglobulin molecule interacts
with light, and if it has an absorption spectrum that includes
the excitation wavelength, the absorption of the light then will
result in decreased (attenuated) intensity, which can be
measured. This method is used to detect pesticide in sever
commodities.
f

y

Total Internal Re�ection Fluorescence–Based Immunoassay

This assay is based on the principle of attenuated total re� ec-
tion in which the evanescent wave excites the� uorophore
present in the second medium. Fluorescent labeling improves
the sensitivity of the method. Measurement of the excited state
lifetime, rotational correlation time, � uorescence polarization,
and quenching experiments provide information about the
molecular dynamics and conformation in the adsorbed state.
From these data immune reaction can be quanti� ed.
Surface Plasmon Resonance–Based Immunosensor

After a polarized light is re� ected at glass–gold interface, its
intensity reaches a minimum at a particular angle of incidence.
When an antigen reacts with a surface (gold)-immobilized
antibody, it causes a change in the optical index, leading to
a proportional (with respect to antigen concentration) and
measurable change in angle of incidence.
Surface-Enhanced Raman Scattering–Based Immunoassay

This technique is applicable for diagnostic purpose of viral
pathogens using a sandwich immunoassay. In a surface
enhanced Raman scattering (SERS)-based technique, vir
particles are captured from serum–cell culture media onto
a layer of monoclonal antibodies covalently immobilized
on gold nanoparticle substrate. The surface-bound feline cal
civiruses (FCVs) are in turn linked with an extrinsic Raman
label (ERL) or Raman reporter molecules (RRMs) like 5,50-
dithiobis (succinimidyl-2-nitrobenzoate, DSNB). The ERL/
RRMs give a characteristic signature spectrum that aids ide
ti � cation and quanti� cation.
SERS-Based Immunoassay Using Protein Chip

Recently, nanoscale protein chip has been fabricated by etche
polystyrene template that can be used directly for immuno-
assay using SERS spectra. Aldehyde-coated glass slides
treated with human IgG. Polystyrene nanoparticle arrays are
assembled onto these slides. The polystyrene template patter
is transferred to the human IgG substrate by reactive ion
etching followed by removal of the nanoparticles. After
blocking with BSA, the chip can be immersed directly in� uo-
rescent-labeled antigenic solution for detection via� uorescent
microscopy and quantitation by SERS.
Application of Computer-Assisted Molecular
Modeling in Immunoassay

Molecular modeling encompasses a broad� eld that includes
molecular dynamics, computational chemistry, quantum
chemistry, and knowledge from X-ray crystallography.
Computer-assisted molecular modeling� nds its application in
studying quantitative structure–activity relationship between
the antibody and its binding sites at the three-dimensional
level, speculating the minimum energy conformations (stable
conformations in the interaction dynamics), identifying elec-
trostatic potentials of the target groups, calculating force� eld in
the interacting domains, gaining insight into the potential
mechanism of antibody–antigen recognition, comparing the
haptens and the analyte molecules, determining the effect o
modi � cations (e.g., addition of spacer arm) on haptens, and
selecting the most effective hapten from a number of alterna-
tives. Moreover, the amino acid residues presumed to play ke
roles in antigen–antibody/hapten recognition are subjected to
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site-directed mutagenesis for further improvement of af�nity
and speci�city.
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See also: Bacillus: Detection of Toxins; Listeria: Detection by
Commercial Immunomagnetic Particle-Based Assays and by
Commercial Enzyme Immunoassays; Verotoxigenic
Escherichia coli: Detection by Commercial Enzyme
Immunoassays; Detection of Food- and Waterborne Parasites:
Conventional Methods and Recent Developments; Microbial
Risk Analysis; Mycotoxins: Immunological Techniques for
Detection and Analysis; Biochemical and Modern Identi�cation
Techniques: Enterobacteriaceae, Coliforms, and Escherichia
Coli; Aeromonas : Detection by Cultural and Modern
Techniques; Vibrio: Standard Cultural Methods and Molecular
Detection Techniques in Foods; Clostridium: Detection of
Neurotoxins of Clostridium botulinum; Molecular Biology in
Microbiological Analysis; An Brief History of Food
Microbiology; Biochemical and Modern
Identi�cation Techniques: Introduction; Biochemical and
Modern Identi�cation Techniques: Food-Poisoning
Microorganisms; Identi�cation Methods: Introduction;
Enterobacteriaceae, Coliform, and Escherichia coli: Classical
and Modern Methods for Detection and Enumeration;
Escherichia coli: Detection of Enterotoxins of E. coli;
Biochemical Identi�cation Techniques for Foodborne Fungi:
Food Spoilage Flora; Salmonella: Detection by Immunoassays;
Campylobacter : Detection by Cultural and Modern Techniques;
Biochemical and Modern Identi�cation Techniques:
Micro� oras of Fermented Foods; Immunomagnetic
Particle-Based Techniques: Overview; Molecular Biology:
Proteomics; Detection of Enterotoxin of Clostridium perfringens;
Virology: Detection; Escherichia coli O157 and Other Shiga
Toxin-Producing E. coli: Detection by Immunomagnetic
Particle-Based Assays; Identi�cation Methods: Immunoassay;
Staphylococcus: Detection by Cultural and Modern
Techniques; Staphylococcus: Detection of Staphylococcal
Enterotoxins.
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Characteristics of the Species

Escherichia coli is a species whose importance ranges from its
role as a host for recombinant DNA manipulations to being
one of the most well-recognized foodborne pathogens. The
former will not be discussed in this chapter: It is a well-studied
host for laboratory purposes and the magnitude of its usage for
the production of food-related ingredients is dif�cult to assess
accurately. Escherichia coli is a Gram-negative rod that is
a member of the family Enterobacteriaceae. It is oxidase-
negative and grows using simple carbon sources, including
glucose and acetate. The hexose is fermented to a mixture of
acids (lactate, acetate, and formate) as well as carbon dioxide.
Escherichia coli are citrate-negative but methyl red-positive and
Voges–Proskauer-negative. It is classi�ed as a coliform –
a general term used to describe Gram-negative asporogenous
rods that ferment lactose within 48 h and whose colonies are
dark and exhibit a green sheen on agar such as eosin methylene
blue. Aside from Escherichia, other genera that are termed
coliforms include Citrobacter, Enterobacter, and Klebsiella.

Serology �agella gives E. coli mobility and the �agella are
also part of the serology of this organism (see below). It is
a normal inhabitant of the gut of many animals, including
human beings. As such, it often is used as an indicator of fecal
contamination. Not all strains of E. coli cause disease, however,
and as a consequence the detection of E. coli in a food, while
implying a potential hazard, does not mean a priori that the
food will cause illness if consumed. Of note among the E. coli
strains is the serotype O157:H7. This serotype, which includes
highly virulent strains, has been the focus of much attention
over the past 10 years not only because of its association with
a number of highly publicized foodborne outbreaks but also
because of its ability to survive acidic conditions that previ-
ously were believed to be lethal to E. coli.
8 Encyclopedia of Food Mic
Serology

Serological distinction between strains of E. coli is an important
tool applied for tracking clinical isolates back to their food
sources in foodborne disease outbreaks. One serotype,
O157:H7, is perhaps one of the best-known strains of any
foodborne bacteria. Historically, the efforts to develop a sero-
typing scheme for E. coli followed efforts to establish a system
for Salmonella. Serotyping is based on three fundamental anti-
gens, O, K, and H, and distinguishing serotypes for each of
these antigens exist. The initial group of antigens discovered by
Kauffmann consisted of 25 O, 55 K, and 20 H antigens. The O
antigen is based on a polysaccharide moiety that is associated
with the outer membrane. This oligosaccharide is linked
covalently to the lipid A-core polysaccharide and the repeating
units de�ne the diversity of the O antigen group. Due to the
extreme heterogeneity in the �ve or more sugars making up the
O antigen, more than 170 different O groups have been
discovered to date. The O antigens are dispersed broadly in
a number of other related microorganisms and, as a result,
there is cross-reactivity. For example, the O antigens of E. coli
cross-react with certain O antigens on Shigella and Salmonella.
Almost all O antigens found in Shigella cross-react, with the
exception of some found in Shigella sonnei. The consequence of
this cross-reactivity is that many antibody-based tests that
broadly detect E. coli frequently generate false positives due to
cross-reactivity with O antigens of other microorganisms.
Fortunately, antibody-based tests for the detection of E. coli
O157:H7 speci�cally perform well due to the unique nature of
the O157:H7 serotype.

The K antigens are also polysaccharides in nature and part of
the cell capsule. The polysaccharide is mainly acidic and heat
labile to varying degrees. This group is less complex, and only
three K antigens have been reported – A, B, and L. Although the
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00100-2
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Table 1 Distribution of O serotypes among the different virulence
groups ofE. coli

EaggEC EHEC EIEC EPEC ETEC

3 2 28ac 18ab 6
4 5 29 19ac
6 6 112a 55 15
7 4 124 86 20
17 22 135 111 25
44 26 136 114 27
51 38 143 119 63
68 45 144 125 78
73 46 152 126 80
7577 82 164 127 85
78 84 167 128ab 101
85 88 142 115
111 91 158 128ac
127 103 139
142 113 141
162 104 147

111 148
116 149
118 153
145 159
153 167
156
157
163

EaggEC, enteroaggregativeE. coli; EHEC, enterohemorrhagicE. coli; EIEC, enter-
oinvasiveE. coli; EPEC, enteropathogenicE. coli; ETEC, enterotoxigenicE. coli.
Reproduced from Jay (1996) with permission.
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A-type K antigen requires 121� C for 1 h to be inactivated, B and
L are inactivated at 100� C. Unlike the O and the H antigen
(see below), the K antigen is not used in most typing schemes
However, a few K antigens sometimes are used for typin
purposes because of their association with particular diarrhea
causing strains. These include the K88 and K99 antigens th
are associated with diarrhea in pigs. The K99 antigen also
associated with diarrhea in calves and lambs.

The H antigens are part of the� agella and hence found only
in motile strains of E. coli. Most E. coliare nonmotile or partially
motile on initial isolation from the environment. As a conse-
quence, the H antigen typing is not reliable unless efforts are
taken to select for the restoration of motility. Enrichment for
motility and hence production of the H antigen can be ach-
ieved by selective culture in soft agar. When a strain fails t
display motility, it is labeled nonmotile, and this is used as
a descriptor forE. colistrains. To date, more than 50 H antigens
have been discovered.

The three antigens initially were used to de� ne a particular
serotype of E. coli and hence nomenclature such as
O26.K60(B6). H111 was used. The K antigen descriptor
however, has been dropped as a descriptor of serotypes and on
the H and O are commonly employed. The H antigen coupled to
the O antigen, therefore, represents a robust and highly
discriminatory typing method for distinguishing various strains
of E. coli. The O:H serotypes can be sorted into various virulenc
groups (e.g., enteropathogenicE. coli(EPEC); see Enteropatho
genicE. coli) and also categorized with respect to the host animal
For example, O157:H7 is associated with enterohemorrhagi
forms of disease in humans, whereas the O55:H7 is associate
with the enteropathogenic forms of the disease, also in humans
.
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Virulence

The ability of some strains ofE. colito cause disease was known
in the early twentieth century, and infant diarrhea was one of
the � rst illnesses recognized to be caused byE. coli. There are
four major classes of disease caused byE. coli, and they have
distinct patterns of illness as well as different virulence factors
The most common is EPEC, associated with infant diarrhea
Other virulence groups include enteroinvasiveE. coli (EIEC),
enterotoxigenic E. coli (ETEC), and enterohemorrhagicE. coli
(EHEC). More recently, other groups, including enter-
oaggregativeE. coli (EaggEC) and diffusely adherentE. coli,
have been described. The virulence class ofE. colistrains has
some correlation to the serotype. This, however, is not absolute
as serotype 111, for example, is found among EaggEC, EHE
and EPECE. colistrains (Table 1).
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EnteropathogenicE. coli

The enteropathogenic strains ofE. coli are similar to the
enteroaggregative in that they can adhere to cells, speci� cally
the intestinal mucosa. There they produce an attaching and
effacing lesion in the brush border microvillus membrane.
They also can attach and efface epithelial cells. The attachme
and effacement process is the work of a chromosomally
encoded gene, eaeA. In general, these strains do not produ
enterotoxins but can cause diarrhea.
EnterohemorrhagicE. coli

The EHEC are able to cause one of the most severe forms
disease, ultimately resulting in hemolytic–uremic syndrome
(see Toxins). These strains have the ability to produce adhe
ence factors, enterohemolysins, and Shiga toxins. A detaile
description of the toxins is given in the following section. Like
other E. colistrains, the enterohemorrhagic strains carry a larg
plasmid that encodes� mbriae that are involved in the attach-
ment of the bacteria to cells in culture. These strains, howeve
do not appear to invade Hep-2 cells. The prototypical strain
is E. coliO157:H7, and illness caused by this serotype is asso
ciated with the consumption of a wide variety of foods,
including minced beef, turkey rolls, water, vegetable salads
and apple cider.
EnteroinvasiveE. coli

Enteroinvasive strains ofE. colicause a severe form of diseas
and spread between cells in a manner similar toShigella. They
do not typically produce enterotoxins but carry a large plasmic
that is associated with their enteroinvasive properties. The
classi� cation of the strains is based on a positive result in the
Sereny test. As mentioned in the following section, this tes
assesses the ability of strains to invade and cause disease
guinea-pig eyes. In some cases, enteroinvasive strains are i
lated from patients with diarrhea and subsequent virulence
testing shows them to be enteroinvasive.
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EnterotoxigenicE. coli

The enterotoxigenic strains ofE. coliwere among the� rst to be
recognized as a result of their association with traveler’s diar-
rhea. A variety of names have been associated with the diseas
including gypsy tummy, Delhi belly, Hong Kong dog, and
Aden gut. Disease can af� ict the young and the old: Symptoms
are restricted largely to diarrhea without fever. The enterotoxins
associated with these strains are described fully in the following
section. They include heat-stable and heat-labile enterotoxins
Strains appear to be distinct in their association with different
animal hosts, with humans, pigs, and cattle being examples o
the populations reported to date. ETEC also produce� mbrial
colonization factor antigens. These are plasmid-encoded an
typically are found in association with the heat-stable entero-
toxin (EAST1).
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EnteroaggregativeE. coli

Strains that are characterized as enteroaggregative are able
adhere to cultured cells and are associated with both acute an
persistent diarrhea. The persistent form of the diarrhea can las
up to 14 days. EaggEC adhere to Hep-2 cells, forming micro
colonies. In general, however, different types of adherenc
patterns ranging from diffuse to localized have been observed
A 90 kb plasmid is associated with the production of a speci� c
outer membrane protein and for the production of � mbriae. In
addition some strains produce a EAST1, which also is plasmid
encoded.
- s
I

o-
Toxins

The various disease-producingE. coli generate a particular
pattern, in part due to their production of one or more toxins.
A number of these toxins have been characterized and both
their biochemical nature and their genetics have been eluci
dated. The classi� cation scheme used forE. colitoxins is based
on their physical characteristics and their target. The� rst divi-
sion is on the basis of heat stability and, therefore, heat-labile
and heat-stable toxin (ST) groups have been established.
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Heat-Stable Enterotoxins

A number of different STs have been discovered and the catalo
of genetic variants continues to increase. Broadly classi� ed into
two different groups, STI and STII, these classes of toxins a
distinct in their size and presumably in their mode of action.
The STI toxins are approximately 2 kDa and retain activity even
after heating to 100 � C for 15 min. They are resistant to the
actions of many proteases but not to the treatment with alkali.
The genes coding for STI typically are carried on a large plasm
located in conjunction with other genes necessary for virulence
STI appears to act by stimulating the host expression of guany
cyclase, which in turn causes a rapid ef�ux of � uid due to the
production of cyclic guanosine monophosphate (cGMP). This
� uid ef� ux causes an imbalance and hence the symptom
associated withE. colifood poisoning, including diarrhea. STII
is smaller than STI: It contains only 48 amino acids. Its mode of
action is not clear, but it does not involve cGMP accumulation,
although � uid ef� ux has been observed in a mouse mode
system. As with STI, this enterotoxin is also plasmid mediated
Heat-Labile Enterotoxins

The heat-labile enterotoxins are characterized by their ability to
be inactivated by heating, but more broadly they are distinct
from the EAST1 in terms of their structural composition and
their mode of action. The heat-labile toxin (LT)-I enterotoxin is
an oligomer composed of a single 88 kDa subunit and� ve
11.5 kDa B subunits. The B subunits are organized in
a doughnutlike con� guration and assembly occurs as the
proteins are secreted from the cell. The B pentamer binds to th
intestinal cell membrane, speci� cally via the GM1 gangliosides.
The A subunit is then activated upon entry and causes elevate
levels of cyclic adenosine monophosphate (cAMP). The
increase in cAMP then results in secretion of chloride ions and
impaired absorption of sodium ions, giving rise to severe
diarrhea. The LT-II toxin is similar to LT-I, with the exception
that they can be distinguished serologically. The structura
genes for LT-I are plasmid encoded, while the LT-II are chro
mosomally encoded.
Other Toxins

EHEC express one or more cytotoxins that cause the chara
teristic lysis of red blood cells. TheE. colicytotoxins are referred
to variously as Shiga toxins or Vero toxins. The latter is derived
from their cytotoxin effect on Vero cells, while the former
re� ects the close homology between theE. colicytotoxins and
those produced by Shigella. The Shiga toxin produced by
Shigelladysenteriae type 1 is the likely progenitor for all of the
E. coliShiga toxins. The Shiga toxin, (Stx-I or VT1) is composed
of a 33 kDa A subunit and � ve 7.5 kDa B subunits. Therefore, it
is similar in architecture to the E. coli LT-I and LT-II. The B
subunits recognize the receptor, while the A subunit possesse
the activity that is activated upon proteolytic cleavage. The Stx-
recognizes the globotriasylceramide (Gb3) receptor, which is
found on renal epithelial cells, platelets, and erythrocytes. The
genes coding the Stx-I are encoded by a temperate bacteri
phage suggesting its modes of transfer fromShigellato E. coli.

The Shiga toxin II (Stx-II or VT2) is similar to Stx-I; however,
they are distinct in terms of the ability of toxin-speci� c sera
raised against one to inactivate the other. The sequenc
homology between Stx-I and Stx-II is 57% for the A subunit and
60% for the B subunit.

Other toxins include a cytolethal distending toxin. Strains
that express it produce diarrhea in pigs. The Vir toxin is lethal in
mice and may cause bacteremia. It is encoded on a plasmid tha
also encodes pili. Finally, someE. coli produce a cytotoxic
necrotizing factor.
Genomics

The genome sequences of a large number of different serotype
of E. colihave been determined, including O175:H7 and other
foodborne illness causing strains. Comparison of these
genomes has revealed that many of the virulence cluster
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(or islands) are dynamic and, in many cases, account for the
emergence of a particular serotype as a particularly problemati
strain. In 2011, a particularly lethal stain of E. coli0104:H4 was
recovered from cases of patients who consumed sprouts. Th
complete genome sequence completed within a few day
proved to be critical in identifying the isolate and speculating as
to its origins.
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Foodborne Illness

Foodborne illness that results from the consumption of foods
contaminated with pathogenic strains ofE. colican take various
forms. The enteropathogenic forms of the disease generally tak
from 5 to 48 h to develop after food consumption. The onset of
disease is a function of the strain as well as the numbers o
E. coli consumed by the victim. In general, the symptoms
include severe abdominal pain.

When disease involves the enteroinvasive and hemorrhag
forms of E. coli, the symptoms are much more severe and the
outcome is much more serious. Symptoms usually begin
approximately 10–24 h after the consumption of the
contaminated food. Pain usually is accompanied by diarrhea
and the diarrhea may be bloody. Other symptoms include
nausea, vomiting, fever, chills, headache, and muscular pain
As the hemorrhagic form of the disease progresses, blood
urine may be passed. This stage of the disease is term
hemolytic–uremic syndrome and involves hemolytic anemia,
thrombocytopenia, and acute renal failure. To prevent the
colitis stage from advancing into hemolytic–uremic syndrome,
patients sometimes are infused with therapeutic agents to
inactivate the cytotoxin. Patients who reach the hemolytic–
uremic syndrome stage may suffer permanent damage o
may not survive.

Historically, outbreaks of illness caused byE. colidate back
to the 1940s when the � rst isolation of the H7 serotype was
reported. Hemolytic–uremic syndrome, the most severe
symptoms associated with illness caused byE. coli, initially was
recognized in 1955. The� rst reports of foodborne illness from
E. coliin the United States date back to 1971 when there was a
outbreak from consumption of imported cheese. The illness
involved approximately 400 individuals. The current public
and government awareness ofE. colican be traced to the 1982
outbreak in Oregon when approximately 43 patients fell ill
after consuming food prepared at a‘fast food’ establishment.
Subsequent outbreaks, which predominantly involve theE. coli
O157:H7 serotype, have been reported in foods, including
minced beef, cheese, sprouts, salami, and apple cider. Th
latter food is a particular source ofE. coliup until that time the
general belief was that it could not survive in this acidic
environment.
e

d,
e
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Detection ofE. coli

The detection ofE. coliis complicated by its similarity to other
enterics, especially when a variety of cultural methods ar
used for isolation and characterization. Escherichia coliis
related closely toShigellaand initially was distinguished on
the basis of the diseases they produced.Shigellais the cause of
bacillary dysentery, while virulent strains of E. coli can be
responsible for a variety of diseases: Some strains do cau
dysenterylike symptoms.

Escherichia colialso is used as an indicator of potential fecal
contamination. Indicators are de� ned broadly as certain
genera or classes of microorganisms that inhabit the sam
reservoirs and have the same survival rates but can be detect
more easily and readily than the corresponding pathogen.
Therefore, for example, fecal coliforms are used as indicator
of sanitation. Escherichia coliis a subset of the fecal coliforms,
and it may be that their use as an indicator of food safety may
be less prone to false-positive results than frequently occu
with fecal coliforms. Fecal coliforms include microorganisms
(e.g.,Klebsiella) that typically are associated with plant mate-
rial, and therefore they are normal� ora of many plant-derived
foods and ingredients.
Culture-Based Methods for Isolation

All culture-based methods for E. coli typically consist of
recovery and enrichment in broth followed by selective plating
on a medium that also contains a biochemical indicator. These
� rst two stages take about 48–72 h and, at this stage,
a presumptive identi� cation of E. coli can be obtained. The
subsequent characterization and con� rmation of a particular
isolate asE. colirequire speci� c biochemical tests that probe for
catabolism of speci�c sugars and the production of particular
end products. Even at this stage, the presence ofE. coliis not
conclusive with respect to its ability to cause disease. T
con� rm this, either molecular tests for the presence o
a particular toxin (e.g., EAST1) or a cytotoxicity test is in order
The latter, while being more de� nitive, is dif � cult to carry out
on a routine basis and the speci� c nature of the virulence is
dif � cult to assess.

The detection ofE. colithrough traditional cultural methods
may begin with an examination for coliforms. There are various
methods to test for coliforms, and these typically are direct
plating methods or testing for acid–gas production from
lactose. Detection of coliforms and, more speci� cally, E. coli
involves an initial homogenization step in a diluent. A typical
diluent is Butter� eld’s phosphate buffer and a 1:10 or
greater sample:diluent mix is recommended. Another diluent
frequently used is maximum recovery diluent, which is 0.1%
peptone and 0.85% saline. Milk and other liquid food products
often can be tested without extensive sample processing. Th
most widely used process for sample preparation is a Stom
acher and samples of 25 g. This sample is added to 225 ml o
diluent and stomached for at least 30 s. The initial dilution is
therefore 10� 1 and subsequent dilutions can be made in the
same diluent.

Escherichia colibelongs to the broader group of coliforms
that are characterized by being Gram-negative, rod-shape
and facultatively anaerobic. They produce gas from glucos
and also can ferment lactose to acid while producing gas. Th
ability to utilize lactose is not universal, and there are some
strains of E. coli whose lactose fermentation is weak. Coli-
forms that do ferment lactose produce acid and gas within
48 h at 35 � C. The ability to produce acid and gas from lactose
at 45.5 � C is restricted to the fecal coliforms and, more
narrowly, E. coli.
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Figure 1 E. coligrown on a hydrophobic grid membrane� lter on
buffered 4-methylumbelliferyl-b-D-glucuronic acid agar and photographed
under long-wave UV light. Courtesy of Phyllis Entis QA Life Sciences.
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Presumptive Coliforms/E. coli
A quantitative test for coliforms employing a most probable
number (MPN) approach has a number of variations,
including the type of media and incubation temperatures. For
example, lauryl sulfate tryptose (LST) is inoculated with a set o
serial dilutions and incubated at 35 � C for 24 and 48 h. Gas
production is monitored using an inverted Durham tube and
the tubes that are positive for gas are used to calculate the MP
of the sample. Con� rmation can be carried out using brilliant
green bile broth (BGBB; see below).

Coliforms can be detected by direct-pour plating using
violet red bile agar (VRBA), on which red colonies are observed
This can be followed by inoculation into BGBB and then
scoring for gas production using an inverted Durham tube at 30
or 37 � C after 24 h. Alternatively, coliforms can be tested using
VRBA or MacConkey agar with the pink-red colonies selecte
for further testing. Coliforms, fecal coliforms, and E. colitype I
will produce gas in BGBB at 37� C, but only the fecal coliforms
and the E. coli type I will produce gas at 44 � C. Indole
production, which can be tested using Kovac’s reagent, is
indicative of E. coli, although some nonfecal coliforms also
produce indole.

Petri� lm (3M, St. Paul, MN) is an alternative to VRBA pour
plates and reduces the volume of the incubated space typicall
needed for standard agar Petri plates. The plastic� lm is
hydrated with water and then the diluted sample is applied.
After incubation at 32 � C, the positive colonies are red. In
addition, other products contain chromogenic substrates to
screen for glucuronidase activity.

ConÞrmedE. coli
The noted tests result in either a presumptive coliform or
a presumptiveE. colitest. Any positives must be con� rmed by
further examination to determine whether E. coliis present. For
example, any positive LST tubes can be further examined b
inoculation into EC broth. The EC tubes are incubated at
45.5 � C and scored for gas production after 48 h. The positive
EC cultures then can be streaked on to eosin methylene blu
plates and examined 24 h later for the characteristic nucleate
dark–centered colonies. A green sheen is sometimes, but no
always, observed. Any positives at this stage need to be exam
ined using a battery of biochemical tests, including tryptone
broth (indole production), methyl-red Voges–Proskauer, and
Koser citrate broth.

A more direct broth test forE. coliinvolves the incorporation
of a � uorogenic dye, 4-methylumbelliferyl-b-D-glucuronide
(MUG) into the medium. This dye is non � uorescent in its
intact state, but the� uorophore is released due to the action of
b-glucuronidase. MUG hydrolysis can be detected using
a small hand-held ultraviolet (UV) lamp. Approximately 94%
of the E. colistrains tested are MUG positive, indicating the
presence of b-glucuronidase. When MUG is incorporated
into a selective medium, such as LST or EC, it can be used
an effective screen for the presence ofE. coli in foods.
Some Salmonella(29%) and Shigella(44%) also hydrolyze
MUG; therefore, caution must be applied to the case of any
positives. Incorporation of MUG into medium used to support
the growth of bacteria on hydrophobic grid membrane
� lters (HGMF; QA Life Sciences, San Diego) allows th
screening of colonies at a much higher density than wha
might be accomplished with standard agar plate. The HGMF
� lters have discrete cells formed by a hydrophobic materia
that is arrayed as a grid. Under UV illumination,E. coligrown
on HGMF � lters with buffered MUG medium � uoresces
(Figure 1).

The� nal tests for differentiation of E. coliare varied and can
be accomplished by single-tube biochemical assays (e.g
mannitol fermentation). More elaborate approaches, using
a microbiochemical test strip either in a manual or an auto-
mated mode, also can be employed (e.g., BioMérieux API
Roche Enterotubes, Vitek GNI card). An example of the types o
biochemical tests that would distinguish E. coli from other
Escherichiaspecies is presented inTable 2.
Isolation of EHEC

The discussed methodology covers the isolation ofE. coli
through the prerequisite stages of presumptive coliform tests
followed by con� rmation. While this is satisfactory, more
direct methods to isolate potentially virulent E. coli strains
have been developed. As mentioned elsewhere, the isolatio
of E. coliO157:H7 is of particular importance because of its
association with disease. The culture isolation of EHEC begin
with homogenization of the sample in peptone water. The
homogenized sample is then diluted and plated on sorbitol–
MacConkey agar. After 18 h at 35� C, colonies that are pale in
comparison with the bright pink color generally exhibited by
enterics are then selected. Recently, the absolute correlatio
between the inability to ferment sorbitol and the O157
serotype has been challenged. Sorbitol-positiveE. coliO157
but H7 serotype isolates have been recovered. A small fractio
of E. colinon-O157:H7 are also sorbitol negative. Therefore,
strict reliance on the sorbitol-negative phenotype is not
appropriate. Further con� rmation of sorbitol-negative colo-
nies can be carried out using MUG, as described previously
Most, but not all, E. coliO157:H7 are unable to hydrolyze
MUG. A further modi� cation in which tellurite and ce� xime
are added to sorbitol–MacConkey agar has been demon
strated to be useful for the direct isolation ofE. coliO157:H7
from foods.
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Table 2 Biochemical tests that differentiateEscherichiaspecies

Reaction

E. coli

E. hermanii E. blattae E. fergusoni E. vulnerisTypical Inactive

IMVic þþ�� þþ�� þþ�� �þ�� �þ�� �þ��
KCN � � þ � � þ
Glucose, gas þ � þ þ þ
Lactose þ � þ /� � � þ
Cellobiose � � þ � þ
Adonitol � � � � � þ
Mannitol þ þ þ � þ /� þ
Malonate � � � þ þ þ /�

Reproduced with permission from Food and Drug Administration.
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Virulence Testing

As mentioned previously,E. coliis a normal inhabitant of the
gastrointestinal tract of many animals. Therefore, although its
presence indicates the contamination of a food by feca
material, it does not imply that the contaminated food would
cause illness if consumed. Actual virulence testing is compli
cated and requires either cell culture or animal testing. Fo
example, EIEC can be tested using the Sereny test, whi
employs guinea pigs whose eyes are inoculated with
a suspension of the test organism. After 5 days the eyes a
examined for the development of conjunctivitis, ulceration,
and opacity. One eye serves as the control for each anima
ETEC can be tested using Y-1 mouse adrenal cells that a
grown in culture and then examined for the conversion of
elongated � broblast-like cells into round refractile cells. This
phase conversion is a result of the elevated production o
cAMP that occurs in the presence of the enterotoxin. EHEC
can be tested similarly using a cell-tissue culture system. I
this test, Vero cells are grown in cell culture and the mono-
layer is removed using trypsin. The� ltrate from the E. colitest
culture then is added to the Vero cells and the culture is
examined daily for up to 4 days. The cytotoxic effect is man
ifested by detachment and shriveling of the cells.
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Molecular Methods for Detection

Interest in molecular methods for the detection of E. colihas
been based on the prolonged time required to complete tradi-
tional culture methods used to detect pathogenic strains of
E. coli. While the detection of genericE. colican be accomplished
using just a single selective–screening agar (e.g., sorbitol–Mac-
Conkey agar), con� rmation of speci� c virulence factors requires
a molecular-based method or a cytotoxicity test. Most of the
recent interest inE. colidetection has focused on the O157:H7
serotype. For immunological-based detection, this present
a unique opportunity as reagents are readily available tha
speci� cally react with this serotype. For nucleic acid–based
detection, the challenge is linking the serotype to a genotype.

Immunological-Based Methods
Immunological-based methods for the detection of E. colican
be applied at various levels in the culture-based methods
or potentially can be used as a direct detection method
For example, antibody-assisted capture of target cells has bee
used as a selection system for a number of different assa
systems. Again, given the availability of speci� c antibodies for
the O157:H7 serotype, capture methods using magnetic bead
have been developed. These methods employ paramagnet
beads that can be derivatized with antibodies (Dynal, Lake
Success, NY) and then can capture the target cells from sol
tion. Upon recovery, these cells can be used for standard cultur
detection or other immunological or nucleic acid–based assays
for E. coli.

As mentioned previously, analysis for toxins based on their
biological activity is cumbersome and involves the use of either
cell culture or animals. A variety of immunoassays for speci� c
toxins are commercially available. These assays usually targ
one or more of the toxins at various levels of speci� city. For
example, one assay is available that will detect theE. coliLT
but also detects the Vibrio choleraeenterotoxin (VET-RPLA,
Oxoid, Hampshire, United Kingdom). This assay is based on
a reversed passive latex agglutination (RPLA) format. In thi
format, a negative result appears as a tightly focused accumu
lation of latex beads at the bottom of a V-shaped well. In
contrast, a positive result is a diffuse suspension of the late
beads. Similarly, an assay for the Vero toxins VT1 and VT2
available in the RPLA format. For all these assays, puri� ed
cultures are required and single colonies are used as the startin
material.

An Hydrophobic grid membrane � lters (HGMF) (QA
Laboratories, San Diego, CA, United States) method has bee
developed that employs an enzyme-conjugated monoclonal
antibody. The HGMF is convenient for � lter-concentrating
bacterial cells that then can be propagated or probed using
antibodies or nucleic acids. Speci� cally, the food sample is
homogenized in peptone water (1:10 w/v dilution) and then
homogenized. The homogenate is then diluted and� ltered
through a 100 mm pre� lter on to the HGMF � lter. The HGMF
then is placed onto hemorrhagic coli agar and incubated at
43 � C for 16–20 h. The� lter then is probed using a monoclonal
antibody conjugated to horseradish peroxidase against the
O157 serotype. Positive colonies are purple-colored after the
addition of a colorimetric substrate (e.g., 4-chloronaphthol
and hydrogen peroxide).

More elaborate instrumentation-based immunoassays
also are available commercially for the detection ofE. coli. For
example, a sandwich assay involving magnetic beads coate
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with anti–E. coli O157:H7 antibodies in conjunction with
ruthenium-labeled antibodies has been developed (Origen, Igen,
Gaithersburg, MD, United States). An electrochemiluminescent
detection scheme is employed in this immunoassay.

Nucleic AcidÐBased Methods
The promise of nucleic acid–based methods, especially those
that employ an ampli�cation step to increase sensitivity, is
signi�cant. In theory (but rarely in practice), methods can be
designed that would allow for the direct detection of E. coli in
foods at levels of sensitivity equivalent to the most stringent
regulatory action levels (e.g., US Department of Agriculture,
E. coli O157:H7 zero tolerance in ground beef ). The major
problem is recovery of that single cell from a total sample
of 25 g.

Most recently, a number of polymerase chain reaction–
based assays for E. coli O157:H7 have been released, including
those by Qualicon (a subsidiary of Dupont, Wilmington, DE,
United States) and Life Technologies (Carlsbad, CA, United
States). These have been formatted for real-time detection
allowing the quanti�cation of the initial number of target
organisms in the sample. All require some preenrichment to
reach the desired sensitivity.
Use of E. coli as a Fecal Indicator

Escherichia coli is one of the many species that is collectively
considered to be a fecal coliform indicator. Among the other
genera are Enterobacter, Klebsiella, and Citrobacter. Fecal coli-
forms are relatively easy to detect and hence are used as a rapid
measure of ‘fecal contamination’ in water. Tests for fecal coli-
forms use either a membrane �ltration method or multiple
tube fermentation. Other assay formats include the use of
either a chromogenic or �uorogenic substrate for beta-
galactosidase, an enzyme characteristic of some (but not all)
fecal coliforms. Detection of E. coli speci�cally can be used as an
indicator of water quality since among the various genera
included in the broader class of fecal coliforms, it is of most
concern in terms of its ability to cause disease. Enzyme
methods including beta-galactosidase and beta-glucuronidase
are suitable platforms for its detection.

See also:Biochemical and Modern Identi�cation Techniques:
Enterobacteriaceae, Coliforms, and Escherichia Coli;
Escherichia coli:Detection of Enterotoxins of E. coli;
Escherichia coliO157: E. coliO157:H7; Detection by Latex
Agglutination Techniques; Escherichia coliO157 and Other
Shiga Toxin-Producing E. coli:Detection by Immunomagnetic
Particle-Based Assays.
Further Reading

Deshmarcherlier, P.M., Grau, F.H., 1997. Escherichia coliin Foodborne Microorgan-
isms of Public Health Signi� cance, � fth ed. Australian Institute of Food Science and
Technology, North Sydney, NSW 2059.

Hazen, T.H., Stahl, J.W., Redman, J.C., 2012. Draft genome sequences of the
diarrheagenic Escherichia colicollection. Journal of Bacteriology 194,
3026–3027.

Jay, J.M., 1996. Microorganism in fresh ground meats: the relative safety of products
with low versus high numbers. Meat Sci. 43, S59–S66.

Jay, J.M., Loessner, M.J., Golden, D.A., 2005. Modern Food Microbiology. Springer
Science & Business Media, Inc., New York.

Roberts, D., Hopper, E., Greenwood, M., 1995. Practical Food Microbiology. Public
Health Laboratory Service, London, UK.

http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0010
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0010
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0010
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0015
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0015
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0015
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref9015
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref9015
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0020
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0020
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0025
http://refhub.elsevier.com/B978-0-12-384730-0.00100-2/ref0025


Pathogenic E. coli (Introduction)
X Yang and H Wang, Lacombe Research Centre, Lacombe, AB, Canada

� 2014 Elsevier Ltd. All rights reserved.
Introduction

The bacterium Escherichia coli is one of the most intensively
studied microorganisms and a well-known model organism for
biochemical and genetic studies and also a venerable work-
horse for large-scale production of recombinant proteins.
Escherichia coli was discovered in 1885 by Dr. Theodor
Escherich in infant stools and was named Bacterium coli
commune due to the fact that it was found in the colon. In the
late nineteenth century, the organism was classi�ed in the
newly created genus at that time, Escherichia, named after its
original discoverer. Strains of E. coli are Gram-negative, facul-
tatively anaerobic, non-spore-forming, rod-shaped organisms
that are commensal gut �ora of mammals. In humans, the
niche of commensal E. coli is the mucus layer of the colon in
which E. coli is a very successful competitor, including the most
abundant facultative anaerobes of the human intestinal
micro�ora. This success, suggested by some researchers, is
owing to the ability of E. coli to utilize gluconate in the colon
more ef�ciently than other coexisting organisms.

Most strains of E. coli exist as harmless symbionts and some
of them are even bene�cial to their host in balancing gut �ora
and absorption of nutrients. There are, however, pathogenic
strains that cause a broad range of diseases in humans and
animals from diarrhea to bloodstream infection, as a result of
the heterogeneity of the species. In E. coli, many genes, even
those encoding conserved metabolic functions, are poly-
morphic with multiple alleles found among different isolates.
It has been estimated based on the genome sequence of the
laboratory strain E. coli K-12 that this lineage has experienced
more than 200 lateral gene transfer events since its divergence
from Salmonella about 100 million years ago and that 18% of
its contemporary genes were obtained horizontally from other
species. The polymorphism of the E. coli species also is re�ected
in the comparison of the genomic sequence of a pathogenic
E. coli O157:H7 strain with the E. coli K-12 genome; there is
a conserved backbone of approximately 4.1 Mb between the
two genomes, with hundreds of sequences present in one strain
but not in the other. Moreover, the pathogenic strain contains
1.34 Mb of lineage-speci�c DNA that includes 1387 new genes;
some of these have been implicated in virulence, but the
functions of many remain unknown. The polymorphism of
genomes of E. coli strains is likely one of the factors that result
in the diversity of infections caused by pathogenic E. coli. This
chapter discusses the currently well-recognized pathogenic
groups of E. coli in relation to the diseases they cause, their
natural habitats and relevance to food, and a brief overview of
isolation strategies.
Intestinal Pathogenic E. coli

As a pathogenic organism, E. coli is best known for its ability to
cause intestinal diseases ranging from self-limiting diarrhea to
life-threatening hemolytic uremic syndrome (HUS). The strains
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
of E. coli that cause gastrointestinal infections are called intes-
tinal pathogenic E. coli or diarrheagenic E. coli. The association
of E. coli with diarrhea was �rst recognized in the 1940s by John
Bray and John Beavan of England from investigation of the
causes of infant diarrhea, which was an important clinical
problem at that time. Different from commensal E. coli, the
diarrheagenic strains produce speci�c virulence factors that
facilitate their interactions with the host, including coloniza-
tion of the epithelial surfaces, crossing of the mucosal barriers,
invasion of the bloodstream and internal organs, or production
of exotoxins. In 1987, aiming to clarify the confusions between
different pathogenic strains, Levine proposed a classi�cation
system to group strains of diarrheagenic E. coli into pathotypes
on the basis of their clinical symptoms, interactions
with the intestinal mucosa, epidemiology, O:H serotypes, or
the production of exotoxins. Currently, there are six well-
recognized pathotypes of diarrheagenic E. coli, namely, enter-
oaggregative E. coli (EAEC), enterohemorrhagic E. coli (EHEC),
enteroinvasive E. coli (EIEC), enteropathogenic E. coli (EPEC),
enterotoxigenic E. coli (ETEC), and diffusely adherent E. coli
(DAEC) (Table 1). The inclusion of serotypes as a classi�cation
criterion has been important historically; it has, however,
caused some dilemmas and will continue to do so, particularly
for strains of the EHEC pathotype, which will be discussed in
detail in the Relationship of Serotype and Pathogenicity
section.
Main Pathotypes

Enterotoxigenic E. coli
The association of ETEC with diarrhea was �rst recognized in
the late 1960s and early 1970s, largely by the work carried
out in Calcutta by Gorbach, Sack, et al. ETEC is a major cause
of childhood diarrhea in developing countries and are
a main cause of diarrhea in travelers to these places. In
addition to travelers’ diarrhea and infantile diarrhea, ETEC
also can cause disease symptoms clinically indistinguishable
from cholera caused by Vibrio cholera. In developed countries,
ETEC diarrhea is rare, although occasional outbreaks have
been reported. The clinical symptoms of ETEC infection are
often watery diarrhea, nausea, abdominal cramps, and low
fever. ETEC infection is acquired by ingestion of contami-
nated food or water and the natural reservoir of ETEC is
likely to be humans. The infectious dose of ETEC for adults
was estimated to be 108 cells. Therefore, human-to-human
transmission is unlikely a cause of disease. ETEC also induces
watery diarrhea in newborn and young domestic animals,
including calves, lambs, and pigs; however, it does not infect
adult animals.

ETEC strains adhere to the surfaces of proximal small
intestine epithelial cells by a group of heterogeneous
proteinaceous surface structures called colonizing factors (CF),
which allow the bacteria to overcome the peristaltic defense
system of the small intestine. The CF are mainly �mbriae or
�brils. The adhesive moiety of �mbriae binds speci�cally to
-384730-0.00383-9 695
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Table 1 Major characteristics of the intestinal pathogenicE. colipathotypes

Pathotype Clinical symptoms Infectious dose (cfu) Main virulence factors Location of main virulence genes

ETEC Travellers’ diarrhea, and
profuse diarrhea in babies

108 Heat-labile and/or heat-stable
enterotoxins

Plasmid

EIEC Dysentery > 106 Invasion of colonic epithelial cells Plasmid
EPEC Diarrhea 108–1010 Locus of enterocyte effacement Pathogenicity island on chromosome
EAEC Diarrhea 1010 Bio� lm formation, secretory

enterotoxins and cytoxins
Plasmid and chromosome

EHEC Diarrhea, hemolytic colitis, and
hemolytic uremic syndrome

< 50–100 Verotoxins and/or locus of/or locus
of enterocyte effacement

Pathogenicity island and integrated
lambda phage on chromosome

DAEC Diarrhea and extraintestinal
infections

N/A Induction of cellular projections
from small intestine enterocytes

Chromosome or plasmid

DAEC, diffusely adherentE. coli; EAEC, enteroaggregativeE. coli; EHEC, enterohemorrhagicE. coli; EIEC, enteroinvasiveE. coli; EPEC, enteropathogenicE. coli; ETEC,
enterotoxigenicE. coli.
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a carbohydrate-bearing receptor on the epithelial cells tha
vary with the tissue as well as host species, resulting in the hos
speci� city of ETEC colonization. After initial adhesion and
colonization, ETEC produces heat-stable (ST) or heat-labil
(LT) enterotoxins. On the basis of a survey conducted with
798 ETEC isolates, 75%, 54%, and 29% of the isolates carrie
ST, LT, and both toxins, respectively, and LT is predominantly
associated with the human isolates. Despite the difference in
their thermostability, LT and ST have similar functions, that is,
disrupting the balance of electrolytes in the small intestine and
thus intestine secretion. LT has 80% amino acid homology
with cholera toxin (CT) and realizes its toxicity to the host in
a similar fashion as CT by a chain of enzymatic reactions
starting from a modi� cation of the host Gs protein that
renders host adenylate cyclase constitutively active. The leve
of cyclic adenosine monophosphate (cAMP) in the host cell
then are elevated, which opens several channels and causes t
epithelial cells releasing� uid and electrolytes into the intes-
tinal lumen. In addition to its involvement in causing secre-
tion of electrolytes, LT also promotes the adherence of ETEC t
enterocytes based on� ndings of in vitro studies; expression of
LT may then enhance the colonization of ETEC. The S
enterotoxins, a group of small- and single-peptide toxins, are
composed of two unrelated classes– STa and STb– which
differ in both structure and mechanisms of action. Only toxins
of the STa class are associated with human diseases. T
binding of ST to its receptor, guanylate cyclase, leads t
increase in cyclic guanosine monophosphate in host cells, in
turn, causing effects similar to those seen with the increase o
cAMP discussed previously. Genes encoding ST and L
enterotoxins, colonization factors, and other mobility
elements in the vast majority of ETEC are located on a plasmid
called pEnt that can be transferred to nonpathogenic strains o
E. coli, rendering them toxigenic.

EnteropathogenicE. coli
EPEC strains were the� rst incriminated E. coli for their link
to the infantile diarrhea in 1945 in the United Kingdom.
Nowadays, EPEC infections are less important in industria
countries, but they remain a major cause of severe infantile
diarrhea in the developing world. Clinically, EPEC illness is
characterized by vomiting, fever, and watery diarrhea without
gross blood. The onset of illness could be as short as 4 h afte
ingestion. The infectious dose for infant generally is assumed
to be very low; for adults, it was estimated to be 108–1010

cells. In addition to humans, EPEC also infect animals,
including farm animals, dogs, cats, and rabbits.

Until the 1970s, differentiation of EPEC from commensal
strains was strictly by serotyping. More and more strains
however, that have typical EPEC characteristics and that d
not belong to any of the well-recognized serotypes or cannot
be serotyped have been isolated. The current de� nition for
EPEC that was accepted at the Second Internationa
Symposium on EPEC in 1995 is the following: “EPEC are
diarrheagenic E. coli that produce a characteristic histopa-
thology known as attaching and effacing (A/E) on intestinal
cells and that do not produce Shiga, Shiga-like, or ver
ocytotoxins.” The landmark A/E lesions are caused by inti-
mate adherence of bacteria to the intestinal epithelium,
actin-rich pedestal formation beneath the adherent bacteria
microvilli destruction, and aggregation of other elements of
the cytoskeleton at sites of bacterial attachment. The genet
determinants of the factors responsible for the A/E lesions
are located on a pathogenicity island called the locus of
enterocyte effacement (LEE) that consists of genes encodin
intimin, the translocated intimin adhesion receptor (Tir),
a type III secretion system, and a number of additional
effector proteins that are injected to the host cell by the type
III secretion system. Thus, EPEC strains provide their ow
receptor for binding to the host cells. Characteristically, EPEC
cells form localized adherence (LA) to HEp-2 cell surface
after 3 h of incubation, forming compact microcolonies
(Figure 1). LA is mediated by bundle-forming pilus (BFP),
a type IV bundle-forming pili, encoded by the bfpoperon on
the plasmid pEAF, which is involved in bacteria–bacteria
interaction and microcolony formation on the surfaces of
enterocytes. The presence of EAF is not essential for th
formation of A/E lesions, although it enhances the ef� ciency
of the process. The EPEC strains that have EAF are cal
typical EPEC (tEPEC) and are associated with infantile
diarrhea and those that do not have EAF are called atypica
EPEC (aEPEC) and are associated with diarrhea. The infe
tions with aEPEC are generally less severe than tEPEC. T
natural habitats are humans and humans and animals for
tEPEC and aEPEC, respectively. The aEPEC are closer
verotoxigenic E. coli in genetic characteristics, reservoir, and



e

a
s

le
to

r
s

r
o

ity

s

s
is
e

-

y

a

d

at
g

-
re-

,

e

.
,
f

y
s

Figure 1 Adhence to HEp-2 cells by enteropathogenic, enteroaggregative and diffusely adherenceE. coliin (a) localized adherence, (b) aggregative
adherence, and (c) diffusely adherence patterns, respectively. The� gure has been adapted from‘DiarrheagenicEscherichia coli’ by Nataro, J.P., Kaper,
J.B., 1998. DiarrheagenicEscherichia coli. Clinical Microbiology Reviews 11, 142–201.
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epidemiologic aspects, although they do not produce ver-
otoxins (Vtx).

EnterohemorrhagicE. coli
The association of EHEC with diarrhea was� rst recognized in
1982 in a multistate outbreak of hemorrhagic colitis (HC)
linked to the consumption of undercooked hamburgers in the
United States. EHEC infection causes HC and about 10% of th
patients likely will develop life-threatening HUS. The infectious
dose of EHEC could be as low as less than 50–100 cells. The
natural habitat of EHEC is the gut of ruminants, particularly
cattle, although it does not cause any clinical symptoms in
cattle.

The key virulence factor of EHEC is Vtx, also called Shig
toxins (Stx) because of the extensive DNA homology of gene
encoding them to the stx gene of Shigella dysenteriae. Vtx
contains � ve identical B subunits that are responsible for
binding the holotoxin to the receptor, usually the glycolipid
globotriosyl ceramide, on the epithelial cell surface and a single
A subunit that cleaves ribosomal RNA, causing protein
synthesis to cease. Vtxs are produced in the colon and are ab
to cause local damages as well as travel by the bloodstream
kidney where they cause renal in� ammation by direct cyto-
toxicity and induction of local cytokine and chemocytokine
production, which may result in HUS. Two classes (VT1 and
VT2) that share around 50% homology in amino acid sequence
have been identi� ed. Studies have shown that the toxicity of
Vtx varies, with VT2 having a toxicity 1000 times greater fo
human microvascular endothelial cells than VT1. The gene
encoding Vtx are located on the chromosome within integrated
lambda phages or� anked by phage sequences, indicating thei
origin in phage-mediated gene transfer events and als
rendering transfer of vtx possible between unrelatedE. coli
strains. In addition to Vtx, a small portion of the 200 known
serotypes of EHEC strains also have the LEE pathogenic
island, which is similar in structure and functionalities to the
LEE in EPEC strains, with the exception that EHEC require
additional factors injected to the host cells by its type III
delivery system for the actin pedestals formation, wherea
EPEC does not. Studies have shown that the A/E lesion
a prerequisite for EHEC strains to cause severe illness in th
human host. Some authors use the term EHEC to refer to the
strains that produce Vtx and contain the LEE pathogenicity
island; however, the majority use EHEC synonymously
with verotoxin-producing E. coli/Shiga-toxin-producing E. coli
(VTEC/STEC) and in this work, the latter view is used. Enter
ohemolysin and some additional factors such as� mbriae that
assist EHEC in adhering to host cells also may be produced b
some EHEC strains, but their signi� cance in the pathogenesis is
not yet well established as intimin.

EnteroaggregativeE. coli
EAEC strains initially were recognized as a cause of diarrhe
and identi � ed only by their property of adherence to HEp-2
cells, which differentiates them from all other known diar-
rheagenicE. coli, in the 1980s. They are still a cause of acute an
often persistent diarrhea in children and adults worldwide. The
infectious dose of EAEC was estimated to be 1010 organisms,
and the natural reservoir is humans. Clinically, the symptoms
are watery, mucoid diarrhea with little to no fever.

Currently, EAEC is de� ned for strains of E. coli that are
pEAF-negative, that do not produce ETEC LT and ST, and th
adhere to HEp-2 cells in an autoaggregative pattern, resemblin
‘stacked-bricks’ (Figure 1). EAEC is a heterogeneous group in
their properties and not all strains are pathogenic. The aggre
gative adherence of EAEC is mediated by the adhesins agg
gative adherence� mbriae I (AAF/I) or AAF/II, encoded by
a gene cluster that is located on an EAEC virulence plasmid
pAA. The attachment to the host cells is accompanied by the
presence of thick mucus on the epithelium, presumably play-
ing a role in the persistence of the infection. Several toxins hav
been described for EAEC strains, including chromosomally
encodedE. coliST enterotoxin (EAST) andShigellaenterotoxin
I (ShET1), and a pAA-encoded autotransporter protein (Pet)
EAEC can produce one or a combination of these three toxins
although the actual roles of these toxins in the pathogenesis o
EAEC are unclear.

EnteroinvasiveE. coli
Strains of EIEC initially were recognized by DuPont and
coworkers in 1971 and are characterized by their ability to
induce their entry into epithelial cells and disseminate from
cell to cell. Clinically, EIEC infection is marked by fever, severe
abdominal cramps, malaise, and diarrhea containing blood
and mucus. EIEC strains are almost genetically and clinicall
identical to Shigella. The infectious dose of EIEC, however, wa
estimated to be 106 organisms, at least 10 000-fold higher than
that of Shigella, and the dysenteric symptoms caused by EIEC
usually occur within 12–72 h following the ingestion of
contaminated food or water. The natural reservoir for EIEC is
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likely to be infected humans since no animal host has been
indicated. The attachment and invasion of colon epithelial cells
by EIEC is mediated by factors encoded by genes on a plasmid
pINV. The binding of EIEC to the epithelial cells induces
membrane ruf� ing of the host cells and leading to bacterial
internalization. EIEC does not produce ST, LT, EAST, or Vt
Some strains may produce a 62 kDa enterotoxin, encoded b
pINV, which may contribute to the enterotoxicity of EIEC
through the modulation of Cl � secretion and barrier functions
in the epithelial cells.

Diffusely AdherentE. coli
Strains of DAEC initially were recognized in 1984 by Scaletsky
and coworkers by their unique diffuse attachment pattern, in
which the bacteria uniformly cover the entire epithelial cell
surface (Figure 1). The attachment of DAEC is mediated by
� mbrial or a� mbrial adhesins and invasins that are encoded by
genes on the bacterial chromosome or a plasmid. DAEC hav
been recovered from fecal samples of patients with diarrhea
their role as a cause of diarrhea, however, is controversia
because they do not induce diarrhea in healthy adults and have
been found similarly in children with and without diarrhea.
Some recent studies by Scaletsky have suggested that
association of DAEC with diarrhea could be age dependent.
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Relationship of Serotype and Pathogenicity

Escherichia coliisolates can be serotyped on the basis of thre
antigens: O, H, and K. The O antigen, also called somatic antigen
is the polysaccharide portion of the outer membrane lip-
osaccharide and the H antigen, also called� agellar antigen, is the
protein � agellin that makes the � laments of the bacterial
� agellum. K antigen, also called capsular antigen, is the acidi
polysaccharides on the capsules. MostE. coliisolates are de� ned
by their O and H antigens only. Serological typing bacterial
isolates, initially introduced to distinguish between isolates based
on the binding of antibodies to antigenic cell surface structures,
has been an important tool for identi � cation of potentially
pathogenicE. coliisolates because in most cases no physiologica
features could be used to differentiate pathogenic isolates from
commensal ones.Escherichia colistrains of serotype O157 have
been the most frequently implicated serotype among all sero-
types of VTEC in foodborne disease; however, nonpathogeni
O157 strains have been reported. Therefore, being serotype O15
does not necessitate its pathogenicity. On the other hand, gene
encoding toxins in diarrheagenicE. coliare highly mobile and can
be transmitted between unrelated strains ofE. coli. For instance,
the genes encoding Vtx are on a stretch of DNA within integrated
lambda phages or� anked by phage sequences in any serotype o
VTEC, which could be transferred into coexisting strains ofE. coli
that are of different serotypes if a lytic cycle occurs. Thus, there
no necessary relationship between serotype and pathogenicity
although some serotypes are more common than others among
strains of any particular pathotype.
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Relevance to Food

Numerous outbreaks have been linked to consumption of
food or water that had been contaminated with diarrheagenic
E. coli, particularly the pathotypes ETEC, EPEC, EAEC, an
EHEC. Transmission of all diarrheagenicE. coli is the fecal–
oral route, with contaminated hands, contaminated foods,
water, or contaminated fomites serving as vehicles. Th
primary hosts for the pathotypes ETEC, EAEC, and tEPEC a
humans and food, or water contaminated directly or indirectly
by feces of infected individuals could act as vectors for trans
mission. For example, a large ETEC outbreak in 1975 wa
traced to sewage-contaminated water at a national park in the
United States, and several ETEC and EPEC outbreaks we
associated with consumption of foods, including cheese,
turkey mayonnaise, crab meat, and salads. EHEC has receiv
tremendous amount of attention of the academia, food
industry, public, and regulatory bodies due to food safety
concerns, since the large outbreak of VTEC O157 that wa
linked to the consumption of undercooked hamburger in
1982. There had been at least 350 outbreaks of VTEC O157:H
infection linked to consumption of food or water in the
United States between 1982 and 2002, and it was estimated
that VTEC O157:H7 infection accounted for only approxi-
mately 50% of the total infections caused by VTEC. Different
from the other three pathotypes, the main reservoir of VTEC is
the gut of ruminants, particularly cattle in which they are not
pathogenic. Although beef continues to be the most frequently
implicated source of VTEC outbreaks, many outbreaks hav
been linked to consumption of raw vegetables, particularly
leafy green, radish, sprout, and so on. Livestock being th
primary reservoir of VTEC has signi� cant impact on the
frequency of VTEC outbreaks linked to food consumption and
the variety of food products as potential vectors (Figure 2). For
instance, surface water for irrigation can be contaminated
potentially by fecal matters or runoff waters from farms, in
turn, causing contamination of horticulture products that are
deemed suitable for human consumption.
Mobility of Toxigenic Genes in Relation to Testing
for Food Safety

Many virulence factors involved in the pathogenesis of diar-
rheagenicE. coli are encoded by genes on nonchromosoma
genetic units such as plasmids or on DNA insertions with
mobility in the bacterial chromosome, such as the integrated
vtx gene bearing lambda phage in VTEC. The lambda phage
mediated horizontal gene transfer event is of great food safety
importance, as it can spreadvtx gene to unrelated types of
E. coli, including those already equipped with other virulence
factors. One such example is the O104:H4E. colistrain asso-
ciated with an outbreak in 2011 in Germany that caused 3842
cases of human infection and the deaths of 53 people. The
strain has been called EHEC O104:H4 due to its production of
Vtx, and the outbreak is the most dramatic EHEC-associate
outbreak marked by the severity of disease expression and th
high portion of patients who developed HUS (23%) since
EHEC strains were� rst identi� ed as agents of human disease
The causative agent O104:H4 differs from typical EHEC strain
in its adherence factors, reservoir, transmission route, an
epidemiology. It does not produce intimin as typical EHEC
does, but it has the machinery for typical EAEC aggregativ
adherence, which is the reason that this strain is also calle
EAHEC/EAEC O104:H4. Humans are the only known reservoir
for E. coli O104:H4, while EHEC strains are associated with
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Figure 2 Main EHEC reservoirs and transmission routes.
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animals as natural hosts. The O104:H4E. colistrain associated
with the outbreak is therefore a chimeric pathogen, likely
evolved from an EAEC strain by taking up a Vtx-encoding
bacteriophage. Emergence of such chimeric pathogenic strain
of E. coli is inevitable and occurrence of outbreaks associate
with them then seems likely. The mandatory testing of ground
beef and beef trimmings for VTEC serotypes deemed adulte
ants by the US Department of Agriculture and Canada require
both eaeand vtxgenes tested positive to trigger actions. In suc
testing scheme, however, theE. coliO104:H4 outbreak strain in
Germany and any othervtx-bearing E. coli that has CF other
than intimin would appear to be negative and be of little
importance, although consumption of food carrying these
strains may lead to severe diarrheal illness.
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Extraintestinal PathogenicE. coli

In addition to being an important cause of intestinal infections,
strains ofE. colialso induce disease in bodily sites outside of the
gastrointestinal tract and they are termed extraintestinal path
ogenic E. coli (ExPEC). Human diseases caused by ExPE
include but are not limited to urinary infections, neonatal
meningitis, sepsis, pneumonia, and surgical sites infections
Despite the fact that ExPEC cause millions of cases of infection
annually, their signi� cance is underappreciated compared with
that of diarrheagenic ones. In addition to the sites of infection,
ExPEC strains differ from diarrheagenic strains in several othe
characteristics, including host speci� city, presence in healthy
humans, and virulence factors. DiarrheagenicE. coliare host-
speci�c, that is, human pathogenic strains do not normally
infect animals and vice versa, while strains of ExPEC can cro
species barrier and infect both humans and animals, such a
dogs and cats. Strains of diarrheagenicE. coliare seldom found
in the fecal � ora of healthy individuals and are rarely a cause of
extraintestinal disease, whereas ExPEC asymptomatically c
colonize the human intestinal tract and may be the predomi-
nant strain in approximately 20% of normal individuals. The
majority of the virulence factors present in the ExPEC strain
are distinct from those found in the intestinal pathogenic
strains and unlike common virulence factors shared by a given
pathotype of diarrheagenicE. coli, types of virulence factors and
the degree in which they are involved in the pathogenesis ar
different even within one ExPEC strain. ExPEC is de� ned for
strains of E. coli containing two or more of the following
virulence markers determined by polymerase chain
reaction (PCR):papA(P � mbriae structural subunit), or papC
(P � mbriae assembly),sfa/foc (S and F1C� mbriae subunits),
afa/dra (Dr-antigen-binding adhesins), kpsMT II (group II
capsular polysaccharide units), andiutA (aerobactin receptor).
In addition to the above-mentioned markers, at least 15 more
virulence markers may be associated with the pathogenicity o
ExPEC. There are mainly two pathotypes of ExPEC: uropatho
genic E. coli (UPEC) and meningitis-sepsis-associatedE. coli
(MNEC). UPEC is associated with urinary tract infections
(UTI), the most common bacterial infections in humans. In the
United States, UPEC strains cause 70–90% and 50% of
community acquired and nosocomial UTIs, respectively. No
single phenotypic pro� le of UPEC are associated with UTIs and
a variety of virulence factors, including different types of
adhesins and toxins, have been implicated to be involved in the
pathogenesis of UPEC. These factors have been found
differing percentages among subgroups of UPEC. MNEC ca
cause severe neurological lesions, leading to a fatality rate o
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20–40% in infected newborns. More than 50% of neonatal
meningitis cases in the United States are caused by MNE
strains, of which >80% are of the K1 capsular antigen type.
The polysialic K-1 antigen confers the MNEC resistance t
serum and phagocytic killing. For both UPEC and MNEC,
many of the virulence factors associated with their pathogen
esis are encoded by genes located on pathogenicity islands.
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Relevance to Food

In addition to being isolated from clinical specimens, ExPEC
strains have been recovered from livestock and food products
including raw meats and poultry, with the highest prevalence in
poultry – for example, Johnson and coworkers recovere
ExPEC strains from 46% of raw poultry in Minnesota. The
presence of ExPEC in the food chain, however, is not regarde
as an important food safety concern because they do not caus
infections upon ingestion.
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Isolation and IdentiÞcation of PathogenicE. coli in
Food

As discussed earlier, the genome sequences ofE. coliare poly-
morphic as a result of frequent horizontal gene transfer events
between intra and interspecies, which also is re� ected in the
versatility of phenotypic characteristics ofE. coli strains. For
instance, only 90% of E. colistrains are lactose positive; some
diarrheagenic strains, particularly EIEC strains, are typicall
lactose negative; and the landmark enzyme ofE. coli, glucu-
ronidase, is not expressed inE. coliO157:H7. Consequently,
methods have been developed to isolate and detect certain typ
of E. coli. When present in relatively high number, strains of
E. colithat ferment lactose can be isolated using selective aga
such as eosin-methylene blue agar, MacConkey agar, or lacto
monensin glucuronate agar, in which different agents that
inhibit growth of Gram-positive background � ora and indi-
cator of lactose fermentation are incorporated. Presumptive
E. coli isolates can be identi� ed by pathotype speci� c traits
using biochemical reactions, serotyping, or nucleic acid–based
methods.

Pathogens, including pathogenic E. coli, are normally
present in very low numbers in food. Since most VTEC infec
tion is linked to beef, it is mandatory to test the presence of
VTEC of the serotypes O157, O26, O45, O111, O103, O121
and O145 in beef trimmings and ground beef in North
America. Some recent studies with Canadian beef have show
that the level of genericE. colion beef carcasses before the
enter the breaking facilities and trimmings are<1 cfu/10 000
cm2 and 1 cfu/1000 cm2, respectively. It can be presumed tha
the number of pathogenicE. coliin these samples is lower than
that of generic E. coli, and the number of VTEC of these
particular serotypes would be even lower than that of the total
pathogenic E. coli. These pathogens also may be in an injured
or stressed condition as results of decontaminating interven
tions, including spray of lactic acid and pasteurization and
chiller temperature storage. To isolate pathogenicE. coliunder
these circumstances, an enrichment step to resuscitate so
raise the density of the target organisms to detectable leve
often is required and following which, three more steps,
including screening, isolation, and con� rmation normally are
applied. Tryptone soy broth and E. colibroth supplemented
with additional bile salts, dipotassium phosphate, or antibi-
otics, such as novobiocin, potassium tellurite, and ce� xime
commonly are used for the enrichment of VTEC. It is note-
worthy that the antibiotic novobiocin commonly used in
enrichment medium for the recovery of E. coliO157:H7 has
been reported to have an inhibitory effect on the growth of
other serotypes of VTEC. Therefore, to recover VTEC
a group, caution must be exercised when choosing antibiotics
to inhibit growth of background � ora and allow maximum
recovery of all members of VTEC. To increase the selectivity o
the enrichment medium for VTEC, an elevated temperature
42 � C, often is used for incubation. Enrichment broths are
screened for the presence of target pathogens, in the case
VTEC, by using PCR assays speci� c for the characteristicvtxand
eaegenes and using enzyme-linked immunosorbent assay fo
the production of Vtx. Potential pathogenic E. coli in the
positive screening samples can be isolated into a pure cultur
for further identi � cation and characterization. Several strate
gies including antibody-based as well as physical- and
chemical-based methods have been developed for thi
purpose. Immunomagnetic separation (IMS) allows speci� c
capture and isolation of intact pathogen cells by super-
paramagnetic beads or polystyrene beads that are coated wit
iron oxide and antibodies speci� c for a particular VTEC
serogroup. The cell beads complex can be concentrated b
a washing procedure to remove the residual organic and liquid
materials with the application of a magnetic � eld. Up to date,
there are commercially available beads coated with antibodies
against VTEC serogroups O157, O26, O111, O103, and O145
The serotype-dependent IMS method does have limitations for
isolation of VTEC of unknown serotype or VTEC in general due
to the high serotype diversity of this pathotype. Nevertheless
for a known serotype of VTEC with antibody available, the IMS
method is ef� cient. For VTEC O157, the concentrated positive
screening samples can be plated on a wide range of selectiv
and differential agar media that have been developed based on
the absence of sorbitol or rhamnose fermentation, the absence
of b-D-glucuronidase activity, hemolysin production, and
antimicrobial resistance ofE. coliO157. An agar (VTEC agar)
that has D-sorbitol and methylumbelliferyl- b-D-glucuronide,
and bile salts, vancomycin, and cefsulodin as differential and
selective agents, respectively, recently was developed a
evaluated for the isolation of VTEC by Gill and coworkers. The
recovered presumptive VTEC isolates can be identi� ed by PCR
for the presence ofvtx and eaegenes or serotype indicator
genes or by cloth-based hybridization system.
See also:Enterobacteriaceae, Coliform, andEscherichia coli:
Classical and Modern Methods for Detection and Enume
Escherichia coli:Escherichia coli;Escherichia coli:Detection of
Enterotoxins ofE. coli; Escherichia coliO157:E. coliO157:H7;
Detection by Latex Agglutination Techniques;Escherichia col
O157 and Other Shiga Toxin-ProducingE. coli:Detection
by Immunomagnetic Particle-Based Assays; Food Poiso
Outbreaks;Microbiota of the Intestine:The Natural Micro� ora
of Humans; Molecular Biology in Microbiological Analysi
Shigella:Introduction and Detection by Classical Cultural
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Molecular Techniques; Verotoxigenic Escherichia coli:
Detection by Commercial Enzyme Immunoassays; Escherichia
coliEnterohemorrhagic E. coli(EHEC), Including Non-O157;
Escherichia coli/EnterotoxigenicE. coli(ETEC); Enteroinvasive
Escherichia coli: Introduction and Detection by Classical
Cultural and Molecular Techniques; Escherichia coli:
Enteroaggregative E. coli; Escherichia coli: Enteropathogenic
E. coli.
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In children from developing countries, enterotoxigenic Escher-
ichia coli (ETEC) is the second most common cause of diarrhea
after rotavirus. In adults from industrial countries, ETEC is one,
if not the most common cause of traveler’s diarrhea. ETEC
occurs also as waterborne outbreaks on cruise ships and as
foodborne outbreaks at schools and restaurants. The disease is
transmitted via contaminated food or drinking water. ETEC
infections thus are favored by poor environmental hygiene
conditions with a high level of fecal contamination. ETEC
infections, diagnosis, and epidemiology are therefore of
interest to medical and food microbiologists.

As the name implies, enterotoxins play an important role in
ETEC infections. After adherence to the intestinal mucosa
mediated by a complex array of more than 25 characterized
colonization factors (CF), ETEC elaborates one or both of two
enterotoxins. Two toxins, heat-labile toxin (LT) and heat-stable
toxin (ST), bind to intracellular adenylyl cyclase and guanylyl
cyclase, respectively, of the enterocyte, leading to increased
chloride secretion resulting in watery diarrhea. The LT is
a complex bacterial AB5 toxin consisting of an enzymatically
active monomeric A subunit responsible for the toxicity and
a pentameric B subunit, which binds to the cellular receptor.
The ST is a short peptide toxin. Both toxins come in many
variant forms leading not only to a somewhat complicated
terminology but also re�ecting a complicated genetics of these
bacterial toxins (Table 1). This complexity leads also to diag-
nostic problems.

Since the last edition of this encyclopedia, the genetic
diversity of the enterotoxin genes and the representation and
pathogenic role of the different toxins in ETEC diarrhea cases
was further evaluated. On the basis of these insights, diagnostic
tests for ETEC detection have been re�ned.
ETEC Enterotoxins: Genetics and Epidemiology

Brazilian microbiologists observed a previously unexpected
diversity in LT when investigating ETEC strains from a case–
control study of childhood diarrhea. By sequence analysis,
16 subtypes could be distinguished. Some subtypes showed
reduced toxic activity when measured in a standard cell culture
model and in the rabbit ligated ileal loop. Since the LT toxins
were found with comparable frequency in diarrhea cases and
asymptomatic controls, the question emerged whether LT and
thus ETEC detection can be equated with virulence. The
observation of comparable ETEC detection rates in symptom-
atic and asymptomatic children was con�rmed by a recent large
prospective study from Peru. ETEC strains producing only LT
were the most common observation. LT-producing ETEC
showed in fact a higher prevalence in controls than in cases.
ETEC strains producing only ST or LT/ST were more common
in diarrhea cases than in controls. Notably, in this study, half
of the ETEC strains did not express a known CF type when
using a large panel of monoclonal antibodies. Furthermore,
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ST-positive ETEC strains showed a much higher association
with detectable CF than LT-positive ETEC. The possibility thus
emerged that LT might be a poor marker for virulence and that
ETEC virulence must be assessed by testing a larger panel of
virulence factors, including CF. This study raised another
diagnostic issue: more than a third of the strains positive for the
presence of the LT gene were negative for the presence of LT
protein. The LT genes thus might be silent in a sizable number
of ETEC strains. Low expression of enterotoxin might explain
the low virulence of some ETEC strains. A hospital survey from
Bangladesh concurs with these observations. ST-positive ETEC
strains in two-thirds of the cases also were positive for CF,
whereas only a quarter of exclusively LT-positive ETEC strains
showed a positive CF diagnosis. Mild diarrhea was more
prevalent in children infected with strains producing only LT
than in strains producing only ST. Likewise, in a prospective
study from Bangladesh, LT-only positive ETEC strains were
more common in healthy children and 92% of these isolates
were negative for CF. Neither the presence of LT nor that of ST
was greater in ETEC isolates from diarrhea cases compared with
controls. In contrast, CF detection was signi�cantly and
substantially higher in diarrhea patients than in controls. Also
a study from Egypt in hospitalized children demonstrated an
association between CF and ST expression. LT-expressing ETEC
strains lacked CF expression in nearly 90% of the cases. The
prevalence of STh and STp subtypes in human diarrhea differs
between geographic areas. In children from Bangladesh, 90%
of ST was of the STh subtype, whereas children from Egypt and
Guatemala and travelers showed STp in a third of these cases.
Diagnostics

Choice of Method

There is no single diagnostic test for enterotoxins of E. coli that
quali�es as gold standard. The choice of the test depends on the
type of microbiological laboratory (medical or food microbi-
ology), the epidemiological context of the biological material
under study, the question to be answered (fundamental or
applied), and the available laboratory equipment and
constraints imposed by speed, sensitivity, speci�city, and cost
of the investigation. Sometimes it may be necessary and suf�-
cient to detect the presence of the enterotoxin-encoding gene in
the isolated bacterium or bulk-investigated material (stool,
water, food). In these cases, DNA-based diagnostics is the
method of choice. Sometimes it may be important to detect
the presence of the expressed protein (to exclude that genes
are present, but silent). In those cases, immunological detec-
tion methods of various formats are necessary. Under
special conditions (mostly of the research lab), the biological
activity of the enterotoxins has to be assessed. Tests for the
enzymatic activity of the toxins in pigeon erythrocytes for the
determination of the adenylate cyclase activity belong in that
category. The evaluation of the mucosal adjuvant activity of LT
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00101-4
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Table 1 Enterotoxins from enterotoxigenicEscherichia coli

Enterotoxins from enterotoxigenicEscherichia coli

LT AB5 toxin, monomeric enzymatic subunit A (adenosyl ribosylation), pentameric receptor recognition subunit B.
Divided into LT-I and LT-II, differ drastically in B subunit AA sequence showing distinct receptor af� nity and distinct immunological

features.
LT-I LT-I variants are> 95% AA identical, encoded by plasmid-carried geneseltAandeltB, 80% AA identical to cholera toxin (CT).

LT-I is further subdivided into LTh and LTp types (human and pig-derived strains) corresponding to 6 and 3 AA differences in A and B
subunits, respectively.

Based on concatenatedeltAandeltBAA sequence analysis, LT-I was subdivided into 16 subtypes (LT1–16) showing distinct toxicity and
adjuvant activities.

LT-II LT-II variants are more diverse, only 60% AA identical to CT, mainly from nonhuman origin. LT-II are chromosomally encoded in
lambdoid prophages; LT-II were further subdivided into LT-II a, b, and c (dominant).

ST Two major genotypes of these short peptide toxins exist; several cysteine residues explain their heat resistance.
STa (STI) STa (STI) typically from human strains, with two subtypes STh (initially considered of human origin, encoded byestAgene) and STp

(initially considered of porcine origin, encoded byst1gene), several allelic forms ofestAgene have been described (estA1to 4).
STb (STII) STb (STII) predominantly found in ETEC strains of animal origin, encoded byestBgene.
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necessitates even immunization experiments in whole animals
If only the toxin activity needs to be assessed, supernatan
from bacterial cultures can be tested for cytotoxic activity on
mouse Y-1 adrenal cells or Chinese hamster ovary (CHO) cells
More physiological information on toxin activity can be ob-
tained by injecting enterotoxin-containing material into ligated
ileal loops from animals and measuring � uid accumulation
into the loop or histopathological, biochemical, and molecular
changes in the loop. This biological test in the living animal
requires some surgical skills and authorizations by veterinary
authorities, however, and thus is only suitable for specialized
laboratories. For the common diagnostic laboratory, the choice
is thus mainly between phenotypic and genotypic methods,
detecting the toxin protein or the toxin gene, respectively. In the
following section, the standard methods for both approaches
are quickly described and their sensitivity and speci� city is are
compared by the most experienced laboratories in the� eld of
ETEC infection.
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Phenotypic Tests: Toxin GM1-ELISA

Nearly 30 years ago, Swedish researchers developed a test t
today is still a popular test used by medical microbiologists.
The procedure is as simple as it is ef�cient. LT binds ganglioside
GM1 as part of the receptor structure. Enzyme-linked immu-
nosorbent assay (ELISA) microtiter plates are� rst coated with
GM1, and the plates are washed after adsorption. Individua
E. colistrains to be tested for LT then are grown overnight a
37 � C in separate wells of GM1 microtiter plates� lled with
100 ml LB broth supplemented with glucose and an antibiotic
(lincomycin). LT released by the bacteria will bind to the solid
phase GM1 and then will be detected by means of an anti-LT
mouse monoclonal antibody. The binding of this antibody
(hence the amount of LT) will be measured by adding a goat
antimouse immunoglobulin conjugated to a peroxidase. If this
binds to the complex, it leads to a color reaction when provided
with a substrate (H2O2 and o-phenylenediamine).

The detection of ST is in the format of an inhibition ELISA
test. The Swedish researchers again used GM1-coated microti
plates. Since ST does not bind GM1, they used a trick an
conjugated ST with the B subunit of the cholera toxin (CT),
which also binds GM1. This conjugate then is bound to the
solid-phase GM1. LB broth with an overnight culture ofE. coli
isolate is now added to this well. If the bacterium produced ST,
the well now contains free ST and the GM1-bound conjugated
ST. Next, an anti-ST monoclonal antibody is added that binds
both free and conjugated ST. Binding of this antibody to the
solid phase then is revealed by a peroxidase-conjugated ant
antibody. If the E. coliisolate produced free ST, it will compete
with the binding of the anti-ST antibody to the plate-bound ST
and thus reduce the measured absorbance of the peroxidas
reaction.
Comparison with Genotypic Tests

The LT and ST diagnosis obtained by the GM1-ELISA wa
compared to the results of DNA–DNA hybridization assays
using digoxigenin-labeled polymerase chain reaction (PCR
probes or the ampli� cation of the corresponding genes in
a PCR thermocycler. A good level of agreement was foun
between the genotypic and phenotypic methods, but DNA–
DNA hybridization had a lower level of sensitivity and speci-
� city. PCR had the highest level of sensitivity. On the basis o
this comparison, the researchers recommended analyzin
E. colistrains grown on MacConkey agar by a multiplex-toxin
PCR as initial test. For isolated colonies, DNA could be ob-
tained by rapid boiling. In the case of stool samples,
a commercial DNA extraction kit was necessary to eliminate
PCR inhibitory factors from the stool.

There is another reason speaking in favor of genotypic
over phenotypic tests. The different ingredients for the LT
GM1-ELISA are individually commercially available, but
a wider distribution of these highly sensitive immunoassays
has been hampered by the fact that only few test kits are
available commercially. Exceptions are the VET-RPLA test k
from Oxoid (Basingstoke, Hampshire, United Kingdom),
which detects CT and LT, by reversed passive latex agglutinatio
and the EIA kit from Oxoid that detects ST by a competitive
enzyme immunoassay.

PCR tests in contrast rely only on the publication of the
primer sequences, which then are available to any laboratory
In addition, PCR tests are sensitive. PCR identi� ed E. coli
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pathogens in a third of travelers’diarrhea patients that were
negative for enteropathogens by standard methods. PCR wa
more sensitive than other DNA-based diagnostic methods
When using chaotropic agents for DNA extraction from stool,
PCR increased the rate of ETEC detection in travelers’ diarrhea
from 21% with oligonucleotide probe hybridization to 42%
with PCR. Between 100 and 1000 ETEC organisms per gra
stool were suf� cient for detection by PCR. In the following
section, some recent trends in DNA-based diagnostics of ETE
infections will be reviewed.
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Genotypic Tests: From Multiplex PCR to DNA Microarrays

The major driving force for the development of DNA-based
techniques was the need to get a reliable molecular diag
nosis of E. coli diarrhea. Escherichia colirepresents a major
enteropathogen in human and veterinary medicine, but
a diagnosis ofE. colidiarrhea down to the pathotype was in
the past not routinely established for lack of easy methods
Ten years ago, multiplex PCR assays were established th
allowed for the differentiation of ETEC strains (diagnosed by
the presence ofelt- and est- speci� c ampli� cation products)
from enteropathogenic (EPEC, eae gene), Shiga toxin-
producing (STEC, stx gene), enteroinvasive (EIEC,ipaH
gene), and enteroaggregative (EAEC,aggR gene) E. coli
strains in a single reaction. About 104 cfu per isolated strain
were needed for a positive reaction. Two years later, thi
multiplex PCR was extended to 10 primer pairs allowing the
inclusion of further genes and pathotypes of E. coli – for
example, diffusely adherentE. coli (DAEC, daaEgene). The
test was done with E. coli colonies directly isolated from
stool samples of children with diarrhea. Three years ago
a multiplex PCR assay was described that allowed th
simultaneous detection of 19 colonization factor genes in
parallel to LT, STh, and STp toxin gene detection.

Real-time � uorescence PCR assays for the Roche Lig
Cycler (LC) also were developed for simultaneous LT and S
enterotoxin gene detection. This assay was 100 times mor
sensitive than the block cycler PCR assay, allowing detection o
ETEC without enrichment of the bacteria by cultivation. The
tests could be conducted quicker and needed less hands-o
time. Combined with melting curve analysis of the ampli� ed
LT and ST genes, this test also allowed the identi� cation of
sequence variation in the toxin genes. These advantage
however, currently are offset by the higher price for LC-PCR
analyses. Other researchers subsequently extended this tec
nique to eight genes while still allowing for a separation of the
individual amplicon melting curves. In this way, the different
pathotypes ofE. colicould be diagnosed in a single reaction and
the time-consuming electrophoretic step was not required any
longer. This test could not be adapted to fresh stool samples
however.

DNA microarray has many potential applications,
including rapid and sensitive detection of bacterial pathogens.
Chinese researchers prepared DNA from referenceE. coli
strains by random PCR ampli� cation. They hybridized the
� uorescence-labeled DNA against a microarray that allowe
for the simultaneous detection of the ETEC enterotoxin gene
and the 19 most common O serogroup genes associated with
E. coli enteropathogens. The test was validated against te
strains, but it was of relatively low sensitivity. Since current O
serogrouping of E. coli involves an agglutination test with
a panel of O-serotype-speci� c antisera, the microarray could
make laboratories independent from animal sera as tes
material. A positive hybridization signal required 108 cfu
E. coliper ml.
Outlook

The infectious dose of a foodborne pathogen is one of the most
important factors determining the apparent transmission
mode and thereby the epidemic characteristics of enter
opathogens. For example, ETEC infections have a relative
high infectious dose. Human volunteer studies used challenge
doses of�10 8 cfu since lower ETEC doses resulted in too low
and inconsistent attack rates. Other enteropathogens hav
much lower doses. Adults can be infected with 102 cfu of
Shigella, and the infectious dose of rotavirus for children also is
low. This difference explains why ETEC is a classical‘dirty
infection’ with a typical fecal–oral infection route. Rotaviruses,
due to their low infectious dose, display epidemiological
characteristics of a respiratory infection. Likewise,Shigella
infections can literally � y on the foot pads of � ies, which
connected physically with well-separated latrines and kitchen
in a famous Israeli study and thus blur the fecal–oral trans-
mission mode. Food microbiologists tried to calculate an
infectious dose from the actual bacterial load in food items
incriminated in outbreaks, but data for ETEC are extremely
limited. Overall, the data con� rmed the observation of the
clinical microbiologists – that is, much lower doses of STEC
than ETEC caused foodborne outbreaks. Therefore, foo
microbiologists have put much less effort in LT and ST
enterotoxin detection than in Shiga toxin determination for
which an extensive literature exists. On the basis of the high
ETEC infectious dose, many food microbiologists think that
speci� c food tests for ETEC organisms are not required, sinc
with such high titers, the spoilage of food becomes evident or
the count of total coliform bacteria would exclude such a food
item from the human food chain. These considerations explain
why a much larger body of studies has explored the diagnostic
methods for the detection of Shiga toxin (verotoxin) than for
LT and ST toxins.
See also:Escherichia coli:Escherichia coli; Nucleic Acid–
Based Assays:Overview;VerotoxigenicEscherichia coli:
Detection by Commercial Enzyme Immunoassays;
Escherichia coli:PathogenicE. coli(Introduction);
Escherichia coli/EnterotoxigenicE. coli(ETEC).
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Overview

Diarrheagenic Escherichia coli were categorized into six different
pathotypes. Four pathotypes have well-de�ned mechanisms of
pathogenesis: enteropathogenic (EPEC), enterotoxigenic
(ETEC), enteroinvasive (EIEC, including Shigella), and enter-
ohemorrhagic (EHEC) E. coli. Two groups are much less char-
acterized with respect to pathogenic mechanisms and disease
association: diffusely adherent (DAEC) and enteroaggregative
(EAEC) E. coli, the latter are the subject of this entry.

EAEC were �rst described in 1987 by their characteristic
adherence phenotype to cultured HEp-2 cells. This biological
test was developed by Cravioto and colleagues in 1979 and, to
this day, remains the gold standard for diagnosis. For diag-
nostic purposes, eukaryotic cell culture facilities and strict
adherence to the protocol to provide reliable results thus are
needed. EAEC adheres to HEp-2 cells in culture with a unique
‘stacked-brick’ pattern that distinguished EAEC from diffusely
adherent and EPEC. The EAEC aggregative adherence pheno-
type could be transferred with the plasmid into an indicator
E. coli strain, resulting in the formation of bundle-forming
�mbriae, which also were immunogenic for volunteers.
Subsequently, a number of virulence factors have been
described for EAEC strains including adhesins (AAF/I to III),
toxins (EAST1, ShET1, Pet, HylE), enzymes, colonization
factors (Pic), and an antiaggregation protein (dispersin), which
promotes EAEC dispersion across the intestinal mucosa
(Table 1). EAEC is genetically a heterogeneous group of E. coli.
None of the described virulence genes was conserved among all
the EAEC and in surveys, a polymerase chain reaction (PCR)
test based on three genes identi�ed about twice as many EAEC
strains as the biological Hep-2 adherence test. The heteroge-
neity of EAEC isolates was also revealed in volunteer challenge
studies in which not all isolates induced diarrhea in adults. The
heterogeneity of EAEC likewise is re�ected in the variety of
disease associations reported for EAEC. A review on EAEC
written in 1998 compiled data from 15 studies in Asia and
Latin America, and 1 study each from Europe and Africa where
EAEC was associated with diarrhea. In 12 studies, EAEC was
Table 1 Virulence genes of enteroaggregative Escherichia coli

Virulence gene Protein Description

aap Aap An antiaggregation protein; Dispersin
astA EAST1 Enteroaggregative heat-stable toxin;

cAMP/cGMP activating enterotoxin
hlyE HlyE Hemolysin E; a pore-forming cytolysin
Several genes AAF/I to III Aggregative adherence factors;

adhesins
aggR AggR Transcriptional regulator
pet Pet Plasmid-encoded toxin, enterotoxin
pic Pic Protein involved in colonization,

mucinase
set1BA ShET1 Shigella enterotoxin 1
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found in 20% or more of the diarrhea cases. The pathogenicity
index (the percentage of patients with the pathogen divided by
the percentage of control subjects with the pathogen) was two
or higher in nine studies. A more recent meta-analysis of the
published literature extended the role of EAEC as a cause of
diarrhea to children with persistent diarrhea (PD), adults from
developing countries, travelers, and HIV-infected adults from
both developing and industrial countries. Finally, two large
outbreaks in Japan and Germany also underline the impor-
tance of EAEC as a cause of foodborne infections.
Virulence Factors

What are EAEC virulence factors? One group of genes, the
aggregative adherence fimbriae (AAF), is involved in the initial
attachment of EAEC to the intestinal mucosa. The EAEC
aggregative adherence phenotype could be transferred with
a plasmid into an indicator E. coli strain resulting into the
formation of �exible bundle-forming �mbriae called AAF/I,
which was immunogenic for volunteers. Subsequent work
showed that the expression of the �mbriae required two
separate plasmid regions. Sequencing and mutagenesis analysis
identi�ed four contiguous genes aggDCBA in region 1, encod-
ing a major �mbrial subunit AggA, an outer membrane usher
AggC and a periplasmic �mbrial chaperone AggD, while AggB
seems to decorate the �mbriae. A single gene from region 2,
aggR, is suf�cient to complement a region 1 clone to confer
AAF/I expression. AggR is a member of the AraC class of gene
regulators that operated as a transcriptional activator of aggA
expression. In fact, more recent work demonstrated that the
role of AggR is much greater than just in regulating the aggre-
gative adherence phenotype. The plasmid-encoded AggR also
activates the expression of chromosomal EAEC genes like the
aaiA-Y genes in a pathogenicity island, which were proposed to
constitute a type VI secretion system. Promoter analysis of aggR
demonstrated two autoregulative AggR binding sites. Addi-
tionally, the aggR promoter was regulated positively by the
DNA binding protein FIS and negatively controlled by the
global regulator H-NS. With that control circuit, EAEC achieved
a high aggR promoter activity in the mouse intestine.

AAF/I is not the only adherence factor. AAF/II forms semi-
rigid bundles of �laments that are also encoded by two
different plasmid regions. AAF/III encodes individual �exible
�laments.

Many EAEC strains may lack AAF/I to III, however, but
nevertheless show the typical aggregative adherence (AA)
phenotype pointing to still other genes that can lead to this
adherence form.

A gene immediately upstream of aggR is also under AggR
control. It was initially called aap for antiaggregation protein
but was later renamed dispersin. This secreted protein remains
attached to the LPS (lipopolysaccharide) layer and regulates the
structure of the AAF �laments. In aap deletion mutants, these
�laments collapse on the surface of the bacterium increasing
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00387-6
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the interaction with neighboring bacteria leading to hyper-
adherence to the host cell but an impaired colonization of the
mouse intestinal tract. Another locus from the virulence
plasmid encodes the ABC transporter complex AatPABCD
including an inner membrane permease, an ATP-binding
cassette protein, and an outer membrane protein, AatA, which
structurally resembles theE. colief� ux pump TolC displaying
a signal peptide, a passenger, and a translocator domain. Th
structural analysis of dispersin led to a model in which AAF
pili experience electrostatic attraction to the bacterial surface
which is interrupted by dispersin, permitting the � mbrial shaft
to extend from the bacterium, and thus allowing an optimal
approach to the target cell through the mucus layer.

Another plasmid-encoded virulence factors of EAEC is Pe
(plasmid-encoded toxin) a serine proteaseautotransporter of
Enterobacteriaceae (SPATE), which causes mucosal dama
increased mucus release, exfoliation of cells, and developmen
of crypt abscesses. The toxic effects are due to the proteoly
activity on the cytoskeleton; more speci� cally, the cytoskeletal
protein fodrin as demonstrated by site-directed mutations of
the active site in both enzyme and target protein. To be active
Pet has to be internalized by epithelial cells via clathrin-coated
vesicles leading to cytoskeleton disruption, membrane blebs
and � nally to cell death.

A further SPATE protein is Pic (proteaseinvolved in coloni-
zation). Pic is a secreted autotransported protein that ha
mucinase activity. Some EAEC strains cause mucus hypersec
tion (reminiscent of the mucoid diarrhea induced by Shigella),
which was abolished in pic mutants. Pic promoted intestinal
colonization in streptomycin-treated mice and growth in the
presence of mucin. Since a characteristic feature of EAEC infe
tions is the formation of a bio � lm in which bacteria are
embedded in the mucus layer, Pic might be important for the
pathophysiology of EAEC. Interestingly, EAEC infection cause
not only hypersecretion of mucus but also an increase in the
number of mucus-producing goblet cells in the intestine. Thepic
gene offers other fascinating aspects: within thepicgene, but on
the opposite strand, another gene is encoded,set1(Shigella
enterotoxin 1). The corresponding ShET1 protein is a bacteria
AB5 toxin; the ShigellaShET1 causes� uid accumulation in rabbit
ileal loops via cyclic AMP (adenosine monophosphate) and
cyclic GMP (guanosine monophosphate) production.

EAEC produces additional toxins. One is the enter-
oaggregative heat-stable toxin 1 (EAST1) encoded by theastA
gene located next topet. It was compared with the heat-stable
E. coliSTa enterotoxin and therefore it was suggested to cau
secretory diarrhea. Another cause is the hemolysin E (HlyE
which oligomerizes and builds a pore in the cell membrane
causing cytolysis in cultured epithelial cells. Like EAST1
however, HlyE is also produced by commensalE. colistrains
raising doubts about its pathogenic function.
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Genomics

Volunteer studies demonstrated widely different pathogenic
potential within EAEC strains. EAEC strain 042, however, eli
cited diarrhea in the majority of the challenged human subjects.
This strain recently was sequenced to shed some light on th
genetic basis of EAEC pathogenicity. The strain consists
a 5.2 Mbp circular chromosome and contains a single 113 kbp-
long plasmid, pAA. Compared with the other sequencedE. coli
strain, EAEC 042 includes 1.2 Mbp regions of difference. Thes
regions encode virulence determinants, metabolic enzymes
mobile elements (nine prophages and one conjugative trans
poson-encoding antibiotic resistance genes), and unknown
genes. This strain can utilize intestinal mucins as a carbo
source. The virulence factors Pet and East1 were encoded on t
plasmid, and ShET1 and HlyE on the chromosome. In addition
to the plasmid-encoded AAF/II� mbriae, the 042 chromosome
encodes 11 further� mbrial operons. No explanation exists for
such a large variety of � mbriae (adaptation to colonizing
different hosts?). Strain 042 also is well equipped with type 1, 2,
3, 5, and 6 secretion systems (including likely effectors), which
probably contribute to the � tness of this strain for intestinal
colonization. The sequencing did not suggest a molecular basi
for the enhanced pathogenicity of this particular EAEC strain
over other E. colistrains. Multilocus sequence typing of more
than 100 EAEC isolates obtained from Nigerian children (which
all showed the characteristic aggregative adherence phenotyp
in the HEp-2 assay) demonstrated that what is classi� ed as
EAEC encompasses multiple evolutionary lineages representin
the A, B1, B2, and DE. coli phylogenetic groups. The most
common sequence type (which was associated with diarrhea in
children) represented just 20% of the isolates. This study
con� rmed the extreme heterogeneity in EAEC, which in the view
of the researchers, represents a conglomerate of convergen
evolved enterovirulent E. colilineages.

Another recent study addressed the diversity and genet
basis for the pathogenicity of EAEC strains with a case–control
study conducted in children from Mali. EAEC strains were
isolated with identical frequency from the stool of diarrhea
patients and healthy controls. The authors determined the O:H
serotypes and phylogroups without detecting a particular
clustering except for an enrichment of� agellum-type H33 in
EAEC isolates from cases. They extended the analysis to t
PCR detection of 21 prospective virulence genes. None of th
commonly discussed EAEC virulence factors was encountere
with higher prevalence in the cases than in the controls. This
observation does not support the distinction of typical and
atypical EAEC strains in which typical EAEC strains are de� ned
by their association with diarrhea and the presence of the AggR
regulon. The notable exception in this study was thesepAgene,
which was enriched sixfold in EAEC isolates from cases ove
controls. Not much is known about SepA. In Shigella� exneri,
SepA is a secreted protein that displayed sequence similari
with IgA1 proteases from bacterial pathogens. In the rabbit-
ligated ileal loop model, sepAmutants exhibited an attenuated
virulence, which suggests that SepA might play a role in tissu
invasion. In an ex vivomodel of shigellosis in human colonic
explants, S. � exneri induced signi� cant desquamation of the
intestinal epithelial barrier and a reduction of epithelial height.
These changes were reduced signi� cantly following infection
with sepA-de� cient S. � exneristrains.
EAEC: Pathogen in Search of a Disease

In view of the genetic heterogeneity of EAEC strains, it i
perhaps not surprising that EAEC was associated with man
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different disease types within the diarrhea complex. This could
mean that EAEC is still a pathogen in search of de� nitive
disease association or that strains that differ for virulence
gene combinations induce different diseases. The following
subchapters review the situation with a focus on the association
of EAEC virulence factors with disease if data are available.
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Traveler’s Diarrhea

A prospective study of 40 US travelers to Mexico revealed 1
EAEC, 5 mixed EAEC/ETEC, and 2 ETEC diarrhea episod
during the � rst 2 weeks of travel. EAEC and ETEC colonizatio
without diarrhea, however, was also observed in 13 and 7
subjects, respectively. During the next 2 weeks, the diarrhea ra
fell to 4 EAEC and 2 ETEC cases, and 31 subjects showed EA
colonization. Plasmid analysis revealed a great heterogeneit
among the infecting EAEC isolates. Many diarrhea cases we
probably foodborne since a high level of contamination by
EAEC and ETEC was found in the local food samples. In 600
European and North American travelers to Mexico, Jamaica
and India, EAEC strains were identi� ed in 26% of the diarrhea
cases when using the HEp-2 adherence assay for diagnosis.
all three geographic areas, EAEC followed directly ETEC strai
as leading enteric pathogens for traveler’s diarrhea. ETEC
accounted for 30% of the diarrhea cases. In nearly half of the
diarrhea cases, EAEC was found together with other recognize
enteric pathogens. In these cases, it thus was not possible
de� ne EAEC as the true pathogen. The EAEC strains presen
with a highly heterogeneous DNA pattern. In a case–control
study, Spanish tourists who experienced diarrhea in a deve
oping country were compared with their travel companions
who did not develop diarrhea. A sixfold higher rate of EAEC
isolation was obtained from cases compared with controls. A
low prevalence of genes for Pet, ShET2, and AAF/II was detect
in these cases, and the Pic mucinase gene was found in mo
than half of the EAEC isolates. In a study with travelers to
Mexico, EAEC isolates were more likely to produce bio� lms
compared with commensal E. colistrains. This phenotype was
associated with the presence of virulence genesaggR, set1, and
aatA. Bio� lm formation was as common in EAEC isolates from
travelers with and without diarrhea excluding a direct patho-
genic role.
,
s

g
i

e

t

l

Acute Childhood Diarrhea

In a case–control study from Nigeria, EAEC was isolated
signi� cantly more often from children with diarrhea than from
healthy control children when children older than 6 months
were considered. In children younger than 6 months, a high rate
of asymptomatic carriage of EAEC was detected. Overall 39%
versus 28% of symptomatic and healthy children, respectively
yielded EAEC. When the common set of EAEC virulence factor
were investigated, only the presence of the AAF/II encodin
genes, but not AAF/I, EAST, Pet, ShET1, or HylE were sign� -
cantly more frequent in EAEC isolates from symptomatic
patients than from controls. An active hospital surveillance
program in India showed that after age strati�cation, EAEC was
associated only with children younger than 10 years. Most of
the EAEC isolates from the diarrhea patients were nontypeabl
with respect to the O serotype, and DNA pro� les revealed
a great heterogeneity. With respect to the virulence genes,aap
(dispersin) was the gene most commonly identi� ed (76%)
followed by aggRand shf (a cryptic gene). In a diarrhea case–
control study from Mongolian children focusing on E. coli,
EAEC was the dominant isolate accounting for 15% of the
isolates, which is more than all the other E. coli pathotypes
combined. Controls showed a threefold lower EAEC isolation
rate. The most common virulence factor in theE. coliisolates
was theastAgene (22% vs. 5% in cases and controls) encoding
EAST1. The authors deduced the importance of the AggR re
ulon, which de� ned for them ‘typical’ EAEC strains. In a Bra-
zilian study, EAEC strains were detected through the presence
the pAA plasmid using colony hybridization assays. By this
criterion, 20% of the E. colistrains were diagnosed as EAEC i
cases versus 11% in control children. Most of the EAEC strain
were positive for the astAmarker gene (EAST1), but this gene
did not show a disease association. Only thepic gene was
associated signi�cantly with EAEC isolates from diarrhea cases
In a follow-up study from Brazil, the same authors reported that
45% of children with diarrhea harbored an E. colistrain with
EAEC markers in their feces compared with 32% of children
without diarrhea. The most frequently detected virulence factor
was EAST1, which was also associated signi�cantly with diar-
rhea (27% vs. 14% in controls). Pic was detected in 14% of
patients and 11% of controls, all other virulence genes were
found in less than 6% of subjects. EAST1-positiveE. colistrains
had a positive association with diarrhea only in children older
than 6 months. In younger children, EAST1 was detected with
similar frequency in patients and controls.
Persistent Diarrhea

Currently, it is calculated that 2.2 million children die of the
consequences from diarrheal diseases. Although mortality from
acute diarrhea (AD) has decreased substantially, the pro� le of
diarrheal mortality also has changed: now PD accounts for
36–54% of all diarrhea-related death cases. Most diarrhea
episodes resolve within 5 days. Episodes that exceed 5–7 days
of duration are called ‘prolonged diarrhea.’ Episodes that
continue after 14 days of diarrhea are called PD. It is not clea
whether prolonged diarrhea represents its own disease entity o
an intermediate stage in the continuum from AD to PD. In
tropical countries, only 5–10 % of AD episodes develop in PD,
but due to its longer duration, PD accounts for half of all days
of diarrhea in children. A prospective study in young US chil-
dren showed that 8% of diarrheal episodes lasted longer than
14 days.

Diarrheal episodes in 700 Peruvian children did not iden-
tify a speci� c pathogen associated with PD. When analyzing
stool samples during the� rst, second, and third week of diar-
rhea, no evidence for a persistent infection was found at the
level of the individual patient. The researchers concluded tha
in high-risk populations from developing countries frequent
reinfection with pathogens is prevalent in the population and
a reason for prolonged diarrhea.

Case–control data from Brazil pointed to a potential path-
ogenic role of EAEC in PD while a prospective study from Brazi
demonstrated similar pathogens in AD and PD. A smaller study
with PD again showed EAEC as the predominant pathogen
(36%) followed by Cryptosporidiumparasites. The same group
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conducted another prospective study in Brazil. In children with
PD, AD, and no diarrhea, respectively, EAEC were found i
68%, 46%, and 31% of the studied subjects. Only the differ-
ence between PD and controls was statistically signi�cant.
Apparently, even within a given geographic area, differen
studies arrived to different conclusions. Finally, a 10-yea
prospective birth cohort study from Brazil suggested poly-
microbial infections as risk factor for PD and pointed to
adenovirus infections (10%), Cryptosporidium, Giardia lamblia
parasites (24% and 21%, respectively), and ETEC infection
(18%) as potential pathogens. EAEC was identi� ed in a third of
the children irrespective of diagnosis (AD, PD, and controls).
EAEC strains were also found in 46% of unselected cases of P
in children from rural Guatemala.

The etiology of PD has also been intensively studied in
Bangladesh. A prospective study in 360 children from rura
Bangladesh, who experienced 0.8 episodes of PD per child pe
year, showed EAEC in the stool of PD patients signi� cantly
more often than in children with AD, whereas Shigellaand
ETEC were isolated less frequently. A negative association of P
with common diarrhea agents like rotavirus, ETEC, andVibrio
choleraecompared with AD was also seen in two large survey
with patients hospitalized at icddr,b, the world largest diarrheal
diseases research hospital in Dhaka, Bangladesh.Shigella,
Campylobacter jejuni, and G. lambliawere found in 14%, 10%,
and 4%, respectively, of the PD patients, but these percentage
were not different from those found in AD patients. A longi-
tudinal study in rural Bangladesh con� rmed diffusely adherent
E. colias the only enteropathogen signi�cantly associated with
PD when compared with AD. In a clinical trial at icddr,b
involving 100 PD patients, 66% had diarrhea-associatedE. coli
in their stool evenly distributed across ETEC, EPEC, and EAE
strains. When the stool samples of PD patients from another
study were investigated, EAEC,Klebsiella, and Aeromonaswere
signi� cantly more frequently encountered in PD compared
with AD patients.

A cohort of nearly 1000 children from India prospectively
followed over 1 year by weekly home visits showed that EAEC
was the only signi� cantly increased pathogen in the PD group
when compared with the AD cases. A case–control study from
the same area in India showed an increased rate of EAEC in P
patients compared with AD patients and controls. In a hospital-
based case–control study comparing 92 PD and 92 control
patients, the same authors found a signi�cant association of
Salmonellaand EAEC with PD. Another study from the All India
Institute of Medical Sciences in New Delhi isolated EAEC with
higher frequency from the feces of PD when compared with
control patients. At the same institute, a study was conducted
with 175 PD patients identi � ed by household surveillance.
These children were matched to 175 children with AD and 175
children without diarrhea. PD cases showed a higher propor-
tion of G. lamblia (20%) than AD cases or controls (<5%).
Chronic diarrhea was also associated in other areas from Indi
with the isolation of E. coli: children from Amritsar showed
EPEC strains (21%) followed by Salmonella(9%) as leading
pathogens.

From these data, it is dif� cult to deduce de� nitive conclu-
sions. EAEC, however, qualify as a good candidate for a path
ogen association with PD. Few studies looked for virulence
factor association with PD. One Brazilian study investigated the
association of EAEC virulence markers with PD. Twenty-seve
percent of PD patients showed EAEC markers in the stool. On
marker was signi� cantly associated with PD: the CVD432
genetic marker was found in 22% of PD cases as compared wit
9% in AD and 11% in controls. CVD432 initially was described
as a cryptic sequence from the pAA plasmid of EAEC strains an
was used previously as an anonymous molecular marker in
epidemiological studies. The CVD432 sequence includes theatt
locus that encodes an ABC transporter system.
HIV-Associated Diarrhea

In 1995, a case–control study conducted in Zambia showed that
EAEC was detected in 60% of adult HIV patients suffering from
diarrhea, although this percentage was only 30% in HIV patients
without diarrhea and 17% in HIV-negative subjects with diar-
rhea, suggesting a possible etiological link between EAEC an
HIV diarrhea. Soon afterward, a study in HIV patients from
Boston and Zurich con� rmed this association of EAEC with
diarrhea in HIV patients from industrial countries. EAST1 was
identi � ed as virulence factor in half of the EAEC isolates. Not al
subsequent studies con� rmed this link, however, demonstrating
substantial geographic variation in the etiology of HIV-associated
diarrhea. Small studies from Tanzania, India, and South Africa
and a larger case–control study from Peru found pathogenic
E. coliin less than 10% of the HIV patients with diarrhea. Yet other
carefully conducted studies concurred with the original obser-
vations. In a large study from Senegal including 600 subjects
presenting all possible combinations of HIV and diarrhea status,
at least oneE. colivirulence gene was found in 42% of diarrhea
patients. Only the isolation of EAEC and the detection of theEagg
genes, however, were signi� cantly associated with HIV diarrhea
(20% prevalence and thus tenfold higher than in the other
control groups). A study from the Central African Republic
concurred with this conclusion by demonstrating a 30% preva-
lence of EAEC strains in adult HIV patients with diarrhea agains
2% EAEC in HIV-positive subjects without diarrhea. In the same
study, a signi� cant diarrhea association was also described fo
EPEC (20% vs. 6% isolation rate), but not for diffusely adhering
E. coli. More than half of the EAEC strains were positive for EAST1
which thus was associated positively with diarrhea occurrence
Practically, all EPEC strains showed the combination ofeaeA,
bundle forming pilus (BFP), and EPEC adherence factor (EAF
virulence factors, which were not encountered in the few EPEC
strains from the nondiarrheal HIV subjects.

At the time of the aforementioned study (1996–99), an
epidemic of hemorrhagic colitis and hemolytic uremic
syndrome (HUS) occurred in the Central African Republic. The
researchers were surprised by the fact that the isolates were n
the expected EHEC isolates, but, in nearly all cases, EAE
isolates had acquired the Shiga toxinstx2 gene and thus
expressed verotoxin. This detection blurred the distinction
between two previously well-differentiated E. colipathotypes,
namely, of EAEC and EHEC. A decade later, a similar obse
vation was made in Germany as reported in the next chapter.
Foodborne Infections

Since traveler’s diarrhea is a foodborne infection and since
EAEC is after ETEC the second most common pathoge



y
s
d

r-
s.
be
,
L.

i-

rs

t.
d
e
2

r
d
r

s

,

-
s

f
f

k

re

e

,

e
w

d
n
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associated with traveler’s diarrhea, it should not be surprising
that EAEC was also identi� ed in food. Relatively few studies,
however, have investigated the role of EAEC in food. One stud
documented enteric pathogens in sauces of popular restaurant
in Guadalajara, Mexico: 47 of 71 sauces were contaminate
with E. coli. The median titer was 1000 cfu per gram. In four
cases, ETEC was isolated and in 14 cases EAEC was identi� ed.
No pathogenic E. coliwas identi� ed in Mexican sauces from
restaurants in Houston, Texas. The same authors found dia
rheagenicE. coliin desserts served in Guadalajara restaurant
Sauces and desserts, particularly ice cream, therefore should
considered as potentially risky food. In desserts, however
EAEC was only second to ETEC in frequency. The lab of H.
DuPont from Texas continued with their studies by investi-
gating vegetables from restaurants in Guadalajara. Contam
nation was widespread regardless of how the food was
prepared. On the basis of this observation, the researche
concluded that the avoidance of high-risk foods might be
unsuccessful in the prevention of traveler’s diarrhea. Enter-
otoxigenic and enteroaggregative coliforms were frequent in
vegetables, but none belonged to the genusEscherichia. Also in
Italy, foodborne infections with EAEC were documented. Two
outbreaks of gastroenteritis were traced to a rural restauran
The attack rate was nearly 50%. An EAEC strain was isolate
from the diarrhea cases, which was serotyped as O92:H33. Th
strain showed an aggregative pattern of adherence to HEp-
cells, but it did not produce a bio� lm and possessed a panel of
virulence genes (aat,aggR,aap,set1A). A cheese made with
unpasteurized sheep milk, which showedE. colicounts higher
than 106 per gram, was identi� ed as the likely source for this
Italian outbreak. The authors concluded that EAEC infections
probably are underdiagnosed because the gold standard fo
diagnosis, the HEp-2 adherence test, currently is performe
only in research settings and is labor intensive. Molecula
probes would facilitate the detection: aap gene showed the
most promising results, allowing for the detection of 90% of
HEp-2 positive EAEC strains. Also multiplex PCR tests still mis
the 100% mark of the HEp-2 test. Bacterial clump formation at
the surface of liquid cultures has been proposed for settings in
which cell culture or PCR is impractical. This rapid bio� lm test
needs only a spectrophotometer, or it even can be read visually
making it a possible surrogate test in low-technology
situations.
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Large Outbreaks

In 1993 a large foodborne diarrhea epidemic occurred in
Japan, which involved 2700 Japanese children consuming
contaminated school lunches. The attack rate was 40%, th
incubation period was short (40 h), and the symptoms con-
sisted of stomachache, nausea, and diarrhea. The scho
lunches of bread, noodles, fried vegetables, and milk did not
yield a pathogen, but the stools from 30 children with pro-
tracted diarrhea yieldedE. colias dominant isolates and no
other potential pathogens. All isolated strains showed an
identical plasmid pro� le, the aggregation pattern of EAEC and
the EAST1 factor as sole virulence gene. The strains we
negative for common enterotoxins (ST, LT, Stx1, Stx2). No
recurrence of this O untypeable:H10 strain was observed in
Japan. A waterborne diarrhea outbreak was registered in Japa
that showed the EAST1 virulence factor, but in combination
with the eaeAvirulence gene, suggesting a gene transfer from
an EAEC to an EPEC pathotype. A blurring betweenE. coli
pathotypes should not be surprising since some of the viru-
lence genes are encoded on mobile DNA elements like plas
mids and bacteriophages. Horizontal gene transfer event
with mobile DNA thus allow for evolution in the fast lane,
leading to new pathogens with unpredicted disease
symptoms.

This is apparently exactly what occurred 2011 in Germany
where the largest ever outbreak of Shiga toxin (Stx)-producing
E. coliinfection (STEC) was recorded: A total of 3842 cases o
diarrhea (18 deaths) were reported, including 855 cases o
HUS, leading to 35 fatal outcomes. An unusual clinical picture
confronted physicians with a new clinical entity: Many adults
with a predilection for women were hospitalized with HUS.
Epidemiological analyses consisting of a series of trace-bac
and trace-forward investigations linked the consumption of
sprouts to the disease. The German task group identi� ed
a group of visitors to an index restaurant where they had
consumed a sprout mixture. This observation led to a German
sprout producer whose employees fell ill with the epidemic
E. colistrain O104:H4. This observation guided the epidemi-
ologists � nally to a French seed supplier, which linked French
cases to the German epidemic. The French isolates we
genetically identical to those from the German outbreak, but
they were different from those of preoutbreak reference O104
strains, suggesting a single-source clonal outbreak. None of th
sprout mixtures tested positive for O104:H4. Due to the almost
universally used culture-based detection methods in epidemics
this failure represents a surveillance problem of health and
food safety authorities in such outbreaks as was observed in th
Japanese outbreak. The problem could be caused by the lo
infectious dose of the pathogen, its decay in food at the
moment of investigation or a viable, but nonculturable state of
the pathogen. The epidemiological analysis of this foodborne
epidemic was also complicated by human-to-human trans-
mission with transmissions in families, the hospital, and the
microbiological laboratory.

The sequencing of the German epidemic strain was achieve
in record time and revealed relatedness with an EAEC strai
isolated from an HIV-positive adult living in Africa. The
particular African strain, however, still lacked thestx2-encoding
prophage, which is important for HUS pathology. Stx is
released by bacteria decaying in the gut; the Stx toxin, but no
the STEC pathogen, migrates through the intestinal barrier
binds to platelets in the blood, and is transported to the target
organs like kidney and brain. Stxs are AB5 toxins: They interact
via subunit B with their known cellular receptor, which facili-
tates endocytosis and intracellular traf� cking of the toxin.
Within the host cell, the Stx A subunit cleaves the ribosomal
RNA at a speci�c position, which leads to the inactivation of the
protein machinery and results in cell death.In situ, Stx not only
acts as protein synthesis inhibitor but also triggers cytokine
release.

The sequencing suggested an evolutionary scheme in whic
an ancestor strain gave rise to the epidemic O104:H4 strain by
deletion and acquisition of mobile DNA elements. The
German outbreak strains apparently had gained a plasmid-
encoding AAF/I and lost a plasmid-encoding AAF/III and
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EAST1. In addition, the outbreak strains had acquired
a plasmid encoding the antibiotic resistance genes. Compari
sons between the outbreak strains revealed few single-nucle
tide polymorphisms but several large-scale deletions
insertions, and inversions between the isolates. The structurall
divergent regions contained genes that encode importan
virulence factors. Most important are two closely related
lambda-like prophages since one of them encoded thestx2a
gene. The high degree of nucleotide sequence identity betwee
the O157 and O104 prophages suggested a horizontal gen
transfer event for these prophages. In whole-genome phyloge
netic comparisons of 53 E. coli strains, the O104:H4 strains
derived from African diarrhea patients and the German
outbreak formed one cluster. Their nearest neighbors wer
other EAEC isolates. EAEC isolates, however, were placed
three separate regions of theE. coliphylogenetic tree suggesting
that this pathotype can be realized with strains from
widely different genomic backgrounds. EHEC strains came a
two clusters (O157 on the one side and O26, O111, and O103
isolates on the other side),Shigellaisolates split even into three
clusters – thus, pathotypes do not necessarily correspond to
phylotypes of E. coli.

The initial sequencing allowed for the development of
molecular probes based on the O104, H4, Stx, or tellurite
resistance genes. None of these genes was, however, unique
the epidemic strain. When an O104:H4 draft genome was
screened negatively against allE. coli, Salmonella, and Shigella
strains from the databases and positively screened against th
different O104:H4 genomes, 11 sequences were selected. Thr
genes� nally showed no cross-reactivity with any entries from
the database providing a PCR test for the epidemic strain. Fo
EHEC O157:H7 strains, the primary reservoir is the intestine o
ruminants, particularly cattle. No O104:H4 strains were
detected in cattle feces collected in the outbreak area. Strain
that closely resembled the 2011 epidemic strain were seen i
sporadic human cases from France (but they still contained the
plasmid harboring the aaf/I and astAgenes), Central Africa, and
Korea. On the basis of the EAEC epidemiology, one migh
suspect human carriage for O104:H4 isolates.

What is the basis of the new and high virulence of the
German outbreak strains? Researchers observed an unus
combination of virulence genes from STEC strains (stx2, long
polar fimbriae (LPF), tellurite resistance, iron uptake system)
and EAEC strains (AAF/I, AggR transcription regulator, dis
persin Aap, Pic protein andShigellaenterotoxin (Set1)). The
latter are mostly encoded on the virulence plasmid pAA.
Perhaps the combination of EHEC-speci� c and EAEC-speci� c
virulence factors created this unusually virulent pathogen for
which the enhanced adherence and cytological damage of th
intestinal epithelia facilitated systemic adsorption of Stx, which
might explain the high prevalence of HUS in the outbreak.
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Outlook

EAEC were long treated as an emerging pathogen, showin
a wide association with many speci�c disease complexes. Th
list presented in this review is not exhaustive because no pur
research associations were quoted (e.g., EAEC associat
with in � ammatory bowel disease), but only associations that
are backed by clinical and epidemiological data. In view of the
data situation, it seems fair to lift EAEC to the status of an
established pathogen that might not play the sole, but an
important or at least contributing factor to a number of
clinically de� ned diarrheal disease complexes. More researc
particularly with respect to the virulence factor association
and disease types clearly is needed to consolidate the data.
major diagnostic and scienti� c problem is still the frequent
isolation of EAEC and pathogenic E. coli in general from
asymptomatic subjects. This seems to indicate that furthe
microbe–microbe, but also microbe–host gene–gene interac-
tions, copathogens, immune status, and gut microbiota may
play a pathology-enhancing or -moderating role. Further
analysis of diarrheal patients might still de� ne further sub-
entities in what we refer perhaps a bit simplistically as
childhood diarrhea, traveler’s diarrhea, HIV diarrhea, persis-
tent diarrhea, and so forth. This differentiation might explain
why not all data concur on a consistent picture with respect to
etiological agents.Escherichia coliis a versatile pathogen that
has a malleable genome and enough mobile DNA to create
new pathogenic variants, by relatively simple copy–paste and
recombination mechanisms. We are confronting a dynamic
pathogen that will keep medical and food microbiologists
busy for the years to come.
See also:Escherichia coli:Escherichia coli;Escherichia coli:
Detection of Enterotoxins ofE. coli; Nucleic Acid–Based
Assays:Overview;VerotoxigenicEscherichia coli:Detection by
Commercial Enzyme Immunoassays;Escherichia coli:
PathogenicE. coli(Introduction);Escherichia coli/
EnterotoxigenicE. coli(ETEC).
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Introduction

Escherichia coli are a broad group of microorganisms naturally
occurring in the gastrointestinal tract of humans and warm-
blooded animals and can be shed in their feces. Through
fecal contamination, they may enter and persist in the envi-
ronment, food, and water chain. While the majority of E. coli
are harmless commensal microorganisms, there are a number
of pathogenic E. coli strains. Verocytotoxigenic E. coli (VTEC)
are a grouping of E. coli, some of which may cause illness in
man or animals. The term ‘enterohemorrhagic E. coli’ (EHEC)
has been used to designate the subset of VTEC that is consid-
ered to be highly pathogenic to humans. The E. coli making up
this EHEC group are continuing to emerge in terms of their
virulence potential and the vehicles and vectors by which they
are transmitted to humans.
Pathogenicity

VTEC are a genetically diverse group of E. coli that are char-
acterized by the production of potent cytotoxins inter-
changeably referred to as either verocytotoxins (VT) or Shiga
toxins (Stx). They are so named because of their toxic activity
on Vero cell lines, or as Stx, because of the similarity with the
toxin produced by Shigella dysenteriae. It is noteworthy that
not all VTEC will cause illness in humans. A Scienti�c
Opinion by the European Food Safety Authority in 2007
indicated that the human virulence of VTEC is related to the
ability of the organism to adhere to and colonize the human
large intestinal epithelial tissue, forming attachment and
effacing (AE) lesions in combination with the ability to
produce VT. A VTEC strain can be assessed for such virulence
potential by examining it for marker genes that encode for
these factors, namely the eae gene, which encodes for the AE
lesion and the toxin-encoding genes, vt1 and vt2. Strains
producing vt2 and its variant subtype vt2c generally cause
more severe human disease than those producing vt1. A term
‘atypical’ EHEC is used to de�ne a small number of VTEC
strains that do not produce the AE lesions or do not possess
the large ‘EHEC plasmid.’ In 2011, an E. coli O104 outbreak,
epidemiologically linked to fenugreek seeds caused a very
large international outbreak. This was a rare VTEC strain that
had no eae gene but possessed a very unusual combination of
pathogenic adherence factors similar to that produced by
Enteroaggregative E. coli (staked brick adherence pattern) in
addition to producing verotoxin. Thus, the concept of which
virulence factors and genes constitute an EHEC now is being
revisited in light of this outbreak.
Symptoms of Infection

While some cases of EHEC infection present with uncompli-
cated nonbloody diarrhea, in others, the diarrhea becomes
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
bloody leading to hemorrhagic colitis (HC) or bloody diarrhea
that persists for up to 1 week (5–7 days). In approximately 20%
of cases, life-threatening complications occur, of which
hemolytic uremic syndrome (HUS) is the most common. HUS
is characterized by the lack of urine formation and acute kidney
failure. Approximately half of all HUS patients require renal
dialysis. HUS occurs most often in children under the age of
10 years. A further complication that may occur is thrombotic
thrombocytopenic purpura, which is typi�ed by bleeding from
tiny blood vessels into the skin and mucous membranes with
de�ciency of blood platelets. Around 3–5% of cases are fatal.
The number of E. coli O157 required to cause illness is very low
and has been reported to be as low as 10 colony forming units
(cfu), but there is little knowledge concerning infectious dose
for other EHEC serogroups. Overall, EHEC human infections
are generally of low prevelance with the European Union
reporting a total of 0.83 cases in 2010.
EHEC Serogroups

EHEC can be categorized on the basis of their O-antigen
grouping. Serogroup E. coli O157:H7 are responsible for most
reported cases of EHEC human illness, but a range of non-
O157 EHEC increasingly are reported as causative agents of
human illness. In Europe, the European Food Safety Authority
in a Scienti�c Opinion in 2007 designated serogroups O157,
O26, O103, O111, and O145 as most important in terms of
human illness. While there is considerable regional variation
across Europe in the EHEC serogroups causing human illness,
O157 accounted for 53% of all cases reported in 2007–08
(EFSA, 2010). In the United States in 2012, seven EHEC
serogroups (O157, O26, O45, O103, O111, O121, and O145)
have been prioritized as important in terms of human illness
and are classi�ed as adulterants on raw beef (USDA/FSIS).

Seropathotype is an emerging concept that classi�es EHEC
into �ve main groups (A to E) based on the incidence of the
serogroup in human disease, association with outbreaks versus
sporadic infection, their capacity to cause HUS or HC, and the
presence of virulence markers. This approach attempts to
combine these inputs to better understand the apparent
differences in virulence of EHEC. Seropathotype A strains
(VTEC O157) have a high relative incidence, commonly cause
outbreaks, and are associated with HUS. Seropathotype B
includes O26:H11, O103:H2/NM, O111:NM, and O145:NM
together with O121:H19, as they have a moderate incidence
and are uncommon in outbreaks but are associated with HUS.
Seropathotype C includes O91, O104, and O113 strains all of
H-type 21 and associated with HUS, but these strains are of low
incidence and rarely cause outbreaks. Seropathotypes D and E
are not HUS associated, are uncommon in humans, or are
found only in nonhuman sources. This concept is likely to be
further re�ned and will provide a valuable tool in the future for
the assessment of the human pathogenic potential of different
VTEC serotypes.
-384730-0.00384-0 713
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Several different animals have been shown to be healthy
carriers of VTEC. Some VTEC serogroups, however, can ca
intestinal disease and diarrhea in newborn calves and othe
young ruminants. The most common serotypes associated with
diarrhea in calves are O5:NM, O8:H8, O20:H19, O26:H11,
O103:H2, O111:H8/H11/NM, O118:H16, and O145:Hþ . In
pigs, VTEC can cause edema typically involving serogroup
O138, O139, and O141.
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Detection

The general approach to the detection and characterization o
EHEC is outlined in Figure 1.

The protocol for cultural isolation of EHEC generally
involves an initial enrichment step followed by immuno-
magnetic separation, which employs beads coated with
antibodies to the O antigen of the target EHEC serogroup
with subsequent plating on to a selective agar plate
Escherichia coliO157 has a number of phenotypic differences
to other E. coli and other EHEC serogroups, including an
inability to ferment sorbitol and lack b-glucuronidase
activity, which can be effectively utilized in selective agars
for E. coli O157, including Sorbitol MacConkey (SMAC)
agar or media supplemented with 4-methylumbelliferyl-b-
D-glucuronide. Selectivity of these solid media can be
improved by the use of selective supplements, the mos
frequently used being ce�xime, a third-generation cepha-
losporine, and potassium tellurite (e.g., CT-SMAC). The
isolation of other EHEC serogroups is more dif� cult as they
do not have the same phenotypic differences from other
E. coli. Material examined for the presence of other EHEC
serogroups can be cultured onto solid media such as
Chromocult, Tryptone-bile-glucuronic medium, or Rainbow
Agar� . Single colonies are then tested for the presence o
different O antigens by slide agglutination with O-speci� c
Food / environment

Enrichm

Immunomagnetic separation:
antibodies targeting specific 

EHEC serogroups

Plate onto selective agar(

Examine isolate
for vt, eae g

(If positi

Figure 1 General protocol for detection of EHEC serogroups.
sera or pools of sera. Data currently are insuf�cient on the
use of selective agents as well or on differential phenotypic
characteristics to design a single selective protocol that i
suitable for culturing all EHEC. When the particular
serogroup is isolated, it should be tested for virulence
potential by polymerase chain reaction (PCR) to examine
for the presence ofeaeand vt1 and vt2 genes to establish
whether it is an EHEC.

Rapid screening approaches of the enrichment culture
based on enzyme-linked immunosorbent assay and molec-
ular approaches such as PCR are available. The direct app
cation of real-time PCR to enrichment broths to look for the
presence of speci� c serogroups or the presence ofvt genes can
be a very useful screening tool, where multiple serogroups ar
being examined in a single sample. The presence of the gene
in an enriched broth, however, is not con� rmation that all
genes are in the same bacteria or that the cell is viable an
therefore a cultural isolation of a colony is necessary to
con� rm virulence potential and status as an EHEC.
Sources

EHEC generally are considered to be of zoonoic origin and
have been recovered from the feces of a wide range of anima
and birds, both farm and wild. Ruminants (cattle and sheep)
are considered to be their main natural reservoir. Animals carry
many VTEC that do not fall into the de� nition of an EHEC and
also that theE. coliO104 fenugreek seed outbreak in 2011 was
not considered to be of zoonotic origin. While foods of animal
origin (meat and dairy) have long been considered to be the
major source of foodborne VTEC infections, there have been
a number of recent EHEC outbreaks related to sprouted seed
and fresh produce, highlighting the continued emergence of
this group of pathogens in terms of their source and vehicles on
infection.
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EHEC Carriage in Cattle

It is known that cattle are asymptomatic excreters of EHEC, bu
the vast amount of knowledge is on O157, with limited data on
occurrence and animal–host interactions of other EHEC
serogroups.Escherichia coliO157:H7 passes through the cattle
gastrointestinal tract and colonizes a speci� c site in the distal
colon, 0–3 cm proximal to the recto–anal junction (RAJ). It is
not known whether this is also the case for other EHEC, which
have been shown to be genetically diverse from O157. Colo
nization of the RAJ with E. coli O157 is short term
(1–2 months) and shedding of E. coli O157:H7 within this
period appears to be transient. Shedding usually is longer and
more intense in calves than in adult cattle and increases afte
weaning. The typical pattern of shedding in a herd is sporadic
with epidemic periods of shedding interspersed with periods of
nonshedding. These epidemics occur mainly during warm
weather with a peak in shedding observed between late Apri
and September. It has been reported that some animals
deemed ‘supershedders’ excrete exceptionally high number of
E. coli O157 (>10 000 cfu g� 1) in their feces. These super
shedders have a signi�cant impact on the transmission of the
pathogen on the farm, in transport, lairage, and slaughter
operations. It has been estimated that supershedding animal
contribute up to 80% of all VTEC transmitted. It is notable that
the factors that cause the supershedding phenomenon in som
animals are still unknown and this recently has been high-
lighted as one of the biggest gaps in trying to control this
pathogen.

The reported occurrence of O157 in feces has been we
studied. Reported prevalence varies widely depending on th
production system and the region. There have been limited
studies on non-O157 serogroups in cattle feces and a tren
Table 1 Selected studies on prevalence of no
carryingvt genes

Country Number samples Serogroup

United Kingdom 6086 O26
O103
O145
O111

South Korea 809 O26
O111

Ireland 402 O26
O111
O103
O145

Belgium 399 O26
O103
O145
O111

Japan 2436 O26
Australia 300 O26

O45
O91
O103
O111
O121
O145
across all the studies has been that only a small proportion of
the recovered serogroups hadvt genes (Table 1).

Transmission ofE. coliO157:H7 and other EHEC can occur
rapidly in groups of cattle, with contamination of the pens and
hides occurring in less than 24 hours. The natural grooming
and licking behavior of cattle plays an important role in
transmission of VTEC among cohoused animals. Efforts to
reduce the level of hide soiling are warranted for control of
EHEC as signi�cant cross-contamination from animal to
animal can occur during transport to the factory and in lairage.
Options to control EHEC in vivoin cattle have focused almost
exclusively onE. coliO157 and include the use of vaccines and
bacteriophage. Such agents have been licensed for use in t
United States and a vaccine againstE. coliO157 was approved
for use in the United Kingdom in 2012. The continuing
emergence of other EHEC serogroups now demands agents th
have a broader action.
EHEC and the Environment

When E. coliO157 are shed in animal feces, they can survive in
the underlying soil and grass for extended periods ranging from
several weeks to many months. This provides an importan
transmission route for pathogens within herds, farms, the fresh
food chain, water courses, and the wider environment. It can
pose a risk when contaminated land or water is used for
recreational purposes. This is limited data on the surviva
characteristics of other EHEC serogroups in the environment.

EHEC outbreaks have been traced to direct handling o
petting of animals, particularly petting zoos frequented by
young children. Camping, swimming, festivals, and agriculture
fairs have all been sites of EHEC infection.
n-O157 serogroups in cattle feces and proportion

(s) % positive Reference

4.6 (2.2%vtþ )
2.7 (2 isolatesvtþ )
0.7 (2 isolatesvtþ )
0

Pearce et al. (2006)

6.67 (6%vtþ )
4.57 (3.4%vtþ )

Byung-Woo et al. (2006)

6 (0.2%vtþ )
0
27.1 (0.2%vtþ )
2.5 (0vtþ )

Thomas et al. (2012)

2.2 (1.5%vtþ )
2.5 (1.7%vtþ )
0.75 (0.25%vt þ )
0.5 (0.5%vtþ )

Joris et al. (2011)

1.0 (0.4vtþ ) Sasaki et al. (2011)
0.3 (0vtþ )
1.6 (0vtþ )
2.3 (0.3%vtþ )
1.6 (0vtþ )
0.33 (0vtþ )
0.66 (0vtþ )
1.3 (1% vtþ )

Barlow and Mellor (2010)
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On farms, general measures to control the spread of EHEC
on the farm are outlined in farm quality assurance schemes and
good agricultural practices and include management and
housing of stock, pest control, management of feed and wate
supply, and especially proper management of animal waste.
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EHEC in Foods

EHEC have been linked to cases of human illness in food o
animal origin, including bovine and ovine meat, milk and
dairy products, as well as fresh produce (salads, vegetables, a
sprouted seeds). WhileE. coli O157 is the EHEC serogroup
implicated in the majority of cases, there are increasing report
of the involvement of other EHEC in foodborne outbreaks.
Some selected outbreaks are listed inTable 2.
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Meat

In the meat chain, EHEC contamination can occur during
slaughter and dressing of the carcass and arises mainly from th
animal coat (hide or � eece), feces, or gastrointestinal contents
Carcass dressing operations that may reduce the number o
EHEC include trimming of visibly dirty areas of carcasses
carcass washing (hot water), and steam pasteurization
Washing carcasses with decontaminants (organic acids)
popular in the United States but currently is not permitted in
the European Union. Minced meat and minced meat products
have been associated with a considerable number of EHE
infections. Generally, the internal muscle� bers are relatively
free of microorganisms, but the exposed surfaces may b
contaminated with EHEC. During mincing, the exposed surface
area increases and any organism pathogen on the surface of th
meat will be distributed throughout the minced product. The
tenderness of subprimal cuts of beef may be enhanced b
mechanically cutting into the muscle using a blade, the use of
solid needles to disrupt the meat� bers, or hollow needles to
inject tenderizing solutions or � avor marinades into the meat
tissue. These practices, however, introduce a risk that any EHE
Table 2 Some selected foodborne outbreaks of non-O157 EHEC
serogroups

Food Country Serogroup
No. of
cases

No. of
deaths

Fenugreek seeds Germany O104 3816 54
Ice cream Belgium O145:H28 and

O26:H11
12 0

Fermented beef
sausage

Denmark O26:H11 20 0

Cured mutton
sausage

Norway 0103:H25 17 1

Venison United States O103:H2 and
O145:NM

29 0

Milk United States O111 24 0
Restaurant cross-

contamination
United States O111:NM 341 1

Romaine lettuce United States O145 58 0
Raw clover sprouts United States O26 29 0
on the meat surface will be transferred to the interior muscle.
There is an added risk that the interior contaminated muscle
may be less well cooked than the outside of the steak or joint.
Studies have concluded that blade-tenderized beef steak
present a greater risk, when compared with intact beef steak
particularly to people with weakened immune systems, and if
cooked ‘rare’ to an internal temperature below 120 � F (49 � C).

The survival or potential for growth of EHEC in meat
products will be in � uenced by a range of parameters, including
temperature, pH, water activity, nutrient content, the concen-
tration of salt and other preservatives, the atmosphere in which
the meat is stored, and the presence of other microorganisms
While the growth characteristics of VTEC (E. coliO157) appear
broadly similar to the E. coli species in general, serotype
O157:H7 has an atypical tolerance to acid. Knowledge is
limited on whether the same issue occurs with other EHEC
This acid tolerance allows E. coli O157:H7 to survive the
traditional fermentation process for fermented dried meats and
sausages. Evidence of the survival ofE. coliO157:H7 in such
products led to a recommendation that the processing regime
should achieve a log10 5.0 cfu g� 1 decline in numbers of E. coli
O157:H7 and other EHEC. Manipulation of the intrinsic
factors in the fermentation process are unable to achieve thi
target, and so additional hurdles – such as the inclusion of
a heat treatment step or high pressure step– have been
included in the process.
s-
Dairy

The potential occurrence ofE. coliO157:H7 and other EHEC in
raw milk poses the possibility that these pathogens may survive
in unpasteurized dairy products. In hard cheeses, the potentia
for survival or growth of the pathogen is signi� cantly
lower than in the high-moisture soft and semisoft cheeses
The additional hurdles imposed during the hard cheese
manufacturing process, including the low water activity and pH
as a result of the curing process, and the differences in th
competing micro� ora reduce the survival and growth potential
of the pathogen. Indications are that the additional hurdles
imposed during cheese manufacture are insuf� cient to prevent
the growth or survival of the pathogen in cheese produced from
raw milk that is contaminated with the pathogen. The risk that
EHEC poses in soft cheeses that are produced from unpa
teurized milk is particularly high.
e

,

Fresh Produce and Seeds

Fruit and vegetables have also been implicated inE. coli
O157:H7 and other EHEC outbreaks. Produce implicated in
infection have included apple cider, apple juice, lettuce, and
sprouted sprouts. Contamination is likely from contaminated
animal waste or sewage that has come in contact with the
produce during growing. There is added risk of EHEC in such
products that are grown hydroponically. In contaminated
water,E. coliO157 has been shown to be capable of growth on
all parts of the sprout at 25 � C. Thus, strict sanitation measures
for the seeds and the hydroponic water are essential, and th
European Union proposed new regulations in 2012 that
require the testing and absence of six EHEC (O157, O26
O103, O111, O145, and O104) serogroups on sprouts.
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Conclusion

Undoubtedly, great scienti�c progress has been made in recent
years in terms of our knowledge and understanding of EHEC.
Much of this knowledge has translated into measures to
monitor and control this group of pathogen in the agri-food
environment and into the treatment and management of
clinical infection. Nonetheless, the recent E. coli O104 outbreak
highlighted that this group of pathogens is continuing to
emerge in terms of pathogenicity and the vehicles of infection.
Challenges remain in the methodology for routine recovery
and detection of emergent EHEC serogroups and markers of
virulence potential. Integrated management and interventions
are needed at all stages of the agri-food chain to address the risk
of consumer exposure to this group of pathogens.
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The Pathogen

Members of the genus, Enterobactericeae, can be designated as
either commensal (nonpathogenic or noninvasive) or patho-
genic. Further division of the pathogenic isolates includes
the diarrheagenic strains, such as enteroinvasive, enter-
ohemorrhagic, enteropathogenic, enterotoxigenic, and enter-
oaggregative Escherichia coli. Enteroinvasive E. coli (EIEC) are
Gram-negative, rod-shaped bacteria that possess biochemical
and genetic characteristics similar to both E. coli and Shigella
species. They �rst were identi�ed as a pathogen in 1944 and
initially referred to as paracolon bacillus but later called E. coli
O124. Subsequent isolation of other similar strains led to their
classi�cation as Shigella species (e.g., Shigella manolovi, Shigella
so�a). Later, these strains were renamed to speci�c serotypes of
EIEC.

EIEC and the four Shigella species (Shigella dysenteriae,
Shigella �exneri, Shigella boydii, and Shigella sonnei) cause bacil-
lary dysentery. Illness usually occurs from 8 to 24 h after the
consumption of contaminated food or water. Common clinical
presentations include watery diarrhea, abdominal cramps, and
fever, which may, in a few cases, proceed to diarrhea containing
blood, mucous, and leukocytes. EIEC shares many biochemical
characteristics of other E. coli strains, yet EIEC does present
attributes similar to Shigella species. Most E. coli isolates are
motile, possess an active lysine decarboxylase, utilize indole,
and form gas from the D-glucose metabolism. EIEC is an
anomaly in that it lacks lysine decarboxylase, most (70%) are
not motile, and most do not ferment lactose or have a delayed
reaction, traits similar to the four Shigella species (Table 1).
Table 1 Common phenotypic markers for the differentiation of
E. coli, EIEC, and Shigella spp.

Phenotypic marker E. coli EIEC Shigella spp.

Motility þ –a –
Indole þ þ –
Gas from glucose þ þ/� (73%)b –c

Lysine decarboxylase þ – –
Lactose þ �/þ –d

Xylose þ þ –
Christensen citrate þ �/þ –
Mucate þ �/þ (41–50%) –
Acetate þ �/þ (33–47%) e

Salicin v v –
Sucrose v – –
PCRf – þ þ

þ/�, indicates that most reactions were positive; �/þ, indicates that most reactions
are negative; v, some strains of one species may positive.
aSome EIEC serotype O124 have been shown to be motile.
bNumber in parenthesis indicates percentage of EIEC positive from several studies.
cS. flexneri 6 and S. boydii 14 may produce gas after 24 h incubation.
dS. sonnei may be positive after 24 h incubation.
eS. flexneri 4a may utilize acetate.
fPCR target is the ipaH genes.
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In addition, serotypes of EIEC and Shigella species share
common or identical O-antigens, another characteristic that
confounds a �rm diagnosis at times. Presently, 14 serogroups
are based on the O-antigen: O28ac, O29, O112ac, O121,
O124, O135, O136, O143, O144, O152, O159, O164, O167,
and O173; the most frequent serotype is O124. In addition,
EIEC serogroups O112ac, O124, and O152 are identical to the
O-antigens of S. boydii serotype 15 as well as S. dysenteriae
serotype 2, S. boydii serotype 3, and S. dysenteriae serotype 12,
respectively.

The infectious dose for most Shigella species is within the
range of 200 to 5000 cells, whereas the number for EIEC is
estimated to be anywhere from 104 to 108 organisms. Although
these pathogens possess the same genetic information for
invasion, the reason for the difference in infectious doses has
yet to be fully elucidated. It is speculated that virulence may be
dependent on the form of the large virulence plasmid (pINV)
harbored by either EIEC or Shigella species. As noted by several
investigators, the phylogenetic relationships of these pathogens
should include the form of the virulence plasmid (pINVA or
pINVB) maintained; this may re�ect on the variance in the
degree of virulence expressed by EIEC and shigellae. As an
example, the role of enterotoxins in pathogenesis is thought to
affect �uid secretion in the small intestine, an important aspect
of the diarrheal disease. The ospD (senA) gene encodes for one
enterotoxin and is present in only 75% of EIEC, whereas in
Shigella, 83% contain this gene. Like Shigella species, humans
are the primary host for EIEC, but it may be more �t to survive
longer in the environment. Currently, there are no vaccines
for EIEC.

Complications for shigellosis caused by Shigella include
hemolytic uremic syndrome (HUS) and reactive arthritis. HUS
is restricted to those Shigella strains that harbor the stx gene that
encodes for the shiga toxin. Typically, S. dysenteriae serotype 1
was thought to carry this gene exclusively, but other Shigella
species are now known to have this gene inserted into the
chromosome via a lambdoid-like bacteriophage (prophage).
To date, no EIEC has been identi�ed to posses the stx gene or to
cause the sequelae, reactive arthritis, which primarily affects
people with the HLA-B27 histocompatibility group.
Pathogenesis

Although EIEC and Shigella are pathogenetically similar and
share a considerable amount of chromosomal sequence, nearly
3.9 megabases, it commonly is accepted that they arose from
different nonpathogenic (commensal) E. coli ancestors. The
one event that all lineages share, both Shigella and EIEC, is the
horizontal acquisition of the large virulence plasmid, pINV. For
the evolution of Shigella species, it appears that this event
occurred in at least seven independent ancestral E. coli strains.
For EIEC, three or four clusters are also indicating a parallel and
independent development, that is, they arose from different
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00386-4
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E. coliancestors, as a pathogen yet later in time than the fou
Shigella species. Some have speculated that EIEC may
a ‘missing link’ between commensalE. coliancestors and the
present-dayShigella, but the current thought is that EIEC and
Shigellaevolved via convergent evolution with both indepen-
dently acquiring the pINV plasmid and subsequent pathoa-
daptation, that is, the loss (via mutations or deletions) of
genetic information that make each bacterium better‘� t’ to
their current host niche. An example of such loss of genetic
function is the cadAgene that encodes for lysine decarboxylase
Cadaverine is an end-product of this enzyme and has bee
shown to adversely affect the enterotoxin of Shigella, an
important virulence factor. Other identi � ed antivirulence genes
that are no longer functional in either EIEC orShigellaare the
nadA and nadB, genes that are part of the nicotinamide
synthesis pathway. In addition to speci� c genes, EIEC has los
some catabolic pathways and motility (e.g., lactose utilization
and � agella, respectively, in some EIEC strains). EIEC an
Shigellaspecies have also gained genetic loci, particularly as pa
of pathogenicity islands.

EIEC andShigellaspecies utilize the same invasive pathwa
to cause disease in humans. After ingestion and successf
navigation through the acidic environment of the stomach,
these pathogens invade intestinal epithelial cells. The protein
involved in this process are encoded on the pINV plasmid and
partially are regulated by temperature (see Shigella: Introduc-
tion and Detection by Classical Cultural and Molecular Tech-
niques for further details of EIEC and Shigella invasion).
Effector proteins, the Ipas (invasion plasmid antigens), transit
from the bacterial intracellular milieu to a speci� c epithelial
cell, M cells, lymphoid follicles located in the intestinal
mucosa. These Ipa proteins translocate through a‘needle
complex’ composed of the pINV-encodedspaand mxi genes
that make up the Type Three Secretory System. At the host c
surface, cytosketetal rearrangement occurs, and the pathoge
enter the M cells and subsequently are engulfed by macro
phages in the subepithelium. Host immune responses include
the induction of speci� c proin� ammatory cytokines (e.g., IL-1
and later IL-6 and IL-8) and then the subsequent involvement
of polymorphonuclear leukocytes that perturbed the cell
surface of adjacent epithelial cells. EIEC lyses the macrophage
and the released bacterial cells are able to enter at the bas
lateral surface of the epithelial cells and are capable of releas
from endosomal vacuole. Once inside the epithelial cells, the
pathogens undergo intercellular multiplication and can invade
neighboring host cells through intracellular movement, which
includes a process called actin polymerization (occurs at only
one of the bacterial poles) that provides motility to the
bacterial cells. This cell-to-cell spread protects the pathoge
from further exposure to the host’s immune system and also
leads to the destruction of infected epithelial cells. In most
instances, shigellosis is self-limited and individuals recover in
a few days.
at

s

EIEC in Foods

Survival in Foods

There have been very few food-related outbreaks recorded th
were linked to EIEC. Known outbreaks occurred in England
(1947, possible contaminated salmon), with EIEC O124
affecting 47 school children; 2 in Japan (1963 and 1966 linked
to ohagi and vegetables, respectively); and, in 1971, 387 peopl
were infected with EIEC from contaminated imported French
Brie and Camembert cheeses. Bacterial counts found in th
cheese were 105 to 107 EIEC O124 gram� 1. Later outbreaks
include an outbreak in 1981 with contaminated potato salad
served on a cruise ship as the food source and a nontypabl
EIEC as the etiological agent; a tofu product that caused 67
cases in Japan, in 1988; and in 1985, contaminated guacamol
served by one restaurant in Texas affected 370 people. In th
latter outbreak, the causative agent was identi� ed as EIEC
O143. Although EIEC is considered to be primarily a water- or
foodborne pathogen, person-to-person transmission of EIEC
was con� rmed in one outbreak in 1981.

There are limited numbers of in vitro EIEC survival and
growth studies with select food commodities. Since EIEC wa
implicated in an outbreak linked to contaminated cheese, one
study demonstrated that EIEC O124 grew initially during the
early stages of Camembert cheese production (with pasteurize
milk), but the number of cells declined after the pH dropped
below 5. In hard cheeses, EIEC, when arti� cially inoculated in
milk, grew 2 to 3 logs initially but fell during aging and
ripening stages but could be recovered after 4–7 weeks. In
another study, artisanal (raw milk) cheese samples wer
analyzed for the presence of EIEC using a molecular-base
(polymerase chain reaction (PCR), with the ipaH genes as
target) ampli� cation assay. Two analytical sample preparation
approaches were used, bulk samples and direct extraction o
cheese. The presence of EIEC was found in only one sample o
of the nine tested; no detection was observed with direct
extraction of the cheese samples.
Detection of EIEC from Foods

Bacteriological

Several strategies have been reported to isolate EIEC from foo
and water samples initially utilizing enrichment broth and
bacteriological solid media. As previously mentioned, EIEC
retains some biochemical properties of otherE. coli, and stan-
dard media used for isolating this genus are still applicable.
Sample preparation may be in� uenced by the food matrix, but
lactose broth and buffered peptone water appear to be
common liquid enrichment media.

Isolation of EIEC can be performed on routine enteric
media. Commercially available agars, some designed fo
isolating coliforms and E. coli, have been used successfully t
provide typical colonies for further characterization, either with
additional biochemical tests or by molecular-based assay
particularly with the PCR. In some cases, indole-positive
colonies can be transferred onto MacConkey, Eosin Methylen
Blue, and Sorbitol MacConkey agars. Some laboratorie
reported using cystine–lactose electrolyte-de� cient agar
(Difco). Incubation temperature is usually set at 36–37 � C for
overnight (18–24 h) growth.

The challenge for an accurate diagnostic identity for EIEC i
that it shares many of the biochemical characteristics ofE. coli
and, concurrently, has phenotypic and genotypic traits of
Shigellaspp. Two important distinctions are that most E. coli
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strains have the lysine decarboxylase gene and are lactose f
menting, traits that in most EIEC have been lost. These traits
however, are variable among EIEC populations, complicating
diagnosis. In one study, 97 EIEC strains were tested for lactos
utilization, and overall, nearly 31% of these strains were
positive for lactose utilization with some serotypes having
notably higher percentage than others.

For accurate diagnosis, particularly to differentiate between
Shigellaspp., EIEC, andE. coli, biochemical tests include gas
formation from D-glucose metabolism, motility, indole
production, and sucrose, salicin, mucate, citrate, acetate
L-serine, and D-xylose utilization. Most likely strains that are
lysine decarboxylase positive and motile are noninvasiveE. coli,
which can be con� rmed by using PCR to target theipaH genes
or serologically. Biochemical tests to distinguish EIEC from
Shigellaspecies includeL-serine,D-xylose, mucate fermentation,
and sodium acetate utilization; Shigellaare normally negative
for these phenotypic markers, whereas many EIEC strains ma
be positive for one or several (Table 1). Last, EIEC colonies
should be subjected to serological analyses using antisera t
both EIEC and Shigellasince cross-reactivity occurs betwee
these pathogens.
C

.

e
-

as

i-

-

y

.

e

y

s

ll
-

d
-

;
and
Molecular Based

A common feature with most PCR-based assays targeting EIE
and Shigellaspp. is the target gene(s). TheipaH genes, 4–10
copies, are present on both the chromosome and the pINV
This is a unique locus speci� c for these pathogens and enables
the end user to amplify a multicopy gene, perhaps increasing
the sensitivity of the assay. Another advantage to the use of th
ipaH genes, as indicated, is that there are copies in the chro
mosome that still provide targets in cases in which cells lose the
pINV plasmid, particularly with continuous passage.

Multiplex PCR assays incorporate other target genes, such
other virulence genes (invE, a transcriptional activator of theipa
genes), and in one assay, thelacYgene, present in EIEC but not
in Shigellaspp. Other molecular-based assays either use add
tional target genes (e.g.,ipaC) or alternative ampli � cation
systems to conventional or real-time PCR, such as the loop
mediated isothermal ampli� cation. In the latter assay, the
target gene(s) isipaH.

As with most PCR assays, sample preparation followed b
DNA extraction protocols are critical components that will
re� ect on the overall speci�city and sensitivity. Most labora-
tories include an enrichment step in lieu of directly extracting
any food sample. As there is usually a limit of detection asso-
ciated with most diagnostic assays, enrichment in broth
medium can yield a signi� cant increase in target pathogens
Many laboratories also use commercially available kits to
extract and purify nucleic acids, primarily DNA. Real-time PCR
assays allow the end user to follow the ampli�cation process as
each cycle is completed and different formats permit identi� -
cation of the ampli � ed product. In some cases, an additional
primer is added to the reaction and acts as an internal probe to
the amplicon and, in other situations, melting curves are per-
formed at the end of the last cycle and would indicate
a successful ampli� cation process.

In addition to the molecular-based tests, classical laboratory
analysis would include the Sereny test that measures th
development of keratoconjunctivitis reactions in the eyes of
rabbits or guinea pigs. Invasion potential can be assessed usin
in vitro monolayer cell cultures, but like the Sereny test, these
are expensive to routinely use, and require a few days t
complete. These assays usually are utilized in research labor
tories to con� rm the identity of the pathogen as eitherShigella
or EIEC; however, they will not distinguish between these two
bacteria.
Impact on Industry and the Consumer

Outbreaks and illnesses caused by EIEC are rare in industri
countries and also infrequently encountered in developing
countries. This may be possibly due to misdiagnosis with case
attributed to Shigellaspp., which may also be re� ected in the
fact that on a clinical basis, treatment of either EIEC orShigella
spp. may be the same and the importance of an accurat
diagnosis is a minor detail. Scant information exists, however,
as to the epidemiology of this pathogen. Studies have shown
that EIEC has been reported and isolated in varying geographi
locations over several continents and regions, including
Europe, Central and South America, Africa, Asia, and th
Middle East. In the United States, very few cases of bacillar
dysentery have been linked to EIEC, but this pathogen may be
responsible for individuals who travel to sites around the world
where EIEC may be endemic and who may experience traveler’s
diarrhea.

Shigella, and most likely EIEC, are spread via the fecal–oral
route. EIEC predominantly is considered to be passed to
humans through contaminated food and water with a few cases
of person-to-person transmission. As with many foodborne-
related outbreaks, the role of ill food handlers with poor
personal hygiene has been a signi�cant cause. Improved
hygienic practices and better education for food handlers may
be an in� uential means to stem the number of foodborne
outbreaks. In parts of the world where human waste is used a
fertilizer or directly added to the local water supplies,
improvement in sanitation infrastructure may signi� cantly
decrease the passage of these pathogens. In twenty-� rst-century
international commerce, global food safety remains a primary
concern for both importing and exporting countries. All con-
cerned parties, the food industry, local and national govern-
ment regulatory agencies, and international bodies, such as a
the auspices under the United Nations (e.g., Food and Agri
cultural Organization and World Health Organization),
recognize the importance of providing all consumers with
a safe food supply. Perhaps a robust, accurate, and rapi
diagnostic assay for EIEC should be developed and imple
mented in all food-testing laboratories.
See also:Biochemical and Modern Identi�cation Techniques:
Enterobacteriaceae, Coliforms, andEscherichia Coli;
Enterobacteriaceae, Coliform, andEscherichia coli: Classical
and Modern Methods for Detection and Enumeration;
Escherichia coliO157:E. coliO157:H7; Food Poisoning
Outbreaks; Molecular Biology in Microbiological Analysis
Shigella:Introduction and Detection by Classical Cultural
Molecular Techniques; Genomics.
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Introduction

Escherichia coli was the �rst model organism in biology and
became a workhorse for molecular biology, biotechnology,
and last, but not least, a paradigm for a versatile pathogen. In
the late 1940s, an enteropathogenic E. coli (EPEC) strain was
the �rst pathovar of this species associated with summer
diarrhea of infants. Remaining doubts on its pathogenic
potential were dispelled when diarrhea could be induced
with EPEC strains in human volunteers. In a landmark paper,
EPEC strain E2348/69 induced diarrhea in all 11 volunteers
challenged with 1010 colony forming units (cfu) of this
pathogen. Fever, anorexia, malaise, cramps, and frequent and
large liquid stools were observed in the study subjects.
Notably, the researchers challenged another group of
11 volunteers with an isogenic mutant of this strain deleted
for the eaeA gene, one of the de�ning diagnostic genetic
markers of EPEC strains. The challenge experiment proved
the pathogenic role of this gene as only 4 of the 11 volun-
teers exposed to an identical high dose of the mutant strain
developed diarrhea. The stool numbers and stool volumes
were smaller, and fever and illness symptoms were less
prominent. The intestinal replication potential of both
strains was, however, identical: 108 cfu g�1 stool were the
peak excretion titers in both cases, although serum antibody
titers against the lipopolysaccharide of the infecting O127
strain were much higher after challenge with the wild type
compared with the mutant strain.

On the basis of these promising beginnings on molec-
ular pathogenesis in human subjects, EPEC became a model
organism for deciphering the molecular basis of diarrhea
and much insight into the cellular biology of gut epithelia
was obtained. Still 20 years ago, EPEC was quoted as
a leading cause of diarrhea among infants on �ve conti-
nents. Epidemiological research has since then documented
a decline in typical EPEC (tEPEC) prevalence paralleled by
an increase in atypical EPEC (aEPEC) infections, demon-
strating that E. coli is not only a versatile but also a highly
dynamic pathogen.
Clinic and Pathology

EPEC causes primarily acute diarrhea in young children. In the
mid-twentieth century the mortality rate of EPEC outbreaks
was very high. In nursery outbreaks, mortality rates of 25–50%
were reported in the United States and the United Kingdom.
This is no longer observed in industrial countries, but the
mortality rate of EPEC outbreaks in preterm neonates in Africa
still can be as high as 30%. Profuse watery diarrhea, vomiting,
and low-grade fever are the main symptoms. Biopsy samples
from the jejunum or rectal mucosa showed moderate to
severe damage, irregular atrophy of surface epithelium,
and vacuolization of crypt epithelium. Ultrastructure studies
revealed EPEC bacteria adherent to mucosal cells with
722 Encyclopedia of Food Mic
�attening of microvilli, loss of the cellular terminal web, and
cupping of the plasma membrane around individual bacteria.
Heavily colonized cells showed marked intracellular damage.
This histopathology disturbed the digestive and absorptive
enzymes located in the microvilli and thereby led to
malabsorption of nutrients. Oral rehydration solution (ORS) is
the therapy of choice in mild cases of EPEC diarrhea; ORS is
then complemented with a lactose-free formula. In more severe
forms of EPEC diarrhea, however, ORS is not suf�cient for
reasons that will be discussed, and parenteral rehydration and
parenteral nutrition might become necessary. Many EPEC
strains show multiple antibiotic resistance, making antibiotic
treatment frequently useless. Bovine milk antibodies from
cows immunized with EPEC and enterotoxigenic E. coli (ETEC)
strains showed some treatment effects in children from
Germany, but not in children from Chile and Bangladesh.
Bismuth subsalicylate showed a therapeutic effect and speci�c
probiotics might also be of some use in E. coli childhood
diarrhea. Vaccines are not available for EPEC.

The early histopathological investigations in children
revealed a characteristic lesion called the attaching-and-effacing
(A/E) phenotype, which could be reproduced in experimentally
infected animals and even in cell culture. The intimate attach-
ment of the EPEC bacteria to the enterocyte membrane, the
disappearance of the microvilli, and the disruption of the
cytoskeleton beneath the bacterial attachment point are char-
acteristic observations. In thin section electron microscopy, the
bacteria appear to sit on a pedestal of the enterocyte cell
membrane. When it became possible to observe this phenotype
by the �uorescent-actin staining test, the screening of many
EPEC strains and isogenic mutant clones could be conducted.
On the basis of these genetic experiments, a three-stage model
of EPEC pathogenesis was developed that in its major outline is
still valid. The A/E phenotype is not limited to EPEC strains.
Enterohemorrhagic E. coli (EHEC) pathogens also show this
phenotype. Likewise, pathogenic E. coli strains from rabbits,
calves, pigs, and dogs induce A/E lesions. The mouse pathogen
Citrobacter rodentium, a frequently used model for E. coli infec-
tion, also shows this pathological phenotype, but clinically
mice suffer from colitis and colonic hyperplasia although
diarrhea is not observed.
Adherence

In the three-stage model of EPEC pathology, localized adher-
ence (LA) is the �rst step. An adherence test to cultured HEp-2
cells paved the way for genetic studies that soon linked the
presence of EPEC adherence factor (EAF) plasmid with the LA
phenotype. The factor mediating this effect was described as
�mbriae, which tended to aggregate forming bundles and hence
the name bundle-forming pilus (BFP). Antisera to BFP reduced
the adherence substantially but not entirely. Geneticist showed
that a cluster of 13 genes on the EAF plasmid were required for
BFP formation. These genes encoded pilin subunits, prepilin
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00388-8
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peptidase, inner- and outer-membrane proteins, and trans
acting proteins calledper(plasmid-encodedregulators). Peris
an AraC-like regulator that controls not only the bfpgenes but
also the transcription of important chromosomal virulence
genes of EPEC likeeaeand espB(see section Genomics).

Signal transduction is the second stage of EPEC cellula
pathology. The bacterial genes inducing the signal trans
duction pathways in the enterocyte are encoded on a 35-kb
pathogenicity island called LEE (locus of enterocyte efface-
ment). In this second stage,eaeand other EPEC genes (espA, B,
sep) are activated, causing dissolution of the microvilli. Central
to the pathology at this step is the increase of intracellular
Ca2þ concentration in the enterocyte with effects on the
cytoskeleton and absorption and secretion of Naþ and
Cl� ions; the phosphorylation of Hp90 transforms this
protein into a receptor for the intimin bacterial adhesion, the
product of the eaegene. Later, it turned out that the intimin
receptor is not an enterocyte protein, but rather it is a bacteria
protein that was translocated from the EPEC strain into the
enterocyte via a Type Three Secretion System (TTSS) (
section Diarrhea Mechanisms). This EPEC protein therefor
was renamed Tir fortranslocatedintimin receptor.

The third stage is de� ned by the binding of the EPEC
pathogen via its intimin adhesin to the enterocyte expressing an
activated Tir. Intimin comes in many alleles, and it was sug-
gested that these different intimin variants confer colonization
to different mammalian hosts or determine distinct tissue
tropisms. The importance of the intimin as virulence factor was
underlined by early volunteer studies and data suggestin
a correlation between susceptibility to experimental EPEC
infection with the presence of antibody to intimin in the serum
of the adult volunteers. Studies with isogenic mutants showed
that eae-deletion mutants cannot adhere, but they still can
induce signal transduction. Transfer of theeaegene was– quite
logically – not suf� cient to make a commensalE. coliadhere,
but this transformant did adhere when the enterocyte was
preincubated with the eae-deletion mutant of an EPEC strain
transferring Tir.
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Translocation

The TTSS is a crucial pathogenic element for sever
Gram-negative bacteria (E. coli, Shigella, Salmonella, Yersinia,
Pseudomonas) allowing them to directly translocate virulence
factors from the bacterium into the host target cell. The struc
tural core of the EPEC TTSS or injectisome assembles throu
the formation of inner- and outer-membrane rings. The outer-
membrane ring is formed by EscC, a member of the secreti
family. Electron microscopy studies showed a ring structure
composed of a dozen EscC subunits. This homomultimeric
annular complex allows for the passage of unfolded proteins.
The inner membrane ring of the TTSS apparatus in contrast
composed of many proteins (EscR, S, T, U, V). Both rings ar
connected by EscJ, which thus spans the entire periplasm
space bridging the two rings in the outer and inner bacterial
membranes. The actual needle of the injectisome is formed b
a single protein, EscF. The EscF needle is wrapped by a polym
of the translocator protein EspA, which forms a hollow � la-
mentous conduit. The effector proteins are delivered into the
enterocyte by the far end of the EspA� lament through
a translocator pore, which is formed in the enterocyte plasma
membrane by the EPEC proteins EspB and EspD. On th
bacterial cytoplasmic side of this protein injection system, an
ATPase (EscN) is located that provides the energy for effect
protein translocation through the injectisome. All these struc-
tural proteins of the TTSS are encoded on the LEE pathogenici
island. The LEE encodes major effector molecules, which ar
translocated by the TTSS: this list includes Tir, Map, EspF, G, H
and B. In EPEC infections, however, effector proteins are als
translocated that are encoded on mobile DNA elements other
than LEE. These elements include prophages and othe
genomic islands. The integration of effector protein trans-
location and function in the enterocyte thus needs sophisti-
cated control systems.
Genomics

Somewhat surprisingly, the prototype EPEC strain E2348/69
from the pioneer volunteer study was sequenced only recently
Whole-genome sequencing of severalE. colistrains previously
had identi � ed a conserved core genome shared betwee
commensal and pathogenic E. coli strains. Within this
conserved framework are found a handful of widely scattered
genomic islands. These DNA segments kept traits identifying
them as mobile DNA elements acquired by horizontal gene
transfer. This is also the case for the prototype EPEC strain:
aligns without any genomic rearrangement with strains repre-
senting commensal E. coli strains as well as enterotoxigenic
enterohemorrhagic, and uropathogenicE. colistrains. Synteny
of the gene order was well preserved. Individuality of the
sequenced EPEC strain comes with prophages. The EP
prototype strain has 13 prophages representing lambda-, P2
P4-, Mu-, P22-, and epsilon 15-like phages. Several of thes
prophages carry nonphage genes that were implicated in th
pathogenesis of EPEC infections. Examples for this prophag
pathogenic gene cargo include NleH (which binds the Bax 1
inhibitor to block apoptosis), Cif (which induces cell cycle
arrest), NleC (a metalloprotease which cleaves RelA to inhibi
nuclear factor-kappa B (NF-kB) activation), EspI/NleA (which
mediates tight junction disruption), and EspJ (which inhibits
phagocytosis). In addition, strain speci� city is provided by
eight further integrative elements (IEs) for which an integrase
gene still suggests an ancient mobile DNA element, but a clea
phage or plasmid origin is not any longer apparent. IE5, for
example, encodes EspG as virulence factor, which disrup
microtubules. From the viewpoint of pathogenicity, the most
prominent IE is LEE. The locus has a complex genetic structu
consisting of � ve operons (LEE1-5). LEE encodes a regulato
Ler, which is the main transcriptional regulator of this locus. It
represses LEE1 (and thus creates a negative feedback loop
itself) and activates LEE2-5. On LEE5 the major EPEC adhes
intimin is encoded by the eaegene as well as the translocated
intimin receptor Tir. EPEC has a sophisticated way to hijack the
host cell. LEE encodes the abovementioned TTSS, whic
secretes multiple effectors into the host cell to modify its
physiology. The effectors include the intimin receptor Tir,
other LEE encoded protein, but also non-LEE effectors. Th
LEE effectors include EspF (mitochondria disruption),
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Map (� lopodia formation), EspG (disrupts microtubules),
EspH (blocks Rho GTPase signaling), and EspZ (inhibits
cellular cytotoxicity). Subversion of the host-cell actin cyto-
skeleton is a central theme of TTSS-mediated EPEC virulenc
Other key aspects of virulence from EPEC are the regulation o
cell survival and apoptosis, action against phagocytosis an
disarmament of the in� ammatory response.

Chromosomal genes also differentiate the prototype EPEC
strain from the other sequencedE. coli strains. These gene
include the O antigen (LPS) biosynthesis operon and two
restriction-modi � cation systems. Both gene groups ar
common hotspots of genetic diversi� cation in E. coli, re� ecting
a strong selection pressure for variation. Genomic comparison
showed the closest relationship between the prototype EPEC
and uropathogenic E. coli, which both belong to the E. coli
phylogroup B2. Of note are a large number of� mbrial operons
in addition to the BFP. EPEC is a noninvasive pathogen tha
remains restricted to the intestinal lumen. Nevertheless, the
prototype EPEC strain encodes� ve Lom family proteins that
confer serum resistance toE. coli when reaching the blood
stream by inhibiting complement-dependent killing and
increasing survival in macrophages.
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Diarrhea Mechanisms

Disturbed ion transport is the pathophysiological hallmark of
diarrhea. The classical paradigm for diarrhea causation is th
cholera toxin. CT is an AB5 toxin, where the B subunits mediate
receptor recognition on the cell membrane (ganglioside GM1),
subsequent endocytosis, and then traf�cking from the Golgi into
the endoplasmic reticulum. Here, the ER-associated degradatio
system sets the A1 subunit free, which then modi� es adenylate
cyclase, resulting in cyclic adenosine monophosphate (cAMP
production. cAMP activates protein kinase A, which induces
increased Cl� secretion from the host cell into the extracellular
lumen. The CT pathway was co-opted by the heat labile
enterotoxin (LT) enterotoxin of ETEC but not by EPEC strains
EPEC strains, however, achieve a similar net effect on lumina
Cl� concentration as CT by using an alternative pathway
decreasing the cell surface expression of the major apical anio
exchanger protein DRA (down regulated in adenoma), which
leads to an inhibition of Cl � absorption. The net result for the
ion � ow is the same in both cases. Deletion mutation analysis
demonstrated that the TTSS and EspG and EspG2 are necess
for decreased Cl� absorption. EspG disrupts the microtubules,
which affect the internalization of the surface-expressed DRA
into intracellular vesicles. EPEC also mediates a decreas
sodium uptake by the enterocyte, resulting in further electrolyte
disturbances. This effect occurs via two independent systems. O
one side, EspF decreases sodium absorption via inhibition of the
Naþ /H þ exchanger NHE3. Clinically even more relevant are the
effects of EPEC on the sodium–glucose transport protein 1
(SGLT1). This cotransporter is still active in severe forms o
diarrhea like cholera and also in ETEC and rotavirus infections
The physiology of this cotransporter is the basis for the ORS tha
is essentially a glucose–sodium solution and thus allows for the
import of sodium via a coupled transport of glucose with
sodium ion across the mucosa. The formation of the pathog-
nomic attaching and effacing (AE) lesions of EPEC destroys th
microvilli and leads to the loss of SGLT1 function from the cell
membrane. This process occurs within a few hours after infec
tion and depends on the presence of intimin, its translocated
receptor Tir, and EspF and Map. A less well-investigated proce
is even quicker: It occurs within 30 min after infection where
EPEC, by an unknown mechanism, causes the movement o
SGLT1 from the microvilli into the intracellular vesicles. By
knocking out the SGLT1 expression on the cell surface, th
diarrhea-mediated sodium imbalances by EPEC become clini
cally refractory to correction with the ORS, which compromises
the use of ORS in severe forms of EPEC diarrhea. Finally, EPE
has developed still another mechanism for diarrhea causation
EPEC stimulates an increase in intracellular Ca2þ that results in
myosin light-chain kinase activation. This kinase phosphory-
lates the regulatory subunit of the myosin light chain, which in
turn affects the contractile actomyosin ring surrounding the cell,
resulting in an opening of the tight junctions between the
enterocytes. This process compromises the fence function of th
intestinal epithelium, destroying the controlled absorption and
secretion of solutes across the gut mucosa.
Diagnosis

EPEC originally was de� ned serologically by diagnosing
speci�c O serotypes ofE. coliassociated with infantile diarrhea.
Diagnosis depended on the cultivation of the strain and access
to a large collection of speci� c antisera. Later it was recognized
that the determination of these classical serotypes led to an
overdiagnosis of EPEC infections. Replacing serological test
EPEC strains were then diagnosed by their localized adherenc
pattern in tissue-cultured cells. The molecular diagnosis o
EPEC infection has since replaced the cell culture test and no
is done by the detection of EPEC virulence genes. The intestina
attachment of EPEC is mediated by the outer cell membrane
protein intimin, encoded by the eaegene, and its detection is
the cornerstone of molecular diagnosis of EPEC strains. A
historically important diagnostic probe is found on the EAF
plasmid (the 1 kb EAF probe). EAF also contains thebfp
operon, however, which encodes the type IV bundle-forming
pilus, which is currently the second diagnostic gene for EPEC
strain differentiation. A third virulence gene necessary for the
proper de� nition of EPEC strains is thestxgene encoding the
Shigatoxin. The tEPEC are characterized by theeaeþ bfpþ stx-
gene constellation. These strains belong to the classical
serotypes initially associated with EPEC infections (O26, O55
O86, O111, O114, O119, O125, O126, O127, O128, O142,
and O158); they produce BFP and show LA. Of increasing
epidemiological importance are now aEPEC strains, which
show the gene constellationeaeþ bfp-stx-; they do not belong
to the classical EPEC serotypes but may belong to more tha
200 O serotypes or may by nontypeable for the O antigen.
aEPEC displays a diffuse (DA) or aggregative adherence (AA
pattern or a localized-like adherence (LAL) pattern. The
molecular diagnosis of EPEC strains is bedeviled by a problem
that complicates the diagnosis of other forms ofE. colidiarrhea.
In endemic areas, EPEC as well as ETEC strains commonly a
isolated from both sick children with diarrhea as well as from
healthy children. When using molecular methods for diag-
nosis, an average prevalence of 5–10% commonly is
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ESCHERICHIA COLIj EnteropathogenicE. coli 725
determined for EPEC in childhood diarrhea from developing
countries. As a quite typical example, a recent diarrhe
surveillance cohort involving more than 1000 Peruvian chil-
dren yielded an EPEC isolation rate of 7.6% in children with
diarrhea compared with 9.9% in asymptomatic children. In
other studies, a pathogenicity index (PI, the ratio of isolation
rate in symptomatic over asymptomatic subjects) that does not
exceed 2 is reported. Only exceptional studies show PI in exce
of 10. There is no apparent geographic clustering for higher P
For example, EPEC isolations in Brazil reported PI ranging from
1.7 over 4 to 11.5 in studies conducted within a narrow time
period. This problem was known for a long time, but it did not
change the general practice of clinical microbiologists who
conducted qualitative tests by plating stool samples on enteric
agar plates for cultivation. Up to � ve colonies per stool were
pooled for multiplex polymerase chain reaction (PCR) with
different primers for the distinct E. coli pathotypes. Clinical
microbiologists did not determine total E. coli counts from
cases and controls nor were quantitative real-time PCR
methods used to investigate the relative proportion of virulence
genes in cases and controls. This situation is a bit astonishin
since the high and comparable prevalence of pathogenicE. coli
in both cases and controls goes against the classical formula
tion of Koch’s postulate. A contemporary molecular update of
Koch’s postulate has been formulated, which, however, is also
not ful � lled by the standard diagnostic criteria ofE. colidiar-
rhea. Fredricks and Relman (1996)have suggested a formula
tion that includes the following criteria: (1) an RNA or a DNA
sequence from the pathogen should be present in most cases o
the infectious disease in question; (2) fewer, or no, copies o
pathogen-associated nucleic acid sequences should occur
subjects without disease; (3) with resolution of disease, the
copy number of pathogen-associated nucleic acid sequence
should decrease or become undetectable; and (4) when th
sequence copy number correlates with severity of disease, th
association is more likely to be a causal relationship. They
formulated further criteria that are, however, of lesser impor-
tance for diarrheal diseases. Surprisingly only very recently
diarrhea researchers have addressed this issue when hypoth
sizing that the presence of symptoms in EPEC infection migh
relate to the bacterial load. To test this hypothesis, they studied
the copy number of the intimin gene by quantitative real-time
PCR with DNA directly isolated from stool samples. They
determined a mean load of 300 000 EPEC bacteria in case
compared with 30 000 EPEC bacteria per gram stool in contro
subjects. The difference between cases and controls, howev
was only statistically signi�cant for children younger than
12 months of age, but not for children older than 12 months.
The EPEC titer, however, was not higher in younger than in
older case children; the number of EPEC bacteria was lower i
younger as compared with older control children. There was
a trend for a decrease in mean EPEC titer with the days o
diarrheal illness, but this observation was not statistically
signi� cant and it amounted only to a fourfold titer decrease
between the acute phase of diarrhea and when children had
recovered from diarrhea. The number of studied cases was no
high enough to determine whether the bacterial load correlated
with duration and severity of diarrhea. In children who were
breastfed, there was no difference between case and contr
children; a difference was only seen in non-breast-fed children
In the case of coinfections, the number of EPEC organisms doe
also not differ between cases and controls.
Epidemiology

Forty years ago EPEC was the most common cause of nurse
diarrhea and childhood diarrhea in industrial countries. Since
then the prevalence of reported cases of EPEC has declin
substantially. This decline might have different causes. Rota
viruses were discovered and now represent the single mo
important etiological agent of childhood diarrhea in the
developed hemisphere and represent the� rst or second cause
of diarrhea in children from developing countries. Rotavirus
might have taken the niche previously occupied by EPEC
diarrhea. The decline of EPEC diarrhea in children from the
industrial countries was interpreted as a consequence o
amelioration in environmental hygiene and the promotion of
breast-feeding. EPEC diarrhea might also have been ove
estimated by using O-serotyping as a diagnostic criterion. A
large review based on more than 200 studies on childhood
diarrhea published between 1990 and 2003 demonstrated that
EPEC diarrhea is no longer the major form of childhood
diarrhea. The prevalence, however, is still substantial. In
community studies, EPEC showed a mean prevalence of 8.8%
This � gure was 9.1% in outpatients and 15.6% in inpatients.
With these numbers, EPEC� gured second after rotavirus,
which was associated with 25.4% of the inpatients from the
same review. The prevalence of EPEC contribution to child
hood diarrhea, however, showed the great variation when
different countries were compared. For example, in the United
States, most bacterial childhood diarrheal disease is caused b
pathogens not recognized in routine clinical testing. In US
children, routine bacterial pathogens (Salmonella, Shigella,
Aeromonas, E. coliO157, Campylobacter, Yersinia enterocolitica)
represent just 2.1% of the hospitalized diarrhea cases, wherea
rotavirus was found in 20% of the cases. WhenE. colipatho-
gens were searched by gene probes, EPEC were detected w
the eaeprobe in 5% of the children with diarrhea. This preva-
lence was higher than that for enteroaggregativeE. coli(EAEC)
detected with the AA probe (4%), ETEC (0% with LT and heat
stable enterotoxin (ST) probe), and EHEC (1% withstxprobe).
It was second only to diffusely adherentE. coli(DAEC) (6%).
However, 3.4% of control children also showed EPEC strains in
the stool by these molecular markers. A case–control study in
more than 1000 Brazilian children with diarrhea found only
one case with tEPEC, whereas aEPEC was detected in 10%
the cases– only slightly less than EAEC (11% prevalence)
Prevalence of aEPEC and EAEC, however, in control childre
was with 6% and 9%, respectively, also high and not signi� -
cantly different from cases. Similar data were found in
a prospective study from Brazil: tEPEC was practically no
found, whereas aEPEC represented 5.5% of children wit
diarrhea compared with a prevalence of only 0.7% in controls.
aEPEC was surpassed by EAEC detected with 7–11% of cases;
EAEC was found in only 1.4% of the controls. In Peru, EPEC
prevalence changed with age: Although it was detected in 3% o
the diarrhea samples in infants, this prevalence rose to 11% in
the second half of the� rst year of life and then to 16% in the
second year of life. Overall, EPEC was found with highe
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prevalence in cases than in controls, but this was not the case i
all studies. Healthy carriage of EPEC was a frequent observ
tion. Various factors were mentioned that could lead to an
asymptomatic colonization. The susceptibility of children to
EPEC disease might change with age; breast-feeding and d
placentar maternal antibody might attenuate EPEC infections
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Atypical EPEC

In the twenty-� rst century, atypical EPEC is more prevalent than
typical EPEC in both developing countries like Brazil and
industrial countries, as demonstrated by studies from Australia
and Norway. The pathogenic potential of aEPEC is not ye
entirely clear: some studies showed an association of aEPE
with childhood diarrhea, others showed no association and
still others showed an association with persistent diarrhea
Molecular analysis showed that aEPEC is a heterogeneou
group with respect of phylogenetic attribution and virulence
pro� le. Some aEPEC probably are derived from tEPEC tha
have lost the EAF plasmid. This heterogeneity should not be
surprising as many virulence factors of diarrhea-associatedE. coli
are carried on mobile DNA elements like transmissible plas-
mids, transposons, and bacteriophages. In fact, it is to a certai
extent surprising that new combinations of virulence genes do
not occur more frequently in pathogenic E. coli strains. The
epidemic E. colistrain O104:H4 from the 2011 food outbreak
in Germany, which combines virulence factors from enter-
oaggregative and enterohemorrhagicE. coli, is a lively reminder
of this remixing of virulence factors inE. colicreating pathogenic
isolates with previously unknown pathogenic potential.

Similar situations have also been observed with EPEC
outbreaks. EPEC infections show a striking age distribution and
thus are primarily a disease of children younger than 2 years o
age. In adults, EPEC diarrhea can be induced when the infe
tious dose is high and when stomach acidity is neutralized with
bicarbonate buffer. Such high fecal contamination levels,
however, are unlikely to occur naturally since it would result in
a substantial off-� avor in food. Consequently, EPEC infections
normally are not reported in adults. There are, however
interesting exceptions to this rule. A large outbreak of diarrhea
occurred in Finland that involved 611 pupils and 39 teachers.
All cases had eaten food served at the school, but foodstuff
served preceding the outbreak were all negative for a panel o
enteropathogens, suggesting a low infectious dose. Subs
quently, diarrhea developed in 137 household contacts of the
Finnish pupils, again including adults. The attack rate was high
(72%). Diarrhea occurred for an average of 4 days and head
ache was a main complaint. The stools yielded a nearly pure
culture of EPEC strain O111:B4. This strain is remarkabl
because it corresponds to the� rst EPEC strain described from
an outbreak of neonatal diarrhea in a maternity unit in the
1950s, which also induced diarrhea in volunteers. Variant
colonies were detected that lost the O111 antigen reactivity
which unmasked Vi capsular polysaccharide antigen reactivit
and led to an increased adherence to Hep-2 cells, which migh
explain the altered pathogenicity for adults.

A few years later, EPEC outbreaks were reported amon
adult visitors of a gourmet restaurant in Minnesota; 89% of the
index group developed diarrhea and cramps after an
incubation period of 56 h. Twenty percent of subsequent visitor
groups also developed diarrhea. The only enteropathogen
isolated wasE. coliO39:NM. Gene probes for more than 10
virulence genes of diarrhea-associatedE. colidetected onlyeae
and astA, encoding intimin and the heat-stable enterotoxin
EAST1, respectively, whereasbfp detection was negative. With
that virulence gene constellation,E. coli O39:NM could be
diagnosed as an atypical EPEC or– alternatively – as a hybrid
between an EPEC and an EAEC for which EAST1 is typica
Together with the experience of the 2011E. coli O104:H4
outbreak in Germany, we have to acknowledge that foodborne
illness are caused by an increasing number of diarrheogeni
E. colithat have not been classi� ed for the pathotype or that
defy classi� cation in the current set of E. colipathotypes. The
current pathotypes might represent more peaks in a continuum
than clearly separated groups of pathogenicE. coli.
Transmission and Reservoirs

Epidemiologists have de� ned a fecal–oral transmission route
for EPEC infections. Contaminated hands, contaminated
weaning food, and fomites have transmitted EPEC infections in
maternity wards. Airborne transmission also was proposed
since EPEC was also isolated from aerosols. In the uncommo
adult EPEC outbreaks, foodborne transmission was suggeste
Several studies demonstrated the spread of infections throug
hospitals, nurseries, and day care centers from index case
suggesting person-to-person transmission. Potential EPE
strains also were found in many mammals (cat, dog, deer, cow
pig, nonhuman primates) and birds (duck, goose), leading to
claims that some atypical EPEC strains might be derived from
animal reservoirs. When animal EPEC strains were characte
ized for their intimin gene, however, many genetic variants
between animal and human EPEC strains were documented
raising some doubts to what extent animals serve as EPE
reservoirs. In fact, since such a high percentage of older childre
carry EPEC strains with established virulence factors, one migh
ask whether such a hypothesis is needed: human-to-human
transmission might explain the majority of transmissions. It
remains to be seen, however, to what extent new highly virulent
strains presenting new disease characteristics like the Germa
O104:H4 outbreak strain can be traced back to human reser
voirs or whether they hide out in animal or plant reservoirs.
Food Safety

The contamination with E. coli was investigated in some
detail for meat samples from Korea. Pork showed the highes
level of contamination with a clear summer peak compared
with poultry and beef, and this prevalence more than
doubled over recent years, reaching 12% in 2006. Only 9%
of the pork isolates represented pathogenicE. coli (with
ETEC> EPEC¼EHEC). In beef, 35% of the isolates repre-
sented pathogenicE. coli, most were EHEC, and only 7%
were EPEC strains. In poultry, 24% of theE. coliwere path-
ogens, and EPEC was the least frequent. Studies from oth
countries showed even higher levels of meat contamination
with E. coli(the United States, Australia); however, except fo
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EHEC strains, little information is available for speci�c
pathotypes of E. coli in food. In a study from Argentina, half
of unwashed carcasses of chicken in the slaughtering process
were contaminated with EPEC, 13% of the visceral cavity
surfaces yielded EPEC even after washing. In Irish abattoirs
only 1% of bovine carcass samples were positive for EPEC.
EPEC has also been isolated from seafood (Korea), vegeta-
bles (Mexico), fruit, and dairy products including pasteurized
milk (Brazil). Since EPEC is primarily a disease of young
children, who do not consume much of the meat and sea-
food products, EPEC certainly plays a lesser role than ETEC
and EHEC as a foodborne infection.
., Mispireta, M.
lymerase chain
ymp-
ses 53 (12),

Nataro, J.P.,

linical

ial
views 9

ic and enter-
, trans-

M., Myers, L.J.,
n outbreak of

e
ious

n overview of
7 (2),

enderson, I.R.,
, Quail, M.A.,
009. Complete
eropathogenic
191 (1),

classif
in Korea.

ogy

n

eets intestinal
Microbiology 7

.S., Lee, S.F.,
ohaemorrhagic
logy 80 (6),
Outlook

The molecular analysis of EPEC infections has added a lot to
the understanding of the biology of E. coli, which is now not
only a workhorse for the genetic analysis of a model organism
but also a paradigm for the understanding of an important
human bacterial infectious disease. The deciphering of the
EPEC–enterocyte interaction provided a molecular under-
standing of the pathological basis of diarrheal diseases. The
ongoing de�nition of bacterial effector proteins translocated
into the enterocyte and their regulated expression underlines
the sophisticated strategies used by bacterial pathogens to
hijack the eukaryotic target cell. At the same time, EPEC is an
example for a pathogen evolving over a few decades under the
eyes of epidemiologists and molecular microbiologists.
Understanding the rules of this rapid pathogen evolution will
be instrumental for anticipating future trajectories of this
important human pathogen. It was said that understanding
E. coli means understanding diarrhea. Despite decades of
research on this model organism, however, important ques-
tions still lack answers. One of them is the question about
which factors determine that E. coli strains containing virulence
genes are carried in some children without causing disease
symptoms but induce diarrhea in others. The research of
medical microbiologists traditionally has concentrated on the
pathogen–human interaction. This focus now has to be com-
plemented by research from ecology-oriented microbiologists
who study the impact of microbial community composition on
ecosystem functioning. The study of E. coli–microbiota inter-
action in healthy carrier children and children suffering from
diarrhea not only might make E. coli a source of data on
molecular and cell biology but also might lead to an exciting
interface between medical and ecological research.
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Escherichia coli

Escherichia coli, a Gram-negative rod-shaped motile bacterium,
is mainly found in the large intestine. It constitutes about 0.1%
of gut �ora of warm-blooded animals, and it represents the
predominant facultative anaerobic constituent of normal
colonic �ora. Typically, it is present in 107–109 organisms per
gram of feces. This bacterium normally colonizes the infant
gastrointestinal tract within hours of birth. Escherichia coli
usually remains con�ned within the intestinal lumen as
a harmless saprophyte. Most E. coli are commensals, but some
serotypes/pathotypes related to the virulence groups can cause
serious health problems in humans. Serological classi�cation is
done according to a modi�ed Kauffman scheme based on the
O (somatic or lipopolysaccharide, about 200 serotypes), H
(�agellar, 56 serotypes), F (�mbrial, more than 22 serotypes),
and K (capsular polysaccharide, about 60 serotypes) antigens.
The pathotypes are related to the pathogenicity potential based
on the presence of colonization factors (CFs) as well as
production of toxins. Escherichia coli was not of�cially recog-
nized as a foodborne pathogen until 1971 when an outbreak
due to imported cheese was reported in the USA.
Virulence Groups

Six virulence groups are recognized based on disease
syndromes and bacterial characteristics as well as their effects
on certain cell lines and serological groupings. We thus have
enteroaggregative E. coli (EAggEC), enterohemorrhagic E. coli
(EHEC), enteroinvasive E. coli (EIEC), enteropathogenic E. coli
(EPEC), diffusely adherent E. coli (DAEC), and enterotoxigenic
E. coli (ETEC). These various virulence groups are described in
Chapter 383. The ETEC virulence group is distinguished from
others by their production of CFs, also known as �mbriae, and
toxins acting in the intestine known as enterotoxins.
ETEC

Enterotoxigenic E. coli were �rst described in 1967, shortly after
the discovery of cholera toxin (CT). Among the various E. coli
virulence groups, ETEC are principally responsible for causing
diarrhea in humans. In healthy individuals, the stomach,
duodenum, and jejunum generally do not contain coliform
bacteria. To cause disease, ETEC �rst attach and colonize the
small intestine by means of �mbrial or a�mbrial CFs. CFs are
necessary to ETEC to resist being washed away by the peri-
staltism with the normal �ow of fecal contents. In humans,
there are more than 22 recognized CFs (CFA/1, and CS1 to
CS22). The most common in diarrheagenic strains include
CFA/1, CS1 to CS7, CS14, CS17, and CS21. These adherence-
related molecules are mainly �mbrial or �brillar. These
complex proteinaceous �lament structures are plasmid enco-
ded and are not produced below 20 �C. The genes for these
728 Encyclopedia of Food Mic
structures are generally found on the same plasmid that
encodes enterotoxins. Once attached to the intestinal epithelial
cells, the strains produce one or more enterotoxins that will act
locally. Colonization of the intestinal mucosa allows the
localized and ef�cient delivery of enterotoxin. In addition to
ETEC strains that cause disease in humans, speci�c strains cause
disease in a variety of domesticated animals. The host speci-
�city is related to different CFs, and these differ for various
animal species. ETEC enterotoxins have been de�ned as cyto-
tonic-provoking �uid and electrolyte secretion without alter-
ation of the cell or tissue morphology. In animals, ETEC
infections are responsible for important diarrheal diseases and
economic losses due to growth retardation, treatment, and
death.
ETEC Infection

In the developing world, an estimated 650 million cases of ETEC
infection occur each year. It is estimated that 800 000 deaths
result from these infections, and these are mostly in young
children 5 years old or younger. ETEC diarrhea is less common
in developed countries (Figure 1). However, outbreaks can be
encountered and are usually related to food and more rarely to
water contamination. The infecting dose is important and has
been evaluated to approximately 108–1010 colony-forming units
in human volunteers. Two classes of enterotoxins have been
de�ned: heat-labile (LT) and heat-stable (STs comprising STa,
STb, and EAST1).
ETEC Diarrhea

ETEC cause diarrhea in both children and adults. This condi-
tion is known as travelers’ diarrhea, and it is called ‘Mon-
tezuma’s’ revenge in some countries. This virulence group is the
leading cause of travelers’ diarrhea that can occur in people
traveling from developed to developing countries. ETEC also
represent one of the enteropathogens signi�cantly correlated
with the development of malnutrition. ETEC-mediated diar-
rhea in humans is endemic in developing countries, and their
inhabitants suffer many episodes during their lifetime. In these
areas of the world, ETEC are responsible for more than 20% of
all severe diarrheal illnesses reported. Fecal contamination of
food and drinks is the mode of transmission; direct person-to-
person contact, though observed, is not a major route of
transmission. About 30–60% of all travelers to endemic areas
experience diarrhea, and in 60% of the cases ETEC infections
are accountable. The organism is regularly imported to the
developed world by persons suffering from diarrhea. It is esti-
mated that ETEC-producing LT are responsible for diarrhea in
up to 10 million tourists every year.

ETEC infections are characterized by the rapid onset of
a watery diarrhea after an incubation period as short as 14 h.
Several loose or watery stools per day to a more explosive
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00385-2
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Figure 1 Areas of the world at risk for traveler’s diarrhea.
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cholera-like illness with profuse diarrhea can occur. Typically
diarrhea occurs on the third day after arrival in a country at risk
and lasts about 3–5 days. The infection is rarely accompanied by
fever, but infected individuals are likely to experience abdominal
cramps. Nausea and vomiting can also be experience, thoug
less commonly. ETEC strains are noninvasive and thus do no
cause in� ammation. In untreated infections, symptoms usually
resolve spontaneously within a few days. In some cases, th
symptoms can persist much longer. The main danger of water
diarrhea is dehydration, and severe dehydration and electrolyte
imbalance can in some cases result in death. Children and
elderly are most at risk. In endemic areas, most ETEC-mediate
diarrhea episodes are caused by STs-producing strains as
strains encountered are most frequently LT� /STaþ . These
episodes occur most frequently during the warm season when
the bacterial load can rapidly increase in contaminated foods. A
decreased incidence of disease in older children and adult
re� ects a certain level of acquired mucosal immunity.
d
o

The Enterotoxins

Enterotoxins are proteins or peptides produced by pathogenic
microorganisms that act in the gut. The� rst enterotoxin of
ETEC was discovered in 1967 by Smith and Halls when
a cell-free heat-stable solution from a porcineE. colistrain was
shown to accumulate� uid in a ligated pig intestine. A distinct
heat-labile toxin (LT) antigenically related to CT was recog
nized shortly thereafter. About 46% of ETEC isolates expres
STs alone, 25% express LT alone, and 29% express both STs a
LT in humans. STs are low-molecular-weight, heat-stable toxin
resistant to 100� C for 15 min compared to LT that is inacti-
vated at 60� C after 15 min. Both types of toxin are plasmid
encoded, and these virulence traits can be transferred betwee
E. coli strains. LT is highly antigenic, whereas STs are poor
antigenic. These molecules are extremely potent and disrup
homeostasis of the bowel at nanomolar concentrations or less
LT

LT is a high-molecular-weight toxin (approximately 85 kDa) of
the AB5-type, resembles CT in structure, function, and mechanism
of action. There are two types of LT, designated LT-I and LT-II. LT
is associated with human ETEC, and LT-II is primarily associate
withanimal-speci� c ETECand notwithclinical disease.These tw
subtypes have similar biological activity but differ antigenically.
LT holotoxin comprises one enzymatically active A (30 kDa)
subunit (adenosine diphosphate (ADP)-ribosylating) joined to
� ve receptor binding B (11.5 kDa) subunits (Figure 2(a)). The A
subunit consists of an A1 fragment containing the active site and
anA2 fragment that links A1 to the B subunits.The receptors for the
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Figure 2 Mechanism of action for ETEC enterotoxins. From left to right: (a) LT, (b) STa and EAST1, and (c) STb toxins.
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LT-B subunit are ubiquitous molecules found on enterocytes and
include GM1 ganglioside, GD1b, asialo GM1, and a number of
glycoproteins and galactose-containing glycolipids. GM1 gangli-
oside is the preferred receptor for LT-I. Following binding of LT-I
to its receptor by the B subunits, the A subunit gains entrance into
the cell after internalization by receptor-mediated endocytosis
Via retrograde transport, it is then transported to the golgi and the
endoplasmic reticulum (ER). After dissociation in the golgi, the A
subunit is translocated to the ER where it undergoes cleavage int
A1 and A2 moiety. The A1 fragment translocates into the cytosol,
and the subunit has the capacity to ADP-ribosylate Gsa,
a guanosine triphosphate (GTP)-binding protein, from nicotin-
amide adenine dinucleotide (NAD) leading to the constitutive
activation of adenylate cyclase in the basolateral membrane of the
enterocytes. ADP-ribosylation is enhanced by ADP-ribosylation
factors, which are small regulatory GTPases that activate the LT-1

catalytic subunit. Activation of adenylate cyclase results in the
accumulation of cAMP intracellularly and activation of the cystic
� brosis transmembrane regulator (CFTR) following protein
kinase A (PKA) phosphorylation. Secretion of Cl� and HCO3

�

results from the opening of this channel. At the same time PKA
inhibits Na þ reabsorption by villus cells by the Naþ /H þ -
exchanger 3 (NHE3) upon phosphorylation. Water secretion
results from an osmotically driven effect, and diarrhea results. The
effect of LT-I is irreversible and is neutralized by antibodies raised
against CT.
-
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STs

STs are a group of enterotoxigenic molecules of low molec
ular weight produced by E. coliand other pathogens such as
Vibrio, Yersinia, and Citrobacter. In ETEC, three types of ST
have been described: STa, STb, and EAST1 (enteroaggrega
heat-stable toxin 1). STa toxin has been strongly linked to
diarrhea in humans. STb, though reported in human strains
isolated from patients suffering from diarrhea, was not
directly shown to play a role in the symptoms observed.
However, it is a main contributor to animal diarrhea,
speci� cally in swine. EAST1 is described as being related t
STa, and in human volunteers some strains could induce
diarrhea.
STa

STa is an 18- or 19-amino acid cysteine-rich peptide with an
MW of approximately 2000 Da. The amino acid sequences o
the two subtypes are not identical, but each possesses thre
disul� de bonds. Overall, a 13 amino acid sequence from the
amino-terminal cysteine to the carboxy-terminal cysteine is
essential for toxic activity. STa binds to the extracellula
domain of a glycoprotein receptor, guanylate cyclase C
(GC-C), present on villus of the brush border of intestinal
epithelial cells (Figure 2(b) ). After binding, activation of the
intracellular catalytic domain of guanlylate cyclase results in
cGMP production and its cellular accumulation. Elevated
cGMP level activates cGMP-dependent protein kinase I
(cGMPKII), resulting in the phosphorylation of the Cl �

channel, CFTR. Activation of the CFTR results in secretion o
Cl� and HCO3

� . Elevated cGMP also inhibits phosphodies-
terase 3 that increases the cAMP level, activating PKA. Th
enzyme phosphorylates CFTR as well as inhibits Naþ reab-
sorption by the NHE3 upon phosphorylation. The effect of
STa is reversible.
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EAST1

EAST1 is a 38-amino acid peptide of 4100 Da that has two
disul� de bonds. It shares 50% homology with the enterotoxic
domain of STa, and it appears to interact with the STa recepto
to elicit cGMP increase. The mechanism of action of EAST1
though not proven yet, is proposed to be identical to that of STa
(Figure 2(b) ).
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STb

STb toxin is a 48-amino acid peptide with an MW of 5200 Da
with two disul � de bonds. This toxin is unrelated to STa or
EAST1 in sequence and mechanism of action. STb induce
diarrhea without activating adenylate or guanlylate cyclases
STb binds to a glycosphingolipid, sulfatide, present on the
intestinal epithelial cells (Figure 2(c)). Binding of STb to its
receptor leads to its internalization by endocytosis. Once inside
the cell, STb stimulates a GTP-binding regulatory protein (G)
resulting in the uptake of Caþþ into the cells, and this activates
a calmodulin-dependent protein kinase II (CAMKII). This
enzyme phosphorylates the CFTR, and secretion of Cl� and
HCO3

� results. High cellular Caþþ levels also activate protein
kinase C, and this enzyme acts on CFTR as well as inhibits Naþ

uptake through an unidenti� ed channel. CAMKII also open
a calcium-activated chloride channel. At the same time, the
initial elevation of Caþþ level stimulates synthesis of secreta
gogue prostaglandin E2 from membrane lipids through phos-
pholipases A2 and C activities. In enterochromaf� n cells, these
enzymes produce 5-hydroxytryptamine (5-HT). 5-HT acts on
the enteric nervous system to contract smooth muscles of th
intestinal cell wall, contributing to the expulsion of liquid
stools. Duodenal and jejunal secretion of water and electrolytes
results from these changes. The action of STb is reversible.
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Prevention

For travelers, practical prevention measures include the avoid
ance of potentially contaminated foods and beverages
However, practically this measure is very dif� cult if not
impossible to apply. In fact, sources of food contamination by
ETEC are multiple (Figure 3(a)). Poor food hygiene is often
related to the socioeconomic status. Nevertheless, the he
sensitivity of ETEC is such that cases should not occur whe
foods are properly cooked (Figure 3(b) ). As a rule, properly
cooked food is safe as long as it is kept for a short period at the
right temperature that does not permit growth of bacteria
following secondary contamination by utensils, for example.
As a major measure, avoidance of uncooked foods, including
fruits, is recommended as well as avoiding untreated o
improperly treated water. Drinking factory bottled water and
making sure the seal is not broken when purchasing it are
especially important measures. Improved sanitation is the key
to prevention since the bacterium is transmitted through the
fecal-oral route. Antibiotic therapy can be effective in the
prevention of travelers’ diarrhea. Rifaximin is considered
the best option for chemoprophylaxis. However, the emergence
of antibiotic resistance precludes such an approach. In fact, it i
recommended that antibiotics be used only when diarrhea
develops. Bismuth subsalicylate is effective against ETEC. T
consumption of this product four times daily starting on arrival
in the country at risk is recommended as a preventive measure
This measure reduces by 65% the chances of getting travele’
diarrhea. Probiotic agents can be effective but usually have onl
modest success (8%). Ingestion of antacids, hypochlorhydria
or achlorhydria predisposes to an increased severity of th
disease. Also, people using proton pump inhibitors and those
with immunode � ciency disorders are at higher risk.
Treatment

ETEC infections can be treated using oral rehydration and
chemotherapeutic therapies. Maintaining adequate hydration
and electrolyte balance is central in dealing with ETEC infec
tions. Chemotherapeutic approaches include the use of loper
amide or bismuth subsalicylate, both of which can decrease the
severity of the disease. Loperamide should be administere
only in the absence of fever and only if no blood is present in
the feces (dysentery) or in conjunction with antibiotics.
Cipro� oxacin is the antibiotic of choice for treating travelers’
diarrhea.
Vaccine

Serological and epidemiological studies support the notion of
acquired immunity in the lower incidence rates observed in
adults. Protective immunity to ETEC is based on the presence i
the intestinal tract of antibodies against surface antigens. Anti
� mbriae and anti-capsule antibodies can prevent attachment o
ETEC to the enterocytes. Protection appears to be mediated b
secretory IgA antibodies directed against CFs, other surfa
antigens, and LT. Most persons experiencing diarrhea due to LT
producing ETEC strains manifest signi�cant rises in serum LT
antitoxin. Appearance of neutralizing antibodies to STs after an
ETEC infection in humans has not been reported. However
these enterotoxins of small MW can elicit neutralizing antitoxin
antibodies if conjugated to a carrier protein. Several vaccin
candidates against ETEC are currently in various phases
research and development, including clinical trials.

An orally administered whole cell preparation is now
marketed as an inactivated travelers’ diarrhea and cholera
vaccine. It protects against CT andE. coliLT toxins. The absence
of protection against ETEC heat-stable toxins represen
a limitation, as we know that the prevalence of STa toxin, for
example, is important in the region at risk of travelers’ diarrhea.
Recent Outbreaks of ETEC

In developed countries, ETEC infections appear as outbreak
related to food contamination or to ingestion of improperly
treated water. Poor food-handling practices and poor hygiene
can also be responsible for such outbreaks. Some examples w
serve to illustrate the various sources of ETEC contamination o
food and humans (Figure 3(a) and (b) ).

Fertilizing crops with human fecal matter poses a high
risk of ETEC transmission to humans through the
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Figure 3 Sources of ETEC contamination in food (a) and in humans (b) through water and food.
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vegetables. In 2010, a series of outbreaks of gastroenterit
were reported in Denmark. Lettuce grown in France wa
involved in 260 cases of gastroenteritis, and E. coli
O6:K15:H16 was cultured from this vegetable. This bacteria
isolate contained the genes for both LT and STa toxin
(norovirus of several genotypes were also isolated). Th
source of contamination, though not proven, was suggested
to be human fecal matter possibly through contaminated
water. In the same way, in 2009 in the same country,
imported fresh basil contaminated with ETEC used to
prepare pesto was responsible for diarrhea in 200 student
who consumed pasta salad prepared with this sauce.
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A recent outbreak (2011) was reported among United State
Navy ship personnel while visiting Peru. Infection due to ETEC
likely occurred during the visit of a speci� c area in Lima (Pizza
Alley). Earlier in 2006, an outbreak had occurred at the US
naval base near Lima where ETEC was found in several foo
items because the hands of food handlers were contaminate
with coliform bacteria and the drinking water was not
adequately chlorinated.

Poor food-handling practices and infected food handlers
with poor hand hygiene practices likely contributed to an ETEC
outbreak involving 130 individuals at a sushi restaurant in
Nevada in 2004. Many nonconforming materials and practices
were responsible for an epidemic diarrhea in 2006 due to ETEC
during delicatessen-catered events, resulting in an estimate
3300 cases of gastroenteritis in Illinois. ETEC O6:H16
producing LT and STa was isolated from the stools of patients
The conclusion was that the delicatessen had inadequate hand
washing supplies, insuf� cient protection against back siphon-
age of wastewater in the potable water system, a poorl
draining kitchen sink, and improper food storage and trans-
portation practices.

Hospitals can also be involved in ETEC transmission. Fo
example, in China, nosocomial diarrhea caused by ETEC wa
reported in a geriatric ward in 2009. Nosocomial gastroenteritis
may occur through person-to-person transmission or point-
source outbreaks involving contaminated sources, such a
food, water, instruments, or medication. In India, a hospital-
acquired outbreak of infantile enteritis caused by ETEC with
contamination of the environment was reported in 2003.

These recent examples illustrate the problems encountere
in developed countries due to culture management, wate
supplies, and restaurant-associated problems that result from
improperly informed food handlers or defective restaurant
installations. In developing countries, problems associated
with nosocomial infections can present a life-threatening
situation.
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Bioassays

To detect the presence of speci� c ETEC enterotoxins and eval
uate them, various bioassays were set up involvingin vivo
testing in animals. In these assays, bacterial strains, cultu
supernatants, and puri� ed toxins can be tested. Also, tests o
cell lines have been developed to provide information on the
virulence of pathogens and/or the biological activity of toxins,
but these tests will not be discussed in this chapter.
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Suckling Mouse

Dean et al. (1972) introduce the suckling mouse animal
model for E. colienterotoxins. Mice (typically 2–4 days old)
are separated from their mother and given orally or orogas
trically the test material in a volume of 50 ml or less. Addition
of 1 ml of a solution of 2% Evans blue is used as a tracer dy
to ascertain the proper administration of the sample. The
animals are kept at 25� C for 2 h and then euthanized. Then,
the entire intestine is removed and weighed, as is the
remainder of the carcass. The gut to remaining body weight i
calculated, and samples with a ratio of over 0.083 are
considered toxic. The negative controls consist of the buffe
in which the test material is diluted or the sterile culture
medium in which the bacterial strain was grown. In this
model, it is also possible to inject the test material directly
into the mouse stomach through the translucent skin. Infant
mice are the animals of choice for STa toxin testing, wherea
STb and LT toxins are not active in this system.
Ligated Loop Techniques

Some tests require surgical procedures to evaluate the biolog
ical activity of enterotoxins. In susceptible animals, it is
possible to observe� uid accumulation in the small intestine
after administration of enterotoxins. Rabbits are most often
employed, although other animals can be used.

Rabbit Ileal Loop
Rabbits have been used to determine the diarrheageni
potential of E. colienterotoxins.

Prior to surgery, the animals fast for 48–72 h, but water is
permitted. A midline incision is performed under local anes-
thesia just below the middle of the abdomen to expose the
small intestines. Ligatures are made in the small intestine in
8–12 cm segments. It is recommended that intervening
sections be included between the loops. A maximum of six
loops per animal can be prepared. The samples are injecte
intraluminally into the ligated segments. A 1 ml sample size
or smaller can be injected. Negative controls made of sterile
saline, culture medium, and toxin-negativeE. colistrains are
tested in the same animal. Dilutions of the samples can also
be tested in adjacent loops. If the tests are done in more than
one animal, it is recommended to change position of the
various dilutions and controls in the intestine. After injection,
the intestine is put back into the rabbit and the abdomen is
closed. The recovered animal is kept for 18–24 h and then
euthanized. The loops are then examined, and� uid accu-
mulation is measured. The results are expressed as a ratio
� uid volume to loop length. This technique is employed in
studies of LT toxin.

Pig/Rat Jejunal Loop
For STb, a pig jejunal loop assay was used to test theE. coli
strains shown to be associated with diarrhea in the animal. For
this reason the test became a reference for testing LT- and ST
positive strains or culture supernatants. However, when teste
in pig and rabbit gut loops, the rabbit was more sensitive to LT.
Three- to� ve-week-old pigs are used to perform this technique
First, the animals are tranquilized and general anesthesia i
induced. A laparotomy to expose the anterior part of the small
intestine is done, and the� rst ligature is placed on the intestine
about 1 m distal to the pylorus. Then, 12–15 cm loops are
prepared with interloops of 4 cm. Typically, 4 ml samples can
be injected, and negative and positive controls are tested in
each animal. As the reactivity of the small intestine was shown
to decrease anteroposteriorly, samples tested in duplicate i
different animals should be interchanged to compensate for the
altered reactivity of the intestinal tissue. After the abdominal
incision is closed, 16–18 h later the pigs are euthanized and the
small intestine is removed. Fluid is collected from the loops
and expressed as volume-to-loop length.
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To simplify the detection of STb, a rat jejunal loop tech-
nique was developed. As STb is highly sensitive to proteases,
a trypsin inhibitor is added to the preparation to be tested. This
inhibitor does not have to be used in piglets as lower protease
levels are found in these animals. Omission of the protease
inhibitor in rat results, in most cases, in negative results even
for highly concentrated puri�ed STb preparations. Overall, the
rat jejunal loop is similar to the described pig jejunal loop
technique but using 6- to 8-week-old white rats. The animals
are fasted for 48 h. In the case of rats, segments of about 5 cm
(eight loops at most per animal) are done, starting approxi-
mately at 5 cm from the ileum–cecum junction. Samples of
500 ml are injected in the loops. Test material is added with
300 mg of trypsin inhibitor per ml. Each sample should be
tested twice in at least two rats in loops at different positions in
the small intestine. After the abdominal incision is closed, the
animals are euthanized 4 h later. Results are expressed as
volume of liquid (ml) per length (cm) � diameter (cm) of
intestine and are considered positive if greater than 0.05.
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E. coli O157:H7 ingested

3–4 days
History and Origins

Ordinarily, Escherichia coli is a harmless bacteria found in the
gut. They are found in every other mammal, too. But in the
mid-1900s, scientists began uncovering strains of E. coli that
could cause life-threatening diarrhea. Unlike ordinary E. coli,
they carried genes for a poison known as Shiga toxin, named
for Japanese bacteriologist Kiyoshi Shiga. Escherichia coli
O157:H7 is so-named because it expresses the 157th somatic
(O) antigen identi�ed and the 7th �agellar (H) antigen. The
organism was �rst recognized as a human pathogen in 1982,
when it was implicated in two outbreaks of hemorrhagic colitis,
a distinctive clinical entity characterized by abdominal cramps,
bloody stools, and little or no fever. In 1983, scientists reported
an association between infection with E. coli that produce Shiga
toxins (including E. coli O157:H7) and postdiarrheal hemolytic
uremic syndrome (HUS), a clinical condition de�ned by acute
renal injury, thrombocytopenia, and microangiopathic hemo-
lytic anemia. In recognition of its distinct clinical manifesta-
tions, E. coli O157:H7 became the �rst of several strains referred
to as enterohemorrhagic E. coli (EHEC), which are now
believed to account for more than 90% of all cases of HUS in
industrial countries.
Abdominal cramps, nonbloody diarrhea

Bloody diarrhea

Resolution HUS

1–2 days

5–7
days95% 5%

Figure 1 Natural history of infection with E. coli O157:H7. Adapted from
Paul, S.M., Patricia, M.G., 1998. Escherichia coli O157:H7. Lancet 352,
1207–1212.
Clinical Features

The clinical manifestations of E. coli O157 infection range from
symptom-free carriage to nonbloody diarrhea, hemorrhagic
colitis, HUS, and death. The average interval between exposure
and illness is 3 days; incubation periods as short as 1 day and as
long as 8 days have been reported. Most patients with hemor-
rhagic colitis recover spontaneously within 7 days. Illness
typically begins with abdominal cramps and nonbloody diar-
rhea (Figure 1). Bowel movements may become bloody over
yclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
the next 1–2 days, with the amount of blood varying from a few
small streaks to stools that are almost entirely blood. More than
70% of patients report bloody diarrhea in most series, although
lower frequencies have been reported in some outbreaks.
Vomiting occurs in 30–60% of cases, and fever, usually low
grade, can be documented in only 30%. The absence of fever
may lead clinicians to favor noninfectious diagnoses, such as
intussusception, ischemic colitis, hemorrhage, or in�ammatory
bowel disease. Abdominal tenderness may be pronounced,
prompting surgery for a presumed appendicitis.
Virulence Factors and Pathogenesis

Among the most important virulence characteristics of E. coli
O157 is its ability to produce one or more Shiga toxins (also
called verocytotoxins, and formerly known as Shiga-like
toxins). Shiga toxin is the critical virulence factor in Shiga
toxin–producing E. coli (STEC) diseases. The �rst of these, Shiga
toxin 1, is indistinguishable from Shiga toxin produced by
-384730-0.00102-6 735
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Shigella dysenteriaetype 1. The second, Shiga toxin 2, is a more
divergent molecule, with only 56% amino-acid homology with
Shiga toxin 1. Recently, a variant of Shiga toxin (Stx1), called
Stx1c, was reported, and this variant is most commonly found
in strains of ovine origin and may be found as the only Stx
subtype or in combination with other subtypes. This toxin
type was not found in eae-positive STEC and has been assoc
ated with mild or no disease in humans. In contrast, there are
several antigenic variants of Stx2, named Stx2c, Stx2d, Stx2
activatable, Stx2e, and Stx2f that differ in their biological
activity and association with disease (Table 1). Other variants
of Stx have been reported, but there is no information on their
clinical signi� cance. Scientist examined the association of Stx
gene variants with disease in 626 STEC isolates from human
They determined that Stx2d and Stx2e were associated wit
mild disease or asymptomatic carriage, were produced by eae
negative strains, and were never present in 268 STEC isolat
from patients with HUS. The Stx2c gene was found at similarly
low frequencies (about 5%) in isolates from patients with HUS
and from patients with diarrhea. The Stx2f gene was not presen
in any strain.

The Stx toxins are composed of� ve B subunits (w 7.7 kDa
each) and a single A subunit (w 32 kDa) and are encoded on
a temperate bacteriophage inserted into theE. coli O157
chromosome. The B subunit binds to globotriaosylceramide
(Gb3), a glycolipid of unknown function found to varying
degrees in membranes of eukaryotic cells. After endocytosis, th
A subunit enzymatically inactivates the 60S ribosomal subunit,
thus blocking protein synthesis. Although they possess the
same mechanism of action, there is only 55% identity in
amino-acid sequence between the A subunits of Stx1 and Stx2
The A subunit possesses enzymatic activity that enables th
toxin to cleave a speci� c adenine base from the 28 S rRNA and
thereby prevent protein synthesis. Apoptosis may follow the
inhibition of protein synthesis as a result of ribocytotoxic stress
response, or it may develop rapidly due to signaling by Stx
The development of programed cell death in response to St
may vary with cell type. The clusters of B subunits of the Stx
bind to speci� c glycolipid receptors on the surface of cells
permitting internalization of the toxin molecule. The Stx toxins
Table 1 Virulence factors of STECa

Virulence factor Characteristics

Shiga toxins Cytotoxic proteins that are the principal viru
Stx1 Shiga toxin produced by STEC and almost
Stx1c Variant of Stx1 that is found in some eae-ne

diarrhea in humans
Stx2 Prototype of nonStx1 toxins; associated with
Stx2c Associated with diarrhea and HUS in huma
Stx2d Associated with eae-negative STEC and mi
Stx2dact Vero cell cytotoxicity is increased 10- to 100
Stx2e A variant responsible for edema disease of

infections in humans
Stx2f A variant frequently isolated from pigeon dr
Adherence LEE-encoded intimate adherence system; in

receptor; Esp B, F, G, H, Z; non-LEE-enc

aHUS¼hemolytic uremicsyndrome; LEE¼locus of enterocyteeffacement;AE¼attaching
Adapted from Gyles, C.L., 2007. Shiga toxin-producing Escherichia coli: an ov
bind to Gb3. The Stx toxins are approximately 70 kDa mole-
cules, whose A subunits consist of an A1 fragment (27.5 kDa)
that contains the enzymatic site and a 7.5 kDa A2 fragment tha
are linked through a disul� de bond. Proteolytic cleavage and
reduction are needed to separate the two components.

Following the binding of toxin to its receptor, Stx appears to
induce its transport to clathrin-coated pits from which the toxin
molecule is taken up into the cell by receptor-mediated endo-
cytosis. In this process, a fragment of cell membrane pinches of
to produce a coated vesicle with toxin molecules on the internal
surface of the membrane. The vesicles may fuse with lysosoma
vesicles, resulting in destruction of the protein toxin, leading to
protection of the cell. In cells that are susceptible, however, St
in the vesicle is transported retrogradely to the Golgi apparatus
and the endoplasmic reticulum, after which the A fragment,
enters the cytosol. A proteolytic enzyme nicks the A subunit
leading to a molecule in which A1 and A2 fragments are linked
by a disul� de bond, which subsequently is reduced to release
both fragments. The fatty acid content of the Gb3 receptor may
in� uence the interaction of Stx with the cell. Recently, a tyro-
sine kinase was shown to be involved in uptake and intracel-
lular transport of Stx in HeLa cells. Binding of Stx-induced
signaling that resulted in Syk activation and an increase in
Stx entry into the cell. The toxin thus appears to regulate its
entry into cells. Further evidence that binding of the B subunit
to cells may result in signal transduction comes from the
observation that binding of Stx1-B to Gb3 on renal carcinoma
cells causes cytoskeletal reorganization and morphologica
changes in the cells.

There is evidence of an association of Stx2 with a higher ris
of developing HUS, and the presence of both eae and Stx2 in a
STEC isolate is considered to be a predictor of HUS. It is no
known whether the association of Stx2 with HUS is the result of
the action of Stx2 or whether Stx2 is simply a marker for
increased disease severity. Stx2, however, is about 1000 tim
more toxic for human renal microvascular endothelial
cells than is Stx. Intravenous administration of Stx2 resulted
in clinical and pathological developments characteristic of
HUS, whereas administration of Stx1 failed to induce similar
developments.
lence factor of STEC
identical to Stx produced byShigella dysenteriaeserotype 1
gative STEC; associated with no symptoms or mild

severe disease in humans
ns; common in ovine STEC
ld disease in humans
0-fold by elastase in intestinal mucus; strains with this toxin are highly virulent
pigs; rare in human disease and associated with mild diarrhea or asymptomatic

oppings; rare in human disease
duces AE lesion formation. Includes genes for TTSS; intimin; translocated intimin
oded effectors.

and effacing; TTSS¼type-three secretion system;STEC¼Shiga toxin–producingE. coli.
erview. Journal of Animal Science 85(E. Suppl.), E45–E62.
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Colonization

Disease related toE. coli infections is considered to involve
colonization of the intestine and damage due to toxins. Infec-
tion of EHEC begins with entry of the bacteria through food or
water taken in the mouth. Acid resistance of EHEC facilitate
their survival through the low pH of the stomach. The bacteria
pass through the small intestine, and virulence genes are turne
on by environmental signals in the colon. The EHEC adhere to
the enterocytes of the colon in a characteristic intimate adher
ence and cause effacement of the microvilli and diarrhea. I
suf� cient Stx is produced, local damage to blood vessels in th
colon results in bloody diarrhea. If suf� cient Stx is absorbed
into the circulation, vascular endothelial sites rich in the toxin
receptor are damaged, leading to impaired function. The
kidneys and central nervous system are sites that frequently a
affected and HUS may develop (Figure 2).
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Adherence

Adherence to intestinal epithelial cells is an early feature o
STEC infection and has been investigated extensively, primari
through the use of cultured cell lines of various origins but also
in vivo. The patterns of attachment and interaction between
STEC and epithelial cells are markedly different betweeneae-
positive and eae-negative STEC. Theeae-positive STEC form
a characteristic attaching and effacing (AE) lesion on intestinal
epithelial cells. Although the AE lesion is not essential for
bloody diarrhea and HUS in humans, the vast majority of
strains implicated in these syndromes areeaepositive. Thus,
most EHEC areeaepositive, andeaehas been identi� ed as a risk
factor for HUS.

Theeae-positive STEC possess a pathogenicity island calle
the locus of enterocyte effacement (LEE), which encodes the
bacterial proteins necessary for formation of the AE lesion
Similarities between the LEE of enteropathogenicE. coli(EPEC)
and development of AE lesions in response to infection with
EPEC have been exploited in understanding similar events in
STEC. The LEE is organized into� ve major polycistronic
operons called LEE1 to LEE5. The products of the LEE are a ty
Figure 2 Overview of disease in humans due to EHEC. From Gyles, C
2007. Shiga toxin-producingEscherichia coli: an overview. Journal of
Animal Science 85(E. Suppl.), E45–E62.
III secretion apparatus (LEE1 to LEE3); a protein translocation
system (LEE4); an adherence system consisting of an out
membrane protein called intimin or Eae (E. coliattaching and
effacing protein) and its receptor, translocated intimin receptor
(TIR), both encoded by LEE5; and effector proteins that are
translocated by the secretion system. The secretion apparatus
a molecular syringe structure that begins inside the bacteria
cytoplasm, extends through the inner and outer membranes
and passes through the host cell membrane. Secreted protein
are transferred from the bacterial cytoplasm to the host cel
through this structure. The secreted proteins encoded by th
LEE include TIR, mitochondrion-associated protein, EspF
(E. colisecreted protein F), EspG, EspH, and EspZ. A number o
non-LEE-encoded proteins also are translocated by the LE
secretion apparatus.

The TIR protein becomes inserted into the host cel
membrane and acts as the receptor for intimin on the bacterial
surface, but certain host cell compounds also bind intimin. The
TIR and other secreted proteins activate a number of signalin
cascades that result in rearrangement of the intestinal epithelia
cell architecture and in changes in the cell physiology. Inter-
estingly, 1 non-LEE-encoded secreted protein, EspJ, has be
identi � ed as an antivirulence factor.
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Regulation of Virulence

Regulation of virulence genes is critical if the bacterium is to
deploy the various virulence factors in the right location, at
the right time, and under appropriate conditions. There has
been considerable research on regulation of two key virulenc
attributes, the LEE and Shiga toxin. Regulation of the genes o
the LEE is complex, involving several non-LEE-encoded an
LEE-encoded regulators. Global non-LEE-encoded regulato
include H–NS, which acts as a repressor, and integratio
host factor (IHF), which is an activator. Quorum-sensing
E. coli regulator A also activates the LEE genes throug
quorum sensing. Regulators encoded by the LEE includ
the H–NS-like transcriptional regulator Ler (LEE-encoded
regulator), and GrlA (global regulator of LEE activator) that
positively regulate the LEE genes. Recent research determin
that Ler is necessary for the expression of grlA and that Le
and GrlA induce each other’s expression partly through
counteracting H–NS-mediated repression.

Regulation through quorum sensing has been the subjec
of much recent investigation. EHEC appear to use a quorum
sensing regulatory system to recognize the intestinal environ
ment and activate genes required for colonization. The
auto-inducer by which EHEC sense the large intestine is a newl
recognized auto-inducer, AI-3, an analog of epinephrine and
norepinephrine, and that EHEC also respond to epinephrine or
norepinephrine by turning on genes for colonization. Research
showed that EHEC use AI-3 produced by large numbers o
bacteria in the colon to recognize their entry into the colon.
Genes encoding� agella and motility also are regulated by this
AI-3/epinephrine system, allowing for movement of the
bacteria to the epithelium before turning on the LEE genes. The
Stx genes are located in the late gene region of diverse lysogen
lambdoid phages and are expressed highly when the lytic
cascade of the phage is activated. Phages regulate Stx product
through ampli � cation of gene copy number, activity of phage
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gene promoters, and through release of Stx. Little is known
about factors in the intestine that may promote induction of Stx
phages, but human neutrophils do induce Stx production by
EHEC. TheStx1genes also are regulated by iron concentration
with toxin synthesis repressed by high iron concentrations.In
vitrotoxin production has been shown to correlate with severity
of disease symptoms due to infection with O157:H7 STEC
There is likely a very intricate interplay between toxin produc-
tion and adherence, and tissue culture studies showed tha
Stx induces an increase in a eukaryotic receptor for intimin
resulting in increased adherence of O157:H7 EHEC.
Sources ofE. coli Infection

Most available information on EHEC relates to serotype
O157:H7, since it is easily differentiated biochemically from
Table 2 Potential sources of infection

Undercooked ground meat Meat comes in contact with cat
Vegetables Fruit and vegetables grown in m
Raw milk Milk comes in contact with contam
Drinking water Water supplies contaminated wit
Recreational water Stream or lake contaminated w
Manure handling Direct contact with contaminated
Handling livestock Direct contact with infected anim
Person-to-person contact Person who does not wash han

centers and nursing homes

Figure 3 Sources ofE. coliinfection. From Petridis et al., 2002.
other E. colistrains. The reservoir of this pathogen appears to
mostly live in the intestines of cattle. In addition, other rumi-
nants such as sheep, goats, and deer are considered signi� cant
reservoirs, while other mammals (pigs, horses, rabbits, dogs
cats) and birds (chickens, turkeys) occasionally have bee
found infected. STEC does not make the animals that carry it ill.
The animals are merely the reservoir for the bacteria.Escherichia
colican be transmitted from food, water, animals, and human’s
sources. Potential sources of infection have been presented
Table 2 and Figure 3.
Mode of Transmission

Food-to-Human Transmission
Escherichia coliO157:H7 is transmitted to humans primarily
through consumption of contaminated foods, such as raw or
undercooked ground meat products and raw milk. It has been
tle feces at slaughter house
anure-amended soil or irrigated with contaminated manure slurry

inated cattle feces
h animal wastes and inadequately treated
ith animal or human waste

animal feces
als

ds after using toilets or after changing diapers, including especially day-care



Table 3 For the period of 1982–2011, there were 234 E. coli
O157:H7 outbreaks (27 564 cases)

Mode of transmission Outbreaks Illness Death HUS

Foodborne 131 (56%) 75% 90 530
Waterborne 52 (22%) 18% 51 142
Animals or their environment 26 (11%) 3% 01 65
Person to person 23 (10%) 3% 06 67
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estimated that 75% of E. coli O157:H7 infections are foodborne
in origin (Table 3). In fact, consumption of any food or
beverage that becomes contaminated by animal (especially
cattle) manure can result in contracting the disease. Foods that
have been identi�ed as sources of contamination include
ground beef, venison, sausages, dried (noncooked) salami,
unpasteurized milk and cheese, unpasteurized apple juice and
cider, orange juice, alfalfa and radish sprouts, lettuce, spinach,
fruit, nuts, and berries. Pizza and cookie dough also have been
identi�ed as sources of E. coli outbreaks. Food has been
reported as a vehicle of infection for 131 outbreaks (75%), and
the total number of cases was recorded as 20 660 and 90 people
were con�rmed death, and 530 people developed HUS. Of the
131 outbreaks, 43 were observed in beef (ground, roast, or their
products) products, followed by fruits and vegetables (25), and
milk and milk products (19 outbreaks).

Water-to-Human Transmission
Fecal contamination of water also leads to infection. Water
intended for recreation (e.g., pools, shallow lakes) and for
human consumption also can become contaminated. When
lakes become contaminated, several weeks or months can be
required for water-quality conditions to improve or return to
normal. EHEC also has been isolated from bodies of water
(ponds, streams), wells, and water troughs, and has been found
to survive for months in manure and water-trough sediments.
Waterborne transmission has been reported, both from
contaminated drinking water and from recreational waters.
Water used for drinking or recreation has been reported as the
vehicle of infection for 54 outbreaks: 7 outbreaks associated
with water parks and pools; 23 with lakes, springs, canals,
and streams; 10 with well water; 11 with ‘drinking water’; and
3 with tap water. Fecal material from ruminant animals,
domestic or wild, is the probable source of E. coli O157:H7
in lakes, streams, and wells and for some ‘drinking water’
outbreaks.

Animal-to-Human Transmission
Animal-to-human spread of E. coli also occurs and has been
identi�ed in several outbreak situations as well as in isolated
settings, such as homes. The mode of transmission for E. coli at
agricultural fairs, petting zoos, and farm visits previously was
thought to be limited to hand-to-mouth transmission
following contact with contaminated surfaces or animals;
however, recent indications are that inhalation of dust particles
potentially could cause E. coli infection. Thus far, 26 outbreaks
have been reported, the total number of cases was recorded as
757, 1 person was con�rmed dead, and 65 people developed
HUS. Most of the reported animal-to-human outbreaks of
E. coli O157:H7 have been observed in animal farms or state
fairs or petting zoo.

Human-to-Human Transmission
Escherichia coli O157:H7 outbreaks also can be caused by
human-to-human transmission, which has occurred in day-
care centers, hospitals, nursing homes, and private residences.
Because the infectious dose is so small, it is very easy for the
bacteria to be transmitted among people with close physical
contact. Human-to-human contact is an important mode of
transmission through the oral–fecal route. An asymptomatic
carrier state has been reported, in which individuals show no
clinical signs of disease but are capable of infecting others. The
duration of excretion of EHEC is about 1 week or less in adults,
but it can be longer in children. Visiting farms and other venues
in which the general public might come into direct contact with
farm animals also has been identi�ed as an important risk
factor for EHEC infection. Thus far, 23 outbreaks have been
recorded, the total number of cases was recorded as 943, 1
person was con�rmed dead, and 67 people developed HUS.
Most of the reported human-to-human outbreaks of E. coli
O157:H7 have been observed in nursing home, day-care
centers, or hospitals.

See also: Escherichia coli:Escherichia coli; Escherichia coli:
Detection of Enterotoxins of E. coli; Detection by Latex
Agglutination Techniques; Escherichia coliO157 and Other
Shiga Toxin-Producing E. coli:Detection by Immunomagnetic
Particle-Based Assays; Food Poisoning Outbreaks;
Verotoxigenic Escherichia coli:Detection by Commercial
Enzyme Immunoassays; Escherichia coli:Pathogenic E. coli
(Introduction); Escherichia coli/Enterotoxigenic E. coli (ETEC);
Enteroinvasive Escherichia coli:Introduction and Detection by
Classical Cultural and Molecular Techniques; Escherichia coli:
Enteroaggregative E. coli; Escherichia coli:Enteropathogenic
E. coli.
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Introduction

Escherichia coli is a normal inhabitant of the gastrointestinal
tract of humans and animals, and most strains are nonpatho-
genic. However, there are many pathogenic strains of E. coli that
have acquired various combinations of virulence genes and
that cause diseases ranging from meningitis, septicemia,
pneumonia, and pericarditis to urinary tract infections and
gastrointestinal illness. Escherichia coli that cause enteric infec-
tions are classi�ed into categories, including enteropathogenic
E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive
E. coli (EIEC), enteroaggregative E. coli (EAEC), diffusely
adherent E. coli (DAEC), and Shiga toxin-producing E. coli
(STEC). A subset of STEC are referred to as enterohemorrhagic
E. coli (EHEC). Many strains of E. coli have been identi�ed as
STEC, but not all have been associated with human illness.
STEC strains that cause serious illnesses, including hemorrhagic
colitis and hemolytic uremic syndrome, have been referred to
as EHEC.

The serological classi�cation of E. coli is based on the
somatic lipopolysaccharide O antigens, the �agellar H anti-
gens, and the capsular K antigens. For example, the combina-
tion of the O157 lipopolysaccharide and H7 �agellar antigens
de�nes the E. coli O157:H7 serotype, whereas O157 is the
serogroup. EHEC O157:H7 was identi�ed as the cause of two
outbreaks of hemorrhagic colitis that occurred in 1982 and
were associated with undercooked ground beef. Cattle and
other ruminants are reservoirs of E. coli O157:H7. Escherichia
coli O157:H7 has been isolated from cattle, sheep, deer, goats,
and dogs; however, dairy cattle have been implicated as the
principal reservoir of the organism. Outbreaks have been
epidemiologically linked to the consumption of foods of
bovine origin, such as ground beef, roast beef, or raw milk.
Foods that were likely contaminated by bovine feces, such as
lettuce, spinach, sprouts, or apples (made into apple cider)
have also caused human disease.

Strains of E. coli O157:H7 have been found to be relatively
acid tolerant, and the infectious dose can be less than 50
cells. Important virulence factors include the production of
Shiga toxins 1 and 2 (Stx1/Stx2) and genetic variants of these
toxins and the eae (encoding for the intimin outer membrane
protein) and other genes involved in the production of
attaching and effacing lesions and cytoskeletal damage of
intestinal cells. Other STEC/EHEC virulence genes are carried
on mobile genetic elements, such as pathogenicity islands
and plasmids.

The importance of non-O157:H7 E. coli serogroups in
causing illnesses similar to those caused by E. coli O157:H7
has been recognized. Estimates from the Centers for Disease
740 Encyclopedia of Food Mic
Control and Prevention indicate that in the United States there
are 63 153 cases (mean, domestically acquired foodborne)
and 112 752 cases of E. coli O157:H7 and non-O157 STEC
infections annually, respectively. Six E. coli serogroups,
including O26, O45, O103, O111, O121, and O145, cause
more than 70% of the cases of non-O157 STEC infections in
the United States and have thus been referred to as the top six
non-O157 STEC serogroups. The US Department of Agricul-
ture (USDA), Food Safety and Inspection Service (FSIS)
declared E. coli O157:H7 as an adulterant in beef in 1994, and
in 2011, the FSIS declared the top six non-O157 STEC as
adulterants.

Given the low infectious dose of E. coli O157:H7, and likely
other STEC as well, the availability of sensitive methods for
detection and isolation of these pathogens from food and
environmental samples or from animal fecal samples is essen-
tial. Escherichia coli O157:H7 and other STEC may be present in
low levels in such samples and must be identi�ed in the pres-
ence of a large population of indigenous micro�ora. Methods
should have the capability to detect one viable cell in 25–375 g
of the food sample as rapidly as possible, and the testing
protocols generally always include an enrichment step to allow
the target pathogens to grow to detectable levels.

Conventional methods for detection of pathogenic organ-
isms in foods usually involve one or more enrichment steps in
liquid medium to allow for resuscitation of injured bacteria
and to allow for growth of the target organism while sup-
pressing growth of the indigenous micro�ora. The enrichment
procedure is followed by subculturing onto selective and
differential plating media to obtain isolated colonies for further
study. A series of biochemical and serological tests are then
performed to con�rm the identity of the isolates. Although
traditional culture-based methods for detection and identi�-
cation of E. coli O157:H7 in foods are generally rather sensitive,
they are laborious and time-consuming, requiring 4–7 days to
obtain �nal con�rmatory results.

In recent years, signi�cant improvements in methods for
microbiological analysis of foods have been made. One such
improvement involves the use of antibody-coated super-
paramagnetic particles (often referred to as immunomagnetic
beads) to sequester target bacteria from the contaminating
micro�ora and interfering food or fecal components and to
concentrate the bacteria into smaller volumes for further testing.
Magnetic beads coated with antibodies speci�c for a pre-
determined target of interest are used to recover select organisms
from complex samples (e.g., ground beef homogenate), and
thus the term immunomagnetic separation (IMS) is generally
used to describe this technique. IMS was originally described for
speci�c fractionation of lymphocytes and other cells from blood.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00104-
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The cells remained functionally active after isolation employing
beads to which speci� c antibodies to cell surface antigens were
bound. Following � rst reports describing the application of
antibody-coated magnetic particles for the isolation of bacteria,
such as K88þ E. coliand Staphylococcus aureus, numerous publi-
cations on the use of IMS for the extraction of pathogenic
bacteria from foods and other complex matrices have appeared
Incorporation of IMS into methodologies for detection of
pathogenic bacteria results in greater sensitivity, speci� city, and
rapidity of testing. In this chapter, methodologies utilizing IMS
for rapid isolation of E. coliO157:H7 from foods and other types
of samples are discussed.
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Detection and Isolation ofE. coliO157 and Non-O157
STEC Using IMS Technology

Although several companies market various types of magneti
beads and magnetic separation equipment, the most often
used magnetic carriers were produced by Dynal A.S., Osl
Norway. Dynal (now known as Invitrogen Dynal AS) prod-
ucts, known as Dynabeads� , consist of uniform, super-
paramagnetic, polystyrene microspheres. The polystyren
shell surrounds an evenly dispersed magnetic core and th
hydrophobic surface of the spheres allows for the adsorption
or coupling of different molecules. The beads manifest
magnetic properties when exposed to an external magneti
� eld, but they have no magnetic memory when removed from
the magnetic � eld; therefore, the particles can be easil
redispersed without aggregation to form a homogenous
suspension.

Dynabeads, 2.8mm in size (product M-280), with cova-
lently bound, af� nity puri � ed anti-E. coliO157 antibodies, are
available ready to use. Alternatively, researchers have us
Dynabeads M-280 coated with sheep anti-rabbit IgG, fol-
lowed by binding of rabbit anti-goat IgG and then binding of
goat anti-O157 IgG. Another approach involves using Dyna-
beads M-450 (4.5mm in size) coated with sheep anti-rabbit
IgG or goat antimouse IgG, and then binding with a second
polyclonal or monoclonal antibody speci � c for E. coliO157.
IMS may be applied in a universal format in which the
immunomagnetic beads are coated with streptavidin and an
antibody speci� c to the target (e.g., O157 antigen or H7
antigen) of interest can be biotinylated and then bound to
the streptavidin superparamagnetic particles. Alternatively
antibodies or other ligands containing primary amino or
sulphydryl groups can be bound to Dynabeads M-450 tosyl-
activated beads, which can then be used for IMS. Aliquots o
food enrichment cultures or other types of samples can be
used directly for IMS.

Invitrogen Dynal AS’ recommended protocol for IMS of
E. coliO157:H7 is shown in Figure 1. After enrichment of the
food sample (25 g in 225 ml of enrichment medium), 1 ml of
enrichment is added to a microcentrifuge tube containing
20 ml of Dynabeads anti-E. coli O157. The tubes are then
incubated for 10 min at room temperature with gentle
continuous agitation, preferably using a rotating device, to
allow for the formation of bead –bacterium complexes during
immunocapture. Escherichia coliO157:H7 cells bound to
Dynabeads anti-E. coli O157 are shown in Figure 2(a). A
magnetic plate is inserted into a Dynal MPC-S (or DynaMag-
2) device, the tubes are then inserted into the device, and the
complexes are allowed to concentrate onto the side of the
tube. The supernatant is removed by aspiration with a Pasteu
pipet, and the magnetic plate is removed. Use of a vacuum
aspiration system is not recommended. Washing buffer (1 ml
of phosphate buffered saline (PBS) containing 0.05% Tween
20) is added, and the Dynal MPC-S is inverted three times to
resuspend and wash the beads. The magnetic plate is inserte
again to collect the bead–bacterium complexes. The washing
procedure is repeated one more time, collecting the bead
each time, and then the beads are resuspended in 100ml of
PBS-Tween. Detection and isolation of E. coli O157:H7
following IMS is then accomplished by culturing on selective
agar medium or by any of the other procedures described in
the following sections. The enrichment samples can also be
processed with a Dynal BeadRetriever (an instrument als
marketed by Thermo Scienti� c as the KingFisher ml) appa-
ratus that allows automation of the manual IMS steps that
optionally include: (1) washing, (2) analyte sandwiching with
a secondary antibody, and (3) reaction with a reporter
conjugate in a series of� ve tubes per sample for up to 15
samples of relatively small volume (w 0.2–1 ml). The Bea-
dRetriever allows a quicker processing time (w 40 min) and
reduces the amount of contaminating background� ora and
carryover because the beads are moved from tube to tube v
permanent magnets shrouded by disposable plastic sheath
during processing. The preprogrammed up and down move-
ment of the magnets provides for varying levels of sample
agitation, if mixing is desired.

Analogous automated IMS systems include the King
Fisher Flex and KingFisher 96. The KingFisher Flex emplo
a multiposition carousel autosampler that accommodates
24, 5-ml samples or 96-well microtiter plates. The King-
Fisher 96 accommodates two 96-well microtiter plates where
2 � 12 permanent magnets may be employed to proces
up to 24 samples of w 200 ml or less by IMS. IMS of even
larger (w 50 ml) volume samples can be achieved with
a Matrix Microscience Pathatrix Auto system that performs
recirculating IMS. The Pathatrix Auto employs sterile
disposable tubing, a reservoir, and a notched� ow cell that
stimulates turbulent � ow against a surface on which
immunomagnetic beads are transiently held in place by
a permanent magnet that is positioned against the outside
of the cell. The sample is recirculated via peristaltic
pumping.

In addition to the Dynabeads anti-E. coliO157 product, the
Dynabeads MAX E. coli O157:H7 kit improves polymerase
chain reaction (PCR) detection and quanti� cation of E. coli
O157:H7 in various types of samples.Figure 2(a) shows beads
with bound bacteria, and Figure 2(b) shows beads, bacteria
and immuno � uorescent particles (antibody-coated� uorescent
microspheres, about one-third of the diameter of the Dyna-
beads) bound to theE. colito confer a detectable� uorescent tag
or label (see below in IMS Interfaced with Biosensors and
Analytical Instrumentation).
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Figure 1 Procedure for immunomagnetic separation ofE. coliO157:H7 from foods.

Figure 2 Scanning electron micrograph showing (a)E. coliO157:H7 cells attached to Dynabeads anti-E. coliO157 and (b)E. coli
O157:H7 cells sandwiched between Dynabeads anti-E. coliO157 and antibody-coated� uorescent microspheres. The scale bars each
represent 2.0mm.

742 ESCHERICHIA COLI 0157j Detection by Immunomagnetic Particle-Based Assays



e

n

-

al

ts

r

S

r

,

re
d

se
f
e
C

e

.,
f
r

c

h

ia

r
d

-

n

ys

s
e

ESCHERICHIA COLI 0157j Detection by Immunomagnetic Particle-Based Assays 743
Several types of magnetic devices, which can hold various siz
tubes or 96-well microtiter trays, are also available. Numerous
articles have appeared describing the use of IMS for isolatio
and concentration of E. coliO157:H7 from foods and other
types of samples. A method employing Dynabeads for isola
tion of the organism from foods is described in the 8th edition
of the Food and Drug Administration ’s Bacteriological
Analytical Manual (BAM) and at http://www.fda.gov/Food/
ScienceResearch/LaboratoryMethods/BacteriologicalAnalytic
ManualBAM/ucm070080.htm. The USDA, Food Safety and
Inspection Service Microbiology Laboratory Guidebook
(MLG), describes the use of IMS to process meat enrichmen
before plating onto selective and differential agars. In the MLG
5.05 (http://www.fsis.usda.gov/PDF/MLG_5_05.pdf), “Detec-
tion and Isolation of Escherichia coliO157:H7 from Meat
Products,” IMS is used for isolation of the pathogen from
ground beef or beef trim after enrichment. Five milliliters of
enrichment is placed into a cell strainer, and 1 ml of� ltrate is
placed into a tube containing 50ml of anti-O157 immuno-
magnetic beads. The tubes are rotated on a tube agitator fo
10–15 min at 18–30 � C, and then the bead culture mixture is
transferred into large cell separation columns that are placed on
an OctoMACS magnet. After the material drains through the
column, the column is washed four times, and then it is
removed from the magnet, and the beads are� ushed from the
column by using a plunger after adding the buffer. The beads
are then streaked onto a Rainbow Agar O157 plate. The IM
procedure for isolation of the top six non-O157 STEC
serogroups is described in the MLG 5B.01 (http://www.fsis.
usda.gov/PDF/Mlg_5B_01.pdf). On the basis of results of the
serogroup PCR screen, anti-O26, O45, O103, O111, O121, o
O145 immunomagnetic beads are used. Anti-O26, O103,
O111, and O145 beads are available commercially; however
IMS beads for O45 and O121 are made in house. One differ-
ence from the O157:H7 procedure is that a post IMS acid
treatment step is used in which a buffer at pH 2 is applied for
1 h to inactivate background bacteria, because the STEC a
generally resistant to this treatment. The beads are then plate
onto a modi � ed Rainbow O157 Agar.

IMS beads for the capture ofE. coli O26, O103, O111,
O145, and O157 known as Captivate beads are available from
Lab M Ltd (Lancashire, UK) and by the Neu-tec Group, Inc. in
the United States. One study comparing Dynabeads to
Captivate beads for the recovery of STEC showed that the u
of Captivate beads resulted in a higher recovery rate o
sorbitol-negative STEC O157 compared with Dynabeads (se
Verstraete et al. 2010). Some serogroups, particularly STE
O111, were more dif� cult to recover from contaminated fecal
samples following IMS performed with Dynabeads EPEC/
VTEC O111 compared with the other serogroups. It is possible
that the af� nities of the antibodies used on the two types of
IMS beads were different, resulting in the different recovery
rates.

Various types of magnetic beads are commercially availabl
to which antibodies of interest can be bound by the user. For
example, BioMag magnetic beads (Bangs Laboratories, Inc
Fishers, IN, USA) have an irregular shape (mean diameter o
1.5 mm), providing a greater surface area, thus allowing fo
higher binding capacities. Anti-O157 antibody-coated BioMag
iron oxide beads were used to determine the ef�ciency of
antibody capture of E. coliO157:H7 using spectrophotometric
ferric oxide absorbance measurements.
IMS in Conjunction with Plating

Selective enrichment culturing of E. coli O157:H7 and non-
O157 STEC is usually performed at 37–42 � C using enrichment
media, such as buffered peptone water supplemented with
vancomycin (8 mg l� 1), ce� xime (0.05 mg l� 1), and cefsulodin
(10 mg l � 1) (BPW-VCC), modi� ed tryptone soy broth con-
taining acri� avin-HCl at 10 mg l� 1 (mTSBþ a) or novobiocin
at 20 mg l� 1 (mTSBþ n), modi � ed E. coli broth containing
novobiocin at 20 mg l � 1 (mEC þ n) and EEB medium con-
sisting of mTSB supplemented with vancomycin (8 mg l� 1),
ce� xime (0.05 mg l� 1) and cefsulodin (10 mg l � 1), modi � ed
TSG with novobiocin (8 mg l � 1) and casamino acids (10 g l� 1),
and modi � ed buffered peptone water with pyruvate, among
others. After washing and resuspension of the magneti
bead–bacterium complexes, a portion of the suspension is
surface plated onto selective and differential agar media, suc
as sorbitol MacConkey (SMAC), SMAC containing ce� xime
(0.05 mg l� 1) and potassium tellurite (2.5 mg l � 1) (CT-SMAC),
SMAC containing 5 g l� 1 of rhamnose and 0.05 mg l� 1 of
ce� xime (CR-SMAC), CHROMagar� O157, or CHROMagar
STEC (CHROMagar, Paris, France). Other solid selective med
that could be used include Rainbow� agar O157 (Biolog, Inc.,
Hayward, CA, USA) or BCM� O157:H7(þ) (Biosynth Inter-
national, Inc., Naperville, IL, USA). Invitrogen Dynal recom-
mends plating onto CT-SMAC and CHROMagar O157 for
isolation of E. coliO157 following IMS and sells the SMAC
Media Ce� xime-Tellurite Supplement needed to prepare the
agar. CT-SMAC is selective, andE. coliO157:H7 appear as pale
pink non-sorbitol-fermenting colonies. Currently, there is no
suitable commercially available selective and differential aga
for the non-O157 STEC because there are no reliable an
consistent speci�c phenotypic or biochemical characteristics
within or among the different serogroups. This makes it more
dif � cult to isolate non-O157 STEC compared with E. coli
O157:H7 strains that are generally sorbitol negative and
b-glucuronidase negative (see below).

Bacteria remain viable after IMS; therefore, they continue to
multiply when the bead–bacterium complexes are plated onto
solid media, and the bacteria need not be detached from the
beads. Selective capture of target organisms from food enrich
ments using IMS, followed by plating, eliminates growth of
a large portion of the background micro� ora. Thus, the amount
of time required for selection of suspect colonies for con� r-
matory testing is reduced considerably. Accurate enumeratio
of the number of colony forming units (CFU) may not always
be possible, however, because a colony may be formed from
a bead with more than one bacterium attached.

To con� rm the identity of isolated colonies, biochemical
and serological testing can be performed. Serological assa
include agglutination using the E. coliO157 latex kit (Unipath,
Oxoid Division, Ogdensburg, NY, USA), reactivity withE. coli
O157 antibodies conjugated to FITC (Kirkegaard & Perry
Laboratories, Gaithersburg, MD, USA), and also reactivity with
H7-speci� c antiserum. Assays for Stx1 and/or Stx2, such a
enzyme-linked immunosorbent assays (ELISA), may also b
performed on isolated colonies.Escherichia coliO157:H7 does
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not possessb-glucuronidase activity, and thus colonies sub-
cultured onto media such as violet red bile agar containing
4-methylumbelliferyl- b-D-glucuronide (MUG) or onto SMAC
containing 5-bromo-4-chloro-3-indoxyl- b-D-glucuronic acid
cyclohexylammonium salt (BCIG) appear b-glucuronidase
negative.

When IMS is incorporated into detection procedures using
appropriate enrichment and recovery media, enrichment
culturing periods as short as 4–6 h will allow detection of levels
as low as 1–2 E. coliO157:H7/g of the original food sample.
Detection of low levels of E. coli O157 is possible even in
samples containing up to 107 CFU g� 1 of background micro-
� ora. Inclusion of IMS in the isolation procedure can enhance
sensitivity up to 100-fold compared with direct culture of
enrichments; therefore, false-negative results may be signi� -
cantly reduced.
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IMS Interfaced with Biosensors and Analytical Instrumenta

Food matrices often cause interferences in immunoassays, suc
as ELISAs. Binding by components such as proteins or othe
bacteria in the food matrix to the antibody may occur or large
molecules can cause steric hindrance preventing antibody
epitope binding. Fatty acids or other substances can denatur
antibodies or interact nonspeci� cally with proteins causing
problems in the assay system. IMS effects separation of targ
organisms from food particles and from a large portion of the
background� ora and allows further concentration of the target
organism in the sample into smaller volumes.

Luminex Corporation (Austin, TX, USA) has bead-based o
cytometric bead array systems that have reported potential to
detect up to 500 different analytes per sample using differen
tially colored microparticles. The optical systems for the
Luminex 100/200 and the Luminex MAGPIX are composed of
a classi� cation or sorting laser (or light-emitting diode (LED)),
employed to differentiate the varying colors of the micropar-
ticles and a separate detection or reporter laser (or LED), use
to quantify R-phycoerythrin reporter sandwiched analytes with
laser-induced � uorescence. The combination of the MAGPIX
system with superparamagnetic antibody-coated microparticles
has the potential to interrogate up to 50 analytes within each of
96 samples (in a multiwell, microtiter plate) in a 1 h run.
Claims are that the 200 instrument can interrogate 80 analytes
for each of 96 samples, also contained in microtiter plates.
Because the application of these systems with immuno
magnetic beads (Luminex Corp. MagPlex particles) is relativel
new, there have only been a handful of reports within the past
several years that revealed the use of MagPlex with the Lumine
systems for the detection ofE. coliO157:H7 in food samples.

Numerous noncommercialized biosensors have been
demonstrated to employ immunomagnetic beads for the rapid
detection of E. coli O157:H7 in food. They have typically
involved incorporation of a sandwich immunoassay with
a variety of detection platforms, ranging from those that apply
general laboratory instrumentation, such as colorimetry, elec
trochemistry, � uorimetry, and luminometry, to less common
platforms, including time-resolved � uorescence, light address
able potentiometric sensing, and surface-enhanced Rama
spectroscopy. Many of these systems have employed enzym
for signal ampli � cation.
A particularly intriguing application of IMS is in its
combination with � uorescence microscopy. Compound
microscopy is inherently powerful enough to allow for the
visualization of individual bacterial cells and, therefore, has
a potential detection limit of a single cell. However, the
problem lies in having to know in which � eld to search for the
cell. Following immunomagnetic capture of bacterial cells with
the beads, the IMS-concentrated sample may be placed o
a standard microscope slide that is af� xed to a permanent
magnet. The beads are subsequently sequestered next to t
magnet, though in a daisy chain (end-to-end, perpendicular to
the edge of the magnet) arrangement, and upon addition of
a labeling compound (e.g., nucleic acid binding with � uores-
cent dye such as 40,6-diamidino-2-phenylindole or DAPI),
� uorescing bacteria can then be readily quanti� ed by eye.
Alternative labeling techniques have also been employed
with � uorescence microscopy and include sandwiching the
bacteria between the beads and� uorescent antibody conju-
gates or antibody-coated� uorescent microspheres (as shown in
Figure 2(a)).
IMS Followed by Genetic Detection Methods

The PCR has gained widespread acceptance as a functional to
for detection of microorganisms in foods and other samples of
complex composition. PCR is anin vitro technique in which
a million-fold or greater ampli� cation of DNA sequences is
achieved using a heat-stable DNA polymerase and a pair o
oligonucleotide primers that bind to speci� c nucleic acid
sequences of the target organism. Sensitivity of PCR assays
dramatically decreased, however, when they are applie
directly to food and environmental samples, to blood and stool
specimens, or to enrichment cultures. These types of sample
may contain substances, such as bilirubin, bile salts, hemo
globin degradation products, polyphenolic compounds,
proteinases, complex polysaccharides, and fat, which ca
inhibit the DNA polymerase, bind magnesium, or denature the
DNA. Therefore, lengthy sample preparation and DNA extrac
tion steps, such as phenol–chloroform extraction with
proteinase K treatment, are often required before performing
PCR. PCR inhibition can be reduced through dilution of the
samples; however, sensitivity is decreased with dilution. The
volume of sample used for PCR is small, usually ranging from
<1 to 10 ml. IMS allows concentration of the bacteria in the
sample to volumes ranging from 10 to 100ml before per-
forming PCR. Thus, IMS removes PCR inhibitory components
from samples of complex composition, allowing puri � cation
of PCR-ready DNA while also achieving concentration of the
bacteria to enhance sensitivity.

To recoverE. coliO157 from enrichment cultures of bovine
fecal specimens or foods, such as apple cider, ground beef, ra
milk, or ice cream, enrichment is performed as previously
described, and generally 1 ml of the culture sample is used fo
IMS. Alternatively, 10 ml or larger volumes of samples can be
centrifuged to concentrate the bacteria, and the pellet then
washed and resupended in 1 ml sterile physiological saline
which is then subjected to IMS using Dynabeads� E. coliO157.
After washing two or three times, the bead–bacterium
complexes are resuspended in a small volume of sterile distilled
water or Tris–EDTA buffer. The bacteria are lysed to release th
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DNA by placing the tubes in a boiling water bath for 10 min or
in a thermal cycler set to 99� C for 10 min. PCR is then per-
formed using primers to amplify portions of virulence genes
such asstx1, stx2, eae, or other speci�c DNA sequences found in
STEC. The combination of PCR following IMS allows for
detection of E. coli O157:H7 in foods at a level as low as
1 CFU g� 1 of the original sample after 4 h of enrichment
culturing in TSB. Thus, detection can be accomplished in
<10 h.

Another approach involves using IMS in a procedure
designated DIANA (Detection of Immobilized Ampli � ed
Nucleic Acid) to detect 32P-labeled PCR products generate
following ampli � cation of E. coliO157:H7 stxgenes. The� rst
PCR is carried out normally using unlabeled primers forstx1
and stx2. The second PCR reaction consists of the ampli� cation
product from the � rst PCR and two primers, one labeled with
32P ATP and one with biotin yielding a 32P- and biotin-labeled
ampli � cation product smaller than the product obtained with
the � rst PCR. Streptavidin-coated magnetic beads, also ava
able from Invitrogen Dynal, are then used to separate the
labeled PCR products from solution, and after a washing step
the beads are suspended in scintillation� uid and the bound
radioactivity is determined in a scintillation counter. Sensi-
tivity and speci� city of the assay appears to be enhanced usin
a two-step PCR approach. The number of templates in the
second PCR is greatly increased, improving sensitivity, and th
possibility of obtaining false positive results is decreased
because the second ampli� cation only occurs if the � rst set of
primers has ampli� ed the correct DNA sequence. A techniqu
called magnetic capture-hybridization PCR (MCH-PCR)
involves lysing the bacteria to release the nucleic acid an
hybridization of the DNA segments containing E. coli
O157:H7 stx1 and stx2 sequences using biotin-labeled DNA
probes. Following capture of the hybrids by streptavidin-
coated magnetic beads, the bound DNA is subjected to PC
ampli � cation.

Commercially available systems known as the Assuranc
GDS for E. coliO157:H7 and Assurance GDS for Shiga Toxin
Genes (BioControl, Bellevue, WA, USA) use proprietar
magnetic particles to capture the bacteria from enrichments
After enrichment for 8–24 h, a portion of the enrichment is
mixed with the concentration reagent (magnetic particles) in
a deep well, and then a device known as a PickPen that ha
a magnetic tip is inserted into the wells of the plate to collect
the particles with attached target bacteria. It then washes an
transfers the material to a resuspension buffer. PCR is the
performed after combining a portion of the material from the
resuspension plate and a PCR reagent mix. The Assurance G
procedure removes PCR inhibitors that may be found in the
food enrichment, and because the target bacteria are conce
trated with the IMS step, a larger amount of target DNA is
obtained, resulting in a higher sensitivity of the PCR assay
With the GDS assurance system, it is possible to obtain result
within 24 h. By comparison, a more traditional method for
detection of E. coli O157:H7 involves enrichment culturing
for approximately 18–24 h, followed by incubation with
antibody-coated Dynabeads, washing of the beads, an
plating onto selective agar with overnight incubation.
Approximately 2 days are required to perform this procedure,
and it is followed by selection of suspect colonies from the
agar plates, which are then identi� ed as E. coliO157:H7 by
PCR or by biochemical and serological testing. If desired
samples tested by the GDS system can be con� rmed culturally
by subjecting the enrichment to IMS and plating for isolation
of the target pathogen; however, screening samples� rst for
STEC genes reduces the number of samples that need to
plated for isolation.

The BioPlex instrument (Bio-Rad Laboratories, Inc.
Hercules, CA, USA) and the Luminex MAGPIX system both
utilize supermagnetic microspheres that can be linked to
probes that capture target DNA. The Bio-Plex Suspension Arra
System is a multiplex microplate-based assay that can test fo
100 different targets in a single sample, utilizing 100 sets of
5.6 mm beads, each internally dyed with different ratios of two
spectrally distinct � uorophores. The MAGPIX employs LEDs
and a charge-coupled device (CCD) imager, coupled with
a magnetic microsphere-based array. The MAGPIX instrumen
was used to identify the serogroup of 10 clinically relevant
STEC. Serogroup-speci� c probes (O serogroup wzx and wzy
genes) were conjugated to MagPlex-C carboxylated micro
spheres, and then biotin-labeled PCR amplicons were hybrid
ized to the microspheres, which were analyzed by the MAGPIX
CCD imagery.
Optimization and Troubleshooting of IMS

Procedures for immunomagnetic separation and concentration
of E. coliO157:H7 should be optimized for each type of food or
other type of sample tested because background micro� ora and
other sample components will vary. For example, the amount
of Dynabeads required for ef�cient capture of the E. coli
O157:H7 should be determined. The ratio of beads to target
cells should generally be in the range of 3:1 to 20:1. For food
and clinical samples, Dynal recommends using 20ml (w 2 � 106

beads) of Dynabeads anti-E. coliO157 ml � 1 of sample. Incu-
bation of the bead-sample mixture is usually performed at room
temperature for times ranging from 10 to 60 min. Longer incu-
bation times allow increased recovery ofE. coli O157:H7 in
samples containing lower numbers of target bacteria; however
the level of interactions with nontarget cells is also increased
Optimum incubation times generally range from 15 to 30 min.
Incubation temperature appears to have little effect on recovery
of target cells.

Nonspeci� c binding can be reduced by performing IMS in
low ionic strength solution treated with Chelex-100 (Bio-Rad
Laboratories, Hercules, CA, USA). Alternatively, addition o
a positively charged protein, Protamine (salmine) (Sigma
Chemical Company, St. Louis, MO, USA), to the enrichment
culture-bead mixture and transfer of the beads and wash solution
to clean tubes with each wash also signi� cantly decreases
nonspeci� c binding of target cells and carryover. Protamine
reduces nonspeci� c attachment, supposedly by adhering to the
sides of the sample tube and to the bacteria, decreasing their ne
negative charge; however, it does not affect binding of targe
bacteria with the antibody. Coating of tubes with other surface-
treating agents, such as Prosil-20 (PCR Inc., Gainsville, FL, US
or dichlorodimethylsilane (Sigma), also aids in preventing
carryover. The addition of detergents, such as Tween-20, to th
incubation mixture or to the wash solution also reduces
nonspeci� c binding to the beads. Invitrogen Dynal AS
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recommends using a washing buffer consisting of 0.15 M NaCl
O.1 M sodium phosphate buffer, pH 7.4, with 0.05% Tween-20.
Other blocking agents, such as bovine serum albumin (BSA)
casein, and, in particular, iota-carrageenan, have been shown t
reduce nonspeci� c binding in IMS. Unfortunately, no single
blocking agent has been demonstrated to be effective in the
prevention of nonspeci� c binding of all background � ora
selected from a panel of typical spoilage microorganisms.

Under optimum conditions, recovery of greater than 90% of
the inoculum can be achieved by IMS. Generally, however
recoveries in the range of 25–50% of the target cells are
obtained. During incubation of enrichment cultures with
Dynabeads for periods of 30 min or longer, theE. coliO157:H7
can continue to multiply; therefore, percent recovery of the cells
in the initial sample may appear high. Dynal Invitrogen AS
recommends two washes of the beads before resuspension
100 ml PBS-Tween and plating. Increasing the number o
washes of the bead–E. coli O157:H7 complexes decrease
carryover; however, a portion of the beads or target cells may b
removed during the washes decreasing recovery.

In the separation cycle, use of excessively thick sample
containing food particles can hinder recovery. The presence o
food particles may block binding of antibody on the beads to
the bacteria. Fat and other food particles can impair immobi-
lization of the bead–target complexes onto the side of the
sample tube when applying the magnetic device. Dif� culties
can occur when attempting to aspirate the sample supernatant
while leaving the immobilized beads undisturbed. Thus, it may
be advantageous to make dilutions of thick samples or to use
less food or other type of sample when preparing the enrich-
ment cultures to overcome this problem.

Stx-negativeE. coliO157 strains, which can be present in
meat and other foods, are captured by beads coated with anti
O157 antibodies; however, if IMS is followed by plating onto
agar media, such as CT-SMAC, Rainbow Agar O157, o
Chromagar O157, typical E. coli O157:H7 colonies can
usually be distinguished and, if desired, subjected to further
serological or biochemical con� rmatory testing. If PCR is
performed after IMS, an ampli� cation product should not be
obtained with Stx-negativeE. coliO157 if the PCR primers
target virulence genes or other speci� c E. coliO157:H7 DNA
sequences.
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Conclusion

Performing IMS followed by plating onto selective and
differential agars, or by rapid techniques such as PCR, ELIS
electrochemiluminescence, � ow cytometry, or microscopy
markedly enhances the speed and sensitivity of assays f
detection of E. coliO157:H7 and non-O157 STEC. Enrichment
culturing times can be reduced, and thus the entire assay ca
potentially be performed in 8 h or less. IMS may be useful for
the recovery of stressed, sublethally injuredE. coliO157:H7,
which are not resuscitated during selective enrichmen
culturing. Speci� city is determined by the antibody bound to
the beads, and thus with the availability of appropriate anti-
sera, improved assay systems for the detection ofE. coli
O157:H7, non-O157 STEC, as well as other bacterial patho
gens can be developed. The IMS technique is easy to perform
does not require elaborate instrumentation, and can easily
be applied to isolation, concentration, and detection of
pathogens in food and other types of samples. (Mention of
trade names or commercial products is solely for the purpose
of providing speci� c information and does not imply
recommendation or endorsement by the U.S. Department of
Agriculture. USDA is an equal opportunity provider and
employer.)
See also:Biochemical and Modern Identi�cation Techniques:
Enterobacteriaceae, Coliforms, andEscherichia Coli;
Enterobacteriaceae:Coliforms andE. coli, Introduction;
Enterobacteriaceae, Coliform, andEscherichia coli: Classical
and Modern Methods for Detection and Enumeration;
Escherichia coli:Escherichia coli;Escherichia coliO157:E. coli
O157:H7; Detection by Latex Agglutination Techniques;
Immunomagnetic Particle-Based Techniques:Overview;
Listeria:Detection by Commercial Immunomagnetic Partic
Based Assays and by Commercial Enzyme Immunoassa
VerotoxigenicEscherichia coli: Detection by Commercial
Enzyme Immunoassays;Escherichia coli:PathogenicE. coli
(Introduction).
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Detection by Latex Agglutination Techniques
EW Rice, US Environmental Protection Agency, Cincinnati, OH, USA

� 2014 Elsevier Ltd. All rights reserved.
Table 1 Interpretation of results from latex agglutination test kits for
E. coli O157
General Principles

The use of latex reagents in slide agglutination assays provides
a rapid screening procedure for the presumptive identi�cation
of Escherichia coli O157:H7. These assays are used for sero-
typing nonsorbitol-fermenting colonies generally isolated on
sorbitol MacConkey (SMAC) agar. The assays are designed for
use with pure cultures and perform best when using freshly
isolated organisms. Isolates may be analyzed for the presence
of both the somatic O157 antigen and the �agellar H7 antigen.
In all instances where a positive serological result is obtained,
further characterization by biochemical or molecular proce-
dures is required to con�rm that the suspected organism is
E. coli.

In these procedures, latex particles coated with the E. coli
somatic O157 or �agellar H7 antisera are mixed on a slide with
a suspension of bacteria and are observed for agglutination
reactions. The tests are designed to provide a color differenti-
ation between the surface of the slide and the particles. It is
essential that proper positive and negative controls be
employed in the assay procedure. Latex particles coated with
puri�ed normal rabbit globulin serve as negative latex control
reagents. Positive control reagents contain E. coli O157:H7
antigen. Some manufacturers may also include an E. coli
negative control reagent containing antigen of a nontoxigenic
(non-O157:H7) E. coli isolate.

Food microbiological laboratories normally obtain latex
agglutination kits from commercial suppliers. The basic prin-
ciples involved in these assays are similar, but the analyst needs
to be aware of the performance characteristics of individual
manufacturers’ kits and rigorously adhere to the proscribed
protocols.
Agglutination reactions Interpretation

Test E. coli O157
latex reagent

Negative control
latex reagent

þ � Presumptive positive for E. coli
O157

� � Negative for E. coli O157
� þ Inconclusivea

þ þ Inconclusivea

�, negative reaction.
þ, positive reaction.
aConsult manufacturer’s recommendations.
Procedures

All reagents should be checked to determine expiration dates
before beginning the assay procedures. Reagents should be
stored at refrigeration temperatures and allowed to equili-
brate to room temperature before use. Care should be taken to
avoid contaminating the reagent droppers or dropper bottles.
The O157 test latex reagent and the negative latex control
reagent should be tested with the positive E. coli O157:H7
antigen control reagent. Agglutination should occur with the
O157 test reagent and the positive E. coli O157:H7 antigen
control. Agglutination should not occur with the O157 test
reagent and the negative latex control reagent. Reagents
should not be used if there are deviations from the expected
results. This testing should be performed at a minimum of
once per day whenever the reagents are used, with special
attention given to these evaluations upon the initial use of
a new lot of reagents.

Manufacturers’ directions vary regarding preparation of
specimens for analysis. Some procedures call for testing
sorbitol-negative colonies from SMAC plates directly,
748 Encyclopedia of Food Mic
whereas others require the preparation of a suspension of
known turbidity. Nonsorbitol-fermenting colonies that have
been subcultured to nonselective agar may also be used. The
bacteria should be thoroughly mixed on the slides with the
appropriate reagents using wooden sticks or bacteriological
loops. The slides are then gently rotated or rocked for
a speci�ed time period, generally 1–2 min. Agglutination
occurring with the test O157 reagents and not occurring
with the latex control reagent is considered a positive test
(Table 1). The lack of agglutination in either of these test
reagents is considered a negative response. Nonspeci�c
agglutination responses, where both the test O157 reagent
and the latex control reagent agglutinate, are considered
inconclusive tests. Suspensions of organisms exhibiting
nonspeci�c agglutination may be placed in a boiling-water
bath for 10–15 min and retested. After boiling, many of
these strains become negative. The boiling procedure should
be conducted in accordance with the manufacturers’ direc-
tions. The analyst should be alert for atypical reactions, such
as stringy agglutinations, which differ from known reactions.
These types of reactions are generally considered unin-
terpretable. Use of the H7 latex reagent generally requires
employing a sweep of bacterial growth from an agar plate.
Some strains may require multiple passages in motility
medium to restore H7 antigenicity. It is generally recom-
mended that only those strains that have exhibited a positive
response for the somatic O157 antigen should be tested
using the H7 latex reagent.
Advantages and Limitations

Latex slide agglutination assays are cost-effective and easy to
perform and provide rapid presumptive results for the identi-
�cation of E. coli O157:H7. Studies have shown that the assays
exhibit a high degree of reliability averaging greater than 95%
speci�city and sensitivity. In the analysis of food products,
these assays provide an ef�cient means of screening potential
target colonies.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00103-8
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Particular care should be given to the interpretation of
results where nonspeci� c agglutination occurs. The incorpora-
tion of the various control reagents should aid the analyst in
evaluating results for nonspeci� c or stringy agglutinations.
Cross-reactivity with certain strains of bacteria have bee
reported (e.g., Citrobacter freundii), and although these inci-
dences appear to be minimal, they con� rm the absolute
requirement for characterizing the isolate by biochemical or
molecular procedures and completing all serological tests prior
to making a de� nitive identi � cation. It should be noted that
nonmotile strains of E. coliO157 or strains that are negative for
the H7 antigen have been implicated as enterohemorrhagic
E. coliand should be tested for Shiga toxin production or for
toxin-speci� c gene sequences.

Hemorrhagic colitis can be caused by a number of Shiga
toxin-producing E. coli (STEC) other than E. coli O157:H7.
Polyclonal antibody latex agglutination assays have been
developed to detect toxin-producing strains. Latex agglutina
tion assays have also been developed for six (O26, O45, O103
O111, O121, and O145) speci� c non-O157 STEC serotypes.

See also:Escherichia coli:Escherichia coli;Escherichia coli:
Detection of Enterotoxins ofE. coli; Escherichia coliO157:
E. coliO157:H7;Escherichia coliO157 and Other Shiga Toxi
ProducingE. coli:Detection by Immunomagnetic Particle-
Based Assays.
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Introduction

Fermentation processes utilize microorganisms to convert solid
or liquid substrates into various products. The substrates vary
widely, with any material that supports microbial growth being
a potential substrate. Similarly, fermentation-derived products
show tremendous variety. Commonly consumed fermented
products include bread, cheese, sausage, pickled vegetables,
cocoa, beer, wine, citric acid, glutamic acid, and soy sauce.
Types of Fermentation

Most commercially useful fermentations may be classi�ed as
solid-state or submerged cultures. In solid-state fermentations,
the microorganisms grow on a moist solid with little or no free
water, although capillary water may be present. Examples of this
type of fermentation are seen in mushroom cultivation,
breadmaking, the processing of cocoa, and in the manufacture
of some traditional foods – including, for example, miso (soy
paste), sake, soy sauce, tempeh (soybean cake), and gari (cas-
sava), which are now produced in large industrial operations.
Submerged fermentations may use a dissolved substrate, for
yclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
example, sugar solution, or a solid substrate, suspended in
a large amount of water to form a slurry. Submerged fermen-
tations are used in pickling vegetables, producing yogurt,
brewing beer, and producing wine and soy sauce.

Solid-state and submerged fermentations may each be
subdivided – into oxygen requiring aerobic processes, and
anaerobic processes that must be conducted in the absence of
oxygen. Examples of aerobic fermentations include submerged-
culture citric acidproductionbyAspergillus niger andsolid-statekoji
fermentations (used in the production of soy sauce). Fermented
meat products such as bologna sausage (polony), dry sausage,
pepperoni, and salami are produced by solid-state anaerobic
fermentations utilizing acid-forming bacteria, particularly
Lactobacillus, Pediococcus, and Micrococcus species. A submerged
culture anaerobic fermentation occurs when making yogurt.

Fermentations may require a single species of microorganism
to effect the desired chemical change. In this case, the substrate
may be sterilized to kill unwanted species before inoculation
with the desired microorganism. Most food fermentations,
however, are nonsterile. Typically, fermentations used in food
processing require participation of several microbial species,
acting simultaneously or sequentially, to give a product with the
desired properties, including appearance, aroma, texture, and
-384730-0.00106-3 751
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taste. In nonsterile fermentations, the culture environment may
be tailored speci� cally to favor the desired microorganisms. For
example, the salt content may be high, the pH may be low, or the
water activity may be reduced by additives such as salt or suga
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Factors Inßuencing Fermentations

A fermentation is in� uenced by numerous factors, including
temperature, pH, nature and composition of the medium,
dissolved oxygen, dissolved carbon dioxide, operationa
schemes (e.g., batch, fed-batch, continuous), feeding with
precursors, mixing (cycling through varying environments),
and shear rates in a fermenter. Variations in these factors ma
affect the rate of fermentation, the product spectrum and yield,
the organoleptic properties of the product (appearance, taste
smell, and texture), generation of toxins, nutritional
quality, and other physicochemical properties.

The formulation of the fermentation medium affects yield,
rate, and product pro� le. The medium must provide the
necessary amounts of carbon, nitrogen, trace elements, an
micronutrients (e.g., vitamins). Speci�c types of carbon and
nitrogen sources may be required, and the carbon-to-nitrogen
ratio may have to be controlled. An understanding of fermen-
tation biochemistry is essential for developing a medium with
an appropriate formulation. Concentrations of certain nutri-
ents may have to be varied in a speci� c way during a fermen-
tation to achieve the desired result. Some trace elements ma
have to be avoided – for example, minute amounts of iron
reduce yields in citric acid production by A. niger. Additional
factors, such as cost, availability, and batch-to-batch variability
also affect the choice of medium.
-

Submerged Fermentations

Fermentation Schemes

Industrial fermentations may be carried out batchwise, as fed
batch operations, or as continuous cultures (Figure 1). Batch and
Feed

Inoc
sepa

Feed

(a) (b)

(d)(c)

Constant 
volume

Harvest

Feed

Constant 
volume

Figure 1 Fermentation methodologies. (a) Batch fermentation. (b) F
plug-� ow fermentation, with and without recycling of biomass.
fed-batch operations are quite common, continuous fermenta-
tions being relatively rare. For example, continuous brewing is
used commercially, but most beer breweries use batch processe

In batch processing, a batch of culture medium in
a fermenter is inoculated with a microorganism (the starter
culture). The fermentation proceeds for a certain duration (the
fermentation time or batch time), and the product is harvested
(Figure 1(a)). Batch fermentations typically extend over
4–5 days, but some traditional food fermentations may last
months. In fed-batch fermentations, sterile culture medium is
added either continuously or periodically to the inoculated
fermentation batch. The volume of the fermenting broth
increases with each addition of the medium, and the fermenter
is harvested after the batch time (Figure 1(b) ).

In continuous fermentations, sterile medium is fed contin-
uously into a fermenter and the fermented product is continu-
ously withdrawn, so the fermentation volume remains
unchanged (Figure 1(c)). Typically, continuous fermentations
are started as batch cultures and feeding begins after th
microbial population has reached a certain concentration. In
some continuous fermentations, a small part of the harvested
culture may be recycled to continuously inoculate the sterile
feed medium entering the fermenter (Figure 1(d) ). Whether
continuous inoculation is necessary depends on the type o
mixing in the fermenter. Plug-� ow fermentation devices
(Figure 1(d) ), such as long tubes that do not allow backmixing,
must be inoculated continuously. Elements of � uid moving
along in a plug-� ow device behave like tiny batch fermenters.
Hence, true batch fermentation processes are relatively easi
transformed into continuous operations in plug-� ow fermen-
ters, especially if pH control and aeration are not required.
Continuous cultures are particularly susceptible to microbial
contamination, but in some cases fermentation conditions may
be selected (e.g., low pH, high alcohol, or high salt content) to
favor the desired microorganisms compared with potential
contaminants.

In a well-mixed continuous fermenter (Figure 1(c)), the
medium feed rate should be such that the dilution rate, that is,
Harvest

ulum from
rate source

Harvest

Recycle inoculum

Initial volume

Final volume

Feed

ed-batch culture. (c) Continuous-� ow well-mixed fermentation. (d) Continuous
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the ratio of the volumetric feed rate to the constant culture
volume, remains less than the maximum speci� c growth rate of
the microorganism in the particular fermentation conditions. If
the dilution rate exceeds the maximum speci� c growth rate, the
microorganism will be washed out of the fermenter.

Industrial fermentations are mostly batch operations. Typi-
cally, a pure starter culture (or seed), maintained under carefully
controlled conditions, is used to inoculate sterile Petri dishes or
liquid medium in the shake � asks. After suf� cient growth,
the preculture is used to inoculate the seed fermenter
Because industrial fermentations tend to be large (typically
150–250 m3), the inoculum is built up through several succes-
sively larger stages, to 5–10% of the working volume of the
production fermenter. A culture in rapid exponential growth is
normally used for inoculation. Slower-growing microorganisms
require larger inocula, to reduce the total duration of the
fermentation. An excessively long fermentation time (or batch
time) reduces productivity (amount of product produced per
unit time per unit volume of fermenter) and increases costs.
Sometimes, inoculation spores, produced as seed, are blow
directly into the larger fermentation vessel with in-going air.
.
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Microbial Growth

Microbial growth in a newly inoculated batch fermenter
typically follows the pattern shown in Figure 2. Initially, in
the lag phase, the cell concentration does not increase much
The length of the lag phase depends on the growth history o
the inoculum, the composition of the medium, and the
amount of culture used for inoculation. An excessively long
lag phase ties up the fermenter unproductively– hence, the
duration of the lag phase should be minimized. Short lag
phases occur when the composition of the medium and the
environmental conditions in the seed culture and the
production vessel are identical (hence less time is needed fo
adaptation), the dilution shock is small (i.e., a large amount
of inoculum is used), and the cells in the inoculum are in the
late exponential phase of growth. The lag phase is essential
an adaptation period in a new environment. The lag phase is
followed by exponential growth, during which the cell mass
increases exponentially. Eventually, as the nutrients ar
exhausted and inhibitory products of metabolism build up,
t
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Fermentation time0

Lag phase

Exponential
growth
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phase

Death
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Figure 2 Typical growth pro� le of microorganisms in submerged
culture.
the culture enters a stationary phase. Ultimately, starvation
produces cell death and lysis, and hence the biomas
concentration declines.

Exponential growth can be described by the following
equation:

dX
dt

¼ mX � kdX [1]

where X is the biomass concentration at time t, m is the
speci� c growth rate (i.e., growth rate per unit cell mass), and
kd is the speci� c death rate. During exponential growth, the
speci� c death rate is negligible andEqn [1] reduces to the
following:

dX
dt

¼ mX [2]

For a cell mass concentrationX0 at the beginning of the
exponential growth (X0 usually equaling the concentration of
the biomass in the freshly inoculated fermenter), and taking
the time at which exponential growth commences as zero
Eqn [2] can be integrated to the following:

ln
X
X0

¼ mt [3]

Using Eqn [3], the biomass doubling time, td, can be shown
to be the following:

td ¼
ln 2
m

[4]

Doubling times typically range over 45–160 min. Bacteria
generally grow faster than yeasts, and yeasts multipl
faster than molds. The maximum biomass concentration
in submerged microbial fermentations is typically
40–50 kg m� 3.

The speci�c growth ratemdepends on the concentrationSof
the growth-limiting substrate, until the concentration is
increased to a nonlimiting level and m attains its maximum
value mmax. The dependence of the growth rate on substrate
concentration typically follows Monod kinetics. Thus the
speci�c growth rate is given as follows:

m ¼ mmax
S

KS þ S
[5]

where KS is the saturation constant. Numerically, KS is the
concentration of the growth-limiting substrate when the
speci�c growth rate is half its maximum value.

An excessively high substrate concentration may limi
growth, for instance by lowering water activity. Moreover,
certain substrates inhibit product formation, and in yet other
cases, a fermentation product may inhibit biomass growth. For
example, ethanol produced in fermentation of sugar by yeas
can be inhibitory to cells. Multiple lag phases (or diauxic
growth) are sometimes seen when more than one growth-
supporting substrate is available. As the preferentially utilized
substrate is exhausted, the cells enter a lag phase, while th
biochemical machinery needed for metabolizing the second
substrate is developed. Growth then resumes. Details of th
kinetics of continuous culture, fed-batch fermentation, product
formation, and more complex phenomena, such as the inhi-
bition of growth by substrates and products, are given in the
references listed under Further Reading.
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Aeration and Oxygen Demand

Submerged cultures are most commonly aerated by bubbling
with sterile air. Typically, in small fermenters, the maximum
aeration rate does not exceed one volume of air per uni
volume of culture broth. In large bubble columns and stirred
vessels, the maximum super�cial aeration velocity tends to be
<0.1 m s� 1. Super� cial aeration velocity is the volume� ow rate
of air divided by the cross-sectional area of the fermenter
Signi� cantly higher aeration rates are available in airlift
fermenters. In these, aeration gas is sparged through perforate
plates, perforated pipes, or single-hole spargers located near th
bottom of the fermenter. Because oxygen is only slightly
soluble in aqueous culture broths, even a short interruption of
aeration results in the available oxygen becoming quickly
exhausted, causing irreversible damage to the culture. Thu
uninterrupted aeration is necessary. Prior to use for aeration
any suspended particles, microorganisms, and spores in the ga
are removed by� ltering through microporous � lters.

The oxygen requirements of a fermentation depend on the
microbial species, the concentration of cells, and the type o
substrate. Oxygen supply must at least equal oxygen demand
or the fermentation will be oxygen limited. Oxygen demand is
especially dif� cult to meet in viscous fermentation broths and
in broths containing a large concentration of oxygen-
consuming cells. As a general guide, the capability o
a fermenter in terms of oxygen supply depends on the aeration
rate, the agitation intensity, and the properties of the culture
broth. In large fermenters, supplying oxygen becomes dif� cult
when demand exceeds 4–5 kg m� 3 h� 1.

At concentrations of dissolved oxygen below a critical level
the amount of oxygen limits microbial growth. The critical
dissolved oxygen level depends on the microorganism, the
culture temperature, and the substrate being oxidized. The
higher the critical dissolved oxygen value, the greater the like
lihood that oxygen transfer will become limiting. Under typical
culture conditions, fungi such asPenicillium chrysogenumand
Aspergillus oryzaehave a critical dissolved oxygen value of abou
3.2 � 10� 4 kg m� 3. For baker’s yeast andEscherichia coli, the
critical dissolved oxygen values are 6.4� 10� 5 kg m� 3 and
12.8 � 10� 5 kg m� 3, respectively.

The aeration of fermentation broths generates foam. Typi
cally, 20–30% of the fermenter volume must be left empty to
accommodate the foam and allow for gas disengagement. In
addition, mechanical foam breakers and chemical antifoaming
agents commonly are used. Typical antifoams are silicone oils
vegetable oils, and substances based on low–molecular weight
polypropylene glycol or polyethylene glycol. Emulsi� ed anti-
foams are more effective, because they disperse better in th
fermenter. Antifoams are added in response to signals from
a foam sensor. The excessive use of antifoams may interfe
with some downstream separations, such as membran
� ltrations – hydrophobic silicone antifoams are particularly
troublesome.

Heat Generation and Removal

All fermentations generate heat. In submerged cultures, typi
cally 3–15 kW m� 3 of the heat output comes from microbial
activity. In addition, mechanical agitation of the broth
produces up to 15 kW m� 3. Consequently, a fermenter must be
cooled to prevent a rise in temperature and damage to the
culture. Heat removal tends to be dif� cult, because typically the
temperature of the cooling water is only a few degrees lowe
than that of the fermentation broth. Therefore, industrial
fermentations commonly are limited by the heat-transfer
capability. The ability to remove heat depends on the surface
area available for heat exchange, the temperature differenc
between the broth and the cooling water, the properties of the
broth and the coolant, and the turbulence in these� uids. The
geometry of the fermenter determines the surface area that ca
be provided for heat exchange. Heat generation due to
metabolism depends on the rate of oxygen consumption, and
heat removal in large vessels becomes dif� cult as the oxygen
consumption rate approaches 5 kg m� 3 h� 1.

A fermenter must provide for heat transfer during steriliza-
tion and subsequent cooling, as well as removing metabolic
heat. Liquid medium, or a slurry, for a batch fermentation may
be sterilized using batch or continuous processes. In batch
processes, the medium or some of its components and the
fermenter itself commonly are sterilized together in a single
step, by heating the medium inside the fermenter. Steam may
be injected directly into the medium, or heating may be
through the fermenter wall.

Heating to high temperatures (typically 121� C) during
sterilization often leads to undesirable reactions between
components of the medium. Such reactions reduce the yield, by
destroying nutrients or by generating compounds that inhibit
growth. This thermal damage can be prevented or reduced b
sterilizing only certain components of the medium in the
fermenter and adding other, separately sterilized components
later. Sugars and nitrogen-containing components often are
sterilized separately. Dissolved nutrients that are especiall
susceptible to thermal degradation may be sterilized by passag
through hydrophilic polymer � lters, which retain particles of
0.45 mm or more. Even� ner � lters (e.g., retaining particles of
0.2 mm) are available.

The heating and cooling of a large fermentation batch takes
time and ties up a fermenter unproductively. In addition, the
longer a medium remains at a high temperature, the greater the
thermal degradation or loss of nutrients. Therefore, continuous
sterilization of the culture medium en route to a presterilized
fermenter is preferable, even for batch fermentations. Contin-
uous sterilization is rapid and it limits nutrient loss; however,
the initial capital expense is greater, because a separate steriliz
is necessary.
Photosynthetic Microorganisms

Photosynthetic cultures of microalgae and cyanobacteria
require light and carbon dioxide as nutrients. Microalgae such
as Chlorellaand the cyanobacteriumSpirulina(Arthrospira) are
produced commercially as health food in Asia. Algae also are
cultivated as aquaculture feeds for shell� sh.

Typically, open ponds or shallow channels are used for the
outdoor photosynthetic culture of microalgae. Culture may be
limited by the availability of light, but under intense sunlight,
photoinhibition limits productivity. Temperature variations
also affect performance.

More controlled production is achieved in outdoor tubular
photobioreactors, bubble columns, and airlift systems. Tubular
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bioreactors use a solar receiver consisting of either a continuou
tube looped into several U-shapes to� t a compact area, or
several parallel tubes connected to common headers at eithe
end. The continuous looped-tube arrangement is less scalable
because the length of the tube cannot exceed a certain valu
photosynthetically produced oxygen builds up along the tube,
and high levels of dissolved oxygen inhibit photosynthesis.
The parallel-tube arrangement can be readily scaled up b
increasing the number of tubes. Typically, the tubes are
0.05–0.08 m in diameter and the continuous-run length of any
tube does not exceed 50 m. Greater lengths may be feasibl
however, depending on the � ow velocity in the tube. The
tubular solar receivers may be mounted horizontally, or hori-
zontal tubes may be stacked in a ladder con� guration, forming
the rungs of the ladder. The latter arrangement reduces the are
of land required.

The culture is circulated through the tubes by an airlift
pump or other suitable low-shear mechanism. The maximum
� ow rate is limited by the tolerance of the algae to hydrody-
namic stress. The� ow velocity is usually 0.3–0.5 m s� 1. The
tube diameter is limited by the need to achieve adequate
penetration of light. This declines as the cell concentration
increases, due to self-shading. Closed, temperature-controlle
outdoor systems attain signi� cantly higher productivity than
open channels. The protein content of the algal biomass and
the adequacy of the development of color (chlorophyll) affect
acceptability of the product.

Among other types of culture systems, airlift devices tend to
perform better than bubble columns because only a part of the
airlift system is aerated and hence light is less affected by a
bubbles. Conventional external-loop airlift devices may not be
suitable because of the relatively high hydrodynamic shea
rates they generate. Concentric-tube airlift devices, with ga
injected into the draft tube (zone of poor light penetration), are
likely to perform well. Also, split-cylinder types of airlift system
may be suitable. The volume of the aerated zone in any airlift
device for microalgal culture should not exceed approximately
40% of the total volume of the circulating zones. This way the
light blocking effect of bubbles remains con� ned to a small
volume.
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Submerged Culture Fermenters

Types
The major types of submerged culture bioreactors (se
Figure 3) are as follows:

l Stirred-tank fermenter
l Bubble column
l Airlift fermenter
l Fluidized-bed fermenter
l Trickle-bed fermenter

Stirred-tank fermenter(see Figure 3(a)). This fermenter
includes a cylindrical vessel with a working height-to-diameter
ratio (aspect ratio) of 3–4. A central shaft supports three to four
impellers, placed about one impeller diameter apart. Various
types of impellers that direct the � ow axially (parallel to the
shaft) or radially (outward from the shaft) may be used
(Figure 4). Sometimes axial- and radial-� ow impellers are used
on the same shaft. The vessel is provided with four equally
spaced vertical baf� es, which extend from near the walls into
the vessel. Typically, the baf� e width is 8–10% of the vessel
diameter.

Bubble column(seeFigure 3(b) ). This is a cylindrical vessel
with a working aspect ratio of 4–6. It is sparged at the bottom,
and the compressed gas provides agitation. Although simple, i
is not widely used because of poor performance relative to
other systems. It is not suitable for very viscous broths or those
containing large amounts of solids.

Airlift fermenters(seeFigure 3(c) and 3(d) ). These come in
internal-loop and external-loop designs. In the internal-loop
design, the aerated riser and the unaerated downcomer ar
contained in the same shell. In the external-loop con� guration,
the riser and the downcomer are separate tubes that are linke
near the top and the bottom. Liquid circulates between the riser
(upward � ow) and the downcomer (downward � ow). The
working aspect ratio of airlift fermenters is 6 or greater.
Generally, these are capable fermenters, except for handling th
most viscous broths. Their ability to suspend solids and transfer
oxygen and heat is good. The hydrodynamic shear is low. Th
external-loop design is relatively little used in industry.

Fluidized-bed fermenters(see Figure 3(e)). These are similar
to bubble columns with an expanded cross section near the
top. Fresh or recirculated liquid is pumped continuously into
the bottom of the vessel, at a velocity that is suf� cient to
� uidize the solids or maintain them in suspension. These
fermenters need an external pump. The expanded top sectio
slows the local velocity of the upward� ow, such that the solids
are not washed out of the bioreactor.

Trickle-bed fermenter(see Figure 3(f) ). These consist of
a cylindrical vessel packed with support material (e.g., wood-
chips, rocks, plastic structures). The support has large ope
spaces, for� ow of liquid and gas and growth of microorgan-
isms on the solid support. A liquid nutrient broth is sprayed
onto the top of the support material, and trickles down the bed.
Air may � ow up the bed, countercurrent to the liquid � ow.
These fermenters are used in vinegar production, as well a
other processes. They are suitable for liquids with low viscosity
and few suspended solids.

Design
Irrespective of their con� guration, industrial bioreactors for
sterile operation are designed as pressure vessels, capable
being sterilizedin situwith saturated steam at a minimum gage
pressure of 0.11 MPa (16 psig). Typically, the bioreactor is
designed for a maximum allowable working pressure of
0.28–0.31 MPa (40–45 psig) and temperature of 150–180 � C.
The vessels are designed to withstand full vacuum. Moder
commercial fermenters are constructed predominantly of
stainless steel. Type 316L stainless steel is preferred, but le
expensive Type 304L (or 304) may be used in less corrosiv
situations. Fermenters typically are designed with clean-in
place capability.

A typical submerged-culture vessel has the features show
in Figure 5. Sight glasses on the side and top of the vessel allow
for easy viewing. The top sight glass can be cleaned durin
fermentation, using short-duration spray of sterile water
derived from condensed steam. An external lamp is provided to
light the vessel through the sight glass or a separate window
The vessel has ports for pH, temperature, and dissolved oxyge



Figure 4 Impellers for stirred-tank fermenters. (a) Rushton disc turbine (radial� ow). (b) Marine propeller (axial� ow). (c) Lightning hydrofoil (axial
� ow). (d) Prochem hydrofoil (axial� ow). (e) Ekato intermig (axial� ow). (f) Chemineer hydrofoil (axial� ow).
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Figure 3 Types of submerged-culture fermenters. (a) Stirred-tank fermenter. (b) Bubble column. (c) Internal-loop airlift fermenter. (d) External-loop
airlift fermenter. (e) Fluidized-bed fermenter. (f) Trickle-bed fermenter.
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Figure 5 A typical submerged-culture fermenter. (1) Reactor vessel.
(2) Jacket. (3) Insulation. (4) Protective shroud. (5) Inoculum connectio
(6) Ports for sensors for pH, temperature, and dissolved oxygen.
(7) Agitator. (8) Gas sparger. (9) Mechanical seals. (10) Reducing gear
(11) Motor. (12) Harvest nozzle. (13) Jacket connections. (14) Sample valve
with steam connection. (15) Sight glass. (16) Connections for acid, alkali,
and antifoam agents. (17) Air inlet. (18) Removable top. (19) Medium fe
nozzle. (20) Air exhaust nozzle (connects to condenser, not shown). (2
Instrumentation ports for foam sensor, pressure gauge, and other devic
(22) Centrifugal foam breaker. (23) Sight glass with light (not shown) a
steam connection. (24) Rupture disc nozzle. Vertical baf� es are not shown.
Baf� es are mounted on brackets attached to the wall. A small clearanc
remains between the wall and the closest vertical edge of the baf� e.
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sensors. A steam-sterilizable sampling valve is provided
Connections for the introduction of acid and alkali (for pH
control), antifoam agent, substrate, and inoculum are located
above the liquid level in the bioreactor vessel. Additional ports
on the top support a foam-sensing electrode, a pressure senso
and other possible instruments. Filter-sterilized gas for aeration
is supplied through a submerged sparger. Sometimes carbo
dioxide or ammonia may be added to the aeration gas, for pH
control.

A harvest valve is located at the lowest point on the
fermenter. A mechanical agitator, entering from either the top
or the bottom, may be used. The agitator shaft supports one o
more impellers of various designs (Figure 4). A high-speed
mechanical foam breaker may be provided on the top of the
vessel, and waste gas may exit through the foam breake
Commonly, the exhaust gas line also has a heat exchanger
condense and return the water in the gas to the fermenter. Th
top of the fermenter is either removable or it is provided with
a manhole. A port on the top supports a rupture disc that is
piped to drain. The disc is intended to protect the vessel in the
event of a pressure buildup. The fermentation vessel is jackete
for heat exchange, and the jacket may be covered with� berglass
insulation and a protective metal shroud. Additional surfaces
for heat exchange, typically coils, may be located inside the
vessel.

The equipment for fermenting slurries containing undis-
solved solid substrate is identical to that used in submerged
culture processes. Commonly used slurry fermenters includ
stirred tanks, bubble columns, and airlift vessels. Selection
considerations for industrial fermenters are as follows:

1. Nature of substrate (solid, liquid, suspended slurry, water-
immiscible oils).

2. Flow behavior (rheology), broth viscosity, and type of� uid
(e.g., Newtonian, viscoelastic, pseudoplastic, Bingham
plastic).

3. Nature and amount of suspended solids in broth.
4. Whether fermentation is aerobic or anaerobic, and oxygen

demand.
5. Mixing requirements.
6. Heat-transfer needs.
7. Shear tolerance of microorganism, substrate, and product
8. Sterility requirements.
9. Process kinetics, batch or continuous operation, single

stage or multistage fermentation.
10. Desired process� exibility.
11. Capital and operational costs.
12. Local technological capability and potential for tech-

nology transfer.

n.

box.
Solid-State Fermentations

Substrate Characteristics

Water Activity
Typically, solid-state fermentations are carried out with little or
no free water. Excessive moisture tends to aggregate substr
particles, and hence aeration is made dif� cult. For example,
steamed rice, a common substrate, becomes sticky whe
moisture level exceeds 30–35% w/w. Percentage moisture by
itself is unreliable for predicting growth: for a given microor-
ganism growing on different substrates, the optimum moisture
level may differ widely. Water activity correlates better with
microbial growth. The water activity of the substrate is the ratio
of the vapor pressure of water in the substrate to the saturate
vapor pressure of pure water at the temperature of the substrate
Water activity equals 1/100th of the percentage relative
humidity of the air in equilibrium with the substrate. Typically,
water activities of < 0.9 do not support bacterial growth, but
yeasts and fungi can grow at water activities as low as 0.7. Thu
the low-moisture environment of many solid-state fermenta-
tions favors yeasts and fungi.

The water activity depends on the concentrations of dis
solved solutes, and so sometimes salts, sugars, or other solut
are added to alter the water activity. Different additives may
in� uence the fermentation differently, even though the water
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activity produced may be the same. Furthermore, the fermen
tation process itself leads to changes in water activity, a
products are formed and the substrate is hydrolyzed, for
example, the oxidation of carbohydrates produces water
During fermentation, the water activity is controlled by aera-
tion with humidi � ed air and, sometimes, by intermittent
spraying of water.

Particle Size
The size of substrate particles affects the extent and the rate
microbial colonization, air penetration, and carbon dioxide
removal, as well as the downstream extraction and handling
characteristics. Small particles, with large surface-to-volum
ratios, are preferred because they present a larger surface
microbial action. Particles that are too small and shapes tha
pack together tightly (e.g.,� at � akes, cubes) are undesirable
because close packing reduces interparticle voids that a
essential for aeration. Similarly, too many� nes in a batch of
larger particles will � ll up the voids.

Substrate pH
The pH is not normally controlled in solid-state fermentations,
but initial adjustments may be made during the preparation of
the substrate. The buffering capacity of many substrates effe
tively checks large changes in pH during fermentation. This is
particularly true of protein-rich substrates, especially if the
deamination of protein is minimal. Some pH stability can be
obtained by using a combination of urea and ammonium
sulfate as the nitrogen source in the substrate. In the absence
other contributing nitrogen sources, an equimolar combina-
tion of ammonium sulfate and urea is expected to yield the
greatest pH stability.
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Aeration and Agitation

Aeration plays an important role in removing carbon dioxide
and controlling temperature and moisture. In some cases, an
increased concentration of carbon dioxide may be severel
inhibitory, while an increase in the partial pressure of oxygen
may improve productivity. Deep layers and heaps of substrate
may require forced aeration and agitation. Forced aeration
rates may vary widely, a typical range being (0.05–0.2) �
10� 3 m3 kg� 1 min � 1. Occasional turning and mixing improve
oxygen transfer and reduce compaction and mycelial binding
of the substrate particles. Excessive agitation is undesirabl
however, because it damages the surface hyphae– although
mixing suppresses spore formation, which often is unwanted.
The frequency of agitation may be purely experience based, a
in occasional turning of a fermenting heap of cocoa beans, or it
may be adjusted in response to a temperature controller.
is

o
e

to

-

s

Heat Transfer

The biomass levels in solid-state fermentations, at 10–30 kg m� 3,
are lower than those in submerged cultures. Because there
little water, the heat generated per unit fermenting mass
tends to be much greater in solid-state fermentations than in
submerged cultures, and again because there is little water t
absorb the heat, the temperature can rise rapidly. Th
cumulative metabolic heat generation in fermentations for
producing koji, for the manufacture of a variety of products
has been noted at 419–2387 kJ kg� 1 of solids. Higher values,
up to 13 398 kJ kg� 1, have been observed during composting.
Peak heat generation rates in koji processes lie in the rang
71–159 kJ kg� 1 h� 1, but average rates are more moderate a
25–67 kJ kg� 1 h� 1. The peak rate of production of metabolic
heat during the fermentation of readily oxidized substrates,
such as starch, can be much greater than that associated wi
typical koji processes.

The substrate temperature is controlled mostly through
evaporative cooling, hence drier air provides a better cooling
effect. The intermittent spraying of cool water is sometimes
necessary to prevent dehydration of the substrate. The a
temperature and humidity are also controlled. Occasionally,
the substrate-containing metal trays may also be cooled (by
circulating a coolant), even though most substrates are rela
tively dry and porous, and hence are poor conductors. The
intermittent agitation of substrate heaps further aids heat
removal. Despite much effort, however, temperature gradients
in the substrate do occur, particularly during peak microbial
growth.
Koji Fermentations

Koji fermentations are widely practiced typical examples of
solid-state fermentation. Koji includes soybeans or grain on
which mold is growing, and it has been used in Asian food
preparations for thousands of years. Koji is a source of funga
enzymes, which digest proteins, carbohydrates, and lipids into
nutrients that are used by other microorganisms in subsequen
fermentations. Koji is available in many varieties, which differ
in terms of the mold, the substrate, the method of preparation,
and the stage of harvest. The production of soy sauce, miso, an
sake involves koji fermentation. Koji technology is also
employed in the production of citric acid in Japan. The
production of soy sauce (shoyu in Japanese) koji is detailed in
the following section, as an example of a typical industrial
solid-substrate fermentation.

The koji for soy sauce is made from soybeans and whea
Soybeans, or defatted soybean� akes or grits, are moistened
and cooked (e.g., 0.25 min or less, at about 170� C) in
continuous pressure cookers. The cooked beans are mixed wit
roasted, cracked wheat, with the ratio of wheat to beans varying
with the variety of shoyu. The mixed substrate is inoculated
with pure culture of A. oryzae(or A. sojae). The fungal spore
density at inoculation is about 2.5 � 108 spores per kilogram of
wet solids. After a 3-day fermentation, the substrate mas
becomes green-yellow because of sporulation. The koji is then
harvested, for use in a second submerged fermentation step
Koji production is highly automated and continuous –
processes producing up to 4150 kg h� 1 of koji have been
described. Similar large-scale operations also are used
produce koji for miso and sake in Japan.
Solid-State Fermenters

Solid-state fermentation devices vary in technical sophistica
tion, from the primitive banana-leaf wrappings, bamboo
baskets, and substrate heaps to the highly automated machine
used mainly in Japan. Some less sophisticated fermentation
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systems, for example, fermentation of cocoa beans in heaps, a
quite effective in large-scale processing. Also, some of th
continuous, highly mechanized processes for the fermentation
of soy sauce that are successful in Japan, are not suitable for le
highly developed locations in Asia. Thus, fermentation practice
must be tailored to local conditions.

The use of pressure vessels is not the norm for solid-sta
fermentation. The commonly used devices are as follows:

l Tray fermenter
l Static-bed fermenter
l Tunnel fermenter
l Rotary disc fermenter
l Rotary drum fermenter
l Agitated-tank fermenter
l Continuous screw fermenter

These are described in the following paragraphs. Larg
concrete or brick fermentation chambers, or koji rooms, may
be lined with steel, typically Type 304 stainless steel. For mor
corrosion-resistant construction, Type 304L and 316L stainles
steels are used.

Tray fermenter.This is a simple type of fermenter, widely
used in small- and medium-scale koji operations in Asia (see
Figure 6). The trays are made of wood, metal, or plastic, and
often have a perforated or wire-mesh base to achieve improve
aeration. The substrate is fermented in shallow (�0.15 m deep)
layers. The trays may be covered with cheesecloth to redu
contamination, but processing is nonsterile. Single or stacked
trays may be located in chambers in which the temperature and
humidity are controlled, or simply in ventilated areas. Inocu-
lation and occasional mixing are done manually, although the
handling, � lling, emptying, and washing of trays may be
automated. Despite some automation, tray fermenters are
labor intensive, and require a large production area. Hence the
potential for scaling up production is limited.

Static-bed fermenter.This is an adaptation of the tray
fermenter (Figure 7). It employs a single, larger, and deepe
static bed of substrate located in an insulated chamber
Oxygen is supplied by forced aeration through the bed of
substrate.

Tunnel fermenter.This is an adaptation of the static-bed
device (Figure 8). Typically, the bed of solids is quite long, but
normally no deeper than 0.5 m. Fermentation involving this
equipment may be highly automated, by way of mechanisms
for mixing, inoculating, continuous feeding, and harvesting the
substrate.

Rotary disc fermenter.The rotary disc fermenter consists o
upper and lower chambers, each with a circular perforated dis
to support the bed of substrate (Figure 9). A common central
shaft rotates the discs. Inoculated substrate is introduced into
er

n
Conditioned
air

Exhaust

Tray

Figure 6 Tray fermenter.
the upper chamber and slowly is moved to the transfer screw
The upper screw transfers the partly fermented solids through
a mixer to the lower chamber, where further fermentation
occurs. The fermented substrate is harvested using the low
transfer screw. Both chambers are aerated with humidi� ed,
temperature-controlled air. Rotary disc fermenters are used i
large-scale koji production in Japan.

Rotary drum fermenter.The cylindrical drum of the rotary
drum fermenters is supported on rollers and is rotated at
1–5 rpm around the long axis (Figure 10). Rotation may be
intermittent, and the speed may vary with the fermentation
stage. Straight or curved baf� es inside the drum aid in the
tumbling of the substrate, hence improving aeration and
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temperature control. Sometimes the drum may be inclined,
causing the substrate to move from the higher inlet end to the
lower outlet during rotation. Aeration occurs through coaxial
inlet and exhaust nozzles.

Agitated-tank fermenter.In this type of fermenter, either one
or more helical-screw agitators are mounted in cylindrical or
rectangular tanks, to agitate the fermenting substrate
(Figure 11). Sometimes, the screws extend into tank from
mobile trolleys that ride on horizontal rails located above the
tank. Another stirred-tank con� guration is the paddle
fermenter. This is similar to the rotary drum device, but the
drum is stationary and periodic mixing is achieved by motor-
driven paddles supported on a concentric shaft.

Continuous screw fermenter.In this type of fermenter, steril-
ized, cooled, and inoculated substrate is fed in through the
inlet of the nonaerated chamber (Figure 12). The solids are
moved toward the harvest port by the screw, and the speed o
rotation and the length of the screw control the fermentation
time. This type of fermenter is suitable for continuous anaer-
obic or microaerophilic fermentations.
l
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Safe Fermentation Practice

The microorganisms used in certain industrial fermentations
are potentially harmful. Certain strains have caused fata
infections in immunocompromised individuals, and rare cases
of fatal disease in previously healthy adults have been reported
Microbial spores and fermentation products, as well as
microbes, have been implicated in occupational diseases. Mos
physiologically active fermentation products are potentially
disruptive to health, and certain products are highly toxic. The
product spectrum of a given microorganism often depends on
the fermentation conditions. Under certain environmental
conditions, some organisms, for example,Aspergillus� avusand
A. oryzae, are known to produce lethal toxins, and speci� c
strains of the blue-veined cheese moldPenicillium roquefortialso
produce mycotoxins under narrowly de� ned environmental
conditions. Poor operational practice and failings in process
and plant design can increase the risks. The safety aspects
industrial fermentations are considered in some of the litera-
ture cited under Further Reading. Consumer safety, produc
quality, and the cleanliness of a fermentation product
should be ensured by compliance with good manufacturing
practices.

See also:Cheese:Microbiology of Cheesemaking and
Maturation;Cheese:Mold-Ripened Varieties; Cocoa and Co
Fermentations;Fermentation (Industrial):Media for Industrial
Fermentations;Fermentation (Industrial):Control of
Fermentation Conditions;Fermentation (Industrial):Recovery
of Metabolites;Fermentation (Industrial):Production of
Xanthan Gum;Fermentation (Industrial):Production of Some
Organic Acids (Citric, Gluconic, Lactic, and Propionic);
Fermentation (Industrial):Production of Oils and Fatty Acids
Fermentation (Industrial) Production of Colors and Flavor
Fermented Foods:Origins and Applications; Fermented
Vegetable products; Fermented Meat Products and the R
Starter Cultures; Traditional Fish Fermentation Technolog
Recent Developments; Beverages from Sorghum and Mil
Fermented Foods:Fermentations of East and Southeast As
Fermented Milks and Yogurt; Northern European Fermen
Milks; Fermented Milks/Products of Eastern Europe and A
Further Reading
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Introduction

The aim of an industrial fermentation process is to produce
the desired bioproduct as early as possible with the highest
possible rate and yield in a consistent manner, in the simplest
and cheapest possible way. In practice, compromises have to
be made to provide the optimal conditions for high
productivity.

The physiology of the microorganisms and the relevant
metabolic pathways must be well understood, and the nutrient
(and air in the case of aerobic cultures) requirements of the
microorganism must be satis�ed. These needs often change
as the microbial biomass increases in concentration and
the environmental conditions (e.g., nutrient composition,
temperature, pH) are altered. For example, the need for carbon
and molecular O2 sources is different at different stages of
batch fermentation. Most industrial fermentation processes are
fed-batch processes, in which nutrients are added to the
fermenter, either intermittently or continuously in a variety
of ways. To ensure that the requirements of the culture are met
as the fermentation progresses, the environmental conditions,
including the concentration of nutrients, must be controlled.
Continuous manual control is not feasible in practice – it
would be expensive, impractical, and at best inef�cient. To
maintain the optimal conditions for fermentation, there is
a need for robust automatic control.
Control Systems

Control systems for bioprocesses normally include the
following elements:

l Monitoring and measuring devices
l Controllers
l Operators

The bioprocess itself is considered to be a part of the control
system that often is called a ‘control loop’ (Figure 1).

An automatic control loop deals with the environmental
conditions and all other aspects of a culture external to the
microorganisms. Controlling the environment (i.e., the
fermentation conditions) elicits the best response from
a microorganism in terms of the desired products.
Set
point Error (�)

Controller
Actu

(e.g., a

– +

Measured variable

Measurin
(e.g., temper

Figure 1 Conventional feedback control loop.
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Measuring Equipment

The role of a sensor (measuring element) is to recognize
a process variable and in response to produce a signal, which is
sent to a controller. Examples of variables (properties) are
temperature, pH, and dissolved oxygen tension (DOT), and to
control as many fermentation variables as possible, a wide
range of sensors is needed. Some of the fermentation param-
eters that can be measured by sensors at present are as follows:

1. Physical: temperature; pressure; gas �ow rate; liquid inlet
and outlet �ow rates; culture level; culture volume; culture
weight; culture viscosity; color; agitation power; agitation
speed; foaming; gas hold-up.

2. Chemical: dissolved O2; dissolved CO2; redox potential;
general gas analysis; pH; nutrients; intermediates; products;
conductivity; ionic strength.

3. Biochemical: carbohydrates; total proteins; vitamins;
nucleic acids; Adenosine Triphosphate, Adenosine Diphos-
phate, and Adenosine Monophosphate; Nicotinamide
Adenine Dinucleotide/Nicotinamide Adenine Dinucleo-
tide; enzymes; amino acids; cell mass composition.

4. Biological: total cell count; viable cell count; biomass
concentration; morphology; cell size and age; doubling
time; contamination.

Some sensors (e.g., temperature and pH probes) have been
available for a long time, but there has been considerable
progress in the design and construction of novel sensors over
recent years.

Measuring and analytical equipment may be classi�ed in
different ways. In relation to fermenters, they may be categorized
as ‘online,’ ‘at-line,’ or ‘of�ine.’ In relation to the characteristics
of the culture, they may be categorized in terms of their use
for physical, chemical, biochemical, or biological measure-
ments. Fast-response sensors are needed to facilitate the ef�cient
control of a bioprocess: The time taken to measure a variable
should be compatible with the time taken for it to change.

Physical fermentation variables, such as temperature,
foaming, and the �ow rate of gases and media (in fed-batch
and continuous fermentations) are measured online (i.e., in
real time). Some chemical variables (e.g., pH and dissolved O2
and CO2) are also measured online. Online measurement is
not available for all variables (e.g., biomass composition and
ator
 pump) 

Process
(fermentation)

Disturbances

Variables, e.g., temperature

g device
ature probe) 
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Figure 2 Fermentation system involving at-line analysis. HPLC, high-
pressure liquid chromatography.
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some ingredients of the broth), but in some cases, analysis ca
be made at-line. In these cases, the property is measured usin
analytical equipment linked to the fermenter, without the need
for an operator to remove samples from the fermenter for later
of� ine analysis. Examples of techniques that can be used at-lin
include the following: high-pressure liquid chromatography,
nuclear magnetic resonance,� ow cytometry, � uorometry, and
image analysis. At-line analysis, however, does not re� ect real-
time events in the fermenter.

The of� ine measurement of fermentation parameters that
cannot be measured online or at-line is routine in laboratories.
A range of chemical and biochemical assays traditionally have
been employed.

Table 1 lists examples of online and at-line measurements
for monitoring fermentations, together with a brief description
of the related equipment. Steam-sterilizable sampling equip-
ment (autosamplers) is needed for the analysis of fermentation
culture broth and cell characteristics at-line. The major prob-
lems in designing ef�cient and reliable autosamplers have been
the presence of gas bubbles and solid particles; the blockage
� lters (separating cells from the broth); and the clogging of the
connection lines between the fermenter and the sampler ove
long periods. A good autosampler should be stable and durable
and should have a low dead volume to avoid losing large
volumes of culture through sampling. This is particularly
important if the total culture volume is small, the duration of
fermentation is long, and frequent sampling is required.
Figure 2 shows a fermentation system incorporating at-line
analysis. As the design of autosamplers has improved, it ha
become possible to measure more fermentation culture
parameters at-line. For example, it is now possible to obtain
automatic at-line assays of glucose, lactose, ammonia, ure
phosphate, sulfate, organic compounds, and penicillin. The use
of nonsterilizable biosensors (see Biosensors section) at-lin
yields additional information about fermentations.
Table 1 Examples of online and at-line measurements for monitor

Fermentation property
Online measurement
equipment

At-line mea
equipment

Temperature Thermistor –

pH pH probe –

Pressure (head space) Pressure gauge –
Stirrer rotation speed (rpm) Tachometer –

Dissolved O2 tension O2 electrode –

Gas-phase O2, CO2, and other
gases and volatiles

Process mass
spectrometer

–

Ionic composition – Range of io
electrode

Media and culture ingredients,
biomass, products

Optical-� ber sensor –

Substrates and products – Biosensors
Biomass Concentration

Biomass is one of the most important fermentation variables
that needs to be controlled. It is one of the indicators of the
state of the culture; product yield on biomass contributes into
the economic viability assessment of the process. Man
attempts have been made to design equipment for the real-time
measurement of biomass. Traditionally, biomass has been
measured of�ine: usually, a culture sample is taken and either
its turbidity (in the case of bacteria) or dry weight (in the case of
fungi) is measured. Of� ine data, however, cannot contribute
ef� ciently to fermentation control, and in recent years,in situ
methods of biomass estimation have been introduced. These
ing fermentations

surement
Brief description of measuring element

Exhibits a large change in resistance with a small change
in temperature; stable; cheap

Steam-sterilizable combined reference electrode, made
of silver–silver chloride plus potassium chloride

For example, a Bourdon gauge
Uses electromagnetic induction, light sensing,

or magnetic force
Steam-sterilizable polarographic electrode, with silver

anode and platinum or gold cathode; measures partial
pressure of O2

n-speci� c
s

Electrodes are not steam-sterilizable; response time varies
from 10 s to a few minutes; ions measured include
ammonium, calcium, potassium, magnesium,
phosphate (PO4

3� ), sulfate ion (SO4
2� )

NIR (near infrared) absorbance (460–1200 nm) utilized
for rapid analysis

Non-steam-sterilizable electrodes; enzymes or microbial
cells are immobilized on a membrane, and a change
in pH orPo2 is detected
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methods may be classi� ed as optical, calorimetric, acoustic,
� uorimetric, or capacitance based.

The turbidity of a bacterial culture can be measured using
a steam-sterilizable � ow cell linked to a computer. As cell
numbers and the turbidity increase, however, corrections mus
be made to the readings. In addition, the wall of the � ow cell
must be cleaned frequently to minimize adherent microbial
growth.

A method for noninvasive online monitoring of biomass
has been developed that utilizes an ancillary consisting of an
optical sensor attached to the exterior side of the vessel (ove
the glass body or the glass view port). A monitor processes th
re� ectance signals and a linear response to changes in bioma
is produced with good performance and a high degree of reli-
ability for bacterial and yeast cultures in fermenters up to 250 l.
An important feature of this system is that unlike other systems
in which the instrument and the culture are in direct contact
(e.g., the probe is immersed in the culture), there is no contac
between the probe and the culture and hence there is no culture
growth on the probe or the instrument (bio � lm formation)
and there is no drift due to fouling. Furthermore, it is now
possible to detect much higher biomass concentrations
a signi� cant improvement to the earlier noninvasive devices in
which monitoring was over a short range due to the long
distance between the source and the detector. Like the previou
method, however, this approach cannot be adopted when
discrete small-size cells are not a feature of the cultures (e.g.,
the case of� lamentous fungi).

The calorimetric method of biomass estimation measures
the heat produced by metabolically active cells, but it has not
been used widely. The acoustic method employs the relation
ship between the resonant frequency of a liquid and its speci� c
gravity, but it can yield erroneous results due to the presence o
CO2 microbubbles – the amount of CO2 depends on not only
the concentration of the microbial cells but also their metabolic
activity. In addition, the presence of suspended solid particles
affects the results.

The � uorimetric method utilizes the excitation of NADH/
NADPH by ultraviolet light: A detector measures the� uores-
cence. The� uorescent-active ingredients of the medium and
the metabolic state of the cells, however, may interfere with the
results. The combined detection of infrared radiation and
culture � uorescence could provide a measurement of the tota
and viable biomass concentration.

The concentration of cells can be measured online using
a laser � ow cytometer (although these are expensive) o
a Coulter counter. Recently, a steam-sterilizablein situprobe for
the measurement of culture capacitance has been introduced
Several reports suggest that the results are reliable when th
probe is used for bacterial or fungal cultures grown in de� ned
or complex media, with different modes of fermentation and at
different scales. These studies have shown a linear correlatio
between of� ine biomass measurements and online capacitanc
values.
Biosensor tip
(containing biocatalyst)

Medium/culture ingredient

Figure 3 Simpli� ed operation of a biosensor.
Biosensors

The development of biosensors has enabled the provision
of more comprehensive data from fermentation cultures.
Biosensors use a biological sensing device, together wit
a transducer, to produce an electrical signal from a biologica
change. The operation of a biosensor is shown inFigure 3.

The use of enzymes in biosensors has enabled the selecti
monitoring of fermentation cultures. One of the limitations of
biosensors is that they cannot be steam sterilized and lac
durability. Even if steam-sterilizable biosensors were devel
oped, their repeated sterilization, for use in sequential
fermentations, would shorten their life. Other important
criteria in the design of biosensors are sensitivity, stability,
linearity, and reproducibility of response. Physical and chem-
ical interference from the culture broth can cause problems in
the performance of biosensors.

When it is not possible to use a biosensor in a fermenter for
online measurement, it may be used at-line. Some of the
biosensors used for the monitoring of fermentation variables
at-line are as follows:

1. Glucose: glucose oxidase immobilized on an oxygen elec
trode in a mixture with bovine serum albumin and glutar-
aldehyde measures glucose concentration in the range 0.2–
2 mmol l � 1.

2. Urea: includes a pH electrode and a urease immobilized
membrane; effective life span is around 20 days for detec
tion of urea in the concentration range of about 17–
170 mmol l � 1.

3. Alcohol: immobilized cell membrane of Gluconobacter oxy
dans in calcium alginate containing pyrrolo-quinoline
quinone coated with a nitrocellulose layer; ethanol
concentrations of up to 20 mg l� 1 can be detected.

4. Integrated multibiosensor: a variety is available, using
different enzyme-immobilized membranes – for example,
electrodes for the simultaneous measurement of glucos
and galactose, or of potassium, sodium, and calcium ions.

The research community has witnessed signi� cant
improvement in the state of sensor technology with a variety of
areas of application. Of particular interest is the development
of noninvasive probes. In fermentation technology, these
probes provide real-time monitoring of a process without
interfering with the process itself.
Indirect Measurement

If the direct measurement of a fermentation variable is not
feasible, indirect methods may be possible. A remarkable
example is the use of process mass spectrometry for the analys
of fermentation exhaust gases, volatile materials, and ligh
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organic acids. The process mass spectrometer measures O2 and
CO2 online and is a sensitive method for the early detection of
contamination, because each culture has its own speci� c
respiration pro� le. The O2 uptake rate, CO2 evolution rate, and
respiratory quotient are important physiological parameters
that can be monitored by the process mass spectrometer. Usin
this information, it is possible to estimate the volumetric O2

mass transfer coef� cient (KLa), the biomass concentration, the
substrate utilization rate, and the speci� c growth rate. The
online data available through mass spectrometry, together with
that obtained through at-line liquid-phase analysis, facilitates
the use of sophisticated process controls. Mass spectrometry
being advanced to directly analyze for a number of metabolites
providing real-time measurements of metabolic � uxes and
feedback controls.
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Table 2 Controllers and their characteristics

Controller Characteristics

On–off Used with on–off actuators (e.g., a valve or a pump)
There is a delay in response
There is oscillation around the set point
Not suitable for processes with large, abrupt changes

Proportional The controller output is proportional to the error
(the difference between the desired value and
the measured value)

The oscillation dampens quickly
A new equilibrium is created, which is different from

the original one (the difference is called the offset)
The controller may be set at high or low sensitivity

(low or high proportional band)
At high sensitivity, there is high oscillation (similar

to the on–off controller) and small offset
At low sensitivity, the oscillation is reduced but there
Neural Networks

In spite of recent advances in the development of sensor
for the online measurement of process variables, many
fermentation parameters (e.g., metabolite concentrations)
cannot be monitored online. In cases in which some of these
variables may have signi�cant roles in process optimization,
arti� cial neural networks can be powerful tools in process
control. Neural networks work on the principle of learning
from previous experiments. A neural network includes
nonlinear interconnected processing units. Three layers (input
hidden, and output) with different connecting weights
(strength) are linked, and the strengths can be adjusted to� t
a particular case and produce the desired output. This proces
of adjustment is called ‘training’ of the network. In fermenta-
tion processes, online, at-line, and of�ine measurements of
environmental and state variables (e.g., temperature, pH, DOT
concentration of components of the medium) can be used as
input values for a neural network. The output parameters of the
fermentation process (e.g., concentrations of biomass and o
measurable metabolites) can be used to train the network. The
aim is to minimize the difference between the desired output
and the predicted output.
h

f
l

is higher offset
Integral The controller output is an integral of the error

Early response is slow
The deviation from the set point is high
The system settles down with no offset

Derivative The controller output is the derivative of the error
Provides the ability to control the extent and rate

of the oscillations of a controlled system
If there is no change in the error, then there will be

no control action
There is a fast damping action against the error

PID Combination of proportional, integral, and derivative
actions

The control action is proportional and is the
derivative of the error

The relative weightings can be adjusted to the
requirements of the process

There is no offset
Care should be taken in tuning of the controller,

otherwise unwanted� uctuations will adversely
affect the process
Control Systems

Feedback Control

In a simple control loop with feedback control, the controller
receives a signal from the measuring element, compares it wit
a set point (desired value), and then responds with a control
action, calculated according to an internal algorithm. The
controller may be pneumatic, electronic, or computerized
(digital). The use of computers with advanced programs has
introduced the possibility of the ef� cient control of fermenta-
tion by mimicking proportional, integral, and derivative (PID)
control (see Table 2 Controllers and their charecteristics
section) and by the simultaneous handling of several control
loops. The controller should be robust, should produce fast
and reliable responses, and should match the requirements o
the fermentation system. A conventional feedback contro
system is shown inFigure 1.
In general, four types of controller can be identi� ed, based
on the control action: on–off or two-position, proportional,
integral, and derivative. A � fth type combines PID control
actions in a single system (Table 2). The on–off controller is the
simplest type, the most complex being the PID controller. The
more complex controllers offer potential for improved control
of fermentation, but care must be taken– a poorly tuned PID
controller can cause fermentation failure.

More complex control systems than feedback system
include cascade control, feed-forward control, and adaptive
control (see the sections Cascade Control, Feed-Forwa
Control, and Adaptive Control).
Cascade Control

When two processes to be controlled are closely linked, it is
conventional to apply feedback control to each. It is possible to
cascade the control loops, as shown inFigure 4. This usually is
done when a fast process, which is subject to disturbances,
linked to a slower process. An example is the control of the
culture temperature in a jacketed fermenter together with the
control of the water temperature in the fermenter jacket.
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Figure 4 Cascade control loop for the control of the temperature of the water in a fermenter jacket (process 1) and that of the culture in the fermenter
(process 2).
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Feed-Forward Control

If the control element (the actuator) is slow, but the distur-
bances are large and change rapidly, then the disturbance
should be compensated using feed-forward control. The degre
of compensation must be calculated or estimated, and
synchronized with the disturbance.
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Adaptive Control

Fermentation is a nonlinear process, which varies with time.
An ef� cient controller for such a process should adapt to
the changing process characteristics. When the differenc
between the outcomes of conventional control and the
desired outcomes are signi� cant, an adaptive control system
might be bene� cial. In such a system, the controller learns
about the process as it controls the process. Adaptive contro
is particularly useful for batch fermentations, although its
successful application to fed-batch fermentations has bee
reported. Reliable dynamic process models are needed i
advanced applications in which computers control the
process. Self-tuning adaptive control is used in some large
scale biotechnological applications, such as ethanol produc
tion. ‘Soft sensors’ based on arti� cial neural network have
proved suitable in the detection of time-varying nonlinear
systems.
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Computer Control

The falling cost of computers has facilitated their use in small-
and large-scale fermentations. Computers can be linked to
measuring equipment to enhance data acquisition, data anal-
ysis, and fermentation control and optimization. Computers
may also be used to model fermentation processes, as a bas
for improving process control.

Data acquisition systems include both hardware and soft-
ware. Online and at-line process data (from the measuring
equipment), as well as of� ine data, can be stored in the system
for analysis.

The data from various items of measuring equipment can be
compared, combined, and analyzed using mathematica
programs. The indirect measurement of fermentation variables
is also possible and provides valuable information about the
growth of a culture.

Depending on the software, different types of control may
be applied to a fermentation process. These types may b
categorized as follows:

1. Simple: control of valves and pumps, feeding of medium,
removal of culture, based on a preset time.
2. Direct digital control: control of fermentation parameters
(acting as a conventional controller).

3. Digital set-point control: computer acts a data logging
system, and also changes the set points when necessary.

4. Complex: online data handling and analysis; provision of
at-line and of� ine data for comprehensive data accumula-
tion and documentation; calculations for more complex
control algorithms.

5. Advanced: use of online measuring equipment only,
together with mathematical models and trained neural
network systems for process optimization.

The simplest type of use of computers in fermentation
control is in operating valves, pumps, and so on. Batching of
the medium and the time-dependent addition or removal of
nutrients to or from the culture (in fed-batch or continuous
cultures) fall into this category.

More complex control involves the use of feedback algo-
rithms, for the simultaneous control of fermentation variables,
such as temperature and pH. In such control, which often is
called ‘direct digital control, ’ a computer replaces the conven-
tional analog controller, and sensors are linked to the computer
through an interface, which converts the continuous analog
signal from the sensors to a digital signal appropriate for the
computer. The interface is usually in the form of an analog-to-
digital converter. There is a trend toward the provision of
measuring equipment that emits a digital signal: A binary-
coded digital signal from a sensor can be used as an input fo
the computer. The computer compares the digital signal with
the set point and generates a digital output signal, which is
translated into an analog signal to an actuator.

Computers provide fermentation process control with
a high degree of� exibility and precision. If a computer is used
as the sole controller, however, minor failure may cause seriou
problems, and so appropriate backup is necessary. This dif� -
culty can be avoided by using computers in conjunction with
conventional electrical controllers, the latter providing
conventional control, while the computer plays a ‘supervisory’
role. The computer logs and stores data from the measuring
equipment and changes the set points when necessary. Th
type of system usually is called‘digital set-point control ’ or
‘supervisory set-point control.’

The use of computers in fermentation control has expanded
signi� cantly as they have become increasingly cheap an
powerful. Advanced control strategies, relying on sophisticated
programs, can now be applied. The availability of more online
and at-line measured data, together with the use of neura
networks, facilitate improved control and hence optimized
production ( Figure 5).
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Solid-State Fermentations

The control of fermentation is not always easy, one of the
main reasons being that the accurate online measurement o
environmental and state variables is not always possible
A range of online and at-line measuring equipment is
available for submerged fermentations, but the parameters
associated with solid-state fermentations are less easi
measured. A major problem arises because cell biomass
grown on a solid medium and remains attached to it. In
addition, until recently the design of bioreactors for solid-
state fermentations tended to be basic. New designs aim t
achieve good mixing and heat transfer and improved
monitoring and control.

Two of the variables that must be controlled are heat
generation and moisture, and online sensors are availabl
for these parameters. The aeration of a moist solid medium
in an aerobic solid-state fermentation is another important
factor in� uencing productivity and can be controlled: The
online measurement and monitoring of O2 and CO2 in the
exhaust gases is possible when a process mass spectrome
is employed and infrared CO2 analyzers and paramagnetic
O2 analyzers carry out delayed monitoring of these gases
The indirect estimation of biomass and speci� c growth rate
has become possible through the measurement of the rate
of O2 uptake and CO2 evolution. The monitoring and
control of the pH of solid-state fermentations, however, is
not easy.
)

.

Submerged Fermentations

Most industrial fermentations are aerobic. In an aerobic batch
culture, as the cells grow, the overall culture requirement for
O2 increases. Although some variables (e.g., temperature
are best maintained at a constant value throughout a batch
fermentation, other variables, including O2 concentration,
must be controlled at a changing level, if optimal productivity
is desired. In this particular case, the automatic control of the
speed of the stirrer can maintain the %DOT above a desired
value. In some batch fermentations, such as those for the
production of secondary metabolites, a fast initial growth
rate, for biomass production, and slower growth subse-
quently, are needed to optimize the process in terms of
productivity. The environmental variables, as well as the state
variables, can be controlled using online measuring equip-
ment linked to a computer, thus achieving optimized batch
fermentation.

In fed-batch fermentations, extended and improved
productivity can be achieved by the continuous or intermit-
tent addition to the culture of one or more of the ingredients
of the medium, particularly if knowledge-based strategies for
feeding the culture are adopted. Computer control, using
appropriate algorithms, is necessary for the implementation
of an accurate and ef� cient feeding strategy. For the more
complex fed-batch fermentations, such as‘feed and bleed’
systems, and for continuous culture, computers can provide
accurate control of the inlet and outlet � ows. Time-based
changes to a fermentation, such as the addition of certain
ingredients at particular times and the routine sampling of
the culture for at-line analysis, are made possible by
computerization.

Although continuous real-time monitoring and automatic
control of %DOT, pH, and temperature of the cultures is
a routine matter in fermenter vessels, online monitoring of pH
and %DOT in shaken � asks was not achieved until recently
Lack of such online facility for culturing in these vessels was
a signi� cant drawback as a majority of research in microbiology
and biotechnology (e.g., particularly for culture optimization)
is carried out using shaken� asks due to their simplicity, ease
of handling, and the possibility of several simultaneous
repeats, increasing the reliability of experiments. Noninvasive
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integrated dual optical chemical sensors provide simultaneous
measurement of %DOT and pH. The detection by the oxygen
sensor is based on selective sensor luminescence. In the case of
pH sensor, the luminescence is recorded through a dual-signal
process using an added sensor (integrated reference sensor).

Additionally, the partial pressure of CO2 in the culture can
also be monitored continuously by opticochemical noninva-
sive CO2 sensors. The system includes a �ber optic CO2
transmitter, which is used with CO2 sensors.

In recent years, great emphasis has been put on miniaturi-
zation of bioprocesses to improve the ef�ciency of bioproduct
discovery and productivity through high-throughput screening
and high-throughput process development. Bioreactors of
milliliter/microliter scale have been developed with challenges
in design, reliable running, monitoring, and control. Advances
in the design and construction of noninvasive probes have
notable contribution in the future of these bioreactor systems.
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Future Perspectives

Over the past 40 years, signi�cant progress has been made in
different areas of biotechnology; these include discoveries at
cellular level, such as omics (e.g., genomics, transcriptomics,
proteomics, secretomics), systems biology, systems chemistry,
and cell communication, as well as advances at the process
level, such as fermenter design, downstream equipment design,
and the development of noninvasive monitoring systems for
advanced process control. Efforts have been made to imple-
ment integration of (1) metabolic engineering strategies into
the fermentation and recovery processes, and (2) integration of
processes in which upstream and downstream processing is
incorporated into one unit with improved economic and
positive environmental impact. Advances in sensor design and
process control have played a substantial role in the evolution
of bioprocessing. The move toward total engineering of a bio-
logical entity through the use of synthetic biology is allowing
for the design of metabolic pathways (and consequently the
production of speci�c fermentation products) from �rst
principles.

See also:Fermentation (Industrial):Basic Considerations;
Fermentation (Industrial):Media for Industrial Fermentations;
Fermentation (Industrial):Recovery of Metabolites.
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Introduction

The production of foods and beverages from fermentable
carbon sources by microorganisms represents the oldest and
most economically signi�cant of all biotechnologies. A wide
array of plant- and animal-based complex media for the
industrial cultivation of bacteria, fungi, and yeasts are
employed in the food industry (Table 1).

The composition of a fermentation medium in terms of
nutrient bioavailability, and the absence of potentially toxic or
inhibitory constituents, are crucially important for the metab-
olism and growth of food microorganisms. The cost of the
medium is also important – raw materials account for a signif-
icant proportion (generally more than 50%) of the overall costs
Table 1 Selected fermentation media for food microorganisms

Media Microorganisms

Barley malt wort Yeasts (Saccharomyces spp.)

Cereal wort based on barley malt plus
unmalted cereals (e.g., rye, wheat,
maize, sorghum)

Yeasts (Saccharomyces spp.)

Ethanol Acetobacter spp.
Rice hydrolysate Aspergillus oryzae, yeasts
Extracts of potatoes, artichokes,

Agave spp., sweet potatoes
Yeasts

Sugarcane and sugar beet molasses Yeasts, fungi, bacteria

Wine must, fruit juices, honey Yeasts, lactic acid bacteria

Milk, cheese whey Lactic acid bacteria, yeasts, fungi

Starch hydrolysates, glucose syrups Fungi, yeasts, bacteria

Water, CO2, sunlight Chlorella, Scenedesmus, Spirulina

Solid substrate media
Soya, wheat Aspergillus oryzae, yeasts, lactic acid

bacteria
Wheat �our Yeasts, lactic acid bacteria
Peanut press cake Neurospora sitophila
Meat, �sh Lactic acid bacteria, fungi

Plants, vegetables Lactic acid and other bacteria

Straw, manure, sawdust Pleurotus spp.
Agaricus bisporus
Volvariella volvacea

Oak wood Lentinula edodes
Milk, curd Penicillium spp.

Propionibacterium spp.
Wheat bran Fungi (e.g., Aspergillus niger)
Tea leaves Acetobacter xylinum,

Schizosaccharomyces pombe

Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
of production of a fermented food. Historically, the choice of
media for large-scale fermentations has been based on price and
availability rather than on microbial physiology.

Microorganisms require appropriate supplies of major,
minor, and trace nutrients and water to metabolize and grow.
The sources of these nutrients in media commonly employed
in industrial food fermentations are described in the following
sections.
Sources of Utilizable Carbon

All food microorganisms are chemoorganotrophs, with the
exception of some photosynthetic microalgae – that is, they
Products

Ale and lager beer, Scotch malt whisky, spent yeast (for yeast
extracts), spent grains for animal feed

Some beers, Scotch grain whisky (yielding blended Scotch on mixing
with malt whisky), bourbon whiskey, neutral spirits (e.g., gin,
vodka, liqueurs), spent grains for animal feed

Vinegar (e.g., from beer, wine, cider)
Pachwai, saké, sochu, arrack, binuburan
Aquavit, vodka, pulque, tequila, awamori

Yeast biomass for baking, brewing, wine-making and distilling; yeast
extracts/enzymes; rum, citric acid, glutamic acid

Wine, cognac, armagnac, brandy, grappa, kirsch, slivovitz, cider,
perry, mead

Bacterial and fungal starter cultures for dairy produce (cheese,
yogurts, buttermilk, sour cream, acidophilus milk, koumiss, taette,
ke�r); probiotics; lactic acid; ethanol (for potable spirits, cream
liqueurs); spent yeast/food yeast

Mycoprotein; fermented beverages; microbial proteases, lipases,
carbohydrases, organic acids

Food sources; omega-3 fatty acids; protein/vitamin supplements

Soy sauce (shoyu), tofu, tempeh, miso

Bread, sourdough breads, rye breads, pumpernickel
Ontijom
Sausages (Pediococcus cerevisiae), �sh sauces (halophilic Bacillus

spp.), cured hams (Aspergillus and Penicillium spp.)
Sauerkraut (cabbage), pickles (e.g., cucumber), olives, tea, cocoa,

coffee (pectinolytic Bacillus and Erwinia spp.)
Oyster mushroom
Button mushroom
Chinese (paddy-straw) mushroom
Shiitake mushroom
Mold-ripened cheeses
Swiss-type cheeses
Food-processing enzymes
Teekwass
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obtain their carbon and energy by metabolizing organic
substrates. These include carbon biopolymers (e.g., starc
pectin), hexose and pentose monosaccharides (e.g., glucos
xylose), disaccharides (e.g., sucrose, maltose), trisaccharid
(e.g., maltotriose), oligosaccharides (e.g., maltodextrins)
alcohols (e.g., ethanol), polyols (e.g., glycerol), organic acids
(e.g., lactic acid, acetic acid), fatty acids, amino acids, peptide
and polypeptides. All biosynthetically produced organic
compounds of plant or animal origin have the potential to
serve as substrates for microbial fermentation, but the capa
bility of microorganisms of using particular carbon sources
varies between genera and species. Sugars represent the m
fermentable carbon sources for food microorganisms. The
main catabolic and anabolic fates of sugars in microbial
metabolism are outlined in Figure 1.

A small proportion of the carbon assimilated by chemo-
organotrophic bacteria, fungi, and yeasts may be in the form of
CO2. This is ‘� xed’ using anaplerotic enzymes, such as phos
phoenolpyruvate carboxykinase and pyruvate carboxylase.

Although glucose commonly is used as the sole carbon and
energy source for the growth of food microorganisms in the
laboratory, it generally is not freely available in industrial
fermentation media. In these media, the more common carbon
sources are maltose, sucrose, fructose, xylose, and lacto
Indeed, glucose frequently exhibits a repressive effect on th
assimilation of other sugars by microorganisms. This is known
as catabolite repression and is experienced, for example, by th
yeastSaccharomyces cerevisiaeduring fermentation of complex
sugar mixtures found in malt wort and cereal dough. Molasses
corn steep liquor, and sulfite waste liquor are complex carbon
sources that also supply nitrogenous and mineral nutrients
(Table 2).

Molasses, derived from the re� ning of sugar-rich plants to
crystalline sucrose, is a globally employed fermentation
substrate. Its composition varies with the speci� c production
Energy source

(nutrient carbon)

Oxidation Redox coup

Energy production Energy cou

Carbon interm

Reductio

Fermentation p

Figure 1 Overview of microbial carbon metabolism.
process and the geographic location. Different names ar
applied to molasses, depending on the mode of sugar
production from which it was recovered. Thus, blackstrap
molasses is the residual liquor following the crystallization of
sucrose from sugarcane; beet molasses is generated simila
from sugar beet; re� nery molasses differs from blackstrap
molasses only in that it is the residual mother liquor that
accumulates in the re� ning of crude sucrose by recrystalliza-
tion; high-test molasses contains much of the original sugar of
cane juice, which has been partially hydrolyzed (inverted) to
glucose and fructose; and hydrol is molasses resulting from the
production of crystalline glucose from corn starch.Table 3
provides more quantitative information on the composition of
cane and beet molasses.

Corn steep liquor is the water extract (concentrated to 50%
solids) that results from the steeping of maize during the
production of corn starch, gluten, and other corn products. It
contains high levels of lactic acid, resulting from the growth of
lactic acid bacteria and fungi. Corn steep liquor is thus a natural
product of fermentation. Sulfite waste liquor is the spent liquor
from the paper-pulping industry, and it remains after wood is
digested to cellulose pulp by calcium bisulfite under heat and
pressure. Sulfite waste liquor contains 10% solids, of which
20% is composed of sugars (hexoses and pentoses). Sulfi
waste liquor cannot be fermented directly– the free SO2 or
sulfurous acid must � rst be removed by steam stripping or
precipitation with lime.

Molasses, corn steep liquor, and sulfite waste liquor
generally represent complete nutritional sources for the growth
of microorganisms, but certain components may be limiting,
unavailable, inhibitory, or toxic. For example, molasses for the
propagation of bakers’ yeast or potable alcohol fermentations
needs to be supplemented with assimilable nitrogen and
phosphorus sources (e.g., in the form of diammonium
hydrogen phosphate).
Biomass
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Table 2 Principal constituents of selected media used in food fermentations

Molasses Beer wort Wine must Cheese whey Corn steep liquor

Carbon source Sucrose
Fructose
Glucose
Raf� nose

Maltose
Glucose
Maltotriose
Maltodextrins
Sucrose
Fructose

Glucose
Fructose

Lactose Glucose
Other residual

sugars

Nitrogen source Protein
Other nitrogenous

compounds

Amino acids
Ammonium ions
Amino nitrogen

compounds

Amino acids
Amino nitrogen

compounds

Amino and urea
nitrogen compounds

Globulin
Albumin

Amino acids
Peptides

Minerals Phosphorus
Potassium
Magnesium
Sulfur

Phosphorus
Potassium
Magnesium
Sulfur

Phosphorus
Potassium
Magnesium
Sulfur (sul� te often

present)

Phosphorus
Potassium
Magnesium
Sulfur

Phosphorus
Potassium
Magnesium
Sulfur

Trace elements Range present, but
manganese (Mnþþ )
may be limiting

Range present, but
Zinc (Znþþ ) may
be limiting

Range present Iron
Zinc
Manganese
Calcium
Copper

Range present

Vitamins Range present, but biotin
may be de� cient in beet
molasses

Range present, but biotin
may occasionally
be de� cient

Range present Range present Biotin
Pyridoxine
Thiamine

Other
components

Unfermentable sugars
Organic acids
Waxes
Pigments
Silica
Pesticide residues
Caramelized compounds
Betaine

Maltodextrins not
fermented by yeasts

Pyrazines
Hop compounds

Pentose sugars not
fermented by yeasts

Tartaric and malic
acids

Decanoic and
octanoic acids

Lipids NaCl lactic
and citric acids

High levels of lactic
acid present

Fat
Fiber
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Sources of Utilizable Nitrogen

The nitrogen in microbial growth media serves an anabolic role
in the biosynthesis of structural proteins and functional
enzymes and nucleic acids. Some nitrogen sources, notab
amino acids, may be catabolized immediately on entry into the
cell, and the products may be important in determining
the � avor of certain foods (e.g., higher alcohols and diacety
in fermented beverages). Food microorganisms are non
diazotrophic (i.e., cannot � x atmospheric N2), and therefore
require a supply of either organic or inorganic nitrogen sources
(Table 4).

Simple inorganic nitrogen sources such as gaseou
ammonia or ammonium salts are utilized widely. Ammonium
sulfate and diammonium hydrogen phosphate also are useful
as sources of assimilable sulfur and phosphorus, respectivel
Nitrate and urea may be employed as nitrogen sources: Th
former may be reduced to ammonia by many bacteria, fungi
and yeasts, using the assimilatory enzyme nitrate reductas
urea may be used as an inexpensive nitrogen source in certa
industrial fermentation media (e.g., molasses). Urea, however
is not recommended for the production of potable spirit
beverages by yeast fermentation, because of the possib
formation of carcinogenic ethylcarbamate during the distilla-
tion process.
Complex, organic forms of nitrogen are found in various
types of hydrolyzed plant protein material (Table 5). For
example, corn steep liquor, casein hydrolysate, soybean mea
barley malt, and yeast extract provide mixtures of peptides and
amino acids that invariably support higher rates of growth and
fermentation than those achieved using inorganic nitrogen
sources. Peptones are protein hydrolysates derived from mea
casein, gelatin, keratin, peanuts, soybean meal, cottonseed
and sun� ower seeds, but they are relatively expensive sources
nitrogen for industrial applications. The individual amino
acids present in complex mixtures may be assimilated
sequentially by food microorganisms, but the presence of
ammonium ions may inhibit amino acid uptake (due to
nitrogen catabolite repression). In the case of some microbes
the provision of amino acids in the form of peptides may result
in better growth than the provision of the same amino acids in
free form.

Ammonia may be assimilated by either the glutamate
dehydrogenase pathway or the glutamine synthetase–gluta-
mate synthase pathway. In the former pathway, the reductive
amination of a-ketoglutarate forms L-glutamate, while in
the latter pathway, L-glutamate is aminated by glutamine
synthetase to form L-glutamine. One of the amide groups of
L-glutamine then is transferred toa-ketoglutarate by glutamate
synthase, yielding two molecules ofL-glutamate. The precise
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Table 4 Commonly employed nitrogen sources in food
fermentation media

Organic N sources Inorganic N sources

Corn steep liquor (NH4)2SO4

Casein hydrolysate NH4Cl
Soybean meal NH3

Yeast extract (NH4)2HPO4

Barley malt (NH4)2PO4

Dried distillers grains with solubles (DDGS) NH4NO3

Pharmamedia (cottonseed� our) NH4OH
Corn gluten meal Urea
Linseed meal
Rice and wheat meal

Table 3 Composition of cane and beet molasses

Main constituent Components

Typical composition (% weight
except for vitamins, mg kg� 1)

Cane molasses Beet molasses

pH 5–6 7–9
Sugars Total sugars

Sucrose
Invert sugar
Nonfermentable sugars

50–65% w/w
30–40
10–25
3–5

49–58% w/w
47–55
0.2–2.0
1.0

Other carbon compounds Gums, starch pentosans, hexitols,
organic acids, waxes

10–15 10–20

Nitrogenous compounds Crude protein, amino acids and
other nitrogenous compounds

3.0 8–12

Minerals Phosphorus
Potassium
Sulfur
Magnesium
Calcium
Sodium
Ash

0.10
3.0
0.55
0.35
0.74
0.25
9.0

0.02
5.0
0.33
0.12
0.23
0.5
5.0

Vitamins Thiamine
Ribo� avin
Pyridoxine
Nicotinic acid
Pantothenic acid
Folic acid
Biotin
Choline
Inositol

1.8 mg kg� 1

2.5
5
200
60
0.04
1.2
750
6000

1.3 mg kg� 1

0.40
5
50
100
0.20
0.05
500
8000

Figures quoted are representative of typical molasses– composition will vary depending on country of origin,
method of production, etc.
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pathway adopted depends on the microbial species, the
concentrations of available ammonia, and the intracellular
amino acid pools.
t
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.
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Sources of Inorganic Ions

Around 8% of the dry weight of microbial cells includes inor-
ganic ions. The‘bulk ’ of macronutrients are required in milli-
molar concentrations and are nitrogen, phosphorus, sulfur,
potassium, and magnesium. Micronutrients (or trace elements)
are required in micromolar or less concentrations and play
speci�c metabolic roles. They include sodium, calcium, chlo-
rine, iron, cobalt, zinc, molybdenum, copper, manganese,
nickel, and selenium. Several metal ions may be toxic to
microorganisms atmmol l� 1concentrations, for example, silver,
arsenic, barium, cesium, cadmium, mercury, lithium, and lead.
Table 6 summarizes the major requirements of microorgan-
isms in terms of inorganic ions.

Media for fermentations usually contain around 70–90%
water, which acts as the solvent for the nutrients contained in
the media and also supplies trace metals. The ionic content o
the water used is in� uential in determining product quality, for
example, the� avor of beer. Most of the complex fermentation
media used in industry, and the water used to dilute such
media, normally contain adequate levels of inorganic ions for
microbial growth. Supplementation with additional minerals,
however, occasionally may be necessary due to certain meta
being present in concentrations that are suboptimal for ef� -
cient fermentation. Also, the bioavailability of metal ions may
be compromised as a result of sterilization, precipitation,
chelation, or binding to inert surfaces. The separate sterilization
of metal ion supplements then may be necessary to counterac
such losses (see section on Media Sterilization). Some meta
may interact antagonistically– for example, the inhibition of
essential magnesium-dependent cellular functions by calcium
In contrast, however, some metals may act synergistically, fo
example, magnesium and cobalt in fermentations involving
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Table 5 Nitrogenous components of selected fermentation media

Medium Dry matter (%) Total protein (%)

Individual amino acids (%)

Arg Cys Gly His Ile Leu Lys Met Phe Thr Trp Tyr Val

Corn steep liquor 50 24 0.4 0.5 1.1 0.3 0.9 0.1 0.2 0.5 0.3– – 0.1 0.5
Dried distillers solubles 92 26 1.0 0.6 1.1 0.7 1.6 2.1 0.9 0.6 1.5 1.0 1.0 0.7 1.5
Pharmamedia (cottonseed� our) 99 59 12.3 1.5 3.8 3.0 3.3 6.1 4.5 1.5 5.9 3.3 0.95 3.4 4.6
Soybean meal 90 45 3.2 0.7 2.9 1.1 2.3 3.4 3.0 0.7 2.1 1.9 0.6 1.7 2.4
Wheat� our 90 13 0.8 0.2 – 0.3 0.6 1.0 0.5 0.2 0.7 0.4 0.2 0.5 0.6
Whey powder 95 12 0.4 0.4 0.7 0.2 0.7 1.2 1.0 0.4 0.5 0.6 0.2 0.5 0.6
Linseed meal 92 36 2.5 0.6 0.2 0.5 1.3 2.1 1.0 0.8 1.8 1.4 0.7 1.7 1.8
Brewers’ yeast 95 43 2.2 0.6 3.4 1.3 2.7 3.3 3.4 1.0 1.8 2.5 0.8 1.9 2.4
Yeast autolysate 70 55 2.1 0.3 1.6 0.9 2.0 2.9 3.2 0.5 1.6 1.9 0.8– 2.3
Casein hydrolysate 97 15 0.5 0.07 0.9 0.5 1.1 2.9 1.3 1.1 0.9 1.3 0.01 0.5 1.7

Table 6 Inorganic ion requirements of microorganisms

Element Common source
Typical concentrations
needed for growth Cellular functions

Macronutrients
Phosphorus and nitrogen (NH4)2HPO4 10 mmol l� 1 Energy transduction; nucleic

acid and membrane structure
Potassium KCl 5 mmol l� 1 Ionic balance; enzyme activity
Magnesium and sulfur MgSO4

� 7H2O 2 mmol l� 1 Transphosphorylase activity; cell and organelle structure
(Mg); sulfydryl amino acids and vitamins (S)

Micronutrients
Calcium CaCl2 < 1 mmol l� 1 Possible second messenger in

signal transduction; bacterial sporulation
Copper CuSO4� 5H2O 1mmol l� 1 Redox pigments
Iron FeCl3� H2O 2mmol l� 1 Heme proteins (e.g., cytochromes)
Manganese MnSO4

� H2O 2mmol l� 1 Enzyme activity
Zinc ZnCl2 5 mmol l� 1 Alcohol dehydrogenase activity
Nickel NiCl2 5 mmol l� 1 Urease activity
Molybdenum Na2MoO4 0.1 mmol l� 1 Nitrate metabolism; vitamin B12

Toxic ions
Heavy metals (e.g., cadmium,

lead, mercury, etc.)
> 100mmol l� 1 Toxic
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bacterial glucose isomerase. The media constituents and wat
may contain inhibitory or toxic ions, and their levels can be
limited by chelating agents naturally present in the medium
(e.g., citric acid, polyphosphates), by chelating agents added a
supplements (e.g., EDTA), or by ion-exchange pretreatments

By controlling the availability of some metal ions, it is
possible to control the progress of certain food fermentations.
For example, low levels of manganese (of the order of parts pe
billion) must be maintained carefully in citric acid fermenta-
tions using Aspergillus niger, because manganese de� ciency is
a prerequisite for the overproduction of citric acid. In contrast,
manganese is an important activator of lactate dehydrogenas
in the production of lactic acid by homofermentative species of
Lactobacillus. In the production of ethanol by S. cerevisiae, it is
crucially important to maintain high levels of bioavailable
magnesium to ensure maximal fermentation performance.

Major requirements for magnesium, phosphorus, and
sulfur can be met by the supplementation of crude media
with appropriate salts (e.g., magnesium sulfate). It is not
possible to generalize the ionic requirements of food
microorganisms, because of differences between strain
chelation by different media, and ionic interactions. Never-
theless, it is possible to optimize metal ion concentrations in
individual fermentation media by using elemental mass
balances, programed search techniques, and surface-respon
statistical modeling.
Sources of Growth Factors

Growth factors are organic compounds that are required in very
low concentrations and that perform speci� c catalytic or struc-
tural roles in microbial physiology. They include vitamins,
purines and pyrimidines, nucleotides and nucleosides, amino
acids, fatty acids, sterols, and polyamines. An auxotroph is
a microorganism that is unable to synthesize one or more
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Table 7 Vitamin content of selected fermentation media

Medium

Vitamins (mg kg� 1)

Biotin Choline Niacin Pantothenate Pyridoxine Riboßavin Thiamine

Dried distillers’ solubles 2.9 4400 110 20 15 5.5
Blackstrap molasses 1.2 750 200 60 5 2.5 1.8
Pharmamedia 1.5 3270 83 12 16 4.8 4.0
Whey powder 2420 11 48 2.9 20 4.0
Brewers’ yeast 4840 498 121 50 35 75
Wheat� our 880 62 13 1.1 5.1
Soybean meal 2673 26 15 3.3
Corn steep liquor 0.88 19 0.88
Barley malt 50 8.6 2.9 3.7
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essential growth factors, and it will not grow in fermentation
media lacking them. For example, the yeastS. cerevisiaeis auxo-
trophic for ergosterol and oleic acid when propagated under
strictly anaerobic conditions. This is because O2 is required for the
biosynthesis of the sterols and unsaturated fatty acids that ar
essential for the development of the yeast cell membrane.

A relative growth factor requirement is revealed when the
addition of growth factors stimulates microbial growth.
Microorganisms differ greatly in their requirements for growth
factors.Lactobacillusspecies are particularly fastidious, requiring
a range of growth factors. Many microorganisms require vita
mins in the fermentation medium, at micromolar levels. These
include biotin (which serves as a cofactor in carboxylase
mediated reactions), pantothenic acid (a component of coen-
zyme A, which is involved in acetylation reactions), nicotinic
acid (in the form of nicotinamide, which is involved in redox
reactions), and thiamine (as thiamine pyrophosphate, which is
involved in decarboxylation reactions). Table 7 lists the
vitamin content of certain fermentation media.

Complex nutritional substrates normally provide the vita-
mins necessary for microbial fermentation, although some
types of media may be limiting in certain vitamins. For
example, beet molasses is generally de� cient in biotin, and
cane blackstrap molasses occasionally may be de� cient in
pantothenic acid and inositol. Mixtures of beet and cane
molasses therefore are used to ensure adequate levels of vi
mins for the optimal growth of bakers’ yeast. Yeast extracts ar
rich sources of vitamins for use in industrial fermentations.
More expensive sources include soy� our, malt sprouts, and
malt extract. Some fermentations bene� t from the addition
of commercially available media supplements or ‘foods.’
For example, yeast foods based on mixtures of yeast extrac
ammonium phosphate, and minerals (e.g., magnesium and
zinc) may be employed in alcohol fermentationsto ensure
consistent yeast activity.
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Design and Preparation of Food Fermentation Medi

Media Design

Several important criteria need to be considered in the design
and preparation of media for food fermentations. These are
summarized as follows:

1. Media supply: cost effectiveness (raw materials, transpor
storage), consistency and reliability of supply, nutritional
variability, world political situations, and alternative carbon
and nitrogen sources.

2. Media type: liquid or solid; complex, de� ned, or semi-
synthetic; nutrient limited; uses for propagation or
fermentation; and balanced or unbalanced.

3. Media properties: foaming characteristics; color/pigmenta-
tion, heat-labile components, toxic components, buffering
capacity, viscosity, particulate nature, biochemical oxygen
demand loading, control of redox potential, ionic interac-
tions, and microbiological stability in storage.

4. Media treatment necessary: sterile, pasteurized, or non
sterile; separate treatments for heat-labile components
pretreatments (e.g., centrifugation, acidi� cation, ion-
exchange, clari� cation, prehydrolysis); ease of product
recovery; and ef�uent treatment.

In most cases, complex, inexpensive, and readily availabl
agriculturally derived media are employed. Such media,
however, are notoriously variable from batch to batch in terms
of nutritional consistency. For example, the composition of
molasses varies in terms of sugar and inorganic ions accordin
to the country of origin and the production processes. Simi-
larly, if corn steep liquor is intended to supply a particular
amino acid or growth factor at critically low levels, its
concentration in each batch of media should be monitored.
The maintenance of reproducible fermentations using
complex, unde� ned, and variable media thus is fraught with
dif � culties.

The design of chemically de� ned, synthetic media allows
the nutritional needs of the microorganisms to be addressed,
and this can improve control over fermentation performance.
For example, de� ned media can be designed to limit the
availability of carbon, nitrogen, phosphorus, metal ions, or
growth factors during fermentation, and such limitation may
cause a shift in the balance between growth of the microor-
ganism and the production of desired metabolites. De� ned
media are more expensive than complex media, but in certain
cases may be preferred (e.g., in mycoprotein production).

Semisynthetic media also can be employed. These ar
mixtures of de� ned chemicals and nonde� ned complex
nutrient substrates. For example, a typical medium for a lactic
acid bacterial fermentation may include glucose (as the carbon
and energy source), diammonium hydrogen phosphate
(as the nitrogen and phosphorus source), calcium carbonate
(to neutralize lactic acid), and malt sprouts (as the source of
growth factors and trace elements).
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Table 9 Pasteurization conditions for some food fermentation
media

Medium Food product Typical treatment
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The desired levels of particular nutrients in the medium
depend on whether the desired product is cellular biomass or
primary metabolites. For example, in molasses used as a
industrial medium for the production of bakers ’ yeast, the
levels of assimilable sugar must be kept low, by controlled
incremental nutrient-delivery regimes in fed-batch processes, t
prevent the repression of respiration by glucose. In contras
however, molasses can be used for the production of potable
ethanol, and in this case, the sugar levels are kept high t
promote fermentative metabolism.

The method of preparation of fermentation media is
in� uential in determining choice, and the following are
important considerations in the preparation of media in bulk:

1. Composition of ingredients: quality or impurities, car-
bon:nitrogen ratio, batch-to-batch variability, bioavail-
ability of metal ions, and growth factors.

2. Order of solution or suspension of ingredients: pH adjust-
ments needed before and after sterilization, and effects o
sterilization on minerals and salt precipitation.

3. Changes in the medium before inoculation: temperature,
aeration, agitation, and presence of antifoams.

The most important criterion in the choice of media for
industrial food fermentations is cost. The cost of the produc-
tion media virtually dictates the selling price of a particular
commodity. World politics may affect the price and avail-
ability of fermentation substrates, so it is advisable always to
have alternative substrates on hand. The costs of med
pretreatment (e.g., ion-exchange, acid–enzymatic hydrolysis,
pH control, antifoams) are also signi� cant, as are the product
recovery and ef� uent treatment costs. Such costs, however, ca
be reduced by judicious approaches to media design and
preparation.
,
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Molasses Citric acid 100� C brie� y, then acidi� ed to pH 2.5
Molasses Bakers’ yeast Preheated to 70� C, then� ash

sterilized at 136� C for 15–30 s
Malt wort Beer 90–100 � C for 1 h, in the presence

of hops
Milk Yogurt

(skimmed milk)
High temperature short time method

(� ash pasteurization)– e.g., 72� C
for 15 s; 88� C for 1 s; 90� C for
0.5 s; or 96� C for 0.05 s

Cheese
(full-fat milk)

Low temperature long time method
(batch pasteurization)– e.g., 63� C
or 30 min

Table 10 Problems and solutions relating to media sterilization

Problem Solutions
Media Sterilization

The prevention of microbial contamination is fundamental
to many industrial food fermentation processes. Media ster-
ilization is the destruction or removal of all forms of
microbial life from the aqueous feedstock. In industrial
fermentations, components such as vessels, pipework, media
inlet air, and exhaust gases are frequently sterilized b
a combination of wet-heat and � ltration methods. Wet-heat
methods are less expensive and more effective than dry
heat methods, and thus are employed commonly in
fermentation industries to destroy unwanted microorgan-
isms. The wet-heat sterilization conditions typically used to
kill all microorganisms, including bacterial spores, are listed
in Table 8. These conditions may be achieved in an autoclav
in an atmosphere of saturated steam.
Table 8 Wet-heat sterilization conditions

Temperature (� C) Time (min) Pressure (kPa)

121 15 103.4
126 10 137.8
134 3 206.7
140 0.67 261.8
Most heat treatments of industrial fermentation media are
designed to selectively kill only those microorganisms of
particular concern. Pasteurization is the method commonly
employed for destroying frequently encountered pathogenic
bacteria.Table 9 gives the pasteurization conditions used for
common food fermentation media.

Strategies for the bulk sterilization of fermentation media
include in situ steam injection of a full charge of nonsterile
medium in the fermenter, or steam conduction through
attemperation jackets in agitated fermenters. Alternatively, the
media and vessels may be sterilized separately before ferme
tation. Antifoam agents, especially those that are oil based
often are dif� cult to sterilize. Inert, silicone-based antifoams
may be used, which, although expensive, are nontoxic toward
microorganisms.

The loss of available carbon and the buildup of potentially
toxic or inhibitory compounds may occur during heat treat-
ments employed to sterilize or pasteurize growth media. For
example, the excessive heating of molasses may genera
undesired caramelization products, following the Maillard
reaction between reducing sugars and the free amino groups i
proteins. Heat also may destroy vitamins and other growth
factors essential for microbial growth. Some of the problems
that may be encountered during media sterilization, and their
possible avoidance measures, are listed inTable 10.

Fermenter inlet and exhaust gases generally are sterilized b
� ltration, using either depth � lters (e.g., comprising porous
ceramic, granular carbon, glass� ber, or synthetic membranes)
Sugar caramelization Sterilize sugars separately
and add aseptically

Metal precipitation Sterilize phosphate source and
metal salts separately

Unsuccessful sterilization of
particulate and viscous media

Ensure suf� cient agitation in
fermenter to achieve heat transfer

Very high initial bioburden Good housekeeping, cleaning in
place, elimination of residues,
sterilization of pipework dead legs
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or � ltration cartridges (micro� lters, or microporous membrane
sheets or mats).
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Inocula Preparation

The development of microbial inocula for food fermentations
is important to provide suf� cient amounts of viable and vital
biomass to carry out large-scale production effectively. Mos
food fermentations, with the notable exception of traditional
brewing processes, employ speci� cally grown inocula that are
discarded at the end of the fermentation process. This avoid
genetic instability and microbial contamination, and it
ensures the provision of high-viability cultures. The � nal
inoculation levels are high – often 10–20% – because this
reduces the fermentation time and suppresses the growth o
contaminants.

Figure 2 outlines a general scheme for the multistage
buildup of inoculum biomass, from a laboratory stock culture
to the amount needed to inoculate an industrial production
fermenter. The total amount of biomass produced depends on
General scheme

Stock culture F

Agar culture

Shake-flask culture

Seed culture
20

Pilot fermenter

Su

Production fermenter

Figure 2 Inoculum preparation scheme.
the properties of the medium rather than the inoculum size,
but larger inocula enable maximum growth to be achieved
more rapidly. With regard to the media used for the develop-
ment of inocula, transfers of inocula during multistage buildup
should be made between identical or similar media. This
ensures that production stage growth is simply an extension o
the prior seed stage growth. If the utilization of a particular
component of a production medium requires the microbial
cells to become enzymatically adapted, then this substrate
should be included in the medium used for the development of
the inoculum to prevent deadaptation and to prolong lag
phases during growth.

During inoculum development, cellular biomass is required
rather than fermentation products. Therefore, the medium and
the conditions must be balanced properly to encourage respi-
ratory growth and discourage fermentative metabolism. For
example, in the brewing industry, the propagation of seed yeas
should be conducted aerobically with sugar limitation (pref-
erably in fed-batch mode), to ensure that suf� cient conditioned
biomass is produced before the commencement of anaerobic
alcoholic fermentation.
Typical size

reeze-dried or ultra-frozen ampoule

Agar slope (universal bottle)

1 l in a 2 l conical flask

 l pre-fermenter (stirred tank reactor)

400 l pilot fermenter

ccessively larger volumes (e.g., 20-fold)

300 000 l fermenter
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See also: Fermentation (Industrial): Basic Considerations;
Lactobacillus:Introduction; Saccharomyces:Saccharomyces
cerevisiae.
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Introduction

The global amino acid market is more than $7 billion and is
forecast to reach $11.6 billion by the year 2015 (Global
Industry Analysts, Inc.). The US market for amino acids repre-
sents 20% of the global market with nearly $1.6 billion in
2011. The growing demand for amino acids includes markets
for animal feed, health foods and pharmaceutical precursors,
dietary supplement products, arti�cial sweeteners, and cos-
metics. Among them, the animal feed supplements segment
(L-lysine, DL-methionine, L-threonine, and L-tryptophan)
constitute the largest share (56%) of the total amino acid
market, and it is expected to keep fueling the market growth in
the coming years. In addition, there is strong commercial
interest in developing new amino acid applications.

Several companies are key players in the amino acid
production industry. Among them are Adisseo USA, Ajinomoto
Aminoscience, Ajinomoto Co., Archer Daniels Midland, CJ
Corporation, Daesang Corporation, Evonik, Kyowa Hakko
Kogyo, Monsanto, Nippon Soda, Showa Denko KK, and Zhe-
jiang Chemicals.

Production of amino acids amounted to about 4 million tons
in 2009. The microbial methods for the production of amino
acids are either fermentative or enzymatic. Produced by
fermentation were 2 million tons of L-glutamate, 1.3 million
tons of L-lysine-HCL, 200 000 tons of L-threonine, 20 000 tons of
L-phenylalanine (including that made by chemical synthesis),
3000 tons of L-glutamine, 1500 tons of L-arginine, 1000 tons of
L-valine, 600 tons of L-leucine (including extraction), 500 tons of
L-isoleucine (including extraction), 500 tons of L-histidine, 500
tons of L-proline, 400 tons of L-serine, and 200 tons of L-tyrosine.
Enzymatically produced were 17 000 tons of L-aspartic acid
(from fumarate and ammonia), 4000 tons of cysteine (from DL-
2-amino-2-thiazoline-4-carboxylate), and 600 tons of L-alanine
(from aspartate). Produced by fermentation and enzymatic
methods were 5000 tons of L-tryptophan. DL-Methionine is made
chemically at 600 000 tons per year.

Top fermentation titers reported in the literature are as
follows: 170 g l�1 L-lysine-HCL, 150 g l�1 glutamic acid,
131 g l�1 L-tyrosine, 120 g l�1 L-alanine, 108 g l�1 L-proline,
105 g l�1 L-valine, 100 g l�1 L-threonine, 96 g l�1 L-arginine,
65 g l�1 L-serine, 60 g l�1 L-tryptophan, 57 g l�1 L-phenylalanine,
49 g l�1 L-glutamine, 42 g l�1 L-histidine, 40 g l�1 L-isoleucine,
34 g l�1 L-leucine, and 25.5 g l�1 L-methionine. Although these
fermentation titers were obtained from the literature, it is
reasonable to expect that industry values are probably higher.

Organisms used today for industrial production of amino
acids have been developed by programs of mutation followed
by selection or brute-force screening. Such efforts often start
with organisms having some capacity to make the desired
compound but that require multiple mutations leading to
deregulation in a particular biosynthetic pathway before high
productivity can be obtained. This approach to strain
improvement has been remarkably successful in producing
778 Encyclopedia of Food Mic
organisms that make industrially signi�cant concentrations of
amino acids. Among the most common mutant strains
employed for amino acid production are auxotrophic mutants,
regulatory mutants, and auxotrophic regulatory mutants. Using
these bacterial mutants, all the essential amino acids except L-
methionine can be produced at economically meaningful
levels by direct fermentation from cheap carbon sources, such
as carbohydrate materials or acetic acid. Progress is even being
made in the production of L-methionine by fermentation.

Some frequent problems are faced with this brute force
approach, which include (1) the necessity of screening large
numbers of mutants for the rare combination of traits
sequentially obtained that lead to overproduction, and (2) the
weakened vitality of the producing strain after several rounds of
mutagenesis. More recent approaches utilize the techniques of
modern genetic and metabolic engineering to develop strains
overproducing amino acids. Both techniques have made an
impact with the use of the following strategies: (1) ampli�ca-
tion of the rate-limiting (controlling) enzyme of the pathway,
(2) ampli�cation of the �rst enzyme after a branch point, (3)
ampli�cation of the �rst enzyme leading from central metab-
olism to increase carbon �ow into the pathway followed by
sequential removal of bottlenecks caused by accumulation of
intermediates, (4) cloning of a gene encoding an enzyme with
more or less feedback regulation, and (5) introduction of
a gene encoding an enzyme with a functional or energetic
advantage as replacement for the normal enzyme. Transport
mutations are also useful, that is, mutations decreasing amino
acid uptake often allow for improved excretion and lower
intracellular feedback control. In cases in which excretion is
carrier mediated, increase in activity of these carrier enzymes
increases production of the amino acid.

Metabolic reconstruction via functional gene annotation
revealed fascinating insights into Corynebacterium glutamicum,
including functional predictions for more than 60% of the
identi�ed genes. Gene expression (transcriptome) analysis has
been performed by the development of speci�c DNA micro-
arrays that are being used to investigate gene expression during
the growth of C. glutamicum. Expression pro�les of selected
genes of central metabolism and amino acid production have
been determined. For proteomic analysis, two-dimensional gel
electrophoresis was used to identify different proteins and to
study the in�uence of nitrogen starvation on the proteome. For
the quanti�cation of metabolic �uxes (the �uxome), compre-
hensive approaches combining 13C tracer experiments,
metabolite balancing, and isotopomer modeling have been
developed and applied to C. glutamicum. These approaches
involve comparative �uxome analysis during growth on
different carbon sources, and glutamate and lysine production
in batch cultures by different mutants. With this information, it
has been possible to conclude that the decrease in glucose
uptake rate caused the metabolic shift from cell growth toward
L-lysine biosynthesis and that a high �ux of the tricarboxylic
acid (TCA) cycle is favorable for amino acid production.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00373-6
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Additional examples of amino acids whose production has
been improved by this information include L-valine and L-
threonine.

After strain generation, the culture conditions must be
designed for each particular strain to get the best microbia
performance. For a process to be realized economically, bas
research has to be translated successfully into operations on th
industrial scale. Scale-up is a procedure where the results
small-scale experiments are used as the basis for the desig
testing, and implementation of a large-scale system. Th
workhorse of the fermentation industry is the conventional
batch fermenter, an agitated jacketed pressure vessel wi
cooling coils, baf� es, and a sparger ring to introduce vapor into
the fermentation process. Most of the amino acids are
produced by a batch-fed process using the best performin
mutants. The fermentation process involves at least th
following steps: (1) A fermentation tank is charged with culture
medium and sterilized. The medium contains a suitable carbon
source (such as sugar cane syrup), as well as the requir
nitrogen, sulfur, and phosphorus sources plus some trac
elements. (2) A seed culture of the production strain previously
grown in a lower size fermenter is added to the fermentation
tank and stirred under speci� ed conditions (temperature, pH,
and aeration). (3) Depending on the culture requirements,
additional nutrients are added during the fermentation in
a controlled manner to allow for optimal yields. (4) The amino
acid is released by the microorganism into the fermentation
solution and after separation by ion exchange is isolated by
crystallization. Large plants now are in use for industrial amino
acid production, and the amino acids produced by microbial
process are theL-forms. Such stereospeci� city makes the process
advantageous as compared with synthetic processes.
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Production ofL-glutamic Acid

Glutamate represents the largest product segment within the
amino acids market. Monosodium glutamate is a potent� avor
enhancer and a crucial component of the taste of cheese, se
food, meat broths, and other foods. Professor Kikunae Ikeda
a Japanese scientist, identi� ed the unique taste of umami
attributed by glutamic acid, as the� fth basic taste after sweet
sour, salty, and bitter in the tongue, where the umami receptor
taste is located. In addition to glutamate, there are two more
umami substances derived from primary metabolites: inosinate
and guanylate. Although glutamate is naturally occurring in
many foods, it frequently is added as a � avor enhancer.
Glutamate was� rst made by fermentation in Japan in the late
1950s.

Many organisms belonging to a wide range of taxonomi-
cally related genera, including Micrococcus, Corynebacterium,
Brevibacterium,and Microbacterium, are capable of over-
producing glutamate. Brevibacterium lactofermentumand Brevi-
bacterium � avum are now reclassi� ed as subspecies o
C. glutamicum. These organisms were shown to possess th
Embden–Meyerhof–Parnas glycolytic pathway (EMP), the
hexose monophosphate pathway (HMP), the TCA cycle, and
the glyoxylate bypass (Figure 1). The TCA cycle, also known as
the Krebs cycle, requires a continuous replenishment o
oxaloacetate to replace the intermediates withdrawn for the
synthesis of biomass and other amino acids. During growth on
glucose and other glycolytic intermediates, the anaplerotic
function is ful � lled by phosphoenolpyruvate (PEP) carbox-
ylase and pyruvate carboxylase.

Normally, glutamic acid overproduction would not be
expected to occur due to feedback regulation. Glutamate
feedback controls include repression of PEP carboxylase, citra
synthase, and nicotinamide adenine dinucleotide phosphate
(NADP)-glutamate dehydrogenase; the last-named enzym
also is inhibited by glutamate. By decreasing the effectivenes
of the barrier to outward passage, however, glutamate can b
pumped out of the cell, thus allowing its biosynthesis to
proceed unabated. The excretion of glutamate frees the gluta
mate pathway from feedback control until a very high level is
accumulated; commercialL-glutamate titer is 150 g l� 1.

Glutamate excretion can be in� uenced intentionally by
manipulations of growth conditions as follows: (1) biotin
limitation brings about glutamate overproduction in
C. glutamicumby decreasing the cell membrane permeability
barrier that restricts the excretion of glutamate (all glutamate
overproducers are natural biotin auxotrophs); and (2) the
addition of penicillin or fatty acid surfactants (e.g., Tween 60)
to exponentially growing culture alters the permeability prop-
erties of the cell membrane and allows glutamate to� ow out
easily. Apparently, all of these manipulations result in a phos-
pholipid-de � cient cytoplasmic membrane, which favors active
excretion of glutamate from the cell. This view was further
substantiated by the discoveries that oleate limitation of an
oleate auxotroph and glycerol limitation of a glycerol auxo-
troph also bring about glutamate excretion. Furthermore,
glutamate-excreting cells were later found to have a very low
level of cell lipids, especially phospholipids. In addition, it was
shown that the various manipulations leading to glutamate
overproduction cause increased permeability of the mycolic
acid layer of the cell wall. The glutamate-overproducing
bacteria are characterized by a special cell envelope containin
mycolic acids that surrounds the entire cell as a structured laye
and is thought to be involved in permeation of solutes. The
mycolic acids esteri� ed with arabinogalactan and the non-
covalently bound mycolic acid derivatives form a second lipid
layer of the cell, with the cytoplasmic membrane being the� rst.
Overexpression or inactivation of enzymes that are involved in
lipid synthesis alters the chemical and physical properties o
the cytoplasmic membrane and changes glutamate ef� ux
dramatically.
Production ofL-lysine

Lysine represents the fastest growing amino acid segment. Th
bulk of the cereals consumed in the world are de� cient in
the amino acid, L-lysine. This is an essential ingredient for the
growth of animals and is an important part of a billion-dollar
animal feed industry. Lysine supplementation converts cereal
into balanced food or feed for animals, including poultry,
swine, and other livestock. In addition to animal feed, lysine is
used in pharmaceuticals, dietary supplements, and cosmetics.
is estimated that the global market for L-lysine has increased
almost 20 times in the past 20 years and several companies lik
Ajinomoto Co. Inc. and Archer Daniels Midland Co. currently
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Figure 1 Biosynthesis of glutamic acid from glucose.
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are expanding their facilities with strong investments in Brazil,
China, and the United States.

Lysine is a member of the aspartate family of amino acids
(Figure 2). It is made in bacteria by a branched pathway that
also yields methionine, threonine, and isoleucine. This
pathway is controlled very tightly in organisms such as
Escherichia coli, which contains three aspartate kinases (AKs)
each of which is regulated by a different end product. In
addition, after each branch point, the initial enzymes are
inhibited by their respective end products and no over-
production usually occurs. Corynebacterium glutamicum, the
organism used for the commercial production of L-lysine,
contains a single AK that is regulated via concerted feedbac
inhibition by threonine plus lysine. The relative contribution of
carbon � ux through the pentose phosphate pathway varies
depending on the amino acid being produced– for example,
while it contributes only 20% of the total � ux in the case of
glutamate formation, it contributes 60–70% in the case
of lysine production. This evidently is due to the high level of
nicotinamide adenine dinucleotide phosphate (NADPH)
required for lysine formation. Use of rDNA technology has
shown that the factors that signi�cantly limit the over-
production of lysine are (1) the feedback inhibition of AK by
lysine plus threonine, (2) the low level of dihydrodipicolinate
synthase, (3) the low level of PEP carboxylase, and (4) the low
level of aspartase.

Much work has been done on auxotrophic and regulatory
mutants of glutamate-overproducing strains for the produc-
tion of lysine. By genetic removal of homoserine dehydroge-
nase (HDI), a glutamate-producing wild-type Corynebacterium
strain was converted into a lysine-overproducing mutant that
cannot grow unless methionine and threonine are added to
the medium. As long as the threonine supplement is kept low,
the intracellular concentration of threonine is limiting and
feedback inhibition of AK is bypassed, leading to excretion
of over 70 g l� 1 of lysine in culture � uids. In some strains,
addition of methionine and isoleucine to the medium led to
the increase in lysine overproduction. Selection for S-2-ami
noethylcysteine (AEC; thialysine) resistance blocks feedbac
inhibition of AK. Other antimetabolites useful for deregula-
tion of AK include a mixture of a-ketobutyrate and aspar-
tate hydroxamate. Leucine auxotrophy can increase lysin
production. L-Lysine titers are known to be as high as
170 g l� 1.

Excretion of lysine by C. glutamicumis by active transport
reaching a concentration of several 100 mM in the externa
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Figure 2 Biosynthetic pathway toL-lysine,L-threonine, andL-isoleucine
in C. glutamicum. AK, aspartate kinases; ASA-DH, aspartate-semialdeh
dehydrogenase; HDI, homoserine dehydrogenase; HK, homoserine
kinase; TS, threonine synthetase; TD, threonine dehydratase;
AHAS, acetohydroxy acid synthase.
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medium. Lysine, a cation, must be excreted against th
membrane potential gradient (outside is positive) and excre-
tion is carrier mediated. The system is dependent on electro
motive force, not adenosine triphosphate.

Genome-based strain reconstruction has been used t
improve the lysine production rate of C. glutamicum by
comparing a high-producing strain (production rate slightly
less than 2 g l� 1 h� 1) and a wild-type strain. Comparison of 16
genes from the production strain, encoding enzymes of the
pathway from glucose to lysine, revealed mutations in� ve of
the genes. Introduction of three of these mutations (hom, lysC,
and pycencoding HDI, AK, and pyruvate carboxylase, respec
tively) into the wild type created a new strain that produced
80 g l� 1 in 27 h, at a rate of 3 g l� 1 h� 1. An additional increase
(15%) in l-lysineproduction was observed by the introduction
of a mutation in the 6-phosphogluconate dehydrogenase gene
(gnd). Enzymatic analysis revealed that the mutant enzyme wa
less sensitive than the wild-type enzyme to allosteric inhibition
by intracellular metabolites. Isotope-based metabolic � ux
analysis demonstrated that thegndmutation resulted in an 8%
increase in carbon� ux through the pentose phosphate pathway
during L-lysine production. Finally, by introducing the mqo
mutation (malate:quinone oxidoreductase), it was possible to
increase both the rate of production andL-lysine titer to 95 g l� 1

by batch-fed culture.
With the use of systems metabolic engineering, 12 de� ned

genome-based changes in genes encoding central metabo
enzymes redirected major carbon� uxes as desired toward the
optimal L-lysine pathway usage, predicted by silico modeling
The engineeredC. glutamicumstrain was able to produce lysine
with a high yield of .55 g per gram of glucose, a titer of
120 g L� 1 lysine and a productivity of 4.0 g l� 1 h� 1 in batch-fed
culture.
Production ofL-threonine

Threonine is the second major amino acid used for feeding pigs
and poultry. The pathway of threonine biosynthesis is similar
in all microorganisms (Figure 2). Starting from L-aspartate, the
pathway involves � ve steps catalyzed by� ve enzymes: AK,
aspartate-semialdehyde dehydrogenase (ASA-DH), HD
homoserine kinase (HK), and threonine synthetase (TS).

Production of L-threonine has been achieved with the use o
several microorganisms. InSerratia marcescens,construction of
a high threonine producer was done by transductional crosse
that combined several feedback control mutations into one
organism. Three classes of mutants were obtained from th
parental strain as the source of genetic material for trans
duction: (1) one strain in which both the threonine-regulated
AK and HD were resistant to feedback inhibition by threonine
– it was selected on the basis ofb-hydroxynorvaline resistance;
(2) a second strain, also selected forb-hydroxynorvaline resis-
tance, in which HDI was resistant to both inhibition and
repression and the threonine-regulated AK was constitutively
synthesized; and (3) a third strain that was resistant to thialy-
sine, in which the lysine-regulated AK was resistant to feedbac
inhibition and repression. Since at least one of the three key
enzymes in threonine synthesis was still subject to regulation in
these strains, each produced only modest amounts of threo
nine (4.1–8.7 g l� 1). Recombination of the three mutations by
transduction yielded a strain that produced higher levels of
threonine (25 g l� 1), had AK and HDI activities that were
resistant to feedback regulation by threonine and lysine, and
was a methionine bradytroph (leaky auxotroph). Another six
regulatory mutations derived by resistance to amino acid
analogs were combined into a single strain ofS. marcescensby
transduction. These mutations led to desensitization and
derepression of AKs I, II, and III and HDIs I and II. The resulting
transductant produced 40 g l� 1 of threonine, which was further
improved to 63 g l � 1 through overexpression of PEP
carboxylase.

In E. coli,threonine production was increased to 76 g l� 1 by
conventional mutagenesis and selection and screening tech
niques. Of major importance were mutations to decrease both
the regulation of the pathway and degradation of the amino
acid. An E. colibatch-fed process with methionine and phos-
phate feeding yielded 98 g l� 1

L-threonine at 60 h. Another
E. coli strain was developed via mutation and genetic engi-
neering and was optimized by inactivation of threonine
dehydratase (TD), resulting in a process yielding 100 g l� 1 in
36 h of fermentation.

Threonine excretion by C. glutamicumis mainly ( >90%)
effected by a carrier-mediated export mechanism dependent o
membrane potential. Cloning of extra copies of threonine
export genes into anE. colistrain producing threonine led to
increased production. Also increased was resistance to tox
antimetabolites of threonine. Another means of increasing
threonine production was reduction in the activity of serine
hydroxytransferase, which breaks down threonine to glycine. In
C. glutamicumsubsp. lactofermentum, threonine production

yde



782 FERMENTATION (INDUSTRIAL)j Production of Amino Acids
reached 58 g l� 1 when a strain producing both threonine and
lysine (isoleucine auxotroph resistant to thialysine,a-amino-b-
hydroxyvaleric acid, and S-methylcysteine sulfoxide) was
transformed with a recombinant plasmid carrying its own hom
(encoding HDI), thrB (encoding HK), and thrC (encoding TS)
genes.
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Figure 3 Biosynthetic pathways forL-tryptophan,L-phenylalanine, and
L-tyrosine. DAHPS, 3-deoxy-D-arabino-heptulosonate 7-phosphate syn-
thase; DQS, dehydroquinate synthase; SD, shikimate dehydrogenase; SK,
shikimate kinase; CS, chorismate synthase; CM, chorismate mutase; TAT,
tyrosine amino transferase; PD, prephenate dehydratase; AS, anthranilate
synthase.
Production ofL-isoleucine

Isoleucine is of commercial interest as a food and feed additive
and for parenteral nutrition infusions. This branched-chain
amino acid currently is produced both by extraction of protein
hydrolysates and by fermentation with classically derived
mutants of C. glutamicum.The biosynthesis of isoleucine by
C. glutamicuminvolves 11 reaction steps, of which at least� ve
are controlled with respect to activity or expression (Figure 2).
L-isoleucine synthesis shares reactions with the lysine an
methionine pathways. In addition, threonine is an interme-
diate in isoleucine formation, and the last four enzymes also
carry out reactions involved in valine, leucine, and pantothe-
nate biosynthesis. Therefore, it is not surprising that multiple
regulatory steps identi� ed in C. glutamicum, as in other bacteria,
are required to ensure the balanced synthesis of all thes
metabolites for cellular demands. InC. glutamicum,� ux control
is exerted by repression of thehomthrBand ilvBNCoperons. The
activities of AK, HDI, TD, and acetohydroxy acid synthase
(AHAS) are controlled by allosteric transitions of the proteins
to provide feedback control loops, and HK is inhibited in
a competitive manner. Isoleucine increases the Km of TD from
21 to 78 mM, whereas valine reduces it to 12 mM. The AHAS is
50% feedback inhibited by isoleucine plus valine plus leucine.

Isoleucine processes have been devised in various bacte
such as S. marcescens, C. glutamicumsubsp. � avum, and
C. glutamicum. In S. marcescens, resistance to isoleucine
hydroxamate and a-aminobutyric acid led to derepressed TD
and AHAS and production of 12 g l� 1 of isoleucine. Further
work involving transductional crosses into a threonine over-
producer yielded isoleucine at 25 g l� 1. The C. glutamicum
subsp. � avum work employed resistance to a-amino-b-
hydroxyvaleric acid and the resultant mutant produced
11 g l� 1. Mutation to D-ethionine resistance yielded a mutant
producing 33.5 g l� 1 isoleucine in a fermentation continuously
fed with acetic acid.

A threonine-overproducing strain of C. glutamicumwas
sequentially mutated to resistance to thiaisoleucine, azaleu
cine, and a-aminobutyric acid; it produced 10 g l� 1 of isoleu-
cine. An improved strain was obtained by cloning multiple
copies of hom (encoding HDI) and wild-type ilvA (encoding
TD) into a lysine overproducer; by increasing HK (encoded by
thrB), 15 g l� 1 isoleucine was produced. Independently,
cloning of three copies of the feedback-resistant HDI gene
(hom) and multicopies of the deregulated TD gene (ilvA) in
a deregulated lysine producer ofC. glutamicumyielded an
isoleucine producer (13 g l� 1) with no threonine production
and reduced lysine production. Application of a closed-loop
control batch-fed strategy raised production to 18 g l� 1, which
was further ampli� ed using metabolic engineering strategies to
40 g l� 1 of isoleucine. The global threonine production in 2009
was close to 200 000 tons.
Production of Aromatic Amino Acids

The aromatic amino acids L-tryptophan and L-phenylalanine
are compounds with multiple applications in the food
industry. Tryptophan is an important amino acid used as feed
additive and in the pharmaceutical, cosmetic, food, and health
products industry. Its global demand in 2010 was 5000 tons
per year.

In C. glutamicumsubsp. � avum, 3-deoxy-D-arabino-heptu-
losonate 7-phosphate synthase (DAHPS) is feedback inhibited
concertedly by phenylalanine plus tyrosine and weakly
repressed by tyrosine. Other enzymes of the common pathway
(Figure 3) are not inhibited by phenylalanine, tyrosine, and
tryptophan, but the following are repressed: shikimate dehy-
drogenase (SD), shikimate kinase (SK), and 5-enolpyruvyl
shikimate-3-phosphate synthase. Elimination of the uptake
system for aromatic amino acids in C. glutamicumresults in
increased production of aromatic amino acids in deregulated
strains.

L-Tryptophan is an essential amino acid used to supplement
low-protein diets for pigs with high contents of grain that may
be de� cient in this amino acid. It is particularly suitable for
young pigs and for improving feed intake, growth, and feed
ef� ciency. In addition, tryptophan also is involved as
a precursor for serotonin and melatonin and also can be
degraded in the organism to nicotinic acid or nicotinamide.

In regard to its production, a tryptophan process was
improved from 8 to 10 g l � 1 by mutating the C. glutamicum
subsp. � avumproducer to azaserine resistance. Azaserine is a



,
s

e

A

y

,
-
e

s

e

k

s

e
s

n

.

e
s

s,

,

r

h
d.

e

FERMENTATION (INDUSTRIAL)j Production of Amino Acids 783
analog of glutamine, the substrate of anthranilate synthase
(AS). Such a mutant showed a two- to threefold increase in the
activities of DAHPS, dehydroquinate synthase (DQS), SD, SK
and chorismate synthase (CS). Another mutant, selected for it
ability to resist sulfaguanidine, showed additional increases in
DAHPS and DQS and tryptophan production. The reason that
sulfaguanidine was chosen as the selective agent involves th
next limiting step after derepression of DAHPS– that is,
conversion of the intermediate chorismate to anthranilate by
AS. Chorismate also can be undesirably converted top-amino-
benzoic acid (PABA), and sulfonamides are PABA analogs.
sulfaguanidine-resistant mutant was obtained withC. glutamicum
subsp. � avumand production increased from 10 g l� 1 tryptophan
to 19 g l� 1. The sulfaguanidine-resistant mutant was still
repressed by tyrosine but showed higher enzyme levels at an
particular level of tyrosine.

Gene cloning of the tryptophan branch and mutation to
resistance to feedback inhibition yielded aC. glutamicumstrain
producing 43 g l� 1

L-tryptophan. The genes cloned were those
that encoded AS, anthranilate phosphoribosyl transferase
a deregulated DAHPS, and other genes of tryptophan biosyn
thesis. Sugar utilization decreased at the late stage of th
fermentation and plasmid stabilization required antibiotic
addition. Sugar utilization stopped due to killing by accumu-
lated indole. By cloning in the 3-phosphoglycerate dehydro-
genase gene (to increase production of serine, which combine
with indole to form more tryptophan) and by mutating the
host cells to de� ciency in this enzyme, both problems were
solved. The new strain produced 50 g 1� 1 tryptophan with
a productivity of .63 g l � 1 h� 1 and a yield from sucrose of 20%.
Further genetic engineering to increase the activity of th
pentose phosphate pathway increased production to 58 g 1� 1.
The global tryptophan production in 2010 was close to
5000 tons.

L-Phenylalanine is another commercially important amino
acid. It is used as food or feed additive. Its main demand (70%)
stems from being a building block for the low calorie sweetener
aspartame. A deregulated strain ofE. coli in which feedback
inhibition and repression controls were removed made 11 g l� 1

phenylalanine in a batch-fed culture. Production was increased
to 28.5 g l� 1 when a plasmid was cloned intoE. colicontaining
a feedback inhibition-resistant version of the chorismate
mutase (CM)–prephenate dehydratase (PD) gene, a feedbac
inhibition-resistant DAHPS and the ORPR and OLOL oper-
ator–promoter system of lambda phage. Further proces
development of genetically engineeredE. colistrains brought
phenylalanine titers up to 46 g l� 1. Independently, genetic
engineering based on cloningaroFand feedback-resistantpheA
genes created anE. colistrain producing 51 g l� 1.

A C. glutamicumsubsp. lactofermentumculture, obtained by
selection with m-� uorophenylalanine, produced 5 g l� 1

phenylalanine, 7 g l� 1 tyrosine, and .3 g l� 1 anthranilate and
contained desensitized DAHPS and PD. DAHPS in the wild
type was inhibited cumulatively by phenylalanine and tyro-
sine, whereas PD was inhibited by phenylalanine. Cloning of
the gene encoding PD from a desensitized mutant and the gen
encoding desensitized DAHPS increased the enzyme activitie
and yielded a strain producing 18 g l� 1 phenylalanine, 1 g l� 1

tyrosine, and no anthranilate. Further cloning of a recombinant
plasmid expressing desensitized DAHPS increased productio
to 26 g l� 1 phenylalanine. Similarly, C. glutamicumstrains have
been developed, producing up to 28 g l� 1 phenylalanine. L-
Tyrosine is another aromatic amino acid, mainly utilized as
precursor in the synthesis ofL-3,4-dihydroxyphenyllalanine (L-
DOPA), the preferred drug for the treatment of Parkinson’s
disease. Around 250 metric tons are produced ofL-DOPA every
year, including both enzymatic and chemical methods.

L-Tyrosine overproduction has been achieved by cloning
SK into a tyrosine-producing C. glutamicumsubsp. lacto-
fermentumstrain. Production of tyrosine increased from 17 to
22 g l� 1 by this construction. Cloning of desensitized genes
encoding DAHPS and CM from a deregulated phenylalanine-
producing C. glutamicumstrain into the deregulated trypto-
phan producer, C. glutamicumKY 10865 (CM-de� cient strain,
phenylalanine, and tyrosine double auxotroph with a desen-
sitized AS) shifted production from 18 g l� 1 tryptophan to
26 g l� 1 tyrosine. The use of E. coli for tyrosine over-
production was achieved by replacing thepheLAgenes of
a phenylalanine producing strain with a multigene cassette
composed of the tyrA gene under the control of the consti-
tutive trc promotor and a kanamycin-resistance gene
Surprisingly, deletion of the lacI repressor led to an increase
in tyrA expression and a � vefold increase in tyrosine
production to more than 50 g l � 1 at a 200:l scale.
Conclusion

The microbial production of amino acids, through fermenta-
tion, serves a market with strong prospects of growth and
contributes signi� cantly to the quality of life that we enjoy
today. Microorganisms are capable of converting inexpensiv
carbon and nitrogen sources into valuable metabolites such a
amino acids, which can be added to food as a� avor enhancer
or to increase its nutritional value. Also, some amino acids are
proving invaluable as biosynthetic precursors for the manu-
facture of therapeutics.

The ability of a fermentation process to produce amino
acids depends on the overproduction capacity of the strain
being used. In the early years of fermentation processe
strain development depended entirely on classical strain
breeding involving intensive rounds of random mutagenesis,
followed by equally strenuous program of screening and
selection. Recent innovations in molecular biology, on the
one hand, and the development of new tools in functional
genomics, transcriptomics, metabolomics, and proteomics
on the other, have enabled more rational approaches for
strain improvement. Most of the amino acids usually are
produced by batch-fed process using high-performance
mutants and separated by ion exchange chromatography fo
crystallization.

The role of amino acids and, in turn, microbial fermentations
stand to grow in stature especially as we enter a new era in whic
the use of renewable resources is recognized as an urgent nee
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See also: Corynebacterium Glutamicum; Fermentation
(Industrial):Media for Industrial Fermentations; Fermentation
(Industrial):Control of Fermentation Conditions; Genetic
Engineering.
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Colors from Fermentation

In his Historia Naturalis Pliny the Elder (23–79 AD) mentioned
coloring young red wines with beetroot juice so that they
looked older and became more spicy. Basically, colors create
physiological and psychological expectations and attitudes:
“We inevitably eat with our eyes.” Nowadays, added coloring
materials has several additional functions in the �nished
product, which are of importance for both the consumer and
the food manufacturer:

l Assuring batch-to-batch uniformity
l Replenishing or raising the genuine stock
l Providing more appeal to uncolored foods
l Acting as provitamin or antioxidant
l Suggesting health promoting effects

Nature is rich in colors and pigment-producing microor-
ganisms. Among colorings produced by microorganisms are
carotenoids, melanins, �avons, quinines, and more speci�cally
monascins, violacein, or indigo. Since the Southampton study
(McCann et al., 2007), the issue of synthetic colors and the
possible link to hyperactivity in children has remained in the
spotlight of the media. The scrutiny and negative assessment of
synthetic food dyes is re�ected by the accentuation of legal
provisions, and the number of permitted synthetic (arti�cial)
colorants has been reduced gradually during the past 30 years.
Stringent safety tests now are required for synthetic food
colorants. The current EU list includes 42 different coloring
materials for food usage, of which merely 15 are synthetic
organic dyes. The respective purity speci�cations are outlined in
the Commission Directive 2008/128/EC. The increasing
demand for natural food colorings is an ongoing trend, not just
in the industrial countries, sparked by the general preference of
consumers for ‘all-natural’ products. Therefore, food color
manufacturers are proactive in replacing synthetic dyes with
natural alternatives. But natural colorants bring along their
own shortcomings, as they are often more susceptible to heat,
light, and acid, and the colorants themselves may impart
undesired �avors.
Colors from Bacteria

Yellow pigments from bacteria, such as zeaxanthin or cantha-
xanthin, are used as additives in poultry feeds to strengthen the
color of skin and the yolk of eggs and in aquafeed to improve
the �esh color of farmed salmonids. Flavobacterium sp. culti-
vated in nutrient medium supplemented with transition metals
and sulfur-containing amino acids produce up to 190 mg l�1

zeaxanthin. Furthermore, numerous screenings have been
conducted with the aim of new bacteria-based production
processes of astaxanthin (Table 1). Up to now, however, the
best bacterial systems are far below the yields obtained with
eukaryotics. Among bacteria, weak producers of ribo�avin are
known as well (e.g., Clostridium acetobutylicum) with less than
100 mg l�1 of product yield, and again not competitive with
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
high-production systems, especially those of yeasts and fungi.
Nevertheless, bacterial-based biotechnology could be a solu-
tion for providing new pigments with unique properties (color,
stability, and solubility), particularly on the background of
modern metabolic engineering.
Colors from Fungi and Yeasts

The production of food grade pigments from fungi and yeast is
dominated by the traditional solid state fermentation using
Monascus spp., and by ribo�avin and carotene production
(Table 1). The red colorant of Monascus spp. (Monascus ruber
and Monascus purpureus), originally grown on rice (‘red-mold
rice’) has been used as a food colorant or spice in Asia for a long
time. Different pigments have been identi�ed in Monascus,
such as anka�avine and monascine (yellow), rubropunctatine
and monascorubrine (orange), and rubropunctamine and
monascorubramine (purple). Currently, more than 50 patents
are �led in Japan, the United States, France, and Germany,
concerning the use of Monascus pigments.

Beside the Monascus pigments other polyketide-derived
colorants such as anthraquinones (helminthosporin, maroon),
naphthoquinones (bikaverin, red), or oxopolyene (orevactaene,
yellow) have been identi�ed in fungi (for an overview see
www.microbialcellfactories.com/content/8/1/24). A popular
representative is the anthraquinone-based food colorant Arpink
Red� claimed to be produced by Penicillium oxalicum. After
a two-year temporary approval in the Czech Republic, the
colorant is now under evaluation by the European Food Safety
Authority.

Next to its function as vitamin, ribo�avin is used increasingly
as a yellow biocolor. In contrast to the comparable low ribo-
�avin concentrations obtained with bacteria, moderate over-
producers (up to 600 mg l�1, Candida guilliermundi or
Debaryomyces subglobosus) have been found among yeasts,
whereas some fungi are strong overproducers (>1 g l�1, Ere-
mothecium asbyii and Ashbya gossypii). Through fermentation with
A. gossypii, ribo�avin is produced on a large scale (4000 tons per
year) by various companies (BASF, Coors Biotech Inc., E. Merck,
Hoffmann-LaRoche, Merck Sharp & Dohme, P�zer, etc.).

Carotenoids are prevalent in fungi and structurally related,
but they are not always identical to plant-derived food colorants.
A sophisticated biotechnological process to produce b-carotene
by cultivating the fungus Blakeslea trispora in large fermenters
(DSM Gist B.V.) is industrial reality. Noteworthy, mixed cultures
of the two sexual forms of this fungus produce up to 10 times
more b-carotene than one sexual form alone. In summary, the
controlled cultivation of pigment-producing yeasts and fungi in
bioreactors has the potential to compete with any other means
of production even without genetic manipulation.
Colors from Algae and Plant Cell Cultures

Algae represent a large and diverse group of simple organisms
that are typically photoautotrophic. These organisms range
-384730-0.00113-0 785
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Table 1 Colorants derived from bacteria, yeasts, and fungi

Pigment Color Microorganism fungus (f), yeast (y), bacteria (b) Status processing/application

Anka� avin Yellow Monascussp. (f) IP/F, C
Arpink RedTM (Anthrachinone-type) Red Penicillium oxalicum(f) IP/F
Astaxanthin Pink-red Xanthophyllomyces dendrorhous(y) DS/A

Agrobacterium aurantiacum(b) RP
Paracoccus carotinifaciens(b) RP
Halobacterium salinarum(b) RP

Canthaxanthin Dark red Bradyrhizobiumsp. (b) RP
Cantharellus cinnabarinus(f) RP

b-Carotene Yellow-orange Blakeslea trispora(f) IP/F, C, P
Cynodontin Blue Curvularia lunata(f) RP
Lycopene Red Blakeslea trispora(f) DS/F, C, P

Fusarium sporotrichioides(f) RP
Melanin Black Saccharomyces neoformans(y) RP
Monascorubamin Red Monascussp. (f) IP/F, C
Monascin Red M. purpureus, M. ruber, M. anka IP/F, C
Other polyketides Red to orange Penicilliumsp. RP
Naphtoquinone Deep blood red Cordyceps unilateralis(f) RP
Phycocyanin Blue Athrospira platensis(b) IP/F
Ribo� avin Yellow Ashbya gossypii(f) 4000 t/Y IP/A, F, C, P

Yellow Eremothecium asbyii(f) IP/A, F, C, P
Yellow Candida guilliermundi(y) IP/A, F, C, P
Yellow Debaryomyces subglobosus(y) IP/A, F, C, P
Yellow Clostridium acetobutylicum(b) DS

Rubrolone Red Streptomyces echinoruber(b) DS
Rubropunctatin Orange Monascussp. (f) IP/F
Torularhodin Orange-red Rhodotorulasp. (y) DS
Zeaxanthin Yellow Flavobacteriumsp. (b) DS/A

Paracoccus zeaxanthinifaciens(b) RP
b-Carotene Yellow-orange Blakeslea trispora(f) IP/F, C, P

Fusarium sporotrichioides(f) RP
Mucur circinelloides(f) DS/F, C, P
Neurospora crassa(f) RP
Phycomyces blakesleeanus(f) RP

Industrial production (IP), development stage (DS), research project (RP), animal feed (A), food (F), cosmetics (C), pharmacy (P), textile (T).
Modi� ed after Dufossé, L., 2006. Food Technology Biotechnology 44, 313–321.

786 FERMENTATION (INDUSTRIAL)j Production of Colors and Flavors
from single-cell prokaryotes (cyanobacteria) to multicellular
eukaryotes (blue, brown, and green algae), such as the gian
kelps. Nowadays, besides their presumed health bene� ts and in
keeping with the current trend to change from synthetic to
natural colors in food and cosmetics, the use of algae opens up
virtually boundless possibilities exploiting this natural
resource. Algal pigments have gained great commercial value
natural colorants in food, nutraceuticals, cosmetics, and phar
maceuticals industries. Among them, the nitrogen-� xing cya-
nobacteria may be of outstanding importance as they grow in
nitrogen-free media, thereby decreasing the risk of contami
nation of outdoor (open) fermentation systems and concom-
itantly the costs of production.

Pureb-carotene is not only used as vitamin A precursor and
as an antioxidant, but also as orange-red pigment in the food
industry, pharmacy, and cosmetics. Beside the controlled
cultivation for b-carotene production using halophilic green
microalgae (Dunaliella salinaand Dunaliella bardawil) in large
basins, salt lakes, and lagoons in areas with favorable climati
conditions, up to now more than 640 carotenoids have been
identi � ed in algae of which only a few have reached the scale o
industrial production ( Table 2). Aquacarotene Ltd, an Australia
� rm, produces b-carotene from the green algaDunaliella on
a commercial scale.

Some algal proteins are highly water soluble and show
reasonably stable� uorescence. Interestingly, cyanobacteria ar
able to alter their pigmentation in response to the wavelength
of light (complementary chromatic adaptation, CCA) absor-
bed. The mechanism of red-green light regulation of CCA has
been investigated in two� lamentous cyanobacteria,Tolypothrix
tenuisand Fremyella diplosiphon. Green light at 550 nm favors
the production of phycerythrin (red-violet) while maximal
phycocyanin (blue) production occurs preferably at 640 nm.

The most important source of natural colorants are still
plant extracts. Therefore, a self-evident approach should be th
use of plant cell cultures for the production of intrinsic
pigments. Because of very low yields, dif� cult cultivation
conditions, restricted scale-up potential, and the loss of cel
differentiation during cultivation, the generation of natural
colorants using plant cell cultures still has the status of researc
projects. Various approaches were made to enhance th
secondary metabolism during the cultivation of plant cells.



Table 2 Colorants derived from plant cell culture or algae

Pigment Color Plant cell culture (PC) or algae (A) Status processing/application

Alizarin Yellow-orange Rubia tinctorum(PC) madder (PC) RP
Astaxanthin Pink-red Haematococcussp. (A) IP/A

Chlorella zoÞngiensis(A) RP
Betalaine Red Beta vulgaris(PC) RP
Carotenes/Carotenoids Yellow-orange All cyanobacteria and red algae
b-Carotene Yellow-orange Dunaliella salinaor D. bardawi(A) IP/F, C, P

Daucus carota(PC) RP
Daidzin/Daidzein Yellow Genista tinctoria(PC) RP
Lutein Yellow-orange micro-algae IP/A, F
Phycobiliproteins Red-violet, blue, green All cyanobacteria and red algae
Phycoerythrin Red-violet Porphyridium cruentum(A) IP/C
Shikonin Red Lithospermum erytrorhizon(PC) IP/C, P
Zeaxanthin Yellow Dunaliella salina(A) RP

Industrial production (IP), development stage (DS), research project (RP), animal Feed (A), food (F), cosmetics (C), pharmacy (P), textile (T).
Modi� ed after Dufossé, L., 2006. Food Technol. Biotechnol. 44, 313–321.
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Supplementation with microalgal elicitors as well as cocultures
of shoots and hairy roots cells were applied successfully.
e,
-
.
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Colors from Metabolic Engineering

The limitations of genuine colorant production in microor-
ganism and plant cell cultures mentioned above call for genetic
engineering approaches. As long as the consumer’s reservation
against genetically modi� ed organisms and products thereof is
maintained, an industrial realization of colorant production
for food will remain uncertain. Altering metabolic pathways
can be done with different objectives:

l Enabling biotechnological production and scale-up (simple
bacterial host strains)

l Increasing the product yield (multiple gene copies)
l Facilitating product recovery (extracellular production)
l Decreasing production costs and increasing product quality

(sum of all points)
l Producing new compounds

A promising success is the introduction of the carotenoid
biosynthesis into rice (‘golden rice’). Although the aim was not
the coloring of rice, the new variety will help to overcome the
vitamin A de� ciency in countries where rice is the major staple
food. As microorganisms are easier to grow on the large scal
the transfer and expression of plant pathways for the biosyn
thesis of colors in bacteria is considered to be the silver bullet
This means, however, that complete plant pathways need to b
Table 3 Recombinant techniques

Pigment Color Recombinant organi

Astaxanthin Pink-red Escherichia coli(b)
Candida utilis(y)

Carotenoids Yellow-orange Candida utilis(y)
b-Carotene Yellow-orange Halomonas elongata(b)
Indigo Blue Escherichia coli(b)

Industrial production (IP), development stage (DS), research project (
known and functionally expressed in a suitable host strain,
which by now is achieved only rarely. First examples of genetic
engineering applications are shown inTable 3.
Flavors from Biotechnology

An estimated share of three-fourth of all commercial� avors is
derived from renewable plant and animal sources, such� avors
may be called ‘natural.’ The remainder, simply called
‘� avor(ing) ’ or ‘aroma,’ comes from chemosynthesis. A� eld-
grown plant can be extracted or distilled only once, however,
and the bulk of the raw material must be disposed as manure or
else. In contrast to traditional agriculture, microbial cells are
propagated without limitations of season, insect infestation, or
soil and weather conditions. Microbial � avors are likewise
classi� ed ‘natural,’ if obtained from natural substrates, a status
willingly emphasized by the manufacturer on the list of
ingredients. The International Organization of the Flavor
Industry and the Flavor Extract Manufacturers Association ar
both treating manufacturing and regulatory details to advise
the legislating authorities.
Principles of Flavor Generation

Since ancient times,� avors emerge as side-products of empir
ical food fermentations. Today, the concerted addition of
selected starter cultures, such asLactobacilli, Pediococci,
sms fungus (f), yeast (y), bacteria (b) Status processing/application

DS/A
DS/A
RP
RP
IP/T

RP), animal Feed (A), food (F), cosmetics (C), pharmacy (P), textile (T).
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Streptococci, Propionibacteria, Saccharomyces, and Aspergillu
provides reproducible operation and safe products (if
consumed in moderation). The roots of the current biotech-
nology of � avors go back to experiments that contacted a pur
strain, such asPenicilium roquefortii, with milk fat fractions. The
products, rich in volatile fatty acids, 2-alkanones, butandione,
aldehydes, and alkanols, impart strong (blue) cheese� avors. In
contrast to traditional cheesemaking, optimized conditions
yield stronger � avor bases in a shorter time.

The replacement of complex, preconditioned food
matrices, such as must, wort, dough, soy, meat, or milk, by
the standard nutrient media of microbiology has shown that
the composition of nutrient media induces different sets of
genes and thus governs metabolite expression patterns. Th
observation has led to more de� ned experimental systems,
in which a pure chemical serves as the precursor compoun
Table 4 Character impact� avor components from mic

Microorganism F

Bacteria
Amycolatopsis,Pseudomonas V
Brevibacterium, Micrococcaceae T
Lactobacillus lactis, Streptococcus diacetylactis,

Leuconostoc citrovorum, Enterobacter
B

Acetobacter aceti, Gluconobacter oxydans, Propi-
onibacterium, Clostridium, Lactococcus

S

Streptomyces citreus G
Bacillus, Pseudomonas, Streptomyces P
Bacillus cereus 2
E. coli(recombinant) C
Pseudomonas, Bacillus P
Pseudomonas putida(recombinant) P
Pseudomonas rhodesiae I

Yeasts
Candida, Pichia, Saccharomyces, Geotrichum,

Saccharomycopsis, Rhodotorula,Yarrowia, Hansenula,
Torulopsis

C

Kluyveromyces P
Kluyveromyces lactis C
Zygosaccharomyces rouxii F

Fungi
Ceratocystis M
Bjerkandera, Trametes,Polyporus B
Ischnoderma benzoinum 4
Pycnoporous cinnabarinus V

Nidula niveo-tomentosa 4
Phellinus M
Lentinus edodes L
Agaricus bisporus, Grifola frondosa, Lentinus edodes,

Morchella, Pleurotus
C

Pleurotus euosmus C
Trichoderma harzianum 6
Aspergillus, Penicillium M
Dipoldia gossypina, Gibberella fujikurio J
Pleurotus N

Laetiporus sulphureus S
that is converted in a single (biotransformation) or in
several steps (bioconversion) to a target� avor. Many
microbial enzymes are running far below substrate satura
tion, and, thus, the addition of a suitable precursor has
become a standard tool to enhance process yields. If the ke
enzyme involved is known and available, the process can be
transferred to the lowest metabolic level by contacting
substrate and the isolated enzyme. As with colors,in vitro
plant cells would appear to be the � rst choice for the
biotechnological production of � avors, but from the reasons
discussed previously no industrial application has become
known.

Probably more than 1000 microorganisms were reported to
generate aroma compounds. Credible sources from industry
have estimated that there are more than 100 impact� avors
from bioprocesses on the marketplace (Table 4).
roorganisms

lavor compound (odor)

anillin, guaicol (vanilla)
hioesters (smear cheese)
utandione (butter)

hort chain fatty acids (cheese)

eosmin (beetroot)
yrazines (bakery, roasted notes)
-Acetyl-1-pyrroline (bread, popcorn)
innamyl alcohol (cinnamon), nootkatone (grapefruit)
erillic acid (route to perilla� avors)
erillyl alcohol (citrus)

sonovalal (citrus-like)

arboxylic acid esters, (fruity, spicy), C8 to C12 alkanolides
(cream, coconut, peach), methylbutanols/als (alcoholic,
malt), phenylacetaldehyde

henylethanol and phenylethyl esters (honey,� owery)
itronellol, geraniol, linalool (citrus)
uraneol (strawberry jam, caramel)

onoterpenols (citrus,� owery)
enzaldehyde (bitter almond, cherry)
-Methoxybenzaldehyde (anise)
anillin (vanilla pod), methyl anthranilate (orange
blossom)

-(4-Hydroxyphenyl)-2-butanone (raspberry)
ethyl salicylate (wintergreen)
enthionin (shiitake)
8 Compounds (mushroom)

oumarins (woodruff)
-Pentyl-a-pyrone (coconut)
ethyl ketones (blue cheese)

asmonates (citrus)
ootkatols, nootkatone (grapefruit), perillene (citrus,
� owery)

otolone (soy sauce)
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Design of the Bioprocess

Actual bioprocesses provide a computer-controlled combina-
tion of biological, chemical, and physical parameters for
maximum space and time yields of � avor. Sterile operation,
online monitoring of pH, pO 2, temperature, foaming, and
product concentration are regarded as state-of-the-a
processes.

Bacteria and fungi often are cultivated on liquid or semi-
solid media to produce vinegar, soy sauce (Koji), or citric acid.
Submerged cultivation, however, is the preferred design, as th
transport of substrate to the active enzyme and removal o
product from this site are facilitated. Most common is the
stirred-tank reactor. Originally devised for mixing steps in
chemical engineering, high achievable cells densities (mor
than 500 g wet biomass per liter), easy up-scalability, and
established modeling have contributed to its success in bio
processes. If the target� avor is accumulated intracellularly, the
process is stopped at the peak concentration followed by ce
disruption and downstreaming of the product. If the � avor is
secreted into the medium, the aeration of the cells will cause
gas stripping of the (volatile) product out of the reactor vessel.
To trap the product, a condenser or a less-energy-consumin
adsorbent column or a pervaporation unit is used. For large-
scale applications of enzymes, membranes that are permeab
for substrate and product, or immobilized preparations in � xed
or � uidized bed reactors are applied.
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Vanillin, Benzaldehyde, Aromatics

In terms of both market value and volume, vanillin is the
number one � avor chemical. Less than 0.3% of the more than
10 000 tons of vanillin used annually for food � avors is
extracted from the vanilla bean. The difference in price o
nature identical (w $10 per kilogram), as de� ned by EU 88/
388, and natural vanillin ( <$4000 per kilogram) has stimu-
lated the fantasy of biotechnologists. Processes based o
various precursors and redox enzymes, bacteria (Enterobacter,
Klebsiella, and Serratia), fungi, and plant cell culture have been
developed. Two commercial processes exist: pressure hydr
lysis of curcumin from Curcuma roots and degradation of
natural ferulic acid (e.g., from rice bran) byAmycolatopsis. The
biotech-vanillin patent claims yields of more than 18 g l� 1.
A price of around $600 per kilogram may be expected
(personal communication Symrise).

The liberation of benzaldehyde, the bitter almond � avor,
and the second most important� avor compound after vanillin,
from its cyanogenic glycoside precursor in stone fruit kernels
raises the problem of concurrent formation of equimolar
amounts of hydrocyanic acid. White-rot fungi, such asIschno-
derma, convert L-phenylalanine to benzaldehyde. Studies using
deutero-labeled precursor elucidated the fungal pathways to
benzaldehyde and 3-phenylpropanol (� owery, roselike).In situ
recovery of volatiles by adsorption or immobilization of Bjer-
kanderaon polyurethane foam cubes increased the yields to
>1 g l � 1. More ‘natural’ benzaldehyde is sold than distilled
from fruit pits, but it is unknown if the difference originates
from a bioprocess or from ‘gray-zone’ chemistry. Advance
techniques of isotopic pattern analysis and, where applicable
chiral analysis can prove authenticity of a� avor.
4-(40-Hydroxyphenyl)-butan-2-one, an impact of raspberry
� avor, represents current problems and perspectives o
a microbial � avor. At concentrations often below 1 mg kg� 1,
economic isolation from the berry is not feasible. A price of
$10 000 per kilogram has been demanded for the same� avor
obtained by hydrolysis of a birch bark glycoside, betuloside.
The liberated secondary alcohol must be oxidized to the targe
product by a coupled reaction catalyzed byRhodococcususing
acetone as the electron acceptor. A microbial producer of thi
rare compound isNidula niveo-tomentosa, the bird’s nest fungus.
Precursor feeding and medium optimization have increased
the original product level 50-fold. Slow growth of the fungus
and special reactor requirements, however, have prevented a
industrial use.

Cinnamic acid esters (exotic fruit), cinnamaldehyde
(cinnamon), eugenol (clove), methyl benzoate (dry fruit), and
benzyl acetate (jasmine) are among the volatiles recurrently
found in submerged cultures of Basidiomycetes. Supplementa-
tion of shikimate intermediates, lignin, or even lipids has
increased the concentrations up to the gram per liter range
Even higher yields have been reported for 2-phenylethano
from L-phenylalanine supplemented Saccharomycesor Kluyver-
omycesyeasts. The alcohol with a roselike odor is the mos
popular fragrance worldwide, and it is also the substrate
of Acetobacteror Pichia catalyzed oxidations to phenyl-
acetaldehyde and phenylacetic acid; both the alcohol and the
acid also may be converted to the corresponding esters. Mor
than 6 g of phenylethyl acetate per liter have been recovere
from a water-polypropylene emulsion system, a solubility-
based design to shift the reaction equilibrium toward the ester
product.
Esters

Like aromatic esters, aliphatic and isoprenoid relatives are ke
to the � avors of fruits and fermented beverages. The require
alkyl and acyl moieties are produced by many microorganisms
by oxidative shortening of fatty acids and a partial reduction of
the degradation products, or by conversion of terpenoid
precursors, or by aStreckerdegradation of free amino acids.
Acyltransferases then attach the activated moieties onto th
most abundant alcohols. In yeasts, such asSaccharomyces c
evisiae, Candida utilis, Williopsis saturnus, or Geotrichum fragran
(sic) the amino acid origins of the acyl moiety can be easily
recognized in the predominant ethyl ester structures.Pseudo
monas fragiconverts milk fatty acids into ethyl butanoate and
other esters yielding off-� avored milk products. Brevibacterium
linensand further bacterial strains transfer methane thiol onto
straight and branched-chain fatty acids, as they occur on so
cheeses.

The observation that resting or even dried cells ofRhizo-
mucoror Rhizopusform esters has led to the development of
a lipase-mediated reverse hydrolysis technique: Immobilized
lipases or esterases are contacted with the substrates
a microaqueous environment, in which the alcohol is the
reaction solvent. Ester formation depends on shifting the
reaction equilibrium in this heterogeneous system, and this is
achieved through either direct condensation of the reaction
water, or faster through transesteri� cation of two ester
substrates, or through alcoholysis of one ester substrate
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Terpenoid substrates with their multiple double bonds bene� t
particularly from the mild reaction conditions. Genetically
engineeredCandidastrains are the preferred producers of chea
lipases. As a consequence of the microaqueous conditions
thermal inactivation of the enzyme is slow at reaction
temperatures <100 � C. Various process designs have bee
suggested, including a hydrated enzyme actively generatin
highly volatile esters in the gas phase.
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Lactones

Both 4- and 5-alkanolides (g- and d-lactones) with 8–12
carbons impart fruity, nutty, and fatty aroma attributes to food.
Generated by intramolecular condensation of acyclic hydroxy
acid precursors from the peroxisomalb-oxidation of fatty acids,
many microorganisms form and some accumulate odorous
lactones. Reduction of the genuine oxo function or introduc-
tion of the hydroxy function proceeds stereospeci� cally
resulting in high optical purities of the lactone products. For
example, Candida lipolyticaforms (4S)-dodecalactone, and
Pichia ohmerigave the opposite enantiomer. This is important
to note, because different enantiomers possess different senso
characters and intensities, as expressed by odor detectio
thresholds.

The hydroxy fatty acid precursor may be derived from
a microbial hydroxylation, for example, involving a lip-
oxygenase, or it could be derived from plant enzymes. Sixtee
years after the formation of 4-decanolide in cultures ofSpor-
obolomyces odoruswas reported, the conversion of ricinoleic acid
(12-hydroxy oleic) to 4-hydroxydecanoic acid and further
cyclization to the peach� avor impact was patented; castor oil
that contains about 90% w/v ricinoleic acid was used as the
sole carbon source in a process that yielded 5 g of 4-decanolid
per liter. The initial price of $20 000 per kilogram signaled the
start of a race for better biocatalysts and precursors. Goo
growth of Yarrowia lipolyticaproceeds at the expense o
4-decanolide yield; thus, a uracil auxotrophic strain has been
created. Productivity of the auxotrophic cells in a uracil-free
medium is 10- to 20-fold higher. Unsaturated lactones may
appear as side-products, but it can be converted to the desire
product by enzymatic hydrogenation. Around 30 processes
using diverse yeasts and fungi have been published to yiel
various lactone � avors, and the price has dropped far below
$1000 per kilogram decalactone.
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Terpenoids

The accumulation of volatile oligo-isoprenoids is not a micro-
bial domain. Trace amounts of geosmin and bornanes are
formed by Actinomyces, Cyanobacteria, and by some Asco- and
Basidiomycetes. Farnesol appears to leak fromSaccharomyce
cells under unfavorable cultivation conditions. Some members
of the ascomycete genusCeratocystisare the exception to the
rule, accumulating an impressive diversity of monoterpenesde
novowhen grown on synthetic media.

The problem is bypassed by using the concept of biotrans
formation: Many monoterpene hydrocarbons are separated
from plant essential oil and may be supplemented to microbial
cultures. These are thus converted to more powerful oxo
functionalized � avors at much higher reaction rates than in the
plant. This approach has developed into an alternative route to
natural � avors. Cytochrome P450 (CYP) monooxygenases are
the typically involved catalysts. No industrial process of
bacterial monoterpene oxidation, however, has been estab
lished up to date. Among the disadvantages of bacterial CYP
are their insuf� cient stability, inhibition effects, and cofactor
requirement. Low substrate and product solubility and high
volatility build further processing hurdles. It is supposed that
a rational protein design together with advanced feeding and
downstreaming techniques will contribute to future progress.

Some � lamentous fungi (Aspergillus, Botrytis, Cladosporium,
Fusarium, Rhizomucor, Penicillium, and Trichoderma) are less
sensitive to lipophilic substrates. Typical conversion substrate
are the abundant hydrocarbons pinene, limonene, and myr-
cene. Yields of several hundred milligrams per liter have been
reported for the transformation of limonene to a-terpineol in
a closed-loop reactor with substrate vapor recycle. The rar
monoterpene ether perillene was formed in a myrcene sup-
plemented culture of Pleurotus sapidus. The new pathway has
been elucidated using labeled myrcene, and adsorbent trapping
of the target compound from the waste air stream of the reactor
has been carried out using a polystyrene adsorbent.
Enzymes

Flavors from lipases may result from lipolysis, reverse hydro
lysis, or kinetic resolution of racemic esters. Nature-identica
L-menthol, one of the bulk chemicals of the � avor industry
(4000 tons per year), is in part produced by kinetic resolution
of racemic menthyl esters. Esterases fromSaccharomycesor
Trichoderma or from bacteria stereoselectively cleave th
L-menthyl ester mixture. The remaining enantiomer ester with
undesired sensory properties is, upon racemization, recycle
into the process resulting in a theoretical 100% conversion.

Glycosidases and peptidases have been used in a simil
fashion. The savory� avor of protein hydrolysates (garumof the
Romans,Koji in Asia, and maggiin Europe) is caused by soto-
lone, a lactone resulting from the hydroxylation of isoleucine
after its peptidolytic liberation.

The use of oxidoreductases, such as the above–mentioned
CYP450 enzymes, still mainly is restricted to intact cells that can
provide cofactor recycle. Cofactor independent lipoxygenases
however, stereospeci� cally catalyze the peroxidation of
unsaturated C18-fatty acids and produce six, eight, and nine
carbon carbonyls with green, cucumber, and mushroom
odors, from fatty acids, if a hydroperoxide lyase is present
Ionones with � owery attributes likewise originate from caro-
tene substrates. Amine and alcohol oxidases convert the ofte
easily accessible, but less potent alcohol precursors to� avor
aldehydes without producing carboxylic acid side-product.
Among the carbon bond–forming enzymes, aldolases have
been researched, for example, for the formation of furaneol
(strawberry jam � avor).
Flavors after Thermal Treatment

Thermally treated foods accumulate pyrazines from amino-
ketone precursors. Cold formation in the gram per liter range
also occurs withPseudomonas, Bacillus, and Corynebacterium. The
ring nitrogen obviously is derived from amino acids, as many
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of the pyrazines still bear the respective alkyl side chains in
a-position. Furfurylthiol, a coffee �avor impact component, is
amenable through the cleavage of a furfural–cysteine conjugate
by a lyase from Enterobacter or Eubacterium. Both nitrogen and
oxygen heterocycles have been found in cultures of the basid-
iomycete Laetiporus sulphureus when grown on protein–rich
medium. Although the number of well-documented examples
is still limited, it is obvious that the cold, enzyme-catalyzed
formation of �avor compounds, formerly believed to be
exclusively found in heated foods, is a quite frequent
observation.
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Genetic modi�cation of starter strains and other bacteria and
yeasts, but also of essential oil plants has been undertaken to
improve the yields of �avor compounds. Obviously, the �rst
prerequisite is to know the biochemical pathway of formation.
Accordingly, major success has been reported for esters,
vanillin, and lipoxygenase-derived compounds. A lipoxygenase
of the basidiomycete P. sapidus has been identi�ed as the key
enzyme-converting valencene to the grapefruit �avor nootka-
tone. The enzyme has been puri�ed and partially sequenced,
and the gene has been ampli�ed and cloned in Escherichia coli.
Functional expression has proven the enzyme as a sesquiter-
pene dioxygenase. Although such single-gene approaches still
dominate, �rst reports on transferring entire pathways into
a heterologous host have appeared. For example, all of the �ve
plant genes required to convert geranylgeranyl diphosphate to
b-carotene have been expressed in E. coli (to yield colored
strains); if an additional tetraterpene cleavage enzyme was
coexpressed, a cell factory for the production of norisoprenoid
�avors, such a b-ionone was ready.
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Commercial Importance

A peak concentration of 1 g�1 and a �ve-year amortization
period with annual depreciation assumed, break-even points
for a bio�avor-yielding process can be calculated. With an
annual sale of 1000 kg, the cost price would be in the range of
$1200 per kilogram; with an annual usage of 10 000 kg, this
would drop to about $300 per kilogram (personal communi-
cation Symrise). Prices in the range from $200 to $2000,
depending on sensory strength and uniqueness, appear to be
competitive.

See also: Aspergillus; Bacillus:Introduction; Biochemical and
Modern Identi�cation Techniques: Micro� oras
of Fermented Foods; Brevibacterium; Yarrowia lipolytica(Candida
Lipolytica); Cheese: Mold-Ripened Varieties; Fermentation
(Industrial): Control of Fermentation Conditions; Fermentation
(Industrial): Recovery of Metabolites; Fermented Foods:
Origins and Applications; FUNGI: Overview of Classi� cation of
the Fungi; Genetic Engineering; An Brief History of Food
Microbiology; Kluyveromyces; Metabolic Pathways: Production
of Secondary Metabolites – Fungi; Applications of Monascus-
Fermented Products; Penicillium/Penicillia in Food Production;
Pichia pastoris; Saccharomyces:Saccharomyces cerevisiae;
Starter Cultures; Yeasts: Production and Commercial Uses.
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Introduction

Oleaginous microorganisms have ability to convert carbon
substrates into triacylglycerides (TAGs) or lipids and accumu-
late them intracellularly, at more than 20%, some microor-
ganisms are reported that have capacity to accumulate lipids up
to 87% dry weight. This accumulated TAG or lipids can be
utilized successfully for the production of bio-oil. Although
several types of microorganism have the capacity to accumulate
oil in their cells like microalgae, bacteria, fungi, and yeast, use
of only a selected set of organisms is a viable option for the
production of bio-oil. A number of microorganisms (algae,
yeast, bacteria, and fungi) have been reported to accumulate
suf�cient quantity of lipids and methyl esters that enable
commercial consideration. The extent and type of fatty acid and
lipid accumulation varied enormously not only among the
different microorganisms but also among the species of the
same organism even among strains. Consequently, extensive
empirical experiments are needed to de�ne acceptable cultures
and organisms for use in bio-oil production.
Table 1 Commercial applications of fats and oils

Edible products Oil source
Margarine Soybean oil, groundnut oil
Cooking fat Cottonseed oil, sun�ower
Cooking oils Oil, rapeseed oil, sesame oil
Salad oils/mayonnaise/table oils Palm oil, some �sh oils
Ice cream Olive oil, castor oil
Confectionery Lard and tallow
Pharmaceuticals Coconut oil, palm kernel oil,

castor oil

Nonedible products Oil source
Lipids

Lipids are heterogeneous groups of compounds that vary in
structure and properties but share a molecular component that
is nonpolar and water insoluble. Lipids occur in cell
membranes or as oil droplets. In cell membranes, these are
chie�y complex phospholipids, glycolipids, and sterols that
occur in association with protein. These membranes serve as
barriers to separate constituents and functions of the cells. The
lipids in oil droplets usually serve as an energy reservoir and are
composed chie�y of triglycerides. Such oil droplets are sur-
rounded by a layer of phosphatides and a layer of protein so
that they remain bioavailable.
Detergents and surfactants Palm kernel, coconut oil
Soaps, metallic soaps,

synthetic waxes
Palm oil

Paints and coatings Linseed oil, tung oil, soybean oil,
sun�ower oil

Varnishes and lacquers Linseed oil, tung oil
Inks Various, mainly castor oil
Plastics and additives Various, mainly soybean oil
Lubricants and cutting oils Castor oil, coconut oil
Wood dressings, polishes Tung oil
Leather dressing Fish oils
Metal industry Palm oil, tallow
Agrochemicals, long-chain

quaternary compounds, such
as herbicides, insecticides,
and fungicides

Various, mainly soybean oil

Evaporation retardants Fatty alcohols from any source
Fabric softeners Tallow
Biodiesel Plant oil, tallow, animal fat,

microbial oils, waste oils, etc.
Commercial Oils and Fats

The demand for oils and fats is largely met from plant sources;
animal fats and marine oils contribute less than 25% of total
production. Production of oils and fats (Table 1) is domi-
nated by seven major crops: soybean, groundnuts, cottonseed,
rapeseed, palm, coconut, and sun�ower. The United States is
a major world producer of soybeans, sun�ower, and cotton-
seed. In Europe, only rapeseed is grown as an oil crop to
any signi�cant extent. Factors affecting prices of oils and
fats include the changes in demand for individual com-
modities, such as the polyunsaturated products derived from
sun�ower oil.

The edible and nonedible uses of fats and oils are presented
in Table 1. Approximately 30% of total consumption goes into
industrial products. Possibilities of new crops are being
developed to produce oils and fats speci�cally for the industrial
792 Encyclopedia of Food Mic
market. Such commodities include oils with hydroxy fatty acids
to replace castor oil, polyhydroxy- and hydroxy-unsaturated
fatty acids, epoxy fatty acids (for use in plastics), and fatty
acids with conjugated unsaturation (to replace tung oil). Waxes
and oils, either with short-chain fatty acids or having
a composition that differs from the common triacylglycerol
structure, all have been identi�ed as producible by various
plant crops. It would be interesting to contemplate whether
similar materials could be found among microorganisms.
Oleaginous Microorganisms

Microorganisms have long been known to produce lipids and
therefore to be potentially useful for the production of oils and
fats. Principal interest has centered on yeasts and molds,
although both bacteria and algae may be considered as
potential candidate accumulating lipids. The extent of lipid
accumulation is in�uenced highly by the genetic constitution,
and this can vary enormously not only among species but also
among individual strains. The oils produced by the oleaginous
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00112-9
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Table 2 Fatty acyl composition of lipids extracted from oleaginous yeasts of commercial interest

Organism

Relative % (w/w) of fatty acyl composition Oil coefÞcient oil accumulated (g)

C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 Lactose consumed (g)

Candidasp. no. 107 0.8 27.6 7.8 40.6 16.5 0.149
Apiotrichum curvatumATCC 20509 0.4 29–32 9–11 47–51 7–7 0.5 0.202
Cryptococcus albidusIBFM Y-229 0.2 19.6 11.4 59.4 6.1 2.3 0.146
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strains of eukaryotic microorganisms approximate the oil
produced by plants– that is, they contain mainly C16 and C18
fatty acids (Table 2) esteri� ed in the form of triacylglycerols.

The opportunities for microbial oils to displace conven-
tional oils, such as soybean oil or palm oil, however, must be
considered remote. The economies of large-scale fermentation
involving high technology would not seem to be able to
compete against the low technology of agriculture. Thus, cost
of microbial oils are usually several-fold more than plant oils.
There, however, could be opportunities to produce higher
value-added commodities as well as oils and fats from waste
materials. There are also opportunities to develop microbial
lipids in those countries that have a surfeit of cheap fermentable
substrates but that are unable to grow the requisite plants and
face dif� culties with the necessary balance of payments with
which to effect the necessary importation of these commodities

All microorganisms contain saturated and unsaturated fatty
acids and triglycerides as cellular constituents. To be considere
producers of fats and oils, however, microorganisms should
have a high fat content – about 40% (on dry weight basis).
Lists of microorganisms and their fat content are given in
Tables 3–5. Bacteria have a superiority in lipid production with
the highest growth rate and easy to culture. Some lipid-
Table 3 Analysis of bacterial cell mass for fat and total lipid
composition

Organism
Fat (%)
dry weight

Total lipid (%)
dry weight

Agrobacterium tumefaciens
Grown on glycerol 1.8 2.1
Grown on glucose 0.9 6.1

Arthrobactersp. > 40
Bacillus megaterium 21.0
B. subtilis 2.0 6.1
Bordetella pertussis 22.0 24.0
Brucella abortus 0.9 6.1
B. melitensis 4.8 5.3
B. suis 2.4 5.6
Corynebacterium diphtheria 6.3 8.8
Escherichia coli 4.0–5.0 4.0–6.0
Lactobacillus acidophilus 4.8 7.0
L. arabinosus 0.5
L. casei 0.6
Malleomyces mallei 5.0–7.0 6.0–8.0
Mycobacterium avium 2.2 15.2
M. phlei 3.0 7.0
M. tuberculosisvar.bovis 3.3 14.3
M. tuberculosisvar.humanisRa. 5.6 16.1
M. tuberculosisvar.humanisRv. 21.1
Salmonella paratyphiC 2.8 3.6
S. typhi 1.3 1.5
accumulating bacteria, particularly the actinomycete group
are capable of synthesizing fatty acids and accumulating them
intracellularly as TAGs up to 70% of the cellular dry weight
under speci�c conditions. Some yeast strains are capable o
accumulating intracellular lipids up to 70% of dry weight. The
growth of microalgae is extremely rapid and several are rich in
oil (up to 90% of dry weight under speci� c conditions).
t

Biochemistry of Oleaginicity

The two recognized key enzymes of fatty acid biosynthesis
acetyl-CoA carboxylase (ACC) and the fatty acid synthetas
complex, are much more active in oleaginous organisms. Th
reason for oleaginicity lies in the ability of organisms to
produce acetyl-CoA, the necessary precursor of fatty acids, in a
effective manner. Lipid biosynthesis is a secondary anaboli
activity proceeded with the limitation of essential nutrient
(mainly nitrogen). During nutrient stress, the carbon � ow is
directed toward the accumulation of intracellular citric acid and
used as acetyl-CoA donor in the cytoplasm that generate
cellular fatty acids and subsequently TAGs. The process of lipi
accumulation takes place in two parts: the� rst is the process of
acetyl-CoA generation and the second is the conversion of tha
acetyl-CoA into lipid. The � rst major metabolic difference
between oleaginous and nonoleaginous yeast is that the
cellular content of adenosine monophosphate (AMP) is lower
in the former cells (Table 6).
r

n

Metabolic Pathway

The ultimate precursor for the biosynthesis of saturated fatty
acids is acetyl-CoA, which is derived from carbohydrate o
amino acid sources.Figure 1 shows how the intermediary
metabolism is linked to fatty acid biosynthesis in oleaginous
microorganisms.

The fatty acid synthesis is catalyzed by a group of seve
proteins – the fatty acid synthetases complex– in the cytosol.
The usual end product is palmitic acid, which is the precursor
of the other long-chain, saturated and unsaturated, fatty acids
found in most microorganisms. Acetyl-CoA supplies only one
of the eight acetyl units needed for the biosynthesis of palmitic
acid (CH3(CH2)14COOH); the other seven are provided in the
form of malonyl-CoA. The overall reaction is as follows:

Acetyl-CoA D 7malonyl -CoA D 14NADPH D 14HD

/ palmitic acid D 7CO2 D 8CoA D 14NADPD D 6H2O:

Figure 2 shows the steps involved in the biosynthesis of
a triglyceride.



e
-

y
e

e

Table 4 Fermentative production of fats by yeasts

Yeast species
Substrate used
in fermentation

Fat content
(% dry wt of biomass)

Fat coefÞcient (g fat produced per 100 g
substrate consumed)

Candidasp. no. 107 Glucose 42 22.5
n-Alkanes 15–37 25

C. guilliermondii n-Alkanes 30
C. intermedia n-Alkanes 20
C. tropicalis n-Alkanes 32
Cryptococcus terricolous Glucose 55–65 21
Hansenula anomala Glucose 17
H. ciferrii Molasses 22
H. saturnus Molasses 20

Glucose 28 8
Lipomycessp. Glucose 67 20

Xylose 48 17
Various wastes and molasses 66 � 24

L. lipofer Glucose 38
Peat moss hydrolysate 48

L. starkeyi Lactose 31 10
Glucose 31–38 9–15

Rhodotorula glutinis 30–35 9–15
R. gracilis Molasses 40 44 (short time only)

Glucose 64
Sugarcane syrup 67 21
Glucose 64 15 overall; 44 (short time only)
Ethanol 62 15
Synthetic ethanol 60 14
Glucose 66 17
Alkanes 32

R. longissima 20
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A correlation has been observed between possession of th
enzyme ATP:citrate lyase and the ability of a yeast to accumu
late more than 20% of its biomass as lipid. The signi� cance of
the enzyme is that it serves to produce the substrate for fatt
acid biosynthesis, acetyl-CoA, from citrate, as follows:

Citrate D ATPD CoA / acetyl-CoA

D oxaloacetateD ADP D Pi:

Acetyl-CoA cannot be produced in the cytoplasm from
pyruvate (this reaction proceeds in the mitochondria). Oleag-
inous yeasts and, probably, other oleaginous eukaryotic
microorganisms accumulate citrate in the mitochondria which
is subsequently transported into the cytoplasm and there
cleaved by ATP:citrate lyase.
t
,
n

Patterns of Lipid Accumulation in Fermentations

Many eukaryotic microorganisms increase their lipid content
if they are depleted of a nutrient provided that the supply
of carbon to the cell stays plentiful. The course of lipid
accumulation follows a biphasic pattern in batch cultures
(Figure 3(a)). In the � rst phase, when all nutrients are presen
in excess, there is a period of balanced growth during which the
lipid content of cells stays approximately constant. This ends
when a nutrient – usually nitrogen – is exhausted. There then
follows an interim period of about 6 h during which the
nitrogen pool (mainly amino acids) within the cells becomes
diminished. When the cell is completely devoid of any further
utilizable nitrogen, protein and nucleic acid biosynthesis
ceases, although the existing cell machinery continues to tak
up glucose and metabolize it into lipid. There is therefore
a continued build-up of lipid in the second phase without
much increase in total cell population.

With some of the slower-growing molds, a different pattern
occasionally has been reported in which the rate of lipid
accumulation appears to coincide with the growth rate
(Figure 3(b) ). In continuous culture ( Figure 3(c)), lipid
accumulation can be achieved under nitrogen-limited condi-
tions and at a slow dilution rate (speci� c growth rate) to allow
the organism time to assimilate the carbon that is available
during fermentation. The speci� c rate of lipid biosynthesis is
expressed as grams of lipid synthesized per gram of lipid-fre
cell weight per hour. The rate of lipid synthesis stays approxi-
mately constant but assumes a greater proportion of the cell’s
activity as the growth rate declines.
Substrates for Oleaginous Fermentation

Hydrocarbons

Production of lipids from hydrocarbons has been considered
for technical uses. Hydrocarbons, and alkanes in particular
have the advantage over other substrates in that they ca
predetermine the chain length of the ensuing fatty acids found
in the extracted lipids (Figure 4). The stoichiometry of glucose
and similar sugars metabolism indicates that about 1.1 mol of
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Table 6 Intracellular contents of AMP and ATP under steady conditions in continuous culture in oleaginous yeast Candida
107, and nonoleaginous yeastCandida utilis

Condition of growth Dilution rate (h� 1)

Candida107 (nmol mg� 1 cell wt) Candida utilis(nmol mg� 1 cell wt)

AMP ATP AMP/ATP AMP ATP AMP/ATP

N-limiting (lipogenic) 0.05 1.6 2.2 0.73 3.5 0.7 5.0
0.085 0.5 1.2 0.42 3.8 0.9 4.2

C-limiting 0.05 9.0 0.5 18.0 3.9 1.6 2.4
0.085 9.6 0.5 19.0 6.2 1.2 5.1

Table 5 Fermentative production of fats by fungi

Organism
Substrate used in
fermentation

Fat content
(% dry wt of biomass)

Fat coefÞcient
(g fat produced per 100 g
substrate consumed)

Aspergillus Þscheri Sucrose 32–53 12–20
A. fumigatus Maltose and other

sources
20

A. nidulans Glucose 27 9
Glucose 15 7

A. ochraceus Sucrose 48 13
A. terreus Sucrose 51–57 10–13

Starch 18–24 6
A. ustus Lactose 36 12.7
Chaetomium globosum Glucose 54
Cladosporium fulvum Sucrose 22–24 7
C. herbarum Sucrose 20–29 7–11
Giberella fujkuroi(Fusarium moniliforme) Glucose 45 7.8
Malbranchea pulchella Glucose 27
Mortierella vinacea Acetate 28

Glucose 66 18
Maltose 34

Mucor miehei Glucose 24
M. pusillus Glucose 26
Myrotheciumsp. Not given 30
Penicillium funiculosum n-Alkanes 22
P. gladioli Sucrose 32 5.7
P. javanicum Glucose 39 9
P. lilacinum Date extract 23

Sucrose 35 25
P. soppi n-Alkanes, sucrose 11–25

Molasses 19
P. spinulosum Molasses, sucrose 25–64 6–16
Pythium irregulare Glucose 30–42
P. ultimum Glucose 48
Rhizopussp. Glucose 27
R. arrhizus Glucose, maltose 20
Stibella thermophila Glucose 38
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acetyl-CoA are generated from catabolism of 100 g glucos
equivalent to about 0.56 mol. This may be a considerable
advantage if a lipid with particular fatty acid substituents is
wanted for any reason. Hydrocarbons, in general, also lead to
greater production of lipid, as a percentage of the cell biomass
than do carbohydrates. This again may be advantageous whe
a product such as wax may be wanted but normally is found
only as a small percentage of the total biomass.

In addition to being useful for the production of speci � c
fatty acids that are recoverable as triacylglycerols or phospho
lipids, hydrocarbons can lead to the production of both u and
u -1 hydroxy fatty acids and dicarboxylic acids.
Fatty Acids, Soap Stocks, and Oils

Desirable lipids can be produced by cultivating appropriate
yeasts, usually of the genusCandida, Torulopsis, and Tricho-
sporon, although Saccharomyces cerevisiaeand Candida utilishave
also been used on a mixed carbon source, which include
a fatty acid or material containing a fatty acid. The fatty acids or
oils may be up to 20 g l� 1 in the growth medium and, like
alkanes, these then lead to high lipid contents: up to 65 and
67%. High relative percentages of stearic acid (if stearic aci
had been included in the medium) may also be achieved in the
yeast oil. This then can lead to a yeast lipid that has some of the
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Triglycerols

Fatty acyl-
esters

ACC
FAS

Acetyl-CoA

CitrateCL

MDc
Oxaloacetate

NADP+

ME

NADPH

PK

PFK

Glucose

o

o

Pyruvate Pyruvate

Malate

Malate Malate

Malate

MDm

PD

PC
CO2

a Oxaloacetate

Mitochondria

Cytoplasm

Acetyl-CoA

CS

AC

b

ID

Citrate

Isocitrate �-Keto-glutarate

CO2

Figure 1 Intermediary metabolism linked to fatty acid biosynthesis in oleaginous yeasts. Enzymes: ACC, acetyl-CoA carboxylase; AC, aconitase; CL,
ATP:citrate lyase; CS, citrate synthase; FAS, fatty acid synthetase complex; ID, isocitrate dehydrogenase (inoperative due to lack of AMP as cofactor);
MDc, malate dehydrogenase (cytosolic); MDm, malate dehydrogenase (mitochondrial); ME, malic enzyme; PC, pyruvate carboxylase; PD, pyruvate
dehydrogenase; PFK, phosphofructokinase; PK, pyruvate kinase. Mitochondrial transport processes: a, interlinked pyruvate–malatetranslocase systems;
b, citrate–malate translocase.
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characteristics of cocoa butter. The possibilities of upgrading
the cheap vegetable oils, such as palm oil, to more expensiv
materials have been considered. Such a process relies on t
various lipases of the organism carrying out the initial hydro-
lysis; the ensuing fatty acids are then incorporated directly into
new triacylglycerols in the same manner as occurs whe
alkanes are used as substrate. Lipases may be isolated fro
microorganisms and, as immobilized preparations, are then
used to carry out transesteri� cation reactions either between
two different oils or between an oil and a fatty acid to produce
high value-added commodities, such as cocoa butter.
es
ol.
f
.

ts
Other Substrates

These substrates include various starchy crops, crop residu
and wastes, molasses, whey, peat hydrolysates, and ethan
The use of hydrolyzed cellulose, which includes a wide range o
materials such as peat, is no different from using carbohydrate
The utilization of pentoses arising from the hydrolysis of
hemicelluloses is not detrimental for the formation of lipids,
and thus these materials could be considered to be convenien
cheap substrate. The consideration of ethanol for lipid
biosynthesis from the oleaginous microorganisms is a proper
and potential substrate since no residual carbon arises from its
uses in fermentation processes. The emphasis of all work with
fermentation substrates focuses primarily on availability and
inexpensiveness. Very inexpensive, or even negative-co
substrates available throughout the year are needed for th
production of low-cost lipids. In several countries, such
a substrate could be whey. Lactose-utilizing oleaginous yeas
are well known. The best organism for this work is considered
to be Criconemella curvata. This process obviously would be
worth consideration for whey disposal. Glycerol, citric acid,
acetic acid, and other low-molecular weight organic acids can
be considered as substrates for the production of oleaginous
microorganisms that could be better in economical and
ecological terms.
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Diacylglycerol
acyltransferase

Phosphatidate
phosphatase

Diacylglycerol

Pi

H2O

CoA

Phosphatidic acid

Glycerol phosphate
acyltransferase

Fatty acyl-CoA

Lysophosphatidic acid  

CoA

Glycerol phosphate
acyltransferase

sn-Glycerol-3-phosphoric acid 

Fatty acyl-CoA
+

CoA

Fatty acyl-CoA

Figure 2 Biosynthesis of a triacylglyceride in yeasts.
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Microbial Production Systems

To produce high yields of oils, oleaginous fungi are grown in
a medium containing a carbon source, but one in which
another nutrient (usually nitrogen) is limiting. Exhaustion of
the limiting nutrient brings to an end protein and nucleic acid
synthesis by the fungus, while fats continue to be synthesized
Fat-producing fermentations can involve batch or continuous
methods. Yield ef� ciencies for oil production in general tend to
be low, around 22–24%, so the optimum content of oil
produced is around 40%. A wide variety of microorganisms
have the capability to produce oils, but sound economics
dictate preference to organisms that produce both high-quality
Lipid
content
of cells

Li
pi

d 
ni

tr
og

en
 b

io
m

as
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(%
)

(a) (b)     Time     Time (days)

Nitrogen in
biomass

Nitrogen 
medium

Biomass

Figure 3 Patterns of lipid accumulation in eukaryotic microorganisms:
which lipid accumulation parallels the growth rate; and (c) in an oleag
oils and a single-cell protein, thereby giving the process an edg
over alternative sources of oils.

Both yeasts and� lamentous fungi have been evaluated for
their ability to produce oils ( Tables 4 and 5). The lipids
extracted from yeasts consist primarily of TAGs, which are als
the main component of plant oils. The major fatty acids found
in yeasts, in order of abundance, are oleic, palmitic, linolenic,
and stearic acids– a complement of fatty acids similar to that
found in plants. Oleaginous fungi produce a more diverse
range of lipid types and fatty acids. Some molds contain high
proportions of short-chain fatty acids (C12 and C14), whereas
others contain high levels of mainly polyunsaturated acids
(C18.2–C18.3).
Fermentation Media for Lipid Biosynthesis

Although the biosynthesis of lipids occurs throughout the
growth of microorganisms, the accumulation of fat only begins
when a nutrient other than the carbon source is exhausted. I
follows that fat accumulation usually occurs at the end of
growth; therefore, the medium should be formulated to sustain
rapid and extensive growth initially. The carbon source can be
glucose, sucrose, or other carbohydrates, ethanol, orn-alkanes.
The nutrient that becomes exhausted from the medium is
usually nitrogen. Depletion of other nutrients (e.g., phosphate,
sulfate and iron) can also induce fat formation in some
microbial species. The optimum medium formulations for
culture of some microorganisms are given inTable 7; glucose
in Rhodotorula gracilisculture can be replaced by ethanol
(2% v/v) or n-alkanes (20 g l� 1). Tables 8and 9 show the role
of medium composition in fat biosynthesis.
Fermentative Production Processes

Most microorganisms start accumulating fat after the initial
growth phase, hence batch culture is usually the preferre
method of fermentation. Two-stage continuous fermentation
can be used to produce fat; the� rst stage is microbial growth
and the second is fat accumulation.

Lipid accumulation is favored by oleaginous microorgan-
isms growing in a medium with a high carbon-to-nitrogen
ratio, usually 50:1. In a batch culture, the organism grows until
the nitrogen is consumed, but thereafter it continues to take up
(c)

Lipid
content
of cells

    Lipid
content
of cells

    Dilution rate (h–1)(days)

in

Nitrogen in
medium

Biomass Biomass

(a) in a typical oleaginous organism growth in batch culture; (b) in an organism in
inous organism grown in continuous culture.
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Figure 4 Pathways of alkane oxidation and assimilation in microorganisms,n ¼ 8–16.
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the excess carbon and convert this to lipid. Thus a biphasi
growth pattern can be envisaged. With some of the slower
growing molds, the rate of lipid accumulation appears to
coincide with the growth rate. Lipid content of the cells
increases at the same rate as growth proceeds.

In continuous culture, lipid accumulation is achieved by
growing oleaginous microorganisms under nitrogen-limiting
conditions at a dilution rate (speci� c growth rate) of about
30% of maximum. The build-up of lipid is dependent upon the
correct balance being achieved between growth rate and th
speci�c rate of lipid biosynthesis so that the optimum amount
of carbon can be diverted into lipid and the minimum into
other cell components.

The ef� ciency of lipid accumulation in continuous culture is
often the same as or better than in batch cultures in which the
same organism has been studied under both conditions. With
Candida sp. 107, Rhodotorula glutinis,Rhodotorula gracilis, and
C. curvata, lipid yields of 17 –22% have been obtained under
both growth conditions. A conversion of carbohydrate to lipid of
20% would appear to be near to a possible practical limit as the
theoretical maximum is about 33 g triacylglycerol from 100 g
glucose, assuming that all the carbon of the medium is con-
verted into lipid without synthesis of any other cell component.
a-
Factors Inßuencing Lipid Biosynthesis

Lipid accumulation primarily depends on physiology of micro-
organism, nutrient limitation, and environmental conditions,
such as nature of nutrient limitation, aeration, temperature, and
pH, and are also affected by the production of secondary meta
bolites (e.g., citrate and ethanol). Factors that affect the compo
sition of the lipid within a cell also cause a rise or fall in the lipid
quantity within a cell. Any change in the growth condition of
a microorganism can bring about a change in lipid composition
in a batch culture. It often is stated that temperature affects the
degree of unsaturation of the fatty acyl groups of the lipid;
however, it must be borne in mind that lowering the temperature
will slow the growth rate of the organism and simultaneously
increase the amount of oxygen dissolved in the medium.
Changes in both of these conditions then could in� uence the
metabolic status of the cells, resulting in the pH of the culture
falling (or rising) and then the temperature effect cannot be
interpreted. Therefore, a chemostat in which each growth
condition can be changed independently of all the others is used.
Growth Rate

The in� uence of the growth rate on lipid accumulation in
oleaginous microorganisms is a major determinant of the
amount of lipid built up within the cells. Individual compo-
nents of the phospholipids are subject to striking alterations in
relative proportions at different growth rates.
Substrate Concentration

Glucose has been the usual substrate whose concentr
tion has been varied. Glucose, metabolized through the
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Table 7 Composition of some fermentation media for lipid
biosynthesis

Component Amount (g l� 1)

Cultivation ofAspergillus Þscheri
Commercial glucose 200
Ammonium nitrate 10
Potassium dihydrogen phosphate 6.8
Magnesium sulfate, 7H2O 5.0
Ferric chloride, 6H2O 0.16
Zinc sulfate, 7H2O 0.05

Cultivation ofAspergillus nidulans
Sucrose 170
Ammonium nitrate 3
Potassium sulfate 0.22
Zinc sulfate, 7H2O 0.05
Sodium dihydrogen phosphate, 2H2O 7.3
Magnesium sulfate, 7H2O 5

Cultivation ofPenicillium javanicum
Glucose 200
Ammonium nitrate 2.25–3.4
Potassium dihydrogen phosphate 0.3–1.2
Magnesium sulfate, 7H2O 0.25

Cultivation ofRhodotorula gracilis
Glucose 30–40
Potassium nitrate 1.42
Diammonium hydrogen phosphate 0.33
Magnesium sulfate, 7H2O 1.00
Corn steep liquor (50% dry wt) 0.05 (Optional)
Air � ow rate, 1 vvm; temperature, 28–29 � C,

pH 5.5–6.0

Table 8 Effect of inorganic salt supplementation on fat biosynthesis
in molds grown on whey

Supplement
Mycelium
(g dry wt) Fat (%)

Fat
coefÞcienta

Aspergillus ustus
None 0.73 14.0 4.8
0.2 mol l� 1 potassium sulfate

þ 0.1 mol l� 1 ammonium nitrate
0.81 20.0 3.8

Penicillium frequentans
None 0.78 13.1 3.3
0.2 mol l� 1 potassium sulfate

þ 0.1 mol l� 1

ammonium nitrate

1.05 24.3 8.2

ag fat produced per 100 g substrate consumed.
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Embden–Meyerhof pathway, poses the most problems for
eukaryotic microorganisms that can be divided into two
groups according to whether they are Crabtree positive o
Crabtree negative. In the former group, an increase in th
concentration of glucose (or any other carbohydrate metabo-
lized via the glycolytic pathway) results in repression of the
synthesis of oxidative (respiratory) enzymes and is manifested
by decreased oxygen uptake coupled with accumulation o
a metabolically reduced intermediate, such as ethanol
Saccharomyces cerevisiaeis a typical Crabtree-positive yeast
an increase in glucose concentration therefore brings abou
increased ethanol production even under aerobic conditions.
The metabolic changes probably are associated with a decrea
in mitochondrial components, which leads to a general
decrease in total fatty acids, glycerophospholipids, and stero
esters. In Crabtree-negative yeast, such asCandida utilisand
Salix fragilis, there is an increase in lipid accumulated as the
glucose concentration is increased. The increase in lipid i
mainly triacylglycerol and, even though the total lipid content
of such cells may still be only 20%, this serves to illustrate that
modest lipid accumulation can still be achieved, even in
nonoleaginous species.
Growth Substrate

Alkanes and other hydrocarbons profoundly in� uence lipid
composition. Other growth substrates can change the amoun
of lipid accumulated as well as the fatty acids to be found
within the lipid.
Temperature

The degree of unsaturation of the fatty acids of biological
systems increases as the growth temperature is decreased
both prokaryotic and eukaryotic microorganisms. Saccharo
myces cerevisiaeshows an increased content of triacylglycerols
and glycerophospholipids at lower temperatures. The
membrane lipids of thermophilic bacteria, capable of growth at
95 � C and survival at perhaps 105� C, are considerably different
from mesophilic organisms.
Oxygen

In eukaryotes, oxygen is required for the conversion of steari
acid to oleic acid and thence to linoleic and linolenic acids.
Although little evidence shows that depriving a culture of
oxygen leads to a decline in the amount of polyunsaturated
fatty acids being produced, this need not always be the case a
the outcome of oxygen deprivation will depend on the relative
af� nities of the fatty acid desaturase and, probably, cytochrome
oxidase.
pH and Salinity

It is only at the extremes of pH and salinity that effects on lipid
composition become strikingly evident. These are genotypic
rather than phenotypic changes. Ordinarily, the membranes of
microorganisms are not capable of modi� cation to allow them
to survive in such environments, and consequently, the
changes seen in these organisms tend to be minimal.
Genetic Engineering

Change in the degree of fatty acid unsaturation and decrease o
increase of the chain length of fatty acids are the majo
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Table 9 Effect of nitrogen sources on fat biosynthesis byRhodotorula gracilis

Nitrogen
source Aeration Sugar consumed (%)

Fat content
of medium (g l� 1)

Yeast
content (g l� 1)

Fat content
of yeast (%) Fat coefÞcienta

Ammonium
sulfate

� 78.9 3.7 9.0 47 12.3
þ 64.4 3.8 4.0 52 15.3

Asparagine � 59.5 5.0 7.7 62 14.0
þ 80.4 7.5 11.7 72 18.4

Aspartic acid � 69.9 5.8 8.9 65 15.8
þ 81.9 9.5 12.7 74 20.9

Urea � 66.4 6.1 9.7 64 15.9
þ 71.7 6.3 9.6 67 16.2

Uric acid � 79.2 5.1 7.9 64 11.9
þ 79.1 6.8 10.4 67 16.0

ag fat produced per 100 g substrate consumed.

Whole whey permeate

Heat 90 °C, 15 min

Heat 95 °C

Cool

30 °C, pH3.5–5.5
1% v v-1 inoculum; 0.12 vvm, 2–3 days

Disc centrifugation

Downstream processing

or

Wet Dry

20% Solids

150 I fermentation

Disc centrifugation

(nozzle separator or desludger)

Figure 5 Pilot-scale production of yeast-oil fermentation.
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challenges in modifying the lipid composition, which is regu-
lated by enzymes and most of the enzymes are membran
bound so they are very hard to purify and to study their func-
tions. The genetic engineering of oleaginous microorganisms i
focused on their lipid metabolic pathway. These rate-limiting
enzymes mainly create a channeling of metabolites to lipid
biosynthesis by overexpressing one or more key enzymes o
this pathway in recombinant strains. The most important
interdependent GE technologies are cloning genes of importan
enzymes in lipid metabolic pathway, and then the transgenic
expression of these genes and modi� cation of cloned genes to
engineer the expressed protein. One way to generate microo
ganisms with ideal lipid composition could be by means of
genetic manipulation of key genes of these enzymes. These G
techniques contribute in the expression of genes using autor
eplicative plasmids and the inactivation of genes by gene
silencing.

There are some GM strategies for increasing lipid produc
tion in Escherichia coliby simulating the lipid production in
oleaginous microorganisms. Many oleaginous microorgan-
isms have the ability to overproduce the lipids, but E. coliis
capable of maintaining only a small amount of lipids in its
bacterial cells, which restricts its ability to overproduce fatty
acids. But if applying the technique of genetic manipulation,
ACC from Acinetobacter calcoaceticuscould be expressed in
E. coli, which will act to redirect the carbon � ux to the
generation of malonyl-CoA. This approach could result in
overproduction of intracellular lipids in E. colicells giving up
to threefold increase.

In another GE approach, the malic enzyme can be overex
pressed providing a high level of NADPH and by adding malate
to the growth medium. This could provide an increase in
intracellular lipids (about 197.74 mg g� 1), which is up to
a fourfold increase. An even higher 5.6-fold increase compare
with the wild-type strain could be achieved by coexpression of
ACC and malic enzyme yielding 284.56 mg g� 1 intracellular
lipids, which is an excellent enhancement.

The current developments of microalgal biotechnology
have resulted in the possibility of the isolation and use of key
genes for genetic transformation. Enzyme ACC is of particula
relevance, which was� rst isolated from the microalgaCyclotella
crypticaand then successfully transformed into the diatoms
C. crypticaand Navicula saprophila. The ACC gene,acc1,was
overexpressed, resulting in increase in enzyme activity to two
to threefold. This work has demonstrated that ACC could be
transformed ef� ciently into microalgae, although there was no
signi� cant increase of lipid accumulation achieved in the
transgenic diatoms. Hence, the overexpression of ACC enzym
alone might not be the only factor to improve the whole lipid
biosynthesis.
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Metabolic Engineering

Metabolic engineering is an emerging technology aimed a
enhancing the production of a particular metabolite by means
of overexpressing transcription factors regulating the metabolic
pathways involved in the accumulation of target metabolites.
This approach affects a large number of genes involved i
multiple metabolic pathways and provides an integrated
regulation of these pathways simultaneously. Although this
approach commonly is used in bacteria, it is substantially more
challenging in eukaryotic organisms, especially if the genome i
not known. This approach generally is disregarded for common
selection methods that cause natural evolution of the organism
to produce higher end products. Unfortunately, this approach
is slow and often causes unwanted changes.
o
e

Other Factors

The in� uence of limiting the amount of nitrogen available to
a culture can increase the amount of lipid accumulated in olea-
ginous microorganisms. Limitations of other nutrients, such as
Mg, Zn, Fe, and PO4, may, or may not, bring about similar
increases in lipid accumulation, but they may bring about many
Enzymic digestion
of cell wall

Novozym TM 234
Enzyme solid : yeast solids

(1:100) 50 °C, 1–3 h

High-speed
mixer

20% Yeast cell
concentrate

Dynomill
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Disc
centrifuge

Ethanol hexane

Eth

Cell

Fresh hexa
to re-extra

Figure 6 Pilot-scale production of yeast oil: wet-downstream proces
changes in lipid composition independently of their effect
on lipid accumulation. For example, phosphate limitation of
growth of Pseudomonas diminutaresults in the partial replacement
of acidic phospholipids by acidic glycolipids. With S. cerevisiae,
sterol esters and triaclglycerol decline without any signi� cant
change occurring in the amounts of phosphilipids. Inositol
de� ciency with certain strains ofS. cerevisiaeand Saccharomyce
carlsbergensisleads to an increase in cell lipid. This effect is
brought about by an increase in the activity of ACC. Thiamine
de� ciency in S. carlsbergensisproduces a decline in content of all
lipids: sterol esters, acylglycerols, and all glycerophospholipids
The precise adjustments of culture conditions (dissolved oxygen
C:N ratio, pH, temperature, aeration, growth substrate, etc.
can upregulate lipid metabolism.
Recovery and PuriÞcation

At the pilot-scale level, in the development of an oil process by
the fermentation of an oleaginous yeast,Apiotrichum curvatum
ATCC 20509 at a dairy factory, the best recovery method was t
dry the concentrated yeast cream and extract the oil into hexan
using an agitated bead mill. The initial scheme of operations to
produce a kilogram of yeast oil is shown in Figure 5.
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Figure 7 Pilot-scale production of yeast oil: dry-downstream processing.
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Oil Extraction

With oleaginous yeast breakdown of cell walls is necessar
before solvents can ef� ciently remove the oil. Cell walls can be
ruptured by autolysis, enzyme hydrolysis, acid, or alkaline
treatment and mechanical disintegration. Oil can be extracted
either in wet-downstream processing (Figure 6) using etha-
nol:hexane and methanol:benzene with wet cells or in dry-
downstream processing (Figure 7), drying a known quantity of
washed yeast cells at 70� C for 24 h and extracting oil from the
dry cell pellet with ethanol:hexane (1:1 v/v) using a high-speed
disperser.
r id,

e

Oil ReÞning

Yeast oil can be re� ned using standard edible oil technology:
acid degumming with phosphoric acid, alkali re� ning,
bleaching, and deodorization. Ethanol:hexane-extracted oils
must be alkali re� ned to remove all the gums, soaps, and
surfactant material. Hexane-extracted oils are of highe
quality and have the potential for economic re� ning. Oleo-
chemical data before and after re� ning are presented in
Tables 10 and 11 with re� ned bleached deodorized speci� -
cation. Conditions of oil extraction are important with
regard to re� ning; hexane extraction on dried yeast is the
appropriate method.
Commercial Importance

Microbial lipids are produced as part of a defatting process of
yeasts grown on hydrocarbons and, although these lipids have
interesting properties, there seems to be little likelihood of
similar materials being deliberately produced elsewhere for
reasons of cost.

The prospects for microbial oils lie in three possible areas: a
substitutes for high-value plant oils, as novel materials that are
unavailable from other sources, and as a saleable end produc
from waste processing. Microbial lipids that are novel materials
do exist, but similar materials often can be produced chemi-
cally, and this usually means cheaper.

Certain fungi also contain unusual oils and have been
evaluated as a source of dietary essential fatty acids.Mucor
javanicusand Mucor isabellanaare used to produce poly-
unsaturated fatty acids of dietary importance, such asg-linoleic
acid (the main component of evening primrose oil, recom-
mended to help women suffering from premenstrual tension).
Large-scale production of this fatty acid is achieved using
potato-paste dextrose as the substrate. Icosapentaenoic ac
which principally occurs in � sh oils, can also be produced by
a strain of Mortierella alpinain yields of up to 20% of the total
fatty acid content.

Yeasts also have the potential to act as a commercial sourc
of cocoa butterlike fats. Cocoa butter is probably the most
expensive of all bulk oils and fats. The yeastC. curvatacan be
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Table 11 Oleochemical data of re�ned bleached deodorized yeast oil extracted from pilot-scale fermentation

Extraction method
Phosphorus
content (ppm) Iodine value

Peroxide value
(mmol l� 1 kg� 1)

Free fatty acid
as oleic (%)

Lovibond
color 5 1/400 Melting point

Wet yeast (ethanol/hexane) 4 55 0.8 0.07 1.2R 12Y 21.4
Wet yeast (hexane) 6 57 0.4 0.08 1.2R 12Y 20.4
Dry yeast (ethanol/hexane) 9 0.2 0.15 1.5R 15Y
Dry yeast (hexane) 0.2 51.5 1.0 0.10 2.5R 25Y 22.3

Table 10 Oleochemical data of crude degummed yeast oil extracted from pilot-scale fermentation

Extraction method Phosphorus content (ppm) Free fatty acid as oleic (%) Peroxide value (mmol l� 1 kg� 1) Color lovibond 5 1/400

Wet yeast (ethanol/hexane) 27 0.50 4.0 1.2R 12Y
Wet yeast (hexane) 18 0.51 3.0 1.2R 12Y
Dry yeast (ethanol/hexane) 24 1.35 2.5R 25Y
Dry yeast (hexane) 6 0.09 3.9 2.5R 25Y

Proposed speci� cation for re� ned bleached deodorized yeast oil
Moisture and impurities 0.1% max
Lovibond color (5 1/40) 30Y 30R max
Free fatty acid (as oleic) 0.1% max
Melting point (Barnicoat

drop pt)
20–23 � C

Iodine value 50–55
Speci�c gravity at 25 � C 0.91–0.92
Peroxide value 4.0 mmol l� 1 kg� 1 max
Flavor Free from foreign, rancid odors

or �avors
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grown on wastes like whey, and by using the lactose
component, this produces a potentially useful triglyceride oil.
By modifying the process, this yeast can be induced to make
large amounts of stearic acid, a useful alternative to cocoa
butter for use in the production of cosmetics and confec-
tionery. Any increase in the price of cocoa butter is likely to
make fatty acid production by yeast an economically viable
proposition.

Crude oil has direct commercial applications in soap-
making, animal feedstuffs, and textile lubricants. Re�ning is
required to stabilize and purify the oil for wider uses in
cosmetics, creams and lotions, food lubricants, food texture
modi�ers, and blending oils.

Defatted microbial biomass, like its oilseed meal counter-
part, may be sold as animal fodder. Single-cell oil (SCO) has
the advantage over single-cell protein as SCO can be used for
technical purposes without expensive toxicological trials.
lling activity for

3

See also: Candida; Mucor; Saccharomyces:Saccharomyces
cerevisiae; Torulopsis;Yeasts: Production and Commercial
Uses.
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Several organic acids are used in a variety of food and nonfood
applications. Table 1 lists the main acids that are produced
commercially by chemical (C) or biotechnological (fermenta-
tion, F, or enzymatic, E) methods or extracted from wine-
making residues (L).

Citric, acetic, lactic, propionic, tartaric, fumaric, and malic
acids are among the most versatile ingredients in the food and
beverage industry because of their valuable properties, such as
solubility, hygroscopicity, acidity, buffering capacity, and
chelation (see Preservatives: Traditional Preservatives – Organic
Acids).

Citric acid accounts for around 80% of the food acidulant
usage, whereas the use of phosphoric or acetic acids is limited,
being almost exclusively utilized in cola soft drinks or in
vinegar (see Vinegar), sauces, and condiments, respectively.
Citric Acid

Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid: C6H8O7)
is widely distributed in natural raw materials (such as lime,
lemon, and raspberry) and is commercially available in the
monohydrated form (molecular mass of 210.13 Da, relative
density of 1.542 at 20 �C, and heat of combustion of
1962 kJ mol�1 at 25 �C). It is a strong tricarboxylic acid
(TCA; its dissociation constants being K1 … 7.45 � 10�4,
K2 … 1.73 � 10�5, and K3 … 4.02 � 10�7 at 25 �C), highly
soluble in water with pleasant acid taste.

Citric acid was �rst isolated in 1784 by Scheele, who
precipitated it as calcium citrate by adding calcium
hydroxide (lime) to lemon juice. Before 1920, it was almost
exclusively produced in Sicily by pressing lemons: The �rm
Arenella (Palermo, Italy) essentially established a monopoly
until the advent of the citric acid fermentation technique in
Table 1 Main organic acids: molecular formulas, world output, productio

Acidulant Chemical formula World output (metric ton

Acetic acid (vinegar) C2H4O2 190 000
Lactic acid C3H6O3 150 000

Propionic acid C3H6O2 130 000
Fumaric acid C4H4O4 12 000
Malic acid C4H6O5 10 000

Tartaric acid C4H6O6 28 000
Itaconic acid C5H6O4 15 000
Citric acid C6H8O7 1 800 000
Gluconic acid C6H12O7 87 000

Note: Because of the lack of published data, the production �gures are approximate.
aPercentage of total production for food uses.
bF, fermentation; C, chemical synthesis; E, enzymatic synthesis; L, leaching.
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Belgium (Societè des Produits Organiques de Tirlemont) in
1919 and in the United States (Chas. P�zer & Co., New
York) in 1923.

About 10 years later, about 80% of the world’s citric acid
was produced by the surface fermentation process. The
submerged fermentation process began to be applied only after
World War II.

From 1950 to 1980, citric acid was mainly used in phar-
maceutical or health products. In fact, in the early 1980s, its
two largest manufacturers were P�zer and Miles/Bayer, both
suppliers of prescription drugs. Thereafter, as citric acid began
to be used in the food and beverage sector in industrial and
developing countries, its market size experienced signi�cant
growth and several new manufacturers were established in
Europe and North America, as well as in China where several
small-scale fermentation units have produced citric acid from
sweet potatoes or cassava since the 1970s.

In the early 1990s, a few manufacturers gave rise to the so-
called citric acid cartel. The overcharges imposed on US buyers
was estimated in the range of $116–309 million and, on
January 29, 1997, Haarmann & Reimer Corp., a subsidiary of
Bayer AG (D), pled guilty and paid a $50 million criminal �ne.
In March 1998, even Archer Daniels Midland Co. (ADM)
agreed to pay $36 million to four citric acid customers that had
opted out of the July 1997 civil class-action antitrust settle-
ment. At that time, the global citric acid capacity was about
840 000 Mg (mega grams) per year with a growth rate of 5%
per year. Afterward, the world citric industry became less
concentrated and numerous new manufactures, especially in
China, as well as Brazil, India, Indonesia, and Thailand, have
entered the market, thus making the formation of cartels less
probable.

Moreover by the early 2000s, almost all citric acid
manufacturing was globally integrated into the corn wet-milling
n methods, and organisms

s) Production methods a,b Organism

F 100% Acetobacter aceti
F 100% Lactobacillus spp.

Rhizopus spp.
C 100% Propionibacterium acidipropionici
C 100% Rhizopus arrhizus
C 70%
E 30%

–

L 100% –
C 100% Aspergillus terreus
F 100% Aspergillus niger
F 100% Aspergillus niger

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00111-7

http://dx.doi.org/10.1016/B978-0-12-384730-0.00111-7


s

s

he

y

tes

t

al

f

h

,

-

n
f
f
e

r-

e

.
,
t

,

n

,

d

FERMENTATION (INDUSTRIAL)j Production of Some Organic Acids (Citric, Gluconic, Lactic, and Propionic)805
industry either by acquisition (P� zer and Miles/Bayer were
bought by ADM and Tate & Lyle, respectively) or by new proces
development (Cargill).

In the years 1987–89, US list prices for citric acid anhydrous
remained unchanged at $1.79 kg� 1. By late 1989, the list price
reduced to $1.65 kg� 1, while in the fall 1990 it was as low as
$1.39 kg� 1. Then, thanks to the“citric acid conspiracy” in the
years 1993–96, the citric acid cartel accomplished its main goal
of raising and keeping list price at $1.87 kg� 1. Then, it lowered
from $1.76 kg� 1 in November 1994 to $1.54 kg� 1 in the early
1997.

Thereafter, the severe competition resulted in selling price
of anhydrous citric acid decreasing to $0.70–$0.80 kg� 1, thus
forcing the smaller manufacturers, unable to bene� t from the
economy of scale, to exit the business. As a consequence, t
panorama of organic acid manufacturers has profoundly
changed over the last decade. In 2010, China approximatel
accounted for more than 50% of global citric acid production
capacity, while Europe and North America covered the 19
and 24%, respectively, and as much as 65–70% of global
consumption.

Several substrates are used as fermentation substra
depending on the local availability. Maize starch is mainly used
in the United States and China, while sugarcane or sugar bee
molasses prevail in the Brazilian and Indian or European
markets, respectively.

Cellulosic materials are currently unused in citric acid
production, even if there are projects to assess the technic
feasibility of such feedstock materials in the citric acid
industry.

From January 2008 to January 2009, export prices o
Chinese (anhydrous) citric acid oscillated in the range of US
$0.7–$0.8 kg� 1; thereafter, they steadily increased to reac
a peak of $1.1 kg� 1 in June 2011, as a direct result of the
increase in the market prices for agricultural raw materials
particularly corn. The present economic crisis in Europe and the
United States has newly reduced the market prices of (anhy
drous) citric acid to US $0.70�$0.96 kg � 1 depending on the
amount ordered.

In conclusion, the global citric acid production capacity
reached almost 1.8 million metric tons (Mg) in 2010, while
it was about 1.5 � 106 Mg in 2005.
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Organisms and Metabolic Pathways Involved

Several molds (Penicillium spp., Aspergillus niger, Aspergillus
wentii, Trichoderma viride; see Aspergillusand Penicilliumand-
Talaromyces:Introduction), yeasts (Yarrowia lipolytica,Candida
guillermondii), and bacteria (Arthrobacter) produce citric acid
from a variety of substrates (glucose, sucrose,n-alkanes), but
industrial processes have been developed only for th
production of citric acid from sugars (glucose, sucrose) with
A. nigerand from sugars andn-alkanes with yeasts. Industrial
strains are not freely available, but citric acid–producing
strains (A. niger, NRRL 2270, NRRL 599, ATCC 11414, ATC
9142; Y. lipolyticaATCC 20346, ATCC 20390, NRRL Y-7576
NRRL Y-1095) can be obtained from international culture
collections.

Metabolic pathways involved in citric acid overproduction
by A. nigerare shown in Figure 1.
A high � ux through the glycolysis, decreased activity of TCA
cycle reactions that degrade citrate, and an anaplerotic reactio
to replenish the oxaloacetate (OAA) used for the synthesis o
citrate are all essential (seeMetabolic Pathways: Release o
Energy (Aerobic)). Key regulatory steps in the process includ
glucose transport and phosphorylation, citric acid export from
the mithocondria and cell, phosphofructokinase, pyruvate
carboxylase (PC), citrate synthase (CS), anda-ketoglutarate
dehydrogenase (KDH).

The metabolic changes necessary for citric acid ove
production in A. nigerare induced by high sugar concentration,
low pH, and manganese (Mnþ 2) de� ciency. Other factors (i.e.,
phosphate and nitrogen concentrations, high dissolved oxygen
(DO) concentration, trace metals), however, are important.
Very low concentrations of Mn2þ (<10 mg m � 3) are critical.
They result in decreased activity of the pentose phosphat
pathway and increased glycolytic� ux, increased intracellular
NH4

þ pool and turnover of nucleic acids and proteins, changes
in membrane lipid composition and cell wall composition,
and morphological changes.

Improvement of strains for citric acid production tradi-
tionally has been carried out by mutagenesis and screening
Overexpression of proteins critical to acidogenesis (hexokinase
glucose carrier) or inactivation of genes encoding enzymes tha
produce allosteric inhibitors of hexokinase has been attempted
but with limited success, in the additional production of citric
acid. It has been postulated that the activity of seven glycolytic
enzymes needs to be increased to obtain increased productio
of citric acid. The availability of the complete genome sequence
of A. niger is likely to allow for the design of overproducing
mutants.

Citric acid overproduction in yeast is relatively insensitive to
trace metals concentration and is triggered by nutrient (N, S, P
or Mg) limitations coupled with a high rate of glucose
utilization, which results in a high adenosine triphosphate/
adenosine monophosphate ratio and, in turn, in inactivation of
nicotinamide adenine dinucleotide (NAD þ )-speci� c isocitrate
dehydrogenase (IDH). The main anaplerotic reactions include
the synthesis of OAA from pyruvate catalyzed by PC during
production from glucose and the glyoxylate cycle during
growth on n-alkanes. Accumulation of isocitrate (10–50% of
the citrate produced) in excess with respect to the predicte
equilibrium of aconitase probably is due to the high perme-
ability of yeast mitochondria to isocitrate compared with
citrate. Low cytoplasmic levels of citrate may be responsible fo
reduced feedback inhibition of glycolysis. Improvement of
yeast for citric acid production is directed to obtain strains with
reduced isocitrate dehydrogenase and aconitase activities.
Methods of Manufacture

Citric acid production is mainly accomplished by the
submerged fermentation process, probably because of th
smaller contribution of investment and labor costs to its overall
production costs. The surface fermentation process currentl
accounts for only 5–10% of the world supply. In Europe, all
surface fermentation plants have been shut down during the
past decade. Smaller amounts of citric acid (<1%) are reported
to be extracted from citrus fruits in Mexico and South America
and to be produced by the solid-state process in Japan.
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Table 2 Composition for the production media used in the
laboratory- and industrial-scale production of citric acid byA. niger

Component
Range of
concentrations Typical values Unit

Sucrose or glucose 125–225 180 kg m� 3

NH4NO3 (or other
NH4

þ salt)
0.5–3.5 1.5 kg m� 3

KH2PO4 0.5–2 0.5 kg m� 3

MgSO47H2O 0.1–2.0 0.25 kg m� 3

Feþ 2 2–1300 < 200 mg m� 3

Znþ 2 0–2900 200–1500a mg m� 3

Cuþ 2 1–10 200 200–1500a mg m� 3

Mnþ 2 0–46 < 2 mgm� 3

Initial pH 2.5–6.5 2.2 –

aTo overcome the detrimental effects of iron and manganese on mycelium structure

=

FERMENTATION (INDUSTRIAL)j Production of Some Organic Acids (Citric, Gluconic, Lactic, and Propionic)807
Both submerged- and surface-culture fermentation pro
cesses use beet molasses or glucose syrup as the main r
material and useA. nigeras the fermenting organism.

Submerged fermentation is carried out either in 150–200 m3

stirred-tank reactors or in 300–500 m3 (up to 1000 m 3 as claimed
by some manufacturers) bubble-column reactors. The main
advantages of these techniques are improved asepsis durin
fermentation, automatic control of inoculation and fermentation
procedures, shorter fermentation times, and greater produc
yields.

In spite of the old and renewed interest in citric acid
production by yeast grown submerged in sugar- or hydro-
carbon-based media to overcome the main disadvantages o
traditional mold fermentation (i.e., high sensitivity to trace
metals and low production rates), no yeast-based process
currently known to be operating worldwide.
-
f
-

le

s

and restore proper morphology.
Production Media

Citric acid is produced from media containing high concen-
trations of simple sugars (molasses or glucose syrup) (see
Fermentation (Industrial): Media for Industrial Fermenta-
tions), in which mycelium growth is restrained by nutrient
(phosphorous, manganese, iron or zinc) limitation. Their range
of composition is given in Table 2.

Nitrogen is usually added as ammonium nitrate or sulfate.
Metals are removed by pretreatments of raw materials, espe
cially molasses, with cation-exchange resins or the addition o
potassium hexacyanoferrate (HCF). The optimal iron concen
tration seems to depend on the fungal strain, but iron levels of
200 mg m� 3 were found to inhibit citrate production. The
inhibitory effect of Feþþ can be counterbalanced by the addi-
tion of copper and zinc salts during the inoculum development
or during early mycelium growth in the production medium.
Manganese concentration has to be kept as low as possib
(<10 mg m � 3).

Some ingredients (methanol, 3–6% w/v; corn, peanut, and
olive oils, 0.1–0.5% w/v; starch, 0.025–0.5% w/v) have been
claimed to enhance the citric acid yield.
Figure 1 Metabolic pathways for citric acid overproduction inAspergillus
(� , inhibitor;þ , activator) are shown. Enzymes and transport systems
carrier; PP, proton pump; CC, putative citrate carrier; HK, Hexokinas
6-phosphofructo-2-kinase; ALD, aldolase; PK, pyruvate kinase; PC, p
TCC, citrate transport system; PDH, pyruvate dehydrogenase; CS, ci
dehydrogenase; AOX, alternative oxidase system. Substrates and pr
fru1,6 dP, fructose-1,6-bisphosphate; fru2,6 dP, fructose-2,6-bisphosp
pyr, pyruvate; oaa, oxaloacetate; mal, malate; cit, citrate; acCoA, ace
succinyl-coenzyme A; tre, trehalose.

The most important steps in controlling glycolytic� ux are glucose trans
althoughA. nigerhas both low-af� nity and high-af� nity carriers for glucose
phosphate. PFK1 is feedback inhibited by citrate, but the inhibition is c
(FBP). A phosphorylated fragment of PFK1, which is insensitive to citra
substrate concentration: its product, FBP lowers the Michaelis–Menten consta
thus increasing carbon� ux through glycolysis during acidogenesis. CS
anaplerotic reaction catalyzed by PC. Malate is produced from OAA b
where it is oxidized back to OAA. Low activity of NADPþ -speci� c IDH and KD
af� nity than ACT.

A salicylhydroxamic acid–sensitive, alternate oxidase system is used
Malfunction of the normal respiratory chain is due to diminished activ
Media sterilization is carried out batch wise at 121� C for
15–30 min at the laboratory or pilot scale or continuously
using a plate–heat exchanger unit at the industrial scale.
Fermentation Process

Inoculation is generally carried out by transferring aseptically
the stock culture maintained on agar slants on other working
slants. After w 24 h incubation at 30 � C, the conidia crop is
inoculated in starch-rich seed-production media to yield up to
1011 spores cm� 3. This culture may be directly transferred into
10–20 m3 seed fermenters to obtain a pellet-type inoculum
consisting of 1–5 � 105 pellets dm� 3 (0.1–0.2 mm in diam-
eter), which in turn is used as inoculum (5–10% v/v) for the
industrial-scale production medium.

The fungus will develop different morphological forms
(Figure 2).

The formation of a loose mycelium with long, unbranched
hyphae is to be avoided because this results in an enormou
increase in the apparent viscosity of the culture broth, thus
limiting the effective oxygen transfer rate with little or no citric
niger. Only relevant enzyme activities, substrate, products, and effectors
: INV, membrane bound invertase; GC, low-af� nity glucose carrier; FC: Fructose
e; PGI, phosphoglucose isomerase; PFK1, phosphofructokinase; PFK2,
yruvate carboxylase; MDH, malate dehydrogenase; PT, pyruvate transport system;

trate synthase; ACT, aconitase; IDH, isocitrate dehydrogenase; KDH,a-ketoglutarate
oducts: glu, glucose; glu6P, glucose-6-phosphate; fru6P, fructose-6-phosphate;
hate; gly, glycerol; dhp, dihydroxiaceton phosphate; pep, phosphoenolpyruvate;
tyl-coenzyme A; aco,cis-aconitate; ica, isocitrate;a-kg, a-ketoglutarate; sucCoA,

port (simple diffusion is the main mechanism at high sugar concentrations,
) and hexokinase (HK) activity, which initially is inhibited by trehalose-6-
ounteracted by the presence of high levels of NH4

þ and by fructose-2,6-biphosphate
te inhibition, may be responsible for acidogenesis. PFK2 activity is increased at high
nt (Km) of PFK1, counteracts citrate inhibition, and inhibits gluconeogenesis,
activity inA. nigeris regulated by the level of OAA, which is produced in the
y cytosolic MDH and acts as a counterion for citrate ef� ux from the mitochondrion,
H are a consequence of the effective removal of citrate, which has a higher

during acidogenesis to reoxidize the NADH produced during glycolysis.
ity of NADH ubiquinone reductase and other respiratory chain enzymes.
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Figure 2 Pellet morphology ofA. nigerNRRL 2270 during citric production in a laboratory 2 dm3 stirred fermenter: (a) young pellet (100� ); (b) stubby,
bulbous hyphae with frequent branching, which are characteristic of citric acid production (400� ); and (c) degenerating pellet with pointed unbranched
hyphae protruding from the pellet core (100� ).
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acid production. On the contrary, small spherical, dense
pellets (Figure 2(a)) with short stubby hyphae (Figure 2(b) )
are generally regarded as the best morphological form
for optimal citrate yields. Frequent observation of pellet
morphology during this early stage of the fermentation using
a microscope allows hyphae proliferation to be controlled by
the addition, in case of adverse development (Figure 2(c)), of
appropriate amounts of inhibiting compounds, such as HCF
or zinc and copper sulfates. Mycelial clumps (whose structure
is less compact than pellets) also may develop under high
agitation speed.

Fermentation is exothermic and temperature has to be kep
in the range 28–35 � C. Assuming that the overall heat transfer
coef� cient and effective temperature difference between th
fermenting medium and cooling water are of the order of
500 kJ m� 2 h� 1 and 5 � C, respectively, the heat transfer surfac
required to keep the fermentation temperature constant would
be w 3.2 m2 per m3 of fermentation medium.

Low pH and high DO concentration are essential for citric
acid production. Initial decrease of pH is due to ammonium
uptake. Extreme pH values (<1.6) limit productivity, and the
addition of alkali (NH 3) is used to control pH at 2.2–2.6 once
production of citric acid has started. The typical industrial-scale
productivities of 1–1.5 kg m� 3 h� 1 result in microbial oxygen
demand rates of 0.3–0.5 kg O2 m� 3 h� 1, that are met by
sparging 0.1–0.4 volumes of air per medium volume per
minute (vvm) at pressures at the sparger section of the
fermenter not less than 0.3–0.4 MPa and at the tank top,
ranging from 0.25–0.35 MPa to 0.12–0.15 MPa, depending on
the (stirred or air-lift) fermenter type used. Foaming is
controlled by adding food-grade antifoam agents.

Temporary interruption to the air supply during fermenta-
tion does not seem to affect the performance of the culture on
the condition that the DO level is greater than 20% of the
saturation value. DO values of about 0 for as long as 85 min,
followed by restoration of the air supply, do not inhibit
permanently mycelial growth and citrate production, but they
do reduce the product yield coef� cient up to 20%.

Figure 3 shows the evolution of a typical batch citric acid
fermentation in glucose-based media byA. nigerNRRL 2270 in
2-dm3 stirred fermenter and by a mutant strain ofA. nigerin
400 m3 bubble-column fermenter.

Two distinct phases are evident: during the primary growth
phase (trophophase), no acid production occurs; during the
second growth phase (idiophase), acid production by almost
nongrowing cells is observed.
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Figure 3 Time course of a typical batch citric acid fermentation from
glucose-based media byA. nigerNRRL 2270 in a 2 dm3 stirred fermenter
(closed symbols) and by an industrial strain in a 400 m3 bubble-column
fermenter (open symbols): Concentrations of mycelial biomass (X:A , > ),
glucose (S:l , B ), citric acid (P:n , , ), and ammoniac nitrogen (N:D)
versus time (t). The industrial-scale trial was gently provided by Dr A.
Trun� o c/o Palcitric SpA, Calitri, Italy, and the laboratory-scale trial was
performed by the authors at the University of Basilicata (Potenza, Italy
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Table 3 shows the simpli� ed overall stoichiometric reac-
tions occurring during the trophophase and idiophase of the
fermentation examined. In particular, it was assumed that
during the trophophase the microorganism (represented by
a raw formula based on elemental analysis: CHnOpNq) repli-
cates itself at the expanses of a generic carbon source in t
presence of ammonia as the only nitrogen source; during the
idiophase, it undergoes further growth while decreasing
progressively its intracellular nitrogen content and excreting
citric acid in a medium practically devoid of any nitrogen
source (Figure 3).

Assuming that no carbon atom of sugar is converted into
biomass, carbon dioxide, or other by-products as shown by the
reaction in Eqn [2] (i.e., when y and d are equal to 0), the
theoretical molar yield (z) of citric acid would be one or two if
glucose or sucrose is used. This would be equivalent to 1.17 (o
1.23) kg of citric acid monohydrate per kilogram of glucose
(or sucrose) consumed. In practice, the industrial yields range
from 57 to 81% of this theoretical value, with the smaller
� gure generally being associated with the surface fermentatio
technique.

The citric acid fermentation may be mathematically
described by means of the set of kinetic equations shown
in Table 3.

In accordance with the Herbert–Pirt maintenance concept,
both product formation ( rP) and substrate consumption (rS)
rates may be linearly related to cell growth rate (rx) and cell
concentration (X). In this way, the well-known Luedeking–
Piret kinetics for product formation has to be regarded as
a special case: In fact, the� rst term in Eqn [10] may be
described as the product formation rate in association with the
mycelial growth rate, whereas the second term may be regarde
as the nongrowth-associated product formation rate. In both of
the fermentation trials shown in Figure 3, citric acid fermen-
tation may be classi� ed to be of the mixed-growth-associated
product formation type.
A microscopic description of this fermentation using
A. niger pellets also has to account for oxygen diffusion
phenomena from the bulk of the fermenting medium to the
pellet surface and through the porous structure of the pellet
itself. The low effective diffusivity of oxygen within the pellet
limits mycelial activity to a peripherical spherical shell only,
with the oxygen penetration depth ranging from 110 to 300mm
in 2 mm pellets.
Recovery and Puri�cation Processes

Citric acid may be recovered from the broths resulting from
either the surface- or submerged-culture fermentations, usin
almost the same three methods– namely, direct crystallization
upon concentration of the � ltered liquor, precipitation as
calcium citrate tetrahydrate, orliquid extraction(seeFermenta-
tion (Industrial): Recovery of Metabolites). Direct crystalliza-
tion cannot be applied unless re� ned raw materials, such as
sucrose syrups or crystals, are used. Liquid extraction is used
Tate & Lyle Co. (formerly Haarmann & Reimer Co., a subsidiary
of Bayer Co.) in the Dayton (OH, USA) and Elkhart (IN, USA)
plants. The precipitation process is used by the great majority o
world citric acid manufacturers, including ADM in the United
States.

A simpli � ed process� owsheet of this method is shown
in Figure 4.

Mycelia and suspended particles are separated b
continuous belt � lters under vacuum. Citric acid is precipi-
tated as calcium citrate by the addition of lime to the � ltrate.
Liming temperature is critical. Amorphous tricalcium citrate
tetrahydrate generally is obtained atw 70 � C, while crystal-
line dicalcium acid citrate is obtained at 90� C. No removal
of oxalic acid is needed if the submerged-culture fermenta
tion is used.

The residual citrate in the� ltrate is precipitated as tricalcium
citrate by further addition of lime to set the pH to 5.8. The
crystals are recovered using another continuous belt� lter and
then recycled back to the liming step, while the� ltrate has to be
disposed.

Precipitation of dicalcium acid citrate results in one-third
less consumption of lime and consequently of sulfuric acid for
the subsequent regeneration of citric acid, in greater� lterability
and washability because of its crystalline structure, but 10–25%
of the expected product yield is needed as seed. The precipita
is washed to remove the impurities adsorbed onto it (i.e.,
residual sugars and contaminants from the raw carbon source
and soluble proteins from the autolysis of the fungus). The
washed crystals and 98% w/w sulfuric acid are simultaneously
but separately, fed to a mixer containing a 40% citric acid
solution at pH 0.5 –0.6, to free the citric acid with the formation
of a precipitate of calcium sulfate dihydrate (gypsum). Final
re� ning of the � ltrate is performed by decolorization on acti-
vated carbon and removal of residual calcium sulfate and iron
and nickel salts on strong cation exchange and weak anion
exchange (demineralization step). The resulting solution
(250–280 kg m� 3 of citric acid anhydrous) is concentrated
using multiple-effect evaporators to about 700 kg m� 3, before
feeding a vacuum crystallizer operating at temperatures below
(35 � C) or above (62 � C) the transition temperature (36.6 � C)
between the monohydrate and anhydrous forms, depending

).



Table 3 Citric acid fermentation: overall stoichiometric reactions, kinetic equations, and instantaneous concentrations of
mycelia, product, sugar, and nitrogen sources

Equation or reaction

Trophophase reaction C6H12O6 þ a NH3 þ b O2
glucose

/ y CHnOpNq þ d CO2 þ e H2O
mycelium

½1�

Idiophase reaction C6H12O6 þ b O2
glucose

/ y CHnOpNq
mycelium

þ z C6H8O7 þ d CO2 þ e H2O
citric acid

½2�

Kinetic equations
rX ¼

dX
dt

¼ mX X ½3�

rN ¼
dN
dt

¼ � YN=X

�
dX
dt

�
for N � Nlim ½4�

rN ¼
dN
dt

¼ 0 forN < Nlim ½5�

m ¼ 0 for t � to ½6�

m ¼ mM for t � tlim ½7�

m ¼ mM

�
1 �

X
XM

�
for t > tlim ½8�

rP ¼
dP
dt

¼ 0 for t � tlim ½9�

rP ¼
dP
dt

¼ YP=X

�
dX
dt

�
þ mP X for t > tlim ½10�

rS ¼ �
dS
dt

¼ YS=X

�
dX
dt

�
þ mS X ½11�

Integral solutions of the
differential kinetic equations

X ¼ X0 for t � to ½12�

X ¼ X0 emM ðt� t0Þ for t � tlim ½13�

X ¼
XM

1 þ
�

XM

X0
� 1

�
e� mMðt� tlim Þ

for t > tlim ½14�

N ¼ N0 for t < t0 ½15�

N ¼ N0 � YN=X ðX � X0Þ for t � tlim ½16�

N ¼ Nlim for t > tlim ½17�

P ¼ P0 þ mP AðtÞ þ YP=X ðX � X0Þ ½18�

S ¼ S0 � ½mS AðtÞ þ YS=X ðX � X0Þ� ½19�

AðtÞ ¼0 for t � tlim ½20�

AðtÞ ¼
XM

mM
ln

�
1 �

XM

mM

h
1 � emM ðt� tlim Þ

i �
for t > tlim ½21�

Nomenclature: A(t), cumulative nongrowth contribution to product formation;b, y, z, d, ande, stoichiometric coef� cients;mP (mS), speci� c rate of
product formation (or substrate consumption) at zero cell growth rate;Nlim, critical concentration of nitrogen at the onset of citric acid production;P,
citrate concentration;ri, conversion rate of any reagent or product;tlim, overall duration of the citrate lag phase;to, overall duration of the cell lag phase;
S, substrate concentration;X, mycelium concentration;XM, maximum mycelium concentration;m, speci� c cell growth rate;mM, maximum speci� c cell
growth rate;YN/x, YP/x, andYS/x, yield factors for ammoniac nitrogen, citrate, and substrate on unit cell biomass.Subscripts: lim, referred to limiting
concentration of the nitrogen source; N, nitrogen; P, citric acid; S, glucose; X, mycelium; 0, referred to the initial value.

810 FERMENTATION (INDUSTRIAL)j Production of Some Organic Acids (Citric, Gluconic, Lactic, and Propionic)



Figure 4 Process� owsheet of a typical citric acid fermentation from glucose-based media byA. niger. Equipment and utility identi� cation items: AE, anion exchanger; AF, antifoam agent; AL, alkaline reagent; BD,
� uidized-bed drier; BF, vacuum belt� lter; C, centrifuge; c, Condensate; CA, activated carbon adsorber; CE, cation exchanger; CR, vacuum crystallizer; cw, cooling water; CY, cyclone; D, holding tank; dcc, dicalcium
citrate; DW, demineralized water; E, heat exchanger; EA, exhausted air; EV, evaporator; F, production-bubble fermenter; FI, sterile pressure� lter; GR, grinder; HT, holding tube; LS, lime slurry; HA, hot air;
HS, sulfuric acid; M, mixer; NA, nutrients and additives; PC, centrifugal pump; PE, plate–heat exchanger; S, low-pressure steam; SA, sterile compressed air; Se, dicalcium citrate seed; SF, seed-bubble fermenter;
tcc, tricalcium citrate; WE, water evaporated.

F
E

R
M

E
N

T
A

T
IO

N
(IN

D
U

S
T

R
IA

L)
j

P
roduction

of
S

om
e

O
rganic

A
cids

(C
itric,

G
luconic,

Lactic,
and

P
ropionic)811



-

d

e

n

of

r

812 FERMENTATION (INDUSTRIAL)j Production of Some Organic Acids (Citric, Gluconic, Lactic, and Propionic)
on the form manufactured. Crystals are separated by centrifu
gation and dehydrated in a two-stage� uidized-bed dryer, the
� rst one using hot air at 90� C and the second one using air
conditioned at 20 � C and relative humidity (RH) of 30 –40%
because of crystal hygroscopicity. The mother liquor is partly
(w 20%) diluted with equipment-cleansing waters, decolor-
ized, and fed back to liming; the remainder is in sequence
decolorized and demineralized before being recycled to the
crystallization unit. In this way, citric acid crystals do not need
additional puri � cation steps to meet speci� cations for U.S.
Pharmacopeia or Food Chemical Codex material.

In the liquid extraction process, citric acid may be extracted
from the fermentation broth using a highly selective, low-price,
and nontoxic food-grade solvent (i.e., water-insoluble amines,
namely trilaurylamine, n-octanol, C10 or C11 isoparaf� n, tri-n-
butyl phosphate, alkysulphoxides). The extract is then heated
and washed countercurrently with water, resulting in about
90% recovery yield and an aqueous citric acid concentrate
solution, which is passed through a granular activated–carbon
column before undergoing the aforementioned evaporation
and crystallization steps.
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Future Developments

Production of citric acid has not been much in the focus of
modern molecular biology presumably because it is considered
a mature area. Any improvement of strains ofA. nigerusually
were carried out by mutagenesis and selection, but metabolic
and genetic engineering are likely to improve acidogenesis.

The replacement of the current batch fermentation with
semicontinuous processes, to increase volumetric productivity
and reduce speci� c production costs, presently is hampered in
fungal processes by the deterioration of mycelial structure, the
mechanism of which still is unknown. Although the effect of
nitrogen de� ciency on citric acid accumulation by A. niger is
well known, a low level of ammonium ions (i.e., 30 g m � 3,
equivalent to 2 mmol of intracellular NH 4

þ per gram of dry cell)
was found to inhibit the morphological degeneration of pellets
and postpone sporulation. NH4

þ ions simply are not deposited
into the cell to form the so-called ammonium pool, but they
enter the cell to combine with glucose and form glucosamine,
that is straight away released in the medium. The effectiv
relationship between the different compounds of the TCA cycle
is to be studied further and controlled before the present batch-
production technology may be converted effectively into
a prolonged fed-batch or continuous production process.

Similarly, the possibility of maintaining microbial cells
active and controlling their growth and production processes
for several weeks or months by immobilization within organic
or inorganic matrices represents a further challenge to th
technological modernization of this sector.

The traditional recovery technology results in severa
problems because of disposal of liquid ef�uents (their chem-
ical oxygen demand being about 20 kg m� 3) and solid
by-products (i.e., about 0.15 kg of dried mycelium and 2 kg of
gypsum per kilogram of citric acid anhydrous). Several proces
alternatives have been suggested thus far to minimize th
overall environmental impact of this process. The replacemen
of molasses with raw or hydrolyzed starch- or raw sucrose
based materials would simplify only the downstream
processing. On the contrary, the recovery of tricalcium (or
trisodium) citrate from clari � ed, decolorized fermentation
broths by electrodialysis, as well the adsorption of citric acid
onto weakly basic anionic-exchange resins or zeolites using th
simulated-moving bed chromatographic technology (Citrex
Process, UOP, Des Plaines, IL, USA) followed by desorptio
with water or dilute acidic solutions, or the use of liquid
membranes, would allow the citric acid to be separated in
a single step and to be recovered without the formation of solid
wastes for disposal.

The environmental aspects of citric acid production have
been assessed. Despite the fact that most raw materials are
biological origin, many ingredients, such as ammonium
nitrate, lime, and sulfuric acid, are hazardous chemicals. Fo
instance, it was found that the environmental impact of citric
acid production using whey was smaller than that using corn
starch.
Gluconic Acid

D-Gluconic acid (2,3,4,5,6-pentahydroxy pentane-1-carboxylic
acid: C6H12O7) is an oxidation product of D-glucose, which, in
an aqueous solution, leads to a complex equilibrium between
gluconic acid and its two lactones: 1,5-lactone (D-glucono-
d-lactone) and 1,4-lactone (D-glucono-g-lactone).

D-Gluconic acid is commercially available as 50% aqueous
solution (density of 1230 kg m � 3 at 20 � C and pH 1.82). This
acid and its derivatives are used in the pharmaceutical, food
feed, and chemical industry because of their low toxicity and
their ability to form water-soluble complexes with metallic
ions (e.g., Caþ 2, Feþ 3), especially in the presence of 5–10% of
sodium hydroxide. Sodium gluconate is the main industrial
product and it is used as a sequestering agent (e.g., bottl
washing, metal surface cleaning, and rust removal) and to
plasticize and retard the curing process of cement mixes. Th
calcium and iron gluconates are used in medicine to treat
diseases of calcium and iron de� ciency (such as osteoporosis
and anemia). D-Glucono-d-lactone is used as a latent acid in
baking powders for use in dry cake mixes, meat processing, an
instant chemically leavened bread mixes, whereasD-glucono-
g-lactone is made only in small quantities as a specialty
chemical.

The conversion of glucose to gluconic acid is a simple
oxidation process and may be carried out by a variety of
processes– namely, microbial fermentation, chemical, elec-
trochemical, or enzymatic catalysis. Currently, these processe
appear to be either more expensive, unstable, or less ef� cient
than the fermentation process, which presently is the only
method of choice.

After the � rst isolation of calcium gluconate (1880) from
glucose fermentation in the presence of CaCO3 by a strain of
Mycoderma aceti, the Chas. P� zer & Co., Inc. (New York, USA)
started industrial-scale production of gluconic acid in 1923.
Further research at the U.S. Department of Agriculture in
cooperation with the Iowa State College led to the semi-
continuous production of sodium gluconate from glucose
using A. nigerNRRL 67.

Several � lamentous fungi of the genera Penicillium and
Aspergillus, the yeastlike fungusAureobasidium pullulans, and
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bacteria (Acetobacter suboxidans, Pseudomonas ovalis, Glucono-
bacterspp.) produce gluconic acid from glucose-based media
but industrial processes have been developed only for the
production gluconic acid from glucose syrups withA. nigerand
Gluconobacter oxydans. Industrial strains are not freely available,
but a few gluconic acid–producing strains (A. nigerNRRL 3,
NRRL 67) can be obtained from international culture collec-
tions. Penicillium spp. generally produce less gluconate than
Aspergillus, but they have the advantage of excreting the glucos
oxidase (an important by-product) into the medium, which
makes its recovery easier.

The formation of gluconic acid by A. nigeris controlled by
the enzyme glucose oxidase, an omodimer containing two
� avin adenine dinucleotide (FAD) moieties. Such enzyme
abstracts two hydrogen atoms from glucose, thus yielding the
glucono-d-lactone, which to some extent hydrolyzes to glu-
conic acid. The FADH2 reacts with oxygen to form hydrogen
peroxide, which is converted into oxygen and water by the
enzyme catalase. Both glucose oxidase and catalase
constitutive endoenzymes inA. niger.

A highly productive process of gluconic acid using free
growing cells of A. pullulans DSM 7085 recently has been
developed. Its high conversion yields (90–98%) and rates
(13–19 kg m� 3 h� 1) resulted in as high gluconate concentrations
as 504 or 230–433 kg m� 3 in fed-batch or chemostat trials.
Although this novel fermentation process offers a new opportu-
nity for commercial gluconic acid production, as well as many
advantages over the traditional microbial fermentation pro-
cesses, it is still con� ned to laboratory-scale applications. Thus
only the sodium process by batch-submerged fermentation from
glucose syrups usingA. nigerwill be described in the following
paragraphs.

Glucose syrups of 70� Brix strength are generally used a
carbon source in the preparation of the fermentation medium.
Table 4 lists the typical composition of the seed and
production media used in laboratory- and industrial-scale
trials.

After the pH is adjusted at 4.5 with sulfuric acid, the
medium is sterilized at 121 � C for 15–30 min, cooled at 33 � C,
and then transferred into the fermentation vessel. The pH is
Table 4 Composition for the production media used in the
laboratory- and industrial-scale production of gluconic acid byA. niger

Component
Vegetative seed
–culture media

Gluconic acid
production media Unit

Glucose 40 120–350 kg m� 3

NH4NO3 (or other
NH4

þ salt)
2.4 0.4–0.5 kg m� 3

KH2PO4 1.5 0.1–0.3 kg m� 3

MgSO4$7H2O 3.57 0.1–0.3 kg m� 3

Agar 1 0 kg m� 3

Yeast extract 1 0 kg m� 3

Corn-steep liquor 0 0.2–0.4 kg m� 3

ZnSO4$7H2O 100 0 mg m� 3

CuSO4$5H2O 20 0 mg m� 3

FeCl3$6H2O 300 0 mg m� 3

MnSO4$7H2O 0 30 mg m� 3

Initial pH 6.5 6.0 –
adjusted to 6–6.5 with sodium hydroxide, and a 2–5% v/v
inoculum generally is used. For inoculum development, con-
idia are recovered from stock agar slants and are inoculated int
vegetative seed–culture media (106 conidia cm� 3); pellet-like
mycelia is obtained after incubation at 30� C for 15–24 h and is
used to inoculate seed fermenters at a density of 20–50
pellets cm� 3.

The fermentation is carried out under continuous automatic
control of sterile air sparging (1.0–1.5 vvm), temperature
(33 � C), pressure on the tank top (2–3 bar), pH (5.5–6.5 by
addition of 30 –50% NaOH solution to neutralize the gluconic
acid formed), and foam level. It is completed within w 30 h
with yield factors of 0.97–1 kg of gluconic acid per kilogram of
glucose consumed (against a theoretical yield of 1.09 kg kg� 1)
and gluconate productivities of 9–13 kg m� 3 h� 1.

In the fed-batch operation, the mycelium may be reused up
to � ve times without any loss in gluconate productivity
provided that the levels of glucose oxidase activity and othe
microelements (i.e., iron and manganese) are kept unde
control. Stepwise addition of glucose may be used to increas
gluconate concentration to 580 kg m� 3.

At the end of fermentation, the mycelium is removed using
aseptic centrifugation, under vacuum-belt� ltration or cross-
� ow micro� ltration and may be used as a source of glucos
oxidase or may be disposed off via incineration. The clari� ed
broth, generally containingw 300 kg m� 3 of sodium gluconate,
is � ltered, decolorized using a granular activated–carbon
column, concentrated under vacuum to 45–50% total solids,
neutralized to pH 7.5 with NaOH, and then spray or drum
dried. If 50% gluconic acid is required, the concentrated liquor
may be passed through a cation exchanger to remove Naþ ions.
Further crystallization at 30–70 � C or at more than 70 � C
allows crystals of thed-lactone or g-lactone to be precipitated,
respectively.
t

/
s,

;

s
c

e-
b-

r
r

Lactic Acid

Lactic acid (2-hydroxypropionic acid: C3H6O3) may be
produced by chemical synthesis or fermentation. Of the two
enantiomers,L-(þ) and D-(�) lactic acid, only the L-(þ) isomer
is used by human metabolism and, because of the sligh
toxicity of the D-(�) isomer, it is preferred for food uses.
Because the chemical route yields a mixture ofL-lactic acid and
D-lactic acid and relies on costly raw materials, all lactic acid
manufacturing industries have switched to fermentation-based
technologies (Table 1). The free acid is used as an acidulant
preservative in several food products (cheese, meat, jellie
beer) (seePreservatives: Traditional Preservatives– Organic
Acids); sodium lactate is used for carcass decontamination
ammonium lactate is used as a source of nonprotein nitrogen
in feeds; sodium and calcium stearoyl lactylates are used a
emulsi� ers and dough conditioners. The large increase in lacti
acid production is due to its use in the synthesis of polylactic
acid (PLA), a polyester used for biodegradable plastics for food
packaging, compost, and garbage bags, and disposable tabl
ware, as well as several medical applications, such as rea
sorbable sutures, orthopedic implants, and controlled drug
release. The current economically viable industrial process fo
PLA production is via the dehydrated cyclic dilactate este
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(lactide) formation. In brief, lactic acid is � rst polymerized into
oligomers of PLA consisting of 30–70 lactyl units (–CHCH3–
CO–O–). These oligomers are then depolymerized by
increasing the polycondensation temperature and lowering the
pressure in the presence of transition metal–based catalysts
(i.e., stannous octoate at 0.05%) to distil the lactide. Finally, by
opening its ring, it is possible to obtain high molar mass
polymers (100–300 kDa) with appropriate optical and
mechanical properties (i.e., tensile strength>50 MPa). Other
comonomers, such as caprolactone, hydroxybenzoic acid, an
others, can be incorporated to provide environmentally safe
materials. PLA appears to be a sustainable alternative t
petroleum-based plastics, because lactide is produced from th
fermentation of renewable resources, such as corn starch (as
the industrial plant of Nature Works LLC, Blair, Nebraska, USA
140 000 metric tons per year). Nevertheless, to minimize
competition for land and food, research studies have started to
develop second-generation PLA products from lignocellulosic
hydrolysates (e.g., crushed corncobs).
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Organisms and Metabolic Pathways Involved

Lactic acid can be produced using homofermentative lactic
acid bacteria (LAB), facultatively anaerobicBacillusspecies
(B. coagulans), and molds ( Rhizopus microsporus, Rhizopus
oryzae). Recently, lactic acid producing genetically modi� ed
strains of Escherichia coliand Saccharomyces cerevisiaehave
been developed. The choice of the species depends on seve
considerations, including the ability to use the type of sugars
available in the substrate, growth temperature, nutritional
needs, acid tolerance, and type of lactic acid isome
produced.

Thermophilic lactobacilli ( Lactobacillus delbrueckiisubsp.
delbrueckii, L. delbrueckiisubsp.bulgaricus, Lactobacillus helveticu)
tolerate higher concentrations of lactate and higher temperature
(48–52 � C), thus involving higher productivity and yields
and reduced contamination risks. They produceD-(�) or DL-lactic
acid (some industrial strains that have been claimed to be
L. delbrueckiiproduce L-(þ) lactic acid) and may be less suitable
for food, feed, or biomedical applications. Lactococci, mesophilic
lactobacilli ( Lactobacillus caseisubsp.casei, Lactobacillus amyloph
lus), and thermophilic streptococci (Streptococcus thermophil)
have lower temperature optima or reduced acid tolerances, bu
they may be desirable for other reasons (e.g., production of pure
L-(þ) lactic acid, hydrolysis of starch). Recently, genetic engi
neering has been used to produceL. helveticusand Lactobacillus
plantarumstrains, which produce optically pure L-(þ) or D-(�)
lactic acid (see Lactobacillus: Introduction; Lactococcus: Introduc-
tion; and Streptococcus thermophilus).

Homofermentative LAB ferment hexoses via the glycolytic
pathway (seeMetabolic Pathways: Release of Energy (Anae
obic)). Pyruvate is reduced to lactate by stereospeci� c lactate
dehydrogenase(s) (L-LDH or D-LDH). LDH is allosteric (acti-
vators: fructose-1,6-bisphosphate and Mnþ 2) in lactococci and
nonallosteric in homofermentative lactobacilli. Undissociated
lactic acid acts as a noncompetitive inhibitor for growth and
lactic acid production by diffusing through the membrane and
decreasing intracellular pH: pH control during fermentation
reduces the inhibition, but the maximum lactic acid concen-
tration achievable is usually lower than 150 kg m� 3.
Concomitant substrate and product inhibition has been
reported for several species.

LAB are fastidious microorganisms and require supple
mentation of fermentation media with peptides and growth
factors, usually in the form of yeast extract. Because this ma
account for 30–35% of substrate costs, they may be replaced b
less demanding B. coagulansand R. oryzae, both being
L(þ)-lactate producers, even if smaller yields (as low as 70%
for R. oryzaebecause of concomitant fumaric acid and ethanol
production) and acid tolerance may offset the advantage of
using lower amounts of supplements.
Substrate Production and Recovery

Lactic acid can be produced from a variety of raw substrate
(whey and whey permeate, beet and cane molasses, starch an
corn starch hydrolysates, wood hydrolysates;seeFermentation
(Industrial): Media for Industrial Fermentations). Some species
(Lb. amylophilus) can hydrolyze starch, but the pseudoplastic
behavior of starchy substrates makes the pH control dif� cult.
When whey permeate is used, supplementation with milk
protein hydrolysates (5–10 kg m� 3) and yeast extract (up to
20 kg m� 3) is required. Lactic acid production is usually
a growth-associated production process, but nongrowth-
associated production becomes signi� cant when growth is
limited by a lack of nutrients or high undissociated acid
concentration. The pH is controlled at 5–6.5 by the automatic
addition of NaOH, Na 2CO3, or NH4OH or by the addition of
CaCO3. Fermentation is carried out under anaerobic or micro-
aerophilic conditions and lactic acid yield is usually between 85
and 98% with isomer purity as high as 99%. Batch fermenta-
tions result in high product concentration (120–150 kg m� 3)
but in low productivity (2 kg m � 3 h� 1). Conversely, continuous
fermentations with cell-recycle or immobilized cells give rise to
higher productivities (20–80 kg m� 3 h� 1) and lower lactate
concentrations (< 50 kg m� 3). End-product inhibition may be
circumvented by using integrated fermentation processes, in
which lactic acid is removed from the culture broth by several
techniques, including electrodialysis, ion-exchange resins, o
nano� ltration.

Recovery of lactate is made complicated by the high solu
bility of its salts. The traditional process involves precipitation
of calcium lactate and regeneration of lactic acid by the addi-
tion of sulfuric acid followed by further puri � cation steps (ion
exchange and decolorization). Alternative processes include th
extraction by liquid membranes, electrodialysis, and ion
exchange. In particular, the recent industrial use of electrodi
alysis with bipolar membranes in France resulted in the virtual
elimination of gypsum waste production. Conventional
recovery by the precipitation method seems to be the most
economical route.
Other Organic Acids Produced by Fermentation

Propionic Acid

Propionic acid (C3H6O2) and its salts are used as mold inhib-
itors in bakery products, although other nonfood uses are
important ( seePermitted Preservatives– Propionic Acid). It may
be produced by fermentation by members of the genera
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Propionibacterium (P. freudenrichii, thoenii, acidipropionici), Veillo-
nella, Clostridium, and Selenomonas, but currently it is produced
by chemical synthesis because of the shortcomings of the
fermentation route (low productivities, <1 kg m �3 h�1 in batch
processes; low product concentrations, <50 kg m �3; dif�culty in
product separation from acetic acid, which invariably is
produced from sugars and lactate). The high microbial
productivities (2–14 kg m�3 h�1) obtained in continuous
fermentations using immobilized cells or membrane-recycle
reactors, as well the possibility of obtaining pure propionic acid
from alternative low-cost substrates, like crude glycerol from the
biodiesel industry, might refocus industrial manufacturers
toward the fermentation route. For instance, use of a metaboli-
cally engineered strain of P. acidipropionici (ACK-Tet) resulted in
a propionic acid concentration of 106 kg m�3 with a product
yield of 0.54–0.71 g per g of glycerol consumed and a propionic
acid-to-acetic acid ratio of 22.4.
ublishers, New

logical production
achievements,
413
al

25, 244
l production of
(2), 100
ic acid: future

from lactic acid.

erol by meta-
iochemistry 44,
See also: Arthrobacter; Aspergillus; Bacillus: Introduction; Bread:
Bread from Wheat Flour; Yarrowia lipolytica (Candida Lipolytica);
Escherichia coli:Escherichia coli; Fermentation (Industrial):
Basic Considerations; Fermentation (Industrial):Media for
Industrial Fermentations; Fermentation (Industrial):Control of
Fermentation Conditions; Fermentation (Industrial):Recovery of
Metabolites; Fermented Foods:Fermentations of East and
Southeast Asia; Fungi:The Fungal Hypha; Fungi:Classi�cation
of the Hemiascomycetes; Fungi:Classi�cation of the
Deuteromycetes; Genetic Engineering; Gluconobacter;
Lactobacillus:Introduction; Metabolic Pathways:Release of
Energy (Aerobic); Metabolic Pathways:Release of Energy
(Anaerobic); Preservatives:Traditional Preservatives – Organic
Acids; Permitted Preservatives – Propionic Acid;
Propionibacterium; Streptococcus thermophilus; Vinegar; Yeasts:
Production and Commercial Uses.
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Introduction

Xanthan gum is the most versatile microbial exopoly-
saccharide. It is synthesized by the bacterium Xanthomonas
campestris. Xanthan gum has many applications, in tune with its
diverse physicochemical properties.

In the 1950s, a strain of X. campestris isolated in the Northern
Regional Research Laboratory of the United States Department
of Agriculture (USDA) was found to produce a polysaccharide
of potential commercial importance: this was denoted as
B-1459, with the culture of X. campestris that produced it being
NRRL B-1459. The chemical composition of the polysaccharide,
whether produced using cabbage extract or using a synthetic
medium, was identi�ed in terms of physicochemical charac-
teristics and structure (Rocks, 1971). It was discovered through
extensive fermentation research by Allene Rosalind Jeanes and
her group at the USDA in the early 1960s and brought into
commercial production by CP Kelco Company, United States,
under the trade name ‘Kelzan.’ It was approved for use in foods
after extensive animal testing for toxicity in 1968. It is accepted
as a safe food additive in the United States, Canada, Europe,
and many other countries, with E number E415.

Structure

The primary structure of xanthan gum is shown in Figure 1.
Each xanthan gum repeat unit contains �ve sugar residues: two
Figure 1 Primary structure of xanthan gum, showing one repeat unit including
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b-D-glucosyl residues, two D-mannose residues, and one
D-glucuronic acid residue. The possession of trisaccharide side-
chains on alternating glucosyl residues distinguishes xanthan
gum from cellulose: the O-3 position of alternating glucosyl
residues carries a trisaccharide side-chain including one
D-glucuronic acid residue and two D-mannose residues.
Approximately half of the terminal D-mannose residues bear
a pyruvic acid moiety. The higher the pyruvic acid content in
the xanthan gum, the greater the viscosity and thermal
stability. At least some of the proximal D-mannose residues
carry acetyl groups. Acetyl groups stabilize the ordered helix,
while pyruvate groups destabilize it. The glucuronic acid resi-
dues usually occur as mixed calcium, sodium, and potassium
salts. The structural details of xanthan gum differ with different
strains of X. campestris (Cottrell and Kang, 1978).

The rheological behavior of xanthan gum is in�uenced
strongly by molecular weight. The molecular weight of xanthan
gum, as determined by electron microscopy, light scattering,
viscometry, and ultracentrifugation, is estimated to be about
2 � 106. This corresponds to approximately 2000 repeat units
per polymer molecule.

Electron microscopy has revealed the helical nature of
the xanthan gum molecule, and X-ray diffraction studies on
oriented xanthan gum �bers have identi�ed the molecular
conformation as a right-handed, �vefold helix. This confor-
mation is believed to be responsible for a number of the
physicochemical properties of xanthan gum in solution.
�ve sugar residues: two glucosyl, two mannose, and one glucuronic acid.

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00110-5
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Properties

Xanthan gum is a white to cream-colored, free-� owing powder.
It is soluble in both cold and hot water, but it is insoluble in
most organic solvents. The properties will vary depending on
the end use of the product; for instance, the microbiological
loads and heavy metal content for food application have to be
very low, although this is not the case for applications such as
those in other industrial applications (Sandford, 1979).

Rheology

Its industrial importance is based on its rheology in water-
based systems. Xanthan gum solutions are characterized b
high levels of pseudoplasticity; that is, the apparent viscosity
decreases with increasing shearing force but it is regaine
almost instantaneously with a decrease in shear. This feature
attributed to the formation of complex aggregates, involving
hydrogen bonds and polymer entanglement. The high viscosity
with low shearing forces is due to the immobile molecules
being entangled in a highly ordered network. This property
makes xanthan gum an effective thickener, stabilizer, emulsi
� er, or suspension medium. The disaggregation of the network
and the alignment of individual polymer molecules in the
direction of a shearing force lead to loss of viscosity. When the
shearing force decreases, the aggregates reform. The change
viscosity are instantaneous, and no hysteresis (lagging)
evident.

Unlike other commercial polysaccharides, xanthan gum has
a well-de� ned yield value, which relates to its abilities to
stabilize emulsions and act as a suspension medium. The rigid
helical conformation of xanthan gum results in its viscosity
being relatively insensitive to differences in ionic strength and
pH. The protection of the backbone of the molecule by the
side-chains results in the superior stability of xanthan gum,
compared with other polysaccharides, when exposed to acids
alkalis, and enzymes. The pyruvate content of xanthan gum
in� uences its viscosity in salt solutions. Xanthan gum has bee
proven to be a suitable drag-reduction agent for relatively high-
temperature and long-term applications (Sohna et al., 2001).

Comparison with Other Polysaccharides

Xanthan gum solutions have the following advantages over
other polysaccharides:

1. Remarkably high viscosity at low concentrations: for
example, a solution with a concentration of 1% appears
almost gel-like at rest, yet pours readily and has a very low
resistance to mixing and pumping. The reduction in
viscosity with increasing shear (shear-thinning or pseudo
plastic) is important for the pourability of suspensions and
emulsions, and hence for the ef�cacy of xanthan gum as
a processing aid.

2. High resistance to pH variations in the range of 2–12 makes
xanthan well suited to foods. Excellent stability is shown at
low pH over long periods of time.

3. High resistance to temperature variations, even in the
presence of acids and salts. Excellent freeze–thaw ability,
with practically no syneresis. Viscosity is not affected by
temperatures in the range 0–100 � C, and even after heat
treatments such as pasteurization and sterilization, viscosity
is recovered after cooling. The pyruvate content of xanthan
gum in� uences its thermal stability.

4. Direct solubility of xanthan gum in 5% acetic acid, 5%
sulfuric acid, 5% nitric acid, 25% phosphoric acid, and 5%
sodium hydroxide renders it appropriate for many
applications.

5. Reasonable stability for several months at ambient tem
perature.

Xanthan gum exhibits great compatibility with most of the
commercially available thickeners, including cellulose deriva-
tives, starch, pectin, gelatin, dextrin, alginate, and carrageena
It shows a synergistic increase in viscosity with galactomannan
that is, the observed viscosity is higher than the sum of the
viscosities of the individual gums. By blending different gums
with xanthan gum in different proportions, very speci� c and
de� ned characteristics can be obtained– for example, viscosity,
pseudoplasticity, and ‘mouth feel.’ It was reported during the
1990s that blending xanthan gum with guar gum did not show
this synergism, unless the guar gum� rst was modi� ed enzy-
matically, resulting in removal of galactose residues.

Reaction with Chemicals and Biochemicals

Strong oxidizing agents (e.g., persulfates, peroxides, an
hypochlorites) degrade xanthan gum. Reducing agents gene
ally do not affect its stability. Methanol, ethanol, isopropanol,
and acetone have no effect on aqueous solutions of xanthan
gum up to a certain concentration, after which precipitation of
the gum occurs. Xanthan gum is compatible with nonionic
surfactants in concentrations up to 20%. Anionic and
amphoteric surfactants tend to salt out xanthan gum at
a concentration of 15%, but this depends on the presence o
acids, bases, and salts. Most commercial enzymes, includin
a-amylase, amyloglucosidase, cellulases, pectinases, a
proteases, cannot degrade xanthan gum.

Toxicity

Toxicological studies on the suitability of xanthan gum for food
use have indicated its safety. In 1969, the US Food and Dru
Administration (FDA) permitted the use of xanthan gum in
food products without any quantity limitations, and xanthan
gum also has been approved for food use by many other
countries, including the European Community. The material
safety data sheet for xanthan gum gives some speci� c infor-
mation relating to this aspect.

Market Speci�cations

Xanthan gum typically is marketed, as shown inTable 1. The
data range has been changed marginally to protect the rights o
any particular company while providing a basic idea of
a typical product information.
Applications

Xanthan is used mainly as a suspension agent, for viscosit
control, for gelation, and for � occulation, in both food and
nonfood applications.
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Table 1 Typical xanthan gum speci� cations

Properties SpeciÞcation

Appearance Cream-colored powder
pH (1% solution) 6.8–8.2
Viscosity of 1% solution (in 1% KCl) 1100–1650 cps
Moisture Max 12%
Ash 14%
V1/V2 1.05–1.5
Particle size 100% through 70 mesh (210 microns), min 95% through

120 mesh (125 microns)
Pyruvic acid Min 2.5%
Heavy metals Max 15 ppm
Escherichia coli Absent per 10 g
Salmonella Absent per 10 g
Yeast mold 400 cfu g� 1
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Food Applications

These applications can be categorized as follows:

l Thickening agent: in sauces and syrups
l Gelling agent: in milk-based desserts, confectionery, jellies

pie � llings, and pastry � llings
l Colloid: as a stabilizer in ice cream, salad dressings, an

fruit drinks
l Synergistic gel formation: in synthetic meat gels
l Retardation of ice or sugar crystal formation: in ice cream

ice lollies, and other items
l Stability at low pH: in salad dressings

Nonfood Applications

These applications include the following:

l Suspension: agricultural chemicals, biocides, fungicides an
pesticides; for example, for ingredients of glazes in the
ceramic industry, emulsion and water-based paints
polishes for leather, pigments and emulsion inks for textiles
and paper, fake blood, and gunge

l Viscosity control: in oil drilling to suspend rock cuttings
from oil wells and in abrasives

l Gelling: in explosives
l Flocculation: in ore extraction, water clari� cation
l Mobility control: to enhance oil recovery
l Sustained drug release formulations
)

d

r-

,

Microbial Production of Xanthan Gum

The major operations involved in the microbial production of
xanthan are as follows:

l Organism and inoculum preparation
l Media preparation
l Fermentation
l Downstream processing

Organism and Inoculum Preparation

Xanthan gum is produced by the bacterium X. campestris,
maintained on a sucrose–tryptone–yeast-extract agar (STYA
slant. An inoculum of 5–10% is needed for optimum poly-
saccharide production. The inocula are prepared by transferrin
cells from an STYA slant (at 28� C) to a tube containing 7 ml
STYA medium (pH 7.0), and incubating at 28� C and 160 rpm
for 24 h. The inoculum then is transferred to 250 ml � asks and,
24 h later, to the laboratory fermenters.
Media Preparation

The components of the media used in industry are mainly
inexpensive and complex, being natural raw materials. Tap
water generally is used for dilution. The carbon source may be
glucose, sucrose, or starch, in the concentration range 1–5%.
Concentrations higher than 5% tend to inhibit both growth
and xanthan gum production. Acid whey from cottage cheese
manufacture is another effective source of carbon.

The cost of media sterilization can be reduced if the media
components are sterilized in separate streams. This simpli� es
the procedure, and also allows greater� exibility, through the
use of modern process monitoring and control equipment. In
xanthan gum production, continuous sterilization does not
offer much economic advantage because the volumes of medi
handled are relatively small. In addition, suspended compo-
nents, such as soy protein, may not be sterilized easily and ma
cause fouling of the surfaces at which heat exchange occur
The separate sterilization of carbohydrates and the nitrogen
sources also allows the rate of addition to be varied during
the process, and in the case of carbohydrates, may avoi
caramelization.
Fermentation

Successful xanthan gum fermentation requires a clear unde
standing of the microbial environment and the kinetics
involved, with particular reference to the high viscosity of the
fermentation broth. The dynamic rheology of the broth has
a profound in � uence on the bioreaction rates, power
consumption, heat and mass transfer, and mixing. The kinetics
are in� uenced signi�cantly by spatial variations in the
concentrations of substrate, biomass, and the polymer itself
which are attributable to the rheology of the polymer and its
production.
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Growth Rate
Xanthan gum generally is considered to be a secondar
metabolite (i.e., not associated with growth), produced when
a carbohydrate source is present in excess. The speci� c growth
rate of the organism, however, is a major determinant of the
rate of production of xanthan gum. The organism is able to
assimilate substrates and synthesize intermediates for polyme
formation at sustained rates, in spite of adverse environmenta
conditions. In continuous cultures, the overall rate of xanthan
gum production by X. campestrisis almost constant over the
dilution rate range of 0.05–0.20 h� 1, with the amount of
xanthan gum produced per unit of cell mass increasing with
a decreasing growth rate.

Effect of Substrates
In general, media with a high carbon-to-nitrogen ratio are
preferred for xanthan gum production. The conversion of glucose
to xanthan gum gives a theoretical yield of about 85%, and
conversions of 70–80% of the glucose consumed are common in
well-run fermentations. Yields of 50–60% are reasonable,
however, taking into account the cells, other organic material, and
inorganic salts that are coprecipitated during the separation and
recovery of the product. Sucrose appears to be a better substra
than glucose and also other saccharides, including dextrins, so
bose, galactose, rhamnose, mannose, maltose, trehalose, cel
biose, lactose, ribose, and arabinose. A concentration of 4%
sucrose has been found to be optimal. Sugar cane juice an
molasses can also be used to produce xanthan, but som
pretreatment may be necessary (Vincent, 1985).

Nitrogen is the next limiting nutrient after carbon, with the
carbon-to-nitrogen ratio being critical. High nitrogen levels in
the early stages of fermentation support rapid cell growth, but
during the later stages, the nitrogen levels are allowed to drop
This saves raw materials, and also yields a purer produc
A variety of nitrogen sources can be used for xanthan gum
production, including dried distillers ’ solubles, urea, the juice
produced as a by-product of kenaf plants, peptone, mea
peptone, soy peptone, ammonium nitrate, and corn steep
liquor. Limiting the nitrogen levels helps to inhibit the growth
of the bacteria and to stimulate xanthan gum synthesis.

Conversions of more than 70% are achieved when 4%
sucrose is supplemented with organic acids or glutamate. Also
xanthan gum titers up to 3.5% can be achieved. A viscosity o
15 000 mPa s can be obtained with 4% sucrose and 1%
succinate. The addition of pyruvate, succinate, ora-ketogluta-
rate stimulates higher yields from 4% sucrose, but it has les
effect on yields from glucose. Also, sucrose results in a highe
speci�c xanthan gum production than does glucose. The
addition of citric acid improves xanthan gum productivity, and
the addition of corn steep liquor at 1 g l� 1 increases the yield
and viscosity of xanthan gum produced by cells grown in
sucrose. Corn steep liquor also shortens the cultivation time
and promotes better sugar utilization.

Operational Parameters
The optimum temperature for xanthan gum production is re-
ported as 28� C and that for the growth of X. campestrisis 24–
30 � C. In a continuous culture, under controlled and nitrogen-
limited steady-state conditions, the cell concentration remains
constant at 20–37.5 � C. However, the conversion of glucose to
polymer and the culture viscosity are affected strongly by
temperature, the maximum values being attained at 30� C.

Normally, the pH tends to decrease during fermentation
from its initial value of 7.0. A lack of pH control and poor
medium buffering lead to a sharp drop in pH, and the growth
of X. campestrisand xanthan gum formation cease when the
pH falls to 5.5. The optimum pH value for xanthan gum
production is 7.0. Potassium hydroxide solution generally is
used for the control of pH in the fermentation: It serves as both
a titrant and a potassium source, and although it is more
expensive than sodium hydroxide, it is preferred because i
yields xanthan gum containing the desirable Kþ forms of
mannose and glucuronic acid.

Dissolved oxygen is another parameter of critical impor-
tance. Oxygen is required for the synthesis of components o
the polymer, as well as for the oxidation of the reduced pyri-
dine nucleotides.
Oxygen Transfer

The high apparent viscosities built up during the course of
fermentation, and the thixotropic nature of the broth, result in
effective O2 transfer being critical for successful fermentations
with high yields (Garcia-Ochoa et al., 2000). Because of the lack
of homogeneity in the broth as the fermentation proceeds,
viscosity gradients build up and promote the channeling of air
up the center of the fermentation vessel. Hence, the impelle
design is highly critical for the creation of suf� cient turbulence,
bulk mixing, and O 2 transfer.

Higher average shear rates are obtained with extended, larg
diameter impellers, such as anchor stirrers and helical ribbon
impellers, than with small-diameter turbine impellers running at
higher speeds but with the same power input. Double-helical
ribbon impellers running at a moderate speed are usually suit-
able, although they are not very effective at micromixing, which is
essential for fast cell growth and substrate conversion. Tw
impellers driven at different speeds, one to effect circulation and
the other to disperse O2, are suggested for the achievement o
better micromixing. The viscous, pseudoplastic broth preserve
the � ne division of air bubbles, preventing the recoalescence tha
occurs in some other aerobic fermentations. Double-helical
impeller anda combination ofdisc turbine withhelicalare special
impellerswith largepro� led blades, designed tomeet the needs o
such processes as xanthan gum fermentation, which deman
high levels of gas dispersion, bulk blending, and mass transfer
The manufacturers call these impellers‘high-ef� ciency hydro-
foils,’ and claim that they can disperse about 85% more air than
a disc turbine with the same power input. Maxblend impellers
have been found to consume three to four times less power than
A320 and Scaba 6SRGT impellers and thus are able to drastica
improve the performance of continuous-� ow mixing with huge
power savings (Patel et al., 2012).

Heat Transfer
The dissipation of heat during fermentation is essential, not
only for the removal of the metabolic heat generated during
growth and the synthesis of xanthan gum, but also for cooling
the sterilized medium. Xanthan gum fermentation generates
much less energy than that of antibiotics, and so the fermenters
can be as large as 50 m3 without needing internal cooling
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coils – suf� cient cooling being achieved through the vesse
walls or external cooling coils. In fermenters larger than 50 m3,
however, heat transfer becomes a problem because the larg
internal cooling coils that are necessary are a hindrance to th
free � ow of the broth.

Rheology
The feature of xanthan gum fermentation that distinguishes it
from other microbial processes is the remarkable rheologica
behavior exhibited by the fermentation broth, which poses
distinctive problems in xanthan gum manufacture. The
fermentation broth is characterized by high viscosity at low
concentrations, because the polymer is continuous with the
water phase. In contrast, in antibiotic fermentations, the
viscosity is due to the mycelia of the fungal culture, which are
discontinuous with the water phase.

Xanthan gum broths exhibit signi� cant thixotropy, and also
the Weissenberg effect– that is, the broth climbs the impeller
shaft. This effect is due to viscoelastic forces. Viscoelasticity m
be caused by high concentrations of calcium in the medium.

Manufacturing Process
Xanthan gum production is illustrated in Figure 2. The fermen-
tation begins with the transfer of inoculum from slants of
X. campestristo Erlenmeyer� asks. After shaking for 24 h, the� ask
contents, now an actively growing culture, are transferred to
a laboratory fermenter. Here, the culture inoculum is grown for
another 24 h. The inoculum is propagated in increasingly larger
fermenters before addition to the main fermenter, the capacity of
which may be of the order of 100 m3. During each stage of the
Figure 2 Generalized schematic for industrial production of xanthan
inoculum development, aseptic conditions are maintained, and
the pH, temperature, and carbon and nitrogen concentrations
are controlled strictly. The fermentation is carried out over 72–
96 h, and the viscosity and biomass are monitored constantly.
Due to the dynamic conditions especially with respect to the
apparent viscosity, oxygen transfer is affected greatly. The oxyg
uptake rate (OUR) changes with the course of fermentation with
the speci� c OUR increasing dramatically in the lag phase of
growth, thereafter decreasing. The viscous, pseudoplastic cond
tions also affect theagitation intensities and theprocess ef� ciency
depends therefore on careful manipulation of the aeration and
agitation conditions. This aspect therefore remains proprietary
information of each company, and the precise strategies are no
clearly known or published. At the end of the fermentation, the
broth is pasteurized to kill all the cells and downstream pro-
cessing follows (Slodki and Cadmus, 1979).
Downstream Processing

The recovery, concentration, and puri� cation of xanthan gum
constitute a signi� cant fraction of the total production cost.
The concentration of the polymer in the� nal broth is about 15–
30 kg m� 3. The aims of the recovery operation are as follows:

l To obtain xanthan gum in a form that is solid; microbio-
logically stable; easy to handle, transport, and store; and
that can be readily redissolved or diluted for any application

l To purify and to reduce the level of nonpolymer solids and
to improve the functional performance, color, odor, and
other qualities of the xanthan gum
gum.
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l To deactivate undesirable enzymes (e.g., cellulases, pectinases)
l To modify the chemical properties of the polymer for

special applications

The removal of cells is required mainly for food applications.
To remove cells by conventional centrifugation, �ltration, and
�occulation, the broth has to be diluted several times to obtain
a suitable viscosity. Alternatively, cell removal can be achieved
by treating the broth with proteolytic and lytic enzymes, which
break down the cells into molecules of low molecular weight.

After the removal of cells, the xanthan gum is separated
from the solvent water. This is accomplished effectively by
precipitation with either isopropanol or ethanol. The choice
depends on costs, practicability, and the �nal speci�cation of
the product, isopropanol being widely favored. The volume of
alcohol required for xanthan gum precipitation depends on the
concentrations of certain salts, but it is independent of xanthan
gum concentration. The addition of an electrolyte, usually
potassium chloride (1%), lowers the isopropanol requirement
by about 30%. Hence, increasing the concentration of product
during fermentation, and increasing the salt content of the
broth before precipitation, considerably decrease the amount
of alcohol required. If the cells have not been removed earlier,
they are precipitated along with the xanthan gum.

The next stage in processing is drying, which is made easier
by �rst removing water from the wet precipitate (which may
contain the bulk of the microbial cells), by pressing or
centrifugation. Forced-air driers, vacuum driers (continuous or
batch), drum driers, and spray driers commonly are used. The
correct drying conditions are essential if chemical degradation
and excessive changes in the color or solubility of the product
are to be avoided. Rapid drying of the polymer results in case
hardening, which imparts poor hydratability to the product;
that is, the dispersed product takes longer to reach its �nal
viscosity. The drying conditions also affect its dispersibility.
Spray drying can be used to process the broth directly, for
applications that do not require a cell-free product.

The dried precipitate �nally is milled, to obtain a product of
mesh size 40–200. The milled product contains no viable X.
campestris cells so that it can conform to the FDA criteria for
food-grade products. Great care during milling is required, to
avoid excessive heating, which can lead to the darkening or
degradation of the polymer. Owing to the hygroscopic nature
of the milled product, containers with a low permeability to
water are used for packaging. The absorption of moisture can
cause clumping during redissolution and, in some cases,
hydrolytic degradation of the product.
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Economics

The current cost of production of xanthan gum is higher than
that of the traditional polysaccharides (e.g., corn starch,
cellulose-derived products and plant gums) that dominate the
market. Several means of reducing the overall costs have been
suggested, including the following:

l Reuse of medium: the residue from the distillation column
contains glucose and other carbohydrates, nitrogenous
materials, and minerals and could be reused as a growth
medium if supplemented appropriately
l Recovery of heat: the large amounts of heat lost during
distillation may be transferred via heat exchangers to the
incoming material

l Meticulous control of solvent losses, due to vapor leakage
from equipment, spillage, and inadequate cooling of solvent:
such losses constitute a major proportion of total costs

The range of applications of microbial xanthan gum in
food, pharmaceutical, and industrial sectors is broadening
steadily increasing as is the global demand. IMR International
states, “Xanthan is still one of the fastest growing hydrocol-
loids. Its versatility and now its low price make it a hydrocol-
loid of choice.” Microbial xanthan gum enjoys competitive
advantages over alternative products (e.g., plant-derived gums)
because of its diverse and unique properties. The higher
demand foreseen in the future should help to lower the costs of
production further through the introduction of economies of
scale and increased competition.
Some Important Manufacturers of Xanthan Gum

CP Kelco, USA
Tate & Lyle PLC, UK
Danisco, Denmark
Lucid Colloids, India
Cargill Foods, Belgium
See also: Xanthomonas; Fermentation (Industrial):Basic
Considerations; Fermentation (Industrial):Media for Industrial
Fermentations; Fermentation (Industrial):Control of
Fermentation Conditions.
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Introduction

The separation of desired products and metabolites from
fermentation broth, and their puri�cation to the required level,
is crucial and challenging in industrial fermentations. Product
recovery usually accounts for a signi�cant proportion of the
product cost and may account for 20–60% of the total
manufacturing cost. The choice of recovery process depends on
the location of the product (extracellular or intracellular); the
physical and chemical properties of the culture broth, the
impurities present in the broth, metabolite and its concentra-
tion, the intended use of the product, the purity required, and
the market demand and price of the �nal product. In case of
recombinant products, recovery could be one of the major cost
centers. In the case of intracellular products, the �rst down-
stream processing step is to break the microbial cells before the
recovery of products.
Pressure control
hand wheel

Pressure transducer
(0–50 000 p.s.i.)
Disintegration of Microbial Cells

Developments in recombinant DNA technology have made it
possible to produce an increased number of bioactive
compounds, such as human and bovine interferons, insulin,
and growth hormones, which are synthesized intracellularly.
The recovery of these compounds demands the disintegration
of the cells without affecting their biological activity. A
number of ef�cient methods have been described for the
disintegration of the cell walls. On the basis of the mechanism
of disintegration, they are divided into physicomechanical,
chemical, and enzymatic methods. Many of these techniques
can be used in the laboratory, but only a few methods, such as
liquid or solid shearing, agitation with abrasives, osmotic
shock, or freeze–thawing; chemical methods, such as the use
of detergents or acid or alkali treatment; and the enzymatic
methods are suitable for large-scale operations. The ef�cacy of
disintegration depends on the type of cells, growth conditions
used during microbial culture, composition of the cell wall,
temperature, shear forces applied, and nature of the intracel-
lular products.
Linear variable
displacement
transformer

Figure 1 High-pressure homogenizer valve assembly. Shaded areas are
stainless steel; hatched area is the Stellite valve mechanism.
Physicomechanical Methods

Liquid Shear
Liquid shear has been used widely in large-scale enzyme
recovery. The high-pressure homogenizer used in the food
industry is very effective in disrupting bacterial and yeast cells
(Figure 1). It consists of a high-pressure positive displacement
pump, with an adjustable valve and a restricted ori�ce. During
operation, the cell suspension is drawn through a one-way
valve and pushes against the operative valve, which is set at the
selected operating pressure. The cells then pass through
a narrow channel between the valve and the impact ring. At the
822 Encyclopedia of Food Mic
exit of the narrow ori�ce, there is a sudden fall in pressure,
which causes cell disintegration. It may be necessary to recycle
the slurry through the homogenizer a number of times. The
degree of disintegration depends on the homogenizer
pressure, the valve design, the number of passes through the
valve assembly, the temperature of operation, and the cell
concentration.

The liquid shear disruption method has been used for
the recovery of intracellular products from Saccharomyces
cerevisiae, Escherichia coli, Candida lipolytica, Candida utilis,
Pseudomonas aeruginosa, Pseudomonas putida, and Aspergillus
niger.

Agitation with Abrasives
Cell disruption can be brought about by a high-speed bead
mill, consisting of a series of rotating discs and a charge of
glass ballotini (Figure 2). The cell suspension is agitated at
a very high speed. The mill chamber is almost full of grinding
beads during operation, with the optimum concentration of
ballotini usually being 70–90% of the volume of the
chamber. The optimal bead size depends on the density and
viscosity of the feed, and it usually is in the range 0.2–0.5 mm
for bacteria and 0.4–0.7 mm for yeasts. Cell disintegration
depends on the bead loading, the design of the agitator, and
its speed. The rotating discs accelerate the beads in a radial
direction, and they form streaming layers with different
velocities. In this way, shearing forces are created, leading to
cell disruption. The frequency and the strength of collisions
during milling also contribute to cell disruption. High-speed
bead mills have been used to disrupt the cells of several yeasts,
bacteria, and fungi.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00109-9
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Chemical Methods

Chemicals, including acids, alkalis, surfactants, and solvents
have been used for cell lysis. For example, the selective extra
tion of cholesterol oxidase from Nocardia rhodococcus, by cell
permeabilization using the surfactant Triton X-100, has been
reported. Toluene has been used for the recovery of protein
from the cells of E. coliand yeasts, due to its ability to act on the
inner membrane phospholipids, thus dissolving the membrane.
Phenol has been used to extract tRNA fromE. coli. Other
chemicals, including cholate and sodium dodecylsulphate, ac
on the cytoplasmic and outer cell membranes. Chemicals such
as acids and alkalis are not selective, and they tend to damag
sensitive proteins and metabolites along with the cell wall.
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Enzymatic Method

Lytic enzymes, such as lysozyme, Zymolase (a commerci
enzyme), and lysostaphin, have been used in the laboratory
because of their speci�city for the structural elements of the cell
wall. Lysozyme is obtained commercially from chicken egg
whites. It catalyzes the hydrolysis ofb (1 / 4)-glucosidic
bonds in the peptidoglycan layer of bacterial cell walls. As
a result, the internal osmotic pressure of the cell ruptures the
periplasmic membrane, releasing the intracellular products
into the surrounding medium. Lysozyme has been used for the
lysis of P. putida, to obtain alkaline hydroxylase, and also to
release invertase fromS. cerevisiae. Polyhydroxyalkanoates have
been obtained from Alcaligenes eutrophusby using a cocktail of
hydrolytic enzymes, composed of lysozyme, phospholipase
lecithinase, proteinase, and alcalase.
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Recovery of Metabolites

The typical sequence of product recovery operations begin
with the separation of insoluble components, for example,
whole microbial cells and cell debris either by � ltration or
centrifugation. The desired product is then isolated from the
broth or from the lysed cells and concentrated. This may
involve one or more steps of extraction with solvents, adsorp-
tion and elution, precipitation, ion exchange, gel� ltration, and
membrane separation techniques. The techniques of isolation
and concentration of product of interest are described in the
following sections.
Solvent Extraction

Solvent extraction generally means either the separation o
components based on differences between their solubility in
two phases, or alternatively solid–liquid extraction (leaching).
Liquid –liquid extraction involves intimate contact between the
culture medium and a suitable solvent, in which one or more
of the desired components are more soluble. This is followed
by physical separation of the two phases, by settling or
centrifugation. The solvent-rich solution containing the
extracted component and the residue, which contains les
solvent, are called the‘extract’and the ‘raf� nate,’ respectively.
The solvent from the extract is often recovered by distillation.

Extraction may include a single stage or a number of stage
or it may be a continuous process. The� ow of liquids is
generally countercurrent, although other types of� ow are
possible. Continuous countercurrent differential-type con-
tactors remove solvent from the extract and then re� ux the
residue to achieve improved separation.

The choice of solvent depends mainly on the cost, toxicity,
and partition (or distribution) coef � cient (i.e., the ratio of the
concentrations of the component in the extract and the raf� -
nate). The partition coef� cient can be altered by modifying the
temperature or pH or by the addition of salts.

In solid–liquid extraction, the solid (biomass) is brought
into intimate contact with the solvent. The residual biomass is
then separated, and the product is recovered from the solution
Countercurrent, cocurrent, continuous-column extraction, and
other � ow schemes are used.

Applications
The recovery of lactic acid, acetic acid, andb-carotene are
examples involving solvent extraction.

In the recovery of lactic acid, bacterial proteins, calcium, and
heavy metals are� rst removed from the fermented broth. The
lactic acid in aqueous solution is then extracted by using iso-
propyl ether in a countercurrent � ow. After further extraction
using distilled water in a countercurrent � ow, the resulting
aqueous extract is decolorized and subjected to ion exchange an
then is concentrated by evaporation to food-grade lactic acid.

In the recovery of acetic acid from submerged vinega
fermentation containing ethanol, the acetic acid is extracted
using ethyl acetate and is recovered by distillation.

In the recovery ofb-carotene fromBlakeslea trisporacells, the
mycelium is � rst dehydrated and then treated with methylene
chloride, which extracts theb-carotene. The extract is concen
trated by evaporation at low temperature, and pureb-carotene
is crystallized from solvents such as acetone and chloroform.

The extraction of enzymes from moldy bran using water and
the extraction of fat from Rhodotorulacells using organic solvents
such as hexane are examples of solid–liquid extraction.

)
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Adsorption and Elution

In adsorption chromatography, molecules of solute are adsor-
bed physically onto the surface of an adsorbent by van de



s

n

ts

-

d
r-

Eluent

Adsorbant

Feed
solution

Drain for
back-wash

Water

Distributor

Distributor

To next
treatment

Figure 3 Operation of a� xed-bed adsorption column.

C
on

ce
nt

ra
tio

n 
of

 s
ol

ut
e 

in
 e

ffl
ue

nt

Stop flow

Breakthrough

Bed volumes

Figure 4 Concentration of adsorbed solute in column ef� uent, during
column loading.
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Waals’ and hydrogen-bonding associations. The solute then is
eluted from the adsorbent by a pure solvent, for example,
chloroform, hexane, or ethyl ether, or by a mixture of solvents.
This separation process is based on the partition of substance
between the (polar) adsorbent column material and the
(nonpolar) solvent. This technique generally is used to separate
nonpolar molecules.

The choice of an adsorbent in a recovery process depends o
its composition, the presence and type of functional groups at
its surface, its porosity and surface area, the degree of i
polarity, and its relative hydrophobic–hydrophilic properties.
Most adsorbents used in industrial puri� cation processes have
a surface area greater than 100 m2 g� 1 and particles in the size
range 150–1500 mm.

The most useful adsorbents for the recovery of fermenta
tion products are activated carbon, oxides of silicon,
aluminum, and cross-linked organic polymers. Some of the
important commercial adsorbents and their properties are
listed in Table 1.

Column Operation
Fixed-bed column operations are most commonly used for
industrial adsorption. The column holds the adsorbent
particles and the� uid containing the desired solute is passed
through the column as shown in Figure 3. Either pressure or
gravity can be used as the force driving the� ow of � uid
downward. Initially, most of the solute is adsorbed, so its
concentration in the ef� uent is low. As the operation prog-
resses, the concentration of solute in the ef� uent rises– slowly
at � rst, and then abruptly. When this abrupt rise of the
breakthrough occurs, the � ow is stopped (Figure 3). The
unadsorbed impurities then are removed from the bed by
washing with water. The treated � uid is collected at the
bottom of the column and is discharged to the next adsorp-
tion column or treatment unit. The adsorbed solute is then
selectively eluted, using an appropriate eluent. The elution
curve is shown inFigure 4 and the concentration of adsorbed
solute eluted as a function of eluent volume is shown in
Figure 5. Generally, the adsorbent is regenerated and use
again. Granular-activated carbon is often used as the adso
bent and is regenerated by thermal treatment, which oxidizes
the adsorbed organic impurities.
Table 1 Composition and surface area of some commercial
adsorbents

Adsorbent (commercial name) Composition
Surface area
(m2 g� 1)

Nuchar CEE Carbon 740
Duolite S-30 Phenyl formaldehyde 128
ES-40 Styrene-DVB 110
ICN Alumina Alumina 155–220
A-305 CS Alumina Alumina 325
Matrex Silica Silica 500–600
Amberlite XAD-2 Styrene-DVB 300
Pittsburg PCC SGL Carbon 1000–1200

DVB, divinyl benzene.
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Figure 5 Elution curve, showing concentration of adsorbed solute
eluted as a function of eluent volume.
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Applications
Adsorption is used to remove unwanted molecules, for
example, colored impurities, from fermentation products,
such as lactic and citric acid fermented broths. Adsorption
also is used to increase the concentration of metabolite
from fermentation when it is combined with elution from
the adsorbent. For example, vitamin B12 is recovered by
passing the fermentation broth through an adsorption
column packed with commercial cross-linked styrene
adsorbents, from which it is eluted, in concentrated form,
with methanol.
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Figure 6 Process for the recovery ofa-amylases from fermented broth.
Precipitation

The recovery of metabolites from fermented broth by precipi-
tation involves adjusting the dielectric constant, ionic strength,
temperature, and pH of the system. The desired molecules ar
made insoluble, and the crude precipitated concentrate is
separated for further processing. On a large scale, precipitatio
is achieved by salting-out, with organic solvents or poly-
electrolytes. Batch or continuous operations are used fo
precipitation.

Salting-Out
Salting-out is a precipitation technique most widely used for
the concentration and fractionation of enzymes and proteins.
The addition of salts creates an imbalance between electrostat
forces (tending to keep proteins in solution) and hydrophobic
forces (tending to cause agglomeration of proteins), and this
results in precipitation.

A wide range of neutral salts (e.g., citrates, phosphates, an
sulfates) are effective in the precipitation of proteins, but
ammonium sulfate is the common choice because of its
high solubility, relatively low cost, and, in some cases, its
ability to stabilize enzymes. The precipitated proteins are
usually contaminated with residual salts, which are removed by
dia� ltration or gel � ltration.

The applicability of salting-out depends on the character-
istics of the proteins, the selection of the salt and its concen
tration, the method of contact, and the economics. A process
for the recovery ofa-amylases from fermented broth is shown
in Figure 6.

Organic Solvents
The addition of organic solvents reduces the dielectric constan
of a protein solution, making the protein molecules less polar
in character, enhancing the protein–protein interaction, and
thus leading to agglomeration and the precipitation of the
proteins.

Ethanol, methanol, isopropanol, and acetone are the
solvents usually used for large-scale precipitation. The entir
operation is carried out in � ameproof conditions and at
a temperature below 4� C. The solvents are recovered b
distillation. A serious disadvantage of using solvents is the
requirement for � reproof motors and switches and other
specialized equipment, which increases the capital cost of th
plant.

Organic solvents also are used for recovering metabolite
other than proteins, for example, the recovery of xanthan gum
from fermented broth.
Polyelectrolytes
Polyelectrolytes, such as polyacrylic acid, polyethyleneimine
carboxymethylcellulose, and polyphosphates, have been use
on an industrial scale for the separation and puri� cation of
enzymes from fermented broth. The mechanism of precipita-
tion involves partly salting-out and partly reduction of the
water of solvation. Usually, low concentrations of poly-
electrolytes (0.05–0.10%) bring about precipitation, but the
disadvantage is the high cost of the polyelectrolytes.

This method of recovering metabolites has been applied
successfully on an industrial scale for the puri� cation of amy-
loglucosidases and microbial rennet from fermented broth.
Recovery by Chromatography

Recovery of metabolites by chromatography involves the
separation of molecules based on differences in their structure
or composition. Chromatography generally involves the use of
many types of stationary supports on which the metabolite of
interest is passed through. The metabolite exhibits differen
interactions with the stationary support leading to separation
of similar molecules. Test molecules that display stronge
interactions with the support will tend to move more slowly
through the support than those molecules with weaker inter-
actions. In this way, different types of molecules can be sepa
rated from each other as they move over the support material
Chromatographic separations can be carried out using a variet
of supports, including immobilized silica on glass plates (thin-
layer chromatography), volatile gases (gas chromatography)
paper (paper chromatography), and liquids that may incor-
porate hydrophilic, insoluble molecules (liquid chromatog-
raphy). Liquid chromatography is the most commonly used
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Table 2 Ion exchange matrices commonly used in biomolecule puri� cation

Matrix Type Ionizable group

Polystyrene Basic Trimethyl benzyl ammonium–CH2N
þ (CH3)3

Acidic Sulphonated–SO3H
DEAE-cellulose Basic Diethyl aminoethyl–CH2CH2N(C2H5)2
CM-cellulose Acidic Carboxymethyl–CH2COOH
P-cellulose Strongly and weakly acidic –OPO3H2

DEAE-Sephadex Basic cross-linked dextran gel –CH2CH2N(C2H5)2
CM-Sephadex Acidic cross-linked dextran gel –CH2COOH
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and can also be easily scaled up. Some examples of liqui
chromatographic techniques are described in the following
section.

Ion Exchange Chromatography
In this process, ions that are bound electrochemically to an
insoluble and chemically inert matrix are replaced reversibly by
ions in solution. Metabolites with both positive and negative
charges can bind to either the cation or the anion exchanger
depending on their net charge. The af� nity with which
a metabolite binds to a given ion exchanger depends on the
identities and concentrations of the other ions in solution,
because of the competition between ions for the binding sites of
the ion exchanger. The binding af� nities of metabolites bearing
acidic or basic groups also are highly dependent on pH, becaus
of the variation of their net charges with pH. Ion exchangers
consist of a support matrix, to which charged groups are
attached covalently. The chemical nature of the charged group
determines the types of ion that bind to the ion exchanger and
the strength with which they bind. Support matrices used in ion
exchangers for metabolite puri� cation include styrene, cellu-
lose, agarose, cross-linked polyacrylamide, and polydextran
based gels.Table 2 lists some commercially available ion
exchangers used for the puri� cation of biomolecules.

Gel-Filtration Chromatography
Gel � ltration is also known as size-exclusion chromatography
or molecular-sieve chromatography. In this process, separatio
is based on the differing ability (due to differing molecular
Salt

Large protein

Small protein
Gel particle

Figure 7 Progressive separation of molecules of different sizes by g� ltra
size) of molecules in the sample to enter the pores of the gel
� ltration medium. The stationary phase in this technique
consists of beads of a hydrated, sponge-like material that ha
pores of molecular dimensions and with a narrow range of
sizes. When an aqueous solution, containing molecules o
various sizes, is passed through a column containing such
‘molecular sieves,’ molecules that are larger than the pores of
the � ltration medium move quickly through the column.
Smaller molecules enter the pores of the gel and move slowly
through the column ( Figure 7). The molecules are eluted in the
order of decreasing molecular size. The molecular mass of th
smallest molecule unable to penetrate the pores of a given gel i
said to be the ‘exclusion limit ’ of the gel.

Matrix
The most important consideration in designing a large-scale
chromatographic puri� cation process concerns the characte
istics of matrix. The solid particles packed in the columns for
chromatographic recovery are referred to as matrix. A matri
should be hydrophilic, macroporous, rigid, spherical, chemi-
cally stable, inert, robust, and reusable. It also should be readily
available and cheap.

The fractionation ranges of several gels that are use
commonly for separating biological molecules are listed in
Table 3.

Equipment for Large-Scale Chromatography
The most common method of chromatography used in
batch processing is the packed-bed operation, involving an
eltion.
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Table 3 Commonly used gel� ltration matrices

Matrix Type Fractionation range (kDa)

Sephadex G-10 Dextran 0.05–0.7
Sephadex G-50 Dextran 1–30
Sephadex G-200 Dextran 5–600
Bio-Gel p-2 Polyacrylamide 0.1–1.8
Bio-Gel p-100 Polyacrylamide 5–100
Bio-Gel p-300 Polyacrylamide 60–400
Sepharose 6B Agarose 10–4000
Sepharose 4B Agarose 60–20 000
Sepharose 2B Agarose 70–40 000

Staged column

Feed

Connecting
pipes

Product

Figure 8 Stacked chromatography column.

Ammonia solution

Fermentation

Biomass separation

Acidification

Crystallization

Neutralization

Cation exchanger

L-lysine fractions

1st concentration

2nd concentration

Separation Mother liquor

Drying

Biomass

Figure 9 A typical recovery process ofL-lysine from fermentation broth.
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ion-exchange or gel chromatography column. The dimen-
sions of large-scale columns vary, being 5–500 cm in diam-
eter and 15–3000 cm in height, depending on the type of
resin and the application. A fundamental requirement of all
column designs is that they must allow for the uniform and
ef� cient packing of the chromatographic medium. The pores
in the medium support must be suf� ciently small to retain
the medium without clogging. The sample to be puri� ed
must be distributed uniformly over the chromatographic
bed, and this becomes critical as the diameter of the column
is increased.

When the gel medium is relatively hard and strong, it can be
accommodated in a single column. The softer gel media used
for protein puri � cation have low mechanical strengths,
however, and so the bed must be broken into several sections
each with a diameter in the range 15–45 cm. These column
sections are arranged in stacks, to minimize loss of pressure an
compression stresses in each section (Figure 8). Scaling up is
achieved by increasing the column diameter.

In addition to conventional chromatographic techniques,
there has been extensive developments this� eld, including
hydrophobic interaction chromatography, reverse-phase chro
matography, af� nity chromatography, and immobilized metal
af� nity chromatography, to name a few.

Applications
Industrially, amino acids like lysine, L-glutamic acid, and
g-amino butyric acid are separated from fermented broth by
ion exchange. A typical recovery process forL-lysine using
cation-exchange resine is shown in theFigure 9. Ion exchange
chromatography also has been used for the puri� cation of
antimicrobial peptides or bacteriocins. Because most bacterio
cins have positive charges at pH near neutrality, the use o
cation-exchange resins is appropriate for their puri� cations.
The recovery of glycerol from fermentation broth has been
a major factor limiting the commercial application of the
biological route of glycerol production. A new method has
been developed that combines ion exclusion and ion exchange
chromatography and can remove more than 95% of the ionic
impurities and 92% of the nonionic impurities. A relatively
complex pretreatment of the fermentation broth is required,
however, to prevent inactivation of the ion exchange resin
Separation of succinic acid from fermentation broth by weak
alkaline anion exchange adsorbents also was studied.

Gel � ltration is very effective for removing salts and for
removing solvents from mixtures containing biological
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products. It is particularly useful in the � nal puri � cation step,
for producing enzymes of high purity. Both ion exchange and
gel � ltration are valuable tools for the puri� cation of proteins
of high value on a large scale. They have been used in th
production of insulin, interferons, hormones, and analytical
and medicinal enzymes.

Reverse-phase chromatography also has been shown
be extremely valuable for the puri� cation of antimicrobial
peptides, because bacteriocins generally are resistant
different organic solvents used as mobile phases employed in
the chromatographic process.
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Figure 11 Batch tangential-� ow � ltration process.
Membrane Separation

A membrane � lter is a barrier that is capable of redistributing
the components in a � uid stream, using a pressure differentia
as the driving force, and without involving a change of phase.
Depending on the size of the membrane pores, molecular
sieving of the components takes place when a pressure diffe
ence (1–100 bar) is applied.

Depending on the pore size, membrane separation
processes are classi� ed as conventional� ltration (CF), micro-
� ltration (MF), ultra � ltration (UF), and reverse osmosis (RO)
(Figure 10). In CF, membrane pores are larger than 10mm,
whereas in MF and UF membranes have pore diameters in th
ranges of 0.2–10 mm and 0.01–2.0 mm, respectively. UF
membranes are generally described in terms of cutoff value
relating to molecular sizes and are available in the range
1–500 kDa. MF and UF are more widely used than RO in
primary recovery stages.

An important disadvantage of conventional membrane
� ltration is that resistance to the � ow of � ltrate increases as
deposits build up on the membrane. This is partly overcome by
‘tangential-� ow � ltration ’ (TFF), in which the medium con-
taining the desired product is made to � ow across the func-
tional surface of a membrane. A decrease in pressure across t
membrane drives the � uid through the separation barrier.
Particles that cannot pass through the membrane are swep
away by the incoming � uid, reducing the accumulation of
particles on the functional surface of the membrane. The
con� guration of a typical TFF system is shown schematically in
Figure 11. The � ltrate, or permeate, passes through the
t
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e
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Microfiltration

Ultrafiltration

Conventional
filtration

Reverse osmosis

Particle size (µm)

110–4 10–3 10–2 10–1 101 102 103

Figure 10 Classi� cation of membrane separation processes based o
pore size.
membrane and the retentate is returned to the reservoir tha
holds the sample solution.

The rate of� ltration is described by the term‘� ux,’ which is
de� ned as the volume of� ltrate per unit time per unit surface
area of the membrane. An effective� ltration process has
a constant, high� ux for a long period, although there usually is
some reduction in the � ux with time, because of concentration
polarization and fouling of the membrane. For process opti-
mization, the appropriate combination of membrane pore size,
recirculation rate, membrane surface area, operating pressur
and feed concentration must be used.

RO is a membrane-based puri� cation technology that
removes many types of molecules and ions from solutions by
applying pressure to the solution when it is on one side of
a semiselective membrane. RO membranes are nonporous, an
allow ionic solutes, typically of molecular size less than
0.001 mm, to be separated.

Membranes
There are two types of membranes: symmetric (isotropic), the
applications of which are limited to MF; and asymmetric
(anisotropic), which can be used for MF, UF, and RO. Asym-
metric membranes have a thin (0.2mm), dense layer or skin on
top and a spongy support layer (about 100mm thick) under-
neath. Table 4 lists some common membranes and their
properties.

Equipment for Membrane Separation
There are three basic types of membrane� ltration devices: plate
and frame, spiral, and hollow � ber (Figure 12). The plate-and-
frame and the spiral systems use a combination of shee
membranes and separator screens; in the spiral system, th
membranes and screens are in a cylindrical cartridge, and in th
plate-and-frame system, they are between two plates. Both o
these devices can withstand pressures of up to 1480 kPa. Th
hollow- � ber system is composed of a cluster of� bers inside
a cartridge. The characteristics of the separator screens and t
internal diameter of the � bers control the � ow, and hence the
� nal concentration of the � ltered material. Operating pressure
is an important factor: it depends on the design of the device
rather than on the membrane, and it is about 270–400 kPa.

Other Membrane Separation Techniques
Other techniques that are available include the following:

l Electrodialysis employs semipermeable ion-exchange
membranes that are impervious to water. The separation is

n
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Table 4 Common membrane� lters, used for micro� ltration (MF), ultra� ltration (UF), or reverse osmosis (RO)

Material Application pH range
Approximate maximum
temperature (� C)

Cellulose acetate MF, UF, RO 3.5–10 75
Mixed cellulose esters MF, UF, RO 4–8.5 120
Polysulphone MF, UF, RO 1–14 130
Polyester MF, UF NA 150
Polyamide MF, UF, RO 2–12 NA
Polytetra� uoroethylene (PTFE) MF 1–14 140
Polypropylene MF 1–14 130
Ceramic MF 1–13 140

NA, not available.
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electrically driven, in contrast to membrane� ltration, which
is pressure driven.

l Dia � ltration is simply an alternative method of using an
ultra� lter. It can be used to transfer a macromolecule o
protein from one solvent to another – in effect, washing one
solvent out by continuously adding another. This technique
is frequently used in the preparation of feed solutions for
chromatography, for which the product always must be in
a buffered solution.

l Nano� ltration (NF) is a process that can be considered a
an extension of RO. It differs from RO in that the
membranes allow ionic species to pass through, but retain
uncharged molecules of molecular mass in excess o
200 Da.
Plate-and-frame device

Spiral system

Hollow-fibre system

Membrane

Retained
macrosolutes

Membrane

Manifold
adaptor

Permeate
ports

Separator
screen

Retained
macrosolutes

(a)

(b)

(c)

Solvents and
microsolutes

Feed
solution Separator

screen

Solvents and
microsolutes

Feed solution

Cross section of
single hollow-fibre
membrane

Solvents and
microsolutes

Retained
macrosolutes

Clear shell available

Manifold
adaptor

Figure 12 Devices for membrane� ltration: (a) plate-and-frame device,
(b) spiral system, (c) hollow-� ber system.
l Pervaporation is a technique in which a liquid feed mixture
is separated by partial vaporization through a nonporous
selectively permeable membrane.
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Applications
UF and NF are the most common downstream-processing
methods used for the recovery of cells, enzymes, and othe
metabolic products. The nature of cells, membrane geometry
pore size, chemical nature, and ultrastructure of the membrane
coupled with such factors as shear sensitivity need greate
attention. Ultra � ltration � nds wider commercial application
for concentrating enzyme solutions. Low–molecular weight
contaminants are generally washed out using dia� ltration
operations. Separation and recovery of surfactin, a bacteria
cyclic lipopeptide, from fermentation was performed by two-
stage UF or NF processes. The UF membranes with a molecu
weight cutoff (MWCO) below 100 kDa were suitable for the
retention of surfactin micelles, and the NF membrane with an
MWCO lower than 1 kDa was suitable for the retention of
surfactin monomers. Membrane separation has been used fo
the recovery of xylitol from the fermentation broth because it
has the potential for energy savings and higher purity. A 10 000
nominal MWCO polysulfone membrane was found to be the
most effective for the separation and recovery of xylitol. UF has
been applied to improve the extraction of benzylpenicillin. NF
has been used for the puri� cation of L-glutamine from the
fermentation broth.

When it comes to the separation organic acids (formic acid
acetic acid, lactic acid, propionic acid, gluconic acid, oxalic acid
malic acid) from fermentation broth, electrodialysis is
considered to be the most effective technology because of it
predominance in simultaneous supply of Hþ and OH� /
alkoxide ions without salt introduction or discharge, salt
conversion, technological symbiosis, and resource utilization.
A two-stage electrodialysis method has been used for lactic ac
recovery. Sodium lactate was removed from the pretreate
fermentation broth and was concentrated by desalting elec
trodialysis. Furthermore, it was converted to lactic acid by
water-splitting electrodialysis using bipolar membranes.
n

Aqueous Two-Phase Extraction

Aqueous two-phase extraction (ATPE) has emerged as a
attractive technique for the recovery of biological materials,
having an important advantage of gentle environmental
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condition, containing high water content in both liquid phases
up to 70–90%. The interfacial tension between the two phases
is low, resulting in high mass transfer. Many polymers used in
the system have stabilizing effects on the biological activity and
the structure of metabolites, minimizing the denaturation of
labile biomolecules. This technique is also straightforward,
requires relatively simple equipments, and is easily scaled up
since the conditions for separation on a large scale do no
considerably change from small scale.

The ATPE systems can be formed by combining aqueou
solutions of two incompatible polymers or by a mixing solu-
tion of polymer and salt above critical concentration. Two
liquid layers are obtained at equilibrium. The � rst polymer
predominates in one phase and the second polymer or sal
predominates in the other phase. Generally, the biomolecules
are distributed more evenly between the phases. The distribu
tion is constrained by many parameters relating to the phase
system, physicochemical properties of biomolecules, and thei
interaction. After adding solutions to the system, mixing and
phases settle, and partitioning causes the target product to be i
one phase, whereas the undesirable particles such as cells, c
debris, other proteins, and contaminants distribute to the other
phase. A schematic representation of ATPE system is shown
Figure 13.

The mechanisms that cause the uneven distribution o
biomolecules between the phases are largely unknown, due to
the involvement of many factors in the interactions between
the biomolecules and phase-forming components, such as
hydrogen bond, charge interaction, van der Waals’ force, and
hydrophobic interaction and stearic effect. The net effect o
these interactions is likely to be different in the two phases and
therefore the biomolecules will partition into one phase where
the energy situation is more favorable.

An ATPE system can be obtained when one or more poly
mers are dissolved in water in the presence or absence of low–
molecular weight solutes. Phase compositions have been cla
si� ed in two main groups: two-polymers system and one
Polymer + Salt 
Sample

Phase separat

Desired biomolecule

Contaminants

Figure 13 Schematic representation of an ATPE system.
polymer and one salt system. The polymers used in the prep
aration ATPE systems include polyethylene glycol (PEG)
dextran, polypropylene glycol, polyvinylpyrrolidone, and
hydroxypropyl dextran. The other phase system based on only
one polymer in the presence of low–molecular weight solutes
(salt) is usually preferred for large-scale operation since salt i
much cheaper than dextran, and the phases have a lowe
viscosity, is easier to handle, and requires a shorter time fo
phase partitioning. Many types of salt, such as potassium
dihydrogen phosphate, potassium chloride, sodium-dihydrogen
phosphate, sodium carbonate, sodium citrate, magnesium
sulfate, and ammonium sulfate, can be used with polymers,
especially PEG.

Application
An integrated approach involving extraction, concentration, and
primary puri � cation in a single-unit operation can be termed as
ATPE. The widespread application of two-phase systems ha
been oriented more toward the recovery of biomaterials from
fermentation broths and biological extracts. The ATPE is also a
option for the downstream processing of therapeutics, such as
monoclonal antibodies, growth factors, and hormones. The
versatility of ATPE process is evident by the following interesting
examples: application of this technique to a nonprotein product
includes the extraction of metal ions from aqueous solution,
removal of food coloring dyes from textile plant waste, removal
of chromium, extraction and puri � cation of betalains
(pigment), and recovery of small organic molecules. Clavulanic
acid has been puri� ed successfully from fermentation broth
using ATPE. The large-scale application of ATPE has certa
limitations and thus has not been able to be fully exploited,
mainly because of a poor understanding of the theoretical
mechanism on phase equilibrium and protein partitioning, the
cost of phase-forming polymers, and the isolation of biomole-
cule from the phase-forming compounds. Further develop-
ments in the � eld of ATPE may involve combining some
downstream-processing techniques, such as ion-exchang
ion

Bottom Phase with Contaminants

Top Phase with desired biomolecule
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chromatography, gel� ltration, precipitation, and ultra � ltration
for further product puri � cation.
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Reverse Micellar Extraction

Reverse micelles (RMs) are thermodynamically stable
nanometer-size assemblies of surfactants that encapsula
microscopic pools of water in a bulk organic phase. This allows
proteins and other hydrophilic molecules to be solubilized in
the aqueous microenvironment, while organic reactants or
products remain in the bulk organic phase. RMs keep colliding
with each other in solution due to their dynamic nature and
thus result in occasional exchanging of contents. Collisions
occur on a time scale of nanoseconds, whereas exchanges
content occur every few microseconds. The basis for the R
extraction of biomolecules from aqueous solutions is mainly
the phase transfer between bulk aqueous and surfactan
containing organic phases as shown inFigure 14.

High ef� ciency and selectivity achieved in certain system
have popularized the use of RMs and is thought to be among
the most promising. Various issues, however, such as th
identi � cation and development of suitable surfactants and
ligands, as well as dif� culties in the back extraction process
have hindered the widespread application of RM extraction.

Application
RM extraction has received immense attention in the isolation
and puri� cation of proteins or enzymes and other metabolites
in the recent times. Investigators have used RMs for the pur
� cation of antibiotics like amimoglycosides, amino acids like
arginine from fermentation broth, and proteins like lactoferrin
from whey.
e

e

In situ Product Recovery

The range of products formed during the fermentation process
can have a signi� cant physiological impact on the producing
Organic Phase rich in surfactant

Aqueous phase containing protein

Mixing

Figure 14 Phase-transfer between aqueous and organic phases in R
microorganism leading to low carbon yields and overall low
energy ef�ciency. In a number of cases, the accumulation o
product in the fermentation broth inhibits its further produc-
tion reducing product yield and additional bulky equipment
may be required. Furthermore, increased wastewater treatmen
add to the cost of processing. The effects of product accumu
lation in the broth can be reduced by continuously removing
the product, as it forms during fermentation using in situ
product recovery (ISPR) methods. During the past 20 years
several ISPR techniques have been developed that includ
vacuum fermentation, � ash fermentation, extractive fermenta-
tion, dialysis fermentation, and the use of adsorption and ion-
exchange resins.

Vacuum fermentation is a process in which volatile
fermentation products are removed during fermentation by
applying vacuum so that the products boil off at the normal
temperature of the fermentation. In � ash fermentation, the
broth is strewn into a vacuum chamber, where the product is
continuously boiled off, while the fermenter remains at
atmospheric pressure.

In extractive fermentation, the metabolites can be recovere
by contacting the broth with a suitable immiscible organic
solvent. Products can later be recovered by distillation or back
extraction into an acid or base buffer solution. It is desirable to
choose a solvent that is selective for the fermentation produc
and is relatively nontoxic to the fermenting microorganisms.

Aqueous two-phase systems also have been used for th
in situ recovery of products from the fermentation broth,
wherein polymers are added to the broth until two phases
separate, with both the phases containing 85–95% water. The
polymers used are normally biocompatible in nature. Low–
molecular weight products are distributed evenly between
phases, whereas microbes often remain in one phase. Th
phase containing the microbes can be made much smaller than
the other phase by adjusting the phase volumes. The phas
enriched with the product of interest can be drawn off and
further processed by distillation or other means.
Centrifugation

System with  two phases
separated

M system.
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Solid porous adsorbents having extremely large surfac
areas, ranging from activated carbon to polymeric, and ion
exchange resins have been used to remove metabolites fro
fermentation broth. They either can be added directly to the
fermenter or can be placed in a separate vessel with brot
circulation to and from it. In dialysis fermentation, a selec-
tively permeable membrane separates a culture chamber, i
which fermentation takes place from a medium reservoir.
Nutrients in the reservoir diffuse to the culture chamber
while metabolites and products diffuse to the medium
reservoir. Low product concentration is maintained in the
culture chamber, thus minimizing the effects of metabolic
inhibition.

ISPR can reduce metabolite inhibition, decrease produc
degradation, and allow the use of concentrated feedstocks t
reduce wastewater treatment requirements. Increases
productivity, product yield, and reduced costs in downstream
processing are offset partially by increased process complexi
and equipment cost. Although most studies on I (with the
exception of vacuum fermentation) have used batch or semi-
batch systems, the advantages of ISPR should be most obviou
for continuous processes. Better knowledge is still required o
the abilities, limitations, and costs of ISPR in continuous
processes.

Application
Vacuum and � ash fermentations have been used to produce
ethanol from concentrated sugar feeds. Extractive fermenta
tion has been used for the recovery of ethanol produced by
yeast fermentation, using dodecanol or dibutyl phthalate.
ATPE fermentation using dextran and PEG also has bee
used to produce ethanol from glucose and from cellulose
also. Several investigators also have tried to increase th
production of ethanol or antibiotic cycloheximide by
adsorption with resin or activated carbon. An improved
production of salicylic acid from P. aeruginosahas been
achieved by the addition of ion-exchange resin directly to the
fermentation broth.
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Crystallization

Crystallization is a polishing step that yields a highly pure
product. Crystallization may be de� ned as a phase change in
which a crystalline product is obtained from a solution. To
begin crystallization, we must � rst have a supersaturated
solution in which there are more dissolved solids in the solvent
than can ordinarily be accommodated at that temperature at
equilibrium. There are four main methods to generate super-
saturation. They are the following:

l Temperature change (mainly cooling)
l Evaporation of solvent
l Chemical reaction
l Changing the solvent composition (e.g., salting-out)

Crystallization is a two-phase process.

Phase 1: Primary Nucleation
Primary nucleation is quite simply the growth of new crystals.
A large supersaturation driving force is required to start this
primary step. The spontaneous crystal formation and‘crashing
out’ of many nuclei are observed from the solution. After
primary nucleation begins, it will continue until the remaining
solution concentration is at equilibrium.

Phase 2: Crystal Growth
Crystal growth is initiated by ‘seeding’ and occurs at a lower
supersaturation. Seeding involves the addition of small crys
tals to a solution in a metastable area, which results in inter-
actions between existing crystals, and crystal contact with th
walls of the crystallizer. The crystals will grow on those crystals
until the concentration of the solution reaches solubility
equilibrium.

Crystals are essentially pure in nature, but adsorption
and capillary attraction cause impurities from the mother
liquor on their surfaces and within the voids of the partic-
ulate mass. Because of this, the crystals must be washed a
predried in a liquid in which they are relatively insoluble.
This solvent should be miscible with the mother solvent.
Washed crystals then are dried by lyophilization, spray
drying, or vacuum drying. The drying of crystals must be
carried out with extreme care to maintain its chemical and
biochemical activity and to ensure that it retains a high level
of activity after drying.

Application
Batch crystallization is the most used method for polishing
antibiotics, including penicillin G. Penicillin G forms odorless,
colorless, white crystal, or crystalline powder. Batch crystallizer
simply consist of tanks with stirrers and sometimes are baf� ed.
They are slowly cooled to produce supersaturation. Seedin
causes nucleation and growth, followed by further cooling
until the desired crystals are obtained.
See also:Fermentation (Industrial):Basic Considerations;
Fermentation (Industrial):Media for Industrial Fermentations
Fermentation (Industrial):Control of Fermentation Condition
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Introduction

Fermented foods are foods that have been subjected to the
action of microorganisms or enzymes to bring about
desirable changes. Fermented foods originated several
1000 years ago, in different regions of the world, when
microorganisms were introduced incidentally into local
foods. These microorganisms caused changes that helped to
preserve the food or improved its appearance or �avor,
making a wide variety of desirable foods (Table 1). Fer-
mented foods now play a major role in diets worldwide,
typically about one-third of our food and beverage
consumption.
ble 1 History and origins of some fermented foods

od
Approximate time
of introduction (BC) Region

shrooms 4000 China
ne 3500 North Africa, Europe
er 3000 North Africa, China
ead 3000 Egypt, Europe
y sauce 3000 China, Korea, Japan
rmented milk and
cheese

3000 Middle East

h sauce 1000 Southeast Asia,
North Africa

kled vegetables 1000 China, Europe
a 500 China

4 Encyclopedia of Food Mic
History, Development, and Uses of Fermented Foods

The earliest peoples were generally nomadic hunters and
gatherers; only when they settled did cultivation and agricul-
ture develop.
The Middle East and North Africa

It is believed that one of the �rst transitions to organized
food cultivation and production occurred in the Middle East,
in the valleys of the rivers Tigris and Euphrates, more than
10 millennia ago. It was here that breads, both yeast-
fermented and sourdough, from the staple cereal, wheat,
evolved in producing a daily enjoyable fermented and baked,
digestible food.

It was also in the Middle East that the discovery was made
that milk kept and transported in animal skins produced
pleasant fermented milk drinks and yogurts. As �uid was lost
and the milk coagulated, even longer lasting cheese could be
produced by fermentation. In the twenty-�rst century, we
recognize some 2000 different varieties of cheese, produced in
different local areas worldwide.

With the lack of reliable clean, safe drinking water, bever-
ages produced by fermentation became important. The Egyp-
tians discovered that the residue left after fermenting barley to
make beer was rich in yeast, which could help produce the
raised or leavened bread that later came to dominate European
diets. Along the North African coast, the Romans planted
grapes. These are rich in sugars and highly perishable, but after
fermentation into alcoholic wine, they kept well.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00114-2
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Asia and Oceania

In China, major staple food crops cultivated some
8000–10 000 years ago were wheat, rice, and soybeans. Whe
grown mainly in the cooler north, was fermented and steamed
into mantou, steamed bread buns, and rice, which was grown
in the hotter south, could be made into a fermented porridge,
such as lao-chao, as well as rice wine (sake).

As soybean cultivation and processing spread from China to
Korea, Japan, and Indonesia, soybeans were fermented into so
sauce (shoyu) and soy paste (miso) and, in Indonesia, into the
fried cake (tempe).

In Southeast Asia, fermented� sh sauces, such as Vietnames
nuoc mam, and fermented � sh pastes, such as Filipino
bagoong, and Malaysian balachan, were protein-rich,� avor-
some components of the diet.

The Chinese concept of a balanced meal consisted of a bas
staple‘fan,’ of rice or other cereal, eaten with‘tsai,’ consisting of
vegetable or other � avorsome accompaniment, often fer-
mented, providing � avor, interest, � ber, and many essential
micronutrients. This has been followed by many cuisines
throughout the world. For example, in Korea, an essentia
component of every meal is the traditional, often homemade,
pickled, fermented vegetable kimchi. This product, of which
some 2 million tons is produced and largely consumed in
Korea annually, is made from a wide range of vegetables
sometimes with added � sh, and is a long-established way of
preserving essential vitamins and nutrients for consumption
daily during the long cold winters.

In Papua New Guinea, the starchy plants taro, or cocoyam
were fermented with coconut into a gruel known as sapal.
h
ri,

e
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Africa, South of the Sahara

In Africa, south of the Sahara, the staple foods were starc
crops. Cassava dough was fermented in West Africa into ga
Figure 1 Fermented meats.
kokonte, or lafun. The main cereal crops of Africa were
sorghum, millet, and, later, maize, and were used to make
a variety of fermented foods: kenkey, a dumpling, in Ghana,
West Africa, kalo porridge in East Africa, and maheu, a nonal
coholic sour fermented beverage, in southern Africa. Alcoholic
sorghum, millet and maize beers have been made traditionally
throughout Africa, and palm wine was produced from fer-
menting the sap of the oil palm tree, Elaeis guineensis. In
Ethiopia, the lesser known cereal teff,Eragrostis tef, was made
into the � at bread, injera.

Europe

Throughout Europe, meat was fermented by lactic acid bacteri
and micrococci, sometimes with fungi, to produce a range of
fermented whole country hams, and chopped meats, such a
salamis (Figure 1). These were produced by several artisana
methods in different local areas, with Germans typically
consuming some 5 kg each per year. In these products, th
activity of microbial lipase leads to the production of carbonyl
compounds, including aldehydes and ketones, which are
important � avor components.

Many fermented wheat and rye breads were produced in
Europe, as well as a range of fermented cereal beverag
including the ales and beers of northern Europe, and the lager
of central and eastern Europe. Apples also were fermented int
cider and grapes were fermented to make a range of red an
white wines. Many of these fermented beverages were forti� ed,
by either distillation, producing whisky from beer and brandy
from wine, or by forti � cation – the addition of brandy to wine
to give sherry or port.

A wide range of cheeses was developed in Europ
(Figure 2). The majority were made from cow’s milk, but some
were made from sheep’s, goat’s, or buffalo’s milk. The cheeses
were pressed, ripened, and matured for different periods, giving
a wide range of types, from mild soft cheeses, such as cottag
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Figure 2 Cheeses.
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cheese, to strongly flavored mold-ripened cheeses, such
Camembert and blue Stilton. As well as being a good way to
preserve perishable milk, these cheeses have provided a go
source of protein and interest and convenience in European
diets.
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Table 2 Estimated worldwide production of some fermented foods

Food Quantity (t) Beverage Quantity (Hl)

Cheese 25 million Beer 1600 million
Fermented milks 25 million Wine 400 million
Soy sauce 5 million
Mushrooms 3 million
Fish sauce 500 000
The Americas

Iqunaq, dried eider duck meat, was produced by the Inuits of
northern Canada. In Peru and Brazil,� at sheets of charqui were
made from llama, alpaca, beef, and sheep.

As people migrated, their skills in producing fermented
foods spread. Scandinavians took to North America their all-
important sourdough starters, used to produce a range o
sourdough breads. The practices of producing beers, lager
wines, cheeses, and fermented meats also were introduced
North and South America by immigrants. Now, Argentina and
Chile and California in the United States are all major
producers and worldwide exporters of wines. A wide range o
cheeses now are made in Latin America, with Argentinian
typically consuming 12 kg of cheese per year, not much les
than the 15 kg each in the‘original home’ of cheese, France.
t
ia
;
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Table 3 Individual consumption of some fermented foods

Food Country
Average annual
consumption per person

Beer (l) Ireland 150
Germany 120

Wine (l) Argentina 70
France; Italy 50

Kimchi (kg) Korea 40
Tempe (kg) Indonesia 18
Soy sauce (kg) Japan 10
Miso (kg) Japan 8
Current Production

The production and consumption of fermented foods (Table 2,
Table 3) have now spread to such an extent that Argentina and
Brazil are the major producers and consumers of salami; Wes
Africa regards French bread as its staple food; Austral
produces, and helps the French to produce, world-class wines
and New Zealand is a major producer and exporter of white
wines and Cheddar cheese.

The Indian fermented legume and cereal combination
products are enjoyed in Indian restaurants and homes
everywhere. Soybeans from the United States ar
transported across the world to Japan to be fermented into
traditional Japanese soy sauce, for export and consumption
worldwide, while Europe and North America also have soy
sauce factories.

The beans that are fermented to make cocoa and coffee a
grown as widely as in Indonesia, Malaysia, Kenya, Ghana
Ecuador, Brazil, and Costa Rica, and coffee and chocolate a
enjoyed everywhere. The beverage tea– from fermented tea
leaves– originated in China and is now also thought of as the
national drink of both India and Britain.
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BeneÞts and Importance of Fermented Foods

The term ‘biological ennoblement’ has been used to describe
the nutritional bene� ts of fermented foods (Table 4). Fer-
mented foods account for about one-third of world food
consumption, and 20–40% (by weight) of individual diets. The
three main groups of fermented foods are cereal products
beverages, and dairy products.

Fermentation considerably increases variety in the human
diet in addition to providing essential micronutrients
(Figure 3). Many interesting cuisines depend on regional fer-
mented food products for their individuality, and international
cuisines now are popular far distant from their origins.

Many staple food crops cannot be readily or safely
consumed before processing. Raw wheat, barley, and maize a
not appetizing, but the products of their fermentation – breads,
porridges, dumplings, and beers– are much more digestible
and acceptable. People who cannot tolerate milk� nd that
fermented milks, yogurts, and cheeses are more acceptable.
gs,

Figure 3 Olives.

Table 4 Bene� ts of fermentation

BeneÞt Raw material Fermented food

Preservation
Milk Yogurt, cheese

Enhancement of safety
Acid production Fruit Vinegar
Acid and alcohol production Barley, grapes Beer, wine
Bacteriocin production Meat Salami
Toxicity removal Cassava, soybean Gari, soy sauce
Enhancement of nutritional value
Improved digestibility Wheat Bread
Micronutrient retention Leafy vegetables Kimchi
Increased� ber Coconut Nata de coco
Probiotic synthesis Milk Bi� dus milk, yakult
Improvement of� avor

Coffee beans, grapes Coffee, wine
Important � avor compounds, including diacetyl and acet-
aldehyde, are produced by lactic acid bacteria during the
fermentation of milk. Grapes are pleasant to eat raw but are
highly perishable. Their fermentation produces a range o
wines with different characteristics, depending on the variety of
the grape. Wines are much safer to drink than contaminated
water.

Raw legume beans contain lectins, which are toxic; cooking
and fermentation produce a wide range of edible legume
products. Iso� avones, from soybeans, appear to be bene� cial.
Shoyu, soy sauce, is an essential component of many Easte
Asian dishes – more than 1 billion liters of soy sauce are
produced every year in Japan alone. Fish sauces, which prese
the amino acids of highly perishable � sh, have a similar role.

Several fermented products are particularly associated wit
festivals and celebrations. Lao-chao is the sweet-sour fermente
rice product produced in China for celebrations; in Japan,
a special rice wine containing fermented plums, umeboshi
sake, may be produced for New Year. Sparkling wines, such a
champagne, are used at occasions such as European weddin
for congratulatory toasts. In contrast, many fermented foods
are regarded as essential in daily diets– for example, bread, tea,
and fermented milks.
f

Applications of Fermentation

As one of the oldest forms of food preservation, fermentation
has played a key role in enabling people to survive periods o
food shortage. Fermentation was the earliest form of food
biotechnology.

Fermented foods are the major group of‘functional foods,’
which provide extra bene� ts to our diet beyond those expected
from the major nutrients present. Fermentation may result in
particular desirable nutrients becoming more readily available
or in the amount of less desirable or toxic components being
minimized. Knowledge of the mechanisms by which speci� c
microorganisms and their enzymes change foods during
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fermentation facilitates control of the fermentation process.
The traditional art of making a particular product has been
in�uenced progressively by scienti�c knowledge, but it still has
an important role in combination with it. For example, some of
the characters of traditional fermented foods may be lost by
using commercially produced starter cultures that account for
the major fermentative microorganisms but not for all those
involved in naturally occurring cultures – this may result in the
absence of key �avor compounds.

Further research and development is needed into many
aspects of the fermentation of foods. For example, the roles of
bacteriocins, antimicrobial compounds produced by lactic
acid bacteria, the predominant microorganisms in food
fermentations, are not understood completely. The signi�cance
of low levels of metabolites in generating important �avor
compounds is appreciated, but knowledge about the associated
chemical interactions is incomplete.

It is known that diet is important for human well-being, as
well as being contributory or preventative in the development
of a range of diseases. It is believed that several fermented foods
help to improve the quality of human life and also to delay or
prevent the onset of some diseases, including cancer and some
degenerative diseases. The importance of the polyphenolic
antioxidants in tea and red wines has been recognized,
while some lactic acid bacteria and bi�dobacteria appear to
have probiotic effects in fermented milks. Increasing
genetic knowledge provides the possibility of ‘improving’ food
fermentations, for example, by using modi�ed strains of starter
cultures to increase the reliability of fermentations. Genetically
modi�ed organisms, and the enzymes they produce, offer great
potential for commercial gain, but their development and use
must be carefully controlled and considered, to prevent the risk
that the natural, healthy image of fermented foods could be
lost, and hence, consumer demand eroded.
See also: Fermented Vegetable Products; Fermented Meat
Products and the Role of Starter Cultures; Traditional Fish
Fermentation Technology and Recent Developments;
Beverages from Sorghum and Millet; Fermented Foods:
Fermentations of East and Southeast Asia.
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Introduction

Beverages consist primarily of – and in their simplest form
entirely of – water. However, water by itself has not been
enough to satisfy humanity. The desire to improve on this
foundation has provided the impetus to produce many varia-
tions on this theme, and the incentive to do so has varied
widely. One motivation was to make water safer for human
consumption, which was accomplished by increasing the
acidity and the alcohol concentration; another was to make
water more attractive from a nutritional standpoint by adding
or utilizing vital nutrients, such as proteins (e.g., milk),
carbohydrates (e.g., beer and soft drinks), vitamins (e.g., fruit
juices), and minerals. Luxury foods also were developed from
staple foods, including those that contain higher concentra-
tions of alcohol, like spirits. The process has continued to the
point that substances imparting ancillary bene�ts are being
added as supplements. Some of these additives have their
origins in the pharmaceutical industry, such as xanthohumol
derived from hops, and reportedly aids in the prevention of
cancer. However, above all beverages must taste good! Grains
of all kinds have proven to be full of �avor, and around the
world, grain is used to produce beverages, primarily those
containing alcohol. This chapter focuses on special kinds of
grain: sorghum and small-seeded millet. Because the primary
constituents of grain, principally starch, are not water soluble in
their natural state, they must be subjected to degradation
processes, causing the long-chain molecules to be broken down
using physical means as well as through enzymatic processes.
These smaller, water-soluble molecular fragments allow further
treatment of the grain to take place; for example, by making
them accessible to fermentation microorganisms. These
processes correspond to malting and mashing in the produc-
tion of beer and whiskey, during which the enzymes inherent
in the grain are activated, and subsequently, the polymers are
thermally solubilized. For this reason, technology will also be
addressed in this chapter.

Malt is sprouted barley (or wheat, sorghum, etc.), meaning
that the natural germination process, as it would normally
occur when the grain is sown, is induced and allowed to take its
course under carefully controlled conditions (see Figure 1).
This process is divided into three steps: steeping, germinating,
and kilning. Through steeping, the grain absorbs a suf�cient
amount of water over a 24-h period so that it overcomes its
dormancy and begins to germinate. Over 4–6 days, germina-
tion is conducted under controlled conditions (moisture and
temperature), during which the rootlets and acrospires become
visible. To bring germination to an end, the water is driven out
of the grain using dry air. The temperature in the kiln is
increased to the point (80–100 �C) that the grain, now referred
to as malt, can be stored. During this process step, compounds
are formed, which impart aroma and color to the malt.

Sorghum (Sorghum bicolor (L.) Moench) and the numerous
small-seeded millet varieties have been widely exploited in Africa
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
and Asia for millennia to produce foods and beverages, primarily
fermented beverages both with and without alcohol. Before corn
was introduced in Africa, sorghum and millet were the most
widely used grains. Corn replaced both of these grains in the
wetter, cooler climates on the continent. High resistance to
drought coupled with the ability to thrive in harsh climates under
adverse agronomic conditions allows them to retain their posi-
tion as the ideal grain for many regions of Africa and Asia. Even
today, many kinds of millet continue to be cultivated chie�y in
the regions where they are the endemic species, for example,
teff (Eragrostis tef (Zucc.) Trotter) in the highlands of Ethiopia.

A distinctive characteristic of food made from this grain is that
it largely consists of coarse particles, because millet is dif�cult to
crush due to the small size of its kernels. However, this problem
can be avoided with most beverages through the integration of
a process step to separate the solid matter from the liquid.

Table 1 represents a provisional exhaustive list of beverages –
both alcoholic and nonalcoholic – along with their respective
starch sources and fermentation microorganisms.
Raw Materials

Millet species are members of a group of �owering plants
known as grasses and therefore belong to the family Poaceae
(also Gramineae). Sorghum and millet are classi�ed taxo-
nomically in the subfamilies Andropogonoideae and Pan-
icoideae, respectively, and are often used for beverage
production. The most commonly cultivated small-seeded
millet species are proso millet (Panicum miliaceum L.), pearl
millet (Pennisetum glaucum (L.) R. Br.), foxtail millet (Setaria
italica (L.) P. Beauv.), �nger millet (Eleusine coracana (L.)
Gaertn.), teff (Eragrostis tef (Zucc.) Trotter), fonio (Digitaria
exilis (Kippist) Stapf), and to a lesser extent, barnyard millet
(Echinochloa frumentacea Link) and kodo millet (Paspalum
scrobiculatum L.). Conversely, several species of sorghum, which
is more closely related to corn, have been identi�ed. Among
them, Sorghum bicolor (also known as durra or jowari), has
predominantly been the focus of enquiry, but Sorghum vulgare
and Sorghum guineensis have been as well.

The kinds of millet named above are originally from Africa or
Asia and are therefore perfectly suited to the growing conditions
in arid and semiarid climates. They are relatively resistant to long
periods of drought and have few soil requirements. The plants
are perennials and can be harvested over several years.

Currently, there are more than 10 000 varieties of millet, and
the number is increasing. Malt produced using some varieties of
millet, especially recently developed varieties, possesses char-
acteristics perfectly suited for beverage production, such as high
concentrations of a-amylase and b-amylase as well as a low fat
content and a high amount of extract. Recently, signi�cant
advances have been made in research investigating the attributes
relevant for beer production. Optimizing these attributes while
making allowances for the technical processes germane to
-384730-0.00118-X 839
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Figure 1 Schematic representation of the malting process. Gesellschaft für Öffentlichkeitsarbeit der Deutschen Brauwirtschaft e. V.
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brewing has been the focus of millet-breeding programs for
a relatively short time. Compared with malting barley, the
research into these characteristics is still in its infancy.
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Storage

Storage is an important aspect of grain handling. The grain itsel
must retain its germinative capacity and vitality while otherwise
maintaining valuable quality characteristics, for example,
minimal loss of extract due to respiration. Of particular signif-
icance for the storage of sorghum and millet are problems
caused by mold infestations, which are even more acute unde
the conditions present in tropical production and processing
plants where high temperatures and excessive moisture preva
The impact of a mold infestation can vary. At the very least, the
mold consumes a certain quantity of these valuable substance
in the grain and, in less favorable circumstances, it cause
problems like gushing. Even worse, mold can also releas
poisonous substances into the grain called mycotoxins.

In a study performed on 50 different lots of sorghum, 80% of
the samples were infected withAspergillus� avus, while 10% tested
positive for a� atoxin B1. If this grain were to be malted, then
a signi� cant part of it would become contaminated, especially in
the � rst process step when the grain comes into contact with larg
volumes of water. The number of samples, which tested positive
for the a� atoxin B1 in this study, rose to an alarming 52%
through the process of malting. The presence of a� atoxin B1 is
also problematic because of its considerable thermal stability
During the wort-boiling process in the brewhouse, this a� atoxin
is neither inactivated nor altered in any way.

Although a considerable amount of the mycotoxin
contamination originally present in the malt is retained in the
spent grain (approx. 60%), 18% can still be detected in the
� nished beer.

To avoid this problem, the soundest approach is to use only
uncontaminated sorghum in good hygienic condition.

The most prevalent molds found in sorghum are:A. � avus,
Curvularia lunata, Cladosporium cladosporioides, Fusarium mon-
iliforme, Rhizopussp., Alternaria sp., Penicilliumsp., Drechslera
sp., andNeurosporasp.
Millets

Pearl Millet (Pennisetum glaucum(L.) R. Br.)

Pearl millet has its origins in West Africa, where the oldest� nds
in Mauritania date to 1000 BC. With a cultivation area of
26 million hectares, pearl millet is the most economically
signi� cant small-seeded millet species. It is primarily cultivated
in sub-Saharan Africa. The optimal annual precipitation for
growing pearl millet lies between 200 and 600 mm, making it
one of the most drought-resistant species of grain in existence

Malt made from pearl millet is used in some African countries
to create opaque beers, as they are known. Germination i
complete after 24 h. In a number of different studies, theb-
amylaseactivity inpearl millet hasbeen found tobeashigh as that
in sorghum malt. Through experimentation on different varieties,
germination at temperatures between 25 and 30� C for 3–5 days
was determined to be optimal for malting this grain. In Malawi,
pearl millet serves as the basis for domestically brewed beers.
Foxtail Millet (Setaria italica(L.) P. Beauv.)

The region of origin for foxtail millet is China. Findings indi-
cate that it was � rst cultivated 7000 to 8000 years ago. In
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Table 1 Fermented nonalcoholic and alcoholic beverages from sorghum, millets, and other starch sources

Product Starch source Microorganism Country

amgba Sorghum S. cerevisiae, . Cameroon
affouk Sorghum S. cerevisiae, . Cameroon
omulamb Sorghum, maize, banana S. cerevisiae, . Uganda
Bantu beer,chibuku Sorghum, millet, maize S. cerevisiae, . South Africa, Zimbabwe
biere de mil Millet S. cerevisiae, . Senegal
bili bili Sorghum S. cerevisiae, . Chad, Central African Republic
bojalwa Sorghum S. cerevisiae, . Botswana
boza Wheat, millet, maize S. cerevisiae, Lactobacillus,

Leuconostoc
Turkey, Bulgaria, Romania, Albania

burukutu, pito Sorghum, maize, cassava,
guinea corn

S. cerevisiae,Saccharomyces chevalieri,
Leuconostoc mesenteroides, Candida,
Acetobacter

Nigeria, Benin, Ghana, Ethiopia

busaa Maize, sorghum,� nger millet S. cerevisiae, Lactobacillus Kenya
bushera Sorghum, millet Weissella confusa, Lactobacillus Uganda
cochate Millet S. cerevisiae, . Chad
chapalo Sorghum S. cerevisiae, . Niger
dam Millet S. cerevisiae, . Togo
doro Fingermillet yeast, bacteria Zimbabwe
dolo Sorghum S. cerevisiae, . Burkina Faso, Mali
Hirsebier(millet beer),

Krieger Bräu,
Riedenburg

Proso millet, agave S. cerevisiae, . Germany

kafÞr beer Maize, kaf� r corn yeast,Lactobacillus South Africa
kasi kasi Sorghum, banana S. cerevisiae, . Zaire
katata Finger millet, maize S. cerevisiae, . Zambia
kibuku Sorghum S. cerevisiae, . Zaire
kwete Millet, maize S. cerevisiae, . Uganda
mahewu Maize, sorghum, millet Lactobacillus delbrueckii, Lactobacillus

bulgaricus
South Africa

mbege Millet, banana S. cerevisiae, . Tanzania
merissa Sorghum S. cerevisiae, Lactobacillus, acetic acid

bacteria
Sudan

pombe Sorghum S. cerevisiae, . Tanzania
sibamu Sorghum, millet S. cerevisiae, . Zambia
Red bridge Sorghum S. cerevisiae, . USA
togowa Millet, sorghum Lactobacillus plantarum, Lactobacillus

brevis, Lactobacillus fermentum,
Lactobacillus cellobiosus,
Pediococcus pentosaceus, Weissella
confusa, Issatchenkiaorientalis,
S. cerevisiae,Candida pelliculosa,
C. tropicalis

Tanzania

talla Sorghum,� nger millet S. cerevisiae, . Ethiopia
uji Maize, sorghum, millet Lactobacillus East Africa
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Germany, foxtail millet was grown in the Rhineland and
eastern Germany. It was completely displaced as a crop by th
beginning of the twentieth century. The most important foxtail
millet producer in the twenty- � rst century is China.

Compared with other species, the germination period
required for foxtail millet during malting is relatively long,
which can result in a lack of homogeneity in the � nished
product. Otherwise, foxtail millet exhibits characteristics
similar to proso millet.
l
r

y

Fonio (Digitaria exilis)

Kernels of fonio are very small and have a thousand kerne
weight of 0.5 g. It is the oldest grain known to have originated
in Africa. Its primary cultivation area is the dry savannah, where
it also presumably has its origins. Fonio tolerates a wide range
of climate zones, those receiving anywhere between 400 an
3000 mm of precipitation annually. The opaque beers of Togo
and Nigeria are brewed using unmalted fonio. A study in which
malt was produced using fonio found it to be unfavorable
because of the high rate of loss during the malting process
Nevertheless, mixing fonio with other kinds of millet malt
produces an appealing beer. After comprehensive testing o
many varieties of fonio, the best malting conditions were found
to be 4 days of germination at temperatures around 30� C. To
suppress mold growth, formaldehyde was added to the wate
used for steeping, a practice often employed for grain from the
tropics and subtropics, because they are sown during the rain
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season, and the microbial load is therefore quite high. The� nal
temperature at kilning for most kinds of millet is normally not
above 50� C and seldom over 60� C. This is at least the genera
impression one receives from the literature. Problems with
dimethyl sul � de (DMS, an unpleasant aroma component)
have never been reported; however, DMS is rarely measure
Yet, our own trials with P. miliaceumhave shown on one hand
that the potential for DMS exists, but on the other, an initial
gentle period of drying with warm air allows higher kilning
temperatures to be employed later in the process without
damaging the enzymes too severely.
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Teff (Eragrostis tef(Zucc.) Trotter)

The oldest evidence for teff dates to 5650 years ago. The nam
teff comes from the small size of the grains (thousand kernel
weight: 0.3–0.4 g) and means‘to go lost’ in Amharic, the of� -
cial language of Ethiopia. Teff is believed to have been
domesticated originally domesticated in Ethiopia. It is still
primarily cultivated in the highlands of Ethiopia and Eritrea, at
elevations between 1700 and 2800 m where annual precipita-
tion is between 300 and 2500 mm. In these countries, both
unmalted teff and nonleavened teff bread are used in the
production of opaque beers.

The chemical composition of teff is as follows: carbohy-
drate 73%, protein (N � 6.25) 11% (9.4–13.3%), crude � ber
3% (2–3.5%), fat 2.5% (2.0–3.1%), and ash 2.8%
(2.66–3.0%). Minerals and trace metals are also present an
expressed in mg per 100 g: calcium 165, magnesium 170
chloride 13, iron 5.7, zinc 4.8, chromium 0.25, copper 2.6,
and manganese 3.0. The lysine content is higher in teff than in
other types of grains; however, at a concentration of 0.2 mg
per 100 g, vitamin B1 is lower in comparison. Vitamin C,
ribo � avin, vitamin A, and niacin are also present. It is note-
worthy that linoleic acid (C 18:2) makes up 44% of the total
fat content.

Despite its small size, malting teff poses no problems.
Removing culms or rootlets is necessary as they contai
substances, which can impart an unpleasantly bitter� avor.
Figure 2 shows the stages of development over 4 days o
germination. To malt teff successfully, equipment components,
such as the perforated deck of the kiln and deculming
machines, must either be adapted to handle smaller grain
diameters or sieves must be installed. It has been determine
that a steeping and germination temperature of 24� C, a mois-
ture content of 48% after steeping, and a 4-day germination
period are optimal for malting teff. Malt analyses performed on
the Ivory, Dessi, and Sirgaynia varieties showed a lower� nal
Figure 2 Different stages of teff germination from the ungerminated k
in Figure 3).
degree of attenuation, whereas the variety Brown was higher a
79.1%. This was the case despite the low levels of amylas
present, and yet the limited dextrinase levels were higher than
those in barley. The comparatively low extract content is
attributable to the mash method, which still needs to be
optimized so that the process focuses more intensely on limit
dextrinases.
Finger Millet (Eleusine coracana(L.) Gaertn.)

The oldest evidence for� nger millet dates to 3000 BC from
what is now central Sudan where this grain was domesticated
India leads as the largest producer of� nger millet in the world.
Together with corn, � nger millet is used in Kenya to brew
opaque beers. In other East African countries,� nger millet malt
is often combined with pearl millet malt to make a variety of
alcoholic beverages. Finger millet was analyzed in order to
identify the varieties low in tannins and rich in amylase. Some
of the varieties tested displayedb-amylase levels similar to
those of barley malt.
Proso Millet (Panicum miliaceumL.)

The origin of proso millet is thought to be in China. There,
proso millet was considered to be the most important grain
until the introduction of barley and wheat. Since the Middle
Ages, proso millet has spread throughout Central and Western
Europe, but its importance declined with the introduction of
the potato. The small areas used to cultivate proso millet had
almost disappeared entirely by World War I. There are isolated
efforts to renew cultivation of this grain in Germany. Proso
millet is widespread in areas of the world with arid and semi-
arid climates. These short-day plants prefer warmth and ligh
and exhibit good resilience to drought. Proso millet can grow
in less fertile soils than barley and wheat.

The following is characteristic for the chemical composition
of proso millet: carbohydrate 69.8%, protein 6–16%
(N � 6.25), fat 4.1–9.0%, and minerals 1.5–4.2%.

Proso millet has small seeds and therefore the endosperm i
quickly depleted during germination. The relatively thick husks
on millet cause water to be absorbed in the kernel more slowly.
A moisture content of more than 44% and a temperature of
22 � C have been shown to produce good results during
germination. Germination is complete after 5 days (see
Figure 3). It is essential that the rootlets are removed from the
small kernels of malt after kilning; otherwise, the malt will be
bitter. Even if proso millet is employing the standard method
used for barley, complete sacchari� cation as well as an
ernel to deculmed malt (the level of magni� cation is 10 times that of the images
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Figure 3 Different stages of proso millet germination, from the ungerminated kernel to deculmed malt.

FERMENTED FOODSj Beverages from Sorghum and Millet 843
acceptable limit of attenuation can be achieved. The smal
diameter of the kernels, between 2 and 3 mm, must be taken
into consideration. Although their size does not lead to the
kernels falling through the perforated deck of the kiln, it does
necessitate that the depth of the green malt bed in the kiln be
reduced by approximately one-third.

After a thorough review of the varieties available, the wild
brown form appears to be the kind of proso millet best suited
for malting, especially since it is easily obtainable in central
Europe. Kilning at 80 � C preserves suf� cient amylolytic enzyme
activity. Of particular note is the fact that starch degradation is
less dependent on a-amylase and b-amylase, but rather
depends on the content of limit dextrinase and most likely
amyloglucosidase. For wort production with proso millet, the
mash program should be altered to emphasize the rest
between 40 and 55� C, and at the same time, the mash needs to
be acidi� ed to a pH of 5.2. Secondary contamination occurring
as a result of yeast cultivated in wort or malt dust rich in gluten
from the mill should be avoided. Comprehensive trials have
shown that different beer styles can be produced from gluten
free grain without a problem. Only top-fermented beers may be
brewed with malt made from grain other than barley in
Germany; nevertheless, it is also possible to produce� avorful
bottom-fermented beers using these grains. Furthermore, wort
made with proso millet and fermented using Lactobacillus
strains do not exhibit any de� ciencies. Both homofermentative
and heterofermentative Lactobacillusstrains can be utilized.
These worts are especially suitable for use as a base for creat
alternative beverages, for example, tea extracts, as several rec
research projects have proven.
en .

t

Sorghum (Sorghum bicolor(L.) Moench)

Sorghum probably originated in Ethiopia and is cultivated in
the twenty-� rst century in most of Africa and India, south-
eastern Asia, Australia, and the United States. Precisely wh
sorghum was� rst documented is still under discussion, but it is
believed to be approximately 3000–5000 years ago. Sorghum
is an extremely drought-tolerant plant and is capable of growth
Figure 4 Different stages of sorghum germination.
t

in regions too dry for corn. Globally, 65 million tons are har-
vested each year.

The plants can reach a height of 4.50 m. The seeds vary
color ranging from chalky white to yellowish, reddish, and dark
brown. Sorghum occupies third place in the world behind corn
and rice as a malt substitute. It is primarily utilized in the
production of traditional beverages, which is evident from the
information provided in Table 1. Both malted (see germina-
tion in Figure 4) and unmalted sorghum are used. Beer brewed
with sorghum can be divided into two general groups: sweet
beer that is relatively clear with little particulate matter and
lacking sourness (e.g.,dolofrom West Africa) and also a sour,
pinkish brown, opaque (cloudy) beer possessing some effer
vescence (e.g.,Bantu beer). The major difference is that the latte
has undergone some means of acidi� cation, generally achieved
through the presence of microorganisms, such asLactobacillus
or Acetobacter. Malt or solid intermediate products like dough
can serve as a substrate for acidi� cation; alternatively, the wort
can be acidi�ed as well.

On average, the composition of sorghum is as follows:
carbohydrate 74%, starch 58%, protein 11.6% (8.1–16.8%), fat
3.4%, minerals 2.2%, and crude � ber 2.7%. The starch in
sorghum normally consists of 75% amylopectin and 25%
amylose. The gelatinization temperature of sorghum starch is
approximately 75–80 � C, but it can be as high as 95� C for
certain varieties. The gelatinization temperature depends on
variety and provenance. The cell walls are composed of 28%b-
glucan, 4% pentosan, and 62% associated proteins. Compar
atively, these values for barley are 70%, 25%, and 5%, respe
tively. At just 0.1%, the total b-glucan content is very low.

The protein fractions can be divided on average into 5.7%
albumin, 7.1% globulin, 52.7% prolamin (kafirin), and 34.4%
glutelin proteins. Sorghum is gluten free, is low in lysine, and
does not contain tryptophan.

The enzyme pro� le of unmalted and malted sorghum
differs greatly by variety but also depends on provenance
Furthermore, it is signi� cantly in� uenced by storage condi-
tions. Storage at 12–23 � C for a 2-year period brought about
a marked increase in soluble amylase, although grain stored a
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wort produced from the malt, the same relationships exist for
sorghum as observed with barley malt. The low temperatures
used in the �nal kilning of sorghum malt can be compensated
by increasing the length of the kilning process. Decoction
mashing methods combined with suf�ciently long boiling
times can further lower the DMS content of the wort.

When Nigeria levied an import ban on malt, sorghum malt
was almost exclusively used in beer production. As a result, the
country’s breweries had to switch to unmalted sorghum. Even
when a smaller amount of sorghum malt is used, it was still
necessary to add enzymes to ensure ef�cient brewing processes.
The beers made with sorghum have their own distinct char-
acter. Results from seminal research work stem from the time
malt imports were banned. Although in the meantime malt
imports have resumed, sorghum beer remains in demand.
Because the malt is kilned at a low temperature, the concen-
tration of DMS is high and must be lowered by boiling for
a longer period of time.

The dominant problem intrinsic to brewing with sorghum
malt is how to achieve adequate liquefaction, gelatinization,
and sacchari�cation of the starch. The amylolytic enzymes,
which catalyze and perform these processes, are not always
present in the necessary concentrations. Furthermore, sorghum
starch has a high gelatinization temperature, a trait that is not
compatible with the lower temperature optima of a-amylase
and b-amylase. Depending on the variety, gelatinization of
sorghum occurs at 70–75 �C and is only fully complete at
90–97 �C, which is far above the inactivation temperatures for
amylolytic enzymes.

The starch must �rst undergo gelatinization before the
enzymes can hydrolyze the starch chains. If the gelatinization
temperature is higher than that required for optimal function
of these enzymes, a partial mash must be pulled off of the main
mash so that a somewhat reasonable yield can be achieved. A
certain amount of suspended solids always remain after
mashing and can be removed by means of a separator or
a mash �lter.

The rate at which the sorghum is fermented is strongly
dependent on the free amino acid (FAN) content of the wort.
The higher the FAN content, the more nutrients are available to
the yeast, and thus fermentation progresses more rapidly.
Likewise, there is a direct correlation between the time required
for fermentation and the total nitrogen content. Generally
speaking, one can assume that the FAN content of sorghum
malt is suf�cient to provide the nutrients necessary for the
yeast.
Conclusion

Many different beverages were been made on base of
sorghum and millets and fermenting microorganisms, such
as yeasts, lactic acid bacteria, an acetic acid bacteria. Trans-
forming the starch in enzymatic processes to fermentable
sugars and afterward to lactic or acetic acid and alcohol is
the main reason these microorganisms are used. In many
cases, malt, germinated cereal, is the main source of these
beverages used to enhance the amylolytic enzymes for starch
degradation.

Many of these beverages are separated from the solid
particles but are not �ltrated of hazy substances. The color is
mostly yellowish to brown and the top has no to low foam. The
stability of these kinds of beverages is sometimes less than 5
days. The stability and becoming aware of the functional
properties are important aspects to consider for the future.
See also: Acetobacter; Aspergillus:Aspergillus ßavus;
Saccharomyces cerevisiae(Sake Yeast); Yeasts:Production and
Commercial Uses.
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Introduction

East and Southeast Asia have different dietary habits as
compared to Western countries; for example, this region
usually consumes rice instead of bread as part of the staple diet.
Countries in East and Southeast Asia have a rich and diverse
culture, and the climate varies from country to country. It is
thus not surprising to �nd unique fermented foods in the
region. As consumption of milk is a rather new habit in most of
the countries in this area, traditionally fermented dairy prod-
ucts are scarce. Plant material, on the other hand, is widely
consumed, and many fermented products come from vegeta-
bles and cereals. To ferment cereals into alcohol or produce
a condiment, a starter, called koji, is produced ahead of the
main fermentation. Microorganisms with strong amylase
activity, i.e., Aspergillus spp., Rhizopus spp., Amylomyces spp., or
yeasts, are used as starters. In addition, various types of �sh
fermentation can be found in the region. This might be due to
the countries’ geographical position. Most of the countries lie
along the ocean, and fermentation is suitable for �sh preser-
vation. Most of the �sh fermentations are conducted with lactic
acid bacteria (LAB) because lactic acid serves as a preservative.
In this chapter, fermented foods in East and Southeast Asia are
categorized based on the fermentation purposes, and ingredi-
ents and microbiology of the foods are brie�y reviewed.
Alcohol Fermentation

Sake

Sake, a traditional Japanese wine made from rice, is produced
mainly in cold areas during the winter months. At the �rst stage
of fermentation, rice is steamed, cooled down, inoculated with
Aspergillus oryzae, and kept at 30 �C for 2 days. Aspergillus oryzae
accumulates amylases in the step. This mold-grown steamed
rice, called koji, is then mixed with water and inoculated with
Saccharomyces cerevisiae to produce the “yeast seed”. The “yeast
seed” converts a mixture of koji, steamed rice, and water to
ethanol. Approximately 2 months is needed to complete all the
fermentation steps. At the end of fermentation, the mash
contains 14–17% (v/v) of ethanol. During fermentation,
nitrate-reducing bacteria and LAB (e.g., Leuconostoc mesenter-
oides and Lactobacillus sakei), play an important role in bio-
preservation. A similar product produced in Korea is called
cheongju.
Shaosinjiu

Shaosingju is a rice wine produced in Shaoxing, a city in China.
The production process is similar to that of sake, except that the
koji is produced by wheat grown with Rhizopus sp. Glutinous
846 Encyclopedia of Food Mic
rice is used as the main ingredient, and caramel is added for
coloring after the fermentation process.
Takju

Takju is a Korean turbid beverage prepared from rice and wheat.
Takju fermentation also contains koji production, and the koji
is mixed with water, steamed ingredients, and yeast. Sacchari-
�cation and alcoholic fermentation are conducted by Aspergillus
spp. and S. cerevisiae, respectively. Takju production usually
takes a week. The product contains 6–8% (v/v) alcohol and
high concentrations of organic acids, mainly lactic acid,
citric acid, and tartaric acid, and has a characteristic sweet-sour
taste. Lactobacillus paracasei and Lactobacillus plantarum are
the predominant LAB. The product is sold sterilized or
nonsterilized.
Brem

Brem is a rice wine produced in Bali Island of Indonesia.
Steamed rice is inoculated with a mixed dry-starter, called ragi
tape, and is allowed to ferment for one week at room temper-
ature. The fermented mash is then pressed and the tape juice is
further fermented in closed containers for approximately
6 months. Alcoholic fermentation is preceded by a sacchari�-
cation process. The yeasts Saccharomycopsis �buligera and Pichia
anomala are responsible for amylase and ethanol production.
Lactobacillus spp., Leuconostoc spp., Pediococcus spp., and Weis-
sella spp. contribute to a �nal sweet and sour taste. The ethanol
content of brem is usually 10–15% (v/v).
Sabah’s Tapai

Sabah’s tapai is an indigenous rice wine produced in the Sabah
region of Malaysia and is consumed during festive occasions
and gatherings. It is made from glutinous rice and starter
(sasad), although rice, cassava, pineapples, and maize may also
be used. The rice is washed, cooked, mixed with the starter,
poured into earthen jars, and allowed to ferment for 3 weeks.
The end product has an alcohol aroma and a sweet–sour and
bitter taste, with a sparkle.
Palm Wine

Palm wine (or toddy) is an alcoholic beverage produced from
the fermented sap of different species of palm trees found in
Southeastern Asian countries. The palm sap is collected from
unopened in�orescence of the palm by highly developed
tapping techniques into the earthen pitchers or bamboo tubes
that are colonized with yeasts and bacteria from previously
fermented product. The fermentation starts as soon as the sap
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00119-1
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� ows into the pitcher. A number of yeast and LAB have been
isolated from palm wine. After 24 h of fermentation, the
ethanol content may be as high as 9% (v/v). If fermented for
too long, acetic acid and other off-� avors may develop. The
product is called tuba in the Philippines, nuouduain Vietnam,
and tuackin Indonesia. Palm wine is sometimes distilled and
the distillate sold as lambanogin the Philippines.
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Shochu

Shochuis a Japanese distilled spirit and is mainly produced in
warmer areas of Japan, e.g., the Kyushu region. Sweet pota
barley, or rice is generally used as the main ingredient. Th
fermentation process is characterized by three stages:koji
production, yeast-seed production, and alcohol fermentation.
During koji production, citric acid produced by Aspergillus nige
or Aspergillus kawachiidecreases the pH to 3 or 4 and represse
the growth of most spoilage organisms. After one month of
fermentation by S. cerevisiae, the mash is distilled. LAB have
been isolated from shochumash, but at low numbers.
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Vegetable, Fruit, and Cereal Fermentation

Kimchi

Kimchi is a traditional Korean fermented vegetable. Chinese
cabbage is usually the main ingredient. Radish, ginger, an
garlic are used as side-ingredients. Red chili powder and salt a
added, and the mash is fermented for 1–2 months, usually
during winter. The � nal product is spicy. A number of LAB have
been isolated from kimchi, with Weissella confusa, Leuconosto
citreum, and Lactobacillusspp. the most dominant.
e.
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Nukazuke

Nukazukeare Japanese traditional pickles produced in fermented
rice bran, callednukadoko. Nukadokois produced from rice bran,
salt, spices, vegetables, and water fermented at room temperatur
The ingredients are stirred once or twice a day for a week or longe
Vegetables, such as eggplant, carrot, beet, and cucumber, are th
placed into thenukadokoand left for one day to a few months. The
fermented nukazukeis usually rinsed with water and eaten as
a side dish.Lactobacillus acetotoleransand Lactobacillus namurens
have been identi� ed as important LAB for the fermentation.
y
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Sunki

Sunkiis made from the leaves of red beet and is characterized b
its salt-free fermentation. The product is produced in every house
in the Kiso area of Japan during late autumn and winter.Sunkiis
fermented at 20–30 � C overnight and then ripened at 5–10 � C
for a few days. The product is consumed as a side dish or as a
ingredient in soup. Fermentation is performed by a combination
of various LAB. SeveralLactobacillusspp. have been found in
sunki. Yeasts and molds have not been recorded at present.
ti

Zha cai

Zha caiis produced from the fermentation of the mustard plant
and is produced in China. The swollen stem of the plant is
dried for a week or more, soaked in brine for a week, desalted
and fermented with red chili powder, Chinese pepper, and salt
for a few months to a year. The fermented product is usually
washed prior to use to remove the chili paste.
Suan-tsai

Suan-tsaiis fermented mustard prepared by the Hakka tribe of
Taiwan. Harvested mustard leaves are sun-dried, placed
a bucket in the presence of salt (4–13%, w/v), sealed tightly
with stones, and fermented for 2–3 months. Salt plays a key
role in bacterial composition. Salt concentration exceeding
10% (w/v) favors the growth of halotolerant or halophilic LAB
(Pediococcus pentosaceusand Tetragenococcus halophilus), whereas
other lactobacilli may grow at lower concentrations.Suan-tsaiis
consumed both as a side dish and as seasoning.
Natto

Nattois a Japanese fermented food made from soybeans. Boile
rice straw was originally used as the source of fermentation
bacteria. Brie� y, rice straws are“semisterilized” in boiling water
(for approx. 15 min) and cooled down at ambient temperature.
Steamed soybeans are put into the semisterilized straws. Th
straws are closed tightly and kept at 40� C for 1 day. Spore-
forming Bacillusspecies, especiallyBacillus subtilis, naturally
present on the surface of rice straws, survives the boiling proce
and act as starter culture for the fermentation. These day
a pure culture of B. subtilisis used as starter.
Tempe

Tempeis a traditional fermented soybean product in Indonesia.
Soybeans are soaked overnight, peeled, inoculated wit
a starter calledragi tempe, and fermented for 1–2 days. The
product is a compact mass covered by fungal mycelia.Rhizopus
sp. is the main microorganism for the fermentation, and LAB
have also been found.
Fermented Soybean Residue Cake

Soybean residue cakeis a traditional fermented food in China
made from soybean residue, a by-product of soymilk and tofu
(soybean curd). The soybean residue is shaped, put on ric
straws, covered with an air-permeable material, and fermented
for about 10 days. The fermentation is carried out by a mold,
Mucor racemosus, which is naturally present in the rice straws.
Nata De Coco

Nata de cocois a unique-texture fermented food produced in the
Philippines. It is sometimes described as solid, cellulosic
white, transparent, sweet, and chewy. Coconut water, coconu
skim milk, or highly diluted coconut milk is used as the main
ingredient. Nata de pinais produced from pineapples. Tradi-
tionally, the bacterial cellulose termed nata is prepared by
inoculating Gluconacetobacter xylinus(basonym: Acetobacter ace
subsp.xylinum) into lique � ed coconut, supplemented with 8%
(w/v) sugar and 1.2% (v/v) acetic acid and fermented under
still, aerobic conditions.
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Burong mangga

Burong manggais fermented mango and is produced in the
Philippines. Green mango is peeled, sliced, packed in jars, sa
is added (3–4%, w/v), and the mixture is allowed to ferment
for 3–5 days.Achromobacterspp., Aerobacterspp., Bacillusspp.,
Escherichia coli, Flavobacteriumspp., Pseudomonasspp., and low
numbers of LAB have been isolated. Under favorable condi
tions, the growth of aerobic bacteria is superseded by LAB.
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Suka

Suka is palm vinegar prepared from palm sap in the
Philippines. Nipa and coconut saps are commonly used.
Spontaneous fermentation leads to the production of ethanol
and acetic acid simultaneously. Vinegar is produced from the
coconut water and desiccated coconut. The coconut water
� ltered, sugar added, pasteurized, and inoculated with a starte
culture of S. cerevisiae. After 2 weeks of fermentation, a starter
culture of Acetobacter acetiis added and allowed to ferment for
another 2–3 weeks to produce 4–5% (v/v) acetic acid.
h

Asinan rebung

Asinan rebungis produced in Indonesia. Young bamboo shoot
is trimmed, sliced, mixed with brine (2–3% salt, w/v), and
naturally fermented for several weeks.Lactobacillus plantarum
has been isolated.
Puto

Putois fermented rice cake produced in the Philippines. Rice is
washed, soaked overnight, ground, mixed with sugar and
coconut milk, and allowed to ferment for several hours,
resulting in an acidi� ed and leavened product. Puto is
consumed daily in many parts of the Philippines as breakfast,
a dessert, or a snack. Dextran-producingLeuconostocspp. are
dominant in the fermentation.
r
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Tapai pulutand Tapai ubi

Tapai pulutis fermented rice produced in Malaysia. Glutinous
rice is washed, soaked overnight, steamed, mixed with starte
(called ragi tape), and allowed to ferment for 1–3 days. The
starter contains a combination of yeasts, molds, and LAB.Tapai
ubi is similar to tapai pulut, except that cassava tubers (Manihot
esculenta) are used as the main ingredient. The fermented
products are partially lique� ed, having a sweet-sour and mildly
alcoholic taste. The cassavatapai is sometimes baked as a cak
(cheesetapaicake) or cooked in coconut milk with palm sugar
and consumed as a snack.Tapai pulutcontains 2–5% (v/v)
ethanol.
-

Fermented Condiment

Miso

Miso, typically produced in Japan, is a thick paste food.
Soybeans, barley, or rice are used to producekoji, and A. oryzae
is used as akoji starter. Thekoji is then mixed with steamed
and crushed soybeans, salt (approx. 12%, w/w), and smal
volumes of water. The fermentation and ripening process
usually takes between 2 and 6 months, but may be longer. A
halotolerant yeast, Zygosaccharomyces rouxii, produces the
distinct miso � avor. The halophilic LAB T. halophilusand
Enterococcusspp. preserves the product. The fermented produc
is consumed as soup, in sauces, as a spread, or added to pickl
vegetables and meat.
Shoyu(Soy Sauce)

Shoyuis traditional Japanese liquid seasoning made from de-
fatted soybeans and wheat.Aspergillus oryzaeor Aspergillus soja
is inoculated onto steamed soybeans and roasted wheat to
producekoji. Thekoji is then mixed with water and salt (approx.
17%, w/v) and is fermented for 6–12 months. The fermented
product is then pressed to produce the fermented juice,shoyu.
LAB (mainly T. halophilus) and yeast (Z. rouxii and Candida
spp.) preserve the product and produce the unique� avor. Soy
sauce is produced in different countries and each has a chara
teristic � avor.
Douchi

Douchiis a Chinese fermented black bean product used widely
in Chinese dishes. Steamed black beans are inoculated wit
Aspergillussp. for koji production and kept for a week. Thekoji is
washed, dried, and placed in a kiln with salt (approx. 15%,
w/w) and fermented for 6 months. Enterococcus faeciumis the
predominant LAB in the fermentation. Recently, instead of
Aspergillussp., B. subtilisis sometimes used to producekoji. In
this case, the product is referred to as bacterial-typedouchi. In
Taiwan, douchiis always found in soy factories because it is
a by-product of soy-based foods.
Doenjang, Ganjang,and Kochujang

Doenjangand ganjangare fermented soybean paste commonly
used in Korean dishes. Steamed and semicrushed soybeans a
formed into blocks and naturally fermented by molds (mainly
Aspergillus, Rhizopus, and Mucor spp.) and B. subtilis. The fer-
mented blocks, calledmeju, is brined, ripened, and then sepa-
rated into two parts; the supernatant liquid and the precipitated
residue. The liquid is used to produceganjang(Korean soy
sauce), whereas the residue is ripened to makedoenjang.Recent
years, additional grains (wheat and barley), inoculated with
A. oryzaeand B. subtilis, are often used in the commercial
production of doenjangand ganjang.

Kochujangis a hot Korean fermented condiment. Production
is similar to that of doenjang. Meju is prepared from soybeans.
Red chili powder is added to themejuwith salt and a starchy
source (e.g., rice and wheat) and ripened.Kochujangis also
widely used in Korean dishes.
Fish Sauce

Fish sauceis prepared from brackish water, seawater, and fresh
water� shes and salt (22–26%, w/v) and is consumed in various
Asian countries. Fermentation, conducted by halophilic
bacteria, is from 12 to 18 months. The fermented product is
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marketed in various countries with different namesd for
example, nam-pla (Thailand, Loas), ketjap-ikan or bakasan
(Indonesia), patis(Philippines), ngan bya yay(Myanmar), nuoc-
mam (Vietnam), teuk trei (Cambodia), shottsuru(Japan), and
budu(Malaysia).
r

Ka-pi

Ka-piis a fermented� sh (ka-pi pla) or shrimp ( ka-pi koong) paste
produced in Thailand, Laos, and Cambodia. Similar products
are produced in various Asian countries and marketed asterasi
(Indonesia), bagoong(Philippines), ngapi yay(Myanmar), mam
ruoc, mam tepor mam tom (Vietnam), and belacan(Malaysia).
The product contains 14–40% (w/v) salt and is fermented by
combination of various halophilic bacteria for 4 –6 months.
Ka-piis usually used as a condiment for various spicy soups o
the � avoring of dishes.
-

Tempoyak

Tempoyakis a traditional fermented condiment made from the
pulp of the durian fruit in Malaysia and Indonesia. Durian
meat is mixed with salt (2.5%, w/v), placed in a sealed
container, and allowed to ferment for 1 week.Lactobacillusspp.,
Leuconostocspp., and Fructobacillus durionishave been isolated.
The product is used as a condiment with certain� sh and
vegetable dishes.
s

-

Jeotgal

Jeotgalis fermented seafood produced in Korea and is used a
a condiment for a number of Korean dishes, includingkimchi.
Shrimp, oyster, shell� sh, � sh, � sh eggs, and� sh intestine are
fermented in the presence of 20–30% (w/w) salt for 2 months
or a few years. HalotolerantBacillusspp. andStaphylococcusspp.
have been isolated fromjeotgal.
lly
rel

s

Fermentation of Fish and Marine Products

Narezushi

Narezushiis a fermented food made from� sh and cooked rice
in the middle of Japan. The � sh is pretreated with salt and
sometimes with vinegar and then covered with cooked rice
and spices. Freshwater� shes, such as crucian carp (Carassius
sp.) and ayu (Plecoglossus altivelis altivelis), are traditiona
used, but, recently, several marine species such as macke
(Scombersp.) and aji (Trachurus japonicus), have also been
used. Fermentation is carried out at ambient temperature for
a few months. Some of the fermented products have a strong
odor and � avor. Lactobacillusspp. andPediococcusspp. are the
most dominant.
s

,

.

Kusaya

Kusayais usually produced from gutted amberstripe scad
(Decapterus muroadsi) or � ying � sh (Cypselurus agoo) in the Izu
chain of Japan. The� sh is soaked inkusayajuice for a day and
then dried. Kusayajuice is produced from extended matura-
tion of brine and � sh extract and has a strong odor.Bacteroide
spp., Clostridiumspp., and Fusobacteriumspp. have been iso-
lated from kusayajuice.
Pla-ra

Pla-ra is produced from the fermentation of freshwater � sh
such assoi(Crossocheilussp.), chorn(Channa striatus), and takok
(Cyclocheilichthyssp.) and mixed with roasted rice/paddy or
unroasted rice bran and salt (12–24%, w/w) in Thailand.
Fermentation takes 6–10 months. Similar fermented food is
produced in other countries with different names such as
padaek(Laos) andprahok(Cambodia). A number of halophilic/
halotolerant LAB and aerobes have been isolated.
Pla-som

Pla-som is a traditional fermented product produced in
Thailand from freshwater � sh such asta-pian(Puntius goniono
tus), mixed with ground cooked rice and salt (4–10%, w/w).
Fermentation is for 5–7 days. Various LAB are involved.
Som-fak

Som-fak, produced in Thailand, is prepared from minced
freshwater � sh such as cha-do (Channa micropeltes), kraai
(Notopterus chitala), and sa-laad(Notopterus notopterus), mixed
with salt (4%, w/w), cooked rice, and garlic. Fermentation is for
3–5 days. Various LAB have been isolated.
Hoi-dong

Hoi-dongis mussel (Pena viridis), fermented in the presence of
salt (approx. 12%, w/v). In Thailand, the product is consumed
as a main dish or served as a condiment with rice.Tetrageno
coccus halophilusand Lactobacillus farciminishave been
predominantly found in the fermented product.
Balao-balao

Balao-balao, typical of the Philippines, is produced from salted
shrimp, salt (approx. 20%, w/w), allowed to stand for 2 h, and
then drained. Cooked, cooled rice is then mixed with the salted
shrimps, salt (3%, w/w), bottled in wide-mouth glass jars, and
fermented for 7–10 days.

A similar product in Thailand is known as kung chaoor kung
sam. It is consumed as a sauce or main dish. Lactic acid i
produced by L. mesenteroides, Pediococcussp., andL. plantarum.
Meat Fermentation

Jinhua ham

Jinhua hamis a traditional fermented meat product produced in
the Jinhua area of China. Leg of pork, specially bred in the area
is covered with salt and stored for two months. The meat is then
desalted by washing with water and sun-dried for a few weeks
The sun-dried leg of pork is matured by hanging for four to� ve
months, during which the meat is fermented by various
proteolytic microorganisms, especially molds. The product is
usually used as soup stock.
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Nham

Nham (Naem)is prepared from red pork meat, pork rind, and
cooked glutinous rice, seasoned with garlic, salt (2%, w/v),
pepper, whole bird chili, and potassium nitrate and allowed to
ferment for 3–4 days in Thailand. The product is consumed as
a side dish or condiment with uncooked fresh ginger, green lea
vegetables, green shallot leaves, roasted peanuts, and bird ch
Lactobacillusspp., Leuconostocspp., and Pediococcusspp. have
been associated with the fermentation.
n

r

f

s

Sai-krork-prieoand Mum

Sai-krork-prieois a traditionally fermented sausage consumed in
various parts of Thailand. Minced pork and fat are mixed with
sugar, pepper, spices, and salt and fermented for 2–3 days. The
product is roasted and consumed as a main dish with cooked
rice or steamed glutinous rice, together with fresh ginger, gree
shallots, and cabbage. A similar product, calledmum, is found in
the northeastern part of Thailand and is produced from ground
beef or pork, beef or pork liver, ground roasted rice and cooked
rice, seasoned with salt and minced garlic, and fermented for 3–4
days.Lactobacillusspp., Weissellaspp., andPediococcusspp. have
been predominantly isolated from sai-krork-prieoand mum.
e

s

ts
Nem chua

Nem chuais a popular, traditionally fermented meat product
produced in Vietnam and in small quantities for local
consumption. Lean ground pork and skin are mixed with
various additives and spices and are allowed to undergo
spontaneous fermentation for 3–4 days. The fermented
product is consumed without heating. It has a maximum shelf
life of � ve days when preserved at room temperature. Th
product can also be stored for one month in the refrigerator.
Lactobacillus plantarumhas been isolated.
f

s

i
lly

-

Urutan

Urutan is a dry fermented sausage produced in Bali Island o
Indonesia. It is prepared from lean pork and fat mixed with
spices, sugar, and salt. Traditionally, the mixture is stuffed into
clean pig intestines and allowed to ferment naturally during the
drying process.Urutan is characterized by the fermentation
conditions (fermented at 25 � C at night to 50 � C during sun
drying for a few days). The product does not contain nitrate or
nitrite and is not smoked. Lactobacillusspp. and Pediococcu
acidilacticiare the dominant species.
s

a.

,
d
s

Fermented Milk

Airag (Chigee)and Tarag

Airag is a traditional fermented beverage made from unpas-
teurized mare’s milk in Mongolia during summer. The fermen-
tation was traditionally performed in a bag made from cow
stomach. Lactobacillus helveticusand Lactobacillus ke� ranofaciens
are the main acid-producing microorganisms. Kluyveromyce
marxianusis associated with ethanol production in airag. Airag
contains approximately 2% (v/v) ethanol and has a mildly
alcoholic and sour taste. Similar products, called koumiss and
chigee, are found in central Asian countries and Inner Mongolia
of China, respectively.Enterococcus faecium, L. mesenteroides, and
L. plantarumhave been isolated as predominant LAB inchigee.

Tarag, typically found in Mongolia, has a yogurt-like texture
and is produced from the milk of cows, ewes, goats, or camels
The fermentation is conducted by several LAB and yeasts.
Kesong Puti

Kesong putiis a white soft cheese prepared from fresh cow o
carabao milk to which rennet and LAB have been added. The
product, prepared in rural households in the Philippines, is
usually wrapped in fresh banana leaves and has a shelf life o
approximately one week at 5� C storage.Kesong puticontained
2.5% (w/v) salt and had total titratable acidity of 0.25%
(expressed as% lactic acid).Lactobacillus casei, Lactococcus lacti,
Flavobacteriumspp., Achromobacterspp., Pseudomonasspp.,
Serratiaspp., Micrococcusspp., and Aerobacterspp. and yeasts
(Torulaspp.) have been isolated.
Dadih

Dadih is a fermented buffalo milk product produced in western
Sumatra of Indonesia. Buffalo milk is � ltered, put into bamboo
tubes covered with banana leaves, and fermented for a few day
at room temperature. Lactobacillusspp. and Enterococcusspp.
have been isolated.
Other Fermented Food

Stinky Tofu

Stinky tofu,consumed in China and Taiwan, is tofu (soybean
curd) soaked in smelly brine prepared from naturally fer-
mented and decomposed vegetables such as bamboo shoo
and wax gourd. The tofu is soaked in the brine for a few hours
to one day. The brine contains several protein-hydrolyzing and
ammonia-producing aerobes. The pH of the fermented brine
usually ranges from 7 to 9. LAB have been isolated from stinky
tofu but in small numbers.
Goishicha

Goishichaconsists of fermented tea leaves produced in the Koch
Prefecture of Japan. Fresh tea leaves are steamed, partia
decomposed by mold (Aspergillusspp.), fermented for a few
weeks in wooden jars, and dried. SeveralLactobacillusspp. have
been isolated. Similar products are awabancha and ishizuchi
kurocha produced in Japan. These products are consumed as te

Miang

Miang, found in the northern part of Thailand, is produced
from the fermentation of tea leaves seasoned with trace
amounts of salt (0.1–1.5%, w/w). Young tea leaves are
collected, steamed, wrapped tightly in individual bundles,
packed into containers, pressed tightly, and weighted down
covered with banana leaves and plastic sheets, and fermente
for 3–4 months. The product is consumed as a snack. Variou
LAB have been isolated from the fermenting product.
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Introduction

Fermentation is an important method of food preservation that
some would claim is still second to none. It is easier to store
fermented food than fresh food, and it is safer and often tastier;
in addition, it reduces subsequent cooking time. Without
fermentation, the world would be a much hungrier place.
Fermentation technology was developed indigenously world-
wide by using natural products from the respective regions to
produce the required food materials. Fermented food products
have shaped the characteristic tastes and aromas of each
cultural society.

The meat-eating habits of Western culture required food
preservation technology in order to maintain perishable meat
and milk for longer periods. Meat sausage, cheese, and acid
fermented milk production employed important food preser-
vation methods until refrigerators became available in homes.
People who ate cereals as staple foods in the East wanted to have
meat-�avored and salty condiments, which make bland cereal
foods more palatable. This demand led Asian people to develop
soybean sauce and �sh sauce fermentation technologies.

Because of the perishable nature of fresh �sh, various �sh
preservation techniques have been developed through history,
including drying, salting, and widely practiced fermentation
techniques at cottage-level processing that are used either alone
or in combinations. In order to salvage a small �sh harvest,
which is otherwise wasted, these techniques are also used on
the shores immediately after catching and sorting the �sh.
Fermentation combined with drying and/or salting is probably
the most appealing technique to �shing communities because
it provides a mixture of �avored products worldwide.

In view of the lack of knowledge regarding the speci�c
production process of numerous �sh fermentation techniques,
this chapter seeks to elaborate some of the major �sh fermen-
tation techniques along with recent advancements in this �eld
to achieve functional fermented foods from �sh origin. There is
much room for improving fermentation practices, even at
modest scales in villages or individual households. Accelerating
the speed of fermentation is a common objective, as is the need
for a uniform end product in which losses of vitamins and
other micronutrients are minimized. Those attempting to
achieve this, for example, through improved starter cultures,
must accept that fermented foods usually have a very distinc-
tive taste, and, if this is lost, ef�ciencies gained in production
will be worthless. However, improving the shelf life of a tradi-
tionally fermented product, in order to preserve the sought-
after taste, is a fruitful way to add value to fermented foods.
Basics of Fermented Fish

Fermented �sh is generally considered as any �shery product
that has undergone degradative changes through enzymatic or
852 Encyclopedia of Food Mic
microbiological activity in either the presence or absence of salt.
The overall processing steps of �sh fermentation are similar
throughout the world. After the �sh have been caught, small �sh
such as sardines are either dried or used fresh for fermentation.
These products undergo spontaneous fermentation with or
without de-gutting or de-boning, in salt liquors. Fish paste is
kept at ambient temperature for one to several months
depending on the types. Various bacterial and natural enzymes
proceed to solubilize �sh proteins at this stage. In fact, various
bacterial strains can be isolated during this phase, while the
fungal and yeast loads tend to diminish throughout fermenta-
tion. Unlike conventional carbohydrate fermentations, �sh is
a protein-rich substrate, with minimal sugar content. Therefore,
the fermentation process of �sh mainly addresses the protein
fraction and the lipid fatty components of the raw material. Fish
in its natural environment has its own micro�ora in the slime on
its body, in its gut, and in its gills. These microorganisms, as well
as the enzymes in the tissues of the �sh, bring about putrefactive
changes in �sh when it dies. Furthermore, the microorganisms
generally present in the salt used for salting also contribute to the
degradative changes in the �sh. Microorganisms require water in
an available form for growth and metabolism. Halophiles grow
optimally at high salt concentrations but are unable to grow in
salt-free media. Halotolerant organisms grow best without
signi�cant amounts of salt but can also grow in concentrations
higher than that of seawater. Various types of salts are used for
the salting and fermentation of �sh. They include solar salt, rock
salt, and vacuum salt, and they have their own micro�ora. Solar
salt, which is the most widely used salt in �sh curing, has been
found to contain the largest amount of microorganisms. The
general bacterial �ora of solar salt mostly comprises bacillus
types, with the remainder being micrococcus and sarcina types.
In the degradative changes that occur during fermentation, no
signi�cant changes were observed in the amino acids, particu-
larly the essential ones. The degradation process, however,
brings out certain characteristic �avors that are essential for the
quality of the �nal product.

Most fermented �shery products are made from fatty �sh.
Lean �sh has sometimes been noted to give a less acceptable
texture and �avor. The role of fats in the fermentation process
has not, however, been studied in any detail. Fish oils are highly
unsaturated and hence very prone to oxidation. Certain pro-
oxidants, such as heme, in the proteins catalyze the oxidation
reaction. Similarly, iron impurities in the crude solar salt used
for curing also accelerate auto-oxidation. Oxidized �sh oils have
a characteristic taste and paint-like smell, but the acceptability of
products having the typical taste and �avor of oxidized fats
depends very much on local preferences. The products of fat
oxidation take part in further reactions, especially with amines
and with other decomposition products of proteins, to produce
colored compounds as well as substances with odor. Lipases
present in the �sh �esh also hydrolyze the lipids, but the extent is
dependent on the level of salting and fermentation.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00117-8

http://dx.doi.org/10.1016/B978-0-12-384730-0.00117-8


k
,

s,
,
t

e.

n

s

n

e

s
e

t

.

as

by
c

.
g

t
,

t

d

y,

d
s
s
d

FERMENTED FOODSj Traditional Fish Fermentation Technology and Recent Developments853
The processing of� sh at the end of this phase produces
coarse, thick brown liquor, often referred to as� sh paste. The
paste is optionally processed further, resulting in a thinner
product, referred to as a sauce. For sauce production, the thic
paste is macerated, mashed, and mixed with other additives
according to the nature of the sauce and its country of origin.
These additives include spices such as cumin, fennel seed
pepper, cinnamon, ginger, coriander, and thyme. Rice, barley
or wheat adjuncts are added in some cases, probably to boos
the activity of the lactic acid micro� ora. The � sh paste with
additives is left to ferment for a period of 2 weeks up to
a number of years, and is consumed when needed as a sauc
The proper fermentation of � sh sauce involves lactic acid
bacteria such as Lactococcusspp., Lactobacillus brevis, and
Pediococcusspp. Other bacterial species have often bee
encountered at early stages of� sh paste and sauce fermentation
and decrease in number through the process. Such strain
include Bacillusspp., Micrococcusspp., and Pseudomonasspp.
The latter groups are contaminants of the raw� sh, where lactic
acid bacteria tend to dominate at the end of the fermentation
process. Extremely halophilic bacterial strains were isolated i
Thai � sh sauce (nam pla) and considered to be strong proteo-
lytic spoilage groups, giving an objectionable red color to the
product.

The manufacturing procedures of fermented� sh include
packing all or part of the � sh with salt (20–50%) in tightly
sealed earthenware pots or jars. These pots are buried in th
ground or exposed to the sun depending on whether the
climate is rainy or sunny. Fermentable carbohydrate source
such as cooked rice and molasses may be added to provide th
lactic acid bacteria with the energy to assist in producing lactic
acid. This plays a substantial role in the fermentation and
inhibition of the growth of spoilage microorganisms. High salt
concentrations are used in fermented� sh products to combat
microbial spoilage. Therefore, in the presence of high sal
content, proteolytic enzymes become more important in the
hydrolyzation of � sh and protein solubilization. Such proteo-
lytic activity is not necessarily vigorous, and a fairly long time is
needed to accomplish the desired characteristic in the� nal
products. Such enzyme activity is controlled by the� sh species,
the body part used in the process, and the� shing season, as
well as the interacting microbial species during processing
Pelagic types of� sh have higher proteolytic activity than other
ground � sh caught in coastal areas. In protein hydrolyzation,
an array of bacterial enzymes and natural� sh gut enzymes are
responsible for breakdown during the solubilization process.
In some cases, enzymes from plant and animal sources such
papain, � cin, bromelain or trypsin, and chymosin have been
used in an attempt to accelerate the rate of proteolysis in
various � sh fermentation procedures in Asia.

Volatile components of fatty acids, methyl ketones, alde-
hydes, esters, and free fatty acids were reported to increase
the end of fermentation, at the expense of triglycerides. Aerobi
fermentation with an ample supply of oxygen tends to result in
a richer pro� le of volatile fatty acids. This type is often referred
to as cheesy� avor, probably generated by lactic acid bacteria
However, there is evidence for deamination processes durin
the relatively long fermentation time that leads to conversion
of the carbon skeleton of amino acids into the equivalent
volatile fatty acids, such as the degradation of isoleucine into
acetic acid. As an example, the common volatile fractions tha
contribute to the � avor of Thai � sh sauce are acetic, propionic
isobutyric, and isovaleric acids. A meaty� avor is evident, but is
not fully explored due to the inherent complexities of the
process. Ammonia and amines such as trimethylamine impart
a characteristic� avor in � sh.
Important Fermented Fish Products
and Developmental Scenario

Fermented � sh products are important traditional foods in
many countries worldwide, particularly in Asia, where fer-
mented small anchovies, sardines, oyster, squids,� sh eggs, and
intestines are widely consumed (Table 1). Fish sauce, which is
extensively used as a condiment in many countries of southeas
Asia, supplements the diets of the poor communities with
high-quality proteins and vitamins. Fermented � sh pastes are
widely used in Korea, the Philippines, and Thailand. In the
past, fermented � sh products were largely produced by the
household for consumption. However, the distribution,
pattern of production, and consumption of traditional fer-
mented � sh products are changing rapidly in response to
population growth and increased urbanization. Household-
produced fermented� sh products are increasingly� nding their
way into the marketplace. In many countries, medium-scale
industrial production of fermented � sh is mushrooming.
However, there has not been a signi�cant improvement in the
processes used, and quality control is still poor.

In the Indian subcontinent, different ethnic people, espe-
cially those living in the Himalayan regions, Nepal, Bhutan,
China (Tibet), and Northeast Indian states, use indigenous
fermented � sh products to provide the basic components of
diets, with diverse characteristics of nutrition, � avor, palat-
ability, and texture. For many centuries, the people in these
regions prepared and consumed a number of lesser-known
indigenous fermented � sh products for their cultural needs as
well as for the future security of food. Today, due to lack of
proper knowledge regarding product safety and unique
production techniques, these products have been extinguishe
or limited to very speci� c communities. Recently, Asian
research institutes such as the Asian Institute of Technolog
Central Institute of Fisheries Technology, and Technology
Information, Forecasting and Assessment Council have focuse
on the ignored sector of better economic use of small and les
economic trash � sh as well as huge quantities of bycatche
from trawlers. If proper strategies are used to propagate an
upgrade this sector through industrialization, then this sector
may contribute to the nutritional security of the most deprived
and vulnerable populations in these regions in the near future.
Fermented Fish Products Worldwide

In Asia, fermented � sh products are manufactured in vast
quantities for human consumption. One of the most common
fermented� sh products is� sh sauce, which is known aspatisin
the Philippines, nuoc-mamin Cambodia and Vietnam, nam pla
in Thailand and Laos, and luxia-you(shrimp � sh sauce) in
China. In Japan,� sh sauce is well known by the nameshousuru.
It is a special product of the Akita Prefecture and is utilized by



Table 1 Fermented� shery products

Product Country Type of product

Narezushi China Fermented� sh with salt and cooked carbohydrate usually rice
Shiokara China Fish and salt, when grounded gives shiokara paste
Ngapi Myanmar
Prahoc Kampuchea
Pra la Thailand
Nam pla Northern Thailand The liquid form of Shiokara
Deak
Budu Southern Thailand Decayed� sh meat in colloidal form in liquid. This product is the intermediate between� sh

sauce and Shiokara paste. Specially made from anchoviesMalaysia
Kem bak nat Thailand Made from chopped� sh � esh,� sh eggs, and sliced pineapple
Bagoong alamang Philippines Fermented shrimp, semi-liquid paste
Shajiang China
Jeot-kal Korea Fermented� sh tripped in salt
Chui China
Sikhae Korea Fermented� sh or clam meat in a mixture of rice and salt
Patis Philippines Fish sauce
Bagoong Philippines Fish/shrimp paste
Burong isda Philippines Fermented rice� sh mixture
Balao balao Philippines Fermented shrimp
Kicap ikal Malaysia Fish sauce made from� shes other than the anchovies species
Pekasan Malaysia Made usually from freshwater� sh mixed with roasted rice, tamarind, and salt
Belacan Malaysia Fermented shrimp paste especially from small shrimps of Acetes and Mysids
Trassi Indonesia
Padoc Laos
Prahoc Republic of Khmer
Cincaluk Malaysia Fermented small shrimps of the Acetes variety with salt and cooked rice
Hongeohoe Korea Fermented� sh from skate
Pedah Indonesia Usually made from mackerel through series of processing. Stages involved salting, drying,

and fermentation
Trassi udang Indonesia Fermented shrimp paste
Trassi ikan Indonesia Fermented� sh paste
Bekasam Indonesia Usually made from freshwater� shes
Jambal roti Indonesia Fermented dry salted cat� sh
Fermented Bakasang Indonesia Made from viscera and roes of skipjack tuna, which are typical� sh products in the Molucca

Islands, especially Ternate
Ngan-pya-ye Myanmar Fermented� sh sauce
Hmyin-nga-pi Myanmar Shrimp paste
Hmyin-nga-pya-ye Myanmar Shrimp sauce
Nampla Thailand Made from anchovies with a large proportion of salt (hydrolyzed� sh)
Kapi Thailand Made from planktonic or semiplanktonic salt water or freshwater shrimp/�sh
Plaa-too-khem Thailand
Tai-plaa Thailand
Plaa-ra Thailand Fermented� sh with salt and carbohydrate
Plaa-chon Thailand
Koong-son Thailand
Khem-bank-nad Thailand Fermented� sh with salt and fruits
Plaa-mum Thailand
Sheedal North Eastern region of India Fermented whole� sh, especially Puntius sp.
Sukako machha Nepal, Bhutan, Darjeeling,

Sikkim of India
Riverine� shes are used for fermentation

Gnuchi
Sidra
Sukuti
Tungtap Meghalaya of India Fermented small� shes
Hentak Manipur of India Fermented� shes
Ngari
Karoti Assam of India Fermented small� shes
Bardia
Jaadi Srilanka, India High-salt-fermented� shery product consisting of partially hydrolyzed� sh � esh and organs

immersed in liquid exudates from� sh
Maldive� sh Srilanka, India Lightly salted, smoked, dried loin of skipjack tuna

(Continued)
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Table 1 Fermented� shery productsd cont'd

Product Country Type of product

Shottsuru Japan Fish sauce prepared from sand� sh, sardine, anchovy, mackerel, etc.
Ikanago, Konago Japan Fish sauce prepared from sand eel with soy sauce
Ika-shoyu, Ishiru Japan Fish prepared from squid viscera and mixed with salt orkoji to yield Ika-shoyu
Nuoc-mam Vietnam Fermented� sh sauce used basically as condiments
Yu-lu Taiwan Fermented� sh paste from small� sh, especially silver anchovy
Faseikh Egypt Fermented tilapia, bouri
Turkeen Sudan Fermented� sh sauce
Mindishi Sudan Fermented� sh
Kejeik Sudan Dried� sh
Tareeh Middle East Fermented� sh paste
Katheef Middle East Fermented whole� sh
Awal Middle East Dry salt-fermented� sh
Maleh Middle East Fermented� sh in brine
Tidbits Scandinavia Fermented� sh canned/bottled with vinegar, sugar, spices
Rak� sk Norway Salt-fermented trout or char-fermented for 2–3 months
Surstromming Sweden Fermented Baltic herring with low-salt content
Hakarl Iceland Fermented and cured shark
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only a minority of the population. Fish sauce is a clear liquid
that is straw yellow to amber in color and has a mild ‘cheesy’
� avor and � shy odor, which is a result of the slow fermenta-
tion of salted � sh. The fermentation is attributable to the
proteolytic enzymes from the viscera that are halo-tolerant
Fish sauce is an important condiment and source of protein in
southeast Asia.

Fermented� sh sauces have been used in Japan since ancie
times. The earliest record of this sauce is in theKeikokiin Nihon
shoki(the chronicles of Japan) when the prince of Kamigushi
was presented with the� sh paste of ikanago(a tiny � sh) at
the Imperial Court in Takamatsu in AD 71. The Manyoshu
(the oldest existing collection of Japanese poetry) described th
fermentation of crab sauce in AD 165.

The making of China’s characteristic � sh paste yu-jiang
(fermented � sh paste) has been transmitted from China to
Japan. It was earlier known asshishibishioor shiokarain Japan.
Shishibishiowas changed toshottsuruin the Akita Prefecture.
Shottsuruis produced from sardines, anchovies, cuttle� sh,
herring, � sh waste materials, and molasses. Soybean may b
added to shottsuruto convert it to shoyu. Other sauces are called
ishiru in Noto in the Ishikawa Prefecture andikanagoin Sanuki
in the Kagawa Prefecture. These sauces literally meanshiojiru
(salty liquid). The manufacturing of shiojiru is a household
industry in small � shing villages in Japan. It is generally made
using species of small� sh, particularly the liver and meat of
squid. In Japan, other fermented� sh products include kusaya,
which is horse mackerel pickled in fermented brine and then
sun-dried in the Izu Islands, and shiokara, which is made of
fermented squid, squid intestine, bonito intestine, sea urchin,
and sea cucumber entrails in salt.

Budu is a Malaysian � sh sauce, which is a brown liquid.
Tamarind and palm sap sugar are generally added to th
mixture of � sh and salt in earthenware jars.Ketjapakanis a � sh
sauce produced in Borneo fromStolephorusspp., Clupeaspp.,
and freshwater species ofPuntiusand Osteochilusin a similar
method to nuoc-mam. In some places in southeast Asia, the
liquors obtained from salted � sh in different ways are boiled
and concentrated. These products, for example,tuk-trey in
Cambodia and petisin Indonesia, are usually of poorer quality
than normal � sh sauce.

Some fermented � sh products are manufactured and
consumed in Europe. Scandinavia seems to be the mai
producer of this type of food. Surstrommingis made in Sweden
and rake� skin Norway. These are produced from whole herring
and trout. The � shes are immersed in brine for 1–2 days,
eviscerated with the roe or milt retained, and packed in barrels
with fresh brine. The � nal product is repacked in cans after
being fermented. These products are usually consumed o
special occasions.Tidbitsis another Scandinavian product. It is
canned or bottled with vinegar, sugar, and spices after matu
ration and � lleting. In France, anchovies are prepared by saltin
the � sh of the speciesEngraulis encrasicolus. The product is made
from beheaded and gutted � sh that are layered with salt in
barrels. The mixture is weighed down with wooden or metal
objects to keep the� sh well pressed and to squeeze out the
pickling liquid. The � sh mature at ambient temperature for 6–7
months. In southern France,pissalais a � sh sauce prepared
from small � sh of the Engraulissp., Aphyasp., andGobiussp.

Hundreds of years ago, catching� sh was a full-time job for
the people in the Middle East region surrounded by sea. Sinc
modern methods of preservation were unknown, salting/
drying and fermentation were the only ways of preserving� sh.
Consequently, many types of fermented� sh were prepared in
the Middle East. Faseikhis a famous fermented� sh product
processed in Egypt and Sudan from different types of� sh.Both
small and largeTilapiaspp. are the main raw� shes used in the
processing. Dried� sh that undergoes some degree of fermen
tation is very common in Africa. For example,kejeikis a fer-
mented dried-� sh product common in Sudan and Central
Africa. The product is powdered, added to stew and relishes
and thickened with okra after boiling.
Production Processes of Major Fermented Fish Products

Fermented � sh products can be divided into the following
three types: salt-dried,� sh sauce, and paste/pickles. For sal
fermented types of � sh products such as salted� sh and � sh
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sauces, autolysis and microbial fermentation are performed in
the presence of high-salt content. In contrast, fermented pickle
are intended to improve preservation of seafood added with
rice bran by lactic acid fermentation. Thus, compared to salt-
fermented food, this type of fermented pickles is characterized
by a strong acid and low salt concentration. Fermented� sh
products are endemic throughout the world; therefore, the
most typical production processes of fermented� sh products
are described in this chapter.

Salt-Dried
Shiokarais one type of salted� sh product in which salt is added
to the muscles (anchovy, squid, conch, abalone, amis, crab
and clams), organs (salmon and abalone gut), and gonads
(testes and ovaries of sea urchin,uruka) of the � sh and ripened
for a long period. Among these� sh, salted squid, sea urchin,
and skipjack contribute to a relatively large amount ofshiokara
production. In addition to the digestive enzymes contained in
the liver and muscles, contamination by fermentation bacteria
enhances the enzyme activity during production. The addition
of salt initially produces a strong, salty,� shy smell, which is
partly unpalatable. As time elapses, the proteins are graduall
degraded in the raw materials, and they produce amino
acids that enhance the taste. Depending on the time o
manufacturing, freshness of the raw material, shelf life, and
local custom, over 10% salt is used for initial marinating.
Typically, more than 15% salt content in the product prevents
the action of most of the spoilage bacteria. However, autolysis
processes are faster with a reduced amount of salt. Curren
manufacturing trends are to use low amounts of salt while
storing the product at low temperature to facilitate faster
maturation of the products.

Squid shiokara are produced using three different
manufacturing techniques. First, raw squid meat without guts,
legs, and skin is marinated with 10% salt and 3–10% squid
liver. Mixing two or three times a day for 1–2 weeks is required
to age the product. Second, skin peeled and sliced squid meat
soaked in hot water at 55–60 � C for a short time. After rinsing,
chopped squid meat is marinated with 10% salt and aged for
2 weeks. Third, Toyama Prefecture is known for the famou
kurazukuri(black variety) squid shiokara, where squid meats are
marinated with 12% salt along with the grinded squid ink bag.
The ink is said to have an antiseptic effect and takes 3 weeks
mature.

Shutouis prepared from bonito guts marinated using salt.
Bonito guts are collected between spring and summer, when
they contain less fat. The liver may also be mixed with the teste
and ovaries; however, the testes and ovaries are more prone
form watery liquid products with mature liver astringency as
a result of fat oxidation during production. However, addition
of the spleen and gallbladder adds bitterness and removes th
dark-colored compounds. The stomach and intestines are
marinated in 30% salt after cutting them lengthwise. Periodical
stirring is required to mature the product in about 2 months.
Recently, washing the gut in alcohol or vinegar and adding
a small amount of ocean salt with spices were adopted to
mature the product in about a week.

Chopped sea urchin gonads are also used to prepareshio-
karaand are added with mirin, sugar, monosodium glutamate
seasoning, and alcohol.Shiokaracan also be prepared from
� ddler crab (known asganzuke), sea cucumber (konowata), and
chum salmon (mefun) marinated with 10% salt for a week.

Kusayais a Japanese-style salted-dried and fermented� sh
product. It is famous for its malodorousness and is similar to
the pungent fermented Swedish herring calledsurströmming.
Although the smell of kusayais strong, its taste is quite mellow.
Kusayais often eaten with Japanese sake orshochu, particularly
a local drink called Shima Jiman-island pride. The brine used to
make kusaya, which includes many organic acids such as aceti
acid, propionic acid, and amino acids, contributes much
nutritional value to the resulting dried � sh.Kusayaoriginated in
the Izu Islands, probably on Niijima, where, during the Edo
period, people used to earn a living through salt making. The
same salt was used many times for this purpose, resulting in
a pungent dried � sh that was later calledkusaya. Mackerel scad
(Decapterus macarellus), � ying � sh, and other similar species are
used to makekusaya. The � sh is washed in clear water many
times before being soaked in a brine calledkusaya eki(literally
‘kusayaliquid ’ or ‘kusayajuice’) for 8–20 h. This mixture has
a salt concentration of 8%, in comparison with the concen-
tration of 18 –20% in common � sh-curing brines. After this
process, the� sh are laid out under the sun to dry for 1–2 days
to make kusaya.

Fish Sauce
Shousuruis a Japanese� sh sauce generally prepared from
sand� sh (Arctoscopus japonicus), Japanese sardine (Sardinops
melanostictus), anchovy (Engraulis japonicus), horse mackerel
(Trachurus japonicus), paci� c mackerel (Scomber japonicus), and
mysid (Neomysis isaza). Shottsuruis produced from � sh meat
added to 10% mysid. It is reported that shrimp and mysid are
utilized to color the sauce. The� sh and salt mixture, usually in
a ratio of 3:1 or 7:2, is allowed to disintegrate in earthenware
jars and in wooden and cement tanks for 12–18 months.
During fermentation, the mixture is stirred well, and salt is
added several times. The liquid is extracted, boiled, and� ltered
through sea sand. After a few months of settling, the superna
tant liquor is decanted carefully. The product quality may be
improved by the addition of caramel, soy sauce, or seasoning
made from vegetable protein hydrolysate to the� sh before
subsequent extraction.Shottsuruis used in cooking shottsuru
dishes.

Ikanagoand konago� sh sauces, which are known asikanago
in Takamatsu in the Kagawa Prefecture, are manufactured b
mixing two parts of sand eel (Ammodytes personatus) to one part
of soy sauce and allowing the mixture to pickle for over 100
days. After hydrolyzation, the salt liquid is extracted and
� ltered. One type of sauce, known askonagoin the Chiba
Prefecture, may be prepared using smaller sand eels instead
konago. Iwashi-shoyuis manufactured by mixing � ve parts of
anchovy to one part of salt and placing it in vats to pickle for 2
days and nights, after which the� shes are removed and washed
with tap water, de-fatted, mixed with salt that is later drained,
put in a barrel, covered, and weighted with stones for 3 years in
a cool, dark place. After fermentation, the liquid is� ltered.

Ike-shoyuand ishiru, which are sauces with a strong� avor,
are prepared from squid viscera and mixed with salt orkoji.
Ishiru in Noto in the Ishikawa Prefecture and ika-shoyuin the
Hokkaido Prefecture are manufactured in the same manner a
ika-shiokara(� sh paste), except that the� sh � esh is allowed to
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further disintegrate into the liquid state. The sauces made usin
squid are added to slices of� sh � esh mixed with viscera
and salt in the ratio of four parts of � sh to one part of salt and
stirred well in a barrel for several days. It is then sealed an
allowed to ferment, which can take up to a year. The resulting
liquid is � ltered and bottled and could have a long storage life.

Southeast Asian countries are also active in the production
of � sh sauce, particularly in Vietnam (nuoc-mam) from
sardines, the Philippines (patis), Thailand (nam pla), and
Myanmar (gapi).

Pickles/Pastes
Su Sushiin Japan is a type of pickle prepared by soaking rice
with salted � sh. Hayazushiis prepared from � sh pickled in
vinegar sauce soaked in rice.Sushiis improvised in different
regions in Japan with many specialties, likesushi fu(Shiga
Prefecture), sushi rice (Hokkaido), Ayu-zushi (Kanagawa,
Toyama, Gifu, and Shiga),sushi hatahata(Akita), mackerel sushi
(Wakayama), saurysushibar (Wakayama), seaweedsushicod
(Aomori), and borazu(Nagasaki Kumamoto). Sushiis prepared
by adding 20% salt to rice and� sh for a period of 4 months for
aging as a result of LAB fermentation. The addition of alcohol
and acid can promote/accelerate the maturation process.

Fish pastes are eaten almost everywhere in southeast A
and are generally used as a condiment for rice dishes. They a
more nutritionally important than � sh sauce. There are two
types of � sh pastes:� sh and salt mixtures and� sh, salt, and
carbohydrate products. Bagoongis a � sh paste from the
Philippines. It is prepared from Stolephorusspp.,Sardinellaspp.,
and Decapterusspp. A species of small shrimps (e.g.,Atyasp.) is
also used. The� sh are cleaned, mixed with 20–25% salt, and
kept in clay vats until the liquor is ready for consumption. To
speed up the manufacturing process,bagoongcan be stored at
relatively high temperatures of about 45� C. In this type of
fermented� sh, most of the protein breakdown is accomplished
by the � sh enzymes. According to the Philippine Pure Food and
Drug Law, bagoongshould contain 40% solids, 12.5% protein,
and 20–25% sodium chloride. Balao-balaois another � sh paste
from the Philippines. It is generally prepared by mixing cooked
rice, whole raw shrimps, and salt (20% of the shrimp weight).
The mixture is then allowed to ferment for several days. It is
eaten either as a sauce or as a main dish after it is sautéed wi
garlic and onions.

Prahocis a product of Cambodia. This is a� sh paste similar
to bagoong. Fish are beheaded, scaled, gutted, thoroughl
washed, and drained for 24 h. The following day, the� sh are
mixed with salt, dried in the sun, powdered into a paste, and
placed in open jars in the sun. The pickle, which appears on the
top, is removed everyday and consumed. This phase of pro
cessing may take about 1 month. When no further pickle forms,
the � nished prahoc is ready to eat. It is mainly used in
the preparation of soups, which play an important role in the
Cambodian diet. Prahoccontains 37.8 g of nitrogen per liter,
22.4 g of which is soluble. In Cambodia, Vietnam, and Laos,
� sh pastes are also prepared by adding cooked glutinou
rice, roasted rice, rice bran, and other cereal products.Padecis
a � sh paste from Laos that is prepared with salt and rice bran
Man-ca-loc, Man-ca-sal, Man-ca-tre, Man-ca-no, and Man-ca-linh
are different types of� sh pastes consumed in Vietnam.Trassiis
a � sh paste from Indonesia. It is manufactured in large
quantities in high season and can be prepared from� sh as well
as from shrimps. The method of manufacturing trassi is
different from that of other � sh-paste methods. The paste i
exposed to the sun in thin layers rather than keeping it in deep
containers. In this method, probably aerobic fermentation is
used, resulting in more volatile constituents in the � nished
product. Sidais a � sh paste from eastern India and Pakistan. I
is prepared from small � sh, mostly Barbusspp. It is a thick
brownish liquor.
BeneÞcial Factors Associated with Fermentation

Nutritional Aspects of Fermented Foods

Two major food problems exist in the world: (1) starvation or
undernutrition, where there is insuf� cient food or insuf� cient
economic means to provide the necessary food, and obesity; o
(2) overconsumption of food in the wealthy, developed world.
There is outright starvation and death in countries such as
Ethiopia, Sudan, Somalia, and Bangladesh due to poverty
drought, environmental disasters, and war, combined with the
lack of economic means to purchase food.

A number of nutritional diseases can be observed in the
developing world. Kwashiorkor, the result of protein de� -
ciency, and marasmus, which is caused by a combination o
protein and calorie de� ciency, are found in large numbers in
children between the ages of 1 and 3 years in the developing
world. Other nutritional diseases common in the developing
world include xerophthalmia and childhood blindness due to
vitamin A de� ciency, beriberi due to thiamine de� ciency;
pellagra due to niacin de� ciency and ribo� avin de� ciency,
rickets due to vitamin D de� ciency, and anemia due to vitamin
B12 de� ciency or insuf� cient iron in the diet. Biological
enrichment of foods through fermentation could minimize this
type of problem to a great extent.

While the Western world can afford to enrich foods with
synthetic vitamins, the developing world must rely on biolog-
ical enrichment for vitamins and essential amino acids. The
af� uent Western world cans and freezes much of its food, bu
the developing world must rely upon fermentation, salting,
and solar dehydration to preserve and process its foods at cos
that remain within the means of the average consumer. All
consumers today have a considerable portion of their nutri-
tional needs met through fermented foods and beverages. In
order to highlight biological enrichment by fermentation, an
attempt has been made here to tabulate the nutritional status of
popular fermented products in a precise manner (Table 2).
Functional Peptides from Fermented Fish and Novel
Approaches

Fermentation, which is one of the oldest food preservation
techniques, is believed to enhance the nutraceutical value o
foods, in addition to allowing their long-term storage. The
breakdown of food proteins by microbial proteases to produce
bioactive peptides may be a possible reason for the develop
ment of such properties during fermentation. Therefore,
interest has developed in identifying the biological activity of
fermented foods, including � sh and shell� sh (Table 3). Health-
related functional properties such as antioxidative activity and
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Table 2 Bio-enrichment with protein, essential amino acids, and vitamins through fermentation

Product Type Nutritional signiÞcance

Tepe ketan of Indonesia Rice (starch) hydrolyzed to maltose and
glucose and fermented to ethyl alcohol

Loss of starch solids results in doubling of protein content (from 8 to
16% in rice) on a dry wt. basis

Idli of India Fermented and backed rice powder with
cakelike appearance

Increase in methionine from 10.6 to 60.0%

Tape ketan/tape ketella
of Indonesia

Fermented and hydrolyzed rice Enriched with lysine, the� rst essential limiting amino acid in rice.
Thiamin synthesizes due to microbial activity and restore the
thiamin content to the level found in unpolished rice

Tempe of Indonesia Protein-rich meat substitute, made by
overgrowing, soaked, dehulled, partially
cooked soybeans withRhizopus oligosporus
or related molds

Ribo� avin increases almost double, niacin increases sevenfold during
fermentation. It also has been reported to produce Vitamin B12

Indian Idli When inoculated with nonpathogenic strain
of Klebsiella pneumoniae

Produces Vitamin B12

Mexican Pulque Made through fermentation of juices of the
cactus plant (avage)

Rich in thiamin, ribo� avin, niacin, pantothenic acid,p-amino benzoic
acid, pyridoxine, and biotin

Kaf�r beer, traditional
beverage
of South Africa

Made from kaf� r corn (Sorghum caffrorum)
malt. Maize or millet may be substituted for
kaf� r corn

Though thiamin remains about same but ribo� avin increases more
than double and niacin or nicotinic acid nearly doubles, which
reduces the risk of pellagra

Palm sap Sweet, clear, colorless liquid, used for palm
wine and toddies

Contains about 10–12% fermentable sugar

Palm wine Heavy, milk-white, opalescent suspension of
live yeasts and bacteria with a sweet taste

Contains as much as 83 mg ascorbic acid/lt. Thiamins, ribo� avins,
pyridoxine are also found in considerable amount (Van pee and
swings, 1971). Where palm toddies are found the cheapest
sources of vitamin B

Jeot-kal of Korea Fermented� sh tripped in salt Total amount of amino acids increased signi� cantly
Anchovy-Joet Fermented anchovy 34-fold increase in free lysine and 3-fold increase in the free

methionine content
Fermented yellow corvenia

of Korea
Fermented product from yellow corvenia Lysine, leucine, alanine, valine, threonine, isoleucine increases, and

these amino acids contribute 86% of total free amino acids.
Squid Jeot Fermented squid 9-fold increase in lysine and 19-fold increase in methionine indicates

signi� cant nutritional importance
Sardine Jeot Fermented sardine Total content of amino acids increased about four times.
Miso of Japan and Korea Fermented soybeans Contain high amount of tryptophan and also rich in minerals

Table 3 Bioactive peptides derived from fermented� sh products

Amino acid sequence
of peptide/molecular
mass of peptides Origins Activities

Gly-Trp, Ile-Trp,
Val-Trp

Salman ACE inhibitory

Gly-Trp Sardine ACE inhibitory
Gly-Pro-Pro, Val-Pro Salted anchovy ACE inhibitory
Phe-Gly-His-Pro-Tyr Blue mussel sauce Antioxidant activi
0.4–1 kDa Cephalothorax of white

shrimp
Antioxidant activity

> 3 kDa Shrimp ACE inhibitory
1–6 kDa Shrimp Iron-binding
0.5–1.5 kDa Squid Antioxidant activity
Asp-Pro, Gly-Thr-Gly,

and Ser-Thr
Fermented shrimp sauce ACE inhibitory

Ala-Pro, Gly-Pro Anchovy, sardine, bonito ACE inhibitory
Arg-Pro Anchovy, bonito ACE inhibitory
Thr-Pro, Val-Pro Anchovy, sardine ACE inhibitory
Gly-Ile, Lys-Pro,

Glu-Pro, Asp-Phe
Anchovy ACE inhibitory

Asn-Pro, Asp-Met,
Asp-Leu, Ala-Val,
Gly-Val

Sardine ACE inhibitory

Ala-Gly-Pro Bonito ACE inhibitory
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radical scavenging capacity may represent the promising bio
logical bene� ts of these fermented foods. Fish sauce, bein
a fermented food, is assumed to contain many substances
including small peptides and amino acids, with functional
properties produced during the fermentation of � sh proteins.
Angiotensin-converting enzyme (ACE, EC 3.4.15.1)-inhibitory
activity in fermented � sh sauces made from salmon, sardine
or anchovy has been reported, and three fermented salmon
sauce-derived ACE-inhibitory peptides containing Trp at the
C-terminal position (Gly-Trp, Ile-Trp, and Val-Trp) were iden-
ti � ed. In addition, two ACE-inhibitory peptides, Gly-Pro-Pro
and Val-Pro, were also isolated from salted and fermented
anchovy. ACE-inhibitory peptides from traditionally fermented
� sh sauce made from anchovy, sardine, or bonito were iden
ti � ed as Ala-Pro, Lys-Pro, Arg-Pro, Gly-Pro, Glu-Pro, Thr-Pr
Val-Pro, Gly-Ile, Asp-Phe, Asn-Pro, Asp-Met, Asp-Leu, Ala-V
and Gly-Val. Among the peptides identi� ed Ala-Pro, Lys-Pro,
and Arg-Pro showed strong ACE inhibitory activities.

Salt-fermented anchovy sauce, a fermented� sh product of
southeast and far east Asia, is made by salting anchovies an
contains anticoagulation agents. Antioxidative radical scav
enging peptides were also identi� ed from fermented � sh
products, including marine blue mussel sauce with a molecular
mass of 620 Da determined to be Phe-Gly-His-Pro-Tyr. The

ty
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activity of this peptide may be attributed to the chelating and
lipid-radical trapping abilities of its imidazole ring. Recently,
there has been much debate about the proteolytic activation of
bioactive sequences by lactic acid bacteria (LAB) because of t
great advantage of using food-grade microorganisms to enric
foods with bioactive substances. However, limited applications
are reported for fermented marine proteins. An attempt to
ferment Acetes chinensis, an underutilized shrimp species
thriving in the Bohai Gulf of China, with LAB to produce
a fermented shrimp sauce with high ACE-inhibitory activity has
been reported. Three peptides with high ACE-inhibitory activity
were isolated from the fermented shrimp sauce (Asp-Pro, Gly
Thr-Gly, and Ser-Thr). Using the water extract fromMun Goong,
a paste extracted from the cephalothorax of white shrimp
(Litopenaeus vannamei), antioxidative peptides with mass ranges
of m/z 400–1000 were also revealed. A shrimp (A. chinensis)
hydrolysate prepared with a crude protease fromBacillussp.
SM98011 contained oligopeptides with molecular masses
<3 kDa and exhibited antioxidant and ACE-inhibitory activi-
ties. Several recent reports have suggested the potential f
producing functional bioactive peptides (e.g., antioxidant
peptides, ACE-inhibitory peptides, and antimicrobial peptides)
through enzymatic hydrolysis of shrimp by-products.

Fish meat-based products have also been fermented wit
Aspergillusin an attempt to identify novel properties. Aspergillus
oryzaeproduces multiple enzymes and can hydrolyze marine� sh
protein. The present authors also developed a marine� sh meat-
based functional paste by utilizing the traditional Japanesekoji
fermentation technique with improved food functionality and
aroma attributes. Several trash� sh, including horse mackerel,
spotted mackerel, lizard � sh, and squid meat, were utilized
to produce a functional paste from A. oryzae-inoculated koji.
Analysis of several physicochemical parameters of the� nished
products, including free amino acids, oligopeptides, organic
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Figure 1 (a) Development of protease, amylase, and lipase enzyme
2011. Effects of hypobaric and temperature dependent storage on hea
44, 739–747. Permission has been obtained for the use of copyrighte
peptides during fermentation by densitometric evaluation of sodium do
Source: Giri, A., Okamoto, A., Okazaki, E., Ohshima, T., 2010. Heads
maturation of Horse Mackerel miso. Journal of Food Science 75, S406–S417. P
Wiley and Sons. Different symbols indicate statistical differences (p< .05).
acids, and mineral content, revealed the potential utility of
marine � sh meat for the production of miso-like fermented � sh
pastes. There are extensive reports on the nutritional value, tast
and aroma,as well as the antioxidative propertiesof� shmiso. Fish
miso prepared using rice malt koji inoculated with A. oryzae
provided several proteolytic, lipolytic, and amylolytic enzymes;
thus, hydrolyzed protein and carbohydrate substrates were ef� -
ciently produced from marine � sh meat (Figure 1). Changes in
the free amino acid contents of� sh misoprepared from squid
meat (Table 4) indicated that Asp/Asn, Glu/Gln, Ala, and Leu
increased rapidly in 270 days of fermentation, demonstrating the
hydrolysis of protein to amino acids and low molecular-weight
peptides during the fermentation.

To characterize and investigate the aroma pro�le of fer-
mented � sh misoin comparison with other fermented � sh and
soy products, commercial� shmisoprepared with koji (rice malt
inoculated with A. oryzae) and withoutkoji were also evaluated.
Olfactometric characterization of several fermented� sh and
soy products indicated the contribution of numerous odor-
active compounds to the overall aroma (Table 5). Judging the
relative abundances, we can conclude that fermented� sh and
soymisoproducts are the result of alcoholic fermentation rather
than acid fermentation. In contrast, it has been con� rmed that
acid fermentation is used to produce different� sh/soy sauce
products. In addition, the relative proportion of odor activity
values also revealed that the overall aroma of most of the sauc
products was characterized by volatile acids, which is in
contrast to that of the � sh paste products. Olfactometric and
organoleptic � ndings (Figure 2) clearly differentiated miso
products, with sweet, fruity aroma notes, from � sh sauce
products, which were characterized by ammoniacal,� shy,
nutty, and cheesy odor notes. However, soy sauce produc
were dominated by nutty and cheese aromas. The use ofkoji for
� sh misoproduction was found to enhance the sweet aroma of
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Table 4 Free amino acids and related compounds (mg g� 1 dry extract) and mol% (in parentheses) in squid miso during fermentation period.

Amino acids 0 day 30 day 60 day 135 day 270 day 365 day

Taurine 38.05 a (25.74) 27.56 b (10.42) 24.08 b (8.66) 22.34 b (7.64) 20.99 c (7.35) 17.49 c (6.23)
Aspartic acid 4.07 d,e (2.59) 21.70 b (7.71) 30.67 a,b (10.37) 39.80 a (12.80) 42.63 a (14.03) 45.07 a (15.09)
Threonine 2.25 d,e (1.59) 7.18 c,d (2.85) 7.73 d (2.92) 8.16 d (2.93) 7.93 d (2.91) 7.31 d (2.73)
Serine 3.51 d,e (2.83) 12.25 c (5.51) 13.26 c (5.68) 14.15 c,d (5.76) 12.58 c,d (5.24) 10.41 c,d (4.41)
Glutamic acid 3.52 d,e (2.02) 24.50 b (7.87) 29.58 a,b (9.05) 36.88 a (10.73) 34.91 b (10.39) 27.53 b (8.34)
Proline 14.50 c (10.66) 14.07 c (5.78) 15.57 c (6.09) 17.73 c (6.59) 18.18 b,c (6.92) 14.68 c (5.68)
Glycine 3.17 d,e (3.58) 6.24 d (3.93) 7.22 d (4.33) 8.11 d (4.62) 8.02 d (4.68) 7.16 d (4.25)
Alanine 7.84 d (7.45) 22.31 b,c (11.84) 25.21 b (12.74) 27.56 b (13.24) 27.30 b (13.42) 25.15 b (12.58)
Valine 3.49 d,e (2.51) 10.34 c (4.17) 11.17 c,d (4.29) 12.06 c,d (4.40) 13.10 c,d (4.90) 12.35 c,d (4.70)
Cysteine 4.27 d,e (2.98) 2.86 d,e (1.11) 2.72 e (1.01) 2.68 e (0.94) 3.58 e (1.29) 15.72 c (5.78)
Methionine 2.52 d,e (1.42) 6.53 d (2.07) 5.83 e (1.75) 5.24 e (1.50) 5.94 d,e (1.74) 9.52 c,d (2.84)
Isoleucine 2.28 d,e (1.46) 6.65 d (2.39) 7.02 d,e (2.41) 7.25 d,e (2.36) 7.95 d,e (2.65) 9.47 c,d (3.21)
Leucine 28.00 b (18.01) 40.89 a (14.69) 38.05 a,b (13.01) 34.94 a (11.36) 25.42 b,c (8.45) 24.55 b (8.31)
Tyrosine 3.65 d,e (1.70) 6.73 d (1.75) 7.00 d (1.74) 7.17 d (1.69) 7.64 d (1.84) 8.00 d (1.96)
Phenylalanine 3.01 d,e (1.54) 6.38 d (1.82) 6.23 d (1.69) 6.44 d (1.67) 7.58 d (2.01) 6.65 d,e (1.79)
b-Alanine 0.13 e (0.12) 0.13 e (0.07) 0.12 f (0.06) 0.11 f (0.05) 0.09 f (0.04) 0.09 f (0.04)
4-Aminobutyric

acid
2.27 d,e (1.86) 1.74 d,e (0.79) 1.54 e,f (0.67) 1.43 e,f (0.59) 1.47 e,f (0.62) 1.21 e (0.52)

Histidine 1.63 d,e (0.88) 2.27 d,e (0.69) 2.11 e,f (0.61) 1.85 e,f (0.51) 1.48 e,f (0.41) 1.39 e (0.40)
Ornithine 0.33 e (0.21) 0.35 e (0.12) 0.29 f .(0.09) 0.84 f (0.27) 1.98 e,f (0.65) 4.05 d,e (1.36)
Lysine 8.06 c (4.15) 24.39 b (7.03) 24.35 b (6.68) 21.95 b,c (5.72) 16.06 c (4.28) 12.83 c,d (3.48)
Arginine 13.67 c (6.64) 26.85 b (7.29) 23.53 b (6.08) 18.51 c (4.55) 24.35 b,c (6.12) 24.32 b (6.22)

Different letters (a–f) represent signi� cant differences atp< .05.
Source: Giri, A., Osako, K., Okamoto, A., Okazaki, E., Ohshima, T., 2011. Antioxidative properties of aqueous and aroma extracts of squid miso prepared withAspergillus oryzae-inoculatedkoji. Food Research International 44, 317–325.
Permission has been obtained for use of copyrighted material from Elsevier B. V.
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Table 5 Comparison of volatile concentrations (mg kg� 1 of sample) and OAVs (in parentheses) in different fermented� sh and traditional soy sauces.

No. Volatile compounds
Fish miso
withkoji

Fish miso
withoutkoji

Soy miso
(light)

Soy miso
(dark)

Nampla
(premium)

Nampla
(standard) Nuoc-mam Oyster sauce

Soy sauce
(light)

Soy sauce
(dark)

Aldehydes
2 Acetaldehyde 6.50 (0.3) 2.12 (0.1) 1.16 (< 0.1) 1.37 (0.1) 0.21 (< 0.1) 0.12 (< 0.1) 4.38 (0.2) 0.69 (< 0.1) 0.13 (< 0.1) 9.03 (0.4)
3 Propanal 1.59 (0.1) 9.00 (0.6) 1.95 (0.1) 1.57 (0.1) 0.34 (< 0.1) 2.54 (0.2) 5.91 (0.4) 0.34 (< 0.1) 5.65 (0.4) 1.56 (< 0.1)
5 2-Methylpropanal 7.35 (4.9) 33.38 (22.2) 4.84 (3.2) 11.76 (7.8) 11.67 (7.8) 16.92 (11.3) 13.04 (8.7) 1.77 (1.2) 44.32 (29.5) 80.90 (53.9)
8 2-Methylbutanal 12.84 (12.8) 33.87 (33.7) 2.88 (2.9) 1.64 (1.6) 7.15 (7.1) 0.45 (0.4) 4.13 (4.1) 0.53 (0.5) 11.36 (11.3) 0.74 (0.7)
9 3-Methylbutanal 2.05 (12.9) 10.22 (64.3) 0.47 (3.0) 0.39 (2.5) 0.38 (2.4) 2.05 (12.9) 0.32 (2.0) 0.17 (1.0) 5.88 (37.0) 0.15 (0.9)
15 Pentanal 0.08 (< 0.1) 0.66 (< 0.1) 0.06 (< 0.1) 0.09 (< 0.1) 0.05 (< 0.1) 0.12 (< 0.1) 0.07 (< 0.1) 0.10 (< 0.1) 0.06 (< 0.1) 0.06 (< 0.1)
20 2-Butenal 0.08 (0.2) 1.54 (4.3) 0.07 (0.2) 0.09 (0.3) 0.72 (2.0) 0.87 (2.5) 0.50 (1.4) 0.04 (0.1) 0.40 (1.1) 0.13 (0.4)
26 Hexanal 0.49 (0.1) 2.25 (0.4) 1.91 (0.4) 0.96 (0.2) 0.80 (0.2) 1.49 (0.3) 1.15 (0.2) 0.64 (0.1) 0.63 (< 0.1) 1.00 (0.2)
29 2-Methyl-2-butenal

(E)
0.09 (< 0.1) 0.14 (< 0.1) 0.05 (< 0.1) 0.05 (< 0.1) 0.07 (< 0.1) 0.05 (< 0.1) 0.06 (< 0.1) 0.05 (< 0.1) 0.04 (< 0.1) 0.05 (< 0.1)

40 Heptanal 3.35 (1.2) 4.97 (1.7) 1.79 (0.6) 1.34 (0.5) 19.78 (6.9) 9.71 (3.4) 12.07 (4.2) 6.12 (2.1) 0.69 (0.2) 1.08 (0.4)
46 2-Hexenal (Z) 0.10 (< 0.1) 0.28 (< 0.1) 0.05 (< 0.1) 0.05 (< 0.1) 0.07 (< 0.1) 0.09 (< 0.1) 0.11 (< 0.1) 0.04 (< 0.1) 0.07 (< 0.1) 0.05 (< 0.1)
50 4-Heptenal 0.06 (< 0.1) 0.10 (< 0.1) 0.07 (< 0.1) 0.06 (< 0.1) 0.08 (< 0.1) 0.05 (< 0.1) 0.08 (< 0.1) 0.08 (< 0.1) 0.05 (< 0.1) 0.06 (< 0.1)
58 Octanal 0.62 (1.0) 3.68 (6.3) 0.39 (0.7) 0.42 (0.7) 0.11 (0.2) 0.11 (0.2) 0.14 (0.2) 0.16 (0.3) 0.11 (0.2) 0.14 (0.2)
78 Nonanal 0.15 (0.1) 0.35 (0.3) 0.16 (0.3) 0.14 (0.1) 0.19 (0.2) 0.19 (0.2) 0.18 (0.2) 0.17 (0.2) 0.15 (< 0.1) 0.15 (< 0.1)
90 2,4-Heptadienal

(EZ)
5.06 (0.1) 13.90 (0.1) 0.69 (< 0.1) 0.62 (< 0.1) 0.39 (< 0.1) 0.56 (< 0.1) 0.62 (< 0.1) 0.41 (< 0.1) 1.72 (< 0.1) 0.25 (< 0.1)

95 2,4-Heptadienal
(EE)

0.11 (< 0.1) 0.19 (< 0.1) 0.08 (< 0.1) 0.08 (< 0.1) 0.19 (< 0.1) 0.12 (< 0.1) 0.08 (< 0.1) 0.08 (< 0.1) 0.08 (< 0.1) 0.08 (< 0.1)

107 2,6-Nonadienal
(EZ)

0.11 (0.1) 0.79 (1.0) 0.10 (0.1) 0.09 (0.1) 0.07 (< 0.1) 0.07 (< 0.1) 0.07 (< 0.1) 0.08 (< 0.1) 0.07 (< 0.1) 0.07 (< 0.1)

108 2,4-Nonadienal
(EZ)

0.43 (3.4) 0.64 (5.2) 0.27 (2.1) 0.26 (2.1) 0.31 (2.5) 0.95 (7.6) 1.18 (9.4) 0.87 (7.0) 0.15 (1.2) 0.08 (0.6)

Subtotal 41.05 (37.2) 118.09 (140.4) 16.97 (13.5) 20.99 (16.1) 42.57 (29.4) 36.46 (39.0) 44.10 (31.2) 12.33 (12.7) 71.56 (81.3) 95.58 (58.1)
Alcohols

10 2-Propanol 0.30 (< 0.1) 1.46 (< 0.1) 0.75 (< 0.1) 1.15 (< 0.1) 0.24 (< 0.1) 0.08 (< 0.1) 0.09 (< 0.1) 0.08 (< 0.1) 0.55 (< 0.1) 0.18 (< 0.1)
11 Ethanol 361.69 (< 0.1) 889.72 (< 0.1) 780.11 (< 0.1) 493.10 (< 0.1) 13.36 (< 0.1) 14.49 (< 0.1) 7.34 (< 0.1) 120.31 (< 0.1) 245.06 (< 0.1) 179.98 (< 0.1)
21 1-Propanol 262.67 (< 0.1) 52.08 (< 0.1) 16.19 (< 0.1) 3.02 (< 0.1) 41.66 (< 0.1) 29.54 (< 0.1) 14.95 (< 0.1) 1.13 (< 0.1) 15.45 (< 0.1) 5.23 (< 0.1)
27 3-Methyl-2-butanol 453.73 (0.4) 190.79 (0.2) 30.43 (< 0.1) 12.36 (< 0.1) 0.07 (< 0.1) 0.06 (< 0.1) 0.05 (< 0.1) 0.06 (< 0.1) 69.48 (0.1) 0.85 (< 0.1)
28 2-Methyl-propanol 1.43 (< 0.1) 0.57 (< 0.1) 0.35 (< 0.1) 0.29 (< 0.1) 0.06 (< 0.1) 0.06 (< 0.1) 0.06 (< 0.1) 0.06 (< 0.1) 0.15 (< 0.1) 0.15 (< 0.1)
32 3-Pentanol 0.70 (< 0.1) 0.35 (< 0.1) 0.08 (< 0.1) 0.25 (< 0.1) 0.77 (< 0.1) 0.80 (< 0.1) 0.28 (< 0.1) 0.36 (< 0.1) 0.07 (< 0.1) 0.20 (< 0.1)
37 1-Butanol 44.58 (0.1) 27.74 (0.1) 58.99 (0.1) 25.99 (0.1) 2.09 (< 0.1) 3.32 (< 0.1) 1.54 (< 0.1) 0.41 (< 0.1) 5.50 (< 0.1) 1.73 (< 0.1)
38 1-Penten-3-ol 0.24 (< 0.1) 0.36 (< 0.1) 0.16 (< 0.1) 0.23 (< 0.1) 0.14 (< 0.1) 0.14 (< 0.1) 0.15 (< 0.1) 0.13 (< 0.1) 0.15 (< 0.1) 0.19 (< 0.1)
42 3-Hexanol 0.08 (< 0.1) 0.27 (< 0.1) 0.38 (< 0.1) 0.09 (< 0.1) 0.08 (< 0.1) 0.07 (< 0.1) 0.05 (< 0.1) 0.07 (< 0.1) 0.07 (< 0.1) 0.08 (< 0.1)
44 2-Methyl-1-butanol 1.64 (0.1) 3.55 (0.2) 1.87 (0.1) 0.80 (< 0.1) 0.44 (< 0.1) 0.45 (< 0.1) 0.08 (< 0.1) 0.09 (< 0.1) 0.58 (< 0.1) 0.10 (< 0.1)
45 3-Methyl-1-butanol 10.78 (2.6) 58.77 (14.6) 50.07 (12.5) 27.90 (7.0) 2.12 (0.5) 2.32 (< 0.1) 1.17 (< 0.1) 0.33 (0.1) 11.79 (2.9) 1.51 (0.4)
47 2-Hexanol 2.70 (< 0.1) 15.55 (< 0.1) 0.59 (< 0.1) 0.36 (< 0.1) 0.14 (< 0.1) 0.20 (< 0.1) 0.08 (< 0.1) 0.05 (< 0.1) 0.77 (< 0.1) 0.35 (< 0.1)
53 1-Pentanol 0.69 (< 0.1) 0.24 (< 0.1) 0.07 (< 0.1) 0.14 (< 0.1) 0.22 (< 0.1) 0.42 (< 0.1) 0.02 (< 0.1) 0.01 (< 0.1) 0.12 (< 0.1) 0.04 (< 0.1)
60 3-Methyl 1-

pentanol
1.83 (0.2) 2.72 (0.4) 0.97 (0.1) 1.30 (0.2) 0.11 (< 0.1) 1.08 (0.1) 0.01 (< 0.1) 0.05 (< 0.1) 0.01 (< 0.1) 0.33 (< 0.1)
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Figure 2 Spider webs of organoleptic scores for different fermented� sh and traditional soy sauce samples (* indicates the signi� cant differences).
Source: Giri, A., Osako, K., Okamoto, A., Ohshima, T., 2010. Olfactometric characterization of aroma active compounds in fermented� sh paste in
comparison with� sh sauce, fermented soy paste, and sauce products. Food Research International 43, 1027–1040. Permission has been obtained for the
use of copyrighted material from Elsevier B. V.

866 FERMENTED FOODSj Traditional Fish Fermentation Technology and Recent Developments
the product, with a reduction in nutty, meaty, and rancid
nuances. To simplify the interpretation of the relationship
between the fermentation process of� sh miso, � sh sauce, and
soy sauce, principal component analysis (PCA) was performed
on the volatile components of 10 different fermented products.
Figure 3 PCA plot using factor loadings of odor activity values of pri
and PC 2 (a) and on PC 1 and PC 3 (b).Source: Giri, A., Osako, K., Okam
compounds in fermented� sh paste in comparison with� sh sauce, fermente
Permission has been obtained for the use of copyrighted material fro
A distinct separation was achieved for all� sh-sauce samples, a
those were positioned on the positive side compared to the
other samples (Figure 3a). The result also indicated themiso
samples, those prepared from both� sh and soy, on the nega-
tive side of PC1, suggesting a contrast between the arom
mary odor-active compounds in different miso and sauce samples on PC 1
oto, A., Ohshima, T., 2010. Olfactometric characterization of aroma active
d soy paste and sauce products. Food Research International 43, 1027–1040.
m Elsevier B. V.
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pro� les of themisosamples and those of the� sh-sauce samples
This is probably based on the fact that the� sh sauces contain
high levels of volatile acids and trimethylamine, which were
not found in the miso samples. However, a separation wa
achieved between� shmisowith kojiand without koji in the PCA
plot between PC1 and PC3 (Figure 3)(b), where � sh misowith
koji was positioned on the negative side along with soymiso
(light and dark) and � sh misowithout koji was positioned on
the positive side of PC3 with soy sauce (light). Thus, the
compounds contributing to PC3 can characterize the effect o
koji on the � sh misoaroma pro� le.

Interestingly, the scavenging activity of aqueous� sh miso
extracts against 2,2-diphenyl-1-picrylhydrazyl (DPPH), hydroxyl,
nitric oxide (NO), and carbon-centered radicals, estimated
through electron spin resonance (ESR), increased with prolonge
fermentation (Figure 4). These time-course observations
indicated that the substrate responsible for radical scavengin
developed during the process of fermentation. Using the online
high-performance liquid chromatography (HPLC)-DPPH
method, the production of peptides with radical-scavenging
activity and their molecular mass distributions were estimated
(Figure 5). As the fermentation proceeded (>60 days), peptides
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Figure 4 Changes in the levels of 2,2-diphenyl-1-picrylhydrazyl 1,1-d
carbon-centered (d) radical-scavenging activity of miso prepared from
ESR signal patterns for the control and sample are inset for all types of
Antioxidative properties of aqueous and aroma extracts of squid miso
44, 317–325. Permission has been obtained for the use of copyrighte
with low molecular masses (1.45 kDa) and radical-scavenging
abilities developed, indicating the involvement of those peptides
in the improved antioxidative properties of � sh miso.
Reduction in the Levels of Some Minor Antinutritional Tox
Compounds during Fermentation

One of the advantages of fermenting food is its ability to reduce
the toxic levels of some components in the starting material.
During the soaking and hydration steps that raw substrates
undergo in various fermentation processes and the usua
cooking, many potential toxins, such as trypsin inhibitor,
phytate, hemagglutinin, and cyanogens in cassava and other
that can affect the bioavailability of minerals and digestion of
various nutrients are reduced or destroyed. Even a� atoxin,
which is frequently found in peanut and cereal grain substrates
is reduced in the Indonesianontjomfermentation. It has been
found that the ontjommold Neurosporaand the tempehmold
Rhizopus oligosporuscould decrease the a� atoxin content in
peanut press cake by 50 and 70%, respectively, durin
fermentation. However, very little is known about how the
fermentation process in� uences the level of these materials.
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radicals).Source: Giri, A., Osako, K., Okamoto, A., Okazaki, E., Ohshima, T., (2011).
prepared withAspergillus oryzae-inoculatedkoji. Food Research International

d material from Elsevier B. V.
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Figure 5 Changes in the molecular mass distribution of peptides and the radical-scavenging capacity of miso extracts prepared from unrinsed squid
meat at different points in the fermentation period measured with an online high-performance liquid chromatography (HPLC)-2,2-diphenyl-1-picrylhy-
drazyl 1,1-diphenyl-2-picrylhydrazyl (DPPH) system.Source: Giri, A., Osako, K., Okamoto, A., Okazaki, E., Ohshima, T., 2011. Antioxidative properties
of aqueous and aroma extracts of squid miso prepared withAspergillus oryzae-inoculatedkoji. Food Research International 44, 317–325. Permission
has been obtained for the use of copyrighted material from Elsevier B. V.
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Safety Aspects of Fermented Products

Some LAB species can be used as protective cultures; m
species involved in fermented foods do not pose any health risk
and thus are designated as‘GRAS’ (generally recognized as safe
organisms. The desirable properties of protective culture
include the following:

l No health risks (i.e., no production of toxins and biogenic
amines; nonpathogenic). None of the functional domi-
nant microorganisms isolated from traditionally processed
� sh products in the Eastern Himalayas produced biogenic
amines; thus, these dried/fermented� sh products are safe
to eat.

l LAB are normal residents of the complex ecosystem in th
gastrointestinal tract. Adherence is one of the most impor-
tant selection criteria for probiotic bacteria. A high degree of
hydrophobicity by LAB isolated from indigenous fermented
foods in the Himalayas indicates the potential of adhesion
to gut the epithelial cells of the human intestine, advocating
their ‘probiotic ’ character. Some of the functional LAB
showed probiotic features.

l Antimicrobial properties are useful in traditional food
fermentation, making foods safe to eat. Most of the
indigenous fermented foods are prepared by solid
substrate fermentation, in which the substrate is allowed
to ferment either naturally or by adding starter cultures. In
east and southeast Asia,� lamentous molds are the
predominant microorganisms used in the fermentation
processes, whereas in Africa, Europe, and America, fe
mented products are prepared exclusively using bacteria o
bacteria-yeast mixed cultures; molds seem to be little o
never used in these regions. However, in the Himalayas, a
three major groups of microorganisms (molds/yeasts/
bacteria) are associated with indigenous fermented foods
and beverages, demonstrating the transition in food
culture. Sheedalis a form of traditionally fermented � sh
product prepared in northeast India. Apart from its deli-
cacy and food value, people of this region likesheeda
because of its medicinal value in preventing stomach-
related disorders and malaria.

The risks of hazardous microbial contamination always
exist in fermented food, especially naturally fermented
traditional foods, because fermentation makes raw food
materials edible without cooking. The uneven distribution
of salt in LAB-fermented � sh products and contamination
by Aspergillus� avus in traditional starter cultures for rice
wine and soybean sauce may result in incidences of seve
food poisoning. Although, most of the traditional fermen-
tation methods have their own inbuilt safeguard mecha-
nisms, several factors, including hygiene of processing
histamine poisoning, clostridium poisoning, salmonella
poisoning, mold infestation, insect and mite infestation, use
of chemicals in � sh curing, and pesticides used for preser
vation may adulterate the � nal food quality and safety of
the fermented � sh products.
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Conclusion

In the era of functional food, fermentation technology has
confronted new challenges with its ef�cient biosynthesis
potential. Many of the traditional fermented foods are receiving
attention for their disease-preventing and health-promoting
effects. Scienti�c evidence for their nutritional properties is
accumulating, and modern biotechnological and genetic engi-
neering technologies that enhance their bene�cial effects are
being developed rapidly. Considering the excellence of fermen-
tation technology, different academic institutes, industrial
research groups, and government organizations should investi-
gate, promote, and popularize several novel traditional fer-
mented products, and ensure that these techniques are easily
available to different communities in the near future.

See also:Aspergillus:Aspergillus oryzae; Fermented Meat
Products and the Role of Starter Cultures; Fermented Foods:
Fermentations of East and Southeast Asia; Fish:Spoilage of
Fish; Curing of Meat; Spoilage of Animal Products:Seafood.
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Introduction

Fermentation and drying are the oldest methods used to
preserve food for a long period of time. The origin of fermented
meat products seems to have come from Mediterranean
countries in Roman times. Then production was spread
throughout America, Africa, and Australia by immigrants from
European countries. In the twenty-�rst century, sausage
manufacturing is still made from the ancient recipe: commi-
nuted meat, seasoned with salt and spices, stuffed into casings,
fermented, and ripened. Sausages can be surface treated, i.e.,
smoked or molded. The industrial development in the second
half of the nineteenth century has led to the use of starter
cultures to control sausage manufacturing. But some manu-
facturers are still producing traditional fermented sausages
without adding starter cultures.

There are a wide variety of fermented meat products
throughout the world as a consequence of variations in the raw
materials, formulations, and manufacturing processes, which
come from the habits and customs of the different countries.
Nevertheless, fermented sausages can be classi�ed as semidry
or dry sausages and can be subdivided into northern European
and southern European types. Semidry sausages such as
summer and Bologna sausages are essentially produced in the
United States by a rapid fermentation (pH 4.4–5.0) at high
temperature up to 40 �C followed or not by a drying period and
�nally cooked at 60–68 �C. Typical southern sausages include
the Italian ‘salami,’ Spanish ‘salchichon and chorizo,’ and
French ‘saucisson sec’ manufactured in Mediterranean coun-
tries. Northern sausages include German or Hungarian ‘salami’,
manufactured in all Nordic countries. They differ in the size,
the presence of beef (northern) or only pork (southern), the use
of nitrate and nitrite in curing salt (southern) and only nitrite
(northern), in surface treatment: fungal starters (southern) or
smoking (northern), and in fermentation temperature and
duration of fermentation and ripening. As a consequence,
water activity is lower in southern (Aw 0.85–0.90) than in
northern (Aw 0.92–094) sausages and pH (5.1–5.5) is higher
in southern than in northern (4.6–5.1) sausages. In northern
Table 1 Examples of microbial ecosystems of traditional fermented sausa

Origin Greece Greece Spain

TVC 7.6 8.1
LAB 7.8 8.0 7.9
CNS 3.0 5.2 7.0
Yeasts/molds 2.8 4.2
Enterococci 5.1 5.0 2.7
Pseudomonas <2 <2
Enterobacteria <1 <2 0.3

TVC, Total viable count; LAB, Lactic acid bacteria; CNS: Coagulase negative staphylococ
Data are expressed in log cfu g�1.
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products, acidi�cation as well as smoking ensure safety,
improve shelf life, and contribute largely to the sensory quality.
While in southern products, safety and shelf life are mainly
ensured by drying and low water activity.
Ecology of Fermentation

The ecology of fermented sausages is complex and includes
different species and strains of bacteria, yeasts, and molds. The
culture-dependent methods based on the numeration of
microorganisms on selective media have been extensively used
to describe the ecosystem of fermented sausages. These studies
have revealed that two main groups of bacteria are important in
meat fermentation: the lactic acid bacteria (LAB) and the
coagulase negative staphylococci (CNS). LAB constitute the
major microbiota at the end of the ripening stage of various
traditional sausages as illustrated in Table 1. Even if their initial
levels vary in the batter (3–4 log cfu g�1), they grow during the
fermentation step and become dominant, reaching populations
from 7 to 8 log cfu g�1. CNS frequently represent the second
population with �nal levels varying from 5 to 7 log cfu g�1

(Table 1). Their initial level in the batter varies from 3 to 4 log
cfu g�1, and they sometimes have dif�culties competing with
LAB. Yeasts and molds have variable levels in the products.
Likewise a variable level of enterococci is noticed in different
sausages. Spoilage bacteria, such as Pseudomonas and enter-
obacteria, have far different initial levels according to the type of
sausages, ranging from 2 to 4 log cfu g�1 and 2 to 5 log cfu g�1,
respectively. In most sausages, these bacteria are progressively
eliminated regardless of their initial population (Table 1).
Sporadic cases of low-level contamination by Listeria mono-
cytogenes and Staphylococcus aureus are mentioned for different
types of sausages. Salmonella are commonly found in pork
carcasses and cuts but rarely isolated in the fermented sausages.
Enterohaemorrhagic Escherichia coli have been implicated in few
foodborne outbreaks because of the consumption of fermented
sausages. However, pathogenic and spoilage bacteria are
generally inhibited in fermented sausages because of the
ges

Spain France Argentina Italy

7.2 7.8
8.5 8.6 7.1 8.4
6.3 6.6 5.5 5.2

5.8 4.7 1.6
2.6 3.3 5.5 6.1

4.0
0.8 1.0 2.7 3.8

ci.
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Table 2 Functional properties of main bacterial starter cultures for meat fermentation

Bacterial starters
Main metabolic activity
Metabolites Impact on hygienic or sensorial qualities

Lactobacillus sakei
Lactobacillus curvatus
Lactobacillus plantarum
Pediococcus acidilactici
Pediococcus pentosaceus

Carbohydrate catabolism
DL lactic acid
Acetic acid
Acetoin, diacetyl
Bacteriocin production
Sakacins, curvacin, curvaticin, lactocins, plantaricin,

pediocins

Inhibition of spoilage bacteria
Acid taste, texture
Vinegar� avor
Dairy, buttery� avor
Inhibition of other LAB,L. monocytogenes,
S. aureus, Clostridium, Enterococcus

Staphylococcus xylosus
Staphylococcus carnosus

Carbohydrate catabolism
Acetic acid
Acetoin, diacetyl
Nitrate reductase
Nitrosyl myoglobin
Amino acid catabolism
Methyl aldehydes, methyl alcohols, methyl acids
Antioxidant properties
Catalases, Superoxide dismutase

b-Oxidation of fatty acid
Methyl ketones

Vinegar� avor
Dairy, buttery� avor

Development of red color

Malty, fruity, strong cheesy� avor

Avoid rancidity because of an excess
of aldehydes from fatty acid oxidation

Fruity, musty, blue cheese� avor
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combination of several hurdles: salt, nitrite, acids, low water
activity, and competitive starter cultures.

In the past 20 years, the development of molecular biology
has revolutionized microbiology. It has allowed for the reliable
identi � cation of isolates at the species level and their charac
terization at the strain level. The development of a culture-
independent method based on extraction of nucleic acids
directly from the food has avoided the biases introduced by
cultivation of the microorganisms on selective media in the
classical culture-dependent approaches. The most applie
method for the characterization of sausage ecosystems is bas
on the DNA ampli � cation of the RNA 16S gene by polymerase
chain reaction (PCR) followed by a denaturing (temperature or
chemical agents) gradient gel electrophoresis (PCR-DGGE
PCR TGGE). However, culture-independent methods hav
some limitations because of generally high limits of detection,
and thereby minor populations are not considered. The
combination of the studies of the microbial ecology by culture-
dependent and -independent methods has contributed to
a better understanding of microbial dynamics during sausage
manufacturing, particularly the evolution of the two dominant
populations LAB and CNS.

The main LAB genera isolated from fermented dry sausage
are Lactobacillus, Pediococcus, Leuconoctoc, Weissella, and Entero-
coccus, with usually Lactobacillusas the dominant one. Three
species,Lactobacillus sakei, Lactobacillus curvatus, and Lactobacillus
plantarum generally constitute the predominant microbiota
during sausage ripening. A high biodiversity at strain level inside
these species has been reported. In the southern Europea
countries, these threeLactobacillusspecies are commonly used a
the starter culture in sausage manufacturing.Pediococciare less
frequently isolated from southern European sausages, but the
are more common in fermented sausages from the United State
and northern European sausages, wherePediococcus acidilact
and Pediococcus pentosaceusare added as starter cultures.

The staphylococcal ecosystem of traditional dry fermented
sausages is diverse with many species cohabiting. Howeve
Staphylococcus xylosus, Staphylococcus equorum, and Staphylococcu
saprophyticusare the three prevalent species. A high genet
diversity was noticed within the strains of these three species
and this diversity was maintained throughout the
manufacturing process. Among CNS, onlyStaphylococcus ca
nosusand S. xylosusspecies are used as starter cultures
manufacture dry sausages.
Functional Properties of Bacterial Starter Cultures

In the industrial process, bacterial starter cultures are widel
used to drive the fermentation, reduce the variability in the
quality, limit the growth of spoilage and pathogenic bacteria,
and improve the sensorial qualities of fermented sausages
Bacteria starters often are made up of a balance between LA
and CNS, but can be also composed of only LAB. They ar
inoculated at a rate of 106 viable germs per gram of mixture.
Increased knowledge on the physiological properties of meat
fermenting bacteria has allowed for a better understanding of
their functional properties in the inhibition of undesirable
bacteria and the development of the sensorial quality of fer-
mented sausages (Table 2).
Bacteriocin Production

Certain LAB strains inhibit pathogenic� ora and spoilage� ora
by bacteriocin production (Table 2). These compounds belong
to a heterogeneous group of peptides and proteins that are
differentiated in terms of their antimicrobial spectra, mecha-
nisms of action, and biochemical properties. Bacteriocins
generally inhibit species that are taxonomically close to the
producer strains. L. sakeiand L. curvatusstrains, respectively,
produce sakacins A, K, P, lactocin S and curvacin, curvatici
and lactocin, which are active against LAB,Clostridium, L.
monocytogenes, and Enterococcus. L. plantarumsynthesizes plan-
taricin active against LAB and L. monocytogenes, whereas
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pediococci produce pediocins with a large spectrum of inhi-
bition: other LAB, Clostridium, L. monocytogenes, S. aure
Enterococcus, and propionibacteria. Their in� uence in sausage
appears to be limited because they are often bound to the
matrix and could be degraded by tissue proteases. However, i
model sausages, the number ofL. monocytogeneswas reduced
between 1.5 and 2.5 log by the presence of bacteriocin
producing strains, such asP. acidilacticiand L. sakei. Currently,
nisin, which has a wide action spectrum and is produced by
Lactococcus lactis, is the only bacteriocin authorized for use as
a preservative in foodstuffs.
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Carbohydrate Catabolism

Various sugars, such as glucose, sucrose, lactose, and c
syrups, are commonly added to sausage batter as substrates
the LAB because the natural content of carbohydrates in meat
too low. Carbohydrate fermentation by LAB mainly produces
the DL lactic acid that is responsible for the acidi�cation of the
sausages (Table 2). The acidi� cation rate and� nal pH drop will
depend on the nature and level of carbohydrates added (from
0.3 to 2%), the LAB inoculated, the parameters of the
fermentation, and the ripening steps (temperature, humidity,
time). This acidi� cation plays a key role in the inhibition of the
undesirable bacteria, in the acid taste (desired in northern
sausages and not in southern ones), and in the texture and
color development.

In addition to lactic acid, a small amount of acetic acid,
acetoin, and diacteyl can be produced from pyruvate metabo
lism by certain LAB (L. plantarum, Pediococcus) and S. carnosus.
These compounds contribute to� avor development (Table 2).
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Nitrate–Nitrite Reduction

Nitrates and/or nitrites are used widely in meat processing and
curing. They have a bacteriostatic and preserving effect, and the
are involved in the development of � avor and color. Thanks to
their nitrate reductase activity,S. xylosusand S. carnosusplay
a fundamental role in color development by reducing nitrates
into nitrites. Nitrites are then spontaneously reduced at acidic
pH values (5.0–5.5) into nitrogen oxide, which reacts with
pigments of the meat (mainly myoglobin) to form red nitro-
somyoglobin (Table 2).

The nitrate reductase activity is widespread in CNS
Furthermore,S. carnosusis able to reduce nitrite in ammonia. In
S. carnosus, nitrate and nitrite reductases operons and the cor
responding regulation systems have been identi� ed. The
genetic organization of these operons is conserved inS. xylosus
Synthesis of both nitrate and nitrite reductases is stimulated by
anaerobiosis and by nitrate or nitrite, respectively. These
conditions are found in sausage manufacturing. If the activity
of the S. xylosusor S. carnosusnitrate reductase is essential fo
the sausage color development, the activity of nitrite reductas
is certainly minor, as the nitrite is chemically reduced in nitric
oxide (NO) that reacts with the meat pigment.
d

Fatty Acid Oxidation

Long-chain saturated and unsaturated free fatty acids in
sausage resulted essentially from lipolysis of triglycerides an
phospholipids by endogenous lipases and phospholipases
However, a gene encoding an extracellular lipase has bee
identi � ed in S. xylosus. This lipase has an optimal activity at
pH 8 and 45 � C. Thus, the lipolytic activity of S. xylosusis low
under conditions similar to those of fermented sausages
These free fatty acids can be oxidized by chemical (perox
idation) or enzymatic (b -oxidation) reactions, leading to
various aroma molecules. In sausages,S. xylosusand S. car-
nosusplay a key role in the regulation of the oxidation by
their antioxidant properties and can contribute to the b-
oxidation ( Table 2).

Antioxidant Properties
Peroxidation corresponds to the chemical reaction between
mainly unsaturated fatty acids and the reactive forms of
oxygen, such as superoxide anion (O2

� ), hydrogen peroxide
(H 2O2), and hydroxyl radical (OH � ). It is a radical process
that will generate secondary oxidation products, such as
the aldehydes involved in sausage aroma, and that in exces
are responsible for rancidity. Oxidation reactions are affected
by many factors, such as oxygen content, the presence
prooxidative compounds (NaCl, metals) or antioxidative
compounds (nitrite, spices) and antioxidant properties of
staphylococci. Under laboratory conditions, S. xylosusand
S. carnosuslimit the oxidation of linoleic and linolenic
unsaturated fatty acids. These two species are well equippe
one gene encoding an Mn superoxide dismutase activ
against O2

� , two or three genes encoding catalases tha
degrade H2O2, and several genes encoding alkyl hydrox
yperoxidases and peroxidases. All of these enzyme
contribute in synergy to avoid the formation and the degra-
dation of peroxides. These antioxidant properties will avoid
color defects because of hydrogen peroxide, which can bind
with nitrosomyoglobin to form a green cholemyoglobin
(Table 2).

Beta-Oxidation
Methyl ketones are involved in the aroma of southern Euro-
pean sausages. They may arise from incomplete fatty ac
b-oxidation. Usually, b-oxidation degrades saturated fatty acids
into acetic acid by successively eliminating acetyl CoA groups
However, intermediate CoA esters can be successively co
verted into b-ketoacids via thioesterase activity and then into
methyl ketones via decarboxylase reaction. The mechanism o
formation of ketones is well-described for molds. Molds can
be responsible for this formation in the southern sausages
S. carnosushas b-oxidation, thioesterase, andb-decarboxylase
activities, suggesting that this species may produce ketones v
this pathway in sausages (Table 2).
Amino Acids Catabolism

Free amino acids in sausages result from proteolytic and pepti
dasic activities. Proteolysis of myo� brillar proteins is essentially
carried out by endogenous enzymes. Bacterial starters have a lo
proteolytic activity on these proteins, but they can contribute to
the degradation of sarcoplasmic ones. LAB indirectly contribute
to proteolysis by reducing the pH, which increases cathepsin D
activity. The breakdown of peptides into amino acids in sausage
is attributed to microbial and tissue activities. Peptidase
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Table 3 Main safety hazards of bacterial species involved in meat fermentation

Species Biogenic amine
Tetracycline resistance,
Genetic determinant

Erythromycin resistance,
Genetic determinant

L. sakei 4/213) , tyramine 46/219,tetM(þ ), tetW(v) 7/24,ermB(þ )
L. curvatus 58/76, tyramine, phenylethylamine 20/72,tetM(þ ), tetW(v) 16/16,ermB(þ )
L. plantarum 2/12, tyramine 19/20tetM(þ ), tetW(v), tetS(r) 6/12,ermB(þ ), ermC(v)
S. xylosus 0/50 147/434,tetK(þ ) 95/434,ermB(þ )
S. carnosus 5/8, phenylethylamine (weak production) 1/116 0/116

) Number of positive strains on number of strains studied;þ , frequent detection of the gene; v, variable detection of the gene; r, rare detection of the gene.
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activities of LAB are reported, but at pH values below 6, such
peptidase activities are low in fermented sausages.

Although the intrinsic sensory potential of amino acids is
disputed, their role as precursors of aroma compounds is
evident. Amino acids can be broken down into various
compounds and bacteria contribute largely to this catabo-
lism. Among these compounds, biogenic amines can be
produced by LAB and have to be avoided because of the
toxicity ( Table 3). The breakdown of branched-chain amino
acids (leucine, isoleucine, valine) or phenylalanine results in
aldehydes, alcohols, and acids with odors detected at ver
low threshold values. In fermented sausages, detection o
3-methyl butanol, 3-methyl butanal, and 3-methyl butanoic
acid is associated with the presence ofS. carnosusor S. xylosu
(Table 2). Under laboratory conditions, S. carnosusproduces
large amounts of 3-methyl butanoic acid but also 3-methyl
butanal and 3-methyl butanol from leucine. The trans-
amination is the � rst step of the degradation of branched
chain amino acids by S. carnosusand S. xylosus. The second
step is probably a decarboxylation leading to the formation
of methyl aldehyde, which subsequently can be reduced o
oxidized in the corresponding acid. LAB have a restricted
aromatic potential. Under laboratory conditions, L. sakei,
L. plantarum, L. curvatus, and P. acidilactici only weakly
degrade leucine, mainly into alpha-ketoisocaproate, a mole
cule that is not odorous.

Much remains to be done to identify the bacterial metabolic
activity involved in the � avor development of fermented meat
products.
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Safety of Bacteria Involved in Meat Fermentation

The safety of bacterial starter cultures used for meat fermen
tation is becoming an issue for their application in food. The
widely known standard is generally recognized as safe (GRAS
status from the U.S. Food Drug Administration, which has
a list of microorganisms considered safe for a speci� c use. In
the European Union, the Food Safety Authority has intro-
duced the quali� ed presumption of safety (QPS) approach for
safety assessment of microorganisms throughout the food
chain. Although meat starter cultures have a long history o
apparent safe use, safety of bacterial starter cultures should b
assessed. In particular, productions of toxins as we
as biogenic amines by food starters are both of major concern
as they can lead to food poisoning. The other important
criterion is the presence of transmissible antibiotic-resistan
determinants.
Toxin Production

Staphylococcus aureus, which is responsible for intoxication
worldwide, is able to produce 18 staphylococcal enterotoxins
(SEs). The genes encoding these SEs are carried by mob
genetic elements. Thus, the question of acquisition of these
genes by CNS has arisen. Recent studies by PCR and DN
microarrays revealed that SE genes cannot be detected in t
majority of CNS strains isolated from meat and inStaphylococcu
starter strains. These results contrast with previous works iden
tifying few CNS strains, including S. xylosus–producing entero-
toxins. The enterotoxigenic capacity of CNS has always bee
a subject of controversy. Methods used for screening migh
account for the discrepancies between results relying on th
detection of SE production by immunological methods and
results based on the presence of the corresponding gene
Immunoassays to detect enterotoxins have been reported to lea
to false diagnoses because of interferences, lack of speci� city,
and/or sensitivity. Research must be carried out to develop
reliable method to measure the production of toxins by CNS.
Biogenic Amines

Among food safety hazards associated with LAB and CNS, th
potential production of biogenic amines has to be considered.
Biogenic amines are generated in various fermented food
through bacterial amino acid decarboxylation. Cadaverine,
histamine, putrescine, tryptamine, tyramine, and phenylethyl-
amine are regarded as undesirable because of their toxic effec
The content of biogenic amines can be relatively high in fer-
mented food, especially in raw materials presenting a high
content of proteins combined with high proteolytic activity.
Such a situation is found in fermented sausages for which many
studies reported variable levels of amines. A lot of information
pertains to the production of biogenic amines by LAB. Ami-
nogenic potential is species and strain dependent. Only 2% o
the L. sakeistrains were able to produce tyramine and 16% were
positive for L. plantarum(Table 3), although most L. curvatus
strains (76%) isolated from fermented sausages produced
tyramine and phenylethylamine. The gene-encoding tyrosine
decarboxylase has been identi� ed in these strains. By compar-
ison, biogenic amine production by CNS in fermented prod-
ucts is poorly documented. The strains ofS. xylosusare not or
are poorly aminogenic, and S. carnosusstrains are able to
produce weak levels of phenylethylamine. The use of compet
itive L. sakeidecarboxylase-negative starter cultures was show
to prevent the growth of biogenic amine producers and leads to
end-products nearly free of biogenic amines.
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Antibiotic Resistance

Antibiotic resistance of food bacteria has received great interest
because these bacteria may act as reservoirs for antibiotic-
resistant genes. Fermented foods may be important vehicles for
high amounts of living bacteria into the human digestive tract.
They may carry transferable antibiotic resistances, which might
be transferred to commensal or pathogenic bacteria. Therefore,
the presence of transmissible antibiotic-resistant genes in the
evaluation of strains is an important safety criterion.

The presence of transferable antibiotic-resistant genes has
been highlighted both in LAB and CNS species isolated from
fermented sausages. Tetracycline-resistant genes have been iden-
ti�ed in L. sakei, L. curvatus, and L. plantarum strains (Table 3). The
tetM gene is the most frequently detected, but tetW was also
identi�ed and tetS was rarely found. Strains from these three LAB
species were resistant to erythromycin mainly associated with the
presence of the ermBgene (Table 3). The incidence and number of
transmissible resistance determinants in food CNS varied
strongly between species. Most strains of S. xylosus exhibited
transferable antibiotic-resistant genes, whereas these genes were
generally absent in the strains of S. carnosus (Table 3). Resistance
of S. xylosus to tetracycline and erythromycin were traced back to
the presence of the genes tetK and ermB. The high incidence of the
tetK gene in CNS and the tetM gene in LAB can be explained by
their location on multicopy plasmids and/or conjugative trans-
posons, which contribute to the spread of these determinants.
Similarly, the ermC gene is located on multicopy plasmids, and
ermB is often carried by conjugative transposons, with these
locations explaining their spread.

It appears that most antibiotic resistances are shared by the
different food bacteria. The sequencing of several antibiotic-
resistant genes and of the genetic vectors responsible for
mobility (transposons, plasmids.) showed identity indepen-
dent of the origin of the strains. Bacteria isolated from animals
carrying antibiotic-resistant genes could contaminate food of
animal origin and could transfer their resistance to food and
then human microbiota. An additional concern is that even in
the absence of selective pressure, mobile genetic elements
carrying antibiotic resistance can be transferred among the
sausage bacterial community.
Conclusion

The ecosystems of fermented meat products have been well
described using culture and culture-independent methods. The
main species implicated in the fermentation process belong to
L. sakei, L. curvatus, L. plantarum, P. acidilactici, P. pentosaceus,
S. carnosus, and S. xylosus. LAB degrade carbohydrates mainly in
acids involved in the taste. Their acidi�cation and capacity to
produce bacteriocin contribute to the inhibition of spoilage
and pathogenic bacteria. The CNS contribute via the nitrate
reductase activity to the color and via their antioxidant capac-
ities and amino acid catabolism to the �avor. As safety hazards
could be identi�ed in the main bacterial species used as starter
cultures, their selection should include such criteria as the
inability to produce biogenic amines and the absence of
transferable antibiotic-resistant genes.
See also: Bacteriocins:Potential in Food Preservation;
Bacteriocins:Nisin; Biochemical and Modern Identi�cation
Techniques:Micro� oras of Fermented Foods; Ecology of
Bacteria and Fungi:In� uence of Available Water; Ecology of
Bacteria and Fungi in Foods:In� uence of Temperature;
Ecology of Bacteria and Fungi in Foods:In� uence of Redox
Potential; An Brief History of Food Microbiology; Lactobacillus:
Introduction; Curing of Meat; Metabolic Pathways:Production
of Secondary Metabolites of Bacteria; Pediococcus;
Staphylococcus:Introduction; Starter Cultures; Starter
Cultures:Importance of Selected Genera.
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Introduction

Minimally processed fresh vegetables and fruits have a short
shelf life because they are subjected to rapid microbial spoilage,
and, in some cases, to pathogen microorganisms as a result of
their contact with soil during cultivation and harvesting.
Cooking, pasteurization, and other similar processes, as well as
the addition of preservatives, are traditional technology
options that may guarantee safe vegetables; however, these
methods would bring about a number of not always desirable
changes in the physical characteristics and chemical composi-
tion of vegetables. To decrease such drawbacks, some novel
technologies are considered, including high-hydrostatic pres-
sure processing, ionization radiation, pulsed-electric �elds, new
packaging systems, and the use of natural antimicrobial
compounds. Among the various technological options, lactic
acid fermentation, as the traditional biopreservation method
for the manufacture of �nished and half-�nished foods, may be
considered to be a simple and valuable biotechnology for
maintaining or improving the safety, nutritional, sensory, and
shelf-life properties of vegetables and fruits. Lactic acid
fermentation has an industrial signi�cance that goes beyond
simple preservation, and it is used to improve and develop
characteristic sensory and nutritional properties, to enhance
digestibility, to destroy undesirable components, to convey
probiotics, and to develop new products. However, most of the
fermented vegetables undergo a spontaneous fermentation,
which may be responsible for undesirable variations of the
sensory properties or may occur too slowly to inhibit spoilage
and pathogen microorganisms. In addition, selection of starter
cultures within the autochthonous microbiota of vegetables
and fruits should be recommended because autochthonous
cultures may ensure better performance compared with
allochthonous strains. On the basis of these considerations,
during the past decade, lactic acid fermentation of vegetables
and fruits generated an increasing interest.
Microbiota of Raw Vegetables and Fruits

Each particular type of vegetable provides a unique environ-
ment in terms of type, availability, and concentration of
substrate, buffering capacity, competing microorganisms, and
perhaps natural plant antagonisms. Nevertheless, analyses by
molecular methods showed that each species of vegetables and
fruits harbors a dominant and constant microbiota. The cell
density of the microbial groups may vary depending on the
plant species, temperature, and harvesting conditions. The
microbiota of fruits is essentially represented by yeasts and
fungi, which can cause discoloration and generate unpleasant
odors and �avors and, in extreme cases, synthesize compounds
that are toxic to the consumer. Inhibition of growth of yeasts is
one of the main objectives for minimally processed products
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
based on fruits. Because of their faster growth, yeasts generally
anticipate the colonization by fungi. Overall, the microbial
population of vegetables and fruits is estimated to �uctuate
between 5 and 7 log cfu g�1. The number of yeasts may range
between 2 and 6 log cfu g�1. Dominant yeasts, such as Crypto-
coccus spp., Candida spp., Saccharomyces spp., and Rhodotorula
spp. were found in banana; Hansenula, Kloeckera, Candida,
Pichia, and Saccharomyces spp. were found in cocoa; Saccharo-
myces cerevisiae, Candida krusei, and Debaryomyces hansenii were
found in melon pod; Pichia guilliermondii and Hanseniaspora
uvarum were found in pineapple, and Candida, Cryptococcus,
Kloeckera, Rhodotorula, and Kluyveromyces spp. were found in
other tropical fruits (e.g., pitanga, umbu, and acerola).
Taxonomic Structure of Lactic Acid Bacteria Microbiota
of Vegetables and Fruits

Overall, lactic acid bacteria are a small part (2–4 log cfu g�1) of
the autochthonous microbiota of raw vegetables and fruits, and
their cell density is mainly in�uenced by the species of vege-
tables, temperature, and harvesting conditions. Recently, the
lactic acid bacteria microbiota of raw carrots, marrows, and
French beans was characterized. The raw vegetables used in this
study harbored autochthonous lactic acid bacteria at cell
densities of w2.7–3.0 log cfu g�1. The following species were
identi�ed for each vegetable: carrots, Leuconostoc mesenteroides,
Lactobacillus plantarum, and Weissella soli/W. koreensis; French
beans, Enterococcus faecalis, Pediococcus pentosaceus, and Lacto-
bacillus fermentum; and marrows, L. plantarum. Carrots and
French beans had the most heterogeneous composition of
autochthonous lactic acid bacteria, and L. plantarum was the
only species found in marrows. In fact, L. plantarum is consid-
ered as an ubiquitous and metabolic versatile bacterium largely
found in fruits and vegetables. Leuconostoc spp., including Leuc.
mesenteroides subsp. mesenteroides, mainly dominated the early
spontaneous fermentation of carrots. Pediococci and lactoba-
cilli, mainly L. plantarum, were identi�ed in many raw vegeta-
bles and, especially, in fermented vegetable juices. L. plantarum,
Weissella cibaria/confusa, Lactobacillus brevis, P. pentosaceus,
Lactobacillus spp., and Enterococcus faecium/faecalis were identi-
�ed in raw tomatoes, and Lactobacillus curvatus, Leuc. mesenter-
oides, L. plantarum, and W. confusa were identi�ed in red and
yellow peppers. Several species of lactic acid bacteria, such as
L. fermentum, L. brevis, and E. faecalis were identi�ed in melon
pod. Pineapple fruits harbored autochthonous lactic acid
bacteria belonging to L. plantarum and Lactobacillus rossiae at cell
densities of w5.5 log cfu g�1. Several cultivars of sweet cherry
fruits harbored a low population of lactic acid bacteria at a cell
density lower than that usually found in other fruits and
vegetables (w2.5 log cfu g�1). L. plantarum, Pediococcus acid-
ilactici, P. pentosaceus, and Leuc. mesenteroides subsp. mesenter-
oides were the only species identi�ed in the eighth cultivars of
sweet cherry. A similar trend was also found for other fruits,
-384730-0.00115-4 875
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Table 1 Lactic acid bacteria isolated from raw or spontaneously
fermented vegetables and fruits

Lactic acid bacteria species Source

Lactobacillus plantarum Tomatoes, marrows, carrots, cucumbers,
eggplants, sauerkraut, red beets,
capers, kimchi, pineapple, plums, kiwi,
papaya, fennels, cherries, cabbages,
grape must

Lactobacillus pentosus Capers, papaya, eggplants, cucumbers
Lactobacillus rossiae Pineapple
Lactobacillus fermentum French beans, red beets, capers,

eggplants
Lactobacillus curvatus Peppers, sauerkraut, kimchi
Lactobacillus sakei Kimchi
Lactobacillus brevis Tomatoes, sauerkraut, capers, eggplants

cabbages, cucumbers, grape must
Lactobacillus paraplantarumCider, cabbages, capers
Lactobacillus collinoides Cider
Lactobacillus casei Cider
Leuconostoc mesenteroides

subsp.mesenteroides
White cabbages, carrots, peppers,

cucumbers, eggplants, lettuce,
sauerkraut, kimchi, cherries,
grape must

Weissella soli Carrots
Weissella confusa,

Weissella cibaria
Peppers, tomatoes, blackberries, papaya

Enterococcus faecalis,
Enterococcus faecium

French beans, tomatoes, capers

Oenococcus oeni Cider, grape must
Pediococcus pentosaceus French beans, tomatoes, cucumbers,

sauerkraut, capers, cherries, cabbages
Pediococcus parvulus Cider

Adapted from Ciafardini, Di Cagno, 2012. Olive da mensa ed altri prodotti vege
In: Farris, A., Gobbetti, M., Neviani, E., and Vincenzini, M. (Eds.), Microbiologia
prodotti alimentari, CEA– Casa Editrice Ambrosiana, Milan, Italy, pp. 365–382,
ISBN: 978-8808-18246-3.
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such as blackberries, prunes, kiwifruits, and papaya, wher
L. plantarum, Lactobacillus pentosus, and W. cibariawere the only
species identi� ed. The same species were commonly identi� ed
within the microbiota of cucumber, olives, pumpkins, peppers,
carrots, persimmons, and eggplants when spontaneously fer
mented. Examples of lactic acid bacteria isolated from raw o
spontaneously fermented vegetables and fruits are shown in
Table 1.
r

k

e d
Fermentation of Vegetable Products

Spontaneous Fermentation

In raw vegetables and fruits, lactic acid fermentation may take
place spontaneously, when anaerobic conditions, wate
activity, moisture, salt concentration, and temperature are
favorable to the growth of the autochthonous lactic acid
bacteria. Spontaneous fermentation may be optimized through
back slopping, commonly used for sauerkraut production (i.e.,
inoculation of the raw material with a small quantity of
a previously performed successful fermentation). Hence, bac
slopping results in dominance of the best adapted strains and
represents a way of using a selected starter culture to shorten th
fermentation and to reduce the risk of fermentation failure.
When occurring spontaneously, the fermentation of vegetables
and fruits is frequently characterized by a succession of hetero
and homo-fermentative lactic acid bacteria, together with or
without yeasts, which are responsible for multistep fermenta-
tion processes. The spontaneous lactic acid fermentation of raw
vegetables may also require some days (4–6 days) before the
pH value undergoes a signi�cant decrease. Consequently, in
some cases, spontaneous fermentation may be responsible fo
undesirable variations of the sensory and rheological properties
of fresh vegetables and fruits or it may occur too slowly to
inhibit spoilage and pathogen microorganisms. Both from
hygiene and safety point of views, the use of starter cultures i
recommended, as it would lead to a rapid inhibition of
spoilage and pathogenic bacteria, and to a processed produc
with consistent sensory and nutritional properties. The use of
starter cultures is increasing in vegetable fermentation
Contrarily, to other fermented foods (e.g., dairy, meat, and
baked goods), only few cultures are used for fruit and vegetable
fermentations, with L. plantarumbeing the most frequently
used.

,

Commercial or Allochthonous Lactic Acid Bacteria
Starter Cultures

The use of commercial starter cultures was considered a brea
through in the processing of fermented vegetables and fruits
resulting in a high degree of control over the fermentation
process and standardization of the product. Some examples o
the use of commercial lactic acid bacteria starters may be foun
in the literature. The controlled fermentation of peeled and
blanched garlic using a starter culture ofL. plantarumLP91 in
comparison with unblanched started garlic was studied. The
effect of the starter on the sensory properties of fermented garli
was also evaluated. Starter grew well in blanched garli
(w 9 log cfu g� 1 after 2 days of fermentation) and lactic acid
was the main synthesized metabolite. On the contrary, its
growth was inhibited in unblanched garlic, and ethanol, fruc-
tose, and the appearance of an undesired green pigment wer
found. From a sensory point of view, started and unstarted
garlic did not show signi� cant differences. However, in most of
the cases commercial starter cultures do not correspond t
autochthonous strains, whereas, the selection of starter culture
within the autochthonous microbiota of vegetables and fruits
should be recommended because autochthonous cultures ma
ensure better performance compared with allochthonous
strains. Commercial or allochthonous starter cultures may
exhibit different limitations, such as low � exibility with regard
to the desired properties and functionality of the product and
low diversity of metabolic activities.

tali.
dei
Autochthonous Starter

Although lactic acid bacteria represent a small part of the
microbiota of vegetables and fruits, they may have various
functions: (1) to exert intrinsic antagonistic activity toward
spoilage and pathogen microorganisms, (2) to deliver health
relevant microorganisms to the gastrointestinal tract, and (3) to
supply autochthonous lactic acid bacteria suitable to be reused
as starters. Recently, it was shown that the use of selecte
autochthonous lactic acid bacteria starters compared with
allochthonous or spontaneous fermentation guaranteed the
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Tomato juice without starter inoculum (kinetic of acidification)

Tomato juice fermented with the autochthonous starter Lactobacillus plantarum POM35 (kinetic of acidification)

Tomato juice without starter inoculum (kinetic of growth)

Tomato juice fermented with the autochthonous starter Lactobacillus plantarum POM35 (kinetic of growth)

Tomato juice fermented with the allochthonous starter Lactobacillus plantarum LP54 (kinetic of acidification)

Tomato juice fermented with the allochthonous starter Lactobacillus plantarum LP54 (kinetic of growth)

Figure 1 Kinetics of growth and acidi� cation of tomato juice fermented with autochthonous and allochthonous starters. Adapted from Ciafardini
and Di Cagno. Olive da mensa ed altri prodotti vegetali. In: Farris, A., Gobbetti, M., Neviani, E., and Vincenzini, M. (Eds.), Microbiologia dei prodotti
alimentari, CEA– Casa Editrice Ambrosiana, Milan, Italy, pp. 365–382, ISBN: 978-8808-18246-3.
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prolonged shelf life of fermented vegetables and fruits and
maintained agreeable nutritional, rheological, and sensory
properties. Autochthonous strains always had better perfor
mances than allochthonous strains. Allochthonous strains
showed, in particular, longer latency phases of growth and
acidi� cation with respect to selected autochthonous strains
Figure 1 shows the representative kinetics of growth and
acidi� cation of unstarted and fermented tomato juice with
autochthonous and allochthonous strains of L. plantarum.

When fermented with selected autochthonous strains o
L. plantarum, Leuc. mesenteroides, and P. pentosaceus, carrots,
French beans, or marrows were characterized by rapid decrea
of pH, marked consumption of fermentable carbohydrates,
and inhibition of Enterobacteriaceae and yeasts. Autochtho
nous strains of L. plantarum, L. curvatus, and W. confusawere
used as mixed starters to ferment red and yellow peppers
Compared with unstarted vegetables, the rapid decrease of p
and the marked consumption of fermentable carbohydrates
inhibited the growth of enterobacteria and yeasts. After 30 days
of storage at room temperature, started vegetables positive
differentiated also for higher � rmness and color indexes with
respect to unstarted red and yellow peppers. Recentl
a protocol was set up for the minimal processing of pineapple
to increase its shelf life and to maintain agreeable sensory an
nutritional features. After 30 days of storage at 4� C, pineapple
fruits started with selected autochthonous strains of
L. plantarumand L. rossiaehad a number of lactic acid bacteria
up to 1 000 000 times higher than the other processed pine-
apples as well as the lowest number of yeasts. The highe
antioxidant activity and � rmness, better preservation of the
natural colors, and preference for odor and overall acceptability
were also found.

Fermentation of sweet cherry (Prunus aviumL.) puree added
by stem infusion by selected autochthonous lactic acid bacteria
starters showed that, despite the hostile environment (e.g., low
pH, presence of phenolic compounds), the selected autoch
thonous strains of P. pentosaceusand L. plantarum used as
starters grew well, showing peculiar metabolic traits
Consumption of carbohydrates and the lactic acid fermenta-
tion was limited, whereas consumption of organic acids (e.g.,
malic acid) and free amino acids was evident, especially
throughout storage. Both lactic acid bacteria remained viable
during 60 days of storage at cell numbers that exceeded those o
potential probiotic beverages, presumably on the basis of these
metabolic activities. Overall, the use of autochthonous lactic
acid bacteria starters to ferment vegetables and fruits ensure
better preservation of different properties: natural colors,
� rmness, antioxidant activities, and other health-promoting
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Isolation, typing, and identification of
autochthonous lactic acid bacteria

Selection of single or mixed starters

Inoculum of the starter
at a final cell density of

ca. 7 log cfu g–1

Lactic acid fermentation
(25–30 °C for 15–24 h)

Storage under refrigeration
up to 40 days

Processing into puree, juices, or pieces
eventually followed by a thermal treatment

(e.g., 70 °C for 5 min)

Raw vegetables and fruits

Figure 2 Example of biotechnology protocol to ferment raw vegetabl
and fruits. Adapted from Ciafardini and Di Cagno. Olive da mensa ed
prodotti vegetali. In: Farris, A., Gobbetti, M., Neviani, E., and Vincenz
M. (Eds.), Microbiologia dei prodotti alimentari, CEA– Casa Editrice
Ambrosiana, Milan, Italy, pp. 365–382, ISBN: 978-8808-18246-3.

Table 2 Main metabolic traits to consider for the selection of starters
for vegetable fermentation

Criteria Metabolic traits

Velocity of growth
Velocity of acidi� cation
Salt tolerance
Low pH values tolerance
Capacity of growth at low pH values

Pro-technological Completeness of fermentation
Developing of malolactic fermentation
Mild acid producing or fermentation
Tolerance to high concentration of polyphenolic

compounds
Synthesis of antimicrobial compounds
Synthesis of exopolysaccharides
Pectinolytic activity

Sensory Heterofermentative metabolism
Synthesis of aroma precursor compounds

Nutritional Synthesis of biogenic compounds
Synthesis of exopolysaccharides

Adapted from Ciafardini and Di Cagno. Olive da mensa ed altri prodotti vegetali. In:
Farris, A., Gobbetti, M., Neviani, E., and Vincenzini, M. (Eds.), Microbiologia dei
prodotti alimentari, CEA– Casa Editrice Ambrosiana, Milan, Italy, pp. 365–382,
ISBN: 978-8808-18246-3.
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compounds. This effect may be the consequence of modi� ca-
tion of the pro � le of organic acids and of the synthesis of lactic
and acetic acids and free amino acids. These modi� cations
might have had direct (pH) or indirect (redox potential)
repercussions on the activity of endogenous browning
enzymes, oxidation, and sensory properties (color,� avor, and
aroma) of vegetables and fruits. An example of biotechnology
protocol to ferment raw vegetables and fruits is reported in
Figure 2.

The main criteria for selecting starters to be used for vege
table fermentation are the (1) rate of growth, (2) rate and total
production of acids which, in turn, affect the changes of pH,
and (3) environmental adaptation and tolerance. Major
metabolic traits to be considered for the selection of autoch-
thonous lactic acid bacteria starters for vegetables and fruit
fermentation are shown in Table 2. The criteria for selection of
starters may be divided into three main categories: (1) tech
nological, (2) nutritional, and (3) sensory. Predominance of
growth by a species of lactic acid bacteria is in� uenced by the
chemical and physical environment in which it has to compete.
L. plantarum, which predominates the later stage of vegetable
fermentation because of its high acid tolerance and metabolic
versatility, seems a likely choice when homolactic fermentation
is desired. Moreover, robustness of autochthonous starter
throughout fermentation and storage processes, able to achiev
high cell numbers (w 8.0–9.0 log cfu g� 1), is an indispensable
prerequisite to ensure hygiene, safety, and potential probiotic
properties of the product. The synthesis of exopolysaccharide
is another metabolic tract to be considered for selection,
especially for juices and puree. In addition, the capacity of lactic
acid bacteria to synthesize protopectinases, which may enhanc
the viscosity of fruit matrices, may be an important character-
istic for starters. Growth and viability of lactic acid bacteria, in
particular L. plantarumand pediococci, were frequently shown
on plant materials when polyphenolic compounds were
abundant. L. plantarumhad the metabolic capacity to degrade
some phenolic compounds and other chemical compounds
strictly related.

Starter cultures with probiotic properties were largely
considered in these last years, especially for the production o
nondairy probiotic foods. More than other food ecosystems,
raw fruits and vegetables possess intrinsic chemical and phys
ical parameters that, for some traits, mimic those of the human
gastrointestinal tract. The extremely acidic environment, buff-
ering capacity, high concentration of indigestible nutrients
(e.g., � ber, inulin, and fructooligosaccharides (FOS)) and
antinutritional factors (e.g., tannins and phenols) are the main
characteristics of raw fruits and some vegetables. In most of th
cases, the autochthonous microbiota of fruits and vegetables
has to colonize and adhere to surfaces, and exerts antagonist
activity toward spoilage and pathogenic microorganisms. A
large number of autochthonous lactic acid bacteria isolated
from carrots, French beans, cauli�ower, celery, tomatoes,
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pineapples, kimchi, several ethnic fermented vegetables of th
Himalayas, and Japanese pickles belonging to the gene
Lactobacillus, Weissella, Pediococcus, Enterococcus, and Leuconosto
were characterized for their probiotic potential, showing their
adaptability to gastrointestinal environment, their capacity to
maintain high cell densities, adherence to human or mouse
intestinal cells, stimulation of immune mediators, and anti-
microbial activity.
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Main Fermented Vegetable Products

Lactic acid fermentation of vegetables has an industrial signif
icance only for cabbages, cucumbers, and olives. In the Med
terranean area, the industrial production of fermented
vegetables is mainly limited to sauerkraut and table olives
Pickled cucumbers are among the most popular pickled foods
Additionally, niche markets exist for other pickled vegetables
which are fermented only slightly before consumption and
several varieties of vegetables (e.g., artichokes, capers, ga
peppers, okra, cauli� ower, green tomatoes, and eggplants) ar
subjected to fermentation at the local level. A list of traditional
fermented vegetable products from different regions of the
world is reported in Table 3. Because of the commercia
signi� cance and extensive literature already available, tab
olives are not considered in this review.
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Sauerkraut

Sauerkraut is a vegetable food widely consumed in many
European countries. It has usually been prepared by sponta
neous lactic fermentation of shredded cabbage (Brassica olerace
L. variety capitata), both by manufacturers and in households.
Fresh cabbage is trimmed of outer leaves and shredded an
successively mixed with salt to obtain a� nal concentration of
approximately 2% NaCl (wt/wt). The cabbage is quickly sur-
rounded by brine and then covered with plastic sheeting draped
over the tank. Water is added to improve anaerobic conditions
and prevent contact with air, which may cause a loss o
microbiological quality. After 24 –48 h, anaerobic conditions
are established thanks to the exhaustion of oxygen and CO2
production from heterofermentative lactic acid bacteria. The
combination of salt concentration and temperature (18� C)
allows a spontaneous lactic acid fermentation, although varia-
tions of these conditions are not uncommon and affect the
competitiveness of the naturally present microorganisms. The
microbial species typically isolated during sauerkraut fermen-
tation are Leuc. mesenteroides, P. pentosaceus, L. brevis, and
L. plantarum.Leuc. mesenteroidesand Weissellaspp. typically
dominate the early stages of fermentation because they ar
present in larger cell numbers and have faster growth compare
with the other lactic acid bacteria in cabbage juice. The increas
of lactic acid concentration inhibits the multiplication of Leuc.
mesenteroideswhile it promotes the growth of acid-tolerant
species, such asL. brevisand in some casesL. curvatus, Lactoba-
cillus sakei,E. faecalis, Lactococcus lactissubsp. lactis, and
P. pentosaceus. L. plantarumbecomes predominant in the latter
stage, about 5–7 days after the beginning of fermentation,
contributing to a further decrease of the pH value (w 3.5). The
end products resulting from both the stages of fermentation
may include mannitol and acetic acid (w 1% each) and lactic
acid, which may exceed 2%, depending on how long the
homolactic fermentation is allowed to continue.
Kimchi

Kimchi is a name for various Korean traditional closely related
fermented vegetable products. Kimchi is similar to sauerkrau
and contains mainly Chinese cabbages (Brassica pekinensis) and
radish, but other ingredients such as garlic, green onion, ginger
red pepper, mustard, parsley, and carrot may be added. Afte
soaking with water, vegetables are cut and placed in a sa
solution of 5 –7% for 12 h or 15% for 3 –7 h in order to increase
the salt content (w 2.0–4.0% of the total weight). Then vege-
tables are rinsed several times with fresh water and drained
Kimchi fermentation is carried out by various autochthonous
microorganisms; thus, microbiota of kimchi can vary on the
basis of ingredients, but it is also affected by temperature
(ranging from 5 to 30 � C) and salt concentration. Among the
200 bacteria isolated from kimchi, Leuc. mesenteroidesand
P. pentosaceuswere those mainly involved in the � rst stage of
fermentation. The dominant species ofLactobacillusin the later
stages of kimchi fermentation vary according to the fermenta-
tion temperature; L. plantarum and L. brevis dominated
fermentations carried out at 20–30 � C, whereasLactobacillus
maltaromicusand Lactobacillus bavaricusdominated at 5–7 � C.
The composition of microbiota affects the kinds of acid
synthesized and the� nal taste of kimchi. The increase of lactic
acid inhibits the growth of Leuc. mesenteroidesand promotes the
development of acid-tolerant species, such asL. brevisand in
some casesL. curvatus, L. sakei, andE. faecalis. The� nal stage of
fermentation is dominated by L. plantarum, which allows
a further decrease of the pH and lactic acid synthesis. The be
tasting kimchi is obtained before overgrowth of L. plantarum
and L. brevis, at an optimal pH of 4.5. The concentration of
NaCl (w 3%, wt/vol) and a temperature of w 10 � C are the
optimal parameters to reach a level of lactic acid in the range
0.4–0.8% and a pH of 4.2–4.5. Kimchi was recognized as
a health-promoting food, thanks to the physiological effects of
its ingredients and end-products of the fermentation. Because
of its nutritional properties, kimchi was mentioned by Health
magazine in its list of the top-� ve ‘World’s Healthiest Foods’
(http://eating.health.com/2008/02/01/worlds-healthiest-foods-
kimchi-korea/) as one of the most popular functional foods in
the world. Leuc. mesenteroideswas found to be important in the
early stage of fermentation of many other vegetable-based foods
such as Dhamuoi, a Vietnamese food similar to kimchi and the
Turkish Tuŗşu, made with a wide variety of different vegetables
and fruits. To manufacture Tuŗşu, vegetables such as cucumber
cabbages, green tomatoes, green peppers, and fruits such
melons are pressed in to containers and added to a brine
containing 10–15% of NaCl (wt/vol). After vinegar addition, the
pickles are left to ferment atw 20 � C for 4 weeks. The specie
mainly associated with tuŗşu fermentation areL. plantarum,Leuc.
mesenteroides, L. brevis, P. pentosaceus, and E. faecalis. After a � rst
predominance of Leuc. mesenteroides, the fermentation is
continued mostly by L. plantarum, followed in the latter stage by
yeasts, such asTorulopsis, Hansenula, and Saccharomyces.

Carrots, turnips, bulgur � our, and sourdough are the
ingredients of Şalgam, a lactic acid fermented beverage ver



Table 3 Examples of traditional fermented vegetable products from different regions of the world

Product Main ingredients Main lactic acid bacteria involved Country

Sauerkraut Cabbage, salt Leuconostoc mesenteroides, Lactobacillus brevis, Lactobacillus plantarum Europe, USA
Cucumbers Cucumbers, vinegar, salt Pediococcus pentosaceus, L. plantarum USA, Asia
Capers Capers, water, salt L. plantarum,Lactobacillus pentosus, Lactobacillus fermentum, L. brevis,

Lactobacillus paraplantarum, Enterococcus faecium, P. pentosaceus
Mediterranean countries (Greece, Italy,

Spain, Turkey, Morocco)
Kimchi Cabbage, radish, salt, spices, and other vegetables

(ginger, pepper, garlic, onion)
Leuc. mesenteroides,Leuc. pseudomesenteroides, L. plantarum,L. brevis,

Lactobacillus curvatus, Lactobacillus sakei
Korea

Dhamuoi Cabbage and other vegetables Leuc. mesenteroides,L. plantarum Vietnam
Burong mustasa Mustard L. brevis, Pediococcusspp. Philippines
Dakguadong Mustard leaf, salt L. plantarum Thailand
Gundruk Local cabbages, mustard leaves, cauli� ower

leaves,
L. plantarum,L. caseisubsp.casei,L. caseisubsp.pseudoplantarum,

L. fermentum, P. pentosaceus
Eastern Himalaya

Sinki Radish roots L. fermentum, L. plantarum,L. brevis, Leuc. fallax Eastern Himalaya
Khalpi Cucumber L. plantarum,L. brevis, Leuc. fallax, Pediococcusspp. Eastern Himalaya
Pak-Gard-Dong Mustard leaves L. brevis, L. plantarum Thailand
Tur‚şu Cucumbers, cabbage, green tomatoes, green

peppers, and other vegetables
L. plantarum,Leuc. mesenteroides, L. brevis,

P. pentosaceus, E. faecalis
Turkey

Şalgam Black/violet carrots, turnip, bulgur� our,
sourdough, salt, and water

L. plantarum,L. paracaseisubsp. paracasei,L. fermentum, L. brevis Turkey

Hardaliye Red grape juice, black mustard seeds L. paracaseisubsp.paracasei,L. caseisubsp.pseudoplantarum,L. pontis,
L. brevis, L. acetotolerans, L. sanfranciscensis.

Turkey

Adapted from Ciafardini and Di Cagno. Olive da mensa ed altri prodotti vegetali. In: Farris, A., Gobbetti, M., Neviani, E., and Vincenzini, M. (Eds.), Microbiologia dei prodotti alimentari, CEA– Casa Editrice Ambrosiana, Milan, Italy, pp. 365–382,
ISBN: 978-8808-18246-3.
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popular in Turkey. The manufacture of this beverage involves
two steps of fermentation; in the � rst step, bulgur � our, sour-
dough, and salt are mixed with water and left to ferment by
lactic acid bacteria and yeasts for 3–5 days at room tempera-
ture. In the second step, vegetables and water are added to th
fermented product of the � rst step and fermentation takes place
in wooden barrels for 3–10 days. Şalgam fermentation seems
dominated mainly by L. plantarum, Lactobacillus paracaseisubsp.
paracasei, L. fermentum, and L. brevis. Yeasts such asS. cerevisia
are also known to contribute to � avor development.
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Pickles

Pickles are often produced by lactic acid fermentation of
vegetables and fruits. Industrial-scale processes for the man
facture of many types of pickles were developed, but they ar
still carried out even at the domestic scale, although so fa
olives, cucumbers, and cabbages are the only one fermented
large volumes.

Cucumbers
Fully ripe cucumbers are washed and drained and eventuall
sliced. Manufacturing usually consists of four stages: (1
selection of regular-shaped cucumbers, (2) dipping into brine
(5–7% of NaCl) inside plastic or glass containers, (3) sponta-
neous lactic acid fermentation, and (4) packaging. Signi� cant
reductions in salt concentration (to 4% or less) may be possible
using blanched cucumbers to reduce the initial microbiota.
Sometimes, calcium chloride is added on the surface to allow
a crisp texture during storage. As soon as the brine is produce
fermentation starts and lasts for 2–3 weeks, depending on the
temperature (usually 20–27 � C) until a � nal pH in the range
3.1–3.5 is reached. Homofermentative lactic acid bacteria, suc
as P. pentosaceusand L. plantarum, are the main bacteria
responsible for fermentation, while Leuc. mesenteroidesis
inhibited by high concentrations of sodium chloride. Mainte-
nance of structural integrity of whole cucumbers during brine
fermentation is important for the quality of the product.
However, CO2 can be produced as the result of cucumbe
respiration when they are submerged in brine and by malo-
lactic fermentation carried out byL. plantarum. Because gaseou
spoilage (bloater damage) may lead to serious economic losse
cucumbers are purged with air during the fermentation period
to remove CO2 from the tank, even if this can increase the risk
of molds and yeasts development. Currently, industrial
fermentations are carried out by spontaneous lactic acid
bacteria, and starter cultures of L. plantarum are rarely
employed. A product made of fermented cucumbers named
Khalpi is popular in Himalayan region. Cucumbers for
manufacture of Khalpi are cut into pieces and sun dried for
2 days. After this step, cucumbers are put into a bamboo vess
and then left to ferment at room temperature for 3–7 days. The
microbiota of Khalpi is characterized mainly by L. plantarum
and L. brevis. Pediococci andLeuconostocsspecies, such asLeuc.
fallax, were also found.

Capers
Caper berries are the fruits ofCapparisspecies (mainlyCapparis
spinosaL.), a Mediterranean shrub cultivated for its buds and
fruits. Fermented capers are typical of Mediterranean countries
especially Greece, Italy, Turkey, Morocco, and Spain. Ferme
tation of caper fruits is often done using traditional artisanal
ways. The fruits are collected during the months of June and
July and are immersed in tap water, where the fermentation
takes place for approximately 5–7 days in a temperature range
from 23 to 43 � C. Successively, fermented capers are placed
brine and distributed for consumption. Fermentation of
caper fruits, like other vegetable fermentation, is carried
out by spontaneous lactic acid bacteria colonizing the raw
material and processing environment. The predominance of
L. plantarumin caper fermentation is important for the rapid
production of lactic acid and fast acidi� cation, allowing better
preservation conditions of the fermented product. Overall,
Leuconostocspecies do not take part in caper fermentation. In
contrast with other vegetable fermentations, the absence o
Leuconostocwas attributed to the rapid decrease of pH, becaus
this bacterium is not able to grow below pH 4.5, and to the
high temperature of fermentation, which can reach 40� C.

Minor Fermentations and Traditional Products
The main reasons for the growing interest for pickling is the
improvement of the nutritional, physiological, and preservation
characteristics that this processing may bring, therefore lacti
acid fermentation of vegetables with high nutritional potential
was considered in these last years. Sweet potato-lacto pickl
were proved to be suitable for fermentation and commerciali-
zation in small-scale industries. The use of a brine containing
10% of NaCl (wt/vol) and fermentation with selected strains of
L. plantarumobtained good sensory properties. Pickled garlic is
increasing in its popularity among consumers because of its
particular organoleptic properties. Relatively short-term spon-
taneous fermentation was shown to improve the health-
promoting properties of pickled garlic, especially polyphenol
content and antioxidative potential. Besides semi-industrial
productions, there is a broad range of fermented foods that
remains scantly documented. Indigenous vegetable-fermente
foods were consumed for thousands of years and are strongl
linked to culture and traditions, especially in rural households
and village communities, where they can make a signi� cant
contribution to the daily diet. For instance, soy sauce is exten
sively consumed around the world and is a fundamental
ingredient in several Asian countries. Fermentation is a usefu
technique, especially in developing countries where the pres
ervation of foods may be dif� cult. Fermented pickles are
particularly important in Asian and African countries where
a variety of fruits and vegetables, such as lemons, lime, banana
mango, durian, and beetroots, and other local leaves are
produced in a traditional way. A better knowledge of the pro-
cessing of indigenous fermentations could be useful to avoid the
loss of this important variability. Some of the most well-known
fermented pickles originate in Asian countries.

Pak-Gard-Dong is a fermented mustard (Brassica juncea) leaf
product made in Thailand. Mustard leaves are washed, wilted
mixed with salt, and left to ferment packed into containers for
12 h. Water is then drained and a solution containing 3% of
sugar is added. Mustard leaves are left to ferment for 3–5 days
at room temperature. Microorganisms mainly associated with
fermentation are L. brevisand L. plantarum. A very similar
product is Hum-choy, produced in the south of China from
local leafy vegetables. After washing and draining, the leaves a
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covered in salt and sun dried and successively put into pots, to
allow fermentation which usually lasts for w 4 days. Pickled
radish is also common in Asian countries, such as Korea, wher
it exists in a variety of different products. Pickled radish tap
roots are named Sinki and are traditionally consumed in India,
Nepal, and Bhutan. Preparation of Sinki is similar to those of
other pickles, in which vegetables are washed, drained, and su
dried before fermentation. The fermentation in this case can
last up to 12 days at 30� C and is commonly started by
L. fermentumand L. brevis, followed by L. plantarum.
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Lactic Acid Fermentation of Vegetable Juices

The high concentration of health-promoting compounds of
vegetables and fruits favors also the manufacture of fermente
juices with improved nutritional properties and agreeable
sensory characteristics. Vegetable-based beverages produced
controlled fermentation of lactic acid bacteria are new prod-
ucts, answering to the consumer’s demand for minimally pro-
cessed foods characterized by high nutritional value, rich� avor,
and enhanced shelf life. In these products, high proportions of
protective substances contained in the raw material are
preserved. Moreover, during the fermentation, lactic acid
bacteria may produce additional health-promoting compo-
nents and allow for a better preservation. The technologica
options for the production of fermented vegetable juices
mainly include the following three: (1) spontaneous fermen-
tation by autochthonous lactic acid bacteria, (2) fermentation
by starter cultures added into raw vegetables, and (3) fermen
tation of mild heat-treated vegetables by starter cultures. Lacti
acid bacteria microbiota of spontaneously fermented vegetable
juices is mainly represented by the generaLactobacillus, Leuco-
nostoc, andPediococcus, whereas the starter cultures most widely
used were L. plantarum. Hardaliye, a traditional fermented
beverage from Turkey obtained from red grape juice and
crushed black mustard seeds, is an example of a spontaneou
fermented juice in which L. paracaseisubsp. paracaseiand
Lactobacillus caseisubsp. pseudoplantarumdominate the lactic
acid bacteria microbiota, which may be made up of severa
different species, includingL. brevis, Lactobacillus acetotolera,
Lactobacillus sanfranciscensis, and Lactobacillus vaccinosterc.
Overall, it was shown that fermented vegetable juices with
optimal characteristics may be achieved by selecting lactic ac
bacteria strains suitable for the fermentation of individual raw
materials, according to factors such as the speci� c dependence
on the supply of nutrients for growth and the chemical and
physical environment. Vegetables such as cabbage, carr
tomato, and spinach have proven to be suitable for the
manufacture of fermented juices because of their content o
fermentable carbohydrates. Fermentation of cabbage into
sauerkraut juice is mostly obtained by spontaneous micro-
biota, although as with other fermented vegetables, the use o
the starters was required to obtain a uniform product. In
addition to the choice of the starter culture, to improve the
quality and sensory properties of sauerkraut juice, the addition
of other ingredients and the mixture with other juices was also
considered. Carrot juice is one of the most common vegetable
juices that can be strongly improved by lactic acid bacteria
fermentation. Fermented carrot juice is microbiologically
stable, with good sensory properties and potentially high
nutritional value. The use of selected starter cultures for carro
juice can improve juice yield thanks to the activity of pectino-
lytic enzymes and its iron solubility, and it also enables it to
obtain higher mineral availability. The demonstration of suit-
ability of tomatoes as the raw material for the manufacture of
lactic acid fermented juice has opened new perspectives for thi
product. Commercially available tomato juices are usually
subjected to thermal processing, which induces undesirable
changes of color,� avor, and nutritional value. On the contrary,
processing of tomatoes into fermented juice in� uences nutri-
tional and sensory properties. Besides amino acids and vitamin
and mineral content, lactic acid bacteria fermentation may also
increase the amount of other phytonutrients that positively
affect human health, having antitumor and antioxidant prop-
erties. The preservation of pigments and the synthesis of health
promoting substances, such as aglycones andb-carotene, after
lactic acid fermentation was proven in beetroots and swee
potatoes.
Innovative Vegetable-Based Fermented Products

Innovation in food technology plays an important role in the
improvement of the nutritional quality of products, possibly
enhancing the hedonistic aspects of food intake. For instance
smoothies, originally consisting of purely fresh fruits and
vegetables, were� rst introduced in the 1960s in the United
States and reemerged in the 2000s. Recently, a novel protoc
for the manufacture of fermented smoothies was set up
White grape juice andAloe veraextract were mixed with red
(cherries, blackberries prunes, and tomatoes) or gree
(fennels, spinach, papaya, and kiwi) fruits and vegetables and
were fermented by mixed autochthonous starters, including
strains of L. plantarum, W. cibaria, and L. pentosus. Lactic acid
fermentation by selected starters positively affected the
content of antioxidant compounds and enhanced the sensory
attributes of the smoothies. The consumer demand for
nondairy beverages with high functionality is growing as
a consequence of the ongoing trend of vegetarianism and the
increasing prevalence of the lactose intolerance. Some pro
biotic lactic acid bacteria are able to grow in vegetables and
fruits, even if different species can show different sensitivities
toward the pH of the substrate, postacidi� cation of fermented
products, metabolism products, temperature, processing, and
gastrointestinal tract conditions. The major part of the studies
considered the use of the probiotic speciesL. acidophilus,
L. plantarum, L. casei, Lactobacillus rhamnosus, and Lactobacillus
delbrueckii, and in a few cases,Leuc. mesenteroidesand species of
the genus Bi� dobacteriumas well. Tomato, carrot, cabbage
artichokes, and red beet juices were proven to be particularly
suitable for probiotic fermentation, allowing a rapid growth of
the strains and viable cell population abovew 8 log cfu g� 1.
Nevertheless, the properties of the juice may be affected b
probiotic microorganisms as shown by the fermentation of
orange juice by L. plantarum, which provoked unsuitable
sensory properties. Thus, a proper selection of the frui
matrices, probiotic strains, and eventually the addition of
other ingredients seems fundamental to achieve optimal
healthy and sensory properties.
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Conclusion

Intrinsic microbiota of raw vegetables and fruits may represent
a source of metabolic tracts that deserve increasing interest.
Selection of autochthonous lactic acid bacteria and their use as
starters may have important applicative repercussions. Thus,
further insight is needed to explore the potential of the intrinsic
autochthonous microbiota and consequently exploit the
vegetables and fruits through lactic acid fermentation.
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See also:Cocoa and Coffee Fermentations; Fermented Foods:
Origins and Applications; Fermented Foods: Fermentations of
East and Southeast Asia; Probiotic Bacteria: Detection and
Estimation in Fermented and Nonfermented Dairy Products;
Starter Cultures; Starter Cultures: Importance of Selected
Genera; Starter Cultures Employed in Cheesemaking; Fruit and
Vegetables: Introduction; Advances in Processing
Technologies to Preserve and Enhance the Safety of Fresh and
Fresh-Cut Fruits and Vegetables; Sprouts; Fruit and Vegetable
Juices.
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Introduction

Fermented milks have been developed to preserve milk
against spoilage. It is likely that the origin of these products
was the Middle East and the Balkans, and it is safe to
assume that these products could date to more than 10 000
years ago. Their evolution through the ages has progressed
from home manufacture by artisanal processes, using
a small portion of a previous batch as starter, to large-scale
production. The characterization of the microorganisms
responsible for the fermentation during the blossoming of
microbiology as a science from the 1850s onword led to the
isolation of starter cultures and their use in automatic
Table 1 Traditional fermented milks and derived products made in variou

Product Country Type of milk Mic

Amasi Zimbabwe Bovine Lac
s
d
e

Aoules Algeria Goat, ewe
Arkhi Mongolia Mare
Arrera (defatted

buttermilk)
Ethiopia Cow, goat, camel The

Ayib Ethiopia Cow, goat, camel The
h

Ayran Turkey Ewe, goat, cow Yog
Bjaslag Mongolia Yog
Brano mliako Bulgaria Ewe Yog
Bulgarian milk Bulgaria Ewe, cow Lac
Chakka India Mixed buffalo and cow Lac
Chal Turkmenistan Camel The
Churpi Nepal Buffalo, goat
Dahi India Buffalo, goat Lac

s

884 Encyclopedia of Food Mic
processes for their manufacture. Most fermented milks are
made from cow’s milk, but sheep, goat, buffalo, and horse
milks are also used. The consumption of these products
continues to increase, and good incentives are available to
expand the range and quality of fermented milks by using
new isolates of fermentation microorganisms from the
native �ora of traditional products (Table 1). However, it is
still true that even in Europe there are regions where
traditional products are still manufactured in a traditional
localized farmhouse manner.

Bene�ts to health and nutrition have been attributed to
fermented milks. In the twenty-�rst century, consumers
demand products of high quality in terms of nutritional,
s parts of the world

roflora

tobacilli (helveticus, plantarum, paracasei subsp paracasei, delbrueckii
ubsp lactis), lactococci (lactis subsp lactis, lactis subsp lactis biovar.
iacetylactis), leuconostocs (mesenteroides subsp mesenteroides),
nterococci (faecalis, faecium)

same as in Ergo from which butter (kibe) and buttermilk come

same as in Ergo and Arrera lactic acid bacteria (the product is made by
eating the Arrera), yeasts (Kluyveromyces, Torulopsis, Leucosporidium)
urt microorganisms
urt microorganisms
urt microorganisms
tobacillus bulgaricus
tococcus lactis subsp. lactis
rmophilic lactobacilli and streptococci

tococcus lactis subsp. lactis, cremoris, biovar diacetylactis, Leuconostoc
pp., yogurt microorganisms

(Continued)

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00120-8

http://dx.doi.org/10.1016/B978-0-12-384730-0.00120-8
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Table 1 Traditional fermented milks and derived products made in various parts of the worldd cont'd

Product Country Type of milk Microßora

Torba Turkey Mixed cow and ewe Yogurt microorganisms
Tulum yogurt Turkey Cow, ewe, goat Yogurt microorganisms
Viili Finland Cow Lactococcus lactissubsp.lactis,cremoris, biovardiacetylactis, Leuconostoc

mesenteroidessubsp.dextranicum, Geotrichum candidum
Xynogalo Greece Ewe Lactococcus lactissubsp.lactis,cremoris, Lactobacillus plantarum,

L. maltaromicus, L. casei, Leuconostoc lactis,L. mesenteroides,
L. paramesenteroides, Enterococcus faecalis, E. faecium, E. durans

Yiaourti Greece Ewe, goat, cow Streptococcus thermophilus, Lactobacillus delbrueckiisubsp.bulgaricus,
L. paracasei,Leuconostocspp.,pediococci, enterococci

Ymer Denmark Cow Lactococcus lactissubsp.lactis,cremoris, biovardiacetylactis, Leuconostoc
citrovorum

Zabady Egypt All types Yogurt microorganisms
Zhentitsa Carpathian Ewe Yogurt microorganisms
Zimne sour milk Former Yugoslavia Ewe Yogurt microorganisms
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biological, and dietetic value. Starter cultures play a central role
in the achievement of these qualities.
,

ClassiÞcation of Fermented Milks

Some steps are common for the production of all fermented
milks ( Figure 1), but the � ne details of manufacture differ
from product to product. The bacteria used in individual
fermentations (Table 2) are now available as starter cultures
although for some traditional products (e.g., koumiss),
Figure 1 Common steps in the industrial manufacture of fermented
milks.
nonde� ned starters are still used. The organisms in the starte
culture determine the type of fermentation, and the resulting
products have individual characteristics, which derive from the
metabolic activities of the starter bacteria.

Fermented milks may be classi� ed by starter culture and the
type of fermentation involved, as follows:

l Lactic fermentation – mesophilic or thermophilic
l Fermentation by intestinal bacteria
l Yeast– lactic fermentation
l Mold – lactic fermentation
-

d

Mesophilic Lactic Fermentations

Starters

Mesophilic starters belong to the generaLactococcus, Leuconos
toc, or Pediococcus, and mesophilic cultures contain organisms
that produce acid and � avor. The main acid-producer isLac-
tococcus lactissubsp. cremoris; L. lactissubsp. lactis is used to
a lesser extent. The� avor-producers are citrate fermenting
L. lactissubsp.lactisand leuconostocs.

The application of DNA and RNA hybridization tech-
niques recently resulted in the reclassi� cation of several of
the lactic acid bacteria. Of the� ve species ofLactococcusthat
are now recognized, only L. lactis is used in dairy tech-
nology. DNA–DNA hybridization studies were an essential
milestone for the clustering of the genusLactococcusand its
species and subspecies.Leuconostocspecies can be clearly
differentiated based on their soluble cell protein pro� les.
Numerical analysis of 16 and 23S rRNA gene restriction
fragment–length polymorphism (RFLP) patterns have also
proved to be a good tool for differentiation of the Leuco-
nostocspecies. The only species ofPediococcusused in fer-
mented milks is P. pentosaceus.

Lactococci produce 0.5–0.7% L(þ)-Lactate from lactose in
milk. The leuconostocs in mesophilic starter cultures produce
mainly D(�)-Lactate. Lactose is transported into cells by
the phosphoenolpyruvate (PEP) system (also known as the
phosphoenolpyruvate-dependent phosphotransferase system
(PTS)) as lactose phosphate. This is hydrolyzed to glucose an
galactose 6-phosphate by a phospho-b-galactosidase (b-P-gal).
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Table 2 Bacteria associated with the manufacture of fermented mil
and their main function in milk

Bacteria
Examples of
fermented milks

Main products of
bacteria

Lactococci
L. lactissubsp.lactis Cultured

buttermilk, ke� r
Lactic acid

L. lactissubsp.cremoris Cultured
buttermilk, ke� r

Lactic acid

Streptococci
S. thermophilus Yogurt Lactic

acidþ acetaldehyde
Leuconostocs
L. mesenteroidessubsp.

mesenteroides
Ke� r Diacetylþ lactic acid

L. mesenteroidessubsp.
cremoris

Ke� r Diacetylþ lactic acid

L. mesenteroidessubsp.
dextranicum

Ke� r Diacetylþ lactic acid

Pediococci
P. acidilactici Biokys Lactic acid
Lactobacilli
L. delbrueckiisubsp.

delbrueckii
Lactic drinks Lactic acid

L. delbrueckiisubsp.lactis Lactic drinks Lactic acid
L. delbrueckiisubsp.

bulgaricus
Yogurt, Bulgarian

buttermilk
Acetaldehydeþ lactic

acid
L. helveticus Ke� r, koumiss Lactic acid
L. acidophilus Acidophilus milk,

ke� r
Lactic acid

L. paracaseisubsp.
paracasei

Lactic drinks Lactic acid

L. rhamnosus Ke� r Lactic acid
L. plantarum Ke� r Lactic acid
L. casei Probiotic drink Lactic acid
L. rhamnosus strain GG Probiotic drink Lactic acid
L. keÞr Ke� r Lactic acid
L. keÞranofaciens Ke� r Lactic acid
L. brevis Ke� r Lactic acidþ CO2

L. fermentum Ke� r Lactic acidþ CO2

Bi� dobacteria
B. adolescentis Fermented milks Lactic and

acetic acid
B. biÞdum Yogurt-like products
B. breve Fermented milks
B. infantis Fermented milks
B. longum Fermented milks
B. lactis Fermented milks
B. animalis Fermented milks
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In leuconostocs, lactose is hydrolyzed directly by a permeas
and ab-galactosidase (b-gal), producing galactose and glucose
In either organism, the glucose moiety is catabolized by the
Embden–Meyerhof–Parnas (EMP) pathway, the galactos
6-phosphate by the D-tagatose 6-phosphate pathway, and the
galactose by the Leloir pathway.

The leuconostocs ferment citrate in the presence o
a fermentable carbohydrate to diacetyl, acetoin, 2,3-butylene
glycol, and CO2. Citrate is transported into the cells by a citrate
permease, which is plasmid encoded and easily lost.

The lactic acid bacteria degrade caseins. Cell wall an
endocellular proteinases produce large peptides, which ar
degraded by exopeptidases and endopeptidases to sma
peptides. These are further degraded by dipeptidases, tripept
dases, prolidase, or proline iminopeptidase. There is also
evidence for the presence of intracellular peptide hydrolase
systems in leuconostocs. Esterases from lactococci andLeuco-
nostoc mesenteroidesdegrade short-chain fatty acids preferentially

ks
Mesophilic Fermented Milks

Buttermilk
This is made from either skimmed milk or milk with a fat
content of 0.5–3.0%. The milk is fermented by a starter
composed of Lactococcus lactisand Leuconostoc mesenteroi
subsp. cremoris(inoculum 1 –2%) at 20 � C for 16–20 h. After
fermentation, the lactic acid content of the milk is 0.8–0.9%.
The fermented milk has to be cooled immediately, to avoid
decreases in the diacetyl concentration. Natural or true butter
milk is the product that remains after churning ripened cream
into butter. In Greece and other parts of the world, it is either
consumed as it is or used to make pies. It is also used to fee
animals.

Ymer and Similar Products
Ymer is a Danish traditional fermented milk. It is made from
heat-treated cow milk by fermentation with a cream starter
culture at 20–22 � C, until a pH of 4.6 is attained. The product is
then cut and about 50% of the whey is removed by indirect
heating with water. The milk is then homogenized, cooled, and
packed. Lacto� l is a traditional Swedish fermented milk,
similar to ymer. Filmjolk is a Swedish product made from cow
milk that has been partially skimmed (3% fat) and heat treated
(90–91 � C for 3 min), with a cream starter culture containing
lactococci and leuconostocs in the ratio 85:15. The milk is
cooled to 20–21 � C and is then fermented by the starter
(inoculum 2%) for 20 –24 h.

Nordic Ropy Milks
These are traditional products of Norway, Sweden, and neigh
boring countries, but ropy milk is the generic name for any
fermented milk made with mesophilic cocci that produce
slime. Traditionally, in addition to the uncharacterized starter
culture, the leaves ofPinguicula vulgarisand Droseraspp. are also
added to the milk. The lactic micro� ora includes slime-
producing strains of Lactococcus lactissubsp.lactisand cremoris.
The grasses may introduceAlcaligenes viscosus, a bacterium that
also produces slime.

Kule Naoto
Kule naoto, a traditional lactic fermented milk of the Maasai
community in Kenya, is produced from unpasteurized whole
milk from the zebu breed of cows. The milk is � lled into
a specially treated gourd made from the hollowed-out dried
fruit of Lagenaria siceraria. The dried calabash is gently rubbed
at least three times, with a burning end of a chopped stick
from the tree Olea africanaor from other trees, allowing the
charcoal to break inside. The gourd is� lled with milk, then
capped by a special cap obtained from the same gourd during
its preparation, and the milk is spontaneously fermented for
at least 5 days. The lactic micro� ora of the product is
composed of lactobacilli (mainly, plantarum, fermentum,
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paracasei, and acidophilusat lower frequencies), enterococci,
and lactococci.
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Thermophilic Lactic Fermentations

Starters

The thermophilic lactic acid bacteria involved in the produc-
tion of yogurt and yogurt-like products are Streptococcus the
mophilusand Lactobacillus delbrueckiisubsp. bulgaricus. These
two microorganisms produce factors that stimulate each other’s
growth: this interaction is favorable to both but not obligatory,
and is termed ‘protocooperation’.

The taxonomic positions of thermophilic lactic acid
bacteria have undergone various reclassi� cations. Streptococcu
thermophilusis placed within the Salivarius group of the
genusStreptococcus, according to its 16S rRNA gene sequenc
analysis.

Lactobacillus delbrueckiisubsp.bulgaricusis classi� ed in group
I of the obligatory homofermentative lactobacilli. However,
phylogenetic analysis by the rRNA sequencing techniqu
suggests that the internal structure ofLactobacillusdoes not
correlate with its metabolic traits and grouping. Although the
phylogenetically instinctive L. delbrueckii group contains
obligatory homofermentative lactobacilli, it does not contain
them all. Lactobacillus fermentumis a peripheral member of this
group.

Lactose is transferred into the bacterial cells by a permeas
system and subsequently split by ab-galactosidase into glucose
and galactose. Galactose is normally released to the extrace
lular medium, although in some strains it can be metabolized
by the Leloir pathway when lactose is limited. Streptococcu
thermophilusproduces 0.6–0.8% L(þ)-Lactate and L. delbruecki
subsp.bulgaricusproduces 1.7–1.8% D(þ)-Lactate. The typical
aroma and � avor of plain yogurt is particularly associated with
acetaldehyde, which is produced by both bacteria, either from
lactose via pyruvate or, in the case ofLactobacillus, by cleavage
of threonine to glycine and acetaldehyde. Acetone, acetoin
diacetyl, and ethanol may also be formed.

Both organisms produce extra- and intra-cellular protein-
ases. They also produce peptidases (Table 3) and cause free
amino acids to accumulate in the milk. During yogurt
Table 3 Main proteolytic enzymes of thermophilic lactic acid bacte

Microorganism Enzyme

Streptococcus thermophilus Proteinase
Metalloaminopeptidases
X-propyl dipeptidyl aminopept
Leu-aminopeptidase
Dipeptidase
Endopeptidase

Lactobacillus
delbrueckiisubsp.
bulgaricus

Proteinase
Proteinase
Aminopeptidase N
Aminopeptidase C
Dipeptidase
X-propyl dipeptidyl aminopept
Proline iminopeptidase (cell w
manufacture and storage, lipolysis may occur because o
bacterial esterase activity. However the lipolytic activities of the
thermophilic starter organisms are generally low, so any vola-
tile acids produced may derive from the hydrolysis of
compounds other than lipids.
Thermophilic Fermented Milks

Yogurt
This has been developed in eastern Mediterranean countrie
over thousands of years. A quantity of the product from
previous batches is still used to start fermentation in homes,
small shops, and creameries.

Yogurt produced over the past few decades in the factorie
of Europe and other parts of the world results from the
fermentation of cow milk by a de� ned micro� ora, which
consists of Streptococcus thermophilusand Lactobacillus de
brueckii subsp. bulgaricus. The fermentation takes place a
42 � C for 3 h, either in retail-size containers or in bulk,
producing set or stirred yogurt, respectively. The� nal product
contains 1.2–1.4% lactic acid. Goat’s milk can also be used to
make yogurt. Sheep’s milk is traditionally used to make
yiaourtiin Greece, using a small quantity of a previous batch as
starter. The lactic micro� ora that develops during the
fermentation consists of S. thermophilusand L. delbrueckii
subsp. bulgaricus, but enterococci, pediococci, leuconostoc
and Lactobacillus paracaseimay also be present.Zabady(or
laban zabady) is the traditional type of yogurt made in Egypt
from buffalo or cow milk, or a mixture of the two. Its lactic
micro� ora consists, predominantly, of S. thermophilusand
L. delbrueckii subsp. bulgaricus, but Lactobacillus case,
L. fermentum, Lactobacillus viridescens, Lactobacillus helveticu,
and Enterococcus faecalismay also be found. Dahi is made in
India from buffalo, cow, or mixed milk. The starter culture is
composed of mesophilic cocci, with leuconostocs or yogurt
starter bacteria.

Bulgarian Buttermilk
This is produced in Bulgaria from cow, sheep, or goat milk,
which is pasteurized, cooled, inoculated with L. delbrueckii
subsp. bulgaricus(inoculum 2 –5%), and fermented for 5 h at
42 � C.
ria used in fermented milks

Substrate

Casein
Dipeptides

idase N-terminal, X-propyl, and X-alanyl residues
Leu-p-NA
Dipeptides
Glucagon and insulin-b chain
Casein
Whey proteins
Oligopeptides
Oligopeptides
Dipeptides

idase N-terminal, X-propyl, and X-alanyl residues
all, intracellular) Pro-X dipeptides and Pro-Gly-Gly, mainly
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Other Products
Products made with a starter culture ofS. thermophilusalone
(inoculum 5%) are ‘kehran’, ‘karan’, or ‘heran’ in Siberia, and
‘lapte-akru’ in Romania. For these products, heat-treated milk
is fermented for 3–5 h at 40 � C. ‘Katyk’ is made in Kazakhstan
using a culture consisting of equal proportions of S. thermo-
philus, Lactococcus lactisbiovar diacetylactis, and Lactobacillus
helveticusor L. delbrueckiisubsp.bulgaricus.
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Milks Fermented with Selected Intestinal Bacteria

Starters

The intestinal bacterial strains used in starters are lactobacill
bi � dobacteria (Table 4), and enterococci (Enterococcus faeca
and Enterococcus faecium), called probiotics. Probiotics are
de� ned as ‘mono- or mixed cultures of live microorganisms
which, when are applied to animal or man, bene� cially affect
the host by improving the properties of the indigenous
micro� ora’. In relation to food, probiotics are considered to be
‘viable preparation in foods or dietary supplements to improve
the health of humans and animals’.

DNA–DNA homology studies of Lactobacillus acidophil
strains identi� ed groups and subgroups, which could represen
six species. Strains belonging to group A-1 are suggested f
dietary preparations.

Bi� dobacteriumspp. are generally strict anaerobes and ar
dif � cult to cultivate in milk. Analysis of the cell wall peptido-
glycan composition was found to be particularly suitable for
their identi � cation as well as genomic methods.

Lactobacillus acidophilusand bi� dobacteria may prevent the
growth and development of many gastrointestinal organisms,
and milk fermented by these organisms may exert therapeuti
or prophylactic properties for the consumer. A successful pro
biotic would ful � ll the following criteria:

l Human or food origin
l Stability in gastric acid
l Stability in bile
l Antagonism against pathogenic bacteria in the intestine
l Production of antibacterial substances
l Adherence to human intestinal cells
l Colonization of the human intestinal tract
l Good growth in vitro
l Safety in food and clinical use
l Clinically validated and documented health effects
Table 4 Differential characteristics of selected species
of bi�dobacteria and their distribution in the intestines of humans
and animals

Characteristic B. adolescentis B. biÞdum B. breve B. infantis B. l

Arabinose þ � � � þ
Gluconate þ � � � �
Maltose þ � þ þ þ
Salicin þ � þ � �
Infant human þ þ þ þ
Adult human þ þ
Monkey þ þ
Dog þ
Pig þ

+, positive or presence;–, negative or absence.
Lactobacillus acidophilusmetabolizes carbohydrates by
homolactic fermentation, as described for thermophilic lactic
acid bacteria. In mixed starters, lactic acid production by
L. acidophilusstimulatesBi� dobacterium bi� dumto produce acid.
In addition, the products of proteolysis, resulting from the
peptidolytic activity of L. acidophilus, stimulate acid production
by B. bi� dum and Bi� dobacterium longum. Bi� dobacteria
metabolize carbohydrates by heterolactic fermentation,
degrading hexoses through the phosphoketolase pathway to
form L(þ)-Lactate and acetate from glucose. They do no
exhibit extracellular caseinolytic activity but rather cause amino
acids to accumulate in milk because of aminopeptidase and
carboxypeptidase activities. It is likely that bi� dobacteria have
no lipolytic activity.
i

e

Therapeutic Products

Fermented milks made with Lactobacillus acidophilusor bi � do-
bacteria are listed inTable 5.

Acidophilus Milk
This is a nontraditional product, made from cow milk by
fermentation with Lactobacillus acidophilusisolates from the
feces of healthy humans. Appropriate strains have the
following characteristics: good growth in milk, to 108 cfu g� 1

or ml � 1; production of L(þ)-Lactic acid; reduction of milk pH
4.7 in 20 h with an inoculum of 10%; and little proteolytic
activity. In the production of acidophilus milk, heat-treated
(95 � C) homogenized milk is cooled to 37 � C and inoculated
with 2 –5% of the starter. Lactobacillus acidophilusis inhibited
by lactic acid concentrations of around 0.6%. Therefore, it is
preferable to cease incubation when the lactic acid concen
tration approaches 0.65%. The retail product should contain
5 � 108 cfu ml � 1 L. acidophilus.

GeÞlac and GeÞlus
These are the trade names of fermented milks made in Finland
using LactobacillusGG (Lactobacillus rhamnosus, ATCC 53103),
a strain of human origin that ful � lls the requirements for
a probiotic microorganism.

Yakult
This is a product of Japan and the Eastern Hemisphere, mad
usingL. paracaseisubsp.paracasei(strain Shirota), which behaves
in the human gut in a way that is similar to L. acidophilusand
bi� dobacteria. The concentration of viable cells ofL. paracase
subsp.paracaseiin the product is >10 8 per milliliter.

Bioghurt, Biogarde, and BiÞghurt
These are the trade names of fermented milks made by th
following starters: Bioghurt – Streptococcus thermophilusand
L. acidophilus; Biogarde – S. thermophilus, L. acidophilusand
Bi� dobacterium bi� dum; and Bi� ghurt – B. bi� dum. The micro-
organisms are initially grown as monocultures. By using
inocula in the proportion of 10 –20%, the acidi� cation time is
shortened, and a product with abundant cells ofL. acidophilus
(107–108 ml � 1) or B. bi� dum (106–107 ml � 1) is obtained.
Incubation is terminated at pH 4.9–5.0, so that the retail
product has a pH>4.6, which allows the prolonged survival of
the bacteria.

ongum
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Table 5 Fermented milks made usingLactobacillus acidophilusor bi�dobacteria

Product Country of origin Starter culture

AB milk products Denmark L. acidophilus, B. biÞdum
A38 fermented milk Denmark L. acidophilus, mesophilic lactic culture
Acidophilus milk Many countries L. acidophilus
Acidophilus yogurt Many countries L. acidophilus, yogurt starter bacteria
Acidophilus bi� dus yogurt Germany L. acidophilus, B. biÞdum(or B. longum), yogurt starter bacteria
ACO-yogurt Switzerland L. acidophilus, yogurt starter bacteria
Arla acidophilus Norway L. acidophilus
BA France B. longum, yogurt starter bacteria
Bi� dus milk Germany B. biÞdum(or B. longum)
Bi� dus yogurt Many countries B. biÞdum(or B. longum), yogurt starter bacteria
Bi� ghurt Germany B. longum
Bi� lact Former Soviet Union Lactobacillusspp.,BiÞdobacteriumspp.
Biobest Germany Bi� dobacteria, yogurt starter bacteria
Biogarde Germany L. acidophilus, B. biÞdum, Streptococcus thermophilus
Bioghurt Germany L. acidophilus, B. biÞdum, Streptococcus thermophilus
Biokys Former Czechoslovakia B. biÞdum, L. acidophilus, Pediococcus acidilactici
Biomild Germany L. acidophilus, BiÞdobacteriumspp.
Cultura Denmark L. acidophilus, B. biÞdum
Diphilus milk France L. acidophilus, B. biÞdum
Ke�r Many countries L. acidophilus, lactic acid bacteria, yeasts
Mil-Mil E Japan L. acidophilus, B.biÞdum, B. breve
Miru-Miru Japan L. acidophilus, B. breve,L. casei
O� lus France Streptococcus thermophilus(or Lactococcus lactissubsp.cremoris),

L. acidophilus, B. biÞdum
Progurt Chile Lactococcus lactissubsp.cremoris, biovardiacetylactis,

L. acidophilus, B. biÞdum
Smetana Eastern Europe L. acidophilus, Lactococcus lactisbiovardiacetylactis
Sweet acidophilus bi� dus milk Japan L. acidophilus, B. longum
Sweet bi� dus milk Japan, Germany BiÞdobacteriumspp.
Vita Fresh Greece B. biÞdum
Vitalia Greece BiÞdobacterium lactis
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AB and Similar Milk Products
AB milk products are produced when L. acidophilusand
B. bi� dum, grown separately, are used to ferment heat-treate
cow milk (250 g L. acidophilusþ 100 g B. bi� dum per 100 l
milk). The sour milks resemble yogurt in terms of consistency
and � avor. ‘Mil-Mil ’ is the trade name of a product similar to
AB fermented milk and is made usingB. bi� dum, Bi� dobacterium
breveand L. acidophilus.

ÔBiokysÕ
It is the trade name of a product of the former Czechoslovakia,
which is made from cow milk. It is a mixture of two fermented
milks. Nine parts of heat-treated milk are inoculated with 1%
of a starter containingB. bi� dumand Pediococcus acidilacticiand
are incubated at 37� C; one part of milk is inoculated with 1%
of a starter of L. acidophilusand is incubated at 30� C. After
fermentation, the two products are mixed and cooled.

BiÞdus Milk
This is made from heat-treated cow milk that is inoculated with
B. bi� dum and incubated at 37� –42 � C. The � nal product
contains 108–109 per milliliter bi � dobacteria.

Acidophilus or biÞdus yogurts
They are produced either by a mixed fermentation of the two
cultures, or by mixing yogurt and a separately fermented
acidophilus or bi � dus milk together in a desired ratio.
YeastÐLactic Fermentations

Starters

Ke� r grains are white or slightly yellow and incorporate
a micro� ora including lactic acid bacteria, acetic acid bacteria
yeasts, the moldGeotrichum candidum, and various contami-
nants. The indigenous micro� ora of ke� r grains is variable. The
lactic micro� ora of ‘grain starter’ consists of Lactococcus lact
subsp. lactis and cremoris, homofermentative and hetero-
fermentative lactobacilli (15 species),Leuconostoc mesenteroi
subsp.dextranicum, and Streptococcus thermophilus. Yeasts of the
generaSaccharomyces, Kluyveromyces, Candida, Mycotorula, Tor-
ulopsis, Cryptococcus, Torulaspora, Pichia, and the acetic acid
bacteria Acetobacter acetiand Acetobacter racensmay also be
found. Koumiss micro� ora is composed of lactobacilli, mainly
L. delbrueckiisubsp.bulgaricus, and yeasts (Saccharomyces lact,
Saccharomyces cartilaginosus, Torula koumiss, and Mycoderma
spp.).

Lactose can be utilized by homofermentative lactic acid
bacteria, by the glycolytic andD-tagatose 6-phosphate path-
ways, and by heterofermentative lactic acid bacteria, by the
phosphoketolase and Leloir pathways. It can also be used b
lactose-fermenting yeasts, in alcoholic fermentations. Citrate
may also be fermented. The most important volatile compo-
nents are acetaldehyde, propionaldehyde, acetone, ethano
2-butanone, n-propyl alcohol, diacetyl, and amyl alcohol.
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Proteolytic activities are exhibited, mainly by yeasts and aceti
acid bacteria.
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Products

KeÞr
This is a traditional product of the Caucasus that is made from
all types of milk. Traditionally, fresh milk was fermented in
goatskin bags and hung in the house during the winter and
outside during the summer. During incubation, microorgan-
isms from grain are shed into the milk and ferment it. For
commercial-scale fermentation, heat-treated (95� C,
10–15 min) skimmed milk is fermented at 18 –22 � C using
ke� r grains, which are then sieved out. The milk is then used
as an inoculum, at 3–5%, for heat-treated skimmed milk,
which is incubated at 20–22 � C for 10–12 h. The milk is then
cooled to 8 � C and ripened for another 12 h. Ke� r cultures and
beverages of high quality have the microbial composition
summarized in Table 6. The� nal product has 1.0% titratable
acidity and contains 0.01–0.1% ethanol and small amounts
of CO2.

Koumiss (Airag)
This is a traditional product of Mongolia, Tibet, and Russia that
is made from mare’s milk. Koumiss is traditionally produced
from raw milk and a portion of a previous batch. For industrial
production, the milk is pasteurized (90–92 � C, 5 min) and
cooled to 26–28 � C, and the starter is added in the proportion
10–30%.

Skyr
This is a traditional product of Iceland that is made from
skimmed ewe’s milk. The milk is boiled, cooled to 40 � C, and
inoculated with product from a previous batch, which has been
diluted with water. Rennet is also added. After fermentation,
the product is strained. The skyr micro� ora consists ofStrep-
tococcus thermophilus, Lactobacillus delbrueckiisubsp. bulgaricus,
Lactobacillus jugurti, L. helveticus, and lactose-fermenting yeasts

Suusac
It is a traditional fermented milk of Kenya that is made from
milk of camel. It is made by spontaneous fermentation of
unheated milk in smoke-treated gourds, at 26–29 � C for 1–2
days. The suusac micro� ora is composed of lactobacilli (cur-
vatus, plantarum,salivarius), Lactococcus raf� nolactis, Leuconosto
mesenteroidessubsp mesenteroides, Candida krusei, Geotrichum
penicillatum, and Rhodotorula mucilaginosa.
Table 6 Viable counts of ke� r grains, starter, and beverage

Microbial group
KeÞr grains
(cfu g� 1)

KeÞr starter
(cfu ml� 1) KeÞr (cfu ml� 1)

Lactococci 106 (cremoris) 108–109 109

Leuconostocs 106 107–108 107–108

Thermophilic lactobacilli 108 105 107–108

Mesophilic lactobacilli 106–109 102–103

Acetic acid bacteria 108 105–106 104–105

Yeasts 106–108 105–106 104–105
MoldÐLactic Fermentations

The Finnish product ‘viili ’ is made by fermenting milk with
Lactococcus lactissubsp. lactis biovar diacetylactis, Leuconosto
mesenteroidessubsp. cremoris, and the mold Geotrichum candi
dum. Low-fat (about 2.5%) or whole-fat (3.0%) milk is heat-
treated at 85–90 � C, cooled to 20� C and inoculated (inoculum
3–4%) with the starter. Fermentation is ended when the
concentration of lactic acid reaches 0.9%. During incubation
the fat rises to the surface. The mold, which develops on the
� oating fat, gives the product a velvet-like appearance.
Derived Products

Strained Yogurt

This is manufactured in the Middle East and neighboring
countries by straining natural yogurt, usually using a cloth bag,
over periods of several hours. It is named differently in different
countries, for example,‘strangisto yiaourti’ in Greece,‘torba’ in
Turkey, ‘labnah’ in Saudi Arabia, and ‘labneh’ in Lebanon.
Strained yogurt is used in Greece to make‘tzatziki’, a food
consisting of strained yogurt with added cucumber, garlic,
anise, vinegar, olive oil, and salt.‘Kurut’ is made in Turkey by
pressing torba to remove more whey, adding 5% salt and
drying it for up to 10 days. A similar product in Iran is called
‘kashk’. ‘Labneh anbaris’ is made in some Middle East countries
from labneh by adding salt, forming it into balls, and placing
the balls in the sun for partial drying. The balls are then packed
into jars and covered with oil.
-

Paskitan and Other Yogurt-Related Products

‘Paskitan’ is a home-made yogurt-related product, made by
Greeks originating from the Black Sea area. The yogurt is mad
from cow milk by slow acidi � cation over about a week, and the
butterfat is removed by churning in a wooden churn (a‘xylag’).
The remaining product is called‘tan’ and is either consumed as
it is or heated, without boiling, to coagulate the proteins. It is
then cooled and strained in a cloth bag. The product, paskitan
is consumed as it is or is lightly salted. It has a low pH
(3.15–3.94) and usually contains yeasts (105–107 cfu g� 1) and
psychrotrophic bacteria (104–107 cfu g� 1), but coliforms,
staphylococci, and enterococci are rarely found. Dried balls o
paskitan, which are heavily salted, are called‘tsiortania’. They
are used in dishes with macaroni or other foods.

‘Churra’, a product of Nepal, and ‘chokeret’, a product of
Turkey, are made like paskitan. Turkish nomads call the butter
milk remaining after making butter from yogurt ‘ayran’. After
heating ayran, the coagulate formed is placed in cloth bags to
drain and the � nal product is called chokeret. Another product,
also called‘ayran’, is made in Turkey by mixing 1% brine with an
equal amount or twice the amount of yogurt. ‘Dough’ is made in
Iran from yogurt diluted with an equal quantity of water and
� avored with 1% salt, mint, and other herbs.
,

Jamid, Aoules, and Chakka

The Bedouin in Jordan make jamid by transferring goat’s
milk, which has been naturally fermented in sheepskin bags
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into a cloth bag to remove the whey. Salt is added to the
strained fermented milk, which is then formed into balls
and dried in the sun. From a similar fermented milk in
Algeria, butterfat is removed, the remaining buttermilk is
heated, and the curd is formed into � at discs that are dried
in the sun. The dried product is called ‘aoules’. ‘Chakka’ is
a traditional fermented milk of India made using different
starters with buffalo and other types of milk from which the
whey has been drained. After manufacture, chakka is used t
make ‘shirkhand’, by mixing it with cream, sugar, and
cardamom.
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Products Containing Wheat

‘Sweet trahanas’ is made from sheep’s milk, which is boiled,
mixed with parboiled wheat, and left to dry. ‘Sour trahanas’ is
made from traditional yogurt or soured ewe’s milk, which is
mixed with � our and left to dry. The dried mass is then ground
into small particles. The lactic micro� ora of acid trahanas made
from naturally acidi� ed milk is composed of Lactobacillus
plantarum, L. brevis, Enterococcus faecalis, Leuconostoc mesent
oides, L. paramesenteroides, Pediococcus acidilactici, and
P. pentosaceus. Evidence suggests that trahanas is an ancie
Greek product, called‘amis’ by the ancient Greeks.

A product known as ‘kishk’ in Egypt and ‘kichkin ’ in
Lebanon is made from‘laban khad’, a fermented milk made by
natural souring in skin bags, or ‘laban zeer’, which is laban
khad that has been stored in earthenware pots. Three or mor
parts of laban khad or laban zeer are mixed with one part of
wheat � our or parboiled wheat (bulgur) or cooked wheat
(belila). The mixture is boiled and dried. ‘Kuskuk’ is made in
Iraq by mixing one part of dried parboiled whole wheat and
two parts of yogurt, and allowing the mixture to ferment for
a week. The curd from an equal volume of milk is then added,
and the mixture is left for another 4–5 days for further
fermentation. The product is then dried and pulverized. For the
production of ‘lebnye’ in Syria, rice or wheat is cooked with
fermented milk. Thyme and other herbs are added and the
product is formed into balls, packed into stone jars, and stored
under olive oil.
-
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Aims and BeneÞts of Fermented Milks

Since the beginning of the twentieth century, scientists have
agreed that human well-being is dependent on a well-
functioning intestinal � ora – if disturbed in any way, the
intestinal � ora must quickly be restored and normalized.
This reestablishment can be accelerated by the administra
tion of lactobacilli, such as L. acidophilus, or bi � dobacteria.
Dietary variables that affect the intestinal micro� ora by
acting as substrates are called prebiotics and probiotic lacti
acid bacteria. In addition to the nutritional and physiolog-
ical value of the constituents of fermented milks, they have
also signi� cant biological effects on the consumer.

The sugars contained in fermented milks are broken down
in the mammalian gut to monosaccharides. Some of these are
consumed by the bacteria in the small intestine. However most
monosaccharide is absorbed into the blood and serves as a
energy source for the tissues. Lactose stimulates gastrointestin
activity and increases the absorption of phosphorus and
calcium. Galactose contributes to the synthesis of nervou
tissue in the early years of life and increases the absorption o
fats by the individual.

Both the optical isomers of lactic acid, which are amongst
the end products of lactose metabolism by microorganisms, are
absorbed from the intestinal tract. However only L(þ)-Lactic
acid is metabolized by humans– the D(� )-Lactic acid is almost
entirely excreted in the urine. Lactic acid stimulates gastri
secretion and speeds up the transport of gastric contents into
the intestinal tract. The digestion of proteins in facilitated, and
harmful bacteria are suppressed.

Fermented milks contain essential amino acids, which are
necessary for the synthesis of proteins. Proteins are digested
enzymes in the stomach, duodenum, and the rest of the smal
intestine and converted to peptides and amino acids. Amino
acids and small peptides are absorbed into the body. Milk fat is
of high value as an energy source, and it supplies essential fat
acids and fat-soluble vitamins.

Fermented milks are also a source of minerals, including
calcium, phosphorus, magnesium, and iron. The minerals are
absorbed in the stomach and in the small and large intestines
Calcium, phosphorus, and magnesium contribute to the
formation of bones and teeth, and iron, phosphorus, potas-
sium, chlorine, and iodine contribute to the formation of
muscle and skin. Minerals also regulate some biological func-
tions. Fermented milks are an excellent source of vitamins
which are absorbed in the small intestine.

Proposed health bene� ts of fermented and probiotic dairy
products include: the promotion of growth and digestion,
improved vitamin metabolism, and increased mineral
absorption.
Promotion of Growth and Digestion

Bi� dobacteria are thought to promote metabolism and prevent
loss of amino acids by suppressing the growth of putrefactive
bacteria. Substances such as lactulose, added to the diet
formula-fed infants, increased nitrogen retention and weight
gain. Lactobacillus acidophilusproduces lactic acid, H2O2, and
antibiotics; breaks down bile acids; and creates an environmen
for the ef� cient utilization of nutrients, such as protein,
calcium, iron, and phosphorus.

Experiments on rats showed that feeding with yogurt had
a weight-promoting effect. The growth-promoting effect seems
to be greater with higher counts of lactic acid bacteria and fa
content. The substance promoting a gain in body weight is,
however, found only in the cells of Streptococcus thermophil.
The denaturation or partial predigestion of protein during
yogurt production increases the digestibility of milk proteins
and hence their nutritional value.
Improved Vitamin Metabolism

Bacteria, such as bi� dobacteria, produce vitamins B1, B2, B6,
and B12, nicotinic acid, and folic acid in the intestine of healthy
humans, and these can be utilized by the host. Intestinal
bacteria also suppress thiaminolytic bacteria (e.g.,Bacillus
thiaminolyticus), which can break down vitamin B1 and cause
vitamin B1 de� ciency.
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Increased Mineral Absorption

The consumption of fermented milks may result in increased
mineral absorption. Yogurt is considered bene� cial in treating
geriatric osteoporosis because it is a good source of calcium
but results on the bene� ts of yogurt consumption are con-
� icting. Nevertheless, there remains the possibility that fer
mented milks may help to lower the gastric pH of elderly
people, and thus increase mineral solubility and
bioavailability.

Detoxi�cation

In vitro studies on selected strains of probiotic lactic acid
bacteria demonstrated the ability of some strains to degrade
a� atoxins. The use of these bacteria in the food industry fo
detoxi� cation looks promising as a strategy to reduce the risk
resulting from these extremely toxic and carcinogenic
compounds.

Stress Situations

Everyday stress situations can cause a decrease in the numbe
lactobacilli in the gastrointestinal � ora, and alterations in its
composition. The daily consumption of foods containing lac-
tobacilli can help individuals to recover their normal gut � ora.

Improvement of Lactose Utilization

Lactose‘maldigestion’ can be improved by the consumption of
fermented milks, such as yogurt and acidophilus products. The
enhanced absorption of lactose after consuming yogurt is
a result of the intraintestinal digestion of lactose by the
b-galactosidase released by yogurt bacteria– b-galactosidase
survives the passage through the stomach of a lactase-de� cient
human and hence acts as a substitute for the endogenou
lactase. WhenLactobacillus acidophiluscolonizes the intestine,
lactose utilization is improved signi� cantly. Bile salts also
increase the ability of these cells to utilize lactose. The respons
of individuals to fermented milks varies, from a marginal
improvement of lactose digestion with Bi� dobacterium bi� dum
to almost complete lactose digestion with Lactobacillus
bulgaricus.

Control of Serum Cholesterol and of Blood Pressure

The intestinal micro� ora may interfere with the absorption of
cholesterol from the intestine. This effect seems to be restricte
to thermophilic lactic acid bacteria. ThoseLactobacillus acid
ophilusstrains that are able to deconjugate bile salts may act o
cholesterol in the intestine, with the effect of reducing its
absorption from the intestinal tract. Yogurt also may lower the
cholesterol levels of humans. The mechanism of action o
probiotics on cholesterol reduction is unclear, but it may be
related to cholesterol assimilation, deconjugation of bile acids,
cholesterol binding to bacterial cell walls, and physiological
actions of the end products of fermentation.

It is possible that some peptides released by the activity o
lactic acid bacteria on milk casein may inhibit enzymes
(carboxypeptidases) catalyzing the formation of substance
that raise blood pressure. Thus, hypertension may b
decreased.
Anticarcinogenic Effect

Epidemiological research supports that fermented milk
products can protect against certain types of cancer, such
breast cancer. Anticarcinogenic effects in mice by yogurt an
milk fermented by L. acidophilushave been reported. Animal
studies suggested that lactic acid bacteria of fermented milk
may prevent cancer initiation or suppress initiated cancer
Mechanisms of anticarcinogenicity include the binding or
adsorption of foodborne carcinogens (in vitro results),
reduction in certain bacterial enzymes involved in activation
or synthesis of carcinogens, genotoxins and tumo
promoters, stimulation of protective enzymes, and increase
in immune response. Studies have shown that cytokine
production, phagocytic activity, antibody production, T-cell
production etc, are enhanced after consumption of fer-
mented by lactic acid bacteria milks.
Management of Food Allergy

Extensive experimental and clinical data indicate that pro-
biotics may help prevent allergic reactions in individuals at
high risk of allergies, reduce the risk of allergic sensitization, o
alleviate the symptoms in patients. The responsible mecha
nisms include immunomodulatory effects, enhanced antigen
elimination, stimulation of anti-in � ammatory cytokines, and
others.
Immune System Stimulation

The immune system provides a primary defense of the body
against invasion by pathogenic organisms. Experimenta
studies have provided unequivocal evidence that certain lacti
acid bacteria strains can exhibit immunostimulatory effects.
Animal and some human studies have shown that the bacteria
of yogurt starter, other lactic acid bacteria, and milk compo-
nents (calcium, certain vitamins, whey protein, trace elements)
may in� uence immune system. Human studies also showed
a relationship between lactic acid bacteria–induced immu-
nostimulation and enhanced resistance to disease.
Probiotics and Diarrhea of Infants and Children

In recent years, there has been experimental evidence on th
effect of probiotics on the prevention of necrotizing enteroco-
litis of infants. There is also evidence that administration of
probiotics is of signi� cant bene� t in the treatment of acute
diarrhea in infants and children (by L. rhamnosus GG, Lactoba-
cillus reuteriSD2112, Bi� dobacterium animalissubsp. lactisplus
L. acidophilus, and others) as well as the antibiotic associated
diarrhea (due to Clostridium dif� cile).
Other Effects

Probiotics also lower the levels of Helicobacter pyloriin the
stomach and thus increase the ef�ciency of standard eradi-
cation therapies. Results on the use of probiotics in the
prevention of allergies in children are also encouraging
Results of studies on the effect of probiotics on irritable
bowel syndrome are con� icting. Although some reports
support the ef� ciency of probiotic organisms in reducing
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�atulence and abdominal pain, other studies have failed to
con�rm any improvement of symptoms. The same was
observed on their effect on constipation. The potential for
probiotics to prevent HIV and augment the care of AIDS
seems promising. Because of their anticariogenic properties,
probiotics were found to reduce dental carries in children and
adults.

See also: Bifidobacterium; Enterococcus; Fermented Foods:
Origins and Applications; Fermented Foods: Fermentations of
East and Southeast Asia; Fermented Milks and Yogurt;
Northern European Fermented Milks; Fermented Milks/
Products of Eastern Europe and Asia; Geotrichum;
Kluyveromyces; Lactobacillus:Introduction; Lactococcus:
Introduction; The Leuconostocaceae Family; Microbiota of the
Intestine: The Natural Micro� ora of Humans; Milk and Milk
Products: Microbiology of Liquid Milk; Pediococcus; Probiotic
Bacteria: Detection and Estimation in Fermented and
Nonfermented Dairy Products; Saccharomyces – Introduction;
Starter Cultures; Starter Cultures: Importance of Selected
Genera; Streptococcus:Introduction; Streptococcus
thermophilus; Yeasts: Production and Commercial Uses.
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Introduction

The cool temperate climate of the Nordic countries (Norway,
Sweden, Denmark, Finland, and Iceland) is conducive for milk
production, but the subzero winter temperatures necessitate
keeping the dairy animals in barns for a large part of the year.
Because of the need for winter feed, the lowland areas in the
northern countries (Norway, Sweden, and Finland) are used in
the summer to grow grass for the production of hay or silage,
and the dairy animals (cows and goats) graze on mountain
pastures. Traditionally, the poor transport to and from these
areas has meant that the perishable milk had to be processed
into transportable products with an extended shelf life; for
example, butter and cheese. The starting point of such prod-
ucts, fermented milk or cream, thus also became an important
part of the Nordic food culture. Historically, the products
originated from spontaneous fermentation, and backslopping,
which is the addition of some of the previously fermented
product to new milk, was commonly used. A wooden barrel or
trough was commonly used as a fermentation vessel, and
without doubt, the cracks and holes harbored microorganisms
that inoculated the fresh milk. Not only does fermentation of
milk increase the variation in the diet, but also the products
have a shelf life far longer than fresh milk. In addition, many
products are associated with curative properties, dating back
before the days of modern medicine.

In Northern Europe, consumption of yogurt is currently
much greater than other fermented milk products. Yogurt,
however, is not a traditional product for this part of the world.
Nevertheless, traditional products that are still commercially
produced have a strong following. The bacteria used in the
manufacture of Nordic fermented milks belong to the meso-
philic genera of lactic acid bacteria (LAB), Lactococcus (Lc.), and
Leuconostoc (Ln.). In addition to these products, a few others
may contain speci�c molds or yeasts. The products commer-
cially produced in the twenty-�rst century are related, but
probably not identical, to the traditional products that origi-
nally were made at the household or farm level. Although it
may be assumed that traditional products originally contained
a much broader spectrum of microorganisms because of
considerable contamination from the environment, the use of
backslopping techniques would have resulted in the develop-
ment of more or less stable mixed cultures that were propa-
gated on a daily basis in fresh milk. The natural selection of
strains that both actively ferment lactose and can utilize milk
proteins as a nitrogen source led to fast growth and thus
domination by these acid-producing strains in milk. Their
ability to inhibit the growth of other contaminants, such as
various pathogens (e.g., Staphylococcus aureus, Escherichia coli,
Bacillus cereus) and organisms detrimental to quality (e.g.,
Enterobacteriaceae and psychrotrophic bacteria), has given fer-
mented milk products a reputation for being stable products
that are microbiologically safer than raw milk.
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Milk will ferment spontaneously at any ambient tempera-
ture, but temperature dictates which organisms predominate.
Thus, in countries with a hot climate, thermophilic bacteria are
likely to predominate (as in the case of yogurt), but in cooler
climates, mesophilic bacteria will be responsible for the
fermentation. Such microorganisms are found in both the
traditional products and the commercial fermented milks
produced currently in the Nordic countries. Large-scale milk
fermentation is now based on the use of commercial cultures.
These cultures have been collected from farms and dairies over
the past century and propagated under controlled conditions to
achieve stable commercial products. These cultures fall into just
a few basic groups, but they contain individual strains that have
differing properties that may affect the product’s quality char-
acteristics. Some commercial cultures are unde�ned, mixed
strain cultures and contain a poorly documented and dynamic
range of strains. These cultures are based on traditional back-
slopping cultures. In more recent years, however, other starter
cultures have been developed that are composed of de�ned
strains.
Microorganisms in Northern European
Fermented Milks

Two main types of culture are used for the commercial
production of Nordic fermented milks.

As indicated in Table 1, a DL culture contains four
different types of bacteria. An L culture is similar but does not
contain Lc. lactis subsp. lactis biovar. diacetylactis. In both
culture types, Lc. lactis subsp. cremoris accounts for at least
80% of cells and therefore is responsible for most of the lactic
acid produced. All of the strains present, however, are able to
produce lactic acid. In addition to acid production, Lc. lactis
subsp. lactis biovar. diacetylactis and Ln. mesenteroides subsp.
cremoris also metabolize citrate. In these mixed cultures, each
biotype is usually represented by several strains, and in the
dairy environment, the balance between strains varies as
a result of periodic bacteriophage attack. Although this may
result in slight quality variation, it seldom results in total
fermentation failure as other, resistant strains take over the
fermentation.

Many DL and L cultures, having slightly differing properties,
are commercially available and are also used for the production
of hard cheeses of the Gouda type.

When a DL or an L culture is inoculated into milk and
allowed to ferment at about 20 �C, the number of cells will
reach wlog 9 cfu g�1. Since the inoculation of milk usually
employs about 1% of a full-grown culture, each fermentation
starts at about log 7 cfu g�1, which then multiplies by about
two log units during the 20 h of fermentation. The individual
strains in these mixed cultures show a varying ability to grow
in milk. Isolation of clones of Lc. lactis subsp. cremoris may
-384730-0.00122-1 895
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Table 1 Species of microorganisms present in the two main types
of cultures used for Nordic fermented milks

Culture type Contains

DL culture Lactococcus (Lc.) lactissubsp.cremoris
Lc. lactissubsp.lactis
Lc. lactissubsp.lactisbiovar.diacetylactis
Leucnostoc (Ln.) mesenteroidessubsp. cremoris

or Ln. lactis

L culture Lc. lactissubsp. cremoris
Lc. lactissubsp. lactis
Ln. mesenteroidessubsp. cremorisor Ln. lactis
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show that many are not able to satisfactorily acidify milk,
presumably because of a weak proteolytic system.Leuconosto
spp. are also weakly proteolytic and are unable to acidify milk.
Unlike in yogurt cultures, synergistic growth within DL and L
cultures has not been proven, but it is thought that this occurs
with the weakly proteolytic cells bene� ting from other cells
with a better battery of proteolytic enzymes. Recent work with
pure strains of Lactococcus, isolated from plants, has shown
that some adaption to growth in milk can be obtained
through multiple transfers, associated with changes in nitrogen
metabolism as well as downregulating of pathways associate
with the utilization of plant-speci � c components. This may
explain the origin of the dairy lactococci that are well adapted
to growth in milk but that have been dif � cult to isolate from
nondairy environments. Isolation of strains of Lc. lactissubsp.
cremorisfrom the environment is seldom possible. These strains
typically show a limited ability to ferment different carbohy-
drates in API 50CH pro� ling (e.g., only glucose, galactose
fructose, mannose, lactose, and N-acetyl glucosamine) i
contrast toLc. lactissubsp.lactis, which may ferment as many as
16 different carbohydrates. Interestingly, some incongruity
exists when comparing genotypes and phenotypes, indicating
an evolution of properties within Lc. lactissubspecies.
i

-

Metabolism of Mesophilic Starter Cultures in Milk

The taste pro� le of fermented milk products in Northern
Europe is a result of two major metabolic pathways: the
production of lactic acid from lactose and the formation of
diacetyl in citrate metabolism. In contrast to yogurt, acetalde-
hyde is an undesirable compound and its presence in the
products leads to a so-called‘green’ taste. In DL and L cultures,
Leuconostocspp. reduce any acetaldehyde formed by lactococc
to ethanol.
ly

f-

on
Lactose Metabolism

Lactococciferment lactose homofermentatively. Dairy strains
phosphorylate lactose on translocation into the cell using
a phosphoenolpyruvate-dependent phosphotransferase system
(PEP:PTS). The lactose phosphate is then cleaved intracellular
to glucose and galactose-6-phosphate byb-D-phosphogalacto-
sidase. Glucose is catabolized via the Embden-Meyerho
Parnas pathway, and Gal-6-phosphate is metabolized via the
Tagatose pathway. These pathways converge at the 3-carb
sugars glyceraldehyde-3-phosphate and dihydroxyaceton
phosphate, which are then both further metabolized to phos-
phoenolpyruvate (yielding one adenosine triphosphate [ATP]
each) and then to pyruvic acid. Reduction of pyruvate to lactic
acid regenerates nicotinamide adenine dinucleotide (NAD),
allowing further oxidation of substrate sugar. Thus, in lacto-
cocci, there is a tight and ef�cient coupling between incoming
sugar and its metabolism and the net gain of 4 ATP mol� 1 of
lactose fermented.

Leuconostocs, however, import lactose using a permeas
and metabolize it heterofermentatively. Lactose is� rst split
by b-D-galactosidase to glucose and galactose, which are the
phosphorylated. These are then catabolized by the Leloi
pathway and the hexose-monophosphate shunt, respectively
In addition to lactic acid, products include ethanol, acetic acid,
and carbon dioxide (CO2) with a net gain of 2 ATP mol� 1

Lactose fermented.
During the fermentation of milk, the pH decreases from 6.7

and reaches about 4.4, when the amount of lactic acid formed
is about 0.8%. At this pH, the starter culture becomes inhibited
and even prolonged incubation seldom brings down the pH
below about 4.2. If stored, the numbers of starter culture cells
reduce markedly because of the acid pH. At pH 4.5, a soft acid
gel, much weaker than that of yogurt, is formed due to the
aggregation of the milk proteins at their pKa value. The deli-
cateness of this gel makes the product suitable for drinking or
for eating with cereals.
Citrate Metabolism

In the starter cultures used for Nordic fermented milk products,
citrate is metabolized only by Lc. lactissubsp. lactis biovar.
diacetylactis, Ln. mesenteroidessubsp. cremoris, andLn. lactis.Milk
contains about 9.5 mMol of citrate. The products of the
catabolism of citrate (Figure 1) that have signi� cant sensory
impact include diacetyl (buttery � avor), acetic acid (slight
vinegary taste), and CO2 (slight effervescence).Figure 1 shows
how citrate is metabolized and approximate amounts of the
end-products.

An important compound formed during citrate metabolism
is a-acetolactate. This compound is chemically unstable, espe
cially in acidic conditions, and spontaneously decarboxylates
to acetoin. In addition, in the presence of oxygen, it can be
oxidatively decarboxylated to diacetyl. Unlike acetoin, diacetyl
is not produced enzymatically so the amount formed is
dependent on the amount of oxygen present in the milk. The
amount of diacetyl formed is small compared with acetoin and
2,3 butanediol, but its taste threshold is very low. Diacetyl gives
a round, buttery taste to the products and is indeed the major
� avor compound in Nordic fermented milks along with lactic
acid. Most a-acetolactate is converted to acetoin, which has no
� avor at relevant concentrations. It is therefore important that
small amounts of diacetyl are both produced and retained in
the product. When citrate is metabolized in the presence of
fermentable carbohydrate, the situation in fermented milk,
more pyruvate is produced than is required for the regeneration
of NAD for the continuation of glycolysis. Instead of producing
more lactic acid, this pyruvate is diverted into the neutral
products of acetoin and 2,3 butanediol. Acetoin can be reduced
to 2,3 butanediol with the regeneration of NAD, but the extent
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Figure 1 Citrate metabolism by LAB, showing approximate amounts formed in milk fermentation.
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to which this happens varies with different cultures and the age
of the product.
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Fermented Milk Products

Figure 2 shows the various types, and generic names, of fe
mented milk products produced in the Nordic countries as well
as their speci�c names in these countries.
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Sour Cream

Sour cream may be prepared from cream with different fa
contents, according to its intended culinary use. Cream is fer
mented using a DL starter culture and should contain diacety
as the major� avor compound. Because of the high fat content
the mouth-feel is smooth and the acidity seems milder than in
a low-fat product, even though the pH in the water phase is the
same in all of these products.
Buttermilk and Cultured Buttermilk

Buttermilk is a by-product of butter making. When butter is
made from fermented cream, the residual is a low-fat,� avorful
milk with a viscosity greater than fresh milk. Real buttermilk,
however, contains phospholipids from the fat globule
membrane, which ruptures during butter churning. The phos-
pholipids are readily oxidized, and a metallic taste develops in
the milk within a short time. For this reason, real buttermilk is
not suitable as a commercial product.
Cultured buttermilk is produced as a commercial alternative
to so-called ‘real’ buttermilk. Cultured buttermilk is produced
from low-fat or skimmed milk and has a stable shelf-life of
about 4 weeks. It is fermented with a DL culture and the
fermentation takes place at approximately 22� C for about
20 h. This temperature is well below the optimum temperature
of 30 � C for both lactococci and leuconostocs. If a higher
temperature is used, however, the lactococci dominate over th
leuconostocs, leading to an accumulation of acetaldehyde
giving the product an undesirable yogurt (also known as
‘green’) taste. Higher temperatures also promote a faste
fermentation (about 12 h) but results in the formation of
a coarse acid gel that readily separates, giving a layer of whey o
the surface.
Cultured Milk

Cultured milk is similar to cultured buttermilk, but it is
prepared from whole milk using a DL starter. The fat content
gives the product a much thicker consistency than cultured
buttermilk. The origin of this product is spontaneously fer-
mented whole milk.
Ropy Fermented Milk Products

Many strains of Lc. lactissubsp. cremorisare able to produce
extracellular exopolysaccharide (EPS) when grown in milk, and
these strains seem to be especially popular in Nordic fermented
milks ( Figure 3). The resulting product has a‘ropy’ consistency,
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Milk

Cream

DL starter

Sour cream

Butter Buttermilk

Whole milk

Fermented
milk 

Ropy DL or L starter

Ropy fermented milk

Skimmed milk

DL starter Thermophilic starter

Cultured buttermilk

+ rennet

Whey drainage

Concentrated
fermented milk

Norway Rømme Kjernemelk Kulturmelk Tjukkmelk/Tettemelk Skummet kulturmelk Kvarg/Skyr

Sweden Gräddfil Sur kärnmjölk Filmjölk Långfil Lättfil Kvarg

Finland Kermaviili Kirnupiimä Piimä Viili* Rasvaton piimä Rahka

Iceland – súrmjólk súrmjólk – – Skyr (T)

*Viili also contains Geotrichum candidum, and (traditionally) yeasts   T: a thermophilic (yoghurt) starteris used for Skyr

Denmark Crème fraiche Kærnemælk Tykmælk – Konsumkærnemælk Ymer/kvarg

Figure 2 Northern European fermented milks.
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which means that the milk can be stretched up in a stringy
consistency. Ropy milk is viscous and not especially suitable fo
drinking. It is traditionally used as an accompaniment to cereal
grains or unleavened� atbread. Such products are traditional in
the north of Norway, in Sweden, and in Finland (Figure 2) and
are still commercially prepared in these countries. Because o
the absence of wheying off in these products, they are stable fo
months.

In Norway, the product is called ‘tettemelk’ or ‘tykkmjølk ’
and according to tradition, the source of the EPS-producing
lactococci is the carnivorous plantPinguicula vulgaris(Butter-
wort). This plant grows in mountainous marshy areas where
soil nitrogen availability is low. A slimy coating produced by
the leaves traps small � ies, which are then digested by
proteolytic enzymes in the slime, thus providing the plant with
a nitrogen source. Folklore tells that the addition of leaves of
the Pinguiculaplant to milk results in the coagulation of the
milk and the development of ropy strains of Lc. lactissubsp.
cremoris. Attempts at producing tettemelk from the leaves of
Pinguiculaare rarely successful, however, and it has been su
gested that unpasteurized milk was traditionally used and that
proteolysis of milk proteins by the enzymes in the slime on the
leaves encouraged the lactococci naturally present in the mil
to proliferate and dominate over other microorganisms.

The exopolysaccharide produced by some strains ofLc. lactis
subsp. cremorishas been studied extensively for its potential
stabilizing properties. Indeed, its role in ropy fermented milks is
just like that of a stabilizer, conferring a smooth mouth-feel to
the milk gel and preventing undesirable whey separation in the
product. Ropy fermented milks traditionally have been honored
with health-giving properties, and in recent years, research ha
investigated the possible prebiotic properties of the EPS.

The starter cultures used for commercial production of ropy
milks are similar to an L culture, and � avor compounds are
produced from citrate by strains ofLeuconostoc. Different strains
of Lc. lactissubsp.cremorismay be present, including both EPS-
producing and nonproducing strains. The fact that this trait is
plasmid-bound and can be lost from cultures could explain the
variation within a culture. EPS production is greater at lower
fermentation temperatures, possibly because of better retention
of the plasmid.
Viili

Viili is a popular Finnish product that has a ropy consistency,
but in addition it has a layer of growth on the surface from
Geotrichum candidum.The starter culture used provides lactic
acid and diacetyl as major� avor compounds, and additionally,
the growth of white mold gives a slight musty aroma to the
product. G. candidum metabolizes lactic acid formed by
the LAB, the pH rises, and some CO2 is produced, which gives
this product its slight effervescence.
Drained Fermented Milk Products

When milk is fermented without prior heat treatment or
homogenization, the resulting gel is weak and prone to whey
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separation. To improve the appearance of the products, sepa-
ration of whey, by draining in a cloth, was commonly prac-
ticed. If the starting point is cultured milk (DL starter), then the
resulting product will be soft and taste of diacetyl. If the starting
point is yogurt, as used for making Skyr in Iceland, then the
product is characterized by a stringent acetaldehyde taste.
Currently, many products are commercially produced from
milk fermented by these starter cultures. Different technologies
are employed, from draining in large cloth sacks to mechanical
separation of the whey by centrifugation or by membrane
technology. The more the whey is drained, the thicker the
product becomes, and it becomes thick enough to be eaten
with a spoon or to be spread with a knife.

See also:Fermented Milks:Range of Products; Fermented
Milks and Yogurt; Lactococcus:Introduction; Lactococcus:
Lactococcus lactisSubspecies lactisand cremoris;

The Leuconostocaceae Family.
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Introduction

Fermented milks are classi�ed into three groups: (a) lactic
fermentation products (mesophilic, thermophilic, and pro-
biotic), (b) yeast-lactic fermentation products, and (c) mold-
lactic fermentation products. The lactic-yeast fermentation
products originated from Central Asia between the Caucasus
Mountains and Mongolia are popular in many countries,
including the former Soviet Union, Poland, the Czech Republic,
Slovakia, Hungary, Bulgaria, Turkey, and some Scandinavian
countries. The well-known examples of this class of fermented
milks are ke�r, koumiss, and yeast-acidophilus milk. Ke�r and,
to a lesser extent, koumiss have economic importance. In
addition to these products, tarhana, a fermented product con-
sisting of yogurt, tomatoes, and red peppers, is another popular
traditional product in the Balkans, Turkey, and Central Europe.
The technology, microbiology, and nutritive bene�ts of ke�r,
koumiss, and tarhana will be discussed later in this chapter.
Ke�r

Ke�r is believed to be �rst produced by the tribes of Northern
Caucasus mountain region in the former Soviet Union and has
been consumed for thousands of years. Originally, ke�r was fer-
mented naturally inbagsmade ofanimalhides. It is fair toassume
that the �rst ke�r was produced accidentally by the fermentation
of milk, which was stored at ambient temperature. The longevity
of the Caucasian people has long been attributed to the
consumption of ke�r and other fermented milks at high levels. In
the latter part of nineteenth century, production of ke�r spread to
Eastern and Central Europe and onto other parts of the world. In
the twenty-�rst century, ke�r is produced industrially in different
regions of the world and marketed under different local names,
such as kephir, kefer, kiaphur, kefyr, knapon, kepi, and kippi.

Ke�r is a self-carbonated refreshingdrinkwithwhiteor greenish
color. Cow’s, sheep’s, or goat’s milk (whole or skimmed) is used in
the manufacture of ke�r. The chemical and microbiological
compositions of ke�r are determined primarily by the raw material
and the micro�ora of ke�r grains, and are subject to regional
variations. During fermentation, lactose-fermenting yeasts
produce alcohol (ethanol) and CO2, lactic acid bacteria convert
lactose to lactic acid, and a limited degree of proteolysis occurs in
milk. The lactic acid and ethanol contents of ke�r vary widely
(0.8–1.0% for lactic acid and 0.035–2.0% for ethanol). The aroma
of ke�r is balanced and yeasty, the taste is acidic but pleasant, and
the texture is thick but not gluey with an elastic consistency.

Ke�r grains range in size from 0.3 to 2.0 cm or more in
diameter and are characterized by forming an irregular, folded
or uneven surface; the grains resemble cauli�ower �orets in
shape and color. The biomass of ke�r grains slowly increases
during fermentation of milk, and the properties of ke�r grains
that are seeded initially pass into newly formed grains. The ke�r
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grains are recovered after fermentation. The chemical compo-
sition of ke�r grain varies depending on the origin. The dry mass
of the fresh ke�r grains amounts to 10–16%, which consists
about 30% protein and 25–50% carbohydrate (including exo-
polysaccharides). A ke�r grain is mainly made up of microor-
ganisms, their metabolites, protein, and carbohydrate. Bacteria
present in ke�r micro�ora produce an exopolysaccharide
material known as ke�ran. The exopolysaccharide is composed
of monosaccharides, including glucose, galactose, and
mannose, in varying ratios. The production of exopoly-
saccharides is affected by fermentation temperature but not
fermentation time. The surface of the ke�r grains is richly
colonized by bacteria and yeasts, which are mainly the auto-
lyzing type that cannot pass through the matrix of the ke�ran.

Ke�ran is a water-soluble heteropolysaccharide containing
equal amounts of D-glucose and D-galactose. Lactobacillus ke�r-
anofaciens is primarily responsible for the production of ke�ran.
However, in the early investigations, the production of ke�ran
by Lactobacillus ke�r, Streptococcus mutans, Leuconostoc mesenter-
oides, and Streptococcus cremoris were also reported. Ke�ran (or
exopolysaccharide in broader term) produced by the lactic �ora
can affect the rheological characteristics of the end product (e.g.,
improved texture and mouth feel). In addition, the ke�ran exerts
immunomodulatory, antimutagenic, antiulceric, antiallergic,
and antitumor activities and acts as a prebiotic substance.
Microbiology of Ke�r Grains

The microbial �ora of a ke�r grain is composed of lactic acid
bacteria (w108–109 cfu ml�1), yeasts (w105–106 cfu ml�1),
acetic acid bacteria (w105–106 cfu ml�1), and probably a mold.
The ratio between ke�r micro�ora varies depending on the origin
of the ke�r grains. The micro�ora of a Polish-origin ke�r grain, for
example, was reported to have 80% lactobacilli, 12% yeasts, and
8% lactococci. The microorganisms isolated from different ke�r
grains are presented in Table 1. Lactobacillus ke�ranofaciens is the
most dominant bacteria of ke�r �ora and has the following
characteristics: a homofermentative, rod-shaped, and slime-
forming bacterium that is different from other homofermentative
species of the genus Lactobacillus in its pattern of carbohydrate
fermentation. Recently, it was found that Lb. ke�ranofaciens and
Lactobacillus ke�rgranum had the same 16S rDNA sequence, and
hence the latter organism was recommended to be reclassi�ed as
Lb. ke�ranofaciens subsp. ke�rgranum. Among the lactobacilli,
Lb. ke�r, Lactobacillus brevis, Lactobacillus paracasei, Lactobacillus
plantarum, and Lactobacillus acidophilus are the most frequently
isolated species from ke�r grain. Leuconostoc mesenteroides subsp.
mesenteroides, Leu. mesenteroides subsp. cremoris, and Leu. mesen-
teroides subsp. dextranicum are also part of dominant �ora in ke�r
grains that originated from different parts of the world. Rod-
shaped lactic acid bacteria are generally located on the outer layer
of the grain, and the yeasts are present in deeper parts of the ke�r
grains. Balanced bacteria and yeasts at the intermediate zone and
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00123-3
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Table 1 The microorganisms isolated from different ke� r grains

Lactococci Lactobacilli Leuconostocs Yeasts and molds Acetic acid bacteria Others

Lc. lactissubsp.lactis Lb. keÞr Leu. mesenteroidessubsp.
mesenteroides

Bretannomyces anomalus Acetobacter aceti Streptococcus thermophilus

Lc. lactissubsp.cremoris Lb. keÞranofaciens Leu. mesenteroidessubsp.cremoris Candida colliculosa Acetobacter rasens Enterococcus durans
Lc. lactissubsp.lactisbiovar.

diacetylactis
Lb. keÞrgranum Leu. mesenteroidessubsp.dextranicum Candida friedrichii Acetobacter pasteurianus BiÞdobacterium animalissubsp.

animalis
Lc. Þlant Lb. parakeÞr Candida kefyr

Lb. acidophilus Candida holmii
Lb. brevis Candida valida
Lb. casei Candida inconspicua
Lb. helveticus Candida maris
Lb. delbrueckii Candida pseudotropilactis
Lb. rhamnosus Candida tenuis
Lb. fermentum Candida albicans
Lb. gasseri Cryptococcus kefyr
Lb. paracaseisubsp.

pseudoplantarum
Debarymyces hansenii

Lb. paracaseisubsp.tolurans Issatchenkia orientalis
Lb. paracaseisubsp.paracasei Kluyveromyces marxianus

var.fragilis
Lb. delbrueckiisubsp.bulgaricus K. marxianusvar.lactis
Lb. cellobiosus K. marxianusvar.marxianus
Lb. paracaseisubsp.alactosus Mycotorula lactis
Lb. plantarum Mycotorula lactosa
Lb. viridescens Pichia fermentans
Lb. fructivorans Saccharomyces cerevisiae
Lb. hilgardii Saccharomyces dairenis

Saccharomyces exigus
Saccharomyces unisporus
Saccharomyces turicensis
Torulaspora delbrus
Torulaspora delbrueckii
Zygosaccharomyces

ßorentinus
Geotrichum candidum

(possibly contaminant)
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a progressive change according to the distance from the core h
been reported.Lb. ke� r is only present on the surface of the ke� r
grain and Lb. ke� ranofaciensis located inside the grain. The most
frequently isolated yeast from ke� r grain includes the varieties of
Kluyveromyces marxianus(i.e., var. marxianus, fragilis, and lactis).
This yeast is responsible for the characteristic yeasty aroma of ke� r
drink as well as for a high level of ethanol production. Saccharo
mycesspp. are able to fermentD-glucose,D-galactose, and sucrose
but not lactose.A symbiotic relationshipbetween yeastsand lactic
acid bacteria exists in the ke� r grain, and the yeasts provide
a favorable environment (possibly by providing growth stimu-
lants) for the growth of lactic acid bacteria. The method of
isolation and identi � cation of microorganisms in ke� r grain is
important in determining the dominant � ora. By using more
sensitivemethods, such asdenaturinggradientgel electrophores
(DGGE) of partially ampli � ed 16S rDNA, to monitor the
microbial � ora of ke� r grain, it may be possible to identify
microorganisms other than those that can be determined
by culture-dependent methods. In one study, for example,
conventional isolation revealed the presence ofLactobacillus. he
veticus, Lb. ke� r, and Acetobacter syzygii; however, these bacteria
were not among the sequenced DGGE bands. On the contrary
a conventional culture-dependent method failed to isolate
Lactobacillus satsumensis, Lactobacillus uvarum, and Gluconobacte
japonicusthat were sequenced by the PCR-DGGE method.
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Production Methods of Ke�r

Several methods exist for the manufacture of ke� r, and modern
techniques produce a product with the same characteristics a
those of traditional ke� r. In traditional practices, pasteurized milk
is inoculated with ke� r grains (Figure 1). Various combinations of
time and temperature may be applied for heat treatment to milk
(i.e., 85 � C/30 min, 85–90 � C/15–20 min, 90–93 � C/15 min,
90–95 � C/2–3 min). After heat treatment, the milk is inoculated
with either ke� r grains or mother culture (2–10%, w/v).
Fermentation is achieved at 20–25 � C for about 24 h. The ke� r
grains are then removed by straining. The� ltrate is refrigerated
-

or

d

d

Re-use 
(2–10%) 

Heat-treated milk

Fermentation

(24 h, 20–25 °C) 

Straining

Kefir grains Kefir 

Heat-treated milk

Fermentation

(24 h, 20–25 °C)

Straining

Kefir Mother culture 
(1–3%) 

Pasteurized milk

Fermentation 

(12–18 h, 20–25 °C)

Kefir

(a) (b)

Figure 1 (a) Homemade and (b) large-scale (Russian method) ke� r
production.
overnight and the beverage, which contains live microorganisms
from the grains (mother culture), is ready for fermentation. In an
alternative method (also known as the Russian method),
fermentation is achieved in two successive steps. The advantag
of the Russian method are to stimulate the activity of the micro-
organisms and accelerate the changes in milk during fermenta
tion. In the � rst step, the mother culture is prepared as described
Then the mother culture is added into the pasteurized milk
(1–3%, v/v). The second fermentation lasts 12–18 h at 20–25 � C
(seeFigure 1). To obtain a ke� r with a consistent quality, the ratio
of ke� r grains should be determined properly. High levels of
inoculation of ke � r grains (1:20) often result in the acceleration of
acidity development, but the numbers of lactococci,Leuconosto
spp.,andyeastsare fairly low. If the proportionof milk is increased
from 20:1 to 50:1 the activity, growth, and balance in the ke� r
grains are maintained. In the literature, various ratios of ke� r
grains to milk have been recommended (i.e., 20–50 g l� 1,
50–100 g l� 1, or 20–100 g l� 1 of milk). The level of inoculation of
ke� r grains also affects the microbial balance in ke� r drink. At low
inoculation levels (i.e., 1%, w/v), lactic acid bacteria become
dominant, whereas ke� r inoculated with grains at a level of 5%
(w/v) has more yeasts and acetic acid bacteria. The size of ke� r
grains, agitation parameters, and incubation temperature are the
major factors affecting the extent of acidi� cation and ethanol
production in ke � r. Frequent agitation during the fermentation
maycause the numbersof bacteria andyeast to increase.Howeve
frequent washing of the grains with water leads to a rapid decreas
in the number of microorganisms; also the fermentation takes
longer time, and the taste and consistency of the end produc
become nonrepresentative of ke� r. It is not recommended to rinse
ke� r grains after production. If necessary, a delicate rinsing can b
applied by means of pasteurized milk or sterile water. Alterna-
tively, the ke� r grains can be stored at<6 � C or frozen.

The quality control problems associated with traditional ke� r
production led to the development of more controllable
methods of manufacturing. The traditional method allows the
production of small volumes of ke� r and involves several steps
Also, the production of CO2 by the yeasts often leads to blown
containers, which are mistakenly judged by the consumer to be
spoiled. Additionally, the traditional ke � r has a rather short shelf
life (e.g., 2–3 days). To improve the product quality, to extend
the shelf life of the end product, and to facilitate large-scale
production, the standard starter cultures are used (the pre
fermentation method; seeFigure 2). In this method, the milk is
prefermented by ke� r grains, and the second fermentation is
achieved by adding lactic culture to prefermented ke� r or heat-
treated milk plus prefermented ke� r mixture. The incorporation
of thermophilic yogurt starter cultures into ke� r milk or into the
starter culture mixture is also a common practice.

The third alternative to the manufacture of ke� r is to use
de� ned pure cultures. This enables better control of the
microorganisms involved, greater ease of production, and more
consistent quality. In addition, the shelf life of the ke� r can be
extended to 10–15 days at 4� C, and its modi� cation and
improvement, e.g., in terms of health-related and nutritional
aspects, are facilitated. There are two basic procedures f
producing ke� r using pure cultures isolated from ke� r grains
(Figure 3). In the � rst, lactic acid bacteria and yeasts are adde
to heat-treated milk. In the second, the heat-treated milk is� rst
fermented with lactic acid bacteria, and the yeasts are adde
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Heat-treated milk

Lactic acid bacteria 
(2%)

Lactic acid bacteria 
(2%)

+
Yeasts (3–5%)

Fermentation

(18 h, 25 °C)

Fermentation

(18 h, 25 °C)

Yeasts (3–5 %)

Fermentation

(18 h, 25 °C)

Kefir Kefir

Figure 3 Ke�r production using pure cultures.

Table 2 Properties of commercial starter cultures for ke� r production

Culture type Remarks

M-type
(mother culture)

The culture is grown twice for the
production of the intermediate
and bulk starter cultures,
respectively.

S-D type
(semi-direct culture)

The culture is used for the
production of bulk culture.

D-type
(DVS (Direct Vat Set) or

DVI (direct-to-vat inoculation)
culture)

The culture is added directly
to the ke� r milk.

Heat-treated milk (90 °C, 30 min) + kefir grains (5%, w/v)  

Fermentation (18 h, 22 °C)

Filtration Kefir grains

Prefermented milk

Second fermentation 

Prefermented
kefir

Heat-treated milk + Prefermented kefir 
(90 °C, 30 min) (5%, v/v)

Lactic culture Yogurt culture
(2%, v/v) (0.5%, v/v) 

Lactic culture Yogurt culture
(2%, v/v) (0.5%, v/v)

Fermentation Fermentation Fermentation Fermentation
(18 h, 25 °C) (18 h, 37 °C) (18 h, 25°C) (18 h, 37 °C)

Kefir Kefir Kefir Kefir

Prefermentation

Figure 2 Ke�r production by two-stage fermentation.
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before the second fermentation.Table 2 shows the speci� ca-
tions of commercial starter cultures developed by Danisco
Biolacta Sp� 1ka z o.o in Poland. In the twenty-� rst century,
starter culture companies offer numerous types of freeze-drie
ke� r cultures, and the microbial contents of these cultures vary
depending on the properties and propagation method of the
mother culture (or ke� r grains) and on their designated
application. The adjunct probiotic strains, including Lb. acid-
ophilus and Bi� dobacteriumspp., are also added into the
commercial ke� r starter cultures to improve the health bene� ts
of ke� r. The addition of one sachet of commercial DVI (direct-
to-vat inoculation) freeze-dried ke� r starter into 300, 500, or
1000 l of pasteurized milk is recommended. The main problem
when using pure cultures is� nding the balance between the
bacteria and the yeasts, which creates a product with th
characteristic properties of traditional ke� r, including both
the organoleptic qualities and the health bene� ts.

Milk is usually not concentrated before ke� r production.
Because ke� r made from goat’s milk has lower physical and
organoleptic properties than that made from cow’s milk,
however, the supplementation of goat’s milk with whey protein
concentrates at a level of 60 g/100 g of protein is recom
mended. The recommended fermentation time and tempera-
tures for a good quality ke� r are as follows: 20� C/20 h,
20–23 � C/12–14 h, 22 � C/11 h, 20 � C/48 h, 24–27 � C/20 h, or
22–25 � C/8–12 h. In the two-stage fermentation model, the
� rst and second steps are carried out at 28� C for 5 h and 20 � C
for 16 h, respectively. At the end of fermentation, the pH of
ke� r is around 4.6–4.7. After fermentation, the product should
be cooled down slowly (over 10–12 h) to obtain pronounced
taste and aroma of ke� r. The ripening of ke� r is achieved at 9� C
for 15 h, and the product is stored at <6 � C. The packaging
materials should be strong enough to withstand the buildup
pressure generated by the yeast (e.g., glass bottles,� exible, or
semi rigid containers). To prevent swelling and bulging of ke� r,
specially designed packaging materials with multilayers lids
allowing the escape of CO2, have been developed.

The usual shelf life of ke� r is 8–10 days at 3–4 � C. To extend
the shelf life of ke� r, novel technologies, including high
hydrostatic pressure (HHP), autoclaving, irradiation, and
ohmic heating can be applied. HHP can actively deactivate
bacteria and yeasts without impairing the chemical composi-
tion of the end product. During HHP application, the anti-
bacterial capacity of LAB and, therefore, the therapeutic value o
ke� r are reduced. Freeze-drying is another method to improve
the shelf life of ke� r. The loss of activity of bacteria and yeasts a
a result of freezing can be maintained by adding 10% galactos
or 10% sucrose before freeze drying.

Soy milk that has low levels of saturated fatty acids and
cholesterol and high levels of lechitin, linoleic acid, poly-
unsaturated fatty acids, Mg, Fe, folic acid, vitamin E, and phenolic
substances, such as genistein, can be used in the manufacture
ke� r. The supplementation of soy milk with glucose is recom-
mended for the stimulated growth of the bacteria and the yeasts
The protein and water content of ke� r made from soy milk was
found to be higher than ke� r made from cow’s milk, but the
polysaccharide level in the latter product was higher.

Biochemistry of Ke�r Fermentation

During fermentation of ke� r, many biochemical metabolites are
formed and sum of these metabolites gives ke� r its unique
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physical, chemical, and sensory characteristics. Lactic ac
bacteria produce lactic acid, together with� avor compounds,
such as acetaldehyde, diacetyl, acetoin, ethanol, acetic acid, an
CO2, during fermentation. The concentration of lactic acid
increases rather slowly during the early stages of fermentatio
(i.e., w � rst 10 h), followed by a rapid increase at the later
periods of fermentation. Because the ke� r micro� ora is domi-
nated by homofermentative mesophilic lactic acid bacteria,
about 10 times more L(þ ) lactic acid is formed than D(�) lactic
acid. Changes in the acetaldehyde level of ke� r during fermen-
tation follow the same trend of lactic acid. At the end of
fermentation (i.e., after 15 h), the average lactic acid and acet
aldehyde levels of ke� r are 3700 mg kg� 1 and 5 mg kg� 1,
respectively. The acetaldehyde level of ke� r continues to increase
during cold storage, reaching approximately 11 mg kg� 1 after 21
days. In reverse, the acetone content of ke� r decreases during
cold storage. It was reported that lactate, ethanol, acetate, an
acetoin were the major metabolites in ke� r made by Irish ke� r
grains. Some vitamins are synthesized by both the lactic aci
bacteria and the yeasts. Although the levels of some vitamins
including vitamin B 1, vitamin B12, folic acid, vitamin K, and
vitamin P (ribo � avenoid) increase during fermentation, others
are utilized by the micro� ora. Incorporation of Propionibacterium
freudenreichiiinto ke� r starters yielded an increase in the
concentrations of vitamin B12 and folate in ke� r.

During fermentation of ke� r, the milk fat is hydrolyzed by the
yeasts and a number of metabolites, including mainly methyl
ketones, alcohols, lactones, and esters, are formed. Ke� r made
from soy milk or whey had higher protein content than those
made from milk. The yeasts are able to hydrolyze proteins into
medium or small molecular weight peptides and amino acids in
ke� r. Themajor amino acids produced during ke� r production are
threonine, serine, alanine, and lysine. The amino acids are furthe
degraded to alcohols, aldehydes, volatile acids, esters, and sulfu
containing compounds. The level of branched-chain amino acids,
which are precursors of aroma compounds, have been reported t
be higher in ke� r than in yogurt. Similarly, the concentrations of
hydrophobic peptides in Polish ke� r were found to be higher than
milk or yogurt. The formation of biogenic amines, such as tyra-
mine, putrescine, cadaverine, and spermidine, during fermenta
tion of ke� r was reported. The presence of macrominerals, suc
as potassium, calcium, magnesium, and phosphorus, and
microminerals, such as copper, zinc, iron, manganese, cobalt, an
molybdenum, in ke � r have been reported.
d

l

Health Aspects of Ke�r

A number of health bene� ts have been attributed to ke� r,
including gastrointestinal proliferation, hypocholesterolemic
effect, anticarcinogenic effect, lactose intolerance reduction, an
stimulation of the immune system. It was reported that regular
uptake of ke� r induced an abatement in lactic acid bacteriaby 10-
fold and a decline in levels of sulfite-reducingClostridiaby 100-
fold in mice, prevented Campylobacter jejunicolonization in the
caecum of chickens, and affected the gastrointestinal mucosa
and systemic immune response in young rats. The reduction in
serum triacylglycerol and total cholesterol concentrations in
hamsters has been reported. An assimilation of cholesterol by
28–65% in ke� r after 24 h fermentation at 24� C was reported.
Orotic acid, which is known to cause fat accumulation in the
liver, is lost during the ke� r fermentation; this might have
a hypocholestaemic effect in humans. On the contrary, concen
trations of the HDL, total cholesterol, and triacylglycerols in the
female Wistar rats fed by ke� r increased compared with the
unsupplemented groups. Human trials revealed that regular
consumption of ke� r did not change the plasma lipid concen-
tration. This contradiction points out that more research is
needed to establish a concrete ground regarding the relationship
between ke� r consumption and cholesterol reduction in serum.
Consumption of ke� ran was reported to reduce the blood pres-
sure signi� cantly. In a separate study, an angiotensin-converting
enzyme(ACE) inhibitory activity was detected in ke� r made from
caprine milk. The ACE-inhibitory peptides identi� ed from
caprine milk ke� r were PYVRYL and LVYPFTGPPN.

Some lactic acid bacteria isolated from ke� r are known to be
able to bind mutagens, such as indole and imidazole. Ke� r was
demonstrated to inhibit the proliferation of solid tumors of
Erlich ascites carcinoma transplanted subcutaneously in mice
Ke� r is more effective than yogurt in the inhibition of the
proliferation of tumor cells in mice. Sulfur-containing amino
acids are important for anticarcinogenicity, and both lactic acid
bacteria (especially lactobacilli) and polysaccharides (possibly
ke� ran) play a signi� cant role in the alleged anticarcinogenic
effect of ke� r. Ke� r has higher levels of butyric, palmitic, pal-
mitoleic, and oleic acids than yogurt, as well as high levels of
conjugated linoleic acid (CLA; [c9,t11], [ t10,c12], [ t9,t11]).

Ke� r shows a strong bacteriostatic effect against Gram
negative microorganisms and a higher bactericidal effec
against Gram-positive microorganisms. Hydrogen peroxide
lactic acid, acetic acid, and bacteriocins produced by ke� r � ora
provide antibacterial effect againstShigella� exnerii, Yersinia
enterocolitica, Escherichia coli, Listeria monocytogenes, Listeria
innocua, Salmonella enteritidis, and many more pathogenic
microorganisms. The antimicrobial effect of ke� r is comparable
to common antibiotics, such as ampicillin and gentamycin.Lb.
acidophilusand exopolysaccharide-producing strains ofLb.
ke�ranofacienswerefound to show a strong inhibitory effect on
the attachment of Salmonella typhimuriumto Caco-2 cells.

The immune system of young rats was reported to be
stimulated by ke� r and sphingomyelin obtained from ke� r
lipids. However, same effect was not obtained in old rats.
Ke� ran was demonstrated to improve the gut mucosal response
with an increased number of IgAþ cells. In animal trials,
the regular feeding of the rats with ke� r resulted in increases in
the IgAþ and IgGþ cells, which are directly related with the
improved immune response system.

A reduction in the lactose content of ke� r makes it more
suitable for people suffering from lactose intolerance. It was
reported that ke� r consumption caused a reduction in the
severity of � atulence by 1%.
Koumiss

Koumiss is a drink with ancient origins, and it is common in
Eastern Europe and Central Asia. It is traditionally produced
from mare’s milk by a combined fermentation of lactic acid
and alcohol, and its highly nutritive and curative characteristics
are well known. In Mongolia, camel’s milk is also used to
prepare traditional koumiss. A koumiss-like fermented milk
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product is manufactured from cow’s milk (skimmed or whole)
in some European countries and the United States.
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Fresh mare’s milk

Heat treatment
(90–92 °C, 2–3 min)

Addition of starters
(see text) (30%)

Stirring

Incubation
(25–26 °C, 2–3 h)

Bottling

Resting
(30–60 min)

Cooling
(4–6 °C)

Storage
(up to 1 week)

Modified cow’s milk
(skimmed of whole) (see text)

Adding sucrose
(2.5%)

Heat treatment
(90–92 °C, 2–3 min)

Cooling
(26–28 °C)

Culturing
(10%, pure culture) (see text) 

First fermentation
(25–26 °C, 50–60 min)

Stirring
(~600 rpm for 15 min)

Cooling

Stirring vigorously
(15–20 min)

Second fermentation (1.5–2 h)
(stirring for 2–3 min every 20 min)

Bottling

Storage
(4–6 °C)

(b)(a)

Figure 4 Industrial koumiss production from (a) mare’s milk
and (b) cow’s milk.
Production of Koumiss

Traditionally, koumiss was manufactured by using part of the
product of a previous day to seed freshly drawn mare’s milk
(usually unpasteurized) in saba, chöchur, or turdusk-burduks
made from smoked horsehide, which contains the koumiss
micro� ora from the previous season. Fermentation takes som
3–8 h. Production ceased at the end of lactation, in late
autumn, and the koumiss starter was put into a glass bottle that
was sealed tightly and stored in a cool dark place until early
summer, when production began again. The wooden
containers that also contain koumiss micro� ora from the
previous season have been replaced with horsehide bags. T
reactivation of starter microorganisms is traditionally achieved
by keeping the koumiss starter at room temperature for about
24 h. The reactivated starters are mixed with fresh mare’s milk
(or camel’s milk) three or four times. Then the mixture is stirred
vigorously for about 1 h. During this process, air is introduced
into the mixture, which creates a suitable environment for the
growth of the yeasts. The yeasts are responsible for the gen
ation of alcohol, and a high level of alcohol is desired in
traditional koumiss. Alternatively, koumiss is mixed with cow’s
milk in the middle of winter and kept at room temperature. In
early summer, the mixture is left for 4–5 days at 22–25 � C, until
gas forms, and it is then used as starter. The starter can
preserved by drying as well. Before use, the dried starter (3–4
tablespoons) is added to 5 l of fresh mare’s milk and then left at
room temperature for about 2–3 days. This fermented milk is
blended with 6–7 l of fresh milk and further fermented.

Industrial production of koumiss requires some modi� ca-
tion of the traditional production practices. First, because of
a very limited availability of mare’s milk, cow’s milk is
preferred in the manufacture of industrial koumiss production.
However, mare’s milk contains a low level of casein compared
with cow’s milk, and as a result, the fermentate does no
coagulate. Therefore, the chemical composition of cow’s milk
should be adjusted to mare’s milk. One possible approach is to
dilute the cow’s milk to the desired casein concentration by
water. The diluted cow’s milk is then added with whey or whey
protein concentrate to increase the protein level of the modi-
� ed milk. The addition of glucose, sucrose, or lactose (in
hydrolyzed form) is also recommended to stimulate the growth
of the yeasts. Other alternative methods of modi� cation
include adding sucrose to skimmed milk (at a level of 2.5 g/
100 g of milk); blending whole milk, skimmed milk, and
cheese whey; mixing whole cow’s milk (5 parts) with UF (ultra
� ltration) cheese whey (8 parts); and incorporating membrane
separation techniques (i.e., ultra� ltration, micro � ltration, and
nano� ltration) with commercial starter cultures, including
Kluyveromyces marxianusvar. lactis, Lactobacillus delbruec
subsp. bulgaricus, and Lb. acidophilus. In the early industrial
koumiss-making practices, the yeasts and lactic acid bacter
forming the koumiss starters were grown separately, which
takes several days. Then, the starters were mixed to obta
a bulk starter. The desired acidity level in the bulk starter is
around 1–3% lactic acid. The bulk starter used in the manu-
facture of koumiss is 30% (v/v). The starter is added to
processed milk (e.g., fat adjustment, heat treatment, etc.) b
agitating the milk. Agitation of milk is essential because it
provides a suitable environment for the growth of the yeasts.
Fermentation is carried out at 25–26 � C until the acidity
reaches w 0.55% lactic acid, which normally takes about
50–60 min. Afterward, the fermenting milk is homogenized,
cooled to 20 � C, and packaged. The packaged product is furthe
incubated at 18–20 � C for about 1.5–2 h and then is stored at
4–6 � C for 12–24 h before dispatch.

Koumiss is an alcoholic drink; therefore, extra care should
be taken in choosing packaging material to prevent expansion
during fermentation or storage. Possible solutions for this
problem include flushing the containers with nitrogen,
removing the air in the headspace of the package by purging
nitrogen after � lling the container, or using carton packaging
materials � tted with an integrated high-pressure vent. The
industrial production of koumiss from mare ’s and modi� ed
cow’s milk is shown in Figure 4(a) and (b) , respectively.
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Chopped tomatoes (200 g kg–1)

Onion (100 g kg–1)
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The Microbiology of Koumiss

The koumiss micro� ora mainly consists of the lactobacilli (Lb.
delbrueckiisubsp.bulgaricus, Lactobacillus casei, Lactobacillus leich
manii, Lb. plantarum, Lb. helveticus, Lactobacillus fermentum
Lactobacillus buchneri, and Lb. acidophilus) and lactose-fermenting
yeasts (Saccharomycesspp., Kluyveromycesspp., Candida koumiss
Torula lactis, and Torula koumiss). Additionally, non-lactose-fer-
menting yeasts (e.g.,Saccharomyces cartilaginosus) and non-
carbohydrate-fermenting yeasts (e.g.,Mycodermaspp.) have been
reported to be isolated from traditional koumiss. The compo-
sition of micro � ora is directly related to the geographic origin of
the product and to the climatic conditions of the regions where
koumiss is produced. In koumiss originating in Kazakhstan, for
example,Saccharomyces unisporus(a galactose-fermenting yeast
was isolated as the dominant yeast. In inner Mongolia and
China, Lactobacillus rhamnosus, Lb. paracaseisubsp.paracasei, Lb.
paracaseisubsp. tolerans, and Lactobacillus curvatusformed the
dominant groups of lactobacilli. Among the yeasts,K. marxianus
subsp. lactisand Candida ke� r were the most abundant species
Koumiss may have viable cell counts of 5� 107 cfu ml� 1 and
1–2 � 107 cfu ml� 1 of bacteria and yeasts, respectively. During
the fermentation of koumiss milk in the presence of non-lactose-
fermenting yeasts, apart from alcohol, a number of metabolites
are produced. These metabolites include mainly glycerol, suc
cinic acid, and acetic acid. During storage, the populations o
bacteria and yeasts decline gradually because of the accumu
tion of lactic acid and ethanol. Streptococcusspp. may be present
in koumiss micro� ora, but their contribution to the aroma and
� avor of koumiss is fairly limited. Acetobacterspp. are of only
minor importance. The other yeasts reported to be isolated from
traditional koumiss products arePichiaspp. andRhodotorulaspp.
.
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- Storage (at room temperature)

Pepper (100 g kg )

Salt

Dried herbs

Heat treatment

(90 °C, 15 min)

Cooling (37 °C)

Adding flour or cracked wheat (400 g kg–1)

and yogurt (200 g kg–1)

Mixing

Fermentation (30–35 °C, 1–3 days)

Drying (55–60 °C/ 20–30 h)

Milling and sieving

Figure 5 Tarhana production (Turkish style).
Chemical Composition and Nutritional Aspects of Koumiss

Mare’s milk has lower levels of fat, protein, ash, and total solids
than cow’s milk. Koumiss made from mare’s milk is sweeter
than that made from cow’s milk. It is milky-green in color, is
light and � zzy, and has a sharp alcoholic and acidic taste
Because of the high level of whey proteins in mare’s milk, its
digestibility is good. Koumiss contains about 10.6–11.3% total
solids, 2.1% protein (1.2% casein and 0.9% whey proteins),
5.5–6.4% lactose, 1.2–1.8% fat, and 0.3% ash. The main
metabolites of fermentation are lactic acid (0.7–1.8%), ethanol
(0.6–2.5%), and CO2 (0.5–0.9%). The pyruvic acid, citric acid,
acetic acid, and uric acid concentrations of koumiss were
reported to be 0.068 mg g� 1, 0.91 mg g� 1, 0.95 mg g� 1, and
0.007 mg g� 1, respectively. As is the case for other fermente
dairy products, the precise characteristics of koumiss ar
determined by the starter microorganisms.

Although supportive scienti� c data regarding the health-
promoting effects of koumiss are limited, it has long been
speculated that koumiss can cure many illnesses, including
tuberculosis, disorders of the stomach and colon, and hepatitis
It was demonstrated that the total serum cholesterol and
triglycerides levels in arti� cially induced hyperlipemial mice
decreased signi� cantly upon feeding with koumiss for 14 days.
High levels of the free essential amino acids enhance the nutri
tive value of koumiss. In addition, the product shows antibiotic
effectsin vitroagainstE. coli, Staphylococcus aureus, and the species
of Mycobacterium, Bacillus, Serratia, and Shigella. This effect stems
from organic acids in ke� r. It is also possible to blend koumiss
starter with probiotic bacteria (e.g.,Lb. rhamnosusor Lb. acid-
ophilus) to increase the health-promoting properties of koumiss.
Many studies revealed that traditional koumiss micro� ora
contains potential probiotic strains of lactobacilli.
Tarhana

Tarhana is a fermented food made by combined fermentation of
yogurt with cracked wheat or� our. Tarhana is widely consumed
in Turkey and is well known in the Balkans, the Middle East, and
some central Asian countries under different names, including
trahana (in Bulgaria), trahanas (in Greece), taron (in Macedonia),
tarhonya (in Hungary), kisk or kushuk (in Iraq and Iran), kishk
(in Egypt, Syria, and Lebanon), and goce (in Turkmenistan).

The production practices of tarhana may show regional
variation. In most cases, tarhana is made from strained yogurt
However, in some regions, sour milk is also used. To prepare
tarhana, onions and peppers are� nely chopped and blended.
Afterward, salt and various seasonings are added to th
mixture, and the resulting dough is spread over a pulsating
stainless steel tray (industrial method) or onto a large cloth
(traditional method) to a depth of 1 –1.5 cm. The mixture is left
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Table 3 Average chemical composition of tarhana

Parameters Average (%)

Moisture 10.2
Protein 15.0
Carbohydrate 60.0
Fat 5.4
Fiber 1.0
Salt 3.8
Ash 6.2
Calcium 0.1
Sodium 0.6
Vitamin B1 (mg 100 g�1) 0.01
Vitamin B2 (mg 100 g�1) 0.08
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for fermentation at 30–35 �C for 1–3 days. Then the product is
dried at 55–60 �C for 20–30 h until it has a moisture level
<10%. The dried product is ground to a particle size of
<700–800 mm and stored at room temperature. The produc-
tion of Turkish-style tarhana is outlined in Figure 5.

According to Turkish standards (TS 2282), the moisture
level of tarhana must be less than 10%, the level of protein-in-
dry matter must be higher than 12%, and the salt level must be
less than 10%. The chemical composition of tarhana is given in
Table 3. A low level of lactose and high level of hydrolyzed
starch facilitate the digestion of tarhana. It is rich in protein,
calcium, iron, and zinc. Unless dried in the sun, it is an
important source of group B vitamins: Direct sunlight causes
the loss of ribo�avin (w22% loss), which can be avoided by
drying on pulsating tray. The characteristic aroma and �avor of
tarhana relies on the metabolic activities of lactic acid bacteria
(Streptococcus thermophilus, Lactococcus lactis, Lb. delbrueckii
subsp. bulgaricus, Lb. acidophilus, and Lb. casei) and the yeasts
(e.g., Saccharomyces cerevisiae) throughout fermentation. The
addition of S. cerevisiae shortens the fermentation period and
acidity, and it accelerates the formation of free amino acids. The
taste and aroma pro�le of the resulting product is also
enhanced.
See also:Fermented Foods: Origins and Applications;
Fermented Foods: Fermentations of East and Southeast Asia;
Fermented Milks and Yogurt; Probiotic Bacteria: Detection and
Estimation in Fermented and Nonfermented Dairy Products;
Starter Cultures; Starter Cultures: Importance of Selected
Genera; Yeasts: Production and Commercial Uses.
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Introduction

Fermented milk products include a range of dairy products like
yogurt, fermented or cultured milk, acidophilus milk, ke�r,
kumis, curd, buttermilk, and sweet acidophilus milk obtained
by the fermentation of milk by speci�c microorganisms.

Among all the fermented milk products, yogurt is the best
known in the world. Yogurt is a fermented product made from
milk using Lactobacillus delbrueckii subsp. bulgaricus and Strep-
tococcus thermophilus as starter cultures. It can be considered to
be the most popular within fermented milks characterized as
a smooth and viscous gel with delicate consistency and �avor.
In several countries, yogurt is classi�ed according to its fat
content in whole, semiskimmed, or skimmed. The most widely
used classi�cation, however, refers to the gel structure as set,
stirred, or �uid. The �rm yogurt should have consistency �rm
enough to be spooned and its texture should be thin and
smooth with no lumps or granules and without cracks. Finally,
it should present typical acid taste.

The bene�cial health properties resulting from the
consumption of fermented milks have been known for many
years. The scienti�c basis of yogurt manufacture and some
other fermented milk are described in this article. The main
characteristics of yogurt as well as the health bene�ts scienti�-
cally attributed to them are discussed.

Market Data

Yogurt is one of the fastest growing categories in the world food
market, particularly bene�ting from ‘eat-on-the-go’ trends,
thanks to its portability as well as its relatively high protein
content for a dairy food. Set yogurt attracts most pro�ts and
dominates the market. Drinking yogurt has only a small market
share and attracts less than 1% of sales. Standard grocers are the
most lucrative distribution channels and their presence domi-
nates the market. The only other channel with a signi�cant
share of this market is that of discount grocers.

The expansion of the yogurt market was made in part by the
food technologist’s research, in particular, the development of
new ingredients as �avors, fat substitutes, and protein ingre-
dients to be added in the product. Yogurt might have better
acceptance in the market – and consequently greater market
expansion and income – if their manufacturers invest more
concerning its organoleptic characteristics (e.g., texture and
taste) as well as its health bene�ts as lowering fat and adding
health promoters (e.g., probiotics and prebiotics). In the
European market, there is a growth in the development of
fermented functional dairy products re�ecting great interest in
studying dairy products that demonstrate health bene�ts.
Definition, Characteristics, and Legislation

According to the International Food Standards published
by the Codex Alimentarius from the Food and Agriculture
908 Encyclopedia of Food Mic
Organization/World Health Organization (FAO/WHO), fer-
mented milk is a milk product obtained by the fermentation of
milk, which may have been manufactured from products
obtained from milk with or without compositional modi�ca-
tion by the action of suitable microorganisms and resulting in
the reduction of pH with or without coagulation – isoelectric
precipitation. These starter microorganisms shall be viable,
active, and abundant in the product to the date of minimum
durability. If the product is heat treated after fermentation, the
requirement for viable microorganisms does not apply.

Fermented milk products are prepared from pasteurized
milk or cream, sometimes enriched with skimmed milk
powder and added with other ingredients, such as �avorings,
thickeners, and other fruit preparations, and acidi�ed
by lactic acid bacteria resulting in a product with typical con-
sistency and texture. All acidi�ed milks have a common
feature: the presence of lactic acid resulting from the
fermentation of lactose by various combinations of meso-
philic and thermophilic bacteria that promotes the coagula-
tion of milk protein.

Legislation classi�es fermented milk as yogurt, fermented or
cultured milk, acidophilus milk, ke�r, curd, and kumis and
differentiates them as follows:

l Fermented milk: Products resulting from the fermentation
of pasteurized or sterilized milk by lactic ferments them-
selves, and these starter cultures must be viable, active, and
abundant in the �nal product and during its shelf life.

l Yogurt: Product included in the above de�nition in which
fermentation takes place with protosymbiotic cultures of
S. thermophilus and L. delbrueckii subsp. bulgaricus, which
may be accompanied, in a complementary manner, by
other lactic acid bacteria that contribute to its activity by
determining the characteristics of the �nal product.

l Fermented or alternate culture yogurt: Product included
in the fermented milk de�nition in which fermentation is
carried out with one or more of the following cultures:
Lactobacillus acidophilus, Lactobacillus casei, Bi�dobacterium
sp., S. thermophilus, and any Lactobacillus species that
activity determines the characteristics of the �nal product.
Thus, the fermented milk produced by the addition of
other microorganisms as well as S. thermophilus and
Lactobacillus bulgaricus, should not be referred to as
yogurt.

l Concentrated fermented milk: Fermented milk in which
protein contents have been increased before or after
fermentation to a minimum 5.6%. Concentrated fermented
milk includes traditional products, such as Stragisto
(strained yogurt), Labneh, Ymer, and Ylette.

l Flavored fermented milks: Combined milk products that
contain a maximum of 50% (m m�1) of nondairy ingre-
dients (such as nutritive and nonnutritive sweeteners,
fruits, and vegetables as well as juices, purees, pulps, prep-
arations, and preserves derived from cereals, honey, choc-
olate, nuts, coffee, spices, and other harmless natural
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00121-X
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� avoring foods) or � avors. The nondairy ingredients can be
mixed in before or after fermentation.

l Drinks based on fermented milk: Combined milk products
obtained by mixing fermented milk with potable water
with or without the addition of other ingredients, such as
whey, other nondairy ingredients, and � avorings. Drinks
based on fermented milk should contain a minimum of
40% (m m � 1) fermented milk.

Different fermented milks were developed in their home
regions, according to the weather, availability of milk– bovine,
equine, sheep– and organoleptic characteristics assessed
increase the storage stability of milk. Among them are the
following:

l Ke� r is acidi� ed milk from milk pasteurized and standard-
ized, in which fermentation is the result of the action of
bacteria and yeast, resulting in lactic acid, ethanol, and CO2.
The incubation temperature is 18–22 � C for 18–24 h.

l Acidophilus milk is obtained by the action of selected strains
of L. acidophiluson the milk sterilized and standardized. The
incubation temperature is 37–40 � C for 18–20 h. Because of
the strong acid taste, its consumption is limited and almost
always associated with therapeutic characteristics.

l Sweet acidophilus milk is a product that appeared in the
American market in the 1970s. It is produced with milk
containing 2% of added fat by a frozen culture of L. acid-
ophilus. The culture is added to pasteurized, cooled in a tank
followed by stirring for complete homogenization of the
inoculum. The milk is bottled and kept at 5 � C until
consumption. The term ‘sweet’ refers a nonfermented pro-
duct, which has no acid taste.

l Buttermilk, until recently, was the product obtained from
buttermilk, liquid resulting from churning butter. Now it is
common to use the name for buttermilk products made
from semiskimmed milk, inoculated with lactic acid cul-
tures producing taste,� avor, and acid, in which the Lacto-
coccus lactissubsp.lactis/cremorisis present.

l Kumis originally was made with mare’s milk, involving acid
and alcoholic fermentation. L. delbruekiisubsp. bulgaricus
and Kluyveromyces marxianusmicroorganisms are used
according to legislation.

l Curd is the product whose fermentation is accomplished by
single or mixed cultures of mesophilic lactic acid bacteria
producing lactic acid.
Table 1 Essential composition of some fermented milks

Fermented m

Milk proteina (% m m� 1) Min. 2.7%
Milk fat (% m m� 1) � 10%
Titrable acidity, expressed as % lactic acid (% m m� 1) Min. 0.3%
Ethanol (% vol./w)
Sum of microorganisms constituting the starter culture

(cfu g� 1, in total)
Min. 107

Labeled microorganismsb (cfu g� 1, in total) Min. 106

Yeast (cfu g� 1)

aProtein content is 6.38 multiplied by the total Kjeldahl nitrogen determined.
bApplies where a content claim is made in the labeling that refers to the presence
FAO/WHO, 2010. CODEX Standard for Fermented Milks, second ed.
Fermented milk’s composition should follow the recom-
mendations of Codex Alimentarius, which are presented in
Table 1.

Streptococcus thermophilusand L. bulgaricus– yogurt bacteria–
are microorganisms that are adapted for growth in milk, which
is in itself a good matrix, as it contains carbohydrate (47 g l� 1),
fat (36 g l� 1), protein (33 g l � 1), minerals, and vitamins. These
traditional microorganisms have enzymes and metabolic
pathways for the degradation and the use of lactose as energ
source. They also have proteinases and peptidases that enab
the assimilation of nitrogen for cell growth. The way in which
the microorganisms use the available nutrients in the milk
provides the sensory characteristics of the fermented product.

Different types of yogurts are classi� ed according to their
physical state into their package, their fat and calories content
and whether or not fruit or � avor is added. The structural
properties de� ne the following types of yogurt:

l Set: One in which fermentation takes place inside the
package.

l Stirred: One in which the gel is broken, cooled, and pack-
aged following the coagulation and product solidi� es again,
with an increase in viscosity after packaging.

l Fluid or drinkable: One in which the gel is broken as the
product hit, but is homogenized and maintains the liquid
consistency.

Despite the apparent contrast of the� nal products, the
manufacturing processes of various types of fermented milk ar
similar and are summarized inTable 2. Currently, yogurt could
be whole, partially skimmed, skimmed, diet, light, enriched, or
therapeutic. Industries worldwide develop yogurts with ingre-
dients that promise health, energy, and beauty to the consumer
These products could be enriched with probiotic bacteria, vita-
mins A and E (antioxidants that prevent aging), calcium, and
prebiotics, as well as with aloe vera (Aloe barbadensisMill; also
used in the cosmetics industry), ginseng (Panax ginsengC.A.
Meyer; energy), and guarana (Paullinia cupanaKunth) as well as
with � bers from by-products and other constituents.
History

The production of yogurt dates back to thousands of years and
possibly began when man domesticated cows, sheep, or goat
ilk
Yogurt, alternate culture yogurt,
and acidophilus milk KeÞr Kumis

Min. 2.7% Min. 2.7%
� 15% � 10% � 10%
Min. 0.6% Min. 0.6% Min. 0.7%

Min. 0.5%
Min. 107 Min. 107 Min. 107

Min. 106

Min. 104 Min. 104

of a speci� c microorganism that has been added as a supplement to the speci� c starter culture.
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Table 2 Main manufacture characteristics of some fermented milks

Yogurt Acidophilus milk Buttermilk KeÞr Kumis Curd

Microorganism L. bulgaricus
S. thermophilus

L. acidophilus S. lactis
S. cremoris
Leuconostoc citrovorum
S. diacetylactis
L. lactis
L. cremoris

L. lacticus
L. caucasicus
L. lactis
S. keÞr

L. bulgaricus
K. marxianus

L. lactis
L. cremoris
L. diacetylactis

Raw material Standardized milk Milk Skim milk
ST 12–13%

Cow, goat, or sheep milk Milk Milk

Heating 90–95 � C 5 min 90–95 � C 5 min 85� C 30 min 85� C 30 min
Inoculation temperature 42� C 37–40 � C 22� C 18–22 � C
Inoculum amount 1.0% 5.0% 0.5% 2.0%
Fermentation time 4–8 h 18–20 h 12–14 h 18–24 h
Acidity or pH 4.7 100D 4.5 –
Storage temperature 5� C 10 � C 5� C 5� C

Tamime, A.Y., Robinson, R.K., 2007. Yoghurt: Science and Technology, third. ed. CRC, Boca Raton.
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Only in the nineteenth century, however, the stages involved in
yogurt production began to be understood. The continuity and
transfer of its manufacture for many years can be attributed to
the passage of techniques from parents to children using
simplicity and small-scale production. In recent decades, the
process has become more rational, mainly due to the discover
or improvement of knowledge in microbiology, enzymology,
physics, engineering, chemistry, and biochemistry. Then, tech
nology used in industrial manufacture processes of yogur
combined art and technology.

History records the bene�cial properties of the consump-
tion of fermented milk containing live microorganisms for
many centuries. Its use in treating diseases is mentioned in
biblical scripture and the fathers of science, such as Hippo
crates and others, considered fermented milk not only a food
but also a drug. They prescribed fermented milks to cure
diseases of the stomach and intestines. In the early twentiet
century, the Russian bacteriologist Elie Metchnikoff (Pasteu
Institute, France) was the� rst to explain the bene� cial effects
of lactic acid bacteria present in fermented milk. The
researcher attributed the good health and longevity of the
Bulgarians to the consumption of large quantities of yogurt.
The principle of his theory was that lactic acid bacteria replace
toxins that are produced normally in the intestine. Because of
the presence of the lactic acid and other compounds
produced by the lactic acid bacteria, the growth of anaerobic
bacteria that produce toxins was inhibited in the large intes-
tine. In 1899, Tissier isolated bi� dobacteria from feces of
infants fed with human milk and found that these microor-
ganisms were the predominant component of the intestinal
microbiota. Tissier recommended administering bi� dobac-
teria to children suffering from diarrhea, believing that they
could replace the putrefactive bacteria responsible fo
stomach problems.

Reports from the period of Metchnikoff showed that
L. bulgaricusdoes not survive and do not colonize the gastro-
intestinal tract. Other species of lactobacilli, however, have
been documented as having a bene� cial effect through the
growth and action in the gastrointestinal tract. This group of
bacteria is known as probiotics. The strains most frequently
mentioned as probiotics in humans include L. acidophilus,
L. casei, and Bi� dobacteriumspecies. Probiotic bacteria and their
effects will be discussed in a later section.
Yogurt Manufacture

The process for producing fermented milk and yogurt can be
summarized in the following sequence of operations: stan-
dardization of milk solids, heat treatment, cooling to 40–
45 � C, inoculation with the speci� c microorganisms, and
incubation at 40–45 � C until pH 4.6 –4.7. The subsequent steps
are cooling, handling, and packaging. Milk is the basic ingre-
dient of the preparation. Its composition can be modi� ed to
meet economic, practical, and consumer acceptance. The solid
content has a signi� cant effect on the� rmness of the yogurt.
The basic process of making yogurt is summarized inFigure 1
and its main steps are detailed below.
Main Stages

Raw Material
The raw material used for the manufacture of most of the fer-
mented milk is cow’s milk, but the milk of other species, such
as horse, sheep, camel, and buffalo, can be employed. Goat’s
milk can also be used; however, because it has a high content o
b-casein and because of the poor functional properties o
as1-casein coagulum formed during the fermentation product,
the resulting product is soft and has a poor texture.

In general, the milk for yogurt production must be fresh,
produced in the best possible sanitary conditions with low
bacteria counts, the absence of pathogens and inhibitors a
antibiotics and sanitizing residues, and without rancidity.

Although the fat content may be present or absent
depending on the taste or market requirements, the critical
component of the milk to be considered in the manufacture of
yogurt is the level of nonfat solids. The nonfat solids of milk in
general ranges from 8.5 to 9.0 g per 100 g of which 4.5 is
lactose, 3.3 protein, and 0.7 minerals. Each of these compo
nents is critical to the production of fermented milk: Lactose
provides energy to the starter culture as protein, and minerals
like calcium and phosphorus, are essential in the formation of
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Figure 1 Basic process of manufacturing yogurt.
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gel. For� uid yogurts, the nonfat solids content is suf� cient for
manufacturing a � uid product, although some ingredients may
be added in formulating certain products to generate addi-
tional viscosity. The level of nonfat milk solids, however, is not
suf� cient for obtaining a � rm product that can be eaten with
a spoon or stirred. Thus, the� rst step in the manufacture of
yogurt is the standardization of the contents of these solids.

Standardization of the Total Solids Content
The percent of nonfat milk solids for yogurt production
is important because it affects the kinetics of acidi� cation
and some product characteristics, such as pH, acidity, an
consistency.

The effect of the ratio of the solids content of the milk and
yogurt consistency was well established and a marke
improvement of the characteristics of the yogurt is observed
when the solids content of milk is increased from 12 to 20%. The
total solids content – including fat – of milk to produce yogurt
may be below 9% in low-fat yogurts, reaching up to 30% in
other types of yogurt. The best milk standardization to produce
yogurt is obtained in the range of 15–16% of total solids, and
most commercial yogurts have 14–15% of total solids.

The standardization of the solids content of the yogurt can
be made by different methods, and the choice of method
depends on costs, ingredients available, and production scale
The traditional process uses concentration of milk to reduce
the initial volume by nearly two-thirds, but this results in
changes in the physical–chemical properties of the product.
The concentration by membrane� ltration is another option.
Finally, the supplementation of milk with different ingredients
could be a plausible alternative.

The addition of powdered milk, whole or skimmed, is used
extensively in the industry at concentrations of 3–4%, but it may
vary between 1 and 6%. Other dairy products with high protein
content also can be employed for the standardization of the milk
before fermentation as milk retentates, whey (including whey
protein concentrate), caseinates, and buttermilk. The functiona
characteristics of these supplements improve viscosity, textur
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and consistency perceptible by the consumer, and at the sam
time, they reduce syneresis.

Methods for the enrichment of the milk do not have the
same consequences in the milk base protein composition to be
employed in the manufacture of yogurt. In particular, they
result in a variation in protein –total solids or whey protein–
casein relationships that may in� uence the texture of the
product. The addition of milk powder should provide a
protein–solids or whey protein–casein relationship similar to
that of milk (i.e., 0.35 and 0.22, respectively).

The supplementation of milk with whey powder can be
employed, providing a viscosity increase and decrease i
fermentation time. Methods that use whey powder, whey
protein concentrate of milk (containing 35–80% protein),
protein isolated from whey (containing more than 90%
protein), fractions, or hydrolyzed whey protein are available to
alter the content of milk proteins.

Different types of casein powder are produced from skimmed
milk powder, and their applications in yogurts have a positive
in� uence on product quality. Caseinate is the product of the
reaction of fresh casein with food-grade hydroxides or alkali salts
or alkaline or ammonium solutions which is subsequently
washed and dried by appropriate technological processes. It i
a white or white-yellow powder with at least 88% of protein and
maximum moisture content of 8%. The bene� ts of adding
caseinates to yogurt are high production of acetaldehyde
increased viscosity and reduced syneresis, improved senso
characteristics, and improved buffering capacity at low pH.
be
Addition of Sugar and/or Sweeteners
Typically, in the preparation of yogurt with fruit, fruit- � avored,
and in some cases natural yogurt, sucrose or sweeteners may
added. This addition can affect the fermentation process by
increasing the time to achieve the desired pH. The inhibitory
activity of yogurt bacteria in milk with total solids content from
14 to 16% added with 10–12% of sucrose mainly are due to an
adverse osmotic effect of solute from milk, as well as low water
Table 3 Additives classes and categories of fermented

Additive class

Fermented milks and d
on fermented m

Plain

Acidity regulators – x
Carbonating agents xa x
Colors – x
Emulsi� ers – x
Flavor enhancers – x
Packaging gases – x
Preservatives – –
Stabilizers xb x
Sweeteners – x
Thickeners xb x

aUse of carbonating agents is technologically justi� ed in drinks based
bUse is restricted to reconstitution and recombination and if perm
x, The use of additives belonging to the class is technologically� ed
justi� ed in the dairy portion.
–,The use of additives belonging to the class is not technological�
FAO/WHO, 2010. CODEX Standard for Fermented Milks, second
activity. High concentrations of added sucrose to the milk
before fermentation can inhibit yogurt bacteria and can result in
longer fermentation times and the development of low acidity.
It is recommended to add sugar before proceeding to the hea
treatment, thus ensuring spores and vegetative forms of micro
bial contaminants destruction. The additional content can reach
up to 9%, depending on the country and the target consumer.

The in� uence of the water activity as a function of added
sucrose at acidi� cation time and viability of yogurt and pro-
biotic bacteria were investigated by many authors who
concluded that the addition of sucrose can be deleterious for
the growth of microorganisms, especially in such products as
frozen dairy desserts containing about 16% sugar. Sucrose an
standardization of the milk signi� cantly affected the time to
reach pH 4.5 when employing the cocultures ofS. thermophilus
with L. acidophilusand Lactobacillus rhamnosus.

Fat-free and low-calorie yogurts may be sugared usin
sweeteners, such as aspartame, cyclamates, xylitol, sucralo
and others.

Addition of Other Ingredients
Ingredients allowed in fermented milks as additives are shown
in Table 3 according to their categories. The main ingredients
are as follows:

l Sodium chloride
l Nondairy ingredients, including nutritive and nonnutritive

sweeteners, fruits and vegetables, as well as juices, pure
pulps, preparations, and preserves derived there from
cereals, honey, chocolate, nuts, coffee, spices, and others

l Harmless natural � avoring foods or � avors
l Potable water
l Milk and milk products
l Gelatin and starch in

B fermented milks heat treated after fermentation
B � avored fermented milk
B drinks based on fermented milk
B plain fermented milks
milks

rinks based
ilks

Fermented milks heat treated
after fermentation and drinks
based on fermented milk heat

treated after fermentation

Flavored Plain Flavored

x x
a xa xa

– x
– x
– x
x x
– x
x x
– x
x x

on fermented milk only.
itted by national legislation in the country of sale to the� nal consumer.
justi. In the case of flavored products, the additives are technologically

ly justied.
ed.
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l Other ingredients, such as cream, butter, anhydrous milk fa
or butter oil, milk powder, food caseinates, milk protein,
other dairy solids, whey, and others; fruit juices and other
fruit preparations, honey, coconut, cereal, dried fruits,
chocolate, spices, and coffee also could be added.

l In the particular case of fruit aggregation preparation or fruit
pulp preparation, both of industrial use, the presence of
sorbic acid is admitted, as well as its salts of sodium
potassium, and calcium in a concentration maximum of
300 mg kg� 1 (as sorbic acid) in the � nal product.

Codex Alimentariusallows the use of various optional
ingredients, such as acidity regulators, carbonating agent
colors, emulsi� ers, � avor enhancers, preservatives, stabilizer
and thickeners and sweeteners in fermented milks. The add
tives classes as well as the maximum level permitted for use i
fermented milks are indicated in Table 4. Additives, such as
gelatin, starch, carrageenan, xanthan and guar gums, alginate
carboxymethyl cellulose, and agar, can be used to improve th
characteristics of texture, consistency, and appearance of t
yogurt.

The additives allowed for low-fat yogurt and yogurt with
additions are � xed to a limit of 30% by weight of optional
nondairy ingredients.
Table 4 Additives and maximum level acceptable for use in ferme

INS no. Name of additive

Acidity regulators
334 Tartaric acidL(+)�
335(i) Monosodium tartrate
335(ii) SodiumL(+)-tartrate
336(i) Monopotassium tartrate
336(ii) Dipotassium tartrate
337 Potassium sodiumL(+)-tartrate
355 Adipic acid
356 Sodium adipate
357 Potassium adipate
359 Ammonium adipate

Carbonating agents
290 Carbon dioxide

Colors
100(i) Curcumin
101(i) Ribo� avin, synthetic
101(ii) Ribo� avin 50-phosphate, sodium
102 Tartrazine
104 Quinoline yellow
110 Sunset yellow FCF
120 Carmines
122 Azorubine (carmoisine)
124 Ponceau 4R (Cochineal red A)
129 Allura red AC
132 Indigotine
133 Brilliant blue FCF
141(I) Chlorophylls, copper complexes
141(ii) Chlorophyllins, copper complex

potassium salts
143 Fast green FCF
150b Caramel II– sul� te caramel
Homogenization
The homogenization of milk and solids has the purpose of
promoting the homogeneous dispersion of fat in the basic
mixture, of increasing viscosity, and improve the organoleptic
qualities. This step is very important for yogurt made with
whole milk.

The process breaks the fat globules standardizing its siz
within 1 mm. Such size reduction is essential to prevent sep
ration of fat during the production of set yogurt, for example.
Homogenization also improves the consistency of the stirred
yogurt. In general, the homogenization is carried out before the
heat treatment of milk.
Heat Treatment
Heat treatment of milk is conducted in heat exchanger and the
temperature must reach 90–95 � C with a residence time of 2–
5 min. An alternative is to heat milk batches up to 85 � C,
maintaining this temperature for 30 min. This step results in
a � nal product with improved texture, because of the modi� -
cation of the physical–chemical properties of denatured casein
and whey proteins. Whey proteins are broken down, releasing
products that stimulate the growth of the cultures, remov-
ing dissolved oxygen in the milk, improving growth of
nted milk products

Maximum level

2000 mg kg� 1 as tartaric acid

1500 mg kg� 1 as adipic acid

GMP

100 mg kg� 1

300 mg kg� 1

150 mg kg� 1

300 mg kg� 1

150 mg kg� 1

150 mg kg� 1

150 mg kg� 1

300 mg kg� 1

100 mg kg� 1

150 mg kg� 1

500 mg kg� 1

es, sodium and

100 mg kg� 1

150 mg kg� 1

(Continued)
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microaerophilic cultures, and killing the pathogenic microor-
ganisms that may be present in milk.

The application of ultra-high-temperature (UHT) treatment
to the milk does not provide the same bene� ts and physical
properties necessary for the growth of lactic acid bacteria. Th
temperature range to be employed varies from 75� C for 5 min
to 95 � C for 5–10 min.

Milk usually is supplemented with skimmed milk powder
to improve the characteristics of� rmness, and the gel formed
throughout acidi� cation is stable. The heat treatment of milk at
90 � C for 10 min, for example, or 120 � C for 2 min reduces the
tendency to syneresis as an effect of protein denaturation.

The heat treatment of milk is one of the main parameters
that affects texture, microstructure, and rheology of yogurt.

Inoculation and Fermentation
Fermented milks and cheeses have been around for at lea
10 000 years, but only in the last 100 years, has the scienti� c
basis of the microbiology of these fermentations been eluci-
dated. The� rst de� nitions of lactic acid bacteria as a group were
restricted to the ability of these bacteria to coagulate or fermen
milk, causing bene� cial changes generally improving� avor,
aroma, and texture, and sometimes accumulating vitamins in
addition to the organic acids that will increase the shelf life of
products. The lactose present in milk is fermented by lactic acid
bacteria, primarily resulting in lactic acid, favoring the reduc-
tion of pH and, consequently, the precipitation of milk
proteins, leading to various fermented products.

The general function of a starter culture should be to
produce suf� cient lactic acid over a period of time as short as
possible to ferment the milk from pH 6.4 –6.7 to pH 3.8–4.2.
The culture must provide texture, viscosity, odor, and� avor
characteristics to the� nal product. The type of starter culture
for the production of fermented milk varies among the
different types of product to be produced.

Starter cultures are provided in the liquid, ultrafrozen, or
dehydrated forms. The liquid form is supplied in sterile
reconstituted skim milk, and it may be stored at a temperature
below 8 � C for 1–2 weeks. A frozen culture (�30 to �40 � C or
in liquid nitrogen at �196 � C) can be stored for 3–6 months,
and dried ones (vacuum, spray, freeze-dried, or concentrate
freeze-dried) for more than 6 months.

The composition of the starter culture could contain one or
more species of lactic acid bacteria. It is de� ned as pure culture
when consists of a single strain. A mixed culture or coculture
contains a de� ned mixture of pure cultures, which can be of
different types of bacteria or of different strains. The mixed
culture consists of natural starters and unde� ned mixtures of
different strains or species.

During the growth of bacteria in milk, initial metabolism of
lactose results in the formation of glucose and galactose. Th
next step of metabolic process varies according to species an
results in different � nal products. Thus, lactic acid bacteria are
classi� ed into homofermentative or heterofermentative. The
former produce almost exclusively lactic acid, whereas the latte
produce lactic acid and other compounds such as CO2 and
ethanol. Lactic acid bacteria produce different amounts of lactic
acid during 24 h of fermentation at optimum temperature:
about 2.5% in milk for L. bulgaricus, 1% to L. acidophilus, and
0.9% S. thermophilus.
Among the fermented milk that employs thermophilic
lactic acid bacteria, acetaldehyde is the main componen
responsible for the aroma and taste, and is considered to be
ideal when concentration is between 20 and 40 ppm. Some
bacteria reduce acetaldehyde to ethanol and others do not
Those that accumulate acetaldehyde areLactococcus lactissubsp.
lactis biovar. diacetylactis, S. thermophilus, and L. bulgaricus.
Other compounds that are present at low concentrations and
favor the development of � avor are lactic acid and diacetyl.
Fermentation modi� es the composition of yogurt: Lactose is
reduced, some vitamins and proteins are decreased. There is
increase, however of lactic acid, glucose, galactose, peptide
b-galactosidase and other enzymes, some vitamins, and foli
acid.

The cultures for yogurt starters consisting of thermophilic
lactic bacteria with optimum growth near 42 � C used
S. thermophilus:L. bulgaricusin the proportion 1:1, 2:1, and 3:2 .
In the microbiology of the process, there is a symbiotic rela-
tionship between these bacteria at the beginning of fermenta
tion. This can be de� ned as a bene� cial growth ratio between
two biological entities of different species. Streptococcus the
mophilus starts the development of lactic acid fermenting
lactose, and it grows rapidly until milk reaches pH 5.5.
Consumption of dissolved oxygen occurs, as well as formation
of acid and aminated substances originated from whey protein,
which stimulates the growth of L. bulgaricus. The latter begins to
grow, decreasing milk pH and releasing more amino acids to
the medium, which stimulates the growth of S. thermophilus.
Over time, accumulated lactic acid further lowers the pH, and
this acid environment begins to inhibit S. thermophilus. At the
end of fermentation, L. bulgaricusovercomesS. thermophilusin
number.

Lactic acid bacteria have to be supplied with large amounts
of nutrients for their growth. The substrate must have
substances, such as carbohydrates, amino acids, peptone
lipids, vitamins, and minerals available. All fermented milk
must have a high number of viable lactic acid bacteria, and this
presence is essential for any product that aims a therapeutic o
prophylactic claim. In yogurt, the number of lactic acid bacteria
exceed 2.0� 109 cfu ml� 1, and the same parameter could be se
in bio-yogurts in which the minimum number of L. acidophilus
or Bi� dobacteriumspp. is 106 cfu ml� 1.

After heat treatment, the milk to produce yogurt is cooled to
the inoculation of the cultures:

l At 30 � C before inoculation of the starter culture consisting
of one or more of the following species: Lactococcus lact
subsp.lactis, Lactococcus lactissubsp.lactisbiovar diacetylactis,
Lactococcus lactissubsp. cremoris, and Leuconostoc mesent
oidessubsp. cremorisfor the production of mesophilic fer-
mented milk.

l At 22–25 � C in the manufacture of ke� r or kumis.
l At 42 � C for equal numbers of inoculated S. thermophilus

and L. bulgaricusfor the production of yogurt. Probiotic
fermented milk containing L. acidophilusand/or Bi� do-
bacteriumsp. are handled in the same manner as the yogur
culture.

The addition of lactic culture, previously prepared for
the fermentation of milk and manufacture of yogurt, is
done through sanitary pumps, without contact with the
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environment, to avoid contamination. Different methods can
be used for the preparation of yogurt culture. Some manu-
facturers prefer to spread the culture through successiv
subcultures of culture or parent stock cultures, whereas other
use frozen concentrated cultures to be inoculated directly into
the fermentation tank.

The inoculums concentration used generally is from 2 to
3%, but it can vary from 1 to 5%, according to the starter’s
manufacturers. Minimum inoculations are recommended,
however, to prevent an intense acidi�cation (i.e., from 0.05 to
1% of culture), since the percentage of inoculation depends on
several factors, such as the acidifying power of cultures, desire
incubation time, the richness of the bacterial cells, and the
relationship between lactobacilli and milk solids.

The fermentation is developed at a constant temperature
until desirable acidity or pH; fermentation time is variable
according to the employed culture.

Cooling and Final Processes
For mesophilic products, fermentation time varies between 12
and 16 h, time that may be necessary to achieve the� nal acidity
of w 1.0 g of lactic acid/100 ml of � nal product.

In yogurt production, fermentation should be stopped
when the acidity of the milk reaches 1.2–1.4 g of lactic acid/
100 ml (pH w 4.2–4.3). When acidity reaches 1.0 g lactic acid
100 ml, the isoelectric point of casein becomes unstable and
coagulates, forming a� rm gel. Whey is trapped within the
formed matrix, and in general, the higher the protein content in
milk, the stronger the resulting gel. The interruption of
fermentation is achieved by cooling the product. The pH when
fermentation is stopped may vary from 4.6 to 4.0, depending
on the process conditions. This has great effect on the senso
properties such as acidity,� avor, and texture.

Cooling function is to reduce the metabolic activity of the
culture, to control acidity of the product, and to prevent post-
acidi� cation. For set yogurt fermented into the packaging,� rm
cooling can be done by the circulation of cold air surrounding
the packs.

To fabricate a � rmly coagulated product, packaging and
cooling can be achieved by spraying cold air in the incubation
room or by transferring the packages containing the products to
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Figure 2 Schematic representation of the complete yogurt manufact
air-conditioned rooms at w 2–4 � C. For stirred products fer-
mented in tanks, cooling is done by circulating cold water
(w 2 � C) around the equipment. Alternatively, the product can
be pumped through a tubular cooler, but this process can cause
loss of viscosity.

The mixture of fruit and � avorings can be made in the
mixing tank after the temperature has dropped to 15–25 � C,
the product is packaged and the� nal cooling is performed
directly on the packing.

Yogurt’s most popular package is the single serving of 125–
150 g. The packaging is obtained preformed,� lled, and closed
by hot foil seal; generally the process uses form-� ll-seal.
A schematic representation of the complete yogurt manufacture
process is presented inFigure 2.
Physicochemical and Sensory Properties

The quality of the yogurt is governed by several factors, such a
composition and microbiological quality of raw material and
the added ingredients, the preparation and processing of milk,
and the manipulation of the clot after fermentation. It is
dif � cult to standardize the quality of the yogurt because of the
many forms, varieties, production methods, ingredients, and
consumer preferences. Yogurt must present the following
important attributes: The body must be viscous, � rm, and
cohesive; the texture should be smooth, free of lumps, and
without cracks; it must have sharp acidic taste; and the highe
volatile component must be acetaldehyde.

The chemical composition of the� nal products depends on
the original milk and milk supplementation. Yogurt ’s quality
assessment can be made through some laboratory tests, such
acidity, pH, and composition analysis, as well as rheology,
texture, and sensory evaluations, such as� avor, appearance,
and consistency during shelf life.

Sensory Characteristics: Aroma and Taste
The sensory characteristics play an important role in consume
acceptance of the product. Yogurt presents a fragile bu
distinguishable � avor in� uenced by different factors, such as
viscosity, and the presence of nonvolatile and aroma
compounds.
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The development of acid and aroma of yogurt depends on
microorganisms present in the culture being strain dependent
as well as fermentation time and temperature in which process
occurs. The typical taste and aroma of yogurt is directly asso
ciated with the presence of carbonyl compounds, especiall
acetaldehyde in the � nal product. Consumer acceptance
depends on the acidity and � avor perception as well as on
texture properties of the product.

Diacetyl and acetaldehyde are two compounds that partic
ipate in the aroma of various dairy products. Although several
compounds have been isolated with yogurt � avor–type
product, only acetaldehyde, acetone, ethanol, diacetyl, and
2-butanone were found in substantial amounts. Acetaldehyde
is considered to be the most prominent compound for the
typical yogurt aroma. The concentration of acetaldehyde can
vary from one product to another; products with acetaldehyde
content below 10 ppm are considered to be low in yogurt� avor
intensity.
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Figure 3 SEM micrographs showing structure of 24 h after fermen-
tation. Yogurt sample stored at 4� C for 1 day was freeze dried using an
Edwards model L4KR 118 (BOC Edwards, Brazil). The dried samples
were placed on stubs covered with double-face tape for observation in
a� eld emission scanning electron microscope (SEM) (JEOL model JSM-
7401-F, JEOL Ltd, Japan), operating at a voltage of 1.0–10.0 kV. The
images were registered under 10 000× magni� cations.
Texture and Microstructure
Texture is a major quality component of yogurt, representing
all of the rheological and structural attributes perceived by
mechanic and tactile receptors, and when appropriate, visua
and acoustic attributes (International Standard Organization).
In the manufacture of yogurt, the texture depends on severa
factors, among which are the milk basis, the employed cultures
and processing. These factors have been studied extensively
provide to yogurt this quality attribute.

Various techniques have been used to increase the cons
tency of yogurt. One method of obtaining a good texture and
higher consistency is increasing the solids content of the milk
or using thickeners and stabilizers. The action of thes
substances basically includes water retention and increase
viscosity.

The thickeners used in yogurt are modi� ed starch, carra-
geenan, agar–agar, alginates, carboxymethyl cellulose, xantha
gums, guar, locust bean gum, and others (seeTable 4). These
substances may be used individually or in combinations. When
chosen correctly, they improve the consistency, texture, sof
ness, and appearance of the yogurt.

Different methods can be employed to evaluate the texture
of fermented milk: sensory analysis, instrumental rheology,
and structure The texture characteristics of fermented milk
usually are studied using a cup or a spoon or the feeling tha
awakens the product in the mouth. This implies different
shear conditions and temperature and possibly is affected b
saliva dilution. Some publications have reported the use of
these two types of measures, but some studies do not indicat
how the assessment was conducted. The sensory attribut
most commonly used to describe the texture of fermented
milks are consistency, softness, and fragility. Discussions a
under way, however, to establish uniform terms for sensory
analysis to be used worldwide.

Yogurt is arranged as soft gel, set yogurt, or as a dispersion
aggregated particles, stirred yogurt. Visual observation of th
microstructure and indirect evaluation of the micelles network
homogeneity by measurements of water retention capacity ar
useful methods for the interpretation of macroscopic changes
in yogurt’s appearance.
Yogurt gels are a type of soft solid, and these networks ar
relatively dynamic systems that are prone to structural rear
rangements. The physical properties of yogurt gels can b
qualitatively explained using a model for casein interactions
that emphasizes a balance between attractive– hydrophobic
attractions, casein cross-links contributed by calcium phos
phate nanoclusters and covalent disul� de cross-links between
caseins and denatured whey proteins– and repulsive – elec-
trostatic or charge repulsions, mostly negative at the start o
fermentation forces.

The microstructure of yogurt and other fermented milk
products usually is performed by scanning electron microscopy
as shown in Figure 3. The photos can be stored in a computer
and analyzed to identify the density of proteins. Finally, image
analysis can be performed using special programs to establis
the pore size and other structures in the matrix microstructure
Yogurt displays a variety of rheological behaviors, such a
Newtonian, shear thinning, yield stress, and time dependence
Their rheological characterization requires at least two types o
measurement to de� ne viscoelastic properties and� ow. The
time dependence in the measurements of yogurt rheology
implies that only the apparent viscosity may be calculated in
a � xed shear rate and a given shear history. Penetrometer an
dynamic tests provide information about the viscoelastic
behavior of yogurt.

Equipment such as penetrometers or texturometers are use
for compression tests in which measurements of force required
to introduce a probe in the product in determined penetration
depth is calculated. This force is called� rmness or hardness
(Figure 4).

Moreover, rheometers could work dynamically, enabling
the calculation of the following attributes: (1) G 0 value of the
initial elastic modulus, before the product loses its structure
(i.e., the measure of the energy stored by oscillation), (2) G00,
viscous modulus that corresponds to a temporary loss of the
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Figure 4 Texture pro� le of yogurt samples as recorded by TA-XT2
Texture Analyzer (Stable Micro Systems Ltd., Godalming, England).
height obtained after sample compression; value employed for calcula
of � rmness attribute. Texture pro� le was analyzed on 50 ml samples
stored at 4–6 � C, throughout simple compression using an acrylic
cylinder probe (diameter: 2.5 cm), moving at a pretest speed of 5 mm s� 1

and test speed of 10 mm s� 1 trough a distance of 10 mm in the sample.
The penetration force in N was recorded as the� rmness according to
recommendations from Damin et al. (2008). Beyond� rmness, other
texture attributes as consistence (N s), cohesivity (N), andBreaking Point
(N) could be determined.
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elastic modulus, which represents a drip of the gel resulting
from the passage of the viscous to viscoelastic behavior an
that also corresponds to the dissipated energy per cycle, (3
tangent delta corresponds to the ratio between the elasti
properties, and (4) the complex viscosity. In linear viscoelastic
regions, the structure is maintained and gel properties can b
characterized.

The � ow behavior can be characterized by empirical tests
which allow researchers to set speci� c parameters, such as
viscosity in Brook� eld equipment or � ow time using Post-
humus funnel, Cenco, or Bostwick. Rheological methods,
however, allow calculating the true rheological behavior, shea
stress, and apparent viscosity. The test usually employed is
apply a shear ramp ranging from 0 to 1000 s� 1 during a few
minutes. Sometimes, the ramp up and down can be applied to
the calculation of thixotropy.
s
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Shelf Life and Defects

Until a few years ago, the shelf life of yogurt wasw 20 days
under refrigeration at which the product could keep its char-
acteristics. Industries have tried to extend its shelf life to
35 days. During this period, the number of bacteria decrease
and as acidity increases, syneresis occurs, and frequently o
� avors tend to appear.

Several time–temperature combinations during the manu-
facture of yogurt have been described in the literature to extend
the shelf life of yogurt. Although the heat treatment of milk at
w 75 � C and aseptic packaging of the product may increase th
shelf life for 2 months at 5 � C, UHT treatment of the product
ensures its stability for several months at room temperature.

Syneresis is the most common defect found in yogurts
during storage. There are several ways in which the separatio
of whey could be avoided: (1) homogenizing fat content or
increasing protein amounts up to 3.5%, (2) decreasing mineral
content, (3) heat treatment, (4) lowering the incubation
temperature, (5) slow cooling of the clot, (6) avoid shaking or
vibration of the product, (7) use of strains producing viscous
substances, (8) use of stabilizers, and (9) care in handling and
transporting.
Recent Developments in Yogurt-Related Products

At present, some new developments regarding fermented milk
and yogurt could be cited, such as therapeutic yogurts, long-life
yogurt, concentrated yogurt, dried yogurt, and frozen yogurt.
Therapeutic Yogurt

Gut health is a common target in the development and
consumption of functional foods, and some market � gures
point out this reality, showing that a large part of the sales in
the sector is due to the different types of fermented milks,
mainly yogurts. Moreover, when developing nutritionally
designed foods that promote health through gut microbial
reactions, three different types of food ingredients can be used
living microorganisms (probiotics), nondigestible carbohy-
drates (dietary � ber and prebiotics), and bioactive plant
secondary metabolites, such as phenolic compounds.

A probiotic is a viable microbial dietary supplement that
bene� cially in � uences the host through its effects in the gut
Probiotic microorganisms used in functional dairy products
belong to the generaLactobacillus, Bi� dobacterium, Streptococcu,
and Saccharomyces. Moreover, to win the market for functional
dairy products, several manufacturers have developed the
own products and have licensed probiotic bacteria asLactoba-
cillus johnsonii(Nestle), LactobacillusGG (Valio) LA7 (Bauer),
Causido (MD Foods), and Lactimel (Danone). Also, the Japa-
nese fermented milk containing Lactobacillus caseiShirota
(Yakult) leads the market in both Europe and the United
Kingdom.

Several researchers have described the main therapeu
bene� ts for humans of the ingestion of probiotic microorgan-
isms. Such bene� ts can be summarized as follows: increased
immune modulation and prevention of certain diseases or
changes in humans, including, for instance, diarrhea, lactose
intolerance, intestinal in� ammatory diseases, irritated bowel
syndrome, constipation, disordered growth of intestinal
bacteria, bladder and cervix cancers, allergies, skin issues, hi
cholesterol, high blood pressure, coronary diseases, and infec
tion of the urinary tract, as well as upper breathing tract and
related infections.

To produce the desired bene� ts, probiotic bacteria should
be present in the products at high viable counts during their
entire shelf life. Many authors have recommended that the
minimum dose for therapeutic effect be from 108 to
109 cfu ml� 1. This optimum desirable concentration is not well
established, although it should vary according to species and
strains. Other researchers suggested counts of from 107 to
108 cfu ml� 1; this level can be reached with daily doses of
100 ml of dairy products containing 107 cfu ml� 1 of probiotic
bacteria. Usually, probiotic microorganisms have low viability
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in commercial preparations; several factors that may affect thei
viability have been identi� ed in fermented milk, including pH
and acidity levels, other microorganisms, incubation temper-
atures, and the presence of oxygen. Furthermore, probioti
bacteria lack proteolytic activity in milk, which makes their use
and inclusion technologically dif � cult.

Prebiotics are nondigestible food components that are
bene� cial for the host because they selectively stimulate
proliferation or activity of desirable bacterial populations in
the colon. Moreover, prebiotics can inhibit pathogen multi-
plication, ensuring additional bene� t to host health. Such
components mostly act on the large intestine, even though they
also can affect microorganisms inside the small intestine. Thes
products strengthen normobiosis by (1) selective modi� cation
in the gut microbiota ’s composition, (2) improving feces
formation by increasing the water-holding capacity and gel-
i� cation of the fecal material, (3) bene� cial physiological
effects either in the colon or the extraintestinal compartments,
or (4) reduction of the risk of disbiose and associated intestinal
and systemic pathologies.

Among prebiotics, inulin and oligofructoses are soluble
and fermentable � bers. They are named fructans and are no
digested bya-amylase or hydrolytic enzymes in the upper part
of the intestinal tract. The inulin and oligofructose sources that
are used mostly by the food industry are chicory (Cichorium
intybus) and Jerusalem artichoke (Helianthus tuberosus). Inulin
is used mostly to obtain products with a low-fat content,
whereas oligofructoses are employed in low-calorie fruit
preparations, such as yogurts, and to balance the sweetne
and mask the high-intensity sweetener’s residual� avor in food
preparations. These functional food ingredients in� uence both
physiological and biochemical processes in the organism
resulting both in health improvement and in reduced risk of
many diseases.

Because of the expanding market of dairy companies, ther
has been a merging of dairy product and fruit beverage markets
with the introduction of hybrid dairy products, such as ‘juice-
ceuticals,’ offering health, � avor, and convenience. Then
yogurt containing fruit or fruit by-products is a challenge.

Finally, some yogurts contain simultaneously probiotics
and prebiotics (i.e., synbiotic yogurts). Some examples o
synbiotic yogurts currently available in commerce include (1)
Fysiq: yogurt produced by Mona, the Netherlands, which
contains L. acidophilusGilliland in combination with inulin –
the health claim relates to the reduction of cholesterol; and
(2) Symbalance: Swiss yogurt containingL. casei, a lactic acid
bacteria that helps prevent digestion blocks due to the over
growth of the yeastCandida albicansin the gastrointestinal tract.
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Long-Life Yogurt

A postproduction heat treatment or pasteurization helps to
increase yogurts’ shelf life because the application of heat
inactivates starter cultures and their enzymes, as well as oth
contaminants – for example, molds and yeasts resulting in
a long-life product. Three main problems have been associate
with the manufacture of long-life yogurt: reduction in visco-
sity, whey syneresis, and loss of� avor. Some precautionary
measures to avoid these problems have been suggested as w
as time–temperature parameters of the process.
It is evident that application of heat treatment to yogurt
destroysL. bulgaricusand S. thermophilus, yogurt starter cultures.
Therefore, according to standards, yogurt must contain an
abundant and viable population of these bacteria, or the
product cannot be called yogurt. An alternative method to
pasteurized yogurt is the application of the multiple frequency
or microwave technique.

Heat treatment affects quality of yogurt mainly nutritional
and therapeutic aspects, and vitamins and enzymes are highl
reduced: (1) vitamin B6, folic acid, and pantothenic acid; and
(2) protease, cellulose, amylase, andb-galactosidase. The
presence ofb-galactosidase is highly desirable, particularly for
consumers de� cient in lactase.
Concentrated Yogurt

Concentrated yogurt, strained yogurt, labneh, or Greek yogur
is yogurt that has been strained in a cloth or paper bag or� lter
to remove the whey. It has a consistency between that o
yogurt and cheese, and yogurt’s distinctive sour taste. It is
a traditional food in the Levant, Eastern Mediterranean, Near
East, and South Asia, where it often is used in cooking prep
arations, as it is high enough in fat not to curdle at higher
temperatures.

Like many yogurts, strained yogurt often is made from milk
or enriched milk by the addition of powdered milk or butterfat.
In the traditional method, cold and unsweetened natural or
plain yogurt is strained through a cloth bag, animal skin, or
earthenware vessel. In addition, two different systems o
ultra� ltration (UF) have been used for the production of
concentrated yogurt: (1) the fermentation of UF retentate that
has the solids content desired in the� nal product, and (2) UF
of the yogurt at 40 � C to produce a concentrate at about
24 g.100 g� 1 of total solids.

Because of the straining process to remove excess wh
even nonfat varieties are rich in texture and creamy. In Wester
Europe and the United States, strained yogurt has becom
increasingly popular because it is richer in texture than
unstrained yogurt, but it is low in fat. Because straining
removes whey, strained yogurt is higher in protein and lower in
sugar and carbohydrates than unstrained yogurt.
Dried Yogurt

Dried or powdered yogurt is manufactured to store the product
in a stable and ready-to-use form. Dried yogurt normally is
utilized in the preparation of desserts, food dishes, and soups
or even consumed like biscuits with tea.

There are two different types of dried yogurts: (1) recon-
stituted yogurt is incubated for a few hours to allow the coag-
ulation process to take place, and (2) gel yogurt is formed
within a very short period of time (i.e., instant yogurt). The
reconstituted yogurt lacks high viable bacteria counts as well a
the pleasant yogurt taste,� rm body and texture, and attractive
appearance of ordinary yogurt that resulted in poor accept-
ability by consumers.

Basically, two methods of drying could be employed
commercially for the manufacture of dried yogurt: spray-drying
or freeze-drying. The former uses temperature of drying (55–
60 � C), which may cause damage to the milk constituents or
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loss of �avor, and the latter methods is too expensive to be
considered in a commercial scale.

Powdered yogurt is produced mainly by spray-drying, and
a concentration of yogurt before drying should be conducted
at 50–60 �C. Subsequently, drying conditions should be
moderate to ensure high viable cell counts of L. bulgaricus and
S. thermophilus in the dried product.

Frozen Yogurt

The frozen yogurt is a frozen dessert made of yogurt, similar to
ice cream, but with lower fat amounts. Its formula contains
milk, high levels of sugar, and stabilizers and emulsi�ers
compared with yogurt to ensure the air-bubble structure during
freezing, and other ingredients normally used in the produc-
tion of ice cream and yogurt. Consumer interest in frozen
yogurt stems from the desirable nutritional properties attrib-
uted to the product and also its fresh �avor. It is classi�ed in
three main categories: soft, hard, or mousse.

Frozen yogurt is a low-acid product combined with the
coldness of ice cream. No standards for frozen yogurt have
been established in most countries concerning chemical
composition, minimum yogurt content, heat treatment of the
yogurt or ice cream mix before freezing, and counts of bacteria
at the time of consumption. In general, industry practice is to
achieve a minimum titratable acidity of 0.30% with
a minimum of 0.15% titratable acidity resulting from
fermentation of milk by yogurt bacteria, or by standardization
of the titratable acidity to the speci�ed level by addition of
yogurt with ice milk mix.

The frozen yogurt environment is not optimum for the
survival of bacteria. The freezing process of the mix may cause
a loss of 0.5–1 log cycle in viable counts. Moreover, the �uc-
tuation in temperature, causing ice crystal formation during the
6–12 month shelf life, may rupture bacterial cells and reduce
viability. Finally, the concentration of sweeteners in the
product inhibits growth of yogurt bacteria.
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Conclusion and Outlook

The fermented milk category includes a number of dairy
products, of which yogurt is the most popular. The
manufacturing process of yogurt is well established, but new
ingredients can improve its fermentation performance, prop-
erties, and healthy qualities.

The bene�cial properties to health resulting from the
consumption of yogurt have been known for many years.
The inclusion of probiotic bacteria alone or mixed or
prebiotics is a challenge because it involves the development
of technology for the manufacture and maintenance of
a viable number of bacteria in the �nal product and during
its entire shelf life.
See also:Fermented Milks: Range of Products; Northern
European Fermented Milks; Fermented Milks/Products of
Eastern Europe and Asia.
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Anatomy and Physiology of Fish

Fish generally are de�ned as aquatic vertebrates that use gills to
obtain oxygen from water and have �ns with a variable number
of skeletal elements called �n rays. Five vertebrate classes have
species that could be called �sh, but only two of these groups –
the sharks and rays, and the bony �sh – are generally important
and widely distributed in the aquatic environment. Fish are the
most numerous of the vertebrates, with at least 20 000 known
species and more than half are found in the marine environ-
ment. They are most common in the warm and temperate
waters of the continental shelves. In the cold polar water, about
1100 species are found (Table 1).

Being vertebrates, �sh have a vertebral column – the back-
bone and a cranium covering the brain. The backbone runs
from the head to the tail �n and is composed of segments
(vertebrae). These vertebrae are extended dorsally to form
neural spines, and in the trunk region, they have lateral
processes with ribs. The ribs are cartilaginous or bony structures
in the connective tissue (myocommata) between the muscle
segments (myotomes). Fish lack the tendinous system con-
necting muscle bundles to the skeleton of the animal. It has
muscle cells running in parallel and connected to sheaths of
Table 1 Classi�cation of fish

Scientific grouping Biological characteristics Technolog

Cyclostomes Jawless –
Chondrichthyes Cartilaginous High urea
Teleostei or bony Pelagic Fatty �sh
– Demersal Lean (wh

ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
connective tissue (myocommata), which are anchored to the
skeleton and the skin. The bundles of parallel muscle cells are
called myotomes.

The muscle tissue of �sh is composed of striated muscle.
The functional unit (i.e., muscle cell) consists of sarcoplasma
containing nuclei, glycogen grains, mitochondria, and
a number of myo�brils. The cell is surrounded by a sheath of
connective tissue called the sarcolemma. The myo�brils
contain the contractile proteins, actin, and myosin.

Most �sh muscle tissue is white, but depending on the
species, many �sh have a certain amount of dark tissue of
brown or reddish color. The proportion of dark to light muscle
varies with the activity of the �sh. In pelagic �sh, up to 50% of
the body weight may consist of dark muscle in which, as in
demersal �sh, the amount of dark muscle is very small.

There are many differences in the chemical composition of
the two muscle types, such as higher levels of lipids and
myoglobin in the dark muscle. The high lipid content of dark
muscle is important because of the problem of rancidity.

The reddish meat color of Salmon and sea trout is due to the
red carotenoid, astaxanthin. The �sh cannot synthesize astax-
anthin and thus is dependent on ingestion of the pigment
through the feed.
ical characteristics Examples

Slime-eels
content in muscle Shark, skate, rays

Herring, mackerel, sardine, tuna
ite) �sh Cod, haddock, hake

-384730-0.00124-5 923
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924 FISHj Catching and Handling
Fishes have certain common characteristics– for example,
backbones and gills– and all of them are cold blooded. Most of
them also have� ns along the back and under the tail, two pairs
of � ns, and a large vertical tail� n.

Cod may be considered to be a typical commercial� sh
(Figure 1). It is torpedo-shaped and is covered with a trans-
parent, slimy skin below which lie row upon row of scales from
head to tail. It has three vertical� ns along the back, the dorsal
� ns, and two � ns beneath the tail behind the vent, the ventral
� ns. In addition, it has a pair of pectoral � ns and a pair of pelvic
� ns; these� ns act as stabilizers and brakes. The tail usuall
propels the� sh. A� sh possesses six senses: apart from the usu
hearing, sight, smell, taste, and touch, it has a series of delica
and sensitive nerve endings in the skin, situated mainly along
the lateral line, which enable it to detect small water currents
and changes in water pressure. It can detect small ripples in th
water due to movement of other � sh. Some species of� sh have
sensitive organs in the skin and on the� ns by which they can
‘taste’ or ‘smell’ objects without eating them. Cod and similar
n
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Figure 1 External anatomy of the cod. From Burgess, G.H.O., Cuttin
C.L., Lovern, J.A., Waterman, J.J., 1965. Fish Handling & Processing.
Majesty’s Stationary Of� ce, Edinburgh, p. 275.
species have a specially sensitive‘beard’ or barbel, a smelling
organ.

Bony � shes have a characteristic gill cover or operculum on
each side of the body. This acts as a nonreturn valve. When th
� sh breathes in, the gill cover is closed against the body so tha
water enters only through the mouth. When the� sh breathes
out, the mouth is closed and water passes over the gills and ou
behind the gill covers. Sharks, dog� sh, skates, and rays that do
not have bony skeletons (the cartilaginous � shes) differ
slightly from the bony � shes, such as cod and herring; the
breathe in water through a special hole just behind each eye
instead of through the mouth, and breathe it out through
a separate series of gill slits, usually� ve, which lie on each side
of the head.

A � sh usually swallows food without chewing it, although
some � sh have teeth that are used for breaking up lumps of
food. The food passes straight into the stomach. Fish ca
survive periods of starvation lasting many months; in some
seas, they are forced to fast either because food is not availab
or because they cannot hunt during the long Arctic night. Some
species do not eat when they are preparing to spawn. Starvatio
is one possible cause of‘soft’ � sh, which is dif � cult to hang up
for smoking or marketing fresh.

The stomach wall of � sh contains microscopic glands that
secrete digestive enzymes as soon as food is eaten. This is
reason why feed herring rapidly becomes soft and broken afte
death. These enzymes will digest any protein with which they
come into contact, and after the death of the� sh, this includes
the stomach and intestines themselves. Enzymes are produce
in the microscopic glands in the lining of the stomach and
intestine and pyloric cecal in the bony� sh (Figure 2). The latter
are not found in cartilaginous � sh. The bile, which is produced
in the liver, enters the intestine just behind the stomach through
a � ne tube. A duct enters near this point from the pancreas
which produces digestive juices. The entire intestine of all� sh is
short. The main purpose of the gut is to digest food and absorb
it through its walls into the body. The other main organs of � sh
are the liver, kidney, swim bladder, and reproductive organs.

Fish are sensitive to temperature. The body temperature o
� sh is not controlled and it is, therefore, close to that of the
surrounding water. There is a range of temperatures in which
any particular species of� sh can live. The behavior of� sh is
conditioned by the desire to � nd food and to reproduce,
although other factors, such as water temperature, also hav
a signi� cant effect on� sh behavior.

A broad distinction usually is made between two types of
� sh, pelagicand demersal. Pelagic� sh, such as herring, sprats
and mackerel, are those that usually� nd their food (e.g.,
plankton) in the surface layers of the sea. Demersal� sh are
those such as cod, haddock, and� at� sh that lie on or near the
seabed. Pelagic� sh may become demersal during part of their
life cycle; herring, for example, may be trawled in certain area
during part of the year. Demersal� sh may become pelagic;
dog� sh, when herring is plentiful, may cause serious damage to
drift nets. Fishing methods depend almost entirely upon the
habits of the � sh to be captured; the drift net and ring net are as
unsuitable for � sh of demersal habit as the bottom trawl is for
� sh shoaling on the surface. Successful� shing requires
knowledge of how and where particular � sh are likely to
congregate at various times.
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Figure 2 Dissection of a cod. From Burgess, G.H.O., Cutting, C.L.,
Lovern, J.A., Waterman, J.J., 1965. Fish Handling & Processing. Her
Majesty’s Stationary Of� ce, Edinburgh, pp. 279.
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Composition of Body Tissues

The body tissues of� sh include skin, � esh, and bone. Skin
consists mainly of water (about 80%) and protein (about
16%). Bone contains mineral matter, mostly calcium phos-
phate, which amounts to about 14% of the total bone material;
Table 2 Analysis of the edible portion of raw� sh

Common name ScientiÞc name Protein (g) Fat

Carp, Indian Labeosp. 14.3–19.1 0.5–2
Carp Cirrhinussp. 18.1–19.6 0.2–4
Cat�sh (freshwater) Ictaluridaespp. 15.4–22.8 0.3–1
Cat�sh (marine) Ariidaespp. 12.7–21.2 0.2–2
Cod (Atlantic) Gadus morhua 16.5–20.7 0.1–0
Eel (freshwater) Anguillidaespp. 18.0 12.7–2
Haddock Melanogrammus aegleÞnus15.4–19.6 0.1–1
Halibut (Atlantic) Hippoglossus hippoglossus12.6–20.1 0.7–5
Herring (Atlantic) Clupea harengus 15.2–21.9 2.4–2
Mackerel (Atlantic) Scomber scombrus 15.1–23.1 0.7–2
Prawn Miscellaneous species 8.9–23.2 0.3–3
Salmon (pink) Oncorhynchus gorbuscha 17.2–20.6 2.0–9
Sardine Sardinellasp. 19.0 3.7
Shark Mixed species 14.9–27.1 0.1–2

Adapted from Wheaton, F.W., Lawson, T.B., 1985. Processing Aquatic Food P
the rest is mainly water (about 75%) and protein (about 9%).
The � esh is the most important tissue. It is made up chie�y of
muscle� bers held together by connective tissue. These cells a
surrounded by extracellular� uid. The � esh also contains blood
vessels and nerve� bers. The fat content of� sh varies with the
season; however, in healthy� sh � esh, fat, and water together
amount to about 80%. This value does not vary much. The
protein content of healthy � sh � esh is about 16–18%. Under
conditions of prolonged partial starvation, protein content is
depleted and the � esh may contain well over 80% water and
only 3% protein.

Nitrogenous bases such as trimethylamine oxide and urea
are plentiful in shark, dog� sh, rays, and skates. These a
colorless compounds and without smell. When bacterial
spoilage occurs, bacterial enzymes convert trimethylamine
oxide into trimethylamine and ammonia from urea. Freshwater
� sh contain less trimethylamine oxide than marine � sh.
A small amount of trimethylamine can produce strong odor.
Free amino acids are involved in the development of brown
color and off-� avor in dehydrated and canned� sh due to the
reaction of certain types of sugar with an amino group. The
principal free sugar of fresh� sh is glucose. The main signi� -
cance of glucose in� sh to the processor is in regard to the
browning reactions just mentioned with free amino acids.
Another sugar called ribose occurs in live� sh attached to
a complex nitrogenous substance and to phosphate; afte
death, autolysis frees the sugar, which is a reactive brownin
agent. Fish � esh contains metals (e.g., potassium, sodium
calcium, magnesium, iron, copper, manganese, zinc, and
cobalt) and nonmetals (e.g., phosphorus, sulfur, chlorine, and
iodine). Fish contains almost all the vitamins necessary in the
human diet; in particular, it is a good source of vitamins A, D,
B1, B2, and B12. The composition of the edible � esh of various
� shes is given inTable 2.
Microbiology of Fish

It is known that muscle tissues are sterile in healthy� sh, while
large populations of bacteria are present on the externa
Content per 100 g raw Þsh

(g) Moisture (g) Ash (g) Carbohydrate (g) Cholesterol (mg)

4.5 72.5–82.1 0.9–1.4 0.3–0.4 –
.0 75.0–79.8 1.0–1.6 0.6–2.0 –
1.0 68.0–82.6 0.9–1.7 –
.9 75.1–81.1 0.9–1.6 0.4–0.6 –
.8 78.2–82.6 1.0–1.2 – 36.1–40.8
1.5 62.2–70.1 1.3 –
.2 79.1–81.7 1.0–1.2 –
.2 76.5–82.9 1.1 –
9.1 52.6–78.0 1.7 –
4.0 49.3–78.6 1.0–3.0 – 80
.1 67.5–80.6 1.6–5.2 –
.4 69.0–78.2 1.1–1.4 – –

77.1 2.6 – –
.9 72.0–76.9 1.0–2.0 – –

roducts. John Wiley, New York.
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Table 4 Bacterial counts on� sh

Fish Count� 10� 3 (cfu g� 1)

Cod 47
Pollock 52
Whiting 77
Channel cat� sh 69–198 000
Hake 0.15
Rock� sh 0.14
English sole 0.06
North Sea� sh 0.1–100
Indian sardine 10–10 000
Flat� sh 10
Mullet 10
Shrimp (cold-water) 0.53–169
Shrimp (tropical) 1–10 000
Shrimp (pond) 1.5–13

Adapted from Connell, J.J., 1980a. Advances in Fish Science
and Technology. Fishing News Books, Farnham.
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surfaces, gills, and intestines. There may be as much as 102–106

bacteria per square centimeter of skin surface; similarly, gil
counts and intestinal counts may range from a few to 108 per
gram, depending on whether the � sh were feeding. During
spoilage, skin counts increase to 107 per square centimeter or
more; gill counts also increase. The micro� ora on � sh are
dominated by the Gram-negative bacteria (i.e.,Achromobacter,
Flavobacterium, Pseudomonas, and sometimes Vibrio). Some
Gram-positive bacteria, however, are also found (Table 3). The
Gram-negative bacteria dominate after a few days in ice, but i
� sh are held at high temperature, a mixed� ora results. Fish
spoilage bacteria reduce trimethylamine oxide to trimethyl-
amine in the presence of triamine oxidase. Fish bacteria ar
mostly psychrophilic, growing at between 0 and about 30� C,
with some growing at temperatures as low as�7.5 � C. Fish
bacteria are sensitive to low pH. Most bacteria would not grow
below pH 6.0, and this is one reason for the stable microbial
population found during rigor mortis when the pH of � esh is
in the range 6.2–6.5.

The organisms that dominate the spoilage micro�ora are
now known to be Pseudomonasand Alteromonas, and their
characteristics can be related to the spoilage process. Fi
from warm water carry greater numbers of bacteria than cold
water � sh and yield higher microbial counts when incuba-
tion temperatures are 35–37 � C. This indicates that the
microorganisms on � sh in warm waters are more mesophilic.
Similar variations were observed in the microbial pop-
ulations of shrimp, which are � shed in all oceans of the
world and are taken from both cold and warm waters.
Counts of shrimp and other bottom-dwelling marine species
may be dif� cult to evaluate because they tend to be
contaminated with sediment material. Some of the data
available on bacterial population numbers of � sh are shown
in Table 4. The skin of cold-water� shes has a major pop-
ulation of Gram-negative bacteria, whereas the skin of truly
warm-water � shes contains a majority of Gram-positive
bacteria. Cold-water marine � sh carry mainly Moraxella,
Acinetobacter, Pseudomonas, Flavobacterium, and Vibrio,
whereas warm-water species carry mostly Micrococci, coryn
eforms, and Bacillus.

The bacteria in� sh intestines vary depending on the food
consumed but normally include Vibrio, Achromobacter, Pseudo
monas, and Aeromonasand small numbers of Clostridium.
Freshwater� sh may show slightly lower skin and gill counts
than marine � sh. The kinds of bacteria found on freshwater� sh
Table 3 Flora of marine� sh by percentage of isolations in vario

Fish Micrococcus(%) Achromobacter(%) Flavo

Haddock 4 23 8
Halibut 16 34 30
Herring 24 43 13
Cod 14 48 25
Salmon 13 54 5
Porgy 53 21 7
Skate 3 19 9
Lemon sole 1 22 5
Shrimp (pond culture) – 2 –

Adapted from Connell, J.J., 1980a. Advances in Fish Science and Techno
vary according to the micro� ora of the water; dominant genera
are Pseudomonas, Cytophaga, Aeromonas, and the coryneform
groups, and warm-water freshwater � sh often may carry
Salmonella. Clostridium botulinummay be found in � sh captured
where sediments are contaminated with this organism.
Although a few yeasts, such asRhodotorula, Candida, and Tor-
ulopsishave been found in freshwater� sh, molds rarely are
found in � sh.
Flora of Newly Caught Fish

Effect of Environment and Species

Different species of� sh, such as cod, haddock, sole, skate, an
herring, caught in the North Sea at approximately the same
season have similar� oras; but � sh caught in different envi-
ronments have different� oras that re� ect the� ora of the water
in which the � sh are caught. This was also demonstrated by a
easily identi� able organism– C. botulinumtype E� which was
detected in the sea mud of Skagerrak and the Baltic.Vibrio
parahaemolyticuswas isolated from seawater� sh and shell� sh in
Southeast Asia, in the east and west coasts of America, an
in the Mediterranean, and from � sh landed in Baltic ports in
Germany. The bacterial� ora of the environment in which the
� sh is caught play a major role in determining the� ora of the
us generic groups

bacterium(%) Pseudomonas(%) Bacillus(%) Misc. (%)

22 24 18
– – 20

11 – 9
5 – 8
8 2 19
6 – 13
65 – 4
69 – 3
3 – 83 (Coryneform)

logy. Fishing News Books, Farnham.
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newly caught � sh. The bacterial � ora of North Sea � sh as
in� uenced by the season and environment are given inTable 5.
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Effect of Handling

So far, we have considered the� ora of � sh caught by line or
net; however, in commercial practice, the situation is very
different. Fish are landed on the deck of the� shing vessel,
where they may be trodden on; they are gutted and thus often
contaminated with the gut contents, which contain large
numbers of bacteria; they are then washed in seawater an
packed in ice or frozen onboard ships, where they may remain
for up to 17 days. On landing, the � sh are laid out in market
boxes or kits whose surfaces may carry a heavy bacterial loa
and they are then removed to be processed,� lleted, and
smoked before being dispatched to the retailers. During thes
events, depending on the hygiene of handling, the acquired
load of mesophilic contaminants may be considerable. The
initial � ora changes considerably during storage in ice, with
the Pseudomonasgroups gradually predominating. On
landing, the � sh pick up organisms from boxes and
surroundings. The bacteriumErysipelothrix rhusiopathiaeis the
cause of erysipeloid in� sh handlers during the warm periods
of the year all around the world. This organism never has been
found in newly caught � sh, but it regularly occurs on market
Table 5 Bacterial� ora of fresh North Sea� sh (1932–70)

1932 1960

Genus Proportion (%) Genus

Pseudomonas 5.0 Pseudomonas
Achromobacter 56.0 Group I
Flavobacterium 11.0 Group II
Micrococcus 22.5 Group III
Luminous bacteria 1.0 Achromobacter
Others 4.5 Flavobacterium/Cytophaga

Micrococcus
Luminous bacteria
Coryneforms
Vibrio/Aeromonas
Others

Adapted from Connell, J.J., 1980a. Advances in Fish Science and Technology

Table 6 Total counts and indicator organisms in some UK� shery produ

Product No. of samples tested
Mean colony count
at 37� C

Fish skin (direct from sea) 12 < 90
Retail� llets 6 264 000
Fish cakes 12 197 000
Kippers 17 7 450 000
Suggested standard Not exceeding 105 pe

at 35� C

MPN, most probable number.
Shewan, J.M., 1971. Journal of Applied Bacteriology 34 (2), 293.
� sh, on � sh boxes, and on market � oors in the summer
months. The organism is a soil saprophyte that grows well in
� sh slime. Other indications of the effect of handling are the
numbers and types of indicator organisms on� sh and � shery
products (Table 6).
Role of Handling on Bacterial Spoilage

Bacterial spoilage of� sh proceeds even at 0–4 � C, but it easily
can be controlled by storage at temperatures below 10� C.
Immediately after death a complex series of enzymatic change
take place in muscle, involving adenosine triphosphate and
anserine. The� esh remains sterile (or nearly so) for 3–4 days at
0 � C. It is believed that bacteria penetrate the gill tissue and
continue along the vascular system, particularly along the
caudal vein through the kidney, and after a few days into the
� esh or through the intestines into the body cavity and belly
walls, or through the skin into the � esh. Bacteria are con� ned to
the surface layers before spoilage begins. The penetration int
the tissues or along the blood vessels takes place with th
progress of spoilage. This case is different in whole or evisce
ated � sh held at low temperature. In � llets, the bacterial
penetration is more rapid, but most of the activity occurs at the
surfaces. This is a function of the oxidative nature of bacteria
1970

Proportion (%) Genus Proportion (%)

Pseudomonas
– Group I –
16.0 Group II 13.0
– Group III 9.0
23.0 Moraxella 40.0
27.0 Acinetobacter 1.0
4.0 Flavobacterium/Cytophaga 10.0
1.0 Micrococcus 1.0

18.0 LuminousVibriospp. < 1.0
1.0 Photobacterium < 1.0

10.0 Arthrobacter 18.0
Vibrio < 1.0
Aeromonas < 1.0
Others 3.0

. Fishing News Books, Farnham.

cts

per gram
No. of coliforms MPN per 10 g No. or % positive forS. aureus

9.1 50 (2þ ve)
– 250 (1þ ve)
200 (42E. coli) 42% in 1 g
23 (6 g� 1 þ ve) 0

r g Not exceeding 200 per g
or 100E. coliper g

Not exceeding 100 per g
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Table 7 Effect of processing on bacterial counts in shrimp

Hand peeled Machine peeled

Initial 104 103

Brining 104

Storage 108a

Blanching 102

Peeling 103 103

Cooking < 10
Grading or packing 104 104

aFrom a storage hopper.
Adapted from Connell, J.J., 1980a. Advances in Fish Science and Tech-
nology. Fishing News Books, Farnham.
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involved. There is a shift in bacterial types during the storage
period. Pseudomonasbecome more dominant and Moraxella,
Achromobacter, and Flavobacteriumpersist at a decreasing leve
The sulfur-containing compounds are most important as
spoilage odor components, andPseudomonas� uorescens, Pseu-
domonas perolens,Pseudomonas putida, and Pseudomonas putref
cienshave been shown to produce them from sulfur-containing
amino acids.

Only two species of pathogenic bacteria occur on� sh:
C. botulinumtype E and V. parahaemolyticus. Clostridium botu-
linum type E is found in marine and lake sediments and in� sh
intestines; it does not grow or produce toxin in living � sh but is
carried passively, and it becomes a hazard only in mishandled
processed products.Vibrio parahaemolyticusis found in the
marine environment and on � sh and shell� sh when tempera-
tures are high enough (above 15� C). The microorganism is
distributed widely in inshore marine areas and can be isolated
readily from marine animals in warm-water areas in summer
months. Not all V. parahaemolyticusstrains are pathogenic,
however, and the level of natural occurrence rarely approache
infective numbers; food poisoning from this organism usually
involves mishandling of seafood products. TheVibrio is sensi-
tive to heat above 48� C and to cold, particularly 0–5 � C. Most
outbreaks of food poisoning derive from consumption of raw
� sh and also from eating shrimp recontaminated after cooking
and held at temperatures allowing rapid growth. Generally
V. parahaemolyticusgrows very rapidly under favorable
conditions.

Other potentially pathogenic bacteria associated with� sh
and shell� sh include Clostridium perfringens, Staphylococcu,
Salmonella, Shigella, Vibrio cholerae, and other Vibrios. These
organisms are derived by contamination from terrestrial sour-
ces. Vibrio choleraecan be very persistent in inshore marine
environments. Salmonellamay also persist in � sh for long
periods. Salmonella typhimuriumpersisted in warm-water
marine � sh and freshwater species for 30 days.Salmonellawas
detected in cat� sh from a retail market due to indigenous
contamination. Clostridium perfringenswas found in a number
of � shes owing to contamination with sewage, which is the
main source of this organism.

Bacteria occurring on fresh tuna can cause a public healt
problem; these organisms actively decarboxylate histidine to
histamine and this is associated with scombroid poisoning,
a condition that affects people consuming tuna, mackerel, or
related � shes containing more than 100 mg histamine per kg
of tissue. Bacteria implicated include Morganella morganii
Klebsiella pneumoniae, and Hafnia alvei. The occurrence of
these pathogenic bacteria is important to the� sh processor.
Some microorganisms commonly are used by regulatory
agencies as indices of hazardous conditions; they includ
coliforms and fecal bacteria, such asEscherichia coli, Staphy-
lococcus, and sometimes Enterococci. Such organisms shoul
not be present on fresh-caught� sh. Low levels of these
organisms are found on iced � sh when they are unloaded
from the boats, and proper handling is required to maintain
these low levels. In general, fresh and frozen� sh should have
less than 199 fecal bacteria per gram, less than 10
coagulase-negative Staphylococci per gram, and a total coun
no higher than 106 per gram. Changes in proportions or total
numbers of indicator organisms are important for
assessment of bacteriological effectiveness of processing a
handling procedures.
Effect of Processing

The numbers and types of bacteria on� sh are affected by
simple primary processing operations (Tables 7 and 8).
Because bacteria are con� ned mainly to the skin, gills, and
intestine of freshly caught� sh, it might be expected that evis-
ceration, beheading, � lleting, and skinning would greatly
reduce the bacterial count on the� nal product. This depends
on avoidance of cross-contamination and the addition of
extraneous bacteria from the environment. In practice, even
with the use of chlorinated process water, machine processing
antiseptic dips for hands and knives and other precautions,
� llets, steaks, and other products from fresh� sh processors
usually carry bacterial counts of 103–105 per gram of� llet � esh,
although occasionally lower counts are achieved and at othe
times much higher counts occur.

The major qualitative change from primary processing is
usually an increase in the relative proportion of Gram-positive
bacteria and the appearance of bacteria associated wit
humans, including some Staphylococci and enteric bacteria
The processing of shrimp has been studied in detail. Cooked
products usually show lower bacterial counts than uncooked
products, but subsequent operations cause an increase in coun
(Table 7). Shrimp on world markets typically have an average
bacterial count of 106 per gram. Processing may or may not
bring about major changes in the composition of the micro-
� ora of shrimp.
Freezing

The effect of freezing on the bacterial population of� sh is
dif � cult to predict. In general, there is some reduction in
counts, and the numbers continue to fall during storage in
the frozen state (Tables 9–11). Gram-negative bacteria are
more sensitive to freezing than Gram-positive bacteria, and
bacterial spores are highly resistant.Salmonellaand other
members of the Enterobacteriaceae are among the mor
sensitive bacteria, but there are great variations in the
response of these organisms when present on� sh. This
variability is due to the range of different freezing processes
for foods. Even in the case of cold-sensitive microorganisms
such asV. parahaemolyticus, there may be some survival after
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Table 9 Effect of freezing on micro� ora of� sh (ocean perch)

Fresh caught Frozen

Bacterial count (per g) 4.9 � 105 8.3 � 104

Coliforms (per g) 0.6 0
Pseudomonas(%) 22.9 26.9
Achromobacter(%) 28.4 22
Flavobacterium(%) 16.0 12.1
Gram-positiveBacilli(%) 27.2 24.8
Micrococcus(%) 4.3 1.5

Adapted from Connell, J.J., 1980a. Advances in Fish Science and Technolog
Fishing News Books, Farnham.

Table 8 Effect of processing on� sh micro� ora

Newly caught Þsh Auction Fillets Retail Þllets

Bacterial count 8.4 � 103 per cm2 7 � 104 per cm2 7 � 105 per g 8.6� 105 per g
Percentage distribution

Pseudomonas 18 15 6 11
Moraxella 8 15 6 7
Other Gram-negative bacteria 8 6 2 12
Micrococcus 49 41 76 45
Coryneforms 12 19 7 22
Other Gram-positive bacteria 4 2 – –

Adapted from Connell, J.J., 1980a. Advances in Fish Science and Technology. Fishing News Books, Farnham.
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freezing. From a practical standpoint, the conditions of
freezing and subsequent cold storage most desirable fo
quality (i.e., rapid freezing and low non� uctuating
temperature during storage) are most protective of the
bacteria present. Freezing simply preserves the bacter
Table 10 Effect of processing on bacteria of public health sign� can

Plate count (per g)

Coliforms (M20 � C 35� C

Frozen blocks 104–105 104 < 10–102

Cut, battered, and breaded 105–106 105 10–103

Precooked 104–105 103–104 < 10–101

NoSalmonellawere isolated from 293 samples tested.
MPN, most probable number.

Table 11 Microbial quality of frozen breaded seafood products

Pe

Plate count< 106 per g

United States Canada

Fish sticks 99.8
Other breaded� sh 100
Fish cakes 99.4 9
Scallops 100 9
Fish portion 99.2 9
Breaded raw shrimps 82.2 7.3 9
Precooked shrimps – 97.4

Adapted from Connell, J.J., 1980a. Advances in Fish Science and Techno
status quo of the product. It is an effective method of
halting bacterial action. Although a few microorganisms
have been reported to be able to grow at�7.5 � C, in
practice there is no signi� cant bacterial activity below� 5 � C
in seafood.
Canning

Canned seafood falls into two categories from a bacteriolog
ical point of view: fully processed commercially sterile prod-
ucts and semipreserved products. The fully processe
products include canned tuna, salmon, shrimp, crab, sardines
and other � sh, � sh balls, and so on. The heating proces
applied to these products is designed to destroy pathogeni
bacteria and normal numbers of other organisms. Spore
formers if present in the unprocessed material in excessiv
numbers, or gaining entry into the can after processing
through improper seaming or contaminated cooling water,

y.
ice in precooked frozen seafoods

PN) E. coli(per g) Coagulase-positiveStaphylococcus(%þ ve)

< 10 64
< 10–102 73
0 52

rcentage of samples containing

E. coli< 3 per g S. aureus< 100 per g

United States Canada United States Canada

96.1 100
100 100

0.0 99.7
8.6 100
7.9 100
8.8 99 99.7 83.3

100 –

logy. Fishing News Books, Farnham.
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may create problems. Flat sour spoilage due toBacillus stear
othermophilus, which survive processing and multiply during
slow cooling or storage at high temperature (45� C or above),
can be a problem. Because of improper processing an
contamination from a leaky can, swollen or blown can may be
caused byClostridium sporogenes. Stability of semipreserv
seafood products is maintained by low pH, salt-water activity
(aw) control, speci� c acid or other preservative, anaerobic
conditions, and refrigeration. Failure to maintain these
conditions may permit growth of acidophilic bacteria, yeasts,
or molds, and sometimes dangerous bacteria. Botulism due to
canned� sh products is rare.
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Salting and Drying

Preservation of� sh and shrimp by drying, salting, or both is
practiced widely throughout the world. The principal effect on
microorganisms is due to the lowering ofaw, although sodium
chloride itself at higher concentrations may be lethal for some
bacteria and yeasts owing to its osmotic effects. Sensitiv
bacteria, such as Salmonella, which contaminate a dried
product, may persist for some time.

Microbiological changes occur mainly during early stages o
salting and drying (aw > 0.90). The � nal population is domi-
nated by Micrococci and Gram-positive rods. Dried � sh,
shrimp, and other seafood products are contaminated easily by
mold spores that grow if the product becomes slightly moist.
Mycotoxigenic molds have been identi� ed on such products.
Small pelagic� shes are caught in enormous quantities by purse
seine nets and undergo enzymatic liquefaction when held
unrefrigerated in vessel holds or in outside holding bins
at tropical temperatures. The major problem of product
contamination has been Salmonella. Fish meal prepared from
these� shes therefore is blamed for dissemination ofSalmonella
serotype throughout the world. Raw� sh are contaminated in
boats and holding areas of the plants. Boats and machinery
should be cleaned completely with chlorinated water.
,
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Smoking

Large quantities of� sh are still treated by the smoking process
in which preservation is achieved by drying. In hot smoking,
the internal temperature normally exceeds 60� C, whereas in
cold smoking, it rarely exceeds 35� C. The initial brining
process brings about a change in the original micro� ora.
Generally, smoking shifts the balance of micro� ora from
Gram-negative to Gram-positive. Coryneform bacteria, Micro-
cocci, andBacillusare the dominant forms present. The internal
temperature reached by the� sh during smoking controls the
type of micro� ora dominating. As there is a risk of botulism
due to the growth of C. botulinumtype E in smoked� sh, the US
Food and Drug Administration promulgated regulations for
processes that would exclude any danger of botulism from this
source. Hard smoked and essentially dried� sh products nor-
mally are spoiled by molds.

Fermentation

There are many different fermented food products in Southeas
Asia, notably � sh sauce, which is a digested� sh product of
brine and enzyme. Mixed fermentations of� sh or shell� sh and
vegetable or cereals are used to prepare products, such asi-sushi.
In this case, lactic acid bacteria and molds are involved. Lacti
acid bacteria produce antibacterial substances that stabilize th
product. Mold-fermented seafood products are popular in
Japan; for example,kojizukiis prepared by addingkoji to salted
� sh. Koji is prepared by growingAspergillus oryzaeon steamed
rice. The mold provides proteinases and other enzyme
required for � avor and texture change. Another Japanese mol
product is katsuobushi, which is used as soup stock. The molds
grown on the partly dried product are Aspergillusand Penicil-
lium. Their growth assists drying, reduces fat content, an
improves � avor. Products of � sh ensilage in Europe mainly
involve a lactic fermentation. Lactic starter cultures, such a
Lactobacillus plantarum, Pediococcus, and others, are added to the
mixture of � sh and carbohydrate source (cereal, cassava,
molasses) and controlled digestion is allowed to proceed. This
microbial process is effective in utilizing waste� sh for the
production of a high-quality animal food.
Irradiation

Because many commercial food� sh are taken from relatively
cold waters, spoilage due to autolytic processes and microbia
contamination continue even at cool temperatures. Thus, the
effectiveness of refrigeration for shelf life extension is reduced
This is evidenced by� avor changes in fresh� sh.

It has been shown that haddock� llets irradiated at 150 and
250 krad and stored from 0 to 30 days at�1 � C are organo-
leptically acceptable and the irradiation � avors and odors
could not be detected. After extensive experimental studies o
irradiated haddock, it has been concluded that microbial
deterioration can be reduced by irradiation by decreasing the
number of spoilage microorganisms. The odor caused by the
volatile compounds formed by irradiation of � sh decreases
with storage time and the shelf life at a given temperature
depends on the irradiation dose.

The most noticeable effect of radiation at the lower
pasteurizing level (10� 5–2 � 10� 5 Mrad) is to bring about
a shift in the apparent spoilage � ora from Pseudomonasto
Achromobacterand Gram-positive bacteria and yeasts. A
a slightly higher dose level (>3 � 10� 5 Mrad), yeasts and
Gram-positive bacteria dominate.
High-Pressure Processing

High-pressure processing (HPP) is a nonthermal preservation
technique that depending on pressure processing time and
temperature and product characteristics allows microorganisms
to be inactivated without changing the sensory characteristic
of foods as drastically as heat treatments. HPP has been studie
extensively, but commercial application is limited to speci� c
foods and markets. With seafood, HPP is used commercially
for salted squid and � sh sausages in Japan. More recentl
shucked oysters have been produced by HPP and 276 MP
(2 min, ambient temperature), reduced levels of V. para-
haemolyticus, delayed growth of aerobic plate counts, and
extended shelf life at 2–4 � C without causing unacceptable
sensory effects. Fresh vacuum-packed salmon showe



FISH j Catching and Handling 931
inactivation of Listeria monocytogenesby HPP (150 MPa, 1 � C),
and the pathogen was totally inactivated in a salmon spread
product by 700 MPa during 3 min at 10 � C. HPP with 250 MPa
at 5 � C, however, was found to be unable to prevent growth of
L. monocytogenesor spoilage of chilled smoked salmon.
See also: Clostridium:Clostridium botulinum; Dried Foods;
Traditional Fish Fermentation Technology and
Recent developments; Fish: Spoilage of Fish; Flavobacterium
spp. – Characteristics, Occurrence, and Toxicity; Freezing of
Foods: Growth and Survival of Microorganisms; Heat
Treatment of Foods – Principles of Pasteurization; High-
Pressure Treatment of Foods; Traditional Preservatives:
Sodium Chloride; Preservatives: Traditional Preservatives –
Wood Smoke; Pseudomonas:Introduction; Salmonella:
Introduction; Spoilage Problems: Problems Caused by
Bacteria; Vibrio Introduction, Including Vibrio parahaemolyticus,
Vibrio vulnificus, and Other Vibrio Species; Listeria
Monocytogenes.
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Introduction

The high degree of perishability of �sh has limited its
consumption in a fresh state to areas close to its capture.
Traditional curing techniques based on combinations of
salting, drying, and smoking as well as more recent improve-
ments in food technology have extended the shelf life of �sh
and �sh products, so that seafoods may play an important role
in nutrition for a wider range of human populations. The great
diversity of �sh products (Table 1) combined with a great
variation in raw material and processing parameters used
throughout the industry establish a wide range of products
with different spoilage problems.

Spoilage is de�ned here as microbial or chemical changes
that cause sensory changes to a degree that the food becomes
unacceptable to the consumer. Toxin formation and toxicity
due to pathogenic microorganisms, although unacceptable, is
not dealt with.
Role of Autolysis, Lipid Oxidation, and
Microorganisms

Several different processes may produce undesirable sensory
changes in �sh products; these may be:

1. autolytic (enzymatic) processes
2. chemical processes
3. microbiological processes

These processes may result in visual changes (e.g., discol-
oration, slime formation), changes in texture, gas formation,
or, most commonly, unpleasant changes in odor, and �avor of
the product.
Autolytic Changes

It generally is accepted that the early decrease in the sensory
quality of some �sh products, notably chill-stored fresh �sh, is
caused by autolytic processes involving enzymes indigenous to
Table 1 Types of �sh products

Type of product Important spoilage organisms

Chilled, stored aerobically Shewanella putrefaciens, Pseudomonas spp.
Chilled,

vacuum-packed
Photobacterium phosphoreum,

S. putrefaciens, LAB
Chilled, MAP P. phosphoreum, LAB
Lightly preserved

�sh products
LAB, Enterobacteriaceae,

P. phosphoreum
Highly salted Halophilic bacteria, molds
Fermented Molds, LAB
Heat treated Gram-positive spore-formers

LAB, lactic acid bacteria; MAP, modi�ed-atmosphere packed.
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the �sh muscle. The autolytic processes postmortem result
not only in rigor mortis but also in a well-de�ned degradation
of nucleotides. Adenosine triphosphate (ATP) is catabolized
by a series of dephosphorylation and deamination reactions
to inosine monophosphate (IMP), which may be further
degraded to hypoxanthine and ribose (Figure 1). The initial
degradative changes typically take place within days after catch
and normally do not result in off-odors or -�avors. Particularly
in Japan, however, the nucleotide breakdown is used as
a quality index. As �sh vary in the rate of the different steps, the
‘K value’ (giving the ratio between hypoxanthine plus inosine
and the total amount of ATP-related compounds) has been
introduced as quality index. The degradation of nucleotides,
particularly the formation of hypoxanthine, also can be caused
by bacteria that degrade IMP. Thus, the production of hypo-
xanthine in fresh, lean �sh is primarily caused by growth of
Gram-negative spoilage bacteria.

Many �sh, mostly marine species, are rich in a nitrogenous
compound, trimethylamine oxide (TMAO), which, during
storage of �sh products at above freezing temperatures, plays
an important role in the bacterial spoilage process (see Lipid
Oxidation and Hydrolysis). This compound may be degraded
autolytically to dimethylamine (DMA) and formaldehyde, and
this process is involved in the sensory changes occurring during
frozen storage of �sh where ‘soapy’ or ‘cardboard-like’ off-
odors and -�avors develop.

In whole, uneviscerated �sh, enzymes from the digestive
tract may play an important role in tissue degradation and may
result in bursting of the belly. This is typical of fatty pelagic �sh
like herring and mackerel and occurs in periods of high feeding
activity.
Lipid Oxidation and Hydrolysis

Fish may from a technological point be grouped as either lean
(e.g., cod, plaice) or fatty (e.g., herring, salmon). Fatty �sh
species accumulate lipid in the muscle and the lipid fraction is
rich in unsaturated fatty acids, particularly the n-3 poly-
unsaturated fatty acids. If left exposed to air, these �sh may
develop serious quality defects due to changes of the lipid
fraction. The most important changes taking place in the lipid
fraction are rancidity caused by nonmicrobial processes, either
due to autoxidation, which is a chemical reaction involving
Figure 1 Degradation of ATP (IMP, inosine monophosphate; Hx, hypo-
xanthine; ADP, Adenosine diphosphate; AMP, Adenosine monophosphate).

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00125-7
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oxygen and unsaturated lipid, or due to autolytic hydrolytic
activity. Both processes cause the development of off-� avors
and off-odors characterized as rancid. For this reason, mos
fatty � sh that have been processed to give an extended shelf li
(e.g., by smoking) are distributed and sold as vacuum-packed
products.
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Microorganisms: The Speci�c Spoilage Organism Concept

Although autolytic and chemical processes may cause senso
changes leading to spoilage it is well established that microbia
growth and activity are the main reason for the development of
off-odors and -� avors rendering nonfrozen � sh products
unacceptable or spoiled.

Microorganisms on Newly Caught Fish
The muscle and internal organs of healthy, freshly caught� sh
are usually sterile but the outer and inner surfaces of the live
� sh (skin, gills, and alimentary tract) all carry substantial
numbers of bacteria. Reported numbers on the skin have
ranged from 102 colony-forming units (cfu) per square centi-
meter to 107 cfu cm� 2, and from 103 to 109 cfu g� 1 in the gills
and the gut. The micro� ora of the gut is highly variable from
� sh to � sh, and some� sh contain a high proportion (up to
90%) of unculturable bacteria that may be visualized by DNA
or RNA staining.

Fish are poikilothermic (cold-blooded) animals, and their
micro� ora is therefore a re� ection of the environment in which
the � sh is caught. Thus, the micro� ora on temperate-water� sh
is dominated by psychrotrophic Gram-negative bacteria of the
generaPseudomonas, Psychrobacter, Acinetobacter, Shewanella, and
Flavobacteriumand the families Vibrionaceae and Aero-
monadaceae, but some Gram-positive bacteria such asBacillus,
Micrococcus, Clostridium, Corynebacterium, and lactic acid bacteria
(LAB) also can be found in varying proportions. The micro� ora
on � sh from tropical waters is composed of similar types of
organisms, although the proportion of Gram-positive bacteria
and Enterobacteriaceae tends to be slightly higher. Fish may b
caught in fresh or marine waters and this also in� uences the
composition of the micro � ora. Vibrionaceae (Vibrio spp. and
Photobacteriumspp.) and Shewanellaare typical of the marine
environment, whereasAeromonasspp. are freshwater bacteria.

The Spoilage Microßora: SpeciÞc Spoilage Organisms
After catch, the micro� ora will change as a consequence of the
contamination and, most important, the preservation
processes used during production. The physical (e.g., atmo
sphere, temperature) and chemical (e.g., preservatives) cond
tions as well as interactions between the microorganisms wil
cause a selection of organisms capable of growing under th
de� ned conditions. In general, the more severe the conditions
the fewer species will be able to grow. Thus only few halophilic
bacteria will grow in highly salted products with 20–30% NaCl
in the water phase, whereas a multitude of bacterial specie
may grow in lightly preserved � sh products, such as cold-
smoked products. During spoiling, a micro� ora typical of the
product develops, termed the ‘spoilage micro� ora,’ or the
‘spoilage association.’ Despite the large variation in initial
micro� ora of the fresh � sh and the many different parameters
used for preservation, a remarkable consistency exists in term
of species growing in the different products. Of the different
microbial species developing, only one or a few will be
responsible for the production of the off-odors and off-� avors
characterizing the spoilage. These species are called the spec� c
spoilage organisms.
Fish as Substrate for Microbial Growth and
Metabolism

Fish and � sh products are, in general, excellent substrates fo
microbial growth. Like other food raw materials, unprocessed
� sh contains large quantities of water and is rich in nonpro-
tein nitrogen (NPN), such as free amino acids. TMAO is a par
of the NPN fraction and is accumulated in many marine� sh
species and also in some freshwater species. Fish accumula
virtually no carbohydrate in the muscle (typically less than
0.5%) and very little lactic acid is produced postmortem. As
the buffering capacity of � sh muscle is high, the pH rarely
falls below 6.0, allowing many acid-sensitive bacteria to
grow.

The major reservoir of substrates for bacterial metabolic
activities important for spoilage is the water-soluble fraction,
including TMAO, sulfur-containing amino acids, and nucleo-
tides (e.g., IMP and inosine) (Table 2). From these substrates
a range of volatile compounds of importance for spoilage are
produced, including TMA, sulfides, ammonia, ketones, and
aldehydes.
Reduction of TMAO to Trimethylamine

TMAO does not serve as a substrate for bacterial catabolis
but is instead important as an alternative electron accepto
enabling some bacteria to exhibit rapid growth under anaer-
obic conditions. The product of this reaction is trimethylamine
(TMA), which is an important component of the odor of
stored � sh, giving the typical � shy smell. Substrates (electron
donors) for respiration include lactate and several of the free
amino acids. The presence of TMAO contributes to a relativel
high redox potential in the � esh since theEh of the TMAO/
TMA couple is þ19 mV. The presence of TMAO has been
suggested as an extra hurdle against anaerobic bacteria
salted � sh.

Many Gram-negative bacteria growing in � sh and � sh
products – for example, Shewanella putrefaciens, Photobacterium
phosphoreum, Aeromonasspp., and Enterobacteriaceae– are able
to use TMAO as an electron acceptor.
Degradation of Amino Acids

Many bacteria causing spoilage produce one or several volatil
sulfides. Very unpleasant putrid odors are caused by th
production of H 2S from the sulfur-containing amino acid
L-cysteine byS. putrefaciensand some Vibrionaceae and by the
production of methylmercaptan (CH 3SH) and dimethyl
sulfide (CH3)2S from methionine by S. putrefaciens. Pseudo
monasspp. are not typical H2S producers but produce some of
the other volatile sulfur compounds. A number of LAB isolated
as part of the spoilage association of lightly preserved� sh are
capable of producing H2S. Taurine, which is also sulfur
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Table 2 Substrate used and typical spoilage compounds produced by bacteria during storage of fresh and packed� sh

Substrate

Production (þ ) of spoilage compounds

Product examples

TMAO Cysteine Methionine Other amino acids IMP, inosine
Carbohydrates,
lactate

Compounds TMA H2S CH3SH, (CH3)2S
Ketones, esters,
aldehydes, NH3 Hypoxanthine Acids

Spoilage bacteria
Shewanella putrefaciens þ þ þ ? þ þ Iced marine� sh
Pseudomonassp. � � þ þ þ ? Iced freshwater� sh
Photobacterium phosphoreumþ � � ? þ ? CO2-packed� sh
Vibrionaceae þ þ ? ? ? ? Ambient-stored fresh� sh
Enterobacteriaceae þ (þ ) ? þ þ þ Lightly preserved� sh
Lactic acid bacteria � (þ ) ? þ ? þ Lightly preserved� sh
Yeast � � � þ ? þ Sugar-salted� sh
Anaerobic rods � ? þ ? ? Sous-vide� sh

From Gram, L., Huss, H.H., 2000. Fresh and processed� sh and shell� sh. In: Lund, B., Baird-Parker, A.C., Gould, C.W. (Eds.), The Microbiological Safety and Quality of Food.
Aspen Publishers, Gaithersburg, MD, Chapter 21.
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containing, occurs as free amino acid in very high concentra
tions in � sh muscle and disappears from the� sh � esh during
storage, but this is because of leakage rather than bacteri
attack. Pseudomonasspp. produce, apart from the sulfides,
a number of volatile aldehydes, ketones, and ethyl esters
Production of ethyl esters may be responsible for sweet, fruity
odors, and are typical products of the breakdown of amino
acids.
t

Breakdown of Proteins

Although several of the spoilage bacteria important in� sh
and � sh products exhibit extensive proteolytic potential (e.g.,
S. putrefaciens, Pseudomonasspp.), it appears that turnover of
the protein fraction is not of major importance in spoilage of
fresh � sh.
-

e
s

of
Breakdown of Nucleotides

Hypoxanthine, which may cause a bitter off-� avor in � sh, can
be formed by degradation of nucleotides. As described previ
ously, this process can be autolytic but microbial activity is
involved to a larger extent. Several spoilage bacteria produc
hypoxanthine from inosine or IMP, including Pseudomona
spp., S. putrefaciens, and P. phosphoreum.
r

e

s

e
t

Breakdown of Carbohydrate

The carbohydrate content of fresh� sh is very low and accu-
mulation of metabolic products from this substrate will be of
signi� cance only in � sh products to which carbohydrates are
added – for example, sugar-salted� sh. The most important
product from carbohydrate catabolism is CO2, which can be
produced by the mixed acid pathway by Enterobacteriaceae, o
by the phosphogluconate pathway by LAB. This CO2 may result
in swelling or ‘blowing ’ of products. Polymers produced from
carbohydrates by LAB may generate spoilage through slim
formation. In addition, production of acid by the catabolism of
carbohydrates by LAB may result in spoilage due to souring, a
has been reported for sugar-salted� sh containing high
numbers of LAB.
Breakdown of Lipids

It is known that Pseudomonasspp. (for example) may produce
lipases that are able to break down milk fat and thereby release
fatty acids. The signi�cance of this � nding for � sh products,
however, is not known.
Spoilage of Different Types of Fish Products

Various methods of preservation with effects on water activity
(aw), pH, temperature, or atmosphere may have a great effec
on the microbial � ora of � sh and the corresponding spoilage
pattern. Thus, Gram-positive bacteria in general will be more
resistant to freezing and thawing, to decreases inaw and pH,
and to conditions with low oxygen tension and no alternative
electron acceptor present (e.g., TMAO). The spoilage patterns
such products may differ signi�cantly from that observed for
fresh, chilled � sh.
Frozen Fish

Gram-negative bacteria are in general more sensitive to th
effects of freezing and thawing than Gram-positive bacteria. A
below freezing temperatures, however, bacteria play no role in
the spoilage process. Instead, autolytic changes involving DMA
and formaldehyde production are important in the production
of typical spoilage off-odors and -� avors.
Fresh Fish

Generally, the quality deterioration of fresh � sh is character-
ized by an initial loss of fresh � sh � avor, which is species-
speci� c but may in general be described as‘sweet’ and
‘seaweedy.’ After a period during which the odor and � avor
are described as neutral or nonspeci� c, the � rst indications of
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Figure 2 Correlation between remaining shelf life of iced cod and
numbers of H2S-producing bacteria (Shewanella putrefaciens).
From Gram, L., Huss, H.H., (2000) Fresh and processed� sh and shell-
� sh (Chapter 21). In: Lund, B., Baird-Parker, A.C., Gould, C.W. (Eds.),
The Microbiological Safety and Quality of Food. Gaithersburg, MD:
Aspen Publishers.
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off-odors and -� avors are detectable. These will progressive
become more pronounced and eventually the� sh is spoiled or
putrid. The time to spoilage depends mainly on storage
temperature and� sh species. The initial quality loss in� sh is
caused by autolytic changes and is unrelated to microbiolog
ical activity. Of particular importance in this respect is the
degradation of nucleotides (ATP-related compounds) as
described earlier. The off-odors and -� avors developing
depend on the � sh species, the origin of the� sh, and the
atmospheric conditions of storage. The spoilage of marine
temperate-water � sh stored aerobically is characterized by
development of offensive� shy, rotten, and H2S off-odors and
-� avors. This sensory impression is distinctly different for
some tropical � sh and freshwater� sh, where fruity, sulfhydryl
off- odors and -� avors are more typical. The predominating
bacteria of � sh caught or harvested in temperate as well as i
subtropical or tropical waters are, under aerobic iced storage
Pseudomonasspp. and S. putrefaciens(Table 3). At ambient
temperature (25 � C), the micro� ora is dominated by meso-
philic Vibrionaceae and, particularly if the � sh are caught in
polluted waters, mesophilic Enterobacteriaceae.

Shewanella putrefaciensis the speci�c spoilage bacteria of
marine temperate-water � sh stored aerobically in ice
(Figure 2), whereasPseudomonasspp. are the speci�c spoilers of
ice-stored tropical freshwater � sh and, together with
S. putrefaciens, also are spoilers of marine tropical� sh stored on
ice. At ambient temperature, motile aeromonads are the
speci�c spoilers of aerobically stored freshwater� sh.

In vacuum-packed ice-stored� sh from temperate marine
waters, the speci� c spoilage organisms areS. putrefaciensor
P. phosphoreum. The latter organism produces TMA in the same
levels per gram of cell material asS. putrefaciensbut does not
cause such foul off-odors, probably because it does no
produce volatile sulfides. Differences in initial numbers of
S. putrefaciensand P. phosphoreumprobably determine which of
the two becomes the most important spoilage organism of
vacuum-packed � sh from temperate marine waters. It is
unlikely that P. phosphoreumplays a major role in the spoilage
of freshwater� sh as it requires NaCl. It has been reported tha
Gram-positive bacteria (LAB) predominate in vacuum-packed
trout after 4 weeks of storage on ice.

Carbon dioxide packing of marine � sh from temperate
waters inhibits the development of the respiratory organisms,
such as Pseudomonasand S. putrefaciens, and their numbers
rarely exceed 105–106 cfu g� 1. The availability of TMAO as an
Table 3 Speci� c spoilage bacteria of fresh and packed fish stored

Storage conditions

SpeciÞc spoilage organ

Temperate waters

Marine Fresh

Aerobic Shewanella putrefaciens Pseudomonasp.a

Anaerobic S. putrefaciens Gram-positive ba
Photobacterium phosphoreum Lactic acid bacte

CO2 (20–70%) P. phosphoreum Lactic acid bacte

aAssumed to be the most likely spoilage bacteria as typical marine bacteria are
From Gram, L., Huss, H.H., 2000. Fresh and processed� sh and shell� sh. In: Lund, B., B
Aspen Publishers, Gaithersburg, MD, Chapter 21.
alternative electron acceptor mean that the dramatic extension
of shelf life seen with meat are not found for � sh packed in
a CO2-containing atmosphere. This is because the developmen
of TMA is similar to or delayed by only a few days compared
with vacuum-packed storage, but it is increased compared with
aerobic storage. The responsible spoilage organism is the CO2-
tolerant P. phosphoreum(seeTable 3), which can grow to levels
of 107–108 cfu g� 1 in CO2-packed fresh� sh products.

Carbon dioxide and vacuum packing of � sh caught in
freshwater or warmer waters, where the heat-sensitive, NaC
requiring P. phosphoreumis probably not as common, result in
diminished TMA production. The micro� ora becomes domi-
nated by various Gram-positive organisms, mainly LAB
As TMA can be detected later in the storage, howeve
TMAO-reducing organisms must be present at some level.

A special problem is encountered with elasmobranch� shes
such as dog� sh and sharks. These species contain high levels
urea, and bacterial urease activity in the product may generat
ammonia, causing a pungent odor.
Lightly Preserved Fish Products

Lightly preserved products include� sh preserved by low levels
of salt (<6% NaCl in the water phase), pH above 5, storage at
chilled (< 4 � C) or in ice

isms of fresh, chilled Þsh depending on source of Þsh

Tropical waters

Marine Fresh

s S. putrefaciens, Pseudomonassp. Pseudomonassp.
cteria Lactic acid bacteria Lactic acid bacteria?
ria Others?
ria Lactic acid bacteria Lactic acid bacteria?

TMAO-reducing bacteria TMAO-reducing bacteria

not present.
aird-Parker, A.C., Gould, C.W. (Eds.), The Microbiological Safety and Quality of Food.
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chill temperatures (< 5 � C) and, for some products, addition of
preservatives (sorbate, benzoate, NO2, or smoke). This is
a group of high-value delicatessen products– cold-smoked,
sugar-salted (‘gravad’) or marinated � sh – that typically are
consumed as ready-to-eat products with no heat treatment.

The spoilage of these products is complex and not wel
understood. Studies on cold-smoked salmon have shown tha
bacterial activity is the cause of spoilage (de� ned as unpleasant
off-odors and -� avors), although autolytic enzymes caused
texture changes (softening). The off-odors and -� avors devel-
oping are variously described as putrid, cabbagelike, sou
bitter, fruity, or sweet, and the normal shelf life of this product
also varied considerably from about 3 to 8 weeks for vacuum-
packed, cold-smoked salmon (4–5% NaCl in water phase, pH
6.3–6.4) stored at 5 � C.

The micro� ora developing in this type of product is domi-
nated by LAB, which often are present at high levels (107–
108 cfu g� 1) for several weeks before the products becom
spoiled (Figure 3). Species of LAB frequently isolated include
Carnobacteriumspp., Leuconostocspp., Lactobacillus plantarum,
Lactobacillus sake, and Lactobacillus curvatus. It has been observed
that various isolates of LAB are able to produce some of the off
odors (‘sour,’ ‘cabbagelike,’ ‘sulfurous’) associated with
spoilage of cold-smoked salmon. It also has been demon
strated that several isolates of LAB from pickled� sh, including
isolates ofCarnobacteriumspp., were able to produce H2S from
cysteine, and in another study, it was found that a strain of
L. sakeproduced H2S during growth on cold-smoked salmon.
However, the direct association between LAB and the spoilag
and shelf life of these products has not been established.

Besides LAB, the micro� ora of lightly preserved � sh prod-
ucts also may contain psychrotrophic members of the Enter
obacteriaceae (Serratia liquefaciens, Enterobacter agglomera,
etc.). Depending on the processes involved,P. phosphoreummay
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Figure 3 Changes in bacterial counts of aerobic, psychrotrophic
bacteria (circles), lactic acid bacteria (triangles), and Enterobacteriac
(squares) during storage of vacuum-packed, cold-smoked salmon (N
4.6% w/w in water phase) at 5� C. From Gram, L., Huss, H.H., 2000.
Fresh and processed� sh and shell� sh. In: Lund, B., Baird-Parker, A.C.,
Gould, C.W. (Eds.), The Microbiological Safety and Quality of Food.
Aspen Publishers, Gaithersburg, MD, Chapter 21.
sometimes grow in these products. Lactic acid bacteria are no
capable of reducing TMAO, and as TMA in some storage trial
may be detected in (for example) cold-smoked salmon,
Enterobacteriaceae orP. phosphoreummay be causing this
change. In addition Brochothrix thermosphacta, which is a known
spoilage bacteria of some meat products, may sporadically b
isolated from lightly preserved � sh products.
Salt-Cured Products

Two basic techniques may be used in the salting of� sh,
resulting in dry-salted and wet-salted (or pickled)� sh products.
Only nonfatty � sh are used for dry salting. There are two types o
spoilage of this product. One is growth of extremely halophilic
bacteria, which cause a red discoloration on the surface of the
� sh (‘pink � sh’). This group of bacteria, which includes such
genera asHalobacteriumand Halococcus, may cause proteolytic
spoilage. The other type of spoilage, known as‘dun,’ is caused
by highly osmophilic molds ( Sporendonemaand Oospora).

Wet salting or barrel salting is used for fatty� sh species,
such as herring and anchovy. The� sh are mixed with salt and
kept in a closed container. The water phase salt in barrel-salte
herring is typically 15–20%. Three types of spoilage are known
for this product. The most common type is characterized by
the presence of sour, sour-sweet, and putrid off-odors and
-� avors. This type of spoilage is caused by growth of a Gram
negative, halophilic, obligate anaerobic rod (up to 106–
107 cfu g� 1). The growth of this organism is not possible
until the general micro� ora has reduced all the TMAO, causing
the Eh to drop to negative values. This may take more than
1 year at chill storage (2–4 � C) as the general� ora may consist
of low levels (103–105 cfu g� 1) of mainly Gram-negative
halophilic rods able to reduce TMAO. The second type of
spoilage is characterized by the development of fruity off-
odors and is caused by growth to levels of 105 cfu g� 1 of
osmotolerant yeast species. Finally, the term‘ropiness’ or ‘ropy
brine’ is used to describe the type of spoilage in which the
brine becomes highly viscous or slimy; this type of spoilage is
caused by a Gram-negative, halophilic, aerobic nonmotile rod-
shaped (Moraxella-like) bacterium.
or
f

)

f

Fermented Products

Fermented products may contain low concentrations of salt
(maximum 8 –10% NaCl) and carbohydrates. The fermenta-
tion process is often a lactic acid fermentation. Rice has to be
added as source of fermentable carbohydrate, although only
a few LAB are amylolytic. Fermentation therefore likely
depends on other carbohydrate sources, such as molasses
garlic. Knowledge of the spoilage processes of this type o
products is limited, but excessive lactic acid souring (by LAB
and mold growth have been identi� ed as causes of spoilage.

High-salt ‘fermented’ � sh products, such as� sh sauce and
paste, are really autolyzed products, and the spoilage pattern o
these products is not described here.
eae
rt

aCl
Heat-Treated Products

Many types of seafood products receive a heat treatment as pa
of their processing. Products receiving only a mild treatment
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and distributed at chill temperatures (refrigerated processed
foods with extended durability, REPFED) are particularly likely
to spoil because of microbial action. Not surprisingly, it has
been reported that Gram-positive spore-formers may spoil
these products; for example, sous-vide-packed cod stored at
5 � C was reported to have spoiled because of the growth of
a Gram-positive spore-forming bacteria producing extremely
obnoxious and putrid off-odors.

Hot-smoked �sh (receiving treatment temperatures of
approximately 65 � C) will, if packed aerobically, spoil because
of the growth of molds and yeast. Depending on the aw,
pseudomonads also may grow. If the �sh is vacuum-packed,
little change is seen in the micro�ora and the count remains
low at approximately 103 cfu g� 1 for weeks.

Gram-positive spore-formers also may be the causative
spoilage organisms of canned seafoods, especially in low-
acid (pH >4.5) foods that have not received adequate heat
treatment. Spore-forming anaerobic Clostridium spp.
produce gas from either carbohydrates or amino acids
during growth, causing cans to swell. Anaerobic Bacillus
spp. may break down carbohydrates to produce acid but
not gas, thereby giving rise to the type of spoilage desig-
nated ‘�at sour,’ which describes the characteristics of the
can as well as the food.
See also: Traditional Fish Fermentation Technology and Recent
Developments; Pseudomonas:Introduction; Shewanella.
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Characteristics of Flavobacterium Species

The genus Flavobacterium was established by Frankland in 1889
and, since then many amendments to its description have
been made. The genus Flavobacterium is the type of genus of
the family Flavobacteriaceae in the phylum Bacteroidetes
(previously, the Cytophaga-Flavobacterium-Bacteroides group)
(Bernardet et al., 2002), which currently account for more than
50 other genera. The Flavobacterium species are Gram-negative
rods, non-spore-forming, strictly aerobic, motile by gliding,
pigmented bacteria containing menaquinone-6 (MK-6) as the
sole respiratory quinone. They have DNA G þ C contents
within the range of 30–41 mol% (Bernardet et al., 1996; Qu
et al., 2008). Genomes of some Flavobacterium species already
have been sequenced. The complete genome of Flavobacterium
branchiophilum FL-15 consists of circular chromosome of
3559 kbp and one small plasmid pFB1 of 4.408 bp. The chro-
mosome is predicted to contain 2.867 protein-coding genes,
whereas the plasmid contains genes coding: a plasmid repli-
cation initiation protein, a toxin-antitoxin module, and
a mobilization protein (Touchon et al., 2011). Moreover, the
complete genome sequence of Flavobacterium psychrophilum is
known. The genome consists of a 2.862 kbp circular chromo-
some with 2.432 predicted genes coding: stress response
mediators, gliding motility proteins, adhesins, and secreted
proteases probably involved in colonization and destruction of
the host tissue. The genomes of Flavobacterium johnsoniae and
Flavobacterium indicum also were sequenced (Barbier et al.,
2012). Flavobacterium indicum genome contains as many as
23 large regions not found in other species mentioned thus
far. A comparison of genome sequences of closely related
Flavobacterium species with different life styles con�rmed a loss
of synteny at the genus level, likely because of the presence of
many repeats (Barbier et al., 2012).

Through emendation of classi�cation, several species
previously incorporated in the genus Flavobacterium have been
reclassi�ed and placed in new or different genera, including the
genera Microbacterium, Salegentibacter, and Planococcus. Several
species previously classi�ed to other genera, including Cyto-
phaga and Flexibacter, have been reclassi�ed and placed in the
genus Flavobacterium (Bernardet et al., 1996). Flavobacterium
aquatile is the type species of the genus.

The genus Flavobacterium is physiologically diverse: it can
be psychrophilic, psychrotolerant, or mesophilic, as well as
halophilic, halotolerant, or sensitive to salts (Wang et al.,
2006). Cold-adapted microorganisms are divided into two
categories – that is, obligatory psychrophilic microorganisms
(psychrophiles) and facultative psychrophilic microorganisms
(psychrotolerant organisms). A psychrophile is capable of
growing at or below 0 �C, but it is unable to grow above 20 �C.
A psychrotolerant organism, although capable of growth at
0 �C, can grow well above 20 �C. As 80% of the biosphere has
temperatures that remain permanently below 5 �C, cold-
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adapted microorganisms are distributed widely in nature. Most
of the psychrophiles that have been characterized to date
originate from the Antarctic. Psychrophiles also can be found in
permanently cold environments, such as fresh and marine
water, polar and high alpine soils and water, glaciers, and
frozen or chilled foodstuffs. A glacier is a relatively simple and
closed ecosystem with a special biotic community, containing
various psychrophilic and psychrotolerant organisms.

Members of the Flavobacterium species are highly abundant
in freshwater and marine ecosystems and become dominant in
response to the input of organic substrates. These �ndings
suggest that these bacteria may have a specialized role in the
uptake, degradation, and decomposition of organic matter in
cold, aquatic environments and in bacterioplankton biomass.
Indeed, many species of the genus Flavobacterium are capable
of hydrolyzing organic polymers, such as complex poly-
saccharides (Bernardet et al., 2002). In addition, cold-adapted
bacteria exhibited immense biotechnological potentials, for
example, to produce polyunsaturated fatty acids and utilize
cold-active enzymes in speci�c biotransformations, wastewater
treatment, and environmental bioremediations (Ryu et al.,
2008; Touchon et al., 2011).
Occurrence

Many novel Flavobacterium species, isolated from various
environments, have been described in the past decade, and
each year this number is steadily increasing (Table 1).

Members of the genus Flavobacterium are distributed widely
in nature and have been isolated from various habitats, such
as diseased �sh, microbial mats, freshwater and river sedi-
ments, seawater and marine sediments, soil, glaciers, and
Antarctic lakes (Bernardet et al., 1996; Yi et al., 2005;
Zhu et al., 2003). A number of Flavobacterium species isolated
from glaciers, sea ice, and Antarctic lakes are cold adapted
(to temperatures below 5 �C). These adaptations include cold-
shock proteins, polyunsaturated branched-chain fatty acids in
the cytoplasmic membrane and more ef�cient enzymes.
Hydrolysis of organic polymers at low temperatures has
received little attention until recently. This is despite the fact
that carbohydrase-producing organisms must play an impor-
tant role in the organic carbon cycle in cold environments. To
date, only one carbohydrase enzyme – an a-amylase from
a psychrophilic bacterium – has been characterized thor-
oughly. This enzyme exhibits adaptive features, such as greater
activity at 4 �C, and increased thermolability relative to its
mesophilic counterparts.

A majority of species have been isolated in Asia, mostly in
Korea and China as well as Japan and India (Kim et al., 2006;
Van Trappen et al., 2004; Zhu et al., 2003). A large number of
Flavobacterium species originates from Antarctica (Humphry
et al., 2001; Yi et al., 2005). Most species were retrieved from
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00126-9
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Table 1 The novelFlavobacteriumspecies isolated from various environments

Flavobacteriumspp. Environment Reference

F. algicola Marine algae (Miyashita et al., 2010)
F. anatarcticum Antarctica (Yi et al., 2005)
F. araucananum Atlantic salmon (Kämpfer et al., 2012)
F. caeni Sequencing batch reactor (Liu et al., 2010)
F. cauense Sediment of eutrophic lake (Qu et al., 2009)
F. ceti Beaked whales (Vela et al., 2007)
F. cheniae Sediment of eutrophic reservoir (Qu et al., 2008)
F. chilense Rainbow trout (Kämpfer et al., 2012)
F. daejeonense Greenhouse soils (Kim et al., 2006)
F. deßuvii Activated sludge (Park et al., 2007)
F. degerlachei Microbial mats in Antarctic lakes (Van Trappen et al., 2004)
F. frigidarium Antarctica (Humphry et al., 2001)
F. frigoris Microbial mats in Antarctic lakes (Van Trappen et al., 2004)
F. glycines Rhizosphere of soybean (Madhaiyan et al., 2010)
F. granuli Granules used in a wastewater (Aslam et al., 2005)
F. indicum Warm spring water (Barbier et al., 2012)
F. limicola Freshwater sediments (Tamaki et al., 2003)
F. lindanitolerans Soil (Jit et al., 2008)
F. macrobrachii Freshwater shrimp culture pond (Sheu et al., 2011)
F. micromati Microbial mats in Antarctic lakes (Van Trappen et al., 2004)
F. omnivorum Glacier (Zhu et al., 2003)
F. oncorhynchi Rainbow trout (Zamora et al., 2012)
F. phragmitis Roots of reeds (Liu et al., 2011)
F. reichenbachii Hard-water rivulet (Ali et al., 2009)
F.resistens Stream sediment (Ryu et al., 2008)
F. rivuli Hard-water rivulet (Ali et al., 2009)
F. saliperosum Fresh lake sediment (Wang et al., 2006)
F. soli Soil (Yoon et al., 2006)
F. subsaxonicum Hard-water rivulet (Ali et al., 2009)
F. suncheonense Greenhouse soils (Kim et al., 2006)
F. swingsii Hard-water rivulet (Ali et al., 2009)
F. tiangeerense Glacier (Xin et al., 2009)
F. tilapiae Freshwater pond (Chen et al., 2012)
F. terrigena Soil (Yoon et al., 2007)
F. xinjiangense Glacier (Zhu et al., 2003)

Flavobacteriumspp. – Characteristics, Occurrence, and Toxicity 939
freshwater and soil environments (Ali et al., 2009; Chen et al.,
2012; Jit et al., 2008; Kim et al., 2006; Sheu et al., 2011; Yoon
et al., 2006, 2007). Among the new Flavobacteriumspecies,
three were isolated from� sh: Flavobacterium oncorhynchifrom
the liver and gills of juvenile rainbow trouts ( Zamora et al.,
2012), Flavobacterium chilensefrom external lesions of diseased
rainbow trouts, and Flavobacterium araucananumfrom kidneys
and external lesions of two different species of the Atlantic
salmon (Kämpfer et al., 2012). Particularly noteworthy, Fla-
vobacterium cetiwas isolated from internal organs of two beaked
whales (Vela et al., 2007).

Flavobacteria also were associated with spoilage of food an
food products. Development of psychrophilic or psychro-
trophic bacteria depends on the relative humidity of the
atmosphere of the store where the product is. Spoilage of raw
red meat will result in off-odors, possible slime production,
discoloration of a speci� c area, and undesirable� avors because
of metabolic end-products formed (De Beer et al., 2005). The
presence of� avobacteria have been demonstrated in processe
meats. Similarly, in chilled meats and poultry,� avobacteria are
a constant part of the initial � ora, but they are unable to
compete with pseudomonads during storage. In addition, the
incidence of � avobacteria on poultry is much higher than on
other fresh meat (De Beer et al., 2005).

In recent studies, 15Flavobacteriumstrains were isolated
from raw chicken meat, raw goat meat, and poultry soil in
Coimbatore, Tamil Nadu. Most of the isolates developed
yellow-pigmented colonies with mucoid-spreading edges on
food � avobacteriummedium. The � avobacteria were Gram-
negative rods and failed to produce indole and were non-
fermentative. Moreover, they produced a rich array of enzymes
such as amylase, lipase, catalase, urease, gelatinase, DNase,
oxidase (Suganthi et al., 2013).

Studies on the proteolytic activities of � avobacteria have
indicated that they may possibly produce pasteurization-
resistant extracellular enzymes and that in this way they may
contribute to the psychrotrophic spoilage of milk and dairy
products. They are also responsible for a reduction in chedda
cheese yield and bitterness in milk because of the production o
phospholipase C (Bernardet et al., 2002). Phospholipases are
potentially important in milk and milk products because of
their ability to degrade the phospholipids of the milk fat
globule membrane, thereby increasing the susceptibility of the
milk fat (triglycerides) to lipolytic attack.
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Recent studies focusing on the methylotrophic bacteria
population associated with different agriculturally important
crops, such as rice, red pepper, and soybean, collected fro
various locations have yielded a large number of isolates
including a novel species of the genusFlavobacterium–
Flavobacterium glycinesisolated from the rhizosphere of
soybean (Madhaiyan et al., 2010). Other interesting Fla-
vobacteriumspecies includeFlavobacterium phragmitis– the � rst
endophytic strain isolated from within the roots of reeds (Liu
et al., 2011) and Flavobacterium algicolaisolated from marine
algae (Miyashita et al., 2010).

Flavobacteria consistently have been isolated from clinica
specimens, such as blood, urine, infected wounds, and fece
Their frequency of occurrence is usually 1% or less and the
pathogenicity is low.
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Toxicity

Most Flavobacteriumare harmless, but some are opportunistic
or true pathogens and cause disease in a wide variety o
organisms, including plants, � sh, and humans.Flavobacterium
spp. are primary pathogens to different� sh populations – for
example, F. psychrophilumcauses the bacterial coldwate
disease (CWD) and the rainbow trout fry syndrome (RTFS)
F. branchiophilumcauses bacterial gill disease (BGD), while
Flavobacterium columnarecauses the columnaris disease an
F. johnsoniaeis an opportunistic pathogen for halibut eggs and
larvae (Starliper, 2011; Vela et al., 2007). Fish pathogenic
Flavobacteriumspecies are presumed ubiquitous in temperate
freshwater environments and are found in water tempera-
tures between just above the freezing point (typical of
F. psychrophilum) and 30 � C (for F. columnare). Flavobacterium
aquatile, Flavobacterium hydratis, and Flavobacterium succinica
occasionally are also isolated from diseased salmon, but the
pathogenicity of these species has not been demonstrate
clearly (Bernardet and Bowman, 2006).
c

o-

o

f
d,

ss

d

d

y

n,

s

Bacterial Coldwater Disease

The etiological agent of this disease isF. psychrophilum,
a bacterial pathogen derived from an extensive geographi
range and associated with salmonid� sh species and other
coldwater � sh hosts (Starliper, 2011). Flavobacterium psychr
philum is a Gram-negative bacterium with psychotropic prop-
erties. CWD is a serious disease and is particularly fatal t
certain trout and salmon populations. The disease typically
occurs at water temperatures below 16� C and is most prevalent
and severe at 10� C and below (Starliper, 2011). CWD was
identi � ed throughout North America, Europe, Chile, Peru,
Australia, Japan, Korea, and Turkey. Although all life stages o
� sh (from gametes and eyed eggs to broodstock) are affecte
small � sh (fry and � ngerling size) are particularly vulnerable to
infections. The pathologies and clinical disease symptoms
associated with CWD are varied and extensive. Listlessness, lo
of appetite, and eroded � n tips are initial signs of CWD.
Bacterial colonization may appear as faint, white areas on the
� ns, with some � sh showing separation of the� n rays. Other
disease signs may include exophthalmia, abdominal distension
with increased volumes of ascites, and pale gills. In advance
cases of CWD, necrosis of the caudal region may be severe a
progress until caudle vertebra is exposed. Histological exam
nations show extensive pathology in host tissues, including
focal necrosis in the spleen, liver, and kidneys; increase
vacuolar degeneration; increased eosinophilia and hemosid
erin in the kidneys; necrosis, pyknosis, and lymphocyte in� l-
tration in the dermis and underlying lateral musculature of skin
lesions.
Rainbow Trout Fry Syndrome

Flavobacterium psychrophilumis the etiological agent of RTFS, an
infection that can cause signi�cant early losses in hatchery-
reared salmonids, particularly the rainbow trout in Europe and
the coho salmon in North America. Fish infected with F. psy-
chrophilumhave high mortality rates, with fry being particularly
affected, with mortalities of 50–60%. This disease affects the
early life-stage� sh or the sac fry till the early feeding devel-
opmental stage. A bacteremia develops in conjunction with
extensive internal pathology, including anemic and pale
kidneys and livers. Lethargy, exophthalmia (often bilateral),
dark skin pigmentation, and pale gills are additional charac-
teristic disease symptoms of the rainbow trout fry syndrome
(Starliper, 2011).
Bacterial Gill Disease

BGD is characterized by the presence of numerous bacteria o
the surface of the gill epithelium that severely affect the respi
ratory function of infected � sh. Although F. psychrophilumand
F. columnaremay cause gill necrosis,F. branchiophilumis actu-
ally the main causative agent of this condition (Touchon et al.,
2011). The disease has been identi� ed in many geographic
areas, including Canada, South Korea, Hungary, and th
Netherlands. Flavobacterium branchiophilumis a fastidious,
nongliding organism with a unique tropism for the gill
epithelium and usually is not isolated from internal organs.
The disease is characterized by explosive morbidity an
mortality, attributable to massive bacterial colonization of gill
lamellar surfaces, causing irritation and fusion of gill� laments
and lamellae. The subsequent necrosis of the gills rapidly
impairs the respiratory and osmoregulatory functions. In
endemic areas, BGD outbreaks in aquaculture occur regularl
and often in conjunction with increased host stressors. This
disease typically occurs in association with certain predisposing
factors, such as overcrowding, reduced dissolved oxyge
increased ammonia, and particulate matter in the water. BGD is
common in the spring, which coincides with the production
cycles at� sh hatcheries, when they have their greatest number
of small � sh after spawning and before stocking. Infected� sh
typically are lethargic and will be high in the water column and
gasping for air at the surface, aligning near and into the
incoming water, all of which are obvious signs of respiration
dif � culty (Starliper, 2011).
Columnaris Disease

Flavobacterium columnare– an aerobic, gliding, Gram-negative,
long rod-shaped aquatic bacterium (about 2–10 mm in
length) – is an important pathogen of freshwater� sh, causing
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the columnaris disease. This microorganism degrades gelat
and casein, generates hydrogen sul� de and cytochrome
oxidase, and reduces nitrate into nitrite (Bernardet et al., 2002).
It is ubiquitous in aquatic environments and outbreaks of this
disease often are associated with stress caused by enviro
mental changes, such as temperature, pH, salinity,� sh density,
and inorganic molecule concentrations. The bacteria can caus
disease under normal culture conditions, but more likely this
occurs when � sh are stressed. Stressful conditions favorin
columnaris disease include low oxygen supply, high ammonia
and high nitrite contents, high water temperatures, rough
handling, and mechanical injury. Columnaris disease affects
many cool- and warmwater � sh species, typically in warm
waters at 20–25 � C and above 32� C (in spring, summer, and
fall). It is not unusual, however, to diagnose the columnaris
disease in � sh, including trout species, in water as cool as
12–14 � C (Starliper, 2011). It is believed that the infection has
a worldwide distribution, with economic losses associated with
skin lesions and mortality. Columnaris occurs frequently in� sh
raised intensively in cages and in closed recirculation systems.
is attributed to crowding and cage abrasions. The columnaris
disease affects aquaculture species, particularly cat� sh, trout,
salmon, carp, tilapia, perch, and many aquarium species as we
as wild and ornamental � sh. This disease is characterized b
white to yellow erosions in the tegument, skin necrosis, gill
� laments, and the oral cavity (involving the epidermis, dermis,
and muscles) or internal tissues, primarily the kidneys of� sh
with systemic infections.

In addition, F. columnareis proteolytic and probably can
degrade the keratinaceous structure of the salmonid externa
egg membrane (Barnes et al., 2009). Flavobacterium columna
may be an opportunistic pathogen, with the presence of
stressors increasing the susceptibility of� sh or eggs to infection.
Some probable environmental stressors during egg incubation
include high egg densities, inadequate water� ow, and
decreased water quality, all of which are known to affect
bacterial growth. Barnes et al. (2009)showed that the physi-
ological condition of the female during oogenesis may strongly
affect egg survival and susceptibility to potential pathogens.

In the cases of these� sh diseases, management strategie
used to minimize the risks of pathogen introductions or
transmission and reduce the severity of overt disease outbreak
are desired alternatives to chemical or antimicrobial treatment
therapies (Starliper, 2011). Disease preventative techniques
include rearing small (i.e., most susceptible)� sh in pathogen-
free water, maintaining safe carrying capacities for the wate
supply and � ow, ensuring the use and proper storage of quality
� sh food, maintaining cleanliness of the � sh-holding tanks,
minimizing organic material and nitrite contents, and ensuring
effective sanitization of equipment used in � sh production.
Moreover, it is important to quickly remove dead � sh infected
with Flavobacteriumspecies from the population, thereby
reducing reinfection. Infected � sh sometimes can be treated
successfully with antibiotics, but this treatment is disfavored
because of high costs, short-term bene� ts, and the potential for
a deleterious impact on human health and the environment.

In humans, Flavobacteriumspp. cause neonatal meningitis,
catheter-associated bacteremia, and pneumonia. These ba
teria also have been associated with some advanced cases
the human immunode � ciency virus disease.Flavobacterium
meningosepticum, which causes meningitis and pneumonia in
humans, is also a known pathogen of birds. Flavobacterium
species also are characterized by an atypical pattern of an
microbial resistance. Only one questionable case of the human
lung disease associated withFlavobacteriumspecies has been
reported to date (Bernardet and Bowman, 2006).
See also:Bacteria:Classi� cation of the Bacteria– Phylogenetic
Approach;Fish:Catching and Handling;Water Quality
Assessment:Routine Techniques for Monitoring Bacterial
and Viral Contaminants.
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Introduction

Flow cytometry (FCM) is a rapid method for cellular analysis,
originally developed for the measurement of mammalian cells.
The word ‘cytometry’ literally means ‘cell measurement,’ and as
the name implies, �ow cytometry involves the measurement of
cells suspended in a �owing stream. Using this technique,
information on cellular physiology, cell number, viability,
genetic identity, and other parameters can be collected at the
single cell level across large populations. Of special interest to
food (as well as environmental and clinical), microbiologists is
the capacity of this method to differentiate cells of interest from
particulate matter that may be present in complex samples.
Microbial applications of FCM are growing, but the technique
still is not applied widely outside of academic laboratories. The
use of this tool in microbiology, with speci�c reference to food
microbiology, is discussed. A brief overview of current instru-
mentation, newer and specialized instrumentation, and future
trends for the use of FCM in food microbiology are also provided.
History of Flow Cytometry and Microbiological
Applications

The origins of FCM can be traced from the earliest published
concepts (a 1934 description of a capillary-based “photo-
electric technique for the counting of microscopical cells,”
including neutral red-stained yeast cells) to the development of
a bioaerosol analyzer designed during World War II for battle-
�eld detection of bacterial cells and spores, and �nally to the
development and commercialization of modern-day instru-
ments, an outcome driven primarily by the need for automation
in cancer diagnostics. By the mid- to late-1970s, converging
advances in optics, electronics, and staining techniques helped
overcome some of the technical limitations to the resolution of
microbes on commercial FCMs designed for immunological
analysis of mammalian cells. Forward-thinking microbiologists
realized that the analytical power of this technique might
be leveraged successfully for microbiological applications.
Remarkably, an instrument capable of resolving individual
viruses was described as early as 1979. Although FCM has since
become a commonly used tool for the analysis of microbes, it
still has not been as universally adopted as many had originally
expected. With the recent commercial availability of several
benchtop models, however, food microbiologists now have
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
greater access to this powerful tool, unlocking the potential for
the use of FCM in routine sample analyses, rather than just for
specialized applications.

Advantages of Flow Cytometry as a Whole-Cell
Technique

A wide variety of detection techniques are available to food
microbiologists, ranging from standard plating to various
immunoassay formats (enzyme-linked, colorimetric, �uores-
cence, dipstick, etc.) to the polymerase chain reaction (PCR)
and other nucleic acid tests. Apart from plating, however, most
methods do not detect intact cells, but instead are targeted
against cellular components, which may be present even when
intact cells are not. With the exception of intoxications, food-
borne diseases are caused by intact and infectious cells.
Therefore, methods capable of detecting and characterizing
whole microbial cells, such as FCM, have potential advantages
over such ‘fractional analysis’ approaches. The capacity of this
approach to detect, enumerate, and characterize entire pop-
ulations of cells with single-cell resolution may help provide
actionable data on the presence of speci�c pathogens in foods,
addressing the key questions, “Are there pathogens in this
food?” and if so, “How many are present?,” “What is their
physiological state?” and “Are they capable of causing
disease?.”
Flow Cytometric Analysis

Basic Principles

The basic operating principles of all FCMs are similar and
involve aspiration of a liquid sample and its passage in front of
an illumination source, with subsequent detection of �uores-
cence and light scatter responses from cells or particles within
the sample. Most conventional cytometers rely on hydrody-
namic focusing of cells within a ‘core’ laminar (nonturbulent)
�ow surrounded by sheath �uid, typically phosphate-buffered
saline, or deionized water containing a preservative, such as
sodium azide or a surfactant. At suitable sample dilutions, cells
and particles will line up within the core �ow so that they pass
individually in front of the illumination sources and detectors.
Depending on the type of sample and the concentration of
target cells present, however, the conditions required for
optimal analyses may or may not occur (see the section
-384730-0.00127-0 943
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Challenges). As noted in the sectionInstrument Design, some
cytometers do not use sheath� uid. Analysis rates vary among
instruments, but rates of up to 10 000 cells (or events) s� 1 are
typical of many instruments.
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Instrument Design

With the exception of emerging approaches such as on-chi
systems, FCMs fall into four basic design categories: stream-i
air systems (see SectionCell Sorting), those that employ
a closed cuvette-style� ow chamber, those based on a� uores-
cence microscope design, and microcapillary-based system
With stream-in-air (or jet-in-air) systems, the sample is ejected
through an ori � ce (a nozzle) and cells are interrogated in� ight,
whereas in cuvette-style systems, the sample is interrogate
through the interface of the closed cuvette. Closed systems a
recommended when analyzing viable microbial pathogens, as
they pose a lower risk of aerosolization than do open systems
In microscope-based cytometers, the sample is passed along th
surface of a coverslip and cells are observed using the o
immersion lens of a � uorescence microscope. As with a stan
dard microscope, excitation and detection of� uorescence are
accomplished through the same lens, and light scattering is
measured using a dark-� eld con� guration, which is inherently
sensitive to small particles, such as bacteria. Microcapillary
based instruments operate without sheath� uid, leading to
lower waste output than sheath-based systems.
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Illumination

To generate light scatter and� uorescence signals, a high-inten
sity light source is needed. In the past, wide-spectrum mercury o
xenon arc lamps such as those used in microscopy, as well a
water- or air-cooled gas lasers, have been used. The advent
solid-state laser technology (laser diodes) has played a key rol
in shrinking both the footprint and the cost of FCM instru-
mentation. Diode lasers are now available in a number of useful
wavelengths, including the ultraviolet range, and are small, long-
lived, relatively inexpensive, easily cooled, and provide suf� cient
power (5–30 mW) for use in most cytometric applications.
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Light Scatter and Fluorescence Detection

In a generalized cytometer con� guration, the laser passes
through a lens so that its light is focused on a small spot, where
the cell is interrogated. A beam stop (also referred to as a
‘obscuration bar’ or a ‘blocker bar’) prevents full-on impinge-
ment of the beam onto the forward-scatter detector (usually
a photodiode) after the interrogation of cells, allowing detec-
tion of only the scattered light. Multiwavelength light resulting
from cellular � uorescence and light scattered at a 90-degre
angle (side scatter) is directed by a lens to a series of dichro
mirrors that focus the light onto photomultiplier tubes (PMTs).
Bandpass� lters situated in front of these PMTs are used to
accept light only within a certain range (e.g., plus or minus
values corresponding to green, yellow, orange, or red wave
lengths), allowing for the analysis of discrete signals for side
scatter and various � uorescence channels. PMTs regist
photons and provide an output as electrons. The increases i
current caused by passage of a cell through the illumination
source are registered as voltage pulses, which have a distin
shape and height, depending on the characteristics of the cel
Voltage pulse signals are digitized and‘binned’ into channels.
For the analysis of microorganisms, whose cellular parameter
typically vary across a wide dynamic range, logarithmic (log)
ampli � cation of PMT output enables� tting of data on the same
scale and eases visual recognition of subpopulations of cells.
Sensitivity

The term ‘sensitivity’ is used in a number of different ways.
These include (1) instrumental sensitivity, (2) assay sensitivity,
and (3) detection sensitivity or limit of detection. These are
discussed brie� y in the following sections.

Instrumental Sensitivity
Instrumental sensitivity refers to the number of molecules of
a given � uorochrome that an instrument is able to detect.
Instrumental sensitivity is a function of the instrument’s design
and components, including the excitation source used, the
optics and detectors. Instrumental sensitivity is quanti� ed in
terms of molecules of equivalent soluble fluorochrome (MESF)
values, a measurement based on analysis of dye-labeled poly
mer beads calibrated to contain known amounts of a speci� c
� uorochrome. The MESF approach can be used to calculate th
intensity of auto� uorescent events, the minimum number of
dye molecules detectable above this background or the� uo-
rochrome equivalence of signals generated from speci� c
labeling. Cross-platform comparisons of instrument sensitivity
have been made, with typical� uorescein MESF values ranging
from < 200 to <1000 for common commercial laser-excited
systems up to>2 000 000 for a light-emitting diode (LED)-
excited on-chip system.

Assay or Reagent Sensitivity
Assay sensitivity describes the statistical probability of detec
tion of an organism, given its presence in the sample. This is
calculated by dividing the number of true positives in the
sample by the sum of true positives and false negatives. Reage
sensitivity describes the ability of a probe or antibody to reli-
ably detect the target organism. This is calculated as the numbe
of strains of a target pathogen detected by the reagent, divide
by the total number of strains tested in a panel of strains,
multiplied by 100.

Detection Sensitivity (Limit of Detection)
Most often when the topic of sensitivity is raised, it is in
reference to detection sensitivity or limit of detection (LOD).
LOD refers to the minimum number of cells of a speci� c
organism that can be detected in a given test. Instrumenta
sensitivity contributes to LOD, but other variables include the
abundance of the target ligand (surface antigens or rRNA fo
example), the level of contamination with the target organism,
total sample volume tested, and use of any preanalytica
sample preparation steps for volume reduction or pathogen
concentration. Other factors include the presence of particulate
matter or nontarget micro� ora, cellular or matrix auto-
� uorescence, nonspeci� c binding of antibody or probe, the
brightness of the dye used to label target cells, whether or no
more than one color can be used to speci� cally label cells, and
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the excitation intensity used in FCM. Because LOD is a poin
value composited from many different variables, optimization
of the inputs that contribute to LOD can be used to improve
detection sensitivity. In practice, inputs such as instrumen
sensitivity or abundance of nontarget cells in the sample are
beyond the operator’s control. Some control may be exerted
over certain fundamental inputs, such as target ligand abun
dance, depending on how the cells are grown prior to testing.
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Data Analysis, Formatting, and Reporting

A key advantage of FCM, especially with research-grad
instruments, is the plasticity of analysis. FCM data can be
visualized in various formats and often are presented with cel
count or one of the scatter parameters plotted on the y-axis and
� uorescence on the x-axis. Researchers, however, may use
presentation format that allows visualization of salient aspects
of the data. The exact features available depend on the analys
software used, but typical presentation formats include
Figure 1 Options for display of� ow cytometric data. In this� gure, the sam
plot (b), as histograms (c), and as a contour plot (d). The availability of d
demonstrate FCM-based differentiation ofSalmonellaTyphimurium from wit
speci� c peptide nucleic acid (PNA) FISH probe. Nontarget cell types incE
The larger population on the left in each panel is composed of nontar
� uorescence) is the target organism,S.Typhimurium. The numbers show
collected and thatS.Typhimurium represents 14.5%.
histograms, dot plots, density plots, and contour plots.
Figure 1 illustrates the same data set visualized using a sele
tion of common graph formats. Postcollection gates may be
applied to the data, from simple quadrant analyses to drawing
of circular and geometric gates around subpopulations of
interest. Numerical values (statistics), such as mean, median
coef� cient of variation, and so on, may be displayed for pop-
ulations of interest after gating. Standards for formatting of
FCM data� les were established by the International Society fo
the Advancement of Cytometry (ISAC) Data Standards Tas
Force in 1984. Use of a common data format across instru
ments and software from different vendors ensures both
portability and longevity of collected data and facilitates
reproducibility in research. The Flow Cytometry Standard
(FCS) format was most recently updated as FCS 3.1. Additiona
standards for reporting of FCM data have been established b
a consortium of statisticians, bioinformaticians, instrument
manufacturers, software developers, and research scientists. T
Minimum Information about a Flow Cytometry Experiment
(MIFlowCyt) standard provides guidelines for reporting key
e data set is represented in four different ways: as a dot plot (a), as a density
ifferent options for data display aids in visual interpretation of the data. These data

hin a mixture of closely related cells after hybridization with aSalmonella-
ludedscherichia coli, Citrobacter freundii,Proteus vulgaris, andShigella dysenteriae.
get cells, and the smaller, right-shifted population (e.g., showing increased green
n in each panel indicate that nontarget cells account for 85.5% of the events
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variables making up an FCM experiment. Elements include an
overview of the experiment and methods for quality control,
standardized information about the sample and reagents used
the instrumentation used, and speci�cs on data analysis. Use o
the MIFlowCyt standard is expected to increase experimenta
transparency and promote reproducibility.
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Multiparameter Analysis

The ability to collect and analyze information on multiple
cellular parameters is a major advantage of FCM, especially fo
basic research applications. Multilaser� ow cytometers are
capable of collecting data on forward scatter, side scatter, an
several � uorescence channels. Common commercial instru
ments may detect up to eight colors, and custom systems ma
detect more, as is the case with 17-color‘polychromatic’ FCM.
The practicality of color multiplexing is limited by the
compatibility of stain excitation and emission spectra and the
availability of diagnostically useful chemical stains or biomo-
lecular conjugates. Fluorescent semiconductor nanocrysta
(quantum dots), which have broad excitation spectra, may help
simplify multicolor analyses, as several colors can be excited b
a single laser. Although most food microbiology applications
do not require the full multiparameter capacity of � ow
cytometers, two-color labeling with organism-speci� c reagents
may facilitate the differentiation of positive events from
spuriously � uorescent single-color background noise.
s
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Enumeration of Cells

Although the presence/absence testing is valuable in food
microbiology, the ability to enumerate cells of interest (number
of cells ml� 1 sample) would be ideal and is an often-touted
capability of FCM. A common means for indirect counting of
cells of interest involves the use polymer beads of known
concentration, which are available commercially. When a cali-
brated suspension of beads is used, the number of cells ml� 1 is
equal to the ratio of cells counted to beads counted multiplied
by the number of beads ml� 1. Pitfalls associated with this
indirect method include reliance on the accuracy of the bead
count in the commercial preparation, settling or aggregation of
the beads, and coincidence–simultaneous passage of more than
one bead or cell in front of the detector. Some instruments, such
as the BD FACSMicroCount� and BD Accuri� C6 systems use
metered � ow to inject the sample at a precise rate, allowing
direct calculation of cell concentration (absolute counts).
f
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Cell Sorting

In addition to software-based differentiation of cell pop-
ulations according to their � uorescence characteristics, cells o
interest can also be physically sorted and recovered for subs
quent analysis using Fluorescence Activated Cell Sortin
(FACS). This is achieved by using an open (stream-in-air)� ow
chamber and droplet-generating technology originally devel-
oped for ink-jet printing. Downstream from the observation
point, the � uid stream is subjected to vibration, causing it to
break into droplets into which individual cells are ‘packaged.’
At appropriate vibration frequencies, droplets become equally
spaced, one wavelength apart from each other. Observation o
a signal within the desired � uorescence parameter trigger
a sorting mechanism to apply a voltage to that droplet, leaving
it with a positive or negative charge. The droplet stream, con
taining both charged and uncharged droplets, then passes a s
of charged plates, which de� ect droplets of opposite charge
away from the stream into a collection reservoir. The uncharged
droplets are discharged to waste. In this way, cells of interes
(those labeled with a pathogen-speci� c antibody, for example)
are enriched from the general population of cells. If a nonlethal
means for cell labeling is used, these cells may be deposited t
broth or to agar plates, cultured, and analyzed further via other
means. Although FACS enables the physical enrichment of low
levels of speci� c cells from heterogeneous mixtures, it has been
used in food microbiology primarily as a basic research tool
because of the size and expense of sorting instrumentation.
Fluorescent Stains

Although certain basic analyses may be performed without
staining, the true advantages of FCM for sensitive detection an
multiparametric characterization of cells within a sample can be
realized only through the use of some type of diagnostic� uo-
rescent stain. Exceptions include cell types containing intrinsi
cally � uorescent pigments, such as the yeastXanthophyllomyce
dendrorhous, a producer of the carotenoid astaxanthin. Fluores-
cent stains may be categorized as either‘labels’ or ‘probes.’
Labels are‘passive’ � uorescent molecules whose primary func-
tion is to report the presence of a non� uorescent ligand to
which it is attached, allowing detection of ligand–receptor
interactions. Probes are active� uorescent compounds capable
of interacting directly with cellular structures or components
and conveying useful information about these structures
according to staining results. Fluorescent probes for variou
classes of macromolecules present in microbial cells are avai
able commercially. Suitable stains include chemicals tha
interact with or bind preferentially to certain cell components
(e.g., surface proteins, the cell wall, membranes, nucleic acid
inclusion bodies, etc.) or � uorescently labeled antibody or
nucleic acid probes targeting speci� c antigens or sequences
present on or in target cells. General cellular properties o
processes that can be measured or observed using� uorescent
probes include DNA, RNA or total nucleic acid content, lipid
content, membrane � uidity or integrity, substrate uptake,
enzyme activity, drug uptake or ef� ux, intracellular pH, presence
of toxic oxygen radicals, gene expression, cell division, an
receptor–ligand interactions. Table 1 provides a listing of
probes useful in food microbiology–related applications
of FCM.
NonspeciÞc Fluorescent Stains

Nonspeci� c stains interact with a wide variety of cell types and
therefore are not able to discriminate between different types of
organisms that may be in a sample, based on staining alone
Still, nonspeci� c methods for FCM-based characterization o
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Table 1 Fluorescent probes used for FCM in food microbiology

Type of staining Probes used

Live/dead, esterase activity, respiratory activity SYTO 9/propidium iodide,� uorescein diacetate, carboxy� uorescein
diacetate, CTC

Fluorescent Gram staining Oregon green-labeled wheat germ agglutinin, hexidium iodide
Antibiotic resistance, mode of action Fluorescently labeled polymyxin B, antimicrobial peptides, vancomycin,

penicillin B
Outer-membrane permeability 1-N-phenylnaphthylamine
Reactive oxygen species Hydroxyphenyl� uorescein, MitoSOX
Membrane potential DiOC2(3), CCCP
Intracellular pH Carboxy� uorescein diacetate succinimidyl ester
Cell tracking Chloromethyl� uorescein diacetate, green� uorescent protein, other

� uorescent proteins
Nucleic acids Hoechst 33342, DAPI, SYTOX Green, propidium iodide, thiazole orange

homodimer
Lipids Nile red
Polyhydroxybutyrate inclusion bodies BODIPY 493/503, nile red, DAPI
Chitin, fungal cell walls Calco� uor White
Speci� c antigens Fluorescently labeled antibodies
Speci� c rRNA sequences Fluorescently labeled DNA, or PNA probes, molecular beacons

CCCP, carbonyl cyanide 3-chlorophenylhydrazone; CTC, 5-cyano-2,3-ditolyl tetrazolium chloride; DAPI, 40,6-diamidino-2-phenylindole dihydrochloride; DiOC2(3),
3,30-diethyloxacarbocyanine iodide; PNA, peptide nucleic acid.
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food microbes may be useful in some applications, such as
monitoring of fermentations. In such cases, one type of
microbe includes the bulk of the cells present, and stain-based
physiological or vitality measurements on these cells can
provide the data needed to optimize process outcomes
Contaminants such as bacteria in wine, beer, or other mono-
culture fermentations can also be detected and enumerate
using nonspeci� c FCM approaches. Because yeasts (the ino
ulum) and bacteria (the contaminants) are physiologically
different, these two types of organisms may be distinguished
clearly using a combination of � uorescence and light scatter
Nonspeci� c staining methods may also be used to provide
information on the overall microbial loads in water, raw
ingredients, or a � nished food product, where limits on the
numbers of organisms permissible have been established
Here, FCM may be used as a rapid screening tool to monitor the
microbial quality of a product, supplementing or replacing
the time-consuming plate counts needed to ensure that it meets
the speci�cations for microbial load or viability. Use of FCM as
a rapid screening tool can alert processors to batches of produc
that are out of speci�cation, so that the proper action may be
taken to prevent waste or recall. Other situations may call for
the detection of speci�c cell types, requiring the use of cell-
speci�c stains, described in the next section.
,

e
n

l

Cell-SpeciÞc Fluorescent Stains

FCM may be used for the rapid detection of speci� c cell types
in complex samples, including those containing a variety of
nontarget organisms. Various levels of speci� city are possible,
depending on the stain or probe used. Chemical stains, such
as Calco�uor White and other � uorescent optical brighteners
bind readily to cellulose and chitin and therefore can be used
to detect protozoa such asAcanthamoebasp. or fungi, whose
cell walls contain cellulose or chitin, respectively. Fluo-
rescently labeled wheat germ agglutinin (WGA, a lectin) has
been used in combination with hexidium iodide as a � uores-
cent Gram stain for use in combination with FCM. Genus- or
species-level detection via FCM may be accomplished usin
� uorescently labeled antibodies, rRNA-targeted DNA, o
peptide nucleic acid (PNA) probes for � uorescencein situ
hybridization (FISH or phylogenetic staining) and, more
recently, using � uorescently labeled aptamers or phage-dis
played peptides and single chain Fv antibodies. Methods such
as FISH that are directed against internal cell targets typicall
require cell � xation to permeabilize cells to the probes used.
Surface-targeted reagents such as antibodies, aptamers, a
peptides do not depend on � xation and therefore can be used
to detect living target cells.
Challenges

The physical, microbial, or chemical complexity of the sample
to be analyzed, and the steps taken to address these, rema
key challenges to the successful use of FCM. Methods
address complex samples may include physical approache
such as � ltration, sedimentation, centrifugation, or immu-
nomagnetic capture. Combinations of physical and chemical
or enzymatic methods also may be useful for releasing
bacteria from food matrices prior to cytometric detection. For
example, use of a milk-clearing step, which may involve the
addition of chelating agents, detergents, or proteolytic
enzymes, followed by centrifugation has been reported for the
separation of bacterial cells from potentially interfering
somatic cells, protein, and lipids in milk. In this approach,
milk lipids are coalesced and � occulated, proteins are
precipitated, and somatic cells are lysed. Upon centrifugation
the lipids form a � oating fat pad, while proteins and somatic
cell debris are pelleted. Bacteria then are aspirated from th
clear supernatant and analyzed. A similar approach has bee
applied to the analysis of eggs. In addition to direct manip-
ulation of the sample using the described approaches, virtua
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948 Flow Cytometry
sample preparation can also be carried out using electronic
gating, so that unwanted populations are excluded from
analysis. Despite the general importance of preanalytica
sample preparation in most food-based applications of FCM,
the speci� city and robustness of certain reagents may preclud
the need for extensive sample treatment. For example, th
combination of FISH and FCM enables relatively direct
analysis of complex materials, such as alfalfa sprouts, o
nonfood matrices, such as feces, despite the presence of hig
levels of nontarget microbes and particulate matter in these
samples. Additional challenges may stem from the physica
state of the cells to be analyzed, with cell aggregation, cel
particle associations, bio� lm formation, or cell � lamentation
being potentially problematic. Low levels of target cells may
also lead to long analysis times, if some means for their
selective concentration (away from micro� ora and particles
that may co� lter or cosediment) is not available. These issue
emphasize a need for a clear understanding of the physica
and microbiological characteristics of the sample and how
these might affect or limit FCM analysis. This information can
then be used to develop effective means for addressing thes
challenges and maximizing results.
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Selected Applications of Flow Cytometry in Food
Microbiology

Applications of FCM in food microbiology run the spectrum
from basic physiological studies of foodborne bacteria to the
development and validation of methods for the detection of
pathogens in foods. Table 2 provides an overview of food-
related studies reported in the literature. The scope of thes
studies clearly demonstrates the wide-ranging applicability of
FCM for analysis of various microbes of interest to food
microbiologists. Additional information can be found in pub-
lished reviews detailing FCM use in food microbiology or allied
� elds, such as biotechnology.
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Commercially Available Instruments

A number of commercial FCMs are now available, having
a variety of con� gurations, capabilities, and price points. Given
the development of new instruments, continual improvement
of existing machines, and regular industry consolidation,
a comprehensive listing of available instruments would not
remain current for long. Although many FCM systems exist, the
number of instruments that are applicable or appropriate for
food microbiology comprises a smaller list, as certain features
such as high-speed sorting capability, may not be required by
and are likely to be prohibitively expensive for most food
microbiology labs. Features important to food microbiologists
may include absolute cell enumeration capabilities, at least two
scatter and two � uorescence channels, permanently aligned
sensitive optics capable of resolving scatter and� uorescence
signals from small microbial cells, a small benchtop footprint
or portability, semiautomated (walk-away) operation, and
relatively low instrument cost. Use of the FCS data standard i
desirable to promote data sharing and analysis via third-party
software. Examples of instruments meeting several of thes
criteria include the BD FACSMicroCount� and BD Accuri� C6
systems. Small footprint or portable instruments suitable for
� eld use include the Partec CyFlow� Cube 6 and the Micro-
Cyte� system (26.5 lb, battery-powered instrument with
carrying handle). In judging which FCM instrument may be the
most appropriate for a given application, parameters to
consider may include (1) light sources and illumination optics,
(2) � ow system, (3) forward scatter, (4) side scatter and� uo-
rescence, (5) signal processing, (6) sample handling, (7) soft
ware, and (8) sorting (if applicable). Ultimately, the choice of
which instrument to purchase should balance the laboratory’s
current and future experimental needs against the purchas
price or amount available for purchase. A fundamental element
of such decision making should also be the results obtained
from a given instrument with the purchasing lab’s actual
samples.Figure 2 shows typical output from an Accuri� C6
system for analysis of food systems.
Next-Generation and Specialized Instrumentation

A variety of newer instruments have been reported or are
commercially available that go beyond the constraints of
conventional FCM and have demonstrated or potential
applications in microbiological analysis. In addition to the
smaller or even portable instruments noted, these include (in
no particular order) cytometers that provide multicolor
images for every analyzed event, large-bore fountain� ow
cytometers capable of analyzing relatively large sampl
volumes, instruments with ultrasound-assisted cell-focusing
elements for enhanced resolution of individual cells, instru-
ments capable of analyzing large, multicellular organisms
such as drosophila embryos orCaenorhabditis elegans, on-chip
� uorescence-based or impedance spectroscopy cytomete
and liquid bead array systems for highly multiplexed detec-
tion of noncellular analytes. These are described brie� y in the
following sections.
Imaging Cytometers

Conventional FCM instruments provide thorough optical
characterization of each event detected, collecting data o
both light scatter and � uorescence. Despite this, the true
identity of an event may not be discernable from these data.
For example, it may be dif� cult or impossible to differentiate
between an antibody-stained microbial cell and a nonspeci�-
cally stained food particle based on scatter and� uorescence
data alone. Similarly, a cluster of smaller cells– attached to
each other, to a food particle, or passing simultaneously in
front of the laser – may appear as a single, larger even
Advances in real-time imaging have facilitated the develop
ment of hybrid FCM instruments capable of providing
a microscopic image of every event detected. Imagin
modalities include bright-� eld, dark-� eld, and multiple
� uorescence colors. Imaging FCM removes the interpretatio
and guesswork needed to evaluate samples containin
subpopulations whose identities are not clear from conven-
tional FCM output. Working with the data using a conven-
tional dot-plot interface, the operator simply places a cursor
on the event of interest and an image of that event is retrieved



Table 2 Selected applications of FCM in food microbiology

FCM application Example studies Tools used

Detection of bacterial pathogens in
foods

Detection ofL. monocytogenesin milk,E. coliO157:H7 in various food
matrices,E. coliO157:H7 and non-STEC in ground beef,Salmonellain
alfalfa sprouts,Clostridium tyrobutyricumendospores in milk;
� uorescent Gram staining of bacteria in milk

FAb, IMS-based concentration of target cells, live/dead
staining,� uorescent bacteriophage assay, FISH, electronic
gating strategies,� uorescent lectin, and DNA staining

Monitoring of food fermentations Survival ofSaccharomyces cerevisiaeandHanseniaspora guilliermondii
during wine fermentation; assessment ofLactobacillus rhamnosus
viability in complex protein matrices; detection ofBrettanomyces
bruxellensisin contaminated wine

FISH, live/dead staining

Cellular responses to environmental or
applied stressors

Viability ofAeromonas hydrophilain response to salt and temperature;
responses ofE. coli, L. monocytogenes, andS. aureusto simulated food-
processing treatments; physiological response and adaptation of
Cronobacter sakazakiito heat stress; inactivation kinetics and virulence
of nisin/HPP-treatedS.Typhimurium andL. monocytogenes; physiology
of Bacillus cereusduring transition from acid-induced lag phase to
active growth; superoxide formation inB. cereusin response to heat
stress

Live/dead staining, membrane potential, cellular respiration,
pH(in), ROS, FACS/plating, traditional cultural analyses
(plating, OD, medium pH) in parallel with FCM

Enteric viruses and bacteriophage FACS-based selection of phage-resistantStreptococcus thermophilus
mutants; FCM-based detection of phage infection inLactococcus lactis;
detection and mammalian cell infectivity of rotavirus in arti� cially
seeded oyster meat

IMS-based capture of target cells, infection with recombinant
� uorescent phage, negative immunoselection of resistant
bacteria using phage-speci� c FAb,� uorescence-based
assay for acidifying capacity, FACS/plating, DNA staining,
monitoring of phage-induced changes in cell morphology;
immuno-based detection of mammalian cell infection with
rotavirus

Protozoa as vectors for bacterial
pathogens

Ciliate ingestion and FCM analysis of digestion-resistantC. jejuni;
increased incidence ofS.Typhi in presence ofAcanthamoeba castellanii
amoebae

Staining ofC. jejuniwith a� uorescent esterase substrate; GFP-
expressingS.Typhi

Liquidbeadarrays for multivalent analyte
detection

Detection ofE. coliO157:H7 in spinach; simultaneous assay of up to six
mycotoxins; rapid O serogroup determination of 10 most prevalent
STECs; immunomagnetic bead arrays for screening and capture for MS
of ochratoxins in grain; bead arrays for whole cell capture ofSalmonella,
Campylobacter, E. coli, Listeria, and staphylococcal enterotoxin B;
screening of feed and eggs for drug residues

Competitive microsphere immunoassay, microsphere
hybridization of labeled PCR products, superparamagnetic
beads for microsphere immunoassay and analyte recovery,
whole cell capture of multiple pathogens

Pathogens at the food–clinical interface FCM for improved detection ofCandida albicans, detection ofGiardia
lambliaoocysts andToxoplasma gondiicysts, rapid determination of
MRSA

DNA-FISH, PNA-FISH, IMS-based concentration,� uorescent
lectin staining

FAB, Fluorescent antibodies; FCM, Flow cytometry; FACS,� uorescence-activated cell sorting; FISH,� uorescencein situhybridization; HPP, high-pressure processing; IMS, immunomagnetic separation; pH(in), internal pH; mass spectrometry
(MS); methicillin-resistantStaphylococcus aureus(MRSA); non-0157 STEC, non-shiga toxin producingEscherichia coliO157:H7; OD, optical density; PNA-FISH, peptide nucleic acid FISH; ROS, reactive oxygen species.
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Figure 2 Benchtop FCM for analysis of food samples. Panels (a) and (b) show uncontaminated andSalmonella-spiked samples of alfalfa sprouts, with
detection ofSalmonellavia� uorescencein situhybridization (FISH). A BD Accuri C6 benchtop FCM was used for analysis. In panel (b), the FISH-stained
Salmonellasubpopulation (contamination level ~1� 108 cfuS.Typhimurium g� 1) is clearly visible to the right of the main population, which consists of
nontarget sprout micro� ora and particulate matter. Panels (c) and (d) show a similar analysis for uncontaminated andSalmonella-spiked peanut butter
(contamination level 0.4 cfu g� 1), with enrichment for 10 h in buffered peptone water prior to FISH and FCM. Again, in panel (d), theSalmonella
subpopulation is visible to the right of the main population, which consists of fat micelles, nontarget micro� ora (potentially from germination of spores
within the peanut butter), and particulate matter (ground peanut nutmeat and skin particles).Source: Bisha and Brehm-Stecher, unpublished data.
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for viewing. Imaging FCM provides a high-throughput
method for single-cell analysis of complex microbial pop-
ulations in foods, facilitates understanding of in situ cell–cell
and cell–particle interactions, and clari�es interpretation of
output from conventional FCM instruments. At least four
imaging FCM platforms are commercially available, including
the ImageStream instrument from the Amnis Corporation and
the FlowSight, a smaller, low-cost model from the same
company. Other manufacturers include Fluid Imaging Tech-
nologies (FlowCAM� instrument) and Sysmex (FPIA 3000
particle analyzer). Although cell � lamentation was noted in
the SectionChallengesas a possible problem for FCM anal-
ysis, we have successfully imaged salt-inducedSalmonella
� laments w 150 mm or longer using the ImageStream instru-
ment, as these� laments tend to align themselves lengthwise
within this instrument ’s sample� ow. Figure 3 shows analysis
of Salmonella-contaminated alfalfa sprouts using the Image-
Stream instrument after staining with a Salmonella-speci� c
DNA-FISH probe. Direct visual con� rmation of event identity,
cell morphology, cell–cell, or cell–particle interactions
through bright- � eld, dark-� eld, and multiple � uorescence
images adds unprecedented depth and power to FCM-base
analyses, truly reinforcing the concept that a picture is worth
a 1000 dots.
Fountain Flow Cytometry

A fundamental limitation of conventional FCM instruments is
the small amount of sample that can be analyzed in the� ow cell
or capillary. Although the � ow rate on many cytometers is
adjustable, typical rates range from onlyw 10 to 100 ml min � 1.
Therefore, even at the maximal analysis rate, evaluation o
a 1 ml sample will take as long as 10 min. Since higher analysis
rates are prone to lower resolution and greater event coinci
dence, however, lower rates are often used in practice, resultin
in even longer analysis times. To compensate for low analysi
rates, food samples or the microbes from these samples can b
concentrated prior to FCM, but this also takes time and there-
fore may not shorten the overall assay time signi� cantly. Low
FCM analysis rates become truly limiting for direct assay of large
volumes of liquids containing low levels of target organisms. To
address this issue, a method referred to as Fountain Flow�
cytometry (FFC) was recently developed. FFC, described
a hybrid between conventional FCM and video epi� uorescence
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Figure 3 Imaging cytometry for analysis ofSalmonella-contaminated
alfalfa sprouts. An ImageStream� FCM (Amnis Corporation, Seattle, WA)
was used to examine alfalfa sprout samples arti� cially spiked with
S.Typhimurium (contamination levelw 1 � 107 cfu g� 1). Each BF panel
shows bright-�eld images of cell clusters, and the FITC panels show t
same� elds of view under probe-conferred green� uorescence. Although
these were registered as individual events (a single dot on a graph of l
scatter vs.� uorescence), imaging FCM clearly shows that they are
composed of signals from multiple cells, including bothSalmonellaand
physiologically similar nontarget cells typical of the natural micro� ora of
sprouts. The numbers to the lefthand side of each image represent ev
numbers from the corresponding cytometry� le.
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microscopy, is a� ow-through imaging technique that uses an
LED for sample illumination and a charge-coupled device
(CCD) for detection of labeled microorganisms. After a liquid
sample is incubated with an esterase-substrate viability indi
cator or other � uorescent label, it is pumped through the� ow
cell and simultaneously is illuminated and imaged through
a transparent window positioned in the focal plane of the
CCD detector. The sample then exits the� ow cell to a waste
receptacle. Event frequency vs. photometric intensity is logge
via software, providing FCM-like histograms. FFC is capable o
imaging liquids at a rate of 15 ml min � 1, an analysis rate
roughly 100–1000-fold greater than that used in
conventional FCM. Summarized advantages of FFC includ
direct analysis of large volumes of liquid; the ability to analyze
turbid liquids, such as surface waters or beverages; the ability t
detect speci� c events against high photometric backgrounds
resulting from sample auto� uorescence or unbound dye; and
the � exibility to detect and analyze organisms, ranging from
bacteria, yeast, and protozoa to millimeter-range multicellular
organisms such as� sh. The high analysis rate for FFC both
obviates the need for preanalytical sample concentration and
addresses accuracy limitations rooted in Poisson (counting)
statistics.
Ultrasound-Assisted Resolution

Recently, a capillary-based FCM system that uses acous
focusing (vs. hydrodynamic focusing) to align cells and parti-
cles prior to detection has been described. The instrument wa
developed at the Los Alamos National Laboratory for� eld-
based or autonomous operation where reliance on sheath� uid
would be a limiting factor. The instrument, now available
commercially as the Attune� Acoustic Focusing Cytometer (Life
Technologies, Carlsbad, CA), uses a lower level of sheath� uid
than most cytometers. Ultrasonic acoustic energy is applied
focusing cells into a central stream within a capillary. This
effectively concentrates cells prior to analysis, enabling analys
of dilute cell suspensions. Additional bene� ts of acoustic
focusing include tighter particle distributions and sampling
rates as high as 1 ml min� 1 – currently the highest rate available
in a commercial instrument. Because gas bubbles, fat micelles
and other noncellular particles have different acoustic contras
pro� les, cells can be preferentially concentrated within the
capillary, an effect that could be particularly useful in food-
based applications of FCM.
Large-Particle FCM

The COPAS Biosorter (Union Biometrica, Holliston, MA) is
an FCM system designed for the analysis of large particle
(20–1500 mm in diameter). This includes multicellular
animals, such asC. elegansor zebra� sh, frog, and fruit � y
embryos. Although this may appear to have little bearing on
food microbiology, the increasing use of organisms such as
C. elegansas model hosts for bacterial or fungal infection may
provide opportunities for advantageous use of the COPAS
instrument in C. elegans-based studies of importance to food
microbiology. Examples might include evaluation of C. elegans
as a model host for an expanding list of bacterial pathogens
including Vibrio vulni� cus, examining the virulence potential of
environmental strains of Listeria monocytogenesor investigating
the potential for C. elegansas a vector for contamination of
fruits and vegetables bySalmonellaspp.

he
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ent
Micro�ow (On-Chip) Cytometry

Advances in micro� uidics and component miniaturization
have led to the development of micro� uidic-based, on-chip
FCM instrumentation. These include instruments capable of
sorting or of nonoptical (impedance-based) cell analysis.
Advantages of on-chip systems may include lower cos
disposability, integration with existing lab instrumentation
such as microscopes and reversible� uid � ow for reanalysis of
cells of interest. Drawbacks include low throughput and low
sensitivity. With the exception of commercial systems, such a
the Agilent 2100 Bioanalyzer and the impedance-based system
available from Axetris (Kaegiswil, Switzerland), these instru-
ments typically are custom built and are not widely available,
although some systems originally developed in academic
settings are in the process of becoming commercialized.
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Liquid Bead Arrays

While this chapter has been concerned primarily with cellular
FCM, cytometric principles can also be applied to noncellular
systems. For example, liquid bead array systems utilize FCM
technology to enable multiplex analysis of hundreds of different
analytes in a single sample. In the Luminex� xMAP system, this is
accomplished through the use of a set of polystyrene bead
labeled internally with different ratios of red and infrared dyes.
Each unique dye ratio creates a two-dimensional spectral addres
for that bead type, with current systems capable of 500 such
addresses. Beads are functionalized with assay-speci� c reagents
(e.g., antibodies or oligonucleotides). Once beads are reacte
with analytes in the sample, on-bead sandwiching is accom
plished using biotinylated secondary reagents, and these ar
labeled with a � uorescent streptavidin conjugate. Positive reac
tions for bound analytes occupying each bead address ar
detected using a separate� uorescence channel. To facilitate
recovery of beads from the sample or following processing step
such as washing, paramagnetic array beads may also be used. T
approach can be used for detection of toxins (staphylococca
enterotoxin B, ochratoxin) or speci� c nucleic acid sequences
including PCR amplicons. In a modi� cation, this approach can
alsobeused todetect wholebacterial cellsbound tobeadsurface
d
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Conclusion and Future Perspectives

FCM provides a powerful and � exible means for rapidly
analyzing complex cell populations, both in pure culture and in
food or foodlike systems. The combination of robust labeling
approaches such as FISH or� uorescent antibody staining with
FCM enables rapid molecular detection of whole microbial cells
in complex food matrices. Multiple probes and stains can be
combined to both enhance sensitivity of detection and to more
comprehensively characterize microbial populations on the basis
of phylogenetic identity, physiological condition, or viability
status. Further gains in detection sensitivity can be realize
through preanalytical sample preparation, virtual sample prep-
aration using electronic gating techniques, or through the use o
abbreviated enrichments in selective or nonselective media. In
addition to conventional instrumentation designed for immu-
nological analyses of mammalian cells, next-generation cytom
eters are now more widely available. These include turnke
benchtop instruments that require no specialized skills to operate
or maintain and instruments capable of direct imaging of cells, of
analyzing large sample volumes, providing nonoptical charac-
terization of cells or simultaneously detecting hundreds of ana-
lytes with liquid bead arrays. The wide availability of stains and
probes, new instrumentation, and various FCM-based tech
niques reported in the literature have made FCM more accessibl
than ever to food microbiologists. Applications of FCM in food
microbiology will continue to expand in the years to come.

See also:Bacillus:Bacillus cereus; Brettanomyces; Escherichia
coli O157:E. coliO157:H7;Fermentation (Industrial):Basic
Considerations;Lactobacillus:Introduction;Listeria
Monocytogenes; Microscopy:Light Microscopy;Salmonella:
Introduction;Cronobacter(Enterobacter) sakazakii;
Identi�cation Methods:Introduction.
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Introduction

Food is thought to play a major role in the transmission of
microorganisms causing infectious diseases, such as salmo-
nellosis, campylobacteriosis, hepatitis A, and listeriosis, or
intoxications such as botulism and staphylococcal food
poisoning. Food may also cause disease if it contains toxic
chemicals – either occurring naturally (e.g., cyanogenic glyco-
sides in cassava) or resulting from contamination with chem-
icals (e.g., toxic metals and ciguatoxin, the toxin of the
dino�agellate Gambierdiscus toxicus, which accumulates in the
�sh that feed on it, causing food poisoning when the �sh is
consumed). Damage to health may occur if food contains
physical agents, such as glass splinters.

Foodborne illnesses are among the most widespread
diseases of the contemporary world. In most cases, the clinical
picture is mild and self-limiting, but because of their high
frequency of occurrence, the socioeconomic impact is signi�-
cant. Some foodborne illnesses, however, show a severe clinical
picture and death rates are substantial. The average rate of
death due to infections caused by the Shigalike toxin produced
by Escherichia coli may be as high as 5%. The death rate due to
listeriosis may even reach 30%.

Food products can become contaminated during various
stages of production. The chain of events involved in primary
production, harvesting, processing, distribution, and �nal
preparation is quite long, and there are many opportunities for
the food to become contaminated. In addition, microorgan-
isms, such as bacteria and molds, may proliferate if the food is
stored under conditions favorable for their growth.
Epidemiology and Control

In the case of most foodborne infections, vaccines are not
available – but physical barriers can substantially lower the risk
of transmission. The control of foodborne diseases, therefore,
depends on understanding their mechanism of transmission
well enough to prevent it. Detailed investigation of the
contamination of foods often reveals speci�c points at which
the safety of the food was compromised. For example, many
cases of foodborne disease result from a sequence of several
events that compromised good hygienic practices. A knowledge
of factors contributing to foodborne disease facilitates the
identi�cation of speci�c control measures and hence the
prevention of such disease.

In addition, knowledge of the characteristics of foodborne
organisms enables the identi�cation of suitable conditions for
food processing and preparation. If preventive controls are in
place, the growth of microorganisms can be inhibited or the
organisms can be destroyed (e.g., by heat treatment).

Recent analyses of outbreaks of foodborne disease reveal
that its epidemiology is changing. In many large outbreaks,
954 Encyclopedia of Food Mic
only a small proportion of exposed consumers have become
diseased. Large geographic regions are involved, some
outbreaks spreading worldwide. Finally, the pathogens
involved are mostly new and many of them, including strains
of Salmonella Enteritidis, Campylobacter, and Shiga toxin–
producing E. coli, have reservoirs in healthy food animals –
from which they spread to an increasing variety of foods.

Developments such as increasing world food trade, new
production and processing technologies, increasing mass
catering, and changing eating habits make foodborne disease
an evolving public health challenge. Thus, information about
the diseases is important for many reasons, some of which are
discussed in the following sections.
Causative Organisms

During the past two decades, many new foodborne pathogens
have emerged or reemerged. Examples include Campylobacter
jejuni, Cryptosporidium cayetanensis, Cyclospora, Listeria mono-
cytogenes, Norwalk-like viruses, Salmonella Enteritidis, multi-
antibiotic-resistant Salmonella Typhimurium DT104, Vibrio
vulni�cus, and E. coli O157, which produces a Shigalike toxin.
These pathogens share a number of characteristics: virtually all
are zoonotic, that is, they have an animal reservoir, from which
they spread to humans; they rarely cause illness in the infected
animal host; and they rapidly spread globally. Knowledge of
the etiology of the related diseases and the characteristics of the
microorganisms, such as growth limits and virulence, provides
a basis for their control.
Identi�cation

Clinically, foodborne disease is usually mild and self-limiting –
therefore, rapid diagnosis often is not urgent in terms of pro-
tecting the victim. The rapid identi�cation of the causes of
so-called diffuse and widespread outbreaks of foodborne
diseases is the subject of increasing interest in terms of public
health. Because of the mass production of food and worldwide
trade, outbreaks of foodborne disease involving many coun-
tries are becoming more common.

The foods involved usually have only low-level, often
heterogenous, contamination, but they are distributed widely.
Outbreaks are often detected only because of a fortuitous
concentration of cases in one location, or because laboratory-
based typing of strains collected over a wide area identi�es
a particular genetic subtype. In such situations, the coordinated
efforts of teams in several districts and countries can pinpoint
and sometimes eradicate the outbreak. An example of a large,
multistage outbreak occurred in the United States in 2008
and 2009. The outbreak was attributed to contamination by
S. Typhimurium of peanut butter products continuously
manufactured at a plant in Georgia. The contamination was the
result of a basic failure: poor sanitation in the processing
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00128-2
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plant and a microbiologically unvalidated thermal process for
the peanut butter and peanut paste. Although the contamina-
tion caused 714 con� rmed illnesses, it was detected only when
vigorous routine surveillance, combined with a traceback
investigation and microbiological testing of peanut butter,
identi � ed a cluster in reported infections withS.Typhimurium
in one area of northern Minnesota. This outbreak highlights the
challenge of outbreak source attribution when an ingredient, in
this case peanut butter and paste, is used in a wide variety o
products associated with human illnesses.
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Food Safety

Over the past decade, a number of large foodborne illnes
outbreaks in the United States and Western Europe hav
resulted in legislative initiatives to improve food safety by
addressing preventative control measures and microbial ris
associated with high-risk foods. In January 2011, the United
States adopted the Food Safety Modernization Act, which wa
the � rst major update to the Food and Drug Administration’s
food safety oversight since the 1930s.

Internationally, a consensus is developing in support of
a worldwide food safety policy, initiated by the World Health
Organization and the Food and Agriculture Organization of the
United Nations (WHO/FAO) Codex Alimentarius Commis-
sion. Food safety objectives can be derived from the policy by
risk analysis, and this approach should underpin a basis on
which scientists, managers, and consumers can communica
openly.

Although the general perception of the consumer is that
‘food has to be safe,’ it increasingly is recognized that abso-
lutely safe food does not exist. In addition, the degree of safety
has economic consequences and costly preventive measur
will be taken only if there is a clear need. Questions about the
levels of safety that are necessary and realistic must be solv
through communication between food producers and
consumers. Such communication may be enhanced if clea
information about health risks is available.

The production of safe food largely depends on adherence
to food safety objectives, such as end-product speci� cation.
Food safety objectives are based on preventive measures, su
as the use of safe raw food materials, good manufacturing
practices, and procedures with hazard analysis critical contro
points. The success of these preventive measures will be r
� ected in the incidence of foodborne disease.
e

e.
Investigation of Foodborne Disease

Public health epidemiologists have � ve principal tools for
monitoring and investigating foodborne illness:

l Surveillance of laboratory reports of foodborne infections
in humans

l Monitoring of contamination of food and animals by
speci� c pathogens

l Investigation of intensive outbreaks
l Collection of reports on outbreaks, at regional, national,

and global levels
l Studies of sporadic infections
l Syndromic surveillance, which includes monitoring
nontraditional data sources, such as the number of clinic
visits within a community or geographic area

In addition, records such as registrations of death, hospita
discharges, and noti� cations of disease can be used.
Surveillance of Foodborne Infections

Clinical laboratories routinely identify pathogenic organisms
that may be foodborne by testing clinical specimens, such a
blood or stool, from patients. The regular reporting of the
isolation of speci� c pathogens provides an important source of
surveillance data. However, laboratory-based surveillance i
dependent on an infrastructure of competent laboratories that
provide routine diagnostic services, and often it also requires
a central reference laboratory that can con� rm the identity of
unusual isolates and provide quality assurance. Follow-up
studies of cases identi� ed through laboratory diagnostics
provide additional epidemiological data, including informa-
tion on possible sources of the infection and on whether the
cases are sporadic or associated with other cases. Clinic
laboratories are moving away from culture-based methods
toward rapid testing methods that do not require organism
isolation. This shift in clinical testing methods may mean that
public health surveillance laboratories need to� nd alternative
methods to identify genetic subtypes for some pathogens o
risk losing a valuable surveillance tool.
Monitoring of Food and Animals

Monitoring farm animals for pathogenic microorganisms can
provide scienti� cally sound and statistically valid information
on the occurrence and distribution of these agents and any
signi� cant trends. The typing of the strains isolated from
animals and human patients proves the origin of the causative
organisms.

Microbiological surveys of foods can help de� ne the risks of
exposure to potential pathogens. The risks can then be take
into account in the control measures designed to reduce the
contamination of food by pathogenic microorganisms. In the
absence of epidemiological data on human illness, data on
food microbiology may be the only available indicator of the
risk or source of foodborne disease.
Investigation of Outbreaks of Foodborne Disease

A foodborne outbreak generally is de� ned as an incident in
which two or more individuals experience a similar illness after
exposure to the same food, ingredient, or meal. A sporadic cas
involves a patient who has not been exposed knowingly to
a similarly ill person. Sporadic cases are far more common than
outbreaks, but they are less easy to investigate and characteriz
Consequently, in most countries, it is only outbreaks of food-
borne disease that are investigated and reported.

The most informative investigations of outbreaks start with
the collection of data on the exposure of de� ned groups of
patients (cases) and of healthy controls who have had a similar
opportunity to become ill. Table 1 summarizes the� ndings of
such a case–control study into an outbreak of foodborne
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Table 1 Investigation of an outbreak of food poisoning, using
a case–control study

Type of goat’s milk
cheese Cases Controls

Matched odds
ratio

Brand A 32 10 12
Brand unknown 9 8 6
Brand other than A 5 10 1.7
None 13 30 1 (Reference)
Total 59 58

Reproduced with permission from Desenclos et al., 1996. British Medical Journ
312, 161–167.
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disease, which was known to be caused bySalmonella entericain
cheese made with unpasteurized goat’s milk. The cases were
de� ned as residents of France with a positive culture fo
Salmonella paratyphi-B between 1 August and 20 November
1993, and with symptoms of gastroenteritis or septicemia. For
each case, a control matched in terms of age, gender, and city
residence was selected from the telephone directory (those wit
diarrhea in the previous 3 months were excluded). The data
summarized in Table 1 were collected by telephone interview.
On the basis of their analysis, the conclusion of the study was
that people who had eaten cheese of brand A had a 12-fold
increased risk of illness. Case–control studies are carried out to
identify the factors involved in the etiology of a disease, and to
quantify risk factors – for example, in Norway, to investigate
sporadic Campylobacterinfections, and also to investigateYer-
sinia enterocoliticainfections. The risk factors identi� ed,
however, may have only regional value.

Another type of study is a cohort study. This compares the
incidence of illness among individuals who have or have not
eaten certain food items during the same event. The ratio of the
‘attack rates’ is expressed as‘a relative risk.’ Cohort studies are
used less often than case–control studies, but they constitute
a convenient and powerful tool when those at risk can be listed
easily, for example, the passengers on a cruise or the guests
a party. The� ndings of a cohort study are presented inTable 2.
This study investigated a large outbreak of gastroenteritis, cause
by the diarrheal form of the toxin produced by Bacillus cereus.
The cohort included all of those attending a university� eld day,
and the cases were de� ned as those with diarrhea (three or more
loose stools in a 24 h period) within 5 days of the � eld day. Data
were collected by means of a postal questionnaire. Analysis o
the data showed that 26% of those who had eaten pork became
ill and that those who had eaten pork were� ve times more likely
to become ill than those not eating pork.

Case–case studies are becoming more prevalent in outbrea
investigations. This study is a modi� ed case–control study in
Table 2 Investigation of an outbreak of food poisoning, using
a cohort study

Consumption of
pork

Total
cohort

Number of
cases

Attack
rate (%)

Relative
risk

Yes 523 137 26 5.4 (1.4–21.0)
No 41 2 5

Reproduced with permission from Luby et al., 1993. Journal of Infectious Disea
167, 1452–1455.
which outbreak cases of a matching subtype are compared with
sporadic cases with con� rmed illness for the same pathogen
but a different subtype. Case–case studies often are conducted
early in an investigation in which interview data for sporadic
cases exists and are likely to match a plausible exposure for th
outbreak cases. This study design was used to link cases
cantaloupe consumption in a 2011 outbreak of L. mono-
cytogenesin the United States.

Once a food source is implicated, further investigations,
into its mode of preparation and the sources of the raw
ingredients, may be warranted to identify how it became
contaminated. In some outbreaks, the epidemiology may be
inconclusive and a product trace-back may be warranted. In
a 2008 SalmonellaSaintpaul outbreak in the United States, the
epidemiological investigation originally implicated tomatoes
as the outbreak vehicle. Product tracing later linked illnesses to
consumption of jalapeno peppers. Intensive laboratory inves-
tigations into leftovers, raw ingredients, and so on may identify
the causative agent and clarify the mode of contamination. In
this way, it was shown that jalapeno and Serrano peppers from
Mexico were the likely source of the SalmonellaSaintpaul
outbreak.

al
Surveillance of Reports on Foodborne Disease Outbreaks

The value of data on outbreaks of foodborne disease depend
heavily on the quality of the original investigations, including
the use of standard methods for implicating aetiological agents
and food vehicles, and the constancy of reporting. The collection
and summary of data occasionally lead to discoveries, such a
the linkage of outbreaks ofSalmonellaEnteritidis infections with
eggs. More typically, well-selected data provide useful informa
tion about the spectrum of outbreaks associated with a particular
aetiological agent, a particular type of food or a particular setting.
New trends, such as the observed change in the epidemiology o
foodborne outbreaks, can be revealed if data from different
countries are put together. Few papers, however, provid
detailed information on the number of organisms present and
the response of individuals to them. This dose–response rela-
tionship may become more important as the number of
immune-compromised and elderly people increase worldwide.
ed
Studies of Sporadic Cases

Sporadic cases of foodborne infections are far more frequen
than cases associated with identi� ed outbreaks, and the
preventive lessons learned from investigations of outbreaks
may not always apply to sporadic cases. For example, outbreak
of C. jejuni infections in the United States typically are caused
by the consumption of raw milk and untreated surface water.
Eating poultry results in sporadic cases and were identi� ed as
a dominant source of campylobacteriosis after case–control
studies were conducted.

During the 1990s, investigators demonstrated thatL. mon-
ocytogenescan be found in a wide variety of processed foods and
that considerable growth of the organism may occur during
prolonged refrigerated storage. Only after case–control studies
of sporadic cases were foods such as cheese, undercook
chicken, and hot dogs identi� ed as agents that transmit liste-
riosis. In the past decade,E. coliO157:H7 infections, typically
se
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associated with ground beef, have been associated increasing
with fresh product. These � ndings resulted in education
campaigns and legislation, and more recent surveillance ha
indicated a decrease in the incidence of human cases ofE. coli
O157:H7 infections.
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Sentinel and Population Studies

Sentinel and population studies provide quantitative infor-
mation about the incidence of foodborne pathogens in
a certain region. The lack of essential information about the
incidence of foodborne diseases led to the organization of
a sentinel system in the Netherlands, in which 42 genera
practitioners participated. They reported all those patients with
acute gastroenteritis who exhibited symptoms similar to
a previously established case de� nition, and all of these
patients were asked to� ll in a questionnaire and to send a fecal
sample to a regional laboratory for examination. The results are
summarized in Table 3. Campylobacterspecies were the mos
frequently found organisms in fecal samples of the patients.
The sentinel study revealed that in a year, 15 out of 1000
individuals seek medical attention for complaints of acute
gastroenteritis. The true incidence must be much highe
because not all such patients seek medical attention. Therefor
a population study was carried out at the same time at
community level, to assess the true number of individuals with
gastroenteritis. From these data, the true incidence of campy
lobacteriosis and salmonellosis was calculated. Sentinel an
population studies thus provide information about both the
incidence of disease and the proportion of patients who
consult general practitioners about gastroenteritis.

In the United States, since 1996, the Center for Diseas
Control and Prevention’s (CDC) Foodborne Diseases Active
Surveillance Network (FoodNet) conducts active, population-
based surveillance in 10 US states for all laboratory-con� rmed
infections with select enteric pathogens transmitted commonly
through food ( www.cdc.gov/foodnet).
,
.

Reporting of Foodborne Disease

Most countries have systems for reporting noti� able diseases
but few have programs for the surveillance of foodborne disease
Table 3 Investigation of gastroenteritis, using sentinel and
population studies

Causative
microorganism

Proportion of cases
in sentinel study (%)

Incidence of gastroenteritis in
population study (cases per
1000 individuals per year)

Campylobacter 12–15 18–23
Salmonella 4–5 6–11
Shigella 0–3
Pathogenic

Escherichia coli
3

Clostridium
perfringens

3

Rotavirus 6

Reproduced with permission from Notermans, S., Borgdorff, M., 1997. A globa
perspective of foodborne disease. Journal of Food Protection 60, 1395–1399.
Hence, little is known about such disease on a worldwide basis
Annual reports are generated by only a few countries, including
England and Wales, Canada, Japan, and the United State
During the 1990s, however, many European countries began to
produce reports on foodborne disease, under the auspices of th
WHO surveillance program for the control of foodborne infec-
tions and intoxications in Europe. A few other countries are also
attempting to develop programs for reporting foodborne
disease, but they are hampered by lack of resources.

Reports of outbreaks of foodborne disease are produce
around the world by scientists, who carry out, for example,
case–control studies and sentinel and population studies.
Although their work is usually done on an ad hoc basis, it is of
paramount value in yielding information about new and
emerging foodborne diseases.
l
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Causes of Food-Poisoning Outbreaks

Annual reports of countries generally provide only super�cial
information about food-poisoning outbreaks, such as the types
of organisms and foods involved, general factors contributing
to the occurrence of disease and trends associated with th
emergence of causative organisms.

The CDC Foodborne Outbreak Online Database (FOOD)
actively compiles food vehicles associated with food-poisoning
outbreaks. The data obtained from this database are an extra
of reported data and therefore should not be considered
completely representative of the� ndings in investigations of all
outbreaks. The most important factors contributing to
outbreaks of foodborne disease, as identi� ed by the WHO
Center for Control of Foodborne Infections and Intoxications
in Europe, include the following:

l Poor general hygiene
l Consumption of raw ingredients
l Use of contaminated ingredients
l Contamination by infected persons
l Cross-contamination
l Use of contaminated equipment
l Failures in processing
l Preparation too early in advance
l Inadequate heating
l Inadequate hot holding
l Inadequate refrigeration
l Too long a storage time
l Contamination during � nal preparation
l Inadequate heating before reuse

These factors are useful pointers for improving genera
hygiene, and the majority of them are within the control of the
consumer.

Trends become evident in the case of only some organisms
A particularly good example of such an organism isSalmonella,
because many countries have well-developed systems for th
surveillance of Salmonellaserotypes that are isolated from
patients seeking medical attention.
Reliability of Information

Annual reports on foodborne disease provide a poor re� ection
of reality, showing only the tip of the iceberg. Normally, only
l
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outbreaks (in which two or more persons are involved) are
recorded, and so limited information about sporadic cases is
available. A study carried out in the United States in 2011
estimated the annual incidence of 31 major pathogens
acquired in the United States. These 31 pathogens are estimated
to cause between 6.6 and 12.7 million illnesses, 39 500–75 700
hospitalizations, and 700–2300 deaths. This study estimated
that most (58%) illnesses were caused by Norovirus, followed
by nontyphoidal Salmonella spp. (11%), Clostridium perfringens
(10%), and Campylobacter spp. (9%). The leading causes of
hospitalization were nontyphoidal Salmonella spp. (35%),
Norovirus (26%), Campylobacter spp. (15%), and Toxoplasma
gondii (8%). Deaths were most associated with nontyphoidal
Salmonella spp. (28%), T. gondii (24%), L. monocytogenes (19%),
and Norovirus (11%). Understanding the true incidence of
foodborne diseases is of the utmost importance in conducting
risk assessments, crafting thoughtful science-based policy, and
ensuring safe food production.

See also:Biochemical and Modern Identi�cation Techniques:
Food-Poisoning Microorganisms; Campylobacter;
Cryptosporidium; Cyclospora; Eggs: Microbiology of Fresh Eggs;
Escherichia coli:Escherichia coli;Escherichia coli:Detection of
Enterotoxins of E. coli; Escherichia coliO157: E. coliO157:H7;
Hazard Appraisal (HACCP): The Overall Concept; Hazard
Analysis and Critical Control Point (HACCP): Critical Control
Points; Hazard Appraisal (HACCP): Involvement of Regulatory
Bodies; Peanut Butter; International Control of Microbiology;
Listeria Monocytogenes; National Legislation, Guidelines, and
Standards Governing Microbiology: European Union; Process
Hygiene: Involvement of Regulatory and Advisory Bodies;
Salmonella:Introduction; Salmonella:SalmonellaEnteritidis.
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Food Safety Objective Concept

The Food Safety Objective (FSO) concept describes an
approach to setting microbial FSOs and specifying the elements
and parameters of the Hazard Analysis Critical Control Point
(HACCP) system, which establishes control of the food-
processing operation. The FSO concept recognizes that the
ultimate objective of a food safety system is to prevent illnesses
by focusing food-manufacturing attention and activities on
preventing or minimizing exposure of the consumer to path-
ogens. Implementing the FSO concept employs quantitative
microbial risk assessment techniques, including modeling of
the entire farm-to-table food supply chain (i.e., production,
processing, distribution, marketing, and preparation), with
consideration of the variation that occurs with the ingredients,
process steps, distribution, and �nal food preparation. The risk
assessment can organize the data to determine whether the
food will consistently meet regulatory and public health
targets. The risk assessment techniques can be used to deter-
mine the effects of changes in the supply chain, thereby helping
in the design of appropriate food safety systems. The FSO
concept has particular application in determining the strin-
gency of a necessary kill step or evaluating the hazard status of
ready-to-eat foods.

This concept has been symbolically expressed by the
following relationship:

Ho � SR þ SI � FSO

The initial contamination (Ho), the summation of all
microbiological reduction steps (�SR), and the summed
increases from growth and possible recontamination (SI) must
be less than or equal to the maximum frequency or allowable
numbers of a pathogen at consumption (FSO). A generalized
food process with the steps that may contribute to these
parameters is shown on Figure 1.

To design a food process that achieves an FSO, the entire
process is considered, including postmanufacturing distribution,
storage, and food preparation at the home or food service
establishment. Thevariation thatoccurs at eachstep in the process
and contributes to the distributions of pathogens within the food
at the time of consumption is also considered. Variation is
minimized wherever possible and, by de�nition, the process is
ncyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
designed so that all servings, not just the average or majority of
servings, meet the FSO. In practice, successfully meeting the FSO
could mean, for example, that �99% of the servings meet the FSO
or the mean is a speci�ed number of standard deviations below
the FSO (e.g., 2.5 standard deviations).

The HACCP plan is a system to control the food process.
Speci�c processing steps that have major effects and are
controlled are designated as critical control points (CCPs).
These HACCP steps have measurable parameters that can be
monitored and controlled in real time to ensure that a process
functions as intended and the resulting �nished food will
achieve the regulatory or public health targets. In the past,
the objectives for an individual CCP were determined inde-
pendently of the rest of the food process. There was no mech-
anism, for example, to link the level of contamination to the
necessary extent of inactivation or to consider the impact of
subsequent growth or recontamination on achievement of
a speci�ed public health objective. The FSO concept is a way to
quantitatively link processing steps to public health objectives
and to determine the processing parameter values of the CCPs
that are needed to achieve these objectives. The risk assessment
is the underlying scienti�c analysis for determining processes
speci�c to HACCP system and CCPs.
FSO Terminology

The FSO concept is centered on achieving a desired public health
objectivedthat is, the process should provide safe food to the
consumer at the time of consumption. The processing parame-
ters and HACCP elements needed to achieve a de�ned low level
of risk to consumers should be determined. To characterize
a process using the FSO concept, parameters were de�ned that
are applied at different points in the food process (Figure 1).
Appropriate Level of Protection

The World Trade Organization (WTO) de�ned the appropriate
level of protection (ALOP) as “the level of protection
considered appropriate by a member country to protect
human health within its territory.” This re�ects the need to
communicate that the risk is never zero and that some
quantitative level must be speci�ed as the objective to evaluate
-384730-0.00395-5 959
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Performance criteria (log reduction)
Process criteria (Temperature, Time, pH)

Performance objective (frequency and cfu/serving)
Microbiological criteria (testing plan)

FSO   (frequency and cfu/serving)

ALOP  (risk/serving or Illnesses in population)

Product criteria (critical composition parameters)

Figure 1 Generalized food process showing FSO metrics.
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the design and control of a food-related process. It does no
mean that illnesses are acceptable; rather, it is a realizatio
that setting feasible objectives for industry and regulatory
agencies will further food safety more than setting unrealistic
and unobtainable speci�cations or expecting that testing or
inspections will ensure safety. The ALOP is based on man
factors, including the likelihood and levels of contamination,
pathogenicity of the microorganism, feasible control
measures, availability of food, degradation of sensory and
nutritional quality of the food by control measures, legal
requirements, costs, and consumers’ willingness to accept risks
for the foods they desire. The ALOP is a risk managemen
value judgment informed by a variety of societal consider-
ations; it is not solely a scienti� c decision.

The ALOP may be expressed in several ways. It may
expressed as the number of illnesses in a population occurring
in a year or as the probability of developing an illness per
serving. The illness may be de� ned as self-reported sicknesse
documented doctors’ visits, hospitalizations, or deaths. The
ALOP may be stipulated for speci� c subpopulations, such as
the elderly, children, or individuals, who are immunocom-
promised by disease or medical treatments.
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An ALOP is typically a metric (i.e., rate of illness) that is not
directly controlled or measured by the food industry or its
regulatory agencies. Instead, the FSO concept is used to link th
ALOP to traditional food safety metrics. The FSO metric is“ the
maximum frequency and/or concentration of a hazard in
a food at the time of consumption that provides or contributes
to the ALOP.” Risk managers link the FSO to the ALOP by risk
characterization, by which quantitative exposure levels are
linked to the probability of developing some de� ned adverse
health effect. This relationship can be determined by epide-
miological investigations in which the susceptible populations
have been involved, with additional information from volun-
teer feeding trials, animal studies, and other evidence on viru-
lence and host susceptibility.

The FSO can be considered the bright line that a servin
should never exceed. This provides a quantitative value again
which food microbiologists and quality assurance, processing
and operations specialists in industry and regulatory authori-
ties can evaluate the food process. The FSO focuses on a sin
serving; pathogen levels above the speci� ed level are unac-
ceptable, even though servings with these levels may be rar
The total pathogen consumption from a serving is the public
health metric; however, with a known serving size, this can be
expressed and used in process calculations as the cfu g� 1. This
focus on the single serving differs from many chemical safety
considerations for which cumulative doses are more determi-
native of public health than single doses.
Performance Objective

The performance objective (PO) is“ the maximum frequency
and/or concentration of a hazard in a food at a speci� ed step in
the food chain before the time of consumption that provides or
contributes to the FSO or ALOP, as applicable.” The FSO is
applicable at the time of consumption, for which no regulatory
or industry control can be asserted; therefore, the PO is estab
lished at feasible control points, such as the end of manufac-
ture, point of entry for an imported product, at retail, or after
a critical processing step. The PO should not be at a step a
which it would not be measurable. For example, testing a food
for PO compliance after thermal processing would not provide
usable microbial information except after gross process failure
A process may have several POs. As with CCPs, the PO for o
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manufacturer might not be the same for another manufacturer
producing the same type of food, particularly if they are using
different technologies to process the food. It would be expec
ted, however, that both would have the same FSOd that is, the
same� nal level of control.

If a food supports growth of a pathogen during the post-
manufacturing transportation, retail, and home storage
periods, then allowance for this growth is necessary, particu
larly for ready-to-eat foods that do not receive an inactivation
treatment before consumption. Typical times and tempera-
tures, including the expected shelf life and a reasonably likely
abuse, must be determined to estimate the levels a
consumption.
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Performance Criterion

The performance criterion (PC) is“ the effect in frequency and/
or concentration of a hazard in a food that must be achieved by
the application of one or more control measures to provide or
contribute to a PO or an FSO.”For an inactivation step, this
might be a � ve log reduction. For a storage period, the PC
might be less than one log growth. In some processes, a
inactivation PC could be achieved as the summation of severa
steps.
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Process Criterion

After the process criterion (PrC) has been determined, the speci� c
intrinsic (food pH and aw) and extrinsic (heating temperature
and time) parameters that achieve the PC are speci� ed. Different
inactivation processes may be considered (thermal, UV light
pulsed electric� elds, irradiation, or high pressure) for achieving
a PC. The PrC is the appropriate parameter values that must b
controlled to achieve the PC. These parameters frequent
become the CCPs in the HACCP system.
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Microbiological Criteria

The PO is de� ned as the maximum frequency or level of the
pathogen in a serving at a speci� c point in the process. This is
a pass–fail standard for the acceptability of a product or food
lot that is based on the presence or absence or the number o
microorganisms per unit. The standard must be formulated
into a testing protocol that has an acceptable probability of
detecting a failing product and, conversely, of accepting
a passing product. The microbiological criteria (MC) will
specify the microorganism of concern and the point in the
processing at which samples will be taken. The sampling plan
will stipulate the number and weight of grab samples,
compositing (if performed), weight of enrichment sample or
amount put on an agar plate, enrichment–selective media, and
identi � cation criteria.

The two-class attribute test is the most widely used protoco
in the food industry for the MC for an infectious pathogen. It is
characterized by the number of samples that will be tested (n),
the number of samples (c) that can be positive or greater than
a quantitative limit (usually c is zero), the detection level of
presence or absence or the quantitative limit (m), and a desired
con� dence level that an unacceptable lot will be detected
(often 95%). The MC should indicate the actions to be taken by
the food processor when a lot fails the MC. In general, an MC
will be more stringent than the PO for the same step in
a process to ensure that the PO is being met with a speci� ed
level of con� dence.
Risk Analysis

The FSO concept is closely linked to risk analysis and it
components of risk management, risk assessment, and ris
communication. The quantitative levels for ALOP and FSO are
value judgments made in the public arena by risk managers
within a country ’s food regulatory authority. Frequently these
decisions are informed and guided by other government enti-
ties with broader mandates, including from those legislative,
judicial, and other senior executive bodies.

After the risk managers have determined the ALOP an
FSO, risk assessors can conduct an exposure assessmen
determine whether a food process achieves the speci� ed level
of the hazard or, if not, what changes in the process could be
made to bring the process into compliance. The purpose o
the risk assessment is to inform (improve) the decision
making by risk managers by providing them with a structured,
transparent, and documented analysis of the complex food
process. A functional separation should be made between th
risk managers and risk assessors; however, they must rema
in communication to ensure that the results of the risk
assessment provide the information needed by the risk
managers. If an economic analysis will be part of the decision-
making process, it is important to have communication with
the economists to ensure that the risk assessment results w
support their efforts.
Risk Management

Risk managers are the decision makers within a regulator
agency or other organization who need the information that
the risk assessment can provide to help them make the bes
decision possible. They initiate the risk assessment an
de� ne the scope and objectives. In most organizations, they
also control the budget, assign personal to the risk asses
ment, and determine the time line. The risk assessmen
provides the scienti� c and technical analyses for the deci
sion. Risk managers may need to consider other factors i
reaching their decision, including regulatory and legal
constraints, economic constraints, sensory and nutritional
effects, technical feasibility of a food process, and broade
cultural desires by the consuming public to have the food
they expect and enjoy.
Risk Assessment and Microbial Modeling

Risk assessment is the process of collecting and organizing da
that describe the food process. It involves determining the
processing operations and steps that have microbiologica
signi� cance, the points of contamination, and whether the
microorganism grows, survives, or is inactivated in each step
The � eld of microbial modeling has advanced to provide the
methods for developing models that quantitatively describe the
behavior of microorganisms when in different foods under
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various conditions. The microbiological process model will use
input parameters, such as contamination levels, product pH,
and thermal processing and storage times for every processin
step, to calculate the frequency and number of microorganisms
there are at the end of manufacture (PO) or at consumption
(FSO), or by incorporating the dose response relationship, to
calculate the risk of illness per serving or number of illnesses in
a population per year (ALOP).

The different parameters that de� ne a processing step often
are not single values and can be described by frequenc
distributions. The different levels of contamination in lots of
ingredients and the differences in an oven temperature from
batch to batch are examples of variation. A quantitative risk
assessment uses stochastic techniques (Monte Carlo analyse
to determine a distribution for the output parameters for all of
the servingsd for example, the distribution of contamination
levels in a product at retail from the distributions of various
parameters in the process. An advantage of the quantitativ
risk assessment over conventional single value calculations
that the frequencies of different output values can be deter
mined. Having the mean value and the 5th, 95th, and 99th
percentiles of the contamination levels provides a more
complete understanding of the situation than having only
a calculation of the mean value. Frequently, risk managers ar
more interested in the values in the tail of a distribution than
they are in the mean.

These distributions in the various parameters result from
variation or uncertainty in the parameter values. Variation
re� ects the real differences that exist between different sample
and, consequently, in the output calculations. This variation
can be reduced by changes in the system. For example, va
ability in oven temperature can be reduced by better air circu-
lation or a better controller. These distributions may also
include the uncertainty in the de� nition of the distributions.
Uncertainty is a lack of knowledge resulting from a lack of
data, imprecise methodology, old data, or data obtained at
a different locality. If this uncertainty creates a data gap tha
prevents risk managers from reaching a decision, the unce
tainty can be reduced by additional research.

The data set for most parameters contains both variability
and uncertainty. When designing a process to satisfy an FS
and ALOP, the initial determination is whether the food
process satis� es the risk managers’ criteria for the FSO and
ALOP, including all of the variation and uncertainty. If it does
not, better data for any signi� cant parameters with high
uncertainty can be obtained. With the reduced uncertainty, the
risk assessment can be rerun, and the risk managers can ev
uate the closer modeling of the process. If the process is judge
to be unacceptable because some parameters have high var
tion, ways can be sought to reduce their variation and, conse
quently, reduce the variation in the estimates of the FSO and
ALOP. It the process still does not result in servings that mee
the risk managers’criteria, a step must be modi� ed or added to
reduce the level of contamination for all servingsd for example,
by raising the pasteurization temperature.
O/WHO), 2002.
sessment in the
Texts. Report of
ure Organization
Risk Communication

Risk communication refers to the interactions between the risk
managers and risk assessors to de� ne the objectives and scope
of the risk assessment and to specify what types of output the
risk managers wish to receive. Regular updates on the progre
of the risk assessment should be given to the risk managers t
ensure that the objectives are achieved and because experien
has shown that issues frequently arise during data collection
and analysis that are a function of risk management and not the
risk assessment.

Important information is often available from organiza-
tions and companies not directly involved with the risk
analysis. Industry data and expert opinion may be the only
source of data for some processing steps. Industry an
consumers may have valuable input into the objectives of the
risk assessment. In the public arena, communication with
industry and consumers during the risk analysis process wil
facilitate an understanding of the risk assessment and accep
tance of the risk management decisions that result from the
risk analysis.
Conclusion

The FSO and accompanying metrics provide a quantitative
approach to specifying the level of hazard in a food at
consumption and the risk of illness. Utilizing quantitative
risk assessment techniques, the frequencies and levels
microbial pathogens at each step for the entire food-
processing chaind from raw ingredients to the consumerd
can be estimated, and the stringency of control necessary a
individual steps can be determined to achieve the ALOP
This assessment provides the foundation for the HACCP
system and helps determine the objectives for individual
CCPs. An in-control food process with a validated and
veri� ed HACCP system will then provide the consumer with
safe food.
See also:Hazard Appraisal (HACCP):The Overall Concept;
Hazard Appraisal (HACCP):Involvement of Regulatory Bodie
Hazard Appraisal (HACCP):Establishment of Performance
Criteria; Predictive Microbiology and Food Safety;
Microbial Risk Analysis.
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Figure 1 Schematic state diagram for food freezing. Temperatures are
(a) 0 �C, freezing temperature of pure water; (b) temperature of onset of
melting of ice in the maximal ice fraction; (c) temperature of glass tran-
sition of the maximally concentrated solution; and (d) �135 �C, the glass
transition temperature of pure water.
Effect of Freezing on the Microbial Environment
Provided by Foods

Although some water in foods can be associated with macro-
molecules as water of hydration, most of the water in moist
foods usually will be present as a solution of an often complex
mixture of solutes. When water contains dissolved solutes, the
freezing point of the water is depressed. Consequently, foods
generally commence freezing at temperatures between �1 �C
and �3 �C rather than 0 �C. Freezing occurs with the formation
of crystals of pure ice in the solution. If nuclei for ice crystal
formation are lacking, the solution may supercool – that is, it
may remain wholly liquid at temperatures below that at which
freezing can start.

Once ice crystal formation has started, the fraction of water
that is present as ice will increase with decreasing temperature,
and the concentrations of solutes in the remaining liquid water
increase as well (Figure 1). With decreasing temperature, the
amount of ice within a food will reach a maximum value,
although the food still may contain unbound water that could
be frozen. Such water does not freeze because growth of ice
crystals is restricted by increased viscosity of the food matrix. At
still lower temperatures, the concentrated solution will solidify
as a glass.

In any freezing solution, the ice must be in equilibrium
with the remaining liquid water. Consequently, the vapor
pressure of the solution is that of ice at the same temperature,
which is less than that of liquid water at the same tempera-
ture. Therefore, a food that is partially or wholly frozen is
effectively drier than the same food that is not frozen. The
availability of water can be expressed as its water activity
(aw) – that is, the ratio of the water vapor pressure of the food
to the vapor pressure of pure water at the same temperature.
The aw of a frozen food is that of pure ice at the same
temperature (Table 1).

All microorganisms in frozen foods must be exposed to low
temperatures and reduced water activities but may be exposed
variously to other injurious conditions. When a food
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progressively freezes, planktonic microorganisms that are free
to move in the liquid phase will concentrate in the remaining
unfrozen solution. Such microorganisms therefore will be
exposed to increasing solute concentrations and possibly to
large pH changes. Organisms that are immobilized within
foods may escape exposure to concentrated solutions, but they
may be affected by ice crystal formation in their locality or by
desiccation if water sublimes from frozen surfaces to give
regions of freeze-dried food. The various types of
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00130-0
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Table 2 Effects on bacteria on turkey carcasses of freezing
and frozen storage

Time

Numbers of bacteria (log cfu cm� 2)

Aerobes Pseudomonads Coliforms Enterococci

Before freezing 6.5 5.2 4.8 5.0
After freezing 4.5 2.7 2.5 3.4
1-month storage 4.1 2.1 2.7 1.4
2-month storage 3.1 1.2 2.2 1.1
4-month storage 2.7 1.0 1.4 .1
6-month storage 2.7 < .0 .3 .1

Source: Kraft, A.A., Ayres, J.C., Weiss, K.F., Marion, W.W., Balloun, S.L. Forsythe,
R.H. 1963. Effect of method of freezing on survival of microorganisms on turkey.
Poultry Science 42, 128–137.

Table 1 Effects of freezing temperatures on the
water activities of foods

Temperature (� C) Water activity (aw)

� 2 .981
� 5 .953
� 10 .907
� 15 .864
� 20 .823
� 30 .746

Source: Leistner, L., Rodel, W. Krispien, K., 1981. Microbi-
ology of meat and meat products in high and intermediate
moisture ranges. In: Rockland, L.B., Stewart, B.F. (Eds.), Water
Activity: In� uences on Food Quality. Academic Press, New
York, pp. 885–916.
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microorganisms can then be affected differently by the inju-
rious conditions that develop in frozen foods.
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Injury of Microorganisms by Freezing and Thawing

During freezing of foods, microorganisms could be injured by
the low temperatures, by mechanical damage to cell walls o
membranes by ice crystals formed outside or within cells, by
increased concentrations of damaging solutes in the extra
cellular medium, or by dehydration of cells in response to
increased osmotic pressure or drying of the extracellula
medium. During frozen storage, reactions between compo
nents of cells and those of the extracellular medium, or
increasing desiccation of the food may result in cell damage
During thawing, intracellular and extracellular ice crystals
may enlarge to damage cells, or glassi� ed solutions may melt
to expose microorganisms to concentrated solutions. Micro-
organisms, however, can be protected from injury during
freezing and thawing by various solutes that can be present in
foods.

Abrupt, relatively large decreases in temperature can resu
in injury to growing bacteria, with loss of intracellular metab-
olites and proteins and synthesis of novel, cold-shock proteins
Bacteria in foods, however, generally would not experience
rates of cooling suf� ciently rapid to induce cold shock. Thus, in
general, the simple cooling of microorganisms during freezing
is unlikely to be immediately injurious. Microorganisms can
progressively lose viability when their growth is prevented, but
such loss of viability is generally less at lower than at highe
temperatures. Loss of viability during frozen storage may occu
at the upper end of the temperature range experienced b
frozen foods, but it may be of little consequence at usual frozen
storage temperatures.

Apparently, damage of cells by extracellular ice is no
a major cause of injury to most microorganisms. Formation of
intracellular ice also may be of limited importance for micro-
organisms other than multicellular parasites because wate
within microorganisms tends to supercool and may remain
liquid at temperatures below �15 � C. As the water activity
within supercooled cells must be above that of the
surrounding, frozen medium, the cells lose water to the
surrounding medium and become dehydrated. Ice crystals wil
form within cells of bacteria and fungi only if the rate of
cooling is such that the temperature limit for cell content’s
supercooling is exceeded before cell dehydration occurs. Th
maximum rate of dehydration of a cell will depend on the
permeability to water of the cell membrane and the ratio of
the cell surface area to its volume. Ice is unlikely to form in the
cells of bacteria, yeasts, and molds when cooling rates ar
�1 � C min � 1. Ice may form in cells of yeasts and molds, and
bacterial cells of larger sizes when rates of cooling ar
>10 � C min � 1; however, the formation of ice in the smallest
bacterial cells may not occur unless the rate of cooling
approaches 100� C min � 1.

If the main cause of lethal injury of microorganisms during
freezing is dehydration, the rate of survival should decline with
decreasing temperature. This is observed with some parasite
but with bacteria, yeasts, and molds, survival of freezing tends
to increase with decreasing temperature and increasing rates
cooling up to 10 � C min � 1. Survival then decreases with
increasing rates of cooling, but it increases again when cooling
is rapid. Survival generally is enhanced by rapid rather than
slow thawing. These effects of rates of cooling and thawing
indicate that injury at slow rates of freezing probably is due to
increased concentrations of extracellular solutes. At rates o
cooling above 10� C, ice formed within cells will cause injury.
The size of ice crystals will decrease with increased rates
cooling, however, while the greatest damage is caused by larg
ice crystals. Slow thawing allows for the enlargement of ice
crystals, with greater damage to cells than when thawing i
rapid.

During frozen storage of foods, the number of viable
organisms can decline (Table 2). Rates of decline are generally
relatively slow and tend to decrease with time, so after an initial
period, the numbers of some organisms may be essentially
stable.
Cryoprotectants

Although some extracellular solutes can be injurious, others
can protect microorganisms against freezing damage. Thes
cryoprotectants include glycerol and other polyols, glycine,
sugars, and various other low-molecular-weight organic
compounds. Soluble, high-molecular-weight compounds,
such as starch and proteins, can have cryoprotective effects,
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Table 4 Time and temperatures for inactivation
of Trichinella spiralisin pork speci� ed in US
regulations

Temperature (� C) Time (h)

� 18 106
� 23 63
� 29 35
� 32 22
� 37 .5
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can electrolytes in some instances. Polyols and other low
molecular-weight cryoprotectants are variously synthesize
and accumulated by xerotolerant organisms exposed to
osmotic stress. Such compounds readily enter cells, an
probably protect cell components from the injurious effects of
the dehydration that occurs during freezing. Electrolytes
similarly may stabilize some cell components. In contrast,
high-molecular-weight cryoprotectants probably act by
inhibiting the formation of ice in the extracellular medium. As
the complex medium provided for microorganisms by many
foods are likely to contain a variety of cryoprotective
compounds, the effects of freezing are generally less delet
rious for microorganisms in foods than for the same organ-
isms in simple media.
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Effects of Freezing on Microorganisms in Foods

Microorganisms of all types (i.e., viruses, bacteria, yeast
molds, protozoa, and multicellular parasites) can be present
in foods. Viruses, bacteria, yeasts and protozoa, and spores
other resting forms of bacteria, yeasts, protozoa, and molds
may be planktonic and thus may be affected by increasing
solute concentrations in the remaining liquid water during
freezing of foods. Mold hyphae are extensive while helminths
and the infective forms of helminthic parasites are relatively
large, so those types of microorganisms are likely to be
localized within foods and to be damaged by ice crystal
formation.

Foodborne enteric viruses are small and of simple struc
ture, being composed of only a nucleic acid core and protein
coat. Spores of bacteria and the sexual spores of molds an
yeasts can survive extreme environmental conditions tha
inactivate vegetative cells. Thus, in general, these types a
forms of microorganisms probably are preserved rather than
inactivated by freezing (Table 3). The extent to which the
vegetative cells of bacteria and yeasts are inactivated b
freezing varies greatly between species and strains and
affected by the physiological state of the organisms as well a
the conditions under which freezing occurs. In general,
Table 3 Predominant effects of freezing on the various types
and forms of organisms that may be present on foods

Organism

Effect of freezingType Form

Viruses – Preservation
Bacteria Vegetative cells Inactivation/preservatio

Spores Preservation
Yeasts Vegetative cells Inactivation/preservation

Spores, sexual Preservation
Molds Hyphae Injury/preservation

Spores, asexual Inactivation
Spores, sexual Preservation

Protozoa Active forms Inactivation
Spores, cysts, oocytes Inactivation

Helminths Adult forms Inactivation
Larvae, metacercariae Inactivation
stationary phase cells and cells exposed to osmotic or som
other types of stress before freezing are more resistant t
freezing than are logarithmic phase, unstressed cells. Th
asexual spores of molds generally are less resistant to freezin
than are sexual spore, and their resistance may vary with th
conditions under which they are formed.

The lethal effects of freezing on� lamentous molds are
dif � cult to quantify and have not been extensively investigated,
but damage of hyphae by ice crystals has been reported. Th
infective forms of protozoan parasites (i.e., spores, cysts, an
oocysts) generally are inactivated by freezing, with the rate o
inactivation increasing with decreasing temperature. The sam
is true of the infective forms of helminthic parasites (i.e., larvae
and metacercariae). Consequently, frozen storage at speci� ed
temperatures for speci�ed minimum times is a recognized
means of inactivating some parasites in foods– for example,
larvae of Trichinellain meat (Table 4).
ve
Conclusion

The extent to which the microorganisms are injured by freezing
of foods can vary greatly with the type of microorganism, its
physiological state or stage in its life cycle, the composition of
the food, and the rates at which freezing and thawing occur.
Except with large larval or adult forms of multicellular parasites,
it cannot be safely assumed that freezing will inactivate large
numbers of any microorganism that may be present in a food.
Even so, in some circumstances, freezing will cause extensi
inactivation of some microorganisms in some foods. For such
reductions to be recognized as decontaminating treatment in
food production systems, however, they have to be validated for
the microorganisms of concern in each speci� c process.
;

kwell, Oxford.
orsythe, R.H.,
turkey. Poultry
See also:Bacterial Endospores;Cryptosporidium; Cyclospora;
Freezing of Foods:Growth and Survival of Microorganisms;
Fungi:Overview of Classi� cation of the Fungi; Helminths;
Trichinella; Virology:Introduction; Injured and Stressed Cells
Water Activity.
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Temperature and Microbial Growth

Bacterial species and strains that can grow at or below 7 �C are
mainly Gram negative with some extent of Gram-positive
microorganisms (Table 1). The lowest recorded temperature of
growth for a microorganism in food is –34 �C. Yeasts and
molds are more likely to grow at temperatures below 0 �C
compared with bacteria (Table 2). This is due to the fact that
fungi can grow under conditions of low water activity (aw).
Bacteria are reported to grow at �20 �C. Foods that support
microbial growth at subzero temperature include fruit juice
concentrates, bacon, ice cream, and certain fruits. These food
products contain cryoprotectants that depress the freezing
point of water.
Table 2 Minimum reported growth temperatures of some
Prefreezing Operations and Microbial Growth

Before freezing vegetables, the prefreezing operations include
selecting, sorting, washing, blanching, and packing. Spoiled
foods are rejected before freezing. Other foods like meats,
seafoods, and poultry should be fresh.
Table 1 Bacterial genera containing species or strains known to
grow at or below 7 �C

Gram
negatives

Relative
numbersa

Gram
positives

Relative
numbersa

Acinetobacter XX Bacillus XX
Aeromonas XX Brevibacterium X
Alcaligenes X Brochothrix XXX
Alteromonas XX Carnobacterium XXX
Cedecea X Clostridium XX
Chromobacterium X Corynebacterium X
Citrobacter X Deinococcus X
Enterobacter XX Enterococcus XXX
Erwinia XX Kurthia X
Escherichia X Lactococcus XX
Flavobacterium XX Lactobacillus XX
Halobacterium X Leuconostoc X
Hafnia XX Listeria XX
Klebsiella X Micrococcus XX
Moraxella XX Pediococcus X
Morganella X Propionibacterium X
Photobacterium X Vagococcus XX
Pantoea XX
Providencia X
Pseudomonas XXX
Psychrobacter XX
Salmonella X
Serratia XX
Shewanella XXX
Vibrio XXX
Yersinia XX

aRelative importance and dominance as psychrotrophs.
X, minor; XX, intermediate; XXX, signi�cant.
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The blanching process is carried out by immersing foods in
hot water or by open steam. Apart from reducing the number of
microorganisms on the foods, the blanching process helps to
�x the green color of vegetables, inactivates enzymes that may
cause undesirable changes in foods during frozen storage and
removes entrapped air in plant tissues, which may create
problems during freezing. The method of blanching depends
on the type of food, size of packs, and so on. It is possible to
reduce microbial loads by as much as 99% by blanching if the
operation is carried out carefully. Bacterial spores should not be
allowed to recontaminate the food. Milk pasteurization
temperature (63 �C for 30 min) destroys most vegetative
bacterial cells, which are responsible for spoilage of vegetables,
and blanching reduces the vegetative cells.
Effect of Freezing on Microbial Growth

There are three types of freezing processes: (1) ultrarapid
freezing (Cryogenic freezing) in which the temperature of the
foodborne microbial species and strains that grow at or below 7 �C

Species/strains �C Comments

Pink yeast �34
Pink yeasts (2) �18
Unspeci�ed molds �12
Vibrio spp. �5 True psychrophiles
Yersinia enterocolitica �2
Unspecified coliforms �2
Brochothrix thermosphacta �0.8 Within 7 days; 4 �C for 10 days
Aeromonas hydrophila �0.5
Enterococcus spp. 0 Various species/strains
Leuconostoc carnosum 1.0
gelidum 1.0
Listeria monocytogenes 1.0
Leuconostoc sp. 2.0 Within 12 days
L. sakelcurvatus 2.0 Within 12 days; 4 �C in 10 days
Clostridium botulinum B, E, F 3.3
Pantoea agglomerans 4.0
Salmonella panama 4.0 In 4 weeks
Serratia liquefaciens 4.0
Vibrio parahaemolyticus 5.0
Salmonella heidelberg 5.3
Pediococcus sp. 6.0 Weak growth in 8 days
Lactobacillus brevis 6.0 In 8 days
L. viridescens 6.0 In 8 days
Salmonella typhimurium 6.2
Staphylococcus aureus 6.7
Klebsiella pneumoniae 7.0
Bacillus spp. 7.0 165 of 520 species/strains
Salmonella spp. 7.0 65 of 109, within 4 weeks

Source: Roberts, T.A., Hobbs, G., Christian, J.H.B., Skovgaard, N., 1981.
Psychrotrophic Microorganisms in Spoilage and Pathogenicity. Academic Press,
New York.

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00131-2

http://dx.doi.org/10.1016/B978-0-12-384730-0.00131-2


g

t

t
.
ell
l

s

,

re

e
f

t

ll

d
-
s

,

Table 3 Vapor pressures of water and ice at various temperatures

� C
Liquid water
(mm Hg) Ice (mm Hg) aw ¼ Pice/ Pwater

0 4.569 4.579 1.00
� 5 3.163 3.013 0.983
� 10 2.149 1.950 0.907
� 15 1.436 1.241 0.864
� 20 0.943 0.776 0.823
� 25 0.607 0.476 0.784
� 30 0.383 0.286 0.75
� 40 0.142 0.097 0.68
� 50 0.048 0.030 0.62

Source: Jay, J.M., 1992. Modern Food Microbiology, fourth ed. Von Nostrand
Reinhold, New York.
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food is lowered to about �20 � C within 5 –10 min; (2) quick or
fast freezing (air blast or contact plate freezer) in which the time
requirement is 30 min for the same temperature reduction; and
(3) slow freezing (freezing in cold store or still air), which takes
3–72 h to achieve the same food temperature. As the freezin
starts from the surface of the food material, the rate of freezing
is expressed as the rate of movement of this freezing fron
toward the geometric center of the food material. The freezing
rate is 2 mm h� 1 for slow freezing, 5–30 mm h � 1 for quick or
fast freezing, and 50–1000 mm h� 1 for ultrarapid freezing.
Slow freezing favors the formation of large extracellular ice
crystals, and quick freezing favors the formation of small
extracellular ice crystals. Crystal growth is one of the factors tha
affects the storage life and texture of certain frozen foods
During storage, these ice crystals grow in size and cause c
damage by disrupting membranes, cell walls, and interna
structures, so that when thawed, the product is different from
the original in texture and � avor. Food materials may be
viewed as dilute biological systems whose freezing point varie
from �1 to �3 � C depending on the nature and concentration
of solute present (Figure 1). At the freezing point or on further
cooling below the freezing point, ice crystals begin to separate
or in the absence of nucleation, the liquid becomes super-
cooled. As soon as ice begins to form, the dissolved solutes a
concentrated in the remaining liquid. As the temperature is
further reduced and more water is converted into ice, the solute
concentration rises gradually in the unfrozen water portion
with a corresponding decrease in freezing point andaw. The
vapor pressures of water and ice at various temperatures andaw

are reported in Table 3. This phenomenon continues as the
temperature is lowered, until the eutectic point is reached and
the remaining solution then solidi � es. Microbial cells, sus-
pended in aqueous solutions during freezing, behave like
solute molecules and become partitioned and concentrated in
the unfrozen portion of the solution as ice crystals form. They
thus are exposed to the effects of concentrated solute and to th
results of localized ice crystal growth. The depression o
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Figure 1 Freezing points of selected foods. From Desrosier, N.W., 19
The Technology of Food Preservation, fourth ed. AVI Publishing, US
freezing point of the remaining unfrozen water, the increased
solute concentration, and the progressive lowering ofaw have
increasingly deleterious effects on the microbial population.
Therefore, organisms that are capable of growth in foods a
subzero temperature must also tolerate loweredaw. A small
percentage of water remains unfrozen at temperatures we
below �100 � C; however, for practical purposes, the‘freezable’
water in meat and� sh is totally frozen at � 50 to �70 � C and in
fruits and vegetables at�16 to �20 � C.

Although some microorganisms are killed by freezing,
approximately 50% may survive, depending on the type of
organism, the rate of freezing, and the composition of substrate
being frozen. Bacterial spores are unaffected by freezing an
Gram-positive rods and cocci are more resistant than Gram
negative bacteria. The viability of organisms is enhanced a
the freezing rate is increased (Figure 2). This increase in survival
may be due to the diminishing time that the susceptible
organism is in contact with harmful high solute concentrations
in the unfrozen water (curve a). When freezing is more rapid,
viability decreases due to the formation of internal ice crystals
causing destruction of the cell membranes (curve b). With
extremely fast freezing rates, for example, using liquid nitrogen
ice crystal formation is reduced and is replaced by‘vitri � cation’
(curve c). When foods are frozen commercially, the bacteria
viability will be predominant (as in curve a). Certain
substances, such as glucose, milk solids, fats, and sodiu
glutamate, are known to be ‘protective’ and improved viabil-
ities are obtained in their presence. The mechanism of action o
these cryoprotectants, which prevent freezing damage t
microbial cells, are yet to be con� rmed, but it is believed to act
by stabilizing cellular proteins and membranes (chemical
chaperones) at low temperature– for example, betaine in Lis-
teria monocytogenes. The effects of freezing several species
Salmonellato � 25.5 � C and holding for up to 270 days are
presented in Table 4. Although there was a signi�cant reduc-
tion in viable numbers over the 270 days of storage with most
species, in no case did all cells die.
Survival of Microorganisms at Low Temperature

A number of psychrophilic and psychrotrophic microorgan-
isms can grow at temperatures between� 5 and �7 � C (e.g.,
Bacillus psychrophilus) but rarely at temperatures below�10 � C.

97.
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Figure 2 Effect of freezing on viability of typical Gram-negative rod.
From Hayes, P.R., 1992. Food Microbiology and Hygiene, second ed
Elsevier Applied Science Publishers, London.
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Such organisms have a long generation time (8–9 days) and
therefore cannot proliferate during the freezing process which
is much faster (10–90 min). Psychrophiles are different in
sensitivity to cold shock from thermophiles and mesophiles.
However, cold shock depends on the magnitude of the
temperature differential rather than the exact low temperature
required for growth.

During freezing, the temperature continues to drop andaw

of the environment is also reduced; this allows selective growth
of microorganism. Organisms that are resistant to dehydration,
like yeast and molds, grow in such environments rather than
bacteria. Most spores can survive all conditions of freezing and
thawing. Bacterial endospores are extremely resistant t
freezing and storage at subzero temperature and 90% are r
ported to survive. This may be due to the fact that in the
Table 4 Survival of pure cultures of enteric organisms in chicken c

Organism

Bacterial

0 2 5 9

Salmonella newington 7.5 56.0 27.0
S. typhimurium 167.0 245.0 134.0 1
S. typhi 128.5 45.5 21.8
S. gallinarum 68.5 87.0 45.0
S. anatum 100.0 79.0 55.0
S. paratyphiB 23.0 205.0 118.0

Source: Jay, J.M., 1992. Modern Food Microbiology, fourth ed. Von Nostrand R
dehydrated spore protoplast much of the water is bound in an
unfreezable state within the expanded cortex. Fungal spores a
also resistant to freezing, and it has been reported that 75% o
air-dry conidia of Aspergillus� avuscooled rapidly to �73 � C and
thawed rapidly, survived. Only 3.2% of spores survived,
however, if they were suspended in water before freezing an
<1% survived if the frozen spores were thawed slowly. A few
vegetative bacterial cells are insensitive to freezing. Some Gram
positive staphylococci, micrococci and streptococci are rela
tively resistant with survival levels of 50% or more. Organisms
that are sensitive to the effects of freezing include the free-living
amebae, ciliated protozoa, and nematodes. Storage of froze
foods at �10 to �20 � C for a few days is lethal toToxoplasma
gondii, Entamoeba, and trypanosomes, although cooling rates
are critical and lethality seems to be associated with the
formation of intracellular ice at rates of 3 � C temperature
reduction per minute or more. The majority of microorganisms
resist the immediate effects of freezing but are sensitive t
frozen storage. Generally, most Gram-positive organisms
including Bacillus, Clostridium, Corynebacterium, Lactobacillus,
Microbacterium, Micrococcus, Staphylococcus, and Streptococcu,
together with some yeasts, are relatively resistant to freezing
although some such asClostridium perfringensare sensitive to
frozen storage. Gram-negative organisms, such asEscherichia,
Salmonella, Serratia, Pseudomonas, Acinetobacter, Moraxella, and
Vibrio, are more sensitive to both freezing and frozen storage
and their survival depends on a number of variables, such as
cooling velocity, temperature, cell concentration, storage time
and thawing conditions. For example, in raw meat containing
15% Gram-positive and 85% Gram-negative bacteria before
freezing at�30 � C, the total viable count was found to decrease
from 385 000 to 77 000 per gram after freezing. The proportion
of Gram-positive and Gram-negative bacteria was found to be
70 and 30%, respectively in frozen meat. Exponential-phase
cells of Salmonella typhimuriumfrozen in distilled water at
�30 � C by immersion in liquid freon for 44 min, showed less
than 0.1% survival after rapid thawing. The previous nutri-
tional conditions of growth have an effect on the sensitivity of
microbial cells to freezing. Exponential-phase cells of
S. typhimuriumgrown in tryptone–soy broth were 100 times
more sensitive to freezing at �30 � C than cells grown to
exponential phase in a minimal medium (salt–glucose).

Age and Growth Rate
It has been shown that exponential-phase cells ofS. typhimu-
rium are much more sensitive to freeze–thaw stress than
stationary-phase cells. This, however, is not a generall

.

how mein at� 25.5 � C

count (105 g� 1) after storage for (days)

14 28 50 92 270

21.7 11.1 11.1 3.2 5.0 2.2
18.0 11.0 95.5 31.0 90.0 34.0
17.3 10.6 4.5 2.6 2.3 0.86
36.5 29.0 17.9 14.9 8.3 4.8
52.5 33.5 29.4 22.6 16.2 4.2
93.0 92.0 42.8 23.3 38.8 19.0

einhold, New York.
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recognized phenomenon. Sensitivity of Pseudomonas to
freezing, at different phases of growth, is dependent on freezing
rate. At a lower cooling rate (�10 �C min�1), exponential-
phase cells were more sensitive, but at a higher rate
(�100 �C min�1), stationary-phase cells were more sensitive.
Cells of S. typhimurium grown at 25 �C are more resistant to
freezing stress than cells grown at 30 �C. This may be due to
changes in membrane properties as a function of growth
temperature or it may re�ect the different growth rates at
midexponential phase, which are 0.25 and 0.17 h�1 at 37 and
25 �C, respectively.

Protection Offered by Food Components
One important factor governing the survival of microorganisms
in frozen foods is the protective effects of speci�c components
of such food as proteins, peptides, sugars, and fats as well as
other substances. Additionally, constituents of foods enhance
freezing injury of cells. Due to the presence of protective
substances, freezing may have only minor destructive effects on
the original micro�ora of some foods.

An increase in freezing resistance in yeast cells was observed
in solutions of potassium chloride, potassium nitrate, and
sodium chloride, whereas solutions of lithium, calcium, and
magnesium salts decrease resistance. Thus, monovalent
cations, such as sodium and potassium, tend to stabilize cells
against freezing damage to a greater extent than anions, such as
chloride and nitrate. Sodium chloride is used widely for the
preservation of foods. Despite the stabilizing effects of low
concentrations of sodium chloride, at the concentrations found
in foods, the sensitivity of cells to freezing increases with
increases in salt concentration. Survival is enhanced when
glucose, sucrose, erythritol, diglycol, or polyethylene glycol are
present in the medium in which microorganisms are frozen.
The protective activities of these substances are not due to their
penetrating into the cells. Instead, the interference of these
substances with intracellular or extracellular freezing is
responsible for the protective action. Other substances that
offer protection against freezing and thawing injury to micro-
organisms are proteins and protein-related compounds. Milk
provides protection to microorganisms during freezing and
thawing due to its colloidal character, but it is not clear how
colloids stabilize living systems against freezing injury. Low-
molecular-weight compounds like amino acids and peptides
may play a role in protection.

In a living system, protein is denatured when cells are
injured. At low temperatures, freezing rupture of intra-
molecular bonds in the protein molecule is the cause of
denaturation. This leads to the loss of activities of some
enzymes. Hydrogen bonds are important for the stability of
protein molecules. Therefore, compounds that stabilize such
bonds protect against enzyme inactivation. Amino acids and
related low-molecular-weight substances are among these
protective substances. They display their protective activity at
the metabolic level.

Sodium glutamate and aspartate protected tubercle bacilli
during freeze-drying. Substances that are capable of forming
hydrogen bonds are involved in the recovery of
microorganisms from heat injury. Chemical compounds
resembling glutamic acid in chemical structure prevent the
death of bacteria from freezing. Considerable protection is
provided by aspartic acid, malic acid, cysteic acid, pyrrolidone
carboxylic acid, a-aminopimelic acid, acetylglycine, DL-threo-
nine, and DL-allothreonine. Among the effective compounds,
there are some, such as a-aminopimelic acid, cysteic, and
pyrrolidone carboxylic acids, which are not metabolized by
most bacteria. Compounds like glutamic acid and asparagine
are metabolized readily but have no protective effect, but the
molecules remain protective if the –NH2 group is replaced by
some other polar group, such as NH, –OH, or O. The effec-
tiveness of these compounds for protecting against freezing
damage is the presence of a –COOH group at alpha and omega
positions and an electronegative group (e.g., –NH2) on the
alpha carbon.

Mortality of Escherichia coli is diminished if the cells are
frozen in lysates of E. coli, indicating that constituents of the
cells exhibit a protective activity. The concentration of the
products of lysis, however, does not affect the inactivation rate,
but the presence of spent growth medium (i.e., a �ltrate of
a stationary culture) in the freezing medium protects the cells
even in high dilution.

Food materials contain a great variety of substances that
have a protective activity. For example, in meat and processed
meat preparations, protein and protein-related compounds
may stabilize the cellular proteins by some sort of physico-
chemical activity in addition to allowing repair of metabolic
injury by furnishing essential metabolites. Competition
between different effects is involved when microorganisms are
exposed to freezing in complex environments, such as food
materials.
See also: Bacteria:The Bacterial Cell; Escherichia coli:
Escherichia coli; Freezing of Foods:Damage to Microbial Cells;
Salmonella:Introduction.
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Introduction

The World Health Organization predictions indicate that
approximately 1.8 million people die each year because of
diarrheal diseases. Statistics suggest that a large percentage of
these cases are related either to consumption of contaminated
food or drinking water. Among the foods, surveillance data have
shown a growing association of fruits and vegetables with
foodborne disease outbreaks. Salmonella, Shiga-toxin Escherichia
coli, Listeria monocytogenes, parasites (Cyclospora, Cryptosporidium,
Giardia) and virus (norovirus and hepatitis A) can be considered
the major hazards associated with fruits and vegetables. In the
�eld, soil, irrigation water, fertilizers, improper composting of
manure and wastewater, and the presence of animals in the
vicinities of vegetable cultivation are key factors contributing to
the contamination of these products. During processing, path-
ogenic microorganisms may spread (cross-contamination);
while during storage, distribution, and consumption, they may
grow posing risks to consumer’s health.

Because of the enormous health impacts and economic
losses associated with the microbiological contamination of
fruits and vegetables, several intervention strategies have been
proposed to ensure their safety.
Overview of Fruits and Vegetables Disease Outbreaks

Before the 1990s, fruits and vegetables were deemed to be
reasonably microbiologically safer than foods from animal origin.
At that time, fruits and vegetables were less frequently associated
with foodborne disease outbreaks. In the past two decades,
however, national surveillance agencies of several countries have
reported an increased, massive, and deadly association of these
commodities with foodborne diseases. For example, in the
United States, the association of fruits and vegetables with food-
borne diseases increased from 0.7% in the 1970s to w15% in
2 Encyclopedia of Food Mic
the early 2000s. This may be related to several factors such as the
following: (1) improvements in epidemiological and surveillance
systems, (2) expanded consumption of fruits and vegetables, (3)
increased epidemiological focus on fruits and vegetables as
potential vehicles of foodborne illness, and (4) globalization of
fruits and vegetables production and consumption.

A collection of major outbreaks diseases linked with fruits
and vegetables consumption between 2000 and 2011 is pre-
sented in Table 1. A great variety of fruits and vegetables have
been linked to these outbreaks. Lettuces, sprouts, spinach, ready-
to-eat (RTE) salads, vegetable mixes, herbs, and spices accounted
for a large proportion of these outbreaks. Cantaloupe, papaya,
mangoes, watermelon, melon, tomatoes, fruit salads, and
raspberries were the major fruits implicated in these diseases.
Apple cider, unpasteurized orange juice, and carrot juice also
were reported as vehicles of foodborne diseases in the 1990s.

Regarding pathogenic agents, up to 60% of fruit and vege-
table outbreaks are caused by viruses and parasites. Norovirus
and hepatitis A, Cryptosporidium parvum, Giardia lamblia, and
Trypanosoma cruzi frequently have been associated with them.
Salmonella spp. and enterohemorrhagic E. coli have been the
most important bacteria associated with fruits and vegetables
outbreaks and have been linked with approximately 18% and
8% of the outbreaks, respectively.

In the United States, surveillance data have shown that
Salmonella spp. and norovirus are associated with most of the
large outbreaks recorded, whereas the highest mortality rates
are linked to enterohemorrhagic E. coli, Salmonella spp., and L.
monocytogenes outbreaks. As can be seen in Table 1, L. mono-
cytogenes, Staphylococcus aureus, Clostridium botulinum, Campylo-
bacter jejuni, Shigella spp., and Yersinia spp. occasionally have
been associated with these illnesses (Table 1).

Epidemiological investigations have indicated that approxi-
mately 80% of fruit and vegetable disease outbreaks are attrib-
uted to inappropriate handling at food-service businesses or at
home by consumers. About 20% seem to be caused by improper
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00427-4
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Table 1 Foodborne disease outbreaks linked to the consumption of fruits and vegetables

Year Etiological agent Implicated produce No. sick No. hospitalized No. dead

2000 Escherichia coliO157:H7 Watermelon 736 23 1
2000 E. coliO157:H7 Grape 14 8 0
2000 Norovírus Leafy greens 300 0 0
2000 Norovírus Fruit salad 107 3 0
2000 SalmonellaEnteritidis Orange juice 88 0 0
2001 SalmonellaPoona Melon 50 9 2
2001 Shigella ßexneri Tomatoes 886 22 0
2001 Clostridium perfringens Spinach 33 0 0
2001 Campylobacter jejuni Fruit salad 14 – –
2002 SalmonellaNewport Tomatoes 510 – –
2002 Campylobacter jejuni Leafy greens 136 1 0
2002 SalmonellaNewport Fruit salad 51 2 0
2002 E. coliO157:H7 Lettuce 16 5 0
2002 E. coliO157:H7 Alfalfa sprouts 5 3 0
2003 Hepatitis A Green onions 565 128 3
2003 SalmonellaNewport Mango 68 13 2
2003 E. coliO157:H7 Spinach 16 10 1
2003 E. coliO157:H7 Lettuce 51 11 1
2003 SalmonellaChester Alfalfa sprouts 26 3 1
2003 Cryptosporidium parvum Apple cider 143 3 0
2004 SalmonellaNewport Lettuce 297 40 0
2004 Yersinia pseudotuberculosisO:1 Carrots 58 3 0
2004 SalmonellaBraenderup Tomatoes 137 25 0
2004 Clostridium botulinum Canned mushroom 02 2 0
2005 E. coliO157:H7 Lettuce 135 – 0
2005 Norovírus Raspberry 1041 15 0
2005 E. coliO157:H7 Fruit salad 18 6 1
2005 Norovirus Fruit Mix 269 0 0
2005 Norovírus Strawberry 40 0 0
2005 E. coliO157:H7 Lettuce 34 12 0
2005 Giardia lamblia Vegetables 50 0 0
2005 Trypanosoma cruzi Sugar cane juice 25 – 3
2005 SalmonellaTyphimurium Carrot 8 3 0
2006 Yersinia pseudotuberculosisO:1 Carrot 502 – –
2006 E.coliO157:H7 Spinach 238 103 5
2006 Clostridium botulinum Carrot juice 4 4 1
2006 SalmonellaTyphimurium Tomatoes 192 24 0
2006 Norovírus Lettuce 207 5 0
2006 E. coliO157:H7 Lettuce 77 55 0
2007 SalmonellaJava Spinach 179 – –
2007 Yersinia enterocolitica Vegetable juice 2 2 0
2007 Shigella sonnei Vegetable juice 200 0 0
2007 E. coliO157:H7 Lettuce 26 11 1
2007 SalmonellaNewport Tomatoes 10 4 1
2007 Shigella sonnei Lettuce 72 9 0
2007 SalmonellaLitch� eld Cantaloupe 53 17 0
2008 Shigella sonnei Carrot 145 5 0
2008 SalmonellaSaintpaul Spice 1500 308 2
2008 Norovírus Lettuce 12 3 1
2008 SalmonellaJaviana Cantaloupe 594 31 0
2008 Listeria monocytogenes Sprouts 20 16 0
2009 SalmonellaSaintpaul Alfalfa sprouts 256 8 –
2009 Norovírus Lemon juice 189 1 0
2009 SalmonellaTyphimurium Lettuce 145 1 –
2010 SalmonellaBareilly Bean sprouts 241 32 1
2010 SalmonellaEnterica I 4,[5],12:i:- Alfalfa sprouts 140 31 0
2010 Norovírus Fruit salad 139 1 0
2011 E. coliO104:H4 Vegetable sprouts 3100 770 47
2011 E. coliO157:H7 Lettuce 60 30 0
2011 Listeria monocytogenes Cantaloupe 146 144 30

All data were collected from United States Centers for Disease Control and Prevention, European Food Safety Authority websites or Brazilian Ministry
of Health.– Data not available.
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974 FRUITS AND VEGETABLESj Introduction
practices in the farms, at pre- and postharvest steps. Mo
common improper practices at food services or by consumer
include the following: (1) cross-contamination, (2) poor food
handlers’ hygiene practices, and (3) inadequate storage. At pre
and postharvest steps, they include the following: (1) poor
microbiological quality of irrigation water; (2) the presence of
domestic or wild animals and proximity of plantations, storing,
and packing areas with animal-rearing farms; (3) insuf� cient
hygienic practices or unhygienic design of processing plants an
equipment; and (4) poor � eldworkers’ hygiene practices.
d
d-

d

i-

Figure 2 Survival ofS.Enteritidis PT 30 in (a) cereni clay loam and (b)
milham sandy loam soils at moderate moisture and 35� 2 � C (- ); high
moisture and 35� 2 � C (A ); moderate moisture and 20� 2 � C (, );
and high moisture and 20� 2 � C (> ) limit of detection¼ approx. 1 log
Main Sources of Contamination of Fruits
and Vegetables by Foodborne Pathogens

The microbial contamination of fruits and vegetables anywhere
from farm to fork raises great concerns for processors an
consumers. Therefore, the awareness of the sources of foo
borne pathogens is of foremost importance for the develop-
ment of effective control measures to ensure safe fruits an
vegetables.

Irrigation water, soil, wild animals, and biosolids or manure
account for the key sources of fruits and vegetables contam
nation in the farm. Poor hygienic practices during processing
and by consumers are major sources of contamination during
processing and consumption. Figure 1 illustrates the main
routes of fruit and vegetable contamination in the � eld.
f

re

y

cfu g� 1 dry weight. Danyluk, M.D., Nozawa-Inoue, M., Hristova, K.R.,
Scow, K.M., Lampinen, B., Harris, L.J., 2008. Survival and growth of
SalmonellaEnteritidis PT 30 in almond orchard soils. Journal of Applied
Microbiology 104, 1391–1399.
Soil

Soil is the primary habitat of several microorganisms of rele-
vance to food safety, such asC. botulinum, Clostridium per-
fringens, Bacillus cereus, and L. monocytogenes. Others such as
Salmonella, E. coli, Campylobacter, and Shigellanormally are
introduced into agricultural lands through the application of
contaminated manure or biosolids, use of contaminated irri-
gation water, and wild animals. The fate of pathogens in soil
will be dependent on a series of factors. For example, the
survival of SalmonellaEnteritidis phage type (PT) 30 is affected
by the type of soil, environmental temperature, and soil
moisture (Figure 2). If enriched with nutrients and depending
on the inoculum level, Salmonellamay even grow in soil. Other
factors affecting the fate of foodborne pathogens in soil include
exposure to light, pH of soil, bacterial attachment to soil
particles, presence of competitors and predators, and depth o
contamination.
Figure 1 The sources and routes of contamination of fruits
and vegetables.
Soil may be a direct or indirect source of contamination of
fruits and vegetables. Direct contamination takes place when
edible parts of fruits and vegetables have contact with soil or as
a result of handling of soil during farming, dust, or raindrop
splashes. The closer the edible parts of fruits and vegetables a
to the contaminated soil the higher the chances of contami-
nation. Contaminated soil may lead to contamination of water
resources, or its contaminants may be carried by wild animals
to edible portions of fruits and vegetables (Figure 1). The
microbial transport from soil to water resources (ground or
surface water), further spreading and leaching are affected b
the water saturation state in the soil, rainfall, and physical
properties of cells and soil particles.

Other routes by which soil contaminants may reach edible
parts of fruits and vegetables, include the following: (1)
germination of seeds in contaminated soils, leading to bacterial
colonization of roots and edible parts; and (2) bacterial in� l-
tration through roots. Despite this, as manure seems to be the
main cause of soil contamination, its adequate management
accounts for a key measure to avoid the contamination of fruits
and vegetables by foodborne pathogens.
Water

Although rainwater is the main source of watering for agricultural
� elds, irrigation is constantly required to ensure steady produc-
tion throughout the year. Irrigation water can be derived from
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Figure 3 Survival ofSalmonellastrains in river water at 4� C. Santo
Domingo, J.W., Harmon, S., Bennett, J., 2000. Survival ofSalmonella
species in river water. Current Microbiology 40, 409–417.
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groundwater (aquifers, wells), surface water (rivers, lakes, creek
ponds), and unconventional sources (treated wastewater).

Usually, groundwater has a good microbiological quality,
being suitable for irrigation purposes. Groundwater, however,
may be contaminated by surface water over� ow, use of shallow
aquifers, proximity to septic systems, and improper handling of
human, industrial, and animal disposals. Although in most
cases surface waters have an intermediate microbiologic
quality, they are highly susceptible to seasonal variations
because of environmental conditions, water composition, and
microbiological contamination caused by proximity to
anthropogenic activities. In addition, surface water may be
contaminated by wild animals, such as reptiles (Figure 1).
Improperly treated wastewater can result in irrigation waters of
low microbiological quality, representing a direct risk of
contamination of fruits and vegetables by foodborne patho-
gens. Also, inappropriately treated wastewater may contam
nate surface water and soil, allowing the circulation and spread
of microbial contaminants into agricultural � elds and crops
(Figure 1).

The management of water bodies to avoid the contamina-
tion of water resources is a measure of foremost importance to
ensure the use of irrigation water of proper microbiological
quality. Additionally, the application of such treatments as
� ltration, chlorination, heat treatment, and ozonization, can be
considered to improve the microbiological quality of irrigation
water. Excepting for wastewaters, however, water treatment fo
irrigation purposes is not usual due to practical and economic
limitations. As a result of high demand and pollution, high-
quality water for irrigation use has become scarce, leading t
the use of water of questionable quality. Because of this, irri
gation water increasingly has been regarded as a vehicle
foodborne pathogens in fruits and vegetables.

Foodborne pathogens such as enteric bacteria and viruse
usually survive no longer than 45 days and 15 days in
surface water and sewage, respectively. These microorganis
survive better in groundwater because of mild temperature, no
exposure to ultraviolet (UV) light, and the absence of or
reduced biological competition and activity, but they die off in
aquifers. Conversely, parasites (eggs/cysts) can survive fro
60 days until months in surface water and sewage. Thus, onc
introduced in water bodies, pathogenic microorganisms may
survive for long periods, which may lead to contamination of
irrigated vegetables and fruits.

The survival of microorganisms in fresh water is in� uenced
by nutrient levels (organic and inorganic), incidence of light,
temperature, presence of predators or competitors, and pH. Th
decay ofSalmonellapopulations in autoclaved, untreated, and
� ltered river waters at 4� C is illustrated in Figure 3.

Although the decay of enteric microorganisms is increased a
temperature rises (Figure 4), they maypersist in the environment
if deposited into sediments. Enteric microorganisms survive
longer in sediments than in water columns. As enteric microor-
ganisms survive longer in sediments than in water columns
sediments can act as reservoirs of these microorganisms. Fact
such as low temperature, high contents of organic matter, and
� ne sediment particles are responsible for the survival of thes
microorganisms in sediments for>120 days (Figure 4). During
rain or storm events, these microorganisms may be transferre
from sediments to surface waters, and then to fruits and
vegetables irrigated with contaminated water. In dry seasons (no
rain), continuous in- and out � ow � uxes will affect the extent of
microbial transference from sediments to surface water.

The contamination of fruits and vegetables by irrigation
water seems to be mainly dependent on their contact. The us
of drip and surface irrigation (instead of spray irrigation),
which reduces the contact between the water and the edibl
parts of the plants, reduces the chances of contamination of the
produce by irrigation water. Nonetheless, internalization of
pathogens through the root system has been recognized a
a pathway of contamination of fruit and vegetables.

Given these considerations, continuous assessment of th
microbiological quality of irrigation water accounts for a key
aspect for production of safe fruits and vegetables. Thus
guidelines and measures to ensure irrigation water with the
required quality have been discussed by stakeholders. N
universal standard regarding microbiological aspects of irriga
tion water has been set, however. Stricter standards have be
considered for water used in irrigation of fruits and vegetables
likely to be consumed raw. As an example, GlobalGap has
recommended a maximum limit of 1000 fecal coliforms cfu
per 100 ml of irrigation water.
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Figure 4 Survival ofE. coliin sediments as affected by temperature: sediment A (C ), sediment B (- ), sediment C (: ). Garzio-Hadzick, A.,
Shelton, D.R., Hill, R.L., Pachepsky, Y.A., Guber, A.K., Rowland, R., 2010. Survival of manure-borneE. coliin streambed sediment: effects of temperature
and sediment properties. Water Research 44, 2753–2762.
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Manure and Biosolids

Livestock excreta and residuals generated during huma
wastewater treatments (biosolids) include cost-effective sour
ces of organic and inorganic nutrients for agricultural applica-
tion. Despite this, raw manure and contaminated biosolids can
be the main source of contamination of fruits and vegetables,
water resources, and soil, allowing the spread and circulation o
zoonotic agents in the farming environment.

Because livestock excreta and biosolids may contain path
ogenic microorganisms, such as bacteria, protozoan, an
viruses, speci�c treatments are applied to ensure their safe us
as fertilizers. Animal excreta and biosolids may be subjected to
passive (aging) or active (composting) treatments. The inacti
vation of pathogens in the former is based on a combination of
long periods of time and environmental factors (temperature,
humidity, and exposure to sunlight), whereas in the latter it
relies on the application of pasteurization, digestion (aerobic
or anaerobic), alkali stabilization, and thermal drying or
combinations of these processes. As active treatments are bas
on harsh conditions, they are much more lethal for pathogenic
microorganisms than passive treatments.

Because the different conditions and processes applied
different types of manure and biosolids are obtained. Animal
manure can be solid (contains> 20% solids, including feces,
bedding material, urine, straw, little, or no water added), semi-
solid (contains between 12 and 20% solids and little bedding
material), or liquid (also named slurry, contains <12% solids).
Biosolids can be liquid (low solid content, 4%), dewatered
(contains 20–35% solids), alkaline and high solid (contains
60% solids), and granulated and high solid (>90% solids).

As there is no universal accepted criterion for the treatmen
of livestock excreta and biosolids, precautions recommended
by US Center for Food Safety and Applied Nutrition during
their handling should include the following: (1) manure
storage and treatment sites distant from production� elds and
manipulation areas; (2) use of barriers to avoid spread of
manure or biosolids through leaking, percolation, or air; (3)
management (avoid or collect) of any spilling liquids from
manure storage or treatment areas; (4) avoid recontamination
of treated manure or biosolids, and (5) avoid reintroduction of
pathogens by avoiding the addition of raw manure during
composting stage.

Although treatment of biosolids and excrement should
ensure inactivation of pathogens, the use of either raw or
improperly treated biosolids or animal manure may negatively
affect the microbial safety of fruits and vegetables.E. coli
O157:H7, Salmonella, L. monocytogenes, Campylobacter, C. par-
vum, and Giardiaare the zoonotic microorganisms commonly
isolated from raw or improperly treated animal excrement and
biosolids. These microorganisms may be shed into fece
depending on a series of factors, such as animal species, anim
age, feed composition, feeding regime, season, housing system
and animal health status. These factors also will affect the load
of pathogenic microorganisms in raw or improperly treated
animal manure and biosolids.
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Figure 5 Survival ofE. coliO157:H7 (log cfu g� 1) in feces inoculated by the natural (N) or laboratory (L) method. Feces were obtained from cattle fed on
a concentrate (- /, ) or silage (: /D) diet. Scott, L., McGee, P., Sheridan, J.J., Earley, B., Leonard, N., 2006. A comparison of the survival in feces
and water ofEscherichia coliO157:H7 grown under laboratory conditions or obtained from cattle feces. Journal of Food Protection 69, 6–11.

Figure 6 Growth/inactivation ofS.Typhimurium (cfu g� 1 of wet weight) in composted beef cattle manure samples C1 (- ), C2 (: ),C3 (C ),C4 (, ),C5
(D), and C6 (B ) and fresh dairy cattle manure D (� ) incubated at 14, 24, and 37� C. Detection limit for the analysis marked with a broken line. Elving, J.,
Ottoson, J.R., Vinneras, B., Albihn, A., 2010. Growth potential of faecal bacteria in simulated psychrophilic/mesophilic zones during composting of
organic waste. Journal of Applied Microbiology 108, 1974–1981.
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The survival of pathogenic microorganisms in manure and
biosolids is dependent upon applied treatment, pH, moisture,
presence of antagonists or predators, ammonia concentration
exposure to sunlight, and aeration. In addition, depending on
the time and temperature conditions, pathogens such as
Salmonellatyphimurium may grow or be inactivated during
treatment of manure and biosolids (Figure 5). On the other
hand, the type of feed (silage or concentrate) does not affect th
survival of E. coliO157:H7 in feces (Figure 6).

Appropriate management of manure and biosolids is a key
measure in the farm environment to ensure safe foods. Although
treatment is an important step, good agricultural practices
(GAP) and speci�c precaution in land spreading of these
products should be taken into account. This is important
because pathogens may survive for long periods in store
manure, facilitating the contamination of fruits and vegetables
during land spreading. Then, management of manure and
biosolids should consider actions to reduce the risks of
contamination before, after, and during produce plantation, as
well as during and after harvest. Examples of recommende
practices by British Food Standard Agency include the following

l Proper site selection to avoid cultivation in � elds that
recently were amended with manure, that recently were
used for grazing, that are close to animal husbandry areas
and that are prone to manure over� ow or � ooding;



t

f

n

-
is

978 FRUITS AND VEGETABLESj Introduction
l Apply treated manure and biosolids before land prepara-
tion and planting;

l Use of raw manure should be avoided, or not applied
within 12 months of harvest and allow at least 6 months
before land preparation and planting;

l Do not allow grazing within 12 months of harvest and
6 months of land preparation and allow at least 6 months
before land preparation and planting;

l Apply manure and biosolids into the soil as this helps to
avoid runoff, contamination through wind and of surface
water and fruits and vegetables;

l Store treated manure and biosolids distant from planting
areas;

l Ensure harvesting equipment, tools, and containers are
cleaned adequately and when appropriate, sanitized;

l Record all manure applications and obtain information on
treatment used to process manure and its speci� cations, if
purchased manure is used.
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Wild Animals and Insects

As fruits and vegetables are cultivated in open areas, the
contact with wild animals and insects may lead to their
contamination. Wild animals such as birds, rodents, reptiles,
amphibians, and insects such as� ies and beetles have been
recognized as major vectors of foodborne pathogens. Thes
vectors have been reported as sources of pathogens implicate
in foodborne disease outbreaks.

The contamination of fruits and vegetables in the� eld by
foodborne pathogens harbored by vectors may be due to direc
or indirect contact. Wild animals and insects may transmit
foodborne pathogens to water sources, soil, and manure
resulting in contamination of fruits and vegetables (Figure 1). In
addition, these vectors may contaminate farm premises and
seeds, which may result in the contaminationof produce. If herds
are infected, wildlife and insects existing in areas surrounding
animal husbandry may be contaminated by pathogens and
further act as their vectors. All of these routes contribute to the
persistence and circulation of foodborne pathogens in the farm
environment and further contamination of fruits and vegetables.

Management of wild animals and insects in the� eld is very
dif � cult, however; contributing measures to reduce the chance
of fruits and vegetables contamination due to wildlife include
the following: (1) control of population density in plantations
Figure 7 Attachment of EnterotoxigenicE. colito lettuce, basil, and spina
Frankel, G., 2011. Flagella mediate attachment of enterotoxigenicEscherichia
surrounding areas; (2) use of physical barriers to protec
cultivation � elds, when appropriate; (3) use of physical barriers
to avoid contamination of water resources used for irrigation
purposes; (4) monitoring animal activities in the farm to avoid
the use of potentially contaminated � elds, (5) continuous
monitoring of microbiological quality of water resources used
for irrigation; (6) proper management of animal wastes and
waste to reduce attraction of rodents and insects; and (7) use o
nonlethal methods to discourage wildlife establishment in
areas close to cultivation� elds.
Mechanisms of Fruits and Vegetables Contaminatio
by Foodborne Pathogens

Pathogenic microorganisms may contaminate fruits and vege
tables at pre- and postharvest steps. In most cases, the surface
the � rst part of fruits and vegetables to be in contact with
pathogenic microorganisms. These microorganisms ma
internalize or in � ltrate into fruits and vegetables through roots,
natural openings, and damages as well as due to contact with
contaminated water. The elucidation of mechanisms and
factors driving attachment, internalization, and in� ltration to
produce include essential information to be used for the
prevention of contamination of fruits and vegetables.
Attachment

Attachment or adhesion are terms commonly used to describe
the ability of bacteria to grow on or attach to plants. Attach-
ment is commonly referred as a process for epiphytic coloni-
zation of plants surfaces by bacteria. Bacterial attachment is th
� rst step and a condition for colonization of plant surfaces by
bacteria.

The initial phase of bacterial attachment is a rapid process
initiated once the bacteria have contact with produce surface
(phylloplane). It is driven by van der Walls and electrostatic
forces, which make bacterial attachment reversible and facili
tates bacterial removal through washing. During surface colo
nization, the � nal phase of bacterial attachment, bio� lms may
be formed. Colonization occurs slowly and is driven by
stronger intermolecular forces, such as hydrogen bonds
Bacterial appendages, such as pili and� agella (Figure 7),
proteins in outer membranes, and the production of
ch mediated by� agella. Shaw, R.K., Berger, C.N., Pallen, M.J., Sjöling, Å.,
colito fresh salad leaves. Environmental Microbiology Reports 3, 112–117.
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extracellular materials, such as polysaccharides, contribute t
the surface colonization by bacteria. Because of the forces an
appendages involved, once bacteria colonize produce surface
their removal is dif� cult to be achieved.

Attachment to plant surfaces and further survival may be
affected by bacterial-, plant-, and environment-related factors
Bacterial-related factors include cell surface charge; presence
cellular appendages; presence of extracellular materials; genu
species, and serotype; competition by epiphytic bacteria
presence of phytopathogens; and ability to form bio� lm. Plant-
related factors include hydrophobicity of surfaces; physiolog-
ical state; surface characteristics, such as roughness, presenc
injuries, and natural openings; and fruit and vegetable
composition. Environment-related factors include tempera-
ture; UV irradiation; and, in case of bacterial attachment to
roots, soil properties, such as pH and presence of competitors

Attached bacteria may multiply and reach infective dosis a
plant surfaces both at pre- and postharvest steps.
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Internalization

Pathogenic bacteria may invade the inner tissue of plants
a phenomenon called internalization. The internalization of
human bacterial pathogens can be a passive or an activ
process. Passive internalization would involve the uptake o
bacteria mainly through roots and seeds, whereas active inte
nalization would involve the penetration of bacteria through
natural openings.

Bacterial internalization into plant tissues may occur via
natural openings, such as stomata (Figure 8) and lenticels,
calyx, stems, wounds, roots, and seeds. Bacteria internalize
through stomata, lenticels, calyx, stems, and wounds usuall
remains restricted to the microsite of entry. Nonetheless
bacteria internalized through roots and seeds can move to othe
plant sections, including shoots, tissues,� owers, and fruits.

Human bacterial pathogens may gain entry to inner
plant tissues both at pre- and postharvest phases. Bacteri
Figure 8 EnteropathogenicE. coliattached in stomata of salad leaves.
Berger, C.N., Sodha, S.V., Shaw, R.V., Grif� n, P.M., Pink, D., Hand, P.,
Frankel, G., 2010. Fresh fruit and vegetables as vehicles for the transmis
of human pathogens. Environmental Microbiology 12, 2385–2397.
f

internalization is in � uenced by (1) type of plant, ripening level;
(2) growth substrate, for instance, soil or hydroponic solution;
(3) bacterial features, such as species, serovar, physiologic
state, inoculum level, competition, bacteria–bacteria, and
plant–bacteria interactions; (4) environmental conditions; and
(5) handling practices.

Internalized bacteria escape from stressful conditions o
phyllosphere, such as exposure to UV light, low water activity
and competition. If these microorganisms � nd adequate
conditions to survive or even grow in plant tissues, they may
pose risks to consumers. The type of plant and its characteris
tics, microbial properties, farming, and handling conditions
will in � uence the survival and growth of internalized bacteria.

Human bacterial pathogens are not permanent members o
plant foods microbiota. Therefore, if the sources of contami-
nation are managed properly, the likely attachment and inter-
nalization of these microorganisms will be reduced.
its
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In�ltration

In� ltration is a process by which bacteria present in contami-
nated water gain access to inner tissues of plants, mostly fruits
At preharvest, the process of in� ltration may take place through
the use of contaminated irrigation water, rainfall, and fallen
fruits in contact with contaminated groundwater. On the other
hand, the in� ltration of human bacterial pathogens during
cooling, washing, or phytosanitary treatments applied to fruits
seems to be the main route of contamination at postharvest
phase. The in� ltration of human bacterial pathogens during
these treatments is important for food safety.

Bacteria may in� ltrate into fruits through different struc-
tures such as lenticels, calyx, stems, or wounds (Figure 9). A
negative differential temperature is the main reason for in� l-
tration of human bacterial pathogens during postharvest
treatment of fruits. As cold water contacts warm fruits coming
from � elds, there is a contraction of gases present in fruit inne
tissues. This leads to a reduction on internal pressure in
comparison to atmospheric pressure, which is further equal-
ized through the uptake of water from the environment into
the fruits. If contaminated, the in� ltrated water will result in
fruit contamination.

Another reason for bacterial in� ltration during fruit cool-
ing, washing, and phytosanitary treatment is hydrostatic
pressure. During these treatments, processing of several fru
concomitantly may lead to their full immersion into water
and further water uptake due to differential hydrostatic pres-
sure. The use of surfactants to improve washing treatment an
of speci� c cooling systems favors bacterial in� ltration through
water.

The extension of in� ltration – that is, whether or not
internalized bacteria will reach the exocarp, mesocarp, or eve
the endocarp of fruits – is greatly dependent on the tempera-
ture or pressure differential and of the water contamination
level. Once in� ltrated, the fate of foodborne pathogens will be
de� ned by the extrinsic and intrinsic factors known to govern
microbial behavior in foods.

The use of uncontaminated water and of a positive
temperature differential are effective measures to avoid human
bacterial in� ltration into fruits during cooling, washing, and
phytosanitary treatments.
sion
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Figure 9 Possible patterns and routes of bacterial in� ltration into fruits. Tribst, A.L., Sant’Ana, A.S., Massaguer, P.R., 2009. Review: the microbiological
quality and safety of fruit juices– past, present and future perspectives. Critical Reviews in Microbiology 35, 310–339.
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Survival and Growth of Pathogens in Fruits
and Vegetables

The contamination at pre- or postharvest steps seems to be th
most important factors contributing to the occurrence of
foodborne disease outbreaks associated with produce. None
theless, the survival or growth potential of human bacterial
pathogens in produce during storage and consumption phases
also may contribute.

Extrinsic and intrinsic factors affecting the behavior of
pathogenic microorganisms in foods also affect microbial
behavior in fruits and vegetables. Because of their composition
and active metabolite after harvesting, however, bacteri
behavior in fruits and vegetables is driven mainly by pH and
temperature.

The generally low pH (pH <4.5) of most fruits makes them
not adequate substrates for the growth of pathogenic micro-
organisms. Despite this, it is known that these microorganisms
may survive in acidic fruits or fruit juices, with survival being
enhanced at refrigeration temperatures. Some bacterial patho
gens, such asSalmonellaspp. and E. coli O157:H7, have
mechanisms to deal with environmental stresses that increas
their survival to acidic conditions. Nonetheless, as most vege
tables and some fruits present pH>5.0, the growth of these
microorganisms is expected to occur if temperature is favor
able. The growth of microorganisms is increased as temperatur
rises. Among pathogenic microorganisms,L. monocytogene
represents a big challenge for chilled foods because of its ps
chrotrophic behavior (Figure 10).
Other factors contributing to the survival or growth of
pathogenic microorganisms in fruits and vegetables include the
presence of background microbiota, natural antimicrobials,
produce physiological state, changes due to productive proces
(cutting, slicing, etc.), and packaging conditions.

The presence of background microbiota in fruits and vege
tables is known to exert an inhibitory activity against patho-
genic microorganisms because of the production of
antimicrobial substances or because of the occupation of site
of potential attachment of pathogenic microorganisms. The
presence of background microbiota is desirable, for example, in
RTE vegetables, in which they inhibit the growth of pathogenic
microorganisms during RTE vegetable storage.

The physiological state of fruits and vegetables is an
important parameter because the presence of injuries in thei
surface or the occurrence of diseases (such as soft rot) increas
the chances of isolation and of growth potential of pathogenic
microorganisms. This is because the rotten or injured section
provides the nutrients needed for survival and growth of
microorganisms. The abundance of nutrients and sites for
attachment due to peeling, cutting, or slicing favor the growth
of pathogenic microorganisms in fruits and vegetables.

Although effective for increasing the shelf life of foods, the
use of modi� ed atmosphere for packaging of RTE vegetable
should be evaluated carefully as gaseous mixtures used ma
inhibit spoilage microorganisms and allow for the growth
of pathogenic microorganisms. This concern is supported
by the potential presence of psychrotrophic pathogens, such
as L. monocytogenes, Yersinia enterocolitica, and Aeromonas
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Figure 10 The observed growth ofE. coliO157:H7 andSalmonellaspp.
on lettuce at a constant temperature, ranging from 5 to 25� C. The growth
curves were obtained using the Baranyi model. Data are mean value
of triplicate trials� standard error. Koseki, S., Isobe, S., 2005. Predictio
of pathogen growth on iceberg lettuce under real temperature history
during distribution from farm to table. International Journal of Food
Microbiology 104, 239–248.
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hydrophila, and nonproteolytic C. botulinum, which may grow
depending on modi� ed atmosphere composition and storage
conditions.
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Control of Contamination of Fruits and Vegetables
by Foodborne Pathogens

On-farming control of contamination of fruits and vegetables
is mainly based on the implementation of GAP. The Food and
Agriculture Organization of the United Nations de� nes GAP as
‘practices that address environmental, economic and socia
sustainability for on-farm processes, and result in safe and
quality food and non-food agricultural products. ’ A GAP
framework considers the implementation of best practices
regarding worker’s health and hygiene, soil quality, water
quality and use, sewage treatment, wildlife and livestock
management, biosolids and manure management, � eld
sanitation and hygiene, and harvesting and transportation. In
addition, the application of speci� c guidelines established by
public health and agricultural authorities in the primary
production account for further management activities to
improve the microbial safety of fruits and vegetables.

At postharvesting steps, the implementation of good
hygienic practices (GHP) and of hazard analysis and critica
control points (HACCP) comprehend management options to
ensure safe processing of fruits and vegetables. The washi
step constitutes the main step to focus controls during pro-
cessing of produce. Although designed to reduce microbia
load on fruits and vegetables surfaces, washing tanks ma
become a point of cross-contamination. Therefore, the appli-
cation of GHP and HACCP can be helpful to control both the
use of water of proper microbiological quality and adequate
concentration of sanitizers to avoid microbial spread within
and among lots of produce. Complementary actions must be
taken to instruct consumers regarding proper washing and
preparation of non-RTE produce or storage and consumption
of RTE produce.

See also:Chilled Storage of Foods:Principles;Ecology of
Bacteria and Fungi in Foods:Effects of pH;Ecology of Bacteria
and Fungi in Foods:In� uence of Temperature;Escherichia coli
O157:E. coliO157:H7; Food Poisoning Outbreaks; Advance
Processing Technologies to Preserve and Enhance the S
of Fresh and Fresh-Cut Fruits and Vegetables; Fruit and
Vegetable Juices; Sprouts; Good Manufacturing Practice
Hazard Analysis and Critical Control Point (HACCP):Critical
Control Points;Hazard Appraisal (HACCP):The Overall
Concept; Helminths;Listeria Monocytogenes; Salmonella:
Introduction.
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Introduction

A diet that includes regular consumption of a variety of fresh
and minimally processed fruits and vegetables increasingly is
emphasized for cardiovascular heath, control of obesity and
diabetes, and other nutritional and medical-related bene�ts.
Fresh and fresh-cut products such as bagged salads are among
the fastest-growing market segments in the United States in an
environment in which per capita consumption of fresh produce
is increasing. Foodborne illness associated with fresh and fresh-
cut fruits and vegetables is therefore of particular concern. As
produce consumption has increased in the United States, so too
have produce-related outbreaks. Accounting for only 0.7% of all
reported foodborne outbreaks in the 1970s, contaminated
produce was the causative agent in 6% of all outbreaks in the
1990s. From 1990 to 2005, produce accounted for 22% of the
most common outbreaks, 713 of 3204 total. The Centers for
Disease Control and Prevention reported that foodborne
outbreaks associated with fresh produce doubled between the
period 1973 to 1987 and 1988 to 1992. Previously, unsuspected
contamination events have been identi�ed increasingly since
1998, thanks to enhanced surveillance of outbreaks and human
illness cases. Salmonella was the number one contaminant in
outbreaks with a known pathogen; produce-related foods most
frequently implicated in outbreaks include salad, lettuce, juice,
melon, sprouts, and berries. Other bacterial pathogens often
associated with produce-related outbreaks include Escherichia
coli O157:H7 and Shigella. The continued increase in per capita
consumption is subject to a loss of con�dence in the microbial
safety of the product, due to the continuing nature of such
produce-related outbreaks. In addition to the toll in human
suffering, the cost in medical care and decreased productivity
due to foodborne illness has been estimated to be between $6.5
and $34.9 billion. Produce recalls, illness associated with
outbreaks, and loss of consumer con�dence costs growers,
processors, shippers, retailers, and consumers nearly $39 billion
annually.

Contamination of fresh and fresh-cut fruits and vegetables
with human pathogens such as Salmonella spp., E. coli
O157:H7, Listeria monocytogenes, and Shigella spp. on fresh
produce has been documented extensively. It is known that
a wide variety of fresh and fresh-cut produce supports the
growth of bacterial human pathogens on their surfaces.
Signi�cant knowledge gaps remain, however, as to how to
prevent fruits and vegetables from becoming contaminated,
and how pathogens can best be removed or inactivated from
at-risk produce.

This chapter summarizes the latest research on the devel-
opment and optimization of technologies that remove or
inactivate human pathogens on fresh produce. These tools range
from the conventional to the novel, from familiar chemical and
physical methods to unfamiliar advanced technologies. The goal
is to identify means by which fruits and vegetables can be
treated to improve their microbial food safety.
Encyclopedia of Food Microbiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12
Chemical Treatments

Conventional postharvest washing and sanitizing treatments
typically achieve 2–3 log reductions (decimal units, log10 cfu)
of pathogens on produce. Chlorine is the most widely used
sanitizer by the fresh fruits and vegetables industry, both as
a surface sanitizing agent and as a biocide in �ume and in wash
water. As a direct-contact antimicrobial tool, however, chlorine
has limited ef�cacy. For example, chlorine-based sanitizers are
only partially effective in reducing populations of Salmonella on
melons. Although chlorine has the potential of forming
harmful by-products, the bene�t of continuing to use chlorine
by the produce industry for the prevention of potential cross-
contamination outweighs the incidence of formation of
harmful by-products. Alternative sanitation agents are being
pursued actively by the produce industry as a means to expand
the suite of chemical tools available under existing regulatory
constraints.

Although chlorine is the most commonly used antimicro-
bial agent in wash water and �ume systems, other technologies
used in the fresh produce industry include acids (such as citric,
lactic, acetic, or peroxyacetic), acidi�ed electrolyzed water,
ozonated water, and combinations thereof. While some of
these have shown promise, the primary bene�t obtained from
aqueous treatments is not the reduction of contamination on
leaf, fruit, or vegetable surface but rather the reduction of
bacterial load in the wash water itself. This serves to reduce
the risk potential for cross-contamination, thereby serving
a containment function in a food-processing system. Other
compounds that have been investigated for this purpose,
although not implemented on a widespread basis, have been
succinic, malic, and tartaric acid; hydrogen peroxide; and
acidi�ed sodium chlorite.

To compare various antimicrobial chemical treatments,
peppers were inoculated with Salmonella SaintPaul. The inoc-
ulated bacteria were recovered primarily from stem and calyx
regions. The pathogen could survive readily for at least 8 weeks
on peppers stored at 4 �C. Immersion treatments of 200 ppm of
sodium hypochlorite, acidi�ed sodium chlorite, or peroxy-
acetic acid for 10 min reduced the pathogen on the stem and
calyx regions by only 1.5–1.7 log.

For sanitizing produce directly, application of gaseous
chlorine dioxide (ClO2) is an alternative. The application of
gaseous ClO2 to inoculated apples, green peppers, and straw-
berries resulted in population reductions of �5 log without
adversely affecting the color of the product. For Salmonella and
L. monocytogenes inoculated on the skin of tomatoes, more than
a 5 log reduction was obtained after a 12-min treatment with
0.5 mg l�1 ClO2 gas. This treatment also delayed the growth of
natural micro�ora and extended shelf life of tomatoes by
7 days. Much higher ClO2 concentrations (2, 5, 8, and
10 mg l�1) for much shorter times (10, 30, 60, 120, and 180 s)
also were examined for their ability to reduce Salmonella on
tomatoes. Log reductions of 3.0, 3.83, and 4.91 were obtained
-384730-0.00428-6 983
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following treatment with 8 mg l � 1 ClO2 for 60 s, 10 mg l� 1

ClO2 for 120 s, and 10 mg l� 1 ClO2 for 180 s, respectively.
Therefore, despite considerable research effort on th

development of antimicrobial chemical processes for use on
produce, a need for new, safe, and effective intervention
remains.
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Cold Plasma

A relatively new antimicrobial intervention for foods is
a chemically active, nonthermal, cold plasma. Technically
a state of matter distinct from solids, liquids, or gases, for
practical purposes, plasma may be regarded as an ionized g
containing reactive chemical species (free radicals, ions, ele
trons, excited atoms, and molecules). More familiar forms of
plasma such as electric arcs and open� ames operate at
temperatures damaging to produce; recent advances in tec
nology allow for � ner control of the ionizing energy used to
generate the plasma� eld, thereby avoiding thermal damage to
the treated food.

Cold plasma inactivates microbes via three primary mech
anisms: (1) chemical interaction of radicals (e.g., O*, OH*),
reactive species (e.g., O, O3, H2O2, NOx), or charged particles
(e.g., O� , OH� , Hþ , e� ) with cell membranes; (2) ultraviolet
(UV) damage to membranes and cellular components; and (3)
direct breakage of DNA by UV radiation. The exact nature o
which mechanism is primarily responsible for antimicrobial
activity under any given set of conditions is the subject of
ongoing research. The balance of these modes of action wi
determine the sanitizing ef�cacy of a cold plasma system.
Table 1 Summary of factors relating to three general classes of no

Remote treatment Dire

Nature of NTP applied Decaying plasma (afterglow)– longer
lived chemical species

Acti
lo

NTP density and energy Moderate density– target remote
from electrodes. However, a larger
volume of NTP can be generated
using multiple electrodes

High
pa

Spacing of target from
NTP-generating electrode

Approx. 5–20 cm; arcing (� lamentous
discharge) unlikely to contact
target at any power setting

App
at
co

Electrical conduction
through target

No Not
bu

Suitability for irregular
surfaces

High– remote nature of NTP
generation means maximum
� exibility of application of NTP
afterglow stream

Mod
to
re
or

Examples of technologies Remote exposure reactor;
plasma pencil

Glid
pl
pl

References Fernandez et al. (2011);
Ragni et al. (2010)

Gwe
S

When applied to human pathogens such asSalmonellaand
E. coliO157:H7, cold plasma has been shown to achieve>3 log
reductions on fresh produce and comparable reductions
against phytopathogens and spoilage organisms, such a
Aspergillusspp. andPenicilliumspp., on grains and legumes. Of
particular interest to fresh and fresh-cut fruit and vegetable
commodities, cold plasma has the potential to be applied as
a postpackaging process, with 4–5 log reductions achieved
using different types of cold plasma equipment. Cold plasma
applied at atmospheric pressure resulted in greater than 8 log
reduction of L. monocytogeneson sliced cheese and ham.

Depending on design, cold plasma technologies differ in
fundamental ways, most signi� cantly with respect to how the
cold plasma is generated and delivered to the surfaces to b
treated. One signi� cant factor is the physical separation
distance between where the cold plasma is generated an
where it is applied (Table 1). This physical separation also can
manifest mechanistically as the difference in the‘time of � ight.’
The most reactive chemical species are short lived, on the orde
of milliseconds. Therefore, moving the plasma to the food
target more quickly can enhance killing of the pathogens. For
example, cold plasma generated in a gliding arc applied to
outbreak strains ofE. coliO157:H7 and SalmonellaStanley on
Golden Delicious apples inactivated both pathogens. Higher
� ow rate (40 l min � 1) was more effective than lower� ow rates.
Reduction of Salmonellaafter 3 min ranged from 2.9 to
3.7 log cfu ml� 1, with longer treatment times providing
enhanced killing. For E. coliO157:H7, 40 l min � 1 gave similar
reductions for all treatment times, 3.4–3.6 log cfu ml� 1. At
lower � ow rates, inactivation was related to exposure time, with
3 min resulting in reductions of 2.6–3 log cfu ml � 1. Thus, while
nthermal plasma (NTP) technologies

NTP technology class

ct treatment Electrode contact

ve plasma– short- and
ng-lived species

Active plasma– all chemical species,
including shortest lived and ion
bombardment

er density– target in the direct
th of a� ow of active NTP

Highest density– target within NTP
generation� eld

rox. 1–5 cm; arcing can occur
higher power settings, can
ntact target

Approx.� 1 cm; arcing can occur
between electrodes and target at
higher power settings

under normal operation,
t possible during arcing

Yes, if target is used as an electrode
OR if target between mounted
electrodes is electrically conductive

erately high– NTP is conveyed
target in a directional manner,
quiring either rotation of target
multiple NTP emitters

Moderately low– close spacing is
required to maintain NTP
uniformity. However, electrodes can
be shaped to� t a de� ned,
consistent surface

ing arc; plasma needle;
asma jet; microwave-induced
asma tube

Parallel plate reactor; needle-plate
reactor; resistive barrier discharge;
dielectric barrier discharge

on et al. (2009); Niemira and
ites (2008); Niemira (2012)

Deng et al. (2007)
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distance from the emitter electrodes is one factor, gas� ow rate
and other operational parameters are signi� cant in determining
antimicrobial performance.

Using a low-power (70 W) glow-discharge system with
helium or 99.85/0.15 helium þ oxygen as the feed gas,E. coli
was inactivated successfully. Augmenting the helium-feed ga
with up to 0.15% oxygen enhanced sterilization by up to 40%.
A UV transparent-fused silica plate was placed between th
plasma and the treatment sample to isolate the effects of UV
from the direct chemical interactions of the oxygen and helium
radicals. Once this was done, antimicrobial ef�cacy was negli-
gible, suggesting that UV is not a signi�cant mechanistic
contributor in this system. The authors concluded that the
inactivation process was controlled dominantly by radical
molecules, with oxygen radicals being especially effective.

Salmonellawas tested in a nitrogen-based cold plasma je
(w 1 W, 1 kHz) to suggest that excessive microbial loading in
test procedures may shield subsurface cells. The propose
mechanism for this shielding is the protective effect of inacti-
vated membranes of surface cells. This� nding has implications
for the expansion of cold plasma beyond surface treatments in
future research.

Cold plasma may be applied to whole fresh commodities,
minimally processed fruits and vegetables, nuts, and legumes
It also has promise as a nonthermal process to improve the
sanitizing of food contact surfaces, such as tools, conveyor
containers, countertops, and so on. Lab-scale results wit
human pathogens suggest that cold plasma is a potentially
viable antimicrobial technology.
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Irradiation

Ionizing radiation is a viable technology that already is used
widely in phytosanitary applications for treating fruits and
vegetables. It has been shown that low doses of irradiation ca
effectively inactivate pathogens on produce without undue
sensory impacts. Regulatory actions in the United States hav
allowed for the irradiation of spinach and iceberg lettuce. The
best practices with respect to incorporating irradiation into
conventional produce processing remains a subject of researc
In part, this is because the nature of the interaction of human
pathogens with produce surfaces, and the implications for dose
optimization, are still poorly understood. For example, post-
irradiation regrowth of microbial populations, including
human pathogens, is in� uenced by the sequence of irradiation
treatment with respect to bagging and shipping. Time in
refrigerated storage prior to irradiation allows bio� lm forma-
tion on the surfaces of leaves or internalization of pathogens in
stomata. Therefore, handling practices and the speci� c design
of commercial irradiation protocols in � uence the ef�cacy of
irradiation against contaminating human pathogens.

Radiation resistance of microorganisms can be expressed
D10 values, which are radiation doses (in kGy) required to
inactivate 90% of speci�c pathogens.Table 2summarizes some
of the typical D10 values obtained for three common food-
borne pathogens (E. coli, Salmonellaspp., andL. monocytogene)
on fresh and fresh-cut produce. The D10 values of the three
pathogens range from 0.04 to 0.54 kGy. Radiation resistance o
a pathogen can be in� uenced by many factors such as
temperature and the gas atmosphere at which fresh-cut produc
is irradiated, type of produce, strains of pathogens, and loca
tion of pathogen in or on fresh-cut produce.

On shredded iceberg lettuce, mesophilic bacteria wer
reduced by 4.2 log after treatment with 0.1 kGy. During 12 days
in storage at 4� C, micro� ora regrew to 4.5 log. By 30 days in
storage, the microbial population regrew to 5.9 log. Increasing
the initial irradiation dose to 2.0 kGy reduced background
mesophils to nondetectable levels, a reading that persiste
through 12 days of storage at 4� C. Regrowth after 30 days was
only 1.7 log. For irradiated spinach leaves, suppressive effec
were seen on mesophils, although somewhat lower in absolute
magnitude of reductions. A relatively low dose of 0.1 kGy
reduced mesophils on spinach by approximately 1.3 log. Under
refrigerated storage, these regrew to 5.7 log by 30 days at 4� C.
The higher dose of 2 kGy gave 4.6 log reduction, which simi-
larly regrew to 2.56 log by 30 days. As an antimicrobial process
irradiation has been combined successfully with mild thermal
treatments on lettuce, green onions, and other commodities.

As the response to irradiation is speci� c to individual
commodities, speci�c handling practices and combinations
with other treatments, signi� cant research gaps remain as t
how best to use this technology.
Ultraviolet Light

UV light is a nonthermal, nonchemical intervention technology
that employs physical light energy at wavelengths of 200–
290 nm to inactivate microorganisms. The germicidal effects o
UV irradiation are a result of DNA mutations to the bacterial
cells induced by the absorption of UV light. The UV-A is 400–
315 nm (longwave UV), UV-B is 315–280 nm (medium wave
UV), and UV-C is 280–100 nm (shortwave or germicidal UV).
The U.S. Food and Drug Administration (FDA) has approved the
use of UV light at a wavelength of 254 nm (UV-C) as a disin-
fectant to treat food.Listeria innocua, L. monocytogenes, and E. coli
were inoculated on fresh-cut pear slices with and without peel,
and then were treated with UV-C irradiation. Results showed
that UV-C treatment signi� cantly reduced the population of all
microorganisms. The presence of peel in� uenced the response of
microorganisms to UV-C. UV-C treatment was more effective in
pear slices without the presence of peel. The reductions varie
from 2.6 to 3.4 log for pear slices without peel and from 1.8 to
2.5 log for samples with peel after 87 kJ m� 2 UV-C treatment.
The bactericidal effect of UV-C onSalmonellaspp. or E. coli
O157:H7, inoculated on the surface of Red Delicious apples
green leaf lettuce, and tomatoes, has been investigated. Appl
inoculated with E. coliO157:H7 experienced the highest reduc-
tion (approximately 3.3 log) after UV-C irradiation at
24 mW cm� 2 (equivalent to 0.2 kJ m� 2 for 100 s). Lower log
reductions were observed on tomatoes inoculated withSalmo-
nella(2.19 log) and leaf lettuce inoculated with either Salmonella
spp. or E. coliO157:H7 (2.65 and 2.79 log, respectively).

UV-C at 5 kJ m� 2 inactivated 2.6–3.1 log of Salmonellaspp.
or L. monocytogeneson the surface of Roma tomatoes and 3.0–
3.1 log on jalapeño peppers. Pulsed UV-C reducedE. coli
O157:H7 and Salmonellapopulations inoculated on raspberries
by 3.9 and 3.4 log at 72 and 59.2 kJ m� 2, respectively. On the
surfaces of strawberries, maximum reductions elicited were 2.



e
C

n

o-

d

y
t

Table 2 Radiation sensitivity of common pathogens on/in fresh-cut fruits and vegetables

Produce

E. coli Salmonellaspp. Listeria

D10 Reference D10 Reference D10 Reference

Apple 0.24 (Lm) Fan et al. 2005
Broccoli 0.22 (Lm) Bari et al. 2005
Cabbage 0.17 Khattak et al. 2005 0.29 (Sp) Khattak et al. 2005 0.19 (Lm) Bari et al. 2005
Carrots 0.12–0.26 Kamat et al. 2005 0.16 (St) Dhokane et al. 2006 0.31 (Lm) Dhokane et al. 2006

0.3,0.5 (Lm) Kamat et al. 2005
0.36 (Lm) Caillet et al. 2006

Celery 0.20 Lopez et al. 2005 0.23 (Lm) Prakash et al. 2000
0.14 Prakash et al. 2000b

Cilantro 0.16 (H7) Foley et al. 2004
Cucumber 0.19 Khattak et al. 2005 0.25 (Sp) Khattak et al. 2005 0.30 (Li) Lee et al. 2006

0.47 Lee et al. 2006 0.43 (St) Lee et al. 2006
0.18 (St) Dhokane et al. 2006 0.35 (Lm) Dhokane et al. 2006

Green onions 0.26, 0.28 Fan et al. 2008
Lettuce, Iceberg 0.12 (H7) Niemira et al. 2002 0.20 (Li) Kim et al. 2006

0.10 (H7) Foley et al. 2002
0.25 Niemira, 2003 0.20 (Lm) Niemira, 2003

0.11–0.12 (H7) Goularte et al. 2004 0.16–0.23 Goularte et al. 2004
0.04, 0.08 Jeong et al. 2010
0.23 (H7) Mahmoud, 2010 0.21 Mahmoud, 2010 0.24 (Li) Mahmoud, 2010

Lettuce, Red leaf 0.14 (H7) Niemira et al. 2002 0.23 Niemira, 2003 0.19 (Lm) Niemira, 2003
Lettuce, Green leaf 0.12 (H7) Niemira et al. 2002 0.31 Niemira, 2003 0.19 (Lm) Niemira, 2003
Lettuce, Boston 0.14 (H7) Niemira et al. 2002 0.24 Niemira, 2003 0.19 (Lm) Niemira, 2003
Lettuce, Romaine 0.39 (H7, Int) Niemira, 2007 0.17–0.19 (Lm) Mintier and Foley, 2006

0.39 (Lm, Int) Mintier and Foley, 2006
Mint 0.17 (H7) Hsu et al. 2010 0.17 Hsu et al. 2010
Pineapple 0.24 Shashidhar et al. 2007
Spinach 0.24 (H7) Fan et al. 2008

0.11 (H7) Neal et al. 2008 0.12 Neal et al. 2008
0.29 Mahmoud et al. 2010 0.29 Mahmoud et al. 2010 0.18 Mahmoud et al. 2010

Sprouts, alfalfa 0.30 (H7) Rajkowski and Thayer, 2000 0.46 Rajkowski and Thayer, 2000
Sprouts, broccoli

sprouts
0.46 (H7) Waje et al. 2009 0.13 Waje et al. 2009 0.16 (Lm) Waje et al. 2009

Sprouts, mung
bean

0.20 (H7) Bari et al. 2004 0.20 (Lm) Bari et al. 2005

Sprouts, radish 0.41 (H7) Waje et al. 2009 0.16 Bari et al. 2004 0.22 (Lm) Waje et al. 2009
Tomato 0.25–0.39 Prakash et al. 2007 0.24 Bari et al. 2005
Tomato cubes 0.29–0.54 Schmidt et al. 2006

Li ¼ Listeria ivanovii; Lm¼ Listeria monocytogenes; St¼ SalmonellaTyphimurium; Sp¼ SalmonellaParatyphi H7¼E. coliO157:H7; Int¼ internalized.
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and 2.8 log at 25.7 and 34.2 kJ m� 2, respectively. Similar
reductions of pathogens were observed on blueberries and ther
was no observable damage to the fruits at these UV doses. UV-
treatment (2.4–24 kJ m� 2) reduced L. monocytogenespop-
ulations on cut spinach by 2 log. After 14 days of storage at 4� C,
the untreated spinach leaves reached 4.2–4.7 log cfu g� 1, while
UV-C-treated spinach leaves increased to 3.6–4.5 log, indicating
that the pathogen grew faster on UV-treated spinach leaves tha
on the control. Microbial inactivation is directly related to the
absorbed doses. To achieve microbial inactivation, the UV
radiant exposure must be at least 0.400 kJ m� 2 on all surfaces of
the product.

Freshly processed Lollo Rosso lettuce (Lactuca sativa) was
treated with different doses (0.4, 0.81, 2.44, 4.07, and
8.14 kJ m� 2) of UV-C followed by up to 10 days of storage at
5 � C. Results showed that population of psychrotrophic bacteria
and coliforms were reduced by UV-C treatment. Microbial
populations of untreated and treated lettuce became similar
after 7 days of storage, however, suggesting higher rates of micr
bial growth after UV treatment. UV-C doses of 0.45–3.15 kJ m� 2

resulted in 0.67–1.13 log reduction of E. coliO157:H7 inocu-
lated on mushroom surfaces. In addition, UV inhibited devel-
opment of brown blotch (lesion) on the mushroom surface,
presumably due to inactivation of Pseudomonas tolaasii.

The fresh-cut industry uses antibrowning agents, mainly
ascorbic acid or calcium ascorbate, in some cases combine
with citric acid, to inhibit browning and extend the shelf life of
fresh-cut apple. UV-C was applied to fresh-cut apple slices with
or without pretreatments of ascorbic acid. Populations of
L. innocuaand E. coliarti� cially inoculated on the apple slices
were reduced by UV-C treatment with or without antibrowning
pretreatment. The ef�cacy of UV-C radiation was decreased b
the antibrowning agent, however, suggesting a protective effec
of antioxidants.
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The effect of UV-C was compared with chlorine and ozone
treatments on quality and microbial population of fresh-cut
watermelon. Watermelon cubes that received 4.1 kJ m� 2 UV-C
had >1 log lower microbial populations than nontreated
samples without affecting juice leakage, color, and overall visua
quality. It has been further shown that lower UV-C dose
(1.4 kJ m� 2) also could reduce microbial populations but only
when complete surface exposure was ensured. Higher UV-
doses did not produce higher microbial reduction (6.3 kJ m� 2)
compared with lower dose (4.1 kJ m� 2), suggesting that UV-C
was the single most effective method for sanitizing fresh-cu
watermelon evaluated in this study. In addition to its effective-
ness in inactivating human pathogens, UV-C as a postharve
treatment also can reduce respiration rate, control rot develop
ment, and delay senescence and ripening in different fruits and
vegetables, which would offer added bene� ts for fresh produce
preservation.

Although the application of UV-C clearly is able to reduce
pathogens on the different fruits and vegetables, there ar
several challenges for the commercial application of UV tech
nology. First, pathogens that reside in crevices and small crac
on the surfaces of fresh-cut fruits and vegetables may be sha
owed and not exposed to UV light. Second, injury to bacterial
pathogens by exposure to UV light later may be repaired by dar
or by enzymatic mechanisms, leading to potential cell survival
and regrowth. Also, elimination (or reduction) of natural
micro� ora may promote the growth of any surviving human
pathogens. High doses of UV-C potentially may damage and
weaken fruit tissues, which could increase the growth o
surviving pathogens. Perhaps, the most signi� cant challenge to
the commercial application of UV-C technology is how to
ensure uniform exposure of UV light to all exposed surfaces o
fresh-cut fruits and vegetables. Generating random movemen
of fresh-cut fruits and vegetables in a conveyorized operation
may help provide uniform UV exposure.
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ModiÞed Atmosphere Packaging

The fresh-cut sector of the fresh produce industry has experience
dramatic increases in sales for the past three decades. Modi� ed
atmosphere packaging (MAP) plays a critical role in the success
the fresh-cut industry. MAP extends the shelf life of fresh-cu
produce by minimizing water loss; reducing respiration, metab-
olism, and tissue browning; and inhibiting the growth of spoilage
microorganisms. Processing of fresh-cut produce involves trim
ming, slicing, peeling, chopping, shredding, or otherwise altering
from original forms. The damage caused by processing releas
plant cellular � uids and provides a source of nutrients for the
survival and growth of microorganisms. In addition, the poten-
tial for pathogen survival and growth is increased by the high
moisture and neutral or low-acidic pH of fresh-cut vegetables and
some fruits; by the absence of a killing step during processing
and by the potential for temperature abuse during processing
storage, transport, and retail display. Fresh-cut produce ofte
harbors large and diverse groups of microorganisms with pop-
ulation often in 10 5–107 log. Common bacteria found on fresh-
cut produce arePseudomonas, Enterobacter, and Erwinia species.
Human pathogens – such as E. coli O157:H7, Salmonella
spp.,L. monocytogenes, and viruses– occasionally are present on
fresh-cut produce and have caused a number of outbreaks o
foodborne illnesses.

Listeria monocytogenesis a particular concern for fresh-cut
produce because of its psychrotrophic nature (being able to
multiply in low temperatures). The pathogenic bacteria is also
facultative anaerobic and is capable of survival and growth
under low O2 concentrations. It has been shown that
L. monocytogenesinoculated on fresh fruits and vegetables can
survive at low O2 levels. Furthermore, mixed leafy salads and
lettuce packaged under modi� ed atmosphere supported the
growth of Listeriaspp.L. monocytogenescould grow on shredded
lettuce under MAP even after the product was washed in
chlorinated water. High levels of CO2 may promote the growth
of L. monocytogenes. For example, L. monocytogenesgenerally
grew better on fresh endive as the CO2 concentration was
increased from 10 to 50%. The effectiveness of essential oi
against L. monocytogeneswas increased by gas atmosphere o
20% CO2 and 1% O2, suggesting CO2 enhanced the anti-
listerial properties of essential oils. SurvivingL. monocytogene
on cut endive after low-dose gamma irradiation regrew when
stored in air but not on samples stored in 5/5 or 10/10 O2/CO2.

The ability of MAP to inhibit the growth of pathogens is
dependent on the commodity and the speci� c gas mix used.
MAP (3% O2, 97% N2) had little or no inhibitory effect on the
growth of E. coliO157:H7 on shredded lettuce and carrot or on
sliced cucumber when stored at 13� C or 22 � C. Using a higher
CO2 MAP, but at lower storage temperatures, showed simila
lack of inhibition. A treatment of 10 –12% CO2 with 3 –4% O2

had no effect on the growth of E. coliO157:H7 in lettuce stored
at 8 � C. Escherichia coliO157:H7 can survive and grow at
storage temperatures higher than 8� C in all packaged leafy
vegetables, and gas composition has no direct effect on th
growth of this pathogen on fresh produce. However, com-
bining higher CO2 MAP with higher storage temperatures
changes the environment for associated bacterial populations
The growth potential of E. coli O157:H7 in cut lettuce was
increased by MAP (O2/CO2 5/30) at 13 � C.

Spinach inoculated with E. coliO157:H7 was packaged in air
following chlorine or aqueous ClO2 treatments. The pathogen
grew during storage at 7� C. Growth was 3–4 logs greater
following these air packaging treatments vs. spinach package
following a vacuum packaging or packaging after� ushing with
100% N2 or 100% CO2. These results suggest that the comb
nation of chlorine dioxide with vacuum packaging, N2, or CO2

packaging may be useful for improving the microbial safety of
spinach againstE. coliO157:H7 during storage. Populations of
E. coliO157:H7, Salmonella, and L. innocuaincreased more than
2 log on fresh-cut apples and peaches when stored for 1 day an
2 days, respectively, at 20 and 25� C. The use of MAP did not
affect the growth of the pathogens. Unlike on leafy vegetables
however, high CO2 (>15%) and low O 2 (<1%) atmospheres
used with fruit inhibited the growth of E. colion apple slices at
15 and 20 � C. It is important to note that each commodity has
a different tolerance for sensory impact caused by speci� c gas
mixtures in a given MAP protocol. While microbial suppression
was observed in studies of apple sliced, it may be thatE. coli
O157:H7 and Salmonellaspp. are inhibited by CO2 levels higher
than 15%, which can cause damage to the produce.

The dynamic interaction (competition) between native
micro� ora and pathogenic bacteria on fresh-cut produce a
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affected by high CO2 and low O2 must be considered. As dis-
cussed earlier, common pathogenic bacteria such asE. coli
O157:H7 and Salmonellagenerally are not affected directly by
MAP. Natural micro� ora and spoilage microorganisms such as
Pseudomonasand Enterobactermay be inhibited by MAP. The
desired suppression of spoilage microorganisms can crea
opportunities for the growth of pathogenic bacteria.Salmonella
may outgrow spoilage microorganisms and result in visually
acceptable but unsafe product. Growth of Salmonellawas
parallel to inhibition of mesophilic and psychrotrophic
microorganisms. Active modi� ed atmosphere (10% O2 and
10% CO2) had an antimicrobial effect on indigenous micro-
� ora on lettuce, but not on Salmonellaand even favored the
survival of the pathogen during storage of lettuce at 20� C or
8 � C.

Prevention of pathogen contamination is the most impor-
tant measure for the reduction of foodborne-illness outbreaks
of human pathogens. The guidance on preventive measure
published by the FDA may be followed to minimize microbial
food safety hazards. If contamination takes place, however
storage temperatures play the key factor on the growth and
survival of pathogens. Low-temperature storage not only
decreases the growth rate of foodborne pathogens but als
increases the inhibitory effects of MAP by increasing the solu
bility of CO 2 in fresh and fresh-cut produce and in � uids
surrounding the food.

Some studies suggested that CO2 at levels higher than 20%
may have a direct antimicrobial effect on human pathogens,
and high-level CO2 results in an increased lag phase during the
logarithmic phase of growth. CO2 levels in commercial MAP of
most fresh-cut produce are much lower than 20%, however
because CO2 causes damages to fresh and fresh-cut produc
The initial symptoms of the damages are mostly discolorations
and other disorders that may lead to microbial spoilage. The
tolerable range of CO2 levels for most fresh and fresh-cut fruits
and vegetables generally is 2–10%. Therefore, MAP under
optimum condition has little impact on the inhibition of
human pathogens.

Fresh produce has become a major vehicle in foodborne
outbreaks involving viruses such as norovirus and hepatitis A
MAP had no signi� cant effect on hepatitis A when inoculated
on lettuce stored at 4� C or ambient temperature. Depending
on the type of fresh-cut produce, the level of O2 in MAP can
decrease rapidly particularly if the product is stored in abusing
temperatures, creating an anaerobic condition that is suitable
for the growth and toxin production of Clostridium botulinum.
There is a concern that the growth ofC. botulinumand its
produced toxin appear before obvious spoilage in some pack
aged produce. Many studies have shown that fresh-cut product
in MAP were spoiled before signi�cant toxin production was
detected. Samples of butternut squash (5� C for 21 days) and
onion (25 � C for 6 days) appeared organoleptically acceptable
when toxin was detected. The chance of botulinal toxin
production before the product was obviously spoiled was less
than one in 100 000 in the foods examined using the standard
mouse assay for detection of the toxin. Even though the chanc
of botulinal toxin production is extremely low, fresh-cut
produce should be packed in packaging� lms that do not create
anaerobic conditions and should be stored at an appropriate
temperature. Also, length of storage time is an important factor
in limiting risk potential with respect to toxigenic population
outgrowth.

MAP can maintain quality, delay physiological disorders,
and reduce decay of fresh-cut produce. By itself MAP, howeve
is not an effective intervention technology and should be
applied with other interventions such as ionizing radiation and
in-packaging gas treatments (chlorine dioxide, ozone, essentia
oils) to minimize the risk of pathogenic bacteria in fresh-cut
fruits and vegetables.
Conclusion

The technologies and research presented in this chapter are th
foundation of an effective, integrated approach to control
human pathogens on fresh and fresh-cut fruits and vegetables
While this chapter has focused on the postharvest processes th
can be applied to these commodities, it is important to recog-
nize that successful commercialization of these approaches wi
depend on the extent to which they can be optimized and
adapted to the needs of the marketplace as it exists. I
responding to the demands of consumers, producers, and
regulators, these intervention technologies will provide solu-
tions that will effectively improve the safety of these fresh-cut
produce commodities.
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Microorganisms Associated to the Contamination
of Fruit and Vegetables Juices

Over the years, three groups (aciduric bacteria, molds, and
yeasts) have been reported as the most important microor-
ganisms since they are acid tolerant. In the past 30 years,
however, the emergence of a sporulating acido-thermophilic
bacterium, Alicyclobacillus spp. (see Alicyclobacillus), has been
observed. Yeasts, heat-sensitive molds, and lactic acid bacteria
(LAB) are important indices for the quality of raw materials.
Heat-resistant fungi and other sporeformer bacteria, such as
Clostridium pasteurianum (see Clostridium) or Bacillus coagulans
(see Bacillus: Introduction) and Alicyclobacillus acidoterrestris play
an important role as targets for fruit juice pasteurization
processes, depending on the time and temperature conditions
employed (e.g., mild treatments).

Until the 1980s, it was believed that under acidic pH values
(pH <4.5), pathogen growth would not be observed, while
survival, although possible, would be improbable. Foodborne
disease outbreak occurrences, however, resulted in more
attention being given to acidic fruit juices, for example, apple
cider, which has been implicated in hemorrhagic colitis caused
by Escherichia coli O157:H7. Recently, the rapid dissemination
and search for exotic juices with high pH, such as melon
(5.5–6.0) and watermelon (5.2–6.8), has brought a new chal-
lenge to the fruit juice industry. This challenge is related to the
Figure 1 Contamination evolution of LAB in �ve batches of orange juice–proc
Segurança Microbiológica de Sucos & Drinks Envasados Assepticamente. 09/1
ABTN. Processo 03-02/98.
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fact that these juices provide good conditions not only for the
survival but also for the growth of foodborne pathogens.
Lactic Acid Bacteria

The genera of Lactobacillus (see Lactobacillus: Introduction) and
Leuconostoc (see The Leuconostocaceae Family) are the most
important groups of spoilage microorganisms for acid
products.

The heat-resistance index (D-value) for Lactobacillus spp. in
fruit juices at pH 4.0 and 53 �C is 0.6–1.9 min and for Leuco-
nostoc mesenteroides, 1.5 min at the same conditions. A thermal
treatment of 95 �C 30 s�1 was able to totally destroy
a 106 log cfu ml�1 load of LAB existing in orange juice. A mean
LAB contamination level was reported for raw juice before
pasteurization of 1.4E þ 04, 3.4E þ 05, and 2.0E þ 6 cfu ml�1

for single-strength orange juice, apple nectar, and grape
beverage, respectively. The evolution of the LAB contamination
in two orange juice–processing plants is shown on Figure 1.
Contamination before pasteurization can reach 107 cfu ml�1,
but it is totally eliminated by pasteurization.

Although the presence of LAB is more commonly reported
in unpasteurized juices, contamination after the thermal pro-
cessing of fruit juices plays an important role. Spoilage episodes
involving these microorganisms are the result of failures in
cleaning and sanitation programs, mainly from equipment that
essing line. Reproduced from Massaguer, P.R., 2004. Final Report Project:
999 a 12/2004, EMBRAPA - PRODETAB, Tetra Pak Ltda., MVEngenharia,

robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00430-4

http://dx.doi.org/10.1016/B978-0-12-384730-0.00430-4


s
.
f

FRUITS AND VEGETABLESj Fruit and Vegetable Juices 993
comes after the pasteurizer on the production line. The proces
line contamination by LAB may result in bio� lms formation
(dextran), which can increase LAB heat resistance.
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Acetic Bacteria

Acetic bacteria have been associated frequently with beverag’s
spoilage, characterized by changes of� avor, viscosity, and gas
formation. The increased use of plastic packages leads
a higher incidence of nonfermentative acetic bacteria, mainly
Gluconobacter(see Gluconobacter), which are resistant to chem-
ical agents and able to grow in presence of higher concentra
tions of oxygen and sorbic and benzoic acids.
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Yeasts

Yeasts are able to grow under low pH conditions, high suga
content, and refrigeration temperatures, making them potential
spoilers of simple and concentrated juices (seeYeasts: Produc
tion and Commercial Uses). Their growth spoils the juices by
producing carbon dioxide and alcohol, enhancing turbidity,
and causing � occulation and phase separation due to the
action of microbial enzymes on the pectin.

Candida (see Candida), Pichia, Rhodotorula(seeRhodotor-
ula), Torulopsis, Saccharomyces(see Saccharomyces– Introduction
and Saccharomyces: Saccharomyces Cerevisiae), Zygosaccharomyc
(see Zygosaccharomyces), Hansenula, andTrichosporongenera
have been associated with juice spoilage. For citrus juice
Candida stellata, Saccharomyces cerevisae, Torulaspora delbrueck,
and Zygosaccharomyces rouxiihave been reported. Since thes
organisms tolerate high-osmotic pressure, low pH conditions,
and grow at refrigeration temperature, they can cause spoilag
in the processed products.

The heat resistance of yeasts representative of the fungal� ora
of soft drinks, and certain acid products has been investigated
Generally, asporogenous yeast strains have been found to be le
heat resistant than ascomycetes (seeFungi: Classi� cation of the
Eukaryotic Ascomycetes and Fungi: Classi� cation of the Hemi-
ascomycetes). The genusSaccharomycesshowed the highest heat
resistance, particularly strains of speciesS. cerevisae.
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Molds

Molds are mostly aerobic, tolerate low pH values, and tolerate
high sugar concentrations. They can produce gas, change t
odor, and form mycelial mats on the juice surface. Most fungi
show limited heat resistance. The asexual spores (conidia) of th
very common genera, such asPenicillium(see Penicilliumand
Talaromyces:Introduction and Penicillium/Penicillia in Food
Production), Aspergillus(see Aspergillus), Mucor (see Mucor),
Rhizopus, Fusarium(see Fusarium), Cladosporium, and Botrytisare
killed after heating for 5 min 60 � C� 1. The vegetative cells o
these genera are also inactivated within 5–10 min if heated at
60 � C in distilled water. Some more heat-resistant species ow
their resistance to sclerotia or to thick-walled sexual spore
(ascospores); sclerotia ofPenicillium, which causes spoilage o
canned blueberries, survived heating at 85� C 4.5 min� 1. The
most important molds in fruit juice industries can be divided
considering their response to thermal treatment as heat-sensitiv
(labile) and heat-resistant molds (HRMs).
Inactivation of Alicyclobacillus nigerIOC 4573 conidia in
mango nectar (pH 4.05, 14� Brix) at 80 � C has been evaluated
It was veri� ed that this strain was able to survive a heat shock o
80 � C 30 min� 1, which characterize HRMs. Although heat
resistance is not common for Aspergillusspecies, some
researchers have isolated strains able to survive 85� C 60 min� 1

in grape, apple, and tomato juices.
Heat-Resistant Molds

Spoilage due to formation of heat-resistant ascospores b
members of the genusByssochlamys(see Byssochlamys), Neo-
sartorya, Talaromyces, and Eupenicillium has been reported
repeatedly. Some strains ofByssochlamysand Neosartorya� scheri
have become an industrial problem by spoiling processed fruit
products and producing mycotoxins: byssochlamic acid, patu-
lin, and byssotoxin A (seeMycotoxins: Classi� cationNatural
Occurrence of Mycotoxins in Food, Mycotoxins: Detection and
Analysis by Classical Techniques, Mycotoxins: Immunologica
Techniques for Detection and Analysis, and Mycotoxins: Toxi
cology). Patulin may be produced by species ofAspergillus,
Penicillium, and Paecilomycesbut mainly by Penicillium expansum
Patulin has been found in apples, pears, their juices and jams
grapes and grape juices; and beet juice. It was also found in fruit
that exhibited brown rot, such as bananas and pineapples.

Byssochlamysspecies are historically among the most widely
encountered molds causing spoilage of heat-processed fruits an
therefore have been studied extensively. This genus can survi
the thermal process given to many acid foods and have bee
responsible for spoilage outbreaks of commercially canned fruits
and fruit products. In the 1990s, however, spoilage due toN.
� scheriand Talaromyces fravushad been observed more frequently
in North America, Europe, and Australia. InTable 1, we have
summarized more recent studies conducted in juices, nectar
and pulps, involving such genus asNeosartorya, Talaromyces, and
Byssochlamys. Neosartorya� scheriis by far the most resistant, and
in almost all cases, the inactivation is nonlinear.

The heat resistance was compared between ascospores
Byssochlamys fulvaand Aspergillusspp. WR1 in 5 � Brix Concord
grape juice, pH 3.5 were compared. Similarities in behavior
included a nonlogarithmic order death, and increased heat
resistance in sugar solutions were observed.

Incidence of HRM
The preservation of fruit and vegetable juices is based mainly in
the heat process. The addition of chemical or natural antimi-
crobials to fruit juices to avoid microbial growth during the
shelf life has also been well studied. Consumer demand for
natural products presents a big challenge to juice industries
however, attempting to ensure microbiologically stable prod-
ucts without the addition of preservatives.

In Brazil, 58 strains of HRM were isolated from strawberry
pulp. Byssochlamys niveawas the most heat-resistant strain
tested, and it showed a nonlinear behavior with survivor curve
with shoulder and tail. Similar behavior has been reported in
other countries located in the Southern Hemisphere, such a
Argentina, New Zealand, Australia, and South Africa.

The occurrence of HRM in raw material and the subsequen
increase in number of these species in Nigerian� nal products
were also studied. The number of ascospores in fruits is in



l

t

ct

e

,

e

Table 1 Heat-resistant molds and their thermal characteristics– inactivation model, temperature,D-value, andz-value

Mold
Inactivation
model

Temperature
(� C)

D-value
(min) z-Value (� C) Author

N. Þscheriin apple juice (pH 3.6–3.9) –a 87.8 1.4 5.6 Scott and Bernard (1987)
T. ßavusin apple juice (pH 3.6–3.9) – 90.6 2.2 5.2
B. niveain PDA Nonlinear 80 24 4.0–6.1 Castella et al. (1990)
B. niveain MEA 80 50
B. niveain PDA 88 0.75
B. niveain MEA 88 0.8
N. Þscheriin apple pulp (pH 3.6) Nonlinear 85 15.1 5.28 Gumerato (1995)

88 4.7
90 2.6
93 0.43

N. Þscheriin mango juice (pH 4.0 per 10� Brix) Nonlinear 80 70.50 4.0 Rajashekara et al. (1996)
N. Þscheriin mango juice (pH 4.0 per 45� Brix) Nonlinear 80 141.75
N. Þscheriin grape juice (pH 4.0 per 10� Brix) Nonlinear 80 66.75
N. Þscheriin grape juice (pH 4.0 per 45� Brix) Nonlinear 80 88.50
N. Þscheriin mango juice (pH 4.0 per 10� Brix) Nonlinear 85 43.50
N. Þscheriin mango juice (pH 4.0/45� Brix) Nonlinear 85 78.00
N. Þscheriin grape juice (pH 4.0 per 10� Brix) Nonlinear 85 34.75
N. Þscheriin grape juice (pH 4.0 per 45� Brix) Nonlinear 85 72.75
N. Þscheriin mango drink (pH 3.39 per 15� Brix) Nonlinear 85 56.25
N. Þscheriin mango–pineapple drink (pH 3.61

per 14.8� Brix)
Nonlinear 85 69.75

N. Þscheriin orange juice (pH 3.04 per 13.4� Brix) Nonlinear 85 36.75
N. Þscheriin pineapple juice (pH 3.40 per 13.8� Brix) Nonlinear 85 44.25
N. Þscheriin apple concentrated (pH 2.5) Nonlinear 80 81.3 5.16 Salomão et al. (2005)

85 16.0
90 0.9

N. Þscheriin apple concentrated (pH 3.5) Nonlinear 80 153.8 4.59 Salomão et al. (2005)
85 22.0
90 1.0

N. Þscheriin apple concentrated (pH 4.5) 80 312.5 4.64
85 38.6
90 2.2

N. Þscheri(pH 3.5/12� Brix in pineapple juice) Nonlinear 80 114.94 5.34 Slongo and Aragão
(2007)85 20.7

90 1.811
N. Þscheri(pH 3.5/14� Brix in papaya juice) 80 125 5.86

85 20.408
90 2.453

E. chevalieriin plum extract (pH 3.8) Nonlinear 80 3.3 – Dijksterhuis and
Samson (2006)

B. fulvaIOC 4518 in clari� ed apple juice Nonlinear 85 42.98 6.3 Sant’Ana et al. (2009)
90 8.10
92 3.62
95 1.81

B. fulvain passion fruit juice Nonlinear 98 27 5.4 Ferreira et al. (2011)
B. niveain pineapple nectar 98 13.6 5.5

aNot indicated.
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general low, less than one per gram. Approximately 98% of al
soil samples and 17% of mango fruits samples contained HRM,
which were identi� ed asN. � scherivar.spinosa, Aspergillus� avus,
Penicillium citrinum, and Paecilomyces variotii. Neosartorya� scheri
was predominant and occurred in all positive samples. This fac
is very important since certain strains ofN. � scheriare capable
of producing mycotoxins, such as fumitremorgins A, B, and C,
and verruculogen. These compounds have been proved to a
on the central nervous system.

The occurrence and the heat resistance of HRM during th
aseptic processing of Brazilian tomato pulp (8 � Brix) were
studied. The higher counts were observed in the raw material
prewash, and transportation water. The reutilization of
condensate water for fruit washing may lead to an increase in
the contamination. Fifty strains of HRM were isolated and the
most heat-resistant strain was identi� ed as N. � scheri and
survived 100 � C 25 min� 1.

Paecilomyces variotiiand some strains ofFusariumspp. may
survive to thermal treatments at 95� C per 10–20 s� 1, probably
due to the existence of structures as clamidosphores. Som
strains of P. variotiihad been isolated from deteriorated prod-
ucts pasteurized at 93� C for 5 min. Although in low numbers



i-

-

-

-

ce
e

le

-

r-
e
d
,

t

and

g

e

r

n

y

t

FRUITS AND VEGETABLESj Fruit and Vegetable Juices 995
(<10 cfu ml � 1 in the � nal product after storage for>90 days at
28 � C), P. variotiiwas isolated from apple nectar, showing slow
germination.

The heat resistance and the effects of continuous pasteur
zation on the inactivation of B. fulva ascospores in clari� ed
apple juice were also studied. Three different strains:Byssochl
amys fulvaIOC 4518, B. niveaATCC 24008, andB. niveaFRR
4421 were tested.Byssochlamys fulvaIOC 4518 was the most
heat-resistant strain and was eliminated only by a heat treat
ment of 100 � C 5 min� 1.

Heat Tolerance of HRM Isolated from Juices
Heat resistance ofN. � scheriascospores is affected by sporula
tion and the type of heating medium used. Ascospores of three
strains of N. � scheriwere grown on three different sporulation
media (Fowell’s acetate agar, apple juice agar, and grape jui
agar) were evaluated for heat resistance in apple juice, grap
juice, and 0.1 M potassium phosphate buffer (pH 7.0). The
type of sporulation medium did not affect the heat resistance of
ascospores. Ascospores of all three strains at an initial viab
population of w 106 cfu ml� 1 survived at 84� C 120 min� 1. The
rate of thermal inactivation of ascospores was lower in apple
juice than in grape juice or phosphate buffer. Rates of inacti
vation (82 � C) increased as the pH (2.5, 3.0, and 3.5) of heating
media containing fumaric, citric, tartaric, and acidic acids
decreased.

The in� uence of organic acids on heat-resistance characte
istics of Talaromyces� avusascospores during and after exposur
to elevated temperatures was studied. Fumaric, sorbic, an
benzoic acids were clearly more lethal than acetic, malic, citric
and tartaric acids, and lethality was enhanced as the pH of the
heating medium was reduced from 5.0 to 2.5.

Studies about the combined effects of pressure–temperature
on heat resistance of ascospores ofB. nivea, B. fulva, N. � scheri,
and T. � avusat 20, 50, and 60 � C were conducted. At 20� C,
a 9000 bar treatment for 20 min completely inactivated all
T. � avusascospores (decimal reduction (DR)� 3.5 from the
initial population) and reduced N. � scheri ascospores by
w 2 log cycles, while the ascospores fromB. niveaand B. fulva
underwent no reduction. In apricot nectar that was preheated a
50 � C, all four species were inactivated in 1–4 min by a treat-
ment (3.5–5 DR at 8000 bar), while in an apricot nectar pre-
heated at 60� C, the same result was obtained in 1–2 min using
a 7000 bar pressure. Pressure-resistance of ascospores at 50
60 � C was found to be lower in distilled water than in apricot
nectar.

The growth of P. variotiiin pineapple juice was modeled as
a function of pH (2.7 –3.5), water activity (0.84–0.98), and
natamycin concentration (0–10 ppm). In the absence of nata-
mycin, high values of aw such as 0.98 favored quick germina-
tion and growth of the mold in 4 days, with visible colonies,
overcoming the inhibitory effect of pH. For aw 0.91, pH 3.1,
and 5 ppm of natamycin, growth as visible colonies (2 mm
diameter) was observed after 39 days of lag phase. The la
phase increased from 2 days to 40 days when conditions
changed from pH (2.7–3.5) and aw 0.98 to pH 3.1, aw 0.91 and
5 ppm natamycin. Thus, hurdle technology may be used to
inhibit the germination and posterior growth of the mold,
since at aw 0.84 and natamycin concentration of 10 ppm
inhibit the mold for 90 days.
Studies indicate that small variations in temperature
(w 2 � C) during the concentrated apple juice pasteurization
could result in the elimination or survival of HRMs due to its
nonlogarithmic inactivation behavior. Temperature variations
could culminate in the survivor of HRMs in pasteurized juices
even when low counts (<10 spores per 100 ml) were present in
the raw materials.
Spore-Forming Bacteria

Alicyclobacillusspp.
Alicyclobacillusspp. is currently one of the microorganisms of
concern in the fruit juice industry (see Alicyclobacillus). Alicycloba-
cillus includes thermophilic–acidophilic–heterotrophic bacteria
and the term thermo-acidophilic refers to this particular group.
The thermophilic and acidophilic characteristics ofAlicyclobacillus
spp. allow resistance to current pasteurization processes, and th
ability to produce off- � avors in the product poses potential
economic losses for the juice industry. Most studies concerning
Alicyclobacillusspp. related to spoilage are focused on
A. acidoterrestris. However, recent studies have revealed othe
Alicyclobacillusspecies as equally able to cause off-� avors.

Recently, otherAlicyclobacillusspecies have been identi� ed:
Alicyclobacillus hesperidumfrom volcanic soils; Alicyclobacillus
herbariusfrom herbal tea made from dried � owers of hisbicus;
Alicyclobacillus acidiphilusfrom off- � avor orange juice in Japan;
and Alicyclobacillus pomorumfrom mixed fruit juice.
Alicyclobacillus herbariusis more closely related toAlicyclobacillus
cycloheptanicusin having predominately u -cycloheptane fatty
acids in the cell membranes.Alicyclobacillus acidiphilusis able to
produce guaiacol and cause spoilage in acidic beverages.

Alicyclobacillusspp. are soilborne bacteria, and do not strictly
require thermophilic and acidic environments. Alicyclobacillus
spp. are Gram-positive, rod-shaped, thermophilic, and acido-
philic spore-forming bacteria. Depending on the different
species, growth temperatures range from 20 to 70� C, with
optimum temperatures from 42 to 60 � C. Alicyclobacillusspp.
can also grow over a wide pH range, generally reported betwee
pH 2.5 and 6.0.

Spore formation in Alicyclobacillusspp. is terminal or
subterminal, with or without swollen sporangium.

The most distinctive characteristic ofAlicyclobacillusspp. is the
presence of u -alicyclic fatty acids as the major membrane
component. Researchers suggest thatu -alicyclic fatty acids are
associated with the exceptional resistance ofAlicyclobacillusspp.
to acidic conditions and high temperatures. It was demonstrated
that u -cyclohexane fatty acid–containing lipids pack densely,
resulting in low diffusion at high temperatures. Closely packed
rings of the u -alicyclic fatty acids may form a protective coating
for the cell membrane, and contribute to the resistance of this
species to acidic conditions and high temperatures.

The major off-� avors associated with the spoilage caused b
Alicyclobacillusspp. can be divided into two groups: guaiacol
and the halophenols, including 2,6-dibromophenol (2,6-DBP)
and 2,6-dichlorophenol (2,6-DCP). Although guaiacol gener-
ally is accepted as the predominant metabolite associated with
the smoky taints in fruit juices, the importance of 2,6-DBP and
2,6-DCP should not be overlooked. The factors that affec
guaiacol production are Alicyclobacillusconcentration, inocu-
lation temperature, and heat shock. Guaiacol was detected in
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orange juice and apple juice when 105 cfu ml� 1 of
A. acidoterrestriswere present. In relation to temperature, it is
hypothesized that the reaction rate of guaiacol production
increases as incubation temperature increases.

For Alicyclobacillusspp. to produce guaiacol, vegetative cell
must be present rather than dormant spores. Activation is the
process of conditioning spores to germinate. Among the
various activation methods available, exposure to subletha
heat is used most commonly at lab and industrial conditions.
Several heat-shock recommendations have been reported fo
Alicyclobacillusspp. In studies, a 100% population increase was
observed when spores were heat shocked at 60� C for 30 min.
The greatest recovery was reported at 70� C for 20 min.

On a worldwide basis, the incidence ofAlicyclobacillusspp.
has been reported mainly in apple and orange juices or in
acidic beverages, but also from mango juice and pea
concentrate.

The presence of thermo-acidophilic spores was quanti� ed
in 57 samples of commercial passion fruit juice. Sixteen (28%)
samples were positive, and the number of spores in positive
samples ranged from 1.1 to 23 NMP 100 ml� 1 of juice. Higher
incidence occurred during June and July (dry seasons).

Various commercial drinks have been evaluated for their
ability to support the growth of Alicyclobacillusspp. Apple–
orange–pineapple (pH 2.9, 14.8 � Brix), grapefruit (pH 3.2,
10.4 � Brix), orange (pH 3.6, 12.0 � Brix), and pineapple
(pH 3.3, 13.4 � Brix) supported one of the tested isolates.
Cranberry (pH 2.4, 14 � Brix), apple–grape (pH 2.8–3.7,
12.2–14.8 � Brix), apple–grape–cherry (pH 3.7, 12.4 � Brix), and
prune juice (pH 3.7, 18.8 � Brix) did not support growth, nor
did Concord grape juice at pH 2.9 or 3.3.

The soluble solids concentration of juices is an important
growth factor for Alicyclobacillusspp. Growth was inhibited
when sugar content in the juice samples exceeded 18� Brix.
Phenolic compounds may also in� uence the growth of the
species since red juice was found to be more inhibitory than
white juice. Ethanol prevented growth when concentrations
exceeded 6%.

Spoilage of pasteurized fruit juices byAlicyclobacillusspp.
presents a considerable challenge to the food industry
Parameters such as storage temperature may inhibit the growt
of Alicyclobacillusspp. or stimulate the germination of its spores.
Temperature studies indicate that storage of commercia
pasteurized fruit juices at temperatures below 20� C is likely to
prevent germination and outgrowth of spores and may provide
a potential control measure for the industry to avoid spoilage
by Alicyclobacillusspp.
Table 2 D- (min) andz-values (� C) for theA. acidoterre
and 130� Brix), and forA. acidoterrestrisDSM 2498, estim

Strains 87 � C 9

DSM 2498 21.4� 4.9a 4
A.acidoterrestris(E14) 20.6� 7.0a 6
A.acidoterrestris(E25) 21.2� 6.6a 4
A.acidoterrestris(E27) 20.7� 5.3a 4

aNonsigni� cant difference (p > .05) according to Tukey test.
Adapted from McKnight, I.C., Eiroa, M.N.U., Sant’Ana, A.S., Mass
exotic Brazilian fruit juices: isolation, genotypic characterizat
Thermal Resistance ofAlicyclobacillusspp.
Alicyclobacillusspores resistance is not affected signi� cantly by
pH reduction of the heating medium. z-Values remained the
same over the pH range tested (pH 3.0–8.0). It was reported
that under low pH conditions, spores of A. acidoterrestri
exhibit stronger Ca2þ and Mn2þ binding capacity than that of
other Bacillus species tested. Little change in Ca-DPA
concentration and the strong ability to bind divalent ions in
A. acidoterrestrisspores are related to their speci� c heat resis-
tance. The D95 � C values reported for A. acidoterrestrisin
orange, apple, mango, and cupuaçu ranged from 2.7 to 3.6
2.3 to 2.8, 8.3, and 2.8 min, respectively, and the z-values for
these juices can range from 7.7� C in apple juice to 21.3 � C in
mango pulp. Nevertheless, in McKnight et al. (2010),D95 � C

and z-values ofAlicyclobacillusisolated from passion fruit juice
was determined. For threeA. acidoterrestrisstrains (DSM 2498,
E14, E25, and E27) (Table 2), values were marginally inferior
(D95

� C and z of <2 min and 7.6 � C, respectively) to those
previously described in the literature for A. acidoterrestrisin
fruit juices (pH 3.5 and 13 � Brix). These differences are the
result of the main factors in� uencing the heat resistance o
microorganisms, such as the strain under study, the temper
ature and time of incubation, and the heating medium
characteristics.

Growth Modeling ofA. acidoterrestrisand the Effect
of Processing and Storage Conditions
It was examined the effect of � ve different cooling abuse
conditions on A. acidoterrestrisgrowth in hot-� lled (92 � C for
10 s) orange juice spiked with either 102 or 103 spores ml� 1 of
juice. Growth curves were followed for the survivors. It was
found that only with storage at 20 � C did the population
remained inhibited during the 6 months of orange juice shelf
life. Alicyclobacillus acidoterrestrispredicted growth parameters
were in� uenced signi� cantly (p < .05) either by inoculum
level or cooling and storage conditions. The time required to
reach a 104 cfu ml � 1 population of A. acidoterrestrisduring
storage was considered to be an adequate parameter to ind
cate orange juice spoilage byA. acidoterrestrisdue to detectable
guaicol production. Therefore, hot-� lled orange juice should
be stored at or below 20 � C for microbial stability. It was
concluded that A. acidoterrestrisspores would survive the hot-
� ll process since this pasteurization process causes<1 log
reduction and that spores were able to germinate and spoi
orange juice in a few days (5–6 days) when the � nal storage
temperature was 35� C. Predictive modeling showed that only
the maximum population ratio (K ) and the time to reach
strisisolated from pasteurized passion fruit juice (pH 3.5
ated using passion fruit juice as the substrate

0 � C 95 � C z (� C)

.9 � 0.8a 1.5 � 0.4a 7.1 � 1.1a

.7 � 1.9a 1.4 � 0.5a 6.9 � 0.2a

.3 � 0.4a 1.8 � 0.1a 7.9 � 0.5a

.6 � 0.5a 1.8 � 0.1a 7.9 � 0.7a

aguer, P.R., 2010.Alicyclobacillus acidoterrestrisin pasteurized
ion and heat resistance. Food Microbiology 27, 1016–1022.
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104 spores ml� 1 were affected by spore inoculum size
(p <.05).

Manipulation of more than one factor (hurdle technology),
as well as the use of antimicrobial, can be an alternative to
prevent the development of A. acidoterrestrisin orange juice,
thus, contributing to increase its shelf life. The adaptation time
of A. acidoterrestrisCRA 7152 in orange juice was studied a
a response to pH (3–5.8), temperature (20–54 � C), � Brix
(11–19) as well as nisin concentration (0–70 IU ml � 1) effects.
Baranyi and Roberts’ model (1995) best described the experi-
mental data. Inhibition of bacteria was obtained through
several studied combinations for at least 47 days of storage. Th
shortest period of adaptation was observed between 37 and
45 � C incubation temperature and pH between 4 and 5, yet the
longest periods of adaptation could be obtained around 20� C
with pH close to 3.0. Statistical analysis of the quadratic model
showed that the adaptation time increased as temperature o
pH decreased, and as nisin concentration or soluble solids
increased.

Another way to inactivate A. acidoterrestrisspores in apple
juice (without chemical compounds) is combining heat treat-
ment (90 � C) and high pressure (414–621 MPa min� 1). This
combination may reach >5.5 DR of this microorganism. In
a different approach, enterocin AS 48 (2.5mg ml� 1) was used to
inactivate vegetative cells and spores ofAlicyclobacillus acid
ocaldariusand three strains ofA. acidoterrestris.

Other Spore-Forming Bacteria
The involvement of other spore-forming bacteria in the
spoilage of fruit juices is less pronounced than that recently
associated withAlicyclobacillus. Besides phenolic or medicinal
off-� avors, other taints mainly described as‘musty,’ ‘like
roots,’ and ‘earth,’ also play an important role in the spoilage
of fruit juices These metabolites are produced byActinomy-
cetes(Streptomycetes), which are ubiquitous microorganisms,
accounting for a large part of microbial community in soils.
Actinomycetesare rod-shaped, aerobic Gram-positive bacteri
that produce spores and form long, thread-like branched
� laments. It seems reasonable that these bacteria may b
introduced into juices by poorly washed fruits that are
contaminated with soil. The spores of thermophilic Actino-
mycetes can be highly resistant to high temperatures
surviving in sucrose solution up to 100 � C between 10 min
and 4 h.

In some instances,Bacillus licheniformis, Bacillus polymyxa,
Bacillus subtilis, and B. coagulanshave caused spoilage of acid
and acidi� ed foods. Growth of these species in acid foods, suc
as tomatoes and tomato juice, is of concern, because som
strains can raise the pH of the product onto the range at which
growth of Clostridium botulinumis possible. On occasion,
mesophilic aerobic sporeformers may be recovered from, o
cause spoilage of, acidi� ed food and fruit drinks, since such
products normally receive only a hot-� ll-and-hold or pasteur-
ization heat treatment.

Bacillus coagulans, C. pasteurianum, Clostridium butyricum, and
Thermoanaerobium thermosaccharolyticumare important in
respect to spoilage problems in tomato juice and other tomato
products. The butyric anaerobes are capable of germinatio
and growth at a pH 4.2–4.4 and are signi� cant in the spoilage
of nonpressure-processed acid food, such as tomatoes an
tomato products, and particularly if the pH is above 4.2. They
are also of spoilage signi� cance in underprocessing of other
acid and acidi� ed foods and occasionally in low-acid canned
foods as well.

Pathogenic Bacteria
Fruit juice–associated outbreaks of illness reported to the US
Centers for Disease Control and Prevention Foodborne
Outbreak Reporting System has been reviewed. From 199
through 2005, 21 juice-associated outbreaks were reported
10 implicated apple juice or cider, 8 were linked to orange
juice, and 3 involved other types of fruit juice. These
outbreaks caused 1366 illnesses, with a median number o
21 cases per outbreak. Among the 13 outbreaks of known
etiology, � ve were caused by Salmonella, � ve by
E. coliO157:H7, two by Cryptosporidium, and one by Shiga
toxin-producing E. coli O111 and Cryptosporidium. Fewer
juice-associated outbreaks have been reported since th
hazard analysis and critical control points (HACCPs) regu-
lation for juice was implemented. In general, the risk of
juices is lower if compared with other foods such as meat
and seafood, with the exception of cases of unpasteurize
products. Although rare, in 2006, � ve people in the United
States (Georgia and Florida) and Canada (Toronto) became
violently sick and one victim died after drinking unpasteur-
ized carrot juices. An investigation conducted by the Food
and Drug Administration (FDA) revealed that the juice was
contaminated with C. botulinum. The investigation revealed
that due to improper refrigeration the microorganism may
have grown and produced toxin, since the product has
a pH >4.6. To prevent future botulism outbreaks caused by
contaminated nonpasteurized higher pH juices, the FDA is
considering ordering acidi� cation of such products produced
in the United States.

The pathogens most implicated in outbreaks caused by
fruit juices were E. coli strains and Salmonella. Of the diar-
rheagenic E. coli, the enterohemorrhagic (EHEC; see
Escherichia coliEnterohemorrhagic E. coli (EHEC), Including
Non-O157) one ( E. coliO157:H7; see Escherichia coliEnter-
ohemorrhagic E. coli (EHEC), Including Non-O157) is the
main concern, due to its low infective doses and its associ
ation with hemorrhagic colitis, thrombotic thrombocyto-
penic purpura, and the hemolytic-uremic syndrome, which
results in 3–5% mortality among infected children. Salmo-
nella has been associated with outbreaks caused by juices
the past three decades and the incidence normally wa
associated with poor hygiene of the food handlers and with
the presence of acid-tolerant serovars. The major problem
associated with acid-adaptedSalmonellais its great ability to
survive gastric� uid conditions, resulting in higher incidence
of salmonellosis.

One of the requirements of FDA regulation is to attain at
least 5-log reductions of the target pathogen microorganism on
the juice pasteurization process so the commercial therma
process has to be veri� ed and checked to conform to this
regulation.

Listeria monocytogenesis not well established as a relevant
fruit juice–borne pathogen in international literature, as
compared with Salmonellaand E. coli0157:H7. This pathogen
can be considered to be of concern in fresh fruits and fruit
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juices, however, due to its ability to survive under a variety of
adverse conditions.Listeria monocytogenesis able to survive and
grow on equipment surfaces and presents a markedly psycho
tropic behavior.

Pathogens control in juices have been studied using
nonthermal treatment, which ensure the sensorial properties of
juices. Pulse electric field treatments have been reported t
extend the shelf life of orange juice and apple juice, achieving
a 5-log reduction for pathogens, includingE. coliO157:H7. In
addition, ultraviolet (UV) light treatment has been reported to
be effective in the reduction of pathogens and spoilage
microorganisms in juices. Effectiveness varied with� ow rate
and exposure. A sound HACCP program in conjunction with
UV light treatment is recommended for juice producers. Irra-
diation of apple juice with 1.8 kGy is suf� cient to achieve 5DR
inactivation of E. coliO157:H7. This treatment has been rec-
ommended by FDA.

Protozoa
Cryptosporidium cayetanensisand Cryptosporidium parvumhave
been shown to be potential contaminants and emergent
pathogens associated with juices and ciders being the cause
cristosporidiosis. Cryptosporidium parvumwere the etiological
agent in outbreaks in the United States due to consumption of
unpasteurized apple juice and apple cider.

In the Brazilian Amazon region, the appearance of the
Chagas disease caused byTrypanossoma cruzihas been
associated with the ingestion of triatomine vectors or their
excrements that can be crushed together with the frui
during açai palm juice preparation. Similar cases were
reported to have occurred with bacaba juice and sugarcan
juice. Between 1968 and 2005, an average of 12 cases p
year of Chagas diseases was reported in the north o
Brazil.

Virus
Enteric viruses may be present on fruits, as a result o
human fecal contamination either before or after harvest.
Noroviruses (formerly Norwalk and Norwalk-like viruses),
small round-structured viruses, and hepatitis A virus are the
major concerns. Incorrect handling of fruits during prepa-
ration for consumption is an important cause of contami-
nation, but workers and the use of polluted water in the
production line may also be sources of contamination.
There have been few studies of the survival of hepatitis A o
noroviruses in juices; however, the major in� uences on
survival of pathogenic bacteria also determine the surviva
time of enteric viruses. Some substances present in fruit
cause reversible inactivation of viruses. Some researche
cited that hepatitis A has been associated with the
consumption of lettuce, raspberries, frozen strawberries
berries, and orange juice.

Virus control is hard because the organisms remain infec
tious after refrigeration and freezing, which can also facilitate
the persistency in the product. Chlorination of water to wash
fruits and vegetables has been recommended to inactivat
Norwalk and hepatitis A viruses present in the surfaces usin
10 and 5 mg l� 1, respectively. Other authors, however, re
ported that these viruses are resistant to the majority o
disinfectants. In addition, thermal treatment in boiling water
is the most effective way to inactivate viruses, while the ef� -
cacy of mild heat treatments is not guaranteed. Therefore, th
best way to control juice contamination from viruses is by
applying the principles of good manufacturing practices
(including hygienic) and HACCP, especially at the primary
production level.
Contamination of Vegetable Beverages
by Microorganisms

Few studies were found related to the contamination
of vegetable beverages by spoilage or pathoge
microorganisms.

Bacillus coagulans,C. pasteurianum, C. butyricum, and
T. thermosaccharolyticumare important in respect to spoilage
problems in tomato juice and products or in other acidic
products. Tomato juice is more prone to spoilage by these
microorganisms due to its typical pH of 4.3, which is favorable
for the growth of these spoilage microorganisms. The therma
characteristics of the spores and vegetative cells ofB. coagulans
ATCC 8038 in tomato juice have been evaluated as a function
of temperature (95–115 � C). The z-values varied from 8.3
to 8.7 � C.

Sporolactobacillusare Gram-positive rods, microaerophilic,
negative catalase, mesophilic spore-formering bacteria tha
present moderate heat resistance. This microorganism may b
responsible for the undesirable fermentation of foodstuffs
before further processing. The possibility exists that Gram
positive spore-forming rods isolated from heat-processed foods
may well have been misidenti� ed asBacillusand Clostirdium
species. This statement applies not only toSporolactobacillusbut
also to other spore former microorganisms that cause� at sour
spoilage.

Survival and growth patterns ofE. coliO157:H7, Salmonella
typhimurium and L. monocytogenesin black carrot juice were
studied. The effect of several parameters, such as concentratio
pH, incubation temperature, and incubation time, were
investigated.Listeria monocytogeneshas been found to be the less
resistant microorganism to the variable conditions; there were
only w 1- and 2-log reductions in the number of cells in the
juice samples incubated at 4� C for 2 and 7 days, respectively.
Incubating at low temperature (4 � C for 7 days) enhanced the
survival of test microorganisms.
See also: Aspergillus; Bacillus: Introduction;Byssochlamys;
Candida; Clostridium; Fungi:Classi� cation of the Eukaryotic
Ascomycetes;Fungi:Classi� cation of the Hemiascomycetes
Fusarium; Gluconobacter; Lactobacillus:Introduction; The
Leuconostocaceae Family;Mucor; Mycotoxins: Classi�cation
Natural Occurrence of Mycotoxins in Food; Mycotoxins:
Detection and Analysis by Classical Techniques;Mycotoxins:
Immunological Techniques for Detection and Analysis;
Mycotoxins:Toxicology;Penicilliumand
Talaromyces:Introduction;Penicillium/Penicillia in Food
Production;Saccharomyces– Introduction;Saccharomyces:
Saccharomyces cerevisiae; Yeasts:Production and Commerc
Uses;Zygosaccharomyces; Alicyclobacillus.
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Introduction

In many countries worldwide, including the United States,
consumption of seed sprouts has increased in recent decades
because of the shift of consumer preference toward healthy
natural foods. Sprouts that often are consumed raw, however,
are considered a signi�cant food safety risk as they have been
implicated in numerous Salmonella and Escherichia coli
O157:H7 outbreaks, with the seeds being the likely source of
contamination. In 1999, sprouts were designated as a special
food safety problem by the National Advisory Committee on
Microbiological Criteria for Foods because bacterial pathogens,
which may be prevalent at very low levels on sprout seeds at the
time of sprouting, can multiply rapidly during the sprouting
process. As a result, it is possible for �nished sprouts to be
contaminated with high levels of pathogens, which can survive
during the subsequent refrigerated storage. In addition, sprouts
usually are eaten raw or lightly cooked. In the past two decades,
numerous outbreaks linked to seed sprouts have occurred in
the United States on an almost annual basis as well as in other
countries throughout the world.
Sprouts

Sprouts are basically young plants germinated from seeds. They
can be classi�ed as either green or bean sprouts. Green sprouts
such as alfalfa, clover, broccoli, radish, and sun�ower typically
require exposure to light at some point during the sprouting
process to allow for chlorophyll development, whereas bean
sprouts such as mung bean and soybean are grown in the dark
to prevent chlorophyll development. In the United States,
some of the most popular sprouts are mung bean, alfalfa,
clover, radish, and broccoli.

Commercial sprouting operations in the United States are
usually smaller in size. To grow sprouts, sprouting seeds are
�rst soaked in either chlorinated or nonchlorinated water for
up to 12 h before rinsing with either chlorinated or non-
chlorinated water. Soak time is generally shorter when chlorine
is used. Sprouts are typically grown hydroponically at ambient
temperature, in �at trays, close rotating drums or bins, and are
watered frequently for 3–7 days. Only a few types of sprouts,
such as sun�ower and wheatgrass, are grown in soil and soilless
planting mixes. After harvest, fresh sprouts are thoroughly
washed and packed. Due to the limited shelf life of mature
sprouts, they are distributed to retail outlets either locally or
regionally.
Incidence of Foodborne Illness Associated with Sprouts

Over the past two decades, seed sprouts have become a fresh
produce item commonly linked to foodborne illness. The US
Food and Drug Administration (FDA) estimates that sprout-
linked outbreaks account for 40% of all foodborne illness
1000 Encyclopedia of Food Mic
associated with produce (http://www.foodsafety.ksu.edu/en/
article-details.php?a…3&c…10&sc…74&id…865). Between 1990
and 2011, consumption of contaminated sprouts has been
responsible for at least 34 outbreaks of infection in the United
States, resulting in more than 2400 reported cases of foodborne
illness. Among those 34 reported outbreaks, 28 were due to
different Salmonella serotypes, 4 to E. coli O157:H7, and 2 to
E. coli O157:NM. Bacillus cereus and Yersinia enterocolitica also
have been implicated in one of the sprouts outbreaks in the
United States. The authors are unaware of any published
outbreaks attributed to foodborne viruses or protozoa on
sprouted seeds. Recalls of sprouts due to possible Listeria
monocytogenes contamination have been issued by the FDA in
the past several years.

In the United States, most sprout-associated outbreaks have
been linked with alfalfa sprouts, although outbreaks associated
with mung bean, clover, radish, cress, soy, and mustard sprouts
also have been reported. With more exotic sprouted seeds now
appearing (e.g., lemon grass) and a greater number of sprouts
being eaten raw as a salad item, there is a potential for further
outbreaks. In addition to outbreaks occurring in the United
States, sprout-related outbreaks of foodborne illnesses have
been reported in various other countries, including Canada,
Japan, Sweden, Denmark, Holland, Finland, the United
Kingdom, and Germany. During the summer of 1996, Japan
experienced the largest recorded outbreak of E. coli O157:H7
infection through the consumption of raw radish sprouts. More
than 6000 cases and 4 deaths were reported. A recent multi-
country outbreak of E. coli O104 (STEC O104:H4) was linked
to eating raw fenugreek sprouts, and a farm in Germany was
identi�ed as the likely source of the outbreak. This large
outbreak has caused 852 hemolytic uremic syndrome cases and
32 deaths.
Sources of Contamination

Sprouting Seeds
There are two main stages in the production of sprouted seeds:
�rst, the production of the seeds themselves and second, the
actual sprouting of the seeds. In most of the reported out-
breaks, the seeds used for sprouting were the likely source of
contamination. The mechanism by which sprouting seeds
become contaminated is not fully understood. Nevertheless,
the various seeds intended for sprouting often are regarded as
raw agricultural commodities, and during seed production,
there are a number of potential sources of contamination with
human pathogens. Seeds may become contaminated from
animal waste while growing in the �eld. Contaminated irriga-
tion water, runoff water, sewage, and improperly composted
manure also may serve as sources of contamination. Harvest,
transportation, storage, and distribution operations must be
considered as potential points of contact with pathogens. Once
present in seeds, bacterial pathogens are likely to survive for
extended periods of time under normal storage conditions.
robiology, Volume 1 http://dx.doi.org/10.1016/B978-0-12-384730-0.00429-8

http://www.foodsafety.ksu.edu/en/article-details.php%3Fa%3D3%26c%3D10%26sc%3D74%26id%3D865
http://www.foodsafety.ksu.edu/en/article-details.php%3Fa%3D3%26c%3D10%26sc%3D74%26id%3D865
http://www.foodsafety.ksu.edu/en/article-details.php%3Fa%3D3%26c%3D10%26sc%3D74%26id%3D865
http://www.foodsafety.ksu.edu/en/article-details.php%3Fa%3D3%26c%3D10%26sc%3D74%26id%3D865
http://www.foodsafety.ksu.edu/en/article-details.php%3Fa%3D3%26c%3D10%26sc%3D74%26id%3D865
http://www.foodsafety.ksu.edu/en/article-details.php%3Fa%3D3%26c%3D10%26sc%3D74%26id%3D865
http://dx.doi.org/10.1016/B978-0-12-384730-0.00429-8


rt

l

d

t

f

eo

-

e

-

i-

ly

d

l
.

s

e

d

ing

ter
l

s-
y

FRUITS AND VEGETABLESj Sprouts 1001
Using implicated alfalfa seeds from Salmonella newpo
outbreak, it was demonstrated thatSalmonellacould remain
viable in seeds that had been stored for 2 years at room
temperature in the dark. Contamination of seeds by bacteria
pathogens is typically at very low levels. In the 1996, outbreak
of S. newportin Oregon and British Columbia, S. newportin the
implicated alfalfa seed lot was estimated at .07 most probable
number per 100 g of seed.

The conditions used in the sprouting process to foster see
germination and sprout growth (3–7 days of sprouting at warm
temperatures in a moist environment) and available nutrients
are conducive to supporting the growth of pathogens. It is well
documented that pathogenic bacteria, such asSalmonellaand
E. coliO157:H7, arti� cially inoculated on seeds could grow to
very high levels during the� rst 48 h of sprouting. It also has
been shown thatSalmonellanaturally present on contaminated
seeds could multiply during the sprouting process, although
the maximum levels reached by the naturalSalmonellapop-
ulations may be lower than those obtained in studies using
inoculated seeds. In addition to the growth potential of path-
ogens during the course of sprouting, it has been shown tha
Salmonellaadhered to alfalfa sprouts signi� cantly better than
E. coli O157:H7, and the difference in attachment was
proposed to partially explain why the majority of sprout-
associated outbreaks had been caused bySalmonella. Internal-
ization of bacterial pathogens such asSalmonellaand E. coli
O157:H7 in sprouts also has been demonstrated.

Other Sources
Although seeds have been attributed to be the main source o
contamination of sprouts, pathogens may be introduced at
various stages of the sprout production continuum as
demonstrated in the 1996 Salmonella serotype montevid/
meleagridisoutbreak. In that outbreak, poor sanitation of
equipment and unhygienic practices at the sprouting facility
also may have contributed to the contamination of sprouts.
Cross-contamination also could occur during sprouting and
harvest. During the sprouting process, pathogens could trans
fer from the contaminated water to sprouts or from the
contaminated seeds to uncontaminated seeds on the sam
sprouting bed. It has been demonstrated that when non-
contaminated sprouts were harvested immediately after har
vesting contaminated sprouts, the process could result in the
transfer of pathogens from the contaminated sprouts to the
noncontaminated ones.
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Methods for Seed Decontamination

Since seeds are thought to be the primary source of pathogen
for sprout-related foodborne outbreaks, most potential inter-
ventions have been tested on seeds rather than on sprou
themselves. Numerous chemical and physical interventions
have been investigated.

Chemical Interventions
To reduce the risk for sprout-related illness, the FDA recom
mends that seeds intended for sprout production be disinfected
with 20 000 ppm calcium hypochlorite. The effect of chlorine
on seed decontamination has been tested extensively. Pr
soaking seeds in a 20 000 ppm of calcium hypochlorite solution
could reduce, but could not completely eliminate, pathogens
such asSalmonellaand E. coliO157:H7. In 1999, an outbreak of
Salmonella typhimuriuminfections was traced back to clover
sprouts grown from seeds treated with 20 000 ppm of calcium
hypochlorite for 20 min. In the same year, another multistate
outbreak of Salmonella muencheninfection was associated with
alfalfa sprouts grown from seeds pretreated with 20 000 ppm of
calcium hypochlorite for 15 min.

Washing seeds with various other chemicals such as acid
� ed sodium chlorite, acidi� ed chlorine dioxide, organic acids,
hydrogen peroxide, ethanol, trisodium phosphate, calcium
hydroxide, calcinated calcium, colicin, thyme essential oil,
ozone, electrolyzed oxidizing water, and commercial formu-
lations also have been studied for their ef� cacy on seed
decontamination. These surface treatments cannot effective
decontaminate the interior of seeds, however. It has been
shown that pathogens can be protected in the seed crevices an
between the seed coat and cotyledon, which makes them
physically inaccessible to sanitizers and allows for residua
pathogens to subsequently grow during the sprouting process

Physical Interventions
High Hydrostatic Pressure
The bottleneck to chemical interventions for seed decontami-
nation resides in their inability to reach seed crevices or crack
where pathogens may be lodged or within embryonic and
endospermic tissues where internalization may occur. High
hydrostatic pressure (HHP) presents a unique advantag
due to the fact that it acts instantaneously and uniformly
throughout a pressurized sample regardless of size, shape, an
geometry. Hence, HHP could act uniformly at all sites within
the seeds as well as on the seed surface, thereby target
super� cial and internalized pathogens. The application of
HHP to decontaminate seeds from pathogenic microorgan-
isms has been extensively investigated. Presence of wa
during pressure treatment of seeds is critical for bacteria
inactivation and seed’s viability. It has been shown that HHP
could achieve a >5-log reduction of Salmonellaand E. coli
O157:H7 on alfalfa seeds, while preserving the seed’s germi-
nation ability when seeds were immersed in water during
pressure treatment. Uninoculated seeds that had been pre
sure-treated while being immersed in water successfull
sprouted achieving a germination rate identical to untreated
seeds after 8 days of sprouting.

Thermal Processing
Use of hot water to decontaminate seeds has been extensive
investigated. Hot water with temperatures of 55–90 � C has
been studied for seed decontamination. Use of higher
temperature generally would result in a higher pathogen inac-
tivation, but would bring about a decrease in seed viability.
Working with Salmonella mbandaka, the pathogen that led to
the 1999 multistate outbreak, it was demonstrated that
aqueous heat treatments at up to 85� C for 1 min did not
eliminate this naturally occurring contaminant from the alfalfa
seeds. Reductions of>15% in germination were observed
following a heat treatment of 70 � C for 4 min. In the multistate
outbreak of Salmonella kottbusinfections in 2001, some of the
implicated alfalfa sprouts were from seeds that had undergone
a combination of heat treatment as well as a 15 min, low-dose
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calcium hypochlorite soak (2000 ppm). These results demon-
strated that hot-water treatment might not be able to eliminate
Salmonellawithout affecting the germination ability of alfalfa
seeds. Mung bean seeds have been found to be more he
tolerant, and the use of higher temperatures to decontaminate
them has been investigated. It was found that hot-water treat
ment at 85 � C for 40 s followed by dipping in cold water for
30 s and soaking in chlorine water (2000 ppm) for 2 h reduced
the pathogens to undetectable levels. In addition, the harves
yield of the treated seed was within the acceptable range. Usin
dry heat and long treatment time to decontaminate seeds also
has been investigated. It was found that subjecting alfalfa seed
to a dry heat treatment of 65� C for 10 days could eliminate
w 5-log population of Salmonella and E. coli O157:H7.
However, the sprout yield of treated alfalfa seeds was reduce
by 21%.

Ionizing Radiation
The use of irradiation with doses up to 8 kGy has been
approved to decontaminate sprouting seeds in the Code o
Federal Regulations. It has been shown that exposure of inoc
ulated alfalfa seeds to a 2 kGy dose of gamma radiation led to
a 3.3- and 2.0-log reduction in E. coliO157:H7 and Salmonella
populations, respectively, while still maintaining acceptable
sprout yields. Doses higher than 2 kGy, however, have bee
found to lead to commercially unacceptable reductions in
yields and germination ability. It has been demonstrated that
the germination of alfalfa seeds and the growth rate of the
sprouts is inversely related to the radiation dose of up to 4 kGy.

Other Physical Treatments
Use of power ultrasound and pulsed ultraviolet (UV) light to
decontaminate seeds also has been investigated. But none
the treatments could achieve a 5-log reduction ofE. coli
O157:H7 without signi � cantly affecting the seeds viability.
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Hurdle Technology

In addition to stand-alone treatments, use of various treatment
combinations (hurdle concept) to enhance seed decontami-
nation has been tested. There is a large body of research co
ducted in this area. Combinations such as sanitizers with
heating, sanitizers with surfactants, heating with gamma radi-
ation, heating with HHP, heating with electrolyzed oxidizing
water, two types of sanitizers, and gamma radiation with
acidi� ed sodium chlorite have been reported. It can be
concluded that combined treatments generally achieve bette
microbial inactivation than individual treatments alone.
Questions remain, however, about the feasibility of these
combined treatments due to the extra costs involved.
s

Interventions during the Sprouting Process

Few studies have been conducted to develop intervention
strategies during the sprouting process to prevent or inhibit the
growth of pathogens. Use of irrigation water containing sani-
tizers to inactivate microorganisms has been found to be
ineffective. In addition, sanitizers added into irrigation water
could be phytotoxic to growing sprouts. Use of nonpathogenic
bacteria such asPseudomonas� uorescensand lytic phages to
inhibit the growth of Salmonelladuring sprouting has been
reported. They could suppress the growth ofSalmonellabut
could not completely eliminate it from the sprouts.
Postharvest Treatments for Matured Sprouts

Chemical treatments on matured sprouts to eliminate patho-
gens have shown little success. Treatments of sprouts wit
sanitizers such as chlorine and ozone could achieve at mos
a 2-log reduction of pathogens. The effects of physical treat
ments have been studied. Similar to chemical treatments, UV
light is a surface treatment and has been shown to be ineffectiv
in inactivating microorganisms in sprouts. HHP is highly
effective against vegetative bacteria and could achieve>5-log
reductions. Given the delicate nature of sprouts, the sensor
quality of sprouts could be compromised by HHP. Ionizing
irradiation has been shown to be very effective in eliminating
bacterial pathogens in sprouts. The dose required to inactivate
these pathogens, however, exceeds the current maximu
radiation dose of 1 kGy allowed for fresh produce. It was
reported that a dose of at least 2 kGy was required to achiev
a 5-log reduction of all four pathogens (E. coli O157:H7,
S. typhimurium, L. monocytogenes, and B. cereus) in broccoli and
red radish sprouts.
Conclusion

Microbial contamination of seeds and sprouts can occur at
various stages from the farm to table continuum. Since there is
no kill step to destroy pathogens that may be present on
sprouts, other control measures must be in place to ensure
that they are safe to consume. To reduce the risk of sprout
related foodborne disease, a comprehensive approach base
on good agricultural practices and good manufacturing prac-
tices should be implemented. At the sprout production
facility, the Retail Sprouting Industry Best Practices recom
mended by the FDA (http://www.fda.gov/Food/FoodSafety/
Product-Speci� cInformation/FruitsVegetablesJuices/ucm0787
58.htm) and the checklist of hazard analysis and critical
control points provided by the International Sprout Growers
Association (http://www.isga-sprouts.org/haccp.htm) could
be used as guidance for producing safe sprouts.

Given the delicate nature of sprouts, efforts should be
focused primarily on seed decontamination techniques.
Adequate decontamination of seeds presents a unique cha
lenge since even a low residual pathogen population remaining
on contaminated seeds after treatments is capable of growin
to high levels during sprouting. Hence, the goal should be to
completely eliminate any pathogens present on seeds while
maintaining seed germination ability as well as sprout yield
and quality. Despite considerable research efforts in this area in
the past two decades, decontamination of sprouting seed
using 20 000 ppm of calcium hypochlorite is still the recom-
mended practice. Due to the unreliability of this disinfection
step, the FDA requires testing of spent irrigation water forE. coli
O157:H7 and Salmonella48 h after the start of sprouting.
Additionally, the use of high doses of chlorine may
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compromise worker safety and create chemical disposal prob
lems. Therefore, alternative seed decontamination treatment
are urgently needed. Ideally, these treatments should be of low
cost given the small sizes of sprout producers.

See also:Bacillus:Bacillus cereus; Chilled Storage of Foods:
Principles;Ecology of Bacteria and Fungi in Foods:In� uence of
Temperature;Escherichia coliO157:E. coliO157:H7; Food
Poisoning Outbreaks;Hazard Appraisal (HACCP):The Overall
Concept;Hazard Analysis and Critical Control Point (HAC
Critical Control Points; High-Pressure Treatment of Food
Hurdle Technology;Listeria Monocytogenes; Potential Use of
Phages and Lysins;Salmonella:Introduction;Salmonella:
SalmonellaEnteritidis;Salmonella typhi; Yersinia:Introduction;
Escherichia coliEnterohemorrhagicE. coli(EHEC), Including
Non-O157;Nonthermal Processing:Pulsed UV Light;
Nonthermal Processing:Irradiation;Nonthermal Processing:
Ultrasonication;Thermal Processes:Pasteurization.
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been a research microbiologist with the U.S. Food and Drug Administration, Division of Food
Processing Science and Technology, in Bedford Park, IL, USA, and is currently Chief of the Food
Technology Branch. Her research interests include improvements in microbiological methods and
the behavior and control of microbial pathogens in foods and food processing environments. She is Co-Editor of the Encyclopedia of Food
Microbiology and the Compendium of Methods for the Microbiological Examination of Foods. She serves on the Editorial Board of Journal of Food
Protection and is Chief Editor of the journal Food Microbiology.
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Frederic Carlin

Frédéric CARLIN (born 1962 in France) is Research Director at INRA, the French National Institute
for Agricultural Research. He is currently working at the Mixed Research Unit 408 INRA – University
of Avignon Safety and Quality of Products of Plant Origin, at the INRA research center Provence –
Alpes – Côte d’Azur in Avignon. His research activity has been devoted to microbial safety and
quality of minimally processed foods, in particular those made with vegetables, and to the problems
posed by Listeria monocytogenes and the pathogenic spore-forming bacteria, Bacillus cereus and
Clostridium botulinum. His �eld of interest also includes Predictive Microbiology and Microbial Risk
Assessment. He has published more than 70 papers and book chapters on these topics. He is
contributing editor for Food Microbiology and member of the editorial board of International Journal
of Food Microbiology.
Ming-Ju Chen, Sr.
Ming-Ju Chen is a distinguished Professor at the University of National Taiwan University (NTU),
Taiwan. AT NTU, she has served as both the director of Center for International Agricultural
Education and Academic Exchanges and the Chair of the Department of Animal Science and
Technology. She earned the doctorate in Food Science and Technology at the Ohio State University
and a Master Degree in Animal Science at National Taiwan University.

Dr. Chen’s research interests now include isolation and identi�cation of new bacteria and yeasts
from different resources and applications for these strains in human food and animal feed. She also
involves the development of a new platform to evaluate the functionality of probiotics and study
the possible mechanism and pathway. Dr. Chen has published over 100 papers in areas such as
dairy science, microbiology, food science, and functional food. She also contributes more than
seven book chapters.

Dr. Chen has achieved many external and professional awards and marks of recognition. She
was awarded a Distinguished Research of National Science Council, Chinese Society of Food
Science, and Taiwan institute of Lactic Acid Bacteria. She is a fellow of the Chinese Society of
Animal Science. She also received Distinguished Teaching Award of National Taiwan University
from 2005–2012.
Dr. Chen holds and has held a number of leadership roles. In Dec. 2013, she was elected as President of the Association of Animal Science
and is the �rst female to be elected to that role. She was General Secretary of the Asian Federation of Lactic Acid Bacteria (2009–2013), and
was General Secretary of the Association of World Poultry Science in Taiwan (2004–2008). She was executive secretary of the 9th Inter-
national Asian Paci�c Poultry Conference in Taipei in Nov. 2011.

Dr. Chen regularly speaks at international conferences, and is a member of a number of editorial boards of journals in her research area,
including Food Microbiology, American Journal of Applied Sciences and Chinese Animal Science.
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Dr. Maria Teresa Destro is currently an Associate Professor of Food Microbiology in the Departme
of Food and Experimental Nutrition at the University of Sao Paulo (USP), Brazil, where she is
responsible for teaching food microbiology to undergraduate and graduate students. She als
delivered courses at several universities in Brazil and in other South American countries. H
research areas of interest are foodborne pathogens, with a special interest inListeria monocytogene
from detection and control to the in � uence of processing conditions on the virulence of the
pathogen. She has served as lead investigator and collaborator in several multi-institutional projec
addressing food safety and microbial risk assessment.

Dr. Destro has fostered extension and outreach activities by helping micro and small food
producers implement GMP, HACCP programs, and by training private and of� cial laboratory staff
in Listeriadetection and enumeration. As an FAO certi� ed HACCP instructor, she has delivered
courses all over Brazil. She has served on several Brazilian Government committees and works at
international level with FAO, ILSI North America, and PAHO.
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Dr. Destro has been very active in several scienti� c associations including the International Association for Food Protection where she ha
been serving in different committees. Dr. Destro was responsible with others for the establishment of the Brazil Association for Foo
Protection, the � rst IAFP Af� liate organization in South America. She has also acted as an ambassador for IAFP in different Latin Amer
countries, always committed to spreading the IAFP objective: advancing food safety worldwide.
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Dr Geraldine Duffy holds a Bachelor of Science Degree from University College Dublin and a PhD
from the University of Ulster, Northern Ireland. She has been Head of the Food Safety Departmen
at Teagasc, Food Research Centre, Ashtown, Dublin, Ireland since 2005. Her research focuses
detection, transmission, behaviour and control of microbial pathogens, in particular ver-
ocytotoxigenic E. coli, Listeria, Salmonella, and Campylobacteralong the farm to fork chain. She
has published widely in the � eld of microbial food safety with over 80 peer reviewed publications
including books and book chapters. Dr Duffy has considerable experience in the co-ordination of
national and international research programmes and under the European Commission Framewor
Research Programme and has co-ordinated multi-national programmes onE. coliO157:H7 and is
currently co-ordinating a 41 partner multinational European Union Framework integrated research
project on beef safety and quality (Prosafebeef). She is a member of a number of profession
committees including the scienti� c and microbiological sub-committee of the Food Safety
Authority of Ireland and serves as a food safety expert for the European Food Safety Authori
(EFSA) biohazard panel, W.H.O / FAO and I.L.S.I. (International Life Science Institute).
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Danilo Ercolini
Danilo Ercolini was awarded his PhD in Food Science and Technology in 2003 at the University o
Naples Federico II, Italy. In 2001 he was granted a Marie Curie Fellowship from the EU to work a
the University of Nottingham, UK, where he spent one year researching within the Division of Food
Science, School of Biosciences. He was Lecturer in Microbiology at the University of Naples fro
November 2002 to December 2011. He is currently Associate Professor in Microbiology at th
Department of Agricultural and Food Sciences of the same institution.

He is author of more than 70 publications in peer-reviewed journals since 2001. His h-index is
27 and his papers have been cited more than 2000 times according to the Scopus database (ww
scopus.com). He was book Editor of“Molecular techniques in the microbial ecology of fermented”
published by Springer, New York– Food Microbiology and Food Safety series by M. Doyle.

He has been invited as a speaker or chairman at several international conferences. He is on t
Editorial Board of Applied and Environmental Microbiology, International Journal of Food Microbiolo,
Food Microbiology, Journal of Food Protectionand Current Opinion in Food Science. He is Associate Editor
for Frontiers in Microbiology.

He has been responsible for several grants from the EU and Italian Government and has seve
ongoing collaborations with partners from industry. He was granted the Montana Award for Food
Research in 2010. He is responsible of a high-throughput sequencing facility at the Department o
Agricultural and Food Sciences at the University of Naples.

He has been working in the� eld of microbial ecology of foods for the last 12 years. His main
activities include the development and exploitation of novel molecular biology techniques to study
microorganisms in foods and monitor changes in microbiota according to different fermentation
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or storage conditions applied to food products. The works include the study of microbial pop-
ulations involved in the manufacture or ripening of fermented foods. In addition, he has studied
diversity and metabolome of the spoilage microbiota of fresh meat during storage in different
conditions including aerobic storage, vacuum, and antimicrobial active packaging.

The most recent interests include the study of food and human microbiomes by meta-omics
approaches including metagenomics and metatranscriptomics. Recently, he is involved in sever
projects looking at the structure and evolution of human-associated microbiome in response
mainly to diet and diet-associated disorders.
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Soichi Furukawa
Soichi Furukawa was awarded his BS in 1996 and his PhD in 2001, both from Kyushu University
Japan. During 1998–2001 he was a Research Fellow of the Japan Society for the Promotion
Science. Since 2001 he has worked as Assistant Professor, Principal Lecturer, and is now
Associate Professor at the College of Bioresource Sciences in Nihon University, Japan. He worked
a Researcher during 2005-6 in the O’Toole laboratory at the Dartmouth Medical School, New
Hampshire.

He has authored 59 papers in scienti� c international journals, and is involved with the
following academic societies: Member of American Society for Microbiology; Administration of� cer
of Japan Society for Lactic Acid Bacteria; Representative of Japanese Society for Bioscience
Biotechnology; Member of Japanese Society for Bioscience, Biotechnology, and Agrochemis
Member of Japanese Society for Food Science and Technology. He also is an editorial boa
member of the Japanese Journal of Lactic Acid Bacteria.

He was awarded the Incentive award of The Japanese Society for Food Science and Techno
(2007), and the Japan Bioindustry Association, Encouraging prize of Fermentation and Metabolism
(2009).
Colin Gill
Colin Gill has worked on various aspects of the microbiology of raw meats, including frozen
product, since 1973; until 1990 in New Zealand, and subsequently with Agriculture and Agri-Food
Canada. He has published some 200 research papers or review articles in scienti� c journals and
books.
ot
co-
-

her

n

Jean-Pierre Guy
JPG is a researcher of IRD (Institut de recherche pour le développement, France). As a microbial e
physiologist he started his career in the 1980s by exploring the world of methanogens and sulfate
reducing bacteria,� rst in the lab of Professor Ralf Wolfe (University of Champaign Urbana, USA).
Following this � rst research experience, he was during a nine year stay in Mexico a visiting researc
at the UAM-Iztapalapa (Universidad Autonoma Metropolitana) and investigated the microbial
ecophysiology of anaerobic digestion for the treatment of wastewaters from the agro-food and
petrochemical industries.

Back to France in 1995 at the IRD’s research centre of Montpellier, he started a new research o
the microbial ecophysiology of traditional amylaceous fermented foods in tropical countries,
mainly those consumed by young children (6-24 m.o.) as complementary food to breast feeding in
African countries (e.g. Burkina Faso, Benin, Ethiopia,. ), exploring the relation between the food
matrix, its microbiota, and the nutritional quality of fermented complementary foods.

On the present time, JPG is the head of the IRD’s research group“NUTRIPASS”: “Prevention of
malnutrition and associated pathologies” (http://www.nutripass.ird.fr/).
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Vijay K. Juneja
Dr. Vijay K. Juneja is a Lead Scientist of the‘Predictive Microbiology’ research project at the Eastern
Regional Research Center, ARS-USDA, Wyndmoor, PA. He received his Ph.D. degree in F
Technology and Science from the University of Tennessee, Knoxville. Vijay has develop
a nationally and internationally recognized research program on foodborne pathogens, with
emphasis on microbiological safety of minimally processed foods and predictive microbiology. He
has authored/coauthored over 300 publications, including 135 peer-reviewed journal articles and is
a co-editor of eight books on food safety. Dr. Juneja has been a recipient of several awards, includin
the ARS, North Atlantic Area, Senior Research Scientist of the year, 2002;‘2005 Maurice Weber
Laboratorian Award,’ of the International Association for Food Protection; ‘2012 Institute of Food
Technologists (IFT) Research and Development Award’; ‘2012 National Science Foundation Food
Safety Leadership Award for Research Advances’, etc. He was elected IFT Fellow in 2008.
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Michael G. Kontomina
Michael G. Kontominas is a Chemistry graduate of the University of Athens (1975). He earned his
Ph.D. in Food Science from Rutgers University, New Brunswick, NJ, USA in 1979. After a short po
doc at Rutgers U. he joined the faculty of the Chemistry Department, University of Ioannina,
Ioannina, Greece in 1980 where he was promoted to Full Professor in 1997. He served as Visitin
scholar at Michigan State University, East Lansing, MI, Rutgers University and Fraunhofer Institut
Munich, Germany. He also served as Visiting Professor in the Chemistry Department of th
University of Cyprus and the American University in Cairo, Egypt. He has published 166 articles in
international peer-reviewed journals and more than 20 chapters in book volumes by invitation. His
research interests include: Analysis of Contaminants in Foods, Non thermal methods of Foo
Preservation, Food Packaging, and Food Microbiology. He has co-authored two University tex
books on ‘Food Chemistry’ and ‘Food Analysis’ respectively and edited two book volumes,‘Food
Packaging: Procedures, Management and Trends’ (2012) and ‘Food Analysis and Preservation:
Current Research Topics’ (2012). He has materialized numerous national and international (EU,
NATO, etc.) research projects with a total budget over 5 M Euros. He is editor of two internationa
journals (Food Microbiology, Food and Nutritional Sciences). He has supervised 14 Ph.D. and 45 MSc
theses already completed. He has served for several periods as Head of Section of Industrial a
Food Chemistry, Department of Chemistry, University of Ioannina and as national representative o
Greece to the European Food Safety Authority (EFSA) in the Working group: Safety of Irradiate
Food. He received the 1st prize both at national and European level in the contest‘Ecotrophilia
2011’ on the development of eco-friendly food products. During the period 2010–2012 he served
on the Board of Directors of the Supreme Chemical Council of the State Chemical Laboratory o
Greece. He is also technical consultant to the Greek Food and Packaging industry.
ng
ley,
y,
e
pt
ad
tät

.

e

ife
h
l as

SI
Dietrich Knorr
He received an Engineering Degree in 1971 and a PhD in Food and Fermentation Technology from
the University of Agriculture in Vienna in 1974.

He was Research Associate at the Department of Food Technology in Vienna, Austria; Visiti
Scientist at the Western Regional Research Centre of the US Department of Agriculture, Berke
USA; at the Department of Food Science Cornell University, Ithaca, USA and of Reading Universit
Reading, UK. From 1978 until 1987 he was Associate Prof., Full Professor and Acting Chair at th
Department of Food Science at the University of Delaware, Newark, DE, USA where he ke
a position as Research Professor. From 1987 to 2012 he was Full Professor and Department He
at the Department of Food Biotechnology and Food Process Engineering, Technische Universi
Berlin, including the position of Director of the Institute of Food Technology and Food Chemistry
at the Technische Universität Berlin. He also holds an Adjunct Professorship at Cornell University

Prof. Knorr is Editor of the Journal “ Innovative Food Science and Emerging Technologies”.
He is President of the European Federation of Food Science and Technology, member of th

Governing Council, International Union of Food Science and Technology, and Member of the
International Academy of Food Science and Technology.

In 2013 he received the EFFoST Life Time achievement Award, 2011 he got the IAEF L
Achievement Award, in 2003 the Nicolas Appert Award, and in 2004 the Marcel Loncin Researc
Prize of the Institute of Food Technologists and the EFFoST Outstanding Research Award as wel
the Alfred-Mehlitz Medaille, German Association of Food Technologists.

Prof. Knorr has published approximately 500 scienti� c papers, supervised approx. 300
Diploma/Master Thesis and approx. 75 PhD theses. He holds seven patents and is one of the I
“highly cited researchers”.
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Aline Lonvaud
Aline Lonvaud is Professor Emeritus at the University of Bordeaux in the Sciences Institute of Vin
and Wine. After obtaining her master’s degree in biochemistry, she completed her� rst research at
the Institute of Oenology of Bordeaux under the direction of Professor Ribéreau-Gayon and
obtained his Doctorate in Sciences for his studies on the lactic acid bacteria in wine. She began h
career in 1973 as a teacher and as a researcher for the wine microbiology at the University
Bordeaux. Her work then continued those very new on the malolactic enzyme of lactic acid bacteria
At that point she engaged her research towards other metabolic pathways lactic acid bacte
important for their impact on wine quality. The bacterial use of citric acid, glycerol, the decar-
boxylation of certain amino acids, the synthesis of polysaccharides have been studied from th
isolation of bacteria to the identi� cation of the key genetic determinants of these pathways. On the
practical level this has led to accurate genomic tools, sensitive and speci� c, made available to
oenology laboratories for wine control and prevention of spoilage. By the late 1980s, Professo
Aline Lonvaud had addressed the topic of theOenococcus oeniadaptation to growth in wine, in
relation to industrial malolactic starter cultures, by the � rst studies on the signi� cance of the
membranes composition for these bacteria. The accumulation of results on the metabolic pathway
and the � rst data on the adaptation of cells to their environment, obtained in the framework of
several PhD theses, showed the need to implement other approaches. For this she directed t
research in order to learn more about the diversity of strains of theO. oenispecies and their rela-
y

,

tionships with the other partners in the oenological microbial system. Among recent work Professor Aline Lonvaud led a phylogenetic stud
on the biodiversity of O. oeniwhich involved more than 350 strains isolated worldwide. Currently, the microbiology laboratory of the wine
develops an axis on the microbial community of grapes and wine, started under the leadership of Aline Lonvaud for some� fteen years. The
students of DNO (National Diploma of Oenology) and other degrees of Master of the ISVV bene�t from these results, which are also valued
by the activity of the spin-off “Micro� ora� ” of which Professor Aline Lonvaud provides scienti� c direction. Today as Professor Emeritus
Aline Lonvaud works as an expert in the microbiology group of the OIV (International Organisation of Vine and Wine), as editor and
reviewer for various scienti� c journals and for professional organizations in the� eld of microbiology of wine.
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Aurelio López-Malo is Professor in the Department of Chemical, Food, and Environmental Engi
neering at Universidad de las Américas Puebla. He has taught courses and workshops in vario
Latin American countries. Dr. López-Malo is co-author of Minimally Processed Fruits and Vegeta
bles, editor of two books, authored over 30 book chapters and more than 100 scienti� c publications
in refereed international journals, is a member of theJournal of Food ProtectionEditorial Board. Dr.
López-Malo received his PhD in Chemistry in 2000 from Universidad de Buenos Aires in Argentina
the degree of Master in Science in Food Engineering in 1995 from the Universidad de las Améric
Puebla, and he graduated as a Food Engineer from the same institution in 1983. He has presente
over 300 papers in international conferences. He belongs to the National Research System
Mexico as a National Researcher Level III. He is Member of the Institute of Food Technologists (IFT
the International Association for Food Protection (IAFP), and the American Society for Engineerin
Education (ASEE). Dr. López-Malo has directed or co-directed over 35 funded (nationally an
internationally) research projects and has participated in several industrial consulting projects. Hi
research interests include Natural Antimicrobials, Predictive Microbiology, Emerging Technologie
for Food Processing, Minimally Processed Fruits, and K-12 Science and Engineering Education
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Since 1970 Rob Samson has been employed by the Royal Netherlands Academy of Scie
(Amsterdam) at the CBS-KNAW Fungal Biodiversity Centre and is group leader of the Applied an
Industrial Mycology department. He is Adjunct Professor in Plant Pathology of the Faculty o
Agriculture, Kasetsart University Bangkok, Thailand since July 15, 2002. Since January 2009 he
been the visiting professor at Instituto de Tecnologia Quimica e Biologica of the Universidade Nova
de Lisboa in Portugal. He is also an Honorary Doctor of Agricultural Sciences of the Faculty o
Natural Resources and Agricultural Sciences at the Swedish University of Agricultural Sciences
Uppsala (October 3 2009).

Rob’s main specialization is in the � eld of Systematic Mycology of Penicillium and Aspergillus
and food-borne fungi. He also specializes in the mycobiota of indoor environments, entomopa-
thogenic, thermophilic fungi, and scanning electronmicroscopy. His current research interes
include: Taxonomy of Penicillium and Aspergillus; Food-borne fungi with emphasis on heat
resistant and xerophilic molds; Molds in indoor environments; and Entomogenous fungi.

Rob is the Secretary General of the International Union of Microbiological Societies (IUMS)
Member of the Executive Board of the International Union of Microbiological Societies since 1986
Chairman of the IUMS International Commission on Penicillium and Aspergillus; Vice Chairman
of the International Commission on Food Mycology; Member of the International Commission of
the Taxonomy of Fungi; Chairman of the IUMS International Commission on Indoor Fungi;
Honorary Member of the American Mycological Society; and an Honorary Member of the
Hungarian Society of Microbiology.
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Ulrich Schillinger
Dr. Ulrich Schillinger obtained his PhD (Dr. rer. nat.) at the University of München, Germany in
1985 and completed his post doctoral research at the Bundesanstalt für Fleischforschung (Meat
Research Centre) in Kulmbach. In 1989, he became head of a food microbiology lab at the Institute
of Hygiene and Toxicology of the Bundesforschungsanstalt für Ernährung und Lebensmittel
(Federal Research Centre for Nutrition and Food) in Karlsruhe. Since 2008, he worked at the
Institute of Microbiology and Biotechnology of the Max Rubner Institut, Bundesinstitut für
Ernährung und Lebensmittel in Karlsruhe.

He published about 100 research papers in peer-reviewed international scienti�c journals and
several books in microbiology and food sciences. He served as editorial board member of ‘Food
Microbiology’ and as a regular reviewer of many scienti�c journals.

His research has focused on food microbiology, the taxonomy and physiology of lactic acid
bacteria, their application as bioprotective and probiotic cultures, bacteriocins and fermented
foods.
Bart Weimer
Dr. Weimer is professor of microbiology at University of California, Davis in the School of Veter-
inary Medicine since 2008. In 2010 he was appointed as faculty assistant to the Vice Chancellor of
Research to focus on industry/university partnerships. Subsequently, he was also appointed as
co-director of BGI@UC Davis and director of the integration core of the NIH Western Metab-
olomics Center in 2012. Prior to joining UC Davis Dr. Weimer was on faculty at Utah State
University where he directed the Center for Integrated BioSystems for seven years. The primary
thrust of his research program is the systems biology of microbial infection, host association, and
environmental survival. Using integrated functional genomics Dr. Weimer’s research program
examines the interplay of genome evolution and metabolism needed for survival, infection, and
host association. The interplay between the host, the microbe, and the interdependent responses is
a key question for his group. His group is currently partnered with FDA and Agilent Technologies to
sequence the genome of 100,000 pathogens and is conducting metagenome sequence of the
microbiome of chronic disease conditions associated with the food supply. Most recently he was
honored with the Agilent Thought Leader Award and his work in microbial genomics received the
HHSInnovate award as part of the 100K genome project. During his career Dr. Weimer mentored 30
graduate students, received seven patents with six pending, published over 90 peer-reviewed papers,
contributed 17 book chapters, edited three books, and presented over 400 invited scienti�c
presentations.
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HOW TO USE THE ENCYCLOPEDIA
The Encyclopedia of Food Microbiology is a comprehen-
sive and authoritative study encompassing over 400
articles on various aspects of this subject, contained in
three volumes. Each article provides a focused
description of the given topic, intended to inform
a broad range of readers, ranging from students, to
research professionals, and interested others.

All articles in the encyclopedia are arranged alpha-
betically as a series of entries. Some entries comprise
a single article, whilst entries on more diverse subjects
consist of several articles that deal with various aspects
of the topic. In the latter case, the articles are arranged
logically within an entry. To help realize the full
potential of the encyclopedia we provide contents,
cross-references, and an index:
Contents

Your �rst point of reference will likely be the contents.
The complete contents list appears at the front of each
volume providing volume and page numbers of the
entry. We also display the article title in the running
headers on each page so you are able to identify your
location and browse the work in this manner.

You will �nd “dummy entries” where obvious
synonyms exist for entries, or for where we have
grouped together similar topics. Dummy entries
appear in the contents and in the body of the ency-
clopedia. For example:

BUTTER see MILK AND MILK PRODUCTS:
Microbiology of cream and butter
Cross-references

All articles within the encyclopedia have an extensive
list of cross-references which appear at the end of each
article, for example:

MILK AND MILK PRODUCTS: Microbiology of
cream and butter

See also: ASPERGILLUS j Introduction; BACILLUS j
Bacillus cereus; CAMPYLOBACTER j Introduction;
CLOSTRIDIUM j Introduction; ENTEROBACTER;
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The index provides the volume and page number
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Overview of Classification of the Fungi

BC Sutton, Blackheath, UK

� 2014 Elsevier Ltd. All rights reserved.
This article is reproduced from the previous edition, volume 2, pp 860–871, � 1999, Elsevier Ltd.
Organisms are named and classi�ed for purposes of reference
and data retrieval. A classi�catory scheme should re�ect natural
relationships, but scientists may attach varying degrees of
importance to the criteria available. Thus not all authorities
necessarily accept the same scheme. For organisms traditionally
included in the ‘fungi,’ a number of changes have been intro-
duced to the study of their systematics. These include recog-
nition of the arti�ciality of the three- (or even �ve-) kingdom
classi�cation system for living things; polyphyly of the ‘fungi’;
development and acceptance of data analysis techniques of
phylogenetic systematics; and the inception, development, and
application of molecular techniques. These have resulted in
phylogenetic classi�cations identi�ed by monophyletic groups
which contain an ancestor and all its descendants, i.e. they are
based on evolutionary relationships.

The kingdom Fungi, as now generally accepted, includes four
phyla: Chytridiomycota, Zygomycota, Ascomycota, and Basi-
diomycota. Several other organisms formerly included in the
‘fungi’ are now treated in separate kingdoms and phyla. These
are the kingdoms Stramenopila with the phyla Oomycota,
Hyphochytriomycota, and Labyrinthulomycota. The phyla
Plasmodiophoromycota, Dictyosteliomycota, Acrasiomycota,
and Myxomycota are not a monophyletic group and are placed
as protists in recent classi�catory schemes. These stramenopiles
and protists and the Chytridiomycota are of no signi�cance in
food microbiology, although some are important in the context
of primary food production as plant pathogens. Of the true
fungi comparatively few genera and species are signi�cant as
food sources, in food production, or as spoilage organisms.
yclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
Features Used to Define a True Fungus

A combination of features is used to de�ne true fungi,
including morphology, ultrastructure, chemistry, nutritional
mode and latterly DNA pro�les. Fungi are eukaryotic (with one
or more nuclei in their cells bounded by a nuclear membrane
and with paired DNA-containing chromosomes) and, unlike
plants and algae, lack plastids. They are unicellular or �la-
mentous and consist of multicellular coenocytic haploid
hyphae which are hetero- or homokaryotic. Their somatic
structures, with few exceptions, show comparatively little
differentiation and practically no division of labour. Cell walls
contain chitin and b-glucans. Subcellular organelles include
mitochondria with �attened cristae, Golgi bodies or individual
cisternae, and peroxisomes which are nearly always present.
Cells are mostly non-�agellate; when present, �agella always
lack mastigonemes. Reproduction is sexual (meiotic) or asexual
(mitotic) by formation of spores, the diploid phase being
generally short-lived. There is no amoeboid pseudopodial
phase, although some have motile reproductive cells. True
fungi are saprobic, parasitic, or mutualistic with absorptive
(osmotrophic), never phagotrophic, nutrition. Primary carbo-
hydrate storage is by glycogen rather than starch.
Features Used in Classification

The four phyla accepted in the Fungi are monophyletic, so criteria
used within these taxa for separating subordinate ranks – classes
-384730-0.00134-8 1
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2 FUNGIj Overview of ClassiÞcation of the Fungi
(-mycetes), orders (-ales), families (-aceae), and genera– are
different for each phylum. Ascomycetes especially, and to a less
extent basidiomycetes and other groups, have both meiotic
(teleomorphic) and mitotic (anamorphic) reproductive states. In
some, these states have become separated and remain uncor
lated. Evolution may possibly have taken place in either state
The result is that huge numbers of mitotic fungi (approximately
15 000 species) have no known teleomorphs, so separate arti� -
cial classi� cations have been constructed. Currently no taxon
above the rank of genus is recognized for mitotic fungi. Those for
which correlations have been proved are included in the appro-
priate classi� cation of the teleomorph. For Chytridiomycota the
ranks of class, order and family are used; in the Ascomycota onl
order and family are used; and in the Basidiomycota the ranks o
class, subclass, order, and family are used.
,

g
s

n

Phylum Chytridiomycota

De� nition same as for the class.

Class Chytridiomycetes

Thallus coenocytic, holocarpic or eucarpic, monocentric
polycentric, or mycelial. Cell walls chitinous at least in the
hyphal stages. Mitochondrial cristae� at. Zoospores posteriorly
mono� agellate or rarely poly� agellate, lacking mastigonemes
or scales, but with an unique � agellar ‘root’ system and rum-
posomes. Aquatic saprobes or parasites on decaying and livin
organic material in freshwater soils; some are marine. Other
are obligately anaerobic in guts of herbivores. None is of
signi� cance in food microbiology.
r

Phylum Zygomycota

De� nition same as for the class Zygomycetes.
d

-

s

n

y,

d

Class Zygomycetes

Mycelium coenocytic, walls chitinous. Zygospore (a thick-
walled resting spore) produced in a zygosporangium after
fusion of two gametangia. Mitotic reproduction by spor-
angiospores. No� agellate cells or centrioles present. Nutrition
saprobic to facultative weak parasitic. Known from soil, dung,
fruits and � owers, stored grain and � eshy plant organs,
mushrooms, invertebrates, vertebrates and humans, an
signi� cant as spoilage and primary fermentative organisms.

Order Mucorales
Asexual reproduction by multispored, few-spored or single-
spored sporangia (sporangiola). Sexual reproduction by
zygospores.

FamilyMucoraceae
Sporangia columellate, specialized sporangia absent. Zygo
spores smooth to warty, borne on opposed tongs-like or
apposed, naked or appendaged suspensors. Polyphyletic.

l Absidia– pear-shaped sporangia produced in partial whorls
at intervals along stolon-like branches. Sporangiospore
subglobose to ellipsoid. Branches produce rhizoids at
intervals but not opposite the sporangiophores. Zygospores
surrounded by curved, unbranched suspensor appendage
which may arise from one or both suspensors. Distributed
worldwide in soil, stored grain, decaying vegetables and
fruit, air, compost, animals, and humans.

l Actinomucor – stolons, rhizoids, and non-apophysate
sporangia present. Sporangia hyaline to faintly coloured,
globose, formed on repeatedly branched sporangiophores
Sporangiospores smooth, globose to irregular. Used a
inoculum in production of sufu (traditional oriental food
from fermented soya milk).

l Mucor– sporangia non-apophysate, globose and formed on
branched and unbranched sporangiophores, from myce-
lium lacking stolons and rhizoids. Sporangiospores variable
in shape. Important widely distributed food spoilage
organisms, especially found in soil, dung, hay, stored grain,
fruit, vegetables, milk, animals, and humans. Also used in
fermentation processes for sufu production.

l Rhizopus– rhizoids form at the base of sporangiophores
which may grow in clusters. Habit stoloniferous, an aerial
hypha grows out and where it touches the substratum
rhizoids and sporangiophores are formed. Sporangia
apophysate with sporangiospores irregularly angled and
often striate. Worldwide in distribution but especially in
tropical and subtropical areas, from soils, grain, water,
vegetables, and fruit. Used as a fermenting agent i
production of tempeh from soya bean, and tempeh-
bongrek from manioc. Also reported to produce toxic
metabolites, but there is no strong evidence for its impli-
cation in mycotoxicoses.

FamilyThamnidiaceae
Sporangia dif� uent, columellate. Sporangiola few to single-
spored, persistent-walled, and columellate, borne on same o
separate, morphologically identical sporangiophores, or spor-
angiola only present. Zygospores warty, borne on opposed
suspensors. Polyphyletic.

l Thamnidium– large, terminal columellate sporangia produced
with dichotomous lateral branches bearing fewer-spored,
non-columellate sporangiola. Sporangiola may also be borne
on separate branch systems. Zygospores warty, borne o
opposed suspensors. Cosmopolitan, commonly from dung,
also soil, occasionally occurs as a food contaminant.
FamilyCunninghamellaceae
Sporangia absent, sporangiola single-spored. Zygospores wart
borne on opposed suspensors.

l Cunninghamella – sporangia absent, asexual conidia
(sporangiola) are hyaline and borne singly on globose
vesicles on branched or unbranched conidiophores.
Zygospores are of theMucor type, warty, and borne on
opposed suspensors. From soil, air, fruit, and occasionally
as a food contaminant.
FamilySyncephalastraceae
Merosporangia present. Zygospores warty, borne on oppose
suspensors.
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l Syncephalastrum– aerial branches terminate in club-shaped
or spherical vesicles which are multinucleate, budding ove
their surface to form cylindrical outgrowths, the merospor-
angial primordia. Cytoplasm cleaves into a single row of 5–
10 sporangiospores and with shrinking of the sporangial
wall the spores appear in chains. Zygospores resemble thos
of Mucoraceae. From tropical and subtropical regions from
soil, dung and grain, and as a food contaminant.
y
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Phylum Ascomycota

The ascus is diagnostic (a sac-like cell in which after karyogam
and meiosis generally eight ascospores are produced by free c
formation). Structure and presence of lamellated hyphal walls
with a thin, electron-dense outer layer and relatively thick,
electron-transparent inner layer is typical. Molecular sequenc
data are important in characterizing the phylum, in terms not
only of the teleomorph (meiotic) states but also of the anamorph
(mitotic) states. The current trend is for anamorphic (asexual,
mitotic, or mitosporic) states which have been correlated with
teleomorphs (especially relevant in the ascomycetes) to b
incorporated into teleomorph classi� cations. Those species tha
have not been correlated are still referred to as the mitospori
fungi (deuteromycetes) although molecular techniques are now
making it increasingly feasible to predict where one of the group
is likely to belong in teleomorphic classi� cations. This phylum
contains most of the food spoilage organisms, many primary
fermentative species, and a few edible ones. The signi� cance of
teleomorphs in food spoilage is minimal, most damage and
problems being the result of activities of the anamorphs.
,
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Classes

None.

Order Cyttariales
Ascomata apothecial, formed within conspicuous, brightly
coloured, � eshy compound stromata, spherical, but with
a wide opening; interascal tissue of� liform paraphyses. Asci
develop synchronously or sequentially, cylindrical, with active
discharge, apex with an Iþ ring, opening irregularly. Ascospores
more or less ellipsoidal, aseptate, pale gray, thin-walled
without a sheath.

FamilyCyttariaceae
As for order.

l Cyttaria– characters as for order. Biotrophic onNothofagus
spp., often gall-forming; edible, sold in southern Chile.

Order Dothideales
Ascomata very varied, apothecial, perithecial, or cleistothecia
formed as lysigenous locules within stromatic tissue. Hyme-
nium sometimes gelatinous and blueing in iodine. Interascal
tissue of branched or anastomosed paraphysoids or pseudo
paraphyses, initially attached at apex and base. Asci cylindrica
thick-walled, � ssitunicate, rarely with apical structures. Asco
spores nearly always septate, longitudinally asymmetrica
constricted at the primary septum, sometimes muriform,
hyaline or brown, unornamented.
FamilyDiademaceae
Ascomata globose to ellipsoid-elongate, typically opening by a
disc-like operculum, but sometimes by a lysigenous pore or slit.
Peridium of large, thick-walled pseudoparenchyma. Interasca
tissue of pseudoparaphyses. Asci cylindrical,� ssitunicate. Asco-
spores large, brown, muriform, usually radially asymmetrical.

l Clathrospora(anamorph Alternaria) – teleomorph rarely
seen in context of food microbiology. Alternaria black or
gray mycelium in culture. Conidiophores solitary, brown,
simple, or branched. Conidia dry, in long, often branched
chains, obclavate, obpiriform, ovoid or ellipsoid with a
short conical or cylindrical beak, and several transverse an
longitudinal eusepta, pale to medium brown, smooth or
verrucose, formed from preformed pores (loci) in associa-
tion with sympodial growth of conidiogenous cell. Distri-
bution worldwide, commonly saprobic on plant materials,
foodstuffs, soil, textiles. Produces mycotoxins.
FamilyLeptosphaeriaceae
Ascomata perithecial, often conical or papillate, immersed or
erumpent, sometimes aggregated into small stromata. Ostiole
periphysate. Peridium black, well-developed, sometimes thicke
at the base, of thick-walled pseudoparenchyma. Interascal tissu
of cellular pseudoparaphyses. Asci cylindrical, narrow, thin-
walled, � ssitunicate. Ascospores hyaline to brown, transverse
septate, sometimes elongated and sheathed.

l Leptosphaeria(anamorph Alternaria)– see Clathrospora
FamilyMycosphaerellaceae
Ascomata small, immersed, often aggregated or on a weak
developed stroma, black, papillate. Ostiole lysigenous
Peridium thin of pseudoparenchyma. Interascal tissue absent
Asci ovoid to saccate,� ssitunicate. Ascospores usually hyaline
transversely septate, unsheathed.

l Mycosphaerella(anamorph Cladosporium) – teleomorph
rarely seen in context of food microbiology. Cladosporium
state olivaceous, gray-olive to blackish-brown mycelium in
culture. Conidiophores solitary, brown, unbranched except
toward the apices. Conidia dry, in branched chains, ellip-
soid, fusiform, ovoid, subglobose, aseptate or with severa
transverse eusepta, pale to dark olivaceous brown, smooth
verruculose or echinulate, with a distinct scar at the bas
and several in the apical region if forming chains, arising
from cicatrized loci produced synchronously, sympodially
or irregularly by the conidiogenous cell. Distributed
worldwide, commonly airborne, ubiquitous as saprobes
and primary plant pathogens, also from soil, foodstuffs.
Mycotoxins such as the dihydroisocoumarin cladosporin
and the monomeric anthraquinone emodin are produced,
but there is no evidence so far for signi� cance in
mycotoxicoses.
Order Eurotiales
Ascomata small, cleistothecial, usually solitary. Peridium thin,
membranous, often brightly coloured, varied in structure and
rarely acellular and cyst-like. Interascal tissue absent. As
clavate or saccate, thin-walled, evanescent, sometimes
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chains. Ascospores varied, small, septate, often ornamente
and with equatorial thickening, without a sheath.

FamilyMonascaceae
Ascomata small, cleistothecial, globose, thin-walled. Peridium
of � attened hyphae. Interascal tissue absent. Asci evanescen
early stage. Ascospores hyaline, aseptate, ellipsoidal, thic
walled.

l Monascus(anamorph Basipetospora) – mycelium brownish,
gray-brown in the centre, with brick-red pigmentation on aot
agar. Ascomata borne terminally on a long hypha, subhya-
line to brown-red. Asci globose to subglobose. Ascospore
yellowish, ovate-ellipsoid, with a hyaline wall, smooth
Basipetosporaconidia borne in basipetal succession in chains
on solitary, septate, erect conidiophores, retrogressivel
delimited, ovate to piriform, hyaline, aseptate, thin-walled,
base truncate. Distributed worldwide, from soil, silage,
dried foods, rice, oat seeds, soya, sorghum, tobacco, als
used in fermentation of angkak to produce pigment for food
products of � sh, soya beans, and some alcoholic beverage
,
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FamilyTrichocomaceae
Ascomatal walls varied, pseudoparenchymatous, or hyphal
sometimes thick and sclerotioid, usually bright-coloured.
Ascogonia often coiled. Interascal tissue absent. Asci sma
more or less globose, often formed in chains. Ascospore
hyaline, usually bivalvate and ornamented.

l Byssochlamys(anamorph Paecilomyces) – mycelium white,
becoming yellow-brown with development of anamorph.
Ascomata discrete, con� uent. Wall absent or minimal, of a
loose weft of hyaline, thin, twisted hyphae. Ascogonia coiled
around swollen antheridia. Asci globose to subglobose, eight
spored, stalked. Ascospores ellipsoid, smooth, pale yellow
Paecilomycesconidia in dry chains from phialidic con-
idiogenous cells on solitary, septate, erect conidiophores
Phialides in groups of two to � ve, cylindrical at the base, long-
necked, on short supporting cells. Conidia cylindrical,
hyaline, aseptate, with � attened ends, yellow. Distributed
worldwide, in soil, bottled and tinned fruit, pasteurized
food, airtight stored cereals; also produces mycotoxins.

l Emericella(anamorph Aspergillus) – ascomata surrounded
by thick-walled hülle cells. Ascospores lenticular, smooth,
with two equatorial crests, usually red to purple.Aspergillus
conidia in dry chains, forming dark yellow-green columns
from solitary, erect, aseptate, brown, smooth conidio-
phores. Phialides borne on supporting cells on swollen
apices of conidiophores, short-necked. Conidia rough-
walled, globose. Distributed worldwide, especially in soil,
potatoes, grain, citrus, stored cereals, cotton. Mycotoxin
formed. Aspergillusis used in the fermentation industry for
production of vitamins, enzymes, organic acids, antibiotics,
soy sauce, miso, and saki.

l Emericellopsis(anamorph Acremonium)– ascomatal wall of
several layers of hyaline,� attened cells. Ascospores ellipsoid
with an initially smooth, wide, gelatinous layer collapsing to
form three to six longitudinal wings. Acremoniumconidia in
chains collapsing into wet masses, from solitary, erect
aseptate or septate, simple or sparingly branched, smooth o
slightly rough, hyaline or pale brown conidiophores. Phia-
lides terminal, cylindrical. Conidia hyaline or sometimes
pale brown, globose, subglobose, ellipsoid or fusiform,
aseptate or sometimes septate. Distributed worldwide, from
soil, cultivated � elds, mud sediments, plant remains, hay,
apples, pears.Acremoniumalso produces the weak tricho-
thecene crotocin, and the metabolite cerulenin which
enhances a� atoxin biosynthesis.

l Eurotium(anamorph Aspergillus) – ascomata mostly yellow
with cellular smooth wall, one cell thick. Ascospores lentic-
ular, smooth or roughened, furrowed or with equatorial
crests.Aspergillusconidia in dry chains, forming gray to olive-
green heads from solitary, erect, aseptate or septate, smoo
or rough conidiophores. Phialides arising directly from
swollen apex of the conidiophores, radiating, very short-
necked. Conidia echinulate, globose, subglobose, ovate o
ellipsoid, sometimes with both ends � attened. Distributed
worldwide though predominant in tropical to subtropical
areas, from soil, stored or decaying grain and food products
fruit, fruit juice, peas, milled rice, nuts, dried food products,
spices, meat products.Aspergillusstates produce a range o
mycotoxins, but Eurotiumstates are aerophilic and the toxins
they produce have not been studied extensively.

l Neosartorya(anamorph Aspergillus) – ascomatal wall of � at-
tened pseudoparenchyma or hyphae, several cells thick
Ascospores biconvex, hyaline, with two equatorial crests and
irregular surface ridges.Aspergillusconidia in dry chains
forming olive-gray columns from solitary, erect, aseptate or
septate, smooth conidiophores. Phialides formed directly on
the swollen apexof the conidiophore, radiating, short-necked.
Conidia slightly roughened, globose to subglobose or ellip-
soid. Distributed worldwide, from soil, rice, cotton, potatoes,
groundnuts, leather, paper products. Produce mycotoxins.

l Talaromyces(anamorph Penicillium) – ascomata soft,
covered by and made of a few layers of well-developed
networks of yellow pigmented hyphae, often heavily
encrusted. Asci in chains. Ascospores yellow, sometime
red, broadly ellipsoid, sometimes thick-walled and spinu-
lose. Penicilliumconidia in dry chains from solitary, erect,
branched, septate, smooth or rough conidiophores. Phia-
lides from an apical branching system consisting of branch
cells and supporting cells to the phialides (biverticillate),
long, lageniform with a short, narrow neck. Conidia sub-
globose, cylindrical, ellipsoid or fusiform, smooth or � nely
spinulose, hyaline, brown, brown-green, or pale green.
Distributed worldwide, from soil, organic substrates, rape,
cotton, pears, wheat, barley, milled rice, pecan nuts
bagasse, often in tropical fruit juices, some species hea
resistant. Penicillium is used in production of antibiotics,
enzymes, and manufacture and fermentation of cheeses
sugar, juice, brewing, and organic acids.Penicilliumspp. are
amongst the most toxigenic of moulds.

l Eupenicillium(anamorph Penicillium) – stromata sclerotioid,
non-ostiolate, with walls of thick-walled pseudoparen-
chyma. Asci single or in chains. Ascospores aseptat
lenticular, spinulose, sometimes reticulate, with or without
distinct equatorial ridges. Penicilliumconidia in dry chains
from solitary, erect, branched, septate, smooth or rough
conidiophores. Phialides formed directly from conidio-
phore apices (monoverticillate) or as in species with



.

l
k-

,

,
al,

FUNGIj Overview of ClassiÞcation of the Fungi 5
Talaromycesteleomorphs, long or broadly lageniform, with
a short, narrow neck. Conidia smooth, ovoid, subglobose,
piriform or ellipsoid, hyaline. Distribution worldwide, from
soil, groundnuts, fruit cake, canned fruit, corn, oranges
Penicilliumspecies produce mycotoxins.

l Thermoascus(anamorph Paecilomyces) – thermophilic.
Ascomata red, with a distinct pseudoparenchymatous wal
several cells thick. Ascospores aseptate, echinulate, thic
walled, hyaline. For conidia see Byssochlamys.
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Order Hypocreales
Ascomata perithecial, rarely cleistothecial, sometimes in or on
a stroma, more or less globose, sometimes ornamented, rare
setose. Ostiole periphysate. Peridium and stromatal tissue
� eshy, usually brightly coloured. Interascal tissues of apica
paraphyses, often evanescent. Asci cylindrical, thin-walled
sometimes with a small apical ring or a conspicuous apica
cap, not blueing in iodine. Ascospores varied, hyaline or pale
brown, usually septate, sometimes muriform, sometimes
elongated and fragmenting, without a sheath.

FamilyHypocreaceae
Ascomata perithecial, rarely cleistothecial, sometimes either in
or on a stroma, more or less globose, sometimes ornamented
rarely setose. Ostiole periphysate. Peridium and stromata
tissues � eshy, usually bright-coloured. Interascal tissue o
apical paraphyses, often evanescent. Asci cylindrical, thin
walled, sometimes with an apical ring or conspicuous apical
cap, not blueing in iodine. Ascospores varied, hyaline or pale
brown, usually septate, sometimes muriform, sometimes
elongated and fragmenting, lacking a sheath.

l Gibberella(anamorph Fusarium) – perithecia more or less
super� cial, often gregarious, with or without a basal stroma,
� eshy, dark blue to violet. Paraphyses absent. Asci cylin
drical, unitunicate, with an undifferentiated apex. Asco-
spores ellipsoid to fusiform, mostly triseptate, hyaline to
subhyaline.Fusariummacroconidia in slimy yellow, brown,
pink, red, violet or lilac masses, chains or dry masses from
branched or unbranched, procumbent or erect, hyaline,
smooth, septate conidiophores in sporodochial con-
idiomata. Phialides produced from apices of conidiophores
or branches, slender or tapered, with one or sometimes
several conidiogenous loci. Macroconidia hyaline, single- to
multiseptate, fusiform to sickle-shaped, mostly with an
elongated apex and a pedicellate basal cell. Microconidia
usually aseptate, piriform, fusiform or ovoid, straight or
curved, nearly always formed on aerial mycelium. Chla-
mydospores present or absent, intercalary, solitary, in chain
or clusters, formed in hyphae or conidia. Distribution
worldwide, from soil, aquatic and semiaquatic environ-
ments, stored grain, and natural products. Mainly theFusa-
rium states are potent producers of mycotoxins in food.

l Hypocrea(anamorph Trichoderma) – teleomorph rarely
produced in culture or seen in context of food microbi-
ology. Trichodermaconidia in dry, powdery green, to yellow
masses, from solitary, repeatedly branched, erect, hyalin
smooth, septate conidiophores which may end in sterile
appendages. Phialides apical and lateral, often irregularl
bent, � ask-shaped with a short neck. Conidia aseptate
hyaline or usually green, smooth or roughened, globose
subglobose, ellipsoid, oblong or piriform. Distribution
worldwide, from soil, stored grain, groundnuts, tomatoes,
sweet potatoes, citrus fruit, pecan nuts.Trichodermastates
also produce mycotoxins.

l Nectria (anamorphs Acremonium, Fusarium) – perithecia
more or less super�cial, often gregarious, with or without
a basal stroma,� eshy, cream, orange, red, purple or violet
setose or glabrous. Paraphyses absent. Asci cylindric
unitunicate, with an undifferentiated apex. Ascospores
ellipsoid or naviculate with rounded ends, equally two-
celled, smooth, minutely spinulose, or striate, hyaline,
yellow or brown. Conidia ( Fusariumstate) as forGibberella;
Acremoniumstate as forEmericellopsis.
Order Leotiales (Formerly Known as Helotiales)
Stromata usually absent, if present sclerotial. Ascomat
apothecial, usually small, often brightly coloured, sessile or
stipitate, sometimes with conspicuous hairs. Interascal tissu
of simple paraphyses, variously shaped, apices sometime
swollen. Asci usually thin-walled, without separable wall
layers, with an apical pore surrounded by an Iþ or I� ring,
apical apparatus variable. Ascospores usually small, simple o
transversely septate, mostly hyaline, usually not quite longi-
tudinally symmetrical, often smooth.

FamilyDermateaceae
Stroma absent. Ascomata small,� at or concave, usually sessile
gray-brown or black, occasionally immersed in plant tissue,
then with a specialized opening mechanism, margin well-
de� ned and often downy but without distinct hairs. Excip-
ulum of brown, thin-walled, or thick-walled isodiametric cells.
Interascal tissue of simple paraphyses. Asci usually with a wel
developed Iþ or I� ring. Ascospores small, hyaline, septate o
aseptate, often elongated. Two genera,Mollisia and Pyr-
enopeziza, are reported with Phialophora-like anamorphs. See
Phialophora.

FamilySclerotiniaceae
Stromata present. Ascomata apothecial, often long-stalked
usually brown, cupulate, lacking hairs, stalk often darker.
Interascal tissue of simple paraphyses. Asci usually with an Iþ
apical ring. Ascospores large or small, ellipsoid, usually asep
tate, hyaline or pale brown, often longitudinally symmetrical.

l Botryotinia(anamorph Botrytis) – teleomorph rarely seen in
culture or encountered in context of food microbiology.
Botrytisconidia formed in dry, powdery, gray masses from
erect, brown, smooth, septate, solitary, hygroscopic conid
iophores. Conidiogenous cells produced terminally on an
apical head of small alternate branches, swollen, with many
denticulate conidiogenous loci each forming a single
conidium simultaneously. Conidia aseptate, rarely one or
two septate, pale brown, globose, ovate or ellipsoid,
smooth, hydrophobic. Microconidial state (Myrioconium)
sometimes formed, sporodochial, phialidic with small,
globose or subglobose, hyaline conidia. Sclerotia large
cortex black to brown with a white medulla, � attened to
pulvinate, rounded to ellipsoid, smooth or wrinkled.
Distribution worldwide, more commonly in humid
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temperate and subtropical regions, from soils both dry and
aquatic, stored and in transit fruit and vegetables, fruit and
leaf rots of strawberry, grape, cabbage, lettuce, neck rot
onions, and shallots.
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Order Microascales
Stromata absent. Ascomata solitary, perithecial or cleistothe
cial, usually black, thin-walled, sometimes with well-developed
smooth setae. Interascal tissue absent or rarely of undifferen
tiated hyphae. Centrum absent. Asci formed in chains, mostly
globose, unstalked, very thin-walled, evanescent, eight spored
Ascospores yellow or reddish brown, aseptate, often curved an
with very inconspicuous germ pores, without a sheath.

FamilyMicroascaceae
Ascomatal wall entirely of black, small-celled pseudoparen-
chyma, perithecial or cleistothecial. Interascal hyphae absen
Ascospores smooth.

l Microascus(anamorph Scopulariopsis) – mycelium pigmented.
Ascomata super� cial or partly immersed, carbonaceous,
glabrous or setose, with a well-differentiated, sometimes
cylindrical ostiole. Asci ovate, evanescent. Ascospore
extruded in cirrhi, small, aseptate, asymmetrical, often reni-
form, heart-shaped or triangular, dextrinoid when young,
with a small germination pore. Scopulariopsisconidia in white
to shades of brown, dry powdery masses from erect pen
icillately or verticillately branched, hyaline to pale brown,
smooth, septate, solitary conidiophores. Conidiogenous cells
terminal, cylindrical, repeatedly forming basipetal chains of
conidia from percurrently proliferating loci giving rise to
apical annellations. Conidia aseptate, hyaline or brown,
globose, ovate or mitriform, with a truncate base, smooth or
ornamented. Distribution worldwide, from soil, grain, fruit,
soya beans, groundnuts, milled rice, and animal products
such as meat, eggs, cheese, milk, butter.
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Order Pezizales
Stroma absent. Ascomata apothecial or cleistothecial, rare
absent, often large, discoid, cupulate or globose, sometime
stalked, often brightly coloured. Excipulum usually thick-walled,
� eshy or membranous, of thin-walled pseudoparenchyma cells
Interascal tissue of simple or moniliform paraphyses, often
pigmented and swollen apically, absent in cleistothecial taxa
Asci elongated, persistent, thin-walled, usually with no apical
thickening, opening by a circular pore or vertical split, wall
sometimes blueing in iodine, globose and in cleistothecial taxa
indehiscent. Ascospores ellipsoidal, aseptate, hyaline to strongl
pigmented, often ornamented, usually without a sheath. This
order contains a number of families with genera in which species
are edible, though not generally commercially produced. It
includes the morels (family Morchellaceae, genusMorchella) and
subterranean truf� es, of which there are many species (family
Helvellaceae, genusHydnotrya; family Terfeziaceae, genusTerfe-
zia; family Tuberaceae, genusTuber).

Order Saccharomycetales
Mycelium absent or poorly developed, when present septa with
minute pores rather than a single simple pore. Vegetative cell
proliferating by budding or � ssion. Walls usually lacking chitin
except around bud scars, sometimes with Iþgel. Ascomata
absent. Asci single or in chains, sometimes not differentiated
morphologically from vegetative cells, usually at least eventu-
ally evanescent. Ascospores varied in shape, sometimes wi
equatorial or asymmetric thickenings.

FamilyDipodascaceae
Mycelium well-developed, lacking a polysaccharide sheath
septa with clusters of minute pores, fragmenting to form thallic
conidia. Asci form by fusion of gametangia from adjacent cells
or separate mycelia, usually elongated, more or less persisten
single- to multispored. Ascospores usually ellipsoid, rarely
ornamented, usually with a mucous sheath, not blueing in
iodine.

l Galactomyces(anamorph Geotrichum) – supporting hyphae
of gametangia profusely septate. Gametangia on opposit
sides of hyphal septa, globose to clavate, fusing at the apice
to form the ascus. Asci subhyaline, subglobose to broadly
ellipsoid, with one or two ascospores. Ascospores broadly
ellipsoid, pale yellow-brown, with an echinate inner wall
and an irregular exosporium wall, often with a hyaline
equatorial furrow. Geotrichumconidia formed in white,
smooth, often butyrous colonies from aerial, erect or
decumbent hyaline mycelium functioning conidiogenously.
Mycelium dichotomously branched at advancing edge.
Conidiogenesis thallic. Conidia hyaline, aseptate, smooth,
cylindrical, doliiform, or ellipsoid. Distributed worldwide,
from soil, water, air, cereals, grapes, citrus, bananas, toma
toes, cucumber, frozen fruit cakes, milk and milk products;
also used with bacteria in fermentation of manioc to
produce gari in West Africa.
FamilySaccharomycetaceae

l Mycelium more or less absent. Vegetative cells reproducin
by multilateral budding, more or less ellipsoid, without
mucus. Asci morphologically similar to vegetative cells,
not in well-developed chains, more or less globose,
thin-walled, one to four spored, evanescent or persistent
Ascospores usually spherical, often ornamented with
equatorial ridges. Fermentation positive. Coenzyme system
usually Q-6. Many linked to Candidaanamorphs which are
polyphyletic.

l Debaryomyces(anamorph Candida) – colonies not pig-
mented or mucoid. Septate hyphae absent but septate
expanding hyphae predominant in anamorph, yeast cells
usually haploid. Asci usually persistent, one to four spored.
Ascospores pitted or with blunt ridges, thin-walled,
hyaline, spherical.Candidaconidia produced by budding
which is multilateral or acropetal leaving conidiogenous
cells with or without broad denticles or scars, hyaline,
aseptate, base attenuated, rounded. Fermentation prese
or nearly absent, nitrate not assimilated, acid production
absent or weak, growth at 25 � C. Common foodborne
species.

l Dekkera(anamorph Brettanomyces) – colonies not pigmented
or mucoid. Cells often cylindrical. Asci formed on hyphae,
thin-walled, not crowned with an apical cell. Ascospores less
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than 5 mm diameter, galeate, smooth, usually hyaline.Bret-
tanomycesconidia hyaline, with an attenuated rounded base,
formed by multilateral or acropetal budding from con-
idiogenous cells with or without broad denticles or scars.
Conidiophores absent. Strong acid production in glucose-
containing media, fermentation present or nearly absent.
Spoilage organism in beverages such as mineral waters an
nonalcoholic drinks, and other old or spoilt beers, ciders and
wines.

l Issatchenkia(anamorph Candida) – yeast cells often elon-
gated, usually haploid, forming a pseudomycelium. Septate
hyphae absent. Asci usually spherical, one to four spored
usually persistent. Ascospores thick-walled, spherica
hyaline, rather large, often irregular or with a sheath.
Often heterothallic. Fermentation absent or weak, nitrate
not assimilated, growth at 25 � C. For conidia see
Debaryomyces. Common food spoilage species.

l Kluyveromyces(anamorph Candida) – septate hyphae absent
Asci deliquescent. Ascospores reniform, oblate or nearl
spherical, smooth, easily liberated from the ascus. Growth
at 25 � C. For conidia see Debaryomyces. Spoilage organisms
in dairy products.

l Pichia(anamorph Candida) – asci without a tube-like base,
formed on hyphae, thin-walled, not crowned with an apical
cell, one to four spored. Ascospores less than 5mm diam-
eter, galeate (hat-shaped), smooth, usually hyaline. Nitrate
not assimilated, acid production absent or weak. For con-
idia see Debaryomyces. Spoilage in tanning � uids, wine, soft
drinks, beer, fermented vegetable, olive and pickle brines
preservative resistant.

l Saccharomyces(anamorph Candida) – septate hyphae
absent. Diploid yeast cells become one to four spored asc
usually persistent. Ascospores thin-walled, smooth, spher
ical, usually hyaline. Fermentation strong, nitrate not
assimilated, growth at 25� C. For conidia see Debaryomyce.
Includes brewers’ yeast used in beer, bread-making, and
other fermentations; also a spoilage organism in fruit
products such as juices, pulps, and wines.

l Torulaspora(anamorph Candida) – septate hyphae absent
yeast cells usually haploid. Asci usually persistent. Asco
spores verrucose or nearly smooth, thin-walled, hyaline
spherical. Fermentation present, nitrate not assimilated
growth at 25 � C. For conidia see Debaryomyces. Food
spoilage organisms, e.g., in fruit juices, soft drinks, and olive
brines; preservative resistant.

l Yarrowia (anamorph Candida) – asci free or on septate
hyphae. Ascospores irregular in size and shape, ofte
hemiellipsoid or navicular, verrucose. Heterothallic, lipo-
lytic. For conidia see Debaryomyces. Lipid food spoilage
organisms, including margarine, olives, corn oil processing

l Zygosaccharomyces– septate hyphae absent, yeast cel
usually ellipsoid and haploid. Asci formed by two conju-
gating yeast cells, usually persistent, with one to fou
spherical ascospores. Ascospores usually smooth, rare
verrucose, usually thin-walled, spherical, hyaline. Fermen
tation present, nitrate not assimilated, osmotolerant,
growth at 25 � C. Spoilage organisms in high-sugar products
such as wines, acid foods, fruit juices, soft drinks, honey
syrups, jelly; preservative resistant. Used in miso and so
sauce fermentations.
Order Sordariales

l Ascomata very rarely stromatic, perithecial or cleistothecia
thin- or thick-walled. Interascal tissue very inconspicuous or
lacking. Asci cylindrical or clavate, persistent or evanescen
not � ssitunicate. Ascospores mostly with at least one dar
cell, with germ pore, often with a gelatinous evanescen
sheath or appendages.
FamilyConiochaetaceae

l Ascomata usually perithecial, solitary or aggregated, some
times on a poorly developed subiculum. Interascal tissue
inconspicuous, of paraphyses. Asci usually cylindrical, often
with a small apical ring, sometimes Iþ blue. Ascospores
aseptate, dark brown, with a germ slit, sheath lacking. The
genus Coniochaetais reported with a Phialophora-like ana-
morph. See Phialophora.
FamilySordariaceae

l Ascomata dark, usually thick-walled and ostiolate. Inter-
ascal tissue of thin-walled undifferentiated cells, incon-
spicuous and often evanescent. Asci cylindrical, with
a thickened I� ring. Ascospores brown, simple or very rarely
septate, sometimes ornamented, often with a gelatinous
sheath but lacking caudae.

l Neurospora(anamorph Chrysonilia) – mycelium extremely
fast-growing, initially colourless, later pink to orange. Peri-
thecia separate, piriform, short-necked, glabrous. Asco
spores dark brown with nerve-like ribs ornamenting the
outer wall. Chrysoniliaconidia aseptate, ellipsoid or more or
less cylindrical, globose, subglobose or irregular, hyaline
smooth, formed in dry chains with connectives from
ascending to erect, smooth, septate, much-branche
conidiophores. Widespread, especially Europe, USA, an
Asia, from bread (red bread mould) and related products,
silage, meat, and transported and stored fruit; used in
production of oncom mera by fermentation of soya bean
products.
Phylum Basidiomycota

The basidium is diagnostic (a cell on the outside of which after
karyogamy and meiosis generally four basidiospores ar
produced). Clamp connections sometimes formed in mainte-
nance of dikaryotic condition. Septa of the dolipore type. Walls
double-layered, lamellate, and electron-opaque by electron
microscopy. Molecular sequence data important in separations
within the phylum.
Class Basidiomycetes

De� nition same as for phylum.

Subclass Phragmobasidiomycetidae
Metabasidium is divided by primary septa, usually cruciate or
horizontal. One order, Auriculariales, containing edible
species, some commercially produced.
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Subclass Holobasidiomycetidae
Metabasidium not divided by primary septa but may some-
times become adventitiously septate. Several orders, Agaricale
Boletales, Cantharellales, Cortinariales, Fistulinales, Gom
phales, Hericiales, Lycoperdales, Poriales, Russulales, The
phorales, containing edible species, some commercially
produced (Table 1).
d l
Mitosporic Fungi

The ‘mitosporic fungi ’ (asexual, anamorphic, imperfect,
conidial, deuteromycete fungi) are an arti� cial group without
a formal nomenclature above the generic level, comprising the
mitotic states (anamorphs) of the meiotic ascomycetes and
basidiomycetes (teleomorphs) and mitotic fungi that have not
been correlated with any meiotic states. They are characterize
by the formation of conidia as a result of presumed mitosis.
Separation of genera is primarily by mode of conidiogenesis
and growth of the conidiogenous cell, with morphology of
conidiomata, conidia, and conidiophores as subsidiary
criteria.
Table 1 Orders, families, and genera of basidiomycetes in which e

Order Family Gener

Auriculariales Auriculariaceae Auricu
Agaricales Agaricaceae Agaric

Amanitaceae Amani
Bolbitiaceae Agrocy
Coprinaceae Coprin
Entolomataceae Rhodo
Hygrophoraceae Cama
Pluteaceae Pluteu
Strophariaceae Kuehn
Tricholomataceae Armilla

Lyop
Stro

Boletales Boletaceae Boletu
Gomphidiaceae Chroo
Gyrodontaceae Gyrop
Hygrophoropsidaceae Hygro
Paxillaceae Paxillu
Strobilomycetaceae Chalci
Xerocomaceae Phyllo

Cantharellales Cantharellaceae Canth
Clavariadelphaceae Clavar
Craterellaceae Crater
Hydnaceae Hydnu
Sparassidaceae Spara

Cortinariales Cortinariaceae Cortin
Fistulinales Fistulinaceae Fistulin
Gomphales Ramariaceae Rama
Hericiales Hericiaceae Hericiu

Lentinellaceae Lentin
Lycoperdales Lycoperdaceae Lycop
Poriales Coriolaceae Grifola

Lentinaceae Lentin
Polyporaceae Polypo

Russulales Russulaceae Lactar
Thelephorales Thelephoraceae Sarcod
l Acremonium– see Emericellopsisand Nectria, but many
species of polyphyletic ascomycete af�nity have no known
teleomorph.

l Alternaria – see Clathrosporaand Leptosphaeria, but many
species of undoubted ascomycete af� nity have no known
teleomorph.

l Aspergillus– see Emericella, Eurotiumand Neoasartorya, but
many species of ascomycete af� nity have no known
teleomorph.

l Aureobasidium– colonies covered by slimy, yellow, cream,
pink, brown or black masses of spores. Aerial mycelium
scanty, immersed mycelium often dark brown. Con-
idiogenous cells undifferentiated, procumbent, intercalary
or on short lateral branches. Conidia produced synchro-
nously on multiple loci in dense groups on short scars or
denticles, hyaline, smooth, with a truncate base. Distribu-
tion worldwide, saprobic, from soil, leaf surfaces, cerea
seed, on� our, tomato, pecan nuts, fruit, fruit drinks.

l Basipetospora– see Applications of Monascus-Fermented
Products.

l Botrytis– see Botryotinia, but many species have not been
linked to teleomorphs.
dible species have been reported

a

laria
us, Chamaemyces, Leucoagaricus, Macrolepiota
ta, Limacella, Termitomyces
be
us, Psathyrella
cybe

rophyllus, Hygrocybe, Hygrophorus
s, Volvariella
eromyces, Panaeolus, Pholiota, Psilocybe, Stropharia
ria, Calocybe, Clitocybe, Collybia, Flammulina, Laccaria, Lentinula,
hyllum, Marasmius, Melanoleuca, Mycena, Oudemansiella, Pseudoclitocybe,

bilurus, Tricholoma, Tricholomopsis
s, Leccinum, Suillus
gomphus, Gomphidius
orus
phoropsis
s
porus
porus, Xerocomus
arellus
iadelphus
ellus
m
ssis
arius, Phaeolepiota, Rozites
a

ria
m

ellus
erdon
, Poria
us, Pleurotus
rus
ius, Russula
on



s

s

-
,

.

,

-

-

e

-
-

e,

ly

s

e,

-

d

h,
d

,

FUNGIj Overview of ClassiÞcation of the Fungi 9
l Brettanomyces– see Dekkera.There are a number of specie
not linked to teleomorphs.

l Candida – see Debaryomyces; Issatchenkia; Kluyveromyce;
Pichia; Saccharomyces; Torulasporaand Yarrowia, but many
species of polyphyletic ascomycete af� nity have not been
linked with teleomorphs.

l Chrysonilia– see Neurospora.
l Cladosporium– see Mycosphaerella, but many species have not

been linked to teleomorphs.
l Epicoccum– colonies � uffy, yellow, orange, red, brown, or

green. Conidiophores formed in black sporodochial con-
idiomata, closely branched, compact and dense. Con
idiogenous cells pale brown, smooth or verrucose
integrated, terminal, determinate, cylindrical. Conidia soli-
tary, dry, subspherical to piriform, dark golden-brown,
often with a pale, protuberant basal cell, muriform,
rough, opaque. Distribution worldwide, from soil, cereal
seed, beans, mouldy paper, textiles.

l Fusarium– see Nectriaand Gibberella, but many species have
no known teleomorph.

l Geotrichum– see Galactomyces, but many species of poly-
phyletic ascomycete af� nity have not been linked to
teleomorphs.

l Moniliella – colonies acidophilic, restricted, smooth, velvety
or cerebriform, cream then pale olivaceous or black-brown
Cells often budding to produce a pseudomycelium. Conid-
iophores undifferentiated, hyaline, smooth, repent. Conidia
formed in acropetal chains from individual (conidiogenous)
cells of the mycelium, hyaline, smooth, aseptate, ellipsoid.
Thallic conidia also formed by fragmentation of hyphae,
becoming thick-walled and brown. From Europe and the
United States, occurring in pickles and vinegar, fruit juices
syrups, and sauces.

l Paecilomyces– see Byssochlamysand Thermoascus, but many
species of ascomycete af� nity have no known teleomorph.

l Penicillium – see Talaromycesand Eupenicillium, but many
species of ascomycete af� nity have no known teleomorph.

l Phialophora– colonies slow-growing, olivaceous black,
sometimes pink or brown. Conidiophores erect, hyaline or
pale brown, branched or reduced to simple hyphae.
Conidiogenous cells clustered or single, phialidic, lageni-
form or cylindrical, with a distinct darker collarette. Con-
idia formed in slimy heads or in chains, aseptate, globose
to ellipsoid or curved, mostly hyaline, smooth. See Con
iochaeta, Mollisia, Pyrenopeziza, with Phialophora-like ana-
morphs, also linked with Geaumannomyces, but several
species with no known teleomorph. Worldwide in distri-
bution but most common on decaying wood, wood pulp,
secondarily soil-borne, from water, fermented corn dough,
foodstuffs, butter, wheat.

l Phoma– colonies comparatively fast-growing, gray, oliva-
ceous, brown,� uffy. Conidiomata pycnidial, black-brown,
ostiolate, sometimes setose. Conidiophores absent. Con
idiogenous cells ampulliform to doliiform, hyaline,
smooth, phialidic. Conidia hyaline, smooth, aseptate or
sometimes septate, ellipsoid, ovate, cylindrical. Dark-
brown unicellular or multicellular chlamydospores
sometimes formed. Some teleomorphs in Pleosporacea
(Pleospora), but most species with no known teleomorphs.
Distribution worldwide, from soil, butter, rice grain,
cement, litter, paint, wool, and paper; also produces
mycotoxins.

l Rhodotorula– colonies pink, with carotenoid pigment
soluble in organic solvents, mycelium and/or pseudomy-
celium formed, cells usually small and narrow. Conidia
spherical, ovate or clavate, with a narrow or rather broad
base, budding. Sometimes assimilates nitrate, but fermen
tation absent. Teliospores absent, but basidium-like struc
tures in some species indicate basidiomycete af�nity with
Rhodosporidium(Sporidiobolaceae). From wood, involved
in spoilage of dairy products, fresh fruit, vegetables and
seafoods, especially refrigerated foods.

l Scopulariopsis– see Microascus, but many species of asco-
mycete af� nity have no known teleomorph.

l Stachybotrys– colonies black to black-green, powdery.
Conidiophores erect, separate, simple or branched, septat
becoming brown and rough at the apex. Conidiogenous
cells grouped at the conidiophore apex, phialidic, obovate,
ellipsoid, clavate or broadly fusiform, becoming olivaceous,
with a small locus and no collarette. Conidia in large, slimy
black heads, ellipsoid, reniform or subglobose, hyaline,
gray, green, dark brown or black, sometimes striate, coarse
rough or warted, aseptate. Distribution worldwide, from
soil, paper, cereal seed, textiles. Trichothecene mycotoxin
produced such as satratoxin but its toxicity is unknown.

l Trichoderma– see Hypocrea, but many species of ascomycete
af� nity have no known teleomorph.

l Trichosporon– colonies slow-growing, white to cream,
butyrous, smooth or wrinkled. Mycelium repent, hyaline.
Conidiophores absent. Conidia of two types: (1) thallic,
formed by fragmentation of the mycelium, cylindrical to
ellipsoid; (2) blastic, formed in clusters near the ends of the
thallic conidia or by budding of the lateral branches of the
mycelium, subglobose, with a narrow distinct scar. Distri-
bution worldwide, from humans and animals, saprobic in
soil, fresh and sea water, plant material, fermented corn
dough.

l Trichothecium– colonies powdery, pink. Conidiophores
erect, separate, simple, unbranched, septate near the bas
rough, apical cell functioning conidiogenously. Conidia
formed in retrogressively delimited basipetal chains,
appearance zigzagged, hyaline, smooth, one-septate, ellip
soid or piriform, thick-walled, with an obliquely truncate
scar. Distribution worldwide, from soil, water, decaying
plant material, leaf litter, cereal seed, pecan nuts, store
apples, fruit juices, foodstuffs especially� our products; also
a potent producer of trichothecene mycotoxins, but signif-
icance to human health is unknown.

l Ulocladium– colonies black to olivaceous black. Conidio-
phores erect, separate, simple or branched, septate, smoot
straight, � exuous, often geniculate, geniculations associate
with preformed loci (pores). Conidia dry, solitary or in
short chains, obovoid to short ellipsoid, with several
transverse and londitudinal or oblique eusepta, medium
brown to olivaceous, smooth or verrucose, base conical
apex broadly rounded and becoming conidiogenous. Not
uncommon, widely distributed, from soil, water, dung,
paint, grasses,� bres, wood, paper, corn, seeds.

l Verticillium – colonies cottony, white to pale yellow,
sometimes becoming black due to resting mycelium.



10 FUNGI j Overview of Classification of the Fungi
Conidiophores erect, separate, septate, smooth, hyaline,
simple, unbranched or branched. Conidiogenous cells
solitary or produced in verticillate divergent whorls, long
lageniform to aculeate, hyaline, phialidic. Conidia form in
droplets at the apices of conidiogenous cells, hyaline,
aseptate, smooth, ellipsoid to cylindrical. Hyaline multi-
cellular chlamydospores and microsclerotia sometimes
formed. Distribution worldwide, commonly causing plant
wilt diseases, from soil, paper, insects, seeds, bakers’ yeast,
potato tubers, commercially grown fungi; also forms
mycotoxins.

l Wallemia – colonies xerophilic, restricted, fan-like or stel-
late, powdery, orange brown to black brown. Conidio-
phores erect, separate, cylindrical, smooth, pale brown.
Conidiogenous cells apical, long lageniform to cylindrical,
�nally verrucose, forming a phialidic aperture without
collarette from which a short chain of four thallic conidia
is formed. Conidia initially cuboid, later globose, pale
brown, �nely warted. Distributed worldwide, from dry
foodstuffs such as jams, marzipan, dates, bread, cake,
salted �sh, bacon, salted beans, milk, fruit, soil, air, hay,
textiles.
Conclusion

It is not the purpose of this article to provide an extensive
review of all the fungi involved in food microbiology. Plant
pathogens play a signi�cant pre-production role but are
beyond the scope of this volume. Many spoilage organisms are
opportunistic and the numbers potentially capable of causing
problems are enormous, so only the most common have been
mentioned. There are comparatively few commercially
produced fungi, and these are greatly outnumbered by those
which are edible but occur only in natural habitats. They are
not pertinent to mainstream food microbiology.
See also: Alternaria; Aspergillus; Aureobasidium; Botrytis;
Brettanomyces; Byssochlamys; Candida; Fusarium; Geotrichum;
Kluyveromyces; Applications of Monascus-Fermented Products;
Mucor; Mycotoxins: Classi� cation; Natural Occurrence of
Mycotoxins in Food; Rhodotorula; Saccharomyces–
Introduction; Trichoderma; Trichothecium; Zygosaccharomyces;
Debaryomyces; Penicillium andTalaromyces: Introduction;
Pichia pastoris.
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Introduction

The Kingdom Fungi belongs to the domain Eukarya and it
includes at least 11 separate groups (seven phyla plus four sub-
phyla of the polyphyletic Zygomycota) with diverse genetics,
morphologies, and life histories. Fungi are of ancient lineage, and
there is fossil evidence of their existence in the Precambrian and
Devonian eras. Recent studies have revealed that fungi are related
more closely to animals than many other eukaryotic organisms,
and these two successful kingdoms diverged from their last
common ancestor (a unicellular organism that lived in the oceans
propelled by a �agellum) on the order of a billion years ago.

The word ‘fungus’ is used to cover a huge range of shapes
and types of cellular, coenocytic, spherical, �lamentous,
simple, complex, mobile, immobile, parasitic, symbiotic,
saprophytic, microscopic, and macroscopic organisms, which
makes any attempt at de�nition dif�cult. Fungi commonly are
de�ned as “chlorophyll-lacking eukaryotes, and hence hetero-
trophic, with the following characteristics: uni- or multinu-
cleate, nutrient absorption, typically chitinous cell walls,
meiosis takes place within a zygote, and lysin synthesis takes
place via adipicamine acid” (Alexopoulos et al., 1996).

Fungi primarily are composed of water (69–90%), carbo-
hydrates, proteins, and lipids (Table 1). The three important
groups of fungi are molds, yeasts, and mushrooms. They come
in three basic shapes: unicellular yeasts, �lamentous hyphae
(molds), and, among the most basal groups, �agellated,
swimming, unicellular organisms that encyst to form
sporangia. Some fungi can possess a mixture of multicellular
�lamentous hyphae (true hypha) and unicellular yeasts struc-
tures (pseudohyphae), depending on prevalent growth condi-
tions. This is known as dimorphism, and it is a particular
characteristic of some pathogenic fungi.

It is estimated that 1.5 million fungal species exist today. In
the environment, fungi are the primary degraders of organic
matter and are responsible for turning dead plants into the
small nutrient building blocks other organisms can use. Certain
fungi also are responsible for causing diseases in humans,
plants, animals, and insects.

Because of their morphological variability, fungi show great
differences in size, structure, and metabolic activity, forming
Table 1 Proximal composition of fungi

Class of compound Dry weight (%)

Carbohydrates 16–85
Lipids 0.2–87
Proteins 14–44
RNA 1–10
DNA 0.15–0.3
Ash 1–29

Grif�n, D.H. 1994. Fungal Physiology, Willey-Liss,
Inc., New York.
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different types of colonies and complicated fruiting bodies. The
latter possess complicated production, propagation, and
dispersion mechanisms.
The Fungal Cell

Somatic Structures

Fungal cells are larger than their bacterial counterparts, but
generally smaller than animal and plant cells. Their cellular orga-
nization, however, does not differ greatly from other eukaryotic
cells, with the possession of a true nucleus and internal cell struc-
tures that are more complex than prokaryotic cells. The use of
electron microscopy for the systematic study of fungal cells has
revealed that their ultrastructure is similar to that of plant cells.

The cytoplasm is bounded by a plasmic membrane and
consists of the usual organelles and inclusions, such as mito-
chondria, endoplasmic reticulum (ER), ribosomes, vacuoles,
vesicles, microtubules (MTs), crystals and polysaccharides,
plasmids, and a membrane-enclosed nucleus.

The plasma membrane (plasmalemma) is a typical bilay-
ered membrane in addition to the presence of sterols. Fungal
membranes possess ergosterol in contrast to cholesterol found
in mammalian cells. Fungal membranes, however, have the
same general structure as other biological membranes, bimo-
lecular lea�ets of lipids, interspersed with proteins and glyco-
proteins to form a �uid mosaic. The enzymatic component of
the membrane was consistent with its role as the mediator of
cell surface phenomena. These enzymes include Hþ-ATPase
(important in transport processes) and chitin synthetase.
Sterol-rich membrane domains might support hyphal growth
in two ways: (1) by facilitating apical endocytosis and (2) by
providing an apical scaffold that helps to organize the cyto-
skeleton, thereby supporting F-actin-based secretion.

The mitochondria of fungi have a double bilayer membrane
and contain complex internal membranes. They differ from
other eukaryotic organisms in that the mitochondria are
commonly elongate, oriented along the hyphal axis. The
membranes are organized as parallel lamellae usually oriented
along the long axis. This orientation is particularly common in
older regions of the hypha, where vacuoles are made up of
a large proportion of each compartment, and the cytoplasm is
between the vacuole and the wall.

Fungi contain diverse membrane-delimited cytoplasmic
structure. The endomembrane system of ER, Golgi apparatus
(Figure 1), vesicles, and vacuole are a heterogeneous assem-
blage having different functions. Structures of the endomem-
brane system have limiting unit membranes similar to
plasmalemma, but often they have a somewhat-different
appearance. An association between elements of the endo-
membrane system indicates a physical continuity between
these organelles. This group structure is part of an interacting
system for the production, sorting, and delivery of enzymes to
-384730-0.00132-4 11
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Figure 1 Golgi apparatus (dictyosome or Golgi body). Reproduced from Alexopoulos, C.J., Mims, C.W., Blackwell, M., 1996. In: Introductory Mycology.
John Wiley, New York.
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the cell surface (secretion) and to the vacuole (storage an
sequestration).

Membranes of the ER may have ribosomes associates wi
them (rough ER) or may lack ribosomes (smooth ER). The ER
receives proteins destined both for the secretion and for vacu
oles, and it carries out the� rst step in their glycosylation. The
Golgi apparatus of oomycete fungi is recognizable as stacks o
� attened cisternae with vesicular margins, called dictyosomes o
Golgi bodies. Dictyosomes usually are not present as such in th
Zygomycetes, Ascomycetes, and Basidiomycetes. In these ca
the Golgi apparatus is reduced to one or a few elements o
membranes related to the ER and associated vesicles. Growi
hyphal tips of all fungi have a system of vesicles concentrated on
the tips’ vesicles that originate from the Golgi apparatus. The
vesicles contain proteins, polysaccharides, and phosphatas
similar to those in the Golgi cisternae. The Golgi apparatus
reaches into the hyphal tip and concentrates on the apica
5–10 mm of the hypha. The ER also concentrates near the apex
hypha, which further indicates that the protein synthesis
machinery becomes polarized to support hyphal tip growth.

Fungal vacuoles share similar features with both mamma
lian lysosomes and plant vacuoles, and they are unusual in
their wide variety of architectures and roles in different species
and in different cell types. Filamentous fungi have a network of
interconnected spherical and tubular vacuole structures tha
may form the basis of a solute transport system that acts a
nutrient transport pipelines. Some� lamentous fungi � ll entire
cellular compartments with vacuole, which reduces the meta-
bolic demands for cytoplasm biosynthesis and markedly affects
cell cycle timing. Vacuoles are highly dynamic, undergoing
a continuous balance of fusion and � ssion reactions to allow
for changes in size, shape, and number during cell division and
in response to osmotic stress. Hypotonic stress increases th
rate and extent of vacuole fusion. In hypertonic conditions,
vacuoles become fragmented and their volume is reduced.
,

Vacuoles are located longitudinally in the hyphae, and they
can through pores of the septa, interconnecting parts of the
thallus. The structure and distribution of tubular vacuoles differ
between fungi, especially between� lamentous and yeast-like
fungi, and change with maturity of the fungus. In older hyphae,
the principal component of cellular compartments appears to be
the vacuole, with less vacuolar structure near the hyphal tip. This
may be involved with storage of nitrogen and phosphate,
packing and secretion of hydrolytic enzymes, synthesis and
secretion of extracellular polysaccharides, and apoptosis. Th
control of pH and ion homeostasis in compartments appears to
rest within the vacuole. Nitrogen is stored in vacuoles primarily
as basic amino acids (arginine, ornithine, and citrulline) in
a high concentration.

MTs are polar structures that grow at their plus ends by the
addition of tubulin dimers; the minus ends are usually less
active. The transport machinery utilizes the polarity of MTs:
Dyneins move toward the MT minus end, and kinesins take
their cargo toward the MT plus end. Speci� c proteins, such as
members of the EB1 family, which bind to the growing MT
plus end, regulate polimerations of tubulins. MTs are most
concentrated in the hyphal tip. It appears that tubules swell,
forming localized vesicles. The vesicles are moved rapidl
along the tubule, through pores of the septum, and to or from
hyphal tips. Each compartment may have many tubules
operating, at different speeds, and in both directions simul-
taneously. Movement of tubules and associated vesicles
controlled by the cytoskeleton. Vacuoles in� lamentous fungi
utilize MTs and their motor proteins for movement. Yeasts
appear to rely more on actin cables for movement.

One of the characteristic features for fungi with true hyphae
is the presence of the Spitzenkörper, a highly dynamic cellula
structure of variable composition and shape, without
a membrane boundary, adjacent to the site of polarized cell
extension. It is a structure present at actively growing tips tha
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disappears when growth ceases. It also coincides with th
direction of polarized growth. The structure of the Spitzen-
körper differs between species, but it is also dynamic and
variable within a species. The most recent classi� cation, based
on structural observations using phase-contrast light micros
copy, divides Spitzenkörper morphology in fungi into eight
groups. Some elements, such as vesicles of various kind
micro� laments, MTs, and ribosomes, generally are present i
the Spitzenkörper. Not all of them, however, are present in
every species or at all times in a single species. Furthermor
a single hyphal tip may have a variable Spitzenkörpe
composition through time.

On the other hand, nuclei contain all cellular DNA and
one true nucleolus, which is rich in RNA. A unique property
of nuclear membrane and nucleolus is that they persis
throughout the metaphase of mitosis and meiosis, unlike in
plant and animal cells, where it dissolves and reforms. All
fungal nuclei are haploid, except those of the zygote. The
nucleus possesses paired chromosomes, which are genera
small and granular, although they can be � lamentous.
Furthermore, the separation of the chromosomes is asincroni
in the anaphase. Most of the fungi do not have a true
centriole. Furthermore, inside the fungal cell, genetic mate
rials are in the chromosomes (80–99%), like chromatin, and
in mitochondria (1 –20%). On the basis of the chromosomic
amount, fungal cells are the following:

l Monokaryotics: with one nucleous.
l Dikaryotics: with two nuclei. These can be homokaryotic or

heterokaryotic. The � rst one contains genetically similar
nuclei, whereas heterokaryotic hyphae contain two kinds of
genetically different nuclei. In monokaryotic hyphae, each
compartment possesses only one haploid nucleus, while
dikaryotic hyphae possess two genetically distinct haploid
nuclei per compartment.
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The Cell Wall

The fungal cell is encapsulated by an extracellular matrix, th
cell wall, which protects it from osmotic pressure and envi-
ronmental stress and determines cell shape. Not all species o
fungi have cell walls, but in those that do, cell wall synthesis
is an important factor in determining the � nal morphology of
fungal elements. The fungal wall also protects cells agains
mechanical injury and blocks the ingress of toxic macro-
molecules. This� ltering effect may be especially important in
protecting fungal pathogens against certain fungicidal prod-
ucts of the host. The fungal cell wall is also essential to
prevent osmotic lysis. Even a small lesion in the cell wall can
result in extrusion of cytoplasm as a result of the internal
(turgor) pressure of the protoplast. If cell wall is removed or
weakened, the fungi die unless they are osmotically protected
It also provides an aggressive function, as it harbors man
hydrolytic and toxic molecules, most of them being in transit
in the cell wall and required for a fungus to invade its
ecological niche. Furthermore, its rigid structure is useful a
a force for the penetration of insoluble substrates that it
colonizes or invades.

The cell wall consists of several rigid layers, containing
� brils that are arranged variably. These� brils maintain
a characteristic cellular morphology, allowing interactions
between fungi and the environment, other cells, or the host.
Considered for a long time to be an inert exoskeleton, the cell
wall is now seen as a dynamic structure that is changing
continuously as a result of the modi� cation of culture condi-
tions and environmental stresses. Although the cell wall
composition varies among fungal species, the cell walls o
most fungi consist of � ve major components: (1/ 3)-b-
glucan, (1/ 6)-b-glucan, (1/ 3)-a-glucan, chitin, and glyco-
proteins. The central core of the cell wall is a branchedb 1,3,
1,6 glucan that is linked to chitin via a b 1,4 linkage. Inter-
chain, b 1,6 glucosidic linkages account for 3–4% of the total
glucan linkages. This structural core, which is differently
decorated depending on the fungal species, generally i
thought to be � brillar and embedded in amorphous cement
(usually removed by alkali treatment).

The cell wall is composed of polysaccharides (80–90%),
glycoproteins (protein–polysaccharide complex), lipids, and
other components in smaller quantities. Insoluble poly-
saccharides such as cellulose, chitin, anda- and b-glucans
make up the rigid matrix responsible for cell wall resistance.
Cell walls of all true fungi contain a minor percentage of
chitin (glucosamine polymer), together with an amorphous
matrix of hetero- and homopolysaccharides often attached to
proteins, with the latter providing adherence. The proteins are
part of the extracellular enzymes. The cells walls of hyphae ar
0.5 mm–1.00 mm in diameter, but at the apex, the wall is
thinner and simpler; it seems to have an inner layer of chitin
and protein and an outer layer of protein. Probably, more
layer or wall materials are added behind the growth apex, and
they may contribute to the cell wall endurance when it
matures. The lipid content may contribute to the surface
properties (elasticity, sensitivity) and help prevent desiccation
of the spores.

Pigments such as melanin may be incorporated into the
cell wall, or they can constitute an outer layer. Probably,
these pigments help to defend protoplasm against the
hazardous effects of ultraviolet radiation; they also could
protect from other organisms’ lytic enzymes. Those fungi that
possess melanin pigments in their cell wall are called
phaeoid or dematiaceous, and their colonies are colored
gray, black, or olive (species of Bipolaris, Cladosporium,
Exophiala, Fonsecaea, Phialophora, and Wangiella). Those
hyphae that do not possess any pigment in their cell wall are
called hyaline.

Chemical analysis of fungal cell walls enables the subdivi-
sion of fungi into distinct evolutionary groups, and it has
improved the present classi� cation systems. Filamentous
basidiomycetes, ascomycetes, and deuteromycetes poss
chitin –b-glucans in their cell walls. On the other hand, asco-
mycete and deuteromycete yeasts have mannan–b-glucan,
whereas basidiomycete yeasts have chitin–mannan.
Zygomycetes contain chitin–chitosan, oomycetes cellulose–
b-glucan, and hyphochytridiomycetes contain cellulose–chitin.

Composition of the cell walls of many fungus species is not
always the same in all circumstances. Some substances appe
in young hyphae, and they can disappear nearly completely in
older structures; or other substances can precipitate, hiding th
presence of the initial constituents and making their detection
more dif � cult. Moreover, it has been demonstrated that
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external factors such as culture medium composition, pH, and
temperature profoundly in� uence the chemical structure of
fungal cell walls.
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Multicellular Fungi

The hypha includes a thin, transparent tubular wall, whose
interior is full of or covered with protoplasm of a different
density. A mass of hyphae forms the thallus (vegetative body) o
the fungus, composed of mycelium. The thallus of� lamentous
fungi typically consists of microscopic� laments, which branch
out in all directions, thus colonizing the substrate that serves as
food. They can grow over or into the substrate. The mycelium is
a structure composed of hyphae that form a weft or tissue, and
varies according to its function. Because hypha is the structura
unit of mold, the mycelium imparts color, texture, and topog-
raphy to the colony. Mycelia are of three kinds:

1. Vegetative mycelium penetrates the surface of the medium
and absorbs nutrients.

2. Aerial mycelium grows above the agar surface.
3. Fertile mycelium, an aerial hyphae, bears such reproductiv

structures as conidia or sporangia.

The protoplasm held within the hyphae is interrupted at
regular intervals by cross-walls called septa, which divide eac
hypha into sections or cells. In the more elementary� lamen-
tous, fungi septa are only formed at the base of reproduction
organs; rapidly growing hyphae are coenocytic, meaning tha
they are aseptate. When hyphae grow older, septa are formed
several places. As one part of the hypha dies and the protoplasm
draws back to the growing tip, a septum is formed that separate
the dead section from the living one. The essential character o
the coenocytic condition is that during growth nuclear division
occurs without formation of new cells, leading to the develop-
ment of a large mass of cytoplasm containing many nuclei.

Three types of septa are distinguished. Primary septa a
formed in connection with nuclear division, and they remain
between the two newly formed nuclei. Adventitious or
secondary septa are formed independently from nuclear divi-
sion, and they are related to changes in protoplasm concen
tration, as the protoplasm moves from one part of the hypha to
another. Basal septa are in the base of the reproductive organ
from coenocytic � lamentous fungi. Secondary septa can als
appear in these fungi due to aging.

Septa vary in complexity according to their structure. All
types seem to be formed by centrifugal growth, from the hypha
wall toward the internal part. In some septa, growth continues
until the septum has been converted into a continuous plate. In
others, the septum remains incomplete, leaving a central pore
that often is blocked (Figure 2). Associated with each septum
are spherical, membrane-bound organelles called Woronin
bodies that are composed of protein, remain close to the septa
pore, and tend not to be disturbed by the cytoplasmic
streaming taking place; they tend to be of the same or large
diameter than the septal pore and, therefore, are capable o
blocking the pore. They block the septal pore if the adjacen
hyphal compartment is damaged or aging and becoming
highly vacuolated. Those that do not possess Woronin bodies
often have large hexagonal crystals of protein in the cytoplasm
with the same function.
Some fungi may possess multiperforate septa (micropores)
In these cases, the number of pores in each septum can vary u
to a maximum of approximately 50. These micropores allow
cytoplasmic continuity between adjacent hyphal compart-
ments, but they are too small to allow for cytoplasmic
streaming to occur to the extent observed in fungi possessin
larger septal pores. In the more complex fungi, septa posses
a central formation that consists of a barrel-shaped dilatation,
� anked by a perforated membrane. This formation is called
a dolipore septum. Dolipore septa are lined by a membrane
structure, the parenthesome or septal pore cap, and it is found
in fungi belonging to Basidiomycota. The perforated paren-
thosome allows cytoplasmic continuity, but it prevents the
movement of major organelles.

In fungi containing perforated septa, protoplasts on either
side of the septum are connected through the pore itself. Thes
pores are normally large enough to allow nuclei and other
organelles to pass through, so that nuclear movement is no
necessarily impeded in septate fungi. Each of the cells of septa
hypha can contain one or more nuclei. The number of nuclei is
characteristic of each fungus group, but most of them have
multinucleate cells.

The septa can act as structural supports, which are the� rst
line of defense when part of a hypha is damaged, and they
facilitate differentiation in fungi. Septa can isolate adjacent
compartments so that different biochemical and physiological
processes can occur within them. These may result in differ
entiation of the hyphae into specialized structures, such as
those associated with sporulation.
Unicellular Fungi

Yeasts are predominantly unicellular fungi that generally
reproduce by� ssion or budding (some people consider� ssion
as a wide-based gemmation). They can be spherical, ova
elliptic, or elongated and cylindrical. Sometimes, they form
� lamentous structures. Their size varies from 3 to 10mm in
width and from 5 to 30 mm in length. Yeast species differ in the
manner of budding (apical, lateral, bipolar, or multipolar) and
in some other morphological and physiological details.

After budding (an essential characteristic of yeasts), som
species, which are generally unicellular, remain attached
forming a pseudomycelium that possesses a tiny micropore
and minute � laments at the joining unions. These� laments
(observed by scanning electron microscopy) provide the force
that impedes separation of the buds. Sometimes, depending on
the substrate, some yeasts eventually can form true mycelium
like � lamentous fungi, but their initial development always
starts from budding yeasts.
Fungal Hyphae Growth

Most fungi grow at temperatures between 0 and 30� C, but
optimum temperatures vary between 20 and 30� C. There are
several thermophilic species (e.g., fungi of the genusAspergillus
grow at temperatures close to 50� C), whereas others are
psychrophilic, growing at relatively low temperatures (below
10 � C). The ability of fungi to withstand extremely low
temperatures when in a state of dormancy allows fungus
cultures to be stored in liquid nitrogen at � 196 � C for
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Figure 2 Septum with central pore. Reproduced from Alexopoulos, C.J., Mims, C.W., Blackwell, M., 1996. In: Introductory Mycology. John Wiley,
New York.
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prolonged periods. On the other hand, fungi prefer acid media
for growth; pH 6 is most suitable for the majority of the species
studied. Consequently, growth in slightly alkaline medium
causes metabolic stress. During growth, fungi secrete organ
acids in part to acquire certain nutrients, and incidentally
modify their environmental pH. The range of growth medium
pH is relatively broad, but in general, the growth rate in
somewhat-alkaline medium is slower and the cells are les
robust.

A low quantity of light, although not necessary for
growth, is essential for sporulation of many species. Division
into zones in certain species that have sporulation and
nonsporulation zones seems to be induced by alternating
light and dark periods. Although the process whereby light
activates sporulation in fungi has not yet been identi� ed, it
has been hypothesized that light stops hyphal growth, initi-
ating a cascade of processes leading to sporulation. It
commonly known that light is a key factor in dissemination
of spores, because sporophores of many fungi demonstrat
positive phototropism, so that spores are released toward the
light.

On adequate substrates, fungal hyphae can continue growin
inde� nitely. In nature, fungal colonies have been observed tha
are hundreds of years old, as in the case ofArmillaria bulbosa
(Basidiomycetes), which was spread over 15 ha (about 40 acres
in a forest in Michigan, USA. It had an estimated weight of
10 tons and was approximately 1500 years old.

The asexual life cycle of� lamentous fungi begins with spore
germination and production of a vegetative hypha to form the
mycelium. It has a tendency to grow uniformly in all directions
from a central point, thus forming a spherical colony. A true
sphere is rarely formed in nature, but fungi are able to produce
a rapid growth response if substrate conditions and externa
factors are favorable. On solid synthetic media, fungi tend to
form circular colonies.

The growth process requires new material to be inserted into
both the plasma membrane and the cell wall. At the macro-
scale, the interaction of fungi with the environment forms the
main focus. Variables in such models represent densities (o
numbers) and the interaction of these densities usually is
modeled via systems of ordinary or partial differential equa-
tions. Examples include the modeling of carbon cycling in the
environment, fungal crop pathogens, and biocontrol. At the
other extreme of scale, much modeling work has focused on
hyphal tips (elongation, Figure 3), where the most convincing
explanation is provided by a combination of two models: the
steady-state model of Wessels and the vesicle supply cent
(VSC) model of Bartnicki-Garcia. According to the steady-stat
model, � bers of the cell wall, such as chitin or glucan chains
are synthesized at the hyphal apex. In the apex, these� bers are
not yet cross-linked and the wall is still � exible. As the tip
expands, subapical chitin crystallizes and becomes covalentl
bound to b-1,3-glucans, thus solidifying the cell wall in the
older parts of the growing hypha. Although still controversial, it
is widely thought that the hyphal cytoplasm exerts pressure on
the wall, thereby powering the expansion of the plastic apex
during hyphal-tip growth.

The VSC model proposes that vesicles mediating cell growt
are created in the Golgi bodies and� rst transported to the
Spitzenkörper, which acts as an organizing center (VSC), via th
cytoskeleton. From there, the vesicles are released randomly
all directions to ultimately fuse with the plasma membrane and
externalize its contents, causing a local expansion of the ce
envelope. The Spitzenkörper can be perceived as a switchin
station, where microtubule-based transport changes into
micro� lament-based transport or a Golgi-derived exocytic
vesicle, and it also plays a role in endocytosis. The presence
the Spitzenkörper in true hyphae, but not pseudohyphae and
yeast cells, may be due to the necessity for ef�cient long-range
transport of vesicles in true hyphae.

Material for new plasma membranes and cell walls is
produced in the ER and processed in the Golgi tubules at site
distant from their � nal destination. From there, it is transported
in vesicles to the hyphal tips by the cytoskeleton and its asso
ciated motors. Therefore, the presence of cytoskeletal elemen
such as MTs and micro� laments in the Spitzenkörper is not
surprising, as it would be the site where the cytoskeleton
releases vesicles at the tip. MTs involved in apical growth ar
distinct from those involved in mitosis, as the Spitzenkörper
does not show changes in its presence during mitosis, an
a subset of MTs persist at the hyphal tip, when the rest of the
MT population is disassembled. Microtubule-organizing
centers (MTOC) are present throughout the hyphae and are
associated with nuclear positioning. The Spitzenkörper could
serve as an MTOC, given its crucial position, and the necessi
of MTs for the transport of vesicles to the tip. Two groups of
motor proteins are associated with MTs shuttle vesicles an
organelles in the cytoplasm: kinesins and the dynein–dynactin
complex. Kinesins are responsible for plus-end directed anter
ograde transport, whereas the dynein–dynactin complex is



al
t

l

Figure 3 A model of hyphal-tip growth. Steinberg, G., 2007. Hyphal growth: a tale of motors, lipids, and the Spitzenkörper. Eukaryotic Cell 6,
351–360.
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responsible for minus-end directed retrograde transport. Both
retrograde and anterograde transports are necessary for hyph
morphogenesis and Spitzenkörper integrity, although the effec
of retrograde transport on the Spitzenkörper is indirect.
Figure 4 Branching patterns in fungal mycelia. (a) Branched hyphae
Asterisks mark examples of apical branching. (b) Segment of anAspergillus
septa) and Hoechst 33 258 (to show nuclei). Three lateral branches are
3 appears to be associated with a septum. Note the presence of both
Branching of fungal hyphae: regulation, mechanisms and comparison
Ribosomes are present in the Spitzenkörper, thereby implying
that localized intensive protein synthesis occurs at the hypha
tip. Together with microvesicles, MTs, and micro� laments,
ribosomes were proposed to make up a Spitzenkörper core
from the leading edge of a growingNeurospora crassa(strain FGSC9716) colony.
nidulans(strain FGSC28) hypha stained with Calco� uor White (to show
shown; 1 and 2 emerge from the middle of their respective compartments, whereas
apical and lateral branches. Bars, 30 mm (a) and 3 mm (b). Harris, S.D., 2008.
with other branching systems. Mycologia 100, 823–832.
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Figure 5 Rhizoides (double arrow) fromRhizopus arrhizus. Carillo, L.,
1995. Micologia de los Alimentos, Hemisferio Sur, S.A., Buenos Aires.
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region. Other structures, such as� lasomes, vesicles associate
with � lamentous material, have also been reported. Spitzen
körper disappears before the new branches of a dichotomou
branch are formed. Two new Spitzenkörper are produced afte
the initials of the two new branches become visible, one at the
tip of each new branch. Therefore, it is most likely that new
Spitzenkörper are formedde novo. So, the Spitzenkörper is no
necessary for the selection of a new polarization site, but i
rather has a function in polarity maintenance. In support of de
novoformation, satellite Spitzenkörper was reported to form at
a short distance from the tip, before they merge with the main
Spitzenkörper.

The VSC model can determine the cell shape, tip formation
growth reorientation, and branching. On the other hand, the
diffusive VSC model incorporates two aspects of a more rea
istic vesicle delivery mechanism: vesicle diffusion from the VSC
and a � nite rate constant for vesicle fusion with the cell
membrane.

The success of fungi in colonizing terrestrial ecosystems ca
be attributed largely to their ability to form hyphae and
mycelia. Branching (Figure 4) is central to the development of
mycelial colonies and also appears to play a key role in funga
interactions with other organisms. Apical cells (or hyphal-tip
cells) generally are engaged in nutrient acquisition and
sensing of the local environment, whereas subapical cell
generate new hyphae by lateral branching. Hyphal branching
appears to serve two general purposes. First, it increases t
surface area of the colony, which presumably enhance
nutrient assimilation. Second, branches mediate hypha
fusion events that appear to be important for the exchange o
nutrients and signals between different hyphae in the same
colony.

The characteristic pattern of mycelial organization implies
that individual fungal hyphae exhibit a phenomenon known
as apical dominance, whereby the growing tip is dominant
and suppresses the formation of lateral branches in its
vicinity. It seems intuitive that the absence of apical domi-
nance would result in a chaotic growth pattern that compro-
mises colony development, and indeed, recent geneti
analysis supports this view. The existence of apical dominanc
suggests that hyphal branching is subject to temporal and
spatial regulatory mechanisms that ensure normal patterns o
mycelial organization.

The emergence of a branch from the hyphal tip is referred to
as apical branching. Apical branching presumably occurs in
response to the abnormal accumulation of exocytic vesicles a
the hyphal tip. Evidence is limited that apical branching shares
common control mechanisms with the more prevalent
branching pattern, lateral branching. Instead, it seems likely
that apical branching is a general response that enable
continued growth under conditions that compromise organi-
zation of hyphal tips and thereby disrupts apical dominance.
There are fungi for which apical branching appears to be
a programmed feature associated with rapid hyphal extension

The predominant branching pattern exhibited by fungal
hyphae is lateral branching, whereby new branches emerg
from sites distal to the hyphal tip. Several features distinguish
the formation of lateral branches from apical branching. Unlike
apical branching, the formation of a lateral branch has no
apparent impact on the extension rate of a growing hypha or
the shape of its tip. Lateral branching appears to be associate
with the de novoformation of a Spitzenkörper near the incipient
branch site, whereas apical branching is triggered by th
temporary loss of the Spitzenkörper at the tip. Lateral branch-
ing would occur only when a potential site is far enough
removed from the tip so as to escape the effects of these factor
There appears to be two broad patterns of lateral branching
branches associated with septa and random branching.

The analysis of lateral branching patterns suggests tw
possible models that could explain how � lamentous fungi
select branch sites: the‘septum as a barrier’ model and the
spontaneous polarization model. Because apical branching
usually is not associated with septa, it is more likely to be
directed by the latter model. The process of forming a hyphal
branch can be conveniently broken down into a series of steps
that follow the initial selection of the branch site: recruitment,
polarization, and maturation.
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Special Vegetative Structures

Hyphae may have some specialized structure or appearanc
that aids in identi � cation:
l Spiral hyphae. These are spirally coiled hyphae.
l Pectinate body. These are short, unilateral projections from

the hyphae that resemble a broken comb.
l Favic chandelier. These are the group of hyphal tips that

collectively resemble a chandelier or the antlers of the dee
(antler hyphae).

l Nodular organ. This is an enlargement in the mycelium
that consists of closely twisted hyphae.

l Racquet hyphae.This is a regular enlargement of one end of
each segment with the opposing end remaining thin.

l Stolons or Runners. These are hyphae destined fo
dissemination of the species on the substrate, forming an
extended aerial structure of mycelium that allows the
fungus to advance rapidly over the medium in all directions.
The stolons are unbranched aerial hyphae that grow in
a straight or arched manner over a long distance and
connect groups of rhizoids. They are characteristic of th
generaAbsidiaand Rhizopus(Zygomycotina subdivision).

l Rhizoids (Figure 5) and Haustoria (Figure 6). These are
lateral outgrowths of intracellular hyphae specially modi-
� ed for absorption of nutrients. These rootlike hyphae,
which enlarge the absorption surface for food substances
are called rhizoids in saprophytic fungi, and haustoriain
Figure 7 Longitudinal section through a rhizomorph. Reproduced from
John Wiley, New York.

Hypha HostHaustorium

Figure 6 Different forms of haustoria. Reproduced from Alexopoulos
New York.
parasites. The rhizoid is seen in portions of vegetative
hyphae in some members of zygomycetes. Parasitic fung
penetrate with haustoria into the host cells through little
pores that the fungus previously made in the cell wall.
Haustoria are variously shaped, being knob-shaped in
Albugo candida, large and irregularly swollen in Peronospor
parasitica, and branched in Puccinia menthae.

l Appressoria. Modi � cations of hyphal structure and orga-
nization occur in relation to special functions. These are
attachment elements, formed by modi� ed or specialized
hyphae, which act as adhesion or anchorage organs
Appressoria are localized swellings of the tip of germ tubes
or older hyphae that develop in response to contact with the
host. They originate in infection hyphae and penetrate into
the host epidermal cells (generally of plant origin). An
appressorium sometimes has the same shape as a rhizoid o
haustorium, but it differs from these, because it is provided
with a mechanical adherence, as contrasted with opposite
forces, thus� xing the mycelium to the substrate.

l Rhizomorphs (Figure 7). These structures are made up o
bundles of hyphae of large diameter, forming complex
networks. The outer cells develop a solid, thick cortex. The
inner cells form a central meristem or medulla and are
specialized for nutrient storage and transport. The extreme
part of a rhizomorph has a rootlike structure, which enables
longitudinal growth. Rhizomorphs can reach a considerable
length and they are common in wood-destructive fungi of
Alexopoulos, C.J., Mims, C.W., Blackwell, M., 1996. In: Introductory Mycology.

 cell

Hypha

Host cellHaustorium

, C.J., Mims, C.W., Blackwell, M., 1996. In: Introductory Mycology. John Wiley,
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the Basidiomycotina subdivision. They are able to grow
through unusual substrates such as concrete walls and to
advance several meters in a longitudinal direction.

l Chlamydospore (or chlamydoconidia). They are thick-
walled cells that are larger than other cells and arranged
singly or in groups.

l Arthrospores (Figure 8). Some alternating cells become
thick walled and subsequently the intervening cells disin-
tegrate leaving behind arthrospores (or arthroconidia).
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General Considerations in the Classification of Life

The classi�cation of organisms is a purposely directed part of
botanical and zoological sciences. For example, the classi�cation
of fungi constantly is being modernized and still is undergoing
signi�cant rearrangements and innovations. Changes in this
classi�cation system have occurred from as early as the sixteenth
century up to the present time. Early stages in the classi�cation of
fungi took their usefulness for humankind into account by
classifying them as edible, inedible, or poisonous. Modern
classi�cation is based on genetics and phylogeny.

A simple classi�cation system, however, exists in medicine
even today, whereby each organism is regarded as a pathogenic
or nonpathogenic; obligate parasite or facultative parasite; or
aerobe, anaerobe, or facultative anaerobe.

In his Systema Naturæ of 1735, Caroli Linnæi (1707–78),
widely known as Carl von Linné or Carl Linnaeus (his original
Swedish name was Carl Nilsson Linnæus), introduced a classi-
�cation system based on a system of three kingdoms. These
were the kingdom of animals, kingdom of plants, and kingdom
of minerals in the Caroli Linnæi Systema Naturæ Editio Princeps
(Caroli Linnæi, sveci, Doctoris Medicnæ, Systema Naturæ, sive
Regna Tria Nature, Systemaice Proposita per Classes, Ordines,
Genera, and Species. Lugduni Batavorum, Theodorum Haak,
MDCCXXXV). The classi�cation of minerals as the kingdom of
minerals later was made obsolete, but the two-kingdom clas-
si�cation based on the kingdom of animals and kingdom of
plants has been used widely. At this stage, the old, random,
‘�exible’ categories of organisms were reclassi�ed and tightly
connected to a rigid binary nomenclature of organisms intro-
duced by Linnaeus in 1758. Indeed, the classi�cation system
and the systematics are interdependent. In turn, the systematics
includes both taxonomy and the nomenclature of organisms.
Systematics and taxonomy are strongly dependent on
nomenclature and terminology. The classi�cation system is
interconnected with and dependent on the nomenclature and
terminology adopted by systematics and taxonomy, and vice
versa. The classi�cation system adopted by Linnæi has a strong
and rigid nomenclature system with a hierarchy of rungs: Life,
domain, kingdom, subkingdom, phylum or division,
subphylum or subdivision, class, subclass, order, family, genus,
species, subspecies, and variant.

The �rst attempts to introduce distinct ranks in botany were
made by the German botanist Augustus Quirinus Rivinus
(1652–1723) in approximately 1690.

The two-kingdom classi�cation system for living organisms
created by Linnaeus was transformed in 1866 to the three-
kingdom system proposed by the German biologist Ernst
Heinrich Philipp August Haeckel (1834–1919), following
earlier proposals by the English biologist Sir Richard Owen
(1804–92) and the British naturalist John Hogg (1800–69).

In addition to Linnaeus’s two-kingdoms – Regnum Vegeta-
bile and Regnum Animalia – kingdom Protista was introduced.
As such, the new three-kingdom classi�cation of living organ-
isms was based on kingdom Protista, kingdom Plantae, and
20 Encyclopedia of Food Mic
kingdom Animalia. At the beginning, kingdom Protista
included more than 70 000 species of different organisms, such
as algae, protozoans, slime molds, and other. Following the
classi�cation system of Haeckel, kingdom Protista included
Chromalveolata, Heterokontophyta, Haptophyta, Cryptophyta
(cryptomonads), Alveolata, Dino�agellata, Apicomplexa, Cil-
iophora (ciliates), Excavata, Euglenozoa, Percolozoa, Meta-
monada, Rhizaria, Radiolaria, Foraminifera, Cercozoa,
Archaeplastida, Rhodophyta, Glaucophyta, Unikonta, Amoe-
bozoa, Choanozoa, and many others. Possibly up to 200 000
species were included at the time of the reclassi�cation.

Kingdom Protista mainly had consisted of unicellular or
multicellular organisms without specialized tissues, which
were dif�cult to include in the old two-kingdom classi�cation
system. Differences in the structural organization of the
organisms’ bodies formally distinguish the Protista from other
representatives in domain Eukarya, such as animals and plants.

The French biologist Édouard Chatton (1883–1947) pub-
lished an article in Annales des Sciences Naturelles (Zoology)
in 1925 concerning the classi�cation of organisms. In this
article, he �rst proposed the recognition of a division between
prokaryotic and eukaryotic organisms. The classi�cation
system, however, was far from complete. In 1938, the American
biologist Herbert Faulkner Copeland (1902–68) published an
article and later a book regarding a new development in clas-
si�cation. It was triggered by signi�cant progress in the
instrumentation of microscopy and later the appearance of
electron microscopy, which revealed differences among
unicellular organisms and allowed observers to distinguish
prokaryotes (cells without a distinct nucleus) from eukaryotes
(cells with a distinct nucleus). This resulted in the establish-
ment of the additional kingdom Monera, which included
prokaryotes, such as bacteria and ‘blue-green algae.’ Kingdom
Protista was reserved for only single-celled eukaryotes. The total
number of kingdoms in the classi�cation system increased to
four: kingdom Monera, kingdom Protista, kingdom Plantae,
and kingdom Animalia.

Important ranks were added to the classi�cation system,
namely super kingdoms or empires: empire Prokaryota, which
included kingdom Monera; and empire Eukaryota, which
included kingdom Protista, kingdom Plantae, kingdom Fungi,
and kingdom Animalia. This classi�cation was proposed in
1969 by the American plant ecologist Robert Harding Whit-
taker (1920–80). He based this �ve-kingdom classi�cation on
ecology, evolution, and plant structures.

This two-empire system of classi�cation still is used by
some scientists (as shown in Table 1).

In the United States and some other locations, the six-
kingdom classi�cation system became popular after publica-
tions by Dagan et al. (2010) and Woese et al. (1990). They
proposed the introduction of a three-domain system. It is
a mixture of the previous classi�cation systems (as outlined in
Table 2).

This classi�cation system is not perfect; even Woese agrees
that kingdom Protista is not a monophyletic group.
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00139-7
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Table 1 Classi� cation system

Life

Empire Prokaryota Empire Eukaryota
Prokaryotic cells without

nuclei and membrane-bound
organelles.

Eukaryotic cells with nuclei and
membrane-bound organelles.

Kingdom Monera Kingdom Protista
There are approximately 10 000

species, unicellular and
colonial, including the true
bacteria (eubacteria),
cyanobacteria (blue-green
algae)

There are approximately 250 000
species, unicellular protozoans,
and multicellular, unicellular
(macroscopic) algae.

Kingdom Plantae
There are approximately 250 000

species, haploid and diploid life
cycles, mostly autotrophic.

Kingdom Fungi
There are approximately 100 000

species, haploid and dikaryotic,
multicellular, mostly
heterotrophic.

Kingdom Animalia
There are approximately 1 000 000

species, multicellular animals.

Table 2 The six-kingdom classi�cation system

Life

Domain Bacteria Domain Archaea Domain Eukarya
Kingdom Bacteria Kingdom Archaea Kingdom Protist

Kingdom Plantae
Kingdom Fungi
Kingdom Animalia
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Furthermore, British professor Thomas Cavalier-Smith pub
lished a system of classi� cation of life based on evolutionary
data. It, however, has not received wide recognition. The
modernized classi� cation system of Cavalier-Smith was based
on a six-kingdom system (as shown inTable 3).

In 2005, a classi� cation system that followed the article
“The Real‘Kingdoms’ of Eukaryotes,” by Simpson and Roger,
Table 3 The modernized classi�cation systems

Life

Empire Bacteria Empire Eukaryota
Kingdom Bacteria Kingdom Protozoa
Archaebacteria is part of

a subkingdom
Amoebozoa, Choanozoa, Excavata

Kingdom Chromista
Alveolata, Heterokonta, Haptophyta,

Rhizaria
Kingdom Plantae
Glaucophytes, red and green algae,

land plants
Kingdom Fungi
Kingdom Animalia
was accepted by the International Society of Protistologists
A division of eukaryotes into six ‘supergroups’ was recom-
mended by Adl et al. (2005).

The uncertainty in the classi� cation of fungi was re� ected in
attempts by Haeckel to move the fungi out of Plantae and into
Protista. In the� ve-kingdom classi� cation system (proposed by
Whittaker), fungi receive their own kingdom in the empire.

In the new system, super kingdom (empire) Eukaryota
comprises� ve distinct kingdoms: kingdom Monera, kingdom
Protista, kingdom Mycota (reserved exclusively for fungi),
kingdom Metaphyta, and kingdom Metazoa. This classi� cation
system is in good agreement with the phylogeny of organisms
and is accepted widely among taxonomists.

In the previous classi� cation system, all organisms in Basi-
diomycota were named Basidiomycetes. Basidiomycota an
Ascomycota frequently are named in classi� cation systems as
Basidiomycetes and Ascomycetes and even as‘basidios’ and
‘ascos’ in mycological slang. The class Basidiomycetes is coe
tensive with subdivision Basidiomycota.

The organisms described in this article are placed in domain
Eukarya, as nucleus-containing organisms. They are found i
kingdom Fungi, subkingdom Dikarya, and phylum Basidio-
mycota, following Moore. The subphyla in phylum Basidio-
mycota are Agaricomycotina (jelly fungi, yeasts, and
mushrooms), Pucciniomycotina (a diverse group of fungi,
including rusts, yeasts, jelly-like, and smut-like fungi), Ustila-
ginomycotina (smut fungi), and two classes of incertae sedi
(no subphyla): Wallemiomycetes and Entorrhizomycetes.

As indicated, the classi� cation of life is far from complete,
because the systematics is based on developments in taxonom
and phylogeny and needs further development and improve-
ment. Because the classi� cation is purposely directed, it will
continue to be improved well into the future, and every major
improvement in taxonomic techniques will lead to a partial or
general reclassi� cation of a variants, species, genus, and famil
level.
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Taxonomy, Systematics, and ClassiÞcation
of Basidiomycetes

The position of Basidiomycetes among living organisms is
outlined in Table 4.

The simpli� ed classi� cation system for fungi and fungus-
like organisms can be summarized as follows:

Chytridiomycota : These primitive microscopic fungi live in
soil, fresh water, and estuaries. There are approximately 70
species.

Oomycota (under discussion): These microscopic eukary
otes are funguslike organisms of a distinct phylogenetic lineage
They are � lamentous, absorptive organisms that reproduce
both sexually and asexually.

Zygomycota: There are approximately 1100 species.
Imperfect Fungi or Fungi Imperfecti (Deuteromycota):

There are approximately 25 000 species of fungi that are dif� -
cult to place in the commonly established taxonomic classi� -
cation. These organisms have no known sexually reproductiv
stage.

Ascomycota: These commonly are known as sac fungi
There are approximately 65 000 species.
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Table 4 The place of Basidiomycetes among living organisms

Prokaryotes
The nucleus and cell membrane absent organisms as viruses and

spirochetes
l Bacteria
l Blue-green algae
l Other prokaryotes
Eukaryotes
The nucleus and cell membrane organisms
l Animals (amoeba and others)
l Red and green algae
l Plants
l Slim molds
l Water molds
l Brown algae
True fungi
l Ascomycota
l Basidiomycota
l Basidiomycetes
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Basidiomycota: These are commonly known as higher
fungi. There are approximately 32 000 species.

Ascomycota and Basidiomycota form subkingdom Dikarya.
Following Kirk et al. (2008), Basidiomycota is one of the largest
phyla in kingdom Fungi.

Fungi are generally classi� ed according to the following set
of criteria:

1. Morphology of reproductive structures: Morphology
includes unidenti� ed sexual reproduction or identi� ed
sexual reproduction. Examples of fungi with identi� ed
sexual reproduction (sexual spores) include Zygomycotina
Ascomycotina, and Basidiomycotina, which produce
zoospores, ascospores, and basidiospores, respective
Some Basidiomycotina reproduce both sexually and asex
ually, or even asexually exclusively.
Figure 1 Clitocybe(Laccaria) laccatavar.Rosella. The basidium bears fou
J.E., 1935.Flora agaricina Danica, vol. I., published under the auspices o
Botanical Society, Copenhagen, 1935–1940.
Basidiomycetes produce spores (basidiospores) on specia
ized cells called basidia, which are spore-bearing cells with
a club-shaped structure. Phylum Basidiomycota is named
based on the presence of basidia and basidiospores. Eac
basidium usually has four spores (Figure 1).

Some species, however, have basidia with two spore
(Figure 2).

Most Basidiomycetes have ballistospores, which are repro
ductive spores that are shot from the basidium. The ballisto-
spores are characteristic of mushrooms, although not al
mushrooms have them. A basidium is a club-shaped cell that
contains granular protoplasm. During development, a sap-
� lled vacuole appears at the base of the basidium. At the
same time, sharp horns appear at the top of the basidium,
which forms two or four sterigmata. These sharp-horned
extensions are parts of the basidium. At the tip of each
sterigma develops a basidiospore (Figure 3).

2. Type of spores: A blastospore is a nonmotile, asexual spor
characteristic of fungi classi� ed in phylum Glomeromycota.
It belongs to one of seven recognized phyla in kingdom
Fungi stated by Hibbett et al. (2007) to be at a higher level
phylogenetic classi� cation in the kingdom. A zoospore is
a motile, � agellated, asexual spore. Examples of motile
� agellated, asexual spores in kingdom Fungi are Oomycot
(oomycetes often are referred to as lower fungi, or pseudo
fungi) and Chytridiomycota. An ascospore is a spore
produced in the ascus. A basidiospore is associated wit
Basidiomycetes, as the spores are produced on th
basidium.

3. Characteristics of the life cycle: An example is the life cycl
of the Chytridiomycota, which are the most ancient group
of fungi and the closest to the animal kingdom. The Chy-
tridiomycota produce asexual and sexual zoospores. Th
sexual zoospores are released from zoosporangia and a
like gametes. Zoospores of opposite sex are attracted to on
r aculeate (having narrow spines) spores. The� gure is redrawn from Lange,
f the Society for the Advancement of Mycology in Denmark and the Danish
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Figure 2 Clitocybe sandicina. The basidium bears two elliptical spores. The� gure is redrawn from Lange, J.E., 1935.Flora agaricina Danica, vol. I. ,
published under the auspices of the Society for the Advancement of Mycology in Denmark and the Danish Botanical Society, Copenhagen, 1935–1940.

Figure 3 Diagram of basidium with basidiospores (ballistospores): I, basidium with spores; II, a spore ready to be shot out; and III, a spore being shot
out. (1) a basidium; (2) a sterigma as a part of the basidium; (3) a mature spore before been shot out; (4) a pocket of gas; (5) a hilum; and (6) a spore wall;
(7) a plasmalemma in a spore.
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another. These pairs fuse to form motile diploid zygotes,
which are bi� agellate. The bi� agellate zoospores lose thei
� agella and motility, and each develops a thick-walled
resting spore. A new organism results from the resting spore

Another example is Basidiomycotina, the most evolution-
arily advanced fungi. Their basidiospores have a single haploid
nucleus. During the germination of basidiospores, mono-
karyotic hyphae are formed. Two monokaryotic hyphae of
different mating types (sexes) fuse. At this stage, an oidium ca
be produced from the fusion of small spores with a hypha.
The fusion of two monokaryotic hyphae leads to the stage of
plasmogamy. Dikaryotic fungi form, and the nuclei divide in
the daughter pair of nuclei. Each hyphal compartment then
becomes a dikaryon with two nuclei– one of each mating type.

4. Morphology of the thallus and other structures: In nearly all
fungi, a thallus is composed of hyphae, which are multi-
branched tubular cells� lled with cytoplasm. A hypha can be
divided into compartments by septa, but the nuclei in
coenocytic (nonseptate) hyphae are scattered throughou
the cytoplasm.
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The morphology of Basidiomycetes as a class of higher fung
varies widely within the division of Basidiomycota. They
primarily have important taxonomic differences from other
members of kingdom Fungi by having basidia, the basidia
bearing two or four basidiospores. These basidiospores ofte
are ballistospores (Figure 3).

According to Pringle et al. (2005), “Ballistospore discharge
is a feature of 30 000 species of mushrooms, basidiomycet
yeasts and pathogenic rusts and smuts.” The ballistospores are
formed on basidia and are discharged into the air from the tips
of sterigmata.

In the early stage of classi�cation, macromorphology and
macro-microscopic morphology played key roles in taxo-
nomic systematics for the classi� cation of fungi generally and
for Basidiomycetes particularly. Antonie Philips van Leeu-
wenhoek (1632–1723) signi� cantly improved the micro-
scope. This allowed the study of macro-microscopic
structures; this study progressed with time, together with
progress in the development of optical microscopes and
techniques for optical microscopy. After the invention of the
electron microscope and improvement in techniques of elec-
tron microscopy, taxonomists gained a powerful tool for
classifying organisms at the level of micro-microscopic
structures. They even gained knowledge of chromosoma
structures in fungi, such as Basidiomycetes, and coul
monitor the life cycles of Basidiomycetes. This technique
improved the feasibility of basing classi� cation on the
phylogenetic level.

There has been intense interest in some secondary meta
olites (poisons) in mushrooms since historical times. This
ranged from their use in imperial assassinations in ancient
Rome to the attempts by Mitridat VI Eupator, King of Pontus
(134–63 BC), to create a universal antidote from poisonous
plants and mushrooms. Even on a legal basis, interes
continued long into the nineteenth century. In Cyclopædia
Universal Dictionary Arts and Sciences, published in 1728 by
Ephraim Chambers (1680–1740), Mithridate was described as
the universal antidote. It included a large number of drugs,
including ‘Agaric.’ This is an Amanita muscaria, which belongs
to phylum Basidiomycota, class Agaricomycetes, order Aga
icales, family Amanitaceae, and genusAmanita.

Similar interest was shown in another class of secondar
metabolites – the hallucinogens. In shamanism, different
species from the genusAmanitawere used by natives in Siberia
In North, Central, and South America, mushrooms containing
hallucinogens were also used by Mayan, Incan, and Azte
cultures.

Progress in analytical chemistry, especially in chromatog
raphy and mass spectrometry, has enabled the study o
secondary metabolites in fungi for the purpose of
chemotaxonomy.

Toxins, hallucinogens, dyes, and many other secondar
metabolites are present in Basidiomycetes. These substances
well as the biogenesis of secondary metabolites, became o
interest as valuable chemotaxonomic tools for solving long-
lasting disputes concerning the systematics and phylogeny o
some species in the classi� cation of Basidiomycetes (mush-
rooms). For example, a classi� cation dispute about Cortinarius
infractusversusCortinarius subtortuswas solved by Brondz et al.
(2008) in his article by using chemotaxonomy.
ClassiÞcation and the Origins of Fungi
(Basidiomycetes)

In the classi� cations system, Holobasidiomycetes, Gaster
omycetes, and Heterobasidiomycetes form the Basidiomycete
The Holobasidiomycetes include organisms with holobasidia,
small curved sterigmata, and nonrepetitive spores. Most o
the Holobasidiomycetes are true mushrooms. Hetero-
basidiomycetes have phragmobasidia, or holobasidia with very
short sterigmata associated with repetitive basidiospores. The
are classi� ed as jelly, rust, and smut fungi. Gasteromycete
include the formerly obsolete class of‘stomach fungi,’ which
produce their spores inside their fruit bodies (basidiocarps)
rather than on an outer surface. Gasteromycetes include th
puffballs, earthstars, stinkhorns, and false truf� es. They are not
closely related to other organisms.

The classi� cation of mushrooms as edible, inedible, and
poisonous has been known since ancient times. Although this
type of classi� cation is practical in everyday life, it is of little use
to scientists. The question of whether fungi are plants or
animals often reappears.

To understand fungi classi� cation better, several aspect
need to be understood: the fungus’s origin, the life cycle (style
of life), the purpose of classi� cation, the subject, and the
general classi� cation of fungi in the context of the methods of
classi� cation currently in use. Because of this, understanding
the origins of fungi is important to enable their correct classi-
� cation within this kingdom.

Geological evidence in the form of fossils is dif�cult to
� nd for fungi. Few samples are available that can be
recognized as fossilized spores from early fungi. Some� la-
ments, however, belonging to the ascomyceteCandida that
dated to Cretaceous amber were found in France, wherea
some fragments of a perithecium were preserved and ar
dated to the Miocene. Hibbett et al. (2007) described
fossilized agaric from a basidiomycete. Fossilized evidenc
from Devon dating from about 360 million years ago
suggests the existence of some terrestrial plant organisms
symbiosis with fungi at an early stage of life. In fossils from
the Ordovician period, about 460 million years ago,
organisms related to the Endogonaceae were found. Endo
gonales is an order of fungi within phylum Zygomycota.
These gigantic fossil fungi from genusPrototaxites, which
were common in early Devon, could reach 1 m in diameter
and 8 m in height. The taxonomic position of Prototaxitesis
still unclear. Some scientists, however, suggest that th
organism belongs to the plant group, because the fossils do
not display structures usually found in fungi. Plant-like
polymers also were found in the fossils. Conversely, the
organism existed long before plants and is heterotrophic,
a trait not commonly found in plants.

Indeed, the primary metabolite in fungi is glycogen, not
starch as in plants. Urea is a degradation product as in Ani
malia, and chitin is a cell-wall structural substance as in
insects – and unlike the cellulose in plants. Fungi are
heterotrophic, in contrast to plants, which are autotrophic.
Fungi, however, have alkaloids as secondary metabolites, a
do plants.

Fossilized evidence regarding mycoparasitism in the Earl
Cretaceous has been described by Poinar et al. (2000).
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ClassiÞcation of Basidiomycota as a Phylum
in Kingdom Fungi

After discussion for nearly 200 years about the classi� cation of
fungi, they � nally all were placed in subkingdom Dikarya as
two phyla: Ascomycota and Basidiomycota. Basidiomycota
often are referred to in the literature as‘higher fungi.’ Basi-
diomycota include mushrooms, chanterelles, smuts, rusts
puffballs, bracket fungi, and other polypores, stinkhorns,
boletes, jelly fungi, earthstars, bunts, mirror yeasts, and human
pathogenic yeasts.

The main difference between Basidiomycota and Ascomy
cota – and in general what distinguishes the former from other
fungi – is the presence in Basidiomycota of specialized cell
(basidia) bearing the spores, as mentioned previously. Thes
cells are referred to as basidia, and their spores are referred to
basidiospores (Figure 3). Some basidiospores are ballisto-
spores, and these commonly are found in mushrooms. Becaus
basidia and basidiospores are de� nitive characteristics of
Basidiomycota, classi� cation at the phylum level can be
undertaken by looking for the presence or absence of basidi
and basidiospores. A � ner ranking in the classi� cation of
Basidiomycetes can be performed with a closer inspection o
basidia and basidiospore characteristics, the location of basidia
on the open side or inner side of the fungus, the methods of
dispersion, form, ornamentation, and color of the spores and
other characteristics as the secondary metabolites (fatty acid
described by Brondz et al. (2004). Some ballistospores ar
characteristic of the 30 000 species of mushrooms, basidio
mycete yeasts, and pathogenic rusts and smuts. Basidiomyco
can reproduce asexually.

Other macro- and microscopic morphological differences,
together with variations in life cycles, production of secondary
metabolites, biochemistry, biogenesis of secondary metabo
lites, chemotaxonomy, genetic analyses, and phylogeny, ar
used for � ne classi� cation down to the lowest ranks of
Basidiomycetes.
a

0

ClassiÞcation of Basidiomycetes

The principal classi� cation of Basidiomycetes in phylum Basi-
diomycota is as follows (Basidiomycetes are coextensive within
Basidiomycota):

Division: Basidiomycota
Agaricomycotina (jelly fungi, yeasts, mushrooms)
Subdivision (Subphyla): Agaricomycotina
Class: Agaricomycetes
Subclass: Agaricomycetidae
Order: Agaricales consists of 32 families, more than 400 gener
Type genusAgaricus(consists of about 200 species)
Type speciesAgaricus campestris
Subdivision (Subphyla): Agaricomycotina
Class: Dacrymycetes
Order: Dacrymycetales
Family: Dacrymycetaceae (consists of 101 species)
Type genusDacrymyces
Genus:Caloceraconsists of 15 species
Type speciesClavaria viscosa
Genus:Cerinomycesconsists of 12 species
Type speciesCerinomyces pallidus
Genus:Cerinosterusmonotypic
Type speciesCerinosterus luteoalbus
Genus:Dacrymycesconsists of 39 species
Type speciesDacrymyces stillatus
Genus:Dacryonaemamonotypic
Type speciesDacryonaema rufum
Genus:Dacryopinaxconsists of 15 species
Type speciesDacryopinax elegans
Genus:Dacryoscyphusmonotypic
Type speciesDacryoscyphus chrysochilus
Genus:Ditiola consists of 10 species
Type speciesDitiola radicata
Genus:Guepiniopsis
Species:G. alpina
Species:G. buccina
Species:G. estonica
Species:G. oresbia
Species:G. ovispora
Species:G. pedunculata
Species:G. suecica
Subdivision (Subphyla): Agaricomycotina
Class: Tremellomycetes consists of 3 orders, 11 families, 5

genera, and 377 species
Order: Cysto� lobasidiales
Family: Cysto� lobasidiaceae (consists of 8 genera and 20

species)
Type genusCysto�lobasidium
Genus:Cysto� lobasidium
Genus:Guehomyces
Genus:Itersonilia
Genus:Mrakia
Genus:Phaf� a
Genus:Tausonia
Genus:Udeniomyces
Genus:Xanthophyllomyces
Order: Filobasidiales
Family: Filobasidiaceae
Genus:Filobasidium
Type speciesFilobasidium� oriforme
Species:F. capsuligenum
Species:F. uniguttulatum
Order: Tremellales consists of 8 families, about 300 species
Family: Carcinomycetaceae
Family: Cuniculitremaceae
Genus:Cuniculitrema
Genus:Fellomyces
Genus:Kockovaella
Genus:Sterigmatosporidium
Family: Phragmoxenidiaceae monotypic
Genus:Phragmoxenidium
Family: Rhynchogastremataceae monotypic
Genus:Rhynchogastrema
Family: Sirobasidiaceae
Genus:Sirobasidium
Genus:Xenolachne
Family: Tetragoniomycetaceae
Family: Tremellaceae (consists of 18 genera and about 25

species)
Type genusTremella
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Type genusRavenelia
Family: Sphaerophragmiaceae
Genus:Triphragmium
Family: Uropyxidaceae (consists of 15 genera and about 15

species)
Type genusUropyxis
Family: mitosporic Pucciniales
Family: Puccinialesincertae sedis
Order: Septobasidiales
Family: Septobasidiaceae
Genus:Septobasidium
Species:Septobasidium bogoriense
Species:S. pilosum
Species:S. pseudopedicellatum
Species:S. theae
Division: Basidiomycota
Ustilaginomycotina (smut fungi)
Subdivision (Subphylum): Ustilaginomycotina
Class: Entorrhizomycetes
Order: Entorrhizales
Family: Entorrhizaceae
Genus:Entorrhiza
Genus:Talbotiomyces
Class: Ustilaginomycetes
Order: Urocystales
Genus: Urocystis
Genus:Ustacystis
Genus:Doassansiopsis
Order: Ustilaginales
Family: Anthracoideaceae
Family: Cintractiellaceae
Family: Clintamraceae
Family: Geminaginaceae
Family: Melanopsichiaceae
Genus:Exoteliospora
Genus:Melanotaenium
Genus:Yelsemia
Family: Uleiellaceae
Family: Ustilaginaceae
Family: Websdaneaceae
Class: Exobasidiomycetes
Order: Ceraceosorales
Family: Ceraceosoraceae
Genus:Ceraceosorus
Order: Doassansiales
Family: Doassansiaceae
Family: Melaniellaceae
Family: Rhamphosporaceae
Order: Entylomatales
Family: Entylomataceae
Genus:Entyloma
Genus:Entylomella
Order: Exobasidiales
Family: Brachybasidiaceae
Genus:Brachybasidium
Genus:Dicellomyces
Genus:Kordyana
Genus:Proliferobasidium
Family: Cryptobasidiaceae
Genus:Botryoconis
Genus:Clinoconidium
Genus:Coniodictyum
Genus:Cryptobasidium
Genus:Drepanoconis
Family: Exobasidiaceae
Genus:Austrobasidium
Genus:Endobasidium
Genus:Exobasidium
Genus:Laurobasidium
Genus:Muribasidiospora
Family: Graphiolaceae
Genus:Graphiola
Genus:Stylina
Order: George� scheriales
Family: Eballistraceae
Family: George� scheriaceae
Family: Gjaerumiaceae
Family: Tilletiariaceae
Order: Malasseziales
Order: Microstromatales
Family: Microstromataceae
Family: Quambalariaceae
Family: Volvocisporiaceae
Order: Tilletiales
Family: Tilletiaceae
Division: Basidiomycota
Class: Wallemiomycetes
Order: Wallemiales
Family: Wallemiaceae
Genus:Wallemia
Class: Entorrhizomycetes
Order: Malasseziales
Family: Malasseziaceae
Genus:Malassezia
See also:Fungi:Overview of Classi� cation of the Fungi;Fungi:
Classi� cation of the Peronosporomycetes;Classi� cation of
Zygomycetes:Reappraisal as Coherent Class Based on a
Comparison between TraditionalversusMolecular Systematics;
Fungi:Classi� cation of the Eukaryotic Ascomycetes;Fungi:
Classi� cation of the Hemiascomycetes;Fungi:Classi� cation of
the Deuteromycetes;Microscopy:Light Microscopy;Microscopy:
Confocal Laser Scanning Microscopy;Microscopy:Scanning
Electron Microscopy;Microscopy:Transmission Electron
Microscopy; Atomic Force Microscopy;Microscopy:Sensing
Microscopy;Mucor; PenicilliumandTalaromyces:Introduction;
Saccharomyces cerevisiae(Sake Yeast);Torulopsis; Trichoderma;
Trichothecium; Xeromyces: The Most Extreme Xerophilic Fungu
Zygosaccharomyces; Identi� cation of Clinical Microorganisms
with MALDI-TOF-Ms in a Microbiology Laboratory.
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Defining Features of the ‘Class’

The deuteromycetes is an arti�cial grouping in that the phylo-
genetic relationships among taxa are mostly unknown or not
apparent. They are the mitotic states of meiotic groups such as
the basidiomycetes and especially the ascomycetes, or have
evolved from them. A very small number of taxa have been
correlated with meiotic states but the majority have not. Thus
there is a residual body of taxa which cannot easily be incor-
porated into the classi�cations for meiotic fungi. This situation
will become less problematic as the results of molecular char-
acterization and their application to fungal systematics become
more widespread. For the moment, however, there is a serious
lack of information about DNA-based typi�cation, and apart
from classi�cations for ascomycetes and basidiomycetes there is
still no taxonomic system to cope with these other fungi. Over
the last 200 years, separate classi�cations have been developed
for mitotic fungi and until recently these have arisen indepen-
dently from classi�cations for ascomycetes and basidiomycetes.
Several names, both formal (nomenclatural) and informal
(colloquial), have been used in the past for groups of mitotic
fungi. These include Deuteromycotina, Deuteromycetes, Fungi
Imperfecti, asexual fungi, conidial fungi, and anamorphic
fungi. The most recent suggestion, accepted in the Dictionary of
the Fungi (8th edn), is ‘mitosporic fungi.’ Colloquial names
such as this and others have no nomenclatural standing.
Neither these nor the formal names that have been proposed
are in any way equivalent to the names used for taxonomic
categories accepted in basidiomycete and ascomycete system-
atics that are governed by the International Code of Botanical
Nomenclature. Although many class, subclass, order, suborder,
and family names have been used in the group in the past none
of these is currently accepted, and if they are used at all it is in an
informal manner. Even the use of generic and speci�c names
(which are allowed by the Code) must be with quali�cation, for
they are also not equivalent to those employed in ascomycetes
and basidiomycetes. Sometimes they are referred to as form
genera and form species. Despite this there is still a need for
a framework on which to hang the information used in iden-
ti�cation of mitosporic fungi. Until the 1950s, taxa were
differentiated primarily by the nature of the fruiting structures
and conidial morphology. However, since that time the
systematics of the group has largely depended on aspects of the
conidiogenous processes exhibited by the fungi involved.

Discussions concerning the classi�cation of, or information
frameworks for, mitosporic fungi ignore the ultimate aim to do
away with the group and incorporate its members into the
classi�cations for ascomycetes and basidiomycetes. The use of
DNA technology is the key to accomplishing this.

The group is characterized by the absence of teleomorphic
(meiotic) states. It is heterogeneous, i.e., polyphyletic. Repro-
duction is commonly by spores (conidia) produced mitotically
(asexually) from conidiogenous cells which are sometimes
free (as in yeasts) or more commonly formed on separate
30 Encyclopedia of Food Mic
supporting hyphae (conidiophores) and/or cells which may be
produced in or on organized fruiting structures (conidiomata).
Taxa are separated by differences in conidiogenous events and
the structures involved, conidiomatal form and development,
conidial morphology, colony characteristics, and the presence
and nature of vegetative structures.
Organizational Framework for Mitosporic Fungi

The group is traditionally separated into two classes: Hypho-
mycetes, in which conidia are formed on separate hyphae or
aggregations of hyphae, and Coelomycetes, where conidia are
formed in closed or partly closed fruiting structures (con-
idiomata). However, these distinctions are now only used
informally for convenience. The most recently accepted orga-
nizational framework for mitosporic fungi rests on the de�ni-
tion of genera by the events surrounding conidiogenesis. All
other characters are of secondary importance, although some
are used to corroborate or endorse the separations indicated by
conidiogenesis. Differences in conidiogenous events are used
to distinguish taxa, and in addition to this role the framework is
helpful in that it is also a descriptive tool, i.e., precise words are
used to describe the individual developmental stages. Previous
attempts to use conidiogenesis as the basis for classi�cation of
the group proved to be unworkable because of their inability to
cope with taxa that failed to �t into the recognized pigeonholes.
The advantage of the newer system is that it provides the
rationale to deal with all combinations of events, so prob-
lematic fungi such as Trichothecium, Basipetospora, and Wallemia
can be dealt with like any other within the framework.

The foundation of the framework is the recognition of
a number of basic processes surrounding conidiogenesis. These
are the ways in which walls are laid down in hyphae (apical-,
diffuse-, and ring-wall building), conidial initiation, conidial
secession, conidial maturation, collarette production, and
conidiogenous cell proliferation. When the system was �rst
introduced in the Dictionary of the Fungi (7th edn), descriptive
terminology was given for 13 genera (Pseudallescheria, Clado-
sporium, Tritirachium, Trichoderma, Scopulariopsis, Spadicoides,
Geotrichum, Pseudospiropes, Aspergillus, Trichothecium, Cladobo-
tryum, Arthrinium, and Basipetospora). Since that time the
descriptors have been widened to include 43 different combi-
nations of events and these have been published in the eighth
edition of the Dictionary of the Fungi. A few more have since
been recognized and there is little doubt that more are likely to
be identi�ed in the future.
Genera Involved in Food Microbiology

In the following generic descriptions, conidiogenesis is indi-
cated by the conidiogenous event number listed and illustrated
in the Dictionary of the Fungi (8th edn).
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00140-3
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l Acremonium(teleomorphs Emericellopsis, Nectria) – conidia
in chains collapsing into wet masses, from solitary, erect
aseptate or septate, simple or sparingly branched, smooth o
slightly rough, hyaline or pale brown conidiophores. Con-
idiogenous cells (phialides) terminal, cylindrical. Conidio-
genesis– event 15, Fig. 25.Conidia hyaline or sometimes
pale brown, globose, subglobose, ellipsoid or fusiform,
aseptate or sometimes septate. Distributed worldwide, from
soil, cultivated � elds, mud sediments, plant remains, hay,
apples, pears, also produces mycotoxins.

l Alternaria (teleomorphs Clathrospora, Leptosphaeria) – tele-
omorph rarely seen in context of food microbiology.
Colonies of black or grey mycelium. Conidiophores soli-
tary, brown, simple or branched, showing sympodial
growth in association with conidium production. Con-
idiogenesis– event 26, Fig. 25.Conidia dry, in long, often
branched chains, obclavate, obpiriform, ovoid or ellipsoid
with a short conical or cylindrical beak, and several trans-
verse and longitudinal eusepta, pale to medium brown,
smooth or verrucose. Distributed worldwide, some para-
sitic, commonly saprobic on plant materials, foodstuffs,
soil, textiles. Produces mycotoxins.

l Aspergillus(teleomorph Emericella)– conidia in dry chains,
forming dark yellow-green columns from solitary, erect,
aseptate, brown, smooth conidiophores. Conidiogenous
cells (phialides) borne on supporting cells on swollen
apices of conidiophores, short-necked. Conidiogenesis–
event 32, Fig. 26.Conidia rough-walled, globose. Distrib-
uted worldwide, especially from soil, potatoes, grain, citrus,
stored cereals, cotton. Mycotoxins formed, also used in
fermentation industry for production of vitamins, enzymes,
organic acids, antibiotics, soy sauce, miso, and saki.

l Aspergillus(teleomorph Eurotium) – forming grey to olive-
green heads from septate or aseptate, smooth or roug
conidiophores. Conidiogenous cells (phialides) arising
directly from swollen apex of the conidiophores, radiating,
very short-necked. Conidiogenesis– event 32, Fig. 26
Conidia echinulate, globose, subglobose, ovate or ellipsoid
sometimes with both ends � attened. Distributed world-
wide, though predominant in tropical to subtropical areas,
from soil, stored or decaying grain and food products, fruit,
fruit juice, peas, milled rice, nuts, dried food products,
spices, meat products. Also produces a range of mycotoxin

l Aspergillus(teleomorph Neosartorya) – conidia in dry chains
forming olive-grey columns from solitary, erect, aseptate or
septate, smooth conidiophores. Conidiogenous cells
(phialides) formed directly on the swollen apex of the
conidiophore, radiating, short-necked. Conidiogenesis–
event 32, Fig. 26.Conidia slightly roughened, globose to
subglobose or ellipsoid. Distributed worldwide, from soil,
rice, cotton, potatoes, groundnuts, leather, paper products
also produces mycotoxins.

l Aureobasidium– colonies covered by slimy yellow, cream,
pink, brown or black masses of spores. Aerial mycelium
scanty, immersed mycelium often dark brown. Con-
idiogenous cells undifferentiated, procumbent, intercalary
or on short lateral branches. Conidiogenesis– event 16,
Fig. 25.Conidia produced synchronously on multiple loci
in dense groups on short scars or denticles, hyaline, smooth
with a truncate base. Distributed worldwide, saprobic, from
soil, leaf surfaces, cereal seed, on� our, tomato, pecan nuts,
fruit, fruit drinks.

l Basipetospora(teleomorph Monascus) – mycelium brownish,
grey-brown in the centre, with brick-red pigmentation on
oat agar. Conidiogenesis– event 36, Fig. 26.Conidia borne
in basipetal succession in chains on solitary, septate, ere
conidiophores, retrogressively delimited, ovate to piriform,
hyaline, aseptate, thin-walled, base truncate. Distributed
worldwide, from soil, silage, dried foods, rice, oat, seeds
soya, sorghum, tobacco, also used in fermentation of ang
kak to produce pigment for food products of � sh, soya
beans and some alcoholic beverages.

l Botrytis(teleomorph Botryotinia) – conidia formed in dry,
powdery grey masses from erect, brown, smooth, septate
solitary, hygroscopic conidiophores. Conidiogenous cells
produced terminally on an apical head of small alternate
branches, swollen, with many denticulate conidiogenous
loci each forming a single conidium simultaneously. Con-
idiogenesis– event 6, Fig. 24.Conidia aseptate, rarely 1–2
septate, pale brown, globose, ovate or ellipsoid, smooth,
hydrophobic. Microconidial state (Myrioconium) sometimes
formed, sporodochial, phialidic ( event 15), with small
globose or subglobose hyaline conidia. Sclerotia large
cortex black to brown with a white medulla, � attened to
pulvinate, rounded to ellipsoid, smooth or wrinkled.
Distributed worldwide, but more commonly in humid
temperate and subtropical regions, from soils both dry and
aquatic, stored and in transit fruit and vegetables, causing
fruit and leaf rots of strawberry, grape, cabbage, lettuce, nec
rot in onions and shallots.

l Brettanomyces(teleomorph Dekkera)– conidia hyaline, with
an attenuated rounded base, formed by multilateral or
acropetal budding from conidiogenous cells with or
without broad denticles or scars. Conidiophores absent.
Conidiogenesis– event 3, Fig. 24.Strong acid production in
glucose-containing media, fermentation present or nearly
absent. Spoilage organisms in beverages such as mine
waters and nonalcoholic drinks, and lambic and other old
or spoilt beers, ciders and wines.

l Candida(teleomorphs Debaryomyces, Issatschenkia, Kluy
omyces, Pichia, Saccharomyces Torulaspora, Yarrowia) – con-
idia produced by budding which is multilateral or acropetal
leaving conidiogenous cells with or without denticles or
scars, hyaline, aseptate, base attenuated, rounded. Co
idiogenesis– event 3, Fig. 24.Fermentation present or nearly
absent, nitrate not assimilated, acid production absent or
weak, growth at 25� C. Common food-borne species.

l Chrysonilia (teleomorph Neurospora) – conidia aseptate,
ellipsoid or more or less cylindrical, globose, subglobose or
irregular, hyaline, smooth, formed in dry chains with
connectives from ascending to erect, smooth, septate, much
branched conidiophores. Conidiogenesis– event 38, Fig. 26
Widespread, especially Europe, the United States, and As
from bread (red bread mould) and related products, silage,
meat, and transported and stored fruit, used in the produc-
tion of oncom mera by fermentation of soya bean products.

l Cladosporium(teleomorph Mycosphaerella) – teleomorph
rarely seen in context of food microbiology. Colonies of
olivaceous, grey-olive to blackish-brown mycelium.
Conidiophores solitary, brown, unbranched except toward
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the apices. Conidiogenesis– event 3, Fig. 24.Conidia dry, in
branched chains, ellipsoid, fusiform, ovoid, subglobose,
aseptate or with several transverse eusepta, pale to da
olivaceous brown, smooth, verruculose or echinulate, with
a distinct scar at the base and several in the apical region
forming chains, formed from cicatrized loci produced
synchronously, sympodially, or irregularly by the con-
idiogenous cell. Distributed worldwide, commonly
airborne, ubiquitous as saprobes and primary plant path-
ogens, also from soil, foodstuffs. Produces mycotoxins.

l Epicoccum– colonies � uffy, yellow, orange, red, brown or
green. Conidiophores formed in black sporodochial con-
idiomata, closely branched, compact, and dense. Con
idiogenous cells pale brown, smooth or verrucose, integrated
terminal, determinate, cylindrical. Conidiogenesis– event 1,
Fig. 24.Conidia solitary, dry, subspherical to piriform, dark
golden-brown, often with a pale protuberant basal cell,
muriform, rough, opaque. Distributed worldwide, from
soil, cereal seed, beans, mouldy paper, textiles.

l Fusarium(teleomorphs Gibberella, Nectria) – macroconidia
in slimy yellow, brown, pink, red, violet or lilac masses,
chains or dry masses from branched or unbranched
procumbent or erect, hyaline, smooth, septate conidio-
phores in sporodochial conidiomata. Conidiogenous cells
(phialides) produced from apices of conidiophores or
branches, slender or tapered, with one or sometimes sever
conidiogenous loci. Conidiogenesis – event 15, Fig. 25
Macroconidia hyaline, one or many septate, fusiform to
sickle-shaped, mostly with an elongated apex and a pedi
cellate basal cell. Microconidia usually aseptate, piriform,
fusiform or ovoid, straight or curved, nearly always formed
on aerial mycelium. Chlamydospores present or absent
intercalary, solitary, in chains or clusters, formed in hyphae
or conidia. Distributed worldwide, from soil, aquatic and
semiaquatic environments, stored grain and natural prod-
ucts. Potent producers of mycotoxins.

l Geotrichum(teleomorph Galactomyces) – conidia formed in
white, smooth, often butyrous colonies from aerial, erect or
decumbent mycelium functioning conidiogenously. Myce-
lium dichotomously branched at the advancing edge.
Conidiogenesis – event 39, Fig. 26.Conidia hyaline, asep-
tate, smooth, cylindrical, doliiform or ellipsoid. Distributed
worldwide, from soil, air, water, cereals, grapes, citrus
bananas, tomatoes, cucumber, frozen fruit cakes, milk and
milk products, also used with bacteria in fermentation of
manioc to produce gari in West Africa.

l Moniliella– colonies acidophilic, restricted, smooth, velvety or
cerebriform, cream then pale olivaceous or black-brown, cells
often budding to produce a pseudomycelium. Conidiophores
undifferentiated, hyaline, smooth, repent. Conidiogenesis–
events 3, Fig. 24and 38, Fig. 26. Conidia produced
in acropetal chains from individual (conidiogenous) cells of
the mycelium, hyaline, smooth, aseptate, ellipsoid; conidia
also formed by fragmentation of hyphae, becoming thick-
walled and brown. From Europe and the United States,
occurring inpickles and vinegar, fruit juices, syrups and sauce

l Paecilomyces(teleomorphs Byssochlamys, Thermoascus) –
conidia in dry chains from conidiogenous cells on soli-
tary, septate, erect conidiophores. Conidiogenous cell
(phialides) in groups of two to � ve, cylindrical at the base,
long-necked, on short supporting cells. Conidiogenesis–
event 15, Fig. 25.Conidia cylindrical, hyaline, aseptate,
with � attened ends, yellow. Distributed worldwide, from
soil, bottled and tinned fruit, pasteurized food, airtight
stored cereals; also produces mycotoxins.

l Penicillium(teleomorph Talaromyces) – conidia in dry chains
from solitary, erect, branched, septate, smooth or rough
conidiophores. Conidiogenous cells (phialides) from an
apical branching system consisting of branch cells and
supporting cells to the phialides (biverticillate), long, lage-
niform with a short, narrow neck. Conidiogenesis – event
15, Fig. 25. Conidia subglobose, ellipsoid or fusiform,
smooth or � nely spinulose, hyaline, brown, brown-green or
pale green. Distributed worldwide, from soil, organic
substances, rape, cotton, pears, wheat, barley, milled rice
pecan nuts, bagasse, often in tropical fruit juices, some
species heat-resistant. Mycotoxins formed. Used i
production of antibiotics and enzymes, manufacture of
cheese, sugar, juice and organic acids, and brewing.

l Penicillium (teleomorph Eupenicillium) – conidia in dry
chains from solitary, erect, branched, septate, smooth o
rough conidiophores. Conidiogenous cells (phialides)
formed directly from conidiophore apices (mono-
verticillate) or as in species withTalaromycesteleomorphs,
long or broadly lageniform, with a short, narrow neck.
Conidiogenesis– event 15, Fig. 25.Conidia smooth, ovoid,
subglobose, piriform or ellipsoid, hyaline. Distributed
worldwide, from soil, groundnuts, fruit cake, canned fruit,
corn, oranges. Produces mycotoxins.

l Phialophora (teleomorphs Mollisia, Pyrenopeziza, Co
iochaeta) – colonies slow-growing, olivaceous black, some-
times pink or brown. Conidiophores erect, hyaline or pale
brown, branched or reduced to simple hyphae. Con-
idiogenous cells (phialides) clustered or single, lageniform
or cylindrical, with a distinct darker collarette. Conidio-
genesis– event 15, Fig. 25.Conidia formed in slimy heads or
in chains, aseptate, globose to ellipsoid or curved, mostly
hyaline, smooth. Also linked with Geaumannomyces, but
several species with no known teleomorph. Distributed
worldwide but most common on decaying wood, wood
pulp, secondarily soil-borne, from water, fermented corn
dough, foodstuffs, butter, wheat.

l Phoma– colonies comparatively fast-growing, grey, oliva-
ceous, brown,� uffy. Conidiomata pycnidial, black-brown,
ostiolate, sometimes setose. Conidiophores absent. Con
idiogenous cells ampulliform to doliiform, hyaline,
smooth, phialidic. Conidiogenesis – event 15, Fig. 25
Conidia hyaline, smooth, aseptate or sometimes septate
ellipsoid, ovate, cylindrical. Dark-brown unicellular or
multicellular chlamydospores sometimes formed. Some
teleomorphs in Pleosporaceae (Pleospora), but most species
with no known teleomorphs. Distributed worldwide, from
soil, butter, rice grain, cement, litter, paint, wool, paper.
Produces mycotoxins.

l Rhodotorula– colonies pink, with carotenoid pigment
soluble in organic solvents, mycelium and/or pseudomy-
celium formed, cells usually small and narrow. Conidio-
genesis– event ? 1, Fig. 24.Conidia spherical, ovate or
clavate, with a narrow or rather broad base, budding.
Sometimes assimilates nitrate, but fermentation absent
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Teliospores absent, but basidium-like structures in some
species indicates basidiomycete af�nity with Rhodosporidium
(Sporidiobolaceae). From wood, involved in spoilage of
frozen vegetables, dairy products.

l Scopulariopsis(teleomorph Microascus) – conidia in white to
shades of brown, dry powdery masses from erect pen
icillately or verticillately branched, hyaline to pale brown,
smooth, septate, solitary conidiophores. Conidiogenous
cells terminal, cylindrical, repeatedly forming basipetal
chains of conidia from percurrently proliferating loci giving
rise to apical annellations. Conidiogenesis – event 19,
Fig. 25.Conidia aseptate, hyaline or brown, globose, ovate
or mitriform, with a truncate base, smooth, or ornamented.
Distributed worldwide, from soil, grain, fruit, soya beans,
groundnuts, milled rice, and animal products such as eggs
meat, cheese, milk, butter.

l Stachybotrys– colonies black to black-green, powdery.
Conidiophores erect, separate, simple or branched, septat
becoming brown and rough at the apex. Conidiogenous
cells (phialides) grouped at the conidiophore apex,
obovate, ellipsoid, clavate or broadly fusiform, becoming
olivaceous, with a small locus and no collarette. Conidio-
genesis– event 15, Fig. 25.Conidia in large, slimy black
heads, ellipsoid, reniform or subglobose, hyaline, grey-
green, dark-brown or black, sometimes striate, coarsel
rough or warted, aseptate. Distributed worldwide, from soil,
paper, cereal seed, textiles. Produces mycotoxins.

l Trichoderma (teleomorph Hypocrea) – conidia in dry,
powdery, green to yellow masses from solitary, repeatedl
branched, erect, hyaline, smooth, septate conidiophores
which may end in sterile appendages. Conidiogenous cell
(phialides) apical and lateral, often irregularly bent, � ask-
shaped, with a short neck. Conidiogenesis– event 15,
Fig. 25.Conidia aseptate, hyaline or usually green, smooth
or roughened, globose, subglobose, ellipsoid, oblong or
piriform. Distributed worldwide, from soil, stored grain,
groundnuts, tomatoes, sweet potatoes, citrus fruit, pecan
nuts. Produces mycotoxins.

l Trichosporon– colonies slow-growing, white to cream,
butyrous, smooth or wrinkled. Mycelium repent, hyaline.
Conidiophores absent. Conidiogenesis– events 38, Fig. 2
and 10, Fig. 24.Conidia of two types: (1) thallic, formed by
fragmentation of the mycelium, cylindrical to ellipsoid;
(2) blastic, formed in clusters near the ends of the thallic
conidia or by budding of the lateral branches of the myce-
lium, subglobose, with a narrow distinct scar. Distributed
worldwide, from humans and animals, saprobic in soil,
fresh and sea water, plant material, fermented corn dough

l Trichothecium– colonies powdery, pink. Conidiophores
erect, separate, simple, unbranched, septate near the ba
rough, apical cell functioning conidiogenously. Conidio-
genesis– event 34, Fig. 26.Conidia formed in retrogressively
delimited basipetal chains, appearance zigzagged, hyaline
smooth, single-septate, ellipsoid or piriform, thick-walled,
with an obliquely truncate scar. Distributed worldwide,
from soil, water, decaying plant material, leaf litter, cereal
seed, pecan nuts, stored apples, fruit juices, foodstuff
especially� our products. A potent producer of mycotoxins.

l Ulocladium– colonies black to olivaceous black. Conidio-
phores erect, separate, simple or branched, septate, smoot
straight, � exuous, often geniculate, geniculations associate
with preformed loci (pores). Conidiogenesis – event 26,
Fig. 25.Conidia dry, solitary or in short chains, obovoid to
short ellipsoid, with several transverse and longitudinal or
oblique eusepta, medium brown to olivaceous, smooth or
verrucose, base conical, apex broadly rounded an
becoming conidiogenous. Not uncommon, widely distrib-
uted, from soil, water, dung, paint, grasses,� bres, wood,
paper, corn, seeds.

l Verticillium – colonies cottony, white to pale yellow,
sometimes becoming black due to resting mycelium.
Conidiophores erect, separate, septate, smooth, hyaline
simple, unbranched or branched. Conidiogenous cells
(phialides) solitary or produced in verticillate divergent
whorls, long lageniform to aculeate, hyaline. Conidio-
genesis– event 15, Fig. 25.Conidia form in droplets at the
apices of conidiogenous cells, hyaline, aseptate, smooth
ellipsoid to cylindrical. Hyaline multicellular chlamydo-
spores and microsclerotia sometimes formed. Distributed
worldwide, commonly causing plant wilt diseases, from
soil, paper, insects, seeds, bakers’ yeast, potato tubers,
commercially grown fungi. Forms mycotoxins.

l Wallemia– colonies xerophilic, restricted, fan-like or stel-
late, powdery, orange-brown to black-brown. Conidio-
phores erect, separate, cylindrical, smooth, pale brown
Conidiogenous cells apical, long lageniform to cylindrical,
� nally verrucose, forming a phialide-like aperture without
collarette from which a short chain of four thallic conidia
is formed. Conidiogenesis– events 15/38, Figs 25 and 2
Conidia initially cuboid, later globose pale brown, � nely
warted. Distributed worldwide, from dry foodstuffs such as
jams, marzipan, dates, bread, cake, salted� sh, bacon, sal-
ted beans, milk, fruit, soil, air, hay, textiles.
See also: Alternaria; Aspergillus; Aureobasidium; Botrytis;
Brettanomyces; Byssochlamys; Fungi:Classi� cation of the
Peronosporomycetes;Classi�cation of Zygomycetes:
Reappraisal as Coherent Class Based on a Comparison be
TraditionalversusMolecular Systematics;Fungi:Classi� cation
of the Eukaryotic Ascomycetes;Fungi:Classi� cation of the
Hemiascomycetes;Fungi:Classi� cation of the
Deuteromycetes;Fusarium;Geotrichum; Penicilliumand
Talaromyces:Introduction; Rhodotorula;Trichoderma;
Trichothecium.
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Introduction

The Ascomycotina or ascomycetes as they are commonly called
produce asci containing ascospores or sexual spores and
many also produce asexual spores, like conidia; therefore, the
terms ‘teleomorph,’ ‘anamorph,’ and ‘holomorph’ refer to the
different reproductive states of the fungi. Most ascomycetous
molds are in the class Plectomycetes and order Eurotiales,
whereas most ascomycetous yeasts are in the class Hemi-
ascomycetes and the order Endomycetales. The most important
aspects of ascomycetous molds are the production of heat-
resistant ascospores and their growth in food with low water
activities of 0.61–0.80. Ascomycetous yeasts have some species
that grow at similar low water activities in high-sugar foods, are
resistant to chemical preservatives, and are used in producing
fermented foods, especially from cereal grains. Some ascomy-
cetous molds and yeasts are involved in spoilage of many
different types of foods.
Defining Features of the Ascomycetes

The Ascomycotina are characterized by the production of an
ascus, which is a thin-walled structure containing usually 8, but
sometimes as few as 1–4 or as many as 12–70, ascospores or
sexual spores. The ascus is inside a fruiting body called an
ascoma or ascocarp. At maturity, the ascus bursts, releasing the
ascospores into the environment. Mycelia are septate and
branched with one or more nuclei per cell.

Many fungi have the genetic ability to produce both sexual
spores (ascospores) and asexual spores (conidia). When
a fungus produces ascospores, it is termed a teleomorph and is
named as a genus of the Ascomycotina. When the fungus
produces conidia, it is termed an anamorph and is named as
a genus of the Deuteromycotina or Fungi Imperfecti (Figure 1).
The term ‘holomorph’ refers to the fungus in all its different
states, and the earliest name referring to the teleomorphic state
should be used. There is still much confusion about the names
of teleomorphs, anamorphs, and holomorphs. Earlier names
given to anamorphs that are really holomorphs may still be in
common usage. This can create confusion about the sexual
nature of some fungi; therefore, some literature citations,
especially older ones, can present misinformation about the
fungi that produce ascospores. Also, since many of the asco-
mycetes produce conidia and other asexual spores similar to
those produced by the deuteromycetes, the anamorphs of
species that belong to Aspergillus and Penicillium have been
mistakenly identi�ed as producing ascospores.
General Features of Ascomycetes

The genera and species of ascomycetes are usually identi�ed
microscopically by the shape and size of the ascus and
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
ascospores (Figure 2). Generally, the ascospores have thick
walls, are refractive, and have different degrees of ornamenta-
tion, such as ridges, furrows, and rough to spiny walls (Tables 1
and 2). The ascoma can occur by itself or be in or on a
vegetative hyphal mass. The ascoma can be �ask-shaped
(perithecium), cup-shaped (apothecium), or spherical (cleis-
tothecium). Some asci are produced in cushion-like structures
termed ‘pseudothecia’ or arise on masses of vegetative hyphae
(stromata). The ascomycetous yeasts are in the order Endo-
mycetales where the asci are formed from zygotes without the
fruiting bodies. The shape of asci is used to place fungi into
systematic divisions. In the ascus, two haploid nuclei generally
fuse to make a diploid which undergoes meiosis to form four
haploid nuclei; these then divide by mitosis resulting in eight
nuclei, which form the basis for most ascospore development.
The number of ascospores is characteristic for both the genus
and species. Ascospores are liberated from the ascus in the
molds; however, many yeasts do not liberate them but instead
the ascospores germinate within the ascus and then penetrate
the ascus wall (Table 2).

It generally takes asci, which are inside macroscopic struc-
tures such as cleistothecia or gymnothecia, over 10 days to
mature at 25�C in ascomycetous molds. Hence, these molds
grow more slowly than other molds in foods and some may
not produce ascospores for a long time, especially species of
Eupenicillium. Hence the detection and identi�cation of asco-
mycetous molds will take more time than for other common
molds found in foods.
Basis for Division of Ascomycetes

Fungal nomenclature follows the rules and recommendations
of the International Code of Botanical Nomenclature. The latest
adoption is the Tokyo Code from the Fifteenth International
Botanical Congress held in Yokohama, Japan in 1993. A taxon
consists of the primary ranks of domain, kingdom, division or
phylum, class, order, family, genus, and species (in descending
order). In the domain Eukaryota, the kingdom Fungi, the
division Ascomycota and subdivision Ascomycotina, there
were six classes (no longer recognized): Discomycetes (asci are
in an open cup-shaped structure called an apothecium),
Hemiascomycetes (yeasts in the family Saccharomycetaceae
have asci that are not in ascocarps), Laboulbeniomycetes
(ectoparasites of insects that can only be seen with a lens),
Loculoascomycetes (double-walled asci are in a pseudothecium
that is similar to a perithecium), Plectomycetes (asci are in an
enclosed spherical cleistothecium), and Pyrenomycetes (asci
are in a �ask-shaped perithecium). The Ascomycotina is the
largest subdivision of fungi with over 42 000 known species. A
book based on the First International Workshop on Ascomycete
Systematics presents discussion of the changing ideas of
the ascomycetes based on the ascoma, ascus, ascospore, and
septal structures; secondary metabolites; molecular biology;
-384730-0.00137-3 35
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Figure 1 Ascomycete–Deuteromycete relationship showing anamorphic and teleomorphic stages.
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Figure 2 Structures for sexual propagation in Ascomycetes.
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Table 1 Characteristics of some food-borne mold genera that produce ascospores

Yeast Anamorph Asci Ascoma Ascospores

Byssochlamys Paecilomyces Globose to subglobose No fruiting bodies, white
hyphae

Eight, ellipsoidal, thick and smooth-walled,
pale yellow

Chaetomium Botryotrichum Cylindrical or clavate Perithecia, brown with
hairs, rhizoids

Subspherical to ellipsoidal

Emericella Aspergillus Globose to subglobose Red cleistothecia with
Hülle cells

Eight, ellipsoidal, lens-shaped with two
longitudinal ridges, red-purple

Eupenicillium Penicillium Globose to ellipsoidal Red, yellow, brown
cleistothecia

Eight, ellipsoidal with spiny walls and two
longitudinal ridges or furrows, pale yellow

Eurotium Aspergillus Globose to subglobose Bright yellow
cleistothecia

Ellipsoidal, lens-shaped with rough or smooth
walls, with/without ridges or furrows, yellow

Monascus Basipetospora Globose to subglobose Brown cleistothecia on
stalk

Oval to ellipsoidal with smooth walls, yellow to
colourless

Neosartorya Aspergillus Globose to� at White cleistothecia and wall
of � at cells attached
to hyphae

Eight ascospores, ellipsoidal with two
longitudinal ridges, colourless

Talaromyces Penicillium, GeosmithiaEllipsoidal to globose Yellow or white
gymnothecia

Eight ascospores, ellipsoidal with thick
walls and spiny appearance, yellow

Xeromycesa Thin-walled evanescent White, brown
cleistothecia on stalk

Two ascospores, D-shaped, smooth-walled

aNo anamorph identi� ed.
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ecological and population biology; and cladistics. The publi-
cation Systema Ascomycetumprovides additional information on
the ascomycetes, including the annually revisedOutlines in
Systema Ascomycetum.

The order EurotialesByssochlamys, Emericella, Eupenicill
Eurotium, Monascus, Neosartorya, Talaromyces, and Xeromyce
(Figures 3–7) contain most of the important food-borne Asco-
mycotina. There are four other genera of ascomycetes that a
found to a limited extent in foods. Gibberella, the teleomorph of
Fusariumspecies, is not associated with foods; however, it i
usually more of a concern with grains in the� eld. Claviceps pur
pureahas produced ergot in rye.Neurosporaspecies, teleomorphs
of Chrysoniliaspecies, are isolated from foods occasionally
Chaetomiumspecies can be found in some foods, especially in
tropical countries (seeTable 1). Sclerotiniaspecies, teleomorphs
of Botrytisthat cause soft rot of vegetables andMorchellaor morel
mushrooms are also important.
Table 2 Characteristics of some yeast genera that produce ascos

Yeast Anamorph Asci Ascospor

Debaryomycesa Candida Conjugated One to f
Hanseniasporab Kloeckera Unconjugated One to f

not libe
Kluyveromycesa Candida Conjugated One to f
Pichiaa Candida Unconjugated One to f

liberate
Saccharomycesa Candida Unconjugated One to f
Saccharomycodesb,c Unconjugated One to f
Schizosaccharomycesc,d Conjugated Two to e
Torulasporaa Candida Conjugated One to f
Yarrowiaa Candida Unconjugated One to f
Zygosaccharomycesa Candida Conjugated One to f

aMultilateral budding.
bBipolar budding.
cNo anamorph identi� ed.
dFission.
,

Yeasts in the order Saccharomycetales include several gen
that are important in food, such as Debaryomyces, Hanse
niaspora, Kluyveromyces, Pichia, Saccharomyces, Sacc
romycodes, Schizosaccharomyces, Torulaspora, Yarrowia, a
Zygosaccharomyces. These yeasts are subdivided by the way
which they undergo vegetative reproduction, namely� ssion,
bipolar budding, or multilateral budding ( Table 2).
Commercial Importance of Ascomycetes

Some ascomycetes are responsible for food spoilage; others a
used in fermentations, especially species of yeasts (Tables 3
and 4). The major fermentative yeasts are strains ofSaccharo
myces cerevisiaeused to make bread, beer, saké, wine, and man
other fermented foods.Zygosaccharomyces rouxiican be isolated
from fermenting soy sauce. An ascomycetous mold genus i
pores

es

our, spherical to oval, warty or ridged walls, not liberated
our, hat-shaped or spherical with or without ledge and smooth or warty,
rated
our (up to 70) ellipsoidal, reniform or crescentiform, liberated
our (up to eight) spherical to oval, hat- or saturn-shaped, smooth, usually
d
our (up to 12) spherical or oval, smooth or warty, not liberated
our, spherical or oval, smooth, not liberated
ight, spherical, ellipsoidal, reniform, smooth or warty, liberated

our, spherical, ellipsoidal, smooth or warty, not liberated
our, spherical, oval, hat-, saturn- or walnut-shaped
our, spherical, ellipsoidal, not liberated
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Table 3 Importance of the major ascomycetous molds in foods

Mold genus Species Importanc

Byssochlamys fulva, nivea Heat-resis
Chaetomium brasiliense, funicola Isolated fr
Chaetomium globosum Isolated fr
Emericella nidulans Isolated fr
Eurotium amstelodami, chevalieri, repens, rubrumXerophile
Monascus ruber Spoilage
Monascus pilosus, purpureus Fermente
Neosartorya Þscheri Produces
Talaromyces macrosporus, bacillisporus Produces
Talaromyces ßavus, wortmannii Isolated fr
Xeromyces bisporus Xerophile

Table 4 Importance of some ascomycetous yeasts in foods

Yeast genus Species Impor

Debaryomyces hansenii D110� C 1.3
Hanseniaspora guilliermondii, uvarum Isolated fr
Kluyveromyces marxianus Isolated fr
Pichia anomola, fermentans,

membranaefaciens
Isolated fr

mayonn
Saccharomyces cerevisiae Fermenta
Saccharomyces exiguus Sourdoug
Saccharomycoides ludwigii Spoils cid
Schizosaccharomyces pombe Xerotolera
Torulaspora delbrueckii Used in fe

vegetab
Yarrowia lipolytica Isolated fr
Zygosaccharomyces bailii Spoils sal
Zygosaccharomyces rouxii Xerotolera

sauce,
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used for fermentation; Monascus pilosusand M. pur-
pureusare used for making rice wine and kaoling brandy,
respectively. Other ascomycetes are occasionally used
fermentations (Tables 3 and 4).

Generally, there are few ascospores present in most food
therefore, it will take time to detect their presence. The major
problem with ascospores in foods has been their resistance t
heat, which allows them to survive the thermal treatments
of pasteurization, canning or aseptic processing. This has been
particular concern with heat-processed fruit juices and products
with fruit purée or pieces. Various D and z values have been
reported. Values of D90� C of 1–12 min and a z value of 6–7� C
have been recorded forByssochlamys fulva, slightly higher than
for B. niveawith a D88� C of 0.75–0.8 min and z of 4.0–6.1� C.
For Talaromyces macrosporusvalues for D90� C of 2–7 min and a z
value of 10.3� C were recorded, and forNeosartorya� scheri, D88� C

was 1.2–16.2 min and z was 5.6� C. The ascospores of thes
molds have been particularly troublesome in fruit products.
In fact, Byssochlamysspecies rarely are isolated from non-
thermally processed spoiled acid foods. Yeast cells as well a
mold hyphae and conidia are not as resistant to heat as asco
spores. Mold ascospores are more resistant to heat than yea
ascospores.

Most of the xerophilic fungi belong to the Ascomycotinaor
closely related deuteromycetes. The most xerotolerant mold i
Xeromyces bisporusthat grows down to a water activity (aw) of
e in foods

tant spores in fruit products;B. niveanot common
om cereal grains, legumes, nuts in tropical countries
om wheat, cereal grains, legumes, nuts
om cereal grains, legumes, meats, nuts, produces mycotoxins
s isolated from many foods: cereal grains, cheese, dried fruits, nuts
of high-moisture prunes; isolated from dried� sh and other foods
d rice wine and kaoliang brandy
heat-resistant ascospores in acid heat-processed fruit products
heat-resistant ascospores in fruit products
om cereals, nuts, meats, but no reports of spoilage of heat-treated foods
that grows down to 0.61 aw; isolated from liquorice, dried fruits

tance

min; is salt-tolerant,� lm-former in brines, spoils orange juice, yoghurt
om fruits, vegetables, wine, brined foods, soft drinks
om beer, dairy products, molasses, sugar cane, wine
om fruit juices, soft drinks, wine, beer, confections, dried fruits,
aise, salad dressings; some species preservative resistant

tion yeast (bread, beer, wine, saké, whisky, cocoa, etc.)
h bread (acid-tolerant)
er, isolated from beer and wine
nt, reduces malic acid in wine, preservative resistant
rmented breads, isolated from many foods (dairy, fruits, high-sugar foods,
les)
om refrigerated foods (dairy, meat, salads, seafoods)
ad dressings, mayonnaise, ice cream mix, wine; preservative resistant
nt to aw 0.62, preservative resistant, isolated from fermented foods (soy

cocoa, pickles)
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0.61 in dried fruits, liquorice, fruit cakes, and cookies with fruit
�llings; however, it takes about 120 days to germinate at the aw
of 0.61. Zygosaccharomyces rouxii is the most xerotolerant yeast
growing in high-sugar foods (sugar syrups, fruit concentrates,
cake icings, confections, jams, chocolate sauces) with aw
minimum of 0.62. Other xerophiles are species of Eurotium
(Table 3), which have been isolated from many different types
of foods, such as dried fruits, stored cereals, dried meat and
�sh, and nuts. Since foods that have low water activities are not
optimal for microbial growth, xerophiles generally will take
months to become evident in foods.

Several ascomycetous yeasts are resistant to common
chemical preservatives used in foods, especially benzoate
and sorbate. Pichia membranaefaciens grows in foods with 1%
acetic acid and up to 1500 mg kg�1 sodium benzoate at
pH 4.0. Schizosaccharomyces pombe is resistant to sulphur
dioxide at pH 3.0–3.5 and has been isolated from foods with
a sulphur dioxide content of 120–250 mg kg�1; it also grows in
600 mg l�1 of benzoic acid. Zygosaccharomyces bailii is resistant
to several chemical preservatives, such as acetic, benzoic, pro-
pionic and sorbic acids, and sulphur dioxide at levels of
400–800 mg l�1. These yeasts have caused spoilage in foods
preserved with vinegar, salad dressings and mayonnaise, sugar
syrups, soft and sports drinks, and fruit products.
See also:Preservatives:Classi� cation and Properties; Spoilage
Problems:Problems Caused by Fungi; Yeasts:Production and
Commercial Uses.
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Ascomycota has 3255 genera comprising 32 267 species. The
presence of lamellate hyphal walls with a thin electron-dense
outer layer and a relatively thick electron transparent inner
layer of the ascus is one of the diagnostic characters; this
enables mitosporic fungi to be recognized as Ascomycetes even
in the absence of asci. In the past, much importance has been
given to the characteristics of asci (Hemiascomycetes, Plecto-
mycetes, Pyrenomycetes, Discomycetes, Laboulbeniomycetes,
Loculoascomycetes). In recent years, the development of
ascomata and especially the method of discharge of asci has
been given paramount importance. The major problem with
earlier classi�cations was that lichen-forming fungi – almost
half the Ascomycetes – had often been classi�ed separately. A
similar intercalation into a hierarchical system based on vari-
ations in non-lichenized fungi was not expected.

There are two schools of thought on the classi�cation of the
Hemiascomycetes. Some believe that the presence or absence
of abundant mycelium is a fundamental characteristic and that
the nutritional characteristic is of secondary importance in
delineating the genera of such yeasts. The second school of
thought does not recognize the genera of Endomycopsis on the
basis of presence or absence of mycelium. They refer to cellular
as well as �lamentous blastoconidial species of Pichia. This
genus does not assimilate nitrate as the sole source of nitrogen
and species may or may not ferment sugars. However, fungi
similar to Pichia but utilizing nitrate are assigned to Hansenula.

There is considerable variation between the systems of
higher categories proposed for Ascomycota. In all, 46 orders are
accepted, compared with the classi�cation of Eriksson, who
proposed 39 orders. Five have already been combined with
other accepted orders as more data have been generated; 500
genera could not be assigned with certainty to the 29 accepted
families.

Molecular data are adding a new dimension to our under-
standing of the relationships between the different Ascomy-
cetes orders. In general, certain important criteria have emerged
with respect to phylogenies and some groupings are becoming
clearer. It is now evident that there is a basal group of Asco-
mycetes (Archiascomycetes) including Pneumocystidales,
Protomycetales, Schizosaccharomycetales, and Taphrinales.
Saccharomycetales is quite separate from this group. Some
authorities argue that the class names Plectomycetes and Pyr-
enomycetes should be reinstated, but this has not been widely
accepted as the circumscriptions differ from those based on the
ascomatal stage. Almost half the orders and many families have
several members in sequences, and some have been the subject
of phylogenetic speculation.
Conidium Ontogeny

In the taxonomy of Ascomycetes and their imperfect states,
conidiation (how new cells or conidia are formed) has proved
to be a useful criterion. Several kinds of conidiogenous cells
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
and conidia are distinguished. Most are also observed in
yeasts and should be used in yeast taxonomy, in addition to
�ssion and budding.

Phialidic (enteroblastic, basipetal) conidiation is observed
in the red yeasts, which should be classi�ed into Spor-
obolomycetales and also in the yeast-like, vegetative state of
Taphrina, Symbiotaphrina, Protomyces, Microstoma, and Ustilago.
The species belonging to these later genera are mainly plant
parasites that cause hypertrophy, swelling, or witch’s broom
growths. They have been classi�ed partly in Ascomycetes and
Basidiomycetes or Hyphomycetes, but may be closely related to
each other. The most common feature is the presence of
carotenoids.

A practical system of classi�cation has been elucidated
which has 10 orders and no higher categories within the group.
The main distinguishing features were the appearance of the
ascus-containing structure (ascoma), particularly whether it
was stromal, more or less absent, disc-like, ostiolate or scaly.
Others distinguished two major groups on the basis of the
ontogeny of the ascoma: the Ascoloculares in which the asci
developed in cavities in a preformed stroma and the Ascohy-
meniales where the asci develop as a hymenium and not in
a preformed stroma.

It was recognized that important fundamental characters
such as those of the ascus, or those of ascocarp (ascoma)
centrum characters, and major groups were based on the
super�cial characteristics. It depends mainly whether an ascoma
was absent (Hemiascomycetes) or closed (Plectomycetes),
whether the opening was a pore or slit (Pyrenomycetes) or
whether it was open (Discomycetes).
Saccharomycetales

Saccharomycetales constitute two genera comprising 16
species. There is well-developed mycelium, lacking a poly-
saccharide sheath. The septa have clusters of minute pores
which fragment to produce thallic conidia; asci are formed by
the fusion of gametangia from adjacent cells or separate
mycelia. These are usually elongated or ellipsoidal; they are
rarely ornamented and are covered with a mucous sheath and
do not stain blue with iodine.

Many laboratory strains of Saccharomyces cerevisiae (yeast
form: YF) contain a single mutation that blocks pseudohyphal
growth, but wild strains are dimorphic. Mutational studies
have shown that the kinase cascade, required for the yeast-
mating pathway, is also required for pH growth.

Candida is anamorphic Saccharomycetales. It has pseudo-
mycelium and mycelium. C. albicans (candidiasis) is patho-
genic for humans and animals. The fungal cell wall contains
polymer chitin (1 / 3) b (1 / 6) b-glucan (1 / 3) a-glucan.

Despite early discovery of ballistoconidium-forming yeasts,
little is known about this kind of yeast. Recently, however,
many new strains of these yeasts have been isolated from
-384730-0.00138-5 41
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natural sources and it has become important to study the
classi� cation of these yeasts. For a long time, the morphology
of ballistoconidia has been considered an important taxo-
nomic criterion. However, it is well known that the ability to
produce ballistoconidia is easily lost. Moreover, recent exten
sive isolation studies have revealed that three kinds of conidia–
ballistoconidia, budding cells, and stalked conidia – are
produced by the yeasts, although the productivity of these
conidia is not stable. Therefore, the conidium ontogeny is not
always reliable in the classi� cation of ballistoconidium-
forming yeasts. Blastospores with a narrow base and arthro
spores are known in yeasts. In this genus the sporulation i
multipolar all over the surface. In Schizosaccharomyces, multi-
plication takes place by� ssion.

Blastospores with a broad base followed by the formation
of a septum are typical in genera such asNadosomaor Saccha-
romycoides. In this case the formation of the daughter cells takes
place only at the end of the mother cells (bipolar) and can
repeat itself by meristematic growth of the apical region.
A number of daughter cells can be produced in basipeta
succession as blown-out ends or by proliferation through the
scars of previous daughter cells. In some cases a collarette-li
sheath may surround the scar. Currently, cell components
such as proteins and nucleic acids are considered to be th
important criteria for estimation of relationships among taxa.
The phylogenetic tree based on the partial sequences suggest
that ballistoconidium-forming yeasts consisted of two
branches and these corresponded to the existence of xylose
the cellular monosaccharide component. The phylogenetic tree
based on the complete sequences suggested that the bran
comprising the genusUdeniomyces, which is unique morpho-
logically from Sporobolomyces-like and physiologically Bullera-
like was distantly aligned. The ubiquinone system and the
cellular polysaccharide are considered to be signi�cant at the
generic level. The sequencing of 18S ribosomal RNA ca
provide information for the phylogeny. It is now clear that
morphogenic process entails the differential expression o
many genes.

Excluding the anamorphs and basidiomyceteous af� nity,
the genus Candida is now limited to the anamorphs of
ascosporogenous species. While this action has made th
genus more homogeneous,Candidastill remains a catch-all
of unrelated species. The broad de� nition of the genus
permits inclusion of many yeasts with a wide range of
characteristics. Currently, about 170 species are listed i
Candida. Some of these have teleomorphic counterparts
These are represented by 11 teleomorphic names:Citer-
omyces, Clavispora, Issatachenkia, Kluyveromyces, Metchn
Pichia, Saccharomyces, Stephanoascus, Torulaspora,
erhamiella, and Yarrowia.

In the absence of distinguishing characteristics for taxo
nomic alignment, the use of molecular techniques for strain
identi � cation and species evaluation has proved dif� cult. DNA
reassociation studies have demonstrated that lumping physi
ologically similar strains into a single species is no more
plausible than dividing species on the basis of a single or a few
physiological traits. Several species have been formed a
complexes of unrelated strains and some synonyms have bee
shown to be valid species. About 4500 DNA sequences from
200 Ascomycetes species are found in the EMBL data librar
These are potential phylogenetic markers at different tax
onomical levels.
Dipodascales

In a complete revision of the fungus classi� cation, the order
Dipodascales is included together with other orders– Proto-
ascales, Protomycetales, Ascolocurales, Spermothorales, a
Synascales– in the class Periascomycetes, which is not sub
divided into subclasses. Only two genera,DipodascusLagen and
HelicogniumWhite, are placed in the family Dipodascaceae. The
genus Helicogoniumis characterized by the possession o
bifurcate asci formed as a result of the fusion of two gametangia
arising from different branches. The asci are eight-spored an
do not stain with iodine solution.
Ecological Importance

Some of the unicellular yeasts produce daughter cells either b
budding Saccharomyces(S. cerevisiae) or by binary � ssion
(Schizosaccharomyces pombe). The yeasts are a phylogenetically
related group of fungi bound together by the characteristics of
predominantly unicellular growth and a sexual state not
enclosed in a complex fruiting body. The criteria used for
species delimitation initially relied on the morphology of
vegetative and sexual stages, followed by de� nition of taxa
through biochemical and genetic tests and� nally, owing to
partial failure of the foregoing to give unambiguous results,
reliance on nucleic acid base sequence relatedness and all
zyme comparison. At the same time several laboratories hav
studied the nutritional diversity of yeasts that were phenotyp-
ically similar by traditional criteria but shown to be distinct by
molecular techniques. Several useful carbon compounds hav
been found that can reliably distinguish between some species
that by traditional criteria would have been considered iden-
tical. In a few instances, where the habitat of a species is we
de� ned, its ecology is the only criterion which distinguishes it
from phenotypically similar species.
wia,
ick-

Kloeckera

Kloeckera apiculata(Ress emend. Klocker) Jane is the imper
fect stage ofHanseniaspora valbynesis. It is found in grapes
and associated with the � or of sherry. Cells are lemon-
shaped or oval, 5–8(10) � 2–4.5 mm in liquid media.
There is a sediment and a thin surface-ring formation of
pseudomycelium is rare. Only glucose, laevulose, and
mannose are fermented.
Debaryomyces

DebaryomycesLodder and v. Rij nom conserv. (A de Bary) cells
are round or short and oval. They propagate by multipolar
budding, producing in liquid media a dry dull pellicle. Ascus
formation is almost invariably preceded by conjugation, which
is usually heterogamous: a cell conjugates with its own bud.
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Spores are round, usually with an oil-drop in the middle and
sometimes �nely warted.
iting body char-
ion 9, 278
hiladelphia, USA.
Hansenula

Hansenula H. and P. Sydow grow as dry, wrinkled pellicles on
the surface of the liquid. Their metabolism of sugars is more
oxidative than fermentative.

Cells are of various shapes – round, oval, and elongated,
cylindrical with a strong tendency to form pseudomycelium.
Ascospores are hemispherical, hat-shaped or angular. Species of
Hansenula ferment vigorously and can utilize nitrates.
Co, Minneapolis,
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Importance to the Consumer

Ragi and ragi-like starters were obtained from China, India,
Sikkim, Indonesia (Java and Bali), Malaysia, Nepal, Philippines
and Taiwan. These starters have different names in each country
(Murcha, bubood, Chinese yeast). The microorganisms were
three genera of Mucorales (Rhizopus, Mucor, Amylomyces), yeasts,
and bacteria. Amylomyces rouxis was reported to survive long
periods of time – up to 5 years at room temperature – and
resulted in retained amylolytic activity. Chlamydospore germi-
nation was �rst observed in Amylomyces: these are assumed to be
the spores that remain alive when cultures are dried in ragi and
similar starters. The remarkable thing about the starters was the
consistent occurrence of the �lamentous yeast, with the excep-
tion of Amylomyces from Nepal. Determining the number of
colonies of Amylomyces is dif�cult because they resemble
Rhizopus and spread rapidly in dilution plates.
See also: Candida; Debaryomyces; Fungi:Classi� cation of the
Eukaryotic Ascomycetes; Characteristics ofHansenula:
Biology and Applications; Saccharomyces: Saccharomyces
cerevisiae; Schizosaccharomyces; Yeasts:Production and
Commercial Uses.
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Introduction

Physiologically and morphologically, as obligately osmo-
trophic heterotrophs, the Peronosporomycetes are ‘fungi.’ They
are phylogenetically separate from the Mycota (an alternative
taxonomic name for the kingdom Fungi) and sometimes are
described as Oomycota. The bi�agellate, anisokont but non-
straminipilous Plasmodiophorales and the uni�agellate Chy-
tridiomycetes likewise are unrelated. The Chytridiomycetes
may be an early offshoot from the phylogenetic line leading to
the non�agellate Mycota.

The Peronosporomycetes are algae fungi or cellulose fungi,
form a class within the Stramenopilen, and therefore are much
closer to brown algae, golden algae, and diatoms used as the
genuine fungi. The taxa include several plant pathogens, such
as the causative agent of late blight of potato and downy
mildews.

The Peronosporomycetes include the most numerous, most
important, and earliest known (with mid-eighteenth century
reports for Saprolegnia on �sh) water molds (see Figure 1).
Study of the Peronosporomycetes has received attention since
the 1840s, because of the sociohistoric signi�cance of late
blight of potato (Phytophthora infestans) and downy mildew of
vines (Plasmopara viticola). Some of the most damaging groups
of pathogens of food crops are Peronosporomycetes.

Many of the parasitic species, other than the root pathogens,
have restricted host ranges; most are obligate parasites not
available in axenic culture (a culture of an organism that is
entirely free of all other ‘contaminating’ organisms). The
downy mildews (Peronosporales on advanced dicotyledons
and Sclerosporales on panicoid grasses) are leaf and stem
parasites; nematodes and rotifers are parasitized by the Myzo-
cytiopsidales; arthropods by the Saprolegniales and Salilage-
nidiales; vertebrates by the Saprolegniales and Pythiales; and
other Peronosporomycetes by related fungi.

Most species of Peronosporomycetes are freshwater or
terrestrial; few are strictly aquatic, but many are characteristic of
wet marginal sites or are from seasonally or intermittently
waterlogged soil. Aqualinderella fermentans is the only obligate
anaerobe. In terrestrial and freshwater ecosystems, the saprobic
Peronosporomycetes have a major ecological role in degrada-
tion and recycling, as deduced from estimates of activity and
biomass production from spore population sizes. Many of the
saprobic and facultatively parasitic species are abundant, with
worldwide distributions. A few taxa are con�ned to the
pantropics or to a continental landmass, but strictly psychro-
philic or thermophilic species have not been identi�ed. Sap-
robic taxa survive in estuarine conditions, but such habitats
may not be their primary niche: A few parasitic Peronospor-
omycetes are oligohaline or marine.

The Peronosporomycetes contains at least 900 and perhaps
as many as 1500 species, depending on the species concepts
used for the obligate parasites of angiosperms. The principal
families in terms of numbers of species, frequency of isolation,
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and economic importance are the Peronosporaceae, Pythia-
ceae, Sclerosporaceae, and Saprolegniaceae.
Class Diagnosis

The largest downy mildew genus, Peronospora, contains
a number of economically important pathogens. The Per-
onosporomycetes are straminipilous fungi – that is, fungi
possessing (or evolved from organisms that once possessed)
a bi�agellate zoosporic phase in which the �agella are ani-
sokont and heterokont, with the anteriorly directed �agellum
bearing two rows of tubular tripartite hairs (the straminipi-
lous �agellum). Other straminipiles are photosynthetic
(diatoms, brown algae, etc.); the kingdom also includes
additional heterotrophs, such as the uni�agellate straminipi-
lous fungi (Hyphochytriomycetes), the Labyrinthista, and the
Lagenismatales.

Correlating characters are walls primarily composed of
b-1,3- and b-1,6-glucans; a,�-diaminopimelic acid (DAP)
lysine synthesis; a haplomitotic B ploidy cycle (mitosis
con�ned to the diploid phase); oogamy; and mitochondria
with tubular cristae.

A closed cruciform meiosis in which the nuclear
membrane remains intact until the second telophase and the
metaphase I and metaphase II spindle poles are in the same
plane is characteristic of the class. These fungi are unique in
possessing synchronous multiple meioses in a coenocyte with
a haplomitotic B ploidy cycle, as illustrated using Saprolegnia
(a genus of freshwater mold often called a ‘cotton mold’
because of the characteristic white or gray �brous patches it
forms, see Figure 1). The nature of sexual reproduction
provides several of the primary criteria for classi�cation
within the Peronosporomycetes.
Features of the Class: Commercial Importance

Economically, the most important members of the Per-
onosporomycetes are the phytoparasites, particularly the root-
rotting fungi and the downy mildews (Table 1). In many cases,
the hosts are crop plants, such as sun�ower, lettuce, cucurbits,
vines, corn, and millet, and the pathogens are important causes
of crop failure. The recognition of the tightly circumscribed
temperature and humidity optima for leaf infection of Solanum
by zoospores of P. infestans has enabled sophisticated fore-
casting procedures to be developed. Crop losses resulting from
Pythium are probably more considerable than has been
recognized.

By far the most noteworthy arthropod parasites are Apha-
nomyces (Saprolegniales) on freshwater crustacea and Salilage-
nidium and Halodaphnea on marine crustacea. The introduction
and spread of Aphanomyces astaci (Krebspest disease, a fatal
fungus disease of cray�sh) in Europe has eliminated entire
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00135-X
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Figure 1 Illustrated and annotated life history ofSaprolegnia.
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populations of the European cray� sh from many river systems,
from which recovery is improbable. Mariculture of prawns and
shrimps in Asian coastal waters is subject to epidemics cause
by species of the Salilagenidales. The disease of salmonid� sh,
ulcerative dermal necrosis, occasionally reaches epidemic leve
and continues to be under investigation because of its inci-
dence in � sh farming.
Although there are several examples of insect parasitism
Lagenidium, endoparasitic in mosquitoes, has been targeted fo
biological control of mosquito populations.

No member of the Peronosporomycetes is known as a sourc
for any economically important product, although carbohydrate
polymer production from cell wall material has potential from
taxa with rapid hyphal growth rates and ease of culture.



id
f

f
e
n

Table 1 Representative food and crop pathogens placed in the Peronosporomycetes

Food/crop Genus (family) Disease Geographic/cultural restriction/importance Genus of pathogen

Potato Solanum(Solanaceae)a Late blightb,c Not speci� c Phytophthora
Tobacco Nicotiana(Solanaceae)a Black shank North America Phytophthora
Tobacco Nicotiana(Solanaceae)a Downy mildew Not speci� c Peronospora
Sun� ower Helianthus(Asteraceae)a Downy mildew, stunting Not speci� c Peronospora
Lettuce Lactuca(Asteraceae)a Leaf rotb Not speci� c Bremia
Cucumber Cucumis(Cucurbitaceae)a Downy mildew Northern glasshouse crops Pseudoperonospora
Cucumber Cucumis(Cucurbitaceae)a Fruit rot North America Phytophthora
Melon Cucumis(Cucurbitaceae)a Root rot Middle east Pythium
Cocoa Theobroma(Sterculiaceae)a Black pod Africa, South America Phytophthora
Cocoa Theobroma(Sterculiaceae)a Pod rot Africa Trachysphaera
Carrot Daucus(Apiaceae)a Cavity root spot Australia, United Kingdom Pythium
Grapes Vitis(Vitaceae) Downy mildew Not speci� c Plasmopara
Avocado Persea(Lauraceae) Root/collar rotc America Phytophthora
Pea Pisum(Fabaceae) Root rot North America Aphanomyces
Apple Malus(Rosaceae) Crown/collar rot Not speci� c Pythium
Strawberry Fragaria(Rosaceae) Red core/steleb New Zealand Phytophthora
Raspberry Rubus(Rosaceae) Root rotb Not speci� c Phytophthora
Onion Allium(Liliaceaes.l.) Downy mildew Not speci� c Peronospora
Millet Pennisetum(Panicoideae) Downy mildew India Sclerospora
Sorghum Sorghum(Panicoideae) Downy mildew India, Africa Sclerospora
Maize Zea(Panicoideae) Downy mildew Not speci� c Sclerospora
Sugar cane Saccharum(Panicoideae) Unstable ratooning Queensland Pachymetra
Trout Not speci� c Ulcerative dermal necrosis Not speci� c Saprolegnia
European cray� sh Not speci� c Krebspest Not speci� c Aphanomyces

aTubi� orous dicotyledons.
bThe most important disease of the crop.
cDisease economically limiting in some regions.
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Biochemistry

Saprobic species have long been studied because of their rap
biomass increase on simple media. Restricted availability o
combined forms of nitrogen and sulfur for nutrition are of
particular interest as they appear to provide phylogenetic
markers of genetic deletions unlikely to be restored. The
biochemistry of respiration has received attention because o
facultatively or obligately fermentative abilities.
ls.
f

Nucleic Acids

Genomic and mitochondrial DNA are now being used in
discussions of relatedness at family, genus, and species leve
The DNA GþC ratios vary widely in the Peronosporomycetes.
Both the position (within the non-transcribed spacer (NTS) of
the rDNA repeat unit) and the occurrence of inverted copies of
the 5S rDNA unit show variation within the subclasses. The
mitochondrial genome length is between 36.4 and 73.0 kb and
the presence of an inverted repeat (about 10–30 kb) has been
established for some species.
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Lysine Synthesis

The diagnostic DAP lysine synthesis pathway is thought to hav
evolved before thea-aminoadipic acid (AAA) pathway (which
is correlated with the presence of mitochondria with � at,
platelike cristae and often with chitinous cell walls). Unlike the
AAA pathway, the DAP pathway may be associated with a rang
of mitochondrial types.
Cell Wall Materials

The amount of wall � brillar material is lower than in plants,
and cellulose (b-1,4-glucan) tends to be masked by larger
amounts of b-1,3- and b-1,6-glucans. Chlor-zinc iodide histo-
chemistry, while an unreliable indicator for cellulose, remains
the only way to indicate the wall chemistry of endobiotic
parasites. Glucosamine occurs in the Peronosporomycetida
and Saprolegniomycetidae, and the presence of chitin has bee
con� rmed for Saprolegniaceae. Hydroxyproline-rich protein is
present in greater amounts in the Pythiaceae than in the
Saprolegniaceae.

Sterol Metabolism: Secondary Metabolites

Sterols (a subgroup of the steroids and an important class o
organic molecules) have been implicated in various func-
tions associated with sexual reproduction, including induc-
tion of sexuality (with indications that there may be
substitution of analogue induction), directional growth of
the gametangial axes; localized stimulation of wall softening
at the point of contact between gametangia, and effect on
meiosis.

Possibly all taxa of the Peronosporales are dependent o
exogenous sources of sterols. Evidence of partial dependen
on exogenous sterol precursors exists for the Pythiales. Th
sterol requirements for sexual reproduction in Pythium and
Phytophthorahave been given most prominence, but the
detailed requirements for exogenous sterols differ between
genera, as does the ability to utilize sterols with certain
substituents. Loss of sterol anabolic pathways occurs a
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subgeneric levels, as may be inferred from sexual reproductiv
capacity within the Pythiaceae andAchlyaspecies.

Some sterol biosynthetic pathways have been regarded a
being of a fundamental evolutionary signi� cance equivalent to
that of lysine synthesis. Information of phylogenetic value
comes from cycloartenol and lanosterol synthesis. Lanosterol i
formed from squalene oxide cyclization via cycloartenol in
photosynthetic lineages, but directly in nonphotosynthetic
lineages, including the Peronosporomycetes.

Secondary metabolites may also be linked with steroid
metabolism. For most of the Albuginaceae and the Per
onosporaceae, hosts are found in the highly evolved
sympetalous Asteridae and three other unrelated and les
highly evolved groups, the Rosidae, the Caryophyllidae, and
part of the Dilleniidae. These superorders are noted for the
production of secondary metabolites that are frequently
either toxic to other organisms (saponins and alkaloids) or
oily (essential oils and mustard oils). Food plants are
commonly from these superorders because their secondar
metabolites confer palatability. The Sclerosporales hav
a totally different host preference in the Poaceae (Pan
icoideae), possibly related to C4 photosynthesis and sulfated
� avonoid production.

Polyene antibiotics, effective on Mycota, are ineffective on
the Peronosporomycetes: Because these antibiotics are thoug
to function by acting on membrane-bound sterols, funda-
mental differences between the membrane-bound sterols of the
two groups of fungi could be inferred.
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General Morphology: Characters Used in Taxonomy

The Assimilative System

Thallus form in the Peronosporomycetes is diverse, ranging
from a mycelium of hyphae (analogous to hyphae of the
Mycota, with tip growth) to allantoid or ellipsoid (holocarpic)
cells, or monocentric and eucarpic thalli having an assimilative
system composed of branched rhizoids. Obligate parasites ma
be entirely con� ned within a single host protoplast (endobi-
otic), intracellular (some hyphae invading the protoplasts of
a host thallus), or intercellular with specialized side branches
(haustoria) that penetrate the cell walls, but not the proto-
plasts, of the host cells.

In mycelial forms, hyphae vary in diameter from 1.0 to
3.5 mm (Pythiogeton, Verrucalvus) up to 150 mm (after intus-
susception, in older hyphae of Achlya). Generalized intussus-
ception of wall material occurs in the monocentric thalli of
Rhipidiaceae. Septa normally are present to delimit reproduc
tive structures and exclusion septa sometimes develop in old
mycelia of Pythium; plugs of wall material may replace septa a
reproductive junctions in some families. ‘Cellulin ’ granules
(granules containing chitin) are found only in the Lep-
tomitales. Rhizoid development may be more frequent in the
class than generally is accepted. After initial plasmodial deve
opment, a walled thallus, which continues expanding, soon
becomes apparent inOlpidiopsis.

The protoplasm is coenocytic, and in wide hyphae, bidi-
rectional cytoplasmic streaming along cytoplasmic strands
usually is seen. During active vegetative growth, the nuclea
cycle is short (about 36–76 min in Saprolegniaceae and
75–155 min in Pythiaceae). Linear growth rates on agar are
variable.
Vegetative Ultrastructure

Mitochondria with tubular cristae are conspicuous. Dictyo-
somes are also well developed. The two most abundan
remaining vesicular systems are those of the lipid vesicles an
the dense body vesicles (DBVs). The latter possess an electro
opaque core or inclusion surrounded by a more electron-lucent
zone, with or without myelin-like con � gurations; they may
have a role in vegetative vacuolation and may be essential fo
the mobilization of the vast reserves of the mostly phosphor-
ylated b-1,3-glucans; they produceb-1,3-glucans for zoospor-
angial evacuation and probably ooplasm cleavage in
oosporogenesis; they have been implicated in oogonial wall
formation of some Saprolegniaceae; and they coalesce to form
the ooplast in the mature oospores of all Peronosporomycetes
The importance of DBVs may be related to the phosphate–
polyphosphate storage differences between Mycota and th
Peronosporomycetes. The Peronosporomycetes also ha
a highly developed complex of extrusomes associated with
encystment and germination.
Asexual Reproduction

Asexual reproduction shows considerable adaptive diversity
Normally, a sporangium is delimited and differentiated from
the eucarpic vegetative system. The nuclei of the sporangi
protoplast do not normally undergo further division in the
sporangium (exceptions include Phytophthoraand the Per-
onosporaceae). Cleavage of zoospore initials occurs eithe
within the zoosporangium (intrasporangial zoosporogenesis)
or after discharge of the sporangial protoplasm (extra-
sporangial zoosporogenesis).

Discharge of intrasporangial zoospores is achieved b
imbibition of water through the sporangial cell wall, due to
secretion of osmotically activeb-1,3-glucans from the zoospore
initials and other residues. Pythium is characterized by the
extrusion of uncleaved multinucleate protoplasm into
a homohylic vesicle formed simultaneously with discharge. In
Phytophthora(and Pseudoperonosporaof the Peronosporaceae)
cleavage takes place within a persistent zoosporangial plasm
membrane (the plasma-membranic vesicle). In some Per
onosporomycetes, asexual propagation is by means of hypha
bodies.

Sporangial regeneration (or hyphal regrowth) may occur by
internal renewal (through the sporangial septum), by a lateral
branch (cymose renewal), by basipetal development, or by
limited internal renewal so that the successive sporangial sept
are formed at approximately the same point on the axis (per-
current development, Albugo). The conidio-sporangiophore
may be swollen (Basidiophora, Sclerospora) with dichotomous
(Peronospora), pseudodichotomous (Sclerospora), or more
irregular branching (Plasmopara).
The Zoospore

The asymmetric shape of the principal-form zoospore, reni-
form with a ventral groove (Figure 2), is due to the
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Figure 2 (a) Principal-form zoospore. (b) Arrangement of� agella in the ventral groove, direction of� agella indicated by large arrows,� agellar cross
sections with 9þ 2 axomes and tubular tripartite hair attachment (to upper, anterior� agellum) indicated. (c) Variation in lengths and densities of
tubular tripartite hairs (straminipilous hairs). (d) Distal structure of a tubular tripartite hair.
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microtubular cytoskeletal array from the microtubule orga-
nizing center at the � agellar bases (Figure 3). Substantial
differences in zoospore volume (Table 2) may in � uence
zoospore shape and ultrastructural complexity.

Flagella of different lengths, whether of identical mor-
phology or with nonheterokont differences in morphology, are
termed ‘anisokont.’ The term ‘heterokont’ is restricted to the
possession of two different kinds of � agellum: the straminipi-
lous � agellum and a posteriorly directed, unornamented
� agellum, with or without a � brillar surface coat. The strami-
nipilous � agellum pulls the zoospore through the water because
its hydrodynamic thrust is reversed by the two rows of stiff,
tubular tripartite ( � agellar) hairs (TTHs) held in the plane of the
quasi-sinusoidal beat. Each TTH has a tubular shaft, a solid
tapered point of attachment, and two distal, diverging hairs, one
long and one short. Most TTHs have a shaft length of 1.0–
2.0 mm, irrespective of the length of the � agellum or the
volume of the zoospore (seeFigure 2).

Sometimes, there is a sequence of two or more zoospori
phases (polyplanetism). Dimorphism of the zoospore occurs
in some taxa, with an initial zoospore with subapically inserted
� agella (the auxiliary zoospore). The cysts formed from each
kind of zoospore often are morphologically distinct with
different kinds of ornamentation: The principal-form
zoospores of some species ofSaprolegniahave distinctive
split-ended hairs (boat-hook hairs) (Figure 4). The shedding or
retraction of � agella at encystment is also a taxonomic variable

The � agellar base is composed of the kinetosome and its
two groups of attached roots of microtubules. Independent
variation in the ultrastructure of each root occurs between taxa
and sometimes within a species. The ultrastructure of the
transitional zone between the kinetosome and the� agellar
axoneme also differs within the class (Figure 5).
Sexual Reproduction

Gametangia may be developed terminally, subterminally, in an
intercalary position on main or branch hyphae, as terminal or
lateral appendages to a nonmycelial thallus, or from the entire
thallus. Gametangia are coenocytic meiogametangia, in which
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Figure 3 Flagellar bases with skeletal roots of principal-form zoospores. (a) Saprolegniomycetidae. (b) Peronosporomycetidae. A, anterior� agellum; P,
posterior� agellum; RH, right-hand side of zoospore; LH, left-hand side of zoospore; R1, R2, roots to the anterior� agellum; CD, R1 cord; R3, R4,
roots to the posterior� agellum; CMT, cytoplasmic microtubules; NMT, nuclear-associated microtubules; N, nucleus.

Table 2 Calculations of mean zoospore–zoospore cyst volumes

Species Estimated volume (mm3)

Saprolegnia anisospora 4905 (Large cysts)
1200 (Small cysts)

Pythiogeton autossytum 1767
Pythium anandrum 1288
Verrucalvus ßavofaciens 755
Saprolegnia ferax 668
Phytophthora cinnamomi 606
Pythium aquatile 434
Salilagenidium callinectes 382
Lagenidium giganteum 350
Myzocytiopsis lenticularis 260
Lagena radicicola 256
Leptolegniella exoospora 243
Brevilegniella keratinophila 143
Aphanomyces amphigynus 113
Pythium angustatum 113
Halodaphnea parasitica 87
Gracea gracilis 33
Basidiophora entospora 29
Olpidiopsis brevispinosa 29
Olpidiopsis saprolegniae 14

Calculations of mean zoospore–zoospore cyst volumes for a miscellaneous range
of 20 taxa to give an indication of intergeneric variation, based on published
cyst diameters– spheres,43 P r3 – or mean zoospore dimensions assuming an
ellipsoidal body� 4

3 P r1r2
2 : Most members of the Peronosporomycetidae and th

Saprolegniomycetidae have zoospore cyst diameters of 8–12 mm (268–905 mm3);
interspeci� c differences have taxonomic value; differences may re� ect different life-
history strategies.

Figure 4 Zoospore cyst ornamentations. (a) Auxiliary zoospore cyst
with tuft of tubular tripartite hairs (Saprolegnia). (b) Principal-form
zoospore cyst with short, simple hairs (Phytophthora). (c) Principal-form
zoospore cyst with scattered‘boat-hook’ hairs (Saprolegnia). (d) Principal-
form zoospore cyst with papillae (Leptomitus).
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synchronous meioses occur. The numbers of nuclei enterin
the oogonial initials are greater than the numbers of mature
uninucleate haploid female gametes, which in turn are more
numerous than the numbers of zygotes in the oogonium.
A comparable reduction in the number of nuclei occurs in the
antheridium. In paired gametangia, the meioses are also eithe
simultaneous, or nearly so, between the two protoplasts. Afte
meiosis the contents of the receptor gametangium (oogonium)
become separated as one or several uninucleate and initiall
nonwalled gametes, but there is no differentiation of the male
gametangial contents.
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Figure 5 Transitional zones of (a) Saprolegniomycetidae and (b)
Peronosporomycetidae.
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Figure 6 A typical oogonium and oospore.

Figure 7 The biodiversity of oogonial and oosporic wall structure and
oosporic cytoplasmic organization. The diagram is arranged as three
partially exploded wheels of sectors: The outermost sector provides
examples of oogonial wall structure; the middle sector displays the
complex layers of the oospore wall (the usually thick endospore wall is
resorbed on germination; the epispore wall usually is thin, but it may
become convoluted; the exospore wall (of periplasmic derivation) is
blocked in); and the innermost sector with the dotted line, indicating the
plasma membrane, indicates the cytoplasmic reorganization in the
oospore (zygote). The central ooplast is diagrammed to indicate the phase
reversal between a solid ooplast (hatched) with translucent zones and
a � uid ooplast with granules in Brownian motion; the outer zone displays
the differential coalescence of lipids. *Indicates a� uid layer.
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The evolution of the Peronosporomycetes is based on
vegetative diploidy, and thus it differs from that of other
fungi. The occurrence of multiple synchronous meioses in
a gametangium makes it possible for karyogamy to take place
between two haploid nuclei from adjacent meioses in the
same gametangium (automictic sexual reproduction). Sexua
reproduction thus can occur without a separate male
gametangium or antheridium. In the Myzocytiopsidales and
a few Pythiales, the thallus becomes septate and adjace
segments assume the function of gametangia, whether auto
mictic, or by homothallic pairing of equal-size segments. In
the Olpidiopsidales a contiguous but independent, smaller
thallus (<10% of the receptor gametangium volume), the
companion cell, functions as the heterothallic donor.

The majority of species of most of the genera are homo
thallic; heterothallism may be derived secondarily. The classi
studies of heterothallism in Achlya, Phytophthora, and Pythium
have led to some understanding of the mating systems
morphogenesis of directional growth and penetration, and the
identi � cation of a C29 steroid sex hormone, antheridiol. Rela-
tive sexuality in the Peronosporales is thought to be a result o
lethals. Estimates of chromosome numbers may be dif� cult to
establish because of the possibilities of autopolyploidy, pol-
ysomy, and chromosome polymorphy.

Karyogamy is presumed to occur in the oosphere afte
fertilization, or perhaps in the haploid coenocyte of the
oogonium (see Figure 1). The cytoplasmic reorganization of
the oospore is indicative that functional or nonfunctional
meioses precede oospore formation.

Many species have oogonia with a smooth, more or less
spherical outline (Figure 6), but many others are ornamented.
Oogonial form depends on three criteria: initial expansion,
secondary primordial initiation, and wall deposition. The
sequential or simultaneous expression of these criteria result
in different kinds of oogonial ornamentation. No single group
within the Peronosporomycetes displays all the morphological
diversity, morphogenetic patterns, and wall layering that can be
found in the class (Figure 7).

The morphology and morphogenesis of the antheridium
are simpler than those of the oogonium. When the
antheridium is of regular occurrence, the mode of application
of the antheridium to the oogonium can be diagnostic.
Antheridial origin can either be characteristic for a species, o
highly variable within a species. Amphigynous antheridial
development, in which the oogonial initial grows through the
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Figure 8 Congenitally foreshortened life histories within the genus
Pythium.
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preformed antheridial initial, is characteristic of some species
of Phytophthora. When an antheridium is present, and fertil-
ization occurs, there is the injection of a small part of the
antheridial protoplasm into the oogonium through a fertiliza-
tion tube. Gametangial copulation (Myzocytiopsidales) occurs
when the two gametic protoplasts condense to a common pore
in the contiguous walls of the gametangia.

The morphogenesis of the oosphere is of major phyloge
netic signi� cance. The� rst distinction is between centripetal
and centrifugal oosporogenesis; second is the extent of exclu
sion of part of the oogonioplasm for the oosphere(s) as peri-
plasm. In the Peronosporales and Rhipidiales, this periplasm
may be substantial, persistent, and sometimes initially
nucleate. When the entire oogonial cavity is occupied by the
oospore, the oospore is plerotic: few taxa are truly plerotic. In
Pythium, the concept of an aplerotic index has been proposed to
aid taxonomic assessment of species differences.

Within the oospore, there are two complementary processe
of vesicle coalescence that proceed simultaneously. The DB
gradually coalesce to form a large, single membrane-bound
structure, the ooplast. At the same time, there may be a var
able degree of coalescence of lipid globules. The matur
oospore of some species contains a single ooplast and a sing
lipid globule. Mean oospore size is variable (Table 3).

The evolutionary strategies of straminipilous fungi and
mycote fungi are similar in that they depend on large pop-
ulations with generation times that are ephemeral in the
context of the generation times of the macrobiota of the
ecosystem (Figure 8). Diploidy has resulted in the oospore
population functioning in ecological or population genetics in
a way that is analogous to that of heterokaryotic anamorph
Table 3 Oospore dimension for 20 taxa

Species
Oospore
diameter (mm)

Oospore
volume (mm)

Calyptralegnia achlyoides 51 (80) 69 456
Achlya megasperma 48 57 905
Aqualinderella fermentans 46 50 965
Pythium polymastum 44 44 602
Basidiophora entospora 42 38 792
Phytophthora megasperma 41 36 086
Verrucalvus ßavofaciens 41 36 086
Peronospora media 38 28 730
Pachymetra chaunorhiza 34 20 579
Phytophthora infestans 30 14 137
Phytophthora citricola 22 5575
Aphanomyces euteiches 22 5575
Pythium acanthicum 21 4849
Pythium ultimumvar.ultimum 18 3053
Myzocytiopsis lenticularis 18 3053
Geolegnia inßata 14 1436
Pythium parvum 13 1150

Oospore dimensions for a miscellaneous range of 20 taxa to give an indicatio
intergeneric variation. Note that there is approximately a hundredfold differenc
oospore volume from the top to the bottom of this list, with a wide spread for all ord
and some genera. Overall diameters are used because most of the oospore
thickness is due to endospore material that is resorbed on germination. Differen
presumably re� ect inoculum potential in relation to life-history strategies.
Note: The ooplast has different characteristics within the class. In most of the Sap
legniales, the ooplast is� uid, with Brownian movement of granules, but in the Pythiale
and Leptomitales the ooplast appears to be homogeneous.
spore populations in other fungi; the oospore is not always
a survival spore.
r

Characteristics of the Subclasses and the More
Important Orders

Gross thallus structure always has been the prime criterion fo
separating the orders of the Peronosporomycetes (Table 4), but
reliance on thallus morphology also resulted in many of the
smaller and apparently simpler holocarpic species being
unwarrantably grouped together.
Peronosporomycetidae

Mycelial fungi with centripetal oosporogenesis.
Peronosporales

Oosporogenesis centripetal with persistent periplasm; conidio-
sporangiophores well differentiated, persistent (and therefore
well preserved in herbarium material). Mostly stem and leaf
parasites of dicotyledons.

l Peronosporaceae: mycelium intercellular with large, lobate
haustoria; conidio-sporangiophore frequently dichoto-
mously branched, sporangia, or conidio-sporangia borne
on pedicels (downy mildews).

l Albuginaceae: mycelium intercellular with small spherical
haustoria; conidio-sporangiophore percurrent with chains
of zoosporangia (white blister rusts).
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Table 4 Hierarchical classi�cation of the class
Peronosporomycetes

Kingdom Straminipila (subkingdom Chromophyta)
PhylumHeterokonta(other phyla omitted from consideration)
ClassLabyrinthista(omitted from consideration)
OrderLabyrinthulales
OrderThraustochytriales
SubphylumPeronosporomycotina
ClassPeronosporomycetes
SubclassPeronosporomycetidae
OrderPeronosporales
OrderPythiales
Genusincertae sedis: Lagena
SubclassRhipidiomycetidae
OrderRhipidiales
SubclassSaprolegniomycetidae
OrderSaprolegniales
OrderSclerosporales
OrderLeptomitales
OrderSalilagenidiales
OrderOlpidiopsidales
Genusincertae sedis: Gracea
OrderMyzocytiopsidales
Genusincertae sedis: Crypticola
ClassHyphochytriomycetes(omitted from consideration)
SubclassHyphochytriomycetidae
OrderHyphochytriales
Orderincertae sedisin the subphylumLagenismatales(omitted from

consideration)
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Pythiales

Oosporogenesis centrifugal or centripetal with insigni� cant
periplasm; conidio-sporangiophores rarely differentiated.
Mostly root parasites of a wide range of vascular plants, o
saprobes, rarely parasites of animals.

l Pythiaceae: hyphae of uniform diameter, usually 6–10
(15) mm in diameter; zoosporogenesis intrasporangial with
a plasma-membranic vesicle or extrasporangial in a homo
hylic vesicle; antheridial gametogenesis following oogonial
morphogenesis; oogonia modally uniovulate; oogonial
wall usually thin; oospores never strictly plerotic; oospore
with a hyaline ooplast, lipid coalescence minimal; able to
utilize SO4

2� ; variable ability to utilize different inorganic
nitrogen sources; basal chromosome numberx ¼ 5.

l Pythiogetonaceae: hyphae very slender (usually<5 mm in
diameter), perhaps rhizoidal, with or without in � ated
sinuses, probably with anaerobic propensities; zoosporo-
genesis extrasporangial in a detachable homohylic vesicle
oogonial and antheridial morphogenesis nearly simulta-
neous; oogonium uniovulate; oospore plerotic, endospore
wall very thick. Saprobic in submerged plant debris.
;

Saprolegniomycetidae

Mycelial or blastic fungi with centrifugal oosporogenesis.

Saprolegniales, Saprolegniaceaesensu lato
Hyphae often stout with diameter increasing with age (up to
150 mm in diameter), most about 20 mm in diameter;
zoosporogenesis intrasporangial; oosporogenesis centrifuga
antheridial gametogenesis following oogonial gametogen-
esis; oogonia often pluriovulate, oospores usually aplerotic;
oospore with a � uid and granular ooplast, lipid coalescence
variable (limited or to a single eccentric globule); unable
to utilize SO4

2� or NO3
� ; basal chromosome numberx ¼ 3.

Saprobes, or parasites of animals, rarely phytoparasitic.
Sclerosporales

Hyphae of extremely narrow diameter (<5 mm); zoosporo-
genesis intrasporangial; oogonial wall thick, often verrucate
oospores plerotic or nearly so; oospore with a homoge-
neous ooplast, lipid coalescence limited. Parasites o
Poaceae.

l Sclerosporaceae: haustoria present; zoosporangia or conid
borne on in� ated sporangio-conidiophores; sporangio-
conidiophores pseudo-dichotomously branched, evanes-
cent, and therefore seldom well preserved in herbarium
material. Graminicolous downy mildews.

l Verrucalvaceae: haustoria not known; zoosporangia with
out sporangiophores. Graminicolous root parasites.
Rhipidiomycetidae

Monocentric and polar fungi with centripetal oosporogenesis.

Rhipidiales, Rhipidiaceae
Thallus with an in� ated basal cell and rhizoids; thalloid segments
separated by short, narrow, thick-walled isthmuses; zoosporo
genesis intrasporangial; zoosporangia with a single exit tube and
sometimes an evanescent protoplasma-membranic vesicle
zoospores of the principal form; gametangia differentiated into
oogonia and antheridia; oosporogenesis periplasmic with
nucleated periplasm; oogonia uniovulate; facultatively or obli-
gately fermentative; requirement for organic nitrogen. Saprobic.

Other Orders

Leptomitales
Thallus blastic, rarely allantoid or coralloid to pseudomyce-
lial; zoosporogenesis usually intrasporangial; zoospores (o
zoospore cysts) medium-large (>175 mm3 volume) or large
(>300 mm3 volume); sexual reproduction homothallic,
automictic, or heterothallic; donor gametangia (when
present) smaller than the oogonium; gametangia frequently
not morphologically differentiated; oosporogenesis without
nucleated periplasm. Freshwater or terrestrial families.

Salilagenidiales
Thallus pseudomycelial, coralloid, allantoid, or olpidioid;
cytoplasm often with prominent granulation; zoosporo-
genesis intrasporangial or with a precipitative vesicle
zoospores (or zoospore cysts) medium-small (>60 mm3

volume) or large (>300 mm3 volume); gametangia frequently
not morphologically differentiated; oosporogenesis without
nucleated periplasm; oospore with a multilayered wall and
granular ooplast, lipid droplets condensed to varying
degrees, zoospores with lateral� agellar insertion at least in
the second phase in polyplanetic species. Marine families.
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Myzocytiopsidales (Incertae Sedis), Myzocytiopsidaceae
Thallus initially tubular, sometimes branched, becoming
septate and often disarticulating; sexual reproduction by
copulation between contiguous segments.

Olpidiopsidales (incertae sedis), Olpidiopsidaceae
Thallus more or less spherical, olpidioid, never septate;
sexual reproduction by fusion of two disparately sized
thalli.

Lagenaceae (Incertae Sedis)
Thallus allantoid, nonpolar, and without rhizoids; oosporo-
genesis with nucleated periplasm; presumed to be automictic.
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A generic root for the class name, Peronosporomycetes, is
preferred. The more familiar term ‘Oomycetes,’ with a wider
compass than the class Peronosporomycetes, is taxonomi-
cally imprecise, involving argument regarding the de�nitions
of oogamy and the use of oogamy in a taxonomic context.
The class almost certainly stems from an exclusively
freshwater provenance. Geophytogeography indicates that
the Phytophthora–Peronosporales evolutionary line must have
been established long before the late Cretaceous. The
evolution of the Peronosporomycetes from photosynthetic
ancestors is unlikely because of the direct synthesis of
lanosterol.

Members of the Peronosporomycetes primarily are distin-
guished from other fungi by their bi�agellate zoospore with
straminipilous ornamentation on the anteriorly directed
�agellum. The Peronosporomycetes is one of three commonly
accepted classes of straminipilous heterotrophs, two of which
are fungal (the Labyrinthista is excluded). The separation of the
small anamorphic class Hyphochytriomycetes from the Per-
onosporomycetes may be less justi�ed.

Within the Peronosporomycetes three subclasses have been
recognized. The Peronosporomycetidae is species-rich (60% of
the total number of species in the class), but it is restricted to
four groups of phytopathogens and a few other parasites and
saprobes. The Peronosporomycetidae is derived, with
biochemical diversity largely con�ned to recognition systems.
The Saprolegniomycetidae shows the greatest diversity in
thallus morphology, physiology, cytology, ecology, and para-
sitism. The Rhipidiomycetidae perhaps represents an early,
monocentric, offshoot from the Peronosporomycetidae–
Peronosporales line.

The development of antifungal agents effective on these
fungi should lead to fundamental investigations of sterol
metabolism and host–parasite recognition systems.
See also:Fish:Spoilage of Fish; Fungi:Overview of
Classi� cation of the Fungi; Spoilage Problems:Problems
Caused by Fungi.
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Table 1 Overview showing the revisions of the above order level
classi�cation in the former phylum Zygomycotaa,b

Taxonomic rank 1983 1995 2001 2008 2011

Phylum 0 1 1 0 0
Zygomycota � þ þ � �
Subphylum 0 0 0 4 5
Entomophthoromycotinac � � � þ þ
Kickxellomycotina � � � þ þ
Zoopagomycotina � � � þ þ
Mucoromycotina � � � þ þ
Mortierellomycotina � � � � þ
Class 2 2 2 0 0
Zygomycetes þ þ þ � �
Trichomycetes þ þ þ � �
Order 10 11 14 9 9
1. Amoebidialesd þ þ � � �
2. Asellariales þ þ þ þ þ
3. Basidiobolales � � þ � �
4. Dimargaritales þ þ þ þ þ
5. Eccrinalesd þ þ þ � �
6. Endogonales þ þ þ þ þ
7. Entomophthorales þ þ þ þ þ
8. Geosiphonales � � þ � �
9. Glomerales � þ þ � �
10. Harpellales þ þ þ þ þ
11. Kickxellales þ þ þ þ þ
12. Mortierellales � � þ þ þ
13. Mucorales þ þ þ þ þ
14. Zoopagales þ þ þ þ þ

aHawksworth et al. (1983), (1995); Kirk et al. (2001), (2008).
b The table demonstrates the nomenclatural changes during the time course above
family level. For an overview of all families, refer to Cannon and Kirk (2007). Numeric
values indicate total numbers of taxa; þ and – marks indicate presence and absence
of taxonomic rank, respectively.
c The Entomophthoromycotina were placed in a separate phylum, the Entomoph-
thoromycota (Humber, 2012).
dAmoebidiales and Eccrinales excluded from Fungi and reclassi�ed as Choanozoa
(Protozoa).
Traditionally, the Zygomycetes included the larger of the two
classes of the Zygomycota, one of the four phyla and here the
most basal terrestrial phylum of the Fungi. The second class,
the Trichomycetes, contained phylogenetically diverged and
unrelated groups of organisms that were united based on the
ecological niche they inhabit; they are typically endo-
commensals, particularly being found in the digestive tract of
the aquatic larvae of a number of insect hosts whereas others
are found in other arthropod groups, including crustaceans
and diplopods (Lichtwardt, 1973, 1986). This traditional
classi�cation of the Zygomycota as a distinct phylum has
changed signi�cantly over the past three decades (Tables 1
and 2; Hawksworth et al., 1983, 1995; Kirk et al., 2001, 2008).

The use of genes has largely accelerated the research on
fungal phylogenetics in�uencing and revolutionizing the
systematics of the fungi, especially the classi�cation of the
Zygomycota. Multigene phylogenies provided evidence for
the paraphyletic relationships among the most basal lineages
of terrestrial fungi (James et al., 2006; White et al., 2006; Liu
et al., 2009). These changes took place in four steps: (1) the
exclusion of the Amoebidiales and the Eccrinales and their
reclassi�cation in the Protozoa, Choanozoa (O’Donnell et al.,
1998; Valle and Cafaro, 2008); (2) the exclusion of the
Glomerales and introduction of the Glomeromycota as a new
phylum for the arbuscular mycorrhizal fungi (Schüßler et al.,
2001); (3) the disintegration of the Zygomycota and its
two classes to be replaced by the four subphyla Entomoph-
thoromycotina, Kickxellomycotina, Mucoromycotina, and
Zoopagomycotina (Hibbett et al., 2007); and (4) the Mor-
tierellales and the Endogonales showed increasing distance
from the rest of the Mucoromycotina. The Mortierellales were
given the rank of subphylum, and the Mortierellomycotina
(Hoffmann et al., 2011) and the Endogonales already had
been recognized as likely to prove to be totally unrelated to the
Mucoromycotina. Lack of additional evidence from the
Endogonales, particularly from molecular data, prevents
a reappraisal of their systematic position. Therefore, the clas-
si�cation of the Endogonales in the Mucoromycotina is in
question. Nevertheless, its mucoromycotinan af�liation is
retained until more detailed phylogenetic data applying an
increased taxon sampling will be conducted. The phylogenetic
relationships between the �ve zygosporic subphyla and
their orders (one to four per subphylum) are not yet well
resolved, and thus they are not well understood thus far. The
potential for the formation of the chemotactic pheromone
trisporic acid followed by genesis of zygophores and zygo-
spores during conjugation of two yoke-shaped gametangia in
compatible mating interactions, however, unites the subphyla,
formerly classi�ed in the phylum Zygomycota. Because of
54 Encyclopedia of Food Mic
these developmental biological reasons, this report deals with
fungi assigned to the phylum Zygomycota sensu lato –
meaning zygomycotan fungi for zygosporic fungi as
a coherent group, although the phylum as a unique taxonomic
entity, which share morphological features but consist of
phylogenetically unrelated subphyla, currently is not recog-
nized. Thus, the phylum referred to as ‘Zygomycota’ is
employed to make clear that the term is being used in
a colloquial sense – for instance, the inclusion of all basal
lineages of terrestrial fungi with the potential to form zygo-
spores or sharing any other of the plesiomorphic morpho-
logical characters of the former phylum.
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00136-1
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Table 2 Overview showing the revisions of the higher rank level classi� cation in the former Zygomycotaa,b

Taxonomic rank, year Order Class Subphylum Phylum

1983 Dimargaritales
Endogonales
Entomophthorales
Glomerales (as‘Glomales’)
Mucorales
Zoopagales

I Zygomycetes – –

1995 1. Dimargaritales
2. Endogonales
3. Entomophthorales
4. Glomerales
5. Kickxellales
6. Mucorales
7. Zoopagales

I Zygomycetes – Zygomycota

1. Amoebidiales
2. Asellariales
3. Eccrinales
4. Harpellales

II Trichomycetes – Zygomycota

2001 1. Dimargaritales
2. Endogonales
3. Entomophthorales
4. Kickxellales
5. Mortierellales
6. Mucorales
7. Zoopagales

I Zygomycetes – Zygomycota

1. Asellariales
2. Eccrinales
3. Harpellales

II Trichomycetes – Zygomycota

2008 1. Entomophthorales – I Entomophthoromycotina –
1. Asellariales
2. Dimargaritales
3. Harpellales
4. Kickxellales

– II Kickxellomycotina –

1. Endogonales
2. Mortierellales
3. Mucorales

– III Mucoromycotina –

1. Zoopagales – IV Zoopagomycotina � 39
2011 1. Entomophthorales – I Entomophthoromycotinac ‘Zygomycota’

1. Asellariales
2. Dimargaritales
3. Harpellales
4. Kickxellales

II Kickxellomycotina ‘Zygomycota’

1. Mortierellales III Mortierellomycotina ‘Zygomycota’
1. Endogonalesd

2. Mucorales
IV Mucoromycotina ‘Zygomycota’

1. Zoopagales – V Zoopagomycotina ‘Zygomycota’

aDictionaries:Hawksworth et al. (1983), (1995); Kirk et al. (2001), (2008); Hoffmann et al. (2011).
bThe table demonstrates the chronology of name changes at higher rank level (phylum-subphylum-class-order).
cThe Entomophthoromycotina were placed in a separate phylum, the Entomophthoromycota (Humber, 2012).
dThe Endogonales may be transferred to the Mortierellomycotina based on morphological and physiological observations, which was con� rmed by nuclear ribosomal
data (data not shown). In this review, the Endogonales and Mucorales are still treated as Mucoromycotina due to a sister group relationship shown by a multigene
phylogeny of the kingdom Fungi using Bayesian analysis of a combined six-gene data set, which suggests a monophyly between three isolates (representing
Umbelopsis ramanniana, Phycomyces blakesleeanus, andRhizopus arrhizus) from the Mucorales with one isolate ofEndogone pisiformis(James et al., 2006). An increased
and more complete taxon sampling will provide more detailed insights into their phylogenetic relationship resolving the� nal systematic classi� cation.
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Nomenclatural Considerations

From a nomenclatural point of view, the Zygomycota are not
accepted as a valid phylum because of a lacking compliance t
the International Code of Botanical Nomenclature (now:
International Code of Nomenclature for algae, fungi, and
plants; Hawksworth, 2011) (no Latin diagnosis, no designated
type as ‘Phylum des Zygomycètes’; Whittaker (1969) ; Cavalier-
Smith (1981) , no description) and lacking resolution of the
basal fungal clades (James et al., 2006). Once phylogenomic
phylogenies (in conjunction of the potential for formation of
zygospores as synapomorphy) have been reliably prove
a common origin of all taxa formerly classi� ed into the Zygo-
mycota, their nomenclature may be reconsidered. First hints for
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a closer relationship are provided by a phylogenomic analysis
of more than 100 orthologous genes providing robust back-
bone resolution of the deep branches in the phylogenetic tree
(Ebersberger et al., 2011).
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Morphological Considerations: Which Structures
Exhibit Phylogenetic Relevance?

The phylum Zygomycota represents a heterogenous group o
mainly saprobes, usually found in the soil or in association
with plants, fungi, animals, or humans as opportunistic path-
ogens. In addition, some are facultative or obligate parasites
the latter especially of arthropod and fungal hosts. Many are
among the most widely distributed of the fungi, ubiquitously
occurring in all climatic zones of the Earth’s biosphere. With
respect to numbers of described species, the group is relative
small, with some 160 genera and 1050 species compared with
for example, the Basidiornycota, which has more than 31 515
species, and the Ascomycota with more than 64 163 specie
(Kirk et al., 2008).

The Zygomycota are characterized by an asexual propag
tion based on aplanate mitospores – sporangiospores– of
endogenous origin (Benjamin, 1979). The sporangiospores are
formed within multispored sporangia or few-spored to single-
spored sporangiola borne on branched or unbranched aeria
sporangiophores. Micromorphologically discriminative criteria
are mitotic structures variable in shape, ranging from large
multispored ( >1000 spores) sporangia borne on tall (c.12 cm)
sporangiophores to single-spored sporangiola, or rarely mul-
tispored but uniseriate sporangia (merosporangia), borne on
simple, unspecialized sporangiophores. The single-spore
sporangiolum, in addition, may be found associated with
rather complexly branched sporangiophores. The multispored
condition has been presumed to be the most primitive and the
single-spored condition the more advanced, but there is no
clear evidence for this. The sporangiospore is presumed to b
a spore of dispersal and colonization of suitable substrata
ranging from soil to speci� c substrata like tissues of plants
animals, or mycelia of fungal hosts. The sexual stage is th
zygospore, which forms between a pair of yoke-shaped
suspensors (supporting hyphae remaining after the delim-
itation and fusion of the gametangia), from which the names of
the taxonomic groups (phylum and class) were derived. The
modi � cation of hyphae to form zygophores, often also termed
progametangia, occurs in heterothallic and homothallic
species, in response to chemical stimulants, trisporic acid, an
its derivatives, resulting from degradation of beta carotene. The
suspensors may be either opposed (on opposite sides of th
zygospore) or apposed (lying almost parallel) or, rarely,
tongslike. The suspensors sometimes are ornamented wit
hyphallike or antlerlike outgrowth. During the course of
zygosporogenesis, the zygospore is formed as a result of hyph
conjugation followed by fusion of gametangia (game-
tangiogamy). Thick-walled, ornamented (in the form of warts
or spines), and melanin-pigmented zygospores are considere
to be primitive. In the presumed advanced forms, the zygo-
spore typically is thin walled, and the wall is not pigmented (or
just lightly pigmented) and smooth (or only slightly orna-
mented). Intermediate forms have varying degrees of wal
thickening, pigmentation, and ornamentation. Zygospores are
unknown in many species of zygosporic fungi, which otherwise
are included in the group because of the characters of thei
asexual structures. The heterothallic condition is predominant
in species where zygospores are known; the homothallic
condition is somewhat restricted in occurrence. The zygospor
has evolved as a spore of survival. Once formed, zygospore
rarely germinate, suggesting a low selective pressure f
dispersal and genetic stability via meiotic recombination to
ensure survival and successful establishment within competi
tive microbial communities.

Phylogenetic reconstructions of their evolution based on
multigene sequence data provide evidence for a decreasin
importance of zygospore formation in their evolution.
Although the most basal genera (e.g.,Basidioboluswithin the
Entomophthorales, Lentamyces– part of Absidia sensu lato–
within the Mucorales) within given orders reliably produce
zygospores, it is likely that the derived genera almost lost their
ability to produce zygospores. On the other hand, asexua
sporangiospores are produced in many of the species of th
group. Contrary to the decreasing incidence of zygospores
a raise of quantity, ef�ciency, and longevity of mitospores is
observed toward the derived lineages. For example, member
of the generaRhizopusand Rhizomucorproduce rhizoids, hyphal
outgrowths primarily at the base of the sporangiophores and
serving as multiplier for sporangium-bearing sporangiophores,
which provides advantageous dispersal over the nonrhizoida
genera among the Mucorales. As a consequence of this reci
rocal development among asexual and sexual spore forma
tions, the zygosporic fungi appear to develop apart from sexua
dispersal toward clonal dispersal during the course of evolu-
tion. Thick-walled (rough) zygospores are considered to be
primitive, as is the case for the Entomophthorales and
Mucorales. Thin-walled (smooth) zygospores are known to be
advanced, as is the case in the majority of members of the
Dimargaritales, Eccrinales, Harpellales, Kickxellales (Kickxe
lomycotina), and Zoopagales (Zoopagomycotina).

The search for criteria (ultrastructural, physiological,
chemical, molecular, and so on) that are suitable as synapo
morphic characters is suggested to circumscribe the Zygom
cota as distinct taxon and its subgroups at all taxonomic levels
Apart from morphological identi � cation, much progress was
achieved to establish a molecular identi� cation of zygomycetes
based on suitable molecular barcode markers, with an
emphasison the Mucorales and the Mortierellales (Hoffmann
et al., 2009; Hoffmann and Voigt, 2011; Papp et al., 2011;
Petkovits et al., 2011;Liu and Voigt, 2011). The use of the
nuclear internal transcribed spacer ITS1 and ITS interrupted b
the 5.8S ribosomal DNA was found to be highly suitable for the
zygomycetes and also was chosen to be the universal barcod
marker for all fungi and highly suitable for the zygomycetes
(Schoch et al., 2012).
An Ordinal Structure of the Zygomycota: Historical
Outline of Its Revision

The Zygomycota presently are classi� ed into � ve subphyla
and nine orders: Asellariales, Dimargaritales, Endogonales
Entomophthorales, Harpellales, Kickxellales, Mortierellales
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Mucorales, and Zoopagales (Table 1). Species distribution
among the � ve subphyla of the Zygomycota is shown in
Figure 1. An ordinal-level phylogeny of the Zygomycota and its
taxonomic rearrangements over the past three decades is show
in Figure 2 and Table 2, respectively. The phylogenetic prox
imity of the Endogonales and Mortierellales to the Dikarya
(Bootstrap proportion of the Dikarya-Glomales-Endogonales-
Mortieralles clade: 99%) may be explained by the acquisition
of alien rDNA genes while sharing ecological niches, which
gives rise to horizontally transferred rDNA genes as has bee
shown for the Glomerales and Basidiobolaceae (Sanders et al.,
1995; Lloyd-Macgilp et al., 1996; Clapp et al., 1999; Hosny
et al., 1999; Lanfranco et al., 1999; Jensen et al., 1998). These
relationships have to be considered as phylogenetic artifact
whose appearance will be prevented by using vertically
evolving, orthologous genes identi� ed by tools as exemplarily
suggested byEbersberger et al. (2009).
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Asellariales

Members of the Asellariales have� lamentous, branched thalli
and reproduce asexually by arthrosporelike cells that disartic
ulate from their corresponding thallus. They inhabit the
digestive tract of terrestrial, aquatic, and marine isopods as we
as springtails by attachment to the cuticle or digestive tract via
a holdfast; they are not immersed in the host tissue (Lichtwardt
and Manier, 1978). Members of this order (18 species in three
genera: Asellaria, Baltomyces, and Orchesellaria) appear to be
cosmopolitan following their animal hosts in any aquatic and
terrestrial habitats of the biosphere. Asellariales comprise on
family; the Asellariaceae currently include three genera:Asel-
laria, with 11 species;Orchesellariawith � ve species; andBal-
tomyces, a monotypic genus. The relationship that Asellariales
establishes with their hosts is not well understood. None of the
known species could be cultivated successfully, a fact tha
makes the performance of physiological and ecological studie
ex siturather dif� cult. According to the external absence o
79

212
273

255

Figure 1 Species distribution among the subphyla of the Zygomycot
symptoms or differences between infected and noninfected
hosts, the relationship is considered commensal rather than
parasitic, but further studies are needed to resolve this ques
tion. Zygospores are known as thick-walled, spherical struc
tures formed between different thalli-forming scalariform
conjugations. The Asellariales rarely are accessible for mole
ular phylogenetic investigations, and thus molecular data are
not available.
Dimargaritales

The Dimargaritales is a small (just 18 species in four genera
Dimargaris, Dispira, Tieghemiomyces, and Spinalia) order of
obligate mycoparasites of Mucorales (rarely species ofChaeto-
mium – Ascomycota: Sordariales), which are saprobic
including coprophilous, and share the same habitat. The single
family, Dimargaritaceae, formerly was classi� ed in the Mucor-
ales along with Kickxellaceae and Piptocephalidaceae in a seri
termed the merosporangiferous Mucorales, with Syncephalas
traceae as the basal family of a presumed evolutionary serie
(Benjamin, 1959; Zycha, 1969). Later evidence, including
ultrastructural evidence, suggested that these families were on
distantly related within the Zygomycetes and were better clas
si� ed as separate orders; similarities were presumed to be du
to convergent evolution, among other factors (Benjamin, 1979;
Benny, 1982; Benny et al., 2001; White et al., 2006; Cannon
and Kirk, 2007; Kirk et al., 2001, 2008).

The Dimargaritales, with the type genus Dimargaris
(etymology: two pearls, after the form of the septal plugs,
particularly in the sporophores) and two other genera (Dispira
and Tieghemiomyces), form asexual spores in pairs in a more or
less cylindrical merosporangiate sporangiolum. The spore
mass, borne on an often-complex sporophore, may on matu-
rity remain dry (dry spored) or become enveloped in a liquid
droplet (wet spored); the latter is the more common type. The
germinating spores, along with many other mycoparasitic
species of zygosporic fungi, are chemotropic and grow toward
Entomophthoromycotina

Mortierellomycotina
Kickxellomycotina
Zoopagomycotina

329

Mucoromycotina

a.
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Figure 2 Phylogenetic reconstruction of the orders of the Zygomycota based on a neighbor-joining analysis of aligned nucleotides of the nuclear small
subunit (SSU, 18S), 5.8S, and large subunit (LSU) ribosomal DNA out of a total of 107 taxa. Bootstrap proportions (BP) are indicated above branches.
With the exception of the Dimargaritales, which is (like the Endogonales) represented just by a single species, all orders are well supported by BPs
between 98 and 100% for clade stability support. The clades representing distinctive orders are color coded. Because of a lack of sequence data, the order
Asellariales is not included. Because of the controversial taxonomic af� liation of the Basidiobolaceae, this group was treated as a separate family. The trees
were rooted to the Chytridiomycota and Neocallimastigomycota as outgroup taxa. The lacking monophyly of the orders traditionally classi� ed in the
Zygomycota is due to a lack of phylogenetic signals provided by the nuclear SSU, 18S, 5.8S, and LSU ribosomal DNA sequences.
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the hyphae of a suitable host where they form an appressorium
and haustoria, providing the name of this type of parasitism–
haustorial mycoparasitism (cf. opposite the fusion mycopar-
asitism associated with a few species of the Mucorales). Zygo
spores are thick-walled, faintly pigmented, smooth or with
simple ornamentation, and are formed by relatively unspe-
cialized zygophores.
e

re

ic
Endogonales

The Endogonales, with the single family Endogonacea
comprising 15 species in four genera (Endogone, Peridiospora,
Sclerogone, and Youngiomyces), is an order of mainly mycor-
rhizal fungi, in addition to some saprobes. They form ecto-
mycorrhiza – the endomycorrhizal species were transferred to
the phylum Glomeromycota – and mainly hypogeous sporo-
carp, containing only zygospores or chlamydospores. From
a systematic point of view, the Endogonales still are considered
to be part of the Mucoromycotina. But unlike the Mucorales,
producing thick-walled, ornamented, and melanin-pigmented
zygospores, the zygospores of the Endogonales typically a
thin walled, not pigmented, and smooth. More detailed
phylogenetic studies are necessary to resolve the taxonom
af� liation of the Endogonales.
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Table 3 Families in the order Entomophthorales
(as of Species Fungorum, 31 May 2012)

Family Number of species

Ancylistaceae 46
Basidiobolaceae 3
Completoriaceae 1
Entomophthoraceae 173
Meristacraceae 7
Neozygitaceae 20

Table 4 Genera in the family Entomophthoraceae
(as of Species Fungorum, 31 May 2012)

Genus Number of species

Batkoa 9
Entomophaga 17
Entomophthora 31
Erynia 16
Eryniopsis 3
Furia 17
Massospora 13
Orthomyces 1
Pandora 31
Strongwellsea 2
Tarichium 1
Zoophthora 32
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Entomophthorales

The Entomophthorales are an order of mainly entomogenous/
entomopathogenic fungi producing one of the most spectac-
ular insect-killing mechanisms. They are occasionally saprobi
and found in soil, but mainly they are parasites of insects
(insect destroyers), especially Diptera, and other arthropods
rarely of nematodes and tardigrades. The typical life cycle o
the entomopathogenic species of Entomophthorales involves
the invasion of the host by germ hyphae produced by adhesive
spores that are actively (ballistically) discharged and airborne
The fungus invades the abdomen of the host and a systemi
infection develops. Following its death, sporophores are
produced, typically between the individual segments of the
abdomen, where a new generation of the actively discharge
spores are produced. Resting bodies often are formed within
the host, and the primary conidia also have the ability to
produce typically smaller secondary conidia, usually of the
same shape and type or as morphologically distinct micro-
conidia. The Entomophthorales are divided into six families:
Ancylistaceae, Basidiobolaceae, Completoriaceae, Entomop
thoraceae, Meristacraceae, and Neozygitaceae. Molecu
evidence based on nuclear ribosomal DNA sequences, how
ever, has suggested that the Basidiobolaceae, with a sing
genus containing four species, is more closely related to th
Chytridiales. The use of protein-coding genes, nevertheless, d
not con� rm the chytrid-origin of Basidiobolus, prompting the
retention of the genus and its family within the Entomoph-
thorales. The most common and widespread species,Basidio-
bolus ranarum(commonly found on skin or dung of frogs),
appears to be a saprobe, but one of the other species is know
to cause subcutaneous or local deep-tissue entomophthor
omycoses in humans. Recently, multiplying reports onBatra-
chochytridium dendrobatidis, a member of the chytridiomycetous
order Rhizophydiales, causing a fatal disease and rapid declin
of frog populations is not related to the etiology and the
symptoms of the diseases caused byB. ranarum(syn. Basidio-
bolus haptosporus). A second genus of Basidiobolaceae is known
but apparently it is still undescribed; it was referred to as
causing fatal mycoses in snakes. The remaining� ve families are
clearly related to each other. Most species classi� ed in these� ve
families are obligate parasites and, therefore, it is possible t
grow them only in pure culture with complex media often
containing natural products. Even under these conditions, it is
unlikely that growth will be typical, and sporulation rarely will
be present. The exceptions to this general character are spec
of Conidiobolus(Ancylistaceae), which are saprobes from the
soil and are of widespread distribution. They frequently are
isolated from soil and are easy to grow in culture.Conidiobolus
coronatusand B. ranarum are found to be associated with
medical and veterinary cases of mainly local entomophthor-
omycotic infections (Rothhardt et al., 2011). Conidiophores
do not arise from a trophocyst. Holoblastic ‘conidia’ lacking
a sporangiospore wall (capilliconidia) are few- or unispored.
Thalli are mycelial or consist of hyphal bodies or protoplast-
like cells. Sporangia or spores are forcibly discharged, or
not forcibly released, then they are from nonhaustorial para-
sites of cicadas or nematodes. The latter produces two or mor
pedicellate, globose, spinose‘conidia’ terminally and laterally
from a coenocytic erect pedicel. Zygospores, where known, a
formed on differentiated hyphae. The classi� cation of the
Entomophthorales into families is based on the following
characters: several aspects of nuclear cytology, mode
formation and germination of resting spores, nature of vege-
tative growth, and development. The primary characters on
which genera are based involve aspects of the primary conidi
and are as follows: overall conidial and papillar morphology,
nuclear numbers, unitunicate or bitunicate state of wall, mode
of discharge, morphology of conidiogenous cells, and conidi-
ophores. Secondary characters include the presence or absen
and form of rhizoids or cystidia, the types of secondary conidia
formed and characters of the resting spores, vegetative cells, a
general pathohistology. Species are separated on the basis
differences in shape and size of the characters used to circum
scribe genera.

Within the Entomophthoraceae, by far the largest family in
terms of number of species recognized, are found what could
be considered to be the typical entomophthoralean species
(Table 3). Here the species of the previously broadly circum-
scribed and heterogeneous generaEntomophthora(previously
known more widely as Empusa) are found. Entomophthorain
a modern restricted sense, however, is not now the larges
genus of Entomophthoraceae in terms of species number
(Table 4).

Harpellales

Members of the Harpellales (252 species in 36 genera) form
septate thalli, which are either unbranched or branched,
producing basipetal series of laterate elongate trichospore
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(deciduous, monosporous sporangiola) for asexual reproduc-
tion ( Lichtwardt and Manier, 1978). Trichospores produced
exogenously, which upon release exhibit one or more basally
attached, nonmotile appendages. The zygospores (known in
most genera) are biconical based on the orientation of the
zygospore on the zygosporophore. Zygospores are produced i
particular conditions – that is, when compatible, thalli are
available (heterothallic species) and the host is near molting
(hormonal in � uence) or injured (White et al., 2006). Zygo-
spores are more or less thin walled and long lasting (ensuring
endurance in the external environment), not pigmented, and
smooth. Species in the order are found attached to the gu
lining of aquatic larvae of insects or (rarely) isopods. They
appear to be cosmopolitan following their animal hosts as
endocommensals or parasites in any aquatic and terrestria
habitats of the biosphere. The Harpellales is the largest of th
four orders of the Kickxellomycotina and are subdivided into
two families, the Harpellaceae and the Legeriomycetaceae; th
order contains 36 genera (6 and 30, respectively) comprising
252 species.

Kickxellales

The Kickxellales is a comparatively small order of rarely
encountered fungi: 37 species in 12 genera. They are main
saprobes from soil or coprophilous, rarely as mycoparasites
The single family, Kickxellaceae, contains 12 genera and 3
species. Thalli consist of regularly septate hyphae producin
unispored sporangiola (sometimes arranged on sporocladia)
borne on special fertile branches on an often-complex
sporangiophore for asexual reproduction. At maturity, the
spores are either dry or, more frequently, are borne in a liquid
droplet. Sexual conjugation is by relatively unspecialized
nonpigmented, nonornamented, often-thin-walled zygospores
formed on undifferentiated hyphae. Diagnostic of the Kick-
xellales are the hyphae with lenticular septal plugs lacking polar
protuberances and not dissolving in potassium hydroxide. The
Kickxellales are of widespread occurrence but are relative
under recorded and so their true distribution, like that for many
of the fungi, is unclear. Some of the structurally more complex
species appear to have a tropical or subtropical distribution,
apparently favoring somewhat-dry climates rather than the wet
tropics, whereas others have a worldwide distribution. Sap
robes in dung and soil.

Mortierellales

The order Mortierellales contains a single family, the Mortier-
ellaceae, which consists of more then 79 species in� ve genera.
Members of the Mortierellales possess an extremely hig
ecological and physiological diversity enabling them to be
distributed worldwide. Most species are lipid-accumulating
organisms (e.g.,Mortierella alpina). They have great biotech-
nological importance as industrial producers of poly-
unsaturated fatty acids, such as arachidonic acid o
eicosapentaenic acid. Both the content of fatty acids and thei
rate of saturation are known to be dependent on the temper-
ature during production and also vary due to utilization of
different nutrients in the cultivation media. One thermotoler-
ant species,Mortierella wol� i, has clinical relevance and appear
as a causative agent of bovine abortion (Papp et al., 2011).
Zygospores are mostly thin walled, nonornamented, and
nonpigmented.

Mucorales

The Mucorales is by far the largest order of the zygosporic fung
with about 237 species in 48 genera, and contains some of the
best-known representatives of the fungi formerly classi� ed
into the Zygomycota. Members of the Mucorales constitute
a remarkable group that encompasses a wide variety o
morphological appearances, ecological niches, and life style
(saprobic, facultative parasitic, opportunistic pathogenic)
facilitating extensive evolutionary studies. Just like the Mor-
tierellales, the Mucorales are generalistic fungi having som
industrial importance as biotransforming agents of pharma-
cological and chemical compounds. In contrast to the
Mortierellales, a columella, sterile bulbous structure of typically
globose or pyriform shape, which projects from the
sporangiophore apex into the sporangium, delimits the area
containing the sporangiospores from the rest of the sporan-
giophore and is produced exclusively by members of the
Mucorales. In addition, the genusMucor, on which the order is
typi� ed, is one among the earliest of generic names, which wer
the � rst to be applied to fungi; the generic nameMucororigi-
nates from Micheli (1729). A proposal to conserveMucorFre-
senius over Mucor Micheli ex Linnaeus with notes on the
nomenclature and taxonomy of Mucorwas published to solve
the misapplication of the generic nameMucorMicheli ex L. to
an earlier name for species presently referred to asRhizopus
(Kirk, 1986). The generic nameHydrophora, ignored by the
majority of mycologists over the past 100 years, should have
been applied to species presently referred toMucor. In the
interest of nomenclatural stability, the names Mucor and
Rhizopuswere preserved as presently applied (Kirk, 1986).

The pin-molds that in earlier times often were seen associ
ated with moldy bread are members of this order. Asexua
reproduction is by multispored to few-spored or one-spored
sporangia (sporangiola). At maturity, the sporangia usually
are dif� uent, forming liquid droplets, in which the spor-
angiospores are held. Some species are dry-spored at matur
and in one genus,Pilobolus, the entire sporangium is discharged
forcibly. Sexual reproduction is by thick-walled, melanin-pig-
mented, and typically ornamented (warty, spiny) zygospores,
which are considered to be primitive within the whole group
of zygosporic fungi.

Members of the Mucorales variously affect human society
For example, species ofMucor and Rhizopus(Figures 3–6)
cause food spoilage or postharvest decays; these and species
the thermotolerant generaLichtheimia(formerly Absidia sensu
lato), Rhizomucor, Rhizopus, and Thermomucorare involved
in storage problems usually associated with grain or other
cereals. A few species,Choanephora cucurbitarumand Gilbertella
persicaria, are facultative pre- and postharvest pathogens o
plants in subtropical areas, but these have become les
important as a result of better harvesting techniques and
product management. Thermotolerant species of the mucor
alean genera Apophysomyces, Cokeromyces, Cunninghamella,
Mucor, Lichtheimia, Rhizomucor, Rhizopus, Saksenaea, and
Thermomucorare found to be associated with medical and



Figure 3 Morphology ofMucor circinelloidesf. circinelloidesTiegh. 1875 (Mucorales). (a) Typical appearance of the young mycelium after 4 days growth
on 3% maltextract agar at room temperature; (b) sporangiospores; (c) immature sporangium; (d) young sporangium; (e) mature sporangium; (f)
columella, a sterile and bulbous vesicle on the sporangiophore apex, remnant sporangial wall visible at the basis of the columella. Original photograph
courtesy of Kesselboth, C., 2009. Cultivation and Identi� cation of phytopathologically and clinically relevant fungi based on on morphological and
molecularbiological methods. Friedrich Schiller University Jena, Faculty of Biology and Pharmacy. Thesis submitted as part of the preliminary board exam
for teachers.

Figure 4 Morphology ofMucor hiemalisWehmer 1903 (Mucorales). (a) Columella, a sterile and bulbous vesicle on the sporangiophore apex, remnant
sporangial wall visible at the basis of the columella; (b) mature sporangium; (c) mature sporangium with deliquescent sporangial wall facilitating sudden
sporangiospore release; (d) sporangiospores; (e) typical appearance of the young mycelium after 4 days growth on 3% maltextract agar at room
temperature. Original photograph courtesy of Kesselboth, C., 2009. Cultivation and Identi� cation of phytopathologically and clinically relevant fungi based
on morphological and molecularbiological methods. Friedrich Schiller University Jena, Faculty of Biology and Pharmacy. Thesis submitted as part of the
preliminary board exam for teachers.
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Figure 5 Morphology ofMucor racemosusFresenius 1850 (Mucorales). (a) Gemmae formed as intercalary structures among hyphae; (b) spor-
angiospores; (c) mature sporangium; (d) columella, a sterile and bulbous vesicle on the sporangiophore apex, remnant sporangial wall visible at the basis
of the columella; (e) columella with remnant sporangiospores and sporangial wall visible at the basis of the columella; (f) typical appearance of the older
mycelium after 7 days growth on 3% maltextract agar at room temperature. Original photograph courtesy of Kesselboth, C., 2009. Cultivation and
Identi� cation of phytopathologically and clinically relevant fungi based on morphological and molecularbiological methods. Friedrich Schiller University
Jena, Faculty of Biology and Pharmacy. Thesis submitted as part of the preliminary board exam for teachers.

Figure 6 Morphology ofRhizopus stolonifer(Ehrenberg) Vuillemin 1902 (Mucorales). (a) Typical appearance of the mycelium after 5 days growth on 3%
maltextract agar at room temperature; (b) mature sporangium; (c) typical longitudinally striated sporangiospores; (d) columella with remnant spor-
angiospores on the columellar tip and apophysis visible at the basis of the columella; (e) columella, a sterile and bulbous vesicle on the sporangiophore
apex; apophysis, a funnel-like transition between columella and sporangiophore apex; (f) mycelial growth from macroscopic side view. Sporangia are
visible with bare eye. Original photography courtesy of Kesselboth, C., 2009. Cultivation and Identi� cation of phytopathologically and clinically relevant
fungi based on morphological and molecularbiological methods. Friedrich Schiller University Jena, Faculty of Biology and Pharmacy. Thesis submitted as
part of the preliminary board exam for teachers.
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Table 5 Families, their morphological characteristics, and their species numbers in the order Mucoralesa,b

Family Morphological characteristics Number of genera Number of species

Backusellaceae Sporangiophores: recurved when young, erect when
mature (transitorily recurved)

1 2

Choanephoraceae Sporangiospores with appendages at polar ends;
longitudinal suture splitting the sporangium into two
halves upon maturity

4 6

Cunninghamellaceae Multispored pyriform (columellate) sporangia or
unispored sporangiola on terminal/lateral sterile
vesicles

6 35

Lentamycetaceae Colonies slowly growing; subaerial hyphae with irregular,
suckerlike branches; galls forming on susceptible
mucoralean hosts

1c 2

Lichtheimiaceae Colonies rapidly growing at optimum temperatures above
37 � C; predominantly thermotolerant until max. 55� C,
subaerial hyphae with treelike branches; giant cells
abundant, pleomorphic with� ngerlike projections

4 > 10

Mucoraceae Sporangia and sporangiola extremely variable in size and
shape, zygospores smooth to warty, borne on opposed,
naked, nonappendaged suspensors, extremely
ubiquitous, and abundant

12 > 67

Mycotyphaceae Sporangia lageniform and columellate; sporangiola uni- or
multispored, borne on dehiscent pedicels; pedicel
mono- or dimorphic; sporangiospores released by
fracture of the pedicel at preformed cicumscissile zone

4 10

Phycomycetaceae Thalli mycelial with large macroscopically visible,
positively phototrophic, robust sporangiophores
developing multispored, deliquescent sporangia;
zygospores with coiled opposed suspensors bearing
branched appendages

2 8

Pilobolaceae Thalli mycelial with large and macroscopically visible
sporangia on positively phototropic sporangiophores,
borne on trophocyst; subsporangial vesicles globose or
broadly ellipsoid with active liberation mechanism by
forcible discharge mechanisms (collapse or
cicumscissile rupture between sporangium wall and
sporangiophore); zygospores borne on apposed
suspensors; coprophilic on herbivore dung

2 9

Radiomycetaceae No sporangia; sporangiola uni- or few-spored,
acolumellate, borne on complex ampullae, pedicellate,
arising from a fertile vesicle produced from primary
vesicles present on uniseptate sporangiophore branch

1 3

Rhizopodaceae Sporangiophores with primary, secondary, and multiple
umbels terminating in either sporangia/sporangiola or
sterile spines (rhizoids); extremely variable in shape;
rhizoids highly abundant; sporangial wall deliquescent

1 10

Saksenaeaceae Thalli with thin hyphae; sporangia lageniform and
columellate

2 5

Syncephalastraceae Merosporangia abundant, uni- or multispored produced
on a fertile vesicle; warty zygospores on opposed
suspensors

7 18

Umbelopsidaceae Colonies slow-growing, compact with initially nonseptate,
slender hyphae; sporangiophores densely cymosely or
verticillately branched, with branches commonly arising
in succession from an in� ation of the stipe, forming
a velvety layer sporangia and sporangiola often
pigmented (reddish or ochraceous) withþ /�
conspicuous columella; spores pigmented like the
sporangia, in some species bearing appendages;
chlamydospores with lipid material

1 13

aVoigt (2012)andVoigt et al. (2009).
bSee alsoFigures 7and8; for exemplary mucoralean morphotypes, refer toFigures 3–6.
cThe monogeneric Lentamycetaceae may be emended by the genusSiepmannia(Kwa�sna and Nirenberg, 2008a,b). Due to a lack of molecular data and more detailed
investigation of the original type material, a classi� cation ofSiepmanniainto the Lentamycetaceae is premature at the current state of knowledge.
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veterinary cases (de Hoog et al., 2000; Liu, 2011). Three genera
(Pilobolus, Utharomyces, and Pilaira; the latter one transiently)
form mechanisms for active sporangiospore discharge, which
appears to have been driven mainly by evolution of more
ef� cient mechanisms for spore liberation when the species is
coprophilous.

The Mucorales are cosmopolitan, having a worldwide
distribution, and are among the most widespread of the fungi,
occurring on all land masses. Most are saprobes, especially
the soil, where they quickly colonize and, although this clas-
si� cation is practical for identi� cation purposes, it is not
particularly natural: A number of the families differ from one
another by few characters. Some families, for example, th
Choanephoraceae, the Pilobolaceae, and the Umbelop
sidaceae, are what appear to be natural groupings as they n
only have distinct sporangial characters, but also their zygo
spores are diagnostic to some extent. Recent phylogenet
analyses supported the merging of the Choanephoraceae
producing zygospores borne between tonglike suspensors, wit
the monotypic Gilbertellaceae forming zygospores on opposed
suspensors. This issue draws attention to the dif� culty in
de� ning families based on morphological criteria in conjunc-
tion with molecular data. Therefore, the family structure within
the Mucorales is declared as not fully resolved. A preliminary
family-level classi� cation, dividing the order Mucorales in
14 families and a subfamily level classi� cation, is shown in
Tables 5 and 6, respectively (an illustration based on the
Table 6 Subfamilies, their morphological characteristics and their

Family Subfamilies Morphologica

Choanephoraceae Choanephoroideae Apposed susp
Gilbertelloideae Opposed sus

Cunninghamellaceae Absidioideae Presence of a
and absenc

Cunninghamelloideae Absence of sp
pedicellate,

Gongronelloideae, Gongronella
and Hesseltinella

Globose apop

Halteromycetoideae Dumbbell sha
Lichtheimiaceae Dichotomocladioideae Columellate s

with sterile
Lichtheimioideae Pyriform spor
Rhizomucoroideae Mucor-like spo

Mucoraceae Chaetocladioideae Sporangiopho
Dicranophoroideae Simple or dich
Mucoroideae Persistent or
Thamnidioideae Sporangiopho

deliquescen
sporangiola

Mycotyphaceae Cokeromycetoideae Sporangiola o
Kirkomycetoideae Sporangia on

sporangiop
Mycotyphoideae Sporangiola o

Syncephalastraceae Circinelloideae Persistent-wa
or twisted a
bearing sin

Syncephalastroideae Merosporang

aVoigt (2012).
phylogenetic relationships between the families and subfam-
ilies is shown in Figure 7 and species distribution among the
families is shown in Figure 8).

Within the Mucorales a core clade representing the suborde
Mucorineae (cf.Zycha, 1935; Zycha et al., 1969) can be recog-
nized (Figure 7). The Mucorineae encompass the Mucoraceae
the Mycotyphaceae, the Pilobolaceae, and the Choanephor
aceae. The potential for the formation of multispored Mucor-
like sporangia (either as primary or as secondary structure o
asexual reproduction) may be treated as the synapomorphic
character for this suborder. Since ranks of higher taxa, especial
intermediate ranks, are prone to revision after discovery o
novel phylogenetic relationships, the invention of more
suborders and subfamilies will be required.
Zoopagales

This order of � ve families (Cochlonemataceae, Heli-
cocephalidaceae, Piptocephalidaceae, Sigmoideomycetacea
and Zoopagaceae) includes six, three, three, three, and� ve
genera, respectively, and a total of 208 species. Although it
families Piptocephalidaceae and Zoopagaceae are relative
species rich (74 and 72, respectively), the Zoopagales is rela
tively unknown in terms of its frequency and distribution. The
description of this group is based mostly on the validating
description for the Zoopagales byBenjamin (1979), except the
arthrospores that have been added, based onBarron’s (1975)
species numbers in the order Mucoralesa

l characteristics
Number of
genera

Number of
species

ensor 3 5
pensor 1 1
pophysate, pyriform sporangia,
e of sporangiola

2 > 21

orangia and presence of
unispored sporangiola

1 > 10

hysis below sporangia 2 3

ped sporangia 1 1
porangiola on sporangiophores
spines

1 5

angia 1 5
rangia 2 10
res bearing spines, columellate sporangiola 5 > 12
otomously branched sporangiophores 2 > 4

deliquescent walled sporangia > 3 > 57
res lacking sterile spines; dif� uent,
t sporangia and persistent-walled
, both columellate

4 10

n curved pedicels 2 5
curved pedicels and simple

hores
2 > 3

n cylindrical vesicles, no pedicels 1 4
lled sporangia on straight to curved
nd contorted sporangiophores
gle or multilobed, stalked vesicles

6 16

ioferous sporangiola 1 2



Figure 7 Family structure of the Mucorales based on a combined Bayesian phylogenetic analysis of aligned nucleotide sequences encoding small
(18S) and large (28S) subunit rRNA and exonic regions of actin and translation elongation factor-1alpha with 1215, 389, 807, and 1092 characters,
respectively. The tree is rooted to three species of the Mortierellales used as an outgroup. Clade stability values obtained by Bayesian, distance (neighbor-
joining), and maximum parsimony analysis, are given above the branches with the following meaning: full black dots, clade support equal to or greater
than 95%; white dots, clade support equal to or greater than 90%; #, clade support equal to or greater than 75%;þ , posterior probability support
equal to or greater than 95% (only in Bayesian analysis); $, clade support equal to or greater than 75%, but only in Bayesian and neighbor-joining analysis.
Adopted fromVoigt et al. (2009); Gherbawy et al. (2010), p. 227; Hoffmann (2010), p. 443; and Hoffmann et al. (2012).
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report of arthrospores in Helicocephalum. Circumscription
needs more extensive and comprehensive molecular study
Asexual reproduction is by spores formed in structures which
have been termed merosporangia. Zygospores have varyin
degrees of wall thickening, pigmentation, and ornamentation,
but thin-walled, nonornamented, and nonpigmented forms
dominate. They appear to be cosmopolitan as obligate haus
torial parasites of fungi and animals (nematodes, ameba, and
other small terrestrial invertebrates).
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The Challenge of Quantifying Fungal Growth

Filamentous fungi present signi�cant challenges when it
comes to quantifying growth. Their �lamentous growth habit
means that they are intimately associated with their substrate,
and the hyphae may extend deeply into the food matrix. To
complicate matters further, �lamentous fungi do not divide
by binary �ssion, and thus they do not increase exponentially.
A colony of Penicillium will consist entirely of hyphae initially,
but when sporulation occurs, many hundreds of thousands
of conidia are produced within a very short time, so that
estimation of growth by measuring colony forming units may
jump from 102–103 to 105–106 within less than 24 h. For
fungi, in most cases, colony forming units will constitute
conidia or some other type of spore. We have very little idea of
the size of hyphal fragment that constitutes a viable colony
forming unit, and indeed, the size of such an entity probably
varies greatly depending on parameters such as the fungal
species, the age of the hyphae, and the method used to disrupt
the colony. So even though enumeration of colony forming
units is one of the most common methods of enumerating
fungi in foods, it tells us very little about the amount of
fungus actually in a food.

In experimental systems, such as growth on agar plates and
in broth cultures, other methods have been used to quantify
fungal growth. Growth rate, measured as increases in colony
diameter or radius on agar plates, often is used to measure the
response of fungi to parameters, such as temperature, water
activity, pH, redox potential, and gas composition. Mycelial dry
weight can similarly be used if the fungal biomass can be
separated from the growth medium without major disturbance.
This is relatively easy for fungi grown in liquid culture and also
can be achieved if a membrane is placed between the fungus
and the agar growth media. Estimation of fungal growth by
measurement of hyphal length has been used to attempt to
quantify fungal growth. Growth rate, mycelia biomass, and
hyphal length measurements cannot be applied to fungi
growing in a real food matrix.

Chemical methods, such as analysis of ergosterol or chitin,
have been used to estimate fungal biomass in cases in which
hyphae cannot be separated readily from the growth matrix.
Chitin is a cell-wall component of fungal hyphae, but it also
occurs in the exoskeleton of insects and Crustacea. Insect
fragments in food or grain can interfere with measurement of
fungal chitin. Ergosterol is a membrane sterol con�ned to
fungi, so in theory, it could serve as a reliable measure of fungal
biomass. The ergosterol content of fungal mycelium varies
greatly with species, growth conditions, and age. More recently,
molecular methods such as real-time polymerase chain reac-
tion (PCR) have been applied to quanti�cation of fungal
growth, with varying degrees of success.
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The �nal piece needed to complete the puzzle is a reliable
method of relating these various measurements to each other.
What does an ergosterol measurement mean in terms of fungal
biomass? What does dry weight of mycelium mean in terms of
colony forming units? Despite many efforts to quantify these
measurements in terms of each other, we still are not able to
reliably answer the simple question of how much fungus is
present in a particular foodstuff. The food industry still relies
heavily on assessment of fungal load in terms of colony
forming units, despite the knowledge that it is an inaccurate
measurement that means little in terms of the degree of colo-
nization of the food or as an indicator of potential mycotoxin
contamination.
Factors Affecting Fungal Growth

Different species of fungi commonly occur in foods and
commodities, depending on the type of food, the storage
conditions, and any further processing and packaging. Under-
standing the ecology of a food system and its associated fungi is
important when considering enumeration methodology and
media. The main factors that need to be considered for the
purposes of enumeration are water activity, pH, temperature,
and speci�c solute effects.
Water Activity
Water availability in foods, most commonly measured as water
activity (aw), is a dominant factor determining whether or not
fungi can grow, and which types of fungi are most likely to
cause spoilage. Water activity is de�ned as a ratio:

aw …
p
po

where p is the partial pressure of water vapor in the test material
and po is the saturation vapor pressure of pure water under the
same conditions. Water activity is numerically equal to equi-
librium relative humidity (ERH) expressed as a decimal.

On the aw scale, life exists over the range 0.9999 þ to about
0.60. Animals exist only at high aw, between 1.0 and 0.99 aw,
the permanent wilt point of most plants is near 0.98 aw, and
most microorganisms cannot grow below 0.95 aw. A few
halophilic algae and Archaea can grow in saturated sodium
chloride (0.75 aw) but are con�ned to salty environments.
Fungi of ascomycetous origin are composed of most of the
organisms capable of growth below 0.9 aw and also are capable
of growth in high sugar solutions. The ability to grow at low aw
is con�ned to only a few genera, and these fungi are termed
xerophiles. They are able to grow below 0.85 aw under at least
one set of environmental conditions. Some species, termed
extreme xerophiles are unable to grow at aw values above 0.98.
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00133-6
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Hydrogen Ion Concentration (pH)
In high aw foods, pH plays the decisive role in dominance of
bacteria over fungi. In neutral pH foods, spoilage bacteria
normally will dominate over fungi. In acidic foods (pH 5 and
below), with the exception of lactic acid bacteria andAlicyclo-
bacillusspp., bacteria are less competitive so fungi (particularly
yeasts) are the dominant spoilage organisms. Most fungi ar
little affected by pH over a broad range, commonly 3–8. Some
fungi are capable of growth down to pH 2, and yeasts are
capable down to pH 1.5

Temperature
Most food spoilage fungi are mesophiles, growing over
temperature ranges from 5–10 � C to 35–40 � C. Refrigeration
will extend shelf life, and if food is frozen ( �10 � C or below), it
appears to be microbiologically stable. The lowest tempera
tures for fungal growth are in the range�7 to 0 � C, for species
of Fusarium, Cladosporium, Penicillium, and some Zygomycetes
Food stored in domestic refrigerators, where conditions of high
humidity prevail, eventually will be spoiled by fungi such as
these. Thermotolerant fungi, that is, species able to grow a
both moderate and high temperatures, are of greater signi� -
cance in tropical areas. Many common species ofAspergillus
such as Aspergillus� avus and Aspergillus niger, fall into
this category and are able to grow between approximately 8
and 45 � C.

SpeciÞc Solute Effects
Speci� c solute effects are important when choosing methods
and media for isolation and enumeration of xerophilic fungi,
particularly fastidious extreme xerophiles. Most xerophiles
such asEurotiumspecies, the extreme xerophilesXeromyces bi
porus, and Chrysosporiumspecies and xerophilic yeasts (e.g
Zygosaccharomyces rouxii) generally grow better when aw is
controlled by glucose or sucrose, rather than an ionic solute
such as sodium chloride. Some fungi are halophilic, being well
adapted to salty environments, such as salted� sh.Basipetospor
halophilaand Polypaecilum piscegrow more rapidly in media
containing NaCl as a controlling solute than if glucose is used.
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Enumeration Techniques

Why Quantify Fungal Growth?

The � rst question to ask is,“Why do I need to know about the
fungi in a particular food or ingredient, and what do I want to
do with the information? ” For routine quality assurance
purposes, generally a yeast and mold count is required. Fo
spoilage investigations, particular techniques or specialized
media may be needed. Irrespective of these considerations, it
always important to consider the ecology of the food. Is it
a high or low aw food? What is the pH? Have heat processe
been applied that may affect the microorganisms? The mos
appropriate methods and media can be selected taking of al
these factors into consideration.

There is no standard method to estimate fungal growth or
biomass, such as cell numbers (colony forming units), which
are applicable for yeasts and bacteria. Although techniques fo
quantifying biomass have improved in recent years, most food
laboratories continue to rely on viable counting (dilution
plating) to detect and quantify fungal growth in foods. As well
as dilution plating, a second useful method, known as direct
plating, has been developed to estimate fungal numbers and
growth in foods.
Dilution Plating

Dilution plating is the most appropriate method for myco-
logical analysis of liquid or powdered foods, but it also may be
used for particulate foods with suitable preparation.

Sample Preparation
Before dilution plating, samples need to be homogenized,
either by stomaching or blending. Stomaching is preferred, as i
is less likely to damage fungal cells and is recommended by th
International Commission on Food Mycology (ICFM). The
various devices, known as paddle mixers, are very effective fo
dispersing and separating fungi from� nely divided materials,
such as� our and spices, and soft foods such as cheeses an
meats. Treatment time should be 2 min. Harder or particulate
foods, such as grains, nuts, or dried foods, such as dried veg
tables, should be soaked before homogenizing. Soaking time
from 30 to 60 min generally are suf� cient. Blending in blade
homogenizers is a suitable alternative if a paddle mixer is not
available, and may give a more satisfactory homogenate fo
hard samples such as legumes and grains. Blending time
should not exceed 60 s, as longer treatments may fragmen
mycelium into lengths too short to be viable or overheat the
homogenate. The sample size used should be as large
possible, depending on the capacity of the equipment.

Diluents
The recommended diluent is aqueous 0.1% peptone, suitable
for both � lamentous fungi and yeasts. Saline solutions, phos
phate buffer, or distilled water should not be used, as they may
be deleterious to yeasts. The natural surfactant properties of th
peptone generally are suf� cient to ensure dispersion of
hydrophobic fungal spores, but the addition of a wetting agent,
such as polysorbitan 80 (Tween 80), may be desirable for some
products. If yeasts are to be enumerated from dried products o
juice concentrates, the diluent should contain 20–30% sucrose,
glucose, or glycerol, as the cells may be injured or be susce
tible to osmotic shock.

Dilution
Serial dilutions of fungi are carried out by the same procedures
as those used in bacteriology, and the recommended dilution
rate is 1:10 (¼1þ 9). Fungal spores sediment more quickly
than bacteria, so it is important to draw aliquots for dilution or
plating as soon as possible, preferably within 1 min, or to shake
dilution tubes to resuspend fungal particles before plating.

Plating
Spread (surface) plating rather than pour plating is recom-
mended for fungi. In pour plates, fungal colonies beneath the
agar surface may develop more slowly and may be obscured b
faster growing colonies from spores on the agar surface. Sprea
plating allows more uniform colony development, improves
the accuracy of enumeration of the colonies and facilitates
subsequent isolation of fungal cultures.
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The optimum inoculum volume for surface plating on
a standard 85–90 mm Petri dish is 0.1 ml. The surface of the
agar should be dry before inoculation. After the inoculum is
added, spread it evenly over the agar surface with a sterile be
glass rod (hockey stick). If the rod is sterilized by� aming with
ethanol before use, allow it to cool for a few seconds before
spreading the inoculum.

Enumeration
It is usually possible to enumerate plates with up to 150
colonies, but if rapidly growing fungi are present, the
maximum number that can be accurately distinguished will be
lower. It may be necessary to count plates with as few as 10–15
colonies. Enumerating yeasts is less dif� cult: if � lamentous
fungi are not present, then 30–300 colonies per plate can be
counted.

Incubation
In food mycology, plates should be incubated in the upright
position, to prevent fungal spores from falling into the Petri
dish lid. For this reason, plates should be labeled on the lid,
rather than the base. The standard incubation conditions are
25 � C for 5 days. Other conditions may be more suitable in
some circumstances, depending on growth media or types o
fungi isolated.

Reporting Results
Results from dilution plating are expressed as viable count
(colony forming units) per gram of sample. Dilution plating
may not offer a direct indication of the extent of fungal growth,
as this technique favors enumeration of fungal spores, which
are more likely to be present on the surface of the sample
rather than mycelium growing within the food matrix.
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Direct Plating

Direct plating is the preferred method for fungi in particulate
foods, such as grains, legumes, pulses, nuts, and whole spice
and is recommended by the ICFM. Food particles are place
directly on solidi � ed agar media, generally after surface disin
fection, allowing detection of the fungi actually growing within
the matrix. This provides a measure of mycological quality, and
also may give an indication of the potential presence of
mycotoxins. Results are expressed as a percentage infection
particles. Even though direct plating does not provide an
indication of the amount of fungal invasion in individual
particles, a high percentage infection rate is most likely corre
lated with a high level of contamination in the particles, and
a higher risk of mycotoxin occurrence.

Surface Disinfection
Surface disinfection is achieved by immersing particles in
aqueous chlorine solution containing about 0.4–0.5% active
chlorine. The solution can be made as a 1:10 dilution of
household chlorine bleach containing 4–5% active chlorine.
Chlorine solutions are rapidly denatured by organic matter, so
use a surplus of chlorine solution (10 times the volume of the
particles) and do not reuse the solution. Immerse particles for
2 min, stirring occasionally to dislodge air bubbles, then drain.
Rinsing
After the chlorine is poured off, particles may be rinsed once
with sterile water. Use a 1-min treatment, with stirring, then
pour the water off. This rinsing step, however, may not be
necessary, because chlorine is effectively denatured by th
particles and is believed to penetrate very little.

Plating
After disinfection and the optional rinse, particles should be
plated immediately onto solidi � ed agar using disinfected
forceps, at the rate of 6–20 particles per plate, depending on
particle size. At least 100 individual particles should be plated
if possible.

Incubation
Incubate plates upright, usually for 5 days at 25� C.

Examination and Reporting
After suitable incubation, count the numbers of infected
particles, and express results as a percentage. The proportion
various genera can be reported if the operator has the expertis
to recognize and identify them. A stereomicroscope can be
very useful to distinguish between genera such asAspergillus
Penicillium, Cladosporium,and others.
Incubation Conditions

The standard incubation conditions speci� ed by ICFM are
25 � C for 5 days. In tropical areas, incubation at 30� C may be
more suitable and practical, particularly asAspergillusspecies,
which prefer warmer temperatures, are more likely to be
encountered in tropical commodities. In cooler regions, such as
northern Europe, 22� C may be a more suitable incubation
temperature. Incubate Petri dishes upright, as many common
fungi (e.g., Penicilliumand Aspergillus) can shed large numbers
of hydrophobic spores during handling, which in an inverted
dish will be transferred to the lid. These spores then may be
liberated into the air or onto benches and cause serious
contamination problems.
Choosing a Suitable Medium

Many food laboratories rely on a single medium to produce
a yeast and mold count for all from raw materials to � nal
product. Now, however, there is a range of food mycology
media designed for speci�c groups of fungi and yeasts. The
fungi that spoil high-water activity foods, such as meats or fresh
vegetables, are not the same as those that grow on concentrate
or dried foods at reducedaw. Media commonly used in plant
pathology and medical microbiology, such as potato dextrose
or Sabouraud agar, are unsuitable for enumerating fungi from
dried foods.

Water activity is the most important basis on which to
divide types of enumeration media: highaw media are suitable
for high aw foods, particularly fresh foods, such as fruit, vege
tables, meat, and dairy products, and reducedaw media are
designed for enumeration of fungi in concentrated and dried
foods. There are also media for speci� c mycotoxigenic fungi,
notably A. � avusand related species. Isolation and enumeration
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Table 1 Recommended media for enumeration and isolation of fungi from foods

Type of food Selecting for Medium Remarks

Fresh foods (milk, milk products,
fruit, molds cheese, seafood)

Yeasts DRBC
TGY, MEA, OGY

Blend (where necessary) and
dilution plate

Freshly harvested grains, nuts General
Yeasts

DRBC
TGY, MEA, OGY

Direct plate
Dilution plate

Fruit juices, fresh Yeasts TGY, MEA, OGY Dilution plate
Fruit juices, preserved; cordials, salad

dressings, sauces
Preservative-resistant yeasts TGYA, malt acetic agar Dilution plate

Fruit juices, to be pasteurized,
or pasteurized products

Heat-resistant molds MEA Special protocol

Fruit juice concentrates Xerophilic yeasts MY50G Special diluents
Dried foods, stored grains, nuts General DG18 Direct plate
Grain for milling into� our General DG18 Stomach or blend and dilution plate
Dried fruit, confectionery, chocolate, etc. Xerophilic molds and yeasts; MY50G Direct plate

Fastidious xerophiles Direct plate
Salt foods (e.g., salt� sh) General DG18 Direct plate or press plate

Halophilic xerophiles MY5-12 Direct plate or press plate
General Fungi-producing a� atoxins AFPA Direct or dilution plate

From Pitt, J.I., Hocking, A.D., 2009. Fungi and Food Spoilage, third ed., Springer, New York.Media Formulations have been reproduced from Pitt, J.I., Hocking, A.D., 2009. Fungi
and Food Spoilage, third ed., Springer, New York.
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of preservative-resistant yeasts and of heat-resistant fun
require appropriate methodology and media.

Table 1, which is based on the recommendations of ICFM,
provides an overview of media considered most suitable for
particular purposes.
-

a

r

,

le

y
l

ly
General Purpose Enumeration Media

A general purpose enumeration medium must ful� ll a number
of requirements. According to ICFM guidelines:

C It must inhibit bacterial growth completely, without
affecting growth of foodborne fungi ( � lamentous or yeasts)

C It should be nutritionally adequate and support the growth
of fastidious fungi

C It should suppress the growth of rapidly spreading fungi,
especially the Mucorales, but not to prevent their growth
entirely

C It should reduce the radial growth rate of fungi, to promote
development of compact colonies, which enable a reason
able number of colonies per plate to be counted, without
inhibiting spore germination

C It should promote growth of relevant fungi
C It should suppress growth of soil fungi or others generally

irrelevant in food spoilage

Fungal enumeration media use antibiotics at neutral pH
rather than relying on acidi� cation to inhibit bacteria. Rose
bengal has been used for many years in media to slow colony
spread, and more recently 2,6-dichloro-4-nitroaniline
(dichloran) has been added to inhibit rapidly spreading molds.
Many common food spoilage fungi, Aspergillusand Penicillium
species in particular, grow better on media with an adequate
level of nutrients, growing relatively poorly on low-nutrient
media, such as potato dextrose agar.

The most satisfactory general purpose enumeration medi
are described in the following sections. Formulations are given
at the end of this article.
Dichloran Rose Bengal Chloramphenicol Agar
Dichloran rose bengal chloramphenicol (DRBC) agar is rec
ommended for enumeration of both molds and yeasts,
particularly from fresh and high aw foods. The medium
contains both rose bengal (25 mg kg� 1) and dichloran
(2 mg kg� 1), which restrict colony spreading, generally without
affecting spore germination. Compact colonies allow crowded
plates to be counted more accurately. These inhibitors togethe
effectively restrict the growth of most of the common
Mucoraceous fungi, such asRhizopusand Mucor, although they
do not completely control the spreading of Trichoderma. DRBC
plates should be incubated away from light at 25� C for 5 days.
If rapidly spreading molds are not expected to cause problems
rose bengal chloramphenicol agar (RBC) or oxytetracycline
glucose yeast extract agar (OGY) may be used. OGY is suitab
for enumeration of yeasts in the absence of molds.

Dichloran 18% Glycerol Agar
Dichloran 18% glycerol agar (DG18; aw 0.955) selects for
common, nonfastidious xerophilic molds and yeasts from low-
moisture foods (e.g., stored grains, nuts,� our, and spices).
DG18 also supports growth of the common Aspergillus, Peni-
cillium, and Fusariumspecies, as well as most yeasts and man
other common fungi in foods, so it can be used as a genera
purpose medium with an emphasis on enumeration of fungi
from reducedaw foods. DG18 is also useful for enumeration of
airborne fungi. It effectively inhibits Rhizopusand Mucor spp.
and controls Trichoderma.The combination of antibiotic and
reducedaw totally suppresses bacteria.
Selective Isolation Media

Sometimes it is necessary or desirable to be able to selective
isolate certain types or groups of fungi – for example,
extremely xerophilic fungi, such asXeromycesand xerophilic
Chrysosporiumspecies– from samples that may contain non-
fastidious xerophiles, such asEurotiumspecies. It can also be
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important if potentially a � atoxigenic fungi are the target.
Media have been developed that enable the detection of suc
fungi from naturally contaminated samples despite the pres-
ence of other fungi.

Media for Extreme Xerophiles
The most commonly encountered fungi in this group areX.
bisporusand xerophilic Chrysosporiumspecies, although rarer
species, such asEremascusspecies,Eurotium halophilicum, and
the halophilic xerophiles P. pisceand B. halophilaalso may be
present. On DG18, these extreme xerophiles may be rapidl
overgrown by common Eurotiumspecies, so they require specia
media and techniques.

The most effective reducedaw medium, suitable for all
except the halophilic xerophiles, is malt extract yeast extrac
50% glucose agar (MY50G).

Isolation Techniques for Extreme Xerophiles
Extremely xerophilic fungi are sensitive to highaw diluents, so
usually they cannot be isolated by dilution plating. Direct
plating techniques are far more effective. If a lowaw foodstuff –
for example, spices, dried fruit, fruit cake, confectionery, or
dried � sh – show white mold growth, it is very likely that the
spoilage is caused by an extreme xerophile. For direct plating
place small pieces of sample, without surface disinfection, onto
a rich, low aw medium, such as MY50G. Colonies should
develop after 1–3 weeks incubation at 25� C. Direct sampling
by pressing contaminated food pieces onto the surface o
MY50G plates can be useful for isolating xerophiles.

Media for Halophilic Xerophiles
Some xerophilic fungi from salted foods, such as salt� sh, are
halophilic and grow more rapidly on media containing NaCl.
Malt extract yeast extract 5% salt 12% glucose agar (MY5-12),
suitable for most of these fungi. Techniques for enumeration
and isolation are similar to those described earlier for other
extreme xerophiles.
c

s
A

e

ri
Media for Potentially A�atoxigenic Fungi (A. ßavus
and Related Species)

Aspergillus flavusand Aspergillus parasiticusagar (AFPA) has
been developed for isolation and enumeration of potentially
a� atoxigenic fungi. AFPA contains dichloran and chloram-
phenicol to inhibit the spreading of fungi and bacteria,
respectively, and ferric ammonium citrate. On this medium,
A. � avus and A. parasiticus(and closely related species in
Aspergillussection flavi) produce conspicuous, orange-yellow
colors in the colony reverse. These fungi produce aspergilli
acid or noraspergillic acid, which react with ferric ammonium
citrate to form the orange color complex. The orange-yellow
reverse pigment, however, is not directly indicative of a�a-
toxin production.

AFPA can be used for both dilution plating and direct
plating. It should be incubated at 30 � C for 42–72 h, after
which colonies of A. � avus,A. parasiticus, and Aspergillus nomiu
are distinguished by bright orange-yellow reverse colors. AFP
can be used for the detection and enumeration of poten-
tially a� atoxigenic fungi in nuts, maize, spices, and other
commodities.
Coconut Cream Agar for Detection of A�atoxin and Ochratoxin
Production

Aßatoxins
AFPA cannot be used to screen for a� atoxin production, but
coconut cream agar (CCA) can be used to detect a�atoxin
production in A. � avusand A. parasiticus.CCA is made using
any brand of commercial canned coconut cream. Dilute 50:50
with water, add agar (1.5%), and autoclave. Inoculated CCA
should be incubated at 25–30 � C for 5–7 days. Examine
colonies, reverse upmost, under a long-wave length ultraviole
(UV) light. Colonies producing a� atoxins � uoresce bluish
white or white, especially in the centers. An uninoculated CCA
plate can be used as a control, but a plate inoculated with
known nontoxigenic and toxigenic strains provides a better
comparison.

Ochratoxin
CCA also can be used to screen for ochratoxin production in
strains of Aspergillus carbonariusand A. niger, and species in
Aspergillussectioncircumdati(Aspergillus westerdjikiae, Asperg
ochraceus, Aspergillus steynii). Plates should be incubated at
25 � C rather than 30� C for potentially ochratoxigenic species
of Aspergillus.
Techniques for Heat-Resistant Fungi

Heat-resistant fungi may cause spoilage in heat-processe
foods, such as fruit juices, pulps, and concentrates and som
heat-processed dairy products. The most common spoilag
species belong to the generaByssochlamys, Talaromyces, and
Neosartorya, although occasionallyEupenicilliumspecies can be
implicated. The most reliable method for detecting and
isolating these fungi involves a laboratory pasteurization step,
which serves the dual purpose of eliminating fungi that are not
heat resistant and activating ascospores of heat-resista
species. Recommended laboratory pasteurization conditions
are 75–80 � C for 15–30 min in a thermostatically controlled
water bath. Various techniques are available, depending on the
type of food or ingredient involved.
Plating

Before laboratory pasteurization, concentrated samples (more
than 35 � Brix) need to be diluted 1:1 with 0.1% peptone or
similar diluent, and acidic juices, such as lemon and pas-
sionfruit (near pH 2.0), should be adjusted to pH 3.5–4.0.
Take 2� 50 ml samples for examination. Samples can be
heated in Erlenmeyer � asks (250 ml), but polyethylene
Stomacher bags enable more rapid heat penetration. Th
polyethylene bags should be heat sealed before immersion in
the water bath, or, if a heat sealer is not available, the tops may
be folded over and secured with a clip, but care must be taken
that they are not fully immersed. Heat the samples in
a covered water bath at 80� C for 30 min, then cool rapidly.
Mix each 50 ml sample with an equal volume of double
strength MEA, and pour into 4� 150 mm Petri dishes.
Smaller Petri dishes can be used, but you may need up to 10 to
accommodate the 200 ml of heated samples. Seal the Pet
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dishes loosely in a plastic bag to prevent drying and incubated
at 30 � C. Colonies should appear within the � rst week, but
may take up to 30 days to develop. This extended incubation
time also allows most molds to mature and sporulate,
assisting in identi� cation.

Plates may become contaminated with airborne mold
spores, giving false positive results. GreenPenicilliumcolonies
or colonies of common Aspergillusspecies such asA. � avusand
A. nigerare an indication of contamination, as these fungi are
not heat resistant. If growth of Bacillusis a problem, addition
of chloramphenicol (100 mg l � 1 of medium) will prevent the
outgrowth of these spores.
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Direct Incubation

Samples such as fruit pulp and other semisolid material can be
screened using a more direct method, avoiding the problem of
aerial contamination. Transfer approximately 30 ml of pulp in
each of three or more� at bottles, for example, 100 ml medicine
� ats. Heat the bottles upright for 30 min at 75–80 � C then cool
as rapidly as possible. Incubate the bottles of pulp� at, allowing
as large a surface area as possible, for up to 30 days at 30� C.
There is no need to open the bottles or add agar. Subcultur
any mold colonies that develop onto a medium suitable for
identi � cation.
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Filtration Method

To detect very low numbers of cells in clear liquids such as
liquid sugar, take at least 2� 50 g, add 50 ml diluent (e.g.,
0.1% aqueous peptone) to each sample, mixing well. Filter
both samples through the same sterile 0.45mm membrane
� lter, rinsing the funnel with 3 � 20–30 ml volumes of sterile
diluent to ensure that any spores adhering to the sides ar
washed down onto the � lter. Remove the� lter from the � lter
holder using sterile forceps, and place it in a sterile bottle or
Stomacher bag with 10 ml diluent, and place in a water bath
at 75 � C for 30 min. Cool rapidly to room temperature, shake
well, then divide the 10 ml of diluent between three Petri
dishes. Add a generous amount of malt extract agar (MEA
with antibiotics to each plate, mix well, and then allow the
plates solidify. Incubate at 30� C for up to 30 days, examining
weekly.
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Techniques for Yeasts

MEA is the most commonly used medium for yeasts. It is
nutritionally rich, and its relatively low pH (near 5.0) makes
it suitable for yeasts; it reduces (but does not entirely elim-
inate) bacterial growth. Tryptone glucose yeast (TGY) extrac
agar is also recommended by ICFM for enumeration of
yeasts. It has a higher glucose concentration (10%) an
higher pH (5.5–6.0) than MEA, so it is more effective in the
recovery of stressed yeast cells, with faster colony develo
ment than MEA. The higher pH, however, means that an
antibiotic should be incorporated for the enumeration of
yeasts from food samples that may contain bacteria. Anti
biotics such as chloramphenicol or oxytetracycline can be
used at the concentrations used in DRBC and OGY. ME
and TGY are suitable for enumeration of yeasts in fruit
products (juices and purees) and yogurt, in which only low
numbers of molds usually are present. DRBC or DG18
should be used if the products may be expected to contain
molds and yeasts.
Detection of Low Numbers of Yeasts in Liquid Products

Low numbers of yeasts can be dif� cult to detect, but they may
have potential to cause spoilage in liquid food products.
Enrichment or membrane � ltration techniques may be needed
to monitor such products.

If products or raw materials have no suspended solids and
are of low viscosity (e.g., clear juices), membrane� ltration can
be used to detect low numbers of yeasts. The� lter can be placed
directly onto a suitable medium such as MEA or TGY and can
be stained subsequently to visualize colonies, if necessar
Samples may be concentrated by centrifugation, but the
disadvantage is that smaller volumes of product can be
screened.

Enrichment techniques are needed for materials that are
viscous, low aw, or contain pulps and cannot be � ltered.
Often, the product itself is the best enrichment medium,
diluted 1:1 with sterile water. Such dilution increases theaw of
juice concentrates, sugar syrups, or honey to a level allowin
for the growth of potential spoilage yeasts without causing
osmotic shock to the cells. If the product contains preserva
tive, dilution will reduce the concentration, allowing cells
to grow.

To detect low numbers of spoilage yeasts in containers o
cordials, fruit juice concentrates and similar products, decan
approximately half the product and replace with sterile water.
Leave the cap loose, incubate at 25–30 � C, and monitor for
evidence of fermentation. Shake the container daily to detec
fermentation gases.

Enrichment techniques using suitable media can also be
used for yeasts. TGY broth is a good enrichment broth: add
10 ml of product to 90 ml TGY broth and incubate at 25 � C for
3–4 days, or 30� C for 2–3 days. Look for signs of fermentation,
and streak out onto TGY agar. Sensitivity can be increased b
increasing the volume of product sampled, for example, with
duplicate or triplicate enrichments.
Preservative-Resistant Yeasts

Preservative-resistant yeasts, such asZygosaccharomyces bailii, are
capable of growth in products containing preservatives, such a
sorbic, benzoic, and acetic acids or sulfur dioxide. Suspec
product can be spread or streaked onto plates of malt aceti
agar (MAA; MEAþ 0.5% acetic acid), or TGY with 0.5% acetic
acid added. These media are made by adding glacial (16 N
acetic acid to melted and tempered basal medium to give a� nal
concentration of 0.5%. Mix and pour immediately. Because of
the low pH (approximately 3.2 and 3.8 for MAA and TGYAA,
respectively), these media will not set if they are held molten
for long periods or if they are remelted. The acetic acid does no
need sterilization before use.

MAA and TGYAA can be used to monitor raw materials
process lines, and products containing preservatives fo
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resistant yeasts. They are also effective for testing previous
isolated yeasts for preservative resistance.

TGY broth with 0.5% acetic acid (TGYAA broth) can be
used to enrich low numbers of preservative-resistant yeas
(e.g., Z. bailii, Pichia membranaefaciens, Schizosaccharo
pombe, and preservative-resistant strains ofSaccharomyces c
evisiae) from such products as cordial syrup, mayonnaise, salad
dressing, and tomato-based sauces. Inoculate triplicate broth
with 1 g or 1 ml of sample, incubate at 30 � C for 2–3 days, and
then spread 0.1 ml aliquots of broths onto TGYAA agar. Incu-
bate the TGYAA plates at 30� C for an additional 2 days. This
technique can detect yeast numbers as low as 1 cfu ml� 1 within
4 days.
Media Formulations

Aspergillus Flavusand ParasiticusAgar
Peptone, bacteriological
l)

l)
10 g
Yeast extract
 20 g
Ferric ammonium citrate
 0.5 g
Chloramphenicol
 100 mg
Agar
 15 g
l
Dichloran (0.2% in ethanol, 1.0 m
 2 mg
Water, distilled
 1 l
ak

After the addition of all ingredients, sterilize by autoclaving

at 121 � C for 15 min. Final pH 6.0 –6.5.
e

d

Coconut Cream Agar

Dilute canned coconut cream 50:50 with water, add agar
(1.5%), and autoclave at 121� C for 15 min. Incubate at 30 � C
for a� atoxigenic fungi, and 25� C for ochratoxin detection, for
5–7 days. Examine colonies, reverse upmost, under long-wav
length UV light.
Dichloran 18% Glycerol Agar
-
Glucose
 10 g
Peptone
 5 g
KH2PO4
 1 g
MgSO4$7H2O
 0.5 g
Glycerol, A.R.
 220 g
Agar
 15 g
Dichloran (0.2% w/v in ethanol, 1 m
 2 mg
Chloramphenicol
 100 mg
Water, distilled
 1 l
Add minor ingredients and agar toca800 ml distilled water.
Steam to dissolve agar, then make to 1 l with distilled water.
Add glycerol: note that the� nal concentration is 18% weight in
weight, not weight in volume. Sterilize by autoclaving at
121 � C for 15 min. Final aw 0.955, pH 5.5–5.8.
Dichloran Rose Bengal Chloramphenicol Agar
Glucose
 10 g
Peptone, bacteriological
 5 g

esKH2PO4
 1 g
MgSO4$7H2O
 0.5 g
Agar
 15 g
Rose bengal (5% w/v in water, 0.5 m
 25 mg
Dichloran (0.2% w/v in ethanol, 1 m
 2 mg
Chloramphenicol
 100 mg
Water, distilled
 1 l
After the addition of all ingredients, sterilize by autoclaving
at 121 � C for 15 min. Final pH 5.5 –5.8. Store prepared media
away from light; photoproducts of rose bengal are highly
inhibitory to some fungi, especially yeasts. In the dark, the
medium is stable for at least one month at 1–4 � C. The stock
solutions of rose bengal and dichloran need no sterilization
and are also stable for very long periods.
Malt Acetic Agar

To 100 ml sterile tempered MEA, aseptically add 0.5 ml glacia
acetic acid, giving a� nal concentration of 0.5% acetic acid. Mix
well before pouring. Note that MAA cannot be autoclaved or
reheated because the low pH (~3.2) causes the agar gel to bre
down if the medium is subjected to any further heat treatment
after the addition of the acetic acid. There is no need to sterilize
the glacial acetic acid.
Malt Extract Agar
Malt extract, powdere
 20 g
Peptone
 l g
Glucose
 20 g
Agar
 20 g
Water, distilled
 l l
Commercial malt extract used for home brewing is satisfac
tory for use in MEA, as is bacteriological peptone. Sterilize by
autoclaving at 121� C for 15 min. Do not sterilize for longer, as
this medium will become soft on prolonged or repeated heating.
Final pH 5.6.
Malt Extract Yeast Extract 50% Glucose Agar
Malt extract
 10 g
Yeast extract
 2.5 g
Agar
 10 g
Water, distilled
 to 500 g
Glucose, A.R.
 500 g
Add the minor constituents and agar to ~450 ml distilled
water and steam to dissolve the agar. Immediately make up to
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500 g with distilled water. While the solution is still hot, add the
glucose all at once and stir rapidly to prevent the formation of
hard lumps of glucose monohydrate. If lumps do form, dissolve
them by steaming for a few minutes. Sterilize by steaming for
30 min. This medium is of a suf�ciently low aw not to require
autoclaving. Food-grade glucose monohydrate (dextrose) may be
used in this medium instead of analytical reagent–grade glucose,
but an allowance must be made for the additional water present.
Use550 gofC6H1206$H20, and 450 g of the basal medium.As the
concentration of water is unaffected by this procedure, the
quantities of the minor ingredients are unaltered. Final aw 0.89,
�nal pH 5.3.
Malt Extract Yeast Extract 5% Salt 12% Glucose Agar
Malt extract
 20 g
Yeast extract
 5 g
NaCl
 50 g
Glucose
 120 g
Agar
 20 g
Water, distilled
 to 1 l
Sterilize by autoclaving at 121 �C for 10 min. Overheating
will cause softening. Final aw 0.93.
Tryptone Glucose Yeast Extract Agar
Glucose
 100 g
Tryptone
 5 g
Yeast extract
 5 g
Chloramphenicol
 0.1 g
Food Mycology.
Agar
 15 g
Distilled water
 to 1 l

ger, New York.
2010. Food and
Netherlands.
rg/
Sterilize by autoclaving at 121 �C for 10 min. Prolonged
heating will cause browning of the medium. Chloramphenicol
may be omitted if suppression of growth of bacteria is not
required. Final pH 5.5–6.0.
Tryptone Glucose Yeast Extract Acetic Agar

Make TGYA as for MAA, but use TGY agar without chloram-
phenicol as the base rather than MEA. As with MAA, TGYA
should not be reheated. Final pH 3.8.
Tryptone Glucose Yeast Extract Broth

Make TGY broth as for TGY agar, but omit the agar from the
formulation.
Tryptone Glucose Yeast Extract Acetic Broth

Make TGYA broth as for TGY broth with the addition of glacial
acetic acid to give a �nal concentration of 0.5%. Sterilize by
steaming for 30 min. Final pH 3.8.
See also: Aspergillus; Aspergillus: Aspergillus ßavus;
Byssochlamys; Dried Foods, Ecology of Bacteria and Fungi:
In� uence of Available Water; Ecology of Bacteria and Fungi in
Foods: In� uence of Temperature; Ecology of Bacteria and
Fungi in Foods: In� uence of Redox Potential; Penicillium
andTalaromyces: Introduction; Preservatives: Traditional
Preservatives – Organic Acids; Saccharomyces– Introduction;
Schizosaccharomyces; Spoilage Problems: Problems Caused by
Fungi; Xeromyces: The Most Extreme Xerophilic Fungus;
Zygosaccharomyces; Water Activity.

Further Reading

Hocking, A.D., Pitt, J.I., Samson, R.A., Thrane, U., 2006. Advances in
Springer, New York.

Pitt, J.I., Hocking, A.D., 2009. Fungi and Food Spoilage, third ed. Sprin
Samson, R.A., Houbraken, J., Thrane, U., Frisvad, J.C., Andersen, B.,

Indoor Fungi. CBS-KNAW fungal Biodiversity Centre, Utrecht, The
International Commission on Food Mycology website:http://www.foodmycology.o.

http://www.foodmycology.org/
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The genus Fusarium is one of the most economically important
fungi because of its plant pathogenic capabilities and produc-
tion of potent mycotoxins, which are known to affect animals
and humans. In addition, some species can infect humans,
especially immunosuppressed patients. The genus occurs
worldwide; however, not all species are cosmopolitans, as
some species are predominating in cooler temperate regions,
whereas others are more common in tropical and subtropical
regions.

The Fusarium taxonomy has been in�uenced by two major
schools. The starting point was a European school with more
than 65 species based on detailed morphological differences
and a U.S. school with only nine species. During the 1970s,
more species were accepted within the U.S. school, now
including scientists from South Africa and Australia, as some of
the original nine species were found to be too broad. Within
the past 30 years, these schools have moved toward each other
and now there is general agreement among Fusarium taxono-
mists around the world. Currently, the genus Fusarium contains
about 150 species; however, the systematics is now changing
rapidly because of the rapid developments in molecular
biology. Many recently described Fusarium species have been
discovered by molecular tools used in phylogenetic studies,
followed by a formal description of the species. Introductions
to Fusarium are available along with extended information on
the ecology and mycotoxin production by Fusarium species.
Unfortunately, it is dif�cult to translate information based on
one taxonomic system to the other because of differences in
nomenclature. This is especially the case when reading older
literature, and this has generated a lot of misunderstanding and
misinformation in original as well as in review-orientated
literature. The worst case probably is found within mycotoxin
production, where many reports on mycotoxin production are
based on poorly identi�ed fungal strains because it is often
impossible to translate an identi�cation into the presently
accepted taxonomic systems. In addition, too many strains
used for mycological experiments have not been deposited in
international accessible culture collections.

A single food product using Fusarium is known. Biomass of
fermented Fusarium venenatum (formerly identi�ed as Fusarium
graminearum), Quorn�, is produced commercially as an
ingredient for pies and similar products.
Characteristics

The foodborne Fusarium species are characterized by fast-
growing colonies with a velvety �occose aerial mycelium.
Colony pigmentation varies from pale, rose, and burgundy to
bluish violet depending on species and growth conditions.
Conidia often are produced in sporodochia, which will appear
as slimy dots in the culture. In some cultures, sporodochia may
be so profound that they will merge into a larger slimy layer.
The typical Fusarium conidium (macroconidium) is fusiform,
multicelled by transverse septa, and a characteristically foot-
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shaped basal cell and a pointed to whiplike apical cell. In
addition, some species may produce minor conidia (micro-
conidia). These are mostly single celled, in some cases three to
�ve celled, and they vary from globose and oval to reniform
and fusiform. A few species produce microconidia in chains,
the others in slimy heads or solitary.

In general, Fusarium species prefer humid conditions, that is,
water activity higher than 0.86, and grow well at temperatures
from around 0 �C up to 37 �C; however, no Fusaria is ther-
mophilic as such. Available data for common foodborne
species are listed in Table 1.

Fusarium avenaceum is probably the most frequent Fusarium
species on cereal grains in temperate climates. Even in this
common species, it is not reported what effect the fungus has
on the quality of the grains. The typical mycotoxin problems in
grains (trichothecenes) may not be due to F. avenaceum as it
never has been proven that this species does produce these
metabolites. Fusarium avenaceum does produce enniatins in
high amounts, however, and this group of toxic metabolites is
considered among the emerging Fusarium mycotoxins. A lot of
variability in mycelium texture, pigmentation, and metabolite
pro�les among cultures of F. avenaceum has been observed.
Independent reports also show genetic variability among
strains; however, at the moment, more information is needed
before it can be settled whether the present species should be
divided into more.

Fusarium cerealis is a synonym of Fusarium crookwellense. This
nomenclatural change is not fully accepted by all scientists, so
both names may occur in the literature, and the change is
still under debate among Fusarium experts. Agar cultures
of F. cerealis are similar to cultures of F. graminearum and
F. culmorum in terms of pigmentation, mycelium texture, and
growth rates. Morphologically only minor differences delim-
itate F. cerealis and F. graminearum, whereas F. culmorum is
distinctive. The three species have many metabolites in the
trichothecene and zearalenone families in common, but minor
differences in trichothecene derivatives as well as quantitative
differences have been published. The number of strains inves-
tigated has been limited, however, but species-speci�c DNA
primers for identi�cation have been published.

Fusarium culmorum is frequently occurring on cereal plants
and grains in temperate climates and is a potent producer of
deoxynivalenol and other trichothecenes. These metabolites
play a role for F. culmorum rot in cereal plants, but they also
have been detected in grains and cereal products. This species is
part of the Fusarium complex believed to cause gushing in
beers. Agar cultures of F. culmorum appear similar to cultures of
F. cerealis (q.v.) and F. graminearum; however, species-speci�c
DNA primers for identi�cation have been published.

Fusarium equiseti is one of the few Fusarium species that
never becomes red in culture. At the moment, F. equiseti is
based on a broad species concept in which strains from
different substrates and temperature regions have pronounced
variation in mycotoxin pro�les and morphological features.
Primarily, F. equiseti is recognized as a secondary invader in
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00141-5
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Table 1 Important foodborneFusariumspecies, their habitat (food related), mycotoxins and other biological active metabolites, and physiological
characteristics

Fusariumspecies Habitat Mycotoxinsa Colony diameterb Miscellaneous

F. avenaceum World-wide:
Cereals, peaches, apples, pears,
potatoes, peanuts, peas,
asparagus, tomatoes

2-Amino-14,16-dimethyl-
octadecan-3-ol
Acuminatopyrone
Antibiotic Y
Aurofusarin
Beauvericin
Chlamydosporol
Chrysogine
Enniatins
Fusarin C
Moniliformin

PDA: 30–59 mm
TAN: 3–20 mm

Temperature:� 3 to 31� C
Min aw .90 at 25� C

F. cerealis Worldwide:
Cereals, potatoes

Aurofusarin
Butenolide
Chrysogine
Culmorin
Fusarin C
Nivalenol
Zearalenone

PDA: 75–90 mm
TAN:< 2 mm

F. culmorum Mainly temperate region:
Cereals, potatoes, apples,
sugar beet

Aurofusarin
Butenolide
Chrysogine
Culmorin
Deoxynivalenol
Fusarin C
Nivalenol
Zearalenone

PDA: 75–90 mm
TAN:< 2 mm

Temperature: 0–31–(35)� C
Min aw .87 at 25� C
Tolerates low oxygen tensions

F. equiseti Worldwide:
Cereals and fruits contaminated
with soil, vegetables, nuts,
spices, UHT processed juices

Chrysogine
Diacetoxyscirpenol
Equisetin
Fusarochromanone
Nivalenol
Zearalenone

PDA: 45–69 mm
TAN: 3–30 mm

Temperature:� 3 to 35� C
Min aw .92 at 25� C
Growth at pH 3.3–10.4
Tolerates low oxygen tensions

F. graminearum Worldwide:
Cereals and grasses

Aurofusarin
Butenolide
Chrysogine
Culmorin
Deoxynivalenol
Fusarin C
Nivalenol
Zearalenone

PDA: 75–90 mm
TAN:< 2 mm

Min aw .90 at 25� C
Min pH 2.4 at 30� C
Max pH 10.2 at< 37� C

F. incarnatum Warmer to tropical regions:
Nuts, bananas, citrus, potatoes,
melons, tomatoes, spices

Beauvericin
Equisetin
Fusapyrone
Zearalenone

PDA: 45–69 mm
TAN: 5–15 mm

Temperature: 3–37� C

F. oxysporum Worldwide:
Cereals, peas, beans, nuts,
bananas, onions, potatoes,
citrus fruits, apples, UHT
processed juices, spices, cheese

Beauvericin
Fusaric acid
Moniliformin
Naphthoquinone
pigments

PDA: 30–55 mm
TAN: 5–40 mm

Temperature: 5–37� C
Can grow anaerobically
pH range 2.2–9
Min aw .89 at 25� C

(Continued)
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Table 1 Important foodborneFusariumspecies, their habitat (food related), mycotoxins and other biological active metabolites, and physiological
characteristicsd cont'd

Fusariumspecies Habitat Mycotoxinsa Colony diameterb Miscellaneous

F. poae Temperate regions:
Cereals, soybeans, sugarcane,
rice

Aurofusarin
Beauvericin
Butenolide
Culmorin
Diacetoxyscirpenol
Fusarin C
g-Lactones
Nivalenol
T-2 toxin

PDA: 55–85 mm
TAN:< 2 mm

Temperature: 2.5–33� C
Min aw .90 at 25� C

F. proliferatum Warmer to tropical regions:
Corn, rice,� gs, fruits

Beauvericin
Fumonisins
Fusaproliferin
Fusapyrone
Fusaric acid
Fusarin C
Moniliformin
Naphthoquinone
pigments

PDA: 35–55 mm
TAN: 5–25 mm

Tempereature: 2.5–35� C
Min aw .92 at 25� C

F. sambucinum Worldwide:
Cereals, potatoes

Aurofusarin
Butenolide
Diacetoxyscirpenol
Enniatins

PDA: 34–59 mm
TAN: 5–29 mm

Temperature: 2–32.5� C

F. solani Worldwide:
Fruits and vegetables, spices

Cyclosporines
Fusaric acid
Naphthoquinone
pigments

PDA: 25–50 mm
TAN: 5–40 mm

Temperature: up to 37� C
Can grow anaerobically
Min aw .90 at 20� C

F. sporotrichioides Worldwide:
Cereals, pome fruits

Aurofusarin
Beauvericin
Butenolide
Chrysogine
Diacetoxyscirpenol
Enniatins
Fusarin C
T-2 toxin

PDA: 65–90 mm
TAN: 4–20 mm

Temperature:� 2 to 35� C
Min aw .88 at 20� C

F. subglutinans Worldwide:
Corn, pineapple, bananas,
spices, sorghum

Beauvericin
Fusaproliferin
Fusaric acid
Moniliformin
Naphthoquinone pigments
Subglutinols

PDA: 35–55 mm
TAN: 5–40 mm

Temperature: 2.5–37� C

F. tricinctum Worldwide:
Cereals

Antibiotic Y
Aurofusarin
Beauvericin
Butenolide
Chlamydosporol
Chrysogine
Fusarin C
Moniliformin
Visoltricin

PDA: 32–55 mm
TAN: 3–20 mm

Temperature: 0–32.5� C
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Table 1 Important foodborneFusariumspecies, their habitat (food related), mycotoxins and other biological active metabolites, and physiological
characteristicsd cont'd

Fusariumspecies Habitat Mycotoxinsa Colony diameterb Miscellaneous

F. venenatum Temperate region:
Cereals, potatoes

Aurofusarin
Butenolide
Chrysogine
Culmorin
Diacetoxyscirpenol

PDA: 45–60 mm
TAN: 5–25 mm

Temperature: 2–35� C

F. verticillioides Subtropical and tropical region:
Corn, rice, sugarcane, bananas,
asparagus, spices, cheese,
garlic

Beauvericin
Fumonisins
Fusaric acid
Fusarin C
Moniliformin
Naphthoquinone pigments

PDA: 35–55 mm
TAN: 5–40 mm

Temperature: 2.5–37.5� C
Tolerate> 15% NaCl
Min aw .87 at 25� C
Can grow anaerobically

aOnly major component listed, derivatives may also be produced.
bColony diameter on PDA (Potato dextrose agar) after 4 days at 25� C; on TAN (Tannin sucrose agar) after 7 days at 25� C.
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agricultural crops after contamination with soil in which it can
survive for years as it has an abundant production of resistan
chlamydospores.

Fusarium graminearumis abundant on cereals and its tele-
omorphic stage,Gibberella zeae, is found in nature in warmer to
tropical regions. This species can cause severe damage to ce
plants and crops by different types of rots and mycotoxins.
Fusarium graminearumis believed to cause gushing in beers. In
this and many other respects, it is similar toF. culmorum(q.v.)
and F. cerealis(q.v.). Species-speci� c DNA primers for identi-
� cation of F. graminearumhave been published. Originally the
producer strain of Quorn� used as stuf� ng in precooked pies
a.o. was supposed to beF. graminearum; however, a multidis-
ciplinary study has reidenti� ed the strain as F. venenatum.
Fusarium graminearumin the broad sense recently has been
divided into 14 phylogenetic species using a multilocus
sequence-typing (MLST) concept, in which sequences from
several genes are used simultaneously. Typical targets chos
for MLST typing are housekeeping genes, without which the
host organism will be unable to function. The phylogenetic
species share the same pro� le of mycotoxins, but they are
somewhat related to geographic origin.

Fusarium incarnatumis a species complex that previously
was named Fusarium semitectum;however, there is a genera
understanding that this epithet is outdated, although still
widely used. This complex covers more species of gre
importance to agricultural crops from subtropical and tropical
regions. Another species epithet used in recent reports isFusa-
rium pallidoroseum, but the taxonomy of this complex has not
been settled.

Fusarium oxysporumis well-known as a plant pathogen
causing severe damage in many agricultural crops, both in th
� eld and during postharvest storage. Strains ofF. oxysporumcan
grow under very low oxygen tensions and often have been
detected as recontaminants in ultrahigh-temperature processe
fruit juices. Some strains are known to produce the fumonisin
mycotoxins.

Fusarium poaefrequently is detected in cereals from
temperate regions. There have been scattered reports on t
mycotoxin production by this species; however, it is evident
l

that F. poaecan produce several trichothecenes in cereals. Ag
cultures of this species often produce strong aromatic peachlik
volatile compounds.

Fusarium proliferatumis characterized by producing micro-
conidial chains borne from polyphialides. Along with one of
the other Fusariumspecies with conidial chains,Fusarium ver
ticillioides, this species is common on corn and other cereals
from warmer to tropical regions. Many fruits and vegetables
can be damaged by this species, and it is a potent producer o
fumonisins and other mycotoxins. In older literature, this
species was mixed up withFusarium moniliforme,which was
based on a broad species concept. This is now recognized to b
outdated becauseF. proliferatum, Fusarium subglutinans(q.v.),
F. verticillioides(q.v.), and additional important plant patho-
genic species now are recognized as good individual specie
More than 20 species in this complex are recognized b
phylogeny using an MLST concept.

Fusarium sambucinumis important to potato breeding and
production because this species can cause severe rot in th
commodity. A variation has been observed in resistance toward
thiobendazole fungicides among strains of this species. Specie
speci�c DNA primers for identi � cation of F. sambucinumhave
been published.

Fusarium solaniis an important soilborne plant pathogen,
which can cause damage to many agricultural crops. No known
mycotoxins are produced by this species. In agar cultures th
teleomorph, Haematonectria haematococca, may be produced,
but it is strain dependent. The F. solanispecies complex is
undergoing major taxonomic revisions these years using the
MLST concept. Maybe up to 50 species will be discovered in th
near future.

Fusarium sporotrichioidesis a well-known producer of T-2
toxins and other trichothecenes occurring on cereals, especial
in temperate regions. It is detected with minor frequency, but
because of its potent production of mycotoxins, it is still
important.

Fusarium subglutinansfrequently is found on corn, cereals,
and fruits from warmer regions. In many respects, this species i
similar to F. proliferatumand F. verticillioides, both producing
microconidial chains; however, F. subglutinansonly produces
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microconidia in slimy heads. In older literature, they were all
merged into one species,F. moniliforme.

Fusarium tricinctumis common on cereals in temperate
regions. Although trichothecene mycotoxin often has been
reported from this species, it has never been proven. Formerly
F. tricinctumwas used as a collective species epithet for seve
distinct species, includingF. poaeand F. sporotrichioides(q.v.),
which may account for the mycotoxin reports. The effect of the
abundant occurrence ofF. tricinctumon the quality of the grains
is unknown.

Fusarium venenatumis a recently discovered and described
species, which limits the amount of information available. The
Quorn� -producing strain has been reidenti� ed asF. venenatum.
Species-speci� c DNA primers for identi� cation of F. venenatum
have been published.

Fusarium verticillioidesis the legal synonym forF. moniliforme
in part, which may coverF. proliferatum(q.v.) and F. subglutinans
(q.v), as well as several species of plant pathogenic importance
It has now been agreed amongFusariumtaxonomists to use
F. verticillioidesand avoid F. moniliforme. Fusarium verticillioide
can be recognized by its long microconidial chains borne on
monophialides and is a potent producer of fumonisins and
other mycotoxins. The teleomorphic Gibberellastage can be
found on old corn stalks in warmer climates.
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Methods of Detection

Different techniques for the detection ofFusariumin food and
other agricultural products have been developed, but the focus
of this section is on conventional methods based on agar
substrates. ThreeFusariumselective media are mentioned, and
they can be used by direct plating of subsamples (e.g., grains
or by dilution plating of homogenates. Plates are incubated at
25 � C for 5–7 days under an alternating light regime to enhance
sporulation.

Czapek-Dox iprodione dichloran (CZID) agar, dichloran
chloramphenicol peptone agar (DCPA), pentachlornitrobenzene
(PCNB) agar, and malachite green agar (MG2.5) have all bee
used widely. Differences in selectivity forFusariumbetween the
four media are insigni� cant. On all media, only Fusariumcultures
are supposed to grow quickly, but care should be taken. If jus
a tiny amount of the sample is present, or in the case of direc
plating, other fungal genera may be able to grow because they wi
be supported by the nutrition from the sample, thus eliminating
the inhibition provided by the Fusariumselective media. Inspec-
tion for Fusariumconidia at this stage or in the following puri � ed
culture on a low nutritional medium Spezieller Nährstoffarmer
agar (SNA) is required. As analternative, carnation leafagar (CLA
may be used. For further subculturing, low nutritional media are
required as Fusariumcultures will change irreversibly by pro-
longed culturing on nutritional rich substrates.

On the basis of a collaborative study using dilution plating,
CZID is preferred as it is possible to differentiateFusariumspecies
by differences in cultural appearance on this medium; however
more data on direct plating are needed before a general recom
mendation can be made. PCNB is reported to be carcinogenic
and thus should be avoided. CZID is recommended interna-
tionally by the Nordic Committee on Food Analysis and by the
International Commission on Food Mycology (ICFM).
Other isolation media for fungi containing Rose Bengal (e.g.,
DRBC and RBC agars) should not be used forFusariumbecause
the light during incubation will convert Rose Bengal into
a potent fungicidal compound totally inhibiting fungal growth.

In situ detection of Fusarium by molecular methods is
known from the medical clinic but is not that widely spread to
the food and feed industry; however, in recent years, signi� cant
progress has been made in the speci� c detection and quanti-
� cation of Fusariumspp. occurring in cereals. Most of these
developments use real-time polymerase chain reaction. Speci�c
molecular tools are now available to quantify the most preva-
lent Fusariumspecies contaminating cereals products.

Increasingly, detection methods are based on immunolog-
ical techniques and molecular biology that are fast and useful
and are continuously being developed. A drawback to these
methods is that they need an array of probes to cover the
relevantFusariumspecies, in contrast to conventional isolation
methods on agar substrates for which puri� cation and
culturing is needed before identi� cation. It is more time
consuming but still used.
Methods of IdentiÞcation

Recent books on food mycology and a comprehensive labora
tory manual on Fusariumare useful starting points for the
practical identi� cation by keys using classical techniques such a
cultural characteristics and morphology; however, other iden-
ti � cation routines also are described. For identi� cation of
Fusariumspecies, the puri� ed SNA or CLA cultures should be
inoculated on a fresh SNA dish for morphological observations,
on potato dextrose agar (PDA), to determine colony diameter
after 4 days at 25� C and cultural appearance. The use o
metabolite pro� les may provide a useful supplemental char-
acter, and a cultural extract is easily prepared by extraction o
6 mm plugs from 7- to 14-day-old cultures grown on PDA and
yeast extract sucrose agar at 25� C. The extracts can be analyze
by state-of-the-art chromatography, mostly liquid chromatog-
raphy, for which detection of individual compounds can be
combined with con � rmatory identi � cation of the compounds.
This can be done to some extent by (UV-diode array detection
or preferably by mass spectroscopy. A combination of the two is
even better. Large databases and tables giving the key chemic
characteristics of theFusariummetabolites have been published,
and many puri� ed standards are commercially available. A
careful identi� cation of the metabolites is vital to avoid errors.
Determination of metabolite pro� les is not only important for
identi � cation of the cultures but also for a descriptive characte
of the individual strain.

The international Fusariumcommunity has built integrated
platforms to facilitate strain identi � cation, phylogenetic studies
(Fusariumidenti � cation database (Fusarium-ID)), comparative
genomics (Fusarium comparative genomics platform), and
knowledge sharing (Fusariumcommunity platform). Fusarium-
ID archives more than 5500 markers (a number that continu-
ously increases), representing more than 200 strains. Sequenc
at three loci (EF-1a, RNA polymerase RPB1, and RPB2) ar
available for all the described phylogenetic species that ca
serve as relevant tools to help identify new isolates. Since th
beginning of 2009, the panel of molecular methods to identify
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Fusariumstrains and their ability to produce mycotoxins has
been signi� cantly expanded. Most assays that have bee
developed recently included PCR-based methods that hav
exploited DNA-conserved regions (LSU rDNA, IGS,b-tubulin,
and EF-1a) for the design of species-speci� c primers as well as
generic PCR detection or quanti� cation assay (qPCR) devel
oped for genes involved in the biosynthetic pathway ofFusa-
rium mycotoxins. Several studies aim at improving a‘DNA
barcode’ for identi � cation of Fusariumspecies. Such methods
are promising and without doubt more will be available in the
years to come.

Regulations

The brewing industry has regulatedFusariumcontent in malting
barley, whereas most other food industries may have regulation
of the mycotoxins produced byFusarium. These will be identical
to governmental (international) regulations. Each country will
have its own set of regulations on mycotoxins; some genera
agreements have been made. AmongFusariummycotoxins,
trichothecenes (deoxynivalenol) and fumonisins are those of
the greatest concern, but there is an increasing understandin
that a synergistic effect between several coexisting mycotoxin
takes place and may be even more important than the individual
mycotoxins. Fungal metabolites, so far not known as myco-
toxins, also play an important role in this context.

See also: Alternaria; Aspergillus; Biochemical Identi�cation
Techniques for Foodborne Fungi:Food Spoilage Flora;Fungi:
The Fungal Hypha;Foodborne Fungi:Estimation by Cultural
Techniques;Fungi:Overview of Classi� cation of the Fungi;
Fungi:Classi� cation of the Deuteromycetes;Mycotoxins:
Classi� cation; Natural Occurrence of Mycotoxins in Food;
PenicilliumandTalaromyces:Introduction;Single-Cell Protein:
Mycelial Fungi;Spoilage Problems:Problems Caused by Fung
Trichoderma; Multilocus Sequence Typing of Food
Microorganisms.
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Genetic Engineering
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History

The history of DNA dates back to two independent paths: (1)
work by Avery, MacLeod, and McCarty established DNA as
a chemical entity responsible for encoding the phenotype in
bacteria; and (2) work by Mendel on the inheritance of traits
due to discreet elements. Related but distinct was the
discovery of the structure of DNA by Watson and Crick with
experimental data provided by Franklin.

Genetic engineering owes it origins to two scientists, Her-
bert Boyer and Stanley Cohen who during a fateful lunch in
Hawaii crafted the basic components of genetic engineering.
That historic event joined two important components of
genetic engineering, the tools required to cut DNA and then
components for maintaining the DNA in the host. Boyer,
a professor at University of California–San Francisco was
working on enzymes capable of cutting DNA at speci�c
sequences, and Cohen who was a faculty member at Stanford
was studying the introduction of extrachromosomal antibiotic
elements in host bacteria.

Other notable events in the history of genetic engineering
include the invention of DNA sequencing by Maxam and
Gilbert and separately by Sanger. The ability to amplify DNA
using the polymerase chain reaction, invented by Kary Mullis
provided a robust platform for genetic engineering and
diagnostics.

Advances in genetic engineering as they applied to food
microbiology have been incremental in terms of new tech-
nology and also applications. Challenges typically were
encountered in developing the tools to genetically engineer
a speci�c organism. Although there are similarities in most of
these tools, each needed to be optimized for a speci�c
microorganism with progress dependent upon the resources
that were devoted to a speci�c organism. For example, the
most advanced set of tools are available for Escherichia coli, an
organism used for basic research and employed for most
intermediate steps in the genetic engineering process. Prog-
ress also was realized early for Bacillus subtilis in part because
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
it exhibits a natural competence. Among the eukaryotic
microorganisms, Saccharomyces cerevisiae was one of the �rst
organisms for which genetic engineering tools were devel-
oped. Applications in food science followed in part the
availability of tools for speci�c organisms – notably where
the �rst demonstrations of the production of a single enzyme
were reported. For example, chymosin, an important enzyme
for the manufacture of cheese was �rst expressed in E. coli,
and then later in S. cerevisiae. Now perhaps the most
important genetically engineered host for the production of
chymosin is Aspergillus. The transition from E. coli to Asper-
gillus was dependent upon the improvement in the genetic
engineering tools for fungi, the superior ability of fungi to
secrete proteins, and therefore the economics of chymosin
production.
Basic Tools

The keys to any effort to change the genotype of a particular
microorganism through genetic engineering are vectors that are
able to stably maintain a particular sequence of interest and
a means to introduce that vector into the host cell. Virtually
every organism known to man (including man) can be trans-
formed by the introduction of an exogenous nucleic acid
sequence. Genetic engineering typically involves a series of
steps, including design, construction, and introduction into
a host. Most often, the process is iterative, and depending upon
the speci�cations, the overall process may involve optimization.
While there has been an enormous increase in the knowledge
base of virtually every microorganism due to the explosion of
nucleic acid sequencing technology, there are still a number of
unknowns in how the physiology of the organism limits the
expression levels that are possible. Heterologous expression, in
which a gene is taken from one host and expressed in another, is
relatively straightforward and almost all of the regulatory signals
that control expression in a number of microbial hosts are well
known. For example then enzyme glucose isomerase, which is
-384730-0.00143-9 83
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Origin of replication

Selectable markerPromoter

Heterologous gene

Figure 1 Schematic of an extrachromosomal element. The essential features of an origin of replication, selectable marker, promoter, and
heterologous gene are noted.

Figure 2 Process of integration of a vector into a host chromosome. The host chromosome contains a homologous target that serves as the site
for integration of the cloned sequence.
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critical for the production of high-fructose corn syrup, has been
extracted from a number of different native hosts, that is,
Streptomycesand expressed in heterologous hosts, including
bacteria and fungi. See further for more examples.
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Vectors

Vectors are sequences of DNA that allow an accompanyin
sequence of DNA to be stably maintained within a host.
There are two types of vectors, those that replicate extra
hromosomally and those that integrate into the genome.
Extrachromosomal vectors include plasmids that are native to
some microorganisms and are responsible for various natura
functions, including the transfer of antibiotic resistance. Plas-
mids have an origin of replication that signals the host cell to
replicate it, and these plasmids may exist in either one or more
copies within the host. Depending on the origin of replication,
a plasmid may be capable of replication within a very narrow
host range or be more promiscuously able to replicate in a wide
variety of microbial hosts. Some vectors are capable of repli
cating in both Gram-positive and -negative vectors, making
them particularly useful for genetic engineering. Equally
important is the ability to be stably maintained in a host.
A vector used for genetic engineering will have an origin of
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replication and a selectable marker. The selectable mark
serves to facilitate the identi� cation of those cells that have
been ‘transformed’ (see next) and taken up the vector
(Figure 1).

Integrative vectors do not have an origin of replication that
functions in the host cell (but may have an origin of replication
that functions in another host). Its maintenance is dependent
upon integration into the host chromosome. They are some-
times more dif� cult to introduce and certainly far more dif� cult
to recover. Once inserted, they are relatively more stable tha
extrachromosomal elements. One consideration of integrative
vectors is the position effects that are observed when they ar
inserted into a chromosome. Promoters and regulatory
elements that might happen to � ank the site of insertion can
in� uence the expression of the inserted gene in a positive o
negative fashion (Figure 2).
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Transformation

Transformation is the process through which a host is made
competent to take up exogenous DNA and maintain it stably.
The transformation process is different for each organism and
varies among a combination of chemical, biological, electrical,
and physical treatments. Some microorganisms (such a
Bacillus) are naturally competent, meaning that they have
certain phases of growth when they naturally take up exoge
nous DNA. In general, for microorganisms that do not exhibit
a natural competence phase, the process of making a ce
competent involves some perturbation to the cell wall and
membrane. Early for a number of organisms, including yeasts
it was necessary to remove the cell wall and generate proto
plasts. Once the cell wall was removed, exogenous DNA coul
be taken up more easily. The challenge then was regeneratin
the cell wall so that the host cell could replicate. Conditions for
protoplasting needed to remove suf� cient amounts of the cell
wall to render the cell competent but minimize the loss in
viability.

Most of the microorganisms used in the food industry with
some being more recalcitrant than others. Notable isLactoba-
cillus bulgaricus, which proved to be dif� cult to transform or
� nd a system to demonstrate stable maintenance of exoge
nously added DNA. The most common technique for trans-
forming microorganisms, including bacteria, yeast, and fungi,
is electroporation preceded by treatment with divalent cations
such as calcium. Electroporation involves exposing the host ce
to a brief high voltage that appears to induce the formation of
pores in the cell membrane. The cells able to take up exogenou
DNA then are allowed to recover and grow.

Integral to the transformation process is the identi� cation
of cells that have become transformed. Although naturally
competent cells can reach transformation ef� ciencies that are
measured in the percent of cells treated, most transformation
frequencies are on the order of 10� 6 or less. Therefore, a proces
for selecting transformed cells is critical. Typically, selection i
accomplished using an antibiotic resistance marker on the
exogenous DNA or where the exogenous DNA include
a biosynthetic gene that complements a nutritional de� ciency
in the host strain. The former could include resistance to
ampicillin, while the latter might involve restoring the ability to
grow in the absence of an amino acid.
Basic Process

The genetic engineering of a microorganism involves a series o
steps that typically are carried out in an iterative process
The � rst efforts may be one of discovery, identifying genes
responsible for a particular pathway if the goal is to increase
yields of a metabolite. The advent of genomics has provided
a rich knowledge base in which virtually every gene in
a particular organisms’ genome is identi� ed and the sequence
is known. A targeted gene can be retrieved rapidly from one
organism using the known sequence and ampli�ed by the
polymerase chain reaction. The ampli�ed gene then can be
inserted into a vector and introduced into the host cell.

A number of properties can be altered through genetic
engineering. These include producing an exogenous enzym
increasing the production a metabolite or any one of a number
of properties important to an organism used to make a food or
a food component. Examples include the following:

l Production of glucose isomerase, which is used for the
manufacture of high-fructose corn syrup.

l Production of glutamic acid, which is used as a� avor
enhancer.

l Production of vitamin C.
l Engineering of yeast strains to reduce bad� avors from

sulfides.
l Engineering of lactic acid bacteria to enhance end product

associated with cheese� avors.

In each of these examples, genetic engineering contribute
to acquiring an understanding of the important enzymes
involved in the pathways. From this knowledge, speci� c
modi � cations were made to remove or introduce important
functions. The simplest example is where the gene coding fo
glucose isomerase was identi� ed and its expression was
increased by substituting the elements that promote expression
of a gene (promoters and regulatory elements). When extra
chromosomal vectors are used, there is the added bene� t of
increasing gene copy, which results in higher expression leve
as well. For metabolic pathway alterations, typically efforts are
made to remove side pathways that syphon off intermediates
and overcome rate-limiting steps by increasing the expressio
of rate-limiting enzymes. For all of these, the basic elements o
assembling genes in vectors and transformation are importan
and typically carried in a series of iterative steps.
Food-Grade Recombinant Bacteria

Genetically modi� ed organisms (GMOs) sometimes enter the
food supply, and this imposes additional health concerns.
GMOs are the result of genetic engineering and plants, animals
and microorganisms are the basis for GMOs. The termfood-
gradeis used to de� ne those microorganisms that are produced
via genetic engineering but use components that are derive
only from sources that themselves are classi� ed as food-grade.
The food-grade designation is an extension of generall
recognized as safe (GRAS). A strict de� nition of food-grade is
limited by the condition that the organism needs to contain
only nucleic acids that were derived from the same genus
Small stretches of synthetic DNA are allowable, but they should
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86 Genetic Engineering
not be transcribed or translated. A more liberal de� nition
allows for the insertion of exogenous DNA with the caveat that
it come from another GRAS organism. As an example unde
the strict de� nition, a strain of Lactococcuscould contain DNA
from another lactococcal strain but not from Streptococcu
thermophilus. This does represent a curious situation because fo
some time all dairy lactics were considered part of theStrepto-
coccusgenus. There is an allowance for the use of DNA derive
from non-GMO organisms in the course of constructing the
plasmid, but those non-GMO sequences need to be removed in
the � nal strain.
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Microbial Products

Three basic types of microbial products are generated by genet
engineering: enzymes, metabolites, and� nally the whole
organism. As noted when the whole organism is used as an
ingredient or to manufacture the food, the process needs to
conform with food-grade standards. In the case of enzymes o
metabolites that is not necessarily the case, but it affects th
� nal purity of the product and demonstrating that the � nal
product is free of non-food-grade components.
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Enzymes

Enzymes are catalysts capable of carrying out a number o
transformations. They typically are the target of genetic engi
neering to increase their expression levels and to improve thei
performance. The iconic example is chymosin, which tradi-
tionally is obtained from the calf stomach. Supplies of
Table 1 Enzymes from recombinant organisms, including regu

Source microorganism Enzyme

Aspergillus niger Phytase
Chymosin
Lipase

Aspergillus oryzae Esterase-lipase
Aspartic proteinase
Glucose oxidase
Laccase
Lipase
Pectin esterase
Phospholipase A1

Bacillus licheniformis a-Amylase
Pullulanase

Bacillus subtilis a-Acetolactate dec
a-Amylase
Maltogenic amylas
Pullulanase

Escherichia coliK-12 Chymosin
Fusarium venenatum Xylanase
Kluyveromyces marxianusvar.lactis Chymosin
Pseudomonas ßuorescens a-Amylase
Trichoderma reesei Pectin lyase

aGRASP is an acronym for a GRAS af� rmation petition. The GRAS af� rmation petition
GRAS noti� cation program. Some GRAS af� rmation petitions were converted to G
IngredientsPackagingLabeling/GRAS/. 21 CFR means Title 21 of the Code of Fe
Adapted from Olempsk-Beer, Z.S., Merker, R.I., Ditto, M.D., DiNovi, M.J., 20
Toxicology and Pharmacology 45, 144–158.
chymosin (and the cost as well as quality) were dependent
upon the availability of young calves. Creating a recombinant
microbial host that expressed chymosin resulted in a more
predictable supply. Controversies about the use of GMO,
however, challenges the worldwide use of this food ingredient.

Among the different classes of enzymes that are importan
in food and food ingredients are oxidoreductases, transferase
hydrolases, lyases, isomerases, and ligase. Examples of enzym
important for food and food ingredients are proteases, which
are used to break down proteins to make them more functional
for speci� c applications. Lipases, which break down lipids and
can assist in the development of� avors, are also produced via
recombinant hosts. Glucoamylases break down starch and ar
used for starch modi� cation to improve performance of this
food ingredient. Finally, glucose isomerase, which is involved
as the � nal step in high-fructose corn syrup, is also produced
using a microbial host.

Different microbial hosts for the production of recombi-
nant enzymes include fungi (Aspergillus), yeast (Saccharomyce,
Kluyveromyces), and bacteria (Escherichia, Bacillus). Table 1 is
a list of various enzymes derived from recombinant microbial
hosts.
Metabolites

Various metabolites are produced in recombinant hosts and
used as food ingredients. These include vitamins, amino acids
acids, and alcohols. In some cases, the native hosts have be
modi � ed to increase production, whereas in other cases, ther
has been a wholesale recon� guration of a host that normally is
not associated with production of the metabolite. In most
latory notice

Referencea

GRASP 2G0381
21 CFR 184.1685
GRN 158

GRASP 7G0323
GRN 34
GRN 106

GRN 122
GRN43; GRN75; GRN 103

GRN 8
GRN 142

GRASP 0G0363; GRN 22; GRN 24; GRN 79
GRN 72

arboxylase 21 CFR 173.115
GRASP 4G0293; GRASP 7G0328

e GRASP 7G0326
GRN 20
21 CR 184.1685
GRN 54
21 CFR 184.1685
GRN 126
GRN 132

s listed in this table have not resulted in regulations because the agency initiated the
RAS notices (GRNs). A list of GRAS notices can be viewed athttp://www.fda.gov/Food/
deral Regulations. Each reference to 21 CFR includes the regulation number.
06. Food-processing enzymes from recombinant microorganisms– a review. Regulatory



Table 2 Selected amino acid–producing strains

Amino acid Strain/mutant Titer (g l � 1) Estimated yield (g 100 g� 1 sucrose)

L-Lysine HCL Corynebacterium glutamicum B-6 100 40–50
L-Threonine E. coli KY 10935 100 40–50
L-Tryptophan C. glutamicum KY 9218 58 20–25
L-Tryptophan E. coli 45 20–25
L-Phenylalanine E. coli MWP WJ304/pMW16 51 20–25
L-Arginine Brevibacterium flavum AJ12429 36 30–40
L-Histidine C. glutamicum F81/pCH99 23 15–20
L-Isoleucine E. coli H-8461 30 20–30
L-Serine Methylobacterium sp. MN43 65 30–35
L-Valine C. glutamicum VR3 99 30–40

Adapted from Ikeda, M., 2003. Amino acid production processes. In: Scheper, T., Faurie, R., Thommel, J. (Eds.), Advances in Biochemical Engineering/
Biotechnology, vol. 79. Springer, Berlin, Heidelberg, New York, pp. 1–35.
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cases, the native hosts is used to take advantage of the evolution
of this organism’s metabolic pathways, which already are
geared toward production of the metabolite. In addition to
genetic engineering, metabolite �ux to a desired metabolite can
be increased through the use of standard mutagenesis in
conjunction with selection or screening.

The success of genetic engineering (and initially standard
mutagenesis and selection) is best exempli�ed by the devel-
opment of strains to produce amino acids. Worldwide sales in
2004 were approximately $14.1 billion. Success most notably
in the production of glutamic acid has moved these metabo-
lites as important food and feed ingredients. An example of the
titer of amino acids in various host is shown in Table 2.
., Faurie, R.,
/Biotechnology,

od-processing
gy and
Microorganisms

In addition to enzymes and metabolites, considerable efforts
have been put in the genetic engineering of whole microor-
ganisms used for food production. Examples include the
improvement of yeast strains used in the production of wine
and beer. In addition, lactic acid bacteria, which are used to
produce fermented dairy products including cheese have been
improved by the judicious application of genetic engineering.
Lactic acid bacteria transform milk into a number of fermented
food products, such as cheese, yogurt, and others. They not
only produce lactic acid but also produce a number of other
metabolites. In addition, lactic acid bacteria express enzymes,
including proteases and lipases, that contribute to the overall
�avor and aroma of these dairy products. Targets of genetic
engineering include the introduction or deletion of proteases to
modulate the types of peptides produced. Inactivation of the
aminopeptidase that is responsible for the production of
a bitter peptide can improve the performance of strains of lactic
acid bacteria.

Certain metabolites, including diacetyl, can be modi�ed by
genetic engineering. Speci�c enzymes that promote the
production of pyruvate and then its conversion to diacetyl
include a-acetolactate synthase – an enzyme involved in the
conversion of pyruvate to diacetyl. Also, inactivation of diacetyl
reductase, an enzyme that degrades diacetyl to acetoin, results
in increased diacetyl levels owing to increased stability.

Finally, the susceptibility of lactic acid bacteria to bacte-
riophages also can be addressed by genetic engineering. Efforts
to introduce antisense RNA directed toward critical functions
important for bacteriophage replication have resulted in
bacteriophage resistant strains.

Critical to any of these modi�cations in which the �nal
product is a microorganism that is used to produce the food
and hence will be consumed is the need to employ food-grade
modi�cations to help move these strains through regulatory
approvals.
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Introduction

Fungi belonging to the hyphomycetous genus Geotrichum Link:
Fries are commonly found in nutritionally rich, liquid
substrates, such as decaying plant material, industrial ef�u-
ents, pulp, and a wide variety of food types. Although much
revision of the genus has been conducted over previous years,
at present, 18 Geotrichum species are recognized and are seen as
anamorphic, or nonsexual fungi, of hemiascomycetous rela-
tionship. The genus contains anamorphs of two different tel-
eomorphic genera, namely Dipodascus de Lagerheim (Figure 1)
and Galactomyces Redhead and Malloch (Figure 2). Identi�-
cation of the latter two genera becomes possible when sexual
stages (i.e., asci containing ascospores) in the fungal life cycles
are formed.

The primary morphological criteria for identi�cation,
other than the morphology of the sexual stages of the tele-
omorphs, are expansion growth of colonies on solid media;
the production of white, farinose, or hairy colonies on solid
substrates; branching patterns of marginal hyphae; produc-
tion of arthric condia, or breakage of the hyaline hyphae into
unicellular pieces; and the prevalent type of conidiogenesis.
The physiological criteria that are used include growth
responses on D-xylose, cellobiose, salicin, arbutin, sorbitol,
and D-mannitol. In some cases, the shape and dimensions
of the hyphae and the presence of certain survival structures,
such as lipid-rich chlamydospores (Figure 3c) or intra-
cellular endospores (Figure 3d), also are used to identify
species.

Generally, only two Geotrichum species commonly are
associated with foods. One is Geotrichum fragrans (Berkhout)
Morenz ex Morenz (Figure 3), and the other is G. candidum
Link: Fries (Figure 4). Although both species are able to aero-
bically utilize certain hexose sugars, only G. candidum is capable
of using pentose sugars (Table 1). Geotrichum fragrans,
however, is able to ferment both glucose and galactose much
more effectively than G. candidum (Table 2).

In addition, G. candidum is known to display great intra-
speci�c diversity, and different strains are able to produce
a variety of enzymes. These enzymes include cellulolytic,
lipolytic, and proteolytic enzymes as well as diacetyl reduc-
tase, glucanase, glycerol dehydrogenase, polygalacturonase,
and phosphatidase. As a result, strains of G. candidum are
utilized by a number of industries and recently have been
employed in the bioremediation of olive mill and distillery
wastewaters, where they were capable of reducing the
phenolics, oxygen demand, and antimicrobial compounds of
these industrial by-products.
Importance of Geotrichium in the Food Industry

As mentioned, only two Geotrichum species are commonly
associated with foodsdnamely, G. fragrans (Figure 3), and
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G. candidum (Figure 4). Geotrichum fragrans has been isolated
from �gs, fruit juice, milk, palm wine, and mash of Zea mays.
Geotrichum candidum, however, is by far the more common of
the two species, and although no foodborne disease has been
linked to this species, it is known to be the causative agent in
the spoilage of a number of food types.

Geotrichum candidum is a postharvest pathogen of a wide
diversity of fruit and vegetables. The disease usually is spread
by fruit �ies or other insects that inadvertently carry hyphal
fragment of arthric conidia to damaged fruit and vegetables.
This species is known to cause sour rot of citrus fruits as well as
watery soft rot in asparagus, beans, beetroot, broccoli, Brussels
sprouts, cabbage, carrots, cauli�ower, endives, garlic, globe
artichoke, lettuce, onions, parsley, parsnips, radishes, ruta-
bagas, tomatoes, and turnips. It also causes postharvest damage
to bananas, mangoes, muskmelons, and stone fruits. A similar
species, Geotrichum citri-aurantii (Ferraris) E. E. Butler, is known
only to cause sour rot in citrus.

Similarly, G. candidum occurs commonly in raw milk and
acts as the spoilage agent of a number of dairy products. It
imparts off-�avors on cottage cheese, and under certain
conditions, it is able to cause surface defects on hard cheeses,
known as ‘slippery rind.’ It is able to grow on the surface of
butter and also has been isolated from spoiled poultry and
from fresh, refrigerated, processed, and cured meats.

The presence of Geotrichum in food is generally an indica-
tion of unsanitary conditions during food preparation and
storage, or the use of inferior raw materials. Geotrichum is
known to grow rapidly on equipment in contact with food in
processing plants, hence the name ‘machinery mould’ that
commonly is used in the food industry. The fungus usually
grows as a slimy layer submerged in liquid on concrete, metal,
or wood in an unhygienic food-processing plant with the result
that nonviable mycelial fragments end up within the processed
products.

Geotrichum, however, not only occurs as a spoilage organism
in foods but also plays a role in the preparation of fermented
foods, particularly certain cheeses. Mixed cultures of certain
G. candidum and Penicillium strains are used to inoculate curds
during the preparation of soft cheeses like Brie and Camem-
bert. Growth of these fungi, as well as growth of certain
bacterial strains, is responsible for the characteristic �avor of
these cheeses. Interestingly, the microbial interactions within
the cheese microbial community were recently examined, and
it was found that the growth of certain bacteria was possible
only in the presence of G. candidum. In West Africa, poisonous
casava roots are peeled and ground and then rendered edible
through a fermentation process that involves a number of
microorganisms. The characteristic �avor and aroma of this
product, called gari, is brought about by growth of Geotrichum
strains during the later stages of the fermentation process. The
fermented product is fried before it is eaten. High numbers of
G. candidum also are present during certain stages of the
fermentation of cocoa beans. This fermentation process, which
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00146-4
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Figure 1 The elongated asciof Dipodascus albidusLagerh. that ruptures
in the apical region when reaching maturity. The smooth-walled asco-
spores with mucilaginous sheaths are characteristic of the genusDipo-
dascusLagerh.

Figure 2 As a typical member of the genusGalactomycesRedhead and
Malloch, the speciesGalactomyces candidus(Butler and Petersen)
Redhead and Malloch produces subglobose to ellipsoidal asci, each
containing one, or rarely two, verrucose ascopores with median rims.

Figure 3 Typical structures formed byGeotrichum fragransduring
growth on general purpose media: (a) expanding hyphae during active
growth; (b) older hyphae tend to break up into arthric conidia;
(c) chlamydospores; and (d) endospores also are produced in older
hyphae.
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involves a wide diversity of microbial species, is essential fo
the development of the characteristic chocolate aroma afte
roasting cocoa beans.
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Figure 4 Typical structures formed byGeotrichum candidum
(Galactomyces candidus) on general purpose media: (a) expanding
hyphae during active growth; and (b) older hyphae tend to break up into
arthric conidia.
Methods of Detection and Enumeration

Viable Counts

To enumerate fungi belonging to the genusGeotrichumin
foods, one-tenth of the solid food sample (50–500 g) is � rst
homogenized in sterile 0.1% peptone water. A Colworth
Stomacher applied for 2 min may be used for this purpose.
Liquid food samples need not be homogenized. The homog-
enized sample can be diluted and plated out onto an appro-
priate medium by making serial 1:9 dilutions of the sample
using 0.1% peptone water. Aliquots of 0.1 ml of the appro-
priate dilutions are spread onto solidi� ed agar medium plates
in triplicate. Either general purpose nonselective media or more
selective media can be used for this. After an appropriat
incubation period, the fungal colonies are counted, and the
number of colony-forming fungal units present in the original
sample are calculated.
Media
Geotrichumspecies grow well on a number of general purpose
media as well as on restrictive media that are used for the
enumeration of fungi in foods. General purpose media, two of
which are shown in Table 3, allow unrestricted growth of
a wide diversity of fungal groups. Antibacterial agents
however, such as chloramphenicol and oxytetracycline, ar
included in some of these media. Other media that are used
contain certain antifungal agents such as dichloran or rose
bengal. These agents are included in the media to facilitat
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Table 1 The ability ofGeotrichumspecies to aerobically assimilate
a series of carbon sources, utilize nitrogen sources, and grow on media
devoid of vitamins

G. candidum
(Galactomyces
candidus) G. fragrans

Pentoses
D-Arabinose � �
L-Arabinose � �
D-Ribose V �
D-Xylose þ �
Hexoses
D-Galactose þ þ
D-Glucose þ þ
L-Sorbose þ þ
L-Rhamnose � �
Disaccharides
Cellobiose � �
Lactose � �
Maltose � �
Melibiose � �
Sucrose � �
Trehalose � �
Trisaccharides
Melezitose � �
Raf� nose � �
Polysaccharides
Inulin � �
Starch � �
Glycoside
Salicin � �
Alcohols
Erythritol � �
Ethanol þ þ
Galactitol � �
Glycerol þ þ
Inositol � �
D-Mannitol V V
Ribitol V �
Organic acids
Acetic acid þ þ
Citric acid V V
Gluconic acid � �
Lactic acid V þ
Succinic acid V þ
Nitrogen sources
Ethylamine þ þ
Nitrate � �
Growth without

vitamins
þ �

þ , assimilated;� , not assimilated; V, variable within species.

Table 2 Carbohydrates fermented byGeotrichumspecies

G. candidum
( Galactomyces candidus) G. fragrans

Hexoses
D-Galactose V/W V
D-Glucose V þ
Disaccharides
Maltose � �
Sucrose � �
Lactose � �
Trisaccharide
Raf� nose � �

þ fermented;� , not fermented; V, variable within species; W, weak fermentation.

Table 3 General purpose media that allow fungal growth

Oxytetracycline glucose yeast extract agar (OGY)
Glucose 10 g
Yeast extract 5 g
Agar 15 g
Oxytetracycline (0.1% solution, w/v) 100 ml
Water 1000 ml
pH 7.0
Add all the ingredients to 800 ml water. Steam to dissolve agar and bring

solution to 900 ml. Sterilize by autoclaving (15 min, 121� C). Add
oxytetracycline solution to sterile medium. Instead of oxytetracycline,
0.1 g chloramphenicol could be added to the above medium before
autoclaving.

Potato dextrose agar (PDA)
Potatoes, infusion from 200 g
Glucose 15 g
Agar 20 g
Water 1000 ml
pH 5.6
Rinse the scrubbed and diced potatoes under running water. Then add the

potatoes to 1000 ml water and boil for 1 h. Pass the boiled potatoes and
water through a� ne sieve or cheesecloth, and squeeze through as
much pulp as possible. Add agar to the suspension and boil until it
dissolves. Add the glucose and sterilize the medium by autoclaving
(15 min, 121� C). The pH can be adjusted to 3.5 by adding
approximately 14 ml sterile 10% tartaric acid solution to the cooled
(45–50� C) autoclaved medium.
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enumeration by restricting the spread of fungal colonies on the
plates. Three such media are given inTable 4.

Incubation and IdentiÞcation
Inoculated plates are usually incubated at 25� C for 5 days, after
which the colonies are counted on those plates containing
25–100 colonies. It must be noted that viable counts may vary,
depending on the methodology that was used. For example
the colony-forming units may be fragments of mycelium of
varying size or single arthric conidia, depending on the degree
of homogenization that the food sample was subjected to.
Other factors that may induce variable results are changes in th
composition of the enumeration medium, the diluent, and
temperature of incubation. Therefore, to maintain a certain
degree of consistency in the results obtained in a speci� c
laboratory, it is critically important that the protocol for the
enumeration of fungal colony-forming units changes little over
time.

Similarly, the color and morphology of Geotrichumcolonies
may vary depending on the medium used. For example, on
media containing rose bengal, the colonies may be various
shades of pink, whereas on other media, the colonies are white
Usually, the colonies are characterized by a� at or creeping
� mbriate expanding zone that may contain prostrate to
suberect hyphal fasciles. The central portion of each colony
contains dry aerial mycelium up to 2 mm high.
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Table 4 Media containing agents that restrict fungal growth and
facilitate enumeration

Dichloran 18% glycerol agar (DG18)
Glucose 10 g
Peptone 5 g
KH2PO4 1 g
MgSO4.7H2O 0.5 g
Glycerol 220 g
Agar 15 g
Dichloran (0.2% w/v in ethanol) 1.0 ml
Chloramphenicol 0.1 g
Water 1000 ml
pH 5.6
Add all the ingredients except the glycerol to 700 ml water. Steam to

dissolve agar. Add the glycerol. Bring solution to 1000 ml and sterilize
by autoclaving (15 min, 121� C). The water activity of the� nal medium
is 0.955 and is commonly used to isolate fungi from foods with low
water activity.

Dichloran rose bengal chloramphenicol agar (DRBC)
Glucose 10 g
Peptone 5 g
KH2PO4 1 g
MgSO4.7H2O 0.5 g
Rose bengal (5% w/v in water) 0.5 ml
Dichloran (0.2% w/v in ethanol) 1 ml
Chloramphenicol 0.1 g
Agar 15 g
Water 1000 ml
pH 5.6
Add all the ingredients to 900 ml water. Steam to dissolve agar and bring

solution to 1000 ml. Sterilize by autoclaving (15 min, 121� C).
Rose bengal chlortetracycline agar (RBC)
Glucose 10 g
Peptone 5 g
KH2PO4 1 g
MgSO4$7H2O 0.5 g
Rose bengal (0.5% w/v in water) 10 ml
Chlortetracycline (0.1% w/v in ethanol) 1 ml
Agar 20 g
Water 1000 ml
pH 7.2
Add all the ingredients except the rose bengal and chlortetracycline t

900 ml water. Steam to dissolve agar and bring solution to 990 ml a
sterilize by autoclaving (15 min, 121� C). Add rose bengal and
chlortetracycline solutions to sterile medium.

Table 5 Yeast extract–malt extract agar (YM agar) used for the culture
and storage ofGeotrichumstrains

Glucose 10 g
Malt extract 3 g
Yeast extract 3 g
Peptone 5 g
Agar 20 g
Water 1000 ml
pH 5.5
Add all the ingredients to 1000 ml water. Steam to dissolve agar. Sterilize

by autoclaving (15 min, 121� C).

Table 6 Diazonium blue B reagent to distinguish betweenGeotrichum
strains and basidiomycetous fungi

Diazonium blue B salt
(o-Dianisidine tetrazotized (Sigma); Fast Blue B salt (Hoechst) 15 mg
Chilled 0.25 M Tris buffer, pH 7 15 ml
Dissolve the diazonium blue B salt in the Tris buffer. Keep the solution in

an ice bath and use within 30 min.
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A typical feature of Geotrichumis the fragmentation of the
hyphae into arthric conidia (Figures 3 and 4) that can be
readily identi � ed by examining a piece of hyphal growth using
a compound microscope. Since the ubiquitous basidiomyce-
tous genusTrichosporonBehrend is also characterized by the
production of arthric conidia, differentiation of the two genera
on the basis of the morphology of these structures alone may
be problematic for the untrained eye. To con� rm the identity of
Geotrichum, it is advisable to� rst purify the fungus by repetitive
inoculation and incubation on a medium, such as yeast
extract–malt extract agar (Table 5). The diazonium blue B
(DBB) color test can be performed by dripping the chilled DBB
reagent (Table 6) directly onto the fungal colony that has
grown for 3 weeks at 25� C on Sabouraud’s 4% glucose–0.5%
yeast extract agar (Table 7). The reagent will turn a reddish
color on Trichosporonafter 1–2 min, but it will remain yellow
on Geotrichumcolonies.
To distinguish between Geotrichumspecies, a number of
standardized physiological tests are performed; the results o
some of these tests are given inTables 1 and 2for G. candidum
and G. fragrans. The methodology of these tests is explained in
The Yeasts, a Taxonomic Study, fourth ed., edited by Kurtzman
and Fell.
Nonviable Counts

Viable counts give no indication of the quantity of dead fungal
biomass in a particular food product. The dead fungal biomass
content is useful for retrospective information concerning the
quality of raw materials and hygienic practices used in the
production of processed foods. The methodology used to
determine machinery mold may differ for different food types.
As an example, the AOAC Method No. 974.34 for determining
mold in canned vegetables, fruits and juices, is described.

Obtaining Mycelial Fragments
The contents of a can are weighed and then drained on
a 2032 mm diameter sieve (2.38 mm aperture or U.S. standard
no. 8). The liquid is collected in a pan. The can and sieve are
washed with 300 ml water and the washings and liquid are
combined. These items are quantitatively transferred onto
a 1270 mm diameter sieve (1.18 mm aperture or U.S. standard
no. 16), which is resting on a beaker. The residue on the sieve i
washed with w 50 ml water before it is discarded. The
combined liquid and washings are quantitatively transferred
onto a 1270 mm diameter sieve (63mm aperture or U.S. stan
dard no. 230) tilted at an angle of about 30� . The combined
liquid and washings are then discarded, but the residue on this
sieve is retained. The tissue on the sieve is washed with water
the lower edge of the sieve. Using a spatula and a wash bottle
the residue on the sieve is transferred to a 50 ml graduate
centrifuge tube. For a volume of 10–30 ml in the tube, the
following staining procedure is followed. If the volume of the
suspension in the tube is less or more than these values, th
staining procedure as explained in AOAC Method No.
974.34(a) or 974.34(c) is followed.
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Table 7 Sabouraud’s 4% glucose–0.5% yeast extract agar

Glucose 40 g
Peptone 20 g
Yeast extract 5 g
Agar 20 g
Water 1000 ml
pH 5.6
Add all the ingredients to 1000 ml water. Steam to dissolve agar and

autoclave (15 min, 121� C).
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Staining of Mycelial Fragments
The volume of the suspension in the centrifuge tube is brought
to 40 ml, using water. Three drops of a� ltered ethanolic sol-
ution of crystal violet (10% w/v), are then added and thor-
oughly mixed with the suspension in the centrifuge tube.
Sediment in the tube is obtained by centrifugation (6 min,
528 g), and the supernatant is discarded. Using water, the
volume of the sediment in the tube is brought to the nearest 5 ml
graduation. An equal volume of stabilizer solution is added, the
suspension is thoroughly mixed, and the total volume in the
centrifuge tube is recorded. The stabilizer solution is prepared by
adding 2.5 g sodium carboxymethyl cellulose and 10 ml of
approximately 37% (w/w) formaldehyde to 500 ml of boiling
water in a high-speed blender, while the blender is running. The
stabilizer solution is ready for use after 1 min of blending.

Counting of Mycelial Fragments
Using a pipette, 0.5 ml of the well-mixed stabilized suspension
is applied as a streakw 40 mm long to a rot fragment counting
slide (Figure 5). Using transmitted diffused bottom illumina-
tion, examine the slide at 40� enlargement with a stereoscopic
microscope. The number of deep purple mycelial fragments
with three or more hyphal branches, is counted on at least two
entire slides. The number of mycelial fragments in 500 g of
product is then calculated using the following equation as
depicted in AOAC Method 984.30(c):

N ¼ ½S=VðslidesÞ� � ð500=WÞ � Vðdiln Þ

where S is the total number of mycelial fragments counted;
V(slides) is the total volume counted on all the slides;W is the
Figure 5 A rot fragment counting plate and cover. The dimensions fo
a clear plastic plate and glass cover are given. The crosswise parallel l
4.5 mm apart with 15 mm spaces at each end, are scribed using a sh
needle. Half of a square cover slip (about 22 mm) is fastened to each
of the counting plate to raise the cover plate about 0.25 mm above th
counting plate.
total weight of the contents of the can measured in grams; and
V(diln) is the volume of the suspension after the � nal dilution
with stabilizer solution.
Immunochemical Detection

Geotrichumand other fungi produce heat-stable extracellular
antigens, and immunoassays currently are being investigated a
rapid alternative methods to highlight the presence ofGeo-
trichum in foods. Geotrichumantigens may remain in a pro-
cessed food sample after the fungus has been destroyed durin
processing. The presence of such antigens therefore also m
provide information on the quality of raw materials and the
standard of hygienic practices used during processing.

Geotrichum candidumantigens consist of protein and poly-
saccharide moieties. The latter are composed of galactos
glucose, and mannose. Enzymatic digestion and competitive
inhibition tests using different sugar derivatives have shown
that the galactosyl fractions are immunodominant and that
they are b(1 / 4) linked to glucosyl residues within the
polysaccharide. The immunoassays that have been develope
for G. candidumantigens were found to be genus speci� c. These
tests therefore show potential to be developed into a routine
diagnostic test for the presence ofGeotrichumin food.
e

Molecular Detection and Identi�cation

With the advent of molecular analysis, it has become possible
to rapidly and reliably identify whether certain species are
present in a particular food product. Although full sequence
analysis of the ribosomal genes will guarantee species ident
� cation, the technique is expensive and time-consuming. As
such, molecular typing or polymerase chain reaction� nger-
printing has become a common and preferred technique.

In the case ofG. candidum, not only is the ability to identify
the species of great importance but so too is the speci� c strain
involved. Research has demonstrated that the M13 primer is
suf� cient to distinguish G. candidum, as well as its teleomorph
Galactomyces candidus, from other arthrospore-forming species.
The GATA4 primer is preferred when discriminating between
different strains of G. candidumfrom varying ecological niches.
Proper use and standardization of these techniques may prov
invaluable in the agro-food industry in the near future.
l

s

e.
Denaturing High-Performance Liquid Chromatography

Denaturing high-performance liquid chromatography (DHPLC)
increasingly is being used to successfully investigate microbia
diversity in different samples, being both environmental and
clinical in origin. Although the technique requires some opti-
mization with regard to selected target regions to increase it
resolution, DHPLC has been shown to be more reliable and
reproducible when compared with other community � nger-
printing techniques.

Similarly, DHPLC has been applied to the identi� cation of
fungal species associated with cheese production and spoilag
Mounier et al. were able to distinguish 16 fungal species within
a single community, including G. candidum. This technique
could prove valuable within the food industry in the near
future.
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Regulations

A standard for viable Geotrichum mold per se does not exist.
Defect action levels for molds in general, however, do exist
for different food classes. The manual published by the
American Food and Drug Administration (order number PB
88–915400) can be obtained from National Technical
Information, Service, Sales Desk, 5285 Port Royal Road,
Spring�eld, VA 22161, USA. A standard for the numbers of
nonviable Geotrichum mycelial fragments in processed foods
does not exist, but it has been found that the occurrence of
mycelial fragments with a distinct feathery appearance is
evidence of unsanitary conditions in the equipment. The
numbers of mycelial fragments in the food can be drasti-
cally reduced by a thorough cleaning of the processing
plant.
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Pathogenicity

As mentioned, no foodborne disease has been linked to the
consumption of Geotrichum species, nor are they known to
produce mycotoxins. It may constitute a potential health
hazard, however, for certain individuals who are debilitated
because of an immune de�ciency or some other chronic
disorder. Strains of G. candidum have been associated with
bronchial, pulmonary, bloodstream, cornea, ileum, tongue,
skin, and nail infections. The resulting geotrichosis generally
is treated successfully with a combination of antifungal
drugsdnamely, amphotericin B, nystatin, and pimaricin;
however, extensive use of these drugs is leading to an
increase in antifungal resistance amongst these pathogenic
strains.

See also:Cheese:Microbiology of Cheesemaking and
Maturation; Cheese:Mold-Ripened Varieties; Fungi:Overview
of Classi� cation of the Fungi; Foodborne Fungi:Estimation by
Cultural Techniques; National Legislation, Guidelines, and
Standards Governing Microbiology:Canada; National
Legislation, Guidelines, and Standards Governing
Microbiology:European Union; National Legislation,
Guidelines, and Standards Governing Microbiology:Japan;
Spoilage Problems:Problems Caused by Fungi; Starter
Cultures Employed in Cheesemaking; Total Viable Counts:
Spread Plate Technique; Cocoa and Coffee Fermentations.
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Introduction

The genus Giardia, a protozoan parasite currently considered to
belong within the phylum Metamonada, the order Dip-
lomonadida, and the family Hexamitidae, consists of six
different species: Giardia duodenalis (syn. Giardia lamblia and
Giardia intestinalis) that infects a broad range of mammalian
hosts, Giardia agilis that infects amphibians, Giardia muris that
infects mice, Giardia microti that infects voles, and Giardia
ardeae and Giardia psittaci that infect birds. For the purposes of
this chapter, we focus upon only G. duodenalis, which is of
importance with respect to both public and veterinary health.

Host speci�city and genetic differences have led to the
suggestion that G. duodenalis is a species complex and should
be redescribed as a number of different species. This has not yet
been widely accepted, and currently the species is divided into
a number of genetically distinct groups, known as assemblages.
Some of these assemblages have been further subdivided into
genotypes. The various assemblages and genotypes are also
characterized by particular host speci�cities. Giardia duodenalis
in assemblage A1 is the most important zoonotic genotype, A2
predominantly infects humans but may also be zoonotic, while
A3 is common among wild ungulates. Giardia in assemblage B
appears to be more heterogenic, but is predominantly found in
humans and can also be zoonotic. Nevertheless, the impor-
tance of giardiasis as a zoonosis remains unresolved. It seems
that the majority of Giardia infections in animals pose little or
no risk to public health. Giardia in assemblages C and D
appears to exclusively infect canids, assemblage E infects
ruminants, and assemblage H infects pinnipeds.

Giardia duodenalis is generally considered to have a global
distribution and is the most common intestinal parasite of
humans, with over 2.5 � 108 cases annually. In developing
countries, giardiasis is particularly common, and is particularly
predominant in preschool and school children, with the
prevalence estimated to reach as high as 70% in some
populations.

The lifecycle of G. duodenalis is simple and direct, and
comprises two morphologically distinct forms: the vegetative
trophozoites that inhabit the lumen of the small intestine,
attaching onto the enterocytes of the mucosal surface, and the
environmentally resistant cysts that are excreted in the host
feces and comprise the infective transmission stage. Although
G. duodenalis is generally considered to replicate only asexually,
by simple binary �ssion, evidence suggests that genetic
exchange does occur, although the mechanism of sexual
reproduction remains unresolved, and the signi�cance of
sexual reproduction to the pathogenicity and epidemiology of
Giardia is also unknown.

Thus, infection with G. duodenalis is initiated when a viable
cyst (ovoid, 8–18 mm by 7–10 mm) is ingested by a susceptible
host. This may be direct fecal–oral ingestion, or via a vehicle such
as contaminated water or food. The infective dose is, theoreti-
cally, a single cyst; in early infection studies, a dose of 10 cysts
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was reported to result in infection in two out of two volunteers.
Exposure to factors such as gastric acid, pepsin, and the alkaline
environment of the small intestine triggers excystation of the
cysts in the upper small intestine, where the resultant tropho-
zoites (characteristically pear shaped, 9–20 mm by 5–15 mm,
with two nuclei, eight �agella, linear axonemes, curved median
bodies, and a ventral adhesive disc) either attach to the enter-
ocyte brush border by the adhesive disk or are motile. Repeated
binary �ssion results in the establishment of enormous numbers
of trophozoites. As the trophozoites gradually pass down the
small intestine, encystation occurs, probably due to a range of
factors including cholesterol starvation and exposure to bile salts
and alkaline pH. The resultant cysts, which are excreted in the
feces, are immediately infectious to a susceptible host without
any further maturation in the environment. The Giardia cyst wall
is �lamentous in structure, containing carbohydrate and protein
in a ratio of 3:2 (w/w), with the carbohydrate moiety composed
of a b(1-3)-N-acetyl-D-galactopyranosamine homopolymer. It
has been suggested that the polysaccharide forms ordered
helices, or possibly multiple helical structures, with strong
interchain interactions, ensuring the robustness of the cyst wall
that enables survival for prolonged periods in damp
environments.

Human infection with G. duodenalis is generally associated
with diarrhea, which tends to be fatty and foul smelling, but
can be either asymptomatic or responsible for a broad clinical
spectrum, with symptoms ranging from acute to chronic.
Chronic infection is usually associated with diarrhea and
intestinal malabsorption, resulting in steatorrhea, lactase de�-
ciency, and vitamin de�ciencies. Potential mechanisms for this
include epithelial transport and barrier dysfunction.

Whether a particular symptom spectrum is more likely to be
associated with assemblage A infection or assemblage B infec-
tion is unresolved, and geographical or population differences
seem to occur. Diagnosis of giardiasis is usually based upon
demonstration of cysts (and, less frequently, trophozoites) in
fecal samples, or sometimes in duodenal aspirates, and rapid
antigen tests are also commonly used. Although giardiasis can
be effectively treated with drugs, albeit with some discomfort-
ing side effects, for some patients treatment is ineffectual, and
various chemotherapeutic regimes must be tried. Prolonged
abdominal and fatigue symptoms have also been reported in
patients, even after successful treatment.
Waterborne and Foodborne Transmission

The public health importance of waterborne or foodborne
transmission of G. duodenalis lies in the potential for a large
proportion of a given population to become infected, partic-
ularly when there has been contamination of a municipal water
supply.

The factors in the biology of G. duodenalis that result in
successful foodborne and waterborne transmission are (1) the
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00147-6
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large numbers of infective cysts that are excreted by an infecte
individual into the environment (numbers between 1.5 � 105

and 2 � 106 cysts per gram have been quoted); (2) the rela
tively low infectious dose; (3) the robustness of the cyst and its
ability to survive in different environments, with experiments
suggesting that viability is retained for at least a month in damp
conditions and in the absence of freeze–thaw cycles, and that
cysts are resistant to commonly used disinfectants such a
chlorine; (4) the relatively small size of the cysts, which enables
them to penetrate sand� lters used in the water industry; (5) the
possibility for zoonotic transmission of some genotypes of
G. duodenalis, which means that there is greater potential for
environmental spread and contamination, and also the
potential for ampli � cation of cyst numbers by animals (such as
beavers) living in the watershed or catchment area; and (6) the
possibility for onward contamination by transport hosts such
as birds or insects.
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Waterborne Giardiasis

As waterborne transmission has the potential to result in
infection of a larger number of people than foodborne trans-
mission, most interest has been directed toward this trans
mission route and most outbreaks that are documented in the
literature are waterborne. In a comprehensive review o
waterborne outbreaks of protozoan infection from World War I
until 2003, of 325 waterborne outbreaks, G. duodenaliswas
reported to be responsible for 132 of them (41%), and of these
103 (78%) were associated with contaminated drinking water
systems. An update on this work considered a further 199
waterborne protozoan outbreaks from January 2004 until
December 2010, of which 70 (35.2%) were considered to be
caused byG. duodenalis. Thus, in total, over 200 outbreaks of
waterborne giardiasis have been documented. Interestingly
these outbreaks are mostly reported from developed countrie
where detection and monitoring systems are more likely to be
in place (see Table 1). In less developed countries, where
giardiasis is more likely to be endemic and where infrastruc-
tures related to water supply, sewage disposal, catchme
control, and public health may be suboptimal, it is likely that
the populations are at greater risk of waterborne diseas
transmission.
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Table 1 Country distribution of documented outbreaks
of waterborne giardiasis associated with drinking water

Country Number of outbreaks Percentage

United States 85 49
New Zealand 62 36
Canada 14 8
United Kingdom 3 2
Sweden 2 1
Germany 2 1
Norway 2 1
Malaysia 1 < 1
Finland 1 < 1
Turkey 1 < 1
Total 173 100
It is interesting to note that the large number of outbreaks
from New Zealand have mostly been recorded since 2003 (only
one drinking-water-associated outbreak was reported from
New Zealand up to 2003), and may re� ect a change in
reporting and monitoring. The outbreaks reported from New
Zealand are all relatively small, with a total number of reported
infections from the 61 outbreaks since 2004 totaling just 229
cases, way below the 2500 estimated cases from a sing
outbreak from Bergen, Norway. This latter outbreak, one of the
largest in recent years, was considered to be due to contam
nation of the water source during heavy rainfall, and insuf� -
cient water treatment to inactivate the parasite. Indeed, fo
most outbreaks of giardiasis related to drinking water, the
reasons are reported as de� ciencies in water treatment,
including insuf � cient barriers, poorly operated treatment and
disinfection systems, or distribution system de� ciencies.
Another interesting aspect of this outbreak was that genotyping
was used to exclude a potential source of contamination of the
water, providing relatively early evidence of the utility of
molecular techniques in outbreak investigations.

The outbreak of giardiasis in Bergen provided opportunities
for several postinfection clinical studies, including both short-
term and long-term follow-up studies. For example,
a prospective cohort study demonstrated that over 30% of
patients with persistent symptoms had chronicGiardia infec-
tion, with a mean disease duration of 7 months and with
in� ammation demonstrated in duodenal biopsies, while
a survey undertaken 2 years after the outbreak demonstrate
that out of 1017 people who had been infected and successfully
treated, up to 41% reported fatigue and irritable bowel
syndrome–like symptoms. Additionally, analysis of sewage
both prior to the outbreak and over 1 year subsequent to the
outbreak provided an interesting re� ection of the extent of
Giardia infection within this community, and also the geno-
types that predominated in sewage (and thus, presumably, the
human population), before and after the outbreak.

Standard methods for the analysis of water forGiardiacysts
have been developed (e.g., US EPA Method 1623; ISO Metho
15 553), and these rely upon concentrating the cysts from the
water source by� ltration of de � ned volumes, elution of the
cysts from the � lter, concentration and isolation of the cysts
from the eluate by both centrifugation and immunomagnetic
separation (IMS), and detection, usually using an immuno-
� uorescence antibody test (IFAT) in which the cysts are incu
bated with a monoclonal antibody against the cyst wall that
has been labeled with a particular� uorochrome, usually � uo-
rescein isothiocyanate, with 406 diamidino-2-phenylindole to
label the cyst nuclei. The cysts are then identi� ed using � uo-
rescence microscopy with appropriate� lters. The ef�ciency of
this method varies between around 10 and 80% depending on
factors such as water source, cyst isolate, and user experien
These methods and similar ones have been used to investiga
the occurrence ofGiardia cysts in different water bodies in
a number of different surveys from different countries. Gener-
ally, widespread distribution at low concentrations has been
recorded, but in some surveys, particularly of water bodies tha
are known to be polluted, concentrations have been high, with,
for example, concentrations of 32 400 cysts per liter of water
reported from a canal in Thailand. However, most published
surveys do not address whether the cysts detected are
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a genotype that is infectious to humans, or whether the cysts ar
potentially viable.

The value of monitoring drinking water (either post- or
pretreatment) for Giardia (and Cryptosporidium) has been the
subject of much debate, as the methods are both expensive an
time consuming. In general, it is concluded that while regula-
tory, event-driven monitoring of source water for contamina-
tion, using a site-speci� c monitoring program, may provide
important data for risk assessment for an individual water
source, monitoring of general performance indicators (e.g.
turbidity, particle removal, and pressure in distribution system)
is probably of greater importance in ensuring the microbial
safety of the drinking water supply.
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Foodborne Giardiasis

While waterborne transmission of giardiasis is well known, and
outbreaks have been extensively documented, there is very littl
information available on foodborne giardiasis, and to date
only nine outbreaks of foodborne giardiasis have been docu-
mented, affecting approximately 200 people in total (see
Table 2). In addition to the outbreaks listed in the table,
a further 15 (affecting some 340 individuals) are listed on the
Foodborne Outbreak Online Database run by the Centers
for Disease Control and Prevention (http://wwwn.cdc.gov/
foodborneoutbreaks/Default.aspx), which lists outbreaks from
1998 onward. Of these further 15 outbreaks, 5 are restauran
related, while 6 others are associated with other types o
community settings (of� ce, religious, school, or camp). For
most of these outbreaks, the vehicle of infection is not identi-
� ed, but unspeci� ed vegetables, chicken salad, lettuce-base
salad, and multiple foods are listed for others. This list, along
with the information provided in Table 2, indicates that
a whole range of foods have the possibility to act as vehicles o
infection. As Giardiacysts are inactivated by heat treating, it is
those food substances that are most often eaten raw or ver
lightly cooked, such as salad vegetables, fruit, shell� sh, or dairy
products, that would seem to be the most likely vehicles for
infection. While these food products have indeed been asso
ciated with infection transmission, and consumption of green
salad or lettuce has been identi� ed as a risk factor for acquiring
Giardia infection in England and Germany, other less obvious
foods are also listed such as tripe soup and Christmas pudding
However, it should be noted that food handlers seem
a common cause of transmission, and any item that is handled
Table 2 Documented outbreaks of foodborne

Associated food matrix Probable sour

Christmas pudding Rodent feces
Home-canned salmon Food handler
Noodle salad Food handler
Sandwiches Unknown
Fruit salad Food handler
Tripe soup Infected sheep
Ice Food handler
Raw-sliced vegetables Food handler
Oysters Unknown
by an infected food handler with poor hygiene may thus act as
an infection vehicle. However, contamination of vegetables
and fruits can, of course, take place at any point along the� eld-
to-fork continuum, and shell � sh, such as oysters, have th
potential to be contaminated in situ before harvesting.

There are currently no standard methods for analyzing
foodstuffs for Giardia cysts, although an ISO work group is
drafting a document for analysis of fresh produce, and different
research groups have developed methods for differen
foodstuffs. Fruits and vegetables have been particular food
matrices of focus, and the methods developed have largel
been based on those used for water, with elution of the para-
sites from the fruit or vegetable surface by a washing procedure
concentration by centrifugation and IMS, and detection using
IFAT. Recovery ef�ciencies for these methods seem to var
according to different parameters, including the type of
produce analyzed, quantity of produce analyzed, elution buffer
used, age of produce, and experience of the laboratory under
taking the analysis. Methods used in the analysis of fresh
produce for Giardiacysts are compared inTable 3.

These methods, or variations on these methods, have bee
used in surveys for analyzing fresh produce, and contamination
with Giardiacysts has been detected in a variety of vegetable
including water spinach, lettuce, sprouted seeds, potatoes
carrots, cabbage, and cilantro. It is perhaps worth noting that
these surveys have been conducted in all regions of the world
including not only countries in Africa, Asia, and South America
where giardiasis is perhaps considered endemic (e.g., Morocc
Eritrea, Costa Rica, Brazil, and Cambodia), but also Europea
countries such as the United Kingdom, Norway, and Spain.
Interestingly, such surveys have not yet been reported from th
United States.

Contamination of these produce may have occurred at any
point along the chain until purchase, and some studies have
detected Giardia cysts in irrigation water, providing added
weight that this might be a potential source of contamination.

As well as fresh produce, another product group that has
been recognized as having distinct potential as a vehicle fo
transmission is bivalve molluscan shell� sh. This product group
is not only traditionally consumed raw or lightly cooked, but
also perhaps likely to accumulate protozoan cysts in their
tissues due to their preferred locations (intertidal or estuarine
areas or areas close to the coast, where microbiologica
contamination may be likely to occur), and their method of
alimentation that involves � ltration of large volumes of water
and concentration of particles.
giardiasis, including the probable vehicle of infection

ce of contamination Estimated number of cases

3
29

13
88
10
–
27
26
3
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Table 3 Methods and recovery ef� ciencies in the detection ofGiardiacysts on fresh produce

Outline of method Food matrices tested Recovery efÞciencies

Washing in elution buffer in a rotating drum,
concentration by centrifugation and IMS,
and detection by IFAT

Assorted lettuces, strawberries, cabbage,
carrots, and bean sprouts

Approximately 70% for all matrices apart from bean
sprouts, for which recoveries were lower and
more variable

Washing in elution buffer in a rotating drum,
concentration by centrifugation and IMS,
and detection by IFAT

Leafy vegetables (lettuce and chicory) and
berry vegetables (tomatoes and peppers)

Approximately 70% for leafy vegetables and 43% for
berry vegetables

Stomaching in 1 M glycine, concentration
by centrifugation and IMS, and detection
by IFAT

Lettuce Approximately 45% using seeded samples, and
approximately 35% using internal controls

Stomaching in 1 M glycine, concentration
by centrifugation and IMS, and detection
by IFAT

Lettuce and cabbage Approximately 17% using internal controls
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Although experimental studies have shown that shell� sh
such as clams and oysters can concentrateGiardiacysts in their
tissues, there have been few surveys forGiardia cysts in shell-
� sh. Of � ve surveys of shell� sh for Giardia cysts published
between 1997 and 2007, only three reported detection of
Giardia cysts. However, a further four studies published since
then all reported the occurrence ofGiardia cysts. In addition,
some of the studies have investigated the genotype of th
Giardia cysts detected, and established that they have th
potential to infect humans.

As for with fresh produce, there is no standardized method
published for the analysis of shell� sh for Giardia cysts, and
methods tend to vary between studies, with recovery ef� cien-
cies of analytic methods (where recorded) varying. Although
most surveys have used tissue homogenates of shell� sh pools,
with an elution step, concentration by centrifugation, often
puri � cation of the parasites by IMS, and generally detection
using IFAT, superior recovery ef�ciencies (70–80%) have been
achieved using a pepsin digestion step followed by IMS, and
have also enabled a larger representative sample to be analyze
,
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Inactivation of GiardiaCysts in Water and Food

The apparent ubiquity of Giardia cysts in water and different
food matrices means that there is a drive to� nd effective
methods for inactivating these parasites that are appropriate
robust, cost-effective, safe, and, for food matrices particularly
do not affect the taste or other qualities of the food type in
question. One problem for assessing inactivation effects o
different treatment protocols is that such a study requires an
appropriate method for assessing viability or infectivity of the
cysts. Unlike bacteria,in vitrocultivation of Giardiais frequently
dif � cult, and animal model infectivity is also dif � cult for some
isolates, as well as incorporating ethical issues. Some studie
have employed the use of vital dyes for assessing viability, bu
these often overassess viability. Nevertheless, a number
studies have demonstrated that chlorination at suitable doses i
inappropriate as a robust treatment for inactivating Giardia
cysts. Similarly, studies using chloramine and ozone have als
indicated potential problems. Although UV treatment has been
considered effective at inactivatingGiardia cysts, some studies
using UV have also suggested that the inactivation provided b
UV systems in place in some wastewater treatment works is le
effective than anticipated, and therefore may not be appro-
priate for inactivating cysts in such ef� uents destined for use as
irrigation water. Photocatalytic disinfection technology, based
on the interaction between light and semiconductor particles,
has shown promise for inactivating Giardia cysts, using tita-
nium dioxide as a sensitizer.
Conclusion

There is considerable potential for transmission ofG. duodenalis
via the foodborne and waterborne routes, as evinced by the
outbreaks that have been reported even in very recent year
Obviously, even greater risks exist in countries where giardias
is endemic, infrastructure such as water supply and public
health services is below optimal, and surveillance is limited.
Given that the availability of comparable data is important, the
development and use of standard methods for diagnosing and
analyzing samples, auditing laboratories, and coordinating
national surveillance should be encouraged. However, obvi-
ously in many countries other needs are more pressing and wil
be prioritized.

Although our knowledge on G. duodenalisand its epidemi-
ology, transmission, structure, survival, and molecular biology
has increased enormously in recent decades, new and releva
challenges are being posed by a changing globe in which factor
such as water shortage, climate change, globalization, an
altered demographic patterns are all of relevance. Addressin
these requires communication between a range of key players
including risk assessors, public health personnel, veterinarians
epidemiologists, sanitation engineers, and meteorologists
Establishment of multidisciplinary, integrated networks has the
potential to further our ability to control giardiasis.
See also: Cryptosporidium; National Legislation, Guidelines, a
Standards Governing Microbiology:Canada;National
Legislation, Guidelines, and Standards Governing
Microbiology:European Union; Shell� sh Contamination and
Spoilage; Methyl Parathion;Water Quality Assessment:
Modern Microbiological Techniques;Fruit and Vegetables:
Introduction; Advances in Processing Technologies to Pre
and Enhance the Safety of Fresh and Fresh-Cut Fruits a
Vegetables; Sprouts.
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Characteristics of the Genus Gluconobacter

Gluconobacter constitutes a genus of the acetic acid bacteria
(AAB), Acetobacteraceae of the class Alphaproteobacteria. The
taxonomy of AAB has been strongly rearranged. The family is
now classi�ed into eight genera and the former core genera,
Acetobacter and Gluconobacter.

The genus Gluconobacter accounts for a well-de�ned and
coherent, closely related cluster well separated from both Ace-
tobacter and Gluconacetobacter. The genus includes a less number
of species. At present, it contains the species G. oxydans (type
strain), G. albidus, G. asaii, G. cerinus, G. frateurii, G. japonicus G.
kanchanaburiensis, G. kondonii, G. nephelii, G. roseus, G. sphaer-
icus, G. thailandicus, G. uchimurae, and G. wancherniae. Species
are subdivided genetically into a group of high DNA G + C
content (59–61 mol%; G. oxydans, G. albidus, G. kanchanabur-
iensis, G. kondonii, G. roseus, G. sphaericus, G. uchimurae) and
into one of lower content (around 55–57 mol%). Both groups
also differ phenotypically by growth on D-arabitol, meso-ribitol,
and growth without nicotinic acid (negative with the G. oxydans
group). Sequence similarities of 16S rRNA genes account for
97.4–99.1% in Gluconobacter.

Among the Gluconobacter strains of G. oxydans are objects of
intensive research work due to their outstanding unique
biochemical properties of interest for commercial application.
The genome size of Gluconobacter ranges from about 2240 to
3787 kbp, and the number of plasmids is between one and
eight. The genome of G. oxydans SCB329 consists of a circular
chromosome of 2500 kbp and one plasmid of 245 kbp, and
that of the sequenced G. oxydans 621H includes chromosomal
2702 kbp with 2432 open-reading frames and �ve plasmids
with 232 open-reading frames. At least three host-speci�c
phages for G. oxydans are known.

Gluconobacter lives in the phytosphere as saprophytes,
symbionts, or pathogens in or on plants and fruit. The strictly
aerobic organisms are well adapted to sugar enriched envi-
ronments and alcoholic solutions with an acidic pH. Glucono-
bacter is also widespread in production facilities and in
different products made from plant materials or displaying
comparable living conditions.

The strictly aerobic chemoorganotrophic Gram-negative
(Gram-variable in a few cases) 0.5–0.8 � 0.9–4.2 mm rods are
motile by polar �agella or nonmotile. Endospores are not
formed. Gluconobacter grows at 4–9 �C but not above 38–40 �C,
with an optimum temperature around 30 �C. Acidic pH values
are preferred, with an optimum at pH 5–6. Growth is reported
down to pH 3 for strains isolated from technical processes.
Under production conditions, up to 13.5% acetic acid is
tolerated. Gluconobacter strains are less acid and ethanol
tolerant than Acetobacter. The metabolism is always respiratory
never fermentative. Compared with Acetobacter strains, oxida-
tion of ethanol to acetic acid is low, whereas high oxidative and
ketogenic activities are exhibited by Gluconobacter. Over-
oxidation of formed acetic acid or of lactic acid to CO2 and
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
H2O does not take place. Single L-amino acids cannot serve as
sole sources of carbon and nitrogen for growth of Gluconobacter.
No amino acid is essential but can stimulate growth and may
act inhibitory (valine inhibitory to G. oxydans). G. oxydans
contains all genes for the de novo synthesis of all amino acids,
phospholipids, nucleotides, and most vitamins. Ammonia and
sulfate will be used as sources of nitrogen and sulfur,
respectively.

Preferred carbon sources for growth are D-mannitol,
sorbitol, glycerol, D-fructose, and D-glucose. Ethanol is not
a preferred growth substrate, but it may be used as an addi-
tional carbon source. Whereas Acetobacter is able to metabolize
only hexoses, Gluconobacter metabolizes both pentoses, such as
D-xylose, and hexoses. G. oxydans also transforms trisaccharide
raf�nose by levansucrase. Melobiose, oxidized to melibionic
acid, and fructose are formed; the latter is used as a carbon
source. Depending on the carbon source used, individual
strains require growth factors, such as p-aminobenzoic acid,
biotin, nicotinic acid, thiamine, or pantothenic acid. Growth
proceeds in highly concentrated sugar solutions and at low pH
values.

Polyols, their oxidation products, and other ketoses and
aldoses are further modi�ed by isomerases and epimerases, and
�nally, phosphorylated. The phosphorylative breakdown
proceeds via the pentose phosphate pathway and the Entner–
Doudoroff pathway. The Embden–Meyerhof–Parnas pathway is
inactive due to the lack of phosphofructokinase. The tricarboxylic
acid cycle is not complete (absence of succinate dehydrogenase),
and the glyoxylic acid shunt is absent. Therefore, overoxidation of
acetate or lactic acid is not possible. Gluconeogenesis is not
present, explaining its inability to grow on lactate.

Gluconobacter shares a unique feature of many AAB and has
two sets of dehydrogenases in parallel but locally separated
pathways to oxidize nonphosphorylated substrates and inter-
mediates – one consists of cytoplasmic soluble pyridine
nucleotide dependent enzymes and the other one consists of
membrane-bound enzymes.

The latter are the basis for the known high oxidative capacity
and ketogenic activities on sugars, alcohols, aldehydes, and
steroids. Remarkable oxidative capabilities are known for
aliphatic monoalcohols, which are converted into the corre-
sponding aldehydes and acids. G. oxydans converts the racemic
mixture of 1,2-propanediol into acetol. The oxidation of
diethylene glycol to diglycolic acid, the oxidation of the
respective monomethyl ether, and the oxidation of other
higher aliphatic polyalcohols are other examples of its oxida-
tive capability. Glycerol is oxidized to dihydroxy acetone,
a suntanning agent (G. oxydans), or to L-glyceric acid (G. cer-
inus). Deoxy sugar alcohols, mannitol, other hexitols, heptitols
and octitols, and cyclic polyalcohols, for example, are other
substrates oxidized by Gluconobacter. Sugar alcohols having a cis
arrangement of the two secondary alcohol groups in D-con�g-
urations contiguous to the primary alcohol group are oxidized
to the corresponding ketoses (Bertrand–Hudson rule). This is
-384730-0.00148-8 99
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the basis for the formation of L-sorbose from D-sorbitol, or
L-erythrulose from meso-erythritol. G. oxydansis able to carry
out continuous reactions in organic solvents like the formation
of isovaleric aldehyde in iso-octane. High oxidation rates
correlate with low growth yields.

Gluconobacter(and Acetobacter) are the most prominent
representatives of oxidative bacteria that can carry out highly
effective oxidative fermentations. Incomplete oxidations result
in accumulation of nearly quantitative amounts of the respec-
tive oxidation product outside the cell. Products are released
into the medium via porines present in the outer membrane.
Substrates converted byGluconobacterin the order of preference
include various sugars and sugar alcohols, aliphatic alcohols
and aldehydes with glucose and ethanol followed byD-glu-
conic acid, D-sorbitol, and glycerol. The oxidizing system,
located in the cytoplasmic membrane, is tightly linked with the
respiratory chain, which consists of large amounts of cyto-
chrome c,ubiquinone, and a cytochrome o terminal ubiquinol
oxidase, quinol oxidases of thebo3 type in G. oxydans.

In Gluconobacter, an alternative cyanide-insensitive
terminal oxidase is presently produced at pH values below
4.5. The oxidative power originates in membrane-bound
dehydrogenase systems. Their active centers face the peripla
and form a periplasmatic oxidase system (Figure 1). One
group of these enzymes includes quinoproteins (with the
prosthetic group pyrrolo-quinoline quinone, PQQ) such as
alcohol dehydrogenase, aldehyde dehydrogenase,D-glucose
Figure 1 Scheme of alcohol and sugar oxidizing system inGluconobacter. D
KDPG 2-keto-3-deoxy-6-phosphogluconate. Adapted with kind permi
biotechnological applications ofGluconobacterstrains. Applied Microbiolog
dehydrogenase, D-fructose dehydrogenase, or glycerol
sorbitol dehydrogenase. The other group covers� avoproteins
(with the prosthetic group � avin adenine dinucleotide, FAD),
such as D-gluconate dehydrogenase,D-sorbitol dehydroge-
nase, 2-oxo-D-gluconate dehydrogenase, andL-sorbose dehy-
drogenase. Some of these have cytochromec as an additional
prosthetic group. Most of these membrane-bound enzymes
possess cytoplasmic counterparts, which are NAD(P) depen
dent with pH optima in the neutral or weak alkaline region.
pH optima of membrane-bound dehydrogenases are mostly
acidic. The speci� c activity of membrane enzymes is up to
three orders of magnitude higher than those of the cyto-
plasmic ones.Figure 2 demonstrates exemplarily the scheme
of the sorbitol oxidizing system.

The PQQ-containing glycerol–sorbitol dehydrogenase is the
major polyol dehydrogenase in G. oxydanswith a broad
substrate speci�city what allows the oxidation of glycerol,
gluconate, and D-sorbitol; the reaction products dihydroxyac-
etone, 5-ketogluconate, and L–sorbose are all of great
biotechnological importance. This enzyme also catalyzes the
oxidations of meso-erythritol and D-arabitol in G. oxydans
(IFO3257).

Most of the dehydrogenases mentioned are not induced by
the available substrate, but rather they are constitutively
expressed. InG. oxydansmore than 75 genes were identi� ed by
bioinformatic tools that encode potential oxidoreductases with
unknown substrate spectra.
H dehydrogenase, ??? uncharacterized dehydrogenases, UQH2 ubiquinol,
ssion from Deppenmeier, U., Hoffmeister, M., Prust, C., 2002. Biochemistry and
y and Biotechnology 60:233–242.
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Figure 2 Scheme of sorbitol metabolism inGluconobacter. Numbers indicate participating enzymes: (1)D-sorbitol dehydrogenase; (2)L-sorbose
dehydrogenase, both� avoproteins located in the cytoplasmic membrane with the catalytic center directed to the periplasmic space; (3) NADPþ -dependent
L-sorbose dehydrogenase; (4) NADPþ -dependentL-sorbosone dehydrogenase; (5) NADþ -dependentL-sorbosone reductase, all cytoplasmic enzymes.
D-Fructose is metabolized to acetyl-CoA.
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The membrane-bound oxidase system, a truncated resp
ratory system, does not require the energy-consuming trans
port of substrates into the cell, and thus it favors the rapid
oxidation of large amounts of substrates. It functions as an
auxiliary energy-generating system. The proton gradien
generated by rapid oxidations by the respiratory chain
however, may suppress electron transfer by feedback contro
The electron transfer is disturbed by itself. To overcome thi
contradictory situation, which may be unfavorable for the
organism, a cyanide-insensitive bypass (nonenergy gene
ating) reduces the energy supply. The little amount of energy
formed may not interfere signi� cantly with the electron
transfer. Remarkably, a low extracellular pH induces this
system. In de� cient mutants, the introduction of this bypass
enhances oxidation yields. Electron transfer and proton
translocation are ineffectively coupled, which might explain
low growth yields.

This system re� ects the adaptation to the natural habitats,
� owers, fruits, and their fermented products, such as vinega
sake, wine, or beer, in which high concentrations of sugars and
alcohol are present. Microbial competitors, yeasts, and lacti
acid bacteria favor in part anaerobic environments. There is no
need for Gluconobacterto grow rapidly and subsequently no
need to permit a high rate of energy generation by the highly
aerobic and highly active oxidation system of the respiratory
chain.

The live cycle ofG. oxydansin nutrient-rich habitats reveals
a sophisticated strategy. Fast oxidation and product releas
(i.e., over� ow metabolism) lead to a fast acidi� cation of the
habitat, giving an advantage to this extremely acid-toleran
organism, and these products are dif� cult to assimilate by
other organisms. Incomplete oxidation is a valuable tool for
depositing organic compounds and inhibiting growth of
competitors. Under altered conditions, incompletely oxidized
substrates can be taken up and channeled into the oxidative
pentose phosphate pathway via soluble dehydrogenase
isomerases, and kinases. Energy is gained via transformation
nicotinamide adenine dinucleotide phosphate (NADPH) into
nicotinamide adenine dinucleotide (NADH). This slow
process ensures survival of cells.

Strains of Gluconobacterexcrete inhibitory substances that
interfere with Saccharomyces cerevisiae. Polyenic antibiotics,
monocyclic b-lactams, against Gram-positive and Gram-
negative bacteria have been isolated fromGluconobacter
Strainsof G. oxydanstransform nojirimycin to give a d-lactam
and produce brown, water-soluble pigments and pyrones.

The natural habitats of Gluconobacterare plants and soil.
Preferred niches are fruits and� owers, especially nectaries and
other � oral organs and assorted plant material that are rich in
sugars and have an acidic pH.Gluconobacteroccurs profusely on
ripe grapes of the Bordeaux region. Strains also are present o
intact, injured, dried, and matured grapes in other regions but
do not appear during the fermentation process. Multiple
isolates are associated with palm wine and found on the� oret
of the palm tree, on the tap hole used to collect the juice, and in
palm sap. Gluconobacterstrains are also present in cocoa wine
Both beverages are of low alcohol content. Many fruits such a
apples, almonds, bananas, mangoes, oranges, plums, straw
berries, and tomatoes are habitats.Gluconobacterstrains
(and Acetobacter) are the causal agents of bacterial brown ro
of apples and pears. The oxogluconic acids and (oxo-)phos
phogluconates (ketogenic potency) of glucose and fructose
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102 Gluconobacter
metabolism and oxidation are assumed to be causal substance
for the pink disease of pineapple, caused byG. oxydans, Aceto-
bacter aceti, and Erwinia herbicoleor by Pantoea citreaor Aceto-
bacter liquefaciens.Rot symptoms may be induced by
inoculation with 100 cells. The optimal temperature was 25� C,
but even at 4� C rotting proceeded. Examples of arti� cial
habitats are soft drinks, beer, cider, and wine.

The sugar-loving Gluconobacteris one component of the
huge microbial population of bees. Like other associated
microorganisms, Gluconobacteris not present in the larvae.
Young bees come into contact with the microbial population
via other bees, that is, in the exchange of food. Depending on
the food source, the composition of the microbial � ora will
vary.Gluconobacterstrains andLactobacillus viridescens, however,
constitute the two main bacterial components of the micro-
� ora of bees in Spain. A total of 56Gluconobacterstrains have
been isolated from bees in Belgium. Up to 106 Gluconobacte
cells are spread equally over an individual bee, including the
intestine and the body surface. In this context, bees may b
considered to be one important vector in Gluconobacte
dissemination.

Strains ofGluconobacterand other AAB were coisolated from
a number of insects (e.g.,Drosophila melanogaster,mosquitoes,
Apis mellifera). They establish symbiotic associations with the
insect midgut, and colonize tissues and organs including
reproductive ones. It is assumed that AAB are able to pas
through body barriers into different host organs. In Drosophila,
an involvement in regulation of insects’ immune system is
known. AAB are assumed to be secondary symbionts of insec
playing different roles in insect biology.

The aerobic micro� ora of the nasal, rectal, and preputial or
vaginal areas of 37 grizzly and 17 black bears containedGlu-
conobacterand Acetobacterat lower frequencies (less than 5%).

Phytotoxic effects are shown;G. oxydansand G. asaiiare on
the list of plant pathogenic bacteria.

Some AAB have been described as human pathogens (e.
Granulibacter bethesdensisand Asaia bogorensis). Like Acetobacte
sp., Gluconobactersp. has been classi� ed as an opportunistic
pathogen. The latter were isolated form clinical samples o
a cystic � brosis patient, whose respiratory tract showed
persistent colonization. This distinct human pathogen is also
associated with bacteremia (history of intravenous-drug
abuse), with chronic diseases, or with indwelling devices
Detection seems to be dif� cult with standard medical micro-
biological methods and discriminating the species level suffers
complex demands.
.
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Methods of Detection

Gluconobactershares its natural habitat with a huge number
of other bacteria, such as AAB,Frateuria, and Zymomonas
This sometimes makes the isolation and identi�cation to
species level more dif� cult. Acetobacterand Gluconacetobacte
strains are normally coisolated. Most media used for their
detection are applicable toGluconobacter.In general, glucose
should be used as the source of carbon and energ
(100–400 g1� 1). The starting pH should be in the range
6.5–7. Aerobic growth is optimal between 25 and 30� C.
Enrichment becomes necessary when a low viable cell coun
is expected. In older literature, beer (without preserving
agents) is mainly recommended for this purpose. Different
habitat speci� c methods have been developed forAcetobacte
that consider the speci� c nutrient requirements and also are
applicable to Gluconobacter.

A three-step isolation for G.oyxdansstarts with enrichment
in beer at 30� C followed by incubating the pellicles formed in
beer containing glucose (300 gl� 1) and acetic acid (1 gl� 1).
The � nal step includes incubation in yeast water inoculated
with a piece of baker’s yeast that contains glucose and aceti
acid at the same concentrations as noted. For isolation
differentiation, and puri � cation carbon sources– such as
glucose (100 gl� 1), sucrose (100 gl� 1), ethanol (30 gl � 1),
maltose (100 gl� 1), or calcium lactate (20 gl� 1) – in the
presence of calcium carbonate (20–30 gl� 1) in yeast water are
recommended.

Further differentiation is usually accomplished by
morphological consideration and by growth on selective
media. Typical features of acetic acid bacteria are Gram
negative (or -variable), strictly aerobic, ellipsoidal to rod-
shaped cells with a respiratory type of metabolism, oxidation
of ethanol to acetic acid in neutral and acidic media, and
oxidation of glucose below pH 4.5. Acetic acid bacteria do not
form endospores, are oxidase negative, do not liquefy gelatine
and do not form indole or reduce nitrates. Further identi� -
cation of Gluconobacteris based on established phenotypic
features.

Differentiation between coisolated Acetobacter, Gluconac
tobacter, Asaia,and Gluconobactermay be done in respect to
overoxidation of acetic acid or lactic acid, which is impossible
with Gluconobacter.Strains prefer glucose over ethanol for
growth. Ethanol may be used as a supplementary carbon
source. All strains produce 2-oxogluconic acid fromD-glucose.
Starch and lactose are not accepted as carbon source
Ubiquinone Q 10 is the major quinone.

Accurate identi� cation of Gluconobacterbased solely on
phenotypic data is unreliable. A combination of genotypic
data and phenotyping is recommended to differentiate on
the species level, but 16S RNA gene sequence analysis m
be problematic because of a high degree of homology
Identi � cation on the species level and on the strain leve
requires an increasing complex approach of genetic, phylo
genetic, morphological, physiological, biochemical, and
chemotaxonomic methods. Differentiation of Gluconobacte
at the species level may be affected by spontaneous
occurring mutations: AAB are extremely variable, and poten
to adapt functionally and structurally to altered environ-
mental conditions.

Other bacteria sharing the nutrient-rich habitat also show
similarities with Gluconobacter. Frateuriaand Zymomonasmay be
differentiated by genetic and chemotaxonomic methods.
Coisolates of Zymomonasfrom sugar-rich plant saps, juices,
beer, or cider may be easily discriminated:Zymomonasprefers
anaerobic or microaerobic conditions to ferment sugars to
ethanol and CO2.

Being isolated and differentiated, Gluconobactercan be
maintained on various liquid (beer) and solid media. Table 1
gives a survey on recommended solid media. Agar culture
should be kept at 4� C and transferred monthly. Strains can be
kept frozen at –75 � C in the presence of 24% (v/v) glycerol or
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Table 1 Common media for maintenance and cultivation ofGluconobacter

Medium Composition In 1 l distilled/deionized water (g) pH at 25� C Remarks

GYC (Gluconobacter oxydansagar) D-Glucose 100 6.8 preferred
(6.0–6.8)

28–30� C;
G. oxydansYeast extract 10

CaCO3 20
Agar 15

GYC D-Glucose 100 6.0–6.8 28–30� C
Yeast extract 5
Peptone 3
CaCO3 12
Agar 12

MYP D-Mannitol 25 6.0–6.8 28–30� C
G. asaii,
G. cerius,
G. oxydans

Yeast extract 5
Peptone 3
Agar 12

DSYP D-Sorbitol 50 6.0–6.8 28–30� C
Yeast extract 5
Peptone 3
Agar 12
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dimethyl sulfoxide (10%, v/v). Freeze-dried strains will remain
alive for several years.
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Importance to the Food Industry

Gluconobacterstrains are involved in a large number of natural
fermentations and have large capabilities for other applications
in commercial processes.

In cocoa fermentation by which the characteristic� avor,
aroma, and brownish color of cocoa is developed, beans ar
naturally fermented by a wild micro� ora consisting of nearly
50 common species. Yeasts, lactic acid bacteria, and AA
involved follow a de� nite succession. Cocoa fermentation is
a combination of external microbial processes and autolytic
processes in which cocoa bean enzymes are involved. AA
including G. oxydansdominate around the second phase of the
natural complex spontaneous fermentation with up to 90% of
the whole cell count.

Gluconobacterare members of the microbial consortium of
Kombucha (tea fungus) and also are involved in palm wine
and cocoa winemaking. In cidermaking,Gluconobacterstrains
are present mainly in the early stages of the process, when sug
is plentiful.

D-Gluconic acid formation is most pronounced in Glucono-
bacter(G. oxydans). Gluconic acid has some useful properties
and has found a number of applications: additive in pharma-
ceutical, food, fodder concrete industry, metal cleaning. Exam
ples include the removal or decomposition, or prevention of
milkstone (dairy industry), gentle metal cleaning operations,
and the prevention of cloudiness and scaling by calcium
compounds in beverages. Applications in the textile and tanning
industries and in medicine (gluconates of calcium and iron as
carriers) are other examples. According to German law, gluconi
acid is considered food. Traditional industrial processes ar
carried out mainly with molds such as Aspergillus niger.

Bacterial fermentations to gluconic acid suffer secondar
reactions leading to oxogluconic acids.Gluconobacteroxidizes
glucose by a membrane-bound PQQ-dependentD-glucose
dehydrogenase to gluconate. Cytoplasmic NADP-dependen
enzymes are not involved. Gluconate is frequently further
oxidized to 2-oxogluconate (at neutral pH) and to 5-oxogluc-
onate (acidic pH) and 2,5-dioxogluconate. Oxoforms of glu-
conic acid are valuable products with a wide range of
applications: 5-ketogluconic acid may be useful as precursor fo
the production of D(+)-tartaric acid; 2,5-diketogluconic acid
may be converted into 2-keto-L-gulonic acid an intermediate in
ascorbic acid production; 2-ketogluconic acid, a precursor for
isoascorbic acid synthesis, can be used to replace Reichste
-Grüssner synthesis of L-ascorbic acid or can be used as
antioxidant itself.

In aqueous solutions, gluconic acid exists in equilibrium
with gluconic acid d-lactones (1,5 and 1,4, respectively), which
may be used in similar ways as gluconic acid; they are preferre
for slow acidulation actions (in baking acids, in the production
of cured meat products, etc.). In Japan it is used for the coag
ulation of soybean protein.

Exclusion of ketogluconic acid formation is the basis for
gluconic acid production by Gluconobacterat an industrial
scale. It has been shown that the pentose phosphate pathwa
is almost completely repressed if glucose concentration
exceed 5–15 mM at a pH lower than 3.5–4 in the medium,
and in parallel, unwanted oxogluconate formation is sup-
pressed. There are strong efforts to generate appropria
production strains displaying the desired reactions with high
yields. Similar to quick vinegar processes, optimal perfor-
mance of gluconic acid production is achieved by high
glucose concentrations, lowered pH, and high oxygen
concentration.

L-Ascorbic acid (vitamin C) is produced by the Reich-
stein–Grüssner synthesis and is used as a vitamin supplemen
and in pharmaceutical preparations, in food processing
(25%), in beverage manufacturing (15%), and in animal feed
(10%). The integrated chemical–biotechnological process
combines � ve synthetic organic chemical steps and one
biotransformation by which the C-1 of D-glucose is reduced
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and C-5 and C-6 are oxidized, while the chirality at C-2 and
C-3 are preserved:
d-Glucose/ d-Sorbitol/ l -Sorbose/ l -Ascorbicacid

e regioselective stereospeci� c oxidation of D-sorbitol to
r

st

-

f

t-
th

,

s.

,

e

.

,

d

f

-

s
ir
Th
L-sorbose is carried out by G. oxydansby the action of
membrane-bound quinoprotein sorbitol dehydrogenase
(Figure 2). This reaction follows the Bertrand–Hudson rule.
The submerged fermentation is carried out at 30–35 � C and pH
4–6. Substrate concentrations are in the range of 200–300 gl� 1

in corn steep liquor medium or yeast extract supplemented
with mineral salts under strong aeration. Modern strains give
exceptionally high yields of almost 100% for this biotransfor-
mation. The overall yield of ascorbic acid is above 60%.

As shown inFigure 2, other pathways include the formation
of 2-keto-L-gulonate, a precursor of L-ascorbic acid. Two
possibilities exist: the oxidation of D-glucose to 2-keto-L-
gulonate via D-gluconate, 2-keto-D-gluconate, and 2,5-diketo-
D-gluconate, or the transformation ofD-sorbitol or L-sorbose via
the intermediary L-sorbosone to 2-keto-L-gulonate. Conven-
tional chemical processing can be used for� nal conversion to
ascorbic acid. There is an intensive research to� nd or construct
bacteria that allow to shift the synthesis to bioconversion
routes. Bacteria have been identi� ed that are ef�ciently able to
transform glucose into 2,5-diketo-D-gluconic acid and this
product into 2-keto-L-gulonic acid. Only a few Gluconobacte
strains synthesize 2-keto-L-gulonate directly from sorbose with
low yields. A number of recombinant strains of G. oxydansare
reported, producing 2-keto-L-gulonate via one of the outlined
pathways. The classical process still remains the mo
competitive.

Examples of other applications of the valuable and versatile
biocatalyst G. oxydansusing its rapid and nearly quantitative
stereo- and regiospeci� c incomplete oxidation reactions are as
follows:

l G. oxydansis used in the synthesis of a precursor (1-deoxy
nojirimycin) of the antidiabetic drug, miglitol by regiose-
lective oxidation of N-formyl-1-amino-1-deoxy-D-sorbitol
to N-formyl-6-amino-6-deoxy-L-sorbose.

l An ef� cient synthesis of shikimate, a key precursor o
aromatic amino acids, antibiotics, alkaloids, herbicides, as
well as antiviral agents, involves oxidation of quinate to
3-dehydroshikimate by quinate dehydrogenase (quino-
protein). In a subsequent coupled reaction of shikimate
dehydrogenase and glucose dehydrogenase (both NADPþ -
dependent) 3-dehydroshikimate is completely transformed
to shikimate in excess of glucose.

l D-Tagatose, a ketohexose, is used as tooth-friendly swee
ener (sweetness 92% of fructose; energy charge 38%) wi
minimal effects on blood glucose level. Biotransformation
of D-galactitol to D-tagatose is ef� cient with the quiono-
portein galactitol dehydrogenase induced inG. oxydans.

l Other examples of important products and reactions are as
follows:
B dihydroxyacetone from glycerol: chemical and phar-

maceutical industry, cosmetic tanning agent
B reduction of D-xylose to xylitol (sweetener prevents

dental caries)
B short-chain chiral alcohols, aldehydes, ketones, and
carboxylic acids, including glyceric acid

Thermotolerant Gluconobacterstrains able to produce 5-
keto-D-gluconic acid at 37� C with a yield of >90% are of
interest. Isolates spoiling in coconut toddy (mnazi) grow at
40 � C at pH 7.0 and 4.5.

Gluconobacteris of less importance in vinegar production.
Gluconic acid is bene� cial for vinegar � avor, however. The
higher the concentration of balsamic, the more gluconic acid is
produced, which is taken as quality marker in traditional
vinegar.

The high oxidative capabilities of Gluconobacter, and the
special organization of the enzymes involved in these reactions
enable the application of whole cells, of isolated enzymes
(xylose PQQ-dependent dehydrogenase fromG. oxydans), or of
cytoplasmic membranes in enzyme sensors and electrode
Gluconobactercells are used for the detection of xylose, blood
glucose, sucrose, and lactose.
Spoiling

Gluconobacteris considered to be a typical spoiler of soft drinks.
These constitute highly selectiveGluconobactermedia that
contain sugar at low pH, are free of oxygen or growth factors
and contain little organic nitrogen. Strains of this genus are
considered causative agents of a deleterious change in orang
juice characterized by a marked staleness of� avor. Alcoholic
beverages are good media forGluconobacter; G. oxydans
frequently occurs in Dutch beers.G. oxydansand G. industrius
have been identi� ed in beer that is exposed to the atmosphere
Gluconobacterhas been isolated from palm wine and cocoa
wine: coconut toddy (mnazi). In cidermaking, Gluconobacteris
present mainly in the early stages of the process, which is rich in
sugar.Gluconobacteris also present in and on harvested apples
in pressed pomace, and in the juice.

Although grapes are one of its natural habitats,Glucono-
bacteris rarely seen� nally in wine. But Gluconobacterspecies
belong to the most spoiling agents of wine and often are iso-
lated from grape must and grapes.G. oxydansis the main
species found associated with sound and especially damage
or infected (Botrytis cinerea) red grapes. Colonization will vary
with grape variety, place, and season. Lack of protection o
oxygen and slow and sluggish fermentations will favor
development of AAB. Transfer inoculation may proceed by
fruit � y. Typical features of must (high concentrations of
hexoses, high acidity, tartaric acid, and sul� tes) provide
a highly selective environment primarily for G. oxydans, also
valid during the early stages of alcoholic fermentation.Aceto-
bacterappears after the grapes are slightly spoiled and domi
nates on completely spoiled grapes, which display numbers of
acetic acid bacteria equivalent to those of the yeast population
(105–106 cells ml� 1). High humidity during rainy autumn
weather supports a varied micro� ora on grapes. Cell counts of
Botrytis cinerea, Penicillium, Aspergillus, Gluconobacter,and Ace-
tobactermay become equal to the cell counts of yeasts. Thi
moldiness destroys the anthocyanins of grapes and alters the
color.

The presence ofG. oxydanson grapes and in must may
affect the quality of wine. Formation of gluconic acid, its
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lactone derivatives, and ketogluconic acids, as well as
5-oxofructose alter the chemical composition of must and
may change sensorial properties. These compounds are
important in masking SO2, and its antimicrobial ef�cacy
decreases. Ketogenesis by Gluconobacter results in a higher
requirement for SO2 in sulfonation processes and increases
SO2 content in wine. Glycerol produced by yeasts might be
metabolized to dihydroxyacetone. Oxidation reactions lead to
oxidative spoilage of wines characterized by moldy taste and
phenolic odor. Gluconobacter can persist during the �rst days of
fermentation. In that time the formation of substances by
Gluconobacter is described that affect the growth of S. cerevisiae
and therewith fermentation activity. In the middle stage of
fermentation, G. oxydans is progressively replaced by Aceto-
bacter species. The pH minimum tolerated by Gluconobacter
depends on the ethanol concentration of the wine: at 8.2%
ethanol pH 3 and at 12.5% pH 3.4 are tolerated, respectively.
Higher ethanol concentrations are normally inhibitory.
Bacteria are able to survive under microaerobic condition in
wine barrels.

Gluconobacter is heat sensitive but resistant to sorbic acid,
benzoic acid, and dimethyldicarbonate; used as a food
preservative in the food industry; shows minimal inhibitory
concentrations (MIC) of 1gl1 and 0.9gl1, at pH 3.8
(G. oxydans). Reduction of the acidity to pH 3.3 reduces the
MIC of both to 0.3gl1. Growth of the bacteria in the presence
of sublethal concentrations of both preservatives increased the
MIC signi�cantly within 1 h. At temperature extremes (1 and
37 �C) preservatives support the inhibitory temperature effect.
Spoilage is a problem in gas-permeable packages: to prevent
G. oxydans infections the elimination of air from the facility
and the addition of sorbic acid (0.4 gl�1) are recommended.

See also: Acetobacter; Bacteria:Classi� cation of the Bacteria –
Phylogenetic Approach; Biochemical and Modern
Identi�cation Techniques:Introduction; Biochemical and
Modern Identi�cation Techniques:Food-Poisoning
Microorganisms; Biochemical and Modern Identi�cation
Techniques:Micro� oras of Fermented Foods; Biophysical
Techniques for Enhancing Microbiological Analysis; Cider
(Cyder; Hard Cider); Ecology of Bacteria and Fungi in Food
In� uence of Redox Potential; Fermentation (Industrial):Basic
Considerations; Fermentation (Industrial):Production of Some
Organic Acids (Citric, Gluconic, Lactic, and Propionic);
Fermented Foods:Origins and Applications; Fermented
Vegetable Products; Lactobacillus: Introduction; Spoilage of
Meat; Preservatives:Traditional Preservatives – Organic Acids;
Spoilage Problems:Problems Caused by Bacteria; Vinegar;
Wines:Microbiology of Winemaking.
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Introduction

‘Good Manufacturing Practice’ (GMP) is a requirement for all
activities associated with the production, manufacture, and
distribution of foods. The principles should be applied at all
stages from farm production, through procurement of raw
materials, and manufacture of intermediate products, to
distribution and retail sale of �nal products. Consumers have
the right to expect food to be safe and wholesome and to satisfy
their expectations in terms of organoleptic quality and price.
The objective of GMP is to ensure that foods consistently
comply with such needs. The application of GMP requires both
philosophical and practical adherence, by management and
employees, to principles that have been developed over many
years.

The senior management of a company must be committed
to the need for quality throughout its manufacturing activities
and must adopt systems to ensure GMP. Such systems require
the development and application of policies, procedures, and
practices with regard to the following:

l Human resources, including staff training
l Finance and investment
l Planning and design of facilities
l Purchase of raw materials and ingredients
l Manufacturing operations and control
Table 1 The Key Rules of GMP

Rule Topic Comment

1. Facility design l Ensure compliance with legisl
l Design plant layout to minimiz
l Segregate high- and low-risk m

2. Process design and operation l Validate processes to optimize
3. Personnel policies l De�ne lines of responsibility

l Provide appropriate training p
l Instill a culture of ‘right the �r

4. Quality assurance l De�ned corporate quality polic
l De�ned QA compliance system

marketing, advertising, laborat
l Validate ongoing quality and s

5. Operating procedures l De�ne who does what, when,
l Use clearly written, unambigu
l De�ne and implement rules fo
l Implement effective food safet
l Provide regular controlled revi

6. Facility and process
maintenance

l Clean and maintain equipment
l Ensure health and safety disci
l Ensure regular calibration of c

7. Product lifecycles l Build ‘quality’ into new produc
l Validate shelf life of products

8. Record keeping l Prepare and keep effective rec
9. Legislative compliance l Monitor changes in legislation
10. Auditing l Audit processes and procedur

l Ensure corrective actions take
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l Environmental and personnel hygiene
l Quality documentation, monitoring, and auditing
l Transportation
l New product development
l Product information and consumer awareness
l Legislative compliance

Traditionally, food manufacturers relied on quality
control (QC) procedures, but modern management recog-
nizes that such procedures are inadequate. QC is predi-
cated on the concept of testing manufactured products for
compliance with speci�cation, but this does not ensure the
manufacture of quality products because it is not possible
to test quality into a product. Positive quality assurance
(QA) puts the emphasis on quality from conception and
design through to the �nished product. However, even
QA procedures are inadequate unless they form part of
a total quality management (TQM) system that is based on
GMPs.

The overriding principle of GMP is the provision of effective
systems for the manufacture and distribution of food products,
by appropriately trained and quali�ed personnel, within an
environment that is designed for hygienic manufacture and in
accordance with effective production and quality management
procedures. The key elements of a GMP system are shown
in Table 1.
ative requirements
e risks to product
aterials, processes, and personnel
quality and ef�ciency; and ensure food safety

rograms, including updating of programs for new or changed processes
st time’
y
s for all activities, including purchasing, production, packaging, labeling,
ory analysis, and so on
afety of products using approved in-line or laboratory systems
and why
ous operating procedures and work instructions
r noncompliance situations
y and food hygiene procedures, including HACCP
ews of procedures
, premises, and transport in accordance with de�ned quality system
pline
ritical process equipment and monitoring systems
ts
under normal and abuse conditions
ords (see Table 2); ideally use designed data management systems
to ensure ongoing compliance

es on a regular basis
n on all audit defects

robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00149-X

http://dx.doi.org/10.1016/B978-0-12-384730-0.00149-X


t

l

-

r

Good Manufacturing Practice 107
Human Resources

Management Structure

Human resources policies must ensure an appropriate
management structure. Personnel responsible for quality, and
those purchasing raw materials, ingredients, and facilities, mus
operate in parallel with – but not report to – those who are
responsible for production. It is essential that these functions
interact effectively. The precise organizational structure wil
differ between organizations, whether large and complex or
small companies (Figure 1).
t
e.
y
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Staf�ng

The need for appropriately quali� ed and experienced func-
tional managers is critical and each should have a competen
identi � ed deputy, who can assume the role in case of absenc
Temporary staff must not be expected to assume responsibilit
for key activities without proper training, knowledge, and
experience of company procedures. Key personnel in each
the major functions should possess appropriate scienti� c,
technical, or professional quali� cations, together with relevant
knowledge and experience. What may amount to appropriate
varies between companies and countries– in some countries,
legislation prescribes minimum levels of quali� cations for
functional management.
i-

d

l

Training

De� ned policies and procedures for training are key to
ensuring that all employees understand and accept respons
bility for their actions within their own sphere of operation.
Employees should be encouraged to obtain quali� cations that
re� ect their level of training and experience in a speci� c
operational area. However, it is essential that training be base
on best practice and not on inbuilt prejudice and miscon-
ception. Training should re� ect national or international
criteria to ensure that trainees acquire appropriate information
and experience. Induction training must be given on recruit-
ment and should be followed by speci� c training at appro-
priate intervals. Records of training must be kept for each
employee and the effectiveness of the training should be
monitored at regular intervals.
,

-

o

Responsibility and Authority

Food quality and food safety are dependent on every employee
within an organization. Each should operate within a frame-
work of devolved responsibility, accountability, and delegated
authority appropriate to their areas of responsibility. This is
especially important for quality managers, who should be able
to perform professionally without undue interference or pres-
sure from production personnel.

Quality managers and their staff must have authority to
establish, verify and audit all the parameters that are critical to
the quality of manufactured products. Ensuring raw material
quality, through the application of supplier quality assurance,
and assessment of quality throughout processing, packaging
� nished product storage, and distribution are all vital. Quality
managers should have delegated authority to stop production
if there is reason to believe that it is operating outside de� ned
guidelines, although such action may require rati� cation by
more senior personnel (e.g., a technical director). The quality
manager must exercise such authority with professional judg
ment to ensure that operations are not disrupted unnecessarily
and that production and senior management receive prompt
and accurate information and advice.
Termination of Employment

If an employee’s contract is terminated, it may be necessary fo
precautionary action to be taken to counteract any threats to
food safety or quality likely to arise from disaffection or lack of
commitment.
Finance and Investment

A company’s � nancial policies need to recognize the
requirements for GMP; lack of resource may adversely affe
production quality, which in turn will affect � nancial
performance. The operating budget must recognize the nee
for appropriate levels and caliber of personnel in both
manufacturing and quality functions. Similarly, budgetary
provision for raw materials, ingredients and packaging
materials should recognize that low contractual purchase
prices might be associated with products of an inadequate
standard. Investment proposals require careful technica
appraisal. The provision of new facilities for production,
processing, packaging, distribution, and laboratories must
take into account the GMP requirements relevant to their
intended purpose. In drawing up speci� cations for new
facilities and equipment, relevant quality and safety issues
must be fully considered.
Facilities

All buildings for food manufacturing should be designed,
located, constructed, and maintained to be� t for the purpose
intended. Similarly, equipment should be designed, con-
structed, adapted, located, and maintained according to its
manufacturing purposes in order to facilitate GMP. In many
countries, food-manufacturing facilities must conform to
legislative criteria. The layout of production plants should
ensure that manufacturing areas do not become general thor
oughfares– only designated personnel should be allowed in
production areas.
Buildings

Facilities must be located with regard to the provision of major
services and must avoid the risk of cross-contamination from
adjacent activities. Proposals for new developments adjacent t
existing food premises must be monitored, to prevent the
introduction of activities that would be inimical to food
manufacturing.

The design and construction of premises must provide
protection against the entrance and harboring of birds,
vermin, and other pests (including feral pets). The design
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should allow for a logical � ow of materials, from the intro-
duction of raw materials to product warehousing and distri-
bution ( Figure 2). Areas for storage and processing of high
risk materials should be segregated from other parts of the
manufacturing premises. There should be suf�cient space for
ef� cient operation, communication, and supervision.
Building materials must be compatible with food
manufacturing activities, for instance, to facilitate the main-
tenance of high hygienic standards. All parts of the premises
including the exterior, should be maintained in a good state
of repair and in a clean and tidy condition.
,
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Environmental Issues

Buildings must be ef� ciently lit and ventilated to provide
facilities that are appropriate for the manufacturing activity.
Working conditions (e.g., temperature, humidity, noise)
should be such as to protect the employees and the products
but speci� c conditions essential for the handling of products
(e.g., cold rooms) must take precedence over operativ
protection, which must be considered separately. The suppl
of air must not introduce risks of product contamination,
e.g., by avoiding intake of undesirable aromas and extracto
fans must avoid risks to the external environment. Environ-
mental problems such as noise must be avoided by the
appropriate location and insulation of processing plant.
Floors and Walls

All � oor and wall surfaces within a processing plant must be
made of impervious materials that are� t for purpose and easy
to clean. Floors must be level, must be free from cracks an
joints, and must permit drainage. Materials suitable in one
food manufacturing operation may not be suitable in another.
Walls should be sound, with a smooth, impervious surface.
Ceilings must be constructed to ensure ease of cleaning an
must be maintained to avoid the risk of contaminants falling
onto food or process equipment. The junctions of all � oors,
walls and ceilings must use smooth coving to minimize the
buildup of dirt.

Doorways and doorframes should be of impervious,
noncorroding materials. Doors should generally open auto-
matically or have heavy-duty plastic strips that permit easy
access by personnel and essential traf� c, e.g., forklift trucks.
Doors play an important role in pest control. Windows should
be made from toughened glass or plastic, should be adequatel
screened, and ledges should slope to prevent the buildup of dirt
and debris.
Lighting and Overhead Facilities

Adequate levels of natural and arti� cial light must be provided,
and lights must be sited to avoid the risk of food materials
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becoming contaminated by broken glass or plastic. Diffusers
and shields protecting strip lighting must not be dust traps. All
electrical wiring equipment must be contained within conduits
to protect against water ingress. Alarms, tannoy systems, ove
head pipes, and girders must be sited to avoid any buildup of
dirt. Ideally, services should be run outside processing areas an
sealed into the walls and partitions through which they pass.
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Drainage and Waste Disposal

Floor drains must be of adequate size and� tted with trapped
gullies and ventilation. Open drainage channels must be
shallow and any covers must be easily removable to facilitate
cleaning. Flexible hoses for water or steam must be installed on
automatic retraction reels and should never be left with their
ends in gullies. Flexible hoses for product transfer must be
� tted with hygienic connectors and screw caps, and the end
should never be allowed to contact� oors or drains.

Water services must be installed to prevent any backwar
surge of water into the mains water supply, and there must be
no risk of interconnection between ef�uent drains and either
main or indirect water supplies. Water tanks must be sited to
ensure adequate water pressure and must be capable of bein
drained, cleaned, and sanitized. An adequate number o
� ushable lavatories must be available and thesemust be con-
nected to a separate drainage system with no interconnectio
with the ef� uent drains within the manufacturing environ-
ment. Lavatories and associated facilities must be sited withou
direct access into areas used for food storage, handling, o
processing. All production areas must provide adequate facili
ties for hand washing and disinfection.

Waste produced within production and packing areas must
not be allowed to accumulate and must be collected in suitably
labeled receptacles of appropriate design, before removal t
a designated area outside the production buildings. Many waste
materials may require segregation to permit effective recycling.
-
-
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Cleaning

Written cleaning procedures and schedules should be estab
lished for all manufacturing and storage areas. Cleaning tech
niques must re� ect the nature of the plant and the process (e.g.
dry or wet areas), and any risks to process and product integrit
must be minimized. The use of different personnel for cleaning
is not advocated because it removes responsibility from the
operatives for maintaining standards in their own areas of
operation.
t

,
e

Process Equipment

Process plant should be designed to ensure that food contac
surfaces remain inert under conditions of use to prevent the risk
of migration of materials from or into the food. Equipment
should be easily disassembled for cleaning and inspection
even if cleaning in-place (CIP) systems normally are used. Pip
work and equipment should be self-draining and dead ends
must be avoided. Food must be protected from contamination
e.g., from leaking glands and lubricants and from the envi-
ronment. Process equipment should not be inappropriately
modi � ed or adapted.
Cleaning and sanitizing agents should be speci� ed for
use in particular areas and circumstances. The external,
well as the internal, surfaces of process plant must be
capable of being effectively cleaned, particularly those in
contact with the � oor, walls, or supports. Process plant
should be serviced, cleaned, and sanitized immediately afte
use. Any faults must be recorded and missing parts (e.g
nuts, bolts, clips) must be reported immediately to the
personnel responsible for the quality function. The plant
should be checked for cleanliness visually and, ideally, using
a hygiene monitoring system such as adenosine triphosphate
(ATP) measurement. The cleaning and sanitizing program
must be repeated immediately if there is any evidence tha
cleaning was not effective.
Materials and Food Ingredients

A de� ned Supplier Quality Assurance (SQA) procedure is
essential and, although part of the quality system, it often is
operated by the purchasing function. Note that the supply of
potable water is just as important as other ingredients. The SQA
system de� nes the speci�cations for all materials, including
agreed tolerances, terms of business, packaging, and labelin
requirements and includes traceability information. Compli-
ance of each supplier should be audited regularly, taking into
account the capability and past performance of the supplier.

Negotiations regarding the supply of materials must be
predicated on an absolute requirement for the provision of
materials conforming to the de� ned speci� cation. The supplier
must be required to highlight any deviations from speci� cation
or any manufacturing problems: a supplier that seeks to hide
problems is in breach of contract. Materials delivered on a just-in-
time basis minimize stock holding, but this can cause production
schedule problems if delays occur. A certi� cate of compliance
should accompany each delivery, but the user must demonstrate
due diligence by carrying out simple checks to ensure that the
materials are� t for purpose. Materials delivered in bulk (e.g., by
tanker) should be checked before discharge. Any materials tha
do not conform to speci� cation must be isolated and examined
to assess their usability. Materials should be unloaded unde
cover, adjacent to the goods inward storage area, and must b
protected from environmental contamination.
Manufacturing Control

The basis for controlled manufacture requires that operating
procedures are capable of producing products that conform to
de� ned speci�cations, taking into account any de� ned raw
material, process, or packaging tolerances.
Operating Procedures

Written operating procedures and instructions are essential and
form part of the QA system. These procedures should de� ne
what is to be done, when, how, and by whom and should
include all ancillary activities and precautions. They should be
clearly written, should be easy to understand, and should place
emphasis on issues that may affect both product quality and
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operational ef� ciency. They must de� ne actions required when
defects, or other problems, are detected and in the event o
stoppages. Training must ensure that operatives understand th
operating instructions.

All production activities must include a procedure for
recording relevant traceability data on ingredients and raw mate
rials, e.g., source, delivery date, lot number, and critical proces
data to provide evidence for the demonstration of due diligence.

Operating instructions should always be treated as de� nitive,
with no opportunity for deviation without written authorization
from production management or quality functions. If the
modi � cation of a procedure is justi� ed, the reasons must be
documented and the change must be authorized formally.
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Preproduction Checks

Before processing, authorized personnel should check th
processing area and plant for cleanliness, availability of the
necessary materials, and that packages and labels are correct
the product speci�cation. The accuracy of equipment settings
for process monitoring and control (e.g., temperature gauges
metal detectors, check weigh systems) must be assessed a
any � nal adjustments should be made during the � rst few
minutes of production. Any intermediate or � nal product
prepared before the establishment of correct steady-sta
conditions must be excluded from the � nished product.
t

y

Intermediate Products

Intermediate products should be labeled and isolated before
checking and approval by the quality function. Once approved,
they should be stored in appropriate conditions until required
for use. Any intermediate product that does not conform to
speci�cation should be reworked or rejected, as appropriate.
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Finished Products

Finished products should be quarantine labeled and isolated
pending checks for conformity with the product speci� cation.
Positive QA procedures should ensure that a defective� nal
product is an exception. Defective products should remain
isolated pending a decision on reworking, recovery, or
disposal, and reasons for failure to meet speci� cation should be
fully investigated and documented. Final products approved
for release should be moved into the relevant warehouse are
or, if a separate quarantine area is not used, the quarantin
labels should be removed. A system of stock rotation must be
used and products must be protected from environmental
contamination. Any products that have been returned or
recalled must be clearly identi� ed and segregated from new
stock, ideally in a separate store. Warehouse areas should
checked regularly, for cleanliness and good housekeepin
(including pest control), and to ensure that conditions such as
temperature and humidity conform to those detailed in the
storage or product speci�cations.
in
Process Control and Hygiene

A fundamental principle underlying any effective food
manufacturing system is that quality and safety cannot be
tested into a product, but rather they must be integral to all
stages of manufacture, from design onward. The purpose o
tests on intermediate and� nished products should be to verify
that the products conform to speci� cation.

Effective process control requires a hazard and ris
assessment of that process, coupled with the continuou
monitoring of critical control points. In food hygiene, this
approach is de� ned as the Hazard Assessment Critical Contro
Point (HACCP) system. The concept of this approach is
increasingly being applied also to the quality, health and
safety, and environmental assessment of processes operati
in the context of GMP. However, care must be taken not to
divert attention from the application of HACCP requirements
for food safety. Data generated by continuous monitoring of
process conditions or inspection and analysis should ideally
be analyzed using appropriate statistical process contro
procedures, in order to identify and monitor trends.
Foreign Body Control

Good housekeeping during production is required in
response to spillages or breakages, which might result i
contamination of the food by foreign materials. The detection
of a foreign body, such as glass, metal, wood, or insect, in
a product is a priori evidence that the product is un� t for
consumption. All production operations must incorporate
a facility to detect the presence of foreign bodies and to rejec
any contaminated � lled package or bulk product. Automated
equipment for metal detection or for X-ray analysis, linked to
automatic rejection systems, provides the most ef� cient
approach. However, such equipment must be tested regularl
and the records of both tests and actual rejections must be
kept. Product contamination may result from a system failure
or from deliberate actions of disaffected employees or others
with access to the products.
Pest Control

All food manufacturers should either use a specialist pes
control organization or provide employees with specialist
training. A de� ned program of inspection, with action to deter
or destroy an infestation, is essential and inspections and
actions must be documented. The most effective approach to
pest control is good housekeeping. Items, such as ingredients
packaging, and equipment, must always be stored on raise
platforms and never be less than 50 cm from a wall.

Only approved substances may be used for pest contro
extreme care must be taken to avoid cross-contamination o
foods and materials likely to be exposed to them. Approved
bait boxes should be sited so as not to interfere with
manufacturing activities. Electrical insect control devices,� tted
with catch trays, should be used unless there is a risk of dus
explosion. These must be sited for maximum effect, but neve
above production, process, or packaging lines.

Birds and insects must be excluded from all production and
storage areas by screening. Birds must not be allowed to nest
or around food-manufacturing premises but any legal
requirements relating to the protection of birds must be
observed. All doorways and windows should be� tted with air
blowers or strip curtains, which should never be tied back for
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operator convenience. Domestic and feral pets must be pro
hibited at all times.
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Hygiene

Environmental contamination may be biological, chemical, or
physical and includes the following: undesirable microorgan-
isms, foreign bodies, taints derived from the environment,
cleaning agents, and the use of wrong ingredients. The avoid
ance of environmental contamination at all stages of produc-
tion is critical to GMP.

GMP also requires the avoidance of contamination from
personnel and their belongings. The health records of potentia
employees should be assessed by experienced occupation
nursing or medical staff before appointment, although
a medical examination is not normally necessary. For the
manufacture of certain high-risk food products, preemploy-
ment fecal testing may be carried out, but such testing is no
effective for the detection of potential carriers of microbial
pathogens. Any employee suffering from, or who has been in
contact with, any form of enteric disease, including those who
have visited an area where speci�c forms of gastroenteritis may
be endemic, must not be allowed to handle food or work in
a food-processing area until cleared for such work by an
occupational nurse or doctor.

All staff should be provided with clean, protective clothing
and no one should be permitted in production areas unless
wearing approved clothing. Changing rooms and locker facil-
ities must be available for external clothing and separate locker
are required for clean protective clothing, which usually
include overalls, boots, hats, hairnets, beard snoods, ea
defenders, and protective glasses. Overalls should not hav
external pockets, from which items such as pens or spectacle
could fall into the process plant or into a food product mix.
Protective clothing must not be worn outside the production
area, including the canteen and of�ce areas; its purpose is to
protect the product from the employee. In a process plant with
one or more high-risk areas, it is essential that distinctively
colored protective clothing should be worn only in those areas.
Employees should not normally move between high-risk and
low-risk areas – if this is unavoidable, great attention to
personal hygiene and the changing of clothing is essential, to
minimize cross-contamination.

Before entering a process area, employees must remo
watches and jewelry, other than a simple marriage band and
sleeper earrings (i.e., not stud-type). Employees must scru
and disinfect their hands on each occasion, which necessitate
the installation of (preferably automatic) washing facilities
adjacent to any entrance to a process area. A potential majo
contamination risk is associated with personnel whose job
requires them to move between different areas of a proces
plant, e.g., engineering technicians, quality technicians, and
senior management. Laboratory-based staff should neve
enter a production area using laboratory overalls– they
should change into fresh overalls before entering a production
area.

Any laboratory equipment brought into the process area
must not be allowed near production lines. Ideally, each
production area should be provided with a facility for remote
testing, thus avoiding the transfer of equipment between the
laboratory and production areas. In a medium- or high-risk
process area, any tools required by engineers or technician
must be kept in that speci� c area and should be cleaned and
sanitized appropriately. It is essential to avoid the risk of
contamination of a production line by tools and engineering
personnel who have been working in a different area.
Laboratory Control

The analytical and microbiological procedures used for food
analysis must be � t for purpose and fully documented, as
should the health and safety risks associated with them. No one
should carry out food analysis without appropriate training,
and Good Laboratory Practice requires demonstration of
competence in a speci� c application before training can be
deemed complete. The operational procedures of the labora
tory must be documented, and proper records must be kept of
all samples received, analyzed, and reported on. Appropriate
systems must be in place for the communication of laboratory
data, particularly in the case of nonconformity being identi� ed.
The analysis of control samples is essential for monitoring
laboratory performance, and interlaboratory tests are desirable
for the demonstration of laboratory competence. The� ndings
may inform audit by a third party and serve as evidence for of
laboratory and technician accreditation.
Documentation

Manufacturers must maintain effective records in order to
demonstrate conformance with GMP. The quality system
should specify the time period for which documentation is to
be stored, which will vary according to the particular records,
and also the form of storage, e.g., paper, micro� che, electronic.
Three main types of documentation cover quality and opera-
tional systems, personnel and production programs, and
production and quality records. Examples of essential docu-
mentation requirements are shown inTable 2.
Transportation

Raw materials and products may be transported in a variety o
vehicles and it is essential that they should not be used to
convey incompatible goods. Vehicles for the transport of chil-
led or frozen foods must be designed for that purpose and
capable of maintaining the appropriate temperature, which
should be monitored instrumentally. Such vehicles should
have double doors, or alternative arrangements, to ensure tha
the internal temperature is maintained throughout loading and
unloading.

Tankers for the transport of liquid products must be capable
of being cleaned effectively, e.g., by spray systems linked t
a recirculating CIP system. Tankers may need to be purged wit
an inert gas to minimize the uptake of air during � lling or may
require heating, e.g., to ensure that sugar syrups remain liquid
Such tankers often require special cleaning before use. Parti
ular attention is needed to ensure the effective cleaning o
valves and pipe attachments.
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Table 2 Examples of documentation required to demonstrate
adherence to GMP

Area of activity Documentation

Quality assurance l Quality policy statement, approved at the
board level

l Ingredient speci� cations
l Supplier Quality Assurance and purchase

contracts
l Speci� cations for intermediate, bulk and

� nished products
l Quality assurance and quality control

procedures
l Laboratory protocols and reporting

systems
l Housekeeping and pest control procedures
l Audit records of suppliers and contract

packers
l New product development system

requirements and procedures
l Independent audit requirements and

records
l Customer and of� cial complaint records
l Legislative requirements for products and

processes
Operational

management
l Production programs
l Plant operating procedures
l Manufacturing procedures
l Machine operator instructions
l Cleaning procedures and instructions
l Health and safety information
l Plant maintenance schedules
l Logistic and transportation records

Personnel programs l Organization charts and reporting
relationships

l Employment records
l Training programs for permanent and

temporary employees
l Employee training records

Signed production
quality records

l Sources of ingredients, raw materials and
packaging, lot numbers, receipt and usage
dates, and so on

l Process data, including readings from
gauges and other instruments, tempera-
ture record charts, and so on

l Data relating to weight and volume of
packaged product

l Quality and environmental audit reports
l Records of cleaning, sanitization, and

monitoring
l Laboratory records for ingredients, inter-

mediate and� nished products, process
water, in-line cleaning, and so on

l Production and laboratory audit records
l Records of quarantined products and their

eventual fate
l Records of all reused and reworked

materials
l Records of product recall, with reports on

the cause(s) and remedial actions taken
Other Documentation l Excise records (if appropriate)

l Speci� c customer requirements for
private-label products
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Any vehicle or container for the transport of foods must be
inspected before use for cleanliness and to ensure that it is fre
from contaminants, including pests and foreign bodies. Pallets
must be maintained in good condition and stacked products
must not overhang the pallet because this risks damage to th
secondary packaging. The vehicle should be loaded evenl
ensuring that neither the permitted gross weight nor the
permitted individual axle weights are exceeded. The load
should be secured such that the product is not damaged eithe
during normal driving or in the event of an emergency, e.g.,
sudden braking. Similarly, bulk-shipping containers must be
loaded to minimize the risks of product movement during
transportation. Special arrangements with shipping companies
may be needed to ensure that containers are transported i
conditions that do not expose the product to extremes of
temperature or humidity.

Incoming vehicles must be inspected for evidence o
damage to goods and to ensure that the vehicle is clean and fre
from pests and other contaminants. Evidence of any defect
must be recorded and reported to the hauler. Procedure
should be in place to deal with the consequences of damage
because of accidents and other incidents during transit.
s
y
l
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New Product Development

New product development (NPD) poses speci� c issues in
relation to GMP. The technical and marketing staff should
operate within de� ned procedures to ensure that from
conception, all considerations relevant to the quality, safety,
packaging, and labeling of the new product are taken into
account. Food safety is especially critical when new product
are to be assessed organoleptically, either within the compan
or by external consumer panels. Ingredients required in smal
quantities for development work must also be available in the
quantities and of the quality required for factory production.
This necessitates early attention to the speci� cation of the
ingredients, processes, and� nal product. Process safety must be
assessed at an early stage, to enable the development of HACC
and other control techniques.

NPD may entail the need to obtain change parts for pro-
cessing and packaging plants. The identi� cation and acquisi-
tion of such items must allow time for any necessary trials on
production plant. Such trials may require the preparation of
speci�c operator instructions and must not compromise
ongoing production activities. Products from the initial
production runs must be isolated pending a detailed evalua-
tion of the product and its packaging needed to ensure
compliance with speci� cations.
d

Product Information and Consumer Awareness

Information on product labels must comply with all legal
requirements, e.g. the product name and description, package
weight or volume, ingredients, and nutritional information.
Responsibility for developing the artwork for packaging is
usually vested in the marketing function, but systems must
require technical and legal approval to ensure that the
proposed labels and packaging materials are compatible with
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the legislation. Proposed advertising copy must also be evalu
ated for legal compliance.
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Consumer and Of�cial Complaints

The interface between consumers and food manufacturers
critical: effective systems for handling and documentation of
consumer queries and complaints should be operated by
personnel who liaise closely with technical and legal personnel
Investigation of complaints is a critical aspect of GMP:
responsibility should be vested in the quality function, which
must liaise with other relevant personnel. All complaints
should be investigated speedily and effectively. Some ma
merely re� ect a consumer’s dislike of a product, but frequently
a complaint provides the � rst indication of a potential
problem. If a complaint is justi � ed, the cause must be identi� ed
and remedial action taken. Summaries and reports of
complaints should be reviewed regularly for evidence of trends
an effective complaints database is therefore essential. In rece
years, some retailers have operated their own complaint
handling systems and databases, thereby eliminating direc
contact between the manufacturer and consumer. However
this can delay remedial action unless the retailer immediately
transmits key information regarding the complaint, and any
product sample, to the manufacturer.

Of� cial complaints from enforcement authorities must be
handled separately from consumer complaints. Ideally, food
manufacturers should liaise regularly with enforcement of� cers
so that potential problems can be handled rapidly and effec-
tively through established channels, by professionals operating
within an environment of mutual understanding and respect.
h-
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Product Withdrawal and Recall

Food manufacturers must have de� ned systems for the recall of
food products from the marketplace. Recall procedures need to
be tested regularly and updated as necessary. Generally, a hig
level crisis committee should operate within de� ned rules with
delegated authority to take any action deemed necessary. I
membership should include representatives of the legal
� nancial, commercial, production, distribution, and technical
functions. All companies should establish a crisis contac
system, to facilitate communications with customers and with
local and central government agencies in the event of an
emergency. The police may need to be involved if deliberate
product contamination is suspected.

The nature of a recall should re� ect the nature of the
problem; it may be a potential life-threatening issue, a problem
potentially capable of causing serious risks to public health, or
a problem capable of causing serious risks to the commercia
health of the company. For less serious issues, the withdrawa
of the product from retail and wholesale outlets may be
adequate, but actual or potentially life-threatening situations
usually justify public recall of the product. The crisis committee
must evaluate the nature and signi�cance of the issue and
consider whether sabotage might have been involved.

The � rst indication of a problem may arise from the eval-
uation of consumer complaints, or directly from an enforce-
ment agency, a retailer, or even an individual consumer
Essential information includes the retail outlet(s) from which
the product was obtained and the lot number, which enables
tracking of the manufacture of a particular product lot.

When considering recall, it is desirable to review the data
relating to lots of the same product produced within a de� ned
time scale, or to lots of other products manufactured around
the same date. Noti� cation of a withdrawal or recall must
include information on the brand name, pack size, identifying
marks (e.g., lot number, sell-by date), the nature of the defect
the action required, and any degree of urgency. In the case o
a public recall, telephone numbers must be given so that
consumers can obtain further information and advice.
Personnel responding to such calls must be fully briefed and
should use only preauthorized written statements. Arrange-
ments with specialist crisis management advisers, who ar
accustomed to handling such matters, are essential if a recall
to be achieved promptly and ef�ciently. After the crisis, all
documentation must be carefully reviewed and, if appropriate,
the quality and production procedures should be modi� ed.
Legislation and GMP

Legislation

In all developed countries, food manufacturers operate within
the constraints of general or speci� c legislation with regard to
matters, such as food hygiene, food additives, avoidance o
contaminants, and the provision of consumer information on
product labels. For many years, a decision to operate GMP wa
a matter for individual choice, in accordance with a company’s
internal quality regimes. In the twenty-� rst century, national
and supranational legislation and international guidelines and
codes of practice require food manufacturers to demonstrate
the adoption of GMP and other relevant procedures in their
day-to-day activities.

Examples of some relevant legislation and codes of practic
include the following:

l European Directives – require adoption into national
legislation before implementation, e.g., the Directive on
Food Hygiene (1993)

l European Regulations apply in all member states without
exception, e.g., the General Principles and Requirements o
Food Law (2002)

l European Guides toGoodPractice (2012)havebeen prepared
in accordance with EC Regulation No. 85/2004 on food
hygiene, for farm-based operations, e.g. pullet, egg-laying an
broiler � ocks of poultry, and for production of food ingredi-
ents, e.g. non-ready to eat egg products and sausage casing

l US Food and Drug Administration (FDA) and US Depart-
ment of Agriculture (USDA) require compliance with GMP
Guidelines; these guidelines recently were updated in new
legislation, including the FDA Food Safety Modernization
Act, 2011, which implements the principles and practice of
GMP and HACCP in food manufacture; the Electronic Code
of Federal Regulations provides a useful link to all relevant
US Federal legislation

l Codex Alimentarius has published International Codes of
Practice for speci�c foods and processes that require
compliance with GMP and de� ne general and speci�c
principles of food hygiene including use of HACCP



il

-

,

-
f
ly

lly
e

d

f Food
;
ng
d

;

g;

nts;

Good Manufacturing Practice 115
l World Heath Organization has published recommended
GMPs for pharmaceutical products; however, the principles
expounded do not differ from those for foods or other
manufactured products except in aspects of technical deta

Demonstration of Compliance

Documented evidence of operating a system of GMP, imple
menting HACCP, and complying with other legal requirements
may be considered to demonstrate due diligence in ful� lling
the role of a responsible manufacturer. However, it is advisable
that any QA or GMP system be vetted by an independent body
which is able to look objectively at the system and the extent to
which a company and its personnel comply with the require-
ments of the system.

Various approaches to independent appraisal include accred
itation to the ISO 9000 series of standards. The disadvantage o
this, and many other accreditation systems, is that they assess on
the extent to which a company complies with its de� ned system:
speci� cally, there is no attempt to de� ne whata QA system should
include, although the inclusion of certain basic features is
assumed. Nevertheless, because the quality system is externa
assessed and audited, it imparts a degree of credibility to th
holder of the accreditation. An alternative approach may be the
use of independent third-party audits; such procedures are use
increasingly by large retail companies in Europe.
;

e
d

CP

ygiene, Supple-
n of the United

0d
an Food. Avail-
l
EC.

lable from:
DF
od/
efault.htm
e to Its

art 1: Standard
ization, Geneva
Future Developments

The development of GMP systems is never complete
improvements are always possible, although the law of
diminishing returns may come into play. Reputable manufac-
turers operating GMP should also consider the potential
bene� ts of using benchmarks. Best Manufacturing Practic
(BMP) schemes to facilitate the use of benchmarks are operate
in the United Kingdom by the Department of Business Skills
and Innovation and, in the United States of America, BMP
Centers of Excellence have a similar purpose.

See also:Hazard Analysis and Critical Control Point (HAC
Critical Control Points;Hazard Appraisal (HACCP):Involvement
of Regulatory Bodies;Hazard Appraisal (HACCP):
Establishment of Performance Criteria; An Brief History o
Microbiology;Management Systems:Accreditation Schemes
National Legislation, Guidelines, and Standards Governi
Microbiology:Canada;National Legislation, Guidelines, an
Standards Governing Microbiology:European Union;National
Legislation, Guidelines, and Standards Governing
Microbiology:Japan;National Legislation, Guidelines, and
Standards Governing Microbiology:US; Packaging of Foods
Predictive Microbiology and Food Safety; Designing for
Hygienic Operation;Process Hygiene:Types of Sterilant;
Process Hygiene:Overall Approach to Hygienic Processin
Process Hygiene:Modern Systems of Plant Cleaning;Process
Hygiene:Risk and Control of Airborne Contamination;Process
Hygiene:Disinfectant Testing;Process Hygiene:Involvement
of Regulatory and Advisory Bodies;Process Hygiene:Hygiene
in the Catering Industry;Water Quality Assessment:Routine
Techniques for Monitoring Bacterial and Viral Contamina
Water Quality Assessment:Modern Microbiological
Techniques; Food Safety Objective; Sanitization.
):
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Introduction

Strains of Hafnia species are Gram-negative microorganisms
consisting of straight rods, approximately 1.0 � 2.0�5.0 mm in
size, motile by peritrichous �agella (at 25 �C but not at 37 �C),
and facultatively anaerobic. The organism can grow at
temperatures ranging from 4 to 44 �C (optimum, 35 �C), at pH
values ranging from 4.9 to 8.25, and NaCl levels �5.0. Hafnia
species are ubiquitous in nature and are present in the envi-
ronment and gastrointestinal tracts of animals. The organism
has been associated with a range of animal and human infec-
tions, but its status as a primary pathogen is questionable.
Taxonomy

Numerical taxonomic studies utilizing a large number of
characteristics including morphological, biochemical, and
physiologic traits indicate that strains of Hafnia alvei form an
independent cluster in the family Enterobacteriaceae. DNA
hybridization, 16S rRNA gene sequencing, multilocus enzyme
electrophoresis, and repetitive DNA element-based polymerase
chain reaction (PCR) �ngerprinting indicate that there are two
distinct DNA hybridization groups (HGs) in Hafnia. HG1
corresponds to H. alvei sensu stricto with G þ C content of
51.5 mol.% (type strain ATCC 13337). HG2 has a G þ C con-
tent of approximately 49.5 mol.%. In 2010, strains of HG2
were given the name Hafnia paralvei, sp. nov. (type strain ATCC
29927 with G þ C content of 49.8 mol.%).

Isolation and Identification

Selective enrichment broths or selective agars speci�c for the
isolation of Hafnia are not available. The organism can grow on
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
less selective agars utilized for enteric bacteria, such as
Hektoen, xylose-lysine-deoxycholate, eosin-methylene blue,
and MacConkey, but strains of Hafnia do not grow well on
highly selective agars, such as Salmonella–Shigella, deoxy-
cholate-citrate, or bismuth sul�te. Because most Hafnia do not
ferment lactose or sucrose, colonies on the less selective agars
are large, colorless, translucent, and circular, and have
a smooth surface. MacConkey agar (contains lactose) with
added sorbitol and sucrose (both at 1%) may be useful because
H. alvei will produce colorless colonies, whereas most enteric
bacteria will ferment these sugars and produce colored colo-
nies. The psychrotrophic nature of Hafnia suggests that cold
enrichment may be a useful procedure for isolation.

The MicroScan, Vitek, and API 20 identi�cation systems
have been used to identify suspect Hafnia colonies. Most strains
can be identi�ed by these commercial kits; however, conven-
tional biochemical tests may be necessary for correct identi�-
cation of some isolates. Useful biochemical tests for the
con�rmation of Hafnia can be found in a number of references
in the reading list. A de�nitive identi�cation of Hafnia depends
on the use of the Hafnia-speci�c bacteriophage 1672. Another
useful identi�cation test for Hafnia strains depends on the
L-proline amino peptidase (LPA) activity of the organism.
Among the enteric bacteria, strong LPA activity is found only in
Hafnia, Serratia marcescens, and S. liquefaciens.

Hafnia strains react with oligonucleotide probes developed
to identify Enterobacteriaceae, but speci�c molecular probes
or assays are not available to speci�cally detect and identify
Hafnia species. Molecular techniques, however, have been
used to differentiate between H. alvei and H. paralvei. Other
differences between H. alvei and H. paralvei can be used to
separate the two species. Ninety to 100% of H. alvei are
positive for b-glucosidase and malonate utilization, whereas
-384730-0.00150-6 117
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fewerH. paralveiare positive (0–15%) for these traits. Motility
at 24 h is seen in 9–33% of H. alvei, whereas 61–100% of
H. paralveiare motile.

Although a great deal of work has been documented con
cerning the serology and immunology of Hafnia, serological
and immunological techniques do not seem to have been used
to isolate the organism (e.g., use of magnetic antibody-coated
beads) nor as means of identi� cation. Serology has been used
however, to determine the O serogroups ofHafnia. Glycolipid
lipopolysaccharides (LPSs) consist of an outer-membrane
embedded lipid A, oligosaccharide core, and an O-speci� c
hydrophilic polysaccharide chain (O antigen). The O antigen
determines antigenic speci� city – the O serogroup. Approxi-
mately 40 O serogroups are included in Hafnia. Many
O-speci� c polysaccharide and core polysaccharide structures
Hafnia have been determined, and, recently, the structure of the
lipid A moiety of Hafnia LPS was elucidated. LPS is the endo
toxin responsible for the pathological and physiological activ-
ities associated with host infection.
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Epidemiology

Scattered reports indicate thatHafnia can be found in soil,
water, sewage, and the gastrointestinal tract of animals
including mammals, birds, reptiles, invertebrates, insects, and
� sh, as well as humans. A study from Australia indicated tha
strains of Hafnia isolated from � sh were predominately
H. paralvei, whereas strains isolated from birds, frogs, inverte
brates, and water most often wereH. alvei. Isolates from reptiles
and mammals could be members of both Hafnia species. The
organisms have been isolated from foods, including animal
meats, � sh, and dairy products. Systematic surveys for th
determination of the presence of Hafnia in foods and the
environment, however, have not appeared in the scienti� c
literature.

Although illness in animals caused by Hafnia is rarely
reported, some outbreaks in chickens have been published
Hafnia were the undoubted cause of the poultry outbreaks as
isolates from the ill chickens inoculated into healthy chickens
caused a similar illness.Hafnia appears to be an uncommon
pathogen for humans, and there are no well-described
outbreaks of disease in which the epidemiological, clinical, and
laboratory studies convincingly supported the role of Hafnia
species as the agents of the outbreaks.
,

d

s,
.
e

Pathogenicity

Little is known about the virulence mechanisms of Hafnia.
Potential mechanisms include siderophores, type 1 � m-
briae (mannose-sensitive hemagglutination), type 3� mbriae
(mannose-resistant Klebsiella-like hemagglutination), LPS
(endotoxin), epithelial cell invasion, and resistance to human
serum bactericidal action. In a study involving 70 clinical
strains of H. alvei, 59% produced type 1 � mbriae, 50%
produced type 3� mbriae, 34% demonstrated serum resistance
and 100% showed siderophore activity. The� mbrial adhesins
expedite attachment of bacteria to host epithelia or mucus. Iron
is necessary for bacterial growth, and siderophores are involve
in iron uptake. Hafnia species do have an iron-uptake system
but the ‘siderophore’ is not a hydroxamate (aerobactin-like) or
a catechol (enterobactin-like). Hafnia is not able to utilize
siderophores produced by other bacteria to obtain iron. LPS
released into the circulatory system of a host can lead to seps
and septic shock. Human and animal isolates can invade and
survive in HeLa cells.

In many bacteria, genes present on plasmids may encod
virulence factors. In Hafnia, approximately 70% of isolates
carry plasmids; the most common size ranges from 128 to
256 kb. Two small plasmids, pAlvA (5.1 kbp) and pAlvB
(5.2 kp), encode alveicins (bacteriocins); approximately 15%
of the strains produce alveicins. The alveicins are active onl
against Hafnia. Currently, it is not known whether the
plasmids present in Hafnia contribute to virulence. The
quorum-sensing molecules, N-acyl homoserine lactones
(AHLs), have a role in repression or activation of genes
Quorum sensing can be an essential regulatory componen
of bacterial cellular attributes, including virulence. Hafnia
produce AHLs tentatively identi� ed as N-hexanoyl homo-
serine lactone and N-3-oxo-hexanoyl homoserine lactone.
Bacterial bio� lm formation can be an important part of the
disease process because bio� lms may attach to tissues or
medical implants such as catheters. Bio� lm formation has
been shown in Hafnia, but nothing is known concerning the
possible role of bio� lms as a virulence mechanism. Bio� lm
formation is regulated by quorum sensing as shown by the
fact that furanones (inhibitors of AHL binding to receptors)
inhibit formation of bio � lms in Hafnia. Cell-free superna-
tants of Hafnia show lytic activity against Vero cells; cell lytic
activity was more common in H. alvei strains than in
H. paralvei. Cytolysis may be involved in gastroenteritis but
has not been proven. In addition, lethality studies such as
the determination of the 50% lethal dose (LD50) have not
been performed with strains of Hafnia. Therefore, it is not
possible to compare the lethality of Hafnia with other
pathogenic enterobacteria, such asEscherichia coli, Salmone
enterica,or Shigellaspecies.

A wide range of virulence mechanisms is not seen in the
Hafnia species. Does the limited number of virulence mecha-
nisms indicate that Hafnia is not an important pathogen and is
only a minor cause of disease? Or does it indicate that the
Hafnia species have not received adequate study in terms o
virulence mechanisms?
Clinical SigniÞcance in Humans

Hafnia is not considered to be a major pathogen of humans,
but rather it is an opportunistic pathogen generally affecting
persons who are immunocompromised such as the elderly, the
very young, and pregnant women as well as individuals with
severe underlying diseases, such as hematologic malignancie
pulmonary diseases, cirrhosis/hepatitis, and pancreatitis
Outbreaks of illness due toHafnia are rare and most cases ar
sporadic.

The most common disease caused by theHafnia species is
bacteremia. Clinical reports for the years 2000–2010 indicate
that very young children (<6 months old) and the very old
(>65 years of age) have been diagnosed with Hafnia
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bacteremia. The adults had underlying disease complications
and the immature immune status of the babies probably
accounted for their susceptibility to the organism. In most
bacteremia cases, the only organism isolated from blood wa
Hafnia. Endotoxin (LPS) released during bacteremia can hav
profound effects on the human host. In� ammatory mediators,
such as cytokines, chemokines, nitric oxide, clotting factors
and endorphins, are released as a response of the inna
immune system to the presence of LPS in the circulator
system. A cascade of events occur, leading to biochemical an
hematological disturbances, tissue damage, organ failure
septic shock, and death. The number of clinical reports on
Hafnia-induced bacteremia is few, and in general, the diseas
symptoms described were resolved by the use of antibiotics
however, deaths have been reported in pediatric cases.

As an opportunistic pathogen, particularly in individuals
who are immunocompromised or have underlying diseases
Hafnia species have been associated with pneumonia, woun
infections, urinary tract infections, cholecystitis, peritonitis,
and arthritis. It appears, however, that theseHafnia-induced
extraintestinal infections are rare. Although Hafnia is
commonly found in the human gastrointestinal tract, the role
of the organism as an agent of diarrhea is questionable. Sever
outbreaks of gastroenteritis have been reported to be due t
Hafnia; however, studies indicate that virulence factors wer
not identi � ed, and immune responses and pathological data
were not supplied. To determine whetherHafnia species are
enteropathogens, more studies are needed.

Studies on antibiotic susceptibility and resistance inHafnia
species are limited. In general, the limited data indicate that the
organisms are susceptible to carbapenems, monobactam
chloramphenicol, quinolones, aminoglycosides, and anti-
folates.Hafnia species are resistant to penicillin, oxacillin, and
amoxicillin plus clavulanic acid. Members of the genus show
variable susceptibility to tetracyclines and cephalosporins
Some strains show inducible cephalosporinases; howeve
other mechanisms that interfere with antibiotic activity against
the organisms have not been reported.
.
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Importance in Foods

Foodborne illness has not been associated withHafnia
species, and foodborne outbreaks have not been reported
BecauseHafnia species have been found in the gastrointestina
tract of animals, as well as in soil and water (due to feca
contamination), it is not surprising that the organism has
been isolated from meat,� sh, dairy products, and vegetables
It is not clear what role, if any, Hafnia species have in the
spoilage of food products or in sporadic cases of foodborne
illness.

Bio� lms make up the slimes present on spoiling meat and
� sh, as well on the surfaces of spoiled foods.Hafnia strains
produce bio� lms. BecauseHafnia species are present in foods
along with other bacteria as a mixed microbial � ora, it is not
clear how much the organism contributes to bio� lm formation
(spoilage) in food products.

The presence of histamine is an indicator of spoilage in� sh
and also is associated with scombroid poisoning. Histamine
formation has been demonstrated inHafnia, but it is not clear
whether the organism is associated with spoilage or scombroid
poisoning in � sh.

When an AHL producer or non-AHL-producing mutant of
Hafnia was inoculated into vacuum-packaged roast beef a
5 � C, spoilage of the meat was similar with both the wild type
and the mutant, indicating that although the growth of Hafnia
may contribute to the spoilage, AHLs were not involved in the
spoilage of vacuum-packed meat.Hafnia species inoculated
into vacuum-packaged sterile ground beef stored at 15� C
showed evidence of gas production, leading to swollen pack
ages within 2–3 days. In a mixed microbial � ora, other gas
formers would be present, and therefore, it is unknown how
much Hafnia would contribute to gas formation and spoilage.

Thus, Hafnia species have characteristics that can induc
spoilage in foods, but how important those characteristics are in
a mixed microbial � ora is not clear. So, how important is the
presence ofHafnia species in food products?Hafnia species
appear to be ubiquitous in nature and consequently may be part
of the mixed � ora of raw and processed foods; rarely, will the
organisms be present as the major contaminant.Hafnia may or
may not contribute to the spoilage of foods, but presently, it is
impossible to assess the signi� cance ofHafnia in food products.
Conclusion

A largely unknown area is the frequency and type of animal and
human illnesses associated with the genusHafnia. Hafnia
species are rarely associated with human disease and appear
be opportunistic pathogens, especially for immunocompro-
mised individuals. Hafnia-induced disease in animals is rarely
reported. Members of the genus are a part of the microbiota
present in raw and processed foods and may contribute to
spoilage, but this has not been clearly demonstrated.

A survey of the literature indicates a paucity of information
concerning the isolation and identi� cation, genetics, molecular
biology, virulence factors, and food spoilage mechanisms o
the Hafnia species. To learn more about the role of theHafnia
species as agents of disease and food spoilage, research effo
need to be increased.
See also:Enterobacteriaceae:Coliforms andE. coli,
Introduction; Spoilage of Meat; Spoilage of Cooked Meat
Meat Products.
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The Genus Hansenula: Taxonomy and Morphology

The genus Hansenula H. et P. Sydow (syn. Ogataea, Pichia)
includes the Ascomycete yeast species belonging to the Saccha-
romycetaceae family (see Yeasts: Production and Commercial
Uses). The phylogenetic position of this genus was discussed
widely for many years, and some rearrangements in taxonomy
occurred, when DNA analyses were applied. Presently, in the
taxonomy monographs, Hansenula species with hat-shaped
ascospores often are placed in the Pichia Hansen emend Kurtz-
man genus (Kunze et al., 2009). Taxonomy of yeast, however,
remains a subject of study and discussions.

The cells of this fungus possess various shapes (i.e., round,
oval, or sausagelike). The asexual reproduction occurs by
multilateral budding. Fungus during sexual reproduction forms
one to four hemispheroidal, spherical, or hat-shaped asco-
spores. The sexual states are not enclosed in a fruiting body
(Suh et al., 2006). The genus is predominantly heterothallic.
Hansenula Species Causing Human Diseases

Hansenula anomala is known as opportunistic yeast found in
soil, fruits, and other organic substrates. Fungus has been re-
ported to cause human diseases (see Fungi: Overview of Clas-
si�cation of the Fungi). Although infection with this yeast is
rare in humans, it can be a dangerous pathogen, especially in
immunocompromised hosts (Hanzen, 1995). Hansenula
anomala was also described as an emerging fungal pathogen in
hematologic–oncologic patients, preterm infants, and other
severely ill patients hospitalized in a surgical intensive care unit
(Kalenic et al., 2001). Moreover, H. anomala fungemia was
described in an infant with gastric and cardiac complications
and in patients after bone marrow transplantation. The case of
fungal arthritis due to H. anomala in a diabetic patient also was
reported.
Hansenula Species Involved in Food Production

Several species belongs to the genus. Some of them can
produce more ethyl acetate, increasing product �avor, which
makes them useful for the food and wine industry. Hansenula
anomala, Hansenula subpelliculosa, and Hansenula polymorpha are
used as a functional micro�ora during production of yeast-
based Asian traditional fermented foods and beverages (Rhee
et al., 2003). Kulcha dough of northern India contains lactic
acid bacteria and yeasts mainly from Hansenula, Pichia, and
Saccharomyces genera (Aidoo et al., 2006).

Hansenula anomala can produce aroma compounds, such
as alcohols, esters, and 4-ethylguaiacol (4-EG). Genome shuf-
�ing mutagenized by ethyl methanesulfonate and ultraviolet
radiation of H. anomala strains was used as a whole-genome
engineering approach. That strategy enables improved
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
organisms, using recursive multiparental protoplast fusion.
Genome shuf�ing of H. anomala signi�cantly improved fungus
properties, in�uencing soy sauce �avor. Traditionally, during
high-salt liquid fermentation, salt-tolerant yeast – such as
Zygosaccharomyces rouxii and Torulopsis versatilis – are added to
improve soy sauce �avor (Sluis et al., 2001). Zygosaccharomyces
rouxii forms ethanol, isopropanol, isoamyl alcohol, and
4-hydroxy-2(or5)-ethyl-5(or5)-methyl-3(2H)-furanone
(HEMF) during fermentation. HEMF is a characteristic
component of soy sauce because of its strong caramellike
aroma (Hacquet et al., 1996). On the other hand, T. versatilis
can produce 4-EG, imparting a spicy, woody, and smoky aroma
to the soy sauce (Kataoka, 2005). The higher content of 4-EG
increases the quality of soy sauce. Cao et al. (2012) changed
some parts of the H. anomala genome, naturally producing
a high amount of 4-EG, to make this yeast useful during a high-
salt fermentation process (see Fermentation (Industrial):
Control of Fermentation Conditions). Hansenula anomala is not
a salt-tolerant yeast. Hence, employing a whole-genome engi-
neering approach was applied to improve soy sauce �avor
through the increase of the salt tolerance of fungus (Cao et al.,
2012). After that modi�cation, an H3-8 mutant strain of
H. anomala can produce 734 times higher amount of ethyl
acetate, 3.3 times more HEMF, and about 11% more 4-EG
compared with T. versatilis. The improvement of the aroma
compounds has potential application in the soy sauce industry.

Hansenula anomala was also detected on fruits and in fruit
juice concentrates and the generation of a soft drink from
a grape must and orange juice using this yeast has been
described (Passoth et al., 2006). Fungus also has been used to
produce ribonucleotides and nucleosides that are used as �avor
enhancers and that are supposed to exhibit various therapeutic
and immunostimulatory effects (Lee et al., 2004).

Hansenula polymorpha (Pichia angusta), which naturally colo-
nizes plant tissue, was investigated as a biological control agent
against postharvest fruit disease. Pichia angusta as other methyl-
otrophic yeasts have a large amount of peroxisomes when
growing in methanol (Vallini et al., 2000). Methanol is realized
in nature from pectin degradation in rotten fruits, which allows
for the use of P. angusta in studies on attacked fruit tissue. It is well
known that storage of fresh fruits is limited by postharvest decay
and caused by different fungal pathogens usually controlled by
fungicide treatments. Considering public demand for chemical-
free food, the development of alternative control methods is of
prime concern. The ef�cacy of P. angusta strains in controlling
Penicillium expansum (causing blue mold), Botryotinia fuckeliana
(causing Botrytis rot), and Monilinia fructicola (causing brown
rot) was assessed (Fiori et al., 2008) on apple cv. Golden Deli-
cious. All P. angusta isolates were effective in reducing brown rot
lesion diameter ranging from 86 to 100%. Similarly, the high
biocontrol potential of P. angusta isolates was revealed against
Botrytis cinerea (complete control of decay). Conversely, nonsig-
ni�cant reduction of decay was observed against P. expansum.
Thus, P. angusta could be a useful research tool in a study on the
-384730-0.00151-8 121
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physiological relationships with pathogens and on the role of
different metabolites and enzymes in the biological control
activity. Knowledge of the molecular mechanisms underlying
biocontrol ef � cacy is a crucial step to improve the commercia
application of antagonistic microorganisms.
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Hansenula polymorpha: A Model Organism
for Fundamental Studies

Hansenula polymorphaoccurs naturally in spoiled orange juice,
maize meal, the gut of various insect species, and soil.

Hansenula polymorpha(also designated asP. angusta, Ogataea
angusta) is the widest known member of Hansenulagenus.
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Taxonomy

The taxonomy of H. polymorpha(Table 1) has been the subject
of several revisions and presently is based on multigene ana
ysis (Kurtzman, 2011) supported by sequence analysis of the
mitochondrial genome ( Eldarov et al., 2011).

This microorganism grows as white to cream colonies and
does not form � laments. Fungus can be cultured on a broad
range of carbon sources, including methanol, ethanol,
mannitol, glucose, glycerol, trehalose, and others at tempera
tures ranging from 20 to 45 � C and pH between 2.5 and 6.0.
Some strains ofH. polymorpha, however, can tolerate tempera-
tures of 49� C and even higher. It was indicated that fungal cells
grown at higher temperature accumulate trehalose, which is
required for acquisition of thermo-tolerance (Kunze et al.,
2009). Trehalose-6-phosphate synthase– the key enzyme in
trehalose synthesis pathway– has been identi� ed. The TPS1
gene is expressed strongly in cells grown at elevated temper
ture; however, some amount of its transcript also were found
when cells were grown at normal temperature.

Hansenula polymorphabecomes a useful system for funda
mental research. Fungus is amenable to genetic manipulation
and the entire nuclear genome of strain CBS4732 has bee
sequenced (Ramezani-Rad et al., 2003). The derived sequence
covers more than 90% of the estimated total genome content of
9.5 Mbp divided into six chromosomes. The size of chromo-
somes ranged from 0.9 to 2.2 Mbp. About 82% of open reading
frames have homologs to known proteins. An average gen
density of 1 gene 1.5 kb� 1 and an average protein length of 440
amino acids were shown (Kunze et al., 2009). Moreover, the
main functional categories and their distribution among genes
were predicted as follows: energy– 4%, transcription – 13%,
metabolism – 19%, cell cycle and DNA synthesis– 9%, cellular
Table 1 Taxonomy

Superkingdom Eukaryota
Kingdom Fungi
Phylum Ascomycota
Subphylum Saccharomycotina
Class Saccharomycetes
Order Saccharomycetales
Family Saccharomycetace

According to Kirk, P.M., Cannon, P.F., Minter, D.W., Stalpers, J.A., 2008.
Dictionary of the Fungi, tenth ed. CABI, Europe, UK, p. 771.
transport and transport mechanism– 9%, cellular communi-
cation and signal transduction mechanism– 3%, control of
cellular organization – 7%, cell defense and virulence– 4%,
protein synthesis and destination – 6 and 17%, respectively
(Ramezani-Rad et al., 2003).

Complete sequence analysis of the mitochondrial genus
found mtDNA as a circular mapping DNA molecule of 41, 7 kb,
with a rather low guanine-citosine (GC) content (21%). The
coding sequences represent 69% of mtDNA and include gene
for the small and large subunits of rRNA, 24 tRNAs, and 19
predicted proteins. The protein-coding genes encode thre
subunits of cytochrome oxidase (COX 1–3), three subunits of
adenosine triphosphate (ATP) synthase (ATP6, ATP8, ATP9
seven subunits of nicotinamide adenine dinucleotide (NAD) +
hydrogen (H) – NADH dehydrogenase (NAD1-6 and NAD4-L),
apocytochrome b (COB), a ribosomal protein (RPS3), and four
endonuclease–maturase homologs (Eldarov et al., 2011).

Hansenula polymorphais a well-known model organism used
widely for studying cellular, metabolic, and genetic issues
including peroxisome biogenesis and proliferation and nitrate
metabolism.
e

n

The Biogenesis and Proliferation of Peroxisomes

Hansenula polymorphais one of the facultative methylotrophic
yeast species. Fungus can use methanol as a source of carb
and energy. Growth on methanol is accompanied by signi-
� cant proliferation of peroxisomes. These properties make
H. polymorphaan interesting model organism to study the
molecular bases of peroxisome biogenesis and degradation.

Peroxisomes are cell organelles that consist of a proteina
ceous matrix surrounded by a single membrane (Saraya et al.,
2012). They are present in all eucaryotes and their biogenesi
and proliferation seem to be conserved throughout evolution.

The initial reactions take place in peroxisomes where
methanol is oxidized by a methanol oxidase (MOX) to
generate formaldehyde and hydrogen peroxide. The hydroge
peroxide is then decomposed to water and molecular oxygen
by peroxisomal catalase. Formaldehyde is situated at th
branching point of the assimilation and dissimilation path-
ways. Its intracellular levels are regulated strictly because it
a toxic compound. Formaldehyde is subjected either to the
action of a peroxisomal dihydroxyacetone synthase (DHAS) or
to direct oxidation into the cytosol. Dihydroxyacetone and
glyceraldehydes 3-phosphate are formed during a reaction
catalyzed by DHAS. Enzymes catalyze the transfer of glyc
laldehyde from xylulose-5-phosphate as a donor to the form-
aldehyde molecule as an acceptor. If xylulose-5-phosphat
is present in peroxisomes at the proper level, then formalde-
hyde is � xed immediately by DHAS; otherwise, it diffuses into
the cytosol. Subsequent metabolic reactions take place in th
cytoplasm where dihydroxyacetone is phosphorylated by
a dihydroxyacetone kinase (DAK) and it reacts with glyceral-
dehydes 3-phosphate to� nally form fructose-6-phosphate.

When H. polymorphagrows on glucose, the peroxisomal
enzymes involved in methanol metabolism are not expressed
and only a few peroxisomes are present in cell. Adversely, whe
fungus culture grows on methanol, medium peroxisomes are
massively formed and the catalase activity is very high. In
cultures containing glucose, the peroxisomes that become
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redundant are degraded selectively (Sakai et al., 2006). Growth
on media with different carbon source results in distinct
intracellular protein patterns. During growth on methanol,
a high abundance of MOX, formate dehydrogenase (FMD)
and DHAS was observed. Their presence is regulated at t
transcriptional level of the coding genes. To date, many gene
of the H. polymorphamethanol utilization pathway have been
identi � ed and characterized (i.e.,MOX, FMD, dihydroxyace-
tone synthase (DAS), catalase (CAT),DAK, formaldehyde
dehydrogenase (FLD1), and FMD).

MOX is one of the key enzymes in methanol metabolism.
H. polymorphapossess only oneMOX gene. MOX promoter is
one of the most powerful and most precisely regulated
promoters known. MOX is synthesized in high amounts to
compensate the low af� nity for oxygen. MOX can oxidize not
only methanol but also other short-chain alcohols and form-
aldehyde (with twice lower ef� ciency than methanol), which
makes this enzyme useful for the determination of lower
alcohols and formaldehyde, as well as for the construction of
alcohol-detected sensors. It has also been used for variou
biotechnological applications, including formaldehyde essay
in food and pharmaceuticals production.
s
.

l
s-

,

.

s.

e
n

f

f

r

n

Hansenula polymorphain Applied Research
and Production

Hansenula polymorphais an important yeast species in industrial
biotechnology and becomes a powerful production platform
for heterologous protein biosynthesis. This species exhibit
several properties that make them suitable for that purpose
Hansenula polymorphais capable of secreting proteins and
performing protein modi � cations (i.e., glycosylation). Severa
auxotrophic strains are available for heterologous gene expre
sion. For that purpose inH. polymorpha, a range of homologous
and heterologous promoters is available. In an activated state
they can promote highly ef� cient biosynthesis of foreign
proteins. MOX and FMD promoters are derived from genes of
the methanol degradation pathway as described previously
The TPS1promoter, derived from the trehalose-6-phosphate
synthase gene is constitutive with regard to different carbon
sources. In combination with high copy numbers of the inte-
grated plasmid mention earlier, strong promoters can provide
high expression rates of the heterologous gene in selected strain
Generationof recombinantH.polymorphastrainsemploys vectors
that are mitotically stable integrated into the host genome,
providing a good base for a reproducible production process.

A standard vector contains the strong inducible promoter,
a multiple cloning site for the insertion of a sequence encoding
a heterologous protein and an MOX terminator. A part for
plasmid propagation in bacteria contains anori sequence and
gene-conferring resistance against ampicillin, an HARS (Han-
senulaautonomously replicating) segment for propagation in
the yeast and additionally a URA3 gene complementing the
auxotrophy of the uracil-de� cient host. An expression platform
is required that can address multiple hosts. A set of wide-rang
vectors has been developed that include various selectio
markers and multiple promoter–terminator cassettes that
function in different yeast species in comparable ways. In the
novel wide-range yeast vector system (CoMed� ), individual
modules consisting of expression cassettes equipped wit
promoters of choice, selection markers, and rDNA-targeting
sequences can be combined (for detail, readKunze et al., 2009;
Saraya et al., 2012). Another important property for industrial
use is the thermotolerant nature of H. polymorpha, which
reduces the need for expensive cooling during fermentation.

Recombinant H. polymorphastrains were used widely in
industrial applications. Some of them are a recognized produce
of pharmaceuticals.Hansenula polymorphawas applied as a peni-
cillin production platform. Penicillin belongs to the b-lactam
family of antibiotics. The penicillin biosynthetic pathway from
Penicillium chrysogenumwas introduced in the H. polymorphaby
expression of thepcl gene encoding peroxisomal phenylacetyl-
CoA ligase, one of the key enzymes in penicillin biosynthesis
(Gidijala et al., 2007; Gidijala et al., 2009).

Hansenula polymorphawas also an ideal host for the
production of several cytokines (i.e., interleukins IL-6, IL-8,
and IL-10) and leukocyte-derived interferon (IFNv). Cytokines
are regulatory peptides produced and secreted by nucleate
cells. They have pleiotropic effects on many cell types
including hematopoietic ones. Interferons are proteins exhib-
iting in � uence on cell growth and differentiation. Successfu
development of a production process forH. polymorpha-derived
IFNa-2a,combining genetic engineering of suitable production
strains and puri� cation methods from fungal cultures was
demonstrated (Dagelmann et al., 2002).

Another industrially relevant example of H. polymorpha-
based processes was a production of hirudin– a therapeutically
important compound. Variants of hirudin are potent inhibitors
of blood coagulation originally isolated from the saliva of the
medical leech Hirudo medicinalis. Hirudin specifically inhibits
thrombin, an important physiological agonist of the arterial
thrombotic process. A DNA sequence coding for a subtype o
the hirudin variant HV1 was expressed inH. polymorphafrom
a strongly inducible MOX promoter.

Moreover, hepatitis B vaccine production is based on the
H. polymorpha-expression platform. Hepatitis B virus (HBV)
infections are a major public health problem. There are approx-
imately 350 million chronic HBV-infected patients worldwide
(Bian et al., 2010). Conventional HBV vaccines are composed o
two components: hepatitis B surface antigen (HBsAg) and an
adjuvant. A production strain of H. polymorphawas generated by
introducing a plasmid with the gene coding particular viral
antigen (HBsAg) fused to an MOX-promoter element.

On the basis of the successful performance ofH. polymorpha
as a‘cell factory’ for biosynthesis of valuable bioproducts, an
effective approach was developed for gamma-linolenic acid
(GLA) production. GLA, a polyunsaturated fatty acid, has
a bene� cial effect on human health. Naturally, GLA is present in
oil-seed plants such as borage and evening primrose. Moreove
some Mucoralesare known as promising alternatives for GLA
production. GLA production in the recombinant H. polymorpha
strain carrying the mutated desaturase gene ofMucor rouxiihas
been described (Khongto et al., 2011).

Hansenula polymorphaalso is used for various improvements
in food and chemical industry. The gene originated from red
alga Chondrus crispusencoding hexose oxidase (HOX) was
expressed inH. polymorpha. Chondrus crispustraditionally is
used in Asian food and is a popular source of carrageen used i
food production as a stabilizer. HOX catalyzes the oxidation of



used by

Klei, I.J., 2007.
d on the meth-

eprogramming

ulik, W.M.,
ineered yeast

, e8317
is of 4-hydroxy-
ral

l Microbiology

soni, E., 2001.
ch for risk

soy sauce
ineering 100,

on of gamma-
sponse

y of the Fungi,

124 Hansenula: Biology and Applications
C6-sugars to their lactones and provides bene�ts in the
production of food like cottage cheese, tofu, shredded cheese,
ketchup, mayonnaise, and potato chips (see Cheese in the
Marketplace).

Hansenula polymorpha becomes a suitable platform for the
production of nonhydroxylated gelatins (Geerlings et al.,
2007). The use of yeast as a host for heterologous expression of
proteins that are derived naturally from animal tissue offers
several advantages. The recombinant gelatin is free of poten-
tially harmful biological, agents such as viruses or prions.

A recombinant yeast strain, a derivative of the recipient
H. polymorpha strain NCYC 495 was used as a nicotinamide
adenine dinucleotide (NAD) and glutathione-dependent FLD1
overproducer. FLD1 is a key enzyme of formaldehyde metab-
olism usually obtained from Pseudomonas putida and Candida
bondini. Formaldehyde is one of the most important commer-
cial chemicals used for the production of detergents, soaps, and
shampoos and as a sterilizing agent in pharmacology. Because
of their mutagenic and carcinogenic properties, it is necessary
to control formaldehyde content in consumers’ goods – for
example, using thermostable FLD1 overproduced in
H. polymorpha (Demkiv et al., 2007).
: ast Biotechnology:
7
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k 99,

, C.B., 2004.
See also:Cheese in the Market place; Fermentation (Industrial)
Control of Fermentation Conditions; Fungi:Overview of
Classi� cation of the Fungi; Yeasts:Production and Commercial
Uses.
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Introduction

Media reports about threats to consumer health from a partic-
ular food item or about outbreaks of disease caused by certain
products may instantly provide food companies with a great
deal of negative publicity. It is to the bene�t of commerce and
the food industry as well as the food inspection services to take
effective precautions against such events. For this purpose, the
hazard analysis and critical control point (HACCP) concept
was conceived. It is founded on a logical and clearly structured
system that allows for the early detection and elimination of
speci�c hazards which may cause disease of consumers.
However, the correct application of the concept requires
comprehensive expert knowledge.

The HACCP concept does not replace traditional hygiene
measures. It is rather based on the well-conceived and effective
hygiene concept within a food company. Hence, cleaning and
disinfection plans, personnel hygiene as well as separation of
clean and unclean areas, etc., are the basis and precondition
for the establishment of an HACCP system. However, they are
not an integral part of a concrete HACCP plan for a particular
food item.

The HACCP system is a strictly logical concept aimed at
�nding out on the basis of scienti�c facts �rstly whether there is
need to prevent or eliminate a food safety hazard or reduce it to
an acceptable level (hazard analysis principle 1). Then, reliable
safety measures have to be taken on the basis of six further
yclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
principles, which are very strictly de�ned (preventive
management).

The philosophy behind this approach, �rst to determine the
need for action and then to de�ne suitable preventive
measures, is not new and naturally applies to all areas where
faults should be avoided, including basic hygiene measures. A
re�ective approach to hygiene is urgently required. However,
the application of terms or notions borrowed from the HACCP
system, e.g., for basic hygiene measures or in other areas where
the seven principles are not wholly applicable, leads to a dilu-
tion of the aims and ef�cacy of the HACCP concept.
The History of the HACCP System

The HACCP concept was conceived in the USA jointly by the
Pillsbury Company, the US Army Natick Research and
Development Laboratories and the National Aeronautics and
Space Administration as early as 1960 in order to produce
safe foods for the space programme. Simply examining
�nished food products does not ensure a suf�cient degree of
safety, and for this reason it was necessary to develop and to
monitor production processes in such a way that health
hazards for astronauts could be precluded safely and reliably.

The concept was adopted during the 1970s and early 1980s
by several large food companies, and became known interna-
tionally through publications of the International Commission
-384730-0.00152-X 125
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Table 1 The history of the HACCP system

Concept for US space
programme 1959/1960

Simonsen 1987
ICMSF 1988

NACMCF 1989 (National
Academy of Science, USA)

FAO/WHO Codex Allmentarius
Commission 1996
ALINORM 97/13A

Three HACCP principles
1. Hazard analysis and risk

assessment
2. Determination of CCPs
3. Monitoring of CCPs

Six HACCP principles Seven HACCP principles Seven HACCP principles

Not included: documentation New: de� nitions

One CCP category Two CCP categories: CCP I - complete
control of potential hazards is effected
CCP II - only partial control
is effected

One CCP category One CCP category

Table 2 De� nitions of Codex Alimentarius

l Control(verb)
To take all necessary actions to ensure and maintain compliance with
criteria established in the HACCP plan

l Control(noun)
The state wherein correct procedures are being followed and criteria
are being met

l Control measure
Any action and activity that can be used to prevent or to eliminate
a food safety hazard or reduce it to an acceptable level

l Corrective action
Any action to be taken when the results of monitoring at the CCP
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on Microbiological Speci� cations for Food (ICMSF). The
concept has also been adopted by the FAO/WHOCodex
AlimentariusCommission (ALINORM 97/13A). Table 1provides
a synopsis of the development stages of the HACCP system.

The HACCP System ofCodex Allmentarius

De� nitions and the Seven Principles Exact de� nitions of
HACCP notions assume a central position within the docu-
ment. The essential de� nitions are represented inTable 2. With
the help of these de� nitions it was possible to give a short
version of the seven HACCP principles in the Codex paper:
-

ra-
-

d

p-

P

indicate a loss of control
l Critical control point

A step at which control can be applied and is essential to prevent or
eliminate a food safety hazard or reduce it to an acceptable level

l Critical limit
A criterion which separates acceptability from unacceptability

l HACCP
A system that identi� es, evaluates and controls hazards which are
signi� cant for food safety

l HACCP plan
A document prepared in accordance with the principles of HACCP to
ensure control of hazards which are signi� cant for food safety in the
segment of the food chain under consideration

l Hazard
A biological, chemical, or physical agent in, or condition of, food with
the potential to cause an adverse health effect

l Hazard analysis
The process of collecting and evaluating information on hazards and
conditions leading to their presence to decide which are signi� cant for
food safety and therefore should be addressed in the HACCP plan

l Monitoring
The act of conducting a planned sequence of observations or
measurements of control parameters to assess whether a CCP is
under control
In theGuidelines for the Application of the HACCP System, it is further
explained: if the monitoring is not continuous, then the amount or
frequency of monitoring must be suf� cient to guarantee the CCP is in
control

l Step
A point, procedure, operation or stage in the food chain including raw
materials, from primary production to� nal consumption

l Veri�cation
The application of methods, procedures, tests, and other evaluations,
in addition to monitoring to determine compliance with the HACCP
plan
1. Conduct a hazard analysis.
2. Determine the critical control point (CCP).
3. Establish critical limits.
4. Establish a system to monitor control of the CCP.
5. Establish the corrective actions to be taken when moni

toring indicates that a particular CCP is not under control.
6. Establish procedures for veri� cation to con� rm that the

HACCP system is working effectively.
7. Establish documentations concerning all procedures and

records appropriate to these principles and their
application.

Guidelines for the Application of the HACCP System

Initially, the procedure for establishing a HACCP plan is
presented. Advice is given concerning the necessary prepa
tions, such as assembling the HACCP team, product descrip
tion, and construction of a � ow diagram for the production
process. Furthermore, the performing of a hazard analysis an
the determination of CCPs are mentioned. A logic sequence
for the application of the HACCP is given in Table 3.

The HACCP team has to provide the production-speci� c
expertise and experience which are necessary for the develo
ment of the HACCP plan. Multidisciplinary expertise is also
required. A food safety management which incorporates
toxicological, microbiological, medical and epidemiological
aspects necessary for the adequate application of HACC
requires experts with a high degree of scienti� c training.
Alongside scienti� c and medical knowledge the faculty of
structured and systematic thinking is essential in order to
apply the elements of quality management intelligently and
effectively.
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Table 3 Logic sequence for application of HACCP following the
FAO/WHOCodex AlimentariusCommission principles

Preparation
Assemble the HACCP team
Describe product
Identify intended use
Construct� ow diagram
On-site veri� cation of� ow diagram

Hazard analysis
List all potential hazards (hazard identi� cation)
Assess all potential hazards (assessment of risks)
Determine the need for action

Preventive management
Examine by which measures the (relevant) hazards can be preven

eliminated or reduced to an acceptable risk level
Determine CCPs
Establish critical limit for each CCP
Establish a monitoring system for each CCP
Establish corrective action for deviations that may occur
Establish veri� cation procedures
Establish record keeping and documentation analogous to EN ISO 9
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The description of the product is not con� ned to appear-
ance and structure or the raw materials and additives that wer
used for its production. Factors that have an in� uence on the
kinetics of microorganisms, e.g. pH and water activity (aw)
values, as well as intended storage conditions (packaging
atmospheric conditions, temperature) and shelf life must also
be de� ned.

The intended use consists of information on whether the
product has to be prepared prior to consumption, e.g. by
heating, or whether it can be consumed directly. With regard to
a possible acceptable risk level for a food safety hazard it has t
be stated for which group of the population the food is
intended. It is obvious that considerably higher safety
requirements are needed for hospitals or old people’s homes,
for example.
ll

e

n

,

f

Hazard Analysis

Basic Aspects

In the Codex paper hazard analysis is described as a‘process of
collecting and evaluating information on hazards and condi-
tions leading to their presence to decide which are signi� cant
for food safety and therefore should be addressed in the
HACCP plan.’ The term ’hazards and conditions leading to
their presence’ is a very useful one: the enterotoxin ofStaphy-
lococcusis an example of a hazard, whereas‘a condition leading
to the presence of this hazard’ would be the exposure during
production or storage of a food product to a temperature at
which Staphylococcuscan grow and produce enterotoxins.

The entire food production process has to be examined
to identify potential hazards that might occur during the
production or use of a particular food item. Also requiring
consideration are the raw materials and ingredients, as we
as the type and duration of storage, the method of distribution
and the intended use of the� nal product by the consumer.

Initially, it has to be evaluated whether hazards may be
present in raw materials as well as in other ingredients and
additives. Next, the possibility of contamination with hazards
during individual production steps is assessed. Finally, it has
to be evaluated whether hazards could develop during the
production process, during storage or during the intended
utilization of the food product: this could be the growth of
pathogenic bacteria or the formation of toxic substances by
bacteria or by other chemical reactions (e.g., nitrosamine
formation).

This evaluation is followed by an assessment of risk to
estimate the likely occurrence of health hazards and the severit
of their adverse health effects.

Within the HACCP system there is a distinction between
biological, chemical, and physical hazards (Figure 1). It is
relatively easy to understand the causality of the occurrence o
physical hazards such as splinters of metal, glass, or othe
foreign bodies; it takes logical thinking and the knowledge
of the technological production procedures. Here, the
expertise lies with the technical staff of the food company.
In contrast, the assessment of chemical and biologica
hazards requires special expertise concerning the pathogene
of human diseases which are caused by such hazards. T
development of effective preventive measures require
comprehensive knowledge of the epidemiological factors
which threaten the health of the consumer.

ted,

000
Special Features of the Assessment of Microbiological Haz

Quantitative scienti� c assessments of the risks from microor
ganisms in foods and water on the basis of dose–response
relationships and exposure assessment, customarily carried ou
for chemical contaminants, have been developed for some
pathogens, especially in drinking water. Two particular dif� -
culties have to be mentioned for the quanti� cation of micro-
biological hazards associated with the consumption of foods:
the determination of the minimal infective dose, and the
complex kinetics of bacterial survival, growth and death in
foods.

Minimum Infective Dose
For most bacterial species, the question of the minimum infec-
tive dose cannot be answered satisfactorily. Firstly, it must b
borne in mind that among consumers there are special risk
groups – small children, senior citizens, pregnant women, and
immunocompromised persons. Furthermore, we are familiar
with various physiological factors that in� uence the minimum
infective dose; these include the degree of stomach� uid acidity,
the quantity of stomach contents, the intestinal � ora, and not
least, the immunological status of the person. This status is agai
in� uenced by immunity due to previous infections, by the
nutritional state, and by stress.

In addition, the fact has to be considered that the quantity
of microorganisms in food undergoes continuous change, in
contrast to chemical residues. The complex kinetics of dying
survival and growth of bacteria in foods are determined by
manifold factors which can be differentiated into intrinsic,
extrinsic and process factors. They include the pH, aw, redox
potential and temperature of a food and also the presence o
competitive microbial � ora. The most important factors in� u-
encing microbial growth in foods are shown in Figure 2.
Hence, the risks resulting from microorganisms– especially
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Biological hazards
• Macroparasites
   – cysticerci
   – Trematoda spp.
   – Trichinella

– Echinococcus eggs
   – Anisakidae (in fish)

• Protozoa
   – Toxoplasma gondii
   – Sarcocystis spp.
   – Entamoeba histolytica
   – Giardia, Cryptosporidium (water)
   – Cyclosporum

• Fungi
   – mycotoxin-producing moulds

• Bacteria
   – species causing infections
      and/or toxi-infections
   – species causing intoxications

• Viruses

• Prions

Chemical hazards
• Toxic substances
     naturally occurring in plants and
     animals (including toxins in fish
     and shellfish originating from
     toxigenic algae)

• Contaminants and residues, e.g.
  – toxic heavy metals
  – PCBs (polychlorinated biphenyl)
  – radionuclides
  – animal drugs
  – feed additives
  – pesticides

• Food additives, e.g.
  – monosodium glutamate
  – nitrate, nitrite

Physical hazards
Splinters and other foreign bodies
– stone, metal, glass, wood, bone

Figure 1 Hazards in foods.

Properties of food

Structure
Nutrients

aw

pH
E h

INTRINSIC FACTORS

Composition of
microbial flora

(competitive growth)

implicit parameters

Spoilage
(health hazard)

microbial growth

Storage conditions

Temperature/time
Gaseous atmosphere

EXTRINSIC FACTORS

Process technology
and marketing

Technology of production,
preservation, packaging,

transportation, storage, etc.

PROCESS FACTORS

Figure 2 In� uences on microbial growth in foods.
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from bacteria – vary depending on the composition of the
food, on production, processing and preparation procedures,
and on the packaging and storage conditions as well.

Predictive Microbiology
The synergy of these different factors is a complex one
Computer-based mathematical models have therefore been
created that take into account the factors mentioned above
They allow for predictions being made concerning microbial
kinetics in foods. This predictive microbiology is based on data
obtained from broth cultures under standardized conditions. If
such a programme is fed with data on a food’s intrinsic factors,
on the atmospheric conditions of packaging, and on the pro-
jected time and temperature of storage, the prospective
behaviour of a microbial species can be computed and depicted
in graphs. However, owing to the complex composition of
foods, the results from predictive microbiology can only
provide a framework for the understanding of the ecology and
kinetics of microorganisms in foods. In order to obtain exact
data for a particular food, further testing is required. Storage
trials are a suitable means of testing the behavior of certain
microorganisms as long as the species in question can be foun
regularly in the food product under consideration. If this is not
the case, challenge tests can be performed where foods or ra
materials are spiked with pathogens.
Critical Control Points

In the Codex paper a CCP is de� ned as’a step at which control
can be applied and is essential to prevent or eliminate a food
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safety hazard or reduce it to an acceptable level.’ There is also
a de� nition for the term ’step’ (seeTable 2).

The necessity for the determination of a CCP is a conse
quence of the previously conducted hazard analysis. Moreove
with a CCP, it must be possible to reliably prevent or eliminate
a health hazard or reduce it to an acceptable level. Th
’acceptable level’ (acceptable remaining risk level) is also
established by the hazard analysis which is carried ou
beforehand.

Prior to the determination of a CCP, measures have to be
de� ned to bring previously identi � ed hazards under control. In
the case of microorganisms, these may be heating procedure
such as sterilization or pasteurization. In this context, temper-
atures and inactivation time parameters have to be de� ned. The
decimal reduction time (D value) for the bacteria in question
should be indicated. Microbial growth can be in� uenced by
extrinsic factors (e.g., deep freeze or cool storage temperature
as well as by intrinsic factors (pH and aw values). Intrinsic
factors can be altered by changes in the composition of a food
item in such a way that certain bacteria do not multiply even in
unrefrigerated foods. A detailed knowledge of the growth
kinetics of individual pathogens is indispensable for the de� -
nition of such safety measures.

Once the measures are identi� ed that help to prevent or
eliminate an identi � ed food safety hazard or to reduce it to an
acceptable level, a step in the food production process has to b
determined at which the control can be applied – a CCP
(HACCP principle 2). It has to be underlined that CCPs need
not be established at every step at which hazards or condition
leading to their presence may occur; this would lead to an
HACCP system with too many CCPs.

For the selected preventive measures, critical limits have t
be established (HACCP principle 3). Compliance with these
conditions has to be guaranteed by a suitable monitoring
procedure (HACCP principle 4). The necessary corrective actio
must also be established (HACCP principle 5).
as

ic
Monitoring

In the Codex Alimentariusdocument, monitoring of CCPs is
de� ned as follows: ’The act of conducting a planned sequence
of observations or measurements of control parameters to
assess whether a CCP is under control’ (i.e., that the control
measures function correctly). In the Codex guidelines in the
same document, it is further explained:’If the monitoring is not
continuous, then the amount or frequency of monitoring must
be suf� cient to guarantee the CCP is in control.’ Hence, in the
HACCP system the term’monitoring ’ takes on a different
meaning from that used in monitoring programmes for
chemicals in the environment. The same applies to’hygiene’ or
’bacteriological monitoring, ’ where bacteriological investiga-
tions of food establishments are performed with swabs or other
samples taken from premises, equipments, or foods.
s

VeriÞcation and Documentation

A precondition of hazard analysis for any food item is
knowledge of the biological, chemical, and physical hazards
that may be present in the basic materials. Correspondingly
basic or raw materials must always ful� l the minimal require-
ments on which the HACCP plan is based. Compliance with
these requirements must be ensured by the producers o
providers of the basic materials. Controls of incoming mate-
rials are a veri� cation measure according to EN ISO 8402 or
ALINORM 97/13A, if the supplier operates a corresponding
HACCP system. However, such controls of incoming delivery
materials cannot function as a CCP.

The term ’veri� cation’ summarizes all examinations,
measures, and information that permit examination of the
functioning of the HACCP system for a particular food product.
This can be achieved by implementing end product sampling
plans, storage trials, or microbiological controls during the
production process. In addition, regular examination of docu-
mentation measures is of equal importance. Regular audits
within the company are essential in order to make sure that no
changes are implemented in the production process or in food
formulations which would call for a revision of the HACCP
plan. Most of all, it has to be determined whether the estab-
lished control measures are effective and meet the requiremen
of principles 2–6 of the HACCP system. For this purpose the
preventive measures have to be validated by an expert.

Complete documentation is essential. Documentation
should cover the production process (including raw materials)
and measures connected with the application of the HACCP
system as well as ongoing record taking. Records must b
traceable according to EN ISO 8402, otherwise the functioning
of the HACCP plan cannot be proved.

The principles of the HACCP concept are illustrated in
Figure 3, which is intended to underline the connection
between controlling and monitoring. Without reliable moni-
toring the compliance with CCP conditions cannot be guar-
anteed. A lack of monitoring means also that control measures
do not ful � l the requirements for a CCP. A CCP ensures reliabl
safety which cannot be guaranteed without a monitoring
system to indicate deviations from previously established
critical limits.
The Role of HACCP

Renaissance of Old Scienti�c Principles

The principles of the HACCP concept are not new. A good
example of their application is the pasteurization of drinking
milk (Figure 4), implemented a hundred years ago as an
effective measure to protect people against zoonoses such
brucellosis and tuberculosis. Around 1930, this procedure was
introduced into the legislation in Germany and elsewhere.

In children the transmission of bovine tuberculosis via
drinking milk was an important mechanism for the spread of
tuberculosis. The transmission of brucellosis through drinking
milk was also a signi� cant hazard. Milk pasteurization was
chosen as an effective control measure to inactivate pathogen
bacteria; in contrast to boiling, it hardly affects the taste or
vitamin content of milk. Monitoring is assured by continuous
temperature control with automatic charting of temperatures.
Temperatures and times are de� ned exactly. Pasteurization
devices are constructed so as to ensure that if minimal value
are not reached, insuf� ciently heated milk is directed back into
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the raw milk storage tank through an automatic three-way tap.
Proper heating of commercial drinking milk can be validated
by the alkaline phosphatase assay: the enzyme, which is no
mally found in untreated milk, is inactivated by pasteuriza-
tion. This assay is still in use and constitutes a veri� cation
procedure.

Hence, the introduction of the HACCP system to food
processing does not constitute a fundamentally new develop
ment. It could even be viewed as a renaissance of old scienti� c
principles.
h n
Preventive Measures

The SigniÞcance of Basic Hygiene Measures
With many types of microorganisms, the feco-oral route of
transmission is of great epidemiological signi� cance. This is
particularly so with microorganisms that have such a low
minimum infective dose that they can induce disease without
having to grow in food. In such cases foods act mainly as
vectors. The contamination of foods can occur via humans or
animal species which act as a reservoir for suc
microorganisms. Contaminated water is important in this
context. Likewise, cross contamination by insects– but more
often by tools and equipment – can be found. Effective
prevention is ensured by strict compliance with basic hygiene
measures, including attitudes toward hygiene as an important
factor.

Protozoa, viruses, and prions cannot grow in foods. They
are either present in raw basic materials; e.g., meat, or they a
transmitted into foods as contaminants. In contrast, moulds
and bacteria, with the exception of a few individual species, are
capable of growing in foods if conditions are suitable.

An overview of bacteria connected with foodborne diseases
is shown in Figure 5. Pathogens that have other routes of
infection besides the oral one are listed separately on the left. In
the transmission of (for example) Mycobacterium bovisand
Brucella melitensisto humans, raw milk plays an important role,
while the risk of infection with Coxiella burnetiiin milk is low
and therefore other infection pathways are considerably more
important.

For Salmonella typhi,S. paratyphi, Vibrio cholerae, and Shigella
ssp., the reservoir is con� ned to humans and food mainly
� gures as a vector. In the case ofCampylobacter jejuni, the deci-
sive pathogen reservoir is poultry. Besides person-to-perso
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Figure 5 Foodborne bacterial infections and intoxications.(EHEC, EIEC, EPEC, ETEC– enterohemorrhagic, enteroinvasive, enteropathogenic, enter-
otoxigenicEscherichia coli.)
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transmission, contaminated raw chicken carcasses are likely
play a special role during the infection process, because path
ogens can be spread to other foods in kitchens through cros
contamination, e.g. by thawing water.

In the United States, beef cattle are considered to be th
natural reservoir for serotype 0157:H7 of vero-toxigenic
Escherichia coli(enterohemorrhagicE. coli(EHEC)). Hence, the
consumption of raw or insuf � ciently heated meat products is
seen as an important source of infection. As with all pathogens
with a low minimum infective dose, it can be assumed that the
feco-oral route of transmission of verotoxigenicE. coli from
person to person plays an important part in the spreading of
outbreaks and that food products are mainly contaminated by
human excretors. Correspondingly, the compliance with basic
hygiene measures is a prerequisite for effective prevention.

In contrast, with the remaining infectious agents their
growth in food is of major epidemiological signi� cance. The
same applies to pathogens which strictly cause intoxication
because the formation of toxigenic metabolites in food requires
the previous growth of such pathogens. Under those condi-
tions, all measures that contribute toward prevention of
microbial growth in food constitute an additional safety barrier.

Considering the particular importance of the feco-oral
transmission route in the pathogenesis of many infections
caused by foods, it becomes obvious that the HACCP concep
under no circumstances replaces common hygiene measure
Rather, it is built on the well-conceived and effective hygiene
concept of a food company. This includes personnel hygiene
cleaning, disinfection, and pest control. Further components
are the temperatures and relative humidity of production and
storage sites as well as suf� cient separation of production steps
and production lines to avoid cross contamination.

These measures are fundamental to the application of an
HACCP system. However, they are not part of a concret
HACCP plan for a particular food item. In the Codex
Alimentariusguideline, it is pointed out that ’prior to applica-
tion of HACCP to any sector of the food chain, that sector
should be operating according to the Codex General Principles
of Food Hygiene, the appropriate Codex Codes of Practice, an
appropriate food safety legislation.’ However, it goes without
saying that basic hygiene measures need to be applie
according to the same logical and scienti� c criteria on which
the HACCP system is based.
Differing Interpretations of the HACCP System

As the term‘HACCP’ became known throughout the world in
the late 1980s, very different views concerning the interpreta
tion and the practical implementation of the concept in food
companies developed concurrently. One can gain the impres
sion that ’HACCP’ is often used as a synonym for all hygiene
and food safety measures. Furthermore, the consistent imple
mentation of principles 2–5 during production, processing,
and preparation of foods is not always possible. In those case
often a purely formal compliance with these principles is
sought, and measures and parameters are de� ned as control
and monitoring measures with their respective critical limits
which are no longer in agreement with the original meaning of
HACCP notions of Codex Alimentarius.

It is not uncommon that the logical implementation of
basic hygiene measures is declared to be an’HACCP concept’
and that a product- and production-speci� c hazard analysis is
not carried out. Here, the notion of ’hazard analysis and critical
control point ’ is altered into the de� nition of a ’hygiene anal-
ysis and critical check point.’
The‘House of Hygiene’

The HACCP system should be seen as an integral part of a
ef� cient food safety and comprehensive (total) hygiene
concept. The’Zurich House of Food Safety’ (Figure 6) may
help to elucidate this point. The ’foundations’ of the ’house
of food safety’ are the conditions of premises and equipment.
Its ’walls’ are the well-known basic hygiene measures. The
include cleaning, disinfection, and pest control as well as the
temperature and relative humidity of production and storage
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Figure 6 The ‘house of hygiene’: a representation of a comprehensive
food safety concept.
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sites. Further components are a suf�cient separation of
production steps and production lines to avoid cross
contamination, and, �nally, personnel hygiene. The ‘roof’ of
the house is made up of product- and production-speci�c
preventive measures based on a speci�c hazard analysis
according to the HACCP principles to avoid speci�c health
hazards for the consumer.
See also:Brucella: Characteristics; Escherichia coliO157:
E. coliO157:H7; 00152; Hazard Appraisal (HACCP):
Involvement of Regulatory Bodies; Hazard Appraisal (HACCP):
Establishment of Performance Criteria; Heat Treatment of
Foods – Principles of Pasteurization; Milk and Milk Products:
Microbiology of Liquid Milk; Molecular Biology in
Microbiological Analysis; Mycobacterium; Predictive
Microbiology and Food Safety; Designing for Hygienic
Operation; Process Hygiene: Overall Approach to Hygienic
Processing; Salmonella: Introduction; Salmonella typhi;
Shigella: Introduction and Detection by Classical Cultural and
Molecular Techniques; Vibrio: Vibrio cholerae.
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Determination of Critical Control Points

Hazard analysis and critical control point (HACCP) is de�ned
as a system that identi�es, evaluates, and controls hazards that
are signi�cant for food safety.

A critical control point (CCP) is de�ned by the Codex Ali-
mentarius Commission as “a step at which control can be
applied and is essential to prevent or eliminate a food safety
hazard or reduce it to an acceptable level.”

The determination of CCPs is documented as the second of
the seven internationally agreed principles of HACCP. When
applying the Codex Alimentarius Logic Sequence for the
Application of HACCP, it is the seventh stage.

The correct determination of CCPs is essential for the
establishment and implementation of an effective manage-
ment system for food safety. If CCPs are not correctly identi�ed,
the resources of the food business will not be focused appro-
priately at the steps at which control is essential. Too many
CCPs in a process can result in an unmanageable system, and
resources could be spread too thinly. Conversely, if resources
are too few, safety of the product may not be ensured. The
determination of CCPs requires a sound knowledge of the
process and professional judgment to be exercised by the
HACCP team.

When applying the �rst principle, the HACCP team needs
to prepare a list of hazards that reasonably should be expected
to occur at each process step. A hazard analysis is then carried
out to assess which of these hazards are signi�cant. Signi�cant
hazards are those that are “of such a nature that their elimi-
nation or reduction to acceptable levels is essential for the
production of safe food.” These hazards should be addressed
in the HACCP plan, and appropriate measures to control those
hazards should be determined. It is also important to include
the source or the cause of the hazard during the hazard anal-
ysis as this will help the HACCP team to determine the
appropriate control measures. When the �rst principle is
completed, the CCPs then need to be determined by the
HACCP team.

Correct identi�cation of CCPs requires a logical approach
and may be aided by the use of a decision tree. Each step in the
process must be considered in turn for each of the identi�ed
signi�cant hazards. Care is needed in the use of decision trees.
A number of decision trees have been published, some of
which have been concerned speci�cally with the raw materials
and ingredients. For example, this may be seen in HACCP A
Practical Approach by Mortimer and Wallace; other decision
trees focus on the manufacturing or processing steps of the
operation. Although it is not essential for the HACCP team to
use a decision tree, the use of a structured approach can assist in
consistently achieving the correct identi�cation of CCPs. The
decision tree used and the answers to it should be recorded
within the HACCP plan.

The use of the Codex Alimentarius decision tree, from their
Food Hygiene Basic Texts (see Figure 1), will now be described.
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
The questions need to be answered in sequence for each
signi�cant hazard at each process step.
Question 1: Do preventative control measures exist?

The focus of this question is about the control measures.
A control measure as de�ned by Codex is “Any action or

activity that can be used to prevent or eliminate a food safety
hazard or reduce it to an acceptable level.” It is not to be confused
with a sampling or measuring activity that is only con�rming that
a control measure is working as intended (i.e., monitoring).

For an existing process, it is most likely that control
measures already are in place; therefore, the answer to this
question will be ‘yes’ and the team should move on to Ques-
tion 2. The HACCP team, however, must get assurance that the
controls are in place and are appropriate.

When answering the second question for a new product or a
new process development, it is possible that a potential hazard
is identi�ed for which control measures have not yet been
established. To determine whether a control is necessary at this
step in the process, a supplementary question asks, “Is control
of the hazard necessary for food safety at this step?”

If control is necessary, then the process must be modi�ed
(i.e., a later process step must be introduced that can control
the hazard), or the process step must be modi�ed (i.e., a
control measure must be introduced at the process step under
consideration), or the product itself must be modi�ed, for
example, by changing the recipe or ingredients. Whichever
modi�cation is appropriate, the change must be introduced
before the HACCP system can be implemented. In addition,
the change may introduce new hazards that have not been
identi�ed in the original HACCP Scope or Terms of Reference.
Question 2: Is the step speci�cally designed to eliminate or
reduce the likely occurrence of a hazard to an acceptable
level?

The focus of this question is on the process step and not on
control measures.

The second question will enable the identi�cation of
process steps that are designed speci�cally to eliminate or
reduce the hazard to an acceptable level. In reality, very few
steps are designed speci�cally to reduce or eliminate hazards to
an acceptable level. Examples of such steps would include
sieving or �ltering to remove foreign bodies, metal detectors,
thermal processes (such as cooking) when heat is applied, or
blast chilling when heat is actively removed.

If the step under consideration was the pasteurizer, the
potential safety hazard would have been identi�ed as survival
of bacterial pathogens. The control measure would be a ‘correct
pasteurization process’ (i.e., correct time and temperature). As
the pasteurizer is designed speci�cally to eliminate or reduce
the likely occurrence of surviving pathogens, the answer to
Question 2 is ‘yes’ and the pasteurizer is identi�ed as a CCP in
-384730-0.00153-1 133
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Q1 Do preventative control measures exist? Modify steps in
the process
or product

Yes No

Is control at this step
necessary for safety?

Yes

No Not a CCP Stop*

Q2 Is the step specifically designed
to eliminate or reduce the likely
occurrence of a hazard to an

acceptable level?**

No

Q3 Could contamination with identified
hazard(s) occur in excess of

acceptable level(s) or could these
increase to unacceptable levels?**

Yes No Not a CCP Stop*

Q4 Will a subsequent step eliminate
identified hazard(s) or reduce likely
occurrence to acceptable level(s)?

Yes No

Not a CCP Stop*

Critical Control
Point

Yes

Figure 1 Example of a decision tree to identify critical control points (CCPs). * Proceed to the next hazard in the process; ** Acceptable and unac-
ceptable levels need to be de� ned within the overall objectives in identifying the CCPs of the HACCP plan. Reproduced fromFood Hygiene Basic Texts,
2009. Joint FAO/WHO Food Standards Program, Codex Alimentarius Commission, fourth ed. with permission from the Food and Agriculture Organization
of the United Nations, Rome.
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the process and there is no need to answer any of the subs
quent questions of the decision tree.

Care needs to be exercised when using generic terms
describe hazards. If the identi� ed hazards were more clearly
de� ned, such as naming the organism– for example, Staphy-
lococcus aureusor Bacillus cereus– then the hazard, their highly
heat-stable toxins, would not be reduced or eliminated by the
pasteurization process.

One element of this question that is commonly overlooked
is the ‘elimination or the reduction of the hazard ’ when the
process step is chilled storage. Vegetative pathogens are n
destroyed or eliminated at this step, and some may continue to
grow, as in the case ofListeria monocytogenes. Question 2 asks if
the hazard will be reduced or eliminated. When the process
step is more correctly identi� ed as‘storage,’ the maintenance of
the chilled environment is one of the control measures and
should not lead to a ‘yes’ answer.
This question often is answered incorrectly by HACCP
teams because they are focused on the control measure rath
than the process step.

In cases in which the answer to Question 2 is‘no,’ question
three should be applied.
Question 3: Could contamination with identi�ed hazard(s)
occur in excess of acceptable level(s) or could this increase
unacceptable levels?

This question is focused on the hazard analysis, and the
HACCP team needs to consider the possibility of a failure of
the stated controls measures. Consideration should be given
to the potential for the ingredients to contain the hazard in
excess of acceptable levels. This will include consideratio
of information, including epidemiological data and past
performance of the supplier. It may also be possible that the
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processing environment could be a further source of the
hazard. Subsequent process steps may also have an effect on
the level of hazard in the product. Although the hazard may
be present at an acceptable level at the step under consider-
ation, the potential at subsequent process steps to increase to
unacceptable levels will need to be considered. In cases in
which the answer to Question 3 is ‘no,’ the conclusion is that
the step is not a CCP for the hazard under consideration and
the decision tree should be applied to the next hazard. If
contamination with the hazard could occur at unacceptable
levels or subsequent steps result in an cumulative effect of the
hazard, resulting in unacceptable levels of the hazard, then
Question 4 must be addressed.
d. Campden BRI,

Hazard Analysis
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mmission, 1997.
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Question 4: Will a subsequent step eliminate identi�ed
hazard(s) or reduce likely occurrence to acceptable level(s)?

The �nal question in this decision tree requires the consider-
ation of the subsequent steps of the �ow diagram and whether
or not they will eliminate the hazard or reduce it to an
acceptable level. If there are subsequent process step(s) that
will eliminate or reduce the hazard under consideration to an
acceptable level, then the answer to the question is ‘yes’ and
the step being considered is not a CCP. In that case, the
HACCP should apply the decision tree to the next signi�cant
hazard. If, however, there are no subsequent steps at which the
hazard can be eliminated or reduced to an acceptable level,
then the step under consideration is a CCP for the identi�ed
hazard and the control measures must be implemented
effectively. In some instances, additional control measures
may be introduced.

The Codex decision tree does not take into account the role
of prerequisite programs. Decision trees have been published
that contain a preliminary question that focuses on the role of
prerequisite program. This additional question has proven to
be bene�cial to the identi�cation of the real CCPs in the
process.
Once the HACCP team has identi�ed the CCPs, then they
will need to determine the critical limits for each of the control
measures along with procedures that can be used to monitor
whether the control measures are operating within these critical
limits. Monitoring procedures should be documented and
include information on what has to be done, how to carry out
the procedure (including details of equipment, materials, and
records to be used), when the procedure is to be followed, and
a clearly assigned responsibility. Records made of monitoring
procedures are to be signed by the person carrying out the task
and countersigned by a senior colleague.

In addition, corrective actions will need to be speci�ed in
the HACCP plan, and these will need to be taken when the
monitoring results show that the critical limit at a CCP has
not been met or that there is a trend toward loss of control.
The corrective actions will include a consideration of what to
do with the product produced during the ‘out-of-control’
period, a means of determining the cause of the problem, and
how to rectify the situation and recommence the production
safely. The responsibility for taking any corrective action and
release of the product held pending any investigation must be
clearly assigned. Records of corrective actions taken must be
maintained.

See also:Hazard Appraisal (HACCP): The Overall Concept.
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Introduction

This chapter presents the role of critical limits, microbial
criteria, process criteria, and product criteria in the context of
the microbial food safety management.

Schematically, food safety management might be split into
four pillars (Figure 1). On one hand, at the operational level,
safe food is produced by adhering to good hygienic practices
(GHP) and good manufacturing practices (GMP) and by
implementing food safety risk management systems, such as
hazard analysis critical control points (HACCP). On the other
hand, at the policy level, in the future, food management will
be driven by public health goals and risk assessment. For these
reasons, overall microbial food safety management increas-
ingly is called risk-based food safety management.
Prerequisite Programs

A prerequisite program can be de�ned as every speci�c and
documented activity or facility that is implemented with the
purpose of creating basic requirements that are necessary for
the production and processing of safe foods in all stages of the
food chain. In other words, prerequisite programs cover GHP,
GMP, and legislation. Prerequisite programs may be a basis for
the establishment of criteria. According to the US Food and
Drug Administration (FDA), the six prerequisite programs are
as following:

l Premises: outside property, building, sanitary facilities, and
water quality program

l Receiving and storing: receiving of raw materials, ingredi-
ents and packaging materials, and storage
Figure 1 Food safety management in a risk-based framework. Adapted
from the International Commission on Microbiological Speci�cations for
Foods (2006).
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l Equipment performance and maintenance: general equip-
ment design, equipment installation, and equipment
maintenance

l Personnel training: manufacturing controls, hygienic prac-
tices, and controlled access

l Sanitation: sanitation and pest control programs
l Health and safety recalls: recall system and recall initiation

Prerequisite programs need to be effectively monitored and
controlled before any attempt to put an HACCP plan in place.
Universal steps or procedures control the operational condi-
tions within a food establishment to create environmental
conditions that are favorable to the production of safe food.
Most prerequisite programs are applicable at the time of plant
design, rather than used for routine monitoring. Programs such
as the one related to sanitation, however, may have perfor-
mance criteria established for routine monitoring.

Sanitation programs must be developed for equipment,
personnel, overhead structures, �oors, walls, ceilings, drains,
lighting devices, refrigeration units, and anything else affecting
the safety of the food. Suggested operating parameters for
sanitation are related to the temperature of application, time of
exposure of the sanitizer and the surface, the concentration of
the sanitizer, and the frequency of cleaning and sanitation.
Depending on the contaminant to be removed from the
surface, the type of sanitizer (e.g., chlorine or iodophore based)
also is critical for the expected performance. Those variables
can be assigned to be the criteria for an HACCP system.
Implementation Steps of HACCP: Critical Limits

Hazard Analysis Critical Control Points

An HACCP system is a methodology that identi�es, evaluates,
and controls hazards that are signi�cant for food safety. The
HACCP procedure is a preventive, process-operation–speci�c
quality assurance system starting at the selection and purchase
of raw materials, ingredients, and packaging materials. It
follows the complete production process and ends at the �nal
product, ready for consumption.

HACCP consists of seven basic principles, which can be
summarized schematically into the three following steps:

1. Step 1: Conduct a Hazard Analysis

The �rst step consists of gathering general information,
describing the product, describing the methods of distri-
bution and storage, identifying the intended use and the
expected consumer, and developing a �ow diagram. Next, it
identi�es the potential species-related hazards and the
potential process-related hazards, while understanding the
potential hazards and determining their signi�cance.

2. Step 2: Determine the Critical Control Points (CCPs) and
Establish Critical Limits
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00155-5
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The second step consists of determining the steps, points
and procedures at which control can be applied. This step is
essential to prevent or eliminate a food safety hazard or to
reduce it to an acceptable level.

3. Step 3: Develop an HACCP Plan Form

The third step consists of establishing monitoring procedures
(what, how, when, and who), corrective action procedures,
a recordkeeping system, and veri� cation procedures.

A functioning HACCP system should require little end-
product sampling because appropriate safeguards are inhere
in the process. Therefore, rather than relying on end-produc
testing,� rms need to conduct frequent reviews of their HACCP
records and ensure that appropriate risk management decision
and product dispositions are made when process deviations
occur. Any consumer complaint should be reviewed to deter-
mine whether the complaint relates to the performance of the
HACCP plan or reveals the existence of unidenti� ed CCPs.
Although the absence of consumer complaints does not in
itself verify the adequacy of an HACCP system, safety-relate
problems are a guide to the performance of the system.
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Critical Limits

Within the second step of HACCP, critical limits must be spec-
i� ed and validated if possible for each CCP. In some cases, mo
than one critical limit will be elaborated at a particular step.
Criteria often used include measurements of temperature, time
moisture level, water activity, available chlorine, and sensory
parameters, such as visual appearance and texture. According
Codex Alinorm 93/13A, critical limits are criteria that separate
acceptability from unacceptability. Critical limits must be met to
ensure that the identi� ed hazards are prevented, eliminated, o
reduced to acceptable levels. Each control measure has one
more associated critical limits. Thus, some critical limits can be
set to re� ect national regulatory levels: These may be in the form
of action levels, or tolerances for contaminants, such as pesticid
residues, natural toxins, and other contaminants. Established
critical limits need to be validated and also veri� ed.

Validation of critical limits should consist of two activities:
(1) con� rmation of the appropriateness of the performance
criteria and the adequacy of the critical limits for meeting the
performance criteria, and (2) assessment of the capability of the
system to deliver the product that meets the critical limits or
process parameters. Periodic revalidation also should be pe
formed to ensure that the system has not changed such that th
critical limits previously identi � ed are no longer adequate.
Veri� cation consists of checking compliance with the elements
of the HACCP plan, including compliance with prescribed
critical limits. The choice of target microorganism also needs to
be veri� ed. Veri� cation can include sampling.
nd
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Microbial Criteria and Microbial Sampling

Microbial Criteria

Foodstuffs of animal and plant origin may present intrinsic
hazards due to microbiological contamination. Microbiolog-
ical criteria are tools that can be used to assess the safety a
quality of foods. A microbiological criterion for food de � nes
the acceptability of a product or a food lot, on the basis of the
absence or presence or the number of microorganisms
including parasites, or a quantity of their toxins and metabo-
lites, per unit of mass, volume, area, or lot.

It is impractical and unnecessary to develop microbiological
criteria for every food. Instead, criteria should be developed
only for potentially dangerous foods for which the danger can
be reduced or eliminated by the imposition of microbiological
criteria.

When applied by regulatory authorities, microbiological
criteria can be used to de� ne and check compliance with the
microbiological requirements. Mandatory microbiological
criteria shall apply to those products or points along the food
chain for which no other more effective tools are available and
for which they are expected to improve the degree of protection
offered to the consumer. In cases in which these are appro
priate, they shall be product-type speci� c and applied only at
the point of the food chain as speci� ed in the regulation.

In addition to checking compliance with regulatory provi-
sions, microbiological criteria may be applied by food business
operators to formulate design requirements and to examine end-
products as one of the measures to verify or validate the ef� cacy of
the HACCP plan. In this latter case, after establishing the CCP
the microbiology of the food at different stages of processing
must be determined, including product samples as well as swab
fromthe equipment surfaces. Through these studies, the number
and types of organisms that characterize the� ora of a food
produced under a given set of conditions can be identi� ed and
thus provide a basis for the establishment of a microbiological
criterion. Variations in process conditions should be considered
and correlated with the organoleptic quality of the food.

Such additional criteria implemented by food business
operators will be speci�c for the product and the stage in the
food chain at which they will apply. They may be stricter than
the criteria used for regulatory purposes and, as such, shoul
not be used for legal action.

According to the Codex Alimentarius (Food Hygiene, Basic
Texts, second edition, 2001), a microbial criterion should
include the following:

l A statement of the microorganisms of concern or their
toxins and metabolites and the reason for that concern

l The analytical methods for their detection or quanti� cation
l A plan de� ning the number of � eld samples to be taken and

the size of the analytical unit
l Microbiological limits considered appropriate to the food at

the speci� ed points of the food chain
l The number of analytical units that should conform to these

limits

A microbiological criterion should also state the following:

l The food to which the criterion applies
l The points along the food chain to which the criterion

applies
l Any actions to be taken when the criterion is not met

The sampling plan and decision criteria are essentia
components of a microbiological criterion. They should be
based on sound statistical concepts. The choice betwee
sampling portions of foods or rubbing swabs over surfaces (as
well as other methods of examining foods) depends on the
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expected type and quantity of organisms and on their expected
location. If serotyping or other de� nitive typing is done, sources
of contamination and the avenues the contaminants followed
sometimes can be determined by sampling raw and cooked
foods, taking specimens from persons who handle the foods
and swabbing surfaces that come into contact with foods.

The following factors should be considered for the estab-
lishment and application of microbial criteria:

l Evidence of hazard to health
l Microbiology of the raw materials
l Effect of processing on the microbiology of the food
l Likelihood and consequences of microbiological contami-

nation or growth during subsequent handling and storage
l Category of consumer at risk
l Cost–bene� t ratio associated with the application of the

criterion

Because of reasons related to sampling, methodology, an
uneven distribution of microorganisms, however, microbio-
logical testing of � nished food products done alone is insuf� -
cient to guarantee the safety of a foodstuff tested. The safety o
the foodstuffs must be ensured principally by a more preven-
tative approach, such as product and process design and th
application of GHP and GMP as well as HACCP principles.

Worldwide, microbiological criteria have been developed in
accordance with internationally recognized principles, such as
those of Codex Alimentarius. In Europe, the list of microbio-
logical criteria for foodstuffs has been revised recently (EC No
1441/2007). These criteria are applicable to products placed on
the market during their entire shelf life. In addition, the regu-
lation sets down certain process hygiene criteria to indicate the
correct functioning of the production process. In the United
States, a study of microbiological criteria as indicators of
process control or insanitary conditions was conducted by the
National Advisory Committee on Microbiological Criteria for
Foods (NACMCF, 2010–2012).

The terms‘standard,’ ‘guideline,’ and ‘speci�cation’ are used
widely to describe microbiological criteria for foods.

A microbiological standardis a microbial criterion that is
a part of a law, ordinance, or administrative regulation. A
standard is a mandatory criterion, and failure to meet it may
result in regulatory action. A Codex microbial criterion is
mandatory only when it is contained in a Codex Alimentarius
standard that refers to an end-product speci� cation. A Codex
microbiological standard should contain limits only for path-
ogenic microorganisms of public health signi� cance in the
food concerned, although limits for nonpathogenic microor-
ganisms may be necessary. Microbiological standards may b
useful when epidemiological evidence indicates that a food is
frequently a vehicle of disease.

A microbiological guidelineis a criterion that often is used by
the food industry or a regulatory agency when monitoring
a manufacturing process. Guidelines are helpful in assessin
whether microbiological conditions prevailing at CCPs or in
the � nished product are within the normal range; hence, they
are used to assess processing ef�ciency at CCPs and conformity
with GMP. They are advisory. When based on GMP, statisticall
valid data, or appropriate experience, such guidelines permi
the processor and others to assess the conditions under whic
certain foods have been processed and stored.
A microbiological speci� cationis a microbial criterion that is
used as a purchase requirement; conformance with it become
a condition of purchase between the buyer and the vendor of
a food or ingredient. It can be either mandatory or advisory.
Microbiological speci� cations may be used to determine the
acceptability of a raw material or � nished product in
a contractual agreement between two parties (buyer and
vendor) and by governmental agencies to assess microbia
acceptability of foods purchased.

Last, the International Commission on Microbiological
Speci� cations for Foods (ICMSF) recently edited a book
intended for anyone using microbiological testing or engaged
in setting microbiological criteria, including government, food
processors, and the customers they supply.
Microbial Sampling

There are two prime reasons for microbiological sampling. The
� rst is to enable a decision to be reached on the suitability of
a food or ingredient for its intended purpose. The two-class and
three-class attributes sampling plans of ICMSF are appropriat
for this purpose. The second reason for microbiological
sampling is to monitor performance relative to accepted GMP.
Related to HACCP, microbiological sampling is required for
veri� cation and validation purposes.

The purpose of inspection and analysis of food, including
microbiological testing, is to obtain information upon which
to base a decision to accept or reject the food. The type of plan
chosen for this purpose is termed an acceptance sampling plan
The product type, its microbiological history, and its intended
use will in � uence the selection of the sampling plan. Accep
tance or rejection of a lot theoretically can be based on attri-
butes or measurement of a variable. When attributes data ar
used, the decision is based on the number of sample units tha
are positive, that is, giving results above or below the leve
speci�ed.

Measurements typically involve some continuous variables
such as concentration, for example, the amount in parts per
billion of some chemical residue in a sample unit of food.
Measurement data can be converted to attributes data by referrin
to the number of sample units above and below a critical level.

A sample unit may be regarded as defective if it contains an
of certain dangerous microorganisms or more than some
chosen number of other microorganisms. The symbolm (limit
value) is used to represent the dividing line separating the
sample units into two classes:

l Defective (values abovem)
l Acceptable (values equal to or less thanm).

In the case of a dangerous microorganism, such asSalmo-
nella, m may be zero. This is called a two-class attributes plan

In cases in which the presence of some microorganisms (e.g
indicator organisms) can be tolerated, it is possible to recognize
three classes of quality, in which any single sample unit may be
wholly acceptable, marginally acceptable, or defective.

The symbol m is then used to separate acceptable quality
from marginally acceptable quality, while M is used to separate
marginally acceptable quality from defective quality. This is
a three-class attributes plan. Counts betweenm and M are
undesirable, but a few such counts can be accepted.
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The ICMSF sampling plans involve either two-class or three
class attributes. Besidesm and M, two more numbers must be
stated in sampling plans: these aren, the number of sample
units, and c, the maximum allowable number of sample units
yielding unsatisfactory test results.

Whenever possible, criteria should not be established at the
lower limits of detection of the methods being employed,
a concept recommended in relation to any analytical proce-
dure. Instead, the criteria should allow trends to be followed
and corrective measures to be taken before‘action levels’ are
reached. Furthermore, this allows the establishment of criteria
that are designed around three-class sampling plans. It shoul
be recognized that this ideal is not always feasible, particularly
when dealing with infectious agents (e.g.,Salmonella) with low
minimum infectious doses. In those instances, two-class plan
may be more appropriate.

The ICMSF categorized microbiological hazards into 15
cases, according to two factors: severity, and whether the haza
will be reduced, unchanged, or increased during the norma
conditions of handling between sampling and consumption.
The 15 cases relate to the nature of the concern (e.g., shelf lif
low indirect health hazard), the food product (e.g., fresh� sh,
frozen foods), the bacterial test (e.g., standard plate count), and
anticipated conditions of treatment (e.g., subsequent cooking).

The obvious limitation of attribute sampling procedures is
that a large number of samples must be analyzed. This is time
consuming, expensive, and frequently impractical, particularly,
with microbiological testing. The foregoing recommendations
for sampling foods can be used at ports of entry or for foods in
domestic commerce. The ICMSF does not recommend the us
of these criteria for routine analysis as the method of choice for
ensuring safety. Microbiological tests are notoriously dif� cult
to conduct, and increased sampling is unrealistic. In fact
ICMSF plans involve more sampling than currently is the case
in most microbiological testing situations.

Having a sampling plan in place cannot ensure the absenc
of a pathogen in food. For instance, statistically, there is
a relatively high chance of accepting a lot at a defect rate o
0.1%, 1.0%, 5.0%, or even 10.0%. Likewise, testing foods a
ports of entry or elsewhere in the food chain cannot guarantee
food safety. Instead, the ICMSF advocates the use of HACC
from production or harvesting to the consumption of foods.
Food processors can use the recommended sampling plans
verify that the HACCP plan is working correctly to ensure the
control of microorganisms in question. The ICMSF also
recommends that highly susceptible individuals be provided
with guidelines for the selection and safe handling of foods.
sk
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Risk-Based Food Safety Management: Process
Criteria and Product Criteria

Risk-Based Food Safety Management

The World Health Organization (WHO) and the Food and
Agriculture Organization of the United Nations (FAO) have
called on countries to apply modern international food safety
and quality standards to protect consumer health. They are in
the forefront of the development of risk-based approaches for
the management of public health hazards in food. Risk analysis
consists of three interconnected activities: risk assessment, ri
management, and risk communication. Through Codex Ali-
mentarius, FAO and WHO are developing guidelines and
reports providing detailed advice on the various aspects of risk
analysis.

In this risk-based management context, an appropriate leve
of protection (ALOP) is a statement of the degree of public
health protection that has to be achieved by the food safety
systems implemented within a country. The ALOP, however, is
not a useful measure in the actual implementation of food
controls throughout the food chain. Instead, a measurable
target for producers, manufacturers, and control authorities is
required; this is the basis of the food safety objective (FSO
concept.

An FSO corresponds to the maximum frequency or
concentration of a hazard in a food at the time of consumption
that provides or contributes to the ALOP. Only a competent
authority in a country sets FSOs. In addition, a performance
objective (PO) corresponds to a maximum frequency or con-
centration of a hazard in a food at a speci� ed step in the food
chain before the time of consumption that provides or
contributes to an FSO or ALOP, as applicable.

In the near future, professionals involved in food produc-
tion throughout the food chain will need to provide evidence
that their foods at the moment they are eaten comply with an
FSO or a PO. Microbial criteria as described earlier in this
chapter are valuable tools to assess compliance with th
FSO/PO for a pathogenic microorganism. In such a case
a series of assumptions and decisions must be made:

l An assumption must � rst be made regarding the distribution
of the pathogens in the lot of food. In the absence of available
data, a log-normal distribution is often assumed and a default
value for the standard deviation is applied. A standard devi-
ation of 0.2 log10 cfu g� 1 is used to describe a food in which
microbes would be expected to be rather homogenously
distributed within a batch (e.g., for liquid food with a high
degree of mixing). A standard deviation of 0.4 log10 cfu g� 1 is
assumed fora foodof intermediatehomogeneity (e.g., ground
beef) and a standard deviation of 0.80 log10 cfu g� 1 for an
inhomogeneous food (e.g., solid food).

l The second requirement is to de� ne the‘maximum frequency
and/or concentration’ of the hazard that will be used to specify
the FSO/PO, including what proportion (e.g., 95%, 99%,
99.9%, etc.) of the distribution of possible concentrations
must satisfy the test limit so that the FSO/PO is met.

l The third decision is to specify the level of con� dence
needed for a nonconforming lot to be detected and rejected
(e.g., 95% or 99% con� dence); alternatively, the probability
of rejecting a conforming lot may be considered.

l The fourth decision is the analytical methodology that
should be employed.
Process Criteria and Product Criteria

In risk-based food safety management, beside FSO and PO
other metrics have been developed. A performance criteria (PC
is the effect required of one or more control measures working
in concert to meet a PO. The effect might be inactivation
(a minimum log reduction required) or an inhibition of
growth (less than a given log increase). For example, to contro
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nonproteolytic Clostridium botulinumin cooked chilled foods,
the heat treatment has to deliver 6 log reduction.

Process criteria (PrC) and product criteria (PdC) are the
control parameters at a step or combination of steps that can be
applied to achieve a desired reduction or a desired limited growth
and contamination, that is, to achieve a PC. Again with the
example of nonproteolytic C. botulinumin cooked chilled foods,
a heat treatment of 90� C for 10 min is a PrC value to achieve
a 6 log reduction in cooked chilled foods. Likewise, to control the
growth of proteolytic C. botulinumin canned shelf-stable acidi� ed
foods, a pH value of 4.6 or less, is an effective PdC.

Time–temperature relations can be used as PrC for partic
ular processes, especially those of pasteurization and steriliza
tion, if the relevant data are available. To do this, the following
must be well established for the food product in question:

l Suitability of the food product for microbial growth ( aw,
pH, etc.)

l The processing steps (time–temperature of the process,
hygiene, handling practices)

l Storage and distribution conditions
l The intended use

Achieving a PC such as a given log reduction might require
only one control measure, often de� ned as the heat-treatment
characteristic. There are some advantages, however, of co
bining more than one PrC to achieve the desired PC and
consequently to comply with a targeted PO or FSO. Indeed, the
food product organoleptic and nutritive quality may increase as
the heat-treatment intensity decreases. Along this line, th
National Center for Food Safety and Technology, in United
States, has articulated pH andaw effects on inactivation or
limitation of growth with heat treatment to end up with
a cumulative control measure effect onC. botulinumtoxin in
commercially sterile foods.

Interestingly, such PrC and PdC are also the critical limits in
a HACCP plan when the control occurs at a Critical Control
Point, which make the operational implementation of the risk-
based metric parameter feasible (Figure 1).
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Sources of Information

Current sources of performance and validation criteria are
experts (consultation), government legislation, review of the
literature, epidemiological data on foodborne diseases,
suppliers’ records, regulatory guidelines, and monitoring
contaminants in the food manufacturing environment.

Beside these valuable sources, challenge tests and predict
models, stored in publicly available databases also are o
interest for establishing PC.
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Challenge Tests

After the potentially hazardous organisms have been identi� ed
and information about their presence in raw food materials has
been obtained, then the effects of processing and storage can b
tested by microbiological challenge testing (MCT), storage
tests, and even by mathematical models for estimation of the
number of organisms expected to be present in the product a
the times of factory exit, consumption, and so on.
Microbiological challenge testing is an established tech
nique within the food industry. It aims to simulate what can
happen to a product during processing, distribution, and
subsequent handling, following inoculation with relevant
microorganisms in appropriate numbers. The test product has
to be processed correctly and then held under a range o
controlled conditions that relate to those used by consumers.

There are several areas of application of MCT, such a
determination of product safety, establishment of shelf life,
and formulation of products in terms of intrinsic control
factors, such as pH andaw. These tests are perceived as a sour
of experimental documentation of a product’s safety.

When deciding whether microbiological challenge testing
should be applied, the � rst step is to establish the potentially
hazardous organisms associated with a particular food product
After producing a list of foodborne disease bacteria, it is
necessary to determine whether each microorganism is likely to
be present in the raw materials or may recontaminate the
product during (and even after) the process step.

Times and temperatures used in challenge tests must b
selected to re� ect local conditions during distribution and
retailing, and the conditions of consumer use. Shelf-life tests
similarly are conducted by shipping samples of the product out
to retailers and testing periodically for deterioration.

Finally, it is important to keep in mind that although MCT
provide valuable information, they are time consuming and
costly.
Predictive Models and Databases

Predictive models enable the prediction of the survival and
growth of selected bacteria in culture media as affected b
factors such as pH, water activity, salt content, and temperature
Combinations of these and other growth-limiting factors
increasingly are being sought to inhibit the growth of micro-
organisms in food products. Databases designed to hav
predictive abilities will provide support for making decisions;
more important, they should offer aid in formulating more
precise questions regarding hazard analysis and ris
assessment.

The use of databases is foreseen as a means of allowin
access to the vast amount of information necessary to
conduct an in-depth risk assessment. The Joint Institute fo
Food Safety and Applied Nutrition in collaboration with the
Center for Food Safety and Applied Nutrition from the FDA
and the Food Safety and Inspection Services from the U
Department of Agriculture (USDA) have made freely avail-
able a comprehensive database focused on risk assessme
(FoodRisk). It includes a large amount of literature infor-
mation, predictive models, and quantitative risk assessmen
tools. Likewise, the Institute of Food Research in the United
Kingdom, the USDA Agricultural Research Service in th
United States, and the University of Tasmania Food Safet
Center in Australia have worked together to develop and
maintain an electronic repository for food microbiology
observations (ComBase). This repository includes a system
atically formatted database of quanti� ed microbial responses
to the food environment with more than 50 000 records,
and, a collection of software tools to predict the growth or
inactivation of microorganisms.
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See also:Good Manufacturing Practice; Hazard Appraisal
(HACCP): The Overall Concept; Hazard Analysis and Critical
Control Point (HACCP): Critical Control Points; Hazard
Appraisal (HACCP): Involvement of Regulatory Bodies;
Microbial Risk Analysis; Sampling Plans on Microbiological
Criteria.
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Introduction

Production of safe foods is a key aspect in national public
health systems and a prime aspect in international trade.
Driven by consumers,’ industries,’ and governments’ concerns
and needs, food safety has been put in the forefront of public
health priorities in several countries.

Taking into account the complexity of the tasks, the need to
avoid political interferences and to take rapid actions, food
safety regulation is ascribed to government agencies or public
authorities. A regulatory agency, regulatory body, or regulatory
authority is an independent regulatory bureau or a government
agency or public authority in charge of ruling or supervising
certain activities. These agencies have the constitutional rights
to work on regulation or rule making. They can also be de-
manded to enforce standards, safety, supervise, and regulate
activities, such as trade. Autonomous regulatory agencies can
undergo appraisals and investigations, and occasionally are
allowed to demand the implementation of measures as well as
to �ne the involved.

Throughout the world, regulatory bodies exist that have the
responsibility to promote and protect public health through
regulation and supervision of food safety as well as enforce-
ment of laws, such as the United States Food and Drug
Administration (USFDA).

To ensure their activities, regulatory agencies should (1) be
transparent, both regarding decisions taken and in general
information, (2) allow participation of stakeholders, (3) do not
take subjective and reactive decisions, and (4) have their deci-
sions reviewed by external bodies.

Regulatory bodies play a major role in de�ning and
enforcing the adoption of food safety principles in the
production of foods. They can be considered the main forces
driving the developments in food safety throughout the years.
Traditionally, food safety was deemed to be related to veri�-
cation based on sampling plans and analysis of �nal products.
Analyzing the end products for the presence of hazards, such as
foodborne pathogens, can be considered to be an inef�cient
approach because it is not practical to test enough samples to
ensure that the detection of these hazards in the levels they
represent an unacceptable food safety risk. Additionally, when
the presence of pathogens is con�rmed, foods already may
have been eaten. Therefore, the food industry demanded
a preventive and hands-on approach that would enable the
detection of a process out of control, restoration of controlled
process, and the determination of destination for foods pro-
cessed under uncontrolled process. Thus, end product–based
testing was followed by good manufacturing practices (GMPs)
and hazard analysis and critical control points (HACCPs).

GMP and HACCP have been well established as hazard
management systems at processing levels. Speci�cally, HACCP
is a food safety management system focused on the identi�-
cation, analysis and control of biological, chemical, and
physical hazards of relevance in foods from farm to fork.
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HACCP is composed of seven principles, i.e., Principle 1:
Hazard analysis, Principle 2: Determination of critical control
points (CCPs), Principle 3: Establishment of critical limits,
Principle 4: Establishment of monitoring procedures, Principle
5: Establishment of corrective actions, Principle 6: Establish-
ment of veri�cation procedures, and Principle 7: Establishment
of records and documentation procedures. The interaction and
main activities undertaken within each principle of HACCP
system are shown in Figure 1.

As can be seen in Figure 1, hazard analysis (principle 1) has
a major importance for all the upcoming activities conducted
in an HACCP program.

With the introduction of HACCP concept in food indus-
tries, food safety management was moved forward to a hazard-
based approach. On the basis of this approach, the simple
presence of a hazard in a food was deemed enough to consider
a food unsafe. To overcome the limitations of hazard-based
approaches, however, contemporary food safety is evolving to
a risk-based approach. In this new context of food safety
management, HACCP is still an important tool to translate in
food-processing operations measures determined by risk
assessments. Therefore, proper knowledge of the hazards and
their relevance for food safety includes the key information for
food safety.
Hazard Appraisal in the Context of Risk Analysis

Risk analysis is multidisciplinary, organized, and iterative
decision-making process on food safety risks. The process of
risk analysis considers three separated but interrelated tasks,
known as risk assessment, risk management, and risk
communication (Figure 2). Each of these tasks involves activ-
ities with �nal aim to estimate and mitigate risks associated
with foods.

The aim of risk assessment is to determine the level of
illness due to a hazard in a population or to estimate risk in
a speci�c point of food production. Risk assessment is the �rst
step to specifying for the nation the level of risk control for
which the food industry must be responsible. Risk assessment
is composed of (1) hazard identi�cation: quantitative indica-
tion of the hazard that may be associated with the consump-
tion of a particular food product; (2) exposure assessment: the
chance that a hazard will be in the food; (3) dose response: the
probability of consumers becoming ill at various dose intakes;
and (4) risk characterization: severity and cost of the hazard, as
identi�ed from epidemiological evidence.

The second step in the government’s role in risk decision
making is the speci�cation of risk controls. If a risk is unac-
ceptable, the government has to decide who should be
responsible for controlling that risk and what level of control is
necessary. Whatever the outcome of this risk allocation, from
the standpoint of management, this must be communicated by
the government to the consumer and the producer. Risk
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00154-3
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Figure 1 The concept of HACCP and involved activities.
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communication is a key factor for transparence of risk analysis
and its effectiveness has an enormous impact on successful ri
assessment and management.

In the past decade, risk analysis has been introduced int
the legislation of several countries throughout the world to
enforce scienti� c-based decisions. The importance of knowing
the concept of risk analysis is that it underlies all activities of
several regulatory bodies in the world. For example, the
)

e

Figure 2 The concept of risk analysis and the three separate but
interrelated activities.
Regulation EC 178/2002 of European Union, states in the
general principles and requirements of food safety law that
“ the requirement of food law and any subsequent measures to
be based on risk analysis, except where it is not appropriate to
the circumstances or nature of the measure.” Then, the
European Food Safety Authority was assigned the following
tasks, all risk based:“ (1) issuing scienti� c opinions based on
risk assessment, (2) promoting and coordinating the devel-
opment of risk assessment methodologies, (3) commis-
sioning scienti� c studies, (4) collecting and analyzing
scienti� c and technical data, (5) identifying emerging risks,
(6) establishing networks of relevant organizations, (7)
assisting the European Commission in crisis management, (8
providing independent information on all matters within its
mission with a high level of openness and transparency, and
(9) communicate the risks.”

Thus, in the contemporary context of food safety, regulatory
bodies have a major importance in de� ning actions, estab-
lishing programs, and setting science-based measures to b
implemented at an industrial level to ensure production of safe
foods.
Hazards of Concern in Foods

A hazard is any biological, chemical, or physical agents the
consumption of which may cause a food to be unsafe.





Table 1 Estimated annual number of episodes of domestically acquired foodborne illnesses caused by 31 pathogens, United States*

Multipliers

Pathogen Laboratory conÞrmed Underreporting Underdiagnosis Travel related (%) Foodborne (%)a
Domestically acquired foodborne,
mean (90% credible interval)

Bacteria
Bacillus cereus, foodborne 85b 25.5 29.3 < 1 100 63 400 (15 719–147 354)
Brucellaspp. 120c 1.1 15.2 16 50 839 (533–1262)
Campylobacterspp. 43 696 1.0 30.3 20 80 845 024 (337 031–1 611 083)
Clostridium botulinum, foodborne 25c 1.1 2.0 < 1 100 55 (34–91)
Clostridium perfringens, foodborne 1295b 25.5 29.3 < 1 100 965 958 (192 316–2 483 309)
STEC O157 3704 1.0 26.1 4 68 63 153 (17 587–149 631)
STEC non-O157 1579 1.0 106.8 18 82 112 752 (11 467–287 321)
ETEC, foodborne 53b 25.5 29.3 55 100 17 894 (24–46 212)
DiarrheagenicE. coliother than STEC and ETEC 53 25.5 29.3 < 1 30 11 982 (16–30 913)
Listeria monocytogenes 808 1.0 2.1 3 99 1591 (557–3161)
Mycobacterium bovis 195 1.0 1.1 70 95 60 (46–74)
Salmonellaspp., nontyphoidal 41 930 1.0 29.3 11 94 1 027 561 (644 786–1 679 667)
S. entericaserotype Typhi 433 1.0 13.3 67 96 1821 (87–5522)
Shigellaspp. 14 864 1.0 33.3 15 31 131 254 (24 511–374 789)
Staphylococcus aureus, foodborne 323b 25.5 29.3 < 1 100 241 148 (72 341–529 417)
Streptococcusspp. group A, foodborne 15b 25.5 29.3 < 1 100 11 217 (15–77 875)
Vibrio cholerae, toxigenic 8c 1.1 33.1 70 100 84 (19–213)
V. vulniÞcus 111c 1.1 1.7 2 47 96 (60–139)
V. parahaemolyticus 287c 1.1 142.4 10 86 34 664 (18 260–58 027)
Vibriospp., other 220c 1.1 142.7 11 57 17 564 (10 848–26 475)
Yersinia enterocolitica 950 1.0 122.8 7 90 97 656 (30 388–172 734)
Subtotal 3 645 773 (2 321 468–5 581 290)
Parasites
Cryptosporidiumspp. 7594 1.0 98.6 9 8 57 616 (12 060–166 771)
Cyclospora cayetanensis 239 1.0 83.1 42 99 11 407 (137–37 673)
Giardia intestinalis 20 305c 1.3 46.3 8 7 76 840 (51 148–109 739)
Toxoplasma gondii 1.0 0.0 < 1 50 86 686 (64 861–111 912)
Trichinellaspp. 13c 1.3 9.8 4 100 156 (42–341)
Subtotal 232 705 (161 923–369 893)

Viruses
Astrovirus NA NA NA 0 < 1 15 433 (5569–26 643)
Hepatitis A virus 3576c 1.1 9.1 41 7 1566 (702–3024)
Norovirus NA NA NA < 1 26 5 461 731 (3 227 078–8 309 480)
Rotavirus NA NA NA 0 < 1 15 433 (5569–26 643)
Sapovirus NA NA NA 0 < 1 15 433 (5569–26 643)
Subtotal 5 509 597 (3 273 623–8 355 568)
Total 9 388 075 (6 641 440–12 745 709)

*All estimates based on US population in 2006. Modal or mean value shown unless otherwise stated; see online Technical Appendix 3 (www.cdc.gov/EID/content/17/1/7-Techapp3.pdf) for the parameters of these distributions. STEC, Shiga
toxin–producingEscherichia coli; ETEC, EnterotoxigenicE. coli; NA, not applicable. An expanded version of this table is available online (www.cdc.gov/EID/content/17/1/7-T2.htm).
aPercentage foodborne among domestically acquired illnesses.
bPassive surveillance data on outbreak-associated illnesses from the Foodborne Disease Outbreak Surveillance System. Estimates based on the number of foodborne illnesses ascertained in surveillance and therefore assumed to re� ect only
foodborne transmission.
cPassive surveillance data from Cholera and OtherVibrioIllness Surveillance or the National Noti� able Disease Surveillance System.
Active surveillance data from Foodborne Diseases Active Surveillance Network, adjusted for geographic coverage; data from the National Tuberculosis Surveillance System forM. bovis.
Source: Scallan, E., Hoekstra, R.M., Angulo, F.J., Tauxe, R.V., Widdowson, M.-A., Roy, S.L., et al. 2011. Foodborne illness acquired in the United States– major pathogens. Emerg Infect Dis Jan.http://dx.doi.org/10.3201/eid1701.P11101
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Table 2 Estimated annual number of domestically acquired foodborne hospitalizations and deaths caused by 31 pathogens, United States*

Pathogen
Hospitalization
rate, %[

Hospitalizations,
mean (90% credible interval)a Death rate, %[ a

Deaths, mean
(90% credible interval)

Bacteria
Bacillus cereus, foodborneb 0.4 20 (0–85) 0 0
Brucellaspp. 55.0 55 (33–84) 0.9 1 (0–2)
Campylobacterspp. 17.1 8463 (4300–15 227) 0.1 76 (0–332)
Clostridium botulinum, foodborneb 82.6 42 (19–77) 17.3 9 (0–51)
Clostridium perfringens, foodborneb 0.6 438 (44–2008) < 0.1 26 (0–163)
STEC O157 46.2 2138 (549–4614) 0.5 20 (0–113)
STEC non-O157 12.8 271 (0–971) 0.3 0 (0–0)c

ETEC, foodborne 0.8 12 (0–53) 0 0
DiarrheagenicE. coliother than STEC and ETEC 0.8 8 (0–36) 0 0
Listeria monocytogenes 94.0 1455 (521–3018) 15.9 255 (0–733)
Mycobacterium bovis 55.0 31 (21–42) 4.7 3 (2–3)
Salmonellaspp., nontyphoidal 27.2 19 336 (8545–37 490) 0.5 378 (0–1011)
S. entericaserotype Typhi 75.7 197 (0–583) 0 0
Shigellaspp. 20.2 1456 (287–3695) 0.1 10 (0–67)
Staphylococcus aureus, foodborneb 6.4 1064 (173–2997) < 0.1 6 (0–48)
Streptococcusspp. group A, foodborneb 0.2 1 (0–6) 0 0
Vibrio cholerae, toxigenic 43.1 2 (0–5) 0 0
V. vulniÞcus 91.3 93 (53–145) 34.8 36 (19–57)
V. parahaemolyticus 22.5 100 (50–169) 0.9 4 (0–17)
Vibriospp., other 37.1 83 (51–124) 3.7 8 (3–19)
Yersinia enterocolitica 34.4 533 (0–1173) 2.0 29 (0–173)
Subtotal 35 796 (21 519–53 414) 861 (260–1761)

Parasites
Cryptosporidiumspp. 25.0 210 (58–518) 0.3 4 (0–19)
Cyclospora cayetanensis 6.5 11 (0–109) 0.0 0
Giardia intestinalis 8.8 225 (141–325) 0.1 2 (1–3)
Toxoplasma gondii 2.6 4428 (2634–6674) 0.2 327 (200–482)
Trichinellaspp. 24.3 6 (0–17) 0.2 0 (0–0)
Subtotal 4881 (3060–7146) 333 (205–488)

Viruses
Astrovirus 0.4 87 (32–147) < 0.1 0
Hepatitis A virus 31.5 99 (42–193) 2.4 7 (3–15)
Norovirus 0.03 14 663 (8097–23 323) < 0.1 149 (84–237)
Rotavirus 1.7 348 (128–586) < 0.1 0
Sapovirus 0.4 87 (32–147) < 0.1 0
Subtotal 15 284 (8719–23 962) 157 (91–245)
Total 55 961 (39 534–75 741) 1351 (712–2268)

*All estimates were based on U.S. population in 2006. STEC, Shiga toxin–producingEscherichia coli; ETEC, EnterotoxigenicE. coli. An expanded version of this table is available
online (www.cdc.gov/EID/content/17/1/7-T3.htm).
aFor laboratory-con� rmed illnesses. Unadjusted hospitalization and death rates are presented here. These rates were doubled to adjust for underdiagnosis before being applied
to the number of laboratory-con� rmed cases to estimate the total number of hospitalizations and deaths. The hospitalization and death rates for astrovirus, norovirus, rotavirus,
and sapovirus presented here are the percentage of total estimated illness and were not subject to further adjustment
bEstimates based on the number of foodborne illnesses ascertained in surveillance, therefore assumed to re� ect only foodborne transmission.
cWe report median values instead of means for the distributions of deaths caused by STEC non-O157 because of extremely skewed data.
Source: Scallan, E., Hoekstra, R.M., Angulo, F.J., Tauxe, R.V., Widdowson, M.-A., Roy, S.L., et al. 2011. Foodborne illness acquired in the United States– major pathogens.
Emerg Infect Dis. Jan.http://dx.doi.org/10.3201/eid1701.P11101.
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compounds have almost completely been eliminated from
packaging systems. These types of packaging material, howev
still may exist in other regions of the world. There is also
concern over the safety of certain plastics, especially those th
may be used in the heating or reheating of foods in
a microwave.

Heavy metals and radioactive isotopes from the industrial
environment can also� nd their way into food, usually through
water sources. An example of this is the level of mercury in� shes.

Sometimes a poisonous substance in food can be controlled
(diminished to a minimal risk) if the food is washed or is
heated (cooked) suf� ciently. The best strategy, however, is fo
the food operator to keep harmful substances out of food by
purchasing supplies produced under controlled or known
growing, harvesting, processing, and storage conditions.

Regarding adverse food reactions, about 1% of the pop
ulation is allergic to compounds (usually certain proteins)
found in food. Allergic reactions may be caused by many types
of foods, including milk, eggs, � sh, seafood (particularly
shrimp), legumes (peanuts), tree nuts, and wheat. Other foods
including citrus fruit, melons, bananas, tomatoes, corn, barley,
rice, and celery, can cause allergic reactions in a few sensitiz
individuals. Allergic reactions vary with each individual’s
sensitivity. Some allergic reactions are mild (e.g., watery eye
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nasal discharge, headaches). For some sensitive people, life-
threatening anaphylactic shock can occur within minutes.
There must be emphasis on training staff to understand the
serious nature of food allergies. Personnel must know, or be
able to �nd, the complete list of all ingredients in food served
to customers. Complete disclosure of ingredients used to
prepare food should be available to hypersensitive individuals
if they request this information. Personnel must recognize that
even cross-contact of one food by another can pose a problem
for highly sensitive individuals.

Prepared foods must have an appropriated ingredient label
depicting recipe ingredients to enable hypersensitive people to
avoid foods with offending components. The use of kitchen
chemicals such as monosodium glutamate, food color (yellow
dye no. 5), and aspartame in food items should be disclosed if
customers request this information.

Toxins that may accumulate in �sh and shell�sh, under
some circumstances, are unaffected by cooking, and no anti-
dotes or antitoxins exist to reduce their toxicity. Poisonings
through eating toxic �sh and shell�sh are signi�cant causes of
human illness. Outbreaks usually are due to three types of
poisoning: ciguatera poisoning, histamine poisoning, and
paralytic shell�sh poisoning. The best controls are to obtain
�sh and shell�sh that are certi�ed by a supplier with HACCP to
have been taken from safe waters and then to store these
products under conditions that do not allow deterioration.
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in Food Safety
The Regulatory Bodies’ Role in Hazard Appraisal

Before the era of microbial risk analysis, regulatory bodies had
major responsibility to specify safe minimum critical limits for
processes to ensure safety. For example, in the case of high-acid
foods, the government declares that food is safe from C. botu-
linum growth at room temperature if it is pasteurized and has
a pH <4.6. Another example is the safety of foods from
Staphylococcus aureustoxin production when the food has
a water activity <0.86.

The same is true for safety limits for chemicals – toxins and
poisons – and hard foreign objects. For example, if it is decided
that a particle of approximately 1 mm in diameter does not
cause choking and does not break teeth, that diameter is
considered to be the critical limit for the size of hard foreign
objects that can be applied universally and represent a tolerable
risk to consumers. Examples of other critical procedures and
limits include (1) the cleaning of food contact surfaces to
a tolerable level of �lth on the surface after cleaning, such as
100 organisms/50 cm; (2) pasteurizing food to reduce Salmo-
nellato <1 organism per 100 g; and (3) cooling food to prevent
the outgrowth of spores of C. perfringens.

These are examples of safe process standards speci�ed by
the governments’ agencies. In the past, such safe process
standards were mainly on expert’s opinion. In the framework
of risk analysis, however, these regulatory goals have to be
replaced by quantitative performance-based criteria. Also,
regulatory activities have to migrate from a process-based
approach to a pathogen–food combination. In addition, in
the context of risk-based approaches, regulatory controls have
to be guided by the risk posed to public health. A strategy to
link food processing and public health is the introduction of
the appropriate level of protection (ALOP) concept. An ALOP
is “the level of protection deemed appropriate by the member
(government) establishing a sanitary or phytosanitary
measure to protect human, animal or plant life or health
within its territory.” As such, an ALOP should re�ect the results
of a risk assessment study, with outputs related in terms of
public health objectives, probability of illness, or maximum
frequency of a foodborne illness in a determined population.
An ALOP needs to be further translated to food processing in
parameters easy to be measured and assessed by regulatory
agencies and industries, that is, the food safety objectives
(FSOs). An FSO is “the maximum frequency and/or concen-
tration of a hazard in food at the time of consumption that
provides or contributes to the ALOP.” The FSO are com-
plemented by performance objectives (POs) and performance
criteria (PC), which are “The maximum frequency and/or
concentration of a hazard in a food at a speci�ed step in the
food chain before the time of consumption that provides, or
contributes to, an FSO or ALOP as appropriate” and “the effect
of one or more control measures needed to meet or contribute
to meeting a PO,” respectively.

Given these objectives, regulatory agencies have to deal with
the establishment of FSOs, POs, and PC to reach acceptable
level of protection.
See also:Good Manufacturing Practice; Hazard Appraisal
(HACCP):The Overall Concept; Hazard Analysis and Critical
Control Point (HACCP):Critical Control Points; Hazard
Appraisal (HACCP):Establishment of Performance Criteria;
Predictive Microbiology and Food Safety; Food Safety
Objective; Microbial Risk Analysis.
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Introduction

Microwaves were �rst employed as a high-frequency means of
radio communication. The accidental discovery by a Raytheon
engineer in 1945 that they can heat food led to their initial use
for this purpose in the food service industry. As a source of
penetrating energy, microwaves have found application in such
areas as medicine, materials, and chemicals for which quick and
penetrating heating is necessary or desired. In almost 70 years of
use in the food area, microwaves have been applied to various
thermal processes. They include baking, cooking, thawing,
drying, freeze drying, vacuum drying, �nishing, pasteurization,
sterilization, blanching, tempering, and, of course, reheating.

Initially, using microwaves was seen as an improved means
of heating because of its penetrability, with numerous industrial-
scale applications envisioned. A few of these, such as potato
chip drying and pasta drying, saw implementation. But
improvement of conventional, and therefore cheaper, heating
processes along with problems inherent in using microwaves
caused most of the implemented processes to be abandoned,
and those being researched to remain unimplemented. In general
food processing, microwaves currently are being applied at the
industrial level only to bacon cooking, frozen meat tempering,
and precooking. And only in the 2000s have microwave-based
sterilization or pasteurization process begun to appear.

The average person is familiar with microwave heating
through the use of the ubiquitous home microwave oven. Yet,
despite this ubiquity, myths and misunderstandings persist
concerning microwaves and how they heat. These can under-
mine effective application of microwave-based heating when it
is used to eliminate microorganisms in food. Therefore, the
discussion in this article attempts to give the reader an under-
standable, yet in-depth, explanation of the dynamics of
microwaves and how they impart heat to food. Although
8 Encyclopedia of Food Mic
debate is ongoing regarding the existence of a nonthermal
bactericidal effect of microwaves (see Nonthermal Processing:
Microwave), the primary effect of microwave energy is its
ability to penetrate food and generate thermal energy (i.e.,
heat) from within, raising the temperature of the food to the
point at which the food environment is inhospitable for
microorganism survival.

To understand the dynamics of this type of heating, a good
place to start is a general discussion of electromagnetic (EM)
waves, of which microwaves are a part.
EM Waves

EM energy is propagated as a wave of electric and magnetic
�elds, oscillating between positive and negative polarity. Thus,
an EM wave propagating through a point in space alternately
would attract and repel a charged particle positioned there,
such as an electron. EM wave propagation was discovered
in the mid-nineteenth century upon the mathematical uni�-
cation of the separate equations of electricity and magnetism.
The uni�ed equations yielded a constant that represented the
speed at which these waves propagate. When that constant was
calculated, it was found to have the same value as the speed of
light, at which point it became obvious that light itself was
composed of EM waves. Experiments showed that EM waves
exist beyond the band of visible light and, indeed, the whole
spectrum of EM waves eventually was delineated.

A point of potential confusion occurs when trying to visu-
alize EM waves. Waves usually are depicted as a squiggle or
a sinusoidal curve giving the impression of undulation, as
shown in Figure 1. This is accurate when waves are those on
a surface of a body of water, for example. EM waves, however,
are of intensity, not displacement. When depicted as
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00160-9
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Figure 1 A sine wave. It is the usual depiction of a wave, showing
amplitude, wavelength, crest, and trough. Not depicted is the frequen
which would be the number of times per second the wave would� uctuate,
as seen by a stationary observer at any speci� c point on the x axis.
A 2450 MHz microwave would� uctuate at 2.45 billion times per second.
� User: Kraaiennest/Wikimedia CC-BY-SA-3.0.
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a sinusoidal wave, the crest (or peak) is the point at which the
wave has positive polarity (attracts an electron) and the trough
is the point at which the wave has negative polarity (repels an
electron). Although no physical movement occurs, there is still
an apparent‘speed’ of propagation, and for EM waves, it is the
speed of light.

An EM wave has a fundamental energy level depending on it
frequency. This is determined based on what level (subatomic
atomic, molecular, or not at all) the wave interacts with matter.
The energy that a wave can transport, however, depends on i
amplitude ( Figure 1), which is independent of its frequency. To
transport the same amount of energy, lower energy waves, lik
microwaves, require more amplitude than a higher energy wave
would. For example, home microwave power ratings can easily
be 1000 W or higher to ef� ciently heat food. However, even
Figure 2 The EM spectrum. Note the location of the microwave oven
a 5 mW laser pointer, which operates in the much higher
frequency visible light band, can cause retinal tissue damage.

When the wave nature of light was discovered, the question
arose as to what medium carries the waves. After all, wate
waves are carried on water and sound waves are carried in a
So by what are EM waves carried on? Despite the best efforts
many physicists to prove the contrary, the answer is nothing
Indeed, EM waves propagate through a vacuum.

Visible light is only a very small part of the EM spectrum,
shown in Figure 2. The spectrum spans very low-energy radio
waves to very high-energy gamma rays. Of this entire EM
spectrum, this article will concern itself primarily with micro-
waves and secondarily, for comparison, infrared (IR) waves
This latter part of the EM spectrum is used in conventional
ovens.

EM waves, just like any waves, are subject to wav
phenomena, such as interference, refraction, and re� ection.
Microwave heating is in� uenced greatly by these, but IR heating
is not. This topic is discussed in the next section.

cy,
Microwave versus Conventional Heating

Modes of Heat Transfer

In the previous section, it was mentioned that IR waves and
microwaves were part of the EM spectrum. It may surprise the
reader that both microwave and conventional ovens have the
same mode of operation. Both microwave and conventional
ovens intensify a small part of the EM spectrum to establish an
EM � eld in the oven interior, some of which is intercepted by
the food, upon or within which the EM energy is transformed
and the infrared region, where conventional ovens operate. NASA/Public Domain.
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into thermal energy (heat). In this case, it is important to note
a distinction between EM energy and thermal energy. All types
of nonthermal energy (e.g., EM, chemical, mechanical) even
tually devolve into heat. Heat is considered to have the lowes
quality of energy for thermodynamic reasons that are beyond
the scope of this discussion. The one important distinction
between thermal and EM energy, however, is that the propa
gation rate of thermal energy through food is measurably� nite,
but EM propagation through empty space or food is at or near
the speed of light.

Thermal energy is transported by either conduction (all
foods) or convection (low viscosity liquid foods). Both types of
energy transfer occur due to the presence of a temperatu
difference within the food. In both cases, however, energy
transfer through the food is orders of magnitude slower than EM
wave propagation through food. Therefore, a certain amount of
transparency to microwaves is important in that it helps to delay
the dissipation of EM energy into heat as it passes through food

An important point about IR waves is that they too propagate
at the speed of light. When a small� re suddenly � ares up, the
increased sense of warmth is felt instantaneously regardless
distance, although the magnitude of what is felt decreases with
distance from the � re. There may be some confusion
surrounding this, however, as it pertains to the conventional
oven. The confusion arises because it can appear that the ove
heats the air that then transfers that heat to the food. Although
this happens to a limited extent (and in convection ovens to a bit
greater extent), the dominant heat transfer mechanism is the
creation of a radiant energy� eld, as it is in the microwave oven.

Microwaves are of much lower frequency and longer
wavelength than IR waves. Because of this difference
frequency and wavelength, how both types of EM waves� ll an
oven and how they interact with food is different.
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Energy Field within the Oven

The wavelengths of microwaves and IR waves determine th
uniformity of the energy � eld within the oven. By virtue of their
long wavelength (on the order of 12 cm), microwaves experi-
ence signi�cant wave interference phenomena, creating a
energy� eld that is nonuniform. The � eld has regions in which
heating intensity is high (total constructive interference) to
regions in which heating intensity is zero (total destructive
interference). Turntables help to reduce the effect of the
nonuniform energy � eld by moving the food through these
regions within the oven. As most users of home microwave
ovens can attest to, however, they have a limited effect. Th
nonuniform energy � eld in microwave heating is a funda-
mental issue with microwaves.

IR waves have a much smaller wavelength (on the order o
0.01 mm) and so regions of decreased intensity are very smal
These regions are interspersed uniformly with high-intensity
regions, but because there are so many high-intensity regions,
appears that IR waves have a continuous, non� uctuating,
nature. Although it is possible for conventional ovens to have
sizable regions of low energy in which heating is compromised,
these result from oven design issues and are not a fundamenta
issue with IR waves.

The control of the energy � eld within the oven is also
different in the two types of heating. The energy input to
a conventional oven is modulated to achieve a constant
temperature through feedback from a thermocouple in the
oven interior. Heating in the microwave oven is controlled by
time alone. The power level is adjustable, but as long as it is on
the oven receives constant, unmodulated energy input.
Distribution of Heat within Food

An IR wave, owing to its high frequency, interacts with food at
the atomic level and does so ef� ciently. This means that all the
IR energy is absorbed at, or very near to, the surface of the food
and consequently, IR energy does not penetrate food
Conduction or convection then moves that heat to within the
food. Microwaves interact with food on the molecular level, but
they do not do so ef� ciently. The interaction is called coupling
and its imperfect nature allows microwaves to penetrate the
food instead of being entirely absorbed at the food surface.

One of the common comparisons between IR and
microwave heating is that IR heating cooks from the outside
in, whereas microwave heating cooks from the inside out.
Although the former is true for IR heating, the latter is not
entirely accurate for microwave heating. Because microwave
do not deposit all of their energy as heat at the surface of food
as IR does, microwaves can penetrate the food and create he
within the food. But as heat is created, the energy of the� eld
diminishes. So the nearer the surface, the greater the heat an
again, cooking occurs mostly from the outside in. But this is
not the whole story. Refraction of microwaves as they ente
food, discussed further in the next section, creates regions i
which microwave energy is concentrated in the same way tha
a magnifying glass concentrates energy from the sun to sta
paper a� re. Refraction is a common occurrence in micro-
wave heating and does make those regions of concentratio
cook faster than the surrounding regions. Also at the edge
and corners of food, microwaves can intensify within the
food due to the simple compounding of microwave energy
entering the food from two or three faces near the edges
and corners.

It is well known that microwave heating is nonuniform,
with the implication that IR heating is uniform. From the
previous discussion, however, it can be seen that IR heating
also nonuniform; food is hot near the surface and cooler
further within. This is true for other forms of conventional
heating as well. Therefore, both types of heating are nonuni-
form, but in different ways. In conventional heating, the
nonuniformity is knowable owing to heat deposition only at
the surface – warmest at the periphery and coldest at the
geometric center. Microwaves interact with themselves within
the food, depositing varying amounts of heat throughout, and
thereby creating a complex heating pattern that makes knowing
the coldest point almost impossible.
Interaction with Food

Polar Liquids

Water is the means by which microwaves interact with food. The
coupling that occurs between water molecules and the micro-
wave � eld is due to the charge separation of their permanent
dipole moment. This causes molecules to constantly oscillate a
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they try to align themselves with the microwave� eld, creating
heat. All foods contain some water and therefore will heat in
a microwave � eld. Water usually is partitioned, however,
between free and bound states in any food, depending on its
composition. Free water is not hindered from coupling with the
microwave � eld to create heat, but bound water, as the name
implies, is. Pure water can be entirely bound by freezing it. Ice
therefore, couples little with microwaves.

Other polar liquids, such as ethanol, will couple with the
microwave � eld in the same way as water.
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Ions

When ionic compounds such as sodium chloride or lactose are
present in a polar liquid, coupling with the microwave � eld is
enhanced signi�cantly. Again, because the microwave� eld is
an EM � eld, it in � uences charged particles such as ions. B
inducing their movement through the liquid because of the
oscillating microwave � eld, heat is created. The greater th
concentration of ions, the greater is the coupling and the greate
the heating. This comes at a price, however. More ef� cient
coupling means microwave energy is absorbed more easily an
consequently does not penetrate the liquid, or the food having
liquid content, as far.
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Fats and Oils

In general, the nonpolar nature of fats and oils (lipids) prevent
them from coupling well with microwave radiation. Some
coupling, however, does occur and microwave energy i
absorbed by them. Although the coupling, and therefore the
heat generation, is much lower than in a polar liquid like water,
the low heat capacity of fats and oils, nevertheless, allows high
temperatures to be achieved.
-
e

.

Dry Components

Powders, owing to their dry nature, do not couple well with
microwaves and therefore do not heat well in a microwave
� eld. This includes the dry form of the remaining constituents
of food – protein, carbohydrates, and ash. It is only in
combination with water in food that they enhance microwave
absorption.
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Solids

The only true solid naturally occurring in food is bone. It can
absorb microwaves and therefore can shield food from
microwave energy. Raw meat with bone usually is prepared
conventionally, however, and microwave heating is discour-
aged. Otherwise, raw meat is rendered boneless and the
further processed.
f
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The Microwave Oven

Basic Design

The basics of microwave heating do not change from oven to
oven. Figure 3 shows the layout. In each, there is a source o
microwave energy, the magnetron, that sends microwave
down a waveguide, terminating at the oven cavity. A fan draws
in air from outside the oven, and blows it across the magne-
tron to cool it, and into and through the oven cavity to
remove moisture. In both cases, it is exhausted outside of the
oven. In common use is also the turntable to move foods
through various parts of the microwave � eld to help reduce
large differences in temperature. A mode stirrer may be use
and is shown in Figure 3. It has the shape of a fan so that the
air blowing over it can turn it. It interacts with microwaves by
creating a complex and changing energy distribution pattern
that helps lessen the nonuniformity of the oven’s energy� eld.
Home ovens usually do not have mode stirrers, but they do
have turntables. Commercial ovens can have mode stirrers
but usually don’t have turntables. Rarely do microwave ovens
have both. Industrial ovens usually have neither as they are
designed for a speci� c heating purpose and are not meant to
accept the varying types of foods that home or commercia
ovens have to.
Operating Frequencies

The EM spectrum may seem limitless, but its use is, neverthe
less, tightly regulated. In the United States, the Federa
Communications Commission (FCC) licenses bands of the
spectrum for various industries. Unlicensed use of these band
is allowed if it does not cause interference with licensed use. In
spite of this, the FCC has set aside bands meant for unlicense
use, including for microwave heating. The bands are
915 � 13 MHz and 2450 � 50 MHz, the two-main operating
frequencies of microwave heating. All home ovens and many
industrial ovens operate with the latter.

What distinguishes the two operating frequencies are the
size of the equipment used to contain the microwave and how
the microwaves interact with food. Being of lower frequency,
915 MHz has a longer wavelength. The physics of its trans
mission requires large waveguides, practical for industrial us
only. Being of higher frequency, 2450 MHz has a shorter
wavelength and uses small waveguides for transmission
Figure 4 shows the waveguide for 2450 MHz sitting within the
waveguide for 915 MHz.
Power Testing

Power is de� ned as the rate of energy usage. In the design an
operation of any process, including microwave heating of food,
power needs to be known. Although magnetrons have power
ratings, they are not a good indicator of actual power entering
the food in ovens. The design of the oven as well as variability
in the components such as the magnetron, affects the powe
such that it needs to be measured from within the oven. For
microwave power measurement, the International Electro-
technical Commission (IEC) 705-88 standard is used. The
measurement involves using a water load in the oven and
measuring its microwave-induced temperature change. It i
precise in its stipulation of the amount of water (1000 � 5 g),
starting temperature (10� 2 � C), and the oven state (unused
for 6 h). It is carried out by heating the water for a suf� cient
time to increase the temperature by 10� 2 � C. The time, the
initial temperature, the � nal temperature, and the mass of
water then is used to calculate the power. Interestingly, this



Figure 4 Waveguides for microwave transmission. The smaller
waveguide, for 2450 MHz microwave transmission, sits easily within
waveguide for 915 MHz.

Figure 3 A view of the microwave oven components for home or commercial ovens. Missing from this depiction is the turntable. From Microwave
Cooking and Processing: Engineering Fundamentals for the Food Scientist, used by permission.
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measurement has revealed variability in power delivered to the
oven cavity in ovens of the same make and model.
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Microwave Heating QuantiÞcation

Parameters

How heat spreads through a substance is quanti� ed by its thermal
properties. These properties are heat capacity,Cp, thermal
conductivity, k, and density, r. Heat capacity is the amount of
thermal energy a substance requires to raise its temperature b
1� C (with the value depending on which temperature scale is
used). The higher the value, the more energy is required to rais
the substance temperature. Thermal conductivity is how quickly
heat spreads through a substance, and density, although a phy
ical quantity, slows heat transfer as it increases.

For microwave heating, two additional terms are needed–
the dielectric constant, � 0, and the dielectric loss, � 00. The
dielectric constant is indicative of how the energy of the
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Table 1 Relative dielectric constant,� 0, dielectric loss,� 00, and
associated penetration depths,dp, of various foods at 2450 MHz and
20–25 � C, except where noted. The dielectric values are relative the
vacuum permittivity and therefore are dimensionless

Food � 0 � 00 dp (cm)

Distilled water 77.4 9.2 1.7
Waterþ 1% NaCl 77.1 23.6 0.7
Waterþ 5% NaCl 67.5 71.1 0.3
Ice (0� C) 3.2 0.0 1162.0
Potatoes (raw) 62.0 16.7 0.9
Peas (cooked) 63.2 15.8 1.0
Carrots (cooked) 71.5 17.9 0.9
Vegetable soup 70.0 17.5 0.9
Fish, cod (cooked) 46.5 12.0 1.1
Banana 61.8 16.7 0.9
Peach 71.3 12.7 12.7
Beef (lean, raw) 50.8 16.0 0.9
Beef (cooked) 35.4 11.6 1.0
Beef (cooked) (60� C) 32.1 10.6 1.1
Turkey (cooked) 39.0 16.0 0.8
Pork (lean, raw) 53.2 15.7 0.9
Ham 57.4 33.2 0.5
Ham (60� C) 85.0 67.0 0.3
Cooking oil 2.5 0.1 23.7
Cooking oil (60� C) 2.6 0.2 19.5
Butter (salted) 4.4 0.5 8.2
Butter (unsalted) 3.0 0.1 30.5
Gravy 73.4 26.4 0.6
Catsup 54.0 40.0 0.4
Mustard 56.0 28.0 0.5
Bread 4.0 2.0 2.0

Table adapted from Microwave Cooking and Processing: Engineering Fundamentals
for the Food Scientist, used by permission.
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microwave � eld is stored in the food. Such storage, which
occurs through the creation of induced dipoles in the food
molecules, reduces the microwave� eld strength within the
food. Within food there is also the potential for the dissipation
of microwave energy as heat, which is indicated by the dielec
tric loss; the greater the value of� 00, the increased generation of
heat. Any substance in which microwaves generate heat a
called ‘lossy.’ Also, together, the two constants are known as
the complex permittivity, to distinguish them from the vacuum
permittivity, which is de � ned next.

Free space is the region outside of any substance. Stric
speaking, even air is considered a substance. Air is transpare
to microwaves, however, and regions occupied by it neverthe
less are considered free space. Even in a total vacuum, t
dielectric constant is � nite and is called the vacuum permit-
tivity, � o, which is 8.854187. � 10� 12 F m� 1. No prime is
used because free space has no associated dielectric loss.
values for � 0 in food is greater than � o but within two orders of
magnitude of it. This roughly holds for � 00. Therefore, to avoid
using the cumbersome values and units of either dielectric
property in food (or any substance), a relative value is usually
given, de� ned by the following:

� 0
R ¼ � 0=� o and � 00

R ¼ � 00=� o

where the subscript R means relative. It is so commonplace t
report dielectric properties in their relative form, however, that
the subscript usually is dropped.Table 1 gives a sampling of
these values for various foods.

One other common parameter cited in microwave heating
is the penetration depth. The penetration depth is not an
independent property, but one that is derived from the values
of � 0, � 00, and the microwave frequency. So it incorporates both
properties of the food and of the surrounding microwave � eld
into one number that can be used to compare how far micro-
waves enter food. It is the distance into the food at which the
microwave energy has fallen to 63% of its value outside of the
food. It is not, as its name may imply, the point at which the
microwave energy goes to zero. Rather, it serves as a consist
way to compare microwave penetration between foods. It also
is a commonly reported value and appears inTable 1as well. In
this table, it can be seen that the penetration depth is larger fo
foods that do not couple well with microwaves (e.g., cooking
oil) and smaller for those that do (e.g., water).

As with most properties of matter, dielectric properties have
a temperature dependence. Most foods have dielectric prope
ties that change in such a way that microwave energy is con
verted more easily to heat. This creates a positive feedback loo
that causes the temperature increase to accelerate. This
pronounced in the phase change between ice and water. Ice
nearly transparent to microwaves (compare penetration depths
of ice and water in Table 1). When microwave defrosting
occurs, wherever liquid water is created, microwave heating i
signi� cantly more pronounced there than where ice persists. I
is such an effect that pockets of ice and boiling water can exis
in the same food.
l-
f

e
y

o

Instruments

The EM� eld in a microwave oven presents a challenge for rea
time measurement of temperature. Research in the heating o
food usually involves measuring the distribution of tempera-
tures within the food. In conventional heating, thermocouples
can be used. As useful and ubiquitous as thermocouples are
however, they also are made of metal. As discussed elsewhe
in this article, this is not necessarily a problem. But because
thermocouples depend on temperature-induced voltage
differences in the metal, any other induced voltage, as ther
would be in a microwave � eld, would totally throw off read-
ings. Thermocouples have been used deep within large piece
of food where the microwaves do not reach, but the best
approach for measuring temperatures in a microwave oven is
using � ber optic probes. Fiber optic probes use light combined
with some temperature-sensitive material property in the probe
to obtain an accurate temperature reading. Although light is an
EM � eld as are microwaves, they pass through each othe
and because of the large frequency difference between the tw
they do not interact. An example of a � ber optic system is
shown in Figure 5.

Another useful instrument is the IR camera. All matter emits
EM waves, the frequencies of which depend on temperature
Figure 2 shows that people emit EM waves in the IR region
owing to their surface body temperatures. IR cameras ar
designed to measure the frequency of the energy emitted b
matter and convert it to temperature. For display purposes, the
temperature is given in false color where shades usually g
from blue (cool) to red (hot). The reverse is also possible as
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Figure 5 Fiber optic temperature measurement system. Pictured is
a FISO 8-channel� ber optic system. A� ber optic probe is attached to
channel 1. Measurement takes place at the tip of the probe, which is at
end of the� ber optic cable.

Figure 6 IR camera and output. The top left picture shows an egg with� ber o
left in the top right picture. That same picture shows an FLIR® SC1000 IR c
computer is also shown on the cart to the right. The bottom picture s
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well as shades of gray. The IR camera and its output are show
in Figure 6.

IR cameras measure only surface energy and therefore s
only surface temperatures. IR is also readily absorbed by matte
Just as there are materials, such as glass, which are transparen
visible light, there are materials that are transparent to IR. But the
majority of substances, including glass and optically transparen
plastic, are opaque to IR waves. So to use an IR camera to look
surface temperature changes during microwave heating, th
plastic cover and glass plate on the door needs to be removed
This does not pose a problem with microwave leakage as the
metal screen prevents microwaves from escaping. The plastic
for cosmetic purposes, and the glass prevents the circulating a
from escaping through the front.

The dielectric properties of food need to be known to
anticipate how they will heat in a microwave oven. The
instrument that measures them is the vector network analyzer
Although it is a complex instrument that has multiple uses in
the electrical engineering area, it provides a very quick and eas
measurement of dielectric parameters of substances. The usu

the
ptic sensors inserted. This goes into the 915 MHz waveguide shown to the
amera on the tripod pointed into a 915 MHz waveguide. The supporting

hows the image from the IR camera of the egg during heating.
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Figure 7 Network analyzer. This is a Hewlett–Packard (now Agilent Technologies) 8752 RF Network Analyzer. The cable that extends from it leads
to an 85070B Open-Ended Dielectric Probe. The system is controlled by 85070 version E2.00 software running on the laptop computer shown. An 82356A
USB/GPIB Interface (not visible) connects the laptop to the network analyzer.
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set up is shown in Figure 7. There are a number of ways to
measure dielectric parameters using the network analyzer, bu
the most common is the open-ended probe method, which is
shown in this � gure. Setup is straightforward with a simple
calibration sequence. The measurement itself is very fast, on th
order of seconds, and it can give dielectric parameters acro
a broad sweep of frequencies, even though only 915 and
2450 MHz are usually all that are needed. As with any
measurement, care needs to be taken to ensure accurate resu
For the network analyzer, it is the avoidance of air bubbles
underneath the probe. Also, the container holding the
substance under test must be longer than the penetration of the
microwaves. Lastly, temperature needs to be controlled as we
Figure 8 shows an example of the dielectric constant values o
chicken egg albumen and yolk at 2450 MHz as a function of
temperature.
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Mathematical Modeling

The complex nature of the microwave� eld and the heating
phenomena it causes makes it dif� cult to measure tempera-
tures. As discussed earlier, an IR camera can give surfa
temperatures, and� ber optic probes can give point tempera-
tures. To infer other temperatures, however, which usually is
necessary because of the complex pattern of microwave hea
ing, a more complex approach is taken. That is mathematica
modeling.
Mathematical modeling can be used to predict temperatures
of foods in a microwave oven. A multiphysics type of discreet
equation solver usually is used, such as Comsol Multiphysics� .
This type of software solves the combined equations describing
the microwave � eld and heat transfer in the food. These
equations are coupled mathematically (not to be confused with
the physical coupling of microwaves with matter to create heat)
when the solution to one in � uences the other. The coupling
occurs because dielectric properties, which determine th
microwave � eld within the food, can be temperature depen-
dent, and therefore depend on the solution to the heat transfer
equation.

An added complexity in microwave modeling is the need to
model the oven and its contents in three dimensions. Modeling
software breaks down a physical system to be modeled (oven
cavity and food, in this case) into as many as tens of thousands
of tiny elements. In these elements, the equations become
solvable, but the time required to accomplish this can be hours.
And, usually, the smaller the elements, the greater the accurac
of results. Many times a physical symmetry of the system ca
reduce a three-dimensional system to a two-dimensiona
system. This drastically reduces the elements, and thus, th
solution time. In the best case, a high degree of symmetry ca
reduce a three-dimensional system to a one-dimensiona
model with further drastic reduction in computational time.
Unfortunately, in practical applications, symmetry in micro-
wave heating does not exist.
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Figure 8 Dielectric values for chicken egg yolk and albumen as a function of temperature. These data were obtained from a network analyzer using
an open-ended probe. Error bars are� 1 standard deviation based on 20 replicates. Data obtained from author’s unpublished work.
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Microwave Phenomena

Interference

The main phenomenon of microwave heating, the complex
heating patterns in food, is caused by interference phenomena
that all waves exhibit. Interference occurs when waves intersec
When they meet, their intensity adds or subtracts. At the
extremes are totally constructive and totally destructive inter
ference, depicted inFigure 9. As microwaves bounce back and
forth in the oven, interference creates energy patterns which ar
especially signi�cant in microwave heating because the wave
are long enough to have a wide separation between regions o
high and no intensity. Figure 10 shows a model of simple
home microwave oven with no load. Horizontal slices through
the oven cavity show the distribution of energy using a false
color palette. Also, to see how the energy� eld changes from top
to bottom, the amplitude is used to create the displacement
waves evident in the picture. The nonuniform � eld thus
established in the oven leads to the various heating rates wher
the food intersects the� eld.
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Refraction and Re�ection

As waves cross interfaces between materials having differe
impedances to their transit, they experience refraction and
re� ection. Light waves through glass or plastic lenses are th
most common example of this. Microwaves also exhibit these
behaviors when going from air to food. The determinant of the
impedance is the dielectric constant,� 0. Figure 11 shows how
refraction and re� ection work for an arbitrary food material
having a dielectric constant of 40 or more. If the microwave
impinges on the surface perpendicularly, then partial re� ection
and transmission occur depending on the value of� 0. Refrac-
tion does not occur in this case. Rather, when impingement is
not perpendicular to the surface, the microwaves refract
entering the food at an angle different from that of the
impinging wave. For most foods, the maximum refracted angle
is 9 � C which is with respect to the perpendicular.
Focusing

The refraction of microwaves by food surfaces leads to th
phenomenon of focusing where curved surfaces are concerne
In Figure 12, it can be seen that an ovoid shape will focus
energy toward the geometric center of the object. This signi� -
cantly concentrates microwave energy at the center.
Arcing

Arcing occurs when the difference in electric charge magnitud
between two proximal pieces of material is so large that the
intervening air molecules ionize, creating a chain reaction that
equilibrates the charges between the two materials, and it is
not con� ned to microwave ovens. Lightning is the most
common example, closely followed by common static
discharge. In microwave ovens, this is most common with
metal and thus the warning of not placing metal in a micro-
wave oven. Arcing usually is avoided if two pieces of metal are
connected electrically, that is, one piece of metal. The path o
equilibration is then through the much less-resistive metal
than the air. Thus, it is possible to put a piece of metal in the
oven, such as a utensil, and arcing does not occur if it stay
away from a separate piece of metal, such as the oven wa
Foil can be used with same caveat. Crumpled foil can be
a problem, however, even if it is one piece. Crumpling can
create edges or points in the foil. Points or sharp edge
increase the local electric charge and arcing can occur even o
the same foil piece. Arcing can also occur between pieces
food, such as asparagus spears or hot dogs, if they are clo
but not touching.
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Figure 9 Wave interference. The four graphs show two waves
of the same wavelength,l , and the actual wave resulting from their
interference (i.e., by adding them together). The green wave is kep
constant. The red wave is shifted,� rst by a minor amount in the top
most graph to demonstrate nearly perfect constructive interference
then by increasing fractions of a wavelength, until perfect destructi
interference occurs.

Figure 10 Energy distribution within a home microwave oven. This
shows the calculated energy distribution in false color for a cavity having
the dimensions of the author’s of� ce microwave oven. The waveguide
from the magnetron is shown entering the oven cavity at the right.
Intensity goes from low to high as color goes from blue to red.
Displacements have been added that are proportional to the energy, and
therefore color, to better distinguish energy levels having similar color.
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Fires

Although there are usually no open � ames in a microwave
oven, � res still can be generated. The mistaken inclusion o
a paper-covered metal wire twist tie leads to� re when the oven
is turned on. The electric� eld induces an oscillating current in
the wire. The wire, being so thin, presents a large resistance
the current, and thereby heats up signi�cantly until the ignition
temperature of the paper is reached. For the same reason,� re
can arise from food. A common demonstration is cutting
a green grape nearly in half, such that a thin piece of skin joins
the two nearly separate halves. Placed in a microwave� eld, the
ionic solutes in the grape try to move through the thin skin. As
with the twist tie, this generates temperatures great enough t
start the skin burning.
Susceptors

The one aspect of baking in conventional ovens that micro-
waves cannot duplicate directly is browning. Yet for baked
products, browning, and the crust it creates, is important for the
t

,
ve

Figure 11 Re� ection and refraction of microwaves. This� gure shows
the result of an incident wave striking an interface separating air (� 0¼ 1)
and an arbitrary food (� 0 > 40) at various angles,qinc. The angle of the
transmitted wave,qtrans, is shown. Both angles are measured with respect
to a line perpendicular to the interface. Incident and re� ected waves
have the same angle, but transmitted waves have a much smaller angle
due to the phenomenon of refraction.
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Figure 12 Focusing of microwaves entering an ovoid object. Here it
shown that microwaves are focused toward the center of an ovoid
object due to the phenomenon of refraction.
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� nished quality of foods like breads and pizza crusts. Also
microwaves tend to make dough soggy by releasing wate
within the dough that then moves toward the cooler surface
where it condenses. In conventional ovens, the surface of th
food is always the warmest so water vapor does not condense

Some microwave ovens have browning elements to provide
both surface heating and internal heating. But there is anothe
route to browning and crisping and that is a susceptor. A sus
ceptor absorbs microwaves at such a rate that they rapidly hea
to high enough temperatures to emit IR waves as in a conven
tional oven. They take advantage of the phenomenon
although not to as severe an extent, discussed in the previou
section, Fires. Their main component is thin metal in the form
of either � akes or metalized � lm, or microwave-absorbent
ceramics. They are fabricated in thin sheets so they can b
positioned easily near food. Additionally, they have a lower
heat capacity than food so their temperature increases faste
than the food during microwaving. Microwave popcorn has
been a large success because of susceptors. Some microwa
able products employ susceptor sleeves to crisp their surface
la-

-

-
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Microwaves and Microbiology

There is an ongoing debate on whether the microwave� eld
interacts directly with cellular structures in such a way that
a microorganism is inactivated independently of any heat
generation (see Nonthermal Processing: Microwave). The
thermal effect, however, is considered the primary effect when
microwaves are used for the elimination of microorganisms in
food. Indeed, in the United States, theCode of Federal Regu
tions Title 21 (Food and Drugs), Part 179.3 stipulates that
microwaves may be used in the thermal treatment or process
ing of food if its intended effect is the production of heat.
-
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For the Food Industry

Microwave heating has the primary advantage over conven
tional heating of food in its ability to create heat within the
food, thus greatly accelerating the heating rate. But its greate
disadvantage is the complex heating pattern. Conventiona
heating allows the coldest point in the food to be known. When
heating food for microbial inactivation, as would be required
for pasteurization and sterilization processes, it is a simple
matter to check the coldest point for temperature or to place an
inoculum there to determine the adequacy of heating
throughout the food. The complex heating pattern caused by
-

microwaves makes the coldest point dif� cult or impossible to
locate. In this case, it becomes dif� cult to ensure that a micro-
wave heating process is adequate.

One way around this is to uniformly infect the whole food,
process it, homogenize it, and then sample and enumerate
survivors. This was the approach taken by the author in
a microwave pasteurization process for shell eggs.Salmonella
was grown within the egg to 7 log cfu g� 1 levels to determine
whether a 5 log reduction could be achieved throughout the
egg. Tests, however, had to be made to show that indeed, th
infection was uniform.

For semisolid foods, like mashed potatoes, a whole-food
infection is easier to achieve because mixing may be used t
achieve it uniformly. But for solid foods, this becomes prob-
lematic. Multiple spot inoculations may miss a cooler region in
the food and give a false positive of processing adequacy. I
this case, a thorough analysis involving mathematical
modeling of the solid food along with validation with actual
temperature measurements may address the problem.

If the food is a liquid, then it is a simple matter to induce
agitation in the liquid so that all temperatures are the same.
Industrially, this works for pasteurization or sterilization
processes in which the heat supplied has to be enough tha
a processed� uid held for a prescribed time via a holding tube
exits at a prescribed temperature.

More so than with other microwave processes, sterilization
and pasteurization in the United States fall under Food and
Drug Administration regulations. Adding the regulatory aspect
to the usual challenges posed by microwave heating require
extensive process development. In the late 1990s, researchers
Washington State University began development of a micro-
wave-assisted sterilization process. Although microwave
provide only some of the heating, the process is only just now
(2013) approaching commercialization. In the early 2000s,
researchers at North Carolina State University began develop
ment of microwave sterilization process for yam puree, which
took 8 years to reach commercialization, but which yielded
a vastly superior product than conventional sterilization.
Ideally suited to such processing, microwaves nevertheles
require a long commitment to development.

In the rest of the world, microwave-based pasteurization
and sterilization also has seen limited application. TOPS Foods
provides microwaved shelf-stable products in Europe, while
Safe Eggs in South Africa provides microwave pasteurized she
eggs. These products are presumed to abide by the local de� -
nitions of sterilization and pasteurization and the associated
local regulations. But such de� nitions and regulations may not
be consistent among different countries.

Only recently does it seem that microwave sterilization and
pasteurization systems are reemerging. In the 1990s, th
worldwide food industry seemed poised to roll out a variety of
microwave sterilization and pasteurization systems. For various
economic and practical reasons, however, food companie
abandoned these types of microwave processes, and microwav
fabricators went bankrupt or sought other markets. For
example, OMAC, a company based in Italy, developed and
commercialized a proprietary microwave sterilization system,
but it went bankrupt in 1995. Its assets were acquired by the US
company, Classica Microwave Technologies, in 2000, but in
2009 it too went out of business. Time will tell whether the

is
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present successes in the area augur a new age of industrial
microwave sterilization and pasteurization, or whether they
too will be only a temporary presence.
In Commercial and Home Settings

Generally, commercial (e.g., food service) and home ovens are
not relied on to inactivate microorganisms. In these settings,
their primary purpose is reheating previously completely
cooked food. In some cases, food is precooked partially, to be
�nished off in the microwave. In a few cases, microwaves are
used for complete cooking, such as bacon. But such foods
usually do not have associated microbiological issues.

Food companies have introduced convenience items that
are not precooked but are meant for both conventional and
microwave ovens, with instructions for each. This means the
ovens must thoroughly heat the food to destroy any pathogens.
These foods are called not-ready-to-eat (NRTE). In 2007,
however, an outbreak of Salmonella in NRTE chicken pot pies
for home consumption caused a recall and suspension of their
production. In 77% of the cases reported, the pot pies were
prepared in the microwave oven, and the instructions for
microwave heating became the focus of attention. In cases in
which microwaving occurred, some cases were reported in
which the end user did not understand the directions suf�-
ciently, and in others, the instructions themselves were deemed
insuf�cient to heat the product thoroughly.

To address this, the Food Safety and Inspection Service of
the US Department of Agriculture prepared a document in
2012 to accurately de�ne meat, poultry, and egg products.
According to this document, NRTE �nished foods, de�ned as
any raw or not fully cooked food, including meals, dinners, and
entrees, are to have conspicuous labeling to inform users that
the food must be fully cooked for safety. Furthermore,
instructions must be included that were developed to fully
cook the product for safety and not for best product quality.

Therefore, the challenge for producers of NRTE foods that
are microwaveable is to present instructions clearly and also
take into account all the various types of ovens in the
marketplace to achieve safe preparation. Ovens vary in size,
heating characteristics, wattage, age, and design – and even
introducing microwaves differently into the oven can change
performance. Additionally, if the instructions depend on
knowledge speci�c to an oven, such as wattage, then the NRTE
food producer is dependent on the public to have this
knowledge.

The best-known tactic to overcome the complex heating
pattern of microwave heating is a postheating hold time,
usually on the order of minutes, with the food insulated against
heat loss with a covering such as foil or plastic wrap. This
assumes that the food is suf�ciently overheated such that
a redistribution of heat during the hold time allows complete
cooking of the food. Even with a hold time, however, the
development of instructions to fully and safely cook an NRTE
food in a microwave oven requires careful evaluation in
balancing the needs of safety with the desire of quality.
See also:Nonthermal Processing: Microwave; Nonthermal
Processing: Pulsed Electric Field; Nonthermal Processing:
Pulsed UV Light; Nonthermal Processing: Irradiation;
Nonthermal Processing: Microwave; Nonthermal Processing:
Ultrasonication; Nonthermal Processing: Cold Plasma for
Bioef� cient Food Processing; Nonthermal Processing: Steam
Vacuuming; Thermal Processes: Pasteurization; Thermal
Processes, Commercial Sterility (Retort).
Further Reading

The titles below have been arranged alphabetically by author, but coincidentally are
also arranged from the most basic to the most advanced treatment of microwave
heating.

The late Dr. Buf� er’s book is out of print but a few copies can be found on Amazon. It
is an excellent introduction to microwave ovens and microwave heating, written for
and paying attention to the needs of the food scientist.

“Handbook” is an appropriate description of the book Drs, January 2014. Datta and
Anantheswaran have put together. It is an excellent and comprehensive treatment
of microwave heating of foods, including a chapter on microbiology.

The last book, by Dr. Metaxas, is a technical and very advanced treatment of general
microwave heating aimed at engineers and other mathematically minded individ-
uals. This was included for completeness.

Buf� er, C.R., 1993. Microwave Cooking and Processing: Engineering Fundamentals for
the Food Scientist. John Wiley and Sons (originally published by AVId an imprint of
Van Nostrand Reinhold), Hoboken, NJ.

Datta, A.K., Anantheswaran, R.C. (Eds.), 2001. Handbook of Microwave Technology for
Food Applications. CRC Press of Taylor & Francis Group (originally published by
Marcel Dekker), New York.

Metaxas, A.C., 1996. Foundations of Electroheat: A Uni� ed Approach. John Wiley &
Sons, New York.
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http://refhub.elsevier.com/B978-0-12-384730-0.00160-9/ref0015
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http://refhub.elsevier.com/B978-0-12-384730-0.00160-9/ref0010
http://refhub.elsevier.com/B978-0-12-384730-0.00160-9/ref0010
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Introduction

It always has been a challenge for communities to maintain
nutritional value and quality attributes (e.g., taste, texture,
�avor, and color) of food products longer. Thermal processing
is one of the most common preservation methods to make
food products microorganism-free via the effect of heat and
temperature. It not only provides a medium, free of pathogenic
and spoilage microorganisms to some extent, but also inacti-
vates enzymes, eventually deteriorating the quality attributes.

Canning provides sterilization and increases the shelf life of
food products by applying heat in hermetically sealed (airtight)
containers. About 50 billion cans are manufactured and
consumed globally every year in the food-processing area. Two
fundamentally different methodologies might be applied in
canning process: retort processing and aseptic processing. In the
�rst process, containers (cans, jars, or any other retortable
containers) are �lled with the product, sealed airtight, and
thermally processed under pressure until a certain sterilization
degree is achieved. In aseptic processing, limited to liquid food
products, the container and product are sterilized individually,
and �lling and sealing processes are carried out. Continuous
heat processes, such as aseptic processing, enable food
producers to perform thermal treatment at elevated tempera-
tures for reduced times. Such processes are called high-
temperature short-time (HTST) and ultrahigh-temperature
(UHT) processes due to the high temperatures involved. HTST
and UHT are designated to be operated at higher temperatures
than other conventional pasteurization or sterilization tech-
niques. This leads to a reduced process time, preserving the
organoleptic quality of food products. In UHT processes, the
boiling point is exceeded via the increased pressure to sterilize
the product, while HTST processes still might be characterized
as a pasteurization process for possible applications at
temperatures below 100 �C. For example, regarding the heat
processing of milk, HTST pasteurization is carried out at
around 72 �C for 15 s, while in a UHT sterilization process,
boiling temperature is exceeded (135–145 �C) for 1–10 s.

Retort processing, as in-container sterilization, generally is
considered to be ‘canning’ within the food industry. Canning as
a food preservation method started in early 1800s in France
when Nicholas Appert developed a new methodology to
preserve and extend the shelf life of a wide variety of food
products, including some vegetables, in glass jars and bottles.
Even though Appert explained the process to some extent, the
true foundations of the process were laid by the discovery of
Louis Pasteur, who explained that the heating process inacti-
vated the microorganisms, limiting the shelf life of food
products. The discovery of the relationship between thermo-
philic bacteria and the spoilage of canned corn and peas was
another milestone in canning, and the investigation of basic
biological and toxicological characteristics of Clostridium botu-
linum formed the theoretical foundation for understanding its
signi�cance to establish a controlled process. Botulinum toxin
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causes botulism, resulting in permanent nerve damage, and
C. botulinum spores require anaerobic conditions, low-acid
foods, relatively high moisture, and mild storage temperatures
for cans given a suitable environment for their germination.

Starting with Appert’s process in glass bottles more than
200 years ago in 1810, producing heat-preserved foods in
hermetically sealed containers (including cylindrical tin cans)
has contributed to improved nutrition and health in a signif-
icant way. The invention of metal containers and pressure
retorts evolved into twenty-�rst-century canning technology.
The development of metal and glass containers capable of
withstanding added internal pressures was a major break-
through to apply processing temperatures of 120 �C above
atmospheric pressure. The presence of headspace is required
to ensure an adequate amount of vacuum during the process,
and it has a signi�cant in�uence on the heat-transfer rate –
especially for liquid foods and liquid–solid food mixtures –
as demonstrated by the increased heat-transfer rate in
liquid-containing cans.

Canning is regarded as a universal and economical method
in food processing. Even though canning has many processing
steps, the critical control point that ensures food safety and
causes changes in quality parameters is thermal processing.
Retort systems are the most often used equipment during
thermal processing. Therefore, thermal processing and its
contribution to the canning process are emphasized in the
following section before discussing the processing steps.
Microbiological Viewpoint

The objective of thermal processing is to reduce or partially
inactivate the microorganisms that exist in a medium. Although
thermal inactivation of microorganisms is associated with irre-
versible denaturation of membranes, ribosomes, and nucleic
acids, various factors determine the heat resistance of microor-
ganisms, including the type of microorganism (e.g., spores are
resistant compared with the vegetative cells) and heat treatment
conditions (pH, water activity, composition of the food mate-
rial). Water activity of the food product in�uences the heat
resistance of vegetative cells. In addition, moist heat is more
effective than dry heat for microbial destruction because of the
increased heat-transfer coef�cient of the heating medium.

Canning, as one of the basic processes in thermal treat-
ments, reduces or partially inactivates the microorganisms.
Microorganisms can affect the quality of a canning process in
three possible ways:

1. Microorganisms might survive the heat treatment and cause
spoilage, safety problems, and undesirable changes in the
products due to an insuf�cient process.

2. Microorganisms that naturally grow or contaminate the raw
material may destruct the quality attributes before
processing.
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00156-7
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Figure 1 A typical survival curve for bacterial spores during heat treatment at a certain temperature to determineD-value.
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3. Contamination – related to equipment and lack of
personnel hygiene– might occur and endanger the end-
product’s quality and safety during and after processing
(e.g., damaged cans might be subjected to contaminate
water during cooling).

The � rst and third ways that microorganisms affect the
quality may be related to the pathogenic microorganisms. As
soon as validity of a thermal treatment is ensured and hygiene
is taken care; retort technology and canning are designed t
destruct all pathogenic and most of the spoilage microorgan-
isms in a hermetically sealed container and to create an env
ronment inside the container that will disable the growth of
spoilage microorganisms and their spores. On the basis of this
principle, canned food products are processed thermally to
make them ‘commercially sterile.’
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Thermal Resistance of Microorganisms

Various researchers have studied the determination of therma
processing parameters in canning for many years. On the bas
of their work, current technology in the canning industry has
abundant resources to maintain and safely validate the critica
thermal-processing procedure. Obtaining the required thermal-
processing parameters with laborious experimental procedures
however, is still a milestone for this systematic information.
Thermal resistance of a microorganism is determined by vali
dating the purity of strains and spores and gaining a distinct
number of organisms following the thermal treatment at
a constant temperature. For this procedure, an exact number o
spores or vegetative cells are placed in sealed containers, ma
up of Pyrex, screw-top closed glass, or glass capillary tube
Then, heat treatment at a given time–temperature combination
is applied. Enumeration and recovery are carried out to deter
mine the surviving number of microorganisms or spores.
Eventually, data obtained from the thermal resistance experi
ments are utilized to form microbial survival curves and to
determine the required process parameters on the basis of th
given target microorganism. Factors in� uencing the heat resis-
tance of microorganisms can be summarized as species of th
microorganism, acidity (pH) of the medium, water activity,
and composition of the food product and oxygen level.
Numbers of microorganisms and spores, exposed to hea
for a certain period of time, logarithmically reduce propor-
tional to the applied temperature and time. When the
microbial population as a function of time is presented in
semilogarithmic coordinates, a linear decrease in the micro
bial population with time at a constant temperature is
observed:

D ¼
t

log N0 � log N
[1]

whereD is decimal reduction time, andN0 and N are the initial
and � nal numbers of microorganisms.D-value can be de� ned
as the required time to reduce the number of microorganisms
1 log cycle (or by a factor of 10) at a given temperature. Even
though the D-value is regardless of the initial number of the
population, applied temperature is of great effect, and it is
a strong function of temperature. A typical survival curve for
microorganisms to determine D-value can be observed in
Figure 1, and effect of temperature onD-values is illustrated
in Figure 2.

As demonstrated inFigure 1, the number of survivors are
plotted on a semilog graph (by taking the logarithm of the
number of survivors) as a function of time, and a 1 logcycle
reduction determined from the slope gives the D-value�

D ¼ �
1

Slope

�
. A decrease inD-value requires a temperature

increase to reach the same degree of reduction, and th
temperature change (Figure 3), the z-value, is the required
increase in temperature to reduce theD-value 1 log cycle (or by
a factor of 10):

z ¼
T2 � T1

log
DT1

DT2

[2]

Table 1 gives D- and z-values of various microorganisms.
Finally, sterilization value, accumulated value of lethality, L
(eqn [3]) is de� ned as the time required to reduce the number
microorganism and microbial spores to a predetermined level
(eqn [4]):

L ¼ 10
T� Tref

z [3]



-

-

t

-
w

1.00E – 01

1.00E + 00

1.00E + 01

1.00E + 02

1.00E + 03

1.00E + 04

1.00E + 05

1.00E + 06

1.00E + 07

1.00E + 08

0 5 10 15 20 25

N
um

be
r 

of
 s

ur
vi

vo
rs

Time (min)

T3 T2 T1

Figure 2 Effect of temperature onD-value (T1 < T2 < T3).

0.01

0.1

1

10

100

1000

100 109 118 127 136 145

Temperature (°C)

D
-v

al
ue

 (
m

in
)

z

Figure 3 Change inD-value as a function of temperature to determinez-value.

162 HEAT TREATMENT OF FOODSj Principles of Canning
F0 ¼
Z t

t ¼0
10

T� Tref
z dt ¼ D$log

�
N0

N

�
[4]

where Tref is a reference temperature andt is the thermal
process time. Aseqn [4] demonstrates, F-value might be
expressed as multiples ofD-values, and the most common
relationship used in canning is F¼12D for C. botulinumin
commercial sterilization for low-acid canned foods (pH > 4.6).
Given that the 12D for C. botulinumis 2.52 min (12 � 0.21),
the food safety requirement for a sterilization process is
F0 � 2.52 min.

Logarithmic destruction of microorganisms leads to prob-
ability calculations in sterilization examples. For example,
0.5 kg cans with an initial concentration of C. botulinumspores
of 102 g� 1 are processed thermally to satisfy the 12D concept,
and the survival concentration becomes 10� 10 g� 1. This� nding
means that only one living spore may survive in a 1010 g end-
product (a probability of � nding only 1 infected can in
20 million).

It is also possible to express the sterilization value at any
time–temperature combination in terms of equivalent time of
F0 at 121 � C:

F ¼ F0$10
Tref � T

z [5]
On the basis ofeqn [5], F0 of 2.52 min at 121 � C would be
equivalent to 32.46 min at 110 � C and 0.32 min at 130 � C,
while assuming instantaneous heating and cooling to the
appropriate temperatures (accumulated lethality values during
these times are ignored).

The explained methodology (eqn [4]) developed by Bige-
low et al., which involves numerical integration when the
process temperature change and thermal–physical properties of
the canned product is known, is a simple and accurate meth
odology to determine sterilization value. Even though several
formula methods, for example, Ball, Stumbo, and Pham,
should be developed to determine the process time or accu
mulated lethality for a given process, Bigelow’s method is more
convenient to apply. For this purpose, temperature change a
the coldest spot of the product (geometrical center for
conduction-heated food products) or the slowest heating zone
(the SHZ between the geometrical center and the bottom
surface for food products involving convection heating) should
be known. Figure 4 illustrates the location of the coldest spot
for conduction-heated and the SHZ for convection-heated
canned food products with the given temperature scales. Blue
shaded areas show the cold regions and red-shaded areas sho
the hot regions. Figure 4(a) demonstrates temperature
contours with uniform kernels via the effect of conduction with
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Table 1 D- andz-values of various microorganisms

Microorganism D-value (min) Reference temperature (� C) z-value (� C) Medium

Foodborne
pathogens

Clostridium perfringens 5.30 60.0 6.74 Lean ground beef
Clostridium botulinum 0.21 121.1 10.0 –
Listeria monocytogenes 3.29 60.0 6.33 Fatty beef
Escherichia coli 1.97 60.0 4.67 Lean ground beef

Food spoilage
microorganisms

Bacillus stearothermophilus 4.00 121.1 10.0 Vegetables and milk
Clostridium sporogenes 0.8–1.5 121.1 8.8–11.1 Meat products
Yeast and molds 0.5–1.00 65.6 – High acid foods

Adapted from Fellows, P.J., 1988. Food Processing Technology (Principles and Practice), Ellis Horwood Ltd., Chickester, England; Chen et al. (2011); Thippareddi, H., Sanchez,
M., 2006. Thermal processing of meat products. In: Sun, D.-W. (Ed.), Thermal Food Processing– New Technologies and Quality Issues, CRC Press– Taylor & Francis, Boca
Raton, FL, pp. 155–196; Teixeira, A.A., 2006. Simulating thermal food processes using deterministic models. In: Sun, D.-W. (Ed.), Thermal Food Processing– New Tech-
nologies and Quality Issues, CRC Press– Taylor & Francis, Boca Raton, FL, pp. 73–106; Holdsworth, S.D., 2004. Optimizing the safety and quality of thermally-processed
packaged foods. In: Richardsson, P. (Ed.), Improving the Thermal Processing of Foods, Woodhead Publishing–CRC Press. Boca Raton, FL, USA, pp. 3–27.
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the cold spot at the geometrical center, and distorted kernels o
temperature contours by natural convection with the SHZ are
observed inFigure 4(b) .

Figure 5 shows a simple example for calculation of sterili-
zation value using the temperature data obtained at the
geometrical center of a conductively heated food product in
a can. Temperature change at the coldest spot of a conductive
heated can (307� 409) subjected to the processing
temperature of 121� C for 90 min and then cooling at 20 � C is
given in Figure 5(a), and the lethality change at the coldest spot
is shown in Figure 5(b) . Numerical integration using the data
given in Figure 5(b) results in the sterilization value of
2.82 min (area-A under the lethality curve).
Figure 4 Location of (a) coldest point for conduction heated and (b)
(left-hand side is the center line along the cross section).
Derivation of the sterilization value F0 solely depends on
two prominent assumptions: � rst, isothermal spore inactiva-
tion kinetics follow the linear logarithmic relationship to be
characterized by theD-value; and, second, the temperature
dependence ofD-value also conforms to a linear logarithmic
behavior (alternatively, temperature dependence of inactiva

tion rate k-value
�

k ¼
1
D

�
obeys the Arrhenius relation). Recent

literature, however, shows that these assumptions do no
always hold, and the inactivation of bacterial spores may
follow the Weibullian model ( eqn [6]) in which temperature
dependence of the inactivation rate also should be taken into
account in addition to time. Therefore, it is signi� cant to
slowest heating zone for convection heated canned products
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determine the theoretical implications to apply nonlinear
kinetics for thermal processing

log
�

N
N0

�
¼ � bðTÞ$tnðTÞ [6]

whereb(T) and n(T) are temperature-dependent coef� cients.
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-
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Commercial Sterility and Effect of pH

If a canned product satis� es the requirement of being micro-
biologically safe under storage conditions, it could be described
as ‘commercially sterile.’ Commercial sterility is described in
the Food Safety and Inspection Service (FSIS) Canning Reg
lations 9 CFD 318.300 and 9 CFD 381.300:The condition ach
ieved by application of heat, suf� cient alone or in combination wi
other ingredients and/or treatments, to render the product f
microorganisms capable of growing in the product at non-refrig
condition (over 10� C) at which the product is intended to be h
during distribution and storage. Commercial sterility implies that
any remaining microorganisms and spores will be incapable of
growth under normal storage conditions.

Two groups of microorganisms concern the canning of food
products, one of which endangers the health and safety o
population. Foods with a pH above 4.6 might contain
of
ted

C. botulinum(a heat-resistant pathogenic microorganism in this
pH level) or its spores. Because pH, a term used to designate th
acidity or alkalinity of a solution, has signi� cant effect, food
products are classi� ed on the basis of pH for the purpose of
thermal processing:

1. High acid (pH < 4.0)
2. Acid (pH between 4.0 and 4.6)
3. Low acid (pH > 4.6 where the target organism is

C. botulinum)

The relationship between pH and the thermal resistance
of bacteria and bacterial spores was a milestone for canning
to classify the canned foods on the basis of their pH. Other
types of microorganisms are more heat tolerant than
C. botulinumand its spores in low acid foods. Even though
these microorganisms may cause spoilage and some unde
sirable quality changes, they are not pathogenic to human
health. For the economical perspective, the spoilage poss
bility of those can be tolerable to the levels of 10� 5, whereas
the level is 10� 12 for C. botulinum. For canned foods, the
distinctive pH value is 4.6, which is the minimum pH for the
growth of C. botulinum as the most heat-resistant food
pathogen microorganism.

A typical thermal death time in thermal processing of
shelf-stable canned foods is F¼12D, as explained
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previously, with the D-value of C. botulinum(0.21 min) at
121.1 � C. The primary objective of thermal processing is to
inactivate C. botulinumin products with a pH greater than 4.6
(since C. botulinumspores cannot germinate below pH of
4.6) and to destroy vegetative and other spore-forming
microorganisms that might cause spoilage. Beside
C. botulinum, mesophilic species (likeClostridium sporogene,
Clostridium butyricum, and Clostridium pasteurinaum) and
thermophilic species (Clostridium thermosaccharolyticum) can
cause putrefactive or sacharolytic spoilage and gas formatio
leading to the swelling of cans. Contrary to swelling,
microorganisms like Bacillus coagulansand Bacillus stear
othermophiluscause thermophilic � at-sour spoilage in cans. In
acidic foods (pH below 4.6), however, Clostridium barati,
Clostridium perfringes, and C. butyricummight cause intoxi-
cation problems. These microorganisms have been reporte
to produce toxins in infant food formulations.

Processing times and temperatures are lower in acid foods
compared with the case of low-acid foods, as microorganisms
can be inactivated easier in an acid environment. Acid foods
can be processed at temperature around 100� C at atmospheric
pressure without the requirement to use pressurized retorts, fo
which B. coagulans, as a consideration for� at-sour spoilage, can
be used as a target microorganism.
ral
r-

ot

e

,

s

e

e

n

el-

r
s

t

.

e
-

e

Process Validation

Thermal-processing parameters are calculated due to seve
factors in canning, and a thermal process is evolved by dete
mining the following:

1. Heat resistance of the spoilage–pathogen microorganisms
2. Heat penetration rate into the product
3. Calculation of sterilization value (or sterilization value – F,

time required for reduction in a population of vegetative
cells or spores) using temperature change at the coldest sp
or the SHZ of the product and thermal resistance data
(z-value) of the given microorganism

4. Validation of process time by microbiological (inoculated
pack studies) or mathematical–computational methods

The length of thermal processing is determined by resistanc
of the target microorganism, process conditions, pH and
composition of the food product, can size, and heat-transfer
mechanism (conduction or convection) occurring inside the
can. To control and validate the thermal process performed
some key points are to be followed. The first and most
important one is the heat-penetration mechanism and
temperature distribution within the canned food. During
a heat-penetration test, temperature of the retort and can i
measured with thermocouples throughout the processing time.
Because of the thermal and physical properties of food and
properties of the container, the heat-transfer mechanism and
heat-penetration rate might change over time. Regarding th
heat penetration, the coldest spot or SHZ is de� ned as “ the
region that is reaching the required sterilization temperature
latest and that is limiting the heat-transfer rate.”The position of
the SHZ depends on the size and shape of the can and th
thermophysical properties and physical state of the food
product. On this basis, the heat-transfer mechanism betwee
heating medium and canned food should be known to
determine the temperature distribution within the product. All
thermal-processing calculations are carried out for the coldes
spot or the SHZ to ful� ll the safety requirements and to
consider the worst-case scenario. In addition to using ther
mocouples, the following methods also are considered for
process validation:

1. Microbiological methods and survival curves
2. Simulation techniques
3. Time–temperature indicators
Canned Food Production

The canning industry has a strong background due to the earl
demands and improvements. Handling of raw material and
containers and choosing the retort system provide the basis fo
the production of canned foods.
Raw Material and Containers

In the canning process, plenty of foods can be used as a ra
material, some of which require special or additional processes
For example,� sh should be cleaned or peas should be taken
apart from their shells. Before canning, pretreatments might be
needed – for example, blanching of vegetables to remove
respiratory gases, inhibit enzymatic reactions, promote
shrinkage of product for adequate� ll, hydrate dry products,
and preheat the product to assist in further vacuum formation.
For all of these separate processes, new equipment was dev
oped to ful � ll the requirements.

Raw material chosen for canning should have certain prop-
erties. If a raw material and its container are of a high quality and
thermal treatment is performed appropriately, the end-product
will be satisfactory for both producers and consumers. Raw
material should be grown or harvested away from hazardous
waste, including chemical resources and domestic, industrial, o
agricultural wastes. Variations in raw material properties, such a
high initial microbial load, maturation level, size, and shape of
the product, might cause variations in thermal processing and
result in food safety risks.

After � lling into glass or metal containers, the exhaust
procedure to create an anaerobic environment is carried ou
before the sealing and heating–cooling processes. Containers
for a canned food can be metal or glass with certain funda-
mental properties depending on the consumer demand and
available processing techniques:

1. Container and sealing parts should not have a negative
effect on sensory properties of the product and performance
of thermal processing.

2. Container should be resistant to mechanical, chemical, and
thermal effects through the whole process, including storage

3. Containers should be compatible to sealing hermetically.
4. Sealing material should be appropriate for the product.

Metal containers are the most regularly used for canned
foods with their higher thermal conductivity and thin walls,
enabling heat penetration during thermal processing. There ar
various types of metal containers, such as tin plate cans, two
piece cans, tin-free steel, and so on. In addition to their
advantages for a convenient processing, metal containers pos
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risks to alkaline, corrosive water, and food-induced corrosion.
To prevent this, a special coating called‘can enamel’ is applied
to the can. Other types of containers, such as glass, plastic,
semirigid and � exible containers, also are used in canning
Customers prefer certain types of containers depending on
their intended use, such as a transparent body to see the interio
and microwavable properties of plastic containers. Beside
metal and glass containers,� exible retort pouches consisting of
a three-ply laminate of polyester, aluminum foil (oxygen and
light barrier), and polypropylene (inner seal) that can with-
stand sterilization temperatures up to 130� C also have been
used in canning process.
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Canning Process

As summarized, a generalized canning process contains th
following steps (Figure 6):

1. Preprocessing of raw material (cleaning, sorting, peeling
slicing, blanching, preparation of brine, syrup, or oil
depending on the type of raw material)

2. Preparation of the packaging material (containers)
3. Filling the raw material
Figure 6 A general� ow diagram of a canning process. Adapted from D
CTI Publications, Inc., Maryland, USA, p. 263.
4. Exhausting and sealing
5. Thermal processing in retorts and storage

During these processes, appropriate sampling and inspec
tion procedures should be applied to ensure safety during
process and storage.
Thermal-Processing Equipment

During the early development of thermal processing over
100 � C, saturated salt solutions were used for heat-transfe
purposes. The invention of pressurized retort systems with
steam heating, however, led to thermal processing of cans in
various types of retort systems. Superheated steam ov
atmospheric pressure enables to reach temperatures ov
100 � C with the latent heat released. A typical vertical satu
rated steam batch retort is shown inFigure 7 and Figure 8
demonstrates the process principle of a continuous rotary
sterilizer system.

Because high pressures and temperatures are requir
during the canning process, every retort system should include
well-equipped control systems. These systems include time–
temperature recording devices, pressure gauge and safe
owning, 1996. Canning operations. In: A Complete Course in Canning, Book I, II.
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Figure 7 A typical vertical saturated steam batch retort. Adapted from May (2006).

Figure 8 Process principle of a continuous rotary sterilizer system.
Adapted from Weng, Z.J., 2006. Thermal processing of canned foods
Sun, D.-W. (Ed.), Thermal Food Processing– New Technologies and
Quality Issues Boca Raton, CRC Press–Taylor & Francis, FL, pp. 335–362.
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valves, and steam controlling units. Once the cans are loaded
the lid must be closed tightly. A thermal process is applied with
a cycle of come-up, holding, and cooling times. After desired
sterility value is reached, the cooling process is carried ou
There are various types of batch retorts, such as air-stea
retorts, full-water immersion retorts, crateless retorts, raining
and sprayed water retorts, horizontal retorts, and rotary retorts
An increase in the consumption of canned foods led to the
need for the development of new techniques that enable the
process of more containers in a limited time. Consequently,
continuous systems have been developed to produce 200–
1500 containers per minute.

There are also rotary systems in addition to the continuous
cycles of retorting. These systems were designed to achie
elevated heat penetration rates with the forced convection in the
different types of sterilizing food product (i.e., viscous foods,
liquid –solid mixtures). Those processes in which the agitation
takes place reduce the time required by forcing the natura
convection inside the containers and increasing the heat-transfe
coef� cient for a safe process with less demand to heat exposur
The retort systems operating at overpressure conditions als
meet market demand for the use of microwaveable glass o
plastic containers, leading to higher quality products.

. In:
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Conclusion

Although canning is one of the most basic and widely
commercialized preservation methods applied in food pro-
cessing, some inherent disadvantages have caused new
processes to emerge. With market demand to consume better
quality, value-added products together with safety, new
thermal and nonthermal processes, such as aseptic processing,
ohmic heating, microwave–radio frequency, high-pressure
processing (HP), pulsed electric �eld (PEF), and pulsed light or
ultraviolet light, have emerged for possible uses in food pro-
cessing. Thermally assisted technologies such as PEF and HP are
effective when integrated with other thermal processes, and
therefore, are used in conjunction with other thermal systems,
such as aseptic processing, to extend shelf life. Compared with
these new emerging technologies, retort technology, as applied
in canning, has less controllable processing conditions because
of the resistance to heat-penetration and heat-transfer medium.
Nevertheless, rotary systems – especially in the processing of
liquid and solid–liquid mixture foods – have helped obtain
better quality products. Future developments in retort tech-
nology might include the following:

1. Improvement in agitated retorts to moderate the effects of
heating by increasing heat-transfer rate into the product

2. Use of variable retort temperatures to enhance and control
medium temperature inside the retort offering better quality

3. Optimization of the process with online process control,
and new designs of cans to improve product quality

Optimization studies applying computational methods
become prominent among these possibilities. These studies
generally focused on determining variable retort temperature
pro�les and controlling the process conditions – �uctuations to
�lling gaps in the conventional thermal processes. Addition-
ally, new container designs to reduce the destruction effect of
heat also have been reported (e.g., the development of toroid
cans to provide increased rate of heat transfer).
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Historical Origins

Cooking is an age-old method of preparing many traditional
foodstuffs, and for centuries, it was generally appreciated that
cooked products would normally take longer to putrefy than if
they were left raw.

In the latter part of the eighteenth century, there was great
interest in understanding the mechanism of putrefaction. Laz-
zaro Spallanzani demonstrated that putrefaction may not occur
in a heated sealed �ask of an infusion, but that aerial
contamination could result in putrefaction. The presence of
microorganisms was demonstrated, and it was recognized that
there was a possible division into organisms that could be
killed by boiling and those that would survive this heat treat-
ment. Subsequent experiments by Franz Schutz in the early
nineteenth century demonstrated that it was not the air itself
that caused spontaneous putrefaction, but rather a contami-
nant carried in the air. Theodore Schwann was carrying out
similar work at the same time.

Methods for the preservation of foodstuffs were developed in
parallel with this pioneering work on the basic understanding of
why foods spoil. Carl Wilhelm Scheele used heat for the
conservation of vinegar, and Nicholas Appert developed
a method to preserve foods by heating in cans. In 1824 William
Dewees recommended that milk for infants be heated to near to
boiling (but not boiled) and then cooled as preparation for
infant feeding.

The credit for the development of a mild method of pro-
cessing foods, now particularly associated with milk, has been
given to Louis Pasteur, after whom the pasteurization process
was named. Pasteur had, among his many interests, an interest
in fermentations. The poor hygiene conditions associated with
the production of food and beverages at that time often led to
unwanted fermentations, causing putrefaction and loss of
product. His experiments con�rmed that fermentations were
not spontaneous but rather were the result of microbial
metabolism. Although some of his earlier work was with lactic
fermentations, most of his work in this �eld was based on
alcoholic fermentations, brought about by yeasts. The conver-
sion of ethanol to acetic acid was demonstrated as being
brought about by bacteria, subsequently classi�ed as Aceto-
bacter spp. In an acid medium such as wine, both yeasts and
acetobacter could be destroyed by relatively mild heat treat-
ments at about 55 �C in closed vessels.

Although Pasteur’s work on beer, wine, and vinegar laid the
foundations for hygienic processing, his complementary work
on the relation between speci�c organisms and disease also
aided the recognition of the public health implications of
hygiene and of heat treatments.

By the late-nineteenth century, the economic bene�ts from
improving the shelf life of milk and other products were
appreciated, although the microbiological and public health
implications of pasteurization were not fully understood.
Pasteurization of wine was adopted in both France and the
United States and is still used for some wines, although
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
�ltration, higher alcohol levels, and better production hygiene
have largely displaced heat treatment for this product.

The heat treatment of milk on a commercial scale did not
develop until the end of the nineteenth century, with the
production of commercial pasteurizers in Germany and
Denmark. The earlier treatment systems were aimed at
improving the storage life of milk, often using simple contin-
uous-�ow techniques to reduce costs. The realization that milk
was a potential carrier for diseases such as tuberculosis led to
the development of a low-temperature long-time (LTLT) batch
process, the �rst commercial plant being installed by Charles
North in New York in 1907. Commercial in-bottle LTLT
pasteurization of milk, pioneered by Charles North in 1911,
although capable of producing a high-quality product virtually
free of postpasteurization contamination, was too expensive
and unable to compete in the marketplace. It was not until
1922 that legal recognition was given to pasteurization in
the United Kingdom, when the term was de�ned in the Milk
and Dairies (Amendment) Act, using an LTLT process at
62.8–65.5 �C for a minimum of 30 min.

LTLT pasteurization was the �rst safe method adopted, but
the processing of milk was revolutionized by the invention in
the United Kingdom of the plate heat exchanger, which was
capable of recovering some of the heat from the hot pasteurized
product. The development of a modular heat exchanger that
could be relatively easily cleaned, together with a microbio-
logically effective holding tube system and a �ow diversion
valve enabled milk to be heat treated with safety on a far larger
scale than had been possible with the batch-based LTLT system.
With better appreciation of the thermal death characteristics of
pathogens, this continuous process was able to take advantage
of higher process temperatures with a correspondingly shorter
hold time and became known as the high-temperature short-
time (HTST) process. The European Commission set the
minimum heat treatment at 72 �C for 15 s. It has been sug-
gested that 15 s was originally chosen as the minimum time to
allow an adequate safety margin for the response rate of the
temperature sensing and control system at that time.

Subsequent developments in the design of process equipment
have led to the construction of pasteurization plants that may be
cleaned in place, with much greater thermal ef�ciency and with
much more sensitive and responsive instrumentation and control
systems. It is now technically possible to pasteurize at higher
temperatures with little or no hold, the so-called �ash processes.
Basic Aims of Pasteurization

The basic aim of pasteurization is summarized by the de�ni-
tion adopted by the International Dairy Federation (IDF):

Pasteurization is a process applied to a product with the aim
of avoiding public health hazards arising from pathogenic
micro-organisms associated with milk by heat treatment which
is consistent with minimal chemical, physical and organoleptic
changes in the product.
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This de� nition would be equally applicable to other
commodities if one were to substitute that product for milk in
the de� nition.

To achieve the public health objective of pasteurization in
a particular product, it is essential to be aware of the pathogens
associated, or potentially associated, with that product. The
thermal death characteristics of the organisms in that produc
also must be known.

In most of the early work, the death characteristics were
expressed in terms of a temperature–time combination that
appeared to destroy the target pathogen. In the case of milk
tuberculosis was recognized as a major disease associated w
milk consumption and Mycobacterium tuberculosiswas found to
be the most heat-resistant pathogen normally associated with
milk. Temperature–time combinations needed to destroy M.
tuberculosiswere published by North in 1911, North and Park in
1927, Hammer in 1928, and Dahlberg in 1932; these data are
included in Figure 1.

At that time, these data enabled safer process conditions to b
set up for LTLT and subsequently HTST processes. The metho
used are open to the criticism that it is not possible to demon-
strate the absence of an organism, only to fail to detect it. With
better understanding of the kinetics of thermal death rates
however, more quantitative data may now be obtained and the
safety of a given process be predicted with greater certainty.
ir
, at
Thermal Death of Microorganisms

When organisms are subjected to a moist heat above the
normal temperature range, a number of effects may be noted
as illustrated in Figure 2. With the relatively short heat
treatment times normally associated with pasteurization,
temperatures just above the normal growth temperature (zone
A in Figure 2) will have little or no effect on the number of
survivors, although there may be a risk of bacteria becoming
more resistant to subsequent treatments. With further increas
in temperature (zone B), a small lethal effect will become
evident. At higher temperatures (zone C), which are exploited
in pasteurization processes, the logarithm of the number of
survivors is inversely proportional to the exposure time at that
temperature.

Thus, for a given temperature within the zone C, the time
taken for a tenfold reduction in survivors (i.e., theD value) may
be obtained. D values are expressed in minutes or seconds an
must be accompanied by the temperature (e.g.,D72 for 72 � C).
D values are an approximation for a given strain of a species
the death kinetics for which can include a tail of more
temperature-resistant organisms. Thus, for more accurate wor
a more sophisticated model may be appropriate, but for most
purposes, theD value concept is adequate.

The D value will decrease with increasing temperature. The
rate of change usually is given as azvalue, thezvalue being the
change in temperature required to give a tenfold change in the
D value. Typicalz values for mesophiles are 4–8 � C in high aw

systems; the data inFigure 1 for M. tuberculosisimply a z value
of 6.3 � C. By comparison, bacterial spores often have az value
approximating to 10 � C at temperatures above 100� C, with
most spores being able to withstand pasteurization. Care is
needed in usingzvalues as they can vary with temperature and
as with the D values, also will vary with the substrate. For
example, changes in pH and aw can produce major changes in
the thermal resistance of organisms. Microorganisms are les
susceptible to heat when the aw is lowered. Reducing the pH
normally will increase the susceptibility to LTLT treatments, but
the effect may not be signi�cant under HTST conditions.

Yeasts and molds are primarily of interest as spoilage
organisms, although molds may produce mycotoxins. The
typical vegetative forms normally are more heat-labile than
many spoilage bacteria, but the ascospores may be more he
resistant, although much less so than bacterial spores.
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Table 1 Examples of the heat resistance of some microorganisms
(estimated from various sources)

Organism Medium D72 value (s) z value (� C)

Aspergillus nigera Apple juice 0.76 6
Enterococcus faecium Milk 3 2
Enterococcus faecium Ham 1.4 7
Escherechia coli Milk 1 6.5
Lactobacillus

fermentum
Orange juice 2 5

Lactobacillusspp.b Beer 10 8.6
Saccharomyces

cerevisiae
Orange juice 0.02 4.7

Saccharomyces
cerevisiaeb

Soft drink 0.6 10

Staphylococcus aureus Milk 0.6 5.1
Streptococcus

thermophilus
Recombined

milk
0.04 3.7

aConidiospores.
bHeat-resistant strain.
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Table 1 gives a range ofD and z values for microorganisms
to illustrate the range that will occur. These values must be
taken as indicative only, for the reasons already outlined.

Although signi� cant numbers of pathogens should not
survive the pasteurization process, there is a chance of survival
some heat-resistant organisms, if the original numbers are ver
high or if some protective mechanism is operating. The micro-
bial quality of the raw material and its hygienic handling thus are
also important in limiting the challenge to the heat treatment
system. In milk pasteurization, a treatment at 72� C for 15 s will
reduce the total count by approximately two orders of magni-
tude, and thus the higher the original numbers, the higher the
number of survivors, and hence the potentially shorter shelf life.
This gross approximation cannot take into account the post
pasteurization contamination or the survival of heat-resistant
enzymes originating from the initial micro � ora. Recently, there
were concerns about the heat resistance ofListeria monocytogen
and Mycobacterium aviumsubsp.paratuberculosis.Under normal
conditions, the inactivation of L. monocytogenesappears to be
adequate. Less information is available about the therma
destruction of M. avium subsp. paratuberculosis. In 1997,
however, an IDF expert group concluded that this risk could be
‘accepted’ until more data were available in terms of the thermal
death curves relating to naturally contaminated milks and heat
treatments as well as the potential link with Crohn’s disease
Pasteurisatio

Batch

In–tank      In–container

Unsealed        Sealed

Figure 3 Types of pasteurization process.
More recent work found no survivors following heat treatment
of inoculated milks under slightly more severe conditions than
the minimum required under the current regulations.

Although the epidemiological evidence supports the safety
of pasteurization processes, re� nements in the methods for
recovering and quantifying speci� c organisms will lead to
a more precise view of thermal death rates and hence th
inherent risks.
Modern Pasteurization Processes

Both batch and continuous processes are used in the pasteu
ization of foods ( Figure 3).

In-tank batch pasteurization continues to be used for
specialty products and small-scale manufacture (e.g., artisan
ice cream processing). The main risks are those of cros
contamination from raw materials, the processing environ-
ment, and the relatively slow cooling rates that may permit
growth of survivors that could contribute to spoilage rates.

The in-container methods may be divided between those
applied to unsealed and sealed containers, the former being
employed for a few specialized products in which some surface
evaporation is desirable (e.g., clotted cream and egg-base
desserts) and for which there must be zero shear during the
cooling process. The heat treatment normally exceeds tha
required for pasteurization alone, and the main risks are those
from contamination during the cooling process. The pasteuri-
zation of bottled beer and soft drinks in sealed containers may
be carried out on a large scale using tunnel pasteurizers up t
20 m long, during which the product is conveyed under a series
of jets spraying progressively hotter then cooler water to affec
the heating, holding, and cooling parts of the cycle. Although
the relatively low heat transfer rates require an LTLT approac
and can result in some� avor changes, this form of pasteuri-
zation has the advantage that the sealed container carries a ve
low risk of postprocess contamination. Risks are further
reduced by ensuring that the cooling water is of high micro-
biological quality (e.g., by hyperchlorination).

The heat treatment of many canned acid fruits (pH< 4.5)
may be regarded as pasteurization because the heat treatment
suf� cient only to inactivate vegetative spoilage organisms
surviving spores being inhibited by the low pH.

Continuous processes are preferred for large-scale pasteu
ization, particularly for liquid products. For low-viscosity
homogeneous liquids, the most commonly used process is
n

     Continuous

       Plate      Tubular            Scraped surface
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172 HEAT TREATMENT OF FOODSj Principles of Pasteurization
based on plate heat exchangers, which are essentially� attened
tubes made up from pairs of stainless steel plates separated b
elastomeric seals. This creates a large surface area and relativ
thin gap of 2–6 mm so that rapid heat transfer under turbulent
� ow conditions may be achieved. The plates are assembled int
a frame in a mixture of parallel and series� ow con� gurations to
give the desired heat transfer characteristics. In many case
a proportion of the heat used in achieving the pasteurization
temperature may be recovered and used to preheat the incomin
raw product, a process known as regeneration. Regeneratio
ef� ciencies in excess of 98% are now possible, the limits bein
capital cost and the effects of the increased heat exchange surfa
area on product quality. The simplest system for regeneration
illustrated in Figure 4, uses a single pumping system so that the
pressure on the raw side of the heat exchanger plate is highe
than that of the hot pasteurized product, and thus the integrity of
the plate is a critical factor in the safety of the process. More
sophisticated systems use a second pump and a means
maintaining a higher pressure in the downstream part of the
plant. Whichever pumping system is adopted, the� ow must be
constant, that is, not increasing if the pressure drops. Positiv
displacement pumps are preferred, but centrifugal pumps may
be employed if accompanied by a� ow control valve. In cases in
which homogenizers are being used, these may provide th
second pumping system.

Tubular heat exchangers have wider clearances than wi
plates and can cope more readily with viscous and particulate
foods. This design will withstand higher pressures and is les
sensitive to fouling, but it has less effective heat transfer
although this can be improved by adopting an annular design.

Scraped surface heat exchangers (SSHE) are large-diame
tubular heat exchangers, containing a coaxial rotating shaf
1

2

5
4

Chilled 
water

Hot wat

1

2

3

4

5

7

12
13

Raw  materi

6

Figure 4 Flow diagram for a simple HTST pasteurizer. Key: 1 Balan
cooler; 5 Homogenizer (optional); 6 Final heating section; 7 Hot water s
11 Flow diversion line; 12 Final cooling; 13 Cooled pasteurized produ
carrying blades that scrape the heat exchange surface, ensur
a rapid turnover of material on the surface and preventing the
buildup of � lms that inhibit heat transfer. Although SSHEs are
effective in terms of heat transfer coef� cients, their high capital
and running costs limit their use to processes in which the other
heat exchangers are not appropriate (e.g., cooling of fat spread
and the simultaneous freezing and whipping of ice cream). The
use of SSHEs requires rotary seals on the shafts, which can a
to cleaning problems.
Estimating the Lethality of a Pasteurization Process

By using the appropriateD and zvalues, it is possible to estimate
the risks associated with a temperature–time combination –
that is, the probable level of survivors for a given level of
contamination in the raw material. This is easy for a batch
process, such as with LTLT pasteurization, because the hold
easily measured and the contribution of the heating and cooling
stages to the overall lethality of the process can be relativel
small. With HTST processes, however, the temperatures a
higher and the heating and cooling stages may make a signi� -
cant contribution to the overall lethality of the process. It is
essential that the process be characterized in terms of tempe
ature and minimum residence time. Minimum time is critical as
the microbiological risk (particularly the public health risk) is
associated with the minimum heat treatment given to any
particle in the product. Because most HTST processes a
continuous, the � ow characteristics of the system must be taken
into account. From a microbiological viewpoint, turbulent � ow
in the pasteurizer will give the best results as there will be
a narrower spread of� ow rates and hence residence times in the
3

er

8

9

10

11

al

ce tank; 2 Feed pump; 3 Flow controller; 4 Preheating section and regenerative
et; 8 Holding tube; 9 Hot product temperature sensor; 10 Controller and recorders;
ct exit.
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equipment. Under turbulent � ow conditions, the minimum
residence time can be up to 0.83 of the average residence tim
whereas under streamline� ow conditions, the minimum resi-
dence time is only 0.5 the average. In practice, slower� ow rates
may be needed to conserve desirable product characteristics
to avoid excessive pressures.

Once the plant has been characterized, it is possible t
analyze the process quantitatively in relation to a given risk. One
approach has been to de� ne a pasteurization unit (PU) appro-
priate to the product and its most critical contaminants. A PU of
1 min at 65 � C (z¼ 10 � C) has been suggested for acid foods
The brewing industry has used a PU de� ned as 1 min at 60� C (z
z 7 � C) with 6 –15 PU being used to stabilize bottled beer. A
PU for safe HTST treatment of milk, theP*, has been suggested
by Kessler, taking 1P* as equal to 15 s at 72� C (z ¼ 8 � C). The
implications for each second of a heat treatment are illustrated
in Figure 5, where a higherz value of 10 � C is also included to
illustrate the effect of the z value on any estimation. Using
a higher estimate for thez value could lead to an underestimate
of the lethality at higher temperatures and vice versa.

Figure 5 shows that the contribution of temperatures below
65 � C to overall lethality in an HTST process is so small that it
may be ignored. At higher temperatures, however, the effect o
the temperature during heating and cooling becomes more
important, so that by 90 � C, the total heat treatment is well in
excess of the minimum safe treatment even without a hold.
Heating and cooling rates are typically 1–3 � C s� 1 except in
direct steam heating systems.

Although the primary concern in pasteurization is to obtain
a safe food, this is irrelevant if the sensory quality of the food is
reduced excessively, either by overcooking or due to th
persistence of other less temperature–labile factors (microbio-
logical or biochemical). Cooked � avors may be acceptable in
some foods (e.g., clotted cream) but not in others (e.g., wine).
s

t

ive

70 80 90

Temperature (°C)

0.01

0.1

1

10

z = 8 °C 

100
z = 10 °C 

PU 72°

Figure 5 Lethal effect of a 1 s exposure at typical pasteurization
temperatures.
Heat treatments may bring about undesirable changes in
the stability or functional properties of food products, often
related to protein denaturation. In milk, the denaturation of
agglutinin (an immunoglobulin fraction) reduces the rate at
which cream forms in milk on standing, with the denaturation
being more pronounced when more severe heat treatments ar
used so that less cream separates from the milk. Avoidin
overtreatment has been an important consideration in the past
when processing milk for bottling, in cases in which the
consumer has associated cream separation with milk quality
but it is not relevant to the production of homogenized milks
in which case cream separation would indicate a processin
failure. Similarly, the protein denaturation associated with
pasteurization of liquid egg white reduces the foaming prop-
erties of the product slightly, giving less volume or a longer
whipping time than the raw egg white.

Protein denaturation may be used bene� cially to indicate
that a satisfactory heat treatment has been given, for example
by using an assay of a suitable enzyme occurring naturally in
the product. The indicator enzyme should be denatured under
conditions slightly more severe than those needed for
microbial stability. Ideally, the activity of the indicator
enzyme should not be subject to wide variation with season
or source, or be in� uenced by varying levels of microbial
contaminants.

Alkaline phosphatase is denatured under slightly more
severe conditions than are required for destruction ofM. tuber-
culosis, so the absence of alkaline phosphatase activity is gene
ally used as an indicator for satisfactory pasteurization of milk.
European Commission milk hygiene regulations originally
speci�ed that pasteurized milk should have a negative reaction
in the test for alkaline phosphatase and a positive reaction for
lactoperoxidase, thus setting minimum and maximum condi-
tions for the heat treatment as lactoperoxidase is deactivated a
78–80 � C for 15 s depending on the heat exchanger design.

The pasteurization of liquid egg in the United Kingdom
(minimum 64.4 � C for 2.5 min) is not suf � ciently severe to
inactivate alkaline phosphatase but will denaturea�amylase,
whereas the milder treatment required in the United States
(minimum 60 � C for 1.75 min) will leave residual a–amylase
activity. The egg proteins are more heat labile than those in
milk, which restricts the temperatures that may be used in
HTST processes due to fouling and protein precipitation,
conditions favoring the use of tubular heat exchangers.

Bacteria are more resistant to heat treatment when the aw of
the medium is lowered. Thus, more severe heat treatment
normally are used for the pasteurization of sweetened prod-
ucts, such as ice cream and dessert products. Minimum hea
treatments for ice cream may be 66� C for 30 min, 72 � C
for 10 min, or 80 � C for 15 s. In cases in which the ingredients
already have been heat treated, enzyme assays may g
misleading results.

In fruit juices, the pH is usually below 4.5, so that growth of
pathogenic bacteria will not usually be supported, although
death of contaminant organisms will not be instant. Yeasts and
some lactobacilli may grow and cause spoilage of the juice, and
molds may grow at the surface. Heat treatments to eliminate
yeasts and lactobacilli are more severe than for the elimination
of vegetative pathogens (e.g., 70� C for 60 s, or 85� C for 30 s
for citrus juices).
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Survival of enzymes can cause problems for the storage of
fruit juices. In apple juice extraction, polyphenol oxidase will
cause rapid browning of cold extracted juices if the juice is not
immediately treated with antioxidants, such as ascorbic acid or
sulfur dioxide. HTST treatment at 89 �C for 90 s will denature
polyphenol oxidase as well as potential spoilage organisms.
Thus, a check for color development in the presence of oxygen
may be used as a quality criterion.

In citrus juices, the presence of pectinase will lead to
a breakdown of the cloud associated with the fresh juices. HTST
treatment at 90 �C for 10 s or 85 �C for 4 min will denature the
pectinase. For many fruit juices, including apple and orange,
the juice is extracted in the country of origin, heat treated, and
concentrated with the potential for �avor compounds being
recovered from the condensate. The concentrate is then stored
and transported in bulk before reconstitution and �nal heat
treatment.

See also: Acetobacter; Eggs:Microbiology of Egg Products;
Listeria: Introduction; Milk and Milk Products:Microbiology of
Liquid Milk; Microbiology of Cream and Butter; Mycobacterium;
Natural Occurrence of Mycotoxins in Food; Microbial Spoilage
of Eggs and Egg Products; Spoilage Problems:Problems
Caused by Bacteria; Wines:Microbiology of Winemaking.
Further Reading

Cunningham, F.E., 1995. Egg product pasteurization. In: Stad
Cotterill, O.J. (Eds.), Egg Science and Technology, fourth ed. Food
New York, pp. 289–322.

Dairy, U.K., 2006. Code of Practice on HTST Pasteurization. Dairy,www.
dairyuk.org/component/docman/doc_download/3938-co(accessed 2.11.2012

Dubos, R.J., 1960. Luis Pasteur: Free Lance of Science. Da Capo Pr
Holdsworth, S.D., Simpson, R., 2008. Thermal Processing of Package

ed. Springer, New York.
IDF, 1986. Bulletin 200: Monograph on Pasteurized Milk. Internationa

tion, Brussels.
Hammer, P., Knappstein, K., Hahn, G., 1998. Signicance ofMycobacteriu

paratuberculosisin milk. Bulletin of the IDF 330, 12–16.
Lewis, M.J., Deeth, H.C., 2009. Heat treatment of milk. In: Tamime, A

Processing and Quality Management. Wiley-Blackwell, Oxford, pp–204.
Lynch, D., Jordan, K.N., Kelly, P.M., Freyne, T., Murphy, P.M.,

sensitivity ofMycobacterium aviumssp. paratuberculosisin milk under pil
plant pasteurization conditions. International Journal of Dairy T
98–104.

O’Connor-Fox, E.S.C., Yiu, P.M., Ingledew, W.M., 1991. Pasteurization
of microbes in brewing. MBAA Technical Quarterly 28, 67–77.

Rees, J.A.G., Bettison, J., 1991. Processing and Packaging of Heat P
Blackie, Glasgow.

http://www.dairyuk.org/component/docman/doc_download/3938-co
http://www.dairyuk.org/component/docman/doc_download/3938-co


Spoilage Problems Associated with Canning
L Ababouch, The United Nations Food and Agriculture Organization, Rome, Italy

� 2014 Elsevier Ltd. All rights reserved.
Introduction

Canning is a fairly old method of food preservation, which
dates back to 1795 with the invention of Nicholas Appert of
canned food for the French army. Although it started as
a process of trial and error, developments in microbiology,
heat transfer mechanisms, thermal processing, packaging,
computer-controlled thermal systems, and container closure
technology have led gradually to processing techniques that are
founded on scienti�c evidence and outputs.

Today, current thermal-processing operations support the
most important application for the commercial preservation
and distribution of the world food supply. Despite this large
volume of production, the canning industry enjoys good safety
and quality records. Indeed, spoilage and poisoning outbreaks
involving thermally processed foods are rare. Unfortunately,
these outbreaks can present severe health hazards, as well as
damaging the reputation of a company or an entire industry.
Likewise, these outbreaks or suspicion of malfunction during
processing can lead to large recalls of canned foods, sometimes
causing consumer panic, disarray, and signi�cant economic
losses.

This article reviews the main causes and types of spoilage of
canned foods and outlines the preventative measures recom-
mended for the production of safe and good-quality canned
food products.
The Canning Process

The preservation of foods by canning involves (1) the use
of hermetically sealed containers that are impermeable to
liquids, gases, and microorganisms; and (2) the application
of suf�cient heat to inactivate toxins, enzymes, and micro-
organisms capable of proliferating under normal non-
refrigerated conditions of storage and distribution. Under
these conditions, the food is said to be ‘commercially
sterile,’ which should not be taken to mean absolute
sterility (i.e., the total absence of viable microorganisms).
Indeed, viable microorganisms can be recovered from
commercially sterile heat-processed foods under one of
three conditions:

l The microorganism is an obligate thermophilic spore-
forming bacterium, but the normal storage temperature is
below the thermophilic range (<40 �C).

l The microorganism is acid tolerant and the food pH is
within the high acidity range (pH < 4.6).

l The canning process uses a combination of heat and low
water activity to preserve the food.

Food pH is an important parameter that affects the severity
of the thermal process used for food preservation. It is well
established that a pH of 4.6 or less is suf�cient to inhibit the
growth of all pathogenic and most spoilage bacteria, of which
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
the most heat-resistant strains are spore-forming species, such
as Clostridium botulinum. Thus, acid foods will need a milder
heat treatment to become commercially sterile compared with
low-acid foods. Table 1 presents examples of thermal processes
recommended for the preservation of different foods and
demonstrates the striking effect of the pH.

Thermal processes of low-acid canned foods are designed to
attain a probability of survival of the pathogenic C. botulinum
suf�ciently remote to present no signi�cant health risk to
consumers. Experience has shown that such thermal processes
should enable the reduction of any population of the most
resistant C. botulinum spores to 10�12 of its initial count. This is
known as the ‘botulinum cook’ or the 12D concept, where D is
the decimal reduction time (D-value). Canned foods actually
are processed beyond the minimum botulinum cook because
of the occurrence of nonpathogenic, thermophilic spore-
formers of greater heat resistance. The production of a micro-
bially safe and shelf-stable canned food, however, should not
unduly impair the food �avor, consistency, color, or nutrient
content. Thus, the accepted rate of survival of the most heat-
resistant thermophiles is 10�2 to 10�3 (2D or 3D process).
This higher risk of thermophile survival is considered accept-
able because thermophiles are not a public health concern and
given reasonable storage temperature (<35 �C), the survivors
will not germinate. Table 2 presents reference D-values for
bacteria relevant to low-acid canned foods.

The temperature of storage of the canned foods is a signi�-
cant factor in the choice of thermal process. Table 3 groups
canned meats into four product classes depending on the heat
treatment and the �nal storage temperature.
Spoilage of Canned Foods

Spoilage in canned foods usually is indicated by leakage,
a swelling of the container, or an abnormal odor or appearance
of its contents. In some cases, the presence of microbially
induced toxins capable of causing food poisoning is not
accompanied by any external or internal visible signs of spoilage.

Four causes can lead to the spoilage of canned foods:

l Prespoilage or incipient spoilage that takes place before the
product is thermally processed

l Underprocessing
l Thermophilic spoilage
l Postprocess spoilage
Prespoilage

Prespoilage or incipient spoilage takes place before the product
or the ingredients are thermally processed. It may be caused by
microbial or enzymatic action, resulting in gas accumulation,
development of off–odors, and the presence of excessive
numbers of dead microbial cells in the end product. If the
-384730-0.00157-9 175
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Table 1 Thermal processing of food and the effect of pH (Lange 1983)

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

Sterilization

at

temperatures

>100 °C

Pasteurization
at 69 °C–100 °C

7–14

3–6

1

5.3

4.5

4.1

3.7

Mesophilic,

spore-forming

thermophilics

and natural

enzymes

Lower limit

of growth of

Clostridium

botulinum

Acid and

spore-forming

bacteria, acid-

resistant non-

sporeformers

Acid-resistant

bacteria (non-

sporeformers)

Yeasts and

molds

Product pH Classification
Heat

treatment 
F0

value a
Cutoff
pH  

Target
organism(s)

Spinach
Peas 

Milk (evaporated) 

Corned beef
Mushrooms,
carrots 

Asparagus,
green beans

Tomato soup

Tomatoes 
Apricots, pears
Peaches

Orange juice
Candied fruits

Berries, sour
vegetables
Lemon juice 

(1) Weakly acid
(pH 5.3–7.0)

(2) Medium acid
(pH 4.5–5.3)

(3) Acidic
(pH 3.7–4.5)

(4) Strongly
acid (<3.7)

a F0 is the sterilization process equivalent time, defined as the number of equivalent minutes at T  121.1°C delivered to a food
container calculated usin g a  z-value (the tem perature increase re quired for a tenfold decrease in the D-value ) of 10°C. 

Table 2 Decimal reduction times (D-values) of bacterial spores
of interest in food

Microorganism
Optimal growth
temperature (� C) D-value (min)

Bacillus stearothermophilus 55 D121.1 � C 4–5
Clostridium

thermosaccharolyticum
55 D121.1 � C 3–4

Desulfotomaculum nigriÞcans55 D121.1 � C 2–3
Clostridium botulinumtypes

A and B
37 D121.1 � C 0.1–0.23

Clostridium sporogenes
PA 3679

37 D121.1 � C 0.1–1.5

Bacillus coagulans 37 D121.1 � C 0.01–0.07
Clostridium botulinumtype E 30–35 D82.2 � C 0.3–3

TheD-value is the decimal reduction time or the time required to reduce, at a giv
constant temperature, a microbial load to 10% of its initial level.
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responsible microorganisms are pathogenic, such asStaphylo-
coccus aureus, histamine-producing bacteria or mycotoxin-
producing molds, they produce thermostable toxins that will
not be affected signi� cantly by the thermal process and
may cause food poisoning. In� sh, meats, fruits, or vegetables
received at the processing factory, microbial counts of 107 per
gram or above are not uncommon. Fish habitat and the feed of
� sh and the soil in which vegetable products are grown are the
main sources of organisms found on or in raw products
destined for canning. Additional contamination can come
from surfaces in contact with the food during harvesting and
transportation, from washing water and handling practices,
and from added ingredients (e.g., sugar, salt, syrups, starch, an
spices).

A wide variety of microorganisms can be found on or in raw
foods destined for canning. Bacteria, however, greatl
outnumber yeasts and molds. In fact, bacteria are often the sole
concern in the processing of� sh and meats. The type and
en
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Table 3 Different classes of canned meats

Type Heat treatment Target microorganisms Food class and storage life

I 65–75 � C attained Vegetative microorganisms Semipreserves: 6 months at temperature< 5 � C
II F0

a 0.65–0.80 min As for I plus spores of mesophilicBacillus Three-quarter preserves: 6–12 months atT < 15 � C
III F0 5.0–6.0 min As for II plus mesophilic clostridia Full preserves: 4 years atT < 25 � C
IV F0 16.0–20.0 min As for III plus spores of thermophilic bacilli and clostridia Full preserves for tropical use: 1 year atT > 40 � C

aF0 is the sterilization process equivalent time, de� ned as the number of equivalent minutes atT 121.1� C delivered to a food container calculated using az-value of 10� C.
Lange, H.J., 1983. Methods of Analysis for the Canning Industry, Food Trade Press, Orpington.
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number of these microorganisms will be affected greatly by the
different operations that foods will undergo before they are
thermally processed. For vegetable materials, the integrity o
the product will minimize the risk of prespoilage because the
microorganisms are unable to invade the food tissues. Unfor-
tunately, some harvesting practices and machinery can cau
tissue bruising and damage, leading to microbial invasion of
the foods and its decay. Likewise, bulk transportation leads to
tissue damage and should be avoided. Bulk storage of olives fo
long periods can lead to mold growth and production of
mycotoxins. These toxic metabolites are harmful to humans
and are heat stable. The holding temperature plays a major rol
in delaying food decay during transportation and storage;
refrigeration is ef� cient in this respect.

Most foods destined for canning are washed to remove soil
debris, slime, and other foreign materials. Washing often will
eliminate up to 90% of the food surface microbial load. Only
water with acceptable microbiological quality should be used,
however. Chlorination of the washing water, to levels of
1–4 ppm of residual chlorine, is useful in this respect.

Preparatory operations such as cutting, slicing, dicing
beheading, or evisceration expose food tissues and accelera
microbial growth and food spoilage if delays occur, especially
under high temperatures conducive to bacterial growth.
Blanching of vegetables and cooking of � sh signi� cantly
inactivate heat-sensitive microorganisms, such as vegetati
bacteria, sensitive spores (e.g., type EC. botulinum), yeasts,
and molds. Heat-resistant organisms, especially spores o
C. botulinumtypes A and B, and thermophilic sporeformers,
survive the blanching and cooking processes. These process
soften food tissues, rendering contamination and spoilage
easier. Thus, good care should be exercised to implemen
proper hygienic practices and avoid delays; otherwise
contamination by hygiene-related organisms such asS. aureus
may lead to spoilage and the accumulation of thermostable
toxins, which will not be inactivated during thermal processing.

Inappropriate handling practices during harvesting, trans-
portation, storage, and preparation of foods for canning can
lead to microbial growth, substandard canned food quality
(soft texture, repellent odors or color), and the accumulation of
heat-stable toxic metabolites, such as histamine, staphylococc
enterotoxins, and mycotoxins. Appropriate handling and
hygienic practices, control of temperature, and the avoidance o
delays during these operations will prevent these problems.
COOH
HN N HN NHistidine

decarboxylase

Figure 1 Formation of histamine.
Histamine Spoilage of Canned Seafoods

Histamine is produced in foods by the decarboxylation of
histidine ( Figure 1). This reaction is catalyzed by the enzyme
histidine decarboxylase found in some bacterial species. Thes
include various species of Enterobacteriaceae,Clostridium,
Vibrio,Photobacterium, and Lactobacillus. All the strains of certain
species, such asMorganella morganii, are capable of histidine
decarboxylase activity, whereas the enzyme is present in on
a few strains of other species, such asKlebsiella pneumoniaeand
Lactobacillus buchneri. The presence of most of these bacteria i
often the result of unacceptable food-handling and hygienic
practices. Recent studies have con� rmed that psychrotolerant
bacteria, such asMorganella psychrotoleransand Photobacterium
phosphoreum, have been responsible for histamine formation in
seafood that actually caused histamine food poisoning.

The foods generally incriminated in histamine poisoning
are � sh, cheese, sauerkraut, and sausage. Fish, in general, a
canned � sh, in particular, have been involved in an over-
whelming majority of the incidents of histamine poisoning.
This is because� sh species, such as tuna, mackerel, sardine
saury, seer� sh, and mahi–mahi, contain large amounts of free
histidine in their muscle tissues, which serves as a substrate fo
histidine decarboxylase. In addition, proteolysis– autolytic or
bacterial– may play a role in the release of histidine from tissue
proteins. In the past, histamine poisoning has been referred to
as scombrotoxin poisoning because of the frequent association
of the illness with the consumption of spoiled scombroid � sh,
such as tuna and mackerel.

Histamine poisoning is usually a mild disorder with
a variety of symptoms. The primary symptoms are cutaneous
(rash, urticaria, edema, localized in� ammation), gastrointes-
tinal (nausea, vomiting, diarrhea), and neurological (headache,
oral burning and blistering sensation, � ushing, and perspira-
tion). More serious complications such as cardiac palpitations
are rare. Despite its toxicity, histamine is not a substanc
foreign to the human body. In small physiological doses,
histamine is a necessary substance involved in the regulation o
such critical functions as the release of stomach acid.

The threshold toxic dose for histamine is not precisely
known; it has been estimated at 500 mg of histamine per
kilogram of food. The major importing countries of � sh
(including canned � sh) have adopted regulations limiting the
maximum allowable levels of histamine in foods. In the United
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Table 4 Conditions forClostridium botulinumgrowth and toxin
production

Conditions

Minimum temperature 3.3� C (Nonproteolytic type B, E, and F
strains)

10 � C (Proteolytic type A, B, and F strains)
Optimum temperature 30� C (Nonproteolytic type B, E, and F

strains)
35 � C (Proteolytic type A, B, and F strains)

Maximum temperature 55� C (Type A strains)
Minimum water

activity (aw)
0.97 (Nonproteolytic type B, E, and F

strains)
0.94 (Proteolytic type A, B, and F strains)

Minimum pH 5.0 (Nonproteolytic type B, E, and F strains)
4.0–4.6 (Proteolytic type A, B, and F

strains)
Maximum salt content

(% in aqueous phase)
3–5 (Nonproteolytic type B, E, and F

strains)
10 (Proteolytic type A, B and F strains)

Heat resistance D121.1 � C of spores 0.1–0.25 min
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States the Food and Drug Administration has established
a hazard action level (HAL) of 50 mg per kg, and a defect action
level (DAL), indicative of decomposition, of 20 mg per kg. Both
levels were based on investigations of previous histamine
poisoning episodes and spoilage studies on tuna and mahi–
mahi. For other � sh species, such as sardines, mackerel, a
anchovies, levels of 5 mg per 100 g are indicative of decom
position if supported by sensory evaluation. The 2007
European Union sanitary regulations identify an HAL of
200 mg per kg and a DAL of 100 mg per kg.

Prevention of histamine accumulation in foods, especially
� sh destined for canning, relies mostly on rapid chilling the� sh
as soon as possible after the catch at temperatures close to 0� C,
coupled with implementation of good hygienic practices on-
board, at landing, and during processing to prevent contami-
nation by and growth of histamine-forming bacteria. In the
case of small pelagic species such as sardines, mackerel, a
anchovies, which are often caught in large quantities and ice
storage is not practical, the� sh should be refrigerated quickly
using either refrigerated sea water or chilled sea water.
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(nonproteolytic type B, E, and F strains)
D82.2 � C 0.15–2.9 min in broth orD80 � C

4.50–10.5 min in products with high
proteins and fat content (proteolytic type
A, B, and F strains)
Underprocessing

In canning, underprocessing, also referred to as under
sterilization, means that the product did not receive suf� cient
heat treatment to become commercially sterile. It often is
indicated by the survival of bacterial spores exclusively, becaus
these will resist the insuf�cient heat treatment, whereas vege
tative bacteria, yeasts, and molds will not.

Among the potential survivors, spores ofC. botulinumare of
great concern because of the deadly neurotoxins they produce
The foodborne intoxication they cause, botulism, has been
known for more than a 1000 years and was� rst associated with
the consumption of contaminated sausage– hence the name,
from the Latin botulus, sausage. The bacterium responsib
C. botulinum, is a Gram-positive, strictly anaerobic, catalase
negative, spore-forming rod. Its spores are ubiquitous as the
occur in soils and sediments. Seven types (A–G) of C. botulinum
exist based on toxin serology. Strains producing types A, B, an
E toxins are harmful to humans, while types C and F have been
implicated in botulism outbreaks in mammalian and avian
species. No type G outbreak has been reported. Strains
C. botulinumalso can be classi� ed into one of four groups:
Group I strains are proteolytic and produce toxins A, B, and F
group II strains are nonproteolytic and produce toxins B, E, and
F; group III strains are weakly proteolytic and produce toxins C
and D; and group IV strains are proteolytic but non-
saccharolytic and produce toxin G.Table 4 presents growth
conditions for the various types of C. botulinum.

Symptoms of botulism typically occur within 18 –36 h of
the ingestion of the toxin-contaminated foods, but it may be
delayed up to 8 days depending on the amount of toxin
ingested. Symptoms include diplopia, dysarthria, and
dysphagia resulting from impairment of cranial nerve function.
Nausea, vomiting, cramps, and diarrhea often precede neuro
logical symptoms. Early onset of symptoms is associated with
greater severity of the disease and a higher probability o
fatality.

Understerilization also may be caused by a faulty design o
the thermal process, the wrong process being used, or a failur
to deliver the designed process; the last cause can result fro
a human or mechanical failure, or from deviation of critical
factors, such as initial product temperature, processing time
type of heat (moist or dry), raw material microbial load, pH of
the food, � ll of the can, or viscosity of the product from the set
of safe standards. These problems can be overcome by trainin
supervisors and retort operators, using proper retort mainte-
nance schedules, and reliance on a recognized proce
authority to design and validate thermal processes.
Thermophilic Spoilage

Thermophilic spoilage occurs when the time–temperature
conditions are conducive to the growth of thermophilic
bacteria. These bacteria are not pathogenic organisms; the
occur naturally in soil and their spores frequently are isolated
in low numbers from commercially sterile food products. Their
numbers can increase if such ingredients as starch, sugar,
spices are used in the product and are loaded excessively wi
these spores.

Thermophiles can grow in canned foods if cooling of hot-
retorted cans takes place at ambient temperature, or if� nished
products are stored at temperatures above 40� C. In the � rst
case, cooling is signi�cantly slow and the temperature of the
cans will be in the range 75–40 � C for periods long enough to
promote growth of thermophiles; this is rare nowadays because
most retorts are equipped to provide for the rapid cooling of
the cans. The most common forms of thermophilic spoilage
and their signi� cance in canned foods are presented inTable 5.

Prevention of thermophilic spoilage can be achieved by
cooling the retorted cans rapidly to a temperature below 40� C
and storing � nished products at below 35 � C to inhibit the
growth of any surviving thermophiles. Also, thorough washing
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Table 5 Most common thermophilic microorganisms causing spoilage in canned foods

Growth conditions

Microorganism Canned foods affected
Opt.
temp. (� C)

Temp.
range (� C)

pH
range O2 demand Manifestations

Bacillus
stearothermophilus

Canned vegetables,
meats, UHT milk,
products high
in starch

55–65 45–76 > 4.6 Facultative
anaerobic

Flat cans, markedly low pH.
Possible loss of vacuum on
storage. Food appearance not
usually altered.

Possible slight abnormal odors or
cloudy liquor. Coagulation of
UHT milk.

Clostridium
thermosaccharolyticum

Canned vegetables 55 43–71 4.5–5.0 Strict
anaerobic

Can swelling to the point of
bursting. Decrease in pH.
Production of H2S and CO2.
Production of fermented,
sour, cheesy, or butyric odor.

Clostridium nigriÞcans
(sulfur stinkers or
sulfide spoilage)

Canned vegetables
and meats

55 27–70 > 5.8 Strict
anaerobic

Production of H2S, which may
darken the product because of
reaction with container iron. Cans
usually remain� at due to
solubility of H2S in food water.

Bacillus coagulans Tomato juice, acidi� ed
vegetable foods

55 27–60 > 4.1 Facultative
anaerobic

Flat sour, little change in vacuum,
and off-odors.

UHT, ultra-high temperature.
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of raw vegetables to remove soil and prevention of reconta
mination with soil or other sources of thermophiles during the
preparatory operations is of paramount importance. When
ingredients such as sugar, starch, and spices are used, process
should exercise great care to ensure that these ingredients
not contain excessive numbers of thermophilic spores. The
American National Processors Association has establishe
speci�cations for these organisms in ingredients used in
canning (Table 6).

Preheating tanks, blanchers, and other� otation washers
used in the preparatory steps can provide a breeding area fo
thermophiles, especially overnight and during periods of
Table 6 Microbiological speci� cation of the US National Food
Processors Association for starch and sugar

Microorganisms SpeciÞcations

Total thermophilic
spore count

For the� ve samples examined, there shall be
a maximum of 150 spores and an average
of not more than 125 spores per 10 g of
sugar or starch.

Flat sour spores For the� ve samples examined, there shall be
a maximum of 75 spores and an average o
not more than 50 spores per 10 g of sugar
or starch.

Thermophilic anaerobic
spores

These shall be present in not more than three
of the� ve samples and in any one sample
to the extent of not more than four of six
tubes inoculated by the standard
procedure.

Sulfide spoilage spores These shall be present in not more than two
the� ve samples and in any one sample to
the extent of not more than 5 spores per
10 g.
shutdown, if the tanks are not properly sanitized. This is of
particular concern in the canning of cream-style sweet corn and
whole kernel corn. As a rule, it is best to hold these tanks
overnight empty of foods and full of cold water.
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Postprocessing Contamination

Postprocess contamination or leaker spoilage takes plac
when microbial contaminants leak into the can after heat
sterilization owing to a failure of the container to maintain
a hermetic seal. It is undoubtedly of the greatest economic
importance as it accounts for 60–80% of the spoilage of
canned foods.

The microorganisms involved in leaker spoilage can be any
type found on can handling equipment, in cooling water, or on
the skin of can handlers: they include bacterial cocci, short and
long rods, yeasts and molds, and aerobic sporeformers, an
they are probably a mixture of many of these organisms.
Postprocess contamination also can result in outbreaks o
botulism or Staphylococcusenterotoxin poisoning. Leaker
spoilage often is associated with the integrity of the can seams
the presence of bacterial contaminants in the cooling water or
on wet can runways, and abusive can-handling procedures afte
heat processing. Cooling water can be the primary source o
organisms responsible for leaker spoilage.

Although rare nowadays, defective tin plate, can
manufacturing defects, and mishandling empty cans will affect
the can integrity. Can manufacturing defects of interest are
defective side seams; over- or under� anging, which interferes
with double seam formation; and defective double seams
resulting from faulty seam operation. The most common type
of damage from improper handling of empty cans is bent
� anges or cable cuts. The latter occur when cans are held ba
while the conveyor cable continues to run.
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Filling operations can directly affect the quality of the seam.
Over�lling, particularly with a cold product, and the subse-
quent expansion of the product during processing can cause
end distortion and seam damage. Also, if the �ller leaves any
product hanging over the can �ange, it may interfere with can
seaming and result in leakage, especially with �brous products,
such as leafy vegetables, or meat and �sh products containing
pieces of bone.

Double seam de�ciencies can be transient or permanent.
Transient leaks are reversible in that a leakage path opens but
subsequently closes, leaving no detectable deformation at the
point of the leak. A permanent leak path through the double
seam may exist due to an improper seam construction, the use
of non-leak-resistant compounds, and improper side-seam
soldering and side-seam tightness.

Handling the �lled containers can dramatically affect the
hermetic seal. Blows due to dropping cans in retort crates
without cushioning the fall or due to cans rolling and striking
solid surfaces (such as another can or the bar of an elevator) can
lead to a leak. The effects of repeated blows on the seam are
cumulative and may lead to contamination similar to that
resulting from a singular violent blow. Seam deformations also
may result from mechanical impacts or from abrupt pressure
changes occurring when retorted cans suddenly are exposed to
atmospheric pressure for cooling. During thermal processing,
the can contents expand considerably and may result in
permanent distortion of the can ends, unless adequate head-
space under vacuum and counterpressure during cooling of
large cans is provided.

To minimize postprocess contamination, it is necessary to
ensure good controls over empty can inspection and handling
systems, can seam integrity, adequate chlorination of cooling
water, and minimal can abuse during in-plant can handling,
transportation, and distribution. As can integrity is critical, can
seams and seaming machines should be inspected as frequently
as feasible, at least every 30 min for a visual inspection of
a seamed can and every 4 h for a thorough seam tear-down and
examination. Cooling water should be chlorinated to 2–5 ppm;
this allows for a content of no less than 1 ppm after cooling.
Cooled, wet cans should be dried in a restricted access area and
must not be handled until they are dry. Care should be exercised
thereafter to minimize abuse leading to dents and leakage.
Histamine and
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Other Causes of Spoilage

Canned foods can also spoil because of nonmicrobial causes.
Indeed, contamination of foods with metals such as copper or
iron before it is placed in the can or a reaction between the food
and the container can lead to objectionable food color defects.
These include blue-greying of corn and blackening of peas,
corn, shrimps, and other �sh meats. This often is the result of
protein-sulfur compounds breaking up under high temperature
during blanching or cooking, and combining with iron to form
black iron sulfide. The use of enamel-lined cans for these
products eliminates this problem.

Internal can corrosion also leads to the accumulation of
hydrogen, which relieves the vacuum and swells the can,
making it unmarketable. Externally, corrosion often causes
pinholes that allow microorganisms to penetrate the can and
spoil its contents.
Quality Assurance of Canned Foods

Sampling and examination of end products is of no signi�cant
value for assessing the ef�cacy of a process in canned foods.
Indeed, the process failure rate is very low for thermally pro-
cessed foods, of the order 10�6 to 10�12. Consequently, the
probability of �nding a nonsterile container in a sample of
10 000, for example, based on a Poisson distribution, is very
low (<0.095). Moreover, even in cases in which a comprehen-
sive sampling inspection reveals that the process failure rate is
exceeded, rational recommendations cannot be given unless
the entire line is inspected by elaborate procedures.

Consequently, the food-canning industry must rely on
preventative approaches embodied in codes of good
manufacturing practices and the implementation of a quality
assurance program based on the hazard analysis critical control
point (HACCP) approach. Good manufacturing operations
include the following:

l The use of acceptable quality raw material
l The use of an adequate heat process, designed by a process

authority and applied by quali�ed personnel
l Appropriate checking of the integrity of the container closure
l Control of postprocess hygiene
l Control of storage and distribution conditions

The HACCP approach has been demonstrated to be cost-
effective for the assurance of safety and quality of canned foods.
This is probably why it has become a mandatory system for
thermally processed foods in many countries worldwide.

See also: Clostridium; Clostridium: Clostridium botulinum; Fish:
Spoilage of Fish; Food Poisoning Outbreaks; Hazard Appraisal
(HACCP): The Overall Concept; Hazard Analysis and Critical
Control Point (HACCP): Critical Control Points; Spoilage
Problems: Problems Caused by Bacteria.
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Introduction

Canning typically involves the heating of low-acid foods at
121�C, with the goal of eliminating all mesophilic microor-
ganisms, as well as spores of Clostridium botulinum, leaving the
product ‘commercially sterile.’ In order to accomplish this, the
process is applied for a period of time long enough to achieve
a 12 log10 reduction in the number of spores of this pathogen
(termed ‘12D processing’). This usually entails heating for at
least 2 min, depending on the food composition. Such
a process is very effective in maintaining the stability of low-
acid foods during room-temperature storage. However, the
time/ temperature used in canning affects the quality of many
food products. It has been suggested that if processing tech-
nologies could be used in combination with heat to achieve the
12D process, the heating treatment used in canning would not
have to be so severe, i.e., the temperature could be lower and/or
the time shorter than that currently being used.

For products not intended to be sold as shelf-stable, the
treatment of foods by heat pasteurization is commonly used to
eliminate non-spore-forming pathogenic organisms from
perishable commodities, as well as to extend their shelf life.
This process renders the product free of most disease-causing
agents, although refrigeration is still required owing to the
presence of spoilage organisms. The temperature of processing
varies according to the product being pasteurized, with 100�C
commonly used for beverages and fruit products, and 94�C for
meats. Products treated by heat pasteurization are no longer
considered ‘fresh,’ since texture, �avor, and odor become
altered. The food industry has tried to develop procedures that
will minimally process these foods in order to maintain an
almost-fresh quality. However, such technologies as sous-vide
processing are not as effective as pasteurization in destroying
microbial contaminants. It would be advantageous if products
could be processed in such a way as to achieve the bene�ts of
pasteurization (i.e., reduction or elimination of microbial
pathogens) while maintaining their quality.
Table 1 Log10 number of survivors of various food-borne patho-
gens treated by ionizing radiation in beef

Dose (kGy) Salmonellaa Campylobacter a E. coli O157:H7a Listeriaa

0 2.0 2.0 2.0 2.0
0.5 1.0 0.7 0.85 1.35
1.0 0.0 �1.15 �0.75 0.20
1.5 �1.0 – – �1.0
2.0 �2.0 – – �1.7

aAverage log10 number of survivors.
Possible Combinations of Treatments

Heat and Ionizing Radiation

Researchers have looked at the possibility of combining
canning with technologies such as food irradiation. This
process, also termed ‘cold pasteurization,’ is applied to food
products after packaging. Ionization of the material is accom-
plished by exposure to a high-energy source, such as gamma
rays from cobalt 60, or to accelerated electrons or X-rays from
a linear accelerator. Food components are minimally affected,
with only 1 in every 6 million chemical bonds being broken by
this procedure. Microorganisms are easily eliminated owing to
disruption of bonds between base pairs in their DNA molecule,
effectively rendering them unable to replicate or synthesize
enzymes needed to carry out essential metabolic reactions.
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
In addition, irradiation results in the formation of free radicals
owing to ejection of electrons from their orbitals during ioni-
zation. These radicals can also affect the viability of microbial
cells since they can disrupt membrane transport systems that
rely on ion exchange. Table 1 depicts the rate of destruction of
various food-borne pathogens according to irradiation dose.
Given that most of these organisms are found at concentrations
no higher than 102 cells per gram, irradiation at even 1.0 kGy
can reduce their numbers to undetectable levels.

It is important to note that food irradiation by itself is
capable of achieving the 12D process required for commercial
sterility. However, in order to do this, the food product has to
be irradiated at very high doses (at least 42 kGy). Such a dose
can result in undesirable quality changes due to radical
formation leading to off odors and �avors. However, these
effects are easily minimized by subjecting the food product to
irradiation in the frozen state, thereby signi�cantly lowering
the number of radicals produced. The cost associated with
using this technology is affected by the dose, since the higher
the irradiation dose, the higher the energy requirements. Thus,
it would be advantageous if irradiation could be carried out in
conjunction with another process, such as heat, in order to
minimize the dose required to achieve commercial sterility.

Ionizing radiation can be applied at medium doses (1–10
kGy) in order to ‘pasteurize’ foods. Such a process could
certainly be combined with heat pasteurization in order to
achieve these results, without the need to apply as high
a temperature, or as high a dose, as would be required if either
method were used alone. Such a combination of processes
would yield a safer yet high-quality product. In addition, if
a product treated by heat as well as radiation pasteurization
were to be aseptically packaged, commercial sterility could be
achieved at a fraction of the cost of canning or irradiation
sterilization alone.
Heat and High Hydrostatic Pressure

Food processing by high hydrostatic pressure (HHP) involves
the application of high pressure for a few minutes to food
products in order to reduce the number of microbial contam-
inants. The method is both ‘isostatic and instantaneous,’
meaning that the pressure is transmitted evenly throughout the
-384730-0.00161-0 181
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product immediately upon its application. Membrane perme-
ability of microorganisms is altered, resulting in cell death due
to leakage of cytoplasmic contents. Bacterial spores a
considerably more resistant than vegetative cells, with endo
spores being able to survive pressures above 700 MPa.

Depending on the level of treatment, HHP can result in very
few changes to the color,� avor or nutritional content of most
foods. Other factors in� uencing quality of pressurized foods
include the duration of the processing event, the rate of
depressurization, the temperature, and food-related parameter
such as pH, water activity, and salt concentration. Of course
some of these changes may be desirable, as in the case of tiss
tenderization through texture modi� cation due to high pres-
sure processing.

Treatment by HHP is generally accompanied by a tempera
ture increase of about 5–15� C when performed at either
refrigerated or room temperature. This effect is reversible, for a
soon as the product is decompressed, it returns to its origina
temperature. Such a moderate rise in temperature does no
change the� avor or odor of products treated by this method,
resulting in high-quality foods. As an example, vitamin losses
due to HHP are usually lower when compared with heat-
treated products.

However, detrimental changes can occur if the pressure lev
is suf� ciently high. Using equipment currently available, it is
possible to apply high pressure in conjunction with added heat.
Such a combination of processes can enhance microbia
destruction, further extending the shelf life of treated products.
The heat can be applied and controlled easily with a jacketed
chamber. Through the use of both heat and HHP, it could be
possible to minimize quality changes that would otherwise
occur if each treatment were applied by itself. This is especiall
true regarding commercial sterility, which cannot be accom-
plished by treatment with HHP alone without ruining the
product.
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Heat and Organic Acids

The application of organic acid rinsing in the meat industry has
taken on new importance in light of recent efforts to decon-
taminate animal carcasses at the slaughter plant. Lactic, acet
propionic, and citric acids are among those that have been
studied and applied successfully in reducing the total number
of contaminants, including coliform bacteria, from the surface
of beef and pork. The use of these acids in foods has bee
approved by government agencies in many countries, including
the US Food and Drug Administration. The effectiveness o
organic acids in reducing microbial contamination, as well as
their effect on quality of the product, varies depending on the
nature and extent of the contamination, the degree of microbial
attachment to the surface being treated, the type of acid, th
concentration, the time of contact, and the sensitivity of the
microorganism to the speci�c acid.

Organic acids affect the microorganisms� rst by forcing the
cell to utilize stored ATP in order to maintain ionic balance.
Proton transport is affected, ultimately resulting in a lowering
of the internal pH of the cell, which impedes most metabolic
reactions. Quality of products can also be changed by exposur
to organic acids, with � avor, odor and color changes being
most commonly cited. In addition, texture can be altered
signi� cantly by changes in the water-holding capacity of
ingredients, resulting in loss of water from the product. For
these reasons, organic acid concentrations higher than 2% ar
not recommended if product quality is to be maintained.

In the quest for carcass decontamination strategies, heat ha
been employed in the form of hot-water rinses and steam
pasteurization. These technologies are expensive for th
processor owing to their high energy requirements. In addition,
the effectiveness of such treatments is limited by the tempera
tures that can be used, since high temperatures can partiall
cook the product, a decidedly undesirable result for fresh
meats. In contrast, spraying with organic acid solutions has
been shown to be an economic way to reduce the microbial
load of these products, although its effectiveness is also limited
owing to restrictions on concentrations that can be used.
Application of both technologies could serve to increase the
antimicrobial effect of the individual treatments, while mini-
mizing the expense of their application as well as undesirable
quality changes.
Evidence of Combination Effects

Heat and Ionizing Radiation

Heat can be applied to foods prior to, during or after irradiation
in order to lower the dose required to achieve a speci� c log10

reduction in a bacterial population. However, the treatment
must be at a temperature high enough to sensitize the cells to
the effects of ionizing radiation. As an example, heating of
liquid whole eggs at 50� C results in no change to the irradia-
tion D 10 value of Salmonella enteritidis, while heating at 60� C
can enhance the bacterial reduction by about 0.5 log10 per
gram. Interestingly, the temperature used in such combination
treatments can vary somewhat without resulting in any further
reduction in bacterial populations. However, there is a
threshold temperature above which the bacterial reduction is
signi� cantly enhanced, with this temperature varying according
to the product being treated.

Irradiation and heat act synergistically, as can be seen i
studies where irradiation of chicken meat at 2.2 kGy followed
by cooking at 65.6� C reduced the number of Listeria mono-
cytogenesby about 6.0 log10, compared with heat (0.35 log10)
or irradiation alone (2.77 log 10). The order in which the radi-
ation treatment is applied (before or after heating) has
a signi� cant effect on the extent of the microbial reduction.
Exposure of chicken meat to heating at 60� C for 3 min fol-
lowed by irradiation at 0.9 kGy results in a 6.4 log10 reduction
per gram; however, if irradiation is applied before heating, the
resulting reduction is 8.9 log10 per gram.

Treatment of foods by thermoradiation – the application of
heat during irradiation – is also very effective, with a synergistic
effect being evident. Heating of liquid whole eggs at 60� C
during irradiation at 0.39 kGy has been shown to be more
effective than either treatment alone. In addition, this treat-
ment does not result in changes to food proteins or enzymes
such as lysozyme, an important consideration in the treatment
of heat-sensitive products.

In applying heat and irradiation for the elimination of
moulds, the relative humidity (RH) used in the process must be
considered, owing to the ability of surviving spores to produce
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mycotoxins during subsequent storage. Spores ofAspergillus
� avusin maize grains heated at 60� C for 30 min at 45% RH,
followed by irradiation at 3.5 kGy, produce three times more
a� atoxin during storage than spores heated at 85% RH. Thus
the higher the moisture level during heating, the lower the
production of mycotoxins. Irradiation at high doses magni� es
this effect, with no toxin being produced after irradiation at
4.0 kGy even when the relative humidity is low.
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Heat and High Hydrostatic Pressure

Vegetative bacterial cells are easily inactivated by HHP at leve
between 300 MPa and 400 MPa. Spores are considerably mo
resistant, with some studies showing that endospores o
Bacillus and Clostridium can survive exposure to 200 MPa
without any reduction in numbers. Table 2 depicts the log10

reduction that can be achieved when heat is combined with
HHP. Application of 700 MPa has been reported to reduce the
spore count ofC. sporogenesby 4–5 log10 per gram. If this same
pressure is applied at 80� C for 20 min, the reduction is
enhanced by an additional 2 log10 per gram. Thus, combining
heat and pressure is more effective in spore destruction tha
pressure alone.

Evidence has been presented in some studies to sugge
that heating can have a counteracting effect on hydrostati
pressure, and vice versa. Death rates ofLactobacillus caseiduring
pressurization at 200 MPa decrease with rising temperature
(20–60� C) when compared with non-pressurized cells. The
same phenomenon has been observed on denaturation o
proteins, with heating under high pressures resulting some
times in an increase and at other times in a suppression of the
denaturation event. At pressures near 760 MPa, proteins a
denatured, while at moderate pressures (around 100 MPa
a stabilization effect takes place. This results in an increase
the temperature required for heat denaturation of the proteins.

It is generally recognized that heating causes denaturatio
of proteins. In contrast, exposure to HHP promotes their
coagulation, with covalent bonds being broken at very high
pressures. Pressures of the order of 100 MPa applied for abo
25 min to post-rigor muscle, along with heat at 60� C, has been
shown to improve the tenderness of the meat after subsequen
cooking. Juiciness is affected, but the product is still compa
rable to heat-treated samples.

Studies have shown that exposure of meat to a very hig
temperature before the application of pressure reduces th
tenderization effect. It has been postulated that this may be due
to a stabilization of proteins after they have been denatured by
Table 2 Log10 number of survivors ofClostridium sporogenes
spores treated by high hydrostatic pressure and heat in whole-muscl
chicken

Heating timea (min) Log10 no. survivors (g� 1)

Controlb 6.8
0 3.5
1 3.4
10 2.7
20 1.2

aHeating at 80� C during high-pressure treatment at 700 MPa.
bSamples not exposed to pressure or to heating.
the heat treatment. Native myo� brillar proteins (actin and
myosin) are considered the main components responsible for
tenderization effects of animal tissue. The proteins are easil
disaggregated when exposed to high pressures. It is possib
that exposure of these to heat, prior to pressurization, results in
their denaturation but not their disaggregation. Because they
remain associated, treatment by high pressure would hav
little, if any, effect on these proteins.
-

Heat and Organic Acids

Studies on speci�c bacterial pathogens have shown tha
application of hot lactic or acetic acid can result in a 3–6 log10

reduction per square centimetre of microorganisms on the
surface of beef carcasses. The greatest reduction is achieve
a concentration of 3% lactic acid applied at 55� C, with spoilage
bacteria being more sensitive than pathogenic organisms.

Organic acids can also be applied in combination with heat
in a sequential process to improve the effectiveness of the hea
treatment. Spraying with lactic acid after knife trimming and
a warm-water wash at 35� C has been shown to reduce the
counts of Salmonella typhimuriumand Listeria monocytogeneson
the surface of beef carcasses by about 5 log10. Total plate counts
on beef carcasses can be reduced by almost 2 log10 per square
centimetre if 2% acetic acid is sprayed after a 74� C water wash.
Even when washing at lower temperatures (40� C), subsequent
spraying with organic acid can reduce the total microbial
counts by an additional 1.5 log10 per square centimetre when
compared with water washing alone.

Similarly, steam can be applied to animal carcasses i
combination with organic acids to achieve greater bacteria
reductions than either treatment applied alone. Sanitation of
carcasses with a steam vacuum, followed by treatment with 2%
lactic acid at 55� C reduces the number of total coliforms by 4.4
log10 per square centimetre, and of genericEscherichia coli(an
indicator of faecal contamination) by the same amount. Steam
pasteurization systems have been tested for their ef� cacy in
reducing microbial contamination of beef carcasses. Tempera
tures are typically of the order of 91–95� C, with exposure of the
samples to steam lasting about 15 s. Studies have shown tha
total count reductions achieved by this process are usuall
about 1.0–1.5 log10 per square centimetre, smaller than
reductions after treatment by hot organic acid alone. However
when both technologies are applied sequentially, reductions as
large as 3.0 log10 per square centimetre can be obtained.

The data presented inTable 3 demonstrate that the order in
which these treatments is applied can have a signi� cant effect on
the microbial reductions. For example, hot water at 70� C,
applied after spraying with a 2% lactic acid solution at 55� C,
reduces the total microbial counts more than if the hot water is
used before spraying with the acid. Similarly, steam pasteuriza
tion applied after treatment with lactic acid causes a more pro-
nounced reduction than if applied alone, or before lactic acid.

e

Effects on Microorganisms

Heat and Ionizing Radiation

Irradiation affects microorganisms in ways that are unique
to this technology. The principal target of ionizing radiation is
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Table 3 Reductions in total bacterial counts on the surface of beef
carcasses after various decontamination treatments

Treatmenta (min) Log10 reductions

Hot water (70� C) 4.7–5.7
Lactic acid (2% at 55� C) 5.4–6.1
Hot waterþ lactic acid 4.1–4.5
Lactic acidþ hot water 4.7–5.6
Steam pasteurization (95� C) 2.4–2.7
Steamþ lactic acid 2.0–2.5
Lactic acidþ steam pasteurization 2.6–3.1

aAll treatments except for those including steam pasteurization were applied a
knife-trimming. Otherwise, they were applied after warm-water wash (35� C) just
prior to storing carcasses in a refrigerated chamber.
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DNA, with membrane effects playing a secondary role. Damage
to the DNA of the cell occurs by the breaking of chemical bonds
in the molecule. Even though only a few bonds are actually
affected, this has a profound in� uence on the molecule owing
to the important role that base pair sequences play on the
ability of DNA to replicate and code for proteins crucial to the
cell’s survival. It has been estimated that a dose as small a
0.1 kGy can damage 2.8% of a bacterium’s DNA, while it
damages only 0.14% of its enzymes. This difference explain
why application of a certain irradiation dose can have a lethal
effect on a microorganism without causing much change in
the chemical composition of the food.

Combining irradiation with mild heating has been shown
to result in an increase in the inactivation of spoilage organ-
isms, compared with application of either treatment. This
synergistic effect can result in the sterilization of foods at
relatively low doses of radiation. The mechanism by which this
combination of treatments affects bacterial cells is rathe
complex. It is believed that vegetative cells treated� rst by
ionizing radiation will experience damage to their DNA, and
that subsequent treatment with heat will inactivate enzymes
necessary to effect repairs.

Spore-forming bacteria such asClostridium botulinumare
also affected by the combination of heat and irradiation,
although the mechanism is slightly different. In this case,
ionizing radiation causes the spores to become sensitive t
heat, whereas preheating does not signi� cantly alter their
radiation sensitivity. Irradiation of C. sporogenesin phosphate
buffer has been shown to impart long-term sensitivity to heat
(at least 2 weeks during room-temperature storage). It is
believed that pre-treatment with ionizing radiation stimulates
partial spore germination, rendering the spores sensitive to
a subsequent heat treatment.

Mycotoxins, like most other molecules, are fairly resistant to
the effects of radiation. Inactivation requires a very high dose
one that would not be practical for food applications. Thus, the
combination of heat and irradiation has been proposed as an
alternative. The sequence of treatments does not matter i
regard to destruction of certain moulds (i.e.,Rhizopus stolonifer),
while it is important in others. Cladosporium herbarumis more
sensitive if heat is applied before irradiation. It is believed that
heat causes more damage to mould spore structure tha
treatment by ionizing radiation, thus its application prior to
irradiation sensitizes the cells more to a subsequent proces
than if irradiation is carried out � rst.
Heat and High Hydrostatic Pressure

HHP causes a collapse of gas vacuoles inside microbial cells,
well as an elongation of the organism from the typical 1–2 mm
to 100 mm. Motility is also affected, although it is reversible
once the cells have been depressurized. Other changes includ
separation of the cell wall from the cytoplasmic membrane,
and a slowing down of cell division.

Most biochemical reactions result in a change in volume for
the cell. Electrostatic interactions between molecules ar
broken by high pressure, thereby exposing more ions to water
This results in electrostriction of water, which decreases th
volume. Such a decrease promotes the formation of hydrogen
bonds. This alteration of intramolecular structures causes
conformational changes to the active site of enzymes, thus
inactivating them. Reversible denaturation occurs at pressure
between 100 MPa and 300 MPa, whereas pressures above 3
MPa denature bacterial enzymes irreversibly. A reduction in the
volume of the membrane lipid bilayer of the cell also occurs,
resulting in inhibition of amino acid uptake and in overall
damage to the membrane structure.

The higher the pressure to which a microorganism is
exposed, and the longer the time of exposure, the more advers
the effects. Cells at the early log phase of growth are mor
sensitive than those at the stationary phase. In the case o
bacterial spores, an interesting phenomenon is observed
pressures of 100–300 MPa are more effective in destroying
them than pressures up to 12 000 MPa. This could be becaus
spore germination may be induced at lower pressures, with
the outgrowing cells being more sensitive to environmental
conditions to which they are subsequently exposed. This
phenomenon is affected by the temperature and duration of
compression, and not by the number of compression/decom-
pression steps, nor by the number of spores.

Temperature can affect the sensitivity of microorganisms to
HHP. Growth at increased pressures can occur, as long as th
temperature is only a few degrees higher than the norma
optimum growth temperature of the microorganism at normal
pressures. Increasing the pressure has been shown to slo
down the lethal effects due to heat that are normally observed
at atmospheric pressure. Moreover, it has been reported tha
the lethal effects due to pressure are slowed down if the
temperature is low enough.

fter
Heat and Organic Acids

The mechanism of damage by exposure of microorganisms to
weak acids has been extensively studied. It is generally reco
nized that for the acid to have the highest degree of effective
ness, the pH of the menstruum must be below the pKa of the
acid (typically around 4.0). This is so that transport across the
cell membrane and into the cell is not impaired by charge
effects. Since the pH of the cytoplasm is near neutrality, the
organic acid quickly becomes dissociated once inside the cel
This results in an increase in ef�ux of protons from the cell, as it
attempts to maintain osmotic balance. Such an event requires
ATP, which causes its depletion. Eventually, the cell is no longe
able to counteract the accumulation of protons in the cyto-
plasm, resulting in a drop in internal pH. Enzymatic reactions
are affected, with cell death being the end result.
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Heating applied in addition to, or in conjunction with,
organic acids enhances their antimicrobial effect. This is due to
the fact that prior heating damages the cell membrane, making
it even easier for weak acids to penetrate into the cytoplasm. In
addition, a residual effect is observed, with inhibition of
growth of survivors during storage. If organic acids are applied
before heating, the reduction is not as pronounced. It is
believed that damage by a lowering of internal pH is profound
enough that when heat is subsequently applied, very little
additional damage occurs; this is because enzymes and othe
proteins are already inactivated before the heat treatment.
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Possible Applications

Heat and Ionizing Radiation

Given that irradiation sensitizes microorganisms to heat, and
that this effect can last for a few weeks, application of ionizing
radiation can be conveniently performed on products that need
to be shipped to a different location in order to receive
a subsequent thermal process. This system could be applied t
fresh meats intended to be further processed in the making o
sausage and similar products. In addition, meats that are sold
partially or fully cooked (such as hamburger patties destined
for institutional kitchens) would bene � t from the combination
of heat and irradiation, since microbial pathogens would be
eliminated from the raw food prior to heating.

Fruit juices are commonly sold as pasteurized products
However, there has been a tendency in recent years towa
consumption of ‘all natural’ products. An outbreak of food
poisoning in the United States in 1997 was attributed to apple
cider made from apples contaminated with E. coliO157:H7.
Even though the pH of the product was low, the organism was
able to survive. The manufacturers had not wanted to heat pas
teurize the cider because of the negative effect that this can ha
on the � avor of the juice. Thus, irradiation of the product, in
conjunction with a mild heat treatment, would have enhanced
the safety of the apple cider without compromising its� avor.

Application of heat and irradiation for the decontamination
and disinfestation of fruit has been proposed. Many fruits and
vegetables can tolerate doses up to 1.0 kGy, which are necess
to eliminate fruit � ies and other arthropod pests. However, some
commodities such as mangoes and avocados can be injured b
radiation at doses above 0.25 kGy, resulting in skin blemishes
and discoloration. Hot-water dips have been used successfully
but these delay ripening to such an extent that the fruit does not
mature properly, resulting in a toughening of the� esh. However,
heat could be applied together with a very low dose of irradia-
tion to disinfest these fruits without affecting their quality.

Legumes, which can be contaminated with mycotoxin-
producing moulds, could be irradiated in order to eliminate
these microorganisms. However, this process does not effe
tively inactivate these molds if the temperature or moisture level
during application is not very high. Thus, treatment of products
such as dry cocoa beans and maize at 4.0 kGy could be combine
with moist hot air (60 � C for 30 min) to inactivate Aspergillus
� avus, an important cause of chronic liver disease in humans.

Food intended to be sold as commercially sterile can also
bene� t from the application of both heat and irradiation.
It has already been mentioned that applying a medium dose
of radiation, along with a heating process less severe than tha
currently used in canning operations, could aid in producing
shelf-stable low-acid foods of high quality. This is also true in
reverse: whole muscle products such as beef steaks, ma
commercially sterile through high-dose irradiation, can spoil
owing to enzymatic changes during storage; treatment with hea
would inactivate these compounds, preventing quality losses.
Heat and High Hydrostatic Pressure

Most of the applications for which HHP has been considered
center around shelf-life extension of perishable products. Fruits
such as peaches can remain commercially sterile for at lea
5 years after treatment at 415 MPa. Some of these commoditie
are negatively affected by the treatment, with toughening of
cherry tomatoes being reported. Effects seen in other food
include tenderization of beef, while chicken and � sh develop
an opaque color similar to that observed after a slight cook.

Regarding the use of heat together with pressure, pasteur
zation of fruit can be achieved with minimal quality changes by
exposure to 700 MPa for 10 min at temperatures slightly above
25� C. Pressure levels of 550 MPa have been proposed, alon
with temperatures near 50� C, for meat pasteurization. Under
these conditions, beef shelf life can be extended to at leas
3 months during refrigerated storage. If the temperature is
increased to 60� C, tenderization of meat is enhanced.

Sterilization of low-acid foods can be achieved by HHP,
in combination with heat, with minimal changes to quality.
Pressures up to 141 MPa, along with heating at 82–103� C,
can result in a commercially sterile product, as long as seale
containers are used. The D value of Gram-positive spore-former
in such products is 280 min at 0.34 MPa with heating at 100� C,
and 2.2 min at 138 MPa with heating at the same temperature.
Heat and Organic Acids

Currently, the use of organic acid rinsing with heat for the
decontamination of animal carcasses is the leading application
of these combined technologies. This is because of the need fo
slaughter facilities and abattoirs to apply a bacterial-reducing
treatment that will not alter the appearance,� avor or odor of
fresh meats. Such a requirement was brought to the forefron
after outbreaks of food-borne illness due to consumption of
red meats resulted in the enactment of a‘zero tolerance’ policy
by US governmental agencies, requiring that noE. coli
O157:H7 be permitted on the surface of these products.

In addition to carcass decontamination, acidi� ed products
could bene� t from the additional application of heat. Fer-
mented sausages, among others, are often prepared withou
cooking in order to preserve their freshness. It would be possible
to apply a heat treatment to these products, while carefully
controlling their pH, in order to improve their safety while only
minimally affecting their organoleptic quality. Fermented dairy
products such as cheese would be a more challenging prospe
for combined treatment using heating and organic acid process
ing. However, a case could be made for the application of a very
mild heat treatment in order to reduce the number of spoilage
organisms such as lactic acid bacteria. More research is need
to determine the optimal conditions that should be applied to
these types of products that would yield the highest quality.
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See also: Clostridium: Clostridium botulinum ; High-Pressure
Treatment of Foods; Listeria Monocytogenes; Mycotoxins:
Toxicology; Preservatives: Traditional Preservatives – Organic
Acids; Salmonella: Salmonella Enteritidis.
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Introduction

Sterilization of foods in sealed containers has been practiced
for more than 200 years. Practical drawbacks of ‘in-container’
sterilization processes arise �rst because products heat and cool
relatively slowly, and second because processing temperatures
are limited by the internal pressure generated.

Ultra-high-temperature (UHT) processing has been intro-
duced more recently as an alternative sterilization process. This
is a process for sterilizing foods, which combines continuous-
�ow thermal processing with aseptic packaging; thus the term
‘aseptic processing’ also is used. It is possible to use higher
temperatures by removing the pressure constraints, and the
heating and cooling rates also are potentially faster. Both these
factors provide potential for improving product quality. The
process can be applied to any foodstuff that can be pumped
through a heat exchanger: This ranges from low-viscosity �uids,
such as cow’s milk and soy milk, to �uids of greater viscosity,
such as creams, ice-cream mixes, soups, and starch-based
products. It also can be used to process �uids containing
discrete particles, up to 25 mm in diameter. A wide variety of
UHT products are available; they are commercially sterile and
usually have a shelf life of 6 months at ambient temperature. In
many cases, shelf life is dictated by chemical and physical
changes that continue to take place during storage. Target
spoilage rates would be less than 1 in 104 containers.

Low-acid foods (pH > 4.5) are rapidly heated to tempera-
tures in excess of 135 �C, held for a few seconds, and then
rapidly cooled. The product ideally then is packed into sterile
containers under aseptic conditions. If this cannot be done
immediately, the product must be stored in an aseptic tank. To
ensure high quality, the heating and cooling rates should be as
fast as possible. It is also possible to treat acidic products, for
example, fruit juices and fermented products, although the heat
treatment required is less severe (less than 100 �C). Aseptic
packaging is still an essential requirement.

A wide variety of heat exchangers are available. For low-
viscosity �uids, plate-heat exchangers are widely used. As
product viscosity increases, tubular heat exchangers become
a more suitable choice. Scraped-surface heat exchangers are
required for high-viscosity and particulate systems, but there are
other options, such as the Ohmic and Jupiter systems. A further
option is direct contact of steam with the product, either by injec-
tion or infusion. This will result in dilution, so provision needs to
be made to remove this added water. After heat treatment, it is
also crucial to eliminate postprocessing contamination.

In continuous processes, there is a distribution of residence
times. The viscosity and density are two important physical
properties, which combined with �ow rate and pipe dimen-
sions will determine whether the �ow is streamline or turbu-
lent. This in turn will in�uence heat transfer rates and the
distribution of residence times within the holding tube and
also the rest of the plant. For viscous �uids, the �ow in the
holding tube is likely to be streamlined and there will be
a wide distribution of residence times. For Newtonian �uids,
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
the minimum residence time will be half the average residence
time. This may lead to some of the �uid being underprocessed,
whereas other elements of the �uid may be overprocessed.
Turbulent �ow will result in a narrower distribution of resi-
dence times, with a minimum residence time of 0.83 times the
average residence time. In both cases, the minimum residence
time should be greater than the stipulated residence time, to
avoid the food being underprocessed.
Review of Kinetic Parameters

The main purpose of heat treatment is to reduce the microbial
population. When any food is heated many other reactions
take place, however, including enzyme inactivation and other
chemical reactions. These may alter the sensory characteristics
of the product, that is, its appearance, color, �avor, and texture,
and may reduce its nutritional value. The two most important
kinetic parameters are the rate of reaction or inactivation at
a constant temperature (e.g., D and k values), and the effect of
temperature change on reaction rate (z and E values).

The heat resistance of vegetative bacteria and microbial
spores at a constant temperature is characterized by their D
value; this is the time required to reduce the population by 90%
or one log cycle. For vegetative organisms, D values are quoted
in the range 60–80 �C, and for spores in the range 100–140 �C.
Generally, heat inactivation follows �rst-order reaction kinetics.
The number of decimal reductions, log(N0/N), can be evalu-
ated from eqn [1]:

logðN0=NÞ … heating time=D [1]

where N0 is the initial population and N is the �nal population.
Two important points follow from this: First, it is not possible
to achieve 100% reduction of microorganisms; and second, for
a speci�ed heat treatment, the �nal population will increase as
the initial population increases. Therefore, heat treatment is
not regarded as an absolute form of sterilization, and the
microbial quality of the raw material will have a major effect on
the �nal population and hence the keeping quality.

The temperature dependence of a reaction is measured by the
z value, that is, the temperature change that brings about a 10-fold
change in the D value. Most heat-resistant spores are found to
have a z value of 10 �C. Alternatively, one can say that a temper-
ature rise of 10 �C will result in a 10-fold reduction in the pro-
cessing time to achieve the same lethality. Note that chemical
reaction rates are less temperature sensitive than microbial inac-
tivation; using higher temperatures for shorter times will result in
less chemical damage occurring for an equivalent level of micro-
bial inactivation. This is an important principle for UHT pro-
cessing; it is usually the case that less chemical damage is done at
higher temperatures and shorter times. In most instances, this will
improve product quality – notable exceptions being less inacti-
vation of enzymes and antinutritional compounds. Table 1 gives
a summary of heat-resistance data for some important spores,
enzymes, and chemical reactions that occur when milk is heated.
-384730-0.00158-0 187
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Table 1 Values ofDandz for microbial inactivation, enzyme
inactivation, and chemical reactions

D121 (s) z (� C)

Geobacillus stearothermophilus 181 9.43
NCDO 1096, milk
G. stearothermophilus 117 9.35
FS 1518, conc. milk
G. stearothermophilus 324 6.7
FS 1518, milk
G. stearothermophilus 372 9.3
NCDO 1096, milk
B. subtilis786, milk 20 6.66
B. coagulans604, milk 60 5.98
B. cereus, milk 3.8 35.9
Clostridium sporogenes 43 11.3
PA 3679, conc. milk
C. botulinum 3.2 36.1
NCTC 7272
C. botulinum(canning data) 13 10.0
Proteases inactivation 0.5–27 min at 150� C 32.5–28.5
Lipases inactivation 0.5–1.7 min at 150� C 42–25
Browning – 28.2; 21.3
Total whey protein denaturation,

130–150 � C
– 30

Available lysine – 30.1
Thiamin (B1) loss – 31.4–29.4
Lactulose formation – 27.7–21.0

After Burton, H., 1988. UHT Processing of Milk and Milk Products, Elsevier App
Science, London.
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Continuous Processing Options

UHT processes are classi� ed as indirect or direct. For indirect
processes, the heat transfer medium does not come into contac
with the product. The layout of a typical indirect plant is shown
in Figure 1. Homogenization may be either upstream or
downstream. Energy is conserved by regeneration, where th
hot � uid is used to heat the incoming� uid. The most common
types of heat exchanger are the plate or tubular types. One o
the major practical problems is deposit formation on the
surface of the heat exchanger. Thus, the product being heate
must have a good heat stability. If such fouling occurs, it will
Figure 1 Layout of indirect UHT plant. 1, regeneration section; 2, pre
heating section; 3, holding tube; 4, cooling section; CW, chilled water;
homogenizer; S, steam or hot water. With permission from Cream Pr
cessing Manual, 1989. Society of Dairy Technology, Huntington, Engla
increase the pressure drop, especially in plate heat exchange
and it must be removed to ensure that hygienic processing
operations are maintained.

Direct processes are by injection or infusion, the product
being preheated to about 75� C before contact with the steam
(Figure 2). The condensed steam dilutes the product by about
10–15%. Care has to be taken to avoid contamination by
ensuring that the steam is free of rust, oil droplets, or excessiv
water. The added water is removed by� ash cooling, which also
removes some of the more volatile components, which may
either improve (in the case of hydrogen sulfide from heated
milk) or cause a deterioration in � avor, for example, the loss of
natural volatiles from fruit juice. It also reduces the dissolved
oxygen concentration, which may improve stability to oxida-
tion reactions during storage. Heating and cooling are rapid,
making it a much less harsh process than indirect methods
Both capital costs and running costs are higher, but longe
processing runs can be achieved.

Liquids containing suspended solids (e.g., rice pudding or
baked beans in tomato sauce) are known as‘particulate’
systems. These systems pose a serious problem because it w
take longer to sterilize the solid phase than the liquid phase.
This becomes even more of a problem as the particle siz
increases. A second dif� culty arises from the fact that the
distribution of residence times is different for the solid phase
compared with the liquid phase. Factors affecting this are the
particle size, the � ow regime, and the density difference
between the solid and liquid phases. The usual choice of hea
exchanger would be a scraped-surface model. One solution to
the heating problem is Ohmic heating system, which is
commercially available. The principle of this system is that an
electrical current passes through the food, causing it to hea
internally in a similar manner to an electric heating element.
Factors affecting the degree of heating will be the applied
voltage and the electrical resistance of the food. This is partic
ularly useful for particulate systems, as it provides the oppor-
tunity of heating the solid phase as quickly as the liquid phase,
thereby reducing the requirement to drastically overprocess the
liquid stream to obtain adequate particle sterility. Another
concept involves sterilizing the solid and liquid phases sepa-
rately and then recombining them. This is the principle behind
the Jupiter system.
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Safety and Spoilage Considerations

To some extent, requirements for safety and quality con� ict,
as a certain amount of chemical change will occur during
adequate sterilization of the food, reducing the quality. From
a safety standpoint, the main concern is inactivation of the
most heat-resistant pathogenic spore, namely,Clostridium
botulinum. The criterion used for UHT processing should be
based on those established for canned and bottled products
A fundamental distinction is made between acidic products
(pH <4.5) and low-acid products (pH >4.5). For acidic
products, yeasts and molds need to be inactivated. This ca
be achieved by heating to about 100� C. The main concern,
however, is with low-acid products, for example, vegetables
milk, meat, and � sh, where the minimum criterion should
involve 12 decimal reductions for C. botulinum. This will
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Figure 2 Layout of direct UHT plant. 1, regeneration section; 2, preheating section; 3, holding tube; 4,� ash-cooling section; 5, cooling section; CW,
chilled water; E, extract pump; H, homogenizer; I, injection point; S, separator. With permission from Cream Processing Manual, 1989. Society of
Dairy Technology, Huntington, England.
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involve heating the product at 121 � C for 3 min, at its slowest
heating point. The microbial severity of a process tradition-
ally is expressed in terms of itsF0 value. This takes into
account the contributions of the heating, holding, and cool-
ing periods to the total lethality and is expressed in terms of
minutes at 121 � C. It provides a useful means of comparing
processes. The minimum F0 value for any low-acid food
should be 3.

The temperature–time conditions required to achieve the
minimum C. botulinumcook are given inFigure 3, along with
conditions for some other well-used criteria. Experimental
evidence has shown that the data forC. botulinum can be
extended up to about 140 � C. For UHT products, an approxi-
mate value ofF0 can be obtained from the holding temperature
t-
t
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Figure 3 Time–temperature conditions: (A) 12D forClostridium botu-
linum(F0 ¼ 3); (B)F0 ¼ 6; (C) 9D for thermophilic spores in cream;
(D) C*¼ 1.
(q) in degree Celsius (� C) and minimum residence time (t) in
seconds (eqn [2]). For a process in whichF0 is 3 min, a time of
1.8 s would be required at 141 � C. In practice, the real value
will be higher than this estimated value because of the lethality
contributions from the end of the heating period and the
beginning of the cooling period, as well as some additional
lethality from the distribution of residence times.

F0 ¼ 10ðq� 121:1Þ=10 t=60 [2]

Therefore, theC. botulinumcook should be a minimum
requirement for all low-acid foods, even those in which the
microorganism is rarely found in the raw material (e.g., raw
milk).

The attainment of commercial sterility is a second impor-
tant microbiological criterion. The minimum C. botulinumcook
will yield a product that is safe, but not necessarily commer-
cially sterile. The reason for this is the presence of more hea
resistant spores, which may cause spoilage, but which are no
pathogenic, such asGeobacillus stearothermophilus. For foods
that may contain such spores, a heat treatment achieving 2 o
more decimal reductions is recommended, corresponding to
an F0 value of about 8 min, or 141 � C for 4.8 s. Holding times
required at other temperatures can be calculated fromeqn [2].
Such conditions will provide an additional measure of safety as
far as theC. botulinumrisk is concerned. Recently, attention has
focused on a heat-resistant mesophilic spore-forming bacteria
which has been causing UHT milks to fail the speci� ed
microbiological tests in several European countries. The result
from several laboratories are reported inTable 2, showing the
wide variation between laboratories and some potential for the
spores to withstand UHT processing conditions. This micro-
organism has now been classi� ed asBacillus sporothermoduran.
One of its curiosities is that it will grow up to counts of
105 ml � 1 but will not cause any easily recognized changes in
the sensory characteristics of the milk. It also is not considered
to be a food-poisoning microorganism. It is now more than
15 years since it was� rst noticed, but fortunately it has not
been as problematic as some predicted it might be.

In the United Kingdom, there are statutory heat treatment
regulations, giving the minimum times and temperatures for
some UHT products (Table 3). In cases in which no guidelines
are given, recommendedF0 values for similar canned products
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Table 2 Reported heat-resistance data forBacillus sporothermodurans

Institute Result

Canning Research Institute, Campden, United Kingdom D100 ¼ 5.09 min
Institute for Food Technology, Weihenstephan, Germany D121 ¼ 8.3–34 s
Tetra Pak, Lund, Sweden F0 < 10 min (contaminated milk)

F0 > 68 min (pilot plant, production plant)
Tetra Pak Research, Stuttgart, Germany D98 > 60 min;D120 w 10 min
Netherlands Institute for Dairy Research, Ede,

The Netherlands
D126 ¼ 1 min;D147 ¼ 5 s

With permission from Hammer, P., Lembke, F., Suhren, G., Heeschen, W., 1996. Characterisation of heat resistant mesophilicBacillus
species affecting the quality of UHT milk. In: Heat Treatments and Alternative Methods. IDF/FIL No. 9602.

Table 3 Statutory heat treatment regulations in the United Kingdom

Product Minimum temperature (� C) Minimum time (s)

Milk 135 1
Cream 140 2
Milk-based products 140 2
Ice-cream mix 148.9 2
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would be an appropriate starting point (typically 4–18 min for
dairy products).

One important aspect of quality that has been discussed
is the reduction of microbial spoilage. A second important
aspect is minimizing the extent of chemical reactions,
particularly those adversely affecting the sensory characte
istics or nutritional value. In this respect, UHT processing
offers some distinct advantages over in-container steriliza
tion. The different heat exchangers available can hea
products at different rates and shear conditions. For a bette
understanding of the UHT process, it is necessary to know
the temperature and time pro� le for the product. Some
examples of such pro� les are shown for a number of
different UHT process plants in Figure 4. In general, direct
processes offer the fastest heating and cooling rates. Of th
indirect processes, plate systems usually give faster heati
and cooling rates than tubular systems, and the rates ar
further reduced as the regeneration ef� ciency is increased
r
r

Figure 4 Temperature–time pro� les for different UHT plants.
Because of these differences, similar products processed o
different plants may well vary in quality.

Two other parameters introduced for UHT processing of
dairy products, which could be used more widely for other
UHT products, are B* and C* values. The reference temperatur
used (135 � C) is much closer to UHT-processing temperatures
than that used for F0 (121 � C) or cooking value (100 � C)
estimations. The microbial parameter B* is used to measure the
total integrated lethal effect of a process. A process in which
B* ¼ 1 would be suf� cient to produce 9 decimal reductions of
mesophilic spores and would be equivalent to 10.1 s at 135� C.
The parameter C* measures the amount of chemical damag
taking place during the process. A process in which C*¼ 1
would cause 3% destruction of thiamin and would be equiv-
alent to 30.5 s at 135� C. Again, the criteria in most cases is to
obtain a B* value greater than 1 and a low C* value. Calcula-
tions of B* and C* based on the minimum holding time and
temperature are straightforward. Conditions corresponding to
B* and C* values of 1 are shown in Figure 3.

The effects of increasing, heating, and cooling periods onF0,
B*, and C* are shown in Table 4. These results are based o
heating the product from 80 to 140 � C, holding it at 140 � C for
2 s and then cooling it to 80 � C. Heating and cooling periods
from instantaneous through 60 s are shown. Increasing thes
periods increases both the chemical and the microbial
parameters, with the ratio of chemical-to-microbial values
increasing with increasing heating period. At a heating period
of about 8 s, the amount of chemical damage done during
heating and cooling exceeds that in the holding tube. It is this
considerable increase in chemical damage that will be more
noticeable in terms of decreasing the quality of the product.
This may be bene� cial, however, in cases in which a greate
extent of chemical damage may be required, for example, fo
inactivating enzymes or for heat inactivation of natural toxic
Table 4 Effects of heating and cooling rates onF0, B*, and C*
values for a holding time of 2 s at 140� C

Heating and cooling period (s) F0 B* (total) C*

0.0 2.59 0.59 0.09
0.1 2.61 0.60 0.10
1 2.77 0.64 0.12
10 4.45 1.04 0.31
30 8.20 1.94 0.73
60 13.8 3.29 1.37



es

s
s

y
,

HEAT TREATMENT OF FOODSj Ultra-High-Temperature Treatments 191
components, such as trypsin inhibitor in soy milk, or to soften
vegetable tissue (cooking).

Chemical damage could be further reduced by using
temperatures in excess of 145� C. One problem would be the
very short holding times required, and the control of such short
holding times. In theory, it should be possible to obtain prod-
ucts with very high B* and low C* values, at holding times of
about 1 s. For indirect processes, the use of higher temperatur
may be limited by fouling considerations, and it is important to
ensure that the heat stability of the formulation is optimized.
Temperature–time pro� les for different UHT plants are
described in more detail by Tran et al. (2008). Generally, direct
systems give longer processing runs than indirect processes.
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Controlling the Process

Strict adherence to these microbiological considerations will
ensure that thermal processing is a safe procedure. It is reco
nized that UHT processing is more complex than conventional
thermal processing. The philosophy of UHT processing should
be based on preventing and reducing microbial spoilage by
a full understanding of the process, which will lead to proce-
dures for controlling it effectively. One way to achieve this is by
using the principles of hazard analysis critical control points
(CCP). The hazards for a UHT process are identi� ed (Figure 5),
and procedures are adapted to control them. An acceptabl
initial target spoilage rate of less than 1 in 104 should be aimed
for. Such low spoilage rates require large numbers of samples t
-

-

Figure 5 Identi� cation of critical control points (CCP) for UHT pro-
cessing. Shaded circle indicates a site of major contamination; open
circles indicate sites of minor contamination; CCP1 effective CCP, C
not absolute. With permission from ICMSF, 1988. In: Micro-organisms
Foods. Application of the Hazard Analysis Critical Control Points (HAC
System to Ensure Microbiological Safety, vol. 4. Blackwell Scienti� c,
Oxford.
be taken to verify that the process is being performed and
controlled at the desired level; for example, approximately
30 000 samples would need to be analyzed and zero defect
found. When a new process is being commissioned, the proces
should be veri� ed by 100% sampling. Once it is established
that the process is under control, sampling frequency can be
reduced, and sampling plans can be designed to detect an
spasmodic failures. It is noteworthy that for small sample sizes
detecting one spoiled sample would indicate a gross failure of
the process; however,� nding no failures would not indicate
that the process was being controlled at the desired level.

For milk products, heat treatment regulations require that
UHT milk complies with microbiological standards. Milk
incubated for 14 days at 30� C should have a microbiological
count of less than 100 ml� 1. An alternative incubation period
is 55 � C for 7 days. This stresses the importance of an incu
bation period. Without incubation, it is highly unlikely that
spoilage would be detected at an early stage. In cases in whic
spoilage does occur in UHT products, however, microbial
growth can occur very quickly under suitable incubation
conditions. Rapid microbiological test methods are gaining
momentum. Whatever testing methods are used, prior incu-
bation is essential. Other indirect indicators of microbial
growth also can be used, such as pH and acidity, alcoho
stability, clot-on-boiling methods, and dissolved oxygen
concentration.

More success in detecting spoilage will result from targeting
high-risk occurrences such as start-up, shutdown, and produc
changes. Thus, holding time and temperature are perhaps th
two most critical parameters. Recording thermometers should
be checked and calibrated regularly, and accurate� ow control
is crucial (as for pasteurization). Suf� cient pressure must be
applied to achieve the required temperature; a working pres
sure in the holding tube in excess of 1 bar (105 Pa) over the
saturated vapor pressure corresponding to the UHT tempera
ture has been suggested.
w
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Raw Material and Processing Aspects

A wide variety of raw materials are used, so any UHT
product will be potentially complex, containing protein, fat,
carbohydrate, minerals, a wide range of nutrients, and minor
components, plus many active enzymes. It also will have the
natural microbial � ora of the raw materials. For example,
raw milk from healthy animals is almost sterile; however, it
will become contaminated with spoilage and perhaps
pathogenic organisms. Of particular concern would be high
levels of heat-resistant spores and enzymes in the ra
materials, as these could lead to increased spoilage an
stability problems during storage; dried products, such as
milk and other dairy powders, cocoa, other functional
powders and spices are particularly likely to cause problems
Quality assurance programs must ensure that contaminated
raw materials are not used. It may be worthwhile developing
simple tests to assess the heat stability to reduce fouling
related problems; the alcohol stability test has proved
useful for milk products. The product formulation is also
important, as is the nature of the principal ingredients, the
levels of sugar, starch, and salt as well as the pH of th
mixture, particularly if there are appreciable amounts of

CP2
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protein. Some thought should be given to water quality,
particularly the calcium and magnesium content, as these
minerals may promote fouling. Reproducibility in metering
and weighing ingredients is also important, as is ensuring
that powdered materials are dissolved properly or dispersed
and that there are no clumps, which may protect heat-
resistant spores. Homogenization conditions may be
important; is it necessary to homogenize, and if so, at what
pressures? Should the homogenizer be positioned upstream
or downstream of the holding tube? Will two-stage
homogenization offer any advantages? Homogenization
upstream offers the advantage of breaking down any
particulate matter to facilitate heat transfer, as well as
avoiding the need to keep the homogenizer sterile during
processing. All of these aspects will in�uence both the safety
and the quality of the products.

UHT products, like canned products, will be susceptible to
postprocessing contamination. This usually will not give rise
to a public health problem, although contamination with
pathogens cannot be ruled out. Contamination may arise from
the product being reinfected in the cooling section of the plant,
or in the pipelines leading to the aseptic holding or buffer
tank or the aseptic �llers. This is avoided by heating all points
downstream of the holding tube at 130 �C for 30 min.

Sterilization and cleaning procedures are therefore very
important: Are they adequate and are they properly accom-
plished? For cleaning, the detergent concentrations and
temperatures are important to remove accumulated deposits.
Such deposits, if not properly removed, may form breeding
grounds for thermoduric and thermophilic spoilage bacteria.
Steam barriers should be incorporated if some parts of the
equipment are to be kept sterile while other parts are being
cleaned.

Recording all the important experimental parameters will
help pinpoint when the process plant is deviating from normal
behavior and ensure that any faults are quickly detected.
Regular inspection and maintenance of equipment, particularly
the elimination of leaks, is essential. Staff education programs
should be implemented. All staff involved with the process
should be educated to understand its principles and should be
encouraged to be diligent and observant. With experience,
further hazards will become apparent and methods for
controlling them introduced. The aim should be to reduce
spoilage rates and to improve the quality of the product.
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Aseptic Filling Procedures

A number of aseptic packaging systems are available. They all
involve putting a sterile product into a sterile container in an
aseptic environment. Pack sizes range from individual portions
(14 ml), retail packs (125 ml to 1 l), to bag-in-the-box systems
(up to 1000 l). The sterilizing agent is usually hydrogen
peroxide (35% at about 75–80 �C); the contact time is short
and the residual H2O2 is decomposed using hot air. The aim is
to achieve a four-dimensional process for spores. Superheated
steam has been used for sterilization of cans in the Dole
process. Irradiation may be used for plastic bags.

Since aseptic packaging systems are complex, there is
considerable scope for packaging faults to occur, which will
lead to spoiled products. Where faults occur, the spoilage
microorganisms would be from the environment and would
include microorganisms that would be expected to be inacti-
vated by UHT processing; these often result in blown packages.

Packages should be inspected regularly to ensure that they
are airtight, again focusing on those more critical parts of the
process – start-up, shutdown, product changeovers, and, for
carton systems, reel splices, and paper splices. Sterilization
procedures should be veri�ed. The seal integrity of the package
should be monitored as well as the overall microbial quality of
the packaging material. Care should be taken to minimize
damage during subsequent handing. All these could result in
an increase in spoilage rate.
Storage

Usually, UHT products are stored at room (ambient) temper-
ature and quality products should be microbiologically stable.
Nevertheless, chemical reactions and physical changes may
take place that will change the quality of the product. Chemical
reactions will take place during storage and will increase as
storage temperature increases. The most noticeable of these are
oxidation reactions, Maillard browning, and protein interac-
tions that may give rise to gelation, and these types of reaction
normally will limit the shelf life to 6 months.
See also: Geobacillus stearothermophilus(Formerly Bacillus
stearothermophilus); Clostridium: Clostridium botulinum; Hazard
Appraisal (HACCP):The Overall Concept; Hazard Analysis and
Critical Control Point (HACCP):Critical Control Points; Milk and
Milk Products:Microbiology of Liquid Milk; Packaging of
Foods; Process Hygiene:Overall Approach to Hygienic
Processing; Process Hygiene:Modern Systems of Plant
Cleaning; Spoilage Problems:Problems Caused by Bacteria;
Spoilage Problems:Problems Caused by Fungi.
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Introduction

The RNA Superfamily VI of the epsilonproteobacteria
encompasses microbes of the genus Helicobacter, Campylo-
bacter, and Arcobacter. Members are Gram-negative, spiral-
shaped, microaerophilic bacteria, which are motile by means
of �agella. In contrast to the naked �agella of other genera,
the unique polar tuft of sheathed �agella of Helicobacter
may represent an adaptation to gastric secretions. The dis-
tinguishing features of Superfamily VI are summarized in
Table 1.

H. pylori colonizes nearly half of the human population
with less than 20% of infections progressing to upper
gastroduodenal disease, including gastritis. H. pylori is
a predisposing factor in gastric ulcers, gastric carcinoma, and
B-cell mucosa-associated lymphoid tissue lymphoma. In
1982, Warren and Marshall �rst cultured Campylobacter pylo-
ridis from antral gastritis biopsies following an inadvertent
prolonged incubation. In 1998, Koch’s postulates were ful-
�lled when Watanabe and colleagues induced peptic ulcer
and gastric cancer in the Mongolian gerbil following H. pylori
inoculation.
Characteristics of the Genus Helicobacter

Members of the genus Helicobacter colonize the vertebrate
stomach (gastric species) and liver (enterohepatic species).
The release of urease by the gastric Helicobacter species, such
as H. pylori, generates ammonia to neutralize the gastric
mucosal niche to pH of 6–7 and may be a survival mecha-
nism. In addition, alteration of surface lipopolysaccharides
and proteins as well as surface phase changes to evade the
host immune response favor colonization in the host. The
enterohepatic species, which may have unsheathed �agella,
localize in the liver and gall bladder. The narrow host-speci�c
distribution of the 36 Helicobacter species is summarized in
Table 2.

Humans are the only signi�cant reservoir of H. pylori,
which colonizes in the mucosa of the antrum of the stomach,
where few acid secretory parietal cells are located. H. pylori is
present in 95% of duodenal and in 70–80% of gastric ulcer
cases as well as in clinically healthy individuals, including
family members of patients. It is the most common human
bacterial infection with prevalence estimates generally higher
in developing (>50%) versus industrial (<50%) countries.
For example, a prevalence estimate of between 4 and 7% was
projected for school children in Japan under the age of
10 (n … 452) based on a urinary IgG antibodies, whereas
a survey of African refugee children under 16 years of
age (n … 193) calculated an 82% prevalence based on
a monoclonal fecal antigen immunoassay. Incidence esti-
mates range from 0.3% per year among 3–12 year olds in
Finland to 12–13% per month in infants and toddlers in
Gambia and Peru.
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
Methods to Test for H. Pylori

Speci�city and sensitivity of detection methods range from 80
to 90% for antibody-based formats to >95% for culture and
histological examination of gastric biopsies. Noninvasive
methods to screen for H. pylori include the urea breath test,
serological assays to screen for antibodies to H. pylori using
an enzyme-linked immunosorbent assay format, and antigen
detection in the feces using monoclonal or polyclonal antibodies.

As seen in Figure 1, the 13C-urea breath test is based on the
secretion of urease, an enzyme that catabolizes urea to CO2 and
ammonia. The relative sensitivity and speci�city of the test is
95% when compared with the gold standard of histology and
culture of gastric biopsies. Following an overnight fast, the
patient drinks a specially prepared solution of 13C-urea, after
which breath samples are collected for up to 1 h. If present in
the stomach, H. pylori converts 13C-urea to 13CO2, which enters
the blood, passes through the lungs, and is exhaled. The
amount of 13CO2 exhaled during the interval re�ects urease
activity and thus H. pylori infection.

Antibodies to H. pylori mirror infection status in a pop-
ulation and thus may indicate routes of transmission. In
general, serological screening is not as sensitive as the 13C-urea
breath test because antibodies persist after H. pylori has been
eliminated. Seropositivity develops early in life when hydro-
chloric acid secretions, immune competency, and gastrointes-
tinal �ora have not yet attained adult levels. In industrial
nations, H. pylori serovprevalence in children younger than 5
years is between 1 and 10%, whereas in developing countries,
rates of more than 50% are common for the same age group.
Seropositivity increases with age, suggesting lifelong infection
or acquisition of new strains throughout life. Serosurveys have
shown that antibodies are common in individuals from rural
settings and in populations of low-socioeconomic status.
Studies in Chile, the Czech Republic, Pakistan, Turkey, and the
United Kingdom have likewise drawn an inverse correlation
between socioeconomic status and H. pylori infection, as
determined by immune status. Studies in Greece, the Eastern
Cape of South Africa, and Taiwan, China, however, have shown
no such trend. Stringent case–control studies may resolve these
discrepancies, which may arise from regional differences as well
as variations in testing platforms.

More invasive assays, such as gastric biopsies, utilize silver
staining and bacterial isolation to con�rm Helicobacter. Gastric
biopsy material may be screened for urease activity using any of
the commercially available Campylobacter-like organisms slide
tests embedded with urea. A test is scored as positive if a color
change in the slide occurs (usually yellow to pink or red),
indicating the presence of urease.

Although cultural isolation of H. pylori is the gold standard,
alternative means for its detection, such as polymerase chain
reaction (PCR), have been developed. H. pylori has been
detected in human feces more readily by PCR than by culture.
The PCR format has been shown to detect more positive
samples (more sensitive) than culture, electron microscopy, or
-384730-0.00162-2 193
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Table 1 Summary of major distinguishing characteristics of
members of rRNA Superfamily VI of the epsilonproteobacteria

Genus
Growth
at 15� C Oxygen tolerance Flagella

Genome
size (Mb)

Helicobacter pylori
J99 No Microaerophilic Multipolar 1.64
J26695 Sheatheda 1.67

Campylobacter jejuni
NCTC 11168 No Microaerophilic Single polar 1.64

Unsheathed

Arcobacter butzleri
RM4018 Yes Aerotolerant Single polar 2.3

Unsheathed

aHelicobacter cinaediis unsheathed.

Table 2 Helicobacterspecies, host distribution, and target organ

Helicobacterspecies Host Target organ

H. pylori Human, rhesus macaque Stomach
H. acinonychis

(H. acinomyx)
Cheetah, felines Stomach

H. anseris Geese Intestine
H. aurati Hamsters Stomach
H. baculiformis Cat Stomach
H. bilis Mouse Bile, intestine, liver
H. bizzozeroni Dog Stomach
H. bovis Cattle Stomach
H. canis Dog, humans Enterohepatic
H. canadensis Geese Enterohepatic
H. cetorum Seals Stomach
H. cholecystus Hamster Enterohepatic
H. colifelis Cat Intestine
H. cinaedi Hamsters, human Intestine
H. cynogastricus Dog Stomach
H. equorum Horses Intestine
H. felis Dogs, cat Stomach
H. fennelliae Human Enterohepatic
H. sp.� exispira taxon 8 Dogs, humans, mice Intestine

Sheep Reproductive tract
H. sp.� exispira taxon 1
H. hepaticus Mouse Intestine
H. macacae Monkeys Intestine
H. mainz Humans Blood
H. marmotae Woodchucks, rodents Enterohepatic
H. mesocricetorum Hamsters Enterohepatic
H. muridarum Rat Stomach, caecum
H. mustelae Ferret Stomach
H. nemestrinae Pig-tailed macaque Stomach
H. pametensis Pig, tern Enterohepatic
H. pullorum Poultry, human Enterohepatic
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histological examination. Because of the potential for ‘false
positive results’ as well as for high interspecies similarity
(98–100%) among some Helicobacterspecies, especially when
amplifying 16S rDNA targets, identi� cation should incorporate
other informative macromolecules, such as 23S rRNA,glmM,
hsp60, ureB, and the gyrBgenes. For example, a study of milk
products detected the phosphoglucosamine mutase gen
(glmM) of H. pylori by nested PCR in 34.7% of raw milk
samples, but it failed to culture H. pylori. Interestingly, align-
ment of the amplicons indicated a 98% homology with the
glmM gene of the referenceH. pyloristrain, which may indicate
cross-reactivity with a yet-to-be-identi� ed ovine Helicobacte
species.H. pylori antigens also may be detected in feces usin
monoclonal or polyclonal antibodies.
;

H. rodentium Laboratory mice Enterohepatic
H. salomonis Dog Stomach
H. suis Hog Stomach
H. suncus Shrew Stomach
H. trogontum Rat Enterohepatic
H. westmeadii Human Blood culture
H. winghamensis Human Enterohepatic
Routes of Transmission

Saliva, Vomitus

Multiple avenues of dissemination are possible forH. pylori, for
which the infectious dose has been estimated at 104 CFU.
Transmission by oral–oral spread via salivary secretions
vomitus, which may harbor up to 104 H. pyloriml � 1; ingestion
of contaminated foods and water; fecal–oral spread; and
transmission by � ies are supported by epidemiological and
laboratory data (Figure 1).
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Person-to-Person Transmission

Infections occur early in childhood before the age of 10 with an
annual rate of seroconversion in industrial countries, ranging
from 0.2 to 1% with signi � cantly higher projections for
developing countries. Estimated prevalence for children unde
10 ranges from 4% in industrial countries, such as Japan, to
51.4% in developing countries, such as Tunisia, depending on
the region surveyed and the test used to determine infection
status. The observed risks (OR) for intrafamilial transmission
increased with the number of children in the household from
1.4 (with one sibling) to 4.3 (with � ve siblings) as well as with
the number of years that spouses have lived together. Th
likelihood of person-to-person transmission, particularly in
families, is illustrated by the higher prevalence ofH. pylori
antibodies in children whose mothers were infected (5.3 OR)
versus children whose mothers lacked antibodies. A study in
Northeast Brazil indicated that infected mothers were 20 times
more likely to have H. pylori-positive children compared with
seronegative mothers. Crowding facilitates transmission a
indicated by reports that naïve adults living together in a mili-
tary setting or in institutions acquire infection at a higher rate
than adults in independent low-density households.
Vomitus

One of many routes of childhood transmission may be via
gastric juices as a result of vomiting low pH (achlorhydric)
gastric mucus. Premastication of food by African mothers may
facilitate transmission to children (2.9 OR) as does the sharing
of eating utensils between parent and child. A survey of adult
patients in Bangladesh detectedH. pylori gene expression by
PCR in up to 91% of vomitus samples, depending on the gene
target but in none of the stool samples.
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Figure 1 The13C-urea breath test is a noninvasive method of detectingH. pyloriin the stomach. (a) Following an overnight fast, the patient drinks
a solution of13C-labeled urea. (b) In the stomach,H. pyloriutilizes the enzyme urease to convert the urea to ammonia and13CO2. (c) The13CO2 diffuses
into the blood stream and to the lungs where it is exhaled. The amount of13CO2 exhaled indicates the presence ofH. pylori.
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Saliva

PCR assays have shownH. pylori DNA in saliva, subgingival
bio � lms, and dental plaque. Reports of infection following
gastric intubation as well as the higher prevalence in gastro
enterologists, although suggestive of infectivity of gastric
secretions, have been disputed. The isolation ofH. pylori from
dental plaque and from the surface of the buccal cavity implies
transmission by saliva. Yet dental health professionals do no
seem to be at higher risk of infection than other medical
professionals. The higher prevalence in Chinese immigrant
living in Melbourne, Australia, was associated with age, birth-
place, and the use of chopsticks, inferring among other factor
transmission by saliva.H. pyloriDNA was detected on only 2%
of chopsticks used by asymptomatic volunteers (n ¼69),
minimizing the possibility of cross-infection as a result of
sharing of chopsticks.
Feces

The presence ofH. pylori antigens in the feces indicates the
possibility of fecal–oral transmission. In Gambia,H. pyloriwas
cultured from the feces of 9 of 23 randomly selected children,
less than 3 years of age, supporting the fecal–oral route of
dissemination. Additional evidence is also derived from the
observations that antibodies toH. pyloriwere found in patients
with hepatitis A virus, which is transmitted solely via the
fecal–oral route. A direct correlation existed between anti-
bodies to hepatitis A virus andH. pylori in a rural population



196 Helicobacter
in China, which also suggested fecal–oral transmission. In
contrast, antibodies to hepatitis A were absent in urban
dwellers with H. pyloriantibodies negating this hypothesis.
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Pets

Cats are natural reservoirs ofHelicobacter felisand Helicobacte
heilmannii, a taxonomic cluster of multiple uncultured candi-
date taxa. AHelicobacterspp. isolate from a cat purchased from
a commercial vendor showed 99.7% homology with the 16S
rRNA of the H. pylori type strain. As indicated, because of the
high interspecies similarity (98–100%) among some gastric
helicobacters based on 16S rDNA, species identi� cation should
incorporate other ‘phylogenetically informative macromole-
cules,’ such as 23S rRNA,hsp60, ureB, and the gyrBgenes. A
Korean survey of domestic (n ¼64, 56.3% positive) and feral
(n ¼101, 91.1% positive) cats detectedHelicobacterin saliva
and feces using a genus-speci� c PCR primer set. Interestingly,
all gastric tissues were negative when screened with either a
H. felis-or H. pylori-speci� c assay, indicating the presence o
a yet undetermined Helicobacterspecies. All gastric tissue
samples in a study of stray cats in Texas (n ¼25), although
positive when using 16S rRNA primers forHelicobacterspecies,
were identi� ed asH. felis based on morphology. PCR assay
targeting the ureB gene failed to identify either H. pylori or
H. felis in a study of Swiss household cats (n ¼58), although
H. heilmannii was detected (78%). Likewise, a survey of 447
adults in the United Kingdom showed no correlation between
owning cats during childhood and H. pylori seropositivity. A
German survey of � rst graders (n ¼685) similarly found no
correlation betweenH. pyloristatus, as determined by the urea
breath test, and pet ownership. Nevertheless, the infrequen
transmission of feline and canine (Helicobacter salomon,
H. felis) species to humans has been described.
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Water as a Vehicle of Transmission

Evidence for waterborne transmission, especially in early child
hood, is derived in part on the low level of sanitation associated
with the increased prevalence ofH. pylori. On the basis of the
13C-urea breath test, Klein et al. concluded that in communities
in the city of Lima, Peru, the water source may be a more
important risk factor than socioeconomic status in acquiring
H. pylori infection. In Colombia, drinking stream water, swim-
ming in rivers, eating raw vegetables, and contact with sheep, a
well as the number of children in the household, were risk
factors correlated withH. pylori infection. A study of H. pyloriof
adults (n ¼73) and children under 18 years of age (n ¼19) in
Leipzig, Germany, calculated an odds ratio of 8.3 for infection
for those drinking water from an H. pylori-contaminated well. In
a later study in Leipzig, Germany, the authors hypothesized
that environmental pollution, which depresses the immune
response, may underlie the increased susceptibility toH. pylori,
based on 13C-urea breath test, of individuals living near roads
and drinking polluted surface water.

H. pylorihas been detected via PCR in water, including river
and estuaries water, as well as in sewage samples collect
throughout the world. In all cases, the validity of the data
depends on the speci� city and sensitivity of the assay. Despite
PCR-positive results,H. pylori has been rarely cultured from
drinking water. A study of drinking water samples (n ¼600) in
Lahore, Pakistan, isolated and con� rmed H. pylori using PCR
primers targeting the cagA and vacA genes in 15% of the
samples. A Pennsylvania study of surface water and ground
water (n ¼62) reported that 61% of the samples screened with
monoclonal antibodies harbored actively respiring H. pylori.
The presence ofH. pylori in bio � lms from wells, rivers, and
water distribution systems has been reported. A survey o
marine and freshwater in Delaware documented theH. pylori
ureA gene in marine (2/11, 18%) and estuary (4/13, 31%)
water, but not in freshwater (0/4, 0%) samples, which were
positive for the H. pylori16S rRNA gene. Failure to amplify the
cagA gene in this study indicated the absence of virulent
H. pylori. In contrast, a 2-year study in Dhaka, Bangladesh
where 60% of children under the age of 2 years were infected
failed to detect H. pylori in either drinking and environmental
water (n ¼75) or in bio � lms (n ¼21) samples using a real-
time PCR assay. The highly speci� c and sensitive assay targete
both the adhesin subunit hpaAand glm genes with a level of
detection of 250 CFU per sample or two to three DNA copies
per assay. The authors concluded that water may not be a rout
of transmission in this highly endemic area.

A viable nonculturable form induced by refrigeration has
been described for Campylobacter jejuni.A similar infective
coccoid phase, which reverts to a viable replicating form in the
host, has been proposed forH. pylorito explain survival of this
fastidious microbe outside of the host. Chlorination studies
completed by the US Environmental Protection Agency indi-
cate thatH. pylori, like its close relativesC. jejuniand Arcobacter
butzleri, is inactivated by standard chlorination regimens.
Isolation of H. pylori (n ¼10 isolates) from drinking water in
Basra, Iraq, was attributed to the low chlorine concentrations
(<0.5 mg chlorine l � 1) in the treated municipal water system. A
Mexican study reporting 16S rRNA genes ofH. pyloriby PCR in
seven water pretreatment samples (100%) failed to detec
H. pylori in 20 samples after chlorination (0%). Undoubtedly,
as laboratory protocols are re� ned, the importance of water
transmission may be clari� ed.
Presence in Foods

H. pylori is a fastidious microaerobe that is sensitive to drying
and grows between 30 and 37� C. It does not survive for long
periods of time outside of the human host in atmospheric
oxygen (20%), factors that do not bode well for its likely
transmission in foods. Nevertheless, its ubiquitous distribution
in the human hosts has suggested transmission in water, food
animals, meats, and vegetables. Few surveys have been co
ducted to determine the distribution of Helicobacterspeci� cally,
H. pylori, in foods. As a result, isolation methods speci� cally
adapted to its recovery from a food matrix have not been
optimized. Isolation protocols involve plating to nonselective
media, such as brain heart infusion agar supplemented with
5–10% de� brinated blood. Freshly poured plates are incubated
(35 � C, for up to 7 days) microaerobically (5–7% O2, 5–10%
CO2) with the addition of hydrogen (8% H 2) in high humidity
and examined for the presence of small pinpoint translucent
nonhemolytic colonies. The presence of Gram-negative, curve
or spirally shaped, bacilli that grow at 35� C but not at 25 � C is
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indicative of Helicobacter. Presumptive colonies are con� rmed
via PCR assays, amplifying any number of candidate gene
encoding, for example, a vacuolating cytotoxin (cagA), surface
proteins required for colonization ( hpaA), and urease forma-
tion ( ureA, ureB).
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Fruits and Vegetables as Vehicles of Transmission

The possible role of fruits and vegetables in transmission is
based on serosurveys and retrospective epidemiological studie
rather than on the culture of suspect foods. In a study of 1815
Chileans under the age of 35 years,H. pylori antibodies were
detected in >60% of lower socioeconomic groups. Seroposi-
tivity was correlated with consumption of uncooked vegetables,
whereas consumption of uncooked shell� sh was also a risk
factor that reached marginal signi�cance. A noncase–control
study in Bangladesh compared seropositivity in� sh handlers
(77.3%, 126 positive of 163) with controls (37.5%, 27 positive
of 72). Rapid urease tests (RUT) of gastric biopsies and hema
toxylin –eosin staining (HE) con� rmed the higher infections of
� sh handlers (91.2%, RUT; 82.4%, HE) when compared with
non� sh handlers (42.9%, RUT; 35.7% HE). Because sewa
contamination of irrigation water and subsequent contamina-
tion of raw vegetables is a prime route for the transmission of
enteric pathogens in Chile, it was hypothesized thatH. pylori
may be similarly disseminated (Figure 2). Coincidently,
a Swedish study found no evidence of higher risk associate
sewage workers when matched with other city workers for age
location, and socioeconomic status.

Some reports have concluded that a high intake of fruits and
vegetables may actually protect against the risk of gastrit
caused byHelicobacterspp., as indicated in a study of Colom-
bian children ( n ¼684). Yet no signi� cant differences in
H. pylori seroprevalence have been noted between vegetaria
and meat eaters. Consumption of vitamin C and elevated
plasma and gastric levels of vitamin C may eliminate infection
and thus be protective, whereas consumption of B-carotene
was protective in the study of Colombian children (n ¼684).
Others have shown that eating three or more servings of raw
vegetables is a risk factor (OR 3.2). Other dietary risk factor
that may predispose to clinical gastritis include poor nutri-
tional status; unhygienic food preparation; consumption of
salty, smoked, or pickled foods; drinking caffeinated beverages
and alcoholism. Consumption of foods purchased from street
vendors was identi� ed as a risk factor for infection in a study of
104 Peruvian children.

Taken together, the presence ofH. pylori in feces, the
epidemiological evidence suggesting a link with consumption
of raw vegetables in Chile, and the high prevalence ofH. pylori
in developing countries with low hygiene standards indicate
widespread exposure to H. pylori. When house� ies were
exposed to freshly grownH. pylorion agar plates,H. pyloricould
be isolated from the � ies’ surface and excreta for up to 30 h
This suggests that� ies may be natural reservoirs or mechanica
vectors ofH. pyloriand, thus, could easily transfer the microbe
from contaminated feces to foods. This should be interpreted
with caution given that H. pylori is sensitive to bile, suggesting
that the microbe cannot traverse the intestine and survive in
high numbers in feces needed to achieve the infectious dos
(104 CFU). To date, no isolations of H. pylori have been
reported from vegetables, fruits, and shell� sh. The single report
of PCR detection ofH. pylori from 36% of raw chickens (4/11)
and in 44% of raw tuna (8/18) in the absence of cultural
isolation warrants repetition and may at a minimum represent
cross-reactivity of the primers withHelicobacter pullorum.
Evidence for Meat and Milk as Sources of Infection

Isolation of H. pylori from livestock, if correct, would incrimi-
nate consumption of contaminated meat as a probable route of
transmission. Attempts to isolateH. pylorifrom the intestine or
feces of livestock have been hampered in part by the fastidiou
nature of the microbe, its patchy distribution in the antrum of
the stomach, and the dif� culty of primary isolation. Alterna-
tively, serosurveys have been used to gauge the distribution o
H. pyloriin livestock. Although relatively easy to perform when
compared with cultural isolation, the accuracy of a serological
test depends on the lack of cross-reactivity with other bacteria
in the genus Helicobacter. Given that cattle (Helicobacter bovis),
hogs (Helicobacter bizzozeroni, Helicobacter suis), and poultry
(H. pullorum) are natural hosts forHelicobacter, speci� city is
critical when reagents designed to screen forH. pylori in
humans are used in livestock serosurveys.

In swine, evidence of infection byHelicobacter-like organisms
was derived from non culture-based serosurveys, monoclona
antibody detection of H. pylori-like bacteria in stomach, and the
presence ofHelicobacter-like organisms in stomach. The preva-
lence of H. suisin hogs ranges from 8 to 95%.H. suishas been
recognized in stomach of all pigs with ulcers and in 35% of
normal stomach. Although Helicobacter pametensishas been
found in pigs, in only a single study hasH. pyloribeen isolated
and veri� ed in a pig by 16S rRNA sequencing. Given the>98%
similarity of 16S rRNA genes between gastric helicobacters, it
advisable that additional H. pylori-speci� c PCR assays targeting
for example, thecagAand glmMgenes, be used for con� rmation.
Taken together, the data suggest that pigs are natural carriers
H. suisand are not natural carriers ofH. pylori.Thus, the risk of
pork transmitting H. pylori to humans is remote.

For cattle, a case–control study of 30 unweaned beef calves
with fatal perforating or a hemorrhagic ulcer was conducted
to determine its association with H. pylori. Helicobacter-like
organisms, including H. pylori, were not visualized in or
cultured from any of the bovine abomasum tissue samples. In
another study, spiral-shaped organisms, most likelyH. bovis,
were seen in 90% of abomasal samples recovered from clini
cally healthy cows at slaughter in Germany; 60% of biopsy
samples from the pylorus region were positive in the urease
test. In another report,H. pyloriantibodies were detected in 6 of
22 (27%) of calf sera tested, which may be attributed to cross
reactivity of H. pyloritest reagents withH. bovis.Thus, there is no
evidence that cattle and thus beef are reservoirs ofH. pylori.

Because of the susceptibility of children to H. pylori,
consumption of milk has been proposed as a route of trans-
mission. Whereas a cohort study in Taiwan showed breast-fe
children were more likely to develop infection, studies in
Brazil detected no such trend.H. pylori survives in experi-
mentally inoculated pasteurized milk refrigerated for up to
5 days, but survives for no longer than 1 day in refrigerated
yogurt. Like C. jejuni, H. pylori is inactivated by pasteurization.
Although milk proteins may buffer gastric acids and would be
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Figure 2 Possible food-related routes of transmission ofHelicobacter pylori. (a)H. pylorihas not been detected in cattle or swine. Thus, there is no
evidence in support of transmission ofHelicobacterspecies to humans via consumption of beef and pork. (b) However,H. pullorummay be transmitted to
humans by consumption of contaminated poultry products. (c) BecauseH. pyloriis present in saliva, transmission by chopsticks has been suggested. (d)
H. pylorihas been cultured from human feces and may be disseminated by routes similar to that of other enteric pathogens.H. pylorimay survive in� ies.
Thus,� ies may serve as reservoirs or mechanical vectors of transmission. (e) Contaminated feces or ef� uent may pollute the water supply, which is
consumed or used to irrigate vegetables.
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expected to facilitate colonization, milk consumption actually
provides a slight protective effect against human infection.
Thirty-� ve percent of raw milk samples from goats, cows, and
sheeps (n ¼400) in Southern Italy were PCR positive when
screened with a nested PCR assay targeting theglmM gene.
Despite this high detection rate, H. pylori was not cultured
from any of the PCR-positive samples. In addition, sequencing
of the amplicons indicated only a 98% similarity with
H. pylori. Evidence suggests that contact with sheep i
Colombia, Poland, and Sardinia may predispose to infection.
For example, the high prevalence ofH. pylori in shepherds in
Sardinia based on gastric biopsies has been extrapolated t
indicate potential zoonotic transmission from sheep. Anti-
CagA antibodies were encountered twice as often in children
of shepherds (n ¼58) and cohorts without sheep contact
(n ¼88) in Poland. Detection of the H. pylori glmMgene in
milk products of Italian sheep, goats, or cows, in the absence
of cultural isolation, suggests as yet an undescribed enzooti
species ofHelicobacter.

With respect to poultry, H. pullorumhas been cultured from
up to 100% of caeca of healthy broilers and turkeys as well as
the livers and intestines of laying hens with hepatic lesions.
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Helicobacter 199
Italian researchers isolated H. pullorum from conventional
(100%) and organic farms (100%) but signi�cantly fewer were
isolated from free-range (54.2%) �ocks. It is infrequently
recovered from humans. In a Swiss study of isolates from
human gastroenteritis cases, 6 of 387 campylobacter isolates
(1.5%) were identi�ed as H. pullorum, indicating its potential
virulence in the human host. Because H. pullorum may be
misidenti�ed as either C. coli or Campylobacter lari, it could be
overlooked as a cause of human enteritis. The current avail-
ability of PCR primers speci�c for the 16S rRNA genes of
H. pullorum would expedite correct identi�cation.

Indirect evidence of transmission of H. pylori from meat
animals to humans is derived from serosurveys of slaughter-
house workers. Antibodies to H. pylori were detected more
frequently in slaughterhouse workers exposed to animal
carcasses than in clerical workers employed at an Italian plant.
The highest titers occurred in female workers who processed
rabbits, which was the only meat animal species described in the
study. No baseline serological titers, however, were included in
the study to evaluate infection status at the time of employment.
Also lacking was information on the country of origin of tested
employees. This information is critical in interpreting serolog-
ical data given the higher prevalence of H. pylori antibodies in
citizens of developing countries. In France, seropositivity for
H. pylori was greater in slaughterhouse employees exposed to
viscera of poultry (24%) and swine (14%) than in age-matched
controls who did not work at that abattoir (6%). Interestingly,
antibody titers to H. pylori were lower in workers with more than
15 years of abattoir experience than in those with less exposure.
Studies in Brazil, however, have shown no correlation between
seropositivity and slaughterhouse work.

Transmission of non-H. pylori helicobacters (NHPH) to
humans occurs. It has been estimated that NHPH between 0.2
and 6% are linked to human gastritis, gastric ulcers, and gastric
cancer. Individuals having contact with pigs are at higher risk of
NHPH infection, indicating the zoonotic potential of H. suis. A
review of 123 NHPH cases ranked H. suis (36.6%), H. salomonis
(21%), H. felis (15%), and H. bizzozeronii (8%) as major etio-
logical agents.

To summarize, although other Helicobacter species have
been recovered in livestock, H. pylori has not been con�rmed in
cattle, sheep, hogs, or poultry, thus eliminating these meat
animals as a source of infection. In developing countries,
however, consumption of sewage-contaminated drinking water
and vegetables may be risk factors for H. pylori infection.
Isolation or speci�c detection of H. pylori in fruits, vegetables,
and meats will provide undisputable evidence for transmission
via foods. In the absence of case–control studies, there is
minimal evidence for signi�cant transmission of H. pylori or
other Helicobacter species in foods.
See also: Campylobacter; Spoilage of Cooked Meat and Meat
Products; PCR Applications in Food Microbiology.
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Introduction

Foodborne parasitic diseases are an important cause of illness
and economic loss worldwide. The public health burden
imposed by foodborne parasite zoonoses (FPZ) – such as toxo-
plasmosis, trichinellosis, cysticercosis, and trematodosis – are
substantial even in industrial countries. Data, though fragmen-
tary, indicate that these parasites globally cause signi�cant
human illnesses and medical costs. For instance, in the United
States, congenital toxoplasmosis is estimated to cost up to
US$5.3 � 109 annually, of which sum perhaps half can be
attributed to food sources. The rising concern generally over
food safety has stimulated a reappraisal of the signi�cance of
FPZ and the strategies to control them. It is clear that public trust
in food production systems will depend on the development
of more effective safeguards, which in turn will require much
greater understanding of the nature and epidemiology of these
zoonoses. The complexities of life histories of these parasites,
and the close association of infection risk with entrenched
cultural and agricultural practices, make solutions dif�cult. The
applicationof the hazard analysis critical control point (HACCP)
approach will require more information on parasite epidemi-
ology, particularly factors that regulate survival and trans-
mission. Control strategies must address the complete sequence
of events encompassed by the food production chain. Especially
needed are more effective detection technologies. More
concerted efforts to educate consumers, industry, government,
and public health workers of the hazards of foodborne parasites
are also required. This review presents current understanding of
the biology and epidemiology of the major FPZ and recom-
mendations for research and control. Particular attention is paid
to species transmitted from �sh and meat that are of the greatest
public health signi�cance. This chapter deals only with parasites
that are transmitted to humans through ingestion of food items
that serve as obligatory intermediate hosts for the parasite.
Nematodes

Trichinellosis

Life Cycle of Trichinella spiralis
Globally, the most important species of the meatborne parasite
Trichinella are Tr. spiralis, Tr. nativa, and Tr. britovi, although
occasionally other species have been implicated in human
infections. During the period 1986–2009, more than 65 000
human cases were reported worldwide, over half of which
occurred in eastern Europe (Table 1). Trichinella spiralis is the
classical agent of human trichinellosis and is transmitted
almost exclusively through pork; Tr. britovi and Tr. nativa are
common in wildlife and often are transmitted to people who
consume improperly treated wild game. The life cycle of Trichi-
nella is relatively simple but unusual for a helminth parasite in
that all stages of development occur within a single host. Epid-
emiologically, the most important feature of its life cycle is its
obligatory transmission through ingestion of meat containing
200 Encyclopedia of Food Mic
intracellular larvae (trichinae); there is no true free-living stage.
After ingestion of infected meat, larvae are digested free from
the meat in the stomach, pass into the small intestine, and invade
the epithelial cells lining the upper small intestine. Here, within
4–6 days, they develop into sexually mature males and females
and mate. Their offspring are released from the female worm live
(newborn larvae) and migrate via the circulation system
throughout the host’s body; they invade successfully only stri-
ated muscle. Over the next 10–14 days, they develop into fully
intracellular larvae, capable of infecting another host. One
species, Trichinella pseudospiralis, is unique because unlike most
other species, the larvae reside in the muscle in an unencapsu-
lated state; it too has been reported from humans.

Infection of Humans and Disease Symptoms
Human infections result from the ingestion of improperly
cooked meat (e.g., pork, game, horsemeat). In industrial
countries, the epidemiology of human trichinellosis is typi�ed
by urban common-source outbreaks. In the United States, the
largest human outbreaks have occurred among ethnic groups
with preferences for raw or only partially cooked pork and
game. Infected meat is typically purchased from a local farm,
supermarket, butcher shop, or other commercial outlet. In
recent years, nearly a third or more of human infections in the
United States have been derived from wild animal meat. Of
40 countries with outbreak source data, 23 (58%) reported
pork as the only or chief source of infection, the remaining 17
countries (42%) reported wild game or nonpork domestic
animal meat (e.g., horse, dog) as major sources. In Europe,
where the safeguard of pork inspection is mandatory, most
recent outbreaks have resulted from infected horsemeat or wild
boar. The resurgence of trichinellosis in eastern Europe
(Table 1) appears to result from increased transmission from
both pork and wild game. In Latin America, however, pork
appears to be the chief source of infection.

The ingestion of 500 or more larvae by a human carries the
risk of clinical disease. There is evidence that most (typically
light) infections with Tr. spiralis are unnoticed or confused with
some other illness such as in�uenza. In heavy infections, illness
is re�ected in gastrointestinal signs such as nausea, abdominal
pain, and diarrhea. Coinciding with muscle invasion by the
newborn larvae is acute muscular pain, facial edema, fever, and
eosinophilia. Cardiomyopathy is not uncommon and results
from unsuccessful invasion by larvae of cardiac muscle. The
chief factor in the acute muscle phase of this disease is the
host’s immune response to invasion; hence, immunosuppres-
sants are often administered in life-threatening cases. The
clinical signs and symptoms in humans can differ according to
which species is involved. Hence, treatment may depend on
proper identi�cation of the infecting species.

Control of Trichinella in domestic swine is chie�y through
enforcement of good management practices, which reduce
exposure of pigs to infected meat. Many countries practice
mandatory meat inspection (e.g., Europe) to ensure safe pork
for consumers. Other practical prevention measures include
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00163-4
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Table 1 Overall summary of clinically con� rmed cases of
trichinellosis in humans documented in the World Health Organizatio
regions, 1986–2009

WHO region
(no. of countries)

No. of countries
with trichinellosis (%)

Documented
human
infections (%) Deaths

AFRO (46) 1 (2.2) 28 (0.04) 1
AMRO (12) 5 (41.7) 7179 (10.90) 10
EMRO (22) 2 (9.0) 50 (0.07) 0
EURO (50) 29 (58.0) 56 911 (86.46) 24
SEARO (11) 1 (9.0) 219 (0.33) 1
WPRO (27) 3 (11.1) 1344 (2.04) 6
Othera – 86 (0.13) 0
Total (168) 41 (24.4) 65 817 42 (0.05%)

aInfections acquired in countries other than the one in which diagnosis occurre

Table 2 Taenia soliumandTa. saginata, incidence in selected
countries

Country

Estimated %
of population
infected

1992 Population
(millions)

Estimated
casesa (no.)

Taenia solium
United States 255.6 122
Chile 0.3 13.6 40 800
Ecuador 0.9 10.0 90 000
Guatemala 1.1 9.7 106 700
Mexico 1.1 87.7 964 700
Taenia saginata
United States 0.0002 255.6 519
South America 0.3333 300.0 1 000 000
Cuba 0.1000 10.8 10 800
Guatemala 1.7000 9.7 164 900
Chile 1.9000 13.6 258 400
Asia 0.4677 3207.0 15 000 000
Europe 2.1526 511.0 11 000 000
Former Yugoslavia 10.0000 10.0 1 000 000
Africa 2.7523 654.0 18 000 000

aExcept for the United States, these are approximate estimates, not based
reported cases, and are calculated from published incidence estimates.
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advice on proper cooking or freezing of pork to kill the larvae
(Table 3).
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Anisakiasis

Life Cycle ofAnisakis simplex
The most important of the nematode diseases of humans
acquired from marine � shes is anisakiasis. To date more tha
12 000 cases have been reported, mostly from Asia.Anisakis
simplexis the species most often associated with human diseas
(although other species are commonly found in marine � sh)
followed by Pseudoterranova decipiens. The diseases are cause
by the larval stages; human infection with adult worms has not
been documented. The worms are natural parasites of marin
mammals, such as whales, dolphins, porpoises (de� nitive
hosts forA. simplex), and seals and sea lions (de� nitive hosts for
P. decipiens).
Adult anisakids are present in the stomachs of the marine
mammalian de� nitive hosts. Eggs produced by female worms
pass in the feces and embryonate in the ocean waters. Larv
hatch from the eggs, invade small marine microinvertebrates
such as euphausiid crustaceans, and develop into third-stag
larvae. When the crustacean is eaten by a� sh or squid paratenic
host, the larvae are released and pass through the gastrointe
tinal tract and enter the mesenteries, viscera, or muscle. If th
infected � sh or squid is eaten by a marine mammal, the larvae
are released, become established in the stomach, and matur
When humans eat the paratenic hosts (infected� shes), the
larvae may enter the tissue of the human gastrointestinal trac
and cause disease.

Infection of Humans and Disease Symptoms
The foods most commonly associated with anisakiasis are
herring, cod, mackerel, salmon, or squid, which may be raw,
inadequately cooked, or poorly salted, pickled, or smoked;
P. decipiensis usually obtained from cod, halibut, � at� sh, and
red snapper. Infection often occurs from traditional � sh prep-
arations, such as green-herring, lomi lomi salmon, ceviche
sushi, and sashimi.

In humans the larvae of A. simplexenter the gastric or
intestinal mucosa and cause an abscess or eosinophilic granu
loma. The worms may also enter the peritoneal cavity and then
invade other organs. Some worms may not invade tissue bu
simply pass out with feces or vomit, or crawl up the esophagus
Larvae ofP. decipiensmay also invade tissue but rarely attempt
to lodge in the esophagus; however, infestation may caus
tickling throat syndrome in which a tickling sensation occurs
and the patient may cough up the larvae.

The symptoms of anisakiasis resemble gastric ulcer o
neoplasm. The parasitological diagnosis is made by� nding the
worms or demonstrating sections of the parasite in biopsied
tissue. Serological tests are not conclusive. The treatment
most infections is by removal of the parasites surgically or by
the use of forceps through� breoptic endoscopy. The prognosis
is good once the parasite is removed.

The incidence of infection in humans has declined in some
regions (e.g., Europe, Japan) because of� sh inspection
requirements and changes in the handling and preservation o
harvested� sh (Table 3).
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Cestodes

Taeniasis, Cysticercosis

Life Cycle ofTaeniaspp.
The terms‘cysticercosis’ and ‘taeniasis’ refer to infections with
larval and adult tapeworms belonging to the genusTaenia,
respectively. The important features of this particular zoonosis
are that the larvae are meatborne (beef or pork) and that the
adult stages develop only in the intestines of humans (obligate
host). There are two zoonotic species:Taenia saginata(beef
tapeworm) and Ta. solium(pork tapeworm). The latter species,
Ta. solium, is of greater clinical importance because humans
may serve as the host for the larval (cysticercus or metacestod
stage if the adult worm’s eggs are accidentally ingested; thi
does not occur with Ta. saginata. The localization of Ta. solium
cysticerci in humans may cause severe clinical diseas
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Table 3 Epidemiology and control of major foodborne helminths

Disease Parasite Major food animal sources Current control methods

Trichinellosis Trichinella spiralis(occasionally
other species)

Pigs, horses, game animals Cook to 60� C and freeze at
� 23� C for 10 days

Curing of meat according to
government speci� cations

Meat inspection: in many but not
all countries

Taeniasis Taenia saginata(beef) Meat and organs infected with
larvae (cysticercus stage)

Cook to 60� C

Taenia solium(pork) Freeze at� 23� C for 10 days
Cysticercosis Taenia solium Ingestion of tapeworm eggs may

result in larval (cysticercus)
invasion of muscle and brain

Avoid contamination of soil, water,
and food with human feces that
may contain eggs ofTa. solium

Meat inspection: in most countries
Anisakiasis (United States, Japan,

Paci� c Islands, northern
Europe)

Anisakis simplexand
Pseudoterranova decipiens

Hosts for parasite larvae: herring,
mackerel, salmon, cod, whiting,
tuna, haddock, smelt, plaice

Cook to 60–65� C

Freeze at� 25� C for 7 days or
blast freeze to� 35� C for 15 h

Salt in 20–30% brine for 10 days
Diphyllobothriasis (northern

hemisphere, esp. Baltics,
Europe, Russia, United States,
Canada)

Diphyllobothrium latum Freshwater� sh, especially pike Cook� sh well
Freeze to� 10� C if to be

consumed raw
Smoke or pickle well
Protect water sources (� shponds,

lakes) from human and animal
feces

Clonorchiasis, opisthorchiasis
(Asia, Europe)

Clonorchis sinensis Freshwater� sh infected with larval
stage (metacercaria)

Cook, salt, pickle, or smoke� sh
well

Opisthorchis viverrini, O. felineus Freeze to� 10� C
Protect� shponds from human and

animal feces
Heterophyiasis (trematodes of the

Heterophyidae family) (Europe,
Middle East, and Asia)

Heterophyes heterophyes Freshwater or brackish water� sh
infected with larval stage
(metacercaria)

Cook, salt, or smoke� sh well

Metagonimus yokogawi Freeze to� 10� C
Many others Protect domestic animals from raw

� sh sanitation

202 Helminths
especially if the cysticercus develops in the brain, resulting in
neurocysticercosis. Neurocysticercosis is a major public healt
problem affecting many people in Latin America, Asia, and
Africa. In Mexico,Ta. soliumcysticercosis accounts for 1% of al
deaths in general hospitals and 25% of all intracranial tumors.
Swine cysticercosis is also a signi� cant economic problem in
certain regions because of condemnation of infected carcass
at slaughter. The bovine form,Ta. saginata, is less severe in
humans because it is con� ned, like the adult stage ofTa. solium,
to the human intestine. However, it does represent a consider
able economic cost because most countries have institute
costly mandatory meat inspection. In the United States and
Europe, the infection rate for Ta. saginatain beef is generally
less than 0.3 in 1000; therefore, the inspection cost to� nd one
infected carcass is large. In Africa and Latin America, howeve
the prevalence ofTa. saginatais relatively high, and the result-
ing commodity losses from condemnation or treatment to
destroy cysticerci in beef are heavy. In Africa as a whole, the co
is about US$1.5–2.0 billion per year. The epizootic nature of
bovine cysticercosis (sporadic outbreaks) makes it dif� cult to
assess directly the economic impact of bovine cysticercosis i
countries with low prevalences.

The adult tapeworm stages ofTa. saginataand Ta. solium
reside in the human small intestine. The adult is composed of
a chain of strobila or segments (proglottids) that contain both
male and female reproductive systems. As the segments matu
and � ll with eggs, they become detached and pass out of the
anus, either free or in the fecal bolus. The life span of an adult
tapeworm may be as long as 30–40 years. The number of eggs
shed from a host per day may be very high (500 000–1
million), which results in high environmental contamination.
The eggs contain an infective stage (oncosphere), whic
matures in the environment. It is probably impossible to
distinguish the two species on the basis of egg morphology.

When Ta. saginataeggs are ingested by cattle, the onco
sphere stage is released in the intestine, and it penetrates the g
and migrates throughout the body via the circulatory system.
Oncospheres that invade skeletal muscle or heart muscl
develop to the cysticercus stage, a� uid-� lled cyst or small
bladder. When humans eat infected beef that is either raw o
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improperly cooked, the larval cyst is freed, and it attaches by
means of a small head (scolex) with suckers to the intestina
wall. Over the span of a couple of months, the tapeworm
develops and begins to shed eggs, completing the life cycle.

The development ofTa. soliumis similar in its intermediate
host (pigs or humans), except that the cysticerci are distributed
throughout the body, especially the liver, brain, central nervous
system, skeletal muscle, and myocardium.

Infection rates for the intestinal tapeworm form (taeniasis)
are frequently high in developing countries (Table 2). The
human incidence in Latin America for Ta. soliumtaeniasis
ranges from 0.3% to 1.1%. In some countries the rates o
cysticercosis infection in cattle or pigs is as high as 70%.

Infection of Humans and Disease Symptoms
Mature tapeworms in the intestine may cause symptoms tha
vary in their intensity; some people never realize that they have
a tapeworm. Most, however, experience some symptoms
which may include nervousness, insomnia, anorexia, loss o
weight, abdominal pain, and digestive disturbances. Occa
sionally the appendix, uterus, or biliary tract are invaded and
serious disorders can occur. Most cases of human cysticerco
(Ta. solium) are asymptomatic and are not recognized by eithe
the individual or a physician. Symptomatic infections may be
characterized as either disseminated, ocular, or neurologica
Disseminated infections may localize in the viscera, muscles
connective tissue, and bone; subcutaneous cysticerci ma
present a nodular appearance. These localizations are ofte
asymptomatic, but they may produce pain and muscular
weakness. Only about 3% of infections involve the eye. Centra
nervous system involvement may include the invasion of the
cerebral subarachnoid space, ventricles, and spinal cord. Th
larval cysts may persist for years; cysts that die often calcif
Symptoms of infection may include partial paralysis, dementia,
encephalitis, headache, meningitis, epileptic seizures, an
stroke. These manifestations of infection are determined by the
numbers and locations of the cysts and the host’s in� ammatory
response against them.

As with Trichinella, controls at the farm level include
prevention of livestock to fecal-contaminated feed and pasture
mandatory meat inspection (e.g., United States, Canada), an
safe food preparation advice to consumers (Table 3).
d
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Diphyllobothriasis

Life Cycle ofDiphyllobothrium latum
Cestodes that may be transmitted to humans from marine� sh
are limited, for the most part, to members of the genus
Diphyllobothrium. Records of human infection with Diphyllo-
bothrium are generally con� ned to countries where � sh are
eaten raw, marinated, or undercooked (e.g., Alaska, Unite
States, Canada, Scandinavia, Japan, Chile, Peru, and Russ
Six species of Diphyllobothrium have been recorded from
humans in Alaska, of which D. latum was the most common.
Worldwide, at least 13 species ofDiphyllobothriumhave been
reported from humans, with infections by D. latum and
D. dendriticumbeing the most prevalent.

The life cycles of these cestodes occur in either marine o
freshwater ecosystems, depending on the species. In gener
the adult tapeworm, residing in the intestine of the de� nitive
host (either a marine or terrestrial mammal), releases eggs tha
pass in the host’s feces. If the eggs reach water, they hatch an
release a free-swimming stage (coracidium), which may be
ingested by a copepod. Within this crustacean intermediate
host, the larval tapeworm (procercoid) develops. If the
copepod is then ingested by a suitable� sh, the larva migrates to
the host’s body cavity and develops to the plerocercoid stage
which is infective to the de� nitive host (including humans).

Infection of Humans and Disease Symptoms
The important risk factor for this zoonosis is the consumption of
raw or undercooked� sh. In Japan since the 1970s diphyllobo-
thriasis (primarily D. latum) has increased in incidence; about
a 100 cases are recorded annually. Of potential intermediate
hosts, the salmonid genusOncorhynchusis the most important.
Of the 52 cases of diphyllobothriasis occurring in the West Coas
states of the United States in 1980, salmon was implicated in
82%. More than 60 cases have been reported from Peru; mos
were considered to be caused byDiphyllobothrium paci� cum. The
systematics of this genus is unsettled and identi� cation is dif� -
cult, particularly the larval stage encountered in� sh (the
plerocercoid). Diphyllobothrium latumhas long been of interest
because it causes pernicious anemia, probably due to the worms’
competition with the host for vitamin B 12.

Postharvest controls, such as proper� sh processing and
preparation of food, are the most effective measures to
consumer protection (Table 3).

Trematodes

Liver Flukes

Life Cycles of the FishborneClonorchis sinensisand
Opisthorchisspp.
The liver parasites (� ukes) Clonorchisand Opisthorchisspp. are
closely related and will be treated together.Clonorchis sinensisis
endemic to China, Korea, Japan, Taiwan, Vietnam, and Hong
Kong. In China its occurrence in certain provinces is high: 3
million people in Guangdong and 1 million in Guangxi. Pigs,
which may serve as reservoir hosts, also have high prevalence
infection judging by the results of various surveys in China
(e.g., 11–35%). Clonorchis sinensisis important in Korea where
the prevalence may exceed 10% in many rural areas. In Hon
Kong, the prevalence reported from some villages is 13%
Globally, 290 million people may be at risk and 7 million
infected.

Opisthorchis viverriniand Opisthorchis felineusare found over
a wide geographic range;O. viverrinioccurs chie� y in southeast
Asia, andO. felineusis generally found in eastern Europe, Poland,
Germany, and Siberia. There are reports that 46% of Russia
territory is endemic for O. felineusand that 80 000–90 000 new
cases occur each year among the 12 million people living in
Siberia. The total number of people infected withO. felineusmay
exceed 4 million. The prevalence ofO. viverrini is also high. In
Thailand, it is estimated that more than 7 million people are
infected. In recent surveys in Laos, the prevalence ofO. viverriniin
a series of villages ranged from 28% to 85%.

The liver � uke infections are acquired by eating raw or
inadequately cooked� sh muscle containing the infective larval
stage (metacercariae). In the de� nitive host (human), the
trematode matures and produces eggs that pass out into th
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204 Helminths
feces. If the eggs reach fresh water, hydrobid snails (if presen
may ingest them. Within the snail, two asexual proliferative
stages ensue (redia and sporocyst). Eventually, a motile o
swimming larval stage (cercaria) emerges and seeks out� sh,
particularly cyprinoid species; more than 80 species of� sh have
been identi� ed as potential hosts. The cercariae penetra
beneath the � sh’s scales and encyst in the muscle, becomin
infective in 3–4 weeks.

The infection is acquired by eating improperly prepared� sh
harboring the infective muscle stage (metacercaria). Cats an
dogs (reservoir hosts) are commonly infected in endemic areas
complicating efforts to protect snail-inhabiting water sources.

Infections of Humans and Disease Symptoms
The liver � uke adult is a� at, slender trematode that invades the
smaller biliary passages of humans. Infected people complain
of indigestion, epigastric discomfort, and diarrhea. If the adult
worm invades the pancreatic duct, acute pancreatitis ma
result. Chronic infection may lead to cholangiocarcinoma.

Opisthorchiasis is a major cause of death in rural northeas
Thailand; the International Agency for Research on Cancer ha
declared this parasite a Group 1 carcinogen. The estimate
direct public health effect in northeast Thailand alone is esti-
mated at US$85 million.

Prevention involves the proper preparation of safe� sh for
consumption ( Table 3).

Life Cycle of the PlantborneFasciola hepatica
The liver parasiteF. hepaticabelongs to a different family than
Clonorchisand Opisthorchisand is acquired by eating aquatic
plants on which the infective (metacercarial) stage is af�xed. In
addition to being an occasionally important parasite of
humans, it is a cause of serious disease in livestock. Th
distribution of the parasite is cosmopolitan, reported from 61
countries. The largest number of human infections occur in
Bolivia, Ecuador, Egypt, France, Iran, Peru, and Portugal. Th
life cycle involves an aquatic snail. The embryonated egg, o
being voided in feces into water, hatches and releases a ciliate
miracidium, which swims about until making contact with and
penetrating a suitable snail (generallyLymnea). The miracidium
penetrates into the snail’s viscera and over the next severa
weeks the parasite develops through several complex asexu
stages, before� nally producing hundreds of cercariae. These
emerge from the snail and swim about until making contact
with particular water plants (e.g., watercress) where they af�x
and encyst and develop into the metacercarial (infective) stage
When the plant is eaten by the mammalian host (e.g., humans,
sheep, cattle), the parasite excysts in the host’s digestive tract,
penetrates the intestinal wall, migrates to the liver, and even
tually develops to a mature adult worm in the bile duct. The
time required to complete this migration is about 4–6 weeks.

Infection of Humans and Disease Symptoms
The major pathological changes occur during the migration of
the immature worm through the liver parenchyma. During this
phase, the worm digests liver tissue and causes necrosis. Th
trauma often yields scars and� brotic lesions. After arrival in the
bile duct, the worms may incite in� ammatory gall bladder
alterations and � brosis of the duct. Clinical manifestations are
anemia, jaundice, and cholelithiasis.
Prevention relies on the detection of infected animals and
treatment, and the proper washing of aquatic plants intended
for human consumption ( Table 3).
Intestinal Flukes

Life Cycles of Intestinal Trematodes
Although a large number of intestinal digenetic trematodes
have been listed as zoonotic for humans, only a few are
commonly encountered by humans. Chief among these are
members of the Heterophyidae family; members of the group
are very small trematodes inhabiting the intestine of birds and
mammals. The infective stage (metacercaria) can be found in
a wide variety of freshwater and brackish water� shes. Perhaps
most important are Haplorchisspp.,Heterophyes heterophyes, and
Metagonimus yokogawai. These parasites, acquired by eating raw
marinated, or improperly cooked � sh, are frequently reported
from human infections in the Middle East and Asia, especially
the Philippines, Indonesia, Thailand, Vietnam, China, Japan,
and Korea. Large numbers of these parasites in the sma
intestine may cause in� ammation, ulceration, and necrosis.

The life cycle is completed when eggs of the intestina
worms are shed in the feces. If they reach water, they may b
ingested by snails in which the asexual stages develop i
a manner similar to that for the liver � ukes. The cercariae tha
eventually emerge from the snails seek a suitable� sh host to
invade and develop to the metacercarial stage. A large numbe
of bird and mammal species may serve as de� nitive hosts for
this parasite species assemblage.

Infection of Humans and Disease Symptoms
As with Clonorchisand Opisthorchis, the metacercarial infective
stage in the � sh host’s muscle, when consumed raw or
improperly cooked, completes its development in the host’s
intestine. When the intestinal parasite numbers are large
intestinal ulceration and in� ammation may occur. Worms
deep in the crypts of the intestine release eggs that can becom
trapped instead of passing completely through the intestine.
The trapped eggs may enter the circulatory system and eve
tually � lter out in the spleen, liver, brain, spinal cord, and heart;
in the heart, a foreign body reaction may result, causing� brosis
and calci� cation of the heart valves. Prevention of infection is
similar to that of the liver � ukes (Table 3).
Prevention and Cure of Infection with Foodborne
Helminth Parasites

Because all of the parasitic infections described thus far shar
a common mode of transmission (i.e., foodborne), direct and
effective protection for humans rests with proper preparation
of food. Speci� c requirements for preparing parasite-free food
are listed in Table 3.

Effective control or eradication of foodborne parasites is
dif � cult because of the complexity of the parasites’ life histo-
ries, and the close association of infection risk with entrenched
cultural and agricultural practices. More epidemiological
research will be needed to identify the biological and anthro-
pological factors responsible for sustaining these parasites i
communities. A broader application of the HACCP approach
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would be of great value. As with microbial food pathogens, the
development of more reliable, sensitive, and standardized
detection technologies is needed; without them, the magnitude
of the problems will be dif�cult to assess and prevention will
be elusive. Although it is important to verify safety through
food inspection where possible, an ability to identify the
sources of contamination is crucial. These improved diagnostic
tools are badly needed for epidemiological surveillance of
people and livestock so that infected carriers can be identi�ed
and treated, especially at the food production stage.

The education of consumers, industry, governments, and
public health workers about the hazards of foodborne parasites
is a direct and effective safeguard against infection. Adoption of
international codes promulgated by the World Health Organi-
zation, the Food and Agriculture Organization, and the World
Animal Health Organization for the production of food,
especially �sh and �shing products, should be encouraged.
Piecemeal approaches are a poor substitute for broad holistic
approaches to control. An effective strategy must involve all
participants, including the bene�ciaries, and must permit coor-
dination of all control activities, such as legislation, education,
and detection. Sustainable control demands prevention
and intervention at every critical juncture of the production–
consumption continuum, especially at the production level.
See also:Hazard Appraisal (HACCP): The Overall Concept.
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Introduction

The idea of using high hydrostatic pressure (HHP) as
a method of food processing is not new. Bert Hite, from
West Virginia University, reported in 1899 that high-
pressure treatment at ambient temperature could be used to
preserve milk. In later studies, he also reported that some
microorganisms, such as lactic acid bacteria and yeasts,
associated with sweet, ripe fruit were more susceptible to
pressure than spore formers associated with vegetables.
Research did not progress as the equipment was not avail-
able to routinely subject foods to the necessary pressures. In
recent years, however, there has been renewed scienti�c and
commercial interest in the process. This can be explained by
the fact that advances in engineering make it both
economically viable and technologically feasible to treat
foods at the desired pressures. In addition, consumer
demand for high-quality, minimally processed, additive-
free, and microbiologically safe foods has stimulated
research into methods, including HHP.
Figure 1 Horizontal HPP facility, processing deli meats. Photograph
with permission from Avure Technologies and Maple Lodge Farms.
Nature of the Process

Principles of High-Pressure Processing

The Système International (SI) unit of pressure is the Pascal
(Pa) or Newton per square meter (N m�2). This is a very small
unit of pressure, but in the metric system pre�xes – such as
mega- (M) equivalent to 106 Pa or giga- (G) equivalent to
109 Pa – are used. Food applications use pressures in the range
100 MPa–1 GPa. A pressure of 100 MPa is equivalent to 1 kbar,
986.9 atm, or 14 504 lbf in�2. These pressures are higher than
those naturally occurring on Earth but are used routinely in
industrial processes.

High pressure is generally a batch process for solid
foods, although it can be a semicontinuous bulk process for
liquid foods. A typical high-pressure system consists of
a pressure vessel and a pressure generator (Figure 1). Food
packages are loaded into the vessel and the top is closed.
The pressure transmission �uid, usually water, is pumped
into the vessel from the bottom. Once the desired pressure
is reached, the pumping is stopped, valves are closed, and
the pressure is held without the need for further energy
input. Processing costs are claimed to be £0.04–0.20 l�1 or
06 Encyclopedia of Food Mic
kg�1, depending on such factors as the pressure applied,
process time, and throughput. Pressure vessels, up to 600 l
capacity, capable of processing foods are now available and
>150 commercial facilities are in operation around the
world, treating a wide range of products with a relatively
high throughput, compared with early machines. For
example, a 350 l machine can process 2 tons of poultry
products per hour.
Effect of Pressure on Biomolecules

Two main principles are involved in high-pressure processing:
the isostatic principle and the Le Chatelier principle. The
former states that pressure is transmitted uniformly and
instantaneously throughout the sample. This process is inde-
pendent of the volume or geometry of the sample. This
property gives HHP an important advantage over conven-
tional thermal processing. The Le Chatelier principle states
that the application of pressure to a system in equilibrium will
favor a reduction in volume to minimize the effect of pressure.
Thus, reactions that result in a volume decrease are stimulated,
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00164-6
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whereas those causing a volume increase are disrupte
Hydrogen bonding tends to be favored, while ionic bonds are
broken. Hydrophobic interactions are disrupted below
100 MPa but can be stabilized at higher pressures. Covalen
bonds appear to be unaffected by high pressure, so low
molecular-weight molecules – such as those responsible for
the sensory and nutritional qualities of food – are left intact.
The structure of high-molecular-weight molecules, however
can be affected signi� cantly, and this can result in altered
functionality of proteins and carbohydrates. These change
result in microorganisms being killed as well as the possibility
of producing foods of improved sensory and nutritional
quality.
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Applications in the Food Industry

The � rst commercial high-pressure processed product wa
a high-acid jam, launched in 1990 by the Meidaya Food
Factory Co., Japan. Since then, many other pressure-treat
products have been launched around the world (Table 1). The
technology has been used most successfully when it ca
confer a unique advantage over existing processes. F
example, HPP can be used to cleanly and completely remov
Table 1 Examples of HPP products available commercially around
the world

Country Year Products

United States 1997 Guacamole
1999 Oysters
2001 Proscuitto ham
2005 Lobster
2006 Whole-roasted chicken

Sliced cooked turkey and chicken
Tomato sauces

2007 Chicken sausages
2008 Cooked sliced pork and beef products

Hummus
Crab

Spain 1998 Sliced cooked ham and tapas
2002 Precooked chicken, ham, and turkey product
2005 Cured meat products and Serrano ham

Ready-to-eat vegetable meals
2007 Smoothies and juices

Italy 2001 Fruit and vegetable juices
Fruit jams

2003 Prosciutto ham, salami, and pancetta
2004 Desalted cod

France 1994 Fruit juice
Portugal 2001 Apple and citrus juices
Australia 2008 Smoothies and juices
Canada 2003 Apple sauce and jam

2006 Cured and cooked meats
Ready-to-eat meals

Japan 1990 Fruit jams and sauces
2004 Nitrite-free bacon and sausage

Germany 2004 Cured and smoked sliced and diced ham
New Zealand 2004 Mussels
Mexico 2003 Avocado products
meat from shell� sh without altering the raw characteristics of
the product. Thus, it is possible to get high-quality perfectly
shucked oysters without specialist labor. In addition, the
process can reduce numbers of viruses and bacteria, so th
products will be safer to consume raw. HPP also can remov
the raw meat from crabs and lobsters. Normally, these have to
be cooked� rst to release the meat from the shell. In the case o
fresh fruit products, HPP can extend shelf life while retaining
the fresh taste, color, and vitamin content, all of which can be
reduced by heat processing. The technology has been used
give additional food safety assurance and shelf life to ready
to-eat meats. This is a major application in the United States
which has a zero-tolerance policy for the control ofListeria
monocytogenes.
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Effect on Microbial Cells

The lethal effect of high pressure on microorganisms is though
to be the result of a number of different processes taking place
simultaneously, including damage to the cell membrane and
inactivation of key enzymes, such as those involved in DNA
replication and transcription.

The primary site of pressure damage in microorganisms i
the cell membrane. Under pressure, a reduction in volume of
the membrane bilayers occurs along with a reduction in the
cross-sectional area per phospholipid molecule. Protein dena
turation also occurs, and the activity of membrane-bound
enzymes, such as Naþ –Kþ -ATPase, is reduced. These chang
disrupt cell membrane function, allowing leakage through the
inner and outer membranes. Some enzymes that are respon
sible for key biochemical reactions are susceptible to pressure
and this susceptibility can lead to microbial inactivation. The
two primary means by which pressure-induced enzyme inacti-
vation occurs are an alteration of intramolecular structures and
conformational changes at the active site. Many factors ca
affect the degree of inactivation including pH, substrate
concentration, subunit structure of the enzyme, and tempera-
ture. Nucleic acids are much more pressure-resistant tha
proteins, and because the DNA helix is largely a result o
hydrogen bond formation, which is favored by pressure, its
structure is not affected at least up to 1 GPa. Despite the stabilit
of DNA, however, the enzyme-mediated steps of DNA replica
tion and transcription are disrupted by pressure. As the pressur
treatment is isostatic, microbial cells are not burst open by the
treatment, and there are usually no obvious changes to the
external structure of vegetative cells. Transmission electro
micrographs of bacteria, such asL. monocytogenes, however,
show changes in the internal cell organization. In some cases
clear areas, devoid of ribosomes, are found adjacent to th
cytoplasm. The cause of the clear regions is not known, but i
may be due to phase or other conformational changes to the
membrane or to the localized destruction of some of the
ribosomes.

Microorganisms vary in their response to HHP, and the
kinetics of high-pressure inactivation are different from those
observed with other food-processing methods. Typical inacti-
vation curves are shown inFigure 2. It is obvious that pressure
inactivation is not always � rst order (a straight-line relation-
ship) and death curves often show pronounced survivor tails.
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Figure 2 Survivor curves for two strains ofListeria innocuapressure
treated at 400 MPa (20� C) in skimmed milk. Solid square is strain JK17
solid diamond is strain JK29;N0, original number of bacteria;N, number
of surviving bacteria; Reprinted with permission from Patterson, M.F.
Quinn, M., Simpson, R., Gilmour, A. 1995. The sensitivity of vegetati
pathogens to high hydrostatic pressure treatment in phosphate buffe
saline and foods. Journal of Food Protection 58, 524–552. � IAMFES.
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Several theories have been proposed to explain the curve shap
The tail may be independent of the mechanisms of inactivation
or survival and be the result of population heterogeneity, for
example, because of cell age, clumping, genetic variation, o
experimental error. Tailing also may be a normal feature
associated with resistance. There are reports that when pressu
resistant tail populations of Salmonellaspp. were isolated,
grown, and again exposed to pressure, there was no signi� cant
difference in the pressure resistance between the retreated a
the original cultures. Other reports suggest that repeated pres
surizing (up to 18 cycles) can select for pressure-resistan
mutants of Escherichia coli, although some of these mutants are
more sensitive to heat. Temperature during pressure treatmen
may affect the shape of the inactivation curve. First-orde
inactivation is more common at temperatures above 30� C
whereas second-order inactivation is often found below 30� C.
This may be explained by a less pressure-sensitive subpopul
tion, which has an altered membrane composition below
30 � C as a consequence of liquid–gel transformations in the
membrane.

The surviving tail populations are of concern in food pro-
cessing and have to be taken into account when choosing
appropriate treatments to ensure microbiological safety. The
traditional method of calculating D values (decimal reduction
time) and Z values (the temperature increase required fo
a tenfold decrease inD value) used in thermal processing
cannot be applied successfully to pressure treatments. Variou
approaches are being taken to try to model the complex inac
tivation kinetics of pressure-treated microorganisms, taking
into account other process variables, such as temperature, wat
activity, and ionic strength. These models will have to be tested
rigorously in different foodstuffs to ensure their reliability and
eventually should be available as computer-based predictive
models for use in process calculations.
Intrinsic and Extrinsic Factors Affecting Sensitivity

Species and Strain Variation

Microorganisms vary in their resistance to HHP (Table 2).
Eukaryotic cells tend to be more pressure-sensitive tha
prokaryotes. Yeasts are among the most sensitive of th
microorganisms and treatments of 300–400 MPa for a few
minutes at 20 � C can result in more than a 6 log reduction in
numbers. Vegetative forms of molds are also relatively sens
tive, but mold spores are more resistant.

It was initially thought that Gram-negative bacteria were
more pressure sensitive than Gram-positive bacteria. A sug
gested explanation was that the cell membrane structure i
more complex in Gram-negative bacteria so it was likely to be
more susceptible to environmental changes caused by pressur
More recent studies have shown that vegetative bacteria do va
greatly in their resistance to pressure and some Gram-negativ
bacteria, such as certain strains ofE. coli O157:H7, are
surprisingly resistant (Figure 3). To date, the reason for such
strain variation is not understood.

The heat resistance of some vegetative organisms is corr
lated with pressure resistance, but there are many exception
Gram-positive cocci, such as enterococci andStaphylococcu
aureus, are more resistant to both heat and pressure than Gram
negative rods, such asCampylobacter jejuniand Pseudomona
aeruginosa. A heat-resistant strain ofStaphylococcus senftenb,
however, was found to be less pressure-resistant than a hea
sensitive strain ofStaphylococcus typhimurium.

Bacterial spores are extremely resistant to the pressur
normally applied to foods, although signi� cant variation can
exist between different species and strains (Table 2). Spores of
Clostridiumspp. tend to be more pressure resistant than those o
Bacillus, although relatively little information is available on
the effect of pressure onClostridium botulinum. The extreme
resistance of bacterial spores means that it is likely that HHP
will have to be used in combination with other preservation
technologies to give an acceptable level of inactivation in
foods.

Although extremely high pressures are needed to inactivat
spores directly, lower pressures (usually less than 400 MPa
have been found to trigger spores to germinate. This effect sti
has not been explained at the molecular level, but it can be
promoted by common germinants for the particular type of
spore, such asL-alanine, adenosine, and inosine. If a subse
quent pressure or temperature treatment is high enough, it may
inactivate the now more pressure-sensitive germinated spore
The germinative effect of pressure is greatly enhanced at raise
temperatures so such combinations are likely to be most
effective at giving adequate inactivations, particularly in low-
acid foods.

In recent years, there has been interest in using HPP i
combination with heat to produce shelf-stable foods. The
products are heated tow 90 � C and then are pressure treated
This pressure-assisted thermal sterilization (PATS) process us
the adiabatic heating generated by pressure to rapidly increas
the temperature of the product to that required for sterilization,
and the temperature drops rapidly again once the pressure i
released. Overall, the exposure to high temperatures is reduce
resulting in shelf-stable products with the quality characteristics
of pasteurized products. In 2009, the US Food and Drug
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Table 2 The sensitivity of vegetative pathogens to high pressure in various foods

Microorganism Substrate Treatment conditions
Inactivation (log10 units of
reduction)

Vegetative bacteria
Campylobacter jejuni Pork slurry 300 MPa, 10 min, 25� C 6

Poultry puree 400 MPa, 10 min, 25� C > 8
Citrobacter freundii Minced meat 300 MPa, 20 min, 20� C > 5
Chronobacter (Enterobacter) sakazakiiReconstituted infant

formula
500 MPa, 26.3 min, 25� C or

500 MPa, 7.9 min, 40� C
90% probability of

obtaining a� ve-log
reduction

Escherichia coli(nonpathogenic) Goat’s cheese 400 MPa, 10 min, 25� C > 7
Escherichia coliO157:H7 UHT milk 800 MPa, 10 min, 20� C < 2

Poultry meat 700 MPa, 30 min, 20� C 5
Escherichia coliO157:H7

(cocktail of three strains)
Carrot juice pH 6.2 615 MPa, 2 min, 15� C > 6

Lactobacillusspp. Moscato wine, pH 3.0 400 MPa, 2 min, 20� C 6
Listeria monocytogenes UHT milk 340 MPa, 80 min, 23� C 6

Raw milk 340 MPa, 60 min, 23� C 6
Cold-smoked salmon 450 MPa, 5 min, 12� C w 2
Human milk 400 MPa, 2 min, 21� C 8

Pseudomonas aeruginosa Pork slurry 300 MPa, 10 min, 25� C 6
Salmonellaspp.

(� ve individual serovars)
Grapefruit juice pH 3.2 615 MPa, 2 min, 5� C > 8

Salmonellaspp.
(� ve individual serovars)

Carrot juice pH 6.2 615 MPa, 2 min, 5� C 5.31–7.81

Staphylococcus aureus Pork slurry 600 MPa, 10 min, 25� C 6
Poultry meat 600 MPa, 30 min, 20� C 4
UHT milk 600 MPa, 30 min, 20� C 2

Streptococcus faecalis Pork slurry 300 MPa, 10 min, 25� C < 1
Vibrio parahaemolyticus Canned clam juice 170 MPa, 10 min, 23� C > 5

Oysters 300 MPa, 10� C, 3min 5
Yersinia enterocolitica Pork slurry 300 MPa, 10 min, 25� C 6
Spore-forming bacteria
Bacillus coagulansspores PBS (100 mmol l� 1) pH 8.0 400 MPa, 30 min, 45� C plating

out immediately after pressurizing
2

Pressurized spores heat treated
(70� C for 30 min) before enumeration

7

Clostridium botulinumtype
A spores BS-A

Crab meat blend 827 MPa, 15 min, 75� C 3.2

Clostridium botulinumtype A spores Rich medium 250 MPa, 60 min, 70� C 6
Clostridium sporogenesspores Chicken breast 680 MPa, 20 min, 80� C > 5

1500 MPa, 5 min, 20� C No inactivation
Yeasts and molds
Byssochlamys niveaascospores Bilberry jam, aw 0.84 700 MPa, 30 min, 70� C < 1

Grape juice, aw 0.97 4
Candida utilis Pork slurry 300 MPa, 10 min, 25� C 2
Rhodotorula rubra Sucrose solution 400 MPa, 15 min, 25� C

aw 0.92 < 1
aw 0.96 > 7

Saccharomyces cerevisiae Mosca wine, pH 3.0 400 MPa, 2 min, 20� C 6
Apple juice pH 3.8 500 MPa, 1 min, 5� C w 6

Talaromyces avellaneus ascosporesApple juice pH 3.45 600 MPa, 60 min, 25� C w 3
Zygosaccharomyces bailii Mosca wine, pH 3.0 400 MPa, 2 min, 20� C 6
Viruses
Hepatitis A virus Green onions 375 MPa, 5 min, 21� C 4.75 PFU g� 1

Experimentally
contaminated Paci� c
Oyster (Crassostrea gigas)

400 MPa, 1 min, 9� C > 3 PFU g� 1

Norovirus Oyster tissue 400 MPa, 5 min, 5� C 4.05 PFU g� 1

Parasites
Cryptosporidium parvum Apple juice 530 MPa, 1 min, 20� C > 4 log reduction of oocysts
Eimeria acervulina DMEM containing 5.8 log10

oocysts
550 MPa, 2 min, 40� C No pathogenicity detected in

chickens and no fecal
shedding of oocysts

aw, activity of water; PBS, phosphate-buffered saline; TRIS, tris(hydroxymethyl)aminomethane; UHT, ultra-high temperature; PFU, plaque-forming units.
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Figure 3 Pressure inactivation of pathogens after 15 min treatment i
phosphate-buffered saline at 20� C. Solid circles,Yersinia enterocolitica;
solid squares,SalmonellaEnteritidis; open circles,Escherichia coli
O157:H7; open squares,Staphylococcus aureus; N0, original number of
bacteria;N, number of surviving bacteria.
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Administration accepted a� ling for a ‘pressure-assisted sterili
zation process’ for a potato product. This is thought to be the
� rst � ling of its kind anywhere in the world. Despite this
positive development, a number of technical challenges still
need to be addressed before PATS� nds widespread commercial
use. These challenges principally relate to the need to contro
temperature variation within the processing vessel to ensure
that products receive a consistent minimum process regardles
of spatial position within the vessel.

Compared with the information available on vegetative
bacteria relatively little information is available on high-pres-
sure inactivation of viruses (Table 2). Hepatitis A virus present
in contaminated oysters was found to have similar pressure
sensitivity as many vegetative bacteria when reductions of>1,
>2, and >3 log 10 plaque forming units (PFU) were observed
for 1-min treatments at 350, 375, and 400 MPa, respectively
within a temperature range of 8.7–10.3 � C. Inactivation of
murine norovirus in oyster tissue has been demonstrated, with
a 5-min treatment at 5 � C being suf� cient to inactivate
4.05 log10 PFU. These results suggest that pressure treatme
used to shuck oysters and other shell� sh also will improve the
microbiological safety of the products.

There is also little information on the destruction of
bacterial toxins by high pressure. Some evidence suggests th
botulinum toxin may be partially inactivated at pressures
>600 MPa. Pressure treating the mycotoxin patulin does caus
some decrease in toxin levels. Relatively long treatment times
however, are needed and toxin inactivation is incomplete.
Pressurizing at 500 MPa for 1 h at room temperature decrease
the patulin content to 80% and 47% of the original values in
apple concentrate and apple juice, respectively.
.

-

-

Stage of Growth

Cells in the stationary phase of growth are generally more
resistant to pressure than those in the exponential phase
When bacteria enter the stationary phase, they are known to
synthesize new proteins that protect cells against a variety o
adverse conditions, including elevated temperatures, oxidative
stress, and high salt concentration. It is not known whether
similar mechanisms also protect bacteria against high
pressure.
Substrate

The chemical composition of the substrate can in� uence the
response of bacteria to pressure (Table 2). Proteins, carbo-
hydrates, and lipids can confer protection. Rich media are
thought to be more protective because they provide essentia
amino acids and vitamins to stressed cells. Studies in buffe
solutions generally have shown greater microbial inactivation
than that achieved in foods, and some foods appear to give
more protection than others. For example, a treatment of
375 MPa for 30 min at 20 � C in phosphate buffer (pH 7.0)
resulted in a 6 log inactivation of E. coliO157:H7; however,
the same treatment gave a 2.5 log reduction in poultry meat
and a 1.75 log reduction in milk. Similarly, when S. typhi-
muriumwas pressurized for 10 min in pork slurry at 300 MPa,
a 6 log reduction in numbers was observed compared with
less than a log 2 reduction when baby food containing
chicken was pressurized at 340 MPa for 10 min. These differ
ences in results may be partly due to different experimenta
conditions, but it is likely that the substrate has a signi� cant
effect.

A reduction in water activity (aw) can confer protection
on cells during pressurization. In one study,Rhodotorula rubra
was suspended in solutions of sucrose, glucose, fructose, o
sodium chloride, to give a range of water activities, and then
treated for 15 min at 25 � C and pressures up to 400 MPa. A
protective effect was observed when the aw fell below 0.92,
and there was no inactivation of the yeast. At an aw of 0.96,
however, cell counts were reduced by log 7. The nature of th
solute can have a signi�cant effect on pressure resistance o
spores. Ionic solutes, such as NaCl and CaCl2, conferred
more protection on Bacillus coagulansthan nonionic solutes,
such as sucrose and glycerol. This effect was especia
pronounced above aw 0.96 and suggests that spores ar
protected more by high concentrations of ions rather than by
low aw. From a practical viewpoint, dry products such as
spices cannot be successfully decontaminated by pressu
alone, but if the aw is increased, as in spice pastes, microbia
inactivation can be increased.

The pH of aqueous solutions decreases with increasin
pressure because of electrostriction, although the extent of th
change is extremely dif� cult to measure during pressure treat-
ment. For example, from theoretical calculations, when given
a treatment of 500 MPa, fruit juices, which tend to be acidic,
should undergo a pH shift of 1 toward the acid side. When the
pressure is released, the pH increases to the original value. It
not known whether this sudden drop in pH affects microbial
survival in addition to the effect of pressure. Studies on the
effect of initial substrate pH of the substrate on pressure resis
tance of microbial cells have given mixed results.Salmonella
spp. in brain–heart infusion broth were more pressure resistant
at pH 4.5 than at pH 7.0. The pressure resistance ofSaccharo
myces cerevisiaeinoculated into various fruit juices, however,
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Figure 4 Effect of temperature and pressure (15 min treatment) on the
inactivation ofEscherichia coliO157:H7 (NCTC 12079) in poultry meat.N0,
original number of bacteria;N, number of surviving bacteria. Reprinted
with permission from Patterson, M.F. and Kilpatrick, D.J. 1998. The
combined effect of high hydrostatic pressure and mild heat on inactivation
of pathogens in milk and poultry. Journal of Food Protection 61, 432–436.
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was not affected by the type of juice, the pH (2.5–4.5), or the
kinds of organic acids. Reducing the pH also caused a progre
sive increase in the sensitivity ofL. monocytogenesto pressure at
23–24 � C. At pH 7.1, there was complete survival after 10 min
at 300 MPa, whereas at pH 5.3, the same treatment reduce
viable numbers by log 1.8.

Spores ofB. coagulansare more sensitive to pressure when
treated at lower pH and increased temperatures. Sample
treated at 400 MPa for 30 min at 70� C in pH 7.0 buffer
showed a 4 log decrease compared with a log 6 reduction a
pH 4.0. No reduction was observed when the treatments were
carried out at 25� C.

Food additives can have a variety of effects on pressu
resistance. Potassium sorbate and the antioxidant butylate
hydroxyanisole (BHA) were found to increase the pressure
inactivation of L. monocytogenes, whereas other antioxidants
(sodium ascorbate and butylated hydroxytoluene) had no
effect. None of these compounds affected the viability of
nonpressurized cells exposed for the same length of time. Th
mode of action is not thought to simply involve the sensiti-
zation of cells to BHA by pressure or vice versa, becaus
sequential exposure to pressure and BHA did not produce the
synergistic inactivation of the pathogen observed with simul-
taneous exposure to these treatment.

It is clear that many factors in the substrate can affect th
response of microorgansms to pressure. Thus, it is important to
evaluate the process conditions in the food of interest rather
than extrapolating data from other substrates.
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Temperature

Temperature during pressurization is an important factor
affecting survival of vegetative microorganisms. Increase
inactivation usually is observed at temperatures either below o
above the ambient temperature. There are several reports
enhanced lethal effects when pressurizing at�20 � C compared
with þ 20 � C. It has been postulated that the enhanced letha
effects may be related to the fact that different proteins can b
denatured at low temperatures compared with ambient
temperature.

Refrigeration temperatures can enhance pressure inactiv
tion. Ewe’s and goat’s milk pressurized at 2� C or 10 � C resulted
in lower microbial numbers than the milks treated at 25 � C.

Pressure applied with mild heating is also effective, partic
ularly at inactivating the more pressure-resistant vegetativ
pathogens, such asS. aureusand certain strains of E. coli
O157:H7 (Figure 4). Simple inactivation models, based on the
combined effects of pressure and temperature, are bein
developed and may be useful in predicting appropriate pro-
cessing conditions to ensure the microbiological safety o
certain pressure-treated foods.

As discussed, increased temperature can encourage spore
germinate, resulting in them being more susceptible to pressure
treatments. A preheat treatment followed by pressurization is
generally more effective at inactivating spores than heatin
during pressurization. In a study of Clostridium sporogen
spores, no inactivation was observed at 600 MPa at 60� C for
60 min. Preheating followed by a milder pressure treatment
(80 � C for 10 min followed by 400 MPA at 60 � C for 30 min)
resulted in a 2 log reduction.
Combination Treatments

A number of high-pressure processing combinations have bee
proposed. The bene� ts of combining pressure and
heat have been discussed. Other combinations being investigate
include pressure with ultrasound, electrical resistance heating, o
supercritical carbon dioxide. All show some enhanced antimi-
crobial activity, but the commercial bene� ts must be clearly
identi � ed, such as producing commercially sterile products
before they will be adopted by the food industry.
Signi�cance of Sublethally Injured Cells

As with all physical preservation techniques, high pressure ca
cause sublethal injury in microorganisms. The possibility exists
that injured cells may not be detected by plate methods
because of their failure to initiate growth when plated out
immediately after pressurization. Given the right conditions
such as prolonged storage in an appropriate substrate, howeve
they may be able to repair. The potential for recovery, partic
ularly of pathogens, is of importance in all food processing;
high-pressure processing is not unique in this respect. Man
reports compare recoveries of pressure-treated bacteria o
nonselective and selective agars. In general, the survival rate o
the latter is lower because they contain ingredients that are
inhibitory to injured cells. For example, there was a lower
recovery of pressurizedB. coagulansspores on nutrient agar
containing 0.18 IU ml � 1 of nisin compared with control plates
without nisin. The selective agar eosin–methylene blue plus 2%
sodium chloride (EMBS) gave a lower recovery of pressurize
S. typhimuriumthan on tryptic soy agar (TSA). Cells treated in
phosphate buffer were found to be more susceptible than those
treated in strained chicken. Injured cells appeared to recove
within 4 h (no signi� cant difference in counts obtained on
EMBS and TSA). A similar recovery, however, did not occur i
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the phosphate buffer, suggesting that lack of nutrients may
hinder recovery of pressure-injured cells.

In conclusion, HHP alone or in combination with other
preservation techniques has many potential advantages and is
in keeping with demands for minimally processed foods.
Currently, interest in the process is signi�cant, but compared
with other techniques such as heating, knowledge is still
limited. In particular, more targeted research toward commer-
cial products is needed to satisfy regulatory bodies and
consumers that the technology can produce safe, nutritious,
high-quality foods.
.
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Food microbiology evolved as tools and techniques revealed
problems and solutions. When Antonie van Leeuwenhoek �rst
observed ‘animalcules’ in 1676 with his microscope it was
a tool that revealed there was microscopic life around us. When
Louis Pasteur demonstrated that fermentation was caused
by yeasts, not spontaneous germination, and later that heat
could inactivate microbes, he was building on the work of
earlier scientists, such as Girolamo Fracastoro, Agostino Bassi,
Friedrich Henle, and others. But, Pasteur understood the
mechanism that heat killed bacteria and publicized it. Simi-
larly, Robert Koch built on the work of others, developed
a cadre of microbiologists, and provided tools for future food
microbiologists.

Before Pasteur and Koch, people had practical knowledge
about food spoilage and fermentations from experience.
Brewers and breadmakers knew that successful ferments could
be transferred to new batches. The effect of heat on spoilage was
known years before Nicholas Apert won his 12 000 Franc prize,
but he developed a reliable method for food preservation.
Centuries prior, humans had discovered that salting or drying
would prevent food spoilage; however, food microbiologists
began understanding the mechanisms of how these methods
worked and developed more successful and reliable methods.
Methods

Plating

One of the major tools for food microbiologist is the ability to
identify and characterize foodborne microbes. Selective and
differential agar media were and are still a principal tool.

In 1881, to isolate bacterial and yeast colonies, Robert Koch
built on Bartolomeo Bizio’s 1819 technique using polenta and
Schroeter’s 1872 techniques using solid media, such as potato,
coagulated egg white, starch paste, and meat. Koch used gelatin
mixed with meat extracts. According to Hitchens and Leikind’s
1939 paper, “With the aid of this medium and his plating and
dilution method, Koch revolutionized bacteriological tech-
niques. Isolating pure cultures was, in comparison with the
older techniques, enormously simpli�ed.”

Gelatin is a liquid at 37 �C and many bacteria digest it.
When the gelatin dissolved during Walther Hesse’s experiments
isolating airborne bacteria, his wife, Frau Fannie Eilshemius
Hesse (a housewife from New Jersey) recommended agar agar.
It worked and Hesse communicated the development to his
mentor Robert Koch. In 1882, Koch made the �rst printed
reference to the use of agar in his preliminary note on the
tubercle bacillus. He also mentioned the cultivation of bacteria
in agar agar in The Etiology of Tuberculosis.

Two years later, Fredrick Loef�er added peptone and salt to
Koch’s basic meat extract for a better bacterial growth. In 1887,
another of Koch’s workers, Julius Richard Petri, modi�ed
a plate with an overhanging lid, thus eliminating the �at plate
and bell jar.
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
Microbiologists next began developing selective and differ-
ential media. In 1905, MacConkey published a solid medium
using bile salts to inhibit Gram-negative bacteria plus lactose
and neutral red to identify lactose fermenters. In his 1905 paper,
he outlined some of the earlier history of selective and differ-
ential agar media:
A consideration of the fermentation-reactions of the various organ-
isms shows that by the use of certain substances, either alone or in
combination, we can separate organisms by means of colour reac-
tions. Thus, if lactose alone be added to the agar, only the lactose-
fractors will produce acid and show pink colonies; if dulcite alone
only the dulcite fermenters; if sorbite alone only the sorbite
fermenters, and so on. This is the idea underlying all such differential
media as Wurtz litmus-lactose agar, or the litmus-lactose-nutrose
agar of Drigalski and Conradi. . The addition of sorbite gives an
agar upon which the Bacillus typhosus will produce coloured colonies.

In addition to testing human and animal feces (fed different
diets), MacConkey tested milk. His conclusion number 9 of 14
will elicit a smile from current microbiologists: “(9) At present
there is no means of differentiating the lactose fermenting
organisms of human from those of animal origin; or those of
normal dejecta from those found in enteritis.”

Microbiologists quickly investigated additional inhibitors
and indicators. Kessler (1927) and Fischer (1947) presented
excellent summaries of the early development of dyes and
inhibitors. For instance in 1912, Churchman showed that
derivatives of triphenylmethane, such as gentian violet and
brilliant green dyes, were inhibitory to bacteria, particularly
Gram positives, and crystal violet causes some inhibition of
fungi.

With suitable plating media, the science of isolating and
identifying bacterial cultures with selective and differential
plating medium leaped. Although in 1895, the American
Public Health Association began formulating methods for
conducting bacteriological analyses of water, analyses of food
(milk) would take another 15 years. The �rst edition of Stan-
dard Methods for the Bacteriological Examination of Milk was
published in 1910. According to Mudge (1927), as imple-
mented, those were hardly ‘standards.’ The �fth edition, Stan-
dard Methods of Milk Analysis, was published in 1927. In 1934,
the sixth edition stated, “In view of the extensive alterations
and additions, it is urged. . that they discard the �fth edition
published in 1927 in favor of the new.”

The exact origin of violet red bile (VRB) agar, one of the
standard tools of food microbiology, is elusive. McCrady and
Langevin (1932) employed gentian violet bile and the 2%
brilliant green bile. A number of researchers evaluated VRB:
MacCrady in 1932 for the Committee of Standard Methods of
Milk Analysis of the American Public Health Association,
Bartram and Black for the isolation of coliform bacteria in
raw and pasteurized milk, and Miller and Prickett concerning
-384730-0.00165-8 213
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the recontamination of milk. All found the medium satis-
factory because results were obtained within 24 h of incuba-
tion. Yale, in 1937, evaluated several solid media and
concluded, “The best of the experimental agars proved to be
one now on the market under the name of ‘Bacto-violet red
bile agar.’ This medium permitted the direct plating of 1 ml
quantities of milk and gave results as good as the desoxy
cholate agar.”

Later, David Mossel tweaked VRB by adding 1% mannito
(1957) and then glucose (Mossel et al., 1962) so all Enter-
obacteriaceae could be counted.
.

e

- g
Sublethal Injury Repair

Selective agar media are great tools for food microbiologists
Their shortcomings became apparent, however, when food
microbiologists noted that some selective agents would not
recover sublethally injured bacteria that otherwise might
recover in the food. Frank Bustaand Jezeski, in 1963, testing th
thermal death times of Staphylococcus aureusnoted that S-110
agar gave lower thermal death times than plate count agar or S
110 with reduced NaCl. He wrote
-
he

r-
The apparently lower thermal death times were found to be related
to the NaCl content of the S-110 medium, because use of S-110 agar
containing lesser concentrations of NaCl resulted in growth of larger
numbers of heat-shocked S. aureus196E. fewer heat-shocked
S. aureus196E were detected with S-110 than with PCA. Therefore, it
was felt that heat treatment may have altered the ability of this
organism to grow on the S-110 medium.

A few years later, Scheusner et al., working with Gram
negative bacteria, investigated which selective agents were t
most lethal, writing
The objective of this study was to identify the speci� c agents in
selective media that impair the growth of injuredEscherichia coli. This
knowledge would be useful in designing new and improved selective
media.
me

The bile salts mixture alone in the medium prevented as many
injured cells from growing as did any combination of the selective
agents and inhibited as many injured bacteria as were inhibited by
Violet Red Bile Agar itself.
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Sodium deoxycholate was the most inhibitory of the bile salts in the
bile mixture.

That information led one of the most innovative food
microbiologists, Paul Hartman, to devise a two-layer plate. The
bottom layer was VRB and the top layer was a nonselectiv
basal agar. Thus, spread-plated bacteria had a period to recov
before the selective agents diffused to the top. In 1975, the
authors wrote, “ If a period of recovery is afforded the injured
cells before exposure to a secondary insult, however, many o
the injured cells become refractive to one or more secondar
stresses.”
In 2003, Busta et al. eloquently summed up the issue of
sublethal injury and the necessity of resuscitation for analyzing
foods:
Microbiological criteria are extremely dependent upon accurate
and precise analyses of the microorganisms present in the sample
of product under test. It is critical that the analytical method
detects injured cells because pathogens existing in the food in
a similar injured state could remain virulent, or could be resusci-
tated later to cause a foodborne infection upon ingestion. Some
contemporary analytical techniques may not suffer from the
same problems if they do not depend on an ampli� cation step
that requires growth in a selective or restricted growth system. With
many methods that utilize selective agents, a nonselective growth
step is needed to allow the opportunity for resuscitation of injured
cells.

Rapid Methods

Early on, food microbiologists sought to develop methods that
were faster, more selective, and cheaper. An old engineerin
adage is“There is strong, light, and cheap; pick two, all three
are impossible.” Microbiologists sought speed, sensitivity,
selectivity, and cost.

As early as 1899, scientists had measured physical diffe
ences in the media or food in which bacteria were growing.
Thus, dyes that changed with microbial multiplication were
quickly used in milk. The methylene blue or resazurin reduc-
tion tests were fast and cheap. Thorton and Hastings in a 1930
paper, concluded, “The methylene blue reduction test is as
accurate a measure of the keeping quality of milk as any
method yet available. . It is inexpensive and as nearly fool-
proof as any method for this purpose available to the dairy
bacteriologist.” Five years later, Ramsdell et al. (1935) praised
the advantages of resazurin with,“Only 1 h is required to
complete the resazurin test as prescribed in the text, while the
methylene blue test requires over 5 h.” Other scientists adapted
dye reduction, including tetrazolium reduction, to develop
rapid methods for evaluating the bacteriological quality of
other foods.

Another rapid method for microbiological food quality
was developed by James Jay for beef. The extract release volu
test required 20 min and was based on beef’s reduction of
water-holding capacity with increasing bacterial levels. Others
adopted Jay’s method for rapid quality test for other products,
including pork and shrimp.

The next step toward achieving‘Speed, sensitivity, selec
tivity, and cost’ for detecting pathogens was the development of
nucleic acid probes. Serological tests had been used succe
fully, especially with enzyme-linked immunosorbent assay
(ELISA). Monoclonal antibody development had reduced
cross-reaction problems. But the sensitivity and selectivity
offered by DNA/RNA won out.

In 1981, Walt Hill, building on earlier work, published
a paper on detecting enterotoxigenicE. coliisolates containing
the plasmid for enterotoxin. Hill used a radio-labeled DNA
fragment to hybridize plasmid fragments. Isolation and
detection of the fragments was done with Southern blot elec-
trophoresis. Two years later, Renee Fitts et al. publishe
a similar method for detecting Salmonellaspp. Her team used
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restriction enzymes to build libraries of SalmonellaDNA frag-
ments and selected those common to most serotypes. Thes
methods offered sensitivity and selectivity, but speed and low
cost were lacking.

The next step was developing a better method for detectin
those DNA fragments. Luckily in 1983,‘Kary Mullis conceived
the idea for the polymerase chain reaction.’

The polymerase chain reaction (PCR) is a method o
faithfully duplicating DNA strands to easily identi � able levels
(Mullis received the Nobel Prize for the discovery of PCR in
1993). PCR enabled a leap in detecting foodborne pathogens
The BAX method for E. coliO157:H7, developed by Dupont
Qualicon in the mid-1990s uses automated PCR. With
enrichment options of 8 h and a processing time of 60 min, the
AOAC certi� ed method offered speed along with selectivity and
sensitivity.

In a 1998 paper, Johnson et al. wrote,“The BAX for
Screening/E. coli O157:H7 assay outperformed the other
methods, with a detection rate of 96.5%, compared to 39% for
the best cultural method and 71.5% for the immunodiffusion
method.”

Speed is important when dealing with perishable food
products, such as produce and raw meats. Beef packers initiate
a procedure in which they sampled combo bins of beef trim.
The sample went to the laboratory, and the bins were shipped
under seal to the customer. When the test result was negativ
the bins were released. If the results were presumptive, th
bins remained under control until the presumptive results
were con� rmed negative or positive. Con� rmed positive bins
remained under seal and shipped to a cooking facility. By 2001
BAX was proven to be so selective that many packers no long
waited for con� rmation. Presumptive positive lots were sent for
cooking.

To keep up with the development of rapid methods, one of
Paul Hartman’s students, Daniel Fung, founded the Rapid
Methods Workshop in 1980 (Now the ‘International Rapid
Methods and Automation in Microbiology Workshop and
Symposium’). Two years earlier, P.C. Vasavada founded th
annual ‘Current Concepts in Foodborne Pathogens and Rapid
Methods in Food Microbiology ’ at the University of Wiscon-
sin–River Falls, Food Microbiology Symposium. These hav
been annual events for many food microbiologists seeking the
latest development in rapid methods.
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Viruses

PCR enabled easier and more sensitive detection of viruses
food. Before nucleic acid assays, virus assays were acco
plished by separating the virus from the food by � ltration or
� occulation. The � ltrate was then placed on an appropriate
tissue culture and examined for plaques. Kostenbader an
Cliver described innovations in those methods.

In 1990, Gouvea et al. published the� rst use of PCR for
detecting and typing rotaviruses from stools. They used the
1987 PCR method published by Mullis and Faloona. More
viruses and techniques quickly followed in clinical samples,
not food. In 1996, Jaykus et al. published the� rst method for
detecting enteric viruses in oysters using reverse-transcriptio
PCR. More foods and more viruses quickly followed, and the
methods became routine.
Toxins

Bioassays have been critical for detecting toxins in food
Potentates used‘tasters’ to prevent poisoning, but enlighten-
ment and the end of slavery encouraged the use of othe
animals. Speed is always desired and toxicologists strove t
develop faster, more sensitive, and speci� c assays.

Staphylococcal enterotoxin lent itself to more practical
assays. When in 1936, Dolman et al. published the inter-
abdominal kitten test, other in vivoassays (e.g., monkeys) wer
abandoned. The Dolman assay offered a tool that led to the
1941 immunological studies by Hammon. That in turn
enabled Berdoll and Casman to further characterize the
chemistry and serology of two enterotoxins in the mid-1950s.
Thus, within another decade, Casman and Bennett, adopting
methods by Ouchterlony and Wadsworth, developed the
Casman–Bennett Staphylococcal Enterotoxin assay. The assa
because of its� exibility, prevailed for decades.

Greater speed, simplicity, and sensitivity were still desired
however. In a 1973 international meeting on staphylococcal
enterotoxins at Pennsylvania State, C.E. Park illustrated tha
desire. Holding his thumb and � nger a fraction of an inch
apart, he said, “Reggie Bennett can detect this amount o
staphylococcal enterotoxin with the Casman-Bennett assay.”
Opening his � nger and thumb farther apart, he exclaimed,
“ I can only detect this amount.” Closing his thumb and � nger
close again, he stated,“But with radioimmunoassay I can detect
this amount.”

Radioimmunoassay had been developed and published in
1960 by Yalow and Berson, federal government workers at th
Veterans Administration Hospital in New York. Yalow and
Berson later received the Nobel Prize for Medicine in 1977 for
a peptide hormone assay. The sensitivity and speed of radio
immunoassay lent itself to being adopted for many assays; they
offered spectacular sensitivity over immunoassays, but th
equipment and protocols were expensive. That was to soon
change with ELISA.

In 1971, Van Weemen and Schuurs, in the Netherlands, and
Engvall and Perlmann, in Sweden, separately developed an
published enzyme-labeled assays. The simplicity and porta
bility of the method caught on. In 1976, George Saunders
working at Los Alamos Laboratories under a US Department o
Agriculture (USDA) grant demonstrated the method to two
USDA scientists. In a moment of inspiration, he applied
a double sandwich procedure to a staphylococcal enterotoxin
sample and had a positive in 15 min. With additional devel-
opment, that method was published in 1977. In 2005, Lequin
published an excellent review of the history of radioimmuno-
assay and enzyme-labeled assays.

Botulinal toxin is the most lethal foodborne toxin. The
mouse bioassay was an early development and, despit
advances in immunoassays, it remains the most common
means of detecting the deadly neurotoxin. There are� ve known
serotypes and a mouse reacts with all giving the typical pinched
waist and labored breathing symptoms of a neurotoxin.

Still, there have been attempts forin vitro assays. In 1966,
Food and Drug Administration (FDA) scientists Johnson et al.
attempted to develop anin vitro serological assay for serotype
A, B, and E using hemagglutination and bentonite� occulation.
They were partially successful stating,“The antitoxin-sensitized
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SRBC technique is extremely sensitive, detecting toxins at leve
of less than one to several LD50 per 0.5 ml.”

Two years later, other FDA scientists, Vermilyea et a
(1968), published their efforts to adopt the Casman–Bennett
immunodiffusion assay for staphylococcal enterotoxin to
botulinal toxin. They concluded, “Perhaps lower concentra-
tions of toxin can be detected by the gel-diffusion techniques, if
antitoxin with higher biological activity is used.”

Improved production methods yielded antiserums with
higher speci� city. That, together with the development of the
ELISA method, led to Notermans et al. publishing their assay
for botulinal toxin A in 1978. That was soon followed by assays
for botulinal toxins E and G. Two excellent reviews on botu-
linal toxin assays are�Capek and Dickerson (2010) and Sharma
and Whiting (2005).
r-
Microbiological Control

In two papers written in 1989 and 1993, David Mossel
described ‘Wilson’s Triad’ as an early system for controlling
food safety. As described by both Mossel and Wilson, there
were � ve components to the triad: (1) heat treatment or
pasteurization to kill pathogens, (2) posttreatment sanitary
handling to prevent contamination, (3) cooling to stabilize
the treated product and prevent outgrowth of heat-resistant
microbes, (4) employing testing to select sound ingredients, and
(5) controls (e.g., temperature) for the � rst four components.
r,
.
d
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Treatments

Heat

The most famous early application of heat is Pasteur’s heating
wine to prevent souring. Although a century earlier scalding of
cream had been advocated to increase the shelf life of butte
the mechanism of destroying bacteria was not understood
Louis Pasteur and his colleague Claude Bernard complete
their � rst test of heating liquids to kill bacteria and molds on 20
April 1862.
- e,

d

Milk

On the heels of (1882) Koch’s germ theory came the connec
tion of tuberculosis with tubercular cows. According to Wiki-
pedia, “Pasteurization of milk was suggested by Franz von
Soxhlet in 1886.” In the United States, pasteurization was� rst
used in the 1890s. The New York City Board of Health issued
an order requiring the pasteurization of milk in 1910. In 1924,
the US Public Health Service developed the Standard Milk
Ordinance, today known as the Pasteurized Milk Ordinance.
n
In

y

Canning

Nicolas Appert had established a food preservation plant in
1804, decades before Pasteur. In January 1810, Appert wo
a 12 000 Franc prize for his technique of preserving food in
sealed bottles and boiling them for hours. Appert’s nephew,
Raymond Chevalier-Appert, adapted Denis Papin’s 1679
‘steam digester,’a pressure cooker, to his uncle’s process and
patented it in 1851. In 1860, Isaac Solomon a Baltimore
tomato canner, added calcium chloride to the water, thus
raising the boiling point and reducing the process time from
between 5 and 6 h to less than 1 h.

But there were still swollen cans. Wanucha (2009) reported
that in 1897 William Underwood sought help from MIT. He
was passed to Samuel Cate Prescott, a chemist. Prescott fou
that the swollen cans of Underwood Potted Meat were full of
bacteria; bacteria that could survive hours of boiling. Addi-
tional experiments showed that 10 min at 120� F would
destroy the bacteria.

That heat treatment was� ne for those small cans but not for
larger containers. Later, C.O. Ball’s 1923 and 1927 papers,
pioneering thermal death time research forClostridium botu-
linum and establishing Fo and Z values, was improved on by
others in ensuing decades– e.g., Stumbo and Longley in 1966
and Stoforos in 2010. Additional work over the following
decades improved the required treatments and also characte
ized the conditions that affected heat resistance. In a 1936
paper, Williams wrote,
A great deal of work on heat resistance has therefore been done, and
it has been found that the resistance of any particular species is not
� xed but varies with several factors. The conditions under which
the spores are produced as well as their age and previous treatment
apparently are important. The concentration of spores, pH of the
substrate in which they are heated, and the presence or absence of
protective colloids or salts are also factors.

Clostridium botulinumwas not the most heat-resistant bacte
rium. Fortunately, the more heat-resistant bacteria, such a
Clostridium thermosaccharolyticum(now Thermoanaerobacteriu
thermosaccharolyticum), are not toxigenic or pathogenic and do
not ordinarily multiply at room temperature. McClung charac-
terized and named this bacterium from cultures isolated from
swollen cans and soils. As a colleague once quipped, the soun
of cans of chili exploding in the warehouse during the Texas
summer underlined that C. thermosaccharolyticumwas not a rare
bug. Thus, canned foods destined for‘tropical service’ require
much higher heat processes than needed to destroyC. botulinum.
Surrogates

Because noninfective or nontoxigenic strains are safer to us
especially in food plants, food microbiologists found surro-
gates to substitute for the pathogen in validating interventions.
For instance, the target organism for canning wasC. botulinum;
however, a nontoxigenic surrogate soon became the preferre
organism to use. According to Bradbury et al., the surrogate–
a strain of Clostridium sporogenesdesignated Putrefactive
Anaerobe (PA) 3679 (ATCC 7955, NCTC 8594)– originally
was isolated from spoiled canned corn in 1927.

With the advent of hazard analysis and critical control
points (HACCP) and the importance of validating and veri-
fying processes, the importance of surrogates has increased.
2010 the National Advisory Committee on Microbiological
Criteria For Foods (NACMCF) published a paper on protocols
for validating processes including using surrogates. A cop
is available at http://www.fsis.usda.gov/ophs/nacmcf/2004/
nacmcf_pasteurization_082704.pdf.
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Subsequently, Marshall et al. (2005), Liu and Schaffne
(2007), Niebuhr et al. (2008), and Sinclair et al. (2012) pub-
lished papers on the use of and criteria for surrogates.
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Meat

Except for milk and canning, little research appeared to have
been done on inactivating infective bacteria in meats. Trichinae
in pork, however, were a major concern. Control of the
nematode was achieved primarily by microscopic examination
of diaphragm tissue to certify that the carcass was trichinae fre
In the early part of the twentieth century, USDA scientist
Brayton Ransom published a series of papers on destroying th
nematode by heat, freezing, or curing. His research had effec
on later developments in bacterial meat safety.

In Ransom and Schwartz’s (1919) paper on heat, the
authors wrote, “The vitality of the larvae ofTrichinella spiralisis
quickly destroyed by exposure of the parasites to a temperatur
of 55 � C (130 � F), gradually attained.” The key phrase was
‘gradually attained.’ In the body of the paper, the authors rec-
ommended 137 � F/58.3 � C as the endpoint temperature, add-
ing that only large pieces of pork are cooked. That temperatur
remained the standard until the mid-1980s when Food Safety
and Inspection Service (FSIS) amended the regulation, 9Code
of Federal Regulations(CFR) 318.10(c), based on research by
Agricultural Research Service (ARS) scientist Tony Kotula. T
amendment replaced the single 137� F/58.3 � C with a time
temperature table ending at 144� F/62.2 � C, which was close to
the prescribed 7DSalmonellakill.
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Poultry

In the early 1960s the USDA ARS research group recom
mended cooking poultry to 160 � F/17.1 � C based on research
in poultry rolls. That temperature was promulgated into
the 9 CFR 381.160 and remained the standard until FSIS
replaced it with a SalmonellaPerformance Standard a half
century later.

Thus, milk, pork, and poultry – but not beef – had prescribed
minimum heat treatments. Following a series of New Jerse
salmonellosis outbreaks in beef in 1977, USDA Food Safet
Quality Service (FSQS now FSIS) published an emergency ru
prescribing a minimum temperature of 145 � F/62.8 � C based
on previous work by Angelotti who had just become the FSQS
administrator. The beef industry complained that the 145� F/
62.8 � C requirement would prohibit rare roast beef. They also
responded with Goodfellow and Brown’s research validating
a series of times and temperatures ranging from 120 to 145� F
that would yield a 7D Salmonellakill.

The new times and temperatures ranged from 130� F
(121 min) to 145 � F (instant) and were promulgated as 9CFR
318.17. Goodfellow and Brown’s validation also showed that
the salmonellae on the surface of dry-roasted beef rounds wer
more heat resistant than those in the interior. That surface hea
resistance was substantiated by USDA ARS Roy Blankenship
two additional papers.

Those times, temperatures, and conditions were published
in 9 CFR318.17 until replaced by Performance Standards in
1999. The times, temperatures, and conditions as‘safe harbors’
were copied into FSIS’ Appendix A: Compliance Guidelines for
Meeting Lethality Performance Standards for Certain Meat and
Poultry Products, which are available athttp://www.fsis.usda.
gov/oa/fr/95033f-a.htm .

In the antiregulation period of the 1980s, only products that
had been linked to an outbreak were covered by the rule. Thus
while corned beef was regulated, pastrami was not. Similarly
ground beef was not covered until 1993 after three outbreaks
culminating in the 1993 Jack-in-the-Box outbreak. Using data
from Line et al., FSIS promulgated times and temperatures fo
hamburgers into 9 CFR318.23.
Heat Resistance and Solute Concentration

That the salmonellae on the surface of dry-roasted beef round
were more heat-resistant than those in the interior was
surprising to a few but not to most food microbiologists.
Decades earlier, it was known that dry heat was less lethal tha
wet heat. Thus, while dry glassware required 250� F for 2 h to
sterilize it, wet heat required only 121� C for 15 min. Blan-
kenship (1978) wrote, “The enhancement of heat resistance b
reduced water activity among microorganisms is well docu-
mented.” And Goodfellow and Brown postulated, “ that the
unexpected survival ofSalmonellainoculated onto the surface
of beef rounds was due to rapid dehydration of the inoculated
organism which in turn resulted in increased heat resistance.”

Williams (1936) noted that factors affecting the heat resis-
tance of spore-forming bacteria included‘pH of the substrate in
which they are heated, and the presence or absence of prote
tive colloids or salts are also factors.’ Others began doc-
umenting the effects on non-spore-forming bacteria. In 1966,
Calhoun et al. published the effects of salt or glucose on the
heat resistance ofSalmonella, Pseudomonas� uorescens, and S.
aureus. That paper was followed in 1970 by Baird-Parker et al
and Goepfert et al. publishing separate papers on the effect o
water activity (aw) on heat resistance of salmonellae and other
Gram-negative bacteria. Goepfert et al.'s paper showed sug
was particularly protective. In sucrose, ataw 0.96 other Salmo-
nella serotypes approached the heat resistance ofSalmonella
senftenberg775W, and at aw 0.93, some exceeded its hea
resistance. These results were similar to Goepfert and Biggie
(1968) paper in which Salmonella typhimuriumwas more heat
resistant in chocolate than S. senftenberg775W. For a more
recent review, see Doyle and Mazzotta (2000).

The strain,S. senftenberg775W, would become included in
inoculated cocktails for heat-resistance studies, including
Goodfellow and Brown. Winter et al. � rst reported the
extraordinary heat resistance of a strain ofS. senftenbergin
1946. It survived almost 5 min of heating at 60 � C in liquid
egg. Solowey et al., in 1948, designated the strain as 775W. I
1969, USDA ARS scientist, Henry Ng characterized the he
resistance of 296 strains representing 75Salmonellaserotypes,
including S. senftenberg775W. He noted, “ . S. blockley2004
was 5 times more heat-resistant andS. senftenberg775W was
30 times more heat-resistant thanS. typhimuriumTm-1, the
reference strain in this study.” Ng also characterized the effec
of growth temperature, growth phase, and substrate on the
heat resistance of those salmonellae. The next year, Bair
Parker et al. reported� nding two isolates, anS. senftenbergand
a strain of S. Bedford, in the United Kingdom with similar heat
resistance to 775W.
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Fermented Sausage

The treatment prescribed for inactivating trichina in pork led to
procedures for inactivating E. coli O157:H7 in fermented
sausages. In the early 1980s, FSIS questioned the adequacy
validation used for proprietary trichina treatments by Swift &
Co. Earlier, ARS scientists had shown that salmonellae coul
survive some fermented sausages processes. Swift scient
responded positively and validated a new procedure. Tha
procedure was later promulgated as 9CFR 318.10(c)(3)
Method No. 7. The new Method No. 7 added a low temperature
(125 � F/51.7 � C) heat treatment that was claimed also to
inactivate any salmonellae in the raw pork.

When the November 1994E. coliO157:H7 outbreak from
fermented dry salami occurred, industry associations looked
for remedies. The Blue Ribbon Task Force of the Nationa
Cattlemen’s Beef Association funded the Food Research Inst
tute to conduct validations for safe processes. John Luchansk
at the Food Research Institute chose 9CFR 318.10(c)(3)
Method No. 7 as a starting point. The result was a 1996
booklet, by Nickelson et al., listing time, fermentation
temperature, and pH that would result in a 5 log kill for E. coli
O157:H7 using the low-heat Method No. 7. Those results were
later published in peer-reviewed journals by Calicioglu et al. as
well as Kasper and Luchansky.
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7D vs 6.5D

In 1977, when FSQS (now FSIS) amended the roast beef rul
(9 CFR318.17) to include the time and temperatures validated
by Goodfellow and Brown, they prescribed the 7D kill suggested
by Angelotti in 1961. The basis of that standard was reputedly
the highest level of salmonellae encountered in a ground bee
product plus a 2D safety margin. Similarly, the 5D standard
for E. coliO157:H7 in beef was based on the highest level found
in beef during an outbreak in New Jersey plus 2D. FSIS revisite
the 7D Standard with the proposal of SalmonellaPerformance
Standards for the HACCP rule. FSIS used the levels of salm
nellae in beef or poultry from FSIS’ baseline program and
nationwide surveys. FSIS concluded,“Once the number of
organisms in raw product is determined, it is possible to esti-
mate the probabilities of the number of surviving organisms
for a given x-log10 lethality reduction process.” Those data
resulted in a prescribed 7D kill for poultry products and a 6.5D
kill for beef products. The report, “Lethality and Stabilization
Performance Standards for Certain Meat and Poultry Products
Technical Paper,” FSIS 1998, is available athttp://www.fsis.usda.
gov/OPPDE/rdad/FRPubs/95-033F/95-033F_tech_paper.pdf.
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Alternate Methods to Inactivate Microbes

In addition to heat, other means to inactivate bacteria in foods
have been researched over the past century, including irradia
tion (gamma, X-ray, electron), high pressure, pulsed electri
� elds, pulsed light, ohmic and inductive heating, microwave,
oscillating magnetic � elds, and ultraviolet light. Currently,
the two most successful alternate methods are irradiation and
high pressure.

According to Jay et al., B.E. Proctor in the United States wa
the � rst to employ the use of ionizing radiation to preserve
hamburger meat in 1943. The history of using irradiation for
inactivating bacteria goes back another 39 years, however. I
1904, Samuel C. Prescott (the same who aided Underwood
with canning), described the bactericide effects of irradiation
from radium on yeast and what are now known asE. coliand
Corynebacterium diphtheriae. There were additional papers on
the destruction of pathogens by irradiation, including
Schwartz’s (1921) paper on destroying T. spiralis. Sixty-four
years later, in 1985, the FDA approved irradiation for the
control of T. spiralis.
Summary

This history of food microbiology is incomplete because food
microbiology is evolving rapidly with new tools and tech-
niques for discovering, inactivating, and preventing foodborne
diseases. Space restricted the inclusion of the history of indi
vidual pathogens, control programs, stabilizing foods, and
controversies over issues, such as irradiation and nitrite.

A half century ago Salmonella, S. aureus, and C. botulinum
were the foodborne pathogens. Prions,Campylobacterspp., and
Shiga toxin-producing Escherichia coli(STECs) were not on the
list. Since that time, we have learned that benign organisms
such asE. coliand Citrobactercan acquire virulence factors and
become pathogenic. Perhaps, in the future, microbiologists will
assay for virulence factors, not genera and species. A centu
from now, microbiologists will smile on our ignorance. Let us
be envious of their knowledge and continue to build on the
foundations of their discoveries.
See also:Clostridium: Clostridium botulinum; Clostridium:
Detection of Neurotoxins ofClostridium botulinum; Escherichia
coli:Escherichia coli; Fermented Meat Products and the Role
Starter Cultures;Heat Treatment of Foods:Principles of
Canning; Heat Treatment of Foods– Principles of
Pasteurization;Staphylococcus: Detection of Staphylococcal
Enterotoxins;Trichinella; Virology:Detection; Indicator
Organisms;Nonthermal Processing:Irradiation;Identi�cation
Methods:Introduction; Injured and Stressed Cells.
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Table 1
Introduction

Hurdle technology is an integrated approach of basic food
preservation methods for creating safe, stable, yet nutritious
foods. The concept of hurdle technology is quite old and has
been used successfully in many countries for mild but effective
preservation of foods. The combined use of multiple preserva-
tion methods, including physical, chemical, and biological
factors, has been practiced for centuries around the world
without clear scienti�c understanding. In recent years, however,
the concept has been applied consciously, based on the
improved understanding of the main factors governing food
preservation, such as pH, temperature, water activity, and, in
particular, their in�uence on microorganisms occurring in raw
materials, ingredients, and �nished food products. The concept
of hurdle technology �ts well with the present consumer trend
for minimally processed foods and, as such, has gained much in
popularity regarding practical application and research.
Although a single preservation factor (the ‘hurdle’), for example,
pasteurization, may be used for adequate food safety, the
current trend in the food industry is to preserve maximum
quality of food without compromising food safety. The
successful development of hurdle technology–preserved foods
requires broad knowledge and deep insight into the impact of
both single hurdles and combinations of hurdles at the cellular
level on target microorganisms in food. Hurdle technology
provides a framework for expert integration of individually mild
preservation factors that in combination achieve enhanced
product quality while maintaining food safety and stability.
Homeostatic responses by microorganisms to various stress factors

Reduced nutrients Nutrient scavenging; oligotrophy; ‘stationary-
phase response’; generation of ‘viable
nonculturable’ forms

Low-pH level Extrusion of protons across the cell membrane;
maintenance of cytoplasmic pH; maintenance
of transmembrane pH gradient

Low temperature for
growth

‘Cold shock’ response; changes in membrane
lipids to maintain satisfactory �uidity

High temperature for
growth

‘Heat shock’ response; membrane lipid changes

High levels of oxygen Enzymic protection (catalase, peroxidase,
superoxide dismutase) from H2O2 and
oxygen-derived free radicals

Presence of biocides Phenotypic adaptation; reduction in cell wall–
membrane permeability

Ionizing radiation Repair of single-strand breaks in DNA
High voltage electric

discharge
Lower electrical conductivity of the spore

protoplast
Competition from other Formation of interacting communities;
The Principles of Hurdle Technology

Stress factors – physical, chemical, or environmental – create
homeostatic response in living cells. Microorganisms often
respond to an imposed adverse stress condition by regulating
the important key element of cell physiology. Hence, food
preservation usually is accomplished by disrupting the
homeostasis of microorganisms. Hurdles or preservative factors
disrupt one or more of the homeostasis mechanisms in
microorganism at the cellular level and thus limit or prevent
microorganisms from multiplying, resulting in prolonged
inactivity or death. Different types of homeostatic responses of
microorganisms to various stress factors are given in Table 1.

The stability and safety of a food depend on a range of
physical, chemical, and microbiological reactions taking place
within it either individually or in combination. Spoilage or
health risks due to microorganisms are a problem mainly when
*Mention of trade names or commercial products in this publication is
solely for the purpose of providing speci�c information and does not imply
recommendation or endorsement by the US Department of Agriculture.
USDA is an equal opportunity provider and employer.

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
the food matrix and the environmental conditions support
growth and proliferation of these microorganisms. Notably,
events in which signi�cant numbers of hazardous microor-
ganisms or preformed toxins contaminate a product are rare. In
cases in which, for instance, either the water activity (aw) or the
pH as individual factors in the food matrix is below a critical
limit, microorganisms will be unable to grow and cause
problems. When they are present in combination, inhibition of
growth may occur at levels above the individual critical limits
for microorganisms. In smoked products, for example,
a combination of factors in�uence microorganisms in the food
matrix; these factors include heat, reduced moisture content,
and antimicrobial chemicals deposited from the smoke onto
the surface of the food. In jam and other fruit preserves, other
combined factors apply, such as heat, reduced water activity,
and high acidity. When high-temperature treatments are
applied, microorganisms in the food undergoing processing
may be killed or suf�ciently inactivated not to compromise
food stability and safety. Excluding oxygen from the atmo-
sphere in which the food is stored will inhibit the growth of
those spoilage and safety-related microorganisms that rely on
oxygen for energy production. Thus, by manipulating the food
matrix or its surroundings to conditions that are not supportive
of microbial growth, foods can be preserved ef�ciently and
made safe. These basic rules of food preservation have been
known for centuries, as is apparent from the widespread use of
elementary preservation technologies, such as drying or salting
microorganisms aggregates of cells showing some degree of
symbiosis; bio�lms

Alakomi, H., Skytta, E., Helander, I., Ahvenainen, R., 2002. The hurdle concept.
Chapter 7. In: Ohlsson, T., Bengtsson, N. (Eds.), Minimal Processing Technologies
in the Food Industry. CRC Press LLC, New York, pp. 175–195.
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Table 2
Examples of hurdles used to preserve foods

Physical hurdles
Aseptic packaging, electromagnetic energy (microwave, radio frequency,

pulsed magnetic� elds, high electric� elds), high temperatures
(blanching, pasteurization, sterilization, evaporation, extrusion, baking,
frying), ionic radiation, low temperature (chilling freezing), modi� ed
atmospheres, packaging� lms (including active packaging, edible
coatings), photodynamic inactivation, ultrahigh pressures,
ultrasonication, ultraviolet radiation

Physicochemical hurdles
Carbon dioxide, ethanol, lactic acid, lactoperoxidase, low pH, low redox

potential, low water activity, Maillard reaction products, organic acids,
oxygen, ozone, phenols, phosphates, salt, smoking, sodium nitrite/
nitrate, sodium or potassium sul� te, spices and herbs, surface
treatment agents

Microbially derived hurdles
Antibiotics, bacteriocins, competitive� ora, protective cultures

Alakomi, H., Skytta, E., Helander, I., Ahvenainen, R., 2002. The hurdle concept.
Chapter 7. In: Ohlsson, T., Bengtsson, N. (Eds.), Minimal Processing Technologies
in the Food Industry. CRC Press LLC, New York, pp. 175–195.
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(to reduce aw), fermenting (to reduce pH), cooking (for heat
treatment), and storing food in containers covered with grass
(to reduce O2 in the head-space).

The modern food industry has many different types of
processes and preservative techniques in its toolbox that help t
produce stable, safe foods. Many of these act by preventing o
inhibiting microbial growth (e.g., chilling, freezing, drying,
curing, vacuum packing, modi� ed-atmosphere packing, acidi-
fying, fermenting, and adding preservatives, bacteriophages, o
lytic enzymes). Other methods inactivate microorganisms (e.g.
pasteurization, sterilization, ultrahigh pressure, and irradiation)
or restrict the access of microorganisms to products (e.g., asept
processing and packaging). Several preservation techniques th
act by inactivation (e.g., electroporation, tyndallization, or
manothermosonication) are under development. The food
industry has long been engaged in a quest to� nd the ‘golden
bullet ’ of preservative technology. None of these techniques ha
yet proved to be that technology. Sterilization, for example, is
perfect for ensuring food stability and safety, but in cases in
which food is available in relative abundance, consumers want
foods of better quality and nutritional value than sterilization
can provide. Consumers prefer a processed food to be very muc
like the raw product because they associate this with naturalnes
and healthiness. Irradiation is a long-standing and proven
preservation technology, but consumers as well as regulators a
not necessarily convinced of its safe application. Classica
combinations of curing and the use of chemical preservatives
also generally provide safe food, but again they are less appre
ciated by consumers who dislike the altered taste and, in
general, are suspicious about the use of preservatives.

Indeed, consumers seem to be dictating food preservativ
practice in the twenty-� rst-century food industry. To a large
extent, this trend has been initiated by major retailers and
supermarket chains, but it is strongly supported by consumer
organizations. Their opinion is that food production should
use preservation techniques that deliver products that are les
heavily preserved, have a higher quality, are more natural, ar
essentially free of additives, and are nutritionally healthier or
functional compared with the current standards. In many cases
optimization of the use of a preservative technique in practice
can help to avoid loss of food quality to a certain extent.
Convection heating of a food product in practice often results
in inhomogeneous heating throughout the product, resulting
in too cold or too hot (burned) spots. The heating process can
be improved by using microwave-assisted convection heating
which enables the food to be heated from the inside and the
outside simultaneously.

The problem of achieving preservation procedures that have
less of an impact on product quality while ensuring food safety
has led to the rediscovery of an old concept: hurdle technology
Hurdle technology (also called integrated or combined
processes, combination processing, combination preservation
combination techniques, or barrier technology) advocates for
the deliberate use of different preservation techniques in
combination. Although the strength or intensity of the indi-
vidual hurdles would not be suf� cient to preserve the food,
when applied in concert, they may have the desired level o
effect. Individual hurdles used are, for instance, temperature
water activity (aw), pH, redox potential ( Eh), and preservatives
(seeTable 2 for a fuller list of possible hurdles).
Hurdle technology is based on the simple fact that it
requires a certain amount of effort from a microorganism to
overcome a hurdle. The higher a hurdle, the greater this effor
is. Some hurdles, such as pasteurization, can be high for a larg
number of different types of microorganisms, whereas others
such as salt content, have a less strong effect or the effect
limited in the range of types of microorganisms it affects. When
applying a set of hurdles in combination, however, the amount
of effort required from a microorganism to overcome the
impact of the hurdles may be equal to one hurdle at a high
intensity. By combining hurdles, the impact on the microor-
ganisms can be targeted for the desired effect but by usin
hurdles of lower intensity. This possibly reduces undesired
impacts on product quality, while maintaining product
stability and safety. In employing this technology, food
manufacturers choose a set of hurdles speci� c to a particular
food and the processing applied to produce it in terms of the
nature and strength of its effect. Manufacturers should bas
their choice on knowledge of the impact of the various indi-
vidual hurdles available to them on different types of micro-
organisms, as it has become clear that using hurdles at mild
impact levels (hurdles at low strength or intensity) may narrow
their antimicrobial spectrum considerably. Validation of the
desired impact of a chosen combination of hurdles therefore is
key, although the same would go for hurdles that are applied
individually. In any case, individual or combined hurdles
stabilize the food and ensure its safety by keeping the growth o
spoilage or pathogenic microorganisms under control, as these
are not able to ‘jump over’ the individual or the set of hurdles
used. Figure 1 illustrates a set of food-processing hurdles
consisting of chilling during storage (t), low water activity (aw),
acidity (pH), low redox potential ( Eh), and preservatives (pres).
Some of the target microorganisms present can overcom
a number of hurdles, but none can jump over all the hurdles,
rendering the food suf� ciently stable and safe. The selection o
the individual hurdles included in a particular set, however,
and the strength or intensity at which they are used is very
much dependent on the composition of the raw materials and
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Figure 1 Examples of the hurdle effect used in food preservation.
t, chilling during storage;aw, low water activity; pH, acidity;Eh, low redox
potential; pres., preservatives. Source: Leistner, L., 1992. Food prese
vation by combined methods. Food Research International 25, 151–158.
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the expected variation in the level and types of microbial
contamination. When food ingredients are generally low in
contamination, but when high levels occasionally do occur, the
set of hurdles used should be able to control the high
contamination levels. Often, this would require some level of
overprocessing and unnecessary loss of food quality. Optimi
zation of the selection of individual hurdles may be a solution,
but knowledge of the food product composition is as vital to
the successful use of the hurdle technology concept as
knowledge of the impact of individual hurdles on different
types of microorganisms. Variation in the composition of
a food product needs to be considered. The availability of
carbon and energy sources may differ between apparent
similar batches or types of products, and there may also be trac
amounts of certain compounds (e.g., osmoprotectants, essen
tial amino acids, vitamins) present in certain food ingredients
that enable or strongly stimulate growth of speci� c microor-
ganisms. Nevertheless, when used with the appropriate car
and knowledge base, the hurdle technology concept is an
adequate working hypothesis for optimization of mild food
preservation systems.
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Multitarget Preservation Using Hurdle Technology

Many of the existing and emerging preservation techniques
act by interfering with the homeostasis mechanisms that
microorganisms have evolved to survive environmenta
stresses. Homeostasis is the constant tendency of microo
ganisms to keep their internal environment stable and
balanced (Table 1). As noted, this balancing requires a certain
amount of effort on the part of the microorganisms. For
instance, although the pH values in different foods may be
variable, the microorganisms living in them spend consider-
able effort keeping their internal pH values within very narrow
limits. In an acid food, they will actively expel protons against
the pressure of a passive proton in� ux. Another important
homeostasis mechanism regulates the internal osmotic pres
sure (osmohomeostasis). The osmotic strength (which is
related inversely to the aw) of a food is a crucial physical
parameter, greatly determining the ability of microorganisms
to proliferate. Cells have to maintain a positive turgor by
keeping the osmolarity of the cytoplasm higher than that of
the environment, and they often achieve this using osmopro-
tective compounds, such as proline and betaine.

When the homeostasis or internal equilibrium of a micro-
organism is disturbed by a preservative factor, the microorgan
isms may not be able to grow or multiply but rather will remain
in the lag phase or even die before homeostasis is reestablishe
The most effective procedures in food preservation, such a
sterilization, freezing, and irradiation, will disturb several of the
homeostasis mechanisms available to undesired microorgan
isms simultaneously. In principle, hurdle technology preserva-
tion should be most ef� cient when the various hurdles
individually have an impact on different mechanisms, such as
targeting mechanisms associated to the cell wall, ce
membrane, genetic material, or enzyme systems. This multi
targeted approach is fundamental to hurdle technology: It even
may make it more effective than a single-hurdle approach tar
geting only one homeostasis mechanism (to which microor-
ganisms also could develop tolerance or resistance) and enable
the use of hurdles of lower intensity, thereby minimizing the
reduction in product quality. Also, the possibility exists that by
a multitargeted approach, the different hurdles in a food will
not just have an additive effect on stability but will act syner-
gistically. By employing different hurdles in the preservation of
a particular food, microbial stability and safety can be achieved
with a combination of less severe treatments. In practical terms
this means that it may be more effective to use a combination of
different preservative factors with low intensities, when these
hit different targets or act synergistically, rather than use a singl
preservative factor with a high intensity. One example of
synergism is the combined use of low water activity or low pH
with modi � ed atmosphere or vacuum packaging. The latte
conditions restrict the oxygen available to the stressed micro
organisms for energy production and thus for operating the
osmotic or pH homeostasis reaction. Furthermore, using mul-
titargeted hurdle technology may reduce the chances of th
microorganism developing tolerance or resistance to the
preservative treatment.

r-
Applications of Hurdle Technology

By de� nition, hurdle technology –preserved foods are products
whose shelf life and microbiological quality and safety result
from the use of several preservative factors in concert. Hurdl
techniques of food preservation were developed empirically
many centuries ago, as noted, and consequently many differen
types of food preserved in this way are produced and marketed
For instance, fermented food products (sausages, chees
vegetables) are actually made safe and shelf stable for lon
periods through a sequence of hurdles that arise at differen
stages of the ripening–fermentation process. With salami-type
fermented sausages, salt and nitrite inhibit many microorgan-
isms in the batter and thus are important hurdles in the early
stage of the ripening process. Other bacteria multiply and use
up oxygen. This reduces the redox potential of the product and
enhances the Eh hurdle. This reduces growth of aerobic
microorganisms and favors the selection of lactic acid bacteria
They are a competitive� ora and cause acidi�cation of the
product, thus increasing the pH hurdle.

Also with nonfermented foods, such as ready-to-eat prod-
ucts that are composed of different types of raw or minimally
processed (washed, trimmed, sliced) vegetables, hurdle tech
nology has been used to ensure quality and safety. Refriger
tion and modi � ed-atmosphere packaging are the main
hurdles used to stabilize these perishable foods. In cases i
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which it is dif � cult to maintain suf � ciently low temperatures
throughout the chain of production and processing to
consumption in practice, and also because a number of cold-
tolerant pathogens (e.g., Listeria monocytogenes, Aeromonas
hydrophila) occurring on produce can proliferate under modi-
� ed atmospheres, additional hurdles are required for optimal
safety. One such hurdle can be biopreservation, using speci� c
lactic acid bacteria that produce low amounts of acids (to
minimize the in � uence of the hurdle on the food quality)
but suf� cient quantities of antilisterial bacteriocins. Bacterio-
cins are small proteinaceous compounds that generally
have an antimicrobial activity spectrum restricted to Gram-
positive microorganisms such as– fortunately – L. monocy-
togenes. When a broader or a complementary spectrum of
activity is desirable, natural antimicrobial compounds present
in aromatic plants, herbs, and spices can be used; a number o
them have been found to be successful in controlling different
pathogenic bacteria (e.g.,L. monocytogenes, Salmonella enter
itidis, A. hydrophila, Clostridium botulinum, Staphylococcus aureu)
and spoilage bacteria, yeasts, or fungi. A preservative treatme
that would be compatible with the use of natural antimicro-
bial compounds such as bacteriocins in certain food products
would be the use of edible coatings. Edible coatings are
prepared from natural biopolymers (carbohydrates, proteins,
fats) and are applied directly to the surface of a food product.
They act as a physical protection against food contamination
When antimicrobial compounds are added to the coating,
these are immobilized at the product surface from which they
slowly migrate to have effect. In cases in which food
contamination at the product surface is of concern, edible
coatings may allow for the delivery of antimicrobials to the
speci�c site where their presence and activity are required
Sometimes, less of the antimicrobial compound needs to be
used in a coating system compared with dipping or spraying
the food, which could further minimize the impact of this
antimicrobial hurdle on food quality.

An overview of the combinations of hurdles studied or
already employed for speci� c food applications is given in
Table 3. In a number of recently developed food products, an
almost in� nite shelf life can be obtained. An example of this is
the use of the heat-stable bacteriocin nisin used as an extr
hurdle in the canning of peas. Normally, heating and reduction
of pH are the only two hurdles employed, but when acid-
tolerant, spore-forming clostridia survive these, nisin can
completely inhibit them.

As per the US Department of Agriculture lethality perfor-
mance standard, contaminated ground chicken should be
heated to an internal temperature of 60� C for at least 44.10 min
to achieve a 7-log reduction ofSalmonella. The prescribed time
requirement in this standard for achieving the desired inactiva-
tion of foodborne pathogens such asSalmonellawas shortened
in ground chicken supplemented with preservatives (0.1–1.0%,
carvacrol or transcinnamaldehyde) showing the usefulness o
a combined approach: It reduced the need of heat treatment
thereby not only saving energy but also retaining the organo-
leptic attributes of poultry products. An integrated approach
using refrigeration and ozone has been found to be better than
refrigeration alone. Ozone contained in dry ice pellets
(ALIGAL� Blue Ice) offers ease of use as well as microbial safe
bene� ts during processing, transport, and storage of food.
Limitations to Hurdle Technology

Generally, it is accepted that the combination of hurdles may
have an additive or even more synergistic effect than a singl
hurdle. Recently, however, some studies showed that antago
nistic effects of combination treatments are possible as well and
consequently combined hurdles were less effective at reducin
levels of microorganisms as compared with single treatments
Another type of effect to be aware of in designing a hurdle
technology–preserved food is that, in some cases, the application
of the hurdle concept for food preservation may inhibit
outgrowth but induce prolonged survival of microorganisms in
foods. Because most hurdle technology approaches designed ca
be regarded as‘mild preservation’ technologies, they– unlike
sterilization – most often do not kill or inactivate all the
microorganisms present in food, but rather they only inhibit
their growth or (temporarily) inactivate them, which may
introduce a level of uncertainty with respect to safety. This, again
should be considered when designing a hurdle technology
approach and underscores the validation that needs to be done
to ensure that the desired effect is achieved con� dently.

Obviously, it is of the utmost importance for food manu-
facturers applying hurdle technology to be able to assess o
estimate this uncertainty and to be aware of the possible limits
to the use of combinations of hurdles as a preservation system
Microorganisms have developed many different mechanisms
to overcome unfavorable conditions, such as the homeostasi
systems and stress reactions discussed earlier. One promine
limit to mild preservation systems and a very good example of
microbial adaptation is the formation of spores by certain
microorganisms. Spore formation limits the impact of heating
and also blocks the access of acids or preservatives to th
vegetative cell structure. More transient types of adaptations ar
triggered once a stress has been detected by a cell and invol
structural or biochemical changes on different cellular levels:
membrane transport systems, receptor functioning, signa
transduction, control of gene expression, bioenergetics, and
reserve material status. Detailed knowledge on the physiolog
ical level of how stress adaptation processes are triggered an
proceed may give new leads that are essential for improving
mild preservation technology.

An elementary homeostasis mechanism is related to the
intracellular pH of microorganisms. A tightly regulated pH is
essential for continued growth and viability by maintaining
the functionality of key cell components. Food preservatives–
such as acetic, lactic, propionic, and benzoic acids– all affect
the pH homeostasis mechanism. Membrane-associated trans
port systems for hydrogen ions are continuously operational
to balance the internal pH with that of the environment. As
the external pH is reduced, hydrogen ions are imported actively
into the cytoplasm; the reverse occurs as the external pH rise
Adaptation to low-pH stress is a phenomenon that frequently
has been observed in foodborne pathogens. For instance, cells o
Salmonella typhimuriumexposed to hydrochloric acid at pH 5.8
for one or two doublings were more resistant than nonexposed
cells to inactivation by lactic, propionic, and acetic acids. With
Escherichia coliO157:H7, cells exposed to lactic acid (pH 5.0)
survived better than nonadapted cells in shredded dry salam
(pH 5.0) and apple cider (pH 3.4). With L. monocytogenes, cells
adapted to sublethal levels of lactic acid showed increase



Table 3 An overview of different types of hurdle technology–preserved food products

Cottage
cheese

Potato
crisps Ham

Meida-
Ya jam

ModiÞed atmosphereÐ
packaged salad

Peas, canned
using nisin

Cake, packaged
using ethanol
vapor

Bread, packaged
using a ßush
of CO2 gas

Cold-
smoked
salmon

Pasta
sauce

ModiÞed
atmosphereÐ
packaged
fresh pasta

AcidiÞed,
pasteurized
vegetable

Main cause of spoilage
Microbiological X X X X
Biochemical X X X X X X X X X X
Physical X X

Type of hurdle
High temperature X X X X X X
Low temperature X X X X X X
Increased acidity

(low pH)
X X X X X

Reduced water
activity (aw)

X X X X

Reduced redox
potential (Eh)

X X X

Preservative(s) X X X X X
Competitive� ora X X
Modi� ed-gas

atmosphere
X X X X

Packaging� lm X
Ultrahigh pressure X

Product origin
Traditional X X X X
Recently developed X X X X X X X X
Country in which

developed or
marketed

United Kingdom,
United States

United
States

Japan France,
United Kingdom,
United States

United
Kingdom

Japan United
Kingdom,
United States

United
Kingdom

United
Kingdom,
United States

Europe

Shelf life(weeks) 2 > 25 > 2 12 1 N 12 12 8 4 > 4

Reproduced from Leistner, L., Gorris, L.G.M., 1995. Food preservation by hurdle technology. Trends in Food Science and Technology 6 (2), 41–46. With kind permission from Elsevier Ltd, the Boulevard, Langford Lane, Kidlington OX5 1 GB, UK.

H
urdle

T
echnology

225



t

n

s

s

of

n

)
f

s.
)

he

e

-
d

,
-

e
.

n

r
er

le

n

urdle concept
ng Technologies

ation by Moisture

G., 1998. Hurdle

iocidal effect of
robiology

Braithwaite, D.,
ing

biology,

erations when
nded durability.

Food Industry.

226 Hurdle Technology
survival in milk products acidi� ed with lactic acid, including
cottage cheese (pH 4.71), natural yogurt (pH 3.9), and full-fat
Cheddar cheese (pH 5.16). Additionally, these cells survived
better in low-pH foods – for example, orange juice (pH 3.76)
and salad dressing (pH 3.0)– containing acids other than lactic
acid. Acid adaptation is an important phenomenon in food
preservation. On the one hand, it is a powerful counteractive
tool helping microorganisms to survive one particular stress. On
the other hand, it may turn out to be the Achilles’ heel of
microorganisms, because a mild preservation factor tha
successfully in� uences pH homeostasis could be extremely
attractive in its own right and even more so in combination
processing. One mechanism by which an effective preservatio
factor could function might be that of an ionophore. The anti-
biotic gramicidin, for instance, makes membranes permeable to
hydrogen ions so that the internal pH cannot be maintained
above the minimum level required. In fact, growth ceases at pH
values well above those that still allow the growth of control
cells when the pH of the environment is decreased gradually in
the presence of gramicidin. Although it is not possible to use
gramicidin for food applications, food-grade alternatives would
be suited ideally for mild preservation use.

Adaptation or stress reactions of target microorganism
should not be studied only in relation to well-known or
obvious facts. Stress reactions may have a nonspeci� c effect,
which means that exposing bacteria to one sublethal stres
signi� cantly may improve their response to other, apparently
different, types of stress at a later stage. One such example
‘cross-tolerance’ occurs in L. monocytogenes, which can over-
come osmotic stress by taking up proline from the food matrix.
When osmotic stress is one of the preservative hurdles chose
to control the pathogen, the presence of proline and other food
ingredients that act as osmoprotectants (carnitine, betaine, etc.
should be evaluated as they may diminish the effectiveness o
this hurdle. It recently was discovered, however, that proline
and other osmoprotectants may help the pathogen to grow
better at low temperature even in the absence of osmotic stres
Conceivably, temperature stress and osmotic stress (partly
share a common stress signaling process that activates t
uptake of the osmoprotectant from the environment to coun-
teract the unfavorable condition. The aspeci� city of this
signaling process and the cellular response it initiates may b
important for the survival of the pathogen. The establishment
of adequate food preservation systems based on hurdle tech
nology requires cross-tolerance reactions to be investigate
much more systematically.

Much to the relief of all involved in food preservation,
however, physiological and genetic changes put a high toll on
the energy and material resources of microorganisms. Thus
successful adaptation of microorganisms is very much depen
dent on optimal growth conditions. In foods, microorganisms
often grow at much less than optimal rates and do not have the
opportunity to accumulate suf� cient amounts of reserves that
will be necessary under (multiple) stress conditions.
rnal of Applied

, London.
ress by
ll envelope
robiology 65,
The Future for Hurdle Technology

With the increasing popularity of minimally processed foods,
which are highly convenient for the consumer but preserved
only by relatively mild techniques, the environmental condi-
tions in foods as a habitat for microorganisms have changed
dramatically, giving many new options for their survival and
growth compared with traditionally preserved foods. To
control food poisoning and spoilage microorganisms in these
new food habitats, while keeping loss of product quality to
a minimum, a hurdle technology approach is advocated that
involves the educated selection and use of a set of preservativ
factors that adequately can ensure product stability and safety
Minimal processing, however, should not lead to minimum
food safety. It is appreciated that combined processes used i
the twenty-� rst century do not eliminate microorganisms but
rather inactivate them. Any process or factor that in� uences the
ef� cacy of inactivation may have an impact on the overall
hurdle technology preservation effect. The proper use of hurdle
technology needs to include sound information on factors
affecting the survival and growth of target microorganisms at
both the macroscopic and the microscopic level. Validation of
the suitability of the chosen hurdle technology approach in real
foods and at operational scale, using challenge tests and othe
ways to scrutinize the design, are as essential as for every oth
food preservation approach. Perfecting hurdle technology will
enable food manufacturers to improve food quality further
without compromising food safety, at some stage achieving
processing and preservation treatments that are undetectab
by the consumer.

See also:Bacteriocins:Nisin; Food Packaging with
Antimicrobial Properties;Ecology of Bacteria and Fungi:
In� uence of Available Water;Ecology of Bacteria and Fungi i
Foods:In� uence of Temperature;Ecology of Bacteria and
Fungi in Foods:In� uence of Redox Potential;Ecology of
Bacteria and Fungi in Foods:Effects of pH;Heat Treatment of
Foods:Synergy Between Treatments;Listeria Monocytogenes;
Packaging of Foods; Ultraviolet Light.
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Introduction

Since its introduction more than 35 years ago, the hydrophobic
grid membrane �lter (HGMF) has found numerous uses both
as an analytical tool in food and water microbiology and as
a research tool in molecular biology laboratories. The proper-
ties of HGMF confer several bene�ts to the user, notably
adaptability to enumerating microorganisms over a wide
counting range; the possibility of inoculating with larger
volumes of sample than agar plates; differential detection of
low numbers of a speci�c target microorganism in the presence
of as much as a 3 log10 excess of competitors; repair of injured
cells before selective enumeration without compromising the
reliability of the resultant counts; sequential determination of
two or more differential biochemical characteristics of all
colonies present on a �lter without disturbing growth; and the
development of enzyme-labeled antibody or DNA colony
hybridization reactions simultaneously on all colonies on the
HGMF. This article explores the principles and selected appli-
cations of HGMF technology.
Principles of HGMF

The HGMF consists of a microporous membrane �lter (most
commonly, 0.45 mm pore size) on which a grid pattern has
been imposed. When a conventional membrane �lter is
placed on the surface of an agar medium, water containing
dissolved nutrients from the medium is carried by capillary
action up through the �lter’s pores to feed the microorgan-
isms, which are retained on the top surface during �ltration.
This produces a microscopic �lm of moisture on the top
surface of the membrane �lter through which motile organ-
isms can travel. The hydrophobic grid pattern of an HGMF
interrupts this �lm of moisture, preventing motile organisms
from traveling beyond the boundaries of the grid squares in
which they have landed. Also, wherever the hydrophobic
material has been deposited on the �lter, the pores are
blocked and water is prevented from bringing nutrients to any
stray microorganisms, which might be pushed onto a grid line
as a colony increases in size and �lls its square. Thus, as
illustrated in Figure 1, colonies tend to remain con�ned to the
squares in which they originated.
Figure 1 Hydrophobic grid membrane �lter containing of yeast and
mold after 48 h incubation on YM-11 Agar at 25 �C.
Counting Colonies on HGMF

Most Probable Number

Although the hydrophobic grid can prevent colonies from
spreading beyond their initial squares and fusing with adjacent
colonies, it cannot prevent more than one viable organism
from landing in any one square. The probability of this
occurrence increases in logarithmic proportion to the total
number of viable microorganisms in the sample being �ltered.
228 Encyclopedia of Food Mic
Because it is often impossible to tell whether an occupied
square (i.e., one containing a colony) originated from just one
or from multiple microorganisms, counting individual colo-
nies tends to produce an underestimate of the true population.
In addition, because multiple individual colonies might be
discernible inside some squares but not inside others, the error
produced by counting individual colonies is neither consistent
nor predictable. Therefore, it is necessary to determine the most
probable number (MPN) of microorganisms present in the
sample by deducing it from the total number of occupied
squares. (This same risk of underestimation also applies to
conventional pour plate or spread plate procedures. In those
cases, the analyst has no choice but to operate on the
assumption that each colony originated from just a single
viable microorganism.)
Ensuring Validity of MPN

Certain conditions regarding distribution of the microorgan-
isms in the sample homogenate, and on the HGMF, must be
met for the MPN determination to be applied with con�-
dence. First, the microorganisms targeted for enumeration
must be distributed randomly throughout the entire sample
portion to be �ltered. Second, each individual microorganism
in the �ltered sample portion must have an equal chance of
landing in any one of the individual grid squares. Finally, each
square must be equally capable of supporting growth of the
target microorganisms.
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00167-1
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The � rst and second conditions depend on the correc
preparation and mixing of the sample homogenate, use of the
correct � ltration equipment and handling techniques, careful
placement of the � ltration apparatus on its vacuum � ask or
manifold, and correct placement of the membrane� lter on the
� ltration unit, as shown in Figures 2and 3. If, for example, the
� ltration unit is not positioned vertically, the surface on which
the HGMF rests will be tilted, resulting in unequal volumes of
liquid � ltering through each of the individual squares. This
situation invalidates the condition of equal probability of
distribution of microorganisms among all the grid squares. The
third condition for validity depends on complete contact
between the surface of the culture medium and the underside
of the HGMF and on the equal ability of all the grid squares to
transfer nutrients by capillary action from the culture medium
to the top surface of the square. For example, an air bubble
trapped between the agar surface and the underside of th
HGMF would prevent nutrients from being transferred to the
top surface of the � lter, thus inhibiting growth of any target
microorganisms that might be present in those squares directly
over the air bubble.
s

Figure 3 Following placement of the HGMF, the� ltration funnel is
rotated into a vertical position and clamped using a stainless-steel jaw
clamp. The stainless-steel pre� lter (5mm pore size) located at the
bottom of the cylindrical portion of the funnel screens out food parti-
cles during the� ltration process.
Calculating MPN per Gram

If all of these conditions have been met, the MPN can be
calculated for any given number of positive squares using the
following formula:

MPN ¼ N � logc½N=ðN � XÞ� [1]

where N ¼ total number of grid squares on the � lter; and
X ¼ number of positive grid squares.

Calculating the MPN per gram for any quantitative analysis
must always be done in the following sequence:

1. Determine the score by counting the number of squares
containing target colonies (positive squares). If the score ha
been determined over only a portion of the HGMF surface
(e.g., 20%), multiply by the appropriate factor to estimate
the score over the entire HGMF.

2. Convert the score for the entire HGMF to the corresponding
MPN by using the formula given in eqn [1].
Figure 2 Hydrophobic grid membrane� lter being positioned onto the
base of a� ltration apparatus.
3. Multiply by the dilution factor of the sample portion that
had been� ltered to determine the MPN per gram.
to

r

Precision of MPN

Traditionally, MPN determinations in food and water micro-
biology have been carried out by inoculating a replicate series
of three or � ve tubes at each of three dilutions. Although this
procedure usually is accurate, it is not precise. Accuracy refers
how closely the mean result of a large number of replicate
analyses of the same sample re� ects the true content of the
sample, whereas precision is a measure of the amount of scatte
of the individual results about the mean. Precision usually is
reported as a 95% con� dence interval.

In the past, the imprecision of multiple-tube–multiple-
dilution MPN tests has cast a shadow of doubt over other
MPN measurement systems. In reality, the lack of precision
of these tests is entirely a function of the very low number
of replicates (either three or� ve) typically run at each dilu-
tion. As with any statistical sampling method, the larger
the number of replicates, the greater the precision of the
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Figure 4 95% con� dence intervals relative to MPN as in� uenced by
the number of replicate growth compartments. MPN at 50% saturation
relative to numbers of replicate growth compartments (d d ); upper
and lower 95% con�dence interval of MPN at 50% saturation relative to
numbers of replicate growth compartments (– – –).
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measuring system. The HGMF provides the microbiologis
with a number of replicates per sample that would be totally
impractical in a conventional-tube MPN system. The
commercial ISO-GRID� HGMF is composed of a 40 � 40
matrix, providing 1600 individual growth compartments of
equal size. Carrying out a single� ltration using this HGMF is
equivalent in precision to inoculating 1600 separate test
tubes, all at the same dilution.

The impact of the number of replicates on MPN precision
can be illustrated by calculating theoretical 95% con� dence
intervals for HGMFs with varying numbers of squares. The
contents of Table 1 and the graphic representation inFigure 4
illustrate the impact of the number of replicates on precision
when 50% of the squares are positive, a level of saturation a
which precision should be optimum. The upper and lower
95% con� dence intervals shown in this table were calculated
using the following pairs of equations.

Lower 95% con� dence interval:

Q2 ¼ ðX=NÞ þ 1:96
������������������������������������������������
f½X=N�½1 � ð X=NÞ�=Ng

p

MPNL ¼ � N � logeð1 � Q2Þ
[2]

where: X ¼ number of positive squares (score);N ¼ total
number of squares; MPNL ¼ MPN index of the lower extreme
of the 95% con� dence interval.

Upper 95% con� dence interval:

Q2 ¼ ðX=NÞ þ 1:96
������������������������������������������������
f½X=N�½1 � ð X=NÞ�=Ng

p

MPNU ¼ � N � logeð1 � Q2Þ
[3]

where: X ¼ number of positive squares (score);N ¼ total
number of squares; MPNU ¼ MPN index of the upper extreme
of the 95% con� dence interval.
r

o

e

History of HGMF

The HGMF concept was� rst described in 1974. HGMF was
viewed as a convenient research counting tool and the basis fo
developing the � rst truly reliable automatic colony counter. It
was reasoned that conventional agar pour plates presented to
Table 1 Effect of number of replicate growth c
saturation of the grid matrix

Na Xb MPN

10 5 7
20 10 14
40 20 28
80 40 55
100 50 69
200 100 139
400 200 277
800 400 555
1000 500 693
1200 600 832
1400 700 970
1600 800 1109

aNumber of replicate growth compartments.
bNumber of positive growth compartments.
cLower 95% con� dence limit of MPN.
dUpper 95% con� dence limit of MPN.
many random patterns and sources of interference (e.g., from
food particles or from highly colored foods) to enable an
automatic counter to produce a consistent and reliable result.
By forcing the colonies to develop in an ordered matrix of rows
and columns, it was believed that it would be far simpler to
develop automated counting devices.

Initially, the HGMF was used for enumerating microor-
ganisms from aqueous suspensions of pure cultures and from
water samples. In 1978, a major study determining the ability
of a range of food homogenates to pass through a 0.45mm
membrane � lter was published. This led to further investiga-
tion into the use of pre� lter screens to remove particles from
a homogenate before or during� ltration and to the develop-
ment of a series of enzyme digestion procedures to enabl
� ltration of proteinaceous foods or foods containing signi� cant
concentrations of starch, cellulose, or gum.
ompartments on MPN precision, calculated at 50%

MPNL
c (% of MPN) MPNU

d (% of MPN)

2 (29) 17 (243)
7 (50) 25 (179)

17 (61) 43 (154)
40 (73) 75 (136)
51 (74) 91 (132)

113 (81) 168 (121)
240 (87) 319 (115)
501 (90) 612 (110)
633 (91) 757 (109)
766 (92) 902 (108)
899 (93) 1046 (108)

1032 (93) 1189 (107)
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In 2004, an advancement was introduced that eliminated
the need to wash and sterilize the� ltration apparatus. Neo-
gen Corporation developed a fully disposable � ltration
system incorporating the HGMF Figure 5. This product is
marketed under the trade name NEO-GRID� . This single-use
fully disposable unit is sterile packed individually in plastic
bags. This unit is also marked with graduations up to 100 ml
to measure sample volumes. As the disposable unit does no
contain an inline pre� lter, the sample is processed in
a sample bag containing a mesh� lter (Figure 6). This � lter
helps to keep food particles from reaching the membrane
and ultimately interfering with the interpretation of results.
e

e

y

Figure 5 NeoGrid disposable� ltration funnel incorporating HGMF
being placed on vacuum manifold.

Figure 6 Food homogenate being sampled through� lter-lined bag
before NeoGrid� ltration.
Applications of HGMF to Food Microbiology

Several characteristics of membrane� lters in general and
HGMF in particular have made them attractive to food
microbiologists. Membrane � ltration, especially combined
with a pre� ltration step to remove particles, is an effective
means of separating target microorganisms from a food
matrix, thus eliminating interactions between the organisms
and the food or between the food and the culture medium.
Furthermore, by concentrating the microorganisms contained
in the � ltered sample volume, membrane� ltration is used to
count low populations and to control samples ‘poor in
germs.’ Also, once the organisms have been captured on th
surface of a membrane� lter, they can be transported from
culture medium to culture medium, or from culture medium
to one or more biochemical reagents, all without disturbing
the organisms or affecting the reliability of the enumeration
result. By subdividing the surface of a membrane� lter into
a large number of squares, the hydrophobic grid pattern
greatly increases the counting range of a single membran
� lter, eliminating the need to test multiple dilutions of
a sample in most cases. Also, the physical barrier provided b
the grid lines prevents highly motile or rapidly growing
organisms from overgrowing other organisms on the� lter.
This results in a more accurate count. The membrane� lter
material used in the commercial ISO-GRID� HGMF is virtu-
ally nonreactive, allowing dyes to be incorporated into culture
media and enhancing the contrast between the colonies and
the membrane � lter.
-

e

Culture-Based Applications

The HGMF has formed the basis for a wide range of quanti
tative food microbiology applications, including total
bacterial counts, coliform and Escherichia coli, � uorescent
pseudomonads, lactic acid bacteria, yeasts and molds,Aero-
monas, E. coli O157:H7, Vibrio parahaemolyticus, fecal strep-
tococci, and Staphylococcus aureus. It also has been used for
rapid detection of Salmonellaand Yersinia, as well as for
disinfectant ef� cacy tests. Several of these applications hav
been validated and are recognized as Of� cial Methods by
AOAC International. These applications include aerobic plate
count (AOAC Method No. 986.32), yeast and mold count
(AOAC Method No. 995.21), coliform and E. coli count
(AOAC Method No. 990.11), E. coliO157:H7 count (AOAC
Method No. 997.11), and Salmonella detection (AOAC
Method No. 991.12).
l

Coliform andE. coli Count

This application, outlined in Figure 7, takes advantage of
several of the characteristics of the HGMF. As with virtually al
HGMF-based applications, only a single� ltration is required.
Carbohydrate contained in the sample is eliminated during
� ltration, avoiding the potential for false-positive fermentation
reactions due to the introduction of a carbohydrate other than
lactose into the culture medium. Therefore, no subculture or
con� rming step is needed to verify the coliform result. Also, the
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yeast and mold

< (dilution factor)  per gram

Determine blue colony score.
Convert into MPN, multiply
by dilution factor and report

as yeast and mold per gram

Incubate 50 ± 2 h  
at 25 ± 1 °C

Prepare sample homogenate

Filter

Place filter on YM-11 agar

Examine for blue colonies
(indicative of growth)

YesNo

Figure 8 Yeast and mold enumeration by HGMF-based AOAC Of� cial
Method No. 995.21.
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coliform and E. colimethod makes use of the ability to transfer
colonies from medium to medium without disturbing their
growth or numbers.

Coliforms produce blue colonies on lactose monensin
glucuronate (LMG) due to fermentation of lactose, which is
detected by the aniline blue dye incorporated into the
medium. E. coli produce b-glucuronidase, which splits the 4-
methylumbelliferyl- b-D-glucuronide (MUG) reagent contained
in buffered MUG (BMA) agar to release 4-methylumbelliferone,
a � uorescent molecule. There is incompatibility between these
two reactions, which makes it dif� cult to combine both into one
test and obtain consistent and timely results. When lactose is
fermented, acid is produced, resulting in a pH drop in the
medium. The higher the colony density, the more acidity is
produced. The b-glucuronidase enzyme of E. coli requires
a near-neutral pH for optimum performance, and
4-methylumbelliferone � uoresces poorly or not at all at acid pH.
This method takes advantage of the portability of the HGMF,
allowing all of the growth to be transferred undisturbed from
LMG agar to BMA agar, which quickly raises the pH to 7.4� 0.2
enabling the E. colicolonies to develop� uorescence quickly and
consistently.
Yeast and Mold Count

The 2-day yeast and mold procedure is shown inFigure 8. As
can be seen by comparing this� ow diagram with Figure 7, the
initial steps performed for all HGMF-based quantitative tests
are similar. The methods differ in the choice of culture
medium, incubation time, and incubation temperature. The
yeast and mold count procedure illustrated inFigure 8 is a one-
stage test; no secondary culture medium or incubation step is
required.

This method bene� ts from several characteristics of the
commercial HGMF to produce a reliable yeast and mold count
in just 2 days. A pre� lter built into the ISO-GRID � � ltration
unit removes food particles that otherwise might interfere with
the visibility of small colonies (or, conversely, be counted
erroneously as colonies). The medium, YM-11 Agar, contains
trypan blue dye, which stains the fungi during their growth
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without causing the membrane � lter to change in color, thus
enhancing the visibility of small colonies. The grid lines help to
contain the spread of fast-growing molds, thus enabling use o
a culture medium designed to stimulate more rapid growth.
Any constituents of the food sample (such as preservatives
acids, or natural microbial inhibitors present in some foods)
are separated during� ltration and thus are prevented from
interfering with colony development.
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Salmonella

Because of the ability of even low levels ofSalmonellato cause
disease, it is almost always necessary to test for the presence
Salmonellain at least a 25 g sample of� nished product. Often,
much larger sample sizes are used. The initial step of virtuall
all Salmonellamethods includes an overnight nonselective
enrichment broth culture to enable any injured Salmonellato
repair and to allow the concentration of Salmonellato reach
easily detectable levels. This is followed by some type o
selective enrichment process to improve the ratio ofSalmonella
to other organisms that might be present in the sample. The
HGMF-basedSalmonellamethod follows this same enrichment
approach but takes advantage of the colony separation prop
erties of the hydrophobic grid pattern to shorten the enrich-
ment steps.

The AOAC Of� cial HGMF Salmonellamethod is illustrated
in Figure 9. Since the hydrophobic grid permits detection of
target colonies in the presence of a 1000-fold excess o
competitors, use of this technique enables the preenrichmen
incubation to be shortened to as little as 18 h and the
selective enrichment incubation time to be shortened from
Confirm with appropriate
biochemical and serological

tests. Report ‘Salmonella present’
or ‘Salmonella not detected’ in

(sample size) based on
confirmed result

Incubate 18–24 h
at 36 ± 1

Weigh sample and homogenize
in 9 volumes of preenrichment broth

Transfer 0.1 ml of preenrichment
into 10 ml Muller–Kaufman

tetrathionate brilliant green broth
(TBG)

Filter 0.1 ml TBG
Place filter on EF-18 agar

Examine for green colonies
(presumptive Salmonella)

Report Salmonella not
detected in (sample size)

Incubate 6– 8 h

Incubate 18 – 24 h

esYoN

°C

1°Cat 36 ±

at 42 ± 0.5 °C

Figure 9 Salmonelladetection by HGMF-based AOAC Of� cial Method
No. 991.12.
24 to 6 h without affecting reliability. EF-18 agar, the
medium designed for use with the HGMF Salmonella
method, requires only 18–24 h incubation as compared with
up to 48 h for bismuth sulfite agar, one of the three plating
media used with the conventional method. Overall, the
HGMF Salmonellamethod can be completed to the negative
screen stage in as little as 42 h.

The colony separation properties of the hydrophobic grid
also facilitate con� rmation of presumptive-positive samples.
Since even highly motile organisms such asProteusspp.
are contained by the grid, pure isolates of the presumptive
positive colonies usually can be obtained on initial subcul-
ture. This enables direct inoculation of biochemical screening
media from the isolated colonies on the HGMF, resulting in
con� rmation of presumptive-positive results in only an
additional 24 h.
Immunological and Colony Hybridization Applications

The HGMF has found application in both enzyme-labeled
antibody and DNA colony hybridization techniques for con-
� rming the identity of speci� c target organisms. Researche
have taken advantage of the ordered growth matrix to replicate
the primary HGMF (e.g., from a presumptive-positiveSalmo-
nella test) to one or more secondary� lters. This enables the
primary � lter to be saved as a viable backup for any additiona
detailed characterization of positive isolates, while the
secondary � lter is probed using either an enzyme-labeled
antibody or chromogenic DNA probe hybridization assay to
detect the presence and location of the target colonies. A
positive ‘spot’ at a speci� c location on the probed � lter can be
correlated directly to the same row and column coordinates on
the original HGMF.
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Other Possible Applications

Any procedure that can bene�t from the ordering of colonies
into a two-dimensional array, from the prevention of colony
overgrowth, or from any of the other characteristics of the
HGMF is a candidate for application of HGMF techniques.
Several possible HGMF applications have not yet bee
fully exploited. These include, for example, screening fo
antibiotic-resistant cultures, antimicrobial and disinfectant
ef� cacy testing, screening large numbers of transforme
cultures for speci� c target nucleic acid sequences, or screenin
environmental samples for the presence of microorganisms
that exhibit a speci� c characteristic, such as the ability to
metabolize and render harmless environmental pollutant.
e
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Advantages and Limitations of HGMF

HGMF technology offers several advantages, most of which ar
apparent from reading this article. HGMF is versatile, being
readily applicable to a wide range of food and environmental
microbiology analyses. The � ltration procedure ef� ciently
separates the sample matrix from the microorganisms o
interest, eliminating interfering components of the sample that,
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on the one hand, might produce false-positive results or, in
other cases, underestimate the concentration of the target
microorganisms. The counting range of a single HGMF is so
broad as to eliminate the need to prepare and analyze multiple
dilutions in most cases. The ordered grid array lends itself to
automated counting and also facilitates manual counting.
Finally, the portability of the HGMF from medium to medium
or from medium to reagent without disturbing the colonies
allows for repair of injured cells on a recovery medium,
sequential development of biochemical reactions, and the use
of con�rmation techniques involving enzyme-labeled anti-
body or nucleic acid colony hybridization procedures.

Limitations of HGMF technology are few, the most
important of which is the need, on occasion, to digest a portion
of sample homogenate using sterile enzyme to render the
sample capable of passing through the �ltration system. Rarely,
it is not possible to establish a fully satisfactory digestion
protocol, which results in a �ltration of smaller volume of
a designated dilution. This limitation is re�ected in a decrease
in sensitivity.

See also:Enterobacteriaceae: Coliforms and E. coli,
Introduction; Enterobacteriaceae, Coliform, and
Escherichia coli: Classical and Modern Methods for Detection
and Enumeration; Escherichia coli:Escherichia coli;Salmonella
Detection by Classical Cultural Techniques; Most Probable
Number (MPN).
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Ice Cream: Microbiology
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Ice cream is a popular frozen food around the world made
from a liquid mix that is based on milk, cream, water, milk
solids (not fat, milk fat, or other fat as may be legally required),
sugar, emulsifying and stabilizing agents, �avors, and colors.
The quality of the ice cream is affected greatly by the wide
variety of ingredients available, the possible variations in their
microbiological standard and quality, and the conditions and
methods used to prepare the �nal product. Therefore, the
microbiological quality of ice cream depends on many factors,
the most important of which are described in the following
sections.
Raw Materials: Major Components and Additives

Any of the various ingredients that may be used to produce
different kinds of ice cream may contribute microorganisms to
the product and affect its quality. The heat treatment process
that is used gives only an adequate reduction in bacterial
numbers as well as the destruction of pathogenic organisms. It
cannot entirely make up for the poor hygienic quality of the
ingredients. Ingredients of unquestionably excellent quality
are essential for the manufacture of ice cream of the highest
quality.

Liquid milk, cream, skim milk, and concentrated skim milk
may contain considerable numbers of bacteria, including some
that are pathogenic (Mycobacterium spp., Streptococcus spp.). The
adequate heat treatment that they should have been subjected
to by the supplier, in addition to handling and storing under
sanitary conditions (kept refrigerated and used promptly), lead
to raw materials of a satisfactory quality. The main organisms
present in these dairy materials are some sporeforming bacilli,
micrococci, psychrotrophic, and thermoduric microorganisms
that may spoil the mix, but they are not a major health hazard.
Milk powders may contain large numbers of sporeforming
bacilli or may be contaminated by Salmonellae. Numerous
outbreaks of food poisoning attributed to Salmonellae or
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
Staphylococci from milk powder provide evidence that these
pathogens may survive in the �nal product. A special hazard of
staphylococcal enterotoxin in ice cream may be present if whey
powder is used as a source of milk solids. Careful control and
storage of these powders under dry and cool conditions are
necessary.

Dry sugars used as ingredients should be almost sterile if
properly prepared, processed, and stored. Sugar syrups also
may be used as sweetening ingredients. The contamination of
sugars or sugar syrups is limited, mainly to small numbers of
osmophilic microorganisms. Certain yeasts and certain molds
would be the principal �ora. Some species of bacteria have
been suggested as possible spoilage problems, including
species of Bacillus and Leuconostoc. Osmophilic yeasts may be
able to grow in these syrups and molds may grow on the
surface if contamination occurs, so it is recommended that tests
for yeasts should be carried out on sugars and sugar syrups.

Butter and butter oil (anhydrous milk fat) are made from
pasteurized cream, in which pathogenic and the majority of the
spoilage organisms have been destroyed. Relatively small
numbers of mesophilic bacteria, coliforms, and lipolytic
organisms, particularly the Pseudomonas sp. responsible for
butter spoilage, as well as molds and yeasts can be found.
Butter usually is kept refrigerated, and during commercial
storage, it is kept at about �20 �C where no microbial growth is
possible. For these reasons, bacteria do not normally grow in
butter, and when they do, their growth is limited. The �avor of
good-quality butter is so delicate that even relatively small
amounts of bacterial growth may damage it signi�cantly.
Applying satisfactory hygienic conditions during the produc-
tion of the noted ingredients, ensuring that they are properly
stored (storage temperatures no higher than �20 �C for butter
and dry, refrigerated conditions for butter oil), and testing for
the noted microorganisms, will ensure high microbiological
quality.

Fats other than milk – usually vegetable fats – also may be
used. The high temperature that is used during their processing,
-384730-0.00168-3 235
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236 Ice Cream: Microbiology
and their low moisture content, give raw materials containing
very few microorganisms. Dry, refrigerated conditions should
be used for their storage.

Stabilizers usually are produced by methods that apply high
temperatures and therefore do not constitute an important
source of bacteria if they have been packaged under hygien
conditions. Gelatin, even though it is an animal product, may
be a hazard if produced under insanitary conditions, so it
should be obtained from a reputable supplier and kept under
cool and dry conditions. Emulsi� ers should not present any
problem except eggs, which should be pasteurized to avoid an
hazard because of contamination bySalmonella.

Many other foodstuffs are added to ice cream, either mixed
in it or as coatings. Many kinds of � avoring material, such as
vanilla, chocolate and cocoa, nuts, and fruits, either canned
fresh, or frozen, mainly are used, as well as food colors. All o
these ingredients are potential sources of hazard, particularly i
they are added after the mix has been heat treated. Yeasts a
molds predominate on fresh fruits, while canned fruits should
be of a satisfactory microbiological standard because they hav
been heat treated. Nuts may be contaminated by molds and
possibly may contain mycotoxins. Coconuts also may contain
Salmonellae. For these reasons, it is advisable that all thes
materials are used after heat treatment (e.g., roasted nuts, o
pasteurized chocolate), especially if they are added to the mix
after its pasteurization. Also, they should be stored in cool, dry
conditions. The examination of these materials should include
a visual inspection and the enumeration of mesophilic
bacteria, coliforms, yeasts, and molds. Food colors manufac
tured and handled carelessly may cause microbiologica
problems, but this can be avoided if they are obtained from
a trustworthy supplier and are stored properly.

All these potential hazards make apparent the necessity o
using high-quality raw materials, purchased from a reliable
supplier, carefully stored under good conditions, which will
not allow the proliferation of microorganisms. In addition, it is
suggested that appropriate microbiological tests should be
carried out on raw materials, and the use of strict stock rotation
is essential.
f

s

,

is

d

-

Production Process

Hygiene During Production

After the high-quality raw materials have been chosen, the mix
is ready for processing. Mix processing starts with combining
the ingredients into a homogeneous suspension that can be
pasteurized, homogenized, cooled, aged,� avored, and frozen.
This is a relatively complex operation that includes a series o
steps that each has some effect on the microbiological quality
of the � nal product, so they must be controlled carefully to
ensure the production of a safe product that safeguard
consumer health.

All of the ingredients, after being weighted or measured, are
blended together to make a liquid mix. This mixture is then
subjected to a heat treatment process, which is speci� ed by
legal requirements in most countries. This pasteurization ren-
ders the mix substantially free of vegetative microorganisms
killing all of the pathogens likely to be present. The ice cream
mix is always homogenized, often as a step in the
pasteurization process. The homogenizer is a complex piece o
equipment and must be cleaned and disinfected carefully each
time after use, or the mix may be contaminated. It therefore is
suggested that homogenization of the ice cream mix is carried
out before it is � nally heat treated, whenever this is possible
Cooling of the mix to about 4 � C and its aging follow. Then the
mix is passed to the freezer where it is subjected to extensiv
agitation and reduction in temperature, as well as incorpora-
tion of air. On leaving the freezer, the ice cream normally will
be packaged (in family packs, individual retail packs, or other
forms), frozen hard in wind tunnels at �40 � C or in hardening
rooms, and then kept at a temperature of about�30 � C until
and during distribution. Some ice cream is sold directly from
a dispensing freezer as soft-serve ice cream either on con
on various types of desserts in restaurants and cafes,
from vehicles complete with their own electricity-generating
equipment.

Ice cream mixture must not be kept for more than 1 h at
high temperature (exceeding 7.2� C) before being pasteurized
to avoid the proliferation of the organisms in the ingredients.
During the pasteurization, timing as well as temperatures
should be monitored carefully to ensure destruction of path-
ogenic organisms and adequate reduction of bacterial numbers
and, on the other hand, to avoid overheating, as this may lead
to undesirable � avor changes. The ice cream mix must b
cooled to about 4 � C rapidly and kept at that temperature until
frozen, otherwise the proliferation of viable organisms may
occur. This can lead to a product with a high microbial count
and possibly to a disease outbreak. The same danger is prese
if the cooling system stops operating during the aging of the
mix. In this case, the mix must be discarded because althoug
a new pasteurization will kill the organisms, it will not destroy
possible toxins that are already present. The mix should be
frozen within 24 h of heat treatment, as undue prolongation of
storage may lead to proliferation of psychrotrophic organisms,
with a serious risk of spoilage of the mix.

The incorporation of air into the ice cream mix during the
freezing process may cause airborne contamination, so air ha
to be admitted through � lters to prevent the ingress of organ-
isms. For some products, on leaving the freezer, the ice cream
blended with water ice, and may be frozen on a stick or in
a cone (single portions) and covered with chocolate or other
� avored coverture, together with broken biscuits or nuts. All
this handling needs to be done under sanitary conditions to
minimize the microbiological contamination of ice cream.

In addition to the precise operation of the equipment, the
proper cleaning and sanitizing of the plant and equipment is of
great importance. Any equipment that contacts ice cream or ice
cream ingredients must be carefully and effectively cleaned an
sanitized immediately after use. This is usually done at the end
of each day’s operation and before it is used again. If scale
builds up during the operation, however, it may be necessary to
clean the plant thoroughly before further processing within the
same day. The ancillary equipment, in particular at the� nal
sales point, must be kept in a satisfactorily hygienic condition.
Poor cleaning and sanitizing of the plant and equipment may
lead to pockets of ice cream residues where intense prolifera
tion occurs, which results in recontamination of the pasteur-
ized mix with a large number of bacteria. The manufacturer of
soft-serve freezers typically provides speci� c instructions for
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Ice Cream: Microbiology 237
cleaning and sanitizing, and these should be followed closely
unless they prove to be inadequate.

Clean surroundings are essential if equipment is to be kep
in hygienic condition. All rooms, especially toilets and locker
rooms, must be kept as clean and sanitary as the area imme
diately surrounding the packaging equipment. Surrounding
activities (e.g., sewerage plants, rubbish tips) often represen
potential sources of contamination, and birds, rodents, and
insects are all important vectors of such contamination. In
addition to preventing access of pests to the processing area,
is important that the factory yard is kept free of food waste,
rubbish, and spilled material that might attract birds, rodents,
and insects. All such material should be kept in lidded
containers and removed on a daily basis. Pet animals such a
dogs and cats similarly have no place in a food production
factory.

Operations must be segregated to minimize the chances o
pathogenic microorganisms being carried from raw materials
to � nished products. Persons handling raw milk or cream must
not be allowed access to the rooms where pasteurized product
are exposed unless they� rst have changed their clothes
completely and have disinfected themselves. Room air pres
sures should be maintained at successively higher levels from
the mix room to the processing room, to the freezing operation,
and to the packaging operation. Thus, the air� ow will be
moving away from the most critical area, the packaging room.
The supply of hot and cold water must be unrestricted, and
facilities for disposal of both liquid and solid wastes must be
adequate. All water that is used in food formulation, or will be
used on (or could gain access to) food contact surfaces, shoul
be of potable quality and be stored in enclosed tanks and
distributed in piping that is completely segregated from other
pipe systems. Potable water may be derived from public mains
supplies or other sources, such as boreholes, which must b
protected against contamination by surface water or under
ground contamination from drains, seeping from farm or
industrial tips, and similar potentially hazardous areas. What-
ever the origin of water it should be routinely examined
microbiologically both at the point of entry to the site and the
point of use, particularly if there is onsite storage.

The hygienic standards of the workforce are crucial to the ic
cream manufacturer. No worker should be allowed to perform
tasks in the plant who has not been taught adequately about
the necessities of personal hygiene and approved practice
within the plant. Every employee must dress in a clean
uniform, wear a hair restraint, wash and sanitize hands
disinfect footwear on entry to the process area, and refrain from
touching any product contact surface without properly sani-
tizing the hands, or gloves if worn. Proper sanitary practices ar
essential to the ice cream plant. No one should be allowed to
enter the processing environment who is not familiar with the
required sanitary procedures or who does not conform to the
required dress and personal hygiene measures. Freedom fro
chronic contagious diseases should be con� rmed yearly by
medical examination. Provided that preparation of ice cream
is conducted in a closed processing cycle with modern indus
trial equipment of high hygiene standards, the chances for
contamination by human contact are few.

The packaging materials occasionally may be sources
contamination, but there should be no problem if they have
been handled and stored under hygienic conditions. Tests
carried out during the production process should be indicative
of the standard of hygiene.
Hazard Analysis Critical Control Point System
in the Production Process

The hazard analysis critical control point (HACCP) system is
the most ef� cient system, used in the food industry, for the
production of safe food. Using a well-documented procedure
provides a means to identify and assess potential hazards–
biological, chemical, and physical hazards– in food produc-
tion and establish preventive control actions, ensuring safe
food of high quality, from a human health point of view.

The correct application of the seven HACCP principles
combined with good manufacturing practices (GMPs), good
hygiene practices (GHPs), and sanitation standard operating
procedures (SSOPs), which are prerequisite programs, giv
con� dence that the product is safe.

The HACCP system is compatible with existing standard
for quality management systems, such as the ISO 9000–2000
series, and the HACCP procedures can be fully integrated int
such systems. The new 22 000 food safety standard formall
integrates HACCP within the structure of a quality manage-
ment system.

Ice cream is an excellent medium for the growth of many
microorganisms due to its nutrients (sugar, proteins) and to its
almost neutral pH of 6–7. Some of these microorganisms can
affect human health by causing diseases in them. There a
numerous reports on outbreaks of foodborne disease caused b
the consumption of ice cream infected by human-pathogenic
microorganisms. Consequently, the implementation of an
HACCP system in the production process of ice cream i
considered essential for a safe product.

In the production process of ice cream, critical control
points (CCPs) are likely to be the raw materials, pasteurization
of mix, cooling and aging, freezing, packaging, storage, distri
bution, and sale, as well as the microbiological quality of
� avoring ingredients added after pasteurization.

All raw materials that are used in ice cream production must
be of good quality. These materials should be obtained from
a trustworthy supplier who is operating a quality program
(an HACCP plan). Random sampling and analysis of deliveries
may be carried out. Hermetic packaging, correct storag
conditions, and, in some cases, heat treatment ensure goo
hygienic properties. In addition, the use of strict stock rotation
is essential.

Heat treatment by pasteurization can destroy most of the
speci�c pathogens. After this, there is no other step able to
ef� ciently reduce the amount of microorganisms, so pasteuri-
zation is crucial for safety. This treatment often is de� ned in
national legislation, and it may vary slightly from country to
country. Pasteurization temperatures for ice cream mix gener
ally are higher than those applied to milk because the high
fat and sugar contents of the ice cream mix tend to protec
microorganisms from destruction. The American Public
Health Association (APHA) suggested that the minimum
temperature–time treatment for ice cream should be
70 � C � 30 min or 80 � C � 25 s to ensure that the mix receives
an adequate heat treatment. The ice cream mix is alway
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238 Ice Cream: Microbiology
homogenized. Microbiological problems may occur, during
homogenization, because of the complexity of homogenizers,
which are dif� cult to clean and sanitize effectively, and they
may act as sites of recontamination for pasteurized mix. The
homogenizer should be clean and disinfected to ensure that the
mix will not be contaminated heavily, although the modern
types are suitable for cleaning-in-place (CIP) processes. I
addition, it is recommended that homogenization be carried
out before or during pasteurization when this is possible.

Low temperatures prevent the growth of microorganisms
that may survive the pasteurization. For this reason, it is rec
ommended that the mix is rapidly cooled to about 4 � C and
kept at that low temperature during the aging step. Aging
normally should be completed within 24 h, as longer periods
increase the risk of psychrotrophic growth, and temperature
should be controlled adequately during that period. Effective
cleaning of storage tanks and processing equipment minimizes
recontamination of the mix.

Freezing of the mix to�5 � C must be performed as quickly
as possible as the freezing temperature can inhibit the growth
of any remaining � ora. A suitable type of freezer should be used
properly and safely for this step. Freezers are now designed fo
CIP. Immediately after freezing, the ice cream normally will be
packaged into the� nal packaging, shaped in a mold, frozen on
a stick, or in a cone (single portions) and it may be covered
with a chocolate or flavored coverture, together with broken
biscuits or nuts for � avor enrichment. The hardening process
follows during which the product is cooled immediately
further to between � 30 and �40 � C in wind tunnels or in
hardening rooms. Hardening is an important CCP that further
reduces the hazards.

Although the ice cream is placed in the packaging, recon
tamination may occur. Hygienic design, environmental
hygiene of equipment and utensils, and packaging materials
obtained from reputable suppliers, which are handled and
stored under hygienic conditions, minimize this risk. The
� nished product is stored at a temperature of about�30 � C
until and during distribution.

Good microbiological quality of the � avoring ingredients
added after pasteurization is important, especially in the prep-
aration of soft ice cream, as the� nal stage of its production is
carried out at the point of sale. For soft ice cream, the premade
ice cream mix is packaged after cooling to about 4� C and is
delivered to the retail outlets under refrigeration (�7 � C). Aging
and freezing at �5 � C are performed inside the vending
machines at the retail level. Other ingredients, such as fruits and
nuts, may be added to the soft ice cream at the time of sale.

It is recommended to purchase all of these materials from
reputable suppliers, to use them after their heat treatment (e.g.
roasted nuts or pasteurized chocolate), and to store them in
cool, dry conditions, in addition to ensuring environmental
hygiene of the storage area, equipment, and utensils
A good operating HACCP system minimizes the risks o
contamination.
s

Microbial Changes During Storage

Ice cream contains sugar, proteins, and oxygen, and it also ha
a relatively high pH, all these components make it a suitable
substrate for the proliferation of microorganisms. Because ice
cream is stored at low temperature, however, microbial growth
is kept at safe levels. It is mainly when low temperature is not
maintained that these components allow the development and
proliferation of any microbes that have either survived heat
treatment or have been introduced from postpasteurization
contamination or insanitary processing and packaging.

As mentioned, the ice cream may be sold directly from the
freezer, as a soft-serve product, or it may be further reduced i
temperature and frozen hard in wind tunnels at �40 � C or in
hardening rooms, to produce hard ice cream, which will be
stored at a temperature of about�30 � C until it is sold. Deep
freezing stabilizes the microbial content of ice cream: micro-
organisms found in it no longer proliferate. Some sensitive
species (Gram negative) die and their population decrease
Even if the period between freezing and� nal sale is several
months, there will be little change, if any, in the microbial
content of the ice cream. Extensive research has shown th
both Mycobacteriumand Salmonella, as well as many other less
harmful, but often more resistant types, can survive at low
temperature of storage for very long periods. They do no
multiply, provided that the temperature is low enough for the
ice cream to remain hard. In effect, the microbial quality of ice
cream is ‘locked in’ by the hardening process. It is therefore
essential that the bacteriological content of the ice cream from
the freezer be as low as possible, as neither the� nal hardening
process nor the low temperature storage can be relied on to
reduce the numbers considerably, and pathogenic organism
should be absent.

Microorganisms cannot grow in the frozen product; there-
fore, if the mix is frozen promptly, spoilage is impossible. If
there is a delay between pasteurizing and freezing, howeve
spoilage can occur, as well as in cases of melting and refreezin
of the product that are caused by temperature� uctuation or
failure of the freezing systems. Such delays are unusual in th
manufacture of hardened ice cream. Special care is needed f
the mix for soft-serve ice cream, which has to be transported
often for long distances, by trucks to retail soft-serve stores o
‘stands,’ where it is kept soft frozen and dispensed to
consumers. Both contamination and temperature abuse of the
mix may occur easily. Furthermore, refrigeration space usuall
is limited, and adequate facilities for cleaning and sanitizing
the freezer and the associated equipment often are lacking o
are, at best, marginal.

Under these conditions, especially if wrong practices had
occurred previously, the ice cream is overloaded with microbes
that can lead to quality deterioration or even to cases of food
poisoning. Food poisoning is known to have followed the
consumption of ice cream contaminated with microbes, such
asStaphylococcus, Salmonellae, Shigella, Listeria,and Streptocuccu
group A organisms. With few exceptions, outbreaks that have
occurred in recent years have been caused by ice cream ma
not in commercial establishments but at home, where
a combination of faulty practices may occur. The use of raw
milk or cream, the addition of raw eggs containingSalmonella
to the mix, and the use of contaminated equipment, in addi-
tion to inadequate heat treatment and contamination from
infected persons, give rise to products with high microbial
loads, especially of pathogenic bacteria, which, if they are
present, may survive for many months in ice cream.
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Problems at Point of Sale

Even when the greatest care has been taken to produce an i
cream of the highest quality, it is still liable to contamination at
the point of sale. The largest proportion of microbiological
problems, in general, are due to poor techniques of selling and
serving at the� nal point of distribution.

Although much ice cream is retailed in its� nal packaging,
a signi� cant quantity is served from bulk packs at the point of
sale. The method of sale has a major bearing on the amount o
contamination to which the product is subjected. Ice cream
sold prepacked as a single retail portion, and that has to be
handled only by the consumer in its wrapping, should have the
least contamination of all. Greater degrees of contamination
may occur in ice creams served in cones or other individua
portions scooped from bulk ice cream in restaurants or coffee
shops, or from vehicles complete with their own electricity-
generation equipment. Here there is a possibility of consider-
able contamination, unless all the equipment used (servers
etc.), the method of dispensing, and the personal hygiene o
the operator are all of very high standards. The equipmen
(servers, wafer holders, etc.) has to be kept free of all residues
ice cream, which otherwise might melt and allow the growth
of bacteria to recommence. Wherever possible, these items
equipment should be kept in running cold water. If they have
to be kept in a jug of water, the water must be changed regularly
to avoid it becoming a source of contaminating bacteria. The
personal hygiene of the server is also very important. Thi
applies even if prewrapped ice cream is being sold. The ope
ators must be trained in good practices of hands and clothing
cleanliness and in the safe distribution of the individual
portions of ice cream.

Soft-serve ice cream sold directly from a dispensing freeze
easily can become contaminated unless the most stringen
precautions are taken. The product usually is manufactured a
the point of sale, which may be a specialist outlet or cafe
a nonfood outlet, such as a� lling station, or a mobile outlet or
kiosk. Soft-serve ice cream may be manufactured from
a conventional mix produced on the premises, from an ultra-
high-temperature processed, aseptically packaged mix, or from
a spray-dried powder mix. Powder mixes may be formulated
for reconstitution in either hot or cold water. Hot-water mixes
are preferable with respect to hygiene, but cold-water mixe
often are considered more convenient. Attention must be paid
to the reconstitution of the mixes, which must be used under
satisfactory hygienic conditions to prohibit the proliferation of
Salmonellathat otherwise may survive if mixes are not prepared
with care.

In general, special dispensing freezers should be kept i
constant operation and placed inside the shop with the taps
facing the interior. They must not be exposed to direct sunlight,
dust, or insects. A strict cleaning and disinfecting regimen fo
the freezer must be instituted, adhered to, and performed
thoroughly on a daily basis. In particular, ice cream must not be
left in the freezer overnight, and the personal hygiene of the
operator must be of a very high standard. Extra care must b
taken for the maintenance of the necessary hygiene standard
in a retail environment compared with the manufacturing
plant where the environment is more controlled. Particular
dif � culties may be encountered in outlets that are
predominantly nonfood, such as � lling stations, and those
with inherently limited facilities, such as kiosks.

Special self-pasteurizing dispensing freezers are no
available that have a heat treatment process as part of the
operation, and provided the process is used each and ever
day, they normally do not need daily cleaning. At the end of
each day’ s operation (or other convenient time), the freezer is
switched to the self-pasteurize mode, and the mix and every
part of the freezer that can come in contact with ice cream o
mix are raised to a temperature above that required for
pasteurization of the mix and are held at that temperature for
the legally required time. The freezer and its contents are the
cooled rapidly to about 4 � C and held at that temperature.
Tests have shown that there is little or no increase in the
bacterial content of the product over a period of more than
a week. It is recommended, however, that they are cleaned ou
and disinfected regularly, ideally once a week. It must be
emphasized that self-pasteurizing freezers are not intended t
process unpasteurized mix.

Contamination is more likely to occur during operation
and serving. Many major food-poisoning outbreaks have been
caused by contamination caused by human mishandling.
Cases of typhoid fever, including deaths, have been reporte
to be caused by ice cream contaminated by the manufacture
who was an urinary excretor ofSalmonella typhi. There has
been a case ofShigelladysentery caused by an ice cream tha
was accidentally touched by a monkey. Also, outbreaks
involving Salmonellae, Staphylococci, and so on have been
reported. The personal hygiene and habits of vendors at the
sale point are important. Training, in addition to medical
inspection, is absolutely necessary and no employee must b
allowed to work without full medical clearance. Finally, birds,
rodents, insects, and pet animals have no place at the reta
selling point.
Ice Cream and Foodborne Diseases

Ice cream protects microorganisms from destruction, even
during heat treatment by pasteurization used in the production
process. Therefore, the presence of potentially pathogen
bacteria in it is not rare. Besides this, during the processing afte
the pasteurization step, there is a potential hazard by the
addition of contaminated ingredients or improper handling of
the � nal product.

Occurrence ofBacillus cereus, Salmonella, Listeria, andYersinia
in ice cream has been reported. The fact that these pathogen
can survive in food, even at low temperatures as in ice cream
makes them of particular importance as they may cause food
borne diseases to the consumers of infected ice cream an
suggests that commercially produced ice cream still occasion
ally may be a potential cause of foodborne diseases.

There have been reports of outbreaks of foodborne disease
by the consumption of ice cream. One of the most serious
outbreaks, the largest ever recognized in the United States, w
a national outbreak of Salmonella enteritidisinfection due to the
consumption of ice cream made by a large national producer.
The Minnesota Department of Health estimated that
S. enteritidisgastroenteritis developed in 224 000 persons, and
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240 Ice Cream: Microbiology
this outbreak of salmonellosis was the result of contamination
of pasteurized ice cream premix during transport in tanker
trailers that previously had carried nonpasteurized liquid eggs
containing S. enteritidis.

In England, a family outbreak of S. enteritidis phage type
(PT) 4 infection was described in which homemade ice cream,
probably contaminated by an infected eggshell, was identi�ed
as the vehicle of infection. An outbreak of food poisoning
caused by S. enteritidis PT 6 followed a child’s birthday party.
Thirty of 37 (81%) children were ill. Fresh eggs used raw in the
homemade ice cream were the source of infection.

A sporadic case of listeriosis has been described in Belgium,
where a 62-year-old man, apparently immunocompetent, was
infected by Listeria monocytogenes serovar 4b after consuming ice
cream.

The Center for Science in the Public Interest of the United
States maintained a database of foodborne illness outbreaks
categorized by food vehicle. Between 1990 and 2003, Food and
Drug Administration–regulated foods were linked to 2954
outbreaks with 83 076 cases. Ice cream was responsible for 38
outbreaks with 1632 cases.

The reported cases of foodborne diseases appear to have
been limited over the past years. This mainly is due to the fact
that industrial countries have legislated microbiological stan-
dards for the commercial production of ice cream and that they
possess the conditions and methods to be used for heat treat-
ment and subsequent storage and sale, in addition to imple-
mentation of the HACCP system in the production process of
ice cream.
analysis critical
spectives. Food

s. Milk and Milk
See also:Eggs: Microbiology of Fresh Eggs; Food Poisoning
Outbreaks; Freezing of Foods: Growth and Survival of
Microorganisms; Good Manufacturing Practice; Hazard
Appraisal (HACCP): The Overall Concept; Heat Treatment of
Foods – Principles of Pasteurization; Milk and Milk Products:
Microbiology of Liquid Milk; Microbiology of Cream and Butter;
Process Hygiene: Overall Approach to Hygienic Processing;
Process Hygiene: Hygiene in the Catering Industry; Salmonella:
Introduction.
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Why Identification?

The world of microorganisms is the largest unexplored reser-
voir of biodiversity on the earth. Pasteur stated: “the role of the
in�nitely small in nature is in�nitely large” and, indeed,
interest in the study of microbial diversity has been encouraged
by the fact that microbes are essential for life since they perform
numerous activities that are essential for the biosphere,
including nutrient cycling and environmental detoxi�cation.
The microorganisms that are of relevance for foods are just
a tiny part of this large world although many different kinds of
activities of microorganisms in food have triggered the activi-
ties of scientists and all different types of actors in the �elds of
food production, storage, and distribution. Microbial diversity
is basically linked to metabolic diversity and therefore to the
activities and role that microorganisms can have in a certain
environment. Microorganisms in food are important for
human health and economy with a consequent strong ratio-
nale for understanding their diversity, source, fate, activities,
and in some cases, exploitation for society.

Examining food from a microbiological point of view is
certainly an operation whose purpose can appear easy to
understand even to those who do not work in the �eld. The
microbiological analysis of food can have very different goals,
however, and depending on which goal is to be met, one can
yclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
select the most appropriate methods to obtain the necessary
results in a fast, accurate, and reliable way and in compliance
with the current local regulations.

Depending on the objectives, the determination of micro-
organisms in food may in fact be directed only to the
numbering, or numbering and identi�cation, or even the
monitoring of microbial species and strains in food products
(Table 1). The search for microorganisms can vary greatly
depending on the food and especially on the targeted microbial
populations.

Before any activity of characterization can be performed on
microorganisms isolated from foods and before scientists can
start studying their physiology for whatever purpose they might
have, an identi�cation is strictly necessary.
Types of Microorganisms to be Identified in Food

The strategy of identi�cation and study of microorganisms in
food will vary depending on the types of microorganisms that
are the target of the analysis. Food microbiologists mainly deal
with three wide and different categories of microorganisms: (1)
pathogenic, (2) spoilage-associated, and (3) technologically
relevant microorganisms (Table 1).
-384730-0.00408-0 241
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Table 1 Scopes of different levels of identi� cation for the types of microorganisms occurring in food

Analysis

Microorganisms in food

Pathogens Spoilage associated Technologically relevant

Detection and numberinga Performed to assess the presence
and to quantify the pathogenic
microorganisms in food

Performed to assess the presence
and to quantify the spoilage-
related microorganisms in food

Performed to quantify the
technologically relevant
microorganisms in food

Species identi� cationb Always performed to assess and
con� rm the presence

Mainly performed for research
purposes

Performed in order to
l Identify different members of

a complex microbial ecosystem
l Identify an isolate to be further

characterized
Strain identi� cationa Needed to assess the level of

pathogenicity
Mainly performed for research

purposes
Always performed when needed for the

selection of desired metabolic traits
and development of starter cultures

aPerformed by using selective media and enrichment procedures if required.
bIt can be carried out by both genotypic and phenotypic methods.

242 IDENTIFICATION METHODSj Introduction
The pathogenic bacteria are of utmost interest for the pres
ervation of human health and their presence in food must be
avoided. The contamination of foods with pathogens widely
occurs, however, and their early detection is important to avoid
the development of outbreaks. In this case, the identi� cation
may be preceded by selective enrichment or cultivation of the
pathogens that also can occur at very low numbers. Beyon
species identi� cation, a strain typing is often necessary for
pathogenic bacteria. In fact, not all the strains of the same
species have the same pathogenic potential and the identi� -
cation of serovar, pathovar, biotype, and so on can be necessa
for the determination to be useful.

The microorganisms associated with food spoilage are thos
that once having contaminated a food can lead to product
spoilage through their development and metabolic activities.
The growth of spoilage microorganisms in food often is asso-
ciated with the release of metabolites that can be responsible
for off-odors or off- � avors and cause the spoilage during food
storage and distribution. For this target population most of the
determinations are based on numbering by viable counts using
speci�c growth media. In fact, the determination of the loads of
speci�c spoilage populations in some cases can be enough t
attribute the spoilage phenomena to a speci� c microbial group.
Species and strain-level identi� cation can be useful in the case
of research purposes. Not all the species can equally contribut
to the spoilage occurrence and dynamics and therefore th
species identi� cation within a population can be necessary. In
addition, to study the potential metabolic contribution to
spoilage a strain characterization can be required.

The microorganisms of technological relevance are thos
that play a role in food fermentations. They can transform the
raw materials in end products by fermentation and include
lactic acid bacteria (LAB), yeast, molds, and other gorups. In the
case of these populations the identi� cation is important to
understand what species drive a speci� c fermentation and to
identify the structure of complex microbial communities often
occurring in food. Also in this case an identi� cation beyond the
species can be necessary. In fact, strains of different species
isolated and characterized to select biotypes with desired
characteristics that can be employed as microbial starte
cultures to ensure a desired and standardized quality and safet
of fermented foods.
IdentiÞcation Approaches in Food Microbiology

The study of microbial ecology of complex natural ecosystems
has dramatically changed in the past decades. This is due to th
availability and use of novel approaches to perform detection,
identi � cation, and typing of microorganisms. Novel scenarios
have opened in the� eld of environmental microbiology after
molecular techniques based on DNA and RNA analyses hav
been introduced and pro� tably employed. On the basis of the
interesting achievements and advance of knowledge in the� eld
of environmental microbiology, other microbiological disci-
plines, among which is food microbiology, have updated their
systems of investigation and moved forward with improved
tools of analysis. The science and approach to study microor
ganisms in food is completely different compared with the
past. In this current age, functional genomics, transcriptomics
proteomics, and metabolomics really are going to work out the
overall role of bacteria in food. Nevertheless, during the past
decade, much research efforts have been dedicated to th
development and optimization of molecular methods for the
detection, reliable identi� cation, and monitoring of microor-
ganisms involved in food fermentations. Owing to the devel-
opment of molecular techniques, important changes have been
introduced into laboratories of research and analysis. The
availability of such methods has made food scientists shift
from a more traditional isolation and biochemical character-
ization of food microbes to a direct detection of DNA or RNA
from microbes.

Traditional culture-based procedures to study the food
microbiota remain the of� cial and most commonly employed
approaches to study the microbiology of a food product and to
analyze a food from a microbiological point of view. More and
more laboratories are now endowed with the appropriate
equipment and scienti� c and technical expertise to study
microorganisms from food using molecular approaches.
Cultivation of microorganisms on appropriate, even selective,
culture media is at the basis of traditional microbiology.
Therefore, the� rst thinkable approach to study the microbi-
ology of a food is to get representative samples and place them
on speci� c substrates to pick up the target microbiota. After an
estimation of the viable microbial loads of speci� c microbial
groups, the food microbiologists usually go through isolation,
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puri � cation, and identi� cation of some target microorganisms,
the last possibly based on biochemical assays. Depending o
the scope of the research and analysis, the further step is
undertake a functional characterization or a genotyping to
deepen the knowledge on the identity of microbial biotypes
within the identi � ed species and to� nalize the experimental
work to gain the desired information for the food scientist or
analyst.
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Biochemical IdentiÞcation

Microbial isolates are obtained after culturing on appropriate
media. To target speci� c microorganisms, selective media are
used and in many cases the use of chromogenic agars allows th
differentiation of microorganisms of food interest on the basis
of simple metabolic activities. Prior to the identi� cation and
classi� cation of microorganisms obtained from microbiolog-
ical sampling, a fundamental prerequisite is to obtain a pure
culture by streaking for isolation. A pure culture is a homoge-
neous population, which consists of the same type of cells
derived from the same initial organism. A pure colony, there-
fore, will be composed of identical cells, and streaking tech-
nique is used to isolate colonies physically separated from eac
other, so that they can be selected to create the pure cultures
be further characterized. The pure cultures can be subjected
preliminary characterization prior to identi � cation. First, the
cultures are characterized by the morphology of the colony and
cell morphology, the latter determined by microscopic obser-
vation. Furthermore, some procedures are applied to detec
some of the features, mainly physiological, of the organism to
be studied. The tests most frequently carried out are Gram stai
and evidence of catalase and oxidase.

The phenotypic identi� cation is based on the de� nition of
the physiological characteristics of an organism and conse
quently this approach is based on a series of physiological and
biochemical tests able to highlight speci� c characteristics that
the organism harbors. The biochemical identi� cation is based
on the concept of the identi� cation key. Brie� y, a series of
biochemical tests is carried out in a de� ned sequence where
depending on the results of the previous test, a further test i
performed until an identi � cation of the organism is achieved.
The phenotypic methods of identi� cation can be performed in
the laboratory through the preparation of speci� c media for
each type of test to carry out. In addition, kits are available that
group these tests together according to speci� c organisms to be
identi � ed, and the results can be read and interpreted by usin
appropriate software. Many different systems are available t
perform biochemical identi � cation from manual through
semiautomatic to fully automatic commercial systems. The
latest generation redox chemistry enables testing and microbia
identi � cation of Gram-negative and Gram-positive bacteria in
the same test, and many different biochemical traits can be
assessed at the same time with a single inoculation plate, whic
constitute a high throughput biochemical identi � cation system.

Sugar consumption and fermentation are key methods for
a phenotypic identi� cation. In the � rst case, by giving the
organism only one carbohydrate source each time and moni-
toring its consumption, it can be established what kind of sugars
the microorganism can be used and therefore speci� c
combination of results can attribute an organism to a speci� c
taxon. The same approach can be used for fermenting organism
whose growth and acidi� cation performances can be checked in
the presence of different sugars. Other tests can includ
depending on preliminary results, the growth at different
temperatures and different salt concentration, hydrolysis and
the use of speci� c substrates (such as starch, urea, citrate, etc
nitrates reduction, indole production, acetoin production,
hemolysis, coagulase activity, aminoacid decarboxylation, and
so on. Furthermore, sensitivity to different antibiotics often
plays an important role in the identi � cation of microorganisms
isolated from food.

Fourier transform infrared (FT-IR) spectroscopy is a physi
cochemical method based on the measurement of vibration of
a molecule excited by infrared radiation at a speci� c wave-
length range. FT-IR spectra of bacterial or yeast cells can be us
to take their chemical picture, including fatty acids, carbohy-
drates, lipopolysaccharides, proteins, and nucleic acids. FT-I
coupled with various analyses of the spectra can be applied to
food microbiology for the detection, differentiation, and
taxonomic classi� cation of bacteria from both cultures and
food products.

Overall, identi� cation based on the most common pheno-
typic assays is easily performed; however, some tests are tim
consuming, and miniaturized kits can be expensive, but an
important concern is the possibility of a subjective interpreta-
tion from the operator. Moreover, the identi� cation tests are
based on phenotypic characters that are not always stable, a
in� uenced by physiological and environmental conditions in
which the organism is cultured. It is not surprising, in fact, that
the same pure culture tested at two different times with the
same phenotypic assays will produce different results. Thi
problem has led to a more frequent use of methods of identi-
� cation based on molecular biology techniques, which
consider more stable traits of the microorganisms that are not
affected by extrinsic parameters. Furthermore, it is importan
to underline that the biochemical and physiological charac-
terization is of paramount importance in food microbiology,
not exclusively for identi� cation but also for characterization
purposes. In fact, in studying a potential pathogen, some of its
biochemical features have to be examined to assess its viru
lence; on the other hand, biochemical traits are fundamental in
technologically relevant microorganisms to be used as starte
cultures in food fermentation.
Molecular IdentiÞcation

Thanks to molecular biology, microbiologists have an alter-
native way to pursue the identi� cation of microorganisms, and
this possibility is of course extended to microorganisms from
food. The gene pool of a given organism is represented by DNA
molecules that make up the genome. In prokaryotes the geneti
information is contained in a single chromosome, whereas
eukaryotic organisms may have different chromosomes, whos
number is closely related to the genus. By analyzing the
molecule of DNA, and in particular its nucleotide sequence, an
identi � cation of the organism in question can be obtained.

After the description of the polymerase chain reaction
(PCR) by Kary Mullis and Faloona (1987), a new horizon has
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244 IDENTIFICATION METHODSj Introduction
opened up in respect to what is possible in the � eld of
microbial detection and identi � cation. The application of PCR,
followed by the sequencing, revolutionized the detection and
identi � cation of bacteria. PCR uses a DNA polymerase to mak
a huge number of copies of any given piece of DNA. It allows
a limited length of DNA to be ampli� ed by about a millionfold
and to make it ready for other molecular biology applications,
for example, size determination (in bases) and nucleotide
sequence. The target sequence is identi� ed by using selected
oligonucleotide DNA primers (usually about 20 bp in length)
that de� ne the limits of the sequence to be ampli�ed.

A general scheme summarizing examples of microbia
species identi� cation approaches is reported inFigure 1. The
use of nucleotide sequence data from ribosomal RNA genes
now makes it possible not only to identify but also to infer
phylogeny for all organisms in many different environments.
The 16S (small subunit) rRNA gene (26S for yeast and 18S fo
molds) is the most commonly used sequence for bacterial
identi � cation for several reasons, including (1) it is present in
all organisms and (2) it is a conserved region but also contains
variable and hypervariable sequences that can allow a specie
level identi� cation. In fact, for bacteria, the variable regions of
the 16S sequences vary depending on the species in most cas
Suf� cient data are deposited in the National Center for
Biotechnology Information Genbank database and in special-
ized ribosomal databases, such as the Ribosomal Databas
Project. By aligning rRNA sequences with the sequence occu
ring in these databases the closest relatives are detecte
a sequence homology can be determined, and in most cases a
identi � cation to the species level can be obtained. This strateg
allows a relatively fast and reliable identi� cation of microbial
isolates after DNA extraction, compared with long times and
uncertainty of biochemical tests. Some microbial groups have
too homogeneous sequences between the species and therefo
cannot be identi� ed by rRNA gene sequencing with an
acceptable level of certainty. For some groups relevant to th
food microbiology, alternative genes such ashsp60for lactic
MPhenotypic identification
Assays in lab media
Phenotypic identification kits
High throughput biochemical identification systems

Hybridi

D
M
F

Protein-based identifica

SDS-PAGE
Mass spectrometry

Figure 1 Phenotypic and genotypic methods for identi� cation of microbia
sodium dodecyl sulfate polyacrylamide gel electrophoresis; FISH,� uorescenc
conformation polymorphism.
acid bacteria, sodAfor coagulase-negative staphylococci, and
carAfor Pseudomonashave been successfully employed for the
identi � cation of species.

The PCR can be a valuable tool for microbial identi� cation
if the primers used in the ampli� cation are speci� c to a partic-
ular species. In this way, an ampli�cation signal is obtained
only if the DNA belongs to that species, whereas there will be
no ampli � cation product if the species is different from that
sought. This approach has led to the development of speci� c
primer sets for a large number of microbial species of interest in
food and is a good identi� cation system. It is extremely
important to assess the validity of the method on a large
number of microorganisms belonging to the species in ques-
tion, however, as small changes in the sequence at the site o
annealing may prevent ampli� cation of the primers and thus
not allow identi � cation. In addition, nontarget microbial
species need to be examined to check the validity of the assa
against a cross-reaction with other species. The species-spec� c
PCRassays can be designed for the simultaneous identi� cation
of multiple species in multiplex PCR where the target
sequences are different for different species and diverse prime
couples give species-speci� c products with different sizes that
can be resolved after gel electrophoresis.

The ampli� ed rDNA restriction analysis is another method
for molecular identi � cation. The ribosomal genes are� rst
ampli � ed by PCR and then subjected to cutting by restriction
endonucleases. These enzymes are able to recognize spec� c
nucleotide sequences and are able to speci� cally fragment the
DNA. Restriction fragments are obtained by enzymatic diges
tion, whose number and size will highlight the number of
restriction sites present in the amplicon analyzed. Different
species produce different pro� les, conversely, if the organisms
are part of the same species analyzed, the patterns obtained a
identical. Tools are available on the market that are able to
perform this analysis in a totally automated manner. The
approach also is called ribotyping, and it is used not only for
microbial identi � cation but also in molecular typing.
icrobial species identification 

Genotypic identification

Sequencing

PCR

rRNA gene
Other housekeeping genes

zation

Species-specific PCR
PCR followed by REA
SSCP

NA–DNA hybridization
icroarray
ISH

tion PC
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l species isolated from food. PCR, polymerase chain reaction; SDS-PAGE,
ein situhybridization; REA, restriction enzyme analysis; SSCP, single strand
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The microbial identi � cation by molecular methods can be
performed by molecular probes. These are short sequences
DNA (usually 18–25 nucleotides), which can be modi� ed by
the addition of chemicals able to produce a signal (i.e.,� uo-
rochrome). The technique that is based on their use is the
hybridization, that is, the formation of a double-stranded
hybrid between the probe and DNA molecule to be recognized
in the case of sequences homologous and complementary. I
recent years, molecular probes and hybridization techniques
have found various applications, but for the purposes of
identi � cation, they can be used in the Southern blot methods,
in which the DNA of the microorganism to be identi � ed is
transferred onto a membrane and subsequently hybridized
with the probe; alternatively, the probe can be used directly on
whole cells. In the latter case, the hybridization is de� ned as
� uorescencein situ hybridization (FISH) where the target is
rRNA in whole cells that are hybridized after being subjected to
a process of� xation and permeabilization, which allows a � u-
orescently labeled probe to enter the cell and bind to rRNA,
making the cell � uorescent. FISH is a microscopic method and
often is used for microbial identi � cation using species-speci� c
probes. Furthermore, multiple hybridized cells can be selec
tively detected by using a� ow cytometer as the detector instead
of a � uorescence microscope.

Another hybridization-based approach is the microarray
technology that has become an important tool for the identi-
� cation of large sets of nucleic acids. The global analysis of gen
expression is one of the most promising developments of
microarrays. A further research area of interest for microarra
technology is the identi� cation of genotypes and species base
on hybridization to arrays of speci� cally predesigned probes.
As large databases of complete genomes and speci� c genes (i.e.,
ribosomal RNA genes) become available, scientists can theo
retically design arrays that can identify any microorganism.

Another commonly used technique for the identi� cation of
microorganisms is sodium dodecyl sulfate-polyacrylamide ge
electrophoresis (SDS-PAGE). This technique is based on th
puri � cation of proteins from a speci� c microbial culture and
their separation on a polyacrylamide gel containing a deter-
gent, sodium dodecyl sulfate, which can cause denaturation o
proteins. For this reason, they will migrate in the gel according
to their molecular weight and create a pro� le that will be
typical for a microbial species. Creating databases of SDS-PAG
pro� les, food isolates can be identi� ed by comparing their
patterns with those from known reference species. A lates
robust, standardized procedure for automated bacterial iden
ti � cation is based on the detection of patterns of protein masse
by matrix-assisted laser desorption/ionization mass spectrom
etry. A general bacterial mass spectra database can be crea
containing entries of bacteria of different genera. Furthermore
genotyping of single-nucleotide polymorphisms (SNPs) can be
performed by mass spectrometry to unambiguously determine
closely related strains that are dif� cult to distinguish when
relying only on protein mass pattern detection.

Bioinformatics is an indispensable accessory tool for al
these approaches. The revolutionary growth in the computa
tion speed and memory storage capability has led to rapid and
advancedanalysis of biological data. The development and fas
upgrading of bioinformatics techniques has enhanced the
identi � cation capabilities by automated analysis of large
amounts of sequence data, complete microbial genomes, and
partial sequences and it represents an invaluable help fo
identi � cation purposes.
Strain Typing

The taxonomic classi� cation that provides for the recognition
of family, genus, species, and subspecies of a particula
organism often cannot properly describe the diversity of the
microbiota. In fact, within the same species, there are groups o
individuals with important differences in terms of physiolog-
ical and genetic traits. For this reason, microbial typing aims to
distinguish different strains within a species that generally can
be de� ned as biotypes.

Strain typing can be important in food microbiology, as this
can give detailed information on the biodiversity of a given
species in a given food ecosystem. In addition, as stated, typin
also is used for strain differentiation within species of patho-
gens. Not all of the strains of a pathogenic species have th
same pathogenic potential, and their differentiation within the
species becomes important. In addition, strain typing can be
useful in the process of characterization of microbial isolates
for the development of starter cultures. While traditional typing
was performed principally through the phenotypic traits, such
as growth at different temperatures or the ability to transform
de� ned substrates, or the different sensitivity to bacteriophage
(phage-typing), the methods that now are most often used are
based on molecular or immunological principles.

Molecular typing generally is based on differences tha
microorganisms have in their genomes, even if belonging to the
same species. A general scheme reporting examples of stra
typing methods is illustrated in Figure 2. For this reason, the
target of the analysis is the DNA. The typing can be achieved b
(1) DNA sequencing or (2) DNA � ngerprinting. In the � rst case,
differences are highlighted directly by comparing sequences o
target genes of multiple strains of the same species and the SN
is the most powerful approach that can be used for strain
differentiation. In the case of � ngerprinting, a pro� le of DNA
fragments is obtained from each genomic DNA by different
techniques, and the� ngerprints are then subjected to further
analysis using speci�c software to identify the similarity
between different strains.

If sequencing is used for differentiation, the methods can
include whole genomic sequencing that is still not commonly
applied for typing, the approach is indeed expensive, and
results cannot be easily handled and interpreted. Beyond the
whole sequencing approach, partial sequencing typing is much
more common among food microbiologists. Multilocus
sequencing typing (MLST) has become fundamental in the
epidemiological � eld speci� cally for the characterization of
foodborne pathogens, such asBacillus cereus, Salmonella enter
ica, and Listeria monocytogenes. The technique has been used fo
the typing of LAB, such asLactobacillusspp. MLST is based on
PCR ampli� cation and sequencing of several housekeepin
genes; after sequence comparison, even one difference in th
sequence is considered enough to de� ne a different biotype. In
the � eld of epidemiology, where the strains responsible for
outbreaks must be precisely identi� ed and recognized, the
technique is used for the differentiation of pathogenic strains
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Molecular strain typing

PCR-based Not PCR-based

Preparative PCRPCR-fingerprinting

Sequencing (i.e., MLST, MLST-v; SNP typing)
REA-PCR (i.e., MLRT)

RAPD
REP
ERIC

REA
REA-PFGE
Immunoassays

Figure 2 Available methods for typing of microbial strains isolated from food. RAPD, randomly ampli� ed polymorphic DNA; REP-PCR, repetitive
extragenic palindromic PCR; ERIC, enterobacterial repetitive intergenic consensus; MLST, multi-locus sequence typing; MLST-v, multi-locus sequence
typing based on virulence genes; SNP typing, single nucleotide polymorphisms typing; REA-PFGE, restriction enzyme analysis-pulsed� eld gel elec-
trophoresis; MLRT, multilocus restriction typing.
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according to the differences found in genes encoding for viru-
lence factors (MLST-v).

The� ngerprinting approach to strain typing can be (1) PCR
independent or (2) PCR based. The restriction enzyme analysi
is the digestion of DNA by restriction enzymes that can be
followed by different kinds of fragment separation. The most
robust and widely used separation technique is pulsed-� eld gel
electrophoresis (PFGE), which is dated but still considered the
gold standard for strain typing, allowing reliability and repro-
ducibility across different laboratories. For this reason, over the
past 20 years, several databases have been developed, includ
PFGE pro� les of pathogens such asEscherichia coliO157:H7
and L. monocytogenes(i.e., PulseNet of the U.S. Centers fo
Disease Control and Prevention), to track the strains respon
sible for outbreaks in different parts of the world.

The PCR-based typing techniques can be divided into two
groups: (1) methods where the PCR is a preparative tool and
(2) methods where PCR is the analytical tool. In the� rst group
of techniques, the PCR is a preparative step followed by othe
analyses to be performed on the amplicons to highlight
differences in the DNA by sequencing, restriction, or spatia
DNA conformation analyses. On the other hand, when PCR is
analytical, � ngerprints with multiple amplicons coming from
the same PCR reaction will show the genome variations.

Restriction fragment-length polymorphism (RFLP) is based
on the ampli � cation of a speci�c DNA fragment, which is
subsequently subjected to restriction enzyme analysis. In
single-strand conformation polymorphism (SSCP), the PCR
product is denatured and fragments are separated by electro
phoresis based on their speci�c conformation. Multilocus
restriction typing is similar to the MLST, but the PCR products
are digested with restriction enzymes and not sequenced.

In food microbiology, the most commonly used analytical
PCRs are the randomly ampli� ed polymorphic DNA (RAPD)
and repetitive extragenic palindromic (REP) PCR. Both methods
use short primers that are capable of hybridizing to multiple
different regions of the genome and provide strain typing by
ampli � cation pro� les, which are directly related to the number
of times that the primers anneal to the genomic DNA. In the
case of RAPD, a single primer is typically used, whereas one
couple of primers can be used for REP-PCR. The RAPD metho
is de� ned as random because the primer annealing is casual an
therefore will produce fragments of different sizes. The RAPD
PCR is easy to use, but it is characterized by low reproducibility
due to the low stringency of ampli� cation conditions that are
used to allow frequent primer annealing and generate more
complex pro� les. While intralaboratory comparisons are
usually made, it is not advisable to compare RAPD pro� les
obtained in different laboratories. In REP, repeated regions
scattered inside the microbial genomes are ampli� ed and the
large number of bands is proportional to the number of repeat
sequences contained within the genome of the microorganism
analyzed. Unlike RAPD, REP-PCR is more robust and repea
able. Similar to REP, the enterobacterial repetitive intergeni
consensus– PCR exploits the ampli� cation of repetitive and
conserved regions within genomes of Gram-negative bacteria.

An additional option for the strain typing is the use of
immunoassays. In this kind of typing, the speci� city of an
antibody is exploited to recognize certain antigens, whose
presence or absence is the basis to identify a serotype. Antige
are usually proteins, but also can be polysaccharides. They ca
be localized on the cell surface (O antigens) or with the� agella
(H antigen), which are recognized speci� cally by antibodies.
The immunological methods are of paramount importance
especially for some groups of Gram-negative bacteria, such a
Salmonellaand E. coli, where the de� nition of the serotype is
fundamental for the taxonomic identi � cation.
Culture-Independent IdentiÞcation

The acknowledged problem with the culture-dependent study
of microrganisms is the lack of knowledge of the real condi-
tions under which most of bacteria grow in their natural habitat
and the dif� culty to develop media for cultivation accurately
resembling the natural developing conditions. Therefore, the
culture-independent techniques, now widely used, are inten-
ded to overcome this pitfall of the traditional approach and to
study the microbial entities directly extracting their nucleic
acids from the original sample. In other words, the original
food sample will be subjected to direct and total microbial
DNA or RNA extraction and further techniques will be
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employed to gather information from the extracted mixture of
nucleic acids. Culture-independent �ngerprinting techniques
can provide a pro�le representing the genetic diversity of the
microbial community occurring in a particular food, raw
material, or intermediate of production. Polymerase chain
reaction-denaturing gradient gel electrophoresis (PCR-DGGE)
or temporal temperature gel electrophoresis is the most
commonly used among the culture-independent �ngerprinting
techniques. In addition, some other techniques mentioned
thus far, such as RFLP and SSCP, can be applied to complex
microbial communities without cultivation. The next-genera-
tion sequencing approaches are, however, the current and
future chance for culture-independent identi�cation due to
their high throughput performance, reliability, speed, and
semiquantitative nature of the results that can be provided.

The description of most of these techniques and approaches
and their possible applications to food microbiology will be
the core content of this section of the encyclopedia, where in
each chapter, a sigle approach will be described along with the
related advantages and drawbacks.
See also:Classi�cation of the Bacteria: Traditional; Bacteria:
Classi�cation of the Bacteria – Phylogenetic Approach;
Biochemical and Modern Identi�cation Techniques:
Introduction; Biochemical Identi�cation Techniques for
Foodborne Fungi: Food Spoilage Flora; Biochemical and
Modern Identi�cation Techniques: Food-Poisoning
Microorganisms; Biochemical and Modern Identi�cation
Techniques: Enterobacteriaceae, Coliforms, and Escherichia
Coli; Biochemical and Modern Identi�cation Techniques:
Micro�oras of Fermented Foods; Identi�cation Methods:
Introduction; DNA Fingerprinting: Pulsed-Field Gel
Electrophoresis for Subtyping of Foodborne Pathogens;
Identi�cation Methods: DNA Fingerprinting: Restriction
Fragment-Length Polymorphism; Bacteria RiboPrint�: A
Realistic Strategy to Address Microbiological Issues outside of
the Research Laboratory; Multilocus Sequence Typing of Food
Microorganisms; Application of Single Nucleotide
Polymorphisms–Based Typing for Dna Fingerprinting of
Foodborne Bacteria; Identi�cation Methods and DNA
Fingerprinting: Whole Genome Sequencing; Identi�cation
Methods: Multilocus Enzyme Electrophoresis; Identi�cation
Methods: Chromogenic Agars; Identi�cation Methods: Immu-
noassay; Identi�cation Methods: DNA Hybridization and DNA
Microarrays for Detection and Identi�cation of Foodborne
Bacterial Pathogens; Identi�cation of Clinical Microorganisms
with MALDI-TOF-Ms in a Microbiology Laboratory;
Identi�cation Methods: Real-Time PCR; Identi�cation
Methods: Culture-Independent Techniques.
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Figure 1 Topographic model of the lac operon. lacZ … gene for the
hydrolase, b-galactosidase; lacY … gene for the permease; lacA … gene for
the acetylase.
Introduction

The origins of chromogenic agars go back to the investigation
of gene control in Escherichia coli. Although the features of gene
control are taught commonly in microbiology courses, they are
not necessarily taught to food microbiologists and food
scientists. They are important to understanding how chromo-
genic agars work and how to design them.

Until the late 1940s, investigation of lactose transport and
hydrolysis mutants was based on MacConkey agar and Eosin
methylene blue agar. Improvements were made to the
techniques for detecting mutants by the introduction of the
lactose analogs o-nitropheny-b,D-galactoside (ONPG) and p-
nitrophenyl-b,D-galactoside. These are colorless substrates, but
on hydrolysis, they produce a yellow color in and around the
colony. This was a signi�cant advance as it allowed researchers
to look for mutants in the small number of genes involved in
the utilization of lactose, rather than the large number of genes
involved in the complex system that results in its fermentation.

The nitrophenol substrates had improved speci�city for
mutants in the genes of the lac operon, but they suffer from
a number of weaknesses. Nitrophenol is a weak chromophore,
with a low extinction coef�cient. It is also lipid soluble, and
when hydrolyzed within the cytoplasm, it rapidly diffuses
across the cytoplasmic membrane (CM) into the surrounding
medium.

In 1966, 5-bromo-4-chloro-3indolyl-b,D-galactoside (X-
Gal) was used in genetic experiments with E. coli. This is
another colorless lactose analog that on hydrolysis, dimerizes
in the presence of oxygen to form a deep blue-green pigment
that precipitates in the colony. The use of X-Gal for aiding in
the detection of E. coli was patented in 1979, and although
ONPG was used to differentiate Salmonella from coliforms in
1964, a commercial diagnostic culture medium exploiting this
principle and the available chromogens was not commercial-
ized until 1989, when the molecular biologist Dr. Alain Ram-
bach used it as one of the components in Rambach Agar to
differentiate coliforms from Salmonella.

Fluorogens have also been used in a similar way to chro-
mogens. Instead of a chromogenic color reaction, �uorogens
produce �uorescence under long-wave ultraviolet (UV) light on
cleavage of the substrate. A key example is the MUG (glucu-
ronidase) test, where ß-D-glucuronidase (produced almost
exclusively by E. coli) cleaves 4-Methylumbelliferyl-ß-D-
glucuronide to 4-methylumbelliferone and glucuronide, with
the �uorogen 4-methylumbelliferone being detected under
a long-wavelength UV lamp.

A new class of selective agents known as Inhibigens� have
been developed, which provide highly speci�c selectivity and
allow improved recovery of target organisms. In this case, an
inhibitor molecule is linked to a speci�c substrate in place of
a chromogen. When bound to the substrate, the inhibitor
molecule is inert, but it becomes toxic when a cell takes up and
cleaves the substrate. Instead of being aimed at differentiating
248 Encyclopedia of Food Mic
the target organism, Inhibigens� are directed at the competing
�ora.

This short piece of history was given to illustrate that
knowledge of molecular biology and organic chemistry are
important to food microbiologist. Innovation comes from
knowledge in breadth, not in depth.
Molecular Biology of Substrate Utilization

Three steps are required for a chromogenic substrate to produce
a color in a colony. These are (1) induction of genes, (2)
transport of substrate, and (3) hydrolysis of the substrate. The
genetic elements governing these steps are grouped together in
an operon. We will use the lac operon as our model for
discussion, as it is the best known, and because lactose
fermentation has been the major diagnostic test for differenti-
ating nonpathogenic coliforms from non-lactose-fermenting
Salmonella for more than 100 years.

Figure 1 shows a topographic model of the lac operon.
When an inducer binds to the control region, the genes
downstream of it are transcribed into functional enzymes. If
there is no inducer, there is no induction of the enzyme. The
control of gene expression is quite complex, and it has been
simpli�ed for this discussion. This is a general model for gene
regulation. The structure might vary for different nutrients and
transport systems, but for di- and trisaccharides, it is suf�cient
to communicate the principles around the process.

This system allows the cell to tightly control gene expression
to respond to its immediate environment at minimal cost in
resources. The system is imperfect, and this allows small
numbers of the proteins to be generated in the cell. This allows
nutrients to enter the cell and to induce the operon, if they are
present at suf�cient concentration.

Induction of the operon for a sugar is fundamentally
important for the exploitation of chromogenic substrates.
Chromogenic substrates may or may not induce an operon.
This is dependent on the substrate, the chromophore, and the
species and will be discussed later.

The gene for b-galactosidase is lacZ. This enzyme hydrolyzes
b-galactosides, like lactose, into two parts. One of these is
always galactose, as this is the part of the molecule that is
recognized by the enzyme. The other part of the molecule can
be a sugar or a chromophore, and this is why chromogenic
substrates can be used to replace sugars.

Both Gram-positive and Gram-negative bacteria have
evolved systems that preferentially exclude harmful molecules
and allow for entry of nutrients in the cell. Because of the
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00416-X
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environmental niche occupied by Gram-negative bacteria, thei
barrier is more complex and more effective than that of Gram-
positive organisms. Gram-negative organisms have an oute
membrane (OM) – seeFigure 2. This is an asymmetric lipid
bilayer that is impermeable to the entry of toxic molecules into
the cell. The OM has a selective permeability to nutrients
because of porins that allow for the diffusion of molecules less
than 600 Da into the cell. This represents the molecular weigh
cut-off for chromogenic glycoside substrates in the Gram
negative cell, as the S-layer and the peptidoglycan layer tha
sandwich the OM have size exclusion limits that are almost two
orders of magnitude greater than that of the porins.

The lacYgene encodes the permease that is located in th
CM. The CM is hydrophobic, and those water-soluble nutrients
that diffuse through the porins with molecular weight above
100 Da cannot cross this membrane. The permease accum
lates b-galactosides within the cell against a concentration
gradient. It is a proton symport and derives its energy from the
hydrogen ion potential across the CM. This is a common type
of transport system in Gram-negative bacteria, but it is not the
only type.

The lacAgene transcribes an acetylase transferase. This h
a similar function to chloramphenicol acetylase, which is part
of an ef� ux system that has evolved in bacteria to eliminate
molecules that pose a threat to the cell. Theb-galactoside
transacetylase is part of a system that eliminates unmetabo
lizable molecules out of the cell. The bacterial cell has a hier
archy for sugars, based on the net energy yield throug
catabolism. This is controlled through a series of proteins that
respond to the concentration of the various sugars in the
cytoplasm. If there was a mutation in the hydrolase gene,lacZ,
that prevents the transcription of a functional b-galactosidase,
the cell could accumulateb-galactosides in the cytoplasm. This
would prevent the bacterium from using energetically less
favorable, but metabolizable sugars that might be in the envi-
ronment surrounding the cell. The product of the lacAgene is
essentially a metabolic fail-safe system that has evolved t
minimize the effect of mutation in the hydrolytic enzyme
genes. For chromogenic substrates to be effective three ste
need to occur.
Outer membrane

Peptidoglycan layer

Periplasmic space

Cytoplamic membrane

Cytoplasm

External environment

Permease

Porin

S-layer

Figure 2 Idealized structure of the Gram-negative cell wall. The arro
represent the� ow of nutrients into the cell.
1. Induction of the operon.
2. Transportation of the substrate across the cytoplamic

membrane against a concentration gradient. This require
a substrate-speci� c permease transcribed from a gene in the
operon.

3. Hydrolysis of the substrate and release of a colored mole
cule – the chromophore.
e

e

Fermentation Media

In traditional fermentation media, like MacConkey agar, the
pH change caused by fermentation of lactose is the result o
a cascade of steps that starts with transportation of a sugar int
the cell and through an additional 16 enzyme steps (see
Figure 3) before acid is generated and the color of the medium
changes.

Including the control sequences for each gene, roughly 35
genetic elements could affect the production of acid in lactose
fermenters. Assuming a phenotypic mutation rate of 5� 10� 8

and a population density of 1 � 108 cfu ml� 1 in a pure
culture of a coliform, it can be estimated that around 1750
cells in the population with a single mutation might fail to
ferment the sugar. This conservative estimate does not tak
into consideration other mutations that might affect the cells
capacity to ferment sugars in general. Mutations in the lac
operon and the common pathway are the most signi� cant,
but expression of inactive enzymes in the two branches
would halve the total production of acid by the cell.
Depending on the buffering capacity of the medium, this may
or may not cause false positives.

The large numbers of competitive micro� ora in food
samples leads to a relatively large number of nonfermenting
bacterial species. During development, media forSalmonella
were designed to inhibit nonfermenting organisms as much as
possible without inhibiting the target organism. The ferment-
able sugars were included to differentiate organisms that could
not be inhibited without inhibiting Salmonella. Mutants that
interrupt the pathway shown in Figure 3 would appear as false
positives on media like Xylose lysine deoxycholate agar o
brilliant green agar. Although both of these media include
sucrose as an additional fermentable carbohydrate, it can b
seen from Figure 3 that the addition of a carbohydrate might
improve the speci�city of the medium, and on hydrolysis, the
glucose and fructose would feed into the common pathway. If
there is a mutation in the genetic elements for control and
expression of the enzymes in this, it would affect the ability to
generate acid from both sucrose and lactose.

The incidence ofSalmonellain cooked food is estimated to
be 1.5%. The number of positives seen in a routine testing
laboratory will depend in the material being tested and on the
type of processing involved. From this brief discussion, we
hope that we have shown why false-positives colonies ar
a common feature of pathogen testing on traditional media.
The implications of this will be discussed later in this chapter.
r

Chromogenic Substrates

Chromogenic substrates offer a number of advantages ove
traditional media based on pH indicators. A color change is
ws



Glucosephosphate isomerase

6-Phosphofructokinase

Fructose-biphosphate aldolase

Triosephosphate isomerase

Glyceraldehyde-phosphate dehydrogenase

Phosphoglycerate kinase

Enolase

Pyruvate kinase

Lactate dehydrogenase

Lactic acid

Glucokinase

Induction

Permease

-Galactosidase

Lac operon

Galactosemutarotase

Galactokinase

Galactose-1-phosphate

UDP-galactose-4-epimerase

Phosphoglucosemutase

Leloir
pathway

uridylyltransferase 

Figure 3 Enzymes involved in the fermentation of lactose to lactic acid. The lac operon is shown in blue. The Leloir pathway for conversion of
galactose to glucose-6-phosphate is shown in red. The conversion of glucose to glucose-6-phosphate is shown in green. Common enzyme pathways
are shown in black.

Table 1 Probability of false-negative due to a phenotypic mutation in a cell

Lactose fermentation Chromogenicb-galactosidase

Probability of a colony with a phenotypic mutation 5 � 10� 8 5 � 10� 8

Number of genetic elements 35 3
Probability of no phenotypic mutation in a cell ((1� (5 � 10� 8))35) ((1� (5 � 10� 8))3)
Probability of a single phenotypic mutation in a cell 1� ((1� (5 � 10� 8))35) 1� ((1� (5 � 10� 8))3)
Number of phenotypic mutants in 1� 109 cfu ml� 1 1750 150
Number of phenotypic mutants in 10mm sample 17.5 1.5
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Figure 4 (a) 5-Bromo-4-chloro-3-indolyl-b,D-galactoside (X-Gal); (b) 5-bromo-4-chloro-3-indolyl-caprylate.

Figure 5 Dimerization of colorless 5-bromo-4-chloro-3-indolyl to blue-
green 5,50dibromo-4,40-dichloro-indigotin (indigo).
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seen in a colony after transportation and hydrolysis, and this
reduces the potential number of false positives due to mutation
by more than 10-fold, as fewer genes are involved in generatin
a signal. How this affects the number of false positives on
a plating media is shown in Table 1.

Chromogenic substrates used in culture media for food
microbiology are either synthetic analogs of di- and trisaccha
rides that have an ether bond (Figure 4(a)) or are esters
(Figure 4(b) ).

Hydrolysis of the ether or ester bond releases the colorles
indolol. In the presence of oxygen, this dimerizes to form the
pigment indigo ( Figure 5). The indolyl substrates are the most
common synthetic chromogenic substrates used in culture
media. A number of newer substrates have been synthesized
the past decade that form a color on hydrolysis by chelating
cations, although these are not used extensively as yet.

A variety of colors are available in chromogenic substrate
due to the substitution of halogens onto the indolol molecule.
Halogens can either make the color stronger or can change th
color, depending on the electron withdrawing capacity of the
halogen and its location on the indole ring. The names, struc-
tures, and colors are shown inTable 2.

Although the color of a chromogenic substrate is the easies
feature to appreciate, it is not the most important. For di- and
trisaccharide analogs, the most import feature is the suga
attached as this is recognized by the permease, and it may hav
a signi� cant role in the induction of the appropriate operon.
A signi� cant problem when reviewing the literature on chro-
mogenic substrates is that abbreviations regarding sugars a
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Table 2 Structure, name, and color of indolyl chromophores

Structure Description Color of dimer

3-Indolyl-R

5-Bromo-3-indolyl-R

5-Bromo-4-chloro-3-indolyl-R

5-Bromo-6-chloro-3-indolyl-R

6-Chloro-3-indolyl-R

6-Fluoro-3-indolyl-R

R, represents an organic monomer, such as monosaccharide or a fatty acid.
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applied arbitrarily. In this text, we have used the system of
abbreviation for monosaccharides recommended by Interna-
tional Union of Pure and Applied Chemistry (IUPAC) ( Table 3).

A major obstacle to the adoption of chromogenic substrates
is the lack of understanding how they relate to individual
sugars. A list of X-series chromogenic substrates is shown
Table 4. What is probably most striking is that a single substrate
potentially can be used for a range of sugars, but this does no
necessarily mean that they induce the operon for a sugar– that
is a different issue (Table 5).
Glycosides are the main diagnostic tools used to differentiate
microorganisms in culture media. In traditional fermentation
media, a combination of glycosides, such as lactose and sucros
simply lower the pH for those organisms that ferment them, as
after initial hydrolysis they feed into the glycolytic pathway
(Figure 3) and reach the same end product. The indolyl
substrates come in a variety of colors (seeTable 2). On hydro-
lysis, they dimerize and remain in the colony. This means that
two or more substrates can be combined in a medium to improve
its speci� city. This is illustrated in the Venn diagram inFigure 6.
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Table 3 IUPAC abbreviations for monosaccharides

Name Abbreviation Name Abbreviation

Abequose Abe N-acetylglucosamine GlcNAc
Allose All Glucuronic acid GlcA
Altrose Alt Gulose Gul
Apiose Api Iduronic acid IdoA
Arabinose Ara Lyxose Lyx
Arabinitol Ara-ol Mannose Man
Fructose Fru Rhamnose Rha
Fucose Fuc Psicose Psi
Fucitol Fuc-ol Quinovose Qui
Galactose Gal Ribose Rib
Galactosamine GalN Ribose-5-phosphate Rib5P
N-acetylgalactosamine GalNAc Sorbose Sor
Glucose Glc Tagatose Tag
Glucosamine GlcN Talose Tal
Glucitol (sorbitol) Glc-ol Xylose Xyl

Table 4 5-Bromo-4-chloro-3-indolyl- analogs for naturally occurring disaccharides

Substrate Sugar IUPAC nomenclature

XbGal Allolactose 6-O-b-D-Galactopyranosyl-D-glucose
Lactose 4-O-b-D-Galactopyranosyl-D-glucose
Lactulose 2-O-b-D-Galactopyranosyl-D-fructose

XaGal Floridoside 2-O-a-D-Galactopyranosyl-D-glycerol
Galactinol 3-O-a-D-Galactopyranosyl-myo-inositol
Melibiose 6-O-a-D-Galactopyranosyl-D-glucose

XaGlc Maltose 4-O-a-D-Glucopyranosyl-D-glucose
Palatinose 6-O-a-D-Glucopyranosyl-D-fructose
Trehalose 1-O-a-D-Glucopyranosyl-D-glucose
Turnose 3-O-a-Glucopyranosyl-D-fructose

XbGlc Aesculin 6-O-b-D-Glucopyranosyl-dihydroxycoumarin
Cichoriin 7-O-b-D-Glucopyranosyl-dihydroxycoumarin
Daphnin 7-O-b-D-Glucopyranosyl-dihydroxycoumarin
Salicin 1-O-b-D-Glucopyranosyl-2-(hydroxymethyl)phenol
Arbutin 4-O-b-D-Glucopyranosyl-hydroxyphenol
Cellobiose 4-O-b-D-Glucopyranosyl-D-glucose
Gentobiose 6-O-b-D-Glucopyranosyl-D-glucose
Scillabiose 4-O-b-D-Glucopyranosyl-D-rhamnose

XaGlcNAc Chitobiose 2-Amino-2-deoxy-4-O-(2-amino-2-deoxy-b-D-glucopyranosyl)-D-glucose
XaXyl Primeverose 6-O-a-D-Xylopyranosyl-D-glucose
XaRha Rutinose 6-O-a-L-Rhamnosyl-D-glucose
XbFru or XaGlc Sucrose 1-O-a-D-Fructofuranyl-D-glucose
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Substrate use is under strict control in the bacterial cel
based on the net energy yield. This means that in the case o
E. coliin Figure 5, the organism hydrolyzes theb-galactoside in
preference to the b-glucuronide; once the b-galactoside is
depleted, theE. colicell then hydrolyzes theb-glucuronide. This
means that two separate homodimer pigments form and the
dark-blue color is due to the mixture of these in the colony.
If both substrates were hydrolyzed simultaneously, or if two
b-galactoside substrates were used, with different chromo
phores, then because of dimerization, three pigments would
form (two homodimers and a heterodimer). This can dramat-
ically alter the color. This is summarized inFigure 7.
Chromogenic Media by Organism

Chromogenic media have been developed for use in food,
water, medical, and veterinary microbiology in which suitable
speci�c trait, or traits, in the target organisms have been iden
ti � ed. Most microbiological media companies now market
a range of proprietary chromogenic media.

The main bene� t of using chromogenic media is clearer
differentiation of target colonies, which improves speci� city
and reduces the number of con� rmation tests needed.
Compared with traditional methods, this can prove more cost
effective in terms of both time and consumables.



Table 5 Diagnostic features of a range of chromogenic media commercially available in 2013 for analysis of food

Species Examples of media Substrates Comments

Bacillus cereus Oxoid Brilliance™Bacillus Cereus Agar
Biokar Compass® Bacillus cereus Agar

X-b,D-glucopyranoside (X-Glc) B. cereushas an operon for the transportation and phosphorylation of
b-glucosides and hydrolysis of the resultingb-glucoside-
6-phosphate.B. cereushydrolyzes the substrate giving a colony
with a blue-green center and pale edge.

Chromagar® B. cereus X-b,D-glucopyranoside (X-Glc)
Soy lecithin

B. cereusis b-glucosidase positive, giving colonies with a blue-green
center. The organism also possesses phosphatidylinositol
phospholipase C (PIPLC), which hydrolyzes the lecithin leaving an
opaque halo around the colony.

R&F® Bacillus cereus/Bacillus
thuringiensis Chromogenic Plating
Medium

X-myo-inositol-1-phosphate B. cereushas an operon for PIPLC, which is a pathogenicity factor.
Hydrolysis of X-myo-inositol-1-phosphate by PIPLC gives a blue-
green colony.

Campylobacter AES Chemunex CASA® Agar Triphenyltetrazolium chloride
(TTC)

This medium uses a tetrazolium dye that on reduction forms an
insoluble formazan. The speci� city of this type is due to the
selective agents and TTC really only acts as a visual aid.

Oxoid Brilliance™CampyCount Agar Triphenyltetrazolium chloride
(TTC)

L-Alanyl-L-
1-aminoethylphosphonic
acid

Oxoid may have incorporated anL-alanyl-L-1-aminoethylphosphonic
acid, an Inhibigen™, as this would provide high speci� city against
Gram-negative organisms as these possessL-alanyl
aminopeptidase,Campylobacterdo not.

R&F® Campylobacter jejuni/C. coli
Chromogenic Plating Medium

Aldol acetate This is a true chromogenicCampylobacteragar.Campylobacter, like
many species, possess esterases capable of hydrolyzing acetate
esters. The short-chain indolyl esters are unstable and cannot
withstand heating. Biosynth® recently developed chromogenic
Aldol substrates that are substantially more stable than the indolyl
substrates. It looks like R&F labs have used one of these in this
medium. Speci� city is due to the choice of selective agents, as
a wide range of bacteria can hydrolyze acetate esters.

Clostridium perÞngens Membrane Clostridium Perfringens
(m-CP) Medium

Indoxyl-b,D-glucopyranoside
(I-Glc)

Phenophthalein-biphosphate
Sucrose and phenol red

Clostridium perfringenscolonies appear yellow on this medium due
sucrose fermentation. A number of taxa within the Clostridia
ferment sucrose, so I-Glc is included in the medium to differentiate
these fromC. perfringens, which does not have an operon for the
transport and hydrolysis ofb-glucosides.C. perfringenspossess an
operon for acid phosphatase. Phenolphthalein biphosphate is
included in the medium as a presumptive indicator ofC. perfringens;
however, phenolphthalein has a pKa around 9.6 and is colorless at
pH below 8.6. The plate is exposed to ammonia vapor to raise the
pH of the medium to detect acid phosphatase activity.

Cronobacterspp.
(Enterobacter sakazakii)

AES Chemunex Enterobacter Sakazakii
Isolation Agar (ESIA)

Oxoid Brilliance™Enterobacter
Sakazakii Agar (DFI)

Chromogenic Cronobacter Isolation
Agar (CCI)

X-a-D-glucopyranoside
(XaGal)

Many organisms within the Enterobacteriaceae are capable of
hydrolyzinga-glucosides like maltose. X-a-D-glucopyranoside
appears to only induce the expression ofa-glucosidase in a small
number of taxa within this family.Cronobacterspp. appear green on
DFI due to the slight yellow coloration of the base medium; blue on
ESIA due to the background crystal violet; and blue-green on CCI
due to increased XaGlc concentration and a more de� ned base
medium relative to DFI agar.

(Continued)
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Figure 7 The formation of 6,60-di� uoro-indigotin (25%), 5,50-dibromo-6,60-dichloro-indigotin (25%), and 5-bromo-6-chloro-60-� uoro-indigotin (50%)
from the dimerization of a 6-� uoro-indolol and 5-bromo-6-chloro-indolol mixture.

U = Gram-negative organism growing on bile-containing medium

-Galactosidase

-Glucuronidase

Citrobacter spp.  
Enterobacter spp. E. coli 

O157:H7 Klebsiella spp.   

Proteus spp.
Pseudomonas spp.

Salmonella spp. Shigella  
spp.

E. coli

Salmonella spp. Shigella 
 spp.  

Figure 6 Venn diagram of a dual chromogen medium containing bile salts as a selective agent for Gram-negative organisms.
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Pseudomonas: Introduction; Salmonella: Introduction;
Staphylococcus:Introduction; Vibrio Introduction, Including
Vibrio parahaemolyticus, Vibrio vulnificus, and Other Vibrio
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Recent Trends in Food Microbiology

Food quality and safety are the principal targets of all the
possible operators acting in the food chain. Quality and safety
are heavily in�uenced by the microorganisms contaminating
the food and by their possible development during handling,
production storage, and distribution. Since different microbial
species have different phenotypes and metabolic potential, it is
not surprising that the study of the structure of food microbiota
and its role for the achievement of desired food quality has
been the target of food microbiologists for decades.

The study of microbial ecology of complex natural ecosys-
tems has changed dramatically in the past years. Following the
trends of environmental microbiology, other disciplines,
including food microbiology, have bene�ted from the
advances in molecular biology and adopted novel strategies for
detection of microbes in food. The science and approach to
study microorganisms in food is completely different
compared with the past. The current is the age when functional
genomics, transcriptomics, proteomics, and metabolomics are
going to work out the overall role of microorganisms in food.
Nevertheless, we are coming out of the ‘detectomics’ era when
all the possible efforts have been dedicated to the development
and optimization of molecular methods for the detection,
reliable identi�cation, and monitoring of food-associated
microorganisms. The development and use of molecular
methods caused a sort of shift in the approach toward food
microbes – that is, scientists are now more used to thinking of
nucleic acids from bacteria than bacteria themselves as target
for identi�cation in their studies of food microbial ecology. The
actual analysis of food microbial ecology is now performed by
targeting microbial DNA or RNA directly from food rather than
pursuing traditional isolation and biochemical characteriza-
tion of microbes from food. One of the main interests of food
microbiologists is to study the diversity and dynamics of
microbial populations in food products. The scope of the
analysis can depend on the speci�c food and on types of
microbes that can be (1) pathogens, (2) spoilage-associated, or
(3) technologically relevant microorganisms. Such microbial
populations have to be monitored because of their role in food
contamination, decay, or fermentation and production.

Culture-dependent methods rely on the use of laboratory
media to cultivate microorganisms from foods and such
media can be characterized by several degrees of selectivity for
the target microbes. However, most laboratories are now
endowed with appropriate equipment and expertise to
complement the culture-dependent approach with molecular
techniques. Cultivation of microorganisms is the basis of
traditional microbiology. After an estimation of the viable
microbial loads of speci�c microbial groups, the study of food
microbes involves isolation, puri�cation, and identi�cation of
the target microorganisms. This can be followed by molecular
typing or functional characterization depending on the scope
of the study. There is a scienti�c consensus on the fact that
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
culture-dependent methods are not able to properly describe
the diversity of complex ecosystems: populations that are
present in low numbers or that are in a stressed or injured state
most likely will be unintentionally excluded from consider-
ation if traditional microbiological methods are used. More-
over, cells that are in a viable-but-not-culturable state will not
be detected because of their incapability to form colonies on
microbiological media.

The culture-independent techniques were born to overcome
the principal limitation of culture-based method – that is, the
lack of knowledge of the real conditions under which most of
the bacteria grow in their natural habitat and the dif�culty to
develop media for cultivation accurately resembling the natural
developing conditions. Such limit can be overcome if the
microbial ecology of food is studied by analyzing nucleic acids
directly extracted from foods without cultivation. When
culture-independent approaches are employed for the study of
ecology and biodiversity in food fermentations, the target
molecules considered are DNA and RNA. The signi�cance of
the results that can be obtained using one or the other nucleic
acid have to be evaluated properly because these two molecules
have different properties and meaning. DNA is a very stable
molecule and it is long present after the cell has died. On the
contrary RNA, and especially messenger RNA (mRNA), can
have a very short life. For these reasons, studying the DNA of
a microbial ecosystem will allow for de�nition of the microbial
ecology and diversity, and the RNA analysis will highlight more
properly the microbial populations that are metabolically
active, thereby contributing to the transformation process.
The Culture-Independent Methods

Denaturing and Temperature-Gradient Gel Electrophoresis

Denaturing gradient gel electrophoresis (DGGE) is the most
popular culture-independent method that has been extensively
applied in food microbiology. The technique is based on
the electrophoretic separation of polymerase chain reaction
(PCR)-generated double-stranded DNA in a polyacrylamide
gel containing a gradient of chemical denaturants (urea and
formamide). As the DNA molecule encounters an appropriate
denaturant concentration, a sequence-dependent, partial dena-
turation of the double strand occurs. This change in the
conformation of the DNA structure causes a reduced migration
rate of the molecule. In the temperature-gradient gel electro-
phoresis (TGGE), the temperature is the main denaturing agent.
When the method is used for microbial pro�ling, DNA and RNA
are subjected to PCR or reverse transcription (RT)-PCR with
universal primers, which are able to prime ampli�cation for all
the microbes present in the sample. After this step, the complex
mixture of the DNA molecules obtained can be differentiated
and characterized if separated in denaturing gradient gels
(Figure 1(a)). The separation occurs because each single
operational taxonomic unit (OTU) will have a speci�c sequence
-384730-0.00438-9 259
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Figure 1 Examples of culture-independent methods used to study the ecology of complex food ecosystems. After direct extraction of DNA and its
ampli� cation, PCR products can be analyzed by DGGE (A), SSCP (B), and T-RFLP (C).
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of the ampli� ed product and therefore will have a speci� c
electrophoretic mobility as described. Therefore, every singl
band that is visible in D/TGGE gels represents a componen
of the microbiota. The more bands are visible, the more
complex is the ecosystem. Bands can be excised from the ge
and after reampli� cation can be sequenced to obtain the
identi � cation of the corresponding microbial species. By
using these methods, it is possible not only to pro� le the
microbial populations but also to follow their dynamics
during time. Modern image analysis systems have proven to
be of value for the analysis of DGGE bands and their asso
ciated patterns. For instance, pairwise matching of DGGE
bands in separate gel lanes has facilitated the calculation o
similarity coef� cients to describe relationships between
microbial communities. It should be noted that these
methods are not quantitative.
Single-Strand Conformation Polymorphism

The mobility of double-stranded DNA in gel electrophoresis
depends on its mass, and it is relatively independent of the
nucleotide sequence. The mobility of single strands, however
is strictly associated to nucleotide sequence. Small changes
the sequence can be detected because of the relatively unstab
nature of single-stranded DNA; in the absence of a comple
mentary strand, the single strand may create intrastrand bas
pairing, resulting in loops and folds that give the single strand
a unique three-dimensional (3D) structure, regardless of its
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length. A single nucleotide change could dramatically affect the
strand’s mobility through a gel by altering the intrastrand base
pairing and its resulting 3D conformation. Single-strand
conformation polymorphism (SSCP) analysis takes advantage
of this quality of single-stranded DNA. In PCR-SSCP analysis
the target sequence in genomic DNA or cDNA is simulta-
neously ampli� ed. The PCR product is then denatured to
a single-stranded form and subjected to nondenaturing poly-
acrylamide gel electrophoresis. Bands of the single-strande
DNA at different positions indicate the presence of mutations.
In the past years, radioactive compounds, originally used for
the detection of the DNA single strands, have been successful
substituted either by silver staining or by developing nonra-
dioactive PCR-SSCP methods, which involve the use of� uo-
rescein-labeled primers and detection of the signals b
� uorescence (Figure 1(b) ). This method requires an automated
DNA sequencer. When SSCP is used to pro� le a complex
microbial ecosystem, a robust database should be created to b
able to identify each single component by comparing the
retention time of each signal with a reference in the database. I
matching does not occur, identi� cation will not be possible.
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Terminal Restriction Fragment-Length Polymorphism

Terminal restriction fragment-length polymorphism (T-RFLP)
is a PCR-based genetic� ngerprinting technique for the study of
microbial community structure based on variation in the 16S
rRNA gene. These DNA fragments are commonly separate
using capillary electrophoresis. One of the primers of a primer
pair is labeled with � uorescent dye and is used to amplify
a selected region of a gene of interest by PCR. The resulting PC
fragment is digested with one (or more) restriction endonu-
clease(s) and the terminal restriction fragments (TRFs) ar
separated with an automated DNA analyzer. Microbial diver-
sity in a community can be estimated by analyzing the number
and peak heights of TRF patterns (Figure 1(c)).

T-RFLP is inexpensive, has high-throughput, is reproduc
ible, and can be a very effective tool for characterizing the
dynamic changes that occur in complex microbial ecosystem
over time; however, the technique is best suited for microbial
communities with low to intermediate richness. Like all PCR-
based assays, the technique suffers from ampli� cation bias.
Web-based in silico prediction tools are available for microbial
identi � cation from T-RFLP data, but these tools suffer from the
enormous size and unreliability of many of the sequences in
current databases. T-RFLP is most robust when the in silic
predictions are corroborated with parallel rRNA sequencing.
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Intergenic Transcribed Spacer Region Fingerprinting

Another � ngerprinting option is the PCR analysis of the
bacterial intergenic transcribed spacer (ITS) region locate
between the 16S and the 23S ribosomal genes. It is a suitab
� ngerprinting technique based on the species-speci� c length
and sequence polymorphisms of the spacer region between 16
and the 23S ribosomal genes. Basically, different microbia
species can differ� rst in length and also in the number of
spacer regions they have between the genes encoding for t
two ribosomal subunits. Once ampli� ed by PCR, each micro-
bial species will result in one or more ampli� ed ITS fragments
of a speci�c length. If a mixture of different genomic DNAs is
used as a template as in the case of direct DNA extraction from
food, the resulting PCR product will be a mixture of ITS regions
from all of the species occurring in the original sample, and
after agarose electrophoresis, a� ngerprint will be obtained that
will be characteristic of that speci� c food sample. An appro-
priate software can be used to analyze the� ngerprints as
previously described and give information on the degree of
similarity of different food samples or intermediates of
production with a food chain. The species can be identi� ed by
bands puri� cation from the gel and sequencing of the
fragments.
FluorescenceIn SituHybridization

Fluorescencein situ hybridization (FISH) with rRNA-targeted
probes has been developed for thein situ identi � cation of
single cells and is the most commonly applied among the‘non-
PCR-based’ molecular techniques. Owing to its speed and
sensitivity, this technique is considered a powerful tool for
phylogenetic, ecological, diagnostic, and environmental studies
in microbiology. Fluorescently labeled probes are used to
hybridize to regions of taxonomic interest of rRNA inside intact
cells providing identi� cation and localization of speci� c species
in a certain habitat. After sorting out the problem of making
solid food, samples withstand the hybridization conditions by
applying plastifying protocols, the technique was applied to
some foods and showed great potential in food microbial
ecology. Interesting insights can come from the simultaneous
detection and localization of bacteria in food. Indeed, the
differential distribution of species in a food matrix could suggest
speci� c ecological reasons for the establishment of sites of actua
microbial growth in the food and could be valuable to highlight
the sites of metabolite release in food and consequently affec
the choice and development of speci� c fermentation or storage
conditions of many food products.
Applications in Food Microbiology

The development of culture-independent methods has
changed dramatically the approach used to study micro-
organsims in food ecosystems. The method that undoubtedly
has been applied the most is DGGE. In the past 15 years, th
DGGE has been used to monitor microbial dynamics during
food fermentation (fermented sausages, cheeses, fermente
vegetables, sourdoughs, and wine fermentations), to study the
food spoilage process and to investigate the ecology of food
borne pathogens, such asListeria monocytogenesand Yersinia
enterocolitica.

Among food fermentation, cheesemaking processes are th
most often studied by culture-independent methods, such as
DGGE. The literature is rich in papers in which the microbial
ecology of the transformation from milk to cheese has been
investigated. In this context, raw milk cheeses have attracted th
attention of many researchers because of their rich and
heterogeneous microbiota. In a study of the diversity,
dynamics, and activity of Castelmagno protected denomina-
tion of origin (PDO) cheese microbiota, in the Grana Valley
(Northwest Italy), in samples of milk, curd, and cheese (core
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and subsurface), at different ripening time, the DNA and RNA,
directly extracted from the matrices, were analyzed by PCR
DGGE and RT-PCR-DGGE, respectively. Culture-independe
analysis underlined the undoubted role of Lactococcus lact,
actively involved in both Castelmagno PDO manufacturing
and ripening. Despite the fact thatLactobacillus helveticuswas
never isolated on selective media, a DGGE band correspondin
to this microorganism was detected, at the RNA level, in
samples from ripened cheeses. On the other hand,Lactobacillus
plantarumwas widely isolated from the plates, among lacto-
bacilli, but never detected by direct analysis. Due to the
importance of microbiota in the sensory richness and proper-
ties of traditional cheeses, new information has been added, in
this speci� c work, on microbial diversity of a PDO cheese made
from raw milk. The detection of starter lactic acid bacteria
(SLAB) in the late phases of cheese manufacturing was als
con� rmed in a study on feta cheese. In particular, from the
direct analysis,Streptococcus thermophilus, L. lactis, and Lactoba-
cillus delbrueckiisubsp.bulgaricus, not isolated from agar plates,
were detected by DGGE. These species are commonly respo
sible for fermentation, and it is unusual that they are present
and active during the ripening and marketing of cheeses. It wa
hypothesized that these thermophilic LAB populations were
present in a viable nonculturable (VNC) state. To verify the
VNC state of S. thermophilusand L. lactis, FISH analysis was
carried out. Applying FISH to the feta samples, the presence o
live populations of S. thermophilusand Lactococcusspp. was
con� rmed.

The culture-independent approach can be applied to study
the dynamics of spoilage microbial populations during food
storage. For example, to study the spoilage-related microbiota o
beef at the species level, a combination of culture-independen
and culture-dependent methods was used to analyze nine
different beef samples stored at 4� C in air or in vacuum pack.
Storage in vacuum pack mainly affected viable counts and no
necessarily the species diversity of microbial populations on
meat. Such populations were studied by PCR-DGGE of DNA
directly extracted from meat.Pseudomonasspp., Carnobacterium
divergens, Brochothrix thermosphacta, Rahnellaspp., and Serratia
grimesii, or close relatives, were detected in the meat at tim
zero. The use of the culture-independent method highlighted
the occurrence of species that were not detected by plating
Photobacteriumspp. occurred in most meat samples stored in air
or in vacuum pack, which indicates this organism probably has
a role in spoilage.

The studies exploiting DGGE to investigate the ecology o
pathogenic bacteria in foods are limited in number with respect
to the ones following fermentations or spoilage processes
However, it should be underlined that data on the ecological
niches where pathogenic bacteria are found may represen
precious information to better understand their physiology and
to set up control measures to eliminate the risk associated
to their presence. In 2002, a study targetingListeriaspp. and
L. monocytogeneswas published. The protocol developed allowed
for fast and easy identi� cation of all the species belonging to
the genus Listeria, because DGGE analysis produced specie
speci� c migration patterns for all Listeria sp. The method
presented could be used for rapid identi� cation of traditionally
isolated strains or for direct detection of Listeriaspp. in food
samples, avoiding time-consuming classical isolation and
identi � cation. The protocol described in this paper made
possible the study of Listeriasp. ecology in food samples. Its
application allowed for a reliable monitoring of all Listeria
species and it could be exploited for a better understanding of
the occurrence and distribution of Listeriain the environment.
Of the 73 food samples tested in the study, 24 gave PCR pro
ducts indicating the presence ofListeriaspecies, whereas 49 did
not. After DGGE analysis, it was possible to identify single
populations of Listeriaspp. or singleL. monocytogenesserogroups
in 16 samples and mixedListeriaspp. in 8 samples. Last, becaus
the method allowed for distinguishing L. monocytogenessero-
types directly in food, it might potentially be exploited for
epidemiological purposes, too.
High-Throughput Sequencing and Metagenomics

The type of information that can be obtained by the culture-
independent analysis of foods, such as PCR-DGGE/TGG
approach, is limited by the sensitivity of the technique. Only
intense and well-separated bands in the pro� les can be
sequenced, and as a consequence, only a partial fraction of th
microbiota in that speci� c food sample is assessed and iden
ti � ed. An in-depth study of the microbial diversity in any
environment now can be achieved by using next-generation
sequencing approaches after direct nucleic acids extractio
from the matrix to be studied.

The need for low-cost, robust, high-throughput methods to
replace the elegant Sanger sequencing method led to th
development of several new sequencing technologies. The mos
widely used sequencing technique today is the so-called
sequencing by synthesis (SBS). A common SBS strategy is to u
DNA polymerase or ligase enzymes to extend many DNA
strands in parallel. Nucleotides or short oligonucleotides are
provided either one at a time or modi� ed with identifying tags
so that the base type of the incorporated nucleotide or oligo-
nucleotide can be determined as extension proceeds. Th
detection can be based, for example, on a luminescenc
detection as in the case of pyrosequencing that is based o
the detection of released pyrophosphate during DNA synthesis
The commonly used pyrosequencing platform is the 454 FLX
sequencer manufactured by Roche (http://www.roche.com),
that uses emulsion PCR and whose throughput has been
largely improved in the past years. This platform can provide
sequences up to 800 bp in length. An alternative is to use� u-
orescently labeled, reversibly terminating dNTPs for detection
as in the case of Illumina sequencing platforms (http://www.
illumina.com ); this sequencing yields millions of sequences
of shorter length up to 250 bp. Nonoptical detection methods
based on the detection of variation of proton concentration
due to the sequencing reaction have been developed mor
recently (http://www.iontorrent.com ). The concept of SBS is
having a massive quantity of sequences with a short read from
a single sequencing run. Deep sequencing has several adva
tages, it is a high-throughput system and gives the possibility of
getting a large amount of information in a relatively short time
of work. In addition, the SBS is uniquely quantitative. In fact,
for microbial ecology studies, it is possible to gather informa-
tion on how many reads of different operational taxonomic
units (OTUs) occur in a template and therefore to have an
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estimation of the percent of occurrence of different OTUs in
a single sample.

As a result of these advantages, deep parallel sequencing h
quickly developed as a� exible method for microbial diversity
studies from whole genome sequencing to metagenomic
studies of complex microbial communities.

The application of next-generation sequencing to microbial
ecology can be split in two different branches: (1) the study of
the microbial diversity based on amplicon sequencing and (2)
the metagenomic approach identifying the occurrence and
abundance of microbial genes in a given ecosystem. An outline
of the working � ow of such approach in microbial ecology of
foods is reported in Figure 2. The microbial diversity by
amplicon sequencing is very similar in concept to what is done
by PCR-DGGE i.e., the analysis of a mixture of amplicons
arising from a complex mixture of microbial genomes directly
extracted from an environmental sample. The difference is tha
the mixture of amplicons is directly subjected to massive
sequencing instead of being separated on denaturing electro
phoretic conditions. The target for these methods is still the 16S
ribosomal RNA gene. Since the gene is too long to be sequence
using high-throughput methods, regions of high variability
(from V1–V9) are selected for ampli� cation and direct
sequencing. The proper metagenomic approach is performed b
using a preparation of DNA libraries from mixtures of microbial
Figure 2 General scheme of application of high-throughput sequenc
genomes and obtaining sequences from the bulk DNA with the
consequent identi� cation of the microbial genes occurring in
that speci� c environment and their relative abundances.

The capabilities of next-generation sequencing were quickl
exploited for microbial whole genome sequencing and rese-
quencing. Incremental improvements in sequence quality and
read length enabled application of the technology to increas-
ingly complex projects, such as comparative genomics o
bacterial or fungal populations, and studies of complex
ecosystems, such as the microbiota of the human gut. The dee
sequencing approach is widely applied in any� eld of microbial
ecology and is becoming the gold standard for the evaluation
of the microbial diversity in complex ecosystems. Apart from
environmental and human-associated microbial consortia, the
deep sequencing has been also recently applied to food.

Shotgun metagenomics have been applied to investigat
the microbiota of milk from cattle affected by subclinical
mastitis. Escherichia coliand Pseudomonasspp. were found to
be the most abundant species while metabolic pro� ling
indicated � uoroquinolones, methicillin, copper, and cobalt-
zinc-cadmium as the groups of antibiotics and toxic
compounds to which the milk organisms showed resistance.
Sequences indicating potential of organisms exhibiting
multidrug resistance against antibiotics and resistance to toxic
compounds were also found.
ing tools in food microbiology.
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Pyrosequencing of tagged 16S rRNA gene was used to ass
the microbiota of pearl millet slurries and to evaluate the
archeal and bacterial diversity in fermented seafoods. Recentl
barcoded 16S rRNA pyrosequencing has been used to work ou
the changes in microbiota of fresh meat during chill storage in
different conditions. As an example, the relative abundance o
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Figure 3 Incidence of microbial species based on pyrosequencing a
and conditions of storage. Only species with an incidence above 9% in
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Environmental Microbiology, 77, 2011, pp. 7372–7381.http://dx.doi.org/10
different OTUs identi� ed during chill storage of meat in air (A),
modi � ed atmosphere packaging (MAP), vacuum, and bacte
riocin-activated antimicrobial packaging (AV) is reported in
Figure 3. The initial meat before packaging was found to be
contaminated by at least 21 different taxonomic units, and the
sequencing approach illustrated how this diversity changed
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Figure 3 (continued).
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dramatically depending on the storage conditions.Ralstoniasp.
and Limnobactersp. were the most abundant in the meat at time
zero (Figure 3(a)). In the � rst week of storage in air,
B. thermosphactadeveloped up to an incidence of 76%;
however, after 2 weeks and until the end of the storage, the
system was dominated byPseudomonassp. with an incidence
between 80 and 95% (Figure 3(a)). Brochothrix thermosphac
had an incidence above 95% during the� rst week of storage in
MAP, while C. divergenshad an incidence of about 35% after
45 days in MAP (Figure 3(b) ). More bacteria were observed
during storage in vacuum pack (Figure 3(c)); after an initial
presence ofB. thermosphactaand Pseudomonassp., other taxa
such as Streptococcussp., Lactobacillussp., Lactococcussp.
C. divergens, and Carnobacteriumsp. developed during storage.
The highest variety of species was observed in meat stored in A
(Figure 3(d) ). However, while at the early stages microorga
nisms such asRalstoniasp., Limnobactersp., Limnobacter thioox
idans,Bradyrhizobiumsp., Rudaea cellulosilytica, and Rhodococcu
sp. were found. After 3 weeks of storage in active packaging, th
abundance of these bacteria dramatically decreased and a hig
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incidence of C. divergensup to 95% characterized the AV
samples at the �nal stages of storage (Figure 3(d)). The diver-
sity found by using the deep 16S sequencing was far higher
than what was achievable by PCR-DGGE and band sequencing,
and this is a clear example of the proportion of advantage
that the next-generation sequencing could provide in the
analysis of foods (i.e., quantitatively indicate the succession of
microbial populations during food production, storage, and
distribution).

It is expected that the impact of such sequencing approaches
will further take up with the RNA analyses, uncovering the
active microbiota of different types of complex ecosystems. In
addition, the use of deep sequencing for the analysis of meta-
genomes could be fundamental not only to describe the
potential activity of the microbiota in several environments but
also to work out the role of different microbial groups in
unde�ned and yet-unknown ecosystem or extreme habitats.
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Future Perspectives

The culture-independent �ngerprinting of foods have proven to
be fundamental tools in the study of structure and dynamics of
microbial populations in food ecosystems. Food microbiologists
will still be considering microbial nucleic acids from foods as
their principal source of study. Fingerprinting methods will be
still applied for food differentiation, microbial ecology studies,
and monitoring of population changes during food production,
storage, and distribution. The ability to upgrade food microbial
ecology studies with high-throughput sequencing techniques is
approaching, which will allow for a more in-depth analysis of
the microbiota of foods without cultivation. It is of utmost
interest that the studies are directed toward the analysis of not
only the diversity but also the functionality of the microorgan-
isms in foods. It will be important to know what ‘is in that food’
as well as ‘what it is doing there’. Therefore, RNA rather than
DNA-based approaches are going to be employed to work out
the role of microorganisms in foods by examining their gene
expression in situin food. Therefore, technical improvements still
are needed to obtain suitable quantity and quality of nucleic
acids to be examined and to improve the throughput and quality
of the sequencing data obtained. In a few years the diversity,
dynamics, and activities of microorganisms in foods potentially
will be assessed and novel tools and processing conditions will
have to be implemented to pursue the �nal aim of improving
the quality and safety of food products.
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Introduction

The epidemiology of foodborne diseases is constantly changing
as bacterial pathogens emerge and increase in prevalence or
become associated with new or unexpected food vehicles.
In view of an increasing number of large food-associated
outbreaks, foodborne disease infections are now more of
a concern to the general public than they were a few decades ago.
This in turn affects governing agencies and health care specialists
around the globe as they need to identify the routes by which
these organisms are transmitted. To assist epidemiologists with
cluster detection during outbreak investigations or to trace
sources of contamination in the food industry, subspecies
characterization of pathogens has been performed since at least
the 1930s. While phenotypic methods such as biotyping, sero-
typing, and phage typing were initially employed, these are not
always adequate for subtyping outbreak strains, and molecular
methods are now frequently employed in clinically relevant
areas of epidemiological analysis. The term ‘molecular epide-
miology’ is often used when the implicated pathogen is exam-
ined using nucleic acid–based typing methods.

In the context of food microbiology and epidemiological
scenarios, the ability to characterize a group of isolates beyond
the level of species, serotype, or phage type is now fundamental
in many outbreak investigations. Genetic relatedness is used to
assess which isolates are most likely to be part of the outbreak
and which should be considered as non-outbreak strains. The
major goal of any molecular-typing technique is to provide
supportive laboratory evidence showing which of the recovered
isolates are indistinguishable and thus represent the same
outbreak strain. Ideally, the typing method should have good
reproducibility and discriminatory power, and it should be
generally available, easy to use, and relatively inexpensive in
terms of consumables, equipment, and reagents. In addition, to
facilitate interlaboratory comparison, it should be amenable to
computerized analyses so that the results are readily interpret-
able from a public health perspective.

One commonly employed method in the laboratory that
comes partway toward ful�lling these criteria is pulsed-�eld gel
electrophoresis (PFGE), and it has demonstrated exceptional
staying power as a typing method. Even though the number of
new molecular techniques has expanded rapidly over the past
decade or so, PFGE is still regarded as the gold standard for
subtyping many foodborne pathogens, such as Salmonella and
Escherichia coli.

When investigating an outbreak of a foodborne illness,
public health of�cials must combine laboratory diagnostic
techniques and epidemiologic investigative methods to deter-
mine the causative agent of the illness, the food vehicle
responsible for transmission, and the environmental factors
that contributed to the outbreak. This chapter focuses on the
basic principles behind PFGE within the context of subtyping
foodborne pathogens for epidemiological investigation and
foodborne disease surveillance.
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12
Restriction Fragment-Length Analysis

Of the many techniques available, separating mixtures of
DNA into different-size (polymorphic) fragments by electro-
phoresis is a prerequisite to the �eld of molecular typing.
Restriction endonucleases are used to create these fragments
by recognizing and cleaving speci�c sequences within the
DNA. Variations in the size of the DNA fragments may occur
due to any number of genetic events within the genome, or
more speci�cally at the restriction site itself, including muta-
tions, recombinations, insertions, or deletions. These events
are likely to lead to restriction fragment-length poly-
morphisms (RFLP), which are used to create a �ngerprint of
genetic relatedness. The assumption being that for any two
given strains, the fewer polymorphisms exhibited between
them, the closer they are on a genetic level. When there appear
to be no discernable differences, the strains are said to be
indistinguishable and highly likely to be related. As bacterial
species exhibit many differences in their base composition,
restriction enzymes will cleave each species according to the
ratio of GC to AT recognition sites. Initial RFLP methods
targeted DNA sequences recognized by commonly employed
restriction endonucleases, such as HindIII (50-A*AGCTT-30) or
EcoRI (50-G*AATTC-30). These enzymes typically generate
large numbers of relatively small fragments (<1–30 kb) due
to the high frequency with which they cut genomic DNA. This
can create problems during electrophoresis due to inadequate
discrimination between each of the many fragments. Also,
when several hundred fragments are generated within the
�ngerprint, the results are dif�cult to interpret requiring
complex analyses where consistency and accuracy are major
issues.
Technical Overview of Pulsed-Field
Gel Electrophoresis

The complexity issue can be resolved by using cutting restric-
tion endonucleases, such as XbaI (50-T*CTAGA-30) or BlnI
(AvrII) (50-C*CTAGG-30) so the number of fragments can be
reduced, and the resulting �ngerprint is simpli�ed. These rare-
cutters have relatively long recognition sites and will only
cleave the bacterial genome at a few sites. It is important to
remember that the same restriction enzyme will cut different
species genomic DNA with different frequencies. So called
macrorestriction ideally aims to generate approximately 8–25
fragments, thus enabling simple, consistent interpretation of
the resulting �ngerprints. This, in turn, brings the problem that
the large restriction fragments they produce cannot be accu-
rately separated by conventional agarose-gel electrophoresis.
Due to their size-independent comigration, DNA molecules
larger than 40–50 kb cannot be resolved accurately. When
visualized, they usually appear as a single, large, fuzzy band at
the top of the gel.
-384730-0.00409-2 267
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268 IDENTIFICATION METHODSj DNA Fingerprinting: Pulsed-Field Gel Electrophoresis
To overcome these technical issues, an alternative electr
phoretic approach was developed in the 1980s to control the
migration of larger DNA fragments within the agarose gel by
reorienting the electric� eld – that is, a pulsed� eld. PFGE was
� rst used for the separation of whole chromosomes or large
chromosomal fragments of yeast and mammalian DNA and is
able to fractionate DNA molecules ranging from 10 kb up to
10 Mb.

In PFGE, the orientation of the electric� eld relative to the
gel is altered, such that the DNA molecules relax as the curren
is temporarily switched off and elongate when the � eld is
reapplied. By using spatially distinct pairs of electrodes and
continually changing the � eld orientation, DNA has to change
its conformation to reorient. With each reorientation of the
� eld, smaller size fragments will move in the new direction
more quickly than the larger fragments. As the larger DNA lag
behind, the smaller DNA fragments travel further along the
course of migration and ultimately produce the required degree
of separation.

To perform PFGE, specialized equipment is required, and in
the past, a variety of instrumentation approaches have bee
tried, including transverse alternating � eld electrophoresis,
orthogonal � eld alternation gel electrophoresis, zero integrated
� eld electrophoresis, and� eld inversion gel electrophoresis
(FIGE). Ideally, the DNA should be separated in overall straight
lanes to simplify lane-to-lane comparisons and the cell
concentration should be the same in each lane. FIGE is a
example of the simplest type of equipment as it works by
periodically inverting the polarity of the electrodes during
electrophoresis. This involves a complete 180� reorientation of
the electric � eld, which results in the DNA molecules moving
backward as well as forward through the gel.
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Contour-Clamped Homogenous Electric Field

As PFGE has evolved to become a routine procedure, a numb
of different PFGE systems have been developed commercial
and several pulsed-� eld units are currently available. The most
widely used system in use today is that using a contour-clam
ped homogenous electric� eld (CHEF), which represents the
transverse angle reorientation technique. This instrumentation
is so popular that the term PFGE is now almost interchangeable
with CHEF as it is the system that the majority of laboratories
use as well as being the cornerstone of the highly standardize
PulseNet International networks (www.pulsenetinternational.
org). By generating a homogenous electrical� eld it is
possible to achieve straight runs in each lane with a good
resolution.

CHEF instrumentation changes the direction of the� eld
electronically to reorient the DNA by changing the polarity of
a hexagonal 24-electrode array in combination with a hori-
zontal gel. The reorientation angle, generally 120� , is the angle
at which DNA must turn to migrate when the electric � eld
changes. Although smaller angles increase the mobility of the
DNA without seriously affecting resolution, the lower limit for
good separation is generally 96� . Thus DNA is reoriented at an
oblique angle, which causes it to move in a zigzag manne
through the gel. The frequency at which the electric� eld is
altered is known as the switch interval, switch time, or pulse
time. Variation of the pulse time is required to alter the size
range of separation and the switch interval can range from
fractions of a second to many minutes. As a general rule, the
longer the pulse time is, the larger the DNA fragments that can
be separated. During electrophoresis it is possible to hav
mobility inversions in which larger DNA can move ahead of
smaller DNA fragments. Ramping, where there is a progressiv
change in the pulse length throughout the separation, mini-
mizes inversions. It also helps to eliminate areas of compres
sion in the center of the gel, making size estimations across th
whole gel more accurate. The capability of automatically
switching the time intervals over the duration of the run and
altering the direction of the electric current is included in most
commercial instrumentation and allows the resolution of
a range of small to large fragments. Another important feature
of these systems is temperature-controlled recirculation o
the electrophoresis buffer as DNA migration is sensitive to
temperature changes across the gel. A buffer temperatu
between 12 and 14� C is often adopted as this allows repro-
ducible results when higher voltages are employed for faste
run times. It is important to use the electrophoresis buffer at
a relatively low ionic strength as this not only prevents over-
heating but also increases mobility of DNA molecules through
the agarose gel.
Basic Principles

Although DNA preparation procedures will differ slightly
depending on the pathogen being analyzed the end resul
should be the same, that is, isolation of the intact bacterial
chromosome where the quality and concentration allows
reproducible digestion with a restriction enzyme such that it
results in a manageable number of resolvable fragment
(Figure 1).

Cell cultures are typically grown overnight before washing
and resuspension to the required optical density. A standard
ized initial cell concentration is important as there must be
suf� cient DNA to produce clearly visible restriction fragments
across the whole pro� le without major differences in lane-
to-lane banding intensity. Increases in DNA concentration
ultimately will reduce the mobility of the fragments.

The washed cells are then embedded in low melting molten
agarose, which is allowed to solidify in plug molds. This
protects the chromosomal DNA from mechanical breakage or
shearing prior to cell lysis. The detergent-enzyme solution
used to lyse the immobilized cells and the lysis conditions are
different for differing pathogens and especially between
Gram-positive and Gram-negative isolates. Many protocols
use a combination of Proteinase K and N-laurylsarcosine
(Sarkosyl) and some also include lysozyme (Gram-positive).
Ultimately, regardless of these variations, the intact DNA is
released from the cells but bound within the agarose matrix.
Following lysis, the plugs are washed to remove cell debris
and excess lytic enzyme before the restriction-endonucleas
digestion step. When prepared with care and experience, th
purity of the DNA bound within the agarose plug is very
good.

As the chromosome must be cut into a workable number
of fragments, the choice of restriction enzyme will again differ



Figure 1 Basic procedure behind PFGE using a CHEF.
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according to the bacterial species in question. Although not
all rare-cutting restriction enzymes produce macrorestiction
fragments for every pathogen, there are many published
examples of restriction enzymes that work well for PFGE
analysis of foodborne bacterial species (Table 1). A
commonly used enzyme for Gram-negative foodborne path-
ogens where there is a GC content greater than 45% isXbaI.
This recognizes and cleaves the rare sequence 50-T*CTAGA-30.
The use of a second enzyme, for example,BlnI (AvrII), for
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Table 1 Examples of infrequent-cutting restriction enzymes suitab
for analysis of foodborne pathogens by PFGE

Organism

Restriction enzyme(s)

Primary Secondary Others

Campylobacterspp. SmaI KpnI SalI
Citrobacterspp. XbaI
Clostridium perfringens SmaI ApaI SacI
Enterobacterspp. XbaI
Escherichia coli XbaI BlnI (AvrII) NotI,SÞI
Listeria monocytogenes AscI ApaI
Salmonellaspp. XbaI BlnI (AvrII)
Shigellaspp. XbaI BlnI (AvrII) NotI,SÞI
Staphylococcusspp. SmaI CspI SstII, SgrAI
Vibrio cholerae SÞI NotI
Yersiniaspp. NotI SpeI BlnI (AvrII)
greater discrimination also may be an option as this cuts the
DNA at a different recognition site, 50-C*CTAGG-30. Certain
enzyme–template combinations will produce diffuse banding
patterns, small fragments, or partial digestion of the DNA. For
PFGE it is important to ensure complete digestion of the
genomic DNA as this will result in distinct banding patterns in
the � nal gel.

The agarose blocks containing puri� ed and digested DNA
are then thinly sliced and loaded onto agarose gels and the
DNA fragments are separated, as discussed previously,
ramped, pulsed-� eld electrophoresis. The whole proces
requires practice and dexterity, but when the operator is
consistent in their technique, the resulting bands in each lane
will be straight and sharply de� ned. The fragments are visual
ized by staining the gels with a � uorescent dye, such as
ethidium bromide, or other nucleic acid gel stains, and the gel
images are either photographed or more usually digitally
captured for analysis using commercial software packages.

Some strains initially appear to be untypeable by PFGE
since their DNA is degraded during electrophoresis and appear
on the gel as a smear rather than a distinct, sharp band. While
the precise mechanism for this is unknown, it is thought to be
a Tris-dependent degradation caused by free radicals an
superoxide molecules in the electrophoresis buffer. It usually
can be overcome by the addition of thiourea to the buffer to
neutralize the nucleolytic derivate of Tris. Alternatively, the use
of HEPES buffer instead of Tris-containing buffers has bee

le
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shown to work well for degradation-sensitive strains of
Salmonella, Clostridium perfringens, and E. coli. As HEPES
contains a higher ionic strength than the commonly used
0.5XTBE buffer, the running voltage has to be reduce
accordingly.

To accurately reproduce a good separation and subseque
PFGE pattern, a minimum amount of information is needed
that ideally should include a short description of the pulsed-
� eld instrumentation used. For example when subtyping
Salmonellaspp:

l Applied voltage and � eld strength: 200 V at 6 V cm� 1

l Pulse length and ramp (switch time): 2–64 s
l Reorientation angle: 120�

l Run-time duration: 22 h
l Electrophoresis buffer: 0.5XTBE
l Agarose type and concentration: pulsed-� eld certi� ed grade

at 1%
l Circulating buffer temperature: 14� C
l Restriction enzyme:XbaI
l Size standard: XbaI-restricted Salmonella entericaSerovar

Braenderup.

Choosing appropriate electrophoretic parameters for any
given bacterial species is often a matter of experience. F
example, the relationship between the switch-interval ramping,
the resolution of the fragments, and their speed of migration is
not an exact science. Where possible, gels should be run for th
minimum length of time required to give an adequate resolu-
tion, remembering that bands that migrate further down the gel
will be less sharp. Also, the resolution of different-size frag-
ments is determined less by the run duration and more by the
chosen switch interval.

Many published protocols are available for a wide range of
both Gram-positive and Gram-negative foodborne pathogens.
Many of them represent the accumulated knowledge of years o
trial and error, varying each parameter along the way to achiev
the best result. It is often a compromise between speed an
resolution – for example, a lower concentration of agarose with
a higher buffer temperature will increase DNA mobility, but
resolution of the bands will be sacri� ced for the shorter run-
time. Ascertainment of national or international foodborne
outbreaks by molecular typing may well rely on the timely
production and analysis of PFGE pro� les, but speed should not
be the overriding factor for the protocol design. It is recognized
that PFGE is labor intensive and may be technically
demanding, but it remains the gold standard for subtyping
many foodborne pathogens.
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Reproducibility and Standardization

The intra- and interlaboratory reproducibility of any method
depends on understanding and controlling any inherent vari-
ables as much as possible. The highly standardized PFG
typing approaches employed by the PulseNet (U.S. Centers fo
Disease Control and Prevention) and the PulseNet Interna
tional laboratories illustrate that this degree of reproducibility
is achievable and the PFGE patterns produced can be accurate
compared within and between laboratories across the globe
Standardized PFGE protocols are used to control the man
possible variables, including the type of consumables used
(from agarose to restriction enzyme); the choice of equipment
and the electrophoretic parameters employed, such as th
voltage; the pulse-time switching interval (ramping); and the
overall run-time duration.

Size markers are an especially important aspect of the PFG
standardization process as even a small change during th
running conditions can yield a degree of uncertainty as to the
� nal fragment size after separation. Not only do size markers
serve as a visual common denominator across a single gel, bu
they can be used to gauge the consistency between several ge
produced by different operators in multifarious laboratories.
When placed in speci�c lanes across a gel, the molecular siz
standards are essential for correcting minor variations that may
exist between gels during computer-assisted analysis: a proce
known as normalizing.

The initial choice of a size standard will largely depend on
who the resulting information is to be shared with and what
the � nal PFGE patterns are to be compared agains
Commercially prepared l DNA ladders have been designed
to be used as size markers for PFGE. These consist
successively larger concatemers ofl DNA (size range:
50–1000 kb) embedded in agarose and supplied in a
dispenser ready for use. For many foodborne pathogens
however, well-characterized macrorestriction digests o
bacterial genomes make more appropriate size standards
The Staphylococcus aureusstrain, NCTC8325, digested with
SmaI (5 0-CCC*GGG-30), generates a de� ned set of fragments
ranging from <20 to 652 kb, which has been successfully
used as a standard for certain Gram-positive organisms. Fo
Gram-negative pathogens, such asSalmonella, E. coli, and
Shigella, a strain of S. entericaSerovar Braenderup (H9812:
ATCC BAA-664), restricted withXbaI, is used by PulseNet
laboratories as a universal size standard with an estimate
size range of 20.5–1135 kb. This provides a stable fragment
length marker with an even distribution of bands over the
entire range of band sizes normally seen in the most
common foodborne pathogens.
Documentation of Data and Interpretation
PFGE Patterns

For an initial impression of genetic relatedness, simple visua
observation of PFGE banding patterns may be suf� cient to
determine clusters of bacterial isolates. This approach is les
useful, however, when the patterns being compared are sepa
rated by time or distance. Most laboratories now use
commercially available software that has been speci� cally
developed to aid in the interpretation of PFGE subtyping data.
Programs such as BioNumerics and GelCompar (Applied
Maths, Sint-Martens-Latem, Belgium) use algorithms tha
construct similarity matrices from the number and position of
bands on a gel. Thus PFGE banding pattern relatedness aims
represent genetic relatedness between the isolates und
examination. After image normalization using the de� ned size
standards, bands are best assigned manually by the end us
even though most programs have the capacity for automatic
band assignment. This is because the human operator is fa
more able to detect the subtle differences across the gel imag
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than a computer program can. A brightly � uorescing artifact
that would be dismissed by visual analysis may be mis-
identi � ed as a band by the software. Conversely, bands tha
show low � uorescence, especially small bands at the bottom o
a gel, may not be assigned as they are not detected within th
con� nes of computer-assisted analyses. One of the mos
commonly used algorithms for calculating the similarity
between PFGE pro� les is based on the Dice similarity index
(Dice coef� cient).

Good quality gel images are essential for the interpretation
of PFGE pro�les. This is especially true when there is a need t
be able to match PFGE pro� les to known pro� les within
a database library that may represent years of data collation
Images are usually saved in tagged image� le format and
a sharp, clear image is critical for the accurate interpretation o
results. Using any of the available software, the overriding aim
is to optimize the image and remove artifacts but with
minimal manipulation. It is often useful to view a negative
image together with the positive image when visualizing
bands by eye and for accurate band placement. An example o
the typical results produced for XbaI-restricted Salmonellais
shown in Figure 2.

Although a number of guidelines have been developed for
the interpretation of PFGE subtyping data, there is still an
overall lack of consensus about the parameters that should b
used to decide genetic relatedness of isolates. PFGE patte
that are indistinguishable between isolates are highly likely to
show a relationship if the data are interpreted in the proper
epidemiological context. By themselves, indistinguishable
PFGE patterns cannot unquestionably prove an epidemiolog
ical link. The dif � culty arises when minor differences in
banding pro� les are detected– that is, how different is
different? Previous work has shown that within the context of
a known outbreak, minor differences in PFGE pro� les can be
1  3 5 7 9 11 13 15   17   19

(a)

Figure 2 XbaI-digested chromosomal DNA from isolates ofSalmonella en
(6 V cm� 1, 14� C, 120� reorientation angle, switch time 2–64 s for 22 h) to d
phage type DT193. (a) Positive image, (b) Negative image. Lanes 1,
Atlanta); lanes 2–7 and 9–11 (S.Typhimurium, DT104); lanes 12–3 and 15–1
ascribed to point mutations, inversions, deletions, genetic
rearrangements, insertions, or alterations due to lateral gen
transfer. Thus it has been suggested that even a three-ba
difference between the pro�les of two isolates would mean that
they could still be considered to be closely related. When the
pro� les differ by four to six bands, there still may be a possible
relationship, whereas a seven or more band difference would
mean the isolates are genetically unrelated. This is a guideline
however, and not an absolute rule. A much better basis for
determining relatedness can be achieved by examining th
epidemiological information together with information from
� rst and possibly second enzyme restrictions. It is also impor
tant not to underestimate experience gained from previous
outbreak investigations or knowledge of the background
history of the organism under investigation as this may have
more bearing than simple examination of the number of bands
in the DNA pro � les. Mutations and recombination rates vary
according to the bacterial species in question, and this must be
taken into account when deciding whether genetic relatednes
is only a possibility or highly likely. Even long-term storage or
serial subculture may have an effect on the� nal PFGE pro� le
such that bands are lost.

Conversely, if two isolates are found to have an indistin-
guishable pro� le, this does not necessarily mean they ar
linked in the absence of any supporting epidemiological data.
Where an outbreak of disease is thought to be caused b
contamination of a single food source, the variability seen in
PFGE pro� le will be limited or indistinguishable. However,
many foodborne pathogens (e.g.,SalmonellaSerovar Enter-
itidis) are known to be highly clonal with the majority of
isolates sharing the same pro� le. In this situation it may be
impossible to distinguish between an isolate from an
outbreak and a nonoutbreak isolate based on the PFGE pro� le
alone (Figure 3). This lack of genetic variation within certain
1    3 5 7 9 11 13 15 17 19

(b)

tericaSerovarTyphimurium. The PFGE pro� les were generated using CHEF
emonstrate the clonal nature of phage type DT104 and the heterogeneity of
8, 14, and 20; molecular weight marker (S.Braenderup, H9812, PulseNet, CDC,
9 (S.Typhimurium, DT193).
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Figure 3 Dendrogram of isolates ofSalmonellaSerovar Enteritidis phage types (PT) 8 and PT14b demonstrating the clonal nature of the two most
common PFGE pro� les in Europe.

272 IDENTIFICATION METHODSj DNA Fingerprinting: Pulsed-Field Gel Electrophoresis
serovars can even make discrimination dif� cult when per-
forming a second enzyme PFGE analysis. As a consequen
multilocus variable-number tandem-repeat analysis is often
a preferred application for a variety of bacterial species
including several salmonellaeserovars, as the technique is
more discriminatory than the use of a two-enzyme system. An
understanding of the pathogen in question is required as it
may be necessary to place greater signi� cance on minor band
differences for some species if their genomes are known to b
highly conserved.

In general, if the isolates being examined are epidemio
logically linked, by using computer-assisted analysis, a Dice
coef� cient of 80% or more is considered to be a fairly good
indication of genetic similarity or clonal relatedness.

Typically, in a foodborne outbreak, you may need to follow
much more stringent guidelines. It may be necessary to review
the epidemiological information with second enzyme infor-
mation to achieve a 100% match between samples to de� ne an
outbreak. All disciplines should work in conjunction, and it is
not just PFGE that determines relatedness.

Thus an epidemiological interpretation of PFGE data relies
not only on the quality of the PFGE gel and the reproducibility
of the method between laboratories but also on understanding
and acknowledging the potential variability of the isolates
being subtyped.
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Relevance in Foodborne Disease Investigations
and Surveillance

The real bene� t in the subtyping of foodborne pathogens is in
outbreak identi� cation, veri� cation, and subsequent investi-
gation. Unless the organism causing an outbreak is intrinsically
unusual or rare (such as an unusualSalmonellaSerovar orE. coli
serogroup), then the outbreak can be dif� cult to identify and
more discriminatory techniques are required to characterize the
pathogen causing it. These techniques can be as simple as usi
the antibiotic resistance of the organism (if there is any) to
provide a distinctive antibiogram, or a speci� c phage type that
provides an epidemiological marker to con� rm the outbreak
strain. More recently molecular methods have been used to
characterize outbreaks strains, and the most common tech
nique is PFGE as described in this chapter. Epidemiologica
investigations, whether they be case–control, cohort, or just
descriptive studies, rely on the application of accurate cas
de� nitions to ensure that real cases are identi� ed and
compared with noncases so that the differences in exposure
can be fully assessed and analyzed. If the case de� nition is not
concise enough to exclude noncases, then any analytical stud
can be � awed and not provide the correct answer. Including
noncases in the wrong category in a case–control study will
mask the true vehicle of infection, leading to delays while such
studies are done twice, or possibly leading to no conclusion at
all and hence no possibility of public health interventions. It is
increasingly common that case de� nitions include phenotypic
and genotypic elements to accurately identify true cases, such a
the international outbreak of SalmonellaAgona in 2008 when
a case was de� ned as S. Agona PFGE type SAGOXB.006
(Salm-gene nomenclature) orS. Agona PT39. Salm-gene wa
a European Union–funded project looking at harmonizing
molecular methods for salmonella genotyping and was the
precursor to PulseNet Europe.

Taken on their own, however, the molecular pro� les
produced may not necessarily provide unequivocal evidence o
a link between cases. Similarly pro� les that may show a limited
degree of relatedness can be shown to be part of an outbrea
when allied to epidemiological information gathered as part of
the outbreak investigation. The investigation into an interna-
tional outbreak of SalmonellaThompson in 2004 � rst recog-
nized in Norway identi � ed � ve different PFGE pro� les
submitted by � ve countries in cases that could be linked clearly
to the implicated product (rucola lettuce). Hence this differ-
ence in pro� les was an artifact of typing rather than a true
difference in results. The amalgamation of microbiological and
epidemiological information is essential in completing any
investigation into a foodborne outbreak. Interpretation of the
results often requires both elements to ensure the correc
conclusion is reached.
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Moreover, the value of reproducibility of comparable results
across disciplines (human, veterinary, and food microbiology)
and between countries are an essential part of foodborne
outbreak identi�cation, investigation, and ultimately the
implementation of control measures. PFGE may be considered
an old technique, but it is the most common one in use, and it
has the advantage of being a tried-and-tested method that
produces reliable and comparable results between laboratories,
countries, and disciplines. With more dispersed (nationally
and internationally) outbreaks being identi�ed, such a method
has proven its value many-fold. New molecular techniques
constantly are being developed, but their true worth will only
become recognized when they have been fully validated and
introduced both nationally and internationally.

See also: Campylobacter; Clostridium:Clostridium perfringens;
Escherichia coli:Pathogenic E. coli(Introduction); Food
Poisoning Outbreaks; An Introduction to Molecular Biology
(Omics) in Food Microbiology; Salmonella:
Introduction; Salmonella:SalmonellaEnteritidis; Shigella:
Introduction and Detection by Classical Cultural and Molecular
Techniques; Staphylococcus:Staphylococcus aureus.
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Overview

Restriction fragment-length polymorphism (RFLP) methods
exploit restriction endonuclease enzymes, which cut strands of
DNA at speci�c sites, producing DNA fragments, or restriction
fragments, of de�ned lengths. The fragments are then sorted by
length with electrophoresis resulting in a banding pattern
where large fragments are found closest to the well (sample
origin), and the smaller ones have migrated further in the gel.
The banding pattern is then visualized in some fashion to
detect differences, or polymorphism, in the patterns. Depending
on the RFLP approach, all fragments in the banding pattern can
be considered in the subsequent analysis after direct staining,
or probes and labels can be used to limit the detection only to
particular fragments.

RFLP �ngerprinting was one among the �rst techniques
applied to study the variability of DNA sequencing in bacterial
genomes. In the early 1980s, restriction enzyme �ngerprinting
was applied to analyze the whole bacterial genome. For most
microbes, however, the pattern generated from whole genomic
restriction digest includes hundreds of fragments that often
are poorly separated by conventional gel electrophoresis.
Comparison of these complex genomic �ngerprints was, and
still would be, a subjective and hardly reproducible task. Thus,
to simplify chromosomal �ngerprints, a hybridization step
with labeled DNA probes has been used to target the analysis to
speci�c fragments within the initial genomic �ngerprint. These
simpli�ed patterns originally were referred to as RFLP patterns
and the approach employing hybridization was termed RFLP
typing or RFLP pattern analysis. Along with polymerase chain
reaction (PCR) technologies in 1990s, came a second genera-
tion of RFLP methods. With PCR ampli�cation, it became
possible to target restriction enzyme �ngerprinting to an
appropriate gene or locus. These PCR-based RFLP �nger-
printing methods frequently termed PCR-RFLP are widely used
in food microbiology.

Since the early 1980s, several methods relying on restriction
enzyme �ngerprinting have been developed, with the most
recent having technically and theoretically little in common
with the initial RFLP strategies. Figure 1 shows �owcharts
summarizing the main steps of different RFLP methods applied
for DNA �ngerprinting of microbes. For a reader reviewing
microbiological literature from these past three decades, RFLP
�ngerprinting techniques may prove to be a confusing subject
with many overlapping and inconsistent terms and concepts.
The following list provides a brief summary of key concepts
and de�nitions related to RFLP analysis. The methods are
described in more detail in the following section or elsewhere
in this book.

l RFLP pattern analysis: initially, referred to as analysis of
restriction fragment patterns of the chromosomal DNA
generated after hybridization with speci�c probes. After
invention of PCR, the term RFLP analysis has been
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frequently used for restriction endonuclease analysis (REA) of
any DNA with or without hybridization.

l REA: initially referred to analysis of chromosomal DNA
�ngerprints produced from restriction enzyme–digested
total DNA. Later used synonymously with RFLP to refer to
restriction fragment pro�les of any DNA.

l Ribotyping (or riboprobing): RFLP �ngerprinting of genomic
DNA restriction fragments employing hybridization probes
targeting to rRNA operon. Riboprobing is a rarely used
synonym of ribotyping.

l RiboPrinter�: an automated instrument performing ribo-
typing. System includes computer analysis to compare
ribotype pro�les and to identify bacterial isolates. Discussed
elsewhere in this book.

l Riboprinting: used in two contexts: (1) for bacteria, synonym
for ribotyping, particularly if a RiboPrinter� is used; and (2)
for eukaryotes, refers to RFLP typing of restriction-digested
DNA fragments PCR-ampli�ed from small subunit ribosomal
RNA.

l PCR-RFLP: RFLP �ngerprinting technique referring to
restriction enzyme digestion of PCR-ampli�ed DNA. Tech-
nique is also called PCR-REA.

l PCR ribotyping: not an RFLP method; involves ampli�cation
of the 16S–23S rRNA spacer region without a subsequent
restriction cleavage.

l Ampli�ed ribosomal DNA restriction analysis (ARDRA): PCR-
RFLP technique referring to restriction enzyme digestion of
PCR-ampli�ed 16S rRNA gene.

l Terminal RFLP: method used for genetic �ngerprinting of
microbial communities. PCR products are end-labeled
during the ampli�cation. After restriction enzyme digestion
and electrophoresis assay, only the labeled restriction frag-
ments, the terminal restriction fragments, are detected.
Genetic Basis of RFLP

In theory, PCR-RFLP detects the sequence differences in a PCR-
amplicon, whereas hybridization-based RFLP �ngerprints, such
as ribotyping, re�ect the variations within and bordering the
probe sequences.

The term RFLP refers to the polymorphism in the size and
number of fragments detected as microbial DNA, either a PCR-
amplicon or whole chromosomal, is cleaved with a speci�c
restriction endonuclease. As restriction enzymes recognize
speci�c sequences (usually 4–8 base pairs in length) and cata-
lyze endonucleolytic cleavages only at these restriction recogni-
tion sites, the fragments yielded are of de�ned lengths. Thus, any
genomic change within the restriction recognition sites, such as
a base substation, will alter the number or distribution of
restriction fragments creating variations in the banding pattern.
Alternatively, pattern polymorphism may arise from any
difference affecting the distance between restriction recognition
sites, including sequence insertions or deletions.
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00410-9
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Figure 1 Overview of the steps required for different RFLP� ngerprinting techniques: (a) RFLP of chromosomal DNA, (b) RFLP with probe hybridization,
and (c) PCR-RFLP.
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RFLP Fingerprinting of Chromosomal DNA

In this most simple RFLP technique, also frequently called REA
of total genomic DNA, whole genomic DNA is cleaved with
a frequent cutting restriction endonuclease (Figure 1). The
numerous fragments are then separated using agarose g
electrophoresis. The patterns polymorphism is based on vari
ations in sequences that alter the frequency and distribution of
restriction recognition sites. The advantages of chromosoma
RFLP pattern analysis is that it requires no further knowledge
on the target organism as all isolates yielding digestible DNA
can by typed with this technique. The complex banding
patterns, however, make the pattern comparison rathe
subjective and laborious. In the twenty-� rst century, this tech-
nique is mainly used for large-scale screening or as an alte
native or supplementary technique for strain differentiation.
RFLP Fingerprinting of Chromosomal DNA
with Probe Hybridization

The traditional RFLP analysis combines restriction fragment
analysis of whole genomic DNA and hybridization of speci� c
restriction fragments with labeled probes (Southern hybridiza
tion). Hybridization renders visible only those fragments
among the initial pattern that contains sequences homologous
to the probe, and thus, leads to a less complex� ngerprint. In
theory, any labeled DNA probe or set of probes could be used
for hybridization-based RFLP analysis. With use of species- o
group-speci� c probes, RFLP analyses have been targeted
housekeeping genes, mobile genetic elements, or gene
encoding antigens, virulence factors, or antibiotic resistance
For instance, one of the � rst RFLP approaches, reporte
by Tompkins et al. in 1986, aimed for chromosomal
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� ngerprinting of Salmonellaserovars and used sequences o
cloned chromosomal DNA as probes for pattern comparison.
RFLP of a single gene often generates a rather simple patte
and re� ects the genetic variation of a small region of the
genome. To obtain more discriminatory RFLP� ngerprints
consisting of multiple bands, and representing as much of
the genome as possible, probes should be designed to targ
multiple regions around the bacterial chromosome. One such
strategy is to use probes targeting to rRNA operon, which usuall
is present in multiple copies. The RFLP patterns generated wit
probes hybridizing to rRNA sequences commonly are termed
ribotyping patterns. We discuss ribotyping in more detail in the
following section.

To date, conventional hybridization-based RFLP generally i
considered laborious and time consuming for most applica-
tion. The method includes several steps (Figure 2): (1) cell
lysis, DNA extraction, and cleavage of DNA with restriction
endonuclease; (2) agarose gel electrophoresis to separate t
resulting fragments; (3) Southern-blot transfer of DNA frag-
ments from gel to a membrane; (4) hybridization with the
probes; and (5) detection of the hybridization signal and
visualization of RFLP � ngerprint. The following subsections
will deal with each of these steps in more detail.
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4. DNA fragments imprinted on 
membrane are immobilized and 
pretreated for hybridization

3.DNA fragments from gel are vacuum 
blotted (transferred) to a membrane

6. Visualization of probe reveals the RFLP 
fingerprint

5. Hybridization bounds probes to specific
restriction fragments

1. Cell lysis, DNA extraction, and cleavage
of DNA with restriction endonuclease

2. Restriction fragments are separated by 
agarosegel electrophoresis 

Figure 2 Flowchart of steps required for hybridization-based RFLP.
Methodology

The quality of DNA preparation is critical for RFLP analysis. For
consistent RFLP pro� les, DNA should be unshared and of
suf� cient purity to allow complete restriction digestion. Many
protocols are suitable for preparation of bacterial DNA for
RFLP analysis with the main differences considering the
disruption of Gram-negative and Gram-positive bacterial cells.
Most protocols begin with disruption of bacterial cell wall with
detergents, such as sodium dodecyl sulfate or sarkosy
Successful lysis of Gram-positive cells with detergents ma
require a pretreatment with a lytic enzyme such as lysozyme
N-acetylmuramidase, or lysotaphin. A treatment with proteinase
often yields better quality DNA. After cell disruption, proce-
dures usually continue with steps aimed at extracting DNA with
repeated phenol and chloroform extractions. Extracted DNA
usually is washed with ethanol or isopropanol. Commercial
kits and systems also are available for DNA extraction and
puri � cation. The yield and quality of DNA obtained, however,
vary according to the bacterial species. For RFLP analys
2–6 mg of DNA is cleaved with a frequent cutting restriction
enzyme, and the resulting restriction fragments are separate
by agarose gel electrophoresis. The resolution (separation o
fragments) can be optimized to some degree by adjusting ge
concentration, voltage, and running time.

Hybridization of gel-embedded fragment would be dif� -
cult. Therefore, restriction fragments are transferred from a ge
to a nitrocellulose or nylon sheet (referred to as a� lter or
membrane) in such a way that the original � ngerprint is repro-
duced on the membrane. This process is called Souther
blotting after its inventor, Edwin Southern.The original blotting
method is simple and effective but involves a time-consuming
capillary transfer of DNA from gel to membrane. Transfer time
can be signi�cantly reduced with a vacuum-blotting system,
which draws a buffer through the gel and membrane. Before
blotting, DNA fragments in gel are treated with acid (depuri-
nation), then with alkali ( denaturation), and � nally with
a neutralizing solution ( neutralization). The pretreatment of
DNA fragments allows for a quick and effective transfer, and is
necessary for the subsequent binding to the blotting
membrane. Once DNA fragments are pretreated for Southern
blotting, a high-salt buffer is used for the transfer. After
Southern blotting, the membrane is rinsed in and left to dry.
Depending on the membrane material, DNA may need to be
immobilized either by baking or ultraviolet (UV) irradiation.

For the detection of speci� c restriction fragments in
a Southern blot, the membrane is probed with labeled DNA
molecules that have the same, or highly similar, sequence as th
sequence being sought. Generally, any DNA molecule that i
complementary to the target sequence can be used as prob
such as PCR-amplicons, cDNA prepared from an RNA
template, or synthetic oligonucleotides. Several labeling strat
egies and commercial systems are available and suitable fo
RFLP analysis, including biotin and digoxigenin labeling. In
our laboratory, we use custom synthesized oligonucleotide
probes that are available prelabeled.

During hybridization, the membrane needs to be soaked
in a buffer containing the hybridization probe. The hybrid-
ization process involves two stages. First, the membrane i
prehybridized in a solution designed to block any unused
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probe binding sites on the membrane surface. The actua
hybridization occurs under a speci� ed temperature and salt
concentration that are optimized to allow stabile probe
hybridization only to targets that are highly homologous to
that of the probe.

After hybridization, the membrane is washed to detach
nonspeci� cally bound probes.The detection procedure of the
hybridization signal depends on the label used, but it is usually
either chemiluminescent or colorimetric. Several suppliers
provide cost-effective and reliable kits for probe detection.
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Ribotyping (rRNA Gene Restriction Pattern Analysis)

Ribotyping or rRNA gene restriction pattern analysis is the mos
applied hybridization-based RFLP method. The original scheme
called rDNA restriction pattern determination, was described in
1986 by Grimont and Grimont, and was one the � rst universal
genotyping techniques for bacteria. In bacteria, rRNA operon
contains sequences that have changed little during evolution and
so probes speci� c for these conserved sequences can dete
a wide range of bacteria. The idea of Grimont and Grimont was
to use labeled bacterial rRNA as a universal probe recognizin
rRNA genes of most bacterial species, allowing ribotyping o
bacteria irrespective of their species. Since its introduction
ribotyping has found wide application in food microbiology,
being used to explore the diversity of microbes in a particular
source, as well as tracing and monitoring the occurrence o
a speci� c organism. The ribotyping patterns have proven to be
stable and reproducible, and to provide suf� cient resolution for
characterization and identi� cation of bacteria.

As a term, ribotyping refers to the use of nucleic acid probe
recognizing ribosomal genes. As a name for a molecular typ
ing method, however, ribotyping has proven to be rather
misleading. The ribotyping pattern lengths depend largely on
the positions of the nearest restriction recognition sites upstream
or downstream of the probe sequences that can be locate
outside the rRNA operon and not just within. In addition, the
complexity of the pattern is a re� ection of the copy number of
rRNA operons as it determines the number of restriction frag
ments containing probe-hybridizing rRNA sequences.

Many bacteria relevant in food microbiology have multiple
copies of rRNA operon dispersed in the chromosome. Ribo
typing pattern analysis often allows their discrimination to the
species level but rarely below. The discriminatory capacity ca
be increased to a certain extent by choosing the restrictio
enzyme and creating more variable patterns. For instance
ribotyping of Leuconostocstrains with HindIII creates pattern
including 8–14 bands of different lengths being more
discriminatory ribotyping with EcoRI (Figure 3).

In addition to endonuclease, probes used may affect the
resolution by altering the detection of a speci� c fragment
within a ribotyping pattern. Frequently used probes include
labeled 16S and 23S rRNA fromEscherichia coli. In our labo-
ratory, we use a speci� c set of � ve oligonucleotide probes
(termed OligoMix5) complementary to conserved sequences
located near both extremities of 16S rRNA gene, and near bot
extremities and the middle of 23S rRNA gene.

Although effective in DNA � ngerprinting bacteria, rDNA
probes have not been that effective in DNA� ngerprinting fungi
or yeasts. In contrast to prokaryotes, eukaryotic ribosoma
cistrons are clustered in the genome. Endonuclease cleavage
these tandem repeats generates fragments of similar relativ
lengths. Thus, after Southern-blot hybridization, the ribotyping
pattern often contains only a few bands, providing little reso-
lution for strain differentiation.
RFLP of PCR-Amplicons

Analysis of an RFLP pattern produced from restriction enzyme
digested and electrophoresed PCR-amplicons is a widely use
band-based genotyping method. As a technique, RFLP of PCR
amplicons (PCR-RFLP) is more straightforward compared with
hybridization-based RFLP, which include several laborious and
time-consuming steps (seeFigure 1). Since most PCR-RFLP
methods yield result within a few hours, they are particularly
useful when rapid results and high capacity are required. A
disadvantage of the technique is that PCR-RFLP examines on
a small section of the genome. Since most PCR-RFLP metho
detect differences only within a single genetic locus, thei
resolution is inherently limited. The discriminatory power of
PCR-RFLP can be increased with choice endonuclease or
digesting the amplicon with two or more restriction enzymes.

Several PCR-RFLP methods have been described for foo
associated microbes with the most frequently used listed in the
following section. The primer sequences as well as suggeste
restriction enzymes vary depending on the microbes on focus
For a more detailed description of the protocols suitable for
a given organism, we refer the reader to literature.
PCR-RFLP Analysis of rRNA Genes

Restriction digests of rRNA genes or gene regions a
commonly used to examine variability and identity of organ-
isms. Bacterial rRNA genes frequently are organized in a
operon in the order 16S rRNA, 23S rRNA, and 5S rRNA, with
each rRNA gene being separated by an internal transcribe
spacer (ITS) region. The rRNA gene sequence includes variab
regions, where sequences have diverged over time. Conserv
regions often � ank these variable areas, and primers used i
PCR-RFLP often are designed to bind the conserved region
Depending on the target organism and purpose of analysis
amplicons of various lengths have been suggested for PCR
RFLP analysis. For yeast and fungi, PCR-RFLP of the ampli�ed
rRNA gene region is frequently called riboprinting. For bacteria
restriction analysis of ampli� ed 16S rRNA gene is referred to a
ARDRA. A shortcoming of many rRNA PCR-RFLP methods
that the rRNA genes are so well conserved that irrespective
the restriction enzyme used, the patterns created are indistin
guishable. The discriminatory power of these techniques can b
increased by simultaneous use of multiple restriction enzymes
ITS-RFLP

Although rRNA genes are rather well conserved, the ITS regio
located between rRNA genes, particularly that between th
16S and the 23S rRNA genes, exhibits more variation in length
and sequence even within a species. The location of the IT
� anked by the highly conserved 16S and 23S rRNA gene
allows PCR ampli� cation using universal primers designed to
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Figure 3 HindIII andEcoRI ribotyping patterns ofLeuconostocstrains. Comparison of more complexHindIII ribotyping patterns can be used for
identi� cation purposes.
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conserved regions of the 30end of 16S rRNA and the 50end of
23S rRNA genes. In general, ITS-RFLP is proven to be qui
and simple, and applicable for differentiation of a variety of
food-associated bacteria, including serovars ofSalmonella,
serotypes ofListeria monocytogenes, and closely related strains
of dairy lactic acid bacteria. Because the ITS-RFLP patter
often show high variation even among strains of same species
this technique rarely is used for identi� cation.

In addition to food-associated bacteria, ITS-RFLP ha
received widespread application for � ngerprinting of fungi
from food and beverages. The fungal ITS region shows hig
interspeci� c, but low intraspeci� c, variation, allowing species
identi � cation. ITS-RFLP assays are considered rapid and ea
methods for the identi� cation of fungal species, especially in
studies involving a large number of isolates.
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PCR-RFLP of Other Loci

A quick survey of theliteraturereveals numerous variations on
the PCR-RFLP� ngerprinting. For instance, PCR-RFLP of protein
encoding genes, such asrecAgene, has proven useful for the
identi � cation of certain species. In particular, PCR-RFLP� nger-
printing of housekeeping genes has been proposed, when RFL
pattern or sequence analysis of 16S rRNA gene has failed
provide suf� cient taxonomic resolution. For differentiation of
foodborne pathogens, PCR-RFLP schemes have been design
for gene-encoding toxins, antigens, or antibiotic resistance. Fo
instance, PCR-RFLP of the� agellin gene� aA has proven appli-
cable for genotyping strains ofCampylobacter coliand Campylo-
bacter jejuni. Other examples of PCR-RFLP approaches target
to virulence genes include RFLP of shiga-toxin genes (Stx)
among shiga-toxin producing E. coli, coagulase genes (coa) of
Staphylococcus aureus, and cereolysin genes ofBacillus cereus.
,

Figure 4 Flowchart of steps required for T-RFLP pro� ling.
Terminal Restriction Fragment-Length Polymorphism

In contrast to other PCR-RFLP techniques used for DNA
� ngerprinting of individual isolates, terminal restriction
fragment-length polymorphism (T-RFLP) is an application of
RFLP mainly applied to microbial community pro� ling or
� ngerprinting. The T-RFLP technique is culture independent
and a T-RFLP pro� le can be derived from the community DNA
extracted directly from the food sample without the need for
cultivation or isolation of individual microorganisms. T-RFLP
analysis is often applied for 16S rRNA gene or its speci� c
region. Other targets, such as genes involved in a speci� c
metabolic pathway, could be used as well.Figure 4 shows an
overview of the T-RFLP technique. For a T-RFLP analysis, t
DNA of a microbial community is extracted, and one or a few
regions within a speci� c marker gene are PCR ampli� ed. At
least one of the primers is � uorescently labeled to tag the
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amplicons. The amplicons cleaved with one or a few frequen
cutting restriction enzymes, which results in the generation of
both � uorescently end-labeled restriction fragments (terminal
restriction fragmentsor T-RFs) and those without. As the name of
this technique implies, only the T-RFs carrying the� uorescent
label are revealed in the T-RFLP pro� le. The restriction frag-
ments are then size separated and the labeled fragments a
detected using an appropriate electrophoresis system wit
a � uorescence detector. The preliminary output of a T-RFL
analysis is a chromatogram where fragment sizes and sign
intensities are visualized as a series of peaks of different size
The T-RFLP pro� les can be analyzed by simply comparing the
presence and absence of peaks (or T-RFs) between differe
samples. To assign phylogenetic information for speci� c T-RFs,
the sizes of T-RFs can be compared with reference data
searched against T-RFLP databases.

In food microbiology, community pro � ling techniques,
including T-RFLP, are particularly useful for comparative
community analysis. For instance, T-RFLP can be used
investigate and compare the changes in the community struc
ture or microbial diversity in response to time, or different
processing or storage conditions. In addition, T-RFLP pro� ling
can be applied to track speci� c organisms within a microbial
community.
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Applications for RFLP Fingerprinting

During the past three decades, a number of RFLP� ngerprinting
alternatives have been developed for various classi� cation
purposes. Usually, classi� cation to the species level or below
has practical value in food microbiology. Comparison of
various RFLP methods and their suitability for classi� cation
shows that each method has advantages and disadvantag
with their taxonomic resolution being dependent on both the
method itself as well as the genetic differences among th
organisms analyzed. Different endonucleases often provid
different discrimination, thus, selection of endonuclease or
a set of them is critical for obtaining appropriate resolution.
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RFLP Pattern Comparison

RFLP pattern analysis usually involves comparison of RFL
� ngerprints obtained for a given set of isolates. Pattern
comparison should be objective, consistent, and scienti� cally
based. Comparison or detection of differences between simple
PCR-RFLP� ngerprints may rely on direct visual inspection, but
standardization becomes critical, when the aim is to compare
a large set of diverse and complex RFLP� ngerprints. Several
software packages are available, allowing objective comparativ
analysis of � ngerprints as well as long-term data storage. With
such computer software, RFLP� ngerprints can be normalized
to a standard and then stored in a database so that a new
� ngerprint can be compared with those deposited previously.
The computer software is also a prerequisite for a large-sca
comparison as many software packages allow for cluster ana
ysis or a comparison of a large data set. In general, a compar
tive analysis of RFLP � ngerprints has two stages: � rst,
a similarity matrix is created based on either the presence o
absence of bands or variations in band intensities. After this
the � ngerprints are grouped based on pattern similarities. The
results of the comparisons usually are presented as a dendro
gram, which is a tree illustrating the similarities of the RFLP
patterns included in the analysis by grouping the� ngerprints
sharing common bands into a subset or cluster.
RFLP Fingerprinting for Differentiation
and Identi�cation Purposes

One major issue in food microbiology is the identi � cation or
differentiation or microorganisms, either harmful or bene� cial.
For typing purposes, an RFLP method with high resolution is
a method of choice, particularly if closely related strains are to
be analyzed. In general, RFLP methods are reported to hav
lower discriminatory capacity compared with those of other
DNA-based typing techniques. For typing of closely related
strains, other techniques, such as pulsed-� eld gel electropho-
resis (PFGE) or multilocus sequence typing have bee
proposed. For instance, comparison of 10 strains ofLeuconosto
gasicomitatumbased on HindIII ribotyping and SmaI PFGE
patterns reveals that PFGE typing distinguishes� ve genotypes,
whereas ribotyping fails to differentiate the strains (see
Figure 5). For other examples or a detailed comparison of the
application of RFLP method for typing of a speci� c organism,
we refer the reader to the literature.

In many cases, the main aim of RFLP analysis has been
differentiate bacterial species. When the aim is to use RFLP fo
identi � cation, the � ngerprints should be readily constant
within the species but should differ from those of other species.
If the patterns vary extensively within a species, the RFL
� ngerprinting technique is of limited value for species identi-
� cation. Identi� cation of bacteria based on their RFLP� nger-
prints usually rely on a collection of reference� ngerprints of
known organisms in which the � ngerprint of an unknown are
to be compared. These reference data sets often are call
libraries or databases. As stated earlier, the output o
a comparison is often revealed as a dendrogram, visualizing th
manner in which � ngerprints are group based on their simi-
larity coef� cients. If the query � ngerprint is grouped closely
with a pattern of a known species, the query strain is identi� ed
accordingly. Identi� cation is thus possible only if a reference
strain match is present in the database. To allow reliable
identi � cation, a database should contain a representative set o
related species. Setting up such database often requires tim
effort, and validation.

In our laboratory, an in-house ribotyping pattern database
has proved valuable for bacterial identi� cation. We have
successfully applied ribotyping patterns, particularly those
created withHindIII for taxonomy studies and identi � cation of
lactic acid bacteria and enterobacteria from various food and
environmental sources. Our laboratory mainly conducts food
analyses, and thus our reference database has been built u
over the course of years to re� ect the species diversity we hav
encountered in food and in samples from food-processing
environments. Many lactic acid bacteria and enterobacteria
common in samples from foods and processing environment
are dif� cult to identify by biochemical tests. Ribotyping either
with HindIII or EcoRI, however, yields species-speci� c pro� les
for a vast majority of these bacteria. Although pattern variation
existswithin a species, pattern similarity (e.g., common bands)
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Figure 6 Dendrogram illustrating the clustering of lactic acid bacterial strains based on the similarities of theirHindIII ribotyping patterns. Ribotyping
with HindIII yields species-speci� c patterns. The three subspecies ofLeuconostoc mesenteroidesare grouped together.

Figure 5 Dendrogram obtained by comparison ofHindIII ribotyping andSmaI PFGE patterns from tenLeuconostoc gasicomitatumstrains. PFGE typing
provides higher resolution being able to distinguish subtypes undetectable with ribotyping.
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allows them to be grouped together in cluster analysis.Figure 6
shows a dendrogram illustrating the grouping of Leuconosto
species based on theirHindIII ribotyping patterns. Further-
more, we have noticed that for certain species and groups, suc
as for species belonging toEnterococcus aviumgroup, ribotyping
with an appropriate enzyme provides higher resolution than
those obtained with 16S rRNA gene sequence analysis.

Although our in-house database now contains ribotyping
patterns of more than 2000 reference strains, every now an
then we confront an unusual query that does not match with
any of our references. For identi� cation of the unknowns of
particular interest, we use sequence analysis of 16S rRN
sequence, and when appropriate, a polyphasic approac
including analyses of housekeeping gene sequences as well
phenotypic traits. This approach has allowed us to identify
novel bacterial species.
Conclusion and Future Perspectives

For more than three decades, various RFLP techniques ha
been applied to detect and characterize microbes from food
and food-processing chains. PCR-RFLP applications and ribo
typing are practical for routine identi� cation of microbes,
whereas more discriminating genotyping techniques, such a
PFGE typing or analysis of housekeeping gene sequences, oft
are required for comparison of closely related strains. Over the
past few years, sequence analysis of multiple genetic loci o
even of the entire microbial genome has become conceivable
alternatives for strain comparison. Nevertheless, in many large
projects, RFLP pattern analysis has been used for preliminar
screening of representative isolates that have then been su
jected to sequence analysis. In the future, along with the
advances in DNA-sequencing technology, sequence analys
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are expected to replace many of the band-based �ngerprinting
techniques, including those based on RFLP patterns.

See also:Identi� cation Methods: Riboprint:Automated DNA
� ngerprinting; Identi� cation Methods: Culture-independent
techniques.
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Figure 1 Southern blot.
Introduction

The terms riboprint and RiboPrintTM refer to the strain-speci�c
pattern of DNA fragments obtained by manual or automated
restriction digestion and Southern blotting of bacterial rRNA
genes, respectively. In the literature, however, the term riboprint
refers improperly also to the results of polymerase chain reac-
tion (PCR) ribotyping and, occasionally, to 16S sequencing.
Automated ribotyping is described in detail in this chapter as
the implementation of manual ribotyping, whereas PCR ribo-
typing and 16S sequencing are brie�y described at the end of
this section.

The RiboPrintTM obtained by automated ribotyping allows
one to achieve both bacteria identi�cation at the genus and
species level, as well as strain typing. The goal of typing is to
differentiate discrete strains of the same species belonging to
different clones, which are frequently characterized by different
levels of virulence.

Clones are de�ned as genetically related isolates that are
indistinguishable from each other by a variety of molecular
typing methods, or isolates that are so similar that they are
presumed to be derived from a common ancestor. It is well
known that the relative contribution of different clones of
a pathogenic species to human infection differs. Therefore, the
ability to associate precise molecular markers to speci�c strains
within a pathogenic species should reduce the number of
large-scale microbiological tests and the incidence of human
bacterial infections. Examples of the most common markers
linked to speci�c bacteria strains are serotypes, phage-types,
pulso-types, MLST-type, and ribotype. A method that ful�lls
the requirements for phenotypic or genotypic typing of all
microorganisms does not exist, rather the technique to use has
to be selected according to the organisms under study and to
the goal of the analysis (i.e., epidemiological investigations,
source tracing, etc.).

In the past, subspecies identi�cation of bacteria, with
special reference to microbial pathogens, has been performed
with technologies based on one or several phenotypic markers
expressed by the microorganisms. This has been done, and is
still being done, by methods such as biotyping, serotyping,
phage typing, bacteriocin typing, and so on. These methods
allow for the analysis of a large number of strains and use well-
standardized protocols and longitudinal studies, often covering
large geographic areas. They pose many problems, however,
because of the need for labor-intensive procedures, because of
poor reproducibility, and because many strains may be
untypeable. Therefore, their applications are restricted to some
reference laboratories.

Alternatively, methods based on nucleic acids have been
designed for typing, even if not all of them are suitable for
high-throughput applications. PCR ribotyping is a relatively
new typing method based on the ampli�cation of the spacer
regions between the 16S and 23S ribosomal RNA genes. It is
currently applied as reference method for the identi�cation and
282 Encyclopedia of Food Mic
typing of Clostridium dif�cile. Moreover, it has been used for
typing Escherichia coli, Burkholderia cepacia, Staphylococcus aureus,
Yersinia enterocolitica, Ralstonia pickettii, and Ralstonia insidiosa.

The 16S sequencing represents the most comprehensive
and widely used taxonomic instrument in microbiology. It has
yet to reach its full potential because numerous microbes
belong to taxa that have not yet been characterized. Moreover,
numerous sequences in public DNA sequence databases that
could be reliably classi�ed remain unannotated.
Manual Ribotyping

The method known as rRNA gene restriction pattern determi-
nation (or ribotyping) represented the �rst attempt at molec-
ular typing. It involves the extraction of chromosomal DNA, its
cleavage with one or a combination of restriction endonucle-
ases, the separation of restriction fragments by gel electropho-
resis, and a Southern blot (Figure 1) with a mixture of 16S and
23S ribosomal ribonucleic acid (rRNA) as probe.

Most rRNA (rrn) operons in bacterial cells are composed of
three rRNA genes, which encode 16S, 23S, and 5S rRNA in that
order (Figure 2). The copy number of rRNA operons differs
among bacterial genomes, although most of the genes that
encode ribosomal proteins are present as a single copy. It is
assumed that many prokaryotes evolved multiple rRNA
operons to cope with a variety of environmental conditions,
but this hypothesis remains controversial.

Mycoplasma genitalium, a pathogenic bacterium whose
genome size is very small (580 074 bp), contains only one
rRNA operon in its genome, whereas the genomes of E. coli and
Bacillus subtilis contain 7 rrn and 10 rrn operons, respectively.
Since rRNA operons represent the target for ribotyping analysis,
robiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00411-0
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Figure 2 rRNA operon.
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this molecular method is suitable for organisms with at least
two rRNA operons and its ef�cacy increases with the number of
operons.

The problems associated with the different manual ribo-
typing techniques described in the literature have been relate
to probe design, cloning, and labeling. They can be summarized
as it follows: (1) when the 16 þ 23S rRNA probe from bacte-
rium A (or cDNA obtained by reverse transcription from rRNA)
is used for ribotyping, it is less reactive with DNA from bacteria
phylogenetically remote from bacterium A, yielding weakly
stained patterns; (2) when a cloned rRNA gene from bacterium
A is used as a probe, it is less reactive with DNA from bacteri
phylogenetically remote from bacterium A, yielding weakly
stained patterns, and the obtained pattern may differ from those
obtained with 16 þ 23S rRNA; (3) published oligonucleotide
probes used in ribotyping give patterns that are generally
a subset of that obtained with 16þ 23S rRNA. These issues hav
been surmounted by a procedure using a� ve-oligonucleotide
set referred as OligoMix5, and the ribotyping patterns visualized
by OligoMix5 seem to show comparable band intensities irre-
spective of the phylogenetic positions of bacteria.

Recent applications ofEcoRI andHindIII manual ribotyping
concern the identi� cation and typing of Enterococci from
broiler products and broiler processing plants, as well as clin
ical isolates of avian pathogenicE. coli (APEC) from seven
outbreaks of acute hemorrhagic septicemia in turkeys. More
over, manual ribotyping using BglI as restriction enzyme has
been applied in India for typing of Vibrio choleraeO1 strains
isolated over an 11-year period to identify strains ofVibrio
campbelliiand Vibrio harveyiisolated in farm shrimps and to
investigateV. choleraeO139 strains isolated in Kerala.

The poor reproducibility in manual ribotyping between
different laboratories and the long time-to-result have been
overcome by the complete automation of the method per-
formed by the RiboPrinter� Microbial Characterization System
described in the following section.
lt
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Automated Ribotyping

Ribotyping can be performed automatically using the
RiboPrinter� Microbial Characterization System (Qualicon,
Wilmington, DE, USA). The most important trait of the
RiboPrinter� is its standardization, which is linked to the
complete automation of the ribotyping process from cell lysis
to image analysis.

Because of the importance of accuracy as well as time-to-resu
for contaminant identi � cation and subtyping, the RiboPrinter�

has been designed to reduce the time involved in each ribotyping
step.
The whole process, described inFigure 3, requires 8 h to
produce reliable and accurate results from isolated and puri� ed
cultures. Overall, it is possible to process up to 32 isolates
per day.

The initial sample should be a pure culture obtained from
a well-isolated colony in the primary plate, typically obtained
after three subcultivation steps onto nonselective media such a
Brain Heart Infusion (BHI) agar. In fact, the instrument iden-
ti � cation database has been based on ribotyping pro� les of
reference (e.g., American Type Culture Collection (ATCC)
German Collection of Microorganisms and Cell Cultures
(DSMZ), Japan Collection of Microorganisms (JCM) Riken)
and � eld strains cultivated on BHI agar. For bacteria unable to
grow on such media, however, alternatives can be considered
For testingCampylobacter, BHI supplemented with 5% (vol/vol)
of lysed horse blood or sheep’s blood can be used. For testing
Bi� dobacteria, the culture media can be represented by BH
agar supplemented with 2% NaCl. Nonselective agar media
that support robust growth of the isolate are preferred to
selective media, which may reduce cell viability.

Once the fresh and pure culture of a Gram-positive organism
is available, it is collected by double touching with a simple
sterile colony pick and suspended in 40ml of a sample buffer in
a microcentrifuge tube. (In the case of Gram-negative isolates
a less concentrated cell suspension is prepared.) The dilute
sample is then transferred into a sample carrier with eight
sample wells, and then placed within a heating station, where
the samples are heated at 85� C for 15 min to reduce cell
viability and inactivate nucleases. At the end of the denaturation
step, the temperature is reduced and two lytic enzymes ar
added before loading the sample carrier into the instrument,
with all the required patent consumables. As in manual ribo-
typing, during the 8 h processing, bacterial cells are lysed with
proteolytic enzymes and the released DNA is cut or digeste
with the selected restriction endonuclease(s) (Figure 3).

The DNA restriction fragments are size separated by ele
trophoresis in an agarose gel containing 13 wells, 8 for the
samples and 5 for reference DNA of known molecular
weights, loaded into every third well. As the DNA is electro-
phoretically separated and resolved in the gel, a nylon
membrane moves vertically against the gel, allowing frag
ments to be captured and immobilized on the membrane.
After denaturation of the DNA on the membrane, it is
hybridized with a labeled E. coli rRNA operon probe repre-
sented by pKK3535, including the 5S rRNA gene and intra
genic spaces in addition to 16S and 23S rRNA genes. Th
membrane is washed and then treated with a blocking buffer
and an antisulfonated DNA antibody–alkaline phosphatase
conjugate. Unbound conjugate is removed through a series o
washes and a chemiluminescent substrate applied. Th
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Figure 3 Automated ribotyping process.
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membrane is then heated and positioned in front of
a customized CCD camera, which detects the light intensity o
the targeted DNA fragments. The camera converts the pattern
from luminescing DNA fragments to digital information
stored in the computer’s hard drive memory. Software extracts
information from the image. It recognizes data lanes in the
image and distinguishes between reference marker an
sample lanes. The position and intensity of well-characterized
marker fragments run simultaneously with the unknown
samples and allow the system algorithms to normalize the
resulting output data (Figure 3).

When DNA fragments from different bacterial strains are
size separated and hybridized with a labeled rRNA operon
probe, each strain produces a unique fragment pattern
(Figure 4). From this fragment pattern data, the system use
a series of proprietary algorithms to generate a RiboPrintTM

pattern (Figure 4) and then characterizes, archives, and
compares the patterns to a supplied database.

This comparison can result in the identi� cation of the
organisms of interest at a genus, species, or subspecies level. T
identi � cation is achieved when the similarity between the
RiboPrintTM pattern of the tested sample and those of the strains
of the internal RiboPrinter� identi � cation library, calculated
using a proprietary algorithm, is�0.85. For identi � cation
purposes,EcoRI has to be used as restriction endonuclease fo
most of bacteria. The few exceptions are represented b
Campylobacteridenti � ed by restriction digestion with PstI and
Salmonella entericaserotypes identi� ed by restriction digestion
with PvuII. For typing purposes, different endonucleases can b
used, singularly or in multiple combinations. The selection of
such enzymes is related to the bacteria under investigation.

In the example reported in Figure 4, the sample numbers
153-460-S1, 153-460-S5, 153-460-S6, and 153-460-S8 wer
identi � ed asEscherichia coli.On the contrary, samples 153-460-
S2, 153-460-S3, 153-460-S4, and 153-460-S7 were not ident
� ed automatically by the system.

The identi� cation, however, can be obtained using the
nearest neighbor analysis. It consists of checking the similarity
between the RiboPrintTM pattern of the tested sample and the
most similar patterns belonging to the RiboPrinter� identi � -
cation library. When such similarity is higher than 0.70 and all
the most similar ribotyping patterns belong to the same
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species, as in the example ofFigure 5, the presumptive iden-
ti � cation can be considered valuable.

The internal RiboPrinter� identi � cation library is named
DuPont library and all the strains belonging to such library are
identi � ed by a DuPont ID code. Since the library has been built
using different strains belonging to the same species, th
DuPont ID codes associated with the same species are differen
As an example, in Figure 5 the different E. coli strains are
identi � ed as DUP-18311, DUP-15003, DUP-14030, DUP-
14023, and DUP-18654.

The RiboPrinter� contains more than 8500 RiboPrintTM

patterns or � ngerprints of bacteria in its onboard reference
database and such database is periodically expanded. In add
tion, investigators can create individual databases of organism
Figure 5 Identi� cation by using the nearest neighbor analysis.
of interest to a particular site. This feature permits the matching
of bacteria from different sources and association of the
patterns with a user-de� ned taxonomic identi� cation tool. This
is called a Custom Identi� cation database.

For typing purpose, the RiboPrintTM pattern obtained from
processing each sample is compared against all of the othe
patterns run in the system to determine similarity using
a proprietary algorithm. Although the same proprietary
algorithm is used to determine the highest similarity match of
a sample RiboPrintTM pattern with a DUP database reference
pattern or with the RiboPrintTM patterns for all other bacterial
samples processed, different threshold values are applie
to the characterization and identi� cation features of the
instrument.
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The characterization process allows the system to describ
samples as alike or different, even when the tested strain is no
part of the identi � cation database. This characterization func
tion is especially useful when investigating new, emerging, o
rare bacteria.

When the similarity between two RiboPrintTM patterns
is �0.93, those RiboPrint TM patterns are considered the same
and classi� ed under the same alphanumeric code, named
RiboGroup. The RiboGroup identi� es the library and instrument
used to ribotype the sample, as well as the batch and sampl
position to which a speci� c RiboPrintTM pattern has been asso
ciated for the � rst time.

In Figure 4, samples 2, 4, 7, and 8 run in the batch 460 and
listed under the column sample number, showed RiboPrintTM

patterns not previously identi� ed. As a consequence, they wer
assigned to the RiboGroups RIBO1:KHA:EcoRI 153-460-S-2,
RIBO1:KHA:EcoRI 153-460-S-4, RIBO1:KHA:EcoRI 153-460-S-7,
andRIBO1:KHA:EcoRI 153-460-S-8, respectively. On the contrary
samples 1, 3, 5, and 6 showed RiboPrintTM patterns previously
identi � ed for samples run in batches 447, 459, 271, and 428
respectively. Therefore, they were assigned to RiboGroup
RIBO1:KHA:EcoRI 153-447-S-4, RIBO1:KHA:EcoRI 153-459-S-8,
RIBO1:KHA:EcoRI 153-271-S-4, and RIBO1:KHA:EcoRI 153-428-
S-1, respectively. This classi� cation increases in accuracy with the
number of samples tested.

The RiboGroup designation allows the user to immediately
check the presence of strains with RiboPrintTM patterns already
stored in the database, alerting the user to the need to verif
possible epidemiological correlations between isolates.

Figures 6 and 7 show examples of different strains
belonging to the speciesEnterococcus faecalisand Listeria mon-
ocytogenes, respectively, classi� ed in different RiboGroups. Both
� gures show fragments conserved in all strains, used by th
Figure 6 RiboGroups associated to different strains belonging to the
system to identify the samples to species and subspecies leve
and fragments variable in number and molecular weight
associated with speci�c strains.

The in-� eld applications of automated ribotyping allow
laboratories operating in and out of research centers, and in
particular microbiological laboratories within food and phar-
maceutical industries as well as hospitals, to collect and store
a huge amount of data concerning the bacteria populations
circulating in the close system they must control. In fact, they
can check and map both identity and genetic pro� le of
contaminating strains assessing the presence of multiple o
predominant strains, their persistence on time, longitudinal
changes in the microbial populations, and seasonality of
speci�c microbial contamination patterns. All these kinds of
information can be incorporated in risk assessment models
describing survival and growth of a speci� c risk within
a system.

Automated ribotyping for identi � cation purposes has been
applied in the drinking water supply in Hungary, where the
new speciesNocardioides hungaricussp. nov. has been identi� ed
after comparison between itsPvuII ribotyping pro � le and that
of other species belonging to the genusNocardioides. Using the
same kind of comparison with species belonging to the genus
Lactobacillus, the species namedLactobacillus nasuensissp. nov
and Lactococcus fujiensishave been associated with isolates from
the outer leaves of Chinese cabbages.

Concerning applications of automated ribotyping for
typing, Lappi et al. (2004) described an anecdotal correlation
between plant operation patterns, moisture levels, and detec
tion of speci� c RiboPrintTM patterns of Listeria in the plant
environment. Speci� cally, Listeria monocytogeneswas not iso-
lated from the environment of one smoked seafood plant
that primarily produced processed products packaged in
speciesEnterococcus faecalis.
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Figure 7 RiboGroups associated to different strains belonging to the speciesListeria monocytogenes.
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hermetically sealed containers as well as processed refrigerat
products 1 or 2 days per week. The authors reasoned tha
allowing the plant to dry out for several days at a time in
between the wet processing cycles for refrigerated produ
might deter L. monocytogenespersistence. In future studies, it
may prove valuable to (1) probe associations between
production volume and environmental Listeriacontamination
levels and (2) collect data on plant moisture levels and sample
site moisture levels to more precisely quantify the association
between moisture and Listeria persistence. Many studies
demonstrated the utility of combined routine environmental
monitoring for Listeriaand molecular subtyping of isolates to
identify harborage sites and monitor contamination patterns
within a given ready-to-eat food-processing plant.

Automated ribotyping has been applied for the identi� cation
and typing of lactic acid bacteria, Bi� dobacterium longumand
Bacillus coagulansstrains isolated from veal calves for evaluation
as potential multi-species-speci� c probiotics for veal calves.
Similar applications have been described previously to monitor
the persistence of strains intentionally added in speci� c foods or
ingredients to verify their persistence through time.

At a clinical level, automated ribotyping has been mainly
used to monitor prosthetic joint infections for identi � cation
and typing of various species belonging to theStaphylococcu
genus, other thanStaphylococcus aureusand Staphylococcus e
dermidis, not identi � ed using routine diagnostic tools.

In water-related research contexts, automated ribotyping
has been recently applied as a typing method to clusterMeth-
ylobacterium aquaticumstrains isolated in tap water of hospitals
and natural environments. Such clustering established a clea
link between strains and sources. A different application
regarded the identi� cation of the new speciesNocardioides
hungaricussp. nov. in the drinking water supply in Hungary
after comparison between itsPvuII ribotyping pro � le and that
of other species belonging to the genusNocardioides.

In the � eld of safety of animal food products, Manfreda et al.
(2011) applied automated PstI ribotyping to assess genetic
variability among Helicobacter pullorumisolates collected from
broilers reared in intensive, organic, and free range farms
Although signi� cant genetic variability was observed among
� ocks,PstI ribotyping enabled tracking of strains with the same
RiboPrinter� pattern within � ocks, showing its potential ability
as a characterization method to explore the role ofH. pullorumas
a zoonotic pathogen for humans.

The same authors appliedEcoRI automated ribotyping to
characterizeClostridium perfringensstrains collected in broiler
� ocks reared in Italy and the Czech Republic between Jun
2005 and November 2006. In 57.1% and 76.5% of the Czech
Republic and Italian � ocks, respectively, more than one
RiboPrint� pattern was identi� ed among isolates belonging to
the same� ock. Moreover, common ribotypes were identi� ed
between strains belonging to two up to eight different � ocks.
Finally, four RiboPrint � patterns were shared between strain
isolated in the two European countries, representing the� rst
evidence of the presence of common RiboPrint� patterns
between isolates collected from birds reared more than
1000 km apart.
Conclusion

The application of RiboPrint analysis to bacteria isolates
collected within food-processing plants, pharmaceutical
companies, and health care units over time represents a
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incredible database of information regarding the microbial
populations circulating in those systems, their level of genetic
diversity, the presence and persistence of speci� c strains, their
potential sources, and transmission routes. The information
obtained from such database should be integrated in the risk
assessment models describing survival and growth of a speci� c
risk within a system.

The main problem associated with the application of
automated ribotyping is the high cost of the consumables. The
cost of having a whole production or health care unit under
control, however, is much lower than the cost of even sporadic
food recalls, delays in release and delivery of products, o
accidental cases of cross contaminations.
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Introduction

Single nucleotide polymorphisms (SNPs) are distinct single-
nucleotide variations in the DNA sequence in the genome of
different individuals belonging to the same animal or bacterial
species. SNPs can be divided into nonsynonymous mutations
when the identity of the encoded amino acid is changed or
synonymous mutations when the encoded amino acid does
not change. Analysis of SNPs has been employed widely for th
identi�cation of genetic loci that are associated with speci�c
diseases in humans.

Recently, SNP typing increasingly has been applie
successfully to bacterial strains, also considering the growin
number of available whole genomes sequences. In the bacteria
genome, multiple SNPs can persist after mutational events an
can be interrogated to differentiate highly related isolates. It
must be considered that a signi�cant amount of the sequence
data obtained with sequence-based typing methods (e.g
multilocus sequence typing (MLST)) or with whole genome
sequencing (WGS) likely will be shared by different strains of
the same species. A small set of SNPs identi�ed with high
accuracy by such methods can be informative, however, an
direct targeting of such SNPs can provide a cost- and labo
ef�cient approach for sequence-based subtyping. In fac
sequencing is still not yet an ef�cient way to interrogate SNPs
for genotyping, although costs increasingly are reducing with
the progress of technology. SNP detection methods can b
described based on two main principles: (1) hybridization,
such as the use of probes, molecular beacons, melting curve
resolution, and microarrays; and (2) single-base or primer
Figure 1 Schematic of three common steps in SNP-based genotypin
One detection method can be applied to the analysis of products obta
Single nucleotide polymorphism genotyping: biochemistry, protocol, c
and Sobrino, B., Brión, M., Carracedo, A., 2005. SNPs in forensic gen
181–194, with permission.

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
extension reaction (PER), such as minisequencing, pyrose
quencing, and allele-speci�c extension. Other assays also hav
been developed based on oligonucleotide ligation and invasive
cleavage. Most protocols require preliminary polymerase chain
reaction (PCR) ampli�cation of the DNA sequences where the
SNPs to be interrogated are located, before further analysis
carried out (Figure 1).

This chapter provides an overview of some of the methods
that can be applied for the SNP-based typing of foodborne
bacteria. Considering the rapid rate of changing of technology
in this area, this chapter does not mean to be inclusive and
should be used as a starting point for further in-depth analysis.
Hybridization-Based SNP Typing

Two DNA targets differing at one SNP are differentiated by
allele-speci�c oligonucleotide (ASO) hybridization. ASO
probes usually are designed with the polymorphic nucleotide
in a central position in the probe sequence. Only the fully
matching probe can steadily hybridize with the target DNA that
contains the SNP, while probe-target hybrids showing
a mismatch are unstable (Figure 2(a)). One commonly applied
detection system is the one based on�uorescence resonanc
energy transfer (FRET). FRET takes place when two�uorescent
dyes physically are close to each other and the emission spe
trum of the �rst one overlaps that of the second one.
SNP-typing methods based on FRET detection often perform
allele discrimination coupling ASO probes with a real-time
PCR reaction. The increase in�uorescence intensity can be
g. Allelic discrimination products can be detected with more than one method.
ined with different reactions or assay. Adapted from Chen, X., Sullivan, P.F., 2003.
ost and throughput. The Pharmacogenomics Journal 3, 77–96, with permission
etics: a review on SNP typing methodologies. Forensic Science International 154,
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Figure 2 Schematic outline of allelic discrimination reactions: (a) allele-speci� c oligonucleotide hybridization (ASO), (b) primer extension reaction
(PER), (c) oligonucleotide ligation assay (OLA), and (d) invasive cleavage. Adapted from Sobrino, B., Brión, M., Carracedo, A., 2005. SNPs in forensic
genetics: a review on SNP typing methodologies. Forensic Science International 154, 181–194, with permission.

290 IDENTIFICATION METHODSj Application of Single Nucleotide Polymorphisms–Based Typing
measured in real time or at end point, and several variations of
this principle have been described. Labeled ASO probes ca
also be combined with the hybridization chip microarray
technology employed for gene expression studies. The targ
DNA is immobilized on the array and, after washing, only the
perfectly matched probes remain attached, thus generatin
� uorescence. Inclusive commercial systems are available for th
automation of hybridization, washing and staining, data
analysis with minimal user intervention, and high throughput.
by

s

50 Nuclease Assay

A commonly used approach for ASO hybridization relies on
the 50 to 30 exonuclease activity of Taq DNA polymerase. A
preliminary PCR is carried out using primers� anking the DNA
region containing the selected SNPs, with the reaction mixture
including hydrolysis probes (e.g., TaqMan� ). Two probes are
designed, differing at the polymorphic site to be interrogated.
One probe is speci� c for the wild-type allele, while the other is
complementary to the variant allele. Such probes are labeled
with two diverse � uorescent dyes: a reporter dye located in the
50end and a quencher molecule in the 30end. In intact probes,
the � uorescence of the reporter dye is quenched by FRE
During PCR, the probes hybridize to the target DNA. The
exonuclease activity of the DNA polymerase can then cleave th
probe, thus separating the reporter from the quencher and
leading to an increase in � uorescence. When hybridization
does not occur, the DNA polymerase will displace the mis-
matched probe without cleaving it, resulting in the absence of
� uorescent signal. Allelic discrimination is achieved with the
use of two different SNP-speci� c probes, labeled with different
reporters. The genotype of a sample can be assessed
measuring the intensity of the � uorescence signal of the two
different dyes.

It has been estimated that costs of reagents and disposable
for the implementation of these types of assay amount to
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V0.38 per 10 ml reaction/V1.14 per isolate. These estimated
prices include the cost of the probes, usually the most expen
sive reagent, but were calculated assuming that several tho
sand isolates are genotyped so that the probes will be use
completely. Reduction of costs generally can be obtained b
reducing the reaction volumes or multiplexing. Recently, an
inclusive system has been developed commercially to include
probe synthesis and an automated detection system, with
384-well plates. Such a system potentially could provide
100 000 genotypes a day, although it is still ineffective for
sample sizes around 1000 reactions, due to the high set-u
charges.
n
e

r

ty

,

e

,

-
M
t

n

Molecular Beacons

Molecular beacons are hairpin-loop oligonucleotide probes
composed by a loop portion containing a complementary
sequence to a target DNA region and a stem portion formed by
the annealing of complementary arm sequences, located o
either side of the probe sequence. Molecular beacons ar
labeled with a � uorescent dye in the 50 end and a quencher
molecule in the 30 end. These probes can emit� uorescence
upon hybridization. When not hybridized to the target, these
probes have the hairpin-loop conformation, and as a conse-
quence, no� uorescence is emitted due to the proximity of the
quencher to the � uorophore. When hybridization occurs with
complementary target sequences, the conformation of the
probes is altered and� uorescence is emitted as the quenche
and the reporter are separated.

Molecular beacons recently have been used in a large varie
of applications, including detection of SNPs. Two molecular
beacons are used for SNP typing, one speci� c for the wild-type
allele and one for the variant allele. The labeling of each
molecular beacon with a different � uorophore permits allelic
discrimination. Multiple SNPs can be interrogated with the use
of differently labeled molecular beacons, with the limit of
simultaneous detection of different � uorophores being repre-
sented by the capability of available instruments.
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High-Resolution Melting Assay

SNP genotyping also can be carried out by the cost-ef� cient
high resolution melting (HRM) approach. Two standard
primers usually are designed around each selected SNP
amplify very small amplicons. Even a single mismatch in the
ampli � ed region can signi� cantly affect the melting tempera-
ture (Tm) of the generated PCR product. For each SNP location
both variants are ampli� ed with the same primer pair, and then
the shape of the melting curve and theTm of the PCR product
are used to discriminate the two different alleles. Therefore
HRM can easily discriminate SNP variations without the need
of actual sequencing. The development of this approach ha
been made possible by the availability of improved DNA
binding � uorescent dyes, allowing a more accurate acquisition
of � uorescence data over small increases in temperature.

On the basis of the differentTm shifts, SNPs can be divided
into four classes. Classes 1 (with base exchanges C/T and G/
and 2 (C/A and G/T) will result in Tm differences greater than
0.5 � C. Class 3 exchanges (C/G) will result inTm differences
ranging from 0.2 to 0.4 � C. Finally, class 4 exchanges (A/T) wil
result in Tm differences less than 0.2� C. SNPs involving
substitution of C/ G and A/ T likely will not be detected
considering the low resultingTm shifts. Another drawback of the
HRM approach is represented by the interrogation of mutations
that balance each other out on a thermodynamic level– such an
occurrence will result in the generation of similar meting curves,
as the overallTm of the resulting amplicon will not be affected
signi� cantly. Also, it must be noted that only speci� c PCR
instruments with HRM abilities can be used.

SNP-typing-based HRM assays increasingly are bein
applied as they offer several advantages, particularly compare
with other, generally more discriminating, molecular typing
techniques (e.g., MLST, pulsed-� eld gel electrophoresis (PFGE)
multilocus variable-number tandem repeat analysis (MLVA)),
which however are labor and time demanding, call for
specialized personnel, and may provide results that are more
dif � cult to interpret. Compared with MLST, HRM can resolve
the SNPs de� ning the different MLST alleles at a fraction of the
cost (20–30%). It, however, cannot be considered to be
a substitute given the need to revert to sequencing each tim
a previously unidenti� ed melting pro� le is detected.

Approaches based on the analysis of melting pro� les can be
considered as an economical, closed-tube, semiautomated
high-throughput tool for screening of both known and
unknown base substitutions and small insertions or deletions.
HRM assays do not need traditional agarose gel electropho
resis, sequencing, or analysis of sequence data. Run of HR
assays are approximately 1 h, also counting the subsequen
data analysis. This method does not require expert training and
can be performed in small reaction volumes, thus resulting in
costs reduction.
Primer Extension–Based SNP Typing

Numerous variations of PER methods exist, generally based o
the ability of the DNA polymerase to incorporate deoxyribo-
nucleotide triphosphates (dNTPs), which are complementary
to the template DNA sequence (Figure 2(b) ). Different systems
have been developed for the detection of the incorporated base
based on different principles: (1) allele-speci� c extension, (2)
minisequencing, (3) matrix-assisted laser desorption ioniza-
tion time-of- � ight mass spectrometry (MALDI-TOF MS), (4)
arrays/microarrays, and (5) pyrosequencing. Some of the
protocols implemented for the identi � cation or typing of
bacterial species are brie� y described in the following section.
Allele-Speci�c Extension

The principle of allele-speci� c extension is based on the
different ef� ciency of DNA polymerase to extend a primer with
either a matched or mismatched 30 end. In fact, only when
a perfect match occurs between the 30end of the primer and the
DNA template, the DNA polymerase can extend ef� ciently.
Two allele-speci� c (AS) primers are required, one for each allele
of a SNP (Figure 2(b2) ). The genotype of the analyzed isolates
is assessed by determining which AS primer forms the product
The detection can be carried out by using� uorescently labeled
dNTPs. A variant of this approach is the allele-speci� c PCR
assay, represented by the use of either a common forward o
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reverse primer, in addition to the AS primer. Only the matching
primer will allow ampli � cation of a speci�c allele in the
sample, and the assessment of which PCR product is generate
allows typing and discrimination.

Multiple-tagged primers recently have been employed in
a multilocus microsphere-based genotyping application for
high-throughput subtyping of Listeria monocytogenes. This type
of array is able to perform as much as 100 different reactions
in each microtiter well. A multiplex PCR is used to amplify the
DNA regions containing the chosen SNPs and the amplicons
then represent the template for the following PER. Allele-
speci� c probes are designed with the bases at the 30 end to
be speci�c for the selected SNPs and with the 50end to contain
a distinctive sequence tag. Such sequence tags are comp
mentary to oligonucleotides situated on individual � uores-
cent polystyrene microspheres, which are dyed internally with
� uorophores that can be identi� ed independently. Bio-
tinylated extension products then are hybridized with the
array of microspheres speci� c for each of the sequence tag
attached to the 50 end of the probes, thus allowing the
sequestering for� ow cytometric analysis. After hybridization,
the � uorescence intensity for each probe is measured. A seri
of different probes can be designed for different SNPs to
generate species- or strain-speci� c patterns. This approach has
been shown to yield results consistent with other typing
techniques.
.
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Minisequencing

Minisequencing is based on the preliminary ampli� cation
either via simplex or multiplex PCR of different fragments of
genomic DNA where the SNPs to be interrogated are located
Extension primers (EPs) are designed to match a site immed
ately � anking the selected SNPs. These primers are extended
a DNA polymerase that incorporates a single-modi� ed
dideoxyNTP (ddNTP) (Figure 2(b1) ). The incorporation of the
ddNTP terminates strand elongation at each SNP and colo
codes the generated extension product as each terminato
ddNTPs is marked with a different color. Samples subsequently
are run through a sequencer and the differently marked
terminator ddNTPs emit light at different wavelengths.
Handily, several SNPs can be targeted at the same time b
constructing EPs of different sizes with the addition of tails of
different lengths to the 50 end of the EPs. The differently sized
generated fragments then are resolved based on their divers
migration times during capillary electrophoresis and the
incorporated ddNTP can be detected with laser-induced� uo-
rescent (LIF) detection. The different SNP pro� les of each
sample then are compared against reference pro�les and can be
used to detect speci� c species or subtypes.

By targeting the exact nucleotide at the selected diagnos
site, multiplex minisequencing can be considered a direc
method when compared with other typing techniques such
as PFGE or MLVA. Minisequencing can thus be considered
have the same accuracy of traditional Sanger sequencing b
with a more rapid turnaround as the LIF detection of mini-
sequencing products requires only 18–40 min compared
with 2.5 h required for capillary electrophoresis of
sequencing products. Data provided by the minisequencing
approach are relatively easy to analyze, are unequivocal, an
easily can be exchanged and compared among differen
laboratories. Minisequencing can be applied only for the
discrimination of those species or strains for which infor-
mation on DNA sequence already is available. For newly
de� ned species or groups of strains to be differentiated by
minisequencing-based genotyping, the incorporation of new
SNPs in existing SNP-typing schemes probably would be
necessary. The identi� cation of such SNPs will be dependent
on traditional sequence data (e.g., provided by MLST and
WGS).
MALDI-TOF MS

Another option for the detection and differentiation of
minisequencing products is represented by MALDI-TOF, to
determine the molecular weight of the extended primers with
a direct method of detection. Minisequencing products are
separated with high resolution based on their respective smal
differences in molecular masses, resulting from the base
added to the extended primer. It is therefore possible to
differentiate which ddNTP has been incorporated. Multi-
plexing can be achieved with the addition of tails of different
lengths to the 50 end of the EPs. Brie� y, minisequencing
products are placed onto a matrix on the surface of a plate o
a chip and energy from a laser beam is transferred to the
matrix, which is vaporized. This leads to the DNA being
transferred into a � ight tube and moving toward a detector.
The time of � ight between the application of the energy beam
and the collision of the DNA product with the detector can be
converted into an exact mass. Several approaches have be
reported, differing in the chemistries used for extension and
the employed MALDI-TOF instrument. A frequently used
commercially available system can support a multiplexing
level of up to 40-plex in a single well, thus offering high
throughput of genotyping with a reduction of costs and
genotype.
Arrays–Microarrays

SNP genotyping based on PER can also be carried out with th
array–microarray system, performed either in solution or on
a chip surface. When the former option is preferred, EPs ar
designed to carry a unique sequence tag at the 50 end and are
extended by a single base. Speci� c tags are designed for each
one of the selected SNPs. After extension, minisequencin
products hybridize to the microarrays generated with
sequences that are complimentary to the tags (cTags). Fluo
rescence then is measured and the genotypes are deduced
determining the incorporated ddNTPs.

When the assay is carried out on a surface, EPs are attach
to a chip and the assay is called an oligonucleotide microarray
based on the extension of arrayed primer. The immobilized
primers are extended by a single-labeled ddNTP using a DNA
polymerase, and the microarray subsequently is scanned t
assess� uorescence. Such an approach has been shown to b
reproducible, speci� c, and able to provide unambiguous
results. Overall, advantages of microarrays-based SNP-typin
methods are represented by the possibility of concurrent
analysis of thousands of genetic markers and the potentia
automation and standardization.
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Pyrosequencing

Pyrosequencing is based on the detection of a pyrophos
phate molecule released following the activity of the DNA
polymerase in a reaction mixture that also contains a single
strand DNA molecule, an annealed primer, and an enzyme
cascade system to produce light. dNTPs are added to th
reaction in a de� nite order and a pyrophosphate molecule
will be released only if the added nucleotide is incorporated.
The released pyrophosphate will be converted enzymaticall
to adenosine triphosphate (ATP), which in turn will be used
by a luciferase to generate detectable light. Detection of thi
light signal allows the base to be registered and the reactio
to proceed with the addition of the next nucleotide
complementary to the target sequence. No light signal is
generated when the dNTP is not complementary. In this
case, the dNTP is not incorporated and then quickly is
degraded.

Pyrosequencing can provide quick determination of
20–30 bp of target DNA in real time and thus can be used to
determine SNPs. Within the range of the read-length, this
method easily can interrogate two SNPs located close to eac
other on the genome. Costs still can be deemed high for
standard volumes, but can be reduced greatly with increase
automation and higher throughput. Other drawbacks of
pyrosequencing are represented by the fact that PCR produc
need to be converted into single-stranded template and by the
potential dif � culty in multiplexing.
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Other Types of Assays

Other types of assays will be described brie� y: invasive cleavage
(Figure 2(c)) and allele speci�c oligonucleotide ligation assay
(OLA) ( Figure 2(d) ).

The � rst approach uses two probes that hybridize to
a single-stranded target DNA region containing the SNP. Th
allele-speci� c probe usually is designed with a� uorophore at
the 50 end and an internal quencher molecule. When the two
probes anneal to the target DNA, they form a 3D structure ove
the SNP site that can be recognized by the speci� c endonu-
clease activity of cleavase enzymes. When cleavage occurs,
� uorophore will be separated from the quencher and� uores-
cence will be generated. If the probes do not anneal to the targe
DNA, no overlapping structure will be formed, and the probe
thus will not be cleaved.

OLA is a SNP-typing method taking advantage of the ability
of ligase to covalently join two probes when they hybridize
next to each other on a speci�c DNA target. Three probes are
required in OLA assays: (1) a common one, annealing imme-
diately downstream of the selected SNP; and (2) two differently
labeled AS probes with the 30 end base complementary to
either one of the alleles. The two speci� c probes compete to
hybridize with the target DNA next to the common probe,
generating double-stranded DNA region with a nick at the SNP
site. Only the perfectly matched probe will be ligated to the
common probe by the ligase. Repeated thermal cycles can b
applied if a thermostable DNA ligase is used, thus allowing
a linear increase in ligation products. The increase can b
exponential if two sets of probes are designed to target both
strands of genomic DNA, in an assay called ligase chai
reaction. The detection of the ligated product then can be
carried out with different methods.

Recently developed systems use preoptimized, univers
assay reagents with the only speci� c reagent being represented
by the ligation probes targeting the selected SNPs. Such system
allow for high-throughput and high-multiplexing capability,
thus potentially leading to a reduction of costs per sample
although an initial high price investment has to be made to
acquire the instrument.
Examples of SNP-Typing Applications
in Food Microbiology

Some applications of the methods described thus far will be
described here to help the reader better understand what can b
accomplished with SNP typing.

Hybridization-based SNP typing relying on the use of
hydrolysis probes has been used for the detection ofEscherichia
coli O157:H7 and for the typing of methicillin-resistant Staph-
ylococcus aureus(MRSA), Mycobacterium tuberculosis, Bacillus
anthracis, Brucella, and Coxiella burnetii. Molecular beacons also
have been used recently for the SNP-based typing ofM. tuber-
culosisisolates. Notably, HRM is one of the most promising
approaches and many assays have been developed recently,
example, to differentiate betweenBacillusspecies orSalmonella
serotypes, identify sixListeriaspecies, genotypeCampylobacte
jejuni and coli, and discriminate between quinolone-resistant
Salmonellaspp. isolates from susceptible ones. In all cases, th
HRM approach provided results consistent with other typing
techniques and proved to be easy, fast, cost effective, an
reproducible. Additionally, performing the reaction and anal-
ysis in the same closed tube reduces labor and risk o
contamination. Another application, coupling a preenrichment
step with HRM analysis, was designed to reduce to less tha
24 h the time required for Salmonellaisolation compared to
standard culturing methods. HRM also represented a rapid
method for the detection of nosocomial outbreaks caused by
extended-spectrum beta-lactamase–producing E. colistrains for
which traditional con � rmation methods often are complex,
expensive, and time consuming. An HRM curve analysis als
has been applied as a typing tool to trackL. monocytogene
strains involved in outbreaks and can be carried out on up to
384 samples in approximately 2 h.

Regarding PER-based SNP typing, pyrosequencing w
applied to further type L. monocytogenesserotypes based on
SNPs in the inlB gene. Other applications have included
discrimination of four Shigellaserogroups and the develop-
ment of a SNP-based MLST approach for differentiation o
E. coli and Salmonella. The targeted SNPs are translated int
allelic pro� les and analyzed similar to MLST results. Othe
applications are represented by the MALDI-TOF approach an
have been used for MRSA genotyping, discrimination of the
M. tuberculosiscomplex, and discrimination of Shiga toxin-
producing E. coli strains within speci� c serogroups. Mini-
sequencing has been used frequently in the past few years wit
applications aimed at the rapid detection of six human path-
ogenicVibriospecies,� veListeriaspecies, theBrucellagenus, and
six common clinically encountered mycobacterial species
These assays can be used as an alternative to tradition
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identi � cation methods, which are generally time demanding,
subjective, and potentially dangerous for the operators. Two or
more multiplex PERs can be carried out to target more SNPs, a
recently applied for the identi� cation of � ve common Salmo-
nella serotypes. A deeper level of taxonomic resolution o
L. monocytogenesstrains was obtained with minisequencing
assays developed for the detection of isolates with attenuate
virulence phenotype carrying premature stop codon mutations
in inlA and of isolates belonging to epidemic clones, which
frequently are associated with human outbreak and clinical
cases. The detection of virulent subtypes was also the focus
recent research onE. coliO157. Scientists also have focused on
the development of PER assays for the identi� cation of bene-
� cial bacteria (e.g.,Lactobacillus caseiand Lactobacillus planta
rum), for which conventional tests may not always provide
reliable identi� cation.
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Conclusion

Genotyping based on the analysis of SNPs generally provide
unequivocal data that easily is exchanged and compared an
has a good potential for automation. SNP typing can be useful
for molecular epidemiology of foodborne pathogens and
currently represents a valid tool for typing of highly clonal
species or serotypes. New methods constantly are bein
investigated and developed with the aim to reduce costs and
increase throughput. No one protocol will meet every research
requirement and different considerations have to be factored
when choosing a speci�c SNP-typing assay. The breadth of th
genotyping project to be carried out has to be considered by
evaluating the number of samples and SNPs to be tested. Suc
evaluation will help determine the level of throughput needed.
Other factors to be considered are the quantity of starting DNA
required for analysis and the sensitivity, reproducibility, accu-
racy, and multiplexing capability of the different methods. The
necessary skill level and time required to carry out the lab work
also has to be considered as some assays are fairly straightfo
ward to optimize and perform, while a substantial amount of
expertise in optimization and software analysis may be
required for others. Furthermore, both the costs for the
required equipment and consumables and the cost for geno-
type need to be considered.

Several techniques showed excellent potential as typin
tools, but some speci� c drawbacks still have to be considered
such as the requirement of speci� c expensive equipment (e.g.,
MALDI-TOF), dif� cult reproducibility and validation (e.g.,
microarrays detection), or use of expensive labeled probes
Minisequencing and HRM assays have been very popular in th
past few years and have been applied repeatedly for the SN
typing of foodborne bacteria. Both methods do not call for the
use of sequence-speci� c labeled probes that can be very costly
and detection is performed on instruments that may be
relatively easy to access even for smaller laboratories. One oth
advantage is that assays can be designed and tested in a re
tively economic way, thus making SNP validation easier before
proceeding to genotyping on a larger scale. The optimization of
design and concentration of the primers for PCR and mini-
sequencing or HRM, however, can be cumbersome.

Overall, one technology is not likely to � t all the research
needs, and thus there is not a gold-standard technology for SNP
typing of foodborne bacteria. The availability of easily appli-
cable and cost-effective SNPs detection methods, however, w
allow for a larger number of laboratories to interrogate these
important genetic markers, especially for those laboratories
that need to type only few strains per year.
See also:Molecular Biology in Microbiological Analysis;
Nucleic Acid–Based Assays:Overview; An Introduction to
Molecular Biology (Omics) in Food Microbiology; Genom
Identi�cation Methods:Introduction; Multilocus Sequence
Typing of Food Microorganisms;Identi�cation Methods and
DNA Fingerprinting:Whole Genome Sequencing;Identi�cation
Methods:DNA Hybridization and DNA Microarrays for
Detection and Identi� cation of Foodborne Bacterial Pathog
Identi� cation of Clinical Microorganisms with MALDI-TOF
in a Microbiology Laboratory;Identi�cation Methods:
Real-Time PCR.
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Introduction

The �rst sequence of a whole bacterial chromosome was pub
lished in 1995, less than 20 years after the development of the
�rst methods allowing DNA sequencing. Since then, the number
of whole sequenced microbial genomes has constantly
increased. Now, a mean of one microbial genome sequence
released approximately every 2 days. To illustrate this expo
nential growth of genome sequences,Figure 1 shows the
number of microbial genomes (including bacteria and archae)
released per year in the public database of the National Cente
for Biotechnology Information (NCBI). This huge amount of
data open signi�cant possibilities for the scienti�c community
to use such large information. Among the bacterial genomes
now available, a large part is issued from pathogens (pathoge
nomics), including foodborne pathogens. The main reason of
such choice to sequence genomes of foodborne pathogens is t
apply the bene�ts of this information to �ght these unwanted
microorganisms along the food chain. A second important
category of available genomes is that of microbes presentin
a technological or biotechnological interest. Indeed, the
genomes of many bacteria used either for food production,
bioremediation, or various biotechnological processes have
been sequenced. The goal was to gain knowledge to understan
or improve their use. Finally, many sequencing projects have
focused on model organisms (like Bacillus subtilis, Escherichia
coli, or Saccharomyces cerevisiae) or on organisms living in
extreme conditions with the aim of understanding or using
functions encoded by these microbes. For many bacteria
species, the genome sequence for several (from a couple
more than 50) strains now is available, offering new possibilities
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Figure 1 Schematic representation of the microbial (bacteria and arch
curve of genome public releases, the number of public genomes is g
progress. The NCBI was the source used to count the number of the
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of investigation. Recently, high-throughput next-generation
sequencing (NGS) technology has been developed. Conse
quently, many metagenomic projects aimed at sequencing al
genomes of living organisms composing a complex ecosystem
have arisen. This has led to the release of many draft (partial
genome sequences in the public databases.

The possibility of getting the whole genome sequence o
a microbe gives a priori, the opportunity to list all the genes this
microbe can express, and therefore all the proteins it can
synthesize and the functions it can exhibit. This represent
a tool for DNA �ngerprinting of microorganisms, from indi-
vidual strains to complex ecosystems in which they are presen
In the �eld of food microbiology, it can help in detecting or
�ghting foodborne pathogens as well as selecting and usin
strains or species technologically relevant for food production,
such as starter cultures or protective cultures.
Microbial Functions Fingerprinting

In the food microbiology �eld, whole genome sequencing data
can be used to search for functions encoded by genomes. Th
can cover (1) understanding adaptation of bacteria by de�ning
which genes or functions are necessary to grow or survive i
some food substrates, (2) detecting functions that are impor-
tant for a speci�c process, and (3) in the case of foodborne
pathogenic species, detecting genes important for virulence
Genomic data can be used to compare various species o
strains, leading to select subsets of genes, or DNA sequen
markers, useful for DNA �ngerprinting. In addition, as men-
tioned, the number of genome sequences being produced
200 250 300 350

of genomes

Total number of genomes

arch 15, 2012: 1799 Bacteria 124 Archae

(5230 in progress) 

pril 5, 2012: 1832 Bacteria 124 Archae

ae) genome sequences released per year, since 1995. To illustrate the exponential
iven at two close dates, as well as the number of genome sequencing projects in
se genome sequences.
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is still increasing: whereas producing a whole genome
sequence was time and cost consuming only 5–10 years ago,
now, with the development of new high-throughput
sequencing technologies, sequencing a bacterial genome
faster and more affordable. Consequently, sequencing a whol
genome may now aim at speci� c purposes, such as� nger-
printing mutations in a strain of interest or identifying a newly
discovered organism or an emerging foodborne pathogen, for
instance.

As a� rst example of such studies, the genome sequence
Lactobacillus sakei,a lactic acid bacterium used as starter cultur
for the production of dry sausage and that is naturally present
in many meat or � sh products, was analyzed. It revealed
a subset of genes involved in the adaptation of this bacterium
for meat production and storage conditions. The functions
encoded by these genes could be classi� ed into three classes
(1) those that take advantage of the nutritious environment
constituted by meat (use of amino acids and of alternative
carbohydrates), (2) those that are dedicated to resist the hars
conditions encountered during meat production process
(redox variation and oxidative stress, cold temperature, or
addition of salts), and (3) those that allow competitiveness
toward other bacterial species (bacteriocin, organic acids, an
hydrogen peroxide production).

A second example that can be reported is the comparison o
whole genome sequences to detect genes responsible for vir
lence in foodborne pathogens. The whole genomes of two
strains of Listeria monocytogenes, a foodborne pathogen, and
Listeria innocua, a closely related nonpathogenic species wer
compared to search virulence genes supposed to be present
the former and absent from the latter. Functional genomics
analysis, complementary to genome comparison, was neede
to list the genes involved in virulence and to decipher the whole
mechanism of pathogenicity.

More recently, � ngerprinting of virulence genes was repor-
ted for Carnobacterium maltaromaticum, a lactic acid bacterium
commonly found in various � sh, meat, and dairy products.
This species is described as a� sh pathogen, and one example of
a human clinical isolate has been reported. The draft genome o
one strain isolated from a diseased salmon searched for gene
putatively involved in virulence. For that purpose, the genome
content was compared with that of known foodborne patho-
genic species, such asL. monocytogenesor Staphylococcus aure,
and with other lactic acid bacteria not reported as human
pathogens but rather as probiotics, such asLactobacillus plan
tarum and Lactobacillus johnsonii. This genome search indeed
revealed the presence of some virulence genes in th
C. maltaromaticumgenome but not that of whole virulence
machinery, leading to the conclusion that the presence of this
species in human food may not represent a risk for human
health.
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Strain Fingerprinting

One of the unexpected features issued from whole genom
sequencing analyses was the observation of a high genom
diversity not only between different species but also in between
strains belonging to the same species. This is true for foodborn
pathogenic bacteria as well as for bacteria used in the food
industry. Such high genomic diversity provides a powerful tool
that, for example, allows for the further detection of speci� c
functions that are important for a peculiar trait of strains or
species.
Foodborne Pathogens

The bacterial speciesE. coli encompasses pathogenic food-
borne strains but also strains belonging to the gut microbiota
and presenting no harmful features for their host. In this
species, the genome size ranges from 4.56 to 5.7 Mb repre
senting a 20–25% difference between strains. Intraspecie
genome comparisons between pathogenic and nonpathogenic
strains listed a subset of genes that are important for virulence
Consequently, molecular tools such as polymerase chain
reaction (PCR) or microarrays can be used to identify the
virulence potential of an isolate by searching whether such
genes are present or not in its genome, without having to
sequence it totally. As mentioned previously, this can be used
to evaluate the potential risk of a bacterium known to be
present in food.
Technologically Relevant Bacteria

In the meat starter speciesL. sakei, the genome size difference
between strains is about 25%, ranging from 1.8 to 2.3 Mb. If
the mean size of a gene can be considered as about 1 kb, th
means that at least 500 additional genes can be present in th
strains harboring the largest genome, when compared with
those that have the smallest one. Such a high genomi
diversity among strains makes it possible to de�ne strain-
speci� c genes, providing an identi� cation card or barcode for
each individual strain, de� ned by the list of genes that one
strain possesses that are absent from other stains. This allow
strain classi� cation by clustering those sharing common
genes, but it also procures a much more powerful tool. In
L. sakei,a barcode was de� ned with a subset of variable genes
that were not present in all strains. A strain collection was then
classi� ed using PCR to detect the presence or absence of th
subset of gene markers, leading to 10 strain clusters. No clea
link could be noticed between the ecological or geographical
origin of strains and the cluster to which they belonged. The
analysis of theL. sakei� ora naturally present in raw meat (beef
Carpaccio) using the same gene barcoding system reveale
that the ratio of occurrence of the different strain clusters was
not randomly distributed. It rather varied, depending on the
meat storage conditions (vacuum vs. modi� ed atmosphere
packaging) and on the meat production system (season o
beef slaughtering, organic vs. nonorganic production). In that
case, some strain clusters could be considered to de� ne
ecotypes, for example, clusters of strains harboring genome
with similar characteristics and sharing similar ecosystems. A
further study of a collection of strains representing the 10
different genomic clusters, de�ned by the barcoding system,
also revealed a possible link between some strain clusters an
the ability to cope with oxidative stress. Thus, strain DNA
� ngerprinting using tools issued from whole genome analysis
can lead to the investigation of quite new and unexpected
� elds and can reveal ecology features that possibly could no
be studied using other methods.
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Figure 2 Schematic representation of the core- and pan-genome
size evolution and the average number of gene families per genome,
depending on the number of sequenced strains. Similar results are
obtained whatever the bacterial species is considered. The average
number of gene families per genome may vary depending on the species,
with a mean of about 2000 gene families. For some bacterial species for
which many strains have been sequenced, the accumulative pan-genome
can reach more than 14 000 gene families.
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Species Fingerprinting

Detecting Markers of Genome Evolution

Other interesting � elds that can be investigated through DNA
� ngerprinting are bacterial evolution and the bacterial species
concept. Bacterial genomes evolve through different processe
including mutation acquisition, gene loss, gene gain through
horizontal gene transfer, and gene recombination or duplica-
tion with subsequent mutation acquisition. Thus, again by
comparing whole genome content between various species, o
various strains of the same species, it is possible to list gene
that have been recently acquired, to list genes that are on th
way to being lost, and then to reconstitute an ancestry tree o
a species. Such comparison may help de� ne genes that are
important for the accomplishment of a food process driven by
complex bacterial functions (fermentation, biopreservation,
aroma production) and therefore could be used to select ef� -
cient strains that possess these genes. It could help detect t
acquisition of new genetic features leading, for instance, to
emerging pathogenic strains in the food chain and providing
putative target genes of particular importance. To detect suc
evolving genes, several criteria have to be taken into conside
ation. The overall GC content of a bacterial chromosome varies
between species. In addition, the genome comparison betwee
someLactobacillusspecies used in milk fermentation or present
in the human gut showed that the percentage of GC on the� rst,
second, and third codon of genes is not randomly distributed
and variations are observed between species. Therefore, gen
acquired by horizontal gene transfer have a statistical repart
tion of nucleotides that is different from other genes and
therefore may be detected. These genes may result from tran
position or phage propagation, and consequently, phage
remnants or IS (insertion sequences) may border them. Finally
their transfer led to an insertion that modi� ed the gene synteny,
and they may still share some homology with genes from the
species from which they are issued. Conversely, genes on th
way to being lost often accumulate mutations (either point
mutations, deletions, IS insertions), leading to pseudogenes.
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Species Core- and Pan-Genomes De�nition

The numerous bacterial genome sequences currently availab
are raising questions about the classical de� nition of bacterial
species. The comparison of multiple strains belonging to the
same species has resulted in the de� nition of the species pan-
and core-genomes. The pan-genome is composed of both th
core (or backbone) genome, as conserved in all strains of th
species, and the accessory (or adaptive) genome, which migh
re� ect the lifestyle adaptation of the strains composing
a species. As more genomes are analyzed, the resulting pa
genome increases with new genes and gene families that a
sequenced, while the core-genome slightly decreases becau
some genes appear to be absent from some strains, and th
average number of genes per genome remains stable. The sa
trend is detected whenever the genus and species are analyz
(Lactobacillus, Streptococcus, E. coli, and so on) and is illustrated
by the schematic representation shown in Figure 2. The
majority of genes belonging to the adaptive genome are related
to defense mechanisms and key genes to survive in a speci� c
environment, whereas housekeeping functions are related t
the core-genome. Yet, the available whole genome sequenc
are unequally distributed among the branches of bacterial life.
As mentioned, particular interest was focused on pathogenic
foodborne bacteria and to bacteria of biotechnological interest.
Examples in Foodborne Pathogens

For foodborne pathogens, rapid and reliable subtyping is
important for the identi � cation of outbreaks. Moreover, iden-
ti � cation of genes belonging to the core-genome might be
useful as antibiotic or vaccine targets. Among the Entero
bacteriaceae,E. coli– as a model microorganism, a pathogen,
and a bacterium belonging to human and animal microbiota –
is one of the most studied bacterium. E. coli isolates can be
divided into subgroups depending on pathogenicity, serotypes,
or source of isolation. A comparison of 53 available E. coli
genomes identi� ed 1472 conserved genes families tha
constitute the core-genome of the species, and 13 296 gen
families composing the pan-genome. Approximately 20% of
a genome can be present in oneE. colistrain and absent from
another. Therefore, analyses of variable genes identi� ed inter-
strain relationship. Many of the variable genes often colocalize
on genomic islands present in some pathogenicity groups but
missing in others.

Additionally, recent results on the genomic diversity of core
genes among 73 genomes ofSalmonella enterica, one of the
most important foodborne pathogen, have shown that these
studies could be applicable for epidemiological typing.
Examples in Technologically Relevant Bacteria

Concerning biotechnological bacteria, most isolates of the
same species often are obtained from different habitats
implying wide distribution and specialized adaptation to these
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diverse environments. Thanks to the� rst comparative geno-
mics studies of lactic acid bacteria, general features have be
established. The differences observed between the predicte
protein-encoding genes revealed a combination of gene loss o
gain during the coevolution of these bacteria related to food.
Recent and ongoing genome reduction was indicated by the
number of pseudogenes found in these bacteria, accounting fo
between 17 and more than 200. The largest number, 206, ha
been reported for Streptococcus thermophilus, showing recent
specialization of this species to the nutrient-rich milk envi-
ronment. Comparing S. thermophiluswith other dairy lactic acid
bacteria pointed out the existence of lateral gene transfe
between different species (Lactococcus lactis, Lactococcus cremor,
and Lactobacillus delbrueckiisubsp. bulgaricus) that share the
same food environment than S. thermophilus. Finally, differ-
ences in the competitiveness of lactic acid bacteria coul
correlate with the copy number of rRNA operons and with
those of tRNA. Indeed, rRNA operons’ copy numbers range
from two in Oenococcus oeni, responsible for performing
malolactic fermentation of wine and known to have a slow
growth rate, to nine for L. bulgaricus, used for yogurt fermen-
tation and showing fast growth in this substrate.

Many lactic acid bacteria harbor plasmids, which often carry
genes for metabolic pathways, membrane transport, and
bacteriocin production. Horizontal gene transfer via bacterio-
phage-mediated or conjugative mechanisms has been we
documented and represents a niche-speci� c adaptation. Given
the importance of lactic acid bacteria to the food industries, this
group of bacteria has been the focus of extensive researc
L. lactis, a major industrial bacterium involved in milk
fermentation is subdivided into three subspecies among which
L. lactissubsp. lactis and cremorisdisplay an average of 85%
DNA identity at the genome level. The former is found in
various environments, whereas the latter is isolated only from
raw milk and dairy products. The core- and pan-genomes o
L. lactisstrains isolated from dairy and nondairy environments
were compared. Among 36 strains, genome-based analys
revealed a genome size variability of 20%, a value typical o
bacteria inhabiting different ecological niches, which suggest
a large pan-genome for this subspecies. The proposal of a ne
strain classi� cation within the subspecieslactis is due to the
core genome-based phylogeny, which separatesL. lactissubsp.
lactisand cremoris. This suggests that in the evolution history of
the isolates involved in milk processing, there have been severa
genetic bottlenecks. Comparison between gene- and genome
based analyses revealed little relationship between core an
dispensable genome phylogenies, indicating that clonal diver-
si� cation and phenotypic variability of the domesticated
strains essentially arose through substantial genomic� ux
within the dispensable genome.

Recently, comparative studies were performed based o
publicly available complete or incomplete genome sequences
of bacteria used as starter culture, found in fermented foods, o
used as probiotics. Eighty genome sequences from six bacteri
genera (44 species) were selected and compared. This include
genomes of L. lactis(four strains), Leuconostoc(three species,
one strain each), Lactobacillus(14 species represented by 21
strains), Bi� dobacterium (19 genomes representing nine
species), andEnterococcus(11 genomes, from four species,
excluding animal isolates). In addition to the nonpathogenic
species S. thermophilusused for milk products (3 strains),
other Streptococcusspecies were selected (23 genomes, issue
from 12 different species). The comparative analysis could be
performed by grouping the genes of the 43 different species
into gene families. Their core and pan-genomes were
compared, and the � ndings frequently con� rmed taxonomic
relationships. Nevertheless, the term lactic acid bacteria wa
discussed as the genetics from these various genera signi� cantly
differed.
GenomeIn Silico Reconstruction from
Metagenomic Data

In addition to the classical whole genome sequencing approach
based on the cultivation of single species, the development o
NGS technology has allowed for the large-scale sequencing o
complex microbial communities from environmental DNA
samples. This has provided new information on the environ-
mental ecosystems regarding their taxonomic complexity and
enzymatic activities as well as pointed out the presence of man
uncultured species. These approaches, however, main
focused on genes rather than on genomes. In fact, this shotgu
metagenomics has resulted in gene catalogs from a wid
diversity of environments from ocean (Sargasso Sea) or soil, to
human gut. For example, in the human intestinal metagenome,
these catalogs were used as tools to compare individuals an
de� ne enterotypes. In natural environments, structures of the
communities were assessed along with their functional orga
nization. It was nevertheless somewhat dif� cult to link a given
function to a given species. Until now, despite the huge amount
of data provided through these approaches, a major challenge
still remains, which is the whole genome sequencing from
complex ecosystems.

To unravel this question, research has developed toward th
direction of single-cell genome sequencing from complex
ecosystems. This single-cell genome sequencing approach h
to face several technical dif� culties: single-cell isolation, DNA
ampli � cation, and sequence assembly. The� rst step is generally
achieved through � uorescence-activated cell sorting (FACS
while for ampli � cation of DNA, the most used approach is
multiple displacement ampli� cation (MDA), a random
approach generating long (10–20 kb) fragments. This tech-
nique, however, is not devoid of bias. The major biases are
nonhomogeneous genome coverage and generation o
chimerical sequences. The technologies applied to thes
sequences include� rst the Sanger technique at the beginning or
454 pyrosequencing and then the NGS. Once DNA fragments
are sequenced, another bottleneck for whole genome
sequencing from single cells is data analysis. Indeed, mos
algorithms developed for Sanger fragments or for NGS are no
adapted for fragment assembly issued from MDA. These tech
nical restrictions probably have limited the output of these
approaches since few complete genomes have yet been gen
ated through this approach. Recently, new bioinformatics tools
dedicated to short-read data from single cells have bee
proposed. This should facilitate further studies in whole
genome sequencing for single cells.

The reconstruction of whole genomes from metagenomics
data also is in progress. In 2004, a� rst study reported a near
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complete genome from metagenomics data from acid mine
drainage. In 2012, 15 uncultured microbial genomes from the
cow rumen were assembled and validated by single-ce
genome sequencing. In seawater, a genome from an unculture
microorganism was assembledde novofrom sequence data
representing 1.7% of the metagenome of this environment.

Whole genome sequencing from complex environments
thus appears to be critical with differences regarding specie
abundance. The development of computational resources
either adapted to exploit data generated by single-cell genomic
or to analyze low-represented sequences in metagenomics da
sets is required to best understand the roles and functions o
the various taxons present in natural ecosystems. The
approaches are in progress for complex ecosystems from th
environment or the gut, and although no study has yet been
reported for food ecosystems, such an approach should soo
bene� t from their analysis.
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Conclusion

The availability of genome sequences is expected to revolu
tionize the exploitation of the metabolic potential of bacteria
of interest, improving their use in bioprocessing and their
utilization in biotechnological and health-related applications.
It also should be helpful in epidemiology and for the devel-
opment of new vaccines. In 2011, an outbreak due toE. coli
O104:H4 caused about 4000 cases with more than 40 deaths
The causative agent was quickly identi� ed, and its genome
sequenced. The incriminated food, however, was more dif� cult
to identify (cucumbers, tomatoes, and salads were suspecte
although seeds were� nally the contaminated agents), as well as
the reason and process that had led to such a contamination
This example shows the power of whole genome sequencing t
identify, � ngerprint, and track some bacteria, but it also shows
that such methods do not solve or even avoid some microbial
contaminations in the food chain.

As mentioned, the number of microbial available genomes
continues to increase exponentially. NGS technology contrib
uted to the increasing number of whole genomes available and
to the release of numerous draft genome sequences and me
agenome sequences. This procures an incredibly high amoun
of data that not only can be useful but also can become too
heavy to manage. Indeed, data storage, data mining, and dat
accessibility are becoming critical because of this deluge o
sequences. Although several user-friendly bioinformatics plat
forms exist that are accessible for microbiologists aiming a
whole genome and metagenome analyses, their improvemen
is still needed. In addition, although the increasing number of
draft genomes procures interesting information, one should
not forget that synteny analysis or exhaustive searching fo
DNA sequence motifs or boxes is impaired in these drafts. Th
main output of DNA � ngerprinting by whole genome analysis
is accessibility to a large genetic biodiversity of microbes tha
previously was underestimated.
See also:Genomics.
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All of the numerous methods that currently are used to
discriminate between different strains from the same microbial
species suffer from signi�cant drawbacks, including the dif�-
culty of comparing the results obtained among different labo-
ratories and an inability for population genetic studies.
Acceptance of multilocus sequence typing (MLST) as the‘gold
standard’ for typing bacterial strains would resolve these
drawbacks. MLST provides a portable, reproducible, and sca
able typing system that re�ects the population and evolu-
tionary biology of bacterial species.

MLST is a simple technique, requiring only the ability to
amplify DNA fragments by PCR and to sequence these frag
ments. MLST uses the nucleotide sequences of several hou
keeping genes for isolate characterization. The great advanta
of MLST is the unambiguity and portability of sequence data,
which allow results from different laboratories to be compared
without exchanging strains. This ability will allow researchers
from different laboratories and countries to relate their isolates
to those found globally by submitting their sequences from
housekeeping gene fragments to a central web database.
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MLST
(Multilocus sequence typing)

DNA extraction

PCR amplification of housekeeping gene fragments

Nucleotide sequence of the PCR fragments

Sequence comparison of each gene fragment

MLST allele and ST type assignment
Design of an MLST Scheme

MLST is a typing scheme that involves the determination of
the alleles at multiple loci by nucleotide sequencing. Usually,
the loci analyzed are housekeeping genes because their nuc
otide sequence variation is neutral. MLST relies on the avai
ability of nucleotide sequence data from internal fragments
(450–500 bp) of housekeeping genes. For each housekeepin
gene, the different sequences present within a microbial specie
are assigned different allele numbers and, for each isolate, th
alleles at each of the loci de�ne the allelic pro�le and subse-
quent sequence type (ST). As a consequence, each isolate
unequivocally characterized by an ST that corresponds t
a speci�c allelic combination of the housekeeping genes
analyzed (Figure 1).

The discrimination achieved by MLST depends on both the
number and the type of genes used, the length of the sequence
gene fragments, and the degree of diversity within the isolate
being characterized. To design a new MLST scheme, there a
several relevant factors to be considered. Among these facto
are the selection of the microbial isolates to be analyzed, the
selection of the genetic loci to be characterized, and the desig
of the primers for gene ampli�cation and sequence
determination.
e

e

In-depth data analysis

Lineage assigment
BURST
UPGMA
Split decomposition

Recombination
Saywer´s runs tests
Maximum chi-squared
Index of association
Homoplasy test

Tests for selection
dS/dN ratio

Figure 1 Schematic representation of the stages involved in MLST
schemes.
Isolate Collection

For the initial evaluation of an MLST scheme, it is advisable to
study a heterogeneous collection of isolates. This divers
collection will ensure that the primers developed will be
applicable to as many isolates as possible and to establish th
levels of diversity present at each of the loci to be examined.
300 Encyclopedia of Food
Housekeeping Gene Selection

MLST uses variation more diverse than 16S rRNA sequence
which is expected to be selectively neutral. Housekeeping gene
are preferred because they coded proteins that are unde
stabilizing selection for the conservation of metabolic function,
and they are suf�ciently diverse to identify multiple variants
within the isolate collection. The accumulation of nucleotide
changes in housekeeping genes is a relatively slow process, a
they are suf�ciently stable over time for the method to be ideal
for global epidemiology. An additional criterion for the
inclusion of a locus in an MLST scheme is to be in a single copy
in the strains from the collection since the PCR product could
be directly sequenced.

In 1996 when the �rst MLST project was described, mos
automated nucleotide sequencing instruments could readily
determine around 450 bp in one sequencing reaction.
Although longer sequences can now be routinely attained
experience with several bacterial species has indicated th
fragments of housekeeping genes of this size are suitable.

Most MLST systems developed use a similar number of loc
A system that examines too few loci runs the risk of being
confused by the chance associations of alleles. The number o
loci used can be increased to improve resolution, but there
comes a point when it is not worth the reward because little
additional information will be obtained compared with the
cost and effort involved. For this reason, seven was the numbe
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00412-2
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of loci required to give suf� cient resolution. Most published
schemes currently employ 6–10 loci. It has not proved possible
to identify a set of housekeeping genes that are universall
applicable to a wide range of bacterial species, although som
MLST schemes have a number of loci in common.
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Oligonucleotide Design

The availability of complete bacterial genomes greatly facili-
tates the design of MLST schemes, as these data facilitate
identi � cation of the MLST loci and the design of oligonucleo-
tide primers for their ampli� cation and sequencing. The design
of oligonucleotide primers represents much of the work
required for the development of an MLST system. It is highly
recommended that a nested strategy be used, in which DNA
fragments that are larger than required for the� nal sequence
are initially ampli � ed. As explained, MLST usually employs
allele fragments approximately 400–500 bp in length.
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Isolate Characterization Using MLST

MLST employs a universal nomenclature scheme for storing an
interpreting nucleotide sequence data. For each gene, th
different sequences are assigned as‘alleles’ and the alleles at the
multiple loci provide an ‘allelic pro� le,’ which unambiguously
de� nes the ST of each isolate. A speci� c ST represents a unique
nucleotide sequence corresponding to the sum of the lengths o
all of the MLST loci analyzed. Allele and ST are assigned in th
order of discovery. Sequences that differ at even a single nucl
otide are assigned as different alleles and no weighting is given t
take into account the number of nucleotide differences between
alleles. The existence of different alleles at each of the analyze
Table 1 O. oeniisolates analyzed and their allele pro� le at each locus

Strain no. Strain STa gyrB dd

1 MCW 1 1 1
2 CECT 4028 (DSMZ 20255) 2 2
3 CECT 4029 (DSMZ 20257) 3 3
4 CECT 4100T (ATCC 23279) 4 4 1
5 CECT 4721 (ATCC 23278) 5 4
6 CECT 4725 (ATCC 23277) 6 4
7 CECT 4728 (ML27) 7 5 1
8 CECT 4758 8 6 4
9 BIFI-1 9 6 5
10 BIFI-9 10 6 6
11 BIFI-21 11 6 1
12 BIFI-26 12 7 7
13 BIFI-86 13 6 1
14 5001 14 8 8
15 Uvaferm ALPHA 15 6 9
16 Uvaferm MLD 16 6 1
17 Vini� ora OENOS 17 6 1
18 Vini� ora CH35 18 6 10

aST, Sequence type.
bND, no data available.

Adapted from De las Rivas, B., Marcobal, A., Muñoz, R., 2004. Allelic diversity
housekeeping genes. Applied and Environmental Microbiology 70, 7210–7219.
loci provides the ability to distinguish a high number of different
allelic pro� les. Isolates are compared by their allelic pro� les;
closely related isolates have identical STs, or STs that differ
a few loci, whereas unrelated isolates have unrelated STs.

From the assigned alleles and ST, a summary table could b
performed showing, per example, how frequent an ST is
present within a data set. Moreover, information such as GC
content, codon usage, and polymorphism frequencies that
show the different nucleotide changes present within an
isolates collection could be obtained from the different alleles
identi � ed. This allows for retrospective and perspective analys
of data within a speci� c strain collection, country, or even
globally. Comparisons and distinctions could be made
between the data or against other data that are available, fo
example, to determine whether a particular allele is presen
only in a particular strain collection or country.

An example will contribute to understanding clearly the
design and application of an MLST scheme. The� rst MLST
scheme developed for a nonpathogenic food-relevant bacteria
species was forOenococcus oeni, the bacteria responsible for
performing malolactic fermentation in wine. Eighteen O. oeni
strains were analyzed by MLST andTable 1 re� ects the
summary table that was obtained. As a� rst step for devel-
oping an MLST typing method, it is necessary to analyze th
sequence diversity of the selected housekeeping genes
ascertain whether they are suf� cient to provide enough typing
discrimination. As the O. oenianalyzed strains were isolated
from various years and geographic locations, they wer
expected to be diverse. The internal fragments of� ve house-
keeping genes (gyrB, ddl, pgm, recP, and mleA) were PCR
ampli � ed from all of the strains, and their nucleotide
sequence was determined. As shown inTable 2, all loci were
polymorphic and the number of polymorphic sites varied
between 1 (mleA locus) and 36 (recP). Figure 2 shows the
Allele no. Isolation

l pgm recP mleA Country Year

1 1 1 California, USA 1958
1 2 2 1 Bordeaux, France 1961
2 2 2 1 CSIRO, Australia 1958

3 2 1 Bordeaux, France 1961
3 4 2 1 Merbein, Australia 1958
1 2 3 1 Bordaeux, France 1961

5 3 1 California, USA 1965
6 1 2 Valladolid, Spain 1995
7 2 1 Valladolid, Spain 1999
8 1 2 Logroño, Spain 1999
8 4 2 Madrid, Spain 2001
9 5 1 Valladolid, Spain 2001
8 6 2 Logroño, Spain 2003
8 7 1 Italy NDb

2 2 1 Bordeaux, France ND
10 1 2 ND ND
11 8 2 ND 1993
12 5 2 Burgundy, France ND

and population structure inOenococcus oenias determined from sequence analysis of
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Table 2 Sequence variation at� ve loci inO. oenistrains

Gene
Fragment
size (bp)

Mean GþC
content (%) No. of alleles

No. of polymorphic
sites

gyrB 554 40.5 8 14
ddl 444 36.8 10 10
pgm 402 40.4 12 7
recP 541 44.7 8 36
mleA 339 39.2 2 1

Adapted from De las Rivas, B., Marcobal, A., Muñoz, R., 2004. Allelic diversity
population structure inOenococcus oenias determined from sequence analysis of
housekeeping genes. Applied and Environmental Microbiology 70, 7210–7219.
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positions of the polymorphic sites within the sequenced
fragments for all loci. Each allele of the � ve housekeeping
genes analyzed was numbered successively in an ascendi
order. The number and type of sequence changes were n
been taken into account for allele designation. The number of
different alleles was 8 for the locusgyrBand recP, 10 for ddl,
12 per pgm, and only 2 for mleA(Table 2 and Figure 2). This
wide range in the number of alleles (2–12) suggests that all
loci were evolving at different rates.Table 1 also summarizes
the allelic pro� les of the O. oenistrains analyzed, and it could
be concluded that (1) all ST were represented by a single strai
in the O. oeni collection analyzed and (2) no strains had
identical sequences for all � ve fragments; therefore, all the
strains could be distinguished from each other because the
Figure 2 Polymorphic nucleotides inO. oeniMLST genes. Only the varia
consensus sequence; only those that differ from the nucleotide in the
vertical format from the� rst nucleotide position of the corresponding ge
Adapted from De las Rivas, B., Marcobal, A., Muñoz, R., 2004. Allelic
analysis of housekeeping genes. Applied and Environmental Microbio
had unique combinations of alleles. The proposed MLST
scheme showed highly discriminatory power among the
O. oenistrains analyzed.
MLST Databases

Nucleotide sequence data are the best-possible basis fo
bacterial characterization, as the data are de� nitive, readily
compared among laboratories, and easily analyzed by a rang
of phylogenetic and population genetic techniques. Therefore
the results of MLST are easily validated, stored, and share
electronically.

Initially, MLST typing schemes were described for bacteria
pathogens. The� rst MLST method was proposed in 1998 for
Neisseria meningitidisand contained the allelic pro� les and ST
designations for each member of a collection of 107 isolates
The database expanded as new STs were identi� ed among other
collections of meningococci and additional nucleotide
sequence data were deposited. It currently contains data fo
more than 18 000 isolates, obtained from more than 60
countries worldwide over a period of more than 80 years, and
has been deposited by more than 70 individual users.

The aim of the original MLST scheme was to provide acces
to the data using the Internet. MLST websites are virtual isolat
collections (Table 3). The databases are curated actively t
avoid the accumulation of sequence errors that could generate

and
ble sites are shown. The nucleotide at each site is shown for a putative
consensus sequence are shown for the alleles. Nucleotide sites are numbered in
ne. The number of strains possessing the allele is indicated in parentheses.

diversity and population structure inOenococcus oenias determined from sequence
logy 70, 7210–7219.



Table 3 Some MLST schemes described for food-related microorganisms

Organism Loci analyzed Isolates Sequence types Referencea

Foodborne pathogenic bacteria:
Bacillus cereus glp gmk ilv pta pur pyc tpi 1054 553 http://pubmlst.org/bcereus/
Campylobacter jejuni aspA glnA gltA glyA pgm tkt uncA 12676 5542 http://pubmlst.org/campylobacter/
Clostridium botulinum aroE mdh aceK oppB rpoB recA hsp 73 24 http://pubmlst.org/cbotulinum
Clostridium perfringens plc ddlA dut glpK gmk recA sod tpi 132 80 Jost et al., 2006

plc ddlA dut glpK gmk recA sod tpi pfoS61 22 Chalmers et al., 2008
Escherichia coli adk fumC gyrB icd mdh purA recA 4071 2391 http://mlst.ucc.ie/mlst/dbs/Ecoli
Listeria monocytogenes abcZ bglA cat dapE dat ldh lhkA 2343 477 http://www.pasteur.fr/mlst/Lmono.html
Staphylococcus aureus arcC aroE glpF gmk pta tpi yqiL 4247 2144 http://saureus.mlst.net
Salmonella enterica aroC dnaN hemD hisD purE sucA thrA 4892 1495 http://mlst.ucc.ie/mlst/dbs/Senterica
Vibrio parahaemolyticus dnaE gyrB recA dtdS pntA pyrC tnaA 790 393 http://pubmlst.org/vparahaemolyticus
Enterococcus faecium atpA ddl gdh purK gyd pstS adk 1740 654 http://efaecium.mlst.net
Lactic acid bacteria:
Lactobacillus casei fusA ileS lepA leuS pyrG recA recG 53 40 http://www.pasteur.fr/mlst/Lcasei.html
Lactobacillus delbrueckii b-gal pheS rpoA 26 15 Cebeci et al., 2011
Lactobacillus paracasei fusA ileS lepA leuS pyrG recA recG 75 14 Parolo et al., 2011
Lactobacillus plantarum pgm ddl gyrB purK1 gdh mutS 16 14 De las Rivas et al., 2006

pgm ddl gyrB purK1 gdh mutS tkt4 26 17 Tanganurat et al., 2009
Lactobacillus salivarius pstB rpsB nrdB rpoA parB 33 25 http://pubmlst.org/lsalivarius
Lactobacillus sanfranciscensis gyrA mapA gdh pta nox pgmA 24 19 Picozzi et al., 2010
Lactococcus lactis atpA rpoA pheS bcaT pepN pepX 20 20 Fernández et al., 2011
Oenococcus oeni gyrB ddl pgm recP mleA 18 18 De las Rivas et al., 2004

gyrB ddl pgm recP g6pd dnaE purK rpoB 43 34 Bilhère et al., 2009
gyrB rpoB pgm recP g6pd dnaE purK 258 127 Bridier et al., 2010

Pediococcus damnosus leuS pyrG recA rplB mle 8 4 Calmin et al., 2008
Pediococcus parvulus leuS pyrG recA rplB mle 11 3 Calmin et al., 2008
Yeasts:
Saccharomyces cerevisiae ATF1 MET4 RPN2 NUP116 STE50 YBL081W IntAY 84 40 Ayoub et al., 2006

ADP1 ACC1 RPN2 GLN4 ALA1 18 13 Muñoz et al., 2009

aPublished references: Jost et al., 2006. Veterinary Microbiology 116, 158–165; Chalmers et al., 2008. Journal of Clinical Microbiology 46, 3957–3964; Cebeci and Gürakan, 2011. European Food Research and Technology 233, 377–385;
Parolo et al., 2011. Journal of Applied Microbiology 111, 105–113; De las Rivas et al., 2006. Microbiology 152, 85–93; Tanganurat et al., 2009. Journal of Basic Microbiology 49, 377–385; Picozzi et al., 2010. Microbiology 156, 2035–2045;
Fernández et al., 2011. Applied and Environmental Microbiology 77, 5324–5335; De las Rivas et al., 2004. Applied and Environmental Microbiology 70, 7210–7219; Bilhère et al., 2009. Applied and Environmental Microbiology 75, 1291–1300;
Bridier et al., 2010. Applied and Environmental Microbiology 76, 7754–7764; Calmin et al., 2008. Molecular Biotechnology 40, 170–179; Ayoub et al., 2006. Journal of Applied Microbiology 100, 699–711; Muñoz et al., 2009. Food Microbiology
26, 841–846.
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nonexistent alleles and STs. Chromatograms produced b
automated sequences can be sent by e-mail to a curator to b
checked. Each MLST scheme should have a single uni� ed
de� nition of allele sequences, allele designations, and STs, an
should have a designated curator. When a researcher describ
a novel MLST allele, he can apply for an allele sequenc
designation from the database curator. A similar process i
adopted for novel STs, and for these to be assigned, the allel
pro� le must be submitted to the database. For comparison
against other isolates, when an ST is generated, it shoul
include details associated with that bacterial isolates.
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Advantages and Limitations of MLST Typing Scheme

Different typing methods may be used for the same bacteria
species in different laboratories. Even with a standardized
method, the data often are dif� cult to compare between
laboratories and often are unsuitable for evolutionary, phylo-
genetic, or population genetic studies. The use of MLST a
a standard method for typing microbial strains is recom-
mendable as it requires a method that can distinguish a vas
number of genotypes but uses genetic variation that accumu
lates relatively slowly and the data are portable and unambig-
uous. The sequence data obtained from MLST can then b
analyzed using numerous packages available throug
a number of websites. Although MLST analyzed only a few loci
phylogenetic relationships inferred by MLST data are
con� rmed by analysis of complete genome sequences.

Molecular technology continues to develop, and it is
becoming increasingly inexpensive to determine the complete
genome sequence of bacterial isolates. Although such dat
provide the maximum possible resolution among isolates, it is
unlikely that this is necessary, or even desirable, as a typin
method, because subsets of the genome, such as those provid
by MLST, give very high levels of discrimination.

Not all organisms are suited for MLST analysis, however. Fo
example, some bacterial pathogens, such asMycobacterium
tuberculosisand Yersinia pestis, have little diversity in their whole
genome. This little diversity could be explained as they have
evolved a pathogenic lifestyle in evolutionary recent times, and
suf� cient variation has not yet accumulated in their house-
keeping genes. In these species, the MLST schemes wo
achieve little discrimination.

Although MLST was initially developed for prokaryotic, and
therefore haploid organisms, the approach has been succes
fully transferred to diploid eukaryotic pathogens. For diploid
organisms, the MLST allele designation refers to a genotype tha
could be a homozygote or a heterozygote; these are readil
detected by modern sequencing protocols. In principle, it will
be possible to use these data to estimate haplotype frequencie

The cost of the MLST schemes could be considered a disa
vantage. In the twenty-� rst century, however, the sequencing
needs to be automated for high-throughout MLST schemes.
t

-
s

Population Studies

Studies undertaken in the 1980s suggested the predominan
clonal model of bacterial population. In the clonal model,
genetic exchange is rare among bacteria and does not affe
population structure. Variation arising only from mutation
(such as base change, duplication, or deletion) is con� ned to
the descendants of the bacterial cell in which it occurred. Once
they have arisen, such genetic changes can spread only by the
inheritance from a cell to its daughter cells. Therefore, data
from any locus could be used to establish interisolate rela-
tionships. Studies undertaken in the 1990s revealed the exis
tence of multiple evidences for horizontal genetic exchange in
bacterial populations. Horizontal genetic exchange is mediated
by transformation, transduction, and conjugation and involves
small segments of the chromosome at any one time. A point
mutation will generate a single nucleotide difference, whereas
a recombinational exchange is likely to introduce multiple
nucleotide differences. This led to the concept of nonclonal
(sometimes called panmictic) and partially clonal populations
of bacteria. In these populations, dif� culties in epidemiological
interpretations could appear, as the analysis of one locus migh
indicate that two isolates are distinct, whereas analysis o
a different locus might imply that the same isolates were closely
related or identical.

These observations require a reassessment of models
bacterial population structure with a spectrum of structures
envisaged, ranging from fully clonal, in which horizontal
genetic exchange is ineffective, to nonclonal, in which genetic
diversity is ramdomized by frequent horizontal genetic
exchange. These different bacterial populations challenged th
interpretation of MLST data. A range of analysis software i
available on the MLST websites and within the START2 packag
(http://pubmlst.org/software/analysis). In the analysis on the
basis of allele assignment data, which does not analyze th
nucleotide sequences directly, different algorithms can be
employed to analyze such data, including unweighted pair
group method with arithmetic mean (UPGMA), split decom-
position, and based upon related sequence types (BURST
Phylogenetic analyses often assume that the evolutionar
process is independent and identical at each site along
a sequence alignment. Recombination may cause genetic var
ation originating at different genetic regions having different
phylogenetic histories. Methods for detecting recombination
rates include Sawyer’s Runs Tests (examines nucleotide
sequence data to determine whether more consecutive identica
polymorphic sites occur than would be expected by chance), the
maximum chi-squared test (compares the distribution of poly-
morphic sites along such sequences with those expected to occ
by chance), and the Index of Association (IA) method (measures
the amount of recombination among a set of sequences and
detecting association between alleles at different loci).

To better understand these bacterial population concepts
the O. oenicollection strain showed in Table 1 will constitute
an appropriate example. The UPGMA tree based on the alleli
pro� les showed that all STs differed in various loci, except ST
11 and ST-13, which differ only in one locus, and that no
signi� cant clusters correlated with the geographic origin of the
strains. The analysis by split decomposition of the concate
nated gyrB, ddl, pgm, recP, and mleAgene sequence fragment
for eachO. oenistrain is depicted as a starlike structure with rays
of different lengths (Figure 3). This star phylogeny is consistent
with a recombinatorial population structure that placed the
predictedO. oenifounder strains (strain numbers 8, 16, and 17)
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Figure 3 Split decomposition analysis based on the allelic pro� les of the 18O. oenistrains. All branch lengths are drawn to scale. The numbering refers
to strain numbers. Adapted from De las Rivas, B., Marcobal, A., Muñoz, R., 2004. Allelic diversity and population structure inOenococcus oenias
determined from sequence analysis of housekeeping genes. Applied and Environmental Microbiology 70, 7210–7219.
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at a central position on the split graph. The relationships
among other members of the group are assessed by examinin
the number of nodes between two isolates. Isolates 2, 5, 6, an
7 are more closely related than the other strains and thei
branches are interconnected, suggesting recombinatorial even
between them.

Recombination can be detected in the aligned sequences b
a number of means, with the simplest method being detection
by eye. The data presented inFigure 2 show evidence for
recombination in the O. oenistrains analyzed. InO. oeni, the
recPgene of strain 14 (5001) represents a possible example o
a recombinatorial event, as the mean divergence between alle
7 of recP(6.66%) is much higher than the mean diversity
within the other recP alleles (0.37%). Split decomposition
analysis could be used to learn the evolution of a speci� c gene.
A treelike structure appears when the descent is clonal, but a
interconnecting network or a parallelogram will appear
whenever recombination has been involved. The split graphs
for all alleles for the � ve fragments analyzed show substantia
variations between the different loci (Figure 4). The graphs
obtained with ddl, pgm, and recP loci present networklike
structures, probably evolved by intragenic recombination. The
split graphs of the two other loci, gyrB and mleA, show no
evidence of networklike evolution. The split graph of thegyrB
gene displays a star- or bushlike structure consisting of a sing
origin in the center of the graph, from which single branches
radiate. In gyrB, however, an additional uncentered edge is
observed, suggesting that the evolution of some of thegyrB
genes has been initiated by a couple of parallel mutations
originating from one ancestor. The split graph of themleAgene
displays a line because only two alleles are analyzed. Th
differences in structure among the split graphs obtained for the
� ve loci can be explained by recombination, because recom
bination can lead to the assembly of genes with different
evolutionary histories within one strain.
MLST in Food Microbiology

MLST is increasingly applied as a routine typing tool that
enables international comparison of isolates. In relation to
foodborne pathogens, MLST has been applied to problems a
diverse as the identi� cation of outbreaks, the emergence o
antibiotic-resistant variants, the association of particular
genotypes with virulence or antigenic characteristics, th
detection of cross-contamination, the identi� cation of the
source of infection, and the recognition of particularly virulent
strains. In addition to these medically motivated epidemio-
logical analyses, MLST data have been exploited in evolu
tionary and population analyses that estimate recombination
and mutation rates and investigate evolutionary relationships
among bacteria belonging to the same species.

Moreover, intraspeci� c differentiation among food-
producing bacteria is an important preliminary step for the
selection of starter cultures in food industries, because tech
nological, probiotic, antimicrobial, and sensorial attributes are
strain speci� c, and it may help to distinguish strains with
particular technological properties. Biotechnological industry
needs tools for monitoring, for example, the use of patented
strains or to distinguish probiotic strains from natural isolates
in the host gastrointestinal tract. MLST could be used to
monitor the dominance of an inoculated strain, microbial
population dynamics studies, studies of strain origin and
evolution, and protection of the industrial property of
commercial microbial strains. MLST is an ideal method for
performing population and evolutionary analysis in large-scale
epidemiological studies. MLST data over a period of time could
be used for epidemiological surveillance (e.g., for pre- and
poststarter use policy).

MLST is now used to characterize a large number o
organisms, including foodborne pathogens (such asStaphylo-
coccus aureusor Campylobacter jejuni) as well as economically
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important food-producing microorganisms ( Saccharomyce
cerevisiae, Oenococcus oeni, or Lactococcus lactis) ( Table 3).
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Foodborne Pathogens

Bacillus cereus

The B. cereusgroup of bacteria includes species that can caus
food-poisoning or spoilage. B. cereusis a common cause of
food poisoning and contaminations in hospitals and food-
production facilities. As an opportunistic human pathogen,
B. cereusmay cause severe infections. The tools included i
the database (http://mlstoslo.uio.no/ ) were used to conduct
a multidatatype analysis combining data from ampli� ed frag-
ment length polymorphism (AFLP), multilocus enzyme elec-
trophoresis (MLEE), and MLST. The analysis revealed to a larg
extend than previously recognized that foodborne isolates can
share identical genotyping pro� les with strains from various
other origins. Isolates responsible for disease outbreaks an
contamination of foodstuffs can originate from various genetic
backgrounds.
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Campylobacter jejuni

Campylobacter jejuniis one of the most frequently reported
causes of bacterial gastroenteritis in many industrial countries
The principal route of transmission is thought to be contami-
nated food, especially chicken, and unpasteurized milk and
surface waters. The initial MLST scheme developed forC. jejuni
showed lower discriminatory power than pulsed-� eld gel
electrophoresis (PFGE), however, the inclusion of a more
variable locus in the MLST scheme (e.g., the� a-SVR locus)
makes the method suitable for outbreak studies.
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Clostridium botulinum

Clostridium botulinumis a diverse bacterial species that caus
foodborne intoxication and infant and wound botulism.
The application of MLST, AFLP, variable number tandem
repeat (VNTR), and the botulinum neurotoxin (bont) E gene
sequencing to serotype E strains has revealed that strains fro
this serotype results from the targeted insertion of thebont/E
gene into genetically conserved bacteria and that recombina
tion events (not random mutations) within the bont/E result in
toxin variants or subtypes within strains.
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Clostridium perfringens

Clostridium perfringensis a cause of economically signi� cant
enteritis in domestic livestock and enteritis and gas gangrene i
man, with undercooked meats and gravies being the possible
contaminants. MLST has been shown to be useful for the
identi � cation of host species relationships inC. perfringens
isolates and for the typing of avianC. perfringensisolates. The
resulting data suggest the clustering of MLST types occurs
association with the source of the isolates and with bacitracin
resistance. Moreover, MLST has been used to identify a maj
clonal lineage containing isolates from eight different
outbreaks, which may be either more prone to cause outbreak
than others or selected by the use of antimicrobial agents.
Escherichia coli

Escherichia coliis a common cause of a variety of illnesses.E. coli
O25b-ST131 is a worldwide pandemic clone, causing predom-
inantly community-onset antimicrobial-resistant infection. Its
pandemic spread was identi� ed in 2008 by utilizing MLST of
CTX-M-15 extended-spectrum beta-lactamase-producingE. coli
from three continents. Subsequent research has con� rmed the
worldwide prevalence of ST-131 harboring a broad range o
virulence and resistance genes on a transferable plasmid.E. coli
O25b:H4-ST131 strains circulate not only among humans but
also among animal hosts, which would contribute to the
ongoing global emergence of O25b:H4-ST131, in the case o
regular transmission between animals and humans.E. colistrains
belonging to the O25b:H4-ST131 clonal group recently have
been detected in retail chicken, supporting the urgent necessit
for the implementation of food control measures.
Listeria monocytogenes

Listeria monocytogenesis the causative agent of listeriosis
a severe foodborne disease associated with a high–case fatality
rate. The association ofL. monocytogeneswith several foodborne
disease outbreaks suggests that contaminated foods, includin
meat, diary, vegetable, and� sh products, may be the primary
source of the organism. MLST could be used to identify the
sources of contamination and routes by which the organisms
are spread. Some clonal complexes include isolates from
several different food or environmental sources, thus providing
evidence that certain genotypes that can colonize divers
ecological niches and contaminate several kinds of foods ar
widespread. It has been described that MLST and AFL
possessed similar discriminating power.
Staphylococcus aureus

Staphylococcus aureusis responsible for a wide range of diseases
but it is the spread of methicillin-resistant S. aureus(MRSA)
within and between hospitals which represents the higher
medical risk. MLST was developed to provide an unambiguous
method of characterizing MRSA clones and to identify the
methicillin-susceptible isolates (MSSA) clones associated with
serious diseases.

The S. aureusMLST scheme has been validated by showin
a good congruence between the relatedness of isolates inferre
by MLST and PFGE. Two major clusters are evident, one co
taining only MSSA and the other only MRSA. These clusters a
closely related (differing at only one of the seven loci), which
suggests that the MRSA clone might have arisen from an MSS
clone that was associated with serious disease.
Salmonella enterica

Salmonellaspp. play a dominant role in food poisoning.
Outbreaks of salmonellosis are observed at an increasin
rate. S. entericasubsp.entericais one of the leading causes of
zoonotic foodborne disease worldwide. S. entericasubsp.
entericaconsists of more than 1500 serovars, some of them
are pathogenic to humans and animals. A limited segment of
these serovars is responsible for causing disease in human
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In Europe, the top two serovars isolated from humans are
serovarsTyphimuriumand Enteritidis. The phylogentic rela-
tionship within the S. entericasubsp. enterica has been
investigated by MLST analysis. MLST clustered strai
according to serovar, with the exception of Java and Derby
for which many serotypes are polyphyletic. MLST also
revealed a high level of recombination within the subspecies
of S. enterica.
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Vibrio parahaemolyticus

Vibrio parahaemolyticusis one of the important foodborne path-
ogens, and in recent years, has been the leading cause of hum
gastrointestinal illness via the fecal–oral route. The ingestion of
this pathogen in raw or undercooked seafood is the predominant
cause of food-poisoning infections. MLST-based population
genetics and phylogeny of V. parahaemolyticusrevealed that
recombination played a much greater role than mutation in
generating genetic heterogeneity.V. parahaemolyticushad a typical
epidemic population structure that is driven by mutation,
recombination, and lateral gene transfer. Moreover, MLST wa
used to study the origin of the O3:K6 pandemic clone. Results
revealed that the ancestor strain of O3:K6 pandemic clone origi
nated from O3:K6, ST-3, and environmental nonpathogenic
strain, as a result of recombination by the lateral transfer of large
fragments of virulence genes from othervibrios.
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Enterococcus faecium

Enterococci are physiologic commensals of the gastrointestina
tract of human and several mammals and birds, and they can
be released into the environment by human and animal fecal
material. In spite of the fact that some enterococci are used in
several food fermentations, enterococci are also considere
human pathogens because they are implicated in a wide variet
of infections. They are intrinsically resistant to many antimi-
crobial agents, but their ability to acquire resistance to other
agents is well known. Vancomycin-resistant enterococci (VRE
have been detected in human, animals, and food samples o
animal origin. The food chain has been suggested as a potentia
vehicle of transmission of VRE from animal to humans. MLST
is a useful tool for VRE typing, allowing a global comparison of
clones. Strains can be assigned to speci� c sequence types and
clonal complexes, and a relationship has been reported
between the origin of the strain and the clone in which it is
included. High-risk clones, such as CC17, have been identi� ed
in Enterococcus faeciumby MLST.
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Bacteria Involved in Food Fermentation

Oenococcus oeni

Oenococcus oeniis the species of lactic acid bacteria mos
frequently associated with malolactic fermentation (MLF) in
wine. Normally, spontaneous MLF takes place when lactic acid
bacteria develops in wine after alcoholic fermentation. Severa
MLST schemes have been described forO. oeni. These MLST
studies revealed the existence of important genotyping diversit
and the presence of two subpopulations that are evolving
separately.
Lactobacillus plantarum

L. plantarumis predominantly found in fermented food and
feed products, and it is implicated in the processing of food for
human consumption, such as sauerkraut, dry fermented
sausage, wine and green olive fermentations, and cheesema
ing. L. plantarumhas been used as a starter culture in vegetab
and meat fermentation, and as probiotic for humans. Phylo-
genetic analysis derived from MLST schemes indicate
a panmictic population structure of L. plantarum and that
recombination plays a role in creating genetic heterogeneity.
Lactobacillus caseiand Lactobacillus paracasei

L. caseistrains are of considerable interest in the food industry
as acid-producing starter cultures for milk fermentation and as
maturation promoters of certain cheese specialties. In addition,
in the last years,L. caseihas attracted interest as a probiotic. An
MLST scheme intended to become a common language fo
strain characterization with L. casei(Diancourt et al., 2007)
have been developed. A website created forL. caseiis publicly
available athttp://www.pasteur.fr/mlst . Analysis of wider, well-
documented strain collections with global strain sampling will
detail the population structure of L. caseiand potentially could
bring interesting information on the history of dairy product
and on the genotype–phenotype relationships of strains. The
discrimination power of the proposed MLST scheme is similar
to that of AFLP, a more complex, less reproducible, and les
portable method.

The MLST scheme proposed forL. caseicould be applied to
strains of L. paracasei, a member of the L. caseigroup, isolated
from oral bio � lms and implicated in dental caries. The MLST
results supported the hypothesis that oral lactobacilli may be of
exogenous origin, as several subjects harbored STs previous
isolated from dairy origin.
Lactobacillus sanfranciscensis

Lactobacillus sanfranciscensisis the predominant species in
several sourdoughs breads and in many traditional Italian-
and German-baked products. An MLST scheme applied t
Italian strains indicated a limited recombination among genes
and the presence of a clonal population inL. sanfranciscensi.
The results also indicated that the main factors affecting the
dominance of a strain are correlated with processing condi-
tions and the manufacturing environment rather than the
geographic area.
Lactobacillus delbrueckii

Yogurt is a fermented milk product made by the cooperative
action of Streptococcus thermophilusand L. delbrueckii. Yogurt
depends on the properties of milk and starter culture. A
preliminary MLST scheme by using only three loci was devel
oped for L. delbrueckiistrains. The differentiation obtained by
MLST was lower than random ampli� cation of polymorphic
DNA–PCR (RAPD-PCR), in terms of discriminatory power,
simplicity, and costs. It could be possible to increase the
discriminatory power of the MLST scheme proposed by
increasing the number of genes analyzed.
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Lactococcus lactis

Lactococcus lactisis a bacterial species commonly dominant in
milk and fermented dairy products. Carefully selected strains o
L. lactisare majority components of starter cultures for dairy
fermentations, re� ecting the industrial and economical
importance of this organism. MLST analysis ofL. lactis strains
(lactis and cremorisgenotypes) revealed considerable inter
genotype nucleotide polymorphism. MLST data support the
idea that the lactisand cremorisgenotypes of phenotypicL. lactis
subsp.lactisactually represent true subspecies.
n multilocus
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Pediococcus parvulusand Pediococcus damnosus

The control of wine microbial population during and beyond
fermentation is of huge importance for wine quality. Lactic acid
bacteria in wine are responsible for malolactic fermentation;
however, some of these bacteria do not perform malolactic
fermentation and their uncontrolled growth could contribute
to severe wine spoilage.Pediococcusspp. might lead to different
alterations of wine quality. Preliminary MLST schemes have
been developed forP. parvulusand P. damnosusstrains, which
allowed a clear differentiation of the strains analyzed.
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Saccharomyces cerevisiae

Until now, this chapter has described only MLST schemes fo
food bacteria. MLST schemes for food-relevant fungal specie
such asS. cerevisiae, also are available. Yeast from the genu
Saccharomycesare specialized for growth on high concentra-
tions of sugar that favor aerobic fermentation over respiration.
One of these species,S. cerevisiae, has served as the dominant
species for the production of beer, bread, and wine. MLST ha
been used to study the diversity ofS. cerevisiaestrains isolated
from a variety of human and natural fermentations as well as
sources unrelated to alcoholic beverage production. The stud
revealed that the diversity within vineyard strains and within
sake strains was low, accounting for the majority of variations
found in strains from sources unrelated to wine production.

MLST allowed for discrimination among strains collected
from an oak forest and strains collected from vineyards
perhaps due to ecological rather than geographic factors
Moreover, a high polymorphism was observed in the gene
SSU1, which provides evidence of diversifying selection on its
protein product, a sul� te exporter, perhaps associated with the
use of sulfur-based fungicides in vineyards. MLST schemes we
applied to discriminate wine yeasts. The proposed MLST
schemes appeared to be less discriminatory than microsatellite
interdelta, or mitochondrial RFLP typing; however, MLST
analysis allowed an easy construction of reliable phylogenetic
trees.
See also:Identi�cation Methods:Multilocus Enzyme
Electrophoresis.
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Introduction

A DNA microarray (also known as a biochip, DNA chip, DNA
array, or gene array) is an orderly arrangement of thousands o
microscopic DNA spots on a solid support. Each DNA spot
contains a speci�c DNA sequence (known as a probe), usually
a small segment (double or single stranded) of a gene (target)
The microarray is used to hybridize a DNA or cDNA (reverse
transcribed from mRNA) sample under high-stringency condi-
tions, and the targeted genes are detected by hybridization with
the speci�c probes. DNA microarrays started to emerge in the
1990s, and the�rst paper to describe their application for gene
expression analysis was published by Patrick Brown and hi
colleagues at Stanford University. In contrast to other DNA
hybridization techniques developed earlier, such as Southern
blotting, DNA microarrays have the advantages of high speci
�city, high sensitivity, and high throughput; and thousands of
genes can be analyzed simultaneously. This technology is now
applied widely, not only for scienti �c research in areas, such a
gene expression pro�ling and analysis of polymorphisms or
mutations (genotyping), but also for practical purposes, such as
pathogen detection and gene pro�ling of diseases. Like other
molecular-based detection methods, such as polymerase cha
reaction (PCR), microarrays also target pathogen-speci�c genes
for detection. Furthermore, microarrays allow large-scale
screening or screening of multiple targets due to their high-
throughput power.
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Principle of Microarrays and Hybridization

The fundamental principle underlining microarrays is that of
the hybridization between two complementary DNA strands.
DNA is made up of four nucleotide bases: adenine (A), cytosine
(C), guanine (G), and thymine (T). In the double-stranded (ds)
DNA structure (the most stable state of DNA), the two strands
are complementary to one another, having chemically matched
nucleotide sequences, and hydrogen bonds are formed betwee
complementary base pairs to hold together the two strands
A base A on one strand always pairs with a base T on the othe
while a C always pairs with a G. On this basis, two single-
stranded DNA molecules with complete or partial comple-
mentary sequences will bind together by complementary
base-pairing, and this process is known as hybridization. The
hybridization process can be manipulated in laboratories under
controlled conditions (usually temperatures, also chemical
denaturants). Although the double-stranded DNA can be
separated into single strands by heating (melting), the forma-
tion of the double-stranded structure from single strands
(annealing) takes place at temperatures below the melting
point. Hybridized sequences with a high degree of comple-
mentation bind more tightly, and require more energy,
such as a higher temperature, for dissociation to occur. DNA
310 Encyclopedia of Food
hybridization –based detection technologies, including micro-
arrays, employ speci�c DNA probes, which are used to hybridize
DNA samples for the detection of the targeted genes. For DNA
microarrays, speci�c probes are immobilized on the arrays and
DNA samples are labeled, usually with�uorescent dyes. After
hybridization, unbound and nonspeci�cally bound DNAs can
be washed off and DNA speci�cally hybridized with the probes
will be retained on the arrays. The probe-target hybridization
is indicated by an increase of�uorescence intensity over the
background level on the designated position of the surface
which can be detected using a�uorescent scanner.
Fabrication and Types of Microarrays

The solid support used for the fabrication of microarrays can be
glass slides, silicon chips, nylon and nitrocellulose membranes
and glass or polystyrene beads.

DNA probes used can be either doubled-stranded DNAs
(dsDNA, usually ranging from 200 to 800 bp) that usually are
obtained by PCR, or single-stranded oligonucleotides (usually
ranging from 25- to 80-mers, but they can be up to 150-mers)
that are synthesized chemically by automated DNA synthe
sizers. Owing to their smaller sizes, oligonucleotide probes
have greater speci�city but less sensitivity compared with
dsDNA probes. In contrast, dsDNA probes have a high sens
tivity but suffer in terms of speci�city because longer probes
have higher melting temperatures and greater mismatch toler
ance, leading to decreased speci�city.

Probes can be deposited on the surface of a solid support b
microspotting or printing techniques. Oligonucleotide probes
also may be synthesizedin situ on a ‘chip’ using photolitho-
graphy techniques. DNA microarrays can be distinguished
based on the nature of the probes, the solid surface suppor
used, and the method for the attachment of probes to the
surface. The following three types of microarrays commonly are
utilized: printed microarrays, suspension bead arrays, andin
situsynthesized oligonucleotide arrays.
Printed Microarrays

Printed microarrays were the�rst microarrays to be developed.
For printed microarrays, probes, which may be either double-
stranded DNA probes or single-stranded oligonucleotides, are
prepared before deposition on the array.

A glass slide commonly is used as the solid surface, bu
silicon chip, nylon, and nitrocellulose membranes can also be
used. The deposition of probes is computer aided, with
a density up to 10 368 spots printed on one slide
(2.5 � 7.5 cm). The probes are spotted by pins or capillary
tubes using contact printing techniques, or they are blown
onto the solid surface using inkjet printing technology.
The double-stranded probes need to be single-stranded afte
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00418-3
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immobilization (by heating at 95 � C for 2 min) to allow
hybridization with the target.

Glass surfaces are modi� ed by silane chemistry to carry
speci�c functional groups, such as amino, epoxide, carboxylic
acid, and aldehyde groups for the attachment of probes. The
most commonly used glass chips are aldehyde modi� ed. The
single-stranded oligonucleotide probes are modi� ed by adding
amino groups to their 50end, which can form covalent linkages
with aldehyde groups coated on the glass surface. Double
stranded probes can be printed directly without any modi� -
cations as covalent linkages can form between amino group
from the DNA and aldehyde groups on the glass. Amino-
modi � ed glass may also be used, normally for the attachmen
of dsDNA probes, and positively charged amine groups on the
glass surface can form noncovalent electrostatic interaction
with the negatively charged phosphate backbone of the DNA
UV-cross linkage can be used to enhance the immobilization.

A major advantage of printed microarrays is their� exibility,
and their suitability for fabrication in research laboratories to
produce ‘in-house’ microarrays. Printed microarrays can be
customized easily, as probes to be printed can be selected fo
particular tasks, such as pathogen detection. A number o
reports describing the application of printed microarrays for
the detection of pathogens have been published, some o
which will be described later.
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Suspension Bead Arrays

Suspension bead arrays (suspension array technology) us
microscopic polystyrene spheres (microspheres or bead
5.6 mm in diameter) as the solid support. The microsphere
beads in different sets are� lled with a mixture of two or more
� uorescent dyes at various ratios. Each type of bead ha
a distinct ratio of the dyes used and, therefore, a unique spectra
feature. Each type of microsphere coupled to a speci� c probe
is equivalent to a feature in � at microarrays. Probes used
are usually 20- to 25-mer oligonucleotides with 50-amino-
modi � cation. The surface of microspheres is coated wit
carboxyl groups, which form covalent linkages with the amino
groups added onto the probes. A mixture of different types of
microspheres coupled to separate speci� c probes is used to
hybridize biotin-labeled DNA samples. The probe-target
hybridization can be detected by staining with streptavidin-R-
phycoerythrin (SAPE); streptavidin binds biotins and phyco-
erythrin generates distinctive� uorescence signal (Figure 1).
Once hybridized, different types of the microsphere beads are
sorted by � ow cytometry based on both their unique spectral
properties, which result from the different ratios of the dyes
used, and the level of probe-target hybridization. The probe-
target hybridization is indicated by the relative intensity change
in a microsphere set hybridized with a sample and the control
set without hybridization.

The multiplexing capacity of suspension bead arrays i
dependent on the number of dyes used and the ratios for each
dye. The commercially available microsphere arrays from
Luminex xMAP� Technology are composed of 100 different
microsphere sets (100-plex arrays) by using two different dye
(red and infrared), each with 10 different intensities, which
allows the simultaneous capture and measurement of up to
100 different targets in a single-reaction vessel. Although the
feature density of suspension bead arrays is the lowest of th
three platforms described, which makes it unsuitable for gene
pro� ling analysis, this technology serves as a multiplexed
screening platform by carrying out different analyses at one
time. The availability of commercial universal bead sets and the
nature of � exibility make the development of user-de� ned
applications feasible and inexpensive. The applications of this
technology for pathogen detection have been reported.
In Situ Synthesized Oligonucleotide Microarrays

In situ synthesized oligonucleotide arrays are extremely high
density (>10 6) microarrays. In contrast to the deposition of
presynthesized probes on the array surface for printed micro
arrays and bead arrays, in this case, the probes are synthesiz
directly on the surface of the microarray. Thein situsynthesized
oligonucleotide probes are usually 20–25-mers, and multiple
probes per target often are included to improve sensitivity,
speci�city, and statistical accuracy.In situ fabrication tech-
nology, adapted from semiconductor photolithography tech-
nology, was � rst developed by Affymetrix (Santa Clara, CA
United States) to produce its high-density oligonucleotide
microarrays (GeneChips). Brie� y, the solid support (silicon
chip) is attached with a covalent linker (usually a hydroxyl
group) terminated with a photo labile protecting group. At
each synthesis step, the appropriate positions on the solid
surface are deprotected by light to allow for the addition of
selected nucleotides, and a lithographic mask is used to allow
the passage of light to the targeted positions and to protect the
other positions from exposure to light. The process is repeated
with different masks for the deprotection of different positions
until all nucleotides are added.In situsynthesized high-density
oligonucleotide microarrays are also available from other
commercial suppliers such as Roche NimbleGen (Madison, WI
United States) and Agilent Technologies (Palo Alto, CA, United
States). The former uses maskless (digital mask) photolitho
graphy to synthesize probes on a glass chip, and the latter use
inkjet printing technology to synthesize probes on a glass slide
and both use longer oligonucleotide probes (60–100-mers).
Although Affymetrix GeneChips use one color labeling
and single sample analysis per chip (Figure 2), both the
NimbleGen and the Agilent platforms allow multicolor
hybridization, in which two or more DNA samples are labeled
with different colors and analyzed using one chip. Multicolor
systems are most suitable for comparative analysis of gen
expression in two or more samples.

Because of their high information content, in situ synthe-
sized oligonucleotide arrays are largely used for genomewid
analyses such as mutation and polymorphism analysis (geno
typing), and gene expression pro�ling. Due to the complex
nature of chemical synthesis and the high cost of their fabri-
cation, in situ synthesized microarrays are available only from
commercial manufacturers. There have been no reports of th
application of in situ synthesized oligonucleotide microarrays
for the detection of pathogens. As only genes speci� c to path-
ogens are targeted for their detection, printed microarrays and
bead arrays, which can be easily customized and produced in
house, are more suitable for this application.
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Figure 1 A schematic diagram of a suspension bead array from Bio-Plex bead coupling protocol. Upper panel, coupling; lower panel, hybridization.
From the Bio-Plex Bead Coupling Protocol of Bio-Rad Laboratories Co., Ltd.
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Experimental Procedure

A typical DNA microarray analysis process includes the
following four steps: sample preparation and labeling, fabri-
cation of a microarray, hybridization, and data analysis and
export. Experimental procedures for the analysis of bacteria
DNA samples are described inFigure 3.
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Sample Preparation and Labeling

Total DNA is isolated from a bacterial sample using conventional
methods.Brie�y,bacterial cellsaredisruptedbychemicalorphysica
means to release DNA into a solution, whereas unwanted macro
molecules are removed by enzyme treatment. DNA is puri� ed
by phenol–chloroform extraction and concentrated by ethanol
precipitation. Commercial DNA extraction kits are also available.

To prepare for labeling, the isolated DNA is ampli� ed by PCR,
with either speci� c primers or random primers. If one gene such
as 16S rDNA orgyrBis targeted, a single PCR with one primer pair
speci� c to the target gene iscarried out. If multiple genesor region
are targeted, either a multiplex or a random PCR can be used. Fo
multiplex PCR, a number of primer pairs speci� c to the targeted
genes are used to amplify the targets. For random PCR, 610-me
of arbitrary nucleotides are used as the primers to generat
amplicons randomly using genomic DNA as the template.

To label the DNA, single-stranded PCR amplicons are
generated in a second PCR step using either the forward or th
reverse primer, and a labeling substrate, commonly eithe
a� uorescent dye, usually Cy3 or Cy5 (for printed glass arrays) o
a biotin (for Luminex ’s xMAP suspension bead arrays and th
Affymetrix GeneChips) is incorporated during the PCR. For
labeling with Cy3 or Cy5, part of dNTP (the PCR substrate) is
replaced by Cy3- or Cy5-dNTP. Cy3 and Cy5 are the two mos
commonly used cyanine dyes, and they can be used individually
for one-color detection or jointly for two-color detection. Cy3
is � uorescent yellow-green (w 550 nm excitation, w 570 nm
emission), while Cy5 is � uorescent in the red region
(w 650/670 nm) but absorbs in the orange region (w 649 nm).
For labeling with biotin, the primer used is biotinylated. Biotin
binds to streptavidin and the biotin-streptavidin (BSA) complex
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Figure 2 The aRNA ampli� cation procedure used for the GeneChip 30IVT (in vitrotranscription) Express Kit (Affymetrix Inc.), including� rst-strand cDNA
synthesis, second-strand cDNA synthesis, biotin-labeled aRNA synthesis, aRNA puri� cation, fragmentation, and hybridization. From manufacturer’s
manual of the GeneChip 30 IVT (in vitrotranscription) Express Kit of Affymetrix Inc.
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is the strongest known noncovalent interaction between
a protein and a ligand. With a � uorescence reporter phycoery
thrin (PE) attached to streptavidin, a strong emission peak exist
at 575 nm. Fluorescence can be detected by scanning with sui
able equipment; such as the GenePix Personal 4100A with th
GenePix Pro 6.0 installed software for glass slides or the Gen
Chip Scanner 3000 7G with the GCOS installed software for
Affymetrix chips. Although comparative analysis of two samples
is carried out using separate microarrays with one color labeling
labeling the two samples with two different colors allows
comparative analysis to be carried out using a single microarray
.
e

.
k

In-House Fabrication of Microarrays

Printed glass arrays normally are fabricated in laboratories
Probes (usually oligonucleotides) are designed based on th
targeted genes using available computer programs, and synth
sized using an automated DNA synthesizer in-house or obtained
from commercial sources. In addition to the capture probes
(gene-speci� c probes), probes for quality control also areneeded
including probes for positive control (DNA control) such as 16S
rRNA gene-based probes, negative control (background control
such as a 40 poly(T) oligonucleotide tail probe, and a printing
and position control such as 30-Cy3-labeled 40 poly(T).

The synthesized probes are dissolved in 50% dimethy
sulfoxide solution to a � nal concentration of 1 mgml� 1 and
spotted onto aldehyde-modi� ed glass slides (commercially
available) by a spotting machine such as the SpotArray 72
equipped with a printhead containing microspotting pins
(Perkin–Elmer Corporation, CA, United States). The printed
slides are dried and stored at room temperature in the dark
Before hybridization, the slides are scanned at 532 nm to chec
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Figure 3 A � ow chart of the experimental procedures used in DNA microarray analysis of bacterial DNA samples, including sample collection, DNA
extraction, PCR ampli� cation and labeling, hybridization, scanning, and data analysis.
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the quality of spotting indicated by the presence of green
� uorescence at all the printed positions.

Hybridization

Labeled single-stranded PCR fragments (DNA samples) a
mixed with hybridization buffer and applied to a microarray
slide, which then is covered with a Hybri-Slip cover slip, and
placed in a hybridization chamber for hybridization. For printed
microarrays, a hybridization buffer containing 25% formamide,
0.1% sodium dodecyl sulfate (SDS), and 6� SSPE (1� SSPE
contains 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA, pH
7.7) usually is used for printed microarrays. The hybridization
conditions used with this buffer are 40–45 � C for 12–16 h. Other
buffers such as salt/detergent-based sodium MES buffer can al
be used, and the hybridization conditions for use with this buffer
are 45–60 � C for 6–12 h. After hybridization, the chip is rinsed in
solution A (1 � SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodiumcitrate), 0.1%SDS) for 3 min, solutionB (0.05 � SSC) for
3 min, and solution C (95% ethanol) for 1.5 min.

For suspension bead arrays, the hybridization solution
contains 1.5� TMAC buffer (1.5 M tetramethylammonium
chloride, 75 mM Tris, 6 mM EDTA, and 0.15% Sarkosyl [pH
8.0]). The hybridization conditions for use with this buffer are
53 � C for 30 min. Then the beads are washed by 1� TMAC and
stained by PE in 1� TMAC at room temperature for 10 min.

For Affymetrix microarrays, the hybridization buffer is
100 mM MES, 1 M Naþ , 20 mM EDTA, and 0.01% Tween-20,
and the hybridization conditions are 45 � C for 16 h. The chip is
washed with Wash buffer A (6� SSPE and 0.01% Tween-20)
and Wash buffer B (100 mM MES, 0.1 M Naþ and 0.01%
Tween-20), stained with SAPE, and washed again with Was
buffer A before scanning.

Data Analysis and Export

After completion of the hybridization and wash steps, the
microarray is placed in a � uorescence scanner, which ar
commercially available, such as the GenePix Personal 4100
from Axon (Union City, CA, United States) and the GeneChip
Scanner 3000 7G from Affymetrix. The � uorescence tags
incorporated are excited by a laser and emit a distinct spectrum
which can be detected. The digital image of the chip is captured
by the installed camera and recorded on a computer for anal-
ysis. A number of computer programs, such as GenePix Pro 6.0
GCOS, and dCHIP, have been developed for the analysis of th
image of the scanned array. The analysis has three phases. T
initial analysis evaluates quality scores and controls to asses
quality of the labeling, hybridization, and scanning of the
microarrays and to identify problematic results that should be
eliminated from the data set used for the� nal analysis. The
second step is scaling and normalization, which adjusts the
data obtained from individual arrays so that they can be
compared. The normalization step is particularly important
and dramatically affects the outcome. Choosing the correc
normalization method is critical to obtaining the best results.
After normalization, the � uorescence intensity is calculated for
each spot on the chip. The probe-target hybridization is indi-
cated by an increase in the intensity of the hybridized spot over
background. The level of the hybridization is calculated based
on relative intensities between the sample and the control, or
between the two samples.
Applications of DNA Microarray for the Detection of
Foodborne Pathogens

Foodborne disease is a major public health issue worldwide.
In 1999, the Centers for Disease Control and Prevention
estimated that approximately 76 million new cases off food-
related illness (resulting in 5000 deaths and 325 000 hospi-
talizations) occur in the United States each year. Foodborne
illnesses usually occur after the consumption of contaminated
foods. To minimize the prevalence of foodborne disease and
reduce microbial contaminations in food supplies, effective
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monitoring of the occurrence and distribution of bacterial
pathogens in food is essential. Traditionally, routine detection
of microbial pathogens has relied largely on culture-based
isolation followed by serological analysis or biochemical
identi � cation. More recently, molecular-based methods
including PCR and microarrays targeting pathogen-speci� c
genes have been developed for this purpose. Microarrays a
particularly useful for parallel analysis of multiple targets, such
as genomewide pathogenic trait analysis and bacterial sero
typing, for both detection and surveillance purposes. Serotyp
ing is necessary for the identi� cation of many pathogenic
bacteria, such asEscherichia coli, Shigella, and Salmonella. Several
studies on the development of DNA microarrays for the
detection of pathogens associated with food safety will be
described in the following sections.
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Detection and Serotyping of PathogenicE. coli

Escherichia coliincluding both pathogenic and commensal
strains is widespread in nature and can become foodborne
during various food-handling processes.Escherichia colihas 174
recognized O-serotypes due to the presence of differen
O-antigens (O-speci� c oligosaccharides) on the surface, and
certain serotypes are exclusively found in, or often associate
with, pathogenic E. colistrains. EnterotoxigenicE. coli(ETEC) is
a common pathogen worldwide causing infectious diarrhea,
especially traveler’s diarrhea. ETEC is commonly found in 19
different O-serogroups and is characterized by the ability to
produce either heat-labile enterotoxins or heat-stable entero
toxins, which are targeted for detection. Wang et al. (2010)
developed a DNA microarray using 48 speci� c probes that
simultaneously detect enterotoxin genes and the genes speci� c
to the 19 related O-serogroups in ETEC strains. Consequentl
ETEC strains can be identi� ed and serotyped in a single assay
The speci� city of the microarray was con� rmed by testing a total
of 223 strains, including reference and clinical strains of the
targeted serotypes, as well as nontargeted strains from close
related species. The sensitivity of detection was determined t
be 50 ng genomic DNA or 108 cfu ml� 1 of pure culture.

Escherichia colistrains causing postweaning diarrhea (PWD)
and edema disease (ED) in pigs are limited to serogroups o
O8, O45, O138, O139, O141, O147, O149, and O157. A DNA
microarray using 54 speci� c probes targeting serogroup-speci� c
genes, as well as 11 genes encoding adhesion factors a
exotoxins associated with PWD and ED, was developed for th
detection and identi� cation of the serogroups and virulence
gene patterns. The speci�city of the microarray was tested
against 254 reference strains and clinical isolates, as well as 1
porcine feces samples (0.3 g) obtained from asymptomatic
adult pigs from four local hoggeries. The detection sensitivity
was 0.1 ng genomic DNA or 103 cfu per 0.3 g porcine feces in
mock samples.

A DNA microarray using 40 speci� c probes targeting
E. coliserogroups O8, O9, O15, O26, O35, O78, O86, O101,
O115, and O119, which often are associated with bovine
septicemia or diarrhea, the diseases that severely affect t
cattle industry, also was developed. The speci�city of the
microarray were tested with 231 reference strains and clinica
isolates. The detection sensitivity was determined to be 50 n
genomic DNA.
The DNA microarray for comprehensive detection ofE. coli
serogroups or pathotypes is mostly suitable for epidemiologic
investigations of sporadic infections and outbreaks and for
environmental and clinical surveillance.
Serotyping ofSalmonellaand Shigella

Salmonellais the major cause of food poisoning and has been
associated frequently with foodborne outbreaks around the
world. Serotyping of Salmonellais the basis for the National
SalmonellaSurveillance System in the United States.Salmonella
strains are identi� ed by the expression of their � agellar
H-antigens and O-antigens. A microsphere-based liquid array
using 38 probes targeting 15 H-antigens, 5 complex major
antigens, and 16 complex secondary antigens was develope
for use in clinical and public health laboratories to serotype
Salmonella. Using the bead array, 461 of 500 (92.2%) isolates
were identi� ed correctly. The remaining 39 (7.8%) strains were
unidenti � ed due to allelic divergence. The assay provide
results that paralleled traditional methods with a much higher
throughput.

A DNA microarray using 332 probes that was able to
discriminate 28 O-antigens and 86 H-antigens and to pro� le 77
antimicrobial resistance genes inSalmonellawas developed. The
Salmonellaassay was evaluated with a set of 168 referenc
strains representing 132 serovars previously serotyped b
conventional agglutination at various reference centers. One
hundred and seventeen of 132 (81%) tested serovars showe
a unique microarray pattern. Fifteen of 132 serovars generate
a pattern that was shared by multiple serovars (e.g.,Salmonella
ser. Enteritidis andSalmonellaser. Nitra). These shared pattern
mainly resulted from the high similarity of the genotypes of
serogroup A and D1. The assay was used to identify a� eld
panel of 105 Salmonella isolates. All were identi� ed as
Salmonella, and 93 of 105 isolates (88.6%) were typed in full
concordance with conventional serotyping.

Shigella, including Shigella dysenteriae, Shigella � exneri,
Shigella boydii, and Shigella sonnei, are related closely toE. coli. It
is the major cause of shigellosis or bacillary dysentery. Th
organism is transmitted through contaminated water and food,
and person-to-person transmission is also a common route of
infection. The infectious dose of the bacterium is low, ranging
from 1 to 10 4 cells. Shigellastrains normally are identi� ed as
different serotypes based on their O-antigens. A DNA micro
array has been developed using 115 probes based on O-ser
type-speci� c genes to detect all 34 distinct O-antigen forms of
Shigella, including S. boydii types 1–18, S. dysenteriaetypes
1–13, S.� exneritypes 1–6, andS. sonnei. A total of 282 reference
strains and clinical isolates were used to test the speci� city of
the microarray, and the detection sensitivity was 50 ng genomic
DNA or 1 cfu in 25 g milk powder sample after enrichment in
broth for 6 h.
Detection of Pathogens Associated with Milk Powder

Cronobacter sakazakiiis an emerging opportunistic pathogen
causing severe invasive infections in neonates, which can b
found from a wide variety of food, including meats, water,
vegetables, rice, bread, tea, herbs, spices, and powdered infa
formula (PIF). Wang et al. (2009) developed a DNA microarray
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for the rapid detection and identi� cation of C. sakazakiiand
other pathogenic bacteria associated with PIF, including
Salmonella enterica, Klebsiella pneumoniae, Klebsiella oxytoca, Ser-
ratia marcescens, Acinetobacter baumannii, Bacillus cereus, Listeria
monocytogenes, Staphylococcus aureus, and E. coliO157. Twenty-
seven probes were designed based on the 16S–23S rRNA gene
internal transcribed spacer (ITS) sequences andwzy(O-antigen
polymerase) gene. A total of 187 reference strains, clinical an
environmental isolates, as well as 21 batches of commercial PI
from different countries were used to validate the speci� city of
the microarray. The sensitivity of the microarray was deter
mined to be 0.1 ng genomic DNA or 104 cfu ml� 1 for pure
cultures.
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Detection of Pathogens Associated with Fishery Products

A DNA microarray was developed for the simultaneous detec
tion and identi � cation of pathogens associated with� shery
products, including L. monocytogenes, Salmonella, Shigella,
S. aureus, Streptococcus pyogenes, Vibrio cholerae, Vibrio para-
haemolyticus, Vibrio vulni� cus, Yersinia enterocolitica, Proteus mir-
abilis, and Proteus vulgaris. The 26 probes were designed base
on the speci�c genes for pathogens:hlyA for L. monocytogene,
invA for Salmonella, ipaH for Shigella, nucfor S. aureus, speBfor
S. pyogenes, rfbEfor V. cholerae, toxRfor V. parahaemolyticus, rpoS
for V. vulni� cus, ail for Y. enterocolitica, and the ITS region for
P. mirabilisand P. vulgaris. The speci� city of the microarray was
con� rmed by testing 123 reference strains and environmenta
isolates, as well as 20 batches of� sh samples, including two
cat� sh, three loaches, seven croakers, and eight Chine
hooksnout carps collected from a local market. The detection
sensitivity was determined to be 10 ng DNA or 10 cfu ml� 1 for
pure cultures.
r

e

a

0

s

e
A

-

ll
,

Detection of Pathogens Associated with Drinking Water

The safety and accessibility of drinking water are majo
concerns throughout the world. Consumption of water
contaminated with infectious agents, toxic chemicals, or
radiological hazards represents a signi� cant health risk and is
associated strongly with mortality. Zhou et al. (2011) devel-
oped a DNA microarray using 26 oligonucleotide probes based
on the sequences of 16S–23S rDNA ITS regions and the gyras
subunit B gene (gyrB) found in the most prevalent and devas-
tating waterborne pathogens, for simultaneous detection of
Aeromonas hydrophila, K. pneumoniae, Legionella pneumophil,
Pseudomonas aeruginosa, Salmonellaspp., Shigellaspp., S. aureus,
V. cholerae, V. parahaemolyticus, Y. enterocolitica, and Leptospira
interrogans. The speci�city of the array was tested in 218 refer-
ence strains, clinical and environmental isolates, as well as 3
batches of bottled drinking water from local manufacturers and
12 batches of condensed water samples from air conditioners
collected and provided by the Center for Disease Control and
Prevention, Shanghai, China. The sensitivity of detection wa
determined to be 0.1 ng DNA or 104 cfu ml� 1 for pure cultures.
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Other Applications in the Detection of Foodborne Pathoge

Campylobacter jejuniis one of the leading causes of bacteria
foodborne infections in many developed countries. A
diagnostic microarray was developed for the detection of
Campylobacterstrains using 465 probes targeting its house
keeping, structural, and virulence associated genes. A total o
149 Campylobacterstrains isolated form chickens, milk, and
human samples were used to verify the speci� city of the assay.
This microarray can be a powerful diagnostic tool to monitor
emerging Campylobacterpathotypes and a useful method for
epidemiological, environmental, and phylogenetic studies.

Listeria monocytogenescauses a serious foodborne diseas
called listeriosis, which has a high mortality rate, particularly in
immune-compromised individuals. Volokhov et al. (2002)
developed a microarray-based assay to identifyListeriaspecies
using 130 probes targeting six virulence genes (iap, hly, inlB,
plcA, plcB, and clpE). The analysis of 53 reference and clinica
isolates of Listeria spp. demonstrated that this microarray
allowed unambiguous identi � cation of all six Listeriaspecies.

A DNA microarray that can detect multiple foodborne
pathogens, includingE.coliO157:H7, S.enterica,L.monocytogene,
and C. jejuni has been developed, based on 14 targeted gene
including the toxin genes and species-speci� c genes for the four
pathogens. Using the microarray, all four pathogens can be
distinguished unambiguously, and the detection sensitivity was
estimated to be 1� 10� 4 ng (approximately 20 copies) of each
genomic DNA. The assay was applied to test 39 fresh mea
samples, and 16 samples were found to be contaminated by
either one or two of these pathogens.
Applications of DNA Microarrays for Gene Expressio
Studies in Foodborne Bacteria

Genes that are expressed differentially under different condi
tions are good indicators of the functions of those genes. A few
reports describing gene expression analyses of foodborn
bacteria using microarrays have been published. The aRN
ampli � cation procedure used for the GeneChip 30 IVT (in vitro
transcription) Express Kit (Affymetrix Inc.), including � rst-
strand cDNA synthesis, second-strand cDNA synthesis, biotin
labeled aRNA synthesis, aRNA puri� cation, fragmentation, and
hybridization ( Figure 3). Microarray technology was used to
compare the gene expression pro� les of L. monocytogenesstrain
F2365 grown in ultra-high-temperature processed skimmed
milk at 4 � C and in brain–heart infusion broth 4 � C. Fourteen
downregulated genes and 26 upregulated genes were identi� ed
in skimmed milk cultures.

Makhzami et al. (2008) developed a PCR-based DNA
macro-array to compare the expression of 154 genes from two
Escherichia faecalisstrains, a food isolate and a clinical isolate,
found in cheese and culture medium. The food strain isolated
from cheese is transcriptionally active in cheese, as re� ected by
the higher transcript levels of various genes. Conversely, overa
transcript levels of the clinical isolate were lower in cheese
suggesting that the food strain may be more adapted to a dairy
environment than the clinical strain.

Gene expression pro� les of E. coliO157:H7 Sakai strain in
raw ground beef extract (GBE) and tryptic soy broth (TSB) were
compared using a microarray. There were 74 upregulated an
54 downregulated genes inE. coli O157:H7 grown in GBE
compared with the levels of transcript detected in TSB. Thi
study demonstrated that microarray analyses can be performe
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using complex food matrices, and gene expression ofE. coli
O157:H7 differs in TSB compared with that in GBE.

See also:Listeria:Detection by Colorimetric DNA Hybridizati
Listeria:Listeria monocytogenes– Detection by
Chemiluminescent DNA Hybridization; Molecular Biology
Microbiological Analysis;Nucleic Acid–Based Assays:
Overview; Genomics;Identi�cation Methods:Introduction;
Identi�cation Methods:Real-Time PCR.
, E
seq

2.
ica
e46

ial
lied

fere
so

ps
ean
12),
hno

inct O-antigen

spe
ovin

milk

e monitoring of
. Science 270

cleotide-based
Cellular Probes

logy 40 (12),

r
A microarray.

icroarray for the
cal

analysis of the
an lung carci-

ray for detection
es in
293
Further Reading

Al-Khaldi, S.F., Mossoba, M.M., Allard, M.M., Lienau, E.K., Brown
Bacterial identi� cation and subtyping using DNA microarray and DNA
Methods in Molecular Biology 881, 73–95.

Braun, S.D., Ziegler, A., Methner, U., Slickers, P., Keiling, S., 201
serotyping and antimicrobial resistance gene determination ofSalmonella enter
with an oligonucleotide microarray-based assay. PLoS One 7 (10),http://
dx.doi.org/10.1371/journal.pone.0046489.

Cao, B., Li, R., Xiong, S., et al., 2011. Detection and identi� cation of bacter
pathogens associated with� shery products by a DNA microarray. App
ronmental Microbiology 77 (23), 8219–8225.

Fratamico, P.M., Wang, S., Yan, X., Zhang, W., Li, Y., 2011. Dif
expression ofE. coliO157:H7 in ground beef extract compared to tryptic
Journal of Food Science 76 (1), M79–M87.

Han, W., Liu, B., Cao, B., et al., 2007. DNA Microarray-based identi� cation of serogrou
and virulence gene patterns ofEscherichia coliassociated with porcine post-w
diarrhea and edema disease. Applied Environmental Microbiology 73 (–4088.

Houser, B., 2012. Bio-Rad’s Bio-Plex® suspension array system, xMAP tec
overview. Archives of Physiology and Biochemistry 118 (4), 192–196.

Li, Y., Cao, B., Liu, B., et al., 2009. Molecular detection of all 34 dist
forms ofShigella. Journal of Medicinal Microbiology 58 (1), 69–81.

Liu, B., Wu, F., Li, D., et al., 2009. Development of a serogroup-� c DNA
microarray for identi� cation ofEscherichia colistrains associated with b
septicemia and diarrhea. Veterinary Microbiology 142 (3–4), 373–378.

Liu, Y., Ream, A., 2008. Gene expression pro�ling ofListeria monocytogenesstrain
F2365 during growth in ultrahigh-temperature-processed skim
Environmental Microbiology 74, 6859–6866.
.D., 2012.
uencing.

Fast DNA

489.

Envi-

ntial gene
y broth.

ing
4082
logy

Makhzami, S., Quenee, P., Akary, E., et al., 2008.In situgene expression in ch
matrices: application to a set of enterococcal genes. Journal of M
Methods 75, 485–490.

Marotta, F., Zilli, K., Tonelli, A., et al., 2013. Detection and genotypinCampylo
bacter jejuniand Campylobacter coliby use of DNA oligonucleotide
Molecular Biotechnology 53 (2), 182–188.

Maughan, N.J., Lewis, F.A., Smith, V., 2001. An introduction to arra
Pathology 195 (1), 3–6.

McQuiston, J.R., Waters, R.J., Dinsmore, B.A., Mikoleit, M.L., Field
Molecular determination of H antigens ofSalmonellaby use of a microsphe
based liquid array. Journal of Clinical Microbiology 49 (2), 565–573.

Møller, J.K., 2012. Detection ofNeisseria meningitidisin cerebrospinal� uid using
a multiplex PCR and the Luminex detection technology. Method
Biology 799, 37–53.

Schena, M., Shalon, D., Davis, R.W., Brown, P.O., 1995. Quantitativ
gene expression patterns with a complementary DNA microarray
(5235), 467–470.

Suo, B., He, Y., Paolib, G., et al., 2010. Development of an oligonu
microarray to detect multiple foodborne pathogens. Molecular and
24 (2), 77–86.

Volokhov, D., Rasooly, A., Chumakov, K., Chizhikov, V., 2002. Identi� cation ofListeria
species by microarray-based assay. Journal of Clinical Microbio
4720–4728.

Wang, M., Cao, B., Gao, Q., et al., 2009. Detection ofEnterobacter sakazakiiand othe
pathogens associated with infant formula powder by use of a DN
Journal of Clinical Microbiology 47 (10), 3178–3184.

Wang, Q., Wang, S., Beutin, L., et al., 2010. Development of a DNA m
detection and serotyping of enterotoxigenicEscherichia coli. Journal of Clini
Microbiology 48 (6), 2066–2074.

Zhang, P., Wang, X., Xiong, S., et al., 2011. Genome-wide expression
effect of the Chinese patent medicine Zilongjin tablet on four hum
noma cell lines. Phytotherapy Research 25, 1472–1479.

Zhou, G., Wen, S., Liu, Y., et al., 2011. Development of a DNA microar
andidenti� cation ofLegionella pneumophilaand ten other pathogen typ
drinking water. International Journal of Food Microbiology 145 (1),–300.
ci
e

. Applied

Relevant Websites

www.affymetrix.com– Affymetrix.
www.luminexcorp.com– Luminex.
www.ncbi.nlm.nih.gov– NCBI.



Immunoassay
RD Smiley,U.S. Food & Drug Administration, Jefferson, AR, USA

� 2014 Elsevier Ltd. All rights reserved.
-

t

to

l

s

Introduction

The ability to rapidly detect the presence of microbial patho-
gens at any point along the food production continuum is
important to the food manufacturer that wants to market a safe
product, to the regulatory agency that wants to ensure that food
products are safe, and ultimately to the consumer who wants to
ensure that they are buying and consuming products that do
not pose any risk of illness or injury. To accomplish this task,
the food industry and food regulatory agencies have relied on
pathogen-speci�c culturing methods that now are referred to as
conventional (or traditional) to distinguish them from
methods that rely heavily on the use of molecular-based
detection (e.g., antibody or nucleic acid based). Conventional
isolation can be subdivided into four stages (Scheme 1).
Preenrichment is generally the�rst stage and involves the
incubation of an analytical test portion (typically 25 g) of the
product in a nonselective (or very mildly selective) and highly
nutrient-enriched liquid broth. The preenrichment incubation
period typically is performed at a speci�ed temperature
generally between 25 and 35� C for a short time period typi-
cally 2–6 h. The result of the preenrichment step is to increase
the yield of subsequent isolation steps. The steps involved in
the manufacturing and preservation of foods can result in
microbial cells that are viable but injured and not readily
capable of growth in the product. The purpose of preenrich-
ment is to allow any injured microbial cells to recover before
being subjected to selective enrichment, which could result in
death of sublethally injured microorganisms. The second stage
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Scheme 1 Typical procedure for conventional isolation of foodborne
pathogens and illustration of points of successful incorporation of vario
formats of immunoassays.
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of most conventional isolation methods is selective enrich-
ment. A small portion (1– 10 ml) of the preenrichment is added
to a moderately to highly selective nutrient rich broth follo-
wed by incubation (18–48 h) at a standard temperature
(25–45 � C). During selective enrichment, the population of the
target foodborne pathogen will increase. The populations of
any nonpathogenic spoilage microorganisms that may have
been present in the analytical test portion remain stagnant or
decrease due to the presence of one or more selectively inhib
itory agents included in the enrichment formulation. Although
growth during this stage usually can be veri�ed visually based
on turbidity, this is not suf �cient to conclude the presence of
any pathogens in the test sample since selective enrichmen
formulations do not exhibit absolute target speci�city (i.e.,
other nontarget microorganisms may be capable of growth
under the broth formulation and incubation conditions used).
To verify the presence of the target pathogen, it is necessary
isolate it in pure culture. To accomplish this, the microbiology
analyst uses a sterile inoculating loop to apply a very smal
amount (5–50 ml) of the selective enrichment culture to the
surface of a selective and differential agar plate in such a way a
to obtain individual well-isolated colonies (i.e., streak plate
method). Typically 24–48 h is required for colony formation.
The media used for microbial selection generally are formu-
lated to allow for colony formation of a narrow range of
microorganisms, including the target pathogen, while pre-
venting or slowing colony formation of other organisms
present in the sample. Like selective enrichment broths, the
isolation media used for colony selection do not generally
demonstrate absolute target speci�city, resulting in the need for
a con�rmation procedure to verify the isolated organism’s
identity to the species or subspecies level. Con�rmation of the
organism’s identity is determined by the results of a series o
organism-speci�c biochemical assays that, among others
include sugar fermentation patterns, amino acid utilization
patterns, and antibiotic resistance.

Although widely used and generally well understood, the
traditional culturing-based methods for microbial detection
have several major drawbacks. First, the amount of time
required for analysis can be lengthy. Conventional analysis can
require from 3 to 6 days for presumptive identi�cation (i.e.,
colony formation on a selective or differential plate) and
5–10 days for con�rmation (i.e., results from biochemical
testing). For commodities with a long shelf life (e.g., frozen and
dehydrated foods), this amount of time is acceptable. Many
foods (e.g., produce and refrigerated seafood), however, hav
a short shelf life, and thus there is a need to be able to rapidly
determine whether the product contains a microorganism
capable of causing human illness. A second limitation is the
physical laboratory space needed to perform the analysis. Th
analytical test portion size for regulatory analysis can range
from 25 to 375 g. Following the addition of the preenrichment
broth at approximately nine times that amount on a per-weight
basis, the analytical test sample can range from 250 to 3750
and require considerable bench and incubator space
us
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Table 1 Partial listing of commercially available immunoassays forSalmonella, Listeria, andEscherichia coliO157 testinga

Immunoassay Organism/target Trade name Manufacturer Detection platform

Latex agglutination Salmonellaspp. Wellcolex colorSalmonella Remel, Inc. Visual
Listeriaspp. Listeriarapid test Microgen Bioproducts, Inc. Visual
E. coliO157:H7 E. coliPro O157 latex Hardy Diagnostic, Inc. Visual

Immunochromatographic Salmonellaspp. Reveal 2.0Salmonella Neogen, Inc. Visual
Listeriaspp. VIP Listeria BioControl, Inc. Visual
E. coliO157:H7 ImmunoCard STAT! EHEC Meridian Biosciences, Inc. Visual

Enzyme-linked
immunosorbent assay

Salmonellaspp. Vidas bioMerieux, Inc. Automated� uorescence
Listeriaspp. Tecra Listeria 3M Visual
E. coliO157:H7 Assurance EIA EHEC BioControl, Inc. Microplate reader

Immunomagnetic separation Salmonellaspp. Lab M Captivate Cruinn Diagnostics, Inv. User determined
Listeriaspp. Dynabeads Invitrogen, Inc. User Determined
E. coliO157:H7 Lab M Captivate Cruinn Diagnostics, Inv. User determined

aThe purpose of this list is to illustrate the wide range of immunoassays that are commercially available and it is not intended to be an exhaustive list. Many companies manufacture
more than one type of antibody-based test kit for multiple foodborne pathogens. A more complete list can be found within the additional reading list at the end of this chapter. The
inclusion of any trade name does not imply endorsement or recommendation by the author or the U.S. Food and Drug Administration nor does any omission imply criticism.
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depending on the total number of samples being analyzed.
When laboratory space becomes limiting, analysis time is no
optimized. Conventional microbial procedures are also labor
intensive. Although the low expense associated with the media
and reagents makes traditional culturing-based approache
appealing, the cost per sample greatly increases when lab
costs are included. Because of these and other limitations, mor
time- and cost-effective means of testing the microbial safety o
food have long been sought.

Immunoassays were the� rst molecular techniques to be
routinely applied to the detection of foodborne microorgan-
isms. The term‘immunoassay’ is general and in a broad sense
can be used to classify any assay that utilizes antibody tech
nology to capture or detect a target organism. One of the
earliest applications of antibody technology for food safety
occurred during the early twentieth century and was used to
subclassifySalmonellaisolates giving us our modern nomen-
clature for that organism. It would not be until much later that
the full potential of antibody-based technologies for detection
of foodborne pathogens would be realized. Improvements in
antibody production resulting in lower costs, improvements in
optics resulting in more sensitive detection, and improvements
in detection platforms would culminate in the development of
the most commercially successful immunoassay technology
the enzyme-linked immunosorbent assay (ELISA). A wide
variety of platforms now are being used in immunoassays
ranging from simple microtiter (96-well) plates to antibody-
labeled � ber-optic biosensors (Table 1).
ll
-

Figure 1 General diagram of antibody-labeled latex beads interacting
with their antigenic target resulting in the formation of a visible precipitate.
Types and Uses of Immunoassays for Microbial
Detection

Latex Agglutination

The latex agglutination (LA) assay is perhaps the simplest of a
antibody-based assays to perform and is commercially avail
able from multiple manufacturers for most recognized food-
borne pathogens (Table 1). The LA assay uses small (< 1 mm)
colored circular latex beads with surface-attached puri� ed
monoclonal or polyclonal antibodies. The formation of
a visible precipitate indicates binding between the antibody-
labeled beads and the target cells (Figure 1). The assay is not
particularly sensitive and typically requires 107 cells or more to
obtain clear visual results. The low sensitivity and the fact tha
this type of assay relies on visual clumping severely limits
its use as a method to screen for pathogens directly from food
and thus cultural enrichment and colony isolation steps are
still required. Often antibody assays that rely on the presence o
cell-surface antigens require that the test isolate be culture
under speci� c conditions to maximize surface-antigen
production and ensure proper functionality of the assay. This
requirement will depend on the nature and levels of the surface
antigen, and speci�c instructions for growth normally will be
supplied by the manufacturer of the test kit. Although this type
of assay could be used to perform species-level con� rmation of
colonies from selective or differential plating media, it becomes
labor intensive if more than just a few colonies are being tested
It usually is preferable to test many colonies from multiple
subsamples to ensure that any of the pathogens present do no
go undetected. Therefore, this assay is typically used aft
puri � ed isolates of the foodborne pathogen have been
obtained and con� rmed by conventional methods or by other
available molecular methods. It frequently is used to ascertain
subspecies-level information about the isolate, such as serotyp
for Salmonellaor Listeria isolates, or to determine whether
a particular isolate ofEscherichia colihas the O157:H7 serotype.
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Most commercially available LA test kits are supplied with
a concentrated solution of antibody-labeled latex beads. Many
suppliers include the appropriate dilution buffer or provide
detailed instructions on how to prepare the dilution buffer.
Also included with the test kits are vials containing latex beads
that are coated with the immunoglobulin fraction from non-
inoculated hosts to be used as a negative control. Most LA tes
kits also come with a vial of inactivated antigen (i.e., the target
pathogen) to be used as a positive control. Inclusion of positive
and negative controls when performing the test is important to
ensure that the assay is functioning properly. To perform the
test, the analyst� rst dilutes (if required) the antibody-coated
latex beads and the control latex beads. The analyst then place
three well-separated drops (approximately 50ml) of test sample
buffer onto the surface of a clean glass microscope slide o
other suitable support, such as the inside lid of a Petri dish. A
portion (half) of a well-isolated suspect colony is removed
from the surface of a Petri plate (or from a solid agar slant if
using a previously puri� ed isolate) using a sterile inoculating
loop. The colony is thoroughly emulsi� ed in one of the three
drops of the test sample buffer on the slide. The remainder of
the colony is emulsi� ed in a second drop of the test sample
buffer on the slide. One drop of the antibody-labeled latex
beads is then added to one of the pools of the emulsi� ed test
isolate on the slide. One drop of control latex beads (negative
control) is added to the other pool containing the test isolate. A
positive-control reaction is prepared by adding one drop of the
positive-control antigen to the third pool of test sample buffer
on the slide. One drop of antibody-labeled latex beads is then
added. The slide is gently rocked from side to side for
approximately 2 min while avoiding cross-mixing of the three
individual reaction pools. A positive result is determined by the
presence of visible granular clumping in the test pool and no
clumping in the negative-control pool.
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Immunodiffusion Assays

The agar immunodiffusion assay is another simple antibody-
based format that can be used in food safety testing. There ar
two fundamental types of agar immunodiffusion assays. The
most basic is the radial single diffusion assay and is performed
by allowing the target antigen to diffuse away from a well into
the agarose matrix containing the antibody. This type of assay i
more suited for analyzing antigens (e.g., exo-toxins, endo
toxins, or puri � ed cell wall-associated proteins) derived from
foodborne pathogens as opposed to intact bacterial cells. A
positive reaction is based on the formation of a precipitate ring
surrounding the well at a distance referred to as the equivalenc
zone. The formation of an antibody–antigen precipitate usually
occurs over a fairly narrow concentration range of both
components. If there is too little or too much of either antibody
or antigen, then the precipitate does not form. Although typi-
cally used for qualitative determination of the presence of an
antigen, this assay can be used at least semiquantitatively
solutions of known concentrations of the target antigen are
available. Commercially available radial immunodiffusion test
kits generally are not available for the detection of antigens
derived from foodborne microorganisms due to the ease in
which these assays can be constructed in the laboratory. A
agarose gel containing the antibody is prepared by heating 0.5
of agarose in 50 ml of phosphate buffered saline (PBS) or other
suitable buffer. Temper the molten agarose at 50� C and then
add the antibody solution at the level needed to achieve a� nal
concentration of 1 mg ml� 1. If the assay is to be used for
routine diagnostic screening, then it might be bene� cial to
perform a series of experiments to determine the appropriate
percentage of agarose and the optimum� nal concentration of
antibody in the gel. Pour the antibody–agarose solution into
sterile Petri dishes or other suitable containers. Once the
agarose has solidi� ed, circular wells should be cut and the
plugs removed. The antigen solutions (typically 25–100 ml) are
added to the wells (multiple samples can be tested on the same
plate depending on the number of wells) and the plates are
read 24–48 h later. If the assay is to be used quantitatively then
equal volumes of antigens of known concentration (standards)
are added to individual wells in addition to the unknown
samples. The distances across the center of each antigen–anti-
body precipitate ring are measured, and a standard curve i
constructed with the antigen concentration on thex-axis and
the square of the diameter on they-axis.

A variation of the radial single-immunodiffusion assay is
the Ouchterlony double-immunodiffusion assay (after the
Swedish scientist that developed the assay). Although th
method is somewhat dated, it is still considered the gold
standard by which other regulatory methods for detection of
extractable antigens are compared. In this format, the antibody
is not added to the agarose matrix but rather is placed in
a central well. Surrounding the antibody well are multiple
equally spaced antigen-containing wells. The antibody and
samples containing the suspected antigen (e.g., bacteria
endotoxin) are added to their respective wells and the plates are
incubated for 24–48 h. Both the antibody and antigen will
diffuse into the agarose and a precipitate line will form at the
point at which equivalent concentrations (equivalence point)
occur. The double-immunodiffusion assay can yield three
distinctly different characteristic precipitate lines (identity,
nonidentity, and partial identity) depending on the antigenic
similarity of the antigens being tested and the homogeneity of
the antiserum that is used (Figure 2). To observe these char-
acteristic precipitate lines, the wells must be positioned in
suf� cient proximity to allow the lines to intersect or cross. If
two adjacent wells contain the same antigen and are teste
against a homogenous polyclonal antiserum, then a single
continuous precipitate line should be observed (identity). If
two adjacent wells contain similar but not identical antigens,
then the precipitate lines will intersect, forming a spur that
extends toward the well containing the antigen with the distinct
antigenic determinant. If the precipitate lines between two
adjacent antigen wells cross, then two distinct antigens, both
capable of binding to the antibody, are present.

The potential for sample matrix interferences and low
sensitivity requires that the test isolate be cultured usually
under speci�c conditions to maximize antigen production.
Depending on the target antigen an extraction step may be
required to release the target from the cytosol of the bacteria
cell. Although this assay can be used to perform species-lev
con� rmation of colonies from selective or differential plating
media, it is time consuming to apply to large numbers of
colonies or samples. This type of assay is best suited fo
determining the presence of toxin production by isolates with
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Figure 3 Reveal� lateral� ow device for the detection ofE. coliillus-
trating both a positive (two lines) and negative (single control line)
reaction. Photo courtesy of Neogen Corporation. Used with permission.

Figure 2 Diagram showing possible results of a double-immunodiffu-
sion assay. (a) Neither sample 1 (S1) or sample 2 (S2) possess any
antigenic similarity to the reference antigen (R). (b) The sample S1
contains the same antigen as the reference resulting in a single cont
uous precipitin. (c) The sample S1 and the reference possess similar
not identical antigens resulting in the formation of a spur. (d) The sam
S1 and the reference possess distinct antigens both capable of react
with the antibody.
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known identity, such as enterotoxin production by Staphylo-
coccus aureus.

The double-diffusion immunoassay is the current standard
for determining Staphylococcal enterotoxin production by
foodborne isolates of S. aureusfrom of� cial test samples. Four
antigen wells are arranged around a central antibody well using
a diamond-shaped pattern. The antiserum is placed in the
central well and a solution containing known enterotoxin
(positive control) is placed in the uppermost well. Superna-
tants from 48 h cultures of S. aureusisolated from the food
source are placed in the two wells adjacent to the well con
taining the known enterotoxin type. The plates or slides are
incubated for 48–72 h at room temperature. If the enterotoxin
from either of the test samples matches the known enterotoxin
standard, then a continuous precipitate line between the anti-
body-control antigen well and the antibody-test sample well
will be observed.
e
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Immunochromatographic Assays

Immunochromatographic assays (also known as lateral� ow
devices or dipsticks) have become as a popular choice for th
rapid detection of pathogens in foods (Table 1). A portion of
the food to be tested is usually placed in an enrichment broth
for an amount of time speci� ed by the manufacture of the
assay. Following enrichment, the test sample is applied to one
end of the device either by immersion or with a transfer pipette.
Detection antibodies that are labeled with colored latex or
nanogold particles are located near the test sample application
point and react with the target antigen (e.g., bacterial cell, toxin,
or other metabolite). Capillary action causes the sample to� ow
along the solid support (typically a nitrocellulose membrane)
until it reaches a prede� ned zone containing immobilized
capture antibodies where the latex or nanogold particle-labeled
antigen is held in place, forming a visible line. Upstream from
the target capture antibodies is typically a second zone tha
contains immobilized antibodies that bind any free latex or
nanogold particles resulting in the formation of a second line
(control line). A positive reaction usually is determined by the
presence of both lines. If only the control line is visible, then no
target antigen was detected and the test functioned normally
(Figure 3). Lateral � ow assays have several advantage
including being rapid (if suf � cient numbers of cells are
present), easy to read, and relatively inexpensive, and they d
not require specialized training by the analyst. The primary
disadvantages to the lateral� ow device are low sensitivity
(>log 10 4.0 CFU ml� 1 is usually required), so test sample
enrichment is needed to detect low levels of foodborne path-
ogens, and the tests are qualitative only (presence/absence),
no information about the numbers of cells present in the
sample is ascertained. Although not currently used to tes
of� cial samples by regulatory agencies, these devices frequen
are used by food manufacturers to con� rm the safety of their
products before delivery to retail stores. Lateral� ow devices can
be used to test for the presence of pathogens in enrichments o
environmental swabs as part of a facility’s food safety compli-
ance program.
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Enzyme-Linked Immunosorbent Assay

ELISA is perhaps the most recognized and the most comme
cially successful of all of the immunoassays adopted for
foodborne pathogen detection (Table 1). The popularity of the
ELISA can be attributed to (1) its relatively good sensitivity
particularly with protein targets (i.e., microbial toxins), (2) low
cost per sample tested, (3) use of the microtiter plate format,
(4) adaptation to automated plate readers, and (4) speed and
ease of use. The ELISA is probably the most versatile of a
the immunoassays applied to foodborne pathogen detection
and has been incorporated at all stages of microbial testing
(Scheme 1). This assay is commonly used to ascertain
subspecies-level information, such as toxin production from
pure pathogen isolates originating from food products. The
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Figure 5 General diagram depicting both direct and indirect detection
ELISA formats.
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ELISA is also routinely used to identify to the species leve
suspected foodborne pathogens following cultural isolation on
selective and differential media, thus eliminating the need for
biochemical testing. The ELISA can be used to rapidly scree
analytical test samples following enrichment for the presence
of foodborne pathogens, thus eliminating a large number of
negative enrichment samples from further conventional isola-
tion and allowing resources to be focused only on those
samples that appear likely to be contaminated with a bacterial
pathogen. This assay can detect fairly low levels of bacteria
toxins from complex food matrices without the need for any or
much puri � cation. The sensitivity of ELISA for bacterial path-
ogens, however, is not adequate and so culture enrichment i
almost always required. Like other immunoassays, the sens
tivity and overall performance of the assay can be in� uenced by
the level of antigen present on the surface of the target ce
and so a second enrichment under de� ned conditions may be
needed.

Unlike with latex agglutination, immunodiffusion, and
immunochromographic assays, it is not possible to directly
visualize the interaction of the antibody with the target
antigen when performing an ELISA. Instead, the association o
the antibody with its target antigen is monitored using the
activity of an enzyme that has been covalently tethered to the
detection antibody without affecting the antibody ’s binding
properties. The most popular enzymes for monitoring anti-
body–antigen interactions are alkaline phosphatase and
horseradish peroxidase.

ELISA systems used for food safety testing are typical
classi� ed based on (1) whether a capture antibody or the
antigen is bound to the solid matrix (Figure 4) and (2) on
which detection antibody possesses the conjugated enzym
(Figure 5). In an antigen-capture ELISA, the antigen (e.g
bacterial protein toxin or intact bacterial cell) is attached
(primarily by hydrophobic interactions) directly to the surface
of the microplate well. Nonbound antigen is removed by
washing the wells with buffer. Because antibodies can adsor
directly to the surface of the wells (i.e., nonspeci� c binding), it
is important that any areas of the well not occupied by the
target antigen be blocked using a nonreactive protein, such a
milk protein (casein). The enzyme-labeled antibody is subse-
quently added, and following a short incubation, the microtiter
plates are once again washed with an aqueous buffer to remov
any nonbound labeled antibody. The presence of the targe
Figure 4 General diagram depicting both antibody- and antigen-captu
ELISA formats.
antigen is con� rmed following the addition of the appropriate
substrates for the particular enzyme conjugated to the detection
antibody. In an antibody-capture ELISA, a nonlabeled antibody
(the capture antibody) is bound to the surface of the microtiter
plate well. Any areas of the well that are not occupied by the
capture antibody are blocked to prevent nonspeci� c binding
during subsequent additions of the detection antibody. The test
sample is applied and the bacterial cell or protein toxin is
speci�cally bound by the capture antibodies attached to the
surface of the plate. A wash step followed by a blocking step is
typically included to remove nonspeci� cally bound cells or
protein and prevent nonspeci� c binding by the detection
antibody. An enzyme-labeled detection antibody is then
applied and following the addition of substrates produces
a colored signal indicating the presence of the target antigen
A particular ELISA may utilize one or two detection antibodies
for antigen identi � cation. In a direct ELISA, the enzyme is
conjugated to the primary antibody that speci� cally recognizes
the target antigen (e.g., rabbit anti-Listeria IgG for a Listeria
detection ELISA). If the primary antibody is not labeled with
the enzyme, then it becomes necessary to add a seconda
enzyme-labeled antibody. The secondary antibody does no
recognize the antigen but rather binds to the primary antibody
(e.g., goat antirabbit IgG if the primary antibody was generated
in rabbit) that is attached to the antigen. This type of assay is
referred to as an indirect ELISA. Similar to other ELISA formats
washing and blocking nonspeci� c binding sites are important
to minimize false-positive reactions.
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Immuno�uorescence Assays

The previously mentioned assays have relied on the formation
of a visible precipitate, the attachment of colored particles, or
the activity of an attached enzyme to obtain visual results. The
availability of techniques to label antibodies with � uorescent
molecules results in a classi� cation of immunoassays known as
immuno � uorescence assays. The most popular format for thi
assay is the microtiter plate. The immuno� uorescence micro-
plate assay is similar to the ELISA except that instead of labelin
the detection antibody with an enzyme, a� uorescent molecule
is attached. Fluorescent antibody assays can be direct or indire
depending on whether the primary detection antibody is
labeled or whether a labeled secondary antibody is needed to
detect the antigen. Commercially available immuno� uores-
cence assays, including some automated assay systems,
re



ds
f

e

s
-

e

x

n

e

-

of

o

.

le
r

e
ut

in
e
e

l
e

c

.

-

Figure 6 Vidas� automated immuno� uorescence assay system. Photo courtesy of bioMerieux, Inc. Used with permission.
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available for the majority of recognized foodborne pathogens
(Figure 6).

The microbead (or microsphere) is also another popular
format for � uorescent antibody-based assays. The microbea
can be � uorescently dyed, providing a convenient means o
tracking which antibody is attached. In this way, multiple
unique colored polystyrene beads each possessing a uniqu
surface attached polyclonal or monoclonal antibody can be
used to capture multiple target microorganisms in the same
multiplex detection assay. The food sample typically undergoe
selective enrichment to increase the numbers of target patho
gens and to reduce any potential interferences from the food
matrix. An aliquot of the enrichment is typically removed, and
the bacterial cells are recovered by centrifugation and ar
washed several times to remove any potential food matrix
components that might interfere with either the capture or
subsequent detection of any pathogens present. For a multiple
detection, the pool of antibody-labeled microbeads is then
added to the washed and resuspended cells. Target pathoge
present in the sample will bind to the surface of the micro-
sphere possessing their respective capture antibody. Th
microbeads are washed and a primary detection antibody
labeled with a � uorescent probe (e.g.,� uorescein) is added.
Following a second wash step to remove any nonspeci� cally
bound detection antibody, the presence of the target pathogen
can be determined using a specially designed� ow cytometer
that can register the� uorescent color of the bead, thereby
determining which target is being monitored and can register
the � uorescence associated with the primary detection anti
body, thereby con� rming the presence of pathogen. Immu-
no� uorescence assays can be incorporated at any stage
a conventional microbial detection procedure. To maximize
sensitivity, it is usually necessary for the test sample to underg
some form of enrichment and a secondary enrichment may be
needed to ensure high levels of cell-surface antigen production
Aliquots from the enrichment broth can be screened for the
target pathogen using either the microtiter plate or the micro-
sphere formats if wash steps are included to remove test samp
debris. Either format can be used to determine species o
subspecies-level con� rmation of isolated colonies from selec-
tive or differential agar plates.
The enzyme-linked� uorescent assay (ELFA) is another typ
of immuno � uorescence assay and is similar to the ELISA, b
instead of using a substrate that results in the formation of
a colored product, the enzyme uses a substrate that results
a � uorescent product. The enzyme alkaline phosphatase can b
used for both ELISA and ELFA formats. For an ELISA, th
substrate is p-nitrophenyl phosphate and the product is
the yellow-colored p-nitrophenol. For an ELFA, the substrate is
4-methyl umbelliferyl phosphate and the product is the � uo-
rescent methyl umbelliferyl.
Immunomagnetic Separation

Antibody-based analytical technologies are extremely usefu
in the area of foodborne pathogen detection. These sam
antibody–antigen interactions can be exploited to develop
technologies for capturing and concentrating foodborne path-
ogens, thus eliminating the need for a lengthy selective
enrichment step. The use of a capture antibody is not new and
frequently is seen in antibody-capture ELISA and microbead
formats. The development of paramagnetic particles to which
pathogen-speci� c antibodies could be attached led to the
development of a novel bacterial cell-capture technology
known as immunomagnetic separation (IMS). Paramagnetic
particles are magnetized only in the presence of a magneti
� eld. This is important because otherwise the particles would
be attracted to one another, leading to the formation of
clumps, which would make them dif � cult to disperse in the test
sample matrix and reduce the overall sensitivity of the assay
Depending on the nature of the test sample and the anticipated
level of pathogen contamination, IMS can be used to capture
target microorganisms directly from a liquid food or from
a food blended in an appropriate buffer. It is important to have
a well-blended sample to release any entrapped microorgan
isms and to ensure thorough mixing of IMS particles with the
sample. Immunomagnetic capture can be performed manually
with analytical sample volumes, ranging from less than 1 ml to
approximately 50 ml using commercially available magnetic
stands. Automated IMS systems that can be used to speci� cally
capture foodborne microorganisms have been developed
(Table 1). The Pathatrix� system by Matrix Microscience,
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Figure 7 A commercially available automated immunomagnetic
capturing system. Pathotrix� Auto Instrument by Life Technologies.
Photo used with permission.
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Incorporated is a popular automated IMS system (Figure 7).
The test sample is blended in a buffered solution and is
constantly recirculated over antibody-labeled paramagnetic
beads that are held in place by a built-in magnet. After recir-
culating the sample for a predetermined amount of time, any
food matrix debris and nontarget microorganisms that may
have been captured by nonspeci� c interactions are removed by
circulating a buffered wash solution. The IMS beads are then
removed from the system and the presence of the targe
organism is con� rmed. Because IMS is a preanalytical tech
nique, pathogen identity determination can be made using any
technique, including conventional culture, PCR, or another
immunoassay (e.g., ELISA), chosen by the analyst. Th
BeadRetriever� system by Invitrogen Corporation is another
popular automated IMS system. For this system, IMS beads a
added to the test sample, which may be blended in buffer if
needed. A magnetic rod is then automatically inserted
attracting the IMS beads. The rod then retracts and moves th
captured beads to a tube containing wash solution to remove
any test sample matrix debris or nonspeci� cally bound
microorganisms. The magnetic rod then moves the beads to
a new tube of buffer where the beads are released and ready f
analytical processing.
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Next-Generation Antibody-Based Foodborne
Pathogen Detection

The purpose of any new technology or improvement in
an existing foodborne pathogen-detection technology is to
(1) increase sensitivity and accuracy of the analysis, (2
decrease the length of time required to perform the analysis
and (3) decrease the complexity of the assay to minimize
analyst error. Applications of immunoassays at various stage
of conventional pathogen detection (Scheme 1) have resulted
in improvements in detecting foodborne pathogens from
complex foods and have contributed signi�cantly to improving
the safety of the global food supply. Gastrointestinal illness
resulting from bacterial contamination of food still occurs on
both a small and large scale. Additionally, improvements in
epidemiological tracking now allow regulatory agencies to
identify outbreaks based on individual cases that in the past
would have gone unnoticed. In recent years, incidences o
foodborne illness have received considerable media attention
and so there is increased pressure on both the manufacture
and regulatory agencies to continually implement improved
detection technologies. The fundamental applications of anti-
body–antigen reactions have not changed much in the next-
generation immunoassays. Improvements in the test platforms
in which antibodies are used and improvements in optical
sensing, however, are resulting in more sensitive, portable, an
robust assays. Many of the next-generation immunoassays ca
be broadly classi� ed as optical biosensors and include tech-
niques such as� ber-optic biosensors and surface plasmon
resonance (SPR). The� ber-optic biosensor is an excellent
example of a classic antibody–antigen format that is being
applied to a new detection platform. Capture antibodies are
attached to a piece of� ber-optic cable as opposed to the well of
a microtiter plate as is commonly used in the ELISA. The� ber-
optic cable is then exposed to the test sample and the antige
(e.g., bacterial cell or preformed toxin), if present, will bind to
the capture antibodies. To obtain an optical signal, a second
detection antibody that has been labeled with a� uorescent
moiety is added. The� uorescent detection antibodies are not
directly excited by light but are excited by the low-intensity
evanescent wave that is generated by a process known as to
internal re� ection (TIRF). Light of the appropriate wavelength
to excite the � uorescent moiety on the detection antibody
travels through the � ber-optic cable and is re� ected when it
encounters a change in the refractive index. This is achieved b
the � ber-optic cable design. The core of the� ber-optic cable
through which the light travels is surrounded by a layer of
lower refractive index material known as cladding. This clad-
ding is responsible for the TIRF effect. Although the light is
totally re� ected, a low-intensity evanescent wave will penetrat
the solution a short distance and is capable of exciting the
� uorescent detection antibody on the surface of the� ber-optic
cable. Because the distance that the evanescent wave travel
very short, only those � uorescent molecules right near the
surface of� ber-optic cable are illuminated, greatly reducing the
background � uorescence and improving sensitivity.

In SPR, polarized light passes through a prism unde
conditions of TIRF and strikes the surface of a glass chip. Th
resulting evanescent wave interacts with a gold layer that i
located on the surface of a chip at the buffer interface, generatin
electron charge density waves (i.e., plasmons) that result in the
reduction of the intensity of the re� ected light. This is known as
the SPR effect. If target antigens bind to the surface of chip, ther
is a resulting change in the refractive index that alters the angl
of the incidence need to create the SPR effect. It is the change
angle required to generate the SPR effect that is monitored.
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Conclusion

Antibody-based detection assays have emerged as a power
implement in the microbiologist ’s toolkit. Detection formats
ranging from simple visual precipitation on the surface of glass
slides to � uorescent molecule-labeled antibody detection on
the surface of� ber-optic cables are available or are becoming
available. Antibody detection assays have been successfu
applied at all stages of conventional foodborne pathogen
detection, lessening the need for selective and differentia
plating or biochemical testing for species-level identi� cation.
Immunoassays have been invaluable in providing subspecies
level identi� cation and our current nomenclature for Salmo-
nella entericais based on antibody reactivity. The food supply is
ever changing and new technologies within processing, trans
portation, and retail are being implemented constantly to keep
up with consumer demand for wholesome, safe, and nutritious
foods. The continued application and development of new
technologies involving the use of immunoassays will likely
play a key role in protecting human health by ensuring that the
foods we consume are free of pathogenic microorganisms.
ualBAM/

ealth and
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rne pathogens.
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Disclaimer

The inclusion of speci�c trade names or technologies is the sole
discretion of the author and does not imply endorsement by
the U.S. Food and Drug Administration (FDA) nor criticism of
similar commercial technologies not mentioned. The opinions
expressed are those of the author and are not the of�cial
position of any regulatory authority including the U.S. FDA.
m
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. Biotechnology
See also:Biosensors– Scope in Microbiological Analysis;
Clostridium:Detection of Neurotoxins ofClostridium botulinu;
Enzyme Immunoassays:Overview;Immunomagnetic Particle-
Based Techniques:Overview;Listeria:Detection by
Commercial Immunomagnetic Particle-Based Assays and
Commercial Enzyme Immunoassays;Salmonella:Detection by
Immunoassays;Staphylococcus:Detection of Staphylococca
Enterotoxins;VerotoxigenicEscherichia coli:Detection by
Commercial Enzyme Immunoassays.
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Introduction

The ability to identify microorganisms as belonging to a genus
or species of clinical interest is essential for the medica
management of patients and depends on a well-established
taxonomy and a nomenclature as stable as possible. Th
identi�cation of a species and the recognition of its pathoge
nicity or its intrinsic resistance to antibiotics allows for a precise
microbiological diagnosis and a suggestion of suitable treat-
ment. Traditionally, the management of patients suspected to
have a bacterial infection proceeds along two tracks: the�rst
aiming at the identi�cation of the pathogen at the infection
site, and the second at�nding the best therapeutic option using
an empirical antibiotic regimen with the understanding that
adequate antimicrobial treatment can reduce morbidity and
mortality.

Classically, the identi�cation of microorganisms initially is
based on simple tests (e.g., of the appearance of colonie
culture requirements, Gram staining, mobility, etc.), the results
of which guide the choice of biochemical tests (e.g., of the
presence or absence of enzymes, sugar utilization, etc
Combining these traits with antimicrobial resistance pheno-
types then allows a reliable identi�cation. Identi�cation
systems using miniaturized biochemical tests, such as the API�

strips, are popular because of their ease of use and their ef�-
ciency in identifying the principal bacteria isolated in medical
practice. The automated reading of test strips coupled with the
determination of antibiotic susceptibility in liquid medium has
led to the development of various commercial identi�cation
systems (e.g., Vitek2�, BioMérieux; Phoenix�, Becton Dick-
inson; WalkAway�, Siemens). All these systems require th
growth of the microorganism, usually obtained in 24 h or less
with some automates. Phenotypic analysis takes several hou
and, in some cases, can be imprecise in species determinatio
Phenotypic markers for bacterial typing may vary due to envi-
ronmental changes (e.g., in the culture conditions). Although
some of the tests are performed within minutes, complete
identi�cation requires approximately 18 h after culture in
a large number of cases or even more for fastidious organisms
With antibiotic susceptibility testing conducted in parallel, the
resistance phenotype can help to interpret the results of the
identi�cation. This approach often requires pure culture of
the bacteria and identi�cation is achieved within 48 h at best
after reception of the clinical sample. This time is increased
greatly if growth of the organism is slow or dif�cult if the
resistance phenotype does not provide any clue. Alternatively
molecular biology enables rapid bacterial identi�cation using
the polymerase chain reaction (PCR), which is one of the most
sensitive tests. Most PCRs used for bacterial identi�cation target
conserved genes such as those coding for ribosomal RNA, RN
polymerase (rpoB), or elongation factors. Molecular biological
methods have numerous advantages. First of all, PCR theore
ically permits the identi�cation of slow-growing organisms and
326 Encyclopedia of Food
has been used to establish the pathogenicity of uncultivable
organisms. Results generally are obtained in a short time
especially if real-time PCR is used. Unfortunately, the infor-
mation obtained is not always suf�ciently discriminating for
identi�cation to the species level. Ampli�cation of additional
target genes is then required. These molecular biology–based
identi�cation techniques require a high level of technical
expertise, remain costly, and therefore are not suitable fo
routine identi �cation. Other techniques using DNA chips or
microarrays have also been implemented; however, cost an
workload requirements currently preclude their routine use.

New approaches are required for rapid analysis of bacteria in
clinical microbiology laboratories to improve patient care.
Among recent developments in bacterial identi�cation, the use
of protein pro �les obtained by matrix-assisted laser desorption
and ionization time-of- �ight mass spectrometry (MALDI-TOF-
MS) directly from colonies was proposed and proved successfu
One approach to bacterial identi�cation involves acquisition
of the masses of proteins produced by bacteria. Characterist
proteins could be used to identify bacteria to the genus, species
and sometimes subspecies level. Identi�cation relies on the
production of mass spectral �ngerprints of proteins and
comparison of unknown spectra to spectra in a database. Whe
bacteria are deposited onto the target plate, acquisition of
spectral�ngerprints by the mass spectrometer only takes a few
seconds, allowing de�nitive identi �cation within minutes.
Regardless of the purchase price of the mass spectrometer, t
average cost for one identi�cation (consumable) is lower than
that of a conventional phenotypic identi�cation. This new
proteomic approach allows for rapid and accurate identi�cation
of bacteria as well as yeasts and fungi.
MALDI-TOF-MS

Technical Remarks

The applications of mass spectrometry are very wide, including
highly accurate analysis of peptides and determination of
peptide sequences to identify and characterize the state o
proteins in biological samples. The intrinsic property of a mass
spectrometer is to measure the mass-to-charge ratio (m/z, with
m the atomic mass in Dalton and z the number of elementary
charge units) of molecules. Three steps can be individualized
ionization, mass separation, and detection.

Soft ionization techniques such as MALDI and electrospray
ionization (ESI), which were introduced in the late 1980s, have
largely overcome the problem of harsh ionization. Indeed, it
allows for the detection of macromolecules in complex
mixtures without prior puri �cation of samples. With soft
ionization, it became possible to detect large fragments and
protein complexes, thus opening new avenues for analysi
impossible until then. Of these two techniques, MALDI-TOF-
MS proved to be most effective for bacterial identi�cation.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00419-5
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Figure 1 The general scheme of identi� cation by MALDI-TOF-MS. The� rst step is the deposit of whole bacteria onto the metallic plate, together with
a matrix. After cocrystallization, the plate is introduced into the apparatus and the sample is irradiated with a laser, generating a protein pro� le (mass
spectral� ngerprint). The unknown pro� le is compared with those in the database and the best match is considered for identi� cation.
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The MALDI process involves a transfer of energy from
photons to the sample, which has been mixed with an exces
of appropriate organic matrix. Brie� y, the isolated microor-
ganism is deposited onto a stainless steel plate together wit
a matrix solution that cocrystallizes after desiccation on the
plate (Figure 1). The choice of the matrix depends on the
nature of the sample studied. The matrices most commonly
used are 2,5-dihydroxybenzoic acid (gentisic acid or DHB)
3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid), and
a-cyano-4-hydroxycinnamic acid (a-CHCA). DHB allows the
study of oligosaccharides, glycopeptides, and glycoproteins
Overall, the DHB is more ef� cient for low–molecular weight
components and sinapinic acid and a-CHCA allow for the
study especially of proteins. In all cases, after evaporation o
the solvents, the matrix cocrystallizes with the sample and
the sample–matrix mixture then can be analyzed. MALDI-TOF
analysis of a number of microorganism does not require any
preliminary puri � cation because bacteria are lyzed following
exposure to the organic solvent and matrix used for the
analysis.

The plate is introduced into the mass spectrometer and the
surface then is irradiated with a laser, most often a 337-nm
nitrogen laser, and the process of ionization is started. Once the
matrix absorbs the energy, the analyte is lifted into the gas
phase by the expanding plume of matrix molecules. The
MALDI process is suited for ionizing large, nonvolatile mole-
cules, such as peptides, proteins, oligonucleotides, and oligo
saccharides. Spectra are characterized by low-charge sta
contrasting greatly with those produced by ESI. MALDI is
known to tolerate samples contaminated with small amounts
of salts, buffers, and detergents; however, high concentration
of contaminants commonly found in analyte solutions can
interfere with the desorption–ionization process. Subse-
quently, a packet of analyte molecules is desorbed into the ga
phase and accelerated to a� xed kinetic energy by an electric
� eld. During their � ight through the � eld-free region of the
� ight tube (time-of- � ight, TOF), ions are separated according
to their m/z charge ratio during the� ight. The proteins arrive in
the detector in a sequential order inversely proportional to
their mass, generating a protein pro� le (mass spectral
� ngerprint).

The detection of mass spectral� ngerprints has become
a convenient tool for the rapid analysis of bacteria. The method
analyzes the pro� les of bacterial components that are extracted
from intact bacteria (Figures 2 and 3). The � rst report
proposing bacterial identi� cation based on MALDI-TOF-MS
analysis was by Holland and coworkers (1996). Unlike in
previous studies, the bacteria did not undergo any treatmen
before analysis. The same year, Krishnamurthy et al. (1996
reported similar results of bacterial identi� cation by
MALDI-TOF. They obtained spectral� ngerprints of pathogenic
species, such asBacillus anthracis, Brucella melitensis, Yersinia
pestis, and Francisellatularensis. Since then, the number of
publications concerning the identi� cation of bacteria, but also
molds and yeasts, has increased exponentially.
,

Calibration, Maintenance, and Quality Control

It is absolutely indispensable to regularly calibrate the spec
trometer. Usually, this is not done by the microbiology labo-
ratory staff but rather by the technical team of the
manufacturer. This operation requires the test of instrument
function, optimization of instrument parameters, and calibra-
tion of the mass scale with known peptide standards.

Maintenance is especially important for the laser source tha
may be soiled by bacterial particles deposited during analysis
Maintenance also prevents vacuum failures that typically are
due to inadequate sealing of plastic joints because of the
accumulation of dust or loss of joint elasticity with time.

We recommend using both positive and negative controls.
In addition to commercial positive controls, such as the Bruker
Bacterial Test Standard (RNAse A, myoglobin, and lyophilized
Escherichia coli), different American type culture collection
(ATCC) strains may be used. External controls are not ye



Figure 3 Spectral� ngerprints obtained from colonies of� ve differentStaphylococcus species. This� gure shows that the� ngerprints of� ve different
species belonging to the same genus are distinct, allowing easy identi� cation. The matrix used was CHCA.

Figure 2 Spectral� ngerprints obtained from whole colonies of� ve bacterial species. This� gure shows that the spectral� ngerprints are distinct
for different genera and species. For the database setup, species-speci�c peaks are selected, allowing for easy identi� cation. The matrix used was CHCA.

328 IDENTIFICATION METHODSj IdentiÞcation of Clinical Microorganisms with MALDI-TOF-MS in a Microbiology Laboratory
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available but are warranted. Negative controls are especial
important when using a metal multiusage microplate, since
even with thorough washing, errors may occur due to residua
ribosomal proteins.
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Sample Preparation

Currently, the deposit in ‘thick drop ’ of a-CHCA on the dry
sample is used widely for routine identi� cation, and the crys-
tallization obtained is homogeneous (in contrast to what is
obtained with DHB), allowing an automatic use of acquisitions
by the spectrometer with a high quality of spectra. Other
deposition techniques may involve the use of a‘thin � lm’ or
a ‘sandwich.’

Various parameters in� uence the crystallization (e.g.,
thickness and consistency of the dried sample). For a give
species, mass spectral� ngerprints are different depending on
the matrix used (Figure 4). These observations stress the nee
for careful attention to sample preparation to obtain optimal
reproducibility.

Mass spectral� ngerprints obtained with MALDI-TOF-MS
indirectly are based on the analysis of the bacterial proteome
which varies with culture media and incubation times. Several
studies have investigated the impact of culture-dependen
growth conditions and have all found variations in spectral
� ngerprints. Identi� cation was not substantially affected,
Figure 4 Spectral� ngerprints of the same strain ofSalmonella typhimuriumob
repeats with the DHB matrix and the two bottom spectra with the CH
apparent in relative intensity, presence, or absence of some peaks.
however. Incubation time also in� uences the quality of spectra.
When experimental and environmental conditions are
controlled, however, the technique is reproducible.

Finally, several studies dealt with the differences observe
when a given sample was analyzed with two different mass
spectrometers. For Williams et al. (2003), spectra were ver
close, with an overlap of 60% of the peaks and with most of the
differences relating to relative peak intensity.

Despite signi� cant variation in mass spectral patterns
which result from changes in experimental conditions, many
peaks remain unaffected. These peaks have the great
potential for use as biomarkers in bacterial identi� cation. It is
then necessary to vary the experimental conditions for eac
strain to appreciate variations linked to these conditions.
When sample treatment and analysis conditions have been
optimized, it becomes possible to identify with con� dence
species-, genus, and strain-speci� c protein biomarkers in the
bacterial spectra. Once the majority of the experimenta
parameters are standardized, reproducibility and accuracy o
identi � cation are reliably obtained, with good agreement
among laboratories.
Development of Databases

The development of databases for routine identi� cation is
based on the points raised previously. Several strategie
tained with two different matrices: DHB and CHCA. The two top spectra are
CA matrix. Considered globally, the spectra are quite similar, but differences are
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currently exist, all with the objective to select the peaks speci� c
for a given species. Emonet et al. (2010) recently reviewed i
detail the principles of three major databases (Biotyper� ,
Bruker Daltonics, Bremen, Germany; SARAMIS� , AnagnosTec/
bioMérieux, Marcy l’Etoile, France; ANDROMAS� , Paris,
France) that allow for bacterial identi� cation by MALDI-TOF-
MS. The identi� cation of microorganism is based on the
comparison of spectra obtained from those contained in the
reference databases. As for analysis of nucleotide sequenc
using Basic Local Alignment Search Tool (BLAST) and FASTA
DNA and protein sequence alignment software package), the
highest correlation (matches) is retained and the results are
given with a similar coef� cient. The progress in the� eld of
genomics with the increasing number of sequenced genome
has allowed for the identi� cation of certain peaks in the spec-
tral � ngerprints. It is now established that the vast majority of
peaks between 2 and 20 kDa is derived from basic proteins tha
are ionized ef� ciently under acidic conditions, especially
ribosomal proteins and proteins coded by housekeeping genes
which explains in part the constant and species-speci� c spectra
despite variations encountered in different acquisitions.
Among other identi � ed proteins are heat and cold shock
proteins, DNA-binding proteins, and RNA chaperones.

Databases have been developed using two main strategie
The � rst consists of engineering a comprehensive database
which a large number of peaks are retained for each referenc
strain, neglecting a smaller number of potentially species
speci�c peaks. This strategy requires the use of several ref
ence strains for each species. When a given strain is tested, t
species assigned to this strain is that of the species of th
reference strains with the best match. The second strateg
retains for each species a limited number of prominent
conserved peaks identi� ed after analysis of a limited number of
strains representative of the species. These peaks then are lik
to be species speci�c and yield a spectrum that is searched fo
when an unknown strain is tested. The database develope
with the latter approach holds a limited amount of data, and
the identi� cation of the tested strain is likely to be less in� u-
enced by the growth conditions.
-
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IdentiÞcation by MALDI-TOF-MS in the Routine
Medical Microbiology Laboratory

Intact Bacteria

Although mass spectrometers are very sophisticated instru
ments, specialists in mass spectrometry and commercia
distributors have made these complex devices available for us
by nonspecialists. After a modest beginning, MALDI-TOF-MS i
now being set up in most medical laboratories and its user
friendliness is making it rapidly an essential element in routine
bacterial identi� cation. An exhaustive review of all microor-
ganisms identi� ed using this methodology recently was pub-
lished (Seng et al., 2010).

The general scheme of identi� cation by MALDI-TOF-MS is
shown in Figure 1, and a detailed protocol of the individual
steps can be found in the publication by Freiwald and Sauer
(2009). The microorganisms to be identi� ed are taken from
colonies growing on solid media or from liquid culture. This
step simpli� es the sample preparation and is called
acquisition of intact bacteria. It is fast and can be performed by
personnel unskilled in mass spectrometry. The bacteria ar
deposited in a spot directly onto the metal support without
further puri � cation. Obtaining a high-quality spectrum
essentially depends on the quality of the spot. Little material is
needed to obtain a spectral� ngerprint of high quality and
dif � culties arise only if the spot is of poor quality or contains
excess of material. More complex protocols have been sug
gested to increase the quality of spectral� ngerprints, but in
most cases of routine use they are not needed. For certa
microorganisms, however, such as yeasts or mycobacteri
some authors recommend an initial extraction step to increase
yields.

Use of MALDI-TOF-MS in a routine clinical microbiology
laboratory was � rst described in 2009. A large number of
strains were studied: 1660 strains belonging to 45 genera
including 109 species, with 1–347 isolates per species. This
study con� rmed the excellent results obtained with this tech-
nology, with more than 95% correct identi� cation, 84% at the
species level and 11% at the genus level. In 46 cases (2.8%
strains were not identi� ed, and in 28 cases (1.7%), the iden-
ti � cation was erroneous, despite a high score allowing resu
validation. The main dif � culties were observed with strepto-
cocci, including Streptococcus pneumoniaeand Streptococcus miti,
which are related species giving close spectra. Misidenti� cation
of streptococci may have clinical consequences. More surpris
ingly, correct identi� cations of staphylococci were less frequen
than those obtained in previous studies with a different data-
base system. Erroneous identi� cations were obtained for some
strains of Stenotrophomonas maltophilia, Propionibacterium acne,
and Shigellaspp. ForP. acnes, the authors hypothesized that the
unique spectrum may not be representative of the true diversity
of P. acnespro� les and that the inclusion of additional P. acnes
spectra in the database might increase correct identi� cations.
Amiri –Eliasi and Fenselau also estimated that the average tim
to transmit the results to physicians was less than 10 min and
that an identi � cation was three to � ve times less expensive
compared with what is obtained with conventional identi � ca-
tion systems. The authors did not observe any discrepancie
between results obtained with MALDI-TOF-MS or Gram
staining, suggesting that MALDI-TOF-MS could make Gram
staining redundant. These results con� rm the usefulness of
MALDI-TOF-MS in microbiology laboratories but they also
stress the importance of updating databases to� ll certain gaps
or to improve the identi � cation of some species, especially o
S. pneumoniae.

In all studies, the identi� cations to the genus and species
level varied from 95% to 98% and from 85% to 95%, respec-
tively. Such excellent results were obtained comparably with
the Biotyper, SARAMIS, and ANDROMAS systems. They mu
not obscure some dif� culties that all systems face, some o
them major (Table 1), especially with Gram-positive bacteria.
The distinction between S. mitis/Streptococcus oralisand
S. pneumoniaeis virtually impossible. It is recommended to use
a conventional test (e.g., of the sensitivity to optochin), which
can be done along with antibiotic susceptibility testing.
Recently, Werno et al. (2012) identi� ed peaks allowing the
distinction between S. pneumoniaeand the closely related
S. mitisgroup. The dif� culty in this particular distinction is not
speci�c for MALDI-TOF-MS but also arises with multilocus



Table 1 Summary of major studies using MALDI-TOF for bacterial identi� cation

Authors/Journal Sample Id species level Id genus level Main identiÞcation difÞculty Comments

Seng, et al., 2009. Clinical Infectious Diseases
49, 43–51

Routine (n¼1660) 83.8% 95% Propionibacterium acnes First-line method of identi� cation
Streptococcus pneumoniae
Stenotrophomonas maltophilia
Shigellasp.

van Veen, et al., 2010. Journal of Clinical
Microbiology 48, 900–907

Routine (n¼980) 92% 98.8% Streptococcus pneumoniae
Anaerobic bacteria

Blondiaux, et al., 2010. Pathologie-Biologie
(Paris) 58, 55–57

Routine (n¼362) 72.9% 87% Viridans streptococci group
Shigellasp.

Bizzini, et al., 2010. Journal of Clinical
Microbiology 48, 1549–1554

Routine (n¼1371) 93.2% 98.5% Shigellasp. An extraction step increases yields (22.9%)
Streptococcussp. Mistakes in taxonomy

Gravet, et al., 2010. Pathologie-Biologie
(Paris) 59, 19–25

Routine (n¼10 000) nd 98.8% Corynebacteriumsp. First-line method of identi� cation
Streptococcussp.

Bessède, et al., 2010. Clinical Microbiology
and Infection 17, 533–538

Routine (n¼1013) 97.3% 99.0% Acinetobactersp. An extraction step increases yields (14.7% to species
level)

Streptococcus pneumoniae Insuf�cient number of strains in the database for some
species

Dauwalder, et al., 2011. BioTribune 37, 30–35 Routine (n¼323) 94.4% 98.5% Streptococcus, Enterococcus Routine use of the Axima/Saramis/SirWeb MALDI-TOF
system

Anaerobic bacteria
Corynebacteriumsp.

Benagli, et al., 2011. PLoS One 6, e16424 Routine (n¼1019) nd 98.0% Study of the sensitivity and speci� city of MALDI-TOF
Lower sensitivity forK. oxytocaandE. cloacaespecies

Sogawa, et al., 2011. Analytical Bioanalytical
Chemistry 400, 1905–1911

Routine (n¼468) 91.7% 97.0% Stenotrophomonas maltophiliaComparison of three MALDI-TOF of different range
(Bruker)

No identi� cation with mucous trains
(K. pneumoniae, S. pneumoniae, P. aeruginosa)

Neville, et al., 2011. Journal of Clinical
Microbiology 49, 2980–2984

Routine (n¼927) 85.0% 96.0% Streptococcus pneumoniae
Viridans streptococci group

GN, Gram negative; GP, Gram positive; nd, no data.
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332 IDENTIFICATION METHODSj IdentiÞcation of Clinical Microorganisms with MALDI-TOF-MS in a Microbiology Laboratory
sequence analysis. On the other hand, beta-hemolytic strep
tococci – such as Streptococcus pyogenes(GAS), Streptococcu
agalactiae(GBS), or Streptococcus dysgalactiae– do not present
major dif � culties in identi � cation as shown by a recent study
(Cherkaoui et al., 2011). The Enterobacteriaceae are identi� ed
correctly in 97–99% of cases. It is currently impossible to
distinguish Shigella spp. from E. coli by MALDI-TOF-MS.
Dif � culties in the identi� cation of microorganisms vary from
one study to another (Table 1). This can be explained by the
spot quality, which may be inadequate with some colonies
(e.g., mucous colonies ofPseudomonas aeruginosa) or encrusted
colonies of Eikenella corrodens. Dif � culties may arise because
some bacterial genera inherently yield fewer peaks (e.g
Nocardiaspp., Propionibacteriumspp.).

The identi� cation of mycobacteria is more delicate, and
obtaining proper quality spectra requires special protocols for
sample preparation. Results depend on the sample preparation
protocols as well as on the methods of comparison of spectra
their quality, and the number of species represented in the
database.

At present, two studies have compared the Bruker system
with the AXIMA@SARAMIS system of Shimadzu. In routine
use, correct identi� cation to the species level varied from 93.6%
to 95.3% and from 88.3% to 93.4%, respectively, with the
Bruker and Shimadzu systems.
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Detection of Microorganisms Directly from Clinical Sample

MALDI-TOF-MS can be applied to identify bacteria directly
from clinical samples such as culture-positive blood or urine
(for a recent review, see Drancourt, 2010). This possibility may
be particularly attractive for the early management of septic
patients.

For blood samples, the important � rst step consists of
separating the bacteria from cellular components that impede
identi � cation. Whatever the protocol used, different centrifu-
gation steps are needed, followed by lysis of blood cells. The
percentages of correct identi� cation to the species level were
found to vary from 31.8% to 95%, depending on whether
Gram-positive or Gram-negative species were analyzed an
what protocol was used (Table 1). The quality of the culture
media is critical; in particular, the presence of coal makes
identi � cation dif � cult, notably that of Gram-positive cocci.

Identi � cation directly from urine samples (Table 2) has
been reported recently (Ferreira et al., 2010). A total of 260
samples, detected as positive by the screening device (� ow
cytometry UF-1000i, bioMérieux), were processed using both
culture and MALDI-TOF-MS. As with culture-positive blood,
several centrifugation steps are needed before samples a
deposited onto the MALDI plate. Twenty samples turned out
negative with both procedures. Overall, correct identi� cations
to the species and genus levels were obtained for 79.2% an
80% of the samples, respectively. MALDI-TOF-MS seemed
require high bacterial densities for reliable scores. For the 22
microorganisms causing urinary tract infections, with counts of
>10 5 cfu ml� 1, correct identi� cations to the species and genus
levels were obtained in 91.8% and 92.7%, respectively. Fo
E. coli, the most frequently isolated bacterium in urinary tract
infections, correct identi� cations were obtained in 97.6% if the
colony count was >10 5 cfu ml� 1. In cases of mixed cultures
(� ve samples), MALDI-TOF-MS provided no identi� cation in
two, but reported correct identi� cation in three cases. In these
cases, correct identi� cation probably was dependent on the
relative proportion of two populations.
Outlook and Development

MALDI-TOF-MS will soon become a widely used technique
in routine clinical laboratories for bacterial identi � cation,
replacing automates and phenotypic techniques. Severa
studies suggest that further information may be acquired from
mass spectra, including the identi� cation of virulence factors
or antibiotic resistance markers. Physicians are highly inter
ested in the search for and detection of particularly virulent
strains because the identi� cation of certain virulence factors
may be of help in the management of infections. Severa
studies have attempted to detect Panton–Valentine leukocidin
in Staphylococcus aureusdirectly from spectra. The results were
contradictory, and prediction of the presence of this toxin
does not seem possible. It is necessary to test strains
different origins to avoid a clonality link between strains.
Regarding the presence of a peak evocative of a virulenc
factor, a special effort should be made to identify it with
certainty.

Some authors have tried to identify peaks predictive of
resistance to certain antibiotics 24 h before results of conven
tional susceptibility testing can be obtained. Some studies were
able to differentiate ampicillin-susceptible and -resistant strains
of E. coli, based on the presence of speci� c peaks. Other authors
have attempted to differentiate methicillin-resistant and
methicillin-sensitive S. aureusstrains. It can be concluded from
these studies that the presence of a signi�cant number of false-
positive and false-negative results excludes the routine use o
MALDI-TOF-MS for this particular purpose.

Recently, a novel approach has yielded interesting result
with the demonstration of the presence of an enzymatic
activity in bacterial cultures. The activity of carbapenemase
was observed through the detection of degradation products
of carbapenems in bacterial cultures producing this enzyme
By studying the variations in the spectra generated by the
hydrolysis of the antibiotics (meropenem, imipenem, or
ertapenem) and the appearance of degradation products, i
was possible to demonstrate the presence of the carbapen
mases Verona integron-encoded metallo-beta-lactamas
(VIM), IMP-type carbapenemases (metallo-beta-lactamases
Klebsiella pneumoniaecarbapenemase (KPC), and New Delh
metallo-beta-lactamase (NDM-1) in some Enterobacteriacea
(E. coli, Klebsiella pneumoniae, Citrobacter freundii, Enterobacte
cloacae, Serratia marcescens) and in P. aeruginosa. These
encouraging results must be con� rmed and the procedures
adapted for routine use.

MALDI-TOF-MS provides an undeniable gain for microbi-
ological diagnostics. This technique is effective in identifying
bacteria but also yeasts and fungi. It is now established tha
a laboratory can perform all identi� cations by MALDI-TOF
mass spectrometry at least as well or better than with conven
tional methods. It is clear that the databases of spectromete
suppliers must be updated regularly, based on changes i
taxonomy. These databases must take into account not only the



Table 2 Summary of major studies using MALDI-TOF for bacterial identi� cation directly from blood and urine samples

Authors/Journal Sample Id species level Id genus level Main identiÞcation difÞculty Comments

Prod’hom, et al., 2010. Journal of Clinical
Microbiology 48, 1481–1483

Blood (n¼126) Positive blood culture 77.8% 78.7% Streptococcus mitisgroup The presence of a capsule explains partially
GN: 89.1% GN: 89.1% Staphylococcussp. The low identi� cation rate of
GP: 71.6% GP: 72.9% S. pneumoniae, H. inßuenzae, K. pneumoniae

La Scola, et al., 2009. PLoS One 4, e8041 Blood (n¼599) Positive blood culture 76% 76% Streptococcussp.
Polymicrobial samples

Stevenson, et al., 2009. Journal of Clinical
Microbiology 48, 444–447

Blood (n¼212) Positive blood culture (179) 80.2% 80.2% Streptococcus mitisgroup
Spiked bottles (33) Propionibacterium acnes

Ferroni, et al., 2010. Journal of Clinical
Microbiology 48, 1542–1548

Blood (n¼685) Positive blood culture (388) 89% 98% Streptococcus pneumoniaeIn mixed cultures, the most abundant germ
was identi� ed

Spiked bottles (312) Streptococcus mitisgroup In most cases; fast method
Christner, et al., 2010. Journal of Clinical

Microbiology 48, 1584–1591
Blood (n¼277) Positive blood culture 94.2% 95% Cocci, Gram positive Mismatching mostly resulted from insuf� cient

bacterial
Density and occurred preferentially with Gram

positive
Ferreira, et al., 2011. Clinical Microbiology

Infection 17, 546–551
Blood (n¼300) Positive blood culture 42.6% 71.6% Streptococcus mutans No mixed culture

GN: 83.3% GN: 96.6% Staphylococcussp.
GP: 31.8% GP: 65.7% Staphylococcus aureus

Moussaoui, et al., 2010. Clinical
Microbiology Infection 16, 1631–1638

Blood (n¼532) Positive blood culture 90.0% nd Streptococcus mitisgroup
GN: 91.1% Staphylococcussp.
GP: 89%

Ferreira, et al., 2010. Journal of Clinical
Microbiology 48, 2110–2115

Urine (n¼220) Positive urine samples 91.8% 92.7% Streptococcussp. Best results bacterial counts> 105 cfu ml� 1

GN: 93.6% GN: 94.6% Enterococcussp. E. coli> 105 cfu ml� 1: 97.6% correct id rate
GP: 66.6% GP: 66.6% Raoultellasp. Five mixed cultures: three identi� cations

GN, Gram negative; GP, Gram positive; nd, no data.
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reference strains from collections but also recent clinica
isolates. Implementing MALDI-TOF-MS for the identi� cation of
microorganisms in microbiology laboratories will be re� ected
in the quality of the results and the ensuing improvement in
patient management.

See also:Classi�cation of the Bacteria:Traditional;Bacteria:
Classi� cation of the Bacteria– Phylogenetic Approach;
Staphylococcus:Detection of Staphylococcal Enterotoxins;
Multilocus Sequence Typing of Food Microorganisms;
Identi�cation Methods:Multilocus Enzyme Electrophoresis;
Identi�cation Methods:DNA Hybridization and DNA
Microarrays for Detection and Identi� cation of Foodborne
Bacterial Pathogens;Identi�cation Methods:Real-Time PCR;
Identi�cation Methods:Culture-Independent Techniques.
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Introduction

An understanding of the genetic heterogeneity of microorgan-
isms, especially pathogenic microbes, is pivotal to taxonomy
epidemiology, and evolution and in devising interventions that
have public health signi�cance such as development of diag
nostics, therapeutics, and vaccines. Pathogenic microbes, whi
constituting a small proportion of the microbial species, never-
theless are characterized by high genetic diversity. Prior to th
advent of molecular biology techniques, the tool that has been
extensively applied for studying genetic diversity and population
structure of microorganisms is multilocus enzyme electropho-
resis (MLEE). MLEE indexes allelic variations of several hous
keeping genes and thus helps in estimating the overall genotypi
diversity in the species. Basic metabolic enzymes are analyze
which are expressed in all isolates of a species. This method h
been used for several decades as an established method in t
�eld of eukaryotic population genetics. Indeed, microbial sub-
typing and identi�cation underwent a major breakthrough with
the introduction of MLEE. It provided a valuable advantage over
the classical phenotypic methods. MLEE served to be a robu
�ngerprinting method that exhibits parity with some of the most
effective DNA �ngerprinting methods. The past decade ha
seen an enormous boom in development of various molecular
methods to assess heterogeneity in microbial pathogens due t
which MLEE does not�nd widespread application in routine
typing of clinical isolates. The abundant information generated
by various MLEE studies, however, is undeniably signi�cant and
remains a corroborated event for most organisms. This chapte
describes the theoretic principle of this methodology, its
contribution to microbial taxonomy, phylogeny, and epidemi-
ology, and its relevance in the modern time.
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MLEE Principle and Methodology

MLEE differentiates strains by assessment of differences in ele
trophoretic mobility of major metabolic enzymes. As the net
electrostatic charge of a protein is determined by its amino acid
sequence, variations in amino acid sequences are indicated b
differences in the molecular weight and overall charge of the
enzymes, thereby resulting in mobility variations when sub-
jected to electrophoresis. These mobility variants are calle
electromorphs and can be associated directly to allelic variation
at the corresponding gene locus. When a set of enzymes a
analyzed simultaneously, the different mobilities of enzymes
produce a protein banding pattern that is unique to each strain
and can represent its multilocus genotype. It is considered tha
80–90% of amino acid substitutions can be detected by MLEE
although interference by posttranslational modi�cations cannot
be ruled out. The enzymes examined in MLEE are general
housekeeping enzymes, such as malate dehydrogenase, gluco
6-phosphate dehydrogenase, glutamate dehydrogenase, an
phosphoglucomutase, which participate in the basic metabo-
lism of the cell. These loci are less likely to be under selectiv
336 Encyclopedia of Food
pressure from the environment and are minimally subject to
evolutionary convergence. Studies have shown that investigatio
of 15–30 enzyme systems provides suf�cient information about
the genomic diversity of an individual and forms a good basis to
study genetic heterogeneity among bacteria, fungi, and protozoa
Methodologically, it not only is a demanding technique but also
serves as an inexpensive method for analysis of a large number o
isolates. A brief overview of the methodological details is pre-
sented in the following section emphasizing the key points.
Protein Extract Preparation

The organisms to be tested are�rst established as pure cultures
Each isolate or strain is grown in liquid medium until a midlog or
stationary phase under uniform and optimized cultural condi-
tions. Approximately 1011 cells or .5 g wet weight of culture is
harvested by centrifugation, washed and resuspended in a buffe
solution that is suitable to maintain enzyme activity. For most
bacteria, 10 mM Tris-1 mM ethylenediaminetetraacetic acid
(EDTA) .5 mM nicotinamide adenine dinucleotide phosphate
(NADP), pH 6.8 is quite appropriate. In some cases, protease
inhibitors also may be incorporated. Depending on the relative
endurance of theorganismunderstudy, variouscell lysis methods
viz. freeze thawing, vortexing with glass-beads, french press,
sonication can be used to physically break the cells resulting
in release of proteins. Since enzymes are hydrophilic proteins
which are extremely thermosensitive, localized heating may caus
protein denaturation and aggregation. Hence, maintenance o
cold chain during extraction procedure is very important.
Following cell disruption, extracts are immediately centrifuged to
remove cellular debris and unbroken cells, and the supernatan
containing the soluble enzymes is divided into small aliquots and
stored at�70 � C until used for electrophoresis. Enzyme activities
may vary between different species, but there is usually insignif
icant loss in activity after storage at�70 � C for several months.
Repeated thawing should be avoided as it diminishes the enzyme
activities.
Electrophoresis and Enzyme Activity Staining

The cytoplasmic enzymes in the cell extract are separated wit
respect to their molecular mass, electrical charge, and confo
mation by electrophoresis under nondenaturing conditions.
Several protein electrophoresis methods are available tha
mainly differ in the nature of the supporting medium – starch,
polyacrylamide, cellulose acetate, or agarose gels. Each suppo
medium has its own merits and demerits. Starch and agaros
gels have large and constant size pores that allow for eas
migration of protein as a function of their electrophoretic
mobility alone. Starch gels are the most popular medium as they
can be cut into thin slices to be used for independent assays o
three to four different enzymes. Polyacrylamide gels can be use
to separate proteins based on both electrophoretic mobility and
size or con�rmation by changing the acrylamide or bisacryla-
mide ratio and thus varying the pore size of the gel. Both starch
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00415-8
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and polyacrylamide gels require skill but give better resolution.
Cellulose acetate gels are available readymade, which may ad
to cost, but they have the bene� t of a shorter run and can be
easily stored by drying. Irrespective of the method used, elec
trophoresis is carried out under conditions that maintain the
native conformation and activity of the proteins. Maintenance
of electrophoretic temperature at 4� C is a crucial factor. The
degree of separation and level of enzyme activity are affected b
pH, ionic strength, speci� c concentration of cations and anions,
and to some extent, the gel medium. Hence, electrophoretic
conditions for each enzyme need to be optimized.

After the completion of electrophoresis, the location of
enzyme on the gel is visualized using speci� c staining for enzyme
activity. Several detailed reviews and reference guides are ava
able for descriptions of the buffer systems used, electrophoreti
conditions, and speci� c enzyme staining procedures. The mos
common methods of staining enzyme activity are use of electron
transfer dyes and modi� ed histochemical stains. The substrate
often is coupled with a dye that is released upon enzymatic
activity and can be visualized by the naked eye. A list of enzyme
routinely used for MLEE is provided inTable 1.
e

Table 1 Enzyme sets commonly used to perform MLEE analysis

Enzyme EC No.

Alcohol dehydrogenase (ADH) 1.1.1.1
Sorbitol dehydrogenase (SDH) 1.1.1.14
Mannitol-1-phosphate dehydrogenase (MIP) 1.1.1.1
L-Lactate dehydrogenase (LDH) 1.1.1.27
Malate dehydrogenase (MDH) 1.1.1.37
Malic enzyme (ME) 1.1.1.40
Isocitrate dehydrogenase (IDH) 1.1.1.42
6-Phosphogluconate dehydrogenase (6PG) 1.1.1.44
Glucose-6-phosphate dehydrogenase (G6P) 1.1.1.49
Threonine dehydrogenase (THD) 1.1.1.x
Catalase (CAT) 1.11.1.6
Indophenol oxidase (IPO) 1.15.1.1
Glyceraldehyde-phosphate (NAD) dehydrogenase (GD1) 1.2.1
Glyceraldehyde phosphosphate (NADP) dehydrogenase (GD2) 1.2
Xanthine dehydrogenase (XDH) 1.2.3.2
Alanine dehydrogenase (ALD) 1.4.1.1
Glutamate (NAD) dehydrogenase (GD1) 1.4.1.2
Glutamate (NADP) dehydrogenase (GD2) 1.4.1.4
Leucine dehydrogenase (LED) 1.4.3.2
Aspartate dehydrogenase (ASD) 1.4.3.x
Lysine dehydrogenase (LYD) 1.4.3.x
Nucleoside phosphorylase (NSP) 2.4.2.1
Glutamic-oxalacetic transaminase (GOT) 2.6.1.1
Hexokinase (HEX) 2.7.1.1
Adenylate kinase (ADK) 2.7.4.3
Phosphoglucomutase (PGM) 2.7.5.1
Estrase (EST) 3.1.1.1
Alkaline phosphatase (ALP) 3.1.3.1
Leucineaminopeptidase (LAP) 3.4.1.1
Peptidases (PEP) 3.4.x.x
Acid phosphatase (ACP) 3.1.3.2
Aldolase (ALD) 4.1.2.13
Fumarase (FUM) 4.2.1.2
Acotinase (ACO) 4.2.1.3
Mannose phosphate isomerase (MPI) 5.3.1.8
Phosphoglucose isomerase (PGI) 5.3.1.9

x, unidenti� ed in enzyme nomenclature.
Result Interpretation and Phylogenetic Analysis

The relative mobilities or banding patterns of each enzyme
from different isolates are compared by side-by-side electro
phoretic separation on the same gel. To facilitate comparison o
the different gels, replicate samples from a reference or contro
strain are run on each gel. For each enzyme, distinct enzym
variants (alleles or electromorphs) are numbered in order of
decreasing anodal migration (Figure 1). If repeated absence of
an enzymatic activity is encountered, it is scored as a nul
character. Each strain is characterized on the basis of comb
nation of its electromorphs obtained for the number of the
enzymes assayed. Distinct pro�les of electromorphs corre-
sponding to unique multilocus genotypes are designated as
electrophoretic types (ETs). All strains are run at least twic
against strains giving similar band mobility to con� rm their
genotype. Negative results are repeated to check that null allele
are not the result of weak reactions or protein degradation.

The genetic interpretation of enzyme banding patterns is
dependent on ploidy of the organism and enzymatic forms
(monomeric/dimeric/multimeric). For haploid organism like
bacteria, one allele per enzyme locus is present so only on
7

.12
.1.13

 

1 2 3 4 5 6 7 8 9 10(b)

1 2 3 4 5 6 7 8 9 10(a)

Figure 1 Electrophoretic patterns obtained in 10 strains ofYersinia
enterocolitica. The anodal direction of migration from origin is represented
by the arrows. Distinct mobility patterns can be seen among the strains
corresponding to different alleles numbered in order of decreasing
mobility. (a) Migration pattern of glutamate NADP-dehydrogenase (GD2).
Lane 4, allele G1; lanes 1–3, and 7–10, allele G2; lane 5, allele G3; and lane
6, allele G4. (b) Migration pattern of esterase alpha (EST-A). Lanes 1, 4,
and 9, allele E1; lane 3, allele E2; lane 5, allele E3; and lanes 2, 6, 7, 8, and
10, allele E4.
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band is obtained per sample (Figure 1(a)). In cases in which
most samples express two or more bands, it usually indicate
presence of two or more loci coding for that enzyme (e.g.,
esterase enzyme inYersiniasp.; Figure 1(b) ). It also may indi-
cate presence of multiple genotypes within a population. For
organisms that show diploid nature, like yeastCandida albicans,
and protozoan parasites, individuals may be homozygous (i.e.,
having two copies of same allele) or heterozygous (i.e., with
two different alleles) at each enzyme locus. As alleles ar
codominant, both alleles for heterozygous loci are expressed in
a diploid organism, and hence heterozygous enzyme banding
patterns differ from homozygous banding patterns (Figure 2).
It is thus important to optimize electrophoretic conditions to
enable correct interpretation of banding patterns. Monomeric
enzymes are enzymes consisting of a single polypeptide. Fo
monomeric enzymes, homozygous isolates produce one band
for a given locus, whereas heterozygous individuals will
produce two (Figure 2(a)). For dimeric enzymes (i.e., enzymes
consisting of two polypeptides coded by different alleles),
homozygous loci exhibit one band, whereas heterozygous loc
could show three bands due to random association of the
polypeptides (Figure 2(b) ). For instance, in diploid organism
Trypanosoma cruizi, a typical heterozygous pattern of dimeric
enzyme is three banded with middle band of high intensity
than the other bands. Both the alleles coding for each poly-
peptide (A and B) can recombine in three possible combina-
tions: A can combine with A, B can combine with B, and A can
combine with B (A/B and B/A) with frequency of .25, .25, and
.5, respectively. Multimeric (trimeric and tetrameric) enzymes
are also found, where the polypeptides are speci� ed by
different loci and heterozygous individuals typically express
four and � ve bands, respectively.

After assessment of the distribution of electromorphs, the
genetic distance between pairs of isolates or ETs is calculated
the proportion of loci at which dissimilar electromorphs
occurred. Various computational programs are available for
calculating the genetic distance using allele pro�les and
generate a matrix of coef� cients (unweighted or weighted).
This matrix of coef� cients of genetic distances can be analyze
to produce a graphic representation of the relatedness amon
the isolates or ETs, viz. unweighted pair–group method for
arithmetic averages (UPGMA) clustering, principal coordinate
or principal component analysis. The genetic structure o
a population is highly in � uenced by the level of recombination
B/B A/A     A/A     A/B     A/B     B/B     

(b) (a) 

Figure 2 Electrophoretic patterns for (a) a monomeric enzyme and
(b) a dimeric enzyme. Homozygous individuals are represented by A/
B/B and heterozygous individuals are represented by A/B. The arrow
indicates the direction of migration from origin. (Figure modi� ed from
Andrews and Chilton 1999 with permission from Elsevier Ltd.)
among its members. The frequency of recombination in natural
populations can be estimated by calculating the index of
association between various loci. Several statistical method
can be utilized to analyze linkage disequilibrium in the
populations.
Contribution of MLEE in Population Genetics
and Epidemiology of Microorganisms

In the early years of microbial taxonomy, strain characteriza-
tion, typing, and identi � cation of microbial isolates were per-
formed using phenotypic typing methods like serological
typing, phage-typing, biotyping, bacteriocin typing, and anti-
biotic resistance typing. Although such methods provided
a means to identify isolates responsible for outbreaks in the
short term, these were inadequate for long-term epidemiolog-
ical or evolutionary studies. In the early 1980s, it was observed
that indexing allelic variations in sets of housekeeping and
structural genes located on the chromosome provided a good
basis for estimating overall levels of genetic heterogeneity in
bacterial populations. Such allelic variations were unaffected
by environmental factors and were least subjected to conver
gent evolution. Methods based on this principle, such as MLEE
provided good insight into the overall nature of chromosomal
diversity and inferring genetic relationships among strains.
MLEE undoubtedly has been useful as an appropriate and
robust technique for long-term epidemiology. It also has dis-
played very good discriminatory power, typeability, and
reproducibility compared with earlier phenotypic typing
methods and has contributed most to our understanding of the
global epidemiology and population structure of infectious
agents. Conceivably, MLEE proved to be the primary tool for
depiction of the population structure of microorganisms before
the advent of sequencing era. MLEE was used extensively
study the population genetics of several bacteria, including
Escherichia coli, Listeria monocytogenes, Salmonella enterica,
Campylobacter jejuni, Vibrio cholerae, Haemophilus in� uenzae, and
Neisseria meningitidis; fungi like Candida spp. and Aspergillus
spp.; and protozoans like Entamoeba histolytica, Trypanosoma
spp., and Giardia spp. Moreover, it has been shown that
dendrograms generated by MLEE generally are concordant wit
phylogenetic trees based on extensive nucleotide sequenc
analyses. For many environmental and foodborne pathogens
MLEE successfully identi� ed clusters of closely related strains
(clones or clonal complexes) that were particularly predisposed
to cause disease.
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Microbial Population Structures: The Clonal Paradigm
and Panmixia

The evaluation of clonality of a microorganism using pop-
ulation genetics methods is an important approach to study its
epidemiology and can be used to compare the population
structures of species from diverse ecological niches. In th
1980s and 1990s, large groups of microorganisms were sub
jected to MLEE analysis, which generated substantial multi
locus genotype data. Upon statistical analysis, these dat
provided signi� cant insights into the extent of clonality within
bacterial populations. On the basis of these analyses, it wa
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This division has been validated by modern DNA-sequencing
techniques.
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Epidemiological Subtyping

MLEE has shown widespread application in epidemiological
tracing. It is a valuable tool to differentiate epidemiologically
unrelated strains and investigate large-scale studies whe
epidemiological markers are rapidly evolving or may be
inadequate. In addition, MLEE has allowed for the identi� -
cation of groups of genetically related strains having long-term
epidemiological signi� cance. Evidence of intercontinental
spread of epidemic causing serogroup BNeisseria meningitide
strains was extensively documented by MLEE studies durin
the 1970s and 1980s. Another comprehensive study using
MLEE documented theN. meningitidesserogroup A isolates in
several epidemic and at least two pandemics outbreaks durin
1915 and 1983.

MLEE analysis provided valuable insights in understanding
the taxonomic relationships and epidemiology of Yersinia
enterocolitica, an important food- and water-borne gastrointes-
tinal pathogen distributed globally. Caugant et al. (1996)
found that strains of Y. enterocoliticafrom different geographic
and ecological habitats were clustered into two groups. One
group was represented by nonlethal isolates of serogroup
O:1,2, O:3, O:5,27, and O:9, which were distributed world-
wide. The second group included isolates of serogroups O:8
O:13, and O:21, which were largely restricted to North America
and were lethal to mice regardless of their serotype or source. I
another study, 244 strains belonging to nineYersiniaspecies
isolated from the environment, animals, and humans from
different geographic locations were studied. For the 168 strain
of Y. enterocolitica, 68 ETs were identi� ed that clustered into two
well-separated major groups. One group was composed of 117
strains belonging to biotypes 2–4, which were related closely
genetically. The second group consisted of 51 isolates, all o
which belonged to biotype 1. Human strains of Y. enterocolitica
biotype 4 and Yersinia pseudotuberculosiswere recognized as
being closely related to animal strains of the same species
indicating that animal strains of these two species may be
considered potential human pathogens.

Overall, MLEE provided valuable insights into the genetic
heterogeneity ofY. enterocoliticaand unequivocally has shown
that Y. enterocoliticabiotypes 2–4 (the so-called European
strains), 1B (the so-called American strains), and 1A (the so
called apathogenic strains) constitute three separate genet
lineages.Yersinia enterocoliticabiotype 1A strains are isolated
globally from a variety of sources, including asymptomatic
and diarrheic human subjects and often have been implicated
in foodborne and nosocomial outbreaks. A recent study
applied MLEE to study 81 strains ofY. enterocoliticabiotype 1A
isolated from India, France, Germany, and the United States
MLEE revealed a total of 62 ETs and clustering into four group
(Figure 3). In MLEE dendrogram, two ETs showed pork and
pig strains to be identical to the strains isolated from diarrheic
human subjects, suggesting that like pathogenic biotypes, pig
may be the source of biotype 1A strains isolated from human
patients. No such grouping of human and pork or pig isolates
was evident from earlier studies using rep–polymerase chain
reaction (repetitive elements sequence-based PCR, rep-PC
� ngerprinting and ribotyping. MLEE also revealed genetic
heterogeneity of European biotype 1A strains, which was in
concordance with molecular studies using PFGE,� uorescent
ampli � ed fragment length polymorphism (FAFLP), and mul-
tilocus variable number tandem repeat analysis (MLVA). These
� ndings substantiated the suggestion that European and
Indian strains may constitute separate groups and might be
evolving independently in two different settings.
IdentiÞcation and Strain Typing of Pathogens
by MLEE

Reliable characterization and identi� cation of pathogen species
by subtyping procedures is essential to track and recogniz
individual strains involved in disease outbreaks. MLEE has
been particularly useful in typing and identi� cation of several
microbes of clinical importance. MLEE was reported to be
effective for the identi� cation and typing of species in the
complex genusAeromonas, in which genetic and phenotypic
species classi� cations do not show concordance. MLEE analysi
con� rmed the taxonomic status of Aeromonas hydrophila, A
bestiarum, A. salmonicida, and A. popof� i as distinct species. Only
limited numbers of enzyme markers were adequate in identi-
fying theseAeromonasspecies. Additionally, the study showed
a strong linkage disequilibrium, suggesting a clonal population
structure of Aeromonasspecies. Vibrio mimicus is a newly
discovered enteric pathogen species closely related
V. choleraeand occasionally identi� ed in most cholera inci-
dents. MLEE method proved to be an accurate tool for the
discrimination of V. mimicusand V. choleraespecies and was
particularly useful for the identi � cation of atypical and envi-
ronmental strains. On the other hand, the ribosomal intergenic
spacer regions PCR-mediated identi� cation system failed, in
some cases, to differentiate between the two species. Po
ulation genetics analysis of Vibrio vulni� cus strains from
different geographic and host origins using MLEE identi� ed
two distinct divisions among the strains. Random ampli� ca-
tion of polymorphic DNA (RAPD) analysis and phylogenetic
comparison of recA and glnA sequences also indicated the
overall subdivision of the V. vulni� cuspopulation into different
biotypes. Additionally, the study provided evidence for the
existence of a distinct genetic subgroup associated with diseas
in eels.

In Camphylobacter jejuni and Camphylobacter coli, diverse
subspecies types have been characterized using MLEE. Clon
complexes of C. jejuni determined previously by MLEE have
correlated well with the clonal complexes identi� ed by multi-
locus sequence typing (MLST) studies. Isolates of urease-pos
tive thermophilic Campylobacter(UPTC) have long been
regarded as members of a biovar ofC. lari. MLEE analysis by
Matsuda et al. established that the UPTC group isolates wer
genetically hypervariable and phylogenetically distinct from
the C. lari. The application of MLEE to study genetic hetero-
geneity of Y. enterocolitica–like species has led to ef�cient
differentiation of strains of Yersinia intermedia, Yersinia freder
iksenii, Yersinia mollaretii, and Yersinia kristensenii. These show
distinctive ETs, quite different from those ofY. enterocolitica. In
further study, Y. frederikseniiETs were divided into three major
groups that were separated by large genetic distance



Figure 3 UPGMA dendrogram showing genetic relationships among 62 ETs ofY. enterocoliticabiovar 1A. NAG, nonagglutinable; ND, not determined;
NK, not known. (Figure reproduced from Mallik and Virdi (2010) with permission from Biomed Central.)
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Additionally, one isolate, which was classi� ed asY. frederikseni
by classical biochemical reactions, was more closely related t
Y. enterocoliticaaccording to MLEE data, which led to the
conclusion that strains classically identi� ed asY. frederikseni
may represent more than one Yersinia species. In Yersinia
ruckeri, a � sh pathogen, assessment of genetic diversity b
MLEE revealed that the strains primarily belongs to one ET
indicating that Y. ruckeriwas fairly clonal. This observation was
corroborated in later studies using ribotyping, 16S rDNA
analysis, and MLST.

Differentiation of six species in the Saccharomyces sen
strictocomplex was successfully achieved by multilocus enzym
electrophoresis and corroborated with previously reported
genetic analyses using the 18S rRNA and internal transcribe
spacer (ITS) region sequencing, and DNA–DNA reassociation
data. In Fusariumspp., isozyme analysis with cellulose acetat
gels proved to be a sensitive technique for differentiating
isolates of F. cerealis, F. culmorum, F. graminearum, and
F. pseudograminearumand cluster analysis grouped the four
species separately. In addition, the study supported the specie
status of F. pseudograminearumdescribed previously by DNA
sequencing of beta-tubulin gene exons and introns. Similarly,
MLEE has been used to detect sibling species complexes
protozoan genera. For instance, human isolates ofGiardia
intestinalis were delineated into two genetically distinct
assemblages by electrophoretic analysis of enzymes encoded
27 loci. Additionally, they were found to be genetically distinct
from the morphologically similar species feline G. duodenalis
and morphologically distinct Giardia muris.
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Present Scenario of MLEE in the Molecular Era

MLEE was the� rst genetic method employed for population
genetic analysis of bacteria. It facilitated tracking of the sprea
of global infections by particular genotypes, and played an
important role in revealing several important aspects of the
population structures of these organisms. For more than three
decades, MLEE was applied successfully to examine a wi
variety of practical and theoretical questions relating to pop-
ulation structure, population genetics, and systematics o
bacteria, fungi, and protozoa. Its simplicity and reproducibility
broadened its usefulness. Perhaps, the lead bene� t of MLEE for
answering taxonomic questions and population structure
analyses is that 15–30 independent enzyme loci were examined
across all samples compared with a single gene or region i
most DNA-based studies. Thus, a greater proportion of the
genome could be examined for a considerably larger number o
samples from and between populations or species in an
extremely short time frame and at markedly less cost than the
newer technologies.

Presently, however, MLEE does not enjoy a widesprea
application in routine typing of clinical or environmental
isolates. One important reason is due to the technica
complexity of MLEE combined with dif � culties in comparing
results among laboratories. Several other limitations of the
technique can be realized. First, as MLEE serves to indirec
assess the genotype variability, only those mutations or bas
changes that directly affect primary structure of proteins
will have an impact on electrophoretic mobility. Due to
redundancy in genetic code, all nucleotide substitutions do not
necessarily change the amino acid composition, so poly-
morphism at nucleotide level and silent mutations are not
re� ected. Second, changes in amino acid composition may no
necessarily change the overall charge and electrophoret
mobility of the protein. As a consequence, alleles that are
considered to be the same protein alleles from different indi-
viduals may represent different gene alleles. Third, MLEE detec
polymorphism only within the coding region of the gene, so
mutations that occur in promoter regions or introns and affect
evolution of a gene are not represented in most proteins.
Currently, several new DNA-based typing methods like PCR
� ngerprinting, RAPD, FAFLP, PFGE, DNA sequencing, an
MLST have been developed that have surpassed these limit
tions. One notably useful technique, MLST is based on the
principles of MLEE, but it employs DNA sequencing to directly
index the variation at housekeeping loci. The major advantage
of MLST over MLEE is the explicit nature of data that can be
obtained with the advantage of electronic storage and trans
mission, meaning that any isolate that is typed using the
method can be rapidly compared with all previously typed
strains. At present, MLST schemes exist for 38 species. T
expansion in the number of species for which large multilocus
sequence data sets are available is aiding efforts to track th
spread of important clones and examine how they have evolved
Conclusion

With the rapid development of novel molecular biology
methods and an enhanced understanding of the genomic
structures and virulence mechanisms of bacterial pathogens
more advanced subtyping strategies that target highly relevan
molecular makers are now possible. Understanding basic
principles of proper marker selection and appropriate inter-
pretation of molecular subtyping data, however, are important.
Since one technique alone is not suf� cient for all applications,
combining several subtyping techniques is often bene� cial. The
availability of laboratory facilities and equipment also in � u-
ences the choice of speci�c subtyping techniques. Some of the
modern subtyping methods like MLST have special and
expensive requirements. In laboratories that lack these facilitie
and have limited funds a combination of several simple frag-
ment-based subtyping methods could be a valuable alternative
for accurate strain typing. MLEE has been the gold standard o
population genetics for more than two decades before the
advent of more recent techniques. The extended use of MLE
has generated a signi�cant amount of information, which in
most cases stands validated by the modern typing methods. I
still represents a marker with perfectly known Mendelian
inheritance, permits multilocus analysis, and is applicable to
most living organisms. This relatively inexpensive and
enduring methodology therefore can be useful for laboratories
having few resources, making it possible to conduct reliable
research at a low cost. According to congruence principle
combining two subtyping schemes typically increases
discriminatory power and provides more accurate clustering of
strains. MLEE can thus serve to corroborate and be used
association with the modern typing methods for taxonomic,
epidemiological, and phylogenetic studies.
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See also:Aeromonas: Detection by Cultural and Modern
Techniques;Bacteria:Classi� cation of the Bacteria–
Phylogenetic Approach;Biochemical and Modern
Identi� cation Techniques:Introduction;Biochemical and
Modern Identi� cation Techniques:Enterobacteriaceae,
Coliforms, andEscherichia Coli; Campylobacter; Candida;
Escherichia coliO157:E. coliO157:H7;Listeria
Monocytogenes; Molecular Biology in Microbiological Analys
VibrioIntroduction, IncludingVibrio parahaemolyticus, Vibrio
vulniÞcus, and OtherVibrioSpecies;Yersinia:Introduction;
Yersinia:Yersinia enterocolitica;Identi�cation Methods:
Introduction;DNA Fingerprinting:Pulsed-Field Gel
Electrophoresis for Subtyping of Foodborne Pathogens;
Multilocus Sequence Typing of Food Microorganisms.
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Introduction

Microbiological quality control programs are needed
throughout the food production chain to minimize safety risks
for the consumers. Classical microbiological methods in foods
involve, in general, enrichment and isolation of presumptive
colonies of bacteria on solid media, and final con�rmation by
biochemical or serological identi�cation. Thus, they are labo-
rious, time-consuming, and not always reliable. Consequently,
the development and optimization of novel alternatives for the
monitoring, characterization, and enumeration of foodborne
pathogens is one of the key aspects of food microbiology, and
this has become increasingly important in the agricultural and
food industry.

Polymerase chain reaction (PCR) is a simple, sensitive, an
reproducible assay consisting in an exponential and cyclic
ampli�cation of a DNA fragment. Three different phases
(denaturation, hybridization, and elongation) happen in each
PCR cycle. During the denaturation step (at 93–96 � C), the
double-stranded (ds)DNA melts opening up to single-stranded
(ss)DNA, and all enzymatic reactions stop. During the hybrid-
ization step (usually at 55–65 � C), PCR primers anneal to
complementary regions of ssDNA, and�nally the extension
phase is carried out across the target sequence by using a he
stable DNA polymerase. After each PCR cycle, the new
synthesized DNA strands can serve as the template for the ne
cycle. Consequently, the major PCR product is a segment o
dsDNA whose termini are de�ned by the 50 termini of the two
primers and whose length is de�ned by the distance between
these primers.

Visualization of a signal from a PCR assay conventionally
was performed by visualization of amplicons after gel elec-
trophoresis, but this approach has been mostly superseded b
real-time PCR (qPCR), in which the process of ampli�cation
is monitored in real time and ampli �cations are visualized as
the amplicons accumulate– and not only at the end of the
reaction (as occurs in conventional PCR). Major advantage
of qPCR for its application in food microbiology diagnostics
include rapidity and simplicity to perform the analysis, the
closed-tube format that avoids risks of carryover contamina-
tion, the extremely wide dynamic range of quanti�cation,
and the signi�cantly higher reliability of the results com-
pared with conventional methods. Progressive developments
have resulted in qPCR-based methods being developed fo
accurate quanti�cation of several microbial pathogens in
food.
e

Emitted lightFluorescence

New DNA strand

Figure 1 Principle of detection using Sybr Green.
Real-Time PCR Detection Strategies

The �uorescence that is monitored along the qPCR can b
detected by an unspeci�c detection strategy independent of the
target sequence or by speci�cally using �uorescent oligonu-
cleotide probes.
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Nonspeci�c Detection

SYBR Green I is the most frequently used dsDNA-speci�c dye in
qPCR. It is an asymmetric cyanine dye that largely binds to the
minor groove of dsDNA, independent of the nucleotide
sequence. It can be excited with blue light with a wavelength of
480 nm, and its emission spectrum is comparable to that of
�uorescein with a maximum at 520 nm. The�uorescence of the
bound dye isabove 1000-fold higher than thatof the freedye and,
therefore, this results in an increase in the�uorescence signal.
When monitored in real time, this results in an increase in the
f luorescence signal that can be observed during the polymeriza
tion step and that falls off when the DNA is denatured (Figure 1).
Consequently,�uorescence measurements have to be performe
at the end of the elongation step of every PCR cycle. This metho
obviates the need for qPCR probes, making its use less expensiv
Its major disadvantage is that speci�city is determined entirely by
the primers and thus the risk of amplifying nonspeci�c PCR
products has to be considered during optimization.
Sequence-Speci�c Detection

There are different types of sequence-speci�c qPCR probes, and
they can be classi�ed into two major groups: hydrolysis probe
and hybridization probes, both being homologous to the interna
region ampli�ed by the two primers. The�uorescence signa
intensity can be related to the amount of PCR product by
a product-dependent decrease of the quenching of a reporte
�uorophore or by an increase of the�uorescence resonance
energy transfer (FRET). This happens when the energy
transferred from a donor to an acceptor. It is strongly depen-
dent on the distance between the�uorophores. Therefore, the
change in the distance between the�uorophores is used to
generate the sequence-speci�c signals.

Hydrolysis Probes
The hydrolysis probes are cleaved by the 50–30 exonuclease
activity of particular DNA polymerases during the elongation
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00437-7
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TAQ

Probe cleavage
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Figure 2 Principle of detection using TaqMan probes. 50–30polymerase
and exonuclease activity of the Taq DNA polymerase (TAQ). R, repo
Q, quencher.
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phase of primers. It usually utilizes eitherTaq or Tth poly-
merase, but any enzyme with equivalent 50–30 exonuclease
activity properties (e.g., T� ) can be used. The best known
hydrolysis probes are TaqMan probes.

A TaqMan probe is an oligonucleotide double-labeled with
a reporter � uorophore at the 50 end (reporter dye) and with
a quencher internally or at the 30 end (quencher dye). In
addition, the probes must be blocked at their 30end to prevent
the extension during the annealing step. A TaqMan-base
qPCR assay uses two conventional primers that allow fo
ampli � cation of the product, to which the TaqMan probe will
anneal (Figure 2). When the correct amplicon is ampli� ed, the
probe hybridizes to the target after the denaturation step
remaining hybridized until the polymerase displaces its 50end
to hold it in a forked structure. Then, the enzyme cleavages th
probe and the quencher is released from the� uorophore,
which now � uoresces after excitation. As the polymerase wi
cleave the probe only while it remains hybridized to its
complementary strand, the temperature conditions of the
polymerization phase of the PCR must be adjusted to ensure
probe binding.

Hybridization Probes
Hybridization probes are not hydrolyzed during PCR, and the
� uorescence is generated during the hybridization phase
which results in an increase of the distance separating th
reporter and the quencher dyes. The most relevant hybridiza
tion probes are those containing hairpins (Molecular Beacons)
and FRET hybridization probes.

Molecular Beacons form a stem-and-loop structure
through complementary sequences on the 50 and 30 ends of
the probe. The loop portion is complementary to the target
+

No fluorescence

+
Template DNA

R Q
Molecular Beacon

Figure 3 Principle of detection using Molecular Beacons. During the
Beacons become spatially separated and the� uorescence is generated.
nucleic acid. A reporter and a quencher� uorophore are
attached at the end of each arm. The� uorescence is quenched
when the probe is in a stem-and-loop structure. In the pres-
ence of a complementary sequence, a Molecular Beacon o
target hybrid is formed and consequently the� uorophore is
separated from the quencher, increasing� uorescence emis-
sion (Figure 3). Molecular Beacons are signi� cantly more
speci� c than conventional probes due to the presence o
a stem structure, but the� uorescence yield is sensitive to the
hybridization conditions.

FRET probes use two primers and two sequence-speci� c
probes. Each probe has a single label: either a donor� uo-
rophore at the 30end or an acceptor� uorophore at the 50end.
The emission spectrum of the donor� uorophore overlaps the
excitation spectrum of the acceptor � uorophore. The two
probes hybridize to the target sequences in a head-to-ta
arrangement, thus bringing the two dyes close (Figure 4). In
solution, only background � uorescence is emitted by the
donor, but during the hybridization step, the two probes
anneal adjacently to their target sequence, and thus the exc
tation energy is transferred by FRET from the donor dye in one
of the probes to the acceptor dye in the other probe, allowing
the acceptor dye to dissipate � uorescence at different
wavelengths.

rter;
Principles of qPCR-Based Quantitative Detection

The � uorescence produced in each PCR cycle is proportiona
to the synthesized DNA and therefore can be visualized as a
ampli � cation plot ( Figure 5(a)). Typically, an ampli� cation
curve presents three different phases (Figure 5(b) ). The � rst is
called the initiation phase, as it occurs during the � rst PCR
cycles where the emitted� uorescence cannot be distinguished
from the baseline. During the exponentialor log phase, there is
an exponential increase in� uorescence, before the plateau
phase is reached. In this last phase, the reagents are exhaust
and no increase in� uorescence is observed. Quanti� cation is
possible only in the exponential phase. The� uorescence
emitted in the � rst cycle is used to calculate the baseline.
threshold is established at the � uorescence value of the
average standard deviation of� uorescence for the baseline
cycles, multiplied by an adjustable factor (usually 10 times).
Alternatively, it can be established by the operator to compare
different qPCR experiments. The Cq (cycle for quanti� cation,
also named the Cp crossing point-PCR-cycle or CT threshold
cycle) value is the cycle at which � uorescence achieve
a de� ned threshold. It corresponds to the cycle at which
a statistically signi�cant increase in � uorescence is � rst
QR

Fluorescence

Hybrid

hybridization PCR step, the� uorophore and quencher components of Molecular
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Figure 4 Differences between detection using FRET probes and TaqM
probes. (a) Energy transfer in FRET probes (the e� acceptor emits� uo-
rescence when placed close to the e� donor). (b) Energy transfer in
hydrolysis probes (TaqMan) (the e� donor emits� uorescence when the
distance to the acceptor or quencher is higher than 10 nm). A, accep
D, donor; Q, quencher.
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detected. This concept is the basis for accurate and repr
ducible quanti� cation using qPCR; the number of cycles
needed for the ampli� cation-associated� uorescence to reach
a speci� c threshold level of detection (the Cq value) is
inversely correlated to the amount of nucleic acid that was in
the original sample (Walker, 2002). This value is always in the
exponential phase of ampli� cation, when ampli� cation is
most ef� cient, and therefore quanti� cation is least affected by
reaction-limiting conditions.

The quantity of bacterial or viral nucleic acid at the start of
the PCR can be determined by interpolation of the resulting Cq
value in a linear standard curve of values obtained from the
serially diluted known amount of genomic nucleic acid stan-
dards of the target organism. This standard curve correlates th
emitted � uorescence (Cq value) with the initial concentration
Figure 5 (a) Ampli� cation curves in semilogarithmic view obtained from
ampli� cation curve of a positive sample.
of the standards used, and the� nal result is achieved by
interpolation of the produced � uorescence (Cq value) during
the ampli � cation of the sample in this standard curve. In
practice, such curves are linear over more than� ve orders of
magnitude.

Enumeration of foodborne pathogens is a main aspect of
molecular food microbiology diagnostics, especially if it is
used for quantitative risk assessment. As indicated, the initia
amount of microorganisms present in the food sample can
be determined using qPCR. For this purpose and speci�cally
for food microbiology diagnostics purposes, two main
aspects must be considered:� rst, the preparation of the food
sample must be performed immediately when the sample
arrives at the laboratory without any enrichment step (as it
will make any subsequent quanti� cation impossible), and
second, a solid and comprehensive calibration curve must be
built for quanti � cation. The way in which the standard curve
is built can enormously affect the quanti� cation. For
example, if the calibration or standard curve is constructed
using pure cultures of a microorganism (e.g.,Listeria mono-
cytogenes) and is used for quanti� cation of the microor-
ganism in a fastidious food sample (e.g., cheese), this
approach can underestimateseriously the amount of the
microorganism present in the sample; the Cq for a � xed
amount of the microorganism is much lower in the case of
pure culture than in cheese. To correct this problem, two
different approaches can be followed:� rst, the construction
of the standard curve using arti� cially contaminated matrices
similar to those under study (i.e., cheese in our case) instead
of pure cultures; or second, by using a process surrogate o
the same organism that is arti� cially added, in a known
amount, into a matrix similar to that under study and
calculating process ef� ciency (i.e., the quotient between the
Cq obtained in that sample and the Cq obtained in the
standard curve). This factor must be considered in the� nal
amount obtained in the qPCR (e.g., if in our case we
obtained a process ef� ciency of 20% for cheese, and the
quanti � cation by qPCR was 1000 genome equivalents, the
� nal result must be that 5000 genome equivalents of
L. monocytogeneswere present in the cheese sample, the resu
of considering the qPCR result and process ef� ciency). The
� rst approach, standard curves constructed using simila
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serial dilutions of a target DNA. (b) Phases of a PCR ampli� cation curve. Red,
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food matrices, is the approach followed in quanti� cation
of bacterial pathogens, and the second approach has bee
suggested as the golden standard for virus detection in food
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Diagnostic Real-Time PCR Parameters

A series of concepts de� ne an analytical method and are applied
to diagnostic qPCR. The main concepts are accuracy, precisio
sensitivity, and speci� city. The accuracy describes the veracity
the test results and can be de� ned as closeness of agreemen
between a test result and the accepted reference value (i.e., th
the standard or reference method produced a positive or nega
tive result – e.g., identi� cation of Salmonellaspp. in a lettuce–
and the qPCR method produces a similar result). The preci
sion describes the reproducibility of the test results and can be
de� ned as the closeness of agreement between independent te
results obtained under stipulated conditions of repeatability
and reproducibility (i.e., that the different replicates of a qPCR
method produce the same results– e.g., identi� cation of
Salmonellaspp. in a lettuce). Sensitivity is the ability of the
alternative method to distinguish two different amounts of
target microorganism (as measured by the reference method
within a given food, at a speci� ed average value, or over the
whole measurement range– that is, the minimal quantity
variation that gives a signi� cant variation of the measurement
signal. The sensitivity differs from detection limit because it is
calculated for each value of the measurement range. For iden
ti � cation qPCR-based methods, the sensitivity also can b
de� ned as the ability of the qPCR method to detect the targe
microorganisms when it is detected by the reference method
The limit of detection is the smallest critical level detected with
a probability (1- b), which has to be well over 50%, for example
95 or 99%. The limit of detection has been described as the
smallest level of the target microorganism in the qPCR method
that can be distinguished from zero, the smallest number of
culturable target microorganisms necessary to create a positiv
qPCR signal, or the minimum level at which the target micro-
organism can reliably be detected with a probability of 95%.
Similarly, the limit of quanti � cation is the smallest amount of
microorganism in a sample that can be quanti� ed with de� ned
precision and accuracy by the qPCR method.

For food microbiology diagnostics three related concepts
have been de� ned: selectivity, inclusivity, and exclusivity.
Selectivity is de� ned as a measure of the degree of noninter
ference in the presence of nontarget microorganisms. A
method is selective if it can be used to detect the targe
microorganism and if a guarantee can be provided that the
detected signal can be a product only of the speci� c micro-
organism. Inclusivity is de� ned as the ability of a qPCR
method to detect the target microorganism from a wide range
of other microorganisms, and exclusivity is the lack of inter-
ference from a relevant range of nontarget microorganisms o
the qPCR method. As example, we consider that one qPC
method is 100% selective for the detection ofL. monocytogene
(i.e., 100% inclusive and 100% exclusive) when we tes
a comprehensive number ofListeriastrains and strains that are
ecologically or philogenetically related to L. monocytogene
and the qPCR method detects all of theL. monocytogene
strains tested asL. monocytogenes(i.e., positive qPCR signals)
and all non-L. monocytogenesstrains tested as non-L. mono-
cytogenes(i.e., negative qPCR signals).
Implementation of Real-Time PCR in Food
Microbiology Diagnostics

The inherent advantages of PCR should foster their imple
mentation in food microbiology laboratories. PCR was pre-
dicted to be established as a routine reference by 2010
however, this did not happen, and further developments are
needed for effective implementation of PCR in food diagnos-
tics. The main issues that must be addressed for the effectiv
adaptation of molecular techniques in food laboratories are the
development of rational and easy-to-use strategies for pre-PC
treatment of food samples, the design and application of
analytical controls, the development of strategies for the
quantitative use of qPCR for food samples, greater automation
of the whole analytical process, and the unambiguous detec
tion of viable forms of microorganisms. Large-scale interna-
tional validation of the PCR-based methods against the existing
standard conventional methods is a most important require-
ment that has not been met, but it is essential if the industry is
to be encouraged to adopt these new approaches.
Preampli�cation Processing of Samples

The purpose of sample preparation prior to PCR is to
homogenize the sample to be ampli�ed, increase the concen
tration of the target above the limit of detection of the qPCR
method, and reduce or exclude ampli�cation inhibitors.
Hence, preampli� cation treatment aims to convert food
samples into ampli� able samples. The ef� ciency and perfor-
mance of qPCR can be negatively affected by the presence
inhibitory substances generally found in foods and nucleic
acids extraction reagents. They can reduce or even block qPC
leading to underestimation or even to false-negative results
Thus, PCR-friendly sample preparation prior to the ampli� ca-
tion reaction is crucial for the robustness of qPCR methods and
is a priority for their implementation as diagnostic tools in
food microbiology laboratories.

Preampli� cation procedures must be adapted for each food
type and analytical purpose as food samples vary in homoge
neity, consistency, and composition. A large range of pre
ampli � cation procedures have been developed, but many o
them are laborious, expensive, and time-consuming. Proce
dures can either be biochemical, immunological, physical, or
physiological, or a combination of these (Table 1).
Analytical Controls

Contamination is one of the principal concerns in food anal-
ysis laboratories. The main causes of false-positive results a
accidental contamination of the samples or the reagents with
positive samples (cross-contamination) or with ampli� cation
products and plasmid clones (carryover contamination). In
addition, the ef� ciency of qPCR can be in� uenced negatively by
several conditions, including malfunction of equipment,
incorrect reaction mixture, poor enzyme activity, or the pres-
ence of inhibitory substances in the original sample matrix.



Table 1 Sample preparation procedures used for different types of samples

Category Subcategory Sample preparation procedure Rationale Sample

Biochemical Adsorption Lectin-based separation Concentrate the organisms and remove food
compounds

Beef meat

Protein adsorption Concentrate the organisms and remove food
compounds

Blood

Nucleic acids extraction Nucleic acid puri� cation procedures Purify the nucleic acid of the microorganism and
remove qPCR inhibitors

Meat and meat products, seafood and seafood
products, milk and dairy products,
vegetables, and other products

Lytic procedures Release the nucleic acid of the target
microorganism

Meat and meat products

Immunological Adsorption Immunomagnetic capture Concentrate the target organisms and remove
qPCR inhibitors and food compounds

Meat and meat products, seafood and seafood
products, milk and dairy products,
vegetables, and other products

Physical Aqueous two-phase systems Concentrate the microorganisms and remove
food compounds

Soft cheese

Buoyant density centrifugation Concentrate the microorganisms and remove
food compounds

Minced meat

Centrifugation Concentrate the microorganisms and remove
food compounds

Meat and meat products

Dilution Reduce the amount of qPCR inhibitors and food
compounds

Meat and meat products, seafood and seafood
products, milk and dairy products,
vegetables, and other products

Filtration Concentrate the microorganisms and remove
food compounds

Meat and meat products, seafood and seafood
products, milk and dairy products,
vegetables, and other products

Mechanical disruption by ceramic spheres Release nucleic acid of the microorganisms
if they are internalized in the food matrix

Meat and meat products, seafood and seafood
products, milk and dairy products,
vegetables, and other products

Grinding by mortar and pestle Release nucleic acid of the microorganisms Vegetables
Boiling Release nucleic acid of the microorganisms Meat and meat products, seafood and seafood

products, milk and dairy products,
vegetables, and other products

Other heat treatments Release nucleic acid of the microorganisms Meat and meat products, seafood and seafood
products, milk and dairy products,
vegetables, and other products

Physiological Enrichment Increase the amount of microorganisms and
reduce the amount of qPCR inhibitors

Meat and meat products, seafood and seafood
products, milk and dairy products,
vegetables, and other products
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IDENTIFICATION METHODSj Real-Time PCR 349
This can result in weak or negative signals and lead to a
underestimation of the amount of target in the sample. The
potential presence of ampli� cation inhibitors in the reaction is
a serious problem that can compromise the applicability of
real-time PCR in food microbiology diagnostics. Therefore,
adequate control of the ef�ciency of the reaction is a funda-
mental aspect in such assays. A series of controls are reco
mended to correctly interpret the results of molecular
techniques (Table 2).
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Unambiguous Detection of Viable Forms of Microorganism

The detection of viable bacterial forms is a key issue for the
application of food risk management, and thus a rational
approach to detect them by using molecular-based methods is
necessary. PCR-based methods detect DNA that survives c
death. For this purpose, the use of mRNA as a template fo
ampli � cation can be a promising solution, although this
requires removing any trace of bacterial DNA in the reaction to
avoid false-positive results in viability assays.

Another approach that can be used is an enrichment ste
prior to the DNA extraction; only viable bacterial cells can
grow, and therefore we can guarantee that the PCR sign
obtained is due to those cells. We must consider that the
accuracy of this approach will depend on the initial number of
dead cells in a sample. As an illustration, a threshold could be
considered onz 104 dead cells present in the original sample,
as a food sample is generally enriched in 250 ml, only a smal
portion (usually 1 –2 ml) is used for nucleic acid extraction, and
subsequently, only a small aliquot (1–5 ml from a nucleic acid
eluate of 50–100 ml) is used for PCR. If the initial number of
bacterial dead cells is higher than that � gure, we cannot
s
l

e

Table 2 Analytical controls for diagnostic qPCR

Sample Process Control (SPC):A negative sample spiked with suf� cient
amount of target (pathogen) and processed throughout the entire
protocol. A positive signal should be obtained indicating that the ent
process (from nucleic acids extraction to ampli� cation reaction) was
correctly performed.

Negative Sample Process Control (NSPC):A negative sample spiked with
suf� cient amount of nontarget or water and processed throughout t
entire protocol. A negative signal should be obtained indicating the l
of contamination along the entire process (from nucleic acids extract
to ampli� cation reaction).

Environmental Control:A tube containing the master mixture or water lef
open in the PCR setup room to detect possible contaminating nucl
acids in the environment.

Positive PCR Control:A template known to contain the target sequence
A positive ampli� cation indicates that ampli� cation was performed
correctly.

Negative PCR Control:Including all reagents used in the ampli� cation
except the template nucleic acids. Usually, water is added instead o
template. A negative signal indicates the absence of contamination
the ampli� cation assay.

Internal Ampli� cation Control (IAC):Chimerical nontarget nucleic acid
added to the master mixture to be coampli� ed by the same primer set
as the target nucleic acid but with an amplicon size visually
distinguishable or different internal sequence region from the targe
amplicon. The ampli� cation of IAC both in the presence and absence o
target indicates that the ampli� cation conditions are adequate.
guarantee that the PCR signal is unambiguously produced b
viable bacterial cells.

An approach recently has been devised to distinguish
viable bacterial cells by staining cells with a blocking agent–
such as ethidium monoazide bromide (EMA) – prior to DNA
extraction and PCR to inhibit the ampli� cation of DNA
from the dead cells. This strategy combines the use o
viability-discriminating (live –dead) dye with the speed,
speci� city, and selectivity of ampli� cation-based techniques
such as real-time PCR. The principle is that these dyes do no
penetrate the cell walls of viable cells, but they will penetrate
those of dead cells. They can intercalate in DNA and preven
ampli � cation, and thus ampli� cation signals will be
obtained only from viable cells that the dye could not
penetrate. Photolysis of EMA with visible light produces
a nitrene that can form stable covalent links to DNA. The
unbound EMA, remaining free in solution, is simultaneously
photolyzed and converted to hydroxylamine, and is no
longer capable of covalent attachment to DNA. Thus, the
application of EMA prior to bacterial DNA extraction can
lead to selective removal of DNA from dead cells. This
approach has been tested with different foodborne patho-
gens such asEscherichia coli0157:H7, Salmonella, L. mono-
cytogenes, Campylobacter, Vibrio vulni� cus, and enteric viruses.
It has been reported, however, that EMA can penetrate th
membrane of viable bacterial cells and covalently cross
linked with the DNA during photolysis, resulting in a loss of
a percentage of the genomic DNA of viable cells and PCR
inhibition. This drawback can be overcome using a similar
staining strategy with a more selective molecule such a
propidium monoazide (PMA). PMA is a modi � cation of
propidium iodide that does not penetrate the membrane of
viable cells, but it is ef� ciently taken up by permeabilized
cells. Promising though this approach appears, it still con-
tains a potential for ambiguity in that it is not completely
ensured that there are no circumstances in which dye i
taken up by viable cells. In such circumstances, the potentia
for overlooking the presence of a pathogen in a food sam-
ple exists, and much further work is necessary before th
dye approach can be con� dently taken up in actual food
analysis.

ire
en

s

-

-

he
Conclusion

In the past few decades, substantial resources have be
directed toward the development of novel alternatives for food
microbiology diagnostics. The efforts have not, for the most
part, been translated into tangible bene� ts for the consumer
and stakeholder, since implementation of novel or improved
methods seldom has been widespread and, in many cases, ha
not occurred at all. There is a need for a focused drive toward
taking proven methods from the scientist’s laboratory and
implementing them in current use in the analyst’s laboratory.
This requires integration of the activities in method develop-
ment and validation of the leading research groups. An essen
tial aspect is the involvement of manufacturing enterprises,
food producers, retail companies, and food safety organiza
tions to ensure an informed, structured approach to safety
during the critical stages in food production processes. The
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pursuit of these objectives will require a major international
initiative, but the reward would be manifested at all levels
within the community.
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See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Campylobacter:Detection by Cultural and
Modern Techniques;Enterobacteriaceae, Coliform, and
Escherichia coli:Classical and Modern Methods for Detect
and Enumeration;Escherichia coli:Detection of Enterotoxins o
E. coli; Pro� ciency Testing Schemes– A European Perspective
Listeria:Detection by Colorimetric DNA Hybridization;
Molecular Biology in Microbiological Analysis; PCR
Applications in Food Microbiology;Staphylococcus:Detection
by Cultural and Modern Techniques;Vibrio:Standard Cultural
Methods and Molecular Detection Techniques in Foods;
Virology:Detection;Detection of Food- and Waterborne
Parasites:Conventional Methods and Recent Developmen
An Introduction to Molecular Biology (Omics) in Food
Microbiology;Identi�cation Methods:Introduction;
Identi�cation Methods:DNA Hybridization and DNA
Microarrays for Detection and Identi� cation of Foodborne
Bacterial Pathogens;Identi�cation Methods:Culture-
Independent Techniques;Molecular Biology:Transcriptomics.
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Table 1 Some applications of immunomagnetic separation
in food microbiology

Target organism Detection methods

Clostridium perfringens
enterotoxin A

IMS-ELISA

Staphylococcus aureus
enterotoxin B

Magnetic enzyme immunoassay
(MEIA)

Salmonella Plating
Plating and serology
IMP-ELISA
Electrochemiluminescence
Conductance
PCR and DNA hybridization

E. coliO157; O145,O103,
O111 O26

Plating
AIMS-ELISA
Electrochemiluminescence

Vibrio parahaemolyticus Plating
Listeria Plating
Yersinia enterocolitica Plating, PCR, and DIANA
Campylobacter jejuni PCR
Shigella dysenteriae PCR
Cryptosporidium parvum Fluorescence microscopy
Erwinia carotovora Plating and PCR
Introduction

Methods for the isolation, detection, and identi�cation of
pathogenic bacteria in foods still are based on lengthy
conventional cultural techniques, although signi�cant efforts
have been made to abbreviate the process. This is so because
foods, speci�c organisms must be detected among a mixed
population of dominating background �ora. Modi�cations to
the different stages of these culture methods tend to focus on
detection. Thus, rapid detection, based on molecular biology
and immunoassay techniques or a combination of both, have
diverted attention from the time-consuming enrichment steps
needed to increase and select the target numbers needed f
detection. Although these new detection methods are sensitiv
and speci�c, they often fail to combine the two key factors of
simplicity and speed.

Manual immunomagnetic separation (IMS), which initially
represented a time-saving replacement or supplement for th
current lengthy selective enrichment protocols now has been
automated. Automated IMS (AIMS) removes the labor-
intensive nature of the manual IMS in a single test tube and its
associated dangers of cross-contamination. The manual system
however, is still in use by small-scale food testers and
researchers. The automated system utilizes�ve separate tubes
and involves the transfer of particle–bacteria complexes from
tube to tube through a washing regime and concentration
steps. The IMS technology allows for the�exibility of applying
different endpoint detection methods. It employs magnetiz-
able particles coated with speci�c antibodies to concentrate
target bacterial cells selectively from a sample matrix. Th
technique represents alternative concentration and physica
separation techniques like centrifugation and�ltration. It is
rapid, inherently speci�c because of the coated antibodies
having been raised against target-speci�c surface markers and
requires simple and relatively inexpensive equipment. The
technique has been applied in a wide range of�elds including
food, environmental, and clinical microbiology, wastewater
treatment, plant pathogen detection, biotechnology produc-
tion processes, and downstream applications, such as isolatio
and sequencing of nucleic acids from various microorganisms
(Table 1).

Magnetic separation employs other proteins and lectins a
ligand molecules rather than antibodies to remove target
proteins or organisms from sample matrices. This article
describes the principles and types of immunomagnetic system
and illustrates how IMS can be used in combination with other
techniques for the rapid detection of foodborne pathogens and
spoilage�ora.
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
Principles of Immunomagnetic Separation Systems

Although several companies produce magnetizable particles
also referred to as beads (Table 2), only two commercial
companies (Dynal, Norway; Vicam, USA) actively produce and
market antibody-coated magnetizable particles for the speci�c
isolation and detection of food- and waterborne pathogenic
microorganisms (Table 3). Common to all IMS systems is the
principle that bacteria or cells bound to magnetizable beads by
speci�c antibodies can be isolated from heterogeneous
suspensions by the application of a magnetic�eld. Bacteria
immunologically bound to beads can subsequently multiply
when nutritional requirements are provided.

The procedure involves mixing the antibody-coated particles
with the prepared sample, and after incubation, the bead–
bacteria mixture is extracted with a magnet. The isolated bead–
bacteria complexes are washed before transfer to suitab
growth media or used with other detection systems (Figure 1).

Two fundamentally different approaches exist for the
detection of foodborne pathogenic bacteria and have been
validated independently for the detection of Salmonella, E. coli
O157, and Listeriaspp. from food and environmental samples.
The approach gaining most favor because of its simplicity and
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Table 2 Some magnetizable particles available commercially

Particles Size (mm) Manufacturer

Biomag 4300: silanized magnetic iron oxide 0.5–1.5 Metachem Diagnostics Ltd, Northampton, United Kingdom
Polystyrene paramagnetic microparticles 1–2 Polysciences Ltd, Northampton, United Kingdom
Magnetic polyacrolein/iron oxide particles 1–10 Scipac, Sittingbourne, United Kingdom
Polystyrene/divinyl-benzene 0.7 Sepadyn, Indianapolis, United States
Dynabeads (polystyrene) 2.8 or 4.5 Dynal A/S, Oslo, Norway

Adapted and reproduced with permission from Kroll, R.G., Gilmour, A., Sussman, M. (Eds.), 1993. New Techniques in Food and Beverage Microbiology,
Blackwell Scienti�c, Publications, Oxford, p. 1. The Society for Applied Bacteriology Technical Series 31 and Cudjoe, K.S., Patel, P.D., Olsen, E., Skjerve, E.,
Olsvik, Ø., 1993. Immunomagnetic Separation for the Detection of Pathogenic Bacteria in Foods. In: Kroll, R.G., Gilmour, A.,Sussman, M. (Eds.), Blackwell
Scienti� c Publications, Oxford.

Table 3 Commercial immunomagnetic separation–based products for the detection of food- and waterborne pathogens

Organism Product name Manufacturer

Salmonella Dynabeads anti-Salmonella Invitrogen Dynal, Life Technologies
Salmonellascreen/Salmonellaverify Vicam

Escherichia coliserotypes Dynabeads anti-E. coliO157, O145, O111, O103, O26 Invitrogen Dynal, Life Technologies
Captivate O157, O145, O111, O103, O26 Lab M

Listeria Dynabeads anti-Listeria Invitrogen Dynal, Life Technologies;
ListerTest Vicam

Legionella Dynabeads anti-Legionella Invitrogen Dynal, Life Technologies
Cryptosporidium Dynabeads anti-Cryptosporidium Invitrogen Dynal, Life Technologies

CryptoScan Clear water diagnostics

Sample
preparation

Immunomagnetic separation Detection

Plating

Microscopy

ELISA

Impedance

Nucleic acid hybridization

ATP-assay

Electrochemiluminescence

Dynabeads*Sample

Sample

10 min >3 min 1–10 min 1 min

Washing
Concentration

Reconstitution

SeparationImmunocapture

Figure 1 Diagram to show the principles of immunomagnetic separation. Adapted and reproduced with permission from Cudjoe, K.S., Patel, P.D.,
Olsen, E., Skjerve, E., Olsvik, Ø., 1993. Immunomagnetic Separation for the Detection of Pathogenic Bacteria in Foods. In: Kroll, R.G., Gilmour, A.,
Sussman, M. (Eds.), Blackwell Scienti� c Publications, Oxford.
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� exibility involves the maceration, blending, or mixing of
samples in a stomacher bag with a� lter before preenrichment.
IMS of the target organisms is then performed on 1 ml aliquots
of the � ltered preenriched samples. By this approach, low
numbers or sublethally injured target organisms are able to
multiply during the preenrichment phase to detectable levels
before being speci�cally and selectively concentrated by IMS
within 10 –30 min. The resulting particle–bacteria complexes
are washed before being returned to the conventional detection
system by plating onto standard selective plating media or
other current rapid detection methods.

The alternative approach is novel as the initial stages o
sample preparation vary according to individual sample and
involves no preenrichment. In this approach, homogenates of
weighed samples are usually� ltered or centrifuged. After
centrifugation, the supernatant is decanted and the pellet is
resuspended in buffer. IMS is then performed on 2 ml aliquots
of the � ltrate or resuspended pellets for 2 h before washing and
plating onto selective plating media. This alternative sample
preparation procedure is considered time-consuming and labor
intensive. Furthermore, the prolonged 2 h incubation might
cause the target organisms to multiply by at least two genera
tions, although the procedure is assumed to enable quantita-
tion of the initial contamination level of the target organism.

For both approaches, however, the washing regimes ar
perceived to involve too many hand manipulations and
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Figure 2 Schematic representation of AIMS-ELISA for the detection of pathogenic bacteria in foods.
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therefore are labor intensive. Manual IMS has now been
automated and can be performed in the Beadretriever (Dyna
Invitrogen/Life Technologies). This automated IMS platform
is also programmed to perform enzyme-linked immunosor-
bent assay (ELISA) detection in the same processing ste
termed AIMS-ELISA. The AIMS-ELISA concept, developed
the author as an in-house method, enables the rapid
screening of pathogenic bacteria, such asSalmonella, Listeria
monocytogenes, and the � ve important verocytotoxin-
producing E. coli (VTEC) serotypes of O26, O103, O111,
O145, and O157. The concept allows for the culture con� r-
mation of positive samples (Figure 2). Although not
commercialized, the technique is used routinely in the
national reference laboratory at the Norwegian Veterinary
Institute in investigating toxin-producing E. coli and Salmo-
nella outbreaks.
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Types of Magnetizable Particles

A variety of magnetizable particles are commercially available
for use in IMS techniques (Table 1). Most of these particles are
collected readily on permanent magnets and are paramagneti
or superparamagnetic– that is, the particles have no magnetic
remanence or memory and therefore are not attracted to eac
other. The paramagnetic property allows the particles to be
suspended readily as homogeneous mixtures and enhance
their further use in food homogenates. All the particles listed
in Table 1, except Dynabeads, are nonuniform in shape and
content of magnetic oxides and typically range in size from
50 nm to 1 mm. Dynabeads, the most frequently cited for IMS,
are of uniform size (1, 2.8, or 4.5mm), shape, and magnetic
oxide content because of the unique production process o
activated swelling. The chemical composition of magnetizable
particle surfaces is critically important for their successful us
in bioseparation. Because it is desirable to have a covalen
binding between the particle surface and the protein ligand,
the particle surfaces carry functional groups, such as aci
carboxyl, amino, epoxy, thiol, and hydroxyl, to enhance
protein uptake.
Immobilization of Antibodies and Types of IMS

The target-speci� c monoclonal or polyclonal antibodies often
have been covalently linked directly to particles or indirectly to
particles precoated with anti-antibodies. Both particle types can
be used in direct or indirect IMS techniques for the speci� c
isolation of target organisms. In direct IMS, antitarget anti-
bodies are bound directly or indirectly to the particles and
incubated with the sample containing the target or analyte. The
particle–target complexes thus formed are separated from th
suspension with the use of a magnetic particle concentrato
(MPC). In indirect IMS, the target sample is pretreated with
target-speci� c antibodies so that all binding sites are blocked.
The antibody–target complexes are then collected by centrifu
gation, washed to remove excess antibody, and are resu
pended into an appropriate volume. Subsequently, the
addition and incubation of particles already immobilized with
antibodies against the antitarget antibodies will result in
speci�c antibody–antibody interactions and hence the retrieval
of the target organisms. The indirect IMS approach is a less use
friendly method because of the additional handling by centri-
fugation. For samples with low numbers of target organisms
and that are devoid of particulate matter, however, isolation
may be improved signi� cantly.
Blocking Proteins and Antibody Immobilization

All antibody-coated particles must be blocked with an inert or
irrelevant protein, for example, bovine serum albumin or
casein. The use of a blocking protein during immobilization of
antibodies reduces the potential for methodological artifacts
and maximizes the sensitivity, speci� city, and reproducibility of
the binding ability of coated particles to target organisms.
Blocking proteins serve the primary purpose of covering
uncoated portions on beads and thus prevent bead–bacteria
interactions. A blocking protein is not intended to prevent direct
contact between antibodies and the uncoated polystyrene
beads, and therefore the type of protein used is not important.
This way of using blocking proteins contrasts with their use in
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Table 5 The effect of mixing during incubation and sample
particulate matter on the recovery of seededSalmonellagive
(400 cells ml� 1) as determined by IMS followed by platinga

Recovery (%)
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enzyme immunoassays carried out in microtiter wells. For the
latter purpose, the type of protein competitor is essential to
achieve a full blocking effect and thus reduce or preven
nonspeci� c binding of nontargets and enzyme conjugates.
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Type of mixing Broth

Whey milk powder

Whole suspension Clear supernatant

Continuous mixing 33.0 4.0 12.0
Intermittent mixing 20.0 3.0 5.0
No mixing (Static) 11.0 2.0 2.0

aContinuous sample mixing during incubation improves binding kinetics and results
in increased recovery of target organisms. The presence of particulate matter or fat
micelles results in loss of beads during washing with concomitant reduced recovery
of target organisms. The recovery of bead–bacteria complexes therefore is improved
if samples are devoid of particulate matter.
Reproduced with permission from Cadjoe, K.S., Patel, P.D., Olsen, E., Skjerve, E.,
Magnetic Particle Concentrators

MPCs are important complementary accessories in immuno
magnetic separation and are used to separate bead–bacteria
complexes from the unwanted debris in test samples. MPCs ar
made from strong permanent magnets based on rare eart
metals. MPCs used in IMS must be of uniform strength and
must be capable of concentrating the particles from all types o
prepared food samples. The introduction of a fully automated
IMS system serves the same purpose as the current MPCs.
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Olsvik, Ø., 1993. Immunomagnetic Separation for the Detection of Pathogenic
Bacteria in Foods. In: Kroll, R.G., Gilmour, A., Sussman, M. (Eds.), Blackwell
Scienti� c Publications, Oxford.

Table 6 The effect of washing during IMS on the recovery of
non-Salmonellaorganisms in a 20 h enriched whey milk powder and
seededSalmonella enteritidisin broth culturea

No. of washings
during IMS

Recovery (%)

Non-Salmonellaorganisms
(108 cfu ml� 1)

S. enteritidis
(106 cfu ml� 1)

0 35 26
1 4 17
2 2 10

aWashing during IMS is important in eliminating nonspeci� cally bound background
� ora, thereby shifting the binding ratio in favor of the speci� cally bound target
organisms.

Table 7 The correlation between
particle number and the level ofE. coliO157
recovered when using IMSa

Particle number (� 106) Recovery (%)

1 12.3
2 31.0
3 33.0
Factors Affecting the Performance of
Immunomagnetic Separation Systems

The performance of antibody-coated beads during IMS is solely
dependent on the extent to which particles are recovered from
different sample matrices. In this regard, the proper use o
MPCs is paramount. Failure to recover the bead–bacteria
complexes could result in failure to detect the presence of targe
organisms in a positive sample. In extremely fatty, viscous, o
particulate samples, a two- to tenfold dilution of the 24 h
preenriched sample must be made before IMS analysis. Suc
a dilution will not limit detection of the target organism but
rather will ensure that beads are recovered (Table 4). The user,
however, must practice care not to aspirate and discard th
isolated bead–bacteria complexes. Some samples, such a
cocoa powder, bacteriostatic spices, and other materials con
taining inhibitory substances should not be diluted. To prevent
the loss of bead–bacteria complexes from such samples
approximately 10% of the original sample must be left in the
tube to be diluted further with wash buffer.

In practice, the performance of antibody-coated beads
directed against bacterial surface antigens depends o
a number of factors. The type of antibody coated, its functional
af� nity, the concentration of coated antibody per milligram
particle, the number of particles per test, the incubation time,
mode and temperature of incubation, type of sample, and the
washing regimes employed determine to a large extent th
performance of the IMS procedure (Tables 4, 5, 6, 7, and 8). If
Table 4 Level of iodine-labeled particles
recovered from dilutions of blended egg after IMSa

Dilutions

Particle counts (cpm)

% RecoveredInitial Final

1:1 25 458 5 579 22.0
1:3 25 600 13 648 53.0
1:5 25 814 21 754 84.0
1:10 26 360 24 126 92.0

aDilution of samples ensures that particles are recovered with
a concomitant improved recovery of target organisms.

4 54.8

aIncreasing particle number per test improves the
level of target organisms recovered (seeTable 8).

Table 8 The correlation between extended incubation time and the
level of target bacteria recovered when using IMSa

E. coliO157 (300 cells ml� 1)

Incubation time (min) 10 15 20 30
Recovery (%) 20 34 50 49

aAlthough the actual number of colony-forming units recovered increases with
prolonged incubation and increased particle number per test, the ef�ciency of
recovery decreases with increasing levels of initial cells per milliliter.
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the antibodies coated are too restricted in speci� city, as may be
the case of monoclonal antibodies, speci� city becomes
restricted to only bacteria with the common antigenic epitopes.
Target bacterial epitopes may be associated only loosely wit
the bacterial cells and, in old cultures, free antigen from dead o
lysed cells can interfere with the binding abilities of the
particle-bound antibodies, particularly if the recovery of viable
cells is intended. Some capsulate bacterial strains are‘sticky’
and attach nonspeci� cally to the beads. This may interfere with
the binding of the antibodies to the speci� c targets and may
result in isolation of mixed bacterial populations. High-coating
antibody concentrations may lead to aggregation of bound
targets. Use of too many particles and too long an incubation
time normally increases nonspeci�c binding, whereas the use
of suboptimum particle concentrations reduces sensitivity.
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Incubation During IMS

During incubation, intermittent mixing enhances binding
kinetics, resulting in the isolation and separation of higher levels
of target organisms than when static incubation is used
Continuous mixing during incubation gives even better binding
kinetics, resulting in increased recovery of target organisms. Th
fear of cross-contamination from the tube’s cap has been
expressed as a basis for static incubation without closing tubes
Static incubation could be used for those IMS protocols that
involve less than 3 min incubation, but the beads must be mixed
thoroughly with the sample before static incubation commences,
otherwise they will sediment. A major source of contamination,
however, is the use of contaminated wash buffer, improper
handling of pipettes and lack of good laboratory practice. Care
should be taken to distinguish between wash buffers meant for
� rst and second washes and from those meant for reconstitution
of particles after the� nal wash. Main batch wash buffers should
be aliquoted into smaller volumes and used appropriately. Care
must be taken to avoid the development of aerosols while aspi-
rating sample supernatants or wash buffer supernatants or whe
adding wash buffers. When opening Eppendorf tubes, the index
� nger should be placed over the cap and the thumb should be
used gently to lift it upward, or an opening device for Eppendorf
tubes should be used.
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Washing During IMS

Washing is an important step in the IMS technique. Like any
immunoassay procedure, washing is essential to remov
unbound target and nontarget organisms, remove sample
matrix, some of which could contain bacteriostatic agents, and
minimize nonspeci� c binding. Too much washing may result
in the loss of target bacteria speci� cally bound, whereas
underwashing may not remove nontarget bacteria nonspeci� -
cally bound to the particles. The latter may mask the isolated
target organisms and so hinder detection, particularly if growth
is used for detection. The proper use of MPCs to concentrat
bead–bacteria complexes during the washing procedure
determines to a large extent whether the IMS procedure will be
successful. Normally, the entire IMS procedure is performed on
a benchtop at a room temperature of 18–28 � C.
Principles of Combination Techniques
for Foodborne Pathogens

Primarily, IMS was developed in conjunction with plating so
that target organisms could be isolated and further character
ized. Bead–bacteria complexes therefore are resuspended int
a small volume to achieve the desired concentration and to
enable plating all the suspension. Resulting colony-forming
units do not re� ect an absolute quantitative measure as to the
actual level of organisms recovered. This is because more tha
one organism can bind to a bead and because of the formation
of aggregates among the bead–bacteria complexes during the
concentration process. If alternative methods are desired, fo
example, measuring the metabolic activity as in the adenosine
triphosphate assay, then bead–bacteria complexes must be
resuspended into a larger volume (1 ml) to break up the
aggregate. If, for example, a polymerase chain reaction (PCR
detection is desired, the bead–bacteria complexes can be
resuspended directly into lysis buffer to an optimized bead
concentration of less than 100mg ml� 1 (or approximately 106

beads per milliliter) so that the beads do not interfere with the
reaction. No matter which detection combination is adopted,
sample preparation before IMS is critical and the appropriately
resuspended bead–bacteria complexes then serve as a templat
for the detection method in question.
Food Sample Preparation

Some food types require special enrichment broths because o
the presence of substances that may be toxic for the targ
bacteria or for other reasons connected with the composition of
the food. For most food samples, however, maceration by
stomaching for 1 min in a stomacher bag with a � lter is
important. The process releases the target bacteria int
suspension, which then passes easily through the pore. Afte
incubation, the � ltrate, now devoid of particulate matter, is
then used for IMS. For IMS procedures based on samples no
preenriched, � ltration of the stomachate, followed by centri-
fugation, is recommended. Sample preparation involving
centrifugation permits the detection of lower levels of
contamination when a larger gram-equivalent of sample is
used in the examination.
Water Sample Preparation

Examination of potable water supplies for the presence of
waterborne parasites, for example,Cryptosporidium parvum
oocysts, involves the� ltration of large volumes (10–1000 l) of
water. The suspension of particulate matter and parasite
eluted from the � lter is then concentrated by centrifugation.
The sediments (retenate) are then resuspended in a reagen
grade water and are used for IMS, which currently involves two
recognized protocols. In one protocol, a preclear procedure
involving beads coated with irrelevant antibodies is used to
remove interfering material, before performing the main IMS
capture procedure, followed by staining and detection. The
second recognized protocol involves the addition of controlled
buffer formulations to the sample during the oocysts captured
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Table 9 Comparison of two IMS systems for concentration of
Cryptosporidiumoocysts from water

Sample

Recovery (%) by IMS test system produced by

Dynal Clearwater

Replicate 1 Replicate 2 Replicate 1 Replicat

Deionized water 75 81 13 52
Surface water

(500 NTU)
74 85 0 .23

NTU, nephelometric turbidity units.
Data presented by Bukhari, Z., McCuis, R.M., Fricker, C.R., Clancy, J.L., 1997
AWWA Water Quality Technology Conference. November 9–12. Denver, CO.
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by IMS to inhibit interfering substances. Thereafter, the
captured oocysts are dissociated from the beads and a
detected after a staining procedure. The scienti� c merits of
both methods are subject to intense disagreements, bu
currently, it appears that the second recognized protocol is
gaining favor because the preclear treatment of the retenat
appears to deplete the oocysts as well, often resulting in
false-negative results. Furthermore, in turbid water, the
recovery ef� ciency of the former method is both low and
variable (Table 9). Nevertheless, the only accepted method for
detectingCryptosporidiumoocysts after IMS is immuno� uores-
cence assay using a� uorescein isothiocyanate (FITC) mono-
clonal antibody. If viability of the oocysts is to be determined,
the immuno � uorescence assay can be combined with vita
� uorogenic dyes.
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Detection Methods

Immunomagnetically isolated target organisms from sample
matrices allows for the use of any endpoint detection method.
For purposes of epidemiological tracing, bead–bacteria
complexes of most pathogenic bacteria, for example,Salmonella,
E. coli O157, and Listeria, have been plated onto respective
selective plating media. For the purposes of screening larg
numbers of samples, however, rapid detection methods are
preferred. Bacteria or oocysts attached to the beads have be
stained with acridine orange or reacted with FITC-labeled anti
bodies that recognize speci� cally the bound organisms for rapid
presumptive identi� cation under a � uorescence microscope
Bead–bacteria complexes have been postselectively enriched
augment bacteria numbers and to enhance antigen production
before detection by enzyme immunoassays. The concept of PC
and other DNA hybridization –based approaches have tended to
dominate the more recent literature in view of the speci� c
detection of the target organisms it confers. The magneti
immuno-PCR assay (MIPA) uses PCR as the detection metho
after IMS. IMS enhances the sensitivity of MIPA or similar type
assays by removing PCR inhibitory compounds from the
sample. Furthermore, ampli� ed fragments of nucleic acids
prepared by MIPA have been detected by a method tha
involved a marriage between DNA technology and enzyme
immunoassay known as DIANA (detection of immobilized
ampli � ed nucleic acids). In DIANA, the ampli� ed biotinylated
DNA is selectively bound by streptavidin-coated beads.
IMS has been combined with a commercial sensor for
electrochemiluminescence (ECL) detection. The concept o
ECL appears promising for rapid detection of enteric patho-
genic bacteria from food and environmental samples. The
total processing and assay time is estimated to be less tha
1 h, with a detection limit of approximately 10 3 cells per
milliliter.

e 2
Advantages and Limitations

IMS has several advantages over other separation and conce
tration methods, including the following:

1. The target bacteria are separated from the source and fro
other bacteria not bound to the particles and may be
concentrated by resuspension in a small volume suitable for
subsequent cultivation or detection by other means.

2. Possible growth inhibitory substances in the sample are
removed, thus facilitating cultivation. IMS is not a detection
system, but it may provide a signi�cant time saving for all
existing methods based on selective enrichment.

3. It enables the � exibility of applying different endpoint
detection techniques. Depending on requirements, detec
tion techniques – including microscopy, plating, ELISA, and
PCR– and impedance methods can be used. The incorpo
ration of the AIMS-ELISA technique in the same processin
steps enables rapid screening of large number of sample
thus reducing workload in con� rming presumptive positive
samples.

4. The technique, however, is limited by the requirement of
antibodies directed against surface antigens of the organism

5. The presence of high concentrations of dead or lysed cells i
the sample, which would include free surface antigens
would negatively affect retrieval of viable bacteria.

6. Although IMS is accepted as a reliable alternative to
conventional selective enrichment protocols, perceived fear
of cross-contamination exist because of the manual nature
of the technique. The fact that antibodies are not absolutely
speci�c, mean that some cross-reacting organisms may bin
to the beads. Bacteria frequently attach nonspeci� cally to
surfaces and the problems of nonspeci� c binding often
arise.

7. Furthermore, inherent in the IMS procedure itself, is the
entrapment of microorganisms within the aggregates
formed during the concentrating step. Therefore, when not
too speci� c detection methods are used after IMS, fo
example, plating onto agar media, the problem can become
accentuated.

.

Future Perspectives

IMS is now recognized as an essential technique that improve
the detection of foodborne pathogens in a relatively short
time. Automation of the whole concept has resolved many of
the perceived problems of cross-contamination and enhanced
the user friendliness of the system. Not much developmental
work has been done with respect to new applications of the
IMS concept since its initial introduction. Few new products
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have been launched for food testing– perhaps because of the
dif � culty in developing good enough antibodies that have
a suf� ciently broad speci� city for the mirage of increasing
numbers of, for example, verotoxin-producing E. coli.
Although IMS has not yet been fully integrated into all
conceivable detection systems and adapted for continuou
online screening and monitoring of processing plants as
envisaged, it is an essential step in the isolation of speci� c
pathogens from foodborne outbreak cases for epidemiolog-
ical tracing.
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See also:Bacteriophage-Based Techniques for Detection o
Foodborne Pathogens; Biophysical Techniques for Enhan
Microbiological Analysis; Biosensors– Scope in
Microbiological Analysis; Scope in Microbiological Analys
Campylobacter: Detection by Cultural and Modern Techniqu
Campylobacter:Detection by Latex Agglutination Techniqu
Detection of Enterotoxin ofClostridium perfringens; Clostridium:
Detection of Neurotoxins ofClostridium botulinum; Direct (and
indirect) conductimetric/impedimetric techniques; Detectio
Latex Agglutination Techniques;Escherichia coliO157 and
Other Shiga Toxin-ProducingE. coli:Detection
by Immunomagnetic Particle-Based Assays; Flow Cytom
Foodborne Fungi:Estimation by Cultural Techniques;
Hydrophobic Grid Membrane Filter Techniques;Listeria:
Detection by Colorimetric DNA Hybridization;Listeria
monocytogenes–Detection by Chemiluminescent DNA
Hybridization; Detection using NASBA (an Isothermal
Nucleic Acid Ampli� cation System); Molecular Biology in
Microbiological Analysis; Petri� lm – A Simpli� ed Cultural
Technique; Polymer Technologies for the Control of Bact
Adhesion– From Fundamental to Applied Science and
Technology;Salmonella:detection by latex agglutination
techniques; Detection by Immunoassays; detection by
colorimetric DNA hybridization; Detection by Immunomag
Particle Assay; Sampling Plans on Microbiological Criteri
Staphylococcus:Detection of Staphylococcal Enterotoxins;
VerotoxigenicEscherichia coli:Detection by Commercial
Enzyme Immunoassays; Detection by Cultural and Mode
Techniques.
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Introduction

Indicator organisms have been used as markers whose presen
in numbers exceeding given numerical limits indicates the
possible occurrence of ecologically similar pathogens, inade
quate processing, and the quality of raw materials. The term
‘indicator organisms’ has been used for nearly a century to
assess the microbiological status of food production and food
control systems, including evaluating the quality or safety of
raw or processed food products and validating the effectivenes
of microbial control measures.

Foodborne disease and microbial spoilage of food result
from the failure or inability to control the contaminants, such
as foodborne pathogens, food spoilage organisms, indicato
organisms or microbial toxins in one or more stages of the food
chain, from raw material to consumption. The most conven-
tional methods for detecting foodborne bacterial pathogens in
food and other substrates depend on the use of microbiological
media to selectively grow and enumerate bacteria. The method
are sensitive, generally inexpensive, and provide qualitative a
well as quantitative results. Unfortunately, for the food
industry in which time and cost are important issues, the
preparation of media and plates, as well as colony counting
and biochemical characterization of the isolated colonies is
a time-consuming and labor-intensive process. The examina
tion of a food product for indicator organisms can provide
simple, reliable, and rapid information about processing
failure, postprocessing contamination from the environment,
the general level of hygiene and presence or absence of foo
borne pathogen. Many indicator analyses normally involve the
estimation of number of organisms in the food. These analyses
cannot replace the examination for speci�c pathogens for
which suitable methods exist and for which such analysis is
appropriate, but they usually can provide information in
a shorter time than that required for isolation and identi�ca-
tion of speci�c organisms or pathogens. Thus, indicator anal
yses are used widely to measure improper sanitation
Additionally, they also could be used to monitor adherence to
good manufacturing practice (GMP)/good hygiene practice
(GHP) and hazard analysis critical control point. The use of
indicators is highly dependent on the microbiological criteria
according to national and international microbiological criteria
(i.e., Codex Alimentarius) that are in place for the food
product.

Surrogate microorganisms, which are functionally distinct
from indicator organisms, are invaluable in validating the
ef�cacy of interventions and control processes. Their use, a
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opposed to using actual pathogens, derives from the need to
prevent the introduction of harmful organisms into the
production facility. To obtain quantitative information to
support the development and validation of interventions and
control processes, it is necessary to use microbial surrogate
They are used in a different way than indicator organisms, and
the difference is discussed in this article.

This article discusses the challenges to the use of indicato
to ensure the safety and quality of products and surrogates to
determine the effectiveness of the microbial reduction
treatment.
Target and Role of Indicator Microorganisms

Indicator microorganisms are important components of
microbiological testing programs conducted both by regulatory
authorities and the food industries. The major goal for food
industries and regulatory authorities is to provide safe,
wholesome, and acceptable food to the consumer, and the
control of microorganisms is essential to meet these objectives
In general, the testing of indicators most often is used to
monitor food-processing conditions. They may indicate the
potential presence of pathogens, a fault in sanitation as
required in GMP and GHP, or a failure in food processing. They
may re�ect quality attributes that can affect consumer accep
tance of a product. Additionally, testing for indicator micro-
organisms is used for the following four reasons:

l Cost effectiveness: The number of analyses conducted fo
microbial indicators of unhygienic practice and spoilage
microorganisms can be greater than for speci�c pathogens
because the latter analyses are usually more expensive.

l Simplicity: The analyses of the indicator microorganisms
frequently are simpler to conduct than those of speci�c
pathogens.

l Rapidity: The tests for indicator organisms usually provide
results more rapidly than those for pathogens, thus allow-
ing for faster remedial action.

l Trend analysis: Indicator microorganisms usually are
present in higher numbers than pathogens and can indicate
unsatisfactory conditions when levels increase signi�cantly.
Because levels can be monitored, trends can be establishe
so that the trend analysis can identify situations before they
become out of control.

According to many food technologists, indicator microor-
ganisms are divided into two groups, that is, those for food
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00396-7
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quality and those for food safety. These two groups are
described in the following sections.
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Indicator Microorganisms for Food Quality

These indicators generally are product speci� c, depending on
the typical spoilage microorganisms in a food or their metabolic
products whose presence in foods at certain levels may be use
to assess existing quality or, better still, to predict the shelf life o
the product. For instance, one of the most common applica-
tions of coliform bacteria as an indicator microorganism is in
their association with hygienic conditions and overall quality,
especially concerning processed foods. At normal levels, th
coliform bacteria found in foods are killed by processing (such
as pasteurization, ozone treatment, and irradiation); therefore,
their presence in a food generally indicates an inadequat
process or contamination after the processing of foods.

When used in this way, the ideal indicator organisms
should meet certain requirements, for example, they should

l be present and detectable in all foods, whose quality (or
lack thereof) is to be assessed;

l be easily detected and enumerated and be clearly distin
guishable from other organisms;

l be enumerable in a reasonably short period of time;
l be resistant to cellular injury or a decrease in concentration

from the stress of handling, there should not be a decreas
during the analysis – for example, they should not be
affected by refrigerator temperature during storage or by th
blender speed in the homogenization stage;

l be nonpathogenic or harmless to testing personnel, if
handled properly;

l have a direct negative correlation with product quality in
terms of their growth and numbers; and

l not have their growth adversely affected by other organism
of the food � ora.
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Indicator Microorganisms for Food Safety

These indicators generally are associated with common path
ogens that originate from similar environments (e.g., intestinal
pathogens) and also are able to survive in foods as well as th
pathogens. They are employed more often to assess food safe
and sanitation rather than quality. Indicator organisms are
microorganisms that provide insight into the history of
a sample or illuminate a potential association with other
organisms or conditions. For instance, coliform bacteria have
been used as indicators of unsanitary conditions in food and
water for more than a century. This concept originated in the
late 1800s afterEscherichia coliwas found to be ubiquitous in
feces, and its detection in food has been used to indicate a
increased likelihood that pathogens, such asSalmonellaand
E. coliO157:H7 were also present in the food.

It has been suggested that the main characteristics of a
ideal food safety indicator should

l be easily and rapidly detectable,
l be easily distinguishable from other members of the food

� ora,
l have a history of constant association with the target path-
ogen whose presence it is to indicate,

l always be present whenever the target pathogen is presen
l be an organism whose numbers ideally should correlate

with those of the target pathogen,
l possess growth requirements and growth rate equal to thos

of the target pathogen,
l have a die-off rate that at least parallels that of the targe

pathogen and ideally persists slightly longer than the targe
pathogen,

l be absent from foods that are free of the target pathogen
except in certain minimum numbers, and

l be nonpathogenic or harmless to testing personnel if
handled properly.
Most Commonly Used Indicator Organisms in Foods

The most commonly used indicators in food industries are
total viable cell (aerobic plate count), total yeast and mold,
Enterobacteriaceae, coliform bacteria, fecal coliform/E. coli, and
nonmonocytogenes Listeriaspp. The presence of certain chemica
markers may sometimes be used to indicate poor hygiene
conditions in speci� c circumstances, for example, patulin in the
production of fruit juice, especially apple juice concentrates,
and biogenic amines in fermented foods, such as� sh sauce,
fermented sausage, and cheese. Additionally, adenosin
triphosphate (ATP) bioluminescence may also be used to
monitor hygiene practices in the food production chain.
Total Viable Cell Count

Microbial populations in food samples vary enormously,
depending on the characteristics of the sample and the pro
cessing conditions. For instance, unprocessed foods are like
to contain a very wide variety of species, whereas hea
processed products may contain heat-resistant spores and als
heat-resistant vegetative cells. A total viable cell count can onl
provide an estimate of the microbial population based on
those cells that are recoverable under the test conditions.

The enumeration of total viable cell is a widely used analysis
to provide an insight into the overall performance of micro-
biological food quality. It is used as an indicator of food
quality, and it can serve to re� ect good personnel and envi-
ronmental hygiene and correct handling practices.

In most instances, however, total viable cell counts are poo
indicators of safety because they do not directly correlate to the
presence of pathogens or toxins. The existence of low tota
viable cell counts does not mean the product or ingredient is
pathogen free. Although, some products or ingredients
showing excessively or unusually high total viable cell counts
may reasonably be assumed to be potential health hazards
Therefore, the existence of a large number of bacteria may be a
indication of poor sanitation or problems with process control
or ingredients.

A conventional total viable cell count as the quality indi-
cator is determined using an aerobic plate count method.
Brie� y, the method requires the preparation of a series o
tenfold dilutions from the initial dilution. A 1 ml aliquot of
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each dilution is then dispensed into Petri dishes, to which is
added 12–15 ml of a nonselective culture medium, such as
plate count agar. The plates are then rotated to mix the molten
medium and the sample dilution, and they are allowed to
solidify before incubation at 30 � C for 48 h. After incubation,
the visible colonies on selected plates (those showing more
than 15 and less than 300 colonies) are counted and then the
result can be calculated on the basis of the count and the
dilution factor. This basic method can also be used for ther-
mophiles, psychrophiles, and so on, using the appropriate
incubation parameters.
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Total Yeast and Mold Count

Yeast and mold counts are more relevant indicators of shel
life than bacteria for commodities with a low pH, such as fruit
and fruit products. They commonly are enumerated in food
as quality indicators. As a group, the yeasts and molds ar
diverse and can grow on virtually any type of foods. Yeasts ar
a common cause of food spoilage, particularly in acidic foods,
such as fruit and fruit juices, and food with reduced water activity
(aw), such as confectionery. Although molds do not cause
infection via food, some strains are able to produce mycotoxins,
which can cause serious chronic illness if consumed.

Yeast and molds survive in a wide range of environmenta
conditions: pH 2–9; temperatures of 5–35 � C; andaw of 0.85 or
less. As quality indicators, they can be used to assess ingredie
acceptability, organoleptic characteristics, stability, and the
shelf life of a product.

Osmophilic yeasts can grow toaw as low as 0.65 and are
used as indicators in foods with low aw such as jams, syrups
and juice concentrates.

Yeasts and molds are enumerated by plate count procedur
that uses agar, generally supplemented with inhibitor agents to
bacteria. Most commonly used selective agents in th
enumeration of yeast and molds are chloramphenicol, rose
bengal, and dichloran. Plates are inoculated by spreading o
pouring and then are incubated at 28� C for 3–7 days.

Additionally, the Howard mold count is applied to detect
the inclusion of moldy material in canned fruit, jams,
preserves, and tomato products as well as to evaluate th
sanitary condition of processing in canneries. The Howard
mold count method is based on the presence or absence o
mold hyphae and is reported as the percentage of positive
microscopic � elds.
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Enterobacteriaceae

Enterobacteriaceae is a large, heterogeneous group of Gram
negative rods that includes bacteria that naturally inhabit the
mammalian gut but also can occur and multiply in other envi-
ronments– for example, species ofEscherichia, Citrobacter, Enter-
obacter, Proteus, Hafnia, Klebsiella, Providencia, and Serratia, and
also some of the most important enteric pathogens, such a
Salmonellaspp., Shigellaspp., Yersinia enterocolitica, and patho-
genic E. coli. All members of the Enterobacteriaceae family
ferment glucose with acid production and reduce nitrates.
Certain physiological groups of organisms may be recognized
within Enterobacteriaceae. Psychrotrophic members of this
family are not uncommon, although the Enterobacteriaceae
are regarded widely as being mesophilic. The psychrotrophi
strains of Enterobacter, Hafnia, and Serratia may grow in
temperatures as low as 0� C.

Enterobacteriaceae is a useful indicator of hygiene an
postprocessing contamination of heat-processed foods. Thi
family has been used as indicators of food quality and also for
food safety. Enterobacteriaceae counts are an effective metho
to assess environments, such as postprocess food conta
surfaces and help to quickly determine potential sources of
contamination. Enterobacteriaceae may be superior to the
coliforms as indicators of sanitation because, collectively, they
have greater resistance to the environment than the coliforms
and can better assess glucose-positive, lactose-negat
members of the food micro� ora.

Detection methods usually are based on direct enumera
tion, generally using solid media containing bile salts and
glucose, such as violet red bile glucose agar.
Coliform Bacteria

Coliform bacteria are de� ned as facultatively anaerobic, Gram-
negative, non-spore-forming rods that ferment lactose vigor-
ously to acid and gas at 35� 2 � C within 24 or 48 h. Coliform
bacteria generally belong to four genera of the Enter
obacteriaceae:Citrobacter freundii, Enterobacter cloacae, Enter-
obacter aerogenes, E. coli, and Klebsiella pneumoniae.

Some coliform bacteria are associated with the intestines
(colon) of warm-blooded animals (called fecal coliforms),
while others are related to plant material.

Coliform bacteria are considered as indicator organisms
because their presence in foods indicates that circumstances a
suitable for the presence of enteric pathogens and may signif
insuf� cient sanitary conditions.

In coliform analysis, a variety of bacteriological media are
used to detect the coliform bacteria in water and food,
including violet red bile agar, m-Endo agar/broth, lauryl sulfate
tryptose broth, and brilliant green bile broth. Most of these
media contain lactose as the primary fermentable sugar. Fo
some procedures, such as those using violet red bile agar, th
acid production of presumptive coliform colonies must be
con� rmed by transfer to a fermentation tube (i.e., brilliant
green bile broth with an inverted gas tube). Additionally,
membrane � ltration systems are used widely in coliform
analysis in beverages, drinking, and potable water.

For the analysis of coliforms in low-level contaminated
water and beverages, membrane� ltration is the main method.
Samples to be tested are passed through a membrane� lter of
particular pore size (generally 0.45mm). When the � lter is
placed in a sterile Petri dish with an appropriate medium, the
target bacteria grow well, while the accompanying microbiota
is suppressed at 35� 2 � C. Each cell develops into a separate
colony that can be counted directly, and the results calculated
as the microbial load. Sample volumes of 10, 100, or 250 ml
are used for the water testing, with the goal of achieving a� nal
desirable colony count range of 20–60 colonies per � lter.

There are alternative testing procedures, based on detectin
enzymes that are speci� c for coliform bacteria. These methods
have been applied in rapid screening and con� rmation proce-
dures for food and water. The detection ofb-D-galactosidase is
used widely in coliform analysis.
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Fecal Coliforms/E. coli

Fecal coliform bacteria may be indicative of fecal contamination
and the potential presence of pathogens associated with feca
material of warm-blooded animals (e.g.,Salmonella, E. coliO157:
H7, etc.). These organisms may be separated from the tota
coliform group by their ability to grow and ferment lactose at
elevated temperatures (44.5� C for water and 45.5� C for food at
24–48 h). Outside of these hosts, fecal coliforms often are shor
lived compared with the coliform bacteria that are free-living and
not associated with the digestive tract of humans or animals
The fecal category contains both pathogenic and nonpatho
genic bacteria. A typical example of fecal coliforms isE. coli.

Indicators of fecal contamination should

l be organisms speci� c to the intestinal tract,
l be present in high numbers in feces to be detected easily i

water/foods after dilution,
l be able to survive at high rates in the test product, and
l be easily detected, even in very low numbers.

Escherichia colimeets these criteria, and thus, it commonly
has been used as an indicator of fecal contamination and as a
indicator of hygiene and food safety.

Among the alternative testing procedures, different methods
have been developed based on detecting enzymes th
are speci�c for E. coli. These are based on the use of� uoro-
genic substrates with the most commonly used being
4-methylumbelliferyl-ß- D-glucuronide (MUG). This substrate
is used in both liquid and solid media and detects the activity
of b-glucuronidase (GUR) encoded byuidA gene inE. coli. The
presence ofE. coliis characterized by this enzyme that metab
olizes MUG to release the 4-methylumbelliferyl. These result
are obtained from � uorescence under long wave ultraviolet
light at 366 nm.
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Enterococci

The genusEnterococcusincludes Gram-positive, catalase-nega
tive (some strains are catalase positive in blood agar media)
oxidase-negative, facultative anaerobe cocci that typically occu
single, in pairs, or in chains. They are distributed widely in the
environment, principally inhabiting the human and animal
gastrointestinal tract. They differ from coliforms in that they are
salt tolerant and are able to grow in the presence of 6.5% NaC
and relatively resistant to freezing temperatures. Certain specie
of enterococci, such asEnterococcus faecalisand Enterococcu
faecium, are relatively heat resistant and may survive a
pasteurization temperatures. Enterococci can establish an
persist in food-processing facilities for a long period, and they
can be monitored mainly as indicators of process hygiene o
food quality. This indicator may be useful in speci� c cases to
identify poor manufacturing practices. Because they are bette
able to survive in salted products, they are often regarded a
being more reliable than coliform count as an index of sanitary
quality. Additionally, the absence or presence test of entero
cocci is accepted as the of�cial standard for determining the
quality of potable and drinking water.

Enterococci can be enumerated and isolated presumptivel
from a variety of foods using several different media, such a
m–Enterococcus Agar, KF Streptococcus Agar, Citrate Az
Tween Carbonate (CATC) Agar, Kanamycin Aesculin (Esculine
Azide (KAA) Agar, and Chromocult Enterococci Agar. To
con� rm the presumptive positive results, 5–10 typical colonies
are isolated and submitted to conventional biochemical tests or
rapid identi � cation systems.
NonmonocytogenesListeriaspp.

Listeria monocytogenes(see Listeria: Introduction) is an important
foodborne pathogen causing the disease listeriosis, which
exhibits quite different characteristics from the enteric micro-
organisms. It is ubiquitous in the environment and has
a greater resistance to environmental stresses thanE. coliand
some other members of Enterobacteriaceae. It is able to grow i
salt concentrations up to 10% and at temperatures that exist in
refrigerated units. Although inactivated by pasteurization, it is
more heat resistant than most of the enteric pathogens. Thus
the enteric indicator organisms are not appropriate for assess
ing the risk of exposure to this species. Efforts to contro
L. monocytogenescan be conducted by testing for the genus
Listeria, which is widespread in the environment and
commonly found in food-processing facilities. Listeria mono
cytogenesand other Listeriaspp. can be found simultaneously in
the same foods. This is signi� cant because the presence ofLis-
teria innocuaand other nonpathogenic species ofListeriamay
serve as indicators of the presence ofL. monocytogenes. Conse-
quently, the absence of genericListeriahas been used as an
indicator for the absence ofL. monocytogenes.

Culture-dependent enrichment methods for detection
(presence or absence) tests forListeriaspecies involve preen-
richment and selective enrichment steps using, for example
Fraser broth followed by subculture in selective agar, suc
as polymyxin-acri� avine-LiCl-ceftazidime-aesculin-mannitol
(PALCAM) agar, Oxford agar and especially chromogeni
ALOA (Agar ListeriaOttaviani and Agosti) medium according
to ISO 11290 and Bacteriological Analytical Manual (BAM).

In addition to the conventional methods presented for the
different groups of indicator microorganisms others, such as
hydrophobic grid membrane � lter and dry rehydratable � lms
are used as rapid of�cial methods.
Other Indicators

Patulin is important mycotoxin in the concentrate of fruits,
especially apple concentrate. The presence of patulin in appl
juice concentrate is a good indicator of poor manufacturing
practices, indicating the use of moldy apples or unclean facilities
Since fruits and fruit products are eaten on a regular basis an
can form a signi� cant percentage of the daily diet, long-term
exposure to mycotoxins easily can lead to physiological damage

Bioluminescence ATP detection systems are used in th
food industry as rapid indicators of the level of hygiene and
undoubtedly have in� uenced the sanitation monitoring in
food-processing facilities. They commonly are used as a rapi
indicator of surface cleanliness, indirectly revealing microbio-
logical load and food residues. If processing is conducted in an
inadequately cleaned surface, there will be potential food safety
and quality risks. Therefore, ATP bioluminescence, as a rapid
monitoring technique, appears to be the current popular and
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362 Indicator Organisms
predominant choice by an increasing number of food-
processing facilities as their control system to avoid cross
contamination from dirty surfaces.

Biogenic amines are produced by decarboxylation of free
amino acids present in foods. This decarboxylation reaction is
catalyzed by bacterial amino acid decarboxylase enzymes. I
general, these enzymes, especially histidine decarboxylase, c
be found in species of Enterobacteriaceae,Clostridium, Lactoba-
cillus, Vibrio, Pseudomonas, and Photobacterium. Additionally,
Enterobacteriaceae species are the most important biogen
amines forming microorganisms especially in� sh, � sh prod-
ucts, and cheese.Morganella morganii, K. pneumoniae, Proteus
vulgaris, and Hafnia alveiare examples of species. Histamine
putrescine, cadaverine, tyramine, and tryptamine are considere
the most important biogenic amines in foods. They are the end
product of bacterial decarboxylation. Biogenic amines, partic-
ularly histamine have been the causative agent of a numbe
of food intoxications. Symptoms may occur especially in
conjunction with potentiating factors, such as amine oxidase-
inhibiting drugs, alcohol, other food amines, and gastrointes-
tinal diseases. Therefore, some biogenic amines, especia
polyamines, such as putrescine, cadaverine, spermine, an
spermidine, have been used as indicators of food spoilage.

Depuration is an effective process in removing many feca
bacterial contaminants from shell� sh. As currently commer-
cially practiced, it is less effective at removing viral contami-
nants. For this reason, the analysis of fecal coliforms andE. coli
has a limited predictive value for viral pathogens, such as
noroviruses (NoV), hepatitis A viruses (HAV), enteroviruses
(EV), and adenoviruses (ADV). The traditional depuration
process does not signi�cantly reduce the levels of male-speci� c
RNA (F-RNA) bacteriophages. For this reason, these bacteri
phages have been proposed as an alternative indicato
organism for shell� sh.
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Indicator Microorganisms Used in Microbiological
Laboratories

In microbiological laboratories, various microorganisms are
used as indicators to evaluate the effectiveness of the steriliz
tion procedures. Commercially available biological indicators
should be utilized at least quarterly to test autoclave perfor-
mance. Biological indicators are composed of heat-resistan
endospores that are killed by effective autoclaving. If all the
spores have been destroyed, it is reasonable to assume that t
system also has destroyed any other biological entity that wa
present. Additionally, spores ofBacillus subtiliscan be used to
validate dry heat sterilization. Another indicator for steriliza-
tion effectiveness areBacillus pumilusspores, which have been
used in the irradiation (ionizing radiation) process. Also, for
control of ethylene oxide sterilization, spores ofB. subtilisvar.
nigercommonly are used.

Apart from these sterilization indicators, Brevundimona
diminuta (formerly Pseudomonas diminuta) ATCC 19146 has
been used to guarantee the integrity of a membrane� ltration
system. To achieve this objective, the correlation betwee
bacterial challenge retention and a nondestructive integrity tes
must be proven. The procedure documented in the American
Society for Testing and Materials (ASTM) F838-83, th
Standard Test Method for Determining Bacterial Retention of
Membrane Filters Utilized for Liquid Filtration, is used to test
the manufactured product.
Surrogate Microorganisms

Surrogates are used speci� cally to evaluate the effects and
responses to selected processing treatments. They play
important role as alternative biological indicators that can
mimic the survival and growth properties of a pathogen and can
help detect peculiarities or deviations in processing and storag
procedures. An important difference between surrogates an
indicators is that the latter occurs naturally and the former is
introduced as an inoculum. One of the challenges in using new
processing technologies for pathogen removal or inactivation is
to determine whether traditional processing can be used to
establish and validate the new process. It is also appropriate to
use surrogate microorganisms to assist in determining and
validating the effectiveness of processing conditions in killing
cells or controlling growth during subsequent storage. There
fore, the use of surrogates by food production companies is
of importance to ensure the microbiological safety of the
process. For example, surrogates have been used for many ye
in the low-acid canning industry to establish and validate
the destruction of Clostridium botulinumspores. The use of
nonpathogenic spores of the putrefactive anaerobeClostridium
sporogenes, or spores of the � at-sour thermophilic organism
Geobacillus stearothermophilusas surrogates forC. botulinum, have
helped the industry develop thermal processes that ensure tha
products are safe and commercially sterile. Additionally, ther-
mophilic bacilli, such as Anoxybacillus� avithermusand Geo-
bacillusspp., are an important group of contaminants in the
dairy industry. Although these bacilli generally are nonpatho-
genic, their presence in dairy products may be a surrogate, an
high numbers indicate inadequate heat treatment.

Furthermore, E. coli Type I can be used as a surrogat
microorganism for E. coliO157:H7 in the research concerning
irradiation. This is due to the D10 value of E. coliType I being
higher than that of E. coli O157:H7. In various irradiation
research, the D10 values of E. coli and E. coliO157:H7 were
detected as approximately 0.5 and 0.3 kGy, respectively.

Generally, surrogates are selected from the population o
well-known organisms that have well-de� ned characteristics
and a long history of being nonpathogenic. To be selected, the
desirable microbial aspects of surrogates are that they should

l be nonpathogenic;
l have inactivation characteristics and kinetics that can be

used to predict those of the target pathogen;
l behave similarly to the target pathogens when exposed to

processing parameters, for example, the surrogate and targ
pathogen have the same resistance to heat or chemic
treatment;

l be stable and have consistent growth characteristics;
l be easily prepared to yield high-density populations and

these populations should remain constant until utilized;
l be easily enumerated using rapid, sensitive, inexpensiv

detection systems;
l be easily differentiated from other micro� ora;
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l be genetically stable; and
l be susceptible to injury similarly to that of the target

pathogen.
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Introduction

Methods such as acidity, alkalinity, heating, freezing
drying, freeze-drying, irradiation, high hydrostatic pressure
fermentation, or the addition of antimicrobials and chemicals
commonly are used to control bacterial contamination and
pathogens. After these treatments (stress), one population o
microorganisms may be killed, another population may
survive (noninjured), and a third population may be injured
sublethally. Injured organisms are potentially as important as
their normal counterparts because they can resuscitate an
become functionally normal in a favorable environment. Since
injured cells may not grow well on selective detection media,
a resuscitation step or repair of injured cells on nonselective
media is necessarily incorporated with selective enumeration
Understanding the injury of microorganisms and determining
the presence of impaired microorganisms is important in many
areas, such as the preservation and spoilage of foods, consum
protection, and the manufacturing of safe foods. A good
method should detect both normal and injured microorgan-
isms. Regulatory methods for analysis of food products should
provide for the resuscitation and detection of injured patho-
gens and indicator organisms. Although developing rapid
detection methods (such as modi�ed culturing and biochem-
ical assays, immunoassay, molecular techniques, and biosen
sors), it is important to detect both injured and noninjured
microorganisms and to distinguish between live and dead cells
to prevent false-positive or false-negative results.
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Injury of Microorganisms

Overview

An injured cell can be de�ned as a cell that survives a stress bu
loses some of its distinctive qualities. Bacterial injury often is
de�ned simply as the effect of one or more sublethal treatment
on a microorganism. The term stress has been used to describ
the effect of sublethal treatments. These two terms (injury and
stress) often are used interchangeably in current literature. Th
recognition of sublethal stress on foodborne microorganisms
and their effect on growth dates to around 1900. A full
appreciation on this phenomenon came in the late 1960s.
Hartsell (1951) was among the �rst researchers to de�ne
64 Encyclopedia of Food
injured cells as those capable of forming colonies on nonse-
lective media but not on selective media.Straka and Stokes
(1959) also showed that supplementing the restricted medium
with speci�c nutrients allowed the injured cells to regain the
ability to multiply. Additionally, injured cells may show an
extended lag phase, compared with noninjured cells to repair
damage and synthesize the proteins and nucleic acids neede
for growth. An injured cell is one that can repair the cellular
damage (resuscitation) and regain its ability to form a colony
in the presence of the selective agent; however, the dead ce
cannot form a colony under any condition.

A population of surviving microorganisms, after a sublethal
physical or chemical treatment (stress), includes dead cell
(lethally or irreversibly injured), uninjured cells (normal
cells), and injured cells (stressed, sublethally or reversibly
injured) ( Figure 1). Pathogens and spoilage organisms in
foods can become injured within food products. Injury of
microorganisms may result from food-processing and food-
handling procedures, such as thermal treatment, refrigeration
freezing, drying, and irradiation, from exposure to preserva-
tives, acidity, and low water activity, or from being starved.
Therefore, understanding and determining the presence o
impaired microorganisms is critical to the quality and safety of
�nal food products. Microbiologists have been studying
recovery of sublethally injured bacteria cells for more than
50 years.
Effects and Changes of Microbial Cells

When microorganisms undergo sublethal injury, some cellular
changes may occur. Many structural and functional compo-
nents of organisms are affected, such as cell wall, cytoplasm
membrane or inner membrane, ribosomes, DNA, RNA,
tricarboxylic-acid-cycle enzymes, and many other enzymes. Th
cell membrane appears to be the component most commonly
affected. The lipid components of the membrane are the most
likely targets.

Most injured cells have damaged permeability barriers
(surface structures and the cytoplasmic membrane) that rende
them susceptible to many selective agents or antimicrobials
For example, microbial inactivation by pulsed electric�elds
(PEF) is believed to be caused by the effects of PEF on the c
membranes. Sublethally injured cells would become leaky
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00423-7
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Microbial cells
Total population 

(Normal)
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Low temperature: refrigeration, freezing

Heat: temperature and time below
lethal treatment 

Drying: air-drying, freeze-drying

High solids: sugars, salts

Irradiation: osmotic shock           

Hydrostatic pressure: pulsed electric field, 
etc.
Solids: concentrations of sugars and salts

Acids: e.g., organic and inorganic  

Sanitizers: e.g., chlorine, detergent 

Preservatives: e.g., sorbate, benzoate  

Toxic chemicals: e.g., mercuric, chloride   

Natural antimicrobial ingredients: 
e.g., berries, plum, spices, tea, herbs, etc.    

Metals: e.g., copper, zinc, lead, nickel      

Survivors
Dead

Injured Noninjured 
(Normal)

Figure 1 Effects of treatments (stress) on microbial cells. From Ray, B., 1979. Methods to detect stressed microorganisms. Journal of Food Protection 42,
346–355; Russell, A.D., 1984. Potential sites of damage in microorganisms exposed to chemical or physical agents. In: Andrew, M.H., Russell, A.D. (Eds.),
The Revival of Injured Microbes, Academic Press, Orlando FL, pp. 1–18; McFeters, G.A., 1989. Detection and signi� cance of injured indicator and pathogenic
bacteria in water. In: Ray, B. (Ed.), Injured Index and Pathogenic Bacteria: Occurrence and Detection in Food, Water and Feeds, CRC Press, Boca Raton,pp.
179–210; Ray, B., 1989. Introduction. In: Ray, B. (Ed.), Injured Index and Pathogenic Bacteria: Occurrence and Detection in Food, Water and Feeds, CRC Press,
Boca Raton, pp. 1–8; Bozoglu, F., Alpas, H., Kaletunc, G., 2004. Injury recovery of foodborne pathogens in high hydrostatic pressure treated milk during
storage. FEMS Immunology and Medical Microbiology 40, 243–247; Wu, V.C.H., 2008. A review for injury of microorganisms. Food Microbiology 25, 735–744;
Wesche, A.M., Gurtler, J.B., Marks, B.P., Ryser, E.T., 2009. Stress, sublethal injury, resuscitation, and virulence of bacterial foodborne pathogens. Journal
of Food Protection 72, 1121–1138; Wu, V.C.H., 2012. Detection of injured foodborne microorganisms by conventional and innovative methods. In: Wong,
H.-C. (Ed.), Stress Response of Foodborne Microorganisms,� rst ed., Nova Science Publishers, New York, pp. 645–669.
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during PEF but reseal to some extent after treatment. Injure
cells often lose some cellular material, such as Mgþþ , Kþ ,
amino acids, 260-nm absorbing material (nucleic acids), and
280-nm absorbing material (protein), through leakage into
their surroundings. For instance, frozen cells ofEscherichia co
release amino acids, small–molecular weight ribonucleic acids,
and peptides. Heat-injured Staphylococcus aureuscells release
potassium, amino acids, and proteins. Loss of intracellular
compounds indicates damage to the cell membrane, which
impairs growth and replication of the cell. Additionally, some
injured cells encounter changed macromolecules within cells
and damage to the functional components that are related to
their metabolic activities, thus causing metabolic injury. Ian-
dolo and Ordal (1966) and Allwood and Russell (1968)
reported that ribosomal ribonucleic acid was degraded in
heated cells ofS. aureusand SalmonellaTyphimurium. Heat-
injured S. aureushave decreased catabolic capabilities an
reduced activities of selected enzymes of glucose metabolism
Lipopolysaccharide molecules on the outer membrane of
Gram-negative bacteria are damaged by freezing due to dest
bilization of ionic bonds. Gomez and Sinskey (1973)reported
that DNA breaks were observed in the heat injury of salmo-
nellae.Fung and Vanden Bosch (1975)also showed that injury
due to freeze-drying ofS. aureusS-6 cells caused breakdown o
RNA replication. Acid injury has been observed to be different
from heat or freeze injuries; leakage of cellular constituents
following injury was not seen after acidi� cation in E. coli. There
were no detectable amounts of 260- or 280-nm absorbing
materials leaked during the course of acid injury, but damage of
ribonucleic acid was observed.Zayaitz and Ledford (1985)
reported that coagulase and thermostable nuclease activitie
were reduced in acid-injuredS. aureus. Although acid injury did
not affect cell membranes, RNA synthesis was effected. Th
similarities in bacterial cell injury by different treatments are
indicated in Table 1.

Not all cells in a population will endure the same amount
of injury and not all forms of stress produce identi� able
injuries. Damaged cells vary with the types of stress, th
microbial species, the composition and consistency of the
food, and storage conditions. Factors that in� uence injury to
bacteria include elevated temperature, freezing, chilling
dehydration, freeze-drying, irradiation, acidity (pH), exposure
to preservatives, contact with chemicals,aw (water activity), and
culture age. Therefore, when developing effective intervention
to control foodborne pathogens and ef� cient recovery methods
to detect injured microorganisms, those factors and variance
should be considered. An example of various injury indices for
heat-, acid-, and cold-injured E. coliO157: H7, Listeria mono
cytogenes, S. Typhimurium, S. aureus, and Yersinia enterocolitic
is shown in Table 2. The formula for percentages of injured
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cells was determined using according toGomez and Sinskey
(1973) .
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Source of Cell Stress

Environmental stress and food preservation methods include
acidity, alkalinity, heating, freezing, freeze-drying, drying, irra-
diation, high hydrostatic pressure, aerosolization, dyes, sodium
azide, salts, heavy metals, antibiotics, essential oils, sanitizin
compounds, and other chemicals or natural antimicrobial
compounds. Acid stress could occur by adding preservative
such as organic acid or during the fermentation of
food. Detergents and chemical sanitizers such as caustic sod
(NaOH) and ammonium compounds could cause alkaline
stress. Starvation stress, as de� ned as the survival of bacteria in
Table 1 Similarities in bacterial cell injury by different treatments or
stress and its repair

Treatments

Freezing Heating Drying AcidiÞcatio

Injury
A. Magni� cation of injury

a. Loss of cellular materials +a + + �
b. Sensitive to selective agents + + + +
c. Activation of some enzymes + + + +

B. Sites of damage
a. Some wall components + + + �
b. Cell membrane + + + �
c. Ribosomes and

ribosomal RNA
+ + + +/�

d. Structural DNA + + + +
e. Proteins � + � +/�

Repair
A.De novosynthesis

a. Mucopeptide � � � �
b. rRNA (ribosomal RNA) + + + +/�
c. DNA � � � �
d. Protein � + +/� +
e. ATP + + + +

a+, effects or actions;� , no effects or actions.
Information summarized from Hurst, A., 1977. Bacterial injury: a review. Canad
Journal of Microbiology 23, 935–944; Ray, 1989; Introduction. In: Ray, B. (Ed.),
Injured Index and Pathogenic Bacteria: Occurrence and Detection in Food, Wate
Feeds. CRC Press, Boca Raton, pp. 1–8.; Przybylski, K.S., Witter, L.D., 1979. Injury
and recovery ofEscherichia coliafter sublethal acidi� cation. Applied and Environ-
mental Microbiology 37, 261–265; Blankenship, L.C., 1981. Some characteristics o
acid injury and recovery ofSalmonella bareillyin a model system. Journal of Food
Protection 44, 73–77; Zayaitz, A.E.K., Ledford, R.A., 1985. Characteristics of ac
injury and recovery ofStaphylococcus aureusin a model system. Journal of Food
Protection 48, 616–620; Jay, J.M., Loessner, M.J., Golden, D.A., 2005. Modern
Food Microbiology, Springer, New York, pp. 229–233; Wu, V.C.H., 2008. A review
for injury of microorganisms. Food Microbiology 25, 735–744; Wesche, A.M.,
Gurtler, J.B., Marks, B.P., Ryser, E.T., 2009. Stress, sublethal injury, resuscita
and virulence of bacterial foodborne pathogens. Journal of Food Protection 72
1121–1138; Wu, V.C.H., 2012. Detection of injured foodborne microorganisms
conventional and innovative methods. In: Wong, H.-C. (Ed.), Stress Response
of Foodborne Microorganisms,� rst ed. Nova Science Publishers, New York,
pp. 645–669.
oligotrophic environments, could happen in food and water
or on equipment surfaces, walls, and� oors. Cold stress can
occur when microorganisms inhabit food that is refrigerated
for pre- or postprocessing storage or if serial dilutions of
microorganisms are held in the refrigeration when laboratory
tests could not be immediately conducted. Freeze injury may
result from physical damage caused by ice crystal formation
Dehydration and freeze-drying stresses can cause osmot
injury. Compared with other stresses, heat stress is the mos
studied and best understood. An example of heat injury is
discussed in this article. For information on other sources of
stress and response of foodborne microorganisms, seeWong
(2012) .
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Heat Injury
With respect to food, heat is very common and important
agent among other stresses in terms of injury of microorgan-
isms. The effects of heat on bacterial viability have been
investigated extensively in food microbiology, because
thermal processing of foods has been the predominant
method used to destroy pathogenic microorganisms. Heat-
injured pathogens may be present in foods after thermal
treatments but may not be detected because they are not abl
to form colonies on growth media by standard enumeration
and detection procedures. These pathogens may proliferate
however, after completing a period of repair on the food
substrate. Research has shown that almost every structu
and function in the bacterial cell can be damaged by heat.
The sites of cellular damage in vegetable cells include ce
wall, cell membrane, ribosomes, chromosomal, and damaged
functions.

n
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l Damage to Cell Wall
In Gram-positive bacteria, the cell wall consists mainly of
peptidoglycan linked with teichoic acids; however, the cell
envelope of Gram-negative bacteria is more complex and
consists of three layers: cytoplasmic (inner) membrane
adherent to the peptidoglycan; the peptidoglycan–lipoprotein
complex, occupying the periplasmic space between two (inne
and outer) hydrophobic membranes; and the outer membrane,
consisting of phospholipids, lipopolysaccharides (LPS), and
protein. Mild thermal stress may cause the release of part of LP
of the outer membrane.

ian

r and
l Damage to Membrane
Loss of 260 nm (nucleic acid) and 280 nm (protein) absorbing
material is the most common observation with heat-injured
cells for membrane damage. Loss of Naþ , Kþ , and Mgþþ also
has been reported.

f

id-
tion,
l Damage to Ribosomes
Ribosomal destruction is one of the important events of
thermal injury. Due to the combined action of heat and loss of

,
by
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Table 2 Injury index forEscherichia coliO157: H7,Listeria monocytogenes, Salmonellatyphimurium,Staphylococcus aureus, andYersinia
enterocolitica

Microorganisms Conditions Degree of injury (%) Reference

E. coliO157: H7 Heat injury 50� C for 120 min 28(MSA)a Ahmed and Conner (1995)
55� C for 10 min 45(MSA)a

60� C for 1.25 min 44(MSA)a

Cold injury � 20� C for 2 h and thawed rapidly 15(TSY)b Kalchayanand et al. (1992)
Acid injury 1.0% fumaric acid for 15 s 64(MSA)a Podolak et al. (1995)

1.0% acetic acid for 15 s 28(MSA)a

1.0% lactic acid for 15 s 38(MSA)a

L. monocytogenes Heat injury 60� C for 5 min 18(TSAN)c Budu-Amoako et al. (1992)
56� C for 30 min 73(PCAN)d Wang and Hitchins (1994)
55� C for 10 min 13(MOX)e Kang et al. (1998)

Cold injury � 20� C for 7 days and thawed at room temperature 27(LEB)f Budu-Amoako et al. (1992)
� 18� C for 2 days and thawed at room temperature 6(PB)g El-Kest and Marth (1992)
� 18� C for 1 month and thawed at room temperature 55(TB)h

Acid injury 1.0% fumaric acid for 15 s 49(MOX)e Podolak et al. (1995)
1.0% acetic acid for 15 s 19(MOX)e

1.0% lactic acid for 15 s 30(MOX)e

S.typhimurium Heat injury 55� C for 10 min 4(TSY)i Kalchayanand et al. (1992)
54� C for 20 min 32(XLD)j Strantz and Zottola (1989)

Cold injury � 20� C for 16 h and thawed at 37� C for 2 min 33(TSY)k Gomez and Sinskey (1973)
� 20� C for 2 h and thawed rapidly 24(TSY)i Kalchayanand et al. (1992)
� 20� C for 9 days and thawed at room temperature 83(XLD)j Strantz and Zottola (1989)

Acid injury 1.0% fumaric acid for 15 s 52(BSAd)l Podolak et al. (1995)
1.0% acetic acid for 15 s 29(BSA)l

1.0% lactic acid for 15 s 35(BSA)l

S. aureus Heat injury 50� C for 15 min 9(NAY)m Allwood and Russell (1968)
50� C for 15 min 21(NAY)m

60� C for 5 min 46%(NAY)m

Cold injury Freeze-drying 5 min (dry ice–ethanol slurry),
self-refrigeration� 40� C, rehydrated 1 min

57(PCAN)n Fung and Bosch (1975)

Acid injury 5 mM HCI for 30 min 47(TSAS)o Zayaitz and Ledford (1985)
5 mM acetic acid for 30 min 26.2(TSAS)o

5 mM acetic acid for 60 min 32.9(TSAS)o

Y. enterocolitica Heat injury 55� C for 10 min and cooled in 4� C water 30(TSY)p Kalchayanand et al. (1992)
Cold injury � 20� C for 2 h and thawed rapidly 7(TSY)p Kalchayanand et al. (1992)

� 18� C for 6 months and thawed rapidly 50(MCA)q Kounev (1989)
Acid injury 0.2 mol l� 1

L
� 1-lactic acid for 1 min 27(VRBG)r Netten et al. (1984)

0.2 mol l� 1
L
� 1-lactic acid for 2 min 63(VRBG)r

aMacConkey sorbitol agar (Difco)
bTryptic soy broth (Difco)þ 0.5% yeast extractþ 1.5% agar
cTrypticase soy agar (Difco)þ 6% NaCl
dPlate count agar (Difco)þ 4% NaCl
eModi� ed Oxford agar (Difco)
fListeriaenrichment broth (Oxoid)
gPhosphate buffer (Oxoid)
hTryptose buffer (Oxoid)
i Tryptic soy broth (Difco)þ 0.5% yeast extractþ 1.5% agar
j Xylose lysine Desoxycholate (Difco)
kTryptic soy broth with 0.3% yeast extract or glucose-citrate minimal broth
lBismuth sul� te agar (Difco)
mNutrient agar with 1% yeast extract (Difco)
nPlate count agar (Difco) with 7.5% NaCl
oTrypticase soy agar (Difco) with 7% NaCl
pTryptic soy broth (Difco)þ 0.5% yeast extractþ 1.5% agar
qMacConkey agar (Difco)
rViolet red bile glucose (Oxoid)
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Mgþþ , ribosomes are destabilized. The 30s subunit is destroye
because of the action of RNA nuclease, and the 50s subunit als
may be altered.Strange and Shon (1964)suggested that Mgþþ

was required for the integrity of ribosomes and that it inhibited
the ribonuclease.
l Damage to Chromosome
Bridge et al. (1969) found single-strand breaks in the
bacterial DNA as a consequence of heating and enzym
action. In heat-injured organisms, strand breakage may
occur during or after heat treatment, but this breakage
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368 Injured and Stressed Cells
usually is considered as a consequence of the stimulation o
endonuclease activity by heating. In examining the relative
importance of different structural and functional changes
and their relationship to cellular responses in thermal
injury, it is most important to consider DNA and its related
cellular structures. Non-DNA-damaged cellular structures
can be replaced with newly synthesized ones only if the
DNA remains functional and provides the necessary geneti
information.

l Damaged Functions
Mild heating inactivates many enzymes. For instance, dehy
drogenases are particularly heat sensitive. Active transport
sugars and amino acids is abolished in injured cells. Most of the
enzyme activities return during the repair period, but this is not
true for all enzymes.

Many recovery methods such as membrane� lter and
modi � cations of conventional procedures for enumeration of
heat-injured microorganisms have been discussed an
reviewed.

Repair of Injured Cells

Sublethally injured cells have the capability to repair them-
selves and return to a normal physiological state with initi-
ation of growth and cell division under favorable conditions.
Repair requires speci� c biochemical events that differ based
on the type and degree of stress. The restoration of los
capabilities in injured cells has been termed‘resuscitation’
because the cells are revived from‘apparent death.’ Resusci-
tation originally was applied to repair in liquid media, and
then it was used with solid media. It has come to mean a brief
period of incubation under optimal conditions that permit
repair. During repair, restoration of growth capabilities will
occur before normal growth occurs. Many cellular modi�ca-
tions are reversed and losses of cell constituents are restor
to the normal state during incubation. Ribosomes degraded
during a heat treatment are regenerated. Phospholipids ar
synthesized during recovery. Cell wall and protein synthesis
appear necessary in the repair of damaged cells. The repair
cell ribosomes and membrane appears to be essential fo
recovery, at least from sublethal heat, freezing, drying, and
irradiation injuries. Generally, most injured cells repair
within 2– 4 h at a suitable incubation temperature in a nutri-
tionally rich nonselective medium. Moreover, the resynthesis
of RNA lost during injury is critical in the � rst stage of repair.
Injury to pathogens eliminates their ability to cause disease
however, once the cells are repaired, pathogenicity will be
totally restored. The repair of injured cells caused by differen
treatments is shown in Table 1.

Research has indicated that regardless of the nature of th
stress imposed on a microbe, for injured vegetative cells (1
the injuries are repaired when incubated in an appropriate
environment, (2) the optimum temperature and time differ
with the nature of the stressor, (3) the completely repaired
cells regain normal resistance to the selective agents in th
media, and (4) the repair process precedes cell multiplication.
Therefore, it is desirable to allow injured cells to repair any
damage before isolation or enumeration by customary
procedures.
Recovery and Detection Methods

For many years, recovery of injured microorganisms has bee
a major concern of microbiologists working with various
applications from processed food to environmental samples.
An ideal method to recover microorganisms in a food or
environment should include both normal and injured organ-
isms. Nonselective agars allow the growth of both noninjured
and sublethally injured cells, but they cannot differentiate
target pathogens from a mixed population. Many of the
accepted methods used for the isolation and enumeration of
microorganisms in foods (selective media) do not allow for the
repair of injured microorganisms and thus fail to detect them.
Selective compounds– such as surface-active agents, salt
antibiotics, sulfanilamides, acids, and dyes– are added to solid
and liquid media for the selective and differential detection of
pathogenic, spoilage, or other microorganisms from food.
Those agents may inhibit the resuscitation of injured micro-
organisms. Thus, when such media are used, the injure
microorganisms in the samples must be permitted to resusci-
tate in a suitable environment before exposure to selective
agents. The comparison among different medium systems fo
recovery of noninjured and injured cells is indicated in
Figure 2. In addition to using selective and nonselective media,
aerobic versus anaerobic conditions should be considered
Experiments byKnabel et al. (1990) and Linton et al. (1992)
indicated that recovery of injuredL. monocytogeneswas superior
under the strictly anaerobic environments as compared with
recovery using aerobic plating.

Various rapid methods have been proposed to detec
and screen many microorganisms. These methods includ
antibody-based methods (immuno� uorescence, immu-
noimmobilization, enzyme-linked immunosorbent assay,
immunomagnetic separation, etc.), nucleic acid–based methods
(hybridization and polymerase chain reaction (PCR)),
biochemical and enzymatic methods (miniaturized microbio-
logical methods and commercial miniaturized diagnostic kits),
and membrane � ltration methods (hydrophobic grid
membrane� lter). In recent years, modern biotechniques such as
real-time PCR, nanoparticles, and biosensing systems (biosen
sors) have been developed for the detection of pathogenic
microorganisms. While developing alternative detection
methods, it is important to incorporate procedures for the
recovery of injured microorganisms, so both injured and non-
injured microorganisms could be detected, but dead cells could
be excluded or distinguished.

Many methods have been developed to allow the repair of
injured microorganisms before exposure to a selective medium
or alternative methods. The principles that should be consid-
ered in developing methods to detect injured microorganisms
include (1) the injured cells become temporarily susceptible to
many selective compounds in the media; (2) this sensitivity
may be due to the damage of the cytoplasmic membranes o
the cells; (3) the injury is reversible and can be repaired in
a nutritionally rich nonselective medium and repaired cells can
regain their resistance to the selective compounds an
also their ability to multiply; (4) injured cells do not repair or
multiply in the presence of the selective compounds;
(5) injured cells could be enumerated or isolated in the selec-
tive media, if they are allowed to repair in a suitable
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Figure 2 Recovery of injured cells and noninjured cells by various medium systems. Adapted from Wu, V.C.H., 2008. A review for injury of
microorganisms. Food Microbiology 25, 735–744.

Table 3 Comparison between liquid-repair methods and solid-repair methods

Liquid-repair methods
1. Samples are blended in a nonselective broth.
2. Incubated in the broth at optimum repair conditions.
3. Then transferred to selective environment for their selective growth.
4. Advantages:

a. For isolation
b. For MPN-enumeration
c. For plating
d. For subsequent alternative detection methods

5. Disadvantages:
a. Uninjured and nontarget cells can multiply before the population of the interest recovers.
b. May not be effective for regulatory purposes, especially when enumeration is done by plating.

Solid-repair methods
1. Blend the sample if necessary.
2. Traditional overlay method (OV):

a. Transfer aliquot to plates (0.1–3.3 ml per plate) or inoculate sample on solidi� ed nonselective media after step b.
b. Pour nonselective media about 12 ml per plate
c. Incubate 1–3 h at room temperature.
d. Overlay with selective medium about 10–12 ml per plate.

3. Thin agar layer method (TAL):
a. Overlaying 14 ml TSA onto solidi� ed selective media
b. Inoculate sample directly on prepared TAL plates.

4. Incubate at 37� C overnight and enumerate.
5. Advantages:

a. Direct (so less variability when> 10 g� 1 or ml)
b. Less time (24 h)
c. Economical (less supplies and labor)

6. Disadvantages:
a. Variability at very low counts (< 10 g� 1 or ml)
b. Colonies on OV plates may be small and inconvenient for isolating suspicious colonies from the plates for further con� rmation.
c. Temperature of the melted selective overlay agar used on OV can further affect injured targets being resuscitated on the nonselective agar.

From Speck, M.L., Ray, B., Read, R.B., 1975. Repair and enumeration of injured coliforms by a plating procedure. Applied Microbiology 29, 549–550; Ray, B., 1979. Methods to
detect stressed microorganisms. Journal of Food Protection 42, 346–355; Foegeding, P.M., Ray, B., 1992. Repair and detection of injured microorganisms. In: Vanderzant, C.,
Splittstoesser, D.F. (Eds.), Compendium of Method for the Microbiological Examination of Foods, American Public Health Association, Inc, Washington, DC, pp. 121–134; Wu,
V.C.H., Fung, D.Y.C., 2001. Evaluation of thin agar layer method for recovery of heat-injured foodborne pathogens. Journal of Food Science 66, 580–583; Wu, V.C.H., Fung,
D.Y.C., Kang, D.H., 2001a. Evaluation of thin agar layer method for recovery of cold-injured foodborne pathogens. Journal of Rapid Methods and Automation in Microbiology 9,
11–25, 2008, Wu, V.C.H., Fung, D.Y.C., Kang, D.H., Thompson, L.K., 2001b. Evaluation of thin agar layer method for recovery of acid-injured foodborne pathogens. Journal of
Food Protection 64, 1067–1071; Wu, V.C.H., 2008. A review for injury of microorganisms. Food Microbiology 25, 735–744; Wu, V.C.H., 2012. Detection of injured foodborne
microorganisms by conventional and innovative methods. In: Wong, H.-C. (Ed.), Stress Response of Foodborne Microorganisms,� rst ed., Nova Science Publishers, New York,
pp. 645–669.
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environment before exposure to the selective environment; and
(6) the surviving population constitutes both uninjured and
injured cells.

In general, the repair methods can be grouped as eithe
liquid or solid media repair methods. The liquid-repair
method is effective for enumeration by the most probable
number (MPN) technique and isolation of pathogens and
indicator bacteria from different types of semipreserved
foods. The solid-repair method can be used for direct
enumeration of organisms that usually are enumerated by the
selective plating procedure. The principles and comparison
between liquid-repair method and solid-repair method are
indicated in Table 3. Additionally, pyruvate and catalase are
considered as injury repair agents. They both act to degrad
peroxides, suggesting that injured cells lack this capacity. Fo
more information on the detection of injured foodborne
microorganism, seeWu (2008) .
or
e

n

f

t

n
t

-
ry

pp. 263
fects of growth
-
biology 56,

ells of
tion 52 (5),

.R., 1992. The
t resistance of

anced recovery
ences for the
urfaces.

ction of

sed to chemical
vival of Injured

temperature.

nd ribonucleic
al Micro-

ry and
on 52

tely heat-injured

. Nova Science
Conclusion

The presence of stressed cells in food products can pose maj
public health concerns, since many pathogens can becom
more resistant to commonly used intervention techniques as
a result of sublethal injury. The signi� cance of injured micro-
organisms in food should not be ignored. Injured cells may be
present but escape detection because they fail to grow i
selective media. The potential for hazard is still a concern
because injured foodborne microorganisms are capable o
repair and toxin production. Many rapid methods for the
detection of pathogens from food are now commercially
available. The detection limits are such that they require an
enrichment stage, before testing, to allow the target organism to
multiply. The enrichment conditions are particularly important
when testing food samples in which injured cells may be
present. Many rapid methods that recommend the use of direc
selective enrichment with or without elevated incubation
temperature may give false-negative results. The incorporatio
of a resuscitation stage using a nonselective preenrichmen
medium or an effective recovery method improves the detec
tion rates of these rapid assays. Therefore, appropriate recove
procedures should be incorporated into current detection and
enumeration methods and adopted for regulatory and quality
control purposes to ensure that a true microbiological analysis
is obtained.
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Foods that can be preserved in a simple way at ambien
temperatures (by restricting water mobility) and that are moist
enough to be consumed without rehydration traditionally have
come to be known as intermediate moisture (IM) foods. Their
shelf stability at ambient temperatures is attributed mainly to
adjustment and control of water activity. Moisture content of
IM foods varies between dried foods with levels of less than
7%, which can be stored at room temperatures, and fresh foods
with levels of 60–80% and above which need to be preserved
by an additional method and still may have a limited shelf life,
albeit higher than that of the fresh counterpart. Usual ranges o
water levels are between 10 and 50% and water activities (aw)
vary from 0.65 to 0.90. Therefore, IM foods can be classi�ed as
partially dehydrated foods with suitable concentrations of
dissolved solids to inhibit the growth of bacteria, molds, and
yeasts and to control undesirable enzymatic activity. Fruits
vegetables,�sh, and meats are processed successfully into IM
range products.

In the preparation of IM foods, some water is removed from
the fresh food and the availability of the rest of water to micro-
bial growth may be further reduced by the addition of suitable
solutes. Compounds added to foods for this purpose are termed
‘humectants.’ Humectants keep the food products moist because
they allow adsorption of water and pass it on to the product,
compensating for natural drying. Ideally, humectants should be
harmless to the consumer, should not alter the normal characte
of the food product, and must be highly soluble in water at
ambient temperatures. They preferably should be chemically
inert, but they can be capable of being metabolized as a source o
energy. Humectants commonly used in food manufacture
include glycerol, sugars, propylene glycol, polyethylene glycol
polyhydric alcohols such as sorbitol, and salts such as sodium
chloride and potassium chloride. Permissible chemical preser
vatives and antimycotic agents can be incorporated to enhanc
stability of IM foods. All the humectants so far known, however,
fall short of these ideal requirements.
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Principles Behind Formulation of IM Foods

For a proper understanding of the principles and problems of
IM food manufacture, insight is necessary into the following
spoilage-controlling factors that delicately balance the two
opposing requirements of IM food products – consumer safety
and eating quality:

l Water content
l Water activity
l pH
l Chemical preservatives and additives
l Oxygen availability
l Temperature of storage

With proper control over these factors, growth of most of
the spoilage and pathogenic microorganisms can be prevented
372 Encyclopedia of Food
A judicious combination of factors has to be achieved to
produce IM foods with optimum safety, higher yield, and
satisfactory eating quality.
Water Content

Water is needed for growth of microorganisms. Many preser
vation methods attempt to decrease the water content of foods
to enhance their keeping quality. Dried meats are dehydrated to
moisture levels of 7% and below to arrest growth of bacteria,
molds, and yeasts, but with adverse effects on texture an
palatability. The most tolerant bacteria require at least 18% of
water to grow and molds require about 13%.

Water is available in two forms in muscle tissue: bound
water and free water. Out of about 75% of water in meats,
bound water which is an integral component of the structure is
reported to be present at levels of around 5–7%. The rest is free
water held loosely within the muscle protein network and
electrostatic forces between peptide chains. When the protei
network is tightened, as in severe heating or cooking, free wate
is released as proteins become denatured and lose their abilit
to hold water. Processing losses will be higher in such situa
tions and cooked meat products may taste dry. These advers
changes are dependent on the severity of temperature increase
Hence, it is preferable to withdraw only moderate amounts of
water from foods during processing and to stabilize such foods
with additives that will make the remaining water unavailable
to the growth of microbes.
Water Activity

Although it is known that foods with higher moisture contents
generally spoil more quickly microbiologically than those with
lower moisture levels, the moisture content alone does not give
a clear picture of microbiological stability. The chemical
potential of water present in the food in relation to that of pure
water at the same temperature and pressure, known as wat
activity (aw), is generally accepted as a better indicator in this
context. It is regarded as a measure of the availability of wate
for microbial growth, and plays an important role in the
fabrication of IM foods.

Through manipulation of water activity, the osmoregula-
tory capacity of microorganisms and the osmotic stress in the
food can be interfered with and the growth of microbes and
the activity of most of the important enzymes of muscle can be
reduced. Humectants when added to meats can bring abou
these changes. Lowered water activity is reported to make wat
unavailable for solubilization and transport of nutrients
required for the growth of microorganisms. Denaturation due
to increased osmotic concentration and movement of water
toward the concentrated solution makes growth and multipli-
cation of bacteria dif�cult. Each genus of microorganism has
a speci�c water activity at which its growth is maximum. For
reduction of water activity levels through humectants alone
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00170-1
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from 0.99 to 0.85, a safe water activity level desired in IM
meats, higher levels (above 15–20%) have to be incorporated
that adversely affect the palatability of meat products.

Several investigators observed correlations of variations i
organoleptic quality parameters, enzymatic and microbial
spoilage indicators with speci� c changes in water activity levels
in meat products. Water activity values range between 0 and 1
and are around 1 (0.99) in fresh meats and 0.3–0.4 in dried
meats. Althoughaw is an important criterion in IM foods, it is
realized that the nature of the water activity–controlling solute
has also a role to play. Variations were observed in the effects o
different solutes.
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Acidity (pH)

The degree of acidity or alkalinity of any aqueous solution is
expressed as units of pH. The muscle pHin vivois around 7.0
(neutral), which is required for optimum enzymatic and
metabolic activities. After slaughter of an animal, muscle
glycogen content (which amounts to around 0.8–1.0%) is
broken down by muscle enzymes, leading to the accumulation
of lactic acid, which reduces the muscle pH from 7.0 to around
6.4–6.0 in 6 h and to 5.6–5.7 in about 12 h at room temper-
ature in tropical conditions. Subsequently, protein breakdown
starts due to the muscle’s own cathepsin enzymes and bacteria
enzymes that multiply and bring about spoilage. The pH
gradually rises again from 5.6 to 6.4–6.8 with perceptible
changes in color, texture, and odor, indicating the onset of
spoilage.

A direct relationship is observed between pH (acidity) and
keeping qualities of meats. Meats with higher pH values (6.0
and above) tend to spoil more quickly than those with lower
pH values (5.5–5.6). Most bacteria have optimum pH values
for growth at around 7 and minimum values at around 5. In the
development of fermented meat products, lactic acid–
producing bacteria are allowed to multiply under controlled
conditions, so that an acidic pH (4.8–5.2) is produced that
helps shelf stability during subsequent storage at highe
temperatures. A‘tangy’ � avor is also produced in such foods,
which are popular in Europe and other places. A low pH is not
conducive to optimum conditions of other quality parameters,
however, such as water-holding capacity and juiciness. Lowe
pH values tend to denature muscle proteins and lead to
a decrease in the water-binding properties. Processing loss
will be higher in such conditions and meat products after
cooking are likely to have less juiciness.
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Chemical Preservatives and Additives

Chemical preservatives are substances that when incorporate
into foods at effective levels, inhibit speci� c groups of
spoilage and pathogenic microorganisms through direct
action, thus extending storage life. Some of the commonly
used preservatives such as sodium chloride, sodium o
potassium nitrite, and weak organic acids were discovere
by ancient civilizations and effectively used in combination
with processing procedures to preserve surplus foods durin
periods of plenty. Their uses are among the cheapes
of the food preservation methods. Growing urbanization,
steadily increasing af� uence and a current fad for convenience
foods have necessitated mass production, transportation, and
marketing of ready-to-eat manufactured food products, even
in developing countries. Market competition is compelling
the creation of products that are appealing and superior
in physical, nutritional, and organoleptic qualities with
enhanced shelf life and that are within the reach of the vas
majority of people. To improve functional properties and
stability of these foods, additives such as antioxidants,� avor
enhancers, and chelating agents are being used in addition t
preservatives.

In the manufacture of IM foods, approved chemical preser-
vatives and additives in permitted doses are incorporated to
enhance stability or improve quality. A present trend is to utilize
the synergistic effects of subinhibitory doses of permitted
preservatives so that inhibitory effects are maximum and any
residual toxicity problems are minimized. The potential of
proven, harmless, and bene� cial preservatives should be prop-
erly and judiciously explored, keeping the public health
requirements and the needs of the processed food industries in
mind. For IM foods, there is need to incorporate agents that give
protection against fungi and yeasts.
Oxygen Availability

Oxygen is necessary for growth of aerobic bacteria. If meats a
wrapped in vacuum packages, bacterial multiplication is
reduced signi�cantly. Residual oxygen within the package is
utilized by microbes and carbon dioxide is produced, which in
turn inhibits growth of obligate aerobes, while encouraging
facultative anaerobes such asLactobacillus. The shelf life of
chilled meat products in such packages may be around
20–30 days at 2–4 � C. Similar advantages accrue if meats ar
packaged with 20% carbon dioxide and 80% nitrogen in gas-
impermeable packages.

Although IM foods are supposed to be shelf stable in simple
packages, vacuum packaging as a hurdle against microbi
growth can signi� cantly reduce the levels of other inhibitory
agents and enable optimum exploitation of synergistic effects
The cost–bene� t balance, however, has to be analyzed carefull
before a decision is taken.

Cooked, cured, and sliced meats are marketed in vacuum
packages to prevent oxidation of cured meat pigments and to
improve keeping quality.
Temperature of Storage

Low temperatures retard microbial growth and enzymatic
activity in foods and prolong keeping quality. In temperate
regions, IM meat products can be stored for long periods
at ambient temperatures, which are normally 10–20 � C or less,
whereas in tropical areas, shelf life is lower because ambien
temperatures are higher (30–45 � C). This has resulted in the
historical development of succulent IM foods like cured and
smoked meats in regions with cold climates. In tropical
areas, IM meat products are drier in nature as the demand
on stability requirements are higher. There is a considerable
energy saving if foods preserved by deep freezing (�18 to
�20 � C) can be processed as IM foods that can b
kept at refrigeration temperatures (2–4 � C) with the same
ef� ciency.
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374 Intermediate Moisture Foods
Traditional and Commercial IM Foods

Noncomminuted traditional IM meat delicacies of Europe
include Bundner� eisch, Rohschinken, Coppa, and Speck. Th
spicy, dehydrated Dendeng is a traditional IM beef product
with a characteristic� avor. It is prepared by curing with salt,
sugar, spices, and other ingredients and is dried by heating o
cooking over charcoal, or it is deep fat fried to a moisture level
of 15–20% and an aw of around 0.70. Sun-dried shrimp pro-
cessed and sold as a snack item in the United States is claime
as an IM product because of its high salt content (25–27%)
with an aw of 0.70–0.75. Pastarma, an IM product made from
beef or buffalo meat, is highly esteemed in Balkan countries
Thick slices cut from the big muscle groups are salted fo
1–2 days and then are washed and compressed. A thick paste
garlic and other spices is applied to the slices and they are drie
in hot air or sun-dried for a few days until 40–50% of the
original weight is obtained. After ripening, the meat is cut into
thin slices and eaten raw or lightly roasted. Cecina is an IM
meat product of Mexico. Thin strips of muscles are brine-cured
for a few hours and then sun-dried for several days toaw levels
of around 0.85.

Jerky is a popular IM product in the United States. Meat is
cured in hot brine and later subjected to smoking over a low
� re. It is mass-produced in humidity-controlled smokehouses
to aw levels of around 0.70–0.75. Country-cured hams are also
popular in parts of the United States; the hams are processed b
dry curing and are stable at higher temperatures because of the
high salt content and aw values of 0.80–0.85. Precooked sliced
bacon is another IM product popular in the United States.

Processing of fermented sausages in dry or semidry cond
tion for shelf stability at higher temperatures dates back to
prehistoric times. Salami is processed to dry at 10–15 � C and
75% relative humidity for about 2 –3 months for a semidry
variety, or 4–6 months for a dry variety. Cervelats are popular
semidry sausages withaw values around 0.85. Mortadella is an
Italian sausage made with cured pork and beef with added
cubes of back fat. It is fermented, smoked, and then air-dried to
aw values of 0.85–0.88. Pepperoni is a dry sausage of Italian
origin made from cured pork and beef. Pepper is used along
with other spices, and the meat is dried to moisture levels of
20–22% and aw values of 0.60–0.65. Low-acid sausages usuall
are dried without fermentation to reduce water activity. Some
casserole-type products like chicken à la king and sweet an
sour pork are processed toaw values of 0.82–0.85. In spite
of having a slightly sweetish taste, these items (which usually
are consumed with specially prepared sauces) are popular a
delicacies.

Some examples of commercial IM products, along with
storage times claimed by the manufacturers, are as follows:

1. Cold sausage with a moisture content of 40%, protein
content of 16% and salt content of 3.8%, which can be
stored in a cool place for up to 14–21 days.

2. Ring sausage of Cracow with moisture content of 58%, fa
45%, protein 14%, and salt 2.8%, which can be stored in
a cool place for up to 14–21 days.

3. Tourist cold sausage made of pork and beef with moisture
content of 40%, protein 16%, and salt 3.8%, which can be
stored in a cool place up to 14–21 days.
4. Sausage of Alps with moisture content of 40%, fat 42%,
protein 17%, and salt 3.8% which can be stored for 30 days
in a cool place.

5. Trussed smoked ham or chopped smoked ham with a sal
content of 7%, which can be kept at 20� C for 21–28 days.

6. Cooked ham in foil with a salt content of 4%, which can be
stored at 2–4 � C for about 6 months.

7. Sausage in vacuum foil, which can be stored at 0� C for
50 days.

Fruits, vegetables, jams, and some bakery products are al
processed to intermediate moisture ranges by withdrawal o
water and addition of sugar, salt, and so on. Processing and
marketing of such products do not pose serious problems as
they are not highly perishable, unlike meat and � sh. Addi-
tionally, sweetness or saltiness is a natural taste to thes
products. Fruit bars are prepared from a combination of� gs,
dates, pears, cherries, raisins, and so on in a compressed sta
They are meant for direct consumption from the package
without rehydration.
Advantages of IM Foods

Some of the advantages of IM foods are as follows:

1. Storage at ambient temperatures in simple packages: if highly
perishable foods can be processed for storage at ambien
temperatures, they can revolutionize mass production and
distribution of foods.

2. Economical food preservation method: IM foods can be fabri-
cated with low-cost technology utilizing local conditions.

3. Energy conservation during storage: once IM foods are fabri-
cated for shelf stability at ambient temperature, no energy
is needed for subsequent storage.

4. Feasibility in developing countries: IM food processing is the
obvious choice for developing regions that experience
severe energy limitations with frequent supply
interruptions.

5. Convenience: handling IM foods is easier as they can be
stored in open shelves in rooms with good ventilation.

6. Safety and effectiveness: if foods are processed to the safe
water activity level with suitable antimicrobial and anti-
mycotic agents, they are safe for consumption. This tech
nology needs re� nement to utilize more natural
antimicrobial systems and restrict incorporation of chem-
ical preservatives and other additives.

7. Ef� ciency in packaging: IM foods do not need absolute
protection as in the case of canned meats. They can b
molded or compressed into convenient shapes for
maximum ef� ciency in packaging.

8. Suitability for special situations and applications: IM foods are
convenient foods for space exploration, high-altitude
military operations and other similar situations as they
are of low bulk and weight and offer concentrated sources
of nutrients. This is facilitated by removal of more than half
of the total moisture present in the foods.

9. Acceptability: most IM foods have problems with palat
ability that affect their globalization. With improvements
in processing methods, they have the capability to domi-
nate food markets in all parts of the world.
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10. Versatile processing-cum-preservation method: food processors
can innovate and use their creative zeal to produce new
products with variations in appeal, texture, and� avor.
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Processing Technologies of IM Foods

Basic IM food processing involves the addition of humectants
and partial dehydration through mild heating and surface-
drying to achieve the desired water activity and moisture
levels in the end product. Successful IM food manufacture
depends on the art of manipulating several hurdles to micro-
bial and enzymatic degradations. Important points to consider
in this regard are as follows:

1. Rapid microbial spoilage is not likely to occur in foods with
water activity at or below 0.85. Toxin production by
Staphylococcus aureusstops at water activity of 0.86. Some
yeasts and molds may grow slowly at water activities jus
above 0.6.

2. In foods with water activity values above 0.85, pH plays an
important role in the control of spoilage organisms. At pH
5.0 or below, their growth – except for desirable strains such
asLactobacillusand Leuconostoc– is suppressed. Many molds
and yeasts may grow at pH values of 3.0 or below to 8.5.

Depending on the importance given to processing steps, the
resulting IM products can be grouped into three categories:

l Glycerol (or similar humectant) and salt-based IM products
l Cured and smoked meats
l Fermented meats such as dry and semidry sausages
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Glycerol and Salt-Based IM Products

Processing of glycerol–salt desorbed IM meats involves equil-
ibration of meat cubes in infusion solutions at a 1:1.5 ratio for
20–24 h at ambient temperatures followed by heating in ovens
and drying under circulating air. The infusion solutions are
prepared with lower levels of humectants and synergistic
combinations of permitted chemical preservatives and anti-
fungal agents to enable the processing of safe and stable IM
products. This also results in prevention or minimizing of
undesirable cross-linking in proteins, nonenzymatic browning,
reduced palatability, and so on, which are attributed to higher
levels of humectants like glycerol. Processed samples a
packaged for storage at ambient temperatures (25–45 � C). They
usually are cooked before consumption if heating schedules ar
shorter during processing.
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Cured and Smoked Meats

Since cured and smoked meats can be classi� ed as salt-based
IM products, a brief description is included. Curing of meat
chunks is done in brine solutions containing sodium chloride
(10–20%), sodium or potassium nitrate (0.1%), sodium or
potassium nitrite (0.01%), ascorbate (0.05%), and so on for
5–6 days at 4–5 � C. Cured meats are held for maturation for
5–7 days at 4–5 � C to enable even distribution of curing salts.
Later, they are subjected to smoking-cum-heating in controlled
smokehouses to reduce moisture levels and to impart a smok
� avor, besides� xing the desirable bright pink color of cured
meats. Processing schedules and brine compositions va
depending on the type of product being processed.

Nitrite has a speci� c inhibitory action on the spores of
Clostridium botulinum, which is a potentially important path-
ogen in this class of meat products. Common salt, in addition
to its direct inhibitory action, lowers water activity and
contributes to the safety of cured and smoked meat products
There is a trend to decrease salt levels in cured products becau
of consumer demand for mild-cured products without
compromising safety and stability. Sliced cured and smoked
meat products, which are ready to eat, can be kept unde
refrigerated conditions for 2–3 weeks; at higher ambient
temperatures, however, spoilage is noticed within 3–5 days.
Their keeping quality can be enhanced by a few days if they ar
subjected to further air drying or vacuum packaging. Although
the commercial production of cured and smoked meats is
a success story, it has not made a big impact in tropical coun
tries because of cost and food habits.
Fermented Meat Products

Processing of fermented sausages is still an art. Semidry sausa
are processed to ultimate moisture levels of around 50% and
they can be kept at refrigeration temperatures (2–4 � C) for several
months. Dry sausages are processed to� nal moisture levels of
30–35%, They can be stored at higher ambient temperature
for 4–6 months. Salt contents usually range between 3.5 and
5.5% in commercial varieties. Although traditional processing
procedures were re� ned with technological advances and auto-
mated process control equipment for uniform quality in the
� nished products, processing schedules vary depending on th
intuition and imagination of the processors.

Meat is � rst subjected to coarse grinding. Curing salts a
permitted levels, sugars (usually 2–10% level or higher), and
combinations of spices carefully chosen for product-speci� c
aroma and � avor are added to the meat and thoroughly mixed
before being stuffed into casings. The stuffed sausages are hu
on sticks and held in the‘green-room’ for 5–10 days at 20–25 � C
with a relative humidity of 75 –80% for the development of
cured color and initiation of fermentation. Sausage casings are
punctured with small holes over the entire surface, allowing
entrapped gases (released due to fermentation) to escape. In th
traditional methods, chance contaminants within the process-
ing room were utilized for fermentation, which resulted in
variable quality. Now, frozen-stored starter cultures are incor
porated to achieve uniform, desired levels of acidity. Fermen
tation periods have been reduced considerably. The fermente
sausages are next moved to drying rooms for further moisture
removal under controlled conditions. Control of the drying step
is very important because slow drying results in a soft surface o
the sausages, whereas rapid drying results in hardening at th
surface that hinders further evaporation of moisture from
the interior and the product acquires a shriveled appearance. Th
optimum drying rate should be suf� cient to remove the mois-
ture as it moves from the interior to the surface. A combination
of 12–18 � C room temperature, 65–75% relative humidity,
and 15–20 air changes per hour is reported to provide desirable
drying rates. Individual processors arrive at effective drying rate
suitable to speci� c product requirements through various
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combinations of the above three parameters. Uniform air
distribution in the drying room is necessary to avoid formation
of hollow spots that encourage growth of bacteria and fungi.
Semidry sausages are usually dried for up to 25–50 days and
dried products for up to 60–90 days.

Although semidry and dry sausages offer the convenience o
higher-temperature storage and consumption without cooking,
marketing of this class of products is reported to be limited
even in af� uent countries. Products are expensive because
high processing costs, due to prolonged processing times, th
requirement for large processing spaces as the sausages are
dried for several weeks to months, higher energy costs, and th
higher risks involved. However, this form of preservation is an
attractive proposition in developing countries and tropical
regions, where low-cost processing with simple equipment to
produce safe products is desirable. Nonuniformity in the
composition of the � nished products does not matter much,
but the food products should be developed to the tastes
favored by people of tropical regions.
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Studies are needed to develop IM meat foods with sodium
chloride levels in the � nal products not exceeding 5–6%, by
incorporating additional hurdles to microbial and enzymatic
spoilage, such as physical barriers, naturally occurring antimi
crobial agents, or atmosphere and direct and indirect effects o
microbial competition. The IM-food processing technology has
to be exploited to the fullest extent for food preservation and
‘readily consumable product’ development suitable for
ambient temperature storage.

See also:Confectionery Products– Cakes and Pastries;Ecology
of Bacteria and Fungi:In� uence of Available Water;Ecology of
Bacteria and Fungi in Foods:In� uence of Temperature;
Ecology of Bacteria and Fungi in Foods:In� uence of Redox
Potential;Ecology of Bacteria and Fungi in Foods:Effects of
pH; Fermented Meat Products and the Role of Starter Cul
Spoilage of Meat; Curing of Meat; Spoilage of Cooked Mea
Meat Products;Preservatives:Classi� cation and Properties;
Traditional Preservatives:Sodium Chloride;Permitted
Preservatives:Nitrites and Nitrates.
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Introduction

Control measures are de�ned, implemented, and veri�ed in the
food industry with one primary objective in mind: to ensure
that the consumer receives foods and food products that are o
the quality (including safety and authenticity) claimed. With
this aim, enforcement and control agencies (ranging from
national to international) have been set up to regulate food
industry processes. To achieve this clearly and ef�ciently,
microbiological standards have been established by regulator
and other agencies. These standards are set according to
microbiological criterion associated with the speci�c foods and
food products.
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Enforcement and Control Agencies and Their Role

Enforcement and control agencies have an important role in
international, regional, and national control of microbiology
in the food sector. The food industry and regulatory bodies are
the two major groups involved in ensuring the safety and
quality of food products. They actively work together and
independently to establish controlling criteria for the produc-
tion of safe and good-quality foods. Although both the regu-
latory agencies and the food industry have the same�nal goal,
they approach the problem with different incentives. The
regulatory agencies have to ensure food safety and quality t
ful�ll their statutory responsibility to protect the public from
hazardous or inferior-quality foods. The regulatory authorities
can operate only within the food laws of that country.
Commercial food companies have to ensure food safety and
quality to stay in business. Ful�lling these criteria naturally
would help to increase their market share and enhance thei
good reputation.

There are many international, regional, and national
enforcement and control agencies; the major agencies involve
in food microbiology control are included in the following
lists.
ion
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International

l The Association of Of� cial Analytical Chemists(AOAC) has
been responsible for studies on sampling plans and labo-
ratory methodology.

l The Food and Agricultural Organization of the United Nat
(FAO) is primarily concerned with food production
through improved methods of production, processing,
preservation, and distribution of foods.

l The International Commission on Microbiological Speci� cations
for Food(ICMSF) is a voluntary body that has as its primary
objective i.e, the establishment of international sampling
plans and methods for analysis.

l The International Dairy Federation(IDF) has been respon-
sible for studies on sampling plans and laboratory
methodology.
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
l TheWorld Health Organization(WHO) is concerned with the
health of the consumer and the maintenance of food
wholesomeness.

l Codex Alimentarius Commissionwas created by the FAO and
WHO to develop food standards, guidelines and related
texts, such as codes of practice under the Joint FAO/WHO
Food Standards Program. The main purposes of thi
program are to protect the health of the consumers and
ensure fair trade practices in the food trade and to
promote coordination of all food standards work under-
taken by international governmental and nongovern-
mental organizations.
Regional

l TheEuropean Food Safety Authority(EFSA) is the keystone of
European Union (EU) risk assessment regarding food and
food safety. In collaboration with national authorities and
in open consultation with its stakeholders, EFSA provides
independent scienti�c advice and clear communication on
existing and emerging risks.

l Food Standard Australia New Zealand(FSANZ) is a binational
government agency. Its main responsibility is to develop
and administer the Australia–New Zealand Food Standards
Code (the Code), which lists requirements for foods, such
as additives, food safety, labeling, and genetically modi�ed
foods. Enforcement and interpretation of the Code is the
responsibility of state and territory departments and food
agencies within Australia and New Zealand.

l The European Centre for Disease Prevention and Co
(ECDC) was established in 2005. It is a European Union
agency aimed at strengthening Europe’s defenses agains
infectious diseases. It is seated in Stockholm, Sweden.
National

Every country in the world has a national agency for food
control. The maturity and development of such agencies varie
from country to country. Following are some of the national
food control agencies:

l U.S. Food and Drug Administration(FDA) is responsible for
ensuring that food is safe and wholesome and that all foods
are labeled informatively and honestly.

l U.S. Department of Agriculture(USDA) has the legal
authority to promote the marketing of safe and high-quality
agricultural products.

l U.S. Army Natick Research and Development Centeris involved
in establishing microbiological criteria and solving micro-
biological problems in military ration development.

l U.S. Centers for Disease Control and Prevention(CDC) is the
nation ’s premier public health agency, working to ensure
healthy people in a healthy world.

l U.K. Food Safety Agency(FSA) is an independent government
department set up by an Act of Parliament in 2000 to
78-0-12-384730-0.00171-3 377
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378 International Control of Microbiology
protect the public’s health and consumer interests in rela-
tion to food.

l Food Safety Authority of Ireland(FSAI) is principled to take all
reasonable steps to ensure that food produced, distributed
or marketed in Ireland meets the highest standards of food
safety and hygiene reasonably available and to ensure tha
food complies with legal requirements, or where appro-
priate with recognized codes of good practice.

l Canadian Food Inspection Agency’s(CFIA) plans and priorities
link directly to the government of Canada’s priorities for
bolstering economic prosperity, strengthening security a
the border and of the safety of the food supply, protect
ing the environment, and contributing to the health of
Canadians.

l Federal Ministry of Food, Agriculture and Consumer Prote
(BMELV) is a Federal Ministry of the Federal Republic o
Germany

l Food Safety and Standards Authority of Indiaestablished under
the Food Safety and Standards Act, 2006, is the regulatin
body related to food safety and laying down of standards of
food.

l Korea Food and Drug Administration(KFDA), a government
agency of the Republic of Korea (South Korea), has bee
working for food safety since 1945.

l L’Agence Nationale de Sécurité Sanitaire(ANSES), the French
agency for Food, Environmental and Occupational Health
Safety, is a public administrative institution reporting to the
Ministers for Health, Agriculture, the Environment, Labor,
and Consumer Affairs.
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Others

l Commercial – Some food associations or institutes make
their own recommendations for their own industries, for
example, the National Food Processors Association speci� es
microbiological standards.

l Cooperative Programs– Certain food industries voluntarily
cooperate with regulatory agencies for the standardization
of regulations, for example, the National Shell�sh Sanita-
tion Program.

l Private– Private agencies approve and list tested foods, fo
example, theGood HousekeepingResearch Institute.

l Professional Societies– Recommendations on methods for
the microbiological examination of foods have been pub-
lished by societies, such as the American Public Healt
Association (APHA).
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Standardization

Standardization can be de� ned as the activity of establishing
speci�cations for common and repeated use that aim to achieve
the optimum degree of order in a given context, relating to
actual or potential problems. Activities that require particular
attention are the processes of formulating, issuing, and
implementing standards. The importance of standardization
lies in the bene� ts it brings for the improvement in suitability
of products, processes, and services for their intended purpose
Standardization will bring down the barriers to trade and
facilitate technological cooperation.
on

The Aims of International Standardization

International standardization aims to achieve various targets
Primarily it is implemented to promote the quality of prod-
ucts, processes, and services. This can be achieved by de� ning
those features and characteristics that control their ability to
satisfy the given needs. These needs are those that illustra
their � tness for purpose. Safety and health are a majo
concern of the food regulatory agencies, and hence anothe
aim of standardization is to promote improvement in the
safety and quality of food. In all forms of processes, clear
communication between interested parties must be estab
lished for progress to begin, and hence a third aim of stan-
dardization is to promote clear and unambiguous
communication between all interested parties. This commu-
nication must be in a form suitable for reference or quotation
in legally binding documents. Different countries, regions,
and continents have their own particular operational prac-
tices; in some cases these may overlap, but mostly they diffe
and result in trading barriers. Setting international standards
would promote international trade by the removal of barriers
brought about by different practices. Also, when systematic
standardized operations are not in place, and tests and
procedures vary from day to day, inef� ciency will increase.
The control of such variety, not necessarily reduction of, will
improve industrial ef � ciency. The� nal aim of standardiza-
tion is in the view of sustainability, which would be to ensure
the economic use of materials and human resources in food
production.
Principles of Standardization

Standardization involves both the preparation and the use of
standards. Therefore, several key issues, principles, must
considered before the process of setting standards ca
commence. Primarily, all interested parties must want stan-
dards. All parties involved must be willing and agree volun-
tarily among themselves for the use of one or more stated
purposes. Second, all parties involved with the standardization
must be certain that the standard will be used; it is of little value
if the standard is published but not exploited. The setting and
use of the standards are solely dependent on the voluntary
commitment of those setting the standards. The intended use
and application must be clearly understood throughout the
preparation. Different types of standards are written in different
ways for particular purposes. This can be illustrated when
writing standards for speci�cations for products, materials,
processes, or services. These are in many ways different
layout from written standards for codes of practice (recom-
mendations governing actions). Different still is the manner in
which various kinds of methods and glossaries of terms are
written. The written standards must allow for the ef� cient and
easy retrieval of information; the text should be clear, concise
and unambiguous as well as being well arranged, indexed, and
referenced. It should always be possible to verify consistenc
with speci� c requirements within a realistic time and at
a reasonable cost. The next principle of standardization is
planning. Planning of standards involves many factors. The
bene� ts, both economic and social, should be compared
with the total cost that would arise from the preparation,
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publication, and monitoring of the standards. The timescale for
the completion of the proposed standard is also a matter for
concern. The selection committee must consider whether i
would be possible to complete the standard, to an acceptable
level both technically and commercially, in time to be of use.
Standards must be planned with foresight; otherwise, by the
time the standard is ready for implementation, the technology
may have developed further, rendering the proposal irrelevant
Therefore, the selection committee must be careful that thei
selected criteria will allow the standard to be useful at the time
of its intended use. A standard will, in any event, contain only
those criteria that the selection committee agreed at the time o
proposal to include.

An important issue is pinpointed in areas of rapid devel-
opment, where setting standards too late may be a cause o
increased costs of any subsequent restandardization. It
therefore necessary to have a clear understanding of the su
able timing for the application of the proposed standard. In
addition, standards must be regularly reviewed and any
necessary changes and modi� cations made to the original
speci�cations. Failure to do so would lead to the standard
becoming irrelevant or would inhibit progress.

Another principle of standardization is the assurance that
standards are not duplicated. A common occurrence in many
establishments is the duplication of work. Because standard
are proposed at various levels (individuals,� rms, associations,
countries, regions, and worldwide), it is inevitable for some
duplication to occur. Ideally, standards should be proposed
and set at the widest level– logically worldwide – and should
be consistent with satisfying the needs of all interested partie
in an acceptable timescale. The simultaneous preparation o
standards at different levels for the same subject often occurs.
is therefore essential to research previously established sta
dards for the speci� c area for which a standard proposal is to be
made. This has to be investigated at all levels, including in one’s
own and other authorities. It will be the aim of international
standardization to adopt as international standards harmo-
nized documents that are ideally identical or at least technically
equivalent in each country.

Finally, the last principle of standardization is the applica-
tion of unbiased standards. Because standards are to b
established for the harmonization of whole communities, they
should not be targeted toward a speci� c group. Standards
ideally should be suited for use by worldwide suppliers and not
exclusive to an individual.
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International Organizations Concerned
with Standards

The International Organization for Standardization(ISO) was
founded in 1947. It comprises national standards bodies of
163 countries and is made up of more than 2500 technical
committees, subcommittees, and working groups. More than
16 000 ISO have been published. The ISO also provides th
secretariat of the International Federation for the Application of
Standards (IFAN), including of� cial standards user bodies
recognized by their national standards bodies.

Other organizations include the Codex Alimentariu
Commission, which was created to implement the Joint
FAO/WHO Food Standards Program; theEuropean Econom
Community(EEC), the Common Market founded under the
Treaty of Rome, 1957; and theFAO/WHO Food Standard
Commission, which is a forum to encourage cooperation among
nations for the development of (or agreement on) the various
international standards for the food industry.
Microbiological Criteria (Speci�cations)

Improving the safety and quality of foods requires a greater
understanding of microbiological criteria. These are the
necessary microbiological standards that are the basis fo
sound judgments on the safety and quality of the food. Setting
up such criteria inevitably will affect certain sectors in the food
industry. The implementation of microbiological limits has
had and always will have a great impact on the processe
required for the production of the food in the food industry. It
is therefore important to address the issues that concer
microbiological criteria and to understand their meaning. The
need for implementation and use of a microbiological criterion
can be demonstrated in all food sectors. It is clear that food
safety and quality are issues that are associated directly ass
ciated with the presence of microorganisms in the food. The
presence and possible growth of pathogens and the presence
their toxins may lead to food poisoning, which is a safety issue.
Also related to safety is the extent to which one can achieve th
control or destruction of the food ’s micro� ora. Food quality
issues, however, are associated with the presence of no
pathogenic microorganisms and their growth. The control and
destruction also is related to food quality as is the lack of good
hygienic practices.

It is, therefore, through the application of a microbiological
criterion that the acceptability or unacceptability of a food can
be established from the handling of the product to its pro-
cessing and through to the� nal product. In setting microbio-
logical speci�cations, contradictory advice is often inevitable.

Contradictions in SpeciÞcations
The production of foods and food products that are both safe
and of good quality requires the assignment of microbiological
limits. In the early part of the twentieth century, microbial
limits for some foods were suggested– one of the widely
accepted limits was set for pasteurized milk– and ever since
then researchers have reviewed safety and quality issues of foo
with reference to microbial limits. Different research bodies
have issued different speci� cations for the safe microbial load
of foods; this arose as a result of the ever-increasing number o
regulatory agencies, which grew with the number of food
companies. As a result, so too did the numbers of unnecessar
and badly chosen criteria grown. This became a matter o
growing concern to those knowledgeable in setting microbio-
logical speci�cations. In some cases, the limits were unneces
sarily stringent; in others, the processing regimes implemented
were inadequate for the product. Also there has been a direc
con� ict between the requirements of different national food
legislations. These differing requirements led to the demon-
stration of serious nontariff obstacles to trade in the world food
market. As a direct response to this problem, the FAO/WHO
Expert Consultation, which was appointed at the request of
Codex Committee on Food Hygiene, set out to establish
a modi� ed version of the document originally issued by the
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Codex AlimentariusCommittee, voicing their concern on this
problem. The Codex AlimentariusCommittee later issued
a modi� ed version of the document, which set out to achieve
the following six targets:

l To identify the components of a microbiological criterion
l To establish the de� nitions of a microbiological criterion
l To identify the purpose of a microbiological criterion
l To identify the ful � llment factors necessary for the purpose

of a microbiological criterion
l To establish the reasoning behind the selection of the

components of a microbiological criterion
l To state the actions that are necessary to be implemente

based on the results acquired after the application of the
criterion.

To be able to proceed with setting a microbiological crite-
rion, the statements and terms to be used must be de� ned.

DeÞnitions
To clarify, harmonize, and create an international consensus
the Codex AlimentariusCommission established de� nitions,
which were modi� ed by the ICMSF and endorsed. From the
de� nitions established by the Codex AlimentariusCommission
and ICMSF, the following list has been derived.
l

e

f
Mandatory Criterion (Microbiological Standards)

These are speci� c microbiological standards, which the ICMSF
regards as part of a law or regulation to be enforced by a contro
agency, for limits of pathogenic microorganisms that may be of
concern to public health; however, nonpathogenic microor-
ganism limits also may be set under this category.
e
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Advisory Criterion

This can be sectioned into two possible categories contained in
the code of practice:

l A microbiological end-product speci� cation intended to
increase assurance that hygienic signi� cance has been met

l A microbiological guideline that is applied in a food estab-
lishment at a point during or after processing to monitor
hygiene

The ICMSF and the Codex have included other microbiolog-
ical criterion statements, which further expand the de� nitions:

l A statement specifying the type of food under review
l A statement about the microorganisms of concern or their

toxins
l A statement detailing the analytical methods to be used to

identify the microorganisms and toxins that may be present
l Details of the plans in place for sampling (this would

include the time and the location of sample removal)
l A statement considering the microbiological limits that

would be appropriate for the food of concern and the
number of samples required to conform to these limits.

Microbiological criterion use necessitates the incorporation
of these de� nitions in the sampling plan. Before the sampling
plan can be established, however, some areas of importanc
have to be considered as discussed in the following section.
Considerations
To give recommendations on microbiological criteria, one must
have available all relevant information. Primarily, it is necessary
to de� ne the exact constituents of the food. Foods and food
products vary in composition dramatically and this in itself plays
a major part in establishing the correct criterion. The natural or
contaminating microorganisms and their behavior are to a great
extent in� uenced by the surrounding conditions (i.e., those of
the food product). Information on the microorganisms that may
be present and could proliferate in such systems is a key issu
Another area for which information is required is the process
that a product endures. It may be that all safety and quality issues
that have arisen because of the presence of microorganisms ha
been eliminated as a result of� nal product processing.

The selection of standards, product speci� cations, and
guidelines is not an easy task and therefore it is essential t
consider all information before assigning microbiological
criteria. It generally is accepted that to be able to assign corre
microbiological criteria, it is necessary to (1) identify any
possible evidence of hazard to health; (2) gather all informa-
tion on the microbiology of the raw materials used; (3) clearly
understand the effects on the microbiology of the food as
a result of processing regimes that are in place; (4) establish th
possibilities of microbial contamination and the subsequent
consequences of their presence or possible growth in th
product during its handling and storage; (5) be able to identify
consumers who may be at risk; and (6) establish the costs o
implementing a criterion in relation to its bene � ts.

Another area to consider is the categorization of microor-
ganisms in relation to the potential risk. This risk category may
vary depending on the product in question. Particular micro-
organisms will behave signi� cantly differently in different
foods. Hence, the signi� cance of a pathogen varies depending
on the food; its presence in a particular food may or may not be
signi� cant. In a microbial criterion, only pathogens that are
signi� cant to the speci�c food are included. To assist in the
selection and assigning signi�cance, one must turn to annual
summaries, periodical reports, reviews, and textbooks dealing
with foodborne diseases.

It is necessary to be knowledgeable about the curren
methodologies used for the detection and enumeration of
microorganisms. The assurance of the correct methodology ca
be ascertained from standard methods that have been validate
by several established and accepted international standard
organizations. It is essential that the methods used be reviewe
regularly and modi� ed when necessary. Failure to do so ma
lead to the method becoming irrelevant or inhibitory to
progress. These de� nitions and considerations are all captured
within the sampling plan.

Sampling Plan
The sampling plan is a procedure for an appropriate examina-
tion, which should be carried out on the product, using
the required number of samples and using a speci� c method.
This can precede under two different plans, a two-class plan o
a three-class plan. A two-class plan categorizes a product
acceptable or unacceptable. A three-class plan distinguishe
between an acceptable, marginally acceptable, and unacceptab
product. The speci� cations used by both plans are symbolized
by n, m, and c, plus M for the three-class plan.
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ciation for Food

n Total number of samples to be taken from the product lo

m A maximum count of microorganisms per gram; often
given the value 0 for a two-class plan (presence or
absence), and a nonzero value for a three-class plan; it
is used to distinguish between acceptable and
marginally acceptable product in a three-class plan

c The maximum number of samples that may show the
microbiological speci� cation designated bym

M A maximum count of microorganisms that if exceeded i
any of the samples (sample numbers speci� ed byn)
would lead to the rejection of product lot; this is only
used in a three-class plan to distinguish between an
acceptable product and a marginally acceptable produ
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When applying a two-class plan, a product may be assigne
as either acceptable or unacceptable (see Examples 1 and 2)

Example 1:

n ¼ 5; c ¼ 0; m ¼ 0

If of all the � ve samples tested, none shows the presence
the microorganisms, the product is acceptable.

Example 2:

n ¼ 5; c ¼ 2; m ¼ 103

If of all the � ve samples tested, two show the presenc
of microorganisms below 103 per gram of product, the
product is acceptable. If more than two samples show the
presence of microorganisms or one of the samples exceed
103 per gram of product, however, then the product lot is
rejected.

Example 3:

n ¼ 5; c ¼ 3; m ¼ 105

In a three-class plan,M also is used (Example 3).
The two-class plan criteria apply; in addition, if of all the

� ve samples tested, any one sample shows a count higher tha
M, then the product lot is rejected. If threec’s or fewer of the
samples show counts betweenm and M, then the product lot is
accepted (marginally).

A two-class plan is used to establish the acceptability o
unacceptability of a product. A three-class plan is used for the
enumeration of microorganisms present in the product and to
assign acceptability, marginal acceptability, and unaccept
ability to the product. The plans can be used to assign proba
bilities to acceptability by using the numbers of n and c.

t

Future Development

To ensure more successful control of microbiology interna-
tionally, it is best to use microbiological criteria as part of
a comprehensive program, such as hazard analysis and critic
control point. Various researchers have pointed out that
such a combination leads to increased numbers of safe an
acceptable-quality products.

n

ct
See also:Hazard Appraisal (HACCP):The Overall Concept;
National Legislation, Guidelines, and Standards Governin
Microbiology:Canada;National Legislation, Guidelines, and
Standards Governing Microbiology:European Union;National
Legislation, Guidelines, and Standards Governing
Microbiology:Japan; Sampling Plans on Microbiological
Criteria.
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Background

Enterobacteriaceae cause a variety of nosocomial and comm
nity-acquired (foodborne) infections, including those caused
by Klebsiella. Klebsiella species are opportunistic bacteria
commonly found in the environment and in the gastrointestinal
tracts of a wide range of animals, especially those fed for human
consumption. Klebsiella pneumoniaeis the most medically
important species of the genus.Klebsiella oxytocaand Klebsiella
rhinoscleromatisalso are demonstrated in human clinical speci-
mens. Klebsiella terrigenaand Klebsiella planticolaare isolated
mainly from botanical, aquatic, and soil environments.
Different factors are encountered in the pathogenicity ofKleb-
siella,such as their exotoxins, capsules, adhesins, lipopolysa
charides (LPS), hemolysins, and siderophores. MostKlebsiella
isolates are naturally resistant to ampicillin due to a constitu-
tively expressed chromosomal A b-lactamase. Among the
organisms capable of extended-spectrumb-lactamase (ESBL
production, K. pneumoniaeis an important pathogen. Studies
worldwide have revealed that multidrug-resistant and virulent
Klebsiellaspecies can contaminate meat and dairy products an
contribute to disease. Common sources of food contamination
by these bacteria are feces (of animal and human origin)
personnel, water, and containers. In spite of their potential
pathogenicity, these microorganisms have several metaboli
potentials that could be used in biotechnology applications.
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DeÞnition and General Physiological Properties
of Klebsiellaspp.

Klebsiellaspp. are among the enteric bacilli considered in the
coliform group, characterized as lactose-fermenting, nonspore
forming, nonmotile, and facultative anaerobic Gram-negative
straight rods (.3–1.0 mm in diameter and .6–6.0 mm in length)
(see also chapter Enterobacteriaceae: Coliforms andE. coli,
Introduction). The rods occur singly in pairs or in short chains.
Under certain conditions, they form a gelatinous encapsulation.
Klebsiellaconsists of 77 capsular antigens (K-antigens), leading t
different serogroups. They grow best at temperatures between 1
and 43 �C and are killed at 55�C in 30 min. Klebsiellaspp. are
chemoorganotrophic, having both a respiratory and a fermenta-
tive types of metabolism. They utilize glucose through the
fermentation process originating acid or acid and gas, reduc
cyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
nitrates to nitrites, and show negative oxidase and positive
catalase reactions. Most strains produce 2,3-butanediol as th
major end product of glucose fermentation, whereas lactic acid
acetic acid, and formic acid are formed in smaller amounts and
ethanol in larger amounts than in typical mixed acid bacterial
fermentations. They are usually lysine decarboxylase positiv
and ornithine decarboxylase, arginine dihydrolase, and H2S
negative. Several species hydrolyze urea. Most species ferment
commonly tested carbohydrates, except dulcitol and erythritol;
they also grow in the presence of KCN (potassium cyanide) (se
also chapter Enterobacteriaceae, Coliform, andEscherichia coli:
Classical and Modern Methods for Detection and Enumeration).
They grow readily on ordinary media under aerobic and anaer-
obic conditions. Klebsiellaspp. are capable of� xing nitrogen and
are classi� ed as associative nitrogen� xers or as diazotrophs.
Several species produce bacteriocin– for example, klebosin (see
chapter Bacteriocins: Potential in Food Preservation). Som
strains decarboxylate amino acids originating biogenic amines
Klebsiella pneumoniaeis known to produce either heat labile (LT)
or heat stable (ST) enterotoxin. Virulence inKlebsiellaspecies is
due to the presence of capsular polysaccharides, siderophore
LPS, and adhesions (see the sectionSelected Virulence Factors o
Klebsiella). Klebsiella pneumoniaeinfections are common in
hospitals where they cause pneumonia and urinary tract infec
tions in catheterized patients. This species has become resista
to antibiotics and can transmit this resistance to other species o
bacteria (see the sectionAntimicrobial Resistance).
Isolation and IdentiÞcation

In common with all Enterobacteriaceae, Klebsiellae grow very
well on ordinary media (e.g., nutrient agar, tryptic casein soy
agar, blood agar) as well as in standard selective media (e.g
MacConkey agar, eosin-methylene blue (EMB) agar, violet bile
glucose agar, xylose–lysine–deoxycholate agar, or Hektoen
enteric agar). The detection and isolation from different sources
such as feces, soil, water, and food can be facilitated by the use
standard selective media. Most of these media inhibit the growth
of Gram-positive and commensal organisms and differentiate
between lactose and nonlactose fermenters. When a sma
number of Klebsiellae are thought to be present in the food
sample, enrichment techniques may be of value to isolate them
Lactose broth is the medium used in the preenrichment step for
78-0-12-384730-0.00172-5 383
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384 Klebsiella
food samples. Usually, 25 g or ml are transferred into 225 ml of
sterile lactose broth and incubated at 35� C for 24 h. For
enrichment step, 1 ml of each homogenate is inoculated in
tryptic soy broth (at 25 � C for 2 h) and plated on sheep blood
agar, EMB, and MacConkey agars. The plates are incubat
aerobically at 37� C for 24–48 h. Colonies characteristic of
Klebsiellaare large, viscid, dome-shaped, brownish colonies on
EMB and MacConkey agar (with the exception of
K. rhinoscleromatis). Klebsiellaare gamma hemolytic on sheep
blood agar (occasionally alpha or beta hemolytic). They are
subjected to several conventional biochemical tests. At presen
the procedure is simpli� ed by using a series of miniaturized and
standardized commercial tests. The API 20E and API 20N
(bioMérieux) systems and the BBL Crystal Enteric/Non-
Fermenter (Crystal, Becton Dickinson Microbiology Systems
identi � cation system have been used in the large majority o
clinical and food microbiology laboratories (see chapters
Biochemical and Modern Identi� cation Techniques: Introduc-
tion and Biochemical and Modern Identi� cation Techniques:
Enterobacteriaceae, Coliforms, andEscherichia Coli). Addition-
ally, several molecular identi� cation techniques have been
proposed for a wide range of clinical and food-related bacteria,
including Klebsiella species (see chapters in Identi� cation
Methods). Klebsiellastrains can be maintained easily in triple
sugar iron agar slants at 4� C. They can also be conserved eithe
by storage in broth, containing 10–50% (v/v) glycerol at � 80 � C,
or by lyophilization.

Description of the Diseases

Members of the genusKlebsiella, especiallyK. pneumoniaeand
K. oxytoca, are opportunistic pathogens associated with sever
nosocomial infections, such as pneumonia, septicemia
urinary tract infections, wound infections, intensive care unit
infections, and intestinal tract infections with symptoms of
diarrhea caused by enterotoxic strains.Klebsiella pneumoniaeis
a common pathogen of both community-acquired and
hospital-acquired infections associated with high morbidity
and mortality rates. Klebsiella pneumoniaecan cause infections
in any age group; however, they are most common in the
very young, very old, and immunocompromised. Klebsiella
pneumoniaeis an enteroinvasive foodborne pathogen. It may
be transmitted from hamburger. It causes gastroenteritis
which can lead to rapid multiorgan failure. Klebsiella oxytocais
associated with nosocomial infections of the urinary and
respiratory tracts. Klebsiella rhinoscleromatisinduces tissue-
destructive infections in thenose and pharynx, in addition to
its effect on urinary tract soft tissue as a secondary invade
Klebsiella ozaenaeis associated with ozena, an infection char-
acterized by chronic atrophic rhinitis, pneumonia, otitis
media, urinary tract infections, and bacteremia.Klebsiella
granulomatis(formerly known as Calymmatobacterium gran
ulomatis) causes Donovanosis, which is a chronic, genita
ulcerative disease.Klebsiella variicola, Klebsiella singaporens,
and Klebsiella albaare newly described species that have bee
isolated from plants and soil, but their pathogenicity to
humans has yet to be determined. In animals, Klebsiellae are
an important cause of metritis in horses, mastitis in bovines,
hematogenous osteomyelitis causing pulmonary lesions in
cattle, and pyothorax (accumulation of pus in the chest) in
horses. Klebsiella oxytocafrequently has been isolated from
insects.Klebsiellaspp. have been isolated from the tissues o
farmed crocodiles with hepatitis or sepsis as well as from ora
cavities and cloacae of both healthy and diseased snakes.

Occurrence ofKlebsiella in Humans, Foods, Waters,
and Environments

Klebsiellaspecies can contaminate various foods and contribute
to disease and spoilage. The origin of the contamination is not
always clear, sinceKlebsiellaspecies are widely distributed in the
nature and in the gastrointestinal tracts of a wide range of
animals.Klebsiella pneumoniae,K. oxytoca,K. variicola,K. terrigena,
and K. planticolaare commonly found in carbohydrate-rich
waste water, surface water, cooling water, soil, plant products
fresh vegetables, sugar cane, frozen orange juice concentra
and grains. Wood pulps, sawdust, and waters receiving indus
trial ef� uents from pulp, paper mills, and textile � nishing plants
may release 104–106 of Klebsiellaper milliliter of ef� uent, and
this microorganism accounts for about 50–90% of the total
coliform populations of such ef� uents. FecalKlebsiellaenters the
water cycle from municipal sewage and meat-processing plant
and source discharge from animal waste runoff. High numbers
of K. pneumoniaeand K. oxytocaisolates have been isolated from
untreated water samples collected from dam, seawater, sed
ment, and intestinal contents of shrimps and freshwater� shes.
The seawater, sediment, and shrimp isolates have shown resi
tance to heavy metals. As a result of its capacity to form capsule
and subsequent bio� lm, the organism can survive in water
distribution systems despite chlorination (see the section
Capsules; see also chapter Bio� lms). The public health signi� -
cance ofKlebsiellain water is an important concern. Domestic
animals such as cattle and horses are principal hosts forKlebsiella
species. Thus, it is dif� cult to avoid Klebsiellacontamination of
raw milk and meat owing to the organism’s close association
with animals. Klebsiella pneumoniaehas been isolated from
mastitic cows, particularly from those kept in bedding of wood
products. It has been shown that approximately 30–40% of all
warm-blooded animals, including humans, have Klebsiellain
their intestinal tract with individual densities ranging up to 10 8

Klebsiellaper gram of feces. Improper deposition of human feces
can lead to contamination of the soil with Klebsiellaspecies, and
henceK. pneumoniaehas been isolated from such vegetables a
radish, lettuce, carrots, tomatoes, and potatoes.Klebsiellaspp.
frequently can be isolated from the surfaces of potatoes and
lettuce with counts exceeding 103 per g of cm2. Several studies
have shown thatK. pneumoniae,K. oxytoca, andK. rhinoscleromati
can be recovered from raw milk, pasteurized milk, ice cream
cheese, meat, chicken, and� sh samples.Klebsiellahave been
recovered from powdered infant formula. In heat-processed
(pasteurized) products, their presence is considered posthea
treatment contamination from improper sanitation. Klebsiella
species cause spoilage of animal-derived foods (meat,� sh, milk)
by secreting lipases and proteases that cause the formation o
sul� des and trimethylamine (off-odors) and by forming bio � lm
or slime on surfaces. Some strains are adapted for growth at col
temperatures and spoil these foods in the refrigerator (see
chapter Spoilage of Animal Products: Seafood). It has bee
demonstrated that an important source of Klebsiellastrains
causing infections may be the patient’s own bowel. In addition
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to being a potential source of autoinfection, the acquisition of
a strain in the bowel during hospitalization provides a possible
source for transmission of the organism. Person-to-person
spread is the most common mode of transmission ofKlebsiella
species in hospital infections, and hands are the main vehicle
for transmission.Klebsiellaspecies are isolated from the hospita
kitchens that prepared ice creams, nasogastric feeds, cold me
and salads.

Role in Foodborne Outbreaks

The occurrence of members of the Enterobacteriaceae fami
in foods as a contaminant or spoilage organism has been
reported. Salmonellaspp., Shigellaspp., Yersinia enterocolitic,
and pathogenic strains ofEscherichia coliare well-established
agents of bacterial foodborne diseases (see also chapte
Escherichia coli: Escherichia coli, Escherichia coliO157: E. coli
O157:H7, Shigella: Introduction and Detection by Classical
Cultural and Molecular Techniques, Yersinia: Introduction,
and Yersinia enterocolitica Klebsiellaspp., however, rarely have
been reported as a cause of food poisoning. A well-docu
mented role of Klebsiellaspp. in the genesis of foodborne
infections is that of histamine � sh (scombroid) poisoning
(see the section Biogenic Amine Production). Although
K. pneumoniaeare known to produce either an LT or ST
enterotoxin on foods, no community foodborne outbreaks
have been reported. A foodborne disease outbreak tha
involved 190 people had been associated withKlebsiella
contamination of food, but the isolates were not serotyped
and other potential pathogens also were isolated in some of
the foods. While numerous outbreaks ofKlebsiellainfections
have been associated with water in medical facility environ-
ment, waterborne outbreaks due toK. pneumoniaein public
water supplies have not been reported.

Selected Virulence Factors ofKlebsiella

The pathogenicity ofKlebsiellahas been related to a number of
virulence factors, such as capsules, adhesins, LPS, extracellu
exotoxins including enterotoxins and cytotoxins, hemolysins,
and siderophores. In addition, a strong correlation has been
found between serum resistance and the ability of a variety o
Gram-negative bacteria to invade and survive in the human
blood stream.

Capsules

The capsule is considered to be the dominant virulence property
and consists of an elaborate layer of surface-associated pol
saccharides. Capsule polysaccharides enable the bacteria
attach to various surfaces in their natural environment to survive
Capsule polysaccharides contribute to pathogenesis by med
ating resistance to phagocytosis and killing by human serum
Additional functions include protection against desiccation and
attack from phages. All members of theKlebsiellaspecies produce
complex acidic polysaccharide capsules and large, moist, ofte
mucoid colonies. This property allows the Klebsiellae to adhere
to and colonize in the respiratory and urinary tracts. In
K. pneumoniae, at least 80 distinct polysaccharides have bee
reported. Serological typing is based on the examination of the
K-antigens, since the number of O-antigen (O-Ag) types is lowe
than that of the K-antigen types and also because O-Ag dete
mination can be masked by the ST K-antigens. Studies hav
shown that pathogenicity of Klebsiellais directly correlated to
capsule production. Polysaccharide capsules also may favor th
attachment to biotic or abiotic surfaces and the formation of
bio� lms. Indeed, Klebsiellaspecies often are a main cause o
undesirable bio� lm formation and fouling in cooling water
systems, piping, and other industrial equipment.

Adhesins

Another group of virulence factors produced by Klebsiella
species are� mbrial adhesins, protein structures that recognize
a wide range of molecular motifs and provide targeting of the
bacteria to speci�c tissue surfaces in the host. Adhesion to
mucosal and epithelial surfaces often is the� rst step in the
development of colonization and infection. Most clinical
K. pneumoniaeisolates express two types of� mbrial adhesins,
including type 1 and type 3 � mbriae. Type 1 � mbriae cause
mannose-sensitive hemagglutination and play an important
role in urinary tract infections. Strains ofK. oxytoca, K. planticola,
and K. terrigenaalso may produce type 1 � mbriae. Type 3
� mbriae are characterized by the ability to agglutinate tannin-
treated erythrocytes and are designed as mannose-resista
Klebsiella-like � mbriae. In addition to Klebsiellaspecies, type 3
� mbriae are common in Enterobacter, Serratia, Proteus, and
Providenciaisolates. Type 3� mbriae are capable of binding to
plant roots, human endothelial cells, and epithelial cells of the
respiratory and urinary tracts. The type 3� mbriae have been
established to play a signi�cant role in K. pneumoniaebio� lm
formation in plastic, continuous � ow-through chambers. Type
3 � mbriae are encoded by mrk gene cluster. The ef�cient
development of bio� lms by K. pneumoniaeon plastic surfaces is
independent of the presence of the MrkD adhesin, but it is
facilitated by the presence of the� mbrial shaft on the bacterial
surface. It has been reported thatK. pneumoniaebio� lm
formation is regulated by a cell density–dependent process
known as quorum sensing (QS) via the release of type-2 QS
regulatory molecules (autoinducers, AI-2) in the extracellular
compartment (see also chapter Bio�lms).

Lipopolysaccharides

Like other members of the family Enterobacteriaceae, the LPS o
K. pneumoniaeconsists of three distinct sections: Lipid A, core, and
O-Ag polysaccharide. The lipid A (also called endotoxin) anchors
the LPS molecule to the outer membrane. Endotoxin has long
been known to be an important virulence factor forK. pneumoniae
as well as other Gram-negative bacteria. Endotoxin may b
released during cell growth and bacterial lysis and indirectly
secretes various in� ammatory cytokines (mediators). Fever is the
most important symptom because endotoxin stimulates host
cells to release proteins called endogenous pyrogens that affe
the temperature-controlling center of the brain.Klebsiella pneu
moniaeendotoxin was reported to reduce hepatic drug–metabo-
lizing enzyme activity, in part because of the overproduction of
nitric oxide in plasma. The core region of LPS contains a sma
number of mono-, di-, or oligosaccharides (including 2-3-3-
deoxy-D-manno-octulosonic acid residues). It has been shown
that the core region is divided into an inner and outer core. The
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inner core is highly conserved within Enterobacteriaceae, but the
outer core shows an increasingly recognized variability. Until
now, more than one major core type has been described among
K. pneumoniaeisolates. Varying chemical structures in the O
chains give rise to a number of serologically distinct O-Ags. The
O1 LPS has been linked with the extensive tissue necrosis th
complicatesKlebsiellainfections. Additionally, it has been repor-
ted that K. pneumoniaeO3 LPS exhibits much stronger adjuvant
activity in augmenting antibody responses and delayed-type
hypersensitivity to protein antigens thanother kindsofendotoxin
from E. coliO55, O111, O127, and Salmonella enteritidis.

Siderophores

Almost all organisms need iron, which is an essential element for
life. When ionic iron is present in relatively high concentrations,
a low-af� nity membrane-bound iron transport system in
K. pneumoniaeis capable of satisfying its iron requirements. At
lower iron concentrations, this system is unable to accumulate
suf� cient iron to meet microbiological needs. Under lower iron
conditions, aerobic and facultative anaerobic bacteria frequently
produce organic chelates (siderophores) that solubilize exoge
nous iron, making it available for transport into cell. In response
to iron deprivation, K. pneumoniaestrains have been found to
produce high-af� nity iron-chelating siderophores. While the role
of the catechol-type siderophore, enterobactin, in virulence is still
uncertain, the contribution of the hydroxamate-type siderophore,
aerobactin, to virulence has been demonstrated clearly. Sever
studies have reported that a high frequency of siderophore
production is determined on chrome azurol sulfate agar plate for
K. pneumoniae, K. oxytoca, and K. rhinoscleromatisisolates isolated
from various foods such as meat, milk, and their products.
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Other Virulence Factors

Several studies have showed that similar to the clinical isolates
food isolates of K. pneumoniae, K. oxytoca, and K. rhinoscleromati
can produce b-hemolysin on sheep blood agar. Another
characteristic regarded as a Klebsiella virulence factor is th
ability to resist the bactericidal effect of human serum. In
K. pneumoniae, serum resistance properties are more common
among isolates from clinical specimens than in fecal or envi-
ronmental isolates. Serum-resistantK. pneumoniae, K. oxytoca,
and K. rhinoscleromatishas been found in meat, milk, and their
products. Studies on the incidence of serum resistance in clinica
and food isolates of pathogenic bacteria are useful for deter
mining the health hazards associated with these isolates. The us
of human sera in food isolates is aimed at determining how
Klebsiellawould behave toward human serum effect if they were
able to infect consumers. The signi� cance of urease as a virulenc
factor has been suggested for organisms that grow in the urinar
tract and may contribute to the formation of infection stones.

Biogenic Amine Production

Biogenic amines are low-molecular-weight organic bases forme
and degraded as part of normal metabolism of animals. They
can be present naturally in many foods such as fruits and vege
tables, � sh, meat, cheese, milk, and chocolate as well as wine
and beers. The most common biogenic amines found in foods
are histamine, tyramine, cadaverine, 2-phenylethylemine, sper
mine, spermidine, putrescine, tryptamine, and agmatine.Kleb-
siella pneumoniae, K. oxytoca, K. planticola, and Klebsiella
ornithinolytica are responsible for histamine formation from
histidine in � sh, which can result in a syndrome called‘hista-
mine � sh (scombroid) poisoning.’ Although � sh from the
Scombroidae family contain high levels of histidine in their � esh
histamine and other biogenic amines are low or absent in fresh
� sh, their amounts increase as a result of microbial activity
Klebsiellaand other species of microorganisms may multiply
rapidly in inadequately cooled � sh, decarboxylating histidine
into histamine and other related products (see also chapter Fish
Spoilage of Fish). The formation of biogenic amines is associated
with food spoilage. It suggests a lack of good manufacture
practices and therefore may indicate other food safety issues (se
also chapter Good Manufacturing Practice).
Industrial Importance of Klebsiellae

Exopolysaccharide Production

Microbial extracellular exopolysaccharides are mainly linear
molecules to which side chains of varying length and complexity
are attached at regular intervals. They are used in foods a
stabilizers, emulsi� ers, thickeners, and binders. Xanthan and
gellan gums are examples of well-accepted bacterial exopoly
saccharides that have signi� cant industrial importance. Xanthan
is used in the food industry as a binding agent in pet foods, an
emulsifying agent in salad dressings, a stabilizer, and a thick
ening agent for dairy products. Under optimized conditions,
K. oxytocaproduced copious amounts of exopolysaccharide in
whey-based media. The exopolysaccharide produced b
K. oxytocais a neutral soluble polysaccharide. It has been
reported that the location of genes for exopolysaccharide
production in this K. oxytocaare plasmid encoded, thus
prompting favorable recombinant DNA technology manipula-
tion with lactic acid bacteria. The genes for iron acquisition,
adherence to gut epithelium, and exopolysaccharide production
of K. pneumoniaeare all located on a 180 kbp plasmid. It has also
been reported that aKlebsiellaspp. produces polysaccharide that
contains rhamnose, galactose, and glucorinic acid.
Bacteriocin Production

Bacteriocins are antibiotics produced by strains of certain specie
of microorganisms that are active against other strains of the
same or related species. They can function as natural foo
preservatives through the inhibition of spoilage or pathogenic
bacteria and ultimately contributing to food safety. Many
different bacteriocin groups have been described and klebosin
a bacteriocin, produced byKlebsiellahave been studied exten-
sively. Several studies have reported that brain–heart infusion
medium supplemented with 5% glycerol are the best culture
medium used to detect klebosin-producing isolate. It has been
shown that bacteriocins from K. pneumoniae, K. ozaenae, and
K. rhinoscleromatisare active against Klebsiella, Enterobacter,
Escherichia, Shigella, Proteus, and Pseudomonas. It also has been
reported that these bacteriocins are capable of protecting cor
and tomato seeds from contamination with Erwinia(see chapter
Bacteriocins: Potential in Food Preservation).
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1,3-Propanediol Production

1,3-Propanediol (PD) is a bifunctional organic compound that
may be used for the chemical synthesis of several compound
in particular, for polycondensations to synthesize polyesters
polyethers, and polyurethanes. As a bulk chemical, it also ca
be used in the production of cosmetics, foods, lubricants, and
drugs. Predominantly, PD production has been approved with
K. pneumoniae, K. oxytoca, Citrobacter freundii, and Enterobacte
aerogenes. Among these microorganisms,K. pneumoniaeis of
particular interest due to its� exible regulation of the carbon and
reducing equivalent� uxes under different conditions as well as its
higher product yield and productivity compared with other
strains. In K. pneumoniae, glycerol is� rst converted to 3-hydrox-
ypropionaldehyde (3-HPA) by a coenzyme B12–dependent
glycerol dehydratase, which is then reduced to 1,3-PD b
a reduced nicotinamide adenine dinucleotide-dependent 1,3-PD
oxidoreductase. For the commercial biological production of 1,3-
PD, it is desirable to use cheaper substrates, such as gluco
However, no engineeredK. pneumoniaestrains that could convert
glucose directly to 1,3-PD have been found thus far.

2,3-Butanediol Production

A variety of obligate anaerobes (e.g.,Clostridium) and facultative
anaerobes (e.g., Klebsiella), under aerobic and anaerobic
fermentation conditions, are able to convert carbohydrates (e.g.
sucrose) to a number of soluble and gaseous products, such a
2,3-butanediol (BDO), ethanol, formic acid, acetic acid, acetone,
H2, and CO2. The main constraint in the commercialization of
2,3-BDO production is its economic recovery from fermentation
broth due to its high boiling point, great af � nity with water, and
kinetics of cheese whey degradation by the activity o
K. pneumoniaeand K. oxytoca. Other commercial applications of
2,3-BDO include the production of cosmetic products, explo-
sives, plasticizers, and pharmaceuticals, as well as a� avoring
agent in products. Klebsiella pneumoniaeoften is used for the
production of 2,3-BDO from cellulolytic materials. Glycerol is
also known as one of the most effective carbon substrates for 2,3
BDO production by Klebsiellaspp. In addition, microbially
produced 2,3-BDO can be converted into 1,3-butadiene, a feed
stock chemical currently supplied by the petrochemical industry.
1,3-Butadiene, in turn, can be utilized in the manufacture of
plastics, pharmaceuticals, and synthetic rubber.

Vitamin B12 Production

Klebsiella pneumoniaeis responsible for the vitamin B12 activity
found in tempeh samples. It has been demonstrated that the
vitamin B12 content of typical samples of commercially made
tempeh range from 1.5 to 6.3mg per 100 g of fresh tempeh,
whereas tempeh forti� ed with K. pneumoniaecontain as much
as 14.8mg per 100 g.Klebsiella pneumoniaethat are intended to
be used in tempeh fermentation have to be checked for the
absence of enterotoxin genes.
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Antimicrobial Resistance

There is evidence that the routine use of antibiotics in animal
husbandry leads to antibiotic resistance in bacteria. Of grea
concern is the fact that these antimicrobial agents are the sam
or closely related, to antimicrobials used in human medicine.
The multiple-antibiotic-resistant K. pneumoniae, K. oxytoca,
K. ozaenae, and K. rhinoscleromatisare isolated from turkey,
cattle, chicken, and retail meat and milk products. High
multiresistance incidence also has been reported in aquati
environments, � sh, and shrimps isolates. Resistance t
antibiotics commonly used in the clinical treatment of
K. pneumoniae, K. oxytoca, K. ozaenae, and K. rhinoscleromati
infection has been observed. Production of b-lactamases
(ESBL) in the Klebsiellaisolates plays a major role in the
resistance tob-lactam antibiotics, such as penicillins, cepha-
losporins, and monobactams, but not cephamycins and car-
bapenems. ESBLs often are associated with resistance to oth
classes of antibiotics such as� uoroquinolones, aminoglyco-
sides, and trimethoprim-sulfamethoxazole. The vast majority
of ESBLs are derivates of TEM and SHVb-lactamase fami-
lies, whereas other groups, such as CTX-M, PER, and KP
b-lactamases, have been described more recently. Multidrug
resistant ESBL-producing Enterobacteriaceae have be
reported worldwide, most often in clinical specimens, but also
in samples from the food and from food-producing animals.
The use of cephalosporins in food-producing animals could
be a selective factor for the appearance of ESBL-producing an
multiple-antimicrobial-resistant bacteria in such animals.
Increasing resistance to third-generation cephalosporins (e.g
cefotaxime, ceftazidime, ceftriaxone) has become a cause f
concern among Enterobacteriaceae. Currently, concern
regarding human infection of ESBL-producing bacteria from
food animals have emerged, increasing when a high preva
lence of ESBL genes recently was reported for chicken me
ESBLs are more prevalent inK. pneumoniaethan in any other
enterobacteria species, and outbreaks of infections caused b
ESBL-producing strain have been reported widely.Klebsiella
pneumoniaeis an opportunistic pathogen that causes various
illnesses, such as diarrhea, septicemia, urinary, and respirato
tract infections. Klebsiellae are naturally resistant to ampi-
cillin, amoxicillin, and carbenicillin but not to extended-
spectrumb-lactam antibiotics due to a constitutively expressed
chromosomal class A b-lactamase. The major risk factors
implicated are long-term exposure to antibiotics, prolonged
intensive care unit stay, nursing home residency, instrumen
tation, or catheterization. ESBL-producingKlebsiellastrains
may be more prevalent than currently recognized because the
generally are not targeted for antimicrobial-resistance inves
tigation. Like vancomycin-resistant Enterococcusand methi-
cillin-resistant Staphylococcus aureus, ESBL-producing bacteria
usually emerged after nosocomial infections. It is recom-
mended that ESBL-producing isolates should be reported a
resistant to all penicillins, cephalosporins, and aztreonam
regardless of susceptibility test results. These resistant isolat
are selected for further ESBL detection and screening phen
typically. The presence of ESBL in both clinical and food
isolates can be detected by a double-disk synergy techniqu
which can be con� rmed as ESBL producers by E-test ESB
strips on Mueller-Hinton Agar plate according to manufac-
turer’s recommendations. ESBL-producing strains may b
susceptible to b-lactam/b-lactamase inhibitor combinations,
carbapenems, aminoglycosides, sulfonamides, and quino
lones. Carbapenems have been recommended as the drugs
choice for serious infections with ESBL producers. More recen
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reports, however, have been documented the occurrence o
imipenem- and ertapenem-resistantE. coli, K. pneumoniae, and
K. oxytocaisolates from human and animal sources. The gene
for ESBLs usually are plasmid encoded. Plasmids with gene
encoding ESBLs, however, often contain coresistance dete
minants for aminoglycosides, sulfonamides, and quinolones.
Moreover, particular Klebsiellastrains have mobilized these
genes on plasmids, and they can be disseminated rapidly to
other members of Enterobacteriaceae, includingE. coli,
Enterobacter,Citrobacter, Serratia, and Proteus. In the past few
years, different reports have highlighted the dissemination of
ESBL-positiveE. coliand Klebsiellaspecies of food-producing
animals as well as food products. All of the ESBL producers ar
resistant to many classes of antibiotics, resulting in limited
treatment options. These resistant bacteria could enter th
food chain, representing a problem for food safety because
they can transfer resistant genes to pathogenic bacteri
Thus, monitoring ESBL-producing enterobacteria should be
continued at various levels (animals, human, and environ-
ment), while investigating the factors that contribute to their
selection and dissemination.
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Table 1 Selected products produced by members
of theKluyveromycesspecies

Class Product Species

Vitamins D-Erythro-ascorbic acid Kluyveromycesspp.
Enzymes Lactase K. marxianus

Cellulase K. cellobiovorans
Inulinase Kluyveromyces

Whole-cell Biosorbents (heavy metals) K. marxianus
Animal feeds K. lactis, K. marxianus
Characteristics of the Species

Members of the Kluyveromycesgenus belong to the class Asco
mycetes, and families within this class form endospores and
mycelia without clamp connections. In general, members of
the Ascomycetes do not produce urease, can ferment certa
saccharides, and have Gþ C contents of 30–52%. Nitrate is not
assimilated, and these yeasts require the addition of vitamins
for growth. Kluyveromycescells are oval to spherical and reach
approximately 3–5 mm in size.

Kluyveromyces, similar to Saccharomyces, is a budding yeast,
and this is the most common mode of vegetative reproduction.
Budding yeasts reproduce by developing daughter cells a
compared with � ssion yeast (e.g.,Schizosaccharomyces) for
which there is a relatively equal division of one cell to form two
cells. The buds arise at any site on the mother cell, a process th
is regulated by a number of genes that are responsible for th
production of enzymes that give rise to new cell wall material.
The cells may appear to be branched chains when the buds fa
to separate. Like other yeasts,Kluyveromycesalso can form
hyphae and therefore are dimorphic and are able to grow
either as single cells or in� laments. The shift between yeas
and � lamentous growth can be affected by oxygen and othe
growth conditions. The � lamentous growth phase ofKluyver-
omycesmay be advantageous for certain industrial applications.
For example, the hyphae have a much greater surface area
compared with the yeast cell and therefore may be easier t
immobilize. In addition, the larger surface area may increase
the yield of secreted enzymes.

Historically some of the Kluyveromyceswere classi� ed as
Saccharomyces, another member of the class Ascomycetes, famil
Saccharomycetaceae, and differ principally in spore shap
and appearance as well as their ability to agglutinate. Within
the Kluyveromycesgenus, other nomenclature changes include
renaming Kluyveromyces fragilisto Kluyveromyces marxianus.

There are approximately 17 species within theKluyveromyce
genus. The species are subdivided based on their ability to form
single or multispore asci. Among the Kluyveromyces in sen
strictoareKluyveromyces polysporus, which ferments sucrose, and
Kluyveromyces africanus, which does not. Spore shape is also
diagnostic. In Kluyveromycesspecies, both reniform (subgenus
Fabospora) and round spores (subgenusGlobospora) are found.
Sugar fermentation is also used to speciate the multispore as
forming Kluyveromyces. The ability to utilize a particular sugar is
a function of the presence or absence of a critical enzyme. Fo
example, the ability to assimilate maltose requires the enzyme
a-glucosidase and is diagnostic ofKluyveromyces drosophilaru.
Notable is the ability of certain species to ferment lactose
including K. marxianusand Kluyveromyces lactis. Other sugars
whose assimilation is variant among theKluyveromycesgenus
are xylose, maltose, and inulin.

Kluyveromyceslactisand K. marxianus(formerly K. fragilis) are
among the most well-known members of the Kluyveromyce
genus. They are morphologically identical with the exception of
their spore shape and other characteristics, most notably th
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
ability to ferment lactose, which suggest thatK. lactisis similar
to K. fragilis(now K. marxianus). Some references cite them a
subspecies,K. marxianusvar. lactisand var. marxianus, respec-
tively. Their DNA homology, however, is only 15–20%, and as
a consequence, they are most likely distinct species.

The ability of Kluyveromycesspp. to utilize lactose is one of the
major reasons for its being pursued as a host for the biotech
nological processes. AlthoughSaccharomyces cerevisiaecannot
metabolize lactose,Kluyveromycesspp. transport lactose using an
inducible lactose permease. TheK. lactisand K. marxianushave
lactose permeases that are proton symports. These can al
transport galactose. The lactose permeases are induced by lacto
or galactose. Introduction of this lactose transporter (LAC12)
along with a b-galactosidase intoS. cerevisiaerenders this yeast
able to utilize lactose.
Biotechnological Importance ofKluyveromyces

Members of the Kluyveromycesgenus are important to the
biotechnology industry by virtue of the enzymes and other
biomolecules that they produce and their ability to serve as
hosts for the expression of recombinant enzymes. As a host fo
the production of proteins, K. lactishas a number of advantages
over other yeasts. First it is classi� ed as generally recognized a
safe (GRAS). GRAS status is given to microorganisms or oth
ingredients that have a historical record of usage in foods
without any incidence of toxicity. As such, GRAS status i
a powerful inducement for its usage in food applications as it
obviates the need for it to clear any regulatory hurdles. Second
it can be grown to relatively high cell densities, which translates
into signi� cant increases in product yield. Third, it is able to
secrete a number of enzymes and has the capacity to secre
heterologous proteins. It has been reported thatKluyveromyce
may have a greater capacity to secrete proteins as compar
with Saccharomyces. Finally, there is a robust set of recombinant
DNA tools, including both integrative and replicating vectors.

Members of the Kluyveromycesgenus are the source o
a number of different hydrolytic enzymes. Either whole
cells or puri� ed (and semipuri� ed) enzymes are used a
biocatalysts (Table 1). Among the most cited examples of
enzymes from Kluyveromycesare lactases,b-glucosidases,
cellulase, and inulinases.
78-0-12-384730-0.00173-7 389
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Table 2 Selected recombinant products produced
in Kluyveromycesspp.

Class Product Species

Enzymes Chymosin K. lactis
a-Galactosidase K. lactis

Pharmaceutical Interleukin-1b K. lactis
Hepatitis B surface antigen K. lactis
Granulocyte colony-stimulating factor K. lactis
Human serum albumin K. lactis
b-Lactoglobulin K. lactis

390 Kluyveromyces
Production of lactase from whey is an important applica-
tion for Kluyveromyces. Lactase (b-D-galactosidase), the enzyme
that degrades lactose, is used to reduce the lactose content
milk and dairy products. Individuals that are lactose-intolerant
can drink lactose-reduced milk. Furthermore, the characteristic
of a number of food products bene� t from the use of lactose-
reduced milk, including the stability of frozen-concentrated
milk and the color of fried foods.

Kluyveromyceswas one of the � rst suggested sources o
lactase to reduce the lactose content of milk. A process tha
dates back to the 1950s for growingK. marxianusvar. lactison
whey has been developed that results in a dried product tha
retains good activity. The lactase has a pH range of 6–7 and
optimum hydrolytic activity is observed at 37 � C. In practice,
however, hydrolysis of milk is carried out at 4–6 � C to preserve
milk quality and to prevent the growth of bacteria.

In a number of biotechnological applications, the catalyst is
immobilized to render the system continuous or to assist in the
recovery of the product.Kluyveromyces lactisand K. bulgaricus
have been used to hydrolyze lactose in whey, and immobili-
zation of whole cells in glass wool and alginate, respectively
has been reported. In a similar approach,K. marxianushas been
immobilized in alginate and used to hydrolyze inulin. In
contrast, a puri� ed form of b-galactosidase has been immobi-
lized on to solid supports, including cellulose triacetate� bers
to produce lactose-reduced milk. Although widely used in the
industry, the Kluyveromyceslactase largely has been replaced b
other fungal lactases. TheAspergillusenzyme has a lower
optimum pH, although it is more thermostable and therefore
more dif � cult to inactivate and to stop the process when the
desired lactose content is reached.

Kluyveromyceshas been used to produce single-cell protein
(SCP) from whey and whey fractions. A number of SCP
processes were developed using whey to help reduce th
problems of waste disposal from cheesemaking processes. No
a number of uses of whey proteins as well as lactose obviate
the need to utilize it for SCP production. SCP has a relatively
good balance of amino acids and is not limited in its lysine
content. As dried yeast,K. marxianusvar. lactishas been used to
fortify foods and to serve as a vitamin supplement in both
human and animal feeds.

The fermentation process is largely exothermic and hea
generated from these fermentations must be removed. Up to
12% of the energy obtained from the metabolism of lactose is
lost to heat. Capturing the heat for other purposes has been
proposed, and most of it is lost through the venting process.
Mathematical models that can be used to describe the growth
of Kluyveromycesin whey have been developed. A series o
these models has been reported to account for a number o
the parameters in the fermentation process and can b
employed to optimize the process.

The most well-characterized yeast isS. cerevisiae, and there is
a wealth of recombinant expression vectors, protocols, and
host strains for this organism. In comparison, the repertoire for
Kluyveromycesis much less extensive but nevertheless is suitab
for developing systems for the expression of a wide variety o
products (Table 2). Among these products, a number of
pharmaceutical targets have been reported, including inter
leukin, hepatitis B surface antigen, human serum albumin, and
granulocyte colony–stimulating factor. Production of these
targets inK. lactisas compared withS. cerevisiaeis driven largely
by the potentially lower cost of substrate for the fermentation.
Lactose is a lower cost substrate as compared with glucose, an
these processes easily can be coupled with other processes th
generate whey (i.e., cheesemaking).

Vectors for Kluyveromyceshave been developed, and both
self-replicating and integrative plasmids are available. Thre
types of plasmid vectors have been reported that can be used t
develop recombinant strains ofKluyveromyces. One is based on
the cytoplasmic linear double-stranded killer plasmids. Killer
plasmids are 8–14 kb in length and can be maintained at
a copy number of 100–200 per cell. Unfortunately, given their
noncircular nature and the presence of proteins covalently
linked to their 5 0 ends, killer plasmid-based vectors cannot be
manipulated easily using Escherichia colias an intermediate
host. Vectors have also been constructed based on autono
mously replicating sequences (ARS). These vectors, howev
suffer from mitotic instability and therefore cannot be used in
industrial fermentations. Even under selective pressure, onl
35% of the cells harbored the plasmid after 20 generations. The
more well-studied vectors are derived from pKD1, which is
a circular plasmid that was found in a K. drosophilarum. It is
a 2m-like plasmid with an origin of replication that appears to
function in a number of different yeast strains. The original
pKD1 was 4.8 kb in size and a number of open-reading frames
were identi� ed that appear essential for its replicative function.
Vectors based on pKD1 are stably maintained at 70–100 copies
per cell. The addition of an antibiotic-resistance marker
changed it into a rudimentary vector from which a number of
second generation vectors have been constructed.

Copy number is an important feature of a recombinant
vector. Although high copy number is desirable in terms of
delivering high-level expression because of the presence
multiple copies of the targeted genes, these vectors are som
times unstable. In contrast, low-copy number vectors typically
are more stable but also generate lower product yields. Low
copy vectors forKluyveromyceshave been constructed using the
Klori, which is an origin of replication that has been isolated
from the plasmid pKD1. In contrast, a high copy number vector
has been engineered by combining the Klori with an ARS and
the centromeric sequences fromS. cerevisiae.

Selection of Kluyveromycestransformants can be accom-
plished by complementation of mutations to genes involved in
amino acid, nucleotide, or other essential biosynthetic path-
ways. The genes fromKluyveromyces, including LEU2, TRP1,
HIS4, ARG8, and URA3, have been cloned and are suitab
markers. In these systems, the wild-type gene is carried o
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Table 3 Regulated promoters fromKluyveromycesspp.

Gene Enzyme Regulated by

LAC4 Lactase Added lactose
KlPHO5 Acid phosphatase Low phosphate
KlADH4 Alcohol dehydrogenase Added ethanol
KlDLD D-Lactate ferricytochromec

oxidoreductase
Added lactate

Repressed by glucose

Kluyveromyces 391
a plasmid, and when introduced into the respective auxotro-
phic strain, it complements the mutation allowing the trans-
formed strain to grow in the absence of that nutrient.

A number of factors determine the yield of product from
recombinant expression hosts. The growth rate of the organism
the level of expression of the heterologous gene, and mos
important, the maximum cell density all contribute to product
yield. Expression yields typically are expressed as the amou
of product obtained, per unit time, per fermentation volume.
Kluyveromyces lactisand K. marxianuscan grow to very high cell
densities of the order of>100 g dry cell weight per liter.

Production of heterologous proteins in Kluyveromycesis best
accomplished using a promoter that directs expression a
a relatively high level in comparison to other genes. One
example is the phosphoglycerate kinase gene which is highl
expressed inKluyveromyces. Ef� cient expression of recombinant
proteins, however, usually requires a promoter that can be
regulated. This is especially important when trying to expres
proteins that are either toxic or impede the growth of the host.
With a regulated promoter, cell biomass can be increased b
growing the Kluyveromycesunder conditions in which the target
protein is not expressed. Once the maximum biomass is
obtained, then the regulated promoter can be turned on by
adding an inducer or removing a repressor. Regulate
promoters have been identi� ed, including LAC4, which
encodes lactase; KlPHO5, which encodes an acid phosphatas
and KlADH4, which encodes a mitochondrial alcohol dehy-
drogenase (Table 3).

The host strain itself can have a dramatic impact on produc
yields, yet the factors that are responsible for these strai
differences are not fully understood. Dramatic differences in the
stability of certain vectors, including those based on pKD1, has
been observed. This mitotic instability can lead to a signi� cant
reduction in product yield especially in large-scale fermenta
tions for which a greater number of generations between see
stock and � nal fermentation is needed. For example, the
production of human serum albumin was tested in a total of
50 wild-type strains of Kluyveromyceswith yield variations from
barely detectable levels to more than 300 mg l� 1.

The major characteristic of interest, as mentioned, is tha
both K. lactis and K. marxianusgrow on lactose. Lactose is
a relatively inexpensive carbon source because it is a by-produ
of cheesemaking. Whey is an abundant source of lactose, an
although major applications have been developed for whey
proteins, the lactose component is still an underutilized
commodity. Progress made in furthering the development of
Kluyveromycesas a recombinant host likely will have a signi� -
cant impact on its utility to the biotechnology industry, espe-
cially as substrate costs become a rate-determining factor i
production.
See also:Milk and Milk Products:Microbiology of Liquid Milk
Saccharomyces:Saccharomyces cerevisiae;Single-Cell
Protein:Yeasts and Bacteria;Yeasts:Production and
Commercial Uses;Fungi:Classi� cation of the Eukaryotic
Ascomycetes.
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Introduction

Food microbiology is the study of the microorganisms that
inhabit, create, or contaminate food (Fratamico and Bayles,
2005). For this, laboratory analysis is required in relation to the
control of food hygiene, quality, and safety as set out in the
International Organization for Standardization (ISO) 7218
(ISO, 2007). The potential hazards associated with pathogenic
microorganisms in these laboratories together with the devel-
opment of strict legislation to promote health and safety at
work has led to higher standards of laboratory design (Faruque,
2012). Contamination of samples within the laboratory
through air and other sources can be a signi�cant problem for
microbiological analysis. Thus, the laboratory design must
meet the requirements to avoid contamination, together with
the requirement for laboratory staff to observe good hygienic
practices. Cleanliness, ventilation, accessibility, storage, was
disposal, security,� re protection, and emergency precautions
must all be considered at the initial stage of design.

When developing a laboratory and preparing the layout, it is
important to recognize the required work capacity of the
laboratory, the number of staff engaged in testing, the service
(electricity, water, gas) required, and the mechanisms to
control inadvertent release of microorganisms to the environ-
ment as well as cross-contaminations. Furthermore, the food
microbiology laboratory is very operator dependent, and the
design tends to be variable (Barker et al., 1989). There are,
however, areas of commonality and examples of best practice
This chapter examines the design, space, and equipme
considerations required for the construction and operation of
a successful laboratory.
s

ia
Design Objectives for the Food Microbiology
Laboratory

Food microbiological laboratories can be broadly classi� ed
into three categories (FAO, 1986):

1. Hygiene control laboratories performing limited microbi-
ological tests to evaluate sanitation and hygiene procedure
followed in food production plants, restaurants, and cater-
ing establishments.

2. Quality-control laboratories involved in the testing of
imported and locally produced foods as well as hygiene
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
control, which perform a wide range of analyses and carry
out work-related research and investigations.

3. Research laboratories involved in carrying out research an
development (R&D), such as into novel techniques, but not
involved in quality control.

Each aspect of the food microbiology laboratory undertakes
a number of functions, each requiring a dedicated area. Thes
areas include

l Testing laboratories
l Culture media preparation areas
l Incubator rooms
l Reference culture room
l Decontamination room
l Sample receipt area
l Store room
l Of� ce area
l Equipment store
l Changing room
l Washing facilities

A simple schematic for a food microbiology laboratory is
shown in Figure 1:

When seeking to design or to modify a laboratory, the goals
of a modern laboratory design can be surmised as follows:

l Safety: laboratories must be designed to maintain the health
and well-being of occupants.

l Comfort: laboratory safety has to be balanced with worker
comfort.

l Energy: laboratories should be designed to be energy ef� cient
and in ways that do not compromise on safety or comfort.

When embarking on the design of the laboratory, the
important considerations are as follows:

l Understanding the constraints of time and budget.
l Understanding what is required in terms of space and

equipment.

Microbiology laboratories should be designed to suit the
operations to be carried out within them (as part of the quality-
by-design philosophy, in which quality is built-in at the outset
and not added to afterward). Suf� cient space should be
provided for all activities to avoid mix-ups. Suitable space
should be adequate for samples, reference organisms, med
78-0-12-384730-0.00174-9 393

http://dx.doi.org/10.1016/B978-0-12-384730-0.00174-9


e
y

-

Figure 1 Simple design for a food microbiology laboratory.

394 Laboratory Design
(if necessary, with cooling), testing, and records. Because of th
nature of some of the materials, separate storage locations ma
be necessary– for example, biological indicators, reference
organisms, and media (WHO, 2010).

These requirements should be captured upfront and regu
larly reviewed within design documentation.
.

Figure 2 Laboratory design team.
Design Documentation

At the initial stage of designing a laboratory, a committee should
be formed. The task of the committee should be to construct a plan
At this stage, a user requirement speci� cation (URS) should be
prepared by the committee in conjunction with a consultant who
has good knowledge and experience of designing laboratories.

The consultant should meet the laboratory management,
microbiologists, and other technical staff and discuss in detail
the requirements required by the users (hence the URS;Interna-
tional Society of Pharmaceutical Engineers (IPSE), 2001). The
involvement of food microbiologists is essential when consid-
ering important decisions that affect the working environment
and conditions, especially the technical, ergonomic, and safety
requirements of each part of the laboratory (Ashbrook and Ren-
frew, 1991). An example of a design team is shown inFigure 2.

After the consultation period, the following information
should be generated:

l Scope and objectives of the laboratory
l Location of the laboratory
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l Hygiene and cleanliness levels required
l Organization chart indicating the various functions of the

laboratory
l Numbers of technical, administrative, and support staff
l Expected number of samples to be analyzed
l Details of technical facilities required
l Service requirements
l Interrelationships, if any, between the functions of the

laboratory and other test laboratories (such as chemistry
biochemistry, nutrition, etc.).

The URS should address the scienti� c and technical devel-
opments in the area and make provisions for the future
expansion of the laboratory. From the URS, the following
sequence of documents should follow

l Functional design speci�cation (this document de� nes how
the construction documents will meet the standards de� ned
in the URS).

l Speci� cations and drawings (including construction and
architectural documents, plus mechanical and electrica
drawings).

l Commissioning plan.
l Design quali� cation.
l Installation quali � cation protocol.
l Operational quali � cation protocol.
l Performance quali� cation protocol.

As such, documents are written and evolve and they suppor
the project design process.
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Laboratory Layout

Following the URS and associated speci� cation drawings,
a design quali� cation (DQ) should be generated. Consider-
ation should be given to the types of materials required for the
construction and the equipment that will go into the
laboratory.

The DQ is a written document that describes and quanti� es
the design goals for a building. The goal of an effective
program is to de� ne a building that will have ample space,
meet the technical requirements of the user, function safely
and meet the owners’ budget. The design team, with the
assistance of the laboratory management and technical staf
will develop the building program from the analysis of data
collected on the following:

l The range of analyses to be carried out
l The number and types of personnel who will occupy the

building
l The interrelationships of functions and personnel
l The expected workload

These design elements should be captured in a facilit
diagram.

The program should describe the architectural, mechanica
electrical, plumbing, and � re protection criteria for the func-
tions to be accommodated. All materials used in the construc-
tion should be of an appropriate standard. The DQ should
identify areas of special concern for safety, such as high-haza
areas containing� ammable, toxic, or pathogenic materials, and
also should address the problem of waste removal.
Importantly, microbiology laboratories and certain support
equipment (e.g., autoclaves, glassware) should be dedicate
and separated from other areas. Furthermore, some room
within the laboratory will have speci� c requirements, such as
temperature, or be used for handling microorganisms of
a certain biohazard type (Collins et al., 2004). Each room
should have a data sheet specifying the operationa
requirements.

In undertaking the design, it is important to establish the
budget and to keep the development within the agreed
expenditure targets.

Following the DQ, an operational quali � cation (OQ)
should be produced. This document should address the layou
and organization of the laboratory, and consider the equipment
requirements. The equipment should be tied to the design, as
most equipment requires different utilities, such as air, water,
electricity, gas, and so on (Diberardinis and Baum, 1993).

Within an organization, many types of laboratory layouts
are possible, depending on scope of work, space, and budge
The building layout for a food microbiology laboratory
includes carrying out routine quality-control analysis of a wide
range of samples in addition to conducting a limited number
of applied research projects.

When designing the layout of the laboratory, a number of
considerations must be taken into account (CCFRA, 2011).
These are described in the following sections.
Air Supply

The key concept of laboratory ventilation is that air entering
the laboratory must exit the laboratory. Microbiology labo-
ratories have a unique contamination problem and, if
possible, should have a central air conditioning system. This
system should be divided into zones depending on the
type of work carried out in different rooms to facilitate the
exchange of fresh air and to take necessary precaution
against environmental contamination. The ventilation rate
normally is expressed in units of air changes per hour (ACH),
calculated as the total air volume supplied in 1 h divided by
the room volume.

The incoming air is � ltered through 0.2 mm HEPA (high-
ef� ciency particulate air) � lters to reduce the risk of environ-
mental contamination of the laboratory. HEPA � lters should
be certi� ed according to the international cleanroom contam-
ination control standard ISO 14644.

A further challenge arises from the use of fume hoods. Fume
hoods exhaust large quantities of air to contain gasses, vapor
particles, and other contaminants.
Supply of Services

The proper supply of services, such as electrical connection
gases, hot water, demineralized or distilled water, compresse
air, vacuum, telephone and data networks,� re protection
systems, smoke detection system and alarms, emergen
showers, sprinklers, eye-wash stations, and so on are essent
for ef� cient running of a laboratory. The services should be
installed in appropriate places in each room. Centralized
services for gases, deionized or distilled water, and othe
services are preferred.
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It is essential to determine the total electrical load of each
room. To achieve this, the equipment to be placed in each
room must be determined and its power requirements
(voltage, current rating, etc.) listed and supplied to the
consultant or contractor. Equipment such as autoclaves and
washing machines may require three-phase connections
These have to be identi� ed and separated from equipment
of low-energy consumption. It is recommended that items of
high-electrical rating are placed in different rooms to
balance the power consumption. Proper earth connections
must be provided with bonding resistance per earth of less
than 1 U. The minimum resistance of the earthing net
should be 1.2U. Circuit breakers must be installed at each
workbench.
o
e

r
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Temperature and Humidity

The humidity must be kept low to reduce problems with
hygroscopic materials, such as media and chemicals, and t
avoid growth of molds on laboratory surfaces. Air conditioning
also stabilizes room temperatures, enabling incubators to
function more ef� ciently. Temperatures and relative humidity
should be comfortable for workers and suitable to the
requirements of the laboratory equipment. Normally, an
ambient temperature of 21–23 � C and a relative humidity of
40–50% are recommended.
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Lighting

Lighting normally consists of double � uorescent bulbs,� xed at
the level of ceiling, leaving no room for dust to accumulate on
their upper surfaces and providing a light intensity of 750 lux.
Dependence on natural sunlight during the day is discouraged
as direct exposure to sunlight is known to alter the performance
of media, chemicals, and reagents. Likewise, analytical wor
must not be performed in direct sunlight because� nal results
are affected.
t
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Telephone and Data Network Connections

Rooms and laboratories requiring telephones must be identi-
� ed and the appropriate connections provided. Most modern
laboratories use laboratory information management systems
(LIMSs) for data collection and management. LIMS terminals
should be located preferably on the side workbenches a
a height of 75 cm or near the desks, slightly away from the
working area. Network connections are also required on island
benches where analytical instruments with data stations are
located, to hook up to the LIMS for direct transport of instru-
mental data.
s

l

Design of Furniture and Choice of Finishes

Laboratory furniture normally consists of workbenches,
cupboards, wall units, desks, and drawers. A key requirement i
that surfaces� nishes can be easily cleaned and sanitized.

Workbenches can be wall-mounted or island type. The
framework should include a mild steel tubular framework
based on a modular construction with an epoxy-based plastic
coating, and should incorporate adjustable leveling jacks, pipe
clips, and cableways. The bench top should be set at a height o
90–95 cm for normal work in a standing position. The desk tops
or sit-down benches can be at a height of 65–79 cm as needed to
accommodate microscopes, plate counting, computer usage, o
paperwork. The low-level benches should be mounted on the
window side walls to accommodate microscopes, network
computers, and other equipment.

Services such as electrical sockets and gas connections
island benches meant for installing instruments should run at
the side of the bench for optimum utilization of the bench
space.

The storage cabinets and drawers should be suspende
from the bench connections or be wall-mounted, and each
bench should have a combination of cabinets and drawers.
Cabinets may be built with plywood with an inert and
corrosion-resistant� nish with minimum seams (e.g., seamless
melamine). Drawers may be constructed with corrosion-
resistant faced plywood. The cabinets and drawers on th
workbench should be � xed in such a way that adequate
legroom remains. Ample space should be allowed for refrig-
erators and writing desks when installing wall-mounted
workbenches.

The bench tops are commonly constructed from plastic
laminate or epoxy resin with stainless steel top and edges, o
solid hardwood. The bench tops should have a smooth surface
and be easily disinfected and should be heat resistant. Crack
and crevices should be minimal as they provide an opportunity
for the buildup of debris, which may contribute to cross-
contamination of samples. Stainless steel tops must be
provided on the benches in the washing room.

Laboratory stools and chairs of adjustable or� xed heights
should be provided. Stools should be used at the workbenches
and chairs may be used at computer desks.
Storage Space

Suf� cient storage space should be provided for equipment
materials, and samples. The laboratory wall space should b
utilized for additional shelving, protected by glass-enclosed
cabinets to provide a dust-free environment for storage of
media, chemicals, and other materials. Samples should be
stored in refrigerators, in freezers, or at room temperature
according to the procedures outlined in the operational
manual.
Future Expansion

Future expansion of activities, including increases in workload
and staff, should be considered when designing a laboratory
The design should include provision for a minimum of 25% of
expansion. The design should be� exible to allow room func-
tional changes and allocation of new activities.
Allocation of Space

The design should allow maximum utilization of laboratory
space. The subunit of media preparation and� lling, decon-
tamination of used material, and cleaning of glassware should
be separated from the analytical area. Within the analytica
area, if possible, isolation and identi� cation of pathogenic
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materials should be carried out in a separate room. Consider
ation should be given to ergonomics to ensure that personne
are comfortable and that the workspace is con� gured to be as
ef� cient as possible.
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Safety Considerations

The safety of the laboratory personnel should be addressed i
the design. The laboratory should be equipped with � re
extinguishers and alarms, a sprinkler system, eye-wash station
and safety showers. Fire and smoke detectors are recom
mended. A comprehensive safety program should be a vita
part of all laboratory procedures.

The design process should consider� re prevention and� re-
� ghting systems. The building should be equipped with an
automatic � re alarm system, independent of the building
control system. Ionization detectors should be mounted in all
rooms or spaces where� res may start and are mandatory in
rooms where people are at work. An emergency power suppl
system is needed to illuminate and mark escape routes
enabling people to leave the building in the shortest possible
time in emergencies.

The laboratory building should be divided into compart-
ments separated by� reproof walls and ceilings. Floors and
ceilings should be � re retardant. Furthermore, all electric and
other cables should be passed through� reproof blocks. In the
event of a� re breaking out, all spots within the building should
be within reach of the jet of a � re hose connected to the proces
water mains. In addition to the � re hoses,� re extinguishers
should be distributed throughout the building.

An additionally safety feature is that all laboratory rooms
should be provided with eye-wash stations. Emergenc
showers are required in laboratories where hazardous chem
icals or other materials are being used and must be easil
accessible.
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Access

Two exits should be provided for the building for prompt exit
in the event of � re or other emergencies. Entrances should b
designed to minimize pedestrian traf� c. In addition to
personnel movement, a separate exit for waste removal main
tains cleanliness in the laboratories and minimizes cross
contamination.
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Security

A security system must be provided to restrict entry into the
laboratory building. Laboratory rooms should be separated
from of � ces by another security system, apart from the gener
security system, to restrict unauthorized entry into the labo-
ratory rooms, to avoid contamination, and for effective
operation.
Essential Services and Equipment

Essential services and items of equipment for the food
microbiology laboratory (ISO/IEC 17025) include the
following.
Gases

Most microbiological laboratories require the following
gases:

l Lique� ed petroleum gas
l Nitrogen
l Carbon dioxide (CO2)
l Oxygen

The rooms and the locations in each room requiring
supply of different gases should be identi� ed and listed. It is
possible to provide all laboratory rooms with a supply of
piped gases; the gases are supplied in bulk cylinders an
stored in an outhouse built for the purpose. The piped
supply runs along the corridors, with branches into the
laboratory rooms. Each branch should be equipped with
a valve enabling the supply to be shut off in an emergency
Stainless steel tubing with appropriate � ttings is recom-
mended for piping the gases. Welding should be avoided
Pressure checks and certi�cation from the contractor are
required before the actual supply of gas. All the lines must be
accessible for future leak checks. Gases such as nitrogen a
CO2 may be required only for anaerobic work stations. If the
use of such gases is limited to one or two rooms, the cylin-
ders may be housed in a purpose-built cabinet near to the
point of use or within the laboratory, as they are not
in � ammable or hazardous.
Compressed Air and Vacuum

Laboratories requiring compressed air may be supplied from
a centrally located compressor connected to the laboratory by
a system of copper or high-pressure plastic pipes. The a
should be dried to a dew point of �15 � C and freed from oil
droplets with the aid of � lters. The pressure in the system as fa
as the branches into the laboratories should be 7 bar, which in
the laboratories should be reduced to a working pressure o
3 bar. Vacuum may be supplied through a central system if it is
required in many rooms; otherwise, small vacuum pumps may
be used.
Hot and Cold Water

The building should be provided with a supply of process
water and also drinking water, if necessary. The proces
water should be equipped, downstream of the meter, with
a break installation. The pressure measured at the highe
tap should be 2.5 bar. The pipes should be laid in such
a way that water nowhere becomes stagnant. Whereve
necessary, hot water should be provided from closed-in
boilers. The minimum temperature of the water should be
60 � C. Medical mixing taps with a lever should be provided
for mixing cold and hot water to avoid contamination from
the hands of the microbiologist.

At either end of the benches (apart from benches meant for
installing instruments), stainless steel sinks should be mounted
with a 60 cm side adjoining them, a 50 cm side jutting out, and
a depth of 25 cm. Medical mixing taps (cold and hot water) and
a deionized or distilled water tap should be mounted above the
sinks, as required.
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Demineralized and Distilled Water

A supply of demineralized or distilled water should be avail-
able in all the laboratories. Demineralized water can be
prepared with the aid of an automatic double-column
demineralization system housed in a centrally located room.
Distilled water can be prepared with the aid of electrically
operated distillation equipment. In both cases, the water
should be transported through plastic tubing to the laborato-
ries. The demineralized water should have speci� c conductance
less than 5mUcm� 1 and be of a low microbial bioburden.
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Unidirectional Flow and Biohazard Safety Cabinets

Biosafety cabinets should comply with international standards,
such as EN 12469. Care must be taken in positioning equip-
ment that might generate air currents (e.g., fans and heaters
The safety cabinets should be installed in proper sites in the
laboratory. Safety cabinets are intended to protect the worke
from airborne infection. Work should be done in the middle to
the rear of the cabinet, not near the front, and workers should
not remove their arms from the cabinet until the procedure is
completed. After each set of manipulations, aerosols should be
swept into the � lters. The operator’s hands and arms may be
contaminated and should be washed immediately after ceasing
work. Bunsen burners and microincinerators should not be
used as they disturb air� ow.
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Facilities for Incubation and Refrigeration

Incubators
Incubators and incubator rooms must be properly constructed
and controlled. It is best to obtain the largest possible models
to prevent crowding of the interior. Incubator rooms, if used,
must be well insulated, equipped with properly distributed
heating units, and have appropriate air circulation. The rooms
should be supplied with stainless steel shelves suitable fo
holding Petri dishes, � asks, and other items. Wooden shelve
are not recommended because of the problem of mound
growth in a humid atmosphere. The recommended tempera-
tures for incubators in food laboratories are 15–20 � C,
30–37 � C, and 55� C. Cooled incubators must be� tted with
a refrigeration system and heating and cooling controls, which
must be balanced correctly.

Incubators should be kept in rooms where temperatures
are within the range 16–27 � C. The incubator temperature
must not vary by more than �1 � C. Chamber temperature must
be checked twice daily (morning and afternoon). The ther-
mometer bulbs and stem must be submerged in water or
glycerol to the stem mark. For best results use a recordin
thermometer.

Water Baths
Water baths should be of an appropriate size for the required
workload with a suitable water level maintained. When the
level of water in the bath is at half to two-thirds the level of
the column of liquid in the tube, convection currents keep the
constituents of the tube well mixed and hasten reactions,
such as agglutination. Water baths should be equipped with
electrical stirrers to prevent temperature strati� cation. They
must be lagged to prevent heat loss, although the walls are
� tted with sloping lids to prevent heat loss and dripping of
condensed water on materials. To avoid deposits on tubes
and internal surfaces, distilled water should be used. Only
racks made with stainless steel, heat-resistant rubber, o
plastic materials should be used. The temperature of the wate
bath must be monitored and recorded daily using a certi� ed
thermometer.

Refrigerators
A refrigerator maintained at 0–4 � C for storing untested food
samples is required. Another refrigerator to cool and main-
tain the temperature of media and reagents also may be used
The temperature of the refrigerator should be checked and
recorded daily, and it should be cleaned monthly or more
often when required. Refrigerated rooms, if used, must be
well insulated and equipped with a distributed cooling
system. A continuous temperature monitoring and recording
system equipped with an alarm must be used. The tempera
ture at different points should be recorded daily. Stainless
steel shelves should be installed for storing samples. Store
materials should be identi� ed and dated, and stored in
such a way that cross-contamination does not occur. Expired
materials should be discarded at regular intervals (e.g.
quarterly).

Freezers
A freezer or a freezer room to maintain the temperature of
frozen food items at below �18 � C is required. The tempera-
ture should be recorded daily. A recording thermometer with
an alarm system is highly desirable. The freezer should b
defrosted and cleaned twice a year. Materials should be iden
ti � ed and dated, and outdated materials should be discarded
quarterly.

A separate freezing space should be identi� ed for storing
freeze-dried bacterial cultures. To avoid phenotypic variations
a freezer of�60 � C or below is recommended (ISO 11133-1).
Sterilization Facilities

Sterilization facilities are required for sterilizing prepared
media, diluents, used glassware, Petri dishes,� asks, tubes, and
other items before washing or disposal.

The use of heat, particularly moist heat, is the most desir
able and widely used method of sterilization in the microbi-
ology laboratory. Moist heat leads to the destruction of
microorganisms through the irreversible denaturation of
enzymes and structured proteins.

Hot-Air Oven
Sterilization or depyrogenation by hot-air oven is achieved by
the slow penetration of heat into the materials. The ef� ciency of
this process can be increased by the use of circulating fan
Ovens are� tted with solenoid locks to prevent the oven being
opened before the cycle is completed.

The load should be packed in the oven chamber in such
a way that suf� cient space remains between the articles fo
circulation of hot air. The high temperature needed to achieve
dry heat sterilization has a damaging effect on many mate-
rials. This method should be used only for thermostable
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Table 1 Summary of essential services and equipment

Service/equipment Use Key parameters

Gases Anaerobic work stations; Bunsen burners; speci�c
equipment– e.g., gas chromatography

Purity; supply pressure

Compressed air Vacuum pumps Moisture content; supply pressure
Mains water Hand washing; cleaning; certain items of equipment–

e.g., automated Gram stainer
Temperature; supplied hot, cold, and via mixer tap

Demineralized or distilled water Water baths Correct conductivity (5mUcm� 1) and to be of a low
bioburden (� 100 cfu 100 ml� 1)

Unidirectional air� ow cabinets Aseptic preparation De� ned air velocity (� 0.45 m s� 1) and particulates
Incubators Samples for microbial growth Temperature range (normally within� 1 � C)
Water baths Test samples; holding molten culture media Temperature range (normally within� 3 � C); rotational

speed, if any stirrers are� tted
Refrigerators Holding test samples before testing; storing microbial

stock cultures
Temperature range (normally 0–4 � C)

Freezers Long-term storage of microbial cultures and frozen
food items

Temperature� 18� C or below

Hot-air oven Equipment drying or for depyrogenation of glassware Temperature and fan speed
Autoclaves Sterilization of equipment or decontamination of waste

material or preparation of microbial culture media
Temperature; steam pressure; requires veri� cation

with suitable biological indicators
Washing machines Equipment cleaning Water pressure

Figure 3 Food laboratory organization chart.
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materials that cannot be sterilized by steam owing to delete
rious effects or failure to penetrate. Materials that can be
sterilized by this method include heat-resistant articles, such
as glass Petri dishes,� asks, pipettes, metallic objects, and
coated materials.

The performance of a hot-air oven should be tested quar
terly with biological indicators and the temperature measured
for each run.

Autoclaves
The minimum recommended standard for sterilization by
autoclaves is the exposure to steam at approximately 1 ba
pressure, equivalent to 121� C, for 15 min. Saturated steam is
a much more ef� cient means of destroying microorganisms
than either boiling water or dry heat. Air has an important
in � uence on the ef� ciency of autoclaving (Speck, 2004). If
about 50% of the air remains in the autoclave, the tempera-
ture of the steam-air mixture at 1 bar is only 112� C. Because
successful autoclaving depends on the removal of all the
air from the chamber, the materials to be sterilized should
be packed loosely. The two types of laboratory autoclave
are pressure cooker models and gravity displacement model

The pressure cooker is a simple bench-top autoclave con
sisting of a vertical metal chamber with a strong metal lid that
can be fastened down and sealed with a suitable gasket. Th
lid is � tted with an air-steam discharge trap, a pressure gaug
and a safety valve. Steam is generated from the water in th
bottom of the autoclave by an external immersion heater or
a steam coil.

The gravity displacement autoclave, widely used in
microbiological laboratories, consists of a chamber sur-
rounded with a jacket containing steam under pressure
which heats the chamber wall. The steam enters the jacke
from the main supply, which is at high pressure, thus forcing
the air and condensate to� ow out of the drain by gravity
displacement. The air and steam are removed by vacuum
pumps and � exible thermocouple probes are � tted in the
chamber so that the temperatures at various parts of the load
may be recorded.

The performance of the autoclave should be checke
monthly using biological indicators. Depending on the design
requirements, it may be necessary to have an autoclave fo
sterilization and an autoclave for the decontamination of
laboratory waste.
Washing Machines

A washing machine may be used to clean and dry glassware an
other heat-resistant articles. The machine should be capable o
washing, rinsing, and drying cycles.

These are summarized inTable 1.
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Table 2 Major activities of a food microbiology laboratory

Unit/function Subunit Major activity

General
microbiology

Culture techniques Certi� cation and monitoring program, food poisoning– emergency analysis, standardization
Media preparation and

sterilization
Preparation and sterilization of media, glassware, sample utensils, decontamination and washing of used

materials
Advanced

microbiology
Rapid diagnostic

techniques
Application development and implementation of immunoassay, DNA hybridization, API, etc.

Instrumental techniques Application development and implementation of impedimentary, turbidimetry, bioluminescence, PCR, etc.
Quality

management
Quality management Implementation of quality assurance system (ISO 9002/ISO Guide 25), internal quality control, pro� ciency

testing, audits, etc.
Calibration and

maintenance
Calibration and

maintenance
Equipment and building maintenance, calibration of equipment, maintenance of services

R&D, training
management

R&D, training
management

Planning, budgeting of R&D work, coordinating with different units, training requirements and their
planning and scheduling, management of external training programs.

Sample
management

Sample management Receipt, identi� cation, registration, preparation of composite samples, assigning code numbers,
distribution of samples to different functions

Administration Administration Secretariat, personnel management, budget/accounts, purchase/stores, library, and housekeeping

400 Laboratory Design
Other Types of Equipment

The other types of equipment will relate to the range of tests to
be conducted within the laboratory. This may include the
following:

l Spiral plate devices
l Plate readers or colony counters
l Weighing balances
l Microbial identi � cation devices such as VITEK
l Gram-stain stations
l Microscopes
l Blenders
l Anaerobic incubators
l Vacuum � ltration equipment
l TOC analyzer
l Vortex mixers
l Fume hood

When specifying such equipment, it is important to note the
following:

l Equipment dimensions
l Temperature and humidity requirements
l Power requirements
l Thermal output during operating
l Vibration control
l Any concerns operating at high altitudes
l Interference from radio waves

For all equipment, log books should be maintained for each
use, listing key parameters.
;

Management Organization

The recommended organization of a food microbiology labo-
ratory suitable for routine quality-control analysis should
include each of the key managerial and scienti� c functions. A
generalized organization chart is shown inFigure 3.

The typical laboratory consists of a general microbiology
unit, with culture techniques and media preparation subunits,
and an advanced microbiology unit, with rapid diagnostic
techniques and instrumental techniques subunits. The admin-
istration sample management, quality management, R&D and
training management, and calibration and maintenance
constitute other functions. These may be common to a labora-
tory consisting of multiple disciplines, such as chemistry,
biochemistry, and nutrition. The major activities of different
functions in the laboratory are listed in Table 2. Ideally, these
activities will have been captured at the design stage.
Personnel Requirements

There are some important considerations for staff working in
the laboratory. These considerations storage areas includ
safety equipment (McLandsborough, 2005). Safety equipment
includes laboratory coats, which must be composed of 100%
cotton materials. Coats should be long-sleeved and knee
length. They should be washed and decontaminated at leas
once a week. Other personal protective equipment includes
safety glasses, face masks with� lters for working with patho-
genic microorganisms, special clothing when entering freezers
and gloves when handling microorganisms.
Conclusion

This chapter has presented an overview of the importan
considerations for the design and construction of the labora-
tory, the allocation of equipment, and the speci� cations of
critical utilities. The most important element when undertaking
this is planning. Taking time to determine what is required
leads to the best designed and most ef�cient food microbiology
laboratory.
See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Management Systems:Accreditation Schemes
Microbiological Reference Materials; Sampling Plans on
Microbiological Criteria.



and

rato

logy
iati
ds,

sign

tion
niza
ge

Pre

icr

aseline Pharma-
E,

-Guidelines on
on

y, International

- General Rules
tion, Geneva.
sting and cali-
.
ries in Contem-

cal Examination
ton, DC.
ratories. Forty-
n: WHO Expert
rld Health

Laboratory Design 401
Further Reading

Ashbrook, P., Renfrew, M. (Eds.), 1991. Safe Laboratories: Principles
Design and Remodelling. CRC Press Inc, Boca Raton, FL.

Barker, J.H., Blank, C.H., Steere, N.V. (Eds.), 1989. Designing a Labo
Public Health Association, Washington, DC.

CCFRA, 2011. Guidelines for the Design and Safety of Food Microbio
(Guideline 66). Campden and Chorleywood Food Research Assoc

Collins, C.H., Lyne, P.M., Grange, J.M., 2004. Microbiological Metho
Hodder Arnold, London.

Diberardinis, L.J., Baum, J.S., 1993. First Guidelines for Laboratory De
Safety Consideration, second ed. John Wiley, Chichester.

FAO, 1986. Manual of Food Quality Control. 1, FAO Food and Nutri
Rev. 1. The Food Control Laboratory, Food and Agriculture Orga

Faruque, S.M. (Ed.), 2012. Foodborne and Waterborne Bacterial Patho
Epidemiology, Evolution and Molecular Biology. Caister Academic
Norwich.

Fratamico, P.M., Bayles, D.O. (Eds.), 2005. Foodborne Pathogens: M
Molecular Biology. Caister Academic Press, Norwich.
Practices for

ry. American

Laboratories
on, UK.

eighth ed.

: Health and

Paper 14/1
tion, Rome.

ns:
ss,

obiology and

International Society of Pharmaceutical Engineers (IPSE), 2001. B
ceutical Engineering Guide. In: Commissioning and Quali� cation, vol. 5. IPS
St. Cloud, FL.

ISO 11133-1, 2009 Microbiology of Food and Animal Feeding Stuffs
Preparation and Production of Culture Media. Part 1– General Guidelines
Quality Assurance for the Preparation of Media in the Laborator
Standards Organization, Geneva.

ISO, 2007. ISO 7218. Microbiology of Food and Animal Feeding Stuffs
for Microbiological Examinations. International Standards Organiza

ISO/IEC 17025, 2005 General requirements for the competence of te
bration laboratories, International Standards Organization, Geneva

McLandsborough, L., 2005. Food Microbiology Laboratory. CDC Se
porary Food Science. CDC Press, Boca Raton, FL.

Speck, M.L. (Ed.), 2004. Compendium of Methods for the Microbiologi
of Foods, fourth ed. American Public Health Association, Washing

WHO, 2010. Good practices for pharmaceutical quality control labo
fourth report. WHO Technical Report Series, No. 957, Annex 1. I
Committee on Speci� cations for Pharmaceutical Preparations. Wo
Organization, Geneva.



Laboratory Management Systems: Accreditation Schemes
SM Passmore,Self-employed consultant, Axbridge, UK

� 2014 Elsevier Ltd. All rights reserved.
This article is a revision of the previous edition article by Catherine Bowles, volume 2, pp 1128–1134,� 1999, Elsevier Ltd.
s
o
)

is

-

s

,

Introduction

Since the�rst edition of this encyclopedia in 1999, accredita-
tion of food microbiology laboratories has developed consid-
erably and now is accepted worldwide as an indication of the
reliability of the laboratory test results used in food processing
and trade for checks on food safety and stability.

The accreditation standard for testing laboratories, ISO/IEC
17025, has been accepted internationally to replace the
previous standards developed in individual countries or
regions. Accreditation bodies to apply this standard have been
established worldwide, some as commercial and some a
government organizations or agencies. These bodies als
became accredited and mutual recognition agreements (MRAs
for accreditations were developed, both regionally and inter-
nationally, so test results from the signatory countries are
recognized and accepted by all when food commodities
are traded.

This article outlines the relevant standards, legislation, and
guidance documents, together with indications of bene�ts and
drawbacks of laboratory accreditation, and summarizes what is
required to implement a suitable management system and gain
accreditation in a food microbiology laboratory.
re
Accreditation Standards and Legislation

As accreditation for food microbiology laboratories became
more common, the drive for harmonization of internationally
accepted standards that would be recognized worldwide
increased. Accreditation and regional or international recogni-
tion of test results for traded foods also were incorporated into
legislation and guidance documents. A brief summary of these
developments is presented in this article, using illustrations
primarily from Europe. Other countries, however, have similar
systems in place and importers or exporters of foods and food
products, and the laboratories providing the test results, need to
be aware of requirements in other nations and regions.
d-

-

abo

st

y.

d

Accreditation Standards

The various accreditation standards for food microbiology in
use at the time of the last edition were based largely on ISO
Guide 25; this was the application document for testing
laboratories seeking certi�cation of their quality management
systems to the general ISO 9000 standard. As this was a gui
ance document, work was under way to harmonize require-
ments for accreditation of testing laboratories into a full
standard containing mandatory requirements. This was ach
ieved with the publication of ISO/IEC 17025:2000 General
requirements for the competence of testing and calibration l
toriesand the earlier national and regional standards were
withdrawn. For example, the European regional EN
45001:1989 standard was withdrawn and replaced by ISO
402 Encyclopedia of Food
17025. ISO 17025 therefore was accepted worldwide for
conformity assessment of testing (and calibration) laborato-
ries by national accreditation bodies. All international stan-
dards are reviewed periodically as practical experience
gained and the current version is ISO/IEC 17025:2005 on
which this article is based.

The accreditation bodies sign MRAs through umbrella
organizations, such as the European Cooperation for Accredi
tation (EA), the Asia Paci�c Laboratory Accreditation Cooper-
ation (APLAC), or the International Laboratory Accreditation
Cooperation (ILAC), so that accreditations are recognized by
the other signatories, together with test results from accredited
laboratories as an aid to inter-area trade. These organization
also coordinate monitoring and assessments to evaluate
performance of the accreditation bodies against ISO 17011.

Ongoing harmonization of food control legislation in
Europe now requires that only one accreditation body,
applying ISO 17011 requirements to assess conformity of
testing laboratories to ISO 17025, is authorized by each
member state. In some countries, however, other accreditation
schemes still exist and may be used in food microbiology
laboratories as all are based on similar principles. For example
in the United Kingdom two commercial accreditation schemes
(known as CLAS and LABCRED) are in operation. These a
applied mainly in laboratories associated with food processing,
where monitoring of the environment, raw materials, and end
products is necessary as part of quality control of food
production and are considered to take a more ‘practical’
approach suitable for their needs.
ra-

Relevant Legislation

Harmonization of food-related legislation in Europe has pro-
gressed considerably since the original‘common market’ was
formed and legislation from 1989 required that member states
set up suitable food (and feed) control systems. These
encompass laboratory testing to ensure only‘safe and whole-
some’ products, that are free from pathogens and have low
levels of spoilage organisms, are placed on the market. Te
results from the Of�cial Control (OC) laboratories nominated
by member states were to be accepted across the communit
This legislation was supplemented in 1993 to include the
requirement for OC laboratories to be assessed and accredite
according to criteria speci�ed in European standards (EN
45000 series) then current.

Since 2000, the food control framework work has been
clari�ed and extended by updates of the earlier legislation. The
legislation requiring accreditation to ISO 17025 for OC labo-
ratories is now the EU Of�cial Feed and Food Control Regu-
lation (EC 882/2004); this stipulates the use of validated
methods, but it does not specify individual test methods.
Instead these (ISO/EN) methods are listed in EC 2073/2005
(and subsequent amendments) along with relevant microbio-
logical criteria for foodstuffs according to food safety and
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00175-0
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Laboratory Management Systems: Accreditation Schemes 403
process hygiene requirements. Accreditation is not yet speci� ed
for other laboratories providing the test results for commodi-
ties traded within the community or for imports from third
countries, although these may be tested in accredited OC
laboratories receiving samples from food surveillance and
border controls.

Increasing emphasis on accreditation for testing laborato
ries led to further legislation in EC 765/2008 to harmonize
accreditation schemes and attempt to ensure that‘the degree of
rigor applied in performance of accreditation’ was the same
across Europe. This required member states to nominat
a single, non-pro� t-making body that would be recognized
mutually in other member states, and that had‘the knowledge,
competence and means’ to assess all product testing laborato
ries, not just those for food. While harmonization of accredi-
tation across the community was essential, some opponent
considered the nomination of a single accreditation agency to
be anti-competitive in a free market. There also were concern
that a single autonomous body would not be controlled
effectively and might impose excessive requirements o
candidates for accreditation. These concerns have been alle
ated partially by peer evaluations under the mutual coopera-
tion agreements, although the ‘degree of rigor’ applied still
remains variable across Europe.

Measures to ensure the place of accreditation in food testin
have been adopted elsewhere andCodex Alimentarius, a joint
organization of the World Health Organization and Food and
Agriculture Organization of the United Nations, published
guideline CAC/GL 27 in 1997, which is still current. This
speci�es accreditation to ISO 17025 and, therefore, validated
test methods, participation in pro� ciency testing, and suitable
internal quality control (IQC) systems for food testing labo-
ratories. These concepts have been taken forward worldwide s
that the safety and quality of food products increasingly should
be better assured.
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BeneÞts and Drawbacks of Laboratory Accreditation

Whatever accreditation scheme is chosen by a food microb
ology laboratory, some bene� ts must be seen before the
management will commit resources to the project. They mus
then weigh these bene� ts carefully against any drawbacks o
accreditation before proceeding with an application to an
accreditation body.
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Bene�ts of Accreditation

In some regions, accreditation has been made obligatory by
legislation for certain types of food microbiology. The previous
example is the Of� cial Feed and Food Control Regulation in
Europe, but other laboratories also may require accreditation to
undertake food testing for some commercial customers, such a
major retailers. Indeed some food retailers have their own
‘approval schemes’ for laboratories testing products on behalf
of their suppliers, in addition to requiring accreditation of the
relevant tests. For the laboratory management, the majo
bene� ts should be improved ef� ciency in testing, and increased
assurance of the consistency of test results, which also giv
con� dence to their customers and, ultimately, to consumers.
It is vital that consumers have con� dence in food products
as any failure can be catastrophic if food safety is involved, no
only for the consumer but also for the producer if legal action is
taken and their business reputation suffers as a result of advers
publicity. Using a laboratory accredited for the relevant tests
provides some evidence in law that suf� cient ‘due diligence’
was exercised to obtain correct results.

Where accredited testing is a requirement for food imports,
accreditation will give access to wider markets, so all of thes
bene� ts may result in increased pro�tability over unaccredited
laboratories as more customers may, or are required to, use th
accredited service.
Drawbacks of Accreditation

These overall bene� ts must be considered against the perceive
drawbacks of accreditation, which are primarily the high costs,
in staff time and other resources, as well as actual expenditure
Management must commit suf� cient effort to set up and
maintain the numerous documents and procedures required.
Some loss of� exibility in the testing offered by the laboratory
sometimes is seen, because procedures for modifying or addin
to their scope of accredited methods can be slow and involve
additional expense.

The costs of quality often are considered to be 15–20% of
business turnover, an estimate made up of various direct and
indirect costs. Direct costs include initial registration fees and
ongoing charges for periodic assessment and surveillance visi
payable to the accreditation body; these costs are not insub
stantial. Further signi� cant costs result from regular participa-
tion in suitable external pro� ciency schemes related to the
scope of accredited testing. Suitable reference materials for u
in IQC procedures for methods and media are another direct
cost. Calibration of equipment deemed critical to the produc-
tion of valid test results is costly, particularly as external cali-
bration services usually are required and probably at a greate
frequency than before.

Indirect or hidden costs are involved in staff time initially to
prepare the large amount of documentation necessary to set u
the system. Then further time must be committed to keeping
detailed records of testing to ensure traceability and allow
investigation of any nonconforming work. Schedules must be
set for regular calibrations and internal and external QC suf� -
cient to ensure the quality of routine testing. IQC of methods
and media requires traceable reference materials that must b
maintained to ensure correct performance. All system docu
ments must be controlled and reviewed so they remain current
and the whole system must be monitored regularly against
a schedule of internal audits. Obviously, time must be spent
training all personnel in the documentation and also correct
performance of tests using suitable internal (or external) QC
materials. Finally all aspects of the system must be reviewed b
management at least annually so their commitment and that of
all laboratory staff is essential to correct operation of the entire
system.

Laboratories sometimes consider that accreditation reduce
their ability to offer a wide and up-to-date range of tests,
because procedures for updating their accredited scope wit
method amendments or changes may be cumbersome an
slow. Such changes or extensions to scope to add extra tests c
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404 Laboratory Management Systems: Accreditation Schemes
be managed at assessment visits or sometimes between visits
submitting documentation, but both result in additional fees
for assessment of documentation and competence. Ultimately
reporting results as unaccredited testing may be necessary,
permitted, and the fact that they were produced in a laboratory
operating under accreditation systems sometimes is acceptab
to the customer.

Some laboratory management and members of the wider
food community remain cynical about accreditation, as they
consider it as something they must be‘seen to be doing’ at
considerable cost. Also, assessments only re� ect the situation
on a few days of the year, and accreditation bodies still differ
widely in requirements, with some making unrealistic
demands in commercial environments. The fact that foodborne
disease incidence and product recalls have not reduced signi
icantly in recent years may support such views, but many othe
factors also must be taken into account.
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Implementation of Laboratory Management Systems

Food-testing laboratories seeking accreditation must hav
a comprehensive management system covering all ISO 1702
requirements in place. This is a complex task and the
commitment of laboratory management and personnel to
achieving accreditation is vital, together with suf� cient invest-
ment to cover the not inconsiderable associated costs as ou
lined previously.

The management system consists of documentation out
lining the laboratory policy and all procedures for the tests to
be accredited, plus all necessary records to demonstra
traceability of test results. This usually is presented in a struc
tured way with a Quality Manual as the top-level document,
declaring laboratory policies, and supporting documentation
detailing operating procedures, methods, work instructions,
and records presented in a logical hierarchy covering th
requirements of all sections of ISO 17025. ISO 17025 is
divided into � ve sections plus two annexes and a bibliography
of useful documents. The scope (in Section 1) explains the
applications and exclusions, together with how the standard
should be used. This is followed in Section 2 with Normative
References, which are those essential for application of th
standard, and Terms and De� nitions in Section 3. Sections 4
(Management Requirements) and 5 (Technical Require
ments) give the major detail required in the laboratory
management system. This may be developed in-house b
laboratory staff familiar with ISO 17025 and accreditation
requirements, but the time and effort involved is consider-
able, and sometimes external consultants are contracted t
help set up a suitable system. The system, however, must cov
the key requirements of the standard as outlined in the
following sections.
e
t

s

r.
Management Requirements (ISO 17025, Section 4)

This section contains 15 major clauses that mirror the
requirements of ISO 9001 and cross-references between th
two standards are given in Annex A of ISO 17025 to assis
laboratories that already hold accreditation to ISO 9001 or may
be part of an organization that does. Some laboratories have
used the same top-level documents for both standards, bu
problems can arise because ISO 17025 also includes technic
competence requirements.

Organization (4.1)
This clause details the general requirements for operatin
a laboratory under ISO 17025 to meet the needs of customers
regulators, and the accreditation body. The organizationa
requirements are set out in a list of 11 essentials, covering th
authority and responsibilities of laboratory personnel relevant
to the management system, which must be incorporated into
the system documentation, usually in the top-level Quality
Manual. Suitable communication of the effectiveness of the
system must take place, for example, by regular quality and
staff meetings.

Management System (4.2)
The key to establishing an appropriate system of documenta
tion, which is communicated to the necessary personnel, is
given in this clause. It sets out the levels of documents, from
policies down to detailed instructions, required to ensure the
quality of test results, which is the primary aim of accreditation.
Although setting up the system is regarded as a complicate
task involving extensive documentation, it is important to
realize at the outset that the management system is ther
primarily to support the technical work of the laboratory.
Overly cumbersome documentation and records must be
avoided so that all aspects are understood and used effective
by busy testing personnel.

The quality policy statement, quality policies, and objec-
tives must be set out in the top-level Quality Manual, and
relevant details for inclusion are given. Management must
commit to continuous improvement of the system and ensure
that all personnel are aware of the importance of meeting
customer and external authority requirements. An outline of
the documentation structure and cross-references to supportin
procedures also are required. Roles and responsibilities o
quality and technical management must be speci� ed and top
management must ensure that these are maintained when
personnel change.

Many laboratories have minimized the detail in the Quality
Manual to avoid numerous updates when changes take place
This is acceptable provided the key requirements are include
and supplementary information is given in appendices or
supporting procedures.

Document Control (4.3)
This is a key activity of an effective management system an
usually is the responsibility of the quality manager (or depart-
ment in larger laboratories) to ensure that correct and current
information is available to all personnel. A master list is
required to assist with regular review, authorization and
monitoring of all revisions, and tracking locations of all docu-
ments. The system adopted must include removing obsolete
documents from operational areas so they can be marked a
such and archived, either in hard copy or electronically.

Changes to all documents require approval, and a system
to highlight changes is necessary to make updates clea
Sometimes handwritten amendments are authorized for
speed, but the system and authority for making them must
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Laboratory Management Systems: Accreditation Schemes 405
be speci�ed, and the document reissued in a reasonable
timescale.

Review of Requests, Tenders, and Contracts (4.4)
This area sometimes is overlooked, but customer contracts an
associated documents are important to ensure that the servic
meets the needs of the customer. Without them, there is no
written assurance that the laboratory can provide the servic
that customers seek and show their capability before testing
begins. Formal legal documents are not necessary and signe
agreements on appropriate test methods and other servic
provisions will suf � ce.

Laboratory facilities must be assessed to ensure both traine
personnel and all necessary equipment are available for th
proposed work; in cases in which subcontracting to another
laboratory is necessary, this must be stated clearly. The proce
is sometimes linked with quotations or tenders for work and
also information provided by the customer on testing speci� -
cations for the samples involved.

As work requests, speci�cations, and methods may change
with time, agreements must be regularly reviewed, usually
annually.

Subcontracting of Tests (4.5)
When accredited work is subcontracted to another laboratory
even one that is part of the same organization, this laboratory
must be deemed competent, most simply by holding accredi-
tation for the tests required. The customer must be informed
and give approval, and subcontracting must be included in the
contract and subsequent review.

A register of all subcontractors must be maintained,
including up-to-date evidence of their competence to perform
the work; this can be done by reference (or links) to their
current scope on their accreditation body website.

Purchasing of Services and Supplies (4.6)
A system must be maintained for ordering, verifying on receipt,
and storing the many technical supplies fundamental to
obtaining microbiology test results. Any services used– for
example, equipment calibrations – must be included when
these are critical to test performance. Documented policy
procedures, and records for this important area are required.

Technical supplies must meet the requirements of the
accredited methods, including the many consumables
involved, such as media of suitable formulations and quality,
sterile disposable equipment, reagents, test kits, and so on.

Setting up and maintaining a system of evaluating and
approving suppliers, including those providing services,
usually is the responsibility of the quality manager. This is one
of many areas in Section 4 in which input from and ongoing
liaison with technical management is essential.

Service to the Customer (4.7)
This clause emphasizes the importance of good communica
tion and cooperation with all customers before, during, and
after accredited testing on their behalf. This means all stage
from contract through reporting results, and also other
services such as access for customer audits, advice and gu
ance on test results, and storage of samples for return in cas
of dispute.
This section must include policy and procedures to seek
regular (usually annual) feedback on laboratory performance
from customers. Such feedback can be used for manageme
review and to demonstrate continuous improvement of services

Complaints (4.8)
Unsolicited feedback from customers may be received at an
time as verbal or written complaints about timeliness and
accuracy of test results, test methods, attitudes of staff, an
other areas of the laboratory service.

Policy and procedures are required to handle all
complaints and record actions taken to resolve them. Record
must include investigations of the cause(s) of complaints and
actions to correct the issues that initiated them. Again full
liaison between quality and technical areas is needed
although the quality manager usually is responsible for
procedures and records.

Control of Nonconforming Testing Work (4.9)
An accredited laboratory must have policies and procedures to
rectify any nonconforming work, with responsibilities clearly
de� ned, and suitable records of the actions taken.

Nonconforming work can arise from many sources,
including customer complaints, discrepant testing or QC
results, checks on equipment or reports, and audits by interna
or external auditors. The quality manager usually is respon
sible, with the cooperation of technical management, for
assessing the signi� cance of the issues expeditiously and taking
necessary corrective actions to rectify the situation and preven
recurrence. Summary reports on nonconforming work areas
can be discussed usefully at quality meetings and managemen
review, at which patterns indicating weaknesses in the system
may be identi� ed for improvement.

Improvement (4.10)
A major requirement of ISO 17025 is the need for a demon-
strable commitment to, policy for, and process of continuous
improvement in the laboratory. This can be achieved through
a review of laboratory performance and setting quality objec-
tives for the different areas of operations.

Corrective Action (4.11)
Wherever and however nonconforming work or divergences
from the declared policies and procedures of the laboratory are
identi � ed, suitable corrective actions must be initiated by the
responsible personnel. Again, this is usually the quality
manager, with cooperation from any other staff involved in the
particular issues.

First, the root cause of the problem must be established by
careful analysis of possible reasons. The answer may be one
more of several possibilities and must be elucidated by check
on all relevant records and discussions with staff involved.
Failure to � nd a root cause and take necessary corrective actio
is not acceptable, as it often indicates bigger problems
with inadequate records or poor understanding of the system
by staff.

Once the presumed cause has been identi� ed, suitable
corrective actions are agreed, documented, and taken to recti
the problem and prevent recurrence. These actions must b
monitored and followed up, if necessary, by additional audits
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406 Laboratory Management Systems: Accreditation Schemes
to ensure that they have been effective in correcting th
perceived causes.

Preventive Action (4.12)
A policy and procedure is required for the laboratory to identify
opportunities for improvements or potential nonconformities
and to be proactive in taking the necessary actions. Issues ma
be identi� ed during reviews of laboratory systems, operations
and data or in other ways such as audits, but they are no
reactions to actual nonconforming work. Review of trends in
QC results before failures occur, or risk analysis before prob
lems become apparent, are practical examples of preventiv
actions.

An action plan designating what is necessary, who will be
responsible for preparing and implementing it, and who will
monitor effectiveness to preempt problems or make the
necessary improvements is required. Again these can b
reviewed usefully by management to show commitment to
continuous improvement.

Control of Records (4.13)
All records, both technical and management, must be
controlled by effective procedures for both hard copy and
electronic formats. The records must be and remain legible and
must be stored for a de� ned period before disposal in a secure
way to retain con� dentiality, but they must be accessible when
required for audits or investigations.

Technical records must be suf� ciently detailed to allow
investigation of any problems subsequently identi� ed and,
if necessary and where possible, to allow for repeat testin
under conditions mirroring those originally used. For micro-
biology, however, repeat tests are rarely completely feasibl
or useful as the micro� ora of retained samples will have
changed and other aspects, such as media, reagents, a
analysts, also may differ. Therefore technical records mus
contain full details of all these aspects, including sample
descriptions, test and con� rmation worksheets, media, incu-
bation and environmental records, and any others necessar
for full traceability.

The procedure for technical records must ensure that the
are legible, including traceable corrections of errors made
For handwritten records this means crossing out, but not
obliterating, the error before entering the new data, then
initialing and dating the correction. Electronic records need an
audit trail or similar control to trace who changed the data,
why, and when.

Internal Audits (4.14)
These audits are an important area for the laboratory to verify
compliance of operations with the standard and their
management system, and audits also contribute to ongoing
development and improvement. An annual schedule of audits
must be prepared by the quality manager and completed by
trained internal auditors, preferably independent of the area
audited. More frequent audits may be necessary for some cri
ical or problematic areas, but some related topics can be
combined into one audit.

The schedule must cover all areas of the standard (hori
zontal audits) and also may include vertical audits (starting
with a sample number or a test report and checking all
associated records) to highlight problems and take necessar
corrective actions. Test witnessing audits are useful to fami
iarize staff with assessment procedures and to identify any
mismatch of technical practices with documented procedures
When problems arise or ahead of major changes, proactive o
ad hoc audits also may be required.

Some laboratories use audit checklists, but these can restri
auditors to the items listed. A more open approach with
formats to detail nonconformities and any observations,
together with necessary actions and timescales, often
preferred.

Management Reviews (4.15)
These reviews usually are carried out annually and differ from
regular quality meetings by reviewing the past year and plan
ning for the following year with quality objectives and action
plans. An agenda covering, at least, the headings given in th
clause usually is included in the Quality Manual, together with
responsibility for recording the review. The records can be in
any form, provided named personnel and timescales are allo-
cated to each action.
Technical Requirements (ISO 17025, Section 5)

The 10 major clauses stating that the general technica
requirements of ISO 17025 must be interpreted for each
testing area and type of business, but some aspects can b
challenging for food microbiology laboratories, as biological
systems are not as easy to control as physical testing. Annex
of ISO 17025 permits elaboration of general technical
requirements for particular areas and some documents ar
available for microbiology. Examples are EA-04/10Accredita-
tion for Microbiological Laboratories, which gives guidance on
each technical clause, and ISO 7218, ISO 19036, and ISO
22117, dealing with general requirements and guidance for
food microbiology, uncertainty, and pro � ciency testing,
respectively. Other relevant ISO standards are under deve
opment and useful material is available from other organiza-
tions, such as technical guidance documents from national
accreditation bodies.

General (5.1)
Technical requirements directly affecting test results and thei
uncertainty are listed as human, accommodation and envi-
ronment, methods and validation, equipment, measurement
traceability, sampling, and sample handling. These are
expanded in the following seven clauses (5.2 to 5.8) and
must be considered throughout laboratory operations and
development.

Personnel (5.2)
Human factors are very important in food microbiology
laboratories where methods include manual operations
requiring skill and care to obtain optimum results, but
personnel are probably the most dif� cult area of the laboratory
to monitor and control.

All staff must be deemed competent to perform the tasks
allocated to them, either by appropriate quali� cations or by
planned in-house training to predetermined performance
criteria. They must be supervised under training and have
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Laboratory Management Systems: Accreditation Schemes 407
records of relevant competencies and dates of authorization
for speci� c activities, including relevant management system
procedures. Job descriptions also are required for ke
personnel.

Accommodation and Environmental Monitoring (5.3)
The laboratory accommodation and environment must not
compromise test performance, so special precautions ar
needed for microbiology. Separate areas must be provided fo
different stages of testing or containment categories and acce
restricted to minimize cross-contamination risk.

Documented cleaning procedures are needed, with pro
grammed environmental monitoring of contact surfaces and
air quality to show that these and other measures are effective

Test Methods and Method Validation (5.4)
This lengthy test clause contains requirements for methods an
validations, uncertainty of results, and control of data
generated.

Methods and procedures must be appropriate and cover al
aspects of testing, including sample preparation, uncertainty
estimates, and equipment operation. All must be maintained
up to date and any deviations must be documented. Preferenc
is given to standard methods, although additional details may
be necessary to ensure consistent application. Customers mu
agree to methods used and this can be achieved throug
contract review. The laboratory must show competence with
a method before it is introduced, a process sometimes referre
to as veri� cation.

Laboratory-developed and nonstandard methods some
times are needed and may be used for accredited testing, if the
are fully validated.

Validation or veri� cation must be as extensive as necessa
to show that methods are � t for purpose. Effects of different
matrices and competitive micro� ora must be assessed so tha
sample types tested routinely by the laboratory should be
included. Objective data such as repeatability, reproducibility,
limit of determination, and estimates of uncertainty are
applicable to quantitative microbiological tests and to limit
(or level) of detection to qualitative tests. Data must be
assessed appropriately before declaring the method� t for
intended use. Further details are available in ISO 16140, which
is currently under review to include all types of validation and
also laboratory veri� cation.

Estimates of uncertainty of microbiological results are
important as the ‘true’ value is never known. If testing is
against food speci� cations from suppliers or manufacturers,
the range in which an enumeration result may lie is vital to
assessing compliance, or otherwise. Various methods a
available to calculate the (im)precision of a set of test results
and estimates must be updated regularly for each accredite
method. These, and related checks on levels of detection fo
qualitative testing using spiked samples, can be discusse
usefully at management review to highlight changes in labo-
ratory performance.

Procedures are required to control and check calculation
and data transfers before results are released. If computers a
used to handle results or other data, they must be well main-
tained, software must be validated, and data protection
procedures must be in place.
Equipment (5.5)
All equipment for microbiology testing must be capable of
achieving the accuracy required and commissioned before
use. Items must be identi�ed uniquely and comprehensive
records maintained, including maintenance and calibration
frequencies, and any correction factors. Intermediate check
between calibrations are required and procedures must b
available for in-house checks on balances, incubation
temperatures, pipettes, and so on. These requirements als
apply to microbiological media, which are regarded as
equipment.

Measurement Traceability (5.6)
Requirements applying to calibration laboratories are relevant
to testing equipment when the measurement affects the
uncertainty of test results. Weight, volume, time, and temper-
ature measurements are used in microbiology, and equipmen
(such as balances and thermometers) must be calibrate
regularly and traceable to SI units. Calibration of media auto-
claves and preparators is required and also other equipment
such as automated enzyme-linked immunosorbent assay
systems. Guidance on applicable frequencies and methods fo
performance veri� cation of microbiology equipment is given
in EA-4/10 and ISO 7218.

Reference materials must be traceable and checked
de� ned procedures. This applies to traceability of microbiology
reference organisms to culture collections with all subculturing
stages and intermediate checks recorded.

Sampling (5.7)
Sampling rarely appears on the scope of food microbiology
laboratories as this usually is carried out by externa
personnel. Some laboratories offer consultancy or audits to
manufacturers and may take samples of foods or swabs fo
subsequent testing by their laboratory, but accreditation is not
common.

Requirements include sampling plans, procedures, and
records, with details of any necessary controls. For food
microbiology, these would be trained samplers, aware of
aseptic sampling techniques, with suitable sterile equipment
and containers so valid samples are obtained, labeled, and
transported appropriately to the laboratory.

Handling of Test Items (5.8)
Sample integrity must be protected at all times from sampling
through to testing and eventual disposal. The laboratory
should check that samplers have the necessary equipment an
understand sampling and transport procedures, where these ar
critical to the test result, as in food microbiology, and these
issues should form part of contract review.

Transport and storage at all stages must maintain the
condition of sample types; for example, frozen samples must
be kept frozen, but chilled samples should not be frozen as this
will change the micro� ora.

On receipt, each sample must be uniquely identi� ed and
checked as satisfactory for testing. Leaking samples that ma
cross-contaminate others or delays in receipt of time-critica
samples when time from sampling to testing is speci� ed are
examples of deviating samples. Any unsatisfactory sample
must be discussed with the customer before testing.
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408 Laboratory Management Systems: Accreditation Schemes
Ensuring the Quality of Test Results (5.9)
This short quality clause details the most important aspect of
accreditation, as it requires QC procedures for monitoring the
validity of ongoing test results. Of the options given, those
chosen must be suitable for the area of testing. For food
microbiology, these are usually internal QC using certi� ed or
secondary reference materials, pro� ciency testing (where suit-
able schemes exist) or other interlaboratory comparisons, and
replicate testing. All QC data must be recorded and reviewed
regularly to detect any adverse trends, which must be recti� ed
before incorrect results can occur.

Reporting the Results (5.10)
Once test results have been approved, a clear and unambiguou
report or certi� cate is prepared, including all 11 key require-
ments listed in this clause. These include unique numbering of
the report with pagination and approved signatory, together
with details of the testing laboratory, customer, sample, tes
methods, and results with units; all content must be checked
before release to the customer. Five other items may be added
necessary to interpret the results, plus a further six required if th
report includes sampling results. These are the full requirements
but simpli � ed reports are permitted if justi� ed and approved in
writing by the customer – for example, internal reports within
the same organization or spreadsheet formats to review result
over time. Reports may be hard copy or sent by electronic
transfer, accessed through web portals or other means, provide
data protection systems are in place. The content of all report
must be authorized by suitably senior, trained personnel and
a list of their signatures must be maintained.

Special conditions exist for marking results obtained from
subcontractors and also including professional opinions and
interpretations in reports, although factual comments from
published guidelines may be made. Where errors are identi� ed
in reports after issue, amendments must be made only in
a clearly identi� ed supplementary report referring to the orig-
inal report.
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Assessment Procedures

Despite efforts to harmonize assessments to ISO 17025, differ
ences still remain between the procedures of accreditation bodie
in different countries and regions. These can be in the processe
of accreditation, how assessments are conducted, and an
additional requirements speci� ed in agreements with applicant
laboratories or in published supplementary documents.

The accreditation process begins with a formal application
to the relevant body and payment of initial fees. Some
accreditation bodies offer a preassessment facility to check th
proposed system and carry out a gap analysis to identify
missing or weak areas; this may be a desktop study or can tak
place at the laboratory. Once the laboratory is ready for the
initial assessment, a quotation is provided, based on the
requested scope of accreditation, and arrangements are mad
for a visit by the assessment team.

The assessors will examine all areas of the manageme
system to check compliance with ISO 17025 requirements and
also will witness some or all of the tests on the proposed scope
Accreditation bodies handle this differently: Some employ
both lead assessors, who assess the management aspects,
technical assessors competent in the particular technical are
others use subcontracted technical assessors or experts; a
some use subcontractors who are quali� ed as both lead and
technical assessors. The visit plan will detail arrangements fo
the assessment and also the assessors and their involvement,
the laboratory has the opportunity to agree both the plan and
personnel involved.

The assessment team will document any nonconformities
observed against the standard or the laboratory managemen
system, for which the laboratory must provide corrective actions
in an agreed timescale to be checked by the assessors. Summ
reports of the areas examined also are prepared for the labora
tory and a recommendation for accreditation, or not, made.

Once accreditation has been awarded for the agreed scop
a surveillance visit to check ongoing laboratory operations is
made, sometimes after 6 months, and then annually until
a reassessment visit is required. Laboratories must notif
accreditation bodies of any amendments to their accredited
scope so changes can be made promptly and extensions t
scope can be applied for at any time. These may require add
tional assessment, however, and charges beyond those agre
for routine visits.

An accredited laboratory must maintain all the systems
required by ISO 17025 and carry out internal audits and
reviews regularly so that nonconformities are resolved inter-
nally, preferably before they are identi� ed by the assessors a
subsequent visits.

See also:Costs, Bene� ts, and Economic Issuesssues; Cultu
Collections; Pro� ciency Testing Schemes–
A European Perspective; Good Manufacturing Practice;Hazard
Appraisal (HACCP):Involvement of Regulatory Bodies;Hazard
Appraisal (HACCP):Establishment of Performance Criteria;
International Control of Microbiology; Laboratory Design;
National Legislation, Guidelines, and Standards Governin
Microbiology:Canada;National Legislation, Guidelines, and
Standards Governing Microbiology:European Union;National
Legislation, Guidelines, and Standards Governing
Microbiology:Japan;Process Hygiene:Involvement of
Regulatory and Advisory Bodies; Microbiological Referen
Materials; Sampling Plans on Microbiological Criteria;Water
Quality Assessment:Routine Techniques for Monitoring
Bacterial and Viral Contaminants;National Legislation,
Guidelines, and Standards Governing Microbiology:US; Food
Safety Objective.

Further Reading

Codex Alimentariusdocuments quoted are available onhttp://www.codexalimentariu.
EA-04/10Accreditation for Microbiology Laboratories, July 2010 (rev02) avail

from http://www.european-accreditation.org. (Note: under revision
publication).

European Union legislation quoted is available onhttp://eur-lex.europa.eu.
Information and documents on laboratory accreditation from: ILAC onhttp://www.ilac

org; APLAC onhttp://www.aplac.org; EA; and national accreditation bodie
ISO standards are available from the International Standards Organizathttp://www

iso.org/iso/catalogue_detailor from national standardization bodies, includin
17011:2004 Conformity assessment– General requirements for accreditatio
accrediting conformity assessment bodies; and ISO/IEC 17025:
requirements for the competence of testing and calibration laborato
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Characteristics of the Species

The genus Lactobacillusis quite diverse and consists of
a number of different species with little commonality. A
measure of their diversity can be estimated by the range in th
G þ C% content among the lactobacilli. Members of the
species have Gþ C% of 32–53%, which is a much wider
range than is encountered with other lactic acid bacteria
Their common taxonomical features are restricted to their rod
shape and their ability to produce lactic acid either as an
exclusive or at least a major end-product. In addition, they are
Gram-positive and do not form spores. Lactobacilluscells
typically are rod shaped with a size range of 0.5–1.2 � 1–
10 mm. Under certain growth conditions, they can look
almost coccoidlike and hence this characteristic is not abso
lutely diagnostic. In fact the former Lactobacillus xylosushas
been reclassi�ed asLactococcus lactissubsp.lactis, although its
historical designation as alactobacillusmust have been made
on the basis of its rod shape coupled with its ability to
ferment xylose. It is the latter phenotype that before the
1980s probably excluded it from the typical xylose non-
fermenting L. lactis subsp. lactis (itself formerly known as
Streptococcus lactis). The lactobacilli are facultative anaerobes
that, in general, grow poorly in air, but their growth some-
times is enhanced by 5% carbon dioxide. Because they a
auxotrophic for a number of different nutrients, they grow
best in rich complex media. The auxotrophies in some strains
have been exploited to develop bioassays for a number o
vitamins and other micronutrients. Their optimum growth
temperature is 30–40 � C, but they can grow over a range of 5–
cyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
53 � C. They also are aciduric with an optimum growth pH of
5.5–5.8; in general, they can grow at a pH<5.

A number of traits distinguish members of theLactobacillus
genus from other lactic acid bacteria. The characteristics a
presented inTable 1.

In addition to growth characteristics at different tempera-
tures, pH values, and salt concentrations, other methods to
distinguish the lactobacilli include carbohydrate fermentation
patterns, hydrolysis of arginine, peptidoglycan content, and
DNA–DNA homology. As with many taxonomic schemes, the
usage of 16S rRNA sequence data increasingly is viewed
de� nitive. Some assemblage can be made using a subset
characteristics as shown inTable 2. Concordance between
these various classi� cation schemes never can be realized, an
different classi� cation schemes, tailored to the particular
problem, probably should be tolerated.

The lactobacilli include more than 25 unique species, and
the � rst level of differentiation is based on end-product
composition; some are homofermentative, whereas others ar
heterofermentative. The former are classi� ed as organisms that
produce >85% lactic acid as their end-product from glucose.
The latter include organisms that produce approximately 50%
lactic acid as an end-product, with considerable amounts of
carbon dioxide, acetate, and ethanol. Notable among the
homofermenters areLactobacillus delbrueckii, Lactobacillus leich
mannii, and Lactobacillus acidophilus. Heterofermenters include
Lactobacillus fermentum, Lactobacillus brevis, Lactobacillus case,
and Lactobacillus buchneri. Although they all produce lactic acid
as a major end-product, they differ in the isomeric composi-
tion. Some produce exclusively L(þ) lactic acid and these
78-0-12-384730-0.00176-2 409
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Table 2 Group classi� cation of lactobacilli

Character Group I obligate homofermenters Group II facultative heterofermenters Group III obligate heterofermenters

Pentose fermentation � þ þ
CO2 from glucose � � þ
CO2 from gluconate � þ þ
FDP aldolase þ þ �
Phosphoketolase � þ þ

L. acidophilus L. casei L. brevis
L. delbrueckii L. curvatus L. buchneri
L. helveticus L. plantarum L. fermentum
L. salivarius L. sake L. reuteri

From Salminen, S., von Wright, A., 1998. Lactic Acid Bacteria, Marcel Dekker, New York.

Table 1 Characteristics for discrimination of lactic acid bacteria

Character Carno Lactob Aeroc Enteroc Lacto/Vagno Leuco/Oenoc Pedio Strepto Tetragen Weissella

Tetrad formation � � þ � � � þ � þ �
Co2 from glucose � þ /� � � � þ � � � þ
Growth at 10� C þ þ /� þ þ þ þ þ /� � þ þ
Growth at 45� C � þ /� � þ � � þ /� þ /� � �
Growth at 6.5% NaCl ND þ /� þ þ � þ /� þ /� � þ þ /�
Growth at 18% NaCl � � � � � � � � þ �
Growth at pH 4.4 Ns þ /� � þ þ /� þ /� þ � � þ /�
Growth at pH 9.6 � � þ þ � � � � þ �
Lactic acid L D, L, DL L L L D L, DL L L D, DL
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include Lactobacillus salivariusand L. casei. Others, for example
Lactobacillus bulgaricusand Lactobacillus jenseniiproduce just
D(�), and � nally L. acidophilusand Lactobacillus helvetic
produce a mixture of D(þ) and L(�) lactic acid. The next major
criterion for distinguishing among the lactobacilli is the
production of gas from carbon sources, including glucose and
gluconate. In addition there is a great degree of diversity in the
ability of various Lactobacillusspp. to ferment pentose sugars
including ribose and xylose.
d

e
e

f
s

Genomics

The genomes of a number of differentLactobacillusspp. have
been determined or scheduled to be determined, including
L. brevis, Lactobacillus mucosae, Lactobacillus plantarum, an
L. casei. The genome ofL. plantarum, for example, is 3 308 274
base pairs, and a complete set of enzymes for glycolysis and th
phosphoketolase pathways have been discovered. A larg
number of proteins have been identi� ed that are predicted to
be associated with the cell envelope that appear to be foreign
origin.
-

i

Importance to the Food Industry

Given the diversity of metabolic properties exhibited by
members of theLactobacillusgenus, they are found in a number
of fermented food products. In these products, the lactobacilli
contribute to their preservation, nutrition availability, and
� avor. Lactobacilli are added as deliberate starters or take pa
in the fermentation as a result of their being natural contami-
nants of the starting substrates.

A number of dairy products are produced usingLactobacillus
either alone or in combination with other lactic acid bacteria.
Acidophilus milk is an example of a fermented dairy product
and L. acidophilusis the organism used to produce it.Lactoba-
cillus bulgaricusin combination with Streptococcus thermophiluis
used to produce yogurt, and a balance between these tw
starters can affect product quality.

Vegetables are fermented with lactobacilli to produce
products, including pickles, olives, and sauerkraut. Members o
the Lactobacillusgenus are natural contaminants of vegetable
and take their place in the fermentation process along with
a number of other microorganisms. The lactobacilli produce
modest amounts of acid and usually are a transient� ora in the
process.

Lactobacillusspp. play an essential role in breadmaking and
a number of unique strains have been identi� ed in products,
most notably sourdough bread. Typical species of lactobacilli
identi � ed in sourdough bread include L. acidophilus, Lactoba-
cillus farciminis, L. delbrueckii subsp. delbrueckii, L. casei,
L. plantarum, Lactobacillus rhamnosus, L. brevis, Lactobacillus san
francisco, and L. fermentum. The exact composition of most
sourdough breads is not known and attempts to blend starters
to mimic a particular product are sometimes less than satis-
factory. Traditional sourdough fermentations are carried out by
‘backslopping,’ a process in which a small fraction of a prior
batch is used to start the next batch. The indigenous lactobacill
are able to overcome other contaminating micro� ora largely
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Table 3 Selected bacteriocins produced by members of theLactobacillusspp.

Bacteriocin Organism Sensitive strains

Lactacin B L. acidophilus L. delbrueckii, L. helveticus
Lactacin F L. acidophilus L. fermentum, S. aureus, E. faecalis
Brevicin 37 L. brevis P. damnosus, Leu. oenos
Lacticin A L. delbrueckii L. delbrueckiisubsp.lactis
Helveticin J L. helveticus L. helveticus, L. delbrueckiisubsp.bulgaricus
Sakacin A L. sake C. piscicola, L. monocytogenes
Plantaricin A L. plantarum L. lactis, E. faecalis
Gassericin A L. gasseri L. acidophilus, L. brevis
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by thriving under the fermentation conditions. During the
fermentation process, lactic acid builds up levels approaching
1% and a small amount of acetic acid is also produced. The
number of lactic acid bacteria can reach 107 cfu g� 1.

Another property of lactobacilli that has become more
appreciated is their ability to produce bacteriocins. The bacte
riocins produced by lactobacilli are presented in Table 3.
Bacteriocins probably evolved to provide the producing
organism with a selective advantage in a complex microbia
niche. Incorporation of Lactobacillusspp. as starters or the
inclusion of a puri � ed or semipuri� ed bacteriocin preparation
as an ingredient in a food product may provide a margin of
safety in preventing pathogen growth.
-
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Importance to the Consumer

Lactobacillusspp. are important either as deliberate or acci
dental ingredients in many food products. A great deal of
attention has been directed toward their potential role as pro-
biotics. Strains that have been examined for their probiotic
effects include L. acidophilusLA1, L. acidophilusNCFB 1748,
LactobacillusGG, L. caseiShirota, Lactobacillus gasseriADH, and
Lactobacillus reuteri. Reported clinical effects attributed to the
consumption of Lactobacillusconsist of immune enhancement,
lowering fecal enzyme activity, preventing intestinal disorders
and reducing viral diarrhea. Most probiotic strains are believed
to have an ability to colonize the intestinal tract, thereby
positively affecting the micro� ora and perhaps excluding
colonization by pathogens.

Although the potential bene� ts from the consumption of
probiotics is signi� cant, documentation is still lagging. Ef�cacy
trials are dif� cult and expensive to perform especially in
humans in which compliance with experimental protocols and
normalizing for other genetic and environmental factors are
dif � cult. Considerable value, however, is being placed on
selective isolates, such asL. caseiGG, and intellectual property
is being built around these strains. Now, a number of products
are designated as probiotics and are sold along with more
traditional dairy products.

See also:Bacteriocins:Potential in Food Preservation;Bread:
Bread from Wheat Flour;Bread:Sourdough Bread; Fermente
Vegetable Products;Fermented Milks:Range of Products;
Fermented Milks and Yogurt;Lactobacillus:Lactobacillus
delbrueckiissp.bulgaricus;Lactobacillus: Lactobacillus brevis;
Lactobacillus: Lactobacillus acidophilus; Lactobacillus:
Lactobacillus casei; Lactococcus: Lactococcus lactisSubspecies
lactisandcremoris; Probiotic Bacteria:Detection and
Estimation in Fermented and Nonfermented Dairy Produc
Starter Cultures.

Further Reading

Kleerebezem, M., Boekhorst, J., .van Kranenburg, R., 2003. Com
sequence ofLactobacillus plantarum. Proceedings of the National Acad
Sciences 100, 1900–1995.

Ludwig, W., Seewaldt, E., Kilpper, B.R., et al., 1985. The phylogene
Streptococcus andEnterococcus. Journal of General Microbiology 131, 54–551.

Salminen, S., von Wright, A., 1998. Lactic Acid Bacteria. Marcel Dek
Slover, C.M., Danziger, L., 2008. Lactobacillus: a review. Clinica

Newsletter 30, 23–27.
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Introduction

Lactobacillus acidophilus, �rst isolated by Moro (1900) from
infant feces, has undergone many transformations in the
description of its metabolic, taxonomic, and functional char-
acteristics. The acidophilus (meaning acid-loving) bacterium is
isolated from the intestinal tract of humans and animals and
also is reported in the feces of milk-fed infants and older
persons consuming high milk, lactose, or dextrin diets.
Historically, L. acidophilusis the Lactobacillusspecies most often
implicated as an intestinal probiotic capable of eliciting bene-
�cial effects on the microbiota of the gastrointestinal tract
(GIT). Metchnikoff ’s 1906 publication The Prolongation of Life
Optimistic Studiesimplicated a lactic acid bacillus in Bulgarian
yogurts as the agent responsible for preventing intestina
putrefaction and aging. Later, it was discovered that Metch
nikoff ’s Bulgarian strain did not survive passage through the
GIT, prompting substitution of L. acidophilusas the most likely
candidate to ful�ll the primary criteria expected of an intestinal
probiotic. It has since been discovered that a variety o
homofermentative and heterofermentative lactobacilli inhabit
the GIT, mouth, and vagina and each may elicit a variety of
bene�ts as constituents of the normal microbiota. The most
predominant among these are six species of homofermentative
lactobacilli that now constitute the group known as the
L. acidophiluscomplex. The six species shown inTable 1
collectively demonstrate the metabolic and functional proper-
ties that typically have been assigned to the bacteria calle
L. acidophilusover the last century.
e

y

e.
s

L. crispatus

L. helveticus

L. acidophilus

L. amylovorus
Taxonomy

TheL. acidophilusspecies are Gram-positive rods (dimensions ar
in the range 0.5–1 � 2–10 mm), with rounded ends, occurring in
pairs or short chains. The group was initially categorized in the
thermobacteria classi�cation of lactic acid bacteria based on their
homofermentative metabolism and ability to grow at 45 � C. In
1980, L. acidophiluswas recognized as a heterogeneous group b
Table 1 Species of theLactobacillus acidophiluscomplex

Species

DNA homology groups

Gþ C % Type strain
Johnson et al.
(1980)

Lauer et al.
(1980)

L. acidophilus A1 Ia 34–37 ATCC 4356
L. crispatus A2 Ic 35–38 ATCC 33820
L. amylovorus A3 Ib 40–41 ATCC 33620
L. gallinarum A4 Id 36–37 ATCC 33199
L. gasseri B1 IIa 33–35 ATCC 33323
L. johnsonii B2 IIb 33–35 ATCC 33200
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DNA hybridization studies and separated into two main DNA
homology groups (A and B or I and II), eventually forming six
distinct species composed ofL. acidophilus, Lactobacillus amylo
vorus, Lactobacillus crispatus, Lactobacillus gallinarum, Lactobacillus
gasseri, and Lactobacillus johnsonii.

Figure 1 shows the phylogenetic relatedness of the
L. acidophilusgroup based on analysis of their 16S ribosomal
RNA (rRNA) sequences.L. acidophilusis most closely related to
Lactobacillus helveticus, a milk-fermenting Lactobacillus, and the
other members of the A-homology group, L. crispatusand
L. amylovorus,L. gasseri, and L. johnsoniiare related in the
acidophilus phylogenetic group but are found to be more
distant from L. acidophilusthan either of the fermentative
strains of L. helveticusor Lactobacillus delbrueckii. The genetic
relationship between the gastrointestinal lactobacilli of the
L. acidophilus complex and the milk-fermenting species
L. helveticusand L. delbruckeiissp. bulgaricushas been eluci-
dated by genome sequencing of these species. Comparativ
genomics has yielded important disparities between the pro-
biotic and milk-fermenting strains of the acidophilus
complex, elaborating on their phenotypic and genotypic
differentiation following adaptation to their respective niches,
notably, milk and the GIT.
Metabolism and Products

Members of theL. acidophiluscomplex are classi�ed as obligate
homofermenters. Hexoses are fermented primarily to lactic
acid (>85%) by the Embden–Meyerhof–Parnas (EMP)
pathway. They possess aldolase and lack phosphoketolas
Both gluconate and pentoses are not fermented. All specie
L. delbrueckii

L. gasseri

L. johnsonii

L. sake
0.01

Figure 1 Phylogenetic relationships between members of theL. acid-
ophilusgroup based on an analysis of aligned 16S rRNA gene sequences.
The tree was rooted withL. sakeand created by applying the neighbor-
joining method to a matrix of pairwise distances. The bar indicates 0.01
� xed mutations per nucleotide position. Phylogenetic analysis and tree
construction by M. Kullen.

Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00179-8
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Table 2 Distinguishing characteristics and fermentation patterns of species in theL. acidophiluscomplex

Species

acidophilus crispatus amylovorus gallinarum gasseri johnsonii

Growth at 30� C � � � � � �
Growth at 45� C þ þ þ þ þ þ
Lactic acid isomers DL DL DL DL DL DL

S-layer þ þ þ þ � �
Aesculin þ þ þ þ þ þ
Amygdalin þ þ þ þ þ þ
Cellobiose þ þ þ þ þ þ
Glycogen þ þ � þ � �
Galactose þ þ þ þ þ þ
Lactose þ þ � v v v
Maltose þ þ þ þ v þ
Mannitol � � � � � �
Mannose þ þ þ þ þ þ
Melibiose v � � þ v v
Raf� nose � � � þ v v
Rhamnose � � � � � �
Salicin þ þ þ þ þ þ
Sucrose þ þ þ þ þ þ
Trehalose v � þ � v v
Xylose � � � � � �

þ , > 90% of strains are positive;� , > 90% of strains are negative; v, variable.

Table 3 Bacteriocin production by probiotic lactobacilli

Bacteriocin Producer

Lactacin B L. acidophilus
Acidophilucin A
Acidocin 8912
Acidocin A
Acidocin B
Acidocin JCM1132
Acidocin J1229
Lactobin A L. amylovorus
Lactacin F L. johnsonii
Gassericin A L. gasseri
Gassericin T
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produce both D and L isomers of lactic acid. L. acidophilus,
L. amylovorus, L. crispatus, L. gallinarum, and L. johnsonii all
possessb-galactosidase, whereasL. gasserilacksb-galactosidase
but has phospho-b-galactosidase. Some strains ofL. gasserialso
have b-glucuronidase activity. Fermentation patterns and key
distinguishing characteristics of species within theL. acidophilus
complex are listed inTable 2. All species possess a Lys-D–Asp-
type peptidoglycan. Analysis of cell-wall components and
genetic analysis for slp-related sequences generally have show
that members of the A-homology group possess an S-laye
whereas members of the B group do not.

In 1995, Hammes and Vogel grouped lactobacilli and
related genera based on both their fermentation patterns and
phylogenetic relatedness. TheL. acidophilus-complex species
belong to group Aa, being de� ned as obligately homo-
fermentative organisms closely related toL. delbrueckii. In
addition to the six species in theL. acidophiluscomplex, � ve
other recognized species are included in the Aa group
L. delbrueckii, L. jensenii, L. helveticus, L. amylophilus, and
L. ke�ranofaciens. On the basis of the difference in Gþ C
content betweenL. delbrueckii(49–51 mol.%) and the rest of
the species in the group (33–41 mol.%), the L. delbrueckiigroup
was renamed theL. acidophilusgroup because of the more
typical G þ C content (34–37 mol.%) for the majority of
species de� ned in this group.

The L. acidophilusgroup also produces a variety of anti-
microbial compounds, including lactic acid ( >85%),
hydrogen peroxide, and numerous peptide bacteriocins. In
assays screening for antimicrobial activities, the impacts o
acid and hydrogen peroxide must be eliminated by neutrali-
zation of the culture supernatant to pH 6.0–7.0 or by the
addition of catalase (3%), respectively.L. acidophiluscultures
are known to produce hydrogen peroxide, but the amount
produced varies considerably between strains. The evolu
tionary role of bacteriocins is considered to be a competitive
advantage in an ecological setting and is substantiated by th
likely strong competitive roles for bacteriocins in bacteria
endogenous to the GIT. Bacteriocins synthesized by lactic ac
bacteria are largely heterogeneous, as they vary in structur
properties and mechanisms of inhibition as well as target
range. A list of peptide bacteriocins produced by members o
the L. acidophiluscomplex is shown in Table 3. Most of the
bacteriocins are class II peptide bacteriocins, such as lactac
F, lactacin B, and acidocin A, which are active against othe
lactobacilli and enterococci. An unusualL. acidophilusbacte-
riocin, acidocin B, was isolated, which showed activity agains
Listeria monocytogenes, Clostridium sporogenes, and Brochothrix
thermosphacta, but not against other lactobacilli.
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Table 4 Oligonucleotide probes and primers reported for the
differentiation of species of theL. acidophiluscomplex

Probes Target (position) References

AGAGTTTGATCCTGGCTC
AGGGCTGCTGGCACGTA
GTTAG

V1 and V2 regions
of 16S sequence
Differentiation of
all members of
acidophilus group

Kullen et al.
(2000)

TCTTTCGATGCATCCACA 23S– L. acidophilus
(1159–1180)

Pot et al. (1993)

CAATCTCTTGGCTAGCAC 23S– L. crispatus Ehrmann et al.
(1992)

GTAAATCTGTTGGTTCCGC 16S– L. amylovorus Ehrmann et al.
(1994)

none L. gallinarum
TCCTTTGATATGCATCCA 23S– L. gasseri

(1160–1178)
Pot et al. (1993)

ATAATATATGCATCCACAG 23S– L. johnsonii
(1158–1179)

Pot et al. (1993)

Speci� c primers
Aci 1– TCTAAGGAAGCGAA

GGAT and Aci II–
CTCTTCTCGGTCGCTCTA

16S–23S intergenic
spacer region,L.
acidophilusATCC
4356

Tilsala-Timisjarvi
and Alatossava
(1997)

HE1–
AGCAGATCGCATGATCA
GCT and SS2– CACGG
ATCCTACGGGTACC
TTGTTACGACTT

16S– L. acidophilusa Drake et al.
(1996)

GCATTAGTGTGCAACCC
ATCTGGGATCTGCTGGAT
TGCTTCTACCG

CRISPR sequence–
L. acidophilusstrains

Russell et al.
(2006)

RAPD primers
OPL-1 GGCATGACCT AllL. acidophilus

group
Du Plessis and

Dicks (1995)
OPL-4 GACTGCACAC AllL. acidophilus

group
AGCAGCGTGG Differentiates

L. acidophilusfrom
other lactobacilli

Cocconcelli et al.
(1995)

aAlso generates an amplicon inL. helveticus, which can be differentiated by
restriction fragment length polymorphism analysis.
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IdentiÞcation and Differentiation

It is critically important to have rapid and accurate methods
available to identify and differentiate species within the
L. acidophiluscomplex from each other as well as from closely
related lactobacilli. Identi� cation based on traditional
phenotypic criteria has been unreliable because of the
physiological and biochemical diversity of this genus.
Molecular techniques targeting highly conserved rRNA
sequences are rapid, accurate, and reliable. Differentiation o
species within the L. acidophilusgroup has been reported
through the use of speci� c rRNA-oligonucleotide probes for
hybridization, generation of Random Ampli � ed Poly-
morphic DNA (RAPD) patterns, and the use of species
speci� c oligonucleotide primers in polymerase chain
reactions (PCRs) to amplify 16S rRNA sequence. A list o
probes and primers compiled for the species of the
L. acidophiluscomplex is given in Table 4. These protocols are
highly sensitive, require speci�c temperatures and condi-
tions, and can be dif� cult to reproduce between laboratories.
Therefore, the identities of unknown organisms are often
dif � cult to resolve. In these cases, it is recommended tha
unknown lactobacilli be identi � ed by sequencing the 16S or
23S rRNA regions that de�ne the species.

The need to differentiate a strain within a given species is
becoming more common. Traditional methods of strain
typing include plasmid pro � les and total soluble protein
patterns. Recent efforts have resulted in two methods tha
generate simple and reproducible DNA restriction fragment
patterns that allow for the differentiation of strains of lac-
tobacilli. Ribotypes are the patterns of an rRNA-oligonucle-
otide probe following its Southern hybridization to the DNA
restriction digests of the strain being characterized. Pulsed
� eld gel electrophoresis (PFGE) uses alternating currents
separate large restriction fragments (>50 kb), which are
generated with restriction enzymes that cut infrequently in
the genome. For lactobacilli, the preferred PFGE methods us
mutanolysin, to carry out in-block cell lysis, followed
by lengthy digestions with enzymes, such as SmaI
(50CCCGGG30) or ApaI (5 0GGGCCC30). The SmaI banding
patterns for the ATCC neotype strains of the six species of th
L. acidophiluscomplex are shown in Figure 2. Analysis of
large DNA fragmentation patterns can discriminate effec
tively between strains on the basis of overall genomic orga
nization. PFGE, however, cannot detect minor genetic
differences within the large fragments (e.g., point mutations,
minor additions, deletions, and rearrangements) that can
occur between clonal variants. These small genetic chang
can affect the phenotypic characteristics, activities, an
behavior of strains that may appear identical by PFGE
Therefore, descriptions of any member of the lactobacilli
should include both genetic and phenotypic information.
Another method for distinguishing the species and strains of
the acidophilus group employs repetitive element PCR
� ngerprinting. Repetitive elements distributed throughout
the genome are ampli� ed using primers speci�c to the
related group of organisms. The primer 50GTG GTG GTG
GTG GTG30 is used to differentiate lactic acid bacteria. The
resulting � ngerprint is analyzed using agarose gel electro
phoresis or micro� uidics, and the banding patterns are often
strain speci�c. Rep-PCR methods are fast, ef� cient, and, when
used in combination with micro � uidics, highly sensitive.
Genomics

Comprehensive genome sequencing on six members of th
acidophilus group has been accomplished– namely, the
speciesL. acidophilus, L. gasseri, L. johnsonii, L. crispatu
helveticus, and L. amylovorous. The size of their respective
genomes ranges from 1.9 to 2.04 Mb, with the relatively
small genome size indicative of evolutionary adaptation to
the nutrient-rich niche of the mammalian intestinal tract. This
is evident in the analysis of metabolic pathways encoded in
the genomes. For example, members of theL. acidophilus
group are largely de� cient in amino acid biosynthetic path-
ways, but they compensate by expressing proteinases, th
oligopeptide transporter opp, and multiple other peptide
transporters to effectively process and acquire nitrogenou
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Figure 2 PFGE. SmaI fragmentation patterns for the type strains mak
up theL. acidophilusgroup. Samples of 18 h digestions were run in 1.1%
agarose at 200 V for 22 h at 14� C. Lanes 1 and 8, molecular weight
marker; lane 2,L. acidophilus; lane 3,L. crispatus; lane 4,L. amylovorus;
lane 5,L. gallinarum; lane 6,L. gasseri; lane 7,L. johnsonii.
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metabolites exogenously. Additionally, species of the
L. acidophilusgroup retain myriad saccharide transporters
enabling catabolism of a diverse array of sugars present in th
GIT, including prebiotic compounds, such as fructo-
oligosaccharides by ABC transporters and galacto-oligosa
charides by the lacS permease. Monosaccharides a
transported by sugar-speci� c phosphoenolpyruvate phos-
photransferase systems, the translocated phosphate grou
activating them for glycolysis. In total, approximately
13–18% of these genomes encode amino acid and carbohy
drate transport proteins. The genomes of theL. acidophilus
species also highlight genes facilitating survival during gastri
passage, transient colonization of the GIT, and means o
probiotic action. Acid tolerance mechanisms include F1 F0

ATPase proton pumps, and ornithine decarboxylase
contribute to maintenance of a stable intracellular pH.
Synthesis of sterols and peptidoglycan decrease membran
permeability. Chaperones and additional intracellular
proteins can repair oxidatively damaged cellular constituents
L. gasseriencodes multiple bile salt hydrolases and trans-
porters, but their role in tolerating bile in vivo has yet to be
determined conclusively. Genes facilitating adherence to the
epithelial layer of the intestinal tract encode for mucus-
binding proteins, � bronectin-binding proteins, and mannose-
speci� c adhesion proteins. These adhesion proteins ca
facilitate competitive exclusion with other commensals or
pathogenic microorganisms for attachment to the epithelial
layer and transient colonization of the desirable niche.
Adhesion also increases the propensity of these microorgan
isms to interact with immune system cells located in the GIT.
The L. acidophilusgenome also harbors sequences of clustere
regularly interspaced short palindromic repeats, or CRISP
sequences. The presence of CRISPR sequences inL. acidophilus
offers a DNA signature with the potential for use in strain
identi � cation and differentiation. S-layer proteins have been
observed in several members of the group, including
L. acidophilus, L. crispatus, L. helveticus, and L. gallinarum. S-
layers have been demonstrated to participate in immune
system modulation, to adhere to epithelial cells, and also to
inhibit GIT pathogens. Interestingly, L. acidophilusencodes
three S-layer proteins in the genome: the predominant slpA
minimally expressed slpX, and slpB, which is not expresse
under normal culture conditions. The high-expression and
self-assembling crystalline lattice structure are properties tha
result in a high potential for applications in biotechnology
and nanotechnology.

Genomic comparison of L. acidophilusto the closely related
organisms L. helveticusand L. delbruckeiissp. bulgaricusshow
up to 75% homology in open-reading frames, but certain
disparities are obvious that highlight the evolutionary
divergence of the organisms with regard to long-term niche
adaptation. Notably, the high prevalence of pseudogenes in
L. helveticusand L. delbruckeiissp. bulgaricuscompared with
L. acidophilusis indicative of genome decay by selective inac
tivation of genes ill suited for these species-adapted ecologica
niche, milk. This is re� ected in gene loss associated with
diverse sugar catabolism and preferential catabolism o
lactose, the primary fermentable sugar in milk. Interestingly,
other functions lost in the genome decay of L. helveticus
include those responsible for survival in the GIT, namely, bile
salt hydrolases as well as mucin-binding proteins, which
provides further evidence of the delineation between these
phylogenetic groups.

ing
Growth and Culture Conditions

L. acidophiluscultures are microaerophilic and capable of
aerobic growth in static cultures without shaking. Anaerobic
conditions are preferable and growth is stimulated in broth or
agar under a standard anaerobic gas mixture of 5% carbo
dioxide, 10% hydrogen, and 85% nitrogen. The nutritional
requirements of L. acidophilusre� ect the fastidious nature of
these bacteria. Media for standard propagation are rich in
amino acids and vitamins (peptones, tryptones, yeast/bee
extracts), and usually contain sorbitan monooleate (Tween
80), sodium acetate, and magnesium salts, which stimulate
growth. The primary propagation medium is MRS (de Man,
Rogosa, and Sharpe) broth, which is sold commercially (Difco
Laboratories, Detroit, MI, USA). Derived from the original
selection medium, using high levels of acetate, a number o
media are now available for the selection of theL. acidophilus
complex species from food products and biological samples
(intestinal, vaginal, mouth, feces) where mixed bacterial pop-
ulations exist. Three primary selective agents can be use
individually or in combinations: sodium acetate (15 –25 g l� 1),
tomato juice, and bile (ranging from 0.15 to 1.0% oxgall).



L
r

r

s

I

416 LACTOBACILLUSj Lactobacillus acidophilus
The primary selection media for lactobacilli are Rogosa S
media (Difco Laboratories) and Lactobacillus Selection Aga
(LBS, Becton Dickenson, Cockeysville, MD, USA). For isolation
of L. acidophilusfrom biological or food samples, LBSþ 20%
centrifuged tomato juice can be used. Plates are incubated fo
48–72 h at 37 � C under anaerobic conditions. Either MRS
(Difco) or LBS (BBL) agars containing 0.15% oxgall (BBL) have
been used to assess injury ofL. acidophiluspopulations sus-
pended in dried or frozen cultures.
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Probiotic Capacity of Lactobacilli

The current and most widely cited de� nition of probiotics is
that they are‘live microorganisms, which when administered in
adequate amounts confer a health bene� t upon the host.’ The
majority of probiotic cultures are of the generaLactobacillusand
Bi� dobacterium, with some notable exceptions. Members of the
L. acidophiluscomplex generally are considered to facilitate the
establishment of the normal gastrointestinal microbiota, rep-
resented by a complex population of microorganisms that are
known to exert bene� cial in� uences on the host. Probiotic
lactobacilli have further been implicated in a variety of bene-
� cial roles with both prophylactic and therapeutic capabilities
listed in Table 5. Within the past decade, the health bene� ts
associated with probiotic cultures increasingly have been sup
ported by a plethora of studies, including a number of human
clinical trials. Investigation of the interaction of probiotic
bacteria with the host using omic technologies has further
elucidated the complex mechanisms inherent in the microbe-
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Table 5 Bene� cial roles of probiotic lactobacilli

BeneÞts of probiotics References

Protection against infection Corr et al. (2007)
Lowered incidence of diarrhea Lonnermark et al. (2009)
Lowered levels of cold and in� uenza like

symptoms in children and reduction in
missed school days

Leyer et al. (2009)

Antimicrobial activity Ryan et al. (2009)
Competitive exclusion of pathogens Lee et al. (2003)
Immune tolerance van Baarlen et al. (2009)
Reduction in colorectal cancer biomarkers Rafter et al. (2007)
Return to preantibiotic baseline� ora Engelbrektson et al. (2009)
Epithelial barrier function Mennigen et al. (2009)
Increased cellular immunity (e.g.,

increased natural killer cell activity)
Takeda and Okumura

(2007)
Increased humoral response (e.g., IgA

secretion)
Viljanen et al. (2005)

Lowering of blood cholesterol levels Ataie-Jafari et al. (2009)
Prevention of necrotizing enterocolitis in

infants
Lin et al. (2008)

Amelioration of colitis symptoms and
maintenance of epithelial integrity

Mohamadzadeh and
Klaenhammer (2010)

Prevention of atopic disease in infants Kalliomäki et al. (2001)
Reduction in irritable bowel disease

symptoms
Macfarlane et al. (2009)

Delivery of therapeutics Wells and Mercenier
(2008)

Based on O’Flaherty, S., Klaenhammer, T.R., 2009. The role and potential of pr
biotic bacteria in the gut, and the communication between gut micro� ora and gut/
host. International Dairy Journalhttp://dx.doi.org/10.1016/j.idairyj.2009.11.011.
host cross talk and how they are manifested in human health.
Despite this recent increase in research activity, further studie
are necessary to clarify strain, dose, and site-speci� c health
bene� ts elicited by probiotics in vivo.

The health bene�ts of probiotics listed in Table 5 can be
categorized into host–microbe and microbe–microbe inter-
actions. Probiotics confer a protective effect against G
infection through the competitive exclusion of pathogens by
production of antimicrobials, adhesion to the epithelial cell
layer, nutrient competition, and similar microbe–microbe
interactions. Members of the acidophilus group are well
known to synthesize antimicrobial compounds, such as lactic
acid, hydrogen peroxide, and bacteriocins (Table 3), which
have the capacity to inhibit pathogensin vivo. L. gasserihas
demonstrated improved treatment of Helicobacter pyloriin
humans. L. acidophilus, L. crispatus, and L. helveticushave
demonstrated inhibitory activity against GI pathogens in
vitro. Probiotics also in� uence the host and potentiate
epithelial barrier integrity by inducing upregulation of tight
junction proteins, increased production of mucin, and
defensin proteins as well as prevention of cellular apoptosis
Immunomodulation occurs by direct interaction of pro-
biotics with resident immune system cells in the GIT. It is
known that probiotic lactobacilli in � uence the immune
system through conserved molecular patterns of peptido-
glycan, teichoic acids, S-layers, and secreted proteins. T
pro- and anti-in � ammatory responses to probiotics depend
on the interaction of these molecular patterns with immune
cell pattern recognition receptors, and these responses a
species, strain, dose, and host speci� c. The mucosal immune
system cells sample luminal antigens, which skew cytokine
pro� les that dictate the overall immune response by T-cel
differentiation and proliferation. In healthy individuals,
activation of the mucosal immune system by probiotic
cultures also enhances the systemic immune system an
confers protection against infection. Feeding ofL. acidophilus
demonstrated decreased incidence, duration, and need fo
treatment of in� uenza like symptoms in children. In
in � ammatory-mediated diseases, such as irritable bowe
syndrome, the downregulation of the immune system by
probiotics results in the alleviation of the symptoms associ-
ated with the disease state.L. acidophilushas demonstrated
potential in the reduction of colitis symptoms in in vivo
models. Additionally, probiotic lactobacilli have the poten-
tial to deliver biotherapeutics. L. gasserisuccessfully delivered
Bacillus anthracisvaccine and conferred a protective effec
against a lethal challenge in a murine model. Human health
and disease are complex states of homeostasis an
morbidity, and the use of probiotic cultures in improving
human health must be optimized for each.
n
is
Selection Criteria

Selection criteria for comparison of potential probiotic lacto-
bacilli have been widely reported. The collective list of desired
characteristics grows continuously, but no consensus has bee
reached about key characteristics. A list of selection criteria
shown in Table 6. The question marks identify proposed criteria
that remain subject to debate as to theirin vivosigni� cance.

o-
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Table 6 Selection criteria for intestinal probiotics

l Species-speci� c origin: human isolates for human probiotics
l Generally recognized as safe
l Acid tolerant
l Bile tolerance
l Bile salt hydrolase activity?
l Adherence– cell typein vivoor in vitro
l Antimicrobial
l Immunogenic
l Noninvasive
l Nonpathogenic
l Coaggregation?
l Reduces cholesterol?
l Survival in food and host GIT
l Fermentation compatible
l Genetically amenable
l No unsavory antibiotic resistance genes
l Bioprocessing and storage stability
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Conclusion

L. acidophilustype strains under consideration for use as pro
biotics often expected to serve in two contrasting roles: surviva
or fermentation in a food or delivery vehicle, followed by
survival and in vivoactivity during passage into the GIT. In this
regard, a number of major challenges continue to face the
production of Lactobacilluscultures targeted for use as pro
biotics. First, the stability of cultures in dried, frozen, or sus-
pended states remains a critical issue and efforts to improve th
stress tolerance ofL. acidophilus–type species is needed. Second
the potential impact of culture propagation and storage
conditions on the in vivoconditioning of the probiotic must be
considered. Third, understanding the genetic components and
controls that direct probiotic properties will be the key to
uncovering the in vivoactivities and will ensure the expression
of vital characteristics during production and storage and,
ultimately, in the GIT. Therefore, as molecular biology has
elucidated the taxonomic relationships of the species de� ned
within the L. acidophiluscomplex, genetic information is now
revealing the activities and interactions of these bacteri
with the host, immune system, and GIT microbiota.
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Lactobacillus brevis
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s Figure 1 Gram staining ofLactobacillus brevisat stationary phase
of growth (� 100).

Table 1 Physiological and biochemical characteristics ofLactobacillus
brevis

Genome size (Mbp)a 2.34
Gþ C content (mol%) 44–47
Peptidoglycan type Lys-D-Asp
Techoic acid Glycerol
Antigenic group E
Lactic acid isomer DL

Electrophoretic mobility
D-LDHb 1.62
L-LDH 1.40
Optimum pH 4–5
Growth temperature
Optimum (� C) 30
Minimum (� C) 2–4
NH3 from arginine þ

aLactobacillus brevisATCC 367.
bLDH, lactate dehydrogenase.
Taxonomy

Lactobacillus brevis(type strain: ATCC 14869, BCC 5375, BCRC
12187, CCM 3805, CCRC 12187, CCUG 30670, CDBB 380,
CDBB 792, CECT 4121, CIP 102806, DSM 20054, JCM 1059,
KCTC 3498, LMG 6906, LMG 7944, NBIMCC 3448, NCDO
1749, NCFB 1749, NCIB 11973, NCIMB 11973, NRRL B-4527,
VTT E�91458) is a microaerophilic, obligately hetero-
fermentative lactic acid bacterium (it uses the phosphoketolase
pathway to produce a mixture of lactic acid, ethanol, acetic
acid, and CO2 as products of hexose fermentation); it has been
reported to lack phosphotransferase systems speci�c for
glucose, fructose, and lactose. However, it has been demon-
strated that growth of L. brevisin the presence of fructose
induces the synthesis of a phosphotransferase system and
glycolytic enzymes that allow fructose to be metabolized via
the Embden–Meyerhof pathway.

Lactobacillus brevisis included in the second phylogenetic
group of the lactobacilli, the Lactobacillus casei–Pediococcu
group. The whole genome sequence of L. brevis(ATCC 367)
was published in 2006 and revealed a chromosome with
2.34 Mbp, 2 small plasmids, 2221 proteins, and 5 copies of the
16S rRNA gene.

Lactobacillus brevisis normally isolated from milk, cheese,
plants, sewage, cereal products, silage, fermented vegetables,
fermented meats, cow manure, feces, and the mouth and
intestinal tract of humans and other animals.

Carbohydrates fermented by L. brevis(90% or more strains)
are arabinose, fructose, glucose, gluconate, maltose, melibiose,
and ribose. Esculin, galactose, lactose, raf�nose, sucrose, and
xylose are fermented by 11–89% of the strains. Lactobacillus
brevis cannot grow in chemically de�ned media, having
pentoses as a sole source of fermentable sugar. Identi�cation of
L. brevisstrains by carbohydrate fermentation reactions or
additional simple phenotypic tests has proved to be insuf�-
cient. Some strains earlier assigned to L. brevishave been
assigned to new species on the basis of nucleic acid and
biochemical data. In addition to DNA studies, the electro-
phoretic mobility of lactic acid dehydrogenases is recom-
mended to clearly distinguish L. brevis from Lactobacillus
buchneri, Lactobacillus hilgardii, Lactobacillus collinoides, or Lacto-
bacillus ke�r since some DNA of L. brevisstrains hybridizes with
that of some of these other lactobacilli.

Calcium pantothenate, niacin, thiamin, and folic acid are
essential growth factors, but ribo�avin, pyridoxal, and vitamin
B12 are not required.

Lactobacillus brevisis considered to be a weakly proteolytic
species.

Heme-independent nitrite reductases and hematin-
requiring catalase activity have been found in L. brevis.

Cells are rod shaped with rounded ends, generally short and
straight (0.7–1.0 � 2.0–4.0 mm) (Figure 1). Long rods, however,
are always present. They are usually separate or in short chains.
Bipolar or other internal granulations are observed with the
Gram reaction or methylene blue stain especially when cells
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become older. Most L. brevisstrains possess immunologically
heterogeneous S-layer proteins with molecular weights in the
range 38–55 kDa.

Colonies are generally rough or intermediate and �at, and
they may be nearly translucent. Although some strains are
pigmented orange to red, they are generally nonpigmented.
Additional physiological and biochemical characteristics are
presented in Table 1.

Fatty acid composition has been used in the grouping and
classi�cation of microorganisms. As shown in Table 2, hex-
adecanoic acid (16:0), octadecenoic acid (18:1), and lactoba-
cillic acid (19:0) are the major fatty acids present in L. brevis.
However, there is variability at different stages of growth,
between strains, as a result of different growth conditions
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00178-6
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Table 2 Major fatty acid components of lipids fromLactobacillus
brevisstrains determined by gas–liquid chromatography

L. brevisstrain

14:0 15:0 16:0 16:1 17:0 18:0 18:1 19:0
CIP 7135 2.6 0.13 37.4 4.2 0.60 1.2 33.5 20.4
NCIB 4617 2.7 0.15 36.6 4.1 0.38 3.1 33.3 16.4

Table 3 Sensitivity ofLactobacillus brevisstrains to antibiotics

Antibiotic Concentration

Ampicillin 10mg
Bacitracin 10 U
Cephaloridin 30mg
Chloramphenicol 30mg
Colistin 10mga

Erythromycin 15mg
Kanamycin 30mga

Methicillin 5 mga

Neomycin 30mg
Novobiocin 5mg
Penicillin 10 U
Polymyxin B 300 Ua

Rifampicin 5 mg
Streptomycin 10mga

Tetracycline 30mg

aSome strains are resistant.

Table 4 Composition of some general media used for isolation
of Lactobacillus brevisand other lactobacilli

Component

Medium

MRS APT mHoma

Peptone (g) 10.0 – –
Tryptone (g) – 10.0 10.0
Meat extract (g) 10.0 – 2.0
Yeast extract (g) 5.0 5.0 7.0
Glucose (g) 20.0 10.0 5.0
Fructose (g) – – 5.0
Maltose (g) – – 2.0
Na acetate$3H2O (g) 5.0 – 5.0
Na citrate (g) – 5.0 –
Na gluconate (g) – – 2.0
NH4 citrate (g) 2.0 – 2.0
K2HPO4 (g) 2.0 5.0 –
MgSO4$7H2O (g) 0.2 0.8 0.2
MnSO4$4H2O (g) 0.05 – 0.05
MnCl2$4H2O (g) – 0.14 –
FeSO4$7H2O (g) – 0.04 0.01
NaCl (g) – 5.0 –
Mevalonic acid lactone (g) – – 0.03
Tween 80 (ml) 1.0 1.0 1.0
Cysteine HCl (g) – – 0.5
Agar (g) 15 15.0 15.0
Water (l) 1.0 1.0 1.0
pH 6.2–6.5 6.7–7.0 5.4

aAfter sterilization, add 40 ml ethanol per liter.

Table 5 Composition of orange serum agar for isolation
and enumeration of spoilage organisms of citrus products

Component Orange serum agar

Tryptone (g) 10.0
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(medium composition, temperature), and if different meth-
odologies are used for lipids extraction.

Antibiotic resistance in lactic acid bacteria (LAB) has been
studied as a potential means of identi� cation. However, no
de� nite patterns of resistance have emerged to allow for use i
a classi� cation scheme. The susceptibility ofL. brevisto some
antibiotics is presented inTable 3.
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Yeast extract (g) 3.0
Glucose (g) 4.0
K2HPO4 (g) 3.0
Orange extract (g) 5.0
Agar (g) 17.0
Water (l) 1.0
pH 5.5
Methods of Detection and Enumeration
of L. brevis in Foods

Many media have been described over the years for the isola
tion of lactobacilli from various foods. Semi-selective de Man,
Rogosa, and Sharp (MRS), all-purpose Tween 80 (APT), an
modi � ed Homohiochii media (mHom) ( Table 4) have been
shown to be suitable as general culture media for isolating
lactobacilli and other LAB.

Rogosa agar (RA) is commonly used when a selectiv
medium is necessary to detect fastidious lactobacilli such a
L. brevis. This medium, however, allows the growth of some
pediococci, leuconostocs, and yeasts (cycloheximide, 10 mg l� 1,
can be added to inhibit yeasts). The use of RA is recommende
for isolation from a wide variety of foods including milk and
fermented milks, meat products, fermented vegetables, and sala
dressings.

In some cases, it is dif� cult to detectL. brevis, as well as other
microorganisms in foods. They are often present in low
numbers, they are sublethally damaged due to environmenta
conditions, or they may be adapted to specialized environ-
ments (fruit juices, wine, beer, etc.) and become very reluctan
to multiply in other environments such as highly nutritious
laboratory media. The addition of the natural substrate is often
necessary to supply any unknown but essential growth factors

Media prepared with orange juice have been used to contro
the processing of citrus products. An orange serum aga
(Table 5) has been developed to isolate the microorganisms
responsible for spoilage of citrus products. Due to their strong
stimulatory effects, tomato juice and yeast extract are normally
included in media for the isolation of lactobacilli from wine.
The addition of ethanol to all media is also recommended.

Many media have been used for isolation of beer-spoiling
lactobacilli. Some of these media, such as MRS medium
(Table 4), MRS medium supplemented with maltose, Raka-Ray
medium ( Table 6), and sucrose medium (Table 6), are stan-
dard media for the detection of these organisms. Other media
have been specially developed for the brewing industry and
normally include wort or beer in their formulation (composi-
tion of some of these media is presented inTable 7), for
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Table 6 Composition of standard media used for enumeration
of lactobacilli

Component Raka–Ray agara Sucrose agarb

Casein peptone (g) – 10.0
Yeast extract (g) 5.0 5.0
Liver concentrate (g) 1.0 –
Tryptone (g) 20.0 –
Tween 80 10.0 ml 0.1 g
Glucose (g) 5.0 –
Fructose (g) 5.0 –
Maltose (g) 10.0 –
Sucrose (g) – 50.0
NH4 citrate (g) 2.0 –
Potassium aspartate (g) 2.5 –
Potassium glutamate (g) 2.5 –
Potassium phosphate (g) 2.0 –
NaCl (g) – 5.0
MnSO4$4H2O (g) 0.7 0.5
MgSO4$7H2O (g) 2.0 0.5
CaCO3 (g) – 3.0
N-Acetylglucosamine (g) 0.5 –
Betaine HCl (g) 2.0 –
Bromocresol green (mg) – 20.0
Cycloheximide (mg) 7.0 –
Agar (g) 17.0 20.0
Distilled water (l) 1.0 1.0
pH 5.4 6.2

aAfter autoclaving, just before pouring the plates add 3.0 g 2-phenyl ethanol.
bAfter autoclaving, just before pouring the plates add� lter-sterilized cycloheximide
(� nal concentration 10.0 mg ml�1 ) and 3.0 g 2-phenyl ethanol.

Table 7 Colony appearance ofLactobacillus bulgaricuson various
media used for enumeration in yogurt containing probiotic organisms

Media Appearance of colonies

TPPY Flat, transparent, diffuse, 4–6 mm in diameter, unde� ned
shape, irregular edge

RCPB Small, discrete light blue with white centers, about 1 mm
diameter, surrounded by wide clear blue zones

TPPYPB Small, shiny, white, surrounded by a wide royal blue zo
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example, Nachweismedium fur bieerchadliche bacterien (NBB)
and modi � ed NBB medium (m NBB), Universal Beer Agar
(UBA), VLB-S7-Agar, and KOT medium. A double-concentrate
MRS medium adjusted with beer to normal concentration
before autoclaving is also often used. Avoparcin (20mg ml� 1)
and vancomycin (30 mg ml� 1) are added to the media used for
isolation of beer-spoilage organisms as these antibiotics inhibit
the growth of most Gram-positive bacteria and have no effec
on the growth of heterofermentative lactobacilli, L. salivarius,
and bacteria of the generaLeuconostocand Pediococcus, which
constitute the main beer-spoilage LAB.

Although several comparisons between different media
have been done, the optimal medium for detection of lacto-
bacilli in beer has not yet been identi� ed. The use of Raka-Ra
agar is recommended by the American Society of Brewin
Chemists and the European Brewing Convention.

Plating methods take a long time (incubation time is nor-
mally 5–7 days at 28–30 � C) to detect beer-spoilage organisms
and have generally a poor selectivity, so that more rapid
alternative methods have been developed (e.g., biolumines
cence techniques, direct epi� uorescence � lter techniques,
immunoassays, conductimetric analysis, � ow cytometry,
polymerase chain reaction (PCR), and DNA hybridization
techniques). AsL. brevisis a common brewery contaminant that
rapidly proliferates in beer, it is considered to be a suitable
indicator for monitoring spoilage, but most of the existing
rapid methods are not ef� cient enough for its early detection or
include the use of advanced, expensive equipment and
reagents.

Bioluminescence methods, based on the measurement o
light produced when ATP reacts with the� re� y luciferin/lucif-
erase enzyme system, can detect about 100 bacteria cells p
milliliter. This technique, however, does not identify detected
microorganisms, and it is dif� cult to determine numbers in
beer that contains both yeast and bacteria. It is also dif� cult to
use bioluminescence as a routine analytical tool in breweries
because the reagents are rather unstable. The basis of the dire
epi� uorescence� lter techniques is the concentration of the
cells on a membrane � lter and staining them with acridine
orange, a � uorescent dye, which binds to the nucleic acids
(other � uorochromes are commercially available). Viable cells
� uoresce orange, whereas nonviable cells� uoresce green. This
technique has been used with success for milk, but with heat
treated beverages differentiation between viable and nonviable
cells is unreliable. Conductance measurements for the rapid
detection of lactobacilli in beer have been investigated and
have shown promise. Samples containing less than abou
50 cfu ml� 1 were not detected within 50 h, but higher levels
were detected in 30 h or less. At present, however, thes
methods only indicate the presence or absence of contaminant
and cannot be used when actual counts are required.

Several PCR assays have been developed for the rap
detection of L. brevis. These are generally highly speci� c and
sensitive, but the procedure may not be suitable for use in the
brewery.

The imaging of single cells and microcolonies without
a microscope by an ultrasensitive chemiluminescence enzym
immunoassay with a photon-counting television camera
allows the rapid detection and quanti� cation of L. brevis
contaminants in beer and pitching yeast (i.e., the MicroStar
Rapid Micro Detection System). It is claimed that optimization
of membrane � ltration, bioluminescent chemistry, and
advanced image analysis enables the user to rapidly (within
minutes or hours rather than days) enumerate 0–200 cfu per
sample in variable sample volumes. This method compares
well with PCR in terms of sensitivity, but it is less labor-
intensive and more rapid.

Detection of L. brevisstrains by reducing resazurin in beer
has been proposed.

in

ne
Culture Maintenance and Conservation

As for most other species of lactobacilli,L. breviscan be cultured
in MRS broth or yeast glucose chalk litmus milk medium, kept
at 4 � C, and periodically transferred to fresh medium or
maintained for periods no longer than 1–2 months in MRS or
tomato juice agar stabs. The addition of glycerol to the cultures
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(1:1) allows storage at �20 � C for at least one year without
signi� cant loss of viability and reduces the risks of contami-
nation, selection of mutants, loss of culture, and transposition
of strain numbers or designations associated with serial transfe
techniques. Freezing in liquid nitrogen and freeze-drying are
the recommended methods for long-term preservation. If these
facilities are not available, cryogenic storage of the cells (with
added glycerol) at � 70 � C on glass beads is also a good
method.
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Importance in the Food Industry

Fermented Products

Fermentation is one of the most economical methods of
producing and preserving foods for human consumption. It is
extensively used for these purposes in the underdevelope
world where the low levels of disposable income and limited
infrastructure available in the food-processing industry greatly
restrict the use of more advanced technologies.

Lactobacillus brevisis involved in the production of a wide
variety of fermented products (Table 8), re� ecting the different
diets and needs in various parts of the world. Some of these
fermented foods have developed from natural fermentations
into the selection and use of speci� c starter strains; however
even in Europe, several industrial lactic acid food fermentations
are still ‘spontaneous’ processes.

In contrast to most vegetable fermentations, which are still
produced on a small scale, sauerkraut, pickles, and olives a
fermented vegetables of signi� cant commercial importance in
the Western world. Sauerkraut is made from salted shredde
cabbage. Fermentation starts withLeuconostoc mesenteroi,
which is present in high numbers in fresh cabbage, producing
lactic acid, acetic acid, and CO2. ThenL. brevisgrows, producing
more acid, and � nally Lactobacillus plantarumlowers the pH to
below 4.0. The early dominance of heterofermenters in the
fermentation is important in the inhibition of undesirable
organisms, ensuring the stability and consistency of the natura
fermentation process. Although they produce less total acidity
acetic acid, with a higher pKa, is a more potent antimicrobial
-
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Table 8 Application ofLactobacillus brevisin fermented foods

Product Raw material Area

Burong mustala Mustard Philippines
Busaa Maize,� nger millet, sorghum Kenya
Cheese Milk Worldwide
Fufu Cassava tubers Nigeria
Ke�r Milk Caucasus
Kimchi Korean cabbage, Korean radish root Korea
Kishk Milk, wheat Egypt, Iraq
Laban zeer Sour milk Egypt
Mesu Bamboo shoot India
Nham Pork, rice Thailand
Olives Green olives Worldwide
Pickles Vegetables, cucumbers Worldwide
Pulque Agave juice Mexico
Sauerkraut White cabbage Worldwide
Sausages Pork, beef Worldwide
Sourdoughs Wheat, rye Worldwide
than lactic acid. Various studies have been performed to
develop starter cultures to sauerkraut fermentation, but
industrial production is still based on natural fermentation
processes.

For the production of pickled cucumbers, whole vegetables
are washed and covered with brine. Aerobic microorganisms
develop � rst and create favorable conditions for the growth of
LAB, which are responsible for the main fermentation process
The succession of LAB in cucumber fermentation is similar to
that of sauerkraut: the heterofermentative LAB, initiallyLeuco-
nostocspp., followed by L. brevis, are soon overgrown by
homofermentative species such asL. plantarumand Pediococcu
pentosaceus.

A sourdough for leavening bread doughs is one of the oldes
biotechnological processes in food production. Although
nowadays breads from wheat may be leavened with yeast
exclusively, sourdoughs containing Lactobacillus(L. brevis,
Lactobacillus delbrueckii, Lactobacillus fermentum, L. plantarum,
Lactobacillus sanfrancisco, and others) are still used mainly in the
production of rye and rye-mixed grain breads, cake-leavene
baked products (e.g., Panettone), and wheat bread. The use
‘spontaneous’ fermentation to produce a sourdough results in
small deviations between fermentations because the compo
sition of the micro � ora is not critically controlled. It is known
that heterofermentative strains of LAB are needed to obtain the
sensory properties characteristically associated with sourdoug
breads. Although the application of starter cultures for the
production of fermented foods of plant origin has still not been
very successful in practice, some LAB strains, includingL. brevis,
are now being industrially produced in highly concentrated
freeze-dried form. It is convenient and quick to use these
cultures to make sourdough bread.

Nitrite reduction is a rare property of LAB. Two types of
nitrite reductases are known, those depending on the presenc
of hematin (ammonia is produced from nitrite reduction) and
heme-independent enzymes (NO and N2O are produced
from nitrite reduction). Lactobacillus brevispossesses heme
independent nitrite reductases. This is an important character
istic for technological or toxicological purposes with regard to
potential applications as starter cultures in food fermentations.
The production of NO is desirable in meat technology since
this intermediate is required in the reddening reaction. It is
usually produced from nitrite in chemical reactions and
provides the substrate for the formation of nitrosomyoglobin.
The production of N2O might be an advantage over ammonia
since it is more effective and it requires less reduction equiva
lents to remove nitrite from the substrate.

Ke� r grains, which are necessary to inoculate milk to
produce ke� r (Table 8), are conglomerates of LAB and yeast
held together by a polysaccharide gum. This polysaccharide
ke� ran, is produced by the predominating bacterial species
including L. brevis.

The secondary� ora of many hard and semihard cheeses
such as Cheddar, Gouda, and Edam, is dominated by meso
philic lactobacilli such as L. brevis. Their exact role in the cheese
is not fully understood, but they likely have an important
function in � avor development. The substrates used as energ
sources within the ripening cheese are not well known. Since
only residual amounts of lactose are present, insuf�cient to
support signi� cant growth of lactobacilli, other sources of



,
s,

s

of

-

422 LACTOBACILLUSj Lactobacillus brevis
metabolites/nutrients must be considered (e.g., galactose
citrate, lactate, starter cell autolysate material, free amino acid
peptides, and glycerol from lipolysis).

The importance of silage in the diet of ruminants is well
established. The increasing practice of conserving fodder a
silage, rather than hay, for feeding cattle in winter has been one
of the most important developments in farming in the past
several decades. Silage is made from various raw materials,
which grass, hay, and maize play the major role.Lactobacillus
brevisand some other lactobacilli are very important in the
acidi� cation of silage made from green forage. Silage acidi� -
cation is normally initiated by homofermentative LAB. As
fermentation proceeds,L. brevisand other heterofermentatives
become dominant.
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Food Spoilage

Lactobacillus breviscan sometimes cause spoilage of variou
food products. The organism is commonly isolated from grapes
and wines worldwide. It is possible that some strains or species
could contribute desirable characteristics to wine quality,
although excessive growth could be undesirable. When presen
in trace amounts, diacetyl enhances wine� avor. However,
excessive production of diacetyl from citric acid by lactobacilli
causes spoilage.Lactobacillus brevisproduces mannitol from
glucose. The production of ethanol and glycerol decreases a
fructose is reduced to mannitol. Furthermore, the exces
production of mannitol may result in mannite spoilage of
wine. Mannite spoilage is accompanied by formation of excess
acetic acid. The decomposition of tartaric acid is normally
associated with severe spoilage of wine. Tartarate decompos
tion by L. brevisresults in the formation of CO2, lactate, acetate
and succinate.

Sorbate in wines, generally around 200 ppm, although
being inhibitory to most yeasts and some LAB, is not inhibitory
for L. breviswhich shows almost no inhibition by sorbate levels
up to 1000 ppm. Addition of SO 2 to crushed grapes (minimum
30 ml l � 1) has proved useful to delay the growth ofL. brevis.

Lactobacillus brevisis potentially one of the most undesirable
beer-spoilage microorganisms because of its microaerophili
nature, its resistance to hop-derived compounds, such as iso
humulone, to ethanol, and to low pH ( Table 9). Beer spoilage
by lactobacilli is characterized by‘silky’ turbidity accompanied
by acid, ‘dirty ’ (acetoin) or ‘buttery’ (diacetyl) off- � avors.
Bacteriophages active againstL. brevisand other beer-spoilage
bacteria were recently isolated and characterized. These ha
a potential application for the biocontrol of beer-spoilage
bacteria.
Table 9 Some characteristics ofLactobacillus brevisimportant
for beer spoilage

Hop tolerancea 25–35
Maltose þ
O2 < 0.4 mg l� 1 þ
pH < 4.2
Alcohol tolerance > 14%
Minimum temperature 2–4 � C

þ , growth.
aEBC bitterness unit.
One of the major bacterial spoilage agents in citrus juices is
L. brevis. This organism can multiply at a pH of <3.5 and at
a temperature of 10� C and is responsible for the production of
diacetyl, which imparts an undesirable‘buttery’ � avor to juice,
and fermented off-� avors due to ethanol, carbon dioxide, and
higher-molecular-weight alcohols.

Heterofermentative isolates from cider are usuallyL. brevis.
It metabolizes fructose actively to produce acetate, which is
detrimental to � avor.

Lactobacillus brevishas also been responsible for gas produc
tion in salad dressings; vigorous fermentation in canned tomato
resulting in can swelling and acid odor in canned tomato
ketchup, Worcestershire sauce, and similar products; milk
stringiness produced by the growth of cord-like strains;
production of carbon dioxide in marinated herring; and colored
spots in cheese as a consequence of growth of orange-pigmente
strains. If present in excessive numbers (>10 8 cfu ml� 1), L. brevis
can be responsible for certain cheese defects: undesirable g
pockets and blowing of packaged cheeses due to excessi
production of CO 2, formation of biogenic amines, ‘green spot’
development, excessive buildup of calcium lactate crystals
unclean � avors, and acidic texture and� avor.
Importance for the Consumer

As previously noted,L. brevisoccurs naturally in different food
materials or can be deliberately introduced in order to produce
different fermented foods (Table 8). In addition to the pres-
ervation effect, fermentation is a means of improving sensory
quality and acceptability of many raw materials, enhancing the
nutritional value, and providing the consumer with a wide
variety of � avors, aromas, and textures to enrich the human
diet. Additionally, preparation of lactic acid–fermented prod-
ucts has low, if any, energy requirements and can be consume
without (or with little) cooking (e.g., pickled vegetables, fer-
mented cabbages, olives). Energy saving is very important i
countries where housewives spend many hours collecting
leaves, twigs, wood, and dried dung with which to cook
every day.
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Natural Preservation

The ability of LAB to inhibit the growth and survival of spoil-
age micro� ora and pathogens has been used as a means
improving safety and maintaining the quality of foods. Whereas
in the Western world foods are preserved by refrigeration
freezing, canning, or modi� ed atmosphere packaging, in
developing countries these techniques are prohibitively expen
sive and fermentation and drying are the methods available. The
contribution of lactic acid fermentations to food safety is very
important in developing countries.

The use of‘natural’ methods of preservation has increased
during recent years, now that the nutrient content of processed
foods has become a concern among consumers. Fermentatio
is a useful natural preservation system that meets consume
concerns.

The decrease in pH during fermentation creates an environ
ment that is unfavorable to pathogens and spoilage organisms
Additionally, L. brevisproduces signi� cant quantities of acetic
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Table 10 Bacteriocins produced byLactobacillus brevisstrains

Bacteriocin producer Bacteriocin Activity against

Isolated from kimchi Unnamed Enterococcus faecalis, E. faecium, L. brevis, L. sake, Leuconostoc
mesenteroides, Pediococcus pentosaceus

L. brevisB37 (isolated from plant and
fermenting material)

Brevicin 37 L. brevis, Leuc. oenos, Nocardia corallina, P. damnosus

L. brevisSB27 (isolated from sausages) Brevicin 27 L. brevis, L. buchneri, L. plantarum, P. pentosaceus, someBacillusspp.
L. brevisVB286 (isolated from vacuum

packaged meat)
Brevicin 286 E. faecalis, E. faecium, L. curvatus, Listeriaspp.

L. brevisNM 24 (isolated from green olives) Unnamed B. subtilis, E. coli, E. faecalis, Listeria monocytogenes, Staphylococcus aureus
L. brevisFPTLB3 (isolated from

freshwater� sh)
Unnamed Escherichia coli, E. faecalis, L. casei,L. sakei, S. aureus
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acid, which is a more effective antimicrobial agent than lactic
acid. Although acidity is the most important antimicrobial
factor, other inhibitory agents produced byL. brevisshould not
be ignored (e.g., bacteriocins, CO2, hydrogen peroxide, ethanol,
and diacetyl).

Bacteriocins are antimicrobial compounds, containing
a biologically active protein/peptide moiety, produced by
bacteria that are inhibitory to a limited range of organisms,
normally very closely related bacteria. VariousL. brevisstrains
produce bacteriocins (Table 10).

The antimicrobial activity of CO2, hydrogen peroxide,
ethanol, and diacetyl is well established. The individual
contribution of each of these agents, however, is relatively
minor, particularly compared with the acid production that
occurs at the same time (reduced pH and presence of undis
sociated organic acids).
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Nutritional Value and Health Considerations

Improvement in Nutritional Value and Health BeneÞts
The increased nutritional quality of fermented foods has been
attributed to improvement in the nutrient density, the increase
in the amount and bioavailability of nutrients, detoxi � cation of
food raw materials, and improvements of functional properties
and digestibility. The role of individual microorganisms in the
increased nutritional value of these products is sometimes
unclear since investigations on the microorganisms involved in
most of the fermentation processes appear to terminate at the
isolation and identi � cation stages.

Fermentations that involve yeasts tend to be enriched in the
B vitamins. Pulque (Table 8), produced by the fermentation of
agave juices, continues to be an important source of nutrition
for peasants and other low-income people in the poorest
semiarid areas of Mexico (agave is the only plant that can grow
on the very poor soil under conditions of extremely low water
availability). Pulque is rich in thiamin, ribo � avin, niacin,
pantothenic acid,p-aminobenzoic acid, pyridoxine, and biotin.
Additionally, ethanol present in pulque is an important source
of calories.

Microbial activity during the production of fufu ( Table 8)
softens cassava root tissues, allowing linamarase to break dow
linamarin, a cyanogenic glycoside responsible for sever
intoxications following the consumption of raw cassava.
Lactobacillus brevisisolated from fermented cassava products
possessed considerable linamarase activity but did not posse
tissue-degrading enzymes.
In legumes, carbohydrates are often present as oligosa
charides, such as raf� nose, stachyose, and verbascose, whic
are not readily digestible and can cause� atus, diarrhea, and
indigestion when broken down by bacteria in the large intes-
tine. These oligosaccharides possessa-D-galactosidic bonds that
are hydrolyzed by a-galactosidases.a-Galactosidase produc-
tion is a constitutive property of L. brevis.

Farmers can safely preserve surpluses of vegetables us
lactic acid fermentation (e.g., pickled vegetables). This bolster
the supply and availability of vegetable foods throughout the
year and improves the nutrition of the population. For
example, kimchi (Table 8) is an important source of vitamins
and minerals in Korea during the wintertime when fresh
vegetables are not available.

Stimulation of the immune system and improvement of gut
health are properties attributed to several probiotic strains of
L. brevis. Various strains produceg-aminobutyric acid, reported
as having antihypertensive and diuretic effects.

D-Lactate
D-Lactate is a nonphysiological isomer in mammals, which is
poorly metabolized and accumulates in the blood, especially if
there is thiamin de� ciency. This causes acidosis (disturbance o
the acid–alkali balance in the blood) and mineral misman-
agement. The FAO/WHO Joint Committee on Food Additives
reviewed the toxicological evidence available and concluded
that there was evidence that babies in their� rst 3 months of life
have dif� culties in utilizing small amounts of DL or D-lactate
and that neither should be used for infant foods.

Biogenic Amines
The formation of biogenic amines of toxicological signi� cance
by LAB occurs in many fermented foods.Lactobacillus brev
strains have been identi� ed as the producing agents of tyra-
mine and histamine in products such as Gouda cheese, fer
mented meats, and wines.g-Aminobutyric acid, cadaverine,
and histamine are formed during spoilage of food products by
lactobacilli, including L. brevis.

Pathogenicity
As is true of most LAB,L. brevisis generally considered to be
nonpathogenic. However, safety concerns have been raised,
it has been associated with lung infections, complicated by
lung cancer, indicating an opportunistic behavior. Acute
endophthalmitis in the phakic eye of a diabetic patient after
trabeculectomy was associated with the presence ofL. brevis.
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Although knowledge regarding the antibiotic resistance
of LAB is limited, it has been demonstrated that some strains
of L. brevisharbor genes conferring resistance to tetracycline
Gene transfer can occur to other microorganisms, including
pathogens.
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Origins and Applications; Fermented Vegetable Products
Fermented Meat Products and the Role of Starter Culture
Fermented Foods:Fermentations of East and Southeast As
Fermented Milks:Range of Products; Fermented Milks and
Yogurt; Northern European Fermented Milks;Lactobacillus:
Introduction; Starter Cultures;Starter Cultures:Importance of
Selected Genera;Wines:Microbiology of Winemaking;
Preservatives:Traditional Preservatives– Organic Acids.

Further Reading

Coventry, M.J., Wan, J., Gordon, J.B., Mawson, R.F., Hickey, M.W., 1
of brevicin 286 byLactobacillus brevisVB286 and partial characterization.
of Applied Bacteriology 80, 91–98.
. Production
rnal

Hammes, W.P., Vogel, R.F., 1995. The genusLactobacillus. In: Wood, B.J.B
Holzapfel, W.H. (Eds.), The Lactic Acid Bacteria. The Genera
Bacteria, vol. 2. Blackie Academic and Professional, London, pp. 1–54.

Hammes, W.P., Weiss, N., Holzapfel, W., 1992. The generaLactobacillusand
Carnobacterium. In: Balows, A., Truper, H.G., Dworkin, M., Harder, W., S
(Eds.), The Prokaryotes, second ed. Springer-Verlarg, New York, pp.–1573.

Hammes, W.P., Hertel, C., et al., 2009. Genus I.Lactobacillus. In: De Vos, P
Garrity, G.M., Jones, D. (Eds.), Bergey’s Manual of Systematic Bacter
second ed. Springer Verlag, New York, pp. 465–511.

Jespersen, L., Jakobsen, M., 1996. Speci� c spoilage organisms in brewerie
laboratory media for their detection. International Journal of Food M
139–155.

Kleerebezem, M., Hols, P., Bernard, E., Rolain, T., Zhou, M., et a
extracellular biology of the lactobacilli (Review article). FEMS Micro
34, 199–230.

Kyriades, A.L., Thurston, P.A., 1989. Conductance techniques for th
contaminants in beer. In: Stannard, C.J., Petitt, S.B., Skinner, F.A
Microbiological Methods for Foods, Beverages and Pharmaceuti
Scienti� c Publications, London, pp. 101–117.

Makarova, K., Slesarev, A., Wolf, Y., Sorokin, A., Mirkin, B., et al., 200
genomics of the lactic acid bacteria. Proceedings of the Nationa
Sciences (USA) 103, 15611–15616.

Saier Jr., M.H., Ye, J.J., Klinke, S., Nino, E., 1996. Identi� cation of an anaerobi
induced phosphoenolpyruvate-dependent fructose-speci� c phosphotransfer
system and evidence for the Embden–Meyerhof glycolytic pathway in the
fermentative bacteriumLactobacillus brevis. Journal of Bacteriology 178, 314–316.

Slover, C.M., Danziger, L., 2008.Lactobacillus: a review. Clinical Microbi
Newsletter 30, 23–27.

Steinkraus, K.H., 1995. Handbook of Indigenous Fermented Foods, se
Dekker, New York.

Thompson, A., 1999. ATP Bioluminescence: Application in Beverage
Robinson, R.K., Batt, C.A., Patel, P.D. (Eds.), Encyclopedia of Fo
� rst ed. vol. 1. Academic Press, London, pp. 101–109.

Wood, B.J.B., 1998. Microbiology of Fermented Foods, second ed. Bl
and Professional, London.

Yasui, T., Yoda, K., 1997. Imaging ofLactobacillus brevissingle cells and mic
colonies without a microscope by an ultrasensitive chemilumine
immunoassay with a photon-counting television camera. Applied
Microbiology 63, 4528–4533.



Lactobacillus delbrueckiissp. bulgaricus
P Teixeira,Escola Superior de Biotecnologia, Dr António Bernardino de Almeida, Porto, Portugal

� 2014 Elsevier Ltd. All rights reserved.
,
,

f

y

ne,

-

s

s

t,

-

ii

ll

e

r
r

y

Figure 2 Acridine orange staining ofLactobacillus bulgaricusat late
stationary phase of growth (� 100).
Taxonomy

Lactobacillus delbrueckiisubsp. bulgaricus(termed Lactobacillus
bulgaricushereafter; type strain: ATCC 11842, CCUG 41390
CIP 101027, DSM, 20081, IFO 13953, JCM 1002, LMG 6901
LMG 13551, NCIMB 11778, NCTC 12712, VKM B-1923,
WDCM 00102, P.A. Hansen Lb14, S. Orla-Jensen 14), one o
the three subspecies ofL. delbrueckii, is an aerobic to anaerobic
homofermentative bacterium (i.e., it converts hexoses into
lactic acid via the Emden–Meyerhof pathway) normally iso-
lated from yogurt and cheese. Carbohydrates fermented b
L. bulgaricus(90% or more strains) are fructose, glucose, and
lactose.D (�) lactic acid is the major product of fermentation;
however, secondary products, such as acetaldehyde, aceto
acetoin, and diacetyl, also can be produced in very low
concentrations.

In lactic acid bacteria that do not possess superoxide dis
mutase, the dismutation of superoxide normally is catalyzed by
internally accumulated manganese. Lactobacillus bulgaricu,
however, has a low capacity to scavenge O2

� because it does not
have superoxide dismutase or high levels of Mn (II) and it is
sensitive to O2 (the ability to grow aerobically must be
distinguished from the ability to survive exposure to O2).

Cells are rod shaped with rounded ends, 0.5–0.8 �
w 2–9 mm. They are usually separate or in short chain
(Figure 1), but long chains can be observed in late stationary-
phase cultures (Figure 2).

The cells are generally short but sometimes long, straigh
and often arranged in palisades. Internal granulations are
observed with the Gram reaction or methylene blue stain,
especially when cells become older. In addition to age, vari
ability of L. bulgaricuscellular morphology depends on the
composition of the growth medium and oxygen tension.
Additional physiological and biochemical characteristics are
presented inTable 1.

Phylogenetically, L. bulgaricusis closely related toLactoba-
cillus acidophilus, Lactobacillus helveticus, Lactobacillus johnson,
Figure 1 Acridine orange staining ofLactobacillus bulgaricusat early
stationary phase of growth (� 100).

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
and Lactobacillus gasseri; the guanine and cytosine (GþC) ratio
of L. bulgaricusis higher than that found among these related
species because of a signi� cantly higher GþC content at the
third codon position than the overall G þC content. This
suggests that an evolutionary change toward higher overa
Gþ C content is occurring in L. bulgaricus. Unique features
revealed by genome sequencing ofL. bulgaricus(e.g., high
number of pseudogenes, high ratio of RNA genes to genom
size, lack of transcriptional regulators) provide strong evidence
that the L. bulgaricusgenome is in an active state of size
reduction, possibly through the loss of genes necessary fo
a plant-associated environment but no longer necessary fo
a milk-associated environment.

Fatty acid composition has been used to group and classif
these microorganisms. As shown inTable 2, lipid composi-
tions are different in the different strains. Hexadecanoic (16:0),
hexadecenoic (16:1), octadecenoic (18:1), and lactobacillic
(19:0) acids are the major fatty acids present that are common
to the three L. bulgaricusstrains. In addition to the strain,
variability can occur as a result of different growth conditions
(medium composition, temperature), phase of growth, and
even the methodology used for lipid extraction.
f

Methods of Detection and Enumeration
of L. bulgaricusin Foods

Plating Methodologies

Rogosa agar (RA) is used for the isolation and enumeration o
lactobacilli from milk, cheese, and other fermented milk
products (Table 3). With the exception of yogurt and bio-
yogurts, the usual purpose of a lactobacillus count is to ensure
that numbers are high in products to which they are added.
Because RA may not be optimum for isolation of some ther-
mophilic lactobacilli from dairy sources, it is recommended
that it is supplemented with 0.5% (w/v) meat extract (leuco-
nostocs and pediococci are not inhibited and colonies may
78-0-12-384730-0.00177-4 425
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Table 1 Physiological and biochemical characteristics ofLactobacillus bulgaricus

GþC
content
(mol %)

DNA melting
temperature
( � C)a

Chromosome
size (Mbp)

Peptidoglycan
type

Teichoic
acid

Antigenic
group

Lactic
acid
isomer

Electophoretic
motility
D-LDHb

Optimum
growth
( �C)

Minimum
growth
( �C)

Maximum
growth
( �C)

Optimum
pH

NH3

from
arginine

49–51 91.7 1.8 Lys-D-Asp Glycerol E D 1.70 40–50 22 62 5.5–5.8 No

aApproximate value determined by differential scanning calorimetry; individual strains vary.
bLDH, lactic acid dehydrogenase.

Table 2 Fatty acid composition of lipids from differentLactobacillus bulgaricusstrains determined by gas–liquid chromatography

Fatty acid content (%)

Strain origin 12:0 14:0 15:0 16:0 16:1 17:1 18:0 18:1 19:0
Commercial (NCS1) tra 3.2 0.70 18.8 13.8 1.0 1.1 35.8 25.5
NCFB 1489 NDb ND ND 6.3 30.4 ND 0.72 35.4 21.2
State University, Ultrecht-9LB 2.9 10.4 ND 23.0 13.8 ND 0.6 27.1 22.2

NCS1, Commercial culture ofL. bulgaricusused in commercially in the production of yoghurt and Italian cheese; NCFB, National Collection of Food Bacteria, United Kingdom.
aThe presence of a compound in an amount less than 0.5% is denoted tr.
bND, not detected.

Table 4 Composition of some media used for enumeration
of Lactobacillus bulgaricusin yogurt

Component MRSa RCAb L–Sc Lee’sd

Peptone (g) 10 10 5 –
Tryptone (g) – – 10 10
Meat extract (g) 10 10 5 –
Yeast extract (g) 5 3 5 10
Glucose (g) 20 5 20 –
Lactose (g) – – – 5
Sucrose (g) – – – 5
K2HPO4 (g) 2 – – 0.50
Na acetate$3H2O (g) 5 3 – –
NH4 citrate (g) 2 – – –
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have to be further identi� ed). Typical colony appearance of
L. bulgaricuson RA is 0.5–2.5 mm diameter, grayish-white,� at
or raised and smooth, and rough or intermediate.

Several media have been developed for the selective isol
tion and enumeration of L. bulgaricusfrom yogurt ( Table 4).

Enumeration can be performed using two different types of
media: (1) media formulated to isolate L. bulgaricusselectively,
such as acidi� ed de Man Rogosa and Sharpe agar (MRS) an
acidi� ed reinforced clostridial agar (RCA); and (2) differenti-
ating media that permit the enumeration of all the organisms as
separate, and visually identi� able colonies on the same plate,
such as Lee’s medium and L–S differential medium (L–S).

Acidi� ed MRS (Table 4) is the International Dairy Federa-
tion ’s (IDF) medium of choice for differential enumeration of
L. bulgaricusin yogurt. RCA at pH 5.5, L–S agar, and Lee’s agar
also have been used (Table 4). The typical colony appearances
of L. bulgaricuson different media used for isolation from
yogurt are presented inTable 5.

Bi� dobacteriumspp. and other Lactobacillusspecies (e.g.,
Lactobacillus acidophilus, Lactobacillus casei) increasingly are to be
Table 3 Composition of Rogosa media used to isolate lactobacilli
from milk, cheese, and fermented milks

Component RAa

Tryptone (g) 10
Yeast extract (g) 5
Glucose (g) 20
KH2PO4 (g) 6
Na acetate$3H2O (g) 25
NH4 citrate (g) 2
MgSO4$7H2O (g) 0.6
MnSO4$4H2O (g) 0.2
FeSO4$7H2O (g) 0.03
Tween 80 (ml) 1
Agar (g) 15
Water (l) 1
Incubation 42� C per 48 h

aDissolve the agar in 500 ml of boiling water. Dissolve all other ingredients in 500
water, adjust pH to 5.4 with acetic acid (100%, glacial), and mix with the melte
agar. Boil for a further 5 min. No further sterilization is given.
found in yogurts as probiotic organisms. Media traditionally
used for the isolation of L. bulgaricuscan no longer be used
because these media support the growth of some of thes
species. Differentiating media that permit the enumeration of
ml
d

MgSO4$7H2O (g) 0.2 – – –
MnSO4$4H2O (g) 0.05 – – –
Tween 80 (ml) 1 – – –
Soluble starch (g) – 1 – –
NaCl (g) – 5 5 –
L-Cysteine$HCl (g) – 0.5 0.3 –
Bromocresol

purple (g)
– – – 0.02

Agar (g) 15 12 13 18
Water (l) 1 1 1 1
Incubation Anaerobic

37� C
per 72 h

Anaerobic
45� C
per 72 h

Aerobic
43� C
per 48 h

Anaerobic
37� C
per 48 h

aAdjust pH to 5.4 with acetic acid (100%, glacial). Sterilize at 121� C for 15 min.
bAdjust pH to 5.5 with 1.0 M HCl. Sterilize at 121� C for 15 min.
cSterilize at 121� C for 15 min. Cool to 50� C and just before use add (1) 100 ml of
a 10% (w/v) antibiotic-free skim-milk powder, sterilized by autoclaving at 121� C for
5 min; and (2) 10 ml of a 2% (w/v) triphenyltetrazolium chloride solution, sterilized
by � ltration (these solutions should be warmed to 50� C before adding them to the
base medium).
dAdjust pH to 7.0. Sterilize at 121� C for 15 min. Bromocresol purple is added in the
form of 1 ml of sterile 0.2% solution (autoclaved at 121� C for 15 min) per 100 ml of
sterile agar just before pouring into Petri plates.
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Table 5 Colony appearance ofLactobacillus bulgaricuson various
media used for its enumeration in yogurt

Medium Appearance of colonies

Acidi� ed MRS Lenticular often sharp-shaped, 1–3 mm diameter
RCA pH 5.5 Lenticular, rough
L–S Irregular red, rhizoidal, 1.0–1.5 mm diameter,

surrounded by a white opaque zone
Lee’s White

Table 7 Colony appearance ofLactobacillus bulgaricuson various
media used for enumeration in yogurt containing probiotic organisms

Media Appearance of colonies

TPPY Flat, transparent, diffuse, 4–6 mm in diameter, unde� ned
shape, irregular edge

RCPB Small, discrete light blue with white centers, about 1 mm
in diameter, surrounded by wide clear blue zones

TPPYPB Small, shiny, white, surrounded by a wide royal blue zone
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all the organisms as separate, and visually identi� able colonies
on the same plate also were developed for these products
Examples include tryptose–proteose–peptone–yeast extract–
eriochrome T (TPPY), TPPY agar with added Prussian blu
(TPPYPB), and reinforced clostridial Prussian blue (RCPB
(Table 6). Table 7 presents the typical colony appearance o
L. bulgaricuson media used for its enumeration in probiotic
yogurts.
f

f

t

Oligonucleotide Probes for Detection and Identi�cation

Molecular biological identi � cation is based on the constitutive
composition of nucleic acids and therefore is considered to be
more reliable for identi � cation purposes than conventional
microbiological identi � cation based on morphological, phys-
iological, and biochemical characteristics, which re� ect only
that portion of the genome expressed under a particular set o
conditions. A number of molecular methods have been
developed for the detection and differentiation of Lactobacillus
species commonly used in commercial dairy products.
e

t

Enantioselective Analysis

BecauseL. bulgaricusand Streptococcus thermophilusproduce
different enantiomers of lactic acid,D- and L-, respectively, it is
possible to follow the growth of these microorganisms in
Table 6 Composition of some media used for enumeration
of Lactobacillus bulgaricusin yogurt containing probiotic organisms

Component TPPYa RCPBb TPPYPBb

Tryptone (g) 7 – 7
Peptone (g) 7 10 7
Yeast extract (g) 2 3 2
Meat extract (g) – 10 –
Glucose (g) 10 5 10
Lactose (g) 10 – 10
Na acetate (g) – 3 –
Soluble starch (g) – 1 –
Tween 80 (ml) 1 – 1
L-Cysteine$HCl (g) – 0.5 –
Prussian blue (g) – 0.3 0.3
Agar (g) 15 12 15
Water (l) 1 1 1
Incubation Anaerobic

42� C 24 h
Anaerobic

37� C 48 h
Anaerobic

37� C 48 h

aAdjust pH to 6.8 with NaOH and sterilize at 120� C for 20 min. Before pouring
plates, add 1% (v/v) of a 0.4% (w/v) sterile solution of Eriochrome T in distilled
water.
bSterilize at 121� C for 15 min. Cool to 50� C and then add the Prussian blue.
yogurt by measuring the L/D lactic acid ratio. A reliable
correlation has been made between microbial counts and
the D/( D þ L)% ratio measured by high-performance liqui
chromatography.
Impedimetric Analysis

The principle of this technique is the measurement of changes
occurring in a substrate or metabolic product, as evidence o
bacterial metabolism. A good correlation was found between
values obtained using the bactometer (impedimetric
measurement) or the Malthus instrument (conductance), and
those obtained by standard plate counts in the selective coun
of the two microorganisms speci� c for yogurt: L. bulgaricusand
S. thermophilus. Results can be determined within 12 h.
-
d

Culture Maintenance and Conservation

Isolated cells can be cultured in MRS broth and kept at 4� C and
periodically transferred to fresh media or maintained for
periods no longer than 1–2 months in MRS agar stabs. The
major disadvantages of serial transfer techniques include th
risks of contamination, selection of mutants, loss of culture,
and transposition of strain numbers or designations.

For long-term maintenance, freeze-drying is one of the mos
economical and effective methods. When freeze-drying facili
ties are not available, cryogenic storage of the cells (with adde
glycerol) at �70 � C on glass beads is also a good method.
r-

.

rs
Importance in the Food Industry

Fermented Products

Together with drying and smoking, fermentation is one of the
oldest known forms of food preservation. Lactobacillus bulga
icusand many other lactic acid bacteria play an important role
in food fermentations, causing the characteristic� avor changes
and having a preservative effect on the fermented product
Lactobacillus bulgaricusis used in a large number of food product
fermentations worldwide (Table 8). In those parts of the world
where fermented products are still made on the farm, the
inoculum may be a naturally soured milk of acceptable taste,
whereas in countries with a more advanced industry, the
cultures are speci�cally selected and developed for their ability
to confer the desired properties in the� nal fermented product.
Sophisticated starter strains that arrive at the factory in frozen
or freeze-dried form are available and commercialized by
specialized culture-producing companies. Selected starte
containing one or several strains ofL. bulgaricusin addition to
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Table 8 Application ofLactobacillus bulgaricusin European
and indigenous fermented foods

Product Raw material Origin

Bulgarian
buttermilk

Milk Bulgaria

Cheese Milk Unknown (Southwest
Asia)

Dahi Cow or buffalo milk India, Pakistan,
Bangladesh,
Sri Lanka

Ginseng whey Whey, ginseng, honey,
apricot, sweetener

Japan, Korea, China

Ke�r Milk Russia
Kisra Sorghum� our Sudan
Koumiss Mare’s milk Russia
Kurut Yak milk China
Laban Zeer Sour milk Egypt
Mahewu Maize South Africa
Rice masa Rice Nigeria
Siljo Horsebean� our,

saf� ower
Ethiopia

Skyr Milk Iceland
Trahanas Wheat, sheep (or cow)

milk
Greece, Turkey, Cyprus

Yogurt Milk Unknown (Southwest
Asia)
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other species are used particularly in the industrial manufacture
of yogurt and different types of cheeses (which require elevate
temperatures during the process of curd preparation), such a
Emmental, Gruyère, Gorgonzola, mozzarella, Cacciocavallo
and Provolone.
d
r
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Adjunct Cultures

Lactobacillus bulgaricushas been used as an adjunct strain adde
with mesophilic starters to the cheese vat to decrease bitte
� avors in Cheddar cheese and other cheeses. Increased dipe
tidase activity in the thermophile may degrade bitter peptides
in cheese produced by mesophilic strains. It was demonstrate
that exopolysaccharide (EPS)-producing strains ofL. bulgaricus
could increase moisture retention in low-fat mozzarella cheese
s;
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Lactic Acid Production

Lactic acid was the� rst organic acid produced with microbes,
carried out in 1880. In the twenty-� rst century, synthetic
processes for the production of lactic acid (e.g., from lactoni-
trile) are competitive at the same costs as biological processe
lactic acid production is divided about equally between the two
processes. The major supply of lactic acid in Europe is produce
by fermentation using strains ofL. bulgaricuswhen whey is used
as the substrate, and other lactobacilli when different substrate
are used.

According to the U.S. Food and Drug Administrating (FDA),
lactic acid is a generally recognized as safe (GRAS) additive f
miscellaneous or general purpose uses. It was one of the earlie
organic acids used in foods. Lactic acid is used by the foo
industry in a number of ways: it is used in packing Spanish
olives, where it inhibits spoilage and further fermentation; it
aids in the stabilization of dried-egg powder; it improves the
taste of certain pickles when added to vinegar; it is used to
acidify the grape juice (must) in winemaking; in frozen
confections, it imparts a milky tart taste and does not mask
other natural � avors. Lactic acid is also used in the production
of the emulsi� ers calcium and sodium stearoyl lactylates
which function as dough conditioners. The sodium and
potassium salts of lactic acid have signi�cant antimicrobial
properties, including in meat products against toxin produc-
tion by Clostridium botulinum, and againstListeria monocytogen
in chicken, beef, and smoked salmon.
Important Characteristics ofL. bulgaricusas Food Producers

Proteolytic Activity
The proteolytic systems of lactic acid bacteria are important a
a means of making protein and peptide available for growth
and as part of the curing or maturation processes that give
foods their characteristic rheological and organoleptic proper-
ties. Proteolytic systems of lactobacilli are complex and are
composed of proteinases and peptidases with differen
subcellular locations. Proteinases ofL. bulgaricusare associated
with the cell wall and are regulated by temperature and growth
phase.

Lactobacillus bulgaricusis auxotrophic for a number of amino
acids and relies on caseins as its major source of amino acid
during growth in milk that contains low amounts of free amino
acids and peptides. AsS. thermophilusexhibits very little
proteolysis (compared with that of lactobacilli), the high
proteolytic activity of L. bulgaricusis an important characteristic
in yogurt production because the peptides that it releases from
milk proteins act as stimuli to the growth of S. thermophilus.
Additionally, the release of threonine by peptidases is impor-
tant in � avor development because much of the acetaldehyde i
derived from this amino acid via the threonine aldolase of
S. thermophilus. Putative horizontal gene transfer events
between S. thermophilusand L. bulgaricusrecently have been
demonstrated and revealed protocooperation on the basis of
exchanged or acquired genetic elements during evolution
Considerable variation in the proteolytic ability among
L. bulgaricusstrains has been demonstrated. Such pronounce
proteolytic diversity concerns commercial manufacturers
because culture rotation practices could result in signi� cant
variability of the � nal product.

Exopolysaccharide Production
EPS produced by slime-producing strains ofL. bulgaricusare
thought to play a role in the viscosity and texture of fermented
milks by binding free water and in the prevention of gel fracture
and wheying-off, which are common problems in the
manufacturing of these products. For these reasons, the curren
tendency is to incorporate these strains into the traditional
starter cultures. For example, in yogurt with low or no fat
content, use of EPS-producingL. bulgaricusfor the fermentation
process increases the thickening properties of the yogurt, whic
are necessary to compensate for the lower fat content.

The sugar composition of the EPS changes during th
fermentation cycle. It also depends on the growth conditions,
such as temperature, medium composition, and incubation
time, as well as on the carbon source.
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Table 9 Sensitivity ofLactobacillus bulgaricusstrains to antibiotics

Antibiotic Concentration

Ampicillin 0.5mg
Aureomycin 10mg
Bacitracin 5 U
Carbenicillin 50mg
Cephaloridin 30mg
Cephalothin 30mg
Chloromycetin 5 mg
Clindamycin 2 mg
Cloxacillin 1 mg
Dicloxacillin 1 mg
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pH Homeostasis
pH homeostasis is important for L. bulgaricusbecause it has to
cope with low pH during growth and fermentation. Cytoplasmic
pH in L. bulgaricusdecreases as the pH of the medium decrease
Contrary to bacteria that maintain intracellular pH at near-
neutral values (pH gradient increases as extracellular pH
declines), bacteria (e.g.,L. bulgaricus) in which the cytoplasmic
pH declines as a function of extracellular pH are more resistant to
the toxic effects of fermentation acids. It has been proposed tha
by maintaining a relatively constant pH gradient across the cel
membrane,suchbacteriado not accumulatehigh andpotentially
toxic concentrations of fermentation acid anions at low pH.
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Dihydrostreptomycin 10mg
Doxycycline 30mg
Erythromycin 2 mg
Mandelamine 3 mg
Methicillin 5 mg
Novobiocin 10mg
Oleandomycin 15mg
Oxacillin 1 mg
Penicillin G 0.5 U
Rifampicin 5 mg
Streptomycin 2 mg
Terramycin 10mg
Tetracycline 1 mg

Table 10 Inhibitory levels of some compounds normally used as
detergents and disinfectants in the dairy industry towardLactobacillus
bulgaricus

Chlorine compounds
(mg l� 1)

Quaternary ammonium
compounds (mg l� 1) Iodophors (mg l� 1)

100–500 60 60
Factors Causing Inhibition ofL. bulgaricusduring
Fermentation

Starters must be able to multiply rapidly to produce enough
lactic acid to complete the conversion of milk into an acid curd.
Some factors, however, such as bacteriophage infections, th
presence of antibiotics, and other inhibitory compounds, can
result in failure or slow acid production. In addition to
economic losses, products with a high pH value can suppor
the growth of pathogenic organisms present in the raw
materials.

Bacteriophages
Bacteriophages are bacterial viruses that infect the bacterial ce
multiply within it, and eventually cause the cell to lyse. Phage
infection is the major cause of slow acid production in dairy
fermentations.

Virulent phages speci� c for L. bulgaricushave been reported.
In the dairy plant, because of inadequate sanitation, phages ca
be isolated from raw milk, cheese whey, the air, and milk
residues. Another important source of phages in the dairy
industry is thought to be the starter culture organisms them-
selves, which carry within them lysogenic phages that can b
induced into a virulent state. Lysogeny has been demonstrate
in L. bulgaricus. Problems occur particularly when starters
contain a single strain or only a few strains and the same culture
is reused over an extended period.

The industry tries to prevent phage problems by using
aseptic techniques, rotating the starter cultures, propagating th
starters in phage-inhibitory media (containing phosphate salts
to chelate Caþþ and Mgþþ required for successful phage
adsorption to the bacterial cell), and selecting for bacterial
cultures that are phage resistant.

Antibiotics
Many antibiotics are used for mastitis therapy in milk-
producing cows, and if adequate precautions are not taken, this
leads to the excretion of antibiotics in the milk. In addition to
the serious consequences that can occur in sensitive or allerg
consumers, antibiotics in milk can result in inhibition of acid
production by starter organisms, leading to poor-quality fer-
mented milk. Lactobacillus bulgaricushas shown high sensitiv-
ities to many antibiotics (Table 9).

The values presented inTable 9, however, must be inter-
preted with care and used only as indicators because antibioti
resistance may differ depending, for example, on the strain, the
methodology used, the basal medium used, and mutation.
Detergent and Disinfectant Residues
Residues of detergents and disinfectants used for cleaning an
disinfection of dairy equipment can reduceL. bulgaricusactivity.
The sensitivities of L. bulgaricusto some of the compounds
normally used are presented inTable 10.
Miscellaneous Inhibitors
Natural compounds, such as lactins and agglutinins present in
milk, can inhibit the growth of starter organisms. These
compounds, however, are heat sensitive and therefore ar
destroyed by the pasteurization of milk. Phagocytosis of starte
organisms can occur as a result of the presence of leukocytes
mastitic milk. Environmental pollutants such as insecticides
can also inhibit starter organisms.
Importance for the Consumer

Natural Preservation

Lactic acid production during fermentation lowers the pH and
creates an environment that is unfavorable to pathogens and
spoilage organisms. In addition, the low pH potentiates the
antimicrobial effects of organic acids, which show greate
lethality to bacteria than the inorganic acids.
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Hydrogen peroxide is another antagonistic metabolite
produced by L. bulgaricusin the presence of air. The antimi-
crobial action of hydrogen peroxide has been attributed to its
ability to produce toxic compounds, such as the superoxide
anion and other free radicals. Lactic acid bacteria, howeve
show higher resistance to the effects of hydrogen peroxide tha
do many other organisms. This higher resistance has bee
attributed to an inducible oxidative stress response when cells
are exposed to sublethal concentrations of H2O2. This response
protects them against subsequent exposure at lethal concen
trations of H2O2.

Other compounds produced by L. bulgaricusand showing
antimicrobial activity have been reported. Inhibitory activity
againstCandida albicans, Clostridium dif� cile, Helicobacter pylor,
L. monocytogenes, Salmonellaspp., Staphylococcus aureus, and
Streptococcus agalactiaehas been attributed to some bulgaricins
(bacteriocins produced byL. bulgaricus). Bulgarican (not bacte-
riocin in nature), which showed maximum activity and stability
at pH 2.2 and was not affected by autoclaving at 120� C for 1 h,
was inhibitory toward both Gram-positive and Gram-negative
bacteria, but it had no apparent antifungal activity. Inhibitory
compounds against Staphylococcusand Clostridiumhave been
found, which were insensitive to proteolytic enzymes, resistan
to heat, and active over a wide range of pH.

Many consumers are concerned about the nutrient conten
of processed foods and have shown enthusiasm for the use o
natural methods to improve shelf life and safety. Fermented
foods have a positive image in these respects.
t

a

e

of

n

-
.

t
r-

,
,

e

us

n

Improvement in Nutritional Value and Health Bene�ts

Suggestions of probiotic properties associated withL. bulgaricus
were � rst made by Metchnikoff in 1907 and supported by
Louden Douglas and Kopeloff, both in the 1920s. Their claims,
however, were later disproved when it was demonstrated tha
most strains of L. bulgaricusare highly sensitive to gastric acid
and bile acids and that they show poor survival during transit
through the gastrointestinal tract to the colon. Meanwhile,
a few studies have investigated the survival of yogurt bacteri
during gastrointestinal transit in humans, and the results
remain somewhat con� icting. Although some researchers
failed to detect the presence ofL. bulgaricusin the feces of
volunteers following a period of yogurt intake, others have
succeeded. Microencapsulation ofL. bulgaricusin hydrocolloid
beads is known to potentially enhance and protect their
survivability in the digestive tract.

Milk is nutritious and provides high-quality protein in the
diet. The major carbohydrate is lactose, however, and a larg
proportion of the world ’s adult population is intolerant to
lactose because of a de� ciency in the lactose-hydrolyzing
enzyme, lactase. Intolerance of lactose can occur because
a reduction in lactase activity during intestinal disorders. By
fermenting the milk, in yogurt and cheesemaking, the lactose is
converted largely into lactate, which is more readily digestible.
It is noteworthy that when appreciable quantities of lactate are
present, people are more tolerant to lactose, so that even whe
yogurts contain added skim-milk powders, lactose-intolerant
individuals usually can consume yogurt without problems.
This appears to be due to the presence of the lactose
hydrolyzing enzyme b-galactosidase in the yogurt organisms
The enzyme is partially protected by the bacterial cell envelope
during its passage through the stomach; in the presence of bile
in the small intestine, however, it leaks from the cell and assists
in the breakdown of lactose. In a scienti� c opinion on the
substantiation of health claims related to live yogurt cultures
and improved lactose digestion, the European Food Safet
Authority Panel on Dietetic Products, Nutrition, and Allergies
reported in 2011 that a cause-and-effect relationship has bee
established between the consumption of live yogurt cultures in
yogurt and improved digestion of lactose in yogurt in indi-
viduals with lactose maldigestion.

Zinc and selenium are essential elements for humans. It ha
been suggested that fermentation of milk (e.g., in yogurt)
increases the availability of zinc and selenium.
Increased Variety in Diet

To obtain a well-balanced diet with the maximum possible
range of nutrients, a varied diet is desirable.Lactobacillus bul
garicusis involved in the production of various fermented
foods (Table 8), providing a wide range of ingredients,� avors,
and textures. Cheese and yogurt are major sources of protein
and fat in the diet. They also provide calcium, sodium, potas-
sium, magnesium, and phosphorus as well as useful amounts
of vitamins B, A, and D. The number of different types of
cheeses and yogurts creates interest in the diet and makes eati
more pleasurable, all made with the same raw material.
Pathogenicity

Lactobacilli have been considered to be nonpathogenic, bu
increasing evidence now suggests that they can act as oppo
tunistic pathogens, especially in people with an underlying
disease or immunosuppression. Only one clinical case
however, involving L. bulgaricushas been reported since 1938
and it was the only organism isolated in blood culture from
a case of leukemia.

In the few reports published on this subject, it has been
demonstrated that L. bulgaricusis quite sensitive to clinically
relevant antibiotics. Knowledge on the antibiotic resistance of
lactobacilli and other lactic acid bacteria is still limited, however.
Conclusion

Despite the economic importance ofL. bulgaricusin the food
industry, many possibilities are still being investigated for the
use of this species.

l It is thought that growing EPS-producing strains in whey
(cheese whey is produced in high amounts) may provide
polymers that could be used as food stabilizers.

l Techniques for converting lactose present in whey permeat
into lactic acid are being improved.

l Different techniques are being tested to avoid post-
acidi� cation in yogurt. For example, L. bulgaricusstarter
strains have been screened for the presence of spontaneo
mutants with no or reduced residualb-galactosidase activity.

l Reduction of microbial populations on carcasses has been
achieved by spraying solutions of lactic acid on the meat
surface. Lactic acid is very expensive, however. Productio
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of lactic acid in situ seems to be a good alternative. Inocu
lation of L. bulgaricuson meat surfaces has been shown to
reduce the growth rate ofPseudomonasspp.

l Lactobacillus bulgaricusstrains have been screened fo
aminopeptidase activity to evaluate the possibility of their
use for accelerated cheese ripening. Results seemed to
promising.

l Several health bene� ts associated with the ingestion of
viable cells of L. bulgaricusor products fermented by this
organism are being investigated.

Other interesting possible applications ofL. bulgaricusin the
food industry may not have been mentioned in this chapter. An
optimistic view of the future indicates that progress in micro-
biology, biochemistry, genetics, immunology, and cellular
biology will increase the availability of L. bulgaricusstrains with
important characteristics to the food industry and may allow
for the improvement of existing products and the development
of new ones.
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See also:Biochemical and Modern Identi�cation Techniques:
Micro� oras of Fermented Foods;Cheese:Microbiology of
Cheesemaking and Maturation; Role of Speci� c Groups of
Bacteria;Electrical Techniques:Lactics and Other Bacteria;
Fermented Foods:Origins and Applications;Fermented Foods
Fermentations of East and Southeast Asia;Fermented Milks:
Range of Products; Fermented Milks and Yogurt; Norther
European Fermented Milks;Lactobacillus:Introduction; Starter
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thermophilus; Preservatives:Traditional Preservatives– Organic
Acids.
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General Characteristics of the Species

Lactobacillus caseiis a Gram-positive, nonmotile, nonspore-
forming, and catalase-negative bacterium. Cells are rods o
0.7–1.1 � 2.0–4.0 mm, often with square ends, occurring singly
in pairs, or in chains (seeFigure 1). The cell wall containsL-Lys-
D-Asp peptidoglycan and polysaccharides, which determine the
serological speci� city (B or C) on the content of rhamnose or
glucose–galactose. Teichoic acids are not present in the ce
wall. The GþC content of the DNA is 45 –47%.

The taxonomy of the L. caseigroup has been debated for
a long time, mainly because of the failure of differentiation,
even by molecular techniques, between most ofL. caseiand
Lactobacillus paracaseistrains. The currently accepted nomen
clature and taxonomic division of the L. caseigroup is as
follows: (1) L. casei(type strain: ATCC 393� ); (2) L. paracase
subsp. paracasei(type strain: ATCC 25302� ) and L. paracase
subsp. tolerans(type strain: ATCC 25599� ); and (3) Lactoba-
cillus rhamnosus(type strain: ATCC 25599� ). Although it has to
be taken into account that only few strains of the speciesL. casei
have been studied in depth, some of the main phenotypic traits
.

h.

,
e

Figure 1 Scanning electron micrograph showingLactobacillus casei
cells.

Table 1 Proteolytic enzymes puri� ed and characterized fromLactobacill

Strain Enzyme M

L. paracaseisubsp.paracaseiHN1 Proteinase n
L. caseisubsp.caseiNCDO151 Proteinase 1
L. caseisubsp.caseiLLG Aminopeptidase 8
L. caseisubsp.caseiLLG X-prolyl dipeptidyl peptidase
L. caseisubsp.caseiUL21 X-prolyl dipeptidyl peptidase
L. caseisubsp.rhamnosusUL26 X-prolyl dipeptidyl peptidase
L. caseisubsp.caseiLLG Proline iminopeptidase

n.d., not determined.
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characterizing these three species are listed inTable 1. The
combination of the group-speci� c PCR with SNaPshot mini-
sequencing is successfully used for species identi� cation within
the L. caseigroup. In detail, the use of primers designed on the
basis of the rpoA gene sequences of theL. caseigroup and
phylogenetically related reference species, allows us to diffe
entiate strains belonging to theL. caseigroup from other strains
belonging to the genus Lactobacillus. SNaPshot is a commer-
cially available kit for the multiplex detection of single nucle-
otide polymorphisms (SNPs) that relies on the extension of
a primer annealed immediately adjacent to the SNP of interest
using � uorescently labeled dideoxynucleotides. In the case o
the L. caseigroup, the SNP-speci� c primers anneal immediately
adjacent to the nucleotide at� ve species-speci� c SNPs of the
dnaKgene sequence. ThednaK gene encodes the 70-kDa hea
shock protein, which is one of the most conserved proteins
known to date and is found in all biota. The average sequence
similarity for the dnaKgene is 87.8%, signi� cantly less than that
of the 16S rRNA sequence. Modi� ed-rhamnose-2,3,5-triphe-
nyltetrazolium chloride-LBS-vancomycin (M-RTLV) agar use
the capacity to fermentL-rhamnose to distinguish L. caseiand
L. paracaseifrom L. rhamnosuson a single agar plate. The redox
indicator 2,3,5-triphenyltetrazolium chloride (TTC) is a color-
less salt that, when reduced, forms an intense red precipitate
When bacteria ferment rhamnose to lactic acid, the colonies
will be pink toned or white with a red spot, because the
reduction of TTC is inhibited in the acidic conditions. These
colonies will be allotted to L. rhamnosus, whereas red colonies
will be allotted to L. caseior L. paracasei.

Species belonging to theL. caseigroup may be isolated not
only from milk and dairy products but also from fermented
sausages, vegetables, wine, and, occasionally, sourdoug
Besides food items, strains of theL. caseigroup may be isolated
from human reproductive and gastrointestinal (GI) tract and
stools, which accounts for their large use as probiotics. Overall
the L. caseigroup encompasses strains endowed with resistanc
to low values of pH. Ribo� avin, folic acid, calcium pantothe-
nate, and niacin are required for growth. Pyridoxal or pyri-
doxamine is stimulatory or, for some strains, essential. For
enumerating L. casei, the best medium is de Man-Rogosa-
Sharpe (MRS) agar with 2 g l� 1 of lithium chloride and 3 g l � 1

of sodium propionate (MRSLP), incubated at 37� C or 42 � C. A
usand related taxa

olecular mass (kDa) Type pH Localization

.d. Serine-enzyme n.d. Cell wall
81 Serine-enzyme 6.5 Cell wall
7 Metalloenzyme 7.0 Intracellular

79 Serine-enzyme 7.0 Intracellular
n.d. Serine-enzyme 7.0 Intracellular
n.d. Serine-enzyme 7.0 Intracellular

46 Cysteine-enzyme 7.5 Intracellular

Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00180-4
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selective medium known asL. casei(LC) agar may be used for
selective enumeration ofL. caseipopulations from fermented
milk drinks that may contain yogurt starter bacteria (Strepto-
coccus thermophilusand Lactobacillus delbrueckiisubsp. bulgar-
icus), Lactobacillus acidophilus, Bi� dobacteriumspp., andL. casei.
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Metabolism and Enzymes

All species in the L. caseigroup are facultatively hetero-
fermentative lactobacilli. Hexoses (galactose, glucose, an
fructose are used by all the strains) are almost entirely con
verted into lactic acid via the Embden–Meyerhof pathway.
Under carbohydrate-limiting conditions, acetic acid and
ethanol mainly, followed by butyric acid, diacetyl, and formic
acid, are produced in addition to lactic acid. Pentoses (ribose o
arabinose, depending on the strains) are used by the induce
phosphoketolase to produce lactic and acetic acids. Usuall
only the L(þ) isomer of lactic acid is synthesized, although
some strains ofL. paracaseimay produce an equal mixture of
the L(þ) and D(� ) isomers. The phospoenolpyruvate-depen-
dent phosphotransferase transport system (PEP-PTS) is th
most frequently used system by species belonging to theL. case
group. Both b-galactosidase andb-phosphogalactosidase are
found, however. HþATPase, responsible for adenosine
triphosphate (ATP) hydrolysis, which pumps proton out of the
cells, thereby establishing a proton motive force, is also found
and is overexpressed in acidic environments. In addition to
HþATPase, proteins involved in the carbohydrate metabolism
and the chaperone DnaK play a crucial role in the acid tolerance
response (ATR) of theL. caseigroup. The ATR involves such
mechanisms as (1) the modi� cation of the cytoplasmic
membrane fatty acid composition, (2) the induction of the
malolactic fermentation as a means to alkalinize the cytoplasm
and to generate ATP, and (3) the cytoplasmic accumulation o
histidine as a contribution for alkalinizing the cytoplasm.

Oxygen is used as an external electron acceptor: Pyruva
oxidase converts pyruvate into acetylphosphate, which, in turn
is converted, by acetate kinase, to acetate, thus increasing A
yield. When fermentable carbohydrates are absent,L. caseiuses
citrate as the energy source, producing lactic, formic, or acet
acids, CO2, and traces of acetoin–diacetyl and ethanol. The
uptake of citrate is inhibited by low concentrations of glucose.

Strains of theL. caseigroup isolated from various habitats
produce exopolysaccharides (EPS), resulting in mucoid, slimy
colonies. The production of EPS is a desirable trait in lactic acid
bacteria used as starters for fermented dairy products, becau
EPS improve the texture and the taste. Furthermore EPS faci
tate colonization of the GI tract by probiotic lactic acid bacteria.
EPS synthesized by strains of theL. caseigroup are usually
composed of glucose, rhamnose, galactose, and arabinos
Healthy effects, such as immune-suppressive properties, an
proliferative activities on human colon carcinoma cells, and the
capacity to reduce the cytotoxicity of some genotoxic agents
have been reported for some EPS synthesized by theL. case
group.

The proteolytic enzymes of a number of strains from the
L. caseigroup have been puri� ed and characterized, and also
with respect to their involvement in cheese ripening. Although
not as proteolytic as Lactobacillus helveticus, most strains of
L. paracaseiand L. rhamnosushave at least one cell envelope
associated, serine-type proteinase. Speci� city on casein and
oligopeptides is strain dependent. The proteinases from both
L. paracaseiand L. rhamnosusare less inhibited by cheese
conditions, such as the presence of salt and moderately low pH
than proteinases ofLactococcus lactis. The proteinase activity is
generally weaker than peptidase activity. A large number o
peptidases (e.g., speci� c and general aminopeptidases, dipep-
tidases, tripeptidases, and endopeptidases) from theL. casei
group have been characterized. The peptidase speci� city type
and activities are strain dependent and the enzymes are mainl
located intracellularly. The combined activity of proteinase and
peptidase releases free amino acids (FAA). In case of food item
subjected to long-time ripening (e.g., sausages, cheeses), F
are catabolyzed into compounds (e.g., aldehydes, ketones
alcohols, low-molecular-weight sulfur compounds) that, in
turn, markedly affect the sensory properties of foods. Strains o
the L. caseigroup possess several enzymes, which are spec� -
cally involved in the catabolism of FAA.

The presence of esterases and lipases has been reported
strains belonging to the L. caseigroup. Esterases hydrolyze
short-chain (from C3 to C8, depending on the speci� city of the
enzyme) fatty esters, such as ethyl butanoate, whereas lipas
hydrolyze long-chain (�C10) acylglycerols. Esterases and
lipases of theL. caseigroup share two common characteristics
of homologous enzymes from other microorganisms: (1) They
contain a catalytic triad, composed of Ser, His, and Asp or Glu
and (2) they have a structural motif, G-X-S-X-G, at the active
site.L. caseiand related taxa are some of the strongest esterolyt
species among mesophilic lactobacilli. Lipase activity generall
decreases with increasing fatty acid chain length. The speci� city
of the lipases from the L. caseigroup is strain dependent. The
free fatty acids liberated by the action of esterases or lipases o
milk fat, give many dairy products their typical � avor charac-
teristics. Upon further breakdown of fatty acids, reactions with
other components of the ripening cheeses and fermented dairy
products, which may contribute to the formation of various
� avor components, are likely to occur.
Genetics and Bacteriophages

The complete genomes of� ve strains of L. caseihave been
sequenced so far and have been the subject of publication (se
Table 2). They are composed of one chromosome of about
3 Mbp and, except forL. caseiBL23 (a strain obtained in trying
to cureL. caseiATCC 393� ), one plasmid. The GþC content of
the chromosome ranges from 46.3 to 46.6%, whereas it is
lower (40.1–43.7%) in the plasmid. The genomes of BL23,
LC2W, and BD-II are nearly of the same size, which is 0.2 Mbp
larger than the other genomes. LC2W is able to synthesiz
several fractions of EPS from skim milk, and a 20.4 kbp gene
cluster, containing 17 genes involved in the regulation, poly-
merization, and chain length determination and export of the
EPS, was found in its genome. A cluster of genes encodin
bacteriocin biosynthetic proteins was identi� ed in strains ATCC
334, BL23, and Zhang, and it may provide them with some
competitive advantages under the gastrointestinal environ
ment. The University of Wisconsin–Madison and Danisco USA
Inc. have recently completed (but currently not yet published)
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Table 2 Heterologous gene expression inLactobacillus caseiand related taxa

Protein Origin Species Promoter

Xylose isomerase L. pentosus L. casei xylA
Catalase L. sake L. casei pGKV210 derived
Lysostaphin S. staphylolyticus L. casei
FDMV-b-gal FMDV-E. coli L. casei xylR
FDMV-a-amylase FMDV-L. amylovorous L. casei amyA,L-ldh
Chloramphenicol acetyltransferase pC194 L. casei xylA, xylR
Pyruvate decarboxylase Z. mobilis L. casei pGKV432 derived
Alcohol dehydrogenase Z. mobilis L. casei pGKV432 derived

Genera: L.,Lactobacillus; S.,Staphylococcus; E.,Escherichia, Z.,Zymomonas.
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the comparative genomic analysis of 17L. caseigenomes rep-
resenting strains isolated from dairy, vegetable, and human
sources, to identify the genomic features that contribute to
evolution and lifestyle adaptation of the speciesL. casei. The
comparative genomic analysis revealed that the� tness bene� t
in speci� c niches is likely provided through gene gain.
Conversely, the loss of unnecessary ancestral traits was es
cially pronounced in strains that show specialization for the
cheese environment, in which case gene decay likely results
enhanced � tness. For instance, conspicuous redundancy o
chromosome-encoded phosphotransferase system-relate
proteins (PTSs) in L. caseiZhang may offer bene� ts in the
transport and use of a large panel of carbon sources, wherea
a large-scale loss of genes coding for PTSs probably occurred
L. caseiATCC 334 during its evolution.

The chromosomal genomes of two strains (8700:2 and
ATCC 25302) of L. paracaseisubsp. paracaseihave been
sequenced, but they are not listed inTable 2 because some
information is still lacking.

The comparative genome analysis of the widely used pro
biotic strain L. rhamnosusGG with the similarly sized genome
Figure 2 High-resolution electron micrograph showing multiple pili oLact
upon permission by PNAS. Matti Kankainen, Lars Paulin, Soile Tynkky
Vesterlund, Antoni P. A. Hendrickx, Sarah Lebeer, Sigrid C. J. De Kee
Jarmo Ritari, Edward Alatalo, Riitta Korpela, Tiina Mattila-Sandholm,
Laakso, Anu Surakka, Airi Palva, Tuomas Salusjarvi, Petri Auvinen, an
pili containing a human mucus binding protein. PNAS 106 (40), 1719–1719
of strain L. rhamnosusLC705, exhibiting reduced binding to
mucus, revealed the presence of genes for three secreted LPXT
like pilins ( spaCBA) and a pilin-dedicated sortase, only found
in the GG strain. The essential role of one of these genes (SpaC)
for the mucus interaction of the GG strain was shown, and it
likely explains the ability of this strain to persist in the human
intestinal tract longer than LC705. The synthesis of the pilin
SpaC and the proven physical presence of cell wall-bound pili
(see Figure 2) are linked together, and the presence of pili
reveals a previously undescribed mechanism for the interaction
of selected probiotic lactobacilli with host tissues.

Compared with other sequenced intestinal lactobacilli, the
genome ofL. rhamnosusATCC 53103 contains a relatively high
number of genes coding for proteins involved in the carbohy-
drate and amino acid metabolism, and transport and defense
mechanisms. Furthermore, this organism carries 22 multidrug
ATP Binding Cassette (ABC) transporters, 8 antimicrobia
peptide ABC transporters, and 7 beta-lactamases, suggesting
broad range of antibiotic resistance. Six carbohydrate utiliza
tion gene clusters, which contain the genes for PTSs, glycosid
hydrolases, transcriptional regulators, and other carbohydrate
fobacillus rhamnosusGG (Bar: 200 nm). This picture has been reproduced
nen, Ingemar von Ossowski, Justus Reunanen, Pasi Partanen, Reetta Satokari, Satu
rsmaecker, Jos Vanderleyden, Tuula Hamalainen, Suvi Laukkanen, Noora Salovuori,
Anna Lassig, Katja Hatakka, Katri T. Kinnunen, Heli Karjalainen, Maija Saxelin, Kati
d Willem M. de Vos. 2009. Comparative genomic analysis ofL. rhamnosusGG reveals
38.
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related proteins, are present inL. rhamnosusATCC 53103 but
are absent in its closely related strainL. caseiATCC 334. These
genes speci� c to L. rhamnosusATCC 53103 may re� ect niche
differences betweenL. rhamnosusATCC 53103 (a human
isolate) and L. caseiATCC 334 (a cheese isolate), suggestin
that L. rhamnosusATCC 53103 may have newly acquired these
carbohydrate utilization proteins to adapt to the human
gastrointestinal tract.

Prophages are genetic elements often encountered in strain
belonging to the L. caseigroup, and lysogeny – that is, the
release of prophages– is widely spread in L. caseiand
L. paracaseistrains. Virulent phages can arise from prophages
particularly when the lysogeny module is inactivated, and
thus can alter the quality of fermented products or delay
manufacturing processes. J1 and PL1 were the� rst two phages
infecting a strain belonging to the L. caseigroup (L. caseiShir-
ota). Both were isolated in Japan in 1965 and 1967, respec
tively. Phage J1 caused an abnormal fermentation of the
Yakult� beverage (fermented from skim milk). A2, phiAT3, and
Lc-Nu are theL. caseigroup phages for which the complete
genome is available. Phage A2 was isolated in Spain from
a whey sample of a failed “Gamonedo,” a homemade blue
cheese manufactured usingL. caseiATCC 393� . Virulent phage
Lc-Nu was isolated from a whey sample coming from a Finnish
cheese plant and can infect an industrial probioticL. rhamnosus
strain. SeveralL. rhamnosusstrains contain a number of phage-
related DNA sequences, although Lc-Nu cannot integrate with
any of them. The study of L. caseiphages allowed for the
development of genetic tools. The characterization of the
integrase gene and the attachment site attP of theL. caseiphages
A2 and phiAT3 has led to the construction of a site-speci� c
vector, which was integrated into the chromosome of
L. rhamnosusstrains. Furthermore, the analysis of the DNA
replication module of the L. casei phage A2 led to the
construction of a vector containing the replication origin (ori)
of A2. The presence of the vector inL. caseistrains confers
partial resistance to phage A2, through the origin-derived phage
encoded resistance (PER) system.
s
-

-

Application in Food Fermentations

L. caseiis frequently encountered in food ecosystems, such a
raw milk, cheese, fermented milk, fresh and fermented vege
tables, raw meat, and cured meat products.L. caseiis favored or
deliberately added to enhance the quality of foodstuffs and to
promote human and animal health.
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Cheeses

Strains of the L. caseigroup, notably either L. paracaseior
L. rhamnosus, are found in cheese either as a contaminant or a
added adjunct cultures. The sources of contaminations are raw
milk (wherein lactobacilli are present at a cell density ranging
from 1 to 3 log cfu ml � 1), pasteurized milk, and cheese factory
environments. The presence of lactobacilli in cheeses mad
from pasteurized milk will depend on the heat sensitivity of the
strains present and any postpasteurization contamination.
L. paracaseisubsp. toleranswill survive pasteurization but has
not been commonly isolated from cheese. The heat resistanc
of L. paracaseiand L. rhamnosusis strain dependent. For
instance, regarding strains ofL. paracasei, the D-value (time for
a log reduction in numbers) at 72 � C varies from less than 0.2 s
to more than 5 s.

Strains of the L. caseigroup are often among the most
dominant strains of the nonstarter lactic acid bacteria (NSLAB)
During cheese ripening, their cell density increases up to
7–8 log cfu g� 1, given suf� cient time and a suitable ripening
temperature. The temperature of ripening is the variable tha
most in� uences the growth rate of theL. caseigroup in cheese,
with the minimum growth temperature varying between
strains. Many strains of L. paracaseiwill grow at 4 � C, but
L. rhamnosususually will be outgrown below 10 � C. Although
the effect of salt level on the growth rate of theL. caseigroup is
strain dependent, the growth rates of many strains are no
affected by 4–6% salt in moisture. On the contrary, such levels
signi� cantly slow the growth of other NSLAB. During cheese
ripening, lactobacilli can grow on various substrates, such a
the following: residual lactose, lactate, oligosaccharides, citrate
protein breakdown products, lipids and their breakdown
products, sugars in the milk fat globule membrane, and various
component of lyzed microbial cells (e.g., lactic acid bacteria
used as cheese starters).

Strains of theL. caseigroup variously in� uence the quality of
the cheese because of their metabolic activities or enzyme
released outside the cell. Some strains contribute either pos
tively or very little to � avor, whereas some others produce
undesirable effects. As the ripening time increases, however, th
ripening effects from NSLAB generally become more signi� cant
than those from starter lactic acid bacteria. Improved chees
� avor is usually accompanied by altered proteolysis, leading to
higher concentrations of amino acids and small peptides and
changes in the peptide pro� le. During ripening, strains of the
L. caseigroup can metabolize a wide range of amino acids.
For instance, methionine, leucine, and aspartic acid can b
converted into methanethiol (a low-molecular-weight sulfur
molecule), 3-methylbutanoic acid (and its corresponding
alcohol and aldehyde), and diacetyl, respectively, and all of
these compounds positively affect the � avor of cheese.
Furthermore, some strains of the L. casei group possess
a glutamate dehydrogenase (GDH), which is responsible for
the conversion of glutamate into a-ketoglutarate. Because this
ketoacid serves as the amino group acceptor during trans
amination, the production of this compound is considered the
rate-limiting step for the formation of cheese � avor during
ripening. Strains of the L. caseigroup also may contribute to
cheese � avor by means of their lipolytic and esterolytic
enzymes, leading to the formation of short-chain fatty acids
and fruity esters.

Conversely, some defects of cheese may be attributed to th
metabolic activities of certain NSLAB. Some strains having a
imbalance in their proteolytic system, produce a bitter defect in
the cheese. Moreover, a number of strains possess enzymes th
act on aromatic amino acids, producing compounds that, upon
subsequent chemical degradation to indole and skatole, impart
off-� avors to cheeses. Some strains have decarboxylases t
have the potential to produce biogenic amines from amino
acids, such as histidine and tyrosine. Biogenic amines are no
detrimental to cheese� avor, but they are potentially toxic, and
therefore their presence in cheese at a total concentratio
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higher than 900 mg kg� 1 is undesirable for safety reasons. In
addition, some strains of L. paracaseiand all strains of
L. rhamnosusmetabolize citrate if sugars are also present, an
the CO2 formed in cheese may contribute to an undesired open
texture. Some strains ofL. paracaseiare able to racemize lactate
When this reaction occurs in nonwashed cheeses, such
cheddar, lactate crystal problems can occur.

Because the overall contribution to� avor by the contami-
nating lactobacilli is dif � cult to control as a result of the
random nature of the dominant strains, selected strains from
the L. caseigroup may be added to cheese milk (initial usual cell
density of 4–6 log cfu ml� 1) as adjuncts. These adjunct strains
do not contribute signi� cantly to acid production, but they
normally will grow in the ripening curd to high numbers and
maintain high numbers for sustained periods. Provided the
adjunct strains are matched to the cheese type and the curd
manufactured under good hygienic conditions with low initial
NSLAB densities, the adjunct cultures likely will dominate the
adventitious NSLAB population during cheese ripening. In
such ripening curd, the adjuncts can provide controlled or
accelerated ripening or can produce speci� c � avors. Some
adjunct strains are added to produce bacteriocins in the chees
which will prevent the growth of undesirable organisms, such
as clostridia, other lactobacilli, or pathogens. Adjuncts also can
be added as inactivated (attenuated, usually by heat shock
freeze shock, spray-drying, freeze-drying, or sonication
cultures that usually grow poorly but are a source of enzymes in
the cheese.
w

ts
Fermented Milk Beverages

Strains of theL. caseigroup have been isolated from traditional
cultured milks produced in different countries, including
Indonesian dadih, Indian dahi, Ethiopian ititu, and Kenyan
maziwa lala. L. rhamnosusand L. paracaseican be added to fer-
mented milks for their health features as they generally do not
rapidly acidify milk. The commercial probiotic fermented milk
Yakult� may contain high cell density of L. caseiShirota. Pro-
biotic strains of L. caseiare used in addition to L. acidophilusand
bi� dobacteria in the so-called ABC yoghurt.
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Food and Beverages of Vegetable Origin

L. caseioccurs at low cell numbers as an epiphyte on severa
vegetable crops. It is the species responsible for acidi�cation,
and along with Rhizopus oligosporus, yeasts, and other bacteria, i
contributes to the fermentation of soybeans into ‘tempeh.’ In
soymilk, L. caseiis a suitable starter for its proteolytic activity.
When associated withKluyveromyces fragilis, it produces more
acid in a short time. Soybean and peanut milk with added
glucose are fermented with a mixed population of endogenous
lactic acid bacteria, including strains of theL. caseigroup.
Strains of L. paracaseihave been isolated from olive fermenta-
tions and may be successfully used as starters for steering t
fermentation of these fruits usually submerged in slightly salted
water.

Ready-to-use raw fresh vegetables, which are washed, slice
chopped, or grated and usually packaged in semipermeabl
polyethylene � lms and stored at low temperatures, may suffer
from contamination by spoilage or pathogenic bacteria. Strains
of the L. caseigroup can be used as protective cultures to
produce hygienically safe ready-to-eat mixed salads, becau
they compete with undesired microorganisms for space and
nutrients or they avoid them to grow through the synthesis of
various antimicrobial compounds, such as organic acids and
bacteriocins.

Strains of theL. caseigroup are occasionally isolated from
rye and wheat sourdoughs used as starters for leavened bake
goods. Along with other lactobacilli, they acidify the dough and
produce compounds that, directly (e.g., lactic acid) or indirectly
(e.g., peptides and most of FAA), affect the sensory propertie
of the baked goods. Cereal-based (e.g., whole wheat, ric
maize � ours) fermented beverages show improved sensor
quality when L. caseiis used as starter.

Because certain strains of theL. caseigroup are tolerant to
acid and alcohol and may degrade malic acid toL(þ)-lactic
acid, they may be used as starters for the malolactic fermenta
tion in winemaking. This fermentation often is required to
improve the stability and � avor of wine.
Meat

Although L. caseiis not a typical inhabitant of meat products, it
has been isolated from or deliberately used in refrigerated mea
stored under vacuum or modi� ed atmospheres and in fer-
mented sausages. Strains of theL. caseigroup isolated from dry
sausages contribute to the acidi� cation and proteolytic activi-
ties during ripening. They also may protect dry cured sausag
and ground beef against contamination by Listeria mono-
cytogenes, Staphylococcus aureus, and a wide range of Gram-
negative bacteria. Increased levels of CO2 in the atmosphere
cause a selective pressure on the endogenous microbiota of ra
meat, which favors lactic acid bacteria, occasionally including
the L. caseistrains that contribute to product safety.
Food Spoilage

Besides being protechnological microorganisms,L. caseialso
can play a role in the spoilage of processed food. Some defec
in cheese may be caused by strains of theL. caseigroup, as
described previously. In the case of underprocessing or leakag
of food preserves, juices, and juice-based beverages,L. casei
occasionally grows and causes formation of slime, gas, off-� a-
vors, turbidity, and changes in acidity. High values of cell
density of slime-producing strains ofL. paracaseisubsp.tolerans,
which withstand pasteurization, can produce ropiness in milk.
The occasional growth ofL. caseiin beer causes a silky turbidity
accompanied by acidity and off-� avors resulting from the
presence of diacetyl. Strains of theL. caseigroup are responsible
for an undesired red coloration of fermented products, such as
dill pickles (made from cucumber). Presumably, the red color
deposited on the dill pickles is a product of the utilization by
these strains of tartrazine, an azo dye used as a yellow coloring
Probiotics

Foods, such as fermented milks, cheeses (especially chedda
cured meat products, fruits, and vegetables, have been studie
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Table 3 Main characteristics ofLactobacillus caseivirulent phages

Characteristics Phage J1 Phage PL1

Host L. caseiShirota ATCC 27092 L. caseiShirota ATCC 27092,L. caseiShirota mutanta

Nucleic acid type Double-stranded DNA, linear cohesive ends Double-stranded DNA, mostly linear cohesive ends
Molecular weight 24.4� 108 25:3 � 108

Gþ C% 45–48 46� 47� 2
Isometric head diameter 55 nm 56 nm and 69 nm
Noncontractile tail 290� 10 nm 276� 10� 12 nm; 282� 10� 12 nm
Fiber – 50 nm and 60 nm
Bacterial receptor Membrane boundD-galactosamine, cell wall rhamnose Cell wallL-rhamnose andD-glucose
Adsorption inhibitors L-Rhamnose,D-Galactose L-Rhamnose

aDerived strain resistant to J1 phage.

Reproduced by permission of Vescovo et al., 1995. Ann. Microniol. Enzimol. 45, 51–83.
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as carriers of probiotics. Because dairy products are not targete
for some consumers, because of their allergens and cholester
content, demand is increasing for non-dairy-based probiotic
foods. Fruit and vegetable matrixes are the ideal substrates fo
the culture of probiotics, because they already contain bene� -
cial nutrients. Because of the acidity of most of these matrixes
however, the survival of probiotics represents an issue.

TheL. caseigroup includes several probiotic bacteria. One of
the most studied probiotic microorganisms of the group is
L. caseiShirota (LcS). When it is used to manufacture Yakult� , it
shows not only a high survival rate during manufacture and
storage but also a strong resistance to gastric and bile acid. Lc
containing fermented milk consumption improves defecation
frequency and stool features regardless of symptoms, such
constipation or loose stools, with viable LcS being detected in
stools at signi� cant levels. It has been shown that fermented
milk containing LcS is useful for the treatment of slow-transit
constipation, as it effectively increases gut motility and, conse
quently, effectively shortens colonic transit time. Two reasons
can be assumed for this increased gut motility: (1) The
consumption of LcS results in increased bacterial cell mas
hence it increases stool weight, and thereby the intestinal wall is
dilated and peristalsis is stimulated; and (2) the consumption of
LcS may lead to the formation of short-chain fatty acids (e.g.
acetate, butyrate, propionate, lactate) in the colon. As demon
strated in in vitro and animal studies, these short-chain fatty
acids are capable of stimulating motility in the ileum and colon.

Some probiotic strains of the L. caseigroup decrease the
secretion of proin� ammatory cytokines. In� ammatory bowel
diseases (IBD), including Crohn’s disease and ulcerative colitis
are characterized by chronic and relapsed in� ammation of the
gut, and they are believed to result from an abnormal immune
response against normal gut microbiota. Disruption of the
intestinal epithelial barrier, manifested by an increase in
intestinal permeability to luminal antigens (including patho-
gens), which in turn promotes intestinal in� ammation, plays
an important role in the pathogenesis of IBD. Proin� ammatory
cytokines tumor necrosis factor (TNF)-a and interferon-gamma
(IFN-g) induce epithelial barrier dysfunctions in intestinal
epithelial cells (IECs). Anin vitro study on human Caco2 cells
showed thatL. caseiDN-114 001 is able to reverse dysfunctions
of intestinal epithelial barrier through upregulation of anti-
in� ammatory cytokines, including interleukin (IL)-10 and
tumor growth factor (TGF)-b. Accordingly, feeding colitic mice
with L. rhamnosusST11 caused a signi� cant reduction of
mucosal proin� ammatory cytokines expression. Similarly,
a study on colitic mice fed with a whey-cultured L. casei
demonstrated the ef�cacy of the probiotic in ameliorating both
biochemical (e.g., TNF-a) and histopathological markers of
colitis. On the basis of these� ndings, strains of the L. casei
group are proposed for the prevention or the treatment of IBD.

Overall, the probiotic strains of the L. caseigroup may be
bene� cial to different health aspects. Some of the most recen
studies of the probiotic traits of the L. caseigroup are listed in
Table 3, but this list is not exhaustive.

In addition to the proposed mechanisms by which
probiotic species are believed to elicit a bene� cial effect, some
probiotics may strongly affect the gut microbiome. Some
strains of the L. caseigroup (e.g., L. caseiATCC 393� and
L. rhamnosusGG) appear to elicit a strong effect on gut com-
munity composition. Daily administration of L. rhamnosusGG
(LGG) to 6-month-old infants resulted in a profound shift of
gut microbiome. Stools from LGG-fed and from placebo-fed
infants were analyzed by culture-independent methods. Anal-
ysis of the phylogenetic differences of samples with high LGG
revealed that the relative abundance of a large number of mi
crobial taxa increased. These included species belonging
Lactobacillaceaeand Bi� dobacteriaceae, in addition to species
that, through their secondary metabolite production, could
conceivably affect the composition of the gut consortium.
See also:Bacteria:Classi� cation of the Bacteria– Phylogenetic
Approach;Bacteriocins:Potential in Food Preservation;
Cheese:Microbiology of Cheesemaking and Maturation;
Fermented Vegetable Products;Fermented Milks:Range of
Products; Genetic Engineering;Lactobacillus: Introduction;
Microbiota of the Intestine:The Natural Micro� ora of Humans;
Probiotic Bacteria:Detection and Estimation in Fermented a
Nonfermented Dairy Products;Spoilage Problems:Problems
Caused by Bacteria.
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International Journal of Food Microbiology 149, 194–208.
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Characteristics

Members of theLactococcusgenus are Gram-positive cocci tha
can, depending on growth conditions, appear ovoid and
typically are 0.5–1.5 mm in size. They do not form spores and
they are not motile. Lactococcusspecies grow in pairs or in
short chains and unlike many members of theStreptococcu
genus, these organisms do not grow in long chains. They hav
a fermentative metabolism, and as expected for lactic aci
bacteria, they produce copious amounts of lactic acid. The
have complicated nutritional requirements and are auxotro-
phic for a number of amino acids and vitamins. Their
optimum growth temperature is 30 � C, and they can grow at
temperatures as low as 10� C but not at 45 � C. They also
cannot grow in 0.5% NaCl. Both of their maximum growth
temperature and their failure to tolerate salt are somewha
diagnostic of this genus as compared with closely related
members of theStreptococcusgenus, most notablyStreptococcu
thermophilus. The lactococci are usually members of the Lan
ce� eld serological Group N. Although serotyping historically
was used for taxonomic purposes, it is now less important
except to identify potentially pathogenic streptococci. Lactic
acid bacteria have as a common feature– that is, the ability to
produce lactic acid as a major end product of their fermen-
tation of hexoses. Beyond that, lactic acid bacteria diverge int
a wide array of microorganisms that have few other common
features. Initial classi� cation schemes as proposed by Orla
Jensen have proven relatively accurate even in the face
challenges raised by the advent of molecular classi� cation
methods.

The genusLactococcusis relatively new and most members of
this genus previously belonged to the generaStreptococcusand
Lactobacillus. In 1985, Schleifer et al. proposed the genusLac-
tococcusand included the species formerly known asStrepto-
coccus lactis, Streptococcus raf� nolactis, Lactobacillus hordniae, and
Lactobacillus xylosus. The fact that the latter two species formerly
were classi� ed within the genus Lactobacillusis curious and
suggests that the pleomorphic nature of these organisms ca
cyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
confound classi� cation based on cell shape. The forme
L. xylosushas in fact been reclassi� ed to Lactococcus lactissubsp.
lactis, with the single distinguishing characteristic being the
ability of the former L. xylosusto metabolize xylose, whereas
most strains ofL. lactissubsp.lactisfail to metabolize that sugar.
Reclassi� cation was on the basis of cell wall structure, fatty acid
composition, and menaquinone composition. In addition to
the lactococci, other ‘new’ genera, including Vagococcusand
Enterococcus, were established.

The characteristics that distinguish the lactococci from othe
lactic acid bacteria, including former members of theStrepto-
coccusgenus, include pH, salt, and temperature tolerances fo
growth. Whereas some lactic acid bacteria produceD-lactic acid,
L-lactic acid, and a combination of D and L, the lactococci
produce only L-lactic acid. The other characteristics are pre
sented in Table 1.

The genusLactococcushas � ve major species. They can b
distinguished by their ability to grow above 40 � C and at>4%
sodium chloride. In addition, they differ in their ability to
produce acid from sugars, including lactose, mannitol, and
raf� nose. The ability to ferment lactose is an important char-
acteristic, especially for those species used to produce dai
products. Speci� c tests to distinguish among the various
Lactococcusspecies are shown inTable 2.

These various tests can help to distinguish among the
various lactococcal species, but they do not give unequivoca
results. Therefore, the use of 16S and 23S rRNA sequences
becoming the method of choice for taxonomic purposes. In
fact, rRNA and immunological analyses of superoxide dis-
mutase have been used to justify the establishment of the
Lactococcusspecies. Below the species level, other nucle
acid–based methods, including ribotyping and random-
ampli � ed polymorphic DNA, have been employed. The latter,
although potentially more discriminatory in terms of being
able to separate out individual strains, is dif� cult to perform on
a routine basis. The former is less discriminatory; however
automated instrumentation-based methods are available and
databases are being established.
78-0-12-384730-0.00181-6 439
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Table 1 Characteristics for discrimination of lactic acid bacteria

Character Carnobacterium Lactobacillus Aerococcus Enterococcus
Lactocococcus/
Vagnococcus

Leuconostoc/
Oenococcus Pediococcus Streptococcus Tetragenococcus Weissella

Tetrad formation � � þ � � � þ � þ �
CO2 from glucose � � � � � þ � � � þ
Growth at 10� C þ � þ þ þ þ � � þ þ
Growth at 45� C � � � þ � � � � � �
Growth at 6.5% NaCl ND � þ þ � � � � þ �
Growth at 18% NaCl � � � � � � � � þ �
Growth at pH 4.4 Ns � � þ � � þ � � �
Growth at pH 9.6 � � þ þ � � � � þ �
Lactic acid L D, L, DL L L L L L, DL L L D, DL

Table 2 Speciation tests forLactococcus

Test L. garvieae L. lactissubsp.cremoris L. lactissubsp.hordniae L. lactissubsp.lactis L. piscium L. plantarum L. raf� nolactis

Growth at 40� C þ � � (þ ) � � �
Growth with 4% NaCl þ � � þ ND þ �
Arginine hydrolysis þ � þ þ � � (� )
Acid from lactose þ þ � þ þ � þ
Acid from mannitol (þ ) � � (� ) þ þ ND
Acid from raf� nose � � � � þ � þ
Pyrrolidonyarylamidase þ � � (� ) ND � �
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Genomics

The genome ofL. lactissubsp.cremorisand L. lactissubsp.lactis
have been determined in their entirety. The genome is
approximately 2.7 Mbp and reveals the presence of genes tha
should allow the organism to be transformed by DNA. Some
genes appear to have originated from Gram-negative bacteri
suggesting horizontal gene transfer.
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Importance to the Food Industry

Lactococci typically are used for the production of dairy prod-
ucts. Within the speciesL. lactis, two subspeciesL. lactissubsp.
lactisand cremorisare the most widely encountered, being used
for dairy fermentations. In contrast, a third subspecies,L. lactis
subsp. hordniae, is not employed commonly for industrial
fermentations.Lactococcus lactissubsp.lactisand subsp.cremoris
are mesophilic starters, and their role in the fermentation is
primarily to produce lactic acid. They utilize less than 0.5% of
the lactose in milk during a typical fermentation and are not as
acid resistant as other lactic acid bacteria (e.g.,Lactobacillus).
The lactococci all produceL(þ)-lactic acid as a primary end
product, although one L. lactissubsp. lactisbiovar diacetylactis
produces a mixture of lactic acids as well as acetaldehyd
diacetyl, and acetoin. The latter strain ferments citrate.

Lactococci are employed either as single strain starters or
part of a multiple-strain starter mix. The latter mixture can
consist of different strains from a single species, or multiple
strains of different species. The lactococci frequently are used
starters in combination with other lactic acid bacteria,
including Lactobacillus and Streptococcus. Starter cultures
ferment sugars to produce lactic acid, which serves to acidif
the product and preserve it as well as impart� avor. They also
hydrolyze proteins, altering the texture of the product and
again affecting the taste. To a limited extent,Lactococcu
species– with the exception of L. lactis subsp. lactis biovar
diacetylactis– impart � avor because of the production of certain
organic acids. Finally, starters can help to preserve the produ
by the production of bacteriocins in addition to lactic acid. Of
these bacteriocins, the most studied is nisin, whose genetic
of biosynthesis and host resistance have been studie
extensively.

These lactic acid bacteria have been suggested as poten
hosts for the production of heterologous proteins and as vaccine
carriers. The interest inLactococcusfor these purposes stems from
their current acceptance as starter cultures and coproductio
capabilities along with dairy product manufacture.

See also:Lactobacillus:Introduction;Lactococcus:
Lactococcus lactisSubspecieslactisandcremoris; Milk and
Milk Products:Microbiology of Liquid Milk;Streptococcus:
Introduction;Streptococcus thermophilus.
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Table 1 Main features that characterizeLactococcus lactissubsp.
Introduction

The genusLactococcuswas proposed in 1985 by Schleifer et al.
to reclassify the formerStreptococcusspecies belonging to the
Lance�eld serological group N. This reclassi�cation was based
on nucleic acid hybridization and immunological relation-
ships of superoxide dismutase. It led to the proposal of�ve
species inside the genusLactococcusand was con�rmed by
many experiments thereafter:Lactococcus plantarum, Lc. garv
Lc. piscium, Lc. raf�nolactis, and Lc. lactis. Lactococcus lact
includes three subspecies,lactis, cremoris, and hordniae. This
last subspecies comes from the formerLactobacillus hordnia.
The former Streptococcus lactissubsp. diacetylactiswas reclassi-
�ed as a biovariant of thelactissubspecies, because it is mainly
differentiated from the parent strain by its ability to trans-
locate citrate inside the cell via a citrate permease. This apt
tude is encoded on a plasmid (pCRL1127) of 8277 bp. This
chapter later focuses on only theLc. lactissusbp.lactis, Lc. lactis
subsp. cremoris, and Lc. lactissubsp. lactisbiovar. diacetylactis
(thereafter simply designed asLc. diacetylactis).

Lactococcus lactishas been studied extensively until now as
a technological bacterium used to produce fermented foods
This is a common starter used to make soft cheeses, Chedda
type cheeses, and many fermented milks throughout the world.
It is now dedicated to other uses, as probiotic or live vectors in
relation to the development of new vaccines. Many articles
have been written on Lc. lactis, its genome, its physiological
functions, and its technological uses. This bacterium still is
studied as lab model worldwide. For example, between 2003
and 2011, 294–411 articles were produced each year (mean
373 articles per year).
.

r

lactisandLc. lactissubsp.cremoris

Lc. lactissubsp.
lactis

Lc. lactissubsp.
cremoris

Size (Mb)a 2.53 2.37
Total GC%a 35.8 35.4
Nr. Phage genesa z 200 293
Phage DNAa 134 293
IS elementsa 92 52

Mobility � �
NaCl 4% þ �
Growth at 10� C þ þ
Growth at 40� C þ �
Lactic acid isomer L(þ ) L(þ )
Esculin þ Variable
Arginine dihydrolase þ �
b-gentiobiose þ �
Maltose þ �
Ribose þ �
Salicin þ �
Thréalose þ �

þ : positive,� : negative.
aThese data correspond to the strainsLc. lactissubsp.lactisIL1403 etLc. lactis
subsp.cremorisMG1363.
General Information

Bacteria belonging to theLc. lactisspecies are Gram-positive
cells of spherical shape, disposed in chains of variable length
The recent publication of the complete genome ofLc. lactis
subsp.lactisIL1403 and Lc. lactissubsp.cremorisMG1363 and
SK11 allowed for the characterization of each bacterium on
genetic speci�cities supplementing the physiological knowl-
edge. Their total GC% is close to 35%, namely, 35.8% fo
MG1363 and 35.4% for IL1403. They are considered as
homofermentative, the �nal product of their carbon metab-
olism being L-lactic acid. Some authors, however, have
indicated that Lc. lactisIL1403 also is able to produce a cyto-
chrome oxidase, implying a potential respiratory metabolism.
This supposes the introduction of a source of heme in
the culture medium, which seems to increase the biomass
yield.

Lactococcus lactiscan grow between 12 and 40� C, even if the
optimum temperature is generally close to 30� C. Some strains
have the ability to grow below 10 � C and following the culture
medium used, they are able to survive to sublethal treatments
442 Encyclopedia of Food
(50 � C and over). For instance, the behavior of 18Lc. lactis
strains was studied under a thermal gradient (maximum: 54� C
for few minutes), imitating a cheesemaking gradient. A grea
diversity of strain behaviors were observed for heat resistance
the loss of cultivability, and the regrowth after heating.

These bacteria do not tolerate high salt concentrations
generally being unable to grow above 6.5%.Table 1 summa-
rizes some of the speci�c traits that characterizeLc. lactissubsp.
lactis, and Lc. lactissubsp.cremoris.
Ecological Considerations

Lactococcus lactismainly originates from fresh vegetables, fruits,
and even roots or cereals, but it also can come from the anima
skin. As such, it can be found frequently as natural starters in
many fermented food products. For instance, many researc
works report that the Lc. lactispopulation represents a part of
the lactic acid bacteria population involved in the making of
cassava-derived food products made in Africa, such as sou
starches. In 1994, Salama et al. published the results ofLacto-
coccusisolations from different vegetables or dairy products
around the world. They con�rmed the plant origin of Lc. lactis
subsp. lactisand a dairy source for the biovariantdiacetylactis.
They also noticed a dairy origin ofLc. lactissubsp.cremoris. In
2002, Kelly and Ward stated that on the basis of 500Lc. lactis
isolates analyzed, the two subspecies could be shared amon
�ve different groups following their phenotypic and their
genotypic af�liation. For these authors, the two subspecies are
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00182-8
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distributed widely throughout different habitats, with some
phenotypes (and in particular the cremorisphenotype) being
dif � cult to observe.

In the dairy environment, Lc. lactissubsp.lactisand Lc. lactis
subsp.cremorisresult essentially from a contamination during
milking. The � uxes of contaminations currently are unknown.
It has been postulated that the bio� lms settled in the milking
machine and the milk pipes could be considered as one of the
main sources of wild lactococci. To argue in favor of this
hypothesis, the lactococcal population was followed during 12
consecutive days in raw cow milk. From days 1–6, Lc. cremoris
(exhibiting a lactisphenotype) dominated over the subspecies
lactis, and the contrary was observed thereafter. The settleme
of one population over many days pleaded in favor of a bio� lm
contamination. The presence ofLc. cremorisstrains exhibited
a lactis phenotype enforced in the proposal of Salama et al.
(1994) that lactococci are able to exchange genetic information
via transducing phages. It is noteworthy that the composition
of the wild Lc. lactispopulation present in raw milk can vary
qualitatively and quantitatively following the location (farm,
region) and the season.

Ecological considerations are complex becauseLc. lactis
subsp. lactisand Lc. lactissubsp.cremoriscan exchange genetic
materials.
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Health, Disease, and Safety

Lactococcus lactisis not b-hemolytic and can be considered to be
a harmless germ (generally recognized as safe (GRAS
Nevertheless, few cases of human infections (blood and urinary
tract, eye, systemic infections, endocarditis) have been repo
ted. These pathologies frequently were observed on weakene
patients. They probably resulted from a bacterial translocation
from the digestive system inside the enterocytes. No death
have been reported, and an antibiotic treatment has been
suf� cient to eradicate the bacteria.Lc. lactissubsp.cremorishas
been implicated in the development of human canaliculitis in
association with the Gram-negative bacteria,Eikenella corroden.

According to many authors, Lc. lactisis sensitive to many
antibiotics, including amikacin, ampicillin, � rst-generation
cephalosporin, chloramphenicol, erythromycin, gentamicin,
imipenem, oxacillin, penicillin, pipericillin, sulphonamide,
tetracylcline, trimethoprim/sulfomethoxazole, and vancomy-
cin. These sensitivities are not absolute, however, and resi
tances increasingly are being noticed. The appearance of the
resistances depends on many reasons, the plasmid equipmen
being particularly relevant. For instance, Mills et al. (2006)
reported that Lc. lactissubsp. lactisK214 harbors a plasmid of
29 871 pb, which gives it the ability to resist chloramphenicol
(via a chloramphenicol acetyltransferase), streptomycin (via
a streptomycin adenyl tranferase), and tetracycline. A multiple
ef� ux gene also is encoded on this plasmid. Other plasmids
coding for multidrug transports have been found in Lactococcu
strains. It has been reported, for example,Lc. lactisproduces
two multidrug transports, LmrA and LmrP.

Transfers of antibiotic resistances among lactic acid bacter
are widespread. Genetic exchanges are frequent in the milk an
during the cheesemaking. These transfers imply conjugativ
mechanisms (for lactococci, the frequencies can be as high a
10� 2) or transposable elements, transformation, or trans-
duction. If transformation is a putative mechanism for Lc. lactis
that always is debated, then the presence of transposons ha
been proposed to explain its resistance, for example, to tetra
cycline, chloramphenicol, and vancomycin. Three insertion
sequence (IS) elements present in the plasmid involved in this
resistance are analogous to the IS1216 sequence present in t
Tn1546 transposon found in enterococci.
Taxonomy, Genetic, Genomic, Transcryptomic,
and Proteomic

Traditionally, the differentiation between the two subspecies–
lactisand cremoris– was based on phenotypic characteristic
(Table 1). As mentioned, however, this distinction has led to
misidenti � cations, with some isolates exhibiting the traits of
the lactissubspecies even though they proved to belong geno
typically to the cremorissubspecies. A lot of genotypic tech-
niques were so published, and most of them were based on the
polymerase chain reaction (PCR) principle: S-PCR, (GTG)5-
PCR, primers aiming at speci� c enzymatic activities (glutamate
decarboxylase, histidine operon), and so on. Thediacetylactis
biovariant is separated from the parent strain on its aptitude to
ferment citrate. As observed for IL1403, however, the citrat
lyase gene can be present and the plasmid of the citrat
permease is absent. In this case, the recovery of the plasmid b
Lc. lactis subsp. lactis can lead to a reclassi� cation as
Lc. diacetylactis.

For many years, the distinction between dairy and wild
strains has been omitted somewhat. Some publications
however, have reported that following technique use, the
phylogeny could change. For instance, using genetic (multi-locus
sequence typing (MLST)) and genomic (pulsed-� eld gel elec-
trophoresis (PFGE)) approaches, it appears more convenient t
distinguish the Lc. lactisstrains following their domestic (irre-
spective of their technological destination) or environmental
origin. This discrepancy of vision relies on the genome size ofLc.
lactisstrains, with dairy strains having a size smaller than envi-
ronmental strains. To be precise,Lc. lactissubsp. lactisexhibits
a 20% variation (between 2240 and 2688 kb) that could explain
this new vision. In a recent work, it was observed that repetitive
extragenic palindromic (REP) PCR, enterobacterial repetitiv
intergenic consensus (ERIC) PCR, and even plasmid pro� les
failed to discriminate Lc. lactissubsp.lactisfrom Lc. lactissubsp.
cremorisin the dominant micro � ora of natural whey starters. The
PFGE technique was the sole solution to separate clearly the tw
subspecies. These observations have been elsewhere con� rmed
by several research works, considering genotypic and phenotyp
aspects. In one of them, the authors showed that nondairyLc.
lactis strains possessed a number of genes higher than dai
strains. These genes corresponded to the degradation of comple
polymers present in the plant cell walls (xylan, arabican, glucans)
and to the defense or to the stress response of the bacteria.

All of the researchers who work onLc. lactisdo not neces-
sarily follow a genetic approach to separate the two subspecie
The following example is interesting to be reported: The
authors showed that the two subspecies could be differentiated
on their adaptive response to stress. When exposed to an ac
stress, for example, the sublethal and lethal pH levels wer
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respectively equal to 4.5 and 2.5 forLc. lactissubsp. lactisand
5.0 and 3.0 for Lc. lactissubsp.cremoris. Differences also were
noticed concerning the exposure to bile-salt or to a cold stress
Generally, the subspecieslactis seemed to be capable of
adapting to stresses, whereas forLc. lactissubsp. cremoris, no
adaptation was observed (or at low level). Another technique
can be used to separateLactococcusstrains based on their whole-
cell protein pattern. Unfortunately, if it is possible to distin-
guish strains at the species level, for instance,Lc. lactisfrom
Lc. garviae, this technique does not allow separating the two
subspecieslactis and cremoris. Moreover, whole-cell protein
patterns highly depend on cultural characteristics that suppose
a strict control of the experimental conditions.

To overcome the dif� culties to separate these two subspe
cies, two ways currently have been proposed. The� rst way is
based on polyphasic approaches, crossing phenotypic an
multiple genotypic techniques. This way is complex and
expensive and can be disappointing, if we consider the result
obtained compared with the tools used. Consequently, many
published works proposed new ways to studyLc. lactisin
relation to the development of new tools. Linked with the
arising concept of pangenomes (i.e., the genetic repertoire o
a given species), it was proposed to studyLc. lactisaccording to
genomic (and even metagenomics), proteomic, or trans-
cryptomic techniques. Genomic approaches, for instance, ar
based on the use of microarrays. The speci� c use of these new
tools to study Lc. lactishas arisen from the observation that the
genome of this bacterium is dynamic. Many rearrangements
may occur during growth, mediated in particular by IS element
exchanges. This can lead to rapid adaptations in a changin
environment.

To illustrate these works, some recent results are interestin
to present. For instance, some researchers followed the evol
tion of Lc. diacetylactisin a cheese matrix obtained after clotting
milk that had been � rst successively micro� ltered and ultra-
� ltered. The transcryptomic response of the strain (in terms o
RNA produced) was followed during the 7-day delay of
ripening. During the whole processing stage, the bacteria had to
cope with different stresses (temperature, oxidative, acidic
starvation) that were overlapped by multiple ef� cient strate-
gies, including for instance the maintenance of an active
proteolytic metabolism. Lactococcus lactisactivates a core
genome of around 2000 genes, with a portion of them being
aimed at the acidi� cation of the curd. In spite of a common
gene core gathered together, the speci� c response could change
from strain to strain, leading to differences in the acidi� cation
rate. The behavior of Lc. lactiswas also studied by trans-
cryptomic approaches to study the incidence of heating (38� C)
during Cheddar cheesemaking. As indicated, the stres
response, the proteolytic metabolism, and the carbohydrate
metabolism constituted the core gene expression whatever th
strain used. This led to adaptive responses, that is, a decrease
the cell division functions or an activation of some lytic phages.
Speci� c responses were observed from strain to strain, corre
sponding to speci� c activities (oxidative stress responses
activation of oligopeptides transporters).

Interestingly, these results partially cross-check and deepe
the former data obtained from the study of the Lc. lactispro-
teome. During the fermentation step,Lc. lactissynthesize more
than 200 different proteins, most of them being related to
important physiological functions (glycolysis, proteolysis, and
so on). Among these proteins, 20–30 proteins cannot be
associated with a known function.

All these genomic, proteomic, and transcryptomic works are
fundamental since they contribute to a better understanding of
the Lc. lactisevolution in the food matrices. In the near future,
this will allow for the selection of strains remarkably adapted to
their environment and for the development of new strategies to
improve the sensory quality of fermented food products.
Metabolism ofLc. lactis

Lactococcus lactisis considered to be a fermentative bacterium
even if genes of cytochrome oxidases are encoded on th
chromosome indicating a putative oxidative metabolism. The
fermentation of lactose was particularly studied sinceLc. lactis
is dedicated mainly to be used in a dairy environment. Lactose
gets into the cell following two ways, the permease system
and the phosphotransferase phosphoenolpyruvate-dependen
system (PTS). The� rst system combines the adenosine
triphosphate (ATP) hydrolyze, a proton potential creation
throughout the cytoplasmic membrane, and the transport of
the sugar inside the cell. The sugar is then phosphorylated. Th
second system is a translocating system, consisting of sever
proteins. The transfer of lactose is coupled with its phosphor-
ylation. Genes of the PTS system are encoded on a plasmi
From an energetic point of view, this second system is more
interesting for the bacterium since the molecule is phosphor-
ylated during its translocation and not thereafter. Inside the
cell, the destination of the sugars depends on the type o
sugar and the transport system used. Glucose integrates th
Embeden–Meyerhoff–Parnass pathway, whereas galactose ma
either follow the tagatose pathway (PTS system) or the Leloi
pathway (permease system). The lactose hydrolyze is made b
a b-galactosidase also encoded on a plasmid. The loss of th
plasmid does not lead to the impossibility of use of lactose by
the cell. It was observed in a natural whey starter that many
Lactococcusstrains did not have anyb-galactosidase activity; this
is balanced by the presence of another enzyme encoded i
the chromosome, the 6-phospho-b-galactosidase. The� nal
product that is excreted outside the cell isL-lactic acid. The use
of lactose is a metabolic advantage forLc. lactisstrains, which
give selectivity toward the milk environment. From an evolu-
tionary standpoint, it is postulated that the plasmid acquire-
ment by the cell is relatively recent and correlated to the
development of the dairy industry.

The concentration of citrate in milk is close to 8–9 mM, but
this molecule also can be found in some vegetables.Lactococcu
diacetylactiscan ferment citrate as well asLeuconostoc mesenteroï,
Enterococcus faecalis, or Lactobacillus plantarum. The citrate metab-
olismrelieson two signi� cant technological speci� cities.Citrate is
a carbon source usable by bacteria during the ripening of cheese
Moreover, citrate fermentation leads to the production of
diacetyl (2,3 butanedione), the typical aroma of fermented
milks, cheeses, yogurts, creams, and butters. Citrate is internalize
by means of a plasmidic citrate permease and is hydrolyzed
into acetate and oxaloacetate by a citrate lyase. This last enzym
is encoded inside the chromosome. Oxaloacetate is then
decarboxylated into pyruvate. Following the physicochemical



is

e-

f

,

.

,

e
-

he
-
),
-

s

r
to

y
ce

tis

e
as
ic

o
e

ll
is

e

,

e

,
t

,
f

LACTOCOCCUSj Lactococcus lactisSubspecieslactis and cremoris 445
environment (presence of oxygen, pH, etc.), pyruvate is� nally
transformed into acetoïn (95%) and diacetyl (5%). Diacetyl
gives two selective advantages for the cell. First, this compound
able to inhibit many bacteria – and among them many
pathogens – even if in dairy products the diacetyl rate never
exceeds 5 ppm. Second, at low pH, a lactose-citrate or glucos
citrate cometabolism is observed. It induces a proton ef� ux
allowing for the maintenance of the pH homeostasis and the
reduction of the organic acid toxicity.

The nitrogenous needs are variable among strains o
Lc. lactis. Lactococcus lactissubsp. lactis is an auxotroph for at
least six amino acids (arginine, histidine, isoleucine, leucine
methionine, valine) but differences can be noted from strain to
strain. The subspeciescremorisis more demanding, including at
least eight amino acids, in particular proline and asparagine
Amino acids are transported inside the cell by three potential
transport systems, one depending on the proton-motive force
the second on ATP hydrolysis, and the third on an antiport
system. These systems all depend on the use of energy.Lacto-
coccus lactiscan transfer oligopeptides inside the cell. Thes
transfers can be mediated by two types of transporters, PTR
carriers and ABC-carriers (ATP binding cassettes). Inside t
cells, peptides are broken by different peptidases: aminopep
tidases (PepN, PepA, PepC), proline peptidases (PepX, PepP
dipeptidases (PepD, PepV), tripeptidases (PepT), PepA (glu
tamyl-aminopeptidase), and endopeptidases (PepF, PepO).

In milk, the amino acid concentration does not allow for
the growth of Lc. lactisabove 8 log (cfu) ml� 1. To continue its
development, the bacterium has to use the caseins.Lactococcu
lactissubsp.lactishas the possibility to excrete an endoprotease
(PrtP), which is hanged on the bacterial cell wall. This enzyme
is encoded on a plasmid (pHP003, 13 433 pb). Two types of
PrtP have been characterized, PrtPI and PrtPIII, following thei
target (b or a caseins). The action of these enzymes can lead
the generation of small-size peptides (around � ve amino
acids), responsible for the appearance of bitter tastes in dair
products. The use of protease negative strains is a way to redu
the incidence of this defect. Frequently,Lc. lactissubsp.cremoris
strains do not have any extracellular proteolytic activity. They
can be considered to be nonbitter bacteria.

Among the other metabolic activities that can be reported,
some strains of Lc. lactisalso are able to produce homo-
polysaccharides and heteropolysaccharides.Lactococcus lac
have the possibility of releasing bacteriocins, for example, nisin
or lacticin 481, which can exert a lethal in� uence on associated
bacteria (other lactococci, lactobacilli) or undesired micro� ora
(Staphylococcus, Bacillus, Listeria).

Many metabolic and physiological functions are associated
with the presence of plasmids inside the cell. According to Mills
et al. (2006), Lc. lactismay include a vast range of plasmids. Thes
plasmids confer to the cell many selective advantages, such
metal and antibiotic resistances, phage resistance, proteolyt
activities, citrate utilization, b-galactosidase activity, and so on.
Growth Conditions in Milk, Culture Media

The growth of Lc. lactishas been extensively studied in milk.
The medium is not necessarily optimal to support the devel-
opment of this bacterium. Growth directly depends on its
ability to use lactose and amino acids from caseins. These tw
activities, as indicated, are encoded on plasmids. The lactos
concentration is suf� cient to reach a level higher than
9 log (cfu) ml � 1. Concerning the nitrogenous compounds,
nonprotein nitrogen allows for the growth of the cell pop-
ulation until 8.2 –8.3 log (cfu) ml � 1. Thereafter, the bacterium
has to use the amino acids from caseins. The release of sma
peptides as a consequence of the action of the PrtP, however,
too slow to maintain a growth rate as fast as during the� rst
period. A diauxie is then observed. Whereas the decrease of th
milk pH is weak during the � rst period (around a 0.2–0.3 pH
unit loss), it is more important thereafter ( �1.2 to �1.4 units).
This leads to the clotting of the milk. Lactococcus lactissubsp.
cremorisstrains frequently being unable to hydrolyze caseins
their growth in milk does not allow any clotting.

Even ifLc. lactisrequires many nutrients to develop, it is easy
to cultivate as pure strain. Many rich and nonselective media
are available to support its growth (M17, Elliker). In complex
media, such as raw milk, the speci� c nutrient requirements of
Lc. lactisfavor the growth of other microbial populations. And
undesired colonies frequently exhibit the same morphotypes.
Surprisingly, research work on culture media dedicated to its
speci�c enumeration is decades old (before 1980 for most of
them). The media that frequently are used to enumerate
Lc. lactis are M17 (agar or broth), Turner agar, modi� ed
Chalmers agar, fast slow differential agar (FSDA; this medium
allows for the discrimination between proteolytic and non-
proteolytic lactococci), plate count agar including bromocresol
purple (BCP), milk and nalidixic acid, and modi � ed Elliker
(Elliker medium in which thallium acetate and BCP are added).
To summarize this overview of the main media proposed to
estimate the cellular level of the lactococcal population in
complex media, despite the technological signi�cance of lac-
tococci, no selective medium is available that ascertains th
results obtained.
Roles ofLc. lactis in Technology

Lactococcus lactisis used essentially to produce fermented dairy
products. Fermented milks– for example, Ymeror Viili , two
products from Denmark and Finland, respectively – are
obtained from pasteurized milk seeded with a mix of strains,
namely Lc. diacetylactisand Lc. lactissubsp. cremoris. But, one
can citeDali as well, an Indian sour cow or buffalo milk made
with Lc. lactissubsp.lactisand other lactic acid bacteria strains.
But Lc. lactisis mainly dedicated to cheesemaking. Cheddar
most Dutch cheeses, Camembert, and farmhouse-made goa
milk cheeses are examples of cheeses made with a mix ofLac-
tococcusstrains.

The addition of Lactococcusto the milk designed to make
cheeses has different objectives. During draining or pressing
the development of the bacteria is associated with a release o
lactic acid, a diminution of the pH, and a lowering of redox
potential (below � 50 mV). This contributes to the draining of
the curd. In general, lactococci reduce the pH to reach a� nal
value ranging from 4.4 to 4.8, following their acid sensibility.
In addition, the colonization of the curd by a great deal of
bacteria (more than 8 log (cfu) g� 1 in a Camembert cheese) is
supposed to avoid any undesired microbial development.
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Finally, many lactococci strains, especially those from natura
environments, can produce inhibitory substances, such a
bacteriocins or antimicrobial molecules (diacetyl), which
contribute to the bioprotection of the cheeses.

After the acidi� cation period, lactococci are generally les
active. The temperature, the sugar depletion, and as th
ripening goes on, the salt rate, are less and less favorable.
a consequence, theLactococcuslevel decreases from more than
8 log (cfu) g� 1 to less than 7 log (cfu) g� 1. This diminution
results from the early self-degradation of the peptidoglycan by
speci�c hydrolases, named autolysines. This leads to th
destruction of the cell and the release of the intracellular
content outside the cell. Many enzymes are then liberated–
lipases, esterases, peptidases, DNAases, and so on– which
contribute to the ripening of the cheese. The autolytic capa
bility is hence an aptitude of technological interest, which is
selected carefully when new starters are developed.

As indicated, theLactococcuscell includes many proteolytic
enzymes that can hydrolyze caseins and peptides. The bacter
possess as well some enzymes implied in the degradation o
amino acids. Transaminases convert amino acids into
a-cetoacids, which thereafter can be transformed into alde
hydes, alcohols, hydroxyacids, all aroma compounds, or aroma
precursors.Lactococcus lactissubsp. lactisalso includes an argi-
nine dehydrolase, which allows for the release of ammonia
from arginine.

It has been speci� ed that the biovariant diacetylactisis able
to produce diacetyl from citrate. This molecule is responsible
for the nutty, creamy, and buttery aroma that develops in
cheeses, creams, and butters.

Lactococcus lactisdoes not show any esterase or lipase activit
outside the cell. Some intracellular enzymes were discovered
however, even if their in� uence on the lipolysis in the cheese
matrix is rather scarce, even after autolysis. It has been y
reported that in some cases,Lc. lactissubsp. lactis could be
responsible for the appearance of an undesired fruity aroma in
Cheddar cheeses as a consequence of ester production.Lacto-
coccus lactissubsp. cremorisexhibits enzymatic capabilities as
well. This subspecies frequently is used to counteract the bitte
compound production by Lc. lactissubsp.lactis. SinceLc. lactis
subsp. cremorisfrequently is depleted from any extracellular
proteolytic activity, the bacterium consumes the bitter peptides
generated byLc. lactissubsp.lactis.

Lactococcus lactisis therefore an essential technological tool
to produce cheeses either to acidify the curd or to contribute to
its organoleptic characteristics. For many years, howeve
Lc. lactishas been used as health vectors. For instance, som
lactococci were modi� ed to secrete interleukin-10 to treat
murine colitis. Other strains have been used as mucosa
vaccines against pathogens. And many other trials are current
in progress to exploit the potentialities of this organism.
Conclusion

Lactococcus lactissubsp. lactisand Lc. lactissubsp. cremorisare
bacteria that have been studied for many years throughout the
world. In the future, the knowledge acquired of these two
subspecies coupled with the use of modern techniques will
allow scientists to propose new utilizations for these bacteria.
In particular, it probably will be possible to build new starters
or vectors speci�cally aimed at precise medical or technological
activities. This will allow, for instance, for the development of
new food products.

See also:Bacteriocins:Potential in Food Preservation;Cheese:
Microbiology of Cheesemaking and Maturation; Role of
Speci� c Groups of Bacteria;Fermented Foods:Origins and
Applications;Lactococcus:Introduction;Metabolic Pathways:
Nitrogen Metabolism; Starter Cultures Employed in
Cheesemaking; Genomics.
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Introduction

A variety of laser sources have been used successfully
inactivate or sterilize a wide range of microorganisms. Thei
use remains a subject of study, driven by the need to�nd
more ef�cient processes for an ever-increasing range
applications where microorganisms provide a health hazard
or pose speci�c problems, such as shelf-life deterioration.
This research effort has resulted, to date, in greater unde
standing of the applications and use of lasers, some of which
are highly speci�c, and offer signi�cant advantages and
process applications that cannot be achieved in anyway othe
than by using lasers.

Lasers can be used to inactivate microoganisms principall
through two different methods. Firstly, low-power lasers can be
coupled with chemicals that once exposed to the laser radiation
release toxic species in proximity to the target microorganism
Second, and the main emphasis of this article, is the direct us
of lasers with suf�cient power to inactivate or sterilize micro-
organisms directly.
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Applications

The �rst method is probably better known in the �eld of
medical applications, particularly with the treatment of cancer
in the process known as photodynamic therapy. Here, the
chemical photosensitizer attaches to speci�c sites on the
tumor and the application of light causes a photodynamic
reaction, which in turn produces secondary reactive oxyge
species (ROS) that attacks and reduces the size of the tumo
Chromophore-assisted laser inactivation uses lower irradi
ance levels than photodynamic therapy to produce fewer
ROS, which go on only to inactivate proteins rather than kill
the cell.

Dentistry and medical applications remain an area of active
investigation for laser inactivation. Sterilization of root canals
and treatment of gingivitis and periodontitis are just a few areas
where lasers have been used effectively. The signi�cant research
activity in dental applications probably is due to prospective
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
cost bene�ts and the ready availability of laser devices in denta
and medical schools for experimentation.

The food industry, however, is generally a low-pro�t-
margin-based business, and end users do not always see t
expense of complex decontamination systems as warranted
Potential and advantage can be won, however, for niche
applications of laser decontamination. Improved decontami-
nation of foodstuff and food preparation surfaces or packaging
remains a major issue for food health, as a route to reducing
foodborne illness or improving the stability and shelf life of
foods. Many processes and technologies have been develope
to improve decontamination ef�ciency, this article will focus
on laser-related systems. Additionally, the combined effect o
different treatments has been investigated with a goal to
improve decontamination ef�ciency across a range o
substrates. By appropriate system combinations, it is possibl
to develop softer treatments that are below the damage
threshold of the substrate material but are suf�ciently severe to
inactivate microorganisms, which is important when treating
food products directly. These combined treatments may, for
example, be physical, mechanical, or chemical.

Whether direct or indirect use of lasers is employed, the
inactivation mechanism is generally wavelength and energy
density (J cm� 2) dependent. The breadth of lasers that have
been used to investigate laser inactivation is extremely broad
ranging from the ultraviolet (UV) end of the spectrum to the far
infrared and from continuous wave lasers to those with
femtosecond pulse lengths, where the latter were used t
inactivate viruses.
Laser Characteristics

Without going into speci�c details of laser design, a lase
generally includes an active medium (where the laser action
takes place), a means to get the energy into the active medium
to pump the laser (this energy may be electrical, chemical, o
electromagnetic), and a means to allow the energy to escap
from the laser system in a controlled way (this is often
a resonator system composed of two mirrors, one of which is
78-0-12-384730-0.00184-1 447
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448 Lasers: Inactivation Techniques
partially re� ective and allows the beam to exit the laser
system). The pumping process creates a population inversio
where, depending on the type of laser, there will be more
electrons or excited molecules in an excited state than in th
ground state. The downward transition of one of these excited
states produces a photon of speci� c wavelength and frequency.
This process occurs spontaneously via spontaneous emissio
and one of these photons stimulate the downward transition
of another excited state to produce a photon of identical
wavelength, frequency, and phase. This process occurs rapid
and many times to produce large numbers of photons
bouncing between the mirrors. Depending on the partial
re� ectivity of the output mirror, a fraction of these photons
will be emitted, and this constitutes the laser beam. The
photons remaining within the resonator produce more stim-
ulated emitted photons. So, this ampli� cation effect is what
gives the laser its name (laser is an acronym for light ampli-
� cation by the stimulated emission of radiation) and laser
radiation has unique properties of being coherent, having
narrow line width (monochromatic), and having high point-
ing stability.

Laser beams generally are characterized by their waveleng
whether it is continuous wave (on all the time) or pulsed (in
which case the pulse length would be speci� ed along with the
pulse repetition frequency (PRF)); the laser beam output power
or energy; and the laser beam diameter. These parameters allo
calculation of the laser beam energy density (J cm� 2) delivered
to the target over the exposure time at a speci� c wavelength.
The laser mode (transverse electromagnetic mode, designate
TEMmn) speci� es the shape of the laser beam through a cross
section transverse to the direction of propagation. Ifm and
n are equal to 0, then the fundamental mode is propagating
and the beam pro� le has a Gaussian shape. For higher values o
m or n, the mode shape is more complex and will have regions
of reduced or even zero irradiance. Other parameters tha
specify laser beam characteristics at this stage are convenien
ignored, and the reader is referred to Further Reading for mor
detailed information.

Laser inactivation protocols, methodology, and the effect of
changing the laser parameters are now discussed. Laser sc
ning systems have been fabricated and their performance ha
been assessed (some of these systems and results
described). The effect of the substrate material and environ
mental parameters, such as salt concentration or water activity
on laser inactivation ef� cacy are quanti� ed, with a � nal account
given of the use of lasers combined with other inactivation
technologies.
h
m

,

Figure 1 Area of clearing after single pulse (37 mJ) from an excimer
laser (248 nm) onE. colilawned on nutrient agar, four separate
treatments.
Protocols, Methodologies, and Results

There are no generally accepted standard protocols with whic
laser inactivation can be assessed and results compared fro
laboratories around the world. Most experiments, as with
assessment of many inactivation methods, involve deposition
of known quantities of the target organism on the substrate of
interest, application of the treatment, recovery of cells, and
appropriate incubation, followed by assessment of cell
survival. While this is true for many laser inactivation experi-
ments, for comparing the ef�cacy of different laser treatments
it is often convenient to initially assess inactivation through the
treatment of bacterial cells lawned on agar plates and quanti-
fying the area of clearing after incubation. Figure 1 shows
a typical laser-treated agar plate (9 cm diameter), where th
regions of laser treatment are clearly evident against the area
of growth. An excimer laser operating at 248 nm was used
(0.31 J cm� 2). Appropriate controls are needed to ensure that
the laser is having the effect and not some unknown factor. If
the laser energy density is too low, then there is no effect on the
microorganisms and no clearing is observed, and as the energ
density is increased, the clearing is observed provided that th
laser wavelength is biocidal. This results in a threshold energ
density, EDT, at which point inactivation is observed for those
applied conditions. In a similar vein, to identify laser treatment
effectiveness on food directly,Serratia marcescenshas been
inoculated on ham and visible regions of clearing have been
observed after laser treatment.

The effect of different laser parameters can be determine
by assessing changes in the areas of clearing. For example
the energy density is increased, then the area of clearing tend
to increase up to a maximum value. Whether the area o
clearing is larger than the beam diameter depends on the
wavelength and hence the likely inactivation mechanisms
involved. If the laser is operating in the infrared, then the
thermal effect may laterally diffuse to inactivate the microor-
ganisms a small distance away from the beam. If the laser is in
the UV, then scattering may play a larger role in affecting area
outside of the beam. Some wavelengths or pulsed conditions
may not produce any effect at all and no clearing will be
observed. In general, this method for direct comparison of the
performance of different laser sources or assessing the effect
characteristic parameters is simple and reproducible and
indicates a potential bene� t of laser sterilization due to the
localized nature of the beam, where the regions of clearing can
be precisely engineered.
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Figure 2 Comparative sensitivities of seven bacterial and two yeast strains to Nd:YAG laser radiation (10 J, 8 ms, 10 Hz). Each is a point estimation with
95% con� dence limits of the energy densities required to produce an IA of 0.825 cm2. The different symbols represent the two separate occasions,
4 months apart, when the experiments were done.
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Figure 3 Selected results showing the area of inactivation as a function
of exposure time of Nd:YAG laser at a PRF of (a) 5 Hz and (b) 10 Hz
for power output of A, 50 W; D, 100 W; G, 150 W; J, 200 W; and N, 300 W.
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Effect of Target Microorganisms and Laser Parameters

Some early work attempted to standardize these measuremen
by de� ning the IA50 value, that is, the inactivation energy
density at which the inactivation area was 50% of the beam
area. This allowed the relative susceptibilities of differen
organisms to be identi� ed, seeFigure 2, where the effect of
Nd:YAG laser radiation (1.06mm) was evaluated. It is seen
generally, that the order of susceptibility was as follows: yeas
strains, Gram-negative rods, Gram-positive cocci, and the
Gram-positive rods.

Figure 3 shows selected results of varying the laser param
eters from an Nd:YAG laser againstStaphylococcus aureuson
nutrient agar plates. It is seen that increasing the exposur
time (10–90 s), laser power (50–300 W), and PRF (5–10 Hz)
increased the area of inactivation on the agar plates.

As the laser beam energy is nonuniform, and generally
distributed about a Gaussian shape for the fundamental lase
beam (TEM00), it follows that the energy density applied to the
substrate itself will be nonlinear and follow the shape of the
laser mode itself (irradiance, W m� 2) multiplied by exposure
time and the area of the beam (J m� 2). Figure 4 shows the
spatial distribution of the energy density at some arbitrary
time. It is possible to use various optical components either
internal or external to the resonator to provide a homogenous
beam output with a � at top. If the laser beam with a nonuni-
form mode shape is used for experiments on, say, lawned aga
plates, then it is possible to match the known energy density
spatial distribution with the observed areas of inactivation
after incubation. As the spatial distribution of the energy
density applied over the agar plate can be measured an
determined as a function of time, it is possible to � nd the
inactivation threshold energy density (EDT) with one simple
exposure.

It should be realized that the boundary of the cleared zone,
an example of which can be seen inFigure 5, is ill-de� ned,
where some bacteria may survive the exposure due to th
variation in population resistance. Thus, there is some uncer
tainty in the measured value of the diameter of clearing and,
hence, EDT. Inactivation statistics, however, can be gathere
around this region of interest.
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Figure 4 Threshold energy density (EDT) at an arbitrary time mapped onto a cleared zone of lawned agar after laser treatment.

Figure 5 Photograph showing a section of a laser-treated lawned pla
of S. aureusafter laser exposure at 30 J (300 W) for 16 s. Top half show
cleared zone; bottom region is growth after 24 h incubation. Miniature
colonies can be seen on the periphery indicating sublethal damage an
ill-de�ned zone of clearing.
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Scanning Laser Beams

The protocols and experiments described thus far were a
conducted with stationary laser beams incident on the targe
substrate. This method provides useful information on the
threshold energy density and likely effect of laser parameters o
the inactivation ef� cacy. Lasers, however, frequently are use
for material processing such as welding, cutting, and surfac
treatment because of their process advantage and th
commercial opportunities such systems bring. This technology
is mature and, for most cases, understood in signi�cant detail.
To process an area, the laser beam is often scanned ov
a surface, the material itself can be moved, or a hybrid
con� guration of these two approaches can be adopted where
the material and laser beam are both moved. A scanning system
would likely include two orthogonally mounted mirrors, where
each mirror is controlled by a galvanometer to provide
de� ection of the beam over thex- and y-axis. The de� ection of
the mirrors and the on–off state of the laser beam is controlled
so that the beam can be positioned anywhere on the surface. In
this way, it is possible to scan the surface at the appropriate rat
and laser power to induce the desired effect on the substrat
whether it is cutting or killing microorganisms. The energy
requirements for inactivation of microorganisms are much less
than for processing metals, so in principle it is faster to
decontaminate a surface of pathogens than to cut metal.

Two systems that were developed to investigate th
potential of laser scanning systems for inactivation are
shown in Figures 6 and 7. Figure 6 shows a rotating mirror
and baf� e arrangement with exit guides to safely control the
position of the beam over a speci� c surface region; this
system was built to avoid speed constraints of conventional
gantry systems and to investigate high-speed scanning o
bacteria. Figure 7 shows a hybrid con� guration where the
laser beam is moved with a scanning mirror and the
substrate target is rotated.
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Figure 6 High-power, high-speed laser system for inactivation of
collagen and agar surfaces.
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Figure 8 Rate of inactivation for different translation velocities (system
from Figure 6) againstS. aureuson collagen (- ) and agar (A ) (laser
beam diameter 10 mm, laser power 1060 W).
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Figure 9 Rate of inactivation (IR) of S. aureuson stainless steel plotted
as a function of applied energy density for velocities of 40 (x), 60 (: ),
80 (- ), and 100 mm s� 1 (A ).
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With the system shown in Figure 6, the width of clearing
was measured and the rates of inactivation (IR, cm2 s� 1) were
calculated (Figure 8) for agar and collagen surfaces inoculated
with S. aureusand exposed to a high-power CO2 laser radiation
(1060 W). This showed that over most of the range investigated
the value of IR was greatest for collagen decontamination with
comparable values of decontamination on agar at a velocity of
154 cm s� 1. From a best-� t polynomial to the data, the peak
inactivation rates were found to be 114 cm2 s� 1 for agar (ach-
ieved with a translation velocity of 1.80 m s� 1), and for
collagen, the peak value was 140 cm2 s� 1 (2.30 m s� 1). This
work clearly shows the need to optimize a laser scanning
system against the substrate material and the target microo
ganisms. In practice, it is likely that various microorganisms
will be present so that the slowest velocity appropriate for
inactivating the hardiest target microorganism will have to be
used within the constraints that the slowest velocity does not
damage the substrate.

Figure 9 showsIRas a function of the applied energy density
after using the hybrid system (Figure 7) with a low-power CO 2
Motor driver 

CO2 lase

Rotary table 

Oscillating mirror 

Laser beam 

Figure 7 Hybrid rotary table and oscillating mirror system for low-po
laser (15 W) againstS. aureuson stainless steel, with scanning
velocities from 40 mm s� 1 to 60 mm s� 1. The threshold energy
density is clearly evident below which no inactivation is seen.
This threshold value reduced with increasing velocity, indi-
cating that over the range investigated, the lower velocities wer
r 

PC for control 

Interface 
microprocessor 

wer laser inactivation ofE. coliandS. aureuson agar and collagen.
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452 Lasers: Inactivation Techniques
too slow and essentially the substrate was being overexpose
resulting in inef� cient use of the laser energy. For a give
applied energy density,IR increased with translation velocity.
With these experiments, the maximum values observed wer
2.49 cm2 s� 1 with a scan velocity of 100 mm s� 1 against
Escherichia coli.

By determining the value of IR per applied watt (i.e.,
cm2 s� 1 W� 1), it is simple to compare the relative performances
of the different system and extrapolate to how other systems
may perform. For example, based on these data, a 5 kW las
system would be capable of achieving a rate of inactivation,IR,
w 660 cm2 s� 1. In terms of a commercial system, the cost of the
laser and consumables would have to be considered agains
improvements achieved in the process ef�ciency.
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Laser Inactivation and Substrate Material

Over the years there have been detailed investigations into th
effect of numerous laser sources on a range of microorganism
and it is known that the inactivation mechanisms are species
wavelength, and parameter dependent, as seen. While unde
standing death kinetics has increased substantially, detaile
understanding of the precise mechanisms involved is still
lacking. Of the lasers used to inactivate microorganisms, thos
operating toward the infrared (such as Nd:YAG, 1.06mm or
CO2 lasers 10.6mm) induce thermal effects on the microor-
ganisms, whereas with lasers operating toward the UV end o
the spectrum (such as KrFl excimer lasers, 248 nm), the effect
obviously dominated by the effect of the UV radiation on the
thymine dimers, as with conventional UV light. Short-pulse
lengths from an Nd:YAG laser (a few nanoseconds) wer
insuf� cient to cause any thermal damage inE. coli on agar
plates, whereas similar pulsed exposures from a laser operatin
at 355 nm produced killing with just a single pulse. Interest-
ingly, the short-pulse Nd:YAG laser was suf� cient to damage
the plastic between the plastic and agar interface. Thes
differences in wavelength and effect on the microorganisms
highlight the fundamental different rates of inactivation for the
different processes. Thermal effects of inactivation seem to b
dominated by heat diffusion theory and not by nonconduc-
tion-limited processes where ablation may play a role. It can be
envisaged, however, that under appropriate conditions (i.e.
wavelength, laser energy density, etc.) the inactivation mecha
nism may become dominated by nonconduction-limited
processes and the bacterium is ablated and killed instantly
Interestingly, however, the UV processes are not time con
strained, at least down to pulse widths of the order of nano-
seconds, indicating the rapidity of this inactivation mechanism.

The substrate material plays a pivotal role in determining
the interaction ef� ciency. For example, a comparison of
Nd:YAG and CO2 lasers showed considerable differenc
between inactivation on plastic or metallic substrates. In
general, CO2 laser sources were more ef� cient at decontami-
nating plastics than metallic substrates and Nd:YAG lasers we
more ef� cient at decontaminating metal rather than plastic.
This is due to the differences in the absorption coef� cients for
these materials, where metallic samples are generally muc
more re� ective at 10.6mm (CO2) than 1.06 mm (Nd:YAG) and
for plastics the reverse is true. It is likely, therefore, that the hea
transfer from the substrate to the organisms is important in
maximizing the killing ef� ciency. As a result, the surface
topography, although playing some role in determining the
ef� ciency, is less important if the surface temperature can b
raised suf� ciently high to allow heat to be transferred from the
substrate to the organism. With UV irradiation, however, the
process is dominated by scattering where it may be possible fo
microorganisms to � nd shelter from the radiation in the
shadows. If the substrate is a food matrix, then the transmission
of the laser radiation through the sample has to be considered
Radiation is absorbed exponentially as a function of depth into
the matrix. The skin or penetration depth is de� ned as that
point at which the irradiance has reduced to 1/e (0.368) of the
surface value. The penetration depth is dependent on the lase
wavelength and material properties and may be from a few tens
of nanometers to several centimeters. For opaque substrates
the laser transition wavelength, the process can be considere
to be a surface phenomenon.
Effect of Environmental Parameters on Laser
Inactivation

As with any decontamination process, the effect of environ-
mental parameters may in� uence the decontamination ef�-
ciency considerably. Various studies have been done t
investigate the effect of environmental variables on laser inac
tivation. A multifactorial analysis was done where the effect of
NaCl concentrations, pH values and wet and dry samples were
investigated, following exposure to Nd:YAG laser radiation,
against a range of microorganisms. The effect of laser param
ters (pulse energy, PRF, and exposure time) was investigate
multifactorially, but these results are not discussed in this
article. Multifactorial experiments are a convenient way to
assess the effect of many variables and quantify the effect of th
parameters on the measurand and the likely interaction
between the parameters. The effect and interaction of thes
environmental parameters is shown in Figure 10 against
S. aureus. The largest effect by far was whether the sample wa
wet or dry, followed by the pH and then NaCl concentration.
There was, however, little effect of changing the pH and NaC
concentrations on the inactivation effects. Changing the
wetness condition (Aw) of the samples, however, did in� uence
laser inactivation of S. aureusand E. coli. Experiments by other
investigators have shown that thermal inactivation effects are
relatively intolerant to pH and NaCl levels.
Laser and Combined Treatments

Because no decontamination system is capable of achieving th
desired result in every circumstance, there has been conside
able effort to investigate combining different process technol-
ogies for improved ef� cacy. This yields bene� ts in terms of
potential synergistic effects, where there is greater killing with
the combined system than with the separate treatments alone
and the treatments can be combined to reduce substrat
damage, which is important for some substrates such as so
fruits. The downsides include the added system complexity by
merging technologies and the added cost.
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Figure 11 Example of agar plate lawned withB. cereusspores with
increasing zones of inhibition caused by laser radiation as the UV applied
was increased. Each plate shown received various exposures of UV irra-
diation, followed by exposure to laser radiation (constant for all plates,
3000 J cm� 2). (a) control (No UV); (b) 2 min UV; (c) 4 min UV; (d) 5 min
UV. The laser exposures were 200 W (1þ 2), 100 W (3þ 4), the
remaining area of the lawn did not receive laser irradiation. Treatment 4
was not visible in (a).
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Figure 10 Main effects againstS. aureusfor NaCl, pH, and wet
and dry samples (a) their interaction and (b) for their interaction, NaCl-pH,
NaCl-Aw, and pH-Aw, where Aw is the wet or dry state.
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Experiments combining Nd:YAG laser radiation and UV
light were conducted againstBacillus cereusspores on agar
surfaces, stainless steel, and in water.Figure 11 shows the
results on agar. Labels 1–4 indicate where laser exposures o
200 W (1 and 2) and 100 W (3 and 4) were applied, all
delivering 3000 J cm� 2, over a 14 mm beam diameter and with
either 10 J pulse energy at 10 Hz over 46 s or at 20 J, 10 Hz, an
23 s. (a) received no UV exposure, (b) received 2 min exposur
at 190 mW cm� 2, (c) received 4 min, and (d) received 5 min.
Clearly, no UV treatment and laser alone produced little effec
on the spores, whereas the addition of UV and laser provided
a greater effect with increasing UV treatment, although ther
was little difference between 4 and 5 min.

The effect of the treatment order (‘laser then UV’ or ‘UV then
laser’) on a spore suspension in water was investigated. Fo
each of these combinations, different laser energy densitie
were applied to take the temperature of the water to 70, 80, and
90 � C. Interestingly, an increased log reduction in viable
numbers was consistently observed when the UV treatment wa
done � rst, and this effect seemed to be larger as the las
exposure was increased; however, a statistical analysis did n
highlight a signi� cant difference.

A study into the effects of combining laser, microwave, UV,
� ashlamp, and chemical treatments was conducted to investi
gate the effects on decontaminating different substrates and t
build systems to extend the shelf life of fresh fruit and vegeta
bles, speci� cally carrots and potatoes. Combining systems
becomes complex because of the large number of variable
involved and the different ways in which the systems can be
combined. In general, individual studies are done to parameter
map the treatments applied singularly, and then the processe
are combined either sequentially or in parallel, depending on
the level of complexity the parallel treatment introduces.
Combining treatments in parallel is further complicated by the
different windows of operation of the processes and deciding
when to combine them, introducing an even greater number of
variables. The combined effects can then be compared with th
sum of the individual treatments.

Synergistic effects of UV, laser, and microwave radiation o
conventional heating on E. coliwere studied, and it was found
that for sequential treatment the order was important on
the process ef� ciency and that this varied depending on the
microorganism. Synergistic effects were observed where th
effect of the combined treatment was greater than the sum o
the individual treatments alone. Figure 12 shows the log
reduction for killing E. coli in saline suspension following
single treatment of Nd:YAG laser (L), UV radiation (UV), heat
from a waterbath (H), and combined treatments with different
orders of (1) L, H, UV; (2) H, L, UV; (3) L, UV, H; (4) UV, H, L;
(5) UV, L, H; and (6) H, UV, L. The combination of L, H, and
UV provided the greatest killing ef�cacy.

With the combined systems, the order becomes important
because one process is likely to weaken the bacterial cell i
a particular way that favors the next treatment. This work also
allows a deeper understanding of the mechanisms involved
which in turn will lend itself toward engineering more ef � cient
inactivation systems.
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Introduction

The Leuconostocaceae family belongs to the order of Lactoba
cillales that are commonly called lactic acid bacteria (LAB) like
the Lactobacillaceae family. Their main trait is the production,
exclusively or not, of lactic acid from carbohydrate fermenta-
tion. In the past, they formed the Leuconostocgenus, which was
roughly de�ned as heterofermentative cocci. To date, thi
family comprises four genera:Fructobacillus, Leuconostoc, Oeno-
coccus, and Weissella.

All members of this family are Gram-positive, non-
sporulating bacteria, exhibiting Gþ C DNA content less than
50%. They develop in anaerobic or aerobic conditions, and
a catalase generally is not present. They are usually mes
philes, cultured at temperatures around 30� C. The optimal
pH range for their multiplication is variable according to the
genera, species, and even strain, but mostly it is pH 6 or above
Like the other groups of LAB, they need complex media fo
growth because of their need for amino acids, peptides
carbohydrates, vitamins, and metallic ions. Most of the type
strains described have been isolated on de Man, Rogosa, an
Sharpe (MRS) agar.

The Leuconostocaceae mostly share their habitats wit
other LAB, especially on plant material. Many are isolated
from the surface of a great diversity of vegetable and fruits
from spoiled refrigerated and under vacuum-packaged
meats, and from �sh products and dairy products. They are
regarded as nonpathogenic except for a few species fro
clinical sources that are vancomycin resistant. They hav
been quali�ed as opportunistic pathogens like Leuconostoc,
which have been incriminated in various cases of human
infections. Weissella, which is almost always associated with
plants and traditional fermented food, was also identi�ed
in live canary, an otitis sample from a dog, and human
feces.

The Leuconostocaceae are heterofermentative LAB, whi
ferment glucose by the pentose-phosphate pathway
producing not only lactate but also ethanol and CO2. In
addition, acetate is produced from glucose when the
reduced coenzyme nicotinamide adenine dinucleotide
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
(NADH), resulting from glucose oxidation, is reoxidized by
electron acceptors, such as fructose, or O2 via NADH
oxidase under aerobic conditions. In this case, the acety
phosphate produced by the cleavage of the xylulose 5
phosphate cannot be reduced to acetaldehyde and ethano
because of the lack of a reduced coenzyme. Consequently,
is dephosphorylated to acetate, which leads to adenosine
triphosphate (ATP) synthesis. For this reason, growth is
greatly enhanced in media that contain glucose and fructose
compared with glucose alone. Mannitol, resulting from
fructose reduction, is the secondary product of this comet-
abolism. It has been reported that, for some species, th
presence of fructose is nearly indispensable for glucos
fermentation and growth. Pentoses are mainly fermented
into lactic acid and acetate.

Like other LAB, the Leuconostocaceae are of technologic
interest in the food and beverage industry. In general, lactic
fermentations are traditional biotechnological processes
most of which remain uncontrolled. Inoculation with selected
strains, however, is being increasingly considered in variou
food processes. The industry of LAB starters using Leucono
tocaceae is developing with the aim of producing a better
quality of fermented food and beverages, in terms of both
a sensory and health aspect. Some species and strains
this group have special commercial importance becaus
of their ability to produce aroma compounds, valuable
polysaccharides, malolactic fermentation, and bacteriocines
Conversely, some other species or strains can induce spoilag
by producing undesirable compounds (e.g., biogenic amines
acrolein) or spoiling exopolysaccharides in sugar or wine
processes.
Taxonomy of the Leuconostocaceae

Classi�cation

Molecular tools have resulted in signi�cant changes in the
former Leuconostocgenus. The generaFructobacillus, Leuconostoc,
Oenococcus, and Weissellahave been delimited by phyloge-
netics studies based on the sequence of the 16S rDNA gen
78-0-12-384730-0.00185-3 455
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Figure 1 Leuconostocaceaeneighbor-joining phylogenetic tree (Bootstrap 1000 replicates, model Kimura 2-paramete).
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and other genes such as recA and pheS.Figure 1 shows the
phylogenetic tree based on the 16S rDNA gene sequenc
provided in Genbank (2010). The Leuconostocgenus shows
three branches and a distant position forLeuconostoc fallax. The
Fructobacillusgenus, located close to theLeuconostocgenus, was
recently delimited. Five main lineages are distinguished in the
Weissellagenus, in which Weissella solihas a distinct position.
This species was identi� ed in soil, which until now is the only
LAB species in this niche. Finally, theOenococcusgenus, located
on a very long branch of the tree, is represented by two specie
Oenococcus oeniand Oenococcus kitaharea. Oenococcus oeniwas
the � rst species to be described (in the 1960s). Formerly
named Leuconostoc oenos, it was soon differentiated from the
other Leuconostocmembers because of its acidophily. Its orig-
inality was strongly con� rmed by the analyses of 16Sr RNA
and 23S rRNA sequences, which have a very low level o
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homology with the other Leuconostocsp., and by its distant
position on phylogenetic trees.
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Identi�cation

Culture-Dependent Methods
The identi� cation is performed on a pure culture after sub-
culturing isolates to obtain suf� cient biomass to perform all of
the identi� cation tests. Isolation is done by spreading the
sample onto the surface of the plates in a suitable culture
media. Most of the time, however, other microorganisms such
as molds, yeasts, or other bacteria are also present in th
sample, and they then need to be discarded. To this aim, the
medium is added with antibiotics and the incubation condi-
tions, such as duration and atmosphere, are adapted (absenc
of oxygen, CO2 þ N2). Moreover, it should be taken into
account that a more acidic pH than recommended is more
propitious for the isolation of acidophilic bacteria.

Morphology is usually the � rst determination carried out
with Gram staining. Generally, members of the Leuconosto-
caceae family are ovoid or spherical cells, sometimes rathe
lenticular, and resemble short bacilli with rounded ends. They
are approximately 0.5–0.7 � 0.7–1.2 mm in size.Fructobacillus,
which is now grouped within the same family, are rod-shaped
and resembleLactobacillus.Their cells are arranged in pairs o
chains. In nutrient media, during the active growth phase, they
are often in short chains, whereas in their natural environment
and in stressful conditions, the chains are longer. Most of these
bacteria grow between 20 and 30� C, the optimal temperature
zone. The usual initial pH of the growth medium (6.5) drops to
4.4–5.0 during culture because of acid production. The acido-
philic O. oenigrows better at an initial of pH 4.8.

Some physiological and biochemical differences exis
among all the species of this family. Sometimes, however, more
differences exist between strains of the same species th
between strains of different species. They generally grow i
glucose or fructose broth that contain a complex mixture of
other indispensable nutrients (amino acids, vitamins, metals,
etc.). The heterofermentative pathway they use for hexos
fermentation shows that the availability of electron acceptors
for the reoxidation of coenzymes can induce the synthesis o
more or less ATP. Fructose can play the role of the electro
acceptor and it stimulates the growth. This is common for
heterofermentative bacteria but is more or less critical. Fo
example, Fructobacillusare described as not growing well in
glucose broth, whereas they grow well in fructose and in fruc
toseþ glucose broth. This species is more sensitive to thi
regulation than other species.

An interesting property of Leuconostoc, Fructobacillus, and
Oenococcusis the exclusive production of D-lactate from
glucose. This is pertinent because most of the other LA
produce D- and L-lactate. SomeWeissellaspecies, at least the
type strains of Weissella hellenica, Weissella paramesenteroid,
W. soli, Weissella thailandiensis, and Weissella koreensisalso
predominantly form the D-isomer.

Acid is produced from a large or limited variety of carbohy-
drates according to the species, but again is variable in a speci
based on the strain. The fermentation pattern of carbohydrates
gives other keys for strain identi� cation at the species level. The
miniaturized API tests (Bio-Mérieux) are composed of small
tubes, each one containing one carbohydrate as a possib
fermentable substrate. Cells suspended in a medium containing
all the nutrients except for the main energy source and bro
mocresol purple are poured into each microtube and overlaid by
paraf� n oil to control the anaerobiosis. Positive tests are visu-
alized by the change of the medium from blue to yellow. The
isolate is identi� ed by comparing the fermentation pattern to the
characteristics of the type strains (Tables 1 and 2).

This traditional method of identi � cation is still useful and
routinely used. Admittedly, however, some results may be
ambiguous, especially when determining the fermentable
carbohydrates. Even in optimized conditions, the change of
color may sometimes take so long for a given strain that it is
dif � cult to ascertain whether it was a positive or negative reac
tion. According to Bergey’s Manual, one of the distinctive traits of
Leuconostocis their inability to hydrolyze arginine. At least some
strains ofO. oeniand some otherLeuconostoc, however, have the
arginine deiminase pathway. Therefore, this feature no longe
seems convenient for identi� cation. In addition, in Weissella, it is
nearly impossible to identify the species by phenotype only. On
the other hand, LAB often contains plasmids coding for key
enzymes involved in biochemical pathways. Because of thei
instability, especially outside their ecological niche, some tests
that usually are positive can turn negative. Moreover, phage
mediated characters may induce the same problems. In case
dif � culties, other investigations can clarify the situation. They are
based on the electrophoretic mobility of enzymes, the amino
acid sequence of the peptidoglycan interpeptide bridge, fatty
acid composition, pyrolysis mass spectrometry, and infrared
spectroscopy. Although these methods are of interest, the
cannot be routinely considered and are found only in specialized
laboratories.

As the phenotypes upon which the traditional methods are
based are too prone to variations, and genome analysi
methods have become more accessible, it was logical that th
molecular methods were used to identify Leuconostocaceae.

The genomic de� nition of a species is a group of strains
with more than 70% DNA homology, based on the melting
temperature of the double strand DNA. DNA–DNA hybrid-
ization was used in the early 1990s to identify LAB, using
labeled whole genomic DNA probes or speci�c parts of the
genomes. On the basis of the probe used, the identi� cation
may be done at different levels (e.g., genus, species, or grou
of strain) that share a gene or speci� c sequence in common.
For several LAB species, whole genomic DNA probes hav
shown their speci� city, reproducibility, and reliability at the
species level. The method is quite well adapted to such strains
which grow so slowly that conventional identi � cation is
tedious. Another interest of the method is that hybridization
can be performed directly, after plate culture, on bacteria
colonies that are transferred onto a nylon membrane.
Successive dehybridization and rehybridization of the
membrane with different DNA probes allow the identi � cation
of several species in the mixture of microorganisms in natura
fermenting foods. The � rst whole-cell DNA probe was
prepared for O. oeni. It allows the enumeration of O. oeni
among the mixed micro� ora of wine. Because DNA–DNA
hybridization is time-consuming, however, other methods
that also are based on the genomes and are just as reliable a
usedmore often.



Table 1 Distinctive fermentative characters for identi� cation of species ofLeuconostoc, Fructobacillus, andOenococcus

Species AmygdalineL-Arabinose Arbutin Cellobiose Fructose Galactose Lactose Maltose Mannitol Mannose Melibiose RafÞnose Ribose Salicin Sucrose TrehaloseD-Xylose Esculin Dextran

L. carnosum � � � d þ � � d � d d � d d þ þ � d þ
L. citreum þ þ þ þ þ � � þ þ þ � � � þ þ þ � þ þ
L. fallax � � � � þ � � þ þ þ � � þ � þ þ � þ
L. gasicomitatum � þ � þ þ d � þ � þ þ þ þ � þ þ � þ þ
L. gelidum � � � d þ � � d � d d � d d þ þ � þ d
L. holzapfelii � þ � � þ þ � þ � þ þ þ � � � þ � � þ
L. inhae d � þ þ d � þ þ þ � � d þ þ � þ þ
L. kimchii þ þ þ þ þ þ þ þ þ � þ þ þ þ þ � þ
L. lactis � � � � þ þ þ þ � d d d d þ � � � �
L. mesenteroides

subsp.cremoris
� � � � � d þ d � � � � � � � � � �

L. mesent
subsp.dextranicum

d � � d þ d þ þ d d d d d þ þ d d þ

L. mesent
subsp.mesenteroides

d þ d d þ þ d þ d þ d d þ d þ þ d d þ

L. pseudomesenteroides� þ � þ þ þ þ þ � þ þ þ þ d þ þ þ d
F. durionis � � þ � � d d � � � � � þ d �
F. Þculneus � � þ � � � d � � � � � � d �
F. fructosus � � þ � � � d � � � � � � � �
F. pseudoÞculneus � � þ � � � d � � � � � � � �
Oenococcus kitaharae � d þ þ � þ � þ þ (þ ) (þ ) d � þ � �
Oenococcus oeni d d þ d � � � d d � d � þ d þ �

þ , 90% or more strains are positive;� , 90% or more are negative; d, 11–89% are positive; (þ ) delay.
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Table 2 Distinctive fermentative characters forWeissellaspecies

Species L-Arabinose Cellobiose Galactose Lactose Maltose Melibiose RafÞnose Ribose Salicin Sucrose TrehaloseD-Xylose Esculin Dextran

W. beninensis � d þ þ þ þ d d þ d �
W. cibaria þ þ � � þ � � � þ þ � þ þ
W. confusa � þ þ � þ � � þ þ þ � þ
W. ghanensis � � � � þ � � � þ d þ � þ þ
W. halotolerans � � � þ � � þ � � � � þ þ
W. hellenica þ � þ � þ � � � � þ þ � � �
W. kandleri � � � � � � � þ � � � � � þ
W. koreensis þ � � � � � þ � � þ � þ
W. minor � þ � � � þ � þ þ � � �
W. paramesenteroidesd d þ � þ þ d d � þ þ d � �
W. soli þ � � � þ þ þ þ þ þ þ þ d �
W. thalandiensis þ � þ þ � � þ � d d � þ �
W. viridescens � � � þ � � � � d d � �

þ , 90% or more strains are positive;� , 90% or more are negative; d, 11–89% are positive.
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Polymerase chain reaction (PCR) is now by far the mos
widely used method. Its speci� city is based on the hybridiza-
tion of primers targeting the suitable speci� c region that must
be ampli� ed. Primers can be designed for the ampli�cation of
genus or species-speci� c regions. Primer sets exist for the
determination of Weissellaand Leuconostocat the genus level.
Other primers target the 16S rDNA of any bacteria. The
ampli � ed DNA is sequenced and compared with the sequence
of Leuconostocaceae in the data bank. This is often done whe
the researcher is not sure of the identity of the species
Restriction polymorphism patterns of ampli� ed DNA also are
used for species identi� cation.

Culture-Independent Methods
In their natural niche, Leuconostocaceae are mixed with many
other microorganisms. It is certain that the majority are not
cultivable directly on solid nutritive media and therefore
cannot be isolated. It is possible to make an inventory of their
presence by direct analysis of the DNA extracted from th
natural samples, without preliminary culture or isolation. The
DNA of the mixture is the template in a PCR with the 16S rDNA
primers. The ampli� ed DNA thus contains a mixture of the 16S
rDNA of all the bacterial species that are separated by migration
in a denaturing gel electrophoresis (DGGE/TTGE). The DNA o
each band is then retrieved and sequenced to identify the cor
responding species.

IdentiÞcation of Strains in a Species
Variability exists within a species. The strains classi� ed in the
same species share a common phenotype and may differ fo
other characteristics. For example, allO. oenistrains have the
same general phenotype, characterized by a small number o
fermentable carbohydrates and are acidophil. Their growth in
either laboratory conditions or wine, however, can greatly vary
from one strain to the other. Moreover, in practice, the� avor of
the wine is different according to the strain. Increasingly, the
industry of malolactic starters needs to identify the strain.
Random ampli� ed of plolymorphic DNA (RAPD) and restric-
tion analysis of the 16S/23S ribosomal intergenic sequence
after PCR ampli� cation are useful tools, but the former lack
reproducibility and the results are disputable. Pulsed-� eld gel
electrophoresis (PFGE) analysis of genomic DNA fragment
generated by rare cutting enzymes is the most ef�cient, reliable,
and reproducible method available to distinguish one strain
from another. Restriction by one or two enzymes is often
suf� cient. This is particularly interesting to characterize starte
strains as well as to monitor their establishment in a fermen-
tation process in which they compete against the natura
micro� ora. Multilocus sequence typing (MLST), which consists
of sequencing several genes (usually seven genes), is a
precise and accurate. Each strain has its own sequence typ
which is obtained by concatenation of the seven regions. It is
necessary, however, to have access to sequencing faciliti
These methods are applicable to the other species and usef
not only for strain libraries and research but also for the starter
industry.

Leuconostocaceae in their Natural Environment

Plants are the natural habitat for many LAB. Even if theLacto-
bacillusgenus seems dominant, Leuconostocaceae belong
this LAB complex micro� ora, which develops, along with yeasts
and fungi, spontaneously on many different types of raw
materials with an agricultural origin, including vegetables,
fruits, and animals (meat, � sh, and milk). They ensure the
processes that make it possible to preserve fermented beverag
and food by bringing them their typical quality and possible
bene� cial health effects.

At the beginning of the process, the concentration of the
population and nature of species and strains vary for a given
material based on the environment– for example, the climate,
microclimate, area of production, ripening state, and mode of
harvest or pretreatment of the material. Whatever the case, th
distribution of the micro � ora changes along the process. Som
genera and species progressively dominate according to th
new environment caused by the fermentation. Leuconostoca
ceae strains usually are dominant during the early stages of th
process. This is the reason why they often are used as starte
Many of these strains are recognized for their antagonisti
activity against undesirable strains that depreciate the product
Generally, sugars are fermented to lactic acid, and acidi� cation
guarantees against the spoilage of raw material by molds o
other undesirable organisms. The succession of microorgan
isms results in several types of interactions. Acidity is one of the
factors of natural selection. Not only does the pH decrease bu
also the organic acids (lactic and acetic acid) produced are toxi
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or inhibitory. Another mechanism involved is H 2O2 produc-
tion in certain conditions and the effect of bacteriocins, which
is increasingly being studied.
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Bacteria of theLeuconostocGenus

Leuconostoc mesenteroides
Three subspecies L. mesenteroidessubsp. mesenteroide,
L. mesenteroidessubsp. cremoris, and L. mesenteroidessubsp.
dextranicumare delimited on the bases of phenotypic traits and
genomic differences. Of the three subspecies,L. mesenteroide
subsp.mesenteroidesis one of the species most frequently iso-
lated on plants and fruits. It tolerates a high concentration of
sugar and salts. The type strain ferments both arabinose an
xylose, contrary to thecremoris- and dextranicum-type strains.
Dextrans are synthesized from sucrose by the two subspeci
mesenteroidesand dextranicum. They are present on the surfac
and in the soil of sugar cane� elds; themesenteroidessubspecies
is twice as abundant as thedextranicumsubspecies. Burning the
cane does not eliminate the bacteria. After the harvest, the
grow and, afterward, they are spontaneously eliminated by
acidity, while more tolerant lactobacilli develop. The two
subspeciesdextranicumand cremorisuse citrate and produce
acetoinic compounds, such as diacetyl, causing its buttery tast

Leuconostoc gelidumand Leuconostoc carnosum
These Leuconostocspecies are found among the microbial
population on meat during its storage in vacuum packs or
a CO2 atmosphere. They are associated with several other LA
genera and spoil meat by producing off-� avors, off-odors, and
color alteration. Both produce dextran from sucrose, but
L. carnosumferments a lower amount of sugar compared with
L. gelidum. The speciesLeuconostoc inhae, which was� rst iso-
lated in kimchi, is phylogenetically close to L. gelidum.

Leuconostoc fallax
Leuconostoc fallaxis isolated from sauerkraut, from which a great
diversity of strains is described. Regarding the main phenotypic
traits, this species is not really different fromL. mesenteroide,
but it is quite distinct when DNA analysis is performed. It is
now considered to be a new species in the genus, even though
is peripheral on the phylogenetic tree. Contrary toLeuconosto
in general, however, strains of this species cannot decarboxyla
malic acid to lactic acid. A strain of L. fallax isolated from
Gerbera sap is acid and ethanol tolerant (up to 9% v/v).

Leuconostoc citreum
The speciesL. citreumwas initially included in L. mesenteroide
and was differentiated on the basis of DNA sequence analysis
L. citreumwas identi� ed among the LAB isolated from a fer-
mented rice cake consumed in the Philippines, in addition to
L. mesenteroidesand L. fallax. It is dominant in kimchi
fermentation. It produces a variety of extracellular glucans tha
are implied in bio � lms, making the contamination of sugar-
processing facilities easier.

Leuconostoc lactis
Even althoughL. lactisis described in fermented vegetables and
rice, this species has primarily been isolated from milk prod-
ucts. One particularity is its higher heat resistance compare
with other Leuconostoc. It is mainly studied in the dairy industry
for its ability to produce aroma compounds. The 16S rRNA
gene sequence has shown thatL. argentinumisolated from
Argentinian raw milk is synonymous with L. lactis.

Leuconostoc gasicomitatum
Strains of L. gasicomitatumwere isolated from spoiled meat
products packaged under modi� ed atmosphere conditions. They
were close toL. gelidumby the percentage of similarity of 16S
rRNA but clearly different on the basis of DNA–DNA reassoci-
ation. They were classi� ed as a new species namedL. gasicomi-
tatum. The swelling of the package is characteristic of the spoilag
induced by these particular bacteria. It is the consequence o
amino acid decarboxylation, whereas the increase in the pH
comes from the deamination of amino acids.

Leuconostoc holzapfelii
A Leuconostocstrain was isolated from a fermentation of coffee in
addition to other strains that belonged to Weissella cibariaas well
as toW. soli, L. citreum, L. mesenteroides, andL. pseudomesenteroid.
The 16S rRNA sequence was very close to that ofL. citreumand
L. lactis; however, other molecular identi� cation criteria and the
percentage of reassociation of DNA was distant enough to classif
it as the new speciesL. holzapfelii.
Bacteria of theWeissellaGenus

At the beginning of 2011, the Weissellagenus was divided into
16 species (Figure 1), which have many similar phenotypes
and whose delimitation is based primarily on the genetic
analysis. Weissella hellenica, Weissella paramesenteroides, and
Weissella thailendensisare cocci, and the other species are sma
bacilli or coccoid bacilli. On the basis of the species, there is
a large diversity of fermented sugars, at least for the type strain
(Table 2). Weissella paramesenteroidesand Weissella thailandens
ferment about 8–10 sugars, whereasWeissella viridescenc,
Weissella halotolerans, and Weissella kandleriferment three at the
most. Although they are found in multiple habitats, the
majority occur in fermented crop products, meat, and � sh,
along with Leuconostocspecies. Many of them produce exopo-
lysaccharides that are implied in the adhesion to surfaces and
affect the viscosity and structure of fermented foods. By
focusing on the 16S rRNA sequences using the Polymeras
chain reaction–restriction fragments length polymorphism
(PCR-RFLP) method, it is possibly to identify W. kandleri,
W. koreensis, Weissella confusa, Weissella minor, Weisse
idescens, W. cibaria, W. soli, W. hellenica, W. paramesenter
W. thailandensis, and Weissella kimchiin kimchi.

Weissella ghanensisand W. fabaria, isolated from a tradi-
tional fermentation of the Ghanaian cocoa bean, show 99.5%
of similarity for the 16S rRNA but are well separated by other
analyses, such as whole-cell protein and biochemical tests.

Weissella beninensis, which is the closest on the phyloge-
netic tree to the two former species, has been isolated from
cassava fermentation in which LAB are the dominant micro-
� ora. Its distinctive characteristic is its motility resulting from
peritrichous � agella.

Weissella soliwas � rst described in soil and was supposed
to be the only Weissellaspecies in this habitat. It was then
found, however, in silage fermentation, carrots, French beans
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marrows, and kimchi fermentation, suggesting that when it was
found in the soil, it perhaps had originated from a plant that
had fallen on the ground.

Weissella confusadominates in the traditional fermentation
of various African cereal beverages, as well as the processing
carrots, sugar cane, milk, and sourdough, and was detected
pasta manufactures in Italy.

The habitat of W. paramesenteroidesis broad: from fer-
mented vegetables to animal products, milk, and spoiled meat.
This is also the case forW. cibaria described in vegetal
fermentations (kimchi, cassava, mustard, sourdough) and
which dominates in some sausage spoilage.Weissella haniiand
W. kimchi both participate in the kimchi process together with
W. koreensis. The latter dominates in the second phase
a process conducted at very low temperature after a� rst phase
carried out by L. citreumand L. gasicomitatum.

Weissella thalandieniswas isolated from fermented � sh,
similar to Weissella salipisicis, a species that has not yet been
validated by publication, and it is characterized by a cinnamyl
esterase activity that also was found inW. confusa and
W. viridescens. The latter is described primarily in meat
fermentation (salami) and is primarily responsible for turning
meat green and spoiling foie gras, sausage, or cooked ham
Weissella minorand Weissella halotolerans, which are phylo-
genetically close toW. viridescensand W. hellenica,have the
same animal products origin and are described in sausages an
salami. Weissella halotoleransis a pathogen found in rainbow
trout.
-
r

o

Table 3 Composition of several culture media for
Leuconostococaceae

MRS ATB TJB 104 Lafon-Lafourcade DSMZ
Bacteria of theFructobacillusGenus

The Fructobacillusspeciesdurianus,� culneum, pseudo�culneum,
and fructosus, formerly in the Leuconostocgenus, are charac
terized by their fructophily. They have been isolated in suga
and fructose-rich natural niches, such as ripe� gs, for the
species� culneumand pseudo� culneum. Fructobacillus pseud� -
culneumalso was isolated in two different studies of cocoa
bean fermentation. More recently,Fructobacillus tropaeoliwas
described in samples of� owers, and strains ofFructobacillus
sp. were found in a traditional Mexican alcoholic beverage.
as
t

Glucose 1.0 1.0 0.5 2.0 1.0
Fructose 0.5
Tryptone 0.2
Peptone 1.0 1.0 0.5 0.5 1.5 1.0
Meat extract 0.8 1.0
Yeast extract 0.5 0.5 0.5 0.5 0.5 0.5
K2HPO4 0.2
MgSO4, 7H2O 0.2 0.2 0.005 0.02 0.2
Bacteria of theOenococcusGenus

Oenoccoccus oeniand O. kitaharaeare the only two species so far
in the Oenococcusgenus. The 16S rRNA sequence shows them
being phylogenetically close, but they are clearly quite differen
both by most of their physiological and biochemical charac-
teristics as well as by their habitat.
r

MnSO4, 7H2O 0.005 0.005 0.005 0.005 0.005
Ammonium

citrate
0.2 0.35

Citric acid 0.2
DL-Malic acid 0.6
Sodium acetate 0.5 0.5
Tween 80 0.1 0.1 0.1 0.1
Tomato juice 25 40 25 10
pH 6.8 4.8 5.5 4.8 5.4 4.8

Values are given in percent (w/v) of each compound. To improve reductive condi-
tions 0.05% cysteine-HCl, H2O sterilized by� ltration may be added before use.

MRS, de Man, Rogosa, and Sharpe; ATB, Acidic tomato broth; TJB, Tomato juice
broth; DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen.
Oenococcus oeni
Oenococcus oeni, mainly isolated in fermenting grape and apple
juices, is essential in wine and cider production but spoils
canned mango juice. At a very low population, at the early stage
of winemaking or cidermaking, it dominates after alcoholic
fermentation, which is carried out by yeasts. It is well adapted
to acidic media, is relatively tolerant to ethanol, and is
responsible for malolactic fermentation by the malolactic
enzyme. The intraspecies diversity of a large collection (nea
600 strains isolated worldwide) showed that two main
phylogenetic groups exist in which the evolution process was
not the same.

Oenococcus kitaharae
On the contrary, O. kitahareais nonacidophilic, does not have
malolactic activity, does not tolerate ethanol, and� nally, is not
stimulated by tomato juice: four characteristics that are
attached to theO. oenispecies. In addition, it producesD- and
L-lactic acid (9:1), whereasoeniproduces only D-lactic acid. So
far, it has been described only in a composting distilled shochu
residue.
Detection and Enumeration of Leuconostocaceae
in Beverages and Foods

Leuconostocaceae Cultures

The Leuconostocaceae are fastidious chemoorganotroph
bacteria. Therefore, the culture media are rich in nutrients
Culture media have essential compounds in common, such as
glucose, peptone, meat, or yeast extract, potassium (or sodium
phosphate, manganese, and magnesium sulfate. The additio
of fructose usually is bene� cial, but for some species it is
indispensable. Other ingredients may be added, such as Twee
80, which usually increasesLeuconostocgrowth by providing
oleic acid incorporated in the cell membrane. Tomato juice is
also recognized as a growth factor supplier for some of them
The most widely used medium is MRS medium. It often is
called Lactobacilli medium broth, but it also completely meets
the Leuconostocrequirement (Table 3). The addition of sterile
wine or cider to MRS or other similar media is bene� cial to the
recovery ofO. oeni.A pH drop to 5.0 or less is observed during
growth because of the lactic acid production. But an initial
pH near 4.8–5.0 is also convenient for most Leuconostocand
particularly for the acidophilic Oenococcus.
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462 Leuconostocaceae Family
Techniques for Counting

Colony Count
The proper nutritive medium is added with 20 g l� 1 agar to
obtain the solid medium. It is inoculated by the sample, or
suitable decimal dilutions, corresponding to the development
of 30–300 colonies per plate. The dilutions ideally are per-
formed in peptone 0.1 g l� 1, KH2PO4 0.3 g l� 1, Na2HPO4

0.6 g l� 1, and NaCl 8.5 g l� 1. For most Leuconostocaceae
however, there is no difference when the dilutions are done
in sterile water or physiological saline solution. The plates
are incubated at 25–30 � C, preferably under a CO2 þ N2

atmosphere either in jars (Gas pack) or a specially equipped
incubator. Some Leuconostocaceae strains are particular
slow-growing bacteria and need 6 days or more to form visible
colonies. If the population is too small, it can be concentrated
for liquid samples by � ltration through a sterile membrane
(0.45 mm porosity). Then the membrane is laid onto the surface
of the nutritive agar for culture. Because Leuconostocaceae ha
the same habitats as other microorganisms, a selection must b
carried out. Anaerobiosis eliminates strictly aerobic microor-
ganisms, such as molds, some yeasts, and acetic acid bacte
All yeasts are inhibited by the addition of sorbate (0.2%) or
pimaricine (0.1%). Selective conditions to discriminate Leu-
conostocaceae from other LAB do not exist. Tentative selectiv
media have been described, but none have actually proven to
be effective as of yet. Antibiotics have been tried.Lactococcussp.
and some homofermentative Lactobacillusare inhibited by
vancomycin. Resistance to this antibiotic seems to be a gener
feature of the Leuconostocaceae. The addition of vancomyci
(30 mg ml � 1) may be used for Leuconostocaceae enrichmen
The addition of 10% thallium acetate solution (1% v/v) has
given satisfactory results forLeuconostocisolation from plant
materials and meat, but at least one other species,Carnobacte
rium, also has proved resistant.

Providing there are pronounced differences, other physio
logical features may be used to detect partial speci� city. For
example, the acidophilic nature of O. oeni, compared with
other Leuconostocsp. allows its growth at a pH of 4.8. Adjusting
this pH, however, does not prevent the growth ofPediococcu
and Lactobacillussp. from acidic fruit juices, cider, or wine.
Similarly, the psychrophily of L gelidum and L. carnosum,
spoilage bacteria from chilled meat, may be used. Overall, no
selectiveLeuconostoccount is really possible.
Table 4 Rapid methods for enumeration of Leuconostocaceae

Principle

Bioluminescence Adenosine triphosphate (ATP)
measurement enzymatic determin
of intracellular ATP

DEFT (direct epi� uorescence
� lter techniques)

Fluorescence
Fluoresceine diacetate (esterase a
of viable cells)

Iodium propide (uptake by dead cells

Immuno� uorescence

In situhybridization DNA probe
The � rst method described to speci� cally enumerate Leu-
conostocon plates associates colony counts and colony
hybridization with suitable DNA probes. After incubation of
the spread plates, colonies are transferred onto the nylon
membrane for hybridization. After the � rst hybridization with
one probe, the membrane can be dehybridized and then
rehybridized with another one if several species have to be
counted. Each colony is identi� ed at the species level.
Rapid Methods without Culture
Sometimes methods that are faster than plate counts ar
indispensable (Table 4), for example, for sterility control after
food production and packaging or to monitor the process.
Bioluminescence counting is based on ATP measuremen
because viable cells contain ATP. It is an enzymatic method in
which substrates include ATP, luciferin, and O2 and the prod-
ucts are AMPþ PPþ luminescence measured by photometry.
The enzyme used is the� re� y luciferase. Because a bacterial ce
such asLeuconostoc, contains 1 fg ATP, the result is converted
and expressed as viable cell ml� 1. The method is not speci� c to
the bacteria to be counted, however, because ATP is present
any viable cell. In spite of its low sensitivity, it can be adapted to
sterility control. The ATP measurement is taken after a prelim
inary enrichment step. If the ATP is above a certain threshold
the sample is said to be contaminated.

DEFT (direct epi� uorescent � lter technique) microscopy
mainly uses the esterase activity of viable cells that hydrolyze
non� uorescent reagent (� uorescein diacetate), which becomes
� uorescent green under the blue light of specially equipped
microscope. But the sensitivity is limited, and the threshold is
about 105 cell ml� 1, because of the small size of bacteria, which
implies large magni� cation. Its performance can be increased i
a picture analyzer is coupled to the microscope. Live and dead
cells can be separately counted using speci� c reactants that
stain the live cells green and the dead cells red (propidium
iodide enters the damaged cells). Variants of DEFT, immuno
� uorescence, andin situ hybridization are both rapid and
speci�c. The � rst uses � uorescent-labeled antibodies that
recognize the antigens on the surface of the bacteria. Anti-O
oenipolyclonal sera were proved speci� c and were applied to
the control of malolactic starters and wines. The second
method uses digoxigenin-labeled DNA probes that are detected
by � uorescent anti-digoxygenin-fragment antigen binding
Performance Delay Limit of detection

ation
Viable cells

No speci� city
15–20 min 104 cell ml� 1

ctivity
Viable (green)

No speci� city
30 min 105 cell ml� 1

) Dead (red)
No speci� city

30 min 105 cell ml� 1

Viableþ dead cells
Species speci� c

2 h 105 cell ml� 1

Viableþ dead cells
Species speci� c

10 h 105 cell ml� 1
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Leuconostocaceae Family 463
(DIG-Fab) fragments. Hybridization is directly performed
on the slide where bacteria have been� xed with para-
formaldehyde and permeabilized with lysozyme. Because o
their principle, these two latter methods determine dead and
live cells.

PCR-based protocols are increasingly numerous, making
both easier and faster to carry out microbiological controls on
food and fermented products. The speci� c detection of Leu-
conostocaceae or even of speci� c spoilage strains is possible by
designing suitable primers. There are many examples of thi
detection, such as detection ofLeuconostocin vacuum-packaged
beef, ropy strains in ciders, and biogenic-producing strains in
wine. But more often, quantitative PCR (qPCR) can quantify
and replace the plate counts. Several applications, multiplex o
another method, have been described to countLeuconostocin
starter cultures for cheese fermentation and biogenic-amine
producing O. oenistrains in wine.
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Importance of Leuconostocaceae in the Food Industr

Leuconostocaceae are implied in numerous spontaneous an
industrial fermenting processes for the production of tradi-
tional food and beverages, but they are highly undesirable in
some particular industries.
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Leuconostocaceae Species as Fermenting Agents

Dairy Industry
Leuconostocaceae species are used for fermented milks, butt
and cheese production together withLactococcus, Streptococ,
and Lactobacillussp. They are normal contaminants of raw
milk and in the dairy manufacture environment. Species of the
Leuconostocaceae family are used in mixed or pure culture fo
starters. They have a relatively poor acidifying power and
mainly are chosen for their capacity to produce typical aromas
and � avors and to inhibit some undesirable contaminants.
The balance between diacetyl, which is the most aromatic
compound, and other products depends on the pH of the
medium, temperature, and redox potential, and partially on
the strain itself. The sensory quality of fermented milk also
includes viscosity resulting from the synthesis of poly-
saccharides. Like other ropy strains,L. mesenteroidessubsp.
mesenteroidesand dextranicumstrains synthesize dextrans from
saccharose. This inducible and unstable property must b
controlled when preparing starters. Excessive ropiness also m
depreciate the quality of yogurts. In a mixed culture with
Lactobacillussp. and yeasts, they are the predominating micro
� ora of ke� r for which immobilized starters have been
proposed.
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AcidiÞed Vegetables
LAB-fermented fruit juices and vegetables are increasing
becoming of interest. More than 20 different fermented vege-
tables and mixtures of vegetables and fruit juices have bee
reported. Fermentation increases the microbial stability and
prevents against spoilage microorganisms due to the dramati
decrease in pH and the production of inhibitors. Sauerkraut is
an example of such a food. After washing, cabbage still retain
Gram-negative and Gram-positive micro� ora together with
yeasts and molds. Environmental factors such as temperature
anaerobiosis, pH, and salt concentration are adjusted to direc
the interactions and optimize LAB growth. After cabbage
salting, the liquid phase formed by plasmolysis, with the
intracellular water carrying vitamins and other growth factors,
serves as a nutrient medium and an antioxygen. The aerobi
micro� ora is discarded while the LAB multiply. Generally,
L. mesenteroidesinitiates the fermentation and is then replaced
by Lactobacillus plantarum. Of all the LAB species associated with
sauerkraut production, L. mesenteroidesis the most sensitive to
decreasing pH and undissociated forms of lactic and acetic acid
Besides causing acidi� cation, L. mesenteroidesis also responsible
for � avor compounds and, in some cases, for spoilage b
dextran production.

Olives can be prepared only by salting and pasteurization
Many olives are traditionally stored in salt brine before pro-
cessing. The potential spoilage microorganisms are eliminate
by decreasing pH because of the growing population of LAB
During the initial phase, Leuconostoc, Pediococcus, and Strepto-
coccusare present.Leuconostoc� rst predominates before the
higher acid-tolerant Lactobacillusinvades the medium. Starter
cultures of Leuconostoc paramesenteroidesand Lactobacillus mes
enteroidessubsp.cremorishave been used successfully to contro
fermentation. The fermentation of green cucumber is roughly
the same as for olives. Cucumbers are brined in tanks. LAB
which initially has a small population size, quickly grow and-
compete with yeasts.L. mesenteroidesis one of the species
most present in natural fermentation, although the preferable
starters areL. plantarum and Pediococcus damnosus. Kimchi,
a Korean food prepared by fermentation of a mixture of diverse
vegetables, probably uses one of the largest varieties
species of Leuconostocaceae and LAB in general. Among the
Leuconostocis most abundant during the kimchi fermentation;
L. mesenteroides, L. kimchii, L. citreum, L. gasicomitatum, L
idum. Weissella confusa, Weissella kimchii,and W. koreensisare
the other representatives of the Leuconostocaceae family. In a
Turkish traditional beverage made from cereals, LAB fermen
together with yeasts;L. mesenteroidessubsp. mesenteroidesis
about 20% of the bacteria and the subspeciesdextranicum
accounts for one-half.

Wine and Cider Industry
After grape berries and apples are crushed and directed int
fermentation tanks, of all the fruit microbial system, yeast
are better adapted than LAB to grow in an acid and highly
sugar rich medium. As the alcoholic fermentation progresses
the mixed initial LAB population is redistributed. Most lac-
tobacilli and leuconostocdisappear; during the malolactic
fermentation, O. oeni becomes nearly exclusive in wine
and highly dominant in cider. In winemaking, malolactic
fermentation is indispensable for most wines. The most
signi� cant change is the transformation ofL-malic acid to L-
lactic acid and CO2. Citric acid is metabolized and produces
aroma compounds (diacetyl). Many other changes occur in
the wine composition and � nally lead to more complex and
improved sensory quality. Besides its effect on taste, malo
lactic fermentation increases the biological stability of wine
because most of the nutrients available after alcoholic
fermentation are depleted.
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464 Leuconostocaceae Family
Leuconostococaceae as Spoilage Agents

The useful property of L. mesenteroidessubsp. mesenteroidesor
subsp.dextranicum– that is, to produce dextran in some cases–
becomes a real spoilage factor in others. In the sugar can
industry, biodeterioration includes souring and dextran
formation. Both lead to a loss of sucrose evaluated as being u
to 4–9% of the recoverable sugar. In addition, high viscosity
induces signi� cant processing problems, such as the retarda
tion of crystallization and reduced yields. Similar problems
occur in the sugar beet industry. Contamination in re� neries is
propagated by the circulation of sweet water, and slime can be
produced in preferential locations. In the rum industry, Leu-
conostocalso forms dextrans from milling to fermentation.
Moreover, if their population is high enough, they inhibit
yeasts and delay or even stop alcoholic fermentation.

In cured meat products, slime-forming Leuconostocare
also identi� ed among the discoloring, off-odor and off-� avor
producing LAB. Ropy strains are isolated from vacuum
packed cooked meat products.Leuconostoc amelibiosumand
L. mesenteroidesproduce polysaccharides, acetic acid, ace
toinic compounds, and ethanol. The spoilage of wine and
cider named piqûre lactique is due to the heterofermentation
of hexoses, whenO. oenior other heterofermentative bacteria
grow before the end of alcoholic fermentation by yeast.

Another concern in the fermented food industry is the
production of biogenic amines, undesirable products of LAB
metabolism that cause trouble for some consumers. The main
amines found are histamine, tyramine, diaminobutane
(putrescine), and diaminopentane (cadaverine). Amino acid
decarboxylase-positive strains are responsible for their produc
tion. As shown by studies in wine, cheese, and meat products
this property is not linked to LAB species but to strains. The
biogenic amines-producing strains of various species hav
similar genomic sequences coding for the proteins required for
the decarboxylation, including amino acids–amine exchanger
for transport. PCR primers have been designed and are used f
the early detection and quanti� cation of undesirable strains.
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LeuconostocStarters

Bacterial starter cultures are applied in the beverage and foo
industry to take advantage of their metabolism in the trans-
formation process. Leuconostococaceae participate in starte
in combination with other LAB and other microorganisms in
the dairy industry, vegetable fermentation, and both wine- and
breadmaking. If the raw material is sterilized as in dairy
industry, the addition of starter is indispensable. In most cases
Leuconostocstarters must compete with the indigenous micro-
� ora. Such starters may be single-strain or multiple-strain
cultures. As a general rule, they are isolated from naturally
fermenting foods. Because the objective is to control fermen
tation to produce high-quality products, the strains must be
carefully selected. They must adapt rapidly to technologica
conditions to outgrow the indigenous micro � ora. Selection
criteria are directly related to the product in terms of sensory
and hygiene quality and stability. They also include the
capacity of the strain to multiply on an industrial scale and its
ability to be freeze-dried or dried. Until now, the wine industry
has probably been one of the� elds in which Leuconostocaceae
starters have been most experimented on and routinely used
Malolactic starters are pureO. oeni cultures. The strains are
selected primarily based on their malolactic activity and their
tolerance to harsh conditions (low pH, ethanol). New selection
criteria have been added to the basic ones, such as the in� uence
on the wine aroma and the inability to produce biogenic
amines. Biotechnology is another� eld of interest as exempli-
� ed by mannitol synthesis by Fructobacillus� culneum and
F. fructosusin carob syrup for a higher value application of
carob.

Leuconostocas Food Preservatives
Like other LAB, Leuconostococaceae preserve food b
producing antagonistic compounds, such as bacteriocinsor
when competing with the indigenous micro� ora by exhausting
most of the available nutrients. They exhibit antagonistic
activities against closely related bacteria and potential patho
genic microorganisms. Bacteriocinogenic strains and thei
bacteriocin are receiving much attention, and Leuconostoco
caceae are speci� cally concerned. So far, these strains have bee
isolated from various habitats, such as meat,� sh, and dairy
products. For example, Leucocin is a bacteriocin produced b
an L. lactis isolate that inhibits Gram-positive and Gram-
negative bacteria, such asStaphylococcus aureus, Bacillus ce
Pseudomonas putida, and pathogenic Escherichia coli.Similarly,
a W. paramesenteroidesbacteriocin has a broad inhibitory
spectrum against Gram-positive or Gram-negative pathogen
and spoilage microorganisms.Weissella confusahas an antimi-
crobial against Streptococcus agalactiaeand S. aureus. Several
strains of L. carnosum, L. citreum, L. mesenteroidessubsp. dex-
tranicum, L. gelidum, L. mesenteroides,and L. paramesenteroid
have shown bacteriocinogenic activities, most of them class II
These bacteriocins are a small-size thermostable peptides tha
because of their hydrophobic and cationic property, per-
meabilize the cell membrane of sensitive strains. Therefore, th
selection of Leuconostocstrains for applications in the food
industry may also include their potential antagonistic proper-
ties. Coinoculation with such inhibitory strains (bacteriocino-
genic or not) is a possible pathway for obtaining the natural
microbial stabilization of fermented beverages and foods.
See also:Application in Meat Industry;Classi�cation of the
Bacteria:Traditional;Bacteria:Classi� cation of the Bacteria–
Phylogenetic Approach;Bacteriocins:Potential in Food
Preservation;Cheese:Microbiology of Cheesemaking and
Maturation; Cider (Cyder; Hard Cider); Direct Epi� uorescent
Filter Techniques (DEFT); Fermented Vegetable Produc
Fermented Meat Products and the Role of Starter Cultur
Traditional Fish Fermentation Technology and Recent
Developments; Beverages from Sorghum and Millet;
Fermented Foods:Fermentations of East and Southeast A
Fermented Milks and Yogurt; Northern European Ferme
Milks; Fermented Milks/Products of Eastern Europe and
Spoilage of Meat; Curing of Meat; Spoilage of Cooked M
and Meat Products;Preservatives:Classi� cation and Proper-
ties;Preservatives(b):Traditional Preservatives– Oils and
Spices;Traditional Preservatives:Sodium Chloride;
Preservatives:Traditional Preservatives– Organic
Acids;Preservatives:Traditional Preservatives– Wood Smoke
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Preservatives:Traditional Preservatives– Vegetable Oils;
Permitted Preservatives:Sulfur Dioxide;Preservatives:
Permitted Preservatives– Benzoic Acid; Permitted Preserva
tives– Hydroxybenzoic Acid;Permitted Preservatives:Nitrites
and Nitrates;Preservatives:Permitted Preservatives– Sorbic
Acid; Natamycin; Permitted Preservatives– Propionic Acid;
Spoilage Problems:Problems Caused by Bacteria; Starter
Cultures;Total Viable Counts:Pour Plate Technique;Total
Viable Counts:Spread Plate Technique;Total Viable Counts:
Speci� c Techniques; Most Probable Number (MPN);Total
Viable Counts:Metabolic Activity Tests;Total Viable Counts:
Microscopy;Wines:Malolactic Fermentation.
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Characteristics of the Species

Listeriais a Gram-positive rod that is typically of 0.5–2 mm in
length. It is non-spore-forming and is not encapsulated.Listeria
can appear coccoid and motile depending upon the growth
temperature. They have an optimum growth temperature of
30–37 � C, and some species, most notablyListeria mono
cytogenes, can grow at temperatures as low as 4� C. As such,
these species are a particular foodborne hazard because of the
ability to replicate, albeit slowly, at refrigerated temperatures.
At 20–25 � C, they form � agella (and other antigens as well as
virulence factors) and are therefore motile, whereas at 37� C
they are not. Listeria is a facultative anaerobe and grows
vigorously on a variety of complex media.

The genusListeriais characterized by its catalase activity, it
lack of hydrogen sulfide production, and its production of acid
from glucose. It has a positive methyl red reaction and a posi-
tive Voges–Proskauer reaction. It does not produce indole,
utilize citrate, or possess urease activity. At one time, there wa
only a single species,L. monocytogenesin the genus Listeria.
Subsequently,Listeria denitri� cans, Listeria grayi,Listeria murrayi,
Listeria innocua, Listeria ivanovii, Listeria welshimeri, and � nally
Listeria seeligeriwere added.Listeria denitri�canssubsequently
was reclassi� ed asJonesia denitri� cans. Finally, it has been sug-
gested based on rRNA sequences thatL. murrayiand L. grayiare
6 Encyclopedia of Food
a single species. Multilocus enzyme electrophoresis (MEE
reveals that L. monocytogenes, L. ivanovii, L. welshimeri, and
L. seeligeriall form distinct clusters with no overlap. 16S rRNA
sequences help to form two groups: one consists ofL. grayiand
the other consists of L. monocytogenes, L. ivanovii, L. innocua,
L. welshimeri, and L. seeligeri. From this latter group, a further
division that clusters L. monocytogenesand L. innocuaappears
distinct from L. ivanovii, L. seeligeri, and L. welshimeri. This next
stage of distinction is curious as onlyL. monocytogenesand to
a lesser extentL. ivanoviiare considered to be virulent. Among
the variousListeriaspecies, the most studied isL. monocytogene.
Listeria monocytogenesis covered in detail elsewhere. Among the
other Listeriaspecies,none are considered to be highly virulent,
and apart from L. monocytogenes, only L. ivanovii has been
associated with disease in animals. There are rare reports
human disease caused byL. ivanovii, but these may be
compromised by dif� culty in accurately identifying the or-
ganism to the species level.

Virulence in Listeria is mediated by a number of factors,
some of which are unique to L. monocytogenes, whereas
a number also are shared by the non-L. monocytogenesspecies,
including L. ivanoviiand L. welshimeri. Table 1 presents a list of
a selected group of virulence factors. Most of these virulenc
genes, includingprfA, plcA, hlyA, and actaA, are clustered into
a single operon.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00186-5

http://dx.doi.org/10.1016/B978-0-12-384730-0.00186-5
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Table 2 Enrichment and selective plating media used for the
detection ofListeria

Enrichment Selective plating

Listeriaenrichment
broth (LEB)

Modi� ed McBride agar

BufferedListeriaenrichment
broth (BLEB)

Lithium chloride phenylethanol
moxalactam (LPM)

University of Vermont
medium (UVM)

Modi� ed Oxford agar

Fraser broth Polymyxin acri� avin lithium-chloride
ceftazidime aesculin mannitol (PALCAM)

Table 1 Selected virulence genes found inListeria

Protein Gene Comments

PrfA prfA Regulatory protein for operon
PI-PLC plcA Phospholipase
LLO hylA Hemolysis
ActA actA Actin polymerization
InlA InlA Internalin needed for cell entry

LISTERIAj Introduction 467
A Positive Test Result

Listeria spp. may be an indicator of the presence o
L. monocytogenes. Surveys of foods, processing plants, and othe
environments document that non-L. monocytogenesoften are
found in samples that contain L. monocytogenes. For example,
whereas a total of 12.5% of fresh chicken wings tested positiv
for L. monocytogenes, more than 42% tested positive for all
Listeriaspecies. Testing forListeriaspp. in environmental samples
of food production environments has been recognized widely as
an effective control for the pathogen. It serves as an indicato
whose presence is correlated to the presence ofL. monocytogene.
Although the ecology ofListeriaspecies is not completely under-
stood nor is the overlap in the ecology of non-L. monocytogene
versusL. monocytogenesknown, surveys for all Listeriamight be
a useful indicator of the presence ofL. monocytogenes.
,

e

d
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Genome

The genome of a number of differentListeriaspecies has been
determined and used to compare their differences. Virulence in
for example, L. monocytogenesis suggested to result from the
acquisition and deletion of a number of genes, which then
distinguishes its host range as compared with otherListeriasp.
e

e

-

d

t

-
ui

t

n

e

e-
t

Methods of Detection

Listeriahistorically was dif� cult to isolate, and since its emer-
gence during the early 1980s, it has been the target of a larg
number of efforts to develop both cultural and rapid methods
for its detection. Although initial efforts have focused on the
isolation of Listeriaand its presumed utility as an indicator for
the human pathogen L. monocytogenes, the focus now has
shifted to detection of L. monocytogenes. GenericListeriatesting
is valuable since a negative result strongly indicates th
presumptive absence ofL. monocytogenes.

Early efforts focused on the ability of L. monocytogenesto
grow at refrigerated temperatures, and the use of cold enrich
ments was part of the isolation practice; however, it could take
up to a few months to complete the procedure. A number of
enrichment and recovery methods have been developed an
each is speci�c for a given food product (Table 2). Sublethal
injury of Listeriais a signi� cant issue, and injury can occur as
a result of processing or acid stress in fermented foods.

A number of enrichment media for Listeriaare based around
the inclusion of two or more antibiotics (i.e., acri � avin, poly-
myxin, ceftazidime). These enrichments typically are carried ou
for 24 h, after which a second round of enrichment may be used.
The type of food being tested is a factor in the choice of a protoco
for isolation, including media and growth conditions. For
example, L. monocytogenesin foods that are dried during pro-
cessing would be injured and a preenrichment of buffered
peptone water might be recommended. To help with recovery,
antibiotics sometimes arewithheld during a period of incubation
to allow the injured cells to recover. Secondary enrichments ar
recommended for all foods except dairy products. The use o
a secondary enrichment depends on the endogenous micro� ora
and the anticipated levels ofListeriain the product.

After selective enrichment, the next stage in culture-base
detection of Listeriatypically employs plating onto a selective
medium. The most common ingredient is an antibiotic to
promote the selective growth ofListeria(e.g., lithium chloride)
and aesculin to detect hydrolysis activity. The plates ar
incubated for 24–48 h and on a medium containing aesculin,
the colonies appear black, although they actually are clear an
the black aesculin hydrolysis product is seen beneath the colony

A number of Listeria species appear similar on selective
media (i.e., PALCAM). Although this result can be taken as
a presumptive positive, further con� rmation is needed to
speciate the organism and to con� rm its identity. Different
schemes for con� rmation have been established that use
a number of morphological and biochemical tests. One of the
most widely accepted tests is the CAMP (named for the
inventors, Christie, Atkins, and Munch-Peterson) that involves
cross-streaking the test organism on a blood agar plate perpen
dicular to streaks ofStaphylococcus aureusand Rhodococcus eq.
Although L. ivanoviiand to a lesser extentL. monocytogenesand
L. seeligeriare all b-hemolytic, their hemolysis patterns are
altered greatly byS.aureusand R. equi. Therefore, a CAMP resul
is presented in terms of the hemolytic reaction scored around the
intersection of these cross-streaks. Since hemolytic activity i
L. monocytogenesis relatively weak, dif� culties in scoring CAMP
have been reported. Speci� c tests to distinguish between the
various Listeriaspecies are shown inTable 3.

A number of biochemical tests can be used to speciateLis-
teriaand acid production from carbohydrates, including xylose,
L-rhamnose, mannitol, and a-methyl-D-mannoside, and
soluble starch can help distinguish between the species. Thes
and others have been incorporated into a variety of‘minia-
turized’ identi � cation tests that include APIListeria, API Cor-
yne, API 50CH, and Mast-ID.

In addition to the biochemical tests, a number of typing
methods have been established that allow species and subsp
cies discrimination. Serotyping reveals at least 16 differen
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Table 3 Speciation tests forListeria

Test L. grayi L. innocua L. ivanovii L. monocytogenes L. murrayi L. seeligeri L. welshimeri

b-Hemolysis � � þ þ � þ �
CAMP (S. aureus) � � � þ � þ �
CAMP (R. equi) � � þ � � � �

Acid production from
Mannitol þ � � � þ � �
a-Methyl-D-mannoside ND þ � � ND � þ
L-Rhamnose � þ /� � þ þ /� � þ /�
Soluble starch þ � � � þ þ /� þ /�
D-Xylose � � þ � � þ þ
Hippurate hydrolysis � þ þ þ � þ /� þ /�
Nitrate reduction � � � � þ þ /� þ /�
Mouse lethality � � þ þ � � �

ND, not determined.
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serovars, some of which overlap more than one species. Th
serotyping is dependent on variation in the O- (somatic) and
H- ( � agellar) antigenic factors. TheL. monocytogenes/L. seeliger
group has the most serovars, with a total of 13 among these two
species.

In addition to serotyping, the Listeriaspecies can be typed by
phage, although not all strains are typable with the current
array of phages. MEE is based on polymorphisms in the elec
trophoretic mobility of 10 –25 different enzymes, which can be
histochemically stained. There are far more MEE types tha
serovars, and in one sampling, a total of 82 distinct types were
found among 390 isolates. At least three nucleic acid-base
methods have been established, random ampli�ed poly-
morphic DNA (RAPD), pulsed-� eld gel electrophoresis
(PFGE), and ribotyping. The last is based on sequence poly
morphisms that can be scored by probing the rRNA operon. To
date, well over 50 different ribotypes have been discovered in
the L. monocytogenesspecies using the restriction enzymeEcoRI.
RAPDs potentially can be more discriminating; they are based
on the patterns resolved on polymerase chain reaction (PCR
ampli � cation with a small oligonucleotide primer, which has
a ‘random’ sequence. RAPDs, however, are notorious for the
lack of reproducibility and transferability of the protocols
between laboratories. PFGE can be effective and has been us
to subtype a single serovar.

A number of commercial suppliers have produced
rapid methods to detect either Listeria or more speci� cally
L. monocytogenes. For the most part, these assays are extensio
of formats used to detect other microorganisms (or their
toxins), but their components have been altered to speci� cally
detect Listeria. Assays based on nucleic acid hybridization or
antibody–antigen interactions are available as well as one tha
employs nucleic acid ampli� cation. For all of these assays
some prior enrichment is necessary to selectively increase th
target population to a level at which they can be detected. A
best, these assays can be completed in 24 h, although th
depends on the food source and obviously the intended level of
sensitivity. In general, these assays attempt to integrate int
a standardListeriadetection method. After an initial one or two
rounds of culture enrichment and selection, the culture is
subjected to the rapid assay. Any positive samples then can b
carried through the standard microbiological detection for
eventual con� rmation. This approach is critical, especially in
advance of regulatory acceptance of a rapid method. Therefore
these rapid methods can be used as a screening tool to quickl
assay a large number of samples.

Enzyme-linked immunosorbent assays (ELISAs) forListeria
have been developed by Neogen. This ELISA is formatted fo
a 96-well microtiter plate, and the readout is colorimetric. To
obviate the liquid handling normally associated with micro-
titer plates, Tecra has developed an antibody-coated dipstic
and incorporated this into their Unique system. After an initial
capture step, an interim culture replication step helps to
increase cell number. The readout is colorimetric.

In general, most immunological assays forListeriahave not
been successfully further speci� ed for L. monocytogenes. Despite
apparent successes with the development of antibodies speci� c
for L. monocytogenes, incorporation of these into commercial
assay formats has not followed. A single exception is the
development of an immunomagnetic bead–colony immuno-
assayby Vicam.

Finally, a PCR-based ampli�cation method for the detection
of L. monocytogenesis marketed by such companies as Qualicon
(a subsidiary of DuPont) and Life Technologies. The nature of
the amplicon has not been detailed, but it is reported to be
speci�c for L. monocytogenes. These real-time PCR-based tes
allow for the quanti � cation of the initial number of organisms
in a sample. They do require, however, preenrichment to mee
the desired speci� city that frequently is 1 cfu per 25 g sample.
Regulations

With the advent of methodology that can detect
L. monocytogenesas compared with just Listeriaspecies, most
regulations are moving toward the former as a target for
establishing numeric thresholds. In many countries including
the United States, Australia, and New Zealand, a zero toleranc
has been established for ready-to-eat foods. In Canada an
Europe, quantitative limits greater than zero (<100 cfu g� 1)
have been established, and these are further speci� ed
depending on the food product and in effect the targeted
consuming population. Therefore, foods destined for con-
sumption by infants and other people who might be more
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susceptible to listeriosis typically have a more stringent spec
� cation. A second factor is the anticipated storage life of the
food. Foods that are highly perishable even under refrigerated
storage have less stringent speci� cations since the opportunity
for Listeriato multiply is shorter.
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Importance to the Food Industry

Contamination of food products with L. monocytogenescan lead
to a recall of the product even in advance of any reported
foodborne illness. It can be endemic in a processing plant, and
reservoirs have been shown to be the source of continuou
contamination of the product even in plants that have a‘good’
hygiene plan in place. Floor drains are notorious as reservoir
for Listeria, and the need to keep production areas dry is
essential. SinceListeriacan be found in a wide variety of food
products, most food industries need to be diligent in their
process as well as in their plant design and operation. As with
other food pathogens, the design and implementation of
a hazard analysis critical control point (HACCP) can be the� rst
line of defense in preventingListeriacontamination of a food
product. Within an HACCP and a good manufacturing
program are all the elements to signi� cantly reduce the prob-
lems associated withListeria. The standard concerns of sepa
ration of raw and � nished product, the use of effective cleaning
and sanitation procedures, and the maintenance of a dry
environment are all effective in reducing contamination by
Listeria. Effective cleaning of processing equipment is essentia
and the recent concern for detectingListeriareservoirs in the
plant environment has resulted in increased attention to bio-
� lm formation. Factors that promote the formation of bio � lms
and their recalcitrance to removal by standard cleaning hav
been studied. These factors and methods to reduce bio� lm
formation may have a positive impact on decreasing environ-
mental loads of Listeria. Collectively, therefore, attention to
these matters by the food processor should lead to reduce
incidence of Listeria-contaminated food products.
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Importance to the Consumer

Listeriosis in humans can take any one of three clinical forms
encephalitis, septicemia, and abortion. Symptoms can rang
from � ulike to more substantial clinical manifestations. For the
most part, only L. monocytogenesappears to be pathogenic in
humans, whereas other species, includingL. ivanovii, have been
reported to cause ovine abortions and retard growth in lambs.
Listeriosis appears to have a higher mortality rate than othe
foodborne bacterial pathogens. The mortality rate has been
reported to be 20%, but this may be misleading as probably
few cases of listeriosis that do not progress past the� ulike
symptoms are diagnosed correctly. Sensitive populations
including pregnant women, the young, the elderly, and persons
with compromised immune systems, need to be diligent in not
only avoiding foods that may contain Listeria but also in
seeking medical attention when � ulike symptoms do not
quickly dissipate. People with acquired immunode� ciency
syndrome are among the sensitive populations, and feta
abortions are a prevalent outcome in both outbreak and
sporadic cases of listeriosis.

There are a number of well-documented outbreaks of
listeriosis in humans, all of which involve L. monocytogenes. The
most common serotype of L. monocytogenesassociated with
foodborne illness is type 4B. A variety of foods have been
implicated, including, animal-, dairy-, and vegetable-based
products. The most common food is soft cheeses, which, due
to the nature of their manufacture, are particularly susceptible
to contamination by L. monocytogenes. In addition, ready-to-eat
foods, which typically are refrigerated after purchase, also hav
been problematic. Proper in-home preparation of foods,
especially hot dogs, can reduce the likelihood of contracting
foodborne listeriosis. In 1998, a large outbreak of listeriosis
that resulted in a number of deaths and fetal abortions
appeared to involve hot dogs and perhaps other ready-to-ea
meat products. No conclusive source of contamination has
been identi� ed to date.

See also:Enzyme Immunoassays:Overview; Food Poisoning
Outbreaks; Good Manufacturing Practice;Hazard Appraisal
(HACCP):The Overall Concept;Listeria: Detection by Classica
Cultural Techniques;Listeria:Detection by
Colorimetric DNA Hybridization;Listeria: Detection by
Commercial Immunomagnetic Particle-Based Assays and
Commercial Enzyme Immunoassays;Listeria Monocytogenes;
Listeria monocytogenes– Detection by
Chemiluminescent DNA Hybridization;Process Hygiene:
Hygiene in the Catering Industry;Spoilage Problems:Problems
Caused by Bacteria.
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Introduction

Listeria monocytogenesis a bacterial pathogen that causes seriou
localized and generalized infections in humans. The genus
Listeriatraditionally included six species:L. monocytogenes, Lis-
teria ivanovii, Listeria seeligeri, Listeria innocua, Listeria welshimer,
and Listeria grayi(Table 1). Four new species have been
included in the recent years:Listeria rocourtiae, Listeria marthii,
Listeria � eischmannii, and Listeria weihenstephanensis. Listeria
monocytogenescan infect human and a variety of other verte-
brates, including�sh, birds, and mammals,L. ivanoviican cause
infection in ruminants, and the rest of species are described a
nonpathogenic. Listeria monocytogeneshas been isolated from
a wide variety of environmental sources, including food-
processing environments and a large variety of foods. As thi
organism is widely distributed in the environment, animals
and humans are frequently in contact with L. monocytogene.
Consequently, the study of the presence of this pathogenic
bacterium in the food safety assurance programs is a requisite
and speci�c methods for its isolation and identi�cation are
required. Cultural detection methods of this pathogen involve
two enrichment steps, an isolation in speci�c culture media,
and a �nal con�rmation using biochemical or molecular
techniques, which therefore takes generally more than 5 day
for a de�nitive result.

Detection ofL. monocytogenesby Cultural Methods

The detection of L. monocytogenesin food includes four
consecutive steps: a primary semiselective enrichmen
ive
-

-

,

-

Table 1 Cultural and biochemical
characteristics of the genusListeria

Characteristic Reaction

Catalase activity þ
Oxygen requirement F
Growth at 35� C þ
Motility at 22� C þ
Motility at 37� C �
Methyl red reaction þ
Voges–Proskauer reaction þ
H2S production �
Acid from glucose þ
Indole production �
Citrate utilization �
Urease activity �
Mannitol �
Nitrate �
Gelatine �

F, facultative.
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a secondary selective enrichment, the isolation on selectiv
solid media, and the �nal con�rmation of the presumptive
colonies.

Different chemical compounds or combinations of
compounds, mainly antibiotics, are used for the selective
enrichment and isolation of Listeria. Among them, the most
used are potassium tellurite, lithium chloride, phenylethanol,
nalidixic acid, acri�avine, potassium thiocyanate, thallous
acetate, polymyxin B, moxalactam, and ceftazidine.

Potassium tellurite is an inhibitory substance relatively
selective forL. monocytogenesdescribed in 1950. Selective media
containing potassium tellurite results in black Listeriacolonies
from reduction of the agent to tellurium with a green marginal
zone observed with oblique illumination. It also, however, can
prevent the growth of L. monocytogenesas well as the repair of
heat-injured of numerous strains, and therefore its use as
a selective agent was discouraged. The combination of lithium
chloride and phenylethanol allows Listeria to grow in the
presence of Gram-negative bacteria and is broadly used in th
McBride Listeria agar (MLA) as a plating medium, and it has
been recommended by the U.S. Food and Drug Administration
(FDA). Similarly, the nalidixic acid has been reported to
be useful in enrichment broths for selective growth of
L. monocytogenesfrom heavily contaminated food and clinical
specimens as it interferes with the activity of DNA gyrase
although there are some resistant organisms such as strept
cocci. To overcome this problem, trypa�avine or other acridine
dyes, were found to be good inhibitory agents of streptococci,
and its combination with nalidixic acid supports the wide-
spread use of both compounds in different selective media.
Similarly, it was observed to have a synergistic effect in the
selective enrichment of L. monocytogeneswhen potassium
thiocyanate was used in combination with the latest two
compounds. Thallous acetate has been chosen as a select
agent for lactic acid bacteria since the mid-1950s and subse
quently has been shown to have a better performance in
combination with nalidixic acid to suppress growth of Escher-
ichia coli. This agent, however, as well as the potassium thio
cyanate, potassium tellurite, and lithium chloride, alter the
morphology of colonies of L. monocytogenesfrom smooth to
rough form, and consequently most of the current culture
media formulations omit their use. The combination of poly-
myxin B and nalidixic acid also can prevent the growth of many
organisms, including Gram-negative rods and streptococci
particularly Enterococcus faecalis. Interestingly, whereas some
authors have reported few added bene�ts to the addition of
polymyxin B, others have found that combination to be useful
for the isolation of L. monocytogenesfrom some fermented dairy
products.

A wider acceptance has been shown for the use of mox
alactam. It inhibits many Gram-positive and Gram-negative
genera, such asStaphylococcus, Proteus, and Pseudomonas. It is
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00187-7
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included in a modi � cation of MLA containing lithium chloride
and phenylethanol, the Lithium chloride-phenylethanol-
moxalactam (LPM) agar, which is recommended by the U.S
Department of Agriculture–Food Safety and Inspection Service
(USDA–FSIS) for the isolation of L. monocytogenesfrom raw
meat and poultry and FDA. Similarly, the use of ceftazidime,
a cephalosporin antibiotic, in Columbia agar base (AC agar) is
much more effective to recoverL. monocytogenesisolates than
the FDA-modi� ed MLA medium, but their use in PALCAM
media is more effective in lower concentration than in the
previous medium.
e
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Primary Semiselective Enrichment

The combination of the selective components described
previously used in selective enrichment broths can inhibit the
growth of Listeria, as increasing selectivity can make th
recovery of stressed or injured cells more dif� cult. Conse-
quently, a � rst enrichment step for the recovery of injured or
stressedListeria is performed. To avoid the growth or over-
growth of the accompanying microbiota, however, combina-
tions of different selective components are used, but not in the
total concentration to fully inhibit the growth of non- Listeria
bacteria. For example, a primary enrichment is performed using
a broth with the Fraser formula but in half of its concentration.
This broth contains different energy sources, such as protea
peptone, tryptone, or yeast extract; esculin and ferric ammo
nium citrate as differential agents and lithium chloride, and
acri� avine and nalidixic acid as selective agents. Similarly
when two subsequent steps of enrichment are performed using
the University of Vermont (UVM) protocol, a � rst enrichment
with UVM broth (UVM-1) containing a lower concentration of
selective components is employed. The incubation of the
broths in this primary enrichment is generally at 30–37 � C for
at least 24 h.
e

r
s

c
r,
, d

l

d

Selective Secondary Enrichment

After the completion of the � rst enrichment, a small aliquot of
the semiselective broth (e.g., half-Fraser broth) is added into
a small volume of the selective broth for the secondary selectiv
enrichment. This secondary broth contains the full concentra-
tion of the selective agents and will allow the growth of
L. monocytogenespreferentially. The main selective enrichment
broths are the Listeria enrichment broth (LEB) and the Frase
broth. LEB contains proteose peptone, tryptone, yeast extract a
a source of energy, esculin as a differential agent, and nalidixi
acid and acri� avine as selective agents. As indicated earlie
Fraser broth contains the same components to half-Fraser broth
but with a higher concentration (twice). The secondary enrich-
ment is usually longer than the primary one, that is, 24–48 h
(preferably 48 h), and in a similar temperature 30–37 � C.
,
l
s

f

Isolation on Selective Solid Media

After the enrichment in the selective secondary enrichment
a loop of the positive broth is spiked in one or two selective
media. The main selective media currently used for isolation
of L. monocytogenesin food are listed in Table 2, and
L. monocytogenesand L. innocuagrown in a representation of
culture media are shown in Figure 1. The FDA protocol
recommends the use of two media, with one of them being the
Oxford agar (OXA). The ISO protocol recommends the use o
the Agar Listeria according to Ottaviani and Agosti (ALOA)
plates. The incubation generally is performed at 30–37 � C in
aerobic conditions for, at least, 24 h, although this period can
be extended depending of the type and condition of the food
matrix assayed. It is recommended that the incubation with
PALCAM plates is performed in microaerobic conditions
(5% O2; 10% CO2; 85% N2).
Final Con�rmation of the Presumptive Colonies

Among the different battery of morphological, biochemical, and
molecular tests for� nal con� rmation of the colonies isolated on
speci� c solid media, the most relevant tests are the Gram
staining, catalase and oxidase test, motility test, carbohydrat
utilization, and Christie, Atkins, Munch-Petersen phenomenon
(CAMP) test. Listeria monocytogenesare Gram-positive rods and
positive for the catalase test, that is, bubbling or foaming is
observed after the addition of few drops of 3% hydrogen
peroxide into an inoculated tryptone–soy agar (TSA) broth
incubated for 24–48 h at 37 � C, and negative for the oxidase
test, i.e., absence of coloration after the addition of 2–3 drops of
the DMPD reagent onto colonies incubated in TSA for 24–48 h
at 37 � C. Listeria monocytogenesis motile at 20–25 � C but not at
37 � C; a diffuse growth– tumbling motility – can be observed
along the streaking performed in a tube containing listeria
motility medium (a semisolid medium recommended by ISO)
and tetrazolium dye as color indicator (red). The utilization of
some carbohydrate (e.g., dextrose, esculin, maltose, rhamnos
mannitol, xylose, and a-methyl-D-mannoside) also can be
tested for the identi� cation of L. monocytogenes(Table 1); among
them, rhamnose and xylose can be used for distinguishing
L. monocytogenesand L. ivanovii: L. monocytogenesis rhamnose
positive and xylose negative, whereasL. ivanovii is rhamnose
negative and xylose positive.

The CAMP test differentiatesListeriaspecies by the different
b-hemolysis activity (Figure 2). Some Listeria species show
a synergistic lysis of red blood cells in the presence of diffusible
exosubstances (hemolysins) produced by two microorganisms
growing adjacent to each other on the surface of sheep blood
agar. In the particular case ofListeria, the synergistic hemolysis
will be achieved by the joint effect of the L. monocytogeneslis-
teriolysin O (LLC) and the Staphylococcus aureussphingomye-
linase (PLC) or the Rhodococcus equicholesterol oxidase
(ChoE). To perform the test, a streak of ab-hemolytic S. aureus
strain or a R. equistrain must be completed perpendicular to
the test streaks on sheep blood agar. Agar containing bloo
from sheep should be used as the concentration of cholestero
in blood of those animals is higher than, for example, that from
a horse, and consequently the hemolytic effect can be observe
clearly. After incubation at 35� C for 24–48 h, the plates can be
examined for hemolysis (Table 3). The CAMP test for
L. monocytogenesoften is optimal at 24 h rather than 48 h.
Listeria monocytogenesand L. seeligerihemolytic reactions are
enhanced in contact, withS. aureusbeing observed as a shove
shape in the adjacent area between the two bacterial streak
(Figure 2). A similar shape can be observed in the area o
synergistic hemolysis betweenL. ivanovii and R. equiby the



Table 2 Selective agars used for the isolation ofListeria monocytogenes

Namea Selective components Incubation conditions Colony presentation Comments

McBride Listeria agar (MLA), 1960 Lithium chloride 500 mg l� 1, cycloheximide
200 mg l� 1, phenylethanol 2.5 g l� 1

30–37 � C for 24–48 h White colonies Evaluation of the colonies requires oblique
illumination. This medium can be used with
or without addition of blood (5%).

Modi� ed McBride Listeria agar Lithium chloride 500 mg l� 1, cycloheximide
200 mg l� 1, phenylethanol 2.5 g l� 1

30–37 � C for 24–48 h White colonies Evaluation of the colonies requires oblique
illumination. Modi� ed McBride Listeria Agar
Base differ from MLA in the nutrient source
available: casein enzymic hydrolysate and
beef extract. This medium can be used with
or without addition of blood (5%).

Lithium chloride-phenylethanol-moxalactam
(LPM) agar, 1986

Lithium chloride 5 g l� 1, phenylethanol 2.5 g l� 1,
moxalactam 20 mg l� 1

30–37 � C for 24–48 h Black colonies with halo Evaluation of the colonies requires oblique
illumination. FRDA recommends the
addition of esculin and FE3þ as differential
agents.

Oxford agar (OXA), 1989 Colistin sulfate 20 mg l� 1, fosfomycin
10 mg l� 1, cefotetan 2 mg l� 1, ciclohexidine
400 mg l� 1, lithium chloride 15 g l� 1 and
acri� avine 5 mg l� 1

30–37 � C for 24–48 h Black colonies with black halo Esculin and ferric ammonium are used as
differential agents.

Modi� ed Oxford agar (MOX), 1989 Colistin sulfate 20 mg l� 1, fosfomycin
10 mg l� 1, cefotetan 2 mg l� 1, ciclohexidine
400 mg l� 1, lithium chloride 15 g l� 1

acri� avine 5 mg l� 1, moxalactam 20 mg l� 1

30–37 � C for 24–48 h Black colonies with black halo Esculin and ferric ammonium are used as
differential agents.

PALCAM agar, 1988 Polymyxin B 10 mg l� 1, acri� avin, 5 mg l� 1

ceftazidime 20 mg l� 1, lithium chloride
15 g l� 1,

30–37 � C for 24–48 h in
microaerobic
conditions
(5% O2; 10% CO2;
85% N2)

Black colonies with black halo Esculin, ferric ammonium, and mannitol are
used as differential agents.

ALOA agar (Agar Listeria according to
Ottaviani and Agosti)

Lithium chloride 10 g l� 1, nalidixic acid
20 mg l� 1, polymyxin B 38350 IU,
ceftazidime 20 mg l� 1, cycloheximide
50 mg l� 1, amphotericin 10 mg l� 1

30–37 � C for 24–48 h Blue-green colonies with
lipolysis halo

5-Bromo-4-chloro-3-indolyl-b-D-
glucopyranoside andL-a-fosphatidylinositol
are used as differential agents.

CHROMagar Listeria Selective solution (unknown) 30–37 � C for 24–48 h Blue-green colony surrounded
by an opaque, white halo

Differential agents unknown.

RAPID L’Mono agar Lithium chloride 9 g l� 1, and selective solution
(unknown)

30–37 � C for 24–48 h Blue-green colonies with red
surrounding medium

Xylose andL-a-phospotidylinositol are used as
differential agents.

aName of the isolation agar and year of introduction.
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Figure 1 Isolation ofListeria monocytogenesandListeria innocuain selective plating media. TypicalL. monocytogenescolonies isolated, from left
to right top line, in ALOA, Brillance Listeria, OCLA, OXFORD, PALCAM, and Rapid L’Mono. TypicalListeria innocuacolonies isolated, from left to right
bottom, in ALOA, Brillance Listeria, OCLA, OXFORD, PALCAM, and Rapid L’Mono. PALCAM, OXFORD, OCLA, and Brillance Listeria were kindly
provided by Oxoid.

Figure 2 CAMP test forL. monocytogenes. Inoculation pattern of the
sheep blood agar plate. Horizontal lines represent streak inoculations
L. monocytogenes. Vertical line represents streak inoculation ofS. aureus.

Table 3 Differences betweenL. monocytogenesand otherListeria
spp.

Listeriaspecies

Carbohydrate
fermentation

CAMP
Testa

b-HemolysisM R X SA RE

L. monocytogenes � þ � þ � þ
L. innocua � þ /� � � � �
L. welshimeri � þ /� þ � � �
L. seeligeri � � þ þ � þ
L. ivanovii � � þ � þ þ
L. grayi þ þ /� � � � �

M, mannitol, R,L-rhamnose, X,D-xylose.
aChristie, Atkins, Munch-Petersen phenomenon, i.e.,L. monocytogenesshows
a typical hemolytic zone on blood plates when streaked together withb-hemolytic
S. aureus(SA) and/orR. equi(RE).
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effect of the L. ivanoviisphingomyelinase (SmcL) andR. equi
cholesterol oxidase (ChoE). The other species remain nonhe
molytic ( Table 3).
h

Implementation of Detection and Enumeration of
L. monocytogenesin Food

Several national public health agencies (e.g., FDA or Healt
Canada) as well as national and supranational standardization
organizations (e.g., International Organization for Standardi-
zation (ISO) and Association of Analytical Communities
(AOAC)) have developed speci� c protocols for the detection of
L. monocytogenes.
f
al
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ISO Protocol for Detection ofL. monocytogenes

ISO has developed a reference method for the detection o
L. monocytogenes: ISO 11290-1 Microbiology of Food and Anim
Feeding Stuffs– Horizontal Method for the Detection and Enum
ation of Listeria monocytogenes– Part 1: Detection Metho
(Figure 3). In this standard, 25 g of food sample are homog-
enized (1:10) in a primary enrichment medium (half-Fraser
broth) and incubated at 30 � C for 24 h ( �3 h). In the revised
version of this standard that is being undertaken, the recom-
mendation will be incubated for, at least, 24 h. Subsequently,
primary culture is plated on ALOA and in other selective
medium (e.g., Oxford or PALCAM media) and is incubated at
37 � C for 24–48 h. In parallel, 0.1 ml primary enrichment
aliquot is transferred into a tube with 10 ml of the secondary
enrichment medium (Fraser broth) and incubated at 35 or
37 � C for 48 h. Afterward, the secondary enrichment is streaked
on ALOA and another selective medium (e.g., Oxford or
PALCAM media) and is incubated at 37� C for 24 h. Finally, the
typical L. monocytogenescolonies (Table 2), for example, green-
blue colonies surrounded by an opaque halo in ALOA plates,
are con� rmed by biochemical tests. For con� rmation, � ve
presumptive colonies from each plate of each selective medium
are subcultured on tryptone–soy yeast extract agar (TSYEA) an
tested in the following tests: catalase test (Listeria spp. are
catalase positive), Gram staining (Listeriaspp. are revealed as
Gram-positive slim, short rods), motility test (motility at
25 � C), hemolysis test (L. monocytogenesshows narrow, clear,

of
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Figure 3 Flowchart for detection and enumeration ofL. monocytogenes.First column shows the diagram of the ISO 11290-1 protocol for detection of
L. monocytogenes, second column is the ISO 11290-2 for enumeration ofL. monocytogenes, and third and fourth columns indicate the Health
Canada protocols MFHPB-7:2003 and MFHPB-30:2001, respectively. HF, half-Fraser; F, Fraser; ALOA, Agar Listeria according to Ottaviani and Agosti;
TSYEA, Tryptone–soy yeast extract agar; BPW, buffered peptone water; LEB, Listeria enrichment broth; MFB, Modi� ed Fraser broth; UVM 2: University
of Vermont Medium modi� ed 2.
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light zones of b-hemolysis), carbohydrate utilization (yellow
color), and CAMP test (positive synergistic hemolysis in
combination with S. aureus).
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FDA Protocol for Detection ofL. monocytogenes

The protocol recommended by the FDA is recompiled in
Chapter 10, ‘Detection and Enumeration of L. monocytogene
in Foods’ in the FDA’s Bacteriological Analytical Manual. In th
protocol, 25 g of the sample are homogenized in 225 ml of
buffered Listeriaenrichment broth base containing sodium
pyruvate without selective agents (BLEB) and are incubate
at 30 � C for 4 h, and then the selective agents (acri�avin,
sodium nalidixate, optional antifungal, e.g., cycloheximide)
are added and incubated for 44 h more at 30� C. At 24 and
48 h, BLEB culture are plated onto one selective isolation
medium, such as OXA, PALCAM agar (PAL), modi� ed
Oxford agar (MOX), and LPM agar forti� ed with esculin and
Fe3þ and are incubated at 35 � C for 24–48 h for OXA,
PALCAM, or MOX plates or at 30� C for 24–48 h for forti� ed
LPM plates. OXA is the preferred standard selective isolatio
medium. In addition, primary cultures must be plated onto
one L. monocytogenes–L. ivanovii differential selective agar
(e.g., BCM, ALOA, Rapid L’Mono, or CHROMagar Listeria)
after 48 h of enrichment (optionally at 24 h, too).
For con� rmation, presumptive colonies are subcultured on
TSYEA and tested using the following tests: the examinatio
of isolates using the Henry optical system, which uses
obliquely transmitted beamed white light powerful enough
to illuminate the plate well at a 45-degree angle or by optical
microscopy (slim, short rods); motility (slight rotating or
tumbling motility); catalase test (positive); Gram staining
(Gram-positive slim, short rods); carbohydrate fermentation
(dextrose, esculin, maltose, rhamnose, mannitol, and xylose
Listeria spp. produce acid with no gas); hemolysis test
(L. monocytogenesshows narrow, clear, light zones of
b-hemolysis); CAMP test (positive synergistic hemolysis in
combination with S. aureus); Nitrate reduction test –
optional (only L. grayi ssp. murrayi reduces nitrates with
red-violet color); SIM or MTM inoculation for 7 days at room
temperature (Listeria spp. are motile, giving a typical
umbrella-like growth pattern); and speci� c real-time PCR
methods for simultaneous con� rmation of Listeriaspp. and
L. monocytogenes. In addition, it is also possible to use
commercial tests, such as Vitek Automicrobic Gram-Positive
and Gram-Negative Identi� cation cards (bioMerieux, Hazel-
wood, MO), API Listeria (bioMerieux, Marcy-l’Etoile,
France), the MICRO-IDTM kit (bioMerieux, Hazelwood,
MO), and the Phenotype MicroArray for Listeria (BiOLOG,
Hayward, CA).



-

ed

,

);

l
rn

s;

cial

l
al

LISTERIAj Detection by Classical Cultural Techniques 475
Health Canada Protocols for Detection ofL. monocytogenes

The Health Products and Food Branch has devised two proto
cols for the detection of L. monocytogenesin food: the MFHPB-
30:2001 ‘Protocol for isolation of Listeria monocytogenesfrom all
food and environmental samples’ and the MFHPB-7:2003
‘Protocol for detection of Listeriaspp. in foods and environ-
mental samples using PALCAM broth.’ In the MFHPB-30:2001
(Figure 3), 25 g of the food sample is homogenized with
225 ml of LEB containing esculin, nalidixic acid, and acri� avin,
and incubated at 30� C. After 24 and 48 h of incubation, 0.1 ml
of LEB culture is added to 10 ml of modi� ed Fraser broth
(MFB), and incubated for 24–26 h at 35 � C. Listeria-positive
MFB present a dark color for the fermentation of the esculin.
If negative, the MFB is reincubated another 24 h. The positive
MFB are streaked in two speci� c isolation media: OXA and one
of the following: LPM, MOX, PAL, or chromogenic media. The
incubation of LPM plates is at 30 � C for 24–48 h, while the
incubation of OXA, MOX, and PAL plates is at 35� C for
24–48 h. The streaking of LEB onto speci� c isolation media is
optional but preferable for obtaining all Listeriae. For con� r-
mation, at least � ve presumptive colonies from each plate of
each selective medium are subcultured on TSYEA and test
using the following tests: hemolysis test, motility (by agar
technique – typical umbrella – and by the Wet-mount tech-
nique – short rods with tumbling motility), and carbohydrate
utilization (using agar plates containing mannitol, rhamnose,
and broths containing xylose and dextrose, esculin, maltose
mannitol, rhamnose, a-methyl-D-mannoside and xylose– Lis-
teriaspp. produce acid with no gas). A battery of optional tests
also can be assayed: rapid identi� cation kits, such as the Vitek
or API Listeria (Bio Mérieux Vitek, Inc.); Micro-ID Listeria
(Organon Teknika Corp.) or the Listeria Accuprobe� Test
(Gen-Probe) or equivalent; catalase test (catalase positive
Gram staining (Gram-positive slim, short rods); CAMP test
(positive synergistic hemolysis in combination with S. aureus);
and serology.

In the MFHPB-7:2003 (Figure 3), 25 g of the food sample is
homogenized with 225 ml of PALCAM broth, and incubated
for 26 h at 35 � C. Afterward, 1 ml PALCAM broth is added to
9 ml of UVM 2, and incubated for 26–48 h at 30 � C. The
streaking of UVM 2 broth and subsequent con� rmation of
presumptive colonies is similar to the indicated above.
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AOAC Protocol for Detection ofL. monocytogenes

AOAC also has its own protocol for detection of L. mono-
cytogenesin milk and dairy products – the AOAC Of� cial
Method 993.12. In this protocol, 25 g or ml of the dairy
sample is homogenized with 225 ml of selective enrichment
medium containing acri� avin, nalidixic acid, and cyclohexi-
mide and is incubated for 48 h at 30 � C. Afterward, 10ml of the
culture is streaked onto Oxford plates and the plates are
incubated 48 h at 37 � C. For con� rmation, at least � ve
presumptive colonies are subcultured on TSYEA and teste
using the following tests: Gram staining (Gram-positive slim,
short rods), catalase test (positive), Wet-mount tumbling
motility and cell morphology test (tumbling motility at
25 � C), hemolysis test (L. monocytogenesshows narrow, clear,
light zones of b-hemolysis), carbohydrate utilization test (acid
induced color – yellow – without gas), motility agar test
(umbrella pattern), and CAMP test (positive synergistic
hemolysis in combination with S. aureus).
Protocols for Enumeration ofL. monocytogenes

In the ISO standard protocol, the ISO 11290-2“Microbiology of
Food and Animal Feed– Horizontal Method for the Detection
and Enumeration of Listeria monocytogenesand Other Listeria
Species– Part 2: Enumeration Method,” 10-fold dilutions of the
food product in buffered peptone water (or half-Fraser) are
prepared and plated on ALOA and are incubated at 37� C for
24 h for the enumeration of L. monocytogenes. After the enrich-
ment, the typical L. monocytogenescolonies are con� rmed by
biochemical tests as described previously (Figure 3). In the FDA
protocol for enumeration of L. monocytogenes, however, only the
positive food samples for the presence ofL. monocytogenesare
tested by colony count onL. monocytogenesdifferential selective
agar in conjunction with most probable number enumeration
using selective enrichment in BLEB with subsequent plating on
ALOA or BCM differential selective agar.

See also:Aeromonas: Detection by Cultural and
Modern Techniques;Bacillus– Detection by Classical Cultura
Techniques;Campylobacter: Detection by Cultural and Mode
Techniques;Enrichment Serology:An Enhanced
Cultural Technique for Detection of Foodborne Pathogen
Enterobacteriaceae, Coliform, andEscherichia coli:Classical
and Modern Methods for Detection and Enumeration;
Foodborne Fungi:Estimation by Cultural Techniques;Listeria:
Introduction;Listeria:Detection by Colorimetric DNA
Hybridization;Listeria:Detection by Commercial
Immunomagnetic Particle-Based Assays and by Commer
Enzyme Immunoassays;Listeria Monocytogenes; LISTERIA:
Listeria monocytogenes– Detection by Chemiluminescent
DNA Hybridization;SalmonellaDetection by Classical Cultura
Techniques;Shigella:Introduction and Detection by Classic
Cultural and Molecular Techniques;Staphylococcus:Detection
by Cultural and Modern Techniques;Vibrio:Standard Cultural
Methods and Molecular Detection Techniques in Foods;
Identi�cation Methods:Introduction;Identi�cation Methods:
Chromogenic Agars.
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Introduction

Colorimetric DNA hybridization (DNAH) methodology can be
used to rapidly detect members of the genusListeria, including
the human pathogen Listeria monocytogenes, in contaminated
foods after selective cultural enrichment. The key feature of thi
kind of methodology is the detection of speci�c nucleic acid
probe-target hybrids by linkage to a color developing chemica
reaction. There are currently available two commercial listeria
colorimetric DNAH test kits, both marketed by the same
corporation (NEOGEN� Corporation, Lansing, Michigan,
USA). The �rst is the GeneQuence Listeria Assay, which
intended for detecting all of the species of the genusListeria.
The second is the GeneQuenceL. monocytogenesAssay intended
for detection of only the causative agent of human and animal
listeriosis, L. monocytogenes. These test kits are successors to th
corresponding GENE-TRAK colorimetric DNA hybridization
test kits (seeFurther Reading), a major development being the
change from an indirect pathway to the color generating reac
tion to a more direct one. Thus the catalyst for color generation,
horseradish peroxidase (HRP), is attached directly to the DNA
probe. This obviated the need for an HRP labeled antibody to
a �uorescein hapten on the DNA probe but required a signi�-
cantly lower hybridization temperature, which is facilitated by
incorporation of formamide into the hybridization mix. In
addition, there is a change from the original dipstick format to
Figure 1 Target: Detection probe: Capture probe triplex hybrid ancho
peroxidase linked to the detection probe; A, T, G, C, and U signify the n
nucleotides are deoxyribonucleotides in the DNA probes and are ribo
nucleic acids are indicated by the stretches composed of parallel bas

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
a multi-micro well format with manual and automated
options, which simpli �es washing steps and allows paralle
sample analysis.
Principle of the DNAH Assays for the GenusListeria
and for L. monocytogenes

The GeneQuence DNAH assays for the genusListeriaand for
the speciesL. monocytogenesare based on a common principle.
The assay systems utilize synthetic oligonucleotide DNA probe
directed against ribosomal ribonucleic acids (rRNAs) of the
target listeria. Each assay employs a hybrid capture probe an
a target detector probe, which are homologous to unique
regions of the rRNAs that are speci�c to the target microbes and
do not occur in other bacteria. The names of the two probes
re�ect their different roles.

In both assays, listeria cells are lysed enzymatically with
lysozyme and mutanolysin to expose their ribosomes to
detergent, which releases the rRNAs from the ribosomes. Th
allows the capture and detector probes to hybridize in
a temperature-dependent way to different speci�c regions of
the target rRNA sequence if it is present (see also Nucleic Ac
Hybridisation). Thus, a triplex hybrid is formed ( Figure 1). The
capture probe contains a polydeoxyadenylic acid (poly dA) 30

tail. The detector probe is terminally labeled with HRP.
red to the terminus of the plate well anchor poly dT nucleotide. HRP: horseradish
ucleotide bases adenine, thymine, guanosine, cytosine, and uracil, respectively. The
nucleotides in the RNA target. Speci� c hybridization regions among the various

es in bold type representing the hybridizing interstrand base pairs AT, AU, and GC.
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478 LISTERIAj Detection by Colorimetric DNA Hybridization
The triplex hybrids are captured onto the polystyrene wall of
a plate microwell. Capture depends on polydeoxythymidylic acid
(poly dT) molecules attached to the polystyrene hybridizing with
the poly dA region of the capture probe moiety of the triplex. This
anchors the captured hybrids during addition and removal of the
various reagents and washing solutions involved in the method.
Thus, the captured hybrids are puri� ed for the subsequent steps
without using cumbersome chemical separation techniques. This
includes removal of excess HRP-labeled detector probe an
hybridization mix components such as formamide. The HRP
in the captured hybrid is detected by adding the substrates
hydrogen peroxide, and a chromogen, tetra-methylbenzene. A
blue color develops. The color intensity is proportional to the
amount of enzyme, which in turn is proportional to the amount
of target rRNA in the triplex hybrid that was captured. The enzyme
reaction is stopped by acidi� cation, which also turns the blue
color to yellow. The yellow intensity is measured spectrophoto-
metrically at 450 nm and, if it is in excess of the stated cutoff
value, the presence of the listeria target in the test sample
indicated. It can then be inferred that viable listeria were presen
in the sample, but this has to be con� rmed by cultural isolation
and identi� cation of the suspected listeria.
c
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Protocols for the DNAH Detection ofListeria Species
or L. monocytogenesand Point of Application in the
Cultural Techniques

The kits are recommended by the manufacturer for use with the
speci�ed listeria selective enrichment culture protocols. They
are primarily intended for screening secondary enrichment
cultures at 48 h and not for identifying colony isolates,
although that is possible. The point of application of either of
the two DNAH detection methods is at the end of the obliga-
tory preliminary cultural enrichment steps (Figure 2). The
primary � uid enrichment differs depending on the nature of
the food or environmental sample matrices. The secondary
solid-phase enrichment step is the same for all matrices.

All the procedures should be performed only by suitably
trained personnel using precautions necessary with pathogeni
microorganisms.This laboratory protocol is foranalyzing testand
control samples by either the colorimetric DNAH test forListeria
or that for L. monocytogenes. The kits may be used separately o
they may be used in parallel on the same sample. The majo
equipment, reagents, and other items needed to perform the
GeneQuence assay procedure for theListeriaand L. monocytogene
test kits are itemized inTable 1(‘Culture Requisites’) and Table 2
(‘Culture Media and Solutions Formulations’). The essential
features of the assay procedure are described here. Refer to
manufacturer’s package insert for the� ner details.

Assay Setup

The equipment, reagents, and accessories needed for assay
the culture samples, obtained by the culturing procedure in
Figure 2, are listed in Table 3.

1. Equilibrate refrigerated reagents to ambient temperature.
2. Prewarm water bath or heater block to operating tempera

ture, 37 � 1 � C. Water depth in the bath should be about
4 cm, or the block wells should be about one-third full.
3. To the pretreatment reagent concentrate, add 12 ml solution
pretreatment reagent buffer. Mix gently to dissolve.

4. To lysis reagent concentrate, add 12 ml lysis reagent buffe
Mix gently to dissolve.

5. Prepare wash solution by mixing one volume of the wash
solution concentrate with 19 volumes of deionized (or
distilled) water at room temperature, the total volume being
appropriate for manual or automatic washing.

6. Label a 12� 75 mm glass tube for each specimen and
a positive and a negative control.

7. Prepare a 4:1 hybridization–probe mixture (0.125 ml per
assay).

8. Place the appropriate number of microwells for test samples
and controls in the plate frame.
Running the Assay

1. Add 0.2 ml amounts of controls and 0.2 ml amounts of test
samples from the selectively enriched growth suspension
(Figure 2) cultures to appropriately prelabeled tubes.

2. Add 0.05 ml reconstituted pretreatment reagent and 0.05 ml
reconstituted lysis reagent to control and test sample tubes
Shake rack of tubes manually for 5 s. The mixture will be
GREEN. Incubate in the 37� C water bath or heating block
for 5 min.

3. Add 0.15 ml of each lysed sample and controls to their
designated microwell.

4. Thoroughly mix the hybridization –probe solution and add
0.125 ml to each microwell except the reagent blank well.
Mix each well � ve times with the pipettor.

5. Incubate the plate of microwells at 45� C for 60 min in the
incubator or covered heater block.

6. Wash the wells manually or by using the eight-microwell
strip washing device. Do� ve washes at ambient tempera-
ture. For each wash, aspirate the wells and� ll with wash
solution. After the last wash, aspirate the� uid and remove
residual � uid by inverting the well strip and tapping it onto
absorbent paper. (At each manual step, check for air bubble
and remove any present by striking onto absorbent paper on
a � at surface.)

7. Add 0.15 ml substrate chromogen solution to each micro-
well. Incubate at room temperature for 20 min.

8. Add 0.05 ml of stop solution. Tap the microwell holder
frame gently to ensure mixing.

9. Read absorbance at 450 nm using a plate or strip reade
Blank the readings against the reagent blank,not air.
Interpretation of Test Results

1. The absorbance value for the negative control must be�0.15
and that for the positive control must be �1.0 for the assay to
be valid. Otherwise, the assay must be repeated.

2. If the absorbance of the test reaction mixture is�0.10, the
sample is inferred to be free ofeither any Listeriaspeciesor
else free of just L. monocytogenes, according to which of the
two assays is used. Similarly, if the absorbance of the tes
reaction mixture is>0.10, the sample is inferred to contain
the target microorganism assayed.

3. If the target microorganism is indicated, its viability should
be con� rmed by culturally isolating it from the remaining



Table 1 Culturing prerequisites for the colorimetric DNA hybridizationListeriaandListeria monocytogenesassays

Equipment Media and reagents

Incubator (30� C) BufferedListeriaenrichment broth (BLEB) base and supplementsa

Blender or homogenizer Phosphate buffered saline (PBS)
Culture bottles (250 ml capacity) University of Vermont Medium (UVM) modi� ed
Pipettes and micropipettes (various) Listeriaenrichment broth
Graduated cylinder (500 ml capacity) OxfordListeriaagar (OXA) and supplementsb

Culture tubes (10 ml liquid capacity) Modi� ed Oxford agar (MOX) and supplementsb

Sterile cotton swabs and absorbent paper Diagnostic reagents for identifying isolates
Petri dishes

aAcri� avin(e) hydrochloride (care: mutagenic); sodium nalidixate; cycloheximide (care: very toxic); sodium pyruvate. Supplements are added to
BLEB base after a 4-h preincubation.
bAcri� avin(e) hydrochloride (care: mutagenic); cycloheximide (care: very toxic); colistin sulfate; cefotetan; fosfomycin; lithium chloride. MOX,
which also contains moxalactam, is used for isolating colonies from OXA growth.

Blend 25 g
 in 225 ml
BASAL
 BLEB

Blend 25 g in 225 
ml UVM

Swab in 
10 ml 
UVM

Sample
preparation

  and
enrichment

Sponge in
100 ml 
UVM

Choose
sample
type

Red meat, 
 poultry

Dairy
products,  
 seafood, 
 produce

Food
processing plant       

surfaces

Pre-enrich for 4 h @ 30 ûC

  Enrich 24 ± 2 h @ 30 ûC Enrich for 24 ± 4 h @ 30Ð35 ûC
 Add selective agents and 
enrich 20 ± 1 h @ 30 ûC

Enrich on OXA for 24 ± 2 h @ 35 ûC

Swab listeria-  enriched growth
and suspend in 1 ml PBS

Use 0.2 ml aliquots for 
DNAH Listeria  genus or L. 
monocytogenes assays

Figure 2 Selective culturing steps for preparing samples for theListeriagenus andListeria monocytogenesDNAH assays. Abbreviations: the acronyms
BLEB, UVM, OXA, and PBS are de� ned inTable 1.
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Table 2 Formulation and preparation of the culture media needed for the colorimetric DNA hybridization assays

Media preparation: Follow instructions, as appropriate for the medium, in the US Food and Drug and US Department of Agriculture manuals (see Further
Reading). Commercial products may be substituted as components or for mediumin totoas consistent with the medium formulation.
1. Phosphate buffered saline (PBS)– 10� Stock solution

Sodium phosphate, dibasic, anhydrous, 12 g; sodium phosphate, monobasic, monohydrate, 2.2 g; sodium chloride, 85 g. Dissolve components in
distilled water to 1 l� nal volume. Autoclave 121� C for 15 min. For, use dilute stock 1:9 with distilled water, mix well, and, as necessary, adjust pH to 7.5
with 0.1 N HCl or 0.1 N NaOH.

2. BufferedListeriaenrichment broth (BLEB)
Trypticase soy broth powder, 30 g; yeast extract, 6.0 g; potassium phosphate, monobasic, monohydrate, 1.35 g; sodium phosphate, dibasic,

anhydrous, 9.6 g; distilled water, 1 l; acri� avin(e) monohydrochloride (1.2% w/v), 1.2 ml; sodium nalidixate acid (10 mg ml� 1), 4.0 ml; cycloheximide
(50 mg ml� 1), 1.0 ml. Autoclave 121� C for 15 min.

3. University of Vermont (UVM) Modi� edListeriaEnrichment Broth
Basal medium: proteose peptone, 5.0 g; tryptone, 5.0 g; Lab Lemco powder, 5.0 g; yeast extract, 5.0 g; sodium chloride, 20.0 g; potassium

phosphate, monobasic, monohydrate, 1.35 g; sodium phosphate, dibasic, anhydrous, 12.0 g; esculin, 1.0 g; nalidixic acid 2% w/v in 0.1 NaOH), 1.0 ml;
Distilled water, 1 l. Dissolve solid ingredients in the water. Autoclave at 121� C for 15 min. Just before use, add 1.0 ml of� lter sterile 1.2% w/v acri� avin
per liter of medium base.

4. Oxford agar and Modi� ed Oxford agar
Basal medium: Columbia Blood Agar Base, 19.5 g; esculin, 0.5 g; ferric ammonium citrate, 0.25 g; lithium chloride, 7.5 g; distilled water, 500 ml.
Selective agents: cycloheximide, 200 mg (care: very toxic); acri� avin, 2.5 mg; cefotetan, 1 mg; fosfomycin, 5 mg; colistin sulfate, 10 mg (see

Modi� ed Oxford agar in this table for substitute salt).
Combine basal medium ingredients, and gently boil to dissolve. Autoclave at 121� C for 15 min. Cool to 50� C. Aseptically add the mixture of selective

agents dissolved in 2.5 ml ethanol plus 2.5 ml sterile distilled water. Final pH should be 7.0� 0.2. Mix well, and pour into sterile Petri dishes.
For Modi� ed Oxford agar, add along with the selective agent mixture 1 ml of� lter-sterilized sodium or ammonium moxalactam solution (1% w/v

in 0.1 M potassium phosphate buffer, pH 6.0� 0.1). Colistin methane sulfonate (0.5 ml of a 1% w/v solution in 0.1 M potassium phosphate buffer,
pH 6.0� 0.1) is used instead of colistin sulfate. Autoclave at 121� C for 10 min.

Table 3 Equipment, reagents, and supplies required in the colorimetric DNA hybridization assays forListeriaspecies
and forListeria monocytogenes

Apparatus and supplies Reagentsa

1. Incubators: 30 and 35� 1 � C 1a. Pretreatment concentrate: contains lyophilized mutanolysin
and lysozyme

2. Test tubes: sterile, 12� 75 mm, with caps 1b. Pretreatment reagent buffer: contains Tris pH 7.4, Na2EDTA,
and bromophenol blue

3. Microwell plate: (12� 8 wells) in divisible strips, polystyrene wells
coated with poly dT and microwell reader (450 nm)

2a. Lysis reagent concentrate: contains proteinase K

4. Heater blocks or water baths: for 37� 1 � C and 45� 1 � C incubation 2b. Lysis reagent buffer: Tris pH 7.4 Na2EDTA,n-lauryl sarcosine,
and brilliant yellow

5. Laboratory ware: graduated cylinder, 500 ml; and culture bottles for
enrichments

3. Hybridization solution (care: contains formamide)

6. Pipetting ware: sterile serological pipettes, 10 ml; micropipettor and
tips, 20–200ml; multichannel adjustable pipettor and tips Disposable
graduated pipettes, 2 m; repeater syringe and tips for 50, 100, 125,
and 150ml volumes (optional)

4. Genus or species probe solutions contain a speci� c HRP
oligonucleotide (detector probe) and a speci� c oligonucleotide
30-labeled with poly dA (capture probe)

7. Minute timer 5. Wash solution 20� concentrate: contains Tris pH 7.5, Na2EDTA,
NaCl, and Tween 20

8. Apparatus with vacuum source for microwell plate washing 6. Chromogenic substrate solution contains urea peroxide and
tetramethylbenzidine

9. Wash bottle, 500 ml. 7. Stop solution (care: contains corrosive 4 N sulfuric acid)
10. Blender or homogenizer 8. Positive control: phosphate buffer solution withListeria- or

L. monocytogenes-speci� c DNA oligonucleotide
11. Petri plates, 100� 15 mm 9. Negative control: nonviableEnterococcus faeciumb

12. Sterile cotton swabs and absorbent paper 10. Diagnostic reagents, as necessary for culture con� rmation
of positive DNAH assays

aStore reagents at 5� 3 � C (some may be stored at 2–25� C). HRP: horseradish peroxidase; poly dA: polydeoxyadenylic acid; poly dT: polydeoxythymidylic acid.
bProduces a positive reading if stringency conditions of the assay are not in compliance.

480 LISTERIAj Detection by Colorimetric DNA Hybridization
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PBS growth suspension using aListeriaselective or differential
agar plate. Identify the isolate using commercial miniaturized
identi � cation strips or recognized standard identi� cation
methods, such as those of the US Food and Drug Adminis
tration (FDA) or the US Department of Agriculture’s Food
Safety and Inspection Service (USDA FSIS).
d

f

s-

to
Advantages and Limitations of the Colorimetric
DNA Hybridization Method Compared with other
Techniques

The mainadvantage is the relative rapidity of the test. It takes 1.5 h
minimum, starting with a listeria culture or isolated colony. In
this respect it compares favorably with other rapid kits for listeria
detection. The inconvenient frequent manipulations needed with
the colorimetric Genetrak version have been minimized. No use
of radioactive material is involved as in the prototype Genetrak
Listeriagenus kit. The detection limit of the method is reported to
be 105–106 cfu/assay, which favorably compares with the limits
of other kinds of rapid detection methods. The observed limit
depends on the fact that there are thousands of ribosomes an
therefore rRNA targets per cell. Like other DNA and rRNA
hybridization probes, these will detect biochemical and mor-
phological variants of Listeriaand L. monocytogenes. The required
photometer is supplied by the manufacturer, but with proper
allowances, other brands of photometers could be used.
-

Table 4 Exclusivity of the colorimetric DNA hybridization assaysa

A. Listeriagenus test kit
Bacillus(7), Brochothrix, Enterococcus(4), Kurthia(2), Lactobacillus(5),

Micrococcus(3),Rhodococcus(3),Staphylococcus(3),Streptococcus(5)

B. Listeria monocytogenesspecies test kit
Bacillus, Brochothrix, Enterococcus, Kocuria, Kurthia, Lactobacillus,Listeria

innocua(10),L. ivanovii(2),L. seeligeri(2),L. welshimeri(2),L. grayi(3),
Rhodococcus, Staphylococcus(2), Streptococcus(2)

aOne species per genus or one strain per species was studied except as stated in
parentheses.

Table 5 Species inclusivity of theListeriagenus colorimetric
DNA hybridization assaya

Species

Non-L. monocytogenes
strains

L. monocytogenes
strains

Serovar No. tested Serovar No. tested

L. innocua 6a 3 1/2b 1
L. innocua 6b 4 4b 3
L. innocua un.c 2 4a 1
L. ivanovii 5 4 4c 1
L. seeligeri 1/2b 2 1/2a 8
L. seeligeri un. 2 1/2b 3
L. welshimeri 6a 1 1/2c 4
L. welshimeri un. 4 3a 2
L. grayid 3 3b 4

aThe strains were tested twice after growth in each of two selective enrichment
broths (BLEB and UVM). The recently proposed new speciesL. marthiiand
L. rocourtiaewere not available to test. For non-Listeriaexclusivity, seeTable 4.
bFlagella antigen not speci� ed.
cun.: unspeci� ed serovar.
dIncludes one strain of subsp.murrayi.
Validated Results

Various institutions worldwide are involved in of� cially vali-
dating food microbe detection methods. Of these institutions,
the Association of Of� cial Analytical Chemists (AOAC) Inter-
national has one of the most rigorous procedures for validating
microbial detection methods. The AOAC Of� cial Methods of
Analysis (OMA) validation involves preliminary validation by
the developing laboratory for the microbiological test kit’s
food matrix and speci� city claims. This is followed by an
interlaboratory study (N ¼10 or more) with centrally prepared
quantitatively spiked samples in sextuplicate. The interlabor-
atory study provides assurance that the method is reproducible
from laboratory to laboratory. This level of validation was
probably not deemed necessary for the GeneQuenceListeria
method since the precursor test kit, the colorimetric Genetrak
Listeriagenus detection method, was already validated by the
AOAC OMA procedure, making an in-depth validation some-
what redundant. Instead, an abbreviated procedure of the
AOAC, its Research Institute’s Performance Tested Method
(PTM) validation, was used. This involves validation studies by
the developing laboratory with supporting studies by an
independent laboratory. The two laboratories essentially vali-
date different aspects of the test kit. Although there is some
overlap, it does not involve centrally prepared quantitatively
spiked samples. Typically, the independent laboratory exam
ines the kit’s performance with additional food matrices. The
PTM validation is in some respects less rigorous than the OMA
validation. However, unlike the OMA procedure, the kit’s shelf-
life stability, its manufacturing-lot variability, and its robust-
ness in the face of possible variability of the test kit protocol
such as incubation time and temperature variation and some-
times instrument-to-instrument variability are examined.

Validation of a detection method involves determination of
its speci� city and its sensitivity. Method speci� city is prelimi-
narily assessed when the inclusive microbial analytes are i
excess and have been grown under the selective conditions use
during the culturing phase of the test kit procedure. Exclusivity
strains have to be tested after growth in nonselective versions o
the culture media.
Method Speci�city

Speci� city is measured by the proportion of bona � de analyte
strains that are correctly detected (the method’s inclusivity) and
by the proportion of bona � de nonanalyte strains that are
correctly not detected (the method’s exclusivity) by the test
method.

ListeriaGenus Assay
The strain exclusivity (Table 4A) and inclusivity ( Table 5) of
the GeneQuenceListeriagenus method were validated. Fifty-
two different inclusive strains representative of the number
of species and serotypes in the genus were tested. No cros
reactivity was observed. Interestingly, until recently, the
numbers of exclusive and inclusive strains that are necessary
validate microbial detection methods were never formalized. In
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482 LISTERIAj Detection by Colorimetric DNA Hybridization
practice, the inclusivity strain numbers examined vary with the
microbial analyte depending mainly on the number of species
and serotypes, their availability, and their involvement in
foodborne disease outbreaks. The numbers of exclusive strain
examined, as is typical in such validations, were more
restricted, being strains represented of the exclusivity gener
Emphasis was placed on the strains of the genera more likely t
be encountered in the analytical and assay samples due t
selectivity of the enrichment agents, in theListeria case the
Gram-positive genera. More recently, with other bacteria
emphasis is being placed on assuring that all possible geno
types of inclusivity strains are appropriately represented. In the
exclusivity panels, there is more emphasis on the representa
tion of near-neighbor genotypes. With Listeria, this has not
been directly done in the past, though in general an effort has
been made to include all possible serotypes. In effect, though
representing all serotypes tends to adequately represent th
main genotypes since eachL. monocytogenesserotype is gener-
ally speci� cally correlated to one of its three genetic lineages.

L. monocytogenesAssay
The remarks made for the generic assay method apply to thi
species method, too. However, in this case, greater emphas
was appropriately placed in the exclusivity study on nontarget
Listeriaspecies since the purpose of the method is to con� -
dently exclude the possibility of confusing the near-neighbor
species in the same genus with the target microbe
L. monocytogenes. The exclusivity genera used to validate
Table 6 Representative comparative results with the colorimetric D
culture methodsa

Food Serovar MPN cfu g� 1 N

A. Laboratory 1
Ground beef, raw 4b 0.04 2
Deli turkey 1/2a < 0.03 2
Hot dogs 4b < 0.03 2
Pork, ground un.c 0.23 2
Ham, deli 1/2b 0.15 2
Parmesan cheese 3b 0.23 2
Brie cheese 1/2a 0.06 2
Milk, pasteurized 1/2a 0.03 2
Ice cream 4c 0.4 2
Shrimp, raw 1/2c 0.04 2
Crab meat, heated 1/2c 0.04 2
Salmon, smoked 1/2c 0.23 2
Lettuce 5d 0.15 2
Vegetables, mixed un.c 0.43 1
Alfalfa sprouts 3a 0.38 2
B. Laboratory 2
Cottage cheese un.e 0.075 2
Mayonnaise 4b 0.46 2

aSubsamples, 25 g, from homogeneously spiked samples analyzed by FDA (da
Samples were spiked withL. monocytogenes(exceptL. ivanoviiandL. innocuain two foo
control results (N¼ 5 or 10 subsamples) are not shown, but there were infrequent p
be culturally con� rmed, which was almost always the case.
bDNAH and reference method performances were not signi� cantly different (p� .05) by
cun.: naturally contaminated samples.
dL. ivanovii.
eL. innocua.
assay are shown inTable 4B. The inclusivity Listeriaspecies
and serovars tested were similar to those inTable 5.
Method Sensitivity

Sensitivity is determined using food samples that are naturally
or arti� cially (spiked) contaminated. Either way, the contami-
nating concentration is determined quantitatively. One of the
problems associated with sensitivity determinations at limiting
concentrations of the microbial analyte is the uncertainty
associated with microbial enumeration techniques. Given
a common analyte strain, differences in sensitivity observed
between samples will be due to differences in contamination
concentrations and differences in the food matrix composition,
for example the micro� ora (microbiota) or adverse physico-
chemical factors. The latter, in contrast to the former, can often
be controlled. Food acidity can be neutralized, for instance.
The microbiota, which can vary in both concentration and
composition strain from lot to lot of a food, is controlled by the
use of appropriate selective factors. However, no selectiv
system is perfect, and sometimes selective factor-resista
microbiota will decrease the assay’s sensitivity.

ListeriaGenus Assay
This assay has been of� cially validated by the manufacturer in-
house with supporting data by an independent laboratory. The
15 foods examined are presented inTable 6 along with the
spiking levels determined by a three-tube MPN enumeration.
NA hybridizationListeriamethod and conventionalListeriaselective

o. of subsamples

Samples positiveb

DNAH method Reference method

0 13 18
0 5 5
0 5 5
0 16 18
0 19 19
0 14 12
0 19 18
0 1 1
0 13 13
0 8 5
0 18 18
0 15 18
0 19 19
0 9 8
0 14 11

0 14 14
0 12 12

iry and seafoods) or USDA FSIS (meats and sausages) methods by two different laboratories.
ds) at two levels, but only representative results for one level are shown. Unspiked
ositives due to natural contamination. DNAH results were deemed positive only if they could

the McNemar chi-square test.
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Table 7 Foods used in the comparison of the colorimetric DNA
hybridizationListeria monocytogenesmethod with standard selective
culturalListeriadetection methodsa

A. Laboratory 1
Beef, raw ground; turkey, deli; hot dogs; pork, ground; ham, deli;

Parmesan cheese; Brie cheese; milk, pasteurized; ice cream; shrim
raw; crab meat, pasteurized; salmon, smoked; lettuce; peas, frozen;
� our; and cottage cheese

B. Laboratory 2
Cottage cheese; Parmesan cheese; and beef, deli roast

aSubsamples, 25 g, from a homogeneously spiked samples analyzed by US
(dairy and seafoods) or US FSIS (meats and sausages) methods by two diffe
laboratories. Samples were spiked with various serovars ofL. monocytogenesat two
levels. Unspiked controls (N¼ 5 or 10 subsamples) were used. DNAH results were
deemed positive only if they could be culturally con� rmed, and this was always the
case. DNAH and reference method performances were not signi� cantly different
(p� .05) by the McNemar chi-square test.
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The performances of the test kit and the appropriate standard
method were not signi� cantly different from each other. For
USDA-regulated foods, the sensitivity was 96.0% compare
with 98.7% for the USDA cultural method. For FDA-regulated
foods, the sensitivity was 98.1% compared with 92.3% for the
FDA cultural method. The corresponding speci� cities were 99.5
and 97.9%, respectively, due to uncon� rmed positive test kit
results.

L. monocytogenesAssay
This assay was validated in a similar fashion to theListeria
genus assay. The 15 foods examined are presented inTable 7.
The test kit and reference method results were not signi� cantly
different. The test kit method had a sensitivity of 92.7%
compared with the overall sensitivity of 89.0% for the USDA
and FDA reference methods.
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Method Ruggedness

Listeria GenusTest Kit
Ruggedness testing is an important feature of the PTM valida
tion. The parameters and their variations regarded as critical fo
method reliability were (1) variation of the number of mixing
steps (0, 5, and 10 repeated aspirations by pipette) of the lysed
sample and the probe–hybridization solution; (2) variation of
the premixed probe–hybridization volume (0.1, 0.125, and
0.15 ml); (3) variation of the number of washings (four, � ve,
and six times); (4) variation of the hybridization incubation
temperature (43, 45, and 47� C); and (5) variation of the
hybridization incubation time (45, 60, and 75 min). These
parameter variations were each tested in triplicate. In genera
there was no signi� cant parameter variation effect, so the rec
ommended values are the intermediate ones. However, in the
case of variation of the premixed probe–hybridization volume,
the recommended value of 0.125 ml (�5%) is very critical.
Departures from this may result in false readings due to an
improper formamide concentration affecting the speci� city of
hybridization.

L. monocytogenesTest Kit
Similar studies were performed with theL. monocytogeneskit,
and the conclusions were the same. In particular, false positive
with Listeria innocuaare possible if the volume of the
probe–hybridization mixture is not within �5% of the rec-
ommended 0.125 value.
Stability and Lot-to-Lot Variability of theListeriaTest Kit

Listeria GenusTest Kit
These two test attributes are also characteristic of the PT
validation system. Three kit production lots were quality
control tested with the kit positive and negative controls,
dilutions of positive kit controls, and one strain each of
L. monocytogenes, L. innocua, and Enterococcus faecium. Kit
component stability was tested at 4� C for 26 weeks post
manufacture. The kit was demonstrated to have a validated
shelf life of at least 6 months.

L. monocytogenesTest Kit
Similar testing was performed with this kit. It had good stability
and acceptable lot variability like the L. monocytogeneskit.
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FDA
rent
Food-Processing Facility Surfaces

In the last decade or so, there has been increased emphasis
preventive measures for ensuring food safety. Consonant with
this has been the development of methods to detect pathogens
and/or relevant indicator microorganisms contaminating
surfaces in contact with food products or in close proximity to
food-processing and product storage areas. In the PTM valida
tion of the Listeria genus test kit, 104 potentially naturally
contaminated surfaces were tested that were made of materia
like those listed for the independent laboratory study inTable 8.
Fourteen of the samples were positive by the DNA hybridization
method, and 15 by the USDA culture method. Seventeen of the
samples were positive by at least one of the methods. There wa
no statistical difference between the performances of the two
methods. Table 8 shows the results for surfaces that were var
ously arti� cially quantitatively contaminated with 10 2 to
106 cfu cm� 2. There was no signi� cant difference in the perfor-
mance of the DNA hybridization and the USDA FSIS methods,
though both methods seem to be more or less insensitive with
these surface materials compared to food matrices. However, th
high to very high spiking levels necessary to achieve th
comparable levels of partial positive responses observed wit
both methods on the various materials probably do not neces-
sarily accurately re� ect the sensitivities of the methods. Thus
depending on the surface material, there was probably consid
erable loss of viability during drying of the applied spike
suspension, residence on the surface for 18 h, and rehydration
TheL. monocytogenestest kit was not validated for environmental
surface contaminants. This is understandable because the aim
environmental sampling in food-processing facilities also
includes indicators of potential L. monocytogenescontamination
such as otherListeriaspecies, especiallyL. innocua, as well as the
pathogen per se.
Summary

The GeneQuenceListeria genus and L. monocytogenescolori-
metric DNA hybridization test kits can rapidly detect these
targets in a variety of foods after appropriate cultural
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Table 8 Comparison of the colorimetric DNA hybridizationListeriamethod and standard selective culture detections ofListeriaon arti� cially
contaminated food-processing facility surface materialsa

Surface material Listeriaspecies Spike (log10cfu per area)

Positive results/20 replicatesb

DNAH method Reference method

A. Sampled area, 102 cm2

Ceramic monocytogenes 3.43 15 15
Iron, cast monocytogenes 4.43 10 10
Concrete innocua 8.23 18 18
B. Sampled area, 6.25 cm2

Steel, stainlessb monocytogenes 5.7 15 15
Wood, painted ivanovii 2.7 19 19
Polypropylene welshimeri 7.0 8 8

aSurface replicates were spiked withListeriaspp. at a level suf� cient to ensure partial positive responses. Replicates were sampled by swabbing or sponging. Samples were
analyzed by the USDA FSIS method. Unspiked control results (N¼5 subsamples) are not shown. DNAH results were deemed positive only if they could be culturally con� rmed,
which occurred with about 99% of the replicate positives. DNAH and reference method performances were not signi� cantly different (p� .05) by the McNemar chi-square test.
bAn added competitor cocktail was present:Staphylococcus aureus,Bacillus licheniformis, andEnterococcus faecalis. The ratio of competitors toL. monocytogeneswas 1:1.
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enrichment. Both test kits have validated performances. Th
genus kit is particularly useful. As well as detecting the food
borne pathogen L. monocytogenes, it also detects the other
species in the genus that are typically regarded as indicato
microorganisms for L. monocytogenes, particularly L. innocua.
The genus kit is also validated for environmental samples
Once the presence ofListeriaspecies in a food or environ-
mental sample is established, theL. monocytogenestest kit can
be used to ascertain the presence or not of the pathogen
Although Listeria ivanoviiis pathogenic for animals, it is very
rarely a cause of listeriosis in humans and is hardly ever found
in foods.
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Introduction

Incidences of food poisoning have grown at an alarming rate in
recent times. The World Health Organization has reported that
these increases arise from the growing use of mass caterin
more complex processes in food handling and development,
and the importation of foods from less well-regulated regions.
Malpractices, such as inadequate reheating and cooling
undercooking, and contamination during preparation (from
using utensils/equipment that have been in contact with raw
food stuffs) all contribute signi�cantly to causing food
poisoning, resulting in major morbidity, particularly affecting
the quality of life of immunocompromised people, including
the very young and the very old (Table 1 and 2).
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Table 1 Major foodborne bacteria and associated mortalities as
of 2011

Bacteria
Number of cases in
the United States Number of death

Salmonella(non-typhoidal) 1 027 561 378
Listeria monocytogenes 1 591 255
Campylobacterspp. 845 024 76
Vibrio vulniÞcus 96 36
Clostridium perfringens 956 958 26

Table 2 Advantages and disadvantages of culture-based and
immunological analysis methods

Technique Advantages Disadvantages

Culture-based
methods

- Detect viable
cells only

- Detect colonies
of cells

- Speci� c media can
aid growth and,
therefore,
detection

- Time consuming
(5–10 days
required
for con�rmation)

- Changes in environ
mental conditions
can affect sample
growth

Immunological
methods

- Faster
- Can directly detect

toxins or
virulence-
causing
factors in cells

- Solely dependent
on antigen–
protein
interactions

- Cross-reactivity can
give rise to false
positives and
negatives
Bacteria causing foodborne illnesses have marked effects o
economic output. A study performed on the effects of bacteria
on economics showed that of the 14 foodborne pathogens
studied, 90% of the outbreaks were caused by�ve pathogens,
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
of which three, Salmonella(non-typhoidal), Campylobacter, and
Listeriacost the US government about $14 billion annually,
with a mean total cost of $4.43 billion, $2.03 billion, and
$1.56 billion per year, per species, respectively.Listeria mono
cytogenesis known to cause the disease listeriosis, a term used t
describeListeria-associated diseases.

Listeriaare ubiquitous in nature (being found in aquatic
habitats, in foodstuffs, and in plants and animals). The highly
virulent species,L. monocytogenes, is present in many foodstuffs,
leading to many adverse effects on health. These effects a
particularly damaging when infection occurs in immunocom-
promised individuals, resulting in septicemia and meningitis
and other problems. Hence, it is imperative that rapid and
sensitive techniques, such as immunomagnetic separation an
immunoassays, are fully exploited for detectingListeria.
Methods of Detection

Sample analysis generally takes place in a highly comple
matrix, such as food, so detection can prove to be dif�cult.
Many food safety bodies across the globe, such as the Food an
Drug Administration and the US Department of Agriculture
(USDA) and Food Standards Australia and New Zealand
operate a strict policy in relation to the presence ofListeriaspp.
Although this includes the entire Listerial genus, the presence o
any members of this genus may imply the presence of the
pathogenicL. monocytogenes, and, thus, stringent guidelines are
put in place. Australian food regulations do not allow for the
presence ofListeriain 25 g of ready-to-eat (RTE) foods to be
above 10 colony forming units (cfu). The standard imposed by
the European Union is different for certain areas of food
production. Complete absence, in samples of 25 g analyzed, i
required for food being distributed to infants or in use in
hospital or care settings. Where this is not a requirement, tha
is, for food that is distributed to those who potentially are not
immunocompromised, levels below 100 cfu per 25 g food
samples are necessary. Due to these highly speci�c require-
ments, testing for the pathogen’s presence is a procedure tha
must be carried out with high sensitivity and speci�city. In this
chapter, the focus is on the use of both enzyme-based assa
and immunomagnetic separation approaches for the detection
of L. monocytogenes. Particular emphasis is accorded to those
systems that are available commercially.

Commercial Kits Using Enzyme-Based Approaches

Kits such as the APIListeria (BioMérieux), MicroLog System
(Biolog), and MICROBACT 12L (Microgen) are used to
detect L. monocytogenes. The API Listeriatest kit is utilized to
con�rm the presence ofL. monocytogenesand Listeria innocua,
utilizing biochemical reactions – for example, the hydrolysis of
esculin, which, in the presence of Listeria species, forms
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486 LISTERIAj Detection by Commercial Immunomagnetic Particle-Based Assays
6,7-dihydroxycoumarin; the presence or absence of the
mannose-cleaving enzyme, a-mannosidase; and for acid
production in the presence ofD-arabitol, D-xylose,L-rhamnose,
a-methyl-D-glucoside, D-ribose, glucose-1-phosphate, andD-
tagatose. The bacteria� rst are cultured for 24 h on agar, and,
following removal, then are added to the test using sterile water
transfer. Hydrolysis of esculin, the presence ofa-mannosidase,
and the production of acid in the presence of D-arabitol, L-
rhamnose, and a-methyl-D-glucoside indicate the presence o
L. monocytogenes. This test was evaluated, and it was shown tha
of the 207 isolates tested, 206 were identi� ed positively as being
L. monocytogenes, with 183 (88%) of these isolates requiring no
further testing, thus showing the sensitivity of this test.

The MicroLog system had 97.5% sensitivity for
L. monocytogenesin samples from 35 food sources. A further study
analyzed the ef� cacy of the Microbact Listeria 12L and also the
Serobact� test. The Microbact kit also utilizes the hydrolysis of
esculin, with an additional focus on the fermentation of carbo-
hydrates, such as mannitol, xylose, arabitol, ribose, rhamnose
trehalose, tagatose, glucose-1-phosphate, methyl-D-glucose,
and methyl-D-mannose. Hemolysin detection is part of this test.
Such enzymes cause red blood cells to lyse, and, when prese
cause color changes in the test well that canbe detected easily. T
Serobact� test uses antisera against the� agellar regions ofListeria
spp. to detect their presence following the pre-enrichment of
samples.

Currently, the most reliable methods of detectingL. mono-
cytogenesare culture-based methods. Cold enrichment exploits
the trait possessed byL. monocytogenesof having the capacity
to grow at refrigeration temperatures. This would selectively
show the presence of the bacteria in the sample as few othe
species of bacteria could grow at this temperature. In this
method, food samples are� rst incubated in the medium to
ensure quanti� cation of both viable and injured cells. Next,
the samples are enriched using Half Fraser medium and solid
samples are enriched utilizing Oxoid broth and diluted with
Ringer solution and plated. A variance of this technique,
whereby speci� c agar plating, to encourage the growth of
Listeriaspp. alone (such as PALCAM and MOX agar), may b
used. Disadvantages regarding these culture techniques ha
been described. For example, culture methods, in general, ar
labor intensive and time consuming. The approach includes
about 48 h of enrichment, followed by selective plating that
requires up to an additional 48 h, before � nal biochemical
analysis of the samples, which in turn can take up to 10 days

Detection protocols requiring signi� cant staff inputs and
considerable time present a major problem in industry, where
rapid results are crucial. Culture methods can be inaccurate a
they can lead to false presumptions being made about the
presence or absence of contamination. Other methods o
detection that describe many molecular biology-based
methods of identi � cation, including DNA microarrays and
PCR-based approaches, have been reviewed. Microarrays w
used to detect the presence ofL. monocytogenesin environ-
mental samples. It was concluded that when the concentration
of nucleic acid present in the sample was not a limiting factor,
microarrays could be highly speci� c and useful for the detec-
tion of Listeriain samples. DNA microarrays can incorporate
thousands of DNA probes and thus allow the rapid analysis of
a sample in a single run.
Immunosensors forListeria Detection

Immunoassays and immunosensors use speci� c polyclonal,
monoclonal, and recombinant antibodies to target antigens,
such as InlA or LLO, for the detection of L. monocytogene.
Assays for foodborne pathogen detection, which may be per
formed outside of a laboratory environment have been
reviewed previously. Many detection formats are available, bu
the ideal is to maximize speci� city, ‘ease-of-use’, rapidity, and
sensitivity while simplifying the assay format and achieving
necessary isolation and quantitation of Listeria spp. from
complex analytical matrices. Ideally, such approaches could b
applied successfully with minimum operator intervention, at
low cost and applicable in situ in factories, at food production
locations and for environmental and food preparative area
monitoring.

Detection strategies, incorporating immunomagnetic sepa-
ration and enzyme-linked immunosorbent assays, may play
a pivotal role in the rapid detection of Listerial target antigens
in complex matrices with high sensitivity.
Immunomagnetic Separation

Immunomagnetic separation (IMS) can be exploited to extract
target pathogens from complex matrices. This may be necessa
for preconcentration to achieve the necessary numbers o
Listeria/listerial antigens for detection. This is performed using
nano-size paramagnetic beads, whose surfaces have be
functionalized with antibodies to listerial antigens. This func-
tionalization is carried out at room temperature. The beads are
then mixed with a contaminated suspension, bound to the
Listeria cells, and the Listeria-antibody-bead complexes are
extracted using a magnet. They then are washed with Tween 2
and phosphate-buffered saline to remove any nonspeci� c
binding that may have taken place, and enumeration ofListeria
is performed by enzyme-linked immunosorbent assay (ELISA)
polymerase chain reaction (PCR), ImmunoPCR, or other
methods.

Key factors of importance in the evaluation and use of
magnetic separation and enumeration forListeriainclude the
following:

l Choice of target antigens onListeria
l Availability and selection of suitable binding ligands

targeting selected antigens (e.g., antibodies or aptamers)
l Selection of an appropriate solid support for immobiliza-

tion of the selected binding ligand (e.g., columns or beads)
l Optimization of linkage of ligand to solid matrix (e.g.,

chemical cross-linking or the use of biotin-(strept) avidin)
l Minimization of nonspeci � c binding (e.g., use of protein

blockers or chemical surface treatments)
l Development of suitable isolation con� guration to maxi-

mize binding to Listeriaand subsequent magnetic isolation
l Decoupling of Listeriafrom ligand to facilitate enumeration
l Use of appropriate and speci� c detection method with the

required sensitivity for the detection of Listeria

The choice of target antigen is of key importance for
optimum sensitivity to be obtained. In a study on the ef� cacy of
IMS, anti-InlA antibodies (subclass IgG2a) were used speci� -
cally for the detection of L. monocytogenes, and anti-p30
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antibodies (IgM) were implemented for detection of the listerial
genus level. The type of antibody preparation used also i
a factor that can increase or hinder detection. Polyclonal anti
bodies sometimes can show undesired cross-reactivity. Ther
fore, monoclonal antibodies usually are utilized for IMS
procedures, as they bind to a single unique epitope on the targe
antigen.

After Listeria have been isolated from samples using
magnetic beads, their presence must be con� rmed utilizing
ELISA, PCR, ImmunoPCR, or other strategies. ImmunoPC
combines the speci� city of antibodies for the desired antigen
with the capacity of PCR for signal ampli�cation. Brie� y, the
antigen is added to a microtiter plate (direct detection) or is
bound using a capture antibody (sandwich-based detection).
The detection antibody then is added. This detection antibody
is labeled (e.g., with streptavidin), which in turn can bind to
DNA (biotin-labeled). Once the binding of the detection
antibody to the antigen has taken place, the DNA tag can be
ampli � ed via PCR. This ampli� cation is proportional to the
amount of binding that has taken place, and, thus, to the
amount of target antigen present in the sample.

To eliminate nonspeci� c binding before the addition of the
magnetic particles, blocking and washing steps are used. Th
utilization of fresh tubes after every washing step and the use o
detergents can also be bene� cial. Detergents such as Tween 2
(at varying concentrations) and small nuclear proteins called
protamines can be used to eliminate nonspeci� c binding.
Following successful isolation of the Listeria, it may not be
necessary to remove the cells from the bead–antibody
complexes when performing culture techniques for sample
identi � cation. Apparently, the beads may not hinder colony
formation and the bead–listerial complex can be directly plated
and cultured to show colony formation.

An immuno-bead-based (IMB) method was used to capture
and extractL. monocytogenesfrom ham and cheese. Despite high
levels of nonspeci� c interactions, a sensitivity of 2� 102 of
L. monocytogenesper ml of sample was recorded. Dynabeads�

(Dynal) have been used for the isolation and detection of
L. monocytogenesin cheese before con� rmation using PCR.
This study aimed to separateL. monocytogenescells from
surrounding food particles and proved effective as detection
levels of 40 cfu g� 1 of cheese were recorded. The author
concluded, however, that the use of IMBs for samples tha
have not been pre-enriched was not operationally viable, as
in a separate experiment, enriched cells (incubated for 24 h in
Oxoid medium) were recovered from cheese at level
below 10 cfu g� 1 food. From this work, it was evident that
pre-enrichment steps may be needed to ensure required leve
of sensitivity in detecting L. monocytogenes.

The LISTERTEST (Vicam) is a rapid detection metho
that utilizes antibody-coated magnetic beads to detec
L. monocytogenescells. These antibodies have been linked to the
magnetic beads in such a way as to enable the fragment antige
binding (Fab) regions of the antibodies to have the maximum
opportunity to bind the target cells (i.e., the antibodies are
coupled to the beads to enable maximum antigen-binding
ef� ciency). Following capture, the cell–bead complexes are
removed using a magnet, washed, spread on culture plate
incubated for 22 h, and the plates then checked for coloniza-
tion. When colonies are detected, a colony lift membrane is
added to remove the cells from the plate. Once these colonie
have been removed, a secondary antibody (speci� c to the
Listeria cells) is added to the membrane. These secondar
antibodies then are detected by the addition of enzyme-labeled
antibodies that are speci� c for these secondary antibodies
A substrate speci�c for the labeling enzyme is added to the
colonies, and if purple spots are visible, the test has detecte
L. monocytogenesin the sample.

The IMS method, coupled with PCR, was used to detec
L. monocytogenesin samples of RTE ham. The authors found
that a recovery of 1–2 cfu ml� 1 from the samples was achieved
when IMS and PCR were coupled. A combination of IMS/PCR
employing immunomagnetic nanoparticles and ‘real-time’
PCR, was successfully applied to detectL. monocytogenesin
milk, having a sensitivity of 3.4 cfu per PCR, which equates to
approximately 226 cfu per 0.5 ml of milk. It was noted,
however, that these results can vary due to the enrichment step
taken before PCR sampling, with higher concentrations of
target cells in the pre-enrichment steps yielded greater sens
tivity. This means that more thorough enrichment steps will
yield more sensitive detection of the cells when analyzed with
PCR. Indeed, a further centrifugation step enabled a detectio
limit of 10 cfu ml � 1 in milk. In this study, nanoparticles,
modi � ed by the addition of oligonucleotide sequences speci� c
to the L. monocytogenesgenehlyA, were incorporated. As these
oligonucleotides were to be subjected to PCR postremoval o
the immunomagnetic beads, the results could have varied in
accuracy due to the presence of these magnetic particle
Nevertheless, IMS can extract 1 cfu ml� 1 in 25 ml samples of
food or liquid (required by regulatory authorities), as reported
for E. coli, showing removal of 1 cfu per 25 g food of E. coli
O157:H7 and subsequently detection using DNA microarray
technology.

Further experiments found that surface modi� cations (i.e.,
the functionalization of the beads for immobilization of the
antibodies to their surface) can hinder the capture and extrac
tion ef� ciency of the application. It was reported that strepta-
vidin-coated beads coupled with biotinylated antibodies were
the most effective functionalized beads for use in capturing the
targeted cells from a food matrix and were also the most cos
effective. It is also possible to have multiple antibodies per
bead for the capture of different bacteria and this could be
a highly speci� c method of analysis.

A recent study used monoclonal antibodies (MAbs) for IMS
coupled with a � ber-optic sensor to detectL. monocytogenesin
samples of soft cheese and hot dog meat. Mice were immu
nized with heat-killed L. monocytogenesserotype 4b and anti-
bodies to InlA generated (using recombinant InlA for
screening). IMS could be performed by utilizing two types of
paramagnetic beads; Dynabeads M-280 Streptavidin (2.8mm
diameter) and MyOne Streptavidin T1 (1.0mm diameter) with
the selected monoclonal antibodies, MAb-2D12 and MAb-3F8,
which were InlA-speci� c and Listeria genus-speci�c, respec-
tively. These were coated onto paramagnetic beads after bio
tinylation and then added to samples. Capture of the bacteria
cells was far greater when the smaller MyOne beads were use
with maximum capture ef� ciency at 105 cfu ml� 1 for the
MyOne-2D12 (49.2%). The capture ef� ciency for M-280-2D12
was 33.7% at the same concentration, whereas the ef� ciency for
the larger beads using the MAb-3F8 antibodies was 16.6% fo
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MyOne-3F8 and 8.5% for M-280-3F8. It was concluded that
a number of factors, such as bead size, antibody speci� city or
performance, and initial concentration of bacteria, in� uenced
the capture ef�ciency of these antibodies. Bead size is a majo
determinant in sensitivity with surface area–to-mass ratio and
the number and availability of antibodies for binding being key
factors. The availability, distribution, and location of the anti-
gens on the surface of the bacterial membrane; the antibody
af� nity to, in this case, InlA; and the initial bacterial concen-
tration are also signi� cant issues in capture ef�ciency. The use
of IMS was seen to be highly effective on analysis with the� ber
optic sensor. When cultures were mixed (i.e., samples o
L. monocytogenes, L. innocua, and E. coliO157:H7), the readouts
detected by the sensor were much higher (w 15 400 pA) for
L. monocytogenesthan they were for the other bacteria present in
the sample (w 2725 pA and 1589 pA, respectively) using anti-
body–bead complexes. From this, the authors could conclude
that higher capture ef�ciency was achieved when the smalle
diameter beads were utilized. The sensor and paramagnet
beads used in this experiment were able to capture
L. monocytogenesin a food sample that had been enriched and
in the presence of other bacteria (in this case,L. innocuaand
E. coliO157:H7) to high levels of sensitivity.
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Enzyme-Linked Immunosorbent Assays

ELISAs can be utilized for highly sensitive identi� cation of
target antigens in a sample. Although many varying types o
ELISA exist, three key principles remain the same throughou
all of the different approaches: a capture antibody, an enzyme
linked antibody, and a substrate. The capture antibody is
utilized to detect and bind to the target antigen, and following
this binding event (after incubation and washing procedures),
the enzyme-linked antibody (i.e., the detection antibody) is
added to the reaction to detect the primary antibodies that have
bound to the target. When the enzyme substrate is added
a reaction occurs generating a measureable change (in abso
bance,� uorescence, etc.), which allows for the quantitation of
the antigen in the sample. This process can allow for high level
of sensitivity (between 103 and 105 cfu ml� 1) when detecting
bacteria in food matrices. Pre-enrichment steps, however, ar
required to reach such sensitivity levels.

Detection of L. monocytogenesin ovine and caprine speci-
mens was carried out by ELISA to analyze the reaction o
animals to L. monocytogenesantigen listeriolysin O via the
production of antilisteriolysin O antibodies. When exposed,
the animals developed antibodies in the blood, which could be
measured providing evidence of infection. Infection also
induced T-cell activation in infected animals. A similar
approach for the detection of whole cells ofL. monocytogene
using scFv antibodies, was also explored, but the limit of
detection was not described due to a low binding af�nity of the
scFv toward the pathogen. The use of direct ELISA to dete
L. monocytogenesin samples also was reviewed. Work performed
by a number of studies, however, could detect merely the genu
Listeriaand was not species speci�c.

Lateral� ow assays can be used. In this format, the cells wer
enriched for 24 h. Following this enrichment, template DNA
was extracted and ampli� ed using PCR. Upon extraction of the
nucleic acid, the samples were run on a nucleic acid lateral� ow
immunoassay. This process utilized a capture antibody and
a carbon neutravidin-conjugated antibody to detect positive
samples. The test was transformed into a tube format with
a sensitivity of 10 L. monocytogenescells in 25 ml of milk. These
tests then were compared to culture methods of other food and
food product samples, and no difference in sensitivity was
found. Furthermore, decreased detection time was achieve
(being about 57 h). This favorably compares with the Inter-
national Organization of Standardization, whose recom-
mended test length ranged between 5 and 10 days.

Sandwich ELISAs are used widely for making test kits for th
detection of Listeriaspp., but once again only to genus level of
speci�city. It was found, using a sandwich ELISA–based
method, the limit of detection could be lowered by a factor of
10, but this was merely to the species level. The use of th
VIDAS� LMO2-automated enzyme-linked immunoassay to
detect the presence ofL. monocytogenesin samples of raw pork
and beef also was reviewed, but it gave a low level of speci� city
to L. monocytogenes, and the test was conducive only to detect-
ing Listeriaspp. Other available kits for the detection ofListeria
spp. include the TECRAListeriaVisual Immunoassay and the
AssuranceListeriapolyclonal enzyme immunoassay. Although
the detection of Listeriaspp. can be a bene� cial indicator of the
presence or absence ofL. monocytogenes, the most virulent
species appears to beL. monocytogenes, and with this in mind,
far greater detection sensitivity would be bene� cial.
Future Trends

Listeria monocytogenesis clearly a deadly and virulent infectious
agent. Estimates of the cost– inclusive of hospital service,
physician costs, related drugs, and deaths– of a single L. mon-
ocytogenesinfection equates to approximately $1.7 million per
year per case in the United States. Culture techniques to dete
the presence of the bacteria are highly speci� c and accurate. The
associated times required for bacterial detection is of major
signi� cance and cost in an industrial setting, however, and high
levels of speci� city and sensitivity in very short time periods are
necessary.

Detection techniques using speci� c enzymes, such as
N-acetylmuramidase andp60 autolysins, may provide prom-
ising approaches. The use of bio-barcode assays for bacter
detection could be bene� cial for the detection of Listeria.
Current trends in detecting L. monocytogenesutilize rapid and
sensitive methods, such as gold nanoparticles (AuNPs) func
tionalized with antibodies. Also, the use of ribosomal RNA
detection in bacterial cells using molecular assays was explore
showing detection of pre-enriched samples in 8 h. These
latest technologies show promising levels of sensitivity and
rapid detection times in measuring the concentration of
L. monocytogenescells in samples. As mentioned, recent researc
conducted has seen a surge toward rapid, fast-detection strat
gies. Another method of analysis was reviewed incorporating
micro� uidics-based methods for the rapid detection of
L. monocytogenescells in samples containing other bacteria, such
asE. coliO157:H7, L. innocua, andSalmonella typhimurium. It was
found that the use of IMBs in conjunction with the micro � uidics
chip showed high levels of sensitivity for the target cells, and
also demonstrated a rapid detection time of only 3 h.
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Techniques such as this can provide a massive advantage
industrial applications, eliminating labor-intensive and time-
consuming protocols. Also, the use of nucleic acid sequence–
based ampli� cation has been reviewed, showing promising
detection of transfer-messenger RNA of lysed cells in less tha
3 min, using speci� c primers for target detection.

The development of faster and highly sensitive technologies
and methodologies for the detection of L. monocytogenesis
crucial. Methods for cell isolation and preconcentration will be
key elements of such approaches and, hence, the use of IM
and enzyme-linked assays can be expected to play a key role
future strategies for the rapid detection ofL. monocytogenes.
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Characteristics of the Species

Listeria monocytogenesis a member of the Listeriagenus, which
also includes other species:Listeria ivanovii, Listeria seeliger,
Listeria innocua, and Listeria welshimeri(Table 1). Only
L. monocytogenesand L. ivanoviican cause disease in animals
and only L. monocytogenesappears to cause disease in humans
although there are sporadic reports ofL. innocuaand L. seeliger
causing disease in humans. It has been found in 37 mamma
lian species and 17 species of birds along with�sh and shell-
�sh. Approximately 10% of the human population may be
carriers. The organism is also found in soils, silage, and othe
environmental sources.

Although attention to this organism as a foodborne path-
ogen began in the 1980s, it initially was discovered almost
100 years ago. The original identi�cation revealed its ability to
survive intracellularly in monocytes and neutrophils, and
hence its original name Bacterium monocytogenes. After being
named Listerella hepatolyticain 1927, in 1940, the name was
changed by J. H. H. Pirie again toL. monocytogenesto honor the
surgeon Joseph Lister, who was also the namesake for th
mouthwash Listerine.

Listeria monocytogenesis a Gram-positive non-spore-forming
rod on the order of 0.5–2 mm in length. The Gram stain result
becomes variable as the culture ages. In direct smears that a
Gram stained, the organism may appear to be almost coccoid
like, causing confusion with streptococci. Flagella may be
produced between 20 and 25 � C but not at 37 � C. They
are catalase positive and oxidase negative. It produce
a b-hemolysin on blood agar plates, which is part of the CAMP
(so named for Christie, Atkins, and Munch-Petersen) diag-
nostic test.

The organism can grow at temperatures ranging from<1 � C
to approximately 50 � C, with an optimum temperature of
30–37 � C. Listeria monocytogenesis quite hardy, and hence it is
found frequently in the environment. The organism can with-
stand freezing, but it is inactivated by heating at 60� C for
30 min. Heat inactivation was at one point a cause of concern
as early claims were made thatL. monocytogenescould survive
pasteurization perhaps as a function of its ability to invade
neutrophils and leukocytes in milk. Those reports subsequently
were disavowed, and it became clear thatL. monocytogenescould
Table 1 Characteristics ofListeriaspecies

Characteristic L. monocytogenes L. ivanovii

b-Hemolysin þ þ þ
CAMP-S. aureus þ � þ
CAMP-R. equi � þ �
Mannitol � � �
Xylose � þ þ
Rhamnose þ � �
Virulence þ þ �
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not survive standard pasteurization. It is a facultative anaerobe
that can grow over a pH range of 4–9.5 and has the ability to
grow in 10% sodium chloride. Acetate is the most effective
acidulant in terms of inhibiting its growth. The minimum water
activity for growth ranges from 0.90 to 0.97.

Listeria monocytogenescan ferment a number of carbohy-
drates including hexoses and pentoses with differences occu
ring depending upon aerobic versus anaerobic conditions. The
carbohydrate fermentation patterns can be used to distinguish
it from other Listeriaspp.
Virulence

The organism,L. monocytogenescan cause a number of diseases
including septicemia, meningitis, encephalitis, and intrauterine
infections. The intrauterine infections can lead to spontaneous
abortion and, with different outbreaks, the number of spon-
taneous abortions vary depending on the infected population
and probably some strain differences that lead to different
outcomes. The illness usually begins with�ulike symptoms
after approximately hours or longer.

The initial site of entry for L. monocytogeneswhen it comes to
foodborne illness is the intestinal epithelium. The bacteria gain
entry via nonphagocytic cells using one of its cell surface
proteins, internalin, and a host-speci�c receptor, E-cadherin.
Once internalized, the organism can evade the norma
processes that would kill the ingested organism. It also can
invade phagocytes and requires internalin only for non-
phagocytic cells.Listeria monocytogenescells, once internalized,
must escape the vacuole before fusion with the lysosome
which would lead to killing of the bacteria. Three enzymes,
listeriolysin O, phospholipase A, and phospholipase B, act to
disrupt the vacuole and allow the bacterium to enter the
cytoplasm. The released bacteria are able to replicate inside
the cytoplasm.

Once outside of the vacuole, L. monocytogenesdisplay
a unique ability to move around the host cell. It uses the host
cell actin monomers and its own enzyme, an actin polymerase
to form actin polymers at one of the poles. The effect of the
actin tail is to move the bacterium around the cytoplasm of the
host cell. Endogenous actin depolymerases degrade the act
L. seeligeri L. innocua L. welshimeri L. grayi

� � �
� � �

� � �
� � þ

� þ �
þ /� þ /� �
� � �
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back to monomers, and they are recycled into actin tails. The
movement is not directed and occasionally anL. monocytogene
cell will reach the membrane of the host cell and induce
transfer to a neighboring cell. It is through this mechanism that
L. monocytogenesis able to move through its host, in the most
extreme cases from the intestinal epithelium to the brain.
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Occurrence in Food

Listeria monocytogenesis not an uncommon environmental
contaminant. The organism is associated with foods
including raw milk, cheeses (especially those that are‘fresh’ or
soft-ripened), ice cream, raw vegetables, raw fruits, and raw o
improperly cooked meats and� sh. Smoked� sh is one vehicle
for L. monocytogenesas this product is not thoroughly heat
treated. Its ability to grow at refrigerated temperatures cause
a particular problem as food stored at those temperatures ca
support the growth of the organism. As will be discussed
fresh fruits such as cantaloupe have been a vehicle fo
listeriosis.
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Foodborne Illness

Listeria monocytogenesfoodborne illness accounts for approxi-
mately 1600 cases each year with more than 1400 hospitaliza
tions. Most healthy individuals do not display any symptoms
of foodborne illness resulting from the ingestion of
L. monocytogenes, depending on the number of bacteria ingested.
The organism does cause disease in the very young, the very o
and any individual who has a compromised immune system,
including pregnant women. As mentioned, L. monocytogenesis
unique in its ability to cause a variety of diseases, including
septicemia, meningitis, encephalitis, and intrauterine infec-
tions. The infective dose is not known and likely to differ
between different strains but it is assumed to be approximately
1000 cells. Since it can be taken up and survive monocytes
macrophages, or leukocytes, the infective dose is likely low a
once the organism enters these cells it can replicate.

The initial set of symptoms includes those that are� ulike as
well as nausea, vomiting, and diarrhea. As with other food-
borne infectious bacteria, the use of antacids and cimetidine
increases the predisposition of becoming ill.

Foods associated with L. monocytogenesinclude mini-
mally processed, ready-to-eat items. Initial reports of food-
borne illness were traced to dairy products, including
pasteurized milk. This particular case raised a number o
alarms and the cause of the outbreak is still not clear. In
addition, minimally processed cheese, including Mexican-
style cheese has been a source of listeriosis. In 198
a widespread outbreak with a focal point in California was
reported. A total of 142 individuals were ill, resulting in 29
deaths. Approximately 63% of the cases were shown to b
mother–newborn pairs with 42 patients presenting symp-
toms within 24 h of birth. All isolates were serotype 4b.
A Mexican-style cheese under a number of brand name
including Jalisco, was implicated as the causative agent. Th
particular case was also unusual with misdemeanor crimina
charges against the owner of the cheese plant Jalis
Mexican Products, Inc. The original source of the contami
nation was never found, andL. monocytogeneswas not found
in samples obtained from the milk supplier, Alta-Dena
Certi� ed Dairy.

In 2011, a large outbreak of listeriosis was reported in the
United States. A total of more than 147 people were reported to
be infected with a total of 33 deaths. The outbreak was wide-
spread with cases being reported in 28 different states. Th
source of the outbreak was traced back to cantaloupes from
a farm in Colorado where issues resulting from the accumu-
lation of standing water were discovered.
Detection ofL. monocytogenes

Since the � rst reports of foodborne illness associated with
L. monocytogenesconsiderable effort has been devoted to
developing methods on both classical culture-based platforms
and more advanced immuno- and nucleic acid-based plat-
forms. The original target was allListeriaspp., but this then was
followed by L. monocytogenesspeci�c tests since this species i
the most common, if only, foodborne species that causes
diseases in humans.

In foods, methods for the detection of L. monocytogeneshave
been established by both the US Department of Agriculture and
the Food and Drug Administration (FDA). The FDA method
involves an initial dilution (1:10) in Listeria Enrichment Broth,
which consists of tryptic soy broth with acri� avin, nalidixic
acid, and cycloheximide as inhibitors along with pyruvate. The
homogenate is incubated for up to 48 h at 30� C. The enriched
broth is then plated on to selective agar media, and various
options exist, including Oxford, PALCAM, MOX, or LPM. The
selective agents in both the enrichment and selective agar a
effective but also may not support the growth of injured
L. monocytogenes.

Presumptive positives depending upon the selective aga
for example, PALCAM, appear as black colonies with a blac
zone surrounding the colony. In addition to Listeria, Bacillus
and Enterococcusalso may have a similar appearance
Presumptive positives can be con� rmed by a number of tests,
including motility at 28 � C but not 37 � C. In addition,
biochemical tests can be used either as stand-alone tests or
part of a commercial suite of tests, such as API Listeria o
Micro-ID� .

Beyond the genus designation ofListeria, there are a number
of means to speciate an isolate including the use of CAMP test
and fermentation patterns on mannitol, xylose, and rhamnose.
Only two species,L. monocytogenesand L. ivanoviiare virulent in
mice.

The CAMP test involves the streaking of the test isolate o
a sheep red blood agar plate with streaks of two other bacteria
Staphylococcus aureusand Rhodococcus equi, perpendicular and
crossing the streaks ofL. monocytogenes. After incubating for
24–48 h at 35 � C, the cross-streaks between the test organis
and the S. aureusand R. equi intersect. As mentioned,
L. monocytogeneshas ab-hemolysin and the zone of hemolysis
around the streak is enhanced by the presence ofS. aureusbut
not by R. equi. In comparison, the hemolysin of L. ivanoviithe
other Listeriasp. able to cause disease in animals is enhanced b
R. equibut not by S. aureus.



492 LISTERIAj Listeria monocytogenes
The diagnosis of listeriosis in the patient involves the
isolation of the organism from blood, cerebrospinal � uid, the
placenta, or the fetus.
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Immunological-Based Methods

Immunological tests for L. monocytogenespotentially offered
a single assay to distinguish the organism on a genus or specie
level. Antibodies appear to react with all species ofListeriaas
well as antibodies (including monoclonal antibodies) that
react just withL. monocytogenes. As mentioned previously, a very
robust suite of serotypes currently includes 13 serotypes fo
L. monocytogenes. Both polyclonal antibody preparations and
monoclonal antibodies have been reported and many are
available commercially.

Antibodies are used for two basic operations: capture and
detection. For capture, the preferred method is to attach the
antibody to a magnetic bead and allow the targetL. mono-
cytogenescells to bind in solution. The magnetic beads are on
the order of 1–10 microns in size, and in solution, they are
highly ef� cient in capturing target cells. Then a magnet is use
to capture the magnetic beads and the boundL. monocytogene
cells. Both polyclonal and monoclonal antibodies have been
used in the magnetic bead capture platform. The captured cell
can then be detected using antibodies, nucleic acid probes o
ampli � cation or culture techniques.

Antibodies used for detection typically are conjugated to
a reporter that can be either a molecule capable of giving of
a detectable signal (a� uorophore) or an enzyme that catalyzes
the generation of a signal from either a� uorogenic or chro-
mogenic substrate.

In one iteration, L. monocytogenesdetection is accomplished
in an automated platform, that is, VIDA by Biomérieux. The
basic format is a sandwich assay in which one antibody is used
to capture the target antigen and a second antibody is used to
detect the captured antigen. The second antibody is labele
with an enzyme and ultimately then detection is accomplished
using a� uorogenic substrate. The VIDA platform is automated
with the various wash and detection steps carried out on
the instrument. The instrument has a claimed throughput of
60 tests per hour.

The assay begins with a 25 g sample of food that is enriche
for 22–26 h at 30 � C in LX broth. Subsequently, this primary
enrichment is used to inoculate a second enrichment, which is
incubated for an additional 22–26 h. The enriched culture is
heated and then introduced into the test strip.
y

,
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Nucleic Acid–Based Methods

Nucleic acid–based methods have reported using
hybridization-based platforms that target either the 16S
rRNA or a gene speci� c for L. monocytogenes. These methods
almost always are used in conjunction with culture enrich-
ment since the detection sensitivity is not suf� cient for levels
less than 104 cells at best. The DNA probe is labeled as with
antibodies either with a molecule capable of generating
a signal directly or an enzyme that generates a signal b
catalytic conversion of a� uorogenic or chromogenic probe.
Because of the bulk of an enzyme and the potential for
inhibiting hybridization by its sheer mass, other methods
that include bridging with biotin-streptavidin to a reporter
enzyme are used.

Most if not all of the attention and current commercial
success in nucleic acid-based assays forL. monocytogenescomes
from ampli � cation-based assays, notably polymerase chai
reaction (PCR). PCR is a powerful technique that allows for
target ampli� cation and, in theory, can reach levels down to
a single target organisms. PCR (and also other ampli� cation
techniques, such as ligase chain reaction, nucleic acid base
sequence ampli� cation (NASBA), loop mediated isothermal
ampli � cation (LAMP)) have been used to detect
L. monocytogenes. In these assays, detection is accomplished b
the generation of a signal either the result of intercalation of
a dye that � uoresces when bound to DNA or a probe that is
hydrolyzed during ampli � cation, releasing an otherwise-
quenched � uorophore. PCR is challenged, however, by its
ability to detect a target bacteria regardless of whether th
organism is viable or not. Nonviable organisms present
a challenge in terms of their true importance in ensuring food
safety and coherence between standards for contamination tha
are dependent upon culture and quanti� cation of colony
forming units. PCR-based assays have been developed th
target mRNA (instead of DNA), which is more labile and
quickly degrades upon cell death.

Many commercial iteration of nucleic acid–based assays ar
available both as laboratory bench tests and as automated
instrument platforms. All require prior enrichment to reach
target detection levels of <1 cfu per sample. Despite the
extreme sensitivity of PCR, current methods do allow for the
capture of a single targetL. monocytogenescell and delivery to
a PCR assay. Commercial platforms for manual sample prep
aration and PCR-based detection are available from Dupont-
Qualicon and Life Technologies. An automated platform
recently has been made available from Roka Biosciences.
Serology

The L. monocytogenesspecies can be subdivided effectively by
serotyping. Listeria monocytogeneshas a complex and variable
outer surface, including a lipopolysaccharide structure that is
similar to Gram-negative bacteria. The organism has both an H
and O factor that are assessed using standard serotypin
methods. As such, a robust serotyping scheme allows fo
subspecies designation of isolates. The� agellar H antigen is
determined using cultures grown at 25� C, while the O antigen
is determined on cultures grown at 35� C. There are 13 different
serotypes, including 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c
4d, 4e, and serovar 7. The different serotypes segregate wi
their ability to cause disease and 1/2a, 1/2b, and 4b are the
predominant serovars associated with human or animal
isolates, accounting for approximately 95% of all animal
isolates. There is some indication that serotype 4b dominates
most cases of sporadic listeriosis in humans.
Other Typing Methods

In addition to serotyping, a number of other methods have
been developed to classify strains ofL. monocytogenes. These
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include phage typing, isozyme typing, and ribosomal RNA
� ngerprinting (ribotyping). Phage typing is accomplished
using a bank of different phages and observing the pattern o
lysis that occurs with different phages. A plaque or a zone of ce
lysis is indicative of a phage’s ability to infect and lyse
a particular L. monocytogenesstrain. A total of 26 different
phages for typingL. monocytogenesare part of the International
Phage set. Multilocus enzyme electrophoresis or isozym
typing examines variation in a core set of enzymes by analyzing
their relative electrophoretic migration. For isozyme typing,
two analyses yield 45 and 56 enzyme types. The foodborne
disease causing strains appear to cluster in a few isozyme typ
that are highly correlated with serotype and, as indicated, have
a large representation from among the Type 1 or serotyp
4b strains. Finally, ribotyping has been used to classify
L. monocytogenesisolates. Ribotyping can be accomplished on
an automated platform (RiboPrinter), which was developed
and sold by Dupont-Qualicon. The method generates a pattern
of restriction fragments that contain the 16S rRNA gene. Th
number of different ribotypes among the L. monocytogene
isolates appears to be limited, making this technique less
discriminatory than others.
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Genomics

The genome of L. monocytogenesand other Listeria species
has been sequenced. TheL. monocytogenesgenome is
2 944 528 base pairs in length. Some strains examined hav
plasmids. The genome consists of approximately 2900 open
reading frames and about 65% have an assigned function
More than 98% of these putative genes are expressed under on
condition or another. Unusual is the presence of more than
300 transport genes and 39 phosphotransferase sugar-uptak
systems. This is more than twice the number observed in
Escherichia coli. The genome exhibits a limited gene loss and
acquisition based on comparison with other Listeriaspecies.
The transition of virulent strains to nonvirulent strains appears
to be a route of evolution rather than the acquisition of viru-
lence genes by nonvirulentListeriastrains.
See also:Listeria:Introduction;Listeria:Detection by Classica
Cultural Techniques;Listeria: Detection by Colorimetric DNA
Hybridization;Listeria:Detection by Commercial
Immunomagnetic Particle-Based Assays and by Commer
Enzyme Immunoassays;Listeria:Listeria monocytogenes–
Detection by Chemiluminescent DNA Hybridization.
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Table 1 De�nition and examples of chemiluminescent reactions

De�nition: Chemiluminescence, including biochemiluminescence, is the
emission of radiation by a chemical or biochemical reaction product,
which is produced in an electronic excited state. Reversion to the
electronic ground state occurs at a rate characteristic of the particular
product (<1 s to>1 day).

Generalized reaction:a Aþ B/ C*þ D, then C*/ Cþ photon
Example 1: Luminolþ H2O2 / 3-aminophthalateþ N2 þ photon
Reaction requires alkaline conditions or enzymatic catalysis by

horseradish peroxidase. (See‘Further Reading’ for Listeria
applications.)

Example 2: Fire�y lantern luciferase system (see alsoATP Bioluminescence)
Example 3: The AccuProbe chemiluminescent system (seeTable 3)

aExcited chemical intermediate denoted by an asterisk.
Chemiluminescent DNA hybridization methodology can be
used to rapidly and speci�cally identify isolates of the human
pathogen Listeria monocytogenesobtained from contaminated
foods by conventional selective cultural enrichment and
isolation methods, such as that described in theBacteriologica
Analytical Manual(BAM) of the US Food and Drug Adminis-
tration. The reagents necessary to perform this kind o
hybridization can, in principle, be synthesized in any labora-
tory with chemical and molecular biological capabilities. In
practice, as with other kinds of hybridizations, it is more
convenient to rely on commercially prepared reagents available
as a test kit package. In this case, there is currently only on
commercially available listeria chemiluminescence test kit, the
AccuProbe� Listeria monocytogenesCulture Identi�cation Test
(Gen-Probe� Incorporated, San Diego, CA, USA). This test ki
was designed primarily for clinical microbiology laboratories,
and the company also sells similar kits for other pathogens of
clinical importance. Nevertheless, the AccuProbe kit has bee
successfully applied to identifying L. monocytogenesfood
isolates, and developments in sample processing hav
improved the kit ’s application to the screening of food sample
selective culture enrichments for this pathogen. These appl
cations will now be described along with as much detail as
possible about how they work, given that some crucial infor-
mation is proprietary knowledge.
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Table 2 Chemiluminescence reaction steps of the acridinium
derivativea used to label the AccuProbeListeria monocytogenesDNA
probe

1. Acridinium-N-hydroxysuccinimide esterþ H2O2 / peroxylated
acridinium ester

2. Peroxylated acridinium esterþ NaOH/ succinylamide
moietyþ acridinium cyclo-oxetane product

3. Acridinium cyclo-oxetane product/ acridone*b þ CO2

4. Acridone*/ ground state acridoneþ emitted light (430 nm)

aThe acridinium derivative is covalently linked to the synthetic DNA probe by
a residue. An alkylamine reagent is used in the linkage reaction.
bExcited chemical intermediate denoted by an asterisk.
Principle of the Gen-Probe Assay
for L. monocytogenes

In this assay, cells ofL. monocytogenesare lysed enzymatically
and chemically to expose their three macromolecular ribo-
somal ribonucleic acids (r-RNAs). At least one of these
r-RNAs contains nucleotide sequences that are speci�c to
L. monocytogenesand so do not occur in the r-RNAs of other
species of listeria or those of other bacteria. One of thes
sequences, presumably in the r-RNA of intermediate
centrifugal sedimentation size, 16 S, is the hybridization
target of the proprietary DNA probe. The kit reagents provide
the right conditions for the DNA probe to optimally
hybridize, by complementary nucleotide base pairing
involving hydrogen bonding, with its r-RNA target.
Complementarity is due to the fact that the DNA probe’s
nucleotide sequence corresponds to the region of the tran
scribing strand of the gene that includes the code for the
r-RNA target sequence.

The probe is pretagged with a chemiluminescinogenic
chemical group (seeTable 1). The resulting hybrid heteroduplex
molecules (DNA:RNA) can thus be detected by adding a chem
ical reagent that causes the tagging moiety on the DNA stran
to release chemical energy as photons, that is, to chem
iluminescence. The particular tag utilized in the AccuProbe kit is
an acridinium ester moiety that releases light when treated with
hydrogen peroxide and alkali. The reactions involved are shown
494 Encyclopedia of Food
in Table 2. If there are suf�cient tagged hybrid DNA:RNA
duplexes, enough photons are rapidly released (within 2 s) as
a pulse of light at 430 nm. The photon pulse can then be
detected and ampli�ed by a photomultiplier tube to give
a luminometric value indicating the presence or absence of the
pathogen in the sample.

A crucial feature of the AccuProbe system is that the este
bonds of acridinium tags on probe molecules that are hybrid-
ized to r-RNA targets are more resistant to hydrolysis than the
ones on unhybridized probe molecules. This difference is
diagrammed in Figure 1. Since the tag does not chem-
iluminescence when deesteri�ed, the differential hydrolysis
system ensures the tags on unhybridized probe molecules ar
preferentially inactivated. Thus, the chemiluminescence
observed is due solely to a tagged probe that is hybridized to
target r-RNA and thus indicates that the target’s host bacterium,
L. monocytogenes, is present in the sample.
Protocol for the Detection ofL. monocytogenesand
Point of Application in the Cultural Techniques

The major equipment, reagents, and other things needed to
perform the AccuProbe test are itemized inTable 3. Reagents
are kept refrigerated or stored at not more than 25� C,
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00192-0
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A. Protection of the chemiluminescinogenic tag
from hydrolysis in a DNA probe:target rRNA hybrid

Hydrolytic condition

B. Hydrolytic inactivation of the chemiluminescinogenic
tag on an unhybridized DNA probe

     +

Hydrolytic condition

Figure 1 Schematization of the relative degree of inactivation of the chemiluminescinogenic tags on hybridized and unhybridized probe molecules in the
AccuProbe hybridization protection system.: activated DNA probe tag;: inactivated DNA probe tag.
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according to the manufacturer’s package insert instructions
Unused probe reagent tubes should be stored with desiccant a
5 � C. Refer to the instrument manual for the preparation, care
and calibration of the luminometer ( Figure 2).

The protocol for analyzing test and control samples is out-
lined in Table 4. When broth cultures are being analyzed
uninoculated medium controls should be run the � rst time a
new medium is tried in order to check for possible interference
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Table 3 Equipment, reagent, and accessory requisites for the
AccuProbeListeria monocytogeneskit

Equipment
1. Luminometer– for example:

Leader; AccuLDR, formerly PAL (Gen-Probe);a Optocomp I;
Optocomp II MGMb

If other models are desired, con�rm their compatibility with AccuProbe
assay system.

2. Incubator or water bath, 35–37� C
3. Heating block with 12 mm diameter holes or water bath, 60� 1 � C
Reagents
1. Probe reagent tubes (20 assay tubes in a box of four packages)– these

are made of low-phosphorescence plastic and contain desiccated D
probe.

2. Identi� cation reagent kit (200 assays per kit):
Reagent 1. Lysis reagent: for use with solid culture medium growth
Reagent 2. Hybridization buffer: promotes the desired speci� c

hybridization
Reagent 3. Selection reagent: inactivates unhybridized probe tag

3. Detection reagent kit (1200 assays per kit)– induces
chemiluminescence of tag:
Component 1. Hydrogen peroxide solution stabilized with .001 N ni

acid
Component 2. Sodium hydroxide (1 N)

Accessories
1. Plastic sterile 1ml loops (or wire loops, plastic sterile needles,

or applicator sticks)
2. Positive (L. monocytogenes) and negative (e.g.,L. innocua) control

cultures
3. Micropipettes (50ml, 300ml)
4. Vortex mixer

aGen-Probe, Inc., San Diego, CA, USA.
bMGM Instruments, Hamden, CT, USA.
by certain components. It may be necessary to analyze sed
mented cell pellets instead.

The luminometer result readout usually includes the back-
ground reading, the sample reading, and a positive or negative
statement for the presence ofL. monocytogenes. Readings are
given as numbers of photometric light units (PLU) or relative
light units (RLU) depending on the instrument model, where
33.3 RLU are equivalent to 1 PLU. Readings at or above th
manufacturer’s designated cutoff value (1500 PLU) are inter-
preted as positive for L. monocytogenes. The suggested repea
range for marginally positive sample readings starts at 80% o
the cutoff value.

There are three feasible points of application of the AccuP
robe L. monocytogenesculture con� rmation test kit in the
common methodologies used to isolate the pathogen from food
samples. These are the puri� cation agar stage, the selective aga
stage, and the enrichment stage. They are indicated inFigure 3
using the BAM listeria isolation methodology as an example.

Identi � cation of colonies isolated from selective or puri� -
cation agar media asL. monocytogenes, or not, takes about
45 min. This is a considerable time saving as identi� cation by
conventional tests takes 2 days minimum but may take up to
7 days in some cases. Also, using the kit can save the tim
effort, and expense of media preparation and storage. Th
method’s application at these stages requires one isolate
colony of about 1 mm diameter (or several smaller colonies). It
can also be applied to suspensions of con� uent growth har-
vested from the Oxford selective agar plate if no isolated listeria
colonies are present, but the con� uent growth is tending to
darken due to esculin hydrolysis. But in this case, the presenc
of listeria should be subsequently con� rmed by restreaking the
con� uent growth to selective agar.

Although this was not the original purpose for which the kit
was designed, it can be used at the selective enrichment sta
(Figure 3). This application is still at the developmental stage.
The chances of false negative results with direct testing at 48
are appreciable when the initial level ofL. monocytogenesis low
and there is interference by any of the food’s micro� ora that are
selective agent resistant. Usually, food sample contamination
levels are low (i.e., a few cells per 25 g). The problem can b
largely alleviated by concentrating the culture sample.
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Figure 2 Essential features of the chemiluminometer (not to scale). Reagent tubing is denoted by double lines, component outlines by single lines,
and circuit connections of electrical components by dashed lines.
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One possible strategy involves� rst directly testing 50ml of
48 h enrichment culture. Then, if it yields a negative response
the test is repeated by sampling a larger volume and concen
trating it by centrifugation. If this test is also negative, the
remainder of the culture is used to extract the RNA fraction. The
volume to be sedimented will be limited to about 0.5 ml since
usually 10% of the volume is solid food sample and the
AccuProbe test sample size is only 50ml. Sampling somewhat
larger culture volumes (5–10 ml) may be feasible if solid food
particles can be centrifugally sedimented at about 500 g fo
10 min and then the bacterial cells recovered from the decanted
supernatant by sedimentation at 8000 g for 15 min. The
maximum feasible sample volume obtainable by differential
centrifugation will still be limited by the volume of � ne
particles of food unavoidably remaining in the sediment.

Maximal concentration of the enrichment cultures can be
achieved by chemical fractionation (Figure 4). The sample is
processed to produce the bacterial and food RNA fraction
Enrichment cultures can be reduced in this way from 250 ml
down to 0.50–0.05 ml, which is a 500- to 5000-fold concen-
tration depending on the volume of the food RNA precipitate.
Routine optimization of the concentration factor may be
achievable by reduction of the food RNA yields by differentially
sedimenting away as much food as possible from the enrich-
ment culture before extraction. However, some food RNA is
bene� cial as it can act as a carrier for the minute amounts o
bacterial RNA expected. In the future, use of commercial RNA
extraction kits may be more advantageous (see‘Further
Reading,’ this chapter).

The points that are considered for 48 h enrichment samples
also apply to 24 h samples. However, they are potentially
exacerbated by the shorter time available for the pathogen to
attain measureable levels. One pathogen cell per 25 g food
sample or per 250 ml enrichment broth, growing unimpeded
for 24 h, can produce a population with a size of the order of
104 cells per ml of the 250 ml enrichment culture. Thus,
extracting the entire 24 h enrichment culture could marginally
provide detectable amounts of RNA as long as micro� ora
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Table 4 Laboratory protocol for the chemiluminescinogenic DNA
probe forListeria monocytogenes(use appropriate microbiological safety
precautions in working with this pathogen)

1. Take one probe reagent tube (PRT) and add 50ml Reagent 1 (lysis
reagent) if solid medium growth or sedimented cells from a broth
culture are to be tested. For enrichment cultures or extracts, proce
directly to step 3.

2. Take a loopful of an isolated 1 mm diameter colony (or combine
several smaller colonies), of con� uent listeria growth from solid
culture medium, or of sedimented growth from liquid culture with
a plastic loop; emulsify in the PRT; and proceed directly to step 4

3. Micropipette 50ml of pure or selective enrichment cultures or RNA
extracts into PRT. Recap PRT.

4. Incubate PRT at 35–37� C for 10 min (5 min in water bath).
5. Micropipette 50ml Reagent 2, the hybridization buffer, into the PRT

and recap the tube.
6. Incubate PRT at 60� 1 � C for 15 min (this is acritical control point).
7. Add 300ml of Reagent 3 (selection agent) to PRT and recap the tu
8. Mix very thoroughly (vortex if possible); incubate the PRT for at le

5 min at 60� 1 � C (critical control point).
9. Incubate the PRT at least 5 min but not more than 60 min at ambi

temperature.
10. Remove cap from the PRT, and conduct away any static electricity

the exterior of the PRT by wiping it with a damp tissue. Immediate
insert the PRT in the prepared luminometer. Follow the manufactur’s
instructions for preparing, calibrating, and using the instrument.
Proper care and� ushing of the luminometer detection reagent lines
are essential (critical control point).

11. Observe digital display messages. Record readings by hand or b
a printout.

Homogenize the food sample (25 g) in 225 ml Bu
added sodium p

Pre-enrich at 30

Add selective agents (acriflavin, nalid

Selectively enrich at 30 °

24th h sample  

Streak 10 µl l
Also,  AccuProbe a sample of 48 h  enrichment 

the differentially sedimented cell pellet from 10 ml)
48 h enrichm

Oxford selective agar (2

Pick listeria-like
Also, AccuProbe loopful of colonial or 50 µl P

Purify isolates on Trypticase Soy agar with a
Also,   AccuProbe loopful o

Confirmation and identification of listeria isolates 
microbiological tests ( 2 days; allow 7 days for an

International Official Method (Gaithersburg, 

Figure 3 Possible sampling points for application of the AccuProbe
exempli� ed by the BAM procedure for the isolation ofListeria monocytoge.
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interference is weak. With 10 cells or more per 25 g food, the
situation would be more favorable. If a fast positive indication
is urgently required, it may be worthwhile setting up two
250 ml enrichments of the sample, one for RNA extraction at
24 h and the other as a 48 h backup RNA extraction. The latte
would not be needed if the 24 h Oxford plates show listeria
growth as it could be tested directly with the AccuProbe kit. It is
important to note that when kits are used in regulatory anal-
yses, positive results have to be backed up by isolation of the
target microorganism, hence the use of a selective or a diffe
entially selective agar inFigure 4.
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Advantages and Limitations of the Chemiluminescen
Probe Compared with Other Techniques

The main advantage is the rapidity of the test. It takes less tha
45 min, starting with a listeria broth cultures or colonies.
Conveniently, very few manipulations such as pipetting are
needed. In these respects, it compares very favorably with o
even surpasses other rapid kits for listeria detection. As with
most rapid kits nowadays, no use of radioactive material is
involved, except the use of a sealed vial containing a tritiated
standard for checking the performance of the luminometer’s
optical system at recommended intervals. The published
detection limits of the kit vary from about 10 5 to 106 cells per
analytical sample. This order of magnitude is favorably
comparable with the limits of other kinds of rapid detection kits.

The observed limit depends on the fact that there are
thousands of ribosomes and therefore r-RNA targets per cell.
is rarely possible to compare kits on a number-of-targets basis
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ffered Listeria Enrichment Broth (BLEB) with  
yruvate. 

 °C for 4 h

ixic acid, and cycloheximide) 

C for another 44 h 

   48th h sample 

oopful 
culture ( 50 µl directly or a loopful of 
  or 50 µl total RNA extract of 250 ml of
ent

4–48 h at 35 °C) 

 colonies 
BS suspended confluent  growth

dded yeast extract (24–48 h at 30 °C) 
f colonial growth

by the traditional battery of  biochemical and
y tardily reacting isolates) or  use an AOAC
Maryland, USA) for listeria  speciation.

test kit to foods contaminated at levels requiring a selective enrichment as
nesPBS: phosphate-buffered saline.
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Enriched 48 h culture of food (25 g)  in 225 ml Buffered Listeria Enrichment Broth

Centrifuge 250 ml (8000 g, 15 min) Sample 10 µl loopful 

Discard supernatant Suspend pellet in an equal  Selective agar (24–48 h at 35 °C) 
volume of PBS

Pick listeria-like colonies 
Sonicate 5 min at  5 °C 

Identify isolates (s Figure 3)
Add equal volume phenol (90%) 

Extract 2 h at ambient temperature  
 with intermittent agitation 

Centrifuge 8000 g, 15 min 

Aspirate aqueous layer 

Add potassium acetate crystals 
(2% w/v final concentration)

Add 2 volumes absolute ethanol 

Centrifuge 8000 g, 15 min 

 Discard          Dissolve crude 
supernatant       RNA pellet in 

minimal volume 
of PBS 

AccuProbe 
test 50 µl 
sample 

Figure 4 RNA extraction from selective enrichment culture samples for the AccuProbe test (Duvall et al., 2006). Cautions: Use ultrasound proof
earmuffs, wear disposable gloves and eyewear, and be aware that phenol is corrosive. PBS: phosphate-buffered saline.
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Due to their proprietary nature, kit targets are often unspeci� ed
and so generally their number per cell cannot be estimated.

Since ribosomes provide a stringently conserved cell func
tion, protein synthesis, there will be a negligible chance of
variants arising, with altered r-RNA targets, which will not
hybridize with the synthetic probe. Conservation is further
buttressed by there being six r-RNA operons inListeriaspecies.
This conservation added to the relative insensitivity of this
method explains its lack of cross-reactivity. Cross-reactions
sometimes very serious, have been observed with the mor
sensitiveListeriaDNA polymerase chain reaction identi� cation
methods (Aznar and Alarcon, 2002), though, in one case at
least, the cross-reaction effect could be rendered insigni� cant
by controlling the DNA target concentration (see ‘Further
Reading,’ this chapter, about cross-reaction).

Nonhybridization kits that depend on targets that may
not have obligate conserved functions (e.g.,� agella compo-
nents) will not detect any targetless variants. The AccuProb
test, like other DNA:r-RNA hybridization probes, can identify
immotile variants of L. monocytogenes. It will also detect
nonhemolytic and rhamnose negative variants. The test ha
been particularly helpful in con� rming identities when gene
homologs from one Listeria species have been found in
a different species. Genes ofL. monocytogeneshave been found
to occur naturally in Listeria innocuaand vice versa (see
‘Further Reading’ for examples).
The only major disadvantage of the kit is the expense o
the required luminometer. One-sample models without the
optional printer are the cheapest. Leasing arrangements ar
generally available for large-volume purchasers of the test ki
such as clinical laboratories.
Results and Reported Data on Collaborative
Evaluations and Validations

The test kit’s performance characteristics, as coef� cients of
variation, are 4.3–9.3% for the within-run and 10.8 –13.5%
for the between-run method precisions. This test kit has not
been formally validated, but it has been tested with about
1560 strains of microorganisms representing over 50 gener
(seeTable 5) by 10 independent laboratory studies. Only two
false negatives and one false positive were found (seeTable 6),
but these are justi� ably discountable. The 10 laboratories
did not collaboratively examine a common set of strains.
However, collectively a much larger number of strains than
the 50 or so strains studied in real interlaboratory collabora-
tions were examined. Notwithstanding that the collaboration
was only a virtual one, the false positive and negative rates, th
indicators of interlaboratory reproducibility, could still be
estimated. Pooling the results obtained by the 10 laboratories,
the false negative rate was estimated as 0.38% and the fal
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Table 5 Genera and number of species of microorganisms used by
various laboratories to evaluate the AccuProbe DNA probe test kit (on
species per genus was studied except where stated otherwise in
parentheses)

Acinetobacter(2), Actinomyces, Aerococcus, Aeromonas, Alcaligenes,
Arcanobacterium, Bacillus(3), Bacteroides, Bordetella, Branhamella,
Brevibacterium, Brocothrix, Campylobacter, Candida, Capnocytophaga,
Chromobacterium, Clostridium(2), Corynebacterium(7), Cryptococcus,
Deinococcus, Derxia, Enterobacter(2), Enterococcus(4), Erysipelothrix,
Escherichia, Flavobacterium, Gemella,Haemophilus, Jonesia, Klebsiella,
Kurthia, Lactobacillus(4), Lactococcus, Legionella, Leuconostoc(2),
Listeria(6), Micrococcus(2), Mycobacterium(2), Mycoplasma(2),
Neisseria, Nocardia, Oerskovia(2), Paracoccus, Pediococcus,
Peptostreptococcus(2), Propionibacterium, Proteus,Pseudomonas,
Rhanella, Rhodococcus, Rhodospirillum, Staphylococcus(3),
Streptococcus,Streptomyces,Vibrio(11),Yersinia
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positive rate as 0.34%. Thus, the estimated sensitivity an
speci�city rates were 99.62 and 99.66%, respectively. Thes
validation results provide the primary requisite for application
of the method to detecting L. monocytogenesin food matrices,
namely, highly acceptable strain inclusivity and exclusivity
values.

Two different laboratories have studied the application of
the AccuProbe method to the detection ofL. monocytogenesin
selective enrichment cultures of arti� cially and naturally
contaminated foods. They tried several standard selectiv
Table 6 Comparison of the AccuProbeListeria monocytogenesDNA prob
of strains of a wide variety of microorganismsa

L. monocytogenesstrains

True positives (AccuProbeþ ve,
conventionalþ ve)

False negatives (AccuProbe� ve,
conventionalþ ve)

F
co

732 2b 1c

aFor a list of genera and number of species, seeTable 5.
bAscribable to technical artifact.
cNot con� rmed upon test repetition.

Table 7 Conventional culture detections ofListeria monocytogenescomp
of arti� cially and naturally contaminated food samplesa

Time (h)b Inoculum typec Number of tests Concentrationd

True posi
(AccuPro
conventio

24 N 24 � 0
24 N 33 þ 3
48 N 54 � 9
48 N 76 þ 16
24 A 90 þ 31
48 A 90 þ 76

aCondensed and recalculated results based on studies by Niederhauser et al. (1
unaffected by pooling.
bEnrichment times. Samples were mainly from soft cheeses. A few samples w
cN: naturally contaminated at unspeci� ed level; A: arti� cially contaminated at 1–10 cfu p
dConcentration:þ , sample concentrated by centrifugal sedimentation;–, sample not c
enrichment broths and tested mainly soft cheeses contami
nated with low levels of L. monocytogenes. A representative
compilation of their results ( Table 7) shows the method
detects the pathogen best at 48 h of enrichment. Regular an
differential centrifugation improved detection somewhat but
was more or less limited by the volume of solid food particles
in the samples. There were some unexplained false positive
but not enough to be a nuisance. The false negative rates we
disappointingly high but not unexpected, considering the
foods tested are among the most refractory to analysis b
selective enrichment. The method described earlier fo
increasing sample size by extracting the RNA of the 48
enrichment culture was designed to ameliorate the problems
apparent in Table 7. That method works well with 48 h selec-
tive enrichments, but its possible limitations with 24 h samples
have not been de� ned yet. Also, that method needs testing with
a greater variety of foods.

The AccuProbe test is somewhat affected by the medium
used to suspend the test microorganism. This particularly
applies to selective enrichment media and appears to be due to
interference with the chemiluminescence by medium compo-
nents. The FDA BAM medium was marginally inhibitory and
was the least inhibitory of the common selective enrichment
media used with listeria. Any inhibitory effects can be avoided
by centrifuging the sample and resuspending the pellet in
phosphate-buffered saline or by using the RNA extraction
method.

e

e test kit with conventional methods for determining the identities

Strains of other species and genera

alse positives (AccuProbeþ ve,
nventional� ve)

True negatives (AccuProbe� ve,
conventional� ve)

828

ared to AccuProbe test kit detections in enrichments

Percentage of number tested

tives
beþ ve,
nalþ ve)

False negatives
(AccuProbe� ve,
conventionalþ ve)

False positives
(AccuProbeþ ve,
conventional� ve)

True negatives
(AccuProbe� ve,
conventional� ve)

0 25 75
6 27 64
7 24 59
1 20 63
0 69 0
0 24 0

993) and by Bobbitt and Betts (1992); the overall trends of the separate parts of the studies were

ere from pâté and raw chicken. Several standard enrichments were used.
er 25 g.

oncentrated.
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500 LISTERIAj Listeria monocytogenes– Detection by Chemiluminescent DNA Hybridization
See also:Application in Meat Industry; Application in Dairy
Industry; Application in Hygiene Monitoring; Application in
Beverage Microbiology; Bacteriophage-Based Technique
Detection of Foodborne Pathogens; Biophysical Techniqu
Enhancing Microbiological Analysis; Biosensors– Scope in
Microbiological Analysis;Immunomagnetic Particle-Based
Techniques:Overview;Listeria: Detection by Classical Cultur
Techniques;Listeria:Detection by Colorimetric DNA
Hybridization;L. monocytogenes– Detection Using NASBA
(an Isothermal Nucleic Acid Ampli�cation System); Molecular
Biology in Microbiological Analysis;National Legislation,
Guidelines, and Standards Governing Microbiology:European
Union;Nucleic Acid–Based Assays:Overview; PCR
Applications in Food Microbiology.
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Introduction

Curing is a process for meat, poultry, and�sh preservation
whereby curing agents and adjuncts are added with or without
smoking, drying, and cooking, primarily for preservation and
secondarily to impart distinctive color and �avor properties.
Addition of the curing agents sodium nitrate or nitrite and
sodium chloride reduces the water activity (aw) of the meat
and causes death or inhibition of microorganisms. The
development of the pinkish-red color and distinctive �avor of
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
cured meats is caused by nitrate and nitrite. The curing reactio
in meat causes a conversion of the heme pigment of the
muscle, myoglobin, into red-colored nitrosomyoglobin. Once
heated, nitrosomyoglobin becomes the pink-colored nitro-
sohemochromogen. This attractive color and the �avor
developed as a result of curing and smoking with heat have
made cured meats popular with consumers. The method
originally was conceived only for preservation purposes but
now also is used speci�cally for the color and �avor alter-
ations. The latter part of the nineteenth century marked the
78-0-12-384730-0.00195-6 501
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502 MEAT AND POULTRYj Curing of Meat
beginning of the unraveling of the mystery of the chemical
reactions that occur during curing and smoking of meats.
Mostly pork and beef – and to a lesser extent poultry meat and
sheep meat– are cured and smoked worldwide. Nitrite has
proven to be an effective antimicrobial that can reduce human
illness, notably from Clostridium botulinum. Its importance as
an antimicrobial, however, has been clouded by negative
health perceptions because of the formation of carcinogenic
N-nitroso compounds in cured meats. The addition of
erythorbate or ascorbic acid (vitamin C) to meat formulations
can inhibit formation of these compounds in cured meats, and
therefore the addition of erythorbate or ascorbic acid is
mandated by the US Department of Agriculture (USDA).
Erythorbate also functions in cured meats by accelerating th
conversion of nitrate to nitrite.

The stability of cured meats depends on the aw, the presence
of other antimicrobials in the product, the packaging, and the
storage temperature. High-salt (8–15%) cured meats with
moisture contents of 25–30% are microbiologically stable, and
oxidation leading to color and � avor loss occurs only slowly, in
months if not years. Intermediate-salt cured meats with salt
levels of 4–8%, typically have 35–55% moisture and require
refrigeration to restrict microbial growth, unless the products
are fermented or acidi� ed, or dried to a low aw. Lower salt levels
(1.5–4%) and higher moisture levels (60–75%) lead to
decreased stability. Such cured meats, however, may kee
refrigerated in unopened packages for between 12 an
18 weeks when formulated with additional antimicrobials,
such as organic salts or organic acids. These antimicrobials a
used to restrict the growth ofListeria monocytogenes, which can
contaminate cured ready-to-eat meats before� nal packaging.
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Table 1 Common curing agents and adjuncts, and the concentrations
at which they are incorporated in products during their preparations

Level of incorporation (%)

Curing agents
1. Sodium chloride 10.0–25.0
2. Sugar 2.0–4.0
3. Sodium nitrate/potassium nitrate 0.10–1.50
4. Sodium nitrite/potassium nitrite 0.01–0.05

Curing adjuncts
1. Sodium ascorbate 0.2–1.0
2. Polyphosphates 2.0–4.0
Historical Background

Curing as a preservation process for muscle foods dates ba
to early civilizations, and in its simplest form, it amounted to
the addition of common salt to raw meat, poultry, or � sh. This
ancient practice was employed well before the advent o
refrigeration to preserve meat for use at some future time. Th
precise history of curing is lost in antiquity, but it is believed
to have originated as early as 3000 BC. Curing was used by th
Greeks, but the Romans were the� rst to note the reddening
effect caused by some salt sources contaminated with saltpet
(potassium nitrate). Salt and saltpeter were effective a
drawing out moisture from fresh meat by osmosis and drying
the � esh suf� ciently to prevent excessive microbial degrada
tion, thereby extending the edibility of meat from harvested
animals. Only later was the antimicrobial role of nitrite
understood. Salt and saltpeter in combination with drying
were not enough to restrict rancidity and mold growth, or
infestation of meat with insects, so smoking was adopted as
part of the curing process in the Middle Ages, thereby creatin
the ‘three s method,’ that is, salt, saltpeter, and smoke. Pres
ervation by smoking is thought to have been carried out by
Native North Americans before settlement by Europeans by
hanging meat in the top of a tepee to maximize contact with
camp� re smoke. Artisanal curing methods were perfected in
Europe on the ham cut, most notably in Spain with the Jamón
Ibérico (Iberian ham), in the Ammerland, Black Forrest, and
Westphalia regions of Germany, and in Italy with what is now
known as prosciutto crudo. Spices began to be used in the
curing process to impart complexity and distinct characteris-
tics. American colonials utilized both dry curing (salting) and
wet curing (brine immersion). During the colonial era, spices
and sugar were used to offset the taste of salt. In 1925, th
USDA de� ned the amounts of nitrate and nitrite that could be
used in meat products, permitting no more than 200 ppm
ingoing levels of nitrate or nitrite or combinations of the two.
Nitrate predominantly was added to cured meats until the
mid-twentieth century, when nitrite increasingly became the
preferred additive because of a better understanding of meat
curing chemistry.
Curing Reaction in Meats

Curing agents are the substances that are involved directly i
the curing reaction. Curing adjuncts are substances that are no
essential but help to accelerate the curing reaction and stabiliz
the cured meat color. Levels of incorporation of some of the
curing agents and adjuncts vary with the curing methods such
as, for example, the direct addition of dry salts or immersion in
salt solutions (brine).

Important curing agents and adjuncts and their levels of
incorporation in products during processing are shown in
Table 1.

Figure 1 shows the various steps for preparation of cured
meat, and the curing reactions that occur during processing.

Nitrate-reducing bacteria affect the reduction of nitrate to
nitrite. Nitrite is highly reactive and acts as both a reducing
agent and an oxidizing agent. In acid medium, it ionizes to yield
nitrous acid that further decomposes to yield nitric oxide. Nitric
oxide reacts with myoglobin to produce the desired red color of
cured meats. The various transformations of myoglobin in fresh
meats and cured meats are indicated inFigure 2.
Mechanism of Action against Microorganisms

Nitric oxide and nitrous acid are generated from nitrite. These
and other related chemical species are likely responsible for it
antimicrobial action. Nitrite and its related species interfere
with energy conservation in microorganisms by inhibiting
oxygen uptake, oxidative phosphorylation, and proton-
dependent active transport. They also may act as uncoupler



.

d

t

us

e
ts

t

Nitrate (NO3)

Nitrite (NO2)

Nitrous acid (HNO2)

Nitric oxide (NO)

Myoglobin in meat
 (purple-colored
  native pigment)

R
ed

uc
tio

n 
by

 m
us

cl
e

en
zy

m
es

 a
nd

 a
ls

o
ba

ct
er

ia
l e

nz
ym

es

R
ed

uc
tio

n 
by

 
ba

ct
er

ia
l

 e
nz

ym
es

C
ur

in
g 

m
ea

t c
ut

s
at

 4
–8

 º
C

 in
 c

ur
in

g 
br

in
es

 fo
r 

5–
10

 d
ay

s

M
at

ur
at

io
n

at
 4

–8
 º

C
fo

r
7–

14
 d

ay
s

Nitrosomyoglobin
(red-colored cured

pigment)

Uniform cured color
and flavor development

Storage under refrigeration

Packaging
Slicing and packaging
Vacuum and opaque packaging

Canning with or without brine
Vacuum packaging

Cooked
Cooking

Nitroso-haemochromogen
(pink-colored stable pigment)

cured meats

Cured and

Cured and
Heating and smoking

Heating and drying

smoked meats

dried meats

+

Figure 1 Stages in the preparation of cured meats, and the curing reactions that occur at each stage.

MEAT AND POULTRYj Curing of Meat 503
causing the collapse of the proton gradient of cell membranes
Also, nitrite can inhibit certain metabolic enzymes such as
aldolases. In cured meat products, these mechanisms depen
on the residual nitrite level, pH, salt concentration, reductants
present, iron content, and other factors. Nitrite generally is
considered to be more effective against Gram-positive than
Gram-negative bacteria. It is most recognized as an importan
antimicrobial for C. botulinumcontrol in cured meats. Other
key pathogens inhibited by nitrite are Staphylococcus aure,
L. monocytogenes, and Clostridium perfringens.
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Processing Methods

Curing salts are applied to meats by the following� ve methods:

1. Dry cure method: Dry ingredients are rubbed into meat cuts,
such as pork legs (ham) or pork bellies (bacon) that are then
stacked in curing rooms or kept in layers in barrels. Each
layer is covered with curing salts.

2. Pickling: Carcass sides or cuts, chunks, or slices of meat a
immersed in a solution of the curing salts in water (brine).

3. Stitch pumping: Brine solution containing cure ingredients
is injected under pressure through long, perforated multiple
needles into meat cuts or chunks. This quickly distributes
the brine to all parts of meat, so that the development of
antibacterial conditions in the deeper portions of muscu-
lature is not delayed. Brine equivalent to 10% of weight of
meat cuts commonly is pumped into the meat. The solution
usually contains sodium chloride at concentrations up to
30%. This method enables shorter curing schedules to b
used. In commercial processing, carcass sides or meat cu
pass along a conveyor and two to four rows of needles injec
brine into � eshy parts.

4. Arterial pumping: Brine is injected under pressure into the
main artery of major cuts like legs and shoulders to ensure
even distribution through the vascular network.

5. Direct addition method: Curing salts are added directly to
comminuted meats or sausage meats. The curing reaction
quicker and lower levels of salts are suf� cient for curing.

In commercial practice, various combinations of these methods
are used depending on the size of meat cuts, expected color an
� avor development, and the required shelf life. Curing is usually
done at 3–7 � C. Higher temperatures ensure quicker penetration
of brine, but microbial growth is enhanced, leading to the earlier
onset of spoilage. Curing times vary with the methods used and
the meats to be cured. Dry curing or brine curing and bigger cuts
of meat require several weeks of curing, but with use of methods
like multineedle machine injection (stitch pumping), the times
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Figure 2 Reaction with nitrite and nitric oxide of myoglobin and other naturally occurring forms of the muscle pigment.
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required for curing can be less than 1–2 weeks. Tumbling meat
chunks in rotating drums where they rub against one another in
the presence of salt can reduce the curing periods to 1–2 days.
Alternatively, the large muscle groups of the leg are stitch
pumped with brine and tumbled to increase the rate of diffusion
of curing salts throughout the meat and to solubilize the surface
proteins of meat pieces in the brine. During subsequent hea
processing, the pieces are bound together by a protein gel. Th
facilitates molding of ham into products of desired shapes and
sizes, and it ensures better slicing and packaging of products.

Curing by dry salting or pickling of entire sides of trimmed
pork carcasses with stitch pumping into the � eshy parts is
termed Wiltshire curing. Cured comminuted beef is named
corned beef, because in earlier days corned (i.e., granulate
salt) was used to cure comminuted beef.

In either method of curing, care must be taken to not exceed
regulatory limits of nitrate or nitrite in the meat. In the United
States, sodium and potassium nitrite are restricted to 200 ppm
for immersion cured or pumped meat, 156 ppm for commi-
nuted meat, and 615 ppm for dry cured meat. European regu-
lations are slightly more restrictive. Residual nitrite
concentrations after processing and storage are usually we
over 50% lower than addition levels. As long as no appreciable
amounts of nitrate are present to be continually reduced,
residual nitrite levels detected in most cured meats will be
�80 ppm, typically only 11 –14% of added nitrite will be found
in the � nished cured meat product. Commercial producers use
preblended curing salt, often referred to as‘pink salt,’ that
contains sodium chloride, sodium nitrite, and a red dye to help
prevent mixing errors. If too much curing salt is added, the
product will be unpalatable because of the salt concentration. It
is generally accepted that using preblended curing sa
precludes the need to identify cure addition as a critical control
point in a Hazard Analysis and Critical Control Points
(HACCPs) plan for cured meat production.
Naturally Cured Products

Consumer demand for ‘better for you’ and ‘natural’ foods has
led to the resurgence of the natural curing process. Th
marketplace now offers‘uncured,’ natural and organic versions
of cured delicatessen (deli) meats, hams, cooked sausage
frankfurters, and bacon. These products have no added nitrite
but � avorings or spices such as celery juice or powder act a
natural sources of nitrate. The naturally occurring nitrate is
converted into nitrite by the use of starter cultures composed of
nitrate reductase-positive and coagulase-negative cocci, such
Kocuria varians, Staphylococcus xylosus, andStaphylococcus carnos.
The process includes an incubation period of about 1 h at 42� C
to enable nitrate reduction before typical cook cycles.
Commercial producers have adopted a faster process utilizing
preconverted nitrite, which eliminates the need for a starter
culture and incubation step. Because direct addition is used
naturally cured meats can have variable� nished levels of nitrite.
Consequently, naturally cured products can permit more growth
of C. perfringensthan their conventionally cured counterparts.
Preservation of Cured Meat Products

Raw, Marinated, Comminuted, or Smoked Products

Uncooked hams, corned beef, Mexican style chorizo, and
bacon are examples of raw cured products. Initial micro� ora of
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these products is diverse until the curing salts are applied when
slowly, antimicrobial activities of salts and nitrite shift the
balance toward halotolerant microorganisms. Refrigeration
and, usually, vacuum-packaging further selects for psychro
trophic lactic acid bacteria, enterococci, micrococci, and yeast
These slowly grow and eventually cause the product to spoil
Nitrite also delays development of oxidative rancidity in these
products. Bacon is mildly heated to 54.5� C with smoke to
produce dry surfaces and a smoked� avor. Microbial counts
decrease during smoking. After vacuum-packaging, psychro
trophic lactic acid bacteria predominate and eventually will
spoil the product during cold storage. Raw cured products have
short shelf life relative to cooked cured products, but they have
a longer shelf life compared with uncured raw meats. Raw
cured products are cooked by the consumer prior to
consumption.
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Cooked Products

These products include high moisture (50–75%) frankfurters,
bologna, ham, and a wide variety of luncheon meats, such a
turkey breast, chicken breast, and cooked corned beef. Cure
applied by direct addition of curing salts to raw components,
for ground or emulsi � ed products, or stitch pumping if muscles
are intact. After a brief holding period, the cooking step
destroys the normal raw meat micro� ora, but spores and
possibly some thermoduric bacteria survive. Chilling following
cooking must occur within a relatively short time frame to
restrict the germination and outgrowth of C. perfringensand
C. botulinum. Growth of these pathogens in cured products,
however, is more inhibited than in uncured products. If
product surfaces are exposed before or during the packagin
step, some contamination byListeriaspp. and spoilage bacteria
is likely. Cooked cured products usually are packaged unde
vacuum or in a modi � ed atmosphere having very low oxygen
content, thereby reducing the risk of staphylococcal food
poisoning becauseS. aureusdoes not grow well anaerobically
in the presence of salt and nitrite.Staphylococcus aureuswill not
grow below 6.7 � C and is a poor competitor with psychro-
trophic lactic acid bacteria that dominate in commercially
packaged cured meats. High moisture, cured, cooked ready-to
eat meats are formulated to prevent the growth of
L. monocytogenesby addition of organic salts (lactates, diacetate
acetate, etc.), or natural antimicrobials like lemon juice or
vinegar, or sugars. These antimicrobials tend to inhibit spoilage
bacteria as well. Uncured versions of these products are mor
dif � cult to preserve from L. monocytogenesgrowth in this
manner, underscoring the ef� cacy of nitrite against the
pathogen.
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Shelf-Stable

Canned Cured Products

Canned cured meats such as Vienna sausages, corned be
frankfurters, meat spreads, and chicken or turkey luncheon
meat given a botulinum cook (Fo � 2.78) are shelf-stable.
When adequately processed and sealed, these products a
free of vegetative cells, but they do contain spore-forming
bacteria that will remain dormant unless temperature abuse
occurs. Canned luncheon meat and small canned hams
given less than a botulinum cook are also shelf-stable. Thes
products can contain mesophilic sporeformers, and stability
depends on the levels of nitrite and salt and the effective-
ness of the cure before cooking. Other shelf-stable product
include canned sausages that may be covered with hot oil in
the � nal container and have a water activity of �0.92, or
precooked bacon in vacuum-sealed or modi� ed-atmosphere
packaging that rely on low aw (� 0.86) for stability.
These are generally microbiologically stable, so their she
life depends on the rate of oxidation of fats or of
nitrosohemochromogen.
Perishable Canned or Cooked-in-Bag Products

Perishable canned cured meat products can weigh up t
22 pounds in size and must be labeled ‘Perishable, Keep
Refrigerated.’ Canned pork products (e.g., canned hams, ham
patties) can retain their acceptable quality for 1–3 years when
properly processed and refrigerated. Cook-in-bag product
are those that are cooked in� exible � lms, such as certain
hams and cured poultry breast products. Both groups contain
levels of nitrite and salt that can in� uence outgrowth of
surviving cells. Both product groups require refrigerated
storage for both safety and stability. Cook-in-bag products
can achieve a shelf-life of several months especially a
�1.7 � C. Spoilage of these products at refrigeration temper
ature usually is due to the survival and growth of psychro-
trophic, thermoduric, non-spore-forming bacteria (e.g.,
enterococci,Lactobacillusspp.) that initially were present in
the raw meat at high levels or that survived because a
inadequate thermal process was used. The resulting spoilag
often is characterized by sourness or off-odor and a loss o
vacuum or swelling of the cans or bags. Spoiled products
may have green discoloration, which is associated with
spoilage byL. viridescens. Perishable canned cured meats ma
contain low levels (�10 2 per gram) of viable mesophilic
aerobic and anaerobic sporeformers that survive processin
but remain dormant at refrigeration temperatures. The pres
ence of high levels (e.g.,�10 3 g� 1) of mesophilic spore-
formers that do not grow above 10� C is indicative of
temperature abuse and may indicate a botulism risk.
Fermented and Acidulated Sausages

Fermented and dried products, such as German and Italian
style salamis, pepperoni, Lebanon bologna, and summe
sausage, are produced by lactic fermentation to obtain prod
ucts of low pH followed by drying of the product to a rela-
tively low aw for preservation. These sausages are produced
stuf� ng a comminuted meat, curing agents, spices and
� avorings into casings, holding at controlled temperatures
(e.g., 20–45 � C) and humidities to facilitate acid production
while inhibiting spoilage at sausage surfaces, and then drying
at lower temperatures (e.g., 10–15 � C) and humidities. Most
manufacturers add commercial starter cultures during
formulation to accelerate and control fermentation, ensure
consistent quality, and reduce the risk ofS. aureusgrowth.
Similar to naturally cured products, production of these
sausages relies on nitrate reduction by certain bacteria, such
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S. carnosus. In commercial production, processors a
permitted to use more ingoing nitrate for the purpose of slow
and steady reduction of nitrate to nitrite during fermentation
and drying. During fermentation, the acidi� cation must reach
pH 5.3 quickly enough to prevent growth of S. aureus. After
fermentation, the lactic acid–producing bacteria can exceed
108 g� 1, while Enterobacteriaceae should not have increase
beyond initial levels and S. aureusshould remainat less than
103 cfu g� 1. During drying and subsequent storage, organic
acids (primarily lactic acid) and a relatively high salt content
may result in an overall decrease in the microbial population,
but with 10 6 cfu of lactic acid bacteria per gram often
surviving in these products at the retail level for many
months. Some products are smoked or heated, thus greatl
reducing the bacterial levels in the� nal product. Fermentation
acids, salt, heating, and drying cause destruction ofEscherichia
coli O157:H7 and Salmonella.
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Dry Cured Products

These products include the typical (and original) dry salted
hams, country hams, country bacon, and European hams
such as prosciutto, coppa, and pancetta. Although tradition-
ally these products were only dry salted for curing, or
immersed in brine, modern production usually involves
injection pumping of salt, nitrate, and nitrite. Once cure has
been properly applied inside, external surfaces of cuts ar
salted with salt and spice. Meat is either hung for curing and
drying or pressed to expunge� uid from the product. In either
case, the temperature is kept at about 10� C to prevent growth
of enteric pathogens (e.g.,Salmonella) and air� ow is kept high
to facilitate drying. During this time (3– 4 weeks), Enter-
obacteriaceae gradually die away but micrococci, entero
cocci, lactic acid bacteria, and xerophilic yeast survive an
grow, likely contributing to the complex � avors and aromas.
Mold sometimes develops on these products during dry
curing. Bone taint can occur if salt penetration has been
inadequate at the beginning of the process. A mild-tempera
ture, long-time heating step usually is applied (by law in the
United States) for destruction of Trichinella spiralis, and this
also eliminates risks from Salmonella.
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Cured Meat and Human Health

Health risks from the presence of nitrite in cured meats
and their possible involvement in human exposure to N-
nitroso compounds have been the subject of much research
and debate. Nitrate and nitrite are toxic at much higher
levels than they are present in cured meats. Lethal ora
doses for humans are 80–800 mg nitrate per kg body
weight and 33–250 mg nitrite per kg body weight. These
amounts are far above amounts that can be consumed
given their restricted levels in cured meats and the fact tha
unintended high levels of nitrate and nitrite in cured meats
are easily avoided by use of salt-nitrite, dye-curing mixes
Beyond mere toxicity, however, in the 1950s, it was real
ized that there is potential for the formation of carcino-
genic N-nitrosamines from the reaction of nitrous acid with
secondary amines during cooking of cured meats. In the
1970s, the detection of carcinogenic N-nitrosamines in
fried bacon began intense controversy about cured meat
that still continues. The US National Academy of Science
(NAS) conducted an expert literature review in 1981, which
quelled some of the initial concern and helped avoid
a total ban on nitrite use as a food additive in the United
States. The NAS called for more thorough evaluation of the
role of nitrite in cancer induction. This eventually promp-
ted a comprehensive report by the National Toxicology
Program in the 1990s, which concluded that there was no
convincing evidence of nitrite-induced carcinogenicity in
most tissues of laboratory rats and mice, but that there was
some evidence for carcinogenicity in the fore-stomach o
female mice. Many epidemiological studies have reported
a relation between cured meat consumption and various
forms of human cancer: brain cancer, childhood leukemia,
colorectal cancer, and esophageal cancer. Some have ch
lenged those conclusions, arguing that the epidemiological
associations were weak at best and do not establish tha
cured meat causes cancer. Nonetheless, the Internation
Agency for Research on Cancer, a United Nations entit
sponsored by the World Health Organization, conducted
a review in 2006, which concluded that ingested nitrate or
nitrite leading to endogenous nitrosation is probably
carcinogenic for humans. Other researchers have rebutted
however, that nitrite is produced endogenously in saliva
and have suggested that the major source of nitrate in
human diets is the consumption of fruits and vegetables.
Therefore, the use of nitrite as a direct food additive, such
as in cured meat, represents only a small contribution to
the total body burden of endogenously produced nitrogen
oxides.
See also: Clostridium; Clostridium:Clostridium perfringens;
Clostridium: Clostridium botulinum; Enterococcus; Fermented
Meat Products and the Role of Starter Cultures;Listeria:
Detection by Classical Cultural Techniques; Spoilage of M
Spoilage of Cooked Meat and Meat Products;Preservatives:
Classi� cation and Properties;Preservatives:Traditional
Preservatives– Wood Smoke;Permitted Preservatives:Nitrites
and Nitrates;Staphylococcus:Staphylococcus aureus; Starter
Cultures;Trichinella.
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Introduction

Meat spoilage can develop as a result of a wide variety o
factors, such as improper handling, exposure to air and high
temperature, and other conditions that initiate adverse chem-
ical reactions or result in microbial contamination. However,
the most common cause of meat spoilage is the presence o
microorganisms and their metabolites. Deleterious changes
of a chemical or microbial nature lead to consumer rejection of
products, with consequent economic losses.

Because of the complex and diverse compositions of mea
and meat products, a wide variety of microorganism can be
present in meat spoilage�ora. There is a naturally occurring
micro�ora selected by the meat environment, including
intrinsic and extrinsic factors. A combination of these factors
and the processing conditions lead to the selection of speci�c
microorganisms and thus determine the reactions that�nally
spoil meat products.

Meat shelf-life extension is achieved by various techniques
applied to either raw or processed products, and depending
on the desired characteristics of the�nal product. All these
processes are aimed at inhibiting, to various degrees, th
growth of the microbial population, and undesirable reactions
involving meat components, so that the product wholesome-
ness is preserved for an extended time.

The most frequent undesirable alterations of meat products
are the development of off-odors and off-�avors due to micro-
bial metabolites; development of slime on the product surface;
color changes due to pigment alteration, such as greening o
browning as a result of pigment oxidation; package blowing due
to gas production by speci�c microorganisms; and lipid oxida-
tion, which can be accelerated as a result of the actions o
microbial lipases. Although meats and meat products are
rendered inedible mostly be off-odors and �avors, consumer
rejection can also be due to discoloration, or any other alteration
that is considered to indicate unwholesome product.
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Heat Processed Meat

The various operations used in meat processing give mor
palatable products and, at the same time, ensure their sanita
tion, diversify the product inventory and, in most cases,
improve digestibility. By following the hurdle technology
concept, and depending on the desired characteristics of th
food, a given meat product will be subjected to one or severa
means of preservation.

Preservation by thermal processing is the result of the
destructionofspoilage microorganisms and enzyme inactivation.
Depending on the required shelf life, a treatment of the necessar
severity is applied. Therefore, heat treatments vary from cooking
which can be a relatively mild treatment, to commercial sterili-
zation, which is a drastic process ensuring that practically al
508 Encyclopedia of Food
microorganisms are destroyed. Under certain circumstance
the toxins produced by some microorganisms are also destroyed
Initial Microbial Population

The growth of a given microorganism depends on its ability to
utilize components of meat as growth substrates. However
processing, packaging, and storage conditions (temperature
additives, and oxygen availability) select speci�c micro�ora
that can alter the organoleptic qualities of fabricated products.
Microorganisms (bacteria, yeast, and molds)�rst utilize low
molecular weight nutrients, such as glucose, glucose-6-phos
phate, ribose, glycerol, amino acids, and lactate, which alter the
�avor, odor, and general appearance of meats. If the rate o
glucose utilization by microorganisms growing on the surface
of an otherwise sterile product is higher than its rate of
diffusion from the inner part, amino acids are utilized by
pseudomonads andEnterobacteriaceae, with the production of
ammonia and offensive sulfurous and nitrogenous by-products.
Therefore, the glucose content in a meat product can be critica
for determining the time of spoilage onset.

Microorganisms contaminate raw meat during slaughtering
and evisceration operations. The main sources of contami
nants are the animal’s skin and feces, the abattoir’s �oor, and
carcass handling by the workers. These microbial populations
are mainly yeast, bacilli, micrococcus, staphylococcus, cor
ynebacteria, and other bacteria (Moraxella, Acinetobacte
Pseudomonas, Enterobacteria, Salmonellaspp., Listeriaspp., and
Shewanella putrefaciens). Prolonged refrigeration allows colo-
nization of carcass surfaces by psychrotrophs, mainlyBrocho-
thrix thermosphacta, Carnobacteriumspp., Lactobacillusspp.,
Leuconostocspp., and Weissellaspp. Micro�ora of raw meat
stored in air under refrigeration is dominated by aerobic
psychrotrophs, mainly Pseudomonasspp. and Psychrobacte
inmobilis. In the case of raw poultry, spoilage micro�ora is
dominated by Acinetobacter, Brochothrix, Pseudomonas, lactic
acid bacteria (LAB), and yeasts.

B. thermosphactais one of the most ubiquitous spoilage
microorganisms in raw and processed meats. This gram
positive, non-spore-forming facultative anaerobe utilizes glucose
as the only substantial component of meat that supports its
growth. When meat is stored in aerobic conditions, it produces
acetoin, and acetic, isobutyric, and isovaleric acids, as well a
their aldehydes and alcohols, all of which are highly odoriferous
compounds that are taken as spoilage indicators. However
Pseudomonasdominate aerobic �ora; B. thermosphactabeing
important only when growth of pseudomonads in aerobic
atmospheres is inhibited by factors such as CO2 (carbon
dioxide) atmospheres. Red meat stored in CO2-rich atmospheres
is dominated by LAB. Meats packaged in�lms partially
permeable to oxygen are colonized byAeromonas, Enterobact
Hafnia, B. thermosphacta, Acinetobacter, and Enterobacteriacea.
In vacuum packages, meat is colonized byLactobacillus
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00196-8
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spp., Enterobacteriaceae, Leuconostocspp., S. putrefaciens, and
Clostridiumspp.
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Process Calculations

Thermal process calculations consider basic information on the
thermal resistance of a target microorganism, the destruction o
which is taken as the objective of the thermal treatment; the
temperature history of the food; the way the product has been
handled; and the required shelf life under given storage
conditions. Another heat-processing objective may be enzym
inactivation, although the conditions for microbial destruction
will also result in enzyme inactivation. Traditionally, process
calculations consider that as heating involves the destruction o
at least one microbial enzyme necessary for bacterial metabo
lism, vegetative cells and spores are inhibited according t
a � rst-order rate equation. However, Peleg (2006) considered
that the exponential inactivation rate depends on the spores’
previous thermal history, which is not considered in the
exponential inactivation rate equations that are derived from
a log-linear Arrhenius model.

As the driving force is dependent on the temperature
difference between the food and the heating medium, the large
the difference, the higher the� ux rate. Conduction occurs by
direct contact between food particles. Convective heating by ai
or steam at the product surface occurs due to temperatur
differences between the heating medium and the surface
Convective heating is more ef� cient if forced convection is
applied. In airfree, i.e., unforced, convective heating, the transfe
coef� cient is low (2.5–25 kcal h 1m2 K), and the limiting factor
is heat transfer from the heating medium to the product surface.
In contrast, with condensing steam, the heat transfer coef� cient
is high (5000–15 000 kcal h� 1 m2 K), and the limiting factor is
the rate of heat conduction within the product. Other parame-
ters considered for process calculations are the physical an
chemical properties of the product (in this case, the meat) and
the heat transfer coef� cients of the food and the container.
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Cooked Meat

Cooking treatments are often used for meat and meat products. In
the case of sausages and similar products, the meat is� rst stuffed
into impermeable casings. Heat is transferred from the heating
medium (e.g., hot air, steam, smoke) to the product and, at the
same time, water from the product is transferred as vapor to the
heating medium. Cooking is carried out in various ways,
depending on how the heat is applied as well as the processin
temperature. These cooking methods include oven cooking
grilling, roasting, frying, boiling, and steam cooking. Dry heat at
more than 100 � C is applied in oven cooking, grilling, and
roasting; boiling and steaming are carried out by placing the food
in water or exposing it to steam. Dry heat is less ef� cient than wet
heat for inactivating vegetative cells or the spores o
microorganisms.

Scalding and pasteurization are processes similar to cook
ing, and they are applied to raw meat to inactivate spoilage and
to pathogenic bacteria on meat surfaces. Partial cooking o
emulsion products, like bologna, or scalding of dried or
semidried fermented sausages are applied to inactivate lact
starters and to control acid production. Scalding is carried out
by treating the product with hot water or steam at 90–100 � C
for a given time, depending on the processing objective
(enzyme/microbial inactivation or partial cooking). Pasteuri-
zation is carried out at temperatures below 100� C to kill most,
but not all, viable cells in or on a product. Therefore, it is
applied to meats that will be subject to additional preservation
treatments, such as refrigeration or preservative addition, alon
or in combination with preservative packaging of product.

Mild heat treatments (scalding or pasteurization) do not
necessarily inactivate all heat-resistant psychrotrophs, such
Lactobacillus viridescensor enterococci; the surviving cells of
which may grow to spoil the product by off- � avor, gas produc-
tion, or greening. Temperature, pH, and salt concentration are
the main factors that select the spoilage micro� ora of cooked
meats. Under refrigeration conditions, gram-positive bacteria
such asLeuconostoc mesenteroidessubsp.mesenteroides,Lactococcu
lactissubsp.Lactis, and Leuconostoc citreumare predominant in
the micro� ora of cooked meats. Spoilage by these and other LA
generally require microbial growth, unless sul� de-producing
strains are present. The LAB cause undesirable sensory chan
due to the formation of acetate, formate, ethanol, and, some-
times, H2S. Although LAB generally become dominant, other
organisms such asB. thermosphactaor Enterobacteriaceaemay be
present in cooked meat spoilage� ora. LAB are destroyed during
cooking, but recontamination by these organisms can occur if
the product is not properly handled and packaged after cooking.

Mesophiles grow in cooked meats stored at temperature
above 10� C; Enterobacteriaceaecan predominate at levels above
107 cfu g� 1. Spoilage of cooked meat of high pH (> 6.5),
evident by texture and odor changes, is due to the growth o
oxygen-dependent Bacillus cereusand Bacillus licheniformis,
although micro� ora are mainly composed of Yersinia enter
ocolitica, Serratia liquefaciens, S. putrefaciens, and Lactobacillussp.
Canned Meat

The objective of canning is to destroy microbial populations,
spores as well as vegetative cells, and enzymes that can ca
spoilage. Canning treatments are based on time–temperature
conditions that consider the heat resistance of the speci� c micro-
organisms of concern. Inactivation of a pathogen or spoilage
microorganisms is calculated by reference to the heat penetratio
rate and the shelf-life extension required for the speci� c food.
Process calculations for cooked meat or meat products are base
on the destruction of target pathogens and spoilage microorgan
isms. Vegetative cells are inactivated at temperatures somewh
above the optimum for the growth of an organism, but the spores
formed by some bacteria are highly resistant to inactivation by
heating. For long shelf-life products, heating suf� cient to inacti-
vate spores of botulinum organisms is applied.

Although total sterility is not achieved for canned foods, from
a commercial point of view, a food can be considered sterile if it is
free from viable spores ofBacillus stearothermophilusor Clostridium
perfringens. In general, spores of proteolytic organisms of the stric
anaerobicClostridium botulinumgroup are taken as the target due
to the pathogenicity of the bacteria and the high heat resistance o
their spores. In addition to speci� c pathogens, other target spore
forming microorganisms include B. stearothermophilus, Bacil
thermoacidurans, Bacillus macerans, and Bacillus polymyxa. In the
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case of poultry products, the targets includeC. prefringensspores,
or the vegetative cells ofSalmonellaspp.,Staphylococcusspp., and
Campylobacterspp. Spore-forming thermophiles are also of
concern if the food is stored at high temperatures. This is the cas
for canned foods marketed in tropical regions that are expected to
have at least a 1-year shelf life at temperatures above 35� C and
high humidity. Heat treatment conditions that destroy Clos-
tridium sporogenesspores result in a thermostable food with
a considerably longer guaranteed shelf life without the need for
other preservation measures.

Because most canned meats undergo a drastic heat treatme
calculated to inactivate most spoilage microorganisms, they do
not require further refrigeration. Spoilage of canned meats is due
to errors in heat processing or to recontamination after pro-
cessing because of can failure. It is important to note that the
rheological (� uidity) characteristics of products may change
during heat processing. This is the case for canned emulsion
such as luncheon meats and pâtés, in which the product change
from a semi� uid to a solid with the mechanism of heat transfer
within the product changing from convection to conduction.
Process calculations must account for these changes.

In the case of recontaminated cans, spoilage microorgan
isms � nd their way into the can through sealing defects or
punctures. Gas-producing microorganisms cause can blowing
that is, swelling, or souring with no gas production, as is the
case of contamination with homo-fermentative LAB. In many
cases, the contaminant micro� ora of canned meats consists o
spore-forming bacteria. If the can was not properly exhausted
(i.e., air was not completely removed from the can) due to
underprocessing during scalding or sterilization,Bacillus subtilis
and Bacillus mycoidescan be present.
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Processed Meats

Processed meats undergo one or more preservation treatment
Processed products are expected to have a longer shelf life tha
raw meat because microbial populations and enzymatic
activity have been partially or totally inactivated. Depending on
the product type, the required shelf life, and the expected
distribution and storage conditions, one or more preservation
treatments may be applied. However, meat products can stil
undergo spoilage, with the particular spoilage process and time
it takes to start developing depending on the product’s intrinsic
characteristics and the storage conditions.
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Smoking

Smoking is a form of cooking meat products, such as� nely or
coarsely comminuted sausages or whole pieces of meat, b
placing them in moisture-permeable casings that act as a barrie
between the heating medium and the meat. Heat is transferred
from the hot air in the smokehouse, along with chemicals in the
smoke, to the casing surface. Smoke components diffuse thoug
the casing and into the meat. The main components of wood,
cellulose, hemicelluloses, and lignins are degraded at tempera
tures from 180 to 300 � C, 260 to 350 � C, and 300 to 500 � C,
respectively, although the temperature of burning wood can
reach up to 900� C. More than 30 000 chemical compounds
have been identi� ed in wood smoke. The precise composition of
the smoke depends on the type of wood, the combustion
temperature, and oxygen availability. For meat preservation, the
compounds commonly present in the smoke that migrates into
smoked products include phenols, organic acids and furans
carbonyls, lactones, alcohols, and esters. Of these, phenols a
particularly effective as antioxidants and microbial inhibitors.
More than 40 phenols have been isolated, including 4-methyl-
guayacol, 4-ethylguayacol,o-,m- andp-cresol, eugenol, vainillin,
dimethoxyphenol, and 1,2- and 1,4-dihydroxibenzene. All are
formed by lignin combustion at temperatures between 200 and
400 � C. However, coagulation of proteins at the product surface
during smoking inhibits the diffusion of these compounds into
the product. Therefore, most of the antimicrobial compounds
remain at the product surface.

The various bacterial genera are not equally sensitive to th
compounds acquired from smoke. Escherichia coliis more
resistant to smoke components thanStaphylococcus aureus. For
E. coli, 1250 ppm of smoke solids is needed to extend the lag
phase, whereas forS. aureusonly 500 ppm are needed. In
addition, formaldehyde, acetic acid, and phenol derivatives in
the smoke prevent bacterial sporulation and growth. Low
smoking temperatures are suf� cient to inhibit the micro � ora
of meat products. Indeed, smoke generated at 350� C has better
antibacterial qualities than that generated at 400� C, because
at the high temperature, phenol and carbonyl compound
production is reduced.
Cured Meats

Most cured and processed meats are ready-to-eat product
Examples of these products include cooked ham, sausage
bacon, and bologna. The addition of curing salts containing
nitrate, nitrate, sodium chloride, phosphates, extracts, and
� avorings inhibits the growth of bacteria. The addition of
sodium lactate reduces water activity (aw), which also inhibits
microbial growth. A subsequent heat treatment, sometimes
followed by other treatments, such as smoking or ripening,
inactivates most bacteria and enzymes.

Gram-positive bacteria, such asB. thermosphacta, LAB, and
S. aureus, as well as some lactate-sensitive gram-negativ
bacteria are inhibited by curing. Although cured products
usually undergo aw and pH reductions, bacterial spoilage can
occur during processing before theaw and pH are reduced
suf� ciently to prevent microbial growth. Thus, in the case of dry
cured ham, spoilage can originate in the raw meat by enter
obacteria and Clostridiumspp. that grow in the product core
before the curing salts reach the appropriate concentration to
prevent bacterial proliferation. In general, cured meat products
such as wieners, pâtés, and bologna need refrigerated storage
they undergo spoilage at temperatures higher than 10� C.

Spoilage of cured meats can be due to greening. This
a consequence of sulfhemoglobin formation, which is due to
a reaction between oxymyoglobin and H2S, produced by
microorganisms such asS. putrefaciens, Enterobacteriaceae, and
Lactobacillus sake.
Sausages

Because of the diversity of sausage formulations and proces
ing, the spoilage micro� ora of these products vary widely.



s
i-

t

se

e

he

d

r

ed

ii
lis.

t

,

h

,

s

,
d

a-

ed

.
n

en

is

t
.
-

e
es

MEAT AND POULTRYj Spoilage of Cooked Meat and Meat Products 511
Sausage microbial populations generally include a wide range
of microorganisms because spices and other ingredient
frequently carry their own micro� ora. Sausage spoilage is ev
denced by slime formation on the casing surface, souring, and
greening. Slime starts forming as separated colonies that� nally
merge. Slime-forming organisms include yeasts, LAB (Lacto-
bacillus, Enterococcus), and B. thermosphacta. Slime formation is
favored by wet surfaces. It is limited to the outside of the casing
and sometimes can be removed by hot-water washing, withou
degrading the product.

Lactobacillus viridescensis frequently present in sausage
micro� ora, either because it survives heat processing or becau
of post-process recontamination. In fact, the heat tolerance
of L. viridescenscauses major hygienic problems in sausag
manufacture, because the organism has aD-value of 40 min
at 68 � C.

Sausage souring occurs inside the casing because of t
growth of lactobacilli, enterococci, and related microorganisms
that possibly originate from dairy ingredients in the sausage
formulation. Souring is due to utilization of lactose and other
sugars by acid-producing microorganisms, mainlyLactobacillus
sakeand L. curvatusgrowing on the sausage surface.

If the � nish sausage is stored at high humidity and
temperature, the main spoilage microorganisms are yeasts an
bacteria, with B. thermosphactabeing considered the main
spoilage microorganism. Molds seldom spoil the product
except when the surface is relatively dry, such as with dry o
semidry sausages, when growth of bacteria is prevented.

Spoilage by greening occurs in sausages as well as in cur
meats, but with sausages, it is caused by H2O2-producing
microorganisms, which result from the low oxidoreduction
potential in the sausage internal meat and which are promoted
by oxygen depletion. The microorganisms involved are
L. viridescens, Lactobacillus fructovorans,and Lactobacillus jensen,
leuconostocs, Enterococcus faecium, and Enterococcus faeca
Discoloration can arise from chemical reactions promoted by
oxidants, such as hydrogen peroxide, metals, or ultraviolet ligh
that affect the hemopigment structure.

Finely comminuted, or emulsion, sausages of large format
such as mortadella and bologna, are commonly spoiled by
molds that develop from spores that contaminated the raw
meat and survived cooking. An initial alteration, a slightly gray
discoloration, is observed in the batter surface whereMucor
grows, although Penicillium, Rhizopus, and Aspergillusspp. can
also be responsible. If large format sausage are stored at hig
temperatures (25–35 � C) or are not rapidly cooled down after
processing, spoilage can be due to bacilli and mesophilic
clostridia.

In dry sausages, theaw is considerably reduced, usually
below 0.8. This is achieved by ripening during a long period
and through the addition of large amounts of salt or salt and
nitrate. These products are stable but can be colonized by LAB
including Leuconostoc carnosum.
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Packaged Meat Products

In addition to product preparation, packaging plays an
important role in the selection of spoilage micro� ora, and the
sequence of events by which spoilage becomes evident. Stora
temperature and package atmosphere are the main factor
affecting spoilage� ora development during product storage.
Meats packaged in � lms of high oxygen permeability
(>1000 cc m� 2 atm� 1 24 h� 1) are mostly colonized by Aero-
monas, Enterobacter, Hafnia, B. thermosphacta, Pseudomonas, and
Proteus morganii. B. thermosphactaspoilage potential in vacuum-
packaged cooked meats is low and only related to souring
because under anaerobic conditions, it produces lactic acid an
only small amounts of volatiles.

When vacuum-packaged meats are stored under refriger
tion, psychrotrophic clostridia, such asClostridium estertheticum,
can grow with the production of CO2, which can cause pack
blowing, as well as butanol, butanoic acid, ethanol, acetic acid,
and sulfur-containing compounds. Pseudomonasis responsible
for putrid odors, but the volatiles produced appear only when
the substrates metabolize from glucose to amino acids, with
production of malodorous esters and acids.

Spoilage organisms growing on processed meats packag
in � lms of low oxygen permeable (<200 cc m� 2 atm� 1 24 h� 1),
and stored at less than 10� C, produce decoloration, milky
exudate, slime, gas, and the development of acid� avors.
This type of spoilage is mainly due to hetero- and homo-
fermentative LAB. Slime is due to dextrane production by
Leuconostocspp. and L. sake. Greening in the inner part of the
product is mainly due to L. viridescens. Although LAB generally
do not produce off-� avors or odors, they often cause souring
In contrast to Leuconostocspp. that cause rapid decreases i
� avor scores before reaching their maximum numbers,Lacto-
bacillusspp. cause rapid decreases in sensory scores only wh
the maximum bacterial numbers are reached.

Vacuum-packaged meat micro� oras are dominated by
hetero- and homo-fermentative lactobacilli. The dominant
spoilage organism in vacuum-packaged sliced cooked beef
L. sake, whereasL. carnosumis the dominant spoilage organism
in vacuum-packaged sliced cooked ham. Homo-fermentative
lactobacilli and leuconostocs can cause pack blowing, produc
souring, and exudate formation in vacuum-packaged wieners
Numbers of Enterobacteriaceae, B. thermosphacta, and Pseudo
monascan be 10- to 100-fold on vacuum packaged high-pH
meat as compared to normal-pH meat. Carbon dioxide pack-
aging extends the shelf life of high-pH meat. Under this
atmosphere, the bacterial� ora on both high- and normal-pH
meats is largely composed of LAB.

By the 1980s, the relationship between volatile production
and the microbial metabolism in meat substrates was fully
understood. Chemical analysis can identify the amount of
a given compound present in a product exhibiting a speci� c
spoilage condition, which allows for the elucidation of the
quantitative relationship between substrate consumption and
the production of individual metabolites.

In meat products packed under either aerobic or anaerobic
atmospheres, biogenic amines are formed from amino acids. Th
reaction is catalyzed by decarboxylases, which are enzym
produced by various members of the Enterobacteriaceaeand
Bacillaceae, as well as species of Lactobacillus, Pedicoco,
and Streptococcus. Pseudomonasand B. thermosphactaare decar-
boxylase-negative microorganisms. The most abundant biogeni
amines found in meat products are cadaverine, putrescine, spe
midine, histamine, tryptamine, agmantine, ornithin, tyramine,
and spermine. The concentrations of these compounds can b
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determined to indicate spoilage. Biosensors have been develope
to quantify biogenic amines in food products.
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Chemical Spoilage

Chemical spoilage also can lead to consumer rejection o
a product. Color changes and the development of off-odors
and off-� avors from lipid degradation, that is, autooxidation or
rancidity, can occur. In some cases, microbial and chemica
spoilage develop together in meat products.
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Autooxidation

Meat lipids are composed mainly of triglycerides, with small
fractions of phospholipids and cholesterol. Although antioxi-
dants are usually included in meat product formulations, fat
oxidation, mainly of unsaturated fats, occurs in the presence o
oxygen, and several species of bacteria can promote this rea
tion. Lipid autooxidation with the development of rancidity
involves a complex sequence of chemical changes that resu
from spontaneous reaction of double bonds of unsaturated
fatty acids with oxygen via free radicals reactions. During the
initial induction period, no off-odor or off- � avor is detected. At
the end of this initial stage, fat oxidation occurs rapidly, with
the liberation of odoriferous volatiles. The duration of the
second phase depends on the production of minor compo-
nents that act as prooxidants. Aldehydes are the most abun
dantly produced compounds and include hexanal, heptanal,
octanal, nonanal, undecanal, 2-nonenal, 2-docenal, 3-hexanal
4-decenal, 2,3-nonadienal, and 2,4-decadienal. Ketones ar
also formed at the same time as aldehydes. Some of th
compounds responsible for rancid odors can be produced by
microbial activities. Diacetyl, which is formed by Pseudomona
and, in some circumstances, by LAB, is also a lipid oxidation
product. This aroma is not acceptable in meats as it is assoc
ated with dairy products.

Temperature greatly affects the rate of lipid oxidation, with
the rate approximately doubling with each 15� C increase in
temperature. Heat treatments accelerate lipid oxidation, in
part because they promote disruption of the esters’ links to the
triglycerides with the liberation of free fatty acids that are
more reactive than the esteri� ed acid residues. Nonetheless
lipid oxidation can occur relatively rapidly at low tempera-
tures when fats are exposed to oxidation promoters, such a
light, metal ions, or oxidized fats, and in foods of low water
activity (aw < 0.5). Free fatty acids, both saturated and
unsaturated, undergo oxidation when heated at high
temperatures (around 200� C) in the presence of oxygen, but
they can also react in anoxic conditions to form prooxidant
monohydroxyperoxides.
-

.

Warmed-Over Flavor

A particular case of oxidation is the development of off-� avors
in chilled or frozen cooked products. This warmed-over� avor
(WOF) commonly occurs in reheated meats that were refrig
erated for 48 h or less, and this WOF is particularly frequent in
products with a high content of polyunsaturated fatty acid.
WOF is mainly due to pentanal, hexanal, and 2,4-decadienal
These fat-soluble molecules, formed during cooking, partition
into the melted fat where they are retained until the food is
reheated. Similar to rancidity, WOF can be prevented by the us
of synthetic antioxidants, such as butylated hydroxytoluene
(BHT) and butylated hydroxyanisole (BHA), or natural anti-
oxidants, such as vitamin E and phenols.
Discoloration and Greening

The colors of meat products can be altered by exposure to light
oxygen, or oxidizing agents or by the presence of oxidized fat

Greening of cured products generally takes place during
exposure to air, or after prolonged storage in oxygen-depleted
conditions. Under these conditions, H2O2 formed by some
microorganisms, such as some LAB, reacts with nitro
sohemochrome, the pigment formed by the reaction of curing
salts and hemochromes, to produce a green oxidized por� rin.
In addition, any condition that favors the production of
hydrogen sul� de or organic sul� des will cause the development
of green color in cured meats because of the formation of
sulfmyoglobin. Another alteration of color can occur in meats
that have not been cured when they are exposed to high
temperatures, such as during barbecuing, when it is expecte
that a brown, cooked color will develop. Instead, a pinkish
or reddish color develops. This coloration is due to the reaction
of meat pigments with nitrogen oxides or CO produced by
the grill, with the formation of the pink pigments nitro-
sylhemochromogen or carboxymyoglobin. A similar pinkish-
red color in some types of noncured sausages containing
paprika (Capsicumsp.) is due to small amounts of nitrite
present in the vegetable.
Lipolysis and Proteolysis

Meat lipids or proteins are degraded mainly by enzymes
produced by bacteria and only to a very small extent by
endogenous lipases or proteases. Even so, meat aging involv
endogenous as well as exogenous enzymes. Howeve
commercial tenderization is generally achieved by the treat
ments, such as mechanical tenderization. In fermented
sausages, lipolysis is desirable as it contributes to� avor. Lipase
production by microorganisms is generally inhibited when
readily metabolized carbohydrates are available to the organ
isms. Thus, it usually occurs only after other spoilage processe
are already under way.

See also: Acinetobacter;Aeromonas; Alcaligenes; Bacillus:
Introduction;Bacillus:Bacillus cereus; Geobacillus
stearothermophilus(FormerlyBacillus stearothermophilus);
Bacillus– Detection by Classical Cultural Techniques;Bacteria:
The Bacterial Cell; Bacterial Endospores;Classi�cation of the
Bacteria:Traditional;Biochemical and Modern Identi�cation
Techniques:Introduction;Biochemical Identi�cation
Techniques for Foodborne Fungi:Food Spoilage Flora;
Brochothrix;Clostridium; Clostridium:Clostridium perfringens;
Clostridium:Clostridium botulinum; Dried Foods;Ecology of
Bacteria and Fungi:In� uence of Available Water;Ecology of
Bacteria and Fungi in Foods:In� uence of Temperature;
Ecology of Bacteria and Fungi in Foods:In� uence of Redox
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Introduction

Spoilage of meat is an ecological phenomenon that is a resul
of changes to the composition of meat ecosystem during the
development of the microbial association. The establishment
of a particular microbial association on meat depends on the
ecological conditions that exist during processing, storage
distribution, and retailing. In meat, �ve categories of ecologica
determinant factors in�uence the development of the initial
and transient microbial associations and determine the rate of
attainment of a climax population by the ephemeral spoilage
of microorganisms (those that �ll the niche available by
rapid growth in response to enrichment disturbance of an
ecosystem). These are (1) intrinsic factors associated with th
physicochemical attributes and structure of meat, such as pH
water activity, buffering power, the presence of naturally
occurring or added antimicrobial components, Eh and redox
poising capacity, and nutrient composition, in particular,
carbohydrate content and the concentration of glucose; (2)
processing factors; (3) extrinsic parameters that have selectiv
in�uences effects, such as temperature, relative humidity, an
the composition of the gaseous atmosphere to which a product
is exposed during distribution and storage; (4) implicit factors,
such as the physiological properties that enable particula
organisms to�ourish under selective conditions and inhibit the
growth of others, that play an important role in the genesis of
spoilage associations; and (5) complimentary emergent effect
resulting from the interactions of some of the aforementioned
factors to produce effects greater than would be expected from
their individual actions in isolation. In essence, all of these
determinant factors constitute the dimensions of a particular
ecological niche, which can be regarded as ann-dimensional
hypervolume. Indeed, the ecosystem approach is pertinent to
an analysis of the microbiological, chemical, and organoleptic
changes that occur in meat or meat products. In practice
therefore, meat technologists attempt to modify some or all of
the noted dimension factors to either extend the shelf life
of meat or to create new products. Advances in the�eld of
molecular biology provide us with new insights for an
enhanced understanding of spoilage phenomena. In addition,
predictive microbiology and bioinformatics have given us the
necessary tools to describe and predict, in qualitative and
quantitative terms, the development of spoilage in meat food
systems.
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Typical Microbiota of Fresh or Frozen Meat

Contamination and Population Dynamics
The microbiology of carcass meats greatly depends on th
conditions under which animals are reared, slaughtered, and
processed. Thus, the physiological status of the animal a
slaughter, the spread of contamination during slaughter and
processing, and the temperature and other conditions of
storage and distribution are factors that can affect the micro
biological quality of meat. Unless effectively controlled, the
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slaughtering process may cause extensive contamination of th
meat surfaces with a wide range of Gram-negative and Gram
positive bacteria and yeasts (Table 1). Some of these micro-
organisms will be derived from the animal’s intestinal tract
and others from the environment with which the animal had
contact at some time before or during slaughter. Studies on the
origins of contaminants have shown that the source of
Enterobacteriaceae on meats can be work surfaces and n
direct fecal contamination. Moreover, psychrotrophic bacteria
can be recovered from hides and work surfaces within abat
toirs as well as from carcasses and butchered meat at all stag
of processing.

Recent developments in molecular techniques have allowed
more complete descriptions of the microbial communities of
meat and meat plant microbial ecosystems. Moreover, the
ability to study the compositions of microbial association at
the subspecies level has enhanced the understanding of pop
ulation dynamics. A combination of culture-dependent and
independent techniques is required, in at least some cases, fo
the proper description of microbial ecosystems of meats.

Meat Spoilage Microorganisms
Although a range of microbial taxa are found in meat (Table 1),
its spoilage in countries in which meat is stored under refrig-
eration is caused by relatively few of these organisms (Table 2).
It is evident that chill storage and the gaseous environment of
meat in vacuum-packed or modi�ed-atmosphere packaging
exert strong selective pressures on its microbiota (Table 3).
Consequently, a characteristic microbial association is presen
on meat in different packagings at the time of spoilage, and
each type of community will manifest characteristic forms of
spoilage. For example, when meat is stored aerobically at chil
temperatures and high relative humidity,Pseudomonasspp. are
the main spoilage organisms. Gram-positive bacteria (lactic
acid bacteria and Brochothrix thermosphacta) are the main
spoilage organisms of chilled meat stored in modi�ed atmo-
sphere rich in oxygen and carbon dioxide. To date, studies on
the contribution of yeasts to the spoilage of meat, whole or
minced, has attracted little attention even though they are
common contaminants. Yeasts do not outgrow bacteria on
meat or most meat products, but they can do so if a product
contains a bacteriostatic agent, such as sulfite, which is a
additive in British fresh sausages, or if the low water activity of
a product inhibits bacterial growth.

Spoilage under aerobic conditions
Although the Gram-negative aerobic psychrotrophic bacteria
found on meat include the species of a number of genera
(Table 2), it is now well established that under aerobic
conditions, three species ofPseudomonas– Ps. fragi, Ps. fluo-
rescens, and Ps. lundensis– are the most important spoilage
organisms. Off-odors can be detected when the population of
pseudomonads exceeds 107 colony forming units (cfu) cm � 2,
and slime appears when these organisms exceed 108 cfu cm� 2.
Off-odors become evident when the pseudomonads have
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00194-4
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Table 1 The genera of bacteria and yeasts most frequently found on
meats and poultry

Genus Fresh meat Processed meat VP/MAP Poultry

Bacteria
Acinetobacter xx x x xx
Aeromonas xx x x
Alcaligenes x x
Alteromonas x x x x
Arthrobacter x x x x
Bacillus x x x
Bacteroides x
Brochothrix x x xx x
Campylobacter xx
Carnobacterium x x xx x
Chromobacterium x
Citrobacter x x
Clostridium x x x
Corynebacterium x x x x
Cronobacter x x x x
Enterococcus xx
Escherichia x x
Flavobacterium x xx
Hafnia x x
Janthinobacterium x
Klebsiella xx
Kluyvera xx
Kurthia x x
Lactobacillus x xx xx
Leuconostoc x x x
Listeria x
Micrococcus x x x x
Moraxella xx x
Neisseria x x x
Pantoea x
Pediococcus x x x
Planococcus x
Plesiomonas x
Providencia x
Proteus x x
Pseudomonas xx x x xx
Psychrobacter x
Serratia x x x x
Shewanella x
Streptococcus x xx x x
Streptomyces x x
Staphylococcus x
Vibrio x
Weisella x x
Yeasts
Candida xx xx x
Debaryomyces x x
Rhodotorula x xx
Saccharomyces x
Torulaspora xx
Trichosporon x x

x, reported occasionally; xx, reported frequently; VP/MAP, meat stored un
vacuum or in modi� ed-atmosphere packaging.

Table 2 Psychrotrophic bacteria associated with chilled meats and
meat products

Gram-negative bacteria Gram-positive bacteria

Aerobes
Pseudomonasspp.

rRNA homology, Group I [Ps.
ßuorescensBiovars I, II, III,
IV, V (includes 7 clusters)
Ps. lundensis,Ps. fragi]

Pseudomonas-shewanellagroup
Shewanella putrefaciens

Alteromonasspp.
Alcaligenesspp.
Achromobacterspp.
Flavobacteriumspp.
Moraxellaspp.
Psychrobacterspp.

P. immobilis, P. phenylpyruvicus
Acinetobacterspp.

A. lwofÞi,A. johnsonii

Facultative anaerobes
Brochothrix thermosphacta
Strict anaerobes
Clostridiumspp.,C. estertheticum,

C. tagluense, C. putrefacien,
C. algidicarnis, C. frigoris/
estertheticum, C. gasigenes

Facultative anaerobes
Photobacteriumspp.
Vibriospp.
Aeromonasspp.
Plesiomonasspp.
Serratiaspp.

S. liquefaciens, S. marcescens
S. proteamaculans

Citrobacterspp.
C. freundii,C. koseri

Providenciaspp.
P. aerogenes, P. alcalifaciens,
P. stuartii, P. rettgeri

Hafniaspp.
Hafnia alvei
Pantoea agglomerans

Enterobacterspp.
E. cloacae, E. agglomerans,
E. aerogenes
Erwiniaspp.
Erwinia herbicola

Klebsiellaspp.
K. pneumoniae

Kluyveraspp.
Proteusspp.

P.vulgaris, P. mirabilis

Aerotolerant anaerobes
Lactobacillusspp.

L. sakei, L. curvatus,
L bavaricus

Carnobacteriumspp.
C. divergens
C. piscicola

Leuconostocspp.
L. carnosum, L. gelidum,
L. amelibiosum,
L. mesenteroidessubsp.
mesenteroides

Weissellaspp.
W. hellenica,
W. paramesenteroides

Lactococcus rafÞnolactis
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depleted the glucose and lactate available to them on mea
surfaces and begin to metabolize the amino acids.

Enterobacteriaceae rarely, if ever, contribute signi� cantly to
the spoilage biota on meat and meat products. In ground beef,
Pantoea agglomerans, Escherichia coli, Serratia liquefaciens, and
Serratia proteamaculansare the major representatives of this
family ( Table 2). Brochothrix thermosphactahas been detected in
the aerobic spoilage biota of chilled meat, but it is usually not
important in the spoilage of meat exposed to air, except
possibly lamb. This organism has been isolated from bee
carcasses during boning, dressing, and chilling. Moreove
lairage slurry, cattle hair, rumen contents, soil from the walls of
slaughter houses, the hands of workers, air in the chill room,
neck and skin of the animal, and cut muscle surfaces have bee
shown to be contaminated with this organism. Brochothrix
thermosphactais one of the main – if not the most important –
causes of spoilage that can be recognized as souring rather tha
putrefaction. This type of spoilage is commonly associated with
meat packed under modi� ed atmospheres. A possible role of
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Table 3 Substrates used for growth by major meat spoilage microorganisms

Microorganism

Substrates used for growth

Under aerobic conditions Under oxygen limitation or modiÞed atmospheres

Pseudomonasspp. Glucose, glucose 6-phosphate, lactic acid, pyruvate,
gluconate, gluconate 6-p, amino acids, creatine,
creatinine, citrate, aspartate, glutamate

Glucose, lactic acid, pyruvate, gluconate, amino acids

Acinetobacter/Moraxella Amino acids, lactic acid Amino acids
Shewanella putrefaciens Glucose, lactic acid, pyruvate, gluconate, propionic acid,

ethanol, acetate, amino acids
Glucose, serine, cysteine

Brochothrix thermosphacta Glucose, amino acids, ribose, glycerol Glucose
Enterobacterspp. Glucose, glucose 6-p, amino acids, lactic acid Glucose, glucose 6-p, amino acids
Lactobacillusspp. Glucose Glucose, lactic acid, amino acids
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Photobacteriumspp. in aerobic spoilage has been indicated by
its detection in aerobic spoilage biota by culture-independent
techniques.

Spoiler under vacuum or modiÞed atmospheres
The atmosphere to which meat is exposed may be modi� ed by
vacuum packaging or packaging of meat under atmosphere
containing a mixture of gasses (N2, CO2, and O2). Meat in
vacuum pack or modi� ed atmosphere has an extended she
life when compared with meat stored aerobically. Shelf life is
determined by the type of atmosphere, storage temperature
and meat type. The growth of strictly aerobic, Gram-negative
bacteria (in particular, pseudomonads) is restricted by the
relative high concentration of CO2 or oxygen limitation.
Consequently, Gram-positive lactic acid bacteria, such a
Lactobacillus sakei, Leuconostocspp., andWeissella viridescensare
usually the main components of the spoilage association
(Table 3).

As the Gram-positive organisms grow more slowly than the
Gram-negative organisms in air, the shelf life of meat is
extended beyond that attained in air. Because there are diffe
ences in the metabolic attributes of the two groups of spoilage
organisms, spoilage occurs at different times, is manifest in
different ways, and is characterized by different off-odors.

Psychrophilic microorganism, Clostridium estertheticum,
causes gross distension of packs of vacuum-packaged meat af
relatively short times of storage at chiller temperature. The
optimum growth temperature of this strictly anaerobic
organism is 10� C. The spores produced by this organism are
resistant to those factors in meat processing that kill wholly
vegetative psychrophiles. Other cold-tolerant clostridia associ
ated with spoiled vacuum-packaged meat are shown inTable 2.

Spoilage of frozen meat
Studies of microbial growth at subfreezing temperatures clearly
indicate that microbial growth does not occur in meat ecosys-
tems at temperatures of less than�8 � C. Thus, the main
determinants of the storage life of properly frozen meat are
physical, chemical, or biochemical changes that are unrelate
to microbiological activities.

There are particular problems with the enumeration of
microbial populations on frozen meats. Microorganisms are
injured by exposure to freezing temperatures, leading to
sublethal injury, the effects of which include increased lag
times and the inability to grow on selective media that do not
inhibit the uninjured bacteria. Appropriate resuscitation of
frozen meat biota before their enumeration is essential if their
numbers are to be determined properly. Resuscitation of the
injured biota may take place in meat ecosystem during thaw-
ing, or in or on nonselective culture media. Studies on the effect
of different environmental stresses on the enumeration and the
recovery of microorganisms have been focused largely o
pathogenic microorganisms with an emphasis on ascertaining
the presence or absence of the pathogenic bacteria rather tha
their numbers. The results obtained in such studies are required
for the evaluation of microbiological hazards.
Roles of Microbes and Enzymes in Spoilage

The metabolic activities of the organisms that grow in a meat
ecosystem lead to the changes that are perceived as spoilag
The type and magnitude of a spoilage condition is related to the
size of the bacterial population and the amounts of bacterial
substrates in the meat. Irrespective of whether the meat is hel
under aerobic conditions, in vacuum pack or under modi� ed
atmospheres, the predominant organisms in the various biota
that develop all preferentially catabolize glucose for growth.
When the amount of glucose available to the organisms is
reduced to growth-limiting levels, organoleptically detectable
changes and, subsequently, overt spoilage develop, because
bacterial catabolism of amino acids and other nitrogenous
compounds as well as secondary metabolic reactions. Th
contribution of indigenous meat enzymes to spoilage is
negligible compared with the effects of the activities of the
microbial biota.

Biochemistry of Spoilage
The critical physicochemical changes occurring during spoilag
take place in the aqueous phase of meat. This phase contain
glucose, lactic acid, certain amino acids, nucleotides, and ure
that are utilized by bacteria of the meat microbiota. The
concentrations of these low–molecular weight compounds are
suf� cient to support extensive microbial growth. Glucose is the
preferentially utilized nutrient in a meat ecosystem, and it is
catabolized initially during microbial growth. This substrate is
attacked by almost all groups of spoilage bacteria, under both
aerobic and anaerobic conditions (Table 4). Until spoilage is
evident organoleptically, a major detectable effect of bacteria
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Table 4 Utilization of substrates, formation of metabolic by-
products, and proteolytic activities of three species ofPseudomonads
growing in meat juice at 0–4 � C

Substrate or by-product

Pseudomonasspp.

P. fragia P. lundensis P.� uorescens

D-glucose c c c
D-glucose 6-p c c –
D-gluconate f f f
D-gluconate 6-p f f –
L-lactic acid c c c
D-lactic acid c c c
Pyruvate f/c f/c f/c
Acetic acid c nd nd
Amino acids c c c
Creatine c – –
Creatinine c – –
Proteolysis yes nd yes
Ammonia f f f

aThe substrate was c, catabolized during growth; f, formed during growth; or–,
neither catabolized nor formed during growth; nd, no available data.

Table 5 End-products formed by Gram-negative bacteria (e.g.,
Pseudomonasspp.,Shewanella putrefaciens, Moraxellaspp., etc.) when
grown in broth, a sterile meat model system, and naturally spoiled meat

Sulfur compounds
Sul� des, dimethylsul� de,

dimethyldisul� te, methyl
mercaptan, methanethiol,
hydrogen sul� de,
dimethyltrisul�de

Aliphatic hydrocarbons
Hexane
2,4-Dimethylhexane and

methylheptone

Esters
Methyl esters (acetate),

ethyl esters (acetate)

Aldehydes
2-Methylbutanal

Ketones
Acetone, 2-butanone,

acetoin/diacetyl

Alcohols
Methanol, ethanol,

2-methylpropanol,
2-methylbutanol,
3-methylbutanol

Aromatic hydrocarbons
Diethyl benzene, trimethylbenzene,

toluene

Biogenic amines Ð Other compounds
Cadaverine, ammonia, putrescine,

methylamine, trimethylamine

Table 6 End-products of homfermentative lactic acid bacteria (HO),
heterofermentative lactic acid bacteria (HT), andBrochothrix
thermosphacta(BT) when grown in broth, a sterile meat model system,
and naturally contaminated meat

End-product

Atmosphere

Aerobic
Microaerobic/

Anaerobic

HO HT BT HO HT BT

Carbon dioxide þ þ þ – – –
Formic acid þ þ þ þ þ þ
Acetic acid þ þ þ þ þ þ
L-Lactic acid þ þ þ þ þ þ
D-Lactic acid þ þ – þ þ –
Isobutyric acid – – þ – – –
Isovaleric acid – – þ – – –
2-Methylbutyric acid – – þ – – –
Ethanol þ þ þ þ þ þ
2-Methylbutanol – – þ – – –
3-Methylbutanol – – þ – – –
2-3-Butanediol – – þ – – –
2-Methylpropanal – – þ – – –
2-Methylpropanol – – þ – – –
Acetoin þ þ þ þ – –
Diacetyl þ þ þ – – –
Free fatty acids – – þ – – –
Hydrogen peroxide þ þ – – – –
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growth is a reduction of the glucose concentration. This does
not alter the organoleptic properties of meat. When this
substrate or its oxidative products are reduced to levels insu
� cient to support growth, lactic acid is catabolized. When this
second major carbon and energy source is exhausted, th
microbial association is at its climax stage.

Chemistry under aerobic conditions
The relative spoilage potential of bacteria depends on thei
abilities to predominate in spoilage � ora and to form
malodorous compounds, such as H2S, volatile amines, esters
and acetoin. Pseudomonasspp. are important because of their
dominance in the aerobic climax associations at chill temper-
atures. The key chemical changes associated with the metabo
attributes of pseudomonads have been studied extensively in
broth and in model system, such as meat juice. A synopsis o
key metabolic attributes of pseudomonads is shown inTable 5.
Among the major attributes are (1) the sequential catabolism
of D-glucose andL- and D-lactic acid with D-glucose being used
preferentially to lactate, and (2) the oxidization of glucose and
glucose 6-phosphate via the extracellular pathway that cause
a transient accumulation of D-gluconate and an increase in the
concentration of 6-phosphogluconate. The increase in the
concentration of D-gluconate led to a proposed control of
the microbial activity in meat by the addition of glucose to
meat, with its transformation to gluconate by pseudomonads.
The rationale for this is the fall in pH caused by the accumu-
lation of the oxidative products. The transient pool of gluco-
nate, which cannot be utilized by all the taxa of the association
spoilage biota may provide an additional selective determinant
for the meat ecosystem.

Another important feature is the catabolism of creatine and
creatinine by P. fragi. The release of ammonia and the increas
in pH are linked inextricably with the catabolism of these
substrates. Ammonia, which is the major cause of the increas
of pH, is produced by many microbes, including pseudomo-
nads during their catabolism of amino acids. A list of other
volatile compounds found in spoiled meat is given in Table 6.
Pseudomonads growing on the surface of meat preferentially
consume glucose until the rate of diffusion of glucose from
underlying tissues becomes inadequate to meet their demand
When high numbers (108 per cm2) are reached and glucose
becomes depleted on the meat surface, the pseudomonads sta
proteolysis or use amino acids and other nitrogenous com-
pounds as their growth substrate, with production of
malodorous amines sulfides and esters (Table 6).
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Enterobacteriaceae can be important in spoilage if the mea
ecosystem favors their growth. As with the pseudomonads
this group preferentially utilizes glucose, but also glucose
6-phosphate, as the main carbon sources, and only after th
exhaustion of these substances will they utilize amino acids
Some members of this family produce volatile sulfides,
including H 2S and malodorous amines from amino acid
metabolism (Table 6).

Species ofAcinetobacterand Moraxellausually form a major
part of populations of aerobic spoilage bacteria. These organ
isms are of low spoilage potential. They utilize amino acids as
their growth substrates, but they do not form malodorous by-
products from amino acid degradation. They rather enhance
the spoilage activities of pseudomonads andShewanella putre
faciensby restricting the availability of O2 to these organisms.
When O2 limits growth, pseudomonads attack amino acids,
even when glucose is present, with the subsequent production
of malodorous substances. Under anaerobic conditions
S. putrefacienswill generate H2S, resulting in discoloration
(greening) of meat due to sulfmyoglobin formation.

Biochemical changes in meat under vacuum and modiÞe
atmosphere packaging conditions
A shift from a diverse initial biota to one dominated by Gram-
positive aerotolerant and facultative anaerobic microbiota
(lactic acid bacteria and B. thermosphacta) usually occurs in
meat during its storage under modi� ed atmospheres. The
physiological attributes of the lactic acid bacteria and
B. thermosphactahave been studied extensively. Environmenta
conditions, such as the oxygen tension, glucose concentration
and the initial pH, have a major in � uence on the physiology of
these organisms and hence on the end-products formed.Bro-
chothrix thermosphactahas a much greater spoilage potentia
than lactobacilli and can be important in both aerobic and
anaerobic spoilage of meat. This organism utilizes glucose an
glutamate but no other amino acid during aerobic incubation.
It produces a mixture of end-products, including acetoin, ace-
tic, iso-butyric and iso-valeric acids, 2,3-butanediol, diacetyl,
3-methylbutanal, 2-methylpropanol, and 3-methylbutanol
during its aerobic metabolism in media containing glucose,
ribose, or glycerol as the main carbon and energy source. Th
precise proportion of these end-products is affected by the
concentration of glucose, pH, and temperature.

Lactobacillusspp. constitute only a small proportion of the
spoilage bacteria in the initial bacterial population of meat.
When the oxygen concentration is low, as in vacuum-packed
meats, the developing microbiota is usually dominated by
Lactobacillusspp. These fermentative organisms probably grow
faster than would-be competitors because they are unaffecte
by pH and antimicrobial products, such as lactic acid, H2O2,
and bacteriocins. These organisms utilize glucose for growt
and produce lactic acid. When carbohydrates are exhauste
amino acids are utilized with the consequent production of
volatile fatty acids, which impart a ‘dairy’ or ‘cheesy’ odor to the
vacuum-packaged meat. The cheesy odors that develop in me
stored in gas mixtures containing CO2 probably are produced
by B. thermosphactaand lactic acid bacteria. They also form
diacetyl, acetoin, and alcohols from glucose under aerobic
conditions or low partial pressures of oxygen (pO2). Ethanol
and propanol are present at only trace levels at the beginning o
storage, but their concentrations can increase signi� cantly
before the onset of spoilage. They may then be the mos
promising compounds as indicators of spoilage microbiota
development.

Evaluation of spoilage
Enumeration of bacterial populations of meats, by culture on
agar media, most probable number (MPN) techniques, or
rapid methods (malthusian; e.g., Impedance), is used as an
indicator of their hygienic conditions. As the spoilage of meat is
caused by speci�c spoilage bacteria, appropriate selective
media rather than nonselective media should be used for this
purpose. Because correlations between populations of speci� c
spoilage bacteria and sensorial manifestations of spoilage ar
imprecise, bacterial numbers do not allow unambiguous esti-
mation of the spoilage status of meats.

It would be desirable to replace time-consuming microbi-
ological analyses with chemical, enzymatic, or physicochemica
tests for the rapid indication of the extent of microbial growth
on meat. Many chemical or physical methods have been
proposed for the estimation of the spoilage status of meats
There is as yet no single test that is satisfactory. The perceptio
of spoilage is a subjective evaluation, and there is a lack o
general agreement on the signs of incipient spoilage of meat
Moreover, changes in the technology of meat preservation
such as vacuum and modi� ed-atmosphere packaging, has
further complicated the task of identifying spoilage indicators.

Indicators of meat spoilage status, such as microbia
metabolites, should meet the following criteria:

1. The indicator should be absent or initially at low levels in
meat.

2. It should increase proportionally with the storage period.
3. It should be produced by the dominant biota and correlate

well with organoleptic evaluations.

The identi� cation of an ideal metabolite that meets the
noted criteria has proved dif� cult for several reasons:

1. Most metabolites are speci� c to certain organisms (e.g.,
gluconate to pseudomonads).

2. Although the metabolites are the product of the metabolism
of a speci�c substrate, the absence of the given substrate o
its presence in low quantities does not preclude spoilage.

3. The rate of microbial metabolite production and the
metabolic pathways of spoilage bacteria are affected by th
environmental conditions (e.g., pH, oxygen tension,
temperature).

4. The accurate detection and quanti� cation of metabolites
require sophisticated methodologies.

Many metabolites, such as lactate, gluconate, or acetat
provide information only after spoilage has developed. Bio-
informatics and chemometrics using data obtained during the
analysis of meat, however, can provide useful information for
the evaluation of spoilage. Predictive microbiology, which
uses mathematic equations to describe the growth kinetics o
microorganisms, has gained increasing attention as a mean
of estimating the remaining shelf life of meat. A multivariate
analytical approach to associate meat spoilage with microbi-
ological and physicochemical parameters might allow for
more accurate assessment of the spoilage status. Multivaria
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analysis involves the statistical analysis of data for severa
variable components and qualities of meat. A mathematical
model is used to describe the correlations between variables
Several multivariate models are used for different purposes
such as likelihood equations, factor analysis, and time-serie
analysis.
-
r

-

-

Role of Cooking in Susceptibility to Spoilage

Cooking raw meat results in the death of its microbial associ-
ation, with the exception of heat-resistant spores. Recontami
nation of the cooked meat and subsequent storage at chiller o
ambient temperatures leads to the development of new
spoilage associations. As the competitors of the initial micro-
biota of raw meat are absent, pathogens that may contaminate
cooked meat may be constrained in their proliferation only by
temperature. The microbiological stability of cooked meat
products depends not only on extrinsic factors, mainly the
packaging method and storage temperature, but also on the
intrinsic factors of product composition.
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Special Problems Associated with Meat

Production of biogenic amines by microbial biota of stored
meat is a matter of concern. Amines have been detected in fres
meat stored in air, in vacuum pack, or under modi� ed atmo-
spheres. Among the amines, putrescine, and cadaverin
increase progressively during storage. Concentration of spe
mine, spermidine, and tryptamine do not change substantially.
Small increases in the concentration of tyramine are usually
observed after long storage periods.
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Consumer Risks from Meat Products

Hazards associated with the consumption of meat and mea
products arise mainly from the possible presence of pathogen
on meat. Although pathogenic bacteria are not a part of the
spoilage association as such, their occurrence in the microbiot
is possible because of their presence on the raw meat or the
transfer to a product during unhygienic processing.

It is generally recognized that the ecosystems of meat store
under modi � ed atmosphere do not result in novel microbial
hazards and that their safety characteristics are equivalent
those of meat stored aerobically under refrigeration. The safet
of modi � ed-atmosphere-packaged meat is affected mainly b
two basic but indirect factors: (1) the suppression of the
spoilage biota with consequent reduction in its potential to
suppress the growth of pathogens, and (2) the delay or
suppression of the normal course of spoilage.

Studies with psychrotrophic pathogen bacteria have shown
that vacuum and modi� ed-atmosphere packaging with ni-
trogen creates atmospheres that may readily support the growt
of Yersinia enterocolitica, Aeromonas hydrophila, and Listeria
monocytogenes. The growth of these organisms, however, is
inhibited by the enrichment of atmosphere with carbon
dioxide. Generally, the higher the CO2 concentration and the
lower the temperature and pH, the greater the inhibition of
these organisms. At normal meat pH (5.5) and low tempera-
ture (� 1 � C), the growth of the psychrotrophic pathogens is
stopped when the CO2 concentration is�40% (v/v). When
the meat pH is high (� 6.0) or the product is stored
at abusive temperatures, however, these organisms and non
psychrotolerant pathogens may grow from pathogens despite
there being no unacceptable change in the organoleptic qual
ities of the product.
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Lipids are a heterogeneous group of compounds that are soluble
in nonpolar solvents such as ether, chloroform, and benzene
and are completely immiscible in water. They are a major group
of organic compounds found in living matter. Lipids are essen-
tial to the structure and function of membranes, that separate
living cells from their environment. Lipids also function as
energy reserves, which can be mobilized as sources of carbo
ble 1 Structures and nomenclature of the fatty acids inEscherichia c

pe Structure System

turated Dodec
Tetrad
Hexad
Octade

saturated cis-9-h
cis-11-

clopropane
cis-9,1
cis-11,

droxy D (–)-3

0 Encyclopedia of Food
water, and energy. Microorganisms like all living cells, contain
lipids. In yeasts and fungi they are important in the assembly of
membranes of various intracellular organelles. As in plants and
animals, there is a wide diversity of lipid types in microorgan-
isms, and can be broadly divided as having fatty acids (non-
terpenoid) or terpenoid lipids. The former include tri-
acylglycerols and phospholipids and the latter include the sterols
oli

ic name Trivial name

anoic acid (n ¼ 10)
ecanoic acid (n¼ 12)
ecanoic acid (n ¼ 14)
canoic acid (n¼ 16)

Laurie acid
Myristic acid
Palmitic acid
Stearic acid

exadecanoic acid (n ¼ 7)
octadecanoic acid (n ¼ 9)

Palmitolelc acid
cis-Vaccenic acid

0 methylene hexadecanoic acid (n ¼ 7)
12 methylene octadecanoic acid (n ¼ 9)

None
Lactobaclllic acid

-hydroxy tetradecanoic acid (n ¼ 10) b-Hydroxy myristic acid

Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00200-7
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and carotenoids. Some lipid types are con� ned to individual
groups of microorganisms, whereas others have almost ubiqui
tous distribution. Lipids may also be combined in nature with
other compounds such as proteins, amino acids, and poly-
saccharides. The variety of types of lipids and even of individua
fatty acids, is so great that it is possible to use lipids as a
important aid in the taxonomy of bacteria. With the advent of
genetic engineering, we can envisage increasing use being ma
of unicellular algae, bacteria, and yeasts as providers o
economically important lipid molecules in areas such as
food and the pharmaceutical industry. This article covers the
major lipids and their metabolism in bacteria, yeasts, and fungi.
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Figure 2 Structural formula of triacylglycerol (simple lipid). Fatty acids
are linked to glycerol by ester linkage. R1, R2, and R3 represent different
acyl groups of fatty acids. The three acyl groups in a fatty acid may be
similar or different.
Lipids in Fungi and Bacteria

Lipids can serve as sources of energy and carbon for bacte
and fungi. Most of the microorganisms are capable of synthe
sizing lipids and do not require exogenous supplementation.
The lipid content of bacteria is in the range of 2–5% of dry
weight, for yeast 7–15% dry weight, and for fungi 6–9%.
However, in certain strains of microorganisms lipid content of
40–50% of dry weight has been reported and in some fungi
lipid content as high as 90% has been reported. Such strain
may be used for commercial production of fats and are referred
to as ’oleaginous organisms.’
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Major Lipid Classes

Non-Terpenoid Lipids

This class of lipids includes simple and complex lipids essen
tially having fatty acids.

Fatty Acids
Fatty acids are the main constituents of the non-terpenoid clas
of lipids. Over 500 different types of fatty acids have been re
ported in microorganisms, but only few are important. Fatty
acids do not occur in a free form but are normally found as
esters, usually esteri� ed with glycerol, alcohol, or sterol. In
addition, fatty acids are constituents of more complex struc-
tures like lipopolysaccharides. Fatty acids have interestin
chemical properties because of highly hydrophobic (water
repelling) and highly hydrophilic (water soluble) regions.
Palmitate, e.g., is a 16-carbon fatty acid composed of a chain o
15 saturated (fully hydrogenated) carbon atoms and a single
carboxyl group (hydrophilic region). The fatty acid composi-
tion in microorganisms is quite variable and depends on the
substrate and also on the growth conditions. The fatty acids o
bacteria are generally 10–20 carbons in length. Odd-chain fatty
acids have also been reported in trace quantities.

There are mainly four types of fatty acids: straight chain
saturated; straight chain monounsaturated, branched chain
and cyclopropane fatty acids (Table 1). The common fatty
acids are stearic acid (C16 saturated) and oleic acid (C18

monounsaturated). The monounsaturated fatty acids are o
mainly two types depending on the route of synthesis:
cis-vaccenic acid type, which is the most common, or the olei
acid type. The double bond present in fatty acids can give rise t
two stereoisomers:cisand trans.In most of the physiologically
occurring fatty acids the double bond is incisposition. Another
type of fatty acid, cyclopropane fatty acids, such as lactobacilli
acid, have a three-member cyclic structure and are present
Lactobacillusspp. In certain Gram-negative bacteria, such a
Escherichia coli,hydroxy fatty acids like -hydroxylauric
and -hydroxymyristic acids are present. In Saccharomyce
cerevisiae,very long-chain hydroxy fatty acids, such as
a-hydroxyhexacosanoic acid, are present as important com
ponents of sphingolipids. In mushrooms hydroxy fatty acids
may represent up to a quarter of total fatty acids. In addition
some yeasts or yeast-like fungi produce extracellular hydrox
fatty acids.

With few exceptions bacteria do not contain poly-
unsaturated fatty acids. The longer chain polyunsaturated fatty
acids are usually absent. Yeasts, however, produce pol
unsaturated fatty acids, thoughS. cerevisiaeis unable to produce
either cis, cis-linoleic acid [18:2, (9,12)] and a-linolenic acid
[18:3 (9,12,15)], because of the absence of the enzymeD12

desaturase, although these are present in other yeasts. Howev
in some fungi, arachidonic acid, a 20-carbon polyunsaturated
fatty acid, has been found as a minor component.

Other fatty acids that are considered unique to bacteria
include branched-chain fatty acids, where a methyl group is
located at the u -l or u -2 position, and tuberculostearic acid,
10-methylstearic acid (br-19:10 Me), where the methyl group is
in the middle of the molecule. Some bacteria of theCoryne-
bacteriumand Mycobacteriumgroup synthesize multi-branched
very-long-chain fatty acids, called mycolic acids, that are up
to C90 in length ( Figure 1). Mycolic acids have a 2-branch,
3-hydroxy long chain of 20–90 carbon atoms. These are asso
ciated with the construction of the lipophilic cell envelope of
these bacteria, which include tubercle and leprosy bacill
(Mycobacterium tuberculosisand M. leprae). In S. cerevisiae
branched-chain fatty acids are unusual.

Simple Lipids
Simple lipids (fats) consist of fatty acids esteri� ed to a C3

alcohol, glycerol (Figure 2). Depending on the number of fatty
acyl residues, they can be monoacylglycerol, diacylglycerol, o
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Figure 3 General structure of wax. Wax is an ester of fatty acid with
monohydric alcohol.
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Figure 4 Structure of polyhydroxyalkaonates from bacteria. The
different types of polyhydroxyalkaonates have different R groups. Th
value ofn for different PHA varies between 10 000 and 20 000 (molecu
weight 2 x 106 Da).
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triacylglycerol (triglycerides). The predominant type of simple
lipid is triacylglycerol. The three carbons of glycerol are stereo
chemically different and are named assn-1, sn-2, and sn-3. The
three fatty acids that are esteri� ed with the three carbon atoms
can be the same or different (mixed triacylglycerol). Bacteria
usually do not have triacylglycerides as a major storage lipid
However, triacylglycerol is the major storage lipid in yeasts and
O

X = — H
— CH2CH2NH3

— CH2CH2N+H2CH3

— CH2CH2N+H(CH3 )2

— CH2CH2N+(CH3 )3

— CH2CH(COOH)NH+
3
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Figure 5 Structural formula of phospholipids (complex lipids). The ph
a substituent base (X) atsn-3 position instead of fatty acyl group. X is d
fungi and may constitute up to 90% of the total lipids. Such
microorganisms are referred to as oleaginous. In oleaginou
microorganisms, the enzyme ATP: citrate lyase plays a key role
the principal provider of acetyl-CoA. Commercial interest in the
use of yeasts as potential sources of edible oils, known as sing
cell oils, have chie� y centred on the ability of some species, such
asCandida curvata,to produce facsimile of cocoa butter in which
the D9 desaturase gene which converts stearic acid (18:0) int
oleic acid (18:1) has been deleted by genetic manipulation. Such
cells contain up to 50% stearic acid in an overall content of 35–
40%. Diacylglycerol serves as an intermediate in the biosyn
thesis of phospholipids.

Waxes
Waxes are esters of fatty acids with monohydric fatty alcohols
(Figure 3). Waxes have been found in few genera of bacteria
Acinetobactersp., Micrococcus cryophilus, and Clostridium,where
they may constitute 13% of the total lipid. Waxes are also
important components of the cell wall of acid fast bacteria.

Polyhydroxyalkaonates
Many bacteria accumulate polyhydroxyalkonates (PHAs) as
a major source of carbon and energy. These are peculia
compounds as the molecular formula is similar to that of
carbohydrates, but the solubility characteristics are that o
lipids. The structures of the various types of PHA are shown in
Figure 4. The number of repeating units in the polymer can be
as high as 20 000 with a molecular weight of 2� 106 Da. PHA
may constitute 40–60% of the dry weight in bacteria and have
been found in both Gram-positive and Gram-negative
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organisms as well as actinomycetes. In some species such
AlcaligenesPHA may constitute up to 85% of the cell biomass.
There is commercial interest in the production of PHA as
biodegradable plastics.

Complex Lipids
Complex lipids are simple lipids which contain additional
elements such as phosphate, nitrogen or sulfur, or smal
hydrophilic carbon compounds such as sugars, ethanolamine
serine, or choline.

Phospholipids
These are an important class of complex lipids as they hav
a major structural role in cytoplasmic membranes. In phos-
pholipids, the sn-1 and sn-2 carbon is esteri� ed to hydro-
phobic fatty acids and thesn-3 position of glycerol is linked to
a phosphate residue and a substituted base (Figure 5). The
ionizable ’head-group’ of the phospholipids has a negative
charge from the phosphate. The negative charge is balanced b
positive charge on the substituent group (X). The chemica
properties of phospholipids make them ideal structural
components of membranes because of their dual properties o
hydrophobicity and hydrophilicity, lipids aggregate in
membranes with hydrophobic portion toward the external or
internal (cytoplasmic) environment. Such structures are idea
permeability barriers because of the inability of water-soluble
substances to� ow through the hydrophobic portion of lipids.
The major classes of phospholipids are phosphatidylinositol
(PI), phosphatidylethanolam ine (PE), phosphatidic acid
(PA), phosphatidylserine (PS), phosphatidylglycerol (PG),
and phosphatidylcholine (PC, lecithin). Phospholipids are
the major lipids of bacterial and fungal membranes. In
bacteria PG is widely distributed in all types except actino-
mycetes (e.g., mycobacteria). Diphosphatidylglycerol also
occurs together with phosphatidylglycerol. Diphosphatidyl-
glycerol (cardiolipin) is a major lipid of bacteria, in contrast
to eukaryotic microbes where it is present in inner mito-
chondrial membrane. PE is generally the major phospholipid
in Gram-negative bacteria and is a major component of
Gram-positive bacteria such asBacillus.In contrast to higher
organisms PC is rarely a major lipid in bacteria, although
monomethyl- and dimethylethanolamine-containing lipids
are reported. PI is uncommon in bacteria and is con� ned to
few Gram-positive genera only. In certain cases mannosides o
phosphatidylinositol may be present, e.g., actinomycetes. Th
major phospholipids of fungi are phosphatidylcholine,
phosphatidylglycerol, and phosphatidylethanolamine with
small amounts of phosphatidylinositol. In yeast, 3–7% of the
total lipids are phospholipids. The order of predominance is
PC>PE>PI> PS, whereas PA and PG are minor components

Plasmalogens
Certain anaerobic bacteria contain an ether-linked residue a
the sn-1 position of glycerol in a regular phospholipid struc-
ture. These are known as plasmalogens and have mainly bee
reported from rumen bacteria (Figure 6).

Sphingolipids
Lipids containing sphingosine (Figure 7) or related amino
alcohols are of minor importance in microorganisms. In
bacteria, sphingolipids are rare except in certain Gram-negativ
anaerobic bacteria such asBacteroides levii.Most fungi seem to
contain small amounts of the usual sphingolipids. In Amani-
tamuscaria,a � lamentous fungi, ceramides, and cerebroside
represent 1% of the mycelial dry weight. A number of
unusual sphingolipids have been detected in different species
including several inositol-containing phosphorylceramides.

Glycolipids
Glycolipids are a class of lipids containing carbohydrate
residues and are usually the major lipids of bacterial
and fungal walls (Figure 8). Phosphatidylinositol and
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sphingolipids have been excluded from this category. Some
glycerides contain a carbohydrate moiety attached to thesn-3
position of the glycerol. Although these glycosylglycerides
are present in small quantities in fungal and bacterial species
they are really characteristic of photosynthetic membranes
of algae and cyanobacteria. The two galactose-containin
lipids that are common are diacylgalactosylglycerol and
diacyldigalactosylglycerol. These compounds represent 40%
of the dry weight of photosynthetic membranes and are
consequently the most prevalent membrane lipids in the
world. The two galactose molecules are linked bya(l / 6)
linkage in diacyldigalactosylglycerol and the two glucose
molecules are linked bya(I / 2) or b(1/ 6) linkage in diac-
yldiglucosylglycerol. The commonest bacterial glycolipids are
diacyldiglucosylglycerols. They are found more frequently in
Gram-positive organisms. Another important group of bacte-
rial glycolipids is the phosphoglycolipids found in a number of
Gram- positive organisms. There are four types of phosphati
dylglycolipids con� ned to N-group streptococci; the sw-glyc-
ero-3-phosphoglycolipids of mycoplasma; the sn-glycerol-
1-phosphoglycolipids; and sw-glycero-1-phosphatidyl glyco-
lipids of several Gram-positive organisms.

The other glycolipids include acylated sugars, such as acy
glucose of mycobacterial ’cord factor,’ the rhamnolipid of
Pseudomonas aeruginosaand the diacylated glucose attached to
D-glyceric acid in the cell envelope ofNocardia otidis-caviarum
Further variants are mycobacterial mannosides which ar
glycosides of p-phenol with normal and branched- chain fatty
acids esteri� ed to oligosaccharide. These glycolipids are
involved in the pathogenicity of mycobacteria. InSaccharomyce
cerevisiaetwo categories, glycosyldiglyceride (1,2-acylglycero
and carbohydrate residue) and acylated sugar derivatives hav
been reported. Fungi, particularly yeasts and yeastlike organ
isms produce a variety of unusual lipids, mostly extracellular,
that include glycolipids. The glycolipids usually contain a fatty
acid linked glycosidically or via an ester bond to a carbohydrate
moiety. Some of these glycolipids, such as ustilagic acid, ar
antibiotics and serve as important survival factors when the
fungi are competing with bacteria for nutrients.

A number of sulpholipids have been detected in species
of algae and bacteria. Usually they have sparse distribution
and most are sulfate esters of the carbohydrate moiety in a
glycolipid, e.g., trehalose mycolates of mycobactria. An excep
tion is the thermoacidophile Bacillus acidocaldariuswhich
contain 10% of its lipids as the sulphonic acid derivative of
diacylgalactosylglycerol.
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Terpenoid Lipids

Terpenoids are a class of compounds based on� ve carbon
building blocks (isoprene units). Figure 9 shows the struc-
ture of some of the terpenoid lipids. Some of these are
primary metabolites for compounds such as sterols and
carotenoids. Others may contribute to important structures,
as in the side chain of chlorophyll or in enzyme prosthetic
groups. Numerous fungal antibiotics are terpenoids.
Gibberellins are examples of diterpenes (C20). These were
originally discovered as phytotoxins produced by plant
pathogenic fungi. These substances are produced by fungi t
manipulate the physiology of the plant host. The electron
transport chain components such as quinones and plasto
quinones are isoprene derivatives containing prenyl side
chains. A family of cis-poly prenols, called dolichols, are
important as carriers of sugar residues in cell-wall synthesi
and protein glycosylation, facilitating the movement of
hydrophilic molecules across the hydrophobic membrane
barrier. The bacterial derivative is a C55 isoprenoid alcohol
called undecaprenol or bactoprenol. Its pyrophosphate
derivative serves a similar function to a lipophilic sugar
carrier in the biosynthesis of peptidoglycan, lipopolysac-
charide O-antigens, techoic acid, and several other extrace
lular polysaccharides.

Carotenoids
These are pigmented terpenoids which usually contain eigh
isoprene units (C40), comprising two 20-carbon halves joined
’head’ to ’head’ and nine conjugated double bonds, which
makes them brightly colored. Carotenoids containing oxygen
are called xanthophils, often as carboxylic acid esters, e.g
torularhodin. There are many different types of carotenoids
present in bacteria and fungi. Carotenoids have been reporte
from almost all yeasts and fungi, g-Carotene is particularly
common, whereas a-carotene has not been detected. Yeast
particularly Rhodo- torula, Crytococcus, and Spor-
obolomycesproduce a variety of colors; yellow (b-carotene),
red (torularhodin) giving a colored appearance to the
organism/medium. Carotenoids are reported to be absen
from Candidaspp.

Sterols
The distinction between terpenoid and sterols is not
clear cut. The structures based on a tetracyclic cycl
pentanoperhydrophenanthrene ring structure are called sterol
(Figure 10). Sterols are derived from squalene. They can b
present in free form or esteri� ed to fatty acids. The free sterol is
associated with membrane function, whereas, esteri� ed sterols
are biosynthetic intermediates or ful� l storage or pool func-
tions. Bacteria characteristically lack sterol in the membran
except methylotrophs. The major forms of sterols are zymos
terol, ergosterol, and cholesterol. Yeasts accumulate larg
amounts of sterols, up to 10% of the dry weight. In yeasts and
mushrooms ergosterol is the most abundant sterol. InSaccha-
romyces cerevisiaeunder anaerobic conditions lanosterol is the
predominant sterol. Cholesterol has been reported from
S. cerevisiaeand Candida krusei.In Mucorspp. 90% of the sterol
is ergosterol.
Lipopolysaccharide
Gram-negative bacteria have a cell envelope containing tw
membranes, the outer membrane is characterized by the pres
ence of lipopolysaccharide in the outer lea� et of the bilayer
structure. The lipopolysaccharide is involved in several aspec
of pathogenicity. It serves as the hydrophobic anchor of Gram-
negative bacteria. Lipopolysaccharide is a complex polymer o
four parts. Outside of the cell there is a polysaccharide o
variable structure known as O-antigen which carries severa
antigenic determinants. This is attached to a core poly
saccharide of two parts, an outer core and a backbone. Th
cores vary between different bacteria. The backbone is con
nected to a glycolipid called lipid A, through a short link
composed of 3-deoxy-D-mannooctulosonic acid. Lipid A
consists of disaccharides of glucosamines that are highl
substituted with phosphate, fatty acid, and 3-deoxy-D-man-
nooctulosonic acid. The amino groups are substituted exclu
sively by 3-hydroxymyristate whereas the remaining hydroxy
groups are acylated with C12, C14, and C16 saturated fatty acids
and 3-myristoxymyristate. There is microheterogeneity in
bacteria with respect to fatty acids that are present in
lipopolysaccharides.
Biochemical Mechanisms of Uptake

Direct utilization of fatty acids can occur within many micro-
organisms. The lipids in the external medium can be hydro-
lyzed by the action of extracellular lipases to yield fatty acids
and glycerol. It is common knowledge that certain substances
diffuse spontaneously across various membranes. Such passi
diffusion processes are driven by differences in the chemica
potential of the solute bathing the two sides of the membrane
and the chemical nature of the solute molecule. Most biolog-
ical membranes are known to allow the transverse diffusion of
hydrophobic compounds. Beforeb-oxidation, fatty acids must
enter the cell via uptake mechanisms that translocate them
across the membranes. It was originally thought that as the fatty
acids are hydrophobic they can diffuse through the membrane
without requiring carrier protein. However, it has been
observed that the uptake of fatty acids by bacteria involves
active transport process. The’fad regulon’ of bacteria encodes
for proteins necessary for fatty acid translocation. The induc
tion of fadregulon (fatty acid regulator gene) requires uptake of
exogenous fatty acids. Genetic and biochemical studies indicat
that two proteins are involved in the uptake of fatty acids
encoded by genesfadC and fadD. The fadD locus encodes for
membrane-bound acyl-CoA synthetase with broad substrate
speci�city for C7–C18 fatty acids. ThefadC gene encodes for
33 000 Da intrinsic membrane protein (FLP) which appears to
be essential for long-chain fatty acid transport. FLP is the� rst
membrane protein shown to be involved in fatty acid uptake.
The fadC structural gene is localized as a 2.8 kb EcoRV fra
ment of Escherichia coligenome and has been cloned, mapped
and analyzed for gene expression. Plasmids, that contain thi
gene, complement fadC mutants to increase long-chain fatty
acid uptake by two- to threefold and direct the synthesis of
speci�c membrane protein of 33 000 Da. A model is proposed
for fatty acid uptake in E. coliK-12 whereby long-chain fatty



c
n

e

PLA1

PLA2

PLD

PLC O–

X

H2C

O

R2

H2C

O

CO
O

C C H

O P

O

R1

O

Figure 11 Sites of phospholipase (PL) action on phospholipids. X refers
to a number of substituent bases which may be present in different
phospholipids.

526 METABOLIC PATHWAYSj Lipid Metabolism
acids and medium-chain fatty acids adsorb to FLP present in
the outer membrane. These fatty acids pass unidirectionally
through the outer membrane via FLP and cross the cytoplasmi
membrane to become activated by acyl-CoA synthetase. Whe
FLP is inactive, medium-chain fatty acids diffuse freely through
the membrane, become activated and are� nally metabolized
by b-oxidation enzymes.

In yeasts, as typi� ed by Saccharomyces cerevisiae,the uptake
of fatty acids is facilitated coupled with passive diffusion for
lauric (C12) and oleic (C18:1) acid. At lower concentrations it
has been shown to be carrier-mediated without the involve-
ment of energy whereas at higher concentrations passiv
diffusion predominates. In all these organisms fatty acids once
inside the cell are readily converted into their acyl-CoA esters to
minimize their inhibitory effects on the cell.
ls

for

CH3 (CH2)n CH2 CH2

O

C OH

Figure 12 Different sites of fatty acid oxidation.
Transformations Within the Cell

In a dynamic biological system there is a� ne balance between
the activities of synthetic and degradative enzymes. The leve
of these activities control the accumulation of individual
products, the turnover of most cell components and the utili-
zation of the stored reserves. Lipids can serve as substrate
the cellular production of energy (ATP).
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Degradation of Triacylglycerols

The degradation (hydrolysis) of triacylglycerols is achieved
with the help of the enzyme lipase. Lipases are the enzymes tha
can cleave triacylglycerols to release fatty acids and glycer
Lipases can be nonspeci� c cleaving fatty acid either atsn-1,3
position or are fatty acid speci� c. Fatty acids released ar
oxidized and glycerol can be metabolized to form dihydroxy-
acetone phosphate, and then glyceraldedyde 2-phosphat
thereby entering the glycolytic pathway. Lipases are wide
spread in nature and found in all phyla. Bacteria do not store
triacylglycerol, and the major function of bacterial lipases is the
breakdown of exogenous triacylglycerol as a food source. Th
same is true for most yeasts and fungi, although a few specie
do store triacylglycerol. The lipases can be intracellular o
extracellular, being released into the medium. The extracellula
lipases are inducible enzymes. The majority of the microbial
lipases are secretory enzymes. Utilization of oils and fats ha
been reported in several bacteria, yeasts, and fungi.Yarrowia
lipolyticais a frequently studied yeast. High activities are found
in microorganisms growing on lipid substrates. Many kinds of
microorganisms including bacteria, fungi, and yeasts, produce
lipases, and some are isolated commercially on a large scale fo
medical and industrial use, e.g., those with activity similar to
that of pancreatic lipase can be used as a substitute digestive a
in cases of pancreatic insuf� ciency.
e

Degradation of Phospholipids

In the case of a phospholipid, the enzymes that carry out
hydrolysis are called phospholipases. Phospholipases ar
a heterogeneous group of hydrolytic enzymes involved in the
catabolism of phospholipids. Historically these enzymes have
been called by letters A–D (Figure 11). Phospholipase (PL) A1
and A2 are carboxylic ester hydrolases cleaving atsn-1 and -2
position of diacylglycerol phospholipids releasing fatty acids.
PLA, is widely distributed in bacteria. In Gram-negative bacteria
it is present in outer membrane. Fungal phospholipase A1
is poorly documented, although activity has been reported
in many fungal systems. Phospholipase B is a monoacy
phospholipid hydrolase that attacks the product of PLA
action. Phospholipase C, hydrolyzes the phosphoester bond
between glycerol and phosphate-forming diacylglycerol and
phosphoryl-X (X ¼ substituent base). Phospholipase D
hydrolyzes the phosphate ester bond between the phosphate
and the substituent base releasing the substituent base.

Phospholipases have been detected in a wide range o
bacterial genera, sometimes being associated with pathoge
nicity (virulence). Phospholipases are components of toxins,
e.g., Clostridium perfringens,the causative organism for gas
gangrene, secretes phospholipase C that attacks the ho
phospholipids.
Fatty Acid Degradation

The free fatty acid released by the action of lipases can b
oxidized by a number of enzyme systems which are named
after the position of their attack on the acyl chain as is shown in
Figure 12and detailed below. Of the three systems of oxidation
of fatty acids, b-oxidation is predominant pathway.

a-Oxidation
Oxidative decarboxylation (a-oxidation) of fatty acids has been
studied in plant and animal systems with infrequent reports
occurring for prokaryotic microorganisms. This pathway is of
minor importance resulting in sequential decrease of one
carbon atom from the fatty acid. This type of oxidation is
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important when the b-oxidation pathway is blocked by the
presence of a methyl branch anda-oxidation releases the side
chain as CO2. In the a-oxidation pathway, a nonesteri� ed fatty
acid is attacked by molecular oxygen to generate an unstab
2-hydroperoxy intermediate. This intermediate releases CO2 to
yield a fatty aldehyde which is oxidized to yield an odd-chain
fatty acid that is shorter by one carbon atom. Odd-chain fatty
acid will be formed as a result ofa-oxidation of even-chain fatty
(CH2)n CH2CH2 HOOCR
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Figure 13 Fatty acidb-oxidation pathway in bacteria.b-Oxidation of fatty a
the parent fatty acid.
acids and has been studied inCandida utilisand Arthrobacter
simplex.The cofactor requirement for this type of reaction is O2

and NADH.

RðCH2ÞnCOOH/ RðCH2Þn� 1COOH þ CO2

In certain bacteria the 2-hydroperoxy intermediate may be
reduced by bacterial peroxidase to yield D-2 hydroxy fatty acid
that cannot be metabolized.
Cytoplasmic
membrane
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cids releases acetyl-CoA and fatty acyl-CoA that is two carbons shorter than
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b-Oxidation
b-Oxidation is a major pathway for oxidation of fatty acids to
small 2-carbon acetyl coenzyme A (CoA) units. In bacteria
fatty acidb-oxidation is cytoplasmic, whereas in yeast and fung
it takes place predominantly in peroxisomes (microbodies)
and in small amounts in mitochondria.

The growth of bacteria on fatty acids requires coordinated
induction of b-oxidation enzymes plus a fatty acid transport
system. The enzymes of fatty acidb-oxidation in bacteria are
under the control of fadregulon. The regulation offadregulon
is similar to lac operon. Before oxidation the fatty acid
molecule is activated. Activation involves thiol esteri� cation
of fatty acid with coenzyme A (CoASH) to form activated fatty
acid (fatty acyl CoA). The activation of fatty acids to its CoA-
derivative is coupled with utilization of energy from ATP and
requires the enzyme acyl-CoA synthetase (fadD gene) and has
a broad substrate speci� city. The activated fatty acid
undergoes dehydrogenation to form fatty enoyl-CoA
requiring the enzyme acyl-CoA dehydrogenase encoded b
fadE gene. Further metabolism involves enzymes enoyl-CoA
hydratase (fadB), 3-hydroxy acyl-CoA dehydrogenase (fadB)
catalyzing dehydrogenation to form 3-ketoacyl-CoA, and
� nally thiolase releases acetyl-CoA and a fatty acyl-Co
molecule that is two carbons shorter than the parent fatty
acid molecule (Figure 13). The same reactions are repeate
leading to shortening of the fatty acid molecule and release o
acetyl-CoA units till the fatty acyl-CoA is completely
degraded. The intermediates formed during fatty acid oxida-
tion remain enzyme bound. The long-chain fatty acids (C12–
C18) induce fad regulon, the medium-chain fatty acids (C7–
C11) cannot induce the fad regulon genes but are substrate
for oxidation. The enzymes acyl-CoA synthetase and acyl-Co
dehydrogenase are at different positions, not linked to the
genes of enoyl-CoA hydratase, 3-hydroxy acyl-CoA dehydro
genase, 3-ketoacyl-CoA thiolase, 3-hydroxy-CoA epimeras
and cis-D3 CoA epimerase. The enzymes enoyl-CoA hydratas
3-hydroxy acyl-CoA dehydrogenase, 3-ketoacyl-CoA thiolase
3-hydroxy-CoA epimerase, andcis-D3 CoA epimerase are
present as a multifunctional complex of 260 000 Da con-
sisting of a2b2. Thea-subunit and b-subunits have molecular
weights of 78 000 and 42 000 Da, respectively. They ar
encoded by fadB (enoyl-CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase, 3-,3-hydroxy-CoA epimerase, andcis-D3 CoA
epimerase) and fadA (ketoacyl-CoA thiolase) genes,
0
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fad EG

fad R

fad D

fad L

fad A
fad B

Figure 14 Fatty acidb-oxidation genes on bacterial genome.
respectively. The position of the different structural genes o
fad regulon are indicated in Figure 14.

The release of acetyl-CoA is coupled with the formation of
reduced coenzyme: one molecule of reduced� avin adenine
dinucleotide (FADH2) and one molecule of NADH. The acetyl-
CoA produced duringb-oxidation of fatty acids is passed to the
tricarboxylic acid (TCA) cycle to be oxidized accompanied by
synthesis of ATP.

The oxidation of unsaturated fatty acids is similar to that of
saturated fatty acids. In bacteria C12–C18 cis-monounsaturated
fatty acids are present which have a double bond between
carbons 9 and 10, and 11 and 12. However, in eukarytoic
microbes there are multiple double bonds. Monounsaturated
fatty acid is oxidized by normal b-oxidation to give rise to D3

cis-enoyl-CoA orD2 cis-enoyl-CoA that cannot be a substrate
for the fatty acyl-CoA dehydrogenase.D3 cis-enoyl-CoA is
therefore isomerized to D2 trans-enoyl-CoA by D3-trans D2

enoyl-CoA isomerase, a normal substrate for enoyl-CoA
hydratase to form L(þ )-b-hydroxyacyl-CoA that can be
metabolized by the b-oxidation enzymes. In the case ofD2 cis-
enoyl-CoA, it is � rst hydrated by D2-enoyl-CoA hydratase to
D(–)-b-hydroxyacyl-CoA derivative that is epimerized toL(þ )-
b-hydroxyacyl-CoA involving the enzyme 3-hydoxyacyl-CoA
epimerase.

Peroxisomal Oxidation
An alternative to b-oxidation in yeast and fungi involves the
subcellular organelle termed peroxisomes. In these organ
isms peroxisomes play a key role inb-oxidation of fatty
acids. Peroxisomes are unit membrane limited organelles
containing catalase, long-chain fatty alcohol, and fatty acid
dehydrogenase activities,b-oxidation enzymes plus other
enzyme activities. Peroxisomal b-oxidation enzymes are
induced when cells are grown in the presence of fatty
acids or alkanes. The� rst step involving dehydrogenation is
catalyzed by the enzyme fatty acyl-CoA oxidase (instea
of dehydrogenase) to form 2-unsaturated fatty acyl-CoA
ester (Figure 15). The enzyme requires O2 and FADH2 as
cofactors and forms H2O2 that is detoxi� ed by catalase.
The other enzymes enoyl-CoA hydratase, 3-hydroxyacyl Co
dehydrogenase, 3-hydroxyacyl-CoA epimerase, an
3-ketoacyl-CoA thiolase are present as a multienzym
complex, acting in sequential manner to release acetyl-CoA. A
limited amount of fatty acid b-oxidation in yeast occurs in
the mitochondria which also involves acyl-CoA dehydroge-
nase rather than oxidase. Transport of fatty acids into the
mitochondria requires carnitine for the transport of acyl-CoA
derivatives.

u -Oxidation
u -Oxidation is a pathway of fatty acid oxidation present in
both bacteria and fungi. Generally speakingu -oxidation plays
only a minor role in the oxidation of fatty acids or related
compounds compared with u - and b-oxidation. This type of
oxidation is important when carboxyl end is unavailable or for
the formation of u -hydroxy fatty acids. It is particularly useful
in microorganisms capable of utilizing alkanes as sole energy
and carbon source. It requires the O2-dependentu -hydroxylase
similar to one described in Pseudomonas putida.The
u -hydroxylation requires O2 and NAD(P)H as reducing
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equivalent donor. The u -hydroxyl fatty acid is then converted
into u -aldehyde and� nally to a, u -dicarboxylic acid.

CH3ðCH2ÞnCOOH/ HOCH 2ðCH2ÞnCOOH/
OHCðCH2ÞnCOOH/ HOOCðCH2ÞnCOOH

Fatty Acid Biosynthesis

Most naturally occurring fatty acids have an even number o
carbon atoms. The biosynthesis of fatty acids proceeds by th
sequential addition of 2-carbon units derived from acetyl-
CoA and is cytoplasmic in bacteria and fungi (Figure 16).
The � rst step in the synthesis of fatty acids is carboxylation o
acetyl-CoA to form malonyl-CoA, a key intermediate in the
synthesis of fatty acids, catalyzed by the enzyme acetyl-Co
carboxylase. The formation of malonyl-CoA requires ATP
and biotin and CO 2 as cofactor. The requirement of biotin in
this reaction is one reason why many organisms require
biotin in trace quantities as a growth factor. In Escherichia
coli, acetyl-CoA carboxylase consists of three disociab
components. One protein contains biotin, has a molecular
weight of 22.5 kDa and is the biotin carboxyl carrier protein
(BCCP). A second, 102 kDa component consists of two
subunits and catalyzes the biotin carboxylase reaction. Th
� nal component (130 kDa) contains two pairs of
nonidentical subunits of 30 and 35 kDa and catalyzes the
carboxyltransferase reaction. Evidence from various studie
indicates that acetyl-CoA carboxylase from yeasts and fung
consists of a single multifunctional protein. The molecular
mass of these proteins is in the range of 189–230 kDa for
yeasts,S. cerevisiaeand Candida lipolytica.The yeast enzyme
can be prepared in a form that is activated by citrate, but
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this activation is not accompanied by polymerization of
the enzyme as in higher eukaryotes. However, the
bacterial acetyl-CoA carboxylase is not regulated by citrat
and is also not under phosphorylation control; it is, instead
regulated by the nucleosides guanosine-3’-diphosphate,
5’-diphosphate (ppGpp) and guanosine-3’diphosphate, 5’-
triphosphate (pppGpp), which reduce the enzyme activity by
inhibiting carboxyltransferase. These guanosine nucleoside
that are unique to bacteria, are formed by phosphoribosyl
transfer from ATP to GDP or GTP on the ribosome in
response to amino acid starvation, or when other conditions
of reduced growth rate lead to ribosome’idling. ’

The malonyl-CoA generated by acetyl-CoA carboxylas
forms the source of all the carbons of the fatty acyl chain. The
group of enzymes catalyzing the synthesis of fatty acids i
known collectively as fatty acid synthase (FAS) and involves
seven separate enzyme activities. Initially, a priming molecule
of acetyl-CoA is transferred to -SH group of acyl carrier protein
(ACP) on FAS involving the enzyme trans-acylase, followed by
transfer of malonyl-CoA to 4’-phosphopantothein of ACP
releasing CoA catalyzed by the enzyme malonyl transacylas
The acetyl group attacks the methylene group of malonyl
residue, catalyzed byb-ketoacyl synthase, forming acetoacetyl
ACP with release of CO2. This frees the -SH group of ACP
that was occupied by acetyl group. The aceto-acetyl-AC
is then reduced, dehydrated, and again reduced to form
butryl-ACP catalyzed byb-ketoacyl reductase, hydratase, an
enoyl-reductase, respectively. The reductases require NADP
as cofactor. Further, elongation is by malonyl-CoA contrib-
uting to the successive 2-carbon units to growing acyl chain
and the cycle is repeated� nally giving C16 fatty acid (palmitic
acid). The palmitic acid formed is liberated by the seventh
enzyme thioesterase. The overall reaction of palmitic acid is
as follows:

8 Acetyl-CoAD 7 ATPD 14 NADPH/

Palmitic acid D 14 NADPD D 8 CoA D 6 H2O D 7 Pi

Fatty acid synthases can be divided mainly into type I
and type II enzymes. Type I synthases are multifunctiona
proteins in which the proteins catalyze the individual partial
reactions in discrete domains and the acyl carrier protein is
covalently linked to protein. This type include synthases
from higher bacteria (Mycobacterium smegmatisand Corny-
bacteriumspp.) and yeasts (S. cerevisiae). Type I synthases are
characteristically high-molecular-weight proteins (0.4 �
106–2.5 � 106) comprising two or more large multifunc-
tional polypeptide chains (molecular weight 1.8 � 105–2.7
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� 105). The type I of M. smegmatisis unusual in several
respects; the two reductases have different reduced pyridin
nucleotide speci� cities, b-ketoacyl-ACP reductase require
NADPH and enoyl-ACP reductase requires NADH (other
type I enzymes use only NADPH). In animals it is generally
accepted that the two chains are identical. Recent genet
analysis of fatty acid synthase mutants of yeast hav
demonstrated that there are two unrelated polycistronic
genes designated asfas1 and fas2. The fas1 gene encodes for
the acetyl transferase, malonyl (palmitoyl) transacylase
dehydratase, and enoyl reductase enzymes, whereasfas2
encodes for the phospho-pantothein-binding region and the
b-ketoacyl synthase and reductase enzymes. The yeast s
thase is probably A6B6 complex made of two different
multifunctional proteins (A and B). Type I of yeast is
inhibited by palmitoyl-CoA and that of Aspergillus fumigatu
is inhibited by malonyl-CoA.

Type II synthases contain enzymes that can be separate
puri � ed, and studied individually and are present in most of
the lower bacteria (E. coli) and the acyl carrier protein readily
dissociate from the enzyme. Type II synthase has been mo
studied from E. coli, seven proteins having been isolated. It is
assumed that inside the cell individual enzymes associate to
form a loosely bound multienzyme complex. The site of
association may be the cell membrane because inE. coli,ACP is
localized in the membrane. During these reactions, the
substrates are bound to ACP. The type II enzyme synthesiz
both saturated and unsaturated fatty acids. The reason for thi
is the presence of b-hydroxydecanoyl-ACP-b,g-dehydrase
which releasescis-3-decenoyl-ACP (precursor of unsaturate
fatty acids) instead of trans-2-decenoyl-ACP that is converted
into saturated fatty acid.

In the case of yeasts and fungi, the saturated fatty acid
palmitic (C 16) and stearic (C18) serve as precursors of the
monounsaturated fatty acids palmitoleic acid and oleic acid,
respectively. The double bond is formed as a result of the
action of the enzyme fatty acyl-CoA oxygenase in an oxida
tion reaction. In the reaction NADPH is oxidized to NADPþ .
s

Isopentenyl pyrophosphate units

Terpenoids, carotenoids,
undecaprenol, and quinonesSqualene
Incorporation of Fatty Acids into Triglycerides
and other Intracellular Structures

Fatty acids are essential precursors in many lipid component
found in bacteria and fungi, including mono-, di-, and
triacylglycerols, phospholipids, and a variety of other lipids.
d

f

c

HO

Cholesterol

Figure 19 Biosynthesis of sterols and terpenoids. The synthesis of
cholesterol and terpenoids involves the formation and subsequent
condensation of isopentenyl pyrophosphate units from acetyl-CoA.
Biosynthesis of triacylglycerols

Triacylglycerols are present as storage lipids in fungi an
yeasts, but not in bacteria. The biosynthetic pathway involved
in the synthesis of triacylglycerol is described inFigure 17.
Glycerol and fatty acyl-CoA are precursors for the synthesis o
triacylglycerol. Glycerol is � rst converted into glycerol-
3-phosphate by the action of glycerokinase, followed by
transfer of acyl group from acyl-CoA resulting in the forma-
tion of phosphatidic acid that involves the enzyme glycerol
phosphate acyl transferase. The phosphate from phosphatidi
acid is removed by the action of the enzyme phosphatidic
acid phosphatase to form diacylglycerol. The� nal product
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triacylglycerol is formed by transfer of a third molecule
of acyl group catalyzed by the enzyme diacylglycerol acy
transferase.

Apart from de novo synthesis as described above
triacylglycerol can also be formed from phosphoglycerides via
diacylglycerol (Figure 18). Major phosphoglycerides can be
converted into diacylglycerol by the action of the enzyme
phospholipase C or alternatively by a reversal of CDP-choline
diacylglycerolcholine phosphotransferase.
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Biosynthesis of Phospholipids

The biosynthesis of phospholipids, which are synthesized
exclusively for use in the biogenesis of membranes is shown in
Figure 18. The steps in the biosynthesis of major phospholipid
classes ofE. coli have been established. All the enzymes o
phospholipid biosynthesis in bacteria are in the cytoplasmic
membrane, apart from phosphatidylserine synthetase, the
location of which still remains an enigma. In the biosynthesis
of phospholipids the major difference is acyl-ACP is the donor
instead of acyl-CoA. The phospholipid biosynthesis involves
the addition of fatty acids to glycerol-3-phosphate. The
glycerol-3-phophate reacts with acylated-ACP to form phos
phatidic acid, a common intermediary metabolite in the
synthesis of phospholipids and triglycerides. The phosphatidic
acid is activated by cytosine triphosphate (CTP) to form
CDP-diacylglycerol, and the CDP is� nally displaced by serine,
alcohols or glycerol to produce the completed phospholipids,
phosphatidylserine, phosphatidylethanolamine, or phospha-
tidylglycerol, respectively. The enzymes catalyzing the differen
steps are shown inFigure 18. In bacteria, phosphatidylcholine
is not synthesized except in a few bacteria where the transfe
of a methyl group to phosphatidylethanolamine is mediated
by N-methyltransferase (S-adenosylmethionine is the methyl
donor).

In S. cerevisiae,the biosynthesis of phospholipid is similar
to that of E. coli.However, there are a few differences. Firstly
the fatty acyl group is transferred as acyl-CoA and not a
acyl-ACP. Secondly phosphatidylinositol is synthesized
in addition to phosphatidylserine, phosphatidylethanolamine,
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phosphatidylglycerol and disphosphatidylglycerol by a
mechanism that involves the exchange of CDP from CDP
diacylglycerol with inositol. In addition, phosphatidylcho-
line, a major membrane phospholipid in yeast and fungi, is
synthesized by exchange of choline from CDP-choline to
diacylglycerol, whereas in bacteria phosphatidylcholine is
not usually synthesized and in the few bacteria where it is
synthesized it involves methyl transfer to phosphatidylcholine.
Although, phosphatidylethanol amine is made by decar-
boxylation of phosphatidylserine in yeast, the CDP-base
exchange pathway is also operative for synthesis of phos
phatidylethanolamine.
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Biosynthesis of Terpenoids and Sterols

The membranes of many eukaryotic cells contain sterols
such as cholesterol, that are made up of repeating units o
the unsaturated hydrocarbon isoprene (isoprenoid hydro-
carbons). The early steps of steroid and terpenoid synthes
are the same. The� rst intermediate is 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA), formed by condensation of three
molecules of acetyl-CoA, followed by reduction of
HMG-CoA to give mevalonic acid. This reaction is catalyzed
by HMG-CoA reductase, an important regulatory enzyme
that controls the rate of sterol biosynthesis (Figure 19).
Mevalonic acid then gives rise to isopentenyl pyrophosphate
a 5-carbon structure characteristic of terpenoids, through
a series of phosphorylations. Isoprenoid hydrocarbons are
synthesized from acetyl-CoA molecules in a reaction
requiring ATP. Isopentenyl pyrophosphate and its isomer
dimethylallyl pyrophosphate condense to form farnesyl
pyrophosphate that gives rise to a series of cyclic and non
cyclic terpenoids and � nally to carotenoids, dolichol, etc.
In the biosynthesis of sterols, farnesyl pyrophosphate forms
squalene, a noncyclic intermediate that after a series o
transformations gives rise to sterols. The biosynthesis o
cholesterol exempli� es the fundamental mechanism of long-
chain carbon skeleton formation from 5-carbon isoprenoid
units.
Biosynthesis of Poly-b-hydroxybutyric Acid

The pathway for synthesis of poly-b-hydroxybutyric acid
(PHB), a common storage product of bacteria, is similar to
the pathway for the synthesis of fatty acids (Figure 20). The
enzymes involved in polyhydroxy-butyrate synthesis are
3-ketothiolase, acetoacetyl reductase and PHB synthase. PH
synthesis involves condensation of two molecules of acetyl-CoA
to form acetoacetyl-CoA (C4 derivative of CoA), followed by
reduction of acetoacetyl-CoA to form b-hydroxy-butryl-CoA
and � nally repetitive sequential addition of acetyl-CoA result-
ing in chain length elongation, and subsequent removal of the
CoA portion of the molecule forming poly- b hydroxybutyric
acid, which can accumulate in large amounts in bacteria and
serve as energy and carbon source. Interestingly, unlike othe
biosynthetic reactions, the formation of poly-b- hydrox-
ybutyrate uses the coenzyme NADH rather than NADPH.
See also:Escherichia coli:Escherichia coli;Preservatives:
Traditional Preservatives– Vegetable Oils;Saccharomyces:
Saccharomyces cerevisiae.
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Introduction

Vitamins and minerals are essential for many functions of most
forms of life, including microorganisms. Some enzymes require
nonprotein components called cofactors. The cofactor may be
a metal ion or an organic molecule called a coenzyme. Many
vitamins are precursors of the coenzymes. Structures of vita
mins are complex and diverse. Most vitamins are heterocycli
compounds; pyrimidine and thiazole rings of thiamin, isoal-
loxazine ring of ribo�avin, pyridine ring of pyridoxine and
niacin, thiophene ring of biotin, corrin ring of cobalamin, and
so on. Many microorganisms readily produce the vitamins de
novo. Genes participating in biosynthesis of vitamin often are
clustered as an operon. The transcription of operon gene
generally is regulated strictly. Vitamins and minerals may be
present in extremely low quantities in the environment, and
microorganisms are equipped with the transport systems to
scavenge the vitamins and minerals.
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Uptake of Minerals by Bacteria

Copper

Copper is an essential trace element having redox potential to
function as a prosthetic group of proteins, such as superoxide
dismutase, cytochrome oxidase, and so on. On the other hand
excess copper is highly toxic. Homeostatic control of coppe
uptake, therefore, is needed to solve the problem of acquiring
suf�cient copper and avoiding toxic copper excess.

Copper transporter 1 (Ctr1) serves as a high af�nity copper
transporter, and the Ctr1 family proteins are conserved well in
eukaryotes. InSaccharomyces cerevisiae, reduction of copper by
cell surface metalloreductase, thefre1 gene product, facilitates
cellular uptake. After the transport of reduced copper across th
cell membrane, copper is incorporated into copper-requiring
proteins via copper-delivery molecules and assembly factors
Cellular copper acquisition requires Ctr1 protein, which exists in
the plasma membrane. The Ctr1 protein contains the methio-
nine-rich domain homologous with copper-binding proteins
and results in the formation of a pocket with af�nity for Cu þ .

The regulation of fre1and ctr1genes is mediated at the leve
of copper-dependent transcription. Copper deprivation induces,
and copper loading represses, the transcription of both genes
Mac1 protein is a cellular component that functions as the
copper sensor–regulator. Mac1 protein controls the expression
of surface reductase and copper uptake activity in yeast and thu
provides homeostatic control of copper acquisition. Cytosolic
copper chelators, such as metallothionein and phytochelatin,
sequester excess copper. P-type ATPases play a role in cop
detoxi�cation by extruding cellular copper.

As in S. cerevisiae, bacterial copper transport is the cooper-
ation of several proteins: The CurA and CutB proteins both play
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
a role in Escherichia colicopper import. Bacteria andS. cerevisia
rely on the sequestration of copper to handle excessive coppe
Pseudomonas syringaeretains copper in the periplasm, while
in yeast vacuoles play a role in storage or detoxi�cation of
copper.
r

Iron

Microorganisms growing under aerobic conditions need iron
for formation of heme to reduce oxygen for synthesis of
adenosine triphosphate (ATP). Iron is the second most abun-
dant metal in the Earth’s crust, but usable iron is in short supply
because of its extreme insolubility at physiological pH. Under
physiological pH and oxygen, ferric ion (Fe3þ ) concentration is
in the range of 10� 18 M due to aggregates into insoluble iron
oxyhydroxide polymers. Iron concentration in cytoplasm is
about 10� 6 M and iron exists in two forms, ferrous (Fe2þ ) or
ferric (Fe3þ ) form in vital bacterial cells. The difference in redox
potential between reduced (Fe2þ ) and oxidized (Fe3þ )
contributes to versatile component in various metabolic
process, as catalytic center or electron carrier.

There are numerous iron uptake pathways in Gram-negative
bacteria, including iron uptake from transferrin, heme, or
siderophores as iron stabilizer or carrier. These are energ
dependent and multicomponent transport systems for iron,
requiring outer-membrane receptor, periplasmic binding
protein, permease protein, inner-membrane ATP-binding
cassette (ABC) transporter, and proton motive force proteins
(Figure 1). There is still little information on iron transport in
Gram-positive bacteria having no outer membrane.

Under low iron stress, most aerobic and facultative anaer
obic microorganisms produce low molecular weight
(500–1500 Da) of ferric iron –speci�c chelators, known as
siderophores. About 500 compounds have been identi�ed as
siderophores, differing substantially in structure but sharing
common functional groups that coordinate ferric ion. Ferric-
chelating moiety of compounds are classi�ed as a-hydro-
carboxylic acid, catechol (a,b-dihydroxy benzoic acid), and
hydroxamic acid type, and the other portion of siderophore
molecule may represent the binding moiety for the speci�c
receptor. Ferric siderophores are recognized speci�cally by the
receptors located in the outer membranes of Gram-negativ
bacteria. The role of these compounds is to scavenge iron from
the environment, by forming stable, soluble, and octahedral
complexes with iron (ferric siderophores), with extraordinary
af�nity constant (Kd about 10� 7 M). Recently, the crystal
structures of ferric siderophores receptor proteins (FepA
FhuA, and FecA fromE. coli, and FpvA and FptA fromPseudo
monas aeruginosa) have been disclosed. These show simila
structure, consisting of a 22 strand-b-barrel formed by about
600 C-terminal residues, 150 N-terminal residues fold inside
the barrel to form a plug domain, which block the passage of
78-0-12-384730-0.00201-9 535
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Figure 1 Schematic representation of siderophore-mediated iron uptake in Gram-negative bacteria. The ferric siderophore binds to the cell surface
receptor (FepA) and transports the iron across the outer membrane in a process requiring TonB system (TonB, ExbB, and ExbD embedded in cytoplasmic
membrane). The ferric siderophore mediated by a periplasmic binding protein was transported across the cytoplasmic membrane coupled with permease
protein and ATP-binding cassette (ABC) proteins into cytoplasm.
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ferric siderophores through an elliptical-shaped barrel channe
(35 � 47 �A in diameter).

Any pathogenic bacteria have speci� c receptors that bind to
the host’s iron stabilizer/carrier, transferrin and lactoferrin,
using host iron source.

As shown in Figure 1, in the outer membrane of Gram-
negative bacteria, there is a ferric enterobactin receptor calle
FepA, which is a gated porin to transport iron in the form of
ferric siderophores in a TonB-dependent manner. In escorting
these ferric siderophores to the inner-membrane transporter
for subsequent entrance into cytoplasm, periplasmic side
rophore binding protein plays an important role. The Gram-
negative outer membrane lacks an established ion gradient o
ATP to provide the energy for transport. Therefore, the energ
required for the transport of ferric siderophores via FepA
probably is accomplished through the coupling of the proton
motive force of the cytoplasmic membrane to the outer
membrane via TonB-ExbB-ExbD complex located in the cyto
plasmic membrane.

Ferric siderophores are transported into cytoplasm via an
ABC transporter protein complex coupling with ATP-hydro-
lysis. Fur, the product offur gene, responds to the intracellular
iron level and acts as a negative repressor of transcription of th
siderophore. Fe2þ is a corepressor to organize Fur to bind the
operator. In budding yeast, after reduction of Fe3þ to Fe2þ by
cell surface Fre1 and Fre2 (iron reductase), iron is transporte
by the complex with Fet3 and Ftr1 highly speci� c to Fe2þ

(membrane copper–glycoprotein oxidizes Fe2þ to Fe3þ ) and
Ftr1 (iron permease).
Magnesium

Magnesium is an essential divalent cation existing and main-
tained abundant intracellular in both prokaryotic and
mammalian cells. The majority of Mg2þ is bound to ATP and
miscellaneous phosphonucleotides, serving as an essenti
structural element for ribosomes and membranes.

Magnesium is transported by four different systems in
bacteria. The CorA transport system is a dominant and non-
repressible uptake mechanism and is virtually ubiquitous in
the Eubacteria and Archaea. The CorA gene is express
constitutively in Salmonella typhimuriumunder a wide range of
external Mg2þ concentrations. Another CorA-like protein in
bacteria is MgtE, having lower af� nity for Mg 2þ than CorA. The
primary uptake system is either CorA or MgtE, encoded in
all fully sequenced bacterial genomes. Recently, the cryst
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Figure 2 A model for the oxaloacetate decarboxylase sodium pump of
K. pneumoniae. Thea subunit (63 kDa) has the carboxyl–transferase activity
on the N-terminal domain and the biotin-binding Lys residue on the C-
terminal domain. Theb (45 kDa; with the decarboxylase site) and theg
(9 kDa) subunits are membrane-spanning proteins, and thea subunit is
attached to them. The carboxyl group is transferred from oxaloacetate to the
prosthetic biotin of the enzyme and the carboxybiotin intermediate is
decarboxylated sodium ion-dependent. As a result, sodium ion is trans-
ported across the membrane.
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structure ofThermotoga maritimaCorA andThermus thermophilu
MgtE have been determined, which is the� rst structural
elucidation case for a divalent cation transporter. Structurally
different proteins, CorA and MgtE, appear to be located in
a similar manner through multiple Mg 2þ binding sites in the
cytosolic domain of the channels. CorA is a homopentamer
with two transmembrane segments per monomer, and MgtE is
a homodimer with � ve transmembrane segments per mono
mer. The CorA transport system has a broad speci� city, and
Zn2þ and Co2þ also are transported through this system
whereas MgtE does not so.

Under conditions of Mg2þ depletion, expression of MgtA
and MgtB transport systems (which belong to the P-type
ATPase superfamily) greatly increase, although the functio
of CorA was suppressed. Transcriptions of these system
taking up Mg2þ are positive-regulated by PhoP/PhoQ as
a transcriptional regulator that responds to Mg2þ starvation
in enterobacteria, E. coli, and S. typhimurium. In the case of
high-cytoplasmic Mg2þ level, Mg2þ binding to the mgtA
50UTR (50-untranslated region) results in the formation of
stem-loop structure that promote transcription stopping. At
concentrations of extracellular Mg2þ below 10� 5 M, MgtB
becomes the dominant transporter. The P-type ATPases a
so termed because the mechanism of transport involve
direct phosphorylation of a conserved aspartyl residue by
ATP and the subsequent hydrolysis of this aspartylphosphat
as a necessary part of the transport cycle. MgtA and Mg
proteins may form part of a metal toxicity avoidance system.
f

s
-
-
s
e

a-

is
Sodium

Most animal cells maintain intracellular Kþ at a relatively high
and constant concentration, whereas the intracellular Naþ

concentration is usually much lower. To generate a solute
gradient, the membrane must be equipped with a primary pump.
The pumps such as the ATP-driven importers (or exporters o
poisonous chemicals)– Naþ -translocating (F1F0)-ATPase, Naþ -
ATPases of the V and P type– serve the cells directly and have no
function in energy transduction. The second type of pump create
an energized state of the membrane in the form of an electro
chemical ion gradient, which can be used by other membrane
linked systems to perform work. Decarboxylase reaction
catalyzed by oxaloacetate decarboxylase ofKlebsiella pneumonia
(Figure 2), methylmalonyl-CoA decarboxylase ofPropionigenium
modestum, and others are found to couple to the vectorial move-
ment of Naþ ions. Methyltetrahydromethanopterin:coenzyme M
methyltransferase of Methanobacterium thermoautotrophicumis
also an integral membrane protein functioning as a Naþ pump.
Naþ -translocating NADH:ubiquinone oxidoreductase structur-
ally is not related to its Hþ -translocating counterparts. The
Kþ -transporting ATPases ofE. coliandStreptococcus faecalisare also
of the P type.
-
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Mechanisms for Incorporation of Minerals
into Enzymes

Copper Chaperone for Superoxide Dismutase

The insertion of copper into copper/zinc superoxide dismutase
(SOD1) involves a speci� c metal carrier protein, identi� ed as
Cos1/Lys7 inS. cerevisiae. This copper chaperone (CCS) shows
an absolute requirement for activation of SOD1 and does not
deliver copper to other proteins. A yeast mutant for the SOD1
copper chaperone has a normal level of SOD1 protein but fails
to incorporate copper into SOD1, which therefore is devoid of
superoxide scavenging activity. The CCS-independent activ
tion pathway is present in nematodeCaenorhabditis elegans.
Iron Storage: Ferritin as a Source of Iron

Ferritins distribute ubiquitously among living species,
including fungi, yeast, and bacteria. The ferritin molecule is
a protein assembling in a 24 mer cluster of identical subunits
(�20 kDa) to form a hollow, nearly spherical structure,
a 500 kDa complex with a diameterw 120 �A. The iron storage
cavity of ferritin has a diameter of 80�A and can accommodate
up to 4500 iron ions in the ferric form, acting as a ferroxidase
during iron uptake without external oxidase needed if O2 is
available. Iron is normally in the Fe3þ state, but when reduced,
it remains within the ferritin unless removed by an Fe2þ

acceptor. Ferritin also has a protective antioxidant function by
sequestering the iron inside the cavity of the molecules, when
iron concentration is high. Heme, the prosthetic group of
proteins, such as catalase, peroxidase, and cytochrome C,
made by the insertion of the ferrous form of iron by
ferrochelatase.
Heavy-Metal Efßux Systems and Metallothionein

In contrast to most cation transport systems, which are deter
mined by chromosomal genes, toxic metal ion resistance
systems are encoded by plasmid genes. Plasmid-based tran
port systems are toxic ion ef�ux mechanisms, and the ions
drained off by the systems generally are not essential; Co2þ ,
Zn2þ , and Cu2þ /Cuþ are exceptions.
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Figure 3 A model for the regulation of thecopoperon inEnterococcus hirae. Expression of thecopoperon ofEnterococcus hiraeis induced at both low
and high copper concentrations. (a) Under copper-limiting conditions, CopY and CopZ are free so that thecopoperon is expressed. (b) When the
copper concentration is in the physiological range, CopY binds copper and represses transcription of thecopoperon. (c) Under toxic copper concen-
tration, CopZ also binds copper and the copper-CopZ complex binds to CopY and releases it from the operator to expresscopoperon.
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The major group of metal resistance systems are ef� ux
pumps. Some are ATPases (the cadmium and copper ATPas
of the Gram-positive bacteria and the arsenite ATPase of th
Gram-negative bacteria) and others are chemiosmotic cation
proton antiporters (the divalent cation ef� ux systems ofAlca-
ligenesand the arsenite ef�ux system of the Gram-positive and
the Gram-negative bacteria).

Studies of copper resistance in the Gram-positive bacterium
Enterococcus hiraeled to the discovery of two copper-trans-
porting ATPases. An operon involved in copper homeostasi
containscopY, copZ, copA, and copB. GenecopAand copBencode
P-type ATPases: CopA serves in the uptake of copper and Co
in its ef� ux. GenecopYand copZlocated upstream of thecopAB
region control the expression of the two ATPases: CopY acts
a repressor protein (145 amino acids) and CopZ acts as an
activator (Figure 3).

Metallothioneins, approximately 60 amino acids long with
one-third of these as cysteines, are widely reported in eukary
otes, including yeast andNeurospora. Synechococcusis the only
genus having well-studied metallothionein in bacteria. Metal-
lothionein from Synechococcusis a 56 amino acid product of the
smtAgene and contains nine cysteine residues. The preferen
of cation binding for Synechococcusmetallothionein is
Zn2þ > Cd2þ >> Cu2þ . Cells that lack metallothionein have
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reduced uptake of Zn2þ and reduced tolerance to high Zn2þ

concentrations.
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Biosynthesis and Uptake of Vitamins

Biotin

Biotin functions only as a protein-bound cofactor that carries
active CO2 groups in metabolism. In Bacillus subtilisand most
organisms, pimeloyl CoA, as a precursor, can be generated b
pimeloyl-CoA synthetase (bioW gene product) from pimelic
acid taken up or derived from fatty acid, whereas inE. coli,
pimeloyl CoA is generated from fatty acid not via free
pimelic acid but rather by bioC and bioH gene products.
The enzymes related to biotin synthesis from pimeloyl CoA
are 7-keto-8-aminopelargonic acid synthetase (bioF gene
product), 7,8-diaminopelargonic acid aminotransferase (bioA
gene product), dethiobiotin synthetase (bioD gene product),
and biotin synthetase (bioBgene product). Biotin synthetase
catalyzes the� nal step in which a sulfur atom originated
from the Fe-S centers in this enzyme is inserted into
dethiobiotin to form biotin.

A biotin operon ( bio) is strikingly regulated to switch func-
tionally. BirA (apoBirA) is a bifunctional protein as biotin
repressor/biotin protein ligase catalyzing the binding of biotin
to apoenzymes. The repressor is also the biotin protein ligase
and the corepressor is not biotin but biotinoyl-50-AMP (bio-50-
AMP), the product of the � rst–half of the ligase reaction. BirA
consists of four domains: N-terminal DNA binding domain,
central catalytic domain, C-terminal domain interacting with
biotin carboxyl carrier protein (apoBCCP), and binding ATP.
BirA binds biotin and ATP and catalyzes the synthesis of bio-50-
AMP. The BirA-adenylate complex (BirA: bio-50-AMP; holoBirA)
can interact with apoBCCP subunit of acetyl-CoA carboxylase b
heterodimerization, which results in apoBirA and holoBCCP by
transferring biotin to apoBCCP. In the absence of apoBCCP
bio-50-AMP acts as a corepressor, which promotes the coope
ative homodimerization of holoBirA to bind to the biotin
operator (bioO), results in suppression of the gene expression
involved in de novobiotin synthesis in E. coli. Thus, the biotin
holoenzyme ligase funnels biotin into metabolism and its
biosynthetic regulation.

In E. coli, the transcription of bio gene cluster is blocked
in vivoupon addition of high levels of exogenous biotin in the
medium of growing cells, whereas biotin starvation results in
greatly increased transcription. When the biotin supply is
severely limited, the bio-50-AMP synthesized is rapidly
consumed in biotination of apoenzyme molecules. Thus, the
bioO is seldom occupied and transcription is maximal.
Repression ofbiooperon transcription occurs when the supply
of biotin is in excess. Under these conditions, accumulated
holoBirA binds to bioOand represses transcription (Figure 4).
The rate of biotin operon transcription is therefore sensitive not
only to an intracellular concentration of biotin but also to the
supply of the protein to which the biotin must be attached to
ful � ll its metabolic role. Thus, accumulation of the apoenzyme
increases the synthetic rate of biotin needed for its modi� cation
to holoenzyme.

Biotin is covalently attached to the enzyme through an
amide bond that links the carboxyl group of the valeric acid
side chain of biotin to the 3-amino group of a lysine residue in
apoenzyme. This reaction is catalyzed in a two-step reaction b
biotin protein ligase, a protein called BirA, which is also the
repressor protein that regulates transcription of thebiooperon
in E. colias described earlier.

ATPþ biotin # biotinoyl � AMPþ PPi
biotinoyl � AMPþ apoenzyme/ holoenzyme þ AMP

Cobalamin (Vitamin B12)

Cobalamin (vitamin B 12) has a large molecule with a structural
complexity and around 30 genes are necessary for its complet
de novosynthesis. Genes for biosynthesis and transport o
cobalamin in S. typhimuriumwere located in a single, 20-gene
coboperon.

In constructing B12, multiple components are synthesized
individually and then assembled. Uroporphyrinogen III
saving the corrinoid ring corresponding to the largest
component of B12 is formed by condensation of two mole-
cules of aminolevulinic acid derived from precursors,
glycine, and succinyl-CoA or glutamate. The biosynthetic
pathway of cobalamin, aerobic or anaerobic pathway, was
elucidated in Pseudomonas denitri� cans, or Propionibacterium
shermanii, andS. typhimurium, respectively. Ring contraction
is strictly dependent on molecular oxygen in the former,
whereas it is controlled by cobalt in the latter. Up to the step
of precorrin 2-biosynthesis, both pathways are virtually
indistinguishable, but cobalt insertion occurs in a far earlier
step of the anaerobic pathway than aerobic pathway in
which cobalt inserts into hydrogenobyrinic acid. The nucle-
otide loop is assembled by � rst activating the amino-
propanol side chain of adenosylcobinamide to form
adenosyl-GDP-cobinamide. The cobalt’s lower axial ligand,
dimethylbenzimidazole, is synthesized separately and is
converted to a nucleotide by addition of ribose derived from
nicotinic acid mononucleotide. Ultimately, dimethylbenzi-
midazole nucleotide is added to the end of the activated
isopropanol side chain to form the nucleotide and complete
the synthesis of 50-deoxyadenosylcobalamin. Thecoboperon
encoding B12 synthetic enzymes is induced by propanediol,
the � rst step of which degradative pathway is the B12-
dependent diol dehydratase, using a regulatory protein (the
PocR protein). Transcription of thecoboperon is reduced in
the presence of cobalamin.

Passage of B12 through the membranes requires a speci� c
transport system.E. coli has one system requiring the BtuB
protein acting with TonB for transport across the outer
membrane and another system for transport across the inne
membrane. The former system has a high af� nity for vitamin
B12. Without the BtuB/TonB system, B12 penetrates the outer
membrane with extremely low ef� ciency. Once bound to
the BtuB protein, B12 is moved into the periplasm in an
energy-dependent process that requires the TonB protein
Cotransport of calcium is required for successful passage o
B12 through the outer membrane. The synthesis of these
transport proteins in outer membrane is regulated by the
availability of cobalamin, which controls the expression of
the genes. InE. coli, the transport of B12 across the inner
membrane is helped by proteins, BtuC and BtuD, encoded
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Figure 4 Schematic diagram of the biotin regulatory system inE. coli. BirA is a bifunctional protein as biotin repressor–biotin protein ligase. BirA
catalyzes the synthesis of biotinoyl-50-AMP (bio-50-AMP) to form holo BirA. Under condition of excessive biotin, holo BirA homodimerized to bind biotin
operator (bioO) blocked the transcription ofbiooperon as a repressor. Biotin starvation results in increased transcription ofbiooperon and holo BirA
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by the btuCED operon. The BtuD protein has an ATP-
binding site.
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Folic Acid

Folic acid derivatives are essential cofactors for a variety o
enzymes involved in one-carbon transfer reactions in the
biosynthesis of purines, pyrimidines, and amino acids in living
cells, although tetrahydrofolate actually functions. Folic acid
(pteroylglutamic acid) is a conjugated pterin, which contains
a p-aminobenzoylglutamate residue.

The folate biosynthetic pathway was elucidated by studies
on Streptococcus pneumoniaeand E. coli. A single gene cluster is
coding and functioning for all � ve enzymes in folate biosyn-
thesis ofS. pneumoniae. GTP, the precursor of the pterin moiety
of folic acid, is converted to dihydroneopterin triphosphate
by GTP cyclohydrolase (encoded bysulCgene). After remov-
ing phosphate residues, 7,8-dihydroneopterin is converted
to 6-hydroxymethyl-7,8-dihydropterin by dihydroneopterin
aldolase (sulDgene product). The latter compound is converted
to 6-hydroxymethyl-7,8-dihydropterin pyrophosphate by
6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase (sulD
gene product; a bifunctional enzyme) with ATP. The linkage of
product to p-aminobenzoate derived from shikimate via cho-
rismate is catalyzed by dihydropteroate synthetase (sulAgene
product) to give 7,8-dihydropteroate. The � nal addition of
glutamate to 7,8-dihydropteroate to produce 7,8-dihydrofolate
is catalyzed by dihydrofolate synthetase (sulBgene product).
Most bacterial species synthesize their own folate, wherea
eucaryotes have no conjugating enzymes. Certain intestina
micro� ora are capable ofde novosynthesis of folate, some of
which is incorporated into the tissue folate of the host.

In the methanogenic bacteria such asMethanococcus vol
and Methanobacterium formicicum, methanopterin, a structurally
modi � ed folic acid, functions in the same way folic acid
does in other cells. The pterin portion of methanopterin is
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biosynthetically derived from 7,8-dihydro-6-(hydroxymethyl)
pterin, which is coupled to methaniline by a pathway analo-
gous to the biosynthesis of folic acid.
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Niacin

Nicotinamide adenine dinucleotide (NAD) functions actively
as a coenzyme of numerous oxidation–reduction reactions,
ADP-ribose donor for ADP-ribose transfer reactions, acety
acceptor for deacetylation by sirtuins, and energy donor for
adenylation by bacterial DNA ligase. The main precursors o
important intermediate of NAD are niacin (nicotinic acid or
nicotinamide) and quinolinic acid. Quinolinic acid is synthe-
sizedde novofrom L-aspartate and dihydroxyacetone phosphate
by quinolinic acid synthetase complex in E. coliand S. typhi-
murium. This complex consists ofL-aspartate oxidase (encoded
by nadB) and quinolinate synthetase A (encoded bynadA). In
S. cerevisiae, quinolinic acid is de novosynthesized from tryp-
tophan via kynurenine and 3-hydroxyanthranilic acid in
aerobic condition, while it does as the same as bacteria in
anaerobic condition. Quinolinic acid produced de novothen
universally is converted to nicotinic acid mononucleotide
(NaMN) by quinolinate phosphoribosyltransferase (encoded
by nadC). NaMN then reacts with ATP in a reaction catalyzed b
the nadD gene product, to give nicotinic acid adenine dinu-
cleotide, which is then amidated to NAD by the nadE gene
product.

Cells also can convert exogenous nicotinic acid to NaMN by
nicotinic acid phosphoribosyltransferase in salvagepathway.
When nadA, nadB, or nadC is inactivated, cells become
dependent on nicotinic acid for growth. In S. typhimurium, the
initial steps catalyzed bynadBand nadA gene product of the
de novobiosynthetic pathway, and one of the components of
the scavenging system, nicotinic acid phosphoribosyltransfer
ase (encoded bypncB) are controlled negatively at the tran-
scription level by a repressor encoded by thenadR gene
(referred to asnadI by other investigators). Genes involved in
nicotinamide mononucleotide (NMN) transport, pnuA and
nadI genes, are believed to be a single bifunctional gene. Bot
functions of this protein coded by these genes appear to exe
their control in response to internal NAD levels.

In E. coliand S. cerevisiae, NAD is synthesized from nico-
tinamide by nicotinamidase (encoded by pncA) via nicotinic
acid, although they have no nicotinamide phosphoribosyl-
transferase (encoded bynadV) gene related to NAD biosyn-
thesis via NMN. In S. cerevisiae, nicotinamide riboside or
nicotinic acid riboside as a precursor mediated by nicotinamide
riboside kinase (encoded by NRK1)-dependent and nucleoside-
splitting pathways is converted to NAD via NMN by NRK1
salvagepathway.
f

Pantothenic Acid

Pantothenic acid is the precursor of coenzyme A (CoA). CoA
and 40-phosphopantetheine, the cofactor forms of pantothenic
acid, participate in numerous central reactions of cellular
metabolism by formation of thioester bonds as the predomi-
nant acyl group carriers. Nearly a 100 enzymes require CoA.

This vitamin is produced de novofrom the condensation of
b-alanine (taken up exogenously orde novosynthesized from
L-aspartate inE. coliand S. typhimurium, or from spermine or
uracil in S. cerevisiaeor Schizosaccharomyces pombe) and pantoic
acid (synthesized from a-ketoisovaleric acid via ketopantoic
acid) by pantothenate synthetase (coded bypanC). CoA is
synthesized by a universal series of� ve enzymatic stepsin vivo
from pantothenic acid, taken up exogenously or synthesized
de novo. In the � rst step of this pathway, pantothenate is phos-
phorylated to 40-phosphopantothenate by pantothenate kinase
(PanK coded by coaA). Next, 40-phosphopantothenate is con-
verted to 40-phosphopantothenoyl-cysteine by phosphopanto-
thenoylcysteine synthetase (PPCS) and then decarboxylate
to 40-phosphopantetheine by phosphopantothenoylcysteine
decarboxylase (PPCDC). This is then converted to dephospho
CoA by phosphopantetheine adenylyltransferase (PPAT). Mos
bacteria have a gene with homology to theE. coli coaBCgene
expressing the bifunctional PPCS/PPCDC enzyme.

Biosynthesis of CoA is primary rate-limitedly regulated at
PanK by feedback inhibition by CoA and less CoA thioesters
inhibiting competitively the binding of ATP in many organ-
isms. PPAT-catalyzed reaction is a secondary target for t
regulation of � ux through this pathway. In E. coli, a saturable
pantothenate uptake system is present, which is sensitive t
uncouplers of oxidative phosphorylation and is mediated by
a sodium ion–stimulated transporter.
Pyridoxine (Vitamin B6)

Pyridoxine is the major form of vitamin B 6 and the pyridine
ring–containing precursor of essential coenzyme, pyridoxa
50-phosphate (PLP), which is utilized by enzymes in amino
acid metabolism. Pyridoxine is synthesized from different
precursors in numerous bacteria, fungi, or yeast.

In a pyridoxal auxotroph of E. coli, erythrose 4-phosphate is
converted to 3-hydroxy-4-phosphohydroxy-a-ketobutyrate by
two successive dehydrogenase reactions. The latter compoun
is transaminated to 4-hydroxythreonine 4-phosphate (HTP)
by bifunctional serCgene product; HTP and deoxyxylulose
5-phosphate (DXP) derived from glyceraldehyde 3-phosphate
are then joined to form pyridoxine 50-phosphate bypdxJ- and
pdxA-encoded enzymes. Pyridoxine 50-phosphate is oxidized to
PLP by PNP/PMP oxidase (encoded bypdxH).

Pyridoxal/pyridoxamine/pyridoxine kinase (pdxK gene
product) does not catalyze an obligatory step inde novopyri-
doxine 50-phosphate biosynthesis. Instead, it acts solely in
a salvagepathway. In yeast and fungi, PLP is synthesized vi
20-hydroxypyridoxine by PDX1and PDX2gene products from
ribulose 5-phosphate derived from ribose 5-phosphate. This
pathway is DXP independent and HTP and DXP are not found
in yeast.
Ribo�avin (Vitamin B2)

Ribo� avin is the direct precursors of� avin mononucleotide
(FMN) and � avin adenine dinucleotide (FAD), the chemically
versatile redox cofactors of a large number of� avoenzymes. In
many microorganisms, ribo� avin is biosynthetically produced
or transported from the external environment due to the
expression of speci�c transporters.

One molecule of GTP and two molecules of ribulose
5-phosphate are required as substrates for the biosynthesis o



s

-

f

s

n
-

542 METABOLIC PATHWAYSj Metabolism of Minerals and Vitamins
one ribo� avin molecule. The � rst step in the biosynthesis of
ribo � avin is the conversion of GTP to 2,5-diamino-6-ribosy-
lamino-4-pyrimidinone 5 0-phosphate. The subsequent step
are different in bacteria, yeasts, and fungi, although they ulti-
mately lead to the same intermediate, 5-amino-6-ribitylamino-
2, 4-pyrimidinedione 5 0-phosphate. To yield the intermediate,
the ribosyl side chain of 2,5-diamino-6-ribosylamino-4-
pyrimidinone 5 0-phosphate is reduced and then deaminated in
yeasts and fungi, whereas the deamination of the pyrimidine
ring is followed by reduction of the side chain in E. coli. These
reactions are catalyzed by bifunctional protein containing an
N-terminal deaminase and a C-terminal reductase domain,
encoded by the generibD or ribG from E. coli or B. subtilis,
respectively. The� nal step in the biosynthesis of ribo� avin is
dismutation of two molecules of 6,7-dimethyl-8-ribitylluma-
zine by ribo� avin synthetase to yield ribo� avin and 5-amino-
6-ribitylamino-2,4-pyrimidinedione, the latter is recycled
and condensate with 3,4-dihydroxy-2-butanone 4-phosphate
derived from ribulose 50-phosphate to produce 6,7-dimethyl-8-
ribityllumazine. The mechanistically unusual reaction involves
the transfer of a four-carbon fragment between two identical
substrate molecules.

The genes encoding the ribo� avin biosynthetic enzymes ofB.
subtiliswere found clustered in a single operon (rib operon). The
products of the rib operon (RibG, RibB, RibA as GTP cyclo
hydrolase II, and RibH) form an enzyme complex with an
unusual quaternary structure to catalyze the conversion of GTP
and ribulose 5-phosphate to ribo� avin. Ribo� avin kinase cata-
lyzes the conversion of ribo� avin to FMN, and FAD synthetase
converts FMN to FAD. InB. subtilis, ribC gene encodes a bifunc-
tional � avokinase and FAD synthetase. InB. subtilis, FMN or
FAD, but not ribo � avin, acts as effector molecules controlling
ribo� avin biosynthesis.

Both FAD and FMN are covalently bound to a histidine
residue of the apo� avoprotein polypeptide by an 8a-(N3-
histidyl)-ribo � avin linkage.
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Thiamin (Vitamin B1)

Thiamin pyrophosphate (TPP) is a cofactor for a number of
enzymes, such as transketolase, pyruvate dehydrogenase, a
a-ketoglutarate dehydrogenase. In most microorganisms
thiamin monophosphate (TMP) is formed by the condensation
of two independently formed ring structures of 4-methyl-5-b-
hydroxyethylthiazole monophosphate (HET-P) from HET and
4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophos-
phate (HMP-PP) from HMP via HMP-P. HET-P including
thiazole moiety is derived from HET taken up by diffusion or
from glycine, cysteine, and 5-carbon unit came from NADþ in
yeasts or from heptulose phosphate except yeast. HMP-
including pyrimidine moiety is from HMP incorporated by
active transporter from aminoimidazole ribonucleotide, an
intermediate in purine biosynthesis except for yeast and from
pyridoxal 50-phosphate (PLP) and histidine in yeast. TPP is
biosynthesized from TMP in E. coliby phosphorylation of two
steps, although in yeasts and Gram-positive bacteria by thiamin
pyrophosphokinase (TPK) regulated by intracellular TPP via
thiamin formed by phosphatase. Thiamin is also effectively
taken up actively from the extracellular environment to pro-
duce TPP.
In S. cerevisiae, 19 thi genes are involved in the synthesis o
TPP and the utilization of thiamin and thi20/21 participating in
the synthesis of the pyrimidine moiety belong to multigene
families. The thiamin biosynthesis is controlled by the thi
regulatory system. Regulatory genes,thi2, thi3, and pdc2, are
involved in the expression of the thiamin-sensitive genes;thi2
controls expression of the thiamin-sensitive acid phosphatase
and the thiamin biosynthetic genes, whereasthi3 controls
thiamin transport in addition to the phosphatase and the
biosynthetic genes. When thiamin is starved, Thi3p forms
a large complex with Thi2p and Pdc2p, DNA-binding and
positive regulatory factors, and the complex then activates the
transcription of thi genes. When TPP or exogenous thiamin i
abundant, the transcription of thi genes in not induced, because
the formation of transcriptional complex is disturbed by TPP
bound to Thi3p, as an intracellular sensor.

The thi cluster of E. coli contains � ve genes involved in
thiamin synthesis, designatedthiCEFGH. The thi cluster forms
an operon. In S. typhimurium, the thi cluster encodes an operon
whose transcription is regulated by thiamin. TPP is the effector
molecule in vivoand exogenously added thiamin is converted
to TPP to exert repression ofthiCEFGHtranscription.
Ubiquinone (Coenzyme Q)

Ubiquinone (UQ) is a component of the membrane-bound
electron transport chains and serves as a redox mediator i
aerobic respiration via reversible redox cycling between ubiq
uinol (UQH 2), the reduced form of UQ, and UQ. UQH2

possesses signi� cant antioxidant properties and protects not
only against lipid peroxidation but also against modi� cation of
integral membrane proteins, DNA oxidation, and strand
breaks.

UQ is a lipid consisting of a quinone head group and
a polyprenyl tail varing in length depending on the organism.
The isoprenoid side chain from mevalonic acid and methyl and
methoxyl groups derived from S-adenosylmethionine attached
to the quinone ring derives from chorismate to biosynthesize
UQ. The biosynthetic pathways of UQ inE. coliand S. cerevisia
diverge after the assembly of 3-polyprenyl-4-hydroxybenzoate
derived from chorismate, but converge from 2-polyprenyl-
6-methoxyphenol to UQH 2. The composition of the quinone
pool is highly in � uenced by the degree of oxygen availability in
E. coli.
See also:Bacillus:Introduction;Escherichia coli:Escherichia
coli; Klebsiella;Metabolic Pathways:Release of Energy
(Aerobic);Metabolic Pathways:Release of Energy (Anaerobic
Metabolic Pathways:Nitrogen Metabolism;Pseudomonas:
Introduction;Saccharomyces:Saccharomyces cerevisiae;
Salmonella typhi; Streptococcus:Introduction.
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Introduction

Nitrogen (N) is an essential component of biomolecules
found in living organisms, such as microbes. Microbes play
a central role in the interaction of food and host, from
fermentation and digestion to pathogenicity. Nitrogen con-
taining molecules are involved in these processes and ar
transformed by them. This article will provide an overview of
the microbial nitrogen metabolism, covering the diversity of
metabolic capacities of most of the microbes, both bene�cial
and pathogenic.

Microbes (bacteria, fungi, yeasts, and algae) have evolved t
be able to uptake and metabolize multiple forms of nitrogen:
for example, from inorganic molecules, such as molecular
nitrogen (N 2), ammonia (NH 3), ammonium (NH 4

þ ), and
nitrate (NO 3

� ) to larger molecules, such as proteins, nucleic
acids, and microbial cell wall components (chitin and
peptidoglycans).

The article presents the metabolism of major inorganic and
organic nitrogen compounds and gives information about the
biosynthetic and catabolic reactions.
Inorganic Nitrogen Metabolism

Different forms (or molecules) of inorganic nitrogen are
available to living organisms to use as the building blocks of
their organic biomolecules. Nitrogen enters living biomass
through the process of �xation that is accomplishes by
a diversity of microorganisms. Ammonia is produced by bio-
logical nitrogen �xation and is the only inorganic form of
nitrogen that can be assimilated into the amino acid biosyn-
thesis. Other forms of inorganic nitrogen, however, were
identi�ed, such as nitrate (NO3

� ), nitrite (NO 2
� ), nitric oxide

(NO), and nitrous oxide (N 2O). In microbes, these inorganic
molecules are involved in different reactions that are summa-
rized in this section.
n
e

t

Ammoni�cation and Remineralization

Proteins and peptides degrade to their amino acids by the
respective actions of proteinases and peptidases. By the actio
of deaminases, amino acids are catabolized and releas
ammonia or ammonium. For example, alanine is deaminated
by alanine deaminase yielding pyruvic acid and ammonia.
Ammoni �cation is widespread across all microbes.
-
e

Ammonium Assimilation

Ammonium could be directly assimilated through the
synthesis of glutamate, alanine, or aspartate. Glutamate dehy
drogenases (GDHs), glutamine synthetase (GS), and glutamat
synthase (GOGAT), with the latter two acting in tandem, are
the major enzymes involved in ammonium assimilation:
544 Encyclopedia of Food
GDHs

2-oxoglutarateþ NH 4
þ þ NADH

þ Hþ 4 l -glutamateþ NADþ

2-oxoglutarateþ NH 4
þ þ NADPH

þ Hþ 4 l -glutamateþ NADPþ
GS-GOGAT

l -glutamateþ NH4
þ þ ATP/ l -glutamine þ ADP þ Pi

2-oxoglutarateþ l -glutamine þ NADPH

þH þ / 2L-glutamateþ NADPþ

Net reaction : 2-oxoglutarateþ NH 4
þ þ ATPþ NADPH

þ Hþ / l -glutamateþ ADP þ Pi þ NADPþ

In some organisms, other enzymes such as alanine dehy
drogenases (pyruvate and NH4

þ to L-alanine) and aspartase
(fumarate and NH4

þ to L-aspartate) may play a role in nitrogen
assimilation. Glutamate is the most widely used route for
ammonia assimilation in the majority of organisms that have
been studied so far. The yeast,Saccharomyces cerevisiae, Bacillus
species, Rhodospirillum purpureus, Streptococcusspecies, and
Clostridium species utilize these pathways to assimilate
ammonia. The concentration of ammonia, glutamate, and
glutamine are key sensors on the regulation of the GDH and
GS-GOGAT pathways.

Ammonium Oxidation and Nitri�cation

Autotrophic nitri �cation is the process by which NH4
þ is

converted to NO2
� and NO2

� to NO 3
� :

NH4
þ þ 2Hþ þ 2e� þ O2/ NH 2OH þ H2O

ðcatalyzed by ammonia mono-oxygenaseÞ

NH2OH þ H2O/ HNO 2 þ 4e� þ 4Hþ

ðcatalyzed by NH2OH oxidoreductaseÞ

NO2
� þ H2O/ NO3

þ þ 2Hþ

ðcatalyzed by nitrite dehydrogenaseÞ

This process was discovered by the Russian microbiologis
Sergei Winogradsky. Ammonia-oxidizing bacteria (AOB),
such as Nitrosomonasand Nitrosococcus, and ammonia-
oxidizing Archaea (AOA), such asNitrosopumilus maritimus,
performed oxidation of ammonia into nitrite. The oxidation
of nitrite into nitrate is done mainly by bacteria of the genus
Nitrobacter. Nitrite-oxidizing bacteria are generally obligate
chemoautotrophs that use nitrite as their reducing power
for CO2 �xation and energy production. During the process
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00199-3
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of nitri � cation, nitrifying bacteria could also produce NO and
N2O gases.
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Anaerobic Ammonia Oxidation or Anammox

This process converts nitrite and ammonium into dinitrogen
gas:

NH 4
þ þ NO2

� / N2 þ 2H2O

The anammox process is performed by bacteria from the
phylum Planctomycetes. These bacteria are characterized by t
presence of a specialized compartment (the anammoxosome
inside the cytoplasm in which the anammox catabolism takes
place, ladderane lipids in their membranes, and extremely slow
growth rate.
Assimilatory Nitrate and Nitrite Reduction

This pathway is a vital biological process by which inorganic
nitrogen is incorporated into compounds in higher plants,
algae, bacteria, and fungi:

NO3
� þ NADðPÞH þ Hþ þ 2e� / NO2

� þ NADðPÞþ þ H2O

ðcatalyzed by nitrite reductaseÞ

NO2
� þ 6 ferrodoxin ðredÞ þ 8Hþ þ 6e� / NH4

þ

þ 6 ferrodoxin ðoxÞ þ 2H2O ðcatalyzed by nitrite reductaseÞ

The resulting ammonium is then incorporated into amino
acids through ammoni� cation.
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Dissimilatory Nitrate Reduction and Denitri�cation

This is a key process in the nitrogen cycle. Nitrates are tran
formed by a series of enzymatic reactions into dinitrogen:

Reduction of nitrate (þ5) to nitrite ( þ3), catalyzed by
nitrate reductase (NAR):

2NO3
� þ 4Hþ þ 4e� / 2NO2

� þ 2H2O

Reduction of nitrite ( þ3) to nitric oxide ( þ2), catalyzed by
nitrite reductase (NIR):

2NO2
� þ 4Hþ þ 2e� / 2NO þ 2H2O

Reduction of nitric oxide (þ2) to nitrous oxide ( þ1), cata-
lyzed by nitric oxide reductase (NOR):

2NO þ 2Hþ þ 2e� / N2O þ H2O

Reduction of nitrous oxide (þ1) to gaseous nitrogen (0),
catalyzed by nitrous oxide reductase (NOS):

N2O þ 2Hþ þ 2e� / N2 þ H2O

Denitri � cation occurs in response to oxidation by an
electron donor, such as organic matter. Bacteria respir
nitrate as a substitute terminal electron acceptor in envi-
ronments depleted of oxygen. The sequence of reaction
could be carried, partially or entirely, by a wide range of
bacteria found in all main phylogenetic groups.Pseudomona,
Thiobacillus, Paracoccus, and Neisseriaclasses are considere
denitrifying bacteria.
Dissimilatory Nitrate Reduction to Ammonia (DNRA)

In some ecosystems, DNRA could be a dominant process o
nitrate consumption. It takes place only under anoxic condi-
tions when carbon is available.

NO3
� þ 2Hþ þ 4H2/ NH4

þ þ 3H2O

Nitrate is used as electron acceptor. DNRA is referred to a
a ‘short circuit in the biological N cycle’ because it directly
transfers NO3

� and NO2
� to NH 4, bypassing denitri� cation

and N2 � xation. It was studied in many model organisms, such
as Paracoccus denitri� cans, Pseudomonas stutzeri,Escherichia col,
and Wolinella succinogene. The DRNA process widely occurs in
the Bacillusspecies.
Heterotrophic Nitri�cation

Heterotrophic nitri � cation is the production of NO 3
� from

both organic and inorganic substrates (oxidation states in
parentheses):

RNH2ð � 3Þ/ RNHOHð � 1Þ/ RNOð þ 1Þ

/ RNO3ð þ 3Þ/ NO3
þ ð þ 5Þ

This reaction appears to be more common in fungi, with
Aspergillus� avusbeing the most widely studied nitri � er. Bacteria
such asArthrobacter globiformis, Aerobacter aerogenes, Thiosphaera
pantotropha, Streptomyces grisens, and various Pseudomonaswere
shown to nitrify as well.
Nitrogen Fixation

This is the essential process by which atmospheric nitroge
(N 2) is converted into ammonia (NH 3) by a multicomponent
nitrogenase system. A diversity of bacteria, in symbiosis (suc
as rhizobia with legumes) or free living (e.g., species ofAzoto-
bacter, Enterobacter, Clostridium, Rhodospirillum, Methylococcus,
etc.), and cyanobacteria have the capacity to� x atmospheric
nitrogen. The process is coupled to the hydrolysis of 12–16
molecules of ATP, as well as six to eight electrons, to break
down the triple bond of atmospheric nitrogen. Molecular
hydrogen is formed as the coproduct of the reaction. The
general reaction is as follows:

N2 þ 16ATPþ 8Hþ þ 8e� þ 12H2O/ 2NH3

þ H2 þ 16ADPþ 16Pi

Regardless of a diversity of organisms capable of� xing
nitrogen, the nitrogenase complex seems to be notably
similar in most organisms. Essentially, two oxygen-sensitive
proteins compose nitrogenase complexes: Component
(dinitrogenase) is a molybdenum (in some cases, vanadium)–
iron protein containing two subunits and Component II
(dinitrogenase reductase) is an iron–sulfur protein responsible
of transferring electrons to dinitrogenase. Because these prote
complexes are susceptible to destruction by oxygen, an anae
obic environment is essential for nitrogenase activity. Many
microorganisms that � x nitrogen exist only in anaerobic
conditions. They usually respire to draw down oxygen levels or
to bind oxygen with a protein such as leghemoglobin. Others,
such as cyanobacteria, sequestrate nitrogenase system
specialized cells (heterocysts).
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Amino Acid Metabolism

Introduction

The metabolism of amino acids is complex. Each of the 20
common amino acids (Figure 1) is biosynthesized and
degraded by its own unique pathway. Amino acids essen
tially are used for protein biosynthesis, but they could also
function as substrates for biosynthetic reactions: nucleic
acids and all its cofactor derivatives like nicotinamides and
coenzyme A, ubiquinone, heme, and chlorophyll as well as
hormones and neurotransmitters, and so on. Moreover,
amino acids could be degraded to provide energy. Amino
acids sharing common biosynthetic precursors are grouped
by families.
e

2-Oxoglutarate Family

L-Glutamate is synthesized directly from 2-oxoglutarate,
ammonia, and NADPH (nicotinamide adenine dinucleotide
phosphate–reduced) in a transamination reaction catalyzed by
a glutamate dehydrogenase.L-Homoserine, L-glutamine, and
D-glutamate inhibit the enzyme.

NH3 þ 2-oxoglutarate þ NADPH þ 2 Hþ

4 l -glutamate þ NADPþ þ H2O
Figure 1 Amino acids found in microbes.
L-Glutamate could be synthesized also fromL-glutamine,
and 2-oxoglutarate, with the action of a GOGAT. TheL-gluta-
mate molecules generated could be reused in theL-glutamine
biosynthesis as well. GOGAT is regulated byL-glutamate,
oxaloacetate, L-aspartate, L-asparagine, and NADþ (nicotin-
amide adenine dinucleotide–oxidized).

l -glutamine þ 2-oxoglutarate þ NADH

þ H þ / 2 l -glutamate þ NADþ

L-Glutamine is produced from L-glutamate by direct
incorporation of ammonia in a reaction catalyzed by a GS.
This reaction is another way by which inorganic nitrogen
(ammonia) is � xed (incorporated in microbial biomole-
cules). Glutamine synthetase is regulated by many amino
acids, such asL-serine,L-glycine,L-histidine, L-tryptophan, and
L-alanine.

NH 3 þ l -glutamate þ ATP4 l -glutamine þ ADP þ Pi

Amino groups from a number of amino acids (e.g., L-argi-
nine and L-proline) could be donated, by aminotransferase
reactions, to form L-glutamate.L-Glutamate is a major nitrogen
donor for other biosynthesis pathways (amino acid, tetrahy-
drofolate, NAD, purine nucleotides de novo, pyrimidine ribo-
nucleotidesde novo). Glutamate biosynthesis plays a major rol
in nitrogen � ow in microbes. L-Glutamine also acts as
a nitrogen donor in reactions in the biosynthesis of amino
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Figure 2 L-Proline biosynthesis inEscherichia coli. http://metacyc.org/META/NEW-IMAGE?type=PATHWAY&object=PROSYN-PWY&detail-level=1
&detail-level=0&detail-level=1.
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acids, purines, pyrimidines, glucosamine, and carbamoyl
phosphate.

The deamination of L-glutamate by an NAD(P)-dependent
dehydrogenase releasing ammonia and 2-oxoglutarate is a ke
reaction in the degradation of L-glutamate. L-Glutamine is con-
verted into L-glutamate by an NADPH-utilizing GOGAT.L-Gluta-
mine could also be converted toL-glutamate by a glutaminase.

l -glutamate þ NAD þ H2O4 2-oxoglutarate

þ NH3 þ NADH þ 2Hþ

l -glutamine þ H2O/ l -glutamateþ NH 3 þ Hþ

These biosynthetic and catabolic reactions for glutamine
and glutamate are found to happen in E. coliand S. cerevisiae.
Figure 3 L-Arginine biosynthesis inBacillus subtilis. http://metacyc.org/ME
level=2&detail-level=1&detail-level=2.
L-Proline is synthesized formL-glutamate by a succession o
reactions (Figure 2): conversion of L-glutamate in L-glutamate
5-semialdehyde by a g-glutamyl kinase and a glutamate-
5-semialdehyde dehydrogenase; (S)-1-pyrroline-5-carboxylate
results from spontaneous dehydration ofL-glutamate 5-semi-
aldehyde; conversion of (S)-1-pyrroline-5-carboxylate in
L-proline by a pyrroline-5-carboxylic acid reductase. This
pathway is feedback inhibited at the level of theg-glutamyl
kinase and pyrroline-5-carboxylic acid reductase. The pathwa
is universal and found in many organisms, including E. coli.

Escherichia coli, S. cerevisiae, Salmonella enterica, among
others, could catabolizeL-proline in L-glutamate by the action
of a proline dehydrogenase and D-pyrroline-5-carboxylate
dehydrogenase.
TA/NEW-IMAGE?type=PATHWAY&object=ARGSYNBSUB-PWY&detail-
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The biosynthesis ofL-arginine is complex and it is connected
to several other pathways, such as pyrimidine and polyamine
biosynthetic pathways. In the pathway most commonly found
(Figure 3), L-glutamate is transformed inN-acetyl-L-glutamate
by N-acetylglutamate synthase. A succession of reaction
transformed N-acetyl-L-glutamate in N-acetyl-L-ornithine.
Ornithine acetyltransferase and N-acetylglutamate synthase
removes the acetyl group fromN-acetyl-L-ornithine and recy-
cles it to N-acetyl-L-glutamate.L-Ornithine released could go to
polyamine synthesis.L-Ornithine could also be condensed with
carbamoyl-phosphate to form L-citrulline by an ornithine car-
bamoyltransferase. ThenL-citrulline is transformed to L-argi-
nine by two reactions catalyzed by argininosuccinate synthas
and argininosuccinate lyase, successively.L-Arginine will feed-
back inhibit carbamoyl phosphate synthetase and acetylgluta
mate kinase. L-Ornithine will inhibit the enzyme ornithine
carbamoyltransferase.

L-Arginine is degraded following different pathways. The
degradation of L-arginine catalyzed by an arginase is distributed
widely among living organisms (Figure 4). The enzyme hydro-
lyzesL-arginine to releaseL-ornithine and urea. There are different
variants of this pathway in different microbes. InBacillus subtilis,
the � nal reaction, catalyzed by 1-pyrroline-5-carboxylate
dehydrogenase, converts L-glutamate-5-semialdehyde, from
spontaneous degradation of (S)-1-pyrroline-5-carboxylate, in L-
glutamate. In S. cerevisiae, (S)-1-pyrroline-5-carboxylate is con-
verted into L-proline by a pyrroline-5-carboxylate reductase. In
enteric bacteria, such asE. coliand S. enterica entericaserovar
Typhimurium, L-arginine is degraded inL-glutamate succinate
through the arginine succinyltransferase pathway.
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Erythrose 4-Phosphate and Phosphoenolpyruvate Family

L-Phenylalanine, L-tyrosine, and L-tryptophan are aromatic
amino acids. The formation of chorismate from phospho-
enolpyruvate (PEP) andD-erythrose 4-phosphate (E4P) is the
common starting point in the biosynthesis of the three
aromatic amino acids (Figure 5). The� rst step in the formation
of chorismate, condensation of 3-deoxy-D-arabino-heptuloso-
nate-7-phosphate (DAHP) from PEP/E4P, involves three
2-dehydro-3-deoxyphosphoheptonate aldolase isoenzyme
(AroF, AroG, and AroH) in E. coli; each isoenzyme has its
synthesis regulated from tyrosine, phenylalanine, and trypto-
phan, respectively, by feedback inhibition.

Chorismate is converted to prephenate by a chorismate
mutase, an enzyme that catalyzes an isomerization. A pheny
alanine (PheA) or tyrosine (TyrA)-speci� c chorismate mutase-
prephenate dehydrogenase catalyzes the respective reactio
Figure 4 Degradation ofL-arginine inBacillus subtilis. http://metacyc.org/M
&ENZORG=TAX-1423.
and are feedback inhibited by their respective amino acids
Prephenate is the precursor of tyrosine and phenylalanine
Alternatively, in the presence of ammonia or glutamine, as an
amino group donor, the enzyme anthranilate synthase, also
regulated by feedback inhibition, catalyzes the conversion of
chorismate to anthranilate, a precursor in the synthesis o
tryptophan. PheA catalyzes the reaction of prephenate in
2-oxo-3-phenylpropanoate. An amino group, from L-gluta-
mate, is then transferred to this molecule to yieldL-phenylal-
anine. In a similar way, prephenate is transformed in
4-hydroxyphenylpyruvate. An amino group, from L-glutamate,
is then transferred to this molecule to yield L-tyrosine. A
succession of enzymatic reactions (TrpD, TrpC, and TrpA
catalyzes the transformation of anthranilate into indole. Indole
and L-serine are condensed by the action of a tryptophan syn
thase, producingL-tryptophan.

In S. cerevisiae, L-phenylalanine is transaminated to 2-oxo-3-
phenylpropanoate. 2-Oxo-3-phenylpropanoate is then catab-
olized in phenylacetaldehyde by a pyruvate decarboxylase
The aldehyde then� nally converts to 2-phenylethanol by an
alcohol dehydrogenase. In the same yeast,L-tyrosine is catab-
olized by a similar pathway to tyrosol.

In E. coli,L-tryptophan could be degraded by tryptopha-
nase in pyruvate, indole, and ammonia. This enzyme is
common to Gram-positive and Gram-negative bacteria. In
S. cerevisiae, L-tryptophan is degraded aerobically through the
L-kynurenine pathway. L-Tryptophan is converted to N-
formylkynurenine by a tryptophan 2,3-dioxygenase and then
this product is catabolized further in L-kynurenine by an
arylformamidase.
Oxaloacetate/Aspartate Family

L-Aspartate is synthesized by a single step reversible tran
amination reaction catalyzed by aspartate transaminase
An amino group from glutamate is transferred to
2-oxaloacetate releasing 2-oxoglutarate. This is a commo
pathway to both prokaryotes and eukaryotes. 2-Oxaloacetate
consumed by this biosynthesis is replenished by the carbo
hydrate metabolism.

L-Aspartate is component of proteins, but is also a precurso
in the biosynthesis of homoserine, amino acids (L-lysine,
L-threonine, L-methionine), NAD, pyrimidine ribonucleotides,
purine nucleotides, and phosphopantothenate.

Because L-aspartate biosynthesis reaction is reversible
L-aspartate degrades to oxaloacetate by transamination, usin
a 2-oxoglutarate as amino group acceptor. This is also
common catabolic pathway to prokaryotes and eukaryotes.
ETA/new-image?type=PATHWAY&object=ARGASEDEG-PWY&detail-level=2



Figure 5 L-Phenylalanine,L-tyrosine, andL-tryptophan biosynthesis inEscherichia coli. http://metacyc.org/META/NEW-IMAGE?type=PATHWAY&object=
COMPLETE-ARO-PWY&detail-level=2&detail-level=1.
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l -aspartateþ 2-oxoglutarate4 l -glutamate

þ oxaloacetate

In bacteria, such asE. coli, L-asparagine is synthesized from
L-aspartate and L-glutamine (or ammonia) in an amido-
transferase reaction catalyzed byL-asparagine synthetase
(Figure 6).

The catabolism ofL-asparagine by an asparaginase, inE. coli,
yields L-aspartate and ammonia. The enzyme is activated b
L-asparagine, and it has been characterized in a diversity o
organisms (bacteria, archaea, fungi, etc.).

In living organisms (bacteria, algae, fungi, and higher
plants), L-lysine could be synthesized following six pathways
that could be divided into two groups ( Figure 7): In four of
the pathways,meso-diaminopimelate (DAP) is the intermediate
before conversion to L-lysine, and in two of them, it is
L-2-aminoadipate.

The pathways in the DAP group share four common
reactions: from L-aspartate to L-aspartyl-4-phosphate by
aspartate kinase, to L-aspartate-semialdehyde by aspartat
semialdehyde dehydrogenase, to (2S,4S)-4-hydroxy-2,3,4,5
tetrahydrodipicolinate by 4-hydroxy-tetrahydrodipicolinate
synthase, to (S)-2,3-dihydrodipicolinate by dihydro-
dipicolinate reductase, and � nally to ( S)-2,3,4,5-tetrahy-
drodipicolinate by dihydrodipicolinate reductase. Then, there
are four routes going from (S)-2,3,4,5-tetrahydrodipicolinate
to meso-diaminopimelate: succinylase, acetylase, dehydroge
nase, and diaminopimelate-aminotransferase variants. The las
reaction, from meso-diaminopimelate to L-lysine, is common
and catalyzed by a diaminopimelate decarboxylase.

The pathway that involves succinylated intermediates to
biosynthesize L-lysine is the most common in bacteria. This
route was identi� ed in Gram-negative bacteria, such asE. coli,
Haemophilus in� uenzae, Corynebacterium glutamicum, Heli-
cobacter pylori, and Mycobacterium tuberculosis. The acetylase
variant was discovered in many Bacilli, the dehydrogenas
variant in some Gram-positive bacteria, such asC. glutamicum,
Brevibacterium lactofermentumand Bacillus sphaericus; and the
diaminopimelate-aminotransferase variant in plants, cyano-
bacteria, and archaea.

The two pathways in theL-2-aminoadipate group are found
in organisms that do not need meso-diaminopimelate as
a component in their cell walls. In S. cerevisiae, L-saccharopine is
Figure 6 L-Asparagine biosynthesis inEscherichia coli. http://metacyc.org
&detail-level=3.
the immediate intermediate converted in L-lysine by saccha-
ropine dehydrogenase. The prokaryotic pathway ofL-lysine
biosynthesis via L-2-aminoadipate was found in a hyper-
thermophilic Gram-negative eubacterium Thermus thermoph
lus, and N2-acetyl-L-lysine is the intermediate being converted
to L-lysine by N2-acetyl-L-lysine deacetylase.

In the pathways in which the regulation is known, L-lysine
feedback inhibits the enzymes responsible for their� rst reac-
tions in these pathways.

Many routes were discovered for the catabolism of
L-lysine in microbes (Figure 8). The main initial and end
products of L-lysine degradation include cadaverine (to
glutaryl-CoA), 5-aminopentanamide (to glutaryl-CoA),
D-lysine, and D1-piperideine-2-carboxylate (to glutaryl-
CoA), (S)-2-amino-6-oxohexanoate (to L-2-aminoadipate,
a precursor of b-lactam antibiotics in Streptomyces cla
uligerus), (S)-2-amino-6-oxohexanoate (to spontaneously
degrades in (S)-2,3,4,5-tetrahydropiperidine-2-carboxylate)
in bacteria, (S)-2-amino-6-oxohexanoate (to spontaneously
degrades in (S)-2,3,4,5-tetrahydropiperidine-2-carboxylate),
N6-acetyl-L-lysine (to glutarate), and 2-keto-6-aminocaproate
(to spontaneously degrades in D1-piperideine-2-carboxylate
or 5-aminopentanoate) in yeasts and fungi.

L-Methionine is an essential amino acid required in many
important cellular functions, such as initiation of protein
synthesis, methylation of DNA, rRNA, and xenobiotics, as
well as biosynthesis of cysteine, phospholipids, and
polyamines.

L-Methionine is synthesized following different pathways
in microbes. In one of them (Figure 9), L-methionine is
biosynthesized from the transsulfuration of O-succinyl-L-
homoserine, using L-cysteine as a sulfur donor, in a reaction
catalyzed by an O-succinylhomoserine lyase/O-succinylho-
moserine(thiol)-lyase (this enzyme is inhibited by L-methio-
nine and S-adenosyl-L-methionine). The end product of
this reaction, L-cystathionine, is cleaved toL-homoserine by
a cystathionine b-lyase and then methylated to yieldL-methi-
onine. Enteric bacteria, including E. coli, use exclusively the
transsulfuration pathway.

Most bacteria (B. subtilis, Brevibacterium� avum, C. gluta-
micum, Pseudomonas aeruginosa, and Pseudomonas putida), yeasts
(such asS. cerevisiae), and fungi have the ability to assimilate
inorganic sulfur directly in L-homocysteine by sulfhydrylation.
/ECOLI/NEW-IMAGE?type=PATHWAY&object=PWY0-1325&detail-level=2



Figure 7 L-Lysine biosynthesis inEscherichia coli. http://metacyc.org/META/new-image?type=PATHWAY&object=DAPLYSINESYN-PWY&detail-level=2
&ENZORG=TAX-511145.
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Figure 9 L-Methionine biosynthesis inEscherichia coli. http://metacyc.org/ECOLI/NEW-IMAGE?type=PATHWAY&object=HOMOSER-METSYN-PWY&detail-
level=2&detail-level=3.

Figure 8 Degradation ofL-lysine.http://metacyc.org/META/NEW-IMAGE?type=PATHWAY&object=PWY-5327.
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The catabolism of L-methionine generates an important
methyl group donor, S-adenosyl-L-methionine. A trans-
methylation step yields S-adenosyl-L-homocysteine, which
then hydrolyzes to L-homocysteine and adenosine.

In P. putida, L-methionine simultaneously is deaminated
and dethiomethylated to 2-oxobutanoate, in a reaction cata-
lyzed by a methionine g-lyase.Saccharomyces cerevisiaeutilizes
L-methionine as a source of nitrogen and degrades it to
methionol in a suite of reactions. In Klebsiella pneumonia,
L-methionine could be recycled from the polyamine biosyn-
thesis by a salvage pathway.

L-Threonine is synthesized fromL-homoserine in E. coliby
two successive reactions: one yieldingO-phospho-L-homo-
serine by a homoserine kinase andL-threonine by a threonine
synthase.L-Threonine inhibits the homoserine kinase enzyme.

Different degradation pathways ofL-threonine were shown
in bacteria and fungi.L-Threonine is degraded to 2-oxobutanoate
Figure 10 L-Isoleucine biosynthesis inEscherichia coli. http://metacyc.o
&ENZORG=TAX-511145.
and ammonia in a reaction catalyzed by threonine dehydratase
Then, 2-oxobutanoate is converted to propanoate. This pathway
is present in mammals and microbes, such asE. coli. L-Threonine
could also be degraded following three other ways with the
following end products: glycine and acetyl-CoA, methylglyoxal,
glycine, and acetaldehyde (to acetyl-CoA).

In the most common pathway, L-isoleucine is bio-
synthesized from 2-oxobutanoate (Figure 10). This molecule
is produced from L-threonine by the action of threonine
deaminase.L-Cysteine, L-leucine, and L-isoleucine inhibit the
enzyme and L-valine activates it. In the � nal reaction of the
pathway, (S)-3-methyl-2-oxopentanoate is transformed into
L-isoleucine by a reaction catalyzed by isoleucine transaminase
This pathway is present inE. coli and B. subtilis. Alternative
pathways have been developed by microbes forL-isoleucine:
from L-glutamate, pyruvate, and propanoate, and from
2-methylbutyrate by anaerobic bacteria.
rg/META/new-image?type=PATHWAY&object=PWY-3001&detail-level=2



Figure 11 L-Histidine biosynthesis inEscherichia coli. http://metacyc.org/META/new-image?type=PATHWAY&object=HISTSYN-PWY&detail-level=2
&ENZORG=TAX-511145.
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Figure 12 L-Serine biosynthesis inEscherichia coli. http://metacyc.org/
META/new-image?type=PATHWAY&object=SERSYN-PWY&detail-level=2
&ENZORG=TAX-511145.
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L-Isoleucine, along with L-leucine andL-valine, is one of the
three main branched chain amino acids (BCAAs). Thei
degradation pathways have common (common pathway) and
speci�c (distal pathway) steps for each BCAA.

L-Isoleucine is � rst transaminated to (S)-3-methyl-
2-oxopentanoate by a BCAA aminotransferase usin
2-oxoglutarate as amino acceptor. A following oxidative
decarboxylation, catalyzed by a branched-chaina-keto acid
dehydrogenase complex, yields 2-methylbutanoyl-CoA. This
molecule is then oxidized further and the � nal step is a thio-
ester hydrolysis, producing acetyl-CoA and propanoyl-CoA
This catabolic pathway is present in many organisms
(microbes, higher plants, animals). Bacillus subtilis, P. putida,
P. aeruginosa, and S. enterica entericaserovar Typhimurium are
among the microbes known to have this pathway.

In S. cerevisiae, L-isoleucine is degraded to 2-methylbutanol
using a different pathway.

The Ribose 5-Phosphate Family

Biosynthesis of histidine is complex and involves many reactions
and enzymes (Figure 11): (1) condensation of ATP and
5-phospho-a-D-ribose 1-diphosphate to form 1-(5-phospho-
b-D-ribosyl)-ATP (ATP phosphoribosyltransferase, HisG); (2)
formation of 1-(5-phospho- b-D-ribosyl)-AMP and then 1-(5-
phospho-b-D-ribosy)-5-[(5-phosphoribosylamino)methyl-
ideneamino]imidazole-4-carboxamide (phosphoribosyl-AMP
cyclohydrolase/phosphoribosyl-ATPpyrophosphatase, HisI); (3)
conversion to phosphoribulosylformimino-aminoimidazole
carboxamide ribonucleotide (AICAR)-P (N-(50-phospho-L-
ribosyl-formimino)-5-amino-1-(5 0-phosphoribosyl)-4-imi-
dazolecarboxamide isomerase, HisA); (4) cleavage of thi
intermediate yielding a D-erythro-imidazole-glycerol-phosphate
and AICAR-P (imidazole glycerol phosphate synthase, HisH, and
HisF, AICAR-P is recycled through the purine pathway); (5) HisB
(imidazoleglycerol-phosphate dehydratase/histidinol-phospha-
tase) convertsD-erythro-imidazole-glycerol-phosphate to imid-
azole acetol-phosphate; (6) this product is transaminated, by
HisC (histidinol-phosphate aminotransferase), to L-histidinol-
phosphate; (7) which Pi is also removed by HisB to yield histi-
dinol; and (8) HisD (histidinal dehydrogenase/histidinol dehy-
drogenase) converts histidinol to histidinal and then to L-
histidine. The genes required for histidine biosynthesis have bee
identi � ed in many bacteria (such asE. coliand B. subtilis), fungi/
yeasts (S. cerevisiae), and archaea. The pathway is conserved acro
organisms by only small differences in enzymes used. Concen
tration of histidine-charged tRNAs is the main factor in the
repression or derepression of histidine synthesis.L-Histidine
could be degraded into urocanate and ammonia by histidase.

The 3-Phosphoglycerate Family

The main pathway tode novobiosynthesis ofL-serine starts with
the conversion of 3-phosphoglycerate into 3-phosphopyruvate
by a phosphoglycerate NADH-linked dehydrogenase
(Figure 12). An aminotransferase catalyzes the transfer of a
amino group, using glutamate as a donor, to produce
3-phosphoserine. This product is then converted toL-serine by
phosphoserine phosphatase.L-Serine could also be derived
from L-glycine (and vice versa) by a single step reaction cata
lyzed by serine hydroxymethyltransferase and tetrahydrofolate
One way L-serine could be catabolized is by the conversion
to L-glycine and then glycine oxidation to CO2 and NH3,
with the production of two equivalents of N5,N10-methylene
tetrahydrofolate. By a pathway that is a reverse of the
serine biosynthesis, L-serine can also be metabolized to
3-phosphoglycerate.

Serine and glycine hydroxymethyltransferase catalyzes th
biosynthesis of L-glycine in a one-step reversible reaction: A
hydroxymethyl group from serine is transferred to the cofactor
tetrahydrofolate, producing L-glycine and N5,N10-methylene
tetrahydrofolate. L-Glycine can also be synthesized from
ammonium and carbon dioxide with methylene tetrahy-
drofolate. The availability of methylene tetrahydrofolate limits
the net � xation of ammonium. The interconversion of L-serine
and L-glycine generates methylene tetrahydrofolate and
consumes it when no longer necessary.L-Glycine can be
oxidized by glycine decarboxylase to yieldN5,N10-methylene
tetrahydrofolate as well as ammonia and CO2. Interconver-
sion of L-glycine and L-serine is part of their breakdown
pathways.

Carbon backbone of L-cysteine is derived from L-serine
(Figure 13). The sulfur used in the biosynthesis ofL-cysteine
comes from environmental inorganic sulfur (sulfate). The
inorganic sulfur in sulfate is reduced to sul� de (S2� ). A serine
acetyltransferase activates L-serine through acetylation,
producing an O-acetylserine. The acetyl group is exchange
with a sulfur from sul � de to yield L-cysteine, a reaction
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Figure 13 L-Cysteine biosynthesis inEscherichia coli. http://metacyc.org/META/new-image?type=PATHWAY&object=CYSTSYN-PWY&detail-level=2
&ENZORG=TAX-511145.
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catalyzed by an O-acetylserine (thiol) lyase. L-Cysteine is
a precursor for other sulfur containing molecules, including
methionine. L-Cysteine is degraded to pyruvate, ammonia, and
sul� de by a cysteine desulfhydrase.

In this family, L-serine is the� rst amino acid synthesized.
L-Glycine andL-cysteine are produced from it. Phosphoglycerate
dehydrogenase is a key regulator step in the pathway.L-Serine
concentration in the cell will regulate the enzyme. Being the� rst
amino acid produced in this family, its cell concentration will
also regulate the biosynthesis ofL-glycine andL-cysteine.
The Pyruvate Family

Pyruvate is a precursor in the biosynthesis ofL-alanine,L-valine,
and L-leucine. Feedback inhibition of � nal products is the main
method of regulation.

L-Alanine is synthesized via the transamination, from
L-glutamate (most common ammonium donor) to pyruvate, by
glutamate-pyruvate aminotransferase. It could also be
synthesized fromL-cysteine (byL-cysteine sulfurtransferase) and
L-valine (by valine-pyruvate aminotransferase) (Figure 14).

In E. coliand B. subtilis, the catabolism of L-alanine releases
pyruvate and ammonia. Pyruvate is then degraded to carbon
dioxide and acetyl-CoA or recycled.
Figure 14 L-Alanine biosynthesis inEscherichia coli. http://metacyc.org/EC
L-Valine is biosynthesized in four steps (Figure 15): (1) reac-
tion of two pyruvate molecules, catalyzed by acetolactate
synthase, yieldinga-acetolactate; (2) reduction ofa-acetolactate
and migration of the methane groups to produce 2,3-dihydroxy-
3-methylbutanoate, catalyzed by 2,3-dihydroxy:NADPþ

oxidoreductase; (3) dehydration reaction of 2,3-dihydroxy-3-
methylbutanoate by a 2,3-dihydroxy-isovalerate dehydratase
yielding 3-methyl-2-oxobutanoate; and (4) a transamination,
catalyzed either by an alanine-valine transaminase or a glutamate
valine transaminase, resulting inL-valine. A feedback inhibition of
the � rst enzyme, acetolactate synthase, is performed byL-valine.

Biosynthesis ofL-leucine diverges fromL-valine synthesis by
starting with 3-methyl-2-oxobutanoate (Figure 16): (1) produc-
tion of (2 S)-2-isopropylmalate by 2-isopropylmalate synthase;
(2) enzymatic isomerization to yield (2 R,3S)-2-isopropylmalate;
(3) NAD þ -dependent oxidation by a 3-isopropylmalate
dehydrogenase resulting in (2S)-2-isopropyl-3-oxosuccinate
(transformed, by spontaneous reaction, in 4-methyl-
2-oxopentanoate); and (4) transamination by leucine trans-
aminase resulting inL-leucine. The regulation of this biosynthesis
is at the � rst step of the pathway with the inhibition of
2-isopropylmalate synthase byL-leucine. BecauseL-leucine is
synthesized by a diversion ofL-valine biosynthetic pathway,
L-valine can inhibit the synthesis ofL-leucine.
OLI/NEW-IMAGE?type=PATHWAY&object=PWY0-1061.
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Figure 15 L-Valine biosynthesis inEscherichia coli. http://metacyc.org/
META/new-image?type=PATHWAY&object=VALSYN-PWY&detail-le
&ENZORG=TAX-511145.
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The same enzymes are involved in the catabolism of the
three BCAAs: (1) transamination using a BCAA aminotrans
ferase (branched-chain aminotransferase) with 2-oxoglutarate
as amine acceptor and (2) the three different 2-oxo acids
produced are oxidized using a common branched-chain 2-keto
acid dehydrogenase, resulting in three different CoA derivative
(from L-valine, propanoyl-CoA; from isoleucine, acetyl-CoA,
and propanoyl-CoA; and from leucine, acetyl-CoA, and ace
toacetate). BCAAs’ degradation pathways are found in many
microbes.
d
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Nucleotide Metabolism

Purine and pyrimidine nucleotides are the building blocks used
in the biosynthesis of nucleic acids. They are also require
in several functions within the cell: phosphorylation agents
(e.g., ATP), constituents of several coenzymes such as NADþ ,
NADPþ , FAD, coenzyme A, mediators in cellular processe
(e.g., cyclic-AMP, a cyclic derivative of AMP formed from ATP
is the predominant second messenger in signal transduction)
allosteric modulators in enzymatic reactions, and activated
intermediates in numerous biosynthetic reactions (e.g., methyl
transfer reactions withS-adenosylmethionine). Thus, purines,
pyrimidines, and their derivatives have essential roles to play
across several metabolic pathways. Therefore, the maintenan
of the proper balance of their intracellular pools is critical.
A combination of de novobiosynthesis and salvage pathways
for preexisting purine bases, nucleosides, and nucleotides help
maintaining the essential equilibrium.

The structures of the main purines and pyrimidines
are shown in Figure 17. Adenine (6-aminopurine), guanine
(2-amino-6-oxopurine), uracil (2,4-dioxopyrimidine), cytosine
(4-amino-2-oxopyrimidine), and thymine (5-methyl-2,4-
dioxopyrimidine or 5-methyluracil) are the most common.
Thymine is found only in DNA and uracil only in RNA.
Biosynthesis of Purine Nucleotides

The formation of purine ribonucleotides involves multiple
steps. An attachment of an amino group to the phosphoribose is
the initial step in the biosynthesis, followed by multistep
formation of the purine base. Inosine monophosphate (IMP) is
the � rst fully formed purine ribonucleotide. Adenosine mono-
phosphate (AMP) and guanosine monophosphate (GMP) then
derive from it. The biosynthetic pathway for inosine mono-
phosphate is shown in Figure 18. The pathway starts from
5-phospho-a-D-ribose 1-diphosphate (PRPP), which originates
from D-ribose 5-phosphate. Many molecules contribute to the
biosynthesis of the purine molecule (Figure 19): amino
nitrogen of L-aspartate toN-1, amide nitrogen of L-glutamine to
N-3 and N-9, L-glycine is incorporated intact into the 4, 5, and 7
positions of the purine ring, formate into the 2 and 8 positions,
and carbon dioxide (bicarbonate) into position 6. Nitrogen in
position 9 of the purine ring is derived from L-glutamine
through the action of an amidophosphoribosyltransferase. This
enzyme is inhibited by AMP and GMP. L-Glycine carbons
(positions 4 and 5) and nitrogen (position 7) are added to
5-phospho-b-D-ribosylamine to form 5-phospho-ribosyl-glyci-
neamide in a reaction catalyzed by phosphoribosylamine-
glycine ligase. Phosphoribosylglycinamide formyltransferase
catalyzed the formylation of 5-phospho-ribosyl-glycineamide
at its amine group (adding carbon and oxygen at position 8).
The formyl group is transferred from 10-formyltetrahydrofolate.
L-Glutamate contributes a second nitrogen (position 3) to the
purine ring: An amide nitrogen is added to 50-phosphoribosyl-
N-formylglycineamide through a reaction catalyzed by
phosphoribosylformylglycinamide synthetase to form 5-phos-
phoribosyl-N-formylglycineamidine. A phosphoribosyl-
formylglycinamide cyclo-ligase catalyzes the closure of the
imidazole ring. In purine molecule, carbon in position 6 comes
from the carboxylation of 5-amino-1-(5-phospho- D-ribosyl)
imidazole with HCO 3

� , a process in which the enzyme
N5-carboxyaminoimidazole ribonucleotide synthetase is
involved. In the following reaction, an amide is formed
by the reaction of 5-amino-1-(5-phospho-D-ribosyl)
imidazole-4-carboxylate with aspartate – a reaction cata-
lyzed by phosphoribosylaminoimidazole-succinocarboxamide
synthase. 50-Phosphoribosyl-4-(N-succinocarboxamide)-5-
aminoimidazole, then generates and undergoes an elimination

vel=2
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Figure 16 L-Leucine biosynthesis inEscherichia coli. http://metacyc.org/META/new-image?type=PATHWAY&object=LEUSYN-PWY&detail-level=2
&ENZORG=TAX-511145.
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of fumarate to yield aminoimidazole carboxamide ribonucle-
otide (AICAR). Nitrogen in position 1 comes from these reac-
tions. Formylation of AICAR adds the � nal atom (carbon in
position 2) needed for purine synthesis. The reaction, catalyzed
by AICAR transformylase, takes place by transfer of a formy
group from 10-formyl-tetrahydrofolate. The cyclization of
phosphoribosyl-formamido-carboxamide catalyzed by IMP
cyclohydrolase is the� nal step in the IMP biosynthesis.

AMP and GMP derive IMP. AMP is synthesized in two steps
an initial reaction of IMP with L-aspartate, catalyzed by adeny
losuccinate synthetase, to yield adenylo-succinate, followed b
loss of fumarate. GMP is also synthesized from IMP in two steps
anoxidation of IMP by IMP dehydrogenase (NADþ ascoenzyme)
and hydrolysis to form xanthosine monophosphate (XMP) fol-
lowed by an amination of XMP catalyzed by GMP synthetase.
Figure 17 Nucleic acid constituents.
Thede novobiosynthetic pathway for purine ribonucleotides
(Figure 18) is highly conserved among organisms, and it is
present in such microbes asE. coli, S. enterica entericaserovar
Typhimurium, and S. cerevisiae.

The de novobiosynthesis of purine deoxyribonucleotides
(dGDP, dGTP, dADP, and dATP) occurs through deoxygen
ation of the corresponding ribonucleoside diphosphates (GDP
and ADP) and triphosphate (GTP) by reactions catalyzed by
ribonucleotide reductases (Figure 18).
Biosynthesis of Pyrimidine Nucleotides

Uridine monophosphate (UMP) biosynthesis (Figure 20) is
initiated by the reaction of L-aspartate, bicarbonate, and
ammonia (derived from amide nitrogen of L-glutamine) to
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Figure 18 Purine nucleotidesde novobiosynthesis inEscherichia coli,
Salmonella enterica entericaserovar Typhimurium, andSaccharomyces cer-
evisiae. http://metacyc.org/ECOLI/NEW-IMAGE?type=PATHWAY&obje
DENOVOPURINE2-PWY&detail-level=1.

Figure 19 Purine molecule and its biosynthetic precursors.
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form carbamoyl-phosphate. The reaction is catalyzed by car
bamoyl phosphate synthetase. UMP inhibits this enzyme, and
IMP and L-ornithine active it. L-Aspartate reacts (by an aspartat
transcarbamylase–an enzyme inhibited by CTP and activated
by ATP) with carbamoyl-phosphate to form N-carbamoyl-L-
aspartate, which is cyclized by a separate enzyme, dihydroo
otase, to form (S)-dihydroorotate. Dehydrogenation (addition
of a double bond) of dihydroorotate by dihydroorotate dehy-
drogenase results in orotate. Orotate phosphoribosyltransfer
ase catalyzes the reaction of orotate with 5-phospho-a-D-ribose
1-diphosphate to give orotidine-50-phosphate. The decarbox-
ylation of orotidine-5 0-phosphate is the� nal step in the UMP
biosynthesis, and it is catalyzed by orotidine-50-phosphate
decarboxylase. UMP is converted to uridine-50-triphosphate
(UTP) by two sequential reactions with ATP involving two
kinases (UMP and UDP kinases). UTP is aminated, by a rea
tion catalyzed by a CTP synthase, using ammonia derived from
L-glutamine as source of nitrogen, to yield CTP. Reductases a
involved in the deoxygenation of UDP and CDP that produces
dUDP and dCDP, respectively. Deoxythymidine-50-phosphate
(dTMP) is synthesized from dUMP by transfer of a methyl
group from 5,10-methylene tetrahydrofolate in a complex
process catalyzed by thymidylate synthase (Figure 20). The
pyrimidine nucleotide biosynthesis pathway is universal and
found in archaea, bacteria (such asE. coli and S. cerevisiae),
fungi, plants, and animals.
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Catabolism and Salvage of Nucleotides

Nucleotide salvage pathways recover bases and nucleoside
from RNA and DNA degradation or from exogenous sources, to
convert them back to nucleotides. Nucleic acids are hydrolyzed
to their nucleotides by a variety of nucleases. Various nucleo
tidases and phosphatases further breakdown into nucleosides
A third hydrolysis step by nucleosidases and nucleoside
phosphorylases release the constituent bases. Microbes ha
a limited ability to interconvert one base with another. The
ability to interconvert nucleotides and nucleosides is even
more limited. A portion of these bases (or nucleosides or
nucleosides) are reused for nucleic acid synthesis (salvag
pathways). The rest are catabolized to produce intermediates o
other metabolic processes.

Guanosine is recycled to synthesize GMP by a guanosin
kinase. It could be converted� rst to guanine by a guanosine
phosphorylase and then to GMP by guanine phosphoribosyl-
transferase. Adenosine could be used in the biosynthesis o
AMP directly, by an adenosine kinase, or through adenine, by
an adenosine nucleosidase, and an adenine phosphoribosyl
transferase. Adenine could be recycled in the biosynthesis o
IMP by a succession of reactions catalyzed by four enzymes: a
ct=
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Figure 20 Pyrimidine nucleotidesde novobiosynthesis inEscherichia coli.
http://metacyc.org/ECOLI/NEW-IMAGE?type=PATHWAY&object=P
7211&detail-level=1.
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adenosine phosphorylase yielding adenosine; an adenosin
deaminase producing inosine (in some microbes, this step is
avoided and hypoxanthine is directly synthesized by an
adenine deaminase); an inosine phosphorylase yielding
hypoxanthine (in another pathway in E. coli, this step is avoi-
ded and an inosine kinase catalyzes the synthesis of IMP
directly from inosine); and a hypoxanthine phosphoribosyl-
transferase synthesizing IMP.

Cytidine is degraded into uridine by a reaction catalyzed by
cytidine deaminase. Uridine is degraded into uracil by an
uridine nucleosidase or it is recycled to synthesize UMP using
a uridine kinase. Uracil could also be used to synthesize UMP
by the action of an uracil phosphoribosyltransferase. UMP is
then used as a precursor for UDP, UTP, and CTP (Figure 20).
A cytidine kinase could reuse cytidine to yield CMP, a precurso
of CDP and CTP. This salvage pathway is present inE. coli
and S. cerevisiae, among others. 20-Deoxycytidine and
2-deoxyuridine are recycled following a similar salvage
pathway. Thymidine is recycled to dTMP by a thymidine
kinase.

See also:Bacillus:Introduction;Escherichia coli:Escherichia
coli; Fermented Foods:Origins and Applications;Metabolic
Pathways:Release of Energy (Aerobic);Metabolic Pathways:
Release of Energy (Anaerobic); Lipid Metabolism;Metabolic
Pathways:Metabolism of Minerals and Vitamins;Metabolic
Pathways:Production of Secondary Metabolites– Fungi;
Metabolic Pathways:Production of Secondary Metabolites
Bacteria;Microbiota of the Intestine:The Natural Micro� ora of
Humans;Nucleic Acid–Based Assays:Overview;
Pseudomonas:Introduction;Saccharomyces– Introduction;
Salmonella:Introduction;Fermentation (Industrial):
Production of Amino Acids; Genomics;Molecular Biology:
Proteomics; Metabolomics;Molecular Biology:Microbiome;
Escherichia coli:PathogenicE. coli(Introduction).
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Introduction

Metabolism is a constant and collective biochemical proces
that occurs in every single or multicellular organism lifelong.
The biochemical process largely can be classi�ed into catabo-
lism and anabolism. The end-products of these pathways ar
used for the formation of intermediates and substrates for other
metabolic pathways and are known as‘metabolites.’ Metabo-
lites exhibit several biological properties, which are of phar-
maceutical, nutritional, and agricultural importance. On the
basis of functional properties and metabolic pathways, these
molecules are classi�ed into primary and secondary metabo-
lites. The primary metabolites serve as a primary source o
energy to perform various biochemical and physiological
functions of live cells (e.g., amino acids, pyruvate, citric acid
and lactic acid). In contrast, the secondary metabolites are no
essential for cell growth, but rather they serve as a surviva
strategy for the organism during adverse conditions. The focu
of this chapter is on the production of secondary metabolites
by bacteria (Table 1).

The secondary metabolite-producing microorganisms
synthesize these bioactive and complex molecules at the lat
phase and stationary phase of their growth (Figure 1). The
production of secondary metabolites is triggered during the
exhaustion of nutrients, environmental stress, and limited
growth conditions. The secondary metabolites frequently are
found in bacteria, fungi, plants, and marine organisms. These
organisms have the capability to produce several metabolite
with various biological functions, including antibacterial agents,
toxins, metal-transporting agents, sex hormones, pigments
Table 1 Biochemical and physiological properties of primary and
secondary metabolites

Primary metabolites Secondary metabolites

Small molecules
Produces few intermediates or

end-products
End-products are building

blocks for macromolecules
Essential for growth and cell

viability
Known physiological function
Composed of simple chemical

structure
End-products are used for

Coenzyme synthesis
Production occurs at log phase
Primary metabolites are used in

food and feed industry
Provides the energy for cellular

activities

Small molecules
Produces array of molecules
Synthesize new compounds
Not vital for the cell growth
Analysis of physiological

function is dif�cult
Products of complex unusual

chemical structure
End-products are used an

antibacterial agent
Production occurs at late and

dormant phase
Secondary metabolites are used

in food, cosmetic, agricultural
and farming industry

Protects the organisms under
various harsh environment
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anticancer agents, pesticides, immunomodulating agents
immunosuppressants, receptor agonists, and antagonists.

Secondary metabolic pathway reactions are conducted b
an individual enzyme or multienzyme complexes. Interme-
diate or end-products of primary metabolic pathways are
channeled from their systematic metabolic pathways that lead
to the synthesis of secondary metabolites (Figure 1(b) ). The
genes encoding these synthetic pathway enzymes generally a
present in chromosomal DNA and often are arranged in clus-
ters. For example,Streptomyces griseusand Streptomyces gla
cescenschromosomal DNA contains 30 or more str/stsand blu
genes that participate in streptomycin biosynthesis. Chapter
Release of Energy (Aerobic) to Production of Secondar
Metabolites – Fungi cover several aspects of metabolic path
ways. This chapter discusses the production of bacteria
secondary metabolites, its application on food and pharma-
ceutical industries, and its harmful effects on humans and
animals after consumption of contaminated food products.
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The Effect of Secondary Metabolites on Food
Products and Foodborne Illness

The secondary metabolites exhibit several bene�cial effects in
pharmaceutical, cosmetic, food agricultural, and animal food
industries, but certain secondary metabolites cause deleteriou
effects in humans and animals and also destroy certain food
types. For example, several pathogenic bacteria have evolv
with synthesizing and secreting toxins (secondary metabolites
in the immediate environments. The secreted toxin contaminate
foods, food products, and water that enter the food chain. In
addition, pathogenic bacteria also secrete toxins inside the hos
The other route of toxin contamination is poorly packed canned
foods, packed meats, and dairy products, in which certain
bacteria grow anaerobically and secrete toxins. The consum
mation of toxin via contaminated food, food products, and
water causes severe illness. The secreted toxin either kills t
host or interferes with normal cellular functions. This toxic
substance can be classi�ed into two types: (1) exotoxins that
usually are secreted by bacteria, and (2) endotoxins that are pa
of the cellular component of the bacteria (cell wall component).

Some of the bacterial toxins are assembled by bacteria
secondary metabolic pathways. For example, in poorly packed
canned food products,Clostridium botulinumcolonize anaerobi-
cally and secret exotoxins, which cause paralytic illness an
respiratory failure. The secreted toxin acts on the peripheral nerv
system.Vibrio choleraeis a Gram-negative and facultative bacteria
that colonizes in the small intestine. In the host, certain strains of
V. choleraecause disease by secreting exotoxins and virulen
factors, which are toxic to intestinal mucosa and epithelial cells.
Most of the Escherichia colistrains are nonpathogenic bacteria
but few serotypes secrete exotoxins and cause food poisoning b
ingesting the contaminated foods. Clostridium tetani is an
78-0-12-384730-0.00203-2 561
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Figure 1 (a) Various phases of bacterial growth and production of metabolites. The primary metabolites production generally occurs at the late lag phase
and middle of exponential phase. The secondary metabolites production occurs at the end of the stationary phase and during the persistent phase. (b)
Various pathways responsible for the assembly of secondary metabolites. (c) Structural diversity of NRP molecules are generated by cyclization, het-
erocyclization, and macrocyclization mechanisms.
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Humans, consumption by
drinking water and food

products from freshwater

Consumption of
contaminated water by
wild and domestic animals

Cyanobacteria/secondary
metabolites in freshwater

Irrigation of
plants

Accumulation of cyanobacteria
or secondary metabolites in fish,
clams, crabs, mussels, and
crayfish

Figure 2 Cyanobacterial secondary metabolites enter humans by various routes of the food chain.
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obligatory anaerobic bacterium and is mostly found in deep
wounds or cuts. In infected individuals, these bacteria secret
a powerful neurotoxin that causes uncontrolled contraction of
skeletal muscles, often leading to fatality.

Streptomycesspecies produce macrolide antibiotic ba� lo-
mycin A and streptozotocin that cause glucose intolerance in
human, resulting in type I diabetes. These secondary metabo
lites enter human through tuberous vegetables, in particular
potatoes and beets. Ba� lomycin and streptozotocin are toxic to
human pancreatic islet cells that lead to the secretion of low
levels of insulin, and the outcome is type I diabetics.

Microcytins, nodularin, cylindrospermopsin, anatoxin-a,
anatoxin-a(s), and saxitoxin are secondary metabolite
produced by several cyanobacterial species, which are high
abundant in freshwater. These toxic metabolites have a grea
impact on several living organisms, including humans. These
metabolites are toxic to human hepatocytes, liver, kidney
lungs, spleen, intestine, and neuronal systems. In the natura
environment, the freshwater cyanobacterium enters humans
and animals through consumption of contaminated drinking
water. The ingested cyanobacteria may contain microcystin
and other secondary metabolites, which cause the fatality. Th
freshwater cyanobacterial secondary metabolites, speci� cally,
microcystins, are still a threat to human health and life. Cya-
nobacterial toxins also enter the food chains through � sh,
crustaceans, and cray� sh and sometimes through plants that
grow in contaminated water (Figure 2). On the basis of target
cells, they have been classi� ed into neurotoxin, hepatotoxins,
and dematotoxins.

Bacillus cereusis a Gram-positive bacterium, which cau-
ses foodborne illness after consumption of spores or
vegetative cells. Bacillus cereussecretes toxins (secondar
metabolites) that cause diarrhea, nausea, and vomiting
These toxins cause illness by two ways: one way is throug
the secretion of heat-labile peptide by multiplying bacteria
in the small intestine, and another way is by ingestion of
heat-labile peptide cereulide. This secondary metabolite i
synthesized by nonribosomal peptide synthase (NRPS). Th
cereulide toxins have been detected in several rice dishe
sweetened dairy-based desserts, and Camembert cheese.
addition, B. cereusalso secretes food spoilage and virulenc
factors, phospholipase, protease, hemolysins, and
enterotoxins.
BeneÞcial Effects of Bacterial Secondary Metabolite

The shelf life of foods depends upon several factors
including microbial growth. Microbial proliferation
contributes to modi � cation of food products, which is
unacceptable for consumption. The microbial reductions are
achieved by using bacteriocins and other antibacterial agent
in food products. Bacteriocins are assembled by NRP
(Lactobacillus sakeand Carnobacterium piscicola), and they
have been used as a food additive agents to reduce th
pathogenic bacterial load (Listeria monocytogenes, B. cereus, C.
botulinum, or Staphylococcus aureus) and to improve the
quality and safety of foods. Bacteriocins act as antibacteria
agents for Gram-positive as well as Gram-negative bacteri
Lactococcus lactisis a Gram-positive bacterium used exten-
sively in the dairy industry. This bacterium assembles nisin
and subtilin antibiotics, which belong to the nonribosomal
peptide (NRP) family. Nisin is used as a food preservative
because it has bactericidal properties and prevents the por
formation in C. botulinum and B. cereus. Recently, nisin-
producing bacteria have been isolated from human milk.
Subtilin shares structurally and functionally with nisin
molecule. Streptomycin and oxytetracycline are used to trea
bacterial infections in fruits and vegetables. Cylin-
drospermopsis raciborskiibelongs to cyanobacteria family, and
it naturally produces butylated hydroxtoluene. This metab-
olite has been used as an antioxidant, food additive,
cosmetic, pharmaceuticals, rubber and electrical transforme
oil, and industrial chemical. In agricultural setup, in partic-
ular, in animal farming and aquaculture, antibiotics are
largely used in feed to prevent the infection as well as to
promote growth. The discoveries of bacterial secondar
metabolites have revolutionized human and animal health
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by advancing our knowledge for treatment and prevention of
several infectious diseases.

Nonribosomal Peptide Synthesis Pathways

NRPs are natural products assembled by NRPS enzymes. T
antimicrobial peptides – bacitracin, ramicidin, polymyxin B,
and vancomycin – are products of nonribosomal peptide
synthesis pathways (NRPSP). The NRPS enzymes generate N
molecules containing unique structures by using building
blocks of L-chiral and D-chiral centers and nonproteinogenic
and modi � ed amino acids as substrates. NRPS enzym
generate structural diversity by modifying NRP molecules by
linking fatty acids, methyl groups, phosphate groups, and
oligosaccharides at the N-terminal end. Furthermore, to
generate sophisticated structural diversity and rigidity, NRPS
employs three basic mechanisms: (1) cross-linking, (2) heter
ocyclization, and (3) macrocyclization (Figure 1(c)).
e

Assembly of NRP Molecules

A majority of the lipopeptide containing NRP molecules are
produced by Streptomycesspp. The largest genes to produc
Figure 3 Assembly of secondary metabolites by NRPS, type I PKS, t
synthesizes the peptide molecules by generating peptide bonds betwee
is similar to NRPS, but it employs C–C condensation to assemble the seco
aromatic molecules by the Clasien condensation method. (d) Type III e
antibiotics against bacteria, fungi, and parasitic infections.
For example, Streptomyces coelicolor, Streptomyces roseopo,
Streptomyces fradiae, and Actinoplanes friuliensisproduce
calcium-dependent antibiotic, daptomycin, A54145, and
amphomycins, respectively. Daptomycin has been approved by
the Food and Drug Administration (FDA) to treat skin-related
infections caused by Gram-negative bacteria and endocarditi
caused byS. aureus. The presence of daptomycin genes also i
observed in other bacterial species, includingS. coelicolorand
Streptomyces ambofaciens. The bioinformatics and molecular
biology approaches reveal that 12 genes are responsible for th
assembly of functional daptomycin. Among them, three genes
encode proteins for peptide backbone assembly, and the
remaining gene products take part in structural modi� cation,
generating constraints, and cyclization.

NRPS is a multimodular enzyme; each module requires a
least three catalytic domains to initiate or to add one building
block in the growing intermediate chain. The catalytic domains
are the adenylation domain (A), peptide carrier protein (PCP)
domain, and condensation (C) domain ( Figure 3). Each
domain catalyzes a speci�c function on the assembly line of the
growing NRP molecule. The adenylate domain is responsible
for the recognition of related building blocks for the
ype II PKS, and type PKS enzymes. (a) The NRPS multimodular enzyme, which
n newly recruited amino acids with the growing intermediate. (b) Type I PKS enzyme
ndary metabolite. (c) Type II enzymes are discrete enzymes and synthesize the
nzymes are ketosynthase units and perform various functions at a single active site.
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Table 2 Classi� cation of polyketide synthase enzymes and the functional and the mechanistic differences between them

Type I or modular PKS Type II or discrete PKS Type III or Ketosynthase PKS

Multifunctional enzymes that are organized
into modules

Each modules bears a speci� c function
Uses acyl carrier protein (ACP) domain to

activate acyl-CoA substrates
Malonyl-CoA or methylmalonyl-CoA or

ethylmalonyl-CoA an extender unit

Consists of a series of singular modular
heterodimeric enzymes

Each enzyme has a speci� c function
Uses ACP domain to transfer activate

acyl-CoA substrate
Malonyl-CoA, an extender unit

Homodimeric ketosynthase enzyme
Performs various biochemical reactions

at single active site
Acts without ACP or directly recognizes

the acyl-CoA molecules
Malonyl-CoA or methylmalonyl-CoA, an

extender unit
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adenylation process, and it also is responsible for transferring
the building blocks into a PCP domain of the same module.
This process leads to the formation of a thioester (TE) bond
between the substrate and phosphopantethiene group presen
in the PCP domain. The peptide bond formation takes place in
the C-domain (Figure 3(a)). It catalyzes the formation of
a peptide (C–N) bond between newly recruited amino acid
present upstream of the PCP domain with the growing peptide
intermediate holding the downstream of the PCP domain.

Apart from these three catalytic domains, the NRPS multi
enzyme complex also possesses additional domains in few o
the modules. For example, in daptomycin synthesis, the� rst
module of the dptAenzyme has a CIII domain that catalyzes the
addition of a long fatty acid chain to the N-terminal amino
acid. Attached fatty acid facilitates the interaction between NRP
molecules and hydrophobic cell walls of target microbes.
Similarly, few modules have an epimerase domain, which
accounts for and reevaluates theD-chirality of amino acids
during extension. The last module contains an additional
domain known as the TE domain (Figure 3(a)), where the
nascent peptide undergoes cyclization, ring formation, and
reduction, and releases the NRP from the enzyme complex. Th
sequential structural organization of NRP modules re� ects the
order of amino acid incorporation in the end-product.

Nascent NRP molecules are further modi� ed by chemical
cross-linkage, heterocyclization, and macrocyclization to
generate structurally complex molecules. In addition, NRP
molecules also undergo oxidation and reduction reactions to
attain the intended biological function. For example, the
vibriobactin molecule (a siderophore from V. cholerae) is
generated by a heterocyclization mechanism, which contains
two oxazoline rings, both of which are synthesized by utilizing
threonine. The oxazoline ring is further oxidized to form oxa-
zole, which is a component of the potent telomerase inhibitor,
telomestatin. Telomestatin also harbors a thiazole ring, which
is generated by cyclization process using cysteine. The macr
cyclization reaction generates covalent linkages between linea
nascent NRP molecules that lead to cyclization. This cyclization
process alters the part of the nascent linear peptide and als
generates constraints on the NRP molecule. The direction o
nonribosomal peptide synthesis always starts from the
N-terminal to the C-terminal, like ribosomal peptide synthesis.
te

s
nt
Polyketide Synthase Pathways

Polyketides (PK) are natural products that display diverse
functions with clinical applications. Polyketides are assembled
by polyketide synthase (PKS) enzymes. PKS enzymes opera
similarly to fatty acid synthase to generate a diverse range o
PKs. PKS enzymes begin the PK assembly by priming the start
molecule to the catalytic residue, and then it employs an
extender unit for the chain elongation. On the basis of struc-
tural architecture and variation in enzymatic mechanism, PKS
enzymes have been classi� ed into three types: (1) type I PKS,
(2) type II PKS, and (3) type III PKS. This section describes a
three types of PKS enzymes (Table 2).
Type I Polyketide Synthases

Type I PKS is a multienzyme complex with several modules
which is similar to NRPS. The type I PKS, however, assembl
PKs by catalyzing C–C condensation (Figure 3(b) ). These are
multienzyme complexes and are known as modular enzymes
The mega enzyme contains several modules and each module
folded into domains and subdomains. The individual domain
achieves a speci� c function in the line of product formation. For
example,Saccharopolyspora erythraeaproduces erythromycin that
functions as an antibacterial agent. Its base structure is synth
sized by 6-deoxyerythronolide B synthase (DEBS), which i
encoded by three genes:eryAI, eryAII, and eryAIII. This enzyme
� rst uses propionyl as a starter unit and then it uses six mole
cules of methyl-MCoA as an extender unit for the condensation
reaction, which results in the formation of 6-deoxyery-
thronolide B (6dEB). Each enzyme harbors two modules, and
each module completes one condensation reaction.

Type I enzymes are multimodules, and each module is
organized into several domains and subdomains that include
ketosynthase (KS), acyltransferase (AT), ketoreductase, and a
carrier protein (ACP) domain. The modules are numbered
according to the order of reaction. The KS domain binds with
an extender unit and performs a decarboxylation reaction, and
then catalysis occurs by a Claisenlike condensation betwee
growing intermediates that are attached to a Cys thiol group
with two carbon units of an extender unit. The AT domain
selects an appropriate extender unit and chiral center for chain
elongation except the� rst AT domain. Generally, the� rst AT
domain has the capacity to recognize the range of acyl-CoA a
a starter molecule. The ACP domain contains a phospho
pantethiene (40-ppt) arm that forms a TE linkage with the
growing chain. The ACP domain presents an elongated chain to
a reductase or dehydration domain through the 40-ppt arm.
A TE domain occupies the end of the last module and release
the nascent PK by a hydrolysis mechanism. The nasce
product is further modi � ed by the tailoring enzyme to achieve
bioactive molecules.
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A type I PKS assembles a wide array of PKs, but the stru
tural diversities are introduced at different phases in the line of
synthesis. The variations are introduced by priming of various
starter molecules and number of extension by selecting
different extender units, chirality, and number of modules. The
� nal variations are introduced by tailoring enzymes, which
include cyclase, dehydratase, and aromatase; they are respo
sible for the � nal modi � cation of bioactive molecules. In type I
PKS, variation is also introduced by gene duplication, losses o
modules and domain, recombination, and horizontal gene
transfer among different bacterial species.
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Type II Polyketide Synthase

Type II PKS mostly contains discrete enzymes, and eac
enzyme executes a speci�c function in the assembly line of the
PK synthesis. Type II PKS enzymes produce several aroma
compounds that include anthracyclines, aureolic acids, tetra
cyclines, tetracenomycins, pradimicin-type polyphenols, and
benzoisochromanquinones. Anthracycline’s basic structure
contains four rings with additional methoxyl and carbonyl
groups at various positions. The modi� ed rings have an impact
on the biological function. Some PKs are capable of targeting
one particular cancer cell, some have antibacterial activity, an
some speci�cally act on a particular cell type.

Tetracycline is another important antibiotic molecule that is
commonly used for the treatment of food poisoning, which is
assembled by type II PKS. This antibiotic interferes with tRNA
binding site at the 30S ribosomal unit, which results in protein
synthesis blocking.Streptomyces resistomyci� cusproduces resis-
tomycin that has the ability to inhibit HIV protease and
bacterial RNA and DNA polymerase activity. Aromatic poly-
ketides are assembled by several type II PKS enzymes
a stepwise manner. This family of enzymes performs chemica
reactions similar to type I PKS enzymes. For example, type I an
type II enzymes use ACP domains for the transfer of active
acetyl-CoA for the condensation reaction. In type II enzymes
however, each reaction is catalyzed by a modular enzyme rathe
than a multienzyme protein complex.

The basic architecture of type II PKS enzymes is th
composition of two domains. All aromatic PK synthetic path-
ways require two ketosynthase units (KSa and KSb) and one
ACP domain (Figure 3(c)). KS is a heterodimeric enzyme; both
KSaand KSbhave sequence similarity, with the exception that
the KSb domain lacks active cysteine. The KSadomain is
responsible for the formation of Claisen-type C–C bonds
between activated acyl-intermediates (starter-acyl molecule
with decarboxylated MCoA. Mutational studies have shown
that the KSb domain facilitates MCoA binding with the ACP
domain. In addition, it plays a part in the formation of acetyl-
KS intermediates from the decarboxylated MCoA of the ACP
domain. KSb domain also is known as chain-length factor
(CLF), because it determines the length of carbon chain elon
gation during the iterative cycle. Type II PKS enzymes emplo
MCoA only as an extender unit for chain elongation. In the type
II synthetic pathway, there is an involvement of MCoA ACP
transferase enzyme for the M-CoA source.

The aromatic PK synthesis begins with acetate. Few oth
type II enzymes also use propionyl, butyrate, malonate, and
benzoate acyl esters as starter molecules. Furthermore, few ty
II PKS have two additional domains to select a starter molecule
and initiate a chemical reaction, which include a FabH-like KS
domain and an AT domain. In the fatty acid biosynthetic
pathway, DpsC operates as a KSIII domain and makes th
condensation reaction between propionyl-CoA with MCoA.
The presence of KSIII genes has been identi� ed in frenolicin,
hedamycin, and R1128 biosynthetic enzyme-encoding gene
clusters.

In type II polyketide biosynthesis, the number of iterative
cycles is determined by the KSbdomain. To assemble actino-
rhodin type II enzymes, use 16 molecules of malonyl-CoA,
20 cycles for tetracenomycin, and 24 cycles for pradimicin. The
KSb domain operates as a gatekeeper during polyketide
assembly, and it occupies the tunnel entrance. In addition,
other enzymes in this pathway, including cyclases, also
contribute to determine the chain length.

Ketoreductase enzymes modify the keto group of metabo
lites into secondary alcohol through nicotinamide adenine
dinucleotide phosphate (NAD(P)H). The ketoreductase reac-
tion is essential for the ring-closure reaction. This enzyme is the
� rst one to react with nascent metabolites before the cyclization
reaction. Ketoreduction is essential to orient the poly-b-keto
chain for favored alcohol condensation, rearranging the elec
tron orbitals from Sp2 to Sp3 hybridization to make well-
de� ned structural intermediates.
Type III Polyketide Synthase

Flavonoids and phenylpropanoids are common plant natural
products that exhibit numerous pharmacological properties.
Chalcone synthase enzyme (CHS) initially was identi� ed in
plants and involved in biosynthesis of � avonoids. The struc-
tural and functional characterization of CHS revealed that it
belongs to the type III PKS family. Total genome sequencing o
bacteria reveals the presence of several plantlike PK
genes, which encode CHS-like enzymes.Streptomyces coelico
contains three copies of genes for type III PKSs, which assemb
1,3,6,8-tetrahydroxynaphthalene. The mycobacterium genome
sequence reveals more than 18 PK enzymes and three of the
(PKS10, PKS11, and PKS18) belong to the type III PKS.

Type III PKS varies mechanistically from the other two types
in the following manner: (a) type III enzymes function inde-
pendently of the ACP domain; and (b) type III enzymes have
acquired substrate priming, iterative decarboxylation, exten
sion, intramolecular, and cyclization reactions at a single active
site. Type III PKS enzymes differ in their choice for selectin
starter molecule to initiate PK synthesis. For example, RppA
and SrsA of S. griseusutilize C2 to C24 acyl-CoA as starter
molecule, Mtb PKS18 primes with C6 to C20 acyl-CoA, and
Azetobacter vinelandiiaccepts C22 to C26 acyl-CoA as a starter
molecule. These enzymes differ from each other, however, b
the number of iterative reactions and ring formations (Claisen
or aldol). The type III PK enzyme superfamily utilizes MCoA as
a universal extender unit (Figure 3(d) ). A few bacterial type III
enzymes use both MCoA and methyl-MCoA as extender units
for the synthesis of alkylresorcinols. The order of selection o
the extender unit or condensation is important to synthesize
the � nal products.
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Type III PKS enzymes harbor two cavities: one cavity for th
starter molecule and the other cavity for the extender unit. Type
III PKS enzymes� rst select a starter molecule (acyl-CoA), which
binds the substrate-binding pocket. The nucleophilic Cys
attacks the starter acyl-CoA and forms a covalent TE linkag
with the substrate. The extender unit binds in the CoA-binding
tunnels, and then the active site residues decarboxylate an
transfer two carbon units to the growing intermediates. The
interactive condensation reaction varies for each type III PKS
These enzymes employ more than one type of acyl-CoA
(MCoA or methyl-MCoA) for the condensation reaction. After
the completion of condensation reaction, the end-products
undergo cyclization and aromatization before being released
from the catalytic triad. Some type III enzymes employ aldol
cyclization and some modify the products by Claisen-
cyclization.
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Shikimate Pathway

The shikimate pathway contributes to assemble the basi
building blocks for the range of aromatic metabolites and
aromatic amino acids. Metabolites that are derived from
aromatic compounds provide ultraviolet protection, electron
transport, and signaling molecules, and they serve as antibact
rial agents. The shikimate pathway enzymes employ erythrose
4-phosphate and phosphoenol pyruvate (primary metabolites)
as substrates to initiate the aromatic building block synthesis. In
this pathway, the � rst seven enzymes catalyze the chemic
reactions in a sequential manner to generate chorismate. In th
bacterial system, two enzymes have the capacity to transf
a complete enolpyruvoyl moiety to a metabolic pathway. In the
shikimate pathway, 5-enolpyruvoyl shikimate 3-phosphate
synthase is one of them. The next enzyme in this pathway i
chorismate synthase, which requires a reduced cofactor,� avin
mononucleotide, for its activation.

Certain microorganisms have evolved to assemble variou
secondary metabolites by employing aromatic building
blocks. Pseudomonas, Burkholderia, Brevibacterium, and Strepto-
myceshave the capacity to synthesize phenazine compounds
Phenazine serves as a virulence factor and undergo
oxidation–reduction reactions, which result in the accumula-
tion of toxic-free radicals in the target cells. This compound
also is used as an antifungal agent. Earlier biochemical studie
demonstrated the relationship between phenazine synthesi
and the shikimate metabolic pathway. A gene cluste
(phzABCDEFG) is responsible for the assembly of phenazine-
1-carboxylic acid (PCA) inPseudomonas� uorescensstrain 2-79.
Phzc, PhzD, and PhzE have signi� cant sequence homology
with known and functionally well-characterized shikimate
pathway enzymes. On the basis of the protein sequence, Phz
and PhzE gene products possibly can modify the chorismate
before entering into the formation of PCA. The C-terminal
region of PhzE has similarity with anthranilate synthase. PhzD
has high homology to bacterial 2,3-dihydro-2,3-dihy-
drobenzoate synthase.

The Gram-positive, � lamentous Streptomyces venezue
(soil bacterium) and other actinomycetes assemble chloram
phenicol using aromatic precursors. Aromatic building blocks
that are derived from the shikimate pathway serve as
precursors for the phenylpropanoid unit of chloramphenicol.
First, chorismic acid branches out from the shikimate pathway
to generate p-aminophenylalanine, which is further converted
into a p-nitrophenylserinol component by an enzymatic
reaction. The molecular genetics and mutational studies have
demonstrated that 4-amino-4-deoxychorismic acid (ADC) is
a common precursor for both PABA and PAPA pathways. Th
genetic map reveals thatpabABgenes encode enzymes for ADC
biosynthesis that are clustered in a discrete region of the
S. venezuelaechromosome. Echinosporin functions as an
antibacterial and anticancer agent that was isolated from
Saccharopolyspora erythraea. This molecule has a unique tricy-
clic acetal-lactone structure, and the basic structure does no
reveal its biosynthetic pathway. The shikimate pathway
intermediate is channeled to assemble echinosporin by
enzymatic reactions.
b-Lactam Ring Synthetic Pathways

Cephalosporins belong to the b-lactam family of antibiotics.
These antibiotics have been used to treat bacterial infections fo
more than 40 years. Gram-positive bacteria, Gram-negativ
bacteria, and fungi are the major sources ofb-lactam antibi-
otics. The Gram-positiveStreptomyces clavuligerusis capable of
producing both clavulanic acid and cephamycin. The Gram-
negative bacterium Lysobacter lactamgenusproduces cepha-
bacins. Two hypotheses have been put forward forb-lactam
biosynthesis: (1) horizontal gene transfer (HGT) from bacteria
to fungi and (2) vertical descent (originated from a common
ancestor). Bioinformatics, genetic approaches, and sequenc
identity are more in favor of HGT.

The b-lactam antibiotic formation takes place in three
different steps; early biosynthetic steps, intermediate
formation steps, and late steps (also known as decorating
steps). Building blocks for b-lactam biosynthesis include
L-a-aminoadipic acid, L-cysteine, and L-valine. L-a-amino-
adipic acid is a nonproteinogenic amino acid that is formed
from L-lysine. In actinomycetes, lysine 6-aminotransferas
converts L-lysine into L-a-aminoadipic acid (Figure 4). The
initial two enzyme reactions are common in fungi and
cephalosporin biosynthesis.d-(L-aminoadipyl)- L-cysteinyl-D-
valine synthase is the � rst enzyme, which uses all three
amino acids and assembles them into a tripeptide by
condensation reaction. This enzyme is encoded by the acv
(pcbAB) gene and it is NRPS. The next step is the formatio
of a bicyclic ring (a four-member b-ring is fused with a � ve-
member thiazolidine ring) by an oxidative reaction, which
is catalyzed by isopencillin N-synthase and results in the
formation of isopenicillin N. Cephalosporin –cephamycin
biosynthesis is the expansion of the� ve-member thiazoli-
dine ring into a six-member dihydrothiazine ring. Several
enzymes sequentially participate in this ring conversion.
Genes that are responsible forb-lactam biosynthesis always
are clustered in the DNA of all reproducing bacteria.
Bacterial species capable of producingb-lactam antibiotics
have an ecological advantage. In contrast,b-lactam–
producing bacteria show low sensitivity to b-lactams on
their own, or they have evolved to inactivate b-lactam
antibiotics by b-lactamase enzymes.



Figure 4 Classi� cation ofb-lactam antibiotics and synthesis of penicillin and Cephalosporin biosynthesis.
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Conclusion

Microorganisms have the capability to produce a number of
antibiotics and other pharmaceutically important drugs to treat
bacterial and fungal infections, cancer, and heart-relate
diseases. Bacterial species exhibit a complex life cycle wi
a physiological and biochemical adaptability, with the capa-
bility to synthesize a great variety of secondary metabolite
with complex structures using different metabolic pathways.
Understanding the secondary metabolite biosynthesis and
pathways will lead to progress in combinatorial biosynthesis in
the pharmaceutical and biotechnology industries.
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Introduction

Secondary metabolites usually accumulate during the late
stage of fermentation, known as the idiophase, which follows
the active growth phase called the trophophase. Compounds
produced in the idiophase have no direct relationship to the
synthesis of cell material and normal growth of the micro-
organisms. Secondary metabolites are formed in a fermenta
tion medium after the microbial growth is completed.
Comparatively, a few microbial organisms produce the
majority of secondary metabolites and a single microbial type
has the capacity to produce very different metabolites, for
example, Streptomyces griseusand Bacillus subtiliseach can
produce more than 50 different secondary metabolites. The
production of economically valuable secondary metabolites
(e.g., antibiotics) is one of the major activities of the bio-
process industry. The most common secondary metabolite
are antibiotics; others include mycotoxins, ergot alkaloids,
the widely used immunosuppressant cyclosporin, and fuma-
gillin, an inhibitor of angiogenesis and a suppressor of tumor
growth.
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Characteristics of Secondary Metabolites

In secondary metabolism, the desired product usually is not
derived from the primary growth substrate, but rather a product
formed from the primary growth substrate acts as a substrat
for the production of a secondary metabolite and usually is
suppressed by high speci�c growth rates of the secondary
metabolites producing cultures. Secondary metabolites hav
the following characteristics:

l Secondary metabolites can be produced only by a few
microorganisms.

l They tend to be produced at the end of exponential growth
or during substrate-limited conditions.

l They are produced from common metabolic intermedi-
ates but use specialized pathways encoded by a speci�c
gene.

l These compounds are not essential for the organism’s own
growth, reproduction, and normal metabolism.

l Secondary metabolites have unusual chemical linkages, fo
example, lectam rings, cyclic peptides, unsaturated bond
of polyacetylenes and polyenes, large macrolide rings, an
so on.

l Growth conditions, especially the composition of the
medium within a fermentation system, control the forma-
tion of secondary metabolites.

l These compounds are produced as a group of closely relate
structures.

l Secondary metabolic compounds can be overproduced.
570 Encyclopedia of Food
Metabolic Pathway for Secondary Metabolites

For the production of a desired secondary metabolite, it is
essential to ensure that appropriate conditions for metabolic
pathways are provided during the trophophase to maximize
growth of the microbial species. It is important that the
conditions are altered properly at the appropriate time of
fermentation to obtain the best product yield. Secondary
metabolites are produced by a branch off the pathways from
primary metabolism.

Microorganisms cultured under ideal conditions for primary
metabolism without environmental limitations attempt to
maximize the microbial biomass formation. Under conditions
of balanced growth, however, the microbial cell minimizes the
accumulation of any particular cellular building blocks in
amounts beyond those required for growth. Hence, the meta-
bolic pathway of a particular microorganism can be manipulated
for the production of a large excess of the desired metabolite. Th
production of secondary metabolites starts as growth is limited
due to the unavailability of one of the key nutrients – for
example, nitrogen, carbon, phosphorus, and so on.

Most secondary metabolites are complex organic molecule
that require a large number of speci�c enzymatic reactions for
synthesis. One characteristic of a secondary metabolite is tha
the enzymes involved in the production of the secondary
metabolite are regulated separately from the enzymes o
primary metabolism. In some cases, speci�c inducers of
secondary metabolite production have been identi�ed. The
metabolic pathways of these secondary metabolites start from
primary metabolism, because the starting materials for the
secondary metabolism come from the major biosynthetic
pathways. Many structurally complex secondary metabolites
originate from structurally quite similar precursors. Thus, the
secondary metabolite generally is produced from severa
intermediate products that accumulate in the fermentation
medium or in microbial cells during primary metabolism.
Transformation within Cells

There are several hypotheses about the role of seconda
metabolites. Besides the �ve phases of the cell’s own
metabolism – intermediary metabolism, regulation, transport,
differentiation, and morphogenesis– secondary metabolism is
the activity center for the evolution of further biochemical
development. This development can proceed without
damaging primary metabolite production. Secondary metab-
olites form a heterogeneous class of structurally highly diverse
compounds (the mode of action of such compounds is highly
complicated), having speci�c chemical reactivity, and known to
affect the intracellular redox homeostasis by increasing levels o
reactive oxygen species and subsequently inducing apoptosis i
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00202-0
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target cells. Genetic changes leading to the modi� cation of
secondary metabolites would not be expected to have an
major effect on normal cell function. If a genetic change leads
to the formation of a compound that may be bene� cial, then
this genetic change would be� xed in the cell’s genome and
become essential, with the result that this secondary metabolite
would be converted into a primary metabolite.
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Antibiotics

Antibiotics are chemical substances produced by certai
microorganisms as products of secondary metabolism. Thes
substances possess activity to inhibit growth processes or k
other microorganisms, even used at low concentrations
Growth inhibition of one organism by another organism in
mixed culture has been known for a long time. The most
famous example is the growth inhibition observed by
Alexander Fleming in 1929. He noticed that staphylococca
growth on plate culture was inhibited by a contaminant,
Penicillium notatum, which produced the antibiotic penicillin.
Medicinally useful antibiotics have shown their impact on the
treatment of infectious diseases. Some less-effective antibiotic
work after a chemical modi� cation, making them semi-
synthetic antibiotics. The sensitivity of microorganisms and
other chemotherapeutic agents varies. Gram-positive bacter
are more sensitive to antibiotics than are Gram-negative
bacteria. Broad-spectrum antibiotics act on Gram-positive a
well as Gram-negative bacteria and therefore are used mo
widely in medicine than narrow-spectrum antibiotics, which
are effective for only a single group of microorganisms.

Antibiotics are produced by bacteria (about 950 types of
antibiotics), actinomycetes (about 4600 types), and fungi
(about 1600 types). This article deals only with secondary
metabolites that are produced by fungal cultures (Table 1).

The antibiotics produced by theAspergillaceaeand Moniliales
are of practical importance. Only 10 of the known fungal
antibiotics are produced commercially and only the penicillins,
cephalosporin C, griseofulvin, and fusidic acid are clinically
important. Penicillins, cephalosporins, and cephamycins
Table 1 Antibiotics produced by fungal cultures

Antibiotic group Produced by Sp

Cephalosporin Cephalosporium acremonium Bro
Fumagillin Aspergillus fumigatus Am
Griseofulvin Penicillium griseofulvum Fu

Penicillium nigricans
Penicillium urticae

Penicillins Penicillium chrysogenum Gr
Aspergillus nidulans
Cephalosporium acremonium

Chloramphenicol Streptomyces venezuelae Gr
b

Macrolides
(erythromycin, oleandomycin)

Streptomyces erythreus Gr
G

Pleuromutilin Pleurotus mutilus Gr
Pleurotus passeckerianus

Fusidic acid Fusidium coccineum Pro
Acremonium fusidioides
belong to the b-lactam group of antibiotics, so called because
their structure consists of ab-lactam ring system (Figure 1).
All of these are medically useful antibiotics produced by fungi.
Penicillins

The basic structure of the penicillins is 6-aminopenicillanic
acid, which consists of a thiazolidine ring with a condensed
b-lactam ring. The types of penicillins are presented inTable 2.

l Natural penicillins : The fermentation is carried out without
the addition of side-chain precursors.

l Biosynthetic penicillins : Out of more than 100 biosynthetic
types, only benzylpenicillin, phenoxymethylpenicillin, and
allylmercaptomethylpenicillin (penicillins G, V, and O) are
produced commercially.
ectrum of action Cell target

ad spectrum Cell wall
ebae

ngi Microtubules in fungi

am-positive bacteria Cell wall

am-positive and Gram-negative
acteria

Inhibit translation during protein
synthesis

am-positive bacteria and most
ram-negative bacteria

Inhibit protein synthesis

am-positive bacteria Mycoplasms

karyotes and eukaryotes Ribosomal translocation
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Table 2 Three main types of penicillins

Natural Biosynthetic Semisynthetic

Benzylpenicillin (penicillin G) Benzylpenicillin Propicillin
(penicillin G) Acid stable

Acid labile low activity against
Gram-negative bacteria

b-Lactamase sensitive

2-Pentenylpenicillin (penicillin F) b-Lactamase sensitive Methicillin
Acid stable
b-Lactamase resistant

n-Amylpenicillin (penicillin-dihydro F) Phenoxymethylpenicillin (penicillin V) Oxacillin
Acid stable Acid stable
b-Lactamase sensitive b-Lactamase resistant

Methylpenicillinn-heptylpenicillin (penicillin K)
p-hydroxybenzylpenicillin (penicillin X)

Low activity against Gram-negative bacteria Ampicillin
Broadened spectrum of activity
(against Gram-negative bacteria)

Allylmercaptomethyl penicillin (penicillin O) Acid stable
Reduced allergenic properties b-Lactamase sensitive

Penicillin N (synnematin B)
(D-4-amino-4-carboxy-n-butylpenicillin)

Carbenicillin
Broadened spectrum of activity
(againstPseudomonas aeruginosa)
Acid stable
Ineffective orally

Isopenicillin N
(L-4-amino-4-carboxy-n-butylpenicillin)

b-Lactamase sensitive

CH2HOOC CH

NH2

L-� -aminoadipic acid (� -AAA)

L-cysteine

� -AAA-Cys

H2N CH CH2

SH

COOH

CH3

CH3CH

L

CH2 COOHCH2
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l Semisynthetic penicillins : Benzylpenicillin and phenox-
ymethylpenicillin (penicillins G and V) are used in their
synthesis; these penicillins have a broadened spectrum o
activity and improved characteristics, such as acid stability
resistance to plasmid or chromosomally codedb-lacta-
mases, and expanded antimicrobial effectiveness; and
therefore, they are used extensively in therapy.
s
y

L-valine

� -AAA NH CH

SH

C

CO NH CH

COOH

CH2

CH3

CH3(D)

Cyclization in 2 steps

H2N

COOH

CH L

� -AAA NH CH
S

O
N

COOH

Isopenicillin N

CH2 CO2 CoA

Penicillin transacetylase

� -(L-� -aminoadipyl)
cysteinyl-D-valine
(LLD-tripeptide)
Synthetic Pathway and Regulation of Penicillin
Formation

The b-lactam–thiazolidine ring of penicillin is constructed
from L-cysteine and L-valine in a nonribosomal process by
means of a dipeptide composed ofL-a-aminoadipic acid (L-a-
AAA) and L-cysteine. Subsequently,L-valine is connected by an
epimerization reaction, resulting in the formation of the tri-
peptide. The � rst product of the cyclization of tripeptide is
isopenicillin N. Benzylpenicillin is produced in the exchange of
L-a-AAA with activated phenylacetic acid (Figure 2). Penicillin
biosynthesis is affected by phosphate concentration, show
a distinct catabolite repression by glucose, and is regulated b
ammonium ion concentration.
l;
d

� -AAA CoA SH

Benzylpenicillin

COOH

NHCOCH2 CH

O
N

S

Figure 2 Biosynthesis of penicillin inPenicillium chrysogenum.
Industrial Production of Penicillin

Benzylpenicillin and phenoxymethylpenicillin (penicillins
G and V) are produced in a submerged process (Figure 3) in
fermenters from 40 000 to 200 000 l in size. The process is
highly aerobic with a volumetric oxygen absorption rate of
0.4–0.8 mmol l � 1 min � 1, an aeration rate of 0.5–1.0
volume per volume per minute (vvm), and an optimal
temperature range 25–27 � C. A typical penicillin fermenta-
tion medium consists of corn-steep liquor; an additional
nitrogen source, such as yeast extract, whey, or soy mea
and a carbon source, such as lactose; the pH is maintaine
at 6.5 and phenylacetic acid or phenoxyacetic acid is fed
continuously as a precursor.



n

Glucose
feedings

I
II
III

1.45 mg l –1 h–1

1.31 mg l –1 h–1

1.15 mg l –1 h–1

100

80

60

40

20

0
0 20 40 60 80 100 120 140

Fermentation time (h)

Ammonia

Biomass

PenicillinLactose

I II III

18 mg l –1h –1

3 glucose
feedings

Nitrogen
feeding

B
io

m
as

s 
(g

 l
–1

)
C

ar
bo

hy
dr

at
e,

 a
m

m
on

ia
, p

en
ic

ill
in

 (
g 

l–1
 ×

 1
0)

160

120

Figure 3 Penicillin fermentation withPenicillium chrysogenum.
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Figure 4 Biosynthesis of cephalosporin C byCephalosporium
acremonium.
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Cephalosporins

Cephalosporins are b-lactam antibiotics containing a dihy-
drothiazine ring with D-a-aminoadipic acid. Cephalosporins
are produced by Cephalosporium acremonium(Acremonium
chrysogenum), Emericellopsis, and Paecilomycesspp. Cephalo-
sporins are less toxic and have a broader spectrum of actio
than ampicillin. Thirteen therapeutically important semi-
synthetic cephalosporins are produced commercially.
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Synthetic Pathway of Cephalosporins in Fungi

Cephalosporin biosynthesis (Figure 4) proceeds from d-(a-
aminoadipyl)- L-cysteinyl-D-valine to isopenicillin N. In the
next stage, penicillin N is produced by the transformation of
the L-a-AAA side chain into theD-form, by the action of a labile
racemase. After ring expansion to deacetoxycephalosporin
by the expandase reaction, hydroxylation via a dioxygenase t
deacetylcephalosporin C occurs. The acetylation of cephalo
sporin C by an acetyl-CoA-dependent transferase is the en
point of the pathway in fungi.
-

Industrial Production of Cephalosporins

Fermentations are carried out as batch-fed processes with sem
icontinuous addition of nutrients at pH 6.0 –7.0, temperature
24–28 � C in complex media with corn-steep liquor, meat
meal, sucrose, glucose, and ammonium acetate. The biosyn
thesis is affected by phosphate, nitrogen, and carbohydrat
catabolite regulation. Rapidly metabolizable carbon sources
such as glucose, maltose, or glycerol, reduce the production
The repression of expandase is the most signi�cant effect.
Lysine in low concentrations and methionine stimulate the
synthesis.
Fusidic Acid

The antibiotic fusidic acid was � rst isolated in 1960 from
fermentations of the imperfect fungus Fusidium coccineum
(Moniliaceae) or Acremonium fusidioides. In addition, the
production of fusidic acid by strains of Cephalosporium,
various dermatophytes and Isaria koganehas been reported.
Ramycin, an antibiotic mixture, has been isolated from the



574 METABOLIC PATHWAYSj Production of Secondary Metabolites – Fungi
culture � uid of the zygomycete Mucor ramannianus and the
identity of one of the components with fusidic acid was
proved later.

Fusidic acid belongs chemically to the group of tetracyclic
triterpenoids with a fusidane skeleton. This type of hydro-
carbon skeleton also is present in many natural steroids and
triterpenes and contains a cyclopentanoperhydrophenanthrene
ring connected at C17 with ana,b-unsaturated carboxylic acid
side chain and ab-(16,21) cis-oriented acetoxy group on C16.
Naturally occurring antibiotics related to fusidic acid include
helvolic acid from cultures of Aspergillus fumigatusand Cepha-
losporium caerulens; cephalosporin P1 and related derivatives
from C. acremonium; and the viridominic acids A, B, and C from
a Cladosporiumspecies.
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Biosynthetic Pathway of Fusidic Acid

The biosynthesis of fusidic acid follows the general pathway for
the formation of sterols and polycyclic triterpenes. The isola-
tion of common intermediates, such as several protosterols in
the biosynthesis of fusidic acid and helvolic acid from the
mycelium of F. coccineumand C. caerulens, indicates that the
biogenetic pathways leading to these antibiotics are identical.

Besides the total syntheses of fusidic acid, several 10
semisynthetic derivatives have been synthesized by chemical o
microbial modi � cation to achieve a broader antibacterial
spectrum, increased potency, modi� ed pharmacokinetics or
better stability in solution. One derivative, 16-deacetoxy-16b-
acetylthiofusidic acid, is more stable and twice as active a
fusidic acid against several Gram-positive bacteria.

Large-scale production of fusidic acid is carried out in batch
fermentations using a complex medium containing sucrose,
glycerol, or glucose as the carbon source; soybean meal, cor
steep liquor, or milk powder as the nitrogen source; vitamins
(biotin); and inorganic salts. The fermentation is carried out at
27–28 � C for 180–200 h with ef � cient aeration and vigorous
agitation with a high-producing mutant of F. coccineum.
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Applications of Fusidic Acid

Fusidic acid is used for the treatment of multiply-resistant
staphylococcal infections or in combination with other anti-
biotics. Systemic application includes treatment of septicemias
endocarditis, staphylococcal pneumonia, osteomyelitis, and
wound infections. Topically applied, fusidic acid is effective in
the treatment of staphylococcal and streptococcal skin infec
tions, wounds, burns, and ulcers. Fusidic acid is available in
various forms of pharmaceutical presentations (Fucidin), either
in the form of tablets containing sodium fusidate, as an
aqueous solution for parenterally or intravenous infusion in
a sterile buffer, and as an ointment for topical applications.
Immunosuppressive activities have been reported for fusidic
acid on activated blood mononuclear cells. Fusidic acid
inhibits protein biosynthesis in both prokaryotes and eukary-
otes. The antibiotic binds to the translocation factors in
prokaryotic and eukaryotic cell-free systems. Resistance
fusidic acid mainly has been studied in Staphylococcus aure
and Escherichia coli.
Griseofulvin

The systemic antifungal antibiotic griseofulvin was� rst isolated
from the mycelium of Penicillium griseofulvumDierckx. In 1946,
a compound named ‘curling factor’ was isolated from the
mycelium and the culture � ltrate of Penicillium janczewskiiZal.
It caused abnormal curling of the hyphae ofBotrytis alliiand later
was identi� ed as griseofulvin. Many other fungi were shown to
produce griseofulvin with most of these species belonging to
the genusPenicillium(e.g., Penicillium urticae, Penicillium rais-
trickii, Penicillium raciborskii, Penicillium kapuscinskii, Penicillium
albidum, Penicillium melinii, and Penicillium brefeldianum, as well
as some mutant strains ofPenicillium patulum). In addition,
Aspergillus versicolorand Nematospora corylihave been shown to
produce the antibiotic. The carbon skeleton of griseofulvin is
a tricyclic-spiro system based on grisan and consists of a chlo
rine-substituted coumaranone and an enone containing a
cyclohexane ring adjacent to the asymmetric spirane center.
Biosynthesis of Griseofulvin

Griseofulvin is formed by linear combination of acetate units
with the benzophenone as a possible intermediate. Oxidative
coupling followed by saturation of one of the double bonds in
the resulting dienone may form griseofulvin, as demonstrated
by labeling with [2-3H]- and [14C]acetate. The double-bond
saturation in the intermediate dienone occurs via transaddition
of hydrogen. Labeling with [1-13C, 18O2]acetate and analysis
by 13C nuclear magnetic resonance spectroscopy proved tha
all oxygen atoms derive from acetate. The occurrence of dech
lorogriseofulvin in some producing fungi (e.g., A. versicolor)
indicates that the chlorination must occur as a late step in the
biosynthesis of griseofulvin, although the exact mechanism of
this reaction has not yet been elucidated.
Commercial Production

Griseofulvin is produced commercially in submerged culture
with mutant strains of P. patulum, P. raistrickii, or P. urticae,
which have been obtained by mutating the spores with ultra-
violet light, chemical mutagens, or sulfur isotopes, in a corn-
steep medium in which the factors of pH (through intermit-
tent addition of glucose), aeration, and the concentration of
chloride and nitrogen are controlled carefully. A typical gris-
eofulvin titer of 6 –8 g l� 1 is achieved after 10 days of fermen-
tation. Higher yields (up to 12 –15.5 g l� 1) can be obtained by
the addition of various methyl donors (choline salts, methyl
xanthate, and folic acid) to the medium.
Applications of Griseofulvin

Griseofulvin is used for the treatment of infections caused by
species of certain dermatophytic fungi (Epidermophyton, Tri-
chophyton, and Microsporum), which cannot be cured by topical
therapy with other antifungal drugs. In vitro, minimal inhibi-
tory concentrations ranging from 0.18 to 0.42mg ml� 1 against
various dermatophytes have been reported. The drug has n
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effect on bacteria, other pathogenic fungi, and yeasts. Griseo
fulvin is effective in vivo in cutaneous mycoses because, whe
administered orally, it concentrates in the deep cutaneous laye
and the keratin cells. The uptake of griseofulvin into the
susceptible fungal cells is an energy-requiring process depe
dent on concentration, temperature, pH, and an energy sourc
such as glucose. It has been suggested that insensitive fungi a
yeasts do not bind suf� cient amounts of the antibiotic.
s.

k

s

l

.

Pleuromutilin (Tiamulin)

The only commercial antibiotic produced by a basidiomycete is
the diterpene pleuromutilin. Pleuromutilin was � rst isolated
from Pleurotus mutilusand Pleurotus passeckerianusin a screening
for antibacterial compounds. Pleuromutilin is active against
Gram-positive bacteria, but its most interesting biological
activity is its effectiveness against various forms of mycoplasm
The preparation of more than 66 derivatives of pleuromutilin
resulted in the development of tiamulin, which exceeds the
activity of the parent compound against Gram-positive bacteria
and mycoplasms by a factor of 10–50. The minimal inhibitory
concentrations against different strains of mycoplasma were in
the range 0.0039–6.25 mg ml� 1.
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Production of Pleuromutilin

Pleuromutilin can be produced by the fermentation in a
medium composed of glucose 50 g, autolyzed brewer’s yeast
50 g, KH2PO4 50 g, MgSO4$7H2O 0.5 g, Ca(NO3)2 0.5 g, NaCl
0.1 g, FeSO4$7H2O 0.5 g, water to 1 l, and pH 6.0. The yield
after 6 days of growth in a 1000 l fermenter was reported as
2.2 g l� 1. It could be demonstrated that during fermentation of
pleuromutilin, derivatives differing in the acetyl portions
attached to the 14-OH group of mutilin were formed. The
biosynthesis of these derivatives was stimulated strongly b
the addition of corn oil as the carbon source during fermen-
tation. Pleuromutilin overproducers have been obtained by
conventional mutagenesis and selection programs, as well as b
protoplast fusion and genetic studies.
o
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Applications of Pleuromutilin

Studies on the mode of action revealed that pleuromutilin and
its derivatives act as inhibitors of prokaryotic protein synthesis
by interfering with the activities of the 70S ribosomal subunit.
The ribosome-bound antibiotics lead to the formation of
inactive initiation complexes, which are unable to enter the
peptide chain elongation cycle. In various bacteria, resistance t
the drug develops in a stepwise fashion. Because of i
outstanding properties, pleuromutilin is used for the treatment
of mycoplasma infections in animals.
Other Secondary Metabolites

Mycotoxins

Mycotoxins are natural products produced by � lamentous
fungi, mainly with � ve genera (Penicillium, Fusarium, Aspergillus,
Claviceps, and Alternaria), and their biological activity is toxicity
against vertebrates. Mycotoxins are a structurally diverse grou
of generally low-molecular-weight compounds produced by
fungi. Although both chemically and biologically diverse, they
are all fungal secondary metabolites. As such, the principles o
their biosynthesis, physiology, and evolution are similar to
those of antibiotics and other pharmacologically active
secondary metabolites.
Impact of Mycotoxins

Mycotoxins cause adverse health effects in human and livestoc
populations, which range from acute toxicity and death to
milder chronic conditions and impairment of reproductive
ef� ciency. In addition, some mycotoxins show insecticidal,
antimicrobial, and phytotoxic effects. Mycotoxins cause huge
economic losses in agriculture because they contaminate crop
in the � eld, after harvest, or during storage.

A few companies produce and sell mycotoxins as analytica
standards. Otherwise, the economic impact of mycotoxins is
largely negative, and the major biotechnological emphasis in
mycotoxin research is on prevention rather than production.
These compounds play a major role in agricultural ecosystems
Elimination or minimization of mycotoxin contamination in
the raw materials for industrial fermentations is a continuing
biotechnological challenge. In addition, several classes o
mycotoxins have emerged as models for research in th
biosynthesis and molecular biology of fungal secondary
metabolism. The genetic engineering of existing mycotoxin
biosynthetic pathways ultimately could yield novel products
for medicinal use.
Major Classes of Mycotoxins

The extreme toxicity and carcinogenicity of the a� atoxins and
the common occurrence of their producerAspergillusspecies
means that molds are more than mere agents of deterioration
Reports that even trace levels of a� atoxin in feeds had disas-
trous consequences for young poultry led to the awareness tha
other mold metabolites may also have serious consequence
for human and veterinary health.

Mycotoxins have been discovered in various ways. A� a-
toxins were identi� ed after outbreaks of turkey X disease. Th
symptoms caused by ingestion of ergot alkaloids– gangrenous
necrosis, neurological disturbances, and the human diseas
called St. Anthony’s � re – have been known for centuries.
Trichothecenes also have been implicated in several natura
intoxications, for example, alimentary toxic aleukia in human
beings and a variety of moldy corn toxicoses of domesticated
animals. Ochratoxins, on the other hand, were discovered by
laboratory screening targeted speci� cally at � nding toxigenic
fungi. Patulin and trichothecin originally were discovered as
part of screens for new antibacterial compounds from fungi.
During the 1960s, they were reclassi� ed from ‘antibiotics too
toxic for drug use’ to ‘mycotoxins.’ A list of major classes of
mycotoxins and producing fungal species is presented in
Table 3.

A� atoxins are the most biologically potent, economically
important, and scienti� cally understood of the mycotoxins.
In addition to the acute toxicity leading to such conditions as
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Table 3 Important mycotoxins and their producer fungi

Class Chemical taxonomy Major producing species

A� atoxins Polyketides Aspergillus ßavus, A. parasiticus, A. nomius
Citrinin Polyketides Penicillium citrinum, P. verrucosum, numerousAspergillusandPenicilliumspp.
Ergot Amino acid derived NumerousClavicepsspp.
Fumonisin Amino acid derived Fusarium moniliforme, F. proliferatum, F. napiforme,F. nygamai, otherFusariumspp.
Ochratoxin Polyketides Aspergillus ochraceus, Penicillium verrucosum, numerousAspergillusandPenicilliumspp.
Patulin Polyketides Penicillium expansum, P. griseofulvum, andAspergillusspp.
Rubratoxin Penicillium rubrum
Sterigmatocystin Polyketides Aspergillus versicolor, numerousAspergillusspp.
Tremorgens Penicillium cyclopium, Alternaria tenuis, Phoma sorghina,Pyricularia oryzae
Trichothecenes Sesquiterpenoids Fusarium roseum, F. nivale, severalMyrothecium roridum, M. verrucaria, severalFusarium

spp.Trichothecium roseum
Zearalenone Polyketide Fusarium graminearumand numerousFusariumspp.
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turkey X disease, in laboratory tests, a� atoxin B1 is one of the
most potent carcinogens known. There is strong epidemiolog-
ical evidence linking a� atoxin to human liver cancer.

Under appropriate environmental conditions, a� atoxins
are produced by toxigenic strains ofAspergillus� avus and
Aspergillus parasiticus. The crops at greatest risk for a� atoxin
contamination are corn, peanuts, and cottonseed, but rice
nuts, and spices also are susceptible. When animals consum
a� atoxin-contaminated feeds, the toxic factor may be trans
ferred to animal products, such as meat and milk. After the
a� atoxins, trichothecenes are the next most important group
of mycotoxins.
-

,

le
Health Impact of Mycotoxins

The toxic effects of mycotoxins can be divided into two broad
categories:

l Acute effects, which cause rapid, often fatal diseases
l Chronic effects, which may cause weight loss, immuno-

suppression, cancer, reduced milk yields, and other suble
thal changes.

The wide range of pathological effects is listed inTable 4.
Diseases caused by mycotoxins– mycotoxicoses– are not only
clinically diverse but often are extremely dif� cult to diagnose
owing to the numerous pharmacological effects of mycotoxins.
Human diseases associated with mycotoxin ingestion include
St. Anthony’s � re (ergot alkaloids), alimentary toxic aleukia
(T-2 toxin), and yellow rice disease (citrinin and citreoviridin).
Table 4 Range of pathological effects of mycotoxins

Mycotoxin group Pathological effect

A� atoxin Hepatotoxicity, hematopoiesis, carcinogenicity
Ergot alkaloid Vasoconstriction, neurotoxicity, reproductive

irregularities
Fumonisins Neurotoxicity
Ochratoxin Hematopoiesis, carcinogenicity
Ochratoxin A Nephrotoxicity
Sterigmatocystin Carcinogenicity
Tremorgens Neurotoxicity
Trichothecenes Dermal toxicity
Zearalenone Reproductive irregularities
Most mycotoxicoses are known as veterinary syndromes. Som
of the best known include zearalenone as the cause of a
estrogenic syndrome in swine, fumonisins as the cause o
a brain encephalopathy in horses, and ochratoxins as the caus
of a porcine nephropathy. Examples of speci� c human and
veterinary mycotoxicoses are listed inTable 5.

There are virtually no effective treatments for any of these
mycotoxicoses.Therefore,prevention is of theutmost importance
Fungal Secondary Metabolites in Fermented Foods

Most of the mold-fermented foods are considered to be safe
even when they are produced using species ofAspergillusand
Penicillium that include strains capable of producing myco-
toxins. The inability of Aspergillus oryzaeand Aspergillus sojaeto
produce a� atoxins is not understood; presumably, a� atoxin
production offers no selective advantage in the koji environ-
ment. Some species used for food fermentations are even ab
to reduce the mycotoxin concentration in the substrate. For
example Rhizopus oligosporus, used for tempeh fermentation,
reduces a� atoxin present in the substrate to 40% and is able to
inhibit growth, sporulation, and a � atoxin production of
A. � avus. Species ofNeurosporaused to prepare oncom (from
peanuts) inhibit a � atoxin-producing strains of A. � avusand
A. parasiticusby competition or antagonism. Nevertheless, the
application of de� ned starter organisms will improve the
quality and consistency of the products without the production
of undesired secondary metabolites.
Meat Products

The spontaneous myco� ora of mold-ripened salami and ham
mainly consists ofPenicilliumspp. In mold-ripened sausages in
Europe, 50% of the Penicilliumpopulation was identi � ed as
Penicillium nalgiovense; Penicillium verrucosum, Penicillium oxali-
cum, and Penicillium communewere only minor components of
the myco� ora. TheAspergillusspp.Aspergillus candidus, A. � avus,
A. fumigatus, Aspergillus caespitosus, Aspergillus niger, Aspergillus
sulphureus, and Aspergillus wentiiwere isolated from Italian
hams. Mycelium of the mold penetrates the product, causing
some biochemical changes by its metabolism.
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Table 5 Selected human and veterinary diseases associated with mycotoxins

Causative toxin Disease Affected species Food/feed

T-2 and other Fusarium toxins Alimentary toxic aleukia Humans Overwintered wheat
Fumonisins Encephalopathy Horses Grains
Sporidesmin Facial eczema Sheep Pasture grass
Zearalenone Hypoestrogenism Swine Corn
Ochratoxin Nephropathy Pigs, poultry Barley, oats
Satratoxin H, roriden, verrucarin Stachybotryotoxicosis Horses, cattle Hay, straw
Ergot alkaloids St. Anthony’s � re Humans Rye bread
Citreoviridin, citrinin Yellow rice disease Humans Rice
A� atoxins Turkey X disease Turkeys, other poultry Peanut meal, grain
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Production of Secondary Metabolites in Meat
Products

Not only products of the fungal primary metabolism are
formed but also secondary metabolites, such as mycotoxin
and antibiotics. For example, the antibiotic penicillin may
be produced from Penicillium chrysogenum, P. nalgiovense, and
additional species of the genus growing on fermented
meat. The production of penicillin in meat products is not
desirable, as it may cause allergic reactions in sensitive peopl
A continual ingestion of low doses of penicillin or other anti-
biotics may lead to the development of resistant bacteria in the
human digestive tract. This antibiotic-resistant� ora is able to
transfer its genetic information to pathogenic bacteria and
prevent therapy with this antibiotic. Also, for technological
reasons, the presence of penicillin is undesirable; although
pathogenic bacteria can be suppressed, it also may inhibit the
bacterial starter organisms. The production of penicillin is
a consistent characteristic ofP. nalgiovensewhen grown on
a medium optimal for penicillin production. It seems highly
probable that P. nalgiovensecannot produce penicillin on meat-
based substrates, but selection of non-penicillin-producing
strains is advised.

The problem of mycotoxin production in mold-ripened
sausages and ham often is discussed. About 70–80% of the
Penicillium species of the spontaneous� ora of salami are
potential producers of mycotoxins, such as ochratoxin A and
cyclopiazonic acid. From country-cured ham stored under dry
conditions, aspergilli from the speciesA. � avusand A. parasiticus
rarely were identi� ed. No case has been reported of a� atoxin
detection in fermented meat products from the market. The
same can be said about the presence of sterigmatocysti
Ochratoxin can be produced on ham by Aspergillus ochrace
and P. verrucosumunder experimental conditions but no
reports are available about the occurrence of ochratoxin in
market products of mold-ripened ham and sausages. Cyclo
piazonic acid frequently has been isolated fromPenicillium
strains grown on mold-ripened sausages. Penicillic acid could
not be detected after experimental inoculations of sausage
with producer strains. It is suggested that this toxin is inacti-
vated by reactions with amino acids in the meat. Although
molds isolated from fermented meat products have the
potential to produce mycotoxins under appropriate conditions
in laboratory media – and, in some cases, even on the fer
mented product – scant evidence exists that the market-read
products contain dangerous concentrations of mycotoxins
there is usually little carryover of mycotoxins to the muscle
tissues of animal.
Cheeses

Mold-ripened cheeses include the blue-veined cheeses– for
example, Roquefort, Blue (France), Gorgonzola (Italy), Brick
Muenster and Monterey (the United States), Limburger (Bel-
gium), and Stilton (United Kingdom) – and the surface-
ripened Camembert and Brie (France). Blue-veined cheese
are produced by inoculation of the curd with cultures of Peni-
cillium roqueforti, which produces blue-green spores. Proteolytic
enzymes of the mold contribute to the ripening of the cheese
and in� uence texture and aroma; concomitantly, water-soluble
lipolytic enzymes produce free fatty acids and mono- and
diacylglycerols from milk fat. For the production of Camem-
bert and Brie, white strains ofPenicillium camembertiform the
surface crust.
Secondary Metabolites in Cheese

Penicillium camembertiis able to produce the mycotoxin cyclo-
piazonic acid. From 61 strains tested, all synthesized cyclo
piazonic acid. This mycotoxin is isolated from both laboratory
media and commercial cheeses. In cheeses, it is produce
mainly in the rind and after storage at too-high temperatures.
No risk to human health exists according to toxicological data
and consumption habits. Mutants of P. camembertithat cannot
produce cyclopiazonic acid were isolated. This may be a� rst
step to improve the starter organisms by the methods of
genetic engineering. ForP. roqueforti, the production of iso-
fumigaclavine A and B, marfortines, mycophenolic acid, PR
toxin, and roquefortine C were described for chemotype I and
botryodiploidin, mycophenolic acid, patulin, penicillic acid,
and roquefortine C for chemotype II.

In samples of commercial blue-veined cheeses, roquefortin
was observed in all samples, and isofumigaclavine A and trace
of isofumigaclavine B were observed in several samples; P
toxin was not detected. Mycophenolic acid is produced by
some starter cultures in laboratory media and in cheese. Starte
cultures now are available that do not have the ability to
produce patulin, PR toxin, penicillic acid, and mycophenolic
acid. The toxicity of roquefortine and isofumigaclavines is
relatively low. Adequate handling of the cheese during ripening
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and storage, and screening of strains with low potential for the
production of roquefortine and isofumigaclavines or a modi� -
cation with genetic methods, will improve the production of
Roquefort.
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of Antibiotic
Secondary Metabolites in Soy Sauce

The koji molds are yellow-green aspergilli morphologically
characterized asA. oryzaeand A. sojae. A clear separation of
these strains from the a� atoxin-producing A. � avus and
A. parasiticusis dif� cult, because of the occurrence of interme
diate forms. The conidia of the domesticatedA. oryzaeare larger
and germinate faster than those of the wild A. � avus. The
domesticated strains ofA. oryzaeand A. sojaeappear to have lost
the ability to produce a� atoxins. Because of the relatedness o
the koji strains to the a� atoxin-producing strains of A. � avus,
there is a fundamental interest in the mycotoxin-producing
abilities of the koji strains. No a� atoxin production has been
demonstrated inA. oryzae,A. sojae, and Aspergillus tamarii. Other
mycotoxins are reported to be produced by these strains unde
special conditions. Aspergillus oryzaeproduces cyclopiazonic
acid, kojic acid, 3-nitropropionic acid, and maltoryzine; A. sojae
produces aspergillic acid and kojic acid; andA. tamariiproduces
cyclopiazonic acid and kojic acid. Nevertheless,A. oryzaehas
‘generally recognized as safe’ status and is used for the
production of enzymes. There is only scant evidence that thes
mycotoxins exist in industrial products. Generally, the koji
fermentation lasts 48–72 h, whereas toxin production needs
a longer incubation (5–8 days). In addition, the soybean
may be an unsuitable substrate for the production of myco-
toxins, and the subsequent fermentation by bacteria and
yeasts may inactivate any mycotoxins. The large industries us
well-de� ned, nontoxigenic koji molds as starters, but some
small-scale manufacturers continue to use the house� ora, for
which the risk exists of contamination by a� atoxin-producing
strains of A. � avusand A. parasiticus.
See also: Aspergillus; Aspergillus: Aspergillus oryzae;
Aspergillus: Aspergillus ßavus;Cheese:Mold-Ripened Varieties
Fermented Foods:Origins and Applications; Fermented Me
Products and the Role of Starter Cultures;Fermented Foods:
Fermentations of East and Southeast Asia;Fermented Milks:
Range of Products;Mycotoxins:Classi� cationNatural
Occurrence of Mycotoxins in Food;Mycotoxins:Detection and
Analysis by Classical Techniques;Mycotoxins:Immunological
Techniques for Detection and Analysis;Mycotoxins:
Toxicology;PenicilliumandTalaromyces:Introduction;
Penicillium/Penicillia in Food Production.
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Introduction

Microbial cells consist of a wide variety of chemical substance
that are synthesized or taken up from outside the cell. Thes
processes require a lot of energy. Each cell has to provide th
necessary energy, and different possibilities for its supply ar
developed: a number of organisms can use light energy, bu
most microorganisms live heterotrophically by oxidizing
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Figure 1 Embden–Meyerhof–Parnas pathway in bacteria and eucarya.
Intermediates: Glc¼ glucose, Frc¼ fructose, Pi¼ inorganic phosphate
DHA¼ dihydroxyacetone phosphate, GAP¼ glyceraldehyde phosphate,
BPG¼ bisphosphoglycerate, PG¼ phosphoglycerate,
PEP¼ phosphoenolpyruvate. Enzymes: 1– hexokinase, 2– phospho-
glucose isomerase, 3– phosphofructokinase, 4– aldolase,
5 – triosephosphate isomerase, 6– glyeraldehydephosphate dehydroge-
nase, 7– phosphoglycerate kinase, 8– phosphoglycerate mutase,
9 – enolase, 10– pyruvate kinase.
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chemical compounds for growth. Carbohydrates– especially
glucose as well as fatty, amino, or nucleic acids– are metabo-
lized through substrate-speci�c pathways that generate energy
typically in the form of adenosine triphosphate (ATP) either by
substrate-level phosphorylation or by generating an electro
chemical gradient across the cytoplasmic membrane. Addi
tionally, these central metabolic pathways provide the cell with
reducing power from the oxidation–reduction process in the
form of nicotinamide adenine dinucleotide (NADH) and
nicotinamide adenine dinucleotide phosphate (NADPH).

The different processes by which energy is converted esp
cially from glucose to ATP under aerobic conditions will be
discussed.

Following are the major carbohydrate metabolizing
pathways:

l Embden–Meyerhof–Parnas (EMP) pathway also called
glycolysis (Figure 1)

l Entner–Doudoroff (ED) pathway ( Figure 2)
l Pentose-phosphate (PP) pathway (Figure 3)
1
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Figure 2 Entner–Doudoroff (ED) pathway in bacteria. Intermediates:
KDPG¼ 2-keto-3-deoxy-6-phosphogluconate,
PEP¼ phosphoenolpyruvate. Enzymes: 1– ATP-dependent hexokinase,
2 – glucose-6-phosphate dehydrogenase, 3/4–
6-phosphogluconolactonase and 6-phosphogluconate dehydratase,
5 – 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase.
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Figure 3 Pentose-phosphate (PP) pathway. Enzymes: 1– hexokinase, 2/3– glucose-6-phosphate dehydrogenase and 6-phosphogluconolactonase,
4 – 6-phosphogluconate dehydrogenase, 5– ribulose-5-phosphate epimerase, 6– isomerase, 7– epimerase.
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These pathways differ in many ways, but two generaliza
tions can be made:

l All pathways convert glucose to glyceraldehyde-3
phosphate (GAP).

l GAP is converted to pyruvate via reactions realized in al
pathways.
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Transport into the Cell

Before the degradation of carbohydrates, they have to b
transported into the cell. The cytoplasmic membranes of the
cell are not simply permeable for substrates being metabo
lized. Three different transport systems control the entry into
the cell:

l Passive transport: facilitated diffusion (e.g.,Zymomonas
mobilis and erythrocytes). Because facilitated diffusion is
found only in a few organisms or cell types, it will not be
further discussed.

l Active transport: symport with a proton(s) or sodium
ion(s). In this process of active transport, the substrate can
accumulate to a high concentration in the cytoplasm in
a chemically unaltered form. Active transport requires
energy and is linked to energy available from ion gradients
or ATP hydrolysis.

l Group translocation: phosphotransferase system (PTS
Group translocation is the process whereby a substance
transported while simultaneously being chemically modi-
� ed, generally by phosphorylation.
Active Transport: Symport of Sugars

Active transport is an energy-dependent system. The substan
being transported combines with a membrane-bound carrier,
which then releases the chemically unchanged substance insid
the cell. Substances transported by active transport are suga
most amino acids, organic acids, and a number of inorganic
ions, such as sulfate, phosphate, and potassium.

In bacteria, the driving force of the active transport comes
from ATP hydrolysis or more commonly from the electro-
chemical Hþ gradient (DmHþ ) across the membrane, called the
proton motive force.

The proton concentration outside the cell (þ) is higher than
inside (�) the cell, and there is a potential of about 200 mV
across the membrane. It is this electrochemical potential tha
drives the uptake of cationic nutrients by active transport. For
neutral or anionic nutrients, the transport must be driven by
a cation, Hþ , or in some cases by Naþ . The transport of lactose
is driven by a proton that is called symport. Each carrier has two
speci�c sites: one for the substrate (e.g., glucose or lactose) an
one for a proton (or protons). As the substrate is taken up,
protons move across the membrane and the proton motive
force is diminished.
Group Translocation: PTS

In this transport process, the substance transported is altere
chemically in the course of its passage across the membran
and thus no actual concentration gradient of the external solute
is produced. The PTS is the best-studied group translocatio
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system, which involves transport of the sugars glucose, mannos
fructose, a-acetylglucosamine, and b-glucosides, which are
phosphorylated during transport.

The PTS inEscherichia coliis composed of three reactions
with 24 proteins, only four are necessary to transport a given
sugar. The proteins themselves are alternatively phosphory
lated and dephosphorylated in a cascading fashion until the
transmembrane transport protein called EIII receives the
phosphate group and phosphorylates the sugar. The high
energy phosphate bond that supplies the necessary energy f
the PTS comes from the key metabolic intermediate phos
phoenolpyruvate (PEP). A small protein, called HPr, is phos-
phorylated by PEP.

Glucoseþ PEP/
PTS

Mg2þ
Glucose-6-phosphateþ Pyruvate:

This reaction is not speci� c to the glucose transport system
but is involved in the sugar transport, in general. Enzyme I and
HPr are soluble cytoplasmic enzymes, whereas enzymes II an
III are membrane bound and speci� c for the uptake of each
individual sugar. For example, there are different enzymes I
and III for the transport of glucose, lactose, and fructose
Mutants defective in HPr or enzyme I are unable to transport
many differentsugars, whereas mutants defective in an enzym
II or III are unable to transport a particularsugar.

EMP Pathway

The process of sugar catabolism is called glycolysis. The enz
matic reactions of a glycolytic pathway will form pyruvate
coupled to ATP synthesis by substrate-level phosphorylation.

In the EMP pathway, glucose (C6) is � rst converted in
a series of reactions to form fructose-1,6-bisphosphate, which i
cleaved to form two interconvertable C3-sugars. They ente
a common set of catabolic reactions to form two molecules of
pyruvate. The degradation of one molecule of glucose to two
pyruvates releases suf� cient free energy to permit the synthesis
of four ATP from ADP and Pi. The conversion of glucose is
accompanied by the formation of two reduced coenzymes
(NADH/H þ ) ( Figure 1).

Cells initiate the EMP pathway by activation of glucose by
phosphorylation with ATP (hexokinase) to glucose-6-phosphate
or using PTS (see Group Translocation: PTS). Glucos
6-phosphate is isomerized to fructose-6-phosphate (isomerase
and then converted to fructose-1,6-bisphosphate with ATP
(phosphofructokinase). The phosphofructokinase is the key
enzyme in regulating the rate of glycolysis. It is allosterically
regulated by the effector molecules adenosine monophosphat
(AMP) and adenosine diphosphate (ADP). When both of these
are high, the ATP concentration in the cell is low and glycolysis
must be stimulated to regenerate ATP. Additionally, phospho-
fructokinase is feedback inhibited by PEP and fructose
6-phosphate (end-product inhibition).

Fructose-1,6-bisphoshate can be broken down into two
phosphorylated 3-carbon units, GAP and dihydroxy-acetone
phosphate, by an aldolase reaction (fructose-1,6-bisphosphat
aldolase). Both compounds are in equilibrium (triosepho-
sphate isomerase) with each other. The constant removal o
GAP by the glycolytic pathway shifts the balance, however
so that for each glucose molecule, almost two GAP are formed
The oxidation of two GAP to two pyruvate molecules starts
with the exergonic GAP dehydrogenase reaction in which
inorganic phosphate is incorporated to form the two 1,3-
bisphosphoglycerates and two reduced coenzymes NADH. Th
mixed anhydride 1-phosphate of 1,3-bisphosphoglycerate is
coupled with the synthesis of ATP (3-phosphoglycerate kinase
by substrate-level phosphorylation. The � nal reactions
(mutase, enolase, and pyruvate kinase) form two pyruvates and
two ATP from ADP and Pi (Figure 1).

The overall reaction is as follows:

Glucoseþ 2 ADP3� þ 2 Pi
2� þ 2NADþ / 2 Pyruvate�

þ 2 ATP4� þ 2 NADH þ 2Hþ þ 2 H2O:

Although the initial series of reactions of the EMP pathway
require the input of two ATP, the overall reaction is exergonic,
so that a net yield of two ATP and two NADH/Hþ � nally will
result from one glucose molecule degraded in glycolysis.
ED Pathway

A second important pathway for the breakdown of carbohy-
drates is found only in prokaryotes. It was� rst discovered in
1952 by Entner and Doudoroff in Pseudomonas saccharophila. It
is widely spread, especially among strictly aerobic Gram
negative bacteria (Agrobacterium tumefaciens, Azotobacter vine
landii, Xanthomonas, Arthrobacter, Caulobacter, and Neisseria
species). But it is also present in many facultative anaerobes–
such asE. coli, Vibrio cholerae, Sinorhizobium melioti, Rhodobacte
spp., Paracoccusspp., and cyanobacteria– and can operate in
different modes, including a linear and catabolic, a cyclic,
a modi� ed form involving nonphosphorylated intermediates,
or alternative modes involving C1 metabolism and anabolism.
The ED (Figure 2) pathway will be viewed here as an alternative
to the EMP pathway.

Prokaryotes, which carry out the ED pathway, lack the key
enzyme phosphofructokinase of the EMP pathway. Therefore
glucose is oxidized to 6-phosphogluconate and then via a lac
tonase and a dehydratase reaction converted to 2-dehydro
3-deoxy-6-phospho-gluconate (erroneous KDPG). KDPG is
cleaved directly to pyruvate and GAP. Because of this dire
formation of pyruvate, some of the ATP-generating steps are los
So the breakdown of glucose via ED pathway results in the ne
production of only one ATP and one NADPH and one NADH.

The overall reaction is as follows:

Glucoseþ NADPþ þ NADþ þ ADP3� þ Pi
2� / 2 Pyruvate�

þ NADPH þ NADH þ 3 Hþ þ ATP4� :

As a result, the ED pathway yields half the net amount of
ATP from the degradation of one molecule of glucose to two
pyruvate molecules compared with the EMP pathway.

Because of the net production of only 1 mol ATP per mole
glucose fermented, this pathway is found preferentially in
aerobic bacteria. Usually, the anaerobic living bacteria do no
have a respiratory chain and are restricted to ATP synthesis v
substrate-level phosphorylation. So they are dependent on
twice as an ef�cient EMP pathway.

The ED pathway is important when substrates such a
gluconate (or other aldonic acids) serve as nutrients– e.g., when
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E. coli is transferred from a glucose to a gluconate-containing
medium, three new enzymes will be synthesized: gluconate per
mease, 6-phosphogluconate dehydratase, and KDPG-aldolas
The genes of theedd-edaoperon (for ED dehydratase and for
ED aldolase) are induced from a GntR-regulated gluconate
response promoter, P1, located upstream ofedd. Theeddgene is
not expressed in the presence of glucose, whereasedaexhibits
higher basal-level expression from other promoters (P2 or P4)
regardless of the C-energy source being utilized (Figure 2).

The overall reaction is as follows:

Gluconate� þ NADþ þ ADP3� þ Pi
2� / 2 Pyruvate�

þ NADH þ Hþ þ ATP4� :

In addition, the ED pathway provides an important role for
the synthesis of NADPH þ Hþ that often is essential for
anabolic reactions.

The strictly fermentative bacteriumZ. mobilisis unique in
using the ED pathway under anaerobic conditions. InZymo-
monas, the ED pathway is the only way to degrade glucose and
other sugars for energy production. Because of the relativ
inef� ciency of the energy production, this bacterium has
developed an effective facilitated diffusion glucose uptake
system and maintains high levels of all enzymes involved in
the utilization of glucose as well. So it is not surprising that
Z. mobilislives on plants producing sugar-rich saps.

Pentose-Phosphate (PP) and Pentose-
Phosphoketolase Pathways

In bacteria, about 80% of the glucose is degraded aerobicall
via the EMP and ED pathways, and about 20% enters the P
pathway especially for the regeneration of the NADPH that is
needed for reduction reactions in biosynthetic pathways– e.g.,
the synthesis of precursors for nucleic acids and coenzym
biosynthesis, production of sugar intermediates, and fatty acid
biosynthesis. So a lot of variations of the PP pathway are
possible, depending on the need of the growing cell (Figure 3).

Several important features should be noted:

1. Oxidation and decarboxylation reaction of glucose
2. Generation of NADPH þ Hþ and ribulose-5-phosphate as

the key intermediate
C5 C3

C5 C7

C5

Xylose-5P Glyceraldehyde-3P

Ribose-5P Sedoheptulose-7P

Xylose-5P

C2 TK C3

Figure 4 Conversion of pentose-phosphates into hexose-phosphate¼
3. Isomerization reactions for the generation of sugar diversity
4. Transaldolase (TA) and transketolase (TK) reactions in th

rearrangement of sugars

Glucose is phosphorylated to glucose-6-phosphate in
an ATP-dependent reaction (hexokinase) and then oxidized
to ribulose-5-phosphate and CO2, while generating two
NADPH þ Hþ . At � rst, glucose-6-phosphate is oxidized to
6-phosphogluconolactone by an NADPþ -speci� c glucose-
6-phosphate dehydrogenase. The lactone then is hydrolyze
to 6-phosphogluconate by gluconolactonase using one mole-
cule of H2O. The conversion of 6-phosphogluconolactone to
6-phosphogluconate also can occur nonenzymatically. In the
described oxidation process, energy is lost as heat and cannot b
used for substrate-level phosphorylation. 6-Phosphogluconate
dehydrogenase reduces a second NADPþ under the forma-
tion of ribulose-5-phosphate and CO2. Ribulose-5-phosphate
can be isomerized to ribose-5-phosphate and epimerized to
xylulose-5-phosphate. Both enzyme activities (ribulose-5-
phosphate epimerase and ribose-5-phosphate isomerase
must be functional for the continuation of the pathway.

The overall reaction is as follows:

Glucoseþ ATP4� þ 2 NADPþ þ H2O/ Pentose-5-P2�

þ CO2 þ ADP3� þ 2 NADPH þ 3 Hþ :

When more NADPH þ Hþ is needed, the enzymes TK and
TA can convert PPs back into hexose-phosphates.

These reactions are the cyclic part of the PP-cycle regardi
the transfer of C2 and C3 units. Therefore, three PPs are con
verted into two fructose-6-phosphates (Frc-6P) and one GAP
The isomerization of Frc-6P to Glc-6P and the condensation o
two triosephosphates to one hexose-phosphate closes the cycl
The TK transfers C2 units with thiamin diphosphate as pros-
thetic group, whereas the TA transfers C3 units (Figure 4).

In the next steps, xylulose-5-phosphate and ribose
5-phosphate are converted to sedoheptulose-7-phosphat
(SH-7P) and GAP in a TK reaction. Then TA generate
fructose-6-phosphate (Frc-6P) and erythrose-4-phosphate (Ery
4P), while TK also converts Ery-4P and xylulose-6-phosphat
(Xyl-6P) to Frc-6P and GAP. These intermediates can ent
the EMP pathway and make it possible to grow on pentoses a
carbon-energy source.
C6

C4 C6

C3

Fructose-6P

Erythrose-5P Fructose-6P

Glyceraldehyde-3P

TA

TKC2

s. TAtransaldolase, TK¼ transketolase.
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2 Xylulose-5P
2 C5

þ Ribose-5P
C5

# 2 Fructose-6P
2 C6

þ Glyceraldehyde-3P
C3

:

Because of the reversibility of TK and TA reactions, th
synthesis of PPs from hexose-phosphates is also possible und
conditions in which NADPH/H þ is not needed (Figure 4).
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Pentose-Phosphoketolase Pathway

The pentose-phosphoketolase (PPK) pathway (Figure 5)
represents an offshoot of the oxidative branch of the PP
pathway and is the favored glucose degradation pathwa
in heterolactic or heterofermentative lactic acid–producing
bacteria, such as Lactobacillus, Lactococcus, or Leuconosto
1

2/3

4

5

6

EMP
pathway

Glucos

Glucose-6-pho

6-Phosphogl

CO2

Ribulose-5-ph

Xylulose-5-ph

Glyceraldehyde-3-phosphate

2 ADP

2 ATP

NAD+, Pi

NADH/H+

Pyruvate
Lactate

Figure 5 Pentose-phosphoketolase (PPK) pathway. Enzymes: 1– hexokina
lactonase, 4– 6-phosphogluconate dehydrogenase, 5– ribulose-5-phospha
species. Typically, equimolar amounts of CO2, lactate, and
ethanol or acetate are produced. This pathway operates in th
absence of O2, and thus it is not discussed further in this
chapter.
Glycolytic Pathways in Archaea

Archaea are one of the three domains of life, and they shar
a lot of characteristics with the other two domains, Bacteria and
Eucarya, but they are evolutionarily distinct from them. Like
Bacteria, Archaea have a prokaryotic cellular structure and lac
a cell nucleus. They can be found in almost every environmen
on earth. One group of these organisms, the saccharolyti
archaea, live heterotrophically on a variety of sugars and hav
developed a combination of classical bacterial and eukaryotic
7

8

e

ATP

ADP

sphate

NADP+

H2O
H+

NADPH/H+

uconate

NADP+

NADPH/H+

osphate

osphate

Pi

Acetylphosphate

Ribose-5-phosphate

Acetate Ethanol

se, 2/3– glucose-6-phosphate dehydrogenase and 6-phosphoglucono-
te epimerase, 6– pentose-phosphoketolase.
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sugar-degrading pathways– e.g., a modi� ed EMP and ED
pathways using well-known glycolytic enzymes as well as
enzymes unique to the Archaea.

The anaerobic thermophilic Archaeon Pyrococcus furios
uses the EMP pathways, with only 4 of the 10 glycolytic
enzymes found in Bacteria and Eucarya, which are trios
phosphate isomerase, phosphoglycerate mutase, enolase, an
pyruvate kinase. The other steps from glucose to pyruvate ar
catalyzed by enzymes different to the well-known EMP
pathway enzymes (Figure 6).

The conversion of GAP to 3-phosphoglycerate, which
usually is catalyzed by two different enzymes (GAP
dehydrogenase and phosphoglycerate kinase) and results i
the generation of a NADH/Hþ and one ATP, is conspicuously
different. In P. furiosus, a single-step conversion of GAP into
3-phospoglycerate occurs in a phosphate-independent way with
-

al-
e

Frc-6P

2 H2O

GAPDHAP

2 Pyruvate

Frc-1,6-BP

Glucose

ATP or ADP

ADP or AMP

ATP or ADP or PP i

ADP or AMP or P i

2 PEP

2 ADP

2 ATP

2 NADH/H+ or Fd red

2 NAD+ or Fd ox

Glc-6P

2  3-PG

2  2-PG

9

10

8

76

4

3

2

1

5

Figure 6 Modi� ed Embden–Meyerhof–Parnas pathway present in some
Archaea. Intermediates: Glc¼ glucose, Frc¼ fructose, P¼ phosphate,
DHA¼ dihydroxyacetone phosphate, GAP¼ glyceraldehydephosphate,
BPG¼ bisphosphoglycerate, PG¼ phosphoglycerate,
PEP¼ phosphenolpyruvate. Enzymes: 1– ATP- or ADP-dependent
hexokinase, 2– phosphoglucose isomerase, 3– ATP- or ADP- or
PPi-dependent phosphofructokinase, 4– aldolase, 5– triosephosphate
isomerase, 6– glyceraldehydephosphate ferridoxin oxidoreductase,
7 – phosphate-independent NADþ -dependent glyceraldehydephospate
dehydrogenase, 8– phosphoglycerate mutase, 9– enolase,
10 – pyruvate kinase.
the tungsten-containing enzyme glyceraldehyde-3-phosphate
ferredoxin oxidoreductase and no NADH/Hþ or ATP can be
generated. On the other hand, inTrichomonas tenax, an allos-
trically controlled phosphate-independent NADþ -dependent
GAP-dehydrogenase catalyzes the oxidation of GAP t
3-phosphoglycerate in one step with the generation of NADH/
Hþ without ATP (Figure 6).

In the aerobic thermoacidophilic Crenarchaeon, Sulfo-
lobus glucose is degraded via a nonphosphorylating and
a partially phosphorylating branch of the ED pathway
with 2-keto-3-deoxy-gluconate (KDG) and 2-keto-3-deoxy-
6-phosphogluconate (KDPG) as intermediates (Figure 7). The
key enzyme is a bifunctional aldolase, catalyzing the cleavag
of KDP and KDPG as well. The glucose-degrading pathway i
the thermoacidophilic Thermoplasma acidophilum(Euryar-
chaeota) could be the ED pathway because of the presenc
of a glucose dehydrogenase. In the thermoacidophilic Eur
yarchaeon Picrophilus torridusa nonphosphorylative ED
pathway has been veri� ed with 13C labeling, showing that
glucose is only metabolized by this pathway. All the enzymes
of an npED pathway could be detected including the following
key enzymes: gluconate dehydratase, KDG aldolase, glycer
dehyde dehydrogenase, and glycerate kinase. In contrast to th
bifunctional KDPG/KDG aldolase from Sulfolobus, the KDG
aldolase from P. torridusonly cleaves to KDG and represents
a new type of aldolase.
.
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Energy Balance and Distribution of the
Glucose-Degrading Pathways

The bene� t of the glucose-degrading pathways is different
Glycolysis produces per mol glucose oxidized to pyruvate
2 mol ATP and 2 mol NADH/H þ , whereas the EMP pathway
supplies the cell per mol glucose with 1 mol ATP, NADH/Hþ ,
and NADPH/H þ each. Here, one NADH/Hþ is produced
instead of one ATP and one NADH/Hþ , which is compre-
hensible with the fact that the transmission of hydrogen
from NADH/H þ to NADP often consumes energy in the form
of ATP.

Microorganisms are quite different in using the described
pathways. The enzymes of the EMP-pathway often are prese
in the cell and are expressed constitutively, although they are
used in the reverse direction (e.g., gluconeogenesis) dependin
on the constitution of the cell and the environmental circum-
stances. The PP pathway seems to be distributed widely an
plays a vital role of supplying two additional precursor
metabolites: the ED-pathway as an alternative link between an
intermediate of the PP pathway (6-phosphogluconate) and
two compounds of the glycolysis (triose-3-phosphate and
pyruvate). It is mediated by only two enzymes (a dehydratase
and an aldolase). Use of this path requires the operation of
the glycolytic pathway as well as for ATP production and
the formation of precursor metabolites, but this pathway is
distributed widely among diverse bacteria, and in some, it
appears to serve as the major route of sugar metabolism
(Table 1).

The Archaea developed a lot of variations of the mentioned
central metabolism pathways. It is not known whether these
are derived from the well-known pathways.



se

e

),

(a) (b)

1/2

3

4 9 10

11
5 Pi

12
6

13

7

8

Glucose

ATP

Gluconate

Pyruvate Glyceraldehyde

Glycerate

2-P-Glycerate

Pyruvate

ATP

KDG

PEP

NADPH/H+

NADPH/H+
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H2O

ATP

KDPG

GAPPyruvate

1,3-BPG

3-PG

NADH/H+

ATP

Figure 7 Entner–Doudoroff (ED)-like pathway in Archaea. Intermediates: KDG¼ 2-keto-3-deoxygluconate, KDPG¼ 2-keto-3-deoxy-
6-phosphogluconate, GAP¼ glyceraldehyde-3-phosphate, BPG¼ bisphosphoglycerate, PG¼ phosphoglycerate, PEP¼ phosphoenolpyruvate.
Enzymes: (a) non phosphorylated: 1/2– glucose dehydrogenase/gluconolactonase, 3– gluconate dehydratase, 4– KDG aldolase, 5– glyceraldehyde
dehydrogenase, 6– glycerate kinase, 7– phosphoglycerate enolase, 8– pyruvate kinase, 9– KDG kinase 10 (b) partially phosphorylated:– KDPG
aldolase, 11– phosphate- NADþ -dependent glyceraldehyde-3-phosphate dehydrogenase, 12– phosphoglycerate kinase, 13– phosphoglycerate mutase.

Table 1 Distribution of pathways involved in hexose degradation

Organism EMP pathway ED pathway PP path

Escherichia coli 72% – 28%
Bacillus subtilis 74% – 26%
Pseudomonas aeruginosa – 71% 29%
Pseudomonas saccharophila– 100% –
Ralstonia eutropha – 100% –
Gluconobacter oxydans – – 100%
Streptomyces griseus 97% – 3%
Candida utilis 70–80% – 30–20%

EMP ¼ Embden–Meyerhof–Parnas , ED¼ Entner–Doudoroff, PP¼ pentose-
phoshate.
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Oxidation of Pyruvate to Acetyl-Coenzyme A

In all of the major carbohydrate catabolic pathways, pyruvate is
a common product, which is oxidized during aerobic growth
by the pruvate–dehydrogenase complex:

Pyruvate� þ NADþ þ CoASH/ Acetyl-CoAþ CO2

þ NADH=Hþ :

This enzyme complex is located in the cytosol of
prokaryotes and in the mitochondrial matrix of eukaryotic
cells and consists of three enzymes: pyruvate dehydrogena
with thiamine pyrophosphate as cofactor, dihydrolipoate
transacetylase, and the dihydrolipoate dehydrogenase with
� avin adenine dinucleotide, lipoic acid, nicotinamide
adenine dinucleotide (NADþ ), and coenzyme A. The complex
catalyzes a short metabolic pathway rather than a simple
reaction. Under physiological conditions, it is irreversible and
under the control of several allosteric effectors– e.g., theE. coli
pyruvate dehydrogenase is feedback inhibited by the products
of the reaction, acetyl-CoA, and NADH. So only as much
acetyl-CoA and NADH are produced as can be used. Th
enzyme also is stimulated by phosphoenolpyruvate. High
AMP levels also in� uence this enzyme, signaling low ATP
concentrations.

way
The Citric Acid Cycle

To � nish the respiratory metabolism of glucose, acetyl-CoA
enters the tricarboxylic acid cycle (TCA cycle) to produce
CO2, water, reduced coenzymes, and ATP (Figure 8).

The overall reaction is as follows:

Acetyl-CoAþ ADP3� þ Pi þ Q þ 2 H2O þ NADPþ

þ 2 NADþ / 2 CO2 þ ATP4� þ QH2 þ NADPH=Hþ

þ 2 NADH=Hþ þ Hþ þ CoASH:

There are four oxidation steps per acetyl-CoA producing two
NADH (2-oxoglutarate dehydrogenase, malate dehydrogenase
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Citrate

cis-Aconitate

Isocitrate

Oxalsuccinate

-Ketoglutarate

Succinyl-CoA

Succinate

Fumarate

Malate

Oxaloacetate

Acetyl-CoA

Pyruvate

H2O

H2O

NAD(P)+

NAD(P)H/H+

CO2

NAD+

HSCoA
CO2

NADH/H+
ADP

ATP
HSCoA

H2O

NAD+

NADH/H+

NAD+, HSCoA

CO2, NADH/H+

Figure 8 Citric acid cycle. Enzymes: 1– citrate synthase, 2– aconitate hydratase, 3– isocitrate dehydrogenase, 4– a-ketoglutarate dehydrogenase,
5 – succinate thiokinase, 6– succinate dehydrogenase, 7– fumarase, 8– malate dehydrogenase, 9– pyruvate dehydrogenase.
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one NADPH (isocitrate dehydrogenase, in bacteria mostly
NADP dependent), and one QH2 (succinate dehydrogenase)
One ATP (succinate thiokinase) is formed via substrate-leve
phosphorylation. The cycle usually operates in conjunction
with the respiratory chain, which reoxidizes NAD(P)Hþ Hþ and
QH2 using the proton motive force (in mitochondria intra-
mitochondrial NAD and extramitochondrial NAD P is used) to
generate ATP in the ATP-synthase reaction. The respiratory cha
uses the reduced cofactors produced in several oxidation step
described previously. The respiratory chain with its components
are not discussed in this chapter.
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Other Substrates as Sources for Metabolic Activity

Living organisms can use a variety of substrates for growth
Almost every natural occurring organic compound can serve a
source for cell carbon or energy. These can be low-molecula
mass compounds or polymers, such as glycogen, starch, cell
lose, polysaccharides, lipids, fatty acids, and proteins. Polymer
cannot enter the cell; they must be cleaved outside into
monomers and dimers, small enough to be transported into
the cell and then enter the metabolic pathways.

1. Carbohydrates: Glucose is not the only carbohydrate that can
be converted to pyruvate by glycolysis. A lot of other mono-,
di-, and polysaccharides are substrates for ATP synthesis.

2. Lipids and fatty acids: Lipids also can serve as substrates f
the production of ATP. The fatty acids are cleaved from the
glycerol backbone of a triglyceride lipid molecule by the
action of lipases.
Glycerol is converted to dihydroxyacetone-phosphate and
then to GAP, entering the EMP pathway. Fatty acids are broke
down by a process calledb-oxidation. The fatty acid chain is
� rst converted to the corresponding CoA-ester by an acyl-CoA
synthetase. The CoA-ester is then oxidized in theb-position
and cleaved into acetyl-CoA and the acyl-CoA (CoA-ester of th
fatty acid shortened by two carbon atoms), which enters a new
degrading cycle. Every reaction sequence forms QH2 and
NADH. Acetyl-CoA is passed into the TCA cycle.

3. Amino acids: Amino acids and short chain peptides are
actively taken up and metabolized. The degradation
starts with the removal of the amino group either by an
oxidase to the corresponding ketoacid, by a dehydrogenas
coupled with a transaminase, or by a deaminase. All 20
amino acids are degraded to the following intermediates
entering the TCA cycle: pyruvate, acetyl-CoA, acetoacety
CoA, 2-oxoglutarate, succinyl-CoA, fumarate, and oxaloac
etate. Acetoacetyl-CoA itself is a precursor to acetyl-CoA.

4. Aromatic substrates: Plants produce a lot of substrates with
aromatic ring systems that become available when organic
material is decomposed. In particular, bacteria and fungi
can degrade the aromatic rings. Under aerobic conditions
aromatic compounds are transformed by monooxygenases
and dioxygenases into a few central intermediates, such a
catechol, protocatechuate, or gentisate and homogentisate
These dihydroxylated compounds are suitable for an
oxidative ortho- or meta-cleavage via a dioxygenase befor
other reaction sequences follow to form intermediates of
the TCA cycle.
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See also:Metabolic Pathways:Release of Energy (Anaerobi
Enterobacteriaceae:Coliforms andE. coli, Introduction;
Lactobacillus: Introduction; Methanogens.
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Metabolism and Microorganisms
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Metabolism is the sum of all chemical reactions within a living
organism. Metabolism can be divided into two classes: that which
releases energy and that which requires energy reaction. Metabolis
can be viewed as an energy-balancing act.

Catabolism is the reactions that break down complex organic
compounds into simpler ones and release energy. These reaction
are called catabolic, or degradative, reactions. An example o
catabolism occurs when cells break down sugars into carbon
dioxide and water.
e

ll

he

e
n
-
).

ic,

y
e

.

y

Metabolism is the totality of an organism’s chemical
processes. A cell’s metabolism is an elaborate road map of
numerous reactions that occur in the cell. These reactions ar
arranged in an intricately branched metabolic pathway along
which molecules are transformed by a series of steps. The ce
roots matter through the metabolic pathways by means of
enzymes that selectively accelerate each of the steps in t
labyrinth of reactions. Thus, metabolism is concerned with
managing the material and energy resources of the cell. Som
metabolic pathways release energy by breaking dow
complex molecules to simpler compounds. These degrada
tive processes are called catabolic pathways (catabolism
Certain chemical transformations are involved in the
synthesis of macromolecules. This part of metabolism is
termed biosynthesis or anabolic pathways (anabolism),
Figure 1.

Microorganisms are unicellular, meaning they contain
only a single cell. The cellular organisms are classi�ed broadly
as prokaryotes and eukaryotes, as aerobic and anaerob
and by type of metabolism. Prokaryotes microorganismsare
Simple mole
(glucose, gly
amino acids

acids)

Catabolic reactions
transfer energy from 
complex molecules 

to ATP

ATP

Complex mole
(starch, lip

proteins

Heat released

ADP +  P

ure 1 Anabolic and catabolic pathways.

Encyclopedia of Food
microorganisms that are characterized by the absence o
a distinct membrane-bound nucleus and by DNA that is not
organized into chromosomes. They can be subclassi�ed into
archaebacteria (methanogens, extreme halophiles, extrem
thermophiles) and eubacteria (Gram-positive bacteria,
Gram-negative bacteria). Eukaryotes microorganismsare
organisms that have a membrane-bound nucleus in the cel
containing chromosomes, and other membrane-bound
organelles, such as fungi.Aerobic microorganismsare microor-
ganisms that can grow and live in the presence o
oxygen. Anaerobic microorganismsare averse to air. Some
anaerobic organisms can break down organic chemicals b
fermentation. Such organisms are useful at hazardous wast
sites.

Microorganisms also can be classi�ed according to the type
of metabolism as autotrophs, heterotrophs, chemotrophs,
chemoheterotrophs, and phototrophs.Autotrophsare microor-
ganisms that use carbon dioxide as their carbon source
Heterotrophsare microorganisms that use organic compounds
as their carbon source.Chemotrophs are microorganisms that
use chemical bonds for production of adenosine triphosphate
(ATP). Chemoheterotrophsare microorganisms (such as fungi)
that use organic compounds for a carbon source and the energ
of chemical bonds to produce ATP.Phototrophsare microor-
ganisms that use light for the production of ATP.
Bacterial Growth during Fermentation

There are four different phases in bacterial growth during
fermentation (Figure 2). A good understanding of these phases
cules
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molecules

cules
ids, 
) Heat released

i

Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00198-1

http://dx.doi.org/10.1016/B978-0-12-384730-0.00198-1


e

ty
-

.
e
,
o
y

l

f

s

he
l,

d

s
-

g

Figure 2 Typical growth curve for a batch system.
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is very important for effective management of the whole
fermentation process.

Lag phase: at the start of the process, microorganisms ar
added to the nutrient medium and allowed to grow. The
number of microorganisms will not increase because they try to
adapt to the environment.

Exponential phase: the microorganisms are adjusted to the
new environment and they multiply at a rapid pace, thus
increasing the cell number exponentially.

Stationary phase: as the microorganisms grow, they produce
metabolites that are toxic to microbial growth. Also, the
nutrient medium is used up, slowing down or stopping cell
growth.

Death phase: microorganisms produce toxic metabolites to
the extent that they cause the death of the microorganisms.
r-

y
s,

s

s
y

s

e

re

,

e,
ll

e
e
ce

s

l
r
r

s

,
e
.

Substrates Utilized by Bacteria and Fungi

Fungi, being osmotrophic chemoheterotrophs, utilize
substrates ranging from simple sugars to cellulose, hydroca
bons, lignin, pectins, and xylans. Energy-yielding metabolism
may involve respiration or fermentations. Heterotrophic
bacteria can use a variety of organic compounds as energ
sources. These compounds include carbohydrates, fatty acid
and amino acids. For many microorganisms, the six-carbon
sugar, glucose, is preferred. The lower fungi and the mold
are endowed with a rich enzymatic make-up that attacks
carbohydrate and complex ones such as cellulose as well a
protein and fats. For example, cellulose can be attacked b
several species of fungi belonging to the generaAspergillus,
Penicillium, Fusarium, Cladosporium, and Trichoderma, which act
simultaneously on the pectin, as well as fats and proteins
present in decomposing vegetable matter. Yeasts and mold
can grow in a substrate or medium containing concentrations
of sugars that inhabit most bacteria. Thus, jams and jellies ar
spoiled by molds but not by bacteria. The simple carbohy-
drates, such as sugar and starches and their derivatives, a
attacked by many microorganisms that ferment them and turn
them into alcohols and organic acids, such as lactic, acetic
formic, and butyric acids.
Mechanisms of Uptake

Small-molecular-weight substances, such as nucleosides, fat
acids, and carbohydrates from monosaccharides to oligosac
charides, can be transported in the bacterial cell. Usually, the
nutrient is bound stereospeci� cally by a carrier protein present
in the cytoplasmic membrane and transported against
a concentration gradient through the expenditure of energy
This process is referred to as active transport and operates in th
accumulation of nucleosides and the disaccharides maltose
melibiose, and lactose. The carbohydrate glycerol appears t
enter the cell by facilitated diffusion, a process characterized b
the participation of a stereospeci� c membrane-associated
transport protein carrier, but without the participation of
energy. Thus, glycerol cannot be transported into the cel
against a concentration gradient. Transport by both facilitated
diffusion and activate transport results in the presence o
unmodi � ed nutrients within the cell. In group translocation,
however, this energy-dependent transport mechanism involve
modi � cation of some sugars during their passage through the
membrane. Sugars that are transported by this mechanism
become phosphorylated during passage and appear within the
cell as sugar phosphates. The mechanism is referred to as t
phosphotransferase system (PTS) and transports mannito
sorbitol, lactose, glucose, fructose, and N-acetylglucosamine.

In bacteria, active transport often is associated with group
translocation, a process in which a molecule is transported
actively into the cell and chemically modi� ed at the same time.
Thus, glucose transport occurs via the carbohydrate PTS foun
in prokaryotes. Glucose in the cell is found in the form of
glucose 6-phosphate while glucose outside the cell occurs a
free glucose. The phosphate group is supplied by phospho
enolpyruvate (PEP), a compound with energy equivalent to an
ATP molecule. The energetic phosphate is transferred alon
protein molecules until it is attached to the glucose cell
membrane (Figure 3).

The phosphorylated glucose carries a net negative charg
and consequently it is less likely to be able to cross the ce
membrane and escape from the cytoplasm than the unchanged
free glucose molecule. The Gram-positive bacterium,Entero-
coccus faecalis, has an anion–anion antipolar system that can
catalyze the exchange of a cytoplasmic phosphorylated glucos
for an external inorganic phosphate molecule. The exchang
reaction system prevents excessive accumulation of a substan
in the cytoplasm.

In the basic PTS pathway described thus far, four protein
are involved. PEP reacts with enzyme I in the cytoplasm to form
a phosphorylated enzyme I molecule. This phosphorylated
protein then reacts with heat-stable protein (Hpr), another
cytoplasmic protein, and transfers the phosphate group to it.
Enzyme II, located in the cell membrane, carries out the actua
transport of the sugar. It receives a phosphate from either Hp
or from enzyme III and uses the energy to transport the suga
molecule and phosphorylate it.

Cell membrane normally are impermeable to phosphate
esters, butEscherichia coli, Salmonella typhimurium, Staphylococcu
aureus, and some other bacteria form an inducible active
transport system catalyzing uptake of glucose 6-phosphate
2-deoxyglucose-6-phosphate, mannose 6-phosphate, fructos
6-phosphate, glucose 1-phosphate, and fructose 6-phosphate
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Figure 3 Glucose phosphotransferase system (PTS) in enteric and most other bacteria, PEP, phosphoenolpyruvate.
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Pathways Involved in Catabolism

Anaerobic Breakdown of Carbohydrates

A molecule of ATP consists of an adenine, a ribose, and three
phosphate groups; stores energy derived from catabolic reactions;
and releases it later to drive anabolic reactions and perform other
cellular work.
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Glucose occupies an important position in the metabolism
of most biological forms and its anaerobic dissimilation
provides a metabolic pathway common to most forms of life.
The terms glycolysis and fermentation have been applied to the
anaerobic decomposition of carbohydrate to the level of lactic
acid. The dissimilation of carbohydrates involves a complicated
series of catalyzed reactions, including oxidoreduction and
phosphorylation. The � nal product in some organisms is lactic
acid; in others, the lactic acid is further metabolized anaero-
bically to butyric acid, butyl alcohol, acetone, and propionic
acid. The two most common forms of fermentation are lactic
and alcoholic. These two fermentations proceed along the sam
path to fermentation of pyruvic acid, which is the key substance
in fermentation reactions.

Carbohydrates usually are phosphorylated at one or two
positions, and the energy utilized in phosphorylation is derived
from the change of ATP to adenosine diphosphate (ADP).
Diphosphorylated hexoses characteristically are broken down
into two triose units. Each triose produces two high-energy
bonds in its conversion to pyruvate. One high-energy bond
results from phosphate esteri� ed into a carbon with an oxygen
double-bonded attachment, and the other results from
a carbon that is double bound to another carbon. ADP forms
ATP. This energy change is termed substrate-level phosphor
lation, and it produces four high-energy bonds per mole of
hexose. Since two bonds were utilized in hexose phosphory
lation, only two are gained. Two hydrogen are given off by
hexose breakage into two trioses, and the hydrogens thu
produced are picked up by nicotinamide adenine dinucleotide
phosphate (NADP). Pyruvate formed in this process may be
broken down into acetaldehydride and CO2, as in alcoholic
fermentation, and the acetaldehyde is reduced to ethanol by
hydrogen given off when the hexose molecule was split.

When the terminal phosphate group is split from ATP, ADP is
formed and energy is released to drive anabolic reactions.
Yeasts and other microorganisms degrade hexoses accordi

to the Embden–Meyerhof–Parnas (EMP) pathway. Hexoses may
be converted by other pathways, however, and pentose i
involved after primary decarboxylation. Only one high-energy
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bond is derived per mole of hexose in this system. Pentose as we
as hexose may be broken down by the pentose shunt system.
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The Embden–Meyerhof Scheme

The basic concepts of glycolysis are incorporated in th
Embden–Meyerhof scheme, which provides the major pathway
for glucose breakdown in many organisms. Glucose must be
phosphorylated before fermentation. The initial reaction is
between glucose and ATP, forming glucose 6-phosphsate. Th
reaction is catalyzed by the enzyme hexokinase. Glucos
6-phosephate is in equilibrium with glucose 1-phosephate, but
the latter is concerned with the formation of polysaccharides.
The next step is the formation of fructose 6-phosphate from
glucose 6-phosphate, which reacts with ATP to form fructose
1,6-diphosphate. The cleavage of the diphosphate into two
three-carbon fragments results in the formation of glyceralde
hyde 3-phosphate, which then is oxidized in the presence
of inorganic phosphate to 1,3-diphosphoglyceric acid. This
intermediate reacts with ADP to form ATP plus
3-phosphoglyceric acid. The next reaction involves an interna
shift of the phosphate group of 3-phosphoglyceric acid to form
2-phosphoglyceric acid. The 2-phosphoglyceric acid undergoe
dehydration to yield the enol form of phosphopyruvic acid,
which transfers its phosphate to ADP to enolpyruvic acid, which
is in equilibrium with the keto form of pyruvic acid ( Figure 4).
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l NADD is a two-electron oxidizing agent and is reduced to
nicotinamide adenine dinucleotide (NADH).

l NADHis a two-electron reducing agent and is oxidized to NADþ .
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The Monophosphate Shunt

In an alternative pathway, termed the monophosphate shunt,
glucose 6-phosphate is oxidized to phosphogluconic acid
which is decarboxylated to yield ribose 5-phosphate and other
pentose phosphates. A split into two- and three-carbon frag
ments then occurs. This scheme provides a means for th
metabolism of the pentoses, ribose, and deoxyribose, into
constituents of the nucleic acids and would permit an entrance
of the pentoses into the EMP pathway for the organisms
Fructose, galactose, and other monosaccharides are convert
into their corresponding phosphates by reacting with ATP and
are converted to glucose 6-phosphate, which gains entrance t
the main metabolic pathway (Figure 5).

The hexose monophosphate shunt (HMS) pentose phos
phate pathway operates in conjunction with glycolysis in many
bacteria. This set of reactions generates ribose for nucleic ac
synthesis and produces nicotinamide adenine dinucleotide
phosphate-oxidase (NADPH) for other synthetic reactions. The
phosphorylation of glucose to glucose 6-phosphate is the same
as that found in glycolysis and the Entner–Doudoroff (ED)
pathway.

The next reaction converts glucose 6-phosphate t
6-phosphogluconic acid, as in the ED pathway, followed by
the conversion to ribulose 5-phosphate and then to ribose
5-phosphate. Ribulose 5-phosphate also combines with CO2
in the dark reaction of photosynthesis. Here NADPþ is
reduced at two reaction sites, rather than the commonly
encountered NADþ . The pentose units subsequently can be
converted to two different intermediate in glycolysis and into
pyruvic acid. Thus, the HMS serves as the loop in glycolysis fo
the production of pentose units and NADPH (Figure 6).
ED Pathway

In the ED pathway, glucose is converted to pyruvic acid in fewe
steps than it is in the pathway of glycolysis. In HMS, glucose is
converted to� ve-carbon carbohydrates (pentose units). The ED
pathway involves an initial phosphorylation as in glycolysis
but then is followed by an oxidative step of the compound to
an acid (phosphogluconic acid). Subsequently, dehydration
occurs, with the formation of keto-deoxy-phosphogluconic
acid. The last reaction produces pyruvic acid and glyceralde
hydes phosphate, which can be converted to pyruvic acid
(Figure 7). From each molecule of glucose, the ED pathway
produces two molecules of NADPH and one molecule of ATP
for use in cellular biosynthetic reactions.

The ED pathway is found in some Gram-negative bacteria
such as Pseudomonas, Rhizobium, and Agrobacterium. It is
generally not found in Gram-positive bacteria.
Anaerobic Respiration

The anaerobic system of biological oxidations that does not use
oxygen as the� nal acceptor of electrons is called anaerobic
respiration. In anaerobic respiration, compounds such as
carbonates, nitrates, and sulfates ultimately are reduced. Th
� nal electron acceptor is typically an inorganic molecule other
than oxygen (i.e., CO3, NO3, SO4, etc.). Many facultative
anaerobic bacteria can reduce nitrate to nitrite under anaerobic
conditions. This type of reaction permits continued growth
when free oxygen is absent, but the accumulation of nitrite that
is produced by the reduction of nitrate eventually is toxic to the
organisms. Certain species ofBacillusand Pseudomonasare able
to reduce nitrite to gaseous nitrogen. This process occurs whe
aerobic organisms are grown under anaerobic conditions. The
organisms that reduce sulfate and carbonate are strictly anae
obic. Desulfovibrio desulfuricansreduces sulfate to hydrogen
sulfide as it oxidizes carbohydrate to acetic acid.Meth-
anobacterium bryantiis able to couple the reduction of CO2 to
methane with the oxidation of carbohydrate to acetic acid.
Some anaerobes do not have a functional glycolytic system
They may have carbohydrate fermentation pathways that us
the pentose phosphate pathway and the ED pathway. The
pentose phosphate pathway of glucose catabolism yields ribos
5-phosphate and NADPHþ Hþ .
Fermentation



Figure 4 The Embden–Meyerhof pathway of glucose catabolism (glycolysis).
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Figure 5 Entrance of different carbohydrates to the Embden–Meyerhof pathway.
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Fermentation de� nition can vary from general to scienti� c:
For our purposes, the best use would be any metabolic proces
that releases energy from a sugar or other organic molecul
does not require oxygen or electron transport system, and use
an organic molecule as the� nal electron acceptor. In glycol-
ysis, the same reactions occur whether oxygen is present
not. The products are primarily pyruvic acid, NADH, and ATP.
The essential difference between aerobic and anaerob
processes occurs with pyruvic acid and NADH. In the case o
fermentation reactions, pyruvic acid is converted to a variety
of organic compounds. These reactions involve the transfer o
electrons and hydrogen from NADH to organic compounds
(Figure 8).

Fermentation is a major source of energy for those organ
isms that can only survive in the absence of air (obligate
anaerobes). Other fermentative organisms that can grow in the
presence or absence of air (facultative anaerobes) use ferme
tation as a source of energy only when oxygen is absent. I
fermentation, energy gain is very low and occurs as a result o
substrate-level phosphorylation. The synthesis of ATP in
fermentation is restricted to the amount formed during
glycolysis.

During glycolysis, glucose is oxidized to pyruvic acid, which
is the physiologically important � rst intermediate product in
the aerobic or anaerobic dissimilation of glucose. The genus
Pseudomonasfollows the ED cycle in the dissimilation of
glucose. In this cycle, the pathway to pyruvate progresse
via glucose 6-phosphate, 6-phosphogluconic acid, 2-keto
3-deoxy-6-phosphogluconic acids to pyruvate plus
3-phosphoglyceraldehyde.

Pyruvate also may be reached via the metabolism of sugar
other than glucose or the metabolism of fatty acids and amino
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Figure 6 The pentose phosphate pathway of glucose catabolism.
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acids. The monosaccharides, fatty acids, and amino acids a
derived mainly from the hydrolysis of starch, glycogen, cellu-
lose, fats, poly-b-hydroxybutyric acid, chitin, or proteins,
depending on the organism.

Pyruvate is a sort of Grand Central Station in that it is the
point of arrival and departure of a wide variety of metabolic
substrates and products. Pyruvate is reduced to lactic acid.
also may be decarboxylated and reduced to ethyl alcohol
Conversely, it may serve as the source of amino acids, fat
acids, and aldehydes. Some organisms (strict aerobes) a
equipped enzymically to use only free oxygen as the� nal
hydrogen (e� ) acceptor, but others (facultative aerobes) are
equipped to use as the �nal hydrogen (e� ) acceptor either
free oxygen or some reducible inorganic substrate
commonly a nitrate. In fermentations, usually only NAD or
NADP functions as the hydrogen (e� ) carrier. Flavine
adenine dinucleotide (FAD) and cytochrome systems are no
required because the� nal hydrogen (e� ) acceptor is not
oxygen but rather an organic substance, commonly pyruvic
acid. Fermentation may be caused by facultative organism
under anaerobic conditions (e.g., Saccharomyces cerevisia),
by strictly anaerobic organisms (e.g.,Clostridium) or by
organisms that do not utilize free oxygen (e.g., species o
Lactobacillus).
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l FADis a two-electron oxidizing agent and is reduced to2.
l FADH2 is a two-electron reducing agent and is oxidized t
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Depending on the conditions of growth, the substrate, and
the organisms involved, the end products of fermentation vary
greatly. Clostridiumspecies normally ferment glucose to yield
butyl and other alcohols and certain acids. The general view o
fermentation products formed by different bacteria is depicted
in Figure 9.
f

Lactic Fermentation

The products of glucose fermentation by all species ofStrepto-
coccus, many species ofLactobacillus, and several other species o
e

cid
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NAD+
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Figure 9 Overall of fermentation products formed from pyruvic acid by different bacteria.

596 METABOLIC PATHWAYSj Release of Energy (Anaerobic)
bacteria are mainly lactic acid with minor amounts of acetic
acid, formic acid, and ethanol. Several species ofStreptococcu
produce more than 90% of lactic acid based on the sugar used
and hence this type of fermentation is referred to as homolactic
fermentation. This is the simplest fermentation, a step reaction
catalyzed by NAD-linked lactic dehydrogenase, which reduce
pyruvate to lactate. Because two ATP molecules are consum
in the formation of hexose diphosphate from glucose and four
ATP molecules are subsequently produced, the net yield is tw
ATP per hexose. This fermentation is the� rst stage in cheese
manufacture.

The homolactic fermentation, which forms only lactate, is
the characteristic of many of the lactic acid bacteria (e.g
Lactobacillus casei, Streptococcus cremoris, and pathogenic strep-
tococci), and heterolactic fermentation converts only half of
each glucose molecule to lactate. Both these fermentation ar
responsible for the souring of milk and pickles. The hetero-
fermentative metabolic sequence found in Leuconostocand
some species ofLactobacillusferments glucose according to the
following equation:

Glucose/ LactateD Ethanol D CO2

Lactic acid bacteria include the generaLactobacillus, Spor-
olactobacillus, Streptococcus, Leuconostoc, Pediococcus, and Bi� do-
bacterium, which produce lactic acid as a major fermentation
products (Figure 10).
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Alcoholic Fermentation

The major substrates yielding ethanol are the sugars tha
in yeasts are degraded to pyruvate by the EMP o
glycolytic pathway. There is anet yield of one ATP for each
pyruvate formed from glucose. The identical metabolic route
for ethanol formation is found in the bacterial species Sar-
cina ventriculi, Erwinia amylovora, and Zymomonas mobilis,
which also possess the enzymes pyruvate decarboxyla
and alcohol dehydrogenase. Yeasts ferment glucose
pyruvate, which is converted to CO2 plus acetaldehyde.
Acetaldehyde then is reduced to ethanol by NAD-linked
reaction.
Butyric Fermentation
Coenzyme A (CoA) is a coenzyme functions as an acyl group carrier
and activates acyl groups, such as the two-carbon acetyl group for
transfer.

The butyric fermentation is initiated by a conversion of
sugars to pyruvate through the EMP pathway. Pyruvat
undergoes a thiolytic cleavage to acetyl-CoA, CO2, and H2.
Acetate is derived from acetyl-CoA via acetyl phosphat
accompanied by the synthesis of ATP. Butyrate synthesis sta
through an initial condensation of 2 mol of acetyl-CoA to form
aceto-acetyl-CoA, which then is reduced to butyryl-CoA. Buty
rate then is formed by CoA transfer to acetate. The ATP yield pe
mole of glucose fermented is 2.5 mol (Figure 11).
Mixed Acid (Formic) Fermentation

This is a characteristic of most Enterobacteriaceae. The
organisms dispose of their substrate in part by lactic fermen
tation but mostly through pyruvate breaking down into
formate and acetyl-CoA, which in turn generates an ATP. Th
formic fermentation yields three ATP per mole of glucose
fermented compared with two in lactic fermentation
(Figure 12).

Propionic Fermentation

This pathway extracts additional energy from the substrate
Pyruvate is carboxylated to yield oxaloacetate, which is reduce
to yield succinate and then is decarboxylated to yield
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Figure 11 Fermentation of glucose to butyrate byClostridium butyricum,
C. kluyveri, andC. pasteurianum.
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propionate. The lactate is� rst oxidized to pyruvate; part then is
reduced to propionate and the rest is oxidized to acetate
and CO2:
y
of

3CH3$CHOH$COOH !
� 6H

3CH3$CO$COOH/
� 6ðHþ Þ

2CH3CH2COOH þ CH3COOH þ CO2 þ H2O
This process of extracting energy from lactate yields onl
one ATP per nine carbon atoms fermented. Hence, propionic
acid bacteria grow slowly (Figure 13).
Butyric–Butanol Fermentation

This pattern of pyruvate reduction is found in certain strict
anaerobes (Clostridium spp.). The initial scission yields H2,
CO2, and 2-C fragments at the acetate level of oxidation. Two
such fragments then are condensed. The resulting aceto-acet
CoA undergoes decarboxylation to acetate and reduction by H2
(activated by ferredoxin) to yield isopropanol, butyric acid, and
n-butanol ( Figure 14).
Sites of Activity (Mitochondria and Membrane)

Mitochondria possess a folded inner membrane (forming crests),
with a large functional surface. The major oxidation–reduction
processes take place in the inner membrane or on the inner fac
(matrix side) of the inner membrane. The lipoic acid dehydro-
genases of pyruvate anda-Ketoglutarate and the succino-
dehydrogenase enzymes of the Kreb’s cycle andb-oxidation of
fatty acids, the carriers participating in the respiration chain and
the system of synthesis of ATP coupled with the respiratory chain
are found in the inner membrane. The electron carries of the
respiratory chain drain the maximum number of protons and
electrons originating from the dehydrogenations taking place in
the mitochondria (notably in the inner membrane) or in the
cytosol. The inner membrane has selective permeability, and
nucleotides of the NADP type cannot pass through it, so that the
electrons and protons from the cytosol are used to reduce
substrates like oxaloacetate into malate, which can cross the inne
membrane. The carrier then can be reoxidized (oxaloacetate
yielding NADPH and Hþ , which will enter the respiratory chain.

In oxidative phosphorylation, the synthesis of ATP is coupled
to the � ow of electrons from NADH or FADH2 (reduced adenine
dinucleotide) to O 2 by a proton gradient across the inner
mitochondrial membrane. Electron � ow through three asym-
metrically oriented transmembrane complexes results in the
pumping of protons out of the mitochondrial matrix and the
generation of membrane potential. ATP is synthesized where
the protons � ow back to the matrix through a channel in an
ATP-synthesizing complex, called the ATP synthesis system.

The membrane plays an essential role in the synthesis o
ATP in mitochondrial (inner membrane) as well as in chloro-
plasts (thylakoids) and bacteria (plasmic membrane, respira-
tion, or photosynthesis). A general mechanism was proposed
for the synthesis of ATP linked with the transducer membranes
(mitochondria, bacteria, chloroplasts). The chain of e� carries
implanted in the membrane has an anisotropic function and,
because of the orientation of its sites, causes the translocatio
of protons and their ejection at speci� c face of the membrane.
Since the membrane is impermeable to ions, the functioning of
the chain creates a gradient of protons on either side of the
membrane and promotive force, which is utilized for the
synthesis of ATP. ATP thus is synthesized at the cost
the gradient protons (Figure 15).
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See also: Clostridium; Toxicity, Subchronic and Chronic;
Escherichia coli:Escherichia coli; Lactobacillus: Introduction;
The Leuconostocaceae Family;Streptococcus: Introduction.
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Figure 1 Overview of the three types of methanogenesis. Type I: CO2 is
reduced to methane via the C1 carriers methanofuran (not shown) and
tetrahydromethanopterin (H4MPT), a folate analogue that is virtually
unique to methanogens. The electrons for the reduction of CO2 to
methane are obtained from H2, formate, or a few secondary and primary
alcohols. Type II: in aceticlastic methanogenesis, the methyl group of
acetate is transferred to H4MPT. The electrons for reduction of the methyl
group to methane are obtained from the oxidation of the carboxy group of
acetate. Type III: in methylotrophic methanogenesis, the methyl group is
transferred to coenzyme M (CoM, 2-mercaptoethanesulphonic acid), the
terminal C1 carrier in the pathway of methanogenesis from CO2 and
acetate. Methyl groups also are oxidized by a reversal of the pathway of
CO2 reduction. The last step in the pathway, the reduction of methyl-CoM
to methane, is common to all types of methanogenesis and requires two
additional unique coenzymes (not shown). The�rst is coenzyme F430,
a nickel tetrapyrrole that is tightly bound to the methylreductase enzyme.
The second is 7-mercaptoheptanoylthreonine phosphate, which serves as
the proximal electron donor to the methylreductase.
Methanogens are prokaryotes that produce methane gas as a
essential component of their energy metabolism. Although
they are responsible for copious methane production by the
gastrointestinal tract of humans and many domestic animals,
none are known to be responsible for foodborne disease. Fo
the food industry, the primary interest has been in their
importance in anaerobic bioreactors for wastewater treatmen
and animal nutrition.

Methanogens are obligate anaerobes and are common i
many environments with a low redox potential, such as the
gastrointestinal tracts of animals and termites, sediments o
freshwater lakes, rice paddies, sewage, land�lls, and anaerobic
digestors. In these habitats, methanogens catalyze the termina
step in an anaerobic food chain that converts organic matter
into methane and CO2. Anaerobic bacteria and anaerobic
eukaryotes perform the initial transformations of the biopoly-
mers in organic matter to the substrates for methanogenesis
Thus, consortia of microorganisms are required to produce
methane in most habitats, a striking example of which are the
symbiotic methanogens of many anaerobic protozoa.

Methanogens are the major source of atmospheric methane
an important greenhouse gas that has been increasing in con
centration for the past 200 years. Given that about half of the
methane produced is oxidized by methane-oxidizing bacteria,
about 1–2% of all the organic matter produced by plants each
year passes through the methanogenic food chain. Thus, thi
process is a signi�cant component of the carbon cycle.

The substrate range of the methanogens themselves is qui
limited, and only three types are utilized (Figure 1). In the �rst
type, CO2 is reduced to methane by a fairly narrow range of
electron donors. H2 and formate are utilized by most metha-
nogens. Some methanogens can slowly oxidize a few alcohols
especially ethanol, isopropanol, isobutanol, and cyclopentanol.
The alcohols are oxidized incompletely to form ketones or
carboxylic acids. In the second type of methanogenesis, aceta
is fermented to methane and CO2. This reaction is termed ace-
ticlastic because it involves the splitting of the acetate molecule
with the methane being formed from the methyl carbon.
Although this reaction accounts for most of the methane gener-
ated in many habitats, it is catalyzed by only a few genera o
methanogens. The last type of methanogenesis is the reductio
of the methyl groups of C1 compounds to methane.
C1 compounds utilized include methanol, monomethylamine,
dimethylamine, trimethylamine, methanethiol, and dimethy-
lsulfide. Usually, a portion of the C1 compound is oxidized
to provide electrons for the reduction. Thus, about one-quarter
02 Encyclopedia of Food
of the methyl groups are oxidized to CO2 and three-quarters
are reduced to methane. Some methylotrophic methanogens
cannot oxidize methyl groups, and H2 is the electron donor.
Diversity and Taxonomy

All known methanogens are Archaea, a diverse phylogeneti
group that also includes many thermophilic and halophilic
prokaryotes. Features of the Archaea that distinguish them
from the Bacteria, the other major group of the prokaryotes,
include unique structures of their lipids, novel cell walls, and
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00204-4
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eukaryotic-type DNA-dependent RNA polymerase and DNA
replication systems. Although abundant in extreme habitats,
the Archaea are also common inhabitants of soil and seawater

Lipids are important chemotaxonomic markers in metha-
nogens and other Archaea. The lipids of Bacteria and eukary
otes exhibit four major differences. First, the hydrocarbon side
chains are linked to glycerol with ether instead of ester bonds
Second, the hydrocarbon side chains are based on the C5 iso-
prenoid unit instead of the C2 acetyl moiety. Third, archaeal
lipids contain sn-2,3-glycerol, the opposite stereoisomer of the
glycerol in bacterial and eukaryotic lipids. Fourth, archaea
lipids are frequently tetraethers that span the membrane and
are formed by a condensation of the isoprenoid side chains
Although ether-linked and branched lipids are found in some
eubacteria, the combination of unusual features in archaea
lipids argues strongly for an entirely different biosynthetic
pathway. Within the methanogens, the major core lipids are
archaeol (2,3-di-O-phytanyl sn-glycerol diether), caldarchaeo
(ditetraterpenediyl glycerol tetraether), sn-2-hydroxyarchaeol
and sn-3-hydroxyarchaeol. Glycolipids also contain glucose
galactose,N-acetylglucosamine, and mannose. Phospholipids
also contain inositol, ethanolamine, serine, aminopentan-
etetrols, and glycerol.

Several different types of cell envelopes are present
methanogens. In the simplest type, the cell envelope is
composed solely of a protein surface layer or S-layer. The S-lay
contains hexagonally arranged protein subunits, which vary in
molecular weight and antigenicity between species. Frequently
the S-layer protein is glycosylated. In other methanogens, th
wall contains additional polymers, such as methanochondroitin.
This compound is similar in structure to chondroitin, which is
found in the connective tissue of animals, and plays a vital role
in cellular aggregation in some genera. In other methanogens
the cell envelope also contains a protein sheath that is strongly
resistant to detergents and proteases. Lastly, methanogens th
stain Gram positive contain pseudomurein, a peptidoglycan that
super� cially resembles the common murein of Bacteria. In
pseudomurein, the sugar backbone is composed ofL-N-ace-
tyltalosaminuronic acid and D-N-acetylglucosamine. The inter-
peptide bridge contains only L-amino acids.

Methanogens are common in moderate as well as extrem
habitats. Thus, growth temperatures of methanogens spa
100 � C, from psychrophilic to hyperthermophilic. Optimal
salinities for growth vary from freshwater to saturated brine.
Lastly, methanogens are found from moderately alkaline to
neutral to acidic pH values.

Recent taxonomic proposals place the methanogens i
33 genera, representing 13 families and 6 orders (Table 1).
This taxonomy is consistent with the high degree of phenotypic
and genotypic diversities found within this group. The wide
diversity within the group suggests that methanogenesis is a
ancient lifestyle. Because modern methanogens are mono
phyletic, it also is likely that methanogenesis evolved only once
and that all modern methanogens share a single ancestor.
s

Methanogenic Bioreactors

In a typical anaerobic bioreactor, oxidation of organic matter
rapidly depletes good electron acceptors such as O2, nitrate,
and sulfate. Because CO2 is generated, it soon becomes the only
abundant electron acceptor remaining, and the conditions
become favorable for methanogenesis. Because CO2 is such
a poor electron acceptor, only about 5% of the total energy of
combustion in the organic matter is available to support
microbial growth, and the remainder can be recovered as
methane. Because of the small amount of energy available fo
growth, the formation of microbial biomass or sludge is
correspondingly less than that found in a typical aerobic
bioreactor. In addition, the fuel requirements and reactor
volumes are much smaller for a methanogenic bioreactor, and
the process may be signi� cantly less expensive than for typica
aerobic waste treatment. For instance, a 223 000 gal (843 000 l
anaerobic � uidized bed reactor removing 9700 lbs (4400 kg)
biochemical oxygen demand per day would produce 72 000 ft3

(2 040 000 l3) of CH 4 per day and 180 tons (180 000 kg) of
sludge per year. A comparable aerobic treatment would require
a 1 700 000 gal (6 400 000 l) reactor and produce 1800 tons
(1 800 000 kg) of sludge per year.

During anaerobic digestion, the initial fermentation of
organic matter generates H2, formate, and a wide variety of
organic acids, such as acetate, propionate, butyrate, and lacta
as well as alcohols (Figure 2). Consumption of the H 2 and
formate by the methanogens enables syntrophic bacteria to
oxidize the organic acids and alcohols to additional H2 and
acetate. This interaction between the syntrophic bacteria an
the methanogens, calledinterspecies H2 transfer, is necessary
because the fermentation of propionate and butyrate to acetate
and H2 is feasible only when the H2 concentration is extremely
low, or below 10 � 4 atm. Similarly, fermentation of lactate and
ethanol is greatly stimulated when the H2 concentration is low.
Thus, the anaerobic food chain of fermentative and syntrophic
bacteria converts the organic matter into the major substrate
for methanogenesis: CO2, H2, formate, and acetate.

For the fermentation of sugars, typically about two-thirds of
the methane is derived from acetate, whereas the remainder
formed by CO2 reduction. These ratios are in close agreemen
with that expected based on the biochemistry of glycolysis. In
this pathway, one molecule of hexose is oxidized to two
molecules of pyruvate with the reduction of two molecules of
NADþ . Pyruvate then is oxidized to acetate and CO2 with the
reduction of two more molecules of NADþ or NADþ equiva-
lents. The four molecules of NADH (or NADH equivalents) are
used to reduce one molecule of CO2 to methane. The two
molecules of acetate are utilized to form two additional
molecules of methane and CO2. Thus, one molecule of hexose
is converted into three molecules of methane and CO2. Even
though aceticlastic methanogenesis is more abundant, CO2
reduction to methane is essential to generate most of the
acetate, and both processes are interrelated.

The generation times of the aceticlastic methanogens an
the syntrophic bacteria frequently exceed 24 h, which limits the
turnover time of the anaerobic bioreactor. This problem is
overcome by recycling or trapping the anaerobic microbes
within the bioreactor, and high volumetric loading rates can
be achieved. Nevertheless, the slow growth of these microbe
may partially explain the long start-up times for anaerobic
bioreactors.

Numerous species of CO2-reducing methanogens have
been isolated from bioreactors, including species of
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Table 1 Genera of methanogenic Archaea

Genus Morphology Substratesa
Optimal
temperature (� C) Habitats

Methanobacterium Rod H2, (for, iP, iB) 35–65 Sewage, bioreactor, marshy soil, alkaline
lake sediments, oil reservoir waters

Methanothermobacter Rod H2, (for) 55–70 Sewage, river sediments
Methanobrevibacter Coccobacillus H2, for 33–40 Rumen, sludge, human and animal feces,

wet wood of trees
Methanosphaera Coccus H2 þ m 35–40 Human feces, rabbit colon
Methanothermus Rod H2 77–88 Solfataric water and mud
Methanopyrus Rod H2 98 Heated marine sediments
Methanococcus Coccus H2, for 35–40 Marine sediments, salt marsh
Methanothermococcus Coccus H2, for 65 Heated marine sediments
Methanocaldococcus Coccus H2, for 85 Marine hydrothermal vents
Methanotorris Coccus H2 88 Marine hydrothermal vents
Methanomicrobium Short rod H2, for 40 Rumen
Methanolacinia Irregular rod H2, iP, iB, cPe 40 Marine sediments
Methanogenium Irregular coccus H2, for, (E, iP, P,

iB, B, cPe, iPe)
30–57 Marine and fresh sediments, bioreactors

Methanoplanus Irregular disk, plate H2, for 32–40 Swamp, marine sediments, oil reservoir waters
Methanoculleus Irregular coccus H2, for, (iP, iB) 37–60 Marine and river sediments, bioreactor
Methanofollis Irregular coccus H2, for 37–40 Solfataric pool mud
Methanospirillum Spirillum H2, for, (iP, iB) 35–40 Bioreactor, freshwater sediments
Methanocorpusculum Irregular coccus H2, for, (iP, iB) 30–37 Bioreactor, lake sediments
Methanocalculus Irregular coccus H2, for 30–40 Oil � elds, estuary, marine bioreactor
Methanocella Rod H2, for 35–45 Rice� elds
Methanolinea Rod H2, for 37–50 Sewage sludge digestor, rice� eld
Methanoregula Rod, irregular coccus H2, for 30–35 Acidic bog, bioreactor
Methanosphaerula Coccus H2, for 28–30 Peatland
Methanosarcina Aggregates, coccus,

macrocyst
m, MeN, ac, (H2) 35–50 Freshwater and marine sediments, bioreactor,

rumen, soil, sewage
Methanolobus Irregular coccus m, MeN, (MeS) 35–40 Marine sediments
Methanococcoides Irregular coccus m, MeN 20–35 Marine water and sediments
Methanohalophilus Irregular coccus m, MeN 26–36 Saline lake sediments, stromatolite

associated mat
Methanohalobium Flat polygon MeN 50 Salt lagoons
Methanosalsum Irregular coccus m, MeN, MeS 45 Saline lake sediments
Methanimicrococcus Irregular coccus H2 þ MeN or m 39 Cockroach hindgut
Methanomethylovorans Irregular coccus m, MeN, MeS 34–50 Freshwater sediments, bioreactor
Methermicoccus Coccus m, MeN 65 Oil� eld
Methanosaeta Sheathed rod ac 35–60 Sewage, bioreactor, land� ll

aParentheses indicate that the substrate is utilized by only some species or strains.
ac, acetate; B, butanol; cP, cyclopentanol; E, ethanol; for, formate; iB, isobutanol; iP, isopropanol; iPe, isopentanol; m, methanol; MeN, methylamines; MeS, dimethylsulphide or
methanethiol; P, 1-propanol.

604 Methanogens
Methanobacterium, Methanothermobacter, Methanobrevibacte,
Methanogenium, Methanocorpusculum, and Methanospirillum. For
the aceticlastic methanogens, species of bothMethanosarcina
and Methanosaetaare usually present. AlthoughMethanosarcina
grows more rapidly, it is unable to utilize the low concentra-
tions of acetate taken up byMethanosaeta.
-

Methanogenesis in the Gastrointestinal Tract
of Animals

Methanogenesis in the rumen of cattle and other ruminants is a
major source of atmospheric methane as well as of consider
able importance in the nutrition of these animals. The anaer-
obic food chain is similar to that found in bioreactors except
that CO2 reduction is the major source of methanogenesis
(Figure 2). Because the residence time of the rumen contents i
less than 1 day, aceticlastic methanogens and syntrophi
bacteria are washed out, preventing the metabolism of acetat
and other organic acids. The organic acids then can accumulat
to concentrations that can be absorbed by the animal.
Although species ofMethanobrevibactercommonly are isolated
from the rumen, species ofMethanomicrobiumand methylo-
trophic Methanosarcinaalso are present.

The bovine rumen produces 200–400 l of methane per day,
which represents a signi� cant loss in energy for the animal. Two
common feed additives, monensin (or rumensin) and lasalo-
cid, derive their effectiveness from their ability to inhibit H2

production by Gram-positive bacteria in the rumen. The lower
availability of H 2 limits methanogenesis, and propionate
production is stimulated. The net result is more ef� cient utili-
zation of low- � ber feeds by the animal.
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Figure 2 Methanogenic food chains in a bioreactor and rumen. Organ
polymers are degraded to monomers and then organic acids and alcoh
H2 and CO2 by fermentative organisms. Syntrophic organisms convert
the organic acids and alcohols into acetate, H2, formate, and CO2, which
are the substrates for the methanogenic archaea. Broken lines indica
reactions that do not occur in the rumen and colon habitats.

Methanogens 605
In humans, a similar process occurs in the colon. The exten
of the methanogenic fermentation is much less, however. Only
about 10% of people on a Western diet produce more than
a liter of methane per day. At least super�cially, this fermen-
tation resembles that found in the rumen, where organic acids
are absorbed by the intestines and CO2 reduction is the source
of most of the methane. Some people who do not produce
large amounts of methane probably contain homoacetogenic
bacteria instead. These bacteria are strict anaerobes that oxidi
H2 to reduce CO2 to acetate. Because this fermentation i
slightly less favorable energetically than methanogenesis, CO2
reduction to acetate is not a major process in many methano
genic habitats, and the factors that enable acetogenesis
dominate in the colon of some individuals are not understood.
In the colon, the most abundant methanogen is Methano-
brevibacter smithii. However, low numbers of the methylotroph
Methanosphaerahave also been detected.
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Genomic Studies for Methanogens

The hyperthermophile Methanocaldococcus jannaschii(1.6 Mb)
was the � rst archaeon whose total genome was sequenced
1996. By 2012, more than 40 methanogen genomes have bee
sequenced. From analyses of the coding sequences, intriguin
aspects of methanogen metabolism have been revealed. Mo
than 200 genes have been identi� ed that are required to encode
the enzymes of methanogenesis, biosynthesis of the unusua
coenzymes used by methanogens, and other aspects of th
methanogen energy metabolism. In terms of biochemical
complexity, methanogenesis is more similar to complex
processes such as photosynthesis than many commo
fermentations. Presumably, this complexity also explains the
monophyleny of methanogens. Like other Archaea, the
function of approximately half of the open reading frames
found in methanogens have not been identi� ed. Many of these
genes are highly conserved among the methanogens, an
homologs are not present in nonmethanogens. These dat
further support the uniqueness and complexity of methano-
genic metabolism.

As more genomes become available, it also become
possible to examine adaptations of methanogens in particu-
larly important ecosystems, such as human intestinal tracts, the
rumen, and rice � elds. For instance, comparisons of genome
sequences fromM. smithii, the common human gut inhabitant,
have identi� ed a number of adaptations to the human
gastrointestinal tract. These studies are of special intere
because methanogen colonization of the human gastrointes
tinal tract may be linked to obesity. Methanogens are
more abundant in the colonic � ora of mice with a genetic
disposition for obesity. Obesity also occurred whenM. smithii
cocolonized germ-free mice with the human gut bacteria,
Bacteroides thetaiotaomicron. These two microbes interact, with
B. thetaiotaomicronstimulating methanogenesis byM. smithii
and M. smithii enhancing the fermentation of dietary fructans
by B. thetaiotaomicron. These studies demonstrate that the
M. smithii genome encodes proteins for several adaptations tha
facilitate its colonization of the colon. These include genes to
produce extracellular polysaccharides similar to those common
in the gastrointestinal tract as well as adhesinlike proteins
Adhesinlike proteins are also prominent in the genome of
Methanobrevibacter ruminantiumstrain M1, a methanogen
isolated from the bovine rumen.

Comparative genomic analysis ofMethanosphaera stadtmana,
another human intestinal methanogen, also provides an
explanation for its limited substrate utilization for methane
production and de� ciency of the methanogenic pathways.
Methanosphaera stadtmanaeonly grows by the reduction of
methanol with H 2, and it lacks the capacity to reduce CO2 to
methane. In its genome, 37 protein-coding sequence
commonly found in other methanogens are missing. Molyb-
dopterin is required for the initial steps of CO2 reduction to
methane, and the genes for its biosynthesis are absent. Likewis
M. stadtmanaeis unable to grow autotrophically on CO2, and the
genes for carbon monoxide dehydrogenase/acetyl-coenzym
A synthase, which are required for autotrophy in metha-
nogens, are missing.Methanosphaera stadtmanaealso contains
more than 323 protein-coding sequences that have not been
identi � ed from any archaeal species. These include homolog
of repetitive sequence elements, enzymes participating i
synthesis of bacterial cell surface epitopes, and subunits o
bacterial types I and III restriction-modi� cation systems. It is
conceivable that the exceptional genome composition of
M. stadtmanaere� ects its commensal life cycle, which requires
close interactions with other intestinal bacteria for its survival.

Analysis of genome sequences of the methanogensMeth-
anocella paludicola, Methanocella conradiiHZ254, and strain
RC-IMRE50 from rice paddy � elds revealed their metabolic
adaptations to this environment. These methanogens can b
characterized by their high tolerance to oxygen and ef� cient
utilization of low H 2 partial pressures. Genomic analyse
identi � ed genes providing oxygen resistance. Rice paddy so
are dried periodically, and the soil becomes aerobic. Metha
nogens are usually extremely sensitive to O2, so mechanisms
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to protect against oxidative stress and O2 are of great interest
in the rice group. The rice methanogens appear to us
different mechanisms to protect against oxidative stress. Th
M. paludicolagenome harbors several antioxidant genes, such a
superoxide reductase, peroxiredoxins, and F420H2 oxidase, but
it lacks genes for superoxide dismutase, catalase, and desulf
ferredoxin, which are found in RC-IMRE50. Thus,M. paludicola
may be restricted to more anaerobic habitats than RC-IMRE50.
Both methanogens also contain a gene for the allosteric aden
osine 50-triphophate phosphofructokinase that regulates the
glycolytic Embden–Meyerhof–Parnas (EMP) pathway, which
may be required for rapid response to variable oxygen levels. In
addition, these methanogens utilize the oxygen-resistan
pyruvate dehydrogenase complex as well as the oxygen-sen
tive pyruvate-ferredoxin oxidoreductase. Sulfate is known to be
more abundant in aerobic habitats, but usually it is not taken
up by methanogens. The presence of genes for the pathway fo
sulfate assimilation in the rice methanogens further suggest an
additional adaptation to growth or at least survival in some
toxic environments.

The comparative genomic analyses also indicate diversit
within the metabolism of the rice paddy methanogens. For
instance, unlike RC-IMRE50 and M. conradiiHZ254 genome, the
genes for carbon monoxide dehydrogenase/acetyl-COA synthas
are missing in M. paludicola. This � nding suggests that
M. paludicolais unable to � x CO2 autotrophically and must take
up acetate from the environment. Another example is that the
full nitrogen � xation (nif) gene set is found in genomes of
RC-IMRE50andM. conradiiHZ254,but M. paludicolagenome lacks
these genes and is unlikely to grow with N2 as a nitrogen source.
See also:Fermentation (Industrial):Basic Considerations;
Metabolic Pathways:Release of Energy (Anaerobic);
Microbiota of the Intestine:The Natural Micro� ora of Humans.
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Introduction

The globalization of food production and consumption has
greatly affected food safety in the past decades. Because of
increased trade among countries, there was a need to harmo
nize and standardize rules for international trade. In 1995,
members of the World Trade Organization (WTO) signed the
Sanitary and Phytosanitary Agreement (SPS). Through th
agreement, it was established that“Members shall ensure that
any sanitary or phytosanitary measure is applied only to the
extent necessary to protect human, animal or plant life or
health, is based on scienti�c principles and is not maintained
without suf �cient scienti�c evidence” (http://www.wto.org/
english/docs_e/legal_e/15-sps.pdf. Article 2, point 2, p. 70). A
major outcome of SPS for food safety was the adoption of basic
principles of risk analysis, marking the introduction of a risk-
based approach in food safety management.

Risk analysis is de�ned as a structured, multidisciplinary,
and iterative approach to assist the assessment and mitigatio
of risk. Microbial risk analysis consists of three components
risk assessment, risk management, and risk communicatio
(Figure 1). Although risk assessment is de�ned as the evalua-
tion of known or potential adverse health effects resulting from
human exposure to foodborne hazards, risk management is the
selection and implementation of appropriate measures for the
control of risks associated with foodborne pathogens to protect
consumers. Risk communication is an interactive process o
exchange of information and opinion between risk assessors
risk managers, and other interested parties, such as consume
and industries.

Over the past decade, risk analysis has emerged
a structured model for improving food control systems with
the objectives of producing safer food, reducing the numbers
Figure 1 Structure of risk analysis.

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
of foodborne illnesses, and facilitating domestic and inter-
national trade in food. Through risk analysis, a more holistic
approach to food safety is applied in which the entire food
chain needs to be considered in efforts to produce safe
food.

The interaction of risk analysis components may contribute
in different ways to improve safety processing of foods and
�nally to protect consumer health. The process of risk analysi
can be used to (1) assess risks posed by a food–pathogen
combination and its impacts on public health, facilitating
decisions at both regulatory and business levels; (2) gain
knowledge on critical information to be generated that can be
used to improve predictions of risk assessment models
(3) compare the effectiveness of different production practices
and food safety strategies in reducing risks associated wit
a food–pathogen combination, allowing the selection of the
most appropriate ones for compliance with the food safety
objectives set; (4) set subcriteria at critical control points, as
de�ned by the hazard analysis critical control point (HACCP)
concept; (5) compare and rank risks associated with multiple
hazards in a food or food–pathogens combinations to priori-
tize research or application of mitigation strategies; (6) link
data from food (throughout the whole life cycle of food) with
the data on human disease to validate epidemiological studies
and, �nally, (7) facilitate the implementation of mitigation
measures considering the transparency and iterative nature o
risk analysis process.
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Components of Microbial Risk Analysis

Risk Assessment

Risk assessment is a scienti�cally based process of evaluating
adverse health effects resulting from human exposure to
foodborne pathogens. Risk assessment involves the docu
mentation and analysis of scienti�c evidence, the measuremen
of risk, and the identi�cation of factors that in�uence it. In the
context of food safety, risk is de�ned as the probability of
occurrence of a disease due to an adverse health effect and t
severity of that effect due to consumption of food harboring
a pathogen.

Depending on availability of time, data, skills, tools to
perform the risk assessment, and the background of ris
managers and other parties involved to understand its outputs,
assessors may choose to conduct quantitative or qualitative ris
assessments. According to theCodex Alimentarius, a quantitative
risk assessment is a study that provides a numerical estimate
risks and involved uncertainties. Qualitative risk assessmen
has been de�ned as an assessment based on inadequate da
for numerical risk expressions but that allows risk ranking or
risk discrimination into classes when previous expert knowl-
edge and recognition of uncertainties exist. Quantitative
78-0-12-384730-0.00286-X 607
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608 Microbial Risk Analysis
risk assessments can be either stochastic or deterministi
Stochastic assessments involve both variability and random
ness in the assessment of risk. This is the most complex an
resource-consuming approach; however, stochastic models a
considered the best representations of the real world.

As much of the steps taken for developing qualitative and
quantitative risk assessments are similar, the former may be th
approach of choice, and depending on outputs, a quantitative
study then may be carried out to quantify risks associated with
a food–pathogen combination. No matter qualitative or
quantitative, a risk assessment needs to ful� ll a set of basic
conditions, such as (1) clear identi� cation of the hazard, (2)
the aim of the risk assessment, (3) identi� cation of all steps
affecting the� nal risk, (4) collection and referencing of data on
that step to determine its likely occurrence, (5) inclusion of
variability and uncertainties involved in all steps affecting the
� nal risk, and (6) transparence in all steps involving the
construction of risk assessment and in its report. These cond
tions need to be considered while carrying out the risk assess
ment study.

Risk assessments (qualitative or quantitative) may have
different goals and structure depending on the food safety
question(s) to be addressed by risk assessors and on da
availability. As described by the US Food and Drug Admin-
istration, there are four types of risk assessment studies: (1
risk ranking, (2) product pathway, (3) risk–risk, and (4)
geographic. A risk-ranking study is focused on the compar
ison of relative risks among multiple hazards or foods. It is
used for prioritizing research, funds, or management alter-
natives. A product-pathway study assesses factors affected t
risk related to hazards from farm to table. It is applied to
gather information on the factors in� uencing human expo-
sure to microbial hazards and to assess the impact of differen
control measures on risk. A risk–risk study assesses th
replacement of a risk by another. It is used to weigh the
bene� ts of applying an intervention measure focused on
a speci� c risk but that may raise risk in a further area. A
geographic risk is prepared to assess the aspects that may le
to a hazard introduction and spread over time and space. It is
valuable to estimate the risks due to de� ciencies of a food
safety system.
Figure 2 Components of risk assessment.
Risk assessments aim to estimate the level of illness due t
a hazard in a population or to appraise risk in a speci� c node
of food production. Risk assessment can be used both in
compliance with the objectives set by the regulating bodies and
to meet any additional objectives set by the producers. The
assessment of risk aiming to address the needs of the industry
consumers, and governments must be carried out as estab
lished by the Codex Alimentarius. Risk assessment consists o
four steps as shown inFigure 2:
Hazard Identi�cation

Hazard identi� cation aims to determine pathogenic microor-
ganisms or their toxins of concern with a food or group of
foods as well as their source. In addition, this step seeks to
identify the potential adverse health effects associated with
exposure to the hazards under context. Hazard identi� cation is
mainly a qualitative approach, with epidemiological, surveil-
lance, clinical, and microbiological studies including the main
source of data for this step of risk assessment. All this infor
mation may be gathered from scienti� c literature; databases in
industry, government, and international organizations; and
judgment of experts.
Hazard Characterization

This is the qualitative or quantitative consideration of the
severity and duration of the adverse health effects associate
with pathogens or their toxins present in food. When infor-
mation is available, dose–response relationships should be
assessed for all the adverse effects produced by the agents be
considered. Hazard characterization is an iterative process tha
once performed for a speci� c pathogen may be adjusted for
other risk assessments. Hazard characterization is the� rst step
of risk assessment in which uncertainty and variability are
taken into account.

According to the World Health Organization (WHO), the
process of characterization of hazards in foods should follow
the steps shown inFigure 3.

The� rst step of hazard characterization focuses on planning
activities, establishing structure, and re� ning the problem to be
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Figure 3 Flow diagram of hazard characterization.
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addressed. As the perspectives, goals, and scope of the stu
are established clearly, risk assessors will compile neede
information from databases. Peer-reviewed journals are
preferred sources; however, other unpublished high-quality
data sometimes may be used. Data collected then are organize
to specify the extent the hazard under context is associated wit
human disease. In addition, factors related to food, host (such
as immune status), and pathogen (virulence and infectivity
traits) need to be collected to establish a dose–response rela-
tionship for infection or disease. This normally is done through
the use of mathematical models that describe how the dose to
which a population is exposed affects the probability of
infection or disease caused by a pathogen. The use of math
matical models to describe dose–response is important because
they allow variability and uncertainty to be taken into account
in risk assessment. Completed dose–response models should
undergo a validation step to check any methodical and casua
inaccuracies. If any errors are identi� ed, adjustments or a new
descriptive characterization may be necessary. The last step
the peer review of the hazard characterization study by expert
in the � eld. Depending on the comments of the experts, more
data may be needed or the hazard characterization may b
considered adequate to represent the events associated w
the food–pathogen combination.
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Exposure Assessment

Exposure assessment provides an estimation of actual or like
individual or population exposure to foodborne pathogens or
their toxins at the time of consumption. An estimation of
concentration, magnitude, and duration of exposure to the
hazards under consideration is needed. For this, microbia
features, impact of food properties on microbial behavior, raw
material contamination, effects of processing, and storage an
consumption practices on prevalence and concentrations o
hazards need to be gathered. In addition, speci� c expertise and
information about patterns of food consumption (e.g., serving
size, consumption frequency) and socio-cultural-economic
backgrounds that may affect consumer preference and attitude
also are needed.
As microbial behavior in foods is dynamic, their concen-
tration at the time of consumption may be in � uenced by
production, storage, and consumption conditions. Tools such
as predictive microbiology can be useful for risk assessors t
describe the pathway of microbial hazards from farm to fork.
Predictive models are generated within a range of conditions
known to affect the microbial behavior in foods. Then, math-
ematical relationships are generated that describe microbia
behavior in similar environments. Currently, many models are
available that focus on the growth, competition, inactivation,
survival, or cross-contamination of microorganisms in speci� c
foods. Through predictive models, scenarios re� ecting the
conditions of processing, storage, and consumption of foods
can be represented mathematically, rationalizing efforts to
understand how changing environment and practices may
affect consumer exposure to hazards at the moment o
consumption.

All the data needed for exposure assessment may b
obtained from scienti� c literature, industries, experts,
consumer organizations, and authorities. Because of dif� culties
faced during data collection or due to data limitations,
however, uncertainty is always an important issue to be
considered. Thus, risk assessors should take into account a
sources of uncertainty involved in exposure assessmen
resulting in either underestimates or overestimates. Beside
these uncertainties should be re� ected in the risk character-
ization. Although it is seldom possible to provide fully quan-
ti � ed assessments of uncertainties, the introduction o
a negative or a positive bias should be made clear.

Given this information, exposure assessment is very parti
cular to the processing and consumption conditions under
context.
Risk Characterization

Risk characterization is the� nal step in risk assessment, and
it is a process aimed at addressing a risk manager’s
requirements, that is, risk estimates. To provide a quantita
tive or qualitative expression of the risk, risk characteriza
tion combines the information gathered in hazard
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610 Microbial Risk Analysis
identi � cation, hazard characterization, and exposure
assessment. Risk estimates must combine the measureme
of likelihood of the risk and the extension of the impact if
that risk happens.

Risk characterization can estimate risks on individual or on
populations levels, and more than one risk estimate can be
delivered. Risk characterization can include an appraisal of ris
management options and costs involved in their imple-
mentation. Along with the risk estimates, the uncertainties,
randomness, and variability as well as their differentiation
must be clear, as these characteristics will affect the con� dence
level of risk estimates and may in� uence risk management
decisions.

Risk characterization mainly depends upon data avail-
ability and experts’ opinion. In addition, from risk character-
ization, a risk management strategy can be formulated. Thus
quality assurance is an element of foremost importance for
risk characterization. Risk characterization should also
provide a judgment of the quality of the risk assessment.
Quality assurance can be considered in different ways: (1
recording the powers and drawbacks related to data collection
faced during hazard identi� cation, hazard characterization,
and exposure assessment; (2) assessing whether or not t
study should progress based on the results of the risk charac
terization (no risk, should stop the study); (3) applying
sensitivity analysis to assess, re� ne, verify, and validate models
developed; (4) using uncertainty analysis to evaluate the
accuracy of model estimates, (5) verifying the model through
auditing of documentation, data, approaches, and supposi-
tions; (6) � ne-tuning the model with observed data, (7)
validating through different approaches to assess whether th
model’s outputs are feasible; (8) comparing epidemiological
data to check risk estimates by the model; (9) assessing mode
robustness; and (10) ensuring credibility of the model, as
assessed by documentation, validation, and peer review of th
risk assessment.
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Risk Management

Risk management is the process, separated of risk assessme
of evaluating alternative policies in the light of the risk esti-
mate, and if required, selecting and implementing appropriate
controls, including regulation. The purpose of risk manage-
ment is the identi� cation of acceptable risk levels and the
development and implementation of control measures within
the framework of public health policy. Risk management takes
into account the factors contributing to a risk and their quan-
titative effect and also a cost–bene� t analysis of options. Thus,
risk management has inputs both at the beginning of risk
analysis (identi� cation of food safety problem to be assessed
and evaluation, choice, and implementation of the best
approaches to manage risks.

The risk management should be based on speci� c princi-
ples: it should (1) follow a structured approach, (2) focus on
human health protection, (3) have activities and decisions that
are transparent, (4) clearly establish and consider risk asses
ment policy, (5) avoid con � icts of interest with risk assessmen
to ensure scienti� c integrity of risk assessment, (6) conside
uncertainty in risk estimates, (7) provide clear and interactive
communication with interested parties, and (8) be monitored
and revised constantly to ensure effectiveness of food safe
interventions.

For conduction of risk management, the following elements
should be included: preliminary activities, identi� cation and
selection of risk management options, implementation of
control measures, and monitoring and review (Figure 4). Each
of these steps is constituted of substeps that may be carried ou
in a different order. In addition, in some situations, not all the
elements will be included in the risk management activities,
because intervention strategies may be de� ned by a body and
adopted by others. Thus, risk management is an iterative and
� exible process.

Once the preliminary activities have been performed
(Figure 4), risk management options must be identi� ed and
assessed and the most appropriate must be selected f
implementation. Although risk managers conduct the process
of identifying intervention strategies, risk assessors and othe
parties interested may be very helpful in this step because o
their background and know how.

Due to the complexity of food safety problems, the assess
ment and choice of the best risk management measures i
dif � cult. It may require evaluations taking into account social,
cost–bene� t, and ethical aspects, among others. It should be
clear, however, that risk managers should focus on the choic
of management strategies that will result in higher reduction of
risks weighted against the other factors that may in� uence the
decision-making process. The decision-making process
qualitative in nature, and therefore, the risk management
options are derived mainly from political or social decisions.

Risk management decisions are implemented by all those
involved, that is, government, industry, and consumers. These
decisions usually are translated for the food production level
through the implementation of food safety systems, such as
good manufacturing practices and HACCP. These food safet
systems re� ect to food processors, the decisions made a
national level, such as the establishment of appropriate level of
protection (ALOP), and the results of risk assessments, throug
the institution of food safety objectives (FSO). ALOP, FSO
performance objectives (PO), and performance criteria (PC)
are within the concept of food safety metrics, which will be
further discussed.

The choice and implementation of intervention measures
should not be considered the end of risk management process
Risk management decisions need to be veri� ed constantly to
ensure the expected results in terms of public health are
reached. If it is deemed that targets are not being achieved
further action may be needed either by industry or government.
Also, risk management needs to be revised regularly as mor
data are available to ensure it represents practical conditions.
Risk Communication

Risk communication is de� ned as an interactive process o
exchange of information and opinion between risk assessors
risk managers, and other interested parties. Risk communica
tion is an integral component of risk analysis. Risk communi-
cation assists in overall understanding and approval of risk
management decisions. It is also a crucial activity to obtain
knowledge from those involved in the risk analysis aimed at
enhancing the understanding of risk. Risk communication is
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Figure 4 Structure and activities of risk management. Underlined are activities that require effective risk communication.
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a key factor for the transparence of risk analysis and its effe
tiveness has an enormous impact on successful risk assessme
and management.

Risk communication can be considered a two-way proce
dure. Risk assessors and risk managers obtain critical info
mation to assess and manage risks, while the outputs of ris
assessment are communicated to all interested partie
Through risk communication, risk managers can ensure tha
decisions made successfully ful� ll stakeholders’ needs.
According to the Food and Agriculture Organization (FAO)/
WHO, risk communication aims to (1) support clear knowl-
edge and comprehension of issues under concern for a
parties; (2) implement risk management options in a uniform
and clear way; (3) supply solid foundation for comprehension
of risk intervention strategies suggested or employed; (4
advance the application of risk analysis; (5) create and apply
education activities, if chosen as risk management alternatives
(6) boost public perception of food safety supply; (7) rein-
force connection and foster participation of and among
stakeholders; and (8) interchange knowledge on the percep
tions, attitudes, and signi� cance of risks and associated issue
by interested parties.

Thus, to ensure that clear and effective strategies are used
ensure that interested parties have appropriate and precis
information on risks, risk communication takes place at all
stages of the processes. It begins with the provision of infor
mation about food safety policy to all parties involved in the
process of risk analysis, as the basis for the purpose and sco
of risk assessment and risk management. Further activities i
risk management that require effective risk communication are
underlined in Figure 4.

An effective risk communication should include the following
information: (1) the features of the hazards, magnitude, and
severityof the riskposed and urgency of the circumstances; (2) th
extent and the relevance of the bene� ts; (3) uncertainties involved
with risk assessment; and (4) risk management decisions. A
effective communication in risk analysis can be achieved by
taking into account some principles: (1) clear knowledge of the
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612 Microbial Risk Analysis
target audience; (2) ability of risk assessors and risk managers
clearly explain the data used, assumptions, decisions, and resul
of their tasks; (3) involvement of people with expertise in
communication to facilitate the dissemination of information to
all interested parties; (4) ensure credibility while a source of
information; (5) responsibility to communicate risk and deci-
sions should be shared among government members, industry
and media, (6) risk communicators should be able to justify
acceptable risks (safe fooddoesnot mean foodwithzero risk) and
the management options; (7) ensure transparency in the whole
process; and (8) assess the risk in the context of the bene� ts
provided by the technology or process in which the risk is
inserted.

Although these principles should be followed, there are
barriers such as unavailability of key information and lack of
participation during risk analysis processes that may compro
mise effective risk communication. Other major restrictive
factors in effective risk communication are related to the
communication of risk experts with the public, which may be
driven by differences in perceptions and receptivity, dif� culties
in understanding the scienti� c process, cultural differences, and
lack of source credibility.

In the risk communication process, all the involved parties,
including governments, institutions, industry, media, and
consumers, have roles and responsibilities to guarantee effe
tive risk assessment and risk management.
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The Role of Food Safety Metrics in the Context
of Risk Analysis

Food safety criteria and microbiological limits were commonly
established based on experts’knowledge and on what could be
accomplished through the application of the best industrial
practices. As such, this approach was dif� cult or impossible to
connect with public health. With the signature of SPS agree
ment, the concept of ALOP has been introduced in food safety
ALOP has been de� ned by the WTO as“the level of protection
deemed appropriate by the member (government) establishing
a sanitary or phytosanitary measure to protect human, animal
or plant life or health within its territory ” (http://www.wto.org/
english/tratop_e/sps_e/spsagr_e.htm. Annex A, item 5).
According to the SPS agreement, each country has the soverei
right to de� ne an ALOP, provided it does not constitute an
unnecessary trade barrier. Within this scope, food safety syste
Figure 5 The application of food safety metrics in the current context o
level of protection; FSO, food safety objectives; PO, performance ob
criterion.
needs to be public health, science, and risk based. An ALOP ca
be expressed in terms of public health objectives, probability of
infection, or maximum incidence of a foodborne disease in
a population. An ALOP is derived from risk assessment study

To apply at the production level, an ALOP needs to be
translated in parameters that can be measured and assessed
government agencies and industries. In order to address thi
need, FSOs have been developed. An FSO, as de� ned by Inter-
national Commission on Microbiological Speci� cation of Food
(ICMSF, 2006), is“ the maximum frequency and/or concentra-
tion of a hazard in food at the time of consumption that
provides or contributes to the ALOP.” The FSO is applied at the
moment of food consumption to provide the industry with
some margin for selecting the best options of managemen
during processing. FSO was complemented through the deve
opment of POs and PC.Codex Alimentarius(1999) has de� ned
PO as “The maximum frequency and/or concentration of
a hazard in a food at a speci� ed step in the food chain before the
time of consumption that provides, or contributes to, an FSO or
ALOP as appropriate.” PC has been de� ned as“the effect of one
or more control measures needed to meet or contribute to
meeting a PO.” Therefore, PO and PC include further goals
to guarantee the appropriate frequency or concentration of
a hazard at individual steps of food processing. The application
of these metrics during food processing re� ects management
decisions by risk managers based on risk estimate by ris
assessors and communication to interested parties by ris
communicator. Therefore, the close relation between and the
importance of risk analysis and food safety metrics in the
context of contemporary food safety is comprehensible.
The practical application of information and concepts derived
from risk analysis approach also is highlighted. The ICMSF
(2006) has de� ned other food safety metrics presently used:

l Microbiological criteria (MC): “ the acceptability of
a product or a food lot, based on the absence or presence
or number of microorganisms including parasites, and/or
quantity of their toxins/metabolites, per unit(s) of mass,
volume, area or lot” ;

l Process criteria (PC):“a parameter of processing that must
be controlled/achieved to meet the PO/PC.”

The organization and interactions of food safety metrics in
the current context of food safety from primary production
until food consumption are illustrated in Figure 5.
f food safety from primary production until food consumption. ALOP, appropriate
jectives; PC, performance criterion; MC, microbiological criterion; PC, process
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Introduction

The use of microbiological reference materials (RMs
contributes to good laboratory practice and provides evidence
of competence in laboratories undertaking quality assurance
or regulatory assessment of foods and food ingredients. RM
are used extensively in health care laboratories to ensur
that the methods and procedures are‘�t for purpose’ at all
times.

The use of RMs in microbiology is not new: indeed
certi�cated ‘type cultures’ and other reference strains have
been available for many years from national culture collec-
tions and have been used extensively to ensure that labora
tories correctly identify speci�c microbial isolates. Cultures of
such highly characterized organism have been used to provid
organisms for growth and survival tests in cases in which it is
desirable to compare the properties of‘wild’ strains isolated
from foods, clinical samples, or the environment with those
of reference strains. Today, the genetic characteristics
culture collection strains are used to develop and validate
‘modern’ methods for detection and identi�cation of critically
important organisms.

But modern concepts of using RMs are much wider. RM
now are available for many purposes, including their use in the
development and validation of new methods, for checking that
routine laboratory procedures (including culture media prep-
aration) are ‘�t for purpose,’ and for staff training.
e

f

s

What Are RMs?

In the health care sector, RM preparations should be traceabl
to an International Biological Standard or to a World Health
Organization (WHO) Primary Standard. More generally, RMs
are de�ned by ISO Guide 30 as“a material or substance, one
or more properties of which are suf�ciently well established to
be used for the calibration of an apparatus, the assessment o
a measurement method, or for assigning values to materials.”
A certi�ed reference material (CRM) is de�ned in Guide 30 as
“a RM one or more of whose property values are certi�ed by
a technically valid procedure, accompanied by or traceable to
a certi�cate or other documentation which is issued by
a certifying body.” An example of a certifying body is the
Institute for RMs and Measurements (IRMM) of the European
14 Encyclopedia of Food
Commission (EC); certifying bodies also exist in other
countries. The requirements for certi�cation of materials and
of the organizations that produce (C)RMs, are detailed in ISO
Guide 34.

RMs and CRMs must comply with the following
requirements:

l Representative and appropriate for the intended use
l Homogeneous, within de�ned limits
l Stable, within de�ned limits over a speci�ed period of time

Representative means that the RM should resemble routin
samples, but it is not practicable to produce a stable and
homogeneous RM for every type of food or environmental
sample that is examined in laboratories, so compromises are
necessary to ful�ll the basic requirements in the bulleted list.
Homogeneity is critical, as heterogeneous RMs lead to excessi
variation in results. Heterogeneity exists in all natural samples
but has to be minimized if an RM is to be used to assess the
performance of a method or laboratory. Microbial cells sus-
pended in a well-mixed liquid sample matrix will be reasonably
homogeneous and generally will conform well to the Poisson
distribution; however, in a nonliquid matrix, homogeneity is
more dif�cult to achieve consistently. For a long time, the
intrinsic instability of microorganisms hampered the develop-
ment of microbiological RMs, which must remain stable for at
least several months at a speci�ed storage temperature.
Availability of (C)RMs

Microbiological CRMs and RMs are available from many
sources, both of�cial and commercial.Table 1 lists examples of
major suppliers, Table 2 summarizes the range of RMs avail-
able for use by laboratories, andTable 3 lists some of the
available CRMs. RMs and CRMs for use in food microbiology
may take the form of an inoculated and standardized prepa-
ration of a food material (e.g., a skimmed milk) or a preserved
culture of de�ned type that can be added to a food material
within the user laboratory. This enables the user to inoculate
with a known quantity of a de �ned organism a suitable
quantity of a food matrix that is tested regularly within the
laboratory. Samples of sterile food matrices such a
diced chicken, dried seafood, dried milk, infant formula, and
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00288-3
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Table 1 Some suppliers of microbiological reference materials

Supplier Country Type Matrixa RMs CRMs

IRMM, EC Joint Research Center,
and approved agencies

Belgium Germany, RSA,
Switzerland, USA

Capsules SMP U U
Vials FD U U

National Collection of Type Cultures UK Vara Var U
Biomérieux France BioBalls FD U U
Health Protection Agency UK Lenticules U U
Laboratory of the Government Chemist UK Var Var U U
American-Type Culture Collection USA Var Var U U
NVWAb (CHEK) Netherlands Vial SMPþ glycerol U U

aVar, various; FD, freeze dried; SMP, skim milk powder.
bNVWA, Netherlands Food and Consumer Product Safety Authority.

Table 2 Some examples of RMs and their use

Organism Typical cfu g� 1 Purpose

Bacillus cereus 5 � 104 Enumeration ofBacillusspp.
Clostridium perfringens 5 � 104 Enumeration of sulfur-reducing clostridia /C. perfringens
Enterococcus faecalis 5 � 105 Total viable count
Escherichia coli 5 � 104 Enumeration ofE. coli/coliforms/Enterobacteriaceae
Klebsiella aerogenes 5 � 104 Enumeration of coliforms/Enterobacteriaceae
Lactococcus lactis 5 � 104 Enumeration of lactic acid bacteria
Listeria monocytogenes 5 � 101 Detection ofL. monocytogenes
Penicillium chrysogenum 5 � 104 Enumeration of yeasts and molds
Saccharomyces cerevisiae 5 � 104 Enumeration of yeasts and molds
Salmonellaser. Abony 2 � 101 Detection ofSalmonellaspp.
Salmonellaser. Nottingham 2 � 101 Detection ofSalmonellaspp.
Staphylococcus aureus 5 � 104 Enumeration ofS. aureus
Vibrio parahaemolyticus 1 � 104 Detection ofV. parahaemolyiticus
Yersinia enterocolitica 1 � 104 Detection ofY. enterocolytica
Zygosaccharomyces rouxii 5 � 104 Enumeration of osmophilic yeasts

Table 3 Examples of certi� ed reference materials available from the European Institute for Reference Materials
and Measurements

Reference Organism Matrixa Form

Mean & 95% CL per portion

cfu ng DNA

Microorganisms
BCR-528 Bacillus cereus SMP Capsules 53.4� 1.8
BCR-594 Escherichia coli 56 � 8
BCR-595 Listeria monocytogenes 7.2 � 0.4
IRMM-351 Escherichia coliO157 Sphere Vial 4 � 2
IRMM-352 Salmonella enteritidis 5 � 2
IRMM-354 Candida albicans 917 � 168
IRMM-355 Enterococcus faecalis 890 � 135

Genomic DNA
IRMM-447 Listeria monocytogenes Vial 1100� 700
IRMM-448 Campylobacter jejuni 71 � 39
IRMM-449 Escherichia coliO157 1300� 700

aSMP, skimmed milk powder; sphere, protective material.
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cocoa powder are also available commercially from some
suppliers.
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Preparation of RMs

The method of preparation will depend on the nature of the
matrix and the way that it is dispensed for use. The� rst stage
will always be the selection and con� rmation of the identity
and properties of the reference strain, which then will be
cultivated under appropriate laboratory conditions. After har-
vesting, the cells will be suspended in a suitable protective
diluent and the cell density determined by microscopy, plate
count, or other appropriate method (e.g., electronic cell
counting).

The � rst CRM was produced in the Netherlands as an
inoculated skimmed milk powder containing Salmonella
(CRM 507; not now available). The cell suspension was
blended carefully into a concentrated sterile skimmed milk,
which then was spray dried to generate a highly contami-
nated milk powder (HCMP) that was allowed to stabilize
during storage over a reasonably long time period. The
powder was blended carefully with sterile skimmed milk
powder and dispensed into gelatin capsules that could be
stored for several years at�� 20 � C, but for only about 6
months at 5 � C.

Homogeneity is dependent on effective mixing both of the
initial suspension into the skimmed milk and, most important,
during dilution of the HCMP into the sterile skimmed milk
powder. Bulk mixing was found generally to be less effective
than the traditional pharmaceutical approach of sequential
blending of equal quantities (up to 200 g) of contaminated and
sterile carrier using a pestle and mortar.

Following production, the mean level of contamination
and the standard deviation of the batch is determined on
a number of randomly drawn replicate capsules. The
capsules will be released for distribution only if the vari-
ability of the batch conforms to predetermined criteria that
de� ne an acceptable range of results. Each batch is issu
with a certi� cate detailing the level and variability of the test
organism within the RM and, for qualitative materials, the
fraction of sample containing the target organism when
using a speci� ed method. Note that all certi� ed values are
linked to a speci� ed method, a so-called method-dependent
certi� cation. A similar procedure is used for the preparation
of CRMs but tests on the batch must conform to de� ned
criteria for CRMs (as laid down in ISO Guide 34 or other
appropriate standard).

Other methods of preparation are necessary for RMs tha
essentially are stabilized cultures. There are two key issue
The � rst is to ensure that the organisms are suspended i
a medium that provides adequate protection during subse-
quent drying and storage. The second is to ensure tha
a precise volume of the cell suspension is distributed into the
vials or onto the carrier material. An innovative approach was
used in Australia for the preparation of BioBalls� , for which
patented technology and proprietary techniques are used
Simplistically, the process consists of using a� ow cytometer
to select, count, and deliver a de� ned number of cells into
a single 25 ml droplet, which is dispensed into a vial, frozen,
and then freeze dried. This technology ensures that both
between-batch and within-batch variations are minimized. The
vials are stored at a temperature within the range� 18 to �33 � C
and have an almost inde� nite shelf life. Other forms of RMs
include dispensed cells dried onto discs of a soluble carrie
(sometimes referred to as‘lenticules’) and suspensions of cells
freeze dried in ampoules.
Routine Use of RMs

The way in which RMs are used depends in part on the way in
which they have been produced, on the level of organisms in
the RM, and on the purpose for which the RM is to be used.
Most RMs will need to be reconstituted using an appropriate
diluent and instructions for reconstitution and storage are
supplied with the test material. Although many RMs are‘single
shot’ (i.e., each‘unit ’ is intended for a single test), some allow
for multiple tests or even for a limited storage time after
reconstitution. In some cases (e.g., BioBalls� ), the supplier
provides a special reconstitution medium; in other cases, both
the reconstitution medium and the procedure may depend on
the intended purpose. After reconstitution, the RM will need to
be aseptically blended (e.g., using a vortex mixer) and usually
requires a period to permit resuscitation of the recovered
organisms before use.

RMs may be used for the following:

l Testing precision and accuracy in quality control or of�cial
laboratories

l Assessing the performance of the method during routine
testing of a series of samples (so-called� rst-line quality
control)

l Assessing the performance characteristics of batches
culture media

l Assessing recovery and identi� cation procedures, using
physiological, immunological, or genetic procedures

l Training laboratory staff, both generally and in the use of
speci� c methods

l Comparing the performance of different laboratories
l Developing and validating methods and media
l Testing the in� uence of matrix ingredients and competitive

microorganisms on the robustness of a test method
l Preparing standard materials for collaborative studies
Testing the Performance of Culture Media

Guidance on methods to be used for the quality assurance o
culture media is given by the International Commission on
Food Microbiology and Hygiene (ICFMH) Working Party on
Culture Media and also by the international standard ISO
11133:2013. For qualitative tests, rehydrated RMs can b
used for direct inoculation of either liquid media (e.g.,
enrichment broths) or diagnostic agar media used to detect
and, subsequently, identify speci� c microorganisms. For
quantitative tests that assess relative media performance (e.g
the productivity ratio and the selectivity factor), a number of
RM preparations, or a multiuse RM, should be rehydrated and
a de� ned volume of inoculum, capable of giving about
100 cfu per plate, should be spread across the surface of eac
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agar plate or used as inoculum for a pour plate. Relative
counts of colonies on the test batch and on a reference
medium are determined after incubation. However, it is
essential to note the inherent variability of an RM, as de� ned
on the certi� cate that accompanies the RM shipment, sinc
the nominal microbial count can never be an absolute
number. It is essential to ensure that the variance of count
obtained in the test does not exceed the de� ned uncertainty
of the RM.
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Validation of Test Methods Using Typical Food Matrices

RMs can be used in intra- or interlaboratory validation of
laboratory methods. For qualitative tests using an RM prepared
in a food matrix, the matrix normally will be used as a pre-
weighed (typically 10 or 25 g) sample that will be inoculated
directly into an appropriated volume of preenrichment media.
For quantitative tests, the RM sample ideally should be of a siz
that can be handled in the laboratory as though it were a‘normal
sample.’ A suitable quantity will be diluted 1 in 10 in e.g.,
Maximum Recovery Diluent from which serial dilutions are
prepared and plated out on the relevant test media. Calculation
of the level of contamination of the original RM sample
(as cfu g� 1) permits comparison with the reported level of
contamination.

In cases in which the RM is not supplied in a food matrix, it
is necessary to reconstitute the test material either in the desire
food matrix (e.g., dried chicken meat) or to blend the RM with
a primary 10-fold dilution of the food matrix. Instructions that
accompany RMs will recommend how this should best be
done. For checks on routine test methods, it is essential to
ensure that the food matrix used does not contain any natural
contaminants that may be confused with the RM strain, but the
presence of background micro� ora is desirable to provide
a realistic challenge to the inoculum, the method, and the
operator. As with culture media testing, it is essential to tes
a number of replicate RM samples on any one day to assess th
variability of the colony count. When the test is used in this
way, a statistical process control (SPC) chart (Figure 1) should
be used to monitor the levels and the variability of the colony
counts determined over time.

For ‘rapid’ instrumental methods, such as impedance or
oxygen depletion methods, RMs can be used both to calibrate
the instrument and as a continuing check that the results
conform to expectation. For such uses, the RM should be
included in the primary test dilution of a food matrix as
prepared for instrumental analysis, but comparative testing of
RMs without a food matrix will provide useful evidence that
a particular matrix does not affect the performance of the tes
system. In addition, testing of the primary dilutions by tradi-
tional (e.g., plate count) procedures also provides a cross-chec
on the validity of the instrumental output.

Checking the Routine Use of Test Procedures

Essentially, this is no different from the procedure used to
assess the validity of test procedures, except that the referen
sample is examined as though it were a routine laboratory
sample using the laboratory’s routine test procedures. SPC
charts arede rigeurfor such uses.
Checking Identi�cation Procedures

Tests used to identify an isolated organism, including
biochemical, immunological, and genetic procedures can be
compared with those from colonies of de� ned RMs taken
from similar culture plates. This is an important protocol
since it is sometimes dif� cult to decide whether an isolate
belongs to a particular genus or species in a routine labora
tory. Testing ‘wild’ isolates in parallel with known reference
strains provides evidence that laboratory identi� cation is
working properly.
Use of CRMs

For reasons of both cost and availability, CRMs not
are normally used for routine analyses. CRMs are supplie
together with a certi� cate of authenticity and detailed
information on the level and range of organisms in the
standard, which are determined from many analyses of the
CRM that usually are done in a number of different labora-
tories before certi� cation, and on the number of CRM
samples to be examined.
Some Statistical Aspects of the Use of RMs

Qualitative Tests

From a theoretical perspective, a single viable cell is suf�cient
to enable growth when inoculated into a suitable culture
medium, but in practice, the precision of preparation of most
RMs cannot guarantee that such a low level can be provided
Assuming distribution of the cells is in accord with Poisson,
an average contamination level of at least 3 cfu per inoculum
is necessary to have a 95% probability of at least 1 cfu in the
inoculum, 5 cfu per inoculum is necessary for 99% proba-
bility, and 7 cfu per inoculum is necessary for 99.9% proba-
bility. The probability levels for any average contamination
level (l ) can be determined using the expression
Px� 1 ¼ 100 ð1 � e� l Þ, where x¼ the required level of organ-
isms in the inoculum (so x � 1 means at least one viable cell)
and eis the exponential factor (¼ 2.718). Most low-dose RMs
are prepared with an average cell level of at least 5 cfu, whic
provides a realistic inoculum for checking the recovery of
organisms using, for example, preenrichment and enrichmen
techniques, provided that the total inoculum is added to the
� rst-stage culture.
Quantitative Tests

RMs for use in quantitative tests are prepared at a much highe
average cell level: typically 104–106 cfu g� 1. The expected 95%
con� dence level (the expanded uncertainty) of the averag
inoculum normally will be given in the accompanying literature
and the uncertainty of CRMs must conform to the requirements
of the certi� cating body. Examples of the expected values ar
shown in Tables 2and 3 for several RMs and CRMs.

To compare the output from a series of colony counts with
the expected range, calculate the average and variance of the t
colony counts after ‘normalizing ’ the colony counts by log
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transformation. The average log10 count ðxÞis the sum of the
log10 test counts (xi) divided by the number of tests (n):
x ¼

� P n
i¼1 xi

��
n; the variance (s2) is determined as the sum of

the squares of the difference between each individual log10

count (xi) and the average log10 count divided by the degrees of
freedom (n � 1):

s2 ¼

"
Xn

i¼1

ðxi � xÞ2

#,

ðn � 1Þ

Using the null hypothesis that the mean counts do not
differ ðH0 : xtest ¼ xrefÞand the alternative hypothesis that
they do differ ðH1 : xtests xrefÞ, the average colony counts
can be compared using Student’s t test for unpaired
samples.

First determine the combined standard errors of the means

Combined SE ¼ SEc ¼

���������������������������"
s2test

ntest
þ

s2ref

nref

#vu
u
t

where, ntest and nref are the numbers of test and reference
counts. Then divide the absolute difference between the
average values of the log10 colony counts by the combined SE
to obtain a value for t:

t ¼

�
�xtest � xref

�
�

SEc
n

t

Test 1 2 3 4 5 6 7 8 9 10 Sum Average

Count
(log10 cfu g� 1)

5.21 5.14 5.35 5.23 5.16 5.13 5.18 5.26 5.19 5.18 52.03 5.20

jRj 0.07 0.21 0.12 0.07 0.03 0.05 0.08 0.07 0.01 0.071 0.079
Tables of values for Student’s t test need to be consulted for
the critical values against which to compare the calculated
value. Note, however, that if the variances are markedly
different (e.g., the ratio of the differences>1.6), then a correc-
tion factor (Welch’s test) must be applied.

Suppose that the following results are obtained: for the test
values, xtest ¼ 5:10, s2test ¼ 0:15, n ¼5; and for the reference
values,xref ¼ 5:43, s2ref ¼ 0:10, n ¼10. Since the variances can
be considered not to be markedly different (ratio 1.5), then

SEc ¼

�������������������������������
0:15

5
þ

0:10
10

�s

¼
����������
0:04

p
¼ 0:20

and

t ¼
j5:10 � 5:43j

0:2
¼

0:33
0:2

¼ 1:65

From tables for n ¼ (ntest þ nref � 2) ¼ 13, the two-
sided probability for t ¼ 1.65 is 0.20 > p > 0.10, so the
null hypothesis that the two counts do not differ is not
rejected.

By rearrangement of the data, it is possible to determine
the ‘least signi� cant difference’ between the counts. For
a difference to be signi� cant at p � 0.50, with n ¼ 13, the
maximum two-sided value for t ¼ 2.160. Since the combined
standard error (SEc) ¼ 0.20, then any two counts that differ by
less than 0.2 � 2.160 ¼ 0.43 log cfu g� 1 will not differ
signi� cantly. So, for a reference value of 5.43 log cfu g� 1

(2.7 � 105 cfu g� 1), any mean count lying within the range
5.0–5.86 log cfu g� 1 (1.0–7.2 � 105 cfu g� 1) can be consid-
ered not to differ.
SPC Charts

Both in the manufacture and use of RMs, SPC charts provid
a helpful way of tracking performance over time. Control
charts for the use of a batch of RMs should be determined for
at least 10, and preferably 20, colony counts, to establish the
control limits for the SPC chart. From the test data, the
overall mean value ðxÞ of the log-transformed counts
(log10 cfu g� 1) and the overall standard deviation (s) should
be determined either as described or by multiplying the
average of the moving rangeðRÞof the data set by a conver-
sion factor of 0.8865; the factor is from an ISO standard and
is the inverse of the American Society for Testing and Mate
rials conversion factor. The moving range (R) is determined
by subtracting the second result from the� rst, the third result
from the second, and so on, andR is obtained by dividing
the sum of the range values by the number of values, a
illustrated below:
For these data, R ¼ 0:079, and s ¼ 0.079 �
0.8865 ¼ 0.070.

The SPC chart is prepared by drawing lines for the mea
ðxÞ, the upper and lower 95% control warning limits ðx � 2sÞ
and for the upper and lower 99% control action limits ðx � 3sÞ
on the chart, which then is used to plot the values obtained in
subsequent tests. Note that if only 10 values are used initially
in setting up the chart, then the limits should be recalculated
after carrying out 20 tests.Figure 1(a) illustrates a control
chart based on log10-transformed data from analysis of 20 RM
samples by a single analyst on one day, and plots of the log10-
transformed colony counts from a number of consecutive
tests.

National or international de � ned rules may exist for results
to be considered unacceptable; it generally is accepted tha
contravention of any of the following situations provides
evidence that the results are unacceptable:
l One or more consecutive values outside the action limits
ðx � 3sÞ

l Two out of three observations in a row exceed the same
warning limit ðx � 2sÞ
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Figure 1 Statistical process control charts for colony count data on sequential tests, plotted against the mean colony count determined from
preanalysis of 20 RM samples; the upper and lower‘warning’ (� 2s; - - - -) and ‘action’ (� 3s; —— ) control limits were determined from the estimate
of the standard deviation (s): (a) shows log10–transformed data values; (b) shows nontransformed data values. Note that although the control limits
in (a) are distributed evenly around the mean value, in (b) they are asymmetrical. The two data plots, which are essentially identical, show one value
(test number 29) above the‘action’ limit. It would be essential to investigate why this aberrant result was obtained and to take corrective action
before undertaking further tests.

Microbiological Reference Materials 619
l Nine consecutive observations on the same side of the mea
l Six consecutive observations that steadily increase or decrea

Other rules may also be used in speci� c circumstances.
If the results show evidence of lack of control (e.g., RM

sample 29, Figure 1(a)), the causes must be investigated and
corrected. If a change occurs in the mean value, it may b
necessary to create a new control chart– such a change could be
due to changes in the performance of the culture media, to
different operators doing the tests, or even to a change in the
level of organisms in stored RMs.Figure 1(b) is a plot of the
same data using nontransformed colony counts. Note that in
this example the limits are asymmetrical. Other forms of
control chart can be prepared for data from qualitative and
semiquantitative tests.
See also: Bacillus– Detection by Classical Cultural Techniq
Biosensors– Scope in Microbiological Analysis;Electrical
Techniques:Introduction;Electrical Techniques:Food
Spoilage Flora and Total Viable Count;Electrical Techniques
Lactics and Other Bacteria;Enrichment Serology:An Enhanced
Cultural Technique for Detection of Foodborne Pathogen
Enterobacteriaceae, Coliform, andEscherichia coli: Classical
and Modern Methods for Detection and Enumeration;
Pro� ciency Testing Schemes– A European Perspective; Flo
Cytometry; Hydrophobic Grid Membrane Filter Techniqu
Immunomagnetic Particle-Based Techniques:Overview;
Listeria: Detection by Classical Cultural Techniques;Listeria:
Detection by Colorimetric DNA Hybridization;Listeria:
Detection by Commercial Immunomagnetic Particle-Bas
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Assays and by Commercial Enzyme Immunoassays;Listeria:
Listeria monocytogenes– Detection by Chemiluminescent
DNA Hybridization;Nucleic Acid–Based Assays:Overview;
PCR Applications in Food Microbiology; Petri� lm – A Simpli� ed
Cultural Technique; Polymer Technologies for the Contro
Bacterial Adhesion– From Fundamental to Applied Science a
Technology;Salmonella: Detection by Classical Cultural
Techniques;Salmonella: Detection by Immunoassays;
Sampling Plans on Microbiological Criteria;Shigella:
Introduction and Detection by Classical Cultural and Mole
Techniques;Staphylococcus: Detection by Cultural and
Modern Techniques;Total Viable Counts:Pour Plate
Technique;Total Viable Counts:Spread Plate Technique;Total
Viable Counts:Speci� c Techniques;Total Viable Counts:
Metabolic Activity Tests;Total Viable Counts:Microscopy;
Water Quality Assessment:Routine Techniques for Monitorin
Bacterial and Viral Contaminants;Water Quality Assessment
Modern Microbiological Techniques;Cronobacter(Enterobacter)
sakazakii; Identi�cation Methods:Introduction;Identi�cation
Methods:Chromogenic Agars;Identi�cation Methods:
Immunoassay;Identi�cation Methods:Real-Time PCR;
Identi�cation Methods:Culture-Independent Techniques.
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Introduction

The literal meaning of the French term ‘sous-vide’ is ‘under
vacuum’. Sous-vide foods and other cooked and chilled foods
are increasingly popular. They meet increasing consume
demand for convenient foods offering a reduction in the time
devoted to food preparation as well as freshness and high
organoleptic quality. To maintain the appearance and taste o
freshly home-prepared foods, sous-vide foods are given onl
a mild heat treatment. This allows for the survival of micro-
organisms, mainly bacteria; these foods are therefore nonsteril
by design and require refrigeration during a shelf life that
usually lasts for several weeks. The survival of bacteria and th
extended shelf life together are a concern about the microbia
safety of sous-vide foods for the consumer.

Many foods are vacuum packed without receiving any hea
treatment, or they also may receive a high-temperature trea
ment similar to that applied to canned foods. These foods will
not be considered in this chapter.
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Processing of Sous-vide Foods

Sous-vide technology began in the early 1960s. There hav
been many different applications worldwide, in restaurants,
catering, and industrial products (particularly meat and ham),
and particularly in the United Kingdom and France, this tech-
nology has been applied to retail products. The processing o
sous-vide foods is depicted inFigure 1.
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Raw foods

Sorting, washing, cutting

Mixing

Packaging in plastic pouches

Air removal and vacuum packaging

Heating at 70–100 °C
over a few min to several hours

Cooling to chill temperature
over a few hours

Consumer

Storage and distribution
under chill conditions

Precooking

Figure 1 Manufacture of sous-vide foods.

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
The ingredients can be either raw or can have receive
a previous preparation (marinating, cooking, grilling). After
mixing, they are packaged in plastic pouches, usually without
additives or preservatives, in keeping with their image of
freshness and minimal processing. Air is extracted from the
package mechanically, immediately before sealing (vacuum
packaging). The pack is then heat-processed (sous-vide coo
ing). The �nal product appears to be draped by a plastic�lm,
which assumes the same shape as that of the product.

The application of sous-vide technology to foods has some
advantages, as follows:

1. No contamination of the foods after packing.
2. Heat transfer and the cooking of foods in their own juices

are facilitated by the absence of an air layer.
3. Losses of food�avors, aromas, and nutrients are low.
4. Oxidation of the foods is prevented by the removal of air

(99.9%), and therefore of O2.

Heating usually is achieved by hot air or steam, or by
immersion in large tanks of water, in which temperature can be
controlled and monitored with accuracy, and adjusted to the
desired organoleptic quality of the food. Heating is followed by
rapid cooling. The sous-vide food products then are stored
distributed, and retailed under chill conditions (i.e., at > 0 � C).
Shelf lives are variable and range from 1 week to 3 months
depending on the food, the particular process, the temperature
pro�le during shelf life, and the national recommendations
and regulations.

The main objective of heat treatment in the processing of
sous-vide foods is to obtain products with optimal organoleptic
qualities. This contrasts with the objectives of the canning and
frozen food industries, which focus on microbiological stability
and safety. The heat treatment of sous-vide foods depends on th
time and temperature needed to cook them. The time needed fo
optimal cooking of vegetables is generally about a few minutes
at 90–100 � C. This time–temperature combination usually is
detrimental to the organoleptic quality of red meat, poultry, or
�sh and relatively low temperatures (50–75 � C) for as long as
several hours (eventually days) are used for processing the
foods. More generally, temperatures of> 70 � C are quite
common, but temperatures of>100 � C are rare.
f

d
h

Physicochemical Characteristics of Sous-vide Foods

Sous-vide foods usually are prepared without the additives and
preservatives used in traditional food processing. The pH and
water activity of sous-vide foods therefore are close to those o
the raw materials: The pH of raw meat,�sh, milk, and most
vegetables is between 5.0 and 7.0, and often between 6.0 an
7.0, the only exceptions being some fruits and vegetables, suc
as the tomato. Salt is added to improve the taste, but in
concentrations that will not signi�cantly affect water activity. In
the �nal product, this is generally>0.98 and often >0.99.
78-0-12-384730-0.00205-6 621
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622 Microbiology of Sous-vide Products
The O2 concentrations and the related redox potential of
sous-vide foods have received a particular interest. Sous-vid
foods were considered either to be strictly anaerobic, because o
the exclusion of air (and hence of O2) by vacuum packaging, or
alternatively to contain, despite vacuum packaging, a smal
amount of O 2 that might prevent the growth of strictly anaer-
obic bacteria. Experimental data indicates the following:

1. The redox potential of foods is naturally low and suitable
for the growth of anaerobic bacteria such as clostridia.

2. Concentrations of O2 of up to 2% surrounding foods do not
fully prevent the growth of Clostridium botulinum, a strictly
anaerobic bacterium causing botulism.

3. Some outbreaks of foodborne botulism have been caused
by foods that were stored in aerobic conditions, but in
which anaerobic conditions developed locally.

4. After experimental inoculation, C. botulinumcan grow and
produce botulinum neurotoxins in sous-vide foods. This
can occur at refrigeration temperatures in the case of th
psychotropic strains of Group II.

The physicochemical characteristics of foods are therefor
favorable to the growth of a wide range of bacteria.
Bacteria in Sous-vide Foods

Effects of Heat Treatment

The heat treatment applied during the processing of sous-vide
foods determines the nature and the number of microorgan-
isms in the � nal product. A common assumption is the log
linearity of survival curves (i.e., a linear relationship between
the log numbers of survivors as a function of heating time). The
resistance of bacteria to heat is expressed as the‘decimal
reduction time’ or D value, which is the time required, at
a given temperature, for a tenfold reduction of a bacterial
population (i.e., a 90% reduction, a reduction to 10%, of
Table 1 Characteristics of foodborne pathogenic bacteria conside

Bacterium Needs for O2 Spore production

Clostridium botulinumGroup I
(mesophilic and proteolytic)

Strictly anaerobic Yes

Clostridium botulinumGroup II
(psychrotrophic and
nonproteolytic)

Strictly anaerobic Yes

Clostridium perfringens Strictly anaerobic Yes
Bacillus cereus, psychrotrophic

phylogenetic groups
Aerobic,

facultatively
anaerobic

Yes

Bacillus cereus, mesophilic
phylogenetic groups

Aerobic,
facultatively
anaerobic

Yes

Listeria monocytogenes Aerobic,
facultatively
anaerobic

No

aFor a given species,Dvalues show variations between different works. Hence,Dvalue
bWithout/with lysozyme.
cThe heat resistance ofB. cereusstrains is highly variable. The highly heat sensitive
mainly among the mesophilic strains.
1 decimal log reduction). The temperature (in� C) at which the
D value is determined is indicated by a superscript, (e.g.,D70).
For a given microorganism, the D value decreases as th
temperature increases. Assuming a linear relationship betwee
the logarithm of the speci� c rate of inactivation (D for
instance) and temperature, the effect of temperature on theD
value is expressed as thez value, which is the increase in
temperature yielding a tenfold reduction in the D value.

The heat resistance of any vegetative cell in highaw media
(as heat processed sous-vide foods are) is much lower than tha
of spores. For spore-forming bacteria, the inactivation of spores
requires an approximately 45� C higher temperature than
inactivation of vegetative cells.D values of vegetative cells are
lower than those of bacterial spores (Table 1). The practical
consequences of this are that at 70–100 � C, vegetative bacteria
virtually will disappear, but bacterial spores will survive pro-
longed heat treatment. This elimination has led to the heat
treatment applied in sous-vide processing being compared to
a pasteurization process.

The effect of heat treatment on vegetative cells can b
quanti � ed as the pasteurization value,P. The reference bacte
rium is Streptococcus faecalis, one of the most moist-heat-
resistant bacteria among the nonspore formers. ItsD value at
70 � C is close to 3 min, and its z value is close to 10� C. The
pasteurization value can be de� ned as the period of heating at
70 � C that would cause the same reduction in a population of
S. faecalisas heat treatment at a different temperature for
a different length of time. The pasteurization value can be
calculated using the formula:

P ¼
Z

LðtÞ$dt;

where the lethality is equal to

LðtÞ ¼10
T� Tref

z ;
red to be the main concern for sous-vide foods

Minimal growth conditions
Heat resistance (as decimal
reduction time orD value at
given temperature in� C)aTemperature pH

Water activity
(humectant NaCl)

10–12� C 4.6 0.94 D121¼0.21 min

2.5–3.0� C 5.0 0.97 D82.2¼2.4/231 minb

12� C 5.5–5.8 0.93 D100¼1–30 min
5 � C 4.3–4.6 > 0.94 D90¼1–30 minc

10� C 4.3–4.6 < 0.93 D100¼5–50 minc

0 � C 4.4 0.92 D70¼0.01–0.3 min

s are given as ranges.

strains are mainly among the psychrotrophic strains. The highly heat-resistant strains are
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where Tref is the reference temperature (i.e., 70� C),
z¼10 � C, and t is the heating time usually taken in minutes.
Using this formula, a heat treatment of 40 min at 70 � C has
a pasteurization value of 40, achieving approximately
a 13 log reduction in a S. faecalispopulation. Heat treatments
of 100 min at 70 � C, 10 min at 80 � C, or 1 min at 90 � C have
the same pasteurization value of 100. Their effects on the
reduction in the number of S. faecalistherefore are similar.
The pasteurization value is particularly applicable in the
estimation of the number of surviving cells of nonspore
formers, which include spoilage bacteria (e.g., pseudomo
nads, enterobacteria, and lactic acid bacteria) and pathogeni
bacteria (e.g.,Salmonella, Listeria monocytogenes, and Escher-
ichia coli). Although other reference temperature may b
used, the pasteurization value is widely used in the sous-vid
industry. Similar calculations, using the concept of steriliza-
tion value (F0) of the canning industry, and referring to the
inactivation of proteolytic C. botulinumspores, would show
that the sterilization values involved in sous-vide processing
are very low.

The diversity of heating times and temperatures in sous-vide
processing is a re� ection of the diversity of ingredients and
recipes. From the microbial point of view, sous-vide foods can
be divided into two categories: pasteurized foods in which only
bacterial spores survive and nonpasteurized sous-vide foods i
which the vegetative cells of nonspore-forming bacteria survive
along with the spores of other bacterial species.
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Bacteria of Concern

The bacteria of concern regarding the spoilage or pathogenicit
of sous-vide foods have the following general characteristics:

1. They are known contaminants of traditionally unprocessed
and processed foods.

2. They can resist heat processing to some extent, along th
lines described previously.

3. They are able to grow in the conditions present in sous-vide
foods. These foods should be kept at refrigeration temper
atures and so the bacteria of concern grow at<10 � C.

4. They are able to grow in microaerophilic/anaerobic
environments.

Vegetative bacteria, such as lactic acid bacteria, have be
detected as spoilage agents in sous-vide foods. This indicat
either a postprocess contamination or a low-heat treatment, a
vegetative cells are much more heat sensitive than bacteri
spores. Consequently, a large diversity of bacteria currently an
previously identi� ed asBacillusspecies has been observed. Thi
for instance, includes Bacillus licheniformis, Bacillus subtilis,
Bacillus pumilus, or Paenibacillus polymyxa. These bacterial specie
show different abilities to grow in anaerobic environment and
at low temperature. Their detection therefore may revea
differences in storage conditions. Strict anaerobes, includin
Clostridiumsp., are usually at signi�cantly lower concentrations
in sous-vide foods. The development of molecular identi� ca-
tion and typing tools have contributed largely to the
identi � cation of contamination routes with those major
contaminants. All ingredients are a potential sources of the
microbial contaminants detected in the stored foods. In addi-
tion, the environment of the ingredient production, such as the
soil of vegetable� elds, has been identi� ed as a primary source
of contamination.

The pathogenic bacteria of main concern areListeria mono
cytogenes, Bacillus cereusand C. botulinum. Listeria monocytogen
is a frequent contaminant of foods and combines a relatively
high heat resistance compared with other non-spore-forming
bacteria with the ability to grow at low temperatures and
a greater tolerance to low water activity and high acidity than
associated with other pathogenic bacteria.Bacillus cereusand
C. botulinumalso are considered to be major pathogens asso
ciated with heat-processed foods, because of the production o
spores and toxins. Strains ofC. botulinumGroup II and of some
phylogenetic groups ofBacillus cereus sensu latoare able to grow
at low temperatures. Other pathogenic bacteria are less we
adapted to the conditions in sous-vide foods or are less toleran
to extreme conditions. One can assume that the control of
C. botulinum, B. cereusand L. monocytogenestherefore will have
the effect of controlling the other pathogens.
Bacterial Growth and Concentration

Outbreaks of food poisonings will result from the consump-
tion of food in which pathogenic bacteria are present and
survive heat treatment(s), and in which the surviving patho-
genic bacteria multiply to a critical level. The food also must be
consumed to cause poisoning. Therefore, the critical level mus
be reached before both the end of the shelf life of the food and
spoilage– assuming that most consumers will not purchase or
eat products after their sell-by date or sous-vide foods in
swollen packs and developing an aggressive odor.

Little is known about the contamination of sous-vide foods
with L. monocytogenesand C. botulinum. Bacillus cereushas been
detected occasionally in unstored and stored cooked chilled
foods. In contrast, the contamination of raw, unprocessed
foods is much better documented. Such contamination is
variable. The prevalence in a range of foods (raw meat, se
foods and � sh, fresh vegetables, milk) of samples positive for
L. monocytogenesor C. botulinumranges from 0% to 100%, for
the same quantity of analyzed food. The levels of contamina-
tion remain generally low. Listeria monocytogenesor B. cereus
counts of >10 2 cfu g� 1 are rare. Most probable concentrations
with C. botulinumspores are about 1 spore kg� 1, and maximal
concentrations are about 1 spore g� 1.

Many studies have been dedicated to the assessment ofD
and z values of these three species and show a remarkab
variability, which re� ects the differences in experimental prac
tices as well as the genetic diversity within each species. Th
z values of moist-heat resistance ofB. cereusranges between 7
and 14 � C, with a median value at 8� C. In the case ofB. cereus,
this variability in heat resistance is not distributed randomly
but rather is linked to the phylogeny of the species: strains of
groups including psychrotrophic strains show a tendency to be
more sensitive to heat than strains from groups including
mesophilic or moderately thermophilic strains. Industrial
equipment enables the precise monitoring of the temperature
inside and outside a product, but the temperature varies during
processing. These variations should be taken into accoun
when estimating the number of bacteria likely to survive heat
treatment. In addition, the environment in which spores are
found after heat treatment has an in� uence on the estimation
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624 Microbiology of Sous-vide Products
of the number of survivors. Incubation at low temperature or in
a medium at suboptimal pH reduces the recovery of heat-
treated spores. In contrast, some food components, such a
lysozyme, may repair theC. botulinumgroup II germination
system and may favor spore recovery.

After heat treatment, sous-vide foods are cooled down to
refrigeration temperature. During the cooling period, the
temperature of the food varies from 50 to 15� C, a range of
suitable temperatures for the growth of mesophilic bacteria.
The spore-forming bacteriaClostridium perfringenshas been
identi � ed as the main hazard in such circumstances, because
its ability to survive heat processing and its rapid growth in
favorable conditions. Modeling tools that allow for the deter-
mination of safe cooling regimes with respect toC. perfringens
have been developed.

For the bacteria surviving heat processing, sous-vide food
offer a favorable environment for growth. In addition, the
inhibition by the reduced oxygen atmosphere of spoilage
bacteria can be quite signi� cant. Without those competing
microorganisms, signs indicating that the product is no longer� t
for consumption will not appear and the time for pathogen
growth may be extended. The experimental inoculation of sous-
vide foods with the bacteria of concern (known as a challenge-
testing experiment) is a natural way to determine the time to
reach the critical level. These critical concentrations may b
de� ned as the lowest concentrations associated with reporte
outbreaks of foodborne poisonings, plus a signi� cant safety
margin. Those concentrations are for instance 102 cfu g� 1 for
L. monocytogenesand 103–104 cfu g� 1 for B. cereus. ForClostridium
botulinum, the retained criteria requires the absence of detectio
of neurotoxin. Challenge testing or modeling approaches may
overestimate the growth of the pathogens for several reason
Natural inocula can be expected to be signi� cantly smaller than
those used in challenge testing, and the bacterial cells and spore
will be affected markedly by heat processing. The growth of heat
stressed cells is either delayed or inhibited compared with that o
nonheated cells as has been shown with psychrotrophic strain
of C. botulinum. In the absence of data from challenge-testing
experiments, prediction of bacterial growth can be made using
predictive microbiology tools.
-
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Table 2 Heating time to produce a 106 reduction
in Listeria monocytogenes

Temperature (� C)
Time to produce 106-fold
reduction (min)

60 43.5
65 9.3
70 2.0
75 0.43
80 0.083
85 0.017

The values above 70� C have been obtained by extrapolation,
assuming aD70 of 0.3 min on a linearz value of 7.5� C. These
values must be used only as an indication of lethal effect).
Adapted from ECFF-European-Chilled-Food-Federation, 1996.
Guidelines for the Hygienic Manufacture of Chilled Foods,
ECFF, London-Paris.
Recommendations and Regulations

Potential hazards in the sous-vide industry result from
extended shelf lives, the possible survival and growth of path
ogenic bacteria, retail and domestic storage in inappropriate
conditions, and insuf� cient experience of food microbiology
on the part of manufacturers. There is an obvious need fo
recommendations, good manufacturing practices, and regula
tions to protect both the consumer and not impair the indus-
trial sector. Sous-vide foods have to comply with genera
regulations, such as Commission Regulation No. 2073/2005 of
15 November 2005 on Microbiological Criteria for Foodstuffs
applied in the European Community that specifies that
“Foodstuffs should not contain microorganisms or their toxins
or metabolites in quantities that present an unacceptable risk
for human health.” These regulations cover, inter alia, the
application of procedures based on hazard analysis and critica
control point principles and general good hygienic practices:
microbial quality of raw unprocessed foods, personal hygiene
of employees, and hygiene of food handling and storage areas
More speci�c recommendations have been established through
the efforts of professional association, such as the Europea
Chilled Food Federation and intergovernmental organizations.
The Codex Alimentarius has proposed a‘code for hygienic
practice for refrigerated foods with extended shelf-life (that
include sous-vide foods).’ In the United States, the 2009 Food
Code details food-processing criteria for ‘reduced oxygen
packaging foods.’

The recommendations address heat treatment of the targe
microorganisms L. monocytogenesand nonproteolytic and psy-
chrotrophic strains of C. botulinum. For example, a 106-fold
reduction of these bacteria is considered to be a safe treatmen
by the European Chilled Food Federation (but the US Food
Code recommends a 104-fold reduction for L. monocytogenes
Information on the lethal effect of a heat treatment at a given
temperature, derived from the scienti� c literature, is summa-
rized in tables available to manufacturers (Table 2and Table 3).

For instance, treatment for 2 min at 70� C will reduce
contamination in a food initially containing 100 viable
L. monocytogenescells per gram to 0.0001 cells per gram. The
same result would be achieved by treating for 5 s at 80� C.
Taking into account the variability in heat resistance of bacteria
and the uneven distribution of temperature within a product,
a substantial safety margin must be built into any predictions.
Manufacturers are encouraged to monitor temperature care
fully during heat treatment.

Sous-vide foods must be cooled after heat treatment, to
prevent bacterial growth. Recommendations published in the
past 20 years suggest cooling to 4� C in <2 h as well as cooling
to 20 � C in <5 h, followed by cooling to 7 � C in <3 h. Despite
these variations, all national guidelines and codes of practice
agree that cooling should not exceed a few hours.

The possible growth of C. botulinum during storage is
recognized universally as the main hazard associated with sous
vide foods. Refrigeration substantially reduces its growth, and
storage below 3� C totally prevents growth. Consequently, sous-
vide foods must absolutely be kept refrigerated from the time of
packaging to the time of consumption, and the consumer must
be so informed (e.g., on the packaging). Surveys involving
supermarkets and domestic refrigerators show that refrigerate
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Table 3 Heating time to produce a 106-fold
reduction in psychrotrophicClostridium botulinum

Temperature (� C)
Time to produce 106-fold
reduction (min)

80 270
85 52
90 10.0
95 3.2

100 1.0

The values have been calculated assuming aD90 of 1.5 min,
and az value of 7� C for temperatures< 90� C and az value of
10� C for temperatures> 90� C.
Adapted from ECFF-European-Chilled-Food-Federation, 1996.
Guidelines for the Hygienic Manufacture of Chilled Foods,
ECFF, London-Paris.

Table 4 Effects of pH, NaCl concentration, and recovery
temperature on growth from spores of unheated and heated
nonproteolyticClostridium botulinumtypes B, E, and F

pH NaCl (%)
Heating time
(min at 85� C)

No. of days required for growth
in meat medium incubated ata

16 � C 12� C 8� C 5� C

6.5 0.6 Unheated 2 2 5 12
6.5 2.5 Unheated 2 4 8 24
5.6 0.6 Unheated 2 4 9 10
5.6 2.5 Unheated 5 6 14 31
6.5 0.6 18 min 55 76 > 104 > 104
5.6 2.5 18 min > 95 > 95 > 104 > 95

This illustrates an application of the hurdle technology principle. None of the barriers
to bacterial growth is independently high enough to be preventive, but in combi-
nation, they show inhibitory effects.
aThe inoculum was made of 106 spores of nonproteolyticClostridium botulinum
types B, E, and F.
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foods are almost always subjected to variations in temperature
during storage. Temperatures higher than 10� C are not
uncommon in domestic refrigerators. In addition, handling by
consumers often involves temperature abuse for relatively shor
times (e.g., between the retail store and home). That is why
recommendations include additional safety factors.

Shelf life corresponds to the period preceding the use-by dat
label on the pack. During this period, the product must be
maintained safe for the consumer and must keep its organoleptic
properties. Durability of shelf lives must account for storage
temperature and may be prolonged by acidi� cation or by
adjustment of its water activity. When the main hazard is
considered to be a mild temperature abuse of sous-vide food
(up to 10 � C), either increasing the acidity to pH<5.0, or
reducing the water activity to 0.97 (or increasing salt concen
tration to 3.5%), is recommended to prevent the growth of
psychrotrophic C. botulinum. If prolonged exposure at room
temperature is considered a hazard, increasing the acidity t
pH <4.6 or reducing the water activity to 0.91 is recommended
to prevent the growth of proteolytic C. botulinum, as appears in
the US Food Code. Such modi� cations make the product safer;
they also signi� cantly alter its organoleptic properties. The vas
majority of outbreaks of botulism in chilled foods are associated
with exposure at abuse temperature. No cases of foodborn
botulism have been shown to have arisen from commercial
chilled foods known to have been correctly stored. In general it is
possible to apply any combination of heat treatment, adjust-
ment of pH, application of modi � ed atmosphere, adjustment of
water activity, and control of storage temperature to be effective
against the target bacteria (essentiallyC. botulinum) (Table 4).

This represents an application of hurdle technology, in
which none of the barriers to bacterial growth is independently
high enough to be preventive, but in combination, they show
inhibitory effects. Such combinations can be established in
testing the ability of the appropriate microorganism inoculated
in the product to grow or survive (challenge-test experiments).
Challenge testing is generally time consuming (only one
product, one combination of temperature, pH, or water activity
at a time), relatively expensive, and, experimentation, particu
larly when pathogenic organisms are involved, requires safet
precautions, including suitable facilities and trained personnel.
A safe combination of controlling factors can be established by
using predictive mathematical modeling for the food in ques-
tion. Several predictive microbiology application softwares
have been proposed and are available on the Internet for the
major pathogenic bacteria of concern in sous-vide foods
L. monocytogenes, C. botulinum, and B. cereus.
Future Developments

Sous-vide foods now represent many thousands of tons and
millions of individual portions, following the major trend in
the sales of foods intended to be stored chilled. Sous-vide foods
have an excellent safety record in Europe after at least tw
decades of observation. A series of factors could explain thi
favorable situation: absence or low initial contamination with
pathogenic bacteria in most commercial portions, a signi� cant
inhibition obtained by a combination of heat processing and
suboptimal conditions for growth, additional noncontrolled
safety factors associated to the particular composition o
a food, an overall satisfactory situation of the chill chain, and
good hygiene practices during manufacturing. The safet
margins, however, are not de� ned clearly. The interactions
between microbial behavior and conditions that determine
the safety of foods are complex. Probabilistic modeling
approaches, such as proposed in quantitative microbial risk
assessment schemes, could contribute to determine how
sensitive or how stable is the current sanitary situation in sous
vide foods. The safety of several cooked chilled foods alread
has been assessed using these methods.

See also:Bacillus: Bacillus cereus; Chilled Storage of Foods:
Principles;Clostridium: Clostridium botulinum; Heat Treatment
of Foods– Principles of Pasteurization;Listeria Monocytogene;
Traditional Preservatives:Sodium Chloride;Thermal
Processes:Pasteurization.
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Taxonomic Status ofMicrococcus
and Micrococcaceae

Bacteria belonging to the genusMicrococcusare Gram-positive,
spherical, 0.5–2.0 mm in diameter, nonsporing, and seldom
motile. They occur in pairs, tetrads, or irregular clusters, not in
chains. They are strictly aerobic, chemoorganotrophs, with
a respiratory metabolism, and generally produce little or no
acid from carbohydrates. They are catalase positive and ofte
oxidase positive, although weakly. They contain cytochromes
and are resistant to lysostaphin. They form colonies usually
pigmented in shades of yellow or red. They grow on simple
media and are usually halotolerant, able to grow with 5%
NaCl. Their optimum temperature generally ranges from 25 to
37 � C. Their Gþ C content of DNA ranges from 64 to 75 mol%.

Micrococcustraditionally has been included in the Micro-
coccaceae family, together with the generaStaphylococcu,
Stomatococcus, and Planococcusof aerobic and facultative anaer-
obic Gram-positive, catalase-positive cocci. However, a highe
5S rRNA sequence similarity ofMicrococcus luteusstrains ATCC
9341 and ATCC 4698 with Streptomyces griseus45-H than with
Staphylococcus epidermidisstrain ATCC 14990 andStaphylococcu
aureusstrain Smith was found. According to some authors,
Streptomycesand Micrococcus, characterized by a high genomic
Gþ C content, emerged from the Gram-positive bacterial stem
at an early time during bacterial evolution, and their unique 5S
rRNA secondary structure is closer to the Gram-negative typ
than to the Gram-positive type.

A new genus,Macrococcus, was proposed in 1998 within the
Micrococcaceae family on the basis of a phylogenetic analys
comparing 16S rRNA sequences, DNA–DNA liquid hybrid-
ization, DNA base composition, normalized ribotype patterns,
macrorestriction pattern analysis, and estimation of genome
size using pulsed � eld gel electrophoresis (PFGE) cell wal
composition, phenotypic characteristics, and plasmid pro� les.
Compared with members of the genusStaphylococcus, their
closest relatives, Macrococcusshowed lower 16S rRNA
sequence similarities (93.4–95.3%), higher GþC content in
the DNA (38–45 mol%), absence of cell wall teichoic acids,
with the possible exception of Micrococcus caseolyticus, unique
ribotype pattern types and macrorestriction patterns, smaller
genome size, of approximately 1500–1800 kb, and generally
larger Gram-stained cell size, of 1.1–2.5 mm in diameter. The
new genus is integrated by the four speciesM. caseolyticu
(formerly Staphylococcus caseolyticus), Micrococcus bovicu,
Micrococcus equipercicus, and Micrococcus carouselicus.

Nine species ofMicrococcus,Micrococcus agilis, Micrococcu
halobius, Micrococcus kristinae, M. luteus, Micrococcus lylae,
Micrococcus nishinomiyaensis, Micrococcus roseus, Micrococcus se
entarius, and Micrococcus varianswere recognized until 1995.
Data on the GþC content of the DNA, fatty and mycolic acid
patterns, peptidoglycan type, and 16S rDNA sequence
revealed large heterogeneity within this genus. Consequently
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
strains previously identi� ed as belonging to seven species o
Micrococcuswere transferred to generaArthrobacter, Dermacoccu
gen. nov., Kocuriagen. nov., Kytococcusgen. nov., andNester-
enkoniagen. nov. Thus,M. agilis, which grows best at 22–25 � C,
has been renamed asArthrobacter agilis; M. nishinomiyaensisas
Dermacoccus nishinomiyaensis; M. kristinae, M. roseus, and
M. variansasKocuria kristinae, Kocuria rosea, and Kocuria varians,
respectively; M. sedentariusas Kytococcus sedentarius; and
M. halobius, which requires 5% NaCl in the culture medium, as
Nesterenkonia halobia. Currently, only two species,M. luteusand
M. lylae, remain in the genusMicrococcus.

After these changes, a new description of the genusMicro-
coccus(Cohn, 1872; Stackebrandt et al., 1995) was given, a
follows: Micrococcuscells are spherical and nonmotile; endo-
spores are nonformed, Gram-positive, and aerobic; chemo
organotrophic; metabolism is strictly respiratory; catalase and
oxidase positive; and mesophilic and nonhalophilic. The
peptidoglycan contains L-lysine as the diagnostic amino acid.
The peptidoglycan variation is either A2, with the interpeptide
bridge consisting of a peptide subunit, or A4a. The predomi-
nant menaquinones are either MK-8 and MK-8(H2) or
MK-8(H 2); MK-7 or MK-7(H 2) and MK-9(H 2) occur in minor
amounts. The cytochromes are cytochromesaa3, b557, b567, and
d626; cytochromesc550, c551, b563, b564, and b567 may be present.
Mycolic acids and teichoic acids are absent; teichuronic acid
may be present. Mannosamine-uronic acid may be presen
as an amino sugar in the cell wall polysaccharide. Cellular
fatty acids are iso- and anteiso-branched fatty acids, with
anteiso-C15:0 and iso-C15:0 predominating. Polar lipids are
phosphatidylglycerol, diphosphatidylglycerol, and unknown
ninhydrin-negative phospholipids and glycolipids; phospha-
tidylinositol may be present. The major aliphatic hydrocarbons
(br-D-C) are C27 to C29 hydrocarbons. The Gþ C content of the
DNA is 69–76 mol% (as determined by the Tm method).
The primary habitat is mammalian skin. The type species is
M. luteus(Schroeter; Cohn, 1872).

Emended descriptions of the genusMicrococcusand the
speciesM. luteusand M. lylaewere given in 2002, on the basis of
a polyphasic approach to the classi� cation of nine yellow-
pigmented, spherical bacterial strains isolated from various
sources. In addition to the properties given in the 1995 genus
description, members of the genusMicrococcusshow several
common characteristics. Growth occurs up to pH 10. The polar
lipids are phosphatidylglycerol, diphosphatidylglycerol, phos-
phatidylinositol, an unknown glycolipid, and an unknown
ninhydrin-negative phospholipid. L-arabinose, p-arbutin,
D-cellobiose, D-galactose, D-melibiose, D-ribose, and salicin
are not assimilated. Members of the genus share th
Micrococcaceae-speci� c signature nucleotides at positions
293–304, 610, 598, 615–625, 1025–1036, 1026–1035,
1265–1270, and 1278 of the 16S rRNA gene sequenc
(Escherichia colinumbering) and lack the signature nucleotides
at positions 640, 839–847, and 859. The description of
78-0-12-384730-0.00206-8 627
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M. luteusand M. lylae also was emended, andM. luteuswas
dissected into three biovars, distinguishable by chemotaxo
nomic and biochemical traits: biovar I, represented byM. luteus
DSM 20030T; biovar II, represented byM. luteusDSM 14234,
and biovar III, represented byM. luteusDSM 14235.

In spite of these taxonomic studies, however, the nine
speciesM. agilis, M. halobius, M. kristinae, M. luteus, M. lylae,
M. nishinomiyaensis, M. roseus, M. sedentarius, and M. varians
were still recognized in 2006 in the handbook The Prokaryote,
which included a scheme for the differentiation of these species
based on physiological and chemotaxonomic characteristics.
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Main Habitats and Pathogenicity

Micrococcusstrains commonly are found in a large variety of
terrestrial and aquatic ecosystems, including soil, fresh and
marine water, sand, and vegetation. The skin of warm
blooded animals, including humans, is a main reservoir for
Micrococcusstrains, which frequently contaminate foods of
animal origin.

The genusMicrococcusis not considered to be pathogenic.
However, Micrococcusstrains have been reported to caus
various types of infections, usually as opportunistic pathogens
Thus, M. luteus strains were associated with septic arthritis
prosthetic valve endocarditis, and recurrent bacteremia. Also
Micrococcusspp. strains produced pneumonia in a patient with
acute leukemia, localized cutaneous infections in immuno-
compromised patients with HIV-1 disease, and catheter-related
infection in patients with pulmonary arterial hypertension.
According to some authors,Micrococcusspp. should not be
regarded as contaminants, but rather as true pathogens tha
may require therapeutic intervention.
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Detection, Enumeration, and Identi�cation Methods

The most commonly used plating medium for the detection
and enumeration of Micrococcusspp. in foods is mannitol salt
agar (Chapman medium). Designed as a differential agar for
mannitol-fermenting S. aureusstrains, it permits the growth of
other species of Micrococcaceae, in particular of mostMicro-
coccusstrains, which do not turn the color (phenol red) of the
medium to yellow. It has been used widely for the enumeration
of Micrococci in cheese and meat products, but it must be
noted that some nonhalotolerant strains of Micrococci are not
capable of growth on this medium.

Also, a nonselective medium devised for direct isolation of
Micrococci from skin (P agar) and a selective nitrofuran-
containing medium (FTO agar), which distinguishes Micro-
cocci from Staphylococci in human skin samples and clinical
specimens have been suggested for the detection an
enumeration of Micrococci in foods. Media generally are
incubated under aerobic conditions at 30–37 � C for 2–4 days,
although some species may grow better at 25–30 � C.

Preliminary identi � cation tests for Micrococci are Gram
stain, cell morphology, and catalase production. Micrococci
may be differentiated from Staphylococci by their resistance to
lysostaphin (200 mg ml� 1) and their growth on furazolidone
agar, although they are not capable of producing acid from
glucose in anaerobiosis. Before the use of DNA sequencin
techniques, the analysis of cellular fatty acids, isoprenoid
quinones, polar lipids and mycolic acids, as well as the pepti-
doglycan composition, were useful tools for the identi� cation
of Micrococcusat the genus level.
Occurrence ofMicrococcusand Micrococcaceae
in Foods

Many food isolates ofMicrococcusand other Micrococcaceae are
able to grow at reduced water activity values, as low as 0.85
and some strains are thermoduric, surviving to milk pasteuri-
zation (72 � C for 15 s) conditions. These physiological char-
acteristics permit them to colonize processed foods, such a
cured meats, fermented meat products, raw and pasteurize
milk cheeses, and, in general, intermediate-moisture food
products.
Meat Products

Iberian dry-cured ham, the most characteristic Spanish mea
product, is obtained from highly marbled Iberian breed pig
hind legs after a curing period of at least 18–24 months.
Gram-positive, catalase-positive cocci isolated from mannitol
salt agar plates were mostly identi� ed asStaphylococcus xylos
and Staphylococcus equorum. A remarkable variety of Staphy-
lococci and Micrococci were detected throughout the curing
period of Iberian ham. Due to their metabolic activities, those
strains could contribute to the biochemical and sensory
characteristics of the� nal product. The precise role of Micro-
coccaceae in the development of the highly appreciated� avor
and aroma characteristics of Iberian ham, however, remains
unclear.

Serrano ham production in Spain is obtained from pigs
from Large White and Landrace breeds or crosses of the
breeds, instead of Iberian breed pigs. Manufacturing and dry
salting procedures are similar, but the curing period is
shorter, usually ranging from 8 to 14 months. The genus
Staphylococcuspredominated within the Micrococcaceae is iso-
lated along the curing process of Serrano ham, withS. xylosus
(50% isolates) and S. equorum(40% isolates) as the only
species, whereasMicrococcusspp. represented only 10% of total
isolates.

Also, the Micrococcaceae present in basturma, dried age
spiced beef made in Greece and some other countries, hav
been studied. Staphylococcusisolates markedly outnumbered
Micrococcus isolates in this intermediate-moisture meat
product, with 111 and 9, respectively, out of 120 total isolates.
The differentiation into species revealed 42%S. epidermidis,
32% Staphylococcus saprophyticus, 12% Staphylococcus simula,
4% Staphylococcus carnosus, 2% Staphylococcus hyicussubsp.
hyicus, and only 8%M. varians.

Micrococcaceae constituted the predominant microbiota
throughout the curing period of cecina, a dry-salted smoked
beef from Northern Spain, both on the surface and in the
interior. They reached higher levels on the surface, abou
107 cfu g� 1, than in the deep tissue, below 104 cfu g� 1. Out of
159 Micrococcaceae isolates, 11% belonged to the genu
Micrococcus, 81% to the genusStaphylococcus, and the rest could
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not be identi � ed. The proportions of Staphylococcusspp. and
Micrococcusspp. varied with salt content and water activity, but
they were not in� uenced by pH value.

Chorizo is a fermented dry-cured sausage, with adde
paprika, made in different regions of Spain. The Micro-
coccaceae present in six batches of chorizo manufactured
different factories were investigated at three stages of ripenin
Staphylococcus xylosuswas the predominant species (95% of 426
isolates), which strains could be grouped into 12 types
according to their fermentation patterns. Most strains of
Staphylococci showed nitrate reductase activity, and thei
proteolytic and lipolytic activities were moderate.

Micrococcaceae isolates from different types of Iberian dry
cured sausages generally were identi� ed (95%) as Staphylo-
coccus, whereasKocuriaaccounted for 5%. The most abundant
species wasS. xylosus, followed by S. aureus, Staphylococcus lu
dunensis, S. saprophyticus, Staphylococcus sciuri, Staphylococcu
chromogenes, and Staphylococcus capitis. The majority of the
strains showed proteolytic and lipolytic activities, but none of
them produced histamine, tyramine, phenylethylamine, or
spermine. In soppressata molisana, however, a traditiona
Italian fermented sausage, 42% of the isolates were characte
ized as Micrococcus, with predominance of M. kristinae, and
58% as Staphylococcus, with predominance of S. xylosusand
absence ofS. aureus. All strains were able to grow in the pres-
ence of 10% NaCl, and a large majority was able to reduce
nitrates to nitrites at 30 and 18 � C. Pork fat was hydrolyzed by
41% of Micrococcusisolates and 16% ofStaphylococcusisolates.
Micrococci showed higher proteolytic activity than Staphylo-
cocci in skim milk.

By means of polymerase chain reaction (PCR) ampli� cation
and denaturing gradient gel electrophoresis of a small fragmen
from the 16S rRNA gene, Micrococcaceae strains from natur
fermented Italian sausages were identi� ed.Staphylococcus xylo
was the main bacterium involved in the production of Italian
fermented sausages, representing the only Micrococcace
species from day 10 onward. In another study on fermented
Italian sausages, however,S. xylosusand S. equorumwere found
to be the predominant population over the course of fermen-
tation, but Staphylococcus haemolyticus, Staphylococcus lentu,
M. luteus, M. caseolyticus, and Staphylococcus succinusalso were
detected, although at lower levels. A manufacturing plant-
speci�c ecology for catalase-positive cocci was revealed b
using cluster analysis. In addition, the breed of pork, but not
the management system used for animal production, was
found to in � uence the ecology of catalase-positive cocci i
Italian fermented sausages.

All Micrococcaceae isolates from 21 spontaneously fer
mented Swiss meat products, investigated by means o
PCR-RFLP (restriction fragment-length polymorphism),
belonged to genusStaphylococcus. FifteenStaphylococcusspecies
were found, the main of which were S. equorum, Staphylococcu
warneri, S. saprophyticus, S. epidermidis, and S. xylosus, which
represented more than 76% of the isolates, whereasS. aureus
accounted for only 7%.

Semipreserved cooked meat products show a larg
diversity of Micrococcaceae population, although generally
at low levels. The presence of sevenMicrococcusspecies and
10 Staphylococcusspecies in cold cuts has been reported
Besides the isolates ascribed to recognized specie
a relatively high proportion of Micrococci isolates (17%)
and Staphylococci isolates (27%) from cold cuts could not
be identi� ed.

Independently of the animal origin of the Micrococcaceae
strains present in meat products, salt used in the dry-salting
process is a noteworthy contributor to the microbiota of dry-
cured meat products. When the microbiota of salt used in the
production of Spanish dry-cured ham was studied, it was found
that Micrococcaceae constituted the predominant bacteria
population. Out of 369 Micrococcaceae isolates, 25% belonged
to genusMicrococcus, 60% to Staphylococcus, 6% to Kocuria, 5%
to Dermacoccus, and 0.5% to Stomatococcus. The species most
frequently isolated wasS. xylosus(29%), followed by M. lylae
(21%), S. equorum(19%), and D. nishinomiyaensis(5%). Salt
used for the salting process of dry-cured hams offers a
ecosystem suitable for the survival of the Staphylococci and
Micrococci.

Also, Micrococcaceae present in the brine used in cooke
ham production have been investigated. There was a clea
predominance of the genusStaphylococcus(87% isolates) with
respect to Micrococcus(13% isolates). The most common
species wasS. xylosus, followed by S. carnosus, S. epidermidis, and
S. saprophyticus. Nitrate reductase activity of most strains was
intense even at low temperatures.
Dairy Products

Micrococcaceae are always present in raw milk sample
although their levels do not exceed usually 1% of the total
bacterial population. Some species are pathogenic, such a
S. aureusand S. haemolyticus, responsible for mastitis. The most
common species of Micrococci isolated from raw milk are
M. varians, M. luteus, and M. lylae, but many milk isolates are of
uncertain taxonomic status. The thermoduric traits of some
Micrococcusstrains are responsible for their presence in
pasteurized milk cheeses.

The occurrence ofMicrococcusin many cheese varieties has
been investigated, and generally higher levels were found o
the cheese surface than in the cheese interior. Contrary to wha
has been reported for most meat products, Micrococci were a
higher levels than Staphylococci in some cheese varieties. Thu
82% Micrococcaceae isolates were identi� ed as Micrococci and
18% as Staphylococci in Cabrales, a Spanish blue chee
variety. On day 60, Micrococci reached counts above
8 log cfu g� 1 on the surface of the cheese, where they becam
the dominant microbiota, and above 6 log cfu g� 1 in the cheese
interior. SpeciesM. variansand M. luteuswere the most abun-
dant ones. Salt had a selective effect on theMicrococcuspop-
ulation of Cabrales cheese, which switched from
nonhalotolerant isolates in milk and curd to a majority of
isolates able to grow in the presence of 20% NaCl from day 30
onward (Figure 1).

Similarly, the Micrococcuspopulation was more abundant
on the surface than in the interior of Roquefort cheese. Specie
M. roseus, M. sedentarius, M. lylae, M. luteus, and M. varianswere
isolated from the surface of this blue cheese variety. During
culture on synthetic media, these bacteria produced acetic aci
as the main volatile fatty acid, and propanol as the main
alcohol. On complex media, the isolates synthesized additional
volatile fatty acids. They were inhibited at a pH lower than 5.5,
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Figure 1 Distribution of 111Micrococcusisolates and 30Staphylococcusisolates obtained during the manufacture and 120-day ripening period of two
batches of raw milk blue Cabrales cheese.
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but grew at temperatures from 4 to 44 � C and at NaCl
concentrations up to 20%, corresponding to a water activity
of 0.884.

All Micrococcaceae strains isolated from traditional French
cheeses produced hydrogen sul� de from cysteine, and most
were able to produce methanethiol from methionine, in some
cases at levels comparable to those ofBrevibacterium linens.
These strains produced a remarkable variety of sulfu
compounds, including sul� des (methyl, dimethyl and trimethyl
sul� de), thiols (2-propanethiol, 2-methylpentanethiol), thio-
esters (methylthioacetate, methylthuiobutanoate, methyl-
thiopentanoate), and others that could not be identi� ed.
Because of the low threshold of these volatile compounds
Micrococcaceae might have an important role in cheese� avor
diversity. Micrococcaeae also have been investigated for the
aptitude to form S-methyl thioesters, by incubating resting cells
with methanethiol alone at pH 7 and in conjunction with
a mixture of straight, branched, and hydroxy short-chain fatty
acids up to C-6 at pH 7 and 5. All the strains synthesized
S-methyl thioacetate, and some of them were able to form
branched-chain thioesters especially from their intracellular
fatty acids at neutral pH, and straight-chain thioesters mostly
from exogenous fatty acids at acid pH.

Different authors have reported the presence in the chees
interior of M. varians, M. luteus, and M. lylae, and of isolates that
could not be assigned to recognized species of Micrococc
There is a general agreement, however, on the fact th
although Micrococcusstrains commonly are found in milk and
curd, their population declines rapidly during the � rst days of
ripening and generally has disappeared by day 30. Studies o
different varieties of semihard and hard cheeses have pointe
out a marked predominance of Staphylococci with respect to
Micrococci as ripening proceeds. Because of its aerob
metabolism, Micrococcusdoes not grow or survive well in the
interior of pressed cheeses, which usually show a compac
nonaerated texture. On the contrary, Staphylococci, including
a considerable proportion of coagulase-positive strains, which
tolerate well the low redox potential and acidic conditions
typical of the cheese interior, remain fairly constant during
aging of most raw milk cheeses and may be found at levels
above 103 cfu g� 1 in ripe cheese.
Applications ofMicrococcusand Micrococcaceae
in Foods

Micrococcaceae are used as starter cultures in the manufactu
of fermented meat products, and also of some cheese varietie
together with lactic acid bacteria. Micrococcaceae were no
included, however, in the list of taxonomic units proposed for
quali � ed presumption of safety (QPS) status by the European
Food Safety Authority (EFSA). EFSA considers that out of th
microorganisms used in food production, some have a long
history of apparent safe use, whereas others are less w
understood and may represent a risk to consumers. Accordin
to EFSA, the safety assessment of a de� ned taxonomic group
(e.g., genus or group of related species) could be made base
on four pillars (establishing identity, body of knowledge,
possible pathogenicity, and end use). The grouping could be
granted QPS status only if the taxonomic group did not raise
safety concerns, or if safety concerns existed, but they could b
de� ned and excluded (the quali� cation).
Meat Products

At the meat industry, Staphylococcusstrains usually are
preferred to Micrococcusstrains, some of which are know
recognized to belong to the genusKocuria, because of the more
adequate growth characteristics, fermentative metabolism
and enzymatic activities of the Staphylococci. Their aroma
producing potential is important on this respect, and strains
may be selected in dry-sausage models. Some strains of th
speciesS. warnerior S. saprophyticusmay develop putrid or
nauseous odors. By gas chromatography-mass spectromet
techniques, off-odors have been related to high levels o
heptanal, hexanal, octanal, 3-hydroxy-butan-2-one, and
2,3-butanedione. On the other hand, dry-cured aroma can be
achieved by the inoculation of S. carnosusand S. xylosusstrains
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Micrococcus 631
of low lipolytic and proteolytic activities, not producing ace-
toin but effectively reducing nitrate. These strains produce
high amounts of 3-methyl butanal, methylketones and ethyl
esters and low levels of alkanes, 3-hydroxy-butan-2-one, an
2,3-butanedione.

Different combinations of Lactobacillus sake, Lactobacillus
curvatus, and Micrococcussp. have been used in the production
of Italian-type salami from ostrich meat, and the sensory
characteristics of the product compared with those of salam
produced with glucono-d-lactone. Meat inoculated with starter
cultures was fermented for 4 days at 20–22 � C, and ripened for
a further 11 days at 16–18 � C. According to texture and sensory
evaluation, the best salami was produced by a starter cultur
containing a L. curvatusstrain and aMicrococcussp. strain.

Tyramine-oxidase positive strains ofM. variansmay be used
to degrade tyramine, a biogenic amine, during sausag
fermentation. Experimental fermented sausage was produce
with a L. curvatustyramine-forming strain, to achieve a � nal
tyramine concentration of 190 ppm. By adding one or two
tyramine-oxidase positive M. varians strains, the amount of
tyramine was lowered to 160 and 150 ppm, respectively, with
no adverse effect onL. curvatusgrowth or pH development.
Moreover, when sausage fermentation was carried out with
a L. sakestrain unable to form biogenic amines andM. varians,
with 100 ppm tyramine added to the raw material, the amount
of tyramine in the end product declined to 60 ppm, with
a faster decrease on the outside of the sausage.

Nitrate and nitrite have been traditionally used as curing
agents in the manufacture of meat products, because of the
positive effect on the sensory characteristics and the microb
ological safety of the products. Nitrate reduction is mostly
carried out by bacteria of the generaStaphylococcusand Micro-
coccus/Kocuria, whereas the further reduction of nitrite to
ammonium is performed by Staphylococcusstrains together with
some Lactobacilli, since Micrococcus/Kocuria are devoid of
nitrite reductase activity.

Pigment formation in fermented sausages is related to the
nitrate reduction ability of Micrococcaceae. To investigate
pigment formation, 100 ppm sodium nitrite and 150 ppm
sodium nitrate were added aseptically to ground pork for the
manufacture of Chinese-style sausage, which was inoculate
with 10 7 cfu g� 1 of M. varians (K. varians), S. carnosus,or
S. xylosus. Samples inoculated with S. xylosusshowed higher
values of ‘a’ and ‘b’ color parameters due to nitrate reduction,
and higher values of the nitrosyl pigment, after 3 days of curing.
Values were higher for samples cured at 30 than at 20� C.
Samples inoculated with S. xylosusand S. carnosushad higher
residual nitrite contents during curing at both temperatures
than samples inoculated with Micrococci. It was concluded that
S. xylosusand S. carnosusstrains were the optimum starter
cultures for improving pigment formation during Chinese-style
sausage curing.
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Dairy Products

Micrococci have been reported by some authors as importan
constituents of the secondary cheese microbiota. The
proteolytic and lipolytic enzymes may play an important role
in the ripening process of particular cheese varieties. In som
early works, it was found that intracellular cell-free enzymatic
preparations of Micrococcusdegraded preferentially b-casein
with respect to as1-casein, whereas the opposite was true fo
their extracellular proteinases.Micrococcusstrains isolated from
Spanish cheeses degraded caseins more rapidly than wh
proteins, b-casein preferentially with respect toas1-casein, and
b-lactoglobulin preferentially with respect to a-lactalbumin,
when grown on skim milk. Some strains formed high levels of
hydrophobic peptides, what could give rise to the appearance
of the bitter � avor defect in cheese (Figure 2).

Proteinases of Micrococcusbelonging to the metal-
loproteinase group have been characterized by differen
authors. One of the characterized metalloproteinases wa
included in a commercial preparation (Rulactine) with the
objective of accelerating cheese ripening. An extracellula
proteinase produced by aMicrococcusisolate from raw ewe’s,
milk Manchego cheese was puri� ed to homogeneity and
characterized as cysteine proteinase, with a molecular weight o
19.4 kDa. It hydrolyzed preferentially b-casein, but after
a longer incubation period, it also degraded extensively
as1-casein. It had a pH optimum of 7.0 at 37 � C, maximum
activity at 34 � C, and retained only 40% of its maximum
activity after 5 min at 60 � C. An extracellular esterase from the
same strain was characterized as tributyrin esterase after pu
� cation to homogeneity, with a molecular weight of 44.6 kDa.
Optimal conditions for activity on a-naphtyl butyrate were
30 � C and pH value of 7.5. It was heat labile, retaining only
50% activity after 5 min at 50 � C, and lost 50% activity in the
presence of 7.5% NaCl.

When Micrococcuscysteine proteinase (MCP) was used in
the manufacture of Manchego cheese from pasteurized ewe
milk, residual b-casein was signi�cantly lower than in control
cheese from day 15 onward, and residualas1-casein from day
30. Hydrophobic peptides, hydrophilic peptides, their ratio,
and N soluble in phosphotungstic acid were signi� cantly
higher in experimental cheeses from day 15. Experimenta
cheeses showed a less� rm texture than control cheese from day
30, due to their more pronounced proteolysis. Cysteine
proteinase addition to milk improved cheese� avor quality and
enhanced� avor intensity, with accelerated development of ripe
� avor. Biogenic amines tyramine and histamine were at lower
levels in Manchego cheese made from raw ewe's milk to which
cysteine proteinase had been added than in cheese from mil
with added Bacillus subtilisneutral proteinase (BSNP) or in
control cheese without added enzyme. This cysteine proteinas
also was used for the manufacture of Hispánico cheese from
pasteurized cow’s milk and the results obtained for residual
caseins, peptide levels, texture, and� avor intensity were similar
to those recorded for Manchego cheese. Bitterness, howeve
was detected in the experimental Hispánico cheese with th
highest levels of added cysteine proteinase, which adverse
affected� avor quality. As for Manchego cheese, the formation
of biogenic amines in Hispánico cheese made from raw cow's
milk to which cysteine proteinase had been added was lowe
than in cheese from raw cow's milk with added BSNP or in
control cheese without added enzyme (Figure 3).

Production of cysteine proteinase and tributyrin esterase
under cheesemaking conditions was investigated with the aim
of using high enzymatic activity (HEA) curds prepared with this
strain in the acceleration of cheese ripening. Incubation
temperature in� uenced enzyme levels in HEA curds after 24 h
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Figure 3 Biogenic amine concentrations in Manchego cheese made from raw ewe's milk and Hispánico cheese made from raw cow's milk, with added
Micrococcuscysteine proteinase (MCP),Bacillus subtilisneutral proteinase (BSNP), or without added proteinase (control), after 90 days of ripening.

Figure 2 Protein degradation and peptide formation by 11Micrococcusstrains isolated from Spanish cheeses, after incubation in skim milk for 18 h at
37 � C. Residual proteins are expressed as a percent of the initial concentration in milk, and peptides as arbitrary chromatographic units determined
at 280 nm. Bars and arrows indicate mean values and ranges, respectively.

632 Micrococcus
with maximum proteinase activity found for 37 � C curds and
maximum esterase activity for 30� C curds.

By adding 20% HEA curd to standard curd in cheese
manufacture, 72% increase in the proteolysis (o-phthaldial-
dehyde (OPA) test) value of 14-day-old cheese with respect to
control cheese was achieved, and 63% increase by using mi
inoculated with a Micrococcusculture at 2%. Degradation of
all casein fractions, in particular ofb-casein, was enhanced by
milk inoculation with Micrococcusat 2% and by the addition
of HEA curd at 10 or 20%. Hydrophobic peptides in cheese
containing 20% HEA curd were at levels high enough to cause
bitter � avor defect, but milk inoculation with 2% Micrococcus
and addition of 10% HEA curd accelerated proteolysis
without the risk of bitterness. The highest increases in tota
free amino acids with respect to control cheese were achieve
by milk inoculation with Micrococcusculture at 2%, up to
63% on day 14, higher than the 28 or 44% increases achieved
with HEA curd at 10 or 20%. The highest increases for indi-
vidual free amino acids on day 14 were recorded for Met, Ile,
His, and Tyr.
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Figure 4 Volatile compounds in cheeses manufactured from milk inoculated with 2% ofMicrococcusmilk (MM) culture or with 10 or 20% of high
enzymatic activity (HEA) curd made withMicrococcus. Concentrations are expressed as relative abundances (RA units) with respect to an internal standard.
The concentration of alcohols is represented in RA units divided by 100.

Micrococcus 633
Tributyrin esterase was detected from day 1 in cheese mad
from milk inoculated with the Micrococcusculture at 2% and in
cheeses with added HEA curd at 10 and 20%. Milk inoculation
with the Micrococcusculture, however, had no signi�cant effect
on the level of free fatty acids in cheese, determined by ga
chromatography. Contrarily, the addition of HEA curd to
standard curd increased total free fatty acids (C4–C18) to levels
3.1- and 5.0-fold higher than those of control cheese on day 14
when added at 10 and 20%, respectively. The highest increas
in individual free fatty acids in cheeses made with HEA curd
corresponded to hexanoic, butanoic, and octanoic acids.

Formation of volatile compounds in cheese made from
milk inoculated with 2% Micrococcusculture and in cheeses
with added HEA curds at 10 and 20% was investigated by ga
chromatography-mass spectrometry (GC–MS). Levels of acet-
aldehyde, 2-methyl propanal, 3-methyl butanal, ethanol,
2-methyl propanol, and 3-methyl butanol were higher, and
those of diacetyl and acetoin were lower, in cheese from milk
with added Micrococcusculture. Free fatty acids and ethyl
propyl, and isobutyl esters were at higher levels in cheeses wit
added HEA curd. Total esters were 2.3-fold higher in chees
from milk with added Micrococcusculture, and 10.1- or
23.7-fold higher in cheeses with 10 or 20% added HEA curd
than in control cheese (Figure 4).

SelectedMicrococcusstrains may be used as adjunct culture
in the manufacture of raw milk cheese varieties to supplemen
the microbiota present today, which are less diverse and
abundant than the microorganisms found in raw milk some
decades ago.Micrococcusstrains also may be of technological
interest in the manufacture of pasteurized milk cheeses or in
the development of new cheese varieties, when strong� avor
and aroma notes are searched for.

See also:Cheese:Microbiology of Cheesemaking and
Maturation; Role of Speci�c Groups of Bacteria; Fermented
Meat Products and the Role of Starter Cultures; Curing of M
Staphylococcus: Introduction; Starter Cultures.
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Introduction

As early as the mid-1980s, Staley and Konopka (1985) came t
the conclusion that a signi�cant proportion of the microbiota
was not cultivable by conventional culture techniques. They
described this phenomenon as the‘great plate anomaly,’ which
refers to their observation of the differential counts between
enumeration of cells forming colonies and cellular concentra-
tions determined by microscopy. With the advent of molecular
and technological advancements in the recent years, the gu
microbiota is now recognized to be a complex and diverse
ecological community and therefore verifying the initial obser-
vations made by Staley and Konopka.
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Progression of Gut Microbiota Signatures
from Infants to Aging

Infants

Once thought to be sterilein utero, it now has been shown that
the development of the gut microbiota begins before birth. The
umbilical cord bloods of healthy infants delivered by cesarean
section were found to contain Enterococcus, Streptococcu,
Staphylococcus, and Propionibacteriumby both cultivation and
molecular-based techniques, thus indicating that fetuses a
term are not completely sterile. It is postulated that mother-to-
child transfer of commensal bacteria occurs through placenta
barrier. Furthermore, meconium, which is the�rst stool from
newborns, have been found to harbor the facultative anaerobic
bacteria, such as Enterobacteriaceae, Streptococcaceae, Ent
cocci, and Staphylococci.

The progression of the stool microbiota signatures after
birth involves both the composition and the diversity.
4 Encyclopedia of Food
Enterobacteriaceae is the predominant earliest colonizers in th
newborn gut, and its abundance decreases gradually with age
The early presence of facultative anaerobes may be facilitate
by the Enterobacteriaceae family as these bacteria redu
oxygen levels to provide a suitable environment for anaerobic
microbes to establish. The succession of gut microbiota o
infants is followed by the establishment of anaerobic Clos-
tridium and Bacteroidesand is dominated by Bi� dobacteriumup
to the age of 1 year. As the infants reach the age of 1 year, th
phylum Firmicutes dominates with gradual increase of the
Clostridia class, resulting in the beginning of the adultlike
pattern of stool microbiota. Enterobacteriaceae is also
predominant in preterm infants, with a higher prevalence of
Klebsiellaspp., Enterobacter, Enterococci, Escherichia coli, and
Clostridia at genus level.
-

Adult

The adult stool microbiota is dominated by two phyla.
Bacteroidetes and Firmicutes accounting for up to 90% of
total gut microbiota with a relative abundance of approxi-
mately 65% and 25%, respectively. Other phyla– such as
Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobac
teria, Spirochaetes, and Cyanobacteria– are present as
minority groups in adult stool microbiota. Phylum Firmi-
cutes belongs to Gram-positive bacteria, dominated by
clostridial clusters IV, XIVa, and XVI in the human gut. A
Korean study showed similar�ndings but slight differences
at the genus level whereFaecalibacterium, Prevotella, and
Bacteroideswere the three most abundant genera. In Finnish
subjects, Clostridium clusters IV and XIVa from Firmicutes,
including 35% and 40% of total microbiota present in the
gut of Finnish subjects.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00207-X

http://dx.doi.org/10.1016/B978-0-12-384730-0.<?thyc=10?>00207<?show $132#?>-<?show $132#?>X<?thyc?>
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Aging

The gut microbiota undergoes changes with the aging of the
host. Eubacteriumand Bacteroidesdeclined whereasRuminoccus,
Clostridium perfringens, and Enterococci increased. There is a
abundance of Bi� dobacteriumand Lactobacillusin the aging
human gut microbiota; however, contrasting results were re
ported when comparing the abundance ofBi� dobacteriumand
Lactobacillusto adult gut microbiota.

When the gut microbiota of young adults, elderly, and
centenarians are compared, the fecal bacteria compositions o
centenarians differ signi� cantly, with fecal composition char-
acterized by a higher abundance of Proteobacteria and Bacil
(Figure 1).

Besides the aging process, the differences in gut microbio
observed across aging might be due to various environmenta
confounders, which include demographic and lifestyle char-
acteristics at different geographic locations. To evaluate th
effect of aging on gut microbiota, a longitudinal analysis
should be carried out on the same cohort with all the demo-
graphic data available.
e
-
-
n
d.

-

-

i
o-

ts
e.

e

Differences in Microbiota across Intestinal Sites

Bacterial groups differ along the small intestine. The predom-
inant groups in the jejunum are Streptococcus(68%), Proteo-
bacteria (13%), andClostridiumclusters IX and XI (10%), while
the predominant groups from mucosa biopsies of distal ileum
areBacteriodetes(49%) and Clostridiumclusters IV, IX, XIVa, and
XIVb (37%).

Bacteroidetes phyla and Lachnospiraceae family are mor
prevalent in colonic samples. A study reported that mucosal
associated microbiota along the colon are relatively homoge
nous. Microheterogeneity, however, has been observed i
biopsy samples spaced 1 cm apart in certain subjects studie
A weak but signi� cant correlation between acidomucins globet
cells and mucosal-associated microbiota was found. Acid
omucins are the predominant type of mucins, which are the
endogenous substrates of fermentation from a population of
Figure 1 Progression of gut microbiota signatures from birth to elderly
respectively, as compared with the previous age groups. Summarized
mucosal-associated bacteria. This may suggest that the micr
heterogeneity in mucosal-associated microbiota may due to
differences of local biochemistry of the gut.

Rectal biopsies show that Firmicutes and Bacteroidete
phyla remain the two most predominant groups, with Pro-
teobacteria third in rank. Other phyla with lower prevalence
are Actinobacteria, Fusobacteria, Gemmatimonadetes, Lent
sphaerae, Tenericutes, and Verrucomicrobia. Differences in th
abundance of bacterial groups are observed between fec
samples and rectal biopsies. Lachnospiraceae family was foun
more abundant in rectal biopsies, whereas Rikenellaceae an
Bacteroidaceae family were lower. It also was reported that th
similarities between fecal samples from different subjects ar
higher than comparing the fecal sample to a rectal biopsy
sample.
Lifestyle and Environmental Factors Inßuencing
the Pattern of Gut Microbiota

Mode of Delivery

Fecal Bi� dobacteriumshows a long-term association (up to
6 months postdelivery) between mother and infant pairs.
Vaginal-delivered infants are colonized mainly byLactobacillus,
Prevotella, Bi� dobacterium, Bacteroides, and Atopobiumfrom the
vaginal and fecal bacteria of the mother at delivery. Cesarean
delivered infants are colonized mainly by environmental and
skin bacteria, such asClostridium dif� cile, E. coli, and Streptococc.
Moreover, cesarean-delivered infants have less diverse micr
biota and delayed colonization with Lactobacillus, Bacteroides,
Bi� dobacterium, and E. coli. These differences in fecal microbiota
signatures between vaginal- and cesarean-delivered infan
have been observed up to 1 year, and even after 7 years of ag
Differences in Gut Microbiota across Geographic Regions

Several studies have addressed this phenomenon of th
demographic effect on stool microbiota. Infants from Sweden
showed high counts of Lactobacilli and Eubacteria, while
. Symbols ([ ) and (Y) represent the increase and decrease of bacteria abundance,
from Eckburg et al. (2005), Tiihonen et al. (2010), and Yatsunenko et al. (2012).
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increased numbers ofClostridia was found in the Estonian
infants. Higher counts of lactic acid bacteria (LAB), coliforms,
and Staphylococci were observed in rural children from South
Thailand compared with urban children from Singapore. In
a more recent study involving � ve European countries, it was
revealed that Northern European countries had higher
proportions of Bi� dobacteria, whereas a more diverse micro-
biota with higher proportion of Bacteroideswas observed in
southern European countries.

A comparative analysis of human gut microbiota among
Americans, Japanese, Koreans, and Chinese by means
pyrosequencing showed that Americans and Japanese ha
a higher abundance of Firmicutes and Actinobacteria than the
other populations whereas gut microbiota of Koreans and
Chinese were enriched with Bacteroidetes. At the genus leve
a higher abundance of Bi� dobacteriumand Clostridiumwere
observed in the Japanese group, whereas a higher abundance
Prevotellaand Faecalibacteriumwere found in the Korean group.
The Chinese group harbored the highest abundance ofBacter-
oidesand the lowest abundance ofClostridium.The Korean diet
is rich in dietary � ber (19.8 g day� 1) mainly from vegetables
and cereals, as compared with the American diet (15.1 g day� 1)
and the Japanese diet (15.0 g day� 1). These differences in feca
microbiota may be related to the adaptation to the cultural
differences in the diet. Bacteroidetes were shown to be mor
abundant in the fecal microbiota from African children with
a diet rich in carbohydrate, � ber, and nonanimal protein
compared with Italians. Metagenomic analysis of Japanese fec
microbiota revealed a gene transfer from marine bacteria to
Bacteroides plebeius, which is necessary to degrade porphyra
edible seaweed.
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Diet

Breastfeeding: The fecal microbiota of breastfed infants are les
diverse and dominated by Bi� dobacterium, followed by Strep-
tococcus, Staphylococcus, Lactobacillus, Enterococcus, and Enter-
obacteria. Breast milk contains lactose as its main carbohydrate
source and different oligosaccharides that are believed to favo
the growth of certain bacterial species, particularlyBi� dobacte-
rium. Other bacteria that reportedly were found in breast milk
are Streptococcus, Staphylococcus, and Lactobacillus. Breast milk
also contains antimicrobial factors (e.g., lysozyme, lactoferrin),
which explained the lower growth of facultative anaerobes in
breastfed infants.

The more diverse fecal microbiota of formula-fed infants
includes Enterobacteriaceae and a higher abundance an
prevalence of facultative anaerobes such asBacteroidesand
Clostridiumas compared with breastfed infants.Bi� dobacterium
also was present in gut microbiota of formula-fed infants but in
lower abundance and frequency.

Longitudinal analyses showed that the Lactobacilli–
Enterococcigroup is higher in breastfed infants over the four
time points up to 1 year of age. At the species level, breas
feeding in� uenced the prevalence of Clostridium leptum,
C. dif� cile, C. perfringens, and Bi� dobacteriumin the fecal
microbiota of infants, whereas formula-fed infants were
dominated by Bacteroidesand Clostridium coccoides.

Dietary factors: Studies on fecal samples from severa
countries demonstrated the clustering of gut microbiota into
three different enterotypes. These patterns mainly were distin
guished by the enrichment of Bacteroides, Prevotella, and
Ruminococcusand were not associated with nationality, age,
gender, and body mass index.

Bacteriodetesand Actinobacteriawere positively associated
with fat but negatively associated with � ber, and the reverse
association was observed for Firmicutes and Proteobacteria
Using the same data, the researcher showed that the long-term
dietary effects managed to cluster the gut microbiota into
Bacteroides(Enterotype 1), which is associated with animal
protein and saturated fats, andPrevotella(Enterotype 2), which
is associated with carbohydrates.

Another study reported that Actinobacteria and Bacter
oidetes were more predominant in Burkina Faso children with
a diet that predominantly was vegetarian, which is high in� ber,
starch, and plant carbohydrate but low in fat and animal
protein. Firmicutes and Proteobacteria were found to be more
abundant in European children who consume a typical
Westerndiet that is high in animal protein, sugar, starch, and
fat but low in � ber. Prevotella, Xylanibacter(Bacteroidetes), and
Treponema(Spirochaetes) were present only in Burkina Faso
children. Using a complete linkage hierarchical clustering
method, the gut microbiota were grouped into three clusters:
the Burkina Faso group, the European group, and a subgroup o
total breastfed children from both countries. These results
suggest that the dietary pattern is an important variable that
prevailed over other environmental variables, such as sanita
tion, hygiene, geography, and climate.
Other Factors

Antibiotics use has a short-term impact on stool microbiota.
Postnatal antibiotic use was associated with decreased numbe
of Bi� dobacteriumand Bacteroides, and prenatal antibiotic use
was associated with lower proportions ofBacteroidesand Ato-
pobiumgroup. Another study showed a higher abundance ofC.
leptumat 1 year of age for infants who reported their antibiotic
intake within 6 months. Furthermore, hospitalization was
associated with higher prevalence and counts ofC. dif� cile.

Other factor that can in� uence intestinal microbiota is the
presence of older siblings. Relative abundance ofBi� dobacte-
rium increased when sibling number increases. The opposit
association was observed for Enterobacteriaceae where t
abundance decreased with each increase in sibling numbers.
Gut Microbiota at Genomic and Proteomic Levels

Metagenomics

The human adult intestinal microbiota is enriched in gene
categories involved in carbohydrate metabolism, energy
metabolism and storage, generation of short-chain fatty acids
amino acid metabolism, biosynthesis of secondary metabolism,
and metabolism of cofactors and vitamins. Turnbaugh and
coworkers (2009) identi� ed this group of shared microbial
genes as core microbiome. Additionally, adult gut microbiome
is enriched by genes for antimicrobial peptides transporters and
multidrug ef � ux pump. The enrichment of enzymes involved in
energy storage and DNA repair also have been observed in adu
gut microbiome. The classes of functional genes appear to b
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different in adults and infants. Those enriched in the infant gut
microbiome are genes targeting anaerobic energy production
carbohydrate transport, and metabolism, including enzymes for
nondigestible plant polysaccharides as well as genes involved i
various transport systems, especially transporters.

Another age-related difference observed is the enrichment o
genes involved in biosynthesis of folate in infants gut micro-
biome, whereas adults’ gut microbiome was enriched with
genes for metabolism of dietary folate. The relative abundanc
of genes involved in biosynthesis of cobalamin increases with
age. Other differences observed were the genes for biosynthe
of vitamins B1 and B7 – and the genes involved in fermentation,
methanogenesis, and the metabolism of arginine, glutamate
aspartate, and lysine– were enriched in adult gut microbiomes.
Infant gut microbiome was found to be enriched with genes for
ATP-binding cassette (ABC) transporters and metabolism o
cysteine and fermentation pathways found in LAB. In addition,
genes involved in the foraging of glycans were also found to be
enriched in infant gut microbiome.

Metagenomic studies of human gut microbiome have
provided new knowledge relating to its genomic features. The
characterization of genes enriched in infant and adult gut
microbiome reveals distinct nutrient acquisition of gut micro-
biota, which is mainly in � uenced by the different diet pattern
of the host.
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Metatranscriptomics

Metatranscriptomics analysis enables us to understand the gen
expression by active gut microbiome. Using the analysis of 16S
rRNA gene transcripts, metatranscriptomics have shown tha
the two predominant bacterial phyla are Firmicutes (49.18%)
and Bacteroidetes (31.42%), while Proteobacteria (3.66%)
Actinobacteria (0.4%), and Lentisphaerae (0.22%) were the
minor active phyla detected. At the family level, Rumino-
coccaceae, Lachnospiraceae and Clostridiaceae, Bacteroidac
Rikenellaceae, Porphyromonadaceae, and Prevotellaceae we
the predominant families detected in the active microbiota.
Bacteroidaceae appear to be involved in almost all bacteria
functional genes categories in the active gut microbiota
whereas the Ruminococcaceae and Prevotellaceae family
associated with antibiotic biosynthesis and transport of
secondary metabolites.

The characterization of cDNA sequences revealed that th
main functional roles of the active gut microbiota were
carbohydrate metabolism, energy production, and synthesis o
cellular components. The inorganic ion transport and metab-
olism functional gene group was overrepresented in the anal
ysis of cDNA sequences in contrast to the metagenomi
analysis. In contrast, housekeeping activities, such as amin
acid and lipid metabolism and transport, were underrepre-
sented in the metatranscriptome. By identifying the expression
pro� les of the bacterial structure and the functional gene by gu
microbiota, it would provide further evidence of the dynamic
interaction between the gut bacteria in intestinal environment.
itial microbiota
nal Academy of

., et al., 2005.
8),
Metaproteomics

A metaproteomics study reported that the microbial protein
pro� le in fecal samples showed that the protein pro� les
differed from those based on metagenomics data. Meta
genomic studies showed the predicted gene pro�le, instead of
the gene pro� le actually expressed into protein. This study
illustrated the major limitation of metagenomic studies. The
majority of proteins detected in fecal samples are those
involved in translation, energy production, and carbohydrate
metabolism. These proteins represent more than 50% of the
total protein of the total protein detected. These data indicate
that proteins involved in posttranslational modi � cations,
protein folding, and turnover appear to be better represented in
metaproteome rather than metagenomic pro� les.
Conclusion

The gut microbiota develops before birth and progresses
until it reaches the steady state, which is known as the
adultlike fecal microbiota. The gut bacterial compositions are
different along the gastrointestinal tract and tend to be
in � uenced by various environmental factors, particularly the
dietary factors. Metagenomic and metatranscriptomic studies
showed the core microbiome present in the human gut is
essential for human gut daily activities and homeostasis. As
an extension of the hygiene hypothesis, the micro� ora
hypothesis of allergic diseases postulates that gut microbiota
contributes signi� cantly in modulating host immunity.
Further epidemiological evidence supports the notion of
biological Freudianism, hypothesizing that early life gut
microbiota could play a signi� cant role in health and disease
in later life. These concepts underscore the need for furthe
work to understand the role of gut microbiota in health and
disease.
,

See also:Bacillus: Introduction;Bacteria:Classi� cation of the
Bacteria– Phylogenetic Approach;BacteroidesandPrevotella;
BiÞdobacterium; Clostridium; Enterobacteriaceae:Coliforms and
E. coli, Introduction;Enterococcus; Escherichia coli:Escherichia
coli; Lactobacillus: Introduction;Micro�ora of the Intestine:
Biology of Bi� dobacteria; Biology ofLactobacillus Acidophilus
Micro�ora of the Intestine:Biology of theEnterococcusspp.;
Micro�ora of the Intestine:Detection and Enumeration of
Probiotic Cultures;Staphylococcus: Introduction;
Streptococcus: Introduction;Molecular Biology:Microbiome.
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Introduction

The gut microbiota, which live in the gastrointestinal tract
(GIT), also called gut micro�ora, play an important role in
human health and disease. The human intestine is the mos
densely colonized region of the human body with microor-
ganisms, totaling 1012 to 1013 bacterial cells g� 1. Although its
microbiota has not been fully characterized, several hundred
different species of bacteria have been detected in the feces
humans.

The collected evidences indicate that this compilation of
microorganisms has a controlling in�uence on the host. The
existence of a variety of metabolic activities of bacteria
community in the GIT affects a range of biochemical, physio-
logical, and immunological functions.

Anaerobic bacteria are present in abundance an
outnumber other types of microorganisms; predominant
organisms are Gram-negative rods belonging to the gener
Bacteroides, Enterococcus, and Fusobacterium. Also, in a healthy
adult colon, anaerobic Gram-positive bacteria (e.g., bi�do-
bacteria, lactobacilli, and streptococci) share the habitat with
other anaerobic rods, such asClostridiumsp. and Eubacterium
sp. Although probiotic lactic acid bacteria, which are present in
the GIT, constitute only a minor component, Bi�dobacterium
species may account for up to 25% of the cultivable human gut
micro�ora.
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Role of BiÞdobacteria in the Intestine

The discovery of a rod-shaped anaerobic bacterium in the fece
of newly born babies by Tisser dates back to the beginning o
the twentieth century. This microorganism with its distinctive
bi�d morphology was named Bacillus bi�dus(currently known
as Bi�dobacterium bi�dum). Since then, the nomenclature of
these bacteria has been a challenge and caused som
disagreement and perhaps bewilderment.

Although the habitat of some species of genusBi�dobacte-
rium is the human colon, they have been isolated from
different ecological niches in the environment, including the
human intestine, vagina, oral cavity; the animal intestine; the
intestine of the honeybee; the digestive tract of bumblebee
and sewage.

Their presence in the GIT of humans and animals has bee
linked positively with the health status of their host. Currently,
there are 37 recognized species of the genusBi�dobacterium,
with the last three new species being isolated from the
bumblebee digestive tracts (i.e., Bi�dobacterium actino
coloniiforme, Bi�dobacterium bohemicum, and Bi�dobacterium
bombi). So far, 12 species have been associated with the huma
host: Bi�dobacterium adolescentis, Bi�dobacterium infantis,
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
Bi�dobacterium longum, Bi�dobacterium bi�dum, Bi�dobacterium
breve, Bi�dobacterium catenulatum, Bi�dobacterium pseudocaten
latum, Bi�dobacterium angulatum, Bi�dobacterium gallicum, Bi�-
dobacterium inopinatum, Bi�dobacterium dentium, and
Bi�dobacterium denticolens; the last three organisms are found
primarily in the oral cavity. Bi�dobacterium scardovii(named
after Vittorio Scardovi, in acknowledgment of his input to the
knowledge of the bi�dobacteria) was isolated from human
sources in 2002. At the start of commercialization of bi�do-
bacteria in probiotic foods, a selection of six species wer
considered for use in the dairy industry for the manufacture of
therapeutic or probiotic fermented milk products. Only the
indigenous micro�ora of the human are discussed here.

Bi�dobacterium lactisstrains LW 420 and URI (currently
known as Bi�dobacterium animalissubsp. lactisand the closely
related strain Bi�dobacterium animalissubsp. animalis), which
have been isolated from fermented milk products, have different
physiological characteristics from other known species of bi�-
dobacteria. Their 16S rRNA gene sequencing homology re�ects
a different phylogenic position; B. animalissubsp.lactistherefore
is regarded as a new species. The origin of the organism is n
well established, and its ef�cacy as a probiotic culture merits
further investigation to establish whether it is able to colonize
the human intestinal tract. Some human bi�dobacteria have
distinctive cell morphology, such as amphoralike, speci�c
epithet, thin, short, elongated, or nonspeci�c (Figure 1).

The interaction between intestinal microorganisms and
host and their symbiosis is a complex issue. Despite improve
ments made during the past two decades, we are still in the
early days of understanding such relationship. For example, the
role of bi�dobacteria in the intestinal microbiota is not fully
known; however, their signi�cantly higher numbers in the
unweaned infant gut than in adults indicates that they may play
a more important role in the development of gut microbiota
than in other gut functions.

For long it was accepted that probiotics, including bi�do-
bacteria, must always colonize the intestinal tract to exert their
bene�cial effects. Such assumption has mostly been derived from
in vitrostudies, which are a helpful and imperative means to�nd
out potential signaling pathways and molecular markers, but
they could not necessarily mimic the complexity of the intestinal
ecosystem. Some bi�dobacteria, such asB. longum, could become
part of the human intestinal microbiota, although others,
including B. animalissubsp. animalismay not. Consequently,
such noncolonizing bi�dobacteria after ingestiondo not become
established members of the normal microbiota, but persist only
during episodes of ingesting probiotics or shortly thereafter. One
proposition put forward is that they may put forth their effects
indirectly as they pass through the GIT (transient manner) or,
more likely, by transforming or manipulating the existing
microbial community. Under both circumstances, bi�dobacteria
78-0-12-384730-0.00208-1 639
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Figure 1 Cellular morphology of different species ofBiÞdobacterium: (a)B. infantis, (b) bi�dobacteria isolated from commercial dairy product, (c)
B. longum, (d) B. pseudolongum, (e)B. animalissubsp.animalis, and (f)Bifidobacteriumsp. Reproduced courtesy of Professor V. Bottazzi-Bianchi, UCSC,
Institute of Microbiology, Piacenza, Italy.
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Table 1 Some bene� cial effects of bi� dobacteria and possible mechanisms involved

BeneÞcial effect Suggested mechanisms

Alleviation of lactose intolerance Directly by providingb-galactosidase
Indirectly by lowering the pH and contributing to growth of the intestinal micro� ora that produce

b-galactosidase
Prevention of diarrhea Directly competing with pathogens for essential nutrients

Direct antagonism through natural antimicrobial excretion
Competing for epithelial attachment sites
Reducing the pH to level that pathogens cannot effectively compete

Enhancement of immune system Activation of lymphocytes and macrophages
Stimulation of antibody production and the mitogenic response in Peyer’s patches
Inducing the production of cytokines
Inducing production of IgA

Cancer prevention Enhancement of host immune responses
Direct binding and degradation of potential carcinogens
Alteration of intestinal micro� ora which produces putative carcinogens
Alteration of the physicochemical environment in the colon
Production of antitumorigenic substances

Cholesterol reduction and cardiovascular
disease risk

Production of propionate
Assimilation of cholesterol by bacteria
Binding of cholesterol to bacterial cell walls
Enzymatic degradation

MICROFLORA OF THE INTESTINEj Biology of BiÞdobacteria 641
have shown to be bene� cial. Table 1 summarizes some of these
functions and effects as well as possible mechanism.
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Colonization of the Intestine, Causes of Depletion,
and Possible Effects

Factors that can affect bacterial colonization of the human
intestine may include age, drugs (especially antibiotic
therapy), radiotherapy, diet, peristalsis, host physiology, loca
immunity, and microbiota interactions. It is evident that the
fractions of bi� dobacteria in the gut � ora of infants are high
compared with the fractions in elderly people. A number of
mechanisms have been identi� ed whereby the components of
the gut microbiota can interact during colonization. For
example, facultative anaerobic bacteria (e.g., coliforms
streptococci, and staphylococci) rapidly utilize the traces o
oxygen that diffuse into the intestinal lumen. As a conse-
quence, a low redox potential (Eh) is maintained, which
allows such microorganisms asBi� dobacterium, Bacteroides,
and Eubacteriumto colonize the intestine.

Other factors that may in� uence bi� dobacterial coloniza-
tion of the intestine include the following:

1. Infant prematurity makes it dif � cult for the implantation of
Bi� dobacteriumspecies in the gut epithelium because of the
lack of receptors or endogenous substrates.

2. The method of delivery in� uences the nature of microbes
established in the infant intestine. Natural birth through the
vaginal canal will expose the infant to the mother’s vaginal
and fecal � ora, which results in the colonization of bi � do-
bacteria and some other bacteria, such asEscherichia coliand
Enterococcus. The delivery via caesarean section, howeve
reduces the chance of colonization of bi� dobacteria in the
gut of infants.
3. The method of feeding (breast or bottle) can affect the
proportions of bi � dobacteria and other microbial species.

4. Endogenous substrates present in the digestive tract withou
a dietary source (blood group antigens or mucin oligosac-
charides) are degraded by enzymes produced byBi� do-
bacteriumspecies.

5. The micro� ora of the environment – in particular that of
hospitals – can in� uence the rapidity of bi� dobacterial
colonization.

The end-products of fermentation (e.g., organic acids) by
the colonic micro� ora are inhibitory to some invasive
bacteria. Acid production byBi� dobacteriumspecies lowers the
pH in the intestine, while maintaining a low Eh. The ability to
compete for available nutrients and adhesion sites at the
colonic mucosa or on food particles are important factors in
determining the colonization of the intestine by bi � dobac-
teria. Bacterial species that are unable to compete are rapid
eliminated from the intestine. It is still unclear, however, if
bacterial interaction determines whether certain microorgan-
isms are indigenous to the intestine or transient in the luminal
contents. Nevertheless, organic acids, such as acetic and lac
acids, are produced by bi� dobacteria, and the theoretical ratio
of fermentation is 2 hexose / 3 acetate and 2 lactate. In
addition, a slight increase in uric and formic acids was
observed when milk was fermented with bi� dobacteria. The
inhibitory activity of these organic acids is governed by their
dissociation constants (pKa), and the acid concentration at
a given pH. Therefore, an organic acid of high pKa value is
more acidic in the undissociated form and has a stronger
antimicrobial activity. The activity and pKa values of some
organic acids are: lactic 3.85< acetic 4.74< propionic
4.87 < benzoic 4.91.

The proteinaceous metabolites, bacteriocins, can manifes
antimicrobial activities against closely related bacteria and
pathogenic microorganisms. The bacteriocins produced by
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bi� dobacteria have not been as well characterized as thos
from some other lactic acid bacteria. Current studies of bi� -
dobacterial bacteriocins have shown activity against specie
of Lactococcus, Bi� dobacterium, Lactobacillus(L. acidophilus),
Clostridium(C. perfringensand C. tyrobutyricum), and Strepto-
coccus(S. thermophilus).
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Growth-Promoting Factors

In vitro studies on the ability of bi � dobacteria to grow and
produce large numbers of viable cells in milk and synthetic
media have resulted in the description of many growth-
promoting factors (Table 2). Three main groups of bi� dogenic
factors, which differ depending on the species of human origin,
are the BB factor (BF1, BF2, and glycoproteins), the BI facto
and the BL factor.

The BB factors are characterized as the elements found
human and animal milks, including colostrum, and in yeast
and liver extracts, whereas the BI and BL factors are abu
dant in many plant extracts as well as in liver and milk
extracts.

Other compounds that have a promoting effect on the
growth of certain Bi� dobacteriumspp. are (1) lactoferrin and its
metal complexes with Fe, Cu, or Zn; (2) lactulose and lactitol;
(3) oligoholosides and polyholosides (but not amylose and
cellulose); and (4) fructo-oligosaccharides (FOS).

Prebiotic, a term developed in 1995, is now frequently used
instead of ‘growth promoting factors,’ though it mainly
includes non-digestible carbohydrates that reach the colon
intact and are selectively used by bene� cial organisms of the
gut including bi � dobacteria. Consequently, more probiotic
dairy products are supplemented with prebiotics such as inulin
and FOS, which are known as synbiotics (a combination of pro
and prebiotics).
Table 2 Growth factors of bi� dobacteria

Source

Human milk, milk from some animals, and cow’s colostrum
Human blood and hog gastric mucin
Human milk

Humank-casein or its trypsin derivative

Bovine casein digest

Mucus secreted by the salivary glands, the small intestine and the co

Milk and whey after hydrolysis using proteinase
Naturally occurring carbohydrates

Synthetic products
Associative growth betweenlactobacilliand bi� dobacteria
Soy bean oligosaccharide extracts
Biological materials
Hydrolyzed lactose
Chicory

Adapted from Tamime, A.Y., 1997. Bi� dobacteria– an overview of physiological, bio
charides: Healthy Food for the Colon. Drukkerij Modern, Bennekom.
Health-Promoting Potentials

Bi� dobacteria are considered to be probiotic microorganisms,
which, in general, are helpful in maintaining appropriate
balances between the various� oras in different sections of the
human intestine. SomeBi� dobacteriumstrains of human origin
are capable of synthesizing certain vitamins. For example
thiamine, folic acid, biotin, and nicotinic acid are synthesized
in appreciable quantities byB. bi� dumand B. infantis, whereas
B. breveand B. longumrelease only small quantities of these
vitamins. The latter species are recognized producers of ribo
� avin, pyridoxine, cobalamin, and ascorbic acid. The estab
lished health-promoting properties associated with the
ingestion of Bi� dobacteriumspp. are as follows:

l Enhance lactose digestion
l Increase fecal bi� dobacteria
l Decrease fecal enzyme activity
l Colonize the intestinal tract
l Prevent or treat acute diarrhea caused by foodborne

infection
l Prevent or treat rotavirus diarrhea
l Prevent antibiotic-induced diarrhea

Other health bene� ts attributed to bi� dobacteria include
the following: (1) activity against Helicobacter pylori; (2
stimulation of intestinal immunity; (3) stabilization of
intestinal peristalsis; (4) reduced carriage time forSalmonella
spp.; (5) improved immunity to various diseases; (6)
suppression of some cancers; (7) reduction in serum choles
terol levels; and (8) reduction in hypertension. Table 3
elucidates some potential mechanisms involved in some of
these bene� cial effects. Some of these bene� ts, however, have
been proposed on the basis of studiesin vitro or in animals,
and insuf� cient information is available to determine
whether such� ndings are applicable to humans. It is evident
Component

Glycoside ofN-acetylneuraminosyllactose
As above
Oligosaccharides containingN-acetylglucosamine, glucose, galactose,

fructose, or lactose
Consists of low molecular weight and high carbohydrate content (about

75%) or glycomacropeptide
Known as casein bi� dus factor containing lactose,

N-acetylgalactosamine, or amino acids
lon Glycoprotein withN-acetylgalactosamine,N-acetylgalactosamine, and

sialic acid
Nonglycosylated peptide
Raf� nose and stachyose, fructo-oligosaccharides, lactulose, lactitol,

lactohionic acid
Transgalactosylated oligosaccharide, galsucrose, lactosucrose
Due to proteolytic enzymes and aminopeptidase oflactobacilli
Stachyose and raf� nose
Yeast extract andb-lactoglobulin
Galacto-oligosaccharides
Oligofructose, inulin

chemical and technological aspects. In: Hartemink, R. (Ed.), Non-digestible Oligosac-
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Table 3 The role of bi� dobacteria in the large intestine

Role Mechanisms/examples

Interactions with other gut microbes Synergistic effect on digestion of polysaccharides (e.g., cocolonization
with Bacteroidessp.)

Production of water soluble vitamins Production of B group of vitamins
Modulation of certain bacterial groups that may be detrimental

to the host
Production of antimicrobial compounds, such as organic acids,

iron-scavenging compounds, and bacteriocins
Protection against some immune-based disorders Stimulating host innate immune response, recognition of commensal

bi� dobacteria via Toll-like receptors of the host innate immune
system, involvement of cell wall constituents and unmethylated CpG
DNA motifs

Lowering levels of putrefactive products Lower levels of ammonia, indole,p-cresol, phenol, relevant enzymes in
infant bi� dobacteria-dominated fecal micro� ora

Regulating bacterial translocation High colonization of both cecum and colon by bi� dobacteria led to a less
bacterial translocation (passage of intestinal microbes through the
mucosa to internal organs) and poorer bacterial contamination of
blood, liver, and lungs

Adapted from Lee, J.H., O’Sullivan, D.J., 2010. Genomic insights into Bi� dobacteria. Microbiology and Molecular Biology Reviews 74, 378–416; Romond, M.B., Colavizza, M.,
Mullié, C., et al., 2008. Does the intestinal bi� dobacterial colonisation affect bacterial translocation? Anaerobe 14, 43–48.
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that appropriate studies in vivo are required to con� rm the
listed claims.

Moreover, such� ndings represent a relatively wide range o
species and strains of bi� dobacteria, screened in these studies
many of which in vitro. In fact, bene� ts of probiotic organisms
are strain dependent and only a limited number of species and
strains of bi� dobacteria currently are used commercially, for
example, large-scale production of probiotic fermented milk
products.

It is true, however, that some clinical trials have revealed
that bi � dobacteria can alleviate the risk of some health
disorders, especially antibiotic-associated diarrhea. Neve
theless, convincing con� rmation is yet to be provided as
a wide range of doses and strains of bi� dobacteria have been
used in these studies. Hence, despite promising advantageou
data for bi� dobacteria, further studies still are required,
especially with clinical evidences on industrially used strains
of bi � dobacteria.

The microbial mechanisms of action is also an area o
interest. Many studies, including those described inTables 1
and 3 suggest that bi� dobacteria could increase intestinal
barrier functions through enhanced mucus, antimicrobial
peptides, secretory immunoglobulin A (IgA) production, and
competitive adherence for pathogens.

In addition, the cross talk between probiotics, including
bi� dobacteria, and the host immune system has been the
subject of many recent studies as part of the effort to interpre
some health bene� cial effects of probiotic bi� dobacteria. As
a consequence, to modulate immunity, probiotic organisms
need to talk to immune cells and their recognition receptors,
otherwise the probiotics or their metabolites will not be
welcomed. Most of these studies arein vitro but, recently,
a clearer understanding of the mechanisms employed viain vivo
studies has started to emerge.

Despite many positive effects associated with probiotics, the
fact that probiotic foods are considered to be important vehi-
cles of ‘live’ bacteria raise some safety concerns– for example,
they may carry antibiotic-resistant genes.
The sensitivity of bi� dobacteria to antibiotics is not well
established. From the published data, it seems that most bi� -
dobacterial strains are resistant to streptomycin, polymyxin B
neomycin, nalidixic acid, gentamicin, kanamycin, and metro-
nidazole. In general, the sensitivity to antibiotics varies from 10
to 500 mg ml� 1 or more, but some antibiotics – for example,
benzylpenicillin (penicillin G), erythromycin, ampicillin, and
chloramphenicol – strongly inhibit the growth of most Bi� do-
bacteriumspecies.

In this context, the concern over probiotic micro� ora,
including bi � dobacteria, is the potential dissemination of
antibiotic-resistant genes to pathogenic bacteria through
administration of probiotic bacteria. It is believed that the
plasmids are the main elements in spreading antibiotic resis
tance genes when these bacteria are ingested by humans, a vi
that requires further studies and investigation.
Intestinal BiÞdobacterial Counts and Dietary
Supplementation

Within a few days of birth, B. longum, B. infantis, B. breve,B. bi� -
dum, and B. adolescentiscolonize the intestinal tract, and the
average total count of bi� dobacteria is then at least 10 log10

colony forming units (cfu) per gram of stools. The distribution
of the strains depends on whether the infant is breast- or bottle-
fed. In contrast,B. longumandB. adolescentisalways predominate
in the colon of adult and elderly people. The count averages
8 log10 cfu g� 1 of feces in adults and gradually reduces with age

Dietary supplementation with products containing bi � do-
bacteria helps to either maintain or increase the counts of these
organisms in the intestine. Many products now contain bi� -
dobacteria; examples include infant formula, non-digestible
oligosaccharides, pharmaceutical preparations, and fermente
milks (see the next section). The survival of ingested bi� do-
bacteria during passage through the digestive tract is depende
on the strains being of human origin and on their resistance to
acidic conditions, proteolytic enzymes, and bile salts.
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The count of bi� dobacteria in the colon increases after
ingestion of a food supplement containing these organisms. In
general, the increase is at least 2 log10 cfu g� 1 of colon content;
however, when the supplementation regimen is stopped, the
bi� dobacterial count drops to its original level. Such an effect is
dif � cult to explain, but it is most likely that the bacterial
ecosystem in the intestine is self-regulatory and theBi� do-
bacteriumcount is maintained at about 10 log10 cfu g� 1 under
normal conditions.
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Table 4 Numbers of bi� dobacteria in commercially produced
fermented milk during storage in Spain

Storage
time (d) pH

BiÞdobacteria
(� 106 cfu g� 1)a Percentageb

0 4.57 7.4 100.0
10 4.34 5.8 78.3
31 4.19 4.4 59.4
42 4.23 4.0 54.0
51 4.24 1.0 13.5
84 3.81 < 0.0001 –

aMean values from� ve samples.
bPercentages of surviving bi� dobacteria.
Adapted from Medina, L.M., Jordano, R., 1994. Survival of constitutive micro� ora in
commercially fermented milk containing bi� dobacteria during refrigerated storage.
Journal of Food Protection 56, 731–733.
Available Products

Some dietary adjuncts, which are used to increase the number
of bi � dobacteria in the intestine, are as follows:

l Infant feed formula: These products are made from cow’s
milk modi � ed to resemble human milk and are supple-
mented with essential minerals and vitamins. Products of
this type, such as Lactana-B� , Eledon� , and Eugalan Forte� ,
contain B. bi� dum, alone or in combination with
L. acidophilusand Pediococcus acidilactici. Another milk
product containing B. bi� dum, Pelargon� , is made from
milk fermented using Lactococcus lactissubsp.lactis.

l Pharmaceutical preparations: Freeze-dried tablets, whic
contain viable bi� dobacteria, include Bi� der� , Bi� dogène� ,
Lyobi� dus� , Liobif � , Life Start Two� or Original � , Euga-
Lein� , and Lactopriv� . Other preparations that may contain
B. bi� dum or B. longumand other desirable organisms are
Synerlac� , with L. acidophilusand Lactobacillus delbrueck
subsp. bulgaricus; In� oran Berna� , with L. acidophilus; and
Omni � ora� , with L. acidophilusand Escherichia coli.

l Dairy products: Products, such as soft-serve or hard ic
cream, cheese (fresh type, Gouda, or cottage chees
ultra� ltered milk, milk powders (formula feeds for infants),
strained yogurt, and fermented milks, are used as vehicle
for implantation of bi � dobacteria in the human intestinal
tract. Of these, fermented milks, including‘bioyogurts’ are
apparently the most popular dairy products for bi� do-
bacterial supplementation of the human intestine.

The species that are common in fermented milks are
B. bi� dum, B. longum, and B. infantis, in combination with other
lactic acid bacteria. These therapeutic organisms should b
present at the time of consumption as viable cell counts of at
least 106–107 cfu g� 1 or ml � 1 of the product. A wide range of
selective media have been developed for the enumeration o
bi� dobacteria in dairy products, but until recently, no such
standard method or media had been internationally standard-
ized. In 2010, transgalactosylated oligosaccharide (TOS
propionate agar supplemented with antibiotic mupirocin
(known as TOS-MUP) was introduced as the standard selectiv
medium by International Dairy Federation/International Stan-
dard Organization for the enumeration of Bi� dobacteriumspp. in
fermented dairy products. Isolation and characterization of
bi� dobacteria in some commercial yogurts sold in Europe have
on occasions, identi� ed species other than those stated on the
labels. In many such instances,Bi� dobacterium animalissubsp.
lactiswas the only species present, whereas in other products, th
viable counts of bi� dobacteria have been found to be less than
the recommended level at the time of consumption.
Characterization/Survival of BiÞdobacteria
in Dairy Products

In fermented milk in India, strains of B. bi� dumthat originated
from infants were 108 cfu g� 1 at the end of 3 weeks. In� avored
yogurts, however, the viable counts ofB. bi� dumdropped from
107 to 102–105 cfu ml� 1 after 21 days at pH 4, or to 103–
106 cfu ml� 1 during the same period at pH 4.5. In a Spanish
study, the counts of bi� dobacteria in yogurt were reduced to
between 78% and 60% of the initial numbers after 10 days and
30 days of storage, respectively (Table 4). Studies at the Scottish
Agricultural College suggested that survival of bi� dobacteria in
fermented milks made with commercial starter cultures varied
after 20 days’storage (Figure 2). The coculture of bi� dobacteria
species with yogurt starter cultures suppressed the growth of th
former, but the count did not decline signi � cantly during
storage.

It is evident from such studies that strains of bi� dobacteria
that are tolerant to acidic conditions in fermented milks must
be used with such products if they are to have high viable cel
counts of bi� dobacteria at the time of consumption.

Bi� dobacterium bi� dum and L. acidophilusalso have been
used to make ice cream: After storage for 16 weeks at�20 � C,
the counts of each organism were approximately
1.0 � 107 cfu ml� 1; however, a slight drop in the count
occurred before and after freezing because of the incorporation
of air at the whipping stage and to the actual freezing stage
Other workers observed no survival ofB. bi� dum in ice cream
mixes of pH 3.9–4.6. Recently, Zabady (an Egyptian fermented
milk) was made by replacing 33% and 50% of the yogurt starter
culture with B. bi� dum DI and BB12 (this strain is currently
known as B. animalis subsp. lactis), respectively, and the
resulting product was used to make frozen Zadady. The
numbers of bi� dobacteria that survived after 5 weeks’ storage
averaged 107 cfu ml� 1.

Supplementation of nonfermented milk with
5 � 168 cfu ml� 1 of B. longumproduced a product that was
a good source ofb-galactosidase. Other researchers have re
ommended a strain ofB. breveto make cheese. A cream dressin
fermented with B. infantis was used successfully to blend
cottage cheese, but a loss of activity of bi� dobacteria was
evident at pH 4.5. A relatively wide rangeof Bi� dobacterium
species and strains are examined in research studies. T
required high count of survival of probiotic bi � dobacteria in
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the product throughout its shelf life and the need for the use of
resistant strains to the harsh acidic environment of the stomach
and secreted bile salts in small intestine has generate
a tendency among the manufacturers of dairy products to use
B. animalissubsp lactisas the main or sole source of bi� do-
bacteria. As a result, more products on the market increasingl
comply with essential high-survival criteria for probiotic
organisms.

See also:Bacteriocins:Potential in Food Preservation;
Bacteriodes; BiÞdobacterium; Clostridium; Enterococcus;
Fermented Milks:Range of Products; Fermented Milks and
Yogurt; Northern European Fermented Milks; Fermented
Products of Eastern Europe and Asia;Ice Cream:Microbiology;
Milk and Milk Products:Microbiology of Liquid Milk.
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Introduction

The largest microbial community in humans is in their
gastrointestinal tract. The intestinal microbiome contains at
least two times more genes than found in the human (Homo
sapiens) genome. The human gastrointestinal tract is colonized
at birth by a simple microbial population that begins under-
going dynamic transformation when the infant �rst consumes
food. Functions of the intestinal micro�ora can be divided into
bene�cial and harmful activities. Bene�cial bacteria normally
predominate during a host’s healthy state. If the microbial
balance is upset and harmful bacteria predominate, the human
can experience an increase in various intestinal diseases. T
goal is to maintain a healthy balance of bacteria in the intes-
tinal tract with maximum numbers of bene�cial bacteria and
a minimum of harmful or potentially pathogenic bacteria. One
group of bene�cial intestinal bacteria is the species in the genu
Lactobacillus.
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Lactobacilli Colonization in the Gastrointestinal Trac

Colonization of the human gastrointestinal tract occurs as the
infant is born. The course of colonization will be determined by
gestational age, type of delivery, hospital environment, and die-
tary constituents. The in�uence of various factors of host and
microbial origin are interconnected in the establishment of the
individual gastrointestinal microbial ecosystem. Commensal
bacteria derived from the mother’s vagina, intestine, and skin
contaminate infants who are delivered vaginally. Many of these
bacteria are unable to survive in the intestinal tract of the
newborn and will disappear shortly after the infant begins eating.
Caesarean section infants are colonized by environmenta
contamination, which changes after the infant begins feeding.

Although Lactobacillus acidophiluswas �rst isolated from
infant feces early in the century, the frequency of lactobacilli
occurrence in the intestine during the�rst days of life is variable
(15–100%). It is widely believed, however, that the �rst
organisms to colonize the newborn large intestine are specie
of the generaLactobacillusand Bi�dobacteriumin formula-fed
and breast-fed infants, respectively. Both groups of organism
must compete against other organisms that are attempting to
establish in the infant’s intestinal tract. L. acidophilusremains
a resident in the intestinal tract of humans until death, over-
coming many obstacles along the way.

Continued L. acidophiluscolonization is achieved by an
ability to survive in the environment and secretions of the host,
resistance against antagonistic activity of other microorganism
and an ability to depress or inhibit their growth, adherence to
host intestinal epithelial cells or mucin secretions, and degra-
dation of the host endogenous nutrients. All of these factors
must work simultaneously to allow any microorganism to
remain a part of the intestinal micro�ora. Although the gut
�ora remains relatively stable, it can be disturbed by exogenou
factors, such as antibiotic treatment, hormone (estrogen)
646 Encyclopedia of Food
therapy, intestinal diseases (bacterial overgrowth), and radia
tion exposure. Normal diet seems to have little if any effect on
the continued establishment of L. acidophilusin the human
intestinal tract. Several researchers have reported the presen
of this species in the intestinal tract of subjects consuming
vegetarian, Far Eastern, or Western diets.

Intestinal tract transit and survivability is better understood
since the genome was completed forL. acidophilusNCFM
(strain originally isolated by North Carolina State University
Food Microbiology Laboratory). Important genetic determi-
nants were identi�ed for acid and bile tolerance, bacteriocin
production, oxalate degradation, metabolism of carbohydrates
(especially prebiotics), and adherence factors. All of thes
factors enableL. acidophilusNCFM and other subspecies when
ingested to modulate cellular pathways that stimulate a host’s
immune and hormonal systems.
Role ofL. acidophilusin the Intestine

The human intestinal tract is inhabited by more than 500
different species of microorganisms, among them lactobacilli.
Suf�cient data have been accumulated about the species an
numbers of lactobacilli in the proximal and distal parts of the
intestine, but information concerning lactobacilli in the ileum,
caecum, and colon of healthy humans is inadequate. Interest in
the occurrence, numbers, and role of lactobacilli in the human
intestine has received considerable attention since Metchnikof
�rst proposed in 1908 that lactobacilli are responsible for
increased longevity.

Lactobacilli are Gram-positive, rod-shaped facultatively
anaerobic, nonsporulating, acid-tolerant, catalase-negativ
bacteria with a DNA base composition of less than Gþ C 53%.
The most frequent lactobacilli isolated from the human intes-
tinal tract belong to L. acidophilus, Lactobacillus salivar
Lactobacillus casei, Lactobacillus plantarum, Lactobacillus fe
tum, Lactobacillus reuteri, and Lactobacillus brevis.The population
numbers vary according to intestinal location (proximal to
distal, and lumen to mucosa). The human stomach, once
thought to be sterile, contains approximately 103 colony
forming units (cfu) per gram lactobacilli at the mucosal surface
and in the lumen. The population increases as the intestinal
tract is transversed to the feces (Table 1). Feces contain an
average of 106–1010 cfu g� 1 lactobacilli.

The metabolic capacity ofL. acidophilusis extremely diverse,
but it has not been extensively studiedin vivo. Much of the
published data were generated byin vitro or animal experi-
mentation, and the information must be accepted as conjec-
ture. Nonetheless, it is worth examining.

Lactose and glucose are metabolized byL. acidophilusto
form large amounts of lactic acid in the intestinal tract. In an
infant, this may be essential for pH regulation and formation of
an acid barrier. Mucin and other endogenous secretions
hydrolyzed by L. acidophilusform organic acids and supply
other intestinal bacteria with metabolizable substrates.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00209-3
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Table 1 Lactobacilli numbers in a healthy human gastrointestinal
tract

Lumen (log10cfu g� 1) Mucosa (log10cfu g� 1)

Stomach < 3.0 > 3.0
Duodenum < 3.0
Jejunum 2.1–4.3 3.1–4.6
Ileum
Colon 3.0–7.0
Rectum 4.0–10.0 0–6.3
Feces 6.0–10.0
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Although L. acidophilusis not proteolytic, some strains produce
peptidases to further digest peptides formed by other organ
isms with proteolytic activity.

Bile acid conjugates are hydrolyzed byL. acidophilus. Taur-
ocholate and glycoholate are hydrolyzed by most strains o
L. acidophilus. Deconjugated primary bile acids may be less
soluble and less absorbable. This may have importance to th
host in the prevention of colon cancer.

A number of substrates have been tested to determine th
type of reactionsLactobacilluscatalyses. It has been reported tha
L. acidophiluscleaves bonds in a number of antimicrobials. The
azo bond of sulphasalazine, a drug used to treat ulcerative
colitis, is cleaved by L. acidophilus. It is also reported that
L. acidophiluspartially degrades the antimicrobials phtha-
lylsulphathiazole and chloramphenicol. The physiological
signi� cance of these reactions is elusive. It is speculate
however, that bond cleavage accentuates the antimicrobia
activity in vivo.
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Mucosal Interaction

The human intestinal tract distinguishes friend from foe by
pattern recognition receptors (toll-like receptors), signaling
pathways, immune responses, and secretion of antimicrobia
peptides by epithelial cells. The gut microbiota is bene� cial to
the host in several respects and accomplishes this b
microbe–microbe and microbe–epithelial cell cross talk.
Bacterial species that are components of the normal gu
microbiota, like L. acidophilus, modulate intestinal function by
interacting with the mucosal layer. BeforeL. acidophiluscan
modulate physiological responses at the mucosal surface, the
must � rst adhere to mucus lining the Peyer’s patches. Mannose
speci�c lectins have been identi� ed on L. acidophilusto mediate
adherence to the Peyer’s patches. The resulting interaction
between colonizing bacteria and toll-like receptors allows
bacteria to establish themselves in the gut and avoid potentia
washout. Similarly, bacterial ligands can attach to sloughed
epithelial cells or secreted mucin and metabolize them as
nutrients. The mechanisms of interaction and resulting activi-
ties are beginning to be better understood in this active researc
area. In studies using healthy humans,L. acidophilusregulates
mucosal genetic networks that in� uence immune, hormonal,
and water/ion responses in the proximal duodenum. Contin-
uation of this research activity will be valuable to better
understand and propose nonpharmaceutical solutions to
maintain a healthy intestinal microbiota even during times of
potential stress. In addition, clinical studies in individuals
suffering from intestinal diseases like Crohn’s and in� amma-
tory bowel disease will bene� t from a greater understanding of
the transcriptome responses to intestinal micro� ora at the
mucosal layer.
Causes of Depletion and Possible Effects

Healthy individuals have a stable intestinal micro� ora, but it
can be altered to an abnormal� ora by many endogenous and
exogenous factors such as cancer, peristalsis disorders, surge
liver diseases, radiation therapy, emotional stress, and antibi
otic administration. Diet in � uences composition of the human
intestinal micro� ora. Subjects on Japanese and Seventh Da
Adventist low-risk diets (characterized by low protein and high
� ber levels) had higher lactobacilli populations than subjects
on a Western high-risk diet (characterized by high levels o
protein, fat, and sodium). Changing from a low-risk to a high-
risk diet causes a decrease in the intestinal lactobacil
population.

Antimicrobial therapy causes reduction or elimination of
lactobacilli in the intestinal tract. Clindamycin, chloramphen-
icol, and cephalosporins reduce or eliminate intestinal lacto-
bacilli. The use of neomycin or a combination of neomycin and
metronidazole signi� cantly decreases the number of lactoba
cilli. Suppression of the normal micro� ora can lead to the
establishment of potentially pathogenic microorganisms in the
intestinal tract. Colitis or pseudomembranous colitis is caused
by an overgrowth of the toxin-producing Clostridium dif� cile.

Stress causes the intestinal lactobacilli population to
decrease. Patients with severe diarrheal diseases will shed la
tobacilli in their feces because of a denuding of the intestinal
microvilli and the attached lactobacilli. Eventually, all lacto-
bacilli will be washed from the intestine and the organisms will
need to be reestablished. Astronauts before and during spac
� ight excrete high numbers of lactobacilli. Workers at the
Chernobyl atomic power plant exposed to radiation excreted
high numbers of lactobacilli in their feces after the accident at
that site. Starvation reduces the number of lactobacilli in the
intestinal tract, and favors a predominance of coliforms. It is
believed lactobacilli are affected by starvation because the
derive their nutrients from the diet of the host. Starvation
predisposes the host to intestinal infections caused by oppor
tunistic pathogens such as Escherichia colior Salmonella
typhimurium.
Advantages of Dietary Supplementation

Fermentation by lactic acid bacteria is used as an effective foo
preservation method. Cultured daily products have been
consumed by every civilization in the world. The establishment
of certain lactobacilli in the intestinal tract is believed to exer-
cise bene� cial health effects for the consumer.

Products containing L. acidophilushave attracted interest in
recent years from commercial entities, researchers, an
consumers. The functional food concept is of worldwide
interest as the population explores better ways to preven
diseases and increase life expectancy. Several companies h



n-

.

e

-

ia

s

re

-

d

648 MICROFLORA OF THE INTESTINEj Biology ofLactobacillus acidophilus
begun marketing viable lactic acid bacterial products to
promote a healthy intestinal environment. Such products have
been termed probiotics. Few dosage studies have been co
ducted with L. acidophilusas a probiotic, and therefore it is
dif � cult to unequivocally predict an optimum number of
bacteria that should be consumed over a given time period
Most likely the optimum dosage is strain dependent and
depends on the desired bene� t being sought. The functional
properties of many products are inferred from published data.
Although research support is still sketchy, researchers continu
to study the effects of lactic acid bacteria, including
L. acidophilusto support the claims of many commercial
companies.

Any potential new colonizer or probiotic must overcome
the chemical and physical defense mechanisms of the gastro
intestinal tract and compete with the established � ora for
suitable nutrients, atmospheric conditions, and attachment
sites in the gut mucosa. Many lactobacilli attach to the gut
mucosa, but attachment is a highly speci� c interaction between
bacterial protein adhesions and complementary host cell
receptors. Therefore, colonization or attachment of a probiotic
strain in the intestinal tract of humans is best accomplished by
strains of human origin.
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Diarrhea

Many probiotic studies published in recent years are uncon-
trolled trials, case studies, or discussions that suffered from
a poorly systematic approach to conducting research with thes
types of products. As a result, much of the literature is dis
counted as contributing to the understanding about the
mechanisms by whichL. acidophilusand other probiotic strains
prevent or reduce diarrheal symptoms. Systematic clinical trials
are expensive and dif� cult to undertake with viable products. In
addition, the lack of patentability and limited return on
investment has caused many commercial probiotic companies
to undertake only preliminary clinical studies.

Several meta-analysis reviews in the past decade ha
studied published data on the role of L. acidophilusand other
probiotic bacteria in preventing diarrhea in subjects of different
ages, weights, health-state, environmental exposures, and oth
physical challenges. The problem with many meta-analysis
studies in this area is that they only review the clinical data
reported, but they give little credence to the quality of probiotic
products being administered to subjects in these studies. Only
in the last few years have researchers actually begun monitorin
bacterial viability in their products during the duration of
clinical trials. Nonetheless, meta-analysis has indicated
L. acidophilusand other lactic acid bacteria are indicated to
prevent or reduce diarrhea under speci� c conditions.

Children of all ages and health-state have been studied
extensively usingL. acidophilusand other lactic acid bacteria.
Several de� nitive conclusions can be drawn from studies in
which meta-analysis criteria were met for diarrheal studies in
children. First, the products are safe for children with little or
no adverse effects being reported. Second, probiotics a
effective at reducing the incidence of diarrhea in children
attending daycare centers. Signi� cant results were reported in
incidence and severity of diarrheal episodes. Third, no single o
combination of strains stands out as being the most ef� cacious.
Last, little can be indicated about the effective number of
bacteria needed to protect children.

Several clinical studies have examined lactic acid bacter
ef� cacy in decreasing the symptoms or duration of diarrheal
diseases. In one study, the incidence of traveler’s diarrhea
was reduced when subjects ingested 3� 10� cfu daily of
L. acidophilus, Bi� dobacterium bi� dum, Lactobacillus bulgaricu,
and Streptococcus thermophilus. Travelers began consuming
capsules containing these organisms 2 days before departu
and continued until the last day of travel.

People infected with Salmonellaremain as carriers of the
organism long after clinical symptoms have disappeared. This
creates a major problem for food service workers who could
potentially handle food and contaminate it unknowingly. The
period of carriage for patients with Salmonellacan be reduced
by daily consumption of L. acidophilus. Patients needed to
consume 500 ml of milk containing 6 � 10� cfu ml� 1of
L. acidophilus.

Several studies have shown infants recovering from gastro
enteritis will bene� t from consumption of lactic acid bacteria,
including L. acidophilus. The results suggest viable lactic aci
bacteria are able to colonize the gut and shorten the duration of
acute diarrhea.

Antibiotic-associated diarrhea (AAD) is an unexplained
diarrhea that can in� ict anyone consuming antibiotics, espe-
cially those that decrease resident anaerobic intestinal bacteria
Several bacteria have been observed to predominate in th
intestinal tract during AAD, but C. dif� cile is the most
commonly detected. Other bacterial strains, includingKlebsiella
oxytoca, Candidia albicans, Candidia tropicalis, and multidrug-
resistantSalmonellahave been implicated. Patients consuming
L. acidophilusyogurt while receiving antibiotics had less diar-
rhea than control groups. Other side effects such as abdomina
distress, stomach cramps, and� atulence were less common.
Several studies have shown that continued use ofL. acidophilus
yogurt after antibiotic treatment reduced the incidence of
recurrent C.dif� cilecolitis.

Premature infants often suffer from necrotizing enteroco-
litis (NEC). This disease is a leading cause of morbidity in these
infants. Etiology of the disease is not known but is related to
prematurity in gastrointestinal development, enteral feeding,
and intestinal bacterial colonization being different than a term
infant. The disease is characterized by an extreme in� ammatory
response in the intestine resulting in ischemic necrosis char
acterized by bloody diarrhea. Meta-analysis has con� rmed
from several well-designed clinical studies that probiotics,
including those with L. acidophilus, lowered the risk of NEC and
death in premature infants treated with probiotics.

Diarrhea often causes discomfort in the abdomen especially
in patients with extreme diseases like irritable bowel syndrome
and in� ammatory bowel disease. This discomfort often arises
from visceral hypersensitivity and can be quite debilitating to
the in� icted individual. The use of L. acidophilusand other
probiotic strains has been suggested to ease the challenges
intestinal maladies. One interesting side mechanism is the
induction of genes that express m-opioid (OPRM1) and
cannabinoid (CNR2) receptors in intestinal cells to provoke
analgesic functions. The probiotic strainL. acidophilusNCFM
induces a sustained release of OPRM1 and CNR2 mRNA i
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human HT-29 epithelial cells lines within 1 h after stimulation.
Rodent experiments con� rmed results observed in cell culture.
The authors of this study suggest further work will determine
the potential to reduce abdominal pain in individuals by using
a combination of morphine and L. acidophilusNCFM.
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Lactose Digestion

A large segment of the population is lactose intolerant becaus
of a de� ciency of the enzyme lactase. Failure to hydrolyze
lactose leads to its fermentation in the large intestine and
causes intestinal distress in the consumer. Symptoms includ
� atulence, abdominal pain, bloating, and diarrhea. There is
good evidence that lactose-intolerant subjects can consum
signi� cant amounts of lactose from milk or milk products if
lactic acid bacteria are present. The lactose operon is present
most lactic acid bacteria. Thelac operon genetically encodes
for b-galactosidase synthesis and regulation to hydrolyz
environmentally present endogenous lactose. When lactic aci
bacteria, including L. acidophilus, are consumed in dairy
products, the bacterial synthesizedb-galactosidase is release
when pancreatic secretions lyse the bacterial cells after the
pass from the stomach to the small intestine. Theb-galacto-
sidase then hydrolyzes lactose into glucose and galactos
making it easier for lactose-intolerant individuals to consume
dairy products.

Many studies have reported lactose-intolerant subject
consuming yogurt showed lower levels of hydrogen breath
excretion and improved digestive tolerance of dairy products
Yogurt made with just L. acidophilusshowed less encouraging
results. Unfermentedacidophilusmilk made with sonicated cells
achieved better results in hydrolyzing lactose. Heat-treate
yogurt is not as effective as unheated, or traditional, yogurt a
lowering breath hydrogen levels. Lactase activity in yogurt ca
be increased by using a combination of traditional yogurt
cultures (Lactobacillus delbrueckiisubspp.bulgaricusand S. ther-
mophilus) and higher levels ofL. acidophilus(4 � 10� cfu ml� 1).
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Cholesterol Reduction

Some intestinal bacteria have enzymes capable of modifying
cholesterol. Although lactic acid bacteria have not been shown
to possess this activity, some have been shown to metaboliz
bile. Bacteria modifying cholesterol would need to accomplish
conversion in the small intestine. Presumably most probiotic
cultures would be most active in the small intestine. Numerous
reports indicate probiotic bacteria are capable of lowering
cholesterol in vivo, but little is known about the mechanism(s)
and molecules involved in this biological activity, and
numerous reports in the literature suggestL. acidophilusand
other lactic acid bacteria may lower cholesterol in humans by
several mechanisms either acting together or independently.

Researchers have debated whether cholesterol is incorp
rated into L. acidophiluscells and subsequently would be less
available for absorption from the intestine into the blood or
perhaps whether cholesterol is incorporated into the cell
membrane and excreted in the feces.In vitro studies show bile
salts can be deconjugated by strains ofL. acidophilus. Free bile
salts are less soluble than conjugated bile acids. This activit
lowers the absorption of cholesterol in the intestinal tract and
increases fecal cholesterol concentrations. Recently, genetic a
proteomic studies with L. acidophilusA4 showed catabolite
control protein A (ccpA) gene is important in cholesterol
reduction. The ccpA gene is well characterized in relation to
carbon catabolism and its regulation especially as related to
molecule transport and lipid metabolism. These properties are
important for outer membrane cell surface regulation. Muta-
tion studies indirectly indicated, but need more con� rmation,
that cholesterol reduction by L. acidophilusis accomplished by
cell wall modulation. Therefore, cholesterol would be excreted
in the fecal matter. Other researchers have reported tha
L. acidophilusATCC 4356 inhibited cholesterol absorption in
Caco-2 cells by downregulating the gene for Niemann-Pick C1
like 1 (NPC1L1) protien. NPC1L1 protein is expressed at the
enterocytes’ surface and is responsible for cholesterol absorp
tion in the intestine.

Numerous clinical studies have examined the ability of
L. acidophilusand other probiotic bacteria to improve blood
lipid levels especially in dyslipidemic individuals. Results of
these studies have had mixed results. Positive results ma
depend on the proper strains and dosages being selected whe
the experiments are designed. There also may be individua
variation in response to probiotic administration, and some
individuals may be nonresponders. More research is needed i
this area to determine whether lactic acid cultures can reduc
serum cholesterol levels in humans, and if the decrease wil
provide a substantial health bene� t to the consumer.
Cancer Suppression

Human intestinal cancer can be caused by factors in the env
ronment and diet. Colon cancer has been theorized to be
caused by carcinogens in the food or by the ability of intestinal
bacteria to alter the human intestinal chemical environment.
Several experimental studies have shown that fermented dair
products or probiotic products can alter the activity of some
fecal enzymes thought to be important in the development of
colon cancer.

Fecal mutagenicity has been detected in humans afte
ingestion of fried meat. Heterocyclic aromatic amines are pro-
mutagens formed during cooking of meats and� sh, and the
carcinogenic activity of these compounds has been con� rmed
in animal studies. Studies with human fecal micro� ora have
demonstrated that these compounds can be metabolized.

Lower fecal mutagen activity was noted in a study in which
healthy volunteers were fed a fried meat diet withL. acidophilus
fermented milk. Fecal mutagen activity was 33% lower in the
experimental group compared with controls by day 2 after
supplementation was started. The response among subjects
the experiment was highly variable and may be explained by
individual variations in intestinal micro � ora and environment
(bile � ow, gastric acidity, etc.). An increase in the fecal lacto
bacilli population was noted especially in subjects with lower
mutagen excretion.

Another study suggested that a commercial probiotic
product containing L. acidophilusis capable of suppressing
colonic micro� ora metabolic activity and subsequently
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reducing the formation of carcinogens in the intestine. Humans
fed L. acidophilushad a signi� cant decline in the fecal levels of
bacterial b-glucuronidase, azoreductase, and nitroreductase
These enzymes are thought to transform procarcinogens t
proximate carcinogens and cause colon cancer. In anothe
study, fecal nitroreductase was reduced in subjects ingestin
a fermentedL. acidophilusdairy product.

Colonic carcinogenesis may be caused by a cytotoxic effe
on colonic epithelium by bile acids in the feces followed by an
increased intestinal cell proliferation. Total soluble fecal bile
acids were reduced in colon cancer patients after consumption
of L. acidophilusfor 6 weeks. Soluble deoxycholic acid was
reduced by 20% after prolonged ingestion of fermented dairy
products. The decrease in soluble bile acids may be explaine
by several factors. Lower concentrations of soluble fecal bil
acids were not caused by lower fat ingestion, as fat levels we
constant before and during the study. Fecal bile acid concen
trations may have decreased because of the larger amount
calcium ingested by patients in this study– that is, increased
levels of bile acids by binding them to form calcium soaps. The
researchers also reported a change in the fecal micro� ora of
patients ingesting L. acidophilus. The altered micro� ora may
have controlled the formation of secondary bile acids (more
soluble) from primary bile acids.

The role of probiotics in preventing human tumorigenesis is
not very well de� ned, but there is more literature accumulating
that indicates they exert antineoplastic effects probably by
enhancement of local and systemic immune responses. Rece
studies have shown heat-killed L. acidophiluscells may be
effective at suppressing the viability of human cancer cell
in vitro. Immunomodulators such as tumor necrosis factor-
a and nitric oxide are produced byL. acidophilusto kill tumor
cells. Soluble polysaccharides from the outer membrane o
L. acidophiluscells induce apoptosis of cancer cells. Data indi
cate that cytolytic activity in tumor cells is accomplished by
enhanced granule exocytosis. The soluble polysaccharides ha
potent antioxidative activity. Additionally, L. acidophilusmay
produce molecules that block or neutralize mutagens in the
intestine. More carefully designed experiments will provide
further understanding of the mechanism by which probiotics,
in particular lactobacilli, prevent the onset of cancer.
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Constipation

Elderly humans undergo a variety of physiological changes
including some that affect their immune and bowel function,
especially constipation. Fermentedacidophilusmilk has been
shown to relieve constipation in elderly people. The majority of
elderly people suffers from constipation and seeks relief by
daily consumption of laxatives. Hospitalized elderly patients
were given fermentedacidophilusmilk ad libitum at breakfast
for 56 days. Elderly patients who consumed 200–300 ml per
day had less need of laxatives to relieve constipation. Fe
mented acidophilusmilk was more effective than buttermilk.
Another study reported a positive effect on intestinal motility
when L. acidophilusNCFM and lactitol was administered to
healthy, elderly patients. This symbiotic mixture did not
in� uence total short-chain fatty acid concentrations, but it did
positively in � uence stool frequency.
Immune System Stimulation

The increased incidence of immune system de� ciency diseases
worldwide has created an increased interest in studying the
interaction of intestinal bacteria and the immune system.
Conventional animals with a complete indigenous gut � ora
have higher immunoglobulin levels and phagocytic activity
than their germ-free counterparts. Probiotic bacteria should
enhance immunity both locally on the mucosal surfaces and at
the systemic level. Probiotic research on immune system
stimulation has centered on (1) the response of mice to oral
ingestion of lactic cultures or fermented milk, (2) the response
of mice to intraperitoneal injection of lactic acid bacteria or
cellular extracts of the same, (3) the response of cell cultures t
exposure of lactic acid bacteria or their cellular components
and (4) human feeding studies. Probiotic cultures, including
L. acidophilus, in� uence the immune system by several differen
means, including modulating intestinal micro � ora composi-
tion, inhibiting the in � ammatory response in the intestinal
tract through inhibition of NF- kB activation, increased activity
of natural killer cells, increased mucus secretion from intestinal
goblet cells, and direct release of immunomodulatory factors
after being captured in the Peyer’s patches.

Several studies have shownL. acidophilusfed to mice is
capable of inducing release of lysosomal enzymes from
macrophages, activating the cell population of the phagocytic
mononuclear system, and stimulating the lymphocytes. This
leads to speculation there is an enhancement of the systemi
immune response in hosts that ingestL. acidophilus. Further-
more, in vivo macrophage activation may be important in
suppressing tumor growth.

Many countries have reported signi� cant increases in
autoimmune and allergenic diseases. Impaired maturation of
the immune function in early life seems to have a major
responsibility for this increase. Infants are not challenged by
potentially infectious microorganisms as in days past (hygiene
theory), and therefore there is a disruption in immune system
maturation from a TH2 to TH1 response. An unaltered intes-
tinal micro � ora established at birth seems to be a culprit by
enabling persistence of cytokines derived from TH2 (interleu-
kins 4, 5, and 13). A child with fewer allergy issues has a typica
TH1 immune response highlighted by interleukin 12 and
interferon gamma. Use of L. acidophilusand other probiotic
strains in infant formula and other foods children consume has
the potential to activate regulatory T-cell differentiation, espe-
cially TH1 cells. The activated TH1 cells correct TH2 immune
skewing that occurs at birth. Ultimately, a balanced immune
tolerance is established reducing risk of in� ammatory, auto-
immune, and allergic diseases.

Yogurt fermented with L. acidophilusand fed to adult
patients with asthma increased the levels of interferon gamma
and decreased eosinophilia. There were no changes in clinica
parameters in asthma patients, however. Subsequent studie
will need to be done with longer administration of yogurt
fermented with L. acidophilusto understand the mechanism of
how interferon gamma was increased. Although several studie
have shown L. acidophilusto be effective at reducing the inci-
dence of allergenic reactions, numerous studies also hav
shown little to no impact. The great dif� culty in interpreting
this bene� t unequivocally is hindered by the heterogeneity of



s Table 2 Criteria for commercial strain selection: these criteria are
essential for an ef� cacious probiotic product or product line

l Ability to commercially prepare and maintain culture
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the studies conducted, a variety of strains studied, dosage
administered, and duration of the studies. This will be an active
research area for many years to come.
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l Veri�cation of important parameters for functionality
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Available Products and Survival until Consumption

Numerous lactic acid bacteria have been used as probioti
cultures to manage intestinal disorders, including lactose
intolerance, diarrheal diseases, constipation, food allergy, and
in� ammatory bowel disease. Most of these diseases are ass
ciated with an imbalance of the intestinal micro� ora and
various degrees of in� ammation in the intestinal tract mucosa.
To treat these conditions successfully, a probiotic strain should
be able to survive gastric acidity, adhere to the intestina
mucosa or antagonize pathogens by antimicrobial activity, and
temporarily colonize the intestinal tract. Other criteria are
important for commercial application of probiotic strains
(Table 2).

Probiotic microorganisms have been used by the food
industry for many years in dairy products without causing any
major health problems for consumers. There have been rar
cases of lactobacilli being implicated in a clinical infection, but
the origin of the strains has been speculative. Three approache
are used to assess the safety of probiotic strains: (1) studies o
intrinsic properties of the strain, (2) studies on the pharmaco-
kinetics of the strain, and (3) studies searching for interactions
between the host and strain. Intrinsic properties include enzy-
matic activity of the strains. For example, does the strain exce
sively deconjugate bile acids or degrade the mucin that lines
the intestinal tract? Do the strains possess platelet-aggregatin
properties that may cause problems in heart valve replacemen
patients? Pharmacokinetic properties include the ability of the
strain to translocate and colonize in the intestine. Also of
importance is the fate of any active compound the strain may
produce. Interaction studies will examine that a proposed pro-
biotic strain does not have invasion potential in the host.

A study conducted in Finland compared lactobacilli isolates
from dairy foods with lactobacilli isolated from blood cultures.
None of the clinical isolates was identical to isolates from dairy
products. The authors concludedLactobacillusstrains used by
the food industry are safe to the consumer.

Common commercial products that contain L. acidophilus
are yogurts, yogurt drinks, sweetacidophilusmilks, fermented
acidophilusmilk, and fruit juices that contain live cultures.
Several other forms of viable cells are marketed as capsule
suppositories, and pastes. There is considerable interest
extending probiotic cultures beyond dairy foods to infant
formula, baby foods, cereal products, and pharmaceuticals.

Storage conditions are critical for maintenance of viability.
Products containing viable cultures should be maintained
under refrigerated or frozen conditions. Products held at
ambient temperature in a dried form must be used shortly after
manufacture unless they have been manufactured by patente
technology to control water activity in their immediate envi-
ronment. Numerous encapsulation methods have been tested
to improve long-term storage stability of L. acidophilusand
other probiotic strains. Most investigators initiate their inves-
tigations with the intention of improving stability through
gastric transit. Most intestinal isolates retain their ability to
survive in the stomach; however, the quest for survival is really
in consumer-packaged goods with an Aw> .2. Especially
promising has been probiotics encapsulated with alginate in
combination with other hydrocolloids. This encapsulant
extends shelf life and still enables the bacteria to survive in acid
and bile-rich environments. The shelf life, however, is still
inadequate for most shelf-stable foods.
See also: BiÞdobacterium; Lactobacillus: Introduction;
Lactobacillus: Lactobacillus acidophilus; Microbiota of the
Intestine:The Natural Micro� ora of Humans.
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Introduction

During the 1980s, the genusStreptococcusthat was formerly
grouped as fecal streptococci or Lance�eld D group streptococci
was subdivided into three separate genera, namelyStrepto-
coccus, Lactococcus, and Enterococcuson the basis of 16S rRNA
gene sequence-based assays. The pathogenic and saproph
streptococci remained in the genusStreptococcusand were
separated from the lactic streptococci of the new genusLacto-
coccusof the family Streptococcaceae. The fecal streptococci th
were associated with the human and animal gastrointestina
tract (GIT), and with some fermented foods, formed the new
genusEnterococcusin the family Enterococcaceae. Accordingly
in 1984, bacteria previously named Streptococcus faeca,
Streptococcus faecium, Streptococcus avium, and Streptococcus ga
linarum were transferred to the genusEnterococcusas Entero-
coccus faecalis, Enterococcus faecium, Enterococcus avium, and
Enterococcus gallinarum, respectively.Enterococcus durans,E. fae-
calis, E. faecium, E. gallinarum, Enterococcus hirae, and Entero-
coccus mundtiiare the typical enterococci.Enterococcus cecoru,
Enterococcus columbae, Enterococcus dispar, Enterococcus pseud
vium, Enterococcus saccharolyticus, and Enterococcus sulfureusare
also some species in the genusEnterococcusthat do not react to
group D antiserum. Since 1984,�ve species have been recla
si�ed from the genus Enterococcus. Enterococcus seriolicidawas
found to be synonymous with Lactobacillus garvieaeand
reclassi�ed in 1996. The speciesEnterococcus porcinuswas found
to be synonymous with Enterococcus villorumand reclassi�ed in
2003. Enterococcus solitariuswas reclassi�ed to the genusTetra-
genococcusasTetragenococcus solitariusin 2005. Enterococcus� a-
vescenswas reclassi�ed as Enterococcus casseli� avus and
Enterococcus saccharominimusas Enterococcus italicusin 2006.
Some reclassi�cations may occur in future. On the basis of the
latest phylogenetic studies, there are a total of 34 specie
namely, Enterococcus canis, E. durans,E. faecium, E. hirae, E.
mundtii, Enterococcus ratti, and E. villorumin group E. faecium; E.
avium, Enterococcus devriesei, Enterococcus gilvus, Enterococcu
malodoratus, E. pseudoavium, and Enterococcus raf� nosusin group
E. avium; Enterococcus caccae, E. faecalis, Enterococcus haemop
oxidus, Enterococcus moraviensis, Enterococcus silesiacus, and
Enterococcus termitisin group E. faecalis; E. casseli� avusand E.
gallinarum in group E. gallinarum; E. italicus and Enterococcu
camelliaein group E. italicus; E. cecorumand E. columbaein group
E. cecorum; and Enterococcus aquimarinus, Enterococcus asin,
Enterococcus canintestini, E. dispar, Enterococcus hermannien,
Enterococcus pallens, Enterococcus phoeniculicola, E. saccharolyticus,
and E. sulfureus. Enterococcus faeciumand E. faecalisremain the
two most prominent species and play the most important roles
in human intestinal microbiota.
652 Encyclopedia of Food
Role of Enterococci in the Human Intestinal
Indigenous Microbiota

The human intestinal microbiota is one of the most taxo-
nomically complex microbial ecosystems on Earth. Severa
host-related (genotype, age, health, and diet type) and
surrounding environmental (ingestion of microorganisms,
food structure, and drugs) factors shape the diversity and the
populations of this microbiota. It is estimated that 1 g of
human feces contains 1012 bacterial cells populated by only
8 of the 70 known bacterial phyla and, of these, 5 are less
abundant. According to 16S rRNA gene sequence-base
assays, 16 000 phylotypes at the species level and approx
mately 36 000 phylotypes at the strain level have been iden-
ti�ed thus far. These surveys also revealed that up to 90%
of this microdata consist of the two dominant phyla Firmi-
cutes (64%) and Bacteroidetes (23%), with Actinobacteria
(3%), Proteobacteria (5%), and Fusobacteria (1%) being the
subdominant phyla.

The human intestinal microbiota is unstable from birth
until the age of 2. Adults have a stable speci�c microbiota that
gains diversity but then becomes unstable with aging. The
intestines are sterile during the fetal period. During natural
delivery, however, the maternal vaginal and intestinal micro-
biota contaminate the previously sterile colon of newborn
infants, resulting in the numbers of fecal population containing
Escherichia coliand enterococci being 1010 cells per gram for
2–3 days. Then, depending on the intensity of the breast-
feeding of the infant, the acquisition of an intestinal micro-
biota begins with an increase in the numbers of lactobacilli and
bi�dobacteria to 107–1010 per gram in parallel with a decrease
in the numbers of the �rst bacterial residents of the colon.
Subsequently, the infant will be exposed to microorganisms
from the environment. Following a Caesarean section delivery
the �rst exposure of a newborn to microorganisms comes
directly from the environment.

The feeding regime to which infants are exposed has a majo
effect on regulating their intestinal microbiota. A baby that is
only breast-fed favors the development of a simple intestinal
microbiota, consisting predominately of Lactobacillusand
Bi� dobacteriumspecies, whereas in an infant that is fed formula
milk, the growth of E. coli, Enterococcus, Clostridium, and
Bacteroideswill be predominately seen in the intestine. The
greatest difference in the intestinal microbiota between infants
who are breast-fed and those who are given formula milk lies in
the bi�dobacterial composition; however, the lactic acid
bacteria (LAB) composition appears to be fairly similar. The
population of LAB tends to increase in babies who are breast
fed with supplementary food, but for these infants the level of
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00211-1
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Bi� dobacteriumis maintained. For infants fed solely on solid
food, the Bi� dobacteriumand Bacteroidesbecome dominant in
their intestinal microbiota.

The intestinal microbiota of infants was found to be less
complex, however; as infants progressed through childhood
Bi� dobacteriumdecreased and theBacteroidesspecies increased
thus converging toward an adult-type pro� le. In adults, the
population of Bi� dobacteriumtends to decrease and its diversity
tends to wane. The major bacterial genera in the adult intestina
microbiota are Bacteroides, Eubacterium, Clostridium, and
Ruminococcus. The number ofE. faecalisin adult feces is between
105 and 107 cfu g� 1 compared with a number between 104 and
105 cfu g� 1 for E. faecium.

The human intestinal microbiota plays an important role in
the defense against disease, maintaining health because it affec
a wide range of the developmental, immunological, and nutri-
tional processes of the host. It contributes to the human energy
balance and nutrition, helps the host immune system tolerate
harmless antigens and maintain a fast response toward harmfu
pathogens, and supports the renewal and barrier function of the
gastrointestinal epithelium. Distortions and imbalances of this
microbiota structure are thought to be involved in serious
diseases, such as in� ammatory bowel diseases (IBDs), type II
diabetes, nonalcoholic fatty liver disease, sporadic colorecta
cancer, and in some allergic diseases such as immune irreg
lation and asthma. For example, IBD is characterized b
a remarkable decrease in the bacterial diversity of phyla Firmi
cutes and Bacteroidetes with a corresponding increase in Pr
teobacteria andBacillus. In infants facing an allergic disease
lower populations of Bi� dobacteriumand higher populations of
Clostridiumhave been observed in their intestinal microbiota,
and they appeared to be colonized mainly withBi� dobacterium
adolescentisrather than with Bi� dobacterium bi� dum. Therefore,
E. faeciumand E. faecalisare used as probiotics to improve
gastrointestinal balance, especially in the treatment of diarrhea
and enteritis in both children and adults.
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Functional Properties of Enterococci

The genus of enterococci is Gram-positive, catalase-negati
(some strains are catalase-positive in blood containing aga
media), oxidase-negative, facultative anaerobes cocci th
typically occur singly, in pairs, or in chains. They generally are
capable of growth at pH 9.6 and develop in the presence o
6.5% NaCl. Enterococcus avium, E. italicus, E. cecorum, and
E. pseudoavium, however, do not grow well at 6.5% NaCl
concentration. Enterococci are the most thermotolerant non-
spore-forming bacteria that have the ability to survive at 60� C
for 30 min. Most species are tolerant to extreme temperature
ranging from 10 to 45 � C, with optimum growth at 35 –37 � C;
however,E. dispar, E. sulfureus, and E. malodoratuscannot grow
well at 10 � C. Furthermore, enterococci have the ability to split
esculin in the presence of bile and some enterococci are als
noted to be b-hemolytic.

Enterococci can be enumerated and isolated presumptivel
from a variety of foods using several different media such a
m-enterococcus agar, KF streptococcus agar, citrate azide twe
carbonate agar, kanamycin aesculin azide agar and chromocu
enterococci agar. To con� rm the presumptive positive results,
5–10 typical colonies are isolated and transferred to a brain
heart infusion broth and incubated at 37 � C for 18–24 h. These
presumptive positive results must be con� rmed by biochemical
tests or rapid identi� cation systems. Vancomycin added to the
chromocult enterococci broth, chromocult enterococci agar,
and readycult enterococci can be used for the detection o
vancomycin-resistant enterococci (VRE) in stool samples
Typically, a highly selective medium consisting of esculin or an
indoxylic b-glucoside, including vancomycin, is used for the
detection of all enterococci. Alternatively, chromID VRE
contains a mixture of substratesa-glucosidase andb-galacto-
sidase to allow for the detection and differentiation of E. faecalis
and E. faecium.

The identi� cation of the Enterococcusspecies according to
physiological characteristics usually has caused problem
because of their considerable phenotypic diversity and the
requirement for a long incubation time. Genotypic identi � ca-
tion methods are more accurate, but they cannot differentiate
all Enterococcusspecies, especiallyE. gallinarumand E. casseli-
� avus, which show 99.8% homology in their 16S rDNA. To
differentiate the species accurately, various studies were carri
out using ampli � ed rDNA restriction analysis, pulsed-� eld gel
electrophoresis of DNA macrorestriction patterns, randomly
ampli � ed polymorphic DNA (RAPD)–PCR, ampli� ed frag-
ment-length polymorphisms, multilocus sequence typing, and
multilocus variable analysis.
Citrate Metabolism by Enterococci

Enterococci are predominant microorganisms in fermented
foods, although they are not conventionally used as starte
cultures. Furthermore, many authors claim that enterococc
signi� cantly contribute to the development of sensory features
of some cheeses, due to their ability to metabolize citrate to
acetate and formate in milk. There are only limited and
sporadic data related to citrate metabolism byEnterococcu
strains.

Enterococci are homofermentative bacteria that metabolize
sugars mainly to lactate. They can produce signi�cant amounts
of acetate, formate, ethanol, acetaldehyde, acetoin, 2,3-buta
nediol, diacetyl, and carbon dioxide depending on the growth
conditions. Some of these compounds contribute to � avor
development in fermented foods. For example, diacetyl
production has a distinct effect on the quality of dairy products,
including butter, buttermilk, and certain cheeses.

In citrate metabolism, citrate enters the cells via citrate
permease and is split by a citrate-lyase to generate oxalaceta
and acetate. The decarboxylation of oxalacetate yields pyru
vate, which is transformed by a-acetolactate synthase into
acetaldehyde–thiamine pyrophosphate and a-acetolactate.
The latter is unstable, decarboxylating spontaneously unde
oxidizing conditions to form diacetyl. Acetoin is produced
from a-acetolactate decarboxylase or from the reduction o
diacetyl by diacetyl reductase.

Early studies showed that pH had a signi� cant effect on
citrate formation. Since then, it was also shown thatE. faecalis
FAIR E�229 did not metabolize citrate in a mixture of glucose
and citrate but did metabolize citrate in the absence of glucose
It is also shown that in skimmed milk media, enterococci
produce formic and acetic acids, in addition to lactic acid,
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whereas citric acid production is strain dependent and variable
over time, probably because of its transformation into such
other compounds as diacetyl or acetoin. In fact, acetoin is
produced by enterococci as the major volatile compound
together with ethanol, acetaldehyde, and diacetyl, depending
on the strain.
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Ability of Enterococci to Proteolysis and Lipolysis

In addition to citrate metabolism, enterococci contribute to the
typical taste and � avor of cheeses through proteolysis and
lipolysis. Literature is con� icting in relation to which species
are more proteolytic. In this regard, there are reports of relevan
proteolytic activity within E. faecium, E. faecalis, and E. durans
isolated from various cheeses, but the most active strain
usually belong to E. faecalisisolated from foods. Extensive
studies on proteinase and the comparatively fewer studies on
peptidase activities inEnterococcusspp. suggest that proteolytic
activities are generally low.

Casein degradation in relation to the proteolytic and pep-
tidolytic activities of microorganisms is important in cheese
ripening, contributing to the texture of the product. Some
peptides also contribute to the formation of an acceptable
� avor, whereas others can lead to undesirable� avor. Some
enterococci strains hydrolyze casein at a ripening temperatur
(10 � C) with a general preference fora-casein, although some
strains have a higher capacity to hydrolyzeb-casein. Also,
another contributor to the � avor and texture of cheese is the
lipid fraction, which as a source of fatty acids can be converted
into aromatic compounds, such as methyl ketones and
lactones, causing fatty acids oxidation. Enterococci ar
considered more lipolytic than other LAB, although the pub-
lished data are often contradictory. A number of factors, such a
the origin or species, can have an in� uence on Enterococcu
lipolytic activity; in this regard, the enterococci of food origin
are considered the most lipolytic, especially theE. faecalis
species, followed by eitherE. duransor E. faecium. It also can
depend on the substrate where enterococci are present. Add
tionally, the esterolytic activity of enterococci is rather complex,
but it is more ef� cient than the lipolytic activity. The presence
of esterase and esterase–lipase con� rms that the enterococci
esterolytic system is more ef�cient than the lipolytic system.
The occurrence of short-chain free fatty acids from the action o
these enzymes is responsible for piquancy� avors, especially in
ewe and goat cheeses.Enterococcus faecalis, E. faecium, and
E. duransisolates were found to be active, independent of the
origin, with (of all enterococci) E. faeciumbeing the most
esterolytic species with the broader substrate speci� city.
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Formation of Biogenic Amines by Enterococci

Biogenic amines in foods could be a result of the decarboxylas
activity of the fermentative micro� ora. Favorable conditions for
their production may be achieved by the increase in precurso
amino acids or the level of biogenic amines may be reduced by
the elimination of decarboxylating bacteria. The ability to
produce biogenic amines in fermented products such as chees
and fermented sausage has been reported for the genu
Enterococcus. Tyramine (aromatic, primary, and monoamine
and histamine (heterocyclic, primary, and monoamine) are the
main biogenic amines produced by enterococci in cheeses. The
can be formed through the microbial decarboxylation of free
amino acids during fermentation such as during cheese ripening

Enterococci can cause food intoxication through the
production of biogenic amines, which after ingestion can result
in a number of symptoms, including headache, abdominal
pain, vomiting, � ushing, increased blood pressure, and even
allergic reactions. The symptoms may occur in conjunction
with monoamine oxidase (MAO) and diamine oxidase, which
metabolize normal dietary intakes of biogenic amines in the
intestinal tracts of mammals. Oxidative deamination catalyzed
by MAO is the detoxi� cation mechanism for tyramine and
histamine. Under normal circumstances (a low concentration
of biogenic amines ingested by a healthy person), the biogenic
amines adsorbed from food are detoxi� ed by oxidative
deamination, and the end metabolites are readily excreted in
the urine. However, the detoxifying mechanisms in humans are
not suf� cient when the intake in a diet is too high, if individ-
uals are allergic, and if patients are taking drugs that act on
MAO inhibitors.

The tyramine levels present in the GIT, after the intake o
food containing tyramine, are the result of the balance between
food intake and degradation reactions through the action of the
MAO enzyme. The presence of tyramine has been shown t
enhance the adhesion of the pathogenE. coli O157:H7 to
the intestinal mucosa in addition to the toxicological effects
on the host. Histamine and tyramine levels above 100 and
500 mg kg� 1, respectively, are considered potentially dangerou
for human health. Many environmental factors can affect the
amine formation by enterococci, such as pH, temperature, and
salt concentration.
Ability of Enterococci to Produce Bacteriocin

Bacteriocins from LAB are microbially produced peptides with
different structure and spectrum that have bactericidal activity
against closely related bacterial species, including food spoilag
and foodborne pathogens. According to the latest classi� cation,
these bacteriocins are divided into three classes. Class I bac
riocins (lantibiotics) are heat-stable, precursor peptides on the
ribosome and undergo a series of posttranslational modi� ca-
tions to produce an active mature peptide. They are distin-
guished by the presence of internal ring structures and divided
into two categories: Type A lantibiotics generally act by depo
larizing the cytoplasmic membranes, leading to the leakage o
essential cell contents. In contrast, Type B lantibiotics interfere
with enzymatic reactions, leading to the inhibition of some
bacterial enzymes essential to the growth and survival of the
target bacteria. The best known Type A lantibiotic is nisin,
which shows a broad antimicrobial spectrum toward a wide
range of Gram-positive bacteria. Class II bacteriocins are non
modi � ed, heat-stable peptides that are divided into three
subclasses: Class IIa (pediocinlike) bacteriocins are characte
ized by their strong inhibitory effect on Listeriaspp. Class IIb
(two-peptide) bacteriocins are characterized by the synergisti
activity of two peptides, but in several cases, each peptide i
shown to have individual antimicrobial activity. Class IIc
bacteriocins represent all nonlantibiotic peptides derived from
a variety of LAB. Class III bacteriocins are large, heat-labil
proteins.
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A similar classi� cation is proposed for enterocins that are
bacteriocins produced by the enterococci: Class I (lantibiotic)
enterocins, Class II enterocins (nonlantibiotic, small peptides),
Class III (cyclic) enterocins, and Class IV enterocins (large
heat-labile proteins). Class II enterocins are divided into three
subclasses: Class II.1 are the enterocins of the pediocin famil
Class II.2 are synthesized without a leader peptide, and Clas
II.3 are other linear, nonpediocin-type enterocins. Cytolysin
produced by E. faecalisis a two-peptide bacteriocin with
hemolytic and bacteriocin activity and is also the only lanti-
biotic-type enterocin. Class II.1 contains the following: the
enterocins A and P– produced by E. faeciumisolated from
Spanish fermented sausages– A is active againstEnterococcu,
Lactobacillus, and Pediococcusspp., as well asLactobacillus mon
ocytogenes, and P is active againstBacillus cereus, Clostridium
botulinum, Clostridium perfringens, and S. aureus; CRL35 –
produced by E. mundtii CRL35 isolated from an Argentinean
artisanal cheese; SE-K4– produced by E. faecalisisolated from
silage; the mundticins– produced by E. mundtii isolated from
processed vegetables and active againstEnterococcus, Lactoba-
cillus, Leuconostoc, Pediococcusspp., Lactobacillus monocytogen,
and C. botulinum; bacteriocin 31– produced byE. faecalisYI717
isolated from a clinical sample; RC714– isolated from a van-
comycin-resistantE. faecium; and T8 – produced by E. faecium
T8 isolated from vaginal secretion of an HIV-infected child.
Class II.2 contains the following: enterocin EJ97– produced by
E. faecalisisolated from municipal wastewater; L50A, L50B, and
Q – produced by E. faeciumL50 and 6T1a isolated from
a Moroccan traditional cheese; RJ-11– produced by E. faecalis
RJ-11 isolated from rice bran; and MR10A and MR10B. Clas
II.3 includes the following: enterocin B – produced by entero-
cocci that produce enterocin A; 1071A and 1071B– produced
by E.faecalisBFE1071 and FAIR-E 309 and active against strain
of Clostridium, Enterococcus, Lactobacillus, Propionibacterium,
Streptococcus, Micrococcus, and Listeriaspp.; and bacteriocin 32.
Class III includes the enterocin AS-48 (produced by a clinica
isolate of E. faecalisS-48) and AS-48 RJ (produced byE. faecium
isolated from homemade goat cheese). Class IV includes th
enterolysin A produced byE. faecalisLMG2333 and DPC5280.

Since enterocins are harmless to eukaryotic cells and usual
show tolerance to a wide range of adverse chemical an
physical conditions, in particular, the Class II and Class III
enterocins have received considerable interest for potential us
as natural food preservative agents in the dairy and mea
industry. The enterocin-producing strains or puri� ed enterocins
are inhibitory toward both closely related species and also to
Gram-positive food spoilage and pathogenic bacteria.
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Pathogenetic and Toxicogenic Activities
of Enterococci

In the past two decades, enterococci have been described
opportunistic nosocomial pathogens that cause bacteremia
endocarditis, urinary tract, intra-abdominal, and other infec-
tions. Although E. faecalispredominates among the enterococci
isolated from human illnesses,E. faeciumstrains increasingly
have been determined to be the causative agent in enterococc
bacteremia, because of the emergence of vancomycin-resista
strains. The antibiotic resistance of enterococci alone canno
explain their virulence in the absence of their pathogenicity
factors, such as the ability to adhere to and invade host tissue
abscess formation, secrete hemolysin and cytolysins, and th
production of plasmid-encoded pheromones. A number of
genes encoded for multiple virulence factors were harbored
mostly by E. faecalisand, to a lesser extent, byE. faecium. The
major risk related to these virulence factors is that they are
transmissible since enterococci have genetic exchange mech
nisms that involve both conjugative and nonconjugative plas-
mids as well as conjugative ponent transposons that may carr
antibiotic-resistant genes.

Enterococci show intrinsic antibiotic resistance to cephalo-
sporins, sulphonamides, lincosamides, manyL-lactams, and
low levels of clindamycin and aminoglycosides. They also have
acquired virulence determinants that confer resistance to al
classes of antimicrobials, including chloramphenicol, erythro-
mycin, and high levels of clindamycin, aminoglycosides and
L-lactams, tetracyclines, and glycopeptides such as vancomyci
VRE has recently emerged in human clinical infections. Ther
are six recognized phenotypes of vancomycin resistance: Van
VanB, VanC, VanD, VanE, and VanG. The VanA- and Van
resistant phenotypes are mediated by newly acquired gen
clusters not previously found in enterococci and were described
primarily in E. faecalisand E. faecium. The VanA-resistant
phenotype, which is associated with high-level coupled resis
tance to both vancomycin and teicoplanin, seems to be the
most frequent food-associated VRE. The VanB-resista
phenotypes usually display variable levels of inducible resis
tance only to vancomycin and remain susceptible to teicopla-
nin. The VanC-resistant gene was observed inE. casseli� avusand
E. gallinarum, shows low-level resistance to vancomycin, and is
susceptible to teicoplanin but is not transferable. The VanD-
resistant gene was� rst found in an E. faeciumstrain in a New
York Hospital in 1991. Newly discovered inE. faecalisBM4405,
the VanE- and VanG-resistant genes reveal full sensitivity t
teicoplanin and are resistant to low and moderate levels of
vancomycin, respectively. This new resistance phenotype ha
similarities to the intrinsic VanC type of resistance.

In previous studies, antibiotic-resistant enterococci have
been found in dairy products, meat products, and even within
enterococcal strains used as probiotics and starter cultures. F
example, E. faecalisand E. faeciumstrains with high-level
resistance to penicillin, tetracycline, chloramphenicol, eryth-
romycin, gentamicin, lincomycin, rifampicin, fusidic acid,
kanamycin, gentamicin, and vancomycin were determined in
both pasteurized and raw milk European cheeses. A recognize
factor in the development of resistant enterococci is the chronic
use of antibiotics as growth promoters in animal feed. For
example, enterococci resistant to one or more antibiotics
including bacitracin, chloramphenicol, erythromycin, genta-
micin, penicillin, rifampicin, streptomycin, tetracycline, and
vancomycin, have been isolated from minced meat, raw
meat sausages, ham, and Swedish retailed chicken. Tran
conjugation, in which starter strains acquired virulence deter-
minants from medical strains of E. faecalis, also was observed.
The incidence of virulence factors, however, was shown to b
highest among clinical enterococcal isolates, followed in
decreasing order by food strains and starter strains, whic
means that the latter two have a lower potential for
pathogenicity.
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Vancomycin resistance is common in both animals fed with
avoparcin as a growth promoter and humans. This can be
explained by the occurrence of either a clonal spread of resis
tant strains or a transfer of resistance genes between animal an
human bacteria. The possibility of transfer of vancomycin-
resistant genes of VRE to other Gram-positive bacteria rais
signi� cant concerns about the emergence of vancomycin
resistantS. aureus.
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Use of Enterococci in the Food Industry

Indicator Value of Enterococci

Although enterococci have never reached the status held b
E. coliand other coliforms, except for plant-associated strains
E. casseli� avus,E. mundtii, and E. sulfureus, they are accepted as
fecal indicators in frozen and processed foods and in tap and
seawater. They also are seen as important sanitation indicato
due to their better ability to grow within a wide pH range and
to survive in acidic foods and at high salinity for a long time;
furthermore, they have a high resistance to heating, freezing
and drying treatments in contrast toE. coliand other coliforms.
Thus, the behavior of enterococci under environmental
conditions is also expected to re� ect the existence of enteric
pathogenic bacteria, and they can be used as appropriate mode
organisms of human bacterial pathogens. There is still a dispute
regarding the use of enterococci as indicators, however, sinc
their presence in many foods is not always related to direct feca
contamination due to their wide distribution in nature. They
are not used as indicator microorganisms in dairy products, but
their occurrence in these foods is accepted as the presence
unhygienic conditions in the processing area. Furthermore
there is a maximum level for the presence ofE. coliand other
coliforms while no limit has been set for enterococci.
d

s

.

er

i
f
cin

t

n

n

Probiotic Potential of Enterococci

Probiotics are mono or mixed cultures of live active microor-
ganisms that, when applied to human or animal, bene� cially
affect the host by improving the properties of the indigenous
� ora. The bene� cial probiotic properties differ in each strain,
but an effective probiotic strain should be safe, nonpathogenic,
noninvasive, nonmutagenic, and noncarcinogenic with the
ability to grow well in vitro and adhere to human intestinal
cells; exclude or reduce pathogenic adherence; persist an
multiply; produce antimicrobial substances and bacteriocins;
and coaggregate to form a normal balanced� ora.

Most probiotic bacteria of intestinal origin belong to the
genera Bi� dobacteriumand Lactobacillusand some exhibit
health-promoting characteristics, such as anti-in� ammatory
and antipathogenic capabilities; they have been attributed to
the stimulation of the immune response, reduction of cardiac
disorders and the serum cholesterol level, control of rotavirus
and Clostridium dif� cile–induced colitis, and downregulation of
hypersensitivity reactions.

In probiotic preparations for humans, there are more
applications of E. faeciumthan E. faecalis, which is more widely
used as an animal feed supplement. For example, due to it
resistance to antibiotics and its inhibitory effect in vitro to the
growth of E. coli, Salmonellaspp., and Enterobacterspp., the
E. faeciumstrain SF68 has been used in the treatment of diar
rhea and the preventation of mucositis in patients with chronic
pulmonary tuberculosis. It has been effective in lowering blood
ammonia levels and improving the mental state of patients
with hepatic encephalopathy.Enterococcus faeciumCRL 183 in
combination with Lactobacillus jugurtiwas found to decrease the
cholesterol level by 43% in vitro. Although the probiotic
bene� ts of some strains are well established, the increased rol
of enterococci in food poisoning and multiple antibiotic
resistances, and the associative interaction of enterococci wit
S. aureustoxins and other biogenic amines, have raised ques
tions regarding their use as probiotics. Therefore, the safet
evaluation of probiotics has to be undertaken. If anEnterococcu
strain is to be considered for use as a probiotic, starter culture
or adjunct, each particular strain should be carefully tested for
the presence of different virulence traits. It is dif� cult to
distinguish between a safe and nonsafe enterococcal strain
however, since virulence genes can easily be exchang
between strains. The results of anin vitro � lter mating assay
indicate that a probiotic E. faeciumstrain might be a potential
recipient of vancomycin-resistant genes.
Use as Starter Cultures or Adjuncts (Cocultures)

Since they contribute to unique� avor and texture development
during manufacturing and ripening, enterococci are used in
a number of food fermentations as starter cultures or adjuncts
for the production of traditional cheeses, such as Manchego
Picante, Majoero, Feta, Teleme, Mozzarella, Fontina, Hispa
nico, Caprino, Venaco, and Comte, and other fermented dairy
products. The use of two strains ofE. faeciumas adjuncts rather
than starter cultures has been proved to positively affect the
taste,� avor, color, structure, and overall sensory characteristic
of Feta cheese.Enterococcus faeciumK77D has been approved as
acceptable for use as starters in dairy products by the U.K
Advisory Committee on Novel Foods and Processes. High
levels of contaminating enterococci in fresh or soft industrial
cheeses made with pasteurized milk and a selected lactic start
culture proved to be the result of unhygienic conditions during
manufacturing and led to the deterioration of organoleptic
properties of this type of cheeses.

Starter cultures containing enterocin-producing enterococc
have been used in model systems to improve the safety o
cheeses and Spanish-style, dry fermented sausages. Entero
A- and B-producing E. faeciumCTC492, E. faeciumRZSC13,
CCM4231 and E. faecalisAS48 are used as starters in mea
fermentations to prevent the survival ofL. monocytogenes.
Use as Flavor and Textural Enhancements

Enterococci grow in a variety of cheeses produced in souther
Europe from either raw or insuf� ciently heat-treated milk. The
growth of certain strains of enterococci especiallyE. faecalisand
E. faeciumis deemed to be highly desirable and may play
a major role in ripening and development of � avor character-
istic in some cheeses through proteolysis, lipolysis, and citrate
breakdown, hence contributing to their typical taste and� avor.
Enterococci show a higher proteolytic activity than other LAB,
and this is considered to be important for cheese ripening. The
bene� cial effect of enterococci in cheesemaking has also bee



-

MICROFLORA OF THE INTESTINEj Biology of theEnterococcusspp. 657
attributed to the hydrolysis of milk fat by esterases. In addition,
enterococci produce typical� avor components, such as acet
aldehyde, acetoin, and diacetyl.
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Conclusion

The application of enterococci as probiotics, starter cultures, o
adjuncts in the processing of some dairy and meat products is
still a disputed issue due to the emergence of multiple antibi-
otic-resistant enterococci among agents of nosocomial human
infection and the presence of virulence factors among food
isolates. Therefore, an evaluation of every enterococcal isola
intended for potential biotechnical use should be implemented
to guarantee that only safe strains enter the food chain. Eac
isolate should be rigorously tested to screen for potentia
virulence factors, as well as antibiotic-resistant genes, and fo
the possible transfer of resistant genes within each isolate. I
this regard, it is worth noting that E. faeciumappears to pose
a lower risk for use as probiotics, starter cultures, or adjuncts
because they generally harbor fewer recognized virulenc
determinants than E. faecalis. Enterococci, which are involved
in most traditional food fermentations, play at least some
positive key roles in fostering the development of the charac
teristic � avor and texture of the food. Furthermore, the
morbidity of healthy humans resulting from enterococcal
infections appears to be extremely low.
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See also:Bacteriocins:Potential in Food Preservation;Cheese:
Microbiology of Cheesemaking and Maturation;Enterococcus;
Fermented Milks/Products of Eastern Europe and Asia;
Microbiota of the Intestine:The Natural Micro� ora of Humans;
Probiotic Bacteria:Detection and Estimation in Fermented a
Nonfermented Dairy Products; Starter Cultures Employed
Cheesemaking.
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Table 1 Probiotic combination and product texture

Product taste Product texture Species combination

Mild acid taste Low to high
viscosity

Streptococcus thermophilus,
Lactobacillus acidophilus

Mild acid taste Low viscosity L. acidophilus, S. thermophilus,
BiÞdobacteriumsp.

Medium acid taste Low to high
viscosity

S. thermophilus, L. acidophilus,
L. delbrueckiisubsp.bulgaricus
Introduction

The human intestinal microbiota is a complex ecosystem with
a wide range of activities important to human health. The
diversity and the density of bacteria inhabiting the length of the
gastrointestinal tract are the highest in the colon. The pop-
ulation of resident microorganisms is estimated to be more
than 10-fold the number of eukaryotic cells present in the
entire body and contains bene�cial as well as pathogenic
bacteria. The metabolic capabilities of the intestinal microbiota
make them an integral part of human physiology and
contribute to the well-being of the gut and the host. Some of
the major functions of the intestinal micro �ora include pro-
tecting against microbial pathogens by providing colonization
resistance against invading microbes, salvaging energy fro
nutrients by metabolic activities, providing protective effects on
intestinal epithelial cell function, and eliciting immune
responses. Disturbance of the intestinal microbiota is thought
to have short- and long-term effects. The consequences of th
alteration of gastrointestinal microbiota are evident and well
documented for several ailments. Antibiotic-associated diar
rhea, Clostridium dif� cile colitis, small bowel disorders, meta-
bolic disorders, in�ammatory bowel diseases, and irritable
bowel syndrome are all attributed to microbial imbalance in
the gastrointestinal tract. Simple alteration of the micro�ora of
the large intestine may result in malabsorption and diarrhea,
alteration of the immunological interactions between the
microbial environment and the host, and translocation of
bacteria in the permeable intestinal mucosa. Normal ecology of
the intestinal micro�ora confers colonization resistance.

Probiotics are live, nonpathogenic microorganisms that are
used for treating syndromes in which the disturbance of
intestinal micro�ora is implicated. They are used to restore the
nonpathogenic digestive �ora, supplement and assist the
naturally occurring intestinal micro�ora to correct the abnor-
malities in the metabolic activities of the altered micro�ora,
and restore its function to resemble that of healthy micro�ora.
They commonly are administered either in dairy products and
dietary supplements or as freeze-dried microorganisms in
sachets, tablets, and capsules. If consumed in adequa
amounts, they act as therapeutics to alleviate the symptom
resulting from microbial disturbances in the gastrointestinal
tract. Probiotics have been shown to be effective for alleviating
the symptoms of a variety of gastrointestinal and extraintestinal
ailments, including ulcerative colitis and vaginal infections,
and are effective in enhancing host immunity.

Evaluation of the bene�cial effects of probiotics on human
health is confounded by the diversity of the human microbiota,
varied human diets, and varied genetic backgrounds. Th
bene�cial effect of probiotics may be achieved by various
means, including production of compounds that inhibit
potential pathogens. They may enhance epithelial cell barrie
function and prevent bacterial translocation, or their bene�cial
effect may be through modulation of host immune response.
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Clinical evidence has shown their effectiveness for the treat
ment or prevention of antibiotic-associated diarrhea and viral
gastroenteritis, alleviation of symptoms of in�ammatory bowel
diseases, and prevention of certain pediatric allergic disorders
They are being investigated for their effects on host immunity
to respiratory diseases, on lowering cholesterol, on the surviva
of preterm babies, on alleviating complication of liver diseases,
and on other problems.

The term ‘probiotics’ should be used only for those live
microorganisms that have been shown to have a bene�cial
effect on human health in double-blind, placebo-controlled
human studies and probiotic microorganisms should exhibit
the following properties. Microorganisms should be resistant
to highly acidic (gastric juice pH <3.0) and alkaline (bile pH
range 7.5–8.6) environments of the gastrointestinal system,
should adhere to human intestinal epithelial cells, and should
be able to in�ltrate the intestinal mucus layer. They also should
exhibit antimicrobial properties against pathogenic microor-
ganisms and be resistant to bile salts and hydrolase activity
Once classi�ed as a probiotic, the microorganisms are used to
evaluate their safety, antimicrobial sensitivities, andin vivo
metabolic activity in randomized human double-blind,
placebo-controlled studies.

Consumption of fermented dairy products containing pro-
biotics remains the most common form of probiotic intake and
has increased continuously for the past several years. A repo
published in October 2011, entitled ‘World Gastroenterology
Organisation (WGO) Global Guidelines on Probiotics and
Prebiotics,’ lists numerous products with probiotic organisms that
are commercially available. The most common probiotics used in
products are species ofLactobacillusand Bi� dobacterium, but other
strains of bacteria and yeasts, such asSaccharomycesspp., also are
used. The speci�c combination of probiotics gives a particular
taste and texture to the end product.Table 1 shows the textures
of some products following the addition of probiotics.

There is a strain-speci�c difference in the ability of probiotics
to tolerate bile, resist acid, transit through the gastrointestinal
tract, survive the activities of existing micro�ora, adhere to
host epithelial tissue, colonize the gastrointestinal tract, coexis
with potentially antagonistic pathogenic microorganisms, and
prevent in�ammation by those organisms that are implicated in
induction of the in �ammatory response. It is suggested that fo
a probiotic product to be effective, it should have suf�cient
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Table 2 Results for some commercially available strains ofLactobacillusspecies in human trials

Strain tested Purpose of trial Results found Detection method Method of administration

Lactobacillus acidophilus
NCFM and the prebiotic
lactitol

Effect on gut microbiota of
healthy elderly persons

Bene� cial changes in
microbiota

Real-time quantitative
PCR

Symbiotic product
comprised of lactitol
andL. acidophilus

Lactobacillus casei
DN-114 001

Effect on immune functions
and decreasing the risk of
respiratory and
gastrointestinal infections
in healthy shift workers

Reduction in the risk of
common infections in
stressed individuals, such
as shift workers

Not reported in the
study

Fermented dairy product

Lactobacillus paracaseisubsp.
paracasei(L. casei431)

Ability to modulate the
immune system

L. casei431® may be an
effective means to improve
immune function by
augmenting systemic and
mucosal immune responses
to challenge

Not reported in the
study

Dairy drink

Lactobacillus paracaseisubsp.
paracaseiF19

Effect of symptomatic
uncomplicated diverticular
disease

Decrease in abdominal pain
and bloating intensity after
treatment

Not reported in the
study

High-� ber diet

Lactobacillus plantarum299V Relieve the symptoms of
irritable bowel
syndrome (IBS) in
IBS patients

Was effective in relieving the
symptoms of IBS

Not reported in the
study

Probiotic preparation
containing a mixture of
freeze-dried lactic acid
bacteria and excipients

Lactobacillus reuteri
DSM 17938

Alleviation of infantile colic Bene� cial effect Not reported in the
study

Drops of� uid

Lactobacillus rhamnosus
LGG

Decrease in respiratory
illness in children

Recovery from diarrhea

LGG reduced the occurrence of
respiratory illness in children

Promotes recovery from acute
diarrhea in children; reduced
duration of viral diarrhea

Strain-speci� c real-
time quantitative
PCR assay was
used to quantify
LGG

Milk with LGG
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microorganisms to produce 106–107 viable colonies per gram of
intestinal content. Tables 2–5 provide a summary of clinical
studies that demonstrate the effect of some probiotics used in
commercially available products on human health. To differ-
entiate probiotic strains from commensals, the probiotic strains
used in products, in addition to genus and species, have an
alphanumeric designation based on their scienti� c community
nomenclature. The detailed descriptions of probiotics are pre
sented in Chapters ‘The Natural Micro� ora of Humans' to
'Biology of Lactobacillus acidophilus’. The properties of the
commonly used probiotics Bi� dobacteriumand Lactobacillusare
described in Chapters‘Bi� dobacterium’ and 'Introduction' to
‘Lactobacillus casei’, respectively. This article describes bot
the traditional and the latest techniques that could be used to
detect probiotics from intestinal micro� ora.
.
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Traditional Approaches for Detection
and Enumeration of Probiotics

Detection, identi� cation, and enumeration of probiotics in
intestinal content can be accomplished by various techniques
Quite often, a single technique may not be able to detect
and enumerate particular bacteria, thus requiring a combination
of detection methods. Until recently, the most commonly used
techniques for the detection of probiotics were traditional
culture and microscopy methods (Figure 1, left panel). Although
culture-dependent methods provide good tools for detection
and enumeration of probiotic cultures, they have a few
disadvantages. First, they require bacterial cultures, and secon
they have limited sensitivity and cannot be used to differentiate
strains and subspecies of bacteria without further tests. Thi
pitfall can be overcome by using culture-independent, molecular
approach–based, detection techniques. Table 6 provides
a summary of comparison between traditional and molecular
methods of bacterial detection techniques. The following section
describes each method for the identi� cation of probiotic
cultures. The detailed methods of these technologies ar
provided in Chapters‘Introduction’ to ‘Identi� cation of Clinical
Microorganisms with MALDI-TOF-MS in a Microbiology Labo-
ratory’, Real-Time PCR, and Culture-Independent Techniques.
Culture-Dependent Traditional Approaches
for Detection and Enumeration of Probiotics

Several culture media have been used for detection an
enumeration of probiotics. The colonies grown on these media
are characterized based on classical morphological an
biochemical tests, as described inBergey’s Manual of Systemat
Bacteriology. Nonselective culture media usually are used to
determine the total numbers of aerobic and anaerobic� ora.
Differential media allow the cultivation of the speci � c genera of
probiotics. Selective media are used for the growth, identi� ca-
tion, and enumeration of targeted species. Several selectiv
media can be used for the identi� cation and enumeration of
species ofLactobacillusand Bi� dobacterium. In a detailed study
by Van De Casteele and coworkers, several media we
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Table 4 Results for some commercially available strains of other species in human trials and experimental animals

Strain tested Purpose of trial Results found Detection method
Method of
administration

Escherichia coliNissle
1917

Maintenance of remission in
ulcerative colitis (UC)

Effective in maintaining remission
of ulcerative colitis

Not reported in the study,
but has been detected by
� uorescence microscopy
and immunohistochemistry
in mice

Capsule

Alleviation of symptoms of
irritable bowel syndrome

Probiotic EcN shows effects in
irritable bowel syndrome,
especially in patients with
altered enteric micro� ora, e.g.,
after gastroenterocolitis or
administration of antibiotics

Effect on ulcerative colitis Affected time of remission Enema
Enterococcus/lactic acid

bacteria, strain SF68
Alleviation of hepatic

encephalopathy
(only one study)

TheEnterococcus/SF68 preparation
proved to be as effective as lactulose
in lowering blood ammonia and in
improving mental state and
psychometric performance

Not reported in the study Capsule

Saccharomyces boulardii
I-745

Treatment for rotavirus
gastroenteritis

Reduction in duration of diarrhea Not reported in the study Sachet in
normal diet
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compared for the selective growth of speci� c probiotics. The
study concluded that the best-suited media for the culture
of Streptococcus thermophilus, Lactobacillus delbrueckiisubsp.
bulgaricus, and Lactobacillus acidophiluswere M17, MRS 5.2, and
MRS-clindamycin, respectively. The speci� city of the probiotic
strain to grow on a selective medium was dependent on the
product matrix. Bi� dobacteriumcould be isolated selectively on
bi� dobacteria selective medium within 24–48 h, while the
growth of Lactobacillusand Streptococcuswas inhibited.
Table 5 Results for some commercially available probiotic mixture

Strain tested Purpose of trial Result

BiÞdobacterium longumBB536
andL. johnsoniiLA1

Colorectal cancer patients La1 ad
mucosa,
concentr
and affe

BiÞdobacterium longumBB536
andLactobacillus acidophilus
145

Effect on plasma lipid Reduced

Lactobacillus acidophilus
CL1285 andLactobacillus
caseiLBC80R

Reducing AADb and CDADc

in hospitalized patients
Reduced r

CDAD in
patients

Lactobacillus rhamnosus
GR-1 andLactobacillus
reuteriRC-14

Improving treatment of
vulvovaginal candidiasis

Increased
of antifu
improve
vulvovag

Streptococcus thermophilus
VL#3

4 Lactobacillusspecies
3 BiÞdobacteriumspecies

Effect on ulcerative colitis Induced

aLDL, low-density lipoprotein.
bAAD, antibiotic-associated diarrhea.
cCDAD,C. difÞcile–associated diarrhea.
The selective medium also generally determines the viability
of probiotic organisms. Several drawbacks are associate
however, with culture-dependent detection techniques, which
include time required for bacterial colonies to appear on plates,
the time-consuming method for cfu counting, and the growth
of nonprobiotic species that also are adapted to the medium.
To overcome these drawbacks, culture-independent detectio
methods have been used. The following section will provide
an overview of these studies.
s in human trials

s found Detection method
Method of
administration

hered to the colonic
reduced
ation of pathogens,
cted local immunity

Selective media and
PCR ampli� cation

Dried and mixed
with maltodextrin

LDLa levels in women Viable count in product
via standard method

Forti� ed milk

isk of AAD and
hospitalized

Not reported in the study Capsules

the effectiveness
ngal drugs and
d treatment of
inal candidiasis

Not reported in the study Capsules

remission Not reported in the study Sachet
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Sample

Traditional detection and enumeration techniques Modern detection tecqniques 

Growth 
media

•Selective 
media
(specific 
genera)

•Non-
selective 
media
(total 
number of 
bacteria) 

Microscopic 
analysis

Biochemical 
analysis

•Shape

•Size

•Gram staining

•Live dead 
enumeration

•Metabolite 
analysis

•Commercially 
Partially or fully 
automated 
methods (API 
system, Vitek 
2, Biolog, etc.)

Phenotypic 
fingerprinting
analysis

Genotypic 
fingerprinting
analysis

•SDS-PAGE 
analysis of
-Cell wall 
constituents
-Whole cell 
protein
-Lipids

-Fatty acids

•Serotyping

•16s RNA 
fingerprinting

•ITS between 
16S and 23S

•recA gene

•AFLP

•PFGE

•Ribotyping

Figure 1 Culture-dependent approaches to detect and enumerate bacteria.
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Characterization by Microscopic Analysis

Microscopic methods have been used for a long time to identify
and enumerate bacteria, based on the shape and size, type
staining, and, most important, the distinction between live and
dead bacteria. Total bacterial counts give an estimate of th
bacterial numbers in the starter culture; nonetheless, oxidative
killing of anaerobic probiotics, such as Bi� dobacterium, may
contribute to an underestimation of the exact viable bacterial
numbers. Thus, a technique that can distinguish between live
and dead bacteria is deemed to be more desirable. A direc
� uorescent method (green-� uorescent SYTO� 9 stain and
red-� uorescent propidium iodide stain) is able to differentiate
live and dead bacteria, based on plasma membrane perme
ability, and has been used to monitor probiotic bacteria. Other
dyes, including 3,6-bis(dimethylamino)acridinium chloride
Table 6 Comparison of advantages and disadvantages of traditiona
and molecular methods of bacterial detection

Traditional method Molecular method

Sensitivity Medium High
Speci� city Low to medium High
Rapidity Low to medium output Medium to high output
Power of

discrimination
Low to medium

(often need further
con�rmation)

Medium to high
(depend on the
technique used)

Cost Low Medium to high
Labor Low Medium to high
High-throughput Low High
(acridine orange) and 40,6-diamidino-2-phenylindole (DAPI),
also have been used as indicators of viability. Speci� c probes
tagged with the dyes are used to detect speci� c microorganisms.
d

c

Characterization by Biochemical Analysis

The levels of speci� c enzymes or metabolites may be correlated
directly to the abundance of a speci� c group of bacteria. High
levels of short-chain fatty acid (SCFA) metabolites, such a
acetate, propionate, and butyrate, reveal increases in th
metabolic activities of lactic acid bacteria. SCFA concentration
is known to increase with the abundance ofLactobacillus cas
strain GG, whereas the level ofb-galactosidase is correlated
with the abundance of bi� dobacteria.

Commercially available biochemical detection systems,
such as the API 50 CHL and API ID 32 systems, have been use
to identify Lactobacillusand Bi� dobacteriumspecies. Automated
microbial identi � cation systems also can be used for identi� -
cation. Vitek 2, from bioMérieux, has a GENIII database that
lists 41 Lactobacillusspecies that can be identi� ed by the system.
The Biolog GP anaerobic system can provide the metaboli
� ngerprinting of test bacteria and identify 29 species of
Bi� dobacteriumand 44 species ofLactobacillus.

l

Modern Approaches for Detection of Probiotics

Characterization by Typing and Phylogenetic Analysis

Detection and identi� cation of bacterial cultures needs an
accurate and rapid method. Emerging molecular methods
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Table 7 Genotypic� ngerprint analysis

Technique Principle Amplicon length
Reliability of phylogenetic
information

Power of discrimination
of strains

16S RNA� ngerprinting PCR ampli� cation of ribosomal RNA w 1500 bp Very reliable Low
Internal transcribed spacer

between 16S and 23S
PCR ampli� cation of sequence between

the 16S and 23S rRNA genes
w 450 bp Reliable High

recAgene PCR ampli� cation of internal portion of
therecAgene

w 300 bp Not reliable Medium

AFLP PCR ampli� cation of selected
restriction fragments of total
digested DNA

60–500 bp Reliable High

PFGE DNA molecules can be separated by
using two alternating electric� elds

Separation of few kb to
over 10 mb pairs

Reliable High

Ribotyping DNA restriction fragments that contain
all or part of the genes coding for the
16S and 23S rRNA

Variable Reliable High
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have increased the ability to identify bacterial isolates and
determine the evolutionary relatedness among strains. Isolate
bacterial colonies can be� ngerprinted and rapidly analyzed.
The typing and phylogenetic analysis of bacteria is a powerfu
tool for screening known bacterial strains (Figure 1, right
panel). Generally, the accuracy of speciation is compared with
the control sequences from standard culture strains that ar
found to cluster appropriately, based on phenotypic or geno-
typic � ngerprinting, as described in the following sections.
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Phenotypic Fingerprint Analysis

The phenotypic � ngerprint analysis based on the selection o
a phylogenetic marker is used to differentiate different strains
of a species. Polyacrylamide gel electrophoresis of solubl
Table 8 Intestinal microbiota and omics technology

Omics
technology Method Representative sp

Transcriptomics Use of omics to de� ne gene
expression at RNA level

S. cerevisiaenonvirulen
(probiotic) and virul
clinical strains

Proteomics Use of omics to de� ne protein
expression

Lactobacillus caseiBL23

Metabolomics Use of omics technology to
analyze metabolites

Lactobacillus paracaso
Lactobacillus rham

Pangenomics Comparison of full genome
sequences of several
members in the same
bacterial species

S. thermophilus, Lact
casei, Lactobacillus
subsp.bulgaricus

Interactomics Interaction of host and
probiotics for the out of
speci� c function

Lactobacillusand
BiÞdobacterium sp

Fluxomics Use of omics technology to
analyze metabolic� ux

Lactococcus lactisMG13
proteins, fatty acid analysis, and bacteriophages can be used
speci�cally identify certain strains by comparing the pheno-
typic � ngerprints of unknown strains with those of reference
strains. Another common used phenotypic � ngerprinting
method is serotyping of an isolated colony, which is based on
the reactivity of an unknown strain with the strain-speci� c
monoclonal antibody. Some of these methods have their
own limitations, and the identi � cation of the strain needs to be
con� rmed by genotypic analysis.
Genotypic Fingerprint Analysis

The genotypic methods are very useful in detection and
enumeration of probiotic bacteria as an alternative strategy o
a complementary method to phenotyping methods. These
ecies Application References

t strain
ent

Adaptation of virulent strain
to survive the oxidative
stress

http://www.biomedcentral.
com/1471-2164/13/419

Tolerance to bile stress in
host intestine

http://mic.sgmjournals.org/
content/158/Pt_5/1206.full.
pdf

eir
nosus

Response of host during
probiotic intervention

http://www.ncbi.nlm.nih.gov/
pmc/articles/PMC2238715/
pdf/msb4100190.pdf

obacillus
delbrueckii

To improve starter cultures
and probiotics for
improved texture and
� avor

http://www.sciencedirect.com/
science/article/pii/
S0958166912001231and
http://www.ncbi.nlm.nih.
gov/pmc/articles/
PMC2698493

p.
Interactome of microbial

and host system to
de� ne bene� ts for the
host

http://www.ncbi.nlm.nih.gov/
pubmed/18685514

63 For probiotic strain
improvement during
preparation of industrial
cultures

http://www.ncbi.nlm.nih.gov/
pubmed/21296181
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Enrichment of bacteria
• Immunomagnetic
• Differential centrifugation

In situ  PCR: Visualize 
specific bacteria in a natural 
environment at single cell 
level

• DNA or protein microarray:  changes in the 
populations of specific members within the microbial 
community using strain-specific probe

Indirect method

Direct method

Sample Extraction of RNA, DNA,
or protein 

Step 
1

Step 
2

• Next generation sequencing/whole genome 
sequencing/pyrosequencing:  detects shifts in 
individual bacterial sequences 

• Denaturing gradient gel electrophoresis:  detect 
gross shifts in entire microbial community 

• Quantitative real-time  PCR:  strain-specific 
primer targeting specific gene

• Checkerboard hybridization: strain-specific probes

Step 
1

• MALDI-TOF* mass spectrometry:  difficult to culture 
bacteria 

* MALDI-TOF=Matrix Assisted Laser Desorption Ionization Time-of-Flight

Step 
3

Culture-independent molecular-based approaches to detect and enumerate bacteria

Figure 2 Use of culture-independent molecular-based approaches to detect and enumerate bacteria.
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methods are used for rapid analysis of the bacteria.Table 7gives
an overview of the commonly used genotypic analysis methods
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Characterization by Omics Technology

Omics technology is de� ned as the comprehensive exploration
of a biological system. This comprehensive analysis could be a
the level of gene, mRNA transcription, protein, and metabolites
product; coining the terms genomics, transcriptomics, proteo-
mics, and metabolomics, respectively. The omics technolog
also could be used to compare the full-length sequences o
several members in the same bacterial species and is known
pangenomics. Omics technology also is used to study the
interaction of two different genomes and is called inter-
actomics. Interactomics usually is applied to study the inter-
action of host omics with pathogens or commensal bacteria
omics. Table 8 provides a comprehensive view of omics tech
nology in the probiotic industry.
-

e

s;
Culture-Independent Molecular Approach–Based
Detection Techniques

During the past couple of decades, culture-independent tech
niques have become more popular tools for the detection of
bacterial populations. To conduct a phylogenetic analysis, the
bacterium is � rst isolated from the starting material (usually
a food or dairy product, fecal sample, or intestinal sample) via
a culture-independent mechanism. Total DNA or RNA is iso-
lated from the bacterium. Then the rRNA gene fragment is
ampli � ed by PCR. The PCR product can be used to detect th
bacteria by one of the methods described inFigure 2. Various
primers that speci�cally amplify certain genes also have been
used to identify different species of probiotics. The labeled PCR
products of these genes can be used as probes to detect spec� c
probiotics in complex mixed cultures. These new techniques
pave the way for systematic studies on the ef� cacy of probiotics
to improve human health.
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Introduction

Atomic force microscopy (AFM) is now established as an
extremely useful tool for the food microbiologist. This is
a consequence of its unique combination of nanoscale imaging
and force measurement within one instrument for the charac-
terization of biological samples located in relevant aqueous
environments. The nanoscale imaging has allowed visualiza
tion of structures at microbial surfaces or macromolecules
important to microbial function within aqueous environments
that has not been achieved with other imaging techniques. The
AFM measurement often provides quantitative data for the
study of microbial systems that is either unique or previously
studied using indirect techniques to estimate interaction forces
such as�ow chamber devices or subjective description of light
microscopy images.

First developed in 1986, it was very quickly applied to the
study of biological systems. In the past decades, there hav
been some notable achievements in the use of AFM to unrave
the behavior of microbial cells. This chapter introduces the
technology of AFM and then review how AFM has been used to
characterize and study surfaces relevant to food and it
microbiology. Key examples are discussed to demonstrate how
the unique attributes of AFM can be used in concert to unrave
complex microbial systems at the different scales of thei
in�uence from the molecular level through to the bio�lm.
te
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Principles of AFM

The AFM (Figure 1) is made up of the following components. A
very small, sharp tip held at the free end of a cantilever
systematically scans a surface of interest to genera
666 Encyclopedia of Food
a topographical image. The cantilever is 100–200 mm long,
with a tip that is only a few micrometers long and about 10 nm
diameter at its apex. As the tip tracks the surface, the force
between the tip and the surface cause the cantilever to bend
The de�ection of the cantilever is measured by a device, such a
an optical lever, and is used to generate a map of surfac
topography.

The optical lever consists of a laser beam that is focused o
the re�ective gold-plated back of the cantilever and a position-
sensitive photodetector (PSPD) that registers the position o
the re�ected beam. As the cantilever bends, the PSPD measur
the change in the position of the incident laser beam. The PSPD
can measure displacements of the incident beam as small a
1 nm. The ratio of the path length between the cantilever and
the detector to the length of the cantilever itself produces
a mechanical ampli�cation. Thus, the system can detect sub
nanometer vertical movements of the cantilever tip.

As the AFM tip and cantilever are rastered across a surfac
several forces contribute to the system’s de�ection. Figure 2
shows the dependence of the total interatomic force in air upon
tip-to-sample separation distance. The AFM exploits two
distinct regions of this curve. In contact mode, the tip is held
less than a nanometer from the surface, within the repulsive
region of the interatomic force curve. The dominant force is
Born repulsion. In the noncontact mode, the tip is held several
nanometers from the surface. The interatomic force between
the tip and the surface is dominated by long-range attractive
van der Waals interactions.

In the initial stages of imaging a new surface, a systemati
procedure should be adopted using the different imaging
modes to optimize the image production. In addition, the
choice of AFM instrument for a particular application will be
governed by data-capture speed and software consideration
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00217-2
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Figure 1 Schematic representation of the AFM apparatus.
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Figure 2 Force–distance curve showing the tip-sample separation of different AFM operating modes.
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The accompanying computer of an instrument controls its
operation and the access to the data set, which in many case
de� nes the limits of the AFM experimentation.
e

o

Contact Mode

In contact mode, the equilibrium between the spring force of
the de� ected cantilever and the incident force changes as th
sample is systematically scanned (Figure 2). Once this equi-
librium shifts, the AFM operates in either of two ways. In
constant force mode, the total force between the tip and the
sample is kept constant by means of a feedback loop. The piez
scanner moves up and down to maintain the equilibrium
between the de� ected cantilever spring force and the incident
force as the topography changes under the cantilever. Th
feedback signal is used to generate the image data set.

In constant height mode, this equilibrium is not main-
tained, so that changes in the cantilever de� ection are used
directly to generate topographic images. Constant force mode
is the preferred mode of operation because it allows the total
force of the tip on the sample to be kept within controlled
limits.

The force exerted on a sample, typically about 10� 8 N, can be
controlled by the choice of cantilever. A soft cantilever that is
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sensitive to changes in applied force resolves greater surfa
detail than a stiffer cantilever. A soft cantilever, however, is more
likely to crash into the surface, possibly damaging the sample
surface and cantilever tip and thus reducing the image quality
A stiffer cantilever will reduce the danger of tip crashing, but
the image resolution is reduced. A compromise must be reached
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Noncontact Mode

Noncontact mode is a vibrating cantilever technique that relies
on the fact that an incident force serves to change the vibra
tional amplitude and resonant frequency of a vibrating canti-
lever. The cantilever in this case is heldw 10 nm away from the
surface (Figure 2). As the sample is rastered underneath the
vibrating cantilever, the noncontact mode AFM measures
the change in the vibrational parameters of the cantilever. A
feedback system keeps the monitored vibration constant by
moving the sample up or down as the topography changes. The
motion of the scanner is used to generate the data set.

As the name of this imaging mode suggests, there is ver
little contact, if any, of the tip with the sample surface. The
detection method procedure must be sensitive enough to
measure the small change in the vibrational parameters of stif
cantilevers. Soft cantilevers are not used because they are t
easily pulled into the sample surface. The total force between
the tip and the sample is about 10� 12 N. A distinct advantage of
this technique is that samples are not contaminated or
damaged by the act of imaging. In general, noncontact AFM is
more effective than contact mode at imaging soft biological
samples.
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Tapping or Intermittent Contact Mode

In the intermittent contact or tapping mode, a vibrating
cantilever is held at a tip-to-sample distance close to the region
of the force–distance curve exploited by contact mode. The
lowest extreme of the cantilever’s vibrational movement just
touches or taps the surface. As the sample is rastered benea
the tip, the changes in the cantilever’s vibrational parameters
are monitored and the feedback parameters correction used t
keep these parameters constant is processed to produ
a topographical image. The intermittent contact reduces the
degree of friction or drag on a sample compared with imaging
in contact mode. Also, the method allows penetration of
covering layers, such as water, which may compromise th
noncontact AFM operation. Additionally, measurement of the
phase angle between the free oscillation at the end o
the cantilever and the imposed driving vibration provides
a map of the phase angle across a surface; these data
captured simultaneously in tapping mode. Phase angle image
are often used to qualitatively distinguish between materials on
the surfaces of heterogeneous samples. These factors comb
to make intermittent contact extremely useful and the most
frequently used method when imaging soft biological samples.
g
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Imaging in Liquids

Imaging in liquid is often the most desirable environment
in which to study microbial systems using AFM; the living
sample can be imaged and monitored after the addition of
environmental additives, such as antibiotics. Imaging in liquid
also can be advantageous by removing capillary forces tha
dominate surface–tip interactions in the air and cause imaging
artifacts. In liquid, an electrical double layer is formed as ions
are attracted to the sample’s surface charge. The thickness o
this layer depends on the ionic strength of the solution. At high
ionic strength, the electrical double layer is compressed. Th
AFM operator can exploit this phenomenon to control the force
applied to image soft samples. A scanning cantilever presse
onto the surface with a certain force will be held at a distance
from the surface depending on the thickness of the double layer
and the magnitude of the sample and tip charges. The closer th
tip is held to the surface the greater the image resolution, but
the greater the risk of sample damage. A compromise must b
reached between image clarity and applied force when food
microbiological samples are imaged under liquid. An ionic
strength of 0.01 M is often chosen to image biological macro-
molecules immobilized on � at inorganic surfaces.
Tip Geometry

An AFM image is a composite of the surface topography and the
geometry of the scanning tip. When imaging at the nanometer
scale, the geometry of the tip becomes a critical paramete
Information may be missing from an image if the tip is unable
to interact with the small structures. To reduce this problem,
tips of higher aspect ratio can be used. Electron deposition
within scanning electron microscopy (SEM) or immobilization
of carbon nanotubes at the cantilever apex can be used t
generate very� ne tips for imaging. If the geometry of the tip is
known, by direct measurement or interaction with known
sample geometry, then algorithms can be written to remove the
tip shape contribution from the image data set.
Image Analysis

Image analysis is essential to correctly identify landmarks and
differentiate the image or preparation artifacts. Modern AFM
instruments allow the simultaneous capture of numerous
images from multiple channels, which aids image interpreta-
tion. For example, phase images can be compared with the
topographical image to identify regions of different mechanical
properties. Most commercially available AFMs are accompa
nied by sophisticated image analysis software that generate
surface statistics, such as surface roughness, average height,
maximum peak-to-valley distance, allowing for quantitative
interpretation of the three-dimensional image data set.
Force–Distance Curves

The AFM can measure the forces of interactions betwee
surfaces, which has obvious implications in any science tha
needs to study interfacial phenomena to understand and control
a process. In the past, the surface force apparatus has been us
to study surface forces. The AFM has the advantage of allowin
the imaging and identi� cation of points of interest on a surface
before the measurement of the forces of interaction. In addition,
surface forces are measured over very small contact are
minimizing contamination problems. Moreover, AFM can
measure the forces experienced by small particles, such as ce
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Figure 3 Annotated raw data plot of cantilever de� ection versus piezo displacement measured between an AFM silica tip and silica surface in electrolyte
solution.
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To generate a force–distance curve, the de� ection is recor-
ded as a function of tip-to-sample separation as the piezo
scanner of the AFM raises the sample toward the tip.Figure 3
shows the raw experimental data measured between an AF
tip and a silica surface in an electrolyte solution with schematic
annotation of the tip and surface positioning.

Force–distance curves are characteristic of the system und
study. They have features that re� ect chemical and physical
attributes of the surfaces that are interacting. For example, th
retraction curve ofFigure 3 has a distinctive jump back to zero
force position. This feature is due to adhesion between tip and
sample. As the scanner retracts, the tip and the sample adhe
until a threshold is reached at which the adhesive force is
equaled by the spring forces of the bent cantilever, and contac
is broken.

To convert the raw data to a force versus separation distanc
curve, it is necessary to know the spring constant of the cantil
ever and to de� ne zeros of both force and separation distance
A number of different methods for the determination of
the cantilever spring constant have been reported, such as th
thermal tuning method. The zero of force is de� ned when the
cantilever is unde� ected and the tip and the sample are far apart
Zero distance is chosen when the tip and the sample move in
unison, the onset of the constant compliance region (Figure 3).
g
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Figure 4 (a) SEM image of cell probe–Saccharomyces cerevisiae; (b)
SEM image of a colloid probe with a lawn ofShewanella oneidensis
bacteria.
Colloid Probe Technique

To compare AFM force measurements with those made usin
the surface force apparatus and theoretical predictions, th
geometry of the AFM tip must be known. This often is not the
case. To enable comparison, the AFM tip is replaced by a sma
sphere to produce a colloid probe. Before experimentation, the
sphere may be sized using SEM or AFM. The colloid prob
technique can be adapted by adsorbing molecules, such a
proteins, onto the sphere to produce a coated colloid probe.
Similarly, living cells can be immobilized at the apex of a tip-
less cantilever to produce a cell probe (Figure 4(a)). The
immobilization of single cells that are below 1 mm is experi-
mentally demanding, and thus a lawn of bacteria can be grown
on a colloid probe before its immobilization at the apex of the
cantilever (Figure 4(b) ).
Mechanical Measurements

The mechanical properties of microbial cells, such as elasti
moduli, cell spring constants, and turgor pressure can be
investigated by AFM via nanoindentation experiments. For the
calculation of the indentation depth of the AFM tip into the
sample, force curves must be performed on both a hard surfac
as a reference, such as glass substrate, and on the soft samp
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such as the microbial cell or protein � lm. The difference
between the de� ection of the cantilever on the hard and soft
samples determines the indentation of the soft sample under
tip force load, as long as the tip and the position of the laser
beam on the cantilever are not altered during the course of the
experiment. This enables a force versus indentation curve to b
plotted. The force versus indentation curves can be analyze
through theoretical models for quantitative information on
sample elasticity, where the most commonly used model for
the evaluation of elasticity is Hertzian based. The Hertz mode
describes the simple case of elastic deformation of two perfectl
homogeneous smooth bodies touching under load, in which
the model assumes that the indenter must have a parabolic
shape and also that the indented sample is extremely thick in
comparison to the indentation depth. The equation used to
calculate the force on the cantileverF(h) by using Hertz
mechanisms is as follows:

FðhÞ ¼
4

���
R

p

3
E� h

3 =

2;

where the tip is approximated with the radius R, the depth of
indentation is denoted by h, and E* is known as the effective
modulus of a system tip sample. If the material of the tip is
considerably harder than the sample, then the following
equation can be used, whereEsample and ysample are the deno-
tations for the Young’s modulus and the Poisson ratio
(assumed to have a value of 0.5 for biological samples) for the
materials of sample:

E� z
Esample

1 � y2
sample

:

The Hertz model, however, does not take account of tip-
surface adhesion, and even though it is widely used and
deemed adequate in a majority of studies involving the
measurement of elasticity of cells, the use of the model should
be deemed acceptable for use only if adhesion forces are sma
or negligible. Other relationships have been developed for
applied force versus tip penetration depth, such as the JK
(Johnson, Kendall, Roberts) model, but caution should be
taken when considering which model to use. A number of
considerations should be taken into account before performing
nanoindentation experiments. Elasticity has been shown to
vary across some microbial cells and force measurements take
may consist not only of the compression of the whole cell but
also of components from the cell wall and the material close to
the tip. Additionally, if too many repeat force measurements
are taken on biological samples, the surface of the samples ca
deteriorate and become unrepresentative.
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Atomic Force Microscopic Imaging in Food
Microbiology

AFM has proved to be a useful extension to the imaging
techniques available to the food microbiologist. In the past,
the microbiologist has been restricted by the resolution of the
light microscope or by the sample preparation and vacuum
requirements of the SEM. AFM, however, offers the possibility
of molecular-level imaging of samples in a suitable aqueous
environment. Such detailed examination of surfaces has and
will give useful insights of structure–function relationships
within food microbiology. The physical and chemical rela-
tionships that exist between surfaces and bacteria have bee
the focus of much scienti� c endeavor. The AFM is unique in
that it allows for the study of these relationships within
relevant environments using living cells.
Surfaces in Food Microbiology

Figure 5 shows an AFM image and a line pro�le of a stainless
steel surface with an Sillavan Metal Services (SMS) code Sup
Bright No. 7 � nish, BS1449, a standard highly polished stee
surface used in the construction of processing equipment. This
is the most effective way to view� at uniform surfaces. The AFM
imaging of food-preparation and -processing surfaces is rela
tively straightforward. The contact mode in air is the� rst choice
of imaging mode for inorganic hard surfaces. If the surface
roughness is greater than the piezoz-movement capability,
a poor image will be generated. Aluminum or Te� on surfaces
can be very rough. The image will then be restricted to a loca
scale, and features of interest may not be located. The optica
microscope usually accompanying the AFM may well serve to
position the cantilever in the correct area. Instruments are
available that allow the imaging of a large surface area
Instruments that have a scanning tip, as opposed to a moving
sample, are not limited in sample size. Such instruments have
the advantage that they can be used to study surfacesin situ, for
example, within a food-processing plant.

AFM can be used to study plant and meat surfaces; howeve
these samples often are dominated by large features, such
hairs, and are relatively rough. Thez-limit for most AFM
instruments is below 10mm and the typical limit of the x–y
scanning area is 100mm2. Features larger than this limit should
be examined using light microscopy. The advantages for th
food microbiologist in use of AFM are at the nanoscale. The
surface relationships that exist between bacteria and food
surfaces can be investigated using both AFM imaging and forc
measurement modes (see Sections‘Bio� lms’ and ‘Measuring
forces of interaction in food microbiology ’).
Macromolecule Components of Cells

Numerous reported examples of microbiological macromole-
cules have been imaged using the AFM. These include protein
lipids, DNA, RNA, and glycoproteins. These molecules nor
mally are � xed to a substrate, such as freshly cleaved mic
covalently linked to a surface, or immobilized in self-
assembled monolayers. Imaging in multivalent cations pro-
motes the adhesion of the macromolecules. These procedure
anchor the soft sample to a harder surface so that the action o
the rastering tip does not dislodge them. Any movement of the
molecule will appear as image artifacts.

The AFM has been used routinely to study the structure and
biological interactions of DNA ( Figure 6). Applications include
the splicing of DNA in selected locations, the estimation of
base pair number and DNA length within a nucleosome, and
the study of DNA tertiary structures. In addition, using the real-
time and liquid capabilities of the AFM, the interactions of
DNA and DNA enzymes, such as RNA polymerase, have bee
observed.



Figure 5 AFM image and line pro� le of stainless steel (SMS code Super Bright No. 7 BS No. BS1449 Sillavan Metal Services). The two arrows identify
a surface scratch that is 304 nm wide.

Figure 6 AFM image of open-circle plasmid DNA.
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Figure 7 (a) AFM image of aS. cerevisiaecell trapped in a micro� ltration membrane to enable AFM study; (b) AFM image ofS. cerevisiaecells showing
budding scars.

672 MICROSCOPYj Atomic Force Microscopy
In key research by Scheuring, the bacterial S-lay
component structure and its symmetries have been differen
tiated by AFM. In particular, remarkable resolution has been
achieved of OmpF porin protein, which is found in Gram-
negative bacterial envelopes. OmpF porin is a major outer
membrane surface that functions as a molecular sieve
allowing the diffusion of solutes into the cell. When a large
number of the OmpF porin ring structures have been simul-
taneously imaged, to high resolution, variation in their
con� guration has suggested that the protein structure essen
tially opens and closes.

Nonmembrane proteins are harder to image than those
bound to a membrane. To improve resolution, several
methods have been developed, such as cross-linking th
protein to the surface, cooling the sample, and crystalliza-
tion. The best images of proteins have featured larg
molecules, such as � brinogen, RNA polymerase, actin,
collagen, and protein arrays. Other proteins imaged include
immunoglobulins.
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Bacterial, Yeast, and Animal Cells

The real power of the AFM lies in its ability to image soft
samples at a nanometer scale within solution. Although
a population of bacterial cells can be studied using a light
microscope, AFM allows the real-time study of individual living
microbiological surfaces within an aqueous environment. The
technique can simultaneously image and probe some of the
mechanical properties of living cells.

Fixed cells in general can withstand the high imaging forces
in contact mode and tapping mode. Indeed, when imaging
animal cells, a light � xation is required so that surface rigidity is
increased and surface features can be resolved within th
diffuse cell boundary. The methods of sample preparation can
be quick and simple, such as air-drying the washed bacteria
population on glass coverslips or the rapid dehydration of cells
in ethanol. If the study of speci� c features is required, then
established sample preparations similar to those used in SEM
should be followed. The cell morphology that can be viewed
includes the cytoskeleton, yeast-budding scars, and nuclei.

The capability of imaging living cells with such high reso-
lution sets AFM apart from other techniques. To ensure tha
cells are alive, sample preparation and imaging must be within
an aqueous environment. To stop the cells moving with the
action of a scanning tip, the cells must be attached to a suitable
substrate. Cell adhesion to a surface can be promoted by th
use of surface treatments, such as polylysine, gelatin, or am
nosilane coating. Cells may be held in place by vacuum and
ori � ces, such as membrane� ltration pores (Figure 7(a)).
Recently, lithographically patterned substrates have been use
to capture cells.Figure 7(b) presents an AFM image of a lawn of
Saccharomyces cerevisiaecells; the support provided by adjacent
cells held the cells so that macromolecule features, such a
budding scars, could be observed. Yeast cells have a rigid c
wall, which means they can withstand higher imaging forces.
When mammalian cell surfaces have been studied, the cyto
skeletal elements were clearly visible. This suggests that th
plasma membrane is shaped by the underlying structures o
that the tip actually penetrates the surface.

Studies of the cell surface as a whole rather than speci� c
macromolecular sites include studies on surface homogeneity
compressibility, strength, adhesive quality, and structure as
well as investigations into the internal mechanical properties of
the cell via the cell wall. AFM can map forces such as van de
Waals, electrostatic forces and adhesive interactions. Adhesi
forces and elasticity can be mapped at the cell’s surface. The
spatial resolution of mechanical properties improves under-
standing of the speci�c function of the cell wall at different
sites. Elasticity can be quanti� ed from indentation forces
measured as AFM probes push into the cell surface
As discussed previously, modeling is required to relate the
indentation force to the elastic force of the cell structure as wel
as the adhesion forces of the cell membrane.

Living bacterial cell studies are becoming more common.
AFM has been used to chart changes to the cell surface
Streptomyces coelicolor(Figure 8), an important antibiotic-
producing microorganism, throughout the cellular life cycle.
The life cycle begins with young hyphae, which are shown to be
smooth surfaced and adherent to substrates through a matrix o
secreted extracellular material (Figure 8(a)). As the hyphae
progress, they develop� bers on the surface, and through the
transition to aerial growth, this mosaic of � bers, the rodlet
layer, becomes denser and the extracellular matrix is absen
Division of cells during sporulation also was imaged as well as
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Figure 8 AFM study of the life cycle ofStreptomyces coelicolor: (a) AFM phase image of a vegetative hyphae showing the exudation of material; (b) AFM
phase image of aerial hyphae showing developing spores and macromolecular structure of spore surface with the development of sporulation septa.

MICROSCOPYj Atomic Force Microscopy 673
the development of sporulation septa (Figure 8(b) ). The study
observed the life-cycle end, as old spores developed surfa
depressions due to a loss of internal turgor pressure. Studie
like this give powerful insights into the life of microbes and the
functionality of the cellular surface.
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Bio�lms

Microbial populations on surfaces relevant to food often can be
found as bio� lms. A bio� lm can be described as a microbially
derived sessile community characterized by cells that attach t
a surface, which are then embedded in a matrix of extracellula
polymeric substances. The advantages offered to bacter
within a bio � lm are numerous, such as protection from anti-
biotics, disinfectants, and dynamic environments. Many of the
parameters studied using AFM as discussed in this chapter f
molecules and individual microbial cells will affect the
formation of bio � lms, but AFM has been used to study
complete bio� lms.

AFM studies on bio� lms usually focus on gaining topo-
graphical and morphological information of the features
present on the surface. Limitations of AFM for the study of
bio� lms include the inability to obtain a large-area survey scan
and the soft and gelatinous nature of the bio� lm might be
damaged by the imaging of the surface, especially within
a liquid environment. Therefore, the bio� lm can be dried
before imaging, and imaging can be conducted in air to obtain
high resolution. This dehydration process could signi� cantly
change the overall character of the bio� lm, and thus the results
obtained from dry bio � lms must be interpreted carefully as the
drying could change the topographical structure of the bio� lm.
to
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Viruses

The action of viruses is governed by their relationship with
surfaces. As a surface analytical technique, AFM is well suited
the study of viruses. Viruses are relevant to the food industr
not only as pathogens or spoilage entities but also because o
their dominance in genetic research methods.

Intact viruses can be studied by simply depositing the
viruses from solution onto atomically � at surfaces and allow-
ing the solution to dry. With this method, T4 bacteriophages
have been studied. Bundles of DNA strands were seen emergin
from the heads of lysed viral particles.

As with all biological samples, the softness of the viral
surface has limited AFM study. Most methods of study have
imaged the crystal structure of the component viral proteins.
AFM has added to the knowledge of viral assembly. Sub
nanometer resolution of the <p29 bacteriophage head–tail
connector has been achieved, providing structural evidence tha
the connector and its movement play an important role in the
packing of the viral DNA.

Once a living biological specimen is under the AFM tip and
in a favorable environment, the system can be maintained and
studied for hours. This has been exploited to produce a set o
real-time images of viral interactions with an animal cell
membrane. Living monkey kidney cells were reproducibly
imaged with a resolution on the 10 nm scale and then a solu-
tion of poxviruses was added to the medium. Three sets o
surface structure changes were observed and related to t
action of the virus. The cell membrane was seen to soften fo
a short period as the viral infection of the cell took place.
Exocytosis events were observed as viral proteins were expell
from the cell. Finally, the emergence of the progeny viruses wa
witnessed when large temporary protrusions of 200–300 nm
cross sections appeared in the membrane, leaving scars.
Measuring Forces of Interaction in Food Microbiology

An important potential application of AFM to the food
microbiologist is its force measurement capability within
a relevant aqueous environment. Many processes pertinent t
food microbiology are governed by the interactions of surfaces
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division with the radius of the colloid probe. The lines represent theo-
retical predictions.
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Surface forces are important to the understanding and contro
of processes, such as the� occulation of brewer’s yeast at the
end of a fermentation, the adhesion of microbes to food or
preparation surfaces, and the initial protein coating of surfaces
before bio� lm formation in processing equipment. The inter-
action of whole cells can be studied or the interaction of
puri � ed membrane proteins can be investigated to quantify
their role in the cell–surface relationship.

The � rst reported surface-force AFM studies were based o
inorganic systems used to investigate the interaction of the AFM
cantilever tips with surfaces. The materials that could be
studied and the comparisons that could be drawn were limited.
The colloid probe technique meant that these limitations were
removed.Figure 9 shows the forces of interaction measured by
an AFM between bovine serum albumin (BSA) layers adsorbe
onto silica surfaces. The forces were measured at differe
electrolyte concentrations and pH values and were in good
quantitative agreement with predictions based on the DLVO
theory (named for Derjaguin and Landau, Verwey, and Over-
beek) using zeta potentials (outer Helmholtz plane potential)
calculated for BSA from an independently validated site-
binding site-dissociation model. This work looked at the
approach of proteins toward a surface already coated in
proteins. Further useful information can be gained by exam-
ining the retraction of surfaces after contact. The coated colloid
probe technique has been used to study the adhesion of BSA t
a � ltration membrane. The knowledge of adhesive forces is
useful in the development of adhesion prevention regimes,
such as surface treatments or equipment washing, and th
assessment of immobilization techniques.

A further example of the use of AFM as a force-sensin
technique is its ability to estimate the bond strength of different
biological ligand and receptor molecule pairs. In this proce-
dure, one type of molecule is attached to the probe and the
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other � xed to the surface. The adhesive force region of th
force–distance curve gives a direct measurement of the bind
ing strength. Systems that have been successfully studie
include antigen–antibody, biotin –streptavidin, complemen-
tary DNA strands, and cell adhesion proteoglycans. The
stretching of proteins has been studied in this manner with the
measurement of tertiary structure domain strengths from the
sawtooth multiple peaks of the measured force curve within its
adhesive region. The number of peaks in the adhesion region
changed with the length of protein and number of domains.

Figure 10 shows the force curve of a living yeast cell being
brought into contact and pulled from an inorganic surface
(freshly cleaved mica) after momentary contact in an electro-
lyte solution. The adhesion of a yeast cell to the surface show
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a number of important features compared with the adhesion of
inorganic oxide particles at similar surfaces. First, the adhesio
of cells tends to be greater than that of inorganic particles
Second, the detachment of inorganic particles takes place ove
a narrow range of the force curve (less than 5 nm), whereas th
cells show a much more complex behavior. This includes
a staggered snap back to zero force indicative of the breaking o
multiple bonds formed in the area of cell–surface contact. In
addition, the detachment of the cell from the surface suggested
that the cell was being stretched over tens of nanometers. Th
degree of cell stretching and adhesive force increased when th
cell was left in contact with the surface, demonstrating that
the cell was responding to the presence of the surface. This wo
has shown the tremendous potential that the AFM offers for the
study of cell–surface interactions. Adhesion of cells such a
Escherichia colito food surfaces or Lactobacillussp. to food
processing equipment can be quanti� ed with the aim of
reducing cell adhesion.

Only a few studies have investigated the forces associate
with cells within an established bio� lm. AFM has been used for
the quanti� cation of the tip–cell interaction force and the
measurement of surface elasticity on a bio� lm formed from
sulfate-reducing bacteria. A force map was created over th
forming bio � lm, in which individual force measurements were
performed on bacteria within a bio� lm. The forces between the
AFM tip and the bacterial cell surface were relatively constan
whereas the cell–cell interface and periphery of the cell-
substratum contact surface experienced greater adhesion forc
which were argued to be the result of the accumulation of
extracellular polymer substance.

The formation of bio � lms is strongly dependent on the
characteristics of the solid substrate. AFM has been used to stu
Pseudomonas aeruginosabio� lms and how their formation is
affected by the underlying substrates of aluminum, steel, rubber
and polypropylene. The surface morphology of the bio� lm, bare
substrate, and the bio� lm after hot water treatment were exam-
ined using AFM imaging. Force measurements revealed that th
adhesion forces are higher when the bio� lms matured on the
substrate, but when the bio� lms are treated with hot water, the
bio� lm adhesion forces are reduced, which indicates a loss o
extracellular matrix from the bio� lm. AFM force measurement
has been used to study the attachment of food-poisoning
bacteria, such asListeria monocytogenes, and the in� uence of
contact time, pressure, relative humidity (%RH), and material
type on the adhesive strength. AFM force measurements dete
mined that Listeria bio� lms adhered more strongly to hydro-
phobic surfaces then hydrophilic surfaces at a cellular level.
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Future Prospects

AFM is an essential technique for the study of surfaces and the
interactions. Looking to the future, the combination of AFM
with other characterization methods in one instrument plat-
form will bene � t the study of microbial systems and overcome
some of the limitations of AFM. AFM does not provide infor-
mation about the chemical composition of a sample or the
underling subsurface structure. To overcome these limitations
many researchers are now using careful control of microbia
samples that include upregulation of surface proteins or cel
sorting to improve the consistency of the sample and improve
the rigor of molecular identi � cation at the surface. AFM in
combination with � uorescent microscopy, confocal micros-
copy, and Raman spectroscopy also will improve the applica
tion of AFM for the study of microbial systems. AFM in
combination with confocal microscopy has been used to study
mammalian cells and zooplankton with the � uorophores of
the light microscopy identifying regions on the surface for
further AFM force study and high-resolution imaging. More
rigorous interrogation of microbial surfaces may follow with the
advent of improved spatial resolution of Raman spectroscopy
to identify materials across a surface to optimize the placemen
of AFM studies. As more scientists realize the importance of th
surface region in prediction and control of microbiological
phenomena, the applications of AFM will grow. The technology
is still improving. The study of biological samples is advancing
simply because more biologists are becoming AFM operators
Biologists with prior knowledge of structure and function are
using the AFM to explore biological applications.

As an addition to the family of microscopic techniques,
AFM has earned its place alongside other techniques in new
hybrid instruments that combine different devices for the study
of surfaces. The AFM is an essential tool for the microbiologist
See also:Bacteria:The Bacterial Cell;Microscopy:Light
Microscopy;Microscopy:Scanning Electron Microscopy;
Nanotechnology;Total Counts:Microscopy;Total Viable
Counts:Microscopy;Virology:Detection;Yeasts:Production
and Commercial Uses; Polymer Technologies for the Cont
Bacterial Adhesion– From Fundamental to Applied Science a
Technology.
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A Brief History

Confocal laser scanning microscopy (CLSM) is one of the mos
important advances achieved during recent decades in the�eld
of �uorescence imaging and is considered as an essential tool
biological research. Compared with electron microscopy,
CLSM procures much poorer resolution but requires consid-
erably less specimen preparation and is compatible with three
dimensional (3D) live imaging, enabling access to dynamic
cellular and molecular processes. CLSM belongs to the famil
of photonic imaging technologies. Confocalmeans that the
image is obtained from the focal plane only, any noise resulting
from sample thickness being removed optically.Laser scannin
means the images are acquired point by point under localized
laser excitation rather than full sample illumination, as in
conventional wide�eld microscopy. The basic concept o
confocal microscopy was developed originally by Minsky in the
1950s. Egger and Petran produced the�rst mechanical scan-
ning confocal laser microscope (a multiple-beam confocal
microscope with a Nipkow disk) 10 years later. Advances in
computer and laser technology enabled improvements to the
system, and the�rst commercial instruments became available
in 1987. This technology has since become the technique o
choice for a new generation of microbiologists interested in
microorganisms spatially organized on surfaces, or bio�lms.
The pioneering work by Bill Costerton and his colleagues
clearly demonstrated the structure–function relationships
within these biostructures, and notably their extraordinary
resistance to antimicrobial agents. Thirty years later, more tha
2000 scienti�c papers each year are deciphering the cellular an
molecular processes involved in the bio�lm ‘phenotype,’ and
most of them incorporate CLSM images.
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Why Use CLSM in the Field of Food Microbiology?

It is generally accepted that in natural and industrial habitats,
more than 99% of microorganisms are found on surfaces. Once
they become attached to a surface, these microorganism
propagate and build a spatially organized biological assem-
blage called a bio�lm. So it could be said that in their natural
habitat, most microorganisms live in a 3D environment.
Unlike their plancktonic homologues, these organisms associ
ated with a substratum acquire new functions; notably resis-
tance to environmental stresses (dehydration, acidity, etc.) and
to the action to antimicrobial agents (biocides, antibiotics,
etc.). These properties result from the presence of an extrace
lular organic gel matrix that is self-generated by the microbes
and mainly contains water, polysaccharides, proteins, lipids,
and nucleic acids. This organic shield provides direct protection
for the bio�lm inhabitants against toxic compounds (i.e.,
biocides) or the grazing of predators such as amoeba. A secon
important protective mechanism concerns the limitation of
molecular diffusion throughout the bio �lm matrix, which
676 Encyclopedia of Food
triggers sharp gas and nutrient gradients and a concomitantly
strong physiological heterogeneity within the consortium. In
the �eld of food microbiology, researchers are particularly
interested in the 3D visualization of microbes on three different
types of materials (Figure 1):

l Surfaces in livestock housing and food production equip-
ment and premises: The settling of pathogens on such iner
surfaces is associated with their persistence throughout th
food chain and particularly their resistance to sanitation
procedures. Surface-associated pathogens are a major sou
of the contamination of processed goods. CLSM is the
technique of choice to analyze the dynamics of antimicro-
bials within bio �lms using live or dead staining procedures.

l The surface of food products: The adhesion of pathogen
and the formation of bio �lms on food products (salad
leaves, cucumber, germinated seeds, chicken skin, etc.)
associated with foodborne infections. CLSM enables the
visualization of microorganisms on the surface and also
within opaque materials, such as food products, which is of
particular interest in heterogeneous food matrices that
permit microbial multiplication, such as cheese.

l The gut: Microbes can adhere and multiply not only on the
gut epithelium but also on food particles and residues during
digestion. Their adherent state can endow them with new
physiological properties, such as an ability to survive under
acidic pH conditions or to alter their virulence properties.

Although interest often focuses on pathogens, many researc
projects have attempted to link pathogen dynamics with the
presence of technological and commensal�ora. This type of
resident �ora can interfere with pathogens in several ways
(competition for nutrients, the delivery of toxic compounds
such as organic acids or bacteriocins, etc.) that can drastical
affect their settlement and multiplication. The visualization of
surface-associated multispecies consortia involves the use
speci�c �uorescent labeling techniques to distinguish between
the strains concerned. When working with a natural consortium,
this can be achieved by immunolabeling or fluorescent in situ
hybridization. Using simpli �ed laboratory models, spatial
interactions between species can be studied with geneticall
engineered strains and green�uorescent proteins (GFP) tech-
nologies. The different strains thus can be labeled genetically in
different colors – for example, using cyan�uorescent protein
(CYP) CFP, GFP (green), yellow�uorescent protein (YFP), or
mCherry (a red �uorescent protein). In this case, the dynamics
of different species on the surface can be visualized byin situ
four-dimensional (4D) CLSM imaging. The dedicated genetic
engineering of strains means that it is possible to visualize the
expression of a speci�c gene through the expression of�uores-
cent reporters. This enables the analysis over time of gen
expression patterns within the biological assemblage.

Another possibility offered by CLSM is the direct local
analysis of molecular dynamics in a matrix using time-lapse or
fluorescent recovery after photobleaching analysis. The matri
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00214-7

http://dx.doi.org/10.1016/B978-0-12-384730-0.00214-7


Figure 1 Direct visualization of bacteria from the food chain. (a)Lactococcus lactisexpressing GFP (green) dispersed in a cheese matrix (red¼fat,
blue¼casein; courtesy of A. Delacroix-Buchet); (b) bacterial battle� eld on a surface between two interacting species:Escherichia coliGFP (green) and
Pseudomonas ßuorescensmCherry (red); (c) bio� lms ofStaphylococcus aureus(green¼cells, red¼extracellular DNA); (d) direct visualization of the
elimination of aS. aureusbio� lm by lysostaphin, an antibacterial enzyme that is capable of cleaving the cross-linking pentaglycin bridges in the cell wall of
Staphylococci (courtesy of J. Deschamps).

MICROSCOPYj Confocal Laser Scanning Microscopy 677
of interest may be an extracellular bio� lm matrix or a food
compartment. This enables in situ estimation of the local
diffusion coef� cients of the molecular tracer, which may be of
particular interest when the tracer has modeled nutrients or
antimicrobials in the matrix.
e
e

n
.

ny

,
g

m

d

r

Principle of CLSM

CLSM is based on analyzing the� uorescence emitted by
a sample after irradiation with a laser beam. Each� uorescent
molecule is characterized by two characteristic spectra: (1) th
excitation spectrum that corresponds to wavelengths that excit
the � uorochrome, and (2) the emission spectrum corre-
sponding to the wavelengths emitted by the excited� uoro-
chrome. The latter is generally a mirror image of the excitation
spectrum shifted to higher wavelengths. The distance betwee
the excitation and emission maxima is called the Stokes shift
This must be greater than 20 nm if the excitation and emission
wavelengths are to be separated correctly. CLSM has ma
advantages over conventional wide� eld light microscopy
techniques regarding the visualization of� uorescent samples
although there are some drawbacks. The main issue affectin
a conventional epi� uorescence microscope is the� uorescence
emitted by the wide cone of illumination over a large volume
of the specimen. Information from the focal plane is obscured
by emitted background light and auto� uorescence (the natural
� uorescence present in certain tissues, particular those fro
plants such as chlorophyll, which emits in the far red), origi-
nating from areas above and below the focal plane. The� uo-
rescent blur thus generated markedly reduces resolution an
image contrast, particularly when studying thick biological
samples.

The cornerstone of a confocal microscope is itspinhole,
which permits spatial � uorescence� ltering (Figure 2(a)). It
includes a sensing diaphragm that is placed in front of the
detector and an iris that allows adjustment to the volume being
analyzed. Confocal microscopes are able to minimize optical
‘pollution ’ by adjusting the size of the pinhole to the diameter
of the Airy disk. This enables the collection of information in
the focal plan only, by eliminating out-of-focus light. The size
of the pinhole de� nes the depth of the in-focus � eld in the
specimen– the smaller the pinhole, the narrower the depth of
this in-focus � eld. This conditions the optical resolution of the
image, which is the shortest distance between two points with
the same intensity to be discriminated. If the Airy disks merge
together, the two points are not resolved. The point-spread
function (PSF) is useful to decipher optical distortions caused
by optical aberrations (Figure 2(b) ), which mainly are due to
imperfections in the objective, and to estimate the resolution of
the system. Image resolution typically is improved by 15% in
x–y and 30% in the z directions using CLSM, by comparison
with conventional wide � eld microscopy. The resolution
observed under a CLSM equipped with a high numerical
aperture (NA) objective (e.g., 63�/1.4NA) is 200 nm in x–yand
close to 400 nm in the z-axes.

The confocal con� guration thus has many advantages ove
a conventional microscope (Figure 3):

l Only the focal plan is imaged (thus limiting the need for
postacquisition deconvolution), while depth of � eld
remains controllable.



Figure 2 What does a commercial CLSM see? The confocal effect results from the presence of an adjustable pinhole in front of the� uorescence
detectors. (a) Schematic representation of the pinhole size, its effect of the cone of light collected and the thickness of the optical section. An illustration of
the blurry effect resulting from an increase in pinhole diameter is presented in an image ofBacillus subtiliscells (courtesy of MdP Sanchez-Vizuete). (b) An
example of the PSF obtained with a 0.17mm-diameter latex bead. A blurry sphere inx–y(central spot¼diffraction disk¼Airy disk, surrounded by a series
of diffraction rings), and a smeared ovoid inz. (c) Formula relatingdxy(lateral resolution),dz (axial resolution), NA (numerical aperture of the lens) withl em

(emission wavelength of the light),n(the index of refraction of the medium), anda (half-angle of the maximum cone of light that can enter or exit the lens).
Note that high NA and lowl em give rise to the best resolution (lowdxy anddz).

Figure 3 How does a CLSM works? A schematic representation of the optical pathway within a CLSM: A point source of excitation is produced by
placing a� lter (2) in front of a laser (1). Light then passes through a galvanometer-based raster scanning mirror system (3). A dichroic mirror (4) re� ects
incident light, and the lens of an objective (5) focuses it in the specimen. Light is reemitted in a superior wavelength and can pass through the dichroic
mirror. A pinhole (8), placed in front of a detector (9), selects light that is mainly derived from the in-focus specimen� eld (6). Light from out-of-focus
material (7) is diffuse when it reaches the pinhole, so that relatively little light from these� elds reaches the detector.

678 MICROSCOPYj Confocal Laser Scanning Microscopy
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l Penetration into the sample is appropriate for thick speci-
mens (<100 mm).

l The noninvasive confocal optical sectioning technique
enables the examination of living specimens and 3D
reconstruction.

l Spectral acquisitions are possible (thanks to punctual exci
tation and ef� cient emission � ltration).

There are, however, some drawbacks to the confocal system

l A loss of signal can be triggered by the complex optica
pathway and the weak sensitivity of conventional detectors
(although to some extent, this has been compensated for by
a new generation of extrasensitive detectors).

l The laser power may trigger sample phototoxicity (irradia-
tion of living cells and tissues) and photobleaching in the
illuminated area.

l Only a limited number of excitation wavelengths are
available with commercial lasers.

l Monofocal acquisition (point-by-point scanning) is slow
(only a few images per second).

The price of this instrument may be a considerable problem,
ranging from V150 000 for a basic system to typically
V500 000 for the most recent generation of microscopes.
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Staining and Mounting the Sample

One essential consideration when using a� uorescent probe is
its excitation and emission wavelengths relative to the lase
lines available and their compatibility with the other dyes used
concomitantly in the sample. Some typical� uorescent probes
used in CLSM are presented inTable 1. The � uorophore
emission spectrum may be affected markedly by the environ
mental properties of the sample (e.g., pH, mineral ions,
polarity, hydrogen bonds, pressure, viscosity, temperature
electric potential, and quenchers) and thus may be deviated
from the reference data. For noninvasivein situ microscopy,
a genetic� uorescent tag such as GFP can be used, in which ca
no additional sample preparation is required. In the case of
chemical � uorescent dyes, their concentration, solubility, and
penetration capacity should be taken into consideration. If
necessary, any excess dye in the sample can be rinsed aw
with a compatible buffer. The labeled biological preparation
can be � xed with coagulants (e.g., ethanol) or cross-linking
(aldehyde) agents and mounted in a liquid or polymerizing
media. Finally, it may be necessary to use biological glue
(such as poly-L-lysine or agar) or speci� c sample holders (e.g.,
96-well microtiter plates) to display the sample under the
microscope.
t
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CLSM Multimodal Image Acquisition

Two-Dimensional Acquisition

The output of CLSM is typically a series (stack) of two-dimen-
sional (2D) images derived in space (3D), time (time-lapse), or
wavenumbers (spectral imaging). But before initiating the
acquisition of multidimensional stacks, attention needs to be
paid to the microscope settings to obtain high-quality single
2D images.
Lasers
Lasers enable greater penetration into thick specimens an
exhibit a small spot of excitation at the focal plane that permits
the equilibration of laser power and enables the preservation
of the sample for toxicity and bleaching. This light source
displays some speci� c characteristics, such as mono
chromaticity (single wavelength), high directivity, temporal
coherence to obtain a high concentration of energy in time,
and spatial coherence to focus the laser beam onto a sma
area. The conventional laser used historically for CLSM i
argon-ion laser gas; this laser usually is tuned to produce
spectral lines at 488 nm (maximum luminous power in focal
plane < 50 mW). These microscopes now are being� tted with
dual or triple laser sources to extend the wavelengths availabl
(ultraviolet, visible, and near infrared) and permit sequential
or simultaneous excitations. Laser diodes mainly are used a
present because they are more stable, robust, and powerfu
and because they take up less space. The emergence ofwhite
lasers has removed the restriction on the number of excitation
wavelengths in dedicated machines. Acousto Optical Tunable
Filter is an electro-optical system that can select a laser line an
adjust its intensity. Implementation of these � lters in CLSM
enables the simultaneous use of multiple laser lines; their
power can be controlled independently and it is possible to
switch between rays within microseconds.

Objective
The choice of objective is crucial to image quality and
depends on the type of sample, the dye used, and the
structural information required. Several speci�cations are of
particular importance (in parentheses, we show the speci� -
cations for a typical CLSM objective): magni� cation (�63),
numerical aperture (NA¼1.4), immersion medium (oil),
working distance (100mm above the glass coverslip), and
type of correction (Plan ApoChromat). The latter speci� ca-
tion is designed to consider the geometric and chromatic
defects that are generated by the passage of light through th
lens.

Pinhole
In practice, the pinhole diameter normally should be set at its
default position (1 AU). Narrowing the pinhole can reduce
markedly the optical section thickness and theoretically can
improve resolution. As less light reaches the detector, howeve
higher gains on the photomultipliers (PMTs) are required, thus
generating noise in the image.

Detectors
The conventional detectors on commercial CLSM are PMTs
They detect light intensities but have no role in spatial local-
ization. They are made up of vacuum electronics tube tha
convert photons in electrons. Ampli� cation depends on the
voltage (gain) applied to the PMT. The electrical signal ulti-
mately is converted into pixels on the image. In practice, the
gain and offset need to be adjusted such that in the� nal image,
only a few pixels are fully black (background to zero) and fully
white (maximum intensity ¼saturation, 255 in an 8-bit
image). The PMT gain (between 0 and 1000 V) is the param
eter that exerts the greatest effect on shot noise; at high ga
(>900 V), the number of photons required to reach a fully



Table 1 Most common� uorescent dyes used in CLSM

Stain Absorption (nm) Emission (nm) Targets/Applications

Acridine orange 460–500 520–530 Nucleic acids, carbohydrates, multilamellar liposomes, lysosomes, nuclei, plant roots, counterstain for
retrolabeled neuronal tracers, vital� uorochrome (monomeric dye form is green in living cells, aggregated
dye form is red in dead cells)

Alexa Fluor® Range of stains, mostly as� uorophores for labeling proteins and oligonucleides, conjugated with an antibody
BCECF (20,70-bis-(2-carboxyethyl)-

5-(and-6)-carboxy� uorescein)
490 531 Indicator for intracellular pH

BODIPY® Range of stains, mostly as� uorophores for labeling proteins and oligonucleides
Calco� uor 350 400–440 Stains nonviable animal cells, cellulose of live plant cells, chitin of cell walls of fungi, and exoskeletons

of arthropods
Concanavalin A Lectin (carbohydrate-binding protein), selectively binds to a-mannopyranosyl anda-glucopyranosyl

residues, conjugated with an Alexa and an antibody
DAPI (40,6-diamidino-2- phenylindole) 358 461 Tubulin polymerization detection without interfering with microtubule assembly, retrograde labeling

of neurons, AT-speci� c double-stranded DNA, chromosome Q-banding, distinguish between yeast
mitochondrial and nuclear DNA, viral and mycoplasma DNA infection in cells

DDAO 640 655 Far-red protein tracer for long-term cell labeling
Ethidium bromide 520 610 Nucleic acids (intercalates into double-stranded nucleic acids of� xed cells), viability assay
Fluo 3 506 526 Fluorescence dependent on calcium concentration, used in cell viability tests
FITC (Fluoroscein isothiocyanate) 490 520 Mostly as a� uorophore for labeling proteins and oligonucleides, conjugated antibodies
Green� uorescent protein 395–470 509 Genetically expressed marker or conjugated with an antibody (a lot of variants: YFP, CFP, DsRed, mCherry)

PA-GFP: photoactivable GFP by� ash of 407–413 nm
Hoechst 33258 (bisbenzimide

trihydrochloride)
365 465 Mycoplasma detection, chromosomal bands and interbands, AT-speci� c DNA (� xed cells), chromosome Q-

banding, DNA synthesis quenching of� uorescence detects incorporation of 5-BrdU into DNA; viral and
mycoplasma DNA infection in cells

Nile red 485 525 Neutral lipids, cholesterol, phospholipids in cellular cytoplasmic droplets and lysosomes, foam cells lipid-
loaded macrophages,� uorescence dependent on the solvent nature

Oregon green® Range of stains, mostly as a� uorophore for labeling proteins and oligonucleides
Propidium iodide 536 617 Nucleic acids (intercalates into double-stranded nucleic acids of� xed cells), viability assay, stains dead cells

with membrane damage
Rhodamine 123 505–511 534 Vital� uorochrome, sequestered by active mitochondria
SYTO 9® 485 498–501 Green� uorescent nucleic acid stain, live and dead Gram-positive and Gram-negative bacteria
SYTO 61® 628 645 Cell-permeant red� uorescent nucleic acid stain
TRITC (Tetramethylrhodamine

isothiocyanate)
547 572 Mostly as a� uorophore for labeling proteins and oligonucleides, conjugated antibodies

Texas red 596 620 Mostly as a� uorophore for labeling proteins and oligonucleides, conjugated antibodies
Thio� avin T 450 482 Amyloid plaque core protein (APCP), reticulocytes, nucleic acids
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Figure 4 Example of the excitation and detection settings for a dual color acquisition. Fluoroscein isothiocyanate (FITC) is acquired on channel 1 (with
low laser power and high gain) and tetramethylrhodamine isothiocyanate (TRITC) on channel 2 (laser with high power and low gain). A simultaneous
channel acquisition is possible because� uorochromes do not overlap markedly in their excitation spectra.
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saturated pixel is too low and thus introduces uncertainty,
nonrepresentativeness, shot noise, and poorer image quality
The latter can be improved by adjusting the dye concentration
increasing the laser power, choosing high–quantum yield
� uorophores, and preserving the dye in a dedicated mounting
medium. When recording � uorescent light (Figure 4),
a detection band of PMT has to measure the emission spectr
of the � uorescent molecule; however, to prevent the collection
of re� ected light, it must not be positioned directly below the
laser line. The distance between this line and the detection
band should be at least 5 nm. In the case of two-channe
acquisition, when emission spectra overlap or when an exci
tation ray is within the emission spectra of the second dye
reduced detection bands or a sequential mode should be
applied. Gallium Arsenide Phosphide cover and active cooling
are the new generations of high-sensitivity detectors tha
enable a better signal-to-noise ratio. They are particularl
useful in that they can increase the detection sensitivity o
weak signals (particularly red and far red� uorophores) and
prevent deterioration of the live sample by reducing the laser
power applied.

Averaging
Averaging provides a means to increase signal strength.
theory, shot noise decreases proportionally to the square roo
of the number of frames averaged. It usually is applied during
acquisitions from 2 to 4 lines or images. But if used exces
sively, it can lead to smoothing phenomena, and if the sample
is not static (e.g., swimming bacteria), it can generate a blur
ring effect.

XY Sampling
According to this Nyquist sampling theorem, optimal sampling
is achieved when using voxel sizes that are 2.3 smaller than th
smallest resolvable object in the sample.

Scanner
The scanner is made up of two high-speed oscillating mirrors
driven by galvanometer motors. Spatial position is determined
by the position of the galvanometers (one mirror moves for the
x lateral axis, the other moves in ay direction). Scan mode can
be unidirectional or bidirectional (a more rapid mode because
the return on the x-axis is also exploited for scanning). A return
of � uorescence emission through the galvanometer mirror
system is referred to as descanning, and it remains in a stead
position at the pinhole aperture. The scanner permits the
electronic adjustment of magni� cation by varying the area
being scanned by the laser without having to change the
objective. This feature is termed the zoom factor. Scan spee
can also be adjusted, but increasing the speed triggers a redu
tion in image resolution and photon counting and can increase
shot noise. Manufacturers often use a frequency to de� ne the
speed of their scanner. For example, 800 Hz corresponds t
800 lines per second (approximately 1.5 frames per second a
512 � 512 pixels). The new generation of resonant combined
scanners can reach a speed of 12 000 Hz.
3D Acquisitions

The 3D image series is collected by coordinating incrementa
changes in the� ne focus mechanism of the microscope with
sequential image acquisition at eachz-step (new confocal
plan). To maintain the cubicity of pixels in 3D ( ¼voxel), the XY
dimension must be the same as the axial dimension
(controlled by the z-step). This is particularly important for 3D
reconstructions and quantitative image analysis.
4D Acquisitions and More

3D acquisition over time (4D) is possible to decipher bio-
logical and spatial dynamic processes. This generally
applied to genetically engineered auto� uorescent microor-
ganisms that are being visualizedin situ. 3D in wavenumbers
(4D) is also use to deconvolute multicolor samples (spectral
imaging). In theory, it is also possible to obtain � ve-dimen-
sional (5D) acquisitions by combining 3D stacks with both
time and wavenumbers. In practice, this is quite rare, as the
time necessary to obtain such a hyperstack will be too long
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Figure 5 From raw images stacks to 3D projections and quanti� cation. In this example, a bacterial bio� lm is labeled in two colors: green represents
bacteria (SYTO 9) and red indicates extracellular polysaccharides (� uorescent concanavalin A). The 3D reconstruction, volumetric projection, and section
were performed using CLSM image software (Imaris, Bitplane), and the binarization and quanti� cation of the images were achieved using PHLIP,
a dedicated MATLAB routine.
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and the extended exposure of� uorescent dyes to laser irra
diation will trigger photobleaching.

CLSM Image Analysis

Multimodal CLSM generates huge quantities of images tha
need to be processed by image analysis to extract visual an
quantitative data (Figure 5). Dedicated software packages
(Imaris, Amira, etc.) are capable of generating composite and
multidimensional views of optical section data acquired from
z-series image stacks. The 3D data often mimic the effect o
rotation or similar spatial transformations, and the opportu-
nities to modify surface rendering (isosurfaces, etc.) can revea
internal structures or tracking targets.

Dedicated routines (e.g., PHLIP, COMSTAT, etc.) runnin
under Matlab or ImageJ (software packages widely employe
for image analysis) enable the extraction of standardized
geometric descriptors, such as microbial biovolume (mm3),
sample thickness (mm), or the colocalization of several dyes
(e.g., live/dead staining, etc.). With CLSM, image analysis i
actually a lengthier process than image acquisition.
t

n

f

Related CLSM Techniques

How to See Faster: Multifocal Microscopy

These systems are equipped with a spinning Nipkow disk tha
contains one disk with an array of microlenses in the excitation
path, a dichroic mirror, and a second disk with an array of
pinholes. The excitation source is a laser or traditional arc lamp
(although the light is split through the pattern of the disc), and
the fast scan inXYis achieved by the rotating disc. The image is
confocal because light emission returns to the pinholes before
reaching a sensitive charge–coupled device camera (which is
more sensitive than the PMT detector of a conventional CLSM)
This simpli� ed optical path reduces light loss and enables high-
speed acquisition, typically at 30 frames s� 1. Some issues,
however, remain relative to this technology: pinhole cross talk
(emitted light passes through the corresponding pinhole and
also the adjacent one) can increase the background signal whe
studying thick specimens and thus reduce the axial resolution
of the system. Vibrations due to disk rotation, scanning stripes
due to desynchronization of the disk speed and camera expo
sure, and moderate photobleaching due to a somewhat large
illuminated area than the imaged area may also impair image
quality.

How to See Deeper: Multiphoton Microscopy

The combined energy of a two or three photon system (high
wavelengths but low energy) excites� uorochromes in the
same way as a single photon with a lower wavelength but
higher energy. For example, a titanium sapphire laser ca
produce very short pulses (lasting about 1 fs) of infrared (IR)
light. Two photons at 960 nm thus simultaneously can excite
a molecule of GFP in place of a photon at 488 nm. Fluores-
cence from the two-photon effect depends on the square o
incident light intensity (unlike a confocal system in which
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absorption is proportional to intensity), which in turn
decreases approximately as the square of the distance from th
focus. Hence only dye molecules near the focus of the beam
are excited. The imaged region corresponds strictly to th
illuminated region. Under this con � ned excitation, no pinhole
is required to � lter off any out-of-focus � uorescence. The
sample above and below the plane of focus is merely subjecte
to IR light that does not cause photobleaching (little apart
from the focal plane, less in thex–y plane) or phototoxicity.
The use of an IR laser enables better penetration of the spe
imen (< 900 mm), avoids problems due to spatial� uctuations
of the refractive index, and enables better resolution and
contrast. Some issues, however, also exist when using th
elegant technology: pulse dispersion (irregular pulse), dif� -
culties in separating � uorophores, sample heating, and
implementation problems.
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How to Achieve Better Resolution: Super-Resolution
Microscopy

Super-resolution microscopy is a series of techniques designe
to overcome Abbe’s diffraction resolution limit (200 nm). In
stimulated emission depletion microscopy, � uorescence is
inhibited by a second laser, which adds spatially and tempo-
rally to the � rst laser by adopting a donut form. Fluorophores
in a narrow central region are allowed to� uoresce; the other
molecules illuminated by the excitation light remain dark. This
reduction of confocal excitation (a pinhole is also used)
improves resolution to a value of about 50 nm in x–y and
150 nm in z directions. Once again, however, there are draw
backs, such as long acquisition times and bleaching problem
associated with the high laser power required.

CLSM has emerged as an indispensable microscopic tool t
decipher spatial and temporal microbiological processes
throughout the food chain. Current developments in the � eld
are tending toward combining CLSM with other imaging
technologies to access multiscale, realistic, and comprehensiv
representations of the samples under study.
See also:Bacteria:The Bacterial Cell;Microscopy:Light
Microscopy;Microscopy:Scanning Electron Microscopy;
Microscopy:Transmission Electron Microscopy; Atomic Fo
Microscopy;Microscopy:Sensing Microscopy;
Process Hygiene:Overall Approach to Hygienic Processing
Process Hygiene:Disinfectant Testing.
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Introduction

Ever since the role of microorganisms in fermentation was
realized light microscopy has become an essential technolog
for the food microbiologist. Historically the techniques of light
microscopy developed from the use of single convex lens a
magnifying glasses, the invention of the�rst practical micro-
scope being accredited to Antony van Leeuwenhoek in 1668
Leeuwenhoek’s microscope had a magni�cation ratio of 270 to
1 and consisted of a single lens that was moved up and down
by a screw mechanism. Today there is a vast variety of micro
scopes available of different design and quality employing
a number of light microscopy techniques to study microbio-
logical structures and their interactions with the environment.

Light microscopy is routinely used in microbiological
laboratories often without consideration for the �ner details of
the instrumentation. The full potential of light microscopy can
be realized when a light microscope is used by an operato
knowledgeable of the underlying principles of the instrument
and of microbiological staining methods. The specimen prep-
aration and correct staining procedures are paramount to
effective light microscopic study of food microbiological
samples. Direct examination by the experienced eye is a rapi
cost-effective diagnostic aid to estimating the quality of food,
the nature of an infection or the purity of the culture. Despite
many limitations, microscopic observation of microbes is
normally necessary for identi�cation. There are many methods
for observing and characterizing microbes and many date bac
to the last century. The primary aim is to identify and
enumerate the microorganisms present. It may also be used t
determine the strategy for further microbiological examination
and investigation.
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Figure 1 Ray diagrams illustrating how light travels through the lenses
of optical instruments: (a) and (b) convex lens; (c) human eye;
(d) magnifying glass; and (e) compound microscope.
Principles of Light Microscopy

A basic knowledge of the theory of light microscopy is useful to
understand how the general instrument works, optimization
procedures, instrumentation speci�cations and technological
innovations. A good physics textbook should be consulted if
a more detailed explanation of image production by lenses is
required. A light microscope essentially consists of three
components, the eyepiece, the objective and an illumination
source (condenser). The last two have greatest in�uence on
image quality. Both objective and condenser are constructe
from lenses. Thus their performance is governed by the ef�-
ciency of their component lenses light transmission.

Convex lenses are used in light microscopy because the
converge incident light into a principal focus (Figure 1(a)).
Figure 1(b) shows how a convex lens forms an image. The
human eye contains a convex lens that produces images o
distant objects on the retina at the back of the eyeball. The
ciliary muscles change the shape of the lens to change th
684 Encyclopedia of Food
principal focus point and thus allow the eye to focus objects at
different distances. The eye can see an object with greate
clarity when it is positioned at the near point. A distance away
from the eye termed the least distance of distinct vision
(D)(Figure 1 (c)). When using a magnifying glass the observe
moves the lens until the image is situated at the near point
(Figure 1(d)). The object is located within the focal distance.
For high magni�cation a lens of short focal length is required.
The fabrication of lens with focal lengths below a certain limit
is impracticable, to increase higher magni�cation two separate
convex lenses are used. This is the basis of a compoun
microscope (Figure 1(e)). The lens close to the object is termed
an objective. The lens that is used to observe the�nal image is
called the eyepiece.

The power of an objective is shown by its resolution. The
resolution (R) of the objective lens is the smallest distance
between two points that can be differentiated in the generated
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00213-5
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Fine
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Figure 2 The general design of a typical microbiological laboratory light
microscope.
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image. The resolution is found to equal 0.61l / A wherel is the
wavelength of the light and A is the numerical aperture. This
equation de� nes the limits of light microscopy. Small values of
l improve resolution. The numerical aperture represents the
ability of the objective to gather the rays coming from each
illuminated point on the specimen and it is a function of the
refractive index of the material between the lens and the
sample. The theoretical maximum value for the numerical
aperture is equal to the refractive index of the material between
the objective and the sample. When the numerical aperture is
large then the resolution of the system is increased. Thus th
addition of immersion oil increases the magni� cation of
a sample, the refractive index of oil is about 1.52 compared to
1.00 that of air.

The ef� ciency of lenses and thus objectives and condense
are subject to aberrations. Spherical aberration occurs with a
single lenses and results in a halo of unfocused light around the
image that is then blurred. It is due to the uneven bending of
transmitted light rays and forms images at various distance
along the axis. Chromatic aberration is due to the differential
bending of light of different wavelengths. The shorter the
wavelength the larger the bending. In this case, differen
colored images are formed at different points along the prin-
cipal axis, red furthest away from the lens, violet nearest the
lens. On examination of these images they are found to have
a rainbow-like fringe due to the unfocused light of the other
colors. Spherical aberration and chromatic aberration of the
system can be corrected simultaneously by joining lenses, o
equal and opposite error, to form doublet or triplet lenses.

The choice of objective is paramount in light microscopy
and there are many types available each designed to give be
results for particular purposes. Objectives are multiple lens
systems constructed to minimize aberrations and to enhance
differentiation of sample features. To this end objective lens
systems have different numerical apertures, and differen
working distances and are constructed from different lens
combinations. The working distance is an important speci� -
cation of an objective and it is the distance between the objec
and the objectives front lens, when the system is correctl
focused. The objective will be redundant if the depth of the
sample and cover slip is greater than the working distance o
the objective. Achromatic objectives are economic and the
most widely used objectives, they have moderate numerica
apertures and working distances. Apochromatic objectives ar
more complex lens systems than achromatic lenses an
produce very high quality images. Combinations of doublets,
triplets, specially fabricated and shaped lenses ensure th
apochromatic objectives have high numerical apertures and
perfect color rendering.

Fluorite objectives are examples of objectives that contain
lenses fabricated from a different material to glass or quartz
Fluorite objectives characteristically increase the contra
between objects and their surroundings; they also act to darke
some colors. Hence these lenses are useful when used
conjunction with staining methods. Fluorite objectives have
performance close to that of apochromatic lenses. Th
construction of objectives for phase contrast is discussed below

An important consideration in light microscopy that is
often overlooked is sample illumination. It is imperative that
the plane at which the objective is focused is uniformly
illuminated with light that passes through the object and forms
a cone that is large enough to� ll the front of the objective. To
meet the illumination requirements of the different types of
objectives there are equally as many types of condense
A compromise is made with the condenser and in most
instruments a general-purpose condenser is used possibly wit
the addition of a specialist unit if more advanced techniques
such as phase contrast are routine. If the specimen is mounte
on an opaque substrate then re� ected light as opposed to
transmitted light can be used to view the surface. Epi
illumination is used to direct light actually through the objec-
tive focusing light and image simultaneously.
General Design and Operation

Figure 2 shows the general design of the simple light micro-
scope used in microbiological laboratories; the following steps
describe its routine operation. A suitable slide is placed onto
the microscope stage with the lowest power lens in position.
Before viewing the sample through the eyepiece the objectiv
should be brought close to the slide surface using the coars
adjustment. The sample is then focused by retracting the
objective whilst viewing through the eyepiece. This procedure
will prevent damage to the objective and the slide. The illu-
mination should then be optimized by adjusting the position
of the condenser and the size of the aperture until a homoge-
neous bright illumination is achieved without glare. Final focus
correction can be achieved by the intuitive movement of the
� ne adjustment.

If required, the sample can next be viewed under a highe
magni� cation. Many microscopes hold parfocal objectives that
have the same focal positions. Thus only small adjustments
will be needed to focus the higher-powered lens. Care should
be taken when changing objectives as adjacent lenses may n
be parfocal and oil immersion lenses have short working
distances. In addition sample and cover slip depth can vary. I
the microscope has an achromatic oil-immersion lens, a drop
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of oil can be placed on top of the cover slip so that when the
objective is positioned a meniscus of oil forms between the
two surfaces increasing resolution. If after focusing and illu-
mination optimization procedures, the image remains poor
then the meniscus of oil may be compromised by bubbles or
lens surface grime. The solution to this problem is to raise the
objective and clean the surface oil and grime from the lens
surface before reforming the meniscus. This is modern ligh
microscopy in its simplest form and is often adequate when
used alongside effective staining techniques (see below).
however staining is not a viable option or greater image
differentiation is required further light microscope techniques
should be considered.
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Dark-Field Illumination

In normal light microscopy there are many objects that cannot
be seen because they are transparent. To improve the image
increase in contrast between the object and its surrounding
is required. Dark-� eld illumination functions to improve
contrast. In normal light microscopy the condenser functions to
ensure the sample is uniformly illuminated and that light enters
the objective correctly. In dark-� eld illumination the condenser
functions to produce a hollow cone of light which is focused on
the specimen. Only light that is scattered by the specimen will
enter the objective. Thus the specimen will be seen illuminated
against a dark background. In low-power dark-� eld illumina-
tion the long working distance of the objective means that it is
relatively easy to reduce the entry of light into the objective. A
disc or a diaphragm with moveable leaves stops the central ray
of the cone of light. An annular cone of light can be focused on
the specimen without any direct light entering the objective.
High power dark-� eld illumination is used regularly alongside
oil immersion to view living organisms. However, the short
working distance of the required objectives means that a specia
dark-� eld condenser is needed. The modern design of thes
condensers is effective for objectives with numerical aperture
between 1 and 1.15, for greater apertures a further means, suc
as a in-built iris diaphragm within the objective, is required to
reduce the passage of direct rays. The microbiological sample t
be viewed should be well spaced and within a single plane; thus
samples should be dilute. The spaces between the organism
provide the dark background that contrast with the illuminated
specimen. If the objects are in multiple planes then the scat
tering of light by all the planes will mask the dark � eld of the
individual plane. Both specimen and immersion oil should be
free of bubbles or dust that act on the passage of ligh
compromising dark-� eld illumination.
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Phase-Contrast Microscopy

Phase-contrast microscopy is an extremely useful technique fo
observing specimens that have not been stained and are in the
natural state. Objects, that under normal light microscopy
cannot be seen, are observed in sharp outline and in good
contrast to their surroundings. Light travels in the form of
waves of energy, and so has wave length and amplitud
parameters. When two waves meet, the resultant light ray wil
have wave parameters that will depend on whether the two
original waves were in phase, for example peak arriving with
peak, or out of phase, valley arriving with peak. In a light
microscope the component parts ensure that direct and dif-
fracted rays meet at the eyepiece producing brightness an
shade according to the phase relationship of the incident rays
The image observed is in reality a complex interference pattern
The greatest contrast is achieved when the direct and diffracte
rays meet at the point of interference out of phase by about half
a wavelength. The specimen has regions of different thicknes
and different refractive indices, thus rays are diffracted to
different degrees. If the specimen is transparent with a densit
and thickness insuf� cient to create the required phase differ-
ence then contrast will be poor.

Phase-contrast objectives contain a phase plate, or a len
face with phase rings, that retard the diffracted rays so that thei
phase is altered. The phase-contrast condenser ensures th
both diffracted and direct rays are incident on the phase
changing device. The annular grooves of the phase plate allow
a differential retardation of the diffracted rays with a phase
change of about a quarter of a wavelength. This is added to the
phase change caused by the passage through the sample. T
total change is adequate to produce an image of excellen
contrast when the rays interfere at the eyepiece.
Fluorescence Microscopy

Fluorescence microscopy has become an important imaging
technique in microbiology. It is used in conjunction with
staining techniques (see below) to visualize a whole range o
intracellular structures. When certain substances are excite
by illumination of short wavelength, for example ultraviolet,
the emergent rays are converted into longer wavelength light
Thus blue, green, yellow, or red light is emitted depending on
the composition of the substance. If this emission of long-
wavelength light only occurs while the excitation illumina-
tion is present it is called � uorescence. If the emission
continues when excitation has been removed, this is termed
phosphorescence. Many natural substances display� uores-
cence in speci� c colors when excited by short-wavelength
light. This is termed primary � uorescence. Many dyes
exhibit primary � uorescence and can be used in dilute
aqueous solutions to stain tissues and cells, which in turn
� uoresce. This is termed secondary� uorescence and is
exploited by � uorescence microscopy. The� uorescence stains
are used in very dilute concentrations so living cells are
exposed to minimal damage. There are many light source
available, which excite samples not only with light within the
UV range but with other short wavelengths such as the blue
short-wave component of the visible spectrum. The light
sources are used in conjunction with � lters to remove
unwanted wavelengths of light. The objectives of� uorescence
microscopy are constructed from quartz when short-wave UV
light is used, as glass is opaque to these wavelengths. Whe
longer UV wavelength light is used optical glass will allow the
passage of these wavelengths, negating the need for quar
lenses and slides. A further requirement for the objectives
of � uorescence microscopy is that none of their optical
components � uoresce themselves. A further addition to the
microscope equipment is a� lter that removes UV light once it
has induced the � uorescence of the specimen. This� lter is
essential to protect the eyes of the operator. Advanced form
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of � uorescence microscopy use combinations of other ligh
microscopy techniques to improve performance.
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Figure 3 Crystal violet.
Micrometry

Micrometry is the term used to describe the technique for
measuring detail in a microscopic sample using a light micro-
scope. For optimum results the specimen is viewed with
a superimposed grid at the highest magni� cation with the
greatest resolution possible. The grid is superimposed b
mounting near the focal point of the eyepiece a glass disc with
an engraved or photographically reproduced rule. This glas
disc is called an eyepiece micrometer. The micrometer must b
calibrated for each objective� tted to the microscope. To cali-
brate, a grid of known dimensions, termed a graticule, is
imaged. A typical graticule will have a 100mm line split into
100 divisions. The number of divisions on the eyepiece
micrometer per division on the graticule is recorded. Feature
in subsequent images can be measured by counting how man
divisions in the eyepiece micrometer they occupy and calcu
lating the length using the previously recorded calibration
constant.

Another routinely used method in food microbiology is
counting cells in a known volume of solution. To do this the
cell solution is placed on a microscope slide with a chamber
of known volume. This slide is called a hemocytometer. The
chamber of known volume is normally split into smaller
sections, which simpli� es counting. All micrometry methods
are aided by computer techniques. There are numerou
computer packages that can be used instead of the eyepie
micrometer; calibration of the objective is in terms of pixels.
In addition imaging software can calculate the area of an
image that is within a contrast range, this facilitates cel
counting.
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Cytological Light Microscopy

Histological Basis of Staining

The main problem with visualizing microbes under the
microscope is that organisms are virtually transparent. The
refractive index of vegetative cells is very similar to that o
water. One approach to visualizing organisms is to use phas
contrast, dark-�eld or � uorescence as discussed abov
However, from the earliest investigations, stains have bee
used to distinguish microbes from their surroundings. The
main advantages over the more sophisticated methods are th
speed and simplicity of this approach. Thus the main objective
of staining is to increase the contrast of the cells. Although
natural dyes were used initially, arti� cial dyes derived from coal
tar and other aromatic materials have now replaced them
These dyes either act directly as chromophores or becom
chromogenic when they react with speci� c chemicals within
the cell. The chemistry of the chromaticity of these compounds
is based on the delocalization of the electronic structure as the
contain many functional groups (carbon–carbon double
bonds, carbon¼oxygen, carbon¼nitrogen, nitrogen¼nitrogen)
that cause absorption spectra in the light region. The structur
of crystal violet is shown in Figure 3 and typi� es the properties
of a chromogenic compound.
For a stain to bind effectively to the cell it must be able to
react or associate with cellular materials. Dyes are normall
charged, either as cations or anions, and so bind to the many
charged sites within cellular materials (proteins, poly-
saccharides, and nucleic acids). Binding may also be aided b
the addition of a mordant that enhances the interaction or acts
as a bridging compound. Stains may be used individually,
termed simple stains, or in combinations, termed differential
staining, for example, the Gram stain or the acid fast stain.
Obtaining Samples

Appropriate sampling techniques are important if bacteria and
other microbes are to be observed. It must be remembered tha
to observe a good number of bacteria in a single� eld at least
107 organisms per millilitre are required in a typical wet mount
under a coverslip. As a consequence sampling from air usuall
requires a � ltration technique or a culturing process such as
growth on an exposed agar plate. Water can be examine
directly, but in many cases the microbes in� uids are concen-
trated by � ltration. Soil generally has large numbers of organ-
isms present and can be sampled by the addition of water
There are also a number of specialized methods to observe th
growth and activity of microbes in soil. Samples from food
usually involve techniques that enrich the microbes prior to
observation.
Wet Mounts

One of the most common methods of examining microbes is
to make a wet mount of the sample. Typically this is made by
placing a small drop of the microbial suspension on a glass
slide and positioning a coverslip over the drop, the slide can
then be placed under the microscope. The hanging drop
method can also be used to ensure better conditions for
observing motility. The main advantages of wet mounts are
that the samples remain viable and it avoids drying or� xation
that could alter cell morphology. Therefore, size, shape, and
motility are normally observed using wet mounts. After
appropriate simple staining of the sample, cells may be coun-
ted directly to give total cell counts. Counts typically involve
the use of a counting chamber (seeMicrometry section). Viable
counts can be made if an appropriate vital stain is used. Fo
example, � uorescein diacetate can be used if cells contai
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esterases. The enzymes will hydrolyze the� uorescein diacetate
to release� uorescence.
Permanent Mounts

For extended preservation and permanent mounting of stained
specimens, dry samples should be cleaned in xylene prior to
mounting in Canada balsam. Other mounting materials
include plastics dissolved in solvents, for example,‘Permount,’
that may be painted directly on the stained� lm.
e
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Negative Stains

Another wet mount procedure involves negative staining. This
provides the simplest and often the quickest means of gaining
information about cell shape and size, refractive inclusions,
and spores. This staining technique relies on colloidal carbon
in the form of nigrosin or Indian ink. These stains reveal
unstained bacteria against a dark sepia background. Thes
methods are especially useful to observe capsular layer
Table 1 details some typical methods.
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Fixation of Smears and Suspensions

For more complex differential staining methods, cells are� xed
to surfaces so that they do not wash off between the stages o
staining. Fixation also preserves structure avoiding digestion o
changes in the shape of cells. Two types of� xation methods
achieve this: heat or chemical means.

Heat Fixation
Heat � xation is the most common method used for stabi-
lizing microbial smears. Typically the smear of a bacteria
aqueous suspension is allowed to dry on a glass slide. Th
slide is then passed over a� ame several times taking care no
to overheat the sample. The smear is now ready for staining
procedures.

Chemical Fixation
Chemical � xation is generally better than heat � xation at
preservation of morphology. The procedures are, however
more time consuming. Some of the most useful procedures are
� xation with aldehydes such as glutaraldehyde or formalin.
For example, a sample is mixed with formaldehyde to give
a � nal concentration of 1.5–2% formaldehyde. After a few
minutes the cells are smeared and dried onto a slide. Osmium
tetroxide can be used to� x wet � lms by exposing the wet
smear to the fumes of a 1% (w/v) solution in a closed vesse
for 2 min.
as
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Simple Staining

Morphological studies of bacteria in culture or from natural
specimens are generally heat� xed and then stained with basic
dyes. Where a single stain is used the process is referred to
simple staining. Slides are typically bathed in a 2% (w/v)
crystal violet/ammonium oxalate (for 10 s) or 0.8% methylene
blue in alkaline aqueous solution (for 30 s).

Other simple stains include alkaline lactophenol cotton
blue that is good at enhancing the visibility of fungal cell walls.
Nigrosin or Indian ink has also been used for negative staining
wet mounts when capsular structures are present.
Fixed Differential Staining Methods

Cells
There are a number of important differential staining methods
that are important in the characterization of microbes. Stains
for different cell wall and membrane structures and intracel-
lular bodies have been developed. Some of the most common
are discussed here.

The Gram stain is one of the most important differential
staining techniques applied to bacteria and was� rst developed
by Christian Gram in 1884. In theory it should be possible
to divide bacteria into two groups: Gram-positive and
Gram-negative. However, in practice it is common to observe
Gram-variable organisms. This is not surprising considering tha
physiological conditions of the cell can affect wall structure.

In the Gram stain, the cells are treated with crystal violet and
then with an iodine solution that acts as a mordant binding the
dye to the cellular materials. The cells are then washed with
ethanol. Gram-positive cells retain the crystal violet whereas
Gram-negative cells do not. To make the difference obvious
a red counter stain is used such a safranin or fuchsin. The bas
of the stain is the differential permeability to the iodine–crystal
violet complex. The complex can cross the murein layer o
Gram-negative bacteria whereas it is unable to cross the ce
wall layer of Gram-positive bacteria. A typical procedure is
outlined in Table 1.

The stain requires practice and good technique to obtain
reproducible results. For example, Gram-negative bacteria ca
appear to be Gram-positive if the� lm is too thick or if decol-
orization washes, with ethanol, are too short. Gram-positive
organisms can appear Gram-negative if over washed with th
ethanol.

The acid-fast stain exploits the presence of waxy fatty aci
compounds in the cell wall. Certain groups of bacteria contain
long-chain fatty acids (50–90 carbons long) called mycolic
acids that give them a waxy coat which is impervious to basic
dyes such as crystal violet. Normally a detergent is required to
allow the dye to penetrate the cell. Once inside the cell the
normal acidic alcoholic solvent is unable to decolorize the cell.
The acid-fast stain is particularly useful to identify speci� c
groups of bacteria:Nocardiaand Mycobacteriumand the spores
of Cryptosporidium. The Ziehl–Neelsen staining procedure is
shown in Table 1.
Subcellular Structures

Endospores
The position of the developing spores in vegetative cells can
also be an important piece of diagnostic information. Spores
can easily be observed under phase-contrast microscope an
are strongly refractile shining brightly slightly above the true
focus. Spores can also be negatively stained using nigrosi
Spores by their nature are very resistant to simple staining an
it requires quite harsh techniques to achieve this, however
once stained they are also dif� cult to decolorize. The malachite
green stain is one such staining method and is outlined in
Table 1.



Table 1 Microscopic stains and staining procedures common in food microbiology

Type Solution Method Comments

Simple stains
Crystal violet Crystal violet staining reagent: mix 20 ml 10% (w/v)

crystal violet in ethanol with 80 ml 1% ammonium
oxalate

Methylene blue Loeffers methylene blue reagent: 30 ml of 1.6% (w/v)
methylene blue ethanol solution is mixed with
100 ml of 0.01% KOH aqueous solution

1. Flood heat-� xed smear with crystal violet or
methylene blue for 10 or 30 s, respectively

Cells should take the stain to which they are exposed.

2. Wash with water then blot dry
Carbol fuchsin Carbol–fuchsin stain: basic fuchsin 0.3%, phenol 5%,

ethanol 10%, water 85%
Lactophenol cotton blue Lactophenol cotton blue: a solution 0.5% cotton blue

in phenol (20%), lactic acid (20%), glycerol 40%,
and water (10%)

If the cells do not stain with either of the above then
Carbol fuchsin can be used

This stains colorizes fungal cell walls

Negative stain
Nigrosin Nigrosin stain: 7% nigrosin 1. Place a droplet of nigrosin on a slide These preparations reveal bacteria unstained and

standing out brightly against a sepia background
2. Mix with small sample containing microbe
3. Take another slide and smear out the mixture to

produce a gradient of� lm thickness
4. Allow to dry completely

Differential stains
Gram stain Crystal violet staining reagent 1. Flood an air-dried and heat-� xed smear with crystal

violet stain for 1 min
Gram-positive organisms appear blue/black whereas

Gram-negative organisms appear pink/red
Mix 20 ml 10% (w/v) crystal violet in ethanol with

80 ml 1% ammonium oxalate
2. Wash with water

Mordant 3. Flood the smear with mordant for 1 min
A solution of 0.33% (w/v) iodine 0.66% KI 4. Wash smear with water
Decolorizing reagent 5. Decolorize with ethanol for 30 s
Ethanol 95% solution 6. Wash with water
Counterstain: 0.25% (w/v) safranin in 10% 7. Flood smear with counter stain for 30 s
Ethanol water solution 8. Wash smear and blot dry

Acid fast staining: Ziehl– Neelsen
stain

Carbol–fuchsin stain: Basic fuchsin 0.3%, phenol 5%,
ethanol 10%, water 85%

1. Place an air-dried and heat-� xed smear, cover the
slide with basic fuchsin dye and place in steam for
3–5 min to allow the dye to penetrate

Acid fast bacteria appear red whereas non-acid-fast
appear blue.

Decolorizing solvent: 3 ml conc. HCl in 95% ethanol 2. After washing decolorize with the decolorizing
solvent

Counter stain: 0.3% methylene blue solution 3. Flood smear with counter stain for 20–30 s and
wash

(Continued)
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Capsules
Slime layers and capsules are produced by many bacteria an
are best demonstrated by wet preparations because their highl
hydrated polymers shrink when � xed and dried. Dulguid
Indian ink is the simplest capsule stain.
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Cytoplasmic Inclusions
Many bacteria will produce, as a result of metabolism, inclu-
sion bodies within the cell. These include fat droplets, poly-
hydroxybutyrate, polyphosphate and polysaccharides, sulfu
and protein crystals. Many of these can be visualized usin
appropriate staining methods. Polyhydroxybutyrate is
observed using negative staining or by dyes which bind
speci�cally to the polymer. Polyphosphates can also be stored
by cells in the form of metachromatic granules and are detected
by treating the � xed cells with methylene blue or toluidine
blue. Glycogen-like polymers can be stained with periodic
Schiff stain. Bacterial nuclear bodies are not easy to stai
directly with basic dyes, however, � uorescence staining is
particularly useful for detecting nuclear materials.
r

,

4. Methods for

. (Eds.), 1995.
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Fluorescent Staining Procedures

There are a number of procedures that use� uorescent stains.
Their main advantages are that they allow observation at lowe
magni� cation and detection in complex backgrounds such as
blood or animal tissues. The main disadvantage is the
requirement for a specialized microscope.

There are several popular� uorescent dyes. Acridine orange
a � uorochrome that intercalates into nucleic acids, in both
native and denatured forms, is able to distinguish between
fungal and bacterial DNAs. Another nuclear� uorochrome is
DAPI (40,60-diamidino-2-phenylindol) which is widely used
for visualization of chromosomes in eukaryotic microbes.

Calco� uor white nonspeci� cally binds to polysaccharides,
such as cellulose and chitin; it is thus useful in detecting fungi
and yeast. Similarly primulin will bind to chitin and, for
example, will enhance the visibility of yeast bud scars.

Antibodies conjugated with � uorochrome have also been
developed for the rapid identi� cation of speci� c pathogenic
organisms such asLegionella. This is a very good method for the
detection of speci�c organisms. However, the modern molec-
ular biology techniques using polymerase chain reaction (PCR)
technology, DNA � ngerprinting and DNA probes are beginning
to replace this technology.
Conclusions

Light microscopy is an established and vital tool for the food
microbiologist. The instrumentation continues to be improved
and exciting techniques such as confocal light microscopy ar
providing new insights into the relationship between microor-
ganisms and their environment. With the advent of modern
computation methods substantial advances in image analysis ar
proving extremely useful in the enumeration and morphological
measurement of microbes. The correct use of instrumentation
and optimized staining procedures will ensure that the food
microbiologist can exploit the full potential of light microscopy.
See also:Total Viable Counts:Microscopy.
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Scanning Electron Microscope

A scanning electron microscope (SEM) is an instrument that is
used to examine and record the surface topography of a spe
imen to a resolution signi�cantly higher than that achievable
by light microscopy. The instrument is versatile and can
provide meaningful structural information about the surfaces
of many specimens, including those of interest in the�eld of
food microbiology. It can easily resolve microbes and provide
important information about how humans relate to their food
supply and how microbes in�uence this relationship.Figure 1
shows a few examples of how SEM can be used to explore th
microbial world at resolutions that can provide important
information to microbiologists about the microbial world that
in�uences our food supply.

Figure 2 shows a general schematic of the organization o
a SEM. This type of electron microscope employs an electro
gun, electron magnetic lenses, and scanning coils to focus an
raster a tight beam of electrons over the surface of a grounde
sample placed in a high-vacuum chamber. What makes th
SEM versatile is its ability to examine samples, ranging from the
Figure 1 Typical SEM images of specimens related to food microbioT
illustrate the contamination potential of this common utensil.Top, right. The
bacterial contamination (white arrow). The red boxed out area is the
Bacterial� ora from a teenaged female.

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
centimeter to the nanometer scales, making this instrument
useful for many scienti�c disciplines, including microbiology.
As the electron beam impacts the sample, the sample reacts b
emitting different types of signals (Figure 2), which are read by
speci�c detectors and used to either reconstruct the surfac
topography of the specimen or give information about the
elemental composition of the sample.

In most cases, to produce the emitted signals (Figure 2)
necessary to examine the sample and prevent charging by th
incident beam, the sample must both be kept in a high vacuum
and be electrically grounded. The high vacuum preserves th
integrity and coherence of the electron beam, while the spec
imen grounding eliminates the excess charge generated in th
specimen by the incident beam. For many disciplines, this is
not a problem because samples like metals and hard dry
specimens can easily be kept both in a vacuum and grounded
For biological samples, this requirement presents a challenge
because biological samples often are nonconductive and
composed of soft porous materials that contain both water and
air. This makes biological material dif�cult to keep in a high
vacuum and at neutral charge.
logy.op, left. Kitchen sponge, used once and allowed to dry. Used to
same sponge recorded at higher magni� cation and resolution to show

area examined at higher magni� cation.Bottom, left. Bread mold.Bottom, Right.
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Figure 2 Schematic representation of a typical SEM.

694 MICROSCOPYj Scanning Electron Microscopy
Sample Preparation

Biological specimens are often wet porous materials that need
to be properly dried before being placed into a SEM viewing
chamber. Large samples allowed to dry inside the microscop
would collapse the vacuum inside the microscope and cause
the electron beam to scatter and loose its coherence an
energy before striking the specimen, which ultimately would
degrade both image quality and resolution. Additionally,
water plays a major role in the normal structure of biological
materials. Removing it often deforms and damages the bio-
logical structure, introducing drying artifacts that will prevent
adequate structural analysis of the specimen. When sma
biological material is air dried, as the water evaporates, the
delicate surfaces of the sample are exposed to a considerab
cohesive force generated at the air–water interface by the
surface tension of water. This force comes from the extensiv
hydrogen bonding throughout the � uid and is equivalent to
7.28 � 10� 2 N m� 1 at 20 � C. Drying in this manner often
causes signi� cant and recognizable damage to the sample and
this often prevents any meaningful analysis of the specimen
structure by SEM. Large samples are also affected by dryi
because removing water reduces their relative volume, whic
also damages their structure. To prevent damage caused
drying, a method needed to be developed that removes wate
while minimally harming biological structures. This method
is called critical point drying (CPD).

CPD of SEM samples takes advantage of the critical point o
liquid CO 2 to properly dry porous and fragile biological
materials. The critical point of a � uid is a state that exists at
a speci� c temperature and pressure at which there ceases to b
a physical boundary between a liquid and its vapor (Figure 3).
Eliminating this physical boundary eliminates surface tension.
For water, this state occurs at a temperature and pressu
(374 � C and 3212 psi) that far exceeds what most biological
structures can tolerate. For this reason it is necessary to repla
the water in the biological sample with a more suitable� uid like
liquid CO 2, which has its critical point at 31 � C and 1072 psi.

Because water is not miscible in CO2, in� ltrating biological
samples directly with CO2 will not work. Instead, ethanol is
used as an intermediate� uid to � rst dehydrate the sample and
then in� ltrate CO2 (this works because ethanol is miscible in
both water and CO2). The actual process of CPD biological
specimens for SEM is shown inFigure 4 and described in this
section. A sample is � rst chemically � xed to stabilize the
structure and then gently dehydrated in an ascending series o
ethanol washes from 10 to 100% ethanol. This step is critical
because dehydrating the sample too abruptly may shrink the
sample excessively and damage the� nest substructures. Once
the specimen is dehydrated and in� ltrated through ethanol, it
is placed into a cold stainless steel pressure chamber partiall
submerged in ethanol. The chamber is sealed, liquid CO2 is
used to � ush out the ethanol in a step called purging. Purging
subsequently is stopped and the sample is allowed to exchang
CO2 for ethanol. This step is repeated until all of the ethanol is
removed from within the sample. The sealed chamber is then
gently warmed and the pressure is monitored. As the temper
ature and pressure reaches 31� C and 1072 psi, the sample is
observed through a window to go dry. Once the temperature
and pressure exceeds the critical point, the pressure is slow
released to and the chamber is unsealed to remove the sample
The sample must be stored in a dry environment to prevent
rewetting. Careful dehydration and CPD will minimize but not
eliminate sample shrinkage with the amount of shrinkage
depending on the sample structure and initial water content
(Figure 5).

An alternative to CPD uses hexamethyldisilazane (HMDS
C6H19NSi2) to dry biological specimens. After graded dehy-
dration with ethanol, HMDS is used to � rst in� ltrate and then
dry the sample. Because HMDS has little surface tension, th
specimen is exposed to weak drying forces as the chemic
sublimates, resulting in relatively good preservation of bio-
logical substructures when compared with air drying. The main
advantage of using HMDS is that this chemical is relatively
cheap compared with the expense of purchasing a critical poin
drier. HMDS is considered toxic, however, and should be used
and kept in a chemical hood with good ventilation. Although
comparable, CPD most often is preferred because HMDS only
reduces but does not completely eliminate the effects of drying
by surface tension on the specimen.
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Figure 4 The phase diagram of CO2 showing it critical point with
respect to pressure and temperature. Courtesy Creative Commons,
Ben Finney, and Mark Jacobs.

Figure 3 Types of radiation emitted by a sample as the result of impact with the electron beam of an SEM.
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Figure 6 shows two images ofSalmonella newportimaged
with an SEM. The image on the left was air dried and shows
a � attening of the bacteria into a single layer. In addition to
being � attened, the bacteria also appear damaged as one wou
expect from the extreme drying forces acting on their structure
The image on the right shows the same bacteria prepared b
CPD. These bacteria appear perfectly preserved with some
the microorganisms shown delicately standing on end (white
arrows) instead of being� attened against the substrate, which
is characteristic of drying. Several show delicate� bers extending
from the bacteria to the substrate, which cannot be seen in the
air dried sample.
Mounting the Specimen

Once the specimen is dried for SEM, it is mounted onto an
aluminum stub for insertion into the SEM. The mounting of
the sample to the stub must both ground the sample and hold
it � rmly to the stub. For larger scaled specimens like dried
biological tissues and materials, this can be done in one of two
ways. In the� rst, the specimen can be glued directly to the stub
using a conductive glue (most commonly made of carbon,
graphite, or silver) that is applied to the stub in much the same
way as nail polish. Care must be taken when using this method
so that the glue does not re-wet the sample after CPD. Th
second method involves applying conductive double-sided
sticky tape to the stub. One side sticks to the stub while the
other sticks to the sample. Sticky tapes are available made o
carbon, copper, or simple cellophane (Scotch� , 3M) tape.

Some specimens that must be mounted for SEM ar
microscopic. These smaller scaled specimens, like bacteria a
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Figure 5 Specimen preparation scheme for SEM.

Figure 6 The images on the left and right are ofSalmonella newport. The specimens were prepared identically except that the specimen on the left
was allowed to air dry and the specimen on the right was critical point dried. The scale bar is 2mm.
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protein complexes, ideally should be applied to a smooth
surface for the substrate (aluminum stub) not to obscure the
specimen. In these instances, droplets of the hydrated sample
can be deposited on to 10 mm round cover slips, which have
been pretreated with poly-L-lysine. The poly-L-lysine acts to
bind the sample in solution to the glass and Glutaraldehyde
can be used to further cross-link the sample to the poly-L-lysine
coating before drying the sample. After drying, the cover slip
can then be glued directly to the SEM stub by either of the two
methods already described. Alternatively, microscopic sample
can be dried in � lter paper envelopes and then dusted onto the
surface of stubs coated with scotch tape that provides a smoot
background.
Regardless of size, a conductive coating usually is deposite
on a nonconductive specimen by sputter coating or carbon
coating it (see the following section) once the specimen is
mounted to the stub. This provides a line to ground, mini-
mizing charge build-up on the sample.
Cryo-SEM

Some samples cannot be dried easily because they contain oi
and fats rather than water. These types of samples like cream
and greases remain� uid at room temperature and cannot be
viewed with a conventional SEM. Other samples are suspende
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in a liquid or contain such a high amount of liquids that
removing that liquid would result in structural collapse.

Cryo-SEM is a technique used for imaging specimens in
frozen preserved state. Maintaining the sample frozen prevent
out-gassing of the sample and makes it competent for the high
vacuum environment of an SEM. The system works by
employing both a cryostage and an onboard sputter coater. Th
cryostage works by keeping the SEM stage and therefore t
specimen at temperatures below that at which free water would
be withdrawn or sublimated from the sample by the vacuum.
In this procedure, the sample is� ash frozen in a liquid nitrogen
slush, and while frozen, it is transferred under vacuum onto the
cryostage or into a cryopreparation chamber where it is main
tained in a frozen, preserved, and solid state. The sample ca
either be imaged as is, or it can undergo fracturing to revea
internal structure. When the sample is fractured, a knife (often
just a razor blade) is used to cleave the frozen sample, whic
causes a fracture plane to propagate throughout the sampl
revealing a freshly cleaved surface. As the fracture propaga
through the specimen, it follows the path of least resistance
which tends to go around biological structures like protein
complexes and lipid bilayers revealing structures embedded in
the frozen medium of the sample matrix. These structures ar
further revealed by using the high vacuum of the microscope or
preparation chamber and slight warming of the sample (�85
to �100 � C) to sublimate some of the unbound water from the
surrounding substructures. SEM is a surface imaging techniqu
so removing this unbound water allows the more solid struc-
tures to be revealed, providing the topography required for
good imaging. Once sublimation has occurred, the built-in
sputter coater (discussed in the following section) is used to
coat and electrically ground the sample with a thin metal
coating while the sample is maintained frozen and the struc-
tures are preserved.

Cryo-SEM has several advantages. The� rst is that because
the sample is� ash frozen and preserved in a solid state, there i
no need for CPD. Samples retain their hydrated state s
collapse of small detail due to surface tension is avoided. This
technique is useful when examining samples, such as polymers
that are particularly sensitive to beam damage because the co
stage offers some protection from damage caused by the ele
tron beam.
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Variable Pressure SEM

The disadvantage to the cryostage is that frozen samples are n
studied in their normal state, which often is at room temper-
ature. At room temperature, wet or moist samples appear to be
impossible to examine by SEM because they out-gas an
degrade the high-vacuum environment, greatly compromising
the formation of a coherent electron probe. This problem is in
part solved by the development of variable pressure (VP) o
low-vacuum scanning electron microscopes (LVSEMs), whic
allow imaging of semiwet uncoated samples in slightly gaseous
low-vacuum environments. Because electrons do not trave
very far or ef� ciently in any sort of atmosphere, most electron
microscopes (both scanning and transmission) require high
vacuum for imaging to be achievable. LVSEMs however hav
been developed that separate the high-vacuum electron optic
from a low-vacuum viewing chamber by way of pressure
limiting apertures (PLA). Because these chambers can b
pumped independently, VP or LVSEMs can be used in eithe
high- or low-vacuum modes, allowing the instrument to
function both as a typical SEM and as a low-vacuum instru-
ment (Figure 8).

Normally the high-vacuum chamber in a VPSEM is separate
from the low-vacuum viewing chamber by an intermediate
chamber creating a two-step‘vacuum’ gradient to the specimen.
These chambers communicate by way of two PLA isolating
chambers that have independent pumping systems. As the hig
energy beam encounters gas molecules, the electrons within tha
beam collide and scatter, causing the current density of the
focused spot to decrease dramatically. The amount of scatterin
is dependent on the aperture sizes; the accelerating voltage; an
the pressure, amount, and type of gas in the microscope. For th
beam to be used for imaging, enough of the focused beam mus
remain to produce a suf� cient signal. This happens only because
as the beam becomes scattered, the scattered electrons fo
a cloud or envelop around the central focused unscattered
beam. Because the scattered electrons have a much lower curre
density, they provide only background noise in the images,
whereas the focused beam produces enough of a signal t
construct an image.
Sputter Coating

A nonconductive sample will absorb primary beam electrons
and gradually build up a negative charge. This negative charg
causes de� ection of the primary beam in an incoherent manner
that creates an unstable rastering that is characterized by whi
noise in the image. To prevent this, the sample must be
grounded electrically to provide a conductive path for the
negative charge to escape. Grounding of the specimen normall
is achieved by depositing a metal coating over the surface of th
sample, which is the point of contact between the incident
beam and the specimen. This process is performed usin
a sputter coater.

A typical sputter coater is composed of a vacuum chamber
a magnetron onto which is mounted a metal alloy target
source; and a vacuum system designed to bleed a sma
amount of argon into the vacuum chamber to create a partial
vacuum. Once the dry specimen is placed into the partial
vacuum of the sputter coater, enough current is sent through
the magnetron to eject atoms from the target. Argon is used
because of its higher atomic number, to reduce the energy o
these atoms by causing collisions that alter the paths and
energies of the atoms on their way to the specimen. The
interaction between the argon and metal ions creates a plasm
glow and its absence indicates that either the vacuum is too
high or not enough argon is being bled into the system.
Ultimately, metal ions whose paths are altered and realtered
by collisions in the plasma � nd their way to the specimen from
many different angles evenly coating the specimen and
providing a line to ground.

Alternatively, carbon� lm can be deposited over the sample
to ground it. Some commercial sputter coaters have carbon
deposition attachments for this purpose. Carbon � lm is
sometimes used because metal� lms may complicate elemental
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analysis, such as energy-dispersive X-ray spectroscopy (EDS)
creating false or interfering signals.
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Imaging

To record meaningful images from the microscope, numerous
factors have to be taken into account. These include the size o
the specimen or feature of interest relative to the resolution
limitations of the instrument, the magni � cation, the voltage,
the spot size, and the scan speed, to mention a few. An SEM
uses an electron probe of a speci� c size and current density to
scan the sample surface. The probe size is governed by t
electron optics, while the current density is governed by the
electron source. As one would expect, larger spot sizes
probes generate stronger signals but produce lower resolutio
images because their larger cross section cannot detect deta
smaller than their beam diameter. Conversely, smaller probe
sizes have smaller cross sections and pick up smaller detai
but rather produce weaker signals due to their smaller relative
current densities. A good SEM microscopist must set th
imaging conditions to � t the level of detail that needs to be
recorded. Larger samples that require lower magni� cation
ranges may be imaged with larger probe sizes and faster sca
speeds than specimens that have� ner detail. Conversely, very
small detail in the sample requires smaller probe sizes and
slower scanning (more information points recorded) to ach-
ieve the higher resolution necessary for properly recording the
desired images.

Voltage also plays a signi� cant role in the resolution
achievable by SEM. The higher the accelerating voltage (kV
the more signal is generated when scanning the surface o
a specimen with smaller probe sizes. Here, again, the micros
copist must understand the interaction of the electron beam
with the specimen. Although higher voltages produce greate
signals, they also produce more noise. The reason for this i
that a higher voltage produces a higher energy electron beam
These higher energy electrons penetrate deeper into the spe
imen and produce signals from deeper within the sample.
Some of these signals can originate from distances far awa
from the probe’s location, and therefore, they do not accu-
rately relate the signal at that location to the surface, thereby
adding noise to the image. A lower energy usually is preferred
if the object is to record the � ne detail on the sample surface.
A higher kV, more energetic beam is desired if information is
required from beneath the sample surface as for analytica
information. For this reason, lower accelerating voltages
should be used, in conjunction with smaller spot sizes and
slower scan speed to achieve the best resolution of sma
surface detail with � nal kV choice also in� uenced by sample
composition and density.

As alluded to in the description of the imaging, the current
density of the probe is an important factor to consider for
imaging with an SEM. The current density of the SEM is in par
limited by the source of electrons generated by the electron gun
of the microscope. An SEM electron gun can be of two types
(1) thermionic, utilizing tungsten or LaB6 (lanthanum hex-
aboride) � laments or (2) � eld emission gun (FEG) that
depends on extracting the primary electrons from the� lament.
Thermionic emission occurs by passing current through the
� lament to generate heat. When enough current is applied, the
heat exceeds the binding potential of the electron to the surface
of the � lament and the electrons are ejected from the� lament
and the gun into the microscope. FEGs work by applying
a strong electric� eld between the FEG tip and the anode, which
causes the tip to release electrons.

The most important role of the � lament is to provide the
brightest most coherent beam possible. As the total area of an
electron gun tip is made smaller, that is, as the tip becomes
sharper, the electron beam emitted from that tip becomes more
coherent and has greater current density (because the electro
are escaping the� lament from a smaller area). The tungsten
� lament is composed of a hairpin tungsten wire from which
electrons are emitted at the tip. This� lament has the largest and
broadest area for an electron gun source and produces th
lowest current density and lowest coherence of all the� la-
ments. Lanthanum hexaboride is a crystal that is also used a
a thermionic � lament in electron microscopes. Because its tip
has a smaller unit area, it has better performance than a tung
sten � lament.

FEGs have the smallest cross section of all the� laments
consisting mainly of a sharpened tungsten point. Because o
the superior coherence and beam density, these� laments
produce the highest resolution probes from SEM. FEG SEM
are higher resolution instruments that generally are more
expensive and more specialized than the lower end thermal
emission instruments utilizing tungsten or LaB6 guns
currently available on the market. There are two types of FEG
(emitters): a cold cathode emitter and a Schottky emitter. The
cold cathode emitter has a sharper tip and produces a brighte
and more coherent beam than the Schottky emitter. It,
however, contaminates frequently, which reduces its perfor
mance requiring that it be periodically ‘� ashed’ to remove the
contamination. The Schottky emitter contains zirconium
oxide (ZrO) that reduces contamination and improves
stability of the tip, providing a longer life.
Detectors

Two types of detectors commonly are used to scan the surface
of specimens in an SEM. These are thesecondary electron(SE)
detector and the backscatter electron(BSE) detector. The SE
detector is the primary detector in virtually all SEMs. It is
optimized to detect low energy (<50 eV) electrons emitted by
the specimen in response to exposure to the electron beam. Th
low-energy electrons are generated from beam electrons inte
acting with electrons in sample atoms resulting in the SEs being
ejected from the atoms. These inelastically scattered electron
escape from within a few nanometers of the surface of the
sample and thus contain information about that surface
topography. The SE detector, also known as an Everhar
Thornley detector, uses a scintillator coated with a phospho-
rescent layer in a faraday cage to attract secondary electron
This works by biasing the faraday cage toþ400 V, while the
scintillator is biased to þ2000 V, causing the low-energy low-
angle secondary electrons emitted from the specimen to� rst be
attracted and then accelerated toward the scintillator. Afte
striking the scintillator, the phosphorescent layer emits light
� ashes that are transmitted outside the specimen chambe
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through a light pipe to a photomultiplier. The signal is
ampli � ed and enhanced, with the output signal then digitally
converted and displayed as a two-dimensional (2D) array
representing the 2D scanning of the microscope.

The most common type of BSE detector is composed o
several semiconductors located around the bore of the micro
scope’s � nal lens and used to detect high-energy elasticall
scattered electrons. These electrons originate from the prima
electron beam and are re� ected backward or backscattered a
high angles by interaction with the nuclei of the specimen
atoms. Higher atomic number, and thus denser, elements
produce more backscattered electrons than lower atomi
number elements. Thus, regions containing heavier element
appear brighter than those with lower density elements
enabling the BS detector to record compositional differences in
the sample. Unlike the secondary electrons that are generated
the specimen within a few nanometers of the surface, the high
energy backscattered electrons can escape from deeper with
the specimen.

Regardless of the detector type the images that are record
are displayed as a 2D array in which pixels represent relativ
counts of electrons at each specimen point on the surface. Th
lighting and shadowing effects that are created are the result o
the signals generated by the scintillator and their geometry
relative to the detector and not by any direct lighting. As the
sample is being scanned, the detector will pick up less signa
from surfaces that face away from the detector than surface
that point toward the detector. Those surfaces that point away
from the detector will appear darker and consequently more
shadowed than surfaces that point toward the detector, creating
the lighting effects that are characteristic of SEM image
Because the SE detector is located to the side of the samp
chamber, it will generate images having more highlight and
shadow than the BS detector, which sits above the sample.
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Figure 7 Cryo-SEM of cream cheese showing the fat globules and
protein aggregates present in the cheese.
MagniÞcation, Resolution, and Scale Bars

The magni� cation of the instrument is determined by the size
of the area being rastered by the instrument on the specimen’s
surface divided by the display size. As the specimen area ov
which a speci�c rastering is being performed is decreased, th
displayed image appears to be at higher magni� cation. For
instance, for a specimen being rastered by a 1280� 960 scan
over an area of 1� 0.75 mm, decreasing the scanned area b
half to 0.5 � 0.375 mm using the same 1280� 960 rastering,
would effectively double the magni� cation. This means that
decreasing the area being scanned effectively increases
magni� cation of the image. At the same time, the resolution of
the scan could go from 0.78 to 0.39 nm per pixel. The increase
in resolution is due to more dwell time and additional signal
generated from each sample location over the shorter sca
distance.

At this moment, it is important to understand that the
interaction of the beam with the specimen surface at these
sampling points is a teardrop shaped interaction. This inter-
action is narrowest at the point of contact and then broadens
below the surface of the specimen. This interaction is called the
interactive volume and is the place in specimen from which all
the signals are generated by the beam (SE, BSE, and X-ray).
the image is rastered over a larger area denoting a lowe
magni� cation, the interactive volumes are spread over a large
area. As the same rastering is conducted over a smaller ar
(higher magni� cation), these volumes begin to overlap,
creating noise. Once the noise generated by the overlappin
signals exceeds the true signal generated by the rastering, t
resolution begins to fall. Any magni� cation of the instrument
beyond this point is called ‘empty magni� cation’ because any
increase in magni� cation does not improve resolution. Empty
magni� cation is avoided by reducing the probe size, and
thereby reducing the interactive volume and its subsequen
overlap in the rastering. This comes at a price, however, becau
smaller probe sizes have lower current densities and less signa
Understanding the beam probe size and scan speeds and ho
they relate to both resolution and image quality are vital for the
microscopist collecting data with an SEM.

Most SEM microscopes have customizable data bars tha
can display the specimen name and imaging conditions used to
record the data along with the images (Figure 6). One can
choose to include such parameters as detector type, voltage
spot sizes, magni� cation and a scale bar. Counterintuitively,
however, magni� cation is not necessary. The reason for this i
that output magni � cation is only relevant to the size of the
original display. That same recorded image can be displayed in
a publication or the projection screen at a seminar resulting in
vastly different magni� cation. What is accurate, however, is the
scale bar, and a scale bar should always be included in image
The scale bar always gives the observer the proper scale a
perspective necessary to make the data understandab
(Figure 7).
X-Ray Elemental Analysis by SEM

Another signal that is emitted by the specimen as the result o
bombardment with the electron beam is X-ray radiation. This
occurs when electrons from lower orbitals are ejected a
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Figure 8 Schematic of a vacuum system of a variable pressure (low
vacuum) SEM.
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secondary electrons from atoms as the result of exposure to th
electron beam, leaving‘holes’ in the lower shells of the atom.
The electrons from higher orbitals in these atoms then fall into
these holes reestablishing the lower energy state. This proce
Figure 9 EDS of an SEM specimen con�rming the presence of titanium,
misleading because the specimen stub usually is made of aluminum.
causes a release of energy in the form of z-rays. The energy
the X-rays is directly related to both the orbitals and the
elements from which the electrons originated. The energy
spectrum of these X-rays can be detected and used for element
analysis of the specimen being examined. Elements from boron
and higher will generate X-rays that can be detected an
quanti � ed. Their locations can often be mapped to the image to
give a good idea of their distribution within the sample
(Figure 9).

The energy of the electron beam emitted by the gun in the
microscope plays a critical role in the X-ray signals emitted
from the specimen. The electron beam must have suf� cient
energy to knock electrons from their lower orbitals in certain
elements. The higher atomic number elements require more
energy than lower atomic number elements and therefore
higher kV usually is used for EDS than for imaging when
looking for heavy elements. Because the SEM is a lower voltag
instrument than a typical transmission electron microscope
(TEM), the SEM is limited in what elements it can detect and
identify by EDS. Additional factors, such as sample position,
surface topography, and total beam current (usually regulated
by spot size) are important in producing suf� cient X-ray signal
for accurate analysis.
Serial Block-Face Scanning Electron Microscopy

Serial block-face scanning EM is a relatively new technique tha
was developed by Horstmann et al. at the Max Planck Institute
zinc, aluminum, and other elements in the specimen. Aluminum is
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in 2004. The method recently has been commercialized and
made available as an accessory for some models of SEM
(http://www.gatan.com). This technique works by automating
serial thin sectioning and scanning of an embedded tissue o
sample in an SEM. The system can be set to process a specim
over an extended period of time, for instance 1 day or 30 days
The result is an aligned stack of digital images that togethe
reconstruct in three dimensions (3D) the density map of the
specimen. Each SEM recorded image is similar to the image
recorded by conventional TEM of thin sections. Although the
SEM does not have the resolution available in TEM at highe
magni� cations, there is enough resolution at the lower
magni� cation range of the SEM to be comparable to same
range in the TEM.

Serial block-face SEM works by mounting a computer
controlled ultramicrotome capable of ultrathin (10 –70 nm)
sectioning a specimen to the inside of an SEM specime
chamber. The SEM stage and the microtome then work togethe
to move the sample incrementally upward as the microtome
employs a diamond knife to slice the sample. The SEM is then
used between slices to scan the freshly exposed surface us
the backscatter detector of the microscope. Because the tissue
heavy metal stained to enhance contrast, the SEM is able t
scan an image composed of the density differences between th
plastic and the specimen producing a 2D image similar to those
recorded by classical TEM. Because movement of the stage
restricted to upward movement, eventually, a 3D digital stack
of images is made that represents the 3D structure of the tissu
being examined. This structure can then be used to examin
and dissect the tissue in 3D, making this technique a powerfu
new tool in sample analysis by SEM.
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Conclusion

The SEM is an impressive tool that allows researchers
investigate the surface structure of many types of materials. Th
instrument has seen a variety of technological improvements
over the past 20 years, which include advancements in cryo
SEM and the development of cryostages, VPSEM, FEGs, E
digital processing, and now serial block-face SEM. This instru
ment can be useful in the � eld of food microbiology for
investigations of microbial interactions with food, food prep-
aration, and sterilization as well as for studies involving
human–veterinary interactions with food and microbes. The
versatility of this instrument makes the possibilities endless.
Disclaimer

The � ndings, information, and conclusions in this article are
those of the author and do not necessarily represent the of�cial
position of the U.S. Food and Drug Administration.
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Introduction

In a wide variety of �elds such as food hygiene and wate
quality assessment, it is becoming more and more important to
be able to measure the number of microorganisms in a short
period of time. The plate-count method is the standard for
determining the number of microorganisms due to its high
reliability, despite the requirement for a long incubation period
lasting from 12 h to a few days. A number of other methods,
which measure the number of microorganisms in shorter
periods, have been developed and commercialized. Fo
example, optical methods using light scattering or penetration,
chemical analysis such as chromatography, impedanc
methods, and ATP methods are attractive alternatives to th
conventional plate-count method. The ATP method can detec
microorganisms in a particularly short time period, typically
a few minutes. The new methods are, however, not very reliabl
and/or count dead cells as well as living cells.

For example, visualization of the intracellular calcium ion
and pH distribution has been widely carried out in the �eld of
cell biology. Progress in this imaging technology has greatly
contributed to understanding the role that calcium ions play in
cell functions. However, the method for measurement of
extracellular calcium has not been widely used.

In order to count only the living microorganisms with high
reliability, a scanning laser beam chemical-imaging sensor ha
been developed that allows the detection of changes in the pH
value in agar medium acidi�ed by microorganisms. Microor-
ganisms consume nutrients, such as glucose, and excre
carbon dioxide produced by aerobic respiration and lactic acid
by glycolysis.

The chemical-imaging sensor is based on the light
addressable potentiometric sensor (LAPS). LAPS was intr
duced by Hafeman et al., in 1988. This is similar to the
conventional semiconductor pH sensor, the ion-sensitive�eld
effect transistor (ISFET), as the LAPS detects Si surface poten
change in order to detect pH in solution. However, the ISFET
uses aluminum electrodes on the sensor surface as source a
drain electrodes, with an epoxy resin to prevent an electric
short. This is disadvantageous for measuring the solution
Although it is easy to make the single sensor of the ISFET, it
dif�cult to attain the integration of the sensor. Since the LAPS
locally addresses the sensor surface by a light, unlike ISFE
aluminum electrodes are not needed at the surface. Therefor
the LAPS is a very attractive method for the integration and
array of a chemical sensor.
Hole

Valance band Depletion
layer

Figure 1 Energy band diagram of an electrolyte insulator
semiconductor (EIS) structure.
Chemical-Imaging Sensor (pH-Sensing Microscope)

Principle

Figure 1 shows the energy band diagram of an electrolyte
insulator semiconductor (EIS) structure. When light with more
energy than the band gap of Si (1.1 eV) illuminates the back of
702 Encyclopedia of Food
the Si substrate, electrons in the valence band are excited into th
conduction band. Positive holes in the valence band as well as
electrons in the conduction band are generated as photocarriers
If the carriers diffuse into the depletion layer between the Si and
the insulator, charge separation is induced due to the potential
gradient of the depletion layer, and a transient photocurrent
�ows through the EIS structure. The alternating photocurren
�ows by illuminating a modulated light. The photocurrent can
be expressed byeqn [1].

I ¼ qfh ð1 � QÞexp
�

�
d
Lp

�
Ci

Ci þ Cd
[1]

where q is an elementary charge,f the number of illuminated
photons, h the quantum ef�ciency,Q the re�ective index,d the
Si substrate thickness,Lp the diffusion length, Ci the insulator
�lm capacitance, andCd the depletion layer capacitance. The
diffusion length Lp can be expressed witheqn [2].

Lp ¼
������
Ds

p
[2]

where D and s are the diffusion coef�cient and the lifetime
of minority carriers, respectively. The depletion layer capacity
Cd is

Cd ¼
3s

W
¼

3s

LD

�
1 � ebj Sþ

pno

nno

�
e� bj S� 1

�
�

����������������������������������������������������������������������������
ðebj S� bj s � 1Þ þ

pno

nno

�
e� bj S� bj s � 1

�
r

[3]

where3sis the permittivity of Si; W is the width of the depletion
layer;nno and pno are the electron and the hole concentration of
the Si substrate, respectively;j is the surface potential of Si; and
LD is the Debye length. b ¼q/kT, where k is the Boltzmann
constant andT the absolute temperature.

Figures 2 and 3show the photocurrent–surface potential or
photocurrent–bias voltage (I–V) characteristics.Figure 2 is the
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00218-4

http://dx.doi.org/10.1016/B978-0-12-384730-0.00218-4


d
f
e

-

t

,

e

es

t

,

rge

,

–0.8 –0.4 0 0.4

Surface potential (V)

P
ho

to
cu

rr
en

t (
a.

u.
)

C
ap

ac
ita

nc
e 

(a
.u

.)

Depletion

Inversion Accumulation

Figure 2 Dependence of photocurrent and capacitance
on Si surface potential (simulated result).
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simulated result, and Figure 3 is the experimental result. The
capacitance–voltage (C–V) characteristics are also represente
in each� gure. The vertical axis corresponds to the amplitude o
ac photocurrent. Since n-type Si is used, the negative side of th
surface potential or bias voltage corresponds to the inversion
condition for the Si region between the semiconductor and the
insulator, and the positive side corresponds to the accumula
tion condition. No photocurrent � ows through the EIS struc-
ture for the accumulation. As surface potential or bias voltage is
negative, the photocurrent increases steeply. The photocurren
is saturated for the inversion. The detectable current� owing
through the extra circuit depends on the depletion capacitance
as shown in eqn [1]. For inversion, the width of the depletion
layer is saturated with the maximum value, and the capacitance
of the depletion layer is constant with a minimum value.
Therefore, the current� owing through the extra circuit is large.
On the other hand, for depletion and weak inversion, the width
of the depletion layer changes as the bias voltage varies. Th
photocurrent strongly depends on bias voltage or surface
potential. For accumulation, no photocurrent � ows because
the charge separation does not occur. The capacitance chang
in the depletion, and the photocurrent changes in the weak
inversion, are shown in Figures 2 and 3. The region of transi-
tion for the I –V curve is narrower than that for the C–V curve.
This is due to the conductance of the majority carriers. The
value of conductance is large for the depletion, so the curren
for the region is suppressed.

Figure 4 shows the I–V characteristics for various electrolyte
solution pH values. As the pH of the electrolyte solution
changes, the I–V curve shifts along the bias voltage direction.
This can be explained by the site-binding model. When the pH
of the electrolyte solution is low or acidic, the proton in the
electrolyte solution binds with the silanol site (SiOH) and the
amino base (NH2), existing on an Si3N4 surface. As a result
SiOH2

þ and NH3
þ form, and the sensor surface has a positive

charge. Conversely, for the electrolyte solution of an alkali, the
silanol and amino sites become SiO� and NH� , respectively,
and the sensor surface has a negative charge. This surface cha
induces a potential change in semiconductor Si, and the
potential leads to the I–V curve shift. In the present system
the shift value is approximately 56 mV pH� 1, even though the
theoretical value is 59 mV pH� 1 at room temperature. In order
to shorten the measurement time, the pH value is determined
by measuring the photocurrent at a� xed bias voltage instead of
directly measuring the shift value.

Figure 5 shows a block diagram of the chemical-imaging
sensor. The sensor is made using the following process. The 10–
20 U cm n-type Si wafer is thermally oxidized, and then the
Si3N4 � lm is deposited on the SiO2/Si using low-pressure
chemical vapor deposition. The thickness of the SiO2 and Si3N4

� lms is 50 and 100 nm, respectively. After removal of the
backside of the insulator� lm (Si3N4/SiO2) on the Si substrate,
a gold � lm containing 0.5% antimony is deposited on the
backside of the Si substrate to form an ohmic contact with
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the Si substrate. An electrolyte solution is in contact with the
insulator on the Si substrate, which forms the EIS structure. A
potentiostat is employed for applying bias voltage to the
semiconductor Si with respect to the electrolyte solution. Silver
(or silver chloride) and platinum wires work as reference and
counter electrodes, respectively. The photocurrent converts th
voltage by I–V converter, and then the value is determined
using an analog-digital converter (ADC) and a personal
computer.
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Figure 6 Relation between spatial resolution and Si thickness.
Spatial Resolution

As a focused laser beam illuminates the backside of the S
substrate, the photocarriers induced at this side must diffuse
across the Si substrate to the depletion layer between the Si an
the insulator to produce photocurrent. Therefore, the lateral
diffusion of photocarriers restricts the spatial resolution of this
sensor. Equation[1] can be converted toeqn [4] by considering
the diffusion of carriers in the Si substrate so that the photo-
current � ows through the EIS structure.

I ¼
Z Z Z

q4hð1 � QÞf ðpHðx; yÞÞIpa expð� azÞ

�
d � z

4p
�
x2 þ y2 þ ðd � zÞ2� 3=2

� exp

0

@�

�������������������������������������
x2 þ y2 þ ðd � zÞ2

q

Lp

1

A dxdydz

[4]

where (x, y, z) shows the coordinate, the illumination point is
(0, 0, 0), pH ( x, y) is the pH value at the point (x, y) on the
surface,f (pH) is a response function ranging from 0 (for lower
pH) to 1 (for higher pH), and a is the absorption coef� cient for
Si. For simplicity, provided that all photocarriers are generated
at the backside of the Si substrate,eqn [5] can be used for the
simulation.

I ¼q4hð1 � QÞf ðpHðx; yÞÞ �
d

4pðx2 þ y2 þ d2Þ3=2

� exp

 

�

��������������������������
x2 þ y2 þ d2

p

Lp

!

dxdy

[5]

Figure 6 is the simulated result of spatial resolution as
a function of the Si substrate thickness usingeqn [5]. The
thinner the Si substrate, the better the spatial resolution.
Previously, we performed the following experiment. The
photoresist with a various line and space (L&S) pattern is
formed on the sensor, and then a metal� lm is deposited on the
whole surface. In this way, the microscopic distribution of the
Si surface potential is produced instead of the pH distribution
in order to perform the spatial resolution experiment. The
images obtained experimentally agreed well with the simulated
image usingeqn [5] for Si thicknesses of 630, 300, and 100mm.
These results indicate that the spatial resolution can be est
mated using the carrier diffusion model, and that the thinner Si
layer of the sensor results in improvement of the spatial
resolution.

A mechanical polish and etching technique is used to
make sensors with Si thickness of 100mm. However, in order
to make the Si substrate thinner than 100mm, it is dif � cult to
thin the whole Si substrate due to the mechanical intensity of
the sensor structure. We attained a sensor with high spatia
resolution and strong mechanical intensity by thinning a part
of the Si substrate by etching. We have been able to reduce th
Si substrate to 20mm and to obtain spatial resolution better
than 10 mm. The results showed that the Si layer thickness wa
not uniform after etching. This nonuniform Si substrate
thickness created an unevenness in the two-dimensiona
image, so it was dif� cult to observe the pH distribution
practically.
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Figure 7 Experimental result of spatial resolution using SOI wafer.

Figure 8 Detection of microscopic pH distribution
by ion exchange resin.
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The sensor was constructed with an Si layer of uniform
thickness using bonded silicon-on-insulator (SOI) wafers
instead of Si wafers. Anisotropic chemical etching was used fo
removing the Si bulk layer of the SOI wafer. In order to protect
the sensor surface completely, the one-sided etching techniqu
was employed, and the sensor surface did not contact th
etching solution. The etching solution was 20% potassium
hydroxide (KOH) solution at 80 � C.

The image of the spatial resolution from the sensor with
a 20mm Si layer is shown in Figure 7. In this � gure, the 5 and
10 mm L&S patterns are shown clearly.

The uniformity of the Si layer thickness is thus improved. In
addition, this result indicates that a practical sensor with
a spatial resolution better than 5mm is fabricated. The two-
dimensional chemical information in a solution can be
microscopically measured using a sensor with such high spatia
resolution. For example, we would be able to observe the pH
distribution induced by the metabolism in a single cell, and
estimate the metabolic activity of each microorganism.
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Figure 9 Line pro� le of the results illustrated inFigure 8.
pH Resolution

In addition to spatial resolution, pH resolution has to be
considered as a factor in� uencing the sensor characteristic. Th
pH resolution is mainly governed by the signal-to-noise ratio
(S–N) of the measuring signal. It is possible to improve the S–
N by lengthening the measurement time or integrating the
signal. However, a pH gradient in a solution decreases with
time because of diffusion of protons and, � nally, the pH
distribution becomes uniform. Therefore, a shorter measure
ment time for one image is necessary. Since the X–Y stage is
presently used for the two-dimensional scanning, it dominates
the measuring time for one image; for example, it takes abou
30 s to measure one 64� 64 mm2 image (64 � 64 pixels). The
evaluation of measuring time on pH resolution was performed
experimentally. The result is shown inFigure 8. To form a very
small pH gradient, a very small and unpuri� ed ion exchanger
was placed on a thin agar� lm. The pH distribution of the agar
was then measured. The line pro� le of the acidi� ed region in
Figure 8 is shown in Figure 9. Although the line pro � le of the
pH value is almost constant for 2 min, the central value for 30
and 60 min is smaller than that of the surrounding region by
0.045 and 0.03 pH units, respectively. This result indicates tha
the pH resolution is 0.01.
Application

Ion Exchange Resin

Figure 10 shows an example observation of two-dimensional
pH distribution using the chemical-imaging sensor. The pH
distribution was measured when the ion exchange resin wa
placed on the agar � lm. We used a cation exchange resin
(Amberlite IR-120B, sulfonated type, Organo, Japan), which
received Kþ and Naþ and released the protons. The gel� lm was
prepared with a solution containing 1.5% agar and 0.1 M KCl.
The pH was adjusted to 7.4 with NaOH. The thickness of ge
� lm is 0.5 mm. Two-dimensional pH imaging was repeated
using a single-cation ion exchange resin as the source fo
transient microscopic pH distribution. We found that, after
placing a resin particle on agar� lm, the acidi� ed area, which
corresponds to the black region, becomes larger over time
Also, as shown in Figure 10, the resin puri� ed with HCl
produces a larger acidi� ed region and makes the pH of the
region lower than with the unpuri� ed resin. From these results
we concluded that the resin performance was re� ected in the
pH image.
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Figure 10 pH distribution in gel induced by ion exchange resin.
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Figure 11 Amount of total proton release.

Figure 12 pH distribution in electrolyte solution induced by the elec-
trolysis. (a) Before electrolysis; (b–o) after the� rst electrolysis; and (p–z)
after the second electrolysis.

706 MICROSCOPYj Sensing Microscopy
The amount of protons released from the particles of ion
exchange resin can be calculated by spatial integration o
proton concentration from the pH image using eqn [6].

N ¼
Z Z

10� pHðx;yÞ� 10� pH xy [6]

where pH (x, y) and pH are the pH values at the point (x, y) and
background pH value of the agar� lm (pH: 7.4), respectively.
The pH distribution perpendicular to the sensor was assumed
to be zero. Figure 11 shows the calculated result. The tota
amount of the released protons was con� rmed to be 100 times
larger with the puri� ed resin than with the unpuri � ed resin.
Moreover, the amount of released protons was maximal by
around 9 and 5 min with the puri � ed and the unpuri� ed resin,
respectively. From this result, the activity of the ion exchange
resin was evaluated as a two-dimensional pH image using this
sensor. The pH distribution can also be used for the accurat
evaluation of the proton diffusion in agar because the pH can
be quantitatively measured, unlike evaluation with a � uores-
cence microscope.
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Electrolysis

Two-dimensional pH measurements of electrolyte were carried
out at the bottom of an electrolysis cell. The measured area wa
9.6 � 5.0 mm, and the number of measuring points was
48 � 25. The measured area included the points directly unde
both the anode and the cathode. The measuring time for each
image was 25 s. After the 15th measurement, another round o
electrolysis was carried out under the same conditions excep
for the polarity of the current.
Figure 12 shows the change of pH distribution in electrolyte
solution before and after electrolysis. Generation of pH distri-
bution was clearly shown in the pH images (Figure 12(b) ),
even though there was no pH distribution before electrolysis
(Figure 12(a)). After the second electrolysis, generation of an
opposite pH distribution was observed inside the pH distri-
bution generated by the� rst electrolysis (Figure 12(p) ).

On repetition of pH imaging, expansion of the pH-distrib-
uted region was observed (Figure 12(c–o) ). After the � rst
electrolysis, expansion of the lower pH region seemed to occu
faster than that of the higher pH region. As the two regions
became closer, the expansion became slower and then becam
distorted. After the second electrolysis, expansion of the newly
generated pH distribution was also observed in the pH distri-
butions already present (Figure 12(p) ). There were neutral pH
regions surrounding both the lower and higher pH regions
generated after the second electrolysis. The expansions of bo
lower and higher pH regions generated by the second electrol
ysis were apparently slower than those of the regions generate
by the � rst electrolysis. In addition, as both of the regions
generated by the second electrolysis expanded, those alrea
generated by the� rst electrolysis became diffused. This resul
shows that the expansion of proton and hydroxide depends on
the background pH, and that diffusion involving acid–base
neutralization could also be visualized on pH images.

It was con� rmed that the electrogenerated pH distribution
and its expansion could be imaged by two-dimensional poten-
tiometric pH imaging. Using the pH values represented in pH
images, the pH distribution was studied quantitatively. Acid and
base neutralization in a very small region was also observed. Suc
measurement and imaging are rarely possible when a conven
tional method of potentiometric pH measurement is used.

It is important in electrochemistry that the distributed pH
values around the electrodes are obtained separately from
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those in the bulk region because most electrode processe
involve pH change around the electrodes. In particular, recen
advanced technology requires electrodeposition or electro
chemical etching on a microscopic scale. The preliminary
results show the applicability of this chemical-imaging sensor
to such processes.
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Observation of Microorganisms

Yeast

When microorganisms are grown on agar medium, the two-
dimensional pH distribution of agar � lm can be visualized.
When microorganisms are incubated in culture medium, they
consume nutrients and generally excrete acidic products such a
carbon dioxide and lactic acid. Therefore, the surrounding area
becomes acidi� ed. It should be possible to direct the metabolic
activity of microorganisms by observing the atmosphere in
which the microorganisms are cultivated.

Saccharomyces cerevisiaeIFO203 was incubated on standard
agarose plates (0.25% yeast extract, 0.5% tryptone, 0.1%
glucose, and 1.5% agar) containing 0.1 M KCl. KCl was added
to reduce the impedance of agar and increase the sign
intensity. The thickness of the agar� lm was about 1–2 mm. A
surface smear technique was adopted for inoculation.

Figure 13 shows the two-dimensional pH image of yeast
colonies; the colonies were incubated on agar for 24 h at room
temperature before being placed upside-down onto the sensing
surface. Since the dark area in the image corresponds to th
lower pH value, these areas show the existence of colonies. Th
result indicated that the chemical-imaging sensor enable
colonies of microorganisms on agar medium to be observed
Furthermore, automatic colony counting may be possible by
enlarging the measuring region and combining this technique
with image-processing software.

In terms of further applications, the incubation of micro-
organisms at the interface between the sensing surface and ag
is very attractive becausein situobservation of microorganisms
during incubation can be carried out. In situ observation
provides detailed information about the growth of branches
and diffusion of various materials on agar. To performin situ
observations, the agar is brought into contact with the senso
Si3N4 surface without air bubbles after the microorganisms
are placed on the agar. Air bubbles cause an undesirab
reduction of photocurrents due to an air gap. The incubation is
Figure 13 pH distribution of agar induced by colonies of yeast.
performed in order to detect the two-dimensional distribution
of pH value due to metabolism of the microorganism. Aseptic
incubation can be performed by treating the Si3N4 surface with
alcohol. The growth rates of microorganisms between the aga
and the sensing surface were about half of those on an aga
surface.

Figure 14 shows the in situ observation of yeast colony
growth. The incubation time was 48 h at room temperature.
However, further incubation resulted in the generation of
fermentation gas, which prevented further observations. It is
noteworthy that colonies of different sizes could be seen, even
though the visual sizes of the colonies were almost the same
This is related to the initial state or activity of the microor-
ganisms before incubation, which would result in different lag
periods. The growth process of the microorganisms can b
studied by this technique.
Escherichia coli

The E. coli (JM109) used in this study was stored at<0 � C
before use. The microorganism was incubated on standar
agarose plates (0.25% yeast extract, 0.5% tryptone, 0.1%
glucose, and 1.5% agar) containing 0.1 M KCl.

The pH distribution around an E. colicolony that originated
from a single cell was observed. Three agar plates (2–3 mm in
thickness) were prepared in sterilized Petri dishes (9 cm in
diameter). Escherichia coliwas planted on the plate by the
surface smear technique. After incubation at 36� C, a 2� 2 cm
piece of the agar� lm was cut out from one of the agar plates.
The piece was placed on the sensor so that theE. colicolony
would come into contact with the sensor.

Figure 15 shows that the acidi� ed region appears after
cultivation for 10 h, and then the pH of the region decreases
and the acidi� ed area expands with the cultivation time. After
Figure 14 In situobservation of yeast colonies incubated between
the sensor and agar medium.

Figure 15 pH distribution in agar medium induced by anE. colicolony.
Incubation for (a) 10 h; (b) 13 h; and (c) 16 h.
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Figure 16 Change of pH distribution around anE. colicolony (JM 109).

Figure 17 pH distribution of agar medium by anE. colicolony
(IFO 3301). Incubation for (a) 8 h and (b) 12 h.
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cultivation for 10 h, the number of cells in and size of the
colony are approximately 10 000 and 0.3 mm2, respectively. A
colony of such size is dif� cult to count with the human eye.
Surely, this technique can be applied to the screening o
microorganisms and counting cells.

In another experiment, E. colicolonies were incubated on
a thin agar � lm (1 –2 mm in thickness) prepared on the sensor.
A small portion of an E. colicolony was picked up with a ster-
ilized platinum wire (500 mm in diameter) and placed on the
agar� lm. The size of this starting colony was about 100mm in
diameter. The pH change in the agar� lm was measured every
0.5–2.5 h until 36 h after the start of the experiment. The
colony was kept at 36� C by keeping the sensor unit in the
incubator except during the pH measurement. At night time
(between 8.5 and 22 h after the start of the experiment), the
sensor unit was kept on the equipment for the imaging.
The colony was, therefore, incubated at room temperature
(10–25 � C) during this period.

The pH started to fall after 6.5 h, and the region kept
expanding until 14 h ( Figure 16). This indicates thatE. colicells
in the colony became active after incubation for around 6.5 h
and excreted acidic products until 14 h. After 14 h, the region of
lower pH became smaller and pH increased until 18 h, at which
time the pH decreased again. This change seems to correspo
to the change of incubation temperature; the metabolic activity
was low during the night time. After 22 h, the lower pH region
disappeared, indicating thatE. colicells in the colony were no
longer active. After even longer incubation, however, pHL
increased slowly, suggesting a different metabolic path o
E. coli.

E. coliIFO 3301 was also used. Both microorganisms were
incubated on a standard agarose plate (0.25% yeast extrac
0.5% tryptone, 0.1% glucose, and 1.5% agar) containing 0.1 M
KCl.

Figure 17(a) and (b) shows the results forE. colicolonies
incubated on agar for 8 and 12 h, respectively. InFigure 17(a),
the pH value of the colony region and that of the surrounding
area differ by only 0.3. Incubation for 12 h is suf� cient for
detection of a colony of E. coli using the chemical-imaging
sensor (Figure 17(b) ). After 8 h incubation ( Figure 17(a)), the
smaller dark region at the center of the image is easily recog
nized as a colony. The other dark region at the right is due to
the uneven thickness of the sensor substrate. The dark regio
due to the colony can be distinguished from that due to
thickness� uctuation of the substrate by measuring the blank
agar in advance or measuring the I–V characteristics at each
point.

It is surprising that E. coliincubated on agar for only 8 h can
be seen. Normally, it is dif� cult to visually detect colonies at
12 h, and impossible at 8 h. The visual sizes ofE. colicolonies
incubated for 8 and 12 h were 0.2 and 0.7 mm2, respectively,
and they contained 800 and 106 living cells in the single
colonies, respectively. The acidic regions produced by th
colonies were much larger after both 8 and 12 h incubation
than the visual sizes of the respective colonies. These resu
indicate that the lateral diffusion of acidic ions produced by
E. colion agar is not negligible.
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The pH distribution around the colonies due to the gener-
ation and diffusion of metabolic products, namely acidic ions,
was examined (i.e., the total generation rate of the number of
microorganisms). The number of living cells present in a single
colony on agar at a certain incubation time was measured using
the plate-count method. The result showed that the number of
microorganisms N( t) at a time t(s) in the exponential growth
phase (4.5–12 h) is given by eqn [7].

NðtÞ ¼2ðt� t1Þ=td [7]

where the lag period,t1, is 4.5 h; and the doubling time, td, is
22 min. The generation rate of acidic ions per cell,G, was
determined by measuring the pH change in the culture liquid
using a titration method. The time dependence ofG during
incubation is neglected here for simplicity. The experimental
result yields G¼1.0 � 10� 18 (mol s � 1 cell), assuming that the
generation rate per cell is constant in the course of multipli-
cation. The effective diffusion coef� cient of acidic ions, D, was
estimated to be 2.0� 10� 5 cm2 s� 1 by � tting with the experi-
mental result. This value is comparable to that for the sulfur ion
in agar. For simplicity, the diffusion of acidic ions along a thin
surface region is only considered since surface diffusion may b
faster than bulk diffusion in agar. The size of the colony was
also neglected. When the generation point of acidic ions was se
at (0,0) and the starting time of incubation as t ¼0, the surface
density of acidic ions at a point (x, y) on the plate Z ¼0 and at
incubation time t, A(x, y, t), can be expressed as

Aðx; y; zÞ ¼
Z t

0

GðsÞ
4pDðt � sÞ

exp
�

�
x2 þ y2

4Dðt � sÞ

�
ds [8]

The exponential factor represents the in-plate diffusion on
the surface of the agar.

Figure 18 presents the simulation results usingeqn [2]. The
experimental results of the distribution for the 8 h incubation
are also shown. The simulation curve for 8 h incubation agrees
well with the experimental results, except for the slight differ-
ence at the tail. The difference is believed to be due to vertica
diffusion into the agar during the diffusion of acidic ions from
the colony to a distant surface point; a portion of the acidic ions
diffuse into the agar medium and cannot reach the surface
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Figure 18 Simulated and experimental line pro� le of pH in acidi� ed area
by E. colicolony (IFO 3301).
point. The results inFigure 18 indicate that the pH distribution
on the agar can be adequately explained by the generation an
diffusion model of the metabolic products. Since the chemical-
imaging sensor measures the two-dimensional pH distribution,
background � uctuation must be removed. Therefore, the
thickness of the Si substrate and the Si3N4 � lm must be
homogeneous in the measuring region. Further improvement of
the signal-to-noise ratio would enable the detection of micro-
organisms with a shorter incubation period and, furthermore,
would enable the observation of detailed information about the
microorganisms such as cell membrane potential, which is
typically of the order of nanovolts to microvolts.

In addition, we could make a different type of pH imaging
from those already done by existing pH-imaging methods such as
� uorescence microscopy and� uorescence confocal microscopy
which mainly deal with the pH distributions in a single cell.

Regarding the spatial resolution and time resolution, the
chemical-imaging sensor cannot compete with the� uores-
cence microscope and� uorescence confocal microscope
However, the performance of the sensor was good enoug
for observation of the metabolic activity of the microor-
ganism. Since this sensor does not require the use of a� uo-
rescent dye, it would be a better and easier method of pH
imaging in certain applications. Another attractive feature of
the sensor is that pH is measured by potentiometric prin-
ciple, which is de� ned as the standard pH measuremen
method. Therefore, for numerical evaluation of the pH
distribution, the sensor is thought to be a more reliable pH-
imaging technique than present ones, such as the colori
metric method and the � uorescence method.
Pseudomonas diminuta

Colonies of P. diminuta (ATCC 19146), which is a typical
bacterium existing in ultrapure water, could also be detected
after 3 days of incubation as shown inFigure 19. The acidi� ed
area (arrowhead) induced byP. diminutacan be seen. Ultrapure
water plays an important part in the semiconductor process
because of contact with the Si water surface. A protein of th
microorganism itself and metabolic products from the micro-
organisms reduce the purity of ultrapure water. It is very
Figure 19 pH distribution of agar medium is induced byP. diminuta
(ATCC 19146).
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important to monitor the number of P. diminutain ultrapure
water. A plate-counting method is used at present. However
the growth rate for incubation of P. diminuta is very slow.
Typically, incubation for about 1 week is required in order to
count the number of P. diminutacolonies. Also, there are very
few living cells (fewer than � ve cells per 100 ml). A shorter
incubation period is required to detect P. diminutacells using
the chemical-imaging sensor.

See also:Escherichia coli:Escherichia coli;Pseudomonas:
Introduction;Saccharomyces: Saccharomyces cerevisiae; Total
Counts:Microscopy;Total Viable Counts:Pour Plate
Technique;Total Viable Counts:Spread Plate Technique;
Total Viable Counts:Speci� c Techniques;Total Viable Counts
Microscopy;Yeasts:Production and Commercial Uses.
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Transmission Electron Microscope

A transmission electron microscope (TEM) is an instrument
that is used to directly visualize small or thin samples using
electrons rather than photons as an illumination source.
Although an electron microscope is technically a microscope, i
is a much more versatile instrument that can be used in many
different ways to gather structural and elemental information
from a variety of specimens. In diffraction mode, it can be used
to perform electron diffraction for high-resolution structural
analysis of two-dimensional and three-dimensional (3D)
crystals. In conjunction with a cryoholder and low-dose soft-
ware, it can be used to determine 3D structures of biologica
complexes (more labile) by electron cryomicroscopy (cryoEM).
When used to collect tilt series images, it produces tomographi
reconstructions of samples. It can be used for elemental ana
ysis of a specimen by electron dispersive x-ray analysis. Desp
this versatility, most electron microscopes around the world
primarily are used as powerful microscopes to directly visualize
small thin samples to high resolution.
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How the TEM Works

Typical components of a typical TEM are an electron gun to
illuminate the specimen, condenser lenses to focus the elec
trons, an objective lens to form the image, intermediate and
projector lenses to magnify the image, and either a�uorescent
screen or charge-coupled device (CCD) camera (or�lm) to
observe or record the image.

The electron source, as shown inFigure 2, is called an
electron gun and its function is to provide the illumination
source, as the name implies. Ernst Ruska in 1933 showed tha
electrons, with their much shorter wavelengths than light,
could produce higher resolution images from a microscope.
The most common electron gun in these instruments is called
a thermionic gun. The simplest and least expensive, shown in
Figure 2, is a sharp tungsten wire loop used as an electro
emitter. Another common type is a LaB6 (lanthanum hex-
aboride) crystal. Thermionic guns work by applying a current
to the �lament to create a hot cathode. As current is applied
to the �lament, the �lament becomes hotter. As the thermal
barrier (work function) keeping the electrons bound to the
�lament is exceeded, electrons are ejected into the colum
and vacuum by a process called thermionic emission. Ejecte
electrons are then accelerated toward the anode and focuse
through an electrostatic lens called a Wehnelt cap. Th
Wehnelt cap is a metal cylinder with an aperture very close to
the �lament and negatively biased relative to it. The negative
bias creates a repulsive force that focuses the cloud of ele
trons emitted by the �lament through the aperture of the
Wehnelt cap.

As the electrons accelerate through the Wehnelt and pass th
anode, they encounter the condenser lenses (two or three
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
which focus the beam of electrons and pass them through the
condenser aperture to evenly illuminate the thin sample.

The condenser aperture (Figure 1) performs an important
function in improving resolution. It de �nes the semiangle of
illumination, which is used to restrict the illumination into the
objective lens. Electromagnetic lenses used to focus electrons
the TEM are composed of coils of wire encased in a cylindrica
iron shell with a hole in the center that forms the lens opening.
As Figure 3 shows, a gap cut in the iron shell within the
opening allows the magnetic �elds produced by running
current through the coils to escape into the lens opening.

These�elds make the lens strongest closer to the edge of th
opening than at the center of the lens, causing the electron
traveling nearer the edge to be de�ected more strongly than
electrons traveling closer to the center. This effect, calle
spherical aberration, distorts the image and reduces the reso
lution of the image. The condenser aperture reduces the angl
of illumination and funnels most of the illumination through
the center of the objective lens, thus reducing the effect cause
by spherical aberration. Another aberration called chromatic
aberration also reduces resolution. This aberration is cause
by electrons having different energies and traveling at differen
speeds. This effect is dependent upon the spread of voltages
the electrons produced by the gun. It is minimized by a condi-
tioned high-voltage power supply engineered to produce
a monochromatic energy spread within the illumination.

Once the electrons exit the condenser aperture, they even
illuminate the specimen. The interaction between the specimen
and the electron beam produces different types of radiation as
illustrated in Figure 4.

Although the different types of back-scattered radiation
such as secondary electrons (SE), back-scattered electrons, a
Auger electrons are important for different types of elementa
analysis with an electron microscope (e.g., energy dispersiv
x-ray spectroscopy, EDS), this chapter focuses only on forward
scattering electrons, which is the type of radiation responsible
for image formation in a TEM.

To understand the types of forward scattering caused by th
beam’s interaction with the specimen, it is necessary to explain
some concepts associated with electron beams and electro
scattering. The �rst is the direct beam. Matter is mostly
composed of empty space. When the beam impinges on and
passes through the specimen, a signi�cant portion fails to
interact with it at all and is unaffected by the specimen. This is
called the direct beam. The next concept is coherent versu
incoherent. A coherent beam is one in which all of the electrons
are in phase with each other and have the same wavelength
energy, and speed. Both the incident beam before striking the
specimen and the direct beam after the specimen are coheren
In an incoherent beam, the electrons have different wave
lengths, different energies, and travel at different speeds i
different directions. The last concept is elastic versus inelast
scattering, which obviously are relevant beam attributes afte
the beam passes through the specimen. Elastically scattere
78-0-12-384730-0.00216-0 711
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Figure 1 Design and layout of a generic transmission electron microscope.

Figure 2 The tungsten� lament gun and Wehnelt cap assembly.
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Figure 3 Schematic of an electromagnetic lens.
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electrons retain their energy and speed with a negligible
amount of energy loss after passing through the specimen. Thi
type of scattering occurs by de� ection of the electrons as a resul
of the Coulomb potential in which the positive potential from
the nuclei of atoms within the electron clouds of specimen
atoms alters their path. Inelastically scattered electrons, o
the other hand, have lost a signi� cant portion of their energy
as a result of interaction with the specimen. These electron
have a signi�cant change in direction as a result of striking the
specimen.

After passing through the specimen, the beam is scattere
by the type of forward scattering discussed earlier and show
in Figure 4. The direct beam and scattered beam both then
pass through the objective lens. The objective aperture serv
two important roles. Its first role is to � lter out the electrons
scattered to high angles. Its second role is to increase the imag
contrast. The second role of the objective aperture resolve
a less obvious problem: The objective aperture reduces th
charge that builds up as a result of exposure to the electro
Figure 4 The interaction between the electron beam and the specime
microscope.
beam. As the beam passes through the specimen, the impact o
the electrons on the sample sometimes knocks electrons from
the specimen, causing an emission of SEs from the surfac
Additionally, this escape of electrons from the specimen builds
a net positive charge upon the specimen surface that deform
the specimen and acts as an imperfect lens that distorts th
image. When the objective aperture is inserted, the scattere
beam coming from the specimen affects the aperture and
produces back-scattered SEs that travel back to the specime
Since these electrons have less energy than the incident bea
they affect the specimen and remain, tending to neutralize
the positive charge accumulating in the specimen. Without
the aperture, nonconductive biological specimens like thin
sections from resin-embedded tissue prepared by ultrami
crotomy (see below) can overcharge, melt, and break befor
they can be imaged because of the charging.

At this point, the scattered and aperture� ltered beam enters
the objective lens where, like any microscope, the image i
formed at the image plane of the lens. Focusing the specimen i
achieved by changing the current through the windings in the
lens, which changes the strength of the lens. Just as in ligh
optics, electromagnetic lenses also have a depth-of-� eld and
a depth-of-focus. Because the specimen is thin, it sit
completely within the depth-of- � eld of the objective lens,
meaning that all densities within the specimen are imaged in
the same plane. This creates the projection image characteris
of TEMs in which all densities within the specimen are pro-
jected onto the electron detector and recorded in the image
Because the samples are so thin, this effect is not overt. Th
effect, however, is important when image data are compute
processed to reconstruct the 3D structure of the specimen (se
below).

From there, the intermediate lenses and the projector lens
are used to set the magni� cation of the image and project it
either onto a � uorescent screen for the investigator to observ
n that produces the scattered beam responsible for image formation in the electron
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or onto a CCD camera or� lm for recording. Modern electron
microscopes have integrated computers that manage both th
imaging conditions and the data acquisition that result from
using the microscope.
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Instrument Alignment

To maximize the resolution of the data obtained from an
electron microscope, it is critical that the microscope be prop-
erly maintained and aligned. Electromagnetic lenses are no
perfect, and distortions need to be corrected by applying
current to de� ectors designed for that purpose. The gun also
has distortions and needs to be properly centered and aligned
and the � lament emission saturated to get the proper illumi-
nation. Gun de� ectors are used to perform some of these
functions. Apertures need to be centered. A poor alignment will
negatively affect the quality of the imaging and can make the
difference between a meaningful, informative image and
a meaningless, unpublishable image. Imaging at highe
magni� cations will amplify the effects of a poor alignment. An
unstable stage, for instance, may be acceptable at 5000� but
not for an image at 80 000� to be recorded because the
specimen will be drifting too quickly and therefore moving too
fast for that magni� cation.

Another bene� t of understanding the contrast transfer
function (CTF) of an electron microscope is that the CTF can be
used to help align the microscope. The overall appearance o
the power spectrum of the specimen is in general well charac
terized and any distortion in the spectrum can be attributed
directly to problems with the imaging conditions. For example,
oval rather than round Thon rings indicate that the objective
lens is astigmatic and needs to be corrected (Figure 5). Any
incompleteness of Thon rings is an indication that the stage is
Figure 5 Flow chart for specimen preparation for ultramicrotomy.
drifting in one direction. The power spectrum gives the
microscopist a strong tool to align the microscope and estab-
lish that the imaging is either good or bad. For this reason,
training in electron microscopy often includes training in
alignment and use of this type of instrument.
Methods and Techniques in TEM

Having discussed how an electron microscope works and how
the electron beam interacts with the specimen, we can now
discuss the sorts of information and imaging that canbe obtained
with a TEM, which is a versatile machine providing multiple ways
to get information about a specimen. We will focus on those
techniques that are the most widely used by the biological
sciences to provide structural information about small and thin
specimens. EDS covered in the previous chapter on scannin
electron microscopy (SEM) provides a description about
elemental analysis. Because EDS works essentially the same w
in TEM as in SEM, it will not be covered again in this chapter.
Ultramicrotomy

Ultramicrotomy or thin sectioning is by far the most common
method used to image samples by TEM. The process involve
embedding a specimen in plastic and then sectioning it very
thinly, each to be examined separately in the microscope. Thes
sections are referred to as thin sections, and the sample prep
aration process is very well established.Figure 5 shows the
steps involved in preparing the sample for thin sectioning.

Brie� y, the samples are prepared either by excising them
from a larger tissue or by pelleting cells in a centrifuge. The
specimen is then cut into small pieces. The pieces need to b
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small enough for the chemicals to penetrate and in� ltrate the
specimen. Specimens that are too large will not� x, stain, in� l-
trate, or polymerize well. Once cut into small pieces, the spec
imen usually is � xed in glutaraldehyde to preserve the biologica
structure and then further � xed and stained with osmium
tetroxide (OsO4). The osmium staining needs to be conducted in
a chemical hood for safety as it will � x and stain human tissue.
The osmium stains the membrane in the sample by binding to
lipids. Once stained, the sample is dehydrated in increasing
concentrations of ethanol and then in� ltrated with increasing
concentrations of embedding resin diluted with ethanol. After
in� ltrating the specimen to 100% unpolymerized resin, the resin
around and within the specimen is polymerized in an oven.

After polymerization is complete, the sample is removed
from the oven and trimmed with a razor blade to reveal the
tissue. The tissue is trimmed in the form of a trapezoid becaus
it allows users to orient themselves and visualize the specime
at the higher magni� cations used in TEM. Once trimmed, the
sample is mounted in an ultramicrotome, which uses either
a glass or diamond knife to slice the tissue into 50–70 nm thick
sections. The knife is surrounded by a trough called a‘boat’
� lled with water. As the microtome pushes the sample past the
knife edge, the section is sliced from the tissue and� oats onto
the surface of the water in the boat. Often, the sections adher
to previous sections, forming a ribbon of trapezoidal sections
on the water. The interference generated by light re� ecting off
the surface of the water through the sections gives them a colo
The color of the sections� oating on the surface of the water,
ranging from purple to gold and silver, is an indicator of
section thickness. Gold and silver sections (50–70 nm thick)
have the appropriate thickness for imaging by TEM. Thes
sections are generated by adjusting the thickness and spe
settings of the microtome. Once generated, the thin sections ar
applied to an EM grid by touching the surface of the grid to the
� oating sections causing them to adhere to the grid.Figure 6
shows a 3 mm copper EM grid imaged with an SEM.
Figure 6 SEM image of a 3 mm copper TEM grid with thin sections
bound to its surface.
The grid clearly shows the sections bound to the surface o
the grid. The grids are then allowed to dry and then are post
stained. To improve the contrast, the sections are poststained i
1–2% uranyl acetate and then lead citrate. Finally, the grids ar
carbon coated in a carbon evaporator to help neutralize any
charge that may accumulate during imaging (see previou
discussion).Figure 7 shows a couple of TEM images from thin
sections generated by ultramicrotomy.
-

Negative Stain

As mentioned, to observe biological material with an electron
microscope, it is necessary to stain the specimen with a heav
metal salt that serves to de� ect and scatter the electron beam
The simplest way to observe small biological complexes by
TEM is by negative staining the specimen with a solution of
heavy metal. The most common of these stains is a solution o
0.5–2% uranyl acetate. Other stains include phosphotungstic
acid and ammonium molybdate. In negative staining, the
solution of heavy metal stain penetrates and coats the� ne
structure of biological material, giving it a contrast in the
electron microscope.

This technique begins by� rst preparing copper EM grids
with an electron-transparent coating of carbon� lm or carbon-
coated plastic� lm to act as a substrate onto which the spec
imen can bind and through which the electron beam can pass.
These grids can be prepared in batch in advance and are store
for future use. Old grids that are allowed to sit for an extended
period of time, however, grow stale as hydrocarbons in the air
condense on their surfaces. These grids over time becom
hydrophobic, and aqueous specimens applied to these grids
fail to wet or adhere to the grids. To make them hydrophilic,
the grids are glow discharged by exposing them brie� y to
a high-voltage plasma. Specimens applied to hydrophilic grids
wet the surface of the grid and allow the specimen to bind
strongly to the substrate over the grid.Figure 8 shows an
example of a negative stain of a solution of bacteria. Notice
how the stain penetrates the� ner substructures of the spec
imen, highlighting the � ner detail that makes the image
meaningful to the investigator.
Immuno-EM

It often is important to locate a relevant portion or region
within a biological structure. An electron microscope is
a powerful tool that offers enough resolution for a close-up
look at a specimen, but nothing in highly resolved electron
images comes labeled to indicate which biological structures
are functionally signi� cant or what their functions are. To
address functionality questions, immunology can be used in
conjunction with electron microscopy to highlight the impor-
tant antigens in electron micrographs of biological structures.
In the virus example, spike proteins often have a region
responsible for identifying and interacting with the host cell
receptor. This interaction is directly responsible for virus
penetration into the host cell and therefore this region of the
spike protein is structurally signi� cant. By molecular biology
and immunology methods, interesting antigens such as the
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Figure 7 Electron micrographs of specimens thin sectioned by ultramicrotomy. The left image is of rat brain (scale bar, 3m) and the image on the right is
of Mycobacterium vanbaalenii(scale bar, 200 nm).
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receptor recognition region of the virus spike protein can be
identi � ed and studied. The immunological methods include
� uorescence microscopy, Western blots, and enzyme-linke
immuno sorbent assay (ELISA) tests. Similarly, immunology
can be used with electron microscopy to identify important
components within biological systems.

The process involves purifying a speci� c primary antibody
against the relevant antigen (either monoclonal or polyclonal)
to study a system. Typically, the identi� cation of relevant
antigens and their study by immunology has nothing to do
Figure 8 Examples of negatively stained samples. The sample on the
are bacteria (species unknown) stained with 1% uranyl acetate. The
with electron microscopy. After a study has progressed an
yielded interesting immunological results, electron microscopy
can be used as another tool to augment the knowledge base o
the study being conducted. Immuno-EM (IEM) uses a primary
antibody, usually a mono-speci� c IgG, to locate and tag an
important region or antigen within the specimen. To perform
this technique, primary antibodies are raised against an antigen
in a speci� c animal and then are puri� ed. The antibodies
usually are raised and puri� ed from mouse or rat. Once the
antibody is puri � ed, a secondary antibody is raised against the
left is tobacco mosaic virus stained with 1% uranyl acetate. The sample on the right
scale bar in each image is 500 nm.
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� rst by using the primary to immunize a second animal of
a different species. If the primary antibody is raised in rat, for
instance, the secondary polyclonal can be raised in a rabbi
This creates rabbit anti-rat PAb. This means that the seconda
antibodies will recognize and bind to the primary antibodies.
The secondary antibodies usually are bound to a tag that give
good response in the detection instrument, here a TEM. Alter
natively, protein A or protein G can be used to bind the primary
antibody as they have an af� nity for any IgG1 and IgG2 Fc
region and to a lesser extent the Fab region. In the end, a syste
is created in which a speci�c antigen can be detected.

To detect the secondary label in electron images, the ant
bodies or protein A or protein G must be pretagged with
electron-dense gold beads. This gold tagging is achieved b
treating the secondary labels with enzymes using chemistrie
that cross link the beads to the antibody, protein A, or protein
G. The gold beads can be ordered in a variety of speci� c sizes to
distinguish them in a multilabeling experiment. Once the
primary antibody is puri � ed and the secondary antibodies are
gold labeled, the two can be used to localize epitopes o
interest. Companies now can provide commercially available
kits to help investigators label their own antibodies . If this
proves too challenging, antibodies that are already gold labeled
and directed against the animal from which the primary anti-
body was derived can be purchased. Researchers then need o
to raise and purify the primary antibody for their study.

Three basic strategies are used in IEM. These are p
embedding, postembedding, and labeling of cryosections
These all require that the immunological epitopes be preserved
as much as possible. As indicated, a major concern of electro
microscopy of biological specimens is to preserve the structur
to image it properly. This normally involves � xing the spec-
imen to preserve its structure before embedding it. Unfortu-
nately, the� xation protocols used in electron microscopy harm
Figure 9 IEM of Lentivirus infected cells using PAb directed against
embedding the specimen. Scale bar is 120 nm.
many epitopes and make them unreactive to their antibodies.
For this reason, in the preembedding and postembedding
methods, the specimen is treated mildly with� xative solutions
of paraformaldehyde and glutaraldehyde.

In the preembedding protocol, before the specimen is
polymerized in resin, the labeling is conducted on the tissue
prior to embedding (see Figure 9). If cytoplasmic antigens are
being explored, the tissue and cells are� rst permeabilized with
detergent to allow the primary and secondary antibodies to
penetrate. Unfortunately, permeabilizing the cells degrades the
structure, but enough integrity may remain to reveal informa-
tion about the epitopes and their locations within the cell. To
penetrate the cells, the secondary antibody often is labeled with
small gold clusters that later are enhanced by a silver conden
sation reaction to make the small gold beads larger. The smalle
beads are needed because they can penetrate deeper a
provide more signi� cant labeling than antibodies labeled with
larger gold beads. Once the labeling reactions are completed
the cells or tissues are processed in the normal method to
embed and section the specimen.

In the postembedding method, the tissue is lightly � xed
and then polymerized in a specialized postembedding IEM
resin, such as LR White, LR Gold (low-temperature ultraviole
cure), Lowicryl, JB-4, or methylacrylate. The usual stainin
with heavy metals is reduced to give antibodies access to the
epitopes. Once the tissue is embedded and polymerized, it is
thin sectioned by ultramicrotomy, placed on grids, and etched
(except for LR White and LR Gold, which are very loosely
polymerized and allow antibodies access to epitopes) to
expose the epitopes. The sections then are treated wit
a blocking agent to block all nonspeci� c binding before
exposing them to the primary antibody. After labeling, the
sections are treated with the secondary antibodies, which
indirectly tag the epitope of interest.
the virus gp130 glycoprotein surface antigen prior to� xing, staining, and
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The last method employed for IEM is cryoultramicrotomy.
This technique uses tissue that is� ash frozen, mounted in
a cryomicrotome, and sectioned while frozen. The frozen
sections are placed onto EM grids and the labeling is conducte
on the sections. Because these sections are not embedd
in plastic, they provide the most access to epitopes by the
primary antibody, which makes the labeling more sensitive and
ef� cient.

Although the process has been simpli� ed in this explana-
tion of the technique, it should be obvious that IEM is tech-
nically challenging. It requires that there be an abundance o
available epitopes and that the antibodies have high af�nity.
Many of the optimal conditions can be established during the
course of ordinary immunological studies by, for example,
immuno � uorescence, ELISAs, and Western blots. A stro
signal in these types of assays may indicate that IEM also wi
perform well. Despite this, asFigure 9 demonstrates, the effort
may be worth it because when it works, the results can be
striking as well as informative.
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Electron Cryomicroscopy

CryoEM is a high-resolution technique that was developed
in the early 1980s that uses an electron microscope with
a cold stage and computers with powerful image-processing
software to determine the 3D structures of small biological
complexes. It is surprising that the number of small biolog-
ical structures that exist in nature have complex sym
metries and are well ordered. Most of these structures, lik
the � agellar motors of bacteria, perform important functions
and now are being referred to as biomachines. Under
standing these structures plays a signi� cant role in under-
standing function in biological systems, which structural
biologists refer to as the structure–function relationship. With
the development of better electron microscopes, faste
computers, and better software, higher resolution structures
are being determined by cryoEM, and these resolutions ar
approaching atomic resolution, which previously was asso-
ciated with techniques like x-ray crystallography and nuclea
magnetic resonance (NMR). There are two types of cryoEM
single-particle analysis and electron tomography. Each
provides different techniques to solve unique problems when
determining 3D biological structures by EM.

CryoEM involves freezing an untreated biological spec
imen suspended in water (usually a buffer) and then imaging
that specimen in a cold stage with an electron microscope. Th
process involves applying the specimen to an EM grid coate
with a thin � lm of an electron-transparent carbon containing
small holes. When the specimen is applied to the grid, the
excess is blotted off with a� lter paper, creating a thin� lm of
water over the holes in the carbon. This� lm of water contains
the suspension of biological complexes to be imaged. Once
blotted, the grid is quickly plunged into a cold slurry of liquid
ethane that is cooled by liquid nitrogen. The result is that the
biological material is frozen in water so quickly that the ice
that forms and embeds the structures has no time to crystallize
and it becomes vitri� ed or glasslike. Images of these structure
are recorded with the electron microscope at low dose to
minimize beam damage.
Single-Particle Analysis

Single-particle analysis by cryoEM is conducted on small bio
logical complexes embedded in vitri� ed ice as described earlier
This process, for the most part, requires that the specimen b
a homogenous population of particles of a suitable size that
can be imaged at low dose with the electron microscope. The
� rst step in the process is to freeze the specimens in hole
within a carbon � lm on EM grids. Images are then recorded
using the electron microscope and processed using a compute
to determine the 3D structure of the complex that was imaged.

Although the actual computer processing is a complex
procedure achieved using advanced image-processing softwa
the process is easy to describe. Each image recorded with t
electron microscope is digitized and read into a computer.
Specialized software then is used to read each micrograph an
from these images, each individual biological complex is
excised or boxed out into a smaller image that encompasse
just a single complex. This produces many smaller images o
biological complexes cut out from the larger micrograph. By
processing many micrographs in this manner, a large data se
of biological complexes is established to reconstruct the spec
imen in 3D.

The next step in the process is to use another program t
identify the orientations of each biological complex in all the
boxed-out images. Since each biological complex is identical to
all the other complexes in the population (homogenous pop-
ulation), the computer software uses all the different orienta-
tions to reconstruct the 3D structure of the complex.
Essentially, the software assumes that all the different images o
the complex are different views of the same object. The end
result is a 3D structure of the complex called a density map. The
density map can be rendered, colored, and dissected usin
other software to study the structure of the map.Figure 10
shows a small region of a larger electron cryomicrograph taken
of an alphavirus and the 3D structure that resulted from the
processing of this type of data.
Cryoelectron Tomography

Many biological structures have no symmetry to exploit to
determine their structure. In� uenza viruses, for example, are
pleomorphic and no two have exactly the same structure
Cryoelectron tomography (cryoET) is used to study these
structures that have no symmetry. In this process, the cryoEM
grid is placed into the electron microscope and the specimens
of interest are located throughout the grid. Once located,
each specimen within the frozen ice is imaged through
a series of tilts of the stage usually fromþ60 � to � 60� rela-
tive to the electron beam. For each tilt angle (step) in the
series, a single low-dose image is recorded. Since biologic
specimens can tolerate a� nite amount of beam damage, the
tilt series must be collected with as little beam damage as
possible, usually amounting to less than 10 000 electrons per
square nanometer total dose. This total exposure must be
divided among the number of exposures in a series
a constraint that creates noisy images that have very little
signal. Because passage through the ice gets progressiv
longer as the tilt angle increases, there is a limitation in
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Figure 10 Electron cryomicrograph of Sindbis virus and the corresponding 3D structure. Scale bar is 200 nm.
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which the path becomes so long that either the images
become too noisy or the beam cannot penetrate. Ultimately,
because a grid cannot be tilted to 90� relative to the beam,
there is a missing wedge of data corresponding to the
impractical uncollected angles. Despite this, a fairly good
reconstruction can be achieved; however, the missing dat
will cause distortions in the 3D tomogram.

Once the images are collected in a tilt series, a computer
used to process the image data. Because every image from
electron microscope is a projection of the 3D object that
Figure 11 The spirocheteTreponema pallidum. The image on the left is th
The� agellar motors shown in the structure were determine by subvolum
into this 3D structure.
produced it, computer software is used to back project the
images within the series into the 3D object that produced it.
The 3D structures that are produced by this method always
have distortions created by the missing wedge. Although
stated simply, this process is complex and how it is per-
formed is not necessary for the readers of this book.Figure 11
shows an example of electron cryotomography. It shows the
central section through the tomogram of Treponema pallidum
on the left and the rendered 3D structure of the same
organism on the right.
e cryoET tomogram and the image on the right is the rendered 3D structure.
e averaging the motors from different tomograms ofT. pallidumand placing them
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Conclusion

TEM is a powerful tool for directly looking at small physical
specimens. So long as the instrument is aligned and use
properly, many TEM techniques are available to the biologist or
microbiologist that can reveal a wealth of information about
their samples. The most common techniques were introduced
in this chapter, but more exist and more are being developed, a
can be seen each year in electron microscopy trade show
Twenty-� rst-century physicists, engineers, and designers a
improving electron microscopes by adding image correctors
like Cs (spherical aberration) correctors and Cc (chromatic
aberration) correctors, to correct the aberrant images produce
by TEM. Phase plates also are being used to correct the CTF
electron microscopes so that all the frequencies in the data ar
recorded. Although these terms are new and not explained in
this chapter, they can be investigated further by exploring the
literature on electron microscopy. Additional explanation of
these features was not included in this chapter because thes
design improvements are in their preliminary stages and
represent millions of dollars of accessories that need to be
added to the purchase of a high-end electron microscope. It is
not yet clear how these improvements will bene� t the use of
this instrument by biological scientists or whether biological
scientists will have a need for these improvements.
s acquisition on
croscopy and

y using robust
52 (1), 36
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Introduction

In general, cows are milked twice a day on farms worldwide
The collection of milk varies from primitive hand milking to the
use of complex machines for milking herds of thousands of
cows. The ambient temperature at which milk is produced varies
from �0 � C to 30 � C or higher. In the former condition, milk
must be prevented from freezing, whereas in the hotter climates
refrigeration is essential to keep milk for processing without any
microbial deterioration. Furthermore, the temperature and
period of milk storage on the farm can vary widely, so the
numbers and types of microorganisms present when the
milk leaves the farm differ, often unpredictably, even under
apparently similar conditions. Milk drawn aseptically from
the healthy udder is not sterile, but it often contains low
numbers of microorganisms, the so-called udder commensals
These microorganisms are predominantly micrococci and
able 1 The main groups of aerobic mesophilic microorganisms in

pore-formers Micrococci Gram-positiv

acillusspp. Micrococcus Microbacter
Staphylococcus Corynebacte

Arthrobacter
Kurthia

ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
streptococci, although coryneform bacteria, includingCoryne-
bacterium bovis, are also fairly common. Psychrotrophs, coli-
forms and other Gram-negative bacteria, and thermoduric
bacteria also may be present in raw milk. The main groups of
aerobic mesophilic microorganisms in raw milk are presented in
Table 1. Pseudomonas, Enterobacter, Flavobacterium, Klebsiella,
Aeromonas, Acinetobacter, Alcaligenes, and Achromobacterare the
most commonly isolated Gram-negative bacteria from raw
milk. Gram-positive Bacillus, Clostridium, Microbacterium,
Micrococcus, and Corynebacteriumalso are common psychro-
trophic and thermoduric bacteria associated with raw milk. Raw
milk obtained under poor hygienic conditions often contains
Gram-negative coliforms, including the genera Escherichia,
Enterobacter, Citrobacter, and Klebsiella. Spore-forming bacteri
play a signi� cant role in keeping quality of both raw and pro-
cessed liquid milk including pasteurized and ultrahigh-
temperature (UHT) milks. In particular, spore-forming Bacillus
raw milk

e rods Streptococci Gram-negative rods

ium Enterococcus Pseudomonas
rium Streptococcus Acinetobacter

S. agalactiae Flavobacterium
S. dysgalactiae Enterobacter
S. uberis Klebsiella

Aerobacter
Escherichia
Serratia
Alcaligenes
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Table 2 Pathogenic microorganisms associated with raw milk and
the diseases they cause

Organisms Diseases

Enterobacteriaceae
Escherichia coli, including O157:H7 Gastroenteritis, hemolytic

uremic syndrome
Salmonella Gastroenteritis, typhoid fever
Yersinia enterocolitica(psychrotrophic) Gastroenteritis
Other Gram-negative bacteria
Aeromonas hydrophila(psychrotrophic) Gastroenteritis
Brucellaspp. Brucellosis
Campylobacter jejuni Gastroenteritis
Pseudomonas aeruginosa Gastroenteritis
Gram-positive spore-formers
Bacillus cereus Gastroenteritis
Bacillus anthracis Anthrax
Clostridium perfringens Gastroenteritis
Clostridium botulinum(Type E is

psychrotrophic)
Botulism

Gram-positive cocci
Staphylococcus aureus Emetic intoxication
Streptococcus agalactiae Sore throat
Streptococcus pyogenes Scarlet fever/sore throat
Streptococcus zooepidemicus Pharyngitis, nephritic sequelae
Miscellaneous Gram-positive bacteria
Corynebacteriumspp. Diphtheria
Listeria monocytogenes Listeriosis
Mycobacterium bovis Tuberculosis
Mycobacterium tuberculosis Tuberculosis
Mycobacterium paratuberculosis Johne’s disease
Rickettsia
Coxiella burnetii Q fever
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spp. can spoil milk rapidly and cause a‘bitty ’ cream and sweet
curdling of pasteurized milk. The bitty cream defect is a result of
lecithinase activity of the Bacillusgroup and Paenibacillus poly
myxa. A number of human pathogenic microorganisms also can
be found in raw milk. Listeria monocytogenes, Salmonellaspp.,
Staphylococcus aureus, andMycobacterium tuberculosisare the most
common human pathogenic organisms associated with raw
milk. Staphylococcus aureusmay survive pasteurization and some
strains are enterotoxin positive. Recently, new staphylococca
enterotoxins have been identi� ed, and the perceived frequency
of enterotoxigenic strains has increased, suggesting that th
pathogenic potential of staphylococci may be higher than
previously thought. Some strains ofEscherichia coliO157:H7 are
de� ned as Shiga-toxigenic-positive (stx-positive). The stx-posi-
tive strains are known to be more resistant against a wide rang
of antibiotics than the stx-negative strains. The other pathogenic
microorganisms – including Campylobacter jejuni, Yersinia
enterocolitica, Salmonellaspp., L. monocytogenes, and Brucella
abortus– can be inactivated by routine pasteurization treatment.
Table 3 Generation time (h) of some groups of bacteria in raw mil

Temperature (� C) Lactic acid bacteria Pseudomonads

5 > 20 4 8
15 2.1 1.9 1
30 0.5 0.7 0
The pathogenic microorganisms associated with raw milk and
the diseases that they cause are listed inTable 2.

Under well-established hygienic conditions, the level of
contaminants is expected to be less than 103 cfu ml� 1.
However, heavily contaminated milk may contain more than
106 cfu ml� 1. A total colony count of more than 105 cfu ml� 1 of
milk indicates a serious fault in production hygiene, whereas
lower � gures (<2000 cfu ml � 1) indicate that milk has been
harvested under good hygienic conditions.

Milk is an open ecosystem since it contacts with the outside
world during or soon after milking. Milk compounds serve as
a growth medium for the microorganisms. Lactose, for
example, is used as an energy source by microorganism
however, this carbohydrate is not a suitable energy source fo
some bacteria. Some microorganisms require amino acids to
grow, but fresh milk is a poor source of amino acids. Therefore,
these microorganisms often start to grow after other microor-
ganisms hydrolyze milk proteins and produce amino acids.
Similarly, CO2 produced by streptococci stimulates the growth
of lactobacilli, but it inhibits some Gram-negative bacteria.
Milk contains low levels of inhibitor compounds (e.g.,
immunoglobulins). Immunoglobulins are antibodies against
speci�c antigens and show strain or species dependency
Temperature has a large effect on bacterial growth. Lowerin
the temperature retards the rate of nearly all processes in th
cell, thereby slowing down growth. In general, at low temper-
atures, the lag phase of microorganisms lasts longer. The exte
to which lowering of the temperature affects bacterial growth
depends on the type of microorganisms present (Table 3).
Sources of Contamination

The main sources of contamination of raw milk are divided into
three groups: udder, environment, and milking equipment. The
environmental conditions include human handler, air, and
water supplies. In healthy cows, the milk in the alveolus, duct,
cistern, and teat cistern is considered free from microorganisms
Some non-heat-resistantMicrococcusspp. and Staphylococcu
spp., andC. bovis, however, are present in the teat canal and the
sphincter of the teat. The sphincter of the teat serves as a defen
mechanism against microorganisms. Similarly, some bacterio
static or bactericidal components located in the keratin material
of the teat canal and in the milk, as well as the leukocytes in the
milk, contribute to the defense system of the milk of healthy
udder against undesirable microorganisms.

The numbers of bacteria in milk from an unhealthy udder
are normally high, although the level varies depending on the
type of disease and external conditions. Of the cattle disease
mastitis is accepted to be the most stubborn. Trauma or
physiological disturbance can be considered to be potentia
causes of mastitis, but udder infections with microorganisms
k

Coliforms Heat-resistant Streptococci Aerobic spore-formers

> 20 18
.7 3.5 1.9
.45 0.5 0.45
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are the main cause. The microorganisms primarily responsible
for mastitis are Streptococcus agalactiae, Streptococcus aure,
Streptococcus dysgalactiae, Streptococcus uberis, coliforms (E. coli),
Pseudomonas aeruginosa, Mycoplasma bovis, and Corynebacteri
spp. In case of in� ammation of organs other than udder, the
pathogenic bacteria can contaminate milk directly. Since cow
infected with S. uberisand E. colican shed up to 107 cfu ml� 1

and 108 cfu ml� 1, respectively, one infected cow can in� uence
total bacterial numbers in an entire bulk tank of milk. Cleaning
and drying of udder immediately before and after milking are
the most effective protective measures against contaminatio
of undesirable microorganisms and development of mastitis. It
is known that the microorganisms of a healthy udder do not
cause signi� cant increase in the microbial load of bulk milk.

It is quite possible that udder is contaminated with dung,
mud, urine, and bedding materials, and unless the udder is
washed properly, contaminants can pass into the milk during
milking. Bedding material may contain microorganisms at
levels of 108–1010 cfu g� 1. It is known that hay dust is an
important source of Bacillus subtilis. The cleanliness of the
milking parlor and the restfulness of the cows during milking
are among the factors determining contamination of the milk.
The milking process introduces the greatest proportion of
microorganisms in raw milk. Milking machines, milk pipelines,
bulk tanks, transport tankers, and on-farm plate cooling units
are the common contamination sources of raw milk. Strains of
Y. enterocolitica, SalmonellaTyphimurium, and L. monocytogene
are likely to be present in the pasteurization and cooling
systems as well as on the surface of stainless steel equipmen

Water supply is another source of contamination. Especially
Cryptosporidium parvum, which is a protozoan parasite and
causes cryptosporidiosis, is associated with water and has bee
found in dairy plants and products. Cryptosporidiosis is spread
through the fecal–oral route. Cryptosporidiumoocysts can
remain viable for at least 12 months at 4� C. Heat treatments
under conditions normally used for pasteurization of milk are
unlikely to render oocysts nonviable, and the usual high
temperature short-time pasteurization protocol (72� C for 15 s)
is not suf� cient to destroy the infectivity of C. parvumoocysts in
milk. Therefore, untreated or improperly heated milks and
some type of cheeses produced from raw milk and low-heat
Table 4 Bacteriological standards of raw and pasteurized milk (US

Product Test

Grade A raw milk and milk products for pasteurization,
ultrapasteurization or aseptic processing

Bacterial limi

Somatic cell
Grade A pasteurized milk and milk products and bulk

shipped heat-treated milk products
Bacterial limi
Coliform

Phosphatase

Grade A pasteurized concentrated (condensed) milk
and milk products

Coliform

Grade A ultrapasteurized milk and milk products Bacterial limi
Coliform

Phosphatase
treated milk, especially cottage cheese in which the curd i
washed, carry a potential risk of cryptosporidiosis. Air is not
a particularly important source of contamination; however,
microorganisms – including micrococci, coryneforms, Bacillus
spores, streptococci, and Gram-negative rods– may be present
in the air in cowsheds or milking parlors.

Feed contains high numbers of microorganisms. In some
cases, the feed can fall into milk directly and contaminate it. More
important, some microorganisms in feed are resistant to diges
tive conditions and pass into milk through the digestive system
of cows. Bacillus cereus, B. subtilis, and Clostridium tyrobutyricum
frequently are isolated from animal feed. In some parts of the
world, the use of silage as animal feed is strictly forbidden. The
complex diet of ruminants, consisting of forages, concentrates
and preserved feeds can be a source of very diverse mycotoxin
Although a number of mycotoxins are inactivated successfully by
the rumen � ora, some mycotoxins pass unchanged or are con
verted into metabolites that retain biological activity. These
mycotoxins and their metabolites contaminate raw milk. Simi-
larly, feeds contaminated with molds and yeasts are sources o
mycotoxins, especially a� atoxin M1 (AFM1). The level of AFM1
in winter is in general higher than in summer.
Bacteriological Standards for Raw and Pasteurized
Milk

In many countries, processors and cooperatives have esta
lished price incentives or premium payment for raw milk with
a low bacteriological load. Countries have developed their own
standards that are considered in premium payment for milk.
All these standards mandate the production of milk with as low
bacteriological load as possible. Both farmers and processor
need accurate information about the total bacterial count in
raw milk to determine premium allocation. The microbial
counts to be expected or desired in samples of raw milk obvi-
ously are dependent on the extent of processing. According t
the US Food and Drug Administration (FDA) guidelines, the
raw milk must have total bacteria less than 100 000 cfu ml� 1,
and this � gure must be lower than 20 000 cfu ml� 1 after
pasteurization.Table 4 shows the standards developed by FDA
Standard)

Standard

ts Individual producer milk not to exceed 100 000 per ml prior to
commingling with other producer milk. Not to exceed
300 000 per ml as commingled milk prior to pasteurization.

count Individual producer milk not to exceed 750 000 per ml.
ts Not to exceed 20 000 per ml or g.

Not to exceed 10 per ml provided that in the case of bulk milk
transport tank shipments, shall not exceed 100 per ml.

Less than 350 milliunits l� 1 for � uid products and other milk
products by approved electronic phosphatase procedures.

Not to exceed 10 per g provided that in the case of bulk milk
transport tank shipments shall not exceed 100 per g.

ts Not to exceed 20 000 per ml or g.
Not to exceed 10 per ml provided that in the case of bulk milk

transport tank shipments shall not exceed 100 per ml.
Phosphatase testing of ultrapasteurized milks is not required.
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for pasteurized milk (Pasteurized Milk Ordinance). According
to the European Union regulation (Council Directive 92/46/
EEC), raw cow’s milk intended for the production of heat-
treated milk, fermented milk, junket, jellies, or � avored milk
and cream must meet the following standards:

l Plate count at 30� C � 100 000 cfu ml� 1

l Somatic cell count � 400 000 ml � 1

Although from a risk analysis point of view, there appears to
be no substantial differences between the EU and US standard
there are some differences between the EU and US regulation
regarding the limits on bacterial levels in milk. These differ-
ences are presented inTable 5.

The measurement of microbiological load of raw milk on
a routine basis is of importance in keeping the quality and
safety of milk products. The bacteriological load of raw milk
with excessively high bacterial counts may not be reduced
below the safety limits by routine pasteurization. Raw milk
with high bacterial numbers potentially contains a high level of
heat-stable enzymes that may affect the product’s quality
adversely.

Due to these reasons, rapid, routine, and accurat
measurement of total or speci� c viable bacterial count in raw
or processed liquid milk is important. There are a number of
methods to obtain general information about the numbers
and activities of microorganisms present in milk and to
enumerate particular groups or kinds of microorganisms. The
most widely employed method is the determination of total
bacterial count by standard plate count (SPC) agar. The SP
determines all viable bacteria that are able to form colonies on
agar within 48 h at 32 � C under aerobic conditions. A serious
drawback of standard methods is that, although they demand
no expensive infrastructure and are rather cheap in consum
ables, they are laborious to perform, demand large volumes
usage of liquid and solid media and reagents, and encompas
time-consuming procedures both in operation and data
collection. During the past decades, interest has risen in the
development of more rapid methods. 3M� Petri� lm � , for
example, developed by 3M Corp. (St. Paul, MN, United
States) is an all-in-one plating system, and the plates ar
designed to be as accurate as conventional plating methods
Rather than a petri dish, 3M� Petri� lm � makes use of thin
plastic � lm as carrier of the culture medium. Generally the
3M� Petri� lm � plate includes a cold-water-soluble gelling
agent, nutrients, and indicators for activity and enumeration.
l

.

s

Table 5 Comparison of the EU and US regulations regarding the
limits on bacterial levels in milk (cfu ml� 1)

Raw milk for production European Union United States

Bacteria (SPC) < 100 000 < 100 000a/< 300 000b

Drugs/ml < 0.004mg None detectable
Pasteurized milk
Bacteria (SPC) 5000/50 000 < 20 000
Enterobacteriaceae 5
Coliforms 5 < 10

aIndividual producer.
bCommingled milk.
After incubation, typical colonies can be counted either
manually (facilitated by the grid on the background of the
� lm and characteristic colored colonies) or automatically. The
incubation conditions of the plastic petri � lms are same as the
SPC method.

Another method that commonly is used in the determina-
tion of total count in raw milk is direct epi � uorescent � lter
technique (DEFT). DEFT is a microscopic cell-counting
method, requiring a pretreatment of milk (i.e., addition with
detergents or proteolytic enzymes, concentrating the sample b
� ltering through polycarbonate membrane, and staining the
sample with � uorescent dye). The actual measurement i
� nished within 0.5–1.0 h, but the pretreatment stage takes
longer. The detection limit of DEFT is 104–105 cfu ml� 1. The
microscope can be connected to an image analyzer to automiz
the detection.

A � ow cytometry method (Bactoscan 8000 method) was
developed by Foss Food Technology Corp. (Eden Prarie, MN
United States) for routine analysis of milk quality. The method
is based on separation of samples from somatic cells, fa
globules, and casein particles by centrifugation in a saccharose–
glycerol gradient and staining the cells. This� ow cytometry
method uses ethidium bromide (intercalating with DNA) to
stain bacteria in milk. The disturbing milk components are
reduced and dispersed by treatment with detergent and enzym
at 50 � C and provide a result after 8 min. The staining of the
cells can be achieved using acridine orange. Differences
acridine orange intercalation into cell DNA cause dead cells to
emit green light, whereas live cells emit red light, thus ensuring
that Bactoscan only counts live bacteria. The measurement
carried out by means of an epi� uorescence microscope. The
major advantage of Bactoscan over other methods is that i
measures individual cells rather than colony forming units. In
most cases, bacteria in raw milk may form clusters, chains
duplets, or triplets and conventional methods detect these as
single colony. Therefore, it is highly likely that the number of
colonies in milk measured by Bactoscan is in general highe
than that of conventional methods.

Other alternative testing methods include plate loop count,
pectin gel plate count, spiral plate count, hydrophobic grid
membrane � lter most probable number count, and imped-
ance–conductance method.

Although, determination of total viable cell count in raw or
processed liquid milk is important in terms of quality control
and safety assurance, in some cases, quanti� cation of a speci�c
type or group of bacteria is required. In that case, selective–
differential test methods have to be employed to detect the
dominant groups in a � ora. Individual selective tests are usefu
for monitoring the elimination of a speci � c contamination
source. Some tests are good for troubleshooting purposes
Laboratory pasteurization count (LPC) is an effective way to
determine whether there are a signi�cant number of thermo-
duric bacteria present. Before measurement, the milk sample i
heated to 62.8 � C for 30 min and plated onto standard
methods agar. This is particularly important in estimating the
shelf life of liquid milk. As a general rule, if the LPC exceeds
500 cfu ml� 1, a major thermoduric problem exists in the raw
milk supply. To estimate the number of bacteria that can grow
at refrigeration temperature, a preliminary incubation (PI-SPC)
count in which milk sample is kept at 12.8 � C for 18 h before
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doing an SPC is employed. The suggested standard for th
PI-SPC is<300 000 cfu ml � 1 of raw milk.
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Collection and Storage of Raw Milk

The frequency at which milk is collected depends on the farm’s
storage capacity and the refrigeration temperatures that can b
achieved. Because it is more costly than collecting the milk
every 2–3 days, daily collection is becoming less common
throughout the world. During the storage period on the farm,
milk should be kept below 10 � C as such temperatures have a
inhibitory effect on most pathogens. Milk can be collected in
churns or cans or by tankers; churns or cans must be cleane
properly and kept away from direct sunlight, and� lled churns
should be transferred to the milk collection point as soon as
possible. The main drawback with bulk collection is the risk
that an undetected faulty consignment from one farm may
spoil a whole load of milk.

The period of storage and the temperature are determinativ
factors with respect to the microbiological quality of raw milk,
as well as the type and number of bacteria present. Unles
proper hygienic and storage conditions are provided, the
spoilage bacteria rapidly multiply in the milk, and at 25–30 � C,
streptococci and coliforms– both of which increase the acidity
of the milk – become predominant. Until inhibited by devel-
oped acidity, Gram-negative rods and micrococci (including
streptococci) also multiply at moderate temperatures. Some
measures that should be taken to prevent contamination and
the growth of pathogens and nonpathogens in milk are as
follows:

l General hygiene
l Disinfection of the udder, utensils, and equipment in

contact with milk
l Cooling below 10 � C immediately after milking
l Separation of abnormal milks (unusually smell or color)
l The‘cold chain’ should not be broken between milking and

processing
l If necessary, thermization should be applied

These precautions can have a positive effect on the micro
biological quality of raw milk. The storage of raw milk under
cold conditions, however, may cause some quality problems
depending on the time elapsed between milking and
processing.
-
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Cold Storage and Growth of Psychrotrophic Bacteria

Storage of raw milk for long periods at low temperature has
brought about new quality problems for the dairy industry.
These problems are related to the growth and metabolic activi
ties of microorganisms at low temperatures. These microorgan
isms that are termed‘psychrotrophs’, are ubiquitous in nature
and are common contaminants of milk. Although conventional
psychrotrophic bacteria are heat labile, the bacterial metabolite
or enzymes (lipases or proteinases) released by psychrotroph
bacteria may remain functional following heat treatment. Once
these enzymes have been secreted, they have the potential
degrade both raw and processed milk components. A variety o
psychrotrophic organisms, including Pseudomonas� uorescens
Pseudomonas putida, Pseudomonas fragi, Pseudomonas putrefacie,
Acinetobacterspp.,Achromobacterspp.,Flavobacteriumspp.,Aero-
monasspp., and Serratia marcescens, produce heat-stable extra-
cellular lipases. Among these organismsPseudomonasspp.
commonly are isolated from raw milk, frequently accounting for
50% of the psychrotrophic � ora.
Biochemical Changes Caused by Psychrotrophs

Psychrotrophic bacteria are capable of spoiling milk by bio-
chemically altering the compounds present in milk. Psychro-
trophs can cause the decomposition of urea, reduction of
nitrate to nitrite and hydrolyses of proteins and lipids at
temperatures as low as subzero. During the early stage o
growth of psychrotrophic microorganisms, biochemical
changes occur at a low level, resulting in a lack of freshness o
a stale taste. At the later stages, biochemical transformation
gain velocity and aroma and� avor defects become apparent
Development of these off-� avors and odors is usually a result
of proteolysis or lipolysis, and both are of major concern to the
dairy industry. The heat-stable lipases secreted byPseudomona,
Acinetobacter, and Moraxellaare able to hydrolyze tributyrin and
milk fat at both 6 � C and 20 � C. FluorescentPseudomona
species andFlavobacteriumand Alcaligenesspecies are recog
nized as the most active lipolytic bacteria. Microbial lipases are
able to remain active over a wide range of temperatures. Thus
while P.� uorescens, Pseudomonas mucidolens, and some strains of
P. fragiproduce lipases that are stable at temperatures as high a
100 � C, some strains ofP. fragi, S. aureus, Geotrichum candidum,
Candida lipolytica, Penicillium roqueforti, and other Penicillium
spp. have been reported to produce lipases that are active
�7 � C, �19 � C, and even�29 � C.

Although most psychrotrophs (excluding Bacillusspp.) in
raw milk are killed by pasteurization, most of them produce
extracellular proteinases that are extremely thermostable an
can withstand high temperature short-time (HTST) (72� C for
15 s) and UHT (138 � C for 2 s) treatments. Of the bacteria that
can secrete exocellular proteinases, the genusPseudomonasis
highly proteolytic and, therefore, most of the studies on
thermal stability of proteinases have concerned the pseudo
monads. Most proteinases ofPseudomonascan survive heat
treatment at 149 � C for 10 s and, for example, one proteinase
from Pseudomonasis about 4000 and 400 times more heat-
resistant than spores ofGeobacillus stearothermophilusand Clos-
tridium sporogenes, respectively. This heat resistance and th
ability to hydrolyze casein at temperatures as low as 2� C are
among the main characteristics of these proteinases.Pseudo
monas aeruginosais able to produce an exocellular proteinase
that can remain active at 2� C for up to 1 month and can
hydrolyze casein at this temperature; most of the proteinase
show optimum activity at pH 6.5 –8.0.
Microbiology of Pasteurized Milk

Pasteurization is intended to make milk and milk products
safe by destroying all the vegetative pathogenic organisms
Pasteurization systems are designed to provide a 5 log redu
tion of the microbial load using the most thermotolerant target
pathogen Coxiella burnetii. With pasteurization, not only are
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726 MILK AND MILK PRODUCTSj Microbiology of Liquid Milk
pathogenic microorganisms killed but also a wide range of
spoilage organisms are destroyed. Typical pasteurizatio
conditions should be as follows:

l Not less than 62.8 � C or more than 65.6 � C for at least
30 min (holder method)

l Not less than 71.7 � C for at least 15 s (HTST)

Raw milk often contains microorganisms at levels of
104–105 cfu ml � 1, and the extent to which the number of
microorganisms can be reduced by pasteurization depend
not only on the number present initially but also on the
types of organisms. The spoilage micro� ora of pasteurized
milk is of two types: postpasteurization contaminants, which
have entered the milk after heating; and heat-resistan
bacteria, which have survived heating. In general, almost al
Gram-negative organisms in milk are destroyed with
pasteurization at 63 � C for 30 min, and although some
thermophilic and mesophilic bacteria, for example, micro-
cocci and Streptococcusspp., which are thermoduric, may
survive pasteurization, they grow very slowly once the
pasteurized milk is chilled to 4 � C; coryneform bacteria are
another group often present in pasteurized milk, but they
grow very slowly in cooled milk and rarely cause defects. The
methylene blue test is a common quality control tool for
pasteurized milk and decolorization after 30 min indicates
the suf� ciency of pasteurization. The threshold level of
bacteria for bitterness and off-� avor is <1 � 107 cfu ml� 1,
and the usual shelf life of a pasteurized milk should be
>4 days under refrigeration.

The endospore-forming genera– such asBacillusand, to
lesser extent,Clostridium – can be important in terms of
spoilage of products made from contaminated milk. Although
the anaerobic spore-formers may survive in pasteurized milk
they usually are unable to multiply owing to high redox
potential; the genusBacillus, in contrast, is capable of remain-
ing active after pasteurization, and its spores may caus
spoilage of heat-treated milk. Heat-treated milk is more suit-
able for the growth of and enterotoxin production by S. aureus
than raw milk. Therefore, monitoring the presence of this
particular pathogen in heat-treated milk is of paramount
importance concerning hygienic acceptability of processed
liquid milk.

The principal microorganisms growing and causing
spoilage of refrigerated pasteurized milk are psychrotrophic
microorganisms, and as these are heat-labile, the mos
common origin of psychrotrophs is postpasteurization
contamination. There are two major sources of post-
pasteurization contamination: equipment milk residues and
aerosols. Thermophilic microorganisms that survived the
heating process can attach to the surface of plate hea
exchangers with high-heat recovery. Growth of these microor
ganisms preferentially occurs in a temperature range of 45
to 60 � C in the regeneration section. As a result, already heate
product is recontaminated before it leaves the pasteurizer
The extent that bacteria attach to the plates depends on the kind
of heat pretreatment of the milk before pasteurization.
Thermization of raw milk or prolonged times of milk circula-
tion in the pasteurizer are the major factors determining the
extent of bio� lm formation onto the heating plates. It is rather
dif � cult to eradicate bio� lms on the surface of milk equipment
by applying routine cleaning-in-place protocols. The � ller
nozzles, carton-forming mandrels, and pasteurizers are amon
the most common sources of postpasteurization contamina-
tion. Milk contact surface is a route for microbial aerosols to
contaminate pasteurized milk. In particular, airborne yeast,
mold, bacteria, and spores can land on the milk contact surface
and thus contaminate pasteurized milk. The self-enclosed
� lling units are much safer than unenclosed� lling units in
terms of postpasteurization contamination of heat-treated milk
by airborne microorganisms.

After heating, certain members of theEnterobacteriacea,
including Serratia, Enterobacter, Citrobacter, and Hafnia, may be
numerically dominant, but nevertheless the ultimate spoilage
micro� ora consists of psychrotrophic Gram-negative rods
for example, Pseudomonas, Alcaligenes, and Flavobacterium.
Pasteurized milk is required to satisfy a phosphatase tes
Phosphatase is an enzyme that is present in raw milk indige
nously and is destroyed at a temperature only slightly higher
than that used to destroyM. tuberculosis.

In general, � avored pasteurized milk is spoiled faster than
un� avored pasteurized milk. It was demonstrated that the
chocolate powder used in the production of chocolate-� avored
pasteurized milk stimulated the growth of bacteria in milk, but
it did not introduce additional microbes into the milk. The
generation time of bacteria in � avored pasteurized milk was
much faster than its un� avored counterpart. In an earlier study,
it was found that the growth of L. monocytogenesin chocolate
milk was more pronounced than skim and whole milk and
whipping cream.

The fat content of pasteurized milk has no marginal effect
on the growth of pathogenic bacteria. No difference was noted
between the shelf lives of skim (0.1% fat), semiskim (1.6% fat),
and whole (3.8% fat) milk added with or without Pseudomona
spp. at 4 and 7� C. Similarly, the numbers ofL. monocytogenesin
skim milk, whole milk, and whipping cream did not differ
signi� cantly. Therefore, it is fair to assume that fat standardi-
zation has a negligible effect on the microbiology of pasteur-
ized milk.

The manufacturing technology of concentrated liquid milks
includes pasteurization preheat treatment, evaporation, and
cooling. The condensed milk requires a more intense prehea
treatment to ensure storage stability, a stabilizer may be added
and the � nished product is sterilized in a can by retorting. In
general, condensed or evaporated milk are expected to contai
no microorganisms. As a result of inadequate heat treatment o
can leakage, however, the evaporated or condensed milk ma
be spoiled. Geobacillus stearothermophilus, an obligate thermo-
phile, is the organism primarily responsible for the spoilage
mechanism in these products, especially when they are store
at abnormally high temperatures. Plain condensed milk
products usually contain no additives; therefore, they are stored
at refrigerated conditions. Thermoduric bacteria may survive
pasteurization and heat treatment during evaporation; there-
fore, high-quality milk must be used in the manufacture of
condensed or evaporated milk and care must be taken to
prevent postprocessing contamination from environment and
equipment.

Due to high sugar content and low water activity in sweet-
ened condensed milk, it is relatively less prone to microbial
spoilage than unsweetened condensed milk. Osmophilic,



e Table 6 Effect of micro� ltration on the bacterial load of raw milk

Organisms Bacterial load of skim milk Reduction

Total plate count 6000/150 000 ml� 1 99.199.9%
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sucrose-fermenting yeasts and molds are primarily responsibl
for the spoilage of sweetened condensed milk. During� lling,
elimination of free air is critical as molds are able to grow on
the surface of cans when suf� cient air is available.
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Bacillus cereusspores > 15 000 ml� 1 > 99.95%
Lactate-fermenting spores > 100 ml� 1 98.40%
Other Methods for Controlling Microorganisms in
Raw Milk

With the constant improvement in heating technologies, it is
now possible to achieve excellent bacteriological quality with
minimal change in composition and consequently also fresh
and natural tasting products of high quality. During the past
two decades, however, efforts have been intensi� ed to develop
alternative methods to heating to obtain high bacteriological
quality milk without affecting the natural taste and nutritive
value of raw milk. Cross-� ow micro� ltration (CF-MF) and
bactofugation are the most promising technologies for
extending the shelf life of pasteurized milk. Typical pore size of
a CF-MF membrane is 0.2–0.5 mm and very high percentage of
vegetative cells and spores are removed from milk (Table 6).
CF-MF can be used before or after pasteurization. In case
� ltering low-temperature pasteurized milk through CF-MF, the
shelf life of pasteurized milk is extended up to two weeks.
According to the EU and US regulations, pasteurized milk
must be heat treated. Therefore, micro� ltration cannot be
considered as an alternative method to pasteurization as far a
pasteurized milk production is concerned. This technology is
used widely in the production of cheese from raw milk or low-
heat-treated milk.

Bactofugation is another method used in the removal of
bacteria and spores from raw milk. During bactofugation, milk
is separated into two parts, namely, clean milk (microorgan-
isms-free milk) and bactofugate (rich in bacteria and spores)
The bactofugation can be done on the raw stream or on the
skim line in conjunction with high heat treatment of cream
and bactofugate (i.e., 130� C for 1–3 s). Generally, the bac-
tofugation ef� ciency ranges between 98% and 99.5% fo
anaerobic spores.

Other methods, including high hydrostatic pressures,
addition of carbon dioxide to raw milk, microwave heating,
radio frequency heating, pulsed electrical� eld, and ohmic
heating are not in common use at the industrial level in the
production of liquid milk.
See also: Acinetobacter;Alcaligenes; Bacillus: Bacillus cereus;
Geobacillus stearothermophilus(FormerlyBacillus
stearothermophilus); Bacterial Endospores; Bio� lms; Detection
of Enterotoxin ofClostridium perfringens; Corynebacterium
glutamicum; Direct Epi� uorescent Filter Techniques (DEFT);
Escherichia coliO157:E. coliO157:H7; Heat Treatment of
Foods– Principles of Pasteurization;Micrococcus; Physical
Removal of Micro�ora: Filtration;Physical Removal of
Micro�ora: Centrifugation;Process Hygiene:Overall Approach
to Hygienic Processing;Process Hygiene:Risk and Control of
Airborne Contamination;Staphylococcus:Staphylococcus
aureus.
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Cream

De�nition and Types

Creams are dairy products enriched to varying degrees wit
milk fat. Creams may be acidi�ed or nonacidi�ed, whipped,
and may or may not have additives. Classi�cation of cream
is on the basis of fat content, application, and manufacture.
Cream types available in the European market are slightly
different from those available in the United States.Table 1
lists different types of commercial creams. The Food and
Agriculture Organization classi�cation of cream is given in
Table 2. In Germany, coffee cream and whipping cream
with 10 and 35% minimum fat, respectively, are also
available.
l
e

.

m
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Manufacture

The quality of cream depends on the physicochemica
and microbiological properties and handling of the milk
from which it is prepared. Milk should be handled care-
fully to prevent damage to the fat globules during pump-
ing and agitation, since this may result in free fat, which
may coalesce or ‘churn,’ making the separation dif�cult.
General steps involved in industrial manufacture of cream
follow.
t

t
r

Table 1 Commercially available creams

Cream type
Fat content
(% by weight) Applications

Half-cream or
single cream

10–18 As pouring cream for use in
desserts and beverages; as
breakfast cream poured over
fruit and cereals; used
industrially as an ingredient of
canned soups and sauces

Coffee cream Up to 25 To give an attractive appearan
to coffee with appropriate
modi� cation in� avor

Cultured or sour
cream

<25 normally
(occasionally
up to 40)

In confectionery, and in meat
and vegetable dishes

Crème fraîche 28–30 It is another sour cream, but
with a higher fat content

Whipping cream 30–40 For toppings and� llings for
baked goods

Double cream
(marketed in
Europe)

>48 Used in desserts and whipped
in gateaux

Clotted cream >55 Used as spread on scones in
conjunction with fruit
preserves

High-fat creams
(plastic cream)

70–80 For ice cream manufacture
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Production of Milk on the Farm
Milk production on the farm should be done in utmost
hygienic manner. Although vegetative cells may be killed by
subsequent heat treatment, spores and organisms such a
Bacillus cereuscan survive and cause subsequent spoilage of th
milk.

Transport and Storage
Milk should be stored below 5 � C in silos or suitable tanks until
cream manufacture. It is common practice to hold milk at 5 � C
for up to 48 h in creameries.

Separation and Standardization of Cream
Milk is heated at 44–55 � C for separation of the cream.
Although temperatures below 40 � C yield a highly viscous
product and the possibility of lipolytic off- �avors, those
above 55 � C may cause rapid and excessive thickening of th
cream during storage. Nano�ltration followed by deoxygen-
ation by nitrogen gas dispersion treatment prior to conven-
tional cream separation is reported to give a clean aftertaste
Cream separation is carried out continuously in centrifugal
separators that have separate ports for skimmed milk and
cream. The mechanics of keeping cream separated fro
skimmed milk depends on the type of centrifugal separator
used. Centrifugal separators of disc stack type are mostly use
in modern dairies. Some separators used to produce high-fa
creams (40% fat content) can operate at 5� C, at which
microbial growth would be insigni �cant. Very recently,
ultrasound has demonstrated a potential to predispose fat
particles in milk emulsions to creaming in standing wave
systems and in systems with inhomogeneous sound distri-
butions, which could have implications in cream separation
in future.

Homogenization of Cream
Homogenization increases the viscosity, which is preferred
by consumers, but also increases the potential for light-
induced rancidity (manifested as oxidized �avor) owing to
the increased surface area resulting from homogenization. I
is used only for some types of creams, such as half cream o

ce
Table 2 Food and Agricultural Organization (FAO) classi�cation of
cream

Product type Fat content (%)

Cream 18–26
Light cream (cream with additional terms such as coffee

cream/table cream)
>10

Whipping cream (light whipping cream) >28
Heavy cream (heavy whipping cream) >35
Double cream (extra-heavy cream/manufacturer’s

cream)
>45

Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00221-4
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Milk

Cream separators

Cream with approx. 30% fat

Pasteurized at 63 °C for 30 s or 
72 °C for 15 s

Cooled and standardized to required fat content

Preheated to 140 °C for 2 s 
(to destroy spore-forming bacteria)

Homogenization at 45–60 °C

Cream filling in cans

Sterilization at 115–120 °C for 18–55 min 
in cans in batch or continuous retorts 

(depending on the type of retort and can size)

Two stages with pressures 
of 17–19.5 MPa in the first 
stage and 3.5 MPa in the 

second stage 

Single stage at 
      19.5 MPa

Addition of stabilizing 
salts such as Na2HPO4, 
NaHCO3, and trisodium
citrate at 0.06% to prevent 
texture deformities

Figure 1 Flow sheet of typical manufacturing process for sterilized
cream.
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single cream, to prevent fat separation. Double cream ma
also be lightly homogenized. Whipping creams are generally
not homogenized since it inhibits formation of stable foam.
Homogenization is carried out after standardization at 65� C
and 17 MPa, but certain automated separating processe
can carry out standardization at a preferred temperature
of 40 � C.

Heat Treatment of Cream
Cream is a high-moisture product with a short shelf life. Heat
treatment extends the shelf life by inhibiting the growth of
pathogenic and spoilage organisms and denaturing indigenous
lipases, which may promote rancidity. According to Interna-
tional Dairy Federation, heat treatments must conform to one
of the following minima:

l Pasteurization at 63� C for �30 min or �72 � C for 15 s (for
creams with fat content of up to 18%); temperatures up to
80 � C for 15 s (for creams with fat content of 35% or more)
are also used. In the United States, dairy products contain
ing more than 10% fat receive a heat treatment of 74.4� C
for 15 s

l Sterilization at 108 � C for 45 min
l Ultrahigh temperature (UHT) treatment at 140 � C for 2 s

Pasteurization reduces viscosity of cream and also produce
some sulfurous notes that disappear on storage. Highe
temperatures result in cooked� avors and may impair cream
quality by possibly activating bacterial spores. A major defect o
nonhomogenized pasteurized cream is formation of ‘cream
plugs.’ This is attributed to the free fat that welds the globules
together and in extreme cases solidi� es the cream. Fa
composition and rate of cooling of the cream also affect plug
formation. High-temperature short-time (HTST) treatment of
creams presently is used in most commercial creameries fo
sterilization.

Ef� cacy of heat treatment must be checked by testing fo
phosphatase. Rapid and sensitive tests based on� uorimetry
and chemiluminescence have been developed to check fo
phosphatase. The use of phosphatase test in pasteurize
creams, however, can be problematic owing to its reactivation
on storage.

Cooling and Storage after Heat Treatment
Pasteurized cream should be cooled immediately after hea
treatment to �5 � C, typically using hyperchlorinated water to
minimize the risk of postprocess contamination (due to
potential seam leak and growth of thermoduric organisms),
and then packaged quickly.

Packaging
Pasteurized cream for domestic consumption is packed in
plastic pots or cardboard cartons. Polystyrene containers ca
cause taints and hence should be avoided; polypropylene pot
are generally preferred. These packaging materials generally a
used for holding about 5–10 l of cream. Sterilized cream is
mostly produced in cans. Cans are sterilized with superheate
steam, while aerosol cans are sterilized by hydrogen peroxide
Bulk quantities of cream (2000–15 000 l) are transported in
stainless steel tankers.
Further Cooling, Storage, and Distribution of Cartoned Cr
A temperature of � 10 � C during storage and distribution is
recommended; 5 � C is preferred. Cream should be stored
away from odoriferous materials (disinfectants, paints,
varnishes, scents, or strong-smelling foods), since the crea
may be rendered inedible. Sometimes aging and rebodying
of cream is carried out to increase its whipping properties
and viscosity, respectively. Aging of pasteurized cream
done for 24 h. In rebodying, the cream is cooled rapidly
to 28–30 � C and then to 4 � C slowly over the next 24 h.
This is attributed to improved crystal structure on slow
cooling.

Sale – Possibly a Multistage Operation
Cream presents more problems than milk owing to distribu-
tion methods and the requirements for longer keeping quality.
Sales are erratic, depending on the weather, holiday season
local activities, and so on. Cream should be dispatched
throughout the distribution chain from manufacturing dairies
to smaller retailers under chilled conditions.

A typical � ow sheet for manufacture of sterilized and clotted
creams is shown inFigures 1 and 2, respectively. Apart from
clotted cream, most creams are produced by mechanical sep
rators. Clotted cream has a very high viscosity, a golden cream
color, and granular texture.

In whipping creams, air is incorporated at the air–water
interface and there is a disruption of the milk-fat globule
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(a) Traditional method 

Milk

Strained into shallow pans

Allowed to stand for 6–14 h for cream separation

Heated over a water bath to 82–91 °C for 40–50 min

Cooling of cream for 24 h

Careful separation of crust having 65–70% fat

(b) Float method

Double cream floated
on milk/skim milk in
large jacketed trays

Heat to 80–85 °C for 40–60 min 
by steam or hot water

Cooling followed by refrigeration 
to set crust

Scooping off the
clotted cream

Packaging

(c) Scald method

Cream having approximately
56% fat

Heated to 80 °C
for 40–60 min

in trays

Cooled below 7 °C
for 12–14 h

Cutting off the clotted
cream from the trays

Packaging in
polystyrene or

polypropylene pots

Figure 2 Flow sheet of typical manufacturing processes for clotted cream. (a) Traditional process. (b, c) Commercial processes.
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membrane. Whipping using nitrogen reduces the chances o
microbial growth.

Some important factors for whipping cream are as follows:

l Extent of beating required to form a stable aerated structure
l Overrun, expressed as percentage volume increase of crea

due to air incorporation
l Stiffness and serum leakage from whipped cream due to

overwhipping leading to sogginess if used in cakes

Factors affecting whipping properties of cream apart from
rebodying are the fat content, temperature (should be<10 � C),
distribution, and size of fat globules and membrane structure.
Whipping creams can also be foamed by aerosols. In this
process, cream is� lled into hermetically sealed cans that are
pre� lled with an inert gas, such as nitrogen. Low foam stability
in aerosol-foamed creams can be compensated for with stabi
lizers; this also prevents microbial spoilage.

Sour cream is made by inoculating cream with cultures of
lactic acid–producing bacteria, such asLactococcus lactissubspp.
lactisand cremoris, and � avor-producing bacteria, such asLeu-
conostoc mesenteroidessubspp.cremorisand dextranicum. Souring
takes place at 20� C and avoids spoilage by thermophilic
organisms.
Creams are processed in different ways and sold accord
ingly. For example, sterilized cream has a distinct caramelize
� avor due to the in-can sterilization process and has a shelf life
of about two years. Temperatures employed are 110–120 � C
for 10–20 min. This severe heating brings about protein
denaturation, Maillard browning, and fat agglomeration,
which collectively modify the texture and � avor of the cream.
A process for rapid sterilization of cream, known as auto-
thermal thermophilic aerobic digestion (ATAD) friction
process, consists of preheating the cream to about 70� C and
then heating to 140 � C for 0.54 s. This process can be applied
successfully to creams ranging in fat content from 12 to 33%.
Double, whipping, single, and half cream may be UHT treated
or frozen after adequate pasteurization. UHT sterilization at
135–150 � C for 3–5 s followed by aseptic packaging does not
induce chemical changes, but creaming and fat agglomeration
does take place on storage. In this process, the shelf life
limited by biochemical rather than microbiological consider-
ations. Since all forms of microorganisms are destroyed, the
cream can be stored inde� nitely without refrigeration.
Calcium–casein interactions destabilize the emulsion, and any
proteases surviving the heat treatment may bring abou
gelation. Development of a stale or ‘cardboardy’ � avor
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generally limits the shelf life to 3–6 months. Problems arise in
controlling the UHT method for high-fat creams.

Bulk storage of surplus cream may be done by freezin
at �18 to �26 � C after pasteurization. A shelf life of 2–18 months
(average 6 months) is achieved. Cream is frozen in rotary drum
freezers or plate freezers or is frozen cryogenically using liqui
nitrogen. Every technique has its advantages and disadvantage
however, for a good freeze-thaw stability of frozen creams, car
must be taken to preserve the natural milk-fat globule membrane.
Hence, frozen creams are not homogenized.

Additives for stabilization and improvement of whipping
properties of cream are permitted in many countries. Gelatin
and carboxymethylcellulose mainly increase the viscosity
while alginates and carrageenan interact with calcium–casein–
phosphate complex to enhance whipping properties. Emulsi-
� ers and stabilizers improve the freeze-thaw stability of cream
Sugars such as glucose and sucrose also impart freeze-th
stability. Nutritive sweeteners and characteristic� avoring and
coloring ingredients are also used sometimes. Cream powder
and imitation creams, produced by emulsifying edible oils and
fats in water, are other products available for industrial use.

Keeping quality of creams can be enhanced by following
good manufacturing practices. Steps that can ensure this qualit
assurance to the manufacturer and the consumer are as follow

l Sanitizing all items coming in contact with cream at any
stage by heat or chemical disinfectants, such as chlorin
compounds

l Ensuring good supervision
l Controlling air contamination around the � llers (this often

is neglected)
l Packaging creams in rooms away from processing activitie
l Using water containing 5 ppm available chlorine
l In-line testing of cream equipment
t

re
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Micro�ora of Retail Cream

Cream is the main source of microorganisms in butter. Fa
globules in the raw milk carry pathogenic and spoilage
organisms that originate from the udder or hide of the cow and
milking lines used in the processing.

Generally, Gram-negative organisms, yeasts, and molds a
destroyed, whereas psychrotrophicBacillusand Clostridiumspp.
and their spores survive cream pasteurization and so do hea
resistant microbes, such as some strains ofLactobacillus,
Enterococcus. More speci� cally, B. cereuscontributes to product
failure in late summer and early autumn than at other times of
the year.Bacillus cereuscan reduce methylene blue and hence
lead to failure of the of� cial Public Health Laboratory Services
test.Candida lipolyticumand Geotrichum candidumare of greatest
importance. Survival of Mycobacterium paratuberculosisduring
cream pasteurization has been con� rmed by polymerase chain
reaction (PCR) of cultures isolated from previously inoculated
and pasteurized samples. In unpasteurized cream,Streptococcu
agalactiae, Streptococcus pyogenes, Staphylococcus aureus, and
Brucella abortussurvive for varying periods of time and � nd
their way into butter. Pasteurization at 62.8 � C for 30 min of
butter made from contaminated cream can eliminate these
organisms. Spoilage of UHT cream normally is due to failure of
packing systems and entry of postprocessing contaminants
Endospores ofBacillusspecies may survive both UHT and in-
container sterilization. In pasteurized clotted cream, the
micro� ora depends on the nature of the process, the degree o
control and the standard of hygiene. In most cases,Bacillusspp.
are dominant, although non-endospore-forming thermoduric
species, such asEnterococcus, are present in cases in which lower
cooking temperatures are used.

Development of � avor defects in cream is attributed to high
numbers (>10 7 ml � 1) of psychrotrophs due to postprocessing
contamination of milk or cream. These produce lipolytic
enzymes that cause hydrolytic rancidity. Rancid� avor is caused
mainly by fatty acids of C4 to C12, while long-chain acids of C14

to C18 make little contribution. Agitation of milk at 5 –10 � C or
37 � C increases the lipase activity associated with the crea
several fold. Transferred enzyme is bound to the milk-fat
globule membrane, wherein it has enhanced heat stability.
This redistribution is of relevance in butter manufacture.
Homogenization of the cream at high pressure, slow cooling
and subsequent storage at higher temperatures, slow freezin
and repeated freeze-thawing also promote lipolysis. Dif� culties
have been experienced in churning cream made from rancid
milk. The cream foams excessively and may take up to� ve
times longer than normal cream to churn. Lipolyzed milk and
products prepared there from may slow down the manufacture
of fermented products (in this case, sour cream) owing to the
inhibitory effects of free fatty acids developed during the
hydrolytic rancidity. The causative factors for defects and
spoilage of cream and their implications are summarized in
Table 3. All these are common waterborne organisms. The
presence of non-spore-forming organisms in sterilized cream
indicates contamination after sterilization, and in canned
cream, it indicates a defective or leaking can.
Butter

Butter, one of the � rst dairy products manufactured, has been
traded internationally since the fourteenth century. Large-scal
manufacture became possible only after development of the
mechanical cream separator in 1877. World consumption of
butter and butterfat products was more than 5 250 000 tons in
2009, with EU nations taking the second place with about
1 500 000 tons consumption after the largest consumer India,
with about 3 750 000 tons consumption.
Manufacture and Typical Micro�ora of Fresh Butter

Butter is a water-in-oil emulsion with fat as the continuous
phase, obtained by the phase reversal of cream during th
churning process in its manufacture. Typically, butter contains
at least 80% fat, 15–17% water, and 0.5–1% carbohydrate and
protein. Manufacture of butter is shown in Figure 3 and steps
involved along with their process conditions and signi� cance
are outlined in Table 4.

Improvement in Butter-Making Process
Up to the late nineteenth century, cream was separated from
raw milk by standing raw milk overnight in bowls. This cream
was then separated and churned in wooden bowls without
pasteurization. Growth of natural micro� ora was considered



Table 3 Spoilage and defects in creams and their causative factors

Spoilage and defects Causative factor Action

Bitterness B. licheniformis, B. subtilis Proteolytic activity of enzymes
Proteus Attack on proteins and production of peptides
Rhodotorula mucilaginosa Associated growth in sour creams containing lactic acid

organisms likeLactococcus lactis
Thinning B. licheniformis, B. subtilis Lipolytic activity of enzymes
Coagulation B. licheniformis, B. subtilis Proteolytic activity of enzymes
Gas and acid curdling Lactococcus lactis, coliforms Fermentative action
Fruity� avors Yeasts likeTorula cremoris, Candida pseudotropicalis,

Torulopsis sphaerica
By survival and multiplication in whipped cream

containing added sugar
Rancidity Psychrotrophs likeBacillusspp.,Clostridium Low carbon (C4 to C8) fatty acids resulting from lipolysis
Flavor and chemical taints Herbage-derived substances Presence of undesirable volatiles (these can be readily

removed by steam distillation)
Cow feeds containing garlic and decaying fruit

Raw milk

Warmed, separated. Cream
standardized to desired fat content

Cream

Pasteurized

Deaeration

Churning

Addition of
lactic acid bacteria

4% inoculums, 
19–21 °C, hold until it 
reaches about pH 53–5 °C, 4 h

5–7 °C, 4 h

Cooled and partially
crystallized 

Sweet cream butter Ripened cream butter
cooled to 16–21 °C

Separation
of buttermilk

Washing

Salting

Mixing (kneading)

Butter

Retail packaging

Cold storage after setting

Distribution

Packaging 
material

Addition of salt and 
water to give 2% salt 
in final product

Potable water Wastewater

Figure 3 Flow sheet for manufacture of butter.
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Table 4 Steps in butter manufacture

Step Process SigniÞcance

1. Concentration of fat phase in
milk

Using cream separators For separation and standardization of resultant
cream to the desired fat content

2. Crystallization of fat phase l For sweet cream– cooling at 5� C for at least 4 h
after pasteurization of cream at 66� C for 30 min

l For ripened cream– addition of lactic acid bacteria
to pasteurized cream after cooling to 16–21� C until
a pH of 5.0 is reached and then followed by cooling
to 3–5 � C

Develops an extensive network of stable fat crystals

3. Phase separation and formation
of water-in-oil emulsion

Churning and working a proper blend of solid and liquid
fat, usually at 5–7 � C

l Disrupts membranes on milk fat globules,
followed by effective clumping that further
causes butterfat to harden

l Enhances diacetyl production in ripened cream
butter

4. Washing Rinsing with water Removes excess buttermilk
5. Salting Using� nely ground salt or brine containing 26% w/w

salt, or slurries of salt in saturated brine containing
70% sodium chloride

Inhibits microbial growth

6. Packaging Cardboard boxes lined with vegetable parchment,
aluminum foil or plastic� lms for bulk packaging

Protection from air, workers, plant environment,
and temperatures that may promote spoilage

7. Storage � 15 to � 30 � C
8. Repackaging for retail outlets

Source: Early, R. (Ed.), 1992. The Technology of Dairy Products. Blackie, Glasgow.
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normal and added � avor to the butter. Washing the butter
grains with untreated water removed nonfat solids present in
the milk, which removed the substrate for microbial growth
but added new waterborne microorganisms to the butter,
making addition of salt necessary in this process.

Mechanization and scale-up of butter-making process
began in nineteenth century. Since the churns were then mad
of wood, cleaning was still complicated, although the incidence
of microbial contamination was reduced due to introduction of
pasteurization. Subsequent replacement of wood with stainles
steel or aluminum improved the hygiene conditions consid-
erably. They also eliminated � avor problems arising due to
yeasts and molds, but produced a cream that was bland. Thi
led to different practices, such as the addition of salt or a starte
culture to the cream for souring.

According to current practices, cream for butter manufacture
should have at least undergone a heat treatment of 74–76 � C for
15 s, should have a fat content of about 40% so as to be
amenable for continuous butter-making, and should be cooled
to 10–11 � C for at least 4 h. This allows the completely lique� ed
butterfat to crystallize into large numbers of small crystals. This
process, known as aging, allows a stable matrix ofa and b forms
of fat crystals to develop, which is important for the physical
properties of the � nal product. If butter is to be ripened using
a starter culture, however, it is cooled to only 19–21 � C. If
cooling is too slow, bacterial spores that survive pasteurization
might germinate and grow. This is followed � rst by agitation,
washing, salting, packaging, storage, and then repackaging.

Butter may be either sweet cream butter, which may or may
not be salted, or ripened cream butter in which lactic acid
bacteria ferment the citrate in cream to � avor-imparting
compounds, such as acetoin and diacetyl. Sweet cream butte
(pH 6.4–6.5) is bland in taste but has a nutty or boiled milk
� avor; this is preferred in America, Australia, and New Zealand
In Europe, Latin America, and Asia, the preference is for intens
� avor, which can be developed using milk cultures. In ripened
cream butter, diacetyl formation can be enhanced by incor-
porating air by intensive stirring of the cream, using ripening
temperatures below 15� C, maintaining an optimal pH below
5.2, and adding 0.15% citric acid to cream. The level of diacety
in ripened cream butter is 0.5–2.0 mg kg� 1 butter. Diacetyl also
inhibits Gram-negative bacteria and fungi. Another type of
butter is whey cream butter, which is processed from whey
cream. Whey cream is obtained from milk fat recovered from
cheese whey. In the manufacture of ripened cream butter
pasteurized cream is cooled to 6–8 � C for 2 h or more to initiate
fat crystallization followed by warming to 19 –21 � C and then
inoculated with pure or mixed strains of L. lactissubspp.lactis,
cremorisand diacetylactis, and L. mesenteroides. In some areas of
Europe, Candida krussihas been tried in mixed cultures.
Ripening occurs for 4–6 h until a pH of 4.6 –4.7 is achieved, and
the product is then cooled to 3–5 � C to stop fermentation.
Spoilage microorganisms are controlled primarily through the
bacteriostatic effect of lactic acid produced in the fermentation.

During churning and working of the cream, most of the
starter culture is retained in the buttermilk; however, about
0.5–2.0% remain in the butter.

The Netherlands Institute voor Zuivelondazoek (NIZO)
method for manufacture of cultured butter is used in many
factories in Western Europe. In this method, instead of just the
starter culture, a mixture of diacetyl-rich permeate and starte
cultures is worked into butter. The permeate is produced by
fermentation of delactolized whey or other suitable medium.
This method has advantages of greater control over th
manufacturing process, lower risks of oxidative defects, lowe
chances of hydrolytic rancidity, less need of starter cultures
better quality of butter even after 3 years of cold storage, and
elimination of pumping problems often encountered with
viscous ripened cream. The pH of butter made with this process
is also easier to adjust to the desired range of 4.8–5.3. Salt is
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Table 5 Most common spoilage and defects encountered in butter

Nature of spoilage or defect Causative factors

Spoilage
Bacterial spoilage Contaminated water supplies

Improper distribution of salt
Temperature abuse in sweet cream

butter
Putridity or‘surface taint’ and

hydrolytic rancidity
Pseudomonasspp., such asP. fragi,

Shewanella putrefaciens
(Alteromonas putrefaciens), and
P. ßuorescens, grow on butter
surfaces at 4–7 � C and produce
proteases and lipases

Mold growth producing musty
� avor

Growth ofRhizopus, Geotrichum,
Penicillium, andCladosporiummay
cause hydrolytic rancidity

Humidity above 70%
Improper personal hygiene of

workers in the manufacturing plant
Malty� avor, skunk-like odor,

and black discoloration
Growth ofLactococcus lactisvar.

maltigenes, Pseudomonas
mephitica, andAlteromonas
nigrifaciens

Color changes Surface growth of various fungi
produce colored spores

Acid production Growth of yeast, such as
Saccharomyces, Candida
mycoderma, Torulopsis holmii

Defects
Metallic taste and smell Overacidi� cation of cream, high level

of metallic ions in wash water,
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added to butter after removal of excess buttermilk. It should
distribute evenly in the aqueous phase of the product and can
inhibit microbial growth. Salt can be used in � nely ground
form or as slurry in saturated brine solutions containing up to
70% sodium chloride. Listeriais known to survive in saturated
brine solution at 4 � C for 132 days; hence water used to prepar
brine must be free of Listeria. Psychrotrophic organisms
multiply in salted butter stored even at � 6 � C, owing to
a lowered freezing point of water due to salts, which permits
the growth of these organisms.

Addition of herbs to butters is also practiced in certain
countries to increase the variety of foods. Soft butters that ar
spreadable at 5� C can be produced by following ways:

1. Using cream from summer period, which is the softest.
2. Subjecting the butter to extra working.
3. Incorporating about 10% soft vegetable fat with milk fat to

give a normal butter composition (80% fat minimum, 16%
moisture).

4. Reducing the fat as little as 50%. This low-fat dairy spread
contains about 11–15% milk solids and emulsi � ers to
maintain a stable water-in-fat emulsion.

Traditionally and legally, however, butter must contain
�80% of only milk fat. The products described in items 3 and 4
cannot be called butter, but they are dairy-type spreads. Rece
developments in milk fat fractionation have allowed for the
additional control over triglyceride composition, enabling the
manufacture of butters with improved spreadability. Contin-
uous processes for butter manufacture are economicall
advantageous.
-

defects of tinned utensils
Soapy taste and smell Contamination with cleansing agent

residues
Short, brittle structure Butterfat too hard, improper cooling

during ripening
Salvelike, greasy structure Too much liquid fat in fat globules,

defects in ripening, too high
buttering and kneading
temperature

Streaky, marbles appearance Uneven salt distribution, blending of
butter

Flat or insipid� avor in freshly
made butter

Excessive washing of butter grains
during manufacture, dilution of
cream with water, initial stages of
Possible Problems During Storage

All commercial butter is produced from pasteurized cream. The
only avenue for infection and spoilage during storage is post-
pasteurization carelessness. Microbiologically induced� avors
developed before pasteurization may be carried over into
butter. The introduction of stainless steel equipment has
eliminated many � avor problems, particularly those due to
yeasts and molds. High humidity in storage area and perme
ability of packaging material may support the growth of psy-
chrotrophic molds on the surface of butter.
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bacterial deterioration
Medicinal� avor in butter Use of medicaments for treating

cows, presence of chlorine
compounds in milk or cream
Spoilage of Butter

Low temperatures (<10 � C) employed for bulk storage of
butter are inhibitory to the growth of most microorganisms.
Lethal effect of temperature is, however, selective. Survival o
Micrococcusspp. and yeasts generally is more than Enter
obacteriaceae. Microorganisms entering during reworking and
packaging and those surviving at low temperatures are capab
of growing during retail and domestic storage above 0� C.

Various types of spoilages and defects have been encou
tered in butter (Table 5). All Pseudomonasgroups found in
butter are psychrophiles and have been traced to wash wate
They grow well at refrigerator temperatures and produce putrid
or lipolyitc � avors in 5–10 days. These psychrophiles also
produce extracellular phospholipases that degrade phospho
lipids of the milk-fat globule membrane. Most lactic starters
used in the manufacture of fermented milk products have
a weak lipolytic activity. While natural milk lipase accounts for
hydrolytic rancidity in milk and cream, microbial lipases
assume greater signi�cance in stored products. Off-�avors of
hydrolytic rancidity are described variously as‘bitter,’ ‘unclean,’
‘wintry, ’ ‘butyric,’ or ‘rancid.’ These defects are sometime
evident during manufacture, but they also may develop during
storage. Butters made from creams that have undergon
hydrolytic rancidity may not show this defect, because the
rancid � avors arising due to short-chain fatty acids (C4 and C6)
are water soluble and are readily lost in buttermilk. This
discussion is valid only for sweet cream butter. Ripened cream
butter is less susceptible to hydrolytic rancidity. However,
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yeasts such asC. lipolyticum, Torulopsis, Cryptococcus, and Rho-
dotorula can grow and cause lipolysis at low temperatures
These are particularly favored at low pH of some cultured
cream butter.

It recently has been observed that the addition of garlic
cloves to butter inactivates pathogens, likeEscherichia co
O157:H7, Salmonellae,and Listeria monocytogenes. Such patho-
gens are also unable to grow in unsalted butters. Certain spice
like black cumin, summer savory, and marjoram have been
reported to inhibit yeasts, such asCandida zeylanoides, Candida
lambica, and Candida kefyr, which are commonly found species
of Candidain packaged as well as unpackaged butter.
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Microbiological Standards for Cream and Butter

Microbiological standards for cream are not favored by many
because of the complexity of the factors involved. A distinction
can be made, however, between satisfactory, doubtful, an
unsatisfactory types. Suggested standards for cream satisfact
for butter-making are counts of less than 1 cfu ml� 1 for yeasts,
molds, and coliforms, and a total colony count of less than
1000 cfu ml� 1. Table 6 gives the limits that have been
proposed as microbiological standards for cream and butter
Bacteriological standards for cream in some countries hav
been outlined as follows:

l Northern Ireland:
Untreated – bacterial count <50 000 g� 1.
Pasteurized– no coliforms in 1 g

l Canada:
Count <50 000 g� 1.
No coliforms in 1 g
Phosphatase negative

l Sweden:
Count <10 000 g� 1.
Coliforms < 10 g� 1.
Aerobic spores<100 g� 1
Table 6 Suggested microbiological standards for crea

Product Test

Raw cream for direct consumption Total bacterial cou
Total coliform count
E. coli(fecal type)
Methylene blue reduct
3 h Resazurin test (at
Staphylococcus aureu(co
Somatic cell count

Pasteurized cream Total bacterial count
Total coliforms
E. coli(fecal type)

Butter Contaminating organis
Total bacterial count (n
Total coliforms
E. coli(fecal type)
Staphylococcus aureu(co
Yeasts and molds
Proteolytic organisms
Lipolytic organisms

aFigures in parentheses are target values.
Public Health Concerns

Incidence of documented food poisoning associated with
butter consumption was low even before widespread pasteur
ization of cream for its manufacture. Early outbreaks of diph-
theria (caused byCorynebacterium diphtheriae) and tuberculosis
(caused byMycobacterium tuberculosisor Mycobacterium bovisin
naturally contaminated cream) in the United States and
Europe, and of typhoid fever (caused bySalmonella typhi) in the
United States from 1925 to 1927, have been reported to be
caused by butter. Butter contaminated by a convalescent carrie
of S. typhi was responsible for 35–40 cases (including six
deaths) of typhoid fever in Minnesota in 1913. Some major
public health concerns with respect to cream and butter are
outlined in the following section.

A�atoxins
A� atoxins are secondary metabolites produced byAspergillus
� avus, Aspergillus parasiticus, and Aspergillus nomiusand are
recognized as extremely potent liver carcinogens for both
animals and humans. Of the four types of a� atoxins (AFB1,
AFB2, AFG1, and AFG2), AFB1 is the most potent and come
from contaminated feeds. Ingestion of a� atoxin-contaminated
animal feed leads to the excretion of the less toxigenic AFM1 in
the milk within 12 –24 h. Although many countries have
legislation regarding a� atoxin limits in animal feed, the United
States and many European countries also have legislation fo
maximum levels of AFM1 in dairy products. European Union
have legislated maximum acceptable AFM1 levels of 0.05 an
0.025 mg kg� 1 in � uid milk and milk destined for infant foods,
respectively. In the United States, this limit is 0.5mg kg� 1

of AFM1 in milk. Present evidence indicates the level o
AFM1 in milk and dairy products to be relatively unaffected
by pasteurization, sterilization, fermentation, cold storage,
freezing, concentration, or drying. Treatments with hydrogen
peroxide, benzoyl peroxide, ultraviolet light, bisulfites, ribo-
� avin, or lactoperoxidase, however, have been shown to b
effective in reducing the levels of AFM1 in experimental trials.
m and butter

Count or resultsa

nt

ion time (at 36� C)
36� C, Lovibond disc no. 4/9)
sagulase-positive)

< 30 000 (10 000) per ml
< 30 (10) per ml
1 (10) per ml
Not less than 7 h
Not less than 4 h
< 10 (1) per ml
< 500 000 (250 000) per ml
< 30 000 (5000) per ml
< 1 (0.1) per ml
Absent in 1 ml

ms (non-lactic-acid bacteria)
oncultured butter only)

sagulase-positive)

< 10 000 (5000) per g
< 50 000 per g
< 10 (1) per g
Absent in 1 g
Absent in 1 g
< 10 per g
< 100 per g
< 50 per g
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Only about 0.4–2.2% of the ingested AFB1 appears in milk as
AFM1. Furthermore, since AFM1 is water soluble, it partitions
naturally during manufacture of cream and butter. Typically,
about 10% of the AFM1 in milk appears in cream and about
2% appears in butter. Rigid monitoring of animal feed for AFB1
can control the AFM1 levels in dairy products, including cream
and butter.

Brucellosis
Brucellosis is acquired by direct or indirect contact with infec-
ted animals harboring any of three of the six bacterial specie
belonging to the genus Brucella. Human brucellosis ranges
from a mild, � u-like illness to a severe disease. The severi
depends on the species involved, withBrucella melitensisbeing
the most pathogenic for humans, followed by Brucella suisand
B. abortus. Osteomyelitis is the most common complication of
this infection, followed by skeletal, genitourinary, cardiovas-
cular, and neurological complaints. Cream and butter are
unusual sources ofBrucellaspp. with only about 5 out of 916
cream samples being positive in one outbreak-related survey
Both of these products can extend survival ofB. melitensisand
B. abortusfor 4–6 weeks when stored at 4� C. These microor-
ganisms can survive even longer in refrigerated butter, persis
ing for 6 and 13 months in salted and unsalted butter,
respectively. Dairy-related brucellosis outbreaks have bee
virtually eliminated as a result of immunization of livestock,
slaughtering of infected animals, and mandatory pasteuriza-
tion of milk.

Listeriosis
Listeria monocytogenes, the causative agent of this diseas
emerged in late 1990s as a serious foodborne pathogen that ca
cause abortion in pregnant women, and meningitis, encepha-
litis, and septicemia in infants and immunocompromised
adults. Listeriainfections are devastating, with a mortality rate
of 20–30%. Dairy-related outbreaks of listeriosis, two in Swit-
zerland and one in the United States in the 1980s have been
linked to the consumption of various products, including
pasteurized milk. Cream has been implicated in a major
outbreak of listeriosis in Halle, East Germany, during the
period 1949–57. Butter also was implicated in an outbreak of
listeriosis in a hospital in Finland in 1998 –99 in which 25
patients were affected and 6 died. The outbreak strain wa
found in both the packaged butter and the manufacturing
dairy. L. monocytogenescan attain population of 106 cfu ml� 1 in
whipping cream after 8 days of storage at 8� C. It occasionally
has been recovered from commercially produced butter, with
survival up to 70 days being reported in butter prepared from
inoculated cream.

Salmonellosis
The causative agent isS. typhi, which can survive for 2–
4 weeks in butter prepared from contaminated cream and
can cause outbreaks. It produces infections ranging from
a mild, self-limiting form of gastroenteritis to septicemia
and life-threatening typhoid fever. Salmonellae can grow at
5–45 � C. The incidence ofSalmonellaspp. in raw bulk tank
milk has been estimated at 4.7%. Inadequate pasteurization
and postprocessing contamination have occasionally resul
ted in milk and cream that test positive for Salmonella,
evidenced by various outbreaks of salmonellosis. The
numbers of salmonellae decrease in� uid milk products and
butter prepared from inoculated cream during extended
storage at�7 � C.

Staphylococcal Poisoning
Staphylococcal poisoning results from ingesting preformed,
heat-stable enterotoxin, which is produced byS. aureus. The
bacteria can grow at 10–45 � C at a pH of 4.2–9.3. Ten
serologically distinct enterotoxigenic proteins known as
enterotoxin types A, B, C1, C2, C3, D, E, F, G, and H are
recognized in S. aureus. The severe intoxication is of short
duration and develops 1–6 h after ingestion of the entero-
toxin. The common symptoms are nausea, vomiting, diar-
rhea, abdominal cramps, and mild leg cramps. Between 1951
and 1970, cream has been implicated in six outbreaks o
staphylococcal poisoning in the United Sates involving 131
cases. Large numbers ofS. aureusare seldom found in butter
since the product composition and storage conditions
severely limit its growth. However, when cream was inocu-
lated with S. aureus, incubated for 24 h at 37 � C and then
churned to butter, the � nished product contained at least
1 mg of enterotoxin per 100 g, or approximately 10% of the
enterotoxin present originally in the cream. Since 0.1mg of
enterotoxin can induce symptoms of staphylococcal
poisoning, ingesting such a dose poses a potential health
hazard. This has been demonstrated by butter-related
outbreaks.
Campylobacter
In 1995, an outbreak of Campylobacter jejunienteritis in the
United States, which affected 30 people who had eaten in
a local restaurant, was associated with garlic butter prepare
on site. The survival of Campylobacterin butter, with and
without garlic, was later investigated, and it was found that
C. jejuni could survive in butter without garlic for 13 days at
5 � C. Lately, dairy-relatedCampylobacterinfections have been
associated only with the consumption of unpasteurized or
raw milk.
See also: Aspergillus; Bacillus: Bacillus cereus; Campylobacter;
Clostridium; Enterobacter; Escherichia coli:Escherichia coli;
Fermented Milks:Range of Products;Listeria: Introduction;
Proteus; Pseudomonas: Introduction; Rhodotorula;Salmonella:
Introduction;Staphylococcus: Introduction;Ultrasonic
Standing Waves:Inactivation of Foodborne Microorganisms
Using Power Ultrasound;Thermal Processes:Pasteurization.
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The microbiology of dried milk products is governed by the
quality of the raw material, the conditions employed during
manufacture of the product, and any postprocessing contami-
nation. Most dried milk now is produced by spray-drying, and
therefore, other drying methods (e.g., roller-drying or freeze-
drying) are excluded from consideration in this chapter.
Because of the complexity of the manufacturing process, eac
step is considered in turn.
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Figure 1 Flow chart for milk powder production.
Manufacturing Processes

The purpose of dehydration of milk is to stabilize the milk
constituents for their storage and later use. The industria
application of concentration and fractionation by membrane
processes (e.g., micro�ltration, ultra �ltration, nano �ltration,
and reverse osmosis), electrodialysis, or ion exchange provide
opportunities and versatility to dry dairy technology, process-
ing not only milk but also whey and its components. Dry milk
products currently include milk powder, skim milk powder,
whey powder, various whey protein powders, dry dairy–based
beverages, casein, caseinates, coprecipitates, baby foods a
cheese products, lactose, coffee whiteners, dry ice cream m
and single-cell protein. The world production of dry dairy
products has increased consistently in recent years, mainly du
to the advantages of powders, which are as follows:

l Retain high quality, without special storage conditions
l Reduce mass and volume compared with�uid products
l Provide balance between milk supply and consumption
l Provide an irreplaceable food component in hot climates
l Are a valuable food reserve for emergencies
l Are suitable for various tailor-made food products

Drying is de�ned as the removal of a liquid (usually water)
from a product by evaporation, leaving the solids in an essen-
tially dry state. A number of different drying processes, such
as spray-drying,�uid bed-drying, roller-drying, freeze-drying,
microwave drying, and superheated steam-drying, are in us
in the dairy, food, chemical, and pharmaceutical industries.

In special circumstances, roller-drying is used for the
production of milk powder for particular applications
(e.g., confectionery and feed blends). Direct contact o
concentrated milk with rotating steam-heated rollers adversely
affects the components of milk, especially proteins and lactose
Certain reactions, such as protein denaturation, Maillard reac
tions, and lactose caramelization are irreversible.

Due to factors related to drying economics and�nal product
quality, the only processes of signi�cance in milk and dairy
powder manufacture are spray-drying and�uid bed-drying
(most often in combination). Only the combination of these
two drying processes will be discussed in this section.

A �ow chart of milk powder production, consisting of
reception, clari�cation, cooling, standardization, heat treatment,
738 Encyclopedia of Food
evaporation, homogenization, drying, and packaging is shown
in Figure 1.
Raw Milk

The raw milk used for powder production must be of high
chemical, sensory, and bacteriological quality, which is regu
lated by standards. Most of the dried milk in the world is
produced from cow’s milk, although small quantities of
caprine, ovine, and camel milk are converted into powder. In
the case of bovine milk, there are closely controlled schemes in
which payment is related to milk quality. Among the quality
indices, measurement of total viable bacteria count is used a
a basis for payment. A clear distinction is made between two
classes of organisms found in raw milk– i.e., pathogens and
potential pathogens, and spoilage bacteria. Bulk milk spoilage
bacteria are prevalent in refrigerated milk, and pathogens ar
seldom present at high levels.

Nevertheless, the presence of pathogens in dried milk mus
be avoided. Processing conditions, therefore, must ensure tha
this is achieved. The pertinent properties of pathogens found in
milk are summarized in Table 1. Only three of these organisms
survive pasteurization: Bacillus cereus, Clostridiaspp., and, to
a limited extent, Mycobacterium paratuberculosis. None of these
bacteria present a major risk in dried milk. The other pathogens
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00220-2
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Table 1 Pathogens and potential pathogens found in raw milk

Organism Growth at< 6 � C Survives pasteurizationa

Bacillus cereus Yesb Yes (spores)
Campylobacter jejuni No No
Clostridiumspp. (No)c Yes (spores)
Escherichia coli – No
Listeria monocytogenes Yes No
Mycobacterium paratuberculosis – Yes (limited)
Salmonellaspp. No No
Staphylococcus aureus No No
Yersinia enterocolitica Yes No

aHeat treatment at 72� C for 15 s.
bSome species only.
cSome proteolytic species can grow at low temperature.
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listed in Table 1 do not survive heat treatment and thus can
� nd their way into dried milk only by postprocessing
contamination from the environment.

In contrast, the main spoilage organisms in refrigerated
bulk raw milk are Gram-negative, psychrotrophic bacteria
(Table 2) Pseudomonasspp. of both � uorescing and non-
� uorescing types predominate. The Gram-negative organism
are killed readily by pasteurization and pose no threat to the
quality of milk or products manufactured from it per se. Many
of the Gram-negative psychrotrophs, however, produce extra
cellular enzymes with the potential to degrade the milk
constituents. Lipase, protease, and combined lipase an
protease activity are found in a substantial proportion of
bacteria isolated from refrigerated, raw bulk milk (Table 2).
Moreover, these enzymes are noted for their heat tolerance
Substantial proportions of activity remain after pasteurization
(Table 3) and, surprisingly, after ultra-high-temperature treat-
ment (UHT) at 140 � C for 5 s (Table 4). The corollary to this is
that, to avoid breakdown of milk constituents in products,
psychrotrophic bacteria numbers must not be allowed to reach
the critical level at which there is suf� cient activity to initiate
degradation (Muir, 1999).

Several studies have sought to de� ne this critical level.
Rancidity, caused by lipase breaking down milk fat to liberate
free fatty acid, has been detected in Cheddar cheese made fro
milk in which the psychrotrophic bacteria count exceeded
Table 2 Spoilage bacteria in raw milk and a

Pseudom

Fluorescing

Proportion of population (%)
Creamery silo 33.5
Farm bulk tank 50.5

Proportion of isolates with stated activity (%)
Lipase only 5
Protease only 2
Lipase and protease 71

aIncludes bacteria classi� ed as Enterobacteriaceae,Aerom
Brucella; Flavobacterium; Chromobacterium;Alcaligenes.
7 � 106 colony forming units (cfu) per milliliter (ml). Lipase
activity also has been suggested to be the cause of the soa
character in chocolate. The offending ingredient was dried milk
made from raw milk of poor quality. Parallel research has
determined that protease activity, expressed by gelation in UHT
milk, can be exacerbated when the psychrotrophic bacteria
count in the raw material exceeds 3� 106 cfu ml� 1. Product
quality, therefore, must be safeguarded by not using milk
in which the count of psychrotrophic bacteria exceeds
106 cfu ml� 1.

The psychrotrophic bacteria in milk grow remarkably quickly
in refrigerated milk, with typical generation times in the range
of 4–12 h. In addition, growth is sensitive to small (1–2 � C)
differences in storage temperature. Typically, raw silo milk
with an initial psychrotrophic count of 5 � 104 cfu ml� 1 has an
expected‘safe’ shelf life of 36 h during storage at 6� C. If the milk
has been deep cooled to 2� C on reception at the factory, an
extension of the ‘safe’ storage period by 24 h might be antici-
pated. When further extensions of ‘safe’ storage time are
required, more drastic treatment of the raw milk is necessary
The most useful technique is thermization. Thermization is the
generic description of a range of subpasteurization heat treat
ments that kill most spoilage bacteria found in raw milk (but
not all pathogens) with minimum collateral heat damage.
Thermization of good quality raw milk at 65 � C for 15 s, fol-
lowed by prompt cooling to 2 � C, offers a‘safe’ shelf life of 72 h.
ssociated extracellular enzyme activity

onas

Nonßuorescing Other Gram-negative ßoraa

44.1 22.4
31.5 18.0

32 0–25
1 0–9
11 24–92

onas, Pasteurella, orVibrio;Acinetobacter, Moraxella, or
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Table 4 Residual enzyme activity after heat treatment of cell-free
supernatant at 140� C for 5 s

Bacterial type

Enzyme activity (%)

Phospholipase CProtease Lipase

Pseudomonas
Fluorescent 17–50 14–51 31–57
Non� uorescent 5–48 0–73 5

Other Gram-negativea 0–57 0–82 0–40
Bacillus cereus < 5 – –
Bacillus Þrmus < 5 – –

aIncludes bacteria classi� ed as Enterobacteriaceae,Aeromonas, Pasteurella, orVibrio;
Acinetobacter, Moraxella, or Brucella; Flavobacterium; Chromobacterium; Alcaligenes.

Table 3 Residual activity of extracellular
enzymes after pasteurization at 72� C for 15 s

Enzyme activity Residual activity (%)

Lipase 59
Protease 66
Phospholipase C 30

Table 5 Heat-resistant bacteria in milk and their
associated enzyme activity

Bacillusspp. Coryneform group

Proportion of isolates (%)
63 � C/30 min 54 46
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Milk Processing

Clari�cation and Fat Standardization

After reception, milk is clari� ed, usually by centrifugal separa-
tors, and cooled to 4 � C in plate heat exchangers, followed by
storage at the same temperature. The next operation is sta
dardization, which is used to adjust the ratio of milk fat to total
solids as required in the� nal product. Cream is separated from
skim milk using a high-speed centrifugal separator. This devic
separates the milk on the basis of the density difference
between the ‘light ’ milk fat globules and the relatively dense
serum. The two liquid streams then are recombined to yield
a product with the required fat content. The overall effect of fat
standardization on the microbial population of milk is modest.
Another subtly different separation process– clari� cation,
sometimes called bactofugation– also may be applied. Clari-
� ers or bactofuges are special separators, which remo
microorganisms from milk on the basis of the density differ-
ence between the bacterium and the serum phase of the milk
This density difference is greatest in the case of the spores
spore-forming bacteria found in raw milk (e.g., Bacillusspp.
and Clostridiumspp.). A modern clari� er can achieve a 90%
reduction in spore count in a single pass. Clari� cation is
particularly valuable because, although the vegetative cells o
spore-forming bacteria are inactivated by modest heat treat
ment, the spores can resist fairly severe heating (see secti
Heat Treatment). Thus, clari� cation offers an alternate method
of controlling the spore count of the � nished product.
80 � C/10 min 61 37

Isolates with enzyme activity (%)
Proteaseþ lipase 37 10
Protease only 34 3
Phospholipase 80 0
Inactive 12 67
Heat Treatment

Heat treatment is commonly performed using the indirect
method in a tubular or plate heat exchanger at 88–95 � C for
15–30 s, the aims being to destroy pathogenic bacteria and
most of the saprophytic microorganisms, to inactivate
enzymes (especially lipase), and to activate SH-groups inb-
lactoglobulin, resulting in an antioxidative effect. Heat treat-
ment during the production of milk powder serves another
distinct purpose. It not only controls microbial quality but
also in� uences functionality. For example, it is usual to apply
severe heat treatment to milk destined for manufacture into
whole milk powder. Such heating results in denaturation of
whey protein. The presence of denatured protein reduces th
rate of lipid oxidation during subsequent storage. Pasteuriza-
tion (63 � C/30 min or 72 � C/15 s) kills most pathogens
(Table 1) and all Gram-negative, psychrotrophic spoilage
bacteria. A residual population of heat-resistant bacteria
remains, however. These bacteria are called thermoduric an
include members of the coryneform group, heat-resistant
streptococci, micrococci, and spore-forming bacteria. The
predominant spore-forming organisms found in heated milk
are Bacillusspp., which survive heat treatment in the spore
form ( Table 5). Bacillusspp. degrade milk readily and are
noted for their phospholipase activity. Spoilage due to these
organisms often is associated with damage to the milk fat
globule membrane and is characterized by the defect known
as ‘bitty cream.’ Two species of Bacillus, Bacillus stear
othermophilusand Bacillus thermodurans, pose particular threats
because of their extreme heat resistance. As described pre
ously, the population of spores in milk can be reduced by
clari� cation. If very low spore counts are required in the
product, then severe heat treatment must be applied to the
milk: typically 110 –120 � C for 30 s.
Concentration and Homogenization

Concentration by vacuum evaporation is used to concentrate
milk before drying and can be combined beforehand with
reverse osmosis. Evaporation is performed in multiple effec
vacuum evaporators with mechanical or thermal steam
recompression, where energy consumption is about 10–30
times lower than in spray-drying. The differences in the degree
of concentration are due to the drying technique used: 30–35%
total solid (TS) content for roller-drying, and 45–50% TS for
spray-drying. Concentrating milk prior to drying has a positive
effect on milk powder quality: Milk powder produced from
concentrated milk consists of larger powder particles contain-
ing less occluded air and therefore results in better storag
stability. Homogenization is not an obligatory operation, but it
is usually applied with the aim of reducing the free fat content,
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which has a negative effect on powder solubility and its
susceptibility to oxidation. Apart from the expected increase in
count caused by the concentration process, there is an add
tional potential hazard. In multistage evaporators, typical of
modern dairy plants, a concentrate may be held for extended
periods at the temperature range 45–55 � C. Some heat-resistan
bacteria can grow under these conditions and, as a result, th
bacterial content of the concentrate can increase dispropor
tionately. After concentration, the product is homogenized to
reduce fat globule size and inhibit creaming. Homogenization
may cause an increase in bacterial count as a result of th
disaggregation of bacterial clusters.
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Receiving and selection

Clarification

Cooling

Sediment

Skimming

Milk

Fat

Microfiltration 1.4 µm – Bactocatch ®

Vacuum evaporation

Spray-drying

Water

Water
Package

Packaging

Storage

Ultra-low-heat 
skim milk powder

Retentate

Figure 2 Flow chart for ultra-low-heat skim milk powder production.
Spray-Drying, Coating, and Agglomeration

The basic principle of spray-drying is the exposure of a� ne
dispersion of droplets created by means of atomization of
preconcentrated milk products over a hot air stream in a drying
chamber. Some authors de� ned spray-drying as an industrial
process for the dehydration of a liquid by transforming the
liquid into a spray of small droplets and exposing these
droplets to a � ow of hot air. The very large surface area of th
spray droplets causes water evaporation to take place ve
quickly, converting the droplets into dry powder particles. The
small droplet size created, and hence the large total surfac
area, results in very rapid evaporation of water at a relatively
low temperature, thus minimizing heat damage to the product.

The main advantages of spray-drying over other drying
techniques are as follows:

l The process is rapid, residence time in the chamber bein
less than 30 s.

l The product has a� ne structure and excellent properties
with no adverse effects of heat (as occur for freeze-drying
as drying is accomplished in a very short time and at a low
temperature.

l The process is fully automatic with complete control of
drying parameters and minimal labor of any type.

l The product comes into contact with the drying chamber
wall only in the powder form, so there is no problem of
equipment maintenance or the microbiological quality of
the � nal product.

The investment cost, however, for a spray-drying plant is
high and is economically justi� ed only for large quantities or
for products with high added value. Single-stage spray-drier
are now considered outdated. The residence time is not long
enough to obtain a real equilibrium between the relative
humidity of the outlet air and water activity ( aw) of the powder.
The outlet temperature of the air therefore must be high,
reducing the thermal ef�ciency of the single-stage spray-drye
The two-stage and three-stage drying systems consist of limitin
the spray-drying to a process with a longer residence tim
(several minutes) to provide a better thermodynamic balance.
A second or a third � nal drying stage is necessary to optimize
the moisture content by using an integrated� uid bed (static)
or an external � uid bed (vibrating). Such dryers currently
dominate the dairy powder industry. Though two-stage and
three-stage drying may produce both nonagglomerated and
agglomerated powders, their main products are instant milk
powders.
The ideal water content for optimal preservation of a given
powder can be determined on the basis of sorption isotherms.
Thus, the water content of milk powder would be 4% (regu-
lated), between 2% and 3% for whey, and 6% (regulated) for
casein, foraw of 0.2. Provided the ultimate moisture content of
the powder is at anaw close to 0.2, bacteriostasis is ensured. I
the case of dried whole milk, the moisture content may be as
low as 2%, to inhibit fat oxidation during extended storage.
Skim Milk Powder

The procedure for the manufacture of skim milk powder differs
in several features from the process for full-fat milk powder: fat
standardization leads to very low fat content in skim milk –
that is, 0.05–0.10%, heat treatment may be more intense
compared with whole milk, and no homogenization is
required.

The skim milk heat treatment regime depends on the type
of skim milk powder being produced. Skim milk powder
produced by a ‘low-heat method’ is only pasteurized, whereas
the ‘high-heat method’ requires an additional heat treatment
at 85–88 � C for 15–30 min. Such intensive heat treatment is
necessary for the production of skim milk powders intended for
use in the bakery industry, where a high degree of protein dena
turation (low whey protein nitrogen index, WPNI) is desired.

Figure 2 shows an alternative to heat treatment. Treatmen
of raw skim milk by the Bactocatch

�

procedure (micro� ltration
1.4 mm) before concentration by vacuum evaporation and
spray-drying leads to a high-quality milk powder. No heat
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Table 6 Suggested microbiological standards for dried milk products

Contaminant Skim/whole milk powder Casein/caseinates Whey powder

Total viable count 3� 104 cfu g� 1 3 � 104 cfu g� 1 5 � 104 cfu g� 1

Coliforms < 10 cfu g� 1 Absent in 0.1 g < 10 cfu g� 1

Escherichia coli Absent in 25 g Absent in 25 g Absent in 25 g
Staphylococcus aureus Absent in 25 g Absent in 25 g Absent in 25 g
Salmonellaspp. Absent in 200 g Absent in 200 g Absent in 200 g
Yeasts and molds < 10 per g < 10 per g < 10 per g
Thermophilic spores < 30 per 2 g
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treatment is required to obtain an ultra-low-heat powder with
a high WPNI (9 mg N g� 1 powder) and a maximum bacterial
count of 3000 cfu g� 1. Such a powder has the same renneting
time after water reconstitution as the original raw milk and it
can be used as a reference powder for either industrial o
scienti� c purposes.

Instantization is a drying procedure that produces milk
powder with better rehydration properties. By using two-stage
or three-stage drying, this procedure signi� cantly improves the
quality and economics of drying technology. The rehydration
properties (e.g., wettability, sinkability, dispersibility, solu-
bility, and rate of dissolution) are enhanced, with optimal
equilibrium between them. Instantization is based on
agglomeration, which enables a larger volume of air to be
incorporated between the powder particles, resulting in
a characteristic coarse, clusterlike, agglomerated structure.

Operations on the powder downstream from the drier have
little further effect on bacterial load per se. Nevertheless, seriou
deterioration of powder quality can occur from environmental
contamination.
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Environmental Contamination

Serious problems can arise when powder comes into contac
with contaminated air surfaces. For example, a crack in a spray
drier wall can result in a reservoir of active bacteria within the
material insulating the spray-drier. Such reservoirs are resista
to normal cleaning and disinfection procedures and can harbor
pathogenic or spoilage bacteria. In addition, the air used for
conveying powder must be sterile. The modern strategy to
prevent powder recontamination involves careful separation of
raw from heated products, tight control of environmental
hazards, and scrupulous attention to cleaning and disinfection
of surfaces that come into contact with the dried milk.
l
e of carbonyl
eterioration of
of dehydration.
Process Monitoring

It is apparent that limited information on the microbio-
logical status of a spray-drying plant can be deduced from
examination of the quality of the powder alone. Multipoint
sampling is the most effective, especially if the bacteria
load of (1) the raw milk, (2) stored milk from the balance
tank of the heat exchanger, (3) vacuum evaporator, (4)
crystallizer (used to crystallize the lactose on whey and
permeate), (5) powder exiting (the primary cyclone), and
(6) packed product are monitored. It is prudent to include
routine swabs from drains and walls in the monitoring
operation because these can be valuable indicators o
potential hazards.
Suggested Standards

There is no single standard for the microbial status of dried
milk products. Speci� cations vary from country to country and
from customer to customer within countries. Nevertheless,
there is an overall measure of agreement, and this is re� ected in
the suggested values proposed inTable 6. No account generally
is taken of the potential threat of residual enzyme activity
derived from psychrotrophic bacteria in the raw material from
which the powder has been made. Protection from this unde-
sirable occurrence could be ensured by the speci� cation that
the total viable count should not exceed 1� 106 cfu ml� 1 at the
point of manufacture.

See also:Bacillus: Introduction;Bacillus: Bacillus cereus;
Cheese:Microbiology of Cheesemaking and Maturation;
Clostridium; Dried Foods;Enterobacteriaceae:Coliforms and
E. coli, Introduction;Enterobacteriaceae, Coliform, and
Escherichia coli: Classical and Modern Methods for Detect
and Enumeration;Fermented Milks:Range of Products;
Fermented Milks and Yogurt;Heat Treatment of Foods:
Ultra-High-Temperature Treatments; Heat Treatment of F
– Principles of Pasteurization;Milk and Milk Products:
Microbiology of Liquid Milk; Microbiology of Cream and Bu
Mycobacterium; Designing for Hygienic Operation;Process
Hygiene:Overall Approach to Hygienic Processing;Process
Hygiene:Modern Systems of Plant Cleaning;Process
Hygiene:Risk and Control of Airborne Contamination;
Pseudomonas: Introduction;Cronobacter(Enterobacter)
sakazakii; Water Activity.
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Introduction

The preservation of food requires the destruction of
microbes and the inactivation of enzymes, the most
frequently used method being heat processing. However
heat also may have an adverse effect on the organolept
properties of a food (including its �avor and color) or its
nutrient content and availability. Interest, therefore, is
growing in alternative procedures, which are able to destroy
microorganisms and inactivate enzymes with little or no
heat. One approach involves using physical or chemica
agents to add to or potentiate the effects of heat, so that the
intensity of the heat treatment necessary can be reduce
Synergistic combinations of agents can be identi�ed and are
the most desirable.

Ultrasonic waves are one of the physical agents with the
potential to inactivate microorganisms and enzymes,
although the general consensus is that ultrasonic waves
when applied alone, lack the power and versatility to inac-
tivate a suf�cient number of microorganisms reliably for
food preservation purposes. Ultrasound (US) can be
combined, however, with other physical methods to increase
their lethality and thus enable this technology to be used for
the preservation of minimally processed foods. The combi-
nation of US with moderately elevated temperatures (e.g.
55–60 � C) under moderate static pressure (typically in the
range 200–700 kPa) is known as manothermosonication
4 Encyclopedia of Food
(MTS) and is a promising alternative to US alone. MTS is
particularly suited for application to pumpable liquid foods
and should result in safe and stable products, while mini-
mizing heat-induced degradation of their quality. In addi-
tion, some recent work has assessed the potential fo
combining MTS with other novel technologies (such as
pulsed-electrical �elds (PEF), ultraviolet light, or high-
intensity light) in hurdle preservation approaches that
further reduce heat input into products. The idea of
combining technologies in this way is to put greater stress on
microorganisms and enzymes that ideally would produce
additive or synergistic preservation between the technologies
For example, PEF is a technology that has varying success
terms of enzyme inactivation, but its combination with MTS
(which generally produces reasonable inactivation of
enzymes) complements the strengths of both technologies in
a potential novel preservation approach.
History of Manothermosonication

It is generally accepted that the�rst reference to ultrasound in
the scienti�c literature dates back to 1917 when Lord Raleigh
published a mathematical model of cavitation collapse in the
context of high-speed propeller erosion. In terms of its appli-
cation to foods, the potential for high-intensity ultrasound to
reduce microbial populations was reported by Harvey and
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00223-8

http://dx.doi.org/10.1016/B978-0-12-384730-0.00223-8
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Loomis as far back as 1929. Various reviews of early develop
ments in ultrasound are available. By the 1960s much of the
focus of the research was on understanding the mechanism o
ultrasound interaction with microbial cells. This work
continued into the 1970s where in vitro mitochondrial
disruption by ultrasound was reported and there were sugges
tions that ultrasound could release proteins from cells and
subcellular particles. By the 1980s, research focused mo
combining ultrasound with heat (i.e., thermosonication) for
microbial and enzyme inactivation with continuous pilot scale
prototype systems subsequently being developed. Man
othermosonication emerged as a processing technology in th
1990s.
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Basic Principles

Ultrasonic waves are acoustic waves not perceived by th
human sense of hearing. They are de� ned by their frequency,
10 kHz–10 MHz. Ultrasonic waves have various applications in
food technology, involving the use of different frequencies. The
ultrasonic waves used in MTS are the so-called power US– that
is, frequencies in the range of 20–100 KHz at intensities from
10 to 1000 W cm� 2 that produce chemical and mechanical
effects involving cavitation. In contrast, low-power US gener
ally involves higher frequencies (2–10 MHz) at lower powers
(less than 10 W cm� 2), which is nondestructive and produces
no physical or chemical changes in the propagating material
US frequencies from 5 to 10 MHz can be used for diagnostic
purposes.

Ultrasonic waves are propagated through materials a
rapidly alternating cycles of pressure, oscillating sinusoidally
around the equilibrium value (the static pressure). Particles
in the path of the wave also oscillate, around their equilib-
rium position at a frequency equal to that of the ultrasonic
wave. The maximum deviation of the pressure from its
equilibrium value de � nes the wave amplitude, which can be
expressed in terms of either pressure amplitude (in Pa) or the
maximum displacement of particles from their equilibrium
position (in mm).

When ultrasonic waves are applied to an aqueous solution
during the rarefaction stage, bubbles of either previously dis
solved gases or water vapor can be generated. Driven by th
acoustic � eld, the bubbles can undergo relatively stable, low-
energy oscillations. This phenomenon is termed‘stable’ or
‘noninertial ’ cavitation. Under some circumstances, the
bubbles so produced coalesce, creating microcurrents–
a phenomenon known as ‘microstreaming.’

Bubbles may suffer transient (‘inertial ’) cavitation. This
involves rapid growth, in which the radius can multiply
several times in a few microseconds, until the bubble rea
ches a critical size. Before this, a pressure equilibrium i
maintained across the bubble boundary. Beyond the critica
size, the bubble cannot absorb enough energy to maintain
the equilibrium, resulting in negative pressure inside the
bubble. This causes the collapse of the bubble, known a
‘implosion. ’ Implosion is associated with local pressures o
about 1000 bar and local temperatures estimated at no les
than 5000 � C (micro–hot spots). Under these conditions,
water is decomposed and free radicals (H� and OH� ) are
generated. Owing to their high reactivity, free radicals can
induce a number of chemical reactions, according to the
composition of the medium. Implosions also produce
intense shock waves toward the center of the bubbles, with
the result that molecules of solute may be submitted to
shearing forces.

To obtain chemical and biological effects as a result o
cavitation, inertial cavitation is needed. This is a threshold
phenomenon, depending critically on a number of parame-
ters, including frequency of the ultrasonic waves, pressur
amplitude, and initial bubble size. The frequency depends
on the nature of the transducer, and hence it is usually
constant. Inertial cavitation commonly is produced using
frequencies in the range of 20–100 kHz. At frequencies in
this range, the key factors determining the number of
implosions are amplitude and initial bubble size. At a given
amplitude, bubbles with an initial radius within a speci � c
range will undergo inertial cavitation, and for a given initial
bubble radius, a minimum pressure amplitude of the wave is
required.

The amount of energy � owing during the insonation of
a medium, per unit area per unit of time, is known as the‘� eld
intensity.’ Field intensity is proportional to the square of the
pressure amplitude. Many cavitation effects increase with the
� eld intensity, because of the increased number of bubbles
undergoing cavitation. Increases in � eld intensity beyond
a certain value, however, do not provoke more cavitations. This
has been explained in terms of expanding bubbles reaching
a size that impairs their complete collapse. The cavitation
threshold decreases with increases in temperature, mainly du
to the increase in water vapor pressure inside the bubble, and i
reaches zero at the boiling point of water.

The ‘amount of inertial cavitation, ’ that is, the magni-
tude of the effects resulting from inertial cavitation,
depends on the number of bubbles and the intensity of
their collapse. This intensity mainly depends on static
pressure. Increasing the static pressure affects the collapse
a single bubble in two ways. First, the expansion of the
bubble becomes more dif� cult – hence, it is less likely to
reach the critical radius, and there is a decrease in th
number of collapses. Second, however, an increased stat
pressure also increases the compressive forces that cause
bubble to collapse, and hence the energy associated wit
each individual collapse.
Effects of Ultrasonic Waves on Microbial Cells

The bactericidal effects of US have been known since abou
1920. They initially were attributed to compression generated
in the liquid medium and later to the intense current provoked
by insonation. Now, however, it is generally believed that most
of the destructive effects on microbes are due to inertial cavi
tation. The lethality seems mainly to be the result of cell
disruption by shearing forces associated with the extreme
changes of pressure caused by the collapse of the bubbles, th
eddies created by the vibration of the bubbles, and the� ow of
liquid toward the center of the imploding bubbles. These
mechanical forces damage the cell membrane and caus
leakage.
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Table 1 Resistance ofS.Enteritidis andS.Senftenberg to ultrasonic
waves (117mm wavelength; 20 kHz) under pressure (175 kPa) at
several temperatures in media with differentaws

S. Enteritidis S. Senftenberg

aw T (� C) D (min) aw T (� C) D (min)

> 0.99 35
50
53
56
59
63

0.89
0.77
0.42
0.25
0.12
0.02

> 0.99 50
57
59
62
65
67

1.452
0.902
0.570
0.202
0.077
0.019

0.98 35
50
60
65
68

0.85
0.46
0.16
0.08
0.04

0.96 50
58
61
65
67

2.108
1.428
0.615
0.286
0.2010

0.96 35
50
56
60
67
71

1.37
0.87
0.32
0.25
0.09
0.04

0.93 52.5
58
62
64
67

1.872
1.142
0.636
0.412
0.314

Data taken from Alvarez et al. (2006a,b).

746 MINIMAL METHODS OF PROCESSINGj Manothermosonication
The contribution to microbial lethality of the highly
reactive free radicals produced by sonolysis, and of th
H2O2 generated by the combination of two-hydroxyl free
radicals, seems to be of minimal importance, despite their
known bactericidal effects. The contribution of the
extremely high temperatures reached in hot spots is though
to be even less important, because of the very low propor
tion of the total volume of medium, which reaches these
temperatures and because a temperature equilibrium with
the surroundings is reached extremely quickly– in a fraction
of a microsecond.

A number of similarities between microbial destruction by
heating and by insonation are evident. In both cases, sensitivity
varies between species and development stages. Larger c
usually are more sensitive than smaller ones; rod-shape
bacteria are more sensitive than the coccal forms; Gram
positive bacteria are more sensitive than Gram-negativ
bacteria; anaerobic organisms are more sensitive than aerobe
and younger cells are more sensitive than older cells. Th
greatest difference in sensitivity to ultrasonic waves is shown b
vegetative forms and spores, with spores being much mor
resistant. Microbial sensitivity to both heat and ultrasonic
waves is affected by the composition of the medium, with
sensitivity decreasing with the presence of fat and protein. To
reach the benchmark of a � ve-log cycle reduction in the
number of pathogenic microorganisms (i.e., the level required
by the U.S. Food and Drug Administration (FDA)), a relatively
long process time and high acoustic energy density are require
when an ultrasonic process is performed at subletha
temperatures.

Microbial destruction by MTS generally follows � rst-order
kinetics. Inactivation rates therefore may be expressed i
terms of the decimal reduction time at a given temperature,
also known as theD-value. The temperature (T, in� C) at which
the D-value applies may be indicated by a subscript, for
example,DT. TheD-value is the time needed, at the insonation
temperature, to reduce the number of viable cells– or the
enzyme activity– to one-tenth of its original value. It usually is
quoted in minutes. Alternatively, the inactivation rate can be
expressed in terms of the inactivation rate constant (s� 1).
Microbial inactivation by manosonication (MS) and MTS
follows � rst-order kinetics more closely than that of heat,
although some authors have found shoulders and tails and
sigmoidal pro� les. Deviations from linearity (e.g., shoulders,
tails) in survival curves to heat are minimized when US under
pressure (i.e., MS) is applied. Shoulders have been attributed t
cell clumping or a two-step death kinetic. Alternatively,
shoulders may be related to a nonhomogenous distribution of
microbial population in the treatment media at the beginning
of the treatment or to a nonhomogenous distribution of
treatment intensity within the US treatment chamber.

Ultrasonic waves are practically unable to kill spores, but
they may reduce their heat resistance. This effect has be
attributed to the liberation of substances, such as dipicolinic
acid and some glycopeptides, which may be involved in the
heat resistance of spores.

In recent years, a range of studies have been conducte
assessing the effects of MTS on a broad range
microorganisms and on various foods and beverages. A brie
summary of these studies will be given, although additional
information is available in the list of further reading provided
at the end of the article.

The effect of MTS (20 kHz, 117mm, 175 kPa) at different
temperatures on the viability of selectedSalmonellastrains
(Salmonella entericaserovar Enteritidis (S. Enteritidis) and
SalmonellaSenftenberg strain 775W) under differing water
activity (aw) levels was examined to determine decimal reduc-
tion times. The treatment medium used for these investigations
was Mcilvaine citrate-phosphate buffer (pH 7,aw > 0.99), and
sucrose was added to reduce theaw. Only the decimal reduction
times were given; no values for log reductions were provided
The principal � ndings of these investigations are summarized
in Table 1.

The results of these studies showed that the lethality o
MTS was the result of adding the inactivation rate due to hea
to that due to US. In the case ofS. Enteritidis, it was evident
that when cells were treated with MTS in media with reduced
aw levels, a synergistic effect was observed. The lower theaw,
the higher the synergism. The synergistic effect was due to th
sensitivity effect of heat and US, and this was determined to
be the ultimate cause of bacterial inactivation. WhenS.
Senftenberg 775W was MTS treated in media of reducedaw,
a higher level of inactivation than that due to an additive
effect between US under pressure and temperature wa
observed.

The existence of this synergistic lethal effect of MTS i
media with reduced aw levels would be of signi� cant interest
to the food industry, as it would save time, reduce energy
consumption, and reduce costs. For MTS treatments tha
enable these levels of inactivation that ensure the sanitar
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Table 2 D-values (minutes) for two-sectional inac-
tivation ofE. coliK12 by manothermosonication (20 kHz,
124mm)

Treatment Section I Section II

61 � C, 300 kPa 0.13 2.02
61 � C, 400 kPa 0.12 2.55
61 � C, 500 kPa 0.13 2.75

Results were divided into two sections: one representing a fast
microbial count reduction and the other representing a slow
reduction. Linear regression was used to determine which data
points fell into Section I.
Data taken from Lee et al. (2009).
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quality of products, however, a mathematical model that
accurately describes the microbial resistance to MTS
required.

If the � ndings of these two studies using differentSalmonella
strains are compared, the observed results seemed to con� rm
that the mechanisms by which heat and US inactivate micro-
organisms are different and that they are not dependent on
either environmental factors, such asaw, or on the bacterial
strain.

An investigation into the inactivation of Escherichia co
K12 by sonication, MS, thermosonication (TS), and MTS
over a wide range of (1) temperatures (40–61 � C) and (2)
pressures (100–500 kPa) was carried out, using phosphate
buffer as the test medium (10 mM, pH 7, aw not speci� ed).
Experiments were conducted under speci� c US conditions
(20 kHz, 124 mm). It was evident that when pressure was
introduced into the sonicator for an US and pressure
combined treatment at sublethal temperatures (MS), an
increase in the inactivation rate was observed, but no
signi� cant differences were observed (p > .05) between
results noted at 300, 400, and 500 kPa. TheD-values for
inactivation of E. coliK12 by MTS are shown inTable 2. The
combination of lethal factors (i.e., heat and sonication, with
and without pressurization) was shown to signi� cantly
Table 3 Summary of the effect of MTS under varying condi

Matrix pH aw MTS con

McIlvaine citrate-phosphate buffer 7 N/S 35–68 � C
20 kHz
200 kPa
117mm

Rehydrated milk powder (100 g l� 1) 6.7 N/S

Apple juice 3.4 > 0.99 35–64 � C
20 kHz
200 kPa
117mm

N/S¼ not speci� ed.
Data taken from Arroyo et al. (2006) and Arroyo et al. (2011a,b).
shorten the treatment time required to achieve a� ve-log
reduction in the survival count of E. coliK12.

In more recent years, many reports on the effect of MTS o
Cronobacter sakazakii(formerly Enterobacter sakazakii) have been
published. Considered to be an emerging foodborne pathogen,
C. sakazakiihas been isolated from a wide variety of foods, of
both animal and vegetable origin, but powdered infant
formula is regarded as a major vehicle of transmission. This
microorganism has gained interest by regulatory agencies
health care providers, the scienti� c community, and the food
industry of late. Recently, there has been increased interest
inactivation of C. sakazakiiby many nonthermal processing
technologies, including PEF, high hydrostatic pressure, irradi
ation, and US. A summary of the results of some studies in
which the effect of MTS onC. sakazakiihas been examined are
provided in Table 3.

Many other studies have focused on sonication with or
without heat or pressure (i.e., sonication, TS, or MS) and will
not be discussed at length here as MTS is the main focus of th
article. Since 2002, however, a broad range of studies hav
been published discussing the effects of MS or TS onListeria
innocua, Listeria monocytogenes, E. coli, Pseudomonas� uorescens,
and spores of fungi, such asAspergillus nigerand Penicillium
digitatum. These studies also examined the effect of foo
composition on microbial inactivation. For example, it was
evident to many researchers that fat and sugar contents coul
in� uence the inactivation rate of US waves. Fat is known to
increase the resistance of bacteria to inactivation treatments
and this is believed to be due to either (1) decreasing theaw of
the system or (2) by dehydration of cells immersed in the lipid
phase of the system. Sugars also may protect bacteria fro
physical–chemical inactivation by decreasing theaw of the
solution or by interaction of the solute molecules with bacterial
biomolecules. Other factors aside from food composition may
in� uence microbial inactivation, such as the growth stage. Log
phase cells are more sensitive to any physical–chemical treat-
ment than stationary-phase cells. Furthermore, cell walls o
Gram-positive bacteria contain more peptidoglycan and are
tions on survival ofC. sakazakiiCECT 858

ditions Main Þndings

l C. sakazakiicells showed higher thermotolerance and
higher resistance to ultrasound in milk than in buffer.

l After MTS treatment at 60� C, a proportion of
C. sakazakiicells were injured sublethally.

l After 1 min, MTS treatment at 54� C showed 2.7 log
cycles of inactivated cells; 1 log of which had damaged
cytoplasmic membranes and> 3 logs of survivors had
damaged outer membranes.

l The lethality of MTS quickly increased with tempera-
ture, and it was evident that MTS was more ef� cient in
reducing microbial populations than heat alone.
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Table 4 Conditions reported for inactivation of thermoresistant enzymes under MTS versus simple heat treatment

Enzyme Product

Conditions for inactivation

MTS Heat processing temperatures

Lipases Milk 30 � C, 450 kPa, amplitudes 120mm 115 � C
Proteases Milk 100 � C, 450 kPa, amplitudes 120mm 120 � C
PME Citrus 35 � C, 200 kPa, amplitude 110mm 80 � C
PG Tomato 60–65 � C, 200 kPa, amplitude 120mm 85–102 � C

PG¼ endopolygalacturonase; PME¼ pectin methylesterase.
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thicker than those of Gram-negative bacteria, making the
former more resistant to physical and chemical treatments. US
waves can kill different bacterial cells in different ways, as
results from cell morphology investigations have shown.
Furthermore, there is ambivalence among reports that claim US
can cause sublethal injury or whether the kill has an all-or-none
effect.

With regard to fungal spore inactivation, a recent study
assessing the effect of simultaneous application of hea
(45–60 � C) and low-frequency US (20 kHz) at different
amplitudes (60, 90, and 120 mm) on fungal spore viability
when suspended in a laboratory broth formulated at selected
aw (0.99 or 0.95), pH (5.5 or 3), and with or without vanillin or
potassium sorbate was carried out with disappointing results. It
was evident that the use of US alone for fungal inactivation is
not feasible at present. A combination of US, antimicrobials,
and heat, however, shows considerable promise. Multifactoria
processes combining antimicrobials reduced pH oraw with TS,
MS, and MTS may be more bene� cial to the food industry for
fungicidal purposes. Such processes are more energy ef� cient
and result in the reduction of D-values when compared with
conventional heat treatments. MTS treatments may constitute
an alternative to conventional thermal pasteurization treat-
ments in products that are thermosensitive, such as fruit juices
A major advantage of the combined use of US plus heat is tha
it would reduce treatment costs when compared with US
applied at nonlethal temperatures. The increase in temperatur
would decrease treatment time, and the heat dissipated by the
US waves might be used to achieve the� nal process
temperature.
n
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Hurdle Preservation Involving MTS

More recent work on MTS has investigated its potential for
microbial inactivation when combined with other novel
technologies (e.g., high-voltage PEF) in a hurdle preservatio
approach. Hurdle combinations have been identi� ed that
have inactivated organisms (e.g.,L. innocua(a surrogate for
L. monocytogenes), E. coliand Pichia fermentans) by in excess of
5 log10 cycles, which is the minimum requirement speci� ed by
the FDA and was comparable to the reductions achieved b
conventional heat pasteurization. In some cases, the sequenc
of combination proved critical to the level of reduction ach-
ieved with MTS followed by PEF seeming to produce greate
levels of microbial kill. Overall, it would appear that MTS with
PEF is a promising hurdle preservation combination to control
undesirable microorganisms in milk-based smoothie and
blended juice (e.g., apple and cranberry) beverages.
Enzyme Inactivation

Ultrasonic waves have various chemical effects on proteins
Polymeric globular proteins are split into subunits. Lipopro-
teins undergo delipidation, and hemoglobin dissociates,
producing heme groups and globin. If the exposure to ultra-
sonic waves is suf� ciently long, polypeptides may be split into
fragments. Cyclic amino acids can be split off and the aromatic
residues can be oxidized.

Many of these effects on proteins can result in enzyme
inactivation. The rate of enzyme inactivation depends on the
characteristics of the acoustic� eld and of the insonation
medium, as well as on the molecular structure of the enzyme.
Some enzymes, including catalase, yeast invertase (sacch
rase), ribonuclease, and pepsin, are resistant to ultrasoni
waves at low (or room) temperatures. Others, including
alcohol dehydrogenase, malate dehydrogenase, poly
phenoloxidase, tomato endopolygalacturonase, andP. � uo-
rescenslipase, are much more sensitive. Generally, enzym
inactivation by ultrasonic waves at low (or room) tempera-
tures and atmospheric pressure requires long periods o
exposure.

The inactivation of enzymes by ultrasonic waves is thought
to be due to either the shearing forces associated with the
eddies and currents provoked in the medium by the oscillation
and implosion of bubbles or to the chemical reactions induced
by the free radicals generated.

The intensity of the heat treatment applied to foods
usually is determined on the basis of microbial load and
microbial heat resistance, with enzymes generally being more
heat sensitive than are microorganisms. In a few case
however, thermoresistant enzymes become a major problem
in the preservation of foods by heat treatment. These include
lipases and proteases, secreted into milk by psychrotrophi
bacteria during storage at refrigeration temperatures; pecti
methylesterase (PME), from oranges and other citric fruits
used for juice production; and endopolygalacturonase (PG),
from tomatoes. Table 4 shows that MTS appears to be
a potentially thermally milder alternative to simple heat
treatment for achieving the inactivation of these undesirable
enzymes.
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Production of Free Radicals

The production of free radicals, measured with a tereph
thalic acid dosimeter, corresponds well to theoretical
predictions. Production increases with pressure at constan
temperature. At 70 � C and an amplitude of 117 mm,
a maximum rate of production is reached at about 250 kPa.
At constant pressure and amplitude, the rate of production
decreases linearly with temperature, and at constant pressu
and temperature, it increases exponentially with the square
of the amplitude.

Hydroxyl free radicals, and other free radicals, constantly ar
being formed in vivoand are thought to be involved in several
human diseases. Consequently, there is some concern abo
the possible effects on human health of the production of free
radicals in foods as a result of MTS. Free hydroxyl and othe
radicals, however, also are formed in foods, including meat and
� sh, and are processed using more conventional methods. Th
free radicals react with food components and cause oxidativ
deterioration by mechanisms similar to those operating in
human tissues. Their high reactivity makes their absorption in
the gut extremely unlikely, but they do reduce the antioxidant
content of food and cause oxidation, particularly of lipids. The
contribution of ultrasonic waves to microbial destruction by
MTS does not seem to be related to the generation of fre
radicals – free radical scavengers do not affect the rate o
inactivation.

Impact of MTS on Quality Aspects of Foods

It often is assumed that novel technologies, which can be used
to preserve foods at lower temperatures than conventional hea
processing, will produce higher quality products. Although
these technologies inactivate microorganisms by mechanism
other than heat (hence the term‘nonthermal’ preservation),
there is also a potential with some to induce chemical reactions
that could adversely affect quality. In relation to MTS, this is an
area that requires further investigation as ultrasonically
induced cavitation can lead to the production of free radicals
and can induce pyrolysis. Recent� ndings have shown high-
intensity US leading to the production of off-odors under
certain conditions (e.g., 200 ml milk samples (1.5% fat) start
temperature 45 � C, US power output of 400 W (frequency
24 kHz) for times ranging from 2.5 to 15 min). Volatiles
generated by US treatment under these conditions wer
predominantly hydrocarbons and believed to be of pyrolytic
origin, possibly generated by high localized temperatures
associated with cavitation phenomena. Other work in which an
apple and cranberry blend was exposed to a novel hurdle
preservation approach involving MTS (5 bar,c. 58 � C, 750 W,
20 kHz) with high-intensity light pulses or ultraviolet light
reported negative impacts on odor, � avor, and color (dark-
ening effect), and these changes were attributed largely to th
impact of MTS. Anthocyanin content also was signi� cantly
lower in products treated with hurdle processes, which
included MTS, and panelists also found overall acceptability
lower in samples treated with MTS under the conditions
employed. Although these adverse changes could be attribute
to US-induced free radical production, the negative impact on
� avor in milk was noted after relatively long treatments
(e.g., 5þ min), although there may have been a residence time
distribution issue with the continuous processing work per-
formed on the apple and cranberry (i.e., where the only
adversely affected liquids may have been those with the longes
residence time). These� ndings should not yet be viewed as
� ndings that will prevent MTS from being considered for
commercial application. Improved chamber design may help
to alleviate this problem, although this is an area that requires
further investigation.
Industrial Applications of MTS

A number of reviews have explored the potential applications
for US in food processing, although none of these reviews have
focused speci� cally on MTS. Aside from its potential for pres-
ervation, US also can be used to enhance heat or mass transf
in such operations as drying, osmotic dehydration, extraction,
� ltration, and freezing.

Much work remains to be done before MTS can be used
commercially. For example, more experimental data, obtained
using treatment chambers with different geometries, would
facilitate process modeling.

Little is known about the effects of MTS on nutrient
content. MTS treatments that inactivate the PME of orang
juice do not seem to affect its ascorbic acid (one of the
nutrients more susceptible to oxidation) any more than
simple heat treatment. The effects of MTS on other labile
nutrients, however, including thiamin, ribo � avin, and folic
acid, at different pH values and in the context of differently
composed food, are unknown.

The effects of MTS on the organoleptic and functiona
properties of foods are practically unexplored, although it is
known that MTS changes the renettability of milk in a way
that could be advantageous for some dairy products but
disadvantageous for others. MTS treatments able to inactivat
the PG of tomato juice and the PME of orange juice do not
seem to have negative effects on the rheological properties o
these juices, but nothing is known about their effects on
volatiles.

A number of designs for machines can apply continuous
ultrasonic waves for various purposes and to Newtonian and
non-Newtonian solutions, as well as to emulsions and slurries.
The basic characteristics of these designs could be valid for th
development of industrial equipment for MTS. The geometric
characteristics of some of the designs are excellent in terms
ensuring the maximum ef� ciency of the ultrasonic waves. Thes
instruments, however, operate with a range of amplitudes
lower than those used for MTS so far. The ef�cient control of
pressure and temperature would be necessary for industria
applications.
See also:Heat Treatment of Foods:Ultra-High-Temperature
Treatments; Heat Treatment of Foods– Principles of
Pasteurization;Milk and Milk Products:Microbiology of Liquid
Milk; Psychrobacter.
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Figure 1 A transmission electron micrograph of two phages infecting
E. coliO157:H7 andS. aureusrespectively, representing the morphotypes
most frequently isolated from sewage. (a) Myoviridae family.
(b) Siphoviridae family. Bar, 100 nm.
The Nature of Phages for Pathogens

Phages, also known as phages or bacterial viruses, are virus
that infect bacteria and were discovered in the middle of the
1910s by Twort and d’Herelle. Since then, phages have bee
described to infect the great majority of bacteria. A few thou-
sands of phages have been described to date.

Phages infecting numerous bacterial species that const
tute the micro�ora of various foods, as well as phages tha
can be considered as exogenous contaminants, had bee
recovered from many sorts of foods. Phages can in�uence
bacterial populations in foods in different ways. One way is
by destruction by virulent phages, another way is by lysog-
enization of bacteria and conferment of new phenotypic
characteristics by temperate phages, and yet another way
by transduction to bacteria of new genetic properties. Thes
interactions between phages and their host bacteria in food
may lead to both pro�table and harmful effects. Valuable
applications of phage–host interactions in food include
potential inhibition of spoilage bacteria in refrigerated or
perishable foods, elimination of pathogens in food, and the
development of phage-typing schemes (e.g., forSalmonella)
for the precise identi�cation of food spoilage or food-
contaminating pathogenic bacteria. Detrimental implications
include the destruction of bacteria used for the fermentation
of foods (cheesemaking, malolactic fermentation in
winemaking, etc.) and the potential transfer of virulence
factors among related bacteria via lysogenic conversio
(e.g., acquisition of virulence genes by Escherichia co
O157:H7).

Phages infecting pathogenic bacteria do not differ from
those that infect nonpathogenic species. Phage control ha
been described for the treatment of salmonellosis in chickens
enteropathogenicE. coliinfections in calves, piglets, and lambs;
and E. coliO157:H7 shedding by beef cattle. Phages also hav
been applied to control the growth of pathogens, such asLis-
teria monocytogenes, Salmonella, Campylobacter, Mycobacterium,
Shigella, Staphylococcus aureusmethicillin-resistant, Vibrio, or
Clostridium. For example, Figure 1 shows phages infecting
E. coliO157:H7 and S. aureusisolated from sewage, which are
like the phages infecting the nonpathogenic strains.

An increasing number of companies developing phage
cocktails and patents for phage-based compounds infecting
different pathogens have shown increasing interest in their
application as antimicrobials. Applications in the food
industry include a variety of refrigerated foods, such as fruit
dairy products, poultry, and red meats. Refrigerated foods
have gained in consumer acceptance and popularity, bu
psychrotrophic microorganisms, which can grow at
temperatures below 5� C, are the main concern phage control
of psychrotrophic pathogens able to grow in different sorts of
food – such asAeromonas, Pseudomonas, and Listeria– and
of spoilage bacteria (e.g.,Pseudomonasspp. and Brochothrix
thermosphacta) in raw chilled meats can result in a signi�cant
extension of storage life.
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Characteristics of the Phages

Phages basically consist of one nucleic acid molecule, th
genome, surrounded by a protein coat, the capsid, which is
made up of morphological subunits called capsomers. Many
phages contain additional structures, such as tails and spikes
and some also may contain lipids. A great diversity regarding
the nature and characteristics of the nucleic acid, the struc
ture and composition of the viral particles, and size exists
among phages. Phages have been classi�ed into 11 families
by the International Committee on Virus Taxonomy. The
characteristics of phages from those families most frequently
isolated from water and foods are summarized inFigure 2.
Phage structure may be as simple as that of Levivirida
(f2, MS2), which consists of a molecule of RNA and an
associated RNA polymerase, both surrounded by an icosa
hedric capsid. Phage morphology also may be complex, like
that of Myoviridae (T2, T4), which have a head and contain
a double-stranded DNA molecule that is connected through
a collar to a contractile tail at the end of which a base plate
with pins and �bers is found. Phages with a tail are the most
frequently reported. Among those, the Siphoviridae account
for half of all the phages so far described. Sizes of phage
range from the 20 nm of the Leviviridae to the 110� 20 nm
of the elongated head and the more than 100 nm of the tail
of the Myoviridae.

Viruses and, consequently, phages are not mobile b
themselves. Therefore, their movements in a given environ
ment occur only through diffusion and Brownian or random
movement. As will be explained, phages cannot multiply
except inside appropriate host cells. Phages, however, ca
persist outside the host cell under a great variety of conditions
and usually they persist much better than their bacterial host
under adverse conditions. Indeed, most phages are far mor
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00224-X
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       (3/4/6 *)(2/5 *)

(1/4/6/7 *)  (1/4/6/7 *)

* Characteristics:
1. Double-stranded DNA 
2. Single-stranded DNA
3. Double-stranded RNA
4. Phage receptors located in the cell wall
5. Phage receptors located in the sexual pili
6. Release by lysis of the host cell
7. Presence of lipids in the viral particle

Figure 2 Classi� cation and characteristics (*) of the main groups of phages isolated from water and food.
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resistant to heat, freezing, radiations, chemical disinfection
and natural inactivation than their host bacteria.
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Phages Replication

Phages can replicate only within a metabolizing bacterial cel
and are speci� c for a particular bacteria or group of bacteria.
Phages differ, however, in the range of hosts that they ca
infect, from those phages with broad host ranges, including
more than one species or even genera (e.g., polyvalent phag
of Listeriaor those phages able to infectE. coliand Shigella) to
others with narrow host ranges infecting only a few strains of
one species (e.g., some phages ofListeriathat only infect some
serovars). Host speci� city mainly is due to the nature of the
receptors located on the surface of the cell. The receptors (e.
outer membrane proteins, lipopolysaccharides, capsules, o
appendixes as� agella and pili) previously had more than one
function in the cell surface and some of them even may be
related to virulence, as is the case of theE. coliK antigens. In the
case of virulent phages, some of the host strains present hig
genetic stability of the receptors, causing the great majority o
the bacterial cells to be sensitive to phage infection. More
frequently, the rate of appearance of resistant mutants is high
enough to allow for the appearance of resistant mutants and
these allow for the survival or persistence of a given bacteria
population even in the presence of great densities of phages.

Regarding multiplication, the relationship between phages
and their host cells is diverse. Virulent and temperate phage
follow different patterns of replication. Most relevant for the
topics discussed in the chapter are the virulent phages, whic
kill the cells that they infect. The basic sequence of event
during phage replication, named lytic cycle, is similar for most
phages and is illustrated inFigure 3.

Adsorption or attachment and host lysis are the most rele-
vant steps for the topics discussed in this chapter. Essential fo
this step is that the phages encounter the bacteria or vice vers
and the presence of speci�c phage receptors located on the
surface of the bacterium. The ef�ciency of adsorption then will
depend on a number of environmental conditions.

At the end of the lytic cycle, the newly formed virus particles
are released mostly by the sudden lysis of the bacterial hos
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4. Assembly of the 
new viral particles

5. Release of the new 
viral particles, mostly 
by sudden lysis of the 
host cell

2. Introduction of the 
phage nucleic acid into 
the host cell

3. Synthesis of phage 
components for the 
production of new viral 
particles. Cessation of 
synthesis of host cell 
components

1. Adsorption or attachment of the bacteriophage onto the surface of the host cell

Figure 3 Steps of virulent bacteriophage replication.
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Lysis is caused by one or more enzymes coded by the phage
which are known generically as phage lysins and will be further
discussed later.

The lytic cycle of the phages is usually short, sometimes a
short as the 20 min of the T4 phage infectious cycle. The numbe
of phages released by one infected bacterium, known as burs
size, ranges from dozens, like for phages infectingCampylobacte
studied so far, to a few hundred for the Myoviridae phages
infecting E. colito many thousands for the Leviviridae.

Temperate phages also may follow the lysogenic cycle i
which the phage genome becomes part of the genome of the
host bacteria. After phage infection, phage enzymes, togethe
with host recombinases, promote the phage genome integra
tion into the adequate site of the cell genome. If the lysogenic
pathway is selected, temperate prophages remain in th
genome of the host bacteria, will be replicated together with the
host cell DNA, and will pass to all daughter cells at cell division.
By lysogenic conversion, the phenotype and behavior o
bacteria can be affected, increasing their variability. The lyso
genic cycle reverts to lytic pathway only after induction by
various agents and conditions, such as ultraviolet light, some
chemicals, and host stress. Induction causes replication of th
phage genome that will start to produce new phage particles
Temperate phages should be avoided for applications in
biocontrol, as they may in� uence safety and quality in an
indirect manner. They can introduce, for example, gene
encoding virulence factors (e.g., bacterial toxins) or genes o
antibiotic resistance, and can convert harmless bacteria int
pathogens. Because not all bacterial virulence factors have bee
identi � ed, even in this modern age of whole-genome
sequencing, the demonstration of a phage’s inability to increase
bacterial virulence upon infection is by no means a trivial
process. One approach toward bypassing this concern is t
avoid phages that are capable of displaying lysogeny or even t
avoid phages that contain genes that are consistent with an
ability to display lysogeny.

Besides lysogeny, generalized transduction also should b
kept in mind when selecting candidate phages. In generalized
transduction, any fragment of bacterial DNA can be packaged
into phage capsid. The resulting particles are able to infect and
convert a new host, which would be undesirable if those
phages have been propagated in a host harboring virulence
related genes, for instance.
Problems of Employing Phages for Control
of Pathogens in Food

The discovery in the second half of the 1910s of phages tha
attack pathogenic bacteriain vitro led to an intensive period of
inquiry into their use for treating infectious diseases. The earlier
claims of success were not sustained by carefully planne
investigations and were hastened by the introduction of anti-
biotics. Investigations into their use for this purpose were largely
abandoned. The main reasons postulated for failure of phages to
cure infections have been the low degree of activityin vivo
compared with that in vitro, the potential appearance of anti-
bodies against phages, and mainly the rapid emergence o
phage-resistant bacterial mutants. Further experiences pe
formed in the 1980s have shown successful control ofE. coli
infections by using phages whose receptor was the K antigen
which is a virulence factor, thus preventing the rapid emergence
of virulent phage-resistant mutants, as emerging resistant would
lack that factor. One handicap to the practical application of this
approach might be the narrow range of their activity and the
high numbers of phages needed to control the infection.





-

f
it

e

t
s

e

a
r,
s
.
f

756 MINIMAL METHODS OF PROCESSINGj Potential Use of Phages and Lysins
was the� rst approval granted by the FDA and the US Depart
ment of Agriculture for a phage-based food additive. The
European Food and Safety Authority, which is more cautious
than the US agency, indicated in their last reports that the use o
phages as biocontrol agents requires more research and that
is not yet ready to be applied in food. The new advances in
metagenomics on bacteria and phage populations certainly will
allow for signi � cant progress in this� eld.

In spite of the concerns of the food security agencies, som
other application of phages to � ght pathogens are ongoing. In
the � eld of phage therapy, clinical trials using phages agains
infections caused by pathogens, such asE. coli, Pseudomona,
or Staphylococcus, currently are being conducted in some
countries.
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Nature of Lysins and Their Production

Phage lysins or endolysins are cell wall–hydrolyzing enzymes
synthesized during late gene expression in the lytic cycle o
multiplication of most phages, thereby enabling the release of
progeny phages.

The mechanisms of lysis are not equal for all phages and
may even differ in the same bacterial host depending on the
phage. There are at least two different mechanisms by whic
phages accomplish lysis of the host cell. Some small phage
exempli� ed by the E. coli phages f X174 and MS2, have
developed a single lysin gene without murein-degrading
activity. These phages produce only cellular emptying, leaving
nonrefractile but rod-shaped cell ghosts. The great majority o
known phages have a more complex system, which involve
two different kinds of enzymes, known as lysins and holins.
Only the joint activity of the two enzymes leads to the host cell
lysis. Lysins are highly ef�cient and speci� c peptidoglycan-
hydrolyzing enzymes that are expressed as soluble cytoplasm
proteins. But lysins reach their peptidoglycan substrate in the
cell wall only through the action of a second group of phage-
encoded proteins, known as holins, which produce holes in the
cytoplasmic membrane through which the lysin molecules
move into the periplasm where they can contact the peptido-
glycan substrate. It seems clear that the dominant mechanism
in phage lysis strategies, for phages of both Gram-positive (e.g
Lactococcus, Streptococcus, Listeria, and Bacillus) and Gram-
negative bacteria (e.g.,E. coli, Salmonella, and Haemophilus), is
the complex mechanism. Because of differences in the cell wa
structure of Gram-positive and Gram-negative bacteria, exog
enous activity will be more ef� cient in Gram-positive than in
Gram-negative bacteria in which the outer membrane
somehow will obstruct the contact of the phage lysins with
their peptidoglycan substrate.

Lysins of phages of Gram-positive bacteria were recognize
early on as being strongly active against cell walls of their hos
bacteria. When the speci� c lysins were puri� ed and exposed to
the peptidoglycan of the target bacteria externally, it caused th
lysis of the cells from the outside.

When bacteria are infected with phages at high multiplicity
of infection, which occurs with many phages for the host
cell, they lyse before phage replication. This phenomenon is
known as lysis from without, and this lysis partially is due to
the presence of tail-associated peptidoglycan hydrolases. Th
term, however, is also applied to the use of exogenous phag
lysins. The use of lysin in Gram-positive bacteria is clearly
shown since by themselves the lysins of Gram-positive bacteri
have a clear lytic activity. For Gram-negative bacteria, howeve
because the outer membrane hinders the contact of the lysin
with its peptidoglycan substrate, it does not cause the lysis
Nevertheless, few exceptions could be found. Endolysins o
phages ofPseudomonasshow lytic activity against several Gram-
negative bacteria. Endolysins from aBacillusphage can enhance
permeability of Pseudomonas aeruginosaouter membrane
and are capable of killing it despite the presence of the outer
membrane.

Even when applied exogenously, the endolysins retain
a certain degree of speci� city, based on their characteristic
modular structure, often with multiple lytic or cell wall –
binding domains. The C-terminal cell-binding domain binds
to a speci�c substrate (usually carbohydrate) found in the cell
wall of the host bacterium. Ef� cient cleavage requires that the
binding domain binds to its cell wall substrate, offering some
degree of speci�city to the enzyme since these substrates ar
found only in enzyme-sensitive bacteria. Thus, for example
when lysins of listeriophages, or phages infectingListeria, are
applied exogenously, they induce rapid lysis ofListeriastrains
from all species but generally do not affect other bacteria
Even the lysins coded by phages with limited host ranges
are exogenously active against all listerial cell walls regardles
of serovars and species. They do not, however, affect othe
Gram-positive bacteria with the same peptidoglycan type (A1g-
variation of directly cross-linked meso-diaminopimelic acid
peptidoglycan). The molecular basis of substrate speci� city
remains to be elucidated. A similar pattern can be observed fo
phages infecting a number of different lactic acid bacteria
Although certain lysins – for example, some pneumococcal
lysins – may have a broader substrate speci� city than others
and have even some activity in taxonomically unrelated
bacteria, the speci� city shown by lysins of phages of lactic acid
bacteria or listeriophages is a general phenomenon for phag
lysins of Gram-positive bacteria. Therefore, phage lysins can b
considered to be very speci� c as compared with other antimi-
crobial agents, but still less speci� c than phages.

Phage-encoded endolysins can be any one of the sever
unrelated types of enzyme (i.e., lysozyme, amidase, or trans
glycosylase), which attack either glycosidic bonds (i.e.
lysozymes and transglycosylases) or peptide bonds (i.e
amidases) that, in aggregate, confer mechanical rigidity on the
peptidoglycan.

Another promising group of molecules for their applica-
tions as antimicrobials are the phage–tail complexes. These
lytic factors have similar functionality as the lysins and cause
identical bacterial lysis, but they do so through a completely
different mechanism. These recognize and attach to speci� c
bacterial receptors, penetrate the outer membrane in Gram
negative bacteria, and cause local lysis of peptidoglycan on th
site of attachment with the purpose of injecting the phage
DNA. Large production of phage–tail proteins can be achieved
using DNA recombinant technology, rather than by isolation
from the original phage. Phage P22 tail spikes already hav
been used againstSalmonellain chickens, showing signi� cant
reductions of the bacterial cells in the gut of chickens and the
penetration into internal organs.



y

s

as

e

d

s
f

gi-

i-

i-

-
r
e

e
t

,
-

e

e,
s
s

e

h

d

t

s
to

r-
s.
ce

s

f

icro-

Review. Current

to control Gram-
ogy 300 (6),

and control of
y 76, 513
odborne patho-
technology 11,

cteriophages as
426
., Norris, J.S.,
al model with

MINIMAL METHODS OF PROCESSINGj Potential Use of Phages and Lysins 757
Potential for Commercial Use of Lysins, Including
ProductionIn Vitro and Related Problems

Both endogenous and exogenous activities of phage lysins ma
have commercial applications in food processing. The phage
enzymes known for more than 40 years were used in 2001 a
topical antibacterial agents and proved to be highly effective in
this regard. A critical fact for the application of lysins in the
food industry is how to supply them within the food matrix or
surfaces, allowing their effective action. At the moment, we can
conceive two ways of introducing phage lysins into food.

The endogenous activity of phage lysins has been seen
potentially useful for food processing. The most obvious
approach to the use of endolysins for the biocontrol of path-
ogens in food and feed is to directly add puri� ed enzyme to the
food or to the raw product. Lysins have a short half life,
however, and this can invalidate their long-term activity. A
more elegant and also less expensive alternative is th
production and secretion of speci� c endolysins by the fer-
menting bacteria with an autolytic phenotype, such asLacto-
coccus lactisor Lactobacillusspp., which may lead to such strains
releasing their intracellular enzymes (e.g., proteases an
lipases) more ef�ciently in the curd and thus providing an
accelerated ripening. The introduction of engineered bacteria
that release the phage lysins, although possible in theory, doe
not seem feasible for the moment. Survival and expression o
the tailored bacterial strains in the food environment is not yet
a resolved subject, as has been shown in the case of the en
neeredLactococcusstrains with an autolytic phenotype with the
gene encoding for a bacteriophage lysin forLactococcusspecies.

The exogenous activity of phage lysins also may be explo
ted. First, and because of their speci� city and strong activity,
phage lysins may be foreseen as an effective means of elim
nating contaminant food pathogens without affecting other
organisms. Second, they may have some applications in food
manufacturing industries, as in the cheese industry. Fo
example, the addition of lysin enzyme to accelerate the releas
of intracellular enzymes from starters at the end of the primary
milk fermentation will accelerate ripening. The addition into
the food of the enzyme produced by the already existing highly
ef� cient fermentation techniques seems to be a more feasibl
approach. Activity of these endolysins also has to be kept a
food storage conditions. Endolysins of listeriophages have
been shown to reduceL. monocytogenesto undetectable levels in
soy milk at refrigeration temperatures. Derivative fusion
proteins of virion-associated peptidoglycan hydrolases have
been shown to be stable in milk after storage at 4� C and after
pasteurization treatment. Limitations to be expected are similar
to those of the many enzymes (e.g.,a-amylases, proteases
lipases, and others) already used in the food industry. There
fore, if necessary, similar solutions may be applied.

In theory, there are two ways to produce phage lysins. Th
direct way of producing phage lysins is by phage-infected
speci�c host cells. Optimum conditions of pH, temperature,
and multiplicity of phage infection for the production of
phage-associated lysins can be determined. It has, for exampl
been established for the production of group CStreptococcu
phage-associated lysin. The other way to produce phase lysin
is through recombinant DNA technology, which appears as the
suitable method. Phage lysin genes can be expected to b
susceptible of being cloned and overexpressed to very hig
levels in bacteria unrelated to the original host and engineered
to facilitate their puri � cation, to increase their stability, or to
improve their performance. This has already been achieve
with Listeria phage lysin genes, which had been cloned
successfully inE. coli. One of the cloned lysins, anL-alanoyl-D-
glutamate peptidase, is extremely active on all listerial cells
when added exogenously and can be overexpressed inE. colito
very high levels. Such genes also have been modi� ed by gene
fusion to facilitate the puri � cation of the lysin. Indeed, an
amino terminal modi � cation of the previously mentioned
lysin allows for its puri � cation with high ef� ciency without
causing a loss of speci� c activity. Preliminary results have been
promising regarding the experimental use of recombinant-
phage lysin to combat L. monocytogenesin soft cheeses and
other dairy products. Another question is how will the inter-
national food safety agencies accept the use of a produc
derived from genetically modi� ed organisms.

The application of lysins to the control of food pathogens is
more feasible than the application of phages. Another inter-
esting trend that reinforces the application of lysins is that,
contrary to phages, lysins did not lead to the selection of
resistant strains, even exposing bacteria to low concentration
of lysin. Resistance seems unlikely because it requires the cell
change the structure of essential components of its wall.

Besides the use of lysins in food, other applications not so
widely recognized, but nevertheless interesting, are the gene
ation of transgenic plants that express phage endolysin gene
These have been constructed with the aim to achieve resistan
to phytopathogenic bacteria. The prototype example is the T4
lysozyme potato, which is able to protect against damage
caused byErwinia carotovora.

Problems regarding the industrial production and commer-
cial use of phage lysins are similar to those of the many enzyme
already used in the food industry. Their use will be more in� u-
enced by economic factors than by technical feasibility.
See also:Bacteriophage-Based Techniques for Detection o
Foodborne Pathogens.
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Introduction

Microorganisms can be friends or foes to man. We canno
survive without some of them. In food microbiology, the aim
is to minimize the risk of noxious microbes causing harm to
human health. Such organisms include eukaryotes (such a
yeast and fungi), many different species of prokaryotic
bacteria, and viruses. Their presence and survival in the foo
chain and consequent risk of infection in man should be kept
at bay through the use of appropriate precautionary measure
in food microbiology as well as with the necessary tools to act
when foodborne illness resulting from outbreaks occurs. In
the past, food microbiologists acted as many biologists had by
classifying species under study. They assessed cellu
morphology complemented by limited biochemical obser-
vations and based on these observations identi�ed the types
of microbes at hand. This resulted in their being able to give
a strain a name of a species, but not in their being able to
predict its behavior when confronted with environmental
challenges. The�rst principles of microbial organization
remained for a long time and to a large extent in black box.
Current developments in basic molecular biological and
biochemical research allow for the indexing of life in the case
of microorganisms, resulting in the uncovering of potential
cyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
populations by fully sequencing the genomes of their
constituent strains. The�rst genome that was fully sequenced
was the 1.8 Mb genome ofHaemophilus in� uenzaein 1995 by
The Institute of Genomics Research (TIGR) led by Crai
Venter. The �rst two genomes of direct relevance to food
microbiology were the 4.2 Mb of the Gram-positive model
organism Bacillus subtiliscompleted by a team led by the
Institute Pasteur and the 4.6 Mb ofEscherichia colilaboratory
strain K-12 completed by the group led by Frederick Blattner
at the University of Wisconsin. Both sequences were release
in 1997. The (extended) Wisconsin team followed up on this
work with the E. coli O157:H7genome in 2001, aided by the
perfection of the technology as well as driven by the urgency
of the need for information on this causative agent of
hemorrhagic colitis.

Since then the technology has been greatly improved and
sequencing of a bacterial genome is now more a question o
hours and days than weeks, months, or– as in the very
beginning – even years.

From sequence data emerges the question of the use
the genetic information encoded by it and how such use
leads to cellular functional capability. Hence genomewide
expression analysis is the experimental approach of choice
Various laboratories have succeeded in the mid-1990s to
78-0-12-384730-0.00374-8 759
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generate array platforms that allow for the simultaneous
analysis of the expression of genomes. The De-Risi laborator
at the Howard Hughes Medical School is especially wel
known for having made seminal contributions to the wide-
spread development and use of microarray technology
Genomewide expression analysis in food microbiology
currently is used in many � elds, ranging from thermal stress
response to the response to the ubiquitously used weak
organic acid food preservatives such as sorbic and acetic ac
In addition, genome sequencing of samples containing a full
ecological complement of microorganisms from an envi-
ronmental niche has unraveled the so-called microbiomes of
those niches. For instance, the full genome complement and
hence microbial composition of the human intestine has
been unraveled.

Both aerobically as well as anaerobically growing bacteria
spore formers have been studied upon environmental chal-
lenge with antimicrobial conditions. Clostridium botulinum
challenged with carbon dioxide was studied at the Institute for
Food Research in relation to its ability to produce neurotoxin
and its changing genomewide transcriptome. The exac
meaning of the changes is still dif� cult to ascertain for
C. botulinumas no functional studies have been done with
deletion mutants.

For aerobic spore formers (e.g.,B. subtilisand Bacillus cereus),
the situation is better as they are genetically well accessible. I
particular, the events that steer the germination of heat-injured
bacterial spores are of great applied and fundamental interes
The applied interest being that it is generally accepted tha
repair of heat stress–incurred damage does take place in spore
that have transformed from phase bright to phase dark (i.e.,
have taken up suf� cient water to allow for metabolism to
proceed) but does not if this has not taken place. Once
metabolism and derived gene expression can proceed, th
activation of repair mechanisms may be foreseen, allowing
injured spores to still progress through the outgrowth phase to
the � rst cell division and undesired vegetative growth leading
to food spoilage or foodborne disease. The basic molecula
processes operative in spore germination have been studie
using genomewide microarray analyses routines. Recent da
on genomewide expression pro� les of virulence genes ofLis-
teria monocytogenesin laboratory media have been compared
with genomewide expression analysis ofL. monocytogeneswhen
grown in ultrahigh-temperature skim milk. The challenge when
analyzing expression data in real foods is to properly isolate
nucleic acid material suitable for expression analysis. Progres
in that � eld was made recently to allow for such isolation from
complex food samples such as pâtés as well as meat juice
Upon comparison of the data, it was evident that the expres-
sion of L. monocytogenesvirulence genes is enhanced in weak
acid exposed cells. Suchin situ omics data highlight the possi-
bilities offered by the current molecular analyses of the gene
expression of cells growing in foods of interest. This not only
allows us to better assess how cells perceive the real foods
interest but also offers a benchmark for experiments using
laboratory media.

In food microbiology as elsewhere in biology, it is clear
that gene expression is one level of complexity that can be
studied. It is not yet functional, however. The hierarchical
layers of protein synthesis and protein function are much
more linked to the physiological resultant of the use of the
genome. In situ food analysis, however, still presents major
dif � culties, most prominently the discrimination of
microbial-derived proteins and metabolites from those
derived from the food products themselves. Hence much
progress here refers to the analysis of microbial behavio
when exposed to laboratory conditions that are meant to
simulate the most important environmental characteristics
of the food products under study. In general, much prog-
ress was made by� rst dividing the proteome to be studied
in segments (i.e., a cell wall or cell membrane puri�cation
step to enrich the sample for envelope proteins of interest).
Such an approach was taken for what might be coined as
the hardest of all microbial entities, the bacterial spore.
These are extremely resilient structures that may we
survive harsh thermal treatment as well as resist the pres
ence of antimicrobial chemical compounds. Moreover,
spores are ubiquitously present in the environment and
can adhere to both abiotic and biotic surfaces. The direct
proteomic approach offers the unique opportunity to
analyze the surface exposure of the proteins as well b
treatment of intact spores with various proteases to liberate
the surface-exposed proteins. Direct proteomics on funga
cell walls also have proved extremely valuable in unravel-
ing the interactions of (spoilage) yeasts with their envi-
ronment. Speci�c subsets of proteins present in the
insoluble fraction of the wall were identi � ed that were
speci� c for environmental conditions.

Metabolomics tools are those for which a comprehensive
overview of microbial metabolism in and on foods is made,
and researchers seek to identify speci� c metabolites responsible
for microbial physiology. The technique is not much used to
analyze food stability or food safety issues but is used more so
to study the behavior of food fermentation and in situbehavior
of functional microorganisms.

Importantly, the various levels of omic analyses need to be
linked to arrive at a system-level understanding and predic-
tion of microbial behavior. Such analyses require that quan-
ti � cation of levels of importance of the various processes is
well in place. Hence the need for (mathematical) quantitative
modeling at all omics levels and across them. The models give
rise to new experimental queries, hence forming an iterative
cycle, characteristic for systems biology.Figure 1 illustrates
that cycle.

In this section of the Encyclopedia of Food Microbiolo,
experts will deal with many of the omic tools, and discuss their
impact in detail as well as their technological background. The
following sections highlight a number of technological tools
that are pivotal to the future impact of omics and systems
biology on food microbiology.
Genome Sequencing; Genomics

The best-known next-generation genome-sequencing tools ar
constantly evolving. Originally, the so-called 454 pyrose-
quencing was the leading tool for comparative analysis, but
new tools are becoming available at an ever-increasing pac
bringing costs further down while maintaining more than
acceptable sequence quality levels.
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Genomics

Transcriptomics

Proteomics

Metabolomics

Systems biology

Results

Hypotheses
predictions

New validation
experiments

RNA

Protein

Metabolites

DNA

Bioinformatics

Food 
environment
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Figure 1 A schematic approach of the systems biology setup of studies relevant to microbial behavior in food environments. Genome information is
captured at all omics levels and integrated using bioinformatics routines in analyses where the output is aimed at an objective function of growth–no
growth or a speci� c, to be de� ned by the researcher, level of stress resistance.
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454 Pyrosequencing

Pyrosequencing was well established by early 2000. The pyro
sequencing technique uses luciferase to generate light fo
detection of the individual nucleotides added to the nascent
DNA chain, and the combined data are used to generate
sequence readouts. The technology provides intermediate rea
length and price per base compared with Sanger sequencing o
one end of the spectrum and Solexa, Sequencing by Oligonu
cleotide Ligation and Detection (SOLiD), and the developing
nanopore technology on the other.

The full power of pyrosequencing became apparent when
a parallel version of it was developed by 454 Life Science
currently part of Roche Diagnostics. The technique ampli�es
DNA inside water droplets in an oil solution (emulsion poly-
merase chain reaction (PCR)). All individual droplets contain
a single DNA template attached to a single primer-coated bead
The bead forms a clonal colony. The sequencing machin
contains many picoliter–volume reaction vessels, each of which
contain a single bead and sequencing enzymes. All reaction
run in parallel, which means that a few hundred thousand
reactions can be read simultaneously. Bioinformatics routines
then join the reads to form a full sequence, generally using
a base sequence as a mold. However, since read length (up
800 bp) is compared with other next-generation sequencing
platforms, the system may be chosen forde novosequencing. An
issue is that at increasing homopolymer length increasing
saturation sets in. Costs are relatively high. 454 Sequencing
depicted schematically inFigure 2.
o

-

d
Illumina/Solexa Sequencing

That developments are fast and hence systems dynamic als
was shown by Solexa, currently part of Illumina. They
developed a sequencing technology based on reversible dy
terminators. DNA molecules in this system are attached to
primers on a slide and then subsequently are ampli�ed to form
clonal colonies. Next, four types of reversible terminator bases
(RT-bases) are added and whatever is left as nonincorporate
nucleotide is washed away. Unlike pyrosequencing, the DNA
can be extended only one nucleotide at a time, contributing to
the overall signi� cantly shorter reads obtained. Costs, however
also are lower so depending on the ease of applying bio
informatics for sequence alignment in an individual experi-
mental setting, the technology may well be interesting
especially for comparative genomics purposes. A camera tak
images of the� uorescent nucleotides after which the dye along
with the terminal 3 ’ blocker is chemically removed from the
DNA. Subsequently, a next-sequencing cycle is initiated
Figure 3 shows the principle of this approach.
The SOLiD Sequencing Approach

Applied biosystems put a sequencing system on the marke
called SOLiD. SOLiD uses a labeled pool of all possible
oligonucleotides of a � xed length. Oligonucleotides are
annealed and ligated; the preferential ligation by DNA ligase
for matching sequences results in a signal informative of the
nucleotide at that position. The pool is such that the identity of
the two central nucleotides correlates with the label, thus
providing sequencing by pair of nucleotides. Before
sequencing, the DNA is similar to the 454 sequencing platform
ampli � ed by emulsion PCR. The resulting clones, each con
taining only copies of the same DNA molecule, are deposited
on a glass slide. The result is sequences of quantities an
lengths comparable to Illumina sequencing and hence
primarily for truly (often massive) parallel sequencing anal-
yses.Figure 4 gives principles of the approach.



Figure 2 A schematic drawing of the method of analysis applied in pyro-sequencing as 454 Life Science uses it. (a) The principle is that individual
microsphere beads are used as capture for DNA molecules of different length, which are then multiplicated in emulsion PCR reactions and loaded into
millions of picoliter wells. (b) The unwound DNA helix is next sequenced using rounds of� ooding with nucleotides and measurement of the emitted light
as a consequence of the pyrophosphate that is liberated. The enzymes luciferase as well as sulfurylase play key roles in this process. The latter uses the
substrate adenosine phosphosulfate with pyrophosphate generated during nucleotide polymerization to generate adenosine triphosphate and free sulfate.
The natural equilibrium of the reaction is much toward this side of it, hence providing the ATP needed for luciferase to generate Oxy-luciferin and
detectable light. Intensity of light is a measure for the amount of homopolymer incorporation in each round. Finally, apyrase degrades the excess
nucleotides. Panel a was modi� ed from the product information of 454 Life Science on the web and panel b is taken from Ahmadian, A., Ehn, M., Hober,
S., 2006. Pyrosequencing: history, biochemistry and future. Clinica Chimica Acta 363, 83–94.
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Figure 3 A schematic drawing (taken from Metzker, M.L., 2010.
Sequencing technologies: the next generation. Nat. Rev. Genet. 11,
31–46) of the principle of Illumina/Solexa sequencing. Bridge PCR-
ampli� ed DNA sequences on surfaces rather than bead-expanded clo
of DNA are interrogated. The four-color cyclic reversible method is ba
on the–O-azidomethyl reversible terminator reaction. Each base has
a different� uorescent color. After imaging, a cleavage step with tris(2-
carboxyethyl)phosphine removes the� uorescent molecules and recreates
a 30 hydroxyl group suitable for further synthesis.
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Ion-Torrent (Semiconductor) Sequencing

Ion Torrent Systems Inc. developed an extremely low cos
system based on using standard sequencing chemistry (i.e
proton liberation at each reaction cycle). The system use
a semiconductor-based detection system. A microwell con
taining a template DNA strand to be sequenced is� ooded every
cycle with a single type of nucleotide. Whenever the new
nucleotide is complementary to the strand that is being inter-
rogated, it is incorporated into the growing complementary
strand. This causes the release of the indicated proton.
homopolymer repeats are present in the template sequence
multiple nucleotides will be incorporated in a single cycle. This
leads to a corresponding number of released protons and
a proportionally higher electronic signal. At the same time,
however, this is an issue of the system as increasing saturatio
of the signal sets in at increasing homopolymer length.Figure 5
shows the principles of the system.
Nanopore Sequencing

The advantages of simple sequencing technology combine
with longer sequence reads is on the verge of being uni� ed in
the novel nanopore-sequencing approach proposed by Oxford
Nanopore Technologies. This method is based on the readou
of an electrical signal that occurs as nucleotides pas
alpha-hemolysin pores. These pores contain covalentl
bound cyclodextrin((6-deoxy-6-amino)-6-N-mono(2-pyridyl)
dithiopropanoyl- b-cyclodextrin) to ensure their selectivity. The
DNA passing through the nanopore changes an ion curren
invoked by the charge separating the membrane in which the
nanopores are embedded. It is crucial that each type of nucle
otide blocks the ion � ow through the pore for a different period
of time. The method has the potency of sequencing the human
genome in very short times, reaching even an incredible
15 min. While single-molecule base reliability is still less
than the other systems, single DNA sequences do get withi
reach and read length are already much longer than with
other systems, which seems to compensate for these down
sides.Figure 6 provides an overview of the principles of the
system.
Genomewide Transcript Analysis

The use of the microbial genome initially was analyzed
primarily by making use of microarray analysis. Arrays are
made of oligonucleotide probes speci� c for individual genes in
the genome of a microbe under study. Many different organ-
isms were interrogated bothin situ (i.e., in foods) as well as in
more model-based physiological experiments interrogating, for
instance, Bacilli for weak organic acid preservative stres
response.Figure 7 shows the principle of microarray analysis.
Speci� c gene transcription has been studied using revers
transcriptase-mediated quantitative PCR. The advantage of th
latter is that quanti� cation over many scales of unity is
possible. Performing such quanti� cation detail while main-
taining the breath of analysis that microarrays offer mRNA
genomewide sequencing becomes more and more attractiv
since costs are dropping and many of the DNA sequencing
techniques may be used. In particular, the Nanopore technique
seems attractive due to its versatility of application.

For all analyses, the key indeed is puri�cation of relevant
mRNA levels, and hence there is a need to instantaneous
� x metabolism as well as avoid any degradation during

nes
sed



Figure 4 A schematic drawing of the method of analysis in the SOLiD system of Applied Biosystems. First the DNA to be sequenced is sheared and bead
ampli� ed similar to the 454 sequencing described inFigure 2. Then, a set of four� uorescently labeled di-base probes compete for hybridization to the
target DNA and subsequent ligation to the sequencing primer. Next, up to nine more cycles of ligation, detection, and cleavage are performed until
eventually the reaction stalls and the maximum sequence read is reached. After the series of ligation cycles, the extension product is removed and the
template is again reset with a primer complementary to the start-1 position for the following series of ligation reactions. In the example given, the 10
cycles of ligation and detection are repeated four times. Taken from Metzker, M.L., 2010. Sequencing technologies: the next generation. Nat. Rev. Genet.
11, 31–46.

764 MOLECULAR BIOLOGYj An Introduction to Molecular Biology (Omics) in Food Microbiology



y

ts
e

e

-

Figure 5 The principle of semiconductor-based sequencing used by Ion-Torrent starts with the notion that DNA sequencing by synthesis is performed in
individual picoliter wells on individually ampli� ed DNA strands. The sequencing reaction releases upon stoichiometrically incorporating one proton– i.e.,
sequential� ooding of the microwaver with the four nucleotides and subsequent measurement of the amount of ion (proton)� ux through the semi-
conductor provides an indication for the type and amount of nucleotide incorporated. Description taken from the company information athttp://www.
iontorrent.com/lib/images/PDFs/amplicon_application_note_040411.pdf.
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further puri � cation. This is a topic of current further
investigation.

Finally, transcriptomics provides data for correlative anal-
ysis but functional data (i.e., whether a certain induced
pathway is key under the conditions tested) are not obtained.
For that single gene, knockout libraries are available. These ma
be evaluated in a test that assesses the� tness of the individual
mutants in the face of the environmental challenge imposed on
them. Such a screen makes use of the fact that the mutan
contain unique sequence tags that make it possible to trac
them back in a pool.
h
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Proteomics Analysis

Microorganisms display physiological behavior that normally
is not one-on-one related to the gene-expression pro� le. The
next level of cellular organization, cellular proteins, is then the
logical layer to interrogate. Full protein cellular analysis is often
done using two-dimensional gel-electrophoresis with PI and
molecular weight separation dimensions. Identi� cation of
individual differential protein presence, for instance, in studies
of environmental stress response, is subsequently done wit
mass spectrometric analysis. A main drawback is that integra
membrane proteins and cross-linked cell or spore wall proteins
cannot be resolved in this way as they do not partition into gels
easily.

Prepuri� cation of different microbial fractions followed by
direct proteomics on that fraction using trypsin digestion
(cutting carboxyterminal to arginine and lysine) and liquid
chromatography (LC) electron spray ionization mass spec
trometry currently is often the subsequent analytical tool used.
Importantly, protein analysis as genomewide expression
pro� les often call for quanti� cation. Contemporary
mainstream technology that is being assessed for this purpos
is metabolic labeling with stable isotopes, such as15N, and
then comparing the data to the tests with the naturally occur-
ring 14N isotopic variant. The quantitative comparison recently
was shown to be effective in studies onCandida albicansyeasts
and currently have applied on others the quanti� cation of
proteins in the bacterial spore coat and exosporium.Figure 8
shows the principle of the metabolic labeling approach for
bacterial spore walls (coats) from the model organism
B. subtilis. The same approach also has been applied to analo
gous questions with respect to toxigenic bacterial spore
formers, such asB. cereusand Clostridium dif� cile.
Metabolism Metabolomics

There is an increasing opportunity to link the various hierar-
chical levels of cellular organization to the one that � nally
matters most (i.e., cellular metabolism governing the inacti-
vation, survival or growth of microbes). This systems level is
also steering current developments to look into cellular
phenotypic heterogeneity in genetically identical populations.
As this phenomenon often is seen and linked to such obser
vations as increased thermal stress resistance of bacterial spo
or virulence of strains, there is an increasing interest in
measuring systems physiological parameters at the single-ce
level. Measurements of this kind get more and more realistic a
green � uorescent protein (GFP) derivatives for redox-state
(roGFP), the presence of hydrogen-peroxide-induced damag
(HyPer), as well as intracellular pH (pHluorin) are being
applied in microbial systems. For the latter, recent examples
exist in both Gram-negative E. coli as well as Gram-positive
B. subtilis. Cells were exposed to pH shifts that challenge thei
intracellular acid–base homeostasis. InE. coli, the intracellular



Figure 6 Nanopore sequencing is the future. Nanopore sequencing has been under development throughout the past century, but it is only since the
seminal paper in 2009 by Clarke, J., Wu, H.-C., Jayasinghe, L., et al. (Nat. Nanotechnol. 4, 265–270) that the technology truly has been under devel-
opment. The incorporation of cyclodextrin heptakis((6-deoxy-6-amino)-6-N-mono(2-pyridyl)dithiopropanoyl-b-cyclodextrin) in theStaphylococcus aureus
a-hemolysin-based pores provided appropriate base selectivity to enable sequencing of long DNA fragments. Oxford Nanopore claims up to 100 000
bases of single-molecule sequence information in one gohttp://www.rsc.org/chemistryworld/News/2012/February/oxford-nanopore-genome-
sequencing.asp. This� gure schematically gives the principle of the approach. Images taken from Clarke et al. andhttp://labs.mcb.harvard.edu/branton/
projects-NanoporeSequencing.htm.
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Figure 7 Genomewide expression analysis targeting the cellular response to temperature stress using oligonucleotide based differential hybridization of
total messenger RNA samples from control cells as well as cells exposed to elevated temperatures. The scheme highlights the fact that all RNA isolated
from cell population is converted to copy DNA and labeled with� uorescent dyes, either Cy-5 (red� uorescence) or Cy-3 (green� uorescence). The samples
are mixed and hybridized to the microarray with the short oligonucleotide fragments. Each oligo of lengths up to 70 bp is speci�c for one gene. The
hybridization with the green dye indicates that gene is predominantly expressed in cells growing at the reference temperature. All other variants are
possible, including genes that are hardly expressed (no signal above the noise level leading to black spots on the array), genes that are equally expressed
for cells grown at both the reference and the stress temperature (orange spots), and genes that are expressed more in cells subjected to thermal stress (red
spots).
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calibration was carried out using the weak organic acid, benzoic
acid, in combination with a weak membrane permeable base
(methylamine). Other laboratories are extending this analysis
to a detailed time-resolved capturing of the behavior of indi-
vidual cells upon exposure to classical weak organic acid foo
preservatives, such as sorbic and acetic acid.

Expression of all of these GFP variants uses ratiometr
analysis, whereby the peak behavior changes in a given releva
range of the physiologic parameter under study. This approach
Figure 8 Relative quanti� cation of theBacillus subtilisspore coat proteom
of wall proteins. Query14N-Bacillus spore coats are mixed with metabolic
with trypsin, resulting in a mixture of14N-query peptides and correspond
resulting in14N/15N ratios of the corresponding peptides. Individual pept
The next step is to calculate the queryA/queryB protein ratios. A series of e
a library of spore coat protein ratios. LC-FTMS, liquid chromatograph–Four
provides a suitable internal standard to the analysis.Figure 9
illustrates the method. Obviously, any approach of this kind is
applicable only to microorganisms that can be transformed
and is useful only to the generation of data for predictive
models of microbial behavior. Such models, however, will
become much more mechanistic based and hence robus
through the approach discussed and therefore more widely
applicable in the design phase of microbiologically stable and
safe food products.
e.15N-ammonium sulfate or potassium15N-nitrate. Relative quantitation
ally labeled15N-Bacillus spore coat proteins, reduced and alkylated, and treated
ing15N-reference peptides. This mixture is analyzed by mass spectrometry,
ide ratios from the same proteins are averaged to calculate14N/15N protein ratios.
xperiments with the same reference culture permits the construction of
yier transform mass spectrometry.
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Figure 9 Online determination of the metabolically crucial intracellular pH value using ratiometric� uorescence emission measurements. Modi� ed
� uorescent protein (pHluorin) displays pH-dependent emission maxima at 508 nm upon excitation at 390 or 470 nm wavelength (b). GFP was mutated as
follows: Glu(E)132Asp(D), Ser(S)147Glu(E), Asn(N)149Leu(L), Asn(N)164Ileu(I), Lys(K)166Gln(Q), Ileu(I)167Val(V), Arg(R)168His(H), and Leu(L)
220Phe(F). These mutations rendered the emission peak maxima upon excitation at the two wavelengths indicated strongly pH dependent (panels a and b,
taken from Miesenböck, G., De Angelis, D.A., Rothman, J.E., 1998. Nature 394, 192–195). In the range of pH ~5–8, a single protonation event generally is
accepted to be responsible for the shift making this compound in that range of pH values an excellent pH sensor upon pHluorin expression in the cytosol of
amongst othersSaccharomyces cerevisiae(panel c, taken from Orij, R., Postmus, J., Ter Beek, A., Brul, S., Smits, G.J., 2009. Microbiology 155, 268–278).
Expression of the protein in other cellular compartments, for instance, yeast mitochondria (Orij and coworkers see reference), or other cell types, for
instance, vegetative cells of bacterial spore formers (Ter Beek, A., 2009. PhD thesis, University of Amsterdam, The Netherlands), leads to similar albeit not
identical calibration curves.
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Bioinformatics and Outlook

All omics approaches and their systems biology analysi
heavily depend on proper data storage and data analysis. Dat
storage evidently is a prerequisite to be able to structure th
available information such that it does not become a heap of
just data with the main risk of leading to only � akes of
knowledge. Thus data storage on mainstream servers wit
appropriate backup is of the utmost importance. Fortunately,
this tends to be ensured by the scienti� c biological commu-
nity at large for all � elds of study so that food microbiology
can tap into it. Both genome and proteome databases take the
lead, albeit still with functional annotation levels of varying
quality.

For data analysis, many statistical analysis tools are avai
able that allow for similarity clustering of transcript and protein
pro� les. Such tools have been used in the analysis of wea
organic preservative action in vegetativeB. subtiliscells.

This introduction to molecular methods has tried to
guide the reader and indicate some of the more relevan
novel developments without attempting to be all inclusive.
The text should be read as a highlight of novel options that
molecular biology offers to the � eld of food microbiology. It
is clear that all starts with the generation of a proper
inventory of the metabolic capabilities of the relevant
microorganisms. To that end genome-scale models of suc
capabilities are instrumental and increasingly feasible, a
methods to rapidly sequence microbial genomes are now
mainstream. The steps involved will be dealt within greater
detail in the subsequent chapters of this encyclopedia
Thereby technologies will be extensively discussed as well a
their applications indicated. The conversion of laboratory
data into data relevant to the food chain is the imminent
goal of the work, and hence both the strains under study as
well as the environmental exposure needs to be precisel
known and controlled. Furthermore, it is crucial that wet-
laboratory data are translated into quantitative models of
cellular metabolism and derived cellular signaling networks.
In this � eld, the main challenges lie that are yet to be
addressed in the� eld of food microbiology.
See also:Biochemical and Modern Identi�cation Techniques:
Introduction; Genomics;Molecular Biology:Proteomics;
Metabolomics;Molecular Biology:Microbiome.
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Introduction

To sequence the genome of an organism means to establish th
exact sequence of nucleotides in its chromosome(s). To
annotate this sequence means to parse the DNA code t
identify potential genes and their associated regulatory
elements and to infer the genes’ functions. With the develop-
ment of sophisticated, high-throughput sequencing technolo-
gies, genome sequencing has become accessible a
inexpensive, and genomics has become an established an
central �eld of modern biology. Simply put, genomics is the
study of whole genomes.
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A Brief History of Bacterial Genome Sequencing
and Technologies

The �rst complete bacterial genome sequence was that o
Haemophilus in� uenzae, a respiratory pathogen, which was
published in 1995. This may be considered a landmark
genome not only because it was the�rst, but also because it
heralded a change in the technical approach to genome
sequencing. The“shotgun” sequencing approach used for the
H. infuenzae genome involved mechanically shearing
H. in� uenzaegenomic DNA and using it to prepare clone
libraries with either long (15 –20 kb) or short (2 kb) inserts.
These inserts were sequenced from both ends until six-fold
sequence coverage of the genome was achieved. The result
sequence reads, made up of thousands of random DNA frag
ments, were overlapped to establish and extend a stretch o
contiguous DNA sequence that corresponded to the
H. in� uenzaechromosome. Sequencing and physical gaps wer
closed by primer walking. Prior to the H. in� uenzaeproject, all
genome projects were based on a“clone-by-clone” approach
that involved preparing clones with mapped DNA fragments
from the target genome. Because the physical location of eac
of the cloned DNA fragments was known, sequencing
sequential clones provided an ordered sequence. The require
ment for genetic and physical maps meant that this method
was slow and labor intensive. Critically, the H. in� uenzae
genome was assembled without these maps, and since then, th
shotgun approach has been adopted as the method of choic
for genome projects.
g

Traditional Sanger Sequencing versus Next-Generation
Sequencing Technologies

For the H. in� uenzaegenome project, Sanger sequencin
(also called dideoxy-sequencing or the chain-termination
method) was the standard sequencing technology. This
method was based on the principle that incorporation of
a dideoxynucleotide into a growing DNA chain would
prevent further elongation of the molecule. DNA synthesis
in the presence of low concentrations of a particular
770 Encyclopedia of Food
dideoxynucleotide results in a pool of DNA fragments of
varying lengths terminating with the dideoxynucleotide of
known identity. The DNA sequence may be determined by
resolving the pool of fragments for each dideoxynucleotide.
While accurate, this method is slow and expensive for whole
genome-sequencing projects.

A high-throughput, massively parallel approach is char-
acteristic of the next-generation sequencing (NGS) technolo
gies. This is achieved by sequencing many immobilized DNA
fragments simultaneously. Sequencing chemistries are speci�c
to each NGS system and include pyrosequencing (454), the
use of reversible terminators (Illumina), sequencing by
ligation (SOLiD) and non-optical, ion-detection-based
sequencing by synthesis on semiconductor chips (Ion
Torrent). The rapid turnaround time and generous sequence
coverage achievable with these NGS technologies makes the
attractive for modern genome projects. However, the shor
maximum read length has been a drawback of these tech
nologies to date.
Genomics of Lactic Acid Bacteria

The discussion of genomics that follows here focuses on the
application of genomics to the study of Lactic Acid Bacteria
(LAB), with a particular emphasis on genomic approaches for
the characterization of probiotic lactobacilli.
Taxonomy

The term Lactic Acid Bacteria (LAB) is a functional descrip
tion applied to an ecologically diverse group of Gram-posi-
tive bacteria from a number of different genera whose
commonality lies in their production of lactic acid as the
major end product of their carbohydrate metabolism. LAB
have been used for centuries as starter cultures in the dair
brewing and baking industries because their metabolites or
activity enhance the �avor, texture and shelf life of foods.
Some LAB are human commensals and are part of the natura
microbiota of the skin, gastrointestinal and urogenital tracts.
In vivo, some LAB are considered bene�cial for favorable
immune modulation, inhibiting pathogens and for main-
taining the integrity of the intestinal epithelium, prompting
their use as probiotic dietary supplements. Oral probiotics
have been de�ned by Guarner and Schaafsma (1998) as
“living microorganisms, which upon ingestion in certain
numbers, exert health bene�ts (on the host) beyond inherent
basic nutrition”. Some LAB ful�ll these criteria. The probiotic
effects attributed to a particular species of bacterium
however, are usually strain speci�c. Accordingly, it is
imperative that the precise taxonomic and strain identity of
the candidate probiotic is known.

Traditionally, DNA –DNA hybridization (DDH) or 16S
rRNA gene sequencing combined with phenotypic and
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00375-X
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MOLECULAR BIOLOGYj Genomics 771
molecular-biology tests served as the reference methods
choice to con� rm the species identity of a strain. In large and
phylogenetically diverse genera, such as the genusLactobacillus,
16S rRNA gene sequencing may not be the most appropriat
target sequence upon which to base a species assignment. T
16S rRNA gene sequence diverges slowly, and as such, it cann
provide a suf� cient phylogenetic signal to resolve recently
diverged (closely related) species. Traditionally, 16S rRNA gen
identity was generally accepted as�97% for strains of the same
species and�95% for species within the same genus. DDH was
the preferred method of establishing genome uniqueness and
at least 70% DDH was required for species assignment. In th
genome era, 95–96% average nucleotide identity (ANI) has
been proposed as an alternative to DDH for species delineation
and a 94% ANI threshold was deemed equivalent to 70% DDH
for this purpose. These analyses are necessary because it is n
recognized that even 98.7–99% 16S rRNA gene sequenc
identity is insuf � cient for reliable species assignment. Fo
example, the 16S rRNA gene of Lactobacillus murinu
(AB326349.1), Lactobacillus animalis(NR_041610.1) and
Lactobacillus apodemi(NR_042367.1) are 99% identical to each
other. In the absence of genomes for these species, phylogene
markers such asgroEL, pheS, and rpoAhave been recommended
in addition to 16S rRNA gene sequences to resolve such close
related species.

The phenotypic characteristics of a species are often use
to complement molecular biological data for robust species
assignment. Details of cell shape, peptidoglycan, motility,
carbohydrate fermentation and preferred growth tempera-
tures are routinely cited when describing a novel species o
environmental isolate. Assignment of an isolate to a specie
on the basis of phenotypic traits alone is unreliable. For
example, Lactobacillus ruminisstrains may be motile or
nonmotile and cell morphology differs from strain to strain.
Furthermore, the established carbohydrate fermentation
pro� le for this species is variable and strain speci� c and it may
signi� cantly overlap the carbohydrate fermentation pro� les of
other species.

As genome sequencing becomes cheaper and more acc
sible, it is likely to become the preferred method for the char-
acterization of microbial isolates and the discrimination of
novel species. A caveat to this prediction however, is that a larg
curated reference database containing the genomes of man
properly assigned species must be available. Accordingly, th
traditional approaches to the molecular and phenotypic char-
acterization of microorganisms will continue to be relevant,
but it may be better informed by information gleaned from
genome sequences.
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Safety

The robust identi� cation of an isolate is important for safety
assessments of the candidate probiotic. The European Foo
Safety Authority (EFSA), the Food and Agriculture Organi
zation of the United Nations and the World Health Orga-
nization (FAO/WHO) and others have issued safety
assessment guidelines that apply to probiotics intended for
human or animal consumption. In Europe, it is recom-
mended that quali� ed presumption of safety (QPS) should
be established for microbes that will be included as dietary
supplements for animal feed. Among other requirements, to
comply with QPS, the precise taxonomy and the non-
pathogenicity of the strain in question must be known. The
European PROSAFE project guidelines also emphasize th
importance of accurate taxonomy for a candidate probiotic
strain and recommend that any genera or species known to
harbor virulence genes should be avoided for use as pro
biotics. FAO/WHO guidelines additionally require that there
should be no signi� cant risk of transferable antibiotic
resistance, toxin production or virulence potential associ-
ated with a strain intended for probiotic use. An assessmen
of the safety risk posed by a particular strain could rely in
part on careful examination of its genome for the identi� -
cation of genes that would contraindicate its use as
a probiotic.

Potentially probiotic strains from genera known to
include pathogens would necessitate a full pathogenicity
assessment. Genome sequencing of the candidate stra
could assist such a safety evaluation. For example, althoug
the genus Streptococcusis known to include the human
pathogensStreptococcus pneumoniaeand Streptococcus pyogen,
Streptococcus thermophilusenjoys GRAS and QPS status. Th
genomes of two S. thermophilusstrains isolated from yogurt
provided evidence to support the safe and non-pathogenic
nature of this species. While the pathogenic streptococci an
S. thermophilusshare approximately 80% of their genes, the
key Streptococcusvirulence genes are either inactivated o
absent from the S. thermophilusgenome. When considered in
the context of the long history of safe use in the food
industry, this � nding was further evidence thatS. thermophilus
is deserving of its safety status.

A similar genomics approach could be applied for the
evaluation of Enterococcusstrains with potentially desirable
probiotic traits. Caution is again warranted becauseEntero-
coccusstrains may be human commensals, starter cultures in
the food industry or virulent nosocomial pathogens. Never-
theless, Enterococcus faecalisand faecium strains have been
developed as commercial probiotic supplements by Sym-
bioPharm, Herborn, Germany and Cerbios Pharma SA, Bar
bengo, Switzerland respectively. Comparison of the genome
of the virulent E. faecalisV583 and the probiotic E. faecalis
Symbio� or I strain revealed that many genes associated wit
virulence characteristics were absent from the probiotic
strain. Furthermore, E. faecalis Symbio� or I had been
consumed by humans as a probiotic without adverse effects
for more than 50 years before its genome became availabl
for analysis, so the safety record of this strain was we
established. Therefore, even though genomics offer
a detailed molecular insight into potential strain virulence,
a history of safe use remains equally relevant to the safet
evaluation.

Genomics can be applied to studies of genome stability.
The genome of a candidate probiotic strain should not be
susceptible to signi� cant short-term gene loss and gain or
gross rearrangement. Excessive genome plasticity m
compromise the reliability of a strain’s phenotype and
reduce or eliminate its probiotic traits. Natural selection,
mutation and the exchange of genetic material all in� uence
genome size and stability. Genetic decay is rapid in the
absence of selection for a particular trait. Plasmids, phage
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transposons and insertion sequences shape genomes b
facilitating homologous recombination and horizontal gene
transfer (HGT). It is possible to identify the presence or
absence of these DNA recombination and transfer agents i
a genome. Comparative genomics can provide the evidenc
for genome rearrangements and modi�cations after they
have happened. The transfer of antibiotic resistance an
virulence genes between commensal and probiotic bacteri
is extremely undesirable, and this is re� ected in the safety
guidelines issued by EFSA, PROSAFE and WHO. Genom
can help determine the risk of transmission of antibiotic
resistance or toxin production by indicating whether these
genes are associated with mobile elements. Knowledg
of the competence genes and restriction modi� cation
systems encoded in a given genome can help to assess ho
receptive a particular strain would be to genetic
transformation.

While genomics may aid the identi� cation and safety
assessment of candidate probiotic strains for human and
animal consumption, in silico genome analyses are no
a substitute for experimental and epidemiological data. A
proven history of safe use will always remain pertinent for
judicious selection of probiotic strains.
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LactobacillusGenomics

The genusLactobacillusis the largest of the LAB genera. More
than 100 Lactobacillusspecies have been formally recognized
and new species are frequently described and reported. Th
genus is noteworthy for the extreme genetic and phenotypic
diversity of its member species, which complicates its
taxonomy. Nevertheless a number of well-supported phyloge-
netic clades have been identi� ed in this genus.

The association of lactobacilli with food is exempli� ed
by the large number of species originally isolated from the
fermented-food and dairy industries and also from the
processes of wine production and distilling. For some food-
associatedLactobacillusspecies such as the sourdough isolat
L. sanfrancisciensis,its use in sourdough production predates the
isolation of the bacterium by hundreds of years, thus high-
lighting the importance of the species to this industry. Lacto-
bacilli have been isolated from the microbiota of many
animals, including humans and birds. These lactobacilli may
be either autochthonous or allochthonous members of the
commensal Firmicutesmicrobiota. Autochthonous species are
those that are known to be native to and that permanently
colonize a particular niche, while allochthonous species are
only transiently present. Lactobacillus ruminisstrains are
considered autochthonous to the mammalian gastrointestinal
tract because they have maintained a stable population at this
site over time. SomeLactobacillusspecies developed as pro
biotics may be allochthonous species, requiring frequent
consumption of that speci� c strain to maintain the health
bene� ts. Lactobacilli have been isolated from pond-water,
� owers, plants and waste fermentations. The adaptation o
lactobacilli to these varied niches is probably both a conse-
quence and a cause of the phenotypic diversity that is evident in
this genus.
LactobacillusGenome Sequencing Projects: Developments
and Outcomes

The � rst Lactobacillusgenome project targetedLactobacillus
plantarum WCFS1, a strain originally isolated from human
saliva and which held promise as a probiotic. The project
yielded the sequence of a complete circular chromosome
and three plasmids. Recently, this genome was completel
resequenced and reannotated using contemporar
sequencing, assembly and annotation methods. In spite of
the 160-fold genome coverage achieved with the lates
sequencing technology, only 116 nucleotide corrections
were made to the original sequence. Seventy-eight of thes
corrections affected protein-coding genes and required 55
non-synonymous sequence changes and the repositioning o
either the start or end of only 10 protein-coding genes. The
functional annotation of almost 1200 protein-coding genes
was also improved through reannotation, probably because
new evidence for gene or protein function had emerged
since the genome was� rst annotated. Resequencing the
sameL. plantarumgenome to improve its sequence accurac
and annotation nine years after it was� rst published illus-
trates just how affordable genome sequencing has becom
and underlines the importance of reliable reference
genomes for modern research.

Previously, the signi� cant investment of research time and
resources into genome-sequencing projects meant that th
choice of target species for sequencing was quite selective. T
Lactobacillusspecies of the human microbiota, and those that
occur either naturally or deliberately in food and food
supplements have been attractive candidates for genom
sequencing, whereas species isolated from non-food env
ronmental sources have been underrepresented among th
sequenced species to date (Table 1). Although genom
sequencing projects have become an affordable and achiev
able goal for many laboratories, the aforementioned selection
bias is still evident. In fact, genome sequences for sever
strains of speci� c, intensively researched species (L. plantarum,
Lactobacillus salivarius, Lactobacillus acidophilus, Lactobacillus
rhamnosus) are available. The value of sequencing strains fo
which species genomes are already available lies in compa
ative genomics. These comparative analyses allow the gene
basis for species or strain speci� c traits and intraspecies
phenotypic variation to be identi � ed. Because the genomes o
most lactobacilli have not yet been sequenced however, the
genetic diversity that exists within this genus is almost
certainly undersampled at present. International genome-
sequencing initiatives such as theMicrobial Earth Project
which intends to generate a high-quality draft reference
genome for every culturable species of bacterium and archae
known, and separately theHuman Microbiome Project,whose
aim it is to characterize the microbial communities associated
with the human body, will continue to expand the catalog of
reference genomes in the public domain. Nevertheless, th
Lactobacillus genomes currently available have yielded
considerable insight into the genotypic features of this genus
and have initiated and bolstered many experimental
investigations.

The standard laboratory methods for the characterization
of a bacterial species or strain cannot rival the depth of



Table 1 Summary of the� rst genome project for eachLactobacillusspecies sequenced to date (July 2012)

Year Species Strain Origin Clade

Genome
size inc.
plasmids
(Mb)

No.
predicted
CDS/proteins Plasmids

GC
content (%)

NCBI genome
accession no. PMID

Sequencing
technology

Sequence
Coverage

Assembly
status

2003 L. plantarum WCFS1 Human, saliva Plantarum 3.3 3052 3 44.5 AL935263 12566566 Sanger Not reported Finished
2004 L. johnsonii NCC533 Human, gastrointestinal

tract
Delbrueckii 1.99 1821 0 34.6 AE017198 14983040 Sanger 12.7 Finished

2005 L. acidophilus NCFM Commercial probiotic
strain

Acidophilus1.99 1864 0 34.71 CP000033 15671160 Sanger Not reported Finished

2005 L. sakei 23K French sausage Sakei 1.88 1883 0 41.25 NC_007576.1 16273110 Sanger 4.5 Finished
2006 L. salivarius UCC118 Human, gastrointestinal

tract
Salivarius 2.13 2014 3 33.04 CP000233;

CP000234
16617113 Sanger 11 Finished

2006 L. bulgaricus ATCC11842 Yogurt Delbrueckii 1.86 1562 0 49.7 CR954253 16754859 Sanger Not reported Finished
2006 L. brevis ATCC367 Intestinal microbiota, soilBrevis 2.34 2221 2 46.2 CP000416.1 17030793 Sanger 8 Finished
2006 L. casei ATCC334 Dairy starter culture Casei 2.92 2776 1 46.6 CP000423.1 17030793 Sanger 8 Finished
2006 L. gasseri ATCC33323 Human, gastrointestinal

tract
Delbrueckii 1.89 1763 0 35.3 CP000413.1 17030793 Sanger 8 Finished

2008 L. helveticus DPC4571 Swiss cheese Delbrueckii 2.08 1610 0 37.73 CP000517.1 17993529 Sanger 7.7 Finished
2008 L. reuteri JCM1112 Human isolate Reuteri 2.04 1820 0 38.9 AP007281 18487258 Sanger 7.4 Finished
2008 L. fermentum IFO3956 Fermented plant materialReuteri 2.1 1844 0 51.5 AP008937 18487258 Sanger 9.5 Finished
2009 L. rhamnosus ATCC53103 Human, gastrointestinal

tract
Casei 3 2834 0 46.7 AP011548 19820099 Sanger 8.6 Finished

2009 L. hilgardii ATCC8290 Human microbiota Buchneri 2.72 2791 Not reported 38 ACGP00000000 - 454; Illumina;
Sanger

78.96 Improved high
quality draft

2009 L. ultunensis DSM16047 Human microbiota Delbrueckii 2.25 2210 Not reported 35 ACGU00000000 - 454; Sanger 45.18 High quality
draft

2009 L. paracasei
subsp.
paracasei

ATCC25302 Human, gastrointestinal
tract

Casei 2.89 3042 Not reported 46.5 ACGY00000000 - 454; Illumina;
Sanger

36 High quality
draft

2009 L. vaginalis ATCC49540 Human, urogenital tractReuteri 1.81 1870 Not reported 40.6 ACGV00000000 - 454;Illumina;
Sanger

48 High quality
draft

2009 L. antri DSM16041 Human, gastrointestinal
tract

Reuteri 2.3 2224 Not reported Not reportedACLL00000000 454; Illumina;
Sanger

31 High quality
draft

2010 L. crispatus ST1 Chicken crop Delbrueckii 2.04 2024 0 37 FN692037.1 20435723 454; Sanger 18 Finished
2010 L. coleohominis 101-4-CHN Human microbiota Reuteri 1.7 1652 Not reported 41 ACOH00000000 - 454 28.32 High quality

draft
2010 L. amylolyticus DSM11664 Human microbiota Delbrueckii 1.54 1684 Not reported 38 ADNY00000000 - 454 54.13 High quality

draft
2010 L. coryniformis

subsp torquens
KCTC 3535 Air of dairy barn Coryniformis2.82 2898 Not reported Not reportedAEOS00000000.1- 454 17 Draft

2011 L. amylovorus GRL1112 Porcine faeces Delbrueckii 2.1 2121 2 38.2 CP002338.1 21131492 454; Sanger 14 Finished
2011 L. ruminis ATCC27782 Bovine rumen Salivarius 2.07 1901 0 44.4 CP003032.1 21995554 454; Illumina;

Sanger
245 Finished

2011 L. sanfranciscensisTMW 1.1304 Sourdough Fructivorans1.38 1284 2 34.71 CP002461.1;
CP002462.1;
CP002463.1

21995419 454; Sanger 46 Finished

2011 L. pentosus MP-10 Fermented Aloreña green
table olives

Plantarum 3.94 3109 3 Not reportedFR871759-
FR871848

21705590 454 17 High quality
draft

2011 L. versmoldensisKCTC3814 Raw, fermented poultry
salami

Alimentarius-
Farciminis

Not
reported

2355 Not reported 38 BACR01000001-
BACR01000102

21914893 454 33 Draft

(Continued)
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MOLECULAR BIOLOGYj Genomics 775
information that is contained in a genome sequence. These
techniques, however, do remain relevant because th
phenotypes predicted by genomics will always require
experimental validation. For example, the pili of L. rhamnosus
were not observed experimentally until comparative geno-
mics identi� ed pilus production genes in the genomes of
a probiotic and a dairy strain. Similarly, bacteriocin
production and bile-salt tolerance may be anticipatedin silico
from genome data, but these phenotypes require experi
mental validation. Therefore, while genomics can accelerat
the discovery of novel and strain-speci� c phenotypes, stan-
dard laboratory methods remain critical for validation of the
bioinformatic � ndings.

Advances in DNA-based techniques, such as the deve
opment of 16S rRNA gene-sequencing, multilocus sequenc
typing and comparative genome hybridization have been
applied to infer Lactobacillusphylogenies and both intra- and
inter-species diversity. As genome sequencing continues
become more ef� cient and more economical, it seems likely
that comparative genomics will become the preferred
method for identifying strain-speci� c DNA insertions, dele-
tions and hypervariable regions. Phylogenetic analyses ca
also bene� t from genomics, particularly for the identi � cation
of HGT, which requires knowledge of the genetic neighbor-
hood and genomic GC content. Therefore, comprehensive
investigations of HGT events will continue to rely on genome
sequences to identify recently acquired genes and to ass
the identi � cation of donor species. Without access to a larg
set of reference genomes, such investigations would b
dif � cult.

Genomes also provide important genetic details that may
be used for the design of molecular biology tools and experi-
ments. For example, genetic engineering experiments ma
bene� t from knowing the genetic context of a target gene or the
preferred codon usage of a particular host strain. Knowledge o
the mobile genetic elements, repetitive DNA sequences an
restriction enzyme machinery present in a genome may help to
anticipate and overcome transformation obstacles. The desig
of speci� c and degenerate primers is simpli� ed when genome
sequences are available.
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Draft versusFinishedGenome Assemblies

Even since the � rst Lactobacillusgenomes were published,
competition between the various NGS technologies has stim
ulated the development of faster, cheaper and more accurat
sequencing methods. Furthermore, the development of bench
top sequencing platforms has meant that DNA sequencing is
no longer con� ned by cost or practicality to specialized
sequencing institutes or commercial organizations. As a resul
thousands of bacterial genomes, ranging from un� nished
drafts to complete circular chromosomes (Annex 1), are now
publically available.

According to the community-de� ned genome category
standards outlined by Chain et al. (2009), a� nished genome
is one in which there is less than one error per 1 Mb of
sequence. Genomes worthy of this classi� cation should not
contain any gaps, sequence uncertainties or misassemblie
In contrast, draft genomes may be quite incomplete. When
adhered to and properly reported, these standards now help
the scienti� c community to evaluate the quality and reli-
ability of a genome.

Although incomplete, draft genomes have become the
accepted norm as a� nal target for many genome projects
(Table 1). The rapid and cost-effective generation of draf
genomes without a requirement for much improvement or
� nishing before the gene content can be accessed is attra
tive and suf� cient for most sequencing projects. In fact, the
proportion of time and money invested in generating
a � nished rather than a draft genome may be prohibitive
and beyond the scope or requirement of many genome
projects.

Nevertheless, a number of disadvantages are associat
with the incompleteness of draft genomes. The non-uniform
quality of some draft assemblies compromises the overal
reliability of the sequence. Additionally, the fragmented
nature of the minimally curated draft assemblies precludes
investigations of genome structure and organization that are
critical to understanding an organism’s evolution and
biology. This inconvenience may be partially overcome if
a genome is already available for a species of interest.
mapping assembly, in which the existing genome is used a
a scaffold upon which the sequence reads for the new strain
are mapped, could be performed to establish order and
orientation for the fragments of the new genome. In some
circumstances, this would be preferable to performing ade
novoassembly that would require a greater investment of time
and resources to establish the orientation of the various
genomic scaffolds to each other.
Uses of Genome Sequences beyond Basic Gene-content

Operons are a feature of prokaryotic genomes and allow for
the coordinated regulation, transcription and translation of
functionally related genes. The location of an operon on an
extrachromosomal replicon or in the vicinity of mobile
genetic elements may indicate that these genes were recen
acquired or that they are nonessential, but bene� cial, for the
survival of the organism. For example, the lactose- and
peptide-utilization genes of Lactococcus lactissubsp. cremoris
are plasmid-encoded traits that are required for the optimal
growth of this dairy starter culture on milk components
(Figure 1). These plasmids also include many insertion
sequences and transposons. Thus, genes encoded on the
plasmids may be mobilized by HGT or homologous
recombination.

Observing the conservation of gene organization and syn
teny between strains or species may also assist phylogene
reconstructions and can help to identify HGT events (Annex 2).
More complete genomes contain information beyond basic
gene content, which helps to decipher the selective pressure
that have in� uenced the evolution of the species. For example
DNA sequence composition analysis focused on GC compo
sition and dinucleotide signatures identi� ed laterally acquired
genes with potential roles in niche adaptation and proto-
cooperation in S. thermophilusand Lactobacillus bulgaricus.Thus,
while � nished genomes are preferable for comparative, func
tional and evolutionary genomics studies, draft genomes also
serve as useful resources that can be exploited to motiva
future research.
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Figure 1 Genetic organization of a typical LAB plasmid– L. lactissubsp.cremorisplasmid pSK11L. Plasmids typically have a closed circular structure
with speci� c genes for the initiation of replication and additional genes or operons that provide essential or auxiliary functions that confer a selective
advantage on their host. Operons for lactose utilization and peptide transport are evident on pSK11L. This plasmid contributes to the adaptation ofL. lactis
subsp.cremorisSK11 to the dairy environment. Plasmids represent a signi� cant component of the coding capacity of many LAB species and a single
genome may include several plasmids (Table 1).
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Probiogenomics describes the application of genomics to
the study of the diversity and evolution of commensal and
probiotic microorganisms. Just as pathogenomics has yielded
much insight into the virulence traits of microbial pathogens,
probiogenomics aims to de� ne the genetic basis for the health-
promoting properties of probiotic and commensal microbes.
When combined with transcriptomic and proteomic data in
particular, probiogenomics becomes a valuable tool that
facilitates a thorough systems-biology-based approach to the
study of probiotic and commensal bacteria, including the
lactobacilli.
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Gene Annotation: Approaches and Challenges

Identifying the genes in a genome and inferring their func-
tion is known as annotation. Prokaryotic genes do not
usually contain introns, which simpli � es the task of gene
prediction in bacteria. Ab initio gene prediction involves
searching the DNA sequence for signals and content tha
might indicate the location of a coding DNA sequence
(CDS). Signals might include DNA sequence motifs, such a
promoter sequences and start or stop codons, while conten
information could rely on GC bias or codon-usage patterns
to identify potential CDSs. Together these patterns provide
a model for a gene in the target organism, which can be used
to predict other genes. Ab initio gene prediction may be
automated and several software programs have bee
designed for this purpose. In gene-rich prokaryotic genomes
identifying which of a set of overlapping potential open-
reading frames (ORF) encodes the full gene product is
a challenge for gene prediction. Typically, the true gene ma
be discriminated on the basis of its length, and the longest of
the overlapping candidate ORFs is often the most appro-
priate choice. Correct start codon assignment is anothe
challenge for prokaryotic and archaeal gene prediction
because several different start codons may be used to ma
the beginning of a protein-coding gene. This further
complicates automated ab initio gene prediction as demon-
strated by comparison of three different automated annota-
tion services for the annotation of the Halorhabdus utahens
genome.

Homology-based methods for gene annotation require
information about genes and proteins in other species.
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BLAST is one such homology-based method commonly use
to infer the function of predicted protein-coding genes. A
candidate gene sequence may be used to query a database
previously annotated genes or proteins, many of which have
an experimentally determined function. If it is assumed that
the biological functions of homologous sequences are
conserved, the role of a query gene product may be inferre
from the results of a homology-based search. Critically, if no
homologs are found in the target database, no function will
be assigned to the query gene. In such instances, searchi
the translated sequence of the candidate gene for conserve
protein domains may provide some clues to its function.
Such bioinformatic analyses ofL. acidophilusNCFM identi-
� ed a myosin cross-reactive antigen domain in LBA649
a protein of unknown function. Subsequent experiments
revealed that this protein plays a role in stress tolerance, ce
morphology, and adherence to intestinal epithelial cells.
Thus, the generic annotation of this gene was revised t
better re� ect its experimentally determined function. The
potential role of vaguely annotated homologous genes in
other genomes may be inferred from the improved
annotation.

Finally, because homology-based methods propagat
gene annotations, it is vital that the annotations deposited
in public databases are accurate. Previously, penicillin-V
acyclase enzymes have been incorrectly annotated as bile-s
hydrolases in someLactobacillusgenomes. Similarly, paralo-
gous genes may be incorrectly annotated, particularly if the
paralogs have evolved different functions since the duplica
tion event. Furthermore in draft genomes, sequencing o
assembly errors may result in genes that mistakenly contai
missense, nonsense or frameshift mutations. Ultradeep rese
quencing of the L. lactis MG1363 genome identi� ed and
corrected some of these errors. If annotation faults are note
in essential genes such as in the replication initiation factor
dnaA, the error may be corrected by resequencing tha
particular gene. Failing to curate gene annotations and
appropriately address annotation anomalies compromises
the accuracy and utility of the annotation. It is preferable to
refer to curated annotations of� nished genomes to maximize
the accuracy of annotations achieved through homology-
based methods.
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Bene�ts of Manually Curated Gene Annotations

While automated ab initio gene predictions are often
extremely accurate, these annotations can be improved b
manual inspection of the gene calls. In particular, interven-
tions that ensure that the start codon of each gene has bee
properly assigned and that also identify sequence anomalies
such as frameshifts and pseudogenes, are valuable. T
presence and location of regulatory sequences such
promoter elements or ribosomal binding sites may be iden-
ti � ed manually to in � uence the decision of whether a gene
call is accurate or not. Subsequently, false-positive gene ca
(usually very short predicted CDSs) and false-negative gen
calls (typically quite divergent sequences) may be eithe
included or omitted from the � nal annotation as appro-
priate. For example, short double-glycine motif containing
peptides, many of which are bacteriocin related, went either
misannotated or unannotated in some LAB genomes until
they became the target of an in silico screening study.
Unchecked, automated gene annotations should only apply
to draft genome projects. Nevertheless, the high accuracy tha
can be achieved with freely availableab initio annotation
software programs validates their use for routine annotation
applications and forms the foundation for curated genome
annotations.

A careful and accurate annotation is an investment in
a valuable reference resource that provides an in-dept
biological insight into the phenotypic potential of an
organism. In silico genome screening may con� rm the
presence or absence of a gene set for a particular proce
before the phenotype is characterized experimentally. Fo
example, it has been possible to identify potential lanti-
biotic antimicrobials in species and phyla not traditionally
associated with this trait through bioinformatic genome
screening. Similarly, metabolic pathway reconstruction is
greatly assisted by the availability of complete genome
annotations and tools such as KEGG pathway maps and th
KASS automated annotation server, which help to identify
the complete metabolic pathways present in an organism
However, in vitro experiments are always necessary t
con� rm that these pathways are functional.

Annotation screening also helps to identify traits that are
novel or unique to a particular species and for the identi� -
cation of genome features that may contribute a signi� cant
biological function. These noteworthy features should be
mentioned in genome announcements. For example, the
annotation of genes for pili in L. rhamnosusand � agella in
L. ruminisprompted the initial biological characterization of
these traits among the lactobacilli. Now that a precedent has
been established, it is likely that futureLactobacillusgenomes
will also be queried for the presence of these genes
Furthermore, if plasmid replication genes are identi� ed in
a draft genome annotation, it would indicate that the
genome probably includes at least one plasmid. This infor-
mation about genome architecture could in� uence future
genetic manipulations of this genome and the stability of the
resulting phenotype. Authors of genome articles should
ensure that their published paper includes such information
because these details may form the basis of future researc
projects.
Prospects and Conclusion

Just as advances in genetics and molecular biology made th
genomics revolution a reality, the progress made in the� eld of
genomics will surely yield new techniques and technologies
Evidence for this progression is already emerging with the
development of pan-genome studies to better characteriz
speci� c species and metagenome studies to describe th
total microbial diversity of a particular environmental niche
independent of the culturability of the organisms present.
Real-time diagnostics for the management and evaluation o
food-borne, microbiological disease outbreaks is possible as
demonstrated by the genomics approach taken for the char
acterization of the recentEscherichia colioutbreak in Germany.
Even single-molecule sequencing is a realistic prospect fo
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future genome-based projects. While sequencing technologie
are improving to yield longer reads, new strategies for genome
assemblies from short reads and metagenomes are als
emerging.

To the food microbiology industry, genomics promises
new standards in food safety and biotechnology. Spoilage
microorganisms and pathogens may enter food during its
manufacture, processing or storage. Diagnostic tests t
track and identify microorganisms such as E. coli and
Listeria monocytogeneshave been designed on the basis o
genome data. Similarly, genomics may assist the identi� -
cation of bacteria with potential as biocontrol agents for
food, whose naturally occurring antimicrobials would
inhibit the growth of pathogens and spoilage microor-
ganisms. Screening genomes of industrial cultures suc
as Oenococcus oeniand L. bulgaricusmay lead to optimized
and better informed wine and yogurt production,
respectively.

On the basis of the insatiable demand for whole genome
sequences, it seems inevitable that the� eld of genomics
will continue to � ourish into the future and many disciplines,
including food microbiology, will continue to bene � t.
n
.
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Annex 1: Interpretation of a Genome Atlas

Genome diagrams such as the atlas shown here are commo
methods to depict a closed, circular bacterial chromosome
These diagrams are usually orientated so that the origin o
replication (ori) is located at the top of the chromosome and
the terminus of replication ( ter) lies directly opposite it. In
bacteria, replication is usually bidirectional, which means that
two replication forks proceed from the origin in opposite
directions. The two halves of the chromosome between the
origin and the terminus are termed replichores. In each repli-
chore, the leading strand is synthesized continuously, while the
lagging strand is synthesized semi-discontinuously. Gene
density is greatest on the leading strand, and this is apparent in
this diagram.

The GC content plot describes local variations in the GC
content with respect to the overall GC content calculated for
any given genome. Sharp, discrete increases or decreases
GC content, as exempli� ed by the blue box, may re�ect
a genomic region that was recently acquired by horizontal
gene transfer.

Mutational biases mean that the leading DNA strand is
typically more guanine rich than the lagging strand. This is the
basis for the GC skew. The formula for calculating the GC skew
is ((G � C)/(G þ C)). The typical marked differences in GC
skew values of the leading and lagging strands are apparent i
the diagram.

Several additional circular tracks may be additionally
included on the genome atlas to represent ribosomal RNA
genes, transfer RNA genes, insertion sequences, pseudogene
other features of particular interest.

This image was created with DNAplotter software, which is
freely available from the Sanger Institute (www.sanger.ac.uk/
resources/software/dnaplotter).
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Annex 2: Visualization of Whole Genome Alignment
to Assess Overall Sequence and Organizational
Similarity.

Genomes are often aligned to each other to determine thei
overall sequence and organizational similarity. Dot-plots, such
as those shown here, are regularly used for this purpose. A do
is marked on the plot to represent identical regions of a user-
de� ned length common to both genomes. If the basic sequence
and its organization are conserved between the two genomes
the consecutive dots form a straight diagonal line between the
aligned genomes. Repeat regions would be represented
straight diagonal lines parallel to the main alignment. Inverted
regions would appear as diagonal lines that are perpendicula
to the main alignment.

The genomes of different strains of the same specie
are usually similar. This may be deduced from the continuous
diagonal line that describes the similarity of the two
L. delbrueckiisubsp.bulgaricusgenomes here. This alignment of
two L. delbrueckiisubsp. bulgaricusgenomes was generated
using MUMer plot with a sliding window of length 150.
Lactobacillus johnsoniiand L. acidophilusare more distantly
related, so the diagonal line describing the alignment of these
two genomes is fractured and incomplete, re� ecting regions of
dissimilarity between the two genomes. TheL. johnsonii–L.
acidophilusalignment was also prepared with MUMer, but with
a shorter minimum match length of 50.
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See also:Lactobacillus: Introduction;Lactococcus:
Introduction; Predictive Microbiology and Food Safety;
Streptococcus: Introduction;Identi�cation Methods and DNA
Fingerprinting:Whole Genome Sequencing.

Further Reading

Angelova, M., Kalajdziski, S., Kocarev, L., 2010. Computational me
� nding in prokaryotes. ICT Innovations 2010 Web Proceedings, 11–20.
ds for gene

Bolotin, A., Quinquis, B., Renault, P., et al., 2004. Complete se
comparative genome analysis of the dairy bacteriumStreptococcus thermoph.
Nature Biotechnology 22, 1554–1558.

Bakke, P., Carney, N., DeLoache, W., et al., 2009. Evaluation of th
genome annotations forHalorhabdus utahensis. PLoS One 4, e6291.

Chain, P.S., Grafham, D.V., Fulton, R.S., et al., 2009. Genome proje
a new era of sequencing. Science 326, 236–237.

Domann, E., Hain, T., Ghai, R., et al., 2007. Comparative genomic a
presence of potential enterococcal virulence factors in the probiotiEnterococcu
faecalisstrain Symbio� or 1. International Journal of Medical Microbio
533–539.

Felis, G.E., Dellaglio, F., 2007. Taxonomy of lactobacilli and bi�dobacteria. Curr
Issues in Intestinal Microbiology 8, 44–61.

Fleischmann, R.D., Adams, M.D., White, O., et al., 1995. Whole-ge
sequencing and assembly ofHaemophilus inßuenzaeRd. Science 269, 496–512.

Forde, B.M., Neville, B.A., O’Donnell, M.M., et al., 2011. Genome sequen
comparative genomics of twoLactobacillus ruminisstrains from the bovine
human intestinal tracts. Microbial Cell Factories 10 (Suppl. 1), S13

Guarner, F., Schaafsma, G.J., 1998. Probiotics. International Journa
biology 39, 237–238.

Kankainen, M., Paulin, L., Tynkkynen, S., et al., 2009. Comparative ge
of Lactobacillus rhamnosusGG reveals pili containing a human-mucu
protein. Proceedings of the National Academy of Sciences
17193–17198.

Kleerebezem, M., Boekhorst, J., van Kranenburg, R., et al., 2003. Co
sequence ofLactobacillus plantarumWCFS1. Proceedings of the N
Academy of Sciences USA 100, 1990–1995.

Medini, D., Serruto, D., Parkhill, J., et al., 2008. Microbiology in the pos
Nature Reviews Microbiology 6, 419–430.

Metzker, M.L., 2010. Sequencing technologies– the next generation. Nature R
Genetics 1, 31–46.

O’ Flaherty, S., Klaenhammer, T.R., 2010. Functional and phenotypic
of a protein fromLactobacillus acidophilusinvolved in cell morphology,
tolerance and adherence to intestinal cells. Microbiology 156, 336–3367.

Richter, M., Rossello-Mora, R., 2009. Shifting the genomic gold sta
prokaryotic species de� nition. Proceedings of the National Academy o
USA 106, 19126–19131.

Rothberg, J.M., Hinz, W., Rearick, T.M., et al., 2011. An integrated
device enabling non-optical genome sequencing. Nature 475, 348–352.

Sanders, M.E., Akkermans, L.M., Haller, D., et al., 2011. Safety a
probiotics for human use. Gut Microbes 1, 164–185.

Sanger, F., Nicklen, S., Coulson, A.R., 1977. DNA sequencing wit
nating inhibitors. Proceedings of the National Academy of Scien
5463–5467.

Ventura, M., O’Flaherty, S., Claesson, M.J., et al., 2008. Genome-scale
health-promoting bacteria: probiogenomics. Nature Reviews
7, 61–71.



Metabolomics
F Leroy, S Van Kerrebroeck, and L De Vuyst,Vrije Universiteit Brussel, Brussels, Belgium

� 2014 Elsevier Ltd. All rights reserved.
e

,

-
e

.
-

t

s-
o

ve

n

-

t

s

g

-

,
-

r
-
r

-

s

l

n

e
r
r
-

.

l

Introduction

During the past decades, the area of metabolomics has becom
an important and powerful methodology for biological anal-
ysis and research, providing complementary information to the
input originating from other omicsresearch (i.e., genomics
transcriptomics, and proteomics). Sensu lato, metabolomics
deals with the comprehensive and systematic study of path
ways and chemical processes in biological systems that involv
metabolites, which can be de�ned as the intermediates and
end-products of the metabolism. More speci�cally, metab-
olomics includes the rapid, high-throughput generation of
unique biochemical patterns of speci�c, cellular metabolisms
found at the level of cells, tissues, organisms, or even habitats

Several variations in metabolomic approaches exist, depend
ing on the organisms or ecosystem under investigation, the
desired outcome, and the available technology.Metabolite targe
analysisis to be considered as the simplest form, used for the
identi�cation and quantitative analysis of a prede�ned, selected
set of metabolites, related to one or more speci�c pathways. In
contrast, untargeted strategies attempt to detect, but not nece
sarily quantify, as many groups of metabolites as possible, as t
generate informative patterns or�ngerprints. Metabolic pro� ling
can be de�ned as the– usually qualitative – scanning for all
detectable metabolites, although in practice emphasis usually is
set on speci�c groups of compounds and their respective
biochemical transformations. Metabolic� ngerprintingconsists of
the comparison of extensive patterns of metabolites in response
to speci�c system alterations, although some researchers reser
this terminology for the metabolite pro �ling of intracellular
metabolites, as opposed tometabolic footprinting, which is the
considered to be the mapping of extracellular metabolites.

Although there is no clear cutoff in the size of the metab-
olites studied, the spotlight is mainly on molecules less than
1 kDa. Nevertheless, macromolecules in principle also may be
considered. The metabolites under investigation may be clas
si�ed according to different schemes, corresponding with their
biochemical classes or metabolic functions. Metabolites tha
are directly involved in growth and development are de�ned as
primary metabolites, whereas they otherwise are labeled a
secondary metabolites. Another classi�cation distinguishes
between endogenous and exogenous metabolites, dependin
on whether the compounds originate from within the biolog-
ical system under study. All of these different types of metab
olites add up to a complex and dynamicmetabolome. In essence,
this metabolome is a vast network of metabolic reactions,
where the output from one reaction usually acts as an input to
one or more other reactions. A major challenge, therefore, is to
identify and, if possible and feasible, quantify the components
of such metabolic networks. Preferably, their concentration
changes should be described as a function of time. To this end
temporal metabolomicsare used, for instance, to study alterna
tions in metabolite kinetics due to certain (a)biotic stimuli.

Although the development of a rudimentary concept of
metabolomics goes far back in the past, it is only during the
780 Encyclopedia of Food
second half of the previous century that suitable quantitative
methods became available to the scienti�c community, as to
put a �gure on metabolic activities of organisms and to initiate
a systemic network approach. Whereas the�rst applications of
metabolomics were found mostly in the general medical and
pathological area, mostly for the analysis of urine, blood, and
tissue extracts, the technique now increasingly is being used fo
dedicated analyses in, for instance, pharmacology and toxi
cology. Also, the approach has been expanded to several othe
�elds of research, including plant physiology, environmental
studies, and food biotechnology. This chapter gives an over
view of the methodology that is commonly applied for
metabolomic studies in the area of food microbiology and
identi�es some current trends and future perspectives. Focu
has been set on applications in food microbiology research for
the study of the relationships between microbial metabolisms
and product quality, stability, and safety.
Methodology

General Framework

The emergence of metabolomics is tightly linked to the
continuous development and improvement of the method-
ology that is required for metabolic analysis and data inter-
pretation (Figure 1). As such, technical evolutions increasingly
upgrade the resolution of metabolomic approaches, which are
particularly demanding since metabolomes are not only highly
complex and heterogeneous but also of a dynamic nature and
hence quite labile. The overwhelming diversity of biochemical
compounds that are converted or generated by most biologica
systems implies that a single analytical method usually does
not suf�ce to cover the entire range of metabolites involved. As
a result, several devices are needed in combination or in
tandem, each with their own pronounced advantages and
disadvantages, including the generation of speci�c biases
toward compound classes, mostly because of differences i
sample preparation, chromatographic af�nity, ionization, and
detection method. In the general metabolomics framework,
two main analytical platforms commonly are used, namely,
mass spectrometry (MS) and nuclear magnetic resonanc
(NMR) spectrometry. These techniques either stand-alone o
are combined, in various ways, with separation techniques. Fo
some of the more targeted metabolomics approaches, separa
tion methods may be coupled to more straightforward detec-
tion methods instead, for instance, based on electrochemistry
Sample Preparation

Sample preparation is an often neglected task, but as a�rst step,
it is of great importance on the following track. Several
methods for sample preparation are available, adapted to the
different components of interest, their concentration levels, the
matrices of origin, and the apparatuses used. Often the remova
of undesired compounds or a part of the matrix is needed,
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00377-3
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Figure 1 Overview of methods for metabolic analysis aiming at the establishment and analysis of food metabolomes.
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including for example water, particulate matter, proteins, and
fat. Also, a concentration step frequently is applied, as targete
components might be present in very low concentrations. A
number of techniques are available for these purposes, ofte
based on liquid–liquid extraction (LLE) or solid extraction
(SPE). As a speci�c case of the latter, purge-and-trap or similar
methods, such as solid phase microextraction (SPME)
commonly are used for the analysis of volatiles in food
samples. These extraction methods can be combined wit
additional treatments, such as derivatization, after which the
sample can be processed further or transferred to the analys
equipment. A number of pitfalls, however, are associated with
any sample treatment. For example, incomplete retrieval o
degradation during extraction of a targeted component will
lead to underestimations. Therefore, the effects of the sampl
preparation often have to be mitigated, for example, by adding
internal standards before extraction and by careful comparison
of several available methods.
n

S

Separation Methods

Separation methods used in metabolite analyses include
gas chromatography (GC), high-performance liquid chroma-
tography (HPLC), ultraperformance liquid chromatography
(UPLC), and capillary electrophoresis (CE). Currently, GC is
one of the most attractive separation methods due to its high
chromatographic resolution. This method, however, is not
universally applicable, since it deals with volatile molecules
only and thus requires chemical derivatization procedures for
nonvolatile biomolecules. If metabolites are too large or polar,
their separation through GC will be compromised. In addition
to GC, HPLC is widely employed due to its coverage of a wide
range of analytes, although chromatographic resolution is
considered as being generally lower. The introduction of UPLC
however, has permitted to increase sensitivity and resolution
while shortening analysis time. In the case of charged analytes
CE is an interesting option due to its high theoretical separation
ef� ciency and its applicability to a rather wide range of
metabolite classes.

After separation, speci� c detection methods are used to
identify and quantify metabolites. Such detection methods are
manifold and are based on such techniques as ultraviolet
� uorescence, refractometric, amperometric, and conductivity
measurements, or near infrared spectrometry (NIR). They ca
be applied satisfactorily for dedicated studies focusing on
speci�c classes of compounds, but more powerful detection
after separation usually is generated by methods based on M
analysis.
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Mass Spectrometry

Several types of MS are available, involving single or triple
quadrupole, ion-trap, or time-of- � ight mass analysis. The
application of MS was developed� rst in association with GC
as a prior separation method (GC-MS), but MS also may
be coupled with HPLC (LC-MS), UPLC (UPLC-MS), or CE
(CE-MS), including tandem con� gurations. For some applica-
tions, direct infusion mass spectrometry (DIMS) methods that
do not require a previous separation step can be used to achiev
fast results. The MS method is sensitive and speci� c and makes
use of mass spectral� ngerprint libraries for metabolite identi-
� cation via fragmentation patterns. To avoid misinterpretation
of the results, however, it is recommended to include veri� ca-
tions with pure standard compounds. During the past decades
MS technologies have been optimized to reduce sample prep
aration and to increase analytical sensitivity. This has resulte
in a range of powerful MS technologies for speci� c applica-
tions, such as MS methods based on nanostructure-initiato
(NI), matrix-assisted laser desorption/ionization (MALDI),
secondary ion (SI), desorption electrospray ionization (DESI),
and laser ablation ESI (LAESI) techniques. For real-tim
measurement of concentrations of trace gases and vapors
volatile compounds, proton transfer reaction-MS (PTR-MS) or
selected ion � ow tube-MS (SIFT-MS) can be used, which ar
techniques based on chemical ionization. Although both
techniques do not include a prior classical chromatographic
separation step, in principle they may be coupled with GC.
as

yc
Nuclear Magnetic Resonance

The application of NMR is usually stand-alone and not based
on prior separation, although LC-NMR may be considered too.
In general, NMR offers high analytical reproducibility, non-
invasiveness, and limited sample preparation but a lower
sensitivity than MS-based methods, in particular for low-
abundance metabolites. Also, the interpretation of NMR
spectra can be cumbersome. Nevertheless, sensitivity h
improved thanks to higher magnetic � eld strengths and so-
called magic-angle spinning techniques.
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Data Treatment and Analysis

The data obtained by metabolomic studies based on NMR or
MS analysis is generally of a highly complex nature. Severa
statistical methodologies and software packages for the trea
ment and analysis of metabolomics data have been introduced
and commercialized. These packages deal primarily with
alignment procedures, peak deconvolution, and the identi� -
cation of molecules in complex metabolite pro� les through
comparison with extensive electronic libraries. In addition,
several packages entail statistical analysis to interpret th
obtained data through chemometrics. Depending on the
speci�c objectives of the researchers, data manipulation and
analysis can be tackled in different ways. A distinction thus can
be made between discriminative, informative, or predictive
approaches. The primary goal ofdiscriminative analysisis to
detect differences between different samples, maximizing
classi� cation via multivariate data analysis techniques, such a
principal component analysis (PCA). It usually is not within
the scope of the latter approach to set up statistical models or to
unravel the mechanisms that lead to the observed differences
Informative analysisattempts to identify and quantify metabo-
lites to obtain intrinsic information from samples, for instance,
to discover novel compounds and to elucidate pathways, to
identify biomarkers, to create and update databases, and so on
A statistically more elaborated approach consists ofpredictive
analysis, by which mathematical models are set up based on
metabolite pro� les and abundance. This technique, usually
involving partial least square (PLS) regression, is meaningful i
a prediction is to be made of a metabolite that otherwise would
be dif� cult to quantify.
Current Trends

Database Development

Although metabolomic analysis has become a widely accepted
and applied technique, it remains a research area in ful
evolution, sometimes even still considered as emerging. Its
potential, nevertheless, is expanding rapidly due to facilitating
developments in informatics, � ux analysis techniques, and
biochemical modeling. With the expansion of sophisticated
bioinformatic tools, several databases have been elaborated t
permit analyses that involve higher complexity. As a result
metabolomic databases have been created on the Internet. A
example includes the METLIN database, elaborated by th
Scripps Research Institute, for searchingm/z values from MS
data, and which contains more than 40 000 human-related
metabolites. In addition, prestigious metabolomic projects
have been set up, providing preliminary overviews of the
metabolome of humans (Human Metabolome Project, avail-
able through the Human Metabolome Database athttp://www.
hmdb.ca). Generally speaking, metabolome overviews for
plants tend to be more complete, although more input is
needed (e.g.,Arabidopsis thaliana). It is regrettable that these
databases are scattered throughout the research� eld and that
currently no uniform GenBank-like repository is available for
all metabolomics data. Nevertheless, databanks such as Ecoc
(for Escherichia coli) and Metacyc (for other organisms) have
been created to curate metabolic pathways and provide links
with genomic information, thus creating omic platforms. To
link metabolomics data with metagenomes, it is necessary to
identify and quantify metabolic pathways using genes pre-
dicted from the assembled sequences. This functional charac
terization of the community members is a nontrivial task for
which different approaches have been developed, such as IMG
M, MG-RAST, and MEGAN. The inferred pathways can b
further used for metabolic reconstruction of the microbial
community (e.g., Pathway Tools, COBRA), which enables the
integration of metagenomic approaches into metabolomic
analyses.
Meta-Metabolomics

For the investigation of complex ecosystems and communities
of living organisms, metabolomics currently is gearing up
toward the level of meta-metabolomics. As a still rather straight-
forward example, wine may be considered as the meta
metabolome formed by the individual metabolomes of the
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grape cells and the different yeast and bacteria involved, whethe
or not desirable. A much more complex example is provided by
the meta-metabolomics approach of the human gut micro-
biome, which consists of a yet not fully explored community of
more than 1014 metabolically active microorganisms belonging
to more than 1000 subspecies and interacting on various levels
for instance, via cross-feeding mechanisms. Meta-metabolomic
therefore needs to rely on advanced data analysis and statistic
procedures, generally encompassing the thorough use of bio
informatic tools.
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System Biology and Metabonomics

Another particular challenge of metabolomics consists of
the development of system biology approaches, concentrating
on � uxes and evolutions over time. Metabolomics thus enables
novel investigation paths to study genotype–phenotype
and genotype–envirotype relationships, usually of a highly
dynamic nature. In human medicine, the area ofmetabonomic
is emerging, as a particular version of metabolomics, including
information on system perturbations. It is de� ned as ‘the
quantitative measurement of the dynamic multiparametric
metabolic response of living systems to pathophysiological
stimuli or genetic modi � cation’. As such, metabolomics can be
useful in functional genomics to determine phenotypic results
from, for instance, gene deletion, disruption, or insertion.
Likewise, on an ecological level, phenotypic effects resultin
from perturbations by (a)biotic stresses may be unraveled
through environmental metabolomics.
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Tailored Platforms and Biomarker Development

Data sets generated by metabolomic studies become increa
ingly complex in part due to the improved resolution of the
analytical devices and the augmented interest in meta-metab
olomics and temporal approaches, which all confer extra
intricacy to the data sets. As a result, one of the current trend
seems to be an increased, tailored focus on speci� c compounds
and pathways. For instance, lipidomics platforms are being se
up for the investigation of lipid biochemistry only. Other
researchers attempt to avoid complexity via the identi� cation
Table 1 Nonexhaustive list of common microbial metabolites that
products

Food type Main microbial metabolites affecti

Fermented foods
Yogurt Lactic acid, acetaldehyde, diacety
Fermented meats Lactic acid, methyl-branched alco

esters (ethyl acetate), products
acetoin, etc.

Beer Ethanol, acetaldehyde, 2-methylp
acetate, etc.), phenethyl alcoho

Spoilage development
Fish and seafood Organic acids, ethanol, amines (d

dimethyl sulfide, methylmercap
Packed cooked meat products Organic acids (mostly lactic ac

branched) alcohols, aldehydes
2,3-pentadione, etc.
of biomarkers that can be useda posterioriin more targeted
approaches, for instance, to study the effect of a dietary inter
vention with functional foods in human trials.
Applications in Food Microbiology

Food Metabolomics

Metabolomics enables the analysis of food components in
much more chemical detail than it was feasible in the past,
having the potential to yield a food metabolomeconsisting of
a tremendous panoply of distinct chemical elements. As
a result, extrapolations can be made with respect to agricultura
and husbandry practices (crop selection, feeding, etc.); food
processing techniques; and the quality, authenticity, safety, and
nutritional value of the end-products. Food matrices are
extremely multifaceted, for instance, with red meat and plant
materials containing several thousands of detectable endoge
nous metabolites, whereas milk is known to contain more than
200 types of oligosaccharides alone. Additionally, are the many
legally approved food additives and the vast amount of
compounds generated by processing (heating, smoking
roasting, etc), resulting in a spectrum of more than 100
chemical classes. Detailed metabolomic food component
analyses have been performed on different matrices, including
milk, grapes, tomatoes, coriander, and celery seeds, and man
to come. Previously, focus has been mostly on vegetal products
leaving meat and meat products rather unexplored. Neverthe
less, coupling with the available and quite extensive human
metabolome databases may catalyze the identi� cation of many
compounds in red meat due to metabolic similarities.
Applications in Fermented Foods

The potential of metabolomics to study fermented foods is
particularly interesting, as it permits to discover and evaluate
a latent impact of the house microbiota or the starter culture
on the technological subtleties of the fermentation process
(Table 1). As such, metabolic� ngerprints can be applied for
authenticity assessments of traditional fermented foods and
to evaluate batch-to-batch variations.
contribute to the� avor- or spoilage-related metabolome of some major food

ng ßavor

l, etc.
hols, aldehydes and acids from amino acid metabolism (3-methylbutanol),
from microbialb-oxidation (2-pentanone, methyl ketones, etc.), 2,3-diacetyl,

ropanol, 2-methylbutanol, 3-methylbutanol, esters (ethyl acetate, isoamyl
l, etc.

i- and trimethyl amine), ammonia, sulfur compounds (dihydrogen sulfide,
tan, etc.), esters, alcohols, aldehydes, ketones (acetone), etc.
id), ethanol, amines, ammonia, sulfur compounds (dihydrogen sulfide), (methyl-
and acids from amino acid metabolism (3-methylbutanol), ketones, diacetyl,
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For several fermented foods, in particular when being
pro� led as of an artisan nature, authenticity and geographic
origin are perceived to be important quality parameters. This is
re� ected in the emergence of numerous quality and origin labels
such as the guarantee of protected denomination of origin.
Metabolomics can be applied in a discriminative approach for
the authentication of such products and to map overall differ-
ences. The typical metabolomes that are thus obtained ca
encompass distinctive microbial metabolites, but differentiation
also may be due to other volatiles derived from the raw mate-
rials, the ingredients, or even the production environment (e.g.,
during maturation or smoking). It is, for instance, possible to
classify wine by grape variety and production site. Additionally,
informative metabolomics approaches may be applied to
generate biomarkers that can be used to scrutinize for frauds o
adulterations. Nevertheless, the identi� cation of appropriate
biomarkers is not always straightforward and more elaborate
MS-based analyses coupled with statistical analyses may b
needed. In the case of beer, PCA of NMR data have revealed th
it is possible to follow speci� c metabolic biomarkers to distin-
guish between different production sites, although presumably
producing the same beer.

With respect to the technological evaluation of the impact
of food-associated microorganisms on fermentation processe
and their end-products, metabolomics shows a lot of potential.
This is particularly the case when quantitative, targeted
approaches are being followed to assess the outcomes relate
to food quality and healthiness. For several fermented foods
such as fermented soybean paste, sourdoughs, fermented ric
and fermented meats, metabolomics has been applied to study
the effects of the microbiota on the (meta-)metabolome of the
food matrix, encompassing both volatile and nonvolatile
metabolite fractions. For instance, fermented rice koji has been
analyzed via a PLS-based discriminatory analysis of GC-M
data, in view of the application of different Aspergillusstrains as
starter cultures and their correlation with several bioactivity
values (antioxidants, tyrosinase inhibition) Another applica-
tion consists of the use of metabolomics to analyze� avor
production during food fermentations in different matrices.
For instance, GC-MS analysis has been used to evalua
different strains of coagulase-negative staphylococci as start
cultures during different types of meat fermentations to
investigate the contribution of their metabolism to aroma, in
addition to aroma-generating mechanisms provided by meat
enzymes and physicochemical oxidation of fatty acids. Volatile
pro� les are correlated speci� cally with the applied starter
cultures, as inoculation with strains of Staphylococcus sciu,
Staphylococcus succinus, or Staphylococcus xylosusleads to
3-methyl-1-butanol and acetoin production in a Southern
European type of fermented dry sausages, but not when inoc
ulated with a strain of Staphylococcus carnosus. Likewise, GC-MS
analysis of fermented milk samples has indicated that the
formation of key � avor compounds is in� uenced by the pres-
ence or absence of individual strains or combinations of
strains.

Besides GC-MS, SIFT-MS shows interesting potential f
volatile analysis of (fermented) foods, in addition to its usual
application in medicine (e.g., the quanti� cation of biomarkers
in breath). Although SIFT-MS has been used to follow the� a-
vor formation in food products online, the concentration range
of the method (ppm to ppb) and the limitations encountered
in complex mixtures render its application in fermented foods
more dif � cult. Nevertheless, the technique permits to quantify
highly volatile or fast-degrading components considerably
faster than with GC-MS. Accordingly, SIFT-MS has been use
to monitor the role of enzymatic reactions in volatile formation
in fruits, dry sausage, and cheese. As an example, volatil
originating from fatty acid oxidation via lipoxygenases and
from microbial short-chain fatty acid metabolism have been
investigated.

An analysis of the (meta-)metabolome of fermented foods
not only permits to better understand the different outcomes of
traditional chance fermentations but also to select and develop
novel starter cultures with interesting metabolic functionalities.
With respect to � avor quality and product innovation, a
coupling of metabolomics with taste panel analysis offers
opportunities to identify compounds that dictate consumer
preferences.
Metabolic Analysis of Food Spoilage and Pathogenic Haz

Metabolomics has been used in different food matrices to
identify compounds related to a particular microbial contam-
ination, usually via GC-MS. Microbial contamination may not
only result in sensory defects, mostly due to the generation o
off-� avors, but also in the development of pathogenic
concerns, for instance, those related to the accumulation o
toxic metabolites. Several pre- and postharvest metabolomic
analyses have been carried out to detect issues related
undesired microorganisms, such as fungi andE. coli, in fruits
and vegetables (e.g., mangos, onions, spinach, and apples
Several microbial toxins, such as mycotoxins, may be detecte
in very low concentrations, mostly by methods based on LC-
MS. Although the information available on, for instance, the
production of a � atoxin by Aspergillus� avusis rather extensive,
metabolomics only recently has been introduced as a tool to
study this topic. Obviously, the technique does not need to be
restricted to vegetal material. In� sh, for instance, the detection
of biogenic amines (mostly cadaverine, putrescine, and hista
mine) has been correlated with a lack of freshness.

With respect to food spoilage, temporal approaches tha
follow volatile organic compounds are particularly informative,
since they will describe the development of sensory-deteriorating
metabolites during storage. For instance, dramatically increasin
concentrations of volatiles have been noticed during the pro-
longed storage of contaminated meats and meat products
(Figure 2). In addition, the obtained volatile pro � les may differ
considerably depending on the contaminating microbial species.
For instance, about 100 volatile organic compounds were
detected by GC-MS in a study dealing with contaminated
packaged beef samples, with some of these compounds bein
found only in the presence of a speci� c contaminating species.
Examples include the correlation of 2-ethyl-1-hexanol and
2-ethylhexanal with the presence of Carnobacterium maltar
omaticum. In a study dealing with cooked ham, a similar diversity
and increase in volatile organic compounds has been seen, with
the speci� c observation that 3-methyl-butanol and ethanol are
related closely with bacterial growth and that their production
kinetics are dependent on the storage temperature. Although
microbial metabolites are but some of the volatiles detected, for



Figure 2 Chromatograms obtained by SH-GC-MS analysis of sliced, MAP, artisan-type cooked ham samples stored at different temperatures (A: day 0,
B: 36 d at 4� C,C: 35 d at 7� C,D: 35 d at 12� C, andE: 24 d at 26� C). IS denotes the internal standard. Peak numbers denote the following volatiles: 1)
hydrogen sul� de, 2) methanethiol, 3) acetaldehyde, 4) 2-butanone, 5) ethanol, 6) 2-butanol, 7) 1-propanol, 8) hexanal, 9) 2-methyl propanol, 10) 3-methyl
butanol, 11) tridecane, 12) acetoin, 13) 1-hexanol, 14) 2-nonanone, 15) 1-heptanol, 16) 6-methyl-5-heptene-2-ol, 17) acetic acid, 18) 3-methyl-2-octanol,
19) 2-ethyl hexanol, 20) 2-nonanol, 21) hexyl benzene, 22) benzaldehyde, 23) 1-octanol, and 24) 2-decanol. With permission from Elsevier, from Leroy,
Vasilopoulos, C., Van Hemelryck, S., Falony, G., De Vuyst, L., 2009. Volatile analysis of spoiled, artisan-type, modi� ed-atmosphere-packaged cooked ham
stored under different temperatures. Food Microbiology 26, 94–102.
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instance, among compounds derived from Maillard reactions,
fatty acid oxidation products, and spices-associated terpene
their targeted identi� cation and quanti� cation can be useful to
develop speci� c biomarkers for improved spoilage monitoring.
When coupled with sensor technology, the biomarker approach
could allow for a rapid monitoring of microbial development,
avoiding traditional and lengthy routine analyses based on agar
cultivation and colony enumeration.
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Ecological Behavior of Food Microorganisms

To obtain better insight into the quality and stability of (fer-
mented) food products, an improved view on the ecological
behavior of microorganisms is needed. When tackling this topic
on an ecological level, system biology approaches that are fed b
metabolomic data can be very useful, since these would permi
to describe the � ne-tuning of microbial metabolism under
speci� ed ecological conditions and from a quantitative point of
view. For example, system biology has been applied to investi
gate carbohydrate metabolism in yeast, and the dynamics o
glycolysis inE. colihave been described as a function of systemi
variation of growth rate and glucose availability.

In addition to the systemic approach, targeted metabolite
analyses can be applied to gain information on microbial
metabolisms that are involved in the adaptation to and
dominance in particular food ecosystems. In a study dealing
with sourdough fermentations based on spelt and wheat� our,
an extensive metabolite target analysis of more than 100
different compounds has indicated a role for several microbial
metabolites, such as succinic acid, erythritol, and various
amino acid metabolites, in the equilibration of the redox
balance and hence the adaptation of the microorganisms to the
sourdough environment. Similarly, the arginine deiminase
pathway has been studied by a temporal targeted metabolite
analysis approach in lactobacilli that dominate in sourdough
fermentations and fermented meats. The differences in
metabolite patterns under different environmental conditions
of pH, and when comparing species and strains, sugges
a potential role of the latter pathway in acid stress tolerance and
survival. Next, the targeted modi� cation of metabolic pathways
or metabolic engineering can be used to direct the production
of components of interest. For instance, the metabolism of
Lactococcus lactishas been altered toward the production of the
� avor compound acetoin as major metabolite.
s
o

r

r by H-1 NMR
l of Agricultural

Danyluk, M.D.,
iew. Trends in

tile compound
mental Micro-

philic and psy-
f.

S-based strat-
Reviews 31,

rice
chnology
Conclusion

In the area of food science and technology, advanced omic
approaches, including the use of metabolomics, are expected t
contribute to the further improvement of public health, soci-
etal well-being, and consumer con� dence. In particular, the
application of metabolomics can help to resolve contemporary
concerns related to food safety, food quality, and traceability as
well as to address future needs in agriculture. The particula
area of food microbiology is expected to bene� t from the
development and application of metabolomics. As such,
analytical methodologies can be developed to guarantee food
origin and quality as well as to identify and track biomarkers
to detect unsafe products. Such information will further
contribute to the improvement and development of processes
and products.
See also:Biosensors– Scope in Microbiological Analysis;
Bread:Sourdough Bread;Cheese:Microbiology of
Cheesemaking and Maturation; Role of Speci� c Groups of
Bacteria; Cocoa and Coffee Fermentations;Electrical
Techniques:Food Spoilage Flora and Total Viable Count;
Fermentation (Industrial):Recovery of Metabolites; Ferment
Vegetable Products; Fermented Meat Products and the R
Starter Cultures; Traditional Fish Fermentation Technolog
Recent Developments; Beverages from Sorghum and Mil
Fermented Foods:Fermentations of East and Southeast As
Fermented Milks:Range of Products; Fermented Milks and
Yogurt; Northern European Fermented Milks; Fermented M
Products of Eastern Europe and Asia;Fish:Spoilage of Fish;
Genetic Engineering; Spoilage of Meat; Curing of Meat;
Spoilage of Cooked Meat and Meat Products;Metabolic
Pathways:Release of Energy (Aerobic);Metabolic Pathways:
Release of Energy (Anaerobic);Metabolic Pathways:Nitrogen
Metabolism; Lipid Metabolism;Metabolic Pathways:
Metabolism of Minerals and Vitamins;Metabolic Pathways:
Production of Secondary Metabolites– Fungi;Metabolic
Pathways:Production of Secondary Metabolites of Bacteri
Milk and Milk Products:Microbiology of Liquid Milk;Milk and
Milk Products:Microbiology of Dried Milk Products;
Microbiology of Cream and Butter;Mycotoxins:Detection and
Analysis by Classical Techniques;Mycotoxins:Immunological
Techniques for Detection and Analysis; Microbial Risk Ana
Rapid Methods for Food Hygiene Inspection;Spoilage of Plant
Products:Cereals and Cereal Flours; Microbial Spoilage of
and Egg Products;Spoilage of Animal Products:Seafood;
Spoilage Problems:Problems Caused by Bacteria;Spoilage
Problems:Problems Caused by Fungi; Starter Cultures;Starter
Cultures:Importance of Selected Genera; Starter Cultures
Employed in Cheesemaking;Starter Cultures:Molds Employed
in Food Processing; Vinegar;Wines:Microbiology of
Winemaking;Wines:Malolactic Fermentation; Production of
Special Wines.
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Introduction

In a broad sense, the term microbiome describes the totality
of microorganisms, their genetic elements (genomes), and
environmental interactions in a speci�c environment. Micro-
biome was �rst used by Dr. David Relman at Stanford
University in 2002 and possibly is derived from ‘biome.’ The
term ‘microbiota ’ is related closely to microbiome, which
frequently appeared in the literature in 1950s. The microbiota
refers to a community of microorganisms or assemblages
Another term, micro�ora, still is used widely in the literature
to describe the microbial community. This term perpetuates
an outdated classi�cation of the microbes as plants, however.
While the environmental component is extremely important
in microbiome studies, the word microbiome is often used to
describe collective genomes or the complete set of genes
a microbiota.
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The Composition of the Microbiome

Bacteria start to colonize the body of humans and animals
shortly after birth. Throughout adulthood, the body becomes
the host to complex microbial communities. Human and
animal hosts provide colonizing microbes with comfortable
niches and continuous nutrient supplies, while microbes
modulate the host immunity, in �uence the host nutrition, and
protect the host against invading pathogens. Besides reside
species, transient microbial species may also contribute to th
function of the microbiota. Although people have been fasci-
nated with these host-associated microbes for centuries
a systematic cataloging of the microbial composition of the
microbiome in host-associated and environment samples, such
as soils, has been only a recent event. It has long been know
that the gastrointestinal (GI) tract of mammalian species is an
elegant anaerobic reactor in which a diverse array of microor
ganisms resides. Only recently has the extent of diversity in th
gut become fully appreciated.
Table 1 The composition of the host-associated micro

Organ Host No. of phyla Species or

Mouth Human > 6 700
Esophagus Human 6 95
Abomasum Human 8 128

Bovine 15 90
Small intestine Feline 5
Large intestine Human 10 800

Equine 16 1510
Vagina Human 7 119
Rumen Bovine 21 142
Skin (palm) Human > 25 > 150
Skin Human 19 44
Urine Human 7

OTU, operational taxonomic units.

788 Encyclopedia of Food
Members of all three domains of life – Archaea, Bacteria
and Eukarya (fungi and protozoa) – can be permanent resi-
dents of the GI tract of humans and animals. Numerous host
and environmental factors, such as age and genetics of the hos
diet, and pH and bile concentration in the gut environment,
have a profound impact on the microbial composition of the
gut microbiome. One of the important determinants of the
microbial composition and biomass levels along the GI tract,
which vary greatly, is the metabolic need of the host. For
example, in the abomasa (stomach), the proteases of the hos
origin play a dominant role in dietary protein breakdown. This,
plus harsh acidity environment, limits the microbial diversity
and relative abundance inside this important organ, relative to
other segments of the GI tract (Table 1). In contrast, the host
needs the extra amount of metabolic energy, in the form of
volatile fatty acids, to be harvested from the diets resistant to
host enzymes in the hindgut. Moreover, hindgut habitat
conditions, such as neutral pH, low bile concentration, long
retention time, and less stringent control by the host immune
system, are more favorable for growth and proliferation of
microbes. Together, these help explain why there exists a va
and diverse and yet most abundant array (as high as 1012 g� 1)
of microbes in the colon. Another example is the rumen, from
which much of our understanding of the impact of gut
microbes on nutrient metabolism derives. The rumen is
a unique organ in which plant �ber is converted to various
small molecules, such as volatile fatty acids (VFAs), for rumi-
nant growth and metabolism (and to produce meat and milk
for human consumption). The conversion or fermentation is
carried out by ruminal microorganisms, such as bacteria
protozoa, and fungi. These microorganisms also play an
important role in the breakdown of dietary protein, nitrogen
recycling, and production of vitamins as well as detoxi�cation
of plant secondary components. These metabolic needs of th
host allow as many as 1011 microbes per gram to�ourish in the
rumen.

Microbes can be found in any exposed surface of the host
Collectively, the human gut microbiota harbors w 1000
biome

OTU Dominant group Reference (PubMed ID)

Streptococcus 16272510
Firmicutes (69.6%) 15016918
Proteobacteria (51.9%) 16407106
Bacteroidetes 21931709
Firmicutes (68%) 19049654
Bacteroidetes and Firmicutes 15790844
Firmicutes (43.7%) 22092776
Lactobacillus 22073175
Bacteroidetes (70.9%) 21906219
Actinobacteria 19004758
Actinobacteria (51.8%) 19478181
Firmicutes (52.6%) 21124791

Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00378-5
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bacterial species. Two frequently quoted statistics are used
describe the complexity of the human microbiome: (1) the
total number of microbial cells associated with the host
(human) outnumbers human cells 10 to 1, and (2) the total
number of microbial genes is 150 times larger than the number
of human genes. Microbes contribute signi�cantly to human
metabolism; and humans are a‘supraorganism,’ as a result of
evolutionary outcomes of aggregate activities of both human
and microbial genes. To capture and catalog the vast diversit
of microorganisms associated with the human host as well as
the factors that in� uence their temporal and spatial distribu-
tion and coevolution history, several projects, such as the
Human Microbiome Project (http://www.hmpdacc.org/ ) and
the MetaHIT Project, recently have been launched.

The microbiome is dynamic and highly responsive to
environmental conditions and host factors. Diet is known to be
the dominant determinant of the gut microbiome composition
and functional potential. Host genetics also plays a role in
determining the makeup of the microbiome. A mutation in the
Mediterranean fever (MEFV) gene, which encodes for pyrin
a protein involved in the regulation of innate immunity, results
in speci� c changes in the human gut microbiome. Several othe
studies also provide evidence that there exists a direct lin
between the host genotype and corresponding shifts in the gu
microbiome. Other host factors, such as bile acid, have bee
shown to determine the composition of the gut microbiome in
rodents. A recent longitudinal survey of the oral microbiome
suggest that the microbiota of monozygotic twins are not
statistically more similar than those of dizygotic twin pairs,
suggesting that a shared environment is more important in
shaping up the microbial composition. The physiological and
pathological status of the host, such as aging, surgery, caesare
or natural birth, and diseases, also affects the microbiome
composition. The interaction between behaviors from diet
(e.g., food and alcoholic consumption) to social contact and
the microbial composition and diversity recently has attracted
suf� cient scienti� c attention. Nevertheless, factors responsibl
for intra- and interindividual variations in the microbiome
composition and functional potential as well as the underlying
mechanisms in regulating the structure and diversity of the
microbiome have yet to be fully understood.
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Methods Used to Study the Microbiome

Microscopy has been used to observe microbes for centurie
While this method remains valuable in bacterial identi� cation
and morphological study, it offers a limited clue in deter-
mining phylogenetic relationships among prokaryotes. Scien-
tists realized that rRNA sequences could provide a key t
prokaryotic phylogeny in the 1970s. Aided by methods
developed to propagate microbes in culture to study their
metabolism, scientists are able to determine sequences o
small-subunit rRNA genes (16S rRNA genes in particular) o
thousands of bacterial species. The majority of microorganism
on our planet, however, are refractory to culture. In the rumen,
approximately 11% of the bacteria appear to be culturable. In
soil, only approximately 1% of all microbes have been cultured
so far. The advent of polymerase chain reaction allows scien
tists to pro� le or sequence 16S rRNA genes directly from the
native habitats, unraveling the microbial diversity that we never
imagined before. However, these methods, including terminal-
restriction fragment-length polymorphism, single-strand
conformation polymorphism, or temperature –denaturing
gradient gel electrophoresis, can only generate information a
a low resolution. Traditional sequencing of individual clones of
16S rRNA genes is labor intensive. To overcome these pro
lems, a high-density DNA microarray was developed. This
array, PhyloChip, designed to probe the 16S rRNA genes
allows us to simultaneously identify and quantify w 8900
distinctive microbial species or strains in a single experiment
Arrays, however, are unable to provide clues about the
morphology and spatial distribution of microorganisms in
their natural habitats. Fluorescencein situ hybridization there-
fore was invented to combine the precision of molecular
genetic information with microscopy for visualization and
identi � cation of microorganisms in their natural environment.
This technique generally involves the use of� uorophore-
labeled 16S rRNA probes speci� c to a given taxon in an
in situ hybridization procedure. Nevertheless, 16S rRNA gene
based approaches have become a mainstay for characterizin
a microbial community structure over the past quarter century.
As of today, 1 921 179 aligned and annotated 16S rRNA
sequences have been deposited into the Ribosomal Databas
Project database (RDP v10.27). The recent renaissance for t
16S rRNA gene is driven largely by the technological advance
ments, especially next-generation DNA sequencing technolo
gies, such as 454 bar-coded pyrosequencing, and relate
computational tools.

The microbiome functions as a tightly integrated system, in
which all resident species contribute to its ecosystem output
directly and indirectly. There is considerable interdependence
in this environment. While the predominant species may
perform all major microbial conversions, minor species also
play important roles in maximizing ecosystem outputs and
generating intermediate metabolites utilized by other species
Microbial fermentation is a poorly understood process con-
ducted by the interacting microbiota constituents. Thus, it is
perfectly conceivable that seemingly unimportant species play
critical roles in this process; and, as in any other ecosystem
disruption of one species could cause a chain reaction and hav
an undesired or unpredicted consequence. These properties ca
for a move from studies of individual microbes in isolation or
in pure culture to community-level studies, especially in their
natural habitats.

Metagenomics has emerged as a powerful tool to study the
microbiome for the past few years. Metagenomics addresses th
collective genetic structure and functional composition of
a microbial community without the bias or necessity for
culturing its individual inhabitants. Moreover, metagenomics
relies on high-throughput sequencing of all genes in a given
microbiota (not just the 16S fraction of the metagenome),
thereby allowing scientists to have a holistic assessment of th
functional capacity and metabolic potential of the microbial
community, in addition to its microbial composition. Rapid
developments of other OMIC technologies, such as meta
proteomics and metabolomics, are having a profound impact
on the microbiome study.

The gut microbiota is extremely complex, consisting of
hundreds of microbial species and highly responsive to
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changes in diets, as well as host genetic and environmenta
factors. Temporal and spatial� uctuations as well as intra- and
interindividual variations in the gut microbial composition are
well known. Together, these factors make it dif� cult, if not
impossible, to study myriad interactions between individual
microbes and between microbes and their host as well as th
structure–function relationship in their natural habitats.
Gnotobiotic, including germ-free, animals, which have well-
de� ned microbial composition, provide an elegant model
system in the microbiome study. The microbial communities
of varying complexity and origin then can be introduced
sequentially to gnotobiotic animals to examine the effect of
genetic background, dietary conditions, and physiological
stages on the microbial community structure and dynamics.
Synthetic gut microbiota with known microbial composition
and abundance have been created in germ-free animals. Whe
the complete genome and transcriptome of these introduced
microbial species become known, these systems then can b
used to measure perturbation dynamics of the entire microbial
community and to re� ne tools and algorithms using compar-
ative metagenomics. As a result, the emergence of microbia
culturomics may represent a paradigm shift in the microbiome
study.
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The Biological Function of the Microbiome

Nutrient Metabolism

It has long been known that microorganisms in the GI tract act
as a metabolic organ and play a critical role in host nutrient
biosynthesis and utilization in vertebrates. The ruminant for-
estomach (rumen) has been an elegant model to demonstrate
the nutritional contribution of these microorganisms to myriad
aspects of host physiology and phenotypes. Short-chain fatt
acids (SCFA also called VFA), such as acetate, butyrate, a
propionate, contribute up to 75% of the total metabolizable
energy supply in ruminants. These SCFAs are major products o
the ruminal microbial fermentation of carbohydrates (mainly
plant � ber), which in turn in � uences the abundance and
composition of the gut microbiota. Many rumen microorgan-
isms, including bacteria, protozoa, and anaerobic fungi, are
capable of � brolytic function. The vast majority of SCFA
produced by rumen microorganisms are absorbed via epithelia
which in turn affects host physiology, including cholesterol
synthesis and insulin and glucagon secretion. Dietary protein
degradation in the hind gut, which includes a three-step
process, including protease-mediated proteolysis, oligopeptide
degradation, and deamination, is controlled by microorgan-
isms and strongly is in� uenced by ruminal pH. For example,
numerous rumen bacteria, especially those fromPrevotella, the
most abundant genus in the rumen microbiota, possess
dipeptidase activity. The main fate of resultant oligopeptide
and amino acid molecules in the rumen is their diversion to
microbial protein synthesis and ammonia production via
deamination. Protein of microbial origin contributes signi � -
cantly to host nutrition, while overproduction of ammonia has
an important consequence in farm economics (dietary protein
loss) and air and water pollutions. In addition to carbohydrate
and nitrogen metabolism, rumen microorganisms produce
vitamins for the host. As a result, ruminants do not need dietary
supply of water-soluble vitamins. Furthermore, rumen micro-
organisms play an important role in modulating nutrient
absorption and degradation of toxic plant secondary metabo-
lites. In monogastric species, including humans, a signi� cant
amount of SCFA is produced by gut microbes in the hindgut,
and the composition of gases in the large intestine of dogs, rats
pigs, cattle, and humans is similar to those found in the rumen,
including CO 2, H2, N2, and CH4. Microbial fermentation in the
hindgut allows the host to harvest additional energy
from otherwise-indigestible carbohydrates, including those of
endogenous origin, such as mucus. Evidence accumulate
suggests that gut microbes contribute to a signi�cant portion of
our daily vitamin requirement, especially for those of water-
soluble B vitamins and vitamin K.
Host Organ Development

Studies on germ-free rodents contribute to much of our
understanding of how gut microbes affect host organ develop-
ment. Germ-free mice and rats tend to have smaller hearts an
reduced cardiac output and oxygen consumption. Germ-free
mice also have smaller liver and aberrant hepatic composition
and thinner alveolar and capsule wall. The gut microbiota has
a profound impact on intestinal motility, metabolism, and
function, as well as intestinal morphology. Germ-free mice have
markedly reduced proliferation of colonic epithelial progeni-
tors, suggesting the gut microbiota is necessary for epithelia
renewal to injury. Many of intestinal functions impaired in
germ-free mice are reversible by deliberate microbial coloniza
tion. Recently, the intestinal microbiota has been found to
in� uence brain chemistry and behavior in mice.
Host Immune System

The gut microbiota acts as a source of regulatory signals an
plays an essential role in the development of the host immune
system. It has been known since 1960s that germ-free mic
have reduced lymphocytic tissue, reduced number and size o
Peyer’s patch, and smaller mesenteric lymph nodes, as well a
reduced IgA and IgM. Many symptoms of secondary lymphoid
impairment in germ-free mice can be reversed by subsequen
microbial colonization. Compelling evidence has been accu-
mulated over the years that gut microbes are instrumental in
promoting the development of both innate and adapted
immune systems and have a signi�cant impact on both
systemic and mucosal immunity. A bacterial polysaccharide
(PSA) from ubiquitous commercial gut microorganism Bac-
teroides fragilisdirects the cellular and physical maturation of
the developing immune system, including correcting systemic
T-cell de� ciencies and TH1/TH2 imbalances and directing
lymphoid organogenesis. Additionally, PSA activates CD4þ

T-cells and elicits cytokine production. Gut microbes also affec
development of gut mucosal T-cells and myeloid cells and their
activation in neonates. The intestinal microbiota is required to
support antibody responses to immunization in infants.

Additionally, microbes also participate in maintaining the
gut microenvironment, such as luminal pH, and perform
detoxi� cation of toxic dietary components. Their involvement
in xenobiotic metabolism is gaining suf� cient scienti� c
attention.
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The Microbiome and Diseases

Trillions of microbes colonized in the human body contribute
signi� cantly to the human metabolism and the development of
the immune system. As a metabolic organ, these microorgan
isms in� uence approximately 10% of all metabolites in our
body. Alterations to the microbiome, especially disruptions to
the delicate balance between microbes and the host immune
system, could have serious pathological consequences.

The gut microbiome is known to play a critical role in
energy homeostasis and to in� uence the development of
obesity and related metabolic disorders, such as diabetes an
insulin resistance. When fed a high-fat and high-carbohydrate
diet, germ-free mice gain less weight with a reduced fa
storage and are protected against the diet-induced glucos
intolerance and insulin resistance, compared with conven-
tional mice. Mechanistically, the gut microbiota in conven-
tional mice promotes storage of circulating triglycerides into
adipocytes by repressing secretion of an inhibitor of adipose
tissue lipoprotein lipase. Moreover, germ-free mice have an
increased rate of fatty acid oxidation in hepatic and muscle
tissues. The microbiota confers host traits, such as obesity, an
has the potential to regulate host genes that control metabolic
processes, and thus alter host phenotypes. For example, g
microbes affect the onset of obesity, which in turn alters the
composition of the gut microbiota by depleting genes related
to motility and increasing genes related to carbohydrate
metabolism, such as glycoside hydrolases, allowing the host to
harvest extra energy from the diet. Furthermore, gut microbe
modulate the secretion of gut-derived peptides and alter tissue
fatty acid composition.

It is well known that bacteria activate in� ammatory
responses. Lipopolysaccharide (LPS), the major component o
the outer membrane of Gram-negative bacteria, is abundant in
the gut lumen and can be absorbed into systemic circulation.
By binding to its receptors, Toll-like receptors, LPS induce
metabolic in� ammation and atherosclerosis, which results in
cardiovascular diseases.

The intestinal microbiome affects the pathogenesis o
in� ammatory bowel diseases (IBDs, such as Crohn’s diseases
and ulcerative colitis). Bacteria are essential for in� ammation
in animal models. Moreover, IBD patients tend to have aber-
rant microbiota, characterized by depletion of commensal
bacteria, notably members of the phyla Firmicutes and Bac
teroidetes. Recently, aberrant microbiota has been linked to
irritable bowel syndrome (IBS), a disorder in� uencing up to
20% of the world population. Speci� cally, different IBS
subtypes have different microbiota pro� les. For example, The D
subtype is associated with decreased lactobacilli compared wit
the patients with the C subtype. The latter have signi� cantly
higher abundance ofVeillonellathan healthy controls.

Altered microbiota has been shown to affect carcinogenesi
of several tumors, including colorectal gastric tumors. Over
a dozen of bacterial species have been associated with parti
ular tumor types. For example, it has long been known that
Helicobacter pyloriplays an important role in inducing gastric
tumor and lymphoma, while bacteria such as Helicobacte
hepaticus, Streptococcus bovis, and B. fragilisare linked to colo-
rectal tumor. In addition, bacterial products (toxins and
enzymes) and metabolic processes of the microbiota, via the
activation or detoxi� cation of carcinogens, also exert effects o
tumor development.

Evidence suggests that the gut microbiome and epithelia
cell barriers play a role in HIV progression. HIV patients tend to
have aberrant gut microbiota, including a reduced number of
commensal bacteria, such as lactobacilli and bi� dobacteria,
and increased incidents of pathogens, possibly due to the
disruption of the host immune system as a result of HIV
infection.
The Microbiome as a Therapy Target

An improper dialogue between the gut microbiome and host
immune system often leads to pathological consequences. A
a result, the gut microbiota has been touted as a therapeuti
target or as a drug target. As a matter of fact, selective inhibitio
of speci� c gut microbes, especially those that are diseas
causing, via the use of antibiotics or vaccines, has been th
mainstay of modern medicine. Recently, it has been shown tha
release of TNFa (tumor necrosis factor alpha), which plays
a key role in the pathogenesis of intestinal in� ammation in
Crohn’s disease, by in� amed mucosa, is reduced signi� cantly
by coculture with nonpathogenic Lactobacillus caseiDN-114001
and Lactobacillus bulgaricusLB10 strains. This study suggests tha
probiotics can be used to modulate the local production of
proin � ammatory cytokines at the mucosal interface. In addi-
tion, the DN-114001 strain has been shown to modulate
apoptosis in intestinal lymphocytes and to reduce the number
of activated T lymphocytes in the lamina propria of mucosa in
patients with Crohn’s disease, which leads to restoration o
local immune homeostasis. Indeed, the advent of pre- and
probiotic treatments has the potential to reverse host metabolic
alterations. While little is known about possible impacts of
probiotic administration on the native gut microbial commu-
nity, integrated approaches involving combinations of syn-
biotics (both pre- and probiotics) and possibly antibiotics can
be developed to restore aberrant gut microbiota to achieve
a therapeutically effective regimen and, eventually, restore th
homeostasis of gut ecology in the host. Indeed, the possible
role of the gut microbiota in determining surgical outcome
recently has been recognized. Understanding how the gu
microbiota affects the bioavailability and responses of
synthetic and natural products undoubtedly will represent the
area of critical signi�cance in modern drug development.
See also:Metabolic Pathways:Release of Energy (Anaerobic
Microbiota of the Intestine:The Natural Micro� ora of Humans.
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Introduction

The proteome is the totality of proteins encoded by a genome
Proteomics is a tool to study the proteome, that is, the set of
proteins synthetized under a de�ned physiological condition
in an organism (or cell line or tissue). In contrast to the static
genome, the proteome is highly dynamic, in�uenced both by
the genome and many external factors, such as the state
development, tissue type, metabolic state, and various inter
actions. Consequently, the proteome re�ects closely the bio-
logical (and chemical) processes occurring in a system
Proteomic approaches are widely being used in microbiology
and food biotechnology. The rapidly increasing availability of
genomic sequence information for many organisms, including
food-related bacteria, yeasts, and molds, allowed for the
introduction of large-scale proteomic technologies to identify
the majority of proteins that a microbial cell synthesizes. In
food biotechnology, proteomics is used for bioprocess
improvement, validation, and quality control. Some microor-
ganisms are also a cause of several undesired effects, such
pollution and food poisoning, and proteomics increasingly is
used for their characterization and detection. Some bio�lm-
forming microorganisms can resist aggressive cleaning an
sanitation procedures and can cause serious contaminatio
during the food processing. The knowledge of the proteome of
bio�lm-forming microorganisms can be useful to detect and to
prevent the contamination of food products. On the other
hand, microbial cells immobilized in natural bio �lms can be
used in food and beverage fermentation. Overall, proteomics is
used to investigate a multitude of bacterial processes rangin
from the analysis of environmental communities, to identi�-
cation of virulence factors, and to the proteome-guided opti-
mization of industrial strains.
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Proteomics Technologies for the IdentiÞcation
and QuantiÞcation of Proteins

Two basic work�ows most commonly are employed for pro-
teomic analysis: gel-based and gel-free proteomics (Figure 1).
These protein identi�cation approaches offer different options
for analysis. In cases in which many proteins have to be identi
�ed, the application of gel-based approaches (two-dimensiona
polyacrylamide gel electrophoresis (2D-PAGE) with subse
quent mass spectrometry analysis of 2D spots) is very time
consuming. Here, we present data that suggest the potentia
utility of gel-free proteomics as an alternative for the relative
quanti�cation of individual proteins in complex mixtures.
Considering the advantages of two-dimensional gel-electro
phoresis 2-DE (robustness, resolution, and ability to separate
entire, intact proteins), and its potential to generate temporal
expression pro�les, the gel-based approach must be chosen t
analyze when, where, and how much proteins are expressed.

Gel-based proteomics is based on 2-DE and subsequen
peptide mass �ngerprinting (PMF). In 2-DE, the protein
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
fractions are�rst separated according to their isoelectric point
by isoelectric focusing and then by their molecular weight by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE; http://world-2dpage.expasy.org/swiss-2dpage/).
For the detection of the proteins, a large number of staining
techniques, including organic dyes, radiolabeling, silver, or
�uorescent dyes were developed. Subsequently, proteins a
isolated from the gels and enzymatically digested to generat
protein-speci�c peptides. The masses of these peptides then a
determined by mass spectrometry (MS) using soft ionization
techniques, such as matrix-assisted laser desorption/ionization
(MALDI) or electrospray ionization (ESI). The generated PMFs
then are matched against in silico–digested protein sequence
databases using search and scoring algorithms, such
SEQUEST or MASCOT (http://www.proteomesoftware.com/
Proteome_software_link_software.html). Relative intensity
changes of each protein can be monitored directly using
densitometry and suitable gel-matching software. To reduce
between-gel variance, the protein samples can be differentiall
labeled and run in the same gel (difference in-gel electropho-
resis, DIGE). The quanti�cation then requires separate imaging
of the respective color channels.

The gel-free proteomics– often termed shotgun proteomics–
is liquid based work�ow (Figure 1). Because of the increased
complexity of the total digest, a number of orthogonal sepa-
ration methods often are used in series. These include surfac
enhanced laser desorption/ionization (SELDI) analysis using
protein chip, capillary electrophoresis, or high-performance
liquid chromatography separation using strong cation exchange
or reverse phase. Gel-free proteomics involves the enzymat
digestion of the proteins before separation of the peptides. The
liquid chromatography (LC) system most often is coupled
directly to an ESI-MS/MS system, but it also can be coupled to
a plate spotting system for of�ine MALDI-MS/MS analyses.
Because the peptides from different proteins are found in the
same fraction, it is necessary to generate fragmentation spect
from each peptide to ascertain their identity. The combined
precursor and fragment information about all peptides in a run
then are used to identify the proteins. The main advantage of the
non-gel-based technique is that no gel is used, making it more
suitable for the use of hydrophobic and basic proteins because
the resolution of these proteins is rather poor in gels. Protein
quanti�cation and detection of post-translational modi�cation
are poorly detected with this method. In gel-free proteomics, the
relative protein amount is assessed by MS. For this, the sample
were compared by labeling differentially so that they can be
identi�ed in thesame MS runby a de�nedmass-shift. The relative
concentration changes then can be derived by comparing th
relative peak intensities. Label-free quanti�cation methods also
exist and are based on spectral counting and MS ion intensity (o
peak area) measurements. Clearly, proteome analysis is no
limited to protein quanti �cation but also allows for the identi-
�cation of post-translational modi�cations, which are potent
regulators of protein function. Recently, a computational
approach for the identi�cation of every possible biochemical
78-0-12-384730-0.00376-1 793
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Figure 1 Global work� ow of the two basic approaches for proteomics: (a) gel-based and (b) gel-free proteomics. 2-DE, two-dimensional
electrophoresis; DIGE, difference in-gel electrophoresis.
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reaction from a given set of enzyme reactions was reported. Th
allows for the de novo assembly of metabolic pathways
composed of these reactions and for the evaluation of these nove
pathways with respect to their thermodynamic properties.
Metabolic pathway can be found in speci� c databases, such a
KEGG, BRENDA, and MetaCyc. Software tools– for example,
FluxAnalyser, MetaFluxNet, OptKnock, and MetaboLogic– link
experimental data with database knowledge.
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Proteomics of Lactic Acid Bacteria

Lactic acid bacteria are a heterogeneous group of Gram-positiv
bacteria that produce lactic acid as a major end-produc
of their fermentative metabolism. Lactobacillus, Lactococcus,
Streptococcus, Pediococcus, Enterococcus, Leuconostoc, and Carno-
bacteriumare the main genera of lactic acid bacteria. They pla
an important role in food and feed fermentation and preser-
vation, either as the natural microbiota or as starter cultures
added under controlled conditions. Besides their technological
roles, lactic acid bacteria can enhance the shelf-life of fermente
food products by inhibiting the growth of spoilage and path-
ogenic bacteria, by competing for nutrients, and by producing
antimicrobial compounds such as organic acids, carbon
dioxide, ethanol, hydrogen peroxide, and bacteriocins. There
fore, they are thought to be potential biopreservatives. Some
lactic acid bacteria strains were recognized as probiotic an
incorporated in commercial products for its health-promoting
and nutritional properties.

Proteomics is a crucial discipline to elucidate the mecha
nisms of adaptation of bacteria to a food ecosystem. Overall
proteomic studies were performed to elucidate the metabolic
pathway of bacteria in foods, stress responses, and cell–cell
communication (quorum sensing, QS) (Table 1). Proteome
analysis of lactic acid bacteria is more and more used in the las
decade because of the availability of fully sequenced genome
(http://www.ncbi.nlm.nih.gov/genome ).
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Metabolic Pathways

A number of proteomics studies aimed at identifying all
proteins, and in that way generating reference maps, of man
lactic acid bacteria species such asLactococcus lactis, Lactobacillus
plantarum, Lactobacillus casei, and Lactobacillus rhamnosuswas
performed. In some studies, proteome mapping was combined
with a biological question, such as comparing the proteomes of
one strain grown in different growth media or phases, or the
proteomes of different bacterial strains, or under the in� uence
of some environmental parameters (Table 1). The 2-DE refer-
ence maps based on this approach can facilitate further studie
and provide information about the activity and metabolic
processes of the cells under various conditions for industria
applications.

For example, a prediction of the distribution of all proteins
putatively synthetized from the Lc. lactis IL1403 genome
showed that 56% of the proteins make up the acidic sub-
proteome (all proteins with a pI between 3.4 and 7.0) and 43%
constitute the alkaline subproteome (pI> 7.0). The cytosolic
acidic proteome ofLc. lactisIL1403 were examined after growth
of the strain in glucose-M17 (a widely used synthetic media
for lactococci) and the results are available inLc. lactis
2-DE database (http://www.wzw.tum.de/proteomik/lactis/
start.htm). All enzymes of the glycolytic pathway were among
the highly synthetized proteins. The comparison of the pro-
teomes of glucose- and lactose-grown strains revealed a lin
between the nature of the carbon source and the metabolism o
pyrimidine nucleotides. Of the alkaline proteome of Lc. lactis
IL1403 less than 10% has a pI between 7.0 and 9.0. Ribosoma
proteins, hypothetical proteins, and proteins with unknown
function represent the largest groups of identi� ed proteins
from an alkaline reference map. The ribosomal proteins act as
sensors of heat and cold shock and therefore might be o
special interest in proteome analyses with respect to stres
response in microorganisms. Proteomic studies have bee
carried out both with Lc. lactisIL1403 and MG1363 to char-
acterize the polypeptides induced during acid tolerance
response. Heat shock proteins belonging to the HrcA or CtsR
regulon and oxidative stress responsive proteins represent th
largest groups of induced and identi� ed proteins.

A proteomic approach was applied to analyze the in� uence
of some environmental and nutritional parameters on amine
production and protein biosynthesis in two amine-producing
Lactobacillusstrains, Lactobacillussp. 30a and Lactobacillussp.
w53, isolated from amine-contaminated wine. Two main
conditions, assumed to be connected with amine accumula-
tion, were considered: amino acid availability and growth
phases. This proteome analysis showed that the biosynthesis o
decarboxylating enzymes (histidine decarboxylase and orni
thine decarboxylase) were closely dependent on the presence
high concentrations of free amino acids in the growth medium
and were modulated by the growth phase. The stationary phas
and high amounts of free amino acids also strongly induced the
biosynthesis of an oligopeptide transport protein belonging to
the proteolytic system of lactic acid bacteria. Other proteins
were identi� ed from the Lactobacillusproteome, affording
a global knowledge of protein biosynthesis modulation during
biogenic amine production. Therefore, proteomics proved to
be a promising approach to investigate the network of proteins
that cause, follow, and accompany amine accumulation.

To date, a lot of proteomic studies focused onL. plantarum
have been reported, but the proteins identi� ed in all these
studies are very limited, corresponding to about 3.3% overage
of the genome. One of the studies showed that the proteomes
of L. plantarumstrains are highly dynamic and change during
transition from log to stationary growth. The lag phase had
a distinctive protein pro� le, and the bacteria seemed to
produce at that stage a pool of building blocks and energy
sources, which are needed for cell division in the exponentia
phase. In the early exponential phase, energy metabolism an
protein synthesis became active, and later in the exponentia
phase, cell division and DNA metabolism proteins became
more abundant, which all indicate active growth of the
bacteria. In the stationary phase, proteins involved in the stres
response and macromolecule biosynthesis were ove
synthetized. There were strain-dependent variations in the
responses at all of the growth phases. Recently, an exoproteom
reference map ofL. plantarum, with 28 spots representing 22
proteins, was de� ned successfully. Twelve of these protein
were annotated as extracellular proteins, which include known
moonlighting proteins such as glyceraldehyde 3-phosphate
dehydrogenase, enolase, and elongation factor (EF-Tu). Th
bacterial exoproteome affects processes such as recognitio
binding, degradation, and uptake of extracellular complex
nutrients, signal transduction, environmental communication,
and attachment to speci�c sites or surfaces (e.g., human intes
tinal cells). In another work, the exoproteome of aL. plantarum
strain cultivated on modi � ed chemically de� ned medium
supplemented with chemically synthesized pheromone plan-
taricin A, or cocultured with other lactic acid bacteria also were
investigated. Changes concerned proteins involved in quorum



Table 1 Some proteomic studies applied to lactic acid bacteria

Microorganisms Topic Separation and detection methods IdentiÞcation method

Metabolic pathways

L. rhamnosusGG Proteome catalog, comparison of strains SDS-PAGE, LC Nano-LC-MS/MS
L. rhamnosusLc705 Proteome catalog, comparison of strains SDS-PAGE, LC Nano-LC-MS/MS
L. caseiZhang Proteome map, comparison

of growth phases
2-DE, Silver staining MALDI-MS/MS

L. acidophilusNCFM Proteome map, growth on lactitol 2-DE, Coomassie staining; DIGE MALDI-MS/MS
L. brevisATCC 8287 Development of de� ned media for

radiolabeling
2-DE, [35S] methionine labeling MALDI-MS/MS

Lc. lactisIL1403 Reference map for the alkaline proteome 2-DE, Silver, SYPRO Ruby and
Coomassie staining

MALDI-TOF-MS

L. plantarumWCFS1 Comparison of growth phases 2-DE, Silver staining MALDI-MS/MS
L. plantarumMLBPL1 Comparison of growth phases 2-DE, SYPRO orange staining LC-MS/MS
L. rhamnosusE-97800 Comparison of strains 2-DE, Coomassie staining MALDI-MS
L. plantarumMLBPL1 Comparison of strains, growth on

different media
2-DE, SYPRO Ruby staining LC-MS/MS

L. rhamnosusstrains Comparison of strains, growth on
different media

2-DE, Coomassie staining MALDI-TOF/TOF MS,
nano-ESI-MS/MS

L. plantarumWCFS1 Reference maps of different
growth conditions

2-DE, Silver staining MALDI-TOF MS

Lc. lactisNCDO763 Reference map of different
growth conditions

2-DE, Silver and Coomassie
staining

MALDI-TOF MS and
N-terminal sequencing

L. plantarum423 and WCFS1 Cell surface proteins SDS-PAGE LC-MS/MS
L. acidophilusATCC 4356 Cell surface proteins SDS-PAGE LC-MS/MS
L. salivariusUCC118 Cell wall-associated proteome SDS-PAGE, 2-DE, Silver staining LC-MS/MS
L. plantarum299v Surfome SDS-PAGE LC-MS/MS
L. rhamnosusGG Surfome SDS-PAGE MALDI-MS/MS
L. plantarumDC400 Exoproteome 2-DE, Coomassie staining MALDI-TOF/TOF MS,

nano-ESI-MS/MS
L. gasseriB3 Secretome SDS-PAGE MALDI-MS/MS
L. reuteriProtectis Secretome SDS-PAGE MALDI-MS/MS
L. rhamnosusR-11 Secretome SDS-PAGE MALDI-MS/MS
L. rhamnosusGG Secretome SDS-PAGE MALDI-MS/MS
L. plantarum299V Adhesion proteins 2-DE, Coomassie staining LC-MS/MS
L. plantarum299v,

NCIMB 8826
Secretome, binding to� bronectin SDS-PAGE MALDI-MS/MS

L. rhamnosusGG Secretome, mucin degradation SDS-PAGE MALDI-MS/MS
L. crispatusM247

and Mu5
Comparison of differentially

aggregative strains
2-DE, Coomassie staining MALDI-MS, LC-MS/MS

Stress adaptation

L. caseiZhang Bile stress 2-DE, Silver staining MALDI-MS/MS
L. delbrueckiisubsp.

lactis200
Bile stress 2-DE, Coomassie staining MALDI-MS/MS

L. plantarum299V Bile stress 2-DE, Coomassie staining LC-MS/MS
L. reuteriATCC 23272 Bile stress 2-DE, Silver staining MALDI-MS/MS
L. caseiBL23 Bile stress 2-DE, Silver staining MALDI-TOF/TOF MS
L. plantarumstrains Bile stress 2-DE, Coomassie staining Chip-LC-QTOF
L. fermentumI5007 Exposure to rabbit jejunum 2-DE, Coomassie staining MALDI-MS
L. acidophilusDSM 20079 Survival under simulated

gastrointestinal conditions
Micro-2-DE system No identi� cations

L. plantarumST4 Ethanol stress 2-DE, Silver staining MALDI-TOF-MS
L. caseiZhang Acid stress 2-DE, Silver staining MALDI-MS
L. reuteriATCC 23272 Acid stress 2-DE, Silver staining MALDI-MS
L. reuteriATCC 23272 Acid stress 2-DE, Silver staining MALDI-MS
L. caseiZhang Acid stress 2-D DIGE iTRAQ-MS
L. delbrueckii Acid stress 2-DE, Coomassie staining N-terminal amino acid

sequence
L. sanfranciscensisCB1 Acid stress 2-DE, SDS-PAGE, Silver staining Amino acid sequencing
L. plantarum20B Cold stress 2-DE, Coomassie staining MALDI-TOF/TOF MS,

nano-ESI-MS/MS

(Continued)
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Figure 2 Differences in the proteome ofLactobacillus rhamnosusstrains
isolated after 1, 4, 12, or 20 months of Parmigiano Reggiano cheese
ripening and growth on MRS or cheese broth until the stationary pha
of growth was reached.
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codon adaptation index, and GRAVY value analysis of eac
identi � ed protein compared with the whole theoretical genes-
coding proteins of the strain. Compared with growth in the
exponential phase, the proteomic pro�le of L. caseigrowth in
the stationary phase showed that the differentially expresse
proteins mainly were categorized as stress response protei
and key components of central and intermediary metabolism
that allow the strain in the stationary phase to withstand harsh
conditions and sudden environmental changes and for most of
the population to develop cross-protection against multiple
stresses. The 2-DE reference maps based on growth phase
facilitate further studies and provide information about the
activity and metabolic processes of the cells under variou
conditions for industrial applications. Monodimensional
electrophoresis coupled with in-gel digestion of the proteins
and the subsequent identi� cation using nano-LC-MS/MS were
used to generate a proteome cataloging of the probiotic strain
L. rhamnosusGG and the dairy strainL. rhamnosusLc705. This
approach enabled identi� cation of more than 40% of all pre-
dicted surfome proteins, including a high number of lipopro-
teins, integral membrane proteins, peptidoglycan associated
proteins, and proteins predicted to be released into the extra
cellular environment. Differences between GG and Lc705 wer
noted in proteins with a likely role in bio � lm formation,
phage-related functions, reshaping the bacterial cell wall, and
immunomodulation. Recently, it was described that the
adaptation of L. rhamnosusstrains to cheeselike conditions is
a complex process (Figure 2). The proteome was affected by
culture conditions and diversity between strains and depended
on their time of isolation during Parmigiano Reggiano cheese
ripening. Compared with cultivation on MRS (de Man, Rogosa,
Sharpe) broth, L. rhamnosusstrains cultivated under cheeselike
conditions (cheese broth, CB) increased the amount of proteins
responsible for citrate catabolism, acetate production, proteo-
lytic activity, and amino acid catabolism and decreased the
amount of proteins responsible for sugar transport, glycogen
biosynthesis, pentose phosphate pathway, exopolysaccharide
and cell wall biosynthesis. The variability of adaptation to
changing environmental conditions and the diversity between
strains were re� ected by a spectrum of diverse physiologica
responses inL. rhamnosusstrains during cheese under ripening.
Stress Adaptation

All industrial applications imply that lactic acid bacteria are
exposed to various environmental stress conditions, such a
extreme temperature, pH, osmotic pressure, oxygen, and starv
tion, which may affect the physiological status and properties of
the cells. Many proteomic studies were performed to elucidate the
environmental stress adaptation of lactic acid bacteria (Table 1).

Two methods of proteomic approaches can be distin-
guished in this � eld. In the � rst one, a systematic mapping of
proteins is done that is useful for taxonomy and to assign
functions to proteins. The second approach focuses particularly
on proteins whose synthesis is induced by various environ-
mental perturbations, some of which may be stressful. Both
approaches are complementary and useful for the study o
bacterial behavior under industrial conditions and in human
health. Overall, the stress-resistance systems can be divided
three classes: (1) speci� c, induced by a sublethal dose of stress
this stress response usually is associated with the log-phase
growth and involves the oversynthesis of speci� c groups of
proteins designed to protect the cell to speci� c stress condition;
(2) general systems, where the adaptation to one stres
condition can render cells resistant to other stress; and
(3) stationary-phase associated stress response, which involv
the induction of numerous regulons designed to overcome
several stress conditions. Knowledge about the stress respon
of Lactobacillusmay permit (1) the development of tools for
screening tolerant or sensitive strains; (2) an enhanced use o
this species in food processes and for medical purposes
through the optimization of growth, acidi � cation, proteolysis,
bacteriophage resistance, bacteriocin synthesis, and probioti
effects; (3) an enhanced growth or survival by appropriate
preservation methods, or by the use of genetic engineering to
build new food-grade starters; and (4) the evaluation of� tness
and the level of environmental adaptation of a culture.

se
Quorum Sensing

For many decades, microbiologists and bacterial geneticists hav
studied bacteria and their ability to sense the environmental
crowdedness, mainly under pure culture or monoculture model
systems. Although the study of QS is relatively recent, it was we
established that bacteria produce, release, detect, and respond
small signaling hormonelike molecules called ‘autoinducers’.
When a critical threshold concentration, the quorum, of the
signal molecule is achieved, bacteria detect its presence an
initiate a signaling cascade resulting in changes in the target gen
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expression. Most of the Gram-positive bacteria (including lac-
tobacilli) use autoinducing peptides or peptide pheromones,
which act as species-speci� c communication signals. One class
of bacterial QS signaling molecules is formed by the autoinducer
2 (AI-2) molecules, synthesized through the activity of the LuxS
enzyme. The synthesis of AI-2 from probiotic lactobacilli
(e.g.,L. rhamnosusand L. acidophilus) was induced under acidic
shock andluxSgene appears to have a clear role in acidic stre
response. The growth of sourdoughLactobacillus sanfranciscen
CB1 in monoculture was compared with that in cocultures with
L. plantarumDC400, Lactobacillus brevisCR13, or Lactobacillus
rossiaeA7. Compared with monoculture, L. sanfranciscensisCB1
oversynthesized 48, 42, and 14 proteins, respectively, whe
cocultured with strains DC400, CR13, and A7, respectively
Induced polypeptides, only in part common to all cocultures
were identi� ed as stress proteins, energy metabolism–related
enzymes, proline dehydrogenase, GTP-binding protein
S-adenosyl-methyltransferase, and Hpr phosphocarrier protein
By using primers designed from consensus amino acid
sequences of phylogenetically related bacteria, two QS involve
genes, luxS and metF, were shown to be expressed in
L. sanfranciscensisCB1. After the stationary phase of growth was
reached, the expression ofluxS gene was found only in the
coculture of L. sanfranciscensisCB1 with L. brevis CR13.
Phenotypically, the rate of formation of dead cells, fermentation
end-products, and proteolytic activities re� ected the type of
proteins expressed. Similar results were found by using anothe
strain,L. sanfranciscensisDPPMA174, in coculture condition with
L. plantarumDC400 and L. rossiaeA7. The growth and survival of
L. plantarumDC400 was not affected when cocultivated with
DPPMA174 or A7. Nevertheless, 2-DE analysis showed that th
level of protein synthesis ofL. plantarumDC400 increased under
coculture conditions. Although several proteins commonly were
induced in both cocultures, the highest induction was found in
coculture with L. rossiaeA7. Overexpressed proteins, related to
QS and stress response mechanisms, were identi� ed: DnaK,
GroEL, 30S ribosomal protein S1 and S6, adenosine triphos
phate (ATP) synthase subunit beta, MetK, phosphopyruvate
hydratase, phosphoglycerate kinase, elongation factor Tu, puta
tive manganese-dependent inorganic pyrophosphatase,D-lactate
dehydrogenase, triosephosphate isomerase, fructose-bispho
phate aldolase, and nucleoside-diphosphate kinase. Th
synthesis of plantaricinA (plnA) by L. plantarumDC400 was
affected by cocultivation with other lactobacilli. The highest
synthesis of plnA was found when strain DC400 was cocultured
with L. sanfranciscensisDPPMA174. The addition of plnA to the
culture medium caused the decrease of cell growth and surviva
and overexpression of several stress proteins (e.g., GroES, Dna
in L. sanfranciscensisDPPMA174. The same approach was used t
study the physiology of Streptococcus thermophilusLMG 18311
during milk fermentation. To make yogurt, S. thermophilusis
cocultured with Lactobacillus delbrueckiissp. This bacterial asso
ciation, known as a proto-cooperation, is poorly documented at
the molecular and regulatory levels.Streptococcus thermoph
LMG 18311 showed two distinct phases of growth in milk.
The second phase of growth showed a clear difference betwee
mono- and cocultures with L. delbrueckii ssp. bulgaricus
ATCC11842. During monoculture, S. thermophilusLMG 18311
encountered conditions that hampered the growth, whereas
in the coculture L. delbrueckiissp. bulgaricusATCC11842 it
overcame this effect. Comparison of the proteome of
S. thermophilusLMG 18311 in mono- and coculture revealed that
27 proteins were down- (13 spots) or upregulated (14 spots)
during the two phases of growth. These proteins concerne
amino acid biosynthesis, carbon and purine-pyrimidine
metabolisms, response regulator RR05, and other unknown
functions. Proteins involved in the amino acids biosynthesis
were related mainly to the metabolism of cysteine and methio-
nine. The synthesis of cysteine from glyceraldehydes 3-P (Ser
Cyse2, and CysM1), the transsulfuration, and sulfhydrylation
pathways (MetA, MetB1, Stu0353, and CysD), and the conver
sion of homocysteine to methionine (MetE and MetF) and
methionine to cysteine (MetK, CysM2, and MetB2) were upre-
gulated. Since amino acid and peptide transporters and the
sulfur amino acid metabolism were induced both under mono-
and coculture, one of the main literature hypothesis, which
concerns the ful� llment of peptides/amino acid requirements of
S. thermophilusby L. delbrueckiissp.bulgaricus, was contradicted.
The switch on of the sulfur amino acid biosynthesis pathways in
S. thermophilusLMG 18311 during coculture suggested that the
stimulatory effect of L. delbrueckiissp.bulgaricusATCC11842 is
likely to result from other and more complex exchange between
the two species. On the other hand, the level of expression o
RR05 response regulator, part of the 2CRS, decreased during t
late phase of growth of S. thermophilus. This indicated that
a regulatory event took place and that the activity of 2CRS migh
be required byS. thermophilusfor rapid or normal growth.

During the past decade, proteomics of QS gained increasin
interest. It permitted to (1) explain the role of QS regulated
(QSR) proteins and to identify unknown QSR proteins, (2)
elucidate factors for pathogenesis, (3) understand mechanism
of cellular aggregation, (4) investigate mechanisms for micro-
bial adaptation to the gastrointestinal tract, and (5) highlight
the basis of the communication and inhibition.
Probiotics

A number of health bene� ts are claimed for foods containing
probiotic microorganisms, especially lactobacilli and bi� dobac-
teria. These bene� ts mainly include an improvement of lactose
metabolism, antimicrobial activities, and anticarcinogenic
properties, and a reduction in serum cholesterol as well as the
stimulation of the immune system. Some of these bene� ts are
well established, whereas others are promising results observe
only in animal models. To realize health bene� ts, probiotic
bacteria have to be viable and available at high cell densities (a
least 106 cfu g� 1). Comparative proteomics can be used for the
selection of probiotic strains, based on properties that currently
are assessed inin vitro tests or large clinical trials. Comparative
proteomics can be used for the identi� cation of proteins and
proteomic patterns that may serve as bacterial biomarkers o
probiotic features. Comparison of differentially synthetized
proteins within the same strain cultured under different condi-
tions was performed. These studies provided insight into bacteria
adaptation factors to the environmental conditions in the
gastrointestinal (GI) tract, such as the presence of bile, acidic pH
and the adhesion to gut mucosa. A proteomic study on the
Lactobacillus reuteriATCC 23272 showed that proteins involved in
carbohydrate metabolism, transcription-translation, nucleotide
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metabolism, amino acid biosynthesis, pH homeostasis, genera
stress responses, and oxidation–reduction reactions were
synthesized differentially after exposure to bile. In contrast, bile-
responsive expression of genes involved in cell envelope stres
protein denaturation, and DNA damage were found by a tran-
scriptome-level study conducted on anotherL. reuteristrain. In
L. acidophilusNCFM, bile exposure was found to result in the
upregulation of genes involved in signal transduction, carbohy-
drate metabolism, transport, and oxidation–reduction reactions.

Bi� dobacteria are a major component of probiotics
and were studied by proteomic approaches. Within the
Bi� dobacteriumgenus, the� rst completed genome sequence wa
that of the probiotic strain Bi� dobacterium longumNCC2705
(AE014295). In vivoand in vitro proteomic reference maps of
the Bi� dobacteriumgenus were de� ned. In addition, proteomics
studies showed the adaptation ofBi� dobacteriumto GI tract
factors, such as bile and acidic pH. 2-DE-MS/MS investigation
can be used to analyze bacterial protein polymorphisms to
distinguish closely related pathogenic organisms. This
approach was used to compare three humanB. longumisolates
with the model sequenced strainB. longumNCC2705. Pulse-
� eld gel electrophoresis revealed a high degree of stra
heterogeneity, and the isolates showed different patterns in
terms of their cytoplasmic protein synthesis, which correlated
with speci� c phenotypic differences between the strains
Although proteomics studies are being used more frequently to
identify proteins that may serve as probiotic biomarkers for
strain selection, no direct relationships between the data
obtained and the characteristics of selected strains wa
described. Further proteomic studies will be helpful in uncov-
ering the interactions of bacteria with human intestinal cells,
which may lead to a more rational design of probiotics.
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Bacterial Secretome and Proteomics
of BioÞlm Formation

Extracellular and cell-wall-associated proteins (exoproteome o
secretome) play a key role in the adaptation of a bacterium to
changing environmental conditions. The exoproteome of
bacteria is involved in various processes, such as cell wa
metabolism, degradation, and uptake of nutrients, binding to
substrates or hosts. In nature, the majority of bacteria live in
close association with surfaces, as complex communities referre
to as bio� lms. Proteomic analyses of bio� lm-forming microor-
ganisms give important information about their behavior during
industrial processes, infection of the host organism, symbiosis
and their defense against antimicrobial agents. A growing
number of bacterial species are being found to express moon
lighting proteins in their secretome and the moonlighting
activities of such proteins can contribute to bacterial adhesion
and virulence behavior. Among the lactic acid bacteria, it was
reported that glyceraldehyde 3-phosphate dehydrogenase on th
cell surface ofL. plantarumadheres to human colonic mucin.
Pyruvate kinase ofLactobacillus johnsoniiwas reported to be cell-
surface associated and involved in interactions with mucin and
intestinal cells. Overall, differences were observed between th
proteome from bio � lm and planktonic cells. The adhesion to
surface does not depend by unique and ubiquitous mechanism,
and both small molecules and proteinaceus compounds were
described to be involved in the process. In summary, proteomic
analyses of bio� lm-forming microorganisms give important
information about microbial behavior during industrial
processes, infection of the host organism, symbiosis, and thei
defenses against antimicrobial agents. Some factors ma
contribute to bio � lm drug resistance, such as altered metaboli
rate, extracellular polymeric substance, oxidative stress respons
QS, and alteration in membrane composition.
Proteomics of Yeasts

A large number of proteomics studies on yeasts were related t
Saccharomyces cerevisiae. It is one of the most extensively used
microorganisms in food industry (e.g., beer, wine, leavened
baked goods), production of protein- and small-molecule
drugs. In addition to its role in industrial application,
S. cerevisiaeis a key model organism in research laboratories to
study fundamental biological process. It was the� rst eukaryote
to have its complete genome sequenced (Saccharomyce
Genome Database,http://www.yeastgenome.org). Saccharomyce
cerevisiaeis also the eukaryote with the most thorough investi-
gations of the complete proteome. Depending on the protein
staining method, 1000 proteins can be visualized on the 2-DE
reference maps. Also, subproteome reference maps of, fo
example, yeast mitochondria, were generated. Moreover, 2-D
reference maps were constructed for important industrial strains
such as ale-fermenting, wine, or lager-brewing strains. Thes
annotated 2-DE reference maps are useful tools for comparativ
proteomic studies. Saccharomyces cerevisiaecan adapt to a large
variety of environmental conditions. During fermentation in
grapes, for example, yeast encounters sugar concentrations th
can vary from 1 M to 10� 5 M. Also, during baker’s yeast produc-
tion, yeast grows aerobically under sugar limitation to achieve
high biomass yields, whereas during such processes as doug
fermentation, high concentrations of fermentable sugars are
present under anaerobic conditions, and the growth is limited by
other nutrients (e.g., oxygen, nitrogen). To survive changes in the
nutritional environment, yeast needs to detect the availability of
nutrients and adapt its metabolism rapidly. Proteomic studies
revealed major changes in the central carbon metabolism path
ways upon changing the carbon source. 2-DE was also applied t
obtain a global view of changes in theS. cerevisiaeproteome as
a function of stimuli in the environment, such as cadmium,
lithium, H 2O2, sorbic acid, and amino acid starvation.

Quantitative proteomic methodologies, in many cases, were
developed and validated forS. cerevisiae. A proteome of yeast
containing 1484 proteins was identi� ed by using MudPIT
methodology. MudPIT was improved by adding an additional
reversed phase column to the biphasic column, resulting in an
online multidimensional LC method and identifying a total of
3109 yeast proteins. Yeast proteome studies also wer
performed by using metabolic stable-isotope labeling. The
ef� ciency of 2D-DIGE and metabolic stable isotopic labeling
was compared in S. cerevisiaecells grown with ammonium
sulfate labeled with either 14N or stable isotope 15N as
a nitrogen source. Recently, protein microarray (e.g., SELD
also was described forS. cerevisiae. The protein microarray
technology allows for the interrogation of protein–protein,
protein-DNA, protein –small molecule interaction networks,
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and post-translational modi� cation networks in a large-scale
high-throughput manner.

Recently, proteomics studies were performed also for othe
yeasts such asSchizosaccharomyces pombeand Candida albicans.
f
e

;

g

h

e
f

at
e

n

,

ac-

d

t in
ial

id

e
t

s

y

Metabolic Engineering

Metabolic engineering involves the optimization of genetic and
regulatory processes within cells to increase the production o
certain substances of human interest by the cells. It involves th
alteration of the cells genetic makeup to obtain a speci� c
phenotype. One of the main features of metabolic engineering
involves metabolic pathway manipulation, which was classi-
� ed into � ve groups: (1) improving the yield and productivity
of products made by microorganisms; (2) expanding the
spectrum of substrates that can be metabolized by an organism
(3) forming new and unique products; (4) improving cellular
properties; and (5) degrading xenobiotics. Recent‘omic’
(genome, transcriptome, interactome, proteome, metabolome,
� uxome) approaches have extended knowledge regardin
regulation at the gene, protein, and metabolite levels, and thus
they have had a great in� uence on the progress associated wit
metabolic engineering. One of the ‘omics’ that has allowed
a better comprehension of regulation is proteomics. The
awareness of protein abundance helps with understanding the
extent to which regulatory proteins and transcription binding
factors take part in the subsequent change that occurs in th
gene expression pro� le. For example, a proteome analysis o
recombinant xylose-fermenting yeast, comparing conditions in
which glucose or xylose was the carbon source, revealed th
metabolic � uxes in the acetate and glycerol pathway wer
signi� cantly different in cells growing on xylose compared with
those growing on glucose. Using isotope-coded af�nity tag, it
was shown that even small changes of protein synthesis i
genetically modi� ed yeast (deletion of the upf1 gene) in
comparison to the wild type can be detected on proteome level.
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Metaproteomics

The term metaproteomics was proposed by Wilmes and Bond
(2004) and can be de� ned as large-scale characterization of th
entire protein complement of environmental microbiota at
a given point in time. Metaproteomics presents some valuable
advantages over other omics technologies for functional anal
yses. Primarily, metagenomic data only account for the micro-
bial potential of a system and do not provide any insights into
microbial activity. On the other hand, metatranscriptomics is
one step closer to the identi� cation of active metabolic pathways
but does not allow for translational regulation to be taken into
consideration; indeed, a lack of correlation between mRNA
levels and proteins levels were documented.

Metaproteomics provides signi� cant insights into microbial
activity together with metabolomics, which is the study of the
intermediate and end-products of cellular processes. Typically
metaproteomic approaches involve up to seven main steps
Namely, sample collection, recovery of the targeted fraction
protein extraction, protein separation or fractionation, MS anal-
ysis, databases searches, and data interpretation. Prelimina
metaproteomic approaches in food was described for the bacte
rial proteins released into experimental Swiss-type cheeses in
the cheese matrix using isobaric tags for relative and absolut
quantitation (iTRAQ) labeling reagents. Cheeses were manufac
tured using micro� ltered milk and, as starter lactic acid bacteria
S. thermophilesITGST20,Lactobacillus helveticusITGLH1, and dairy
propionibacteria Propionibacterium freudenreichiITGP23. At three
ripening times, cheese aqueous phases were extracted and fr
tionated to separate the bacterial proteins from the major milk
proteins, mainly caseins,b-lactoglobulin, and a-lactalbumin.
Each fraction enriched in bacterial proteins was digested with
trypsin and labeled with speci� c iTRAQ tags, one per ripening
time. The labeled samples were mixed together and analyze
by nano-reversed phase LC coupled online with ESI-hybrid
time-of-� ight mass spectrometer (TOF-MS) and MALDI-hybrid
quadrupole TOF-MS. Proteins arising fromL. helveticusand
S. thermophilusas well as bovine proteins were identi� ed in the
aqueous phase of cheese. As expected, bovine proteins presen
the cheese aqueous phase remained constant and bacter
proteins increased in quantity throughout ripening. It produced
a reference map of a mixed bacterial population (L. helveticus,
L. delbrueckiissp.lactisandS. thermophilus) and identi � ed proteins
released into Emmental cheese after lysis of the lactic ac
bacteria. The analysis showed that some peptidases from
L. helveticusand S. thermophiluswere released into the cheese. Th
release of bacterial enzymes in the curd and the subsequen
documentation of casein degradation, both examined with pro-
teomics techniques, will be the next way to go for the more
applied (industrial) directions in product (quality) research.

In the context of human biology, metaproteomic approaches
also have the potential to identify marker proteins that may be
indicative of a healthy or a diseased state. The human GI i
colonized since birth by a large number of microbes, together
making a complex ecosystem, even considered an organ b
itself. Many studies indicate a pivotal role for the intestinal
microbes in carbohydrate metabolism, production of vitamins,
in� ammatory response regulation, fat metabolism, and other
biological processes of the human host. Although recent prog
ress was made in characterizing the genomes of around 20
intestinal species in the Human Microbiome Project, the vast
majority was not cultured. During the past decade, progress in
protein analysis has stimulated interest in proteomic analyses
As proteins are involved in biotransformation processes, pro-
teome analyses constitute a suitable way of characterizing th
dynamics of microbial functions. Despite the limited number of
investigations concerning the GI microbiota, these approache
have demonstrated their potential to provide functional
insights. Metaproteomics approaches therefore may becom
a useful tool to monitor the functional products of the GI
microbiota in relation to dietary interventions, length of life,
health, and diseases.
See also:Bio� lms;Cheese:Microbiology of Cheesemaking a
Maturation; Genetic Engineering;Lactobacillus: Introduction;
Lactococcus: Introduction;Saccharomyces: Saccharomyces
cerevisiae; Streptococcus: Introduction; Genomics;
Metabolomics;Molecular Biology:Microbiome; Identi� cation of
Clinical Microorganisms with MALDI-TOF-MS in a Microb
Laboratory;Molecular Biology:Transcriptomics.
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Introduction

Technological advancements in molecular biology methods
have, over the past 15 years, shifted the interest of microbiol
ogists from the study of a single gene and its products to more
global approaches that produce a signi�cant amount of bio-
logical data in a single experiment. These technologica
advancements have resulted in a wealth of publically available
genomic data through full genome sequencing projects for
different microorganisms of interest to food microbiologists,
such as foodborne pathogens, spoilage, and food-grad
microorganisms. Genomic data provide only indications of the
potential of a given microorganism in terms of metabolic
activities, survival in different conditions, virulence, and stress
response. While encoded within the genomic data, however
these features may never be expressed. For this reason, scient
are focusing not only on the generation of new genomic data,
but also trying to understand the true capabilities (e.g., meta-
bolic activities or virulence expression) of microorganisms, in
different environmental conditions, through the application of
transcriptomics. Transcriptomics is the analysis of the RNA
transcripts produced by the genotype at a given time tha
provides a link between the genome, the proteome, and the
cellular phenotype.

The central dogma of molecular biology describes the�ow
of information from DNA to RNA to protein. Synthesis of RNA
on a DNA template is called transcription and this step is by far
the most important for the regulation of gene expression in
living organisms. By analyzing the total RNA molecules of
a cell, termed the transcriptome, one may study the cellula
physiology by predicting cellular functions, active at a given
moment or in a speci�c environment. It is a molecular biology
approach, with applications in all the science�elds that deal
with living organisms, both prokaryotic and eukaryotic. It is
a global approach, which together with genomics, proteomics,
and metabolomics has evolved in recent years. The catalyst th
sparked the fast development of this approach is the increas
ingly available whole genome information of different organ-
isms and the technological improvement of instruments used
in transcriptomics. In food microbiology, transcriptomics have
found application to understand microbial behavior under
different environmental conditions. Three main areas of
particular interest may be identi�ed and are discussed in detai
in this chapter.
.

,

Transcriptomics of Foodborne Pathogens

It is of primal importance to understand how the food envi-
ronment in �uences the behavior of foodborne pathogens
Chemical composition, physicochemical parameters (i.e., pH
and water activity), presence of other microorganisms
conditions of storage and transport, and the preservation
techniques employed to improve food safety should be taken
into consideration. This understanding would allow for
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
modeling of the behavior of foodborne pathogens and
improve safety through a more robust risk assessment tha
considers behavior data. Food is the vehicle for foodborne
pathogens to enter the human body, and it is the consump-
tion of contaminated food that results in foodborne disease.
Therefore, the physiological state of a microorganism when
found in food, will play a role in its ability to cause disease to
humans. A current trend in the food industry, driven by the
pressing demand of consumers for minimally processed
products, is the use of mild preservation techniques or
combinations of them. The effect of such techniques on the
molecular response of foodborne pathogens has not yet been
investigated. It has long been known that sublethal food
preservation treatments in�uence the �tness of microbes
that are also able to develop cross-protection, that is
increased resistance to one environmental parameter, such a
low temperature of storage, when pathogens survive from
a sublethal treatment, such as increased osmotic pressur
With the application of transcriptomics, it is now possible to
unravel the molecular mechanisms behind these observations
and even more important to understand, and possibly predict,
how the virulence potential is in�uenced when microorgan-
isms are manipulated in such a way. Furthermore, microor-
ganisms are known to possess mechanisms that allow them to
respond to various stresses, and it has been demonstrated th
in foodborne pathogens, stress response is connected t
virulence. In this phenomenon, alternative sigma factors play
a major role, because they may activate molecular network
leading to both stress response and virulence. This has bee
demonstrated in Gram-negative pathogens, such asSalmonella
and Escherichia colias well as Gram-positive pathogens, such
as Listeria monocytogenes. In food, microorganisms are sub-
jected to various stresses and through transcriptomics it i
possible to study the effect of food on microbial stress
response and virulence.

Thus far, the application of transcriptomics to study the
behavior of pathogens in food has shown that a high degree of
intraspecies biodiversity exists, suggesting that not all repre
sentatives of one pathogenic species behave in the same wa
This has been proven forL. monocytogenes, which was one of the
�rst model organisms to study virulence and stress respons
gene expression, as well as for other pathogens, such asE. coli.
This �nding implies that in the future there will be a need to
shift from the enumeration of pathogenic microorganisms per
unit of food, to determine acceptability, toward an under-
standing of the behavior or the virulence potential of these
microorganisms in a particular type of food.
Transcriptomics of Spoilage Microorganisms

Microbial spoilage of food takes place when a speci�c (for each
type of food) organism, or group of organisms, grows and
produces metabolites that render the food unacceptable for
human consumption. Generally, the result is a change in the
78-0-12-384730-0.00436-5 803
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organoleptic pro� le of the food such as acidi� cation, slime
formation, off- � avors, and off-odors. Research so far ha
identi � ed major microbial groups (termed spoilage-speci� c
organism, SSO) responsible for spoilage of speci� c foods, the
metabolites responsible for spoilage development, as well a
the environmental parameters that in� uence spoilage devel-
opment. With this information, it is possible to predict spoilage
pattern, predict the shelf life of food products, and intervene to
expand such shelf life. Aspects that still require elucidation
include the effect of the environmental parameters on the
metabolic pathways that are responsible for the production of
metabolites that lead to spoilage and how these parameter
may be manipulated to regulate metabolic pathways and delay
or prevent spoilage. This information will allow for a more
sophisticated modeling of the spoilage process, not only based
on cellular physiology data but also studied by the appli-
cation of global approaches. These approaches include tran
scriptomics, to follow gene expression and how it is regulated
in a food environment; proteomics, to follow protein synthesis;
and metabolomics, to identify the whole of metabolites
produced during food storage. Integration of the results of
global approaches applied to study food spoilage will enhance
our understanding of the process and improve our ability to
control it. Currently, limited information is available on the
application of global approaches to study food spoilage and, to
our knowledge, no studies have been performed employing
transcriptomics.
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Transcriptomics of Food-Grade Microorganisms

Food-grade microorganisms are those that have a long histor
of safe use, mainly for the production of fermented foodstuffs.
They make part of the autochthonous� ora of the raw materials,
and under appropriate environmental conditions, they initiate
and complete the fermentation process. Fermentation has bee
used from ancient times as a way to preserve perishable ra
materials. Therefore, based on the availability of raw materials
different areas of the world are distinguished by different types
of fermented foods. In the twenty-� rst century, especially in the
dairy and wine industry, it is common practice to use starter
cultures. Whichever approach is used, the contribution of
the microorganisms responsible for the fermentation on the
� nal organoleptic characteristics of the product is funda-
mental. Furthermore, their competitiveness, metabolic activity
(production of organic acids), and their capability to produce
natural antimicrobials, such as bacteriocins, contribute to the
safety of the fermented products. For these reasons, unde
standing the cellular physiology and knowing the molecular
mechanisms that in� uence the persistence of a particula
microorganism during fermentation, will improve the safety
and quality of � nal products.
t

Methods Employed in Transcriptomics

Microarrays

RNA hybridization with DNA probes is a molecular approach,
which has long been employed by scientists to study gene
expression. Until about two decades ago, this was done on
a single-gene basis, using membranes on which the RNA wa
immobilized and subsequently subjected to hybridization in
a solution, with a DNA probe, speci� c for the gene under
investigation. Microarrays are based on the same principle, tha
is, hybridization based on complementarity of probe and target
sequences. Due to the high density of probes present on
a single microarray, however, they are used to analyze multiple
genes (theoretically all the genes present in the genome o
a microorganism) in a single assay and therefore have a hig
throughput capacity. A common microarray format is repre-
sented by a glass surface, the size of a microscope slide, o
which thousands of probes are spotted. The probes can b
polymerase chain reaction (PCR) products or oligonucleotides
and potentially represent each gene present in the genome o
the microorganism of interest. Total RNA extracted from this
microorganism can be reverse transcribed and labeled, and th
cDNA can be hybridized on the microarray to pro� le, in
a single hybridization assay, the expression of all genes i
a particular experimental condition. Microarrays have been
employed in vitro to study the physiological response of food-
related microorganisms, by determining gene expression, when
a particular environmental parameter is altered (e.g., pH,
temperature or water activity). Literature is rich on in vitro
microarray applications for L. monocytogenes, E. coli, Salmonella,
and Bacillusspp. Relatively recently, efforts have been made t
apply microarrays in situ (i.e., in real food). In this way, the
comprehensive effect of the food on the physiology of
a microorganism can be evaluated. Among the� rst microor-
ganisms that have been considered areL. monocytogenesand
Campylobacter jejuni.

More recently, a trend is developed toward more focused
subgenomic microarrays that target speci� c cellular functions,
for example, virulence regulons for pathogens or metabolic
regulons of interest for food-grade microorganisms. This trend
allows for application in a larger number of samples, compared
with whole-genome microarrays, and facilitates interpretation
of the data obtained.
RNA Sequencing

Alternatively to microarray hybridization, it is possible to
perform whole transcriptome sequencing, also termed RNA
seq, to study gene expression. This relatively novel approac
to the study of the transcriptome is based on next-generation
sequencing (NGS) platforms. NGS platforms are highly
automated, and have high throughput, with the ability to
produce gigabases of sequence information. They permit the
acquisition of sequence information of thousands of different
RNA molecules in a single sequencing run. Brie� y, different
RNA molecules are spatially distributed in two-dimensional
arrays of nanometer-scale, clonally ampli�ed, and sequenced.
It is possible to track the incorporation of single nucleotide,
for each type of RNA individually and in parallel. Compared
with classical sequencing, based on Sanger’s method, the
reads are shorter (30–400 nucleotides). With this parallel
approach to sequencing, it is possible to have high
throughput sequence information. The main advantage of the
sequencing approach, compared with the microarrays, is tha
the dynamic range of detection and quanti� cation of gene
expression is much wider (i.e., RNA transcripts of low
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abundance can be detected and quanti� ed in the presence of
highly expressed RNAs). Furthermore, it is theoretically
possible to follow the expression pro� le of genes for which
limited sequence information is available, whereas for
microarrays it is a prerequisite to have enough gene sequenc
information that would allow oligonucleotide design.
Conversely, while microarrays have been extensively use
in vitro and increasingly are being applied directly in food
samples to study gene expression, RNA seq is at its infanc
regarding food applications. At the moment, RNA seq has
been applied to study the response ofSalmonellato dehy-
dration-related stressin situ.
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Quantitative PCR

Generally, it is recognized that microarrays offer the possi
bility for whole genome discovery experiments; however, due
to the large number of biological information that results
from such experiments, they commonly are applied to a small
number of samples. On the other hand, when the goal is to
study a moderate number of genes in a number of samples
that range from a small number to hundreds, then quantita-
tive PCR (qPCR) is the appropriate method. qPCR allows the
monitoring, in real time, of the synthesis of an amplicon and
can be used to quantify the amount of a target DNA molecule
present in the initial ampli � cation mix. Therefore, by reverse
transcription of the RNA of a sample, qPCR can be used t
quantify the expression of a target gene. qPCR in food
microbiology has been exploited mainly for microorganism
quanti � cation purposes, especially for foodborne pathogens
Lately, efforts have focused on the use of qPCR to study an
quantify gene expression. Once again,L. monocytogeneshas
been among the� rst pathogens considered, but studies also
are available regarding the virulence gene expression ofE. coli
and C. jejuni.

Data from microarray experiments should be considered to
have a qualitative nature and if more precise, quantitative
information is required, validation with alternative approaches
is deemed necessary. qPCR currently is considered the go
standard for the validation of the results obtained by micro-
arrays. Commonly, genes that are highly expressed in a micro
array assay, are chosen and also tested by qPCR to con� rm and
quantify their expression.
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Challenges

Moving from studies of gene expression in pure cultures
(in vitro studies) to studies of gene expression of microorgan
isms in real food samples, or any other complex, environ-
mental sample (in situ studies), presents considerable
dif � culties. These dif� culties and the associated challenges fo
food microbiologists are related to the speci� city, sensitivity,
and possibility of data quanti � cation in such samples.
o

Speci�city

Most foods encompass microbial communities with represen-
tatives of different species of bacteria or yeasts and molds. S
far, the common approach used to study the effect of the food
matrix speci� cally on one species is the use of model matrices
which are either sterile or contaminated at a very low level. In
this way, it is possible to investigate the behavior of the
microorganisms of interest that are inoculated in these
matrices. This approach primarily has been employed in liquid
foods, such as wine and milk, that are easily heat or� lter
sterilized. Solid food matrices, such as meat-based products
remain a challenge, due to the dif� culties in eliminating the
autochthonous microbiota before conducting gene expression
experiments.
RNA Quality and Quantity

The single most critical parameter, which in� uences the quality
of the gene expression data obtained, and for which a margin o
improvement exists, is the quality and quantity of RNA
extracted from complex ecosystems such as food. RNA qualit
and quantity will determine the sensitivity of the assay and may
interfere with the speci� city and quanti� cation of the data. In
this context, it is important to recognize that certain microbial
groups, primarily foodborne pathogens, when present in
a food, constitute the minority of the total microbial commu-
nity. This means that to mimic real contamination levels and
study gene expression, foodborne species should be inoculate
at very low levels, in most cases not above 102 cfu g� 1 or ml of
food. This has not yet been achieved and, so far, studies con
cerning pathogenic species have been conducted with signi� -
cantly higher inocula.

Two main factors determine the quantity of RNA extracted.
The� rst is the lysis of target cells to liberate RNA molecules. Fo
cell lysis the two alternatives, which can be applied indepen-
dently or in combination, are the mechanical and chemical
treatment of the sample. The goal of this step is to lyse targe
cells in the most ef� cient way, without compromising the
quality of nucleic acids. The second factor that should be
considered when extracting RNA from bacteria, is that the
majority of the total RNA (about 80%), is represented by
ribosomal RNA (rRNA) and separation or enrichment of the
messenger RNA (mRNA) is not an easy task. Contrarily t
eukaryotic mRNA, which can be easily separated from rRNA
due to the presence of the poly-A tail, prokaryotic mRNA does
not present distinguishing features that would allow a straight-
forward separation.

RNA quality is a function of two factors: integrity and the
possible presence of inhibitors of subsequent steps. RNA i
susceptible to degradation (mechanical shearing, chemica
and enzymatic degradation) and particular attention is
necessary during extraction to limit as much as possible suc
deterioration of RNA quality. Use of RNase-free plasticware
RNA-dedicated laboratory equipment (such as pipettes
centrifuges, and benches that have been appropriatel
decontaminated), � ltered tips, and RNA stabilizing reagents
has proven useful in the prevention of RNA degradation.
Through the years of application of molecular methods in
food microbiology, it has been well documented that food
matrices contain several inhibitors (not all necessarily iden-
ti � ed but at least empirically known) that are coextracted
with the nucleic acids and may interfere with subsequent
manipulations. This is valid for PCR and qPCR but also
holds true for other applications such as hybridization and



l

re
g
-

ts

al

,

-

-

s

t
o

-

e
,

(a) (b)

Figure 1 (a) Agarose gel electrophoresis of RNA extracted directly
from food matrices, arti� cially inoculated withListeria monocytogenes.
Lane 1: Molecular weight marker, 2–4: RNA samples apparently
degraded, 5–6: Intact RNA samples. The RNA bands corresponding
the 23S and 16S molecules are indicated. (b) Graphical representatio
a capillary electrophoresis run (in a Biorad Experion system) of an R
sample. The two peaks represent the major rRNA molecules (16S a
23S) while a quality value (RQI:RNA quality indicator) is provided by
software; values above 8 correspond to excellent RNA quality.
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reverse transcription. Determining the presence of potentia
inhibitors in RNA preparations is not possible and RNA
integrity is commonly used as an indicator of RNA quality.
RNA integrity is veri� ed by agarose gel electrophoresis in
which the two main rRNA molecules (16S and 23S for
bacteria or 18S and 26S for yeasts and� lamentous fungi) are
visible and possible degradation can be assessed. Mo
accurate results can be obtained by systems employin
capillary electrophoresis (such as the Agilent 2100 Bio
analyzer of Agilent Technologies or similar instruments)
that also can perform quanti� cation of the RNA and, being
more sensitive, require small amounts of RNA for analysis
(Figure 1).

Signi� cant efforts have been made to improve RNA quality
and quantity, extracted from foodstuffs and in this way,
improve the quality of the data of transcriptomic studiesin situ.
It is increasingly being recognized that no universal protocol
exists and that RNA extraction requires optimization, based on
the combination of food matrix and microorganism to be
studied.
Figure 2 Meta-analyses employed to study the structure (DNA-base
Bioinformatics

Transcriptomic studies would not be possible without the
contribution of bioinformatics. The amount of information
collected in a single experiment cannot be handled manu-
ally, as was done in single-gene expression experimen
conducted before the omics era. The development of bio-
informatics science has been fundamental to the application
of omics in every � eld of science, from medicine to micro-
biology. It is no longer possible to envision the extraction of
biological information from a transcriptomics experiment
without the application of software that records, archives,
compares, and statistically treats the raw data. An essenti
outcome of the use of bioinformatics is the possibility to
interpret the results of transcriptomics and to link these
results with the results of other omics approaches, namely
proteomics and metabolomics, to describe cellular functions
and possibly predict cellular responses in conditions that
have not been tested experimentally. Advances in bio
informatics go hand in hand with the advances in the omics
approaches, and they are indispensable tools in under
standing cellular physiology.
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Advances in Food Transcriptomics

With the exception of heavily processed products, such a
heat sterilized canned products, most foodstuffs are complex
microbial ecosystems that harbor representatives of differen
species of bacteria and yeasts. It often is interesting t
understand which is the global response of the whole
microbial community of a food. This is mainly important for
fermented foodstuffs but also could be of interest to study the
spoilage process of a particular food. With the use of meta
transcriptomics, it is possible to analyze the collective tran-
scriptome of the microbial community present in a food
(Figure 2). To carry out a metatranscriptomic study, it is
possible to employ functional gene microarrays or perform
direct RNA sequencing. Functional gene microarrays ar
designed to encompass (functional) genes of relevance
depending on the study to be performed, which are present in
d) and activity (RNA-based) of microbial communities.
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multiple species. Therefore, the microarray is no longe
considered to be species speci� c, but rather is considered to
be function speci� c. In this way, it is possible to study the
global expression of functional genes, for example, carbohy
drate metabolism-related genes during fermentation or off-
� avor formation related genes to analyze the spoilage proces
Using microarrays implies previous knowledge of the mech-
anisms and microorganisms to study and requires sequenc
information to design appropriate oligonucleotides. On the
other hand, by RNA sequencing, potentially all transcripts can
be sequenced and no prior information, regarding microbial
ecology or genes involved, is necessary to study a particul
process. While functional microarrays start to be employed
for metatranscriptomic studies in food microbiology, mainly
focusing on understanding the behavior of microbial
communities in fermented foods, RNA sequencing has not
yet been applied. In the near future, with the increased
availability and decreasing costs of NGS platforms, RNA
sequencing also will contribute to deciphering molecular
mechanisms of complex food ecosystems.
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Introduction

Current consumer demand for high-quality food products
and the need for compliance with government regulations
and standards has pressurized the food industry to ensure tha
its produce are both pleasing to the palate and safe fo
consumption. To date, quality testing of foods has relied
almost entirely on conventional microbiological methods.
This involves isolating and enumerating bacteria from food
products on specialized microbiological media, yielding
results only after several days and repeated culture enrichmen
steps. Developments in the �elds of immunology and
molecular biology offer the potential to develop rapid, high-
throughput tests that will allow the food industry to make
timely assessments on the microbiological safety of its food
products. In addition to protecting public health, economic
factors play an important role in driving the development of
rapid testing methods for the food industry. Food producers
and processers are burdened with the cost of warehousin
perishable produce while awaiting clearance. In addition, the
potential economic impact of a product recall can be a serious
threat to the economic viability of a company. A faster turn-
around time of testing would allow foods to reach the market
sooner, which in turn could reduce producers’ costs and
extend the time food is on the shelf. This chapter outlines
recent developments in molecular biology and their current
and future applications for detecting and identifying existing
and emerging foodborne pathogens.
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Microbiological Analysis of Foods

The traditional method for isolating and identifying bacteria
from a food sample involves the homogenization of the food
sample in a buffer, its inoculation into enrichment or selective
media, and incubation for a predetermined period. This
enrichment is followed by another period during which the
broth is streaked on to selective or differential solid media to
yield isolated colonies. Presumptive positive colonies then are
con�rmed on the basis of their biochemical and
immunological characteristics. Typically, the detection of
foodborne pathogens using culture-based methods can tak
approximately 4 days, and con�rmation of a presumed positive
sample can delay clearance up to a week or more. Although th
advantages of traditional culturing methods are cost effective
ness, sensitivity, ability to con�rm cell viability, and ease of
standardization, the drawbacks are that they are labor intensive
and time consuming. A number of developments have helped
to speed up or automate these traditional procedures
including the addition of colorimetric –�uorimetric substrates
in media for enumeration of coliforms; the availability of
rehydratable nutrients eliminating the requirement for pour
808 Encyclopedia of Food
plates; the compilation and comprehensive packaging of
biochemical and morphological identi �cation kits, such as
Analytical Pro�le Index (API), BBL-Crystal, Biolog, and Enter-
otube; the correlation of simple and rapid indicators of
microbial viability such as adenosine triphosphate-biolumi-
nescence with hygiene standards; and the invention o
sophisticated machinery, such as Bactometer, Malthus, an
Rabit, for early detection of bacterial growth based on
measurement of impedance or conductance by the growing
culture in liquid media. Immunological enzyme-linked
immunosorbent assay test kits are available for a large numbe
of foodborne pathogens but, with detection limits of
104–106 cfu ml� 1, culture enrichment is required before
application of the tests.Figure 1 compares the steps and time
frames involved in conventional microbiological analysis
and molecular methods of food analysis highlighting the
signi�cantly shorter time to result for identifying foodborne
pathogens using molecular methods.
Nucleic Acid-Based Tests

Within each species of microorganism, there exist unique
nucleic acid signature sequences speci�c to that microor-
ganism. The genome also contains stretches of DNA
sequence that are homologous to all members of a family or
genus. The unique sequences that are particular to a speci
or genus can be exploited by nucleic acid-based diagnostic
(DNA or RNA) to determine the presence of that microor-
ganism in a sample. Ideally, these unique sequences shoul
be present in the cell at relatively high copy number, while
being suf�ciently heterologous at the sequence level to allow
for differentiation of the pathogen at both the genus and
species level.

A wide variety of genomic targets have been utilized to
date. These include multicopy genes, toxin-encoding gene
or virulence factors, and genes involved in cellular metab-
olism. Genes associated with virulence commonly are used
to identify pathogenic microorganisms from food produce
samples – listeriolysin in Listeria monocytogenes, cytotoxin
gene in Vibrio cholerae, neurotoxin genes in Clostridium
botulinum, and verotoxin-encoding genes inEscherichia col.
The ribosomal RNA represents an attractive target for DNA
probe design as it is present in multiple copies in most
organisms, with the exception of slow-growing mycobac-
teria, which have one copy per cell. This region contains
stretches of conserved sequence interspersed with variab
sequence regions, providing the scope to design single
stranded DNA probes providing the broad-ranging or
speci�c target detection an assay requires. Other targe
include genes encoding for �agellar proteins and outer-
membrane antigenic proteins. These DNA probes can b
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00225-1
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Figure 1 Steps and time frame involved in conventional microbiological analysis and molecular methods for the detection and identi�cation of
foodborne pathogens.
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employed directly in hybridization assays or may be
combined with an in vitro ampli � cation step to detect
speci� c pathogens present in the food sample.

Numerous techniques and technologies based on nuclei
acids have been developed. These include direct DNA probe
polymerase chain reaction (PCR, real-time PCR, nested PC
Reverse Transcription PCR), ampli� cation of the hybridizing
probe (e.g., ligase chain reaction and Qb replicase ampli� ca-
tion), ampli � cation of the signals generated from hybridizing
probes (e.g., branched DNA and hybrid Capture), and tran-
scription-based ampli� cation (e.g., nucleic acid sequence
based ampli� cation (NASBA) and transcription-mediated
ampli � cation (TMA)).
ed
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Direct Hybridization Assays

DNA probe direct hybridization assays generally follow two
basic formats. In the � rst format, direct colony hybridization
involves impression transfer of bacterial cells as primary colony
isolates onto a nylon or nitrocellulose membrane. Alkaline
treatment of the membrane releases the organism’s DNA as
single-stranded molecules that are� xed onto the membrane by
baking or by brief exposure to ultraviolet (UV) light. The DNA
probe is labeled, formerly, by radiolabeling but more recently,
and more appropriately for wide-scale use, by nonisotopic
labels such as biotin or digoxigenin. The labeled probe is
hybridized to the membrane containing the bound DNA using
conditions dictated by the DNA probe length and nucleotide
composition, which, combined with temperature and salt
concentration, determine the assay stringency to allow the
probe to bind speci� cally to its appropriate target.

In the second format, the DNA probe is linked to the
membrane or a microtiter solid phase as a capture probe and
the DNA is released from the bacteria and is hybridized using
reverse hybridization kinetics to this capture probe. This
probe–DNA hybrid can be detected by the addition of a second
tagged reporter probe, increasing the sensitivity and speci� city
of the assay. These assays do not require sophisticat
equipment and are simple to perform, but since they have
a detection limit of 10 4–105 bacterial cells, they require selec
tive enrichment of the target organism from food for up to 48 h
before probe hybridization.

Direct nucleic acid probe hybridization tests are applied
widely in food-testing laboratories. Fluorescent in situ
hybridization (FISH) is an example of a direct detection
method commonly utilized by laboratories to detect the
foodborne pathogens L. monocytogenesand Salmonellaspp. A
number of hybridization assays for foodborne pathogens are
described in the literature, including FISH assays with the
capability to detect Helicobacter pylorifrom bovine milk. Bio-
Mérieux Industry (Marcy l’Etoile, France) markets ACCUP
ROBE,Campylobacterand L. monocytogenesdetection assays
which rapidly identify these organisms based on patented
hybridization assays.
AmpliÞcation-Based Methods

The application of a test or assay for foodborne pathogen
identi � cation and detection that includes an in vitro ampli � -
cation step has the potential to increase the speed and sens
tivity of food quality testing, facilitating more expedient release
of products from the industry. In vitro ampli � cation technolo-
gies are designed to amplify either a target nucleic acid o
a detection signal. Although PCR has been adapted mos
widely for these rapid tests, a number of other ampli� cation
technologies are being developed, adapted, or incorporated
into tests for foodborne pathogens. These include the following
described techniques.
Strand Displacement Ampli�cation

Strand displacement ampli� cation (SDA) is an isothermal
reaction exploiting the ability of DNA polymerase to initiate
polymerization at a single-stranded nick following restric-
tion enzyme digestion of the duplex DNA leading to the
generation of a new strand yielding two templates for
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second-round synthesis with a capability of producing 107–
108 copies of the original target in 2 h. SDA is the basis of
several commercial detection systems applied in clinica
diagnostics. Methods have been published that detectE. coli
O157:H7 and other enterohemorrhagic serotypes from
contaminated water supplies using strand displacemen
ampli � cation.
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Transcription-Mediated Ampli�cation

TMA involves the isothermal ampli� cation of rRNA by
reverse transcription and subsequent generation o
numerous transcripts by RNA polymerase. Following
ampli � cation, these RNA copies are hybridized with
a complementary oligonucleotide probe for detection via
a chemiluminescent tag (Figure 2). TMA produces 100–
1000 copies per cycle, resulting an a 10 billionfold
increase within 15–30 min. TMA is popular in clinical
diagnostics with numerous commercial tests based on the
technique available to clinical laboratories. The technique
also has been investigated by laboratories and researc
groups concerned with food and water safety. Researc
assays have been published that detectEnterococcusspecies
from environmental water. Gen-Probe (San Diego, CA)
developed a TMA assay to detectListeria, Salmonella, and
Campylobacterfrom multiple food samples. In this system,
food samples are � rst lysed to release ribosomal RNA
which are captured using poly-A-linked speci� c probe and
(a)

Reverse
transcriptase

Reverse
transcriptase

Anti-sense RNA

Primer 1

Primer 2

Primer 2

Reverse
transcriptase

RNA polymerase

Reverse
transcriptase

RNase H
Primer 1

Nucleic acid sequence-based amplification

Figure 2 Schematic representation of (a) nucleic acid sequence-bas
technologies. Both isothermal methods combine the activities of reve
polymerase, leading to billionfold target ampli� cation.
subsequently are puri�ed from the food matrix using
magnetic particles coated with poly-T. The puri� ed rRNA
samples then are ampli� ed using real-time TMA with � uo-
rescent-labeled molecular beacons.

Ligase Chain Reaction

The ligase chain reaction covalently ligates two selecte
probes with 30 and 50 ends that are immediately adjacent
following homologous binding to the target DNA. Ligation of
the two probes generates a new target for second-roun
covalent ligation, leading to geometric ampli� cation of the
target of interest. At present, there are no commercial system
centered on ligase chain reaction. Abbot Diagnostics (Illinois,
United States) has discontinued a clinical diagnostic assa
that utilized the technology. The technology has been
demonstrated for the detection of food pathogens such as
Listeriaand Salmonellaspp.
Qb Replicase Ampli�cation

Qb replicase, the RNA-directed RNA polymerase from Qb
bacteriophage, increases the amount of target RNA present
a sample. A specialized detection probe containing stretches o
DNA complementary to the target of interest and to Qb is
constructed for hybridization to the target nucleic acid while
the addition of Q b replicase increases the detection prob
signal, indicating the presence of the target RNA in a sample
(b)

Promoter
primer

rRNA target

Reverse
transcriptase

DNA
RNA

DNA

Primer 2

RNA polymerase

RNA

Primer 2

Promoter
– P rimer

DNA

RNase H

Transcription-mediated amplification

ed ampli� cation (NASBA) and (b) transcription-mediated ampli� cation (TMA)
rse transcriptase and RNA polymerase to generate cDNA intermediates for RNA
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The technique commonly is used to detectMycobacterium
tuberculosis.
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Nucleic Acid Sequence-Based Ampli�cation

NASBA or 3SR is an isothermal ampli� cation system
combining RNA polymerase with reverse transcriptase to
generate a cDNA intermediate containing a T7 bacteriophage
promoter as a target for T7 RNA polymerase. Increases o
greater than 108 copies of the target in 30 min have been
reported (Figure 2). NASBA methods designed to detec
pathogenic bacteria from food samples have been published
for Campylobacterspp.,L. monocytogenes, and Salmonella. These
tests use 16s rRNA and various mRNA’s as target molecules
Several studies that utilize NASBA to detect Norovirus in
shell� sh also have been published. Real-time NASBA assa
using molecular beacons have been developed for the dete
tion of foodborne pathogens by targeting the 16S rRNA and
a variety of mRNA targets. These assays usually can det
approximately 101–102 cfu ml � 1 in pure culture and as few as
100–103 cfu in various food samples if preceded by culture
enrichment. Real-time NASBA assays also are capable of d
tinguishing between viable and nonviable bacterial cells, an
important consideration when testing for foodborne
pathogens.
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2

5' 3'
3' 5'

Denaturation
and annealing
Branched DNA Technology

The sensitivity of direct detection can be increased by usin
specialized branched DNA (bDNA) probes. The bDNA
molecule essentially resembles a tree that binds to the targe
complex. Each tree contains 15 branches in a staggere
array, allowing maximum binding of the detection
substrates in the last step of the assay and thereby signi� -
cantly increasing the sensitivity over single-probe binding
(Figure 3). Although predominantly associated with viral
detection and quanti� cation in clinical diagnostics, bDNA
technologies have been applied in conjunction with
DNA/RNA

Hybridize
probes to
DNA/RNA

Solid-phase
binding of

probes

Hybridize
bDNA

amplifier

Add enzyme-labeled
probes and substrate

Figure 3 Branched DNA (bDNA) signal ampli� cation is a technology for
increasing sensitivity of direct detection using specialized bDNA prob
nanotechnology to detect viral pathogens that endanger the
viability of food crops.
Polymerase Chain Reaction

PCR is currently one of the most widely employed techniques
to complement classical microbiological methods for the
detection of pathogenic microorganisms in foods. PCR is anin
vitro technique used to amplify a speci� c segment of DNA.
Each reaction cycle consists of three steps. The� rst involves
the separation of the double-stranded DNA to be used as
a template by heat denaturation. The second is an annealing
step, in which the temperature is lowered to allow a pair of
speci� c oligonucleotide primers to bind to the template DNA.
The third and � nal step is the extension of the primers with
a thermostable enzyme, DNA polymerase (Figure 4). Subse-
quent cycles involve further denaturation and extension steps
during which the original target region is ampli� ed in addi-
tion to the ampli � cation product. Because newly synthesized
copies also serve as templates for subsequent rounds
synthesis, the amount of DNA generated increase
exponentially.

Detection of ampli � cation products can be carried out using
gel electrophoresis, ethidium bromide staining, and visual
examination of the gel using UV light. Southern blotting and
hybridization with a speci� c DNA probe can follow electro-
phoresis, allowing con� rmation of the identity of the PCR
product. Colorimetric or � uorimetric hybridization of ampli-
� cation products also can be carried out using speci� c DNA
es.

3

Primer annealing

+ Taq / MgCl2 /dnTPs

Primer extension

5' 3'

3' 5'

5' 3'

3' 5'

5' 3'

3' 5'

5' 3'

3' 5'

Figure 4 The polymerase chain reaction. A speci� c sequence of DNA is
chosen for ampli� cation. The strands of DNA are separated by heating,
and oligonucleotide primers anneal to their complementary sequence on
the separated strand. New strands of DNA are synthesized, using the
original strands as templates, by the enzymatic polymerization of DNA by
a thermostable enzyme in the presence of MgCl2 and excess deoxyribo-
nucleotide triphosphates.
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probes bound to solid phases, such as microtiter plates
allowing rapid and simpli � ed detection.

In recent years, the basic PCR technique has bee
combined with � uorescently labeled probe hybridization in
a single reaction allowing real-time monitoring of the target
ampli � cation, real-time PCR. The demand for faster and
more accurate detection methods has seen the application o
real-time PCR to food testing. Unlike conventional PCR,
which relies on end-point analysis, real-time PCR allows the
simultaneous ampli� cation and detection of a target
sequence, thereby reducing assay time to less than 1 h. Re
time PCR also has the capacity to be used as a quantitativ
measure of bacterial load in a food sample. In general, real
time PCR is based on� uorescent resonance energy transfe
which occurs when a donor � uorophore transfers energy to
an acceptor � uorophore in its proximity. The emitted � uo-
rescent signal is directly proportional to the amount of PCR
product generated and thereby allows real-time monitoring
of the reaction. The detection formats that have been used in
real-time PCR are either nonspeci� c or speci� c. Fluorescent
dyes such as SYBR� Green intercalate with the PCR product
during ampli� cation in a nonspeci� c manner. On the other
hand, � uorescently labeled nucleic acid probes that are
directed to hybridize to a speci� c target sequence confe
a high degree of speci� city to real-time PCR. Protocols for the
detection of foodborne pathogens employ a variety of probe
chemistries, including TaqMan, HybProbe, molecular
beacon, and Scorpion probes.

For the detection of microorganisms in food using PCR
assays, the two important criteria are sensitivity and speci� city.
Speci� city is determined by the sequence of the oligonucleo-
tide primers used and the annealing temperature. Primers mus
be designed carefully to ensure ampli� cation of a single speci�c
region. If the annealing temperature is too low, the primers can
bind nonspeci� cally to the template and several regions may be
ampli � ed. Speci� city of PCR assays can be increased by DN
probes that only recognize the correctly ampli� ed target DNA.
The sensitivity of PCR depends on the reaction conditions
used, the food matrix, and the post-PCR detection method
employed. Sensitivity is in� uenced considerably by the food
matrix, and detection limits using pure cultures of microor-
ganisms can be signi�cantly greater than those achieved in food
samples. As a method, real-time PCR satis� es the food indus-
try’s key requisites for sensitivity, speci� city, and rapidity,
allowing the detection of a single contaminating organism in
a food sample within hours of sampling.
y
s
,

Application of PCR in Food Samples

PCR and real-time PCR techniques are widely employed b
food-testing laboratories. Assays are available from numerou
biotechnology and life science companies. For example
Qiagen (Hilden, Germany) manufactures real-time PCR
assays for the detection ofCampylobacterspp., Listeriaspp.,
Salmonellaspp., Shigellaspp., and Shiga toxin–producing E.
coli. iQ-Check� from Bio-Rad Laboratories (Hercules, CA)
offers real-time PCR kits to detectCronobacterspp., Campylo-
bacterspp., E. coliO157:H7., Listeriaspp., andSalmonellaspp.
from food and environmental samples. Results are available
within 24 h following a single enrichment in a selective
medium. The Listeria spp. kit has a detection limit of 1–
10 cfu/25 g sample. The automated BAX� System from
Qualicon (Wilmington, DE) detects Salmonella, Listeria
species,L. monocytogenes, E. coliO157:H7, and STEC,Crono-
bacter, Campylobacter, Staphylococcus aureus, and Vibrio as well
as yeast and mold from raw ingredients,� nished products,
and environmental samples. Several detailed reviews of PC
assays for the detection of microorganisms in foods have
been published.

PCR is prone, however, to producing false-negative result
due to a sensitivity to inhibiting substances associated with the
sample matrix. Another potential limitation of PCR as a diag-
nostic method is its inability to distinguish between viable and
nonviable organisms. Studies have shown that DNA persist
long after bacterial cell death and that this DNA from nonvi-
able cells ampli� ed during PCR may lead to a false-positive
indication of bacterial contamination. The inclusion of
a preenrichment step before PCR increases the number of targ
cells in the media, dilutes the inhibitory effects of the food
matrix, and con� nes detection to viable and culturable cells.
The use of intact RNA as target also has been suggested
distinguish between dead and living cells; however, the isola-
tion of RNA is technically more dif� cult than isolation of DNA
as RNA is considerably less stable, which makes it more dif� cult
to manipulate.

One of the main problems associated with the use of PCR
assays for food samples is the presence of PCR inhibitors in th
food. False-negative results may occur for a variety of reason
including (1) nuclease degradation of target nucleic acid
sequences or primers, (2) the presence of substances whic
chelate divalent magnesium ions necessary for the PCR, and (3
inhibition of the DNA polymerase. The degree of inhibition
varies greatly with food type. Studies have shown that high
levels of oil, salt, carbohydrate, and amino acids have no
inhibitory effect, whereas casein hydrolysate, calcium ions and
certain components of some enrichment broths are inhibitory
for PCR. The removal of inhibitory substances from DNA to be
ampli � ed is an important prerequisite to successful PCR
ampli � cation.

Several methods of sample preparation have been reported
including � ltration, centrifugation, use of detergents and
organic solvents, enzyme treatment, immunomagnetic capture
and sample dilution. Inhibition of PCR by substances present
at low concentrations can be overcome by diluting the food
sample before ampli� cation. Dilution of the sample, however,
results in a corresponding decrease in cell numbers, with
consequent reduction in PCR sensitivity.

Centrifugation is another technique that has been used to
remove inhibitors from food samples. A disadvantage of this
technique is that large particles in the food may trap bacteria as
they settle. Buoyant density centrifugation (BDC) recently has
been used to overcome the problem of inhibitory substances in
food. This is achieved by layering food homogenates on top of
Percoll� media. Following centrifugation, food particles
remain in the upper part of the tube while the organisms of
interest are concentrated below the light Percoll� layer
(Figure 5). Separation of target organisms and PCR inhibitors
using � ltration can be based on differences in solubility or
molecular weight. Large particles, however, may clog� lters and
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Figure 5 Buoyant density centrifugation (BDC) as a sample preparation method. Food homogenates are applied to the Percoll® media gradient.
Following centrifugation, food particles remain in the upper Percoll® layer and bacteria are concentrated in the lower layers.
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inhibitory substances may be concentrated together with the
bacteria that are being isolated. A commonly used sample
preparation method is lysis of bacterial or viral cells to release
nucleic acids, making them available for PCR. Methods of lysis
include heating; the use of detergents, such as sodium dodec
sulfate and Triton X-100; and proteases, such as proteinas
K. Puri� cation of DNA sometimes is carried out following lysis.
The DNA is puri� ed and concentrated by organic solven
extraction and then precipitated using ethanol. Although such
a step may remove PCR inhibitors found in food samples,
organic solvents generally are not considered suitable fo
routine use.

A user-friendly method for the separation of organisms
from inhibitors is immunomagnetic separation (IMS).
Magnetic particles coated with antibodies to the organism of
interest can be used to capture organisms from the food sampl
for inclusion directly in the PCR. Speci�city will be determined
by the antibody used for coating the magnetic particles. A
potential problem is that certain food components can inter-
fere with the antibody–organism interaction.

The inclusion of an isothermal ampli� cation procedure in
place of PCR may prove useful in terms of less stringen
requirements for the preparation of the sample and removal of
inhibiting substances before ampli� cation. In the clinical
sector, for example, it has been demonstrated that thes
isothermal methodologies seem to be less affected b
substances that are inhibitory to PCR.

The type of sample preparation method that needs to be
used depends on the food being analyzed. Certain foods ar
more problematic than others. Soft cheeses can completel
inhibit PCR assays. Calcium ions in milk also have been
identi � ed as a source of PCR inhibition. It is obvious therefore
that no one method of sample preparation can be applied to
all food types. Sample preparation methods for routine use
must be rapid, safe, and user friendly, particularly if they are
to be used for analysis of a large number of samples. Most o
the PCR assays currently applied to food samples includ
a preenrichment step of 18 h or more to increase cell numbers
while diluting potential PCR inhibitors present in the food
matrix: Researchers using this strategy have reported th
successful application of PCR tests on a broad range of foo
matrices.
To safeguard against false results the International Stan
dardization Organization (ISO) has stipulated the inclusion of
an internal ampli � cation control (IAC) in assays for the
detection of foodborne pathogens. The IAC is a nontarget DNA
sequence that is coampli� ed during a PCR reaction. The IAC is
expected to be detected irrespective of the target test resu
A negative IAC result signals a malfunction or inhibition of
PCR and� ags the test result as potentially false.
Future Developments

To date, there is no single automated method applied in
foodborne pathogen screening that is rapid, sensitive, speci� c,
quantitative, capable of multiplex detection, and able to
distinguish between live and dead cells at low cost. Recen
developments in microarray and biosensor technologies are
promising in terms of rapidity, speci� city, throughput, and
real-time monitoring; however, they lack the sensitivity
required for the detection of single pathogens in complex food
matrices.

Microarrays are powerful screening tools due to their high
probe density, which can be printed onto a single chip. This
ability to immobilize large numbers of oligonucleotides probes
onto a single chip allows for simultaneous detection of
multiple organisms and species types in a single experiment
This makes microarrays particularly suited to multiorganism
detection and molecular typing. The high cost of instrumen-
tation and the need for preenrichment to enhance sensitivity of
detection of low cell numbers, however, to date has limited the
widespread application of microarrays to foodborne pathogen
testing.

Biosensors are analytical devices that consist of a bio
receptor element and a transducer element. The biorecepto
recognizes the target and the transducer converts this biologica
response into a measurable electrical signal. Most bioreceptor
belong to the enzyme, antibody, or nucleic acid category. The
signal transducers produce can be optical, electrochemica
thermometric, piezoelectric, magnetic, or micromechanical.
Detection of the signal can be direct by using a single ligand, for
example, an antibody. Indirect detection consists of two
ligands, one functions to capture the target and the second
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generates the signal. This type of biosensor system has th
potential to overcome one of the main limitations of applying
this device to complex matrices. Nonspeci� c binding of
molecules to receptors reduce the sensitivity and speci� city
below the required level necessary for food microbiology
applications. A second recognition component in the form of
a labeled oligonucleotide probe has the potential to enhance
speci�city of the assay.

Despite signi� cant technical developments in food
microbial diagnostics to produce speci�c and sensitive
assays, most protocols are still reliant on time-consuming
cultural enrichment steps. There is a need to develop pre
analytical sample-processing methods that speci� cally sepa-
rate and concentrate microbial targets from complex food
matrices prior to detection. Currently, IMS and other bio-
af� nity ligands – such as bacteriophage, carbohydrates, an
apatamers– are being assessed for their potential in sample
preparation protocols. An effective target capture method
would pave the way for the application of downstream
automated, real-time detection assays, such as biosenso
microarrays, and real-time PCR. A number of companies ar
investing signi� cant resources in the development of such
instrumentation and also, where possible, automating the
process of sample preparation such that a single instrumen
includes modules for sample preparation, PCR ampli� cation,
and PCR amplicon detection, and the test sample is moved
through these steps by robotic arms. The operator is simply
required to ensure that the instrument is supplied with
reservoirs of reagents to allow it to process up to 50 sample
in a single run and to interpret the test results on completion.
The emergence of this next generation of highly informative
diagnostic tools will bring speed and simplicity to the anal-
ysis of nucleic acids and the applications for such invaluable
technologies will be innumerable.
of foodborne
y Advances 28,
See also:Biosensors– Scope in Microbiological Analysis;
Campylobacter: Detection by Cultural and Modern
Techniques;Listeria: Detection by Colorimetric DNA
Hybridization;Listeria:Listeria monocytogenes– Detection by
Chemiluminescent DNA Hybridization;Nucleic Acid–Based
Assays:Overview; PCR Applications in Food Microbiolog
Vibrio:Standard Cultural Methods and Molecular Detect
Techniques in Foods;Water Quality Assessment:Modern
Microbiological Techniques;Detection of Food- and
Waterborne Parasites:Conventional Methods
and Recent Developments; An Introduction to Molecula
Biology (Omics) in Food Microbiology;Identi� cation
Methods:Real-Time PCR.
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Introduction

Monascus(Figure 1) was classi�ed and named in 1884 by the
French scientist van Tieghem. The genusMonascusbelongs to
the family Monascaceae, order Eurotiales, class Ascomycet
phylum Ascomycota, and kingdom Fungi. To date, 58Monascus
strains have been deposited in the American-Type Cultur
Collection. Most strains belong to only three species:Monascus
pilosus, Monascus purpureus, and Monascus ruber. In Asian coun-
tries, the application of Monascusspecies in food dates back
over thousands of years. Several names, including Hon-Ch
Hong Qu, Dan Qu, Anka, Ankak rice, Beni-Koji, red koji, red
Chinese rice, red yeast rice, and red mold rice (RMR), are use
as synonyms for this food product. Monascusspecies exis
widely in soil, starch, grain, dried�sh, surface sediments of the
river, and the roots of pine trees.

Monascusspecies are homothallic and capable of sexua
reproduction. The steps involved are the following: (1)
Antheridia form an extended tube-type multicore cell; (2) while
forming antheridia, ascogonium appears at the bottom of
antheridia from hyphal cells; (3) the upper and lower parts of
ascogonium separate and formtrichogyne; (4) after the fusing
of antheridia and trichogyne, the core of antheridia enters
trichogyne, and at the meantime, the existing cores in trichogyne
disappear before the antheridia core enters; (5) empty anther
idia start to wither and the core in trichogyne moves to asco-
gonium through small pores; (6) ascogonium gets enlarged and
the cores are in pairs and start to form 11 ascogenous hypha
Figure 1 The morphology ofMonascus. Appearance ofMonascusin
(a) plate and (b) slant, (c)Monascusunder microscope.

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
and generate small number of ascus; (7) under the sexual organ
there are peridial wall cells that generate uncovered ascogenou
hyphae in one or two layers and form a totally enclosed ascus. A
this time, the ascus membrane and ascogenous hyphae a
melted and disappeared. The isolated ascospores deposit
ascogonium and�nally are released through the regeneration o
peridial cell walls and start their new life cycle (Figure 2).

Anciently, Monascusare said to treat indigestion and
enhance blood circulation and to invigorate the spleen and
the stomach. In the Daily Herbal, Wu Re from the Yuan
Dynasty advised that“red mold rice wine will remove blood
stasis and improve the ef�cacy of drugs.” The section on‘Dan
Qu’ in Tian Gong Kai Wu, written by Song Ying Xing in the
seventeenth century, not only points out the use of�ne white
rice in the making of RMR, but also twice records the control
procedures after the steaming and inoculation, which provide
important guidance of koji management for modern
manufacturing.
Asexual
propagation

Sexual
propagation

(a)

c

(b)

(c)

p
a
as

(h)

(i)

(j)

Figure 2 Life cycle ofMonascusspecies. (a) and (b): Ascospore forms
vegetative hyphas; (c)–(g): formation of reproductive organ and devel-
opment of ascogenous hyphae; (h) and (i): matured ascogonium; and (j):
asexual reproduction of one-celled conidia. an, antheridia; p, peridial wall
cells; ag, ascogonium; a, ascos; tg, trichogyne; as, ascospore; ah,
ascogenous hyphae; c, conidia.

78-0-12-384730-0.00226-3 815

http://dx.doi.org/10.1016/B978-0-12-384730-0.00226-3


by
-

,
l

,
f

.
e

-

816 Monascus-Fermented Products
Red Mold Rice

Monascus-fermented products, especially those produced
solid-state rice fermentation, have been used as food color
ants and dietary material for more than 1000 years. In most
Asian economies, including China, Taiwan, Japan, Thailand
and the Philippines, Monascusspecies are used as traditiona
additives to preserve meat and� sh, and they frequently are
used as a� avoring agent for a variety of Chinese dishes and
drinks by reason of their � avor, aromatic fragrance, and vivid
red color. Roast duck and pork, fermented bean curd
preserved dry� sh, and vegetable pork stew are examples o
recipes using Monascus-fermented rice.Monascusspecies
widely is used as a starter culture for brewing red rice wine
Monascus-fermented rice, also known as red mold ric
(RMR), is a common foodstuff and traditional health remedy
in Asia. Most of the microorganisms that produce RMR are
M. purpureus.
,
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Liquid or Submerged Cultivation

Various culturing parameters, including water supplemen-
tation, temperature, carbon and nitrogen sources, medium
components, and pH values, have been reported to in� u-
ence the production of Monascussecondary metabolites by
liquid or submerged fermentation. The cultural conditions
for maximum pigmentation were found to be 5% rice
powder with 3.5% starch content as the carbon source, 0.5%
sodium nitrate or potassium nitrate as the nitrogen source,
an initial pH of 6.0, and a temperature of 32 � C. Rice
powder gave higher pigment production and moreMonascus
dry weight than rice starch, which indicates that the minor
compositions in the rice kernel can bene� t fungal growth
and pigmentation. Corn powder gave a higher fungal dry
weight than rice powder but had poor pigment production.
The addition of 1–2% alcohol during incubation has
a favorable effect on the pigment production. During culti-
vation, the medium pH is around 6.5 when using yeast
extract or nitrate as the nitrogen source, resulting in the
formation of red pigments. Meanwhile, when ammonium or
ammonium nitrate is used, the pH is around 2.5, resulting
in orange pigments.

The oxygen concentration during submerged cultivation
also affects the biosynthesis ofMonascussecondary metabo-
lites. In oxygen-limiting incubation, pigment and citrinin
production are growth related, with both biosynthesized as
primary metabolites. Under conditions of excess oxygen
however, citrinin is produced as a secondary metabolite
primarily during the stationary phase. In contrast, pigment
formation decreases dramatically during the incubation
because of partial inhibition by metabolites produced in
aerobic environments, such as L-maltose, succinate, and
dicarboxylic acid.

Other components in the cultural medium also affect
pigment production. For instance, the addition of leucine to
the culture medium has been shown to interfere with the
production of red pigment. The absence of potassium phos-
phate in the medium also depresses red pigment production in
the culture of M. pilosus.
Solid-State Fermentation of RMR

The major method of RMR production is still by traditional
solid-state fermentation on cooked whole rice kernels. The
production of RMR begins with steaming the rice grains to
a semigelatinized state. After inoculation by the Monascus
starter, the rice grains are incubated in a temperature-controlled
chamber and regularly are� ipped and dampened during the
entire fermentation process, until the center of the rice becomes
a deep red color. The contemporary method is as follows: day
1, slant culture and inoculation; day 2, turning and mixing; day
3, � rst watering; day 4, second watering; day 5,� nal watering;
day 6–7, maturation; days 8–9, drying; and day 10, � nished
product (Figure 3). Moisture and temperature are the most
critical parameters dominating the quality of RMR. To appro-
priately control both parameters, the rice grains are conven
tionally covered by cotton clothes to maintain the water
content and heat, which are dissipated by the temporary
removal of the cotton clothes. The temperature of the
fermentation mixture should be maintained at 30–35 � C to
favor the best propagation and mycelial growth. The rice grains
are � ipped daily to ameliorate the heat generated from
microbial metabolism. A regular fermentation procedure
usually takes 6–7 days until the center of the rice becomes
a deep red color. The� nal product traditionally is sun dried or
oven dehydrated at 45� C for 24–48 h in storage. The moisture
content of the � nal product should be about 10%.

The ingredients of RMR are affected signi�cantly by
fermentation conditions. Although manufacturers of RMR
heavily rely on experience, with the quality varying from lot to
lot, the critical parameters in controlled cultivation have only
just been recognized. Successful production of RMR often i
determined by the following factors: the type of substrates, the
selected Monascusstrains, the temperature and moisture
content of the fermentation mixture throughout the process,
and the control of contamination factors. In terms of control-
ling the water content during RMR production, the optimal
substrate humidity should be adjusted initially to approxi-
mately 40–50% and maintained by temporarily moistening the
substrates in favor of fungal growth, while a lower initial
moisture content (25–30%) helps to keep a low glucoamylase
activity. Suf� cient aeration is also a key parameter inMonascus
secondary metabolites generation. For example, pigmen
formation was shown to be dramatically blocked when excess
CO2 accumulated in the incubator. Suf� cient aeration is
achievable by stirring the fermentation mixture on bamboo
trays every 2 h to separate the grains from agglomerates. Th
separation mostly is carried out at a laboratory scale by shaking
the substrates in� asks or dissipating the CO2 in plastic bags.

For increasing the bene� cial secondary metabolites and
decreasing the toxic components, random mutations have
been screened inMonascusand have been used to acquire
a genetically modi� ed strain with higher monacolin K
productivity and lower citrinin content. In a culture of
M. purpureusNTU 601, the addition of 0.5% ethanol as the
carbon source tripled the monacolin K content, elevated the
g-aminobutyric acid (GABA) production to sevenfold, and
reduced the citrinin content. Moreover, substrates suitable for
the production of speci� c metabolites have been studied.
For example, Dioscorea batatasDecne is reported to be an
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Figure 4 The appearance from different types of fermented substrates. The appearance of red mold rice (left) and red mold dioscorea (right) after
inoculation for 2 and 7 days.

Figure 3 Production of red mold rice. The method for producing red mold rice is as follows: day 1, inoculation; day 2, turning and mixing; day 3,� rst
watering; day 4, second watering; day 5,� nal watering; days 6–7, maturation; days 8–9, drying; and day 10,� nished product.
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enhancer substrate forMonascusspecies in the production of
monacolin K and the yellow pigments monascin and anka-
� avin (Figure 4).
r

Secondary Metabolites of RMR

RMR contains various chemical components, some of which
have been puri� ed and identi� ed, including monacolins,
citrinin, GABA, pigments, and dimerumic acid. Their practical
use and bioactive functions recently have been discovered, an
each of them will be introduced and discussed in the following
paragraphs.
Monacolins

RMR has been recommended as a dietary supplement fo
reducing cholesterol and lipoprotein levels in human blood
because it contains monacolins. Monacolin K (Figure 5(a))
is considered to be the most ef� cacious compound among
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Figure 5 The chemical structure ofMonascus-fermented secondary metobolites: (a) monacolin K, (b) citrinin, (c)g-aminobutyric acid (GABA),
(d) monascin, (e) anka� avin, and (f) dimerumic acid.
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the monacolins for lowering plasma cholesterol. Monacolin
K, also known as mevinolin and mevacor, was isolated from
a M. ruber cultivation liquid by Endo in 1979. Due to its
similarity in structure to 3-hydroxy-3-methylglutaryl coen-
zymeA (HMG-CoA), monacolin K acts by competitively
inhibiting HMG-CoA reductase, the rate-limiting enzyme of
the mevalonate pathway of cholesterol synthesis. The
biosynthetic pathway of monacolin K has been elucidated
from its analogs. Methods for qualitative and quantitative
analysis of monacolin analogous compounds are well
established. Structural analogs, including monacolin J, L
and M, were found to reduce cholesterol synthesis. Anothe
compound structurally similar to monacolin K was puri � ed
from the metabolites of M. ruber and Aspergillus terreusand
was commercialized by Merck in the name of lovastatin.
Dihydromonacolins are structural analogs to monacolins.
For example, dihydromonacolin-MV is derived from the
methanolic extract of M. purpureus. It contained strong a,a-
diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity and
showed inhibition of lipid peroxidation in a liposome
model. Dihydromonacolin- L was also isolated from the
culture of M. ruber and was identi� ed as a potent inhibitor
of cholesterol biosynthesis.

Stability stress testing for fermented RMR powder show
that monacolins decrease signi� cantly under conditions of
high relative humidity (RH), high temperature (75% RH,
60 � C), and sunlight. Monacolin K and its hydroxyl acid form
are dehydrolyzed and converted to dehydromonacolin K at
a high temperature (80� C), whereas monacolins K, J, and L are
transformed into their corresponding hydroxyl acid forms
under high humidity (92.5% RH, 25 � C). This indicates
that monacolins in RMR powder are sensitive to light and
temperature. Therefore, preparations containing monacolins
should be stored in a cool and dark location.
Citrinin

Citrinin ( Figure 5(b) ) is a low-molecular-weight (250.25 g
mol � 1) compound that has a melting point of 175 � C. Citrinin
initially was named as monascidin A and was regarded as an
antibacterial component in the crude extracts ofMonascus-
fermented products. Monascidin A was then con� rmed to be the
same compound as citrinin. Citrinin was found to be a hepato-
toxic and nephrotoxic mycotoxin. The lethal dose (LD50) of
citrinin has been reported to be about 35–58 mg kg� 1 in an oral
administration to a mouse, 50 mg kg� 1 to a rat, 57 mg kg� 1 to
a duck, 95 mg kg� 1 to a chicken, and 134 mg kg� 1 to a rabbit. It
adversely affects the function and ultrastructure of the kidney
and shows negative effects on liver function and metabolism. A
decrease in liver glycogen content and an increase in serum
glucose were observed. Although the detailed molecular mech
anism of the citrinin toxicity is not well known, citrinin has been
shown mainly to affect the mitochondria. Citrinin permeates
into the mitochondria, alters Ca2þ homeostasis, and interferes
with the electron transport system. Citrinin is not a mutagen;
however, if it is transformed by hepatocytes, it becomes muta-
genic to NIH-3T3 cells. The content of citrinin dominates the
mutagenicity of Monascus-fermented products in a dosage-
dependent manner. Only samples with higher citrinin content
showed positive responses in theSalmonella-hepatocyte assay
Citrinin has also been reported as a teratogenic agent in chicke
embryos.

Citrinin is decomposed and loses its cytotoxicity at 175� C
by dry heating, but the decomposition temperature decrease
to 140 � C in the presence of a small amount of water.
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Decomposition products obtained by heating citrinin with
water at 140–150 � C were as toxic as or more toxic than
citrinin. These new toxins are citrinin H1 and citrinin H2. The
concentration of citrinin in the extract of Monascus-fermented
products decreases by 50% after boiling in water for 20 min,
which proves that citrinin is thermally unstable in an aqueous
solution.

Since citrinin content in Monascus-fermented products is
still a safety concern, some researchers have attempted
reduce citrinin production in Monascus-fermented products.
Phosphate–ethanol extraction has been shown to be effective
in the removal of citrinin. The optimal response surface
methodology (RSM) condition was found to be 45.0%
ethanol, 1.5% phosphate, and an extraction for 70 min. Under
this optimal condition, 91.6% of the citrinin was removed in
the � nal RMR, and 79.5% of the monacolin K was retained.
Dioscorea root as a novel substrate was used to evalua
monacolin K and citrinin production by M. purpureusNTU 568
fermentation using a 6.6-L jar fermentor. Monacolin K and
citrinin formation by M. purpureusNTU 568 under submerged
dioscorea medium were found to be signi�cantly increased by
148% and 147%, respectively, as compared to submerged ric
medium. The pH value (3.5) of the dioscorea medium is the
reason for these increased values. Lowering the pH value to 2
results in high monacolin K and citrinin concentrations as well
as high biomass in a� xed dioscorea amount, implying that the
pH value may stimulate the formation of monacolin K and
citrinin through increasing Monascuscell number. Lowering
dioscorea and ethanol concentration was found to increase the
ratio of monacolin K to citrinin. The optimal culture condition
(pH 5.7, 1% dioscorea concentration, and 0.5% ethanol
concentration) has been shown to increase monacolin K levels
by 47% and decrease citrinin levels by 54%, as compared t
control conditions (pH 3.5, 5% dioscorea, and ethanol free).

Recent studies con� rm that Monascus-fermented products
do not cause any adverse health effects and that controlling
citrinin concentrations in Monascus-fermented products is an
important issue. Studies on increasing the concentration o
monacolin K and decreasing the concentration of citrinin have
been undertaken by several laboratories. On the basis of th
� ndings from the 90-day animal test, the no-observable-
adverse-effect level is 200 ppm citrinin for male Wistar rats. On
the basis of these results, the suggested safety concentration
citrinin in Monascus-fermented products is 2 ppm. Because o
signi� cant concern about citrinin contamination, Japan has
issued an advisory limit of 200 ppb in Monascuspigments, the
US Food and Drug Administration current action level for
mycotoxins – including citrinin in agricultural products for
sale– is 20 ppb, and the European Union has recommended
a limit of 100 ppb in agricultural products. Investigations are
focused on the conditions of Monascus-fermented production
to lower citrinin concentration.
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g-Aminobutyric Acid

GABA (Figure 5(c)) has two receptors: GABAA, which is coupled
to chloride ion channels, and GABAB, which are G protein-
coupled receptors. GABA receptors exist extensively in th
neuronal system and tissues, and its pharmacological function
havebeenstudied intensively.GABAis knownasone of the majo
inhibitory neurotransmitters in the sympathetic nervous system
and plays an important role in cardiovascular function. RMR
can effectively inhibit rises in blood pressure in spontaneously
hypertensive rats (SHRs), and GABA has been further identi� ed
as a substance that lowers blood pressure. GABA has be
reported to decrease blood pressure in experimental animals an
in humans after oral as well as systemic administration.
Pigments

Eight types of chemical structures have been identi� ed in the
widely studied Monascuspigments. These structures can b
divided into red pigments (monascorubramine and rubro-
punctamine), orange pigments (monascorubrin and rubro-
punctatin), and yellow pigments (monascin, anka� avin, yellow
II, and xanthomonascin A). The orange pigments have been
found to possess antibiotic activities against bacteria, yeast, an
� lamentous fungi and to inhibit the growth of Bacillus subtilis
and Candida pseudotropicalis. Yellow pigments such as monascin
(Figure 5(d) ) and anka� avin (Figure 5(e)), which possess an
azaphilonoid structure, have shown cytotoxic effects on severa
types of cancer cells, as well as anti-in� ammatory potential and
immunosuppressive activity in mouse T splenocytes. Monascin
and anka� avin have the ability to reduce tumor necrosis factor
(TNF)-a-stimulated endothelial adhesiveness and to decreas
intracellular reactive oxygen species (ROS) formation, nuclea
factor (NF)-kB activation, and vascular cell adhesion molec
ular-1 expression in human aortic endothelial cells. Monascin
and anka� avin also have antiobesity potential through the
regulation of adipogenesis and lipolysis activity. In pre-
adipocyte 3T3-L1 cells, monascin and anka� avin inhibited cell
proliferation and differentiation and decreased triglyceride
(TG) accumulation by regulating transcription factors, such as
CCAAT-enhancer-binding proteins (C/EBPs), and the peroxi
some proliferator-activated receptor (PPAR)-g. Moreover,
monascin and anka� avin can act as a hypolipidemic and high-
density lipoprotein cholesterol-raising agent.
Dimerumic Acid

Dimerumic acid (Figure 5(f) ) is referred to as a natural side-
rophore with a high degree of af� nity with Fe3þ . Dimerumic
acid has been reported to show antioxidative capacity, to posses
an ability to remove a,a-diphenyl-b-picrylhydrazyl (DPPH)
radicals, and to reduce the levels of oxygen species such
superoxide anions (� O2� ) and hydroxyl radicals (� OH). It has
been identi� ed as the major constituent responsible for the
antioxidative and hepatoprotective activities of Monascus-
fermented products extract in the livers of injured mice, as
induced by carbon tetrachloride. Dimerumic acid has been
further found to inhibit the nicotinamide adenine dinucleotide
phosphate (NADPH)- and Fe2þ -dependent lipid peroxidation
of rat liver microsomes. This antioxidative property may contri-
bute to the removal of � OH, � O2� , ferryl-Mb, and peroxyl radi-
cals and to providing the oxide with an electron to turn itself
into a nitroxide radical. Dimerumic acid has been evaluated for
its ability to scavenge H2O2 to investigate the inhibitory effects
of dimerumic acid on the invasive potential of SW620 human
colon cancer cells. Dimerumic acid pretreatment suppresse
activation of H2O2-mediated mitogen-activated protein kinase
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(MAPK) pathways and cell invasion. Moreover, H2O2-triggered
matrix metalloproteinase (MMP-7) production was demon-
strated via c-Jun N-terminal kinase (JNK)/c-Jun and ERK (extra
cellular signal-regulated kinase)/c-Fos activation in an activating
protein 1 (AP-1)-dependent manner. Dimerumic acid suppresses
H2O2-induced cell invasion by inhibiting AP-1-mediated
MMP-7 gene transcription via the JNK/c-Jun and ERK/c-Fo
signaling pathways in SW620 human colon cancer cells.

Applications ofMonascus-Fermented Products
on Iatrical Prevention

Because theMonascusspecies contains multivalue secondary
metabolites, it is an important topic in the � eld of functional
food. Our research group has put great effort into examining
Figure 6 Effect of red mold–fermented products on the atherosclerotic
plaque in the thoracic aorta of hyperlipidemic hamsters. The atherosc
rotic plaque presented as the red dye in the graph. The whole surface
of the thoracic aorta was stained by Sudan IV and photographed usin
a digital camera. Two groups of the hamsters were fed a normal diet
(C group) or a high cholesterol diet (H group) without the administratio
of test materials, respectively. The other hyperlipidemic hamsters we
administrated with probucol (PBC) (100 mg kg� 1 day� 1; the H-PBC
group); an 1-fold dose of unfermented dioscorea (DC)
(96 mg kg� 1 day� 1; the H-DC group); an 1-fold dose of red mold rice
(96 mg kg� 1 day� 1, including 0.83 mg of monacolin K; the H-RMR-1X
group); a 0.5-fold dose of red mold dioscorea (48 mg kg� 1 day� 1,
including 0.84 mg of monacolin K; the H-RMD-0.5X group); a 1-fold do
of red mold dioscorea (96 mg kg� 1 day� 1, including 1.68 mg of mon-
acolin K; the H-RMD-1X group); and a 5-fold dose of red mold diosco
(480 mg kg� 1 day� 1, including 8.4 mg of monacolin K; the H-RMD-5X
group). Adapted from Lee, C.L., Hung, H.K., Wang, J.J., Pan, T.M., 200
Red mold dioscorea has greater hypolipidemic and antiatheroscleroti
effect than traditional red mold rice and unfermented dioscorea in
hamsters. Journal of Agricultural and Food Chemistry 55, 7162–7169.
the ef� cacy of M. purpureusNTU 568, a mutant with high
monascin and anka� avin production by solid state fermenta-
tion. The following sections detail our previous studies.
Hypolipidemic Effects ofMonascus-Fermented Products

Oral administration of Monascus-fermented product powder has
been reported to decrease total cholesterol (TC), triglyceride
and low-density lipoprotein cholesterol (LDL-C) levels in
a hyperlipidemia hamster model.Monascus-fermented red mold
dioscorea (RMD) is able to exhibit a more signi� cant difference
in hypolipidemic effect than traditional RMR. It may be due to
RMD having a higher monascin or anka� avin level, and the
antioxidative ability of RMD provided by Monascus-fermented
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Figure 7 Effect of RMR on the Ab40 accumulation in the hippocampus of
Ab40-infused rats. Immunohistochemical stain was carried out with the
nonbiotin hydrogen peroxidase kit. The Ab40 accumulation in hippocampus
was monitored by microscopic examination (100� and 400� ) and shown
as the brown dye. The nucleus of the section was stained with hematoxylin
as shown in the blue dye. Two groups of the rats were infused intra-
cerebroventricularly (i.c.v.) with vehicle solution (Vehicle group) or Ab40
solution (Ab group) without administration of test materials. The other Ab-
infused rats were administered lovastatin (LS) (1.43 mg kg� 1 day� 1; LS
group), onefold dosage RMR (151 mg kg� 1 day� 1, including 1.43 mg
monacolin K; the onefold dosage RMR (RL) group), or� vefold dosage RMR
(755 mg kg� 1 day� 1, including 7.15 mg monacolin K; the RH group).
Adapted from Lee, C.L., Kuo, T.F., Wang, J.J., Pan, T.M., 2007b. Red mold
rice ameliorates impairment of memory and learning ability in intra-
cerebroventricular amyloid beta-infused rat by repressing amyloid beta
accumulation. Journal of Neuroscience Research 85, 3171–3182.
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metabolites (dimerumic acid, tannin, phenol, etc.) have more
antiatherosclerotic effects than those in RMR on increasing tota
antioxidant status, catalase (CAT), and superoxide dismutas
activity and repressing lipid peroxidation. RMR and RMD
treatment have decreased the area of atheromatous lesions b
79.1% and 73.3%, respectively (Figure 6).
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Antifatigue Properties of RMR

A swimming test was conducted on 16-week male Wistar rat
that were given RMR by strainingM. purpureusNTU 568 for
28 days in our previous study. RMR extended the swimming
time of rats, effectively delaying the lowering of glucose in the
blood, and prevented the increase in lactate and blood urea
nitrogen concentrations. In addition, the result suggested tha
RMR supplementation may decrease the contribution of exer
cise-induced oxidative stress and improve the physiologica
condition of the rats.
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Effect of RMR on Alzheimer’s Disease

The in vitro results clearly indicate that ethanol extract from
RMR (RMRE) provides stronger neuroprotection against Ab40
neurotoxicity in rescuing cell viability as well as repressing
in� ammatory response and oxidative stress in PC12 cells
Furthermore, the effects of dietary administration of RMR on
memory and learning ability were con� rmed in an animal
model of Alzheimer’s disease rats infused with Ab40 in their
cerebral ventricles. RMR administration potently reverse
memory de� cits in the memory task. Ab40 infusion increases
acetylcholinesterase activity, ROS, and lipid peroxidation and
Figure 8 Effects of red mold rice water extracts (RMR-W) and red m
differentiation, the cells were treated with RMR-W or RMR-E at the in
measurement with oil-red O. Adapted from Chen, W.P., Ho, B.Y., Lee,
dyslipidemia and hyperinsulinemia induced by high-fat diet. Internatio
decreases total antioxidant status and superoxide dismutas
activity in brain, but these damages are reversed potently b
RMR administration. The protection provided by RMR was able
to prevent Ab � brils from forming and depositing in the
hippocampus and further decreased Ab40 accumulation, even
though Ab40 solution was infused continuously into the brain
(Figure 7) (Lee et al., 2007b).
Red Mold Rice Prevents the Development of Obesity

To investigate the in� uences of RMR on obesity and related
metabolic abnormalities, the 3T3-L1 cell line was used to
examine the effects of RMR extracts on preadipocytes an
mature adipocytes. Both water and ethanol extracts of RMR
have inhibitory effects on 3T3-L1 preadipocyte proliferation
and differentiation. Water extracts of RMR enhance the lipol-
ysis activity in mature adipocytes, which negatively correlate
with the TG content within cells. In addition to the TG
content, oil-red O staining was used as an indicator of adi-
pogenesis. The microscopic images demonstrated that bot
water extracts and ethanol extracts of RMR attenuated lipi
accumulation in 3T3-L1 preadipocytes, which had anti-
adipogenic activity against 3T3-L1 cells (Figure 8). Further-
more, animal studies have been conducted to explore the
antiobesity effects of RMR. RMR supplementation signi� cantly
reduced serum TC, serum LDL-C, the ratio of LDL-C to high
density lipoprotein cholesterol, and serum insulin. The study
revealed for the � rst time that RMR can prevent body fat
accumulation and improve dyslipidemia. The antiobesity
effects of RMR are derived mainly from the lipolytic activity
and mild antiappetite potency of RMR.
old rice ethanol extracts (RMR-E) on 3T3-L1 preadipocyte differentiation. During
dicated concentrations. On day 8, the cells were� xed and stained for triglyceride
C.L., Lee, C.H., Pan, T.M., 2008. Red mold rice prevents the development of obesity,
nal Journal of Obesity 32, 1694–1704.
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Blood Pressure Regulation by Red Mold–Fermented Products

Research focuses on the effects of oral administration o
a small amount of RMD fermented by M. purpureusNTU 568
for hypertensive rats on systolic blood pressure, diastolic
blood pressure, heart rate, and aorta thin section. Vascula
remodeling in aorta caused by hypertension is the vascula
lesions in vascular disease. The aorta tissue of SHRs w
removed and collected, and then a thin section was stained
with hematoxylin and eosin. The photo of aorta thin section
(Figure 9) showed that the elastin � bers in the aorta of
Monascus-fermented product-treated SHRs were signi� cantly
straighter than control animals. RMD signi� cantly prevents
increases in blood pressure, and the antihypertensive effects
Figure 9 Microscopic examination (100� and 400� ) of aorta thin
section on experimental SHRs: (a) control group, (b)D-1X group, (c)
GABA-1X group, (d) RMR-1X group, (e) RMD-0.5X group, (f) RMD-1
group, and (g) RMD-5X group. Adapted from Wu, C.L., Lee, C.L., Pa
T.M., 2009. Red mold dioscorea has a greater antihypertensive effect
traditional red mold rice in spontaneously hypertensive rats. Journal o
Agricultural and Food Chemistry 57, 5035–5041.
RMD are better than those of RMR. This may due to RMD
containing a higher amount of GABA and the anti-in� am-
matory yellow pigments monascin and anka� avin. Moreover,
RMD also exhibits higher angiotensin-I-converting enzyme
inhibitory activity than RMR.
e

RMR against Oxidative Injury and Improves Memory

Zinc (Zn) de� ciency is a common disease leading to memory
impairments with increasing age. Our study evaluated the
protective effects of RMR administration and Zn supplemen-
tation against memory and learning ability impairments from
oxidative stress caused by Zn de� ciency. Decreases of antioxi
dant enzyme activities in the hippocampus and cortex have
been observed, and the levels of Ca, Fe, and Mg increase in th
hippocampus and cortex of Zn-de� cient rats, leading to
memory and learning ability injuries. Administration of RMR,
however, signi� cantly improves the antioxidase and neural
activity to maintain cortex and hippocampus functions.
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Antidiabetic Effects ofMonascus-Fermented Products

Different red mold –fermented products played a role in the
regulation of blood glucose and insulin resistance in strepto-
zotocin-induced diabetic rats. This antidiabetic ability was
contributed to a reduction in oxidative stress and the in� am-
matory response. After 8 weeks of feeding RMR, RMD, and re
mold adlay to diabetic rats, all of the red mold–fermented
products were found to reduce blood glucose levels, with an
inhibitory activity of 13.0%, 16.9%, and 8.2%, respectively. TG
and TC levels were observed to decrease by 37.7–72.0% and
22.5–24.4%, respectively, in groups treated with red mold–
fermented products. The diabetic rats showed higher ROS
levels (12.1–65.8%) and lower activities for glutathione
reductase (GR; 9.0–30.0%), superoxide dismutase (18.2–
35.7%), and CAT (26.4–34.9%) in the pancreas as compared
to rats treated with red mold–fermented products and control
rats. An immunohistochemical analysis of the pancreatic
tissues is shown inFigure 10. In the normal control group, the
islets showed the normal structure for insulin-secretingb-cells.
In the pancreatic islets of the diabetic control group, the insulin
immunoreactivity and the number of immunoreactivity of b-
cells were decreased. The diabetic rats given 1X D, 1X RMD, a
5X RMD showed a signi� cant increase in insulin immunore-
activity, and b-cell number compared with diabetic control rats.

Monascus-fermented secondary metabolites also exer
potential inhibitory effects on insulin resistance caused by
TNF-a induction in a C2C12 cell model. Monascin improved
insulin sensitivity through the Akt pathway by regulating
PPAR-gand inhibiting JNK activation. The results revealed that
Monascus-fermented metabolites facilitated insulin sensitivity
and were not dependent only on anti-in� ammation.
d

e
e

Anticancer Effects ofMonascus-Fermented Products

Lung Cancer Prevention
In recent years, natural products have received increase
attention for the prevention or intervention of the early stages
of carcinogenesis and neoplastic progression before th
occurrence of invasive malignant diseases. Therefore, th
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Figure 10 Immunohistochemical evaluation on pancreas (400�): (a) normal control group, (b) diabetic control group, (c) diabeticþ 1X D (dioscorea)
group, (d) diabeticþ 0.5X RMD (red mold dioscorea) group, (e) diabeticþ 1X RMD (red mold dioscorea) group, and (f) diabeticþ 5X RMD (red mold
dioscorea) group. Adapted from Shi, Y.C., Liao, J.W., Pan, T.M., 2011. Antihypertriglyceridemia and anti-in� ammatory activities ofMonascus-fermented
dioscorea in streptozotocin-induced diabetic rats. Experimental Diabetes Research Article ID 710635, 11. http://dx.doi.org/10.1155/2011/710635.
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secondary metabolites from microbes are regarded as potentia
chemopreventive agents.

Many studies have investigated the anticancer ability o
RMR, including colon, breast, lung, and prostate cancer, an
many reports have discussed that monacolin K and the
pigments in Monascus-fermented products may be the major
functional compounds against carcinoma. The pigments
extracted from Monascus ankahave been reported to
inhibit 12-O-tetradecanoyl-phorbol-13-acetate (TPA)-induced
carcinogenesis in mice. The orange pigments ofMonascus,
monascorubrin and rubropunctatin, can be used to inhibit
tumor growth, and this function was assumed to be a result of
its anti-in � ammatory activity. In the mouse model, oral
administration of yellow pigment monascin inhibited skin
cancer initiation by peroxynitrite or ultraviolet light after the
promotion of TPA. The yellow pigment anka� avin has shown
selective cytotoxicity to liver cancer cell lines by an apoptosis
related mechanism and has shown relatively low toxicity to
normal � broblasts.

Monacolin K and anka� avin have shown antitumor-initi-
ating effects on cancer progression. Oral administration o
RMRE dramatically inhibits the metastatic ability of murine
Lewis lung carcinoma (LLC) cells in syngeneic C57BL/6 mic
caused by a decline of serum vascular endothelial growth facto
(VEGF) levels compared with untreated metastatic groups
Monacolin K may play a critical role in the expression and
secretion of VEGF in metastatic cancer cells as shown b
downregulation of VEGF-stimulated invasive activity in LLC
cells by Matrigel-coating transwell and tube-forming assays, a
well as reverse transcription-polymerase chain reactio
(RT-PCR). RMRE also signi� cantly inhibited the proliferation
of SW480 and SW620 human colorectal carcinoma cells in
a dose- and time-dependent manner. Capillary-like network
morphology has been observed after the addition of
20 ng ml� 1 VEGF or SW620 culture-conditional medium but
has not been seen after RMRE treatment. Moreover, spont
neous intravasation into Matrigel grafts of SW620 cells from
the upper to the lower layers in the chick embryo chorioal-
lantoic membrane (CAM) model has been detected by the PCR
ampli � cation of human Alu genomic DNA from the lower
CAMs in the RMRE-untreated group. Neovascularization
increased to 75.3% in SW620 cells onplant with Matrigel grafts
in the CAM model. RMRE signi� cantly reduces CAM neo-
vascularization, however, in a dose-dependent manner. In
addition, RMRE suppresses SW620 cell invasion and down
regulates mRNA and protein expression of matrix metal-
loproteinase (MMP)-7 by RT-PCR, immunoblotting analysis,
and casein zymography assays.

Oral Cancer Prevention
RMDE and RMRE have been found to signi�cantly reduce
human tongue squamous cell carcinoma (SCC)-25 cells cel
viability. The results showed that the IC50 of RMDE is less than
that of RMRE, with a time-dependent decrease in growth
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Figure 11 The pathology of carcinogenesis on the hamster buccal pouch appearance after DMBA and RMDE treatment for 14 weeks: (a) control,
(b) DMBA, (c) 6% celecoxib, (d)–(f) 50, 100, and 200 mg kg� 1 RMDE, and (g) 200 mg kg� 1 ethanol extract from dioscorea (DE) groups.
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inhibition, and cell cycle distribution was arrested at G2/M
phase after 24-h RMDE treatment. The results also showed tha
the RMDE-mediated G2/M phase arrest was associated with th
downregulation of NF-kB, resulting in the inhibition of cyclin
B1 and cyclin-dependent kinase 1 expression. The proapoptoti
activity of RMDE has been revealed by the Annexin V-FITC/P
double-staining assay. In addition, the proapoptotic effect of
RMDE is evident by its inhibition of Bax expression in the
mitochondria, resulting in the activation of caspase-9 and
caspase-3 and subsequent triggering of the mitochondria
apoptotic pathway. RMDE also enhances caspase-8 activit
indicating involvement of the death receptor pathway in
RMDE-mediated SCC-25 cell apoptosis.

The hamster buccal pouch (HBP) carcinogenesis model i
the most well-characterized animal system for oral cance
development and intervention by chemopreventive agents. The
in vivoHBP animal model was used to examine the anticance
effects of RMDE. The study was designed to evalua
the inhibitory effects of RMDE on 7,12-dimethylbenz-[a]
anthracene (DMBA)-induced HBP carcinogenesis. HBPs we
painted with DMBA for 14 consecutive weeks three times pe
week and painted with RMDE on days alternate to the DMBA
application. Treatment with RMDE grossly reduced the number
of tumors and the mean tumor volume and signi� cantly
decreased tumor burden in a dose-dependent manne
(Figure 11). RMDE signi� cantly inhibits the DMBA-induced
increases in ROS, nitric oxide, and prostaglandin E2 levels in
oral tissue homogenates. RMDE was found to inhibit the
proin � ammatory cytokines, including TNF-a, IL-1b, IL-6, and
IFN-g expression, and promoted anti-in� ammatory cytokine
(IL-10) production, meaning that it has anti-in � ammatory
effects on DMBA-induced HBP carcinogenesis and, therefor
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mitigated oral SCC. RMDE attenuates tumor formation
by elevating antioxidant glutathione level and antioxidase
activity, including CAT, glutathione peroxidase, gluta-
thione-S-transferase, GR, and superoxide dismutase, indicatin
that RMDE exerts antioxidative activity to decrease oxidativ
stress and, therefore, prevent oral cancer.

See also:Fermented Foods:Origins and Applications;Fermented
Foods:Fermentations of East and Southeast Asia;Biochemical
and Modern Identi� cation Techniques:Micro� oras
of Fermented Foods.
ld rice prevents
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Introduction

The Moraxellaceae are a family of organisms that belong to the
order Pseudomonadales, the class Gammaproteobacteria, an
the phylum Proteobacteria. The classi�cation systems for species
of the Moraxellaceae have gone through some major change
since a species in the family, a rod-shaped bacterium involved in
eye infection of humans was�rst described, independently by
Morax in 1896 and Axenfeld in 1897. The organism was
described as Gram-negative, nonmotile, and often occurring in
pairs and as requiring serum or other complex media for growth.
In subsequent years, similar organisms were isolated from
patients with conjunctivitis. In 1939, Lwoff proposed that these
organisms be placed in a new genus,Moraxella. In 1968,
Henriksen and Bøvre proposed the genusMoraxellabe classi�ed
in the family Neisseriaceae on the basis of phenotypic and
morphological similarities. Findings from later studies,
however, involving genetic transformation and DNA–rRNA
hybridization were not in agreement with this classi�cation.
Consequently, in 1991, a new family, the Moraxellaceae, wa
proposed by Rossau et al. to accommodate the genusMoraxella
and two other genera Acinetobacterand Psychrobacter. Some
additional genera have been described. For instance, two ne
genera to accommodate the novel speciesPerlucidibaca piscina
and Paraperlucidibaca baekdonensiswere proposed in 2008 and
2011, respectively. No new genus of the Moraxellaceae has bee
of�cially recognized as yet. This chapter then will focus on the
three currently recognized genera.
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Moraxella

The organisms in the genusMoraxella are strictly aerobic,
oxidase-positive, catalase-positive cocci, or short, plump rods
Historically, the rod-shapedMoraxellaspp. were regarded as the
‘true moraxellae’, while the coccal shaped species frequentl
were referred to as the false moraxellae. With a view to reduc
confusion, B�øvre in 1979 suggested that the genusMoraxellabe
divided into the subgenus Moraxella, accommodating the rod-
shaped species; and the subgenusBranhamella, accommodating
the coccus-shaped species. Studies based on transformation
a streptomycin resistance marker, an assay that was developed
delineate interspecies relationships of members of the Morax
ellaceae, showed that the coccoid species are indeed members
the genusMoraxellaand that differences between them are not
enough to distinguish them as subgenera. In addition to trans-
formation of the streptomycin resistance marker, genetic trans
formation of a nutritional auxotrophic mutant assay also has
been developed and widely used to delineate intra- and inter-
species relationships within the genus and the family.
Species and Distribution

The �rst species ofMoraxellawas namedMoraxella lacunatain
1939 by Lwoff. Since then,Moraxellaspecies have been isolated
826 Encyclopedia of Food
from a variety of mammalian hosts and generally are consid-
ered to be part of the normal�ora on mucosal surfaces. To date
the genus contains at least 18 recognized species, 6 fro
humans and 12 from animals. Moraxella bovis, Moraxella
bovoculi, Moraxella equi, and Moraxella oviswere originally iso-
lated from cases of conjunctivitis in cattle, beef calves, horses
and sheep, respectively.Moraxella bovisalso was found in the
upper respiratory tracts of cattle, horses, and sheep.Moraxella
boevreiand Moraxella capraewere isolated from the nasal�ora of
goats, andMoraxella oblongawas isolated from the oral cavity of
sheep. Moraxella canis, Moraxella caviae, Moraxella porci, and
Moraxella cuniculiwere respectively isolated from the saliva of
dogs and cats, and occasionally from humans; from the
mouths of healthy guinea pigs; from various body parts of pigs;
and from the mouths of healthy rabbits. Moraxella plur-
animalium was isolated from the brain of a sheep with
meningitis and from nasal specimens from pigs with pleuritis
or polyserositis. Moraxella catarrhalisfrequently has been iso-
lated from the human nasopharynx, which appears to be its
main natural habitat. It also has been isolated from in�am-
matory secretions of the middle ear and maxillary sinus, from
patients with bronchitis and pneumonia, and occasionally
from systemic infections. Moraxella lincolnii and Moraxella
atlantaealso are isolated from human and have been found in
the respiratory tract and blood, and the spleen and cerebro
spinal �uid, respectively.Moraxella lacunatahas been isolated
from in �amed and healthy conjunctiva and sites in the upper
respiratory tract and blood of humans. Moraxella osloensishas
been isolated from the upper respiratory tract and other clinical
specimens from humans.Moraxella nonliquefaciensoriginally
was isolated form the nasal cavity of humans, which appears to
be its natural habitat.
Characteristics

The organisms of the genusMoraxellaare cocci, .6–1.0 mm in
diameter, or very short, plump rods measuring 1.0–1.5 � 1.5–
2.5 mm. The rod-shaped species usually occur in pairs or sho
chains with one plane of division. The coccus-shaped specie
occur singly, in pairs with adjacent sides�attened, and some-
times in tetrads. The GþC contents of MoraxellaDNAs are
40.0–49.6 mol%. All members of the family Moraxellaceae are
nonmotile, but some species show‘twitching ’ motility, which
presumably is caused by the presence of�mbrae. All members
of the family are Gram-negative, but most tend to resist
destaining and thus may appear Gram-positive or Gram vari-
able (Figure 1). Some members of the family, particularly the
rod-shaped species, can be pleomorphic (Figure 2), particu-
larly if stressed by lack of oxygen, incubation at temperatures
above the optimum, and incubation with sublethal concen-
trations of penicillin.

The Moraxella are strictly aerobic organisms, but some
species may grow weakly through nitrate respiration under
anaerobic conditions. All species grow optimally at tempera-
tures between 33 and 35� C and the growth of some species is
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00441-9
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Figure 1 Gram-staining properties ofAcinetobacter baumannii.

Figure 2 Pleomorphism of two strains ofMoraxella osloensis, strain 20
cultivated in the absence (a) and presence (b) of penicillin; strain B-1
cultivated in the absence (c) and presence (d) of ampicillin.
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stimulated by inclusion of 3 –10% CO2 in the atmosphere.
Most Moraxellaspecies are extremely sensitive to low concen
trations of penicillin, but resistant strains have been encoun-
tered in the speciesM. catarrhalisand M. nonliquefaciensowing
to b-lactamase production. Most species are fastidious and d
not grow on minimal medium, but all species grow well on
complex media. Colonies ofMoraxellaspp. generally are small
and nonpigmented. With prolonged incubation, colony
morphology of some species may change because of twitchin
motility. All species of Moraxellado not form acid from glucose.
They cannot metabolize tryptophan and so are indole negative
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Methods of Isolation and Identi�cation

Several selective media containing vancomycin and trimetho
prim have been developed, but the usefulness of these media
limited because of their inadequate inhibition of closely related
bacteria, particularly Neisseriaceae. Trypticase soy agar (TSA)
plate count agar (PCA) often is used for isolation ofMoraxella
from foods, whereas sheep blood agar or chocolate agar is use
to grow clinical isolates. Small, nonpigmented colonies that are
Gram-negative, catalase positive, and oxidase positive a
presumptive moraxellas. The indole test can be used to differ
entiate Moraxella spp. from other Gram-negative non-
fermenters. The inability ofMoraxellaspp. to produce acid from
glucose can be used to differentiate them from the morpho-
logically similar neisseriae. Chemotaxonomic methods, such a
cellular fatty acid pro� ling, also have been used to identify
Moraxellaspp., but these have to be used in conjunction with
conventional tests because of inconsistent results.

Although all species in the genus are unreactive in mos
biochemical tests routinely applied for bacterial identi� cation,
a set of phenotypic tests can be used to differentiate species
Moraxella(Table 1). For instance,M. atlantae, M. lacunata, and
M. nonliquefaciensare similar in many of their features, but they
can still be distinguished by their differences in liquefaction of
gelatin, reduction of nitrate, and growth on MacConkey agar.
Growth of M. atlantaeis stimulated by sodium deoxycholate,
which is unique within the genus. Moraxella caniscan be
distinguished from other Moraxellaspp. by their production of
a brown pigment on Muller-Hinton agar. Genetic tools,
including DNA –DNA hybridization, DNA –rRNA hybridiza-
tion, and multilocus enzyme analysis also have been used to
differentiate species in the genus. 16S rDNA sequence analys
is probably the most widely used method of isolate
identi � cation.
Clinical Signi�cance

Even thoughMoraxellaspp. often are isolated from human and
animal clinical specimens, most of them are harmless. The
medically relevant species areM. atlantae, M. catarrhalis,
M. lacunata,M. nonliquefaciens, andM. osloensis, with M. catarrhalis
being the most prominent. Over the past 30 years,M. catarrhalis
has emerged as a genuine pathogen. It has been implicated in 15–
20% of cases of middle-ear infection in the United States and is an
important cause of upper respiratory tract infections in children
and the elderly and lower respiratory tract infections in adults.
Moraxella catarrhalisis the third among pathogens most
commonly isolated from the lower respiratory tract, afterStrep-
tococcus pneumoniaandHaemophilia in� uenza.Moraxella lacunatais
a signi� cant cause of human conjunctivitis.Moraxella atlantae,
M. nonliquefaciens, and M. osloensishave been implicated in
a variety of infections, but the extent to which they are pathogenic
is uncertain.

6

Importance in Food Spoilage

Unlike the often-thorough characterization of clinical isolates,
Moraxellaspecies recovered from foods often have been iden
ti � ed to only the family or genus level – that is, asMoraxella/
Psychrobacter, Moraxella/Acinetobacter, Moraxella-like, or Morax-
ellaspp. Even so, it is well established that species ofMoraxella
form a signi� cant portion of the psychrotrophic, aerobic � ora
of many fresh and spoiled foods. They have been recovere
from red meat carcasses and fresh and frozen meat produc
because they are part of the normal� ora deposited onto meat
during carcass processing. Moraxellas were, historically, rega
ded as one of the major components of the spoilage� ora of
meat stored aerobically at chiller temperatures. Later studies
however, have shown that the fraction of moraxellas in
spoilage� ora decrease during aerobic storage of meat at chille
temperatures. PresumptiveMoraxellaspp. and Moraxella-like
isolates have been found on the surfaces of whole� sh of
marine origin caught in cold water regions, tropical seawater
� sh, and freshwater� sh. Thus, as with meat, the presence o
Moraxellaspp. on dressed� sh is inevitable. They have been
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Table 1 Phenotypic characteristics that differentiateMoraxellaspecies

Characteristics M. atlantae M. boevrei M. bovis M. caprae M. lacunata M. nonliquefaciens M. bovoculi M. canis

Morphologya R SR R R R R C C
Growth on MacConkey agar þ b � c � � � � � þ
Growth on minimal mediumf � � � � � � nd (þ )g

Hemolysis � þ þ þ � � þ �
Nitrate reduction � þ (� )i þ þ þ þ þ
Liquefaction of gelatin � þ þ � þ � � �
DNase activity � � � � � � v þ
Proteolysis on Löf� er slants � þ þ � þ � v �
Phenylalanine deaminase activity nd � � � � � þ �
Hydrolysis of tween 80 � þ þ þ þ � (þ ) �
Alkaline phosphatase activity þ � � � þ � (� ) þ
Esterase activity þ þ þ � þ þ þ þ
Acid phosphatase activity þ � w � w � � �

aC, coccus; R, rod; SR, short rod.
bþ , positive reactions.
c� , negative reactions.
dnd, not determined.
ev, varied results.
fMinimal medium containing ammonium and acetate.
g(þ ), most strains are positive.
hw, weak reactions.
i(� ), most strains are negative.
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found to predominate in the spoilage � ora of aerobically stored
tropical sea � sh, but the role of Moraxellaspecies in spoilage
development is uncertain. The role ofMoraxellaspecies in the
development of spoilage in proteinaceous food generally is
uncertain, as apparently they do not produce offensive by-
products from amino acids as do species ofPseudomonasand
Shewanellathat commonly are involved in the spoilage of meat
and � sh stored in air. Furthermore, it appears that many
bacteria isolated from meat, milk, and cheese that were iden
ti � ed as moraxellasactually are species ofPsychrobacterand
Acinetobacter. In addition to proteinaceous food, species of
Moraxella also have been recovered from lettuce and othe
vegetables, but there has been no indication of their role in the
spoilage of vegetables. Thus, the contributions to food spoilage
processes of organisms of the genusMoraxellaappear to be
limited.
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Acinetobacter

Early in the twentieth century, Beijerinck described an
organism recovered by enrichment of soil samples in
a calcium–acetate minimal medium and named the organism
Micrococcus calcoaceticus. Similar organisms discovered later
were assigned to at least 15 different genera and specie
including Diplococcus mucosus, M. calcoaceticus, Alcaligenes
hemolysins, Neisseria winogradskyi, Moraxella lwof� i, and Achro-
mobacter anitratus. The current genus designation,Acinetobacte
(from the Greek word akinetos, i.e., nonmotile), initially was
proposed by Brisou and Prévot in 1954 to separate the
nonmotile microorganisms from the motile microorganisms
within the family Achromobacteraceae. The genus wa
composed of both oxidase-positive and oxidase-negative
nonpigmented, Gram-negative bacteria. Nutritional studies by
Baumann in 1968, however, demonstrated that oxidase-posi
tive strains differed from oxidase-negative strains, which led to
the proposal that only the oxidase-negative organisms be
classi� ed asAcinetobacter. The genusAcinetobactercurrently is
de� ned as a group of organisms that are Gram-negative, strictl
aerobic, nonfermenting, nonmotile, nonfastidious, catalase
positive, and oxidase negative. In recent years, acinetobacte
have gained increasing attention as a result of their potential to
cause severe nosocomial infections, and their ability to develop
extreme resistance to multiple antibiotics. Some species in th
genus have hydrocarbon-degrading capabilities, which could
be exploited for soil remediation.
Species and Distribution

The genus Acinetobactercurrently includes 29 species with
formal names and eight genomic species (Table 2), with
genomic species being de� ned on the basis of DNA homology.
A genetic species is a collection of strains that have>70%
DNA–DNA homology based on DNA–DNA hybridization. The
hybridization assay was used to delineate all of theAcineto-
bacterspecies. Some of the species� rst de� ned genomically
have been given species names based on later phenotyp
studies. More than half of the recognized species have bee
isolated from human specimens even though members of the
genusAcinetobacterare ubiquitous in the environment. It has
been reported that acinetobacters can be recovered aft
enrichment culture from virtually all samples of soil or surface
water. It was estimated that .001% of the total culturable,
heterotrophic, aerobic bacteria in soil and water are acineto-
bacters. Acinetobacters also are part of the human skin� ora
and have been found in sewage. In an epidemiological survey
43% of nonhospitalized individuals were found to carry Aci-
netobacterspp., including Acinetobacter lwof� i (58%), Acineto-
bacter johnsonii (20%), Acinetobacter junii (10%), and
Acinetobactergenomic species 3 (6%). In patients hospitalized
on a regular ward, the carriage rate ofAcinetobacterspecies
could be as high as 75%.



M. catarrhalis M. caviae M. cuniculi M. equi M. lincolnii M. oblonga M. osloensis M. ovis M. pluranimalium M. porci

C C C C C/R C R C C C
� � � � ndd nd ve � � �
� � � � nd nd þ � nd nd
� wh � � � nd (� ) (þ ) � �
(þ ) þ � (� ) � � � þ � v
� � � þ � þ � � � �
þ (� ) � � � nd � (� ) � �
� � � þ � nd � � nd nd
� � � � � � � nd �
� � � þ � nd þ � nd �
þ þ þ � � nd þ þ v �
þ þ þ þ þ nd þ þ þ þ
� � w w � nd þ � � �

Table 2 NamedAcinetobacterspecies and recognized genomic species, November 2012

Species name
Genomic
species no. Major habitat or source

A. baumannii 2 Human clinical specimens, poultry
A. baylyi Activated sludge, soil, human specimens
A. beijerinkii Soil, water
A. bereziniae 10 Human specimens, soil
A. bouvetii Activated sludge
A. brisouii Wetland
A. caloaceticus 1 Soil, water, vegetables
A. gerneri Activated sludge
A. grimontii Activated sludge
A. guillouiae 11 Human intestinal tract, water, soil, vegetables
A. gyllenbergii Human specimens
A. haemolyticus 4 Human specimens
A. johnsonii 7 Human skin, water, soil, human feces
A. junii 5 Human specimens
A. kyonggiensis Sewage treatment plant
A. lwofÞi 8/9 Human skin, poultry
A. nosocomialis 13TU Human clinical specimens
A. parvus Humans and animals
A. pittii 3 Human skin, water, soil, vegetables

6 Human clinical specimens
A. radioresistens 12 Human skin, soil
A. rudis Raw milk, wastewater
A. schindleri Human specimens
A. soli Soil
A. tandoii Activated sludge, soil
A. tjernbergiae Activated sludge
A. towneri Activated sludge
A. ursingii Human specimens
A. venetianus Marine water

13BJ, 14TU Human specimens
14BJ Human specimens
15BJ Human specimens
15TU Human specimens
16 Human specimens
17 Human specimens, soil
Between 1 and 3 Human clinical specimens
Close to 13 TU Human clinical specimens

Moraxellaceae 829
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830 Moraxellaceae
Characteristics

Acinetobacters are short, plump rods, typically measuring
1.0–1.5 � 1.5–2.5 mm when in the logarithmic phase of growth,
but they often become more coccoid in the stationary phase
They are Gram-negative but may appear Gram variable, as
typical of members of the Moraxellaceae generally. There ar
often variations in cell size and arrangement within a single pure
culture of a strain. The GþC contents of AcinetobacterDNAs are
39–47 mol%. Acinetobacters are not fastidious, and all specie
grow well on common all-purpose media, such as TSA and PCA
and on minimal media containing single carbon and energy
sources. Acinetobacters rarely require growth factors, and the
can utilize a variety of organic compounds, although not all
species can utilize glucose. For most environmental species, th
optimum growth temperature is 33–35 � C. Acinetobacte
kyonggiensis, which has an optimum growth temperature of
28 � C, is exceptional. The optimum growth temperature for
clinical isolates is generally 37� C. Acinetobacters normally form
smooth, pale yellow to grayish-white colonies on TSA.
Pigmentation is rare, although a brown diffusible pigment has
been described for some environmental strains. Colonies ar
.5–2.0 mm in diameter after 24 h and 2.0–4.0 mm after 48 h at
30 � C and are similar to those of enterobacteria. Acinetobacter
are often resistant to desiccation and disinfectants, and the
persist in the environment for very long times. Removing
Acinetobacters from hospitals can be dif� cult.
s

s

d

s

e
e

l

f

f

.

t

Methods of Isolation and Identi�cation

The selective and differential Herellea agar, a medium that wa
developed primarily on the basis of the nonfermenting prop-
erty of acinetobacters, often is used to isolate acinetobacter
directly from clinical specimens. The medium contains lactose
and maltose, bile salts, and bromophenol blue so that growth
of Gram-positive bacteria is inhibited, and colonies of Gram-
negative fermentative bacteria are differentiated from colonies
of Acinetobacterspp. because they are yellow as a result of aci
production. Herellea agar has been modi� ed by the addition of
various antibiotics for a better selectivity (e.g., Leed
Acinetobactermedium for the recovery ofAcinetobacterspp. from
clinical samples). To recover acinetobacters from soil and
water, liquid enrichment cultivation in an acetate-mineral
medium, with a pH of 5.5 –6.0 and incubation at 30 � C, is used.
Vigorous shaking during incubation is recommended to
increase aeration. After incubation for 24–48 h, a loopful of the
culture broth is transferred to a selective agar. Colonies that ar
nonmotile, Gram-negative, catalase positive, and oxidas
negative are presumptiveAcinetobacterspp. A reliable method
for unambiguous identi � cation of acinetobacters to genus leve
is the transformation assay developed by Juni in 1972. This
utilizes the tryptophan auxotroph Acinetobacterstrain BD413
trpE27, now identi � ed asAcinetobacter baylyi, which is trans-
formed by a crude DNA preparation from anyAcinetobactersp.
to the wild-type phenotype.

Identi � cation of acinetobacters to the individual species
level is rather dif� cult. A phenotypic system that was devel-
oped by Bouvet and Grimont in 1986 and re� ned by the
same authors in 1989 allows for discrimination of long-
established species, but it is inadequate for separation o
recently described species. The inadequacy of the system
a result of the similar phenotypic properties of some species
For instance, the clinically signi�cant speciesAcinetobacte
baumannii, Acinetobacter pittii, and Acinetobacter nosocomia
and the soil speciesAcinetobacter calcoaceticusare so pheno-
typically close that many laboratories fail to differentiate them
and often simply group them in the so-called A. calcoaceticus–
A. baumannii(Acb) complex. Therefore,� ndings of studies in
which species were identi� ed only phenotypically should be
interpreted with caution. Of the few methods that have been
validated for identi � cation of Acinetobacterspecies, DNA–DNA
hybridization remains the reference standard. DNA–DNA
hybridization, however, is dif� cult to implement in many
clinical laboratories. Consequently, some more rapid and
easily performed approaches, including ampli� ed 16S rDNA
restriction analysis (ARDRA), high-resolution � ngerprint
analysis by ampli� ed fragment-length polymorphism (AFLP),
ribotyping, rRNA spacer� ngerprinting, restriction analysis of
the 16S-23S rRNA intergenic spacer sequences, and seque
of the RNA polymeraseb-subunit gene and its� anking spacers
have been developed in recent years. Among these, ARDR
and AFLP analysis are the most widely accepted and validate
methods. The commonly accepted and widely used 16S
rDNA sequencing is not recommended for identi� cation of
Acinetobacterspecies because of the presence of multipl
rRNA operons in their genomes. Thus, it has been reported
that 16S rRNA gene sequences of two authentic strains o
A. calcoaceticusshowed a similarity coef� cient of only .66.
Species of Clinical Importance

Acinetobacter baumanniiis a nosocomial pathogen, with cases of
infection with the organism being found almost exclusively in
hospital patients. Unlike the ubiquitous Acinetobacterspp.,
A. baumanniirarely has been found on human skin.Acineto-
bacter baumanniiinfects critically ill patients with a mortality
rate of 20–60%, although the extent to which A. baumannii
infection contributes to the rate of mortality is uncertain. Even
though the involvement of Acinetobacterspp. in bacteremia,
pulmory infections, meningitis, and diarrhea has been reported
widely, the pathogenic mechanisms are not well understood
and the infective doses are not known. Factors– including cell-
surface hydrophobicity, which helps bacterial adhesion;
production of slime polysaccharides, which are toxic to
neutrophils; production of verotoxins; and the presence of
siderophores and outer membrane proteins, which induce
apoptosis of epithelial cells – have been associated with
Acinetobacterpathogenesis. In addition to the infections caused
by Acinetobacterspp., the organisms pose major clinical prob-
lems because of their resistance to antibiotics. The portion o
UK A. baumannii isolates that are resistant to multiple
antibiotics increased from <.5% in 1990 to 24% in 2007,
indicating a remarkable ability to acquire resistance genes
Acinetobacter baumanniiis resistant to all b-lactams with resis-
tance being either intrinsic or acquired by transformation. The
mechanisms of b-lactam resistance are complex, the mos
prevalent being enzymatic degradation byb-lactamases. In
addition to enzymatic degradation, nonenzymatic mecha-
nisms, including changes in outer membrane proteins resulting
in a decrease in membrane permeability, multidrug pumps,
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and alterations in the af� nity or expression of penicillin-
binding proteins also have been reported.
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Importance ofAcinetobacterin Foods

Acinetobacterspecies have been recovered from a variety o
foodstuffs, including vegetables, fruits, dairy products, fresh
meat, chicken carcasses, and other poultry meats. They ha
been implicated in the spoilage of bacon,� sh, chicken, and
meat stored aerobically under refrigeration. Findings on the
role of Acinetobacterspp. in food spoilage are not consistent,
however, and several studies suggest thatAcinetobactermay not
be as abundant in spoiled meat as once reported. Studies b
Enfors et al. in 1979 found that Acinetobacterspp. were
25–80% of the bacteria recovered from samples of fresh pork
but they were absent in the� ora of pork chill-stored in air.
Findings from several other research groups have indicate
low levels of acinetobacters in both fresh and spoiled meat
For instance, Eribo et al. analyzed 1409 Gram-negative isolate
randomly selected from 19 samples of fresh ground beef and
ground beef that had been stored aerobically at 7� C for
10–14 days and found that only 20 isolates wereAcinetobacte
spp. and only one of these isolates was from a sample o
spoiled meat. As with Moraxella spp. isolated from foods,
Acinetobacterspp. recovered from foods rarely have been
identi � ed to species levels. The species from meat that ha
been identi� ed include A. baumannii, from vacuum-packaged
beef stored at 7� C for 14 days, and A. lwof� i and
A. calcoaceticusfrom poultry meat stored in air at 3 � C. The
latter organisms were found to impart off-odors to the poultry
that were described as rancid and� shy or sulfurous for
A. lwof� i and A. calcoaceticus, respectively. Shell eggs can b
spoiled by bacteria that enter the egg pores in the shel
penetrate the egg membranes, and overcome the antimicrobia
defense mechanisms of the albumin. The Gram-negativ
bacteria that cause egg rots– that is, spoilage–include acine-
tobacters, which in some instances have been identi� ed as
A. calcoaceticus. Strongly proteolytic or pigment-producing
organisms, such as pseudomonads, cause egg rots that a
characterized by blackening or other discoloration of the
albumin. The colorless rots caused by acinetobacters a
apparently comparatively rare. Acinetobacters commonly are
present in raw milk at high numbers. Some strains produce
levan – that is, fructose polymers as capsular polysaccharide
which can accumulate to cause ropy spoilage of milk or form
slime on the surface of soft cheese or curds. Species involved
these forms of spoilage do not seem to have been identi� ed.
,
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Psychrobacter

The genusPsychrobacterwas� rst proposed by Juni and Heym in
1986 and was de� ned as a group of microorganisms that grow
at low temperatures, characterized as being aerobic, nonmotile
nonpigmented, nonsporulating, catalase-positive, oxidase
positive, penicillin-susceptible Gram-negative coccobacilli.
Before this classi� cation, the organisms in this group had been
assigned to the genusAcinetobacterand often were described as
Moraxella-like psychrotrophic bacteria. In 1986, the genusPsy-
chrobacterincluded only one species,Psychrobacter immobil.
The strains ofP. immobiliswere identi� ed by a genetic trans-
formation plate assay in which DNA isolated from strains to be
tested was used to transform a hypoxanthine and thiamine
auxotroph of P. immobilisto allow its growth on a de� ned
medium. This assay is genus speci� c – that is, DNA from all
strains of all species ofPsychrobacteris able to transform the
auxotroph but DNA from strains of other Moraxellaceae
cannot.
Species and Distribution

The genusPsychrobacterhas greatly expanded in the past few
years owing to the use of 16S rRNA gene sequencing fo
identi � cation of isolates from marine and polar ecosystems
To date, the genus has 33 named species of whic
P. immobilisis the type species, 26 species were isolated fro
various low temperature marine environments, and four
species were isolated from humans and animals. Othe
sources of Psychrobacterinclude chilled meat, � sh, poultry,
and dairy products. The speciesPsychrobacter phenylpyruvi
originally was named Moraxella phenylpyruvicusand was
transferred to the genusPsychrobacterby Bowman et al. in
1996 on the basis of 16S rRNA gene phylogenetic data. DNA
from P. phenylpyruvicusfails the auxotroph transformation test
for Psychrobacterspp. It has been proposed that a new genus
of the family Moraxellaceae be established to accommodate
P. phenylpyruvicus.
Characteristics

Psychrobacterspecies vary from extremely short rods (i.e., coc
cobacilli) to relatively long rods measuring .9–1.3 � 1.5–
3.8 mm. Rods can form chains or be somewhat swollen with
pointed ends. The Gþ C contents ofPsychrobacterDNAs are 42–
50.7 mol%. Fatty acid pro� les are conserved betweenPsychro
bacterspecies, with C18:1 u 9c being the major component. All
tested species contain ubiquinone-8 as the predominan
respiratory lipoquinone. Species in this genus also are known
for their radiation resistance. Psychrobacters grow well on
complex media and most species also can grow on minera
media containing a single carbon and energy source with
ammonium salts as the nitrogen source. Colonies formed by
strains of Psychrobacterspecies on nutrient agar or other
complex agar are often cream or off-white, smooth, circular
convex colonies with a smooth margin and a buttery consis-
tency. Cells of some species can move by‘twitching ’ motility, as
is typical of the family Moraxellaceae. The properties of
Psychrobacterand Moraxellaare very similar with a few excep-
tions, including growth temperatures, salt requirement or
tolerance, and products of glucose utilization. The optimum
growth temperature of most psychrobacters is 20–30 � C, with
a range of �18 to 37 � C (Table 3). Most species are hal-
otolerant and can grow in the presence of�10% (w/v) NaCl.
The least halotolerantPsychrobactersp. isP. sanguinis, for which
the upper NaCl level in the growth media is 2%. Seven species
Psychrobacter submarinus, Psychrobacter salsus, Psychrobacter pac
� ensis, Psychrobacter marincola, Psychrobacter glacincola, Psychro
bacter cibarus, and Psychrobacter arcticusrequire seawater or NaCl
for growth. Unlike Moraxella, some species ofPsychrobacte
produce acid from glucose.
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Table 3 NamedPsychrobacterspecies and some of their growth properties

Species Known habitat/source

Growth temp. (� C)

NaCl (� %)
Acid from
glucose SeawaterOptimal Range

P. adeliensis Fast Antarctic ice 22 2–30 10 � a �
P. aestuarii Sea tidal� at sediments 20–30 4–37 4 � �
P. alimentarius Fermented seafood 30 � 35 10 þ b �
P. aquimaris Seawater 25–30 � 34 12 þ �
P. arcticus Siberian permafrost 22 � 10–28 7.3 � þ
P. arquaticus Antarctic cyanobacterial mat 22 4–30 7.5 � ndc

P. arenosus Coastal sea ice and sediments 25–28 4–37 10 þ �
P. celer Seawater 30–35 4–40 15 þ �
P. cibarus Fermented seafood 25–30 4–32 10 � þ
P. cryohalolentis Siberian permafrost 22 � 10–30 10 � �
P. faecalis Bioaerosol of pigeon feces 25–30 4–36 12 � �
P. fozii Coastal marine sediments and water nd 4–30 12.5 � nd
P. frigidicola Antarctic ornithogenic soil and meat 18–20 � 18–22 9 � �
P. fulvigenes Marine crustacean 25–28 � 5–37 12 � �
P. glacincola Sea ice and deep ice cores 13–15 � 22 12 þ þ
P. immobilis Fish, milk, chilled meat and blood products,

orthinogenic soil, sea ice, and contaminants
on lab media

20 � 30 6 þ �

P. jeotgali Fermented seafood 25–30 4–36 10 � nd
P. luti Glacial mud and seawater nd 4–30 9.5 � nd
P. lutiphocae Seal feces nd 10–37 6 � –
P. marincola Internal tissues of ascidian 25–28 7–35 15.5 � þ
P. maritimus Coastal sea ice and sediments 25–28 4–37 10 � �
P. namhaensis Seawater 25–30 � 37 13 þ �
P. nivimaris Antarctic seawater 10–15 4–35 13 nd �
P. okhotskensis Icy seawater 25 0–35 10 � nd
P. paciÞensis Seawater and Japanese trench 25 � 38 6 þ þ
P. phenylpyruvicus Chilled meats,� sh, clinical specimens

of humans and animals
32–37 � 39 8 � �

P. proteolyticus Antarctic krill stomach nd � 35 12 þ nd
P. pulmonis Congestive lungs of lamb 30 4–37 6.5 � nd
P. salsus Fast Antarctic ice 22 2–30 10 � þ
P. sanguinis Human blood 30–37 4–37 2 þ �
P. submarinus Seawater 25–28 4–35 15.5 � þ
P. urativorans Chilled meats and Antarctic orthinogenic soil 18–20 � 10–27 9 � �
P. vallis Antarctic cyanobacterial mat 22 4–30 7.5 þ nd

a� , negative reactions or seawater is not required for growth.
bþ , positive reactions or seawater is required for growth.
cnd, not determined.

832 Moraxellaceae
Methods of Isolation and Identi�cation

Psychrobacterspecies can be isolated from samples collecte
from marine environments using marine agar for specimens;
from soil samples using nutrient agar supplemented with 6%
NaCl to exclude nonhalotolerant species; and from clinical
samples using blood heart infusion agar/blood agar. The growth
temperature and salt requirement are linked with their habitats,
as shown inTable 3. Incubation at low temperatures (4–10 � C)
can enhance selection ofPsychrobacterspp. from cold environ-
ments. Cream-colored, smooth colonies with a buttery consis-
tency are presumptivePsychrobacter. Identities of the colonies
can be further determined by morphological and phenotypic
characterization and 16S rRNA gene sequencing. The 16S rDN
sequences of somePsychrobacterspecies are almost indistin-
guishable– for example, those ofP. submarinusand P. marincola
have a similarity of 99.9%. Therefore, 16S rRNA gen
sequencing for these species can provide only a preliminar
assignment of species identity. Phenotypic and other genotypic
data are necessary for their reliable identi� cation.

Clinical Signi�cance

Psychrobacter phenylpyruvicusand P. immobilisoccasionally are
isolated from clinical specimens, but without � ndings that
indicate they are the cause of a disease condition.Psychrobacte
phenylpyruvicushas been reported, however, as the cause o
a surgical wound infection and several cases of system
infection. One of the latter cases was attributed to the eating o
raw clams by a cirrhotic patient. This appears to be the only
reported case of an infection caused by a member of the
Moraxellaceae that was acquired from food. A case of menin
gitis caused byP. immobilishas been reported. Recently, human
isolates ofP. immobilishave been reexamined and identi� ed as
Psychrobacter faecalisand Psychrobacter pulmonis. In addition,
a novel species isolated from several specimens of huma
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blood, P. sanguinis, recently has been proposed. Thus, it appear
that psychrobacters can cause infections, but only rarely
whereas the species other thanP. phenylpyruvicusthat may be
involved in infections still is open to some debate.
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Importance in Food Spoilage

Species ofPsychrobacterare often major components of newly
caught � n� sh and shell� sh. They are, however, usually minor
components of � sh spoilage � ora, apparently because they
compete poorly with other spoilage organisms. Even so, thei
presence in� sh spoilage� ora may have been exaggerated b
the misidenti � cation of Pseudomonas fragiisolates asPsychro
bacterspp. Similarly, when present on raw meats, the fractions
of psychrobacters tend to reduce as the spoilage� ora develop.
Psychrobacters appear to play little part in the development of
spoilage conditions in either � sh or meat stored at chiller
temperatures. Nonetheless, psychrobacters may be importan
in the spoilage of salted and fermented� sh products, as they
have been reported to impart musty odors to a fermented squid
product and salted cod.

Psychrobacters are found in milk, and can be major
components of the surface � ora of smear-ripened cheeses
Whether or not they contribute to surface sliming or other
spoilage conditions of such products has not been established
Many strains of psychrobacters isolated from foods are lipo-
lytic, and it has been suggested that somePsychrobacterspp.
contribute to the development of desirable � avors in smear-
ripened cheeses. As with spoilage, the possible role of ps
chrobacters in ripening of cheeses still has to be investigated

See also:Classi�cation of the Bacteria:Traditional;Bacteria:
Classi� cation of the Bacteria– Phylogenetic Approach;Fish:
Spoilage of Fish; Spoilage of Meat; Shell� sh Contamination and
Spoilage; Multilocus Sequence Typing of Food
Microorganisms;Identi�cation Methods:DNA Hybridization
and DNA Microarrays for Detection and Identi� cation of
Foodborne Bacterial Pathogens.
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Figure 1 Typical morphological characteristics of fungi belonging
to the genusMucor.
Introduction

The genusMucorbelongs to the zygomycotan orderMucorales.
These fungi are characterized by eucarpic, mostly coenocyt
thalli containing haploid nuclei. Asexual reproduction is char-
acterized by the formation of one to many sporangiospores in
a mitosporangium. Sexual reproduction occurs when two similar
gametangia conjugate to produce a zygospore. Generally, th
families and other taxa in Mucoralescan be distinguished from
one another by the morphology of the asexual reproductive
structures, speci�cally the characteristic features of the sporan
giophores, sporangia, columellae, and sporangiospores. Th
family Mucoraceae, which includesMucor, is characterized by
columellate multi-spored sporangia. In addition, rhizoids and
stolons are either much reduced or completely absent in
members of this family. Arthrospores are formed under unfa-
vorable nutritional or environmental conditions through septa-
tion of normally coenocytic hyphae, followed by hyphal
fragmentation. The typical morphological characteristics of the
genusMucorare illustrated in Figure 1. VariousMucorspecies or
strains exhibit dimorphism, for example, Mucor rouxii, Mucor
racemosus,Mucor genevensis,Mucor bacilliformis, Mucor subtilissimus,
and Mucor circinelloides, and grow as spherical multi-polar
budding yeasts under certain conditions. The availability of
a fermentable hexose is always required during yeast-like growt
and, although not a prerequisite for all species, anaerobiosis i
preferred. Furthermore, the hexose concentration, partial pres
sure of CO2, and the nitrogen source also can be important
effectors of dimorphism in certain species.

Mucor, as well as many other mucoralean fungi, are
generally the�rst saprophytic colonizers on dead or decaying
plant material. They are able to rapidly utilize the limited
number of simple carbohydrate molecules available before
other fungi, which are able to utilize complex carbohydrates
such as cellulose and lignin, dominate the decomposition
process.Mucor species are also capable of utilizing a wide
variety of carbon sources aerobically (Table 1), fermenting
carbohydrates (Table 2) and making use of ammonia or
organic nitrogen. In addition, species ofMucorare capable of
growth at temperatures ranging from 40� C, in the case of
Mucor recurvus, to as low as 0� C, for strains of Mucor � avus,
Mucor piriformis, Mucor plasmaticus, and M. racemosus; occur at
pH values of between 4 and 8; and appear to have a wate
activity limit of between 0.92 and 0.93. As such the genus is
regarded as being ubiquitous in nature and thus has been
isolated from numerous sources, including various processed
and unprocessed foods.
34 Encyclopedia of Food
Investigations into the physiological properties of Mucor
have identi�ed a number of enzymes with biotechnological
potential from this group of fungi ( Table 3). The lipid
metabolism of species such asM. circinelloidesand M. rouxii are
particularly well studied. Representatives of these species a
known to be oleaginous (accumulating at least 20% lipids, on
dry weight) and produce substantial quantities of high-value
fatty acids, such asg-linolenic acid, that have applications in
medicine as lipid constituents. Another species,Mucor exitiosus,
was reported to be employed effectively as a means o
biocontrol of locusts in South Africa during the 1890s. More
recently, Mucor indicushas been shown to effectively produce
ethanol during the degradation of lignocellulosic hydrolyzates
and could prove useful in the development of alternative fuels.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00228-7
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Table 1 Carbon compounds aerobically assimilated as the sole carbon source byMucorstrains in synthetic liquid media

M. circillenoides
M. rouxii M. ßavus M. mucedo

CBS 119.08 CBS 108.16 CBS 203.28 CBS 416.77 CBS 234.35 CBS 109.16

Pentoses
D-Arabinose – – – – – –
L-Arabinose þ þ þ þ þ þ
D-Ribose þ þ þ þ – –
D-Xylose þ þ þ þ þ þ
Hexoses
D-Galactose þ þ þ þ þ þ
D-Glucose þ þ þ þ þ þ
D-mannose þ þ þ þ þ þ
D-Fructose þ þ þ þ þ þ
L-Sorbose – – – – – –
L-Rhamnose þ – – – þ –
Disaccharides
Cellobiose þ þ þ þ þ þ
Lactose – – – – – –
Maltose þ þ þ þ þ þ
Melibiose þ – – – – þ
Sucrose þ – – – – –
Trehalose þ þ þ þ þ þ
Trisaccharides
Melezitose þ þ þ þ þ þ
Raf� nose – – – – þ –
Polysaccharides
Inulin þ þ þ þ þ þ
Starch þ þ þ þ þ þ
Glycoside
Salicin þ þ þ þ þ þ
Alcohols
Erythritol – – – – þ –
Ethanol þ þ þ þ þ –
Galactitol þ – – – – –
Glycerol – – – – þ –
Inositol – – – – þ –
D-Mannitol þ þ þ þ þ þ
Methanol – – – – – –
Ribitol þ þ þ þ – –
Sorbitol þ þ þ þ þ þ
Organic acids
Acetic acid þ þ þ þ þ þ
Butanoic acid þ þ þ þ – –
Citric acid – – – – – –
Formic acid – – – – – –
Gluconic acid þ þ þ þ þ –
Lactic acid þ þ þ þ þ þ
Succinic acid þ þ þ þ þ þ
Propionic acid – – – – – –

þ , assimilated;� , not assimilated.

Mucor 835
Importance ofMucor in the Food Industry

As mentioned, data from various laboratories have indicated
that mucoralean fungi such asRhizopusor Mucorare ubiquitous
in nature and therefore are found in unspoiled foods. To date,
approximately 20 Mucor species have been isolated from
various foods, including fresh and dried fruit, fresh vegetables
cereals, nuts, and spices as well as various dairy and me
products (Table 4). However, only � ve species appear to be o
greater importance, namelyM. circinelloides, Mucor hiemalis,
M. piriformis, Mucor plumbeus, and M. racemosus.

Although both M. circinelloidesand M. piriformisare known
pathogens of mangos, peaches, and strawberries, the majori
of damage caused byMucoris seen during the cold postharvest
storage of fruits. Indeed the extensive postharvest decay
pears caused by strains ofM. piriformis, characterized by their



Table 2 Carbohydrates fermented by
Mucor circinelloides f. circinelloidesCBS 108.16

Pentoses
D-Arabinose –
L-Arabinose –
D-Ribose –
D-Xylose –
Hexoses
D-Galactose þ
D-Glucose þ
Disaccharides
Maltose þ
Sucrose –
Trisaccharide
Raf� nose –

þ , fermented;� , not fermented.

Table 3 Enzymes produced by mucoralean fungal strains

Species and strain Enzymes produced

Mucor circinelloidesvan Tieghemf. circinelloidesSchipper
ATCC 12166 b-Glucosidase
CCRC 31544 a-Glucosidase
CBS 119.08 Lipase
Mucor circinelloidesvan Tieghemf. lusitanicus(Bruderlein) Schipper
CBS 108.17 Lipase
CBS 242.33 Lipase
CBS 277.49 Lipase/b-glucosidase
Mucor indicusLendner
CBS 120.08 a-Amylase
Mucor mucedo(Linnaeus) Fresenius
ATCC 38694 Proteolytic and lipolytic activity
Mucor piriformisFischer
ATCC 42556 Pectolytic enzymes

ATCC, American Type Culture Collection, Rockville, MD, USA; CCRC, Culture Collection
and Research Center, Food Industry Research and Development Institution, Hsinchu,
Taiwan; CBS, Centraalbureau voor Schimmelcultures, Utrecht, the Netherlands.

Table 4 Mucoralean fungal strains and the food types from which
they were isolated

Species and strain Type of food

Mucor circinelloidesvan Tieghem
ATCC 48558 Tomatoes
MUCL 18550 Maize
Mucor circinelloidesvan Tieghemf. circinelloidesSchipper
ATCC 38313 Tomatoes
Mucor circinelloides f. griseocyanus(Hagem) Schipper
CBS 698.68 Maize
CBS 907.69 Maize
CBS 366.70 Canned strawberries
CBS 541.78 Maize
Mucor circinelloides f. janssonii(Lendner) Schipper
CBS 762.74 Milk powder
Mucor circinelloidesvan Tieghemf. lusitanicus(Bruderlein) Schipper
CBS 633.65 Maize
Mucor falcatusSchipper
CBS 251.35 Honey comb
Mucor genevensisLendner
CBS 564.75 Apples
Mucor hiemalisWehmer
ATCC 32469 Guava fruit
ATCC 46126 Production ofsufu
ATCC 46128 Production ofsufu

(Continued)

Table 4 Mucoralean fungal strains and the food types from which
they were isolatedd cont'd

Species and strain Type of food

Mucor hiemalis f. corticola
MUCL 15858 Dust from bakery
Mucor hiemalisWehmerf. hiemalis
MUCL 15859 Dust from bakery
MUCL 15870 Dust from bakery
MUCL 18551 Maize
Mucor hiemalis f. silvaticus(Hagem) Schipper
MUCL 15868 Dust from bakery,� our
MUCL 15869 Dust from bakery,� our
Mucor inaequisporusDade
CBS 255.36 Spanish plums
CBS 351.50 Bananas
CBS 496.66 Japanese persimmons
Mucor indicusLendner
CBS 670.79 Fermenting rice/cassava
CBS 671.79 Fermenting rice/cassava
CBS 535.80 Sorghum malt
CBS 545.80 Sorghum malt
Mucor mucedo(Linnaeus) Fresenius
ATCC 36628 Grapes
NCAIM F.00840 Red pepper
ATCC 48559 Decaying tomatoes
MUCL 18552 Maize
MUCL 18553 Maize
ATCC 36628 Grapes
Mucor piriformisFischer
CBS 255.85 Decaying pears
CBS 256.85 Decaying pears
ATCC 38314 Peaches
ATCC 42556 Decaying strawberries
ATCC 52553 Apricots
ATCC 52554 Nectarines
ATCC 52555 Peaches
ATCC 60988 Decaying pears
Mucor plumbeusBonorden
MUCL 941 Lemons
MUCL 14187 Dairy contaminant
MUCL 16154 Meat meal, cattle feed
MUCL 18842 French Brie cheese
ATCC 8771 Pea seed
ATCC 8773 Pea seed
JCM 3900 Fermented soya beans,meju
Mucor racemosusFresenius
NCAIM F.00841 Red pepper
ATCC 46129 Production ofsufu
ATCC 46130 Production ofsufu
Mucor racemosusFreseniusf. racemosus
CBS 632.65 Maize
CBS 657.68 Contaminated cheese
CBS 906.69 Spices
CBS 222.81 Nut ofJuglas regia
Mucor racemosus f. sphaerosporus(Hagem) Schipper
CBS 574.70 Steamed sweet potato
MUCL 9130 Rotting cheese
Mucor recurvusButler
MUCL 28170 Fermented cassava
Mucor rouxii(Calmette) Wehmer sensu Bartnicki-Garcia cf.Mucor

indicus
CBS 416.77 Production of fermented rice
Mucor sinensisMilko and Beljakova
CBS 204.74 Production of soy cheese

ATCC, American Type Culture Collection, Rockville, MD, USA; MUCL, Mycothèque
de l’Université Catholique de Louvain, Louvain-la-Neuve, Belgium; CBS, Cen-
traalbureau voor Schimmelcultures, Utrecht, the Netherlands; NCAIM, National
Collection of Agricultural and Industrial Microorganisms, Budapest, Hungary; JCM,
Japan Collection of Microorganisms, Saitama, Japan.
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Table 5 General-purpose media for the enumeration
of mucoralean fungi

Dichloran 18% Glycerol Agar (DG18)
Glucose 10 g
Peptone 5 g
KH2PO4 1 g
MgSO4$7H2O 0.5 g
Glycerol 220 g
Agar 15 g
Dichloran (0.2% w/v in ethanol) 1.0 ml
Chloramphenicol 0.1 g
Water 1000 ml
pH 5.6

Add all the ingredients except the glycerol to 700 ml water.
Steam to dissolve agar. Add the glycerol. Bring solution to
1000 ml and sterilize by autoclaving (15 min, 121� C). The
water activity of the� nal medium is 0.955, and it commonly is
used to isolate fungi from foods with a low water activity

Dichloran Rose Bengal Chloramphenicol (DRBC) Agar
Glucose 10 g
Peptone 5 g
KH2PO4 1 g
MgSO4$7H2O 0.5 g
Rose Bengal (5% w/v in water) 0.5 ml
Dichloran (0.2% w/v in ethanol) 1 ml
Chloramphenicol 0.1 g
Agar 15 g
Water 1000 ml
pH 5.6

Add all the ingredients to 900 ml water. Steam to dissolve agar
and bring solution to 1000 ml. Sterilize by autoclaving
(15 min, 121� C)

Malt Extract Agar (MEA)
Malt extract 20 g
Agar 16 g
Water 1000 ml

Add the ingredients to 800 ml water. Steam to dissolve agar.
Bring solution to 1000 ml and autoclave (15 min, 121� C)

Table 6 Selective media for fungi belonging to the genus
Mucor

Ketoconazole medium
Malt extract 20 g
Yeast extract 2 g
Agar 15 g
Chloramphenicol 0.5 g
Ketoconazole (1% w/v in ethanol) 5 ml
Water 1000 ml
pH 5.6

Add all the ingredients to 900 ml water. Steam to dissolve agar.
Bring solution to 995 ml and sterilize by autoclaving (15 min,
121� C). Filter-sterilize the ketoconazole and add to cooled
molten medium at 50� C, just before pouring into Petri dishes

Benomyl-containing medium
Malt extract 20 g
Benomyl 0.02 g
Agar 15 g
Water 1000 ml
pH 5.5

Add the ingredients to 900 ml water. Steam to dissolve agar.
Bring solution to 1000 ml and sterilize by autoclaving (15 min,
121� C)

Table 7 Media used in the identi� cation ofMucorspecies

SyntheticMucorAgar (SMA)
Glucose 40 g
Asparagine 2 g
KH2PO4 0.5 g
MgSO4$7H2O 0.5 g
Thiamine chloride 0.005 g
Agar 15 g
Water 1000 ml

Add all the ingredients to 900 ml water. Steam to dissolve agar. Bring
solution to 980 ml and autoclave (15 min, 121� C). Dissolve thiamin
chloride in 20 ml water. Filter-sterilize and add to cooled molten
medium before pouring into Petri dishes

Malt Extract Agar (MEA)
Malt extract 20 g
Agar 16 g
Water 1000 ml

Add the ingredients to 800 ml water. Steam to dissolve agar. Bring
solution to 1000 ml and autoclave (15 min, 121� C)

Mucor 837
ability to grow at low temperatures, has prompted extensive
research into postharvest control of this fungus. Recommende
treatments include dipping the pears in hot water, salt, and
surfactant solutions or washing them in thiabendazole. Alter-
natively, the wash water is treated with either chlorine dioxide
or peracetic acid. Similar cold storage spoilage of foods b
various Mucor strains includes moldiness of bacon, the
formation of ‘whiskers’ on beef, egg spoilage, mold growth on
butter and cereals, and pickle softening.

Further negative implication for the presence ofMucor in
food is an indication of unsanitary conditions during
food preparation and storage. An example of such unsanitary
conditions is the spoilage of soft cheeses.Mucorstrains present
in the air and on equipment in cheese factories cause surfac
growth on cheese. This results in a variety of defects in th
cheese, making it commercially unacceptable.

Not only do these fungi occur as spoilage organisms o
food but some species also are used in the preparation o
fermented foods that are seen as cheaper, nutrient an
protein rich diet alternatives in poorer areas of the world,
such as Africa and Asia. The use of� lamentous fungi during
the fermentation process contributes to desirable modi� ca-
tion with regard to acidity, digestibility, � avor, texture, and
shelf life. A number of Mucor species have been isolated
from various fermented foods, including Chinese soybean
pasta, daqu, furu, meju, murcha, ragi, soybean residue cakes
and sufu.
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Mucor 839
Methods of Detection and Enumeration

Enumeration of Colony-Forming Units

To enumerate fungi belonging to the genusMucor in foods,
a one-tenth of the solid food sample (50–500 g) is � rst
homogenized in sterile 0.1% peptone water. A Colworth
Stomacher applied for 2 min may be used for this purpose.
Liquid food samples need not be homogenized. The homoge-
nized sample can be diluted and plated out onto an appropriate
medium by making serial 1:9 dilutions of the sample using 0.1%
peptone water. Aliquots of 0.1 ml of the appropriate dilutions
are spread on to solidi� ed agar medium plates in triplicate. Either
general purpose non-selective media or more selective media ca
be used for this. After an appropriate incubation period, the
fungal colonies are counted and the number of colony-forming
fungal units present in the original sample is calculated.
e

.
o

-

in
Media

The media used for the isolation or enumeration of Mucor
species can be divided into two categories. The� rst category
includes general-purpose media that are not very selectiv
among members of the fungal domain, allowing growth of
a wide diversity of fungal groups (Table 5). Antibacterial agents
such as chloramphenicol are included in some of these media
Rose Bengal and dichloran, an antifungal agent, are used t
Figure 2 A summary of the characteristic features of some of the most
Sporangia, brown to black, 40–80mm in diameter, rarely 100mm. Sympodially
Sporangiospores broadly ellipsoidal, 4–9mm in length and 3–5mm in width. Co
and 30� C. No growth at 40� C. (b)Mucor falcatusSchipper. Sporangia, yello
branched sporangiophores up to 18mm in diameter. Sporangiospores globo
to 60� 55mm. Colony up to 8 mm in height. Growth and sporulation bet
Sporangiayellow to brown, up to 70mm in diameter. Sympodially branched s
in length and 2–4mm in width. Columellae piriform-ellipsoidal up to 40� 32mm.
of 80mm. Colony up to 5 mm in height. Growth and sporulation between
yellow tobrown,up to70mm indiameter.Sporangiophoresunbranchedors
ellipsoidal, up to 10mm in length and 5mm inwidth. Columellaeglobose or ov
growth at or above 37� C. (e)Mucor inaequisporusDade. Sporangia yellow to
Sporangiophores up to 30mm in diameter, mostly unbranched, but sympod
length and 3–23mm in width. Columellae are up to 83� 75mm and are subglo
sporulationbetween10and 25� C.No growth ator above 30� C. (f)Mucor indicuL
are branched sympodially up to 14mm in diameter. Sporangiospores are su
10 mm in height. Growth and sporulation between 20 and 37� C. Optimal grow
(Linnaeus) Fresenius. Sporangia gray, up to 250mm in diameter. Sporangioph
subglobose or ellipsoidal, 11–14mm in length and 6–8mm in width, or 8–9mm in
25 mm in height. Growth and sporulation between 5 and 25� C. No growth at 3
diameter. Sporangiophores are unbranched or branched, up to 40mm in diamete
Columellae ellipsoidal, pyriform or subglobose up to 190� 175mm. Growth an
growth at 30� C or higher. (i)Mucor plumbeusBonorden. Sporangia gray, up
monopodially, up to 21mm in diameter. Sporangiospores mostly globose, 7–8mm
49� 25mm. Some collumellae contain one or more projections. Colony
37� C. (j)Mucor racemosusFresenius.Sporangia gray to brown, up to80mm india
up to 18mm in diameter. Sporangiospores broadly ellipsoidal to subglobo
ovoid, ellipsoidal, cylindrical, subglobose, or pyriform up to 55� 37mm. Chlam
and sporulation at 5–30� C. Optimal growth and sporulation 20–25� C. No grow
in diameter. Sporangiophores are unbranched or sympodially branched
27mm in length and 11mm in width. Columellae applanate, conical or cylind
10–40� C. Optimal growth and sporulation 20–30� C. (l)Mucor sinensisMilko an
100mm indiameter. Sporangiophoresmostly unbranched, up to 14mm indiame
to irregular in shape, up to 12mm in length and 11mm in width. Globose spores
42� 35mm. Growth and sporulation at 5–25� C. No growth at or above 37� C.
restrict fungal growth and thereby facilitate enumeration of
colonies on the plate.

The other category includes media used to enumerat
selectively or isolate members ofMucor from habitats con-
taining, in most cases, predominantly other fungal groups. Two
media in this category are given inTable 6. The antifungal
agents included in these media, benomyl and ketoconazole
allow growth of Mucorspecies while inhibiting the growth of
both ascomycetous and hyphomycetous fungi.
Incubation and Identi�cation

Generally, inoculated plates are incubated at 25� C for 5 days,
after which the colonies are counted on those plates containing
15–150 colonies. Mucor colonies may develop from various
morphologically and physiologically different structures.
Germinating chlamydospores, sporangiospores, and zygo
spores or even hyphal fragments may result in colony forma-
tion. Growth from these developing colonies can be transferred
to media appropriate for further identi � cation (Table 7) using
the keys of Schipper (see Further Reading). The species with
this genus differ from one another mainly in the diameter of
the sporangia and sporangiophores, as well as in the
morphology and measurements of the sporangiospores. In
addition, the morphology of the columellae, the presence and
type of branching of the sporangiophores, and the maximum
frequently encounteredMucorspecies in foods. (a)Mucor circinelloidesvan Tieghem.
branched sporangiophores 20–30 mm in length and up to 17mm in diameter.
lony up to 20 mm, rarely 30 mm in height. Growth and sporulation between 5
w to brown, up to 100mm in diameter, rarely reaching 130mm. Sympodially
se; some are ellipsoidal, 6–10mm in diameter. Columellae conical or cylindrical up
ween 10 and 25� C. No growth at or above 37� C. (c)Mucor genevensisLendler.
porangiophores up to 10mm in diameter. Sporangiospores are ellipsoidal, 4–8mm
Homothallic species forming dark brown spiny zygosporangia with a diameter
5 and 25� C. No growth at or above 37� C. (d)Mucor hiemalisWehmer. Sporangia
lightly sympodicallybranched,up to 15mm indiameter. Sporangiosporesoblong to
al. Colony up to 20 mminheight. Growth and sporulation between5 and 25� C.No
brown, up to 150mm in diameter, rarely reaching 175mm in diameter.
ial branches may occur. Sporangiospores variable in shape and size, 5–30mm in

bose, conical to applanate in shape. Colony up to 30 mm in height. Growth and
sendner. Sporangia yellow to brown, 40–50mm in diameter. Sporangiophores
bglobose to ellipsoidal, 5–6mm in length and up to 4mm in width. Colony up to
th at 30� C. At 40� C growth without sporulation occurs. (g)Mucor mucedo

ores are unbranched or branched, up to 40mm in diameter. Sporangiospores are
diameter. Columellae ovoid to ellipsoidal up to 160� 125mm. Colony up to
0� C or higher. (h)Mucor piriformisFischer. Sporangia black, up to 350mm in
r. Sporangiospores mostly ellipsoidal, 7–10mm in length and 4–7mm in width.
d sporulation between 5 and 25� C. Optimal growth between 10 and 15� C. No
to 80mm in diameter, rarely 100mm. Sporangiophores branch sympodially or
in diameter. Columellae pyriform, ovoid-ellipsoidal to cylindrical or conical,

up to 20 mm in height. Growth and sporulation at 5–28� C. No growth at or above
meter, rarely90mm.Sporangiophores branch sympodially and monopodially,
se, up to 10mm in length and 7mm in width, or up to 8mm in diameter. Columellae

ydospores frequently occur in cultures. Colony up to 45 mm in height. Growth
th at or above 37� C. (k)Mucor recurvusButler. Sporangia yellow, up to 125mm
, transitorily recurved, up to 18mm in diameter. Sporangiospores are ellipsoidal, up to
rical, up to 70� 60mm. Colony up to 40 mm in height–Growth and sporulation at
d Beljakova. Sporangia pale yellow to brown, up to 70mm in diameter, rarely

ter. Numerouschlamydospores insporangiophores. Sporangiospores globose
are up to 16mm in diameter. Columellae cylindrical, ellipsoidal, or conical, up to
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growth temperatures are determined to enable identi� cation of
some species. Some of the characteristic features of theMucor
species that have been found in foods are depicted inFigure 2.
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Immunochemical Detection

Conventional detection methods, such as counting the number
of colony-forming units in a food sample, have their limita-
tions. This is especially true for processed foods in which the
fungi were killed or removed during preparation. It is for this
reason that an immunological detection method was devel-
oped to detect the immunologically active extracellular poly-
saccharides (EPS) of mucoralean fungi present in foods.

These EPS, which are water-extractable and heat-resista
are mainly composed of fucose, galactose, glucuronic acid
mannose, and small amounts of protein. Mannosyl residues
with a-linkages are the immunodominant sugars in the EPS o
members of Mucor. Enzyme-linked immunosorbent assays
(ELISAs) have been developed for the detection of the EPS
M. circinelloides, M. hiemalis, and M. racemosus. Although poly-
clonal antibodies raised against EPS ofM. racemosusshowed
cross-reactions with the EPS obtained from members of othe
mucoralean genera in an ELISA, as well as with the yeastPichia
membranaefaciens, no cross-reactivity occurred with the major
species of Penicillium and Aspergillus. The testing of ELISAs
prepared from antibodies raised against the EPS ofM. hiemalis
showed that this type of assay is a sensitive, rapid, and reliabl
method for detecting mucoralean fungi in a number of food
products. False–positive reactions do occur, however, especially
in foods containing jams or walnuts.

To make the tests more speci� c, a monoclonal antibody was
raised against the EPS fromM. racemosusafter intrasplenic
immunization of mice. The IgG antibody was speci� c for
mucoralean fungi representing various genera, includingMucor,
Rhizopus, Rhizomucor, and Absidia. No cross-reactivity occurred
with the EPS from representatives of various species ofAspergillus,
Penicillium, andFusarium. In addition, no cross-reactivity could be
detectedwith the EPSfromrepresentativesofP.membranaefacien.

Currently, the use of either polyclonal or monoclonal
ELISA kits for the identi� cation of Mucoris rare. XEMA Co. Ltd.
(Russia) does market the use of a polyclonal competitive
immunoassay intended for quantitative determination of the
antigens of Mucoraceae in grain, food, and washes from
industrial equipment. Commercial ELISA kits using monoclonal
antibodies, however, may be used for the rapid and sensitive
detection of mucoralean fungi in foods in the near future.
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Pathogenicity

Mucorcontaminated food constitutes a limited potential health
hazard with regard to healthy consumers. No speci� c myco-
toxin has been isolated and characterized inMucor. The results
of bioassays did indicate that toxins are present in extracts from
certainMucorspecies. Aqueous fungal extracts ofMucor mucedo
were weakly toxic to brine shrimp. And although ethanol–
chloroform extracts of the same species were only moderatel
toxic to brine shrimp, these were highly toxic to chicken
embryos. Similarly, toxin production was demonstrated in
M. indicusand M. circinelloidesin tests where ducklings were
used. A recent study has shown that the speciesM. hiemalisis
capable of producing ergoline alkaloids known to induce
ergotism when ingested.

Despite this toxin production, the genusMucoris generally
accepted to be non-toxic toward humans. In recent year
however, the importance of mucormycosis has greatly
increased, particularly within the immunocompromised
population. Rare cases in healthy patients also have bee
reported. Maxillofacial, pulmonary, and rhino-cerebral infec-
tions are perhaps the most common form of infection,
although the risk of the infection invading the blood vessels
and causing tissue necrosis is always great. Mortality rate
among immunocompromised patients remains high, approx-
imately 70% once dissemination of the infection occurs,
despite the use of antibiotics, such as amphotericin B.
See also:Biochemical Identi�cation Techniques for Foodborne
Fungi:Food Spoilage Flora;Foodborne Fungi:Estimation by
Cultural Techniques;Spoilage Problems:Problems Caused
by Fungi.
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Characteristics of the Genus

Mycobacteria are members of the orderActinomycetales, and the
only genus in the family Mycobacteriaceae. Currently, the genus
Mycobacteriumhas more than 100 recognized or proposed
species, including numerous pathogens and saprophytic
organisms of warm-blooded animals. The distinguishing
characteristics of this genus include acid-fastness and th
presence of mycolic acids. Mycobacteria are slender, non spor
forming, rod-shaped, aerobic, slow-growing, and free-living in
soil and water. These bacteria have a generation time of abou
20 h, thus isolation and identi �cation may take up to 6 weeks
(although a few species may grow in only 5–7 days).

These bacteria are acid-alcohol-fast, which means that aft
staining they resist decolorization with acidi�ed alcohol as well
as strong mineral acids. The property of acid-fastness, resultin
from waxy materials in the cell walls, is particularly important
for recognizing mycobacteria. The staining procedures mus
be carefully performed because other Gram-positive bacteri
(e.g., Nocardia, Corynebacterium, and Rhodococcus) are often
partially acid-fast.

Mycobacterium tuberculosis, M. africanum, M. bovis, M. bovis
BCG, M. microti, M. caprae, and M. pinnipedii are collectively
referred to as theM. tuberculosiscomplex because these organ
isms cause tuberculosis (TB), a disease characterized by t
formation of tubercles and caseous necrosis in tissues. Th
source of tubercle bacilli is tuberculous individuals. Humans
perpetuate M. tuberculosis; cattle, bison, and deer perpetuate
M. bovis; and chickens perpetuateM. avium, M. bovis, and
M. aviumcan infect wild mammals and birds, respectively, and
these animals occasionally become sources of infection fo
domestic animals. In contrast, most nontuberculous myco-
bacteria are saprophytes, and some are normal commens
bacteria of animals – diseased individuals are not signi�cant
sources of infection.
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Tuberculosis in Birds

Tuberculosis is a chronic disease of birds manifested b
progressive weight loss. It is usually found in older chickens
that have been kept beyond the laying season. The causativ
agent isM. avium. Clinical signs of tuberculosis include dull,
ruf�ed feathers; pale skin of the face, wattles, and comb; diar
rhea; and progressive emaciation. If the bone marrow of the leg
bones is involved, a jerky, hopping gait is observed. Common
gross lesions include grayish-white lesions in the liver, spleen
intestinal serosa, and, in advanced cases, the bone marrow
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
Tubercle formation stops short of calci�cation. Although the
organism has been isolated from eggs, transovarian infection o
chicks is rare.M. aviumaffects many species of birds, but psit-
tacines and canaries are resistant– they are more susceptible to
M. tuberculosisthan M. avium.
Tuberculosis in Ruminants, Swine, and Horses

Clinical TB in ruminants is typically a debilitating disease
characterized by progressive emaciation, erratic appetite, an
irregular low-grade fever and, occasionally, by localizing signs
such as enlarged lymph nodes, cough, and diarrhea.

Cattle, sheep, and goats are the species most often infecte
with M. bovis. Infection is centered in the respiratory tract and
adjacent lymph nodes and serous cavities. The diseas
commonly progresses via air spaces and passages, but hem
togenous dissemination involving liver and kidney also occurs.
Fetuses may be infected in utero and surviving offspring
commonly develop liver and spleen lesions. Udder infections are
rare (<2% of cases), but they have obvious public health
implications because M. bovismay be secreted in the milk.
M. tuberculosiscauses minor, nonprogressive lesions in cattle
sheep, and goats. Infection withM. aviumis generally subclinical.

In the United States and Canada, mycobacterial infections
in swine are usually caused byM. aviumand are associated with
the gastrointestinal system. It does not produce classic tubercle
(e.g., caseation, calci�cation, or liquefaction), but it may
disseminate to viscera, bone, and meninges. Swine may g
avian TB from either bird droppings or from eating dead birds.
In swine, M. bovis causes progressive disease with classic
lesions.M. tuberculosisinfections do not advance past regional
lymph nodes.

Horses are rarely infected, but when they are infected, it i
relatively more often with M. aviumthan with M. bovis. Infection
is usually by the oral route, with primary lesions in the pharynx
and intestine. Secondary lesions may be in lung, liver, spleen
and serous membranes. Gross lesions are tumorlike, but the
lack the caseation and gross calci�cation of classical tubercles.
Tuberculosis in Elephants

Both Asian and African elephants are susceptible to both
M. tuberculosisand M. bovis, which manifests as a chronic,
progressive debilitating disease. Clinical signs may be absent o
may include weight loss, lethargy, exercise intolerance, rhi
norrhea, cough, and dyspnea. Zoonotic cases between captiv
78-0-12-384730-0.00229-9 841
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elephants and humans have been reported in the United State
and Europe, but thus far they have not been reported in free
ranging elephants in Africa or Asia.
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Government Regulations

In Canada and the United States, poultry carcasses affected wi
TB (M. avium) are condemned on postmortem examination.
According to the U.S. Department of Agriculture (USDA)
Poultry Inspection Regulations, suspected birds are segregat
from the other poultry and held for separate slaughter, evis-
ceration, and postmortem inspection.

The USDA Meat Inspection Regulations state that whe
lesions similar to those caused byM. bovisare detected in
carcasses of animals from premises being depopulated becau
of TB, the carcasses shall be condemned regardless of extent
infection. If carcasses are presented as part of the regular kill, th
disposition of affected carcasses re� ects both the location and
extent of lesions detected. Affected carcasses are condemned
lesions are detected in one or more primary sites and one o
more body lymph nodes; or if lesions are detected in any other
organ, e.g., lungs, liver, or spleen. When carcasses are affected
a lesser extent, the affected lymph node and the correspondin
portion of the carcass is condemned, e.g., head and tongue
lungs, or intestine and stomach. In swine, if a carcass has two o
more isolated lesions of mycobacteriosis, it must be cooked a
76 � C (170 � F) for 30 min. Carcasses that are‘passed for cook-
ing’ lose most of their commercial value, and the additional
labor in cooking is an added expense. Many processing plant
have no facilities for cooking, so the carcasses are condemne

Although TB (M. bovis) in ruminants is now relatively
infrequent in the United States and Canada, it is still an
important public health threat in many parts of the world
where it has not been eradicated. In addition to meat, milk may
Table 1 Environmental sources and clinical signi� cance of selective m

Species Environmental source

Mycobacterium
avium–intracellulare
complex

Soil, water, birds, and other animals
(especially chickens, swine, cattle); fo
such as meat, milk, and eggs

M. bovis Cattle, bison, cervids, sheep, goats, pos
nonhuman primates, badgers, swine,
cats, milk and dairy products, meat

M. chelonae–M. abscessus
group

Water, soil, dust, cattle, swine, cats, turt
monkeys

M. fortuitum–M. peregrinum
group

Water, soil, dust, cattle, swine, cats,� sh

M. kansasii Tap water, tissues from cattle, deer, swi

M. leprae Man, armadillos, chimpanzees

M. marinum Fresh- and saltwater� sh, amphibians, aqu
mammals, swimming pools, and aquar

M. scrofulaceum Soil, water, raw milk, other dairy product
oysters

M. smegmatis Tissues from cattle, raw milk
M. tuberculosis Tissues from cattle, other animals, prima

raw milk
M. xenopi Swine tissues, water, birds, hot-water sys

Adapted from Songer, J.G. and Post, K.W., 2003. Veterinary Microbiology: Ba
and Winn et al. (2006).
be contaminated by mycobacteria. Although milk is a poten-
tially signi� cant vehicle for the transmission of infection to
humans, its importance has been drastically reduced in the
United States and Canada by careful sanitation and by
pasteurization. One still risks acquiring TB by consuming dairy
products when in foreign countries that do not have a TB
eradication and control program in place and where pasteuri-
zation of milk and milk products is not mandatory.

M. bovisoccurs in some free-ranging cervid populations and
is a problem in Canada and the United States. There is a risk in
handling deer carcasses and in eating meat which has not bee
inspected and passed for human consumption by federal and
state meat inspectors.
Mycobacteria Species of Public Health Importance

Robert Koch was the� rst to establish the causal relationship
between the tubercle bacillus (M. tuberculosis) and the disease
TB. It causes TB in humans and may infect domestic and wild
animals, usually directly or indirectly from humans. Simians
are particularly likely to become infected.

Many species of mycobacteria that normally exist as envi
ronmental saprophytes occasionally cause disease in human
and animals. Such infections may be caused by most of the
slowly growing mycobacteria, such asM. avium, M. intracellulare,
M. scrofulaceum,M. kansasii, M. marinum, M. simiae, M. ulcerans,
and M. xenopi. The only rapidly growing pathogenic species are
M. chelonaeand M. fortuitum (Table 1). Unlike TB, these
mycobacterial infections are acquired from the environment
and are rarely, if ever, transmitted from person to person. The
principal source of these infections seems to be water. Contac
with waterborne mycobacteria by drinking, washing, or inhaling
aerosols is common, yet the incidence of overt disease is ver
low.
ycobacteria

Clinical signiÞcance

ods
Chronic pulmonary disease, local lymphadenitis and joint disease,

disseminated disease in patients with AIDS, skin and soft-tissue
infections, including abscesses and corneal infections;
mycobacterial diseases in animals

sums,
dogs,

Bovine and human tuberculosis

les, Disseminated disease, cutaneous lesions, pulmonary disease, soft-
tissue infections, postoperative wound infections, keratitis

Disseminated disease, cutaneous lesions, pulmonary disease, soft-
tissue infections, postoperative wound infections, keratitis

ne Chronic pulmonary disease, bone and joint disease, disseminated
disease, cervical lymphadenitis, cutaneous disease

Human leprosy, granulomatous disease in armadillos and other
species

atic
iums

Cutaneous, granulomatous disease

s, Cervical lymphadenitis in children, chronic pulmonary disease in
adults, disseminated disease in children

Mastitis in cattle; skin or soft-tissue infections
tes,Human tuberculosis

tems Chronic pulmonary disease

cterial and Fungal Agents of Animal Disease. pp. 95–109. St. Louis: Elsevier Saunders,



Table 2 Growth characteristics of commonly isolated mycobacteria

Organism
Growth rate
(days)

Optimal
temperature

Pigment
light

Production
dark Colonial morphology on Middlebrook 7H10 agar Colonial morphology on LowensteinÐJensen (LJ) medium

Group I: Photochromogens
Mycobacterium kansasii 10–21 37� C Yellow Buff Raised and smooth; some are rough and wrinkled;

numerous carotene crystals after exposure to light
Smooth or rough; pigmentation same as on 7H10

M. marinum 5–14 30� C Yellow Buff Round, smooth or intermediate in roughness; some
may be wrinkled

Same as 7H10

Group II: Scotochromogens
M. scrofulaceum 10–14 37� C Yellow Yellow Smooth, moist, yellow, and round Same as 7H10
M. xenopi 28–42 42� C Yellow Yellow Small, yellow colonies with compact centers

surrounded by fringe of branching� laments; at
45� C, resemble a miniature bird’s nest

Small, smooth, dysgonic, dome-shaped,
nonpigmented colonies that become yellow on
aging

M. avium–intracellulare 10–21 37� C Buff to
yellow

Buff to
yellow

Thin, transparent, glistening, or matte, smooth,
circular, pyramid-shaped; some colonies rough
and wrinkled

Smooth, dome-shaped, buff-colored; rough, wrinkled
colonies are sometimes seen

M. bovis 25–90 37� C Colorless
to buff

Colorless
to buff

Small, thin, often nonpigmented, raised, rough, later
wrinkled and dry; some colonies inhibited on this
medium

Low, smooth, colorless, pyramid-shaped

M. aviumspp.paratuberculosis 42–112 37� C Buff Buff Smooth, yellow colonies; appear domed with entire
margin or� attened irregular periphery; rough
colonies are rarely seen; needs mycobactin in media
to grow

Initial growth is smooth, but with continued
incubation becomes rough, dry, umbonated, and
heaped; needs mycobactin in media

M. tuberculosis 12–28 37� C Buff Buff Nonpigmented,� at, dry, rough, and corded Nonpigmented, dry, rough, with nodular surface and
irregular, thin periphery

Group IV: Rapid growers
M. chelonae 3–7 28 � C Buff Buff Rounded, smooth, matte, periphery entire or

scalloped, no branching� laments; some colonies
are rough and wrinkled

Rounded, smooth, colorless, and hemispheric, rough
colonies are occasionally seen on prolonged
incubation

M. fortuitum 3–7 28 � C Buff Buff Circular, convex, wrinkled, or matte; smooth or rough
branching� laments on periphery

Soft, butyrous, hemispheric and multilobate or rough
with heaped centers; although nonpigmented, they
may appear green owing to absorption of malachite
green

M. smegmatis 3–7 28 � C Buff to
yellow

Buff to
yellow

Raised, rough, wrinkled, and with scalloped edges Same as 7H10

Adapted from Pfyffer, G.E., 2007. Mycobacterium: general characteristics, laboratory detection, and staining procedures. In: Murray, P.R. (Ed.), Manual of Clinical Microbiology, nineth ed. Washington, DC: ASM Press, pp. 543–572,
and Winn et al. (2006).
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844 Mycobacterium
M. bovistypically causes TB in cattle and bison, but may also
infect other animals, including dogs, cats, swine, rabbits, cervids
badgers, coyotes, raccoons, and brush-tailed possums. This is t
classic bovine tubercle bacillus, common in dairy cows before
eradication schemes were introduced. It is still occasionally
associated with human disease, both pulmonary and extrap
ulmonary, but infections are now rarely associated with the
consumption of contaminated milk or cheese. Most occurrences
of disease are reactivation of infections acquired much earlier.

M. marinumwas originally isolated from diseased� sh and is
the causative agent of a super� cial granulomatous skin disease
of humans known as swimming-pool granuloma, � sh-tank
granuloma, or � sh-fancier’s � nger. It is found in sea-bathing
pools and in tanks where tropical � sh are kept, and it is
a pathogen of some� sh, amphibians, and aquatic mammals.

M. kansasiicauses pulmonary lesions and was originally
isolated from an infected human lung. It is one of the most
frequent causes of opportunist mycobacterial disease. It ha
been isolated on several occasions from piped water supplies
but it is rarely encountered in the natural environment. It has
also been found in noduloulcerative skin lesions of cats and
tuberculous lesions in lymph nodes of the alimentary tract
in pigs.

M. scrofulaceumis most commonly associated with cervical
lymphadenitis in young children. Uncommon extranodal mani-
festations include pulmonary disease, disseminated disease, an
rare cases of conjunctivitis, osteomyelitis, meningitis, and gran
ulomatous hepatitis in humans. Tuberculous lesions in cervical
and intestinal lymph nodes are seen in domestic and wild pigs,
cattle, and bison. It has been isolated from soil, water (including
tap water), raw milk, and other dairy products and oysters.

M. avium–intracellulare complex is widely distributed in
water, soil, plants, dust, mammals, poultry, and other envi-
ronmental sources. It has been isolated from meat, milk, and
eggs. They are opportunistic pathogens of humans, associate
with cervical adenitis, especially in young children, but
pulmonary infections also occur. They frequently cause
opportunistic disease in patients with AIDS. Such disease i
often disseminated, and the organisms may be isolated from
many sites, including blood, bone marrow, and feces.

M. xenopiwas � rst isolated from an African toad. Hot- and
cold-water taps, including water storage tanks and hot-wate
generators of hospitals, are potential sources for nosocomia
infections. It is an opportunist pathogen in human lung disease
and is rarely signi� cant in other sites. It is a frequent contam-
inant of pathological material, especially urine. This organism
is very common in the United Kingdom, France, Denmark,
Australia, and the United States.

M. aviumssp.paratuberculosis(MAP) causes chronic enteritis
(Johne’s disease) in cattle, goats, sheep, and certain captive wi
ruminants in many countries. It has also been isolated from
several cases of humans with Crohn’s disease, but its role in
that disease is still under debate. It now appears that a combi
nation of a genetic predisposition, an abnormal immune
response, and environmental factors, including bacteria and
perhaps dietary factors, are necessary for the development
Crohn’s disease in humans. In addition to unpasteurized milk
and milk products from MAP-infected cows; meat has been
identi � ed as a potential source for human exposure to MAP
from fecal contamination of the carcass or meat products.
M. chelonae–fortuitum complex are opportunist pathogens
usually occurring in super�cial infections (e.g., needle injection
abscesses, postsurgical wound infections, accidental trauma
and occasionally as secondary agents in pulmonary diseas
They have been associated with a wide variety of infection
involving the lungs, skin, bone, central nervous system, and
prosthetic heart valves, and with disseminated disease. They a
common in the environment and frequently appear as labo-
ratory contaminants.

M. smegmatishas been associated with granulomatous
mastitis in cattle and ulcerative skin lesions in cats. Generally, i
is considered nonpathogenic in humans and animals.
Habitat

A number of other medically important nontuberculous
mycobacteria are found in the environment. Before the AIDS
epidemic, nontuberculous mycobacteria were considered to
have low human pathogenicity. However, with the emergence
of AIDS and the increase of other immunocompromised
conditions, nontuberculous mycobacteria have emerged a
opportunistic pathogens.

M. tuberculosisis an obligate pathogen of humans and is
rarely identi� ed in other mammals. It is transmitted from
person to person, and it has no signi�cant environmental
reservoirs.

M. bovis, which causes tuberculosis in humans and in
cattle, has a natural reservoir in ruminants and, as a conse
quence, foodstuffs (including cheese and milk originating
from these animals) were often contaminated before the
introduction of current pasteurization and meat inspection
procedures.

Nontuberculous mycobacteria are widespread in the
environment and are able to contaminate foodstuffs that
come in contact with them. They occur in all animal species
and have been detected in the environment, e.g., in water
plants, soil, dust, straw, or in sawdust and wood shavings
(Table 2).

Water serves as the habitat for a number of mycobacteria
species, includingM. avium–intracellulare complex, M. avium
subsp.paratuberculosis, M. chelonae, M. fortuitum, M. kansasiiand
M. malmoense, M. marinum, M. scrofulaceum, M. simiae,M. terrae
complex, and M. xenopi, and stagnant water may be the locale
for M. ulcerans.

Milk and dairy products have been reported to contain
M.avium–intracellularecomplex,M.aviumsubsp.paratuberculosis,
M. bovis, M. fortuitum, M. scrofulaceum, and M. smegmatis.

Plants including fruits and vegetables serve as the habitat fo
M. avium–intracellulare complex, M. avium subsp. para-
tuberculosis, M. genavense, M. scrofulaceum, and M. simiae.

Animals including meat, � sh, and poultry have been cited
for containing M. avium–intracellulare complex, M. avium
subsp. paratuberculosis, M. bovis, M. chelonae, M. fortuitum,
M. genavense, M. kansasii, M. malmoense, M. marinum,
M. scrofulaceum, M. terraecomplex, and M. xenopi.

Soil may also harbor mycobacteria, includingM. avium–
intracellulare complex, M. avium subsp. paratuberculosis,
M. chelonae, M. fortuitum, M. malmoense, M. simiae,
M. smegmatis, M. terraecomplex, M. ulcerans, and M. xenopi.
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Figure 1 Microscopic morphology of (a)M. avium; (b) M. bovis; (c) M. chelonae; and (d)M. fortuitum� 1000.

Mycobacterium 845
Isolation of the Agent

From Tissue: NaOH Method

All procedures should be performed in a biological safety
cabinet because mycobacteria are classi� ed as Class II and III
organisms by the Centers for Disease Control and Prevention

Tissue samples are treated with sodium hydroxide (NaOH)
to eliminate contaminating organisms before culture on
selective media.

1. Tissue samples are homogenized in a blender jar with 50 m
of phenol red broth for 1 –2 min.

2. In a 50 ml screw-cap test tube, 5.0 ml of 0.5 N NaOH is
added to 7.0 ml of macerated tissue suspension. Do not allow
exposure of tissue suspension to NaOH to exceed 10 min.
3. The remaining macerated tissue is added to a second scre
cap test tube containing no NaOH and is used to inoculate
selective media, i.e., Middlebrook 7H10 and Middlebrook
7H11. The untreated suspension is then frozen at�70 � C
for future reference.

4. To the NaOH-treated tissue suspension approximately
10–15 drops at 6.0 N HCl are added until the mixture turns
yellow. The suspension is brought back from yellow to pale
pink with 1.0 N NaOH.

5. The NaOH-treated tubes with neutralized tissue suspen
sion are centrifuged for 20 min at 1650 relative centrifugal
force (RCF). The centrifuge should have sealed dom
carriers to contain contents if a tube breaks during
centrifugation.
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Figure 2 Microscopic morphology of (a)M. intracellulare; (b) M. kansasii; (c) M. marinum; and (d)M. aviumspp.paratuberculosis. � 1000.

846 Mycobacterium
6. The pellicle is removed and 85% of the overlying� uid is
decanted.

7. Selective media are inoculated with treated sediment
including Middlebrook 7H10, Middlebrook 7H11, Stone-
brink, Herrold egg yolk with malachite green and myco-
bactin, Lowenstein–Jensen, and BACTEC� 12B.

8. The inoculated media are incubated at 37� 2 � C and
examined every week for 8 weeks for the presence o
mycobacterial colonies. If bacterial colonies resembling
those of mycobacteria are found, a smear is made from eac
type of colony, stained by the Ziehl–Neelsen technique and
observed for the presence of acid-fast bacilli.

From Milk

Samples of milk may be collected in cases in which tuberculous
mastitis is suspected. About 25–30 ml is drawn from each
quarter under aseptic conditions toward the end of milking.

1. At least 100 ml of milk from each animal is centrifuged for
20 min at 1450 RCF.
2. The supernatant is decanted.
3. The cream and sediment are treated separately by the NaO

method (see tissue procedure, NaOH method).
4. A variety of media is inoculated with treated and untreated

sediment.
From Cheese

1. A 5 g portion of cheese is aseptically transferred into
a sterile stomacher bag containing 45 ml of sterile 2%
sodium citrate and is homogenized in a stomacher for
2 min.

2. The bag is then heat sealed and submerged in a 37� C water
bath for 1 h to liquefy the specimen.

3. In a sterile 50 ml centrifuge tube, 10 ml of the homogenized
sample is mixed with 10 ml of digestant consisting of sterile
0.05 M trisodium-citrate, 2% (wt/vol) sodium hydroxide,
and 0.5% (wt/vol) N-acetyl-L-cysteine.

4. The mixture is vigorously shaken for 20 s and allowed to
stand at room temperature for 15 min.
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Figure 3 Microscopic morphology of (a)M. scrofulaceum; (b) M. smegmatis; (c) M. tuberculosis; and (d)M. xenopi. � 1000.

Mycobacterium 847
5. The mixture is then neutralized with 30 ml of 0.067 M phos-
phate buffer and centrifuged at 5000�g for 15 min at 10 � C.

6. After removal of the supernatant, 0.5 ml aliquots of the
remaining pellet are inoculated into BACTEC 12B liquid
media supplemented with 0.2 ml of BACTEC PANTA PLUS
and 6.3 mg ml� 1 of erythromycin and BBL MGIT 960 liquid
media supplemented with 0.8 ml of BBL MGIT growth
supplement – BBL MGIT PANTA antibiotic mixture and
7.0 mg ml� 1 of erythromycin.

7. Specimens are incubated at 37� C and monitored for growth
for a total of 6 weeks, according to manufacturer’s protocols.

From Water

1. Up to 2 l water is passed from cold and hot taps through
membrane � lters.

2. The membranes are drained and placed in 3% sulfuric acid
(H 2SO4) for 3 min and then in sterile water for 5 min.

3. The membranes are cut into strips and placed on the surfac
of the culture medium in screw-capped bottles.
4. Lowenstein–Jensen medium and Middlebrook 7H11 agar-
containing antibiotics are inoculated.
From Cold and Hot Water Pipes

1. The insides of cold- and hot-water taps are swabbed.
2. The swab is placed in a tube containing 1 N NaOH solution

for 5 min.
3. The swab is removed and placed in another tube containing

14% potassium dihydrogen orthophosphate (KH2PO4)
solution for 5 min.

4. The swab is removed and used to inoculate a variety o
culture media.
IdentiÞcation of the Agent Ð Methods of Detection

Microscopy to Demonstrate Acid-Fast Bacilli

Acid-fast bacilli are straight or slightly curved rods,
0.2–0.7 mm� 1.0–10 mm, sometimes branching.
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Figure 4 Colonial morphology of (a)M. avium; (b) M. bovis; (c) M. chelonaeand (d)M. fortuitum. � 1000.
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They are acid-alcohol-fast at some stage of growth; they a
not readily stained by Gram’s method; they are usually weakly
Gram-positive. No aerial hyphae are grossly visible. They ar
nonmotile, non endospore forming, and without conidia or
capsules.
r

V

ZiehlÐNeelsen Stain

Mycobacterial cells are dif� cult to stain with common aniline
dyes; however, they will stain with basic fuchsin. Once
stained, they retain the dye despite treatment with strong
mineral acids, such as HCl. The mechanism responsible fo
the retention of basic dyes is not clearly understood. It has
been postulated that acid-fastness is due to absorption of dye
by the mycolic acid residues that are linked to the arabino-
galactan-peptidoglycan layer of the cell wall skeleton
(Figure 1, Figure 2 and, Figure 3):

l Positive test: organisms retain carbol fuchsin and stain red
(M. tuberculosisATCC 25177)

l Negative test: organisms stain blue with the methylene blue
counterstain (Corynebacterium).
Colonial Morphology

Growth is slow or very slow; visible colonies appear in 2–60
days at optimum temperature. Colonies are often buff, pink,
orange, or yellow, especially when exposed to light. Pigment is
not diffusing; the surface is commonly dull or rough (Figure 4,
Figure 5 and, Figure 6). Some species are fastidious, requiring
special supplements (e.g.,M. avium spp. paratuberculosis) or
nonculturable (M. leprae).
Growth Rate and Pigment Production

Mycobacteria may be separated into two groups based on growth
rate.Those that formvisiblecolonies within7 daysare called rapid
growers, and those that require longer periods are the slow
growers. The rapid growers encompass the Runyon group I
mycobacteria, e.g.,M. fortuitum; the slow growers include the
M. tuberculosiscomplex and groups I–III. The photochromogens
(group I) are slow-growing photoreactive mycobacteria. Some
mycobacteria tolerate higher temperatures, e.g.,M. xenopi, with an
optimum growth rate at 35–45 � C; others may be inhibited at
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Figure 5 Colonial morphology of (a)M. intracellulare; (b) M. kansasii; (c) M. marinum; and (d)M. aviumspp.paratuberculosis.

Mycobacterium 849
higher temperatures, e.g.,M. marinum, whose optimum growth is
at 30–32 � C and may not grow at 37� C. Some species of myco
bacteria possess carotenoid pigments in the presenceorabsence
light and others are dramatically induced to form yellow-orange
b-carotene crystals only by photoactivation. Those producing
pigment either in the presence or absence of light are described a
scotochromogenic, and those whose pigment is induced only by
photoactivation are described as photochromogenic. Some
species of mycobacteria lackb-carotene and are nonchromogenic
Colonies that are white, cream, or buff are described as non
pigmented or nonchromogenic. Colonies that are lemon-yellow,
orange, or red are described as pigmented or chromogenic.

Intermediate colorations, such as pink, pale yellow, or tan,
sometimes occur, and these are recorded as observed. Su
cultures generally are regarded as non photochromogens unles
the pigment becomes more intense on exposure to light (Table 3).
o
s
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Differential Characteristics of Commonly Isolated
Mycobacteria

Niacin

Certain mycobacteria, e.g., most isolates ofM. tuberculosis
and M. simiae, accumulate niacin and excrete it into the
culture media. Commercially available reagent-impregnated
� lter-paper strips are incubated with the test medium, and
a yellow color is indicative of niacin accumulation and
a positive test.
Nitrate Reduction

Only a few species of mycobacteria produce nitroreductase
which catalyzes the reduction of inorganic nitrate to nitrite.
The development of a red color on addition of sulfanilic
acid and N-naphthylethylenediamine to an extract of the
unknown culture is indicative of the presence of nitrite and
a positive test. Species that reduce nitrate includeM. tuber-
culosis, M. kansasii, M. szulgai, M. terrae complex, and
M. � avescens.
Tween-80 Hydrolysis

Tween-80 is the trade name of a detergent that can be used t
identify those mycobacteria that possess a lipase that split
the compound into oleic acid and polyoxyethylated sorbitol.
The released oleic acid changes the optical characteristi
of the substrate so that the neutral red indicator changes
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Figure 6 Colonial morphology of (a)M. scrofulaceum; (b) M. smegmatis; (c) M. tuberculosis; and (d)M. xenopi.
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from original amber color to pink. This test is helpful in
identifying M. kansasii, which is positive in 3–6 h and
differentiating M. gordonae(positive) from M. scrofulaceum
(negative).
i-
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Catalase

The enzyme catalase splits hydrogen peroxide (H2O2)
into water and oxygen, which appears as bubbles. The sem
quantitative catalase test detects differences among certa
mycobacteria in their production of catalase by measuring the
height of the column of bubbles produced after the addition of
H2O2, i.e., those species producing<45 mm of bubbles and
those producing >45 mm of bubbles. Most mycobacteria
produce catalase, with the exception ofM. gastri, Isoniazid-
resistant M. tuberculosis, and M. bovis. In addition, certain
mycobacteria produce a catalase that is heat-labile and can b
detected by heating the culture to 68� C before adding H2O2.
f

-

Arylsulphatase

The enzyme arylsulphatase, which is primarily produced by
rapidly growing mycobacteria, is detected by its degradation o
the sulfate molecules of a tripotassium phenolphthalein
disulphate salt into free phenolphthalein and the remaining
salts. The addition of a base, sodium carbonate, reacts with th
phenolphthalein and produces a red diazo reaction that is
easily visible. The 3-day test is used to identify and distinguish
some rapid growers (M. fortuitum, M. chelonae), which give
a positive reaction, from other rapid growers. The 14-day tes
identi � es slower growing species (M. marinum, M. xenopi) and
some rapid growers (M. smegmatis).
Urease

Urease is an enzyme possessed by manyMycobacteriumspp.
that can hydrolyze urea to form ammonia and carbon dioxide.
The ammonia reacts in solution to form ammonium
carbonate, resulting in alkalinization and an increase in the pH
of the medium. A color change from amber to pink or red is
a positive reaction.
Pyrazinamidase

The enzyme pyrazinamidase hydrolyzes pyrazinamide to pyr
azinoic acid. Pyrazinoic acid is detected by the addition of
ferrous ammonium sulfate to the culture medium. The
formation of a pink ferrous –pyrazinoic acid complex indicates



Table 3 Differential characteristics of commonly isolated mycobacteria

Niacin
Nitrate
reduction

Tween
hydrolysis

Catalase
semiquantitative

Catalase
(68� C)

Arylsulphatase
(3 days) Urease

Growth on PZA
(4 days)

Iron
update

Growth on
TCH

Growth on 5%
NaCl

Growth on
MacConkey

DNA probes
available

M. aviumcomplex – – – < 45 þ – – þ – þ – � /þ Yes
M. bovis – – – < 45 – – þ – – – – – Yes
M. chelonaegroup � /þ – V > 45 þ /� þ þ þ – þ V þ
M. fortuitumgroup � /þ þ V > 45 þ þ þ þ þ þ þ þ
M. kansasii – þ þ > 45 þ – þ – – þ – – Yes
M. marinum � /þ – þ < 45 – � /þ þ þ – þ – –
M. aviumspp.

paratuberculosis
– – þ < 45 þ – – – – þ – – Yes

M. scrofulaceum – – – > 45 þ – V V – þ – –
M. smegmatis – þ þ < 45 – – þ V þ þ – –
M. tuberculosis þ þ þ /� < 45 – – þ þ – þ – – Yes
M. xenopi – – – < 45 þ /� þ – V – þ – –

PZA, pyrazinamidase; TCH, triophene-2-carboxylic acid hydrazide; V, variable.
Adapted from Pfyffer, G.E., 2007. Mycobacterium: general characteristics, laboratory detection, and staining procedures. In: Murray, P.R. (Ed.), Manual of Clinical Microbiology, nineth ed. Washington, DC: ASM Press, pp. 543–572, and Winn
et al. (2006).
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Table 4 Major environmental sources ofMycobacteria

Source Mycobacterium species Medical signiÞcance

Water avium intracellulare complex pulmonary disease in man; tuberculosis in birds
avium subsp. paratuberculosis Johne’s disease (chronic diarrhea) in ruminants;
chelonae nodular skin disease and pulmonary disease
fortuitum granulomatous lesions, pulmonary disease, wound infections
kansasii pulmonary disease in man
malmoense cervical lymphadenitis and pulmonary disease
marinum � sh tuberculosis, cutaneous granulomatous disease
scofulaceum cervical lymphadenitis
simiae pulmonary disease in man, osteomyelitis
terrae complex pulmonary disease and tenosynovitis in man
ulcerans nodulo-ulcerative skin lesions
xenopi pulmonary disease

Milk and dairy products avium intracellulare complex pulmonary disease in man; tuberculosis in birds
avium subsp. paratuberculosis Johne’s disease (chronic diarrhea) in ruminants;
bovis tuberculosis in ruminants and man
fortuitum granulomatous lesions, pulmonary disease, wound infections
scrofulaceum cervical lymphadenitis
smegmatis granulomatous mastitis in cattle

Plants avium intracellulare complex pulmonary disease in man; tuberculosis in poultry
avium subsp. paratuberculosis Johne’s disease (chronic diarrhea) in ruminants;
genavense enteritis, genital and soft tissue infections, lymphadenitis
scrofulaceum cervical lymphadenitis
simiae pulmonary disease in man, osteomyelitis

Animals avium intracellulare complex pulmonary disease in man; tuberculosis in birds
avium subsp. paratuberculosis Johne’s disease (chronic diarrhea) in ruminants;
bovis tuberculosis in ruminants and man
chelonae nodular skin disease and pulmonary disease
fortuitum granulomatous lesions, pulmonary disease, wound infections
genavense enteritis, genital and soft tissue infections, lymphadenitis
kansasii pulmonary disease in man
malmoense cervical lymphadenitis and pulmonary disease
marinum � sh tuberculosis, cutaneous granulomatous disease
scrofulaceum cervical lymphadenitis
terrae complex pulmonary disease and tenosynovitis in man
xenopi pulmonary disease

Soil and environment avium intracellulare complex pulmonary disease in man; tuberculosis in birds
avium subsp. paratuberculosis Johne’s disease (chronic diarrhea) in ruminants;
chelonae skin infections and pulmonary disease
fortuitum granulomatous lesions, pulmonary disease, wound infections
malmoense cervical lymphadenitis and pulmonary disease
simiae pulmonary disease
smegmatis granulomatous mastitis in cattle
terrae complex pulmonary disease and tenosynovitis in man
ulcerans nodulo-ulcerative skin lesions
xenopi pulmonary disease

Adapted from Argueta, C., Yoder, S., Holtzman, A., Aronson, T., Glover, N., Berlin, O., Stelma, G., Froman, S. and Tomasek, P., 2000. Isolation and identi� cation of
nontuberculous mycobacteria from foods as Possible exposure sources. J. Food Prot. 63(7): 930–933.

852 Mycobacterium
a positive test. This test is most useful in separatingM. marinum
from M. kansasiiand M. bovisfrom M. tuberculosis. M. bovisis
negative, even at 7 days, whereasM. tuberculosisis positive
within 4 days.
t

Iron Uptake

M. fortuitum and a few other rapid- and slow-growers are
capable of converting ferric ammonium citrate to iron oxide.
The iron oxide is visible as a rust color in the colonies when
grown in the presence of ferric ammonium citrate.M. chelonae
lacks this property.
Triophene-2-carboxylic Acid Hydrazide Tolerance
Susceptibility

Triophene-2-carboxylic acid hydrazide (TCH) selectively
inhibits the growth of M. bovis; however, M. tuberculosisand
most other slowly growing mycobacteria are resistant to TCH a
levels of 10mg ml� 1 in the medium.
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Growth on 5% NaCl

Few mycobacteria are able to grow in culture media containing
5% sodium chloride. The exceptions includeM. triviale and
most of the rapid growers except theM. chelonaecomplex.
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Growth on MacConkey Agar without Crystal Violet

Most isolates of theM. fortuitumand M. chelonaecomplexes will
grow on MacConkey agar without crystal violet, whereas mos
other rapid growers will not.
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DNA Probes for Culture Con�rmation

DNA probes complementary to species-speci� c sequences o
rRNA are available for the identi� cation of the M. tuberculosis
complex, M. avium complex, M. avium, M. intracellulare,
M. gordonae, and M. kansasii(Accuprobe� , Gen-Probe, San
Diego, CA). The probes for theM. tuberculosiscomplex include
M. tuberculosis, M. bovis, M. bovisBCG,M. africanum, M. microti,
and M. canetti. Compared with culture and biochemicals, the
probes for identi� cation from culture have sensitivities and
speci�cities greater that 99%. These probes can be used
identify isolates that arise on solid culture media or from broth
culture (Table 4).
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Nucleic Acid Recognition Methods

A variety of DNA-� ngerprinting techniques have been developed
to distinguish the M. tuberculosiscomplex isolates for epidemio-
logical purposes. Typing methods that have been commonly
used include restriction endonuclease analysis (REA), restrictio
fragment length polymorphism (RFLP) analysis, spoligotyping
and mycobacterial interspersed repetitive-unit-variable-numbe
tandem-repeat (MIRU-VNTR) typing. Spoligotyping is a poly-
merase chain reaction–based typing method that is relatively easy
to perform, and the results are expressed in a digital format
however, it does not differentiate the mycobacterial strains to the
same extent as REA or RFLP. MIRU-VNTR is also relatively eas
perform, and the results are expressed in a digital format
Combining MIRU-VNTR typing with spoliotyping offers a rela-
tively uncomplicated procedure suitable for high-throughput
typing and may be used to gain the maximum discrimination
between strains.
See also:Fish:Spoilage of Fish; Heat Treatment of Foods–
Principles of Pasteurization; Spoilage of Meat;Milk and Milk
Products:Microbiology of Liquid Milk;Nucleic Acid–Based
Assays:Overview.
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What Is a Mycotoxin?

Mycotoxins are a group of structurally diverse, naturally occur-
ring chemical substances produced by a wide range of�lamen-
tous microfungi or molds. The term mycotoxin is derived from
the Greek wordmykes, which means fungus, and the Latin word
toxicum, which means toxin or poison. The term mycotoxin
literally means a toxic substance produced by a mold or fungus
as opposed to a substance that is toxic to the organism as th
term phytotoxin (toxicity to a plant) or zootoxin (toxicity to an
animal) implies. The term is further restricted to mean the
metabolites of microfungi, or molds, as opposed to the toxic
substances produced by certain macrofungi– that is, mush-
rooms. Mycotoxins �rst became recognized as potential danger
to human and animal health in 1960 with the outbreak of the
so-called Turkey X disease in the United Kingdom, which led to
the discovery of the a�atoxins. In this disease outbreak, more
than 100 000 turkey poults and other young farm animals were
lost as a result of a toxic substance in a feed ingredient– peanut
meal – from Brazil. The peanut meal, also called groundnut
meal, was heavily contaminated with a common storage mold,
Aspergillus� avus (parasiticus), which had produced the toxic
substance. The toxic compound was dubbed a�atoxin, which
was an acronym forA. � avustoxin. This was the major event that
led to the realization that mold metabolites could be hazardous
to human and animal health and stimulated extensive and
intensive research on mycotoxins.
s,

The Toxins

Since the discovery of a�atoxins, numerous molds have been
tested in the laboratory for the production of toxic metabolites.
4 Encyclopedia of Food
Of the hundreds of mycotoxins produced under laboratory
conditions, only about 20 are known to occur naturally in
foods and feeds with suf�cient frequency and in potentially
toxic amounts to be of concern to food safety. The molds that
produce the mycotoxins of most potential concern can be
found in �ve taxonomic genera– Aspergillus, Penicillium, Fusa-
rium, Alternaria, and Claviceps.

Aspergillusspecies produce a�atoxins B1, B2, G1, G2, M1, and
M2, ochratoxinA,sterigmatocystin,and cyclopiazonicacid (CPA)
Penicilliumspecies produce ochratoxin A, CPA, patulin, citrinin,
penitrem A, rubratoxin, and a number of other toxic substances.
Fusariumspecies produce zearalenone, fumonisins, and mon
iliformin, as well as the trichothecenes: deoxynivalenol (DON,
vomitoxin), 3-acetyldeoxynivalenol, 15-acetyldeoxynivalenol,
nivalenol, diacetoxyscirpenol, and T-2 toxin.Alternaria species
produce a number of biologically active compounds of ques-
tionable mammalian toxicity, including tenuazonic acid, alter-
nariol, and alternariol methyl ether. Clavicepstoxins are primarily
the ergot alkaloids that can be found in ergot-parasitized grasse
and small grains.

Of the 20 or so naturally occurring mycotoxins mentioned
thus far, there are�ve toxins, or groups of related compounds,
that are of greatest concern. These are the a�atoxins, ochra-
toxin, zearalenone, deoxynivalenol, and fumonisins. Toxins of
less concern that can be added to that list are patulin, CPA
moniliformin, and T-2 toxin.

These mycotoxins of greatest concern are produced by mol
species mainly found in three main genera– Aspergillus, Penicil-
lium, andFusarium(Table 1). A�atoxins are produced byA. � avus,
Aspergillus parasiticus, and Aspergillus nomius. Aspergillus� avuscan
produce CPA. Ochratoxin is produced byAspergillus carbonariu
Aspergillus ochraceus, and Penicillium verrucosum. Penicillium
expansum, as well as otherPenicilliumspecies and someAspergillus
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00230-5
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Table 1 Mycotoxins of greatest concern and the molds that produc
them

Mycotoxin Producing mold

A� atoxins B1 and B2 Aspergillus ßavus
A� atoxins B1, B2, G1, and G2 Aspergillus parasiticus, A. nomius
Ochratoxin Aspergillus ochraceus, A. carbonarius

Penicillium verrucosum
Patulin Penicillium expansum,otherPenicillium

spp.,Aspergillusspp.
Byssochlamysspp.

CPA Aspergillus ßavus
Zearalenone Fusarium graminearum, F. culmorum,

F. crookwellense
Deoxynivalenol Fusarium graminearum, F. culmorum,

F. crookwellense
Fumonisins Fusarium verticillioides, F. proliferatum,

F. subglutinans
Moniliformin Fusarium proliferatum, F. subglutinans

MYCOTOXINSj ClassiÞcation 855
species, can produce patulin. Zearalenone is produced byFusa-
rium graminearum, Fusarium culmorum, andFusarium crookwellens;
deoxynivalenol or nivalenol are produced by the same three
species, depending on the geographic origin of the producing
strain. Fumonisins are produced by Fusarium verticillioides,
Fusarium proliferatum, and Fusarium subglutinans. Fusarium
proliferatumand F. subglutinansare also capable of producing
moniliformin.
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The Mycotoxin-Producing Molds

Aspergillusand Penicilliumspecies tend to be saprophytic and
often attack commodities, such as cereal grains and nuts whil
in storage, although some aspergilli can invade in the� eld.
Fusariumspecies may be plant pathogenic as well as sapro
phytic types. Some intrinsic and extrinsic factors may
in � uence the production of toxins by molds. The� rst group
includes species and strain speci� city, while the second group
includes temperature, moisture, relative humidity, nutrient
availability, pH, chemical agents, competitive and associative
growth with other fungi and microorganisms, and stress on
plants, such as drought and damage to seed coats from hai
insects, and mechanical harvesting equipment. The majo
commodities that are susceptible to contamination with
mycotoxins include corn (maize), peanuts, oil seeds, and
some tree nuts. Wheat and barley are susceptible to contam
ination as well, primarily with deoxynivalenol, but also with
ochratoxin in some regions.
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Contamination of Foods by Mycotoxins

Mycotoxins can enter the food supply in two ways: by direct or
indirect contamination. Direct contamination occurs when
there is mold growth and mycotoxin production directly on the
food or commodity itself. Most foods are susceptible to mold
growth during some stage of production, processing, storage, o
transport, and therefore they have the potential for direct
contamination. Contamination of grains, peanuts, tree nuts,
and so on in the � eld before harvest is one of the main avenues
for mycotoxins to enter the food supply. Mold growth on foods
in storage, such as grains, pulses, aged cheeses, and cured
smoked meats, also can result in direct contamination. Indirect
contamination of foods can occur when a contaminated ingre-
dient is used in the manufacture of a food, such as when peanuts
are made into peanut butter, corn (maize) into corn meal, or
wheat into � our. Processed and prepared foods, such as bake
goods, batters, and breads, are most likely to be involved in
indirect contamination since these products may be manufac-
tured with mycotoxin-containing ingredients. Consumption of
moldy feed by food-producing animals can result in mycotoxin
residues in animal tissues and their products. Therefore, indirec
exposure can result from the consumption of milk and organ
meats contaminated with mycotoxin residues. Dairy products,
primarily milk, for example, can become contaminated with
a� atoxins M1 and M2 as a result of feeding contaminated feed to
dairy animals. Cheese made from contaminated milk also will
be indirectly contaminated.

Exposure to mycotoxins as a result of direct contamination
of foods appears to be the greatest problem in tropical area
and regions where food preservation systems are inadequa
and shortages exist. Indirect contamination, on the other hand,
is more of a problem in those areas of the world where food is
more highly processed, such as Canada, Europe, Japan, a
the United States.
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Toxicity and Biological Effects of Mycotoxins

Mycotoxins can cause a broad range of harmful toxicologica
effects in animals and probably would cause similar effects in
humans if exposure of humans to mycotoxins occurs. In general
mycotoxins produce a number of adverse effects in a range o
biological systems, including microorganisms, plants, animals,
and humans. The toxic effects of mycotoxins in humans and
animals, depending on dose, may include the following:

l Acute toxicity and death as a result of exposure to high
amounts of a mycotoxin

l Reduced milk and egg production, lack of weight gain,
reduced growth rates, and increased reproductive problem
in food-producing animals from subchronic exposure

l Impairment or suppression of immune functions and
reduced resistance to infections from chronic exposures t
low levels of toxins

l Tumor formation, cancers, and other chronic diseases from
prolonged exposure to very low levels of a toxin

The range of adverse effects caused by mycotoxins
animals includes mutagenicity, embryonic death, inhibition of
fetal development, abortions, and teratogenicity (deformities)
in developing embryos. Nervous system dysfunctions also ar
observed, including tremors, weakness of limbs, uncoordi-
nated movement, staggering, sudden muscular collapse, an
loss of comprehension due to brain tissue destruction. Other
symptoms include seizures, profuse salivation, and gangrene o
limbs, ears, and tails. Several mycotoxins also cause cancers
the liver, kidney, urinary tract, digestive tract, and lungs.

The involvement of mycotoxins in human disease is less
clear than their involvement in animal diseases, but there is
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some evidence that these toxins are also causative factors
human diseases.
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Mycotoxins of Greatest Concern and Their Effects
on Animal and Human Health

A�atoxins

A� atoxins are produced primarily by some strains ofA. � avus
and most, if not all, strains of A. parasiticus. A� atoxins are also
produced by A. nomius, which so far has been found only in
soils of the western United States. Four main a� atoxins, B1, B2,
G1, and G2, plus two additional toxins are of signi� cance, M1,
and M2 (Figure 1). The M toxins were � rst isolated from the
milk of lactating animals fed with a � atoxin-contaminated feed,
hence the M designation, although some mold strains may
produce low amounts of these toxins.

They are acutely toxic, can cause chronic toxicity an
immune suppression, and are potent hepatocarcinogens
A� atoxins are potent liver toxins in all animals in which they
have been tested and carcinogenic to some species. A� atoxin
B1 is the most toxic and most carcinogenic of the group.
Effects of a� atoxins in animal tests vary with dose, length of
exposure, species, breed, and diet or nutritional status. Thes
toxins may be lethal when consumed in large doses; subletha
doses produce chronic toxicity and low levels of chronic
exposure result in cancers, primarily liver cancer in a numbe
Figure 1 The chemical structures of a� atoxins B1, B2, G1, G2, M1, and M2.
of animal species. In general, young animals of any specie
are more susceptible to the acute toxic effects of a� atoxins
than are older animals of the same species. Susceptibility als
varies between species. Swine, young calves, and poultry a
quite susceptible, whereas mature ruminants and chickens ar
more resistant. Mature sheep seem to be particularly resistan
Subacute and chronic exposures to a� atoxin cause liver
damage, decreased milk production, decreased egg produ
tion, lack of weight gain, and immune suppression. Clinical
signs of subacute or chronic exposures of animals to a� a-
toxins include gastrointestinal problems, decreased feed
intake and ef� ciency, reproductive problems, anemia, and
jaundice.

Human exposure to acute dosages of a� atoxins has resulted
in edema, liver damage, and death. A� atoxins also have been
associated, along with hepatitis B virus, with liver cancer in
regions where liver cancer is endemic. The International Agenc
for Research on Cancer (IARC) classi� es a� atoxin B1 as
a human carcinogen. Of all the mycotoxins, the a� atoxins are
of greatest concern because they are highly toxic and potentl
carcinogenic.

Mold growth and a� atoxin production are favored by warm
temperatures and high humidity, which are typical of tropical
and subtropical regions. A� atoxins may be found in cereals
(such as corn), oil seeds (such as cottonseed, peanuts, an
sun� ower seeds), tree nuts (such as cashew, pistachios, an
pecans), and dried fruits (such as dried� gs).
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Figure 2 The chemical structure of ochratoxin A.
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Ochratoxins

Ochratoxins are a group of related compounds that are produced
by A. ochraceus, A. carbonarius, and P. verrucosum. The main toxin
in this group, ochratoxin A, is a potent mycotoxin that causes
kidney damage in rats, dogs, and swine (Figure 2). Ochratoxin is
thought to be involved in a swine disease in Denmark known as
porcine nephropathy, which has been associated with the feed
ing of these animals with moldy barley. In high doses, ochratoxin
can cause liver damage, intestinal necrosis, and hemorrhag
While swine are susceptible to ochratoxin, ruminants are more
resistant, presumably due to degradation in the rumen.

Ochratoxin is teratogenic to mice, rats, and chicken
embryos. It has been suggested as a possible causative fac
although never proven, in a human disease known as Balkan
endemic nephropathy, which occurs in the Balkan countries of
Eastern Europe. Ochratoxin is also thought to be immuno-
suppressive and is classi� ed as a possible human carcinogen.

Ochratoxin is found primarily in wheat and barley grown in
Northern climates such as Canada and Northern Europe due to
growth of Penicilliumspp., and it can also be found in green
coffee beans, cocoa beans, raisins, and wine due to growth o
Aspergillusspp., primarily A. carbonarius.
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Zearalenone

Zearalenone (Figure 3) is a toxin produced by Fusariumspecies
and is an estrogenic compound also known as F-2 toxin. It
affects the reproductive system of animals, especially swin
causing vulvovaginitis in females and feminization of males.
In high concentrations, it can interfere with conception,
ovulation, implantation, fetal development, and viability of
newborn animals. Zearalenone can be transmitted to piglets in
sows’ milk and cause estrogenism in piglets. Although the
compound is not especially toxic, 1–5 ppm is suf� cient to cause
physiological responses in swine. Ruminants are more resistan
to zearalenone than monogastric animals, presumably again
due to degradation in the rumen. Zearalenone was implicated
in an outbreak of precocious pubertal changes in thousands o
young children in Puerto Rico, and because this toxin is
considered to be an endocrine disrupter, speculation ha
Figure 3 The chemical structure of zearalenone.
suggested that it could play a role in human breast cancer
Although the involvement of zearalenone in human toxicoses
has not been con� rmed, it is considered a potential hazard.

Zearalenone is produced by severalFusariumspecies, but in
particular F. graminearum, F. culmorum, and F. crookwellens.
Zearalenone occurs naturally in high-moisture corn in late
autumn and winter, primarily from the growth of
F. graminearumin North America and F. culmorumin Northern
Europe. The formation of zearalenone and otherFusarium
toxins is favored by high humidity and temperatures � uctu-
ating between moderate and low values. Zearalenone has bee
found in moldy hay, high-moisture corn, corn infected before
harvest, and pelleted feed rations. It also may occur in wheat
barley, and processed foods.
Deoxynivalenol

Deoxynivalenol, also referred to as DON and vomitoxin, is one
of a broad category of mold toxins known as trichothecenes.
The trichothecenes are a family of closely related compound
produced by severalFusariumspecies that includes more than
20 naturally occurring compounds that have similar structures,
including deoxynivalenol (DON, vomitoxin), nivalenol, T-2
toxin, diacetoxyscirpenal, neosolaniol, diacetylnivalenol, HT-2
toxin, and fusarenon X.

Deoxynivalenol (Figure 4) is the most commonly occurring
trichothecene, and it is produced byF. graminearum, F. culmo
rum, andF. crookwellense. Fusarium graminearumis a pathogen of
wheat, barley, and corn, causingFusariumhead blight in wheat
and barley and ear rots in corn, which lead to the contamination
of these crops with DON. Deoxynivalenol is found in these
crops as well as in rye, oats, and rice. Derivatives of DON als
occur, including nivalenol, 3-acetyldeoxynivalenol (3-ADON),
and 15-acetyldeoxynivalenol (15-ADON). Nivalenol is similar
to deoxynivalenol in structure but more toxic. The derivative
3-ADON is more commonly found in Europe, Asia, Australia,
and New Zealand, and the derivative 15-ADON is more
common in North America.

Deoxynivalenol causes gastroenteritis, feed refusal, necros
and hemorrhage in the digestive tract, destruction of bone
marrow, and suppression of blood cell formation and of the
immune system. Clinically, animals show signs of gastroin-
testinal problems, vomiting, loss of appetite, poor feed utili-
zation and ef� ciency, bloody diarrhea, reproductive problems,
abortions, and death. Poultry frequently develop mouth
lesions and extensive hemorrhaging in the intestines. It also
causes gastroenteritis with vomiting in humans and is believed
to be the cause of a number of gastrointestinal syndromes
Figure 4 The chemical structure of deoxynivalenol.
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Figure 6 The chemical structure of patulin.

Figure 5 The chemical structure of fumonisin B1.
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reported in different parts of the world, including the former
Soviet Union, China, Korea, Japan, and India. Short-term
feeding trials with animals suggest low acute toxicity, but other
evidence indicates that deoxynivalenol may have teratogeni
potential. DON has been reported as the cause for elevate
immunoglobulin A levels in mice, resulting in kidney damage
that is similar to a human kidney disease known as glomeru-
lonephritis or immunoglobulin A nephropathy. It also has
been shown to adversely affect immune systems.
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Fumonisins

Fumonisins (Figure 5) are a group of compounds produced
primarily by F. verticillioidesand F. proliferatum, and are
common in corn. Fusarium verticillioidesis a soilborne plant
pathogen that can cause symptomless infections of corn plant
and invade the grain. Infection of the corn kernel by
F. verticillioidesmay occur by invasion through the silk, � ssures
in the kernel pericarp, or systemic infection of the plant. It is not
uncommon to � nd lots of shelled corn with 100% kernel
infection, but without visible mold damage or deterioration.
This is important because it means that quality food-grade corn
can be contaminated without outward signs of moldiness.
Fumonisin B1, the most common form, has been found in
� nished processed corn-based foods, such as corn meal an
corn � our. Fumonisins interfere with sphingolipid metabolism
and have been shown to cause leukoencephalomalacia i
horses and rabbits, swine pulmonary edema, and liver cancer in
rats. They are suspected of possible involvement in causin
human esophageal cancer in the Transkei region in South Africa
Northeastern Italy, and Northern China, as well as certain
cases of neural tube defects in humans in the United States.
It
-

it

Figure 7 The chemical structure of CPA.
Patulin

Patulin is toxic to many biological systems, including bacteria,
mammalian cell cultures, higher plants, and animals, but its
role in causing animal and human disease is unclear. It has
been described as carcinogenic, mutagenic, and teratogenic.
also induces intestinal injuries, such as epithelial cell degen
eration, in� ammation, ulceration, and hemorrhages. Patulin
has a lactone structure as shown inFigure 6 and is produced by
numerous Penicillium and Aspergillusspecies, as well as by
Byssochlamys nivea.Penicillium expansum, which commonly
occurs in rotting apples, is the most common producer of
patulin. This mycotoxin is of some public health concern
because of its potential carcinogenic properties, and because
frequently has been found in commercial apple juice. This
mycotoxin is found most commonly in apples and apple
products, but also has been detected in pear juices, other juice
and fruits purees. Patulin appears to be unstable in grains
cured meats, and cheese, reacting with sulfhydryl-containing
compounds and becoming nontoxic.
Cyclopiazonic Acid

CPA was originally isolated from Penicillium cyclopium
(Figure 7). It now appears that CPA is produced by severa
molds that commonly occur on agricultural commodities or
that are used in certain food fermentations. Besides
P. cyclopium, CPA has been reported to be produced by
A. � avus, Aspergillus versicolor, and Aspergillus tamarii,as well
as several otherPenicilliumspecies, some of which are used in
the production of fermented sausages in Europe. Other
molds used in food fermentations that produce CPA are
Penicillium camemberti, used to produce Camembert cheese
and Aspergillus oryzae, used to produce fermented soy sauces
CPA occurs naturally in corn and peanuts, and a type o
millet (kodo) that reportedly caused human intoxication in
India. It is also possible that CPA was involved along
with a� atoxins in the Turkey X disease in the United
Kingdom in 1960, since some isolates ofA. � avusproduced
both a� atoxins and CPA.

CPA affects rats, dogs, pigs, and chickens. Clinical signs
intoxication include anorexia, diarrhea, pyrexia, dehydration,
weight loss, ataxia, immobility, and extensor spasm at the time
of death. Histopathological changes in CPA-exposed animals
include alimentary tract hyperemia, hemorrhage, and focal
ulceration. Focal necrosis can be found in the liver, spleen
kidneys, pancreas, and myocardium. In broiler chicks given
CPA, skeletal muscle degeneration characterized by myo� bular
swelling and fragmentation has been observed. About 50% of
a dose of CPA given orally or intraperitoneally to rats or
chickens is distributed to skeletal muscle within 3 h. CPA has
the ability to chelate metal cations. Chelation of such cations as
calcium, magnesium, and iron may be an important mecha-
nism of toxicity of CPA.
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Figure 8 The chemical structure of moniliformin.
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Moniliformin

Moniliformin ( Figure 8) was� rst reported to be produced by
Fusarium moniliformeisolated from corn. While the toxin was
apparently named after this organism, the name has turned
out to be a misnomer, since subsequent work has shown tha
most strains of F. moniliformedo not produce moniliformin,
or are only weak producers. The toxin is produced by
F. proliferatumand F. subglutinans, as well as otherFusarium
species. Moniliformin is a cardiotoxin and is very toxic to
chickens, but its toxicity to humans is unknown. Mon-
iliformin is highly toxic when given orally to experimental
animals and causes rapid death without severe cellula
damage. Clinical lesions observed include acute degenerativ
lesions in the myocardium and other tissues. Moniliformin
has been suggested by Chinese scientists as a possible caus
a degenerative heart disease known as Keshan disease t
occurs in regions of China where corn contaminated with
moniliformin is eaten. The disease is a human myocardiop-
athy involving myocardial necrosis. Moniliformin reportedly
has co-occurred with fumonisins in corn and commercial
corn-based food products.
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T-2 Toxin

T-2 toxin (Figure 9) is a trichothecene produced byFusarium
spp. It is structurally similar to DON, but it is much more toxic
and less common than DON. It is produced byFusarium poae
Fusarium sporotrichioides, and Fusarium tricinctum.Maximum
toxin production occurs under conditions of alternating
freeze–thaw cycles. T-2 toxin inhibits protein synthesis and
disrupts DNA and RNA. It has been implicated in a disease
known as moldy corn toxicosis of swine, which symptoms
include refusal to eat (refusal factor), lack of weight gain,
digestive disorders, and diarrhea, ultimately leading to death
T-2 toxin, while rarely occurring, is quite toxic to rats, trout, and
calves. Large doses of T-2 toxin fed to chickens result in seve
edema of the body cavity and hemorrhage of the large intestine
Figure 9 The chemical structure of T-2 toxin.
along with neurotoxic effects, oral lesions, and,� nally, death.
T-2 toxin is also thought to be one of the toxins involved in
a human disease, alimentary toxic aleukia, which occurred in
Russia during World War II and in the early twentieth century.
The disease was manifested by destruction of bone marrow
damage to the hematopoietic system, loss of blood-making
capacity, severe hemorrhaging, anemia, and death. T-2 toxi
causes several dermal responses in rabbits, rats, and oth
animals, including humans, when applied to the skin. It is not
thought to be carcinogenic, however.
Mycotoxins of Lesser Concern

Sterigmatocystin

Sterigmatocystin is produced by several species ofAspergillus,
Penicillium luteum, and a Bipolarisspecies. Chemically, ster
igmatocystin resembles the a� atoxins and is thought to be
a precursor in the biosynthesis of a� atoxin. The acute toxicity
of sterigmatocystin is low, and the main concern is that it is
carcinogenic; its carcinogenicity is about one-tenth of that of
a� atoxin B1. Sterigmatocystin has been detected at low level
in green coffee, moldy wheat, and the rind of hard Dutch
cheese.
Citrinin

Citrinin is a yellow-colored compound that is produced by
severalPenicillium,as well asAspergillusspecies. Like ochratoxin
A, citrinin causes kidney damage in laboratory animals, similar
to those observed in swine nephropathy. Citrinin may be
involved with ochratoxin A in cases of swine nephropathy in
Denmark. The toxicity of citrinin, however, is low compared
with ochratoxin, although possible synergistic activity between
the two compounds cannot be ruled out.
-

Penicillic Acid

Penicillic acid is produced by strains ofA. ochraceusand related
species, and severalPenicillium species. Some strains o
A. ochraceusare capable of producing penicillic acid along with
ochratoxin A. Penicillic acid has been found in large quantities
in high-moisture corn stored at low temperatures. Penicillic
acid has low oral toxicity. The concern about this toxin in foods
is related to its structural similarity to known carcinogens, such
as patulin, and its carcinogenic effect to rats when injected
subcutaneously. The potencies of penicillic acid and patulin as
carcinogens, however, are much lower than a� atoxins. When
given in lethal doses, penicillic acid caused fatty liver degen
eration in quail and liver cell necrosis in mice. Mixtures of
penicillic acid with ochratoxin A are synergistic and cause death
in mice. Pharmacologically, penicillic acid dilates blood vessels
and has antidiuretic effects. Penicillic acid is also similar to
patulin in its rapid reaction with sulphydryl-containing
compounds in foods to form nontoxic products.
AlternariaToxins

Alternariaspecies, includingAlternaria alternata, Alternaria citri,
Alternaria tenuis, Alternaria tenuissima, and others, produce
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several toxic compounds, such as alternariols, altenuene, ten
toxin, and tenuazonic acid. These organisms are common in
many foods and grains. Alternaria require high-moisture
conditions and tend to be found in foods that are high in
moisture, such as grains before harvest, fruits, and vegetable
TheAlternariatoxins can be found in grains that are dried in the
� eld or when harvest is delayed by rain, high humidity, or early
frost. Alternariamolds are most common in sorghum grain, but
the toxins have been found only in heavily weathered sorghum.
Postharvest occurrence ofAlternariain fruits and vegetables is
more common because the moisture content of these products
remains high after harvest.

Alternaria infection of fruits and vegetables has been
observed in apples, oranges, tomatoes, and bell pepper
Alternaria toxins have been detected in oranges, tomatoes
tomato paste, and commercial apple products. These
compounds are toxic to Bacillus mycoidesand HeLa cells. The
toxins, however, are only weakly toxic to mice and do not
appear to be toxic to rats or chicks when administered as
single puri� ed compounds. Some evidence suggests tha
mixtures of the compounds may be more toxic. TheAlter-
naria toxins are phytotoxins that affect various plants.
A. alternataf. sp. lycopersiciis pathogenic to tomatoes and
produces a toxin known as Alternatia alternate f. sp. Lyco
persici (AAL) toxin. This toxin is structurally and toxico-
logically similar to the fumonisins and is also a phytotoxin
in tomatoes.
r

-
s

e

r in
s

s

-

d,
c

e
d

d
d

re-

m,

s

s;
Mycophenolic Acid,b-Nitropropionic Acid, Tremorgens
(Penitrem), and Rubratoxin

Many toxic compounds have been obtained from mold
cultures; however, not all cause disease in humans o
animals. Other mycotoxins, such as mycophenolic acid,
b-nitropropionic acid, and tremorgens, have not been
studied extensively. Tremorgenic mycotoxins, called peni
trems, have been reported to have caused poisoning of dog
after consumption of moldy cream cheese, moldy walnuts,
and other moldy debris. The toxins caused severe muscl
tremors, uncoordinated movements, and generalized
seizures and weakness in dogs. The disease also can occu
cattle, where it is called staggers. Tremorgenic mycotoxin
can be produced by fungi in the genera– Aspergillus, Peni-
cillium, Claviceps, and Acremonium. Mycophenolic acid and b-
nitropropionic acid have been associated with cheese
produced in Europe and are believed to be antibiotic
substances of low oral toxicity.

Rubratoxin B has been reported to produce hepatic degen
eration, centrilobular necrosis, and hemorrhage of the liver and
intestine when given to experimental animals. Natural occur-
rence of disease caused by this toxin has not been documente
although it is suspected of causing a hepatotoxic, hemorrhagi
disease of cattle and pigs fed moldy corn. Rubratoxin is
produced by Penicillium rubrumand may exert a synergistic
effect with a� atoxins.
,

Potential Toxicity ofPenicillium roqueforti

Penicillium roqueforti(PR) produces several toxic compounds
including roquefortine, PR toxin, and festuclavine. The
toxicity of PR toxin and roquefortine are low. Roquefortine
is a neurotoxin reported to cause convulsive seizures, live
damage, and hemorrhage in the digestive tract in mice
Repeated studies, however, have failed to reproduce thes
results. Roquefortine has been recovered from blue chees
and was associated with the mold mycelia rather than the
nonmoldy areas of the cheese. PR toxin apparently reac
with cheese components and is neutralized. Atypical wild
strains of P. roquefortihave been shown to produce patulin
and penicillic acid simultaneously, patulin alone, patulin
plus citrinin, and mycophenolic acid. Patulin, penicillic acid,
and citrinin have been observed only in wild-type isolates of
the organism and not in commercial strains, nor in any
cheese produced by commercial strains. The signi� cance of
the various toxins produced byP. roquefortito public health
is not clear, particularly in view of the limited toxicological
information available on these compounds. The fact that
blue-veined cheeses have been consumed for centurie
without apparent ill effect suggests that the hazard to human
health is minimal or nonexistent.
Ergot

Ergot is a disease of plants, particularly small grains such a
rye and barley and other grasses, which is caused by speci
of Claviceps, in particular C. purpurea, C. paspalli, and
C. fusiformis. These fungi invade the female sex organs of th
host plant and replace the ovary with a mass of fungal tissue
known as sclerotium. The sclerotia, also called ergots, ar
about the same size and density as the grain kernels an
tend to go with the grain when harvested. The sclerotia
contain alkaloids that are produced by the fungus. The
alkaloids – ergotamine, ergosine, and others– are deriva-
tives of lysergic acid and cause disease in animals an
humans. The disease is manifested by a sensation of col
hands and feet followed by an intense burning sensation. As
the disease progresses, the extremities may become gang
nous and necrotic, and in animals, sometimes the extremi-
ties are sloughed. In severe cases, death may occur. Ergotis
also known as St. Anthony’s � re, reached epidemic propor-
tions during the Middle Ages. At that time, the cause of the
disease was not known, but it probably was associated with
bread made from � ours of rye and other grains that were
infested with ergot sclerotia. In recent times, outbreaks
involving humans have occurred in Africa and India.
Outbreaks of animal poisonings still occur in areas where
rye, barley, and other susceptible small grains and grasse
are grown.
See also: Alternaria; Aspergillus; Aspergillus: Aspergillus ßavu
Byssochlamys; Cheese:Mold-Ripened Varieties;Fungi:
Overview of Classi� cation of the Fungi;Fusarium; Natural
Occurrence of Mycotoxins in Food;Mycotoxins:Detection and
Analysis by Classical Techniques;Mycotoxins:Immunological
Techniques for Detection and Analysis;Mycotoxins:
Toxicology;PenicilliumandTalaromyces:Introduction;
Penicillium/Penicillia in Food Production;Spoilage Problems:
Problems Caused by Fungi.
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Introduction

In the early 1960s, a�atoxins were�rst described as important
fungal toxins, which contaminate many different human
foods and animal feeds. This discovery led to a proliferation in
research on fungal toxins contaminating food and feed
materials. Mycotoxins are toxic compounds, produced as
secondary metabolites by various fungi, mostly by saprophytic
molds that readily colonize crops in the �eld or after harvest.
They pose a potential threat to human and animal health
through the ingestion of food products prepared from these
commodities.

The control measures to ensure mycotoxin-free food, feed
and environment require chemical analysis of these contami-
nants in a large variety of samples. Thus, accurate, selective, a
sensitive determination of mycotoxins immediately became an
important requirement to meet food safety concerns and new
of�cial regulations. The widespread distribution of the struc-
tural diversity of mycotoxins among diverse agricultural prod-
ucts of different components and ingredients has complicated
the analytical procedures that must be validated before of�cial
adoption. For these reasons, analytical methods for mycotoxins
have continued to develop over the decades, re�ecting
advances in analytical chemistry. This task has been carried o
by specialized organizations including, for example, the Asso
ciation of Of �cial Analytical Chemists, the American Oil
Chemists’ Society, the American Association of Cereal Chem
ists, the International Union of Pure and Applied Chemistry,
and the European Community. Currently, a wide range of
methods are available to analytical scientists, ranging from
newly described multitoxin liquid chromatography tandem
mass spectrometry to rapid methods based on immunological
principles. From this range of available methods the analytical
chemist must decide on the requirements of the analysis such
that the method chosen is�t for the purpose.
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Description of Analytical Methods

Analytical methods in food and feed commodities to deter-
mine mycotoxins could have the following steps: (1) sampling
and sample preparation, (2) extraction, (3) cleanup, and (4)
separation and determination of the mycotoxins.
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Sampling and Sample Preparation

Sampling is an important part of the overall analytical proce-
dure in general, but even more so in the determination of
mycotoxins. The reason for this is a highly heterogeneou
distribution of analytes in the lot of food or feed products. The
sampling stage of the analysis directly in�uences the costs of
the control procedure. In spite of the importance of sampling,
the laboratory performing the analysis usually has no in�uence
on it. In checking all the factors associated with variability of
862 Encyclopedia of Food
mycotoxin results, it was found that sampling contributes the
greatest single source of error. Consequently, much effort ha
been expended to minimize the effect of sampling on the
results of analyses for mycotoxins.

The effects of improper sampling and subsequent inaccurat
determination are either that (1) unsuitable lots (false nega-
tives) are put on the market and represent risk for the
consumers or (2) harmless lots are wrongly considered
contaminated (false positives) and suppose a�nancial burden
for the producers. Therefore, it is appropriate to apply the same
sampling method to the same product for mycotoxin control.
Additionally, the sampling procedure should also be fast, cost
effective, and easy to apply.

During sampling and sample preparation, precautions
should be taken to avoid changes that may affect the mycotoxin
content, adversely affect the analytical determination, or make
the aggregate samples unrepresentative.

As previously indicated, sampling plays a crucial part in the
precision and representativeness of the determination o
mycotoxin levels, which are heterogeneously distributed
through a lot. It is necessary to�x the general criteria with
which the sampling procedure should comply. The simplest
method to reduce sampling error is by increasing the sample
size, but this may be impractical. Another approach is to
increase the number of incremental samples taken at variou
places distributed throughout the lot, which are combined to
make up the aggregate sample. This approach requires a stat
tically correct sampling plan. Another problem with big
samples is their subsequent homogenization or reduction to
obtain representative laboratory subsamples. Some nove
methods to provide more representative samples are the
Hobart vertical mixer, Waring blender, food cutter, Wiley mill,
hammer mill, disk mill, or meat chopper.

A�atoxins (AFs), for instance, are heterogeneously distrib
uted in a lot, in particular in lots of food products with large
particle size, such as dried�gs or groundnuts. To obtain the
same representativeness for batches with food products with
large particle size, the weight of the aggregate sample should b
larger than in case of batches with food products with a smaller
particle size. Because the distribution of mycotoxins in pro-
cessed products generally is less heterogeneous than in ra
cereals, it is appropriate to provide for simpler sampling
procedures for processed products. It has also been shown tha
water slurry mixing of samples results in lower coef�cients of
variation (CV) than dry milling, although the obtained slurry
presents problems for the disposal after the analysis. Large
subsamples are also associated with lower CV.

Finally, each sample is placed in a clean, inert containe
offering adequate protection from contamination and against
damage in transit. All necessary precautions are taken to avoi
any change in composition of the sample during transportation
or storage.

After sampling, the next step is the preparation of the
samples for mycotoxin determination, which is also prone to
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00232-9
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various errors. Problems with sample preparation include
insuf� cient cleanup and hence the presence of interferin
substances during the analysis, introduction of artifacts due to
unsuitable extraction conditions, or loss of mycotoxins and
incorrect estimation of their recovery.
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Extraction

No universal extraction method is applicable to all myco-
toxins and commodities because of differences in the phys
icochemical properties of mycotoxins and the diverse nature
of the products affected. Therefore, the selection of th
method of extraction depends on the nature of the sample
and the interfering materials that might be coextracted with
the toxin.

Extraction of mycotoxins from the biological matrix
generally involves aqueous mixtures of polar organic solvents
such as CH3OH, CH3COCH3, or CH3CN. Polar metabolites,
such as the fumonisins (FUMs), require the presence of thes
solvents, whereas hydrophobic toxins, such as patulin (PAT)
rely on the use of organic solvents. Other mycotoxins, such a
ochratoxin A (OTA), are extracted in organic solvents, such a
chloroform; in acid medium, and in diluted aqueous
NaHCO3. The extraction with chloroform, used in a number
of previous methods, has largely been superseded by othe
solvents, such as CH3CN, acetone, or ethyl acetate, as par
of the international drive to reduce the consumption of
hazardous chlorinated solvents. Additionally, the choice of
extraction solvent is dependent on the matrix from which the
extraction is required, as the differing chemical mixtures can
affect it.

A common procedure in the extraction step of mycotoxins is
the addition of NaCl or other salt to achieve an ionic effect to
aqueous methanol extraction; if this procedure is transferred to
an aqueous acetone or acetonitrile extractant, layer separatio
can occur, with the mycotoxin being differentially distributed
between the two layers. A similar effect can occur with aqueou
acetonitrile in sucrose-containing samples. Citric acid
(NH 4)2SO4, or H3PO4 might be added to compete with
mycotoxin for adsorption sites on proteins and nucleic acids
during the extraction of some samples.

Extraction procedures, using high-shear blenders o
mechanical shakers are most employed. Pressurized liqui
extraction (PLE) is a technique that consists of enclosing a solid
sample in a cell, which is then sealed tightly. Solvents at rela
tively high pressure and temperature without their critical point
being reached are forced to� ow through the sample. This
improves ef� ciency compared with extractions at room
temperature and atmospheric pressure. PLE provides for th
opportunity to use a wide variety of solvents, even those not
effective in conventional extraction methods. Therefore, the
optimization of the extraction process generally begins with an
appropriate choice of the extraction solvent. Other experi-
mental extraction parameters include temperature, pressure
static time, and cell size. It has been used for the extraction o
different mycotoxins, such as zearalenone (ZEA), OTA, or AF
PLE currently is attracting interest as it features short extractio
times, low solvent use, high and extraction yields, and a high
level of automation. The main disadvantage is the high cost of
this equipment.
Supercritical Fluid Extraction
Supercritical � uid extraction uses a supercritical� uid, such as
CO2, with or without an added organic modi � er, such as
CH3CN or CH3OH or their mixtures, to extract the required
compound from the matrix. This technique is not suitable for
routine analysis because of its high costs and the need fo
specialized equipment. Moreover, the application of this
technology to the extraction of mycotoxins has presented
several problems with low recoveries or high levels of coex
tracted impurities, such as lipids, which interfere with subse-
quent cleanup.
Cleanup

The cleanup procedure used in a method is a very importan
step, as the purity of the sample affects the sensitivity of the
results. Trace amounts of the target analyte may be masked b
interfering compounds found in the matrix as well as by the
chemicals, materials, and solvents used in the technique
Several methods exist for mycotoxin determination and have
all been indicated for use when cleaning up mycotoxin
samples. There are different methods to clean up the extract o
interferents.

Liquid–Liquid Extraction
Liquid –liquid extraction (LLE) exploits the different solubility
of the toxin in aqueous phase and in immiscible organic phase
to extract the compound into one solvent leaving the rest of the
matrix in the other. Thus, when hydrophilic solvents are used
for extraction, the liquid –liquid partition between the extract
and the nonpolar solvent, such as hexane, iso-octane, an
cyclohexane, has been used effectively used for defatting an
cleaning. Disadvantages lie with possible loss of sample b
adsorption onto the glassware. The process also needs oth
cleanup steps and requires time.

Precipitation
Interfering substances, mainly pigments such as tannins an
phenols, can be precipitated by heavy metals, such as Pb(II),
Zn(II), Cu( II), and Fe(III ). AgNO3 has been used to remove
theobromine, a natural cocoa component, in a method for
a� atoxin determination.

Solid-Phase Extraction
Solid-phase extraction (SPE) is based on cartridges packed wi
microparticles of sorbent compounds, such as silica gel
Usually, the sample is loaded into the packed cartridge in one
solvent, generally under reduced pressure; the packaging
rinsed with some solvents to remove most of the contaminants;
and, � nally, the analyte is eluted in a suitable solvent. Sorbent
materials used in SPE have a high capacity for binding of smal
molecules.

Some sorbent phases are polar (e.g., silica gel, Florisil, cha
coal, Celite (inert hydrophilic diatomaceous earth), alumina,
aminopropyl, cyanopropyl), apolar or reversed-phases (RPs
(e.g., silica-linked C18, C8, phenyl), ion-exchange resins (e.g
anionic or cationic either strong or weak), or hydrophilic–
lipophilic balanced phases (e.g., Oasis).

The SPE systems have many advantages as compared w
LLE: Solvent consumption and extraction time are very low.
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864 MYCOTOXINSj Detection and Analysis by Classical Techniques
SPE cartridges clean the sample, but they also can pr
concentrate the sample, which increases sensitivity. Currently
SPE is the most popular technique used in routine determi-
nation of mycotoxins. For example, an SPE column con-
taining Celite replaces LLE in the determination of
trichothecenes in grains. The use of C18 in the extraction o
OTA from wine has been demonstrated. SPE, however, ha
several disadvantages. It is currently unlikely to� nd a single
universal type of cartridge useful for extraction of all toxins.
Each type can operate in certain conditions, and its perfor
mance can be affected by pH, solvent, and ion concentration
of the sample.

Silica gel is a frequently used material for SPE. Th
surface of silica particles is heterogeneous, with silano
groups that can bind target compounds through multiple
electrostatic interactions. Linkage of various functional
groups can widen the application of this material. Normally,
this is achieved by reaction of an organosilane with a long-
chain aliphatic compound, such as C18 or C8. These
hydrophobic phases are used in environmental and food
analysis of these toxins.

Ion-exchange materials often are used in SPE to isolate an
preconcentrate toxins found in solutions. They utilize electro-
static interactions that appear between the target molecule an
charged groups bonded to the silica material. The samples ar
set to a pH value at which both groups are charged and ar
� ltered through the SPE cartridge. The bound material is
removed by the addition of a strong ionic solution or by
altering the pH. Several types exist, in both anionic and cationic
phases, such as strong anion exchanger.

There are columns made up of several sorbents speci� cally
selected for the recovery of individual or groups of mycotoxins,
packed into a cartridge, and used to remove the entire matrix
leaving the desired compound in solution. Such procedures are
practical, easy, and quick with no additional rinsing steps
required. A column speci� c for trichothecenes has been
developed for a variety of matrices like cereals and by-products
Development of newer columns with mixtures of sorbents for
multimycotoxins is expected to be used in the future.

Matrix Solid-Phase Dispersion
One of the main problems to develop a multimycotoxin
method is the extraction and puri� cation in a single step of
all mycotoxins from the matrix, owing to the differences in
their physicochemical properties. In fact, extraction is the
most critical step because it should determine the recoverie
for all mycotoxins in a food matrix. An attractive alternative is
the matrix solid-phase dispersion (MSPD), in which sample
and sorbent material are mixed homogenously; this mixture
is then packed in a cartridge and afterward elution is per-
formed. A promising method for multimycotoxin determi-
nation (AFs, OTA, ZEA, nivalenol (NIV), deoxynivalenol
(DON), FUMs, beauvericin (BEA), diacetoxyscirpenol (DAS),
T-2 toxin, and HT-2 toxin) has been developed using MSPD
containing C18 as the sorbent for both extraction and
cleanup steps. Operational steps in MSPD, and ef� ciency and
selectivity of the extraction process, are conditioned by the
physical state of the sample, the relative concentrations and
properties of analytes, the interferences of the sample, and th
suitable combination of sorbent.
Immunoaf�nity Column
In immunoaf � nity column (IAC), monoclonal or polyclonal
antibodies are linked to an inert support and speci� cally bind
the mycotoxin (the antigen) by an antigen–antibody reaction,
while interfering components are not retained in the column.

The advantages of IACs are the effective and speci� c extract
puri � cation provided, the economic use of organic solvents,
and the improved chromatographic performance achieved
with cleaner samples. Therefore, IACs increasingly have bee
utilized in mycotoxin analysis. A number of methods devel-
oped have relied on the use of these cleanup methods, in
which the extracts of various matrices can be puri� ed by
essentially the same protocol: The sample extract is diluted
with phosphate-buffered saline, then the diluted extract is
passed through IAC, and� nally, the column is eluted with
methanol. Each column can be used only once, because of th
denaturation of antibodies. The disadvantage is the high cos
of these columns.

The success of IACs has resulted in the development o
multimycotoxin IACs, which contain antibodies speci� c to
more than one mycotoxin. These are useful for the analysis o
commodities that can contain a number of different myco-
toxins as a consequence of coinfection with different toxigenic
fungal strains or species. There are IACs containing antibodie
against AFs, OTA, FUMs, DON, ZEA, and T-2 toxin.

Molecular Imprinted Solid-Phase Extraction
An active area of research has been the design and synthesis
polymeric materials for binding mycotoxins. In addition to the
potential for low costs of production, the bene� ts of synthetic
materials are greater capacity, stability during storage, an
improved tolerance to solvents, low/high pH, or ionic strength.
During the polymerization process, many of the materials
incorporate a template molecule similar in structure to the
analyte. The intention of imprinting with an analog is to create
binding cavities with functional groups that interact with the
functional groups of the mycotoxin. The molecularly imprinted
polymers (MIPs) often are compared with corresponding
nonimprinted polymers to determine whether the imprinting
has imparted selectivity to the polymer.

Early MIPs for mycotoxins used the toxins themselves as th
template. This is undesirable, however, because small myco
toxin amounts of the template can leach from the polymer over
time and contaminate the samples. There is also the potentia
cost, and hazard, associated with the need to use large amoun
of toxin to imprint the polymer. Thus, it is far better to imprint
using a template with functional groups and characteristics
similar to those of the toxin. Polymeric binding materials have
been developed for OTA, moniliformin, and ZEA, and their
corresponding analogs that have been used as templates. It
conic acid has been identi� ed by molecular modeling and
computational design as a functional monomer with high
af� nity toward DON. Itaconic acid polymers, synthesized
without the template DON, were used successfully for cleanup
and preconcentration of DON from pasta extracts before the
high-performance liquid chromatography (HPLC) analysis.
More research is needed to produce nontoxic analogs to facil
itate further development of mycotoxin MIPs. For example, red
wine has been cleaned up using a combination of C18 and
molecular imprinted solid-phase extraction.
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The results indicated with MIPs targeting mycotoxins clearly
indicate the potential of these materials, even though the
combination of selectivity and af� nity of the polymeric mate-
rials for mycotoxins is not yet competitive, including the
following: inconsistent molecular recognition characteristics,
slow binding kinetics of analytes, the potential for repeated use
of MIP, polymers welling in unfavorable solvents, and poten-
tial sample contamination by template bleeding.
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Chromatographic Methods: Separation and Determination

Mycotoxins usually have signi� cant ultraviolet (UV) absorp-
tion or � uorescence properties. Therefore, they have bee
determined by liquid separation techniques, although other
techniques can be used.

Thin-Layer Chromatography
The chromatographic separation of mycotoxins originally was
performed by paper chromatography (PC), but the technique
suffers from poor resolution, limited quanti � cation, and dif� -
culty in con� rmation of identity. The discovery of the AFs,
however, coincided with the emergence of thin-layer chroma-
tography (TLC) as new separation tool that provided better
resolution than PC. Originally, glass plates coated with
alumina were used. Alumina then was replaced by silica ge
which provides more reproducible Rf-values for many myco-
toxins. The use of TLC plates, coated with silica gel, had becom
the most widely used technique for detection, quanti� cation,
and con� rmation. It is very sensitive and can detect low levels
of toxin.

The successful application of TLC for mycotoxin analysis
requires a balance between the adsorbent properties of the g
and the elution properties of the developing solvents.
Numerous combinations of adsorbent or mobile phases have
been employed with different food commodities. The choice is
dependent on the interfering coextracted compounds. The us
of unequilibrated and unlined developing chambers is favored
for better separation of closely related mycotoxins. For certain
products (animal tissues, dairy products, spices, and human
� uids), two-dimensional TLC is important to overcome the
problem of interfering substances that are dif� cult to separate.

The use of TLC analysis for mycotoxins is popular for both
quantitative and semiquantitative purposes due to its high
sample throughput, low cost, and ease of identi� cation of
target compounds. Its major disadvantage is the quanti� cation
step, however, because it is achieved by comparison of samp
and mycotoxin standards using visual estimation of � uores-
cence of the separated spots under long-wavelength UV ligh
Measurement of the � uorescence intensity of the TLC spot
using � uorodensitometers has proved to be accurate, precis
and superior to visual estimation, but the system suffers from
insuf� cient selectivity due to interference from matrix compo-
nents. Recent advances have involved the development o
methods based on overpressured-layer chromatography an
high-performance TLC. These methods were coupled wit
� uorescence densitometry or laser-scanning densitometry a
a quanti� cation step and could achieve lower limits of detec-
tion (LOD).

Due to the poor � uorescence intensity of some mycotoxins
they require postdevelopment derivatization with reagents to
enhance � uorescence. A BF3 methanol solution is used for
detection of ochratoxins. Spraying with AlCl3 ethanol solution
followed by heating of the TLC plates leads to an aluminum
complex with the keto- and hydroxyl groups of the ster-
igmatocystin molecule. The TLC plates are sprayed withp-
anisaldehyde solution to detect penicillic acid or FUMs under
long-wavelength UV. FUMs have been determined using R
TLC, spraying with � uorescamine in borate buffer/CH3CN
mixture. AlCl3, p-anisaldehyde, or 4-p-nitrobenzylpyridine
solutions have also been used to detect DON. Moniliformin,
a Fusarium mycotoxin, can be visualized by 3-methyl-2-
benzothiazolinone hydrazone or 2,4-dinitrophenylhydrazine
with low LOD.

Liquid Chromatography – UV and Fluorescence Spectrom
Another trend has been toward the use of HPLC to replace the
existing TLC-based methods to improve the results of myco
toxin determination. The HPLC equipment (pump, automatic
injector, detectors, etc.) completely controlled with appropriate
software makes automation possible. Considerable effort has
been targeted toward the achievement of better separation an
quanti � cation through the optimization of the column and
detector performance. Mycotoxin analysis relies heavily on
HPLC employing various sorbents depending on the physico-
chemical structure of the mycotoxin. Normal columns were
used for separation of toxins depending on their polarity, but
the majority of separations are performed on reversed-phas
systems with mobile phases composed of H2O, CH3OH, and
CH3CN mixtures. Changes in the solvent ratios of the mobile
phase are important to accommodate changes in column
properties. Usually, silica gel–packed columns have been used
as normal phases and C18-bonded silica columns have bee
used as RPs. Other RP columns used for mycotoxin determ
nation are phenyl-hexyl-bonded silica and C8-bonded silica.
RP systems are preferred over normal-phase systems due to t
low cost and safety of the solvents used. They provide excellen
baseline resolution and permit the separation of many myco-
toxins in one injection.

Similar to other analytical steps in the mycotoxin determi-
nation, the � eld of separation methods used for this purpose
has shown a tremendous development in recent years. Chro
matographic performance has improved with column tech-
nology, particularly with reduced size of the column packing
material. The introduction of packing materials with particle
size 1.7–1.9 mm has brought better peak resolution and
reduced total run times to 10 min, whereas it could take more
than 1 h with conventional particle size columns.

The most common detection methods are UV or� uores-
cence detectors. The use of UV photodiode array detecto
allows the most suitable wavelength for mycotoxin determi-
nation to be selected and for con� rmation of mycotoxin
identity by the spectrum, maintenance of a steady baseline, and
tolerance of a variety of solvents. UV detection suffers from
sensitivity to the interfering compounds normally present in
extract, and a rigorous cleanup is necessary. UV detection h
been used successfully for the detection of type A and type
trichothecenes, PAT, BEA, fusaproliferin, and ZEA. The� uo-
rescence detection system, however, has demonstrated grea
sensitivity and selectivity and less liability to background
interference than UV.
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866 MYCOTOXINSj Detection and Analysis by Classical Techniques
UV or � uorescence detection relies on the presence o
a chromophore or � uorophore, respectively, in the molecules.
Some toxins exhibit natural � uorescence (e.g., OTA, AFs, ZEA
and can be detected directly in HPLC with� uorescence detector
but many others cannot. Lack of a suitable chromophore can be
solved either by pre- or postcolumn derivatization. These
mycotoxins, such as FUMs, require derivatization. With FUMs
the reaction site is the primary amino group and the� uorescent
reagent most often used iso-phthaldialdehyde (OPA) with 2-
mercaptoethanol. The resulting derivative is highly� uorescing
but stable for only a few minutes.N-acetyl-cystein instead of 2-
mercaptoethanol has been proposed as a reaction partner fo
OPA. Other derivatization reagents that have been tested ar
� uorescamine, naphthalene-2,3-dicarboxaldehyde, 4-� uoro-7-
nitrobenzofurazan, dansyl chloride, 9-� uorenylmethyl chlor-
oformate, 6-amino-quinolyl N-hydroxysuccinimidylcarbamate,
or � uorescein isothiocyanate. All of their derivatives show
different stabilities and sensitivities.

AFs are naturally strongly� uorescent compounds, which
make them ideal subjects for� uorescence detection; however
the � uorescence of a� atoxin B1 (AFB1) and a� atoxin G1
(AFG1) are signi� cantly quenched in the aqueous mixtures
used for RP chromatography. Initially, precolumn derivatiza-
tion using tri � uoroacetic acid (TFA) was used to produce the
hemiacetals, which have similar � uorescence properties to
a� atoxin B2 (AFB2) and a� atoxin G2 (AFG2). The relative
instabilities of these derivatives and the advantages of auto
mation offered by postcolumn derivatization methods,
however, led to the adoption of the latter technique. TFA
cannot be used as a postcolumn reagent due to corrosion
problems. Reaction with halogens was found to be a suitable
alternative. In the 1980s, postcolumn addition of a saturated I2
solution and heating at 60–75 � C in a reaction coil provided
good performance. This approach greatly improves the inten
sity of � uorescence of AFB1 and AFG1. An added advantage
automated postcolumn reaction methods is that the derivati-
zation can be switched off and the observed decrease in heigh
of the peaks representing AFB1 and AFG1 serves as a con� r-
mation test of their presence. The iodination method also has
several disadvantages, however, including the need for a sep
rate pump and a heated reaction coil, which can cause pea
broadening and the possible crystallization of I2 in incorrectly
operated systems. Consequently, reaction systems utilizing B2
were introduced with the added advantage of a greater analyt
response than that achieved with I2. Postcolumn bromination
can be achieved cleanly in either one of two ways, the simples
being electrochemical generation in a so-called Kobra cell. Fo
this method, potassium bromide (KBr) is dissolved in an
acidi� ed mobile phase. The alternative method requires
a pulseless pump for postcolumn addition of pyridinium
bromide perbromide and the use of a short reaction coil at
ambient temperature. Photochemical derivatization is an
alternative and more economic postcolumn derivatization
method. This is achieved by passing the HPLC column eluate
through a reaction coil wound around a UV light at ambient
temperature, which causes hydration of AFB1 and AFG1 t
their respective hemiacetals.

Trichothecenes, another important group ofFusariummyco-
toxins, use derivatization to� uorescing products and subsequen
HPLC-Florescence Detection analysis in some methods. One o
the � rst methods was a postcolumn degradation of DON and
NIV to formaldehyde by NaOH, followed by the formation of
a � uorescent derivative by reaction with methyl acetoacetate
and ammonium acetate. This method was later extended to in-
clude other type B trichothecenes, but more research is neede
Coumarin-3-carbonyl chloride is the most often used reagent for
offline derivatizationof typeA and B trichothecenes beforeHPLC.
Other reagents used for derivatization of type A trichothecenes ar
1-anthroylnitrile, 1-naphthoyl chloride, 2-naphthoyl chloride,
and pyrene-1-carbonyl cyanide.

Enhancement of the � uorescence of mycotoxins can be
achieved without chemical derivatization by the incorporation
of speci� c cyclodextrins (CDs) in the mobile phase. CDs are
cyclic oligosaccharides composed of multiple subunits of
glucose in an alpha(1–4) con� guration. The cyclic nature of the
structure gives rise to an internal cavity that can act as a host si
for smaller molecules by forming an inclusion complex.

Base deactivation additionally improves peak shape for
polar mycotoxins with carboxylic groups: citrinin, OTA, and
some FUMs. Then, a mobile phase should be composed of an
acidic aqueous phase (acetic acid, TFA, acidic buffers) t
prevent ionization of carboxylic groups.

Liquid Chromatography – Mass Spectrometry
The greatest advance in mycotoxin analysis in recent years h
been the introduction of mass spectrometry (MS) as a detection
system. A mass spectrometer ionizes molecules, and sorts an
identifies them according to their mass-to-charge ratio. The
coupling of HPLC to MS trends to the status of reference and
de� nitive method in the � eld of mycotoxin analysis. One of the
reasons for this trend is the development of ef�cient atmo-
spheric pressure ionization systems, such as electrospray ion
zation (ESI), atmospheric pressure photoionization (APPI),
and atmospheric pressure chemical ionization (APCI) inter-
faces for liquid chromatography–mass spectrometry (LC-MS)
coupling, which have resulted in a range of new methods for
single mycotoxin, mycotoxin groups, or true multitoxin anal-
yses. Before their development, the LC-MS analyses of myc
toxins were performed using thermospray and fast-atom
bombardment interfaces, but with signi� cant dif� culties.
Modern LC-MS instruments with ESI, APPI, or APCI enable
ionization in both positive and negative modes, as well as
switching between them in the same chromatographic run,
which means the best possible detection conditions for all
analytes. Comparison of ESI and APCI with APPI for AF
concluded that APPI might be a better alternative to ESI than
APCI, although the ESI source is found to be more robust
Comparison of APCI and APPI for PAT determination indi-
cated that APPI provides lower chemical noise and ionization
suppression. For OTA determination, the use of APCI interface
results in lower sensitivity due to extensive fragmentation.

Another reason for this trend is the development of an
ef� cient mass analyzer of tandem mass spectrometer. There a
many types of mass analyzers, such as quadrupole (Q), time
of-� ight (TOF), ion-trap (IT), and Fourier transform–ion
cyclotron resonance. The most important mass analyzer fo
mycotoxin analysis is the triple quadrupole (QqQ). It is
composed of a tandem of three quadrupoles: the� rst quad-
rupole (Q 1) acts as an ion� lter. Then the mass-separated ions
pass into the collision cell (second quadrupole, q2) and break
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MYCOTOXINSj Detection and Analysis by Classical Techniques 867
the separated ions in different fragments. Finally, the selecte
fragment ions pass into the third quadrupole (Q3), another ion
� lter, and then are detected. For example, mycotoxins such a
NIV, DON, AFG1, AFG2, AFB1, AFB2, FUMB1, FUMB2, DAS,
2 toxin, OTA, and ZEA were measured simultaneously in food
matrices by the LC-MS/MS technique using a heated ESI prob
in the positive ionization mode and highly selective reaction
monitoring. In an IT analyzer, the ions of all masses are trapped
in a chamber. At � rst, mycotoxin-targeted ions are selected
(mass-to-charge ratio) by expelling all the others from the ion
trap. Then, fragmentation of the selected ions is done. At the
end, the fragmented ions are analyzed. An example of multi-
mycotoxin analysis is a standardized LC–UV–MS method for
the screening of 474 fungal metabolites and mycotoxins in
culture extracts, albeit providing only qualitative data.

In TOF mass analyzer, the same electromagnetic force
applied to push the ions accelerate down a� ight tube. Lighter
ions � y faster and come before the detector. Their mass-to
charge ratios are determined according to their receiving times
The use of matrix-assisted laser desorption ionization TOF
mass spectrometry has been described for the high-throughpu
screening of mycotoxins. An LC–TOF–MS method for the
simultaneous determination of trichothecenes, ZEA, and AFs in
foodstuffs has been established.

The advantages of LC-MS or LC-MS/MS lie in the possibilit
to perform multianalyte analyses. Because of the highly selec
tive mode of detection in tandem MS (MS/MS), the improved
sensitivity and low LODs, the con� rmation provided by online
mass spectral fragmentation patterns and the ability to� lter out
by mass any impurities that interfere in spectrometric detectors
chromatographic separation of peaks is less important, and
overlapping peaks can be tolerated. Still, however, the cha
lenges of achieving the appropriate chromatographic condi-
tions remain in modulating pH and additives in the mobile
phase to promote the optimal ionization of analytes in the ion
source.

Usually, sample cleanup is still performed before LC-MS/
MS analysis but with few and nonlaborious sample treatment
steps. In particular, SPE and multimycotoxin IACs have bee
used as cleanup steps in multitoxin analyses. This may b
necessary in multiple analyses as the problem of matrix effects
such as unpredictable ionization suppression, could occur in
such analytical systems. In these cases, the use of intern
standards (IS) is recommended for quanti� cation. Reliable
quanti � cation can be achieved only by matrix-matched cali-
bration with the model matrix resembling the actual samples as
much as possible and by using isotopically labeled IS, prefer
ably one IS per analyte. In spite of these problems, the numbe
of multianalyte LC-MS methods for mycotoxins from different
chemical groups is increasing.

Gas Chromatography
Gas chromatography (GC) is used regularly to identify and
quantify the presence of mycotoxins in food samples and many
protocols have been developed for these materials. Normally
the system is linked to MS,� ame ionization (FID), or electron-
capture detection (ECD) techniques to detect the volatile
products. The GC technique has several disadvantages. Fir
mycotoxins must be volatile or can be converted into volatile
derivatives. Furthermore, mycotoxins must be thermo stable
because heating sometimes degrades the analytes. Mo
mycotoxins are not volatile and therefore must be derivatized
for GC analysis. Several procedures have been developed f
mycotoxin derivatization. Chemical reactions, such as silyla-
tion or � uoroacylation, are employed to obtain volatile deriv-
atives. As with other mycotoxins, OTA cannot be determined
directly by GC because it is not volatile. Some examples of OTA
detection using derivatization can be found. The use of GC
detection is not employed for usual protocols, however,
because of the existence of cheaper and faster alternatives, su
as HPLC. GC has been the most widely used technique fo
trichothecene determination, but it requires the derivatization
of free hydroxyl groups. Two groups of derivatives have
been applied, the tri-methylsilyl (TMS) ethers and the per-
� uoroacyl esters. The TMS derivatives can be formed b
reaction with trimethylchlorosilane, trimethylsilylimidazole,
N,O–bis(tri-methylsilyl)acetamide, or N,O–bis(tri-methylsilyl)
tri � uoroacetamide. The TMS derivatives can be detected sele
tively using MS or FID. The per� uoroacyl derivatives can be
formed by reaction with penta� uoropropionyl imidazole,
hepta� uorobutyryl imidazole, tri � uoroacetic anhydride, pen-
ta� uoropropionic anhydride, or hepta� uorobutyric anhydride
catalyzed with 4-dimethylaminopyridine. These derivatives can
be detected selectively at very low levels by ECD or usin
negative ion chemical ionization–mass spectrometry, but
positive electron impact ionization or positive chemical ioni-
zation–mass spectrometry also have been used. Generall
fused-silica capillary columns used for trichothecene determi-
nation by GC are coated with 14% (cyanopropyl-phenyl)-
methylpolysiloxane (low- or mid-polar column) or 5% methyl
phenylsiloxane (nonpolar column).

Other Chromatography Techniques
Other chromatography techniques used in mycotoxin separation
are capillary electrophoresis, particularly micellar electrokinetic
capillary chromatography with laser-induced � uorescence
detection for AF or OTA determination and microemulsion
electrokinetic chromatography (MEECK), which has been used
for PAT quanti� cation. The MEECK technique has remained a
a research topic rather than� nding application in routine
analysis. However, an LOD for AFB2 of only 4.4 zmol was
achieved by the application of multiphoton excited � uorescence
and electrokinetic capillary chromatography in a narrow-bore
capillary containing carboxymethyl-beta-cyclodextrin.
Bioassay Techniques

Bioassays have become increasingly useful for mycotoxi
detection as a precursor to chemical analysis. Bioassay b
biosensor is designed as an inhibition assay. In these methods
a � xed concentration of mycotoxin-speci� c antibody is mixed
with a sample containing an unknown amount of mycotoxin.
The antibody and mycotoxin form a complex. Then the sample
is passed over a sensor surface in which a mycotoxin has bee
immobilized. Noncomplexed antibodies are measured as they
bind to the mycotoxin on the sensor surface. Finally, unknown
samples are determined by referring to the mycotoxin standards
More recently, array biosensors have been developed to ful� ll
the desire for multiple analyses. They can be used for simulta
neous analysis of multiple samples or simultaneous analyses o
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multiple target analytes. The multiple targets for this technology
include pathogenic bacteria as well as mycotoxins.

Advances in biotechnology have made it possible to
develop highly speci� c antibody-based tests. Available test kits
can identify and measure different mycotoxins, such as AFs
OTA, and T-2 toxin in food in less than 10 min by speci� c
monoclonal antibodies after simple liquid –liquid cleanup
procedure. The types of immunochemical methods include
radioimmunoassay, enzyme-linked immunosorbent assay
(ELISA), and IAC assay. ELISA is well established and availab
The essential principle of these assays is the immobilization on
a suitable surface of antibody or antigen and the establishmen
of a competitive process involving this resource and compo-
nents of the analytical solution.
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Immunological methods of analysis, commonly referred to as
immunoassays, which were developed in the early 1960s b
Solomon Berson and Rosalyn Yalow are now used routinely in
the management of food quality. Due to their high speci�city,
sensitivity, speed, and ease of application, these methods a
used for the analysis of pathogens and their toxins, contami-
nants, adulterants, and even some of the constituents of foods
Analysis of mycotoxins and their metabolites in food, feed,
serum, and milk is one of the important areas, which has
greatly bene�ted from the development of immunoassays.
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Mycotoxins

Certain groups of fungi are known to produce various closely
related low–molecular weight compounds during their growth
on agricultural commodities and other foods. These metabolic
products have not been assigned any function in the growth
and physiology of these organisms. Moreover, in laboratories
these substances have been found to appear in the medium
after a lag toward the late growth phase, and continue to be
produced even after the cessation of active growth of the
organism. Therefore, these compounds represent a class
substances termed as‘secondary metabolites.’ Many of these
compounds have been found to have adverse effects on huma
and animal health via a natural route of administration, and
therefore commonly referred to as mycotoxins.

The term mycotoxin is derived from the Greek words
‘mnkhs’ (mykes-fungus) and ‘soxikon’ (toxicum-poison).
Mycotoxins can induce both acute and chronic effects on
human and animal health. The target and the concentration of
the metabolite are both important. Many of these diseases
collectively known as mycotoxicoses, may be responsible fo
some of the human ailments commonly attributed to
unknown origin. As many of these diseases surface much afte
the consumption of contaminated food, mycotoxin-contami-
nated food remains an unsuspected health hazard. With the
advent of newer methods of toxicological testing and improved
isolation and detection techniques, it is now possible to learn
more about the role of mycotoxins in human health. With the
newer mycotoxins being added to the list of dangerous
substances, it has become extremely important to regulat
mycotoxin contamination in food for human and animal
consumption. On a worldwide basis, at least 99 countries have
invoked stringent regulations to check mycotoxin contamina-
tion in food or feed and have imposed extremely low tolerance
limits on the presence of mycotoxins in food.
Important Mycotoxins in Food

There are a number of mycotoxins identi�ed and isolated from
food. Table 1 gives a list of some of the widely occurring
mycotoxins and their toxic effects on humans. The three major
genera of mycotoxin producing fungi areAspergillus, Fusarium,
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
and Penicillium. A�atoxin B1 is the most commonly encoun-
tered mycotoxin, and this is identi�ed as one of the most
potent naturally occurring carcinogen known to man. The
International Agency for Research on Cancer rated a�atoxin in
Category 1 (Table 2), which indicates that there is suf�cient
evidence of its carcinogenicity in humans and animals. A�a-
toxin B1 and B2 are hydroxylated in ruminant liver to form
a�atoxin M1 and M2, respectively, and they appear in milk of
the animals raised on an a�atoxin-contaminated diet. A�atoxin
M1 is also identi�ed to be a potent carcinogen like a�atoxin B1.
Food commodities most commonly affected by a�atoxin
contamination include peanuts, corn, wheat, rice, cottonseed
copra, nuts, milk, cheese, and many other commonly
consumed food articles. Of all the mycotoxins identi�ed, only
a�atoxin contamination is regulated legally in foods at present.
Tolerance levels for a�atoxin approved in some of the countries
are given inTable 3.

Ochratoxin has an International Agency for research on
Cancer (IARC) rating of 2B that means that the toxin is possibly
carcinogenic to humans. The commodities contaminated with
this mycotoxin could be wheat, barley, oat, corn, dry beans,
peanuts, cheese, and coffee. Fumonisin probably is also carc
nogenic to humans and hence IARC has given it a rating of 2B
based on suf�cient evidence of its carcinogenic potential
demonstrated in animals. The presence of fumonisin has been
detected in corn produced in several regions of the world.

Trichothecenes have an IARC rating 3, which means th
toxins are not classi�able as carcinogenic to humans. Only
limited evidence of their carcinogenicity is available in animals.
T2 is one of the important trichothecene mycotoxins. The
presence of trichothecene toxins has been detected in cor
wheat, and cattle feed.

Among the other mycotoxins, the estrogenic toxin, zear-
alenone (ZEA), produced byFusariumspecies, may be found in
corn, feed, and hay. Patulin mainly is encountered in apple and
apple juice, other moldy fruit juices, and feed. Citrinin is found
on cereal grains, wheat, barley, corn, and rice. Sterigmatocyst
is a toxic metabolite produced mainly by Aspergillus versicol
and Aspergillus nidulans. It is related closely to a�atoxins in
terms of its structure and toxicity and is mainly found in moldy
grains, green coffee beans, and cheese. Moniliformins, whic
are lethal to poultry, are unusual chemicals produced by
different Fusariumspecies. These are found predominantly in
oat, wheat, corn, and rye. Ergot alkaloids are produced by fung
of the genus Clavicepsand are found primarily on rye and
related plants. Other plant species affected include wheat an
barley. Alternaria toxins include several compounds, such a
tenuazonic acid, alternariol monomethyl ether, alternariol,
altenuene, and altertoxin, produced by different species of
Alternaria. The commodities affected include fruits like
mandarin, apple, and vegetables including tomato, as well as
oil seeds, such as sun�ower and olive.

As the mold spores are ubiquitous in nature and agricultural
commodities provide good substrate for the mold growth,
the chances of mycotoxin contamination in foods are high,
78-0-12-384730-0.00233-0 869
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Table 1 Important mycotoxins identi� ed in infested food

Mycotoxin Producing fungi Toxic effect Mycotoxicosis

A� atoxin Aspergillus ßavus, A. parasiticus Mutagenic, hepatotoxic, carcinogenic,
teratogenic, apoptotic

Acute a� atoxicosis, hepatocarcinogenesis,
childhood cirrhosis, Rye’s syndrome

Ochratoxin Aspergillus ochraceus,
A. alliaceus, A. terreus, Penicillium

niger, P. viridicatum

Nephrotoxic, teratogenic, apoptotic Balkan nephropathy, renal tumors

Trichothecenes Fusarium sporotrichioides,
Microdochium nivale, Stachybotrys
atra

Dermatoxic, neurotoxic, teratogenic,
apoptotic

Alimentary toxic aleukia, Akakabi-byo
disease, stachybotryotoxicosis,
esophageal cancer, red mold disease,
yellow rain disease

Zearalenone Fusarium graminearum Genitotoxic, estrogenic, mutagenic Cervical cancer, premature menarche
Fumonisins Fusarium verticilloides, F. proliferatum,

F. nygamai
hepatotoxic, carcinogenic, apoptotic Leukoencephalomalacia

Moniliformin Fusarium verticillioides Neurotoxic, cardiovascular lesion, Onylalai disease
Ergot alkaloids Clavicepssp.,Aspergillus fumigatus,

Penicillium chermesinum
neurotrophy St. Anthony’s � re Ergotism

Patulin Penicillium griseofulvum, P. expansum,
Aspergillus giganteus, A. terreus

Immunotoxic, neurotoxic,
teratogenic, carcinogenic

–

Sterigmatocystin Aspergillus versicolor,A. nidulans,
A. parasiticus,A. ßavus

Hepatotoxic, carcinogenic Hepatocarcinogenesis

Alternaria toxins
(tenuazonic
acid, alternariol)

Alternaria alternata Apoptotic, mutagenic Onylalai disease

Citrinin Penicillium citrinum, P. camemberti,
Aspergillus oryzae, Monascus ruber

Nephrotoxic Yellow rice disease

Cyclopiazonic acid Aspergillusßavus, Penicillium
aurantiogriseum

Nephrotoxic, cardiovascular lesion Kodua poisoning

Adapted from Bhatnagar, D., Yu, J., Ehrlich, K.C., 2002. Toxins of Filamentous fungi. In: Breitenbach, M., Crameri, R., Lehrer, S.B., (Eds.) Fungal Allergy and Pathogenicity.
Chemical immunology, vol. 81. Basel, Karger, pp. 167–206.
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especially under storage conditions that promote mold growth.
The food items likely to support mold growth, therefore, need
to be screened for mycotoxin contamination to avoid risk to
human health.
g
e
l

Mycotoxin Assay

Development of suitable analytical techniques for accurate
estimation of a variety of mycotoxins present in food
commodities is a challenging task. Appropriate sampling plan
and sample preparation procedures have to be devised keepin
in view the nature and bulk of the commodity. Extraction and
Table 2 Carcinogenic potential of mycotoxins as given by
the international agency for research on cancer (IARC), WHO

Mycotoxin

Degree of evidence

IARC ratingHuman Animal

A� atoxin S S 1
Ochratoxin I S 2B
Fumonisin I S 2B
Trichothecines (T-2) I L 3

S, Suf� cient evidence.
I, Inadequate evidence.
L, Limited evidence.
1, The toxin is carcinogenic.
2B, The toxin is possibly carcinogenic to humans.
3, The toxin is not classi� able as carcinogenic to humans.
International Agency for Research on Cancer, WHO 1993.
isolation procedures may be complicated due to the presence
of major food components, such as starch, protein, and fat.
Interfering substances and pigments need to be removed b
special cleanup procedures before the extracted samples can
taken for analysis.

Detection and estimation of a mycotoxin in a given food
thus needs standardization of the sampling plan, preparation
of sample, extraction, cleanup, and� nally analysis by a suitable
method that offers the required sensitivity and speci� city.
Whereas sampling, sample preparation, extraction, and
cleanup procedures may be standardized and kept constant, th
assay procedures could vary depending on the analytica
method followed. Conventional techniques of quanti � cation,
Table 3 Tolerance limit for a� atoxin as imposed by different
countries

Country Product Limit (ng g� 1 or ppb)

Australia Peanut products 15
Belgium All foods 5
Canada Nut and nut products 15
China Rice and other cereals 50
France All foods

Infant foods
10
5

United Kingdom Nuts and products for direct use
For further process

4
10

United States All foods
In dairy feed
Beef cattle

20
20
300–400

India All foods 30
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such as� uorimetry, could give the necessary sensitivity. Thes
methods, however, suffer from lack of speci� city.

Among all the analytical techniques, immunoassays offer
higher sensitivity and speci� city. While using the immunoassay
techniques, simple cleanup procedures, such as� ltration and
centrifugation of the extracted sample, will be suf� cient for
sample preparation. The ef� ciency of immunoassays, however
could be improved greatly with a reasonably clean sample.
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Use of ImmunoafÞnity Columns

Besides � nding use in the detection and quanti� cation of
mycotoxin, immunological methods have also been used in
sample cleanup and concentration procedures. Antibodies
either monoclonal or polyclonal, against a particular myco-
toxin that is to be detected are used for this purpose. An
immunoaf � nity column (IAC) is made by either physically
adsorbing or more preferably chemically coupling the anti-
bodies to the solid supports. The solid support used could be
polystyrene beads, biopolymers such as cellulose, or othe
similar polymeric substances. These solid-phase suppor
immobilized with the speci � c antibodies are packed into small
glass or plastic columns. The extract from food containing the
mycotoxin then is passed through the column. The mycotoxin
present in the extract will bind with the antibody molecules
immobilized on the solid support. After washing the columns
with an appropriate solvent to remove interfering substances
the toxin could be eluted by desorption of the antigen–
antibody complex with the help of a suitable eluent. Immu-
noaf� nity cleanup and concentration procedures can provide
highly puri � ed mycotoxins that can be quanti� ed using any of
the available assay techniques, such as� ourometry or high-
performance liquid chromatography (HPLC). The major
advantage of immunoaf� nity puri � cation is that it is highly
speci�c and is capable of removing all the other contaminating
molecules from the test sample. IACs are now available
commercially for all major mycotoxins. In liquid foods, such as
milk and fruit juices, cleanup and extraction of the mycotoxins
could be accomplished simultaneously by using IACs.
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Ag* Ag*Ab
+ Ab

Ag AgAb

Ag - Antigen
Ag* - Labeled antigen
Ab - Antibody

Figure 1 The principle of the radioimmunoassay technique.
Immunological Methods for Detection and Analysis o
Mycotoxins

Immunoassays are a class of analytical techniques wherein th
reaction between an antigen and its antibody is utilized for the
quanti � cation of the antigen in an unknown sample. Immu-
noassays offer several advantages over the convention
methods used for mycotoxin detection and quanti� cation. In
immunoassays, a large number of samples can be analyzed
a time and the turnaround time of the assay is relatively low.
Because of the high speci� city of the immunoassay procedures,
elaborate sample preparation is not necessary.

Immunoassays for mycotoxin could be divided into two
broad categories, radioisotopic and nonisotopic immunoas-
says. In radioisotopic immunoassays, a radioactive isotope i
used for detection, whereas, in nonisotopic immunoassays, the
detection could be achieved by using an enzyme, a chemilu
minescent, or a� uorescent label.
Radioimmunoassays

Radioimmunoassay (RIA) is a competitive assay technique in
which the reagent, the antibody (Ab), is used in a limited
amount as compared with the amount of analyte antigen (Ag).
To perform a RIA, it is essential to have a radioactively labeled
antigen (Ag*), which also is referred to as the tracer. To perform
a RIA, the tracer antigen and the antibody are taken in� xed
concentration. The amount of antibody used in these assays i
always less than the labeled antigen. Hence, these assays a
are called‘limited reagent assays.’

In RIA, the unlabeled and labeled antigens compete for
a limited amount of antibody molecules to form antigen –
antibody complex molecules. At the end of the reaction, the
antibody-bound and free antigens are separated by a suitabl
separation method. The amount of labeled antigen–antibody
complex formed is inversely related to the concentration of the
unlabeled antigen. A standard curve could be set up with
known concentrations of an unlabeled antigen as standards
The concentration of the antigen in the unknown sample could
be estimated from the standard curve.

One of the critical steps in RIA is the separation of the
antibody-bound and free antigen. In modern assays, the
separation of immunecomplex is achieved easily by immobi-
lizing the antibodies on a solid support. Microtiter plates are
commonly used for this purpose. Microtiter plates are � rst
coated with an appropriate amount of antibody speci� c to the
mycotoxin (antigen). An aliquot of the sample (containing
mycotoxin) and labeled mycotoxin are added to this. The
labeled mycotoxin and the unlabeled mycotoxin from the
sample compete for the limited number of antibody molecules.
The principle of the competitive solid-phase RIA is illustrated
in Figure 2.

In the absence of unlabeled antigen, the labeled antigen
will occupy all the binding sites of the antibody molecules. As
the concentration of the Ag in the sample increases, less an
less number of Ag* molecules will be able to bind to the
immobilized antibody molecules. Hence, the amount of
activity bound to the antibody on the solid phase will be
inversely related to the concentration of the analyte myco-
toxin in the sample. By using different concentrations of the
authentic mycotoxin in the assay as standards, a dose–
response curve could be prepared and the concentration o
the mycotoxin in a given sample can be read from this dose–
response curve.

RIA offers several advantages over conventional mycotoxi
assays. Due to the exquisite sensitivity of the RIA technique
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Figure 2 The principle of the competitive solid-phase RIA.

Bovine serum albumin (BSA)

1-Ethyl-3,3-dimethyl aminopropyl

carbodiimide (EDC)

O

O

OCH3

O

NOCH2CONH BSA

O

O O

O

OCH3

O

NOCH2COOH

Pyrydine/water/MeOH
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Aminoxy aceticacid

O

OO

OCH3

O

O

Figure 3 Preparation of a� atoxin B1–bovine serum albumin conjugate.
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only a very small quantity of the samples is required to carry
out the assay. By careful experimental conditions, it is possible
to prepare speci�c antibodies, and by using these speci� c
antibodies, highly speci� c RIAs can be developed. A majo
advantage of immunoassays is that they do not need elaborat
puri � cation of the sample from other mycotoxins. This is
because of the remarkable speci� city and sensitivity of the
assay. In the RIA procedure, sample cleanup is simpli� ed
signi� cantly, allowing a greater number of samples to be
analyzed in a given time.

The success of a good RIA procedure depends on th
availability of antibody and labeled antigen for mycotoxins.
Almost all the mycotoxins without exception are small
molecular weight antigens. Being haptens, they do not induce
antibody production. These molecules are modi� ed syntheti-
cally and coupled to a large–molecular weight protein, such as
bovine serum albumin, to make them immunogenic.
Synthetic scheme for the preparation of a bovine serum
albumin –a� atoxin B1 is given in Figure 3. These conjugates
are injected in to laboratory animals after emulsi� cation in
Freund’s adjuvant. The serum of immunized animals, which
contain the antibodies, are used in the assays after appropriat
dilution.

The second most important reagent for RIA of mycotoxin
is radioactively labeled mycotoxin. The most commonly used
radioisotope for RIA is an isotope of iodine called iodine-125
(125I). Iodine-125 offers several advantages, such as it can b
prepared with very high speci� c activity and with almost
100% isotopic abundance. It has a convenient half-life of
60 days, and hence the tracer could have a long shelf life
Iodine can be introduced easily into many molecules. As125I
decays by electron capture emitting low energy (35 keV
gamma photons, it will not damage the molecule. These
gamma photons can be detected by using a simple solid
scintillation counter having a NaI (Tl) crystal. In case of small
molecules, such as mycotoxins,125I cannot be easily incor-
porated into the molecules. Incorporating a pendent group,
which can be labeled with 125I, synthetically modi� es the
mycotoxins, and these modi� ed mycotoxins can be used as
tracers in the RIA. Figure 4 illustrates the preparation of
a radiotracer for a�atoxin B1 by conjugating it with an 125I-
labeled histamine. An alternate method, which was used
earlier, was to label the mycotoxins with tritium ( 3H). A liquid
scintillation counter will be essential to measure the radio-
activity emitted by this isotope. The use of tritiated tracers
however, is now not in practice.
Immunoradiometric Assays

An alternate technique called the immunoradiometric assay
(IRMA), which is capable of providing higher sensitivity than
RIA, was developed in the late 1960s. In IRMA, the antibody is
labeled instead of the antigen. IRMA is essentially an exces
reagent assay in which an excess concentration of a radio
labeled antibody is used as the reagent. An excess concentratio
of a labeled antibody and the antigen (either from the standard
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Figure 4 Preparation of a� atoxin B1 tracer.
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or from the sample) are allowed to react. At the end of the
assay, the antigen bound and free antibody is separated and th
antigen-bound fraction is assayed for radioactivity. The activity
associated with this fraction is directly proportional to the
concentration of the antigen (analyte).

After the availability of monoclonal antibodies, a new type
of IRMA called the two-site IRMA or sandwich IRMA was
developed. In this technique, two antibodies both speci� c for
the same antigen, but binding to two different epitopes are
used. One of the antibodies is coated on to the solid phase
and used as an immunoextractant for the antigen. A second
antibody labeled with 125I is added to the solid phase. This
labeled antibody binds with the antigen, which is already
bound to the � rst antibody. At the end of the reaction,
unreacted-labeled antibody is aspirated out and the solid
phase washed with a wash solution. The radioactivity in the
solid phase is directly proportional to the concentration of
analyte present.

Being an excess reagent technique, IRMA offers high
sensitivity than RIA. The use of two antibodies makes the two
site IRMA more speci�c than RIA. Given that the IRMA is an
excess reagent technique, the assay can be performed in a v
short time.

The IRMA technique has not found much application in the
detection of mycotoxins. This is mainly due to the fact that
mycotoxins are small molecular weight antigens and hence
cannot bind to two different antibodies simultaneously.
Enzyme-Linked Immunoassays for Mycotoxins

Although RIAs were initially developed for the detection of
mycotoxins, such as a� atoxin, they soon were replaced with
the nonisotopic assays, such as enzyme immunoassays. Th
is due to the fact that radioisotopes are generally not desir
able in food environment and pose special handling and
disposal problems, and additionally, mycotoxins labeled
with radioisotopes have limited shelf life and usability.
Currently, the most commonly used assay techniques fo
mycotoxins are based on the enzymes as markers. The pre
aration of an enzyme-labeled mycotoxin is similar to the
preparation of mycotoxin–bovine serum albumin conjugate
as illustrated in Figure 3. In the reaction, the enzyme is used
instead of the bovine serum albumin molecule. The most
commonly used enzyme is horseradish peroxidase (HRP). A
the entire enzyme immunoassays are based on solid-phas
antibody techniques, the enzyme immunoassays commonly
are referred to as enzyme-linked immunosorbent assay
(ELISAs). Three types of ELISAs have been developed
mycotoxins.
Direct Competitive ELISA

The principle of this assay is similar to that of the RIA tech-
nique. The antibody is coated in the wells of microtiter plates to
which � xed amounts of the enzyme-labeled toxin and the
sample containing the toxin are added. Toxin in the sample and
the enzyme-labeled toxin compete for the binding sites on the
coated antibody. After incubation, the unreacted reagents ar
washed away. The enzyme activity of the labeled mycotoxin
bound to the coated antibody is estimated by adding
a substrate of the enzyme. H2O2 in combination with tetra-
methylbenzidine is used for the color development when
horseradish peroxiadase is used as the enzyme marker. T
color formed is generally measured in an ELISA reader. Darke
color indicates less concentration of mycotoxin from test
samples, whereas lighter color indicates the presence of highe
concentration of mycotoxin. The ELISA procedure has bee
used in different formats for the development of simple and
rapid qualitative and quantitative methods.
Indirect Competitive ELISA

In this form of ELISA, a mycotoxin–protein conjugate is coated
on the solid support. To these coated microtiter plates,
a mycotoxin antibody labeled with an enzyme and the sample
containing the mycotoxin are added and incubated. The toxin
in the test sample and the toxin on the coated plate compete for
the antibody present in the solution. At the end of the reaction,
a wash step is performed and the enzyme activity associate
with the microtiter plate is determined by using the substrate of
the enzyme. The enzyme activity associated with the solid
phase is related inversely to the mycotoxin in the test sample
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A darker color indicates the presence of less mycotoxin and vic
versa. These indirect competitive ELISA also could be don
using an enzyme-labeled second antibody. In this method,
the � rst antibody is used without any modi� cation. After the
reaction and wash step, a second antibody labeled with the
enzyme is added to the plates. The amount of second antibody
bound to the microtiter plates can be estimated by measuring
the enzyme activity associated with the solid phase as before
The darker the color, the less the concentration of mycotoxin
present. The advantage of this technique is that much les
speci�c antibody is required for the assay. Moreover, the
second antibody (anti-antibody) can be used as a universa
reagent in all mycotoxin assays. Such an enzyme-labele
second antibodies is available from commercial sources.
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Noncompetitive ELISA

In usual noncompetitive immunoassays, a sample containing the
antigen to be determined is incubated with an excess of a captur
antibody immobilized to a solid support. A labeled antibody,
speci� c for another epitope on the same antigen, is added in
excess. A sandwich including a‘catching antibody–antigen–
labeled antibody’ is thus formed. After completion of the incu-
bation, the unbound labeled antibody is removed and the signal
from the label in the sandwich is measured. The signal is thus
directly proportional to the antigen concentration in the sample.
This noncompetitive method, however, cannot be applied easily
to the determination of small –molecular weight analytes,
including mycotoxins. The small–molecular weight analyte is too
small to simultaneously bind to two different antibodies. To
overcome this problem, during the past decade, anti-idiotype
antibodies and anti-immune complex antibodies have been
introduced successfully as key antibody reagents, facilitatin
noncompetitive immunoassays for small molecules. One of the
methods of noncompetitive immunoassay involves blocking of
free sites of the capture antibodies by analyte–macromolecular
conjugate or by analyte derivative, followed by the displacement
of the antibody-bound analyte with enzyme-labeled analyte or
europium-labeled analyte. The advantage of blocking the free
sites by the conjugates is that enzyme-labeled antibodies do no
bind to the free sites and give false signals.

On the basis of this model, researchers have develope
a novel broad-speci� c noncompetitive immunoassay for the
determination of total a � atoxins from the samples. In this
assay, they have used polyclonal antibodies raised again
AFB1-(O-carboxymethyl) oxime-BSA conjugates as immuno
gens. With this assay, all four a� atoxins (a� atoxin B1, B2, G1,
and G2) in the food samples could be detected due to the cross
reactivity of the antibody.
r
-

Enzyme-Linked-Immuno-Magnetic-Electrochemical-
array (ELIME)

This magneto screen-printed electrochemical immunosenso
array is based on direct ELISA format. In this assay, mono
clonal antibody (MAb) against a mycotoxin is immobilized
on the surface of magnetic beads (immunomagnetic particle).
Immunogenic analyte (e.g., mycotoxin) is sandwiched
between an antibody-coated magnetic microparticle and an
antibody–enzyme conjugate. The immunomagnetic particle is
then trapped magnetically on the electrochemical electrode
surface. Later, a substrate for the enzyme is added in the syste
and the electroactive product is detected electrochemically
This type of immunomagnetic electrochemical assay can b
applied for different analytes with different transducer–
enzyme combinations. Using this technique, Piermarini et al.
(2009) developed an ELIME array to achieve simple and rapid
detection of AFB1 in corn samples. Their system was based o
an indirect competitive ELISA format, where competition
between the AFB1–BSA conjugate immobilized on the surface
of the magnetic beads and free AFB1 in the sample takes place
for the binding sites of the MAb antia� atoxin B1. As the
concentration of AFB1 increases in the sample, the amount of
MAb bound to AFB1–BSA decreases. The bound immuno
complex (AFB1–BSA–MAb) is then assayed using an alkaline
phosphatase–labeled antimouse IgG. A similar electro-
chemical immunoassay using magnetic beads was designed b
Hervas et al. (2009) to detect ZEA in baby foods.
Lateral Flow Devices

Another technique that guarantees simplicity and speed is
a membrane-based immunoassay known as lateral� ow device.
The qualitative or semiquantitative determination of myco-
toxins with a one-step test can be performed within a few
minutes without the need of instrumentation and additional
chemicals. Furthermore, results are interpretable by nonspe
cialists. Such lateral � ow immunodipsticks using magnetic
nanogold microspheres were developed by Tang et al. (2009) fo
rapid detection of a� atoxin B2 in foods. The detection reagents
consisted of magnetic nanogold microspheres (MnGMs) with
nano-Fe2O3 particles as core and gold nanoparticles as shel
which were coated with monoclonal anti-AFB2 antibodies.
Manually spotted AFB2–BSA conjugates and goat antimouse IgG
on nitrocellulose membrane were used as test and control lines
respectively, on the dipstick. As a major advantage, the exper
mental results indicated that visual detection limit of the
MnGM-based dipstick with 0.9 ng ml� 1 was about threefold
lower compared with a conventional immunodipstick test using
gold nanoparticles as detection reagent.

An additional method of detection of mycotoxin ZEA is
based on a competitive direct immunoassay method. In this
method, an immunosensor is coupled to glassy carbon elec
trode (GCE) modi� ed with multiwalled carbon nanotubes
(MWCNTs) integrated with a continuous-� ow/stopped-� ow
system for rapid detection of ZEA in corn silage. The bioreacto
used for this system consists of a reference electrode, a GCE w
MWCNT and a rotating disk on which anti-ZEA monoclonal
antibodies were immobilized. In this design, the lower reactor
rotates (to minimize diffusional constrains) while the upper
reactor is � xed. This permits ef� cient utilization of minimal
amounts of immobilized immunoreactants conveniently. The
ZEA in corn sample is allowed to compete immunologically
with ZEA bound to HRP for the immobilized anti-ZEA speci� c
to toxin. After washing, enzyme HRP, in the presence of H2O2

catalyzes the oxidation of 4-tert-butylcatechol, whose back
electrochemical reduction can be detected on CNT–GCE at
�0.15 V. The response current obtained from the product of
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enzymatic reaction is proportional to the activity of the enzyme
and, consequently, inversely proportional to the amount of ZEA
bound to the surface of the immunosensor of interest.
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Surface Plasmon Resonance Immunobiosensors

This technique is based on the phenomenon of total internal
re� ection. When light passes through two transparent media o
different refractive indices (e.g., glass and water), light coming
from denser medium is partly refracted and re� ected. Above
a certain critical angle of incidence, no light is refracted acros
the interface and total internal re� ection occurs at the interface.
Although the incident light is totally re � ected, the evanescen
wave penetrates a distance of the order of one wavelength int
the less-dense medium. If the interface between the media o
different refractive indices is coated with a thin metal� lm, then
the propagation of the evanescent wave will interact with the
electrons on the metal layer. These electrons are also known
plasmons. When surface plasmon resonance occurs, ener
from the incident light is lost to the metal � lm, resulting in
a decrease in the re� ected light intensity. The resonance
phenomenon only occurs at an accurately de� ned angle of the
incident light. This angle is dependent on the refractive index of
the medium close to the metal � lm surface. Changes in the
refractive index of the buffer solution close to the metal� lm
therefore will alter the resonance angle. Conversely, continuou
monitoring of this resonance angle allows the quantitation of
changes in the refractive index of the buffer solution close to the
metal � lm surface. Since the change in the refractive index o
the surface has a linear relationship to the amount of molecules
bound, the content of molecules in buffer can be quanti� ed.
Substantial research is being carried out with promising results
in using Surface Plasmon Resonance (SPR) technology f
mycotoxin analysis. SPR was developed for deoxynivaleno
with an analytical range of 2.5–30 ng ml� 1. Now, different
mycotoxins can be detected with detection limits for a� atoxin
B1, ZEA, ochratoxin A, fumonisin B1, and deoxynivalenol being
0.2, 0.01, 0.1, 50, and 0.5 ppb, respectively. The SPR metho
has several potential advantages, such as (1) a very small samp
volume is required (in ml unit), (2) the metal chip can be reused,
(3) can detect a range of analytes, (4) can detect kinetics o
antibody–antigen reaction, and (5) the method is user friendly.
the
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e
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Fiber-Optic Immunosensor

This method also combines the advantages of optic� ber and
evanescent wave. An evanescent wave is generated at
interface between an optical � ber and an outside lower
refractive index material (e.g., liquid or cladding). Fluorescent
molecules in this region can absorb energy from the evanescen
wave and � uoresce. A portion of the � uorescence will be
coupled back into the � ber and can be detected. By immobi-
lizing antibodies to the surface of an optical � ber, � uorescent
interference from the bulk solution is almost completely
eliminated. The signal generated in the assay corresponds to th
toxin concentration but varies depending on the assay format
Studies for detection of fumonisin B1 by using a � ber-optic
immunosensor showed that the sensor could detect fumonisin
B1 in a quantities ranging from 10 to 1000 ng ml� 1 with a limit
of detection of 10 ng ml� 1. The advantages of the method are
(1) high speci� city, (2) ease of miniaturization, (3) real-time
monitoring, and (4) adaptability for remote sensing. The
method may have limitations, however, in sensitivity. The
sensitivity can be enhanced by using immunoaf� nity column
(IAC) cleanup. Additionally, solvents may affect the accuracy o
the method because they can change the refractive index o
a medium.
Fluorescent Polarization

Fluorescence polarization (FP) immunoassay is based on th
competition between mycotoxin and a mycotoxin–� uorescein
tracer for a mycotoxin-speci� c antibody. When a � uorophore
in solution is exposed to plane-polarized light at its excitation
wavelength, the resulting emission is depolarized. This depo
larization results from the motion of the � uorophore during
the process of excitation and emission. Thus, the more rapid
the motion of the � uorophore, the more depolarized is the
resulting emission. Second, the� uorescence emission can be
segregated, using polarizers, into horizontal and vertica
components and polarization can be expressed as the ratio o
the difference in emission in the vertical and horizontal planes
divided by their sum. Now, when a large molecule-like anti-
body binds to a small � uorophore, the rate of tumbling motion
of the � uorophore is reduced, resulting in an increase in
observed polarization. Using this principle, the toxin to be
detected in this assay is linked covalently to the� uorophore to
make a� uorescent tracer. Such� uorescent tracers then compete
with the toxin from the sample for a limited amount of toxin-
speci�c antibody in the reagents. In the absence of toxin, the
antibody binds to the tracer, restricting its motion and causing
a high polarization. In the presence of toxin, less of the tracer is
bound to the antibody and a greater fraction exists unbound in
solution, in which the polarization is less. Thus, the polariza-
tion value is inversely proportional to the mycotoxin concen-
tration in the sample. FP immunoassay has two important
differences from ELISA. The detection does not involve an
enzyme reaction, and separation of the bound and free
compounds is not required. As a result, FP assays do not requir
a wash step and do not require waiting for an enzyme reaction
for color development. A 3 min extraction and 2 min assay
seems to be suf� cient to detect 2 ppm deoxynivalenol, 500 ppb
of fumonisin B 2, and 500 ppb of ZEA within 20 min of time.
Other Methods

Immunoaffinity Column Cleanup

IAC has been used widely for sample cleanup in mycotoxin
analysis. The IAC contains an antimycotoxin antibody that is
immobilized onto a solid support, such as agarose gel in buffer,
all of which is contained in a small plastic cartridge. The sample
extract is applied to an IAC containing speci� c antibodies to
a certain mycotoxin. The mycotoxin binds to the antibody and
water is passed through the column to remove any impurities.
Then, by passing the solvent through the column, the captured
mycotoxin is removed from the antibody and thus is eluted
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Table 4 Performance characteristics of different rapid methods for detection of a� atoxin in corn

Performance characteristics ELISA Flow-through immunoassay Lateral ßow test Fluorometric assay with IAC cleanup

Quantitative/semiquantitative Quantitative Semiquantitative Semiquantitative Quantitative
Detection limit (ppb) 2.5 20 4 1
Recovery (%) 94 NA NA 99
Relative standard deviation for repeatability (%) 16 NA NA 17
Correct response for positive test samples

spiked at the detection level
NA 97% 100% NA

Assay time < 25 min < 5 min 5 min < 15 min
Equipment ELISA reader NA NA Fluorometer

ELISA, enzyme-linked immunosorbent assay; IAC, immunoaf� nity column; NA, not applicable.
Adapted from Zheng, M.Z., Richard, J.L., Binder, J., 2006. A review of rapid methods for the analysis of mycotoxins. Mycopathologia 161, 261–273.
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from the column. The eluate containing mycotoxin then can be
either analyzed by HPLC or can be read� uorometrically by
adding a chemical to either enhance the� uorescence or render
the mycotoxin � uorescent. Performance characteristics o
different rapid methods for the detection of a� atoxin in corn
are described inTable 4.
ELISA Protocols for Mycotoxins

Direct Competitive ELISA
A typical protocol for direct competitive ELISA for a� atoxin is
described here.
Indirect Double-Antibody ELISA
Indirect competitive ELISA also has been developed for the
estimation of a� atoxin. A typical indirect double-antibody
protocol for a� atoxin is given here.
.
s

.

Commercial Immunoassay Kits

Immunoassay kits for detection and quanti� cation of most of
the major mycotoxins are available from commercial sources
Many of these kits have been evaluated in collaborative studie
between different laboratories and adopted as of� cial method by
the Association of Of� cial Analytical Chemists (AOAC). The
AOAC Research Institute also validates and certi� es ELISA test kits
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Table 5 Commercial immunoassay kits for a� atoxin available in the United States

Trade name Detection
Sensitivity
(ng g� 1 or ppb) Supplier Commodity

A� aCup Visual 5 Romer Labs Inc., MO Peanuts, peanut butter, corn, and
cottonseed

A� a 5, 10, 20 Cup Visual 5 International Diagnostics, MI Peanuts, peanut butter, corn, and
cottonseed

A� aTest Fluorometry 10 Vicam, MA Corn, peanuts, peanut butter, and milk
Agri-Screen Visual/ELISA reader 5 Neogen Corp., MI Corn, peanuts, cottonseed, and feed
One-step ELISA ELISA reader 5 International Diagnostics, MI Corn, peanuts, peanut butter,

cottonseed, feed, and milk
Veratox ELISA reader 5 Neogen Corp., Mi Corn, peanuts, cottonseed, feed,

and milk
Cite Probe Visual 5 Idexx Labs, ME Corn and cottonseed
EZ screen Visual 5 Medtox Diagnostics Inc., NC Corn and peanuts
AgraQuant ELISA reader 1 Romer Labs Inc., MO
AgraStrip Visual 4 Romer Labs Inc., MO Corn, soybeans, cottonseed, peanuts,

rice, almonds, and pistachio
FluoroQuant Fluorometry 5 Romer Labs Inc., MO Corn, corn meal, popcorn, rice,

sorghum (milo), wheat, soy, and
corn soy blend

A� atoxin Plate Kit ELISA reader 2 Beacon Analytical Systems, Inc.
United States

Nuts, grains, and grain products
Corn and peanuts

A� atoxin Tube Kit ELISA reader 2 Beacon Analytical Systems, Inc.
United States

Nuts, grains, and grain products
Corn and peanuts

Helica Total a� atoxin assay ELISA reader 1 Helica Biosystems Inc.
MaxSignal ELISA reader 0.05 Bioo Scienti�c Corp, United

States
Cereals, feed, meat, milk, peanuts, and

pistachios
Mycotoxin analyser Fluorometry 0.1 Bio-Man India Foods and feeds

MYCOTOXINSj Immunological Techniques for Detection and Analysis 877
A good immunoassay kit should have the following:

l The desired limits of detection and sensitivity
l High speci� city for the mycotoxin
l Short screening and quanti� cation time
l Adaptability to a wide range of foods
l Adaptability to recommended sample extraction procedures
l Inter- and intra-assay reproducibility

Table 5 enlists some of the commercial immunoassay kits
available for detection and quanti� cation of a� atoxin.
Table 6 Commercial immunoassay kits for other myco

Trade name Mycotoxin Detection

EZ SCREEN A� atoxin M1 Visual (Pass/
Ochratoxin
T-2 toxin
Zearalenone

One-step ELISA A� atoxin M1 Quantitative
Zearalenone Quantitative

Agri-Screen DON Visual (Pass/F
Fumonisin
Ochratoxin
T-2 toxin
Zearalenone

Veratox A� atoxin M1 Quantitative
DON
T-2 toxin
Zearalenone
Typical Assay Using an ELISA Kit

A sample of corn or peanut is blended at high speed with 80:20,
methanol:water (2 ml of solvent per gram of food product) for
3 min. The mixture then is � ltered using a coarse and a� ne
� lter paper to remove particulate matter. The� ltrate is used as
sample in any one of the commercial ELISA kits. In the
A� aCup� ELISA kit (Romer Labs Inc. MO) an aliquot of the
� ltrate is added to the microtiter plates, followed by
the enzyme conjugate and the substrate solution. The colo
change can be observed visually. Presence of color indicat
toxins

Sensitivity Supplier

Fail) 0.5 Diagnostix Inc., NC
5 Diagnostix Inc., NC
12.5 Diagnostix Inc., NC

50 Diagnostix Inc., NC
0.5 International Diagnostics, MI
200 International Diagnostics, MI

ail) 1000 Neogen Corp, MI
500 Neogen Corp, MI
20 Neogen Corp, MI
500 Neogen Corp, MI
250 Neogen Corp, MI
0.25 Neogen Corp, MI
300 Neogen Corp, MI
50 Neogen Corp, MI
250 Neogen Corp, MI
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that the a� atoxin concentration is less than the detection limit
of the kit. Test kits for 5, 10, or 20 ppb detection limits are
available. ELISA kits for the actual quanti� cation of the a� a-
toxin levels are also available. The enzyme activity is measure
in a microtiter plate reader (spectrophotometer) and dose–
response curve can be set up. It is also possible to program
the ELISA reader to indicate a Yes–No type of answer.

Immunoassay techniques also have been employed for the
detection of a� atoxin metabolites (a� atoxins M1 and M2) in
milk, serum, and urine. Detection of a� atoxin–albumin
adducts in blood and a� atoxin–DNA adducts in body tissues
also have been made possible with the help of immunoassays

Ochratoxin is yet another toxin for which immunoassays
were developed in the early stage. Both RIA and ELISA have be
described for ochratoxin. Polyclonal as well as monoclonal
antibodies have been used in these assays. Commercial immu
noassay kits are also available for some other mycotoxins a
shown in Table 6. Although several commercial kits are avail-
able, the testing and validation of many new kits needs valida-
tion. The Of� cial Methods Board Task Force in Test Kits an
Proprietary Methods of AOAC provides the necessary guideline
for the approval of test kits. Immunoassay kits are less cumber
some for operators in the� eld and are less expensive. But with
widespread prevalence of mycotoxins in food and increasing
regulatory controls immunoassay kits will have a major role in
strengthening quality control in food and feed industry.

See also: Aspergillus; Aspergillus: Aspergillus ßavus;Enzyme
Immunoassays:Overview;Fungi:The Fungal Hypha;
Foodborne Fungi:Estimation by Cultural Techniques;Fungi:
Overview of Classi� cation of the Fungi;Fusarium;
Immunomagnetic Particle-Based Techniques:Overview;
Mycotoxins:Classi� cationNatural Occurrence of Mycotoxins
Food;Mycotoxins:Detection and Analysis by Classical
Techniques;Mycotoxins:Toxicology;Penicillium
andTalaromyces:Introduction;Spoilage Problems:Problems
Caused by Fungi;Identi�cation Methods:Immunoassay;
Identi� cation of Clinical Microorganisms with MALDI-TOF-
in a Microbiology Laboratory.
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Introduction

The problems associated with mycotoxins have been encoun
tered for ages. Poisonings of humans and animals caused by th
consumption of molded food or feeds have been reported for
centuries. It seems that mycotoxins have plagued the huma
population since the beginning of organized production of
agricultural products. A detailed analysis of weather records an
data concerning production of cereals in combination with
historical accounts concerning poisonings constitutes reliable
evidence showing that these toxins have played a signi�cant role
in diseases starting from medieval Europe, through the colonia
times of early days America, and up to the present day.

Despite the fact that the beginnings of history of mycotoxins
date back to a distant past, the connection between poisoning
symptoms or diseases and speci�c secondary metabolites of
fungal �ora has been found relatively recently. The concept o
a mycotoxin appeared for the�rst time in research papers in
1955 (Forgacs and Carll, 1955). Intensive studies on that
subject were started in many countries in 1960, that is, the yea
of the turkey disease in eastern and southern England, where a
least 100 thousand of these birds died after the consumption of
feed made from Brazilian peanuts contaminated with toxins
(Blount, 1961). Studies on mycotoxins conducted in the years
1960–75 resulted in the identi�cation and analyses of
approximately 400 mycotoxins together with their derivatives,
which as a consequence led to the publication of several 1000
research papers, including several books.
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Mycotoxins – Their Role and Importance

An interesting characteristic of microscopic fungi is their
capacity to produce (biosynthesize) a broad spectrum of
metabolites with varied properties (including also toxic).
Molds do not develop in animal organisms and proliferate in
plants. These fungi are adapted to colonization and develop-
ment on substrates with an extensive range of moisture and
nutrient contents (Task Force Report, 2003). Their growth
results in the production and secretion to the medium of
secondary metabolism products, that is, mycotoxins, which
generally do not in�uence the development and growth of
fungi ( Goli �nski et al., 2009).

At present more than 400 mycotoxins together with their
derivatives have been identi�ed, which are classi�ed within
approximately 25 structural types. They are compounds o
a diverse chemical structure, frequently being aromatic (some
times aliphatic) hydrocarbons, typically characterized by low
molecular weight, which determines their resistance to envi-
ronmental factors and a lack of or weak immunogenic proper-
ties. These metabolites form stable complexes with DNA, which
causes disturbances in the transcription of information trans-
ferred from DNA to mRNA and disorders in protein synthesis.
They also in�uence the genetic apparatus leading to disturbance
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in fetal development. They are ascribed carcinogenic, mutagenic
teratogenic, nephropathic, neurotoxic, and hepatogenic action
and some of them also exhibit estrogenic action (Goli �nski et al.,
2009; Goli�nski et al., 2010a). Moreover, mycotoxins deteriorate
resistance capacity of the organism and enhance susceptibilit
to allergies. Chemically, these compounds are characterized b
exceptional stability, which results in the fact that they are not
degraded even at the application of thermal processing in
technological processes.
Factors Determining Biosynthesis of Mycotoxins

Physical presence of toxin-forming fungi is a necessar
precondition, but it is not always suf�cient for the formation of
mycotoxins, and fortunately their toxic metabolites are not
detected in every sample containing toxin-forming fungal�ora.

Contamination of cereal grain with mycotoxins – depending
on weather conditions – is a signi�cant problem for contempo-
rary agriculture in many countries. It is estimated that the degree
of contamination of agricultural produce with mycotoxins is
considerable and every year the presence of these metabolites
found in more than 25% food production worldwide. The two
main factors affecting fungal growth and the formation of
mycotoxins, both before harvest and after it, are temperature and
water activity (aw). These two factors directly in�uence the
ecology and pathogenicity of fungi as well as the susceptibility of
plants to microbial infections. An essential role is also played by
an appropriate substrate, on which fungi will be developing and
the presence of macro- and microelements, as well as synergis
and antagonistic interactions with the accompanying fungal
micro�ora. Poor storage conditions; high moisture content
(above 15%) in combination with optimal temperature
(w 25 � C); and inadequate husking, removal of dust, and
screenings from grain have an obvious effect on rapid funga
development. Cases also were described in literature, indicatin
that pesticides or even fungicides added to feed may enhance th
production of toxins, similarly to the action of some pesticides.
Sources of Mycotoxins

Mycotoxins may be produced in a broad range of raw materials
and agricultural products under extremely diverse conditions,
which promote the growth of molds and the formation of
these metabolites (seeSpoilage Problems: Problems Caused b
Fungi). The most important sources of mycotoxins include food
naturally contaminated with these toxins, plant origin food-
stuffs, and metabolites present in animal origin food (Kar-
olewski et al., 2011; Wa�skiewicz et al., 2010a; Weber et al.,
2006).

Agricultural produce may become contaminated starting
from the plant development in the �eld, through harvest, and
also in the course of processing, storage, and transport of th
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00231-7
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Table 1 Occurrence of mycotoxins in food and agricultural produce

Product Infection conditions Detected mycotoxins

Cereals Preharvest fungal infection Deoxynivalenol, T 2 toxin, nivalenol, zearalenon,
alternariol, fumonisins

Maize and peanut Preharvest fungal infection A� atoxins
Maize and sorghum Preharvest fungal infection Fumonsins
Stored cereals, nuts, and spices Moist storage conditions A� atoxins, ochratoxin A
Fruit juices Mold growth on fruits Patulin
Dairy products Animals consuming feed contaminated with fungi A� atoxin M1, cyclopiazonic acid, ochratoxin A
Meat and eggs Animals consuming feed contaminated with fungi Patulin, ochratoxin A, cyclopiazonic acid, fumonisins
Oil seeds Preharvest fungal infection Tenuazonic acid, alternariol
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� nal product. At each of these stages, the fungal� ora varies in
composition, and as a result of negligence, the product may be
contaminated with different mycotoxins. Table 1 presents the
occurrence of mycotoxins in different types of agricultural
produce and food.
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Division of Mycotoxins

Mycotoxins belong mainly to three species:Aspergillus(see
Aspergillus), Penicillium (see Penicillium/Penicillia in Food
Production), and Fusarium(see Fusarium). The � rst two mainly
are considered to be factors contaminating food during drying
and further storage, whereas certainFusarium species are
damaging plant pathogens forming mycotoxins before or
immediately after harvest.

Mycotoxins currently considered economically and toxico-
logically important worldwide include � ve groups: a� atoxins,
ochratoxins, trichothecenes (mainly deoxynivalenol), zear-
alenone, and fumonisins (seeMycotoxins: Classi� cationGoli �nski
etal., 2010a).The� rst two groupsofmetabolites may be included
in the class of toxins producing storage fungi (Aspergillusand
Penicillium), that is, mainly formed after harvest, during inap-
propriate storage of cereal grain, oil seeds, and their processe
products (Table 2). The three other groups of mycotoxins are
composed ofFusariumfungi. Infection of cereal ears in the period
of � owering, which occurs as a result of high humidity, causes
a subsequent strong development of mycelium within kernels,
and the formation of wrinkled and light kernels, containing large
amounts of mycotoxins.

Ochratoxin A

Ochratoxin A (OA) was detected in 1965 as a product of
metabolism of a fungus Aspergillus ochraceusin the course of
ad
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Table 2 Mycotoxins of toxicological and economic importance
worldwide and fungi forming them

Mycotoxins Fungi responsible for biosynthesis

Ochrotoxin A Aspergillus ßavus, A. parasiticus
A� atoxins Aspergillus ochraceus, Penicillium verrucosum,

Aspergillus carbonarius
Zearalenon Fusarium graminearum, F. culmorum
Deoxynivalenol Fusarium graminearum, F. culmorum
Fumonisins F. verticillioides, F. proliferatum, F. oxysporum
analyses of its toxic strains in cereal grain. Shortly afterward in
the United States, OA was isolated from maize grain, and it was
considered a potentially nephrotoxic compound.

OA (Figure 1) is formed by certain Aspergillusspecies in
warmer and tropical regions of the world, such as the Balkans
or Australia. Well-known Aspergillusspecies forming this toxin
include A. ochraceus, Aspergillus alliaceum, Aspergillus mellus,
Aspergillus auricomus, Aspergillus carbonarium, Aspergillus nige,
and Aspergillus glaucus. The greatest amount of information,
however, concerns the toxin-forming capacity ofA. ochraceus,
and research is focused on this species. In turn, within the
Penicilliumspecies, onlyPenicillium verrucosumis responsible for
OA biosynthesis in the temperate and cool climatic zone (0–
31 � C, optimal 20 � C), for example, in Scandinavia, Central
Europe, or Canada.

The occurrence of OA mainly results from inappropriate
storage of cereals and conditions (temperature and humidity)
promoting the development of toxic metabolites during storage
and the application of inappropriate cultivation measures
during storage of agricultural produce. This compound is
considered a predominantly storage toxin, although in case of
grapes, it is also formed in the� eld.

Natural occurrence of OA is connected with foodstuffs rich
in starch, such as cereals, including wheat, barley, maize, ric
oats, rye, and edible seeds of legumes and foodstuffs produce
from them. It was observed that OA present in barley subjected
in the course of beer brewing to malting and brewing processe
was not degraded and was detected in the� nal product. The
level of beer contamination with OA may increase or decrease
depending on the used unmalted barley, maize, rice groats
wheat starch, or Sorghumgroats (Sorghum) as fermentable
carbohydrate substrates for yeasts.

A similar stability was found for OA in the course of milling
of cereal grain to be used for bread production, and next during
its baking, because it was detected at each stage of bre
production as well as in the � nal product (seeBread: Bread
from Wheat Flour). Cereal products for children and infants are
not free from OA contamination.

The presence of OA in coffee has been considered an impo
tant source, and it was detected at various stages of its production
Roasting coffee beans reduces the content of OA, but it does no
eliminate it, and it still is detected also in the � nal product.

This toxin also is present in grapes, grape juice, and grap
must and wine. Among wines, in sweet wines prepared from
sun-dried grapes and in red wines, the highest content of OA
amounts to between 0.04–1.05 and 7.60mg dm� 3 (Battilani
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Figure 1 Chemical structure of ochratoxin A.
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and Pietri, 2002). White and pink wines contain lower
amounts of this toxin. Grapes used in the production of wines
and grape juice also are consumed in the form of dried grapes
which while constituting healthy food, are components of
cereal products such as biscuits, cakes, and puddings.

OA also was detected in spices, of which some containe
OA at high concentrations (>5 mg kg� 1), for example, Chinese
red pepper, paprika, chilli, and nutmeg. Root spices used mos
commonly in Asian and Indian cooking, such as black and
white pepper, ginger, coriander, curcuma, ginseng, and kava
kava also contain OA.

Moreover, this toxin is found in cocoa and its products,
chocolate, olive oil, and dried fruits (e.g., raisins, currants,
sultanas, quince, and� gs). Different types of nuts also are
sources of OA. Studies indicate the presence of this toxin in
peanuts, pecan nuts, and Brazilian nuts as well as cola nuts. O
also was detected in such plants as hop, licorice, and vetch.
r
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A�atoxins

The structure of a� atoxins was determined in 1963, 3 years afte
a mass-scale poisoning with these toxins in turkeys on English
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Figure 2 Chemical structures of a� atoxins.
farms. Fungi, which are responsible for biosynthesis of
a� atoxins, generally belong to two species:Aspergillus� avusLink
and Aspergillus parasiticusSpeare. They are common, particularly
A. � avus, in soil, warehouses, and stored agricultural produce
and exhibit the capacity to synthesize six metabolites denoted
with the following letters: B1, B2, G1, G2, M1, and M2 (Figure 2).
A� atoxins B2 and G2 as well as M1 and M2 generally account for
a very small percentage of total a� atoxins produced by a given
strain of fungi.

The presence of a� atoxins, mainly a� atoxin B1, has been
found in many products: peanuts, almonds, grain of different
cereals, sorghum, soy, maize, spices, different nuts, and groun
oil seeds. For example, in Iranian studies concerning the occur
rence of a� atoxins in food (maize, rice, wheat, nuts), their
presence was found in all tested. The most signi�cant contam-
ination with a � atoxin B1, however, is found in peanuts; cotton
seeds; ground grain, which is obtained after the extraction of oil
from these raw materials; and maize grain, which constitutes
the most serious problem in countries with the subtropical and
tropical climate that produce these plants on a mass scale
Contamination of these plant origin raw materials with
a� atoxins affects most seriously developing countries that suffe
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from food shortages, such as India, as well as several countries
Africa and South America. This contamination is caused by
primitive harvest and storage conditions as well as high
humidity, in combination with high temperature and low
standards of agricultural education.

A� atoxins have been found in such spices as powdere
paprika, ginseng, ginger, licorice, turmeric, and kava-kava. The
also are present in raisins, melons, and peanut butter. Studie
conducted (e.g., in Portugal) showed the presence of thes
toxins in food for small children and infants.

In countries using ground peanuts in the feeding of cows and
other dairy animals, the presence of a� atoxin M1 (AFM1) in milk
and dairy products poses a problem, as a� atoxin B1 is trans-
formed into a� atoxin M1 in their organisms. In studies conducted
in different countries, the presence of AFM1 was shown in regular,
pasteurized, and ultrahigh temperature milk as well as in yogurts
(seeFermented Milks and Yogurt). In Italy, research was con
ducted concerning the occurrence of AFM1 in cheese made from
cow, buffalo, goat, sheep, and sheep–goat milk. Selected samples
included unripened, medium, and long-term ripened cheeses
AFM1 was found in 16.6% of the analyzed samples. The highes
positive incidence was recorded for medium- and long-term
ripened cheeses, especially those made from sheep–goat
milk, whereas buffalo cheeses consistently tested negative. Oth
studies showed the presence of this toxin also in cream chees
(21.96 ng l� 1) and feta cheese (43.31 ng l� 1) (Pacin et al., 2010).
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Zearalenone: A Toxin with an Estrogenic Action

The structure of zearalenone (ZON), initially called F-2 toxin,
was determined in 1962 at Perdue University (United States) a
a metabolite of a fungus Fusarium graminearumexhibiting
hormonal and estrogenic activities (Mirocha and Christensen,
1974). ZON is the mycotoxin ranking third among those
detected most frequently in animal and plant tissues (Goli �nski
et al., 2010b) and one of the strongest acting, nonsteroid
substances of estrogenic character, found in nature both in
human food and feeds for animals (Figure 3). ZON is
produced by certain Fusariumspecies, mainlyF. graminearum
and Fusarium culmorum, Fusarium semitectum, Fusarium equiset,
and Fusarium cerealis, and its greatest amounts are produced a
a humidity of approximately 16% and temperature below
25 � C (Wa�skiewicz et al., 2008). ZON-forming fungi as path-
ogens of cereals infect plants in the� elds and a very high
percentage of cereal kernels contain inoculum of these fung
O

O CH3HOH

OH

O
Zearalenone

Figure 3 Chemical structure of zearalenone.
Considerable contents of ZON were found in wheat and barley
grain in the United States, Canada, Sweden, England, an
Finland. De� nitely the highest contents of ZON were found in
maize– grain or silages from whole ears. Maize grain at harves
typically contains 20–30% water, and if it is not dried rapidly
after harvest, the inoculum ofF. graminearum, F. culmorum, and
other species contained in it may lead to the development of
these fungi, and to the formation of considerable amounts of
the mycotoxin. The highest concentration of ZON in cereal
grain has been recorded in countries of Central Europe, a
approximately 90% tested samples from that region contained
this toxin at 8–300 mg kg� 1. In turn, in Poland in 2001, ZON
was detected in 93% maize samples at a concentratio
occasionally as high as 1600mg kg� 1.

ZON, like most mycotoxins, is not destroyed as a result of
milling processes and storage or during thermal processing o
food. ZON may be accumulated before harvest and in cereal
growing in the � eld and may be infested with fungi from the
genusFusarium(Wa�skiewicz et al., 2008). An example of a very
high ZON concentration at 2900 mg kg� 1 may be provided by
samples of feeds coming from the United States (Mirocha and
Christensen, 1974). Apart from maize, ZON also is found in
grain of wheat, barley, oat, sorghum, rice, and pea.

Studies concerning the occurrence of ZON in cereals
primarily in maize and animal feeds come from many countries
(e.g., Germany, Great Britain, Switzerland, Italy, Austria
Belgium, Bulgaria, Slovakia, Poland, the Untied States, an
Canada). Studies on the level of contamination in agricultural
produce with ZON also have been conducted in Argentina,
Brazil, Uruguay, Korea, Iran, Indonesia, and Egypt. There a
reports on the presence of this toxin also in seeds of Job’s tears,
cassava, walnuts, bananas, and soy. The latest reports from Ita
Spain, Egypt, or Saudi Arabia indicate the presence of ZON i
cereals and food of cereal origin, including mainly maize and
wheat as well as bread and cereal� akes.

The content of ZON also was determined in the aquatic
environment. Studies were conducted on surface and ground
waters in the Wielkopolska region, Poland, with ZON detected
in most tested samples within a range of concentrations from
0.5 to 43.7 ng l� 1 (Gromadzka et al., 2009).
ll
Deoxynivalenol

Trichothecenes – including deoxynivalenol (DON) – are
compounds that were isolated and initially identi � ed as
antibiotics (e.g., in 1946 verucarin and in 1961 diacetoxy-
scirpenol). At present about 50 metabolites from this group of
mycotoxins have been identi� ed (Task Force Report, 2003).

DON (also referred to as vomitoxin) is biosynthesized by
speciesFusarium culmoromand F. graminearum, which exhibit the
capacity to synthesize ZON. Thus, DON frequently is found
together with ZON (Figure 4). The production of DON by
pathogenic fungi from the genusFusarium– and its documented
phytotoxicity – indicate that this compound may play a role in
the disease process caused byF. culmorumand F. graminearum.

The occurrence of DON was detected in grain of wheat and
other small-grained cereals as well as maize cultivated on a
continents. Cereal products are not free from this toxin, either, as
DON was detected both in wheat� our and corn � our as well as
� nal products – bread and pasta. Deoxynivalenol is also found
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in beer at a concentration in most cases not exceeding th
admissible standards.
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Fumonisins

Fumonisins constitute a relatively recently discovered and
described group of mycotoxins. It was isolated for the� rst time
from a strain Fusarium verticillioidesin 1988 in South Africa.
Apart from F. verticillioides(formerly Fusarium moniliforme),
which is responsible for the formation of fumonisins, these
also include Fusarium proliferatum, Fusarium napiforme, Fusarium
oxysporum, Fusarium dlamini, and Fusarium nygamai(Stepie�n
et al., 2011; WHO–IPCS, 2000).

Despite the fact that there are as many as 28 relative analog
of fumonisin, only three of them are found in considerable
amounts, constituting natural contamination of food and
feeds. These are fumonisin B1, fumonisin B2, and fumonisin B3.
Fumonisin B1 is found most frequently and at the highest
concentrations (70–80% total amount of these toxins),
followed by B2 (15–25%) and B3 (3–8%) ( Figure 5).

Most processes connected with food processing do not hav
a signi� cant effect on the reduction of fumonisin contents.
These compounds are relatively resistant to temperature
whereas their amount is reduced markedly only during
processes in which the temperature exceeds 150� C. It is not,
however, an advantageous phenomenon, as it might have bee
expected, since products of fumonisin degradation may be
much more toxic than the toxins themselves.

It was shown that fumonisins are found almost everywhere
maize is grown, except for cooler regions, such as northeaster
Europe and Canada, where the problem is not so serious.

Fungal infection of maize may occur at each stage of it
development and affects individual parts of this plant – roots,
stems, and kernels– as well as in the period of harvest and in
the early stage of storage, when the concentration of produce
fumonisins no longer increases. Contamination of maize yields
with fumonisins is strictly dependent on climatic conditions
and geographic location. Studies of this type have been
conducted (e.g., in Iowa) for several years in which contami-
nation of maize and its products with these toxins were
analyzed and the effect of temperature and humidity on the
attack of this pathogen was investigated. Other factors may b
of signi� cance, such as the origin of plants, drought stress, an
damage caused by insects.
Studies concerning the content of fumonisins in maize and its
products have been conducted in many countries, including
Great Britain, Denmark, Germany, Spain, Poland, Croatia
India, China, Taiwan, Korea, Argentina, Brazil, Nigeria, Uruguay
Zambia,and CostaRica. In commercially available puri� edmaize
products for human consumption (comminuted maize grain,
corn � our, maize groats, polenta, semolina, snacks, broa–
a typical Portuguese maize bread, corn� akes, and sweet corn),
contamination typically does not exceed 1000mg kg� 1, although
in some countries it is higher. Italy may serve as an example here
as the concentration of fumonisins in polenta samples reaches
values from 500–4750 mg kg� 1. These high concentrations are o
particular interest, since in earlier studies it was stated that in
northeastern Italy, where polenta is a staple food, a risk of
esophagus cancer was reported.

Despite the fact that fumonisins contaminate almost exclu-
sively maize yields, in comparison with other cereals or other
agricultural produce, their presence in asparagus plantations i
also of signi� cance. Different cultivars of asparagus exhibi
different susceptibility to infection caused by fungi from the
genusFusarium. Fungi most frequently infecting asparagus tissue
include F. oxysporumand F. proliferatum, which apart from
fumonisins frequently produce another fusarium toxin, that is,
monilliformin ( Karolewski, et al., 2011; Wa�skiewicz, et al.,
2010b). The disease caused byFusariumpathogens brings the
greatest economic losses and at the same time is dif� cult to
control. Sources of infection include infected seeds and� rst of
all crowns and soil, in which fungi may live for many years on
plant residue. Infestation of plants with fungi from the genus
Fusariumcontributes to an increased number of cases of rust in
edible asparagus spears and the presence of mycotoxins forme
by these fungi.

There are also reports on the presence of fumonisins in tea
vetch, rice, sorghum, and spices. These toxins were detected
dried � gs at concentrations ranging from 0.05 to 3.65 ng g� 1 as
well as wine and beer.
Methods to Prevent Mycotoxin Formation

Weather anomalies observed worldwide and globalization of
agricultural markets result in a situation in which consumers
may not be certain in any country around the world that the
food they consume contains no mycotoxins. Contamination of
cereal grain with mycotoxins is a serious problem faced by
agriculture, investigated more extensively since 1960, whe
toxic fungal metabolites were identi� ed for the � rst time. The
best and most effective method to eliminate mycotoxins from
food and feeds is to prevent their formation thanks to appro-
priate cultivation measures from sowing of cereals until their
harvest, concluded with appropriate storage conditions.

For the purpose of prevention of feed and food mycotoxin
contamination, speci� c programs have been developed in
many countries of Europe and North America, aiming at the
education of food producers, including farmers, on improve-
ment of crop quality and methods of their storage, introduc-
tion of increased control of foodstuffs to detect the presence of
mycotoxins, and application of appropriate food-processing
technologies facilitating the elimination of contaminated
batches of products. Appropriate crop-harvesting techniques



ean Journal of

rrhagic disease

cotoxicoses
y Science 12,

derivatives:
toxins in Food,

O
OH

O

COOH

COOH

OH OH

NH2

O COOH

COOH

O

Fumonisin B1

O

O

COOH

COOH

OH OH

NH2

O COOH

COOH

O

Fumonisin B2

O
OH

O

COOH

COOH

OH

NH2

O COOH

COOH

O

Fumonisin B3

Figure 5 Chemical structures of fumonisins.

MYCOTOXINSj Natural Occurrence of Mycotoxins in Food 885
and protection of agricultural produce to a considerable degree
will aid in the control of the problem of mycotoxins, but they
will not eliminate it completely. It is essential to ensure that
mycotoxin levels, thanks to the implemented standards and
legal regulations, do not constitute a hazard to human or
animal health.

See also: Aspergillus; Bread:Bread from Wheat Flour;
Fermented Milks and Yogurt;Fusarium; Mycotoxins:
Classi� cation;Penicillium/Penicillia in Food Production;
Spoilage Problems:Problems Caused by Fungi.
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Introduction

Mycotoxins are fungal secondary metabolites and their inges
tion, inhalation, or skin absorption produce diseases in
humans and animals. The pathologies caused by exposure t
these toxic metabolites are known as mycotoxicoses. The effec
produced by mycotoxins can be divided into acute, due to
ingestion of high levels of mycotoxins, or chronic, because o
exposition to these compounds for long periods. Acute intox-
ication generally is associated with gastrointestinal symptoms
although, in some cases, it has been related to skin an
neurological affections, even resulting in death due to organic
failure. These acute intoxications are an important problem in
developing countries with poor hygienic conditions where
favorable conditions to fungal proliferation can result in high
levels of mycotoxins in foodstuffs. In the past few years
different mycotoxicosis outbreaks have killed hundreds of
people in Africa. The greater impact of mycotoxins on human
health in industrial countries is due to chronic exposure. In this
case, mycotoxicoses are associated with the carcinogenic, te
togenic, mutagenic, and immunosuppressive properties o
mycotoxins. The high risk posed by food contamination by
mycotoxins is recognized by international and national orga-
nizations with competences in food safety. The Joint Food and
Agricultural Organization/World Health Organization (FAO/
WHO) Committee considers mycotoxins to be the most
important substances regarding their daily intake at subacute
doses. The last report presented by the Rapid Alert for Food an
Feed in the European Union (RASFF) indicated that myco
toxins were the major group of noti�cations (20%) from
member countries. Moreover, the Scienti�c Committee of
the European Food Safety Authority (EFSA) recommende
limiting vigilance to key areas, and one of these key areas
emerging mycotoxin-related hazards due to the ubiquity of
toxins and the degree of knowledge and competence regardin
these hazards.

Mycotoxins commonly are found in many food products,
such as cereals, fruits, nuts, and meat, among others. The mo
effective strategies to avoid mycotoxin contamination of
foodstuffs are related to the control of fungal proliferation in
raw products. Effective approaches of hazard analysis an
critical control points (HACCP) have been established to
prevent mycotoxins entering the food chain. For a long time,
chemical fungicides have been used to reduce fungal growt
either in the �eld or during storage. Legislation about their use,
however, is more and more restrictive because they can cau
problems to the environment and human health. Additionally,
control of storage conditions has been demonstrated to be
useful to reduce fungal proliferation. Controlling both
temperature and humidity below precise limits can avoid
fungal development and mycotoxin production. Diverse
predictive models have been developed for different funga
species and mycotoxins taking into account these factors. Bio
logical control strategies are considered to be a good alternativ
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
to chemicals to reduce mycotoxins in food and beverages, an
several biocontrol agents have been described to contro
mycotoxigenic fungi.

When mycotoxin contamination could not be prevented,
detoxi�cation methods should be applied to eliminate the
toxins. Chemical processes available so far are ineffective, an
they are not allowed in many countries, including the Euro-
pean Union. Several physical methods are available, and the
frequently are used to remove mycotoxin from foodstuffs. For
example, adsorption to colestiramine or aluminosilicates is
effective to remove ochratoxin A from beer or wine. The
majority of mycotoxins are stable to high temperatures; there-
fore, thermal treatments are not useful to detoxify products.
Biological methods use nonpathogenic microorganisms that
decompose, transform, or adsorb mycotoxins from contami-
nated products and form nontoxic compounds. Several authors
consider this type of detoxi�cation the best approach because i
is speci�c, environmentally friendly, and does not modify food
properties.

The main mycotoxin-producing species are included in four
genera: Aspergillus, Penicillium, Fusarium, and Alternaria. This
article is focused on the main mycotoxins produced by these
genera and their acute and chronic effects, main producers
structure, and occurrence are discussed. Moreover, due to the
toxic properties the maximum levels of many mycotoxins are
legislated in different countries; therefore, the current regula
tion in each case is also indicated.
AspergillusToxins

A�atoxins

In 1963, a�atoxins were identi�ed as the causal agent of the
disease responsible for the death of more than 100 000 turkey
in Great Britain a few years before. Since that moment, myco
toxins have aroused the interest of scientist and authorities and
the information about its toxic properties and occurrence has
increased exponentially. A�atoxins are a number of polyketide-
derived furanocoumarins produced by severalAspergillussection
Flavi species (Figure 1). The main a�atoxin producers are
Aspergillus� avusand Aspergillus parasiticusalthough strains of
Aspergillus nomius, Aspergillus pseudotamarii, and Aspergillus
bombycisare capable of producing these toxins. There are 1
types of a�atoxins identi�ed, although the most important and
naturally occurring are a�atoxins B1 (AFB1), B2, G1, and G2.
WhereasA. parasiticuscan produce all four mycotoxins,A. � avus
is able to produce only AFB1 and B2.

A�atoxins are distributed worldwide, and they have been
found in a variety of commodities. Maize and groundnuts are
considered to be the major sources of a�atoxins in the human
diet, but there are many products susceptible to contamination.
The presence of a�atoxins has been reported in cereals (corn
sorghum, barley, oat, rye, and wheat), soya, rice, dry nuts (nuts
pistachios, almonds, and hazelnuts), coffee, cacao, and spices.
78-0-12-384730-0.00234-2 887
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Liver is the principal target of a� atoxins, although lesions in
kidney and adrenal glands have also been described. Th
primary lesions of acute intoxication with a� atoxins produce
hemorrhagic necrosis and fatty acid in� ltration in liver cells. In
some cases, ingestion of high doses of a� atoxins culminates in
death, mainly in children who are less tolerant to acute intoxi-
cation than adults. The oral median lethal dose (LD50) in rabbits
and ducks is 0.3 mg kg� 1, whereas chickens and rats are les
susceptible with an LD50 of 18 mg kg� 1. Chronic exposition to
a� atoxins is related to hepatocarcinoma both in animals and
humans. AFB1 is considered the most potent naturally occurring
carcinogen, and it has been classi� ed by the International
Agency for Research on Cancer (IARC) as a human carcinog
(group 1). Lung cancer associated with a� atoxins exposition has
been described as well in farmworkers who inhaled dust parti-
cles contaminated in silos. Different studies have pointed out
that chronic intoxication with a � atoxins produces immuno-
suppression in animals and affects metabolism of proteins and
critic micronutrients, such as zinc, iron, and vitamin A.

A� atoxins, when ingested by animals or humans, are
metabolically activated in the liver, and this biotransformation
produces a highly reactive epoxide that can form adducts with
DNA and RNA. This fact can inhibit replication, transcription,
and protein synthesis. A� atoxins are potent mutagens and are
able to induce DNA changes with high sequence selectivity
This DNA damage is supposed to induce p-53-dependen
apoptosis in susceptible cells.

AFB1 has been found frequently in feeds, and its consump-
tion by livestock supposes the reduction of animal growth rate.
Additionally, AFB1 is easily transformed in a� atoxins M1 (AFM1)
in mammals, and this metabolite can be present in milk of dairy
cattle. AFM1 is less hepatotoxic and inmunotoxic than AFB1 but
is highly stable to pasteurization temperature, and severa
authors even have found the toxin in milk after ultrahigh
temperature (UHT) treatment. Moreover, AFM1 is classi� ed as
a possible human carcinogen (group 2B) by the IARC.

The European Union has established strict limits to a� a-
toxins in foodstuffs with special attention given to cereals, dry
fruits, and spices (EC No. 1881/2006 and EU No. 165/2010).
The limits for a� atoxins are indicated either as AFB1 or the total
a� atoxins referring to the sum of a� atoxin B1, B2, G1, and G2.
AFM1 is regulated in milk and milk products. Apart from the
European Union, China, Mexico, and Brazil have the most
comprehensive legislation on a� atoxins. Other countries like
Japan, the United States, and India, among others, only se
limits for a � atoxins for foodstuffs in general in 10, 20, and
30 mg kg� 1, respectively.
Aflatoxin B1

OCH3H

H

O

O

O O

O

Figure 1 Structures of the mainAspergillustoxins.
Ochratoxin A

Ochratoxin A (OTA) is a widespread mycotoxin and the most
toxic compound included in the ochratoxin group. Structurally,
OTA is a chlorinated isocoumarin compound (Figure 1).
Traditionally, Aspergillus ochraceushad been considered the
main OTA-producing species since the description of the toxin
in 1965. Several species currently are known to be capable o
producing OTA, however, and are included in different sections
of the Aspergillusgenus. BlackAspergilliare considered to be the
main producers in grapes in the Mediterranean area, particu
larly Aspergillus carbonariusand the species of theAspergillus
niger aggregate. Recently, different species included inAsper-
gillus section Circumdati have been shown to be able to
produce OTA at high levels, mainly Aspergillus steyniiand
Aspergillus westerdijkiae. In cold climates, two species included
in the genusPenicillium, Penicillium verrucosum, and Penicillium
nordicumare also important OTA producers.

OTA has been found in a variety of products worldwide. In
the human diet, the main sources of OTA are cereals an
derivatives like bread,� our, or beer followed by grapes and
grape products (basically, wine and must). Coffee is another
important food product frequently contaminated with OTA as
well as fruits and nuts, spices, cocoa, and chocolate. Recentl
the number of studies regarding OTA occurrence has increase
notably and the toxin has been detected in other nonconven-
tional foodstuffs, such as medicinal herbs, licorice, olives, and
olive oil.

Acute OTA toxicity in laboratory animals has been studied
extensively. The oral LD50 in rats and mice is 25 and
53 mg kg� 1, respectively, whereas it is set between .2 an
1 mg kg� 1 in pigs, rabbits, cats, and dogs. The symptoms relate
to this acute exposition to OTA are associated with multifocal
hemorrhage in the main organs such as brain, liver, heart, and
kidney, among others. The most important intoxications
related to OTA are due to chronic exposition. This toxin has
been classi� ed as a possible human carcinogen (group 2B) by
the IARC and it is considered to be the causal agent of the
Balkan endemic nephropathy and several types of urothelia
tumors. These diseases produce tubular atrophy and cortica
cysts and culminate, in a� nal stage, in epithelial necrosis and
renal failure.

OTA is often found in the blood of humans all over the
world. Although pathologies associated with OTA exposition
in animals are well known, data on human toxicity are scarce.
Several authors have described the effects of OTA in huma
health as a network of interacting mechanisms. One proces
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seems to be related to the inhibition of protein synthesis
because of competition with phenylalanine in the reaction
mediated by phenylalanine t-RNA synthase. Moreover, the
response of cells to OTA exposition causes oxidative stres
producing mitochondrial dysfunction and reactive oxygen
species. This latter process is considered to be the main cause
cell necrosis and to lead to the initiation of the apoptosis
cascade. Recent studies have shown that OTA is not a mut
genic agent as previously thought. The toxin promotes genomic
instability and tumorgenesis because of interference in ce
division by mitotic disruption. For a long time, the kidney has
been proposed as the main target organ for OTA in mammals
but recent studies have demonstrated an important depletion
of liver and immune system due to OTA exposure.

The presence of OTA in animal feed results in the contam
ination of meat and milk destined for human consumption as
well as in a decrease of livestock production, mainly in swine
and poultry. Ruminants are less susceptible to OTA toxic effect
because some microorganisms of the rumen are able t
perform an enzymatic degradation of the toxin.

The Joint FAO/WHO Expert Committee on Food Additives
(JECFA) has established the average OTA intake in humans
5 ng kg� 1 per day and a maximum diary intake of 120 ng kg� 1.
Due to the large amount of products susceptible to be
contaminated by OTA and its toxic properties toward both
animals and humans, the European Commission regulated in
2006 (EC No. 1881/2006) and in 2010 (EU No. 105/2010) the
maximum OTA levels allowed in a variety of foodstuffs. The
legislation included cereals and derivatives, coffee, grapes an
grape products, licorice, and several spices such as paprik
pepper, and ginger, among others. The OTA levels in eac
product depend on the frequency of consumption estimated
and the target consumer populations, with infant foods being
the more strictly regulated (.5mg kg� 1). Several countries have
laid down limits for OTA following EU directions or those
established by the Codex Alimentarius. No speci� c limits for
CO2H

CO2H

CO2H

CO2H 

O

O

O

O

OH

OH OH

NH

Fumonisin B1

C

C

Figure 2 Structures of some importantFusariumtoxins.
OTA in foodstuffs have been set in the United States, Canada
Australia, or Japan.
FusariumToxins

Fumonisins

Fumonisins are a group of at least 15 closely related myco
toxins included in four groups (A, B, C, and P). Fumonisin B1

(FB1) is the most frequent representing 70–80% of the total
fumonisin content in food products and, together with fumo-
nisin B2 and B3, seems to be the major fumonisin. Fumonisins
are polyhydroxyl alkylamines esteri� ed with two carbon acids
and differ by the presence and position of the free hydroxyl
groups. The A series of fumonisins are acetylated on the amin
group, whereas the B series have a free amine (Figure 2). The
main fumonisin-producing species areFusarium verticillioides,
Fusarium proliferatum, Fusarium fujikuroi, Fusarium globosum,
Fusarium nygamai, and Fusarium subglutinans, all included in the
Gibberella fujikuroispecies complex. Recent studies have show
that some strains ofA. niger, Fusarium oxysporumand Alternaria
alternataare able to produce fumonisins.

Fumonisins have a worldwide occurrence mainly in corn
and other cereals, such as barley, wheat, sorghum, and rice, an
all their derivative products (biscuits, � our, breakfast cereals).

Acute intoxication with fumonisins causes diarrhea and
abdominal pain, and their chronic exposure is correlated with
esophageal cancer in humans. Several studies have pointed o
that high levels of FB1 in corn are related to a high incidence of
esophageal cancer in the population of the same regions
Therefore, FB1 has been classi� ed as a possible human carcin-
ogen by the IARC. Additionally, chronic intoxication with
fumonisins of pregnant women produces neural tube defects in
the fetus.

Animal responses to fumonisin exposition are dependent
on the species. For instance, the effect of fumonisin on pigs i
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pulmonary edema, horses can develop leukoencephalomala
cia, and rabbits can suffer from brain hemorrhage. Laboratory
rats and mice have been demonstrated to develop kidney and
liver cancer when exposed to fumonisins.

The symptoms associated with fumonisins are due to
disruption of sphingolipids ’ metabolism by inhibition of the
enzyme ceramide synthase. This fact supposes an accumulatio
of sphinganine and sphingosine, which are mediators of
fumonisin toxicity since they have been shown to induce
oxidative stress and apoptosis in cellular lines.

Maximum limits for the total content of fumonisins have
been established in the European Union in maize and maize-
based products (EC No. 1126/2007). Other countries have
adopted similar limits for fumonisins, although in the majority
of the international markets no limits for fumonisins have
been set.
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Type A Trichothecenes

Type A trichothecenes are sesquiterpenoids and differ from othe
trichothecenes because they do not have a carbonyl group i
position C8. Different Fusariumspecies are able to produce
trichothecenes and Fusarium equiseti, Fusarium poae, Fusa
sporotrichioides, Fusarium langsethiae, andFusarium acuminatumare
considered to be the main producers. These species are freque
contaminants of cereal and, therefore, the main source of type A
trichothecenes in diet are these products. To date, they have bee
detected in maize, oat, barley, wheat, rye, and rice and differen
derivatives, including breakfast cereals, pasta, and� our.

T-2 toxin is considered to be the most important tricho-
thecene type A due to its high toxicity. This toxin, when
ingested, is rapidly metabolized to HT-2 toxin, and this
mycotoxin has similar effects than T-2 toxin. Acute intoxication
is related to vomiting, diarrhea, skin irritation, and neuroen-
docrine changes. Additionally, it dramatically affects the
immune system producing bone marrow aplasia and affection
of spleen and thymus cells. Necrosis of epithelium in the
stomach and intestine has been associated as well with acu
intoxication with T-2 toxin. The oral LD 50 in rodents has been
established between 5 and 10 mg kg� 1, while in pigs and chicks
it is 2–6 mg kg� 1.

Chronic exposure to trichothecenes type A produces weigh
loss, bloody diarrhea, and pathological changes in liver and
stomach as well as stunted growth and reproductive defects
Moreover, T-2 has been shown to be hematotoxic in humans
and its chronic intoxication cause a drastic reduction in blood
cell and leukocyte count. T-2 toxin is considered to be the
causing agent of a human pathology called alimentary toxic
aleukia (ATA). The � rst symptoms of this disease are emesi
and diarrhea and evolve to aleukia and anemia. In some
extreme cases, ATA causes death.

Cellular effects of trichothecenes type A include inhibition
of protein synthesis because they interfere in the active center o
peptidyl-transferases in the eukaryotic ribosomes. T-2 i
demonstrated to inhibit nucleic acid synthesis and interfere in
the metabolism of membrane phospholipids. Recent studies
have pointed out that trichothecenes are able to induce
apoptosis via activation of MAPKs.

The Russian Federation is the only country that has laid
down a regulation to limit T-2 content in food products
containing cereals and derivatives. The European Union
however, is expected to set a legislation regarding T-2 and HT-
content in foodstuff on the basis of the scienti� c opinion
published by the EFSA in 2011.
Type B Trichothecenes

The structure of type B trichothecenes is an epox
isesquiterpenoid and is characterized by a carbonyl group in C8
position. Fusarium culmorumand Fusarium graminearumare
fungal species that occur commonly in cereals around the
world and are considered to be the main producers of these
toxins. There are several type B trichothecenes although th
most important regarding their toxicity to humans and animals
are deoxynivalenol (DON) and nivalenol (NIV).

The toxic effects of DON are similar to those reported for
type A trichothecenes, although it is much less toxic. DON is
considered to be one of the most important mycotoxins
produced by Fusariumspecies, however, because it is the mos
prevalent, being found frequently in diverse cereals and deriv
atives at high levels. The presence of DON and NIV has bee
reported in maize, oat, barley, and wheat, among others.

DON is also known as vomitoxin because its acute toxicity
causes emesis. The consumption of high levels of this myco
toxin produces abdominal stress and feed refusal in animals
The oral LD50 for DON in mice is 46 –78 mg kg� 1 and
140 mg kg� 1 in chicks. The chronic effects of DON exposure are
a decrease in weight gain, anorexia, and altered nutritiona
ef� ciency; therefore, DON intoxication of animals is an
important cause of economical losses in livestock production.

Limits for DON are established in many countries for
unprocessed cereals and cereal products, especially wheat. In t
European Union, for example, a maximum level of
1250 mg kg� 1 was established for unprocessed wheat, oat, an
maize (EC No. 1126/2007). The JECFA established a maximum
diary intake of 1 mg kg� 1 to avoid the effects of DON on animal
growth.
Zearalenone

Zearalenone (ZEA) is an important mycotoxin, whose structure
corresponds to a phenolic resorcyclic acid lactone, produced
basically by F. graminearum, F. culmorum, Fusarium cerealis,
F. equiseti, Fusarium crookwellense, and Fusarium semitectum. ZEA
has been detected frequently in different cereals, such as whea
barley, maize, sorghum, rye, and rice.

ZEA presents relative low acute toxicity and the oral LD50 in
rodents and guinea pigs is between 2000 and 20 000 mg kg� 1.
Its importance lies in the chronic properties because of its
reproductive and developmental toxicity. In pregnant women,
long exposition to ZEA intake can cause a decrease on embry
survival and a reduction on fetus weight as well as a diminished
milk production. In females, ZEA supposed an alteration in the
morphology of uterus tissues and a reduction in LH and
progesterone. In males, testosterone, testicles weight, an
spermatogenesis are also reduced. The mechanism of action
ZEA is related to its structure since it is capable of interacting
with estrogens’ receptors.

Other toxic properties associated with ZEA include hepa
totoxicity and inmunotoxicity. ZEA is hematotoxic and
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produces dysfunction in coagulation and modi� cation of
blood parameters. Several authors have pointed out that ZEA i
genotoxic as well, because it can form DNA adductsin vitro.

The European Union has established speci� c limits for ZEA
in cereal and derivatives (EC No. 1126/2007), and many
countries have set a similar legislation. Important international
markets, however, like the United States, Canada, Japan,
Australia do not have maximum limits for ZEA.
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Penicillium Toxins

Patulin

In the past few years, the importance of the furopyrone patulin
has risen markedly because of its presence in processed infa
food. More than 30 species included in the generaPenicillium,
Aspergillussection Clavati, Paecylomyces, and Byssochlamysare
patulin producers; however,Penicillium expansumis considered
to be the main source of patulin because of its common pres-
ence in decaying pomaceus fruit.

Patulin occurs frequently in the rotten part of the fruit, and
its presence has been reported in apples, pears, aprico
peaches, and grapes. Apple juice represents an importa
source of patulin in the human diet because the toxin is stable
along the juice-manufacturing process.

The symptoms of acute intoxication of patulin involve three
aspects. First, patulin affects the central nervous system
producing agitation and convulsions. Additionally, the toxin
produces gastrointestinal tract distension, intestinal hemor-
rhage, and epithelial cell degeneration. Finally, it causes resp
ratory problems, such as lung congestion and dyspnea. Ora
LD50 in rodents is set between 29 and 55 mg kg� 1, whereas in
poultry is 170 mg kg� 1.

Patulin is neurotoxic and its chronic exposure is related to
paralysis in the peripheral nervous system, trembling, and
cerebral bleeding. Moreover, the genotoxic properties of patu
lin have been extensively studied and are associated with it
ability to induce oxidative damage. This toxin is inmunotoxic
as well, and its chronic effects include the inhibition of
macrophage functions. The main effects of patulin at cellular
level are inhibition of protein, DNA, and RNA synthesis and
plasmatic membrane rupture.

Universal limits of 50 mg kg� 1 for patulin are laid down for
fruits and fruit products, especially apple derivatives, in the
European Union, China, United States, and the Russian
Federation, among others. Additional limits are established in
the European Union countries for patulin in infant foods
(EC No. 1881/2006).
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Citrinin

Citrinin is a polyketide-derived mycotoxin that forms lemon-
yellow crystals. The� rst citrinin producer described wasPeni-
cillium citrinum, although several species included in the gener
Penicillium, Aspergillus, and Monascushave been reported to be
able to produce this toxin.

Citrinin is considered to be the major causal agent of the
yellow rice disease described for a long time in Japan. Th
characteristic color in this product is due to the presence o
citrinin-producing Penicillium species, mainly Penicillium
citreoviridae, Penicillium atrium, and Penicillium islandicum. Apart
from rice, the occurrence of this toxin has been reported in
other cereals, fruits, cheese, and dried fruits, among others.

The major target organ of citrinin is the kidney, and its
ingestion is related to weight loss because of renal degener
tion. This nephrotoxin produces damage in proximal tubules of
the kidney, and it is considered to be one possible cause o
porcine nephropathy. Few reports are available about acut
toxicity of citrinin. Oral LD 50 in mouse has been established as
110 and 134 mg kg� 1 in rabbits.

Cellular mechanism of toxicity is associated with the alter-
ation in mitochondrial function since it affects enzymes and
the redox chain. This fact induces oxidative stress mediated b
citrinin. Moreover, the toxin interferes with cholesterol and
triglyceride metabolism. Citrinin has been reported as a non-
mutagenic mycotoxin, although some authors have pointed
out that it can cause chromosomal abnormalities in bone
marrow cells of mammals.

No legislation is available regarding citrinin presence in
foodstuffs. The last opinion of EFSA experts published in
March 2012 did not recommend the regulation of citrinin
levels yet due to insuf� cient data on toxicity or citrinin occur-
rence in food and feed in Europe, among other aspects, fo
accurate risk assessment.
Cyclopiazonic Acid

Cyclopiazonic acid (CPA) is an indole tetraminic acid
produced by several Penicillium species, mainly Penicillium
camemberti, Penicillium chrysogenum, Penicillium commune,Peni-
cillium viridicatum, and Penicillium griseofulvum. SomeAspergillus
species such asA. � avus and Aspergillus oryzaeare able to
produce CPA. Several authors consider peanuts to be the majo
source of the toxin, although its occurrence has been demon
strated in several products like cereals, cured ham, chees
fruits, and other nuts.

CPA does not present potent acute toxicity, and its oral LD50

in rodents is 30–70 mg kg� 1. The main target of this toxin is the
nervous system and, therefore, it is considered a neurotoxin
The symptoms associated with CPA consumption include
ataxia and, in extreme cases, death due to spastic paralys
Moreover, it may produce lesions in gastrointestinal tract.
Cellular effects of CPA exposure are due to the inhibition of
calcium � ux in the cells. The toxin inhibits calcium ATPase
activity in a potent and selective way.

No regulations are available thus far regarding CPA levels i
food products in any country.
Alternaria Toxins

Several species included in theAlternaria genus are able to
produce different mycotoxins, althoughA. alternatais considered
to be the main mycotoxin producer since it has a high occurrence
in diverse food matrices and it is able to produce a variety of toxic
compounds. Alternariatoxins have been reported frequently in
fruits (apples, melon, blueberries, citrus fruits, etc.), tomato,
olives, and cereals such as wheat, barley, and sorghum.

Regarding its toxicity, the most important mycotoxin
produced by Alternariaspecies is Tenuazonic Acid (TeA). Thi
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toxin presents acute toxicity, and the oral LD50 in rats and mice
is set between 81 and 186 mg kg� 1. TeA is a tetramic acid
derivative and its intake is related with cardiovascular collapse
and gastrointestinal hemorrhage. TeA is considered to be th
causal agent of a disease calledOnyalai that occurs in central
and southern Africa. The symptoms of this pathology include
profuse hemorrhages in mouth, palate, and intestinal mucosa.
The effect of TeA in cells targets protein synthesis inhibition a
ribosomal level.

Other important mycotoxins produced by Alternariaspecies
are the dibenzopyrone derivatives, alternariol (AOH), and alter-
nariol monomethyl ether (AME). These toxins have genotoxic
effects causing inhibition of DNA relaxation and stimulating
DNA cleavage activities by topoisomerases. Additionally, AOH
and AME induce important changes in mucosa cells, and they
have been related to esophageal cancer development.

To date, no regulations regardingAlternariatoxins are set in
any country. A new legislation, however, is expected in the
European Union following the directives of the scienti� c
opinion published by the EFSA in 2011.
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Combined Effects of Mycotoxins

Substantial evidence has been reported on the co-occurrence
different fungal species colonizing the same substrate, sug
gesting that foods might be contaminated with various myco-
toxins simultaneously. The reports on the combined effects of
mycotoxins are scarce and far more studies are needed in th
� eld of research. The occurrence of various toxins, howeve
could explain divergences in the effects associated to differen
toxins. The biological responses to these combined exposure
are extremely complicated to unravel, although the effect a
cellular level could be a good approach to understanding the
mechanisms involved.

The response to exposure to more than one toxin is class
� ed in three categories: (1) additive, when the total response
can be estimated as a result of each toxin individually consid-
ered; (2) antagonist, if the response is lower than the predicted
from each toxin individually; or (3) synergic, if the effects of
one mycotoxin is ampli � ed by the presence of another.
Scienti� c studies reported so far indicate that the combination
of several mycotoxins usually lead to synergic effects. In thi
context, the most reported effect is the synergic interaction
between OTA and citrinin that would result in a markedly
increased nephrotoxicity when occurring together. One of the
most frequent combinations naturally occurring in foodstuffs
is OTA-AFB1. The simultaneous intake of both toxins represents
higher nephrotoxicity of OTA and interferes in OTA metabo-
lism, since higher levels of this toxin are detected in the liver.

See also: Alternaria; Aspergillus; Aspergillus: Aspergillus ßavus
Fusarium; Mycotoxins:Classi� cation; Natural Occurrence of
Mycotoxins in Food;Mycotoxins:Detection and Analysis by
Classical Techniques;Mycotoxins:Immunological Techniques
for Detection and Analysis;PenicilliumandTalaromyces:
Introduction.
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Introduction

Nanotechnology is an emerging area of science that involve
the engineering of nanosize particles of various materials
According to the U.S. Environmental Protection Agency (EPA)
nanotechnology is de�ned as “the creation and use of struc-
tures, devices, and systems that have novel properties an
functions because of their small size.” The National Nano-
technology Initiative (NNI, 2010) describes nanotechnology as
“the understanding and control of matter at dimensions
between approximately 1 and 100 nm, where unique
phenomena enable novel applications.” In the United States,
federal funding for the nanotechnology research showed an
increase from approximately $464 million in 2001 to nearly
$1.8 billion for the 2011 �scal year. Apart from the federa
funding, cumulative investments from private research indus-
tries are at least as much as the government funding in the sam
�eld. According to an independent research and advisory�rm
(Lux Research), which offers strategic advice on emergin
technologies, the estimated budget of nanotechnology-related
manufactured products will be worth more than $2.5 trillion
by the year 2015. Furthermore, it is predicted that by 2014,
about 16% of manufactured products in health care and life
sciences and about 50% of electronics and information tech
nology applications will include nanomaterials. (A detailed
description of nanotechnology can be viewed athttp://nano.
gov.) Nanotechnology has a potential to play a major role in
food products and food industry. Nanotechnology is used not
only in the food sector, but also in water safety, maintenance of
sterile surfaces in medical equipment and devices, control o
biological contamination in consumer products, and the
management of infectious diseases. This article focuse
primarily on the use and application of nanotechnology in
food and crop biotechnology, its interaction with microbes,
and the potential health consequences to the consumer.
s
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Properties of Nanoparticles

The properties of materials change as their size approache
nanoscale because the percentage of atoms at the surface
a material becomes signi�cantly larger. As the particle size is
altered, surface chemistry changes, leading to different surfac
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
interactions in the particle’s environment. Nanoparticle
uptake in the biological system is controlled by the size and
surface chemistry of the nanomaterial. Depending on the
particle size and properties, a material can have differen
mechanisms of cellular uptake and therefore a different
intracellular response, as well as a different metabolic
outcome in the biological environment. There are lots of
opportunities for using nanotechnology in food security, food
processing, food packaging, and nutrient delivery. In a bio-
logical system, the particles have been shown to activate cel
membrane ruf�ing and cytoskeletal rearrangement, and they
access phagocytic cells through classical endocytic mech
nisms, such as phagocytosis or macropinocytosis. Toxicit
studies and risk assessments of ingested nanoparticles o
human health are virtually nonexistent. It is important to
properly characterize nanoparticles before assessing th
toxicity. Toward this effort, the Journal of Food Sciencehas
published guidelines detailing the minimal physical and
chemical characterization criteria for the use of nanoparticles
in the food industry. These guidelines include characteriza
tion of nanoparticles by the following nine parameters: (1)
chemical composition, (2) particle size and size distribution,
(3) purity, (4) shape, (5) surface area, (6) charge on surface
(7) surface chemistry, (8) agglomeration and/or aggregation,
and (9) crystallinity of particle. These characteristics are calle
Minimum Information on Nanoparticle Characterization
(MINChar). A distinction should be made, however, between
engineered nanoparticles and similarly sized particles
produced through natural processes. Geological and biolog
ical processes produce natural nanoparticles of variou
compositions every day, which can be found in soil, water, air,
and human body. As a result, almost all food products likely
contain a variety of ultra�ne particles comparable in size to
many nanomaterials. Although the presence of these naturally
obtained nanoparticles in foods is not well understood and
should be investigated further, this article mainly discusses
the potential impact of engineered nanoparticles, which are
designed and manufactured for a speci�c purpose.

Nanotechnology is emerging as a novel tool in the area of
food safety. This technology not only has uses in the area o
food microbiology, but also reveals potential applications in
water microbiology, medical microbiology and environment
microbiology.
78-0-12-384730-0.00406-7 893
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894 Nanotechnology
Nanotechnology in Food Safety, Food Processing
and Packaging, and Targeted Delivery

Nanotechnology has been applied to improve the quality of
food and toward the advancement of human health. There are
multiple potential applications of nanomaterials in the agri-
culture and food sector. Because of the emerging use o
nanotechnology, it could be classi� ed as an innovative tech-
nology that is involved from farm to fork ( Table 1). The
applications of nanotechnology include, but are not limited
to, the following:

l Food and agriculture safety (as nanosensors for the dete
tion of pathogens)

l Food processing and packaging (nanoclays and nano� lms
as barrier materials to prevent spoilage by microbes and
oxygen absorption)

l Vitamins and phytochemicals delivery (nanoencapsulation
technology for better absorption, stability, or targeted
delivery)
-
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Food and Agriculture Safety

Nanotechnology in Food Microbiology

The biggest concern in the maintenance of food quality is to
avoid contamination with microbes, either of pathogenic
origin or agents of spoilage. Several articles in this encyclo
pedia provide details on the biochemical and modern tech-
niques for the identi� cation of food pathogens (Articles
Biochemical and Modern Identi� cation Techniques: Intro-
duction, Biochemical Identi� cation Techniques for Food-
borne Fungi: Food Spoilage Flora, Biochemical and Modern
Identi � cation Techniques: Food-Poisoning Microorganisms
Biochemical and Modern Identi� cation Techniques: Enter-
obacteriaceae, Coliforms, andEscherichia Coli, Biochemical
and Modern Identi� cation Techniques: Micro� oras
of fermented foods). The established assays, however, hav
their own advantages and drawbacks. Nanotechnology ha
been recognized as an emerging area for the detection of foo
pathogens (both bacterial and viral) in several matrices of
food constituents, including produce, milk and milk prod-
ucts, and meat.
Table 1 Nanotechnology: from farm to fork– examples
from the farm, food processing and packaging, and a

Farm Nanosensors for de
Nanosensors to de
Nanodispensers de

Food processing and packaging Nanosensors for de
Detection of pathog
Plastic wraps coate

to environmental
Nanocapsules as� av

Consumer Storage containers
Refrigerators
Cutting boards, kni
Utensils
Use of Nanoprobes and Nanosensors to Detect Food Patho

The sensitivity of a diagnostic test and the lengthy detection
time required to obtain the results has been a challenge in the
area of food safety. Nanotechnology has the potential to be
integrated with other emerging areas of science to manufactur
probes and sensors that can detect pathogenic contaminant
such as bacteria or viruses. Nanosensor technology us
� uorescence-based or magnetic-based probes designed
a nanoscale to detect speci� c identi� ers of food pathogens.
Multiple nanoparticle-based probes could be placed in a single
nanosensor to exactly detect and then signal the presence
a speci� c pathogen. Preliminary results suggest that application
of this technology could provide rapid, sensitive, and strain-
speci�c pathogen detection with results achievable in minutes
instead of hours or days. Nanosensors have the advantage
being able to be inserted in minuscule places, where food
pathogens hide and often where these organisms are able t
evade detection and regular sanitization processes.Salmonella
and other common food pathogens could be detected at food-
packing plants using such nanosensors, which would allow
rapid on-site detection– avoiding the high costs of transporting
and analyzing food samples and environmental swabs at
pathogen detection laboratories. This technology could be
customized to detect characteristic signals of spoilage in food
packaging. Nanosensors could be designed to react with vola
tile compounds produced by food spoilage in a way that
prompts a color change, providing an immediate, visual alert
for suppliers or consumers. In future, these sensors may replac
the ‘sell-by’ date sticker on perishable items, providing a visual
indicator of the current status and quality of the food.
Food Processing and Packaging

Nanotechnology to Create Nanosize Materials and Structu

Nanotechnology can be used to create speci� c nanostructures
that can be used in the food industry to improve the quality
and texture of food. The new functionalities could be intro-
duced by the use of nanoemulsion, microemulsion, liposomes,
� bers, particles, or monolayers.Table 2 provides a compre-
hensive comparison of these structures and their potential use
in the food industry. It has been proposed that these func-
tionalities can be combined to create multilayer nanodroplets,
of potential uses of nanotechnology in the food chain,
t the consumer end

tection of pathogens in produce and meat
tect levels of nutrients or water in crops
signed to release nutrients, fertilizer, or water as needed
tection of pathogens in produce and meat
ens on the surface of equipment and machinery
d with nanomaterials to protect food items from exposure
conditions, such as moisture and oxygen
or and taste enhancement

ves, and countertops



Table 2 Characteristics of commonly used nanostructures– a comprehensive comparison of nanostructures
and their targeted use in the food industry

Type Nanoparticle diameter Physical property Chemical property Industrial application

Microemulsions 5–50 nm Thermodynamically
stable, transparent

Increases the solubility l Nutrients and vitamins
l Forti� cation of foods
l Deliver antimicrobials
l Deliver oil, cosmetics, and

agrochemicals
Liposomes Spherical bilayer

membrane
Bilayer membrane

structures with
aqueous cores

Internal pH adjustable that assists in
stability, more stable than primary
liposomes, controlled release of drugs

l Used to add functionality to foods
l Deliver hydrophilic ingredients,

encapsulated antimicrobials
Biopolymeric

nanoparticles
100 nm or less Solid particles Highly reactive surface l Heavily used in drug delivery

l Anticancer and antimicrobial delivery
system

Solid lipid
nanoparticles

50–500 nm Crystallized emulsions
composed of a high-
melting point lipid

Highly reactive lipophilic l To deliverb-carotene (lasts much
longer than nonencapsulated
b-carotene when stored at 20� C)

Nano� bers 30–500 nm Different morphology Different chemical properties l Potent antimicrobial systems that
maintain their antimicrobial capacity
for long time

Nanotechnology 895
in which each layer will have a special role providing antioxi-
dant, antimicrobial, and barrier characteristics.
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Nanoparticles as an Antimicrobial Barrier: Zinc Oxide,
Magnesium Oxide, Calcium Oxide, and Titanium Dioxide
Nanoparticles

In addition to assisting in detection, nanotechnology presents
other novel and innovative approaches to control pathogenic
microorganisms. Several nanoparticles have been engineere
that show antimicrobial, antifungal, and antiviral properties.
Contamination of food and water sources with pathogenic
microorganisms is a major concern around the world. Perish-
able food items, such as milk and dairy products, produce, and
meat are especially prone to contamination. Article Packaging
of Foods in this encyclopedia describes in detail various
methods used in food packaging. Research has demonstrate
that the addition of nanomaterials could complement such
strategies by helping to prevent the contamination and prolif-
eration of food pathogens in packaged foods. Food items
Table 3 Interaction of nonorganic nanoparticles with microbes– interac

Nanoparticle Microorganism tested

Copper Bacillus subtilisandStaphylococcus aureus(Gram-positive ba

Diamond Staphylococcus aureusandCandida albicans

Silver Staphylococcus aureusandCandida albicans

Gold Salmonella enteritidis, Listeria monocytogenes, Staphylococcus
andCandida albicans

Platinum Salmonella enteritidis, Listeria monocytogenes, Salmonella ente
Staphylococcus aureus, andCandida albicans

Zinc Staphylococcus aureus, E. coli, Bacillus atrophaeus, andCampyl
jejuni
potentially could be packaged with a protective plastic� lm
coated with an inorganic nanomaterial, such as zinc oxide,
magnesium oxide, calcium oxide, or titanium dioxide, all of
which have antimicrobial properties. Such a coating also would
have the advantage of improving the strength and� rmness of
the plastic � lm. The foundation for these potential food-
packaging technologies is based on the fact that nanoparticle
have speci�c surface chemistries that allow them to interact
with pathogens in a speci�c manner. Table 3 provides exam-
ples of inorganic nanoparticles and their mechanisms of
interaction with various microbes. A recent study has shown
that among ZnO, CuO, and Fe2O3 nanoparticles, ZnO has the
most effective bactericidal property, whereas Fe2O3 was least
effective when tested againstEscherichia coli, Pseudomonas ae
uginosa, Staphylococcus aureus, and Bacillus subtilis.
Carbon Nanosheets as an Antibacterial Coating

Apart from the aforementioned nanoparticles, there is an
increasing use of graphene-based materials in the medical an
tion mechanisms of several inorganic substances with microorganisms

Mechanism of interaction

cteria) High af� nity toward amines and carboxyl groups of Gram-positive
bacteria cell walls

Bind to the surfaces of the bacteria as well as fungi without
causing visible damage to the cells

Attach speci� cally to the microbial cell wall and destroy
microorganisms

aureus, Stimulate bio� lm production by microorganisms and aggregates
within this bio� lm

ritidis, Disturb cell wall integrity and cause cytotoxicity

obacterDisruption of cell membrane structure, induction of reactive
oxygen intermediate generation
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food industry due to their excellent physicochemical proper-
ties, such as high thermal stability, mechanical strength
biocompatibility, and comparatively low cost. Moreover, gra-
phene oxide (GO)–based nanosheets are nontoxic to
mammalian cells, sparking a new interest for expansion in
biotechnology and medical applications. In fact, graphene
already has been incorporated in some biomedical applica-
tions, such as photothermal therapy in cancer, gene trans
fection, and magnetic resonance imaging. In a study, GO
nanosheets were shown to be about 90% microbiocidal and
showed strong inhibition of metabolic activity in E. coli. Several
additional studies have shown that graphene-based materia
possesses antibacterial properties. Some of the examples are
follows:

l Graphene-based antibacterial papers with antimicrobial
activity toward E. coliDH5’.

l Toxicity of graphene and GO nanowalls to E. coli and
S. aureus.

l Fabrication of graphene chitosan composite� lms for anti-
bacterial properties.

l Antibacterial activity of GO-coated material againstE. coli
and S. aureus.

In contrast, another recent study suggested that GO doe
not have intrinsic antibacterial, bacteriostatic, or cytotoxic
properties against either bacterial or mammalian cells
Furthermore, GO was shown to act as a general enhancer
cellular growth by increasing cell attachment and prolifera-
tion. These con� icting reports suggest that a more carefu
investigation into the properties of GO-based materials is
needed, especially if such materials are intended to be incor
porated into food packaging.
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Silicate Nanoparticles as an Environmental Barrier
for Improved Food Storage

Nanoclays and nano� lms are in use as barrier materials to
prevent spoilage by microbes and oxygen absorption. Thes
speci�c � lms are used to prevent and reduce the possibility of
food drying and spoilage. In food packaging, silicate
nanoparticles-coated plastic� lm could act as a barrier between
packaged food and the external environment, reducing mois-
ture loss and restricting the entry of oxygen. This type o
packaging would allow for extended shelf life, keeping the food
fresh and healthy for a longer period. Furthermore, the addi-
tion of silica nanoparticles increases the surface roughness o
a polymer coating. Increased surface roughness, along with th
decreased surface energy property of nanoparticles, could b
applied to create a water-repellant barrier. This property has th
potential to be utilized in the manufacture of food containers
with a hydrophobic coating. The best example in this category
would be a condiment bottle that claims to “get the last drop
out of the bottle. ”
.
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Nanotechnology in Appliances

Due to its potent antimicrobial properties, nanosilver currently
is used in cutting boards, table tops, and surface disinfectants
Recently, a well-known appliance manufacturer began using
a silver nanoparticle coating on the interior surface of its
refrigerators. The company claims that during circulation of the
air, silver ions are released from the silver nanoparticles and
that these silver ions work as antimicrobials, killing pathogenic
bacterial and fungal species and microbes that caus
unpleasant odors, thus helping to keep the food fresher and
healthier for a longer period of time.
Vitamins and Phytochemicals Delivery
(Nanoencapsulation Technology for Better
Absorption, Stability, or Targeted Delivery)

Nanotechnology has the potential to revolutionize the
delivery of vitamins and phytochemicals within the human
body. Nanoencapsulation of vitamins and phytochemicals
commonly is utilized to achieve a time-controlled or targeted
release of these substances at the intended sites inside th
body. These nanoencapsulated materials are designed
release the contents at a particular pH level. The primary
advantage of this technology is that the vitamins and phyto-
chemicals are not destroyed by the stomach acids, allowing the
majority of the substances to be absorbed and utilized by the
body.
Application of Nanotechnology in Other Areas
of Food Microbiology

Nanotechnology for Targeted Killing of Antibiotic-Resistan
Pathogenic Bacteria

Despite the development of improved technology and facili-
ties to grow food animals, there is continuous use of antibi-
otics in farms and aquaculture to avoid infection in meat
producing animals and seafood. These animals and seafoo
products are allowed in the market only after meeting the
standards for the minimal residue limit (MRL) for antibiotics.
However, there are no universal guidelines among various
countries for the MRL. This leads to increased antibiotic-
resistance in many bacteria, including pathogens that are no
treatable by commonly used antibiotics. Nanomedicine and
nanotoxicology are the integral part of nanotechnology. By
exploiting nanotechnology, scientists have developed drugs
that can treat antibiotic-resistant bacteria. This novel biode-
gradable nanodrug has a selective af� nity for the microbial
membrane of methicillin-resistant Staphylococcus aure
(MRSA) and fungi. This interaction of nanodrug with MRSA
leads to the lysis of this drug-resistant pathogen. Another
group of scientists have used nanotechnology to target the
release of drug at the site of infection. In a most recent study
vancomycin-resistant pathogens were treated successfully wi
dendrimers-coated iron oxide nanoparticles.
Nanotechnology in Water Microbiology

Safe drinking water is one of the fundamental basics to
a healthy life. Waterborne illnesses are a growing concern in
several countries. Articles Water Quality Assessment: Routin
Techniques for Monitoring Bacterial and Viral Contaminants
and Water Quality Assessment: Modern Microbiological Tech
niques detail different methods of water quality assessment
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Detection of waterborne pathogens is one of the biggest chal
lenges in this area because of the lack of a sensitive, rapid, an
speci�c test. Many commercially available tests are based o
enrichment processes that usually are time-consuming
Nanotechnology-based assays are now in use and can dete
biocontamination in water samples. Lanthanum oxide–based
nanoparticles are proposed to be a promising treatment for the
elimination of phosphate from water. Phosphorus is the
building block of DNA, RNA, and protein, and is required to
conduct several metabolic processes in living cells. Lanthanum
a rare earth material, has a high af� nity toward phosphate;
thus, treatment of contaminated water with Lanthanum oxide–
based nanoparticles chelate phosphate from the water and ca
limit the growth of pathogens.
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Nanotechnology for Crop Biotechnology

Nanoparticles have additional applications in agriculture.
Nanoparticles can be tagged easily with chemicals and herb
cides that could be used to target a speci� c part of a plant, for
example, the cell wall, cuticle, or a particular tissue. The nano
particle can be designed to release the speci� cally bound
material (chemicals and herbicides) at a speci� c site to control
infection or to improve the quality and yield of the crop. One
example of this technology is the encapsulation of pesticides in
nanoparticles with a targeted release of pesticide within a pes
stomach. This upcoming technology makes claims that it will
minimize the contamination of plants with pesticides. Nano-
sensors can also be used in the maintenance and improvemen
of crop health. Speci� cally designed nanosensors along with
nanodispensers can be used in the maintenance of an entir
farm. These sensors are equipped to recognize levels of nutrien
or water. Upon a signal of nutrient or water stress, the nano-
dispensers release nutrients, fertilizer, or water, as appropriate
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Other Relevant Uses of Nanotechnology

Nanotechnology for Therapeutic Use and Wound Dressin

Nanotechnology also has been used to develop medica
products for the controlled or slow release of metallic nano-
particles. The slow release concept has been applied to th
treatment of wounds with the nanocrystalline silver dressing.
This dressing was found to be very effective against sever
bacteria (E. coli, Staphylococcus epidermidis, and Klebsiella pneu
moniae), antibiotic-resistant bacteria (MRSA,vancomycin-resi
tant enterococci, antibiotic-resistant P. aeruginosa), and fungi
(Saccharomyces cerevisiae, Candida tropicalis, Candida albicans,
and Candida glabrata). Nowadays, nanocrystalline silver-coated
antimicrobial barrier dressings are used widely for the treat
ment of surgical wounds and burns. These nanocrystalline
silver-coated antimicrobial barrier dressings release sustaine
levels of silver ions rapidly into the applied area for up to
7 days. Use of this dressing reduces hospital visits for woun
care and promotes rapid healing.
Nanotechnology in Medical Emergency Treatment

Nanotechnology has the potential to be used in the emergency
management of brain-injury victims. Nanoparticles of
combined polyethylene glycol-hydrophilic carbon clusters
recently have been used to improve blood� ow in the brains
of laboratory animals. These new� ndings have a great poten-
tial for advanced treatment of traumatic injuries with severe
blood loss.
Health Concerns

The number of products that contain engineered nanoparticles
has increased progressively. It is nearly unavoidable that mos
humans will be exposed to engineered nanoparticles in the
near future. The manufacturers of many of these products mak
signi� cant health claims associated with their use. The accurac
of these claims are questionable, however, as most of thes
products are not evaluated or regulated by authorized regula
tory agencies.

In a biological system, direct nanoparticle uptake by cellular
components is controlled by the size and surface chemistry o
the nanoparticle. An ongoing debate continues in the scienti� c
community that particles larger than w 30 nm diameter
generally do not show properties that deserve regulatory scru
tiny above and beyond those of their larger counterparts. Until
now, most of the research into the biological effects of nano-
particles has been focused on the entry of nanoparticles in the
body via inhalation and skin absorption, thus limiting the
research to lung and skin cell types. With the traverse increas
in the use of nanomaterials in products that traverse our
gastrointestinal system, however, an understanding of the
interaction of these nanoparticles with the cells of the gastro-
intestinal tract is needed.
Interaction of Nanomaterials with the Intestinal Tract

The ultimate fate of a nanoparticle inside the gut appears to
follow a three-step process. Particles� rst come into contact
with mucus. Then, the crossing of the epithelial barrier takes
place via M cells or dendritic cells, leading to accumulation
in Peyer’s patches. After crossing the intestinal epithelia
barrier, the nanoparticles may migrate, along with the cells,
to mesenteric lymph nodes. The nanoparticles that do not
follow this route remain in the gastrointestinal tract for some
time, interact with the commensal bacteria, and then are
excreted.

The mucosal epithelia provides a barrier as well as a site o
exchange for the transit of ions and molecules into the intes-
tinal lumen ( Figure 1). Complexes between adjacent cells
include gap junctions, desmosomes, adherens junctions, and
tight junctions. These junctions are essential for the mainte
nance of homeostasis in the gut. Tight junction proteins also
regulate epithelial proliferation and gene expression. Severa
foreign materials, including chemicals and pathogenic
microorganisms, change the permeability of the epithelial
cells. Whether a similar phenomenon happens during inter-
action of nanomaterials with epithelial cells is not known.
Toxicological data on nanomaterials are limited at present,
and it will be necessary to develop new methods to measure
nanomaterial toxicology.

An ever-increasing body of evidence implicates the
importance of the gastrointestinal microbiota in in � uencing
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Table 4 Major functions of gut microbiota in the metabolism–
phyla and genera in the gut microbiome and their purported functions in
the homeostasis of human health

Major phyla Representative genera Major functions

Firmicutes Clostridium,
Eubacterium,
Lactobacillus

Energy resorption

Bacteroidetes Bacteroides Metabolism of polysaccharides
Actinobacteria BiÞdobacterium Expression of procarcinogenic

Enzymatic activities,
production of vitamins

Fusobacteria Fusobacterium A antimicrobial peptide
inducer

Figure 1 Schematic diagram showing the interaction of nanoparticles within gut associated lymphoid tissue. Epithelial cells provide a barrier between
lumen and intestinal mucosa. Nanoparticles can enter the intestinal mucosa by paracellular or transcellular transport (shown in red arrows). The
paracellular transport occurs as a result of a disturbance in the junction between the adjacent cells. The transcellular transport is facilitated by a speci� c
cell types (M cell, dendritic cell, or macrophages) or due to changes in the gradient between lumen and lamina propria.
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states of human health and disease. The diverse ecosystem
the human gut microbiome encodes genes for essentia
functions that the human host is incapable of performing,
such as vitamin production and metabolism of indigestible
dietary polysaccharides. Several studies have shown that th
microbial biomass is decreased signi� cantly during the use of
nanoparticles. This antimicrobial property of nanomaterials
has promoted the use of nanocoated materials to increase th
shelf life of the produce, meat, and other edible items.
Nanomaterials may agglomerate in food and interact with
other components of the food matrix. This raises a major
concern regarding the interaction and bioavailability of
consumed nanomaterials with the intestinal microbiota.
Articles Microbiota of the Intestine: The Natural Micro� ora of
Humans, Micro� ora of the Intestine: Biology of Bi� dobac-
teria, Biology of Lactobacillus Acidophilus, 00210, and Micro-
� ora of the Intestine: Biology of theEnterococcusSpp. provide
detailed descriptions of the micro� ora of the intestine.
Intestinal microbiota plays an important role in the homeo-
stasis of the gut and human health in general. Speci� c groups
of microbiota have been shown to play speci� c roles, which
are depicted inTable 4. A shift in the commensal microbiota
may contribute to several disease states (Table 5). Thus, it is
important to understand how the nanoparticles interact with
the gut microbiome.
Nanoparticle Interaction with the Immune System and Its
Potential Effects on Nanoparticle Biodistribution

The ideal nanoparticles for the use in biomedical or nutraceut-
ical applications are those whose integrity is not disturbed in the
complex biological environment, which undergo extended
circulation in the blood to maximize delivery to the target site,
are not toxic to blood cellular components, and are‘invisible’ to
the immune cells so that they will not be removed from the
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Table 5 Association of diseases with shifts in the gut microbiota and potential health outcome of a shift in the gut
microbiota– nanoparticles designed to kill food pathogens may also have a toxic effect on the normal gut microbiota

In� ammatory bowel disease (colitis) Imbalance in Enterobacteriaceae
Functional bowel disease Predominance ofLactobacillusandVeillonella
Re� ux esophagitis Predominance of Gram-negative anerobes and scarcity ofHelicobacter pylori
Obesity Decreased Bacteroidetes:Firmicutes ratio
Psoriasis Increased Firmicutes:Actinobacteria ratio
Colorectal cancer Predominance ofFusobacteriumspp.
Cardiovascular disease Imbalance in phosphatidylcholine due to shift in the gut microbiota

Nanotechnology 899
circulation before the targeted application is achieved. Major
concerns have been raised regarding the interaction of nano
materials with the digestive system. One of the few ingestion
studies that have been performed showed that nanotitanium-
dioxide caused DNA and chromosomal damage after lab
animals were fed with large quantities of the particles in water.

Nanoparticle uptake by immune cells may occur both in the
blood stream by monocytes, platelets, leukocytes, and
dendritic cells, and in tissues, by resident phagocytes (e.g
Kupffer cells in liver, dendritic cells in lymph nodes, macro-
phages and B cells in spleen, and resident macrophages
Moreover, nanoparticle interactions with plasma proteins
(opsonins) and blood components (via hemolysis, thrombo-
genicity, and complement activation) may in� uence uptake
and clearance, and hence potentially change their properties
biodistribution, and the delivery to the intended target sites.
Nanoparticles resistant to degradation could accumulate in
secondary lysosomes, which in cells with a longer lifetime, such
as neurons or hepatocytes, might lead to chronic toxicity.
-
f
l-

,

s,

-
d

e
t
y

s,
Nanomaterial Waste and Its Effect on Plant Growth

Waste produced by the manufacturing of nanomaterials from
solid as well as liquid matrices of nanomaterials and nano-
material by-products may have drastic effects on the environ
ment and groundwater. A recent study showed the effect o
graphene and graphene derivatives on the growth and deve
opment of plants (tomato, cabbage, and spinach). All tested
plants showed the toxic effects of graphene in terms of seedling
root, and shoot growth. Nanowaste has the potential to accu-
mulate in plants and soil microbes. Several regulatory agencie
however, are in their formative years to lay foundations for
regulations for the proper disposal of nanomaterials.
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Nanotechnology Oversight

The development of state-of-the-art technologies in the twenty
� rst century has made great advancements in the� eld
of nanotechnology possible. Currently, the most pressing
concern for consumers and regulatory agencies is that thes
nanoparticle-containing products are becoming more and
more readily available. This is especially alarming when it is
considered that toxicity studies and risk assessments pertainin
to human health are virtually nonexistent for nanoparticles
in food and food packaging. The accelerating use of nano
technology also increases the likelihood of engineered
nanomaterials appearing in the air, water, soil, and other
organisms. Engineered nanoparticles, as well as the produc
and materials that contain them, are subject to few regulations
regarding production, handling, or labeling. Additionally, even
though nanotechnology shows great potential for use in the
food sector, it is somewhat unclear, which, if any, food
companies currently utilize nanoparticles commercially in
products or packaging. As was mentioned earlier in the article
nanoparticle-size ultra� ne particles occur naturally in the
environment and likely are present in almost all foods at some
level. A distinction must be made between such particles and
engineered nanomaterials, which are created with speci� c
characteristics and utilized for a distinct purpose. Due to the
diverse use of nanotechnology in various different � elds,
oversight of the use, regulation, and disposal of nanotech-
nology depends on several government agencies. In the Unite
States, the EPA implements and oversees the regulations on th
toxic substances under the Toxic Substance Control Act. The u
of insecticides, fungicides, and rodenticides is covered unde
the Federal Insecticide, Fungicide, and Rodenticide Act imple
mented by the EPA. Moreover, the Occupational Safety an
Health Administration implements occupational safety
measures under the Occupational Safety and Health Act. Th
consumer products are covered under the Consumer Produc
Safety Act, administered by the Consumer Product Safet
Commission. The U.S. Food and Drug Administration regu-
lates foods, drugs, tobacco, medical devices, and cosmetic
under the Federal Food, Drug, and Cosmetic Act.
Conclusion

Nanotechnology has applications in a huge number of� elds,
from agriculture to space, and the potential to provide unique
solutions to many of the problems faced in modern life. The
potential uses for nanotechnology in food production, pack-
aging, development, and safety are particularly diverse an
exciting. As with any novel technology, however, the incorpo-
ration of nanomaterials in food and food-packaging products
must be accomplished in a way that is both safe for humans
and the environment. The challenge for manufacturers and
food processors will be to balance the promises of nanotech
nology with consumer acceptance and the unknown factors
regarding health risks. Meanwhile, the primary challenge for
regulatory agencies will be to ensure the health of the consume
by developing regulation for the technology in a proactive and
science-based manner. The actions of both of these groups wi
determine the health impacts of nanotechnology in foods over
the next decade.
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Disclaimer

The views presented in this article do not necessarily re� ect
those of the U.S. Food and Drug Administration.
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Introduction

The regulation of the microbiological safety and quality of
foods in Canada operates in a complex jurisdictional context
involving federal, provincial, and municipal authorities. Each
of the 10 provinces and 3 territories have departments o
agriculture or health that regulate the microbiological safety
and quality of food in their respective jurisdictions. At the
national level, Health Canada’s Food Directorate is the primary
federal food standard-setting body in Canada, developing
standards, policies, and regulations pertaining to food safety
As part of its authority, Heath Canada administers theFood and
Drugs Act(the FDA, 1985) – the primary national legislation
governing the overall safety and quality of all food sold in
Canada, including food produced domestically and imported.

In 1997, the Government of Canada created the Canadian
Food Inspection Agency (CFIA) to consolidate the quarantine
and inspection services of four departments in a single food
agency. Health Canada and the CFIA’s legislative responsibili-
ties are complementary– that is, Health Canada administers
the FDA and Regulations that are related to food safety an
nutritional quality of food, while the CFIA enforces the FDA.

The FDA is the primary national legislation governing the
overall safety and quality of food. Legislative coverage for the
microbiological safety and quality of food falls under Sections
4–7 of the Act. Section 4 (1) states that
cyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-
no person shall sell any article of food that: (a) has in or on it any
poisonous or harmful substance; (b) is un� t for human consump-
tion; (c) consists in whole or in part of any � lthy, putrid, disgusting,
rotten, decomposed or diseased animal or vegetable substance; (d)
adulterated; or (e) was manufactured, prepared, preserved, package
or stored under unsanitary conditions. (FDA, 1985)
Foods containing pathogens or their toxins generally are
considered to be not in compliance with Subsections 4(a) and
4(b) and possibly 4(e). Spoilage can contravene Subsection
4(c). Section 7 states that“No person shall manufacture,
prepare, preserve package or store for sale any food und
unsanitary conditions (FDA, 1985).” This subsection and
Subsection 4(e) provide the legal basis for sanitary inspection
of premises where foods are manufactured, handled, or stored

Subsection 6.1 permits the establishment of regulatory
microbiological standards as being necessary to prevent injur
to the health of the consumer or purchaser of the food.

The FDA also permits the establishment of regulations for
carrying out the purposes and provisions of the FDA. Matters
that are regulated include the following:

l Setting the sale conditions of any food, drug, cosmetic, or
device
0-12-384730-0.00235-4 901
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l Prescribing standards of composition, strength, potency
purity, quality, or other property of any article of food, drug,
cosmetic, or device

l The importation of foods, drugs, cosmetics, and devices to
ensure compliance with the FDA and regulations

l Methods of manufacture, preparation, preserving, packing
storing, and testing of food, drugs, cosmetics, and device
for the prevention of injury to the health of purchasers or
consumers

l The keeping of records by people who sell food, drugs
cosmetics, or devices as is necessary for the enforcement a
administration of the FDA.
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Microbiological Standards

Regulations under the FDA currently contain a number of
regulatory microbiological standards. These have been deve
oped on the basis of data gathered over the years. They serve
an aid to the administration of Sections 4–7 (inclusive) of the
FDA and relate to the microbiological safety and genera
cleanliness of food. These standards are based on the intern
tionally accepted criteria established by the Codex Alimentarius
Commission (CAC) and the International Commission on
Microbiological Criteria for Foods and are expressed in the form
of two- and three-class attributes-acceptance sampling plans.

Most of the standards are speci� c to a microorganism or
a group of microorganisms, although in some situations, the
organism is not speci�ed but implied. There are two types of
standards speci�c to microorganisms. One requires an absenc
of an organism in a speci� ed amount of food, and the other
permits some acceptable level, as determined by speci� ed
methods of sample and analysis.

The standards are classi� ed with respect to three levels of
potential health risk, referred to as Health Risk 1, Health Risk 2
and Health Risk Category 3. The level of risk is re� ected in the
compliance criteria, which are part of the of�cial method. Two-
class plans typically are used when there is a Health Risk
situation; three-class plans are used for Health Risk 2 an
Health Risk Category 3 situations. These standards and guid
lines assist in the design of various food safety programs
evaluation of compliance with regulations, and development
of health risk assessments.

In attributes-acceptance plans, the sample size (n) desig-
nates the number of sample units to be taken and examined
from a lot. The acceptance number (c) is the maximum
allowable number of sample units that may exceed the leve
(m) of microorganisms designated as acceptable, by referenc
to m, sample units in a three-class plan are classi� ed as
acceptable or marginally acceptable, and sample units in a two
class plan are classi� ed as acceptable or unacceptable. I
a three-class plan, samples are classi� ed as defective by refer
ence to an unacceptable level of microorganismsM. The lot is
unacceptable and in violation of the regulatory standard ifM is
exceeded in one or more sample units.

A Health Risk 1 level situation exists when there is reason
able probability that the consumption of a food will lead to
health consequences that are serious or life-threatening o
when there is a high probability of an outbreak of foodborne
disease. A Health Risk 2 level exists when consumption o
a food will have temporary or non-life-threatening health
consequences, or when the probability of serious consequence
is remote. Situations considered Health Risk 2 can be raised t
Health Risk 1 if a sensitive population, such as children less
than 5 years of age, the elderly, or immunocompromised
individuals, is involved.

A Health Risk Category 3 situation exists when there is
a reasonable probability that the consumption of a food is not
likely to result in any adverse health consequences. The situa
tion identi � ed may be an indication of a breakdown of good
manufacturing practices, or the presence in a food of non-
permitted nutrients, food additives at concentrations above the
permitted levels, or nutrients that do not meet label claim.

There are regulatory standards in which the microorganisms
of concern are implied rather than stated. Thus,Clostridium
botulinum is the microorganism of concern in regulation
B.27.002, which requires that a low-acid food packaged in
a hermetically sealed container be commercially sterile, unles
it is kept refrigerated or frozen and is so labeled.
Microbiological Guidelines

Guidelines take three forms: microbiological guidelines, Codes
of Hygienic Practice, and Manual of Procedures. Guidelines ar
used to interpret legislation and regulation. Although they may
be derived from legislation and often are used to advise how
one might comply with a regulation, guidelines do not have the
force of law. Although guidelines are not regulatory standards,
they are used in judging compliance with Sections 4 and 7 of
the FDA. Guidelines also serve as useful indicators of levels tha
should be achievable using good manufacturing practices
Guidelines and policies can be readily modi� ed, if necessary, as
additional data become available.

The microbiological guidelines that currently are being used
by regulatory authorities in Canada can be found in the
Interpretive Summary of the Compendium of Analytical
Methods. The same three levels of concern or risk (Health Ris
1, Health Risk 2, and Health Risk Category 3) are applied in the
guidelines.
Health Canada’sCompendium of Analytical Methods

The methods described in Health Canada’s Compendium o
Analytical Methodsare used for regulatory purposes, which
are to

l determine compliance of the food industry with standards
and guidelines relative to microbiological and extraneous
material hazards in foods;

l assess the safety of foods in general with respect to the
microbiological or extraneous material content; and

l support foodborne disease investigations.

These methods may have originated from the Health
Product and Food Branch (HPFB), the CFIA, or other interna-
tionally recognized agencies; have been evaluated by the HPF
the CFIA, and other agencies; and have been approved fo
inclusion in the Compendium of Analytical Methodsby the
Microbiological Methods Committee of Health Canada.
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Volume 1 of the Compendiumis devoted to the of� cial
microbiological methods, which are cited in the Food and Drug
Regulations(FDR). The HPFB methods, used in the guidelines
are found in volume 2 of the Compendium. Both the of� cial
and the HPFB methods have been validated by interlabora
tory studies. Food Microbiology Laboratory Procedures are
described in volume 3. These procedures have been validate
in at least one laboratory, other than the laboratory that orig-
inated the method. These methods include those used to
enforce the standard, newly developed methods, and method
for emerging pathogens.
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Health Canada Guidelines

Health Canada has contributed to the development of severa
national model regulations, codes, and guidelines for use
by governments and industry. Since food safety is a shared re
ponsibility among federal, provincial, territorial, and municipal
governments, the purpose of these documents is to promote
harmonization of food safety approaches across Canada.

Health Canada has been involved with the Joint Food and
Agricultural Organization (FAO)/World Health Organization
(WHO) Food Standards Programme Codex Committee on
Food Hygiene. In particular, Health Canada has contributed to
the Code of Hygienic Practice for Fresh Fruits and Vegetable
and the FAO/WHO Codes of Hygienic Practice for Powdered
Formula for Infants and Young Children and for Fresh Fruits
and Vegetables.
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Canadian Food Inspection Agency

As Canada’s largest science-based regulatory agency, the CFIA
responsible for the development and delivery of all federally
mandated programs related to food inspection, plant, and
animal health products and production systems, as well as
consumer protection, in relation to food.

All federally registered meat- and� sh-processing establish
ments engaged in interprovincial or international trade must
design and implement a Hazard Analysis and Critical Control
Point (HACCP) food safety plan. In addition, the CFIA has
a voluntary program for HACCP plan implementation in
federally registered establishments that produce processe
fruits and vegetable, honey, dairy products, and maple syrup
products. Development of a HACCP plan involves the adop-
tion of a science-based approach to food safety that is inter
nationally recognized by the CAC, a Joint FAO/WHO Food
Standards Programme. The objective of a HACCP plan is t
prevent rather than respond to the appearance of food safet
problems in a food production process. The requirements
for a HACCP plan are that procedures for control of
hazards, inspection practices for veri� cation of control, and
maintenance of appropriate records be implemented and
documented.

Where HACCP programs are mandatory, the CFIA i
responsible for conducting assessments at the establishmen
to verify both the implementation of the HACCP program and
its effectiveness in meeting the requirements set out in the
regulations.
The CFIA is responsible for the administration and
enforcement of many Acts and Regulations that cove
consumer packaging and labeling: agricultural products
including animal and poultry carcasses and meat, dairy prod-
ucts, eggs, fresh fruits and vegetables, and organic produc
� sh; fertilizers; animal feeds; and seeds. The regulations pe
taining to the microbiological conditions of foods for which
the CFIA has responsibility are discussed in the following
sections.
Processed Eggs Regulations

The regulations contain a general stipulation that no processed
egg shall be marked with a departmental inspection legend
unless the processed egg tests negative for salmonellae a
other pathogenic organisms of human health signi�cance. All
establishments involved in the handling and processing of eggs
and egg products for import, export, or interprovincial trade are
subject to inspection by the CFIA, and the product packaging
must bear the inspection legend. Unlike the microbiological
standards under the FDR, the speci� cs of the method and
sampling plan to be used are not given. In addition to this
general stipulation, there are a number of microbiological
standards for speci�c product types.

Frozen egg, frozen egg mix, liquid egg, liquid egg mix
frozen egg products, or liquid egg products must, in addition to
meeting the general requirements for salmonellae, have a coli
form count of no more than 10 per gram and a total viable
bacteria count of no more than 50 000 per gram.

Dried egg, dried egg mix, or dried egg products must mee
the requirements for salmonellae and must have a coliform
count of no more than 10 per gram and a total viable bacteria
count of no more than 50 000 per gram in the case of whole
egg, whole egg mix, and yolk mix. In the case of albumen, the
total viable bacteria count must be no more than 100 000 per
gram.

The pasteurization of liquid egg products to reduce salmo-
nellae to levels that do not represent a health hazard also will
reduce the levels of other pathogens with the same or lowe
thermal resistance that may be present. Spray-dried albume
should be pasteurized at 54� C (130 � F) for 7 days and pan-
dried albumen at 52 � C (125 � F) for 5 days.
Egg Regulations

Egg-washing protocols used at egg-grading stations mu
comply with Section 9 of the Egg Regulations of theCanada
Agricultural Products Act. Eggs must be graded at federall
registered grading stations, which must meet speci� c require-
ments, including temperature and humidity controls for the
storage of eggs, and other hygienic requirements. Ungrade
eggs, Nest Run eggs, and eggs bearing a dye mark must
stored at no more than 13� C, and eggs graded Canada A
Canada B, or Canada C must be stored at no more than 10� C.
Although eggs that do not cross provincial boundaries fall
under provincial jurisdiction, most of the provinces and terri-
tories refer to the Canadian Egg Regulations as the authority fo
table eggs in their jurisdiction.
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Dairy Products Regulations

These regulations refer to either the same microbiologica
standards as those found in the FDR or to the FDR directly
They also set out requirements that must be met to produce
dairy products in a sanitary manner and to produce commer-
cially sterile low-acid dairy products packaged in hermetically
sealed containers.

As the production and sale of� uid milk products in Canada
has taken place largely within each province, the microbio-
logical standards for these products are found in provincial
regulations. Each province also has speci� c time and temper-
ature requirements for pasteurization. The National Dairy
Code is a national, technical reference document that provides
guidance to industry and governing bodies on how to produce
safe and suitable dairy products. It describes best practices f
milk production and transportation as well as for the pro-
cessing of dairy products.
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Processed Products Regulations

These regulations require that low-acid food products package
in hermetically sealed containers be thermally processed to
achieve commercial sterility. Low-acid food products packaged
in hermetically sealed containers are exempt from these regu
lations, if they are stored under refrigeration or frozen, and if
the container and boxes in which they are shipped are marked
“Keep Refrigerated” or “Keep Frozen.” This same require-
ment is found in the FDR.

Also, the water used to cool the containers after therma
processing must be of acceptable microbiological quality, but
the regulation does not specify what an acceptable quality is
Water used in a cooling system must contain a residual bacte
ricide when discharged, and records must be kept of al
bactericidal treatments.

In addition, these regulations set requirements for the
microbiological quality of frozen vegetables. Bacterial counts in
frozen vegetables should not exceed (a) 250 000 viable aerobi
mesophiles per gram of product and (b) 100 aerobic thermo-
philic spores per gram of product if the frozen vegetable is
intended for remanufacturing purposes.

General food safety requirements are prescribed unde
Section 2.1 of these regulations. This section prohibits the sal
of processed fruits and vegetables that are adulterate
contaminated, prepared under unsanitary conditions, not
sound, not wholesome, or not edible.
r
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Fresh Fruit and Vegetable Regulations

These regulations apply to all produce, marketed in import or
interprovincial trade and supplied fresh to the consumer or for
food processing. The marketing of fresh produce is prohibited
unless it is not contaminated, is edible, is free of any living
thing (e.g., insects, spiders, snakes) that may be injurious to
health, is prepared in a sanitary manner, and meets all othe
requirements of the FDA and the FDR that are relevant to the
produce.
There are also requirements that water used in the prepa
ration of fresh produce is not polluted and that only potable
water is used in the� nal rinsing of produce and that equipment
used in the handling of the produce be cleaned regularly.
Meat Inspection Regulations

In Canada, the Meat Inspection Act(MIA) states the general
purpose of the legislation and contains interpretations, prohi-
bitions, regulation-making powers, and so on. It deals with the
import, export, and interprovincial trade of meat products; the
registration of establishments and the inspection of animals
and meat products in registered establishments; and the stan
dards for establishments, animals presented for slaughter, an
meat products. TheMeat Inspection Regulations(MIR) provide
more detail, and the most practical guidance on how to comply
with regulatory requirements is found in the Meat Hygiene
Manual of Procedures(MOP).

The MIR incorporate and refer to a number of other appli-
cable legislative and technical documents that cover food
inspection, food packaging, and animal health.

The regulations contain speci� c requirements for the design,
construction, and maintenance of registered establishments
and their equipment and facilities. In addition, they prescribe
the equipment and facilities to be used, the procedures to be
followed, and the standards to be maintained to ensure
humane treatment and slaughter of animals and hygienic
processing and handling of meat products.

All establishments involved in the slaughter, preparation,
manufacture, storage, distribution, and sale of meat and mea
products in import, export, and interprovincial trade must be
registered by the CFIA.

Federally registered meat establishments have CFI
inspectors assigned to them to verify compliance with the
regulations and to conduct product inspection sampling when
required. Premortem and postmortem inspections are carried
out routinely in all registered slaughtering plants by or under
the supervision of CFIA veterinary inspectors.

Key requirements are stated and explained in the Food
Safety Enhancement Program (FSEP) Manual and the MOP.

FSEP is a multicommodity CFIA program to implement
HACCP principles of the CAC. The FSEP manual is an essenti
reference for operators of federally registered establishmen
that are developing their control programs and HACCP plans.

The MOP is an administrative and technical manual
describing how compliance with the MIA and MIR (1990) is
achieved. The MOP evolved as a resource document to ser
both regulated operators and CFIA staff. It includes speci� ca-
tions, safety standards, performance standards, classi� cations,
and test methods.

Because of the wide variety of meat and meat products
standards and guidelines applicable to these products ar
found in various documents published by the federal
government as well as by other provincial food safety
authorities. Microbiological standards and guidelines relevant
to meat and meat products can be found in the Interpretive
Summary from the Health Canada (HC) Compendium of Ana
ical Methods (Volume 1). Additional HC guidelines are
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published in policies or guidance documents, including the
following:

l Policy on Listeria monocytogenesin Ready-to-Eat Foods, which
sets end-product compliance criteria forL. monocytogenesin
ready-to-eat foods;

l Guidelines for raw ground beef products found positive for
Escherichia coliO157:H7; and

l Interim guidelines for the control of verotoxinogenic E. coli,
including E. coli O157:H7 in ready-to-eat fermented sau-
sages containing beef or a beef product as an ingredient.

Those documents are revised from time to time and their
application may vary. The guidance from the documents and
other guidelines are re� ected in microbiological criteria used by
the CFIA to verify compliance of meat and meat products.

Generally, the presence in ready-to-eat meats and me
products of microbial pathogens, such asSalmonellaspp.,
verotoxin-producing E. coli, Campylobacter coli, Campylobacte
jejuni, Yersinia enterolitica, C. botulinum,and L. monocytogenes, is
not considered to be acceptable. Hazards posed byTrichinella
spp., Clostridium perfringens,and Staphylococcus aureusin those
types of products also must be controlled. The requirements fo
low-acid meat products packaged in hermetically sealed
containers duplicate the requirements in Section B.27.002 o
the FDR.
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Fish Inspection Act and Fish Inspection Regulations

The microbial safety and quality of � sh and � sh products for
export (including interprovincial trade) and import are regu-
lated under the Fish Inspection Actand the Fish Inspection Reg
lations. The regulations prescribe the inspection requirement
for importing � sh and � sh products into Canada for human
consumption; the construction, equipment, and sanitary
operation of establishments; and vessels, vehicles, or othe
equipment used in connection with an establishment or in
connection with � shing and preservation. In addition, they
prescribe grades, quality, and standards for� sh; set speci� ca-
tions for containers; and establish the manner in which
samples of� sh may be taken.

The general requirement is that no person shall import,
export, or sell or possess for export any� sh intended for human
consumption that is tainted, decomposed, or unwholesome,
any of which conditions may be the result of microbial growth.

The CFIA assesses whether effective controls have be
implemented by domestic processors and importers to provide
assurance that products consistently meet Canadian regulator
requirements concerning the microbiological safety and quality
of foods.
e

-

Power of Recall

TheCFIA Actprovides authority for the minister of agriculture
to order a recall when a product poses a risk to the health of the
public, animals, or plants.

A recalled product must be removed from sale or use, or the
defect that prompted the recall must be remedied. The CFIA
coordinates food emergency response across Canada. T
following three classes of recall are designated:

l Class I recalls are initiated in situations in which there is
a reasonable probability that the use of, or exposure to
a noncompliant product will have serious adverse health
consequences or cause death.

l Class II recalls are initiated in situations in which the use of,
or exposure to, such a product may have temporary advers
health consequences or in which the probability of serious
adverse health consequences is remote.

l Class III recalls are initiated in situations in which the use of,
or exposure to, a product is not likely to cause any advers
health consequences.
The Canadian Shell�sh Sanitation Program

The Canadian Shell� sh Sanitation Program (CSSP) was
developed in 1925 under the Fish Inspection Act as a result o
a typhoid fever outbreak in the United States that resulted in
1500 cases and 150 deaths and was caused by the consum
tion of contaminated oysters. The goal of the program is to
protect consumers, both domestic and international, from the
health risks associated with the consumption of contaminated
shell� sh, such as mussels, oysters, and clams. The CSSP
jointly administered by the CFIA, Environment Canada and
the Department of Fisheries and Oceans Canada (DFO).

Environment Canada is responsible for carrying out shore-
line sanitary and bacteriological water quality surveys in the
shell� sh-growing areas. These include evaluation of the level o
fecal contamination in the water overlying shell� sh-growing
areas, the identi� cation of point and nonpoint pollution
sources, and classi� cation of the areas. Classi� cations are based
on the sanitary conditions of the area, as de� ned by the
shoreline survey and supporting information from the micro-
biological evaluation of the area. There are three main harves
area classi� cations described in theCSSP Manual of Operation:
approved, restricted, and prohibited.

The CFIA is responsible for CSSP coordination, which
includes maintenance of the CSSP Manual of Operation,
chairing various national and regional committees and
liaising with foreign governments on matters related to
shell� sh sanitation. The CFIA is also responsible for the
control of handling, storage, transportation, processing, and
labeling of shell� sh, including imports. This is achieved
through audits of establishments’ quality monitoring
programs and inspections for compliance with the require-
ments of the Facilities Inspection Manualand the CSSP Manua
of Operations. To manage the risks associated with marine
toxins in shell� sh, the CFIA administers a comprehensive
toxin-monitoring and control program.

DFO is responsible for the management of the shell� sh
resource, development of integrated management plans, th
enforcement of closure regulations, and enacting the opening
and closing of shell� sh areas. As with other food commodities,
Health Canada plays a role in the CSSP through the estab
lishment of policies, regulations, and standards related to the
safety and nutritional quality of shell � sh.
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Introduction

Groups of consumers in the European Union (EU) have
distinct cultural, national, and individual eating habits and
preferences. Therefore, the legislation concerning variou
foodstuffs is complex and detailed. Methods for the examina-
tion of foods generally follow the International Standardiza-
tion Organization recommendations, which apply appropriate
techniques for different objectives. For a broad understanding
of this matter, it is essential to read the original version of
Commission Regulation (EC) No. 2073/2005 on microbio-
logical criteria for food. This regulation, published in 2005,
replaced the great number of earlier EU food hygiene directive
and much national legislation of member countries concerning
various foods. This article can provide only a short overview of
the main aspects and principles of the regulation.

Regulation (EC) No. 178/2002 lays down general food safety
requirements for EU member countries. It stipulates that food
must not be placed on the market if it is unsafe and prescribes the
procedure to follow if unsafe food has been inadvertently
distributed. According to Article 4 of Regulation (EC) No. 852/
Table 1 Examples for food safety criteria promulgated to EU Com

Food category
Microorganisms, their
toxins, metabolites

Sampling plan

n c m

Ready-to-eat foods
able to support
the growth of
L. monocytogenes
[.]

L. monocytogenes 5 0

5 0 A

Milk powder, whey
powder, ice cream

Salmonella 5 0 A

Gelatine and collagen Salmonella 5 0 A

Mechanically
separated meat

Salmonella 5 0 A

Minced meat and
raw meat products
intended to be
eaten raw

Salmonella 5 0 A

Fishery products
from � sh species
associated with
a high amount of
histidine

Histamine 9 2 100 mg
kg� 1

n indicates the number of samples required.
c indicates how many of then samples may fall betweenm andM.
The test results will be judged as acceptable if no more thanc of nvalues are betweenman
of the values are greater thanM, or more thanc values are betweenm andM.

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
2004, food business operators must comply with the microbio-
logical criteria established for their products. Documents that se
out those regulations give guidance on the acceptability of food-
stuff and their production, handling, and distribution processes.
They are an integral part of Hazard Analysis Critical Control Point
(HACCP) systems and other hygiene control measures.

De� nitions of Regulation No. 2073/2005 differentiate
between ‘food safety criteria’ and ‘process hygiene criteria’ for
various categories of food. Furthermore, the bacteriologica
sampling that must be carried out at slaughterhouses and
facilities that produce minced meat and other raw meat prod-
ucts, particularly those that may be eaten raw, are laid down.
Food Safety Criteria

Food safety criteria de� ne the acceptability or otherwise of
a product ora batch of foodstuff that is tobeplacedon the market.
They cover 26 categories of food, and specify target micro
organisms, their toxins, or metabolites (Listeria monocytogene,
Salmonella, staphylococcal enterotoxins;Enterobacter sakazak,
mission Regulation No. 2073/2005

Limits
Analytical reference
method

Stage where the criterion
appliesM

100 cfu g� 1 EN/ISO 11290-2 Products placed on the
market during their
shelf life

bsent in 25 g EN/ISO 11290-1 Before the food has left the
immediate control of the
food producer

bsent in 25 g EN/ISO 6579 Products placed on the
market during their
shelf life

bsent in 25 g EN/ISO 6579 Products placed on the
market during their
shelf life

bsent in 10 g EN/ISO 6579 Products placed on the
market during their
shelf life

bsent in 25 g EN/ISO 6579 Products placed on the
market during their
shelf life

200 mg
kg� 1

High Pressure Liquid
Chromatography
(HPLC)

Products placed on the
market during their
shelf life

dM, and the rest of thenvalues are� m. The results are unsatisfactory if one or more

78-0-12-384730-0.00236-6 907
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Table 2 Examples for process hygiene criteria promulgated in EU Commission Regulation No. 2073/2005

Food
category Microorganisms

Sampling plan Limits Analytical
reference
method

Stage where the criterion
applies Action in case of unsatisfactory resultsn c m M

Carcasses of pigs Salmonella 50 5 Absent in the area tested EN/ISO 6579 Carcasses after dressing
but before chilling

Improvements in slaughter hygiene
and review of process controls,
origin of animals and of the
biosecurity measures in the farm
of origin

Carcasses of pigs Aerobic colony
count

4.0 log cfu cm� 2

daily mean log
5.0 log cfu cm� 2

daily mean log
ISO 4833 Carcasses after dressing

but before chilling
Improvements in slaughter hygiene

and review of process controls
Minced meat Aerobic colony

count
5 2 5.0� 105 cfu g� 1 5.0� 106 cfu g� 1 ISO 4833 End of manufacturing

process
Improvements in production hygiene

and improvements in selection or
origin of raw materialsE. coli 5 2 50 cfu g� 1 500 cfu g� 1 ISO 16649-1

or 2
Ice cream and

frozen dairy
desserts

Enterobacteriaceae 5 2 10 cfu g� 1 100 cfu g� 1 ISO 21528-2 End of manufacturing
process

Improvements in production hygiene
to minimize contamination; if
Enterobacteriaceae are detected, the
batch has to be tested for
E. sakazakiiandSalmonella

Egg products Enterobacteriaceae 5 2 10 cfu g� 1 or ml 100 cfu g� 1 or ml ISO 21528-2 End of manufacturing
process

Checks on the ef� ciency of the heat
treatment and prevention of
recontamination

Precut fruits and
vegetables,
unpasteurized
juices

E. coli 5 2 100 cfu g� 1 1000 cfu g� 1 ISO 16649-1
or 2

Manufacturing process Improvements in production hygiene,
selection of raw materials

n indicates the number of samples required.
c indicates how many of then samples may fall betweenm andM.
The test results will be judged as acceptable if no more thancof nvalues are betweenmandM, and the rest of thenvalues are� m. The results are unsatisfactory if one or more of the values are greater thanM, or more thancvalues are between
m andM.
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Escherichia coli, histamine), sampling plans, limit values,
methods, and the stage of processing or distribution at which the
criterion applies. Sampling plans and limits usually imply the use
of two-class or three-class attributes acceptance plans. Two-cla
plans differentiate two categories of samples with the help of one
limit value ( M). Samples up to and including the limit value are
interpreted as ‘satisfactory,’ samples above the limit value are
interpreted as‘unsatisfactory.’ The number of samples required
for decision is indicated by n. The test results determine the
microbiological acceptability of a batch and can be used to
determine the effectiveness of HACCP systems or good hygien
procedures.

With a three-class plan, samples are divided into three
categories:

1. Samples with test values up to and including the satisfactory
limit m

2. Samples with values between them up to and including the
acceptability limit M

3. Samples with values exceedingM

Again, the number of samples required for decision is
indicated by n. The valuecindicates how many of then samples
may fall between m and M. The test results will be judged as
acceptable if no more thanc of n values are betweenm and M,
and the rest of then values are�m . The results are unsatisfac
tory if one or more of the values are greater thanM, or more
than c values are betweenm and M.

All the examples of microbiological standards in the
following tables refer to colony forming units (cfu) or quantity
of a metabolite per weight or volume of the individual samples
that are tested (e.g., 25 g, 10 ml).Table 1 shows examples of
food safety criteria for the following broad categories of food:
food for infants, food for medical purposes, food supporting
L. monocytogenesgrowth, minced meat and raw meat products
that may be eaten raw or cooked, mechanically separated mea
gelatine and collagen, cheeses, butter, cream, milk and whe
powder, ice cream, egg products, ready-to-eat foods containin
raw egg, cooked crustacean and molluskan shell� sh, living
bivalve mollusks and echinoderms, tunicates and gastropods
sprouted seeds, precut vegetables and fruits, unpasteurize
juices, infant formulas, and � shery products. The microorgan-
isms, their toxins, or their metabolites for which foods are
tested include L. monocytogenes, Salmonella, staphylococcal
enterotoxins, E. sakazakii, E. coli, and histamine.
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Process Hygiene Criteria

Process hygiene criteria are used to determine the acceptabili
or otherwise of a production process. They set indicative
contamination values above which corrective actions are
required to maintain process hygiene in compliance with food
law. Table 2 shows examples of such criteria for processes fo
production of the following � ve food categories:

l Meat and products thereof
l Milk and dairy products
l Egg products
l Fishery products
l Vegetables, fruits, and products thereof
Furthermore, necessary actions in case of unsatisfactory r
sults are stipulated, e.g., improvements of production hygiene
selection of raw material, ef� ciency tests of heat treatments
and minimize or prevent contamination and recontamination.
Rules for Sampling

Following are requirements for bacteriological sampling at
slaughterhouses and facilities producing minced meat and raw
meat products: Five carcasses at random shall be sampled an
the selected sampling sites shall take into account the speci� c
local slaughtering technology. A 20 cm2 sample of surface tissues
(destructive method) shall be obtained from each carcass fo
the analysis for Enterobacteriaceae. When using a nondestructiv
method, the sampled area is to be a minimum of 100 cm2 per
sampled site, except in the case of small ruminant carcasse
Surface samples must be obtained to test forSalmonella. Speci� c
procedures for sampling poultry carcasses are stipulated.

Minced meat, other raw meat products, or mechanically
separated meat shall be sampled at least once a week. Whe
production occurs several days per week, the day of samplin
has to be changed every week. Reductions in testing a
possible if satisfactory results are obtained consistently.

See also:Microbiology; Food Safety; Process Hygiene;
Consumer; Legislation Food; Microbiological Criteria;
Foodborne Pathogens; Foodborne Infections and Intoxica
Listeria monocytogenes; Salmonella; Staphylococci;
Staphylococcal enterotoxins;Enterobacteriaceae; Cronobacter
(Enterobacter) sakazakii; Escherichia coli:Escherichia coli;
Histamine; HACCP.
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Food Safety Basic Law

The Ministry of Health and Welfare administers the Food Safety
Basic Law. The law was enacted in 2003 to promote compre
hensive policies for ensuring food safety in Japan in line with
the system of risk analysis proposed by the Food and Agricul
ture and World Health Organization (FAO/WHO) of the
United Nations. The law states the basic direction of policy and
prescribes procedures for the implementation of risk assess
ment and risk management based on risk assessment and th
promotion of exchange of information and opinions among
stakeholders. The Food Safety Commission, which is respon
sible for assessment of risks from microbiological hazards in
food, was established by the Food Safety Basic Law, which als
speci�es the functions of the commission.
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Food Sanitation Law

Articles 6, 9, 11, and 13 of the Food Sanitation Law provide the
basis for legislative regulation of microbiological hazards in
foods. Article 6 prohibits the sales of insanitary foods and food
additives and restricts the sale of newly developed foods. Articl
9 restricts the sale of meat derived from diseased animals
Article 11 establishes the standards and speci�cations for foods
and food additives, and Article 13 prescribes the approva
system for comprehensive sanitary manufacturing practice
based on the hazard analysis critical control point (HACCP)
approach.

Article 6 speci�es the types of food and food additive that
cannot be sold or given away, collected, manufactured
imported, processed, used, cooked, stored, or displayed for th
purpose of offering for sale. These are as follows:

l Foods that are rotten, changed in quality, or unripe, or food
additives except for those approved as safe and wholesom
when used for food or drink.

l Food or food additives that contain or are suspected of
containing toxic or harmful substances, unless the food or
food additive has been determined to be safe and whole-
some when used for food or drink.

l Food or food additives that may be injurious health because
they are contaminated or are suspected of being contami
nated with pathogenic microorganisms.

l Food or food additives that may be injurious to human
health because they are insanitary or are mixed with extra
neous substances.

Article 9 states that meat, bone, milk, viscera, or blood
derived from animals or poultry that have suffered or are sus-
pected to have suffered from speci�ed diseases, or that have
died otherwise than by slaughter, shall neither be sold as food
products nor be collected, processed, used, cooked, stored,
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
displayed for the purpose of selling them as food products. This
clause, however, does not apply to the meat, bone, and viscer
derived from animals or poultry that have died by means other
than by slaughter, if they are determined by personnel of the
competent authority to be harmless for human health and
suitable for human consumption.

The meat and viscera derived from animals or poultry, and
their products, cannot be imported for the purpose of selling
them as food, unless they are accompanied by a certi�cate
issued by the competent authority of the exporting country.
The certi�cate must specify that the items are not derived from
diseased animals or poultry or from animals or poultry that
have died otherwise than by slaughter. Article 9 also speci�es
other sanitary requirements for these products. The certi�cation
of compliance with sanitary requirements, however, can be
transmitted electronically, from the government organization
of the country concerned with the computer used by the
Ministry of Health, Labor, and Welfare.

Article 11 states that, with regard to public health, stan-
dards for manufacture, processing , using , cooking, or storing
foods may be set, and the ingredients of foods or food addi-
tives may be speci�ed by the ministry. In cases in which
standards or speci�cations have been established, no food or
food additives can be manufactured, processed, used, o
cooked by methods not in compliance with the standards, and
no food or food additive that does not meet the speci�cations
can be manufactured, imported, processed, used, cooked
stored, or sold.

Article 13 deals with the approval of manufactures or
processors of foods (including manufacturers and processors in
foreign country). Manufacturing or processing must comply
with sanitary manufacturing practices, and HACCP system
must be implemented to control risks from food sanitation
hazards during manufacturing or processing. Approval is not
given when practices and procedures do not comply with the
established requirements.

Applications for approval of manufacturers or processors
must be accompanied by supporting material, including the
results of tests performed on the food products and descrip
tions of HACCP systems. Changes to approved processes m
be required when necessary.

Approval may be withdrawn in part or in whole when the
following conditions are met:

l The methods used for manufacturing or processing were
modi �ed or the HACCP system was modi�ed without
approval.

l A holder of approval in a foreign country fails to provide
a report or provides a false report when a report is
requested.

l Inspection by the competent authority of products, docu-
ments, or facilities is refused, hindered, or prevented.
78-0-12-384730-0.00237-8 911
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Enforcement Order and Enforcement Regulation of
the Food Sanitation Law

Article 1 of the Enforcement Order (Cabinet Order) of the Food
Sanitation Law supplements Article 13 of the Law. It indicates
that the following foods are covered by Cabinet Order:

l Cows’ milk, goats’ milk, skimmed milk, and processed milk
l Cream, ice cream, condensed milk with no added sugar

condensed skim milk with no added sugar, fermented milk,
lactic acid bacteria drinks, and milk drinks

l Carbonated drinks
l Meat products
l Fish paste products
l Food products packaged and thermally processed unde

pressure

Articles 1 and 7 supplement Articles 6 and 9 of the Food
Sanitation Law.

Article 1 states that a food or food additive is not regarded as
injurious to health when any toxic or harmful substances that
are naturally present in or on a food or food additive, or that
are inevitably mixed in or added to the food or food additive in
the process of manufacturing, generally prove to not be inju-
rious to the health of normal people.
Table 1 Microbiological standards for milk and milk pr

Types of product

Raw milk for processing
Liquid milk; whole, partly skimmed, skimmed, or

reconstituted
Pasteurized goats’ milk
Certi� ed milk
Milk products
Evaporated milk, evaporated skimmed milk
Sweetened condensed milk or skimmed milk, cream

powder, whole or skimmed milk powder, whey powder,
buttermilk powder, formulated milk powder, ice milk,
lacto-ice

Ice cream, concentrated skimmed milk

aTotal aerobic counts for products that are stored at ambient temp
or 7 days at 55� C.
–, no standard.
Neg., none detected in 1 ml.

Table 2 Microbiological standards for meat and meat products

Products
Coliform
count

Escherichi
(cfu g� 1)

Dry meat products – Neg.
Unheated meat productsb – � 100
Speci� ed heated meat productsc – � 100
Meat products heated after packingb Neg. –
Meat products heated before packingd – Negative

aGram-positive, spore-forming, anaerobic, sulfite-reducing bacilli.
bMeat products not held 63� C for 30 min, or subjected to a microbiologically equ
cMeat products that are not dried or heat treated, or special products.
dMeat products that have been held at 63� C for 30 min or have been subjected to
–, no standard for the species or group of organisms.
Neg., none detected in 25 g.
Article 7 identi� es the disease conditions that render the
whole or parts of animal or poultry carcasses un� t for human
consumption. Diseases that result in the prohibition of
dressing the carcass at an abattoir where animals are slaug
tered for human consumption, and render the whole of the
carcass un� t for human consumption, include rinderpest,
contagious bovine pleuropneumonia, foot-and-mouth disease,
epidemic encephalitis, rabies, anthrax, and blackleg. Anima
diseases that result in the prohibition of dressing of the carcas
in an abattoir and condemnation of the carcass only when
there are generalized symptoms of disease include Johne’s
disease, equine infectious anemia, tuberculosis, and bruce
losis. When a disease condition affects only a speci� c and
identi � able organ or organs, or parts of the dressed carcas
generally only the infected organ(s) or part of the carcass
blood, and – in some instances– lymph nodes associated with
an infected organ are condemned.

Poultry diseases that render the whole carcass un� t for
human consumption include rabies, Newcastle disease
leukemia, fowl cholera, tuberculosis, pullorum disease and
other salmonella disease, staphylococci, and listeriosis
Carcasses also may be condemned for abnormally high or low
body temperature, generalized trauma, various symptoms o
intoxication, emaciation, and seriously arrested development.
oducts

Total aerobic counta (cfu ml� 1) Coliform count

� 4 � 106 –
� 50 � 103 Neg.

� 50 � 103 Neg.
� 30 � 103 Neg.
� 30 � 103 Neg.
0 Neg.
� 50 � 103 Neg.

� 100 � 103 Neg.

eratures are determined after incubation of the products for 14 days at 30� C

a coli Staphylococcus
aureus(cfu g� 1)

Salmonella
spp.

Clostridiaa

(cfu g� 1)

– – –
1000 Neg. –
1000 Neg. � 1000
– – � 1000
� 1000 Negative –

ivalent heat treatment.

a microbiologically equivalent heat treatment.



Table 3 Microbiological standards for other foods

Products
Total aerobic
count (cfu g� 1)

Coliform
count

Escherichia coli
(MPNa 100 g� 1)

Enterococcus
(cfu g� 1)

Pseudomonas
aeruginosa
(cfu g� 1)

Vibrio
parahaemolyticus
(MPN g� 1)

Oysters for raw consumption � 50 � 103 – � 230 – – � 100
Mineral waterb – Neg. – Neg. Neg. –
Frozen food products
Products not requiring heating < 100 � 103 Neg. – – – –
Products heated just before freezing � 100 � 103 Neg. – – – –
Raw, edible fresh-frozen� shery products � 100 � 103 – – – – –
Products requiring heating before being served� 3 � 106 – Neg. – – –
Boiled octopus � 100 � 103 Neg. – – – � 100

aMPN, most probable number.
bWater packaged with a CO2 pressure less than 1.0 kgf cm�2 at 20� C, which has not been pasteurized or otherwise processed for removal of microorganisms.
–, no standard for the species or group of organisms.
Neg., no organisms of the species or group detected in 100 ml (mineral water) or 25 g (frozen foods).

aPB: Phosphate buffer containing 3% NaCl 
bAPW: Alkaline peptone water
cTCBS: Thiosulfate citrate bile salts sucrose 

Figure 1 Protocol of the most probable number (MPN) method forV. parahaemolyticusin seafood.
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When only part of the carcass is affected by a disease such
fowlpox, infectious laryngotracheitis, and coryza, or such
conditions as edema, in� ammation, and atrophy, only the
affected parts of the carcass are condemned.

The article stipulates that when a healthy animal dies from
and immediately after an unexpected accident, the meat from
the animal can be judged as� t for human consumption.

Article 9 is concerned with the information that must be
provided in documentation of consignments of meat products.
The required information includes the following:

l The species of animal or poultry and the types of meat
product, as such or used as raw materials

l Number of items and weight
l Name and address of the shipper
l Name and address of the consignee
l Name of the organization that, or the position and name of

the employee of the competent authority who, carried out
the inspection of slaughtered animals or poultry

l Name and address of the facility where animals or poultry
were slaughtered or meat was fabricated or further processe

l A statement that slaughter, carcass dressing and fabricatio
and meat processing were carried out in sanitary manners o
equal or better standards than those of Japan

l Dates of slaughter, inspection, processing, and so on

Articles 10 and 11 specify the documentation required
when the consignment contains meat or meat products from
a country other than the exporting country.
rinary Sanitation
Microbiological Standards

Microbiological standards have been promulgated for 24
groups of foods, including milk and milk products, and meat
and meat products. Examples of current microbial standards
are summarized inTables 1–3.
Test Methods

The Ministry of Health and Welfare has developed methods for
the detection of Shiga toxigenicEscherichia coliO157, O26, and
O111, Enterobacteriaceae,Salmonella, Vibrio parahaemolyticu,
Campylobacter, Listeria monocytogenes, and Staphylococcus aure
in foods for purposes of quarantine, surveillance, and inspec-
tion. The methods are recommended on the basis of extensiv
studies, including interlaboratory comparison of the various
methods. As an example, the method for detectingV. para-
haemolyticusin oysters is shown inFigure 1.

See also:Hazard Appraisal (HACCP):The Overall Concept;
Hazard Appraisal (HACCP):Involvement of Regulatory Bodie
Further Reading

Food Sanitation Division, Ministry of Health Welfare, 1997. Food San
tration. Ministry of Health and Welfare, Tokyo, Japan.

Japan Food Hygiene Association, 1993. Poultry Slaughtering Busine
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Japan Food Hygiene Association, 1997. Japan Food Hygiene As
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Veterinary Sanitation Division, Ministry of Health Welfare, 1997. Vete
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US Governmental Organization

To understand why the regulations related to food microbi-
ology may at times seem inconsistent with each other, it is
important to understand how laws and regulations are created
in the United States. Therefore, we begin with a brief review o
the system that creates and enacts the legislation, guideline
and standards governing microbiology.

In the United States, there are three branches of govern
ment: judicial, congressional, and executive. It is the respons
bility of the congressional branch to write and pass laws, with
the president signing them into effect. The regulatory agencie
are housed within departments (e.g., the US Department o
Agriculture), which are part of the executive branch of the
government, reporting to the president. The regulatory agencie
are responsible for creating rules and regulations based on th
laws. By some estimates about 15 federal agencies have a role
play in the regulation of food ( Figure 1), although two main
departments oversee food safety– the US Department of
Agriculture (USDA) and Department of Health and Human
Services (DHHS). Within USDA, the key regulatory agency fo
food (speci�cally meat, poultry, and processed egg products) i
the Food Safety and Inspection Service (FSIS). Within DHHS
there are two main agencies related to food safety: the Food an
Figure 1 Overview of the major agencies regulating food in the Unit

Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
Drug Administration (FDA) is the regulatory agency with
authority for all other food products, and the Centers for
Disease Control and Prevention, while not regulatory, also
plays an important role in food safety. At the cabinet level,
other departments of note include the Department of Home-
land Security, which, in coordination with FDA and FSIS,
handles issues of intentional contamination of food, and the
Department of Commerce, within which the National Oceanic
and Atmospheric Administration has responsibility for sea-
food, in coordination with the FDA.

Furthermore, the United States strives to be in concert with
international food safety expectations, which primarily are
determined through deliberations of the Codex Alimentarius,
and representatives of several of the Departments and Agenci
noted in Figure 1 represent the United States in various Codex
committees.
US Department of Agriculture

Acts of Congress

Federal Meat Inspection Act
Most laws and regulations related to food were developed a
least in part as a response to public pressure, and the�rst major
ed States.

78-0-12-384730-0.00368-2 915
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food safety law in the United States, the 1906 Federal Mea
Inspection Act, was no exception. The law was passed b
Congress shortly after the release of Upton Sinclair’s book The
Jungle, which detailed the abhorrent conditions of slaughter-
houses at the time, calling attention to the various‘ingredients’
that could be in ‘meat’ because of the lack of regulation.
Pathogens were the least of American’s concerns at the time, as
most pathogens that are household names today such a
Salmonellaand Campylobacterwere not recognized as foodborne
pathogens, and ifEscherichia coliO157:H7 existed in the envi-
ronment, it had not been linked to foodborne illness. As
a result of this act, to verify what was being used in slaughter
houses, a USDA inspector was required to be physically prese
in each plant. Although food microbiology was not the focus of
the law, this law provides the basis for the safety of mea
products today.

Poultry Products Inspection Act
Under the Poultry Products Inspection Act (PPIA), passed in
1938, the USDA FSIS provides inspection for all poultry
products sold in interstate commerce, and reinspects imported
products to ensure that they meet US food safety standards. Th
initial act, which was updated in 1968 and has been further
updated, relays a few key themes. A primary concern upon th
passage of the act was that poultry that had died other than by
slaughter (e.g., because of disease) would be sold as huma
food. The presence of a USDA inspector helps ensure that bird
appear healthy as they are slaughtered. The act also forbids th
adulteration of poultry. At that time, a main concern was the
addition of pesticides and food additives; however, the act
reads that any substances or components that are‘poisonous or
deleterious’ may not be present in poultry offered for sale.
Furthermore, the act does not allow poultry to be prepared,
packed, or held under ‘insanitary conditions’. Although
microbial food safety was not the driver of the act, the structure
of the language allowed for the consideration of pathogens as
they were discovered and as their impact on human health was
realized.

Egg Products Inspection Act
In addition to meat and poultry products, USDA FSIS also has
regulatory authority over processed egg products. Essentiall
this includes eggs that are cracked, pooled, generally pasteu
ized, and sold in bulk. It should be noted that FDA has
authority over ‘shell eggs’and that this regulatory division
presents challenges, at times. In 1970, the Egg Produc
Inspection Act (EPIA) was passed. This act requires that FS
inspect egg products sold in interstate commerce and reinspec
imported products to ensure that they meet US food safety
standards. Essentially, this act is very similar to the acts for mea
and poultry.
is a
USDA Rules and Regulations

The Final Rule on Pathogen Reduction and Hazard Analys
Critical Control Point Systems
In 1996, things changed dramatically for all USDA-regulated
slaughter and processing plants. Rather than beingreactiveto
food safety issues (including testing of � nal products),
slaughter and processing plants were required to adopt the
Hazard Analysis and Critical Control Points (HACCP)
approach to preventfood safety hazards, including microbial
hazards. Although HACCP had been conceptualized and use
in some aspects of food production (speci� cally food produced
for astronauts) since the 1960s, the‘Mega-Reg’, as it is known,
was developed in part in as a reaction to the 1993 outbreak of
E. coli O157:H7 in ground beef and was, along with FDA’s
seafood HACCP, the� rst time commercial food systems were
subject to HACCP requirements.

Although prevention is the focus of HACCP, HACCP
principles include provisions for ensuring that the preventive
approach is working. The rule targeted speci� c organisms,
Salmonellaand generic (nonpathogenic) E. coli, which � rms
were required to test for as evidence that the HACCP system
was effective. FSIS sets performance standards around the
key microbes that have to be met to be in compliance.
BecauseE. coli O157:H7 was truly a new pathogen at this
time, the requirement to test for generic E. coliwas based on
the fact that the presence ofE. coliwas an indication of fecal
contamination, which could result in the transmission of
pathogens. In addition to the formal requirement for
HACCP and the microbial testing component, the Mega-Reg
also required plants to adopt and follow written standard
operating procedures for sanitation (SSOPs), recognizing
that inadequate sanitation could result in the introduction
of contaminants, including pathogens, into the � nished
product.
nd

FSIS Rule Designed to ReduceListeria monocytogenes
in Ready-to-Eat Meat and Poultry
Up until 2003, most laws and regulations related to the
microbial safety of meat and poultry products focused on
zoonotic pathogens, such asSalmonellaand E. coli. In 2003,
however, in recognition of issues of postprocess contamination
of ready-to-eat (RTE) meat, poultry, and processed egg prod
ucts, FSIS issued a rule to reduce the likelihood of contami
nation with the ubiquitous Gram-positive pathogen,
L. monocytogenes. In the early part of the decade, USDA FSIS an
FDA collaborated on a risk assessment ofL. monocytogenesin
RTE foods, which examined the relative risk of 23 food cate
gories, of which � ve were regulated by USDA FSIS. The ris
assessment identi� ed three of these USDA-regulated products
(deli meats, unheated frankfurters, and pate/meat spreads) a
having the highest relative risk of causing listeriosis on a pre
serving basis.

Although RTE processors were already subject to HACC
this rule speci� es options for compliance and directs� rms to
update their HACCP plans and SSOPs with the objective o
controlling L. monocytogenes.

FSIS laid out three options for manufacturers and stated
that the level of scrutiny FSIS would apply (through veri� -
cation) would be driven by the option selected, with � rms
that relied solely on sanitation being subject to the most
stringent veri� cation requirements. As stated in the rule,
“ the alternatives that establishments will have to select from
are:

l Alternative 1 – Employ BOTH a postlethality treatment
AND a growth inhibitor for Listeria on RTE products.
Establishments opting for this alternative will be subject to
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FSIS veri� cation activity that focuses on the postlethality
treatment effectiveness. Sanitation is important but is built
into the degree of lethality necessary for safety as delivere
by the postlethality treatment.

l Alternative 2 – Employ EITHER a postlethality treatment
OR a growth inhibitor for Listeria on RTE products.
Establishments opting for this alternative will be sub-
ject to more frequent FSIS veri� cation activity than for
Alternative 1.

l Alternative 3 – Employ sanitation measures only. Estab-
lishments opting for this alternative will be targeted with
the most frequent level of FSIS veri� cation activity. Within
this alternative, FSIS will place increased scrutiny on oper
ations that produce hotdogs and deli meats. In a 2001 risk
ranking, FSIS and the Food and Drug Administration
identi � ed these products as posing relative high risk fo
illness and death.
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Testing for Non-O157 Shiga Toxin–ProducingE. coli
As food microbiologists know, microorganisms readily swap
genetic information, adapt to their environments, and evolve
so as to require a continual reevaluation of the list of pathogens
of concern by the scienti� c and regulatory communities. In the
1990s, the identi� cation of E. coli O157:H7 resulted in the
issuance of rules to control that pathogen, and in 1996, FSIS
declaredE. coliO157:H7 an adulterant in ground beef, which
was an unusual step in a product that is designed to be cooked
before consumption.

In September 2011, USDA FSIS extended the zer
tolerance policy and announced that they would begin in
2012 testing raw beef trim for an expanded array ofShiga
toxin–producing E. colis (STECs), speci� cally O26, O45,
O103, O111, O121, and O145. This announcement does not
require immediate action on the part of the food industry, as
testing will be conducted by the FSIS, not producing� rms.
We can expect that the results of FSIS testing (which applies
both domestic and imported raw beef manufacturing trim-
mings), however, could be used to drive future regulations.
The USDA has expressed their intent to test beef products i
addition to trim. Currently, the presence of these pathogens
renders the product legally ‘adulterated’, and it is not yet
obvious how the controls identi � ed in HACCP plans that
addressE. coli O157:H7 would differ to control a broader
array of STECs.

This announcement also re� ects progress in testing for
contaminants. Rather than the visual inspection of 100 years
ago, or the use of plating during decades past, FSIS testin
consists of screening for theShigatoxin gene (stx) and for the
intimin gene (eae), as well as screening for all the targe
O-groups (O26, O45, O103, O111, O121, and O145).
y

US Department of Health and Human Services

As mentioned previously, there are two main agencies within
DHHS with a role in food safety: FDA and CDC. Both the
agencies have a public health mission, but FDA has regulator
authority, whereas CDC is strictly focused on public health and
does not regulate food.
Centers for Disease Control and Prevention

Although this chapter is dedicated to regulations affecting food
microbiology in the United States, it is important to under-
stand the critical role that the CDC, as a public health agency
plays with respect to food microbiology and safety. Although
many acts of Congress and agency-issued rules related to foo
microbiology stem from visible food safety events, such as
outbreaks, it is critical to maintain scienti� c data on the public
health burden of microbial food safety issues both to watch for
trends (and put measures in place to control emerging hazards
as well as monitor progress that is made as a result of new law
and regulations. The CDC plays a lead role in foodborne
disease surveillance.

The CDC coordinates reports of foodborne illness from
select locations in the United States through a system calle
FoodNet. FoodNet shows the actual number of cases of food
borne illness for several major pathogens on an annual basis
and can be extrapolated to get a sense of the number o
reported cases of illness in the country.

The CDC also manages a system called PulseNet. Upo
receipt of cultures of foodborne pathogens, state laboratories
‘� ngerprint’ isolates using pulsed-� eld gel electrophoresis and
upload the images to a database. The CDC scans these imag
looking for patterns. PulseNet is a powerful tool that can
identify multistate outbreaks quickly, when only a few cases
exist around the country.
Food and Drug Administration

The FDA regulates approximately 85% of the food products US
consumers eat. As such, there are a multitude of laws passed
Congress that provide the FDA with the authority to regulate
this vast array of products. The FDA has issued numerou
regulations, although only a few relate explicitly or primarily to
microbial food safety. The FDA also collaborates with partners
to develop model codes to aid states in regulating food prod-
ucts that are not in interstate commerce (and thus not regulated
by FDA).

Pure Food and Drug Act
The FDA was born out of public concern related to the adul-
teration of food. When the Pure Food and Drug Act was
established in 1906 (notably, the same year as the Federal Mea
Inspection Act), adulteration by pathogens was not recognized
Rather, the focus was on the intentional addition of substances
that were at best defrauding customers and at worst intro
ducing poisonous agents into products. The act made it illega
to put misbranded or adulterated foods or drugs into interstate
commerce.

The Pure Food and Drug Act placed more emphasis on
some products than others, and in those early days of food
safety regulation, many cases of foodborne illness were linked
to milk. In 1924, the US Public Health Service developed
a model regulation known as theStandard Milk Ordinance. The
FDA (and the federal government in general) is permitted to
regulate products only in interstate commerce. Milk produc-
tion, especially at that time, was extremely localized and was
regulated primarily by states. Still there was obvious value in
having consistent safety and quality standards, thus the
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development of the model regulation, followed in 1927 by the
development of a model code, which could be voluntarily
adopted by states. In 1965, this evolved into the Grade A
Pasteurized Milk Ordinance (PMO). The PMO, as it is known,
continues to be revised every few years to re� ect advances in
knowledge and technology. The PMO is extremely focused on
the microbiology of milk, and the use of processes, namely
pasteurization, for the control of pathogens and spoilage
organisms.

The Federal Food, Drug, and Cosmetic Act
The standing piece of legislation governing the production of
most foods that will be consumed in the United States (with
the exception of meat, poultry, and processed egg products) i
the Federal Food, Drug, and Cosmetic Act of 1938 (FFDCA)
Like other pieces of legislation, this act was developed in
response to a public health issue (one associated with drug
rather than food) that revealed de� ciencies in the 1906 act. The
1938 act was more comprehensive than the 1906 act and als
provided the FDA with additional enforcement authority. Over
the years, this act has been amended several times to re� ect new
information and thinking. The amendments have � lled gaps in
the FDA’s authorities, but the act still serves as the primary law
governing the FDA-regulated portion of the food supply.
Although the act made it illegal to adulterate food and
provided the FDA with the authority to penalize violators, the
original act was not focused on the microbiological safety of
foods. Surprisingly, until recently, most amendments– with
a few notable exceptions, such as low-acid canned foods, se
food, and juice – related more to administrative authorities. An
explicit charge to protect all foods against microbial hazards
was not apparent until the passage of the FDA Food Safet
Modernization Act in 2011.

Thermally Processed Low-Acid Foods Packaged in Herme
Sealed Containers
As noted, the initial FFDCA largely neglected issues of micro
bial food safety. By the mid-1970s, however, botulism associ-
ated with commercially canned products was a public health
concern requiring regulatory attention. The processing
requirements for low-acid canned foods (foods in which
Clostridium botulinumcan germinate and produce toxin in an
anaerobic environment) are speci� ed in Title 21 of the Code of
Federal Regulations (CFR), Section 113. Although this is no
referred to as HACCP, there are clear critical control point
(retorting) to eliminate the hazard of concern (C. botulinum).
,
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FDA Food Code

Similar to the regulation of dairies within a state, regulatory
authority for food-service establishments lies with the states in
which the establishment resides. The bene� ts of science-based
standardized requirements are obvious. With input from
a group called the Conference for Food Protection, since 1993
the FDA has drafted a model food code that states can adopt in
whole or in part. As of July 2011, 49 of the 50 US states had
adopted a version of the food code from 1993 or later, repre-
senting about 96% of the US population. Currently, the food
code is updated every 4 years. Although microbiological levels
are not explicitly set in the model food code, an emphasis on
lly

time and temperature requirements is driven by the basics o
microbial growth and death, and protecting foods from
contamination is a clear objective of the code.

Seafood HACCP
The � rst explicit requirement for the HACCP system of
prevention was issued in late 1995 in 21 CFR 123, when FDA
required HACCP for ‘all aquatic animal life, other than birds
and mammals, used as food for human consumption’. The CFR
provides a comprehensive set of instructions regarding how
seafood processors should approach HACCP, and the FD
provides substantial technical detail, including microbial
hazards of concern, in accompanying guidance documents, th
most important of which, ‘Fish and Fishery Products Hazards
and Controls Guidance,’ 4th edition,was updated in late 2011.

HACCP Procedures for the Safe and Sanitary Processing
and Importing of Juice: Final Rule
The FDA, in 2001, required HACCP for juice processors. Onc
again, this regulation was linked readily to a public health issue
of the day, in this instance the deadly 1996 outbreak ofE. coli
O157:H7 associated with unpasteurized apple juice. Until this
time, it was thought that the acidic pH of apple and other juice
products was suf� cient to control pathogens in such products.
As stated, however, organisms adapt and scienti� c knowledge
advances, and the scienti� c community realized that pH alone
was insuf� cient to control pathogens of concern in juice. The
rule requires a 5-log reduction in the ‘pertinent pathogen’
(generallySalmonellaor E. coliO157:H7) using any technology
or combination of processing technologies demonstrated
(‘validated’ to use HACCP terminology) to be effective.

Egg Safety Rule
As stated, USDA FSIS has regulatory authority over process
egg products. The FDA regulates intact shell eggs. The Egg Sa
Rule was in development for roughly a decade and ultimately
went into effect in 2009. The rule re� ects the increased scienti� c
understanding of the risks associated with shell eggs and th
ability of SalmonellaEnteritidis to be present within the intact
egg, shifting controls from washing eggs after they are laid to
on-farm environmental controls and controls of feed. Addi-
tionally, the rule requires time and temperature controls.

Food Safety Modernization Act
For the past several decades, food manufacturers have invest
substantial resources to ensuring that food is free from microbial
pathogens. It took more thana century, however, after the passag
of the original food safety legislation to codify the requirements
around microbial food safety. The 2011 FDA Food Safety
Modernization Act (FSMA) is widely recognized as the most
sweeping overhaul of FDA food programs since its inception.

The FSMA, which became law in 2011, contains severa
provisions that give the FDA new authority and place new
requirements on those involved in the supply chain. The law is
extremely broad and encompasses numerous components o
food safety. Thus, it is dif� cult to point to a single incident that
drove the development of the act. Rather, in the years before it
passage, the United States experienced numerous outbrea
associated with a variety of food products, each of which
demonstrated that a new approach to food safety was needed
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Much of what is in FSMA was driven by public health issues
however, such as the 2006 spinach-relatedE. coli O157:H7
outbreak; the 2008–09 Salmonellain peanut butter and peanut
paste outbreak; and, with regard to imports, the deliberate
contamination of wheat gluten with the chemical melamine and
its breakdown products.

Although the 1938 FFDCA, and subsequent amendments
made the sale of adulterated food illegal and gave the FDA
enforcement authority, the FSMA substantially shifts the FDA’s
approach from one of being reactive to food safety events (a
much of the prior legislation and rulemaking was) to being
proactive in trying to prevent problems from occurring.

Several sections of the FSMA address microbial food safet
Chief among these isSection 103, Hazard Analysis and Risk-Ba
Preventive Controls, which requires food companies to explicitly
assess and control microbial food safety hazards, as well a
chemical, physical, and other hazards.

Although several FDA-regulated industries have bee
required to practice HACCP or some other formal preventive
controls (e.g., juice, seafood, low-acid canned foods), the FSM
enables the FDA to require the same philosophy of prevention
to all FDA-regulated food products, both human and animal.

Section 103 of the FSMA focuses on two related element
hazard analysis and preventive controls. As de� ned in the act,
the process to conduct a hazard analysis mimics the HACC
approach and is inclusive of biological as well as other hazards
The FSMA goes beyond HACCP, however, to require register
facilities to take a more comprehensive approach to food safety
Preventive controls are those‘risk-based, reasonably appropriate
procedures, practices, and processes that a person knowledg
able about the safe manufacturing, processing, packing, o
holding of food would employ to signi � cantly minimize or
prevent the hazards identi� ed under the hazard analysis’.

According to the FSMA, anyone who manufactures
processes, packs, distributes, receives, holds, or imports (e.
registered� rms) is subject to the preventive control require-
ments, regardless of the speci� c food they handle. All registered
facilities will be required to conduct a hazard analysis, imple-
ment preventive controls, and develop a food safety plan to
document monitoring, correction, and veri� cation of preven-
tive controls. Although there are some exemptions, for
example, farms, restaurants, and retail facilities, this section ha
a much wider impact on the breadth of the food industry than
any of the other HACCP rules previously issued by the FDA.

Section 104 of the FSMA gives the FDA the opportunity to
implement performance standards, which could relate to the
levels of speci� c microorganisms in speci� c foods. At least
every 2 years, the FDA will review and evaluate relevant data t
determine which foodborne contaminants pose the greates
risk and, as appropriate, issue guidance documents and actio
levels. Registered facilities need to verify that their preventiv
controls are adequate and effective to deal with the hazard
identi � ed.

A new twist on microbial food safety is re� ected in Section
106, Protection Against Intentional Adulteration. The contam-
ination of the US Postal System withBacillus anthracisopened
the eyes of the US public, as well as government of� cials, to the
possibility of the deliberate addition of microorganisms as well
as chemicals or other contaminants to food. With that, the
FSMA requires the FDA to conduct an assessment an
d

determine where mitigation strategies are necessary for prote
tion against intentional adulteration. Intentional adulterants
could include any array of substances that could be added to
food deliberately. Some of the microorganisms of concern are
those typically associated with food, but it is recognized that
any number of microbes could be used, including those for
which little is known about their behavior in food systems (e.g.,
acid tolerance, heat tolerance,D and z values). Although the
FSMA directs the FDA to address issues of intentiona
contamination of the food supply, in the event of an attack, the
Department of Homeland Security as well as a host of other
federal agencies would play a lead role, as noted.

Although Section 202, Laboratory Accreditation for Analyses
of Foods, does not directly specify standards for microbial food
safety, it is relevant for food microbiologists evaluating food
samples. Within 2 years, the FDA must develop a program fo
laboratory accreditation for those labs conducting regulatory
testing (such as testing products for which an import alert
exists). The model standards will include methods to ensure tha
appropriate sampling, analytical procedures, and commercially
available techniques are followed; reports and analyses ar
certi� ed as true and accurate; internal quality systems ar
established and maintained; procedures exist to evaluate an
respond promptly to complaints regarding analyses and other
activities for which the laboratory is accredited; and individuals
who conduct the sampling and analyses are quali� ed.
Summary

The science of food safety is continually changing and updat
ing. New laboratory tests, improvements in genetic testing, and
a greater reliability of epidemiology have resulted in better
ways to detect and to identify foodborne pathogens and to link
illnesses with speci�c food products. As we come to understand
the relationships among pathogens, foods, and illness, and a
organisms continue to evolve and adapt, rules and regulations
will continue to be developed to address newly identi� ed
hazards and their associated risks.

See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical and Modern Identi�cation
Techniques:Food-Poisoning Microorganisms;Escherichia
coli: Detection of Enterotoxins ofE. coli;Hazard Appraisal
(HACCP):The Overall Concept;Hazard Analysis and Critical
Control Point (HACCP):Critical Control Points;Hazard
Appraisal (HACCP):Involvement of Regulatory Bodies;Hazard
Appraisal (HACCP):Establishment of Performance Criteria;
Introduction to Molecular Biology (Omics) in Food
Microbiology;DNA Fingerprinting:Pulsed-Field Gel
Electrophoresis for Subtyping of Foodborne Pathogens.

Further Reading

www.fda.gov.
www.fsis.usda.gov.
Title 21 Code of Federal Regulations.
www.foodsafety.gov.
www.cdc.gov/foodsafety.
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Introduction

Fungi and bacteria cause a wide range of plant diseases. Plan
defend themselves from invading pathogens by a combination
of physiological and induced mechanisms. Induced defense
mechanisms operate only in response to infection. Many
defense mechanisms of plants against pathogen involve th
production of secondary metabolites, which may be physio-
logical and constitutive phytoanticipins or inducible phyto-
alexins. The difference between phytoalexin and
phytoanticipin is not always distinguishable, and some
compounds may be phytoalexins in one species and phy
toanticipins in others. Phytoalexins are low-molecular-weight
antimicrobial compounds biosynthesized de novoby plants in
response to diverse forms of stress, including microbial attack
In some cases, the mechanisms of resistance to pathogens a
well understood: for example, phytoalexins are producedde
novoby plants in direct response to several pathogens. Mor
phytoalexins can accumulate at the right time, concentration,
and location to be effective in resistance. Virulent microor-
ganisms usually tolerate higher concentrations of phytoalexins
than avirulent strains; this difference is usually due to the
ability of the virulent strain to degrade the phytoalexin.
Phytoalexins constitute a chemically heterogeneous group o
substances, such as iso�avonoids, sesquiterpenoids, poly-
acetylenes, and stilbenoids. Chemical structures of phyto
alexins are generally related within a plant family. Many of the
phytoalexins from Leguminosaefamily plants have an iso-
�avonoid skeleton, Cruciferaefamily plants produce indole
alkaloids, and cereals produce mostly cyclic hydroxamic acid
and diterpenoids, whereas plants of theSolanaceaefamily
produce sesquiterpenoids and polyacetylenes. Stilbenoid
phytoalexins have been isolated from a different plant, that is,
the Vitaceaefamily.
0 Encyclopedia of Food
Range of Antimicrobial Compounds in Plants

A variety of substances isolated from plants, phytoanticipins
(compounds (1) –(13) ) shown in Figure 1 with chemical
structures, have been reported as having signi�cant antimicro-
bial activity.
Avocado

In the peels of unripe avocado fruits, a long-chain diene,cis,
cis-1-acetoxy-2-hydroxy-4-oxo-heneicosa-12,15-diene (1), has
antifungal activity toward Colletotrichum gloeosporioides, which
causes disease in a number of tropical crops. During ripening
the concentration of the diene falls rapidly, possibly because of
the action of lipoxygenase, the activity of which increases
Lesions may then develop in the plant.
Garlic

The antibacterial and antifungal activity of garlic is attributed
to allicin ( 2), a thio-2-propene-1-sulphinic acid S-allyl ester
produced from alliin catalyzed by alliinase in damaged
tissues. Allicin is unstable, although its aqueous extract is
stable. The major biological effect of allicin is attributed to
its antioxidative activity and its rapid reaction with thiol-
containing proteins. Allicin inhibits the SH-protease papain,
NADPþ -dependent alcohol dehydrogenase from Thermoa-
naerobium brockiiand the NADþ -dependent alcohol dehy-
drogenase from horse liver. All three enzymes can b
reactivated by thiol-containing compounds: papain
by glutathione; alcohol dehydrogenase from T. brockii by
dithiothreitol or 2-mercaptoethanol; and alcohol dehydro-
genase from horse liver by 2-mercaptoethanol. Peroxy
radical-trapping activity of garlic is primarily thought to be
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00239-1

http://dx.doi.org/10.1016/B978-0-12-384730-0.00239-1
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(13)(12)

(10) (11)(8)

(7)(6)
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Figure 1 Structural diversity of antimicrobial compounds (phytoanticipins) synthesized by various plants:(1) cis, cis-1-acetoxy-2-hydroxy-4-oxo-
heneicosa-12,15-diene (avocado);(2)allicin (garlic);(3)5,40-dihydroxy-6,7,8,30-tetramethoxy� avone (citrus);(4) (� )-epigallocatechin gallate (tea);
(5)(� )-epicatechin gallate (tea);(6)(þ )-gallocatechin gallate (tea);(7)avenacin A-1 (oat);(8)solanine (potato);(9)a-tomatine (tomato);(10)chromene
(matico;Piper aduncum); (11)DIMBOA (wheat);(12)batatasin IV (yam);(13)chlorogenic acid (tobacco).
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the result of 2-propenesulfenic acid formed by the decom-
position of allicin.
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Citrus

Several species of citrus trees, including mandarin an
grapefruit, are resistant toDeuterophoma tracheiphila, a fungus
that causes one of the most destructive diseases of citru
trees, mal-secco. Fungistatic� avones, such as nobiletin,
tangeritin, and 5,40-dihydroxy-6,7,8,30-tetramethoxy � avone
(3) , have been obtained from tangerine or mandarin orange
peels.
Tea

The green tea plant, Camellia sinensis, has antibacterial
and antiviral activity in vitro. This is attributed to catechins,
which are polyphenol compounds. Tea polyphenols, espe-
cially epigallocatechin gallate(4) , epicatechin gallate(5) , and
gallocatechin gallate(6) , inhibit the growth and adherence of
Porphyromonas gingivalisonto buccal epithelial cells.

Gallocatechin gallate is the ester of gallocatechin and galli
acid, and it is a type of catechin. A catechin is an epimer o
epigallocatechin gallate. In a high-temperature environment,
an epimerization change is likely to occur, because heating
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results in the conversion from epigallocatechin gallate to gal-
locatechin gallate. Epigallocatechin gallate is the most abun
dant catechin in most green tea. Catechins deactivate protein
and affect the membrane of the target cell. Catechins ar
much more active against Gram-positive than Gram-negative
bacteria, probably because of the protective outer membrane o
Gram-negative bacteria. Catechin oligomers are synthesize
during the manufacture of oolong tea. These catechin oligo-
mers markedly inhibit the glucosyltransferase ofStreptococcu
mutans.
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Oat

Avenacin A-1 (7) , one of the triterpenoid saponin avenacins
(A-1, A-2, B-1, B-2), is found most abundantly in the roots of
oat plants (Avena sativa), although the high content of A-1
relative to A-2 in young roots shifts to the same level as the roo
ages. These avenacins are mainly concentrated in the epiderm
layers. Avenacins are highly effective against a major pathoge
of cereal roots and are responsible for resistance to the fungu
Gaeumannomyces graminisvar. tritici, a major pathogen of wheat
and barley.
e
t
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Potato and Tomato

Solanine(8) from potato ( Solanum tuberosum) and a-tomatine
(9) from tomato ( Solanum lycopersicum) are both steroidal
saponins. They contribute to the protection of the plants
against attack by phytopathogenic fungi.In vitro, both sola-
nine and tomatine caused the disruption of model
membranes, possibly by the insertion of the aglycone moiety
into the lipid bilayer. Solanine is toxic and has fungicidal and
pesticidal properties, and it is one of the plant’s natural
defenses. It can occur naturally in any part of the plant,
including the leaves, fruits, and tubers. Tomatine, which has
fungicidal properties, is toxic and found in the stems and
leaves of tomato plants. Some microbes produce an enzym
called tomatinase, which can degrade tomatine, rendering i
ineffective as an antimicrobial.
s
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Others

Chromene (10) is a benzopyran that results from the fusion of
a benzene ring to a heterocyclic pyran ring, isolated from plant
Piper aduncumand having antibacterial activity. DIMBOA
(11) (2,4-dihydroxy-7-methoxy-2H 1,4-benzoxazin-3(4H)-one)
is a benzoxazinoid, present in maize, wheat, and rye and serves a
part of the chemical defense system of graminaceous plant
against European corn borer larvae and other pests. The high
level is found in young seedling and decreases as the plant age
Batatasin IV(12) is bibenzyl phytoalexin isolated only from the
� esh of white yam (Dioscorea rotundata) infected with Botryodi-
plodia theobromae, although I, III, and V occur in dormant bulbils
of Chinese yam (Dioscorea batatas) and maintain the natural
dormancy induction resulting from the inhibition of photosyn-
thesis and respiration. Chlorogenic acid(13) , hydroxycinnamic
acid ester, was found in tobacco (Nicotiana tabacum), coffee bean,
and bamboo (Phyllostachys edulis) and has antifungal and anti-
bacterial effects with relatively low toxicity. This acid is an
important intermediate in lignin biosynthesis.
Reduction of Spoilage by Antimicrobial Compounds

The antimicrobial activities of preformed defense compounds
have been testedin vitro. It is unclear whether they are all
important in conferring resistance to pathogens, but the roles
of some physiological antimicrobial compounds are well
understood.
Avenacins

Avenacins, including avenacin A-1(7) are triterpenoid sapo-
nins found in oat plants. The antifungal activity of avenacin is
associated with its ability to form complexes with sterols
present in fungal membrane leading to pore formation and loss
of membrane integrity. The localization of avenacin A-1 in the
epidermal cell layer of oat root tips and in the emerging lateral
root initials, suggests a role as a chemical barrier. They confe
resistance to the fungusG. graminisvar. tritici, but oat plants are
susceptible toG. graminisvar. avenae. The latter secretes extra
cellular glycosidase, avenacinase, which detoxi� es avenacins by
the removal of the terminal D-glucose residues from their
carbohydrate chain, thus altering the amphiphatic properties of
these saponins. Disruption of the gene encoding the enzyme
by homologous recombination, gives avenacinase-negativ
mutants, which are sensitive to avenacin A-1 and are no
pathogenic to oat plants.
a-Tomatine

a-Tomatine (9) is a saponin found in tomato plants, in high
concentrations (0.04%). This is accumulated in healthy plants
in its biologically active form. Successful pathogens of tomato
are more resistant toa-tomatine in vitro because of their ability
to break down a-tomatine using the enzyme tomatinase.Sep-
toria lycopersiciproduces tomatinase, an extracellular enzyme
that hydrolyzes a-tomatine to b2-tomatine, which is less toxic
to the fungus. Cladosporium fulvumis sensitive to a-tomatine
and cannot break it down. The content ofa-tomatine has been
correlated with the resistance to the tracheomycosis (vascula
diseases) caused byFusarium oxysporumf. sp. lycopersiciand
Verticillium albo-atrumas well as with the foliar pathogen
C. fulvum. F. oxysporumf. sp. lycopersiciis able to degrade
a-tomatine into tomatidine and lycotetraose. Both tomatidine
and lycotetraose inhibit the oxidative burst and hypersensitive
cell death in suspension-cultured cells. Tomatinase is required
not only for detoxi � cation of a-tomatine but also for
suppression of induced defense responses of the host. Whe
tomatinase cDNA originated from the fungusS. lycopersiciwas
expressed in C. fulvum, the tomatinase-producing trans-
formants showed increased sporulation on the cotyledons of
susceptible tomato plants and caused extensive infection o
resistant tomato plants. Thus,a-tomatine contributes to the
tomato plant ’s ability to restrict the growth of C. fulvum.
Streptomyces scabiespossesses a functional tomatinase.
Response of Plants to Infection

Differing from phytoanticipins, phytoalexins are not detectable
in uninfected plant tissues and are synthesized inducibly by
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plants in response to infection by a microbial pathogen.
Phytoalexins are antimicrobial metabolites of low molecular
weight. The great variety of phytoalexins (compounds
(14) –(36) ) isolated from diverse plants in the families Legu-
minosae, Cruciferae, Solanaceae, Vitaceae, and others are show
in Table 1, indicating that their chemical structures are gener
ally related within a plant family. Their chemical structures are
shown in Figures 2 and 3.

Cellular concentrations of sesquiterpenoid phytoalexins in
leaves of cotton, responding to the bacterial pathogenXantho-
monas campestris, were signi� cantly higher than that required to
effectively inhibit the pathogen growth in vitro. Phytoalexins
accumulate at the sites of infection in concentrations, which are
inhibitory to the development of fungi and bacteria. Similari-
ties exist between the phytoalexins of plants within the same
family. For example, more than 80% of the phytoalexins
reported in the Leguminosaefamily are iso� avonoid derivatives
– plants in this family have not been reported to produce ses-
quiterpenoid phytoalexins, and those in the Solanaceaefamily
have not been reported to produce iso� avonoid phytoalexins.

In the Leguminosaefamily, glyceollin (14) from soybean,
medicarpin (15) and maackiain(16) from chickpea and alfalfa,
Table 1 Phytoalexins synthesized by various plants classied in

Phytoalexins Structure

Glyceollin(14) Iso� avonoid
Medicarpin(15)
Maackiain(16)
Pisatin(17)
Kievitone(18)
Phaseollin(19)
Wyerone(20) Furanoacetylene

Brassinin(21) Indole
Brassilexin(22)
Camalexin(23)

Capsidiol(24) Sesquiterpenoid
Lubimin(25)
Rishitin(26)

Phytuberin(27)

Resveratrol(28) Stilbenoid
a-Viniferin(29)

Oryzalexin(30) Diterpenoid
Momilactone(31)
Sakuranetin(32) Flavanoid
Betavulgarin(33) Iso� avonoid

6-Methoxymellein(34) Isocoumalin
Aucuparin(35) Biphenyl
Elemental sulfur(36) Sulfur

Data from Dixon, R.A., 2001. Natural products and plant disease resis
and detoxi� cation of phytoalexins and analogs by phytopathogenic fun
and pisatin (17) from pea are iso� avonoid phytoalexins.
Kievitone (18) and phaseollin (19) from French bean are also
iso� avonoids and restrict the colonization of Colletotrichum
lindemuthianum, the causal agent of bean anthracnose, in resis
tant hosts with these. Exceptionally, broad bean induces anti
microbial furanoacetylenic compound, wyerone(20) . Similarly,
most of the phytoalexins of family Cruciferae, including brassi-
nin (21) and brassilexin(22) from cabbage and camalexin(23)
from Arabidopsis, have indole skeleton derived from tryptophan
(anthranilate or indole) and sulfur. Brassinin and brassilexin
show the strongest antifungal activity againstPhoma lingam,
although camalexin inhibited strongly the mycelial growth of the
fungal pathogen Rhizoctonia solani. The camalexin-susceptible
pathogens induce much higher accumulation of camalexin than
camalexin-tolerant pathogens. This accumulation shows tha
camalexin is an important defense response inArabidopsisagainst
Botrytis cinerea. In family Solanaceae,capsidiol (24) from tobacco,
lubimin (25) from potato, rishitin (26) from potato and tomato,
and phytuberin (27) from potato are all sesquiterpenoids. In the
Vitaceaefamily, the phytoalexins including resveratrol(28) and
its oligomers a-viniferins (29) belong to the stilbene family and
are synthesized as a general response to fungal attack. In t
�to families

Plant species

FamilyLeguminosae
French bean (Phaseolus vulgaris), Soybean (Glycine max)
Chickpea (Cicer arietinum), Alfalfa (Medicago sativa)
Chickpea (Cicer arietinum), Alfalfa (Medicago sativa)
Pea (Pisum sativum)
French bean (Phaseolus vulgaris)
French bean (Phaseolus vulgaris)
Broad bean (Vicia faba)

FamilyCruciferae
Cabbage (Brassica oleracea), Japanese radish (Raphanus sativus)
Cabbage (Brassica oleracea)
Thale cress (Arabidopsis thaliana)

FamilySolanaceae
Tobacco (Nicotiana tabacum), Chili pepper (Capsicum annuum)
Potato (Solanum tuberosum)
Potato (Solanum tuberosum), Tomato (Lycopersicon esculentum)
Tobacco (Nicotiana tabacum)
Potato (Solanum tuberosum)

FamilyVitaceae
Grape (Vitisvinifera), Peanut (Arachis hypogea)
Grape (Vitis vinifera)

FamilyGramineae
Rice (Oryza sativa)
Rice (Oryza sativa)
Rice (Oryza sativa)
Sugar beet (Beta vulgaris)

Others
Carrot (Daucus carota)
Apple (Malus pumila)
Cocoa (Sterculiaceae), Tomato, Tobacco (Solanaceae),
Cotton (Malvaceae), French bean (Leguminosae)

tance. Nature 411, 843–847; Pedras, M.S.C., Ahiahonu, P.W.K., 2005. Metabolism
gi. Pytochemistry 66, 391–411.
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Figure 2 Chemical structures of phytoalexins (compounds14–27), which are listed and grouped inTable 1; (14)glyceollin I;(15)medicarpin;
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(26)rishitin;(27)phytuberin.
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Gramineaefamily, rice (Oryza sativa) is especially attacked by
Pyricularia oryzae, producing the diterpenoids, oryzalexin (30)
and momilactone (31), while the sakuranetin (32) produced
from rice is a methylated � avanoid and the betavulgarin (33)
produced from sugar beet is an iso� avonoid. Other types of
phytoalexin, including 6-methoxymellein (34) , aucuparin(35) ,
and elemental sulfur (36) are listed.

Sakuranetin(32) , which is a major inducible antimicrobial
metabolite in rice leaves, accumulates constitutively in the
leaf glands of blackcurrant. In cases in which a constitutive
metabolite is produced in larger amounts, after infection, its
status as a phytoalexin would depend on whether or not the
constitutive concentrations were suf� cient to be antimicrobial.
Interestingly, phytoalexins accumulate in both resistant and
susceptible hosts at the same concentrations, although with
a different kinetics, thus pointing out that their ef� cacy strictly
depends on the timing of their synthesis at the infection site.

Microbial infection can induce other plant defense
responses, for example, the synthesis of proteinase inhibitor
and the accumulation of hydroxyproline-rich glycoproteins.
These defense responses can be induced by compounds know
as ‘elicitors,’ recently designated as pathogen- or microbe
associated molecular patterns (PAMPs or MAMPs).
Role of Microbe-Associated Molecular Patterns

Plants possess an innate immune system that ef�ciently detects
and wards off potentially dangerous microbes. The� rst step of
this system is based on the perception of MAMPs through
pattern recognition receptors at the plant’s cell surface. MAMPs
originated from microbes can induce dynamic resistance to
pathogens in plants that have its receptor. MAMPs are funga
and bacterial extracellular oligopeptide or oligosugar units
recognized by host’s receptors and are produced when plan
cells are damaged by microbial infection. Their production is
the result of the action of plant hydrolases, released by necrotic
plant cells, on the pathogen.

Various bacterial and fungal MAMPs have been identi� ed
and classi� ed into oligopeptides, oligosugars, and so on. First,
b-oligoglucan belonging to oligosugars was reported from
mold Phytophythora. Flg22 (conservedN-terminal domain in
bacterial � agellin), elf18 (Tu domain of elongation factor 2),
csp15 (cold shock protein), and pep-13 (cell wall trans-
glutaminase) belong to oligopeptides. The host plant then
recognizes the MAMP molecule by means of a plasma
membrane receptor, which ultimately results in the synthesis of
antimicrobial compounds (phytoalexins) by healthy tissue.
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Plant cells are capable of responding to MAMPs in a specie
speci�c manner. MAMPs-binding proteins function as recep-
tors, transmitting extracellular signals, which in turn cause the
activation of nuclear genes.

Infection of the soybean plant by the phytopathogenic
fungus Phytophythora megaspermaresults in the attack of the
fungal cell wall by b-1, 3-glucanase, contained in the host
tissue. As a result,b-glucan, smallest molecule, hepta-b-glucan,
is released, and this initiates the accumulation of phytoalexin
by the plant. The receptor for oligoglucan isb-glucan elicitor-
binding protein (GEBP), and GEBP binds with glucan and
endo-1, 3-b-glucanase activity. Parsley leaves develop a reactio
againstP. megasperma, which is typical of this plant species. The
response includes hypersensitive cell death, defense-relat
gene activation, and synthesis of the phytoalexin fur-
anocoumarin. An oligopeptide (pep-13) of 13 amino acids,
identi � ed within a 42 kDa glycoprotein, calcium-dependent
transglutaminase, from P. megasperma, has been shown to
stimulate phytoalexin formation in parsley.

Figure 4 summarizes current knowledge about the percep
tion and transduction of MAMP signals in Arabidopsis thaliana.
The bacterial oligopeptide� g22 binds to its receptor FLS2 (elf18
to receptor EFR). These receptors’ domain, located in the outside
plasma membrane, have a leucine-rich repeat (LRR) domain
The receptor kinase (RLK) domain, which has serine and thre
onine kinase activity, is located in the inside plasma membrane
The ion channels (CNGCs/GLRs) for Hþ , Caþþ , Kþ , and Cl� in
the plasma membrane are affected by binding � ag22 to
receptor. The absence of Caþþ from the culture medium, or the
addition of calcium channel blockers, inhibits not only the � ux
of calcium ions but also phytoalexin production, indicating that
calcium channels are involved in MAMPs-mediated signa
transduction. MAMPs-speci� c, calcium-dependent phosphory-
lation of several proteins has been demonstratedin vivo. The
phosphorylated proteins may be involved in the expression of
defense-related genes inA. thaliana. FLS2 recognizing� g22
propagates the signal to the nucleus through the mitogen-
activated protein kinase (MAPK) cascades, which promotes th
defending response. Recently, FLS2 has been reported to
moved intracellularly to close stomata.

These defense systems related to MAMPs are general
plants attacked by nonpathogenic microbes. In cases of attac
by plant pathogens, pathogens can produce effectors in th
plants to suppress plant’s response, which is called PAMP
triggered immunity (PTI). This ability of microbial pathogens
to suppress PTI is important as a key virulence strategy. The
effectors target several steps of MAMP perception, for exampl
the MAPK cascade, RNA metabolism, vesicle traf� c, regulators
of PTI, and chloroplast function. Against this, plants have
evolved host resistance (R) proteins recognizing these effector
including avirulence (AVR) activity, to defend themselves.
Phytoalexin Biosynthesis

The biosynthetic pathways of a plant’s natural antimicrobial
compounds look complex and diverse, but they are systemic
The complete biosynthetic routes of several phytoanticipins or
phytoalexins have been elucidated. The biosynthetic relation
ships between these products and related main enzymes a
shown in Figure 5. These compounds are mainly produced
via three routes, namely the phenylpropanoid, isoprenoid, and
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alkaloid pathways. Aromatic compounds, tyrosine, phenylala-
nine, and tryptophan or indole, produced via shikimic acid
derived from phosphoenolpyruvate from glycolysis and
erythrose 4-phosphate from pentose phosphate pathway, and
mevalonate produced via acetyl CoA, are precursors or ke
intermediate in de novobiosynthesis of phytoanticipins or
phytoalexins.

Phytoalexins originated from family Leguminosaeinclude
iso� avonoids (C6e C3e C6), phenylpropanoid with a basic
phenol–propane skeleton, mainly including glyceollins (14) ,
medicarpin (15) , maackiain (16) , and pisatin (17) . An
important reaction in the biosynthesis of these compounds is
the formation of the essential intermediate 4,20,40-trihydrox-
ychalcone (chalcone), which has an additional benzene ring,
arising from cyclization of 4-coumaroyl-CoA derived from
phenylalanine catalyzed by L-phenylalanine ammonia-lyase
(PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate CoA
ligase (4CL), and three molecules of malonyl-CoA catalyzed
by acetyl CoA carboxylase (ACC), while these are als
metabolized to stilbenes (C6e C2e C6) and catalyzed by stil-
bene synthase (STS). The chalcone reductase (CHR), whi
requires NADPH as a cofactor, acts with chalcone synthas
(CHS) in the formation of chalcone. CHR is a key enzyme in
these phytoalexins synthesis because it catalyzes the essen
� rst step that channels the metabolites into the biosynthetic
pathway. The induction of CHS and CHR are stimulated and
coordinated, following the treatment of soybean cell cultures
with the MAMP of P. megaspermaf. sp.glycinea, which induces
glyceollin (14) biosynthesis. Glyceollins are a family of pre-
nylated pterocarpans found in nodules in soybeans in
response to symbiotic infection. Disease resistance is assoc
ated with increased levels of mRNA of the enzymes necessa
for phytoalexin synthesis. The haploid genome of the French
bean (Phaseolus vulgaris) contains six to eight genes of CHS.
Marked differences were found in the pattern of accumula-
tion of speci� c transcripts and encoded polypeptides in
wounded cells, compared with that in cells treated with
fungal MAMP. This result suggests that the CHS genes a
regulated differently in the bean in response to different
environmental stresses. Compounds from the biosynthetic
pathway of glyceollins also behave as signals in the interac
tion between the bean plant and the bacterium Rhizobium,
and as regulators of the genes needed for the growth o
nodules.

When the chickpea (Cicer arietinum) is infected with the
fungus Ascochyta rabiei, the phytoalexins medicarpin (15) and
maackiain (16) are produced. Intermediate iso� avon, for-
mononetin is catalyzed by iso� avone 20-hydroxylase (I20H)
and iso� avone 30-hydroxylase (I30H) during the early steps in
the pterocarpan-speci� c branches of biosynthesis and are
induced by MAMPs. However, I30H is also involved in the
biosynthesis of the physiological iso� avone pratensein (not
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shown). NADPH: iso� avone reductase (IFR) also catalyze
pterocarpan-speci� c steps of the synthetic pathway, namely the
reduction of 20-hydroxyformononetin to medicarpin (15) via
vestitone and the reduction of 20-hydroxypseudobaptigenin to
maackiain (16) via sophorol, both catalyzed by pterocarpan
synthase (PTS). IFR, which is required for the synthesis o
pterocarpans, is induced strongly by pathogen-derived MAMP
Pea (Pisum sativum) infected by the plant pathogen Nectria
haematococcaproduced (þ)-pisatin (17) catalyzed by IFR,
PTS, and hydroxymaackiain-3-O-methyltransferase (IOMT) via
two chiral intermediates: (�)-7, 2 0-dihydroxy-40, 50-methyl-
enedioxyiso� avanone ((�)-sophorol) and its � avanol form
(( � )-DMDI). Pisatin is an effective barrier to nondetoxyfying
fungal isolates.
Only one phytoalexin involved in inducible defense
mechanisms against pathogens, such as the bacteriumPseudo
monas syringaeand the fungusAlternaria brassicicola, originated
from a model plant; thale cress (A. thaliana) is camalexin (23)
(3-thiazol-2 0-yl-indole). This compound is an N- and S-con-
taining indole biosynthesized from tryptophan catalyzed by
constitutive CYP79B3 and inducible CYP79B2 via indole-3-
acetoaldoxim, an important intermediate of plant hormone,
and � nally catalyzed by CYP71B15 by infection.

Isoprenoids, also named terpenoids, represent the chemi
cally and functionally most diversi� ed class of low molecules,
including phytoalexins. The conversion of 3-hydroxy-3-meth-
ylglutaryl CoA (HMG-CoA), derived from three molecules of
acetyl-CoA, to mevalonate was catalyzed by HMG-CoA
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synthase (HMGS) and HMG-CoA reductase (HMGR), which is
a rate-limiting enzyme. Mevalonate was further phosphory-
lated to produce isopentenyl diphosphate (IPP), the � ve-
carbon building block for the formation of isoprenoid chains.
IPP is concerted into dimethylallyl diphosphate (DMAPP), the
acceptor for successive transfers of isopentenyl residue
DMAPP can condense with IPP, to form geranyl-PP (GPP)
followed by farnesyl-PP (FPP), which is followed by ger-
anylgeranyl-PP (GGPP). Monoterpenes (C10) were derived
from GPP, sesquiterpenes from FPP, triterpenes (C30) (avena-
cin (7) ) from head-to-head condensed FPP (C15) via squalene,
and diterpenes (C20) (oryzalexin (30) and momilactone (31) )
from GGPP. Phytoalexins from plants of theSolanaceaefamily
include the sesquiterpenoids, capsidiol(24) , lubimin (25) ,
rishitin (26) , and phytuberin (27) derived from this acetate–
mevalonate pathways.

Stilbene-type phytoalexins are normally formed in a range
of plants, including grape, peanut, and pine. Resveratrol(28) is
representative of this type and induced in certain varieties
of grape attacked byB. cinereaor by treatment with MAMPs.
a-Viniferin (29) is a cyclic resveratrol dehydrotrimer belonging
to the same group. As mentioned, stilbenes are synthesize
from malonyl-CoA and three molecules of 4-coumaroyl-CoA,
and the only enzyme speci�cally required for stilbene biosyn-
thesis is STS. In grapevine (Vitis vinifera), the activities of CHS
and STS are differentially regulated, according to the plan
developmental stage. During the initial phase of berry ripening,
resveratrol accumulation in cells of berry skin declines, while
anthocyanin synthesis increases because of the competitio
between the two branches of the same pathway. Higher level
of resveratrol protect grape from gray moldB. cinereaafter berry
ripening, without hampering the coloring phase, which is an
important qualitative trait. STS and CHS use the same substrat
and catalyze the same condensing type of enzyme reaction, bu
they form two different products: resveratrol and chalcone.
Native STS is a homodimer of 90 kD and is closely related to
CHS. Both proteins from Arachis hypogeahave high sequence
homology, differing by only 35 amino acid positions. It was
shown that for enhanced disease resistance, a high concentr
tion of resveratrol after inoculation with B. cinerea was
required. The level of phytoalexin-mediated resistance in plants
is believed to depend on the ability to produce a high
concentration of the compound within a short time after
infection.

A common pathway for alkaloid biosynthesis does not
exist. Most of alkaloids are amino acid derivatives and others
from cholesterol, nicotinic acid, acetate, and so on, which are
grouped on the basis of their precursor and chemical structure
For example, solanin (8) is a steroidal glycoalkaloid from
cholesterol. Elemental sulfur (S0) (36) is the only phytoalexin
that is inorganic and produced by so many different taxa,
including Sterculiaceae(cocoa), Solanaceae(tomato, tobacco),
Malvaceae (cotton), and Leguminosae(French bean), in
response to xylem-invading fungal and bacterial pathogens. I
was also detected extracellularly, similar to wyerone(20) and
the actual form in the plant of S0 encountering with plant
pathogens has not yet been elucidated.

The genes for STS were isolated from grape and transferr
into tobacco (N. tabacum), tomato ( Lycopersicon esculentum),
and alfalfa (Medicago sativa) plants. When transgenic tobacco
was treated with a preparation of fungal MAMP fromP. mega-
sperma, STS mRNA accumulated and STS activity followed
Defense-related genes can be transferred between grape a
tobacco plants. The transgenic tobacco expressing the STS ge
from the grape showed an increase in the resistance to funga
pathogen of tobacco correlated with resveratrol(28) concen-
trations. This raises the possibilities that the biosynthetic
pathways of plants could be modi� ed by genetic engineering of
recombinant DNA technology, and foreign phytoalexin
synthesis by the incorporation of genes that alter the phyto-
alexin biosynthetic pathway could be induced. The develop-
ment of crop plants less prone to attack by pathogens thus
would be facilitated. On the other hand, a recent transgenic
plant tissue with a reduced ability to produce pisatin (17)
indicated that such tissue was less resistant to fungal infection
Mode of Action of Phytoalexins

Although the antimicrobial activity of phytoalexins is proven,
the mechanism underlying their toxicity to pathogens has not
been satisfactorily explained. One theory suggests that the
toxicity is due to bacterial membrane disruption. This is sup-
ported by some studies.

Glyceollin (14) , a soybean phytoalexin, was found to inhibit
Caþþ transport in sealed plasma membrane vesicles isolate
from the pathogenic fungusP. megaspermaf. sp. glycinea. It also
increased Caþþ leakage fromPhytophthoramembrane vesicles.
Camalexin (23) is formed by A. thaliana infected with the
virulent pathogen, for example,P. syringaepv. maculicola. Studies
have revealed that camalexin disrupts bacterial membranes
Additionally, the induction of an ABC transporter that supports
ef� ux of fungitoxic compounds after camalexin exposure was
reported for B. cinerea. In the dormant conidia of B. cinerea,
added resveratrol(28) causes the rapid destruction of endocel-
lular membrane systems– speci� cally, endoplasmic reticulum
and nuclear and mitochondrial membranes, all synchronously
appearing with a complete cessation of respiration.
DetoxiÞcation of Phytoalexins

Phytoalexins can accumulate in plants or cell cultures only
transiently, because they are degraded oxidatively or polymer
ized by enzymes, such as extracellular peroxidases. Enzyma
detoxi� cation of phytoalexins by phytopathogenic fungi is of
great interest because of the potential application of results
to understand and control plant pathogens. Studies on
phytoalexin tolerance in pathogenic fungi have shown a clear
relationship between virulence and the ability of fungi to
detoxify phytoalexins. It has been suggested that such detox
� cation of plant phytoalexins by fungi is a general mechanism
for circumventing phytoalexin-mediated plant defenses.
Degradation may either be complete or limited to one or
a few reaction steps. The degradation of phytoalexins may b
important for the development of fungal pathogenicity.

The phytoalexin medicarpin (15) was metabolized to ves-
titol or more metabolized to 3-arylcoumarin less toxic than
medicarpin by a pathogen of alfalfa and chickpeas,Stemphylium
botryosumor F. oxysporumf. sp. lycopersici.Maackiain (16) was
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metabolized to maackiainiso� avan in S. botryosum, and 1a-
hydroxymaackiain, (� )-6a-hydroxymaackiain, and sophorol
were catalyzed by MAK1, MAK2, and MAK3 inN. haematococc
in chickpeas. Maackiain was metabolized to seven isolate
metabolites by A. rabiei, which have lower antifungal activity
than maackiain. Several maackiain-tolerant isolates failed to
metabolize maackiain, and one of these was virulent on
chickpea, suggesting that phytoalexin tolerance mechanism
other than detoxi� cation may be important. The phytoalexin
kievitone (18) is detoxi� ed to kievitone hydrate by kievitone
hydratase in beans and byFusarium solanif. sp. phaseoli.In
a survey of different isolates and mutants of this fungus, the
level of this enzyme activity correlated with the degree o
tolerance to kievitone and pathogenicity on bean. Phytoalexins
of the Cruciferaefamily such as brassinin(21) are detoxi� ed
to indole-3-carboxaldehyde using brassinin oxidase in
Leptosphaeria maculansand the detoxi� cation is mediated by
a glucosyltransferase inSclerotinia sclerotiorum. Brassilexin(22)
was detoxi� ed to polar metabolite by L. maculansand to glu-
cosyl or nonglucosyl derivatives byS. sclerotiorum. The path-
ogen R. solani that degrades and detoxi� es camalexin (23)
through 50-hydroxylation of the indole ring, or through the
formation of an oxazoline derivate, and the stem rot phyto-
pathogen S.sclerotiorum, which is able to transform camalexin
into the glycosylated derivate at N-1 or C-6 of the indole ring.

The main phytoalexins in potato are lubimin (25) and
rishitin (26) by fungal pathogen Gibberella pulicaris. Th
metabolism and detoxi� cation of lubimin by the tolerant strain
R-7715 led to cyclic ethers, not toxic to the fungus, although
water-soluble products by oxygenation or conjugation corre-
sponded to nontoxic metabolites in the R583 strain. Only
lubimin-tolerant strains were able to rapidly convert it to
completely nontoxic products, although all naturally occurring
strains possess some ability to metabolize this. Furthermore
only strains with a high level of lubimin detoxi � cation in vitro
were highly virulent on potato tubers. Lubin metabolism,
however, apparently is not suf� cient to ensure virulence on
potato because some strains were not highly virulent, even
though they metabolized lubimin in vitro. Rishitin was
metabolized to epoxyrishitin and 13-hydroxyrishitin, which is
less toxic toG. pulicaristhan rishitin. The stilbenoid phytoalexin
resveratrol (28) was also metabolized to resveratroltrans-
dehydrodimer catalyzed by intracellular laccase-like stilbene
oxidase byB. cinerea.

The (þ)-pisatin (17) was metabolized by the pea fungal
pathogen Ascochyta pisior N. haematococcato (þ)-6 a-hydrox-
ymaackiain via demethylation. Pisatin demethylase (PDA),
which is inducible in N. haematococca, is a microsomal cyto-
chrome P450 monooxygenase, a new family of cytochrome
P450s, and it detoxi� es pisatin. Among seven PDAs, PDA
and PDA4 confer high levels of activity. In studies, the gene
encoding PDA have been transformed into and highly
expressed inCochliobolus heterostrophus, a fungal pathogen of
maize but not of pea. The rates of pisatin demethylation by the
transformants were equal to or greater than those of the highly
virulent N. haematococcawild-type strain, and the recombinant
C. heterostrophus, while remaining virulent on maize, also
became virulent on pea. It appears that the production of high
levels of PDA, alone, enhances the ability ofC. heterostrophu
to attack pea. This suggests that PDA is required b
N. haematococcafor pathogenicity on the pea, and hence it
demonstrates that pisatin is a plant defense factor. Pisatin wa
observed to be less toxic to the pea pathogenA. pisi than to
Monilinia fructicola, a pathogen that does not attack pea.-
The knowledge of phytoalexin catabolism will underpin
the development of compounds resistant to degradation by
pathogens.

See also: Botrytis; Fusarium;Natural Antimicrobial Systems:
Preservative Effects During Storage;Natural Antimicrobial
Systems:Lysozyme and Other Proteins in Eggs;Natural
Antimicrobial Systems:Lactoperoxidase and Lactoferrin;
Pseudomonas: Introduction;Spoilage of Plant Products:
Cereals and Cereal Flours;Streptococcus: Introduction.
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Introduction

Ideally, milk should be cooled to <4 �C immediately after
milking and transported to dairy plants as soon as possible
under cold chain. However, in some countries, the establish-
ment of cooling units is impractical because of the lack of
capital, lack of electricity, insuf�cient transportation systems,
and high operational costs. Insuf�cient cold storage systems
lead eventually to excessive multiplication of bacteria and
increases the acidity of raw milk far beyond the level acceptable
for processing. There are several methods other than refriger
tion, for retarding bacterial growth in raw milk during collec-
tion and transportation. These methods include the use of
chemical preservatives, such as hydrogen peroxide (H2O2),
alkaline solutions, and so on, and activation of natural
antimicrobial systems. Although the use of chemical preserva
tives is strictly banned in many countries, these preservative
are still in use in developing regions with inadequate refriger-
ation systems. The activation of natural antimicrobial system of
milk is an effective alternative to cold storage and other means
of preserving milk before processing. A great deal of researc
has been carried out on the antimicrobial factors in milk. The
major antimicrobial factors of raw milk include lactoperox-
idase (LPO), lactoferrin (LF), and lysozyme. In most cases, th
enzymes activate the natural antimicrobial system in milk,
resulting in a fatal effect on the target microorganisms. The
most important characteristic of natural antimicrobial systems
is the simultaneous attack on the oxidative and lytic mecha-
nism of the microorganisms.
O

The Lactoperoxidase System

The LP system consists of three components: LPO, H2O2, and
thiocyanate (SCN�).
-
t

h

n
.

e

Table 1 Lactoperoxidase activity in different types of milk

Type of milk LPO (U ml�1)

Cow 1.5–2.7
Ewe 0.14–3.46
Goat 0.04–9.28
Buffalo 0.9
Guinea pig 22
Human 0.06–0.97
Threshold for antibacterial activity 0.02
Lactoperoxidase

LPO (EC 1.11.1.7) is a member of the peroxidase
cyclooxygenase superfamily and one of the most abundan
enzymes in bovine milk, constituting about 1% of whey
proteins. LPO is a basic protein with one Feþ3-containing heme
group (protheme 9). The heme group in the catalytic center of
the LPO molecule is protoporhyrin IX that is bound to the
single peptide chain by a disulfide bond, but LPO does not
contain free thiol ( –SH) groups. Bovine LPO consists of a single
polypeptide chain containing 612 amino acid residues. The
complementary DNA (cDNA) sequences of bovine and human
LPO show that they are closely related. LPO has a hig
isoelectric point (pI 9.6) and at least 10 fractions of LPO are
known. The predicted molecular weight of bovine LPO is
78 000 Da.

Some structural similarities between bovine LPO, cyto-
chrome c peroxidase, and horseradish peroxidase have bee
demonstrated, using nuclear magnetic resonance (NMR)
930 Encyclopedia of Food
Similar arginine and histidine residues have also been found in
these enzymes. The LPO has an iron content of 0.07% an
a carbohydrate content of about 10%. The average LPO
concentrations in bovine milk and buffalo milk were reported
as 1.4 U ml�1 and 0.9 U ml�1, respectively. The LPO shows
activity in the pH range of 4–7, and maximum activity is
attained at pH 6.0. LPO is resistantin vitro to levels of acidity as
low as pH 3 and to human gastric juice.

The LPO is recognized with its high heat stability, and
because of this property, the LPO is used as an index o
pasteurization ef�ciency in milk. The LPO is able to catalyze the
reaction between H2O2 and thiocyanate at a suf�cient level
after heat treatment at 74�C for a short time. Complete inac-
tivation of the LPO is achieved at 78�C for 15 s. It was found
that the heat stability of the LPO is reduced under acidic
conditions (e.g., pH 5.3), possibly because of the release o
calcium ions from the molecule. The in�uence of proteolytic
enzymes on the LPO is rather limited. On the contrary, this
enzyme is sensitive to light, especially in the presence of ribo
�avin. L-Ascorbic acid was demonstrated to be a potent inhib-
itor for the LPO activity. The LPO activity is stimulated in the
presence of lactose, whey protein concentrate, sodium
magnesium, and calcium chloride, but it is decreased in the
presence of casein.

The most common analytical method used in the determi-
nation of LPO activity is by using 2,2-azino-di-(3-ethyl-
benzthiazoline-6-sulfonic acid) (ABTS) as a chromophore and
measuring the absorbance at 422 nm. A rapid calorimetric
method using guaiacol plus para-phenylenediamine and
a clarifying agent has been developed recently to assess the LP
activity in milk. The latter method excludes the preliminary
casein precipitation and �ltration steps before spectrophoto-
metric measurements. The level of LPO in bovine colostrum is
fairly low; however, it increases rapidly after 3–5 days post-
partum. The LPO levels in different mammalians vary
depending on the species (Table 1).
Thiocyanate

Animal tissues and secretions are the main sources of th
thiocyanate (SCN�) anion. Extracellular �uids contain large
amounts of SCN�, and it is concentrated by certain types of
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00241-X
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LPO
2SCN–+ H2O2 + 2H+ (SCN)2 + 2H2O

(SCN)2 + H2O HOSCN + SCN–+ H+ (a)

(b)

HOSCN H+ + OSCN–

LPO
SCN–+ H2O2 OSCN–+ H2O                     

Figure 1 Mechanism of LPO-catalyzed (a) indirect and (b) direct
oxidation of SCN� .
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body cells. The concentrations of SCN� in blood and saliva are
0.1–0.3 mg kg� 1 and 1–27 mg kg� 1, respectively. The concen
tration of SCN� in milk varies depending on the feeding regime
of the milking animals. Bovine milk contains 1 –10 mg kg� 1 of
SCN� , although higher concentrations have been reported
particularly in milk with a high somatic cell count. However,
the SCN� concentration in cow’s milk does not normally
exceed about 10 mg kg� 1, even if the animal feed is supple-
mented with SCN� . Normally, ewe’s milk contains SCN� at
higher levels (e.g., 10.3–20.6 mg kg� 1) than cow’s milk. The
concentration of SCN� in goat’s milk also shows variations
depending on the breeds. The level of SCN� in cow’s milk is
normally insuf � cient to activate the LP system. The SCN�

concentration required for the activation of the LP system is
about 15 mg kg� 1.

The main dietary sources of SCN� are glucosinolates and
cyanogenic glycosides. Vegetables belonging to the gen
Brassica (family Cruciferae), e.g., cabbage, kale, Brusse
sprout, cauli� ower, turnip, and swede, are particularly rich in
glucosinolates. On hydrolysis, glucosinolates yield SCN� and
other reaction products. The hydrolysis of the glycosides
releases cyanide, which is detoxi� ed by conversion into SCN�

in a reaction catalyzed by the enzyme rhodanase.
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Hydrogen Peroxide

The concentration of H2O2 in milk is normally insuf� cient to
activate the LP system, because the indigenous catalase a
peroxidase enzymes reduce the H2O2 formed by mammary
tissues throughout lactation. The H2O2 level in milk increases
by the action of contaminant lactobacilli, lactococci, and
streptococci under aerobic conditions. In rare cases, thes
bacteria are added into raw milk to increase the H2O2

concentration in milk. Alternatively, an H 2O2-generating
system, e.g., sodium percarbonate, may be added into milk
The addition of a suf� cient amount of H 2O2 to milk directly to
activate the LP system is a common practice as well. Natura
H2O2-generating systems include the oxidation of ascorbic
acid, the oxidation of hypoxanthine by xanthine oxidase, and
the manganese-dependent aerobic oxidation of reduced pyri
dine nucleotides by peroxidase. Depending on the concentra
tion, the H 2O2 may show a highly toxic effect for mammalian
cells. At H2O2 concentrations lower than 100mM or in the
presence of LPO and SCN� , the toxic effect for cells is
eliminated.
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H2O2 + OSCN– O2SCN– +  H2O

H2O2 + O2SCN– O3SCN– +  H2O

Figure 2 Highly reactive short-lived intermediate products of the LPO-
catalyzed oxidation of SCN� other than OSCN� .
Antimicrobial Effect of the LP System

Mode of Action

The normal concentrations of LPO in bovine and ovine milks
are reported to be above the minimum necessary for antibac
terial activity, and hence the limiting factors are thiocyanate
and H2O2. In exceptional cases, thiocyanate is present i
bovine milk at levels suf� cient to support an antimicrobial
effect, e.g., up to 15 mg kg� 1, but in ovine milk, the level can
decline to 0.4 mg kg� 1. Therefore, if the concentrations of
SCN� and H2O2 could be standardized, the milk of important
domestic mammals should show enhanced shelf life even
perhaps, at ambient temperatures.
The activity of the LP system results in the oxidation of
SCN� to intermediates that may be further oxidized to sulfate,
CO2, and ammonia or that may be reduced back to SCN� . The
antimicrobial effect of the LP system stems from these inter
mediate products of oxidation. These intermediates can inhibit
the microbial growth, the uptake of O2, and lactic acid
production. In the meantime, some enzymes, including hexo-
kinase and glyceraldehydes-3-phosphate dehydrogenase, a
also inhibited.

Hypothiocyanate (OSCN� ) is the main intermediate
product of oxidation. However, the reaction system is complex
and OSCN� may not be the � rst product released from the
active site of LPO. OSCN� is accumulated in milk as a result of
the oxidation of SCN� by peroxidase. Two different pathways
have been proposed for the production of OSCN� ions. In the
� rst possible mechanism, the oxidation of SCN� produces
thiocyanogen (SCN)2, which is rapidly hydrolyzed to yield
hypothiocyanous acid (HOSCN), and hence OSCN�

(Figure 1(a)). Both OSCN� and HOSCN show antibacterial
effect, with the uncharged HOSCN being more bactericidal. In
the second possible way, SCN� is directly reduced to OSCN� in
the presence of H2O2 under the catalytic action of LPO
(Figure 1(b) ). At neutral pH, an excess of H2O2 can lead to the
formation of cyanogen thiocyanate (NC-SCN), cyanosulfurous
acid (O2SCN), and cyanosulfuric acid (O3SCN) (Figure 2).

The bacteriostatic/bactericidal effect of the LP system relie
on the oxidation of the thiol ( –SH) groups of enzymes and
proteins. The LP system is also known to inhibit some SH-
independent enzymes, such asD-lactate dehydrogenase. During
the activity of the LP system, some structural damages may als
occur in the microorganisms, resulting in rapid escape of
potassium ions, amino acids, and polypeptides into the
surrounding medium. Additionally, the uptake of glucose,
purines, pyrimidines, and amino acids is suppressed, and the
synthesis of proteins, DNA, and RNA is inhibited. Thiocyanate
ions may be incorporated into protein substrates under the
catalyzing effect of LPO, and the reaction of thiocyanate o
hypothiocyanate with proteins leads to the oxidation of the
protein –SH groups, to produce sulfenyl thiocyanate, usually
followed by disulfide formation ( Figure 3).
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Figure 3 Oxidation of thiol groups.
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Recently, a novel LP system based on the generation o
H2O2 from glucose by glucose oxidase–mediated lactose
hydrolyzation has been proposed. The stable and continuous
production of OSCN� was con� rmed and antibacterial
activity toward Escherichia coli, Pseudomonas� uorescens, Pseu-
domonas syringae, and other microorganisms was estimated
with an LP system using lactose as a primary substrate. The L
system can also be activated by the combined effect of H2O2

and a halide (e.g., I� ).
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Antibacterial Effects

The antimicrobial action of the LP system results from the
oxidation of –SH groups by OSCN� /O 2SCN� in vital enzymes,
such as hexokinase and glyceraldehydes-3-phosphate deh
drogenase, or depletion of reduced nicotinamide adenine
nucleotides. Depending on the type of donor, temperature, and
pH, the inhibitory effect of the LP system may vary from oxygen
uptake (oxidative killing) to blockage of the sugar transport
system or interference with cytopathic effects. Sugars we
demonstrated to inhibit the antimicrobial activity of the LP
system through a noncompetitive inhibition mechanism. The
inhibitory potency varies depending on the structure of sugar.
L-Fructose andD-allose were strongly inhibitive to the action of
the LP system, while sucrose was the weakest inhibitor.

Both Gram-positive and Gram-negative bacteria can be
affected by the LP system reversibly or irreversibly. The capac
of cells to recover from inhibition depends mainly on envi-
ronmental conditions, e.g., temperature and pH, and on the
particular strain. Apart from the inhibitory effect of the LP
system on bacteria, the H2O2 added to milk externally can also
kill some Gram-negative and catalase-positive bacteria
Opposite to Gram-negative and catalase-positive bacteria, th
Gram-positive and catalase-negative bacteria are inhibited b
the LP system, but not killed, because of the differences in thei
cell wall structures as well as different barrier properties. The L
system can in� uence the inner membrane structure of Gram-
negative bacteria, but this effect is less pronounced in Gram
positive bacteria. The damage in the inner-membrane structure
leads to stopping or retarding the nutrient uptake. It was
demonstrated that the bacterial respiration was inhibited as
a result of the oxidation of bacterial sulfydryls to sulfenyl
derivates. The inhibition of dehydrogenases in the respiratory
chain of E. colimay also be related to the inhibitory effect of the
LP system on this pathogen. It was shown that the inhibition of
succinate-dependent respiration inE. coliby the LP system was
well correlated with the loss of bacterial viability. Inhibition of
D-lactate-dependent respiration inE. coliby the LP system is
attributable to the irreversible inhibition to D-lactate dehy-
drogenase associated with the cytoplasmic membrane. In orde
to increase the bacteriostatic ef�ciency of the LP system, hea
treatment and acidi� cation can be combined as well. The
inhibition of acid-adapted and nonadapted strains of E. coli
O157:H7 in milk following combined LP system activation,
heat (60 � C), and milk acidi� cation (pH 5.0) suggests that
these treatments could be applied to reduceE. coliO157:H7
cells in milk when they occur at low numbers
(<5 log 10 cfu ml� 1), but it does not eliminate E. coliO157:H7
to produce a safe product. Methods of activation of the LP
system are determinative for the inhibitory effect againstE. coli
O157:H7.

The LP system was found to have both bacteriostatic an
bactericidal effects on strains ofSalmonella typhimurium. The
bactericidal activity is clearly dependent on the permeability of
the bacterial cell envelope. It was also demonstrated tha
bacteria in log phase of growth were more sensitive to the
bactericidal effects than those were in stationary phase; growt
phase had little in� uence of the bacteriostatic effect. Among the
different salmonella serotypes, no differences were noted
regarding the effects of the LP system; however, the roug
strains were found to be more susceptible than the smooth
strains.

It was found that the LP system activated by glucose oxidas
was bacteriostatic toListeria monocytogenes. As a result of the
bacteriostatic effect, the lag period ofL. monocytogeneswas
extended far beyond the untreated sample. The bactericida
effect of the LP system onL. monocytogenesdepends on the
strain and initial load of bacteria, temperature and length of
incubation, and concentrations of the LP system components
A remarkable decrease in the counts ofL. monocytogenesstrains
(Scott A, 5069, ATCC 19119, and NCTC 11994) was observe
when the LP system was activated at refrigeration temperature
Conversely, when the LP system was activated at 20� C,
a limited retardation in the growth of these strains was noted.
Activation of the LP system at 8� C, 20 � C, or 30 � C caused
inhibitory effects on L. monocytogenesand Listeria innocuafor
a period of 100 h, 20 h, and 6 h, respectively.

A strong bactericidal effect of the LP system onCampylo-
bacter jejuniand Campylobacter coliwas reported, being more
pronounced at 37 � C than at 20 � C. The effect of the pH on the
effectiveness of the LP system onCampylobactermay show
variations because of the microaerophilic nature of this
organism. In some research, a fast reduction in the counts o
Campylobacterspp. at lower pH values was reported.
Conversely, some studies demonstrated a fairly low level o
reduction in the counts of this bacterium at lower pH values,
and the highest decline in the numbers ofCampylobacterspp.
has been reported at pH 6.6 at 37� C.

The inhibition of Bacillus cereusby the LP system is directly
related to the concentration of OSCN� ions. Reduction in the
rate of release of collagenase from the cells is also related to th
inhibition of Bacillusspp. by the LP system. The LP system wa
demonstrated to have a strong inhibitory effect against vege
tative cells ofB. cereus, but the same effect was not recorded for
B. cereusspores.
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The inhibitory effect of the LP system onStreptococcusspp.
shows variations. For example, higher activity of NADH-OSCN
oxidoreductase in Streptococcus. sanguisand Streptococcus mi
results in higher resistance against the LP system. Overall, th
acid production, oxygen uptake, and consequently H2O2

excretion are inhibited in most species ofStreptococcus.
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Antifungal Effect

It was reported that the bovine LP system exhibited high anti-
fungal activity in 100 mM thiocyanate-100 mM H 2O2 medium
on some fungi, including Candida albicans, Candida glabrata,
Candida krusei, Candida parapsilosis, Saccharomyces boular,
Saccharomyces cerevisiae, and Aspergillus niger. The antifungal
activity of the LP system could be enhanced by combining the
LP system with glucose oxidase (0.5–1 U ml � 1). A goat milk LP
system was shown to have an inhibitory effect on the growth
and proliferation of many fungal species, that is,Aspergillus
� avus, Trichodermaspp., Corynespora cassiicola, Phytophthora
meadii, and Corticium salmonicolor. C. albicansand Pythiumspp.
are more resistant against a goat milk LP system. The LP syste
can degrade the a� atoxin in the presence of NaCl and H2O2.
With an increase in the amount of LPO in milk, the rate of
degradation of a� atoxin also increases, and a� atoxin G1 was
found to degrade faster than a� atoxin B1.
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Table 2 Effects of lactoperoxidase (LPO) activation on total SH
groups of raw and heat-treated milks and accessibility of SH groups

H2O2–NaSCN concentrations (mg kg� 1)

0:0 20:20 40:40 60:60 80:80

Total SHraw
a 3.93 3.76 3.34 3.08 2.62

Total SHheated
a 4.54 4.15 3.86 3.34 2.92

SHaccessible
a 3.29 2.12 1.91 1.34 1.06

%R-Sremaining
b – 91.4 85.0 73.6 64.3

Incubation time for
yogurt (min)

200 243 260 295 364

aTotal SH groups of raw and heat-treated milks and accessible SH groups after heat
treatment at 85� C for 20 min (mmol SH g�1 protein).
b(Total SHheatedþ H2O2–NaSCN)/(Total SHheated)–100.
Effect on Starter Cultures

The sensitivity of mesophilic starter bacteria to the LP system
shows strain-dependency.Lactococcus lactissubsp.lactis972, for
example, is very sensitive to the LP system, whereasLc. lactis
subsp. cremoris803 is fairly resistant against this system. In
practice, the LPO activity depends on the severity of the hea
treatment given to the milk. With skim milk pasteurized at a low
temperature, which is LPO positive, some strains ofLc. lactisare
strongly inhibited, but with steamed milk, which is LPO nega-
tive, a high level of bacterial activity is found. The phage-resis
tant mutants of mesophilic lactococci were found to be more
susceptible to the LP system than their parent organisms.

LPO has no speci�c effect on Streptococcus thermophil,
which is used as a starter for yogurt and some types of Swis
and Italian cheeses. When the LP system is activated by addin
H2O2 and SCN� , however, a clear inhibition of this thermo-
philic bacterium is evident. The growth of yogurt starter
cultures containingStr. thermophilusand Lactobacillus delbruec
subsp. bulgaricusis clearly suppressed by an activated L
system.Lb. delbrueckiisubsp.bulgaricusis able to generate H2O2

at levels suf� cient enough to activate the LP system in milk. In
general, the H2O2-generating thermophilic starters are more
sensitive to the LP system. Another group of starter bacteria tha
is also sensitive to the LP system cannot generate H2O2 and
requires extraneous sources of H2O2. This group of starters
includes Lactobacillus helveticus, Str. thermophilus, and some
other Lactobacillusspp. Enterococcus faecium, Lactobacillus lactis,
and one strain of Lb. delbrueckiisubsp.bulgaricus(strain 1243)
are classi� ed as organisms resistant against the LP system. The
bacteria have enzymes that catalyze the reduction of th
inhibitory intermediates. The major effects of inhibition of
dairy starter cultures by the LP system are reduction in the rat
of acid production and delaying in curdling (for yogurt) and
coagulation (for cheese) times. The LPO activity is in� uenced
by a number of factors, including the animals, species, feed
and stage of lactation. Also, the activity of the LP system on
starter bacteria is stronger in winter milk than in summer milk.
Effects of the LP System on Milk Components

During the incubation of raw milk in the presence of the acti-
vated LP system, some changes in milk components may occu
These changes can also affect the physical or chemical quality
the milk products. The H2O2 and OSCN� -mediated oxidation
of thiol ( –SH) groups of milk proteins is of critical importance
for the gelation mechanism of yogurt and cheese. Both H2O2

and OSCN� not only oxidize the SH groups but also increase
protein hydrophobicity leading to enhanced gelation. Never-
theless, it was demonstrated that in parallel with the increase in
hydrophobicity in the LP system-activated yogurts, the degre
of hardness was reduced. The reason for this contradictio
could be the decrease in reactivity of–SH groups. The LPO is
known to be completely inactivated above 85� C. It is well
known that thermophilic microorganisms are able to produce
H2O2, and in the presence of thiocyanate, the H2O2 produced
may reactivate the LPO. Therefore, in addition to the possible
reactivation of LPO, it may also be possible that as a result o
SH oxidation by the addition of H 2O2 and LPO activation, the
gelation kinetics of yogurt may change, leading to a longer
incubation period. Both H 2O2 and LPO may cause a decreas
in the accessibility of SH groups in milk proteins. Retardation
in heat-induced interaction between b-lactoglobulin and
k-casein was reported in milk kept at 25� C for 6 h in the
presence of H2O2–NaSCN. Table 2 shows the effect of
H2O2–NaSCN concentrations on the SH groups of bovine milk
proteins and incubation period of yogurt manufactured from
milk activated by the LP system. The LP system normally doe
not affect the chemical composition of the milk.

However, due to the retardation of bacterial growth or
oxidation of some milk compounds (proteins, lipids, etc.), the
concentrations of some aroma compounds, such as diacety
acetoin, and products of proteolysis, may decrease. The lowe
proteolytic activity and slow rate of acidi� cation in fermented
milks produced from milk preserved by the activation of the LP
system have been reported.
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It has been well established that the microbiological quality
of milk used for cheese making is improved greatly by the LP
system. However, few studies have been conducted to determin
the physical and chemical qualities of cheese produced from
such milks. The possibility of making cheese with acceptable
sensory and physical properties from cow’s, ewe’s, goat’s, or
buffalo ’s milk preserved by the LP system has been reporte
Overall, the activation of the LP system causes no detrimenta
effect on the aroma and� avor of hard or semi hard cheeses, e.g
Gouda, Cheddar. Gouda cheese made from LP system-activate
goat’s milk was characterized by a mild� avor and acceptable
texture. Similarly, Cheddar cheese made from milk treated with
a combination of micro � ltration and activation of the LP system
had similar characteristics as untreated cheese. However, at hig
levels of SCN� or H2O2, a slow acid development, longer
manufacturing schedule, weak curd at cutting, dry and rubbery
curd at cheddaring, lower yield, and slower development of
acidity were observed in Cheddar cheese. Development o
proteolysis in St. Paulin cheese made from milk preserved by
a combination of refrigeration and the LP system activation was
found to be slower than the cheese made from unpreserved
milk. The activation of the LP system resulted in a high level of
hydrophobic peptides in Manchego cheese made from ewe’s
milk, but no bitterness was noted. Activation of ewe’s milk LP
system showed to be useful in preventing excessive proteolys
and softening of Manchego cheese texture caused by proteinas
of Gram-negative psychrotrophs. A slow acid development in
Cheddar cheese and 2% increase in the yield of cottage chee
made from the LP system-activated milk were reported. In
brined-type cheeses, the adverse effect of the LP system is mo
pronounced. The Turkish white-brined cheese (Beyaz peynir
was characterized by a weak body and extended curdling tim
when the LP system-activated cow’s milk was used in the
production of cheese. It was also found that the time needed for
reaching the stretching stage in Mozzarella cheese was extend
up to 2 h when cheese was produced from the LP system
activated buffalo’s milk. A great level of inhibition of Entero-
coccus sakazakiiin the reconstituted infant formula by the
activated LP system was demonstrated. This novel approach ca
actively reduce the risk of neonatal infections resulting from the
consumption of formula that may be contaminated by the
pathogen.
.

c
f

d

es

s

Lactoferrin

Lactoferrin (LF, formerly known as lactotransferrin) is an iron-
binding glycoprotein, and a member of the transferrin family.
It is a single-chain protein containing 703 amino acids folded
into two globular lobes and is synthesized in the mammary
gland as well as in the lacrimal, bronchial, and salivary glands
LF has an antimicrobial function and contributes to the nutri-
tional content of milk. The molecular weight of LF is around
80 kDa. Three different isoforms of LF have been isolated: LF-a
is the iron-binding form with no ribonuclease activity; LF-b and
LF-g show ribonuclease activity but no iron-binding capacity.
LF has demonstrated remarkable resistance to proteolyti
degradation by trypsin and trypsin-like enzymes. The level o
resistance is proportional to the degree of iron saturation. In
human milk, LF is a major whey protein constituting 10–30%
of the total protein content. Bovine LF and human LF show
similarities. Bovine LF containsa-1,3-linked galactose residues
as well as glycans of the oligomannosidic type. The bovine LF
molecule is composed of two domains, each binding 1 mol of
iron. Each domain contains 125 residues at corresponding
positions (with 37% homology), which suggests gene dupli-
cation. In general, LF concentration in bovine milk and its
colostrum (about 0.2 mg ml � 1 and 1 mg ml� 1, respectively) is
lower than that in human milk and its colostrum (about
1.5 mg ml� 1 and 5 mg ml� 1, respectively). Diseases such a
mastitis cause an increase in the level of LF in milk. During the
� rst few days of lactation, the concentration of LF decrease
sharply. The feeding regime of the dairy animals may affect the
level of LF in milk. Overall, the level of LF is higher in milk from
cows fed with hay and meal than from cows fed with grass.
Therefore, it may be possible to naturally increase the level o
LF in milk through appropriate management of milking
animals’ diet. No remarkable differences between the
biochemical properties of bovine, caprine, and ovine LF have
been reported. However, the concentration of LF is in� uenced
by the breed of cows (e.g., Simmental and Jersey cows are goo
sources of LF).
Antimicrobial Effects of LF

The LF can show both bacteriostatic and bactericidal effects
Most of the bacteria require ferric ions for their growth.
Sequestering of iron from bacterial pathogens, thus inhibiting
bacterial growth, is the major antimicrobial property of LF.
However, binding of iron is not the sole pathway for the
inhibition of pathogens by LF. An iron-independent mecha-
nism that includes a direct interaction of LF with bacterial cell
surface is also evident. LF has large cationic units on its surfac
and these units make direct interaction with lipopolysaccha-
rides of Gram-negative bacteria possible. This interaction
stimulates the changes in permeability of the cell membrane,
resulting in the release of lipopolysaccharides. LF acts a
a cation-chelating agent in this mechanism.

The antibacterial activity of LF is affected by a number of
factors, including Caþ 2 and citrate concentrations of milk. With
the increase in Caþ 2 concentration, the iron-binding capacity of
LF decreases because of Caþ 2-oriented tetramization. Citrate
competes with LF for Feþ 2 and then makes it available to the
bacteria. There is an inverse relationship between citrate an
bicarbonate concentrations. Under normal conditions, citrate
is absorbed rapidly from the intestine of the calf, and because
bicarbonate is the main intestinal buffer secreted, it appears
that the conditions in the intestine should be favorable for
inhibition by LF. It is unlikely that LF plays a signi� cant role in
the defense of the bovine mammary gland during lactation, but
in the nonlactating gland, the conditions are more favorable for
antibacterial activity. During postlactation period, the LF
concentration increases and the citrate concentration decreas
in bovine milk.

LF can exert bacteriostatic effect on cultures ofE. coli,
Salmonella typhi, Shigella� exneri, Shigella dysenteriae, Aeromonas
hydrophila, Staphylococcus aureus, and L. monocytogenes. LF was
demonstrated to have an inhibitory effect on Streptococcu
mutans through an iron-independent mechanism, which
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includes a direct interaction of LF with the bacterial cell surface
Human LF 1-11, for example, can penetrate the bacterial ce
membranes of and accumulate in the cytoplasm inStr. mutans,
showing a high DNA binding af� nity. In a separate study, the
adherence ofStr. mutansto saliva-coated hydroxyapatite beads
was shown to be strongly inhibited by bovine LF, and the
functional domain of bovine LF that binds to a salivary � lm
was demonstrated to lie in fragments 473–538. Unlike
S. mutans, Staphylococcus epidermidisis inhibited by LF through
iron-sequestering mechanisms. Some strains ofS. epidermidis
are affected by LF via their interaction with lipoteichoic acid on
a bacterial surface. The LF-mediated disruption of the bacteria
type II secretion system inE. coli has been reported. In this
mechanism, the degradation of EspA, EspB, and EspC occu
LF shows antibacterial effect onS. typhimuriumby altering the
outer-membrane permeability. Similarly, the antifungal
activity of LF results from either cell wall perturbation (e.g.,
Candidaspp.) or iron sequestering (e.g.,Aspergillus fumigatus).

The partial hydrolysis of LF by heat, as well as by prote
ases, produces a hydrolysate with greater antibacteri
activity than intact LF. The antibacterial peptide region,
which is strongly basic, is 23 amino acids long and contains
18 amino acids in a loop formed by a disulfide bond, in part
of the LF molecule that is distinct from the iron-binding
region. The bactericidal activity of LF is not affected by the
presence of iron.
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Antiviral and Antiprotozoan Effects of Lactoferrin

Apart from the antimicrobial effect, the LF may show an
inhibitory effect on a number of viruses, including human
parain� uenza virus type 2 (hPIV-2), hepatitic C virus (HCV),
in� uenza A virus, Herpes simplex virus-1 (HSV-1), Japanes
encephalitis virus (JEV), rotavirus, enterovirus, and adenovirus
On the other hand, the mechanisms of antiviral action of the LF
are still unclear. One route in which bovine LF inhibits the
assembly of in� uenza virus consists of ef� ciently blocking
nuclear export of viral ribonucleoproteins. In vitro assays
revealed that bovine LF interferes with function of caspase 3
a major virus-induced apoptosis effector, resulting in the
inhibition of programmed cell death. Bovine LF is also able to
prevent the adsorption of hPIV-2 to the surface of the cells by
binding the cell surface. Although bovine LF may exert an
antiviral effect against HSV-1 intracellularly, helical peptides
derived from LF can bind HCV envelope protein E2. This
binding eventually blocks the penetration of HCV into hepa-
tocytes. It was also demonstrated that camel LF was able
completely inhibit the replication of HCV inside the cell.
Efforts have been accelerated to fully understand the mode o
antiviral action of the LF during the past decade. Recen
evidences indicate that the LF is an effective natural componen
against viral enteric diseases by binding cell receptors or vira
particles.

LF also has an antiprotozoan activity by binding ferric iron,
which is an essential component for the growth of parasitic
protozoa. The antiprotozoan activity of the LF depends on the
form of LF. For example, the apo-LF was demonstrated to hav
a potent antiprotozoan effect against an intracellular form of
Toxoplasma gondiiand Trypanosoma cruziand the intra-
erythrocytic form of Plasmodium falciparum. Similarly, Babesia
caballi, which infect the erythrocytes of horses and induce feve
anemia, jaundice, and edema, were shown to be widely affecte
by the apo-LF. On the other hand, LF may serve as a source
iron to some protozoa. It was reported that parasitic protozoa,
such asTritrichomonas fetus, Trichomonas vaginalis, Toxoplasma
gondii, and Entamoeba histolytica, have different mechanisms to
use host holo-LF as an iron source for their growthin vitro.
Leishmaniaspp. promastigoteswas reported to be able to obtain
iron from LF via a mechanism in which ferric iron is reduced to
an accessible ferrous form by a surface reductase. Som
protozoa, such asBabesia equi, have a great a resistance again
native, holo, or apo LF in growth medium.
Effect of LF on Dairy Products

Not much information is available on the effect of naturally
present LF on properties of dairy products. On the other hand,
the addition of LF at 0.5, 1.0, and 2.0 mg ml� 1 in the holo
(iron saturated) and apo (without iron) forms was reported
not to affect the physical properties of yogurt. A partial inhi-
bition of the growth of Str. thermophiluswas noted in the apo-
LF added yogurt, causing a slight delay in the decrease of p
during fermentation. No changes in the integrity and immu-
noreactive concentration of LF were reported during shelf life
of yogurt.
See also:Milk and Milk Products:Microbiology of Liquid Milk;
Natural Antimicrobial Systems:Preservative Effects During
Storage;Preservatives:Classi� cation and Properties; Starter
Cultures.
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Occurrence

Lysozyme was�rst identi�ed in 1921 in human nasal secretion
by Alexander Fleming, who would later discover penicillin.
Lysozyme has since been isolated from human tears, saliva, an
mother’s milk, as well as viruses, bacteria, phage, plants
insects, birds, reptiles, and other mammalian�uids. Com-
mercially, the most readily available source of lysozyme is the
egg white of the domestic chicken (Gallus gallus). Lysozyme is
probably the most intensively studied of all proteins and often
is used as a model protein in the academic world.

Lysozyme is not, however, the only antimicrobial protein in
avian eggs.Table 1 lists some of the proteins present in avian
egg white. Most research to date has focused on the proteins o
egg white, perhaps because they can readily be separated
ion-exchange chromatography.

Most yolk proteins, on the other hand, tend to be less water
soluble, and because of their close association with lipids, they
are somewhat less easily extracted and puri�ed on a large scale
Nevertheless, there are antimicrobial proteins present in the
yolk, including immunoglobulins (IgY – the chicken equiva-
lent of IgG) and trace amounts of a biotin-binding protein. It
has been proposed that antimicrobials in yolk work primarily
to provide the developing chick with passive protection, as is
the case with the immunoglobulins.

The four egg proteins that appear at present to have th
greatest potential as natural antimicrobials in food and phar-
maceutical applications are lysozyme, avidin, ovotransferrin,
Table 1 Some of the major proteins in egg white and their
antimicrobial functions

Protein Solids(%) Antimicrobial function

Ovalbumin 54 Unknown
Ovotransferrin 12 Binds multivalent cations,

particularly iron
Ovomucoid 11 Inhibits trypsin and other

proteases, antimicrobial
properties

Ovoinhibitor 15 Inhibits trypsin, chymotrypsin, and
other proteases

Ovomucin 3.5 Increases viscosity of egg white
preventing bacterial movement

Lysozyme 3.4 Lyses peptidoglycan layer of some
Gram-positive organisms

Ovo� avoprotein 0.8 Binds ribo� avin (vitamin B2)
Ovomacroglobulin 0.5 Protease inhibitor
Ficin inhibitor (cystatin) 0.05 Inhibits cysteine proteases
Avidin 0.05 Binds biotin, making it unavailable

to organisms

Data from Ibrahim, H.R., 1997. Insights into the structure–function relationships of
ovalbumin, ovotransferrin, and lysozyme. In: Yamamoto, T., Juneja, L.R., Hatta
Kim, M. (Eds.), Hen Eggs Their Basic and Applied Science. CRC Press, Boca R
pp. 37–56; Li-Chan, E.C.Y., Powrie, N., Nakai, S., 1995. The chemistry of eggs
egg products. In: Stadelman, W.J., Cotterill, O.J. (Eds.), Egg Science and Techno
Food Products Press, New York, pp. 105–175.
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and IgY. The remainder of this article focuses on the propertie
and applications of these particular egg proteins.
e

Structure

It is now recognized that lysozymes from diverse sources fa
into several structural classes, with the three most common
being type c (chicken), type g (goose), and type v (viral).
Chicken lysozyme is composed of 129 amino acid residues
with a molecular weight of approximately 14 000.

Figure 1 shows the three-dimensional structure of chicken
lysozyme. Lysozyme is used extensively as a model enzym
partly because it contains all of the 20 common amino acids.
An a-helix links two domains of the molecule; one is mainly
b-sheet in structure, and the other primarily a-helical. The
hydrophobic groups are mainly oriented inward, with most of
the hydrophilic residues on the exterior of the molecule.

It is proposed that the enzymatic action of the molecule is
dependent on its ability to change the relative position of its
two domains by hinge bending. Essentially, the smalla-helical
connection, or hinge, between the domains can bend suf�-
ciently to cause large conformational changes in the molecule
This permits the enzyme to engage its substrate.

Avidin is a glycoprotein composed of four identical
subunits, each with 128 amino acid residues. The molecular
weight of the entire molecule is around 67 000. A disulphide
bridge links residues 4 and 83. There are four tryptophan
residues per subunit.

Ovotransferrin, also known as conalbumin, is a glycopro-
tein with a molecular weight of 78 000. It contains two lobes
connected by ana-helix. Each lobe is homologous, and can
bind an Feþþþ ion. The iron-binding site in each lobe is situ-
ated between two subdomains. The presence of bicarbonat
ion enhances the binding of iron to the molecule.

IgY is similar in structure to mammalian IgG, but it has
a higher molecular weight (170 000). Figure 2 shows a sche-
matic representation of the basic structure, with two heavy
chains and two light chains, all connected by disulphide link-
ages, as indicated. The antigenic site is found in the Fab frag-
ment, which can be cleaved from the molecule by means of
papain hydrolysis.
Properties

Lysozyme has an extremely high isoelectric point (>10) and
consequently is highly cationic at neutral or acid pH. In solu-
tion, lysozyme is relatively stable at pH 3–4 and can withstand
near boiling temperatures for a few minutes. As the pH
increases, however, its stability decreases. At pH 5.5–6.5 (the
pH of many dairy products), lysozyme is stable up to about
65 � C. Beyond this point, denaturation accelerates rapidly with
temperature. Thus, in many precooked food products, in which

, H.,
aton,

and
logy.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00240-8

http://dx.doi.org/10.1016/B978-0-12-384730-0.00240-8


.

s
ic

n

ve
d

r
-
e

Figure 1 Three-dimensional structure of chicken lysozyme. The active site is highlighted in red, helices in light red,b-sheets in blue, and the four
disulphide bonds, which contribute to the exceptional stability of the molecule, are shaded yellow. Courtesy of Neova Technologies Inc., Abbotsford,
British Columbia, Canada.
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temperatures of 69–75 � C are typically reached during pro-
cessing, the enzyme may be partially or completely denatured

Avidin is unique in that its complex with biotin results in an
association coef� cient (Ka) of about 1015, the strongest such
biological association known that does not involve covalent
bonding. Avidin is inactivated at 85 � C, but the avidin–biotin
complex can withstand temperatures greater than 100� C for
a brief period.

Ovotransferrin has an isoelectric point of 6.1. Each mole-
cule is capable of binding two atoms of iron. Ovotransferrin
also will bind aluminum and copper ions, with the order of
strongest to weakest binding being Feþþþ > Alþþþ > Cuþþ .

IgY represents a heterogeneous population of molecule
composed of several antibody subclasses, with an isoelectr
point ranging from 5.0 to near neutrality. Yolk antibodies are
more stable in the neutral pH range up to about 60� C, or
above pH 4 up to 40 � C. Below pH 4 or above 65� C, the
antibody activity is greatly diminished.
f

ic

Mode of Action

The primary mechanism by which lysozyme lyses microor-
ganisms is by cleaving the bonds between the C-4 o
N-acetylglucosamine and the C-1 ofN-acetylmuramic acid, the
two repeating units of the peptidoglycan layer. It is fairly active
against organisms with a relatively accessible peptidoglyca
layer (some Gram-positive organisms), but against organisms
where this layer is not as accessible (e.g., Gram-negati
organisms), the enzyme is not able to access its substrate an
usually shows little or no antimicrobial effect. Compounds that
help to destabilize the outer membrane of Gram-negative
organisms (e.g., ethylenediaminetetra-acetate [EDTA]) appea
to permit lysozyme to act on some of these otherwise-unas
sailable targets. The lysing action of lysozyme can be quit
dramatic when viewed by electron microscopy (Figure 3).

The antimicrobial properties of lysozyme are not limited only
to its enzymatic action. It also is believed that by adhering to the
exterior surface of some microorganisms (especially fungi), it can
interfere with cell function and hinder growth and replication.
Lysozyme also appears to cause agglutination of bacteria.

The antimicrobial effect of avidin is attributed to its ability
to bind strongly with biotin. By depriving microorganisms of
this essential nutrient, it has a bacteriostatic effect on biotin-
reliant organisms.

For many years, the literature has described a bacteriostat
effect of ovotransferrin. This effect is attributed to the ability
of ovotransferrin to bind iron, and thereby deprive
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Figure 3 (a) Electron micrograph ofL. curvatusgrown in pork juice
extract. (b) Electron micrograph ofL. curvatustreated with 500 ppm
lysozyme. Courtesy of Neova Technologies Inc., Abbotsford, British
Columbia, Canada, and Dr Frances Nattress, Agriculture and Agri-Food
Canada, Lacombe Research Center, Lacombe, Alberta, Canada.
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Figure 2 Schematic diagram of a typical immunoglobulin molecule. S–S
represents disulphide bonds. Fab is the antigen-binding portion of the
molecule. Fc is the heavy chain portion of the molecule.
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iron-dependent organisms of an essential element. Recen
studies have shown that there is also an antimicrobial effec
that is relatively independent of the degree of iron saturation of
the molecule. It is now believed that a peptide sequence
embedded within the primary structure may, in fact, cause
direct disruption of cell surfaces. This belief is based on
knowledge of similarities in structure between ovotransferrin
and lactoferrin, a milk transferrin containing a bactericidal
peptide sequence known as lactoferricin. Recent research h
identi � ed a 92-residue sequence in the N-lobe portion of
ovotransferrin that displays antimicrobial effect againstStaph-
ylococcus aureusand Escherichia coliK-12. Three disulphide
bridges within this sequence contribute to a tertiary structure
that is needed for the antimicrobial action.

The mechanism of action by which orally applied IgY inhibits
pathogens is not yet well understood. Some authors have
postulated that IgY inhibits bacterial growth through a typical
antibody precipitin reaction in which the antibodies coat the
outer surface of target organisms and cross-link the cells into a
insoluble mass, with the optimal pH range for this effect being
from pH 5 to 9. Others, however, suspect that a more signi� cant
mechanism of action involves the binding of antibodies to
speci� c components on the outer surface of microorganisms
resulting in impairment of some biological functions related to
growth and attachment to intestinal cells. By preventing adhe-
sion, invasion into epithelial cells is stopped or reduced.
-

Importance in Avian Eggs

Egg-white proteins protect the egg from invasion by foreign
organisms by both physical and chemical defenses. By forming
a viscous layer between the shell and the yolk, egg whit
impedes the movement of organisms. A network of � bers
within the egg whites is believed to be the result of an inter-
action between lysozyme and ovomucin.

The chemistry of the defense in egg white is clearly linked to
the antimicrobial proteins discussed earlier in this chapter. The
bactericidal effect of lysozyme is signi� cant, but many organ-
isms that gain access to the interior of avian eggs are Gram
negative and therefore unlikely to be susceptible to the lytic
action of lysozyme alone. At the basic pH of raw egg white
(pH > 9), the iron sequestering ability of ovotransferrin is
enhanced, and it is considered to be a major impediment to the
growth of many organisms. The proteins presented inTable 1
present a relatively hostile environment to invading microor-
ganisms by making biotin, ribo� avin, and iron relatively
unavailable, inhibiting bacterial proteases and binding bacte-
rial cells together through electrostatic interactions.
Importance in Food and Pharmaceutical Applications

Lysozyme has been used in pharmaceutical and food applica
tions for many years due to its lytic activity on the cell wall of
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Gram-positive microorganisms. These organisms are respon
sible for infections of the human body and for the spoilage of
various foods.
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Pharmaceutical Applications of Lysozyme

Hen egg white lysozyme is used in over-the-counter drugs to
increase the natural defenses of the body against bacteri
infections. Since lysozyme forms part of the human immune
system, it has been proposed that supplementation with
chicken lysozyme may have bene� ts. The pharmaceutical use
encompasses applications such as otorhinolaryngolog
(lozenges for the treatment of sore throats and canker sores
and ophthalmology (eye drops and solutions for disinfecting
contact lenses). Lysozyme can be added to infant formulas to
make them more closely resemble human milk (cow’s milk
contains very low levels of lysozyme).

Over the past decade there has been interest in the antivira
properties of lysozyme, with some research demonstrating anti
HIV activity of both human and chicken lysozyme in vitro. It is
possible that these� ndings may lead to new means of treat-
ment for this infection.
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Food Applications of Lysozyme

Much research has been done on the use of lysozyme a
a preservative in food products, particularly in East Asia and
Japan. Several applications have been described and patente
including the treatment of fresh fruits, vegetables, seafood
meat, tofu, beer, sake, and wine.

The most important food application of lysozyme is the
prevention of the problem known as ‘butyric late blowing,’
which occurs during the ripening of certain European-type
cheeses. This problem is due to contamination of milk by
spores ofClostridium tyrobutyricum. The origin of this contami-
nation lies in the widespread use of silage as a feed. The spor
of C. tyrobutyricumare present in the soil and are incorporated,
together with soil particles, into the corn or hay used to make
silage. The spores will proliferate in the silage if a rapid acidi-
� cation does not take place. When the cows are fed th
contaminated silage, the spores are excreted into the manur
and, if the milking is not carried out under strict hygienic
conditions (e.g., thorough washing of the udder, elimination of
the � rst drops of milk), the spores can subsequently contami-
nate the milk. It has been demonstrated that a very smal
amount of manure (less than 1 g) is enough to contaminate
a tank containing several thousand gallons of milk.

If cheese is made with milk contaminated with spores of
C. tyrobutyricum, the majority of the spores are retained in the
curd. Here, the conditions (absence of oxygen and presence o
large amounts of lactic acid) are favorable for the germination
and development of vegetative forms during the ripening of the
cheese. Lactic acid can be metabolized as the primary source
carbon by C. tyrobutyricumto produce butyric acid and
a combination of two gases: hydrogen and carbon dioxide. The
accumulation of butyric acid is responsible for organoleptic
defects in the cheese due to the characteristic off-� avor caused
by this short-chain fatty acid. The production of large volumes
of hydrogen (totally insoluble in the water phase of the cheese
curd) and carbon dioxide (partly soluble), leads to an increase
in the internal pressure of the cheese and, subsequently, to th
formation of slits and cracks in the cheese during the ripening
process. This has a dramatic and detrimental impact on the
quality of the cheese and, consequently, on its commercia
value. Cheese with a late-blowing problem usually has to be
downgraded or, in severe cases, cannot be sold.

Before the use of lysozyme, cheesemakers develope
a number of techniques to try to prevent butyric late blowing.
Two commonly implemented techniques are (a) a physical
process to eliminate the spores by centrifugation (known as
‘bactofugation’) and (b) the use of chemical inhibitors of
C. tyrobutyricum, such as nitrates. Neither method can guarante
a complete solution to the problem.

Research begun in the late 1960s and 1970s, followed b
cheese trials carried out in Europe in the early 1980s, demon
strated the ef� cacy of lysozyme to prevent late blowing in
different types of cheese. The principle of lysozyme action is
based on its capacity to be retained in the cheese curd, throug
electrostatic attraction with the casein, and on the stability of its
enzymatic activity throughout the ripening process. Lysozyme is
active on the vegetative cells ofC. tyrobutyricum, which appear
during the ripening process. The usage level is usually 25 ppm in
the cheese milk. At this concentration, most of the lactic cultures
used in the production of cheese, although Gram-positive
bacteria, are not sensitive to the lytic action of lysozyme.

Lysozyme has been approved by the European Union and
has now been used with success for more than 25 years i
several European countries (e.g., France, Italy, Spain, Portug
Germany, Denmark, the Netherlands). Its use has bee
successful in different types of cheeses, such as hard chee
(Parmesan, Swiss), semihard cheeses (Gouda, Manchego), a
soft cheeses (Brie). Lysozyme received Generally Recognized
Safe status from the U.S. Food and Drug Administration in
1998 and is raising a lot of interest in North America for its
application in specialty cheeses.

Another food application of lysozyme of growing impor-
tance is in alcoholic beverages like wine or beer. In wine
making, the Organisation International du Vin(OIV) has
permitted its use since 1997 at a level not exceeding 500 ppm
Some of the types of applications are as follows:

l Delaying malolactic fermentation
l Stabilizing wines after malolactic fermentation
l Preventing spoilage by lactic acid bacteria that cause stuc

fermentations

The industrial use of lysozyme in winemaking has become
common worldwide for these noted applications. Beer is an
unfavorable medium for many microorganisms due to the
presence of ethanol and the hop bitter compounds, the high
content of carbon dioxide, the low content of oxygen, the low
pH, and the lack of nutritive substances. So-called beer spoilag
microorganisms, however, still manage to grow in beer. Most
breweries now commonly � lter sterilize or pasteurize their
beers to prevent bacterial spoilage during storage of the bee
before consumption. Beer spoilage bacteria are mostly lacti
acid bacteria. For some specialty beers, like the top-fermentin
beers with refermentation (e.g., cask-conditioned beer and
bottle-conditioned beer), these treatments are not possible
because the viable microorganisms present are part of th
production process of those beers. Lysozyme has proven to b
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a suitable antibacterial agent for brewing purposes, and it is
effective in inhibiting lactic acid bacteria added to � nished
beers. Therefore, it is used to preserve beers that will not receiv
either pasteurization or sterile� ltration.

The high speci� city and effectiveness of lysozyme agains
only certain Gram-positive organisms are what allows it to be
used in the applications discussed. For example, in the wine
making examples, it inhibits spoilage organisms (mainly lactic
acid bacteria), while at the same time not interfering with the
yeast that are essential to making the wine. This speci� city is
what makes lysozyme unsuccessful as a broadly effective an
microbial. Some efforts have been made to increase lysozyme’s
range of food applications by combining it with other natural
antimicrobials. For example, work in the 1980s on combina-
tions of lysozyme with the antimicrobial peptide nisin led to
patents for its use againstListeria monocytogenesin meat products.
To date, industrial use of lysozyme in processed meat preserv
tion has not been as signi� cant as its use in cheese and wine.
yolk antibodies
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Applications of Avidin

Avidin, in conjunction with biotin, is used in a number of
diagnostic and analytical applications, including biotinylated
probes for a number of quantitative detection methods, af�nity
chromatography columns, immunoassays, immunohisto-
chemistry, and protein blotting.

Although avidin has shown antimicrobial effect, presum-
ably by binding and making biotin unavailable to organisms
with a strong need for biotin, it has not yet been used at any
signi� cant scale as a natural antimicrobial added to foods.
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gs: Their Basic
Applications of Ovotransferrin

Although patents from the 1970s promoted ovotransferrin as
a potential inhibitor of mildew in such Asian dishes as noodles,
wontons, and fried bean curd, it has not been used extensively
for its antimicrobial properties in food applications. More
recent patent applications propose the use of ovotransferrin to
treat human immunode� ciency virus and to prevent peri-
odontal disease. In Japan, immobilized ovotransferrin has been
used to remove iron from drinking water, as well as water for
brewing. In Europe, it is being promoted as both a natural iron
supplement in functional foods and as a nutraceutical.

Recent research has demonstrated the potential for futur
food applications of ovotransferrin, including edible � lms
incorporating ovotransferrin to extend the shelf life of fresh
chicken breasts. Ovotransferrin has been shown to reduc
bacterial and viral infections in large-scale turkey production,
where it was tested as an antimicrobial aerosol.
Y

Applications of IgY

A number of recent patents have been issued for the use of Ig
(often in the form of a crude extract or even administered
directly with the egg yolk). Many include prophylactic or
therapeutic use involving passive protection of � sh,
mammals, or humans against pathogenic organisms or
viruses. One interesting application involves the use of IgY to
target food enzymes that cause the deterioration of foods
through discoloration, generating off-� avors or off-odors, or
altering important physical properties. The ability of domestic
hens to generate antibodies to a large number of important
antigens is likely to lead to the continued growth of applica-
tions for IgY.

See also:Bacillus: Bacillus cereus; Bacteriocins:Nisin;Cheese:
Microbiology of Cheesemaking and Maturation;Cheese:
Micro� ora of White-Brined Cheeses;Clostridium: Clostridium
tyrobutyricum; Eggs:Microbiology of Egg Products;Listeria
Monocytogenes; Permitted Preservatives:Nitrites and Nitrates;
Staphylococcus: Staphylococcus aureus; Starter Cultures
Employed in Cheesemaking;Wines:Malolactic Fermentation;
Wine Spoilage Yeasts and Bacteria.
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Introduction

There has been much interest in the potential use of natura
antimicrobial systems as food preservatives because of th
concern expressed by consumers about synthesized chemic
preservatives. In addition, consumers want food products tha
are ready to eat, taste fresh, are rich in nutrients and vitamins
are microbiologically safe, are minimally processed, and have
an extended shelf life. Starter cultures (mainly lactic acid
bacteria) and their associated microbial products, antimicro-
bial compounds from plants, chelating agents, enzymes, and
bacteriophages all have the potential for use as natural anti
microbial food preservatives. Only a few of these compounds
however, actually have been tested in food, and consequentl
their effectiveness in food is mainly unknown. The in�uence of
the imposed ecological factors should be considered when
investigating the preservative effect of natural antimicrobial
systems during storage. Potentially their main use would be a
part of hurdle technology when they would be used in
combination with a higher or lower temperature, reducedaw,
chemical preservatives, high-pressure processing, pulsed el
tric �elds, vacuum packaging, or modi�ed atmospheres.
f

e

-

,

g
f

f

h

.

t

An Ecological Concept of Food Preservation

There is a phylogenetically and phenotypically diverse range o
microorganisms that contaminate food via raw materials (often
harvested from the�eld), during transport, storage, and pro-
cessing. The intrinsic factors (pH, water, and nutrient
availability) and the extrinsic factors (humidity, storage
temperature and gaseous environment) together create a nich
that selects for speci�c microorganisms that become dominant.
The food is modi�ed by physical, chemical, or natural preser
vation methods and this also affects the micro�ora. Addition-
ally, the combined effects of pH, temperature, microorganisms
and their associated metabolites, interactions with food
components, treatments such as irradiation, vacuum packagin
and modi�ed atmosphere packaging, and the actual survival o
the preservative in these conditions during storage of the food
need to be considered. The importance of the interplay of such
factors is demonstrated clearly by the antibacterial properties o
some compounds being more pronounced in broth cultures
than in food products.
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Traditional Methods

For many centuries food has been traditionally preserved by
microbial fermentation, even before the microorganisms
involved were identi�ed. This depended on backslopping (the
use of an inoculum from the previous fermentation), the
addition of substrates (usually cereals), and marination in salt
and sugar that encouraged the domination of the desired
microorganisms in the natural micro�ora. The process of
mincing, chopping, and dense-packing created an anaerobi
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
environment and an even distribution of nutrients, and this
also favored the fermentative microorganisms. These chara
teristics were then associated with the production of the desired
�avor, a lowered pH, and other preservative characteristics.

Traditional Asian fermented foods depended on a natural
micro�ora of yeasts, bacteria, and molds. The microorganism
that dominated in these food products may have depended on
the geographic location and the seasonal variation, but lactic
acid bacteria often played an important role in these
fermentations.

The commercial development of fermented foods led to
a fermentation that was controlled by the inoculation of
selected food-grade starter cultures. In the dairy industry, th
fermentation of milk results in products with a short shelf life,
such as yogurts, or those with a long shelf life, such as chees
Other commercially produced fermented products include
buttermilk, fermented sausages, ke�r, koumiss, sauerkraut, and
sourdough bread. Starter cultures have a well-establishe
history of safe use and are therefore readily acceptable t
consumers, regulatory agencies, and the food industry.
Growth of Desirable Microorganisms

Traditional fermentation led to food with an improved taste
and �avor and an extended shelf life. This was associated wit
a reduction in pH that encouraged the succession of microor-
ganisms that tolerated acid conditions. In fact as the lactic acid
bacteria were acid tolerant and produced antimicrobials, they
were well suited to survive and dominate in fermentations.
When the important fermentative microorganisms were iden-
ti�ed, this led to the deliberate inoculation of starter cultures to
give desirable foods with consistent organoleptic properties
During the early use of starter cultures in the dairy industry, the
antimicrobial bacteriocin, nisin, was discovered. This led to the
addition of bacteriocin-producing lactic acid bacteria to foods,
to inhibit food spoilage bacteria and foodborne pathogens.
Inhibition of Undesirable Microorganisms

Many microbial contaminants of food are inhibited by low
pH, low temperature, low aw, anaerobic atmospheres, or the
addition of chemical preservatives. The microorganisms tha
survive and multiply are those that grow in the imposed
conditions and can readily assimilate the simple nutrients
available in the food. When these physical and chemica
factors are imposed, the remaining micro�ora may consist of
only a few, or even one, species. In these conditions, a natura
antimicrobial compound that speci�cally inhibits the species
can be used. In less extreme conditions, several genera
microorganisms might persist, such as populations of lactic
acid bacteria, yeasts, and acetic acid bacteria, which prolifera
in acidic beverages.

When a combination of factors leads to a mildly inhibitory
environment, then only one genus or one species become
dominant and causes spoilage. For example, in aerobicall
78-0-12-384730-0.00238-X 941

http://dx.doi.org/10.1016/B978-0-12-384730-0.00238-X


f

e

-

to
l

ct

t,

,

.
c

d
in

942 NATURAL ANTI-MICROBIAL SYSTEMSj Preservative Effects During Storage
stored chilled meat, pseudomonads are the main spoilage
microorganisms. They dominate by converting glucose to
gluconate, which depletes the available glucose and thus limits
the growth of other microorganisms. This factor, together with
their ability to grow rapidly at 4 –6 � C, decreases the shelf life o
meat. To extend the shelf life of meat, modi� ed atmosphere
packaging was developed, and the increased CO2 inhibited the
growth of pseudomonads. Modi� ed atmosphere packaging,
however, favors the growth ofCarnobacterium, Weissella, and
Brochothrix thermosphacta, but the rapidly growing lactic acid
bacteria often dominate the micro� ora. Natural antimicrobial
systems used in these products would have to be effectiv
against a cocktail of meat spoilage bacteria.

The shelf life of minced meat products can be extended by
using sul� tes that inhibit the growth of Gram-negative
bacteria, such as pseudomonads, allowing yeasts and Gram
positive bacteria, such as B. thermosphactaand homo-
fermentative lactobacilli, to dominate. The yeasts produce
acetaldehyde, which binds to SO2, neutralizing its preserva-
tive activity. In this case, a natural antimicrobial system that
inhibits yeasts could be used in combination with a lower
concentration of SO2.

The inactivation of microorganisms by appertization is
in� uenced by pH. Food with an acidic pH only requires a mild
heat treatment to kill the same number of microorganisms as
that achieved by higher temperatures for longer periods in
foods with neutral pH. Natural antimicrobials that attack the
cell envelope could be used in conjunction with appertization
to sensitize the microorganisms to heat treatment.
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Antimicrobial Systems Naturally Present in Foods

Foods traditionally fermented by lactic acid bacteria are
preserved due to (1) the acidic pH resulting from the metab-
olism of sugars to lactic and acetic acids; (2) the increase
concentration of undissociated acids and the concomitant
decrease in available carbohydrates; and (3) the production o
antimicrobial metabolites, such as H2O2, diacetyl, reuterin, and
bacteriocins. Many of these compounds kill or suppress food-
borne pathogens and spoilage microorganisms, by acting on
speci�c targets (e.g., cell membranes or key enzymes). Th
activity of these antimicrobial compounds is affected by
concentration, temperature, pH, contact time, food compo-
nents, and the type and growth stage of the bacterial contam
inants. Additionally, a lowered aw or the exclusion of O2 also
may have an effect on the antimicrobial activity.

Crude or puri� ed antimicrobial compounds, or antago-
nistic microorganisms themselves, can be used to contro
pathogenic and spoilage bacteria. Their role would be as an
additional barrier in the hurdle technology concept of food
safety.
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Lactic Acid Bacteria

Lactic acid bacteria associated with foods include species o
Lactobacillus, Lactococcus, Enterococcus, Pediococcus, Leu
Streptococcus, Carnobacterium, Fructobacillus, Oenococcu, and
Weissella. Lactic acid bacteria can tolerate low pH, high
concentrations of salt, and heat treatments. Food-grade lacti
acid bacteria that are used as preservatives must be able
survive freezing, drying, and storage conditions. The physica
and chemical characteristics, the antimicrobial mechanisms
and the stability of the compounds when added to a food
product must be determined. In fact, the concentration of acids,
salts, spices, chemical preservatives, and bacteriocins will affe
the growth of the lactic acid bacteria. Ideally, the bacteria
should be fast-growing, bacteriophage resistant, salt-toleran
and genetically stable. Additionally, some species of lactic acid
bacteria will grow well at refrigeration temperatures in condi-
tions of reduced oxygen that inhibits many of the competing
spoilage bacteria. Viable lactic acid bacteria, nongrowing cells
spent medium–containing antimicrobial compounds, or the
puri � ed compound can be used to preserve a food product
Some species of lactic acid bacteria also will produce metaboli
compounds with antifungal properties that could be used to
control fungal spoilage of food during storage.
nostoc,

Organic Acids

The commercial starter cultures in hard cheeses and fermente
sausages produce organic acids, and the associated reduction
pH ensures the stability of the food products and inhibits the
growth of Enterobacteriaceae, coliforms, salmonellae, staphylo-
cocci, Escherichia coli, and Listeria monocytogenes. Soy sauce is
produced by a rapid fermentation with the concomitant
production of acetic acid that inhibits yeasts and therefore
fermentation to alcohol. The effectiveness of this type of inhi-
bition depends on the rate of fermentation, the duration of the
processing time, the initial contamination level and the type of
microorganisms present.

Acid production can be enhanced by the addition of sugar
to a food product. Lactobacillus plantarumand Pediococcus aci
ilactici, inoculated into bacon supplemented with sucrose and
a reduced amount of nitrite (the Wisconsin method), inhibit
the growth of Clostridium botulinum, by means of acid produc-
tion and hence a lowered pH. Similarly, staphylococci have
been inhibited in country-style hams, and C. botulinumhas
been inhibited in chicken salads.

A fail-safe system, in which acidi�cation occurs only at
raised temperatures, can be used to extend the shelf life o
nonfermented refrigerated foods, such as red meat, poultry
and seafood. Studies show that foodborne pathogens, in mea
slurries supplemented with glucose, were inhibited by the acid
produced by Lactobacillus sakeiat temperatures above 10� C.
The ef�cacy of this system would depend on the concentration
of fermentable carbohydrate; the rates of growth and of acid
production by the lactic acid bacteria at abuse temperatures; th
initial pH and the buffering capacity of the food; the presence
of other antimicrobial factors; and the type and concentration
of the undesirable bacteria. Its effectiveness is reduced by a hig
level of microbial contaminants and by the buffering capacity
of the food product.

Organic acids disrupt the cell membrane and key enzymes
The lipophilic, undissociated acetate molecule diffuses acros
the bacterial cell membrane and on entering the cell dissociate
in the cytoplasm (where the pH is higher), thus releasing
protons that must be exported from the cell to maintain
a constant intracellular pH. This response disrupts the proton
motive force and may uncouple oxidative phosphorylation and
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nutrient transport processes. The antimicrobial ef� cacy of
organic acids increases as the pH decreases, and is a function
the undissociated molecules. Antimicrobial activity also
increases in anaerobic conditions and with temperature
Organic acids therefore could be used in combination with
vacuum packaging or modi� ed atmosphere packaging. In
theory, lactic acid bacteria could be genetically modi� ed to
produce more acetic acid– this would enhance their potential
as food preservatives.
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Hydrogen Peroxide

Hydrogen peroxide inhibits bacterial growth, respiration, and
viability. Its bactericidal activity is due to its strong oxidizing
effect, caused directly or indirectly by a metabolite, such a
a hydroxyl radical (OH� ), formed by the reaction between
H2O2 and superoxides (compounds containing the O2

� group).
The hydroxyl radical is reactive and damages essential ce
components, such as membrane lipids and DNA.

As well as producing acid and H2O2, lactobacilli compete
with other microorganisms for the limited amounts of vital
nutrients available (e.g., niacin, biotin). The combined effects
of these three characteristics are important in inhibiting
foodborne pathogens, such asSalmonella typhimurium, Staph-
ylococcus aureus, enteropathogenic E. coli, and Clostridium
perfringens.
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Diacetyl

Diacetyl (2,3-butanedione) and its reduced forms (acetoin and
2,3-butanediol) are produced by the metabolism of sugars via
pyruvate. Diacetyl production, however, is low unless there is
an additional source of pyruvate, citrate, or acetate. The pres
ence of lactate and an increase in temperature from 21 to 30� C
reduce diacetyl production. In contrast, production is increased
with the presence of metal ions (particularly Cuþþ , Mgþþ , or
Mnþþ ), aeration, or the addition of hydrogen and catalase to
milk. The optimum pH for diacetyl production is pH 4.5 –5.5,
and its antimicrobial properties decrease with an increase in
pH. Diacetyl is only antimicrobial at high concentrations, and
it has a greater effect on Gram-negative bacteria, yeasts, a
molds than on Gram-positive bacteria.
,
.
-

ri

s

y

e

f

Reuterin

Reuterin (3-hydroxypropionaldehyde) has a low molecular
weight, is nonproteinaceous, and is highly soluble in water,
producing a solution with neutral pH. It also has broad-spec-
trum antimicrobial activity, being effective against yeasts
molds, protozoa, Gram-negative, and Gram-positive bacteria
It is produced and excreted by certain heterofermentative lac
tobacilli (e.g., Lactobacillus reuteri) during the anaerobic
metabolism of glycerol or glyceraldehyde.Lactobacillus reute
isolated from sourdough also produces reutericyclin, an anti-
biotic effective against Gram-positive bacteria.

Reuterin or reuterin-producing lactobacilli, with or without
the addition of glycerol, can be used to control spoilage and
pathogenic microorganisms in foods. Reuterin inhibits E. coli
and species ofSalmonella, Shigella, Clostridium, Staphylococcu,
Listeria, and Candida.
Bacteriocins

Bacteriocins produced by lactic acid bacteria are ribosomally
synthesized antimicrobial peptides or proteins with a low
molecular weight. For example, Class I bacteriocins are Lant
biotics, including Nisin, Lacticin 481, Lacticin 3147 produced
by Lactococcus lactis, and Citolysin produced by Enterococcu
faecalis. Class II bacteriocins are thermostable linear peptides
such as enterocins produced byE. faecalisand pediocins
produced by Pediococcusspecies. Class III are the heat labile
bacteriocins, such as helveticin produced byLactobacillus
helveticus.

The semipuri� ed or puri� ed bacteriocins can be used a
food preservatives to extend the shelf life of the product. They
are heat stable peptides and hence retain their antimicrobia
activity after pasteurization. Bacteriocins with a narrow anti-
microbial spectrum can be used to target pathogenic bacteri
such asL. monocytogenesin food, whereas those with a broader
spectrum can be used to control a wider range of bacteria. The
are tolerant of changes in pH and temperature that may occu
during storage. Bacteriocins cause pore formation in the cyto
plasmic membrane of Gram-positive bacteria that disrupts the
proton motive force and causes leakage of essential cellula
components, leading to cell death. Their antimicrobial effect
during the shelf life of the food depends on storage tempera-
ture, interaction with food components and additives, pH
changes over storage, enzyme activity, microbial interactions
and the sensitivity and growth phase of the target bacteria. Fo
example, in complex foods, bacteriocins migrate to the fat
phase or bind to proteins.

Bacteriocins can be bound to a carrier such as in liposome
encapsulation or be incorporated into � lms. These antimicro-
bial � lms allow a constant � ow of bacteriocins into the food
during storage. When the immobilized bacteriocin 32Y from
Lactobacillus curvatuswas incorporated into a polyethylene� lm,
it reduced numbers of L. monocytogenesin meat products.
Liposome encapsulation of immobilized Nisin inhibited
Listeriaspp. in cheese.

Several bacteriocins are commercially available, in partic
ular, Nisin produced by L. lactissubsp.lactis. Nisin (Nisaplin) is
categorized as GRAS (generally recognized as safe) and
licensed as a food preservative (E234). Nisin is a cationi
antimicrobial polycyclic peptide, which contains unusual
residues– dehydroalanine, dehydrobutyrine, lanthionine, and
b-methyl-lanthionine. Nisin is nontoxic and stable to heat at
a low pH, and its solubility in water decreases as the pH
increases. Its activity is partially protected from heat damage b
the large protein molecules in milk.

Nisin inhibits the vegetative cells of Gram-positive bacteria
and is bacteriostatic to the spores ofBacillusand Clostridium
species. The effect of nisin on the outgrowth ofBacillusspores is
affected by high pH, high spore loads, and high incubation
temperatures. Some species ofBacillusand lactic acid bacteria
produce nisinase, a nisin-hydrolyzing enzyme.

Nisin and nisin-producing starter cultures added to pro-
cessed Swiss-type cheeses inhibit the gas-formingClostridium
butyricum and Clostridium tyrobutyricumand suppress toxin
production by C. botulinum. Heat-damaged bacterial spores ar
more sensitive to nisin than intact spores, so a milder heat
process can be used during canning to prevent the outgrowth o
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clostridial spores in canned vegetables. A combination of nisin
and nitrite in fermented meat products, such as frankfurters,
inhibits the outgrowth of C. perfringens.

Nisin is also used to prevent the spoilage of beer by diacetyl
producing lactobacilli and to inhibit malolactic fermentation
(the conversion of dicarboxylic malate to monocarboxylic
lactate) in white wines. Nisin and nisin-resistant Oenococcu
oenosare used to control malolactic fermentation in red wines.
Nisin-producing L. lactissubsp. lactis, together with a nisin-
resistant starter culture, can be used to control the fermentation
of sauerkraut.

Nisin causes the formation of pores in the cytoplasmic
membrane of susceptible cells, and the associated ef� ux of
adenosine triphosphate (ATP), potassium ions, and amino
acids results in dissipation of the membrane potential. The
sensitivity of Gram-negative bacteria, particularlySalmonella
species to nisin or other bacteriocins, can be enhanced by usin
disodium ethylenediaminetetraacetic acid (EDTA). This
disrupts the lipopolysaccharide layer of the outer cell
membrane by binding magnesium ions, making the
membrane permeable and hence enabling nisin or other
bacteriocins to act on the cytoplasmic membrane. Nisin and
pediocin AcH (produced by P. acidilactici) are both effective
againstL. monocytogenesso a combination of the two increases
the antibacterial activity and could be used to control
L. monocytogenesin cheese. Pediocin AcH is also effective again
S. aureusand E. coli0157:H7.

The bacteriocinogenic lactic acid bacteria can be used a
starter cultures, as cocultures in combination with a starter
culture or as a protective culture in nonfermented foods. These
bacteria grow and produce bacteriocins that inhibit spoilage
and pathogenic bacteria during refrigeration storage or unde
temperature abuse. AnEnterococcussp. that produces Enter-
ococcin AS-48 can be used as a coculture in cheese to inhib
Bacillus cereuswithout affecting the starter culture. Some specie
of bacteriocinogenic lactic acid bacteria will inhibit L. mono-
cytogenes, S. aureus, C. perfringens, and Bacillus cereus. For
example, bacteriocin producing strains ofLeuconostoc mese
teroidesand L. curvatushave been found to inhibit L. mono-
cytogenes. Bacteriocin production during food storage will
depend on the storage temperature, gaseous environmen
composition, and structure of the food, pH changes over
storage,aw, enzyme activity, redox potential, other antimicro-
bials, and microbial interactions. For example, the activity of
pediocin AcH increases when the pH is reduced from pH 6 to 4.
Alternatively, the bacteriocins themselves can be used in foo
products. Lactocin 3147 (commercially available) and Ped-
iocin PA-1/ACH (commercially available as ALTA 2341)
substantially reduce the number of Listeria monoctytogenesin
dairy products. Sakacin P, Pediocin AcH, and carnobacterioci
inhibit the growth of L. monocytogenesin vacuum-packed meats.
By initially targeting the pathogen population, the risk of
further multiplication during storage is reduced.

An option is to employ bacteriocins and the bacteriocino-
genic strains in combination with other preservative methods
in hurdle technology. They can be used to give an additive or
synergistic effect with chemical preservatives, heat treatment
modi � ed atmospheres, high pressure processing, pulsed ele
tric � elds, plant phenolic compounds, or antimicrobial
proteins. They therefore can be used in combination with
a milder heat treatment or a lower concentration of a chemical
preservative. Bacteriocins, such as Nisin or Enterocin AS-48, c
be used in stored food to prevent the growth of surviving
endospores after heat treatment. Gram-negative bacteria a
susceptible to modi� ed atmospheres so a bacteriocin can be
used to target the surviving Gram-positive bacteria. Nisin can
be used with plant essential oils, such as carvacrol, eugenol, o
thymol, to inhibit Bacillus cereusor L. monocytogenes.The anti-
listerial effect can be increased by a combination of two
bacteriocins, such as Nisin with Pediocin AcH or Lactacin 481
with Pediocin AcH. Nisin can be used with lysozyme to inhibit
Gram-positiveS. aureus, but if a chelating agent such as EDTA is
also added, then this combination will be effective against
Gram-negative bacteria.

Lactic acid bacteria could be modi� ed genetically to
generate strains that would produce greater quantities o
bacteriocins (superproducers) or broader-spectrum bacterio
cins. Bacteriocin production could be transferred by genetic
manipulation to a food-grade starter culture. Bacteriocin-
producing starter cultures would ensure dominance of the
fermentation by lactic acid bacteria. Ideally, bacteriocins would
be effective against Gram-positive and Gram-negative spoilag
and pathogenic bacteria, and also against vegetative cells an
spores, but it would not alter the organoleptic properties of
foods. Bacteriocins should be effective at low doses, and stabl
during the storage of the product. They are nontoxic to
eukaryotic cells and are inactivated by proteases in the human
gastrointestinal tract.
Enterocins

Enterocins produced byEnterococcusspp. are effective agains
L. monocytogenes. For example, Enterocin CCM4231, Enterocin
CRL35, and Enterocin AS-48 have been shown to reduce th
population of L. monocytogenesin dairy-related products.
Whereas Enterocins A and B have exhibited antilisterial prop
erties in minced pork, Enterococci can be used as starte
cultures in cheese to controlL. monocytogenes. Semipuri� ed or
puri � ed enterocins could be used in nonfermented food
products to inhibit E. coli, S. aureus, Shigella sonnei, Klebs
pneumoniae, and Pseudomonasspp. Enterocin AS-48 is also
effective againstBacillus cereus, S. aureus, and L. monocytogenesin
cheese. Enterocin AS-48 has been shown to inhibitL. mono-
cytogenesand Bacillus cereusin lettuce juice and has been used to
suppressBacillus coagulansin tomato paste. The initial reduc-
tion of the targeted bacteria will lower the risk of further
multiplication during storage.
Bacteriocins from Species ofBacillusand Carnobacterium

Some species ofBacillusalso produce bacteriocins with a broad
inhibition spectrum that can be used to inhibit Gram-negative
bacteria, Gram-positive bacteria, yeasts, and molds. In partic
ular the bacteriocin preparations Bacillocin 490 and Cerein 8A
could be used to inhibit L. monocytogenesin cheese. Many
Bacillusspecies, however, lack GRAS status and some produ
toxins associated with food poisoning.

Piscicolin 126 produced by Carnobacterium maltaromaticu
JG126 (formerly Carnobacterium piscicola) and UAL26 has
a strong activity againstL. monocytogenesand potentially could
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be used for meat preservation. Additionally, bacteriocin
producing strains ofC. piscicolaV1 andCarnobacterium diverge
V41 have been found to inhibit L. monocytogenesin refrigerated
foods, such as cold smoked salmon. Carnocin CP5 and Pisc
colin 126 have been found to inhibit L. monocytogenesin milk.
Carnobacteriocin B2 and piscicolin also have been found to
have antilisterial properties. Reducing the initial numbers of
L. monocytogenestherefore should lower the risk of an increased
population during storage.
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Yeasts

Saccharomyces cerevisiae, which has been used for many centu-
ries to ferment bread, beer, and wine, produces antimicrobia
compounds, including ethanol, sul� te, and killer toxins. Sul� te
is produced primarily by the reductive assimilation of sulfate.
Its antimicrobial effect is pH dependent, because only the
undissociated sulfurous acid crosses the microbial membran
by passive diffusion. Sul� te is therefore more effective in acid
foods, because at neutral pH, sul� te and bisul� te ions
predominate. Sul� te is highly reactive – it reacts with alde-
hydes, ketones, and thiamin and cleaves disulfide bonds. I
decreases intracellular pH because of dissociation, and deplete
ATP. Pichia anomalahas been considered to be a biocontrol
agent due to its antagonistic properties against spoilag
microorganisms, mainly fungi.
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Killer Toxins

Killer toxins are produced by yeasts and are narrow-spectrum
antifungal proteinaceous compounds.Saccharomyces cerevis,
for example, produces four such killer toxins. The microor-
ganisms sensitive to killer toxins belong to either the same
genus or the same species as the producing organism. The tox
attaches to the cell wall or to receptors in the cell wall con-
taining b-1,6-D-glucan, causing disruption of the plasma
membrane, and consequently loss of ions and cell death. The
toxins are effective at pH values within a narrow range
(4.6–4.8) and are unstable at temperatures above 25� C. Killer
toxins therefore have limited potential for use in foods,
particularly as they are not effective against bacteria. They ca
be used, however, to inhibit spoilage yeasts in wine, whereasS.
cerevisiaeis resistant. An example of this is the killer toxins
produced by Ustilago maydisthat inhibit the spoilage yeasts in
wine, such asBrettanomyces bruxellensis, but they do not affect
S. cerevisiaeor the fermentation of the wine.
,

it
.

Ethanol

Ethanol, the end product of glycolysis, is inhibitory to all
microorganisms. A concentration of 18–20% ethanol prevents
the spoilage of beverages by lactobacilli. Ethanol migrates into
the hydrophobic regions of cell membranes more effectively
than water and may replace water bound to macromolecules
thus reducing membrane integrity. In acidic conditions, this
increased membrane permeability permits the in� ux of
protons, and the energy normally used for growth-related
processes is used instead to maintain the intracellular pH. An
associated leakage of ions, cofactors, magnesium, and nucle
tides occurs. The antimicrobial ef�cacy of ethanol is in� uenced
by temperature and the associated reduction inaw.
Antimicrobial Compounds Produced by Plants

Herbs and spices have been used traditionally as� avor
enhancers, and their antimicrobial properties help to extend
the shelf life of the food product. For example, the essential oils
of oregano and thyme contain carvacrol and thymol, which
inhibit the growth of Aspergillusspecies. Yeasts, Gram-negativ
and Gram-positive bacteria are susceptible to the essential oil
of plants. Phenolic compounds are the major antimicrobial
components of the essential oils of spices and affect the
permeability of cell membranes. In food products, the anti-
microbial activity of phenolic compounds is reduced due to
binding to carbohydrates, proteins, lipids, or salts and by pH,
low aw, and temperature. Thus, the antimicrobial activity of
rosemary, oregano, sage, and thyme is reduced in meat due
the high fat content.

The uses of the essential oils of plants in foods are limited
because the use of oils at physiologically effective levels would
affect the aroma and� avor of the foods. Low concentrations
could be used in a combined system, to enhance antimicrobial
activity – for example, clove oil and sucrose have been shown
to act synergistically. Alternatively, spices could be used with
lactic acid bacteria – the manganese in spices (e.g., clove
cardamom, ginger, celery seed, cinnamon, and turmeric
enhances the rate of acid production by lactic acid bacteria
which are used to ferment sausages. Sublethal heat treatme
can be used to disrupt the cytoplasmic membrane of yeast cells
giving the antiyeast components of essential oils access to th
cytoplasm, where they inhibit the repair mechanisms. The use
of essential oils of spices in combination with a sublethal heat
treatment can be used to enhance antibacterial properties. Fo
example, essential oils of cinnamon and clove when used in
combination with a mild heat treatment have been noted to
reduce the numbers ofE. coli0157:H7 in apple cider.
Chelating Agents

Avidin

Avidin is a basic tetrameric glycoprotein, representing 0.05%
of the total protein in the albumen of hens’ eggs. It combines
with biotin, depriving microorganisms of this vitamin, an
essential cofactor of several key enzymes. Consequently,
inhibits yeasts, Gram-negative, and Gram-positive bacteria
Many microorganisms synthesize biotin, yet are inhibited by
avidin – this may be due to avidin binding to the cell
membrane and altering its permeability.
Transferrins

Transferrins, such as ovotransferrin (from hens’ eggs) and lac-
toferrin (from milk), chelate iron, making it unavailable for
microorganisms. This probably is not important in food
products, however, where plenty of iron is usually available.
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Lactoferrin
Lactoferrin, an iron-chelating glycoprotein, competes well with
bacterial siderophores. It also binds to the outer membrane of
Gram-negative bacteria and alters its permeability. This featur
is modulated by Caþþ or Mgþþ . Lactoferrin has been shown to
inhibit L. monocytogenesin ultrahigh temperature milk. It has
been used in infant formula in developing countries to combat
enteritis.

Ovotransferrin
Ovotransferrin has an enhanced antimicrobial effect on Gram-
negative and Gram-positive bacteria when complexed with zinc
Synergism is also evident when ovotransferrin is combined with
bicarbonate or citrate ions, or with EDTA. Salmonellae,C.
botulinum, and L. monocytogenesare inhibited by ovotransferrin
in combination with EDTA – EDTA may disrupt the cell wall,
giving ovotransferrin access to the peptidoglycan.
e
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Enzymes

The use of enzymes in foods is restricted owing to economic
factors, their limited activity spectrum, and their inactivation by
endogenous food components.
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Lysozyme

Lysozymes are de� ned as1,4-b-N-acetylmuramidases.They cleav
the glycosidic bond between the carbon in position 1 of N-
acetylmuramic acid and that in position 4 of N-acetylglucosamine
in peptidoglycan. Most Gram-positive bacteria are extremely
susceptible to lysozyme because their cell walls consist of 90%
peptidoglycan. In staphylococci, however, teichoicacidsandothe
cell wallmaterialsbind lysozymeandprevent itsdiffusion.Bacillus
cereusalso is resistant to lysozyme, because its glucosamine lac
N-acetyl groups. Gram-negative bacteria usually are resista
because the lipopolysaccharide of the outer membrane prevent
the diffusion of lysozyme, but this protection can be disrupted by
shifts inpH or temperature, orby the removalofCaþþ orMgþþ by
EDTA.

Lysozyme (from hens’eggs) is used in semihard and hard
brine-salted cheeses, to control the fermentation of lactate by
C. tyrobutyricum, which causes late blowing. To improve the
survival of lysozyme during cheesemaking, the lysozyme gen
from bacteriophage T4 has been modi� ed to make the enzyme
more thermostable.

Lysozyme shows increased activity in combination with
butyl-p-hydroxybenzoate, p-hydroxybenzoic esters, amino
acids, organic acids (e.g., ascorbate), salts, or chelating agen
(e.g., phytic acid or EDTA). Enhanced inhibition ofC. botulinum
and L. monocytogenesoccurs when lysozyme is used in combi-
nation with EDTA. When bacterial cells (e.g.,E. coli) are
damaged physically (e.g., by freezing), they become mor
permeable to lysozyme.
0
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Lactoperoxidase

Lactoperoxidase is a glycoprotein (mol. wt 77 000) containing
one heme group (protohaem IX) and is an important enzyme
in bovine milk. It catalyzes the oxidation of thiocyanate
(SCN� ) by hydrogen peroxide (H2O2) to hypothiocyanite
(OSCN� ), forming the lactoperoxidase system (LPS), which
inactivates a broad range of microorganisms. The concentration
of the thiocyanate anion, the principal electron donor in cow’s
milk, depends on the breed of cow and the type of feed
consumed. Hydrogen peroxide is formed in milk by enzymic
action or is produced by lactic acid bacteria when dissolved
oxygen is present. The LPS causes oxidation of the thiol group
of enzymes and affects the cytoplasmic membranes of sensitiv
microorganisms, causing the leakage of potassium ions, amino
acids, and polypeptides.

The LPS is harmless to mammalian cells and also occurs i
human saliva, milk, and tears. It is, therefore, an ideal tool for
extending the shelf life of milk products, particularly in the
tropics where refrigeration is likely to be unavailable on farms.
In fact, its maximum antibacterial activity occurs at pH 6, the
pH of milk. The enzyme is heat stable and its activity survives
pasteurization treatment of 63� C for 30 min or 72 � C for 15 s.
It is only partly inactivated by a short pasteurization treatment
at 74 � C but is destroyed at 80� C for 2.5 s.

The LPS can be bacteriostatic or bactericidal and is effectiv
against viruses and fungi. It has antibacterial action on catalas
positive, Gram-negative bacteria such as coliforms, pseudo
monads, salmonellae, shigellae, andCampylobacter jejuni. Its
effectiveness depends on pH, temperature, incubation time
population size, species, and the growth stage of the bacteria
Catalase negative, Gram-positive bacteria such asStreptococc
and Lactobacilliare only inhibited and are not killed by the LPS.
The LPS is, therefore, more effective against Gram-negati
bacteria than Gram-positive bacteria. Its preservative effect i
milk during storage is to inhibit the Gram-negative psychro-
trophic spoilage bacteria, the pseudomonads, and the Gram
negative pathogenic bacteria,E. coli.

The LPS, however, might inhibit cheese starter cultures suc
asLactobacillus acidophilusthat will result in a reduction of acid
production and that, in turn, will affect the coagulation process
and the formation of the cheese. This inhibition will depend on
the type of milk used, the level of H2O2 and SCN� in the milk,
the heating and incubation temperatures, the length of incu-
bation, and the starter culture used and the rate at which it is
inoculated.
Bacteriophages

Bacteriophages have potential as biopresevatives in stored foo
products. They are highly host speci� c to certain bacterial
species and do not affect the starter cultures. As they only infec
and lyse bacterial cells, they are also harmless to humans
Bacteriophage cocktails can be used to inhibitSalmonellaspp.,
C. jejuni, and L. monocytogenesin food products. They can be
used in combination with other preservation methods in
hurdle technology. Bacteriophages have been noted to hav
a synergistic effect when used with Nisin in ground beef. Some
bacteriophages are commercially available such as Listex P10
to control L. monocytogenesin meat and cheese products. Listex
P100 has GRAS status and has been approved as a food bi
preservative by the U.S. Food and Drug Administration (FDA).
Two other bacteriophage cocktails, LMP102 and List-shield� ,
have been given FDA approval to controlL. monocytogenesin
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ready-to-eat foods. During the storage of the food products
bacteriophages are able to attack and reduce the viable cells
the speci�c targeted bacterial host. An anti-Salmonellabacte-
riophage preparation would reduceSalmonellagrowth in cheese
during storage.
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Endolysins and Cell Wall Hydrolases

Endolysins (cell wall hydrolases) are produced by large DNA
phages and are able to degrade peptidoglycan of Gram-positiv
bacteria. Endolysins that have a narrow host range could b
used to target speci�c pathogenic or spoilage bacteria without
affecting the starter cultures in fermented products. Fo
example, a Staphylococcal phage endolysin, LysH5 could b
used to reduce the numbers ofS. aureusin pasteurized milk. An
endolysin targetingC. tyrobutyricumwould prevent late blowing
in cheese production. Endolysins may also be combined with
Nisin to inhibit S. aureus.
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Future Developments

Natural antimicrobial compounds of plant, animal, or micro-
bial origin can be used to extend the shelf life of foods, but they
must meet the criteria of the regulatory agencies. Th
compound must remain active in the food product and must
survive any heating, freezing, or storage processes. It needs
be active in the appropriate type of food (e.g., liquid, semisolid,
solid), at the correct pH range, and must be antagonistic to the
speci�c microorganisms growing in the imposed storage
conditions. For use as food preservatives, antimicrobia
compounds must not cause organoleptic changes and must b
economic to produce and toxicologically safe. Their likely use
would be as an additive or in synergistic combinations, or
alongside physical treatments (e.g., heating, freezing or irrad
ation), which can damage the microbial cells so that they
become more sensitive to the antimicrobial compound. Such
biopreservatives could be used in combination with a lower
concentration of an established preservative.

See also:Bacillus: Bacillus cereus; Bacteriocins:Potential in
Food Preservation;Bacteriocins:Nisin;Bread:Sourdough
Bread; Brochothrix;Campylobacter; Chilled Storage of Foods:
Principles; Food Packaging with Antimicrobial Properties;
Clostridium:Clostridium perfringens; Clostridium: Clostridium
botulinum; Enterococcus; Escherichia coli: Escherichia coli;
Fermentation (Industrial):Basic Considerations;Fermented
Foods:Origins and Applications; Fermented Meat Products
 d

the Role of Starter Cultures;Fermented Milks:Range of
Products;Lactobacillus: Introduction;Lactococcus:
Lactococcus lactisSubspecieslactisandcremoris; The
Leuconostocaceae family;Listeria Monocytogenes; Natural
Antimicrobial Systems:Antimicrobial Compounds in Plants;
Natural Antimicrobial Systems:Lactoperoxidase and
Lactoferrin;Natural Antimicrobial Systems:Lysozyme and
Other Proteins in Eggs;Pediococcus; Preservatives(b):
Traditional Preservatives– Oils and Spices;Permitted
Preservatives:Sulfur Dioxide;Pseudomonas: Introduction;
Saccharomyces: Saccharomyces cerevisiae; Salmonella:
SalmonellaEnteritidis;Staphylococcus: Staphylococcus aureu;
Starter Cultures Employed in Cheesemaking;Yeasts:
Production and Commercial Uses.
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Introduction

Microbial contamination of food can lead to high economic
losses as well as to foodborne diseases. Conventional therma
inactivation processes cannot be applied to fresh or raw food
however, because these products are physiologically active foo
systems and temperatures above 45� C can result in unwanted
deterioration (e.g., fresh cut salads). Because heat sensitivity
raw or fresh food limits the application of thermal inactivation
processes and chemical treatments result in lower consume
acceptance, emerging inactivation technologies have to b
established to ful�ll the requirements of food safety without
affecting produce quality. Application of cold plasma offers an
alternative technique to inactivate food-related pathogens
Taking advantage of established plasma processes, a scale
from lab-scale to pilot or industrial scale seems to be realizable
8 Encyclopedia of Food
within a short time frame. Industrial-use plasma technologies,
for example, include plasma switches for power networks,
high-de�nition large-area�at-panel displays, plasma-improved
printability of foils, cost-effective light sources, modern televi-
sion, energy saving lamps, and plasma etching for micro
controller manufacturing. Furthermore, cold plasma
technology currently is applied in the nonfood sector for
decontamination of heat-sensitive materials, such as electronic
and medical devices as well as for living vegetative o
mammalian cells and tissues.
DeÞnition of Plasma

Plasma is an ionized gas and has been de�ned as the fourth
state of matter since more than 99% of the universe exists a
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00402-X

http://dx.doi.org/10.1016/B978-0-12-384730-0.00402-X
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plasma. Thermal plasmas are characterized by an almost the
modynamic equilibrium between the electrons and the heavy
species resulting in high gas temperatures of 5000–20 000 K.
Examples of thermal plasmas are a plasma-cutting torch an
the sun. The electron temperature of nonthermal plasmas is
much higher than the gas temperature. Therefore, thes
plasmas are de� ned as nonequilibrium plasmas. Fluorescent
light, neon signs, arc, and radio frequency inductively coupled
plasma discharges are examples of nonequilibrium plasmas
Plasma can be generated at different pressure levels, at press
higher than atmospheric pressure, at atmospheric pressure, an
at low pressure and vacuum.

Low-pressure plasma can be generated by direct curre
discharges, radio frequency discharges, and microwave di
charges. Low-pressure plasmas generate high concentrations
reactive species and gas temperatures below 150� C can be
obtained. Low-pressure plasmas have found wide applications
in material processing but have several drawbacks: (1) vacuum
systems are expensive and require maintenance; (2) load lock
and robotic assemblies are needed to shuttle materials in and
out of vacuum; and (3) the size of the treated object is limited
by the vacuum chamber.

Atmospheric pressure plasma is commonly generated b
corona discharge (negative and positive corona), dielectric
barrier discharge, or plasma jet. Atmospheric pressure plasma
also can be generated by radio frequency plasma torche
gliding arcs, microdischarges, and some kinds of microwave
discharges. Cold plasma can be de� ned as plasma treatment in
which the surface temperature of the sample is kept a
temperatures below thermal treatment temperatures (e.g
below blanching temperatures of 70� C). Since thermal effects
to heat-sensitive materials (fresh meat or fresh cut salads) hav
to be excluded (e.g., protein denaturation, changes in physio
logical activities) surface temperatures lower than 45� C should
be realized.
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Plasma Sources

Since a vacuum will support liquid to gaseous phase changes i
high-moisture food products, the favorable plasma system for
food processing operates at atmospheric pressure allowin
continuous processing at controlled temperatures. Beside othe
sources (e.g., dielectric barrier discharge (DBD)), the applica
tion of plasma jets offers advantages for the treatment o
nonuniformly shaped products due to various options
regarding design and construction. Thermal plasma is no
applicable to heat-sensitive materials due to the high ga
temperature and cold plasmas are preferred. A new� eld of
application is the treatment of heat-sensitive materials in the
indirect plasma mode. Due to a certain distance between
plasma source and sample, reactive species can be selected
the application and the sample surface temperature can be kep
at levels below 45� C. In the following, however, more details
are given for the most commonly and successfully applied
plasma sources for microbial decontamination. The concen
trations of the obtained reactive species (ions, metastabl
states, and stable states of chemical compounds, ultraviole
(UV), and heat) depend on the process parameters and th
working gas used.
Dielectric Barrier Discharge

The DBD system consists of two electrodes that can be arrange
in a horizontal or cylindrical con � guration. The electrodes are
covered with dielectric plates and are separated by a small ga
that is � lled with a gas at atmospheric pressure. A high voltage
is applied to the electrodes and the gas between the electrode
is ionized when the applied voltage exceeds the ionization
energy of the gas. Electrons are created during the ionizin
process. These electrons react with gas molecules and ion
metastable states of chemistry species, UV, and heat are forme
Corona Discharge

A corona discharge (CD) consists of sharp electrode geome
tries, such as points, edges, or thin wires arranged in counte
part to a � at one (point-to-plate geometry). Coronas operated
in pulsed mode have a pointed electrode that has a negative o
positive potential. Corona discharges are used, for example, fo
ozone generation for water disinfection but also can be
applied for decontamination of regularly shaped food
products.
Atmospheric Pressure Plasma Jet

The atmospheric pressure plasma jet (APPJ) sources consist
two electrodes in different arrangements. The gas� ows
between the electrodes, is ionized, and ejected from the source
The generated plasma contains chemical species, charg
species, radicals, heat, and UV in different concentrations.
Microwave-Driven Plasmas

Microwave (MW)-driven discharges are generated withou
electrodes. The electrons absorb the MW and gain the kineti
energy needed for ionization of heavy particles by inelastic
collisions. MW generation is conducted by a magnetron
(working in gigahertz frequency range, e.g., 2.45 GHz) and
they are guided to the process chamber by wave guides o
coaxial cables that are directly coupled to a special discharg
head or a resonator. Neutral gas temperatures between room
temperature and up to some 1000 K can be reached dependin
on the applied cooling steps and the consumed MW power.
MW discharge can be operated in direct mode or in remote
mode for surface decontamination.
General Aspects of Inactivation Mechanisms

Up to now, application of plasma technologies in the area of
food technology is still under investigation because the inac-
tivation ef� ciency as well as the effects of plasma treatment o
food matrices is highly dependent on plasma source and
experimental conditions. Even though the number of studies
dealing with the plasma-induced inactivation and effects on
food matrices are continuously increasing, a comparison of the
studies is dif� cult because in most cases not all treatmen
conditions are explained in detail. To allow a comparison of
plasma treatments and therewith a design of bene� cial and
controlled plasma application for food processing, it is crucial
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to implement standardized microbiological test procedures
and veri� cation methods. Additionally, detailed description of
plasma parameters (e.g., plasma source, process gas, plas
characteristics, operating temperature, environmental condi
tions) is of high importance. Inactivation mechanisms and the
impact of plasma technology on microorganisms and food
systems evaluated up to now are described in the following
The antimicrobial activity of plasma against Gram-negative and
Gram-positive bacteria, yeast and fungi, bio� lm formers,
endospores, and biomolecules such as proteins is proved. Th
inactivation mechanism up to now has not been understood
fully but its main effects are due to photodesorption, erosion,
etching, membrane perforation, electrostatic disruption,
oxidation of macromolecules, diffusion of reactive species, and
DNA-damaging effects (Figure 1).
-
S

Photodesorption

Intrinsic photodesorption can be induced by UV irradiation
and leads to a breaking of chemical bonds in microorganisms
and then to the formation of volatile by-products, such as
CO and CHx, from intrinsic atoms of the microorganisms.
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Erosion and Etching

The inactivation effect of plasma is induced by the bombard-
ment of the cell membrane by radicals (OH� or NO � ). These
radicals are absorbed into the bacterial surface, and volatil
components are formed (etching). Erosion of the microor-
ganisms, atom by atom, through etching forms volatile
compounds as a result of slow combustion using oxygen atoms
or radicals emanating from the plasma. Formed volatile
products include, for example, CO2 and H2O. The elimination
Figure 1 Schematic overview of proposed plasma-related inactivatio
rate of microorganisms is increased in some cases if etching
activated by UV protons.
Perforation of Cell Membrane and Electrostatic Disruption

The plasma-inactivation effects can be compared to the effect
of micropulses. Similar to the effects of micropulses, the cel
membrane of microorganisms is perforated after plasma
treatment.

During electrostatic disruption, the total electric force
exceeds the total tensile force of the membrane. The electr
force is caused by an accumulation of surface charge that
greater where some surface irregularities give regions of high
local curvature.
Oxidation of Macromolecules

A reaction of reactive oxygen species (ROS) with cellular macro
molecules was found after bacterial exposure to plasma. The RO
reacts with membrane lipids resulting in the formation of unsat-
urated fatty acid peroxides; amino acids and nucleic acids
are oxidized forming 2-oxohistidine and 8-hydroxy-2 deoxy-
guanosine, respectively.The membrane lipidsseem to be the mos
vulnerable macromolecules in the cells, probably due to their
location near to the cell surface. An alteration of membrane lipids
results in a leakage of macromolecules.
Diffusion of Reactive Species

It is suggested that the thick polysaccharide layer on the outsid
of Gram-positive bacteria cells is resistant to physical and
chemical changes, but a diffusion of ROS in the cytoplasmic
membrane is possible. Inside the cells, the ROS can react wit
n mechanisms.
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subcellular biomaterials resulting in compromised cells,
leading to loss of culturability (viable but nonculturable cells)
or cell death.
s
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DNA-Damaging Effects

UV irradiation occurring during low-pressure plasma processing
leads to a destruction of genetic material. In contrast, UV play
a minor role in the inactivation of microorganisms in atmo-
spheric pressure plasma processing. In some studies, however
was shown that UV photons can play a role in the inactivation
process of microorganisms at atmospheric pressure.
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Synergistic Effects

The previously described mechanisms of plasma inactivation
are dif� cult to individually characterize regarding their impact.
The overall inactivation effect depends on the applied plasma
source, treatment parameters, and type of microorganism. In
most application, a synergistic effect of the mechanisms can b
observed. Depending on the applied plasma source, therma
effects also can be detected. Thermal effects, however, shou
be avoided when using plasma processing for fresh or raw food
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Inactivation of Microorganisms Attached to Model
Systems

During recent years, the number of publications dealing with
the antimicrobial effects of atmospheric pressure plasma ha
increased. In these studies the antimicrobial effect was inves
tigated using different plasma sources, different working gase
and different types of microorganisms.

A pulsed-water CD was used to inactivateEscherichia col
Bacillus subtilis, and spores ofB. subtilisin water. Eight CDs with
a corresponding energy of 10 J cm� 3 were needed to reduce
E. coli by three orders of magnitude. Thirty discharges with
a corresponding energy of 40 J cm� 3 were needed to reduce
vegetativeB. subtilisby three orders of magnitude, but no effect
was observed onB. subtilisspores. These results may indicat
that pulsed CD is a promising tool for water puri� cation and
may play a future role in the water treatment industry. CD was
ef� cient againstE. coli(100 CFU cm� 2) on a semiliquid culti-
vating media covered with a protective gel layer (protective
exposition) or uncovered (direct exposition). At a discharge
current of 0.05 mA, no cultivated colonies on agar surface were
detected after 240 s corona treatment for protected and
unprotected bacteria.

Different surfaces were treated with DBD to evaluate the
antimicrobial activity of the plasma against different bacteria.
Among others, treated surfaces were plastic bags, pol
propylene, agar, PET, suspensions,� lter, and glass inoculated
with E. coli, Staphylococcus aureus, B. subtilis, Streptoc
Clostridium botulinum, Listeria monocytogenes, Pseudo
aeruginosa, spores, yeast, fungi, and others. The inactivatio
effect of the tested DBD systems against the different bacter
was strongly dependent on the treatment conditions (i.e.,
working gas, type of microorganisms, and treated surface). A
DBD plasma jet is a plasma jet coupled with a DBD plasma
system. The effective area of a DBD plasma jet with argon a
cus,
nas

working gas exceeded the plasma treatment area, inducing a
inactivation of E. coliand B. subtilison agar by plasma after-
glow (initial concentration: 100 ml of a 107 CFU ml� 1 culture
suspension). While E. coli inoculated on � lter paper was
inactivated by almost 7 log units within 5 s, only 1 log unit of
B. subtiliswas inactivated under the same conditions and
a 2 log unit reduction was achieved after 60 s. The addition of
oxygen and hydrogen-peroxide vapor increased the inactiva
tion of B. subtilisto 6 log units after 30 s with oxygen addition
and after 20 s with hydrogen-peroxide vapor addition. This
indicates the dependence of antimicrobial effects on treat
ment conditions. The treatment of an E. coli(initial concen-
tration: 107 CFU 50ml� 1) and S. aureus(initial concentration:
108 CFU 50ml� 1) suspension with a DBD plasma jet (working
gas: argon) resulted in a 5.36 log and 5.38 log unit reduction
with treatment times of 60 and 90 s, respectively.

A radio frequency (rf)-driven atmospheric pressure plasma
jet (working gas: mixture of He–O2–H2O) was used to inacti-
vate B. subtilisspores inoculated on glass surfaces. The spor
were reduced by 7 log units within 30 s. Sample temperatures
of 175 � C were measured, however, which is not suitable for
heat-sensitive materials. An rf-driven atmospheric plasma je
was used to inactivateE. coli(initial concentration: 10 5 CFU per
strip) and spores of Bacillus atrophaeus(initial concentration:
106 CFU per strip) on polyethylene strips. After 2 min treat-
ment, E. coliwas reduced by 3.8 log units and the spores wer
reduced by 4.3 log units after 7 min treatment. The surface
temperatures were between 80 and 90� C. The plasma needle
used to inactivate E. coli on agar and Streptococcus mutansin
bio� lms is a miniaturized rf-driven APPJ with a potential
application in dentistry. After 10 s treatment, E. coli was
reduced by 4–5 log units and no regrowth of S. mutanswas
observed after 1 min treatment in the absence of sucrose. In th
presence of sucrose, the bacterial growth was only reduce
Inactivation of B. subtilisspores on � lter papers by helium
plasma depended on the initial count of the spores. An initial
concentration of 106 spores per� lter was reduced by 3 log units
within 200 s; 360 s were needed to reduce the spores by 3 lo
units at an initial count of 10 9 spores per� lter. The sporulation
temperature also in� uences the inactivation by the plasma.
Higher sporulation temperatures resulted in increased
resistance against plasma. The initial microbial load highly
in� uences the plasma inactivation capacities. The higher th
microbial load of E. colion � lter papers the less was the inac
tivation of the used plasma jet (working gas: helium). At
microbial loads of 1011 CFU per� lter, only 1 log unit reduction
was achieved after 1 min of treatment, whereas a 7 log uni
reduction of E. coliwas achieved after 2.5 min when the initial
concentration was 107 CFU per � lter. Beside the in� uence of
initial bacterial load, the working gas affects the antimicrobial
activity. The inactivation of E. coliwas enhanced by addition of
oxygen to the processing gas helium. Similar results wer
obtained for spores of B. atrophaeusthat were inactivated by
5 log units within 40 s using an argon–oxygen mixture as
processing gas. Only 1 log unit inactivation was achieved afte
3 min using a mixture of helium and oxygen as processing gas
The treated surface also in� uences the antimicrobial activity of
plasma. The highest inactivation ofE. coliand Micrococcus luteu
by using a plasma jet (working gas: argon) was observed in
suspension, followed by the inactivation on agar and � lter
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papers. With the working gas air and gas temperatures of 45� C,
no growth of Candida kefyron agar was observed after 90 s o
treatment. Flow cytometric analysis of plasma treatedE. coli
and Listeria innocuaallowed a differentiation between loss of
culturability and cell death after plasma treatment.
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Inactivation of Microorganisms Attached to Food
Matrices

Plasma technologies in food processing are not yet established
but investigations using complex food raw materials have been
performed. Some studies focus on the plasma-related decon
tamination of bacteria at the surface of several fruit and vege
table samples (e.g., apples, cantaloupe, and lettuce), nuts
seeds, and meat. It is possible to inactivateE. colion mangos
and E. coliO157:H7, Salmonella, L. monocytogeneson apples,
cantaloupe, and lettuce, respectively, using 1 atm uniform glow
discharge plasma.

A cold atmospheric plasma pen was used to inactivate
Saccharomyces cerevisiae, Pantoea agglomerans, and Gluconaceto
bacter liquefaciensinoculated on pericarps of mango and melon
or cut melon and mango pieces inoculated withE. coli, S. cer
evisiae, G. liquefaciens,and L. monocytogenes. A decontamination
of the fruit pericarps was detected, whereas the ef� ciency on cut
fruit surfaces was reduced. A 5 log reduction ofE. coli inocu-
lated on almonds was found after 30 s cold plasma treatment at
30 kV and 2000 Hz. Low-pressure cold plasma with air and
sulfur hexa� uoride (SF6) as process gases showed that S
plasma application (5 log reduction) was more effective than
air gas plasma treatment (1 log reduction) for inactivation of
Aspergillus parasiticusinoculated on nut samples. In contrast, the
ef� ciency of air gas plasma against a� atoxin was greater than
the ef� ciency of SF6 plasma. Equally, seeds inoculated wit
Aspergillusspp. and Penicilliumspp. were reduced below 1%
only by the treatment.

Low-temperature discharge helium plasma was used to
inactivate a three-strain cocktail of L. monocytogenes(initial
contamination approximately 108 g� 1) inoculated on sliced
ham and treated. Depending on the used operating powers
of 75, 100, 125, and 150 W, the determined D-values were
479.19, 87.72, 70.92, and 63.69 s, respectively. The same plasm
source was used to inactivateE. coli, S. typhimurium, and
L. monocytogenesinoculated on bacon using helium or helium
mixed with oxygen as process gas. The colony count ofE. coli,
L. monocytogenes, and S. typhimuriumwas reduced from approx-
imately 8 to 4.8, 5.79, and 6.46 log CFU g� 1, respectively, during
plasma treatment at 125 W for 90 s using a gas mixture. In
contrast, only 1.6, 2.0, and 1.5 log CFU g� 1, respectively, were
reduced using helium only as process gas. An atmospher
pressure plasma jet with helium or nitrogen as process gas wit
or without addition of oxygen was used to inactivate
L. monocytogenesinoculated on chicken breast and ham.
Depending on the used gas and process parameter, the inac
vation of L. monocytogeneson chicken breast varied between 1.37
and 4.73 log CFU g� 1 and between 1.94 and 6.52 log CFU g� 1

on ham after a plasma exposure time of 2 min. D-values for
L. innocuaon chicken skin and chicken breast ranged from 89.2
to 8.8 min and from 0.1 to 162.2 min, respectively, depending
on the used process gas and process parameters using a c
atmospheric plasma pen with treatment times up to 8 min for
chicken skin and up to 4 min for chicken breast.

Indirect atmospheric pressure plasma treatment o
L. innocua inoculated on ready-to-eat meat was performed
using a DBD plasma device. The inoculated meat samples i
bags containing 30% oxygen and 70% argon were placed
between two electrodes of the DBD device and treated at 15.5
31, and 62 W for 2–60 s. Independent of treatment times,
L. innocua is reduced by 0.8–1.6 log CFU g� 1. The highest
inactivation rates of L. innocua on ready-to-eat meat with
1.5–1.6 log CFU g� 1 were observed after multiple plasma
treatments for 20 s within a time interval of 10 min at operating
powers of 15.5 and 62 W, respectively.

Although much work has been performed on the effects of
cold plasma on microorganisms, information of plasma inter-
action with food components is rare, and due to the complexity
of in � uencing parameters, a comparison of the results is dif� -
cult. Applying cold plasma to improve the shelf life of fresh or
freshly prepared food is new, and little is currently known about
the effect of plasma treatment on bioactive plant substances. A
time- and dose-dependent degradation has been observed fo
� avonoids and the degradation rate strongly depended on the
polyphenolics substitution pattern. Scanning electron micro-
scope analysis of different cabbage and lettuce species show
changes in the plant surface hydrophobic wax layers unde
certain plasma treatment conditions. Conversely, no negative
effects of plasma treatment on egg quality were observed
Information regarding the impact of plasma on enzymes is
given in only a few papers. Plasma-chemical oxidation as well a
fragmentation of the proteins was shown to play a dominant
role of atomic oxygen in destruction and degradation reactions.
Oxygen plasma generated by rf discharge led to a reduction o
C–H and N–H bonds in casein protein and to a modi� cation of
the secondary protein structure.

Recent results are promising, and plasma treatment show
a high potential for bioef � cient processing in the sense tha
selectively biological systems are eliminated (e.g., pathogens
while other biological systems retain their physiological activ-
ities (e.g., fresh produce) and initial high quality, leading to
improved product safety and reduced losses along the post
harvest food chain. The applicability of cold plasma to heat-
sensitive materials is of growing interest for food surface
decontamination, but the mechanisms of action are complex
and have not been fully understood until now. Consequently,
further research activities and investigations are required to tak
advantage of the new technology for tailored food processing
See also:Flow Cytometry; Pulsed electric� elds, pulsed UV
irradiation, Viable but Non-culturable.
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Introduction

Of at least six separate forms of radiation that are in the elec
tromagnetic spectrum, gamma radiation, ultraviolet (UV)
radiation, and microwaves are of particular interest to the food
industry. In this context, the term irradiation refers to the
process of exposing any material to radiation, including alpha
particles, beta rays or electrons, and X-rays generated
machines, or gamma rays from radioisotopes. Ionizing radia-
tion used for inactivating foodborne microorganisms includes
X-rays, beta rays, and gamma rays that have wavelengths
2000 Å or less and are very energetic. Those types of radiatio
have enough energy to ionize molecules and sublethally injure
or kill microorganisms without increasing the temperature of
the food product.

The X-rays, alpha rays, beta rays, and gamma rays, differ
penetration capacity. Although X-rays possess stronger pen
tration capacity than alpha and beta rays, their application for
destroying foodborne microorganisms is limited due to dif�-
culty in focusing these rays on foods. The low penetration
capacity of alpha and beta rays makes them inadequate fo
food preservation. The alpha rays may barely penetrate th
surface of skin. In contrast, gamma rays have very hig
penetration capacity and require a heavy sheet of lead o
several feet of concrete or water to stop their penetration
Figure 1 shows the relative penetrating power of alpha, beta
and gamma rays. The very high penetration capacity o
gamma rays makes them attractive for use in food preserva
tion. They possess about 1–2 million electron volts (MeVs) of
energy and can penetrate materials with a thickness o
approximately 40 cm. Sources of these rays are radioisotope
such as cobalt-60 and cesium-137.

Irradiation involving the use of accelerated electrons can
inactivate foodborne microorganisms. Electrons, which have
relatively low energy, can be accelerated with a linear acce
erator or a Van de Graff generator to achieve energy levels
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Figure 1 Relative penetrating power of alpha (a-), beta (b-), and
gamma (g-) rays.
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10 MeV or higher. High-energy electrons can be used to
bombard heavy metals, such as tungsten to produce X-ray
Doses of ionizing radiation that produce positive and nega-
tive charges in food can be used to destroy foodborne
microorganisms.
The Irradiation Process Dose and Dosimetry

The irradiation dose, the amount of energy absorbed by
a material during exposure to radiation, is the most important
factor of the irradiation process. The energy absorbed i
dependent on the mass, density, and thickness of the irradiated
material. The traditionally used unit of absorbed dose is called
a rad. One rad is equivalent to 100 erg of energy absorbed pe
gram of irradiated material. The term rad has been replaced b
Gray (Gy), which is equal to 100 rad or absorption of 1 J of
energy per kilogram of irradiated material. One kilogray (kGy)
is equivalent to 100 000 rad.

Irradiation doses for control of foodborne micro-
organisms generally are categorized as low (<1 kGy), medium
(1–10 kGy), and high (>10 kGy). Low-dose irradiation is used
for killing insects and pests in grains and fruits, destroying
parasites in fresh meat, and delaying ripening in fruits or
sprouting in vegetables. Medium doses are used to pasteuriz
food by killing most foodborne pathogens and spoilage
microorganisms to enhance the safety and shelf life of refrig
erated foods. High doses (10–50 kGy) may be used for
commercial sterilization of food and for sterilizing spices and
vegetable seasonings destined for use in relatively sma
amounts in foods.

The Codex Alimentarius Commission recommended
10 kGy as a maximum dose of ionizing radiation that may be
applied to foods. At doses of 1 and 10 kGy, the absorbed energ
is equivalent to thermal energy required to raise the tempera
ture of water by 0.24 and 2.4 � C, respectively. Therefore, irra
diation represents a nonthermal microbial inactivation process
in which the food matrix containing the microorganisms does
not undergo a substantial increase in temperature during the
irradiation process.
-
y.
Irradiation Equipment

Generally, two types of equipment that are commonly used
for the treatment of irradiating foods are ‘Gamma irradia-
tors’ and ‘Electron accelerators.’ The difference between
these two types of equipment is related to their radiation
sources. Radioactive isotopes such as cobalt-60 and cesium
137 are used by gamma irradiators as the sources of energ
In this regard, cobalt-60 is widely used while cesium-137 is
used less frequently. Both sources of gamma radiation
undergo radioactive decay over time. The time taken
for a radioactive material to undergo 50% decay in
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00399-2
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energy emission refers to the‘half-life ’ of that material. The
half-lives of cobalt-60 and cesium-137 are about 5 and
30 years, respectively.Figure 2 shows a diagram of a typical
gamma irradiation facility.

For electron accelerators, no radioactive materials ar
involved; instead, specially designed vacuum tubes are used t
electronically produce ionizing energy in the form of an elec-
tron beam. Unlike cobalt-60 and cesium-137 that emit radia-
tion in all directions and cannot be turned off, an electron
accelerator emits a focused beam or radiation and can b
turned on or off. As previously mentioned, electron beams can
be converted to bremsstrahlung X-rays upon impact with heavy
metals, such as tungsten and tantalum.
s

s.
e

d

,

is
ir

)

s

s

Special Bene�ts of Food Irradiation

Many foods of plant or animal origin are contaminated with
human enteric pathogens or parasites and can be a seriou
threat to public health. Decontamination of those foods by
irradiation can substantially decrease foodborne disease risk
Irradiation can decrease postharvest losses and extend th
shelf life of foods by inhibiting sprouting or delaying
ripening of certain food products and by destroying food-
borne spoilage organisms. Many fresh foods are exclude
from international trade because of infestation with insect
pests or infection by microorganisms. Irradiation can facili-
tate international trade of those foods by offering an effective
quarantine method for infested or infected food products.
Also, the use of chemical fumigants, such as methyl bromide
ethylene dibromide, and ethylene oxide, for disinfestation of
grains, spices, or other dried foods is rapidly decreasing. Th
decreased use of those fumigants is largely due to the
potential toxicity and negative environmental impact, such as
the ozone-depleting effect of ethylene dibromide. In this
regard, the application of low-dose irradiation can replace the
Figure 2 Schematic representation of a typical gamma irradiation fa
use of potentially harmful chemicals used for decontami-
nating grains or other stored food products.
Applications of Ionizing Radiation in the Food
Industry

Depending on the dose allowed by regulatory authorities,
ionizing radiation may be applied to various food products or
food ingredients to achieve one or more of the microbial
control or phytosanitary objectives previously mentioned in
the section on special bene� ts of food irradiation. Additionally,
sterilizing doses of irradiation can be applied to ensure
microbial safety of foods to be used solely for astronauts in
the National Aeronautics and Space Administration (NASA).
Irradiation treatment is not a substitute for using good
manufacturing practices or proper postirradiation storage
conditions for food products. Table 1 provides information on
permissible radiation doses that can be applied to various food
products and the commonalities and differences in irradiation
doses stipulated by the European Food Safety Authority (EFSA
and the U.S. Food and Drug Administration (FDA).
Foods That Cannot Be Irradiated

Microbial control via use of irradiation cannot be applied to
certain foods because of limitations imposed by negative
changes in quality of the irradiated food products. For example,
irradiated dairy products develop undesirable� avor changes
due to oxidation of lipids. Also, some fruits, such as peaches
and nectarines, become soft as a result of radiation-induced
damage to their tissues. Under US regulations, organic food
cannot be irradiated. This stipulation is not stated in the Codex
Alimentarius Commission standards because those standard
do not categorize foods on the basis of types of foods that can
or cannot be irradiated.
cility.
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Table 1 Irradiation doses permitted by the European Food Safety Authority (EFSA) and the U.S. Food and Drug Administration (FDA) for various
food products and objectives of irradiation treatment

Objectives

Permissible dose (kGy)

FDA EFSA

FDA: control ofTrichinella spiralisin pork carcasses or fresh, non-heat-processed cuts of pork carcasses. 0.3–1
EFSA: inactivation of foodborne parasitesa; prevention of postharvest losses by killing insects in stored

cereals, fresh and dried fruits, nuts, oilseeds and pulses, or phytosanitary (quarantine) treatment for insect
pests in fresh fruits and vegetables.b

a0.3–6
b0.15–1

FDA: growth and maturation inhibition of fresh vegetables and fruits. 1 max
EFSA: delay of ripening of fruits. 0.2–1
FDA: disinfestation of wheat and wheat� ourc; shelf-life extension fresh vegetables and fruitsd, and fresh

iceberg lettuce and fresh spinach.e

c0.2–0.5
d1 max
e4 max

EFSA: shelf-life extension of fruit and vegetablesf; or meat, poultry,� sh, and ready mealsg by reduction of
microorganisms that cause spoilage.

f,g0.5–3

FDA: microbial disinfection of dry or dehydrated enzyme preparations (including immobilized enzymes)h or
the following dry or dehydrated aromatic vegetable substances for use as ingredients in small amounts
only for� avoring or aroma: culinary herbs, seeds, spices, vegetable seasonings that are used for� avoring
but not represented as, or appear to be, a vegetable that is eaten for its own sake, and blends of these
aromatic vegetable substances. Turmeric and paprika also may be irradiated when they are to be used as
color additives.i

h10 max
i30 max

EFSA: reduction in viable counts of microorganisms in spices and other dry ingredients to minimize
contamination of food to which the ingredients are added.

5–10

FDA: control of foodborne pathogens in poultry, fresh or frozenj; meat, uncooked and chilled, meat by-
products, and certain meat food productsk; meat, uncooked and frozenl; fresh shell eggs (Salmonella)m;
fresh or frozen molluscan shell� sh (Vibrioand other pathogens)n; fresh iceberg lettuce and fresh spinacho;
seeds for sproutingp; animal feed and pet food.r

j,m3 max
k4.5 max
l7 max
n5.5 max
o4 max
p8 max
r2–25

EFSA: prevention of foodborne illness by destruction of non-spore-forming pathogenic bacteria (e.g.,
Salmonella, Campylobacter, Listeria) in fresh or frozen foods.

3–7

FDA: sterilization of frozen, packaged meats for use only by astronauts in the National Aeronautics and Space
Administration space� ight programs.

44

EFSA: production of microbiologically shelf-stable, vacuum-packaged meat, poultry, and ready-to-eat meals
by heat-inactivating of their tissue-enzymes and sterilizing them by irradiation in deep-frozen state.

Up to 50

Sources: European Food Safety Authority (EFSA), 2011. Statement summarizing the conclusions and recommendations from the opinions on the safety of irradiation of food
adopted by the BIOHAZ and CEF panels. The EFSA Journal 9, 2107, 1–57; IFT, 1998; FDA, Code of Federal Regulations 21 CFR 179.26 as of October 2007.
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Radiation Levels for Control of Foodborne
Microorganisms

Levels of radiation that are applied for controlling microor-
ganisms in foods are de� ned as radurization, radicidation, and
radappertization. Radurization involves the use of doses
ranging from 0.75 to 2.5 kGy to exert a pasteurizing effect by
reducing numbers of viable spoilage microorganisms in foods,
such as cereal grains, fruits, vegetables, seafood, fresh mea
and poultry. The ef� cacy of this method for enhancing the
safety and shelf life of foods can be limited due to survival of
psychrotrophic pathogens and psychrotrophic Gram-positive
spoilage bacteria. Foods that are pasteurized by radurizatio
are routinely stored at �4 � C to inhibit microbial growth.
Radicidation inactivates vegetative foodborne pathogens and i
equivalent to milk pasteurization because it reduces pop-
ulations of vegetative pathogenic bacteria so that none can b
detected by standard methods. Typically, radicidation dose
range from 2.5 to 10 kGy. This process does not destroy viruse
and bacterial spores. In addition, some radiation-resistant
strains of bacteria may survive. Foods irradiated at this leve
should also be stored at�4 � C to prevent germination and
outgrowth of Clostridium botulinumspores. For radappertiza-
tion, high radiation doses (30–40 kGy) are used for destruction
of C. botulinumspores and this level of radiation is equivalent
to a 12-D heat treatment.
Effects of Radiation on Selected Food Components

Several studies have used very high irradiation doses (fa
above 10 kGy) to study the effect of irradiation treatment on
quality attributes of foods. Negative consequences of high
irradiation doses on quality attributes such as color, aroma,
� avor, nutrient content, and texture were reported; however
the results of those studies are not consistent with those
conducted on foods irradiated at or less than the maximum
allowable dose (10 kGy) as speci� ed by Codex Alimentarius
Commission. The following information provides a general
overview of irradiation-induced effects on selected food
components – namely, proteins, carbohydrates, vitamins, and
lipids.
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Proteins in foods exposed to ionizing radiation may exhibit
coagulation, unfolding, molecular uncoiling, molecular
cleavage, and splitting of amino acids. Such changes have bee
linked to altered functional properties of food proteins. For
example, raw eggs became thin and watery following irradia
tion with 6 kGy. This change likely is due to radiation-induced
alteration in ovomucin, a protein that contributes to the
viscosity of egg albumin. Generally, enzymes are more resistan
to irradiation than C. botulinumspores. The maximum dose
allowable for foods (10 kGy) does not inactive enzymes, thus
limiting the application of irradiation. While peptide linkages
of proteins seem to offer some resistance to irradiation, sulfide
linkages and hydrogen bonds are most susceptible and ar
broken by irradiation. Release of volatile sulfur components
resulting from cleavage of sulfide linkages contributes to irra-
diation induced off-odors in meats.

High-molecular-weight carbohydrate polymers can be
broken into smaller units during irradiation of foods. In many
instances, depending on radiation dose and the extent o
depolymerization, texture changes occur in some foods. Fo
example, irradiation of fruits and vegetables has resulted in
a soft texture of those products because of depolymerization o
cell wall structural materials, such as pectin. Substantia
increases in levels of water-soluble sugars from the degradatio
of starch have been observed following irradiation of wheat
at 0.2–10 kGy.

Irradiation triggers the autoxidation of fats that can result in
detectable increases in rancid off-� avors with increased doses
of radiation. This undesirable change is more pronounced in
foods with highly unsaturated fats compared with those con-
taining fats with a lower degree of unsaturation. Radiation-
induced autoxidation of lipids in foods can be retarded if
radiation is applied to foods that are vacuum packaged or
packaged in a modi� ed atmosphere that eliminates oxygen
While modi � ed atmospheres (typically mixtures of CO2 and
N2) can retard lipid oxidation, they might limit the antimi-
crobial effect of irradiation. Apart from the production of
rancid off-odors, radiolytic degradation of lipids results in the
formation of some volatile off-odor compounds along with
peroxides. Peroxides can promote further oxidation of lipids in
foods as well as decrease the potency of certain antioxidan
vitamins such as vitamins C, E, and K. Compared with lipids in
meats,� sh, and poultry, lipids in cereals are relatively resistan
to irradiation and only exhibit signs of degradation (off- � a-
vors) at high doses of radiation.

Damage to vitamins in foods subjected to irradiation is
in � uenced by several factors. Depending on the dos
applied to foods, the type of vitamin, the type of food
product, as well as the presence or absence of oxygen, irr
diation can damage vitamins and reduce their nutritive
value. The vitamin C content of mangoes and papaya is no
signi� cantly decreased by irradiation doses ranging from 0.5
to 0.95 kGy. Also, some vitamins are more sensitive than
others to irradiation. For example, thiamine (vitamin B1)
and ascorbic acid (vitamin C) are sensitive to irradiation.
Vitamin C is relatively more stable to irradiation in fruits
and vegetables than in solutions in vitro. The potency of
antioxidant-type vitamins such as vitamins A, B12, C, E, and
K are decreased substantially if they are irradiated in th
presence of oxygen.
Effects of Radiation on Food-Packaging Materials

Foods typically are irradiated in a packaged state to avoid
subsequent microbial contamination before the irradiated
foods reach the consumer. Therefore, effects of radiation on th
packaging materials must be taken into consideration when
assessing the safety of irradiated foods. The vast majority o
food-packaging materials are made of polymers that may releas
radiolytic products as a result of radiation-induced degradation.
Accumulation of radiolytic products and their migration into
food could affect the safety and sensory characteristics of th
irradiated food. Irradiated polymer-based packaging materials
are susceptible to chemical changes as the result of tw
competing reactions, cross-linking (polymerization) and chain
scission (degradation). Cross-linking is the joining of two
polymer chains, whereas chain scission is the degradation o
polymer chains into smaller units. If crosslinking is the domi-
nant reaction, then the migration of package components into
the food is likely to decrease compared with such migration
from even a similar nonirradiated package. If chain-scission
is the dominant reaction, however, low-molecular-weight
radiolytic products may migrate into the irradiated food.

Limited studies have been conducted to evaluate the effect
of ionizing radiation on polymer-based food packaging. Also,
in the United States, many modern packaging materials
(including polyesters, polystyrenes, polyethylene, and nylon)
that � t current food industry needs have not been evaluated by
the FDA. These packaging materials may contain added adju
vants such as antioxidants, UV stabilizers, certain stabilizers
chemical release agents to prevent sticking, and plasticizers th
are susceptible to radiation-induced degradation. In this
regard, there is a crucial need for more research to evaluate th
effects of food irradiation of the stability of various polymer
adjuvants.
Antimicrobial Mechanism of Action

During irradiation, high-energy rays and particles collide with
components of the microbial cells and result in very rapid
absorption of energy by thousands of atoms and molecules in
a fraction of a second. These actions cause cellular changes
both molecular and atomic levels. At the molecular level,
changes occur when the absorbed energy is suf� cient to break
chemical bonds between atoms and produce free radicals. Th
unpaired electrons of free radicals make them highly unstable
and reactive. Therefore, the free radicals react with each othe
or with other molecules, to gain stability through pairing of
their odd electrons. At the atomic level, changes occur when th
energy absorbed by cellular components is enough to expel a
electron from an atomic orbit to produce ion pairs. The
formation of free radicals and ion pairs, reaction of free radicals
with components of the microbial cell, and recombination of
free radicals are involved in the antimicrobial mechanism of
action of irradiation. In this regard, irradiation causes damage
to several components of the microbial cell including genetic
material and the cytoplasmic membrane.

Although the DNA widely is believed to be the most critical
target of ionizing radiation, effects on lipids and proteins in the
cytoplasmic membrane also seem to play an important role in
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radiation-induced damage to microbial cells. The microbial
chromosome is a large fragile macromolecule and damag
to its structure, if not repaired, results in inability of the
microbial cell to replicate. Radiation damage to membrane
lipids, especially polyunsaturated lipids, may cause membrane
perturbation and alterations in membrane functions, such as
selective permeability and nutrient transport. Also, the activity
of membrane-associated enzymes may be lost because
membrane lipid degradation by irradiation. The ability of
microorganisms to repair the aforementioned damage is linked
to their radiation resistance.

Direct and indirect effects of irradiation on cellular
components are associated with the antimicrobial mechanism
of action of ionizing radiation. Associated with the direct effect
is the removal of electrons from DNA resulting in damage to
this genetic material because of bombardment with high-
energy rays and particles. When a photon of energy or a
electron collides with DNA, the resulting damage may be
manifested in the form of a single-strand break or a double-
strand break (depending on the orientation of the DNA at
the moment of the collision). Single-strand breaks in DNA,
depending on the extent of this damage, might not be lethal to
microorganisms but may produce mutations. Generally, single-
strand lesions are easier to repair than double-strand lesions
however, large numbers of single-strand breaks may exceed th
microorganism’s ability to repair the damage and ultimately
cause cell death. Double-strand breaks in DNA occur les
frequently that single-strand breaks but usually are lethal. The
lethal nature of double-strand breaks is due to the extreme
dif � culty that microorganisms encounter in repairing this
type of damage. This dif� culty is largely attributed to the fact
that there is no single strand in the damaged area to provide
a template for accurate repair.

Microbial inactivation also could occur from the indirect
action of irradiation, which involves the radiolysis of water in
the cell as well as in the suspending medium. Radiolysis o
water initially results in the loss of an electron from a water
molecule to produce H2Oþ and e� . Further reactions of these
products with other water molecules result in the formation of
highly reactive hydrogen and hydroxyl radicals, which alter
bases such as thymine to form dihydroxy, dihydrothymine.
Also, these reactive species can cause oxidation, reduction, a
cleavage of carbon-to-carbon bonds of cellular components
including DNA.

Free radicals also may react with each other and with dis
solved oxygen in water to form products, including toxic
oxygen derivatives and other reactive species that are lethal
microbial cells. The following are reactions that can occur as
a result of the radiolysis of water and production of hydrogen
radical (� H) and hydroxyl radical ( � OH):
e

l

1. Reaction of two hydrogen radicals to form hydrogen gas:

� H þ � H / H2

2. Combination of two hydroxyl radicals to produce hydrogen
peroxide:

� OH þ � OH / H2O2
3. Reaction of hydrogen radical with dissolved oxygen to form
a peroxide radical:

� H þ O2 / � HO2

4. Two peroxide radicals interact to produce hydrogen
peroxide and oxygen:

� HO2 þ � HO2 / H2O2 þ O2

Hydrogen peroxide and the hydroxyl radical are very strong
oxidizing agents and can be lethal to microorganisms by
causing severe damage to DNA, cytoplasmic membrane, an
proteins. The inability of a microorganism to repair irradiation-
induced cellular damage caused by free radicals and othe
reactive species ultimately results in death of the cell.
Factors Affecting Inactivation of Microorganisms
by Irradiation

Irradiation Dose

Higher doses of ionizing radiation in� ict more damage to
microorganisms and generally result in greater lethality in
microbial populations. Generally, within limits, microbial
inactivation by a speci� ed irradiation dose is decreased under
anaerobic or dry conditions because of less oxidizing reactions
that generate reactive oxygen species.
Numbers and Types of Microorganisms

As with other food preservation methods, initial microbial
numbers in� uence the antimicrobial ef� cacy of irradiation.
High numbers of microorganisms decrease the effectiveness o
a given irradiation dose. Regarding microbial types, viruses
exhibit greater irradiation resistance than bacterial spores, which
are far more resistant than vegetative cells. Bacteria vegetati
cells are more resistant to irradiation than fungi (yeast and
molds). Generally, microbial resistance to radiation is inversely
proportional to the size and complexity of an organism with
smaller less complex organisms exhibiting greater radiation
resistance than larger more complex organisms.

Generally, Gram-positive bacteria are more resistant to
irradiation than Gram-negative bacteria. Irradiation doses of at
least 1.0 kGy, which virtually could eliminate Gram-negative
bacteria in food, do not markedly reduce numbers of Gram-
positive, lactic acid–producing bacteria. Compared with other
Gram-negative foodborne pathogens,Salmonellahas a rela-
tively high resistance to irradiation (Table 2); therefore,
irradiation that can kill Salmonellaalso would kill other Gram-
negative foodborne pathogens. Spore-forming bacteria ar
usually more resistant to irradiation than nonsporeformers.
Growth Phase

With respect to the growth phase of bacteria, exponentia
phase cells differ in their sensitivity to irradiation compared
with stationary phase cells. During the exponential phase of
growth, bacteria are rapidly multiplying and exhibit greater
sensitivity to irradiation when they are actively proliferating.
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Table 2 Radiation resistance (D-value) of some foodborne pathogenic bacteria

Pathogen D-value Product Temperature (� C)

Aeromonas hydrophila 0.14–0.19 Ground� sh 2
Campylobacter jejuni 0.186 Ground turkey 0–5
Clostridium perfringens(vegetative cells) 0.826 Ground pork 10
Escherichia coliO157:H7 0.24 Beef 2–4
Listeria monocytogenes 0.42–0.44 Ground pork 4
Salmonella enterica 0.61–0.66 Ground beef 4
Shigella dysenteriae 0.40 Oysters 5
Staphylococcus aureus 0.40–0.46 Chicken 0
Vibrio parahaemolyticus 0.053–0.357 Crab meat 24
Yersinia enterocolitica 0.164–0.204 Ground pork 10

Source: Adapted from Mendonca, A.F., 2002. Inactivation by irradiation. In: Juneja, V.K., Sofos, J.N., (Eds.), Control of Foodborne
Microorganisms. Marcel Dekker, Inc., New York, pp. 75–103.
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Also, during the exponential phase, the bacterial chromo-
somes may exhibit two or more replication forks as additional
rounds of DNA replication start before the initial round is
completed. This phenomenon is not observed in stationary-
phase cells. The relatively greater sensitivity of exponentia
phase cells to irradiation compared with stationary-phase
cells might be attributed to the greater amount of DNA that
become exposed to radiation to cause more damage for th
cells to repair. Also, because exponential-phase cells a
rapidly multiplying due to increased metabolic rate, they are
likely to generate more reactive oxygen species (ROS
compared with stationary-phase cells. Metabolically generate
ROS plus ROS formed from radiolysis of water can overwhelm
the organism’s antioxidant capacity and result in cell death
due the organism’s inability to repair cellular lesions caused
by ROS.
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Environmental Stress

Exposure of microorganisms to certain environmental stresse
can alter their physiological state, which in turn can affect
their response to irradiation. Induction of pH-dependent
stationary-phase acid resistance inEscherichia coliO157:H7
has resulted in acid-adapted cells that are more resistant t
irradiation than non-acid-adapted cells. D-values, radiation
doses that decreased a population of cells by 90%, range
0.12–0.21 and 0.22–0.31 kGy, respectively, for non-acid-
adapted and acid-adapted cells. On the contrary, prior heat
shocking of Yersinia enterocoliticaat 45 � C produced no
signi� cant change in radiation resistance of the heat-shocke
pathogen compared with control (non-heat-shocked orga-
nism) in ground pork. For both heat-shocked and non-
heat-shocked cells, the irradiation D-value was 0.15 kGy.
Starved Listeria monocytogenesScott A consistently exhibited
higher resistance to electron beam irradiation compared with
control. Irradiation D-values for that pathogen were
0.07 (day 0) and 0.15 kGy (day 2), and increased steadily as
starvation time increased.Listeria monocytogenesexhibited the
highest resistance to irradiation (D-value ¼ 0.21 kGy) on the
eighth day of starvation. Escherichia coliO157:H7 develops
increased resistance to ionizing radiation if the same pop
ulations of the pathogen are exposed repeatedly to subletha
doses of electron beam irradiation.
Properties of the Irradiated Product

The physical and chemical properties of food products
can alter microbial response to irradiation. For example,
L. monocytogenesexhibits a greater resistance to irradiation in
frozen ground beef or cooked meat compared with raw meat.
Generally, the radiation resistance of microorganisms in solid
products is higher than in liquid products. It is known that the
ionizing radiation induces free-radical formation in proteins,
lipids, and other macromolecules in foods. Food proteins
contribute to increased radiation resistance in foodborne
microorganisms. Such increased microbial resistance to irradia
tion in high-protein foods, including meats and dairy products,
may be attributed to the ability of proteins to neutralize free
radicals.

Results of some studies on the ineffectiveness of fat conten
of foods to alter microbial resistance to irradiation are incon-
sistent with theoretical expectations of microbial response to
irradiation in products containing fats. Irradiation of fat-
containing food products results in the formation of free-fatty
acids, carbonyl compounds, hydrogen peroxide, and hydro-
peroxides. Considering the toxic effect that hydrogen peroxide
and certain other oxygen derivatives can exert on microbia
cells, it is reasonable to expect a decreased microbial resistan
to irradiation in lipid-containing foods. Also, since low water
activity can increase microbial resistance to irradiation,
microorganisms in fat-containing products theoretically
should exhibit slower inactivation during irradiation of those
products due to the hydrophobic property of fats. The inef-
fectiveness of various fat levels to alter the radiation resistanc
of foodborne pathogens may be attributed to other food
components. Such food components, mainly proteins, may
protect microorganisms from the damaging action of toxic
peroxy derivatives from radiation-induced chemical changes in
fats. In addition, microorganisms that are not fully embedded
in fat will not be in a totally hydrophobic environment to
bene� t from the protective effect of ‘dryness’ (very low water
activity of the extracellular environment provided by fat)
against the indirect effects of irradiation.

Antioxidants can scavenge radiation-induced free radical
that otherwise would have sublethally or lethally damaged
microorganisms. Antioxidants lower the extent of oxidation in
foods by transferring hydrogen atoms to free radicals. This
neutralizing effect on free radicals by antioxidants prevents o
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reduces free-radical damage to microorganisms. The additio
on the antioxidant carnosine (1.5%, wt/wt) to ground turkey
meat signi� cantly increased the resistance ofAeromonas hydro
philato gamma radiation (0.5 kGy) in that product. In contrast,
no signi� cantly increased resistance ofL. monocytogenesto
irradiation in the ground turkey meat irrespective of dietary
vitamin E content (1.64, 2.24, and 3.47mg g� 1). The differences
in results of those studies involving antioxidants may be
attributed to variations in levels of the antioxidants incorpo-
rated in the meat product. Concentrations of vitamin E in
ground turkey meat from birds that had this antioxidant in
their diet were about 50 times lower than those of the antiox-
idant carnosine reported in the previously mentioned studies.
Therefore, the concentration of antioxidant in foods must be
taken into account when attempting to predict the response
of foodborne microorganisms to irradiation containing natural
or arti� cially added antioxidants.
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Antimicrobial Food Additives

Higher doses of irradiation that sometimes are required to
achieve microbial destruction can negatively alter the desirable
sensory characteristics of foods. In this regard, devisin
approaches to increase the sensitivity of microorganisms i
crucial for effective application of low doses of irradiation for
the destruction of foodborne microorganisms. Listeria mono
cytogenesexhibited greater sensitivity to gamma irradiation in
frankfurters that were surface treated with citric acid solutions
at 1.0, 5.0, or 10.0% (w/v) and packaged under vacuum before
radiation treatment. Signi� cant increases in sensitivity of
L. monocytogenesin ready-to-eat turkey ham and turkey breast
rolls have been attributed to the incorporation of sodium
lactate (2% wt/wt) and sodium diacetate (0.1% wt/wt) in the
ingredient formulation of those meat products. Similar sensi-
tization of microorganisms to ionizing radiation has been re-
ported in food products to which certain plant extracts,
especially essential oils, have been added.
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Temperature

Temperature is a major extrinsic factor that in� uences the
survival of microorganisms during irradiation. Microbial
inactivation by irradiation is higher at ambient temperatures
than at subfreezing temperatures. Subfreezing temperatures
food cause a reduction in water activity, which is associated
with increased irradiation resistance of microorganisms. This
can be explained by the fact that the production of free radicals
from the radiolysis of water is decreased at subfreezin
temperatures due a reduction of reaction rates. Also, the froze
state of food inhibits the migration of free radicals to other
areas of beyond sites of free radical production. Free radica
such as the hydroxyl radical (OH� ) and the hydrogen radical
( � H) are linked to approximately 85% of the damage in E. coli
that has been exposed to ionizing radiation.
a

s

Atmospheric Gas Composition

The gaseous composition of the atmosphere in contact with
microorganisms in� uences their sensitivity to irradiation
under speci� c conditions. Generally, microorganisms exhibit
increased sensitivity to irradiation in the presence of oxygen
but deviations from this generalization have occurred. For
example Salmonella typhimuriumand E. coli exhibit greater
sensitivity to ionizing radiation in poultry meat packaged
under vacuum or CO2 compared with aerobic packaging. The
types of gas in modi� ed-atmosphere packaging also may
affect microbial sensitivity to irradiation. In this respect,
Lactobacillus sake, Lactobacillus alimentarius, and Lactobacillus
curvatuswere more sensitive to gamma radiation in ground
meat packaged under 100% carbon dioxide (CO2) than
under nitrogen (N2). The inconsistency in some of the pub-
lished research may be attributed to other factors. Fo
example, variations in techniques used by researchers fo
recovering microorganisms that survived irradiation treat-
ments might have contributed to variations in published D10-
values. Various food matrices can give different amounts o
protection to microorganisms during irradiation. Also,
differences in irradiation temperatures used in the studies
may account for variations in microbial sensitivity to irradi-
ation under anaerobic conditions.
Microbial Repair of Damage from Irradiation

It is widely accepted that the cytotoxic effects of radiation are
largely the result of DNA damage. In this respect, the resistanc
of microorganisms to irradiation often is associated with the
ef� ciency of their DNA repair mechanism. Therefore, micro-
organisms that exhibit increased radiation resistance ar
believed to have more ef�cient mechanisms for repairing
damaged DNA. While these views are almost scienti� c doctrine,
new research � ndings indicate that they might not fully
describe all of the important aspects of radiation resistance in
microorganisms. For example Shewanella oneidensis(MR-1)
(ATCC 700550), which has relatively complex DNA repair
systems, is killed by irradiation at doses that produce very little
DNA damage. A dose of ionizing radiation that results in 17%
survival of S. oneidensisis 20- and 200-fold lower than doses
that give the same survival rate inE. coliand Deinococcus rad
odurans, respectively. Interestingly, despite its seemingly ef� -
cient DNA repair system,S. oneidensisis sensitive to irradiation.
Ninety percent of S. oneidensiscells are destroyed by irradiation
at 0.07 kGy, a low dose that produces less than one DNA
double strand break per genome. In contrast, 90% ofE. colicells
and D. radioduransare killed by 0.7 (7 double-strand breaks per
genome) and 12 kGy (120 double-strand breaks per genome)
respectively.

Physiological predictors of a cell’s ability to recover from
radiation have been elucidated. Generally, most of the radia-
tion-resistant bacteria have been reported to be Gram-positive
whereas Gram-negative bacteria were reported to be the mo
sensitive. There are, however, several exceptions to this mode
for example, the Gram-positiveMicrococcus luteus(Sarcina lutea)
is sensitive to irradiation and the Gram-negative cyanobacte
rium Chroococcidiopsisis highly resistant to irradiation. In fact,
among foodborne pathogenic bacteria, Salmonella enteric
(Gram-negative) exhibit relatively similar or higher radiation
resistance compared with Gram-positive pathogens, such a
L. monocytogenes, Staphylococcus aureus, and vegetative cells of
Clostridium perfringens.
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See also:Nonthermal Processing:Pulsed UV Light; Ultraviole
Light; Injured and Stressed Cells.
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Introduction

Thermal processing is vital to the food industry. This type of
processing is based on the external heating of foods for a period
of time at an elevated temperature. Thermal processing
however, may cause undesirable degradation of heat-sensitiv
quality attributes and may reduce the content or bioavailability
of some bioactive compounds. Thus, a continuing challenge
exists in terms of developing advanced thermal processing fo
the food industry in line with the demand for enhanced food
safety and quality.

Recently, the majority of food production increasingly has
focused on minimally processed food, to meet the consumer
demand for freshlike high-quality convenience foods. These
products are subjected only to mild treatment and nonthermal
processing and with (possibly) no additives or preservative
substances. This means that microbial growth must be
controlled and limited below harmful thresholds, while at the
same time, preserving the nutritional and organoleptic prop-
erties of foods. Thus, the challenge is to use processes that c
produce bacteria-free or -reduced products while retaining the
natural �avor, odor, and texture.

The nonthermal processing of foods has offered unprece
dented opportunities for the industrial sector to provide better
health and wellness for the consumer and for the development
of new food products of excellent quality without compro-
mising safety. These nonthermal technologies can be used fo
decontamination, pasteurization, and, in some cases, steriliza
tion; in all of these uses, one of the key attributes of the processe
product is excellent quality, in which most products have‘fresh’
characteristics. Therefore, in principle, nonthermal technologies
use a different preservation factor that inactivates microorgan
isms and enzymes and that provides stability to the product
during storage. Recent interests in these technologies arenot on
to produce high-quality food with characteristics of freshness but
also to provide food that has improved functionalities. Some of
these newer nonthermal technologies tested in food processin
are high hydrostatic pressure, pulsed electric�elds, ultrasound,
cold plasma, intense light pulses, oscillating magnetic�eld,
ultraviolet light, microwave radiation, irradiation, dense phase
carbon dioxide, and shock waves. High hydrostatic pressure ha
been used in commercial practice for high-pressure treated fru
products in Japan since 1990. Irradiation has been use
commercially in food industries for more than 30 years.
y
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Electromagnetic Radiation

Electromagnetic radiation was �rst predicted in Maxwell’s
equations in 1864 and its existence was demonstrated b
Heinrich Hertz in 1888. During World War II, microwave
technology was used in radar telecommunications. The�rst
microwave oven was developed by the Raytheon Company o
962 Encyclopedia of Food
North America in 1951, demonstrating the potential of
microwaves in applications that provide rapid and energy-
ef�cient heating. In the 1970s, the microwave generator wa
reengineered by the Japanese into a domestic microwave ove
(a simple, reliable, and cheap magnetron) to be used in food
processing.

Electromagnetic radiation is widely used in food processing
and can destroy microorganisms in foods. In the past few years
the microwave or radio wave region of the electromagnetic
spectrum has been explored for possible use in food processin
with successful results in microbial inactivation. Various food-
processing methods are based on use of electromagnetic rad
ation energy; the most commonly used are radiofrequency
microwave, infrared, ultraviolet, visible light, and irradiation.
Electromagnetic radiation is classi�ed according to the wave-
length and consequently the depth of penetration into the
food. Traditionally, the nonthermal effects of the application of
electromagnetic radiation refer to lethal effects without
a signi�cant rise in temperature as in the case of ionizing
radiation. One of the effects of such quantum energy is the
breaking of chemical bonds. Roughly one electron volt of
energy is required to break a covalent bond from a molecule to
produce one ion pair, and this is referred to as a nonthermal
effect. Electromagnetic radiation above 2500� 106 MHz is
mostly referred to as ionizing radiation. The ionizing radiation
source could be an electron beam, x-rays (machine generated
or gamma rays (from Cobalt-60 or Cesium-137), and the
energy of a gamma ray is above 2� 10� 14 J. If the wavelength of
radiation increases, the frequency and the energy of radiation
decrease. Thus, nonionizing radiation energy is not capable o
breaking all the chemical bonds. Microwaves belong to the
group of nonionizing forms of radiation. Thus, they do not
have suf�cient energy (2� 10� 24 – 2 � 10� 22 J) to affect all
chemical bonds. Therefore, the nonionizing radiation is the
electromagnetic radiation that does not carry enough energy o
quanta to ionize atoms or molecules, represented mainly by
ultraviolet rays (UV-A, UV-B, and UV-C), visible light, micro-
waves, and infrared.
Microwave

The term microwave denotes the techniques and concepts use
as well as a range of frequencies. Microwave radiation in the
electromagnetic spectrum ranges from 300 MHz to 300 GHz.
Microwaves consist of an electric and magnetic�eld compo-
nent. Microwaves travel in matter in the same way as light
waves: They are re�ected by metals, absorbed by some dielectric
materials, and transmitted without signi�cant losses through
other materials. Microwaves are a form of electromagnetic
energy (EME), wherein the applied energy is converted into
heat by mutual interaction between media (the electric�eld
component of the wave with charged particles in the material).
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00400-6
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For example, water, carbon, foods of high water activity, and
some organic solvents are good microwave absorbers, where
ceramics, quartz glass, and most thermoplastic materials onl
slightly absorb microwaves.
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Principles of Microwave Radiation

Traditionally, thermal processing generally is carried out by
heating with an external heat source. In contrast, microwave
radiation produces ef� cient internal heating by the direct
coupling of microwave energy. According to the interaction
with microwave, materials may be classi� ed into three
principal groups, namely conductors (metals and alloys),
insulators (fused quartz, glasses, ceramics, Te� on, and poly-
propylene), and absorbers (aqueous solution and polar
solvent). The materials, which absorb the microwave radiation,
are called dielectrics, usually characterized by possessing ve
few free charge carriers and exhibiting a dipole movement.

The effect of microwave radiation is thermal and
nonthermal. It generally is accepted that the destruction of
microorganisms mainly is due to exposure to the thermal
effect. There is no question as to the validity of thermal effect
Currently, however, very little is known about the molecular
mechanisms involved in the nonthermal effects that could
involve the transfer of energy from the electromagnetic� eld
directly to the vibrational modes of macromolecules and
altering their con� guration. Several publications suggest tha
microwave radiation can have nonthermal effects, while other
studies have found that microwaves exclusively inactivate
microorganisms by heat.
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Thermal Effects of Microwaves

Microwave heating uses some characteristics of the produ
(electrical conductivity, water content, and dielectric proper-
ties) to ensure fast and direct heating through heat generation
in the product. Temperature increase in the product during
microwave heating is the result of the internal heat generation
due to absorption of electrical energy from the electromagnetic
� eld, which is based on intermolecular friction that arises via
ionic conduction and dipolar rotation. The heat generated
subsequently is distributed throughout the product by
conduction and convection.

Microwave heating increasingly is used for several process
in the food industry – for example, drying, thawing, meat
tempering, pasteurization, sterilization, and blanching of
foods. In particular, this treatment can provide a rapid rise in
temperature within materials of low thermal conductivity, such
as food products. Thus, it reduces the processing time, whic
may enhance overall food quality. In microwave heating, the
uniformity and depth of penetration are the main determinants
of the size and type of food packages that can be processed.
-

,
Nonthermal Effects of Microwave

In contrast to thermal microwave effects, a second pro
posed mechanism for inactivation by microwaves involves
nonthermal effects. Essentially, most nonthermal effects resu
from a proposed direct interaction of the electric � eld with
speci� c molecules in the reaction medium and the electrostatic
polar effect. Nonthermal effects can have a lethal impac
without involving a signi � cant rise in temperature – for
example, ionizing radiation is a form of electromagnetic activity
and with a frequency above 2500� 106 MHz (x-rays, gamma
rays). The chemical changes that take place when ionizin
radiation is absorbed by organic materials are the result o
breaking the chemical bonds and the formation of ions or free
radicals that react and form secondary products. Nonionizing
radiation has a longer wavelength, a lower frequency, and
a lower energy, however, it does not have the capability to break
chemical bonds. In this group are microwaves, which have been
demonstrated to have no in� uence on any type of chemical
bond. In the twenty-� rst century, however, four predominant
theories have been used to explain nonthermal inactivation by
microwaves or ‘cold pasteurization.’ These are, selective hea
ing, electroporation, cell membrane rupture, and cell lysis,
which brie� y are described as follows:

1. The selective heating theory states that microorganisms a
heated more effectively by microwaves and are thus killed
more readily.

2. Electroporation is caused when pores form in the
membrane of the microorganisms due to electrical potential
across the membrane, resulting in leakage.

3. Cell membrane rupture is related to the voltage drop across
the membrane.

4. Cell lysis occurs as a result of the coupling of EME with
critical molecules within the cells, disrupting internal
components of the cell.

Furthermore, it is known that some structures in biological
materials may be affected by very low energy, such as hydroge
bonded structures, in which protons may be displaced at very
low energy expense. Genetic materials are also susceptible
microwave disturbances. Another effect is the orientation of
subcellular particles, which line up (in a pearl chain formation)
under the in� uence of microwaves. Most likely no chemical
change is involved, but nevertheless, this effect may be o
biological signi� cance.

Despite many studies on microbial destruction by micro-
wave radiation, the mechanisms still are not understood fully.
Traditionally, it has been assumed that the destruction of
microorganisms is mainly due to a thermal effect of the micro-
waves. Recent research, however, has shown or suggested t
there are nonthermal microwave effects (at frequencies abov
the standard 2.45 GHz) in terms of the energy required to pro-
duce various types of molecular transformations and changes.
Use of Microwave as Nonthermal Processing

Microwave processing is used widely in households; however
compared with household use, this process is not used
frequently in the food industry. This process is utilized for
several purposes, such as blanching, baking and (pre)cooking
thawing and tempering, pasteurization and sterilization, rapid
extraction, and drying (microwave freeze drying and micro-
wave vacuum drying).
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Compared with other applications, microwave tempering,
drying, and precooking are used more often in the food
industry. Since tempering meets a major processing require
ment in a way that cannot be matched by conventional heat
forms, it is extraordinarily successful. Apart from tempering,
precooking of sausage patties and drying of vegetables snac
and low- or no-fat potato chips are among the other microwave
applications in the industry.

Additionally, the food industry not only uses microwaves
for processing but also develops products and product prop-
erties especially for microwave heating. A prominent example
is the microwave popcorn. The main principle of all these
applications is based on internal heating. In microwave pro-
cessing, the heat is generated during the application of the
process. For this reason, in recent years, microwave radiatio
has been classi� ed as nonthermal processing by some
researchers.

Various works have been carried out using high-frequenc
microwaves to determine the nonthermal effects of the elec
tromagnetic radiation. Nevertheless, the effects of high
frequency microwave radiation remain poorly understood, and
the mechanisms of ‘cold inactivation ’ are highly debated. To
our knowledge, currently there are few reports concerning the
nonthermal processing of microwaves.

In 1999, a group of researchers received the patent (U
Patent No. 5 962 054) on the novel process involving the rapid
application of EME, such as microwave or radiofrequency
energy, and the simultaneous removal of any thermal energy
that may be generated by the process through the use o
circulating cooling medium and an ef� cient heat exchanger.
This process has been developed for the nonthermal treatmen
of liquid food products, which results in a signi� cant reduction
in the microbial population, thus reducing spoilage and
extending shelf life.

In a study related to bacterial decontamination of raw meat
by using microwave, a specialized high-frequency microwave
apparatus ranging from 5 to 18 GHz (Lambda Technologies
Vari-Wave Model LT 1500) was used. Set at the maximum
frequency (18 GHz), 16 W of power was used to investigate the
optimum settings for the nonthermal decontamination of
bacteria. The average exposure time was found to be 52 s an
the internal temperature of the samples did not exceed 45� C.
At the end of the study, after three exposures, the decontam
nation rate at 16 W was detected as 98.4% and 95.2% fo
Escherichia coliand Staphylococcus aureus, respectively. This study
was the � rst of its kind to demonstrate the inactivation of
microbes using microwave radiation at temperatures below the
thermal destruction point of the bacteria. It was shown that
repeated exposure to high-frequency microwave radiation wa
signi� cantly more effective in decontaminating raw meat
compared with single exposure. This outcome may be impor-
tant for the food industry when considering nonthermal pro-
cessing mechanisms of raw foods, in particular, the inactivation
of common contaminants, such asE. coliand S. aureus, from
raw meats could be targeted.

In another study, high-frequency microwaves at 29.8 GHz
were used to determine the nonthermal effects of microwaves
The results of the study showed that microwave energy a
29.8 GHz strongly affected the viability of the bacteriaBur-
kholderia cepacia, while at below 5 GHz, only weak effects were
observed. The ef� ciency of the effect of high-frequency micro-
wave radiation at 29.8 GHz was not evaluated, however.

A further study on high-frequency microwaves, reported
that 36.2–55.9 GHz microwave radiation of Enterobacter aero
genesand E. coliresulted in either an inhibition or stimulation
of protein, DNA, and RNA synthesis as well as cell growth.

A novel experimental approach was aimed to discriminate
between thermal and nonthermal effects using puri� ed ther-
mophilic enzymes as a model system. The thermophilicity and
thermostability of these molecules allow for high-intensity
microwave exposure with minor temperature interference on
the enzyme stability, thus permitting the use of appropriate
controls at high temperatures. This paper reports the effects o
10.4 GHz microwave exposure on the stability of two ther-
mophilic enzymes puri� ed from Sulfolobus solfataricus, a ther-
mophilic microorganism belonging to the Archaeobacteria.
Furthermore, data on the effect of microwaves on the confor-
mation of S-adenosylhomocysteine hydrolase (AdoHcy)
indicated that the microwave effects were not related to
temperature and, therefore, were nonthermal in nature.

In a study about improving the microbiological control of
oak barrels, high frequency of microwave radiation was used to
reduce microbial populations in oak wine barrels. A pulse train
generator of high-frequency microwaves was used. Th
maximum temperature on the wood surface was determined as
48 � C. It was demonstrated that microwave treatment signi� -
cantly decreased the main microorganisms associated wit
wine on the oak barrel surface to the depth of 8 mm. It was
reported that using a very short treatment time (3 min), the
counts were reduced by 36–38% for total yeast, from 35% to
67% for Brettanomycesand about 91% to 100% for lactic acid
bacteria and acetic acid bacteria. Consequently, because there
no convenient method for decontaminating barrels, the � nd-
ings suggested that microwave technologies would be bene� -
cial for the wine industry and the environment by increasing
barrel functionality, reducing frequency of replacement,
improving microbiological control of oak wood, and mini-
mizing the use of preservatives.

A later study investigated the effects of microwave radiation
on E. coliapplied under a sublethal temperature. The experi-
ments were conducted at a frequency of 18 GHz and performed
at a temperature below 40� C to avoid the thermal degradation
of bacterial cells during exposure. On completion of the
research, the cell viability experiments revealed that the
microwave treatment was not bactericidal, since 88% of
the cells were recovered after radiation. It was proposed tha
one of the effects of exposingE. colicells to microwave radia-
tion under sublethal temperature conditions is that the cell
surface undergoes a modi� cation that was electrokinetic in
nature, resulting in a reversible microwave-induced poration of
the cell membrane.

In a study on enzyme activity, the catalytic activity of lactate
dehydrogenase and cytochrome c oxidase fromE. coli was
examined. A bacterial suspension was exposed to microwave
at an 18 GHz frequency. The temperature pro�le was restricted
to below 40 � C to avoid the thermal degradation of the
bacteria. The results of the study indicated that microwave
radiation increased the activities of both enzymes.

In some studies, it is proposed that the high frequency of
microwaves as the nonthermal process can be used instead
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irradiation in some � elds in which the use of irradiation is
limited. There is, however, a signi�cant controversy among the
literature on the nonthermal effects of high-frequency micro-
waves. Additionally, most studies have been completed using
the conventional frequency of 2.45 GHz to examine the
nonthermal effect of microwaves. Generally, there is a signi� -
cant con� ict among the studies and a knowledge gap in the
fundamental understanding of the nonthermal effects of
microwave radiation. Microbial destruction in microwave
process, however, is considered to be a result of only therma
effects. For this reason, microwave is accepted as a therm
process by most of the researchers.
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Introduction

Pulsed electric� elds (PEFs) is a technology that causes ele
troporation of cell membranes by the application of intermit-
tent electric � eld strength of high intensity for periods of time
in the order of microseconds. Electroporation consists of the
increment of the cell membrane permeability to ions and
macromolecules. Such an increase in permeability is related t
the formation of local defects or pores in the cell membranes.
Depending on the intensity of the external electric� eld strength
applied, the viability of the electroporated cell can be preserved
by recovering the membrane integrity, or the electroporation
can be permanent, leading to cell death. Reversible electro
poration is a procedure routinely used in molecular biology
and clinical biotechnological applications to gain access to the
cytoplasm in order to introduce or deliver in vivo drugs,
oligonucleotides, antibodies, plasmids, and the like. In the
1960s, it was demonstrated that irreversible electroporation
was an effective way to inactivate microorganisms, but it was
not until the end of the 1980s that there arose increased interes
in this technology as a nonthermal preservation method that
would reduce the undesirable changes induced by heat trea
ments in foods. Efforts conducted in the last 20 years by
researchers in different� elds (microbiology, chemistry, engi-
neering) have led to the development of PEF equipment on an
industrial scale and to the� rst commercial applications of PEF
technology for the preservation of premium quality fruit juices.
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Technological Aspects of the Pulsed Electric Field

PEF is a treatment that involves the application of direct curren
voltage pulses for very short periods of time, in the range
between microseconds to milliseconds, through a material
placed between two electrodes. This voltage results in an ele
tric � eld whose intensity depends on the gap between the
electrodes and the voltage delivered.
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Figure 1 Basic components of a PEF apparatus.
Generation of Pulsed Electric Fields

Generation of PEFs requires a fast discharge of electrical ener
within a short period of time. The pulse generator and treat-
ment chamber are the basic components of an apparatus fo
application of PEF (Figure 1). The pulse generator consists o
a charger that converts the AC to DC current and charges a
energy storage device such as a capacitor. The discharge of
electrical energy in the treatment chamber is controlled by
a switch that is the key component in a pulsed system, becaus
it imposes a practical limitation of the pulse generator on
power and voltage level. High-power switches that have only
turn-on capability (e.g., spark gap) required the use of circuits
with a small energy storage tank. In these circuits the pulse tha
is started by closing the switch will end when the storage tank is
empty. Food conductivity and circuit parameters, including
treatment chamber geometry, determine the rate at which the
966 Encyclopedia of Food
depletion of the tank occurs, and, therefore, the duration of the
pulse. Switches with turn-on and turn-off capability are
increasingly used because they add� exibility to the pulse
generator. Here, the pulse duration is determined by the
control signal of the switch, because the pulse starts by closin
the switch and it ends by opening it.

The treatment chamber is composed of two electrodes held
in position by insulating material, which forms an enclosure
containing the food material. Electrodes should be designed to
minimize the effect of electrolysis as well as corrosion. Stainles
steel is commonly used as electrode material, but recently it ha
been observed that titanium electrodes show a superior resis
tance against corrosion. Static treatment chambers with paralle
electrodes are generally used for basic studies aimed to g
a fundamental understanding of the microbial inactivation by
PEF. However, the development of continuous� ow treatment
chambers for PEF processing is essential for scaling up th
technology for nonthermal microbial inactivation. Although
several different designs have been developed in the last fe
years, the two most important treatment chamber designs that
are being considered for commercial application of PEF are
parallel electrode and colinear con� gurations (Figure 2).
Parallel electrode con� guration is the simplest chamber
geometry and consists of a rectangular duct of insulating
material with two electrodes on opposite sides. This con� gu-
ration imparts a uniform electric � eld in the treatment zone.
However, for some applications, a colinear con� guration is
preferred because the load resistance of the treatment chamb
is higher and the energetic requirements are consequentl
lower. The colinear treatment chamber consists of an electri
cally insulating tube through which liquid � ows. On either side
of this chamber, the electrodes are located. They consist of tw
metal pipes that also serve as the entrance and exit for the� uid.
The circular section of colinear con� guration facilitates its
installation in the circulation pipes used in the food industry.
However, the main problem of this con� guration is the inho-
mogeneity in the electric � eld strength and temperature
distribution in the treatment chambers during PEF processing
observed by numerical simulation techniques. Generation of
turbulent � ow by modifying the treatment chamber geometry
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00397-9
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Figure 2 Treatment chamber con�gurations for continuous PEF processing and electric� eld strength distribution.
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or by inserting a grid before the treatment zone has been sug
gested to improve the treatment uniformity in colinear
con� gurations.
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De�nition of Process Parameters

The most typical process parameters that characterize P
technology are electric� eld strength, pulse shape, treatmen
time pulse width, number of pulses, pulse-speci� c energy, and
frequency (Figure 3).

Electric� eld strength: The distance between the electrodes o
the treatment chamber and the voltage delivered de� nes the
strength of the electric � eld, which is generally reported in
kV cm� 1. While in treatment chambers with parallel electrode
con� gurations, the electric� eld strength between the electrodes
is uniform, in colinear con � guration the electric� eld strength is
not uniform and changes depending on the location.

Pulse shape: Depending on type of switch and the con� gu-
ration of the discharge circuit, several pulse shapes are possib
but the main ones used are exponential decay and square wav
pulses. Exponential decay pulses are generated by high-pow
switches that have only turn-on capability, and therefore,
discharge the total energy stored in the capacitor bank. Thes
pulses have a drastic surging rate, but a very slow decaying ra
causing a long tail section that is ineffective in killing micro-
organisms and yields extra heat. Square waveform pulses ca
be obtained by an incomplete discharge of a capacitor by
a switch with on/off capability or by using a more complex
pulse-forming network. These pulses are more suitable for PE
microbial inactivation because they produce stable peak
voltage for the pulse duration. Both exponential and square
wave pulses can be unipolar or bipolar. It has been reported
that bipolar pulses may reduce unwanted electrolysis and the
deposition of food particles on the electrode surface.
Treatment time: Treatment time is de� ned as a function of
the duration of pulse width and the number of pulses applied.
It is generally reported inms. In square waveform pulses, puls
width corresponds to the duration of the pulse, but in expo-
nential decay pulses, the time required for the input voltage to
decay to 37% of its maximum value has been adopted as the
effective pulse width.

Speci�c energy of the pulse: This parameter depends on the
voltage applied, pulse width, and resistance of the treatmen
chamber, which vary according to the geometry and conduc
tivity of the material treated. It is commonly reported in
kJ kg� 1. This parameter makes it possible to evaluate the energ
costs of the PEF process and, consequently, to compare the P
treatment ef� ciency with other technologies. As all the electrica
energy delivered for generation of PEFs in the treatmen
chamber is dissipated as heat and the residence time of foo
materials in the treatment chamber during a PEF treatmen
is lower than 1 s, this parameter permits estimating the incre-
ment of the temperature of a food as a consequence of the
treatment.

Frequency: This parameter indicates the number of pulses
applied by unit of time, and it is reported in Hz (pulses per
second). For an industrial exploitation with high � ow rates and
short residence times, high pulse repetition rates are up to
several hundred hertz.
Mechanisms of Microbial Inactivation by the Pulsed
Electric Field

It is generally accepted that electroporation of the microbial
cytoplasmatic membrane plays a major role in cell death
caused by PEF. Maintenance of the integrity and functionality
of the cytoplasmatic membrane is vital for microorganisms
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Figure 3 Main process parameters of PEF technology.
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because it protects cells from the surrounding environment by
acting as a semipermeable barrier. The application of an
external electric� eld of high intensity induces the formation of
pores, increasing the permeability of the membrane to ions
and macromolecules. Different techniques such as electro
microscopy examination, measurement of leakage o
intracellular material, measurement of osmotic response, or
measurement of the uptake of� uorescent dyes studies have
demonstrated that PEF causes electroporation of the cyto
plasmatic membrane of microorganisms. Observation by
electron microscopy of PEF-treated bacteria and yeasts h
revealed morphological alterations, such as increasing surfac
roughness, ruptures in the membranes, disruption of organ-
elles, and even leakage of cellular contents. However, thes
modi � cations affect only a small number of the cells observed
under the microscope, and a correspondence between th
frequencies of appearance of morphological alterations and the
loss of viability determined by counting survivors in plate has
not been demonstrated. It suggests that other pathway
different from the morphological changes observed under the
electronic microscope are involved in microbial inactivation by
PEF. However, the direct involvement of cytoplasmatic
membrane permeabilization in cell inactivation by PEF has
been established using other techniques. Measurements of th
osmotic response of microbial cells after application of a PEF
treatment reveal that microorganisms partially lost the ability
to plasmolize in a hypertonic medium. On the other hand,
a correlation between the number of microorganisms inacti-
vated by PEF and the measurement of the increased uptake
� uorescent dyes such as propidium iodide unable to go
through intact membrane has been found, or intracellular UV-
absorbing material (nucleic acids, proteins) outside the cells
after PEF treatments has been detected.

The scheme represented inFigure 4 aims to summarize the
possible consequences derived from the electroporation o
a microbial cell by PEF. Early studies indicated that microbial
inactivation by PEF was an all-or-nothing effect because afte
the treatment alive or dead cells were detected, but no
sublethal, injured ones. Sublethally injured cells are those
microorganisms that have suffered some kind of damage a
a result of the treatment applied, and they are able to recove
and grow only when the recovery conditions (temperature,
growth medium, etc.) are optimal. Presently, it is well estab-
lished that similar to other inactivation techniques, PEF causes
sublethal injury. The fact that the presence of sodium chloride
in the recovery medium prevents the growth of sublethally
injured cells after PEF treatment and the demonstration that
these damaged cells required the synthesis of lipids for repai
supports the involvement of the cytoplasmatic membrane in
cell injury. However, these observations cannot overlook the
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Figure 4 Possible consequences derived from the electroporation of a microbial cell by PEF.

NON-THERMAL PROCESSINGj Pulsed Electric Field 969
fact that sublethal injury was also caused by additional
damages of PEF in other microbial structures. The occurrenc
of reversible permeabilization of microbial cytoplasmatic
membrane has been shown by comparing the uptake of pro-
pidium iodine when the dye is present in the treatment
medium during the PEF treatment or when it is added just
after the treatment. Therefore, although a percentage of th
microbial population may recover membrane integrity after
completing the PEF treatment, during the treatment the
increment of the cell membrane permeability may cause the
intake or uptake of ions and macromolecules in the microbial
cytoplasm, rendering damaged cells with an intact cyto-
plasmatic membrane.

Although a relationship between the increment of the
permeability of the cytoplasmatic membrane by application of
external electric� eld pulses and the microbial inactivation has
been demonstrated, very little is known about what is really
occurring in the membranes at the molecular level. Severa
theories have been proposed to explain the mechanisms o
membrane electroporation. Electromechanical theories assum
that the external electric � eld applied causes membrane
compression, leading to membrane rupture when the electrica
force exceeds the elastic restoring force. From an electrical poi
view, due to the low electrical conductivity of a membrane as
compared with the surrounding liquid, a cell can be considered
to resemble a spherical capacitor. When the cell is exposed
external electric� eld strength, a time- and position-dependent
transmembrane potential would be induced across the cyto-
plasmic membrane because of the accumulation of oppositely
charged ions at both sides of the nonconductive membrane
The attraction between these ions would cause membran
thickness reduction and formation of pores. A critical value of
the external electric� eld is required to induce a transmembrane
potential (0.2–1.0 V) that leads to the formation of reversible
or irreversible pores in the membrane. When the applied
external electric � eld is around the critical value, reversible
electroporation would occur, allowing the cell membrane to
recover its structure and functionality. Irreversible electro
poration resulting in membrane disintegration and loss of cell
viability are expected to occur when electric� eld strengths
higher than the critical value are applied.
Other theories assume that electroporation in a cell
membrane occurs both in protein channels and in the lipid
domain. According to these theories, an external electric� eld
may cause reorientation of lipid molecules of the membrane,
creating hydrophilic pores that could conduct current. Local
Joule heating generated by passage of electrical current wou
induce thermal phase transition of the lipid bilayer. The
molecular dynamics of these events would involve changes in
conformation of lipid molecules and rearrangement of the
lipid bilayer by expanding the existing pores, creating new
hydrophobic pores and forming structurally more stable
hydrophilic pores. On the other hand, as the opening/closing
of many protein channels is dependent on transmembrane
potentials, it would be expected that when a PEF is applied
many voltage-sensitive channel proteins would be opened
Once these channels are opened, they would conduct highe
current than that for which they are designed; as result, thes
channels would become irreversibly denatured by Joule heat
ing or electrical modi� cation of their functional groups.

The proposed theories to explain electropermeabilization
are based on experiments on model systems such as liposome
or on individual eukaryote cells. However, in microorganisms,
the cytoplasmatic membrane is not the only envelope that
separates the cytoplasm from the environment. Yeast, bacteri
and bacterial spores have additional structures such as the wa
cell (yeast and Gram-positive bacteria) and wall cell and
external membrane (Gram-negative bacteria) whose in� uence
in the membrane electroporation by PEF remains unknown. In
the case of bacterial spores, PEF fails to inactivate them
probably because of the spores’ envelopes such as the coat and
the cortex, preventing the permeabilization effects of PEF on
the spore cytoplasmatic membrane.
Factors Affecting Microbial Inactivation by Pulsed
Electric Fields

The microbial resistance to a given processing technology tha
acts by inactivating microorganisms has been found to depend
on many factors. In order to establish the process conditions to
ensure microbiological safety and stability, the in� uence of
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Table 1 Relative signi� cance of factors affecting microbial resistance to PEF

Process parameters Microbial characteristics Product parameters

Electric� eld strength *** Strain *** Composition ***
Treatment time *** Specie *** Conductivity *
Pulsed width * Growth conditions pH ***
Speci� c energy *** Growth temperature NMR aw NMR
Frequency * Growth phase **
Temperature *** Recovery conditions
Pulse shape * Medium composition ***

Temperature ***
Recovery time **
Oxygen concentration NMR

NMR: Need More Research.
*** Very signi� cant.
** Signi� cant.
*Slightly signi� cant.
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these factors on microbial inactivation must be understood.
Factors affecting microbial inactivation by PEF have been
classi� ed into three groups: processing parameters, microbia
characteristics, and treatment medium characteristics (Table 1).
The relative in� uence of these factors on microbial resistance to
PEF is shown inTable 1.
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Figure 5 Theoretical survival curves corresponding to microbial inac-
tivation by PEF treatments at different electric� eld strengths (15 kV cm� 1

(n ), 20 kV cm� 1 (: ), 25 kV cm� 1 (; ), 30 kV cm� 1 (A ), and
35 kV cm� 1 (l )).
Processing Parameters

Among the process parameters,electric � eld strengthand
treatment timeare critical to the effectiveness of microbial
inactivation by PEF. Microbial inactivation increases by
increasing the strength of the electric� eld over a threshold
� eld strength called critical electric� eld strength (Ec). The Ec

differs for different microorganisms, but overall to obtain
signi� cant microbial destruction, electric� eld strengths above
5 kV cm� 1 are generally required. Generally, studies on
microbial inactivation have been conducted from 10 to
30 kV cm� 1 because applications of higher electric� eld
strengths have technical limitations, especially at the indus
trial scale, and may cause the dielectric breakdown of the food
material.

In general, PEF lethality increases with the treatment time
The survival curves at constant electric� eld strength are char-
acterized by a fast inactivation in the � rst moments of the
treatment, and then the number of survivors slowly
decreases as the number of pulses applied becomes long
(Figure 5).

It has been observed that PEF microbial inactivation
increases with the high-voltage electrical energy applied pe
mass unit (speci� c energy). The speci� c energy has been
proposed as a control parameter of the PEF process, especia
when exponential decay pulses are used because of the lack
precision in the measurement of the pulse width. It has been
reported that when applying different treatments of the same
speci�c energy by changing the electric� eld strength and
treatment time, those applied at higher electric� elds are more
effective in terms of microbial inactivation. Therefore, to
characterize a PEF treatment, both speci� c energy and speci�c
energy should be reported together.

Some controversy has arisen concerning the in� uence
of the pulse shape, width, and frequency on PEF microbia
inactivation. It is generally accepted that square wave pulses a
better than exponential decay ones because the slow decayin
rate causes a long tail section that is ineffective to kill the
microorganisms in the food material and yields extra heat.
Some authors have reported that when treatments of the sam
duration are applied with pulses of different widths or at
different frequencies, longer pulses and higher frequencies ar
more effective. However, these two parameters apparently exe
no in � uence on microbial inactivation when the temperature
rise of the medium caused by the application of longer pulses
of higher frequencies is avoided.

Microbial inactivation by PEF is usually enhanced when the
temperature of the treatment medium is increased, even in
ranges of temperatures that are not lethal for microorganisms
(Figure 6). This effect has been attributed to changes in the
phospholipid bilayer structure of the cell membranes, from
a gel-like consistency to a liquid crystalline state that is cause
by the temperature increase. Recently, it has been demonstrate
that the application of PEF treatments at moderate tempera
tures (>50 � C) introduces the possibility of pasteurizing liquid
foods by using short treatments at moderate electric� eld
strengths (25 kV cm� 1).
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Figure 7 Variability in the PEF resistance (30 kV cm� 1; 50 pulses of
3 ms) of different strains ofEscherichia coli(E.c.) andListeria mono-
cytogenes(L.m.) treated in media of pH 4.0 (black bars) and 7.0 (white
bars). Adapted from Saldaña, G., Puértolas, E., López, N., García, D.,
Álvarez, I., Raso, J., 2009. Comparing the PEF resistance and occurrence
of sublethal injury on different strains ofEscherichia coli, Salmonella
typhimurium, Listeria monocytogenesandStaphylococcus aureusin media
of pH 4 and 7. Innovative Food Science and Emerging Technologies
10, 160–165.
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Figure 6 In� uence of the temperature of the treatment medium on the
lethality ofSalmonella typhimuriumby a PEF treatment (30 kV cm� 1, 0.5 Hz,
square wave pulses of 3ms) in media of pH 3.5. Error bars correspond
to standard deviation. Adapted from Saldaña, G., Puértolas, E., Álvarez, I.,
Meneses, N., Knorr, D., Raso, J., 2010. Evaluation of a static treatment
chamber to investigate kinetics of microbial inactivation by pulsed electric
� elds at different temperatures at quasi-isothermal conditions. Journal of
Food Engineering 100, 349–356.
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Microbial Characteristics

Microbial inactivation by PEF depends on microbial properties
such as the type of microorganism, characteristics of the ce
envelopes (Gram-positive or negative), cell size, and shape
Generally, it has been reported that bacteria are more PE
resistant than yeast, Gram-negative microorganisms are mor
sensitive than Gram-positive microorganisms, and coccu
bacteria are more resistant than rods. However, it seems tha
the intrinsic microbial resistance is more important than the
effect of the microbial characteristics in determining the
microbial sensitivity to PEF. When the PEF resistance o
different microorganisms is compared under the same experi
mental conditions, it is observed that some yeast cells are mor
PEF resistant than some bacteria, some Gram-positive micro
organisms are more sensitive than some Gram-negativ
microorganisms, and some yeast species and some rod bacter
are more resistant than some coccus bacteria.

Several studies have demonstrated that the PEF resistance
different strains of bacterial species may vary greatly. It has bee
observed that depending on the strain and pH of the treatment
medium, the inactivation of different strains of the same
microorganism may range from 0.1 to 4.5 log10 CFU m� 1

(Figure 7). As the PEF resistance of the different strain
depended on the pH of the treatment medium, the target
microorganisms to de� ne treatment conditions for PEF
pasteurization could be expected to be different for foods,
depending on their pH.
f

e
n

Treatment Medium Characteristics

Generally, studies on microbial inactivation by PEF have
been conducted with microorganisms suspended in liquid
media. The effect of PEF treatments on the inactivation o
microorganisms in solid media or in media containing parti-
cles has received less attention. The in� uence of the electrical
conductivity and the pH of the substrate on microbial inacti-
vation has been widely investigated. Several studies conclude
that the conductivity of the treatment medium affects micro-
bial inactivation. However, these investigations do not make it
clear if the conductivity in� uences the effect of the electric� eld
on microbial membrane, or if the effect observed is a conse
quence of the in� uence of conductivity on the characteristics of
the PEF treatment applied. A change in conductivity modi� es
the resistance of the treatment chamber, and as a result it ma
cause changes in the electric� eld strength and the pulse width
and total speci� c energy of the pulses. In a range of conductivity
from 0.5 to 4.0 mS cm� 1, which corresponds to the conduc-
tivity of most liquid foods, it has been observed that the
conductivity did not affect microbial inactivation when the
input voltage and input pulse width were modi � ed in order to
obtain the same treatment (� eld strength and treatment time)
in media of different conductivities.

Published research indicates that microbial PEF resistanc
varies considerably depending on the pH of the treatment
medium. Researchers have reported that a variation of the pH
of the treatment medium can increase, reduce, or have no effec
on modifying the microbial sensitivity to PEF. Generally,
Gram-positive microorganisms are more PEF resistant in medi
of neutral pH than in acidic conditions, and Gram-negative
ones are more resistant in media of acidic pH than in neutral
conditions. This effect of the pH on microbial resistance has
been con� rmed in both buffers and liquid foods. The mecha-
nism that explains these differences seems to be related to th
occurrence of sublethal membrane damage by PEF. It has bee
observed that when Gram-positive bacteria are treated in
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Figure 8 Example of application of mathematical modeling for optimi-
zation treatment conditions. Treatment time (black lines) and speci� c
energy input (red lines) required to inactivate 5 log10 cycles the population
of E. coliO157:H7 suspended in apple juice by PEF at different electric� eld
strengths and initial treatment temperatures. Dotted lines indicate an
example of the input energy and treatment time required for 5 log10

reductions at 24 kV cm� 1 and an inlet temperature of 25� C. Adapted from
Saldaña, G., Puértolas, E., Monfort, S., Raso, J., and Álvarez, I., 2011.
De� ning treatment conditions for PEF pasteurization of apple juice.
International Journal of Food Microbiology 151, 29–35.
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neutral media, their ability to repair sublethal injury caused by
PEF is higher than when treated in low pH media. On the
contrary, the higher PEF ability to repair sublethal injury in
Gram-negative bacteria occurs when they are treated in acid
pH media.

The in� uence of the aw of the treatment medium on
microbial inactivation has scarcely been investigated, and the
effect of the type of solute used to reduce theaw is unclear. Few
studies conducted indicate that a decrease in theaw increased
microbial PEF resistance. This effect has been explained b
a reduction of the cell volume and/or changes in the thickness,
permeability, and � uidity of the microbial membrane when
microorganisms are transferred to an environment with
lower aw.

The possible protection or sensitization to electric� elds
conferred by different food components, such as carbohydrates
lipids, or proteins, has been investigated for different authors.
However, the different treatment conditions and media used
make it dif � cult to obtain de� nitive conclusions in this respect.
For example, while some authors determined that microbial
resistance increased with the fat content of milk, others found
that microbial inactivation was independent of the fat or protein
content when buffers were used as treatment media. On the
other hand, a protective effect that madeEscherichia colimore
PEF resistant has been reported as a consequence of the prese
of organic acids in both buffers of pH 4 and fruit juices. Further
research is necessary to determine the mechanism involved
the protective effects observed.
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Kinetics of Microbial Inactivation by Pulsed Electric
Field

A description of the kinetics of microbial inactivation by PEF
and quanti� cation of how different factors can in� uence the
speed of microbial death is required for the development of
predictive models.

Some of the� rst investigations on microbial inactivation by
PEF suggested a linear relationship between the log of survivo
and the treatment times describe the survival curves. Howeve
later on it was observed that when the treatment time was
prolonged to achieve higher inactivation, the shape of the
survival curves was generally concave upward. Several equ
tions have been proposed to describe these survival curves, b
presently an equation based on the Weibull distribution is the
most frequently used, because of its simplicity and� exibility.
Generally, the secondary models that are used to describe th
microbial inactivation by PEF are based on quadratic equations
whose complexity increases with the number of processing
variables investigated and the experimental range considered
Recently, the combination of experimental design techniques
with multiple regression analysis and Monte Carlo simulation
have been used to establish the most in� uential factors on the
inactivation of pathogenic microorganisms by PEF.

Predictive models are useful tools for product development
and PEF process design in order to de� ne the treatment
condition required for the food materials to meet speci� cations
for safety and stability; establish the requirements that the PEF
equipment must meet to apply the treatment on a commercial
scale; or conduct a cost analysis of the processing options so th
production can run as economically as possible while delivering
a microbiologically safe product to the consumer (Figure 8).
Microbial Inactivation by Combined Processes
Including Pulsed Electric Fields

Since microbial resistance by PEF is affected by many differen
factors, in some cases very intense treatments are necessary
obtain the microbial inactivation levels required for assuring
food safety and stability. Combining PEF with other preserva-
tion methods has been widely investigated in order to increase
the lethal effect of PEF. PEF, in combination with other phys-
ical methods of microbial inactivation based on thermal and
nonthermal effects (i.e., high hydrostatic pressure, high-
pressure carbon dioxide, ultrasound, ultraviolet radiation, or
high-intensity light pulses), has proven to be effective in
enhancing microbial inactivation. Generally, the combination
of these treatments has consisted of a successive application
hurdles, and it has proven to cause microbial reductions higher
than 5 log10 cycles in different pathogenic microorganisms.

The combination of PEF with antimicrobials such as bacte-
riocins (e.g., nisin, enterocin AS-48), enzymes (e.g., lysozyme
organic acids (e.g., citric, lactic, acetic, malic), or essential oil
(e.g., clove, carvacrol, citral) is another approach that is
considered to improve microbial lethality. Several authors
reported additive or synergistic effects on microbial inactivation
when antimicrobials were added to the treatment medium,
including buffers and liquid foods. However, it is necessary to
bear in mind that some antimicrobials used in these combi-
nations, such as nisin or lysozyme, are ineffective or scarce
effective against Gram-negative bacteria: The impermeability o
the outer membrane of these bacteria does not allow these
antimicrobials to reach its site of action; the site of action for
lysozyme is the cell wall, and for nisin the cytoplasmatic
membrane.
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Industrial Application Based on Microbial
Inactivation by Pulsed Electric Field

PEF’s ability to inactivate the vegetative cells of microorganisms
at temperatures that avoid the harmful effects of heat on the
organoleptic properties and the nutrient values of liquid foods
makes this technology very attractive for the food industry. As
bacterial spores are resistant to PEF treatments, applications
PEF should be focused on pasteurization. Although the main
objective of PEF pasteurization is to guarantee food safety
a large proportion of the population of vegetative spoilage
microorganisms is also inactivated by the treatment, contrib-
uting to extending the shelf life of foods. However, PEF is not
capable of achieving commercial sterility because spores o
other nonpublic health-signi � cant microorganisms can be
present. Thus, other preservation techniques, such as refrige
ation, atmosphere modi� cation, the addition of preservatives,
or a combination of these techniques, will be required to
preserve the quality and stability of the food during its distri-
bution and storage.

The lack of reliable and economically viable industrial-scale
equipment limited the commercial exploitation of PEF in the
food industry. However, recent developments in pulse power
generators have permitted the design of compact, reliable PE
equipment for liquid food pasteurization at � ow rates from
1000 to 2000 l h � 1. The � rst commercial PEF-processed prod
ucts have been fruit juices and smoothies. The major bene� ts of
PEF processing include the extension of shelf life from 7 to
21 days while maintaining superior taste and freshness a
compared to thermal processing.

Although the � rst commercial applications of PEF are
available in the market, more multidisciplinary research efforts
are required to improve the distribution of the electric � eld
strength distribution in continuous � ow treatment chambers, to
develop suitable sensors to assess the PEF process, to iden
the most PEF-resistant pathogens of concern for each speci� c
food, to de� ne process criteria for PEF pasteurization, and to ge
a better mechanistic understanding of the critical parameter
affecting microbial inactivation. A deeper knowledge of these
aspects is needed to satisfy regulatory agencies and to enhan
the safety and stability of minimal process foods of the future.

See also:Heat Treatment of Foods–Principles of Pasteurization
Heat Treatment of Foods:Action of Microwaves;Minimal
Methods of Processing:Manothermosonication; Predictive
Microbiology and Food Safety; Ultraviolet Light;
Nonthermal Processing:Pulsed UV Light;Nonthermal
Processing:Irradiation;Nonthermal Processing:Microwave;
Nonthermal Processing:Ultrasonication;Nonthermal
Processing:Cold Plasma for Bioef�cient Food Processing;
Thermal Processes:Pasteurization; Injured and Stressed
Cells; Fruit and Vegetable Juices.
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Introduction

The germicidal effect of speci�c wavelengths of UV light was
discovered in the early 1930s; since then, UV light-base
technologies have been continuously developed and com
mercialized for a variety of sanitization and sterilization
applications. The pulsed ultraviolet (PUV) light technique for
microbial inactivation was developed in the late 1970s in Japan
and patented by Hiramoto in 1984. In 1988, extensive exper-
imentation carried out by PurePulse Technologies Inc. (San
Diego, California) demonstrated the potential of PUV as a new
method of sterilization for air, water, pharmaceutical and
medical devices, and packaging surfaces. More recent
changes in consumer demand for minimally processed food
with fresh characteristics promoted the use of PUV as a
emerging nonthermal food-processing technique for food
decontamination. However, the food industry adopted the
technology only in 1996, when the Food and Drug Adminis-
tration approved the use of PUV technology for the production,
processing, and handling of foods.

PUV technology, also known in the scienti�c literature as
high-intensity pulsed light (HIP), pulsed light (PL), or pulsed
white light, involves the use of high-peak-power pulsed light of
short duration and a broad spectrum ranging from ultraviolet
to infrared wavelengths. PUV is delivered at great intensity
approximately 20 000 times greater than that of the sunlight
projected on the Earth’s surface, and is more effective at killing
than continuous UV devices. This technology is reported to
have the potential for inactivating a broad range of spoilage
and pathogenic microorganisms (vegetative bacteria and
bacterial spores, fungi and fungal spores, viruses, and oocysts
limiting the negative effects on product quality and nutritional
value. The potential use of PUV for food processing wa
demonstrated with fruit and vegetable surfaces, meat and�sh
products, bakery goods, and liquid foods such as milk and fruit
juices. Although PUV sterilization has better sterilization
properties than continuous UV light, the technique has a rela-
tively low penetration depth, limiting its use to surface
decontamination of foods. Scienti�c knowledge in this �eld
and development of technological principles are still
Figure 1 Output spectra of xenon, low-pressure and medium-pressu
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inadequate and require deeper scienti�c investigations and
novel physical approaches before this technique is used fo
industrial purposes.
Pulsed UV Light Generation and Emission Spectrum

The key element of any PUV system is the�ash lamp, of which
the most commonly used today is the xenon lamp, which
consists of a clear quartz envelope containing xenon gas at hig
pressure (60 kPa). When a high-voltage and high-current elec
trical pulse is applied to the inert gas, the strong collisions
between electrons and gas molecules excite the electron
surrounding the xenon atoms, causing them to jump to higher
energy levels. The electrons drop back to a lower orbit, releasin
the energy by producing photons and emitting an intense,
very short light pulse. The light produced by the xenon lamps
includes broad-spectrum wavelengths from 100 to 1100 nm
(Figure 1): UV light (100 –400 nm), visible light (400 –700 nm),
and near-infrared light (700–1100 nm). Although wide varia-
tions exist, approximately 54, 26, and 20% of the emitted energy
corresponds to UV, visible, and Near-Infrared light (NIR light),
respectively. The UV portion of the electromagnetic spectrum
includes long-wave UV-A (320–400 nm), medium-wave UV-B
(280–320 nm), and short-wave UV-C (200–280 nm), which
represent 25, 8, and 12% of the total emitted light, respectively.
Pulsed UV Light Devices

PUV equipment includes some common components. The
generation system of PUV consists of a high-voltage powe
supply, an energy capacitor, a pulse con�guration device, and
one or more lamps (Figure 2). The power supply provides
electric power to a high-power capacitor, which stores electrica
energy for a relatively long period (fraction of a second) from
which it is released to the lamp unit within a shorter time
(nanosecond or milliseconds). High electrical energy delivered
to the lamp is converted to pulsed radiant energy (45–50% of the
input electrical energy), producing an intense pulse light focused
re mercury lamps, and microbial-action spectra.

Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00398-0
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Figure 2 Basic components of a pulsed light apparatus.

NON-THERMAL PROCESSINGj Pulsed UV Light 975
on the treatment area that typically lasts a few hundred micro-
seconds. Consequently, an ampli� cation of power occurs with
a minimum of additional energy consumption, resulting in
higher penetration depth and emission power compared with
the emission of continuous low- and medium-pressure mercury
UV lamps. The control system allows modulating the pulse
width, peak power, and frequency. Pulses of light used for food
processing typically emit 1–20 � ashes per second at 100–350 ms,
with a peak power of 35 MW, whereas the power emission from
a continuous UV light system ranges from 100 to 1000 W.

Generally, the light source is placed at the top of a treatmen
chamber built of stainless steel (Figure 2). The lamp housing
usually includes a quartz panel to protect the lamp and a shelf
to hold the samples, which can be displaced vertically to allow
regulation of the distance between the food and the light
source. Metal re� ectors are incorporated in the treatment
chamber around each lamp that focus the light to the sample.
The treatment chamber is constructed with high-re� ecting-
capacity materials to enable the light to be re� ected until � nally
reaching the product, therefore, increasing its ef� cacy. When
operated at high power and frequency, an additional cooling
system may be necessary to increase lamp life and to avo
undesirable heating of the treated food. Cooling systems
include forced air, which also allows evacuation of the toxic
ozone produced by the shortest wavelengths, or liquid refrig-
erants. Optical sensors may be installed to record the outpu
power that enables monitoring the lamps and making deci-
sions for lamp replacements. This basic scheme is the simple
for batch treatment systems most often used in laboratory
experiments, such as that produced by PurePulse Technologi
Inc. (San Diego, California). More complex equipment has
been designed for in-line treatments. In these systems, single
treatment reactors are coupled in a series, or several� ash lamps
are located above a moving conveyor belt. A� uidized bed that
mixes powders to increase particle exposure was also created
treat powders. Versatility and� exibility in equipment design is
important because it permits the establishment of appropriate
operating conditions for each application and product.
f

ts
Processing Parameters

Proper determination of the dose received by the sample is
one of the most important factors in characterizing a PUV
treatment. However, the literature does not agree as to which
are the most adequate parameters to use. Precautions should b
taken when reporting PUV intensity treatments because th
energy received by the sample is substantially different from
the energy delivered by the light source.Table 1 collects the
primary parameters used to characterize the delivered energ
from the lamp and the delivered energy to the samples.

The total light energy dose delivered to the substrate i
usually quanti� ed by its � uence, which represents the tota
radiant energy of all wavelengths passing from all directions
through an in� nitesimally small sphere of cross-sectional area
dA. The total � uence should be reported as the integration of
the number of pulses and pulse characteristics (width and
� uence per pulse) to allow direct comparisons of different
treatments regardless of the experimental setup. In conclusion
harmonizing intensity PUV treatment units and terms is
necessary to compare scienti� c data and reproduce the experi-
mental conditions.
Mechanism of Microbial Inactivation

PUV is usually more effective and rapid for microbial inacti-
vation than continuous UV-C light, which is attributed to its
rich broad spectrum UV content, high peak power, and ability
to regulate both pulse duration and frequency output of the
� ash lamp. Despite the increasing efforts of scientists to fully
elucidate the mechanisms of microbial inactivation using PUV,
the speci� c mechanisms by which PUV caused cellular inacti
vation are not yet fully understood. Several authors attempted
to identify the region of the broad spectrum of light responsible
for cell inactivation using a light � lter for speci� c wavelengths,
pulsed xenon sources in conjunction with UV mono-
chromators, or various light sources with different wavelength
emissions. Nowadays, the light of the UV region is generally
accepted as primarily responsible for the lethal effect of PUV
treatments. However, visible and infrared region combined
also appear to contribute to killing microorganisms. Various
mechanisms were proposed to explain the lethal effect o
pulsed light: a photochemical effect related to the DNA damage
by the UV-C, a photothermal effect attributable to instanta-
neous heating of cells, and a photophysical effect attributable
to damage of cell components. The coexistence of lethal effec
is probable, and the relative importance of each one likely
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Table 1 Main processing parameters related to the energy delivered from the� ash lamp and to the energy delivered to the sample, with its respective
symbol, form, and units of the international system

Parameter Symbol Form Units (IS) DeÞnition

Parameters related to the energy delivered by ßash lamps
Radiant energy Q J Total energy delivered in a pulse by the radiation source in a radiation� eld.
Peak power/radiant power/

radiant� ux
P P¼Q/t0 W Radiant energy of a pulse in a radiation� eld divided by the pulse duration (t0).

Radiant excitance M M¼P/A W m� 2 Energy per unit area leaving the surface of the� ash lamp, whereAis the area
of the surface lamp.

Radiant energy density w w¼Q/V J m� 3 Radiant energy per unit volume of the radiation� eld, whereVis volume.
Pulse-repetition-rate/

frequency
prr, v Hz (s� 1), pps

(pulses
per second)

Number of pulses emitted per xenon lamp per second.

Parameters related to the energy delivered to the sample
Fluence rate/irradiance E E¼P/A W m� 2 Energy received by the sample per unit area, whereAis the area of the surface

sample.
Fluence/dose (per pulse)H0 H0 ¼E x t0 J m� 2, J cm� 2,

mJ cm� 2
Total energy received from the lamp by the sample per unit area during the

treatment time of a pulse.
Exposure time t t ¼ t0 x n s, ms,ms Length in time of the treatment, wheren is the number of pulses applied.
Total� uence H H¼H0 x n J m� 2 Total� uence received by the sample per unit area during the total treatment

time of all applied pulses.
Pulse width t0 s, ms,ms Time interval during which energy is delivered.

Lasagabaster, A., 2009. Factores que determinan la e� cacia de la tecnologia de luz pulsada para la inactivacion de microorganismos de origen alimentario (Thesis). Universidad
del Pais Vasco.
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depends on the� uence and the target microorganisms. Overall
the microbial inactivation by PUV should be regarded as
a multitarget process.Figure 3 summarizes a scheme of the
mechanisms probably involved in microbial PUV inactivation.
-

e

e
.
a

-

Photochemical Effect

The photochemical mechanism is primarily attributed to the
UV component of the spectrum. UV light is lethal for most
types of microorganisms because of the alteration of the
cellular genetic material (DNA/RNA). The UV-C light content
from 220 to 290 nm in the UV spectrum was a major con-
tributor to inactivation because it provides the wavelength for
maximum UV absorption of the pyrimidine bases of nucleic
acids. Photons interact with thymine and cystine nucleoside
bases to form cross-linking photoproducts, especially cyclo
butyl pyrimidine dimmers (CPD), which interrupt the tran-
scription, translation, and replication of DNA, leading to cell
death. Similarly, UV-C treatment of bacterial spores results
in the formation of the ‘spore photoproduct’ 5-thyminyl-5,
Figure 3 Mechanisms of microbial inactivation by pulsed ultraviolet l
6-dihydrothymine, in single- and double-strand breaks, and in
the formation of CPD. The longer wavelength UV portions
(UV-A and UV-B) are believed to be lethal as a result of the
membrane damage and the formation of peroxides. However,
these spectral ranges have weaker microbicidal effects than th
UV-C region.

Microorganisms develop DNA repair mechanisms such as
photoreactivation, excision repair, and recombination repair.
Therefore, the damage occurring at the DNA level can b
repaired to a certain extent under adequate recovery conditions
Photoreactivation consists of reversing UV damage in bacteri
using the enzyme photolyase, which uses visible light energy to
split UV-induced CPD in damaged DNA. Some experiments
showed a low ef� cacy of the enzymatic repair of DNA after
pulsed light treatments, which is explained by the high and
sudden degree of damage caused by pulsed light and by inac
tivation of the DNA repair system and other enzymatic
functions.

Most authors explain their results on PUV treatment
based on the photochemical lethal effect of the UV region,
ight.
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although the UV region in combination with both visible
and infrared regions was demonstrated to enhance inactiva
tion. For example, more double-strand breaks are produced
following UV-C than PUV treatments, but PUV treatment
inactivates microorganisms more rapidly and effectively than
UV-C.
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Photothermal Effect

Certain disputes surround the photothermal effect of PUV.
Some authors have attributed cell envelope damage to
increases in temperature caused by absorption of pulsed ligh
In contrast, others did not observe heating of the samples afte
applying PUV treatments that achieved high microbial inacti-
vation, rejecting the existence of a photothermal effect. The
quantity of energy applied from PUV treatment of a large piece
of a solid is small if is related to the entire mass. Therefore
a low increase in temperature is logical. However, light has
a low penetration depth, and that PUV leads to a temporary
overheating of the surface is possible. Over a� uence threshold
(0.5 J cm� 2), calculations showed that momentary overheating
(120 � C) was reached on polymeric surfaces. Some author
opine that the photochemical effect predominates in PUV
treatments, with � uence ranging from 10 to 30 kJ m� 2, whereas
photothermal action seemed more relevant at higher� uence
(50–60 kJ m� 2). Some electron microscope photographs show
severe deformation and top rupture during the UV light pulse
of Aspergillus nigerspores. The photothermal effect of ruptures is
related to the vaporization of the cytoplasmic water content
that generates a small steam� ow that induces membrane
disruption. Moreover, that the photochemical effects of PUV
may be enhanced because of enzymatic repair system alteratio
by PUV-photothermal effect was suggested. In summary
adequate evidence exists to believe that PUV has a phot
thermal effect, but it is important to emphasize that many
works have no description of the temperature measuremen
methodology or that it is limited to temperature measures
before and after treatment.
Fluence (J cm •2

Figure 4 Typical survival curves to pulsed ultraviolet light treatments
Photophysical Effect

Distinguishing the PUV photophysical effect from the previous
discussion is dif� cult. Whether those effects have a photo
chemical or a photothermal origin is unclear. PUV-treated cells
show changes in protein content, expanded vacuoles, ce
membrane distortions, and other cell morphological changes.
Wall damage, cytoplasmic membrane shrinkage, and meso
some disintegration in Gram-positive and Gram-negative cells
from intermittent high-energy PUV treatment for which
temperature increments were negligible were also observed.
Inactivation Kinetics

An important aspect of characterizing novel technologies is
study of the inactivation kinetics to ensure accurate proces
calculations for its successful industrial application. Few
studies exist that describe the inactivation kinetics of PUV
Previous reports suggest that microbial inactivation by PUV
follows � rst-order kinetics attributable to one-hit inactivation
mechanisms. This mechanism assumes that the death o
microorganisms is the result of a single event (the reaction o
a single UV photon) and that all microbial cells have an
identical probability of death. However, survival curves for
PUV frequently show deviation from the linearity, such as
shoulders, tails, or both (Figure 4).

Some authors observed noninactivation of microorganisms at
low UV doses followed by a log-linear relationship at higher UV
doses. According to the multi-hit theory, this initial lag region
(shoulder phase) is related to the accumulation of repairable
damage. DNA repair systems may� x injuries up to certain UV
dosages, resulting in shoulders. Once the cell repair capability i
surpassed, minimal additional UV exposure is lethal
for microorganisms and survivor numbers quickly decline.
The upward concavity of survival curves (tails) implies that the
process is becoming progressively less ef� cient, which is
the most common pro� le found in PUV treatments. The tailing
phase was explained from both vitalistic and mechanistic points
)

.
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of view. The existence of subpopulations with different resistance
could explain the appearance of tails. In contrast, the existence o
cell aggregates, the lack of a homogeneous dose distributio
because of the high absorptivity and/or presence of suspende
solids in liquid foods, and the shading effect from surface irreg-
ularities of solid matrix may explain the tailing phenomena.
Other authors related tails with a reduction in the probability of
exposure to photons in populations with decreasing densities.
Complete inactivation of microorganisms and the absence of
tailing were also reported, although the effect may be related to
low initial counts or a high detection limit of the survivor count
method. Both shoulder and tailing phenomena were observed
simultaneously. Overall, concavityand sigmoid pro� les avoid the
application of the traditional � rst-order kinetics approach, and
alternative nonlinear models should be used.

Weibullian models were used to adequately describe some
survival curves to PUV with shoulders and tails. However
equations that accurately predict microbial PUV inactivation in
clear liquids were observed to systematically underestimate th
survival fraction in stainless steel surfaces. Liquid substrates ca
be shaken or stirred to allow for a better homogeneous expo
sition, but the inactivation by PUV of microorganisms in solid
food substrates is a more complex issue. The shielding effect o
surface irregularities, the internalization of microbial cells, and
the presence of bio� lms could lead to the appearance of� at
tails that cannot be � tted with the Weibull model. This model
is also unsuited for modeling sigmoid curves.

The model of Geeraerd et al. (2000) allows� t survival
curves with a shoulder, tails, or both. This model has the
advantage of describing accurately and independently the
length of the shoulders (Sl), the inactivation rate (Kmax), and
the number of residual cells in the tail region (Nres). The Nres
value is important in establishing the dose beyond which
longer treatments do not achieve additional inactivation but
may affect food quality.
s
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Factors Determining the Ef�cacy of PUV Treatments

The lethal ef� cacy of PUV treatment depends on proces
parameters, physicochemical characteristics of the treatmen
medium, and speci� c microbiological factors.
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Process Parameters

Knowledge of some critical parameters is essential for proces
optimization, maximizing the effectiveness against microor-
ganisms to minimize product alteration. The distance from the
light source to the sample affects energy incidence: The longe
the distance between the sample and the lamp, the lower the
lethality of the process. Some authors proposed equations to
model the effect of distance from the UV lamp at the microbial
inactivation level. The position and orientation of lamps in an
industrial decontamination unit can also affect the energy
incidence on the product. For a group of samples placed a shor
vertical distance from the lamp, those located directly below
the lamp were shown to be decontaminated, whereas the res
underwent almost no decontamination. In fact, most tests on
PUV microbial inactivation are generally performed by placing
a small sample directly below the lamp. The lethal ef� cacy also
depends on the broad-spectrum light emitted by the lamp.
Previous sections discussed the effect of spectral characterist
on the outcome of the PUV treatment. Brie� y, the lethal effect
of PUV treatment is mostly attributed to the UV-C region, and
the germicidal ef� cacy of PUV increases when the UV regio
content increases. The broad spectrum of light incident on the
sample depends on the technical characteristics of the lamp
the type of quartz envelope of the lamp, the electrical current
density, the voltage, and the pulse duration. For the same
emission spectrum, microbial inactivation ef� cacy increases
with the number of pulses applied. The results on the effect of
the frequency of pulses are not conclusive. Whereas som
authors found that the lethal effect increases with frequency
others reported that the pulse frequency did not change the
bactericidal effect within a range of 1–5 Hz, which only
depended on the pulse� uence and number of pulses.

Published data, considered globally, suggest that the ef� -
cacy of PUV depends on the amount of energy transferred to
the sample by incident light regardless of whether the dose is
achieved with a high � uence rate and short exposure time or
with a low � uence rate and long exposure time. In other words,
the principle of equi-effectivity of the product of � uence rate
and exposure time– the Bunsen–Roscoe reciprocity law– is
valid. However, a contradictory conclusion was reached when
UV-C and PUV treatments were compared, which sugges
a peak power dependence. The violation of the Bunsen-Rosco
principle is according to the theory that PUV causes different or
additional damage than UV-C (photothermal and phophysical
effects).
Food-Related Factors

Microbial resistance to most inactivating technologies is usually
in� uenced by the physicochemical characteristics of the trea
ment media. With regard to the PUV technology, the most
important factors are the absorptivity in liquid media and the
surface topography of solids. Photochemical reactions are th
result of the interaction of photons of light with molecules that
produce chemical reactions. The extent of the chemical reactio
depends on the quantum yield and� uence of incident photons.
As UV light inactivates microorganisms by damaging their
nucleic acid, the bactericidal ef� ciency of a PUV treatment
depends on the number of photons interacting with nucleic
acids. When photons move through a liquid medium, they
interact with some components (absorption), which explains
why the same UV dose has different bactericidal effects i
different media: When UV light is absorbed, it is no longer
available for inactivating microorganisms. When incident light
reaches a medium, it can be scattered, refracted, or absorbed
varying degrees depending on the optical properties, composi
tion, and structure of the substrate to be treated. Lower re� ection
phenomena and greater light absorption by microorganisms
lead to greater decontamination effectiveness. In contrast, high
transmittance of the treatment medium allows a greater pene-
tration depth of the light and greater bactericidal effect. Impor-
tantly, note that optical penetration varies with wavelength:
shorter wavelengths and more energetic radiation provide
deeper penetration into the food than longer wavelengths.

In liquid media, absorptivity can change greatly. For
example, 90% of the radiation was estimated to be absorbed
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in approximately a 1.1 cm depth of wine, 0.63 cm of beer,
0.67 cm of clear apple juice, and 0.1 cm in orange juice
which explains the wide range of variation of log10 cycles of
bacterial inactivation obtained when microorganisms are
suspended in liquid foods. Recently, an exponential rela-
tionship between the inactivation rate and the absorptivity of
the treatment media was reported. This observation is
consistent with the Beer–Lambert–Bougerts Law, which states
that the amount of light that penetrates through a solution
decreases exponentially with increasing absorbance of th
solution. The penetration depth also depends on the turbidity
of the media. Suspended solids increase absorptivity and ar
responsible for re� ection and scattering phenomena.
However, the effect of suspended solids on the antimicrobial
effectiveness of UV-C is less dramatic than the absorptio
coef� cient. If the liquid is stirred in batch treatments or
turbulent � ow is guaranteed in continuous treatments, the
dose distribution is uniform, avoiding the blocking effect
from suspended solids.

In solid foods, the penetration capability of light is much
lower. For opaque products, PUV treatment is only ef� cient for
decontaminating the surface. PUV intensity was reported to
decrease through the interior of sausages, observing a� uence
� ve times lower at a 500mm depth (0.22 J cm� 2) than over its
surface (1.1 J cm� 2). Absorption and re� ectivity of a surface can
signi� cantly diminish the amount of light that reaches micro-
bial cells. Furthermore, the absorption of photon by molecules
in the substrate results in an increase in the energy content o
those molecules, which may lead to quanti� able heating effects
depending on thermal properties of the product, treatment
time, and PUV intensity. Such effects may help increase th
photothermal effect. The super� cial structure of food has
a complex in� uence on microbial inactivation by PUV treat-
ment. The topography of food is rarely smooth and polished,
and rough surfaces with the presence of crests, crevices, a
irregularities are more common. Microscopic techniques
showed that microbial cells form agglomerations in irregular-
ities of the food surface, hiding microorganisms from PUV–
the shadow effect– and, therefore, reducing the ef�cacy of
the process. Moreover, pathogenic microorganisms wer
shown to be internalized on fruit and vegetable tissues, and are
protected again PUV. The hydrophobicity of food surfaces and
of cell envelopes also in� ux cell distribution and the effec-
tiveness of decontamination.

There are no data on the effect of other environmenta
factors such as pH, water activity, and chemical composition o
the treatment media on the lethal nature of PUV. pH and water
activity were demonstrated to have hardly an effect on UV-C
microbial resistance; however, that the same factors strongl
determinate microbial heat resistance is well known. Therefore
these factors may have a misleading effect on PUV microbia
resistance depending on the photochemical and photothermal
contribution to the lethal effect. Food composition also affects
the ef� cacy of decontamination by PUV. The addition of
protein and oils was shown to decrease the decontaminan
ef� cacy of PUV; however, the addition of starch has no effec
probably because of large differences in absorptivity of the
different components than from microbiological effects.
Overall, food with high protein and fat content has little
potential to be treated ef� ciently by PUV.
Microbiological Factors

Comparison of PUV microbial resistance is dif� cult because of
the scarce number of studies carried out, the different experi
mental conditions used, and the lack of harmonization in
processing parameters reported. Generally, Gram-positiv
bacteria were observed to be more resistant to PUV than Gram
negative bacteria. The differences are related to more effecti
repair mechanisms against DNA damage and differences i
bacterial cell wall composition, in particular thicker peptido-
glycan. Yeast eukaryotic cells are slightly more resistant tha
vegetative bacteria, whereas bacterial spores are much mo
resistant than vegetative cells and fungal spores, which sho
a greater resistance to PUV compared with bacterial specie
Fungal spores’ signi� cant resistance to PUV is attributed to the
presence of pigments that absorb in the UV-C region. However
a relationship between the pigment content of different strains
of Pseudomona aeruginosaand its PUV resistance was not found
Moreover, PUV susceptibility of some viruses was characte
ized. Thus, the herpes simplex tipo1 virus and the parvovirus
bovine show higher resistance of PUV treatment compared
with other viruses. Table 2 shows selected PUV resistance da
for different microorganisms as a reference.

Variations in PUV resistance exist among different micro
organisms and species and among different strains of the sam
species. However, the magnitude of the differences is usuall
lower than observed by other technologies, such as heat an
high pressures. The physiological state of microorganisms ma
also in� uence PUV susceptibility. Cells are usually more
sensitive to the lethal action of PUV treatments during late
exponential (16 h) phases of growth compared with similarly
treated cells in their stationary (24 h) phase when exposed to
combinations of low pulses using lower lamp discharge ener-
gies. However, no signi�cant differences in inactivation were
observed between 16 and 24 h cultures exposed to high
discharge energies.

Inoculum size was shown to in� uence the ef�ciency of PUV
when the treatment is applied to surfaces. The decontamina
tion ef� cacy decreases at high contamination levels, probabl
attributable to microorganisms placed in the upper layers that
shadow the inner layers.
Potential Applications of PUV Technology and Main
Limitations

PUV technology has potential applications for food decon-
tamination because it is able to inactivate spoilage and path-
ogenic bacteria and spores with negligible quality change
compared with conventional heat treatments. In comparison
with other nonthermal technologies, PUV is the only new
technology able to effectively inactivate bacterial spores
making it the only alternative to heat sterilization, at least from
a scienti� c point of view.

Compared with traditional UV-C irradiation, PUV demon-
strated a higher bactericidal ef�cacy because of the high-
intensity light of each pulse and greater penetration power.
Moreover, the short pulse width and high doses of the pulsed
UV source may provide more rapid disinfection, which is very
suitable for in-line processing. The broad emission spectrum
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Table 2 Effect of PUV on different microorganisms. Gram-negativ
Gram-positive, bacterial spores, yeasts, and conidia: 50 pulses of 30ms,
with a radiant energy of 7 J, on agar surface (Source: Gómez-López, V.M.,
Devlieghere, F., Bonduelle, V., Debevere, J., 2005. Factors affecting
inactivation of microorganisms by intense light pulse. Journal of Appli
Microbiology 99, 460–470); and viruses: 2 Pulses of a� uence of 2 J cm� 2

in buffer (Source: Roberts, P., Hope, A., 2003. Virus inactivation by
high intensity broad spectrum pulsed light. Journal of Virological Metho
110, 61–65.)

Microorganism
Initial contamination
(Log10)

Inactivation
cycles (Log10)

Gram negatives
Aeromonas hydrophila 5.5 2.3
Escherichia coli 5.3 4.7
Salmonella typhimurium 5.4 3.2
Shigella ßexnii 5.1 3.8
Photobacterium phosphoreum4.8 > 4.4
Pseudomonas ßuorescens 5.6 4.2
Yersinia enterocolitica 4.8 3.9
Gram positives
Alicyclobacillus acidoterrestris 5.7 > 5.2
Bacillus cereus 3.4 > 3
Bacillus circulans 4.5 > 4.1
Clostridium perfringens 3.3 > 2.9
Lactobacillus sake 5 2.5
Leuconostoc mesenteroides 5 4
Listeria monocytogenes 5 2.8
Staphylococcus aureus 5.5 > 5.1
Bacterial spores
Alicyclobacillus acidoterrestris 3.3 2.5
Bacillus circulans 5.7 3.7
Bacillus cereus 6.3 > 5.9
Yeasts
Candida lambica 3.4 2.8
Rhodotorula mucilaginosa 3.2 > 2.8
Conidia
Aspergillus ßavus 5.2 2.2
Botrytis cinerea 4.1 1.2
Viruses
Hepatitis A virus – > 5.7
Herpes simplex type 1 – > 4.8
Parvovirus bovine – > 6.6
Poliovirus type 1 – > 6.7
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produces a synergistic effect on the different wavelengt
emitted because, in addition to causing DNA damage, other
cellular components are affected, including the enzymatic
reparation systems. Other advantages of PUV treatment includ
the lack of residual compounds and the absence of applying
chemicals that can cause ecological problems and/or that ar
potentially harmful to humans. Xenon � ash lamps are more
environmentally friendly than UV-C lamps because they do not
use mercury. PUV is safe to apply, but some precautions mus
be taken to avoid exposure of workers to light and to evacuate
the ozone generated by the shorter UV wavelengths. PUV ca
provide a cost-effective alternative for microbial inactivation.
The energy cost of PUV disinfection treatments is cheaper tha
that of other new technologies, although the PUV equipment
cost is an important investment.
PUV is still under development, and several improve-
ments can be made. However, research requirements a
different depending on the product that it intends to process.
The main limitation with respect to solid food decontami-
nation is its low penetration capacity attributable to
absorption and re� ection phenomena, limiting the lethality
of PUV to the surface. PUV ef� ciency in solid foods with
rough or uneven surfaces, crevices, or pores, is unsuitable fo
pasteurization purposes because of the shadow effect. T
overcome this limitation, some authors suggested the
development of PUV systems that allow multidirectional
light emission or the development of rotator systems to
guarantee that all product surfaces are exposed uniformly to
light. Another important challenge to PUV is its limited
ef� cacy to control surface heating, resulting in undesirable
color alterations of solid products before microbial inacti-
vation is completed.

Liquids will absorb light depending on their absorption
coef� cient. The challenge is the same as for UV-C technology
Guaranteeing an adequate turbulent� ow to drive microor-
ganisms close to the light source is necessary to achiev
uniform exposure. Moreover, annular pulsed UV light systems
with lamps at the center with a re� ective inner surface ensure
maximum absorption energy. However, for this kind of
equipment, the high temperatures dissipated by the radiation
shorten the life of the lamps and can alter product quality.
Therefore, the development of effective cooling systems or th
design of a more adequate PUV lamp that results in bette
microbial inactivation is necessary.

From a biological point of view, several issues remain
unsolved. Although several studies were published on micro-
bial inactivation by PUV, the most resistant microorganisms of
public health signi� cance have not been fully determined.
Extensive studies on food pathogen inactivation must continue
to identify the target strain and its surrogate. The interactions
between photochemical and photothermal inactivation
mechanism are not well known. Recently, the lethality of UV-C
light was demonstrated to synergistically increase with
temperature, which may also explain the higher ef� ciency of
PUV compared with UV-C treatments. This issue is importan
and deserves further investigation. The causes of the deviation
in the linearity of survival curves are also little known. A better
understanding of these deviations can assist in developing
predictive models with a more solid biological basis and that
are, therefore, more reliable.

In conclusion, PUV technology may be a real alternative to
other food pasteurization methods, but is still an emerging
technology and much work is needed before its effective
transfer to the food industry.
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Introduction

Food preservation techniques have relied heavily on heat in
diverse forms and levels to destroy microorganisms and exten
shelf life. The inactivation of the pathogenic and spoilage
microorganisms present in foods is the main purpose of food
preservation. Heat-processing technologies are quite ef�cient in
controlling microbial growth in different foodstuffs, but they
also can affect their biochemical composition, causing damage
in some of their sensory and nutritive attributes. With
increasing demand by consumers to obtain processed food
with better attributes than have been available to date, food
researchers have pursued the discovery and development
improved preservation processes with minimal impact on fresh
taste, texture, and nutritional value of food products. Both
improved heating and nonthermal processing technologies
have been investigated for their effects on food freshness
nutrition, and safety. Over recent years, several technologie
have been the object of rapid developments in scienti�c
understanding as well as equipment design. These efforts hav
helped to eliminate many of the barriers to commercial
applications of novel or nonconventional food preservation
techniques.

Some alternative food-processing technologies have elimi
nated totally the thermal component in their operation and are
referred to by different denominations. Many terms such as
emerging technologies, novel processes, cold pasteurizatio
techniques, nonthermal processing, and so on have been use
to describe them. Some of these terms are limited or inaccurate
For example, ‘emerging technologies’ once exploited on
a commercial scale may become established, while col
pasteurization or sterilization may be interpreted as being
carried out at temperatures well below room temperature. The
two common features that may properly describe all these
technologies would be their application at room (or ambient)
conditions, and their elimination of the heat component to
preserve or convert foods. Thus, the most generic term
encompassing the technologies on discussion would be
ambient-temperature or nonthermal food processes. Addi-
tionally, given the matter of convention within disciplines,
a suitable term to describe alternative technologies in food
processing would be necessary. Food scientists seem to agree
the ambiguity of the terms ‘ambient temperature’ and ‘room
temperature,’ and so they prefer to simply de�ne nonthermal
food processing as those technological alternatives aimed a
preserving quality of treated foods due to their absence of hea
treatment.

Nonthermal food processes may be considered third-
generation processing alternatives, as they seek to elimina
heat completely in pasteurization and commercial sterilization
of diverse food products. Several processing techniques hav
been investigated in recent times and include ultraviolet
(UV) radiation, gamma irradiation, ultrasound, nonconven-
tional chemical reagents, high-intensity magnetic�elds, ultra-
high-hydrostatic pressure (HHP), membrane technology, and
982 Encyclopedia of Food
high-voltage pulsed electric�elds. Meat and its derivates are
excellent examples of products that have experienced rapi
changes in ways of being preserved and processed. Some
these nonthermal processing technologies have been used i
the meat industry. A speci�c method that may be considered
nonthermal, aimed at sanitizing carcasses prior to further
processing, is steam vacuuming.
The Meat-Processing Industry

The meat-processing industry consists of establishment
primarily engaged in the slaughtering of different animal
species, such as cattle, hogs, sheep, lambs, or calves,
obtaining meat to be sold or to be used on the same premises
for different purposes. Processing meat involves slaughterin
animals, cutting the meat, inspecting it to ensure that it is safe
for consumption, packaging it, processing it into other prod-
ucts such as sausage or lunch meats, delivering it to stores, an
selling it to customers. The meat-processing industry is a sepa
rate entity from the meat-packing industry: Processing involves
taking the meat in its raw form and turning it into another
product that is marketable, safe for consumption, and attrac-
tive to consumers. Packaging is often an important part of the
meat-processing industry, because processed meats often ta
on forms that are not natural shapes. Sausage, for example
is sometimes sold in tubelike packages sealed on either en
with a metal clasp while hot dogs are sold in bunches of eight
in many cases, and they usually are contained in a plastic
pouch.
Meat Contamination

Before the slaughtering process, the muscles of healthy anima
normally do not contain microorganisms that are toxic to
humans. Several pathogenic microbial species, however, can b
found naturally in the gastrointestinal tract of the animal. An
essential part of slaughtering includes the cutting and remova
the gastrointestinal tract of the animal and, as a result of this,
the tract contents are often spilled and smeared onto the mea
surface at this time. There are many other factors, such as pla
design, speed of slaughter, skill of operators, season of the yea
type of animal slaughtered, or anatomical carcass site, tha
favor bacterial contamination during the process of slaughter-
ing. Extensive contamination or abusive conditions that allow
bacteria to reproduce increase the risk for the presence o
pathogenic bacteria and formation of toxins in meat. Applica-
tion of decontamination processes may have an in�uence on
product and worker safety and product quality, as well as on
the environment, and therefore, these criteria should be
considered in treatment selection. Suitable decontamination
systems should not have adverse toxicological or other health
effects on workers during their application, or on consumers as
a result of their use.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00403-1
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Meat Sanitation

Microbiological decontamination technologies include animal
cleaning, chemical dehairing, knife-trimming, steam vacuum-
ing, carcass washing, spraying, or rinsing with chemical solu
tions, such as organic acids, or with water of low or high
temperatures and pressures or application of pressurized stea
following carcass washing.

Chemical dehairing is used commercially to remove hair,
mud, manure, and other external contaminants from cattle
before hides are removed. Chemical dehairing reduces visibl
contaminants on carcasses and the amount of knife-trimming
needed to comply with regulatory requirements. Application
of the dehairing process to hide samples may cause signi� cant
reductions in numbers of inoculated Escherichia coliO157:H7,
Salmonellaspp., and Listeria monocytogenespresent. Chemical
dehairing results in injured bacteria, which may be of concern
during subsequent product storage if they repair their injury or
could be advantageous if subsequent decontamination treat
ments or chilling result in further bacteria death.

Decontamination systems that use chemical agents ar
generally recognized as safe (GRAS) by the US Food and Dru
Administration (FDA) do not create an adulterant situation, do
not create labeling (i.e., added ingredients) issues, and can b
supported with scienti� c studies as being effective. The mos
frequently used chemical decontaminants are solutions of
organic acids (1–3%), such as acetic and lactic acids, which
reduce numbers of bacteria on carcass tissue. Such organic ac
are most useful as warm (50–55� C) rinses, applied before
chilling, especially in combination with preceding treatment
using hot water or steam. Potential concerns associated wit
use of organic acids include selection for the presence of acid
resistant bacteria that may accelerate rates of produ
spoilage, increase undesirable effects on product appearanc
and speed equipment corrosion.

Treatment with hot water is approved for carcass decon
tamination. Effective water temperatures should exceed 74� C,
and effectiveness increases as temperatures approach 80–85� C.
Hot water spray-washing of beef can reduce bacterial count
and achieve more consistent decontamination compared with
knife-trimming. Hot-water rinsing, in addition to removing
visible soil, may also reduce coliform counts. In practice, bee
carcasses are decontaminated with hot water via spray-washin
cabinets through which carcasses are passed automatical
Spraying at high pressures requires very high water temperatu
at the nozzle because water temperature is reduced quickly as
is sprayed from a nozzle to the carcass surface; low pressur
yield higher tissue temperatures. Hot water can represen
a problem as it may generate condensate; nonetheless, hig
pressure and large volumes of hot water can remove visible so
in addition to reducing microbial counts.

Novel alternative processes, such as ionizing radiation
hydrostatic pressure, electric� elds, pulsed light, sonication,
and microwaves also have been proposed for application to
reduce contamination in meat. Research has demonstrated tha
meat decontamination technologies are most effective when
used in combination, sequentially, as multiple hurdles systems.
Such systems improve regulatory compliance and enhanc
product safety, provided that processing and preparation for
consumption also are performed using good hygiene practices
Steam Vacuuming as a Carcass Intervention Metho

Steam at 100� C has a much higher heat capacity than water a
the same temperature. When steam condenses on a surface, t
temperature on it rises more rapidly than if it were pure water.
Steam droplets are far smaller than bacteria and steam ca
penetrate into the cavities on the surface, and it will condense
onto any cold surface. A steam cabinet system can be used
pasteurize beef carcasses. A known design is the two-sta
cabinet system in which the� rst cabinet applies a blanket of
pressurized steam, raising carcass surface temperatures to 90� C
in 10–15 s, and the second spray-cools the carcass befo
chilling. Three- to four-log microbial reductions can be attained
using this equipment. Production of condensation is a concern
if adequate space is not provided to ventilate the cabinet.

Steam vacuuming uses steam or hot water to loosen so
and kill bacteria, followed by the application of a vacuum to
remove contaminants, resembling a household steam carpe
cleaner. Such technology now is applied extensively by bee
processors because it reduces the need for carcass kn
trimming. Visible contaminants and bacterial counts have
been reduced using commercial steam-vacuuming systems to
least those levels achieved by knife-trimming. Effectiveness o
steam vacuuming depends on employee diligence of application
and operational status of the equipment. Steam vacuuming is
an evolution of the cabinet steam system to counteract the
problem with cabinet cleaners of balancing the use of steam for
pasteurization against cooking the meat by excessive exposu
to high-temperature steam. Steam vacuuming is more effectiv
than other methods in killing pathogens that migrate from the
intestinal tract to the surface of the carcass during the slaughte
process. The surface of the carcass is sprayed with saturated ste
at high temperature for less than 1 s before the steam is vac
uumed from the carcass. The rapid vacuuming of the steam
prevents excessive heating of the tissue, which can degrade t
meat. In this method, air is eliminated � rst from around the
meat, followed by an extremely brief exposure to the steam, then
an equally quick surface cooling by reevaporating into a vac
uum the steam condensate that had formed on the meat during
the heating process. Steam vacuuming is useful only whe
applied to speci� c areas of the carcass that are visibly contam
nated, that is, it is not conceivable to vacuum the whole carcass

When 138� C steam is used for 26 ms, the method is capable
of achieving four-log reductions of bacteria applied to the
surface of meat, without cooking it. To measure microseconds
effective treatment times can be estimated from stream height
length of the treated area, and applying time. Because both th
heating and cooling steps are� nished within milliseconds,
there is not enough time for the meat to cook. This opportunity
arises because of the higher activation energy of meat protei
denaturation compared with the lower activation energy of
disrupting the most vulnerable bacterial enzymes. The fact tha
no cooking or other signs of thermal effect are evident in the
treated meat gives reason to consider steam vacuuming a
a nonthermal food processing. Because most contamination o
intact meat is on the surface, the process may achieve virtua
elimination of this danger to meat consumers, provided that
the resulting products are handled correctly. Consumers
producers, and exporters would bene� t from use of the process
in slaughter lines.
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The main microorganisms reported in the literature to
be targeted by steam vacuuming areE. coli O157:H7,
L. monocytogenes, Salmonellaspp., Campylobacter, and Listeria.
Few reports are found on spores’ effects and, as it happens with
this subject, not a clear trend on inactivation of spores by steam
vacuuming can be established.
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Steam-Vacuuming Equipment

A commercial handheld steam-vacuuming unit includes, typi-
cally, a stainless steel vacuum head, which pulls vacuum as
directly contacts the carcass surface. The head is� tted with an
inside nozzle that sprays hot water or, alternatively, with
a hand wand that ejects steam. Additionally, the vacuum head
is sanitized continuously from the outside with hot steam. The
vacuum can be applied to an area with vertical motions and
then the � lth loosened from the carcass surface is drawn by th
vacuum into a waste-collecting container. Some bleaching o
the carcass surface may be noticed using the system, but th
does not cause permanent discoloration. Steam vacuuming i
said to be very effective at reducing the number ofE. coli
O157:H7 on beef. It has gained wide acceptance by the US
industry as an effective tool for spot treatment on the slaughter
� oor before � nal inspection and chilling and is approved by
the US Department of Agriculture (USDA) as a substitute for
knife-trimming for removal of fecal and ingesta contamination
where spots are<2.54 cm diameter. The Danish Meat Research
Institute has modi� ed the handheld suction head to improve
the functionality and reduce its weight to reduce the cost of
equipment for small and very small plants. A household steam-
cleaning system could be effective in reducing bacteria
numbers on beef and pig carcasses.
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Conclusion

Steam vacuuming used as a sanitation treatment in meat pro
cessing can prove useful in reducing accidental and unnotice
contamination, especially of fecal origin that may contain
pathogens. It should be ensured, however, that processing an
preparation for consumption also are performed properly
using good hygiene practices. Appropriate implementation of
decontamination technologies, such as steam vacuuming along
with adequate processing strategies, should lead to consistent
cleaner carcasses with minimal contamination. The main mea
products should be safe for consumption following adequate
cooking.

See also:Escherichia coli:Escherichia coli;Escherichia coli
O157:E. coliO157:H7; Good Manufacturing Practice; Heat
Treatment of Foods– Principles of Pasteurization;
High-Pressure Treatment of Foods; Spoilage of Meat;
Ultraviolet Light;Nonthermal Processing:Pulsed Electric Field
Nonthermal Processing:Pulsed UV Light;Nonthermal
Processing:Ultrasonication.
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Introduction

Ultrasound is the sound energy emitted by sound waves with
frequencies above the human hearing. In dependence of th
intensity and the mechanisms of ultrasound treatments, two
different approaches of ultrasonic processing are applied in
food and bioprocessing. Low-intensity ultrasound with inten-
sities <1 W cm� 2 is applied at high frequencies (MHz range)
and with low amplitudes. Such ultrasound applications are
nondestructive and can be applied for testing and imaging
applications. In contrast, high-intensity ultrasound is charac-
terized by low frequencies (20–100 kHz) and high amplitudes,
and reaches intensities of 10–1000 W cm� 2. It is applied to
alter material characteristics, increase processing rates, inac
vate microorganisms and enzymes, and assist several proces
in food and bioprocessing.

With respect to food microbiology, the major uses of
ultrasound are stimulating living cells, declumping, and cell
disruption in analytical microbiology and ultrasound-assisted
microbial inactivation for preservation purposes. Living cells
are stimulated to increase the production of secondary
metabolites as products or to improve the stress tolerance o
the treated cells. At slightly higher intensities, ultrasonic wave
can be applied to separate cell aggregates for exact c
enumeration, which is applied as a pretreatment in analytical
microbiology. Ultrasound-induced cell disruption can be
applied to improve detection for cell content. On the other
hand, inactivation of microorganisms is a key processing step
in the production of the majority of industrially processed
food products. Conventional processes are based on hea
inactivation, which often is related to product degradation.
Heat-labile compounds, such as �avor compounds, color
pigments, or vitamins, are easily destroyed at elevate
temperatures and lead to a loss of the freshness characteristi
of a treated product. Ultrasound was shown to act synergisti
cally with a large variety of lethal stresses, such as heat, elevat
pressure, chemicals, or cell permeabilization by pulsed electri
�elds (PEFs).
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Mechanisms of Action in the Sound Field

The sound wave as a pressure wave is a mechanical force act
on the transmission medium. The pressure alterations lead to
cyclic compression and decompression of the treated produc
and associated mechanical, chemical, and thermal effects.

Mechanical effects include acoustic streaming, mixing, and
shear effects. Strong mechanical forces are attributed to ultra
sound-induced cavitation, the formation, growth, oscillation,
and eventual collapse of gas- and vapor-�lled bubbles in
liquid transmission media. The violent bubble collapse occurs
when high pressure variations are achieved, which is limited
to lower frequencies (<1 MHz). This so-called transient
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
cavitation is the main mechanism of action in most high-
intensity ultrasound applications. The associated effect
include shear effects and microstreaming in the vicinity of
oscillating bubbles, as well as high temperature and pressur
peaks at the bubble collapse due to a sudden compression o
the gas present in the bubble. Large numbers of cavitation
bubbles may cause sound-wave absorption due to thermal
viscous, or acoustic damping and lead to reduced ultrasound
effects. When bubbles collapse near solid surfaces, liquid jet
and high-energy shockwaves can lead to strong mechanic
impacts on the treated product, which often are cited to be
responsible for the disruption of microbial cells during ultra-
sonic processing.

The extreme conditions related to the violent bubble
collapse can lead to chemical effects in the sound�eld. In
water vapor–�lled cavitation bubbles primary H$ and OH$
radicals are generated due to high local temperature an
pressure peaks. The radicals and their reaction products, fo
example, hydrogen peroxide, are highly reactive and can caus
oxidation reactions, which may affect microorganisms as well
as product quality.

In addition to the local hot spots occurring during the
bubble collapse, thermal effects of ultrasound occur due to the
absorption of the acoustic energy as well as due to thermal and
viscous damping during the oscillation of cavitation bubbles.
The temperature increase in a sonicated product depends o
the treatment intensity and the speci�c heat capacity of the
medium and is linear until the ambient temperature is excee-
ded. Heat convection, conduction, and radiation will then limit
further temperature increase.
Stimulation of Living Cells

Ultrasound treatment is generally associated with damage to
cells, but evidence is emerging for bene�cial effects of sonica-
tion on metabolic activity of living cells.

Increasing the production of secondary metabolites by
stimulating living cells is a concept with growing interest in
food- and biotechnology. Enhanced metabolic productivity of
microbial, plant, and animal cells in bioreactors can greatly
improve the economics of the respective processes.

The application of low-power ultrasound was shown to
enhance the growth of algal cells in a liquid nutrient media
and resulted in an increase in the production of protein.
Applying ultrasound as a processing aid during yogurt
production was shown to decrease necessary fermentatio
time with improved product texture and consistency. Fish eggs
treated with 1 MHz ultrasound for 35 min three times a day
showed reduced hatch time, which represents a bene�t for
�sh-farming.

Ultrasonication of seeds before sowing resulted in reduc
tions in germination times for bean and rice as well as lotus
78-0-12-384730-0.00401-8 985

http://dx.doi.org/10.1016/B978-0-12-384730-0.00401-8


.

d
-

d
s

s
r

-

-

y
t
in

f

n

d

y

l

ic
s

at
e

-

-

986 NON-THERMAL PROCESSINGj Ultrasonication
seeds. Ultrasonication involves the treatment of seeds in
water and is believed to assist in the breaking of dormancy
Sonication (20 kHz, 140 mm) applied under dry conditions
several months before sowing improved sun� ower
germination.

Ultrasound facilitates the disintegration of complex media,
thereby exposing a much larger surface area to enzymes an
microbial cells. Such disintegration may improve the accessi
bility of substrates for bioconversion, hence improving the
metabolic activity of cells. By integrating an ultrasound
pretreatment of a corn-meal slurry in bioethanol production,
the overall ethanol yield resulting from fermentation with
Saccharomyces cerevisiaecould be signi� cantly increased with
a short processing time. The cavitation generated by ultrasoun
creates powerful hydromechanical shear forces as well a
microstreaming, which improve the distribution of solutes and
the mass transfer.

The concept of using ultrasound for enhanced microbial
productivity resulted in the development of sonobioreactors.
Mass transfer and the exchange of nutrients and product
between the growth media and the cells is a prerequisite fo
high reaction rates in biocatalysis. Microstreaming and the
formation of microbubbles in a sonicated bioreactor reduce
� uid boundary layers and enhance the mass transfer. In addi
tion, ultrasound may enhance mass transfer within a cell due to
intracellular microstreaming.

A membrane permeation–enhancing effect as well as rota
tion of cell organelles and induced circulation within cells can
be associated with ultrasound as well. These effects not onl
contribute to improved mass transfer but also may represen
stressors to the biological system. Hence, an increase
productivity may be related to stimulation and an induced
stress response resulting in an increased production o
secondary metabolites. In addition, the enhancement of cell
wall and membrane � uidity by ultrasound treatment was
concluded to be one reason for the stimulation and was found
to affect growth and proliferation of rice callus cells. Reversible
permeabilization induced by ultrasound and resulting in
minimal cell injury will allow the repeated harvest of cellular
content that was shown for in vitro grown plant cells.

The given examples show various effects of ultrasound o
living cells that range from the promotion of enzyme activity
to growth stimulation and the improvement of the penetra-
bility of the cell membrane. Hence, ultrasound has a large
potential for further application in cell and fermentation
engineering.
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Ultrasound Pretreatment in Analytical Microbiology

A number of microbiological methods are based on the reli-
able and reproducible detection and enumeration of micro-
organisms. High-power ultrasound may disrupt agglomerates
of cells but also may inactivate cells by disruption of the cell
structure.

Declumping of cell clusters may be bene� cial for the
enumeration of cells, whereas the disintegration of the cells will
become relevant when measuring substances in the ce
content. For that purpose, a prior sample pretreatment will
result in a facilitated release and detection of cell content.
The two phenomena, declumping and cell disintegration,
and the scale of these effects were found to depend on soun
intensity and frequency. Higher frequencies (580 kHz for
Escherichia coli/Klebsiella pneumonia; 1146 kHz for cyano-
bacteria) and shorter treatment times were found to increase
the detectable colony forming units indicating a deagglomer-
ation. Reports indicate that ultrasonic pretreatment of milk
causes increases in total numbers of recoverable bacteria b
breaking up clumps of bacteria normally occurring in milk.

Conventional microbiological methods such as the detec-
tion of microbial antigen in clinical specimens by agglutination
may be improved by ultrasound application. Antigen detection
by immune-agglutination of coated latex microparticles was
found to be enhanced in rate and sensitivity by the application
of a noncavitating ultrasonic standing wave. The physica
forces promote the formation of agglutinates by increasing
particle–particle contact.

Particles suspended in a megahertz-frequency ultrason
standing wave experience accumulation at the pressure node
and are subjected to secondary acoustic attractive forces th
bring the particle surfaces in proximity. This increases the rat
of particle collision needed to enable antigen–antibody cross-
linking and enhances the speed and sensitivity. Ultrasonically
increased particle–particle interactions using standing waves
can be realized in a controlled manner with some advantages
compared with conventional effects such as Brownian motion,
gravity, or microvortices produced by agitation.

Standing waves have been shown to be useful in the sepa
ration and puri � cation of solutions acting as a form of particle
separator. Ultrasonic � lters retain cells in an acoustic� eld
allowing for the downstream puri � cation of, for example,
antibodies from fermentation � ltrates containing cells.

Disruptive cavitation was shown to enhance the sensitivity
of enzyme immunoassays by increasing molecular diffusion
across liquid–solid surfaces as occurring between immobilized
antibodies and antigens present in a solvent.

The recent developments in ultrasonic equipment, in-
cluding the development of new and powerful devices, allow
high-throughput applications. Sample treatments for protein
identi � cation, including the enzymatic digestion, can be
boosted by ultrasound application, and the technology will
� nd further applications in such analytical areas as metab
olomics or genomics.
Inactivation of Microorganisms

High-intensity ultrasound can affect the viability of microor-
ganisms due to the mechanical, chemical, and thermal effect
occurring in the sound � eld. The types of ultrasound-induced
cell injury reach from radical-induced DNA changes to thermal
and mechanical alteration of the cell membrane, weakening the
cell structure. Several studies have shown that an ultrasoun
treatment alone is mostly insuf� cient to cause inactivation rates
relevant for food processing. The ultrasound-induced change
at a cellular level have the potential to increase damage cause
by other lethal factors, such as elevated temperature, pressur
the use of chemicals, or cell permeabilization. Combination
treatments of such processes with ultrasound have led to
additive and often even synergistic effects on the inactivation of
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microorganisms. The following sections will summarize the
knowledge on these combination treatments and the assumed
underlying mechanisms of action.
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Ultrasound and Temperature

Thermal treatments represent the conventional way of food
preservation targeting on microbiological safety, inactivation of
enzymes, digestibility, and stability. The application of heat on
food material for preservation could cause negative effects o
texture, taste, and nutrients, such as natural antioxidants an
bioactive compounds, which are undesirable and should be
reduced as much as possible. Therefore, treatment temperatu
plays a critical role regarding the preservation process.

The combination of ultrasound and heat treatment is
known as thermosonication. Results of numerous studies
showed that ultrasound and temperature had synergistic effect
on inactivation of microorganisms. Microbiological cells
became more sensitive to heat after being treated with ultra
sound. It was also shown that above a critical treatmen
temperature, the additional use of ultrasound does not result in
an increased inactivation of microorganisms in comparison to
heat treatment only. The reason could be the cushioning effec
of vapor in cavitation bubbles. During ultrasound treatments
of liquid media, temperature affects vapor pressure, surfac
tension, and viscosity. With increasing temperature in the
liquid medium, the equilibrium vapor pressure of the system
and the formation of cavitation bubbles increase. The cavita
tion bubbles contain more vapor, which cushions the implo-
sion of the bubbles during cavitation and therefore the
cavitation-related effects. In contrast, increased temperatur
results in decreased viscosity of the liquid medium, which leads
to easier bubble formation. Consequently, there is an optimum
temperature for maximum cavitation in liquid media at which
the strongest effects of ultrasound emerge.

Ultrasonic effects in liquids, such as bubble implosion, high
pressure, hot spots, microjets, microstreaming, and formation
of free radicals, which occur during cavitation, can cause cel
wall disruption and therefore lower the heat sensibility of
bacterial cells. Electron microscopy scans ofE. colicells after
ultrasonic treatments showed extensive damage on ce
segments and intracellular constituents as well as breakage o
cell membranes, shrinkage, and surface pitting.

Recent studies of thermosonication with mild temperatures
(35–45 � C) have demonstrated the additional effect of the
combination with ultrasound regarding the inactivation of
Saccharomyces cereviseae, Staphylococcos aureus, Salmon
ica, E. coli, and others.

Ultrasound application during direct-steam injection heat-
ing was investigated aiming at maximizing cavitation effects
and improving heat transfer. Studies have shown improved
inactivation but also different sensitivities of Lactobacillus
acidophilusand E. coli cells, which probably are attributed to
differences in the cell-wall structure. The observed highe
resistance of L. acidophiluscells could be of interest in
pasteurization of probiotic fermented products where the
selective retention of Lactobacilli might be of interest.

Heat resistance of bacterial spores is reduced by ultrasoun
because cavitational effects, such as the high local pressu
peaks during the bubble collapse, cause the release
dipicolonic acid (DPA), calcium, and other low-molecular-
weight substances from the spore into the surrounding
medium. This release does not result in loss of viability, but
increases the heat sensibility of spores because the permeabili
of the protoplast membrane simultaneously induces entrance
of water into the cell. This hydration then can lead to a reduc-
tion of the heat resistance of bacterial spores.

Thermosonication is a possibility to lower the treatment
temperature in pasteurization treatments and to obtain the
same results as conventional thermal treatment. This results i
reduced thermal damage of the product, leading to better
quality and improvement of taste, texture, and nutritional
value. Combined treatments can result in higher energy
consumptions than heat treatments alone, indicating the need
to de� ne the required pasteurization or sterilization effect and
relate it to the improvements in food quality or food safety
achievable for a certain product.
enter-

Ultrasound and Pressure

The combination of ultrasound and pressure at sublethal
temperatures is known as manosonication and provides an
alternative way to enhance effects of cavitation in liquid media.
Increasing external pressure results in a higher cavitatio
threshold and greater intensity of bubble collapse as the pres
sure in the cavitation bubble during collapse can be considered
approximately as the sum of acoustic and hydrostatic pressure
Therefore an increase of external pressure increases the press
inside the cavitation bubble leading to a more violent and
rapid bubble collapse.

During manosonication a backpressure from 1 to 5 bar is
applied with a constant pressure pump, such as centrifuga
pumps or gear pumps. This is the result of numerous studies
that additional application of static pressure during an ultra-
sound treatment increases the inactivation of vegetative cells
For instance, a pressure of 100–500 kPa in addition to soni-
cation at sublethal temperatures (40–54 � C) could implement
a reduction of 5-log E. colicells in 2 min. Sonication without
pressure at the same temperatures on the other hand coul
inactivate 4-log in 4 min.

The lethal effect of ultrasound is increased with applied
external static pressure. For example the D-value ofY. enterocolitica
at 30 � C, 600 kPa and sonication (150mm) was determined
with 0.22 min. Without application of pressure sonication at
sublethal temperatures lead to a D-value of 1.5 min.

Ultrasonic treatments with increased pressure from 0 to
200 kPa of Listeria monocytogenes at sublethal temperature
(40 � C) could reduce the D-value from 4.3 to 1.5 min. Gram-
positive and coccal bacteria forms are the most resistan
microorganism for manosonication treatment. The D-value of
different vegetative microorganisms decreased drastically wit
combined pressure. Observation on the in� uence of amplitude
on the lethality of manosonication (200 kPa, 40 � C) demon-
strated that the D-values of all species examined decreased wi
increasing amplitude between 62 and 150mm. The same
in� uence of amplitude on lethality was observed forBacillus
subtilis spores. Manosonication treatment could inactivate
99.9% of a Bacillus subtilis spore population.

An upper-pressure level between 400 and 600 kPa has bee
reported for manosonication in different studies, which
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depends on intensity of the ultrasonic � eld, microorganism
sensitivity to ultrasound, and medium properties. Above the
upper-pressure limit an additional increase in static pressure
does not result in increased inactivation of bacterial cells. The
reason for such an upper-pressure limit is probably the inhi-
bition of cavitation at high static pressures, as combined forces
of overpressure and cohesive forces of liquid molecule
constrain the ultrasonic � eld. This results in a reduced number
of imploding bubbles, reduced cavitation, and consequently
diminished effects of manosonication. The literature states tha
an optimum operating pressure exists.
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Manothermosonication

The combination of ultrasound and heat under pressure is
known as manothermosonication. The advantage of this
combination is that the loss of the cavitational effect at
temperatures near the boiling point due to the high–water
vapor pressure in the liquid medium can be overcome by
applying an external pressure. The result is that cavitation i
possible above the water boiling point, which leads to an
increased lethal effect of the treatment.

Several studies have shown the in� uence of man-
othermosonication on the inactivation of microorganisms.
Observations demonstrated that the D-value ofY. enterocolitica
decreased rapidly between 50 and 58� C throughout man-
othermosonication with 200 kPa, 117 mm, and 20 kHz
compared with sole heat treatment. Below 50� C no in� uence of
temperature on the inactivation rate was observed. Tempera
tures over 58� C resulted in equal D-values of heat and man-
osonication treatment. Two mechanisms are responsible for the
inactivation of microorganisms during manothermosonication:
the heat and the manosonication treatment. The lethal effects o
both mechanisms add up to the inactivation rate, which
depends on treatment temperature.

A synergistic effect between manothermosonication and
a reduced aW value of the treatment media was observed. Wit
decreasing water activity, the synergistic effect on inactivatio
of Salmonella enterica serovar Enteritidisincreased. The reason fo
this effect could be the sensitizing effect of heat during treat
ment. Manothermosonication between 70 and 90� C increased
the lethality of the treatment on Bacillus subtilisspores due to
the synergistic effect of heat and ultrasound.
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Ultrasound and Pulsed Electric Fields

Microbial inactivation of vegetative cells by PEFs involves the
application of short pulses of high electric� eld intensity, which
leads to an irreversible perforation of the cell membrane and
eventually to cell death. This technology offers pasteurization
with low energy input and higher retention of heat-sensitive
food compounds. In some cases, however, intense PEF trea
ments have to be applied to achieve substantial microbial
inactivation. Since technical as well as quality aspects limit PE
treatment intensity, combining PEF and ultrasound according to
the hurdle concept is a promising approach. This holds espe
cially true, because ultrasound and PEF inactivate by differen
mechanisms, which could potentially lead to synergistic effects

Few studies investigate the combination of ultrasound
with PEF, and contradicting experimental results have bee
published. The effect of combined TS (thermosonication) and
PEF treatment on the inactivation of Listera innocuain milk
yielded a degree of inactivation, which was comparable to
conventional pasteurization, whereas individual treatments
with TS and PEF resulted only in moderate bacterial inactiva
tion. Compared with the conventional pasteurization process
the TS/PEF treatment featured a shorter treatment time and les
exposure to temperature. It was reported that TS/PEF-treate
orange juice had comparable microbial shelf life stability and
similar overall consumer acceptability as the high-temperature
short-time (HTST) -pasteurized juice. Synergistic effects of PE
ultrasound were reported for the inactivation of Streptococcu
thermophilusin Ringer solution. In both con � gurations (PEF
followed by ultrasound and ultrasound followed by PEF) the
combined treatment caused higher inactivation than the
additive sum of single ultrasound and PEF treatments
Contradictory results were published on the inactivation of
Salmonella enteritidisin liquid whole egg. In this application,
both combinations (PEF/ultrasound and ultrasound/PEF) only
exhibited additive effects and no synergy was observed. Trea
ments were performed in batch mode instead of a continuous
� ow through operation, which may be one reason for differ-
ences in experimental results. The insights gained so far ind
cate that the combined treatment with PEF and ultrasound
might be a promising alternative to conventional pasteuriza-
tion. Yet, further studies are required to con� rm the proposed
mechanisms.
Ultrasound and Chemicals

Combining ultrasound with stress factors like a low pH, natural
antimicrobials, or chemicals is expected to give synergisti
effects and increase the ef�ciency of the microbial deactivation.
Several authors investigated the combination of ultrasound
with acidic conditions, and contradicting results have been
published. Most authors report no signi� cant in� uence of the
pH when ultrasound is applied at nonlethal temperatures.
Thus, it appears that the resistance to ultrasound is not affecte
by acidic conditions. Thus far, ultrasound resistance differs
from heat resistance, which is generally decreased at a low p
value. In these premises, a low pH can be bene� cial for ultra-
sound, because the ultrasound treatment is usually connecte
to a temperature rise at high treatment intensities. If this
generated heat is not removed or ultrasound is applied at
elevated temperatures (Thermosonication), synergistic effect
can be expected due to the interaction of heat and pH.

Many researchers successfully applied ultrasound i
combination with sanitizing agents for the decontamination
fresh fruit and vegetables. Synergistic effects occurred for th
combination of ultrasound with commercial sanitizers like
sodium dichloroisocyanurate, chlorine dioxide, or peracetic
acid on cherry tomatoes. The bactericidal properties of chlorine
dioxide were enhanced by ultrasound for the treatment of
apples and lettuce. Ultrasound in conjunction with chlorine,
acidi� ed sodium chlorite, peroxyacetic acid, or acidic electro-
lyzed water increased the reduction ofE. colion spinach. Sali-
cylic acid combined with ultrasound was more effective than
the salicylic acid treatment alone for reducing Penicillium
expansumin peach fruit. The functional principle is probably
that cavitation induced by ultrasound detaches cells from the
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surface of the fruit or vegetable. Thus the susceptibility of the
microorganism to the sanitizer is increased.

The combination of ultrasound with natural antimicrobials
also seems to be a promising approach. For example, a
enhanced inactivation of Listeria innocuawas reported for the
vanillin, when applied in conjunction with heat and ultra-
sound. Chitosan combined with ultrasound led to an enhanced
inactivation of S. cerevisiae.
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Conclusion and Future Trends

The three large areas of ultrasound application in food micro-
biology, namely, cell stimulation, pretreatments for improved
analytics, and microbial inactivation, highlight the high
diversity of this technology and its large potential in future
process development. The underlying mechanisms are not ye
fully understood, however, and make target-oriented process
ing dif � cult. Hence, future research work should focus on the
identi � cation of the mechanisms of action, especially during
the combination treatments applied for preservation purposes.
A better understanding of the interaction of the different lethal
factors and the speci�c response of different kinds of micro-
organisms, and the role of the medium composition will
improve process development. It is the inevitable precondition
for the transfer of this promising technology to industrial-level
food preservation.

See also:Minimal Methods of Processing:
Manothermosonication; Potential Use of Phages and Lys
Nonthermal Processing:Pulsed Electric Field;Nonthermal
Processing:Pulsed UV Light;Nonthermal Processing:
Irradiation;Nonthermal Processing:Microwave;Nonthermal
Processing:Cold Plasma for Bioef� cient Food Processing;
Nonthermal Processing:Steam Vacuuming;Thermal
Processes:Pasteurization; Thermal Processes, Commerci
Sterility (Retort).
;
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Introduction

The elucidation of the genetic code by Watson and Crick in
1953 has had a profound in�uence on all the life sciences and
spawned a scienti�c discipline, molecular biology, that is yet to
realize its full potential. Food microbiology has been in�u-
enced by developments in molecular biology, and these tech
niques are particularly applicable to microbial detection. The
inherent uniqueness of an organism’s genetic makeup can be
used to detect, identify, and categorize the many microorgan
isms present in food. Of particular interest is the ability to
identify the genetic determinants of pathogenicity and to
devise tests that detect only the variants in foods with the
potential to cause human illness. Tests based on the detectio
of unique sequences of nucleic acid also have made diagnos
of viral contamination of food a reality. Nucleic acid–based
assays can be performed in one of two ways:

l direct detection of a unique nucleic acid sequence of the
genome of the target organism, or

l detection of a unique sequence of nucleic acid following
ampli�cation of the sequence.

The principles of these technologies, and their advantage
and limitations in detecting foodborne pathogens and spoilage
organisms, are discussed in the following sections.
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Figure 1 The structure of DNA.
Gene Probes

Principles

The DNA molecule has a double helical structure with the
strands held together by hydrogen bonds between four
repeating nucleotides – adenine, guanine, cytosine, and
thymine ( Figure 1). Bonds are formed only between guanine
and cytosine and between adenine and thymine. Thus, the
complementarity of the two polynucleotide strands and the
genetic information encoded by the sequence of the nucleo
tides forms the basis for detection by gene probes.

The strands of the DNA molecule can be separated by hea
or alkaline pH and, on cooling or return to neutral pH, the
strands will rejoin to form the double-stranded structure. A
polynucleotide with a sequence complementary to single-
stranded DNA or RNA also will be bound. This process is
called hybridization. A gene probe is a short sequence o
nucleotides that will hybridize with a target sequence unique to
the organism to be detected. The sequence to be targeted can
as follows:

l within the total DNA of the organism;
l within the genomic DNA, such as a gene or part of a gene

that encodes for a cell speci�c function (e.g., virulence
factor, enterotoxin); or

l part of a conserved region of genetic information, such as
a portion of ribosomal RNA (rRNA).
990 Encyclopedia of Food
The probes can be designed to detect genera, species, or ev
strains. Many assays have been developed that target sequen
within rRNA because it is present within the cell at high copy
numbers. Compared with the detection of genomic DNA
sequences, the use of an rRNA target increases the sensitivity
the assay several thousandfold. As rRNA tends to be highl
conserved, however, identi�cation of a sequence that enables
detection at the species level is more dif�cult. Because viruses
do not contain rRNA, unique sequences in their genomic
nucleic acid (either DNA or RNA) must be used for detection.
Once a suitable target sequence has been identi�ed, probes can
be produced (1) by cloning the fragment into a host organism
that will reproduce the probe sequence, (2) by chemical
synthesis of the probe, or (3) by ampli�cation of the probe
sequence by the polymerase chain reaction (PCR;seesection
Polymerase Chain Reaction).
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00243-3
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Properties of Probes

Probe Labeling
To detect whether hybridization has taken place, the probes
need to be labeled. Although radiolabeling with phosphorus
32 was the originally preferred method, problems with waste
disposal and health concerns have focused attention on
nonisotopic labels. Several strategies have been investigate
Enzymes, such as horseradish peroxidase (HRP) and alkalin
phosphatase, can be linked chemically to nucleic acid
probes. Following washing steps, the hybridized probe can
be detected by using colorimetric or chemiluminescent
substrates. An alternative approach is to incorporate detec
able moieties directly into the probe. Biotin can be incor-
porated into nucleic acid through a biotinylated nucleotide
analogue. The biotinylated probe then can be detected with
enzyme-linked avidin, which binds to biotin. As many
avidin molecules are capable of binding to a single biotin
molecule, this increases the sensitivity of the assay. Digox
igenin (DIG) can also be incorporated into probes and
hybridization is detected using an anti-DIG antibody
coupled to an enzyme. Hybridization to a digoxigenin-
labeled probe can be detected sensitively with a photon
counting charge-couple device camera by measuring th
chemiluminescence produced when an alkaline phospha
tase-labeled anti-DIG antibody reacts with a chemilumines-
cent substrate. Using this technique, femtogram (10� 15 g)
1

3

5

Figure 2 Colony hybridization assay. 1, isolation of colonies; 2, extra
membrane; 4, addition of labeled probe; 5, hybridization of probe and
amounts of DNA are detectable. More recently,� uorescent
probes have been developed.

Assay Format

Colony and Dot Blot Hybridization
As with labeling techniques, there are several formats in which
a nucleic acid probe can be used. Whichever format is used, th
key step is to ensure that nonhybridized probes are removed
effectively. The oldest technique is the colony hybridization
method (Figure 2). Colonies grown on plates are transferred to
a solid support (usually a nylon or nitrocellulose membrane
� lter) by gently pressing on the agar surface. Alternatively, th
cells can be grown directly on the surface of the membrane by
laying it on the agar surface before incubation. The cells adher
to the surface of the membrane and can be lysed by alkaline
treatment, heat, or microwave irradiation. The DNA released is
cross-linked to the membrane by exposure to ultraviolet light
or heat. The probe is added and, after hybridization, the exces
probe is removed by washing. Hybridization is detected by
a method appropriate to the probe labeling system used. This
technique is extremely useful for screening presumptive colo
nies for the presence of virulence factors. An interesting varia
tion to the colony hybridization assay has been described in
which colonies are obtained after� ltration through a hydro-
phobic grid membrane � lter and incubation of the � lter on the
surface of an agar plate.
2

4

6

ction of double-stranded DNA; 3, DNA is denatured and ssDNA is bound to
target; 6, washing followed by detection of signal.



ed

t,

e
e
en
e

e

er
A

t
e

e

-
t

al

-

d

an

992 Nucleic Acid–Based Assays: Overview
Dot-blot hybridization is a variant of colony hybridization
in which the target nucleic acid is extracted and denatured
before being blotted onto a membrane through negative
pressure. This allows a large number of samples to be process
and more dilute solutions of nucleic acid are concentrated
during the � ltration step.

A high level of background signal has been reported for
colony and dot blot hybridization assays and so other formats
have been investigated to improve speci� city of the hybrid-
ization and reduce background signal noise.

Strand Displacement Hybridization
A capture probe with a sequence that is complementary to the
sequence to be detected is attached to a solid support. A shor
labeled oligonucleotide is hybridized weakly to the capture
probe. As the target sequence hybridizes with the captur
probe, the labeled strand is displaced and the signal can b
detected in the aqueous phase of the assay. Problems have be
encountered because of the constant loss of the labeled prob
into solution and the unavailability of the total capture probe
sequence for hybridization with the target. The assay format is
depicted in Figure 3.

Sandwich Hybridization
The sandwich hybridization format also makes use of
a capture probe that is linked to a solid support and is
designed to hybridize with the target sequence. In addition,
a signal probe with a sequence complementary to a sequenc
on the target nucleic acid adjacent to the hybridization site of
the capture probe is used. The presence of a signal aft
washing indicates that the target sequence is present.
commercial system for the detection ofSalmonellaspp. and
several other foodborne pathogens has been developed tha
uses a dipstick as the solid phase for the capture prob
Targ

Denatu

Capture probe

Signal
probe

Solid
support

s

Displacement of sign
by hybridization of c
probe and target s

5�

3�

3�

5�

5�

Figure 3 Strand displacement hybridization assay.
(Figure 4). The commercial assay (GENE-TRAK� ; Gene-Trak
systems, Hopkinton, MA, United States) is designed to
detect unique sequences on either the 16S or 23S rRNA of th
target organism. The capture probe is about 30 nucleotides
long and has a polydeoxyadenylic acid (poly-dA) tail to link it
with the solid support. The signal probe is about 35–40
nucleotides long and is labeled at both the 30and 50ends with
� uorescein. The rRNA signal probe–capture probe complex
then is detected with a polyclonal anti� uorescein antibody
conjugated to the enzyme HRP. The development of a blue
color (which subsequently changes to yellow following the
addition of sulfuric acid to stop the reaction) when hydrogen
peroxide is added in the presence of the chromogen, tetra
methylbenzidine, indicates the presence of the targe
sequence and, hence the organism. The GENE-TRAK� assay
for Salmonellaspp. has been tested on 1100 food samples
representing 20 different food types, and it attained 97.7%
sensitivity and 100% speci� city. The agreement between the
commercial assay and theBacteriological Analytical Manu
(Association of Of� cial Analytical Chemists) culture method
was 98.6%.

Other commercially available systems utilizing genetic
probes are available from Gene-Probe (Gene Probe Tech
nology, Gaithersburg, MD, United States) and Molecular Bio-
systems (Molecular Biosystems Inc., San Diego, CA, Unite
States).

Riboprobes
Short RNA probes directed against DNA target sequences c
be produced from templates generated by PCR incorporating
the bacteriophage T7 promoter sequence. Hybridization of the
RNA probe with the target can be detected immunoenzymati-
cally using a monoclonal antibody raised against the RNA–
DNA hybrid.
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Speci�city and Sensitivity

The speci� city of the assay is determined by the uniqueness o
the target sequence, the probe sequence, and the assay con
tions. The probe should be designed so that self-hybridization
does not occur. The size of the probe also has an effect o
speci�city. Short probes hybridize quickly, but there is a greate
risk of nonspeci� c hybridization, and they are more dif� cult to
label. Hybridization reactions with longer probes are much
more stable but take longer to achieve. The hybridization
reaction is also affected by ionic strength and temperature. A
high ionic strengths and low temperatures (conditions of low
stringency), more mismatches between the probe and the targe
sequence will be tolerated, resulting in a greater chance o
nonspeci� c binding to other sequences.

Despite the improvement in labeling methods for the
detection of hybridization, culture enrichment of the sample is
required to obtain suf� cient target nucleic acid to detect
foodborne pathogens by hybridization assays, because abou
105–106 cells are required to obtain a positive result. The
enrichment can also serve to reduce problems associated wit
indigenous micro� ora. This increases the time required for the
assay and, typically, a commercial test kit requires an overnigh
incubation of the sample followed by about 3 h to perform the
hybridization and detection reactions.

Advantages and Drawbacks

The greatest advantage of nucleic acid probe assays is th
speci�city. A properly constructed probe targeted against a well
de� ned sequence will be absolutely speci� c. The reaction is also
less affected by the physiological status of the cell than othe
detection methods, and the assay can be more robust tha
immunological techniques.

Dif � culties can be encountered in extracting nucleic acid
from the food matrix, which is another reason why enrichment
cultures are performed. The assay will detect cells regardless
whether they are viable, but this is another argument in favor of
prior enrichment as only viable cells will attain the levels
required for detection.

DNA Array

Like computer chips before them, biochips are expected to
revolutionize the modern world. Also known as DNA arrays,
biochips can hold thousands of gene probes that can hybridize
with DNA, giving researchers the ability to analyze thousands
of genes at a time. Hybridization can be detected by� uores-
cence and instruments are available that can‘read’ the surface
of the biochips. As more becomes known of the nucleic acid
sequences of foodborne microorganisms, DNA arrayers wil
become an important detection tool for the food industry.
Ampli�cation of Target Sequences

Much attention has been focused on nucleic acid ampli� cation
techniques to improve the sensitivity of gene probe assays
Several systems have been developed to amplify target nucle
acid sequences, but only a few have found application for the
detection of microorganisms in food.
Polymerase Chain Reaction

In 1983, Kary B. Mullis developed a method to amplify the
number of speci� c DNA fragments in a sample, a technique for
which he won the Nobel prize for chemistry 10 years later. The
method, called the PCR, is a three-step process:

1. The target DNA is denatured at high temperature to yield
two single strands.

2. Two synthetic oligonucleotides, termed primers, are
annealed to complementary sequences on opposite strand
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of the DNA at a temperature that allows hybridization only
to the correct target sequence.

3. The primers are extended by enzymatic polymerization with
DNA polymerase using nucleotides present in solution to
form a sequence complementary to the target DNA.

By repeating this cycle of events, the amount of the targe
sequence is doubled; so if the cycle is repeated 20–40 times,
the number of targets increases exponentially, resulting in
more than a millionfold ampli � cation of the original DNA
sequence. The basic steps in PCR are shown inFigure 5.

The convenience of the technique was increased furthe
with the isolation of a thermostable DNA polymerase (Taq
DNA polymerase) from Thermus aquaticus. Thus, the DNA
denaturation step can be performed without having an effect
on the polymerase. This, in conjunction with the availability
of instruments, has led to the development of simpler
protocols. The routine application of PCR to the detection of
foodborne pathogens has been brought even closer by th
introduction of prepackaged reagents. Different primer sets
directing the ampli� cation of target sequences from more
than one organism can be used in the same PCR test, resultin
in a multiplex assay. Modi� cations of the PCR reaction have
been made to broaden its application. Reverse transcriptas
PCR can be used to amplify target sequences in RNA and
useful for the detection of certain viruses, such as hepatitis A
virus.
(a) Denature 
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Figure 5 Polymerase chain reaction.
Detection of AmpliÞcation Products
The most common method of characterizing the PCR products
is by agarose gel electrophoresis. The presence of a band of t
expected size is indicative of the presence of the target nucle
acid sequence. Apart from the amplicon having the expected
size, however, there is no other basis for concluding that the
product has the expected sequence. The ampli�ed product can
be sequenced to con� rm its identity, but this is expensive and
not suitable for routine analysis. Alternatively, because the
sequence of the expected product should be known, interna
restriction sites can be identi� ed and endonuclease cleavag
can be used to produce digestion products of known size
Electrophoresis then can be used to con� rm that the cleavage
products are of the expected size. A technique called‘nested
PCR’ can also provide con� rmatory evidence that the ampli� ed
product has the expected sequence. An additional primer
homologous to a region located internally in the targeted
sequence, can be used to amplify a several thousandfold dilu
tion of the ampli � ed product in conjunction with one of the
original primers. The size of this second amplicon should
correspond with the calculated size. Nested primers also form
the basis of a test principle called‘detection of immobilized
ampli � ed nucleic acid.’One of the inner primers is labeled with
biotin and the other with a tail of a partial sequence of the
lacoperator gene (lacO) or DIG-dUTP. Steptavidin-coated mag-
netic beads can then be used to remove the labeled amplicon
from solution and their presence can be detected by a suitable
target DNA
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assay. The whole system can be automated by combining a PC
thermal cycler, a robotic work station, and an automatic DNA
sequencer.

A good method to con� rm that the ampli � ed product has
the expected sequence is to use an internal hybridization probe
on a Southern blot of a gel or on a dot blot of the � nal PCR
products. Hybridization can be detected conveniently using the
DIG-labeling system described previously. This method is
about 10–100 times more sensitive than agarose ge
electrophoresis.

Automated PCR Detection Systems
Two automated PCR instruments recently have been describe
that may accelerate the routine application of the technology
by the food industry.

The AG-9600 AmpliSensor Analyzer (Biotronics Corp, St
Lowell, MA, United States) is an automated system for the
dispensing of PCR reagents and for the detection of PC
products using a microtiter plate format and a single pipetting
step. The AmpliSensor assay consists of two steps (Figure 6):

1. An initial asymmetric ampli � cation with normal primers to
overproduce one strand of the target.

2. Subsequent seminested ampli� cation and signal detection
in which one of the outer primers and the AmpliSensor
primer direct the ampli � cation.

The AmpliSensor primer is a double-stranded single probe
in which one strand is labeled with � uorescein isothiocyanate
and the other with Texas red. During seminested ampli�cation,
one strand acts as a primer and the other as an‘energy sink.’
Ampli� cation results in strand dissociation of the AmpliSensor
duplex and causes disruption of the� uorescence signal. The
extent of this signal disruption is proportional to the amount of
the AmpliSensor primer incorporated into the ampli� cation
product and can be used for quanti� cation of the initial target.
By using an AmpliSensor primer homologous to a target
sequence within theSalmonella invAgene, it has been possible
to detect as few as 3 colony forming units (cfu) ofSalmonella
typhimuriumper 25 g in chicken carcass rinses, ground bee
ground pork, and milk following overnight enrichment in
buffered peptone water. The detection limit was 100 times
more sensitive than ethidium bromide–stained agarose ge
electrophoresis.
Asymmetric
amplification

Add
AmpliSensor

Semi-nested
amplification

On-line
detection

AmpliSensor
primer

Overproduced
strand

Figure 6 The AmpliSensor system.
Another method that makes use of a� uorescence detec
tion signal is the TaqMan LS-50B PCR Detection System (P
Applied Biosystems, Foster City, CA, United States). Th
method makes use of the 50 nuclease activity of the
AmpliTaq� DNA polymerase together with an internal probe
that is labeled with a � uorescent reporter and a quencher dye
(Figure 7). If the target is present, the probe anneals at a sit
between the forward and reverse primers during PCR ampli
� cation. As the primers are extended, the nucleolytic activity
of the polymerase cleaves the probe hybridized to the targe
sequence, but the enzyme will not break down non-
hybridized probe. Upon cleavage, the reporter dye is sepa
rated from the quencher dye, and the resulting increase in
� uorescence of the reporter can be detected on a� uorescent
plate reader. This process occurs during every PCR cycle, a
so the increase in� uorescence is a direct result of ampli� ca-
tion of the target sequence. Three reporter dyes and tw
quencher dyes are available, which provide the opportunity
for multiplex assays. A commercial test forSalmonellais
available that can detect fewer than 3 cfu per 25 g ofS.
typhimuriumin a variety of foods following overnight preen-
richment in buffered peptone water and that has more than
98% correlation with cultural methods.

More recently, the LightCycler System (Roche Molecula
Biochemicals, Indianapolis, IN, United States) has been
developed for qualitative and quantitative PCR. Ultrarapid
thermal cycling combined with a � uorescent detection system
allows ampli � cation and analysis to be performed in less than
20 min.

Some Drawbacks of the PCR Assay
Problems may be encountered when applying PCR for the
detection of organisms directly in foods owing to the
Anneal primer and probe

Cleaving of probe during
polymerization
resulting in fluorescence

PRIMER

PRIMER

R Q

R

Q
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Figure 7 The TaqMan assay protocol. R, reporter; Q, quencher.
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presence of inhibitors of the PCR reaction. This necessitate
extraction and puri� cation of the target nucleic acid or
preenrichment to allow growth of the organism of interest.
The latter approach enables the detection of viable bacteri
and overcomes the criticism that PCR detects both live and
dead cells. The use of a preenrichment step, however, is no
possible for the detection of microorganisms, such as viruse
and protozoa, for which there is no convenient method of
cultivation.

Several techniques have been applied for the extraction an
puri � cation of the target DNA, including organic solvent
extraction and the use of commercial resins. Many reports als
have described the coupling of immunomagnetic separation
with PCR. An interesting variation on the theme of immuno-
capture PCR originally was proposed to overcome the inhibi-
tory effect of humic acid present in soil samples during PCR
ampli � cation, but it recently has been applied to foods. Instead
of coating magnetic beads with antibodies targeted to the
organism of interest, nucleic acid probes speci� c for a sequence
close to that to be ampli� ed are coated onto magnetic beads
This can be carried out using biotin-labeled probes and
streptavidin-coated beads. The target sequence is captured
the bead and subsequently can be ampli� ed directly by
conventional PCR. The technique, termed magnetic captur
hybridization polymerase chain reaction, has been shown to be
capable of detecting 1 cfu g� 1 of verotoxigenicEscherichia coliin
ground beef within 15 h when biotin-labeled probes were used
to capture speci� c regions of the genes for verotoxins (shigalike
toxins) 1 and 2.

Because of the sensitivity of the PCR technique, it i
important to combat contamination with extraneous nucleic
acid fragments that may be ampli� ed along with the target.
There are methods to ensure that PCR products cannot b
reampli� ed in subsequent PCR ampli� cations by using an
enzymatic reaction to speci� cally degrade PCR products from
previous PCR ampli� cations, in which dUTP has been incor-
porated, without degrading the target nucleic acid templates
The method used to make PCR products susceptible t
degradation involves substituting dUTP for dTTP in the PCR
mixture. Products from previous PCR ampli� cations are
eliminated by excising uracil residues using the enzyme urac
N-glycosylase (UNG) and by degrading the resulting poly-
nucleotide with heat treatment before PCR ampli� cation
(Figure 8).

Methods Utilizing PCR for Epidemiological Typing
Random ampli� cation of polymorphic DNA or arbitrarily
primed PCR is a technique whereby primers having an arbitrary
sequence are used to amplify sequences of genomic DNA
generating amplicons that vary depending on the genus
species, or even strain of organism under investigation. Thus
‘� ngerprints’ are generated that can provide valuable informa-
tion for epidemiological studies. Further discrimination can be
achieved by digesting amplicons with restriction endonuclease
to obtain restriction fragment-length polymorphism patterns
on agarose gels.

In another typing strategy, ampli� cation of enterobacterial
repetitive intergenic consensus motifs results in amplicons o
different fragment lengths, depending on the number of repeat
units, which varies from strain to strain.
Other Ampli�cation Reactions

Nucleic Acid Sequence-Based Ampli�cation

The nucleic acid sequence-based ampli�cation (NASBA� )
process uses three enzymes (reverse transcriptase, RNase H,
T7 RNA polymerase) and two target sequence-speci� c oligo-
nucleotide primers (one carrying a bacteriophage T7 promoter
sequence) to amplify an RNA target sequence (Figure 9). The
ampli � cation is isothermal and therefore does not require
a thermal cycler. The absence of a heat denaturation step als
prevents the ampli� cation of DNA sequences, although DNA
targets can be ampli� ed when a denaturation step is included.
Because ribosomal RNA (rRNA) or the corresponding gene
(rDNA) are highly conserved, it is useful for detecting taxo-
nomic groups. Ribosomal RNA is also present in cells at much
higher copy numbers than DNA, and so the sensitivity of the
assay is increased. There is also evidence that detection of RN
is a better indicator of viability.
Ligase Chain Reaction

In the ligase chain reaction (LCR), two oligonucleotides with
sequences complementary to adjacent regions on the targe
single-stranded DNA (ssDNA) are synthesized. When the
hybridize with the target, a thermostable Taq ligase joins
them and these newly ligated oligonucleotides are used a
a template in subsequent cycles (Figure 10). Two commercial
systems are available for detecting the ampli� ed product.
The AmpLiTek LCR kit (Bio-Rad Laboratories, Hercules
CA, United States) uses an oligonucleotide containing
a biotin moiety, whereas the other oligonucleotide contains
a sequence complementary to a detection oligonucleotide
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Figure 10 Ligase chain reaction: 1, heat denaturation; 2, annealing
four probes; 3, gap� lling with thermostable polymerase; 4, ligation
with thermostable ligase.
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After ampli� cation, LCR products are placed in microtiter
plates coated with streptavidin and the biotinylated products
bind to the streptavidin. After washing, the detection oligo-
nucleotide is added and it hybridizes with the bound product.
Hybridization is detected by a colorimetric change following
the addition of substrates for the enzyme conjugated to the
detection probe.

In the second system, the Lcx Analyser (Abbott, Abbot
Laboratories, South Pasadena, CA, United States), the amp
� cation products bind to microparticles to create an immune
complex. This complex is then transferred to a reaction cel
where it binds to an inert glass-� ber matrix. An enzyme-labeled
conjugate is added, which in turn binds to the immune
complex, and the addition of a � uorogenic substrate results in
the generation of a� uorescent product.

Q-b Replicase

An RNA probe that contains a template region, MDV-1, for an
RNA-directed RNA polymerase (Q-b replicase) is used to
hybridize to the target sequence. The MDV-1 can then b
ampli � ed rapidly by the replicase (Figure 11).

In SituHybridization and Ampli�cation

In situ hybridization and in situ PCR are newly emerging
techniques that allow for the detection of minute quantities
of DNA or RNA in intact cells or tissues. Several applications
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of this technology have been reported recently, but despite
its tremendous potential, it has not been fully realized.
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Immunomagnetic Particle-Based Techniques:Overview;
Listeria Monocytogenes; Molecular Biology in Microbiologica
Analysis; PCR Applications in Food Microbiology.
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Introduction

New food-packaging technologies are developing in respons
to consumers’ growing concern over the safety of foods con-
taining synthetic chemical preservatives along with the
economic impact of spoiled foods and the demand for mini-
mally processed foods. Until recently, primary packaging
materials were considered as‘passive,’ meaning that they
functioned only as an inert barrier to protect the product
against oxygen, odors, light, and moisture. Even though
passive packaging delays the adverse effects of t
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
environment on the contained products, it is not adequately
ef� cient in preserving quality, safety, and sensory characteris
tics of fresh minimally processed and highly sensitive foods
during prolonged storage.

One of the most innovative developments in food packaging
in recent years is the application of active packaging. Accordin
to Robertson (2006), active packaging is de� ned as the pack-
aging in which subsidiary constituents have been included
deliberately either in materials or the package headspace t
enhance the performance of the package system. The key wor
here are ‘deliberately’ and ‘enhance,’ and implicit in this
78-0-12-384730-0.00434-1 999
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de� nition is that performance of the package system includes
maintaining the sensory, quality, and safety aspects of the food
Antimicrobial and antioxidant packaging are two of the major
applications of active packaging. The base concept in antimi
crobial packaging is the ability to inhibit the growth of patho-
genic and spoilage microorganisms that are contaminating
foods. Simple categorization of microorganisms based on their
resistance to intrinsic and extrinsic parameters may be helpful to
select a speci� c antimicrobial packaging system. The growth rate
of microorganisms responsible for spoilage primarily depends
on extrinsic parameters, such as the presence and concentratio
of gases and the relative humidity of the immediate environment
that may be controlled by active packaging. Also intrinsic factors
such as bacterial cell wall composition (Gram-negative and
Gram-positive bacteria), also play a signi� cant role in estab-
lishing speci� c conditions for a particular antimicrobial effect.

The basic concept in antioxidant packaging is the ability to
control oxidation of lipids, pigments, and vitamins to maintain
desirable product sensory properties.
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Active Packaging Techniques

Active packaging systems can be classi� ed in several ways;
typically, the classi� cation is based on what the system actually
does (e.g., oxygen absorption) rather than its impact on the
food (e.g., prevention of aerobic bacterial growth). Major active
packaging techniques may be divided into three categories
scavenging, releasing, and other systems.

l The scavenging principle includes a group of technologies
that use packaging� lms or sachets to remove undesirable
gases and substances from the package’s internal environ-
ment so that favorable conditions to the food are achieved.

l The releasing principle includes a group of technologies tha
actively add or emit desirable or active compounds to
protect and enhance food quality and safety.

l Other systems may include the tasks of self-heating, sel
cooling, and crust formation (i.e., microwave susceptor
materials, etc.).

Table 1 lists examples of active packaging systems based o
operation mechanisms.
l ts
ty
Oxygen Scavengers

Oxygen present in food packages may enhance microbia
growth, oxidation, off- � avor development, color changes, and
Table 1 Examples of active food-packaging systems

Scavenging active packaging system Releasing active pa

Oxygen scavengers CO2 emitters
Carbon-dioxide absorbers Ethanol emitters
Ethylene scavengers Antimicrobial preservative
Humidity scavengers Sulfur-dioxide emitters
Off-� avor absorbers Antioxidant releasers
Ultraviolet-light scavengers Flavoring emitters
Lactose scavengers
Cholesterol scavengers
nutritional losses, causing signi�cant reductions in quality and
the shelf life of foods. Although oxygen-sensitive foods can be
packaged under modi� ed atmospheres or vacuum, such tech
niques do not always allow the complete removal of oxygen
(0.3–3.0% oxygen remaining), especially in foods with
a porous structure in which oxygen is entrapped in the pores of
the food matrix. Moreover, the oxygen that permeates through
the packaging� lm during storage cannot be removed by these
techniques.

An ef� cient way to directly control oxygen levels in
a package is through the use of an oxygen-scavenger syste
Two types of oxygen-scavenging systems are available: ins
type and reactive polymer structure type. The insert type
includes sachets, adhesive labels, and adhesive devices th
are placed inside the package or attached onto the interna
surface of the package. The reactive polymer structure typ
includes monolayer and multilayer materials and closure liners
for bottles in which the oxygen absorber has been incorporated
into the packaging material.

The most widely used commercial oxygen scavengers a
available in the form of small sachets containing iron-based
powders together with an assortment of catalysts that are use
to provide a large reaction surface area for the oxidation of iron.
Oxidation of Fe2þ to Fe3þ results in the reduction of oxygen
within the package to <0.01% within 1 –4 days at room
temperature. The reaction taking place in this system is a
follows:

4Fe2þ þ 3O2 þ 6H2O/ 4Fe3þ ðOHÞ3

Since the oxidation of iron requires water, moisture is
supplied in the form of vapor either by the food (moisture
reactive type scavengers) or it initially is added to the absorben
(self-reactive type scavengers). The iron powder is separate
from the food by keeping it in a small sachet that is highly
permeable to oxygen and, in some cases, to water vapor. Th
largest commercially available sachets contains 7 g of iron
A rule of thumb is that 1 g of iron will react with 300 ml of
oxygen.

Besides the advantages, iron-based oxygen scavengers h
certain disadvantages: They cannot pass the metal detecto
usually installed on the packaging line, they may be acciden-
tally ingested, the sachet contents may leak out and contami
nate the product, and sachets need a free� ow of air
surrounding the sachet to scavenge headspace oxygen.

To eliminate these problems, one may use a nonmetallic
oxygen scavenger that includes organic reducing agen
(ascorbic acid, ascorbate salts, catechols, polyunsaturated fat
ckaging system Other systems

Temperature control materials
Self-heating aluminum or steel cans and containers

releasers Self-cooling aluminum or steel cans and containers
Microwave susceptors
Modi� ers for microwave heating
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acids, photosensitive compounds) or enzymes (glucose
oxidase, ethanol oxidase) or oxygen-scavenging� lms based on
the reaction of a photosensitive dye and oxygen with the
additional advantage that these also may be used for liquid
foods. One important advantage of active packaging ove
modi � ed-atmosphere packaging is that the capital investmen
involved is substantially lower; in some instances, only the
sealing of the package that contains the oxygen-absorbin
sachet is required. This is of extreme importance for small- and
medium-sized food companies for which the cost of expensive
packaging equipment is often a limiting factor.

Although oxygen scavengers may not be intended to act a
an antimicrobial, a reduction in oxygen concentration within
the package usually prevents the growth of molds and aerobi
bacteria. As a result, oxygen absorbers can substantially exte
the shelf life and maintain microbial quality of foodstuffs,
such as cheese,� sh, bread, and meat. It has been demonstrated
that aerobic bacteria and molds, such asPseudomonasspp.,
Aspergillus, and Penicillium spp., and facultative anaerobic
microorganisms, such as the Enterobacteriaceae, can prol
erate if the residual oxygen in the package headspace is 1–2%,
even at elevated levels of carbon dioxide. Similarly, oxyge
absorbers have been shown to be ef� cient in controlling the
growth of � lamentous fungi, yeasts,Staphylococcusspp., total
coliforms, and Escherichia coliin fresh pasta. In contrast, the
elimination of oxygen enhances the growth of the lactobacilli
or Brochothrix thermosphactain meat products. Oxygen
absorbers also have led to a signi� cant increase in the mold-
free (Eurotium amstelodami, Eurotium herbariorum, Eurotium
repens, and Eurotium rubrum) shelf life of cakes. On the other
hand, an anoxic environment in the case of foods with water
activity greater than 0.92 may enhance the growth of anaerobi
pathogens, including Clostridium botulinum, and thus may
introduce health risks if the temperature is not kept below
3 � C.

Oxygen scavengers have been used for a range of packag
foods, including sliced, cooked, and cured meat and poultry
products, coffee, pizza, dried food ingredients, cakes, bread
biscuits, croissants, fresh pasta, cured� sh, tea, powdered
milk, dried egg, spices, herbs, nuts, confectionery, and snac
foods.

Commercial oxygen scavengers include Ageless sach
produced by Mitsubishi Gas Chem. Co., Japan. Othe
companies such as Toppan Printing Co. Ltd, Japan, and Toy
Seikan Kaisho Ltd. are producing similar products. More recen
advances in the� eld include oxygen-scavenging polyethylene
terephthalate (PET) bottle caps and crowns for beer
(W.R. Grace Co. Ltd., United States; CMB Technologie
France; and Alcoa CSI Europe, United Kingdom).
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CO2 Scavengers and Emitters

Elevated levels of CO2 are desirable for foods such as meat
poultry, fruit, and vegetables due to its direct antimicrobial
action effect resulting in an increased lag phase and generatio
time during the logarithmic phase of microbial growth. CO 2 at
the same time reduces the respiration rate and senescen
processes in fresh produce. On the contrary, during microbia
growth and especially in fermented vegetables, large volume
of CO2 produced, result in ‘swelling’ of the package as a resul
of internal pressure increases. Similarly, dissolved CO2 formed
during the roasting of coffee may cause the package to burst,
the roasted coffee is packed in a can or an aluminum foil
pouch. In the case of fruit, CO2 may enhance the product to
enter anaerobic glycolysis, which is undesirable. Care must b
taken to prevent the dissolution of CO2 in the aqueous or fatty
phase of the product, causing undesirable changes in� avor and
creating a partial vacuum or� lm package collapse. Based on
this information, various commercial sachets and label devices
may be used to scavenge or emit CO2 or to emit CO2 and
scavenge oxygen.

Most CO2 emission processes are activated by moistur
originating from the packaged food product. The reactant
commonly used as a CO2 scavenger is calcium hydroxide
which at a suf� ciently high water activity reacts with CO2 to
form calcium carbonate:

CaðOHÞ2 þ CO2/ CaCO3 þ H2O

Sodium carbonate also can absorb CO2 under high
humidity conditions by the following reaction:

Na2CO3 þ CO2 þ H2O/ 2NaHCO3

Mechanisms such as these may have limited application
with intermediate moisture foods, but they may work well
with high-moisture foods, such as meat,� sh, and minimally
processed fruit and vegetables.

The reaction taking place during emission of CO2 is the
following:

4FeCO3 þ 6H2O þ O2/ 4FeðOHÞ3 þ 4CO2

Finally, dual-action carbon-dioxide emitters and oxygen
scavengers are based on either ferrous carbonate or a mixture
ascorbic acid and sodium bicarbonate.

The inhibitory action of CO 2 has differential effects on
microorganisms. The effect of CO2 on bacterial growth is
complex and four different activity mechanisms of CO2 on
microorganisms have been identi� ed. Alteration of cell
membrane function includes the effects on nutrient uptake and
absorption; direct inhibition of enzymes or decrease in the rate
of enzyme reactions; penetration of bacterial membranes
leading to intracellular pH changes; and direct changes in the
physicochemical properties of proteins. Probably, a combina-
tion of all these activities accounts for the bacteriostatic effect o
CO2. Moderate levels of CO2 (10–20%) are known to inhibit
spoilage bacteria, such as the pseudomonads, whereas t
growth of lactic acid bacteria may be stimulated by CO2. These
bacteria consume a large amount of energy in pumping out CO2
from the cell. Furthermore, pathogens such asClostridium
perfringens, C. botulinum, and Listeria monocytogenesare not
affected signi� cantly by levels of 50% or less CO2. The inhibition
of spoilage bacteria using CO2 emitters may reduce bacterial
competition and thus permit growth and toxin production by
nonproteolytic C. botulinum or growth of other pathogenic
bacteria. The typical spoilage� ora of � sh, aerobic Gram-negative
bacteria (e.g., Pseudomonasspp., Flavobacterium, Moraxella,
Acinobacter, and Alteromonas) are inhibited by CO2. Similarly, for
most applications in white meat and poultry preservation, high
CO2 levels (10–80%) are desirable because these high leve
inhibit surface microbial growth and thereby extend product
shelf life. In the case of use of dual-action scavengers packagin
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special attention must be given to the fact that the spoilage
bacteria under aerobic conditions are different than those under
anaerobic conditions. For example, in� sh the Gram-negative
organism Photobacterium phosphoreumhas been identi� ed as the
organism responsible for spoilage under anaerobic conditions
The growth rate of this organism increases in the absence o
oxygen in contrast toShewanella putrefaciens(the main spoilage
bacteria under aerobic conditions).P. phosphoreumis shown to
be highly resistant to CO2. CO2 scavengers or dual-function
sachets have been used in coffee, fresh meat and� sh, nuts and
other snack food products, and sponge cakes.

Commercially available dual-action oxygen and carbon-
dioxide scavengers include Ageless type E and Fresh lo
(Mitsubishi Co.) and Freshilizer type CV (Toppan Printing Co.)
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Moisture Scavengers

The control of excess moisture within a food package is
important to maintain quality and safety of the product and
prevent foggy� lm formation. Moisture problems may arise in
a variety of circumstances, including respiration of horticultural
produce, melting of ice, temperature � uctuations in food
packages with a high equilibrium relative humidity, or drip of
tissue� uids from cut meats and produce. As a result, excessive
high levels of moisture cause softening of dry crispy products
such as biscuits, potato chips, and crackers; caking of mil
powder; enhancement of microbial growth; and moistening of
hygroscopic products, such as confectionery and candies. O
the other hand, excessive water evaporation through the
packaging material may result in desiccation of the package
foodstuff or favor lipid oxidation.

Several companies manufacture moisture absorbers in th
form of sachets, pads, sheets, or blankets. Desiccants made
silica gel can absorb up to 35% of their weight in water; zeolites
can absorb up to 24% of their weight in water; calcium chloride
and calcium oxide also may be used in a sachet-type moisture
absorbing material. For dual-action devices, sachets also ma
contain activated carbon for odor adsorption or iron powder
for oxygen scavenging. In addition to moisture-absorbing
sachets for humidity control in packaged dried foods, severa
companies manufacture moisture drip–absorbing pads, sheets
and blankets for free moisture control in high-water-activity
foods. These basically consist of two layers of a microporou
nonwoven plastic � lm, such as polyethylene or polypropylene,
between which a superabsorbent polymer is placed that is
capable of absorbing up to 500% its weight in water. Typical
superabsorbent polymers include polyacrylate salts, carbo
xymethyl cellulose, and starch copolymers, which have a ver
strong af� nity for water.

Most commercial moisture absorbers are based on silica ge
Silica gel removes moisture by a physical adsorption mecha
nism that can be reversible through temperature change. Silic
gel is used to maintain dry conditions within packages of dry
foods, down to below 0.2 water activity. Calcium oxide reacts
to remove water irreversibly as follows:

CaOþ H2O/ CaðOHÞ2

This reaction proceeds slowly with heat production. The
main target of moisture control is to lower aw, thereby reducing
the growth of molds, yeasts, and spoilage bacteria in foods
Literature data have shown that water persisting on mushroom
caps after irrigation supports the growth ofPseudomonas tolaa
and the subsequent appearance of black discoloration. Mush
rooms packaged with moisture absorbers (sorbitol pouches)
results to lowering the in-package relative humidity, which
does not affect the maturation rate of mushrooms but does
reduce bacterial growth, which in turn results in the product’s
color improvement. Gram-negative bacteria have a minimum
aw requirement of 0.93–0.96 for growth, whereas Gram-
positive nonspore-formers can grow to lower aw values of
0.90–0.94. Generally, molds and yeasts have loweraw

requirements (0.62–0.88) than do bacteria. Moisture absorbers
have been used in� sh, meat, poultry, snack foods, cereals
dried foods, sandwiches, fruit, and vegetables.

Commercial moisture absorber sheets, blankets, and tray
include Toppan sheet (Toppan Printing Co, Ltd, Japan), Ther
marite (Thermarite Ltd., Australia), and Fresh-R-Pax (Maxwe
Chase Inc., Georgia, United States).
Ethylene Scavengers

Ethylene (C2H4), the growth-stimulating hormone, is respon-
sible for initiating fruit ripening, especially in climacteric fruits.
After complete ripening, however, ethylene has a negative effec
on product quality. During the senescence stage, ethylen
causes the increase in fruit respiration rate and textural and
color changes in climacteric fruit more than in nonclimacteric
fruit. It also accelerates chlorophyll degradation in leafy
vegetables.

For many years, ethylene control has been used extensive
in the bulk shipping of climacteric fruit to delay or control
ripening until the product reaches the market. Films and
sachets have been developed for primary packaging with som
success. The most well-known, inexpensive, and extensive
used ethylene-absorbing system consists of potassium
permanganate embedded in silica. The silica absorbs ethylene
and potassium permanganate oxidizes it to ethylene glycol
Silica is kept in a sachet highly permeable to ethylene, or it can
be incorporated into the packaging� lm. Such devices contain
approximately 5% KMnO4 and are supplied solely in the form
of sachets due to the toxicity of potassium permanganate. A
a result, they should not be in contact with food surfaces.
There are also a number of ethylene scavengers using som
form of activated carbon or zeolite with various metal cata-
lysts. These have been used to scavenge ethylene from stora
rooms where produce is stored, or they are incorporated into
sachets for inclusion in produce retail packs or embedded into
paper bags or corrugated board boxes for produce storage
Also a dual-action ethylene scavenger and moisture absorbe
contains activated carbon, a metal catalyst, and silica gel and i
capable of scavenging ethylene as well as acting as a moistu
absorber.

Regarding ethylene production, it must be noted that
phytopathogenic fungi and bacteria, are capable of synthe
sizing ethylene. Literature data show that strains ofPseudomona
syringaeform large amounts of ethylene.

Ethylene scavengers have been proven to be effective in th
storage of packaged fruit, including kiwifruit, bananas,
avocados, persimmons, and vegetables like carrots, potatoe
and Brussels sprouts.
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A dual-action ethylene scavenger and moisture absorber ha
been marketed in Japan by Sekisui Jushi Ltd. (Neupalon).
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Ultraviolet Light Absorbers

Many of the deteriorative changes in the nutritional quality of
foods are initiated or accelerated by sunlight and especially
ultraviolet (UV) light, which causes degradation of speci� c
food constituents, such as pigments, fats, proteins, and vita
mins, resulting in discoloration, off- � avor development, and
vitamin loss.

A UV light absorber system consists of either a polyole� n,
such as polyethylene or polypropylene, to which a UV-
absorbing agent has been added or a nylon 6 of modi� ed
crystallinity, resulting in a decreased UV transmittance of the
(nylon) packaging material and thus slowing down degrada-
tion reactions of photosensitive components in foods.

Such technologies may be used in light-sensitive foods, suc
as oils, fruit juices, and milk.
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Ethanol Emitters

Ethanol has been used as an antimicrobial agent for centuries
It prevents microbial spoilage of intermediate moisture foods
and reduces the rate of staling and oxidative changes. A nov
application of ethanol as a food preservative is the emitting
sachet or � lm. A slow or rapid release of ethanol from the
carrier material to the package headspace is regulated by th
permeability of the sachet material to water vapor and ethanol.
The sachets contain ethanol (55%) and water (10%), which are
absorbed onto silicone powder (35%) and are � lled in turn
with a paper-ethylene vinyl acetate copolymer sachet. Som
sachets, in addition to ethanol, may contain trace amounts of
� avoring substances, such as vanilla or other� avors, to mask
the alcohol odor in the package headspace. Certain ethano
emitters are dual-action sachets that scavenge oxygen as well
emit ethanol vapor. Films containing ethanol are not as
widespread as sachets on the market, due to the problem
encountered in the controlled release of ethanol from the� lm
into the package headspace. Ethanol-embedded� lms usually
require additional layers in the � lm structure to retain the
ethanol and to release it in a controlled manner; this increases
the cost of these systems.

The effectiveness of an ethanol-generating system primari
depends on the type and size of the carrier material, the
amount of ethanol entrapped by the carrier material, the
permeability of the sachet material to water vapor and ethanol,
the water activity of the food, and the ethanol permeability of
the packaging� lm. The main disadvantage of using ethanol
vapor (apart from the cost) for preservation purposes is the
formation of off-odor and off-taste in the foodstuff through
ethanol absorption from the headspace. In some cases, th
ethanol concentration in the product may reach as high as 2%
causing regulatory problems. If the product is heated in an oven
prior to consumption, the accumulated ethanol will evaporate,
leaving only traces in the food. Therefore, ethanol vapor
generators can be used safely in products intended to be heate
before use.

Examples of possible applications of ethanol emitters are
bakery products (preferably heated before consumption) and
dried � sh. Studies have shown that ethanol vapor generation is
effective in controlling numerous species of molds, including
Aspergillusand Penicilliumspecies; bacteria, includingSalmonella
spp., Staphylococcusspp., and E. coli; and yeasts, such as
Saccharomyces cerevisiae. Several reports have demonstrated tha
the mold-free shelf life of bakery products can be extended
signi� cantly with an ethanol concentration of 0.5–1.5% (w/w)
in the product. Such ethanol concentrations, however, are no
suf� cient to prevent growth of all yeasts.

Commercial applications of ethanol emitters include Ethi-
cap, Antimold, and Negamold (Freund Industrial Co. Ltd.,
Japan), Oitech (Nippon Kayaku Co. Ltd., Japan), and Ageles
type SE (Mitsubishi Gas Chem. Co.).
Flavor Absorbers and Releasers

Physical characteristics of the packaging material (permeability
migration, and scalping) may signi� cantly affect the quality
and safety of the contained food depending on the extent of
interactions. Flavor compounds may be lost from the product
through permeation or scalping. On the other hand, undesir-
able odorous compounds may contaminate the packaged
product as result of migration. Therefore, there is a need to
replace these desirable� avor constituents when scalping occurs
and selectively to remove undesirable� avors. The oxidation of
fats and oils forms carbonyl compounds, which can result in
off-� avors in high-fat foods. Aldehydes and ketones can be
removed by using a coating formulation composed of zinc
compounds and polycarboxylic acids, which are claimed to
have taint-removing effects when applied to a polymeric
packaging material.

At this point, it must noted that commercial use of � avor–
odor absorbers and releasers is controversial due to concern
arising from their ability to mask natural spoilage reactions,
and hence mislead consumers regarding the condition of the
packaged food. For this reason,� avor–odor absorbers and
releasers have been banned in Europe and the United State
Nevertheless,� avor–odor absorbers and� avor-releasing� lms
are used commercially in Japan and have a number of legiti
mate applications that cannot be ignored easily– that is, plastic
bags made from� lms containing a ferrous salt and an organic
acid, such as citrate or ascorbate (Anico Co. Ltd., Japan), a
claimed to oxidize amines, which then are absorbed by the
polymer � lm.

Aroma Releasers
Although the use of high-barrier plastics retains food� avors
within the package, additional � avor-releasing systems may be
necessary in some instances, particularly when heat seal laye
of a package, such as polyethylene and polypropylene, hav
high af� nity for the absorption of � avors. Applications of the
aroma-releasing principle include packaging materials tha
emit pleasant aromas upon opening of the package. In addition
to the improvement of sensory quality, inclusion of aroma
compounds with antimicrobial activity in the headspace of the
package may enhance the microbiological safety of the
product. Literature data have shown that inclusion ofb-cyclo-
dextrin-hexanal andb-cyclodextrin-acetaldehyde complexes in
the headspace of packaged of wild strawberries were effectiv
againstAlternaria alternata, Colletotrichum acutatum, and Botrytis
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cinerea. Similarly, the inclusion of hexanal in combination with
2-(E)-hexenal in the atmosphere of fresh-sliced apples resulte
in a signi� cant product shelf-life extension. The same wa
shown when the spoilage yeastPichia subpelliculosawas inocu-
lated into the product at levels of 103 cfu g� 1 storage at abuse
temperatures. In addition to their effect on shelf life in terms of
control of spoilage micro� ora, hexanal, 2-(E)-hexenal, as wel
as hexyl acetate, also exhibited a signi�cant inhibitory effect
against pathogenic microorganisms, such asE. coli, Salmonella
enteritidis, and L. monocytogenes, inoculated in fresh-sliced
apples packaged under aerobic or modi� ed atmosphere. At the
levels used (150, 150, and 20 ppm for hexanal, hexyl acetat
and 2-(E)-hexenal, respectively), these compounds displaye
a bactericidal effect onL. monocytogenesand caused a signi� cant
extension of lag phase ofE. coliand S. enteritidisinoculated at
levels of 104–105 cfu g� 1.

Odor Scavengers
During storage of packaged foods, microbial metabolites and
protein breakdown products, such as amines and aldehydes
accumulate in the headspace of the package, leading to putri
(H 2S) and unpleasant odors. Commercially, very few active
packaging techniques have been used for the selective remov
of undesirable odors, but many potential opportunities for the
removal of amines, aldehydes, sulfides, and bitter taste exist.

An active packaging system to reduce bitterness in bitte
oranges is based on a thin cellulose triacetate or acetylate
cellulose layer coated on to the inner surface of plastic bottles
acting as a limonene absorber. Also the bitter component
naringin, present in citrus juices, can be removed by binding
the enzyme naringinase to the packaging material. As a resul
the juice tastes much sweeter and is valued more highly by th
consumer.

The removal of amines, which impart an undesirable off-
� avor due to the break down of proteins as a result of micro-
bial growth, can occur by reaction of the alkaline amine with an
acid such as citric acid incorporated into polymeric packages
Another approach having reached commercial use is a pouc
made from packaging material containing ferrous salt and citric
acid. Amines are oxidized as they are absorbed by the polyme
This raises the concern, however, that of the uncertainty o
reaction product safety.

Sul� de scavengers have been reported to be effective
the removal of hydrogen sul� de off-� avors generated during
the spoilage of poultry. Finally, the incorporation of the
enzyme lactase into a packaging material hydrolyzes lactose t
form glucose and galactose. Incorporation of cholestero
reductase converts cholesterol to coprosterol, which is no
absorbed by the intestine and is so excreted from the body.

Alternatively, incorporation of b-cyclodextrin (b-Cl) into
conventional polymers ethylene vinyl alcohol copolymer
(EVOH) results to the reduction of cholesterol concentration
in the packaged product through the formation of b-Cl/
cholesterol inclusion complexes. Commercial application of
this technology includes Anico bags (Anico Co. Ltd., Japan
made from a � lm containing a ferrous salt and an organic acid
(citrate or ascorbate). These bags are claimed to oxidize amine
as they are absorbed by the polymer. Likewise, Dupont’s Odor
and Taste Control claims to neutralize or absorb aldehydes
onto a molecular sieve substrate.
Antioxidant and Antimicrobial Films

As reported, interactions between food and packaging materia
(migration and scalping) can have a negative impact on food
quality and safety of packaged food. Such interactions, however
also have been used in a positive way to improve the packag
protection capacity in the form of active packaging systems. In
both cases, the main challenge lies in controlling the rate of
releasing the antimicrobial or antioxidant during food storage,
which will provide a substantial product shelf-life extension.

Antioxidant Films
Antioxidants are an important component of the food and
plastics industry. Antioxidants are added directly to the food to
control oxidation and also to plastic � lms to stabilize the
polymer and protect it from oxidative degradation. Today, the
potential for evaporative migration of antioxidants into foods
from packaging � lms has been researched moderately an
commercialized in only a few instances. In the cereal industry
waxed paper sometimes has been used as a reservoir for relea
of antioxidants. Synthetic antioxidants (BHA and BHT) have
been used for the same purpose in snack products. Natura
antioxidants such as green tea extract, ascorbic acid, ferulic ac
quercetin, and catechin have been incorporated successfully i
conventional polymeric matrices such as EVOH by extrusion
Films produced, in contact with selected fatty foods (i.e.,
sardines), showed improved product lipid stability. This type of
active packaging is mostly at the experimental stage with only
a few known commercial applications.

Antimicrobial Films
The basic concept in antimicrobial packaging is the growth
inhibition of spoilage and pathogenic microorganisms that
contaminate food surfaces. Therefore, the main route o
conferring antimicrobial activity onto a food surface by pack-
aging is the controlled release of active compounds from the
package wall to the food surface with the advantage that the
preservatives are restricted to the surface of the foodstu
compared with the direct addition of preservatives to the mass
the food product.

There are two methods to prepare antimicrobial packaging
� lms; in the � rst, the antimicrobial agent is incorporated
through coating on the � lm surface. The antimicrobial agent
then migrates partly or completely into the food exercising its
preservative action. In the second nonmigrating mechanism
the antimicrobial agent acts when the target microorganisms
come into contact with the � lm surface. Another possibility is
to incorporate the antimicrobial agent into an edible � lm or
coating that can be applied by dipping or spraying onto the
food surface. In these cases, the coating materials should b
colorless, tasteless, stable at high relative humidity values, an
prepared from generally recognized as safe components. Th
coating also should adhere well and spread uniformly on the
food surface. Several synthetic and naturally occurring
compounds that have been proposed or tested for antimicro-
bial activity in packaging include organic acids (Propionic,
benzoic, sorbic), bacteriocins (nisin), spice extracts (thymol,
carvacrol), cationic polysaccharides (chitosan), thiosul� nates
(allicin), enzymes (peroxidase, lysozyme), antibiotics (imaza-
lil), fungicides (benomyl), and metals (silver).
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Blending antimicrobial substances into packaging materials
or using multilayer � lms, in which a particular � lm layer is
impregnated with antimicrobial substances has improved the
microbial stability of cereals, meat, � sh, bread, cheese, snac
foods, fruit, and vegetables. Studies have shown that lemon
grass, oregano, and vanillin essential oils in alginate coating
reduced the growth of psychrophilic aerobes, yeasts, and mold
by more than 2 log cfu g� 1. Also benzoic anhydride has been
incorporated into low-density polyethylene � lms (LDPE),
exhibiting antimycotic activity when in contact with culture
media and cheese. Concentrations in the range of 1% benzoi
anhydride completely inhibited Rhizopus stolonifer, Penicillium
spp., and Aspergillus toxacariusgrowth in potato dextrose agar.
Similarly, studies have shown that� lms coated with sorbic acid
were more effective in reducing mesophilic, psychrotrophic, and
Staphylococcusspp. in bakery products compared with control
� lms. When the same� lms were placed in a phosphate buffer
solution containing L. monocytogenes, they showed a marked
inhibition of the organisms. The packaging of meat products
such as ham, turkey breast meat, and beef in� lms coated with
nisin and pediocin resulted in the inhibition of pathogenic
bacteria such asL. monocytogenesand spoilage bacteria such as
B. thermosphactaduring storage at refrigeration temperatures
Finally, the use of chitosan as a coating on packaging material
has been shown to be effective for the inhibition of bacteria
such asBacillus subtilis, E. coli, Pseudomonas fragi, and Staphylo-
coccus aureusin meat products while the incorporation of garlic
oil into the chitosan coating showed an additional antimicro-
bial effect againstSalmonella typhimurium, L. monocytogenes, and
Bacillus cereus. The incorporation of garlic oil into chitosan � lms
depends on the type of food and� avor that must not be altered.
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Temperature Control Materials

These include innovative insulating materials, self-heating and
self-cooling cans. For example 3M company in the United State
has developed Thinsulate, a nonwoven plastic insulating mate
rial to guard against temperature abuse during storage an
distribution of chilled foods. The Adenco Co. of Japan has
developed and marketed Cool Bowl, which consists of a double-
walled PET container in which an insulating gel is deposited in
between the PET walls. Self-heating aluminum and steel cans an
containers for coffee, tea, and ready meals are heated by a
exothermic reaction that occurs when lime and water positioned
in the base are mixed. In the United Kingdom, Nestlé recently
introduced a range of Nescafé coffees in self-heating insulate
cans that use the lime and water exothermic reaction.

Self-cooling cans also have also been marketed in Japa
The exothermic dissolution of ammonium nitrate and chloride
in water is used to cool the product (raw sake).
y
y.
Conclusion

Despite intensive research and development work, relativel
few active food-packaging systems are available commerciall
Additional research is required to promote the usability of
active food packaging as an effective tool to ensure the reten
tion of food quality and safety.

See also:Bread:Bread from Wheat Flour; Role of Speci�c
Groups of Bacteria; Confectionery Products– Cakes and
Pastries;Fish:Spoilage of Fish; Spoilage of Meat; Packagin
Foods;Spoilage Problems:Problems Caused by Bacteria;
Spoilage Problems:Problems Caused by Fungi; Advances
Processing Technologies to Preserve and Enhance the S
of Fresh and Fresh-Cut Fruits and Vegetables; Packaging
Foods;Packaging:Controlled Atmosphere; Modi� ed
Atmosphere Packaging of Foods.
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Introduction

The packaging sector represents about 2% of the gross nation
product of the industrial countries, half of which is packaging
for foods. The original goal of food packaging was to enclose
food to protect it from tampering or contamination from
physical, chemical, or biological sources. In the twenty-�rst
century, other functions or goals, such as preservation
handling information, and sale promotion, have been attached
to most food packaging systems. Advancement in packagin
technology could lead to major changes in the processing and
marketing of food product. For instance, the adoption of
preservative packaging for raw meats has changed the mark
from trading frozen meats to trading chilled products.

In a global economy, it is necessary to extend the storage lif
of perishable food products, such as meats and produce, to
meet long-distance transportation requirements for interna-
tional and intercontinental trade. At the same time, consumer
demand for more natural, minimally processed, and fresh
foods continues to increase. These factors have been driving th
development and commercialization of modi�ed atmosphere
(MA) and controlled atmosphere (CA) packaging and storage
since the 1950s. Although the terms‘controlled ’ and ‘modi �ed’
are often used interchangeably, they do not have the sam
meaning. The atmosphere within an MA pack may alter during
storage, because of reactions between components of th
atmosphere and the product or because of gases that leak int
or out of the package through the packaging�lm. In CA,
invariant atmospheres are maintained throughout the time of
storage. The�nal gas composition in the MA package largely
depends on both the packaged product and the permeability of
the packaging material because such food as produce and me
consumes oxygen, and gas exchange will take place through th
package and environment. Thus, CA is considered to be a
active form of MA because the atmosphere not only is modi�ed
but also is maintained by further manipulation. Discussion in
this chapter will focus on CA packaging and storage.
,
e
he
d

,

y

ts
d
d

of
History of CA and MA

CA and MA are relatively old processes that originated from
ancient practices of certain forms of MA storage in China
Greece, and other early civilizations. For instance, fruits wer
sealed in clay containers along with fresh leaves and grass. T
high respiration rates of grass, fruits, and leaves quickly altere
the atmosphere to high concentrations of carbon dioxide and
low concentrations of oxygen, which retarded fruit ripening.
The �rst scienti�c publication on the use of MAs likely can be
attributed to the work of Jacques Etienne Berard (1821), who
observed that fruits placed in an atmosphere deprived of
oxygen did not ripen and that ripening was reactivated by
returning the fruits to regular air. About 100 years later, the
effect of carbon dioxide and oxygen concentration on the
1006 Encyclopedia of Food
germination and growth of fruit-rotting fungi at various
temperatures was investigated. Later, the research on MA w
broadened to include other types of food. In the 1930s,
a number of studies were published on the inhibition of
microbial growth on meat surfaces by applying carbon dioxide
and the resulting extension of product storage life. Despite
mounting scienti�c evidence for the potential use of MA in
food preservation, the �rst signi�cant trial of retail-size MA
packaging was not conducted until the late 1950s. This trial
likely was fueled by consumer demand for more natural,
freshlike, and minimally processed foods; the increase of cos
for raw products; and, more importantly, the development of
new packaging�lms and equipment.
Gases Used for CA and MA Packaging

Three main gases are used for CA and MA packaging for foo
products: nitrogen (N2), oxygen (O2), and carbon dioxide
(CO2). Mixtures of these gases may be used depending on th
nature of the product to be packaged. CO2 often is part of the
gas mixtures for CA and MA because of its antimicrobial char
acteristics and its effects on the plant hormone ethylene. The
effect of CO2 on ethylene will be discussed in detail in the
section Extending the Storage Life of Fruits and Vegetables b
CA Storage. CO2 is highly soluble in both water and lipids and
its solubility increases with decreasing temperatures. The effe
of CO2 on microbes is an extension of the lag phase of growth
and a decrease in the growth rate during the logarithmic growth
phase of microorganisms. This decrease is the result of its abilit
to change cellular metabolic activities by altering the intracel-
lular pH of cells and to lower the pH of the product. O 2 inhibits
the growth of anaerobic microorganisms but promotes the
growth of aerobic organisms and is responsible for undesirable
lipid oxidation in many foods. O 2, however, is required for
respiring foods, such as fresh produce. Therefore, the presen
and the concentration of O2 in a package depend on the nature
of the food product that is packaged. N2 is an inert gas and is
used mainly as a�ller gas. Altering the atmosphere in CA and
MA packaging has a positive impact on the storage life of foods
but only when combined with proper postharvest handling
procedures and good temperature control management.
Applications of CA Packaging and Storage

Some foods (e.g., vegetables and fruits) stay metabolicall
active and continue to oxidatively break down substrates to
small molecules (i.e., water and CO2) after harvest. These foods
are called respiring foods. Conversely, such foods as raw mea
and �sh do not stay metabolically active after they are harveste
(i.e., converted from muscle to meat). These foods are calle
nonrespiring foods. The respiring properties of foods have to
be considered when they are packaged. The storage life
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00433-X
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nonrespiring foods is determined mainly by their physico-
chemical properties and microbiological conditions at times
these foods are packaged. For respiring foods, the physiologic
properties are at least equally important. For this reason
applications of CA technology to respiring and nonrespiring
foods will be discussed using examples of fresh produce an
fresh meats, respectively.
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Fresh Meats

Various aspects of application of CA packaging to extend th
shelf life of fresh meats and poultry have been reported
extensively. There appear to be no reports on the use of C
packaging for fresh� sh, although a large extension of storage
life has been reported for smoked blue cod packaged in CA
packaging. The following factors affect the storage life fres
meats.

Color
The appearance of raw meats has a major effect on consume’
purchasing decisions. For red meats, consumers often equa
the bright, cherry-red color of muscle tissue and white fat to
freshness and consider these colors to be indicators of qualit
meat. The color of muscle tissue in meat is determined by the
quantity and chemical state of myoglobin (Mb), the tissue
pigment. The reduced form, deoxymyoglobin (DMb), is a dull,
purple color and is considered to be unattractive by consumers
There are two forms of oxidized Mb: oxymyoglobin (OMb),
which is bright red and formed when O2 tension is high; and
metmyoglobin (MMb), which is brown and could be formed
from either OMb or DMb ( Figure 1). MMb imparts a dull,
brown color on the meat, which most consumers consider
undesirable. At low O2 concentrations, MMb forms rapidly
from DMb. In fresh meats, the formation of MMb is affected by
the enzymatic activities of muscle tissue. Tissues with a high O2
Figure 1 Reactions of myoglobin with O2 and carbon monoxide and the
of muscle tissue on the state of myoglobin.
consumption rate (OCR) are likely to form MMb at a relatively
shallow depth below the meat surface and will discolor rapidly.
MMb reduction activity of enzymes in meats will reconvert
MMb to DMb, thus retarding the discoloration. Consequently,
the color of meats is determined by O2 concentrations and the
metabolic state of the muscle tissue. When carbon monoxide
is added to the packaging atmosphere, cherry-red carbox
ymyoglobin is formed.

Because of the low concentrations of Mb in the poultry
muscle, O2 does not have as great an effect on the color o
poultry muscle as it has on the color of red meats.

Odor, Flavor, and Tenderness
The effects of O2 on meats are not limited to the chemical state
of Mb (i.e., the color of meat); it also can cause oxidation of
lipids, which leads to the formation of rancid odors and � avors
in meats. The susceptibility of meat lipids to oxidation largely
depends on the composition and quantity of fatty acids, as
rates of oxidation increase with increasing amount of fatty
acids, and the degree to which those fatty acids are unsaturate
Meat lipid oxidation often is linked closely to its discoloration,
with the development of oxidative rancidity faster in color-
unstable than in color-stable meats. Consumer perceptions o
the eating qualities of meats are determined largely by the
tenderness of the muscle tissue. Aging time is a major facto
affecting the tenderness of red meats, and the tenderizing o
beef caused by aging normally peaks after 2–3 weeks’ storage
and declines exponentially after that. Under most circum-
stances, the duration of the storage of red meats in preservativ
packaging at chiller temperatures is longer than 3 weeks. Fo
poultry meat, tenderizing proceeds rapidly after the develop-
ment of rigor, with 80% of the maximum tenderness being
attained within 24 h. Thus, tenderizing during storage is
a more important factor for read meat than it is for poultry
meat.
effects of the O2 consumption rate (OCR) and metmyoglobin reduction activity
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Microbial Spoilage
Typical adult mammalian muscle has 75% (65–80%) water,
18.5% (16–22%) protein, 3% (1– 13%) fat, 1% (.5–1.5%)
carbohydrate, and some water-soluble small molecular weigh
compounds, such as amino acids, peptides, and nucleotides
The nutrition richness of meats makes them ideal for the
growth of microorganisms. The minimum temperature that
can be maintained inde� nitely without freezing the muscle
tissue is � 1.5 � .5 � C. Some spoilage bacteria can grow a
temperatures as low as or below�3 � C. Consequently, meat
that is stored at chiller temperatures inevitably will be spoiled
by the activities of meat micro� ora, irrespective of the storage
temperature. The course of spoilage development is dictated b
the composition of the spoilage � ora, the intrinsic qualities of
the meat, and the environment in which the meat is stored.
When raw meat is stored in air, the spoilage� ora usually is
predominated by species of Pseudomonas, which is strictly
aerobic and preferentially utilizes glucose. When glucose i
exhausted, the bacteria metabolize amino acids and release b
products, such as ammonia, amines, and organic sul� des,
which impart offensive odors and objectionable � avors to the
meat even when they are present in small quantities.
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Extending the Storage Life of Fresh Meats by CA Packag

The adoption of preservative packaging that alters the atmo
sphere in which meat is packaged has extended the storage li
of raw meats so signi� cantly that its application has shifted the
raw meat market from trading frozen meats about two decades
ago to trading chilled products. The three main forms of this
atmosphere-altering preservative packaging for raw meats a
vacuum packaging (VP), which removes most of the air before
the product is enclosed in barrier materials; low- and high-O2

MA packaging (MAP), in which air is removed and replaced
with gas mixtures of N2 and CO2 and respective concentrations
of low and high O 2 before the product is sealed in barrier
materials; and CA packaging (CAP), in which air is removed
and replaced by desired gas or gases and relative compositio
of the � lling atmosphere stays constant. VP normally is used fo
transportation and distribution of relatively large primal cuts,
and MAP often is used in retail. Unlike VP and MAP, CAP
generally is used for bulk product items of irregular shape or as
master packs for retail-ready product. To maintain the constan
concentrations of gases in CAP, the outermost layer of th
packaging must use� lms with high barrier properties. Readily
available � lms that are essentially gas impermeable include
laminates that incorporate a layer of aluminum foil, laminates
with two layers of metallized � lm, or laminates with unusually
thick layers of plastics with high barrier properties that often are
opaque. Different from MAP, the gas or gas mixture used in
CAP for meats does not contain O2. Thus, CAP is not suitable
for individual trays of retail-ready products because of the
unattractive purple color of anoxic meats and the opaque color
of the packaging materials.

Packaging Meats in CAP
Gases in CAP for meats are either 100% N2, a combination of
N2 and CO2, or 100% CO2. When an atmosphere rich in CO2 is
used, the high solubility of the gas in meats must be consid-
ered. The meat will absorb approximately its own volume of
the gas in an atmosphere of 100% CO2. Therefore, the initial
gas volume must exceed the required� nal volume by the
volume of the enclosed meat. For red meats, care must be take
to remove residual air as much as possible when packaged i
CAP, as any remaining O2 will react rapidly with the DMb to
grossly discolor the product by forming MMb. This discolor-
ation often is transient, however, because the MMb usually
is reduced to DMb within 4 days, as anoxic conditions are
established and maintained. Furthermore, O2 scavengers could
be included in a CAP system to remove residual O2. For master
packaging in CAP, expanded polystyrene tray and soaking pad
with absorbent materials sealed within perforated plastic� lms
should be avoided as they entrap air that will contaminate the
master pack atmosphere. The trays within the master pack mus
be overwrapped or lidded with � lms of high O 2 permeability,
and the � lms should be perforated to allow for a rapid
exchange of the atmosphere between the retail packs and th
replaced atmosphere. The outermost layer of master pac
pouches is composed of metallized or Ethylene vinyl alcohol
(EVOH) laminates, which have very low gas permeability.

Effects of CAP on the Sensory Qualities of Meats
In VP, the discoloration of red meats caused by the formation
of MMb eventually becomes evident as the results of smal
quantities of O2 permeating the packaging materials, whereas in
a gas-impermeable CAP, the oxidation of DMb in exudate or
muscle is unlikely. Because lipids are not oxidized in the absenc
of O2, oxidative rancidity of lipid normally does not develop in
meats packaged in CAP; however, because of the permeation
presence of O2, it might be expected in meats packaged in VP
and MAP . Thus, the color,� avor, and odor of meats in CAP will
be retained better for long-term transportation and storage. In
VP lamb and beef, the accumulation of proteolysis products,
from the breakdown of proteins and release of peptides and
amino acids, imparts bitter and liverlike � avors to the meat,
which many consumers� nd undesirable. The deterioration of
texture and� avor during prolonged storage does not occur when
the meat is stored in CAP under a CO2 atmosphere.

Effects of CAP on the Growth and Survival
of Microorganisms on Meats
Under anaerobic conditions in CAP, the strictly aerobic pseu-
domonads cannot grow. Under these circumstances, th
spoilage micro� ora on red meats of normal pH (5.5–5.7)
usually is dominated by lactic acid bacteria, particularly
Leuconostocs. Lactic acid bacteria ferment glucose and a few
other minor components that are present in meats. Growth
ceases when these substrates are depleted, which usually occ
as the numbers of lactic acid bacteria reach about 108 cfu cm� 2.
The lactic acid bacteria generally do not produce grossl
offensive by-products, but they do develop mild acidic, dairy
odors after the maximum numbers are attained. If the pH of
meats is>5.8, some facultative anaerobes, such asBrochothrix
thermosphactaand Shewanella putrefaciens, may grow. When
present in the spoilage� ora on meats,B. thermosphactaimparts
a strong, stale,‘sweaty socks’ odor and a distinct � avor to meats
by the production of acetoin from glucose. Shewanella putrefa
ciensgives meats a strong‘rotten egg’ odor and � avor as it
preferentially utilizes the amino acid cysteine with the
production of hydrogen sul� de and organic sul� des, which
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may react with Mb to cause green discoloration of the meat
Therefore, the storage life of high-pH meats stored unde
anaerobic conditions generally is substantially shorter than that
of normal pH meats. In CAP that is � lled with N 2 alone,
spoilage develops similarly as that under normal anaerobic
conditions. Under 100% of CO2, the growth of facultative
anaerobes on high-pH meats is inhibited either severely o
completely at temperatures near�1.5 � C, the temperature at
which meat is stored. Thus, under CO2 atmosphere, a� ora of
lactic acid bacteria develops irrespective of the meat pH and th
storage life can be considerably longer than that of similar mea
stored under anaerobic condition without CO2. Therefore, CAP
systems containing N2 alone can achieve a storage life at least a
long as that of VP; CAP systems containing CO2 can achieve
a storage life substantially longer than that of VP.

During carcass dressing and breaking processes, poult
meat always is contaminated relatively heavily with spoilage
bacteria. For this reason, the� ora that develops on poultry meat
in VP and MAP is similar. This� ora often is dominated by lactic
acid bacteria, but it includes large fractions of enterobacteria
that cause putrid spoilage after short storage times. Whe
poultry is packaged in CAP under CO2, a � ora dominated by
lactic acid bacteria develops and the growth of enterobacteria i
inhibited. Under these circumstances, the storage life of poultry
in CAP is three to four times that of the same product in VP.

At chiller temperatures, most meat-associated pathogen
cannot grow, with the exception ofAeromonas hydrophila, Listeria
monocytogenes, and Yersinia enterocolitica. When both chiller
temperature and anaerobic condition are used as storag
conditions, however, the growth of these three pathogens on
meat of normal pH is inhibited or prevented. The growth of
cold-tolerant pathogens also is inhibited by high concentrations
of CO2. Another major concern about the microbiological safety
of raw meat in preservative packaging is the possibility o
growth and toxin production of psychrotrophic Clostridium
botulinumtype B. The potential threat posed by this organism in
CAP, however, can be eliminated by ensuring that the storag
temperature remains below 3� C, which is the minimal growth
temperature of this organism. Therefore, it can be concluded
that the storage of normal pH meats at chiller temperatures in
CAP will not pose any increased risk from infectious pathogens
In short, successful application of CAP for controlling the
spoilage and safety of raw meats, thus extending storage lif
largely depends on three factors: pack atmosphere, temperatu
of storage, and product pH.
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Fresh Fruits and Vegetables

Factors Affecting Produce Storage Life

Sensory Attributes
Sensory attributes of produce mainly refer to texture,� avor,
odor, color, and visual appearance, all of which evolve with the
maturation and aging of produce. The color of fruits and
vegetables is the consequence of the types and composition o
their naturally occurring pigments. Change in color primarily is
related to the reduction in the amount of chlorophyll,
biosynthesis of other color compounds, such as carotenoids
and anthocyanins, or enzymatic browning. The importance of
color change varies depending on the particular product. Fo
instance, yellowing of leafy produce is undesirable, wherea
reddening of tomato is necessary. The rate of chlorophyl
degradation is accelerated by ethylene and increasing tempe
ature. Usually, leafy vegetables do not produce much ethylene
but they can be affected by ethylene from other sources
Enzymatic browning of fruits and vegetables is the result of
a chain of reactions that are catalyzed by polyphenol oxidase
or phenolase to form various phenolic acids, which, in the
presence of O2, will polymerize into brown compounds.
Appropriate concentrations of CO2 can inhibit browning.
Hydrogen peroxide also is involved in browning, although to
a lesser extent. Softening of produce is due to the solubilization
and depolymerization of pectins. The types and quantity of
aromatic compounds, which often vary at different maturity
stages and from product to product, determine the aroma of
produce. Starch degradation and decarboxylation of organic
acids contribute to modi� cation of � avor, such as the ratio
between sweetness and acidity.

Physiological Factors
Fruits and vegetables are living organs of plants that continue
to maintain their cellular integrity after harvest. Therefore,
several postharvest metabolic processes or events (i.e., res
ration, ripening, and transpiration) affect the storage life of
produce. Respiration is a basic reaction of plants before and
after harvest, which consumes O2 in the surrounding envi-
ronment, releases CO2, and, in the meantime, generates heat
The respiration reaction oxidizes sugar or starch stored in fruits
and vegetables, leading to nutrient loss after harvest. The rate
of respiration vary greatly among species and depend heavil
on temperature. Consequently, the rate of nutrient losses
depends on the respiration rate, which is inversely proportional
to the storage life of fresh produce. For leafy crops, excessi
respiration will cause yellowing due to the breakdown of
chlorophyll and eventually will lead to the breakdown of the
plant tissue. Fruits are categorized into climacteric and non
climacteric fruits according to their mechanisms of synthesizing
the growth hormone ethylene. For climacteric fruits, an upsurge
of respiration before ripening is associated with ethylene
production – that is, when the respiration rate reaches its
maximum, ethylene production also reaches its maximum.
Climacteric fruits can be harvested unripe and ripened arti� -
cially. Without temperature control, the drastic increase in the
respiration rates of climacteric fruits during ripening will
rapidly cause overripe and senescence, leading to a breakdow
of tissues, to the production of volatiles that are characteristic
of the overripening fruit, and to the likely growth of bacteria
and fungi. Nonclimacteric fruits do not have any upsurge of
respiration before ripening, and their ripening is not associated
with ethylene production. Their ripening is done on a mother
plant. Harvested produce rapidly loses water from its surface in
a process known as transpiration, which is a major component
of weight loss in fruits and vegetables. A 5–10% weight loss will
cause signi�cant wilting. Therefore, control of relative humidity
is important for the storage of fresh produce.

Microbiological Factors
Microorganisms that are observed initially on whole fruit and
vegetable surfaces often are soil inhabitants, a very sma
portion of which is involved in the development of microbial
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spoilage of fruits and vegetables. These spoilage microorga
isms can be introduced to the crop on the seed, during crop
growth in the � eld, during harvesting and postharvest handling,
or during storage and distribution. Successful establishment o
spoilage bacteria requires the organisms to overcome multiple
natural barriers of fruits and vegetables, including protective
epidermis and a natural waxy cuticle layer containing the
polymer cutin. Most microbes cannot establish spoilage on
whole produce, but they can infect and initiate decay at punc-
tures and splits in the epidermal layer. Therefore, produc
integrity at the time of harvest is one of the most critically
important factors contributing to acceptable storage and shelf
life of all fresh fruits and vegetables.

More than 75 microbial species, including fungi, yeasts, and
bacteria, have been reported to cause produce spoilage. T
relative importance of spoilage organisms for a given produce
product may differ between regions and climates because o
variations in the composition of microbial � ora in soils,
climates, and agricultural practices. Blue mold decay caused b
Penicillium expansumis the most important postharvest disease
of apples, pears, and a number of other pectin-rich fruits
worldwide, followed by Botrytis cinerea. These spoilage fungi
eventually degrade the wound sites, create lesions, and cros
contaminate adjacent fruits if they are not cleaned scrupulously
from fruits before storage or if fruits with infected wounds have
not been culled thoroughly from the lot. Penicillium expansum
and B. cinereaare equipped with multiple cutinases and lipases
that are required for the degradation of plants rich in pectin.
Species of Gram-negative bacteria,Erwiniaand Pseudomonas, are
the most common causes of soft rot for a broad range of fruits
and vegetables. These bacteria mainly attack the� eshy organs of
their hosts and turn the infected plant part to a watery mush and
often express pectin-degrading extracellular enzymes: pect
lyase, polygalacturonate, pectin methylesterase, and pecta
lyase. Genera ofAcidovorax, Alternaria, Bacillus, Clostridium,
Colletotrichum, Enterobacter, Fusarium, Geotrichum, Mucor,
Monilinia, Phytophthora, Pythium, Rhizopus, Sclerotinia, and
Xanthomonasand lactic acid bacteria also are involved in the
spoilage of different fruits and vegetables to various extents.
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Extending the Storage Life of Fruits and Vegetables
by CA Storage

CAP and MAP can substantially extend the storage life of raw
meats and poultry. Similar to the application of MAP and CAP
to meats, MAP for produce is used primarily for retail products
that have a relatively short shelf life, and CAP often is used fo
long-term and bulk storage. CAP for produce does not use� lms
like those used for meats, but rather it uses large facilities fo
storage and freight for transportation. The most important
application of CA storage is for the long-term storage of apples
and the shelf life of certain other produce– such as pears, swee
cherries, and cabbage– also can be extended signi� cantly by
CA storage. Because of the physiological characteristics d
cussed regarding fruits and vegetables, the application of MA
technology to fresh produce requires different strategies. Fo
instance, unlike meats and other nonrespiring foods, fresh
produce should not be packaged in VP, as the normal aerobic
metabolism of the tissue would be replaced by fermentative
metabolism and lead to rapid decay under such conditions.
CA Storage of Produce
The primary goals of applying CA storage to produce are to
reduce the rate of respiration, retard enzymatic spoilage, and
reduce microbial spoilage. The former two goals are even mor
important for the extension of the shelf life of produce than the
latter goal. Gases used in CAP for meats are N2 and CO2,
whereas in CA storage for fruits and vegetables, the inclusion o
O2 is necessary. Other gases such as nitrous and nitric oxide
sulfur dioxide, ethylene, chlorine, carbon monoxide, ozone,
and propylene have been investigated only experimentally but
have not been applied commercially.

The choice of gases mainly depends on the physiologica
properties of the product to be stored. O2 and N2 are always
present, and CO2 is used for most fruits and vegetables, but it is
omitted if it is toxic to the product. When the concentration of
O2 is <10%, the plant respiration rate starts to decrease. This
suppression of respiration continues until O2 concentrations
are 1–3%. Each produce has a requirement for its minimum
level of O2, below which anaerobic respiration can occur,
resulting in tissue destruction and the production of substances
that contribute to off- � avors and off-odors. O2 concentrations
<8% also reduce the production of ethylene, a key component
of the ripening and maturation process. Therefore, the O2
concentration in the CA storage atmosphere should minimize
the respiration rate and the production of ethylene without
causing anaerobic respiration. Optimum O2 concentration
often is product speci�c as responses to O2 levels vary from
product to product ( Table 1).

Concentrations of CO2 normally are increased in CA
storage of produce, compared with that in air, as increased
levels of CO2 can reduce the rate of respiration, limit or inhibit
ethylene production, prevent or delay responses of fresh
produce to ethylene, and inhibit microbial growth. Levels of
CO2, however, cannot be increased inde� nitely because
elevated CO2 concentrations may be toxic to some produce
and almost all produce has a maximum tolerance level beyond
which adverse reactions happen. Thus, the CO2 concentration
in CA storage should have a maximum inhibition effect on
respiration rate, ethylene production, and microbial growth
without causing adverse effect on the product. Similar to that
of O2, optimum concentration of CO 2 is product speci� c
(Table 1). N2 is an inert gas and does not impart any particular
effect on the product, the concentration of which, in CA
storage, often is determined indirectly by the required
concentrations of O2 and CO2. The three main categories of
commercially available CA systems are O2 control systems,
CO2 control systems, and ethylene control systems. The leve
of CO2 and O2 or ethylene are measured periodically and
adjusted to the predetermined level by the introduction of
fresh air or N2 or by passing the store atmosphere through
a chemical to remove CO2. In CA storage of fresh produce, the
reduced respiration, delayed ethylene production and action,
and the antimicrobial effect conferred by the modi� ed and
maintained atmosphere have several positive effects on th
storage life of produce, including reduced loss of chlorophyll;
reduced accumulation of other pigments, such as anthocya
nins, lycopene, xanthophylls, and carotenoids; reduced
browning and softening, which may be intensi� ed if outside
the tolerance ranges of O2 and CO2; and slowed sugar and acid
loss during storage.
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Table 1 Some characteristics and optimum storage conditions of whole fruits and vegetables for CA storage

Commodities
Respiration rate
(at 5� C, mg CO2 kg� 1 h� 1)

Tolerance Optimum

Minimum O2 (%) Maximum CO2 (%) CO2 (%) O2 (%)

Apples 5–10 1–2 2–5 1–3 1–2
Lettuce, cabbage, and apricot 10–20 2 2 2–3 0–5
Tomato (mature) 10–20 3 2 0 3–5
Avocado – 3 5 3–10 2–5
Asparagus > 60 5 10 10–14 Air
Garlic and onion 5–10 1 10 0 1–2
Brussels sprouts 40–60 2 5 5–7 1–2
Mushrooms > 60 1 15 5–15 3–21
Strawberry 20–40 2 15 15–20 5–10
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Effects of CA Storage on the Spoilage and Pathogenic
Microorganisms on Fresh Produce
Optimum CA storage can delay the ripening and senescenc
of fruits and vegetables. Thus, CA storage can reduce the
susceptibility to spoilage and pathogenic microorganisms as
the period of the greatest susceptibility to decay onset i
during ripening and senescence, which is accompanied by th
weakening of the natural defensive barriers. Low temperature
maintained during CA storage not only decrease the growth
rate of foodborne pathogens and spoilage organisms but also
increase the inhibitory effect of CO2. The increased leve
of CO2 and decreased level of O2 used in CA favor the growth
of lactic acid bacteria, which may expedite the spoilage o
produce that are sensitive to lactic acid bacteria, such a
lettuce, chicory leaves, and carrots. Growth of molds and
aerobic bacteria could be inhibited by the elevated level of
CO2 and the decreased level of O2 under CA storage, which
will extend the storage life of produce. The reduction of O2,
however, may favor the growth of anaerobic microorganisms
such as psychrotrophic, toxin-producingC. botulinum, which
could grow at temperature as low as 3� C. Unlike meats, the
temperature at which produce is stored varies from product to
product and could be as high as 12� C as a result of their
sensitivity to chilling injury. In these circumstances, food may
appear to be acceptable long after it has become microbio
logically unsafe. Therefore, measures such as harvesting
optimal maturity, minimizing injury due to handling,
reducing microbiological contamination through proper
sanitization, and maintaining optimum temperature and
relative humidity are important in maintaining the post-
harvest quality of fresh produce. When these primary
requirements have been met, application of CA storage can b
applied to effectively extend the storage life and maintain the
safety of fresh produce.

See also:Fruit and Vegetables:Introduction; Spoilage of Mea
Packaging of Foods; Modi� ed Atmosphere Packaging of Food
Spoilage Problems:Problems Caused by Bacteria.
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Introduction

It has been well documented that a substantial shelf-life exten
sion of foods can be achieved by modifying the gas atmosphere
in the immediate environment of a food product during storage.
Industrial processes involving such changes include (1) modi-
�ed atmosphere packaging (MAP), (2) controlled atmosphere
packaging (CAP), and (3) vacuum packaging (VP).

In active MAP, the product is placed in a barrier packaging
material, such as polyamide (PA) or polyethylene terephthalate
(PET); the air is then removed from the package and replace
by a mixture of gases (usually O2, CO2, N2). In active MAP,
there is no further control of the gaseous atmosphere within the
package during storage. In passive MAP, the product is place
usually in a low-barrier packaging material, such as poly-
ethylene, polypropylene perforated or not, polyvinylchloride,
polystyrene, or ethylene vinyl acetate and left to attain equi-
librium conditions during storage.

In CAP the product is placed in a gas-tight environment in
which the gaseous atmosphere (concentration of O2, N2, and
CO2) is changed and closely controlled throughout storage.
CAP is commercially used mostly for the bulk preservation
of fresh produce but also for meat and dairy products. There
are, however, contemporary retail packaging applications o
CAP in which, through the use of ethylene or oxygen absorber
or CO2–ethanol emitters, the gaseous atmosphere within the
package can be controlled constantly (see active packaging
Products such as nuts and bakery products are examples
retail applications of CAP.

Lastly in VP, a form of MAP, the food is placed in a barrier
packaging material, and the air is removed while the package in
sealed. This chapter will focus mainly on MAP.

MAP was introduced commercially in the United Kingdom
by Marks and Spenser in 1979 for the packaging of retail cuts o
meat. Soon after, MAP was extended to bacon, ham,�sh (both
fresh and cured), and cooked shell�sh. MAP is widely used now
to package a wide range of fresh or chilled foods, including raw
and cooked meats and poultry,�sh, cheese, fresh pasta, frui
and vegetables, coffee, tea, and bakery products. MAP does n
signi�cantly increase the shelf life of every type of food (i.e.
olives or cured products). In the latter case, processing such a
curing already provides an extension of shelf life as compared
with the raw product. In the case of raw or slightly processed
meat, poultry and �sh products, and fruit and vegetables, MAP
is effective only at chilling temperatures. In cases involving
bakery product, nuts, coffee, and tea, MAP is also effective
higher temperatures (i.e., room temperature).
n

Gases Used in MAP

The main gases used in MAP are oxygen, nitrogen, and carbo
dioxide, although carbon monoxide, sulfur dioxide, and
ethylene also have been used successfully in speci�c applica-
tions. Oxygen, nitrogen, and carbon dioxide are used in
1012 Encyclopedia of Food
different combinations depending on the nature of the product
and the speci�c needs of the consumer. The choice depends o
the type of microbial �ora capable of growing on the product,
the sensitivity of the product to oxygen and carbon dioxide,
and color stability requirements.
Oxygen

Oxygen has several different functions in foods. In the presenc
of oxygen, myoglobin (the red pigment of meat) is maintained
in its oxygenated form (oxymyoglobin), which gives meat its
characteristic bright red color. It is for this reason that fresh
meats are packaged in high (70–80%) oxygen atmospheres.
Oxygen also controls microbial growth. Generally, it enhances
the growth of aerobic bacteria and molds while inhibiting the
growth of anaerobes. High oxygen atmosphere concentrations
also cause the development of rancidity in high-fat products,
such as fatty�sh, bacon, nuts, and so on. Such products usually
are packaged in the absence of oxygen (i.e., 35% CO2, 65% N2)
in the case of bacon.

Low levels of oxygen on the other hand (<.5%) result in
discoloration of meat due to the formation of brown –gray
metmyoglobin, the oxidized form of myoglobin. Such condi-
tions also restrict aerobic bacterial growth and favor the growth
of anaerobes includingClostridium botulinum, introducing food
safety considerations.
Nitrogen

Nitrogen is an inert gas used to replace air in oxygen sensitiv
packaged products, such as coffee, nuts, and so on, and also
a �ller to prevent package collapse. Such a phenomenon occur
in meat packaged under high–carbon dioxide concentrations
due to the high solubility of CO 2 in the meat tissue. Nitrogen
also is used to inhibit the growth of aerobic microorganisms.
Carbon dioxide

Carbon dioxide is the principal antimicrobial factor in MAP. It
is both bacteriostatic and fungistatic. The exact mechanism o
action of CO2 remains unknown; it has been shown, however,
that CO2 increases the lag phase as well as the generation tim
during the logarithmic phase of growth of microorganisms.
Microbial growth is reduced at higher CO2 concentrations
(>20%). This effect is enhanced at reduced storage temper
tures. Carbon dioxide dissolves both in the aqueous and fatty
phase of the food product forming carbonic acid, which in
turn, through ionization, reduces the pH inhibiting microbial
growth. Not all microorganisms, however, are sensitive to
carbon dioxide (i.e., lactic acid bacteria (LAB),Clostridium
perfringens, and C. botulinum). Other mechanisms of bacterio-
static action of carbon dioxide include alteration of cell
membrane function, inhibition of enzyme activity, penetration
of membranes resulting in intracellular changes of pH, and
changes in physicochemical properties of proteins.
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00432-8

http://dx.doi.org/10.1016/B978-0-12-384730-0.00432-8
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Carbon dioxide is most effective in foods where the normal
spoilage� ora consists of aerobic Gram-negative psychrotrophi
bacteria (i.e., Pseudomonasspp.). The shelf life and safety of
MAP foods are in� uenced by several factors, including the
nature of the food, the composition of gases within the
package, the gas permeability of the packaging material, an
storage temperature.

MAP and VP function principally through the inhibition of
fast-growing aerobes that otherwise would quickly spoil
perishable products. Obligate and facultative anaerobes, suc
asClostridiumspp. and Enterobacteriaceae, respectively, are le
affected by MAP. Thus, the ability to keep product quality is
improved, but there is generally a small effect on most path-
ogens once they contaminate the food product. MAP also
controls the rate of fresh produce respiration and the rate o
chemical oxidation through the reduction of the oxygen
concentration within the package.

Most packaging materials used in MAP applications should
havegoodbarrierproperties toward oxygenand water and should
provide ease and quality of seal. Laminated or coextruded
multilayer materials mostly are used today in MAP. Such multi-
layered structures contain polyethylene as the inner therma
sealing layer, whereas the outer layer is PET or PA. In cases
which a truly high-barrier material is required, either poly-
vinylidene chloride or ethylene vinyl alcohol are used. Such
materials have an oxygen permeability (PO2) < 10 cm3

O2 24 h� 1 m� 2 atm� 1 compared with low density polyethylene
(LDPE) (PO2 > 5000 cm3 O2 24 h� 1 atm� 1). In less demanding
MAP applications, PA or PET (PO2 ¼50–150 cm3 O2

24 h� 1 m� 2 atm� 1) may be used. PCO2 is usually four tosix times
higher than PO2 for a given material.
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MAP Applications

Meat

Fresh Meat
Aerobic storage of chilled red meats produces a high redo
potential at the meat surface for the growth of psychrotrophic
aerobes. Nonfermentative Gram-negative rods grow mor
rapidly under such conditions and soon dominate the spoilage
micro� ora that develops. Principal genera involved include
Pseudomonas, Acinetobacter, and Psychrobacterwith Pseudomona
spp. (Pseudomonas� uorescens, Pseudomonas fragi) predominat-
ing. Psychrotrophic Enterobacteriaceae (Serratia liquefaciens
Enterobacter agglomerans), LAB, and Gram-positiveBrochothrix
thermosphactaaccount for a minor component of the spoilage
micro� ora. MAP and VP change the meat micro� ora and the
pro� le of spoilage. In MAP containing elevated levels of both
CO2 and O2, the growth of the pseudomonads is restricted by
the CO2, whereas high levels of O2 maintain the bright red
color of oxygenated myoglobin (oxymyoglobin) of meat.
Heterofermentative LAB (genera:Lactobacillus, Carnobacteriu,
and Leuconostoc) may be more numerous due to the stimulatory
effect of O2 on their growth. Brochothrix thermosphactaand the
Enterobacteriaceae also may be important. Today, in so-calle
high-oxygen MAP, a mixture of 75–80% O2, 20–25% CO2 is
used for the retail packaging of fresh meat. In low-oxygen MAP
air is largely displaced by CO2 with or without N 2. Shelf-life
extension in this case is similar to that achieved by VP. Unde
conditions of reduced O2 concentration, red meat rapidly
discolors due to the formation of metmyoglobin. Thus, low O 2

MAP is seldom used for the retail packaging of red meat (beef
lamb). An atmosphere containing �70% O 2, �10% CO 2, the
balance being nitrogen, will maintain beef in fresh condition
for approximately 15 days at 4� C. On the other hand,
regarding white meats, it has been reported that wholesale
primal pork loins stored at 100% CO2 at 0 � C have a shelf life
of approximately 3 months.

Spoilage of VP meat is characterized by the development o
sour, acid odors, which are far less objectionable than the putrid
odors of aerobically stored spoiled meat. Sour-acid odors are
produced by LAB. In high (pH > 6) VP meat, Shewanella
putrefaciens, which cannot grow in normal pH meat, and
psychrotrophic Enterobacteriaceae can grow producing high
concentrations of H2S giving meat an objectionable odor. In VP
meat, psychrophilic, anaerobicClostridiumspp. also is associated
with meat spoilage. Food pathogens isolated from fresh mea
include Aeromonas hydrohila, Yersinia enterocolitica, Listeria m
cytogenes(T � 5 � C), Campylobacterspp., Escherichia coliserotype
O157:H7 (ground meat), C. botulinum, and Salmonellaspp.

Processed Meats
The processed meats category includes cured, smoked, a
cooked meats. In processed meats, the pseudomonads usual
do not cause spoilage because of their sensitivity to curing and
heat treatment. LAB are mainly associated with the spoilage o
such meat products. In cured meat products, sodium chloride,
sodium nitrite, or sodium nitrate are added to react with
myoglobin. Nitrites or nitrates reduced to nitrites rapidly
convert myoglobin to metmyoglobin. Nitric oxide originating
from NaNO 2 or NaNO3 reacts with metmyoglobin to form
nitrosyl metmyoglobin. This, in turn, is reduced by various
reducing sugars to nitrosylmyoglobin, which is responsible for
the attractive red color of cured meats. Upon heating, nitro-
sylmyoglobin is denatured to nitrosylhemochrome, which is
responsible for the pink color of cooked cured meats. In the
presence of oxygen, both nitrosylmyoglobin and nitro-
sylhemochrome are rapidly oxidized to metmyoglobin. To
inhibit color changes in cured meat products, a lower level of
available O2 than that required to shift the microbial pop-
ulation from aerobic to anaerobic is required. Cured hams
undergo a different type of spoilage from that of fresh or
smoked hams due to the use of curing solutions containing
sugars, which are fermented by the natural� ora of the ham and
also by microorganisms such as the lactobacilli pumped into
the product along with the curing solution. In smoked meat
products, smoke inhibits microbial growth, retards fat oxida-
tion, and imparts a distinct � avor to the product. Cooked meat
products include cooked ham, roast beef, corned beef
luncheon meat, and emulsion-type sausages. VP roast be
maintains its quality for 3 weeks stored at 4� C. In studies with
sliced roast beef stored under MAP with 30, 50, or 70% CO2 in
N2 at 4.4 � C, a predictable lactic acid micro� ora developed
during storage. Recommended gas mixtures for cooked an
cured meat are 10% O2, 75% CO2, 15% N2, and 0% O2,
20–50% CO2, 50–80% N2, respectively. Food pathogens iso
lated from processed MA-packaged meats includeStaphylo-
coccus aureus, Bacillusspp.,L. monocytogenes, C. botulinum, E.
O157:H7, and Salmonellaspp.
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Poultry and Eggs

Poultry
Raw poultry meat is a perishable commodity of relatively high
pH (5.7–6.7), readily supporting the growth of microorgan-
isms when stored under chilled temperatures. The main
spoilage microorganisms in poultry meat are the same as thos
in meat but also H2S-producing bacteria, includingS. putrefa-
ciensand Acinetobacterspp.

The main pathogens associated with poultry meat are
Salmonellaspp., Staph. aureus, Campylobacter jejuni, L. mo
cytogenes, and Aeromonas hydrophila(T¼10 � C). During storage
at 1 � C in either an oxygen permeable� lm or vacuum packs, an
extension of shelf life from 16 to 25 days, in the case of breas
� llets, and from 14 to 20 days for drumsticks was observed
Atmospheres containing at least 20% CO2 substantially retard
the growth of total mesophiles as compared with air.

Use of an atmosphere containing 100% CO2 markedly
reduces the growth rate of microorganisms, whereas the growt
rate in 20% CO2 is only slightly less than that in vacuum packs.
MAP atmospheres containing 80% CO2 provide a shelf life
between 4 and 6 weeks depending on storage temperature
Recommended gas mixtures for poultry include either 0%
O2, 25–30% CO2, and 70–75% N2 or 5–10% O2, 60–75%
CO2, and >20% N 2. Concerning the safety of MA-packaged
chicken, problems may be caused besidesSalmonellaspp. by
C. jejuni, which may survive better in an MA-packaged product
and by L. monocytogenes, E. coliO157:H7, Campylobacterspp.,
and A. hydrophila, which may grow to high numbers during
extended storage.

Eggs
Factors associated with the loss of shell egg quality are time
temperature, and humidity. The main spoilage microorganisms
in eggs belong to the generaPseudomonas, E. coli, Proteus, A
ligenes, Flavobacterium, Enterobacter, and Aeromonas. The main
pathogens associated with eggs areSalmonellaspp. Salmonellae
cannot penetrate the shell and grow below 10� C. At tempera-
tures between those of a traditional cold room for eggs (15� C)
and the newly laid egg (40� C), salmonellae can penetrate the
egg shell and grow.Salmonella enteritidismultiplies rapidly at
elevated storage temperatures reaching populations of 109 cfu
per egg in only 24 h. The highest incidence of outbreaks o
salmonellosis occurs in the summer months when eggs, i
unrefrigerated, are subject to higher ambient temperatures.

During the storage of eggs, the pH of egg albumen increase
from 7.6 to a maximum of 9.7 due to loss of CO2 through the
pores in the shell. Refrigeration, coating of the shell with
mineral oil, and MAP in a CO2 atmosphere are used to increas
product shelf life. A comparative study evaluating the shelf life
of fresh shell eggs stored at room temperature with four
different treatments (unpackaged, packaged in air, package
under MA with 15% CO2, and coated with mineral oil) showed
that MAP was the most ef�cient method for preserving eggs for
7 weeks. Recommended gas mixtures for the preservation o
eggs include 0% O2, 15–20% CO2, and 80–85% N2.

Seafood

Although muscles and internal organs of freshly caught� sh
are sterile, the skin, gills, and intestines carry substantia
-

-

numbers of bacteria. Skin contains bacterial populations of
102–107 cfu cm� 2 and gills and guts 103–109 cfu g� 1. These are
mainly Gram-negative genera ofPseudomonas, Shewanella, Aci
netobacter, Psychrobacter, Vibrio, Flavobacterium, and Cytophaga.
Of the Gram-positive bacteria, corynebacteria and micrococc
occur. Pathogens associated with� sh include Vibrio cholerae
Vibrio parahaemolyticus, C. botulinumE type, and enteric viruses
Fish spoilage under aerobic conditions is mainly due to the
activity of Gram-negative rods also encountered in mea
spoilage, particularly Pseudomonasspp. but also Shewanella
putrefaciens. The micro� ora of � sh from tropical waters is
composed of similar types of microorganisms although the
proportion of Gram-positive bacteria and Enterobacteriaceae
tends to be slightly higher. During the � rst 4–6 days of storage
at 0 � C, the autocatalytic enzyme reactions predominate, afte
which, the product’s bacterial activity becomes increasingly
evident, resulting in the formation of highly objectionable
odors, � avors, and slime formation. MAP restricts the growth of
the pseudomonads and favors the growth of LAB andPhoto-
bacterium phosphoreum. Dried and salted � sh are spoiled by
molds. In the absence of oxygen (MAP), mold growth is
restricted. In unsalted� sh, spores ofC. botulinumand bacilli
may survive and grow under MAP conditions. The� rst of these
organisms (nonproteolytic C. botulinum) accounts for the
greatest concern in� sh MAP applications.

Recommended gas mixtures for white, low-fat� sh include
30% O2, 40% CO2, and 30% N2. Respective values for fatty� sh
are 0% O2, 40% CO2, and 60% N2.

The microbial � ora of shell� sh re� ects the waters and
procedures of harvesting. Mollusks differ from crustaceans an
nonfatty � sh in having a signi� cant content of carbohydrate
(glycogen) and a lower total quantity of nitrogen in their � esh.
Thus, spoilage of molluscan shell� sh is largely fermentative.
Through the metabolism of LAB, the pH drops from an initial
value of 5.9–6.2 in fresh mollusks to less than or equal to 5.5 in
spoiled mollusks. In MAP seafood, the normal spoilage bacteria
causing off-odors and -� avors are inhibited and microorgan-
isms such as LAB eventually predominate. Microorganisms suc
as streptococci and lactobacilli, less affected by CO2, grow more
slowly than normal aerobic spoilage bacteria. These microor
ganisms cause less noticeable and less offensive sensory chan
as compared with aerobic bacteria, the net result being
a substantial extension in product shelf life under MAP. Due to
the fact that seafood contains much lower levels of myoglobin,
higher levels of CO2 may be used before discoloration becomes
a problem. Both VP and MAP suppress the normal spoilage� ora
extending the shelf life of seafood. Under such conditions, the
potential for outgrowth of C. botulinumand toxin production
exists during storage.Clostridium botulinumis insensitive to CO2

and will grow under anaerobic conditions before the develop-
ment of objectionable sensory changes.

If MAP � sh are held at high refrigeration temperatures
(>10 � C) no strong spoilage sensory signals develop befor
C. botulinumtoxin production. The shelf life of MAP seafood
products ranges between 10 days and 14 days.
Dairy Products

Hard and semihard cheeses have a low moisture conten
(<50%) and a pH w 5, which limits the growth of some
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PACKAGINGj ModiÞed Atmosphere Packaging of Foods 1015
microorganisms. Some coliforms and clostridia that cause late
gas blowing can grow under these conditions along with
several species of molds. Soft cheeses with a higher pH 5.0–6.5
and a moisture content of 50–80% may be spoiled by the
generaPseudomonas, Achromobacter, Alcaligenes, Flavobac,
and Bacillus. Clostridium sporogeneshas been isolated from
processed cheese where it produces gas holes and off-� avors.
The pseudomonads cause bitterness, putrefaction and ranc
odors, liquefaction, gelatinization of the curd, slime, and
mucous formation on cheese surface.Alcaligenesspp. produce
ropineness, sliminess, and poor� avor in cheese.Bacillusspp.
cause bitterness and proteolytic defects.

Yeasts (Pichia spp., Candida spp., Yarrowia lipolytica, Geo-
trichum candidum, Kluyveromyces marxianus, and Debaromyce
hansenii) and molds ( Penicillium, Aspergillus, Cladosporiu
Mucor, Fusarium, Monilinia, and Atternaria) are the main
spoilage organisms of cheeses stored aerobically. MAP restric
the growth of all aerobic microorganisms. Yeasts and molds
produce off-� avors and -odors, gas and slime, and chees
surface discoloration.

Recommended gas mixtures for the packaging of har
cheese include 70–80% CO2 and 20–30% N2. Grated cheese
usually is packaged in 100% N2 or 30% CO2 and 70% N2. Soft
ricotta-type cheeses usually are packaged in 60% CO2/40% N 2

or 40% CO2/60% N 2.
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Bakery Products

Molds are the primary spoilage organisms in baked goods with
Aspergillus, Penicillium, and Eurotiumbeing the most commonly
isolated genera. Freshly baked bread does not contain viabl
molds but soon becomes contaminated upon exposure to air.
MAP restricts aerobic mold growth. Bacillusspores are heat
resistant and can survive baking in the interior of the bread
loaves and then can germinate and grow as the bread cools.

Some strains (Bacillus subtilis) cause the defect called‘ropi-
ness’, a soft sticky texture in bread. Higher sugar content and
low aw of cakes also favor the growth of molds over other
spoilage microorganisms, but some species of yeasts an
bacteria (Bacillus and Pseudomonas) may attack cakes. MAP
restricts most of the aerobes responsible for spoilage. Sever
bakery products of high water activity (aw > .85) have been
implicated in foodborne illnesses involving Bacillus cereus
L. monocytogenes, Salmonellaspp., and C. botulinum (high-
moisture bakery products packaged under MA). For baker
products with an aw>.86 the Penicilliumgenus of molds plays
the most signi� cant role in mold-free shelf life. As aw falls
below this value, the Aspergillusgenus of molds predominate.
Aspergillusis more CO2 sensitive than thePenicilliumgenus in
certain high-aw bakery products. Shelf life often is limited by
the growth of yeasts or LAB rather than molds. Spoilage in this
case is in the form of visible growth or package swelling due to
CO2 production.

Of particular importance is the � lamentous yeast Pichia
burtonii, which produces a white powdery growth on the surface
of whole-grain bread. LAB (Leuconostoc mesenteroides) has been
found responsible for the spoilage of gas-packaged crumpet
MAP of bread is rather common. At a concentration of 50%
CO2 the mold-free shelf life of bread doubles. At a concentra-
tion of 100% CO 2, the shelf life of prebaked bread may
ium

increase to 20 days. In experimental sponge cakes, no fung
growth was observed for up to 28 days at 25� C when samples
were packaged with 100% CO2, regardless ofaw level. Crum-
pets containing .07% potassium sorbate and packaged unde
50% CO2, 50% N2 have a shelf life of 14 days at room
temperature. Using a mixture of 60% CO2, 40% N2, a shelf life
of 30 days is attained if the temperature is kept below 24� C.
The integrity of the packaging material is especially important
for bread products, as any leakage can cause oxygen to enter t
package resulting in mold growth.

Recommended gas mixtures for bakery products include
either 100% CO2 or 100% N2. Pita bread has a shelf life of
14 days if packaged under MAP (73% CO2, 27% N2). After
14 days, yeast growth terminates product shelf life. Biscuit
have low water activity values (.15–.20) and hence necessitate
the use of high-moisture barrier packaging materials.

The microbiological quality and thus shelf life of fresh pasta
products will depend on the quality of raw materials, hygiene
of the processing environment and equipment, and also
handling, packaging, and distribution. A typical gas composi-
tion for the MAP of fresh pasta includes 100% N2 or 70–80%
CO2 and 20–30% N2. Such a product has a shelf life of 4 weeks
at 4 � C.
Fruit and Vegetables

Fruit and vegetables continue to respire after harvesting. During
respiration, oxidation of energy-rich organic substrates, such a
starch, sugars, and organic acids takes place leading to th
formation of CO 2 and H2O with the concurrent production of
energy. If hexose sugar is used as the substrate, respiration c
be expressed by the following reaction:

C6H2O6 þ 6O2/ 6CO2 þ 6H2O þ Energy [1]

The rate of respiration is a good index of storage shelf life o
fruit and vegetables– that is, the higher the rate the shorter the
storage life.

Consideration of reaction [1] suggests that partial removal
of oxygen or the addition of CO2 would result in a lower rate of
sugar oxidation expressed as an extended product shelf life
This accounts for the basis of MAP for fresh produce. Currently
both CAP and MAP are being used for the preservation o
horticultural commodities. A key parameter for successfu
MAP applications, besides maintaining a low temperature, is
selecting a polymer� lm with the appropriate oxygen perme-
ability. This is directly related to the respiration rate of the
speci�c commodity studied – for example, onions, cabbage,
and tomatoes have substantially lower respiration rates than
green beans, mushrooms, spinach, lettuce, and peas and thu
require a polymer � lm with a substantially lower oxygen
permeability than the latter vegetables.

Ethylene is another key factor controlling ripening. Fruit
with moderate to very high ethylene production rates generally
are classi� ed as climacteric. When climacteric fruit are expose
to ethylene during their preclimacteric stages, the time required
to start the climacteric rise in respiration is shortened. When
nonclimacteric plant tissues are exposed to ethylene, a climac
teric rise in respiration is induced proportional to the ethylene
concentration. Respiration rates return to their pretreatment
levels when ethylene is removed. Nonclimacteric fruit and
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vegetables can bene� t from reduced ethylene sensitivity and
a lower respiration rate attributed to MAP.

Reducing the oxygen concentration to less than 10%
controls respiration, slowing down senescence. Oxygen
however, must be always available to maintain aerobic respi
ration. Otherwise anaerobic respiration of the produce will
result to the accumulation of ethanol, acetaldehyde, and
organic acids with deterioration of sensory properties. As
a general rule of thumb, MAP of fruit and vegetables utilize
3–8% O2, 2–5% CO2, and 87–95% N2 (i.e., a combination 5%
CO2 and 93% N2 will reduce by 10-fold the respiration rate of
broccoli � orets). The acceptability of fruit and vegetables by
consumers is related to the growth of aerobic micro� ora.
Temperature is also a key factor determining respiration rates o
fruit and vegetables. In most cases, maintaining temperature
below 10 � C will signi � cantly increase product shelf life. The
most common pathogens causing rot in harvested vegetable
are fungi such asAlternaria, Botrytis, Fusarium, Aspergillus, P
cillium, and Rhizopusand the generaErwinia (E. carotovora),
Pseudomonas,Xanthomonas, and LAB. The majority of these can
invade damaged tissue such as bruised cells. Acidic fruit tissu
generally is attacked and rotted by fungi (Penicillium, Botrytis
Rhizopus, Monilinia, Sclerotinia) while vegetables having a tissue
pH above 4.5 are more commonly attacked by bacteria (Erwi-
nia, Xanthomonas).

Other bacterial pathogens of public hygiene concern in
vegetable includeC. botulinumtype A isolated from vacuum-
packed potatoes or MA-packaged mushrooms and vegetab
salads; L. monocytogenesisolated from unpacked and MA-
packaged celery, tomatoes, lettuce, coleslaw, and shredde
cabbage;Y. enterocoliticaand A. hydrophilaassociated with both
unpacked and MA-packaged vegetables. Fruit, due to the
lower pH, usually are not spoiled by bacteria.

Recommended MA for storage of fruit include 1–2% O2 and
3–5% CO2 for kiwi fruit, peaches, and nectarines; 2–5% O2 and
1–10% CO2 for grapes, apricots, bananas, avocados, mango
papayas, and pineapples; 4–10% O2 and 0–20% CO2 for
oranges, grapefruit, cherries,� gs, blueberries, raspberries, and
strawberries; 1–3% O2 and 0–10% CO2 for lettuce, radish,
artichokes, cauli� ower, cabbage, beans, brussels sprouts, an
broccoli; 3–5% O2 and 0–10% CO2 for peppers and tomatoes;
7–10% O2 and 5–10% CO2 for spinach and parsley; and
11–20% O2 and 8–13% CO2 for okra, mushrooms, and
asparagus.
-

See also:Bread:Bread from Wheat Flour;Chilled Storage of
Foods:Principles*; Food Packaging with Antimicrobial
Properties;Fish:Spoilage of Fish; Spoilage of Meat;Spoilage
Problems:Problems Caused by Bacteria;Spoilage Problems:
Problems Caused by Fungi; Advances in Processing
Technologies to Preserve and Enhance the Safety of Fres
Fresh-Cut Fruits and Vegetables; Active Food Packaging
Packaging:Controlled Atmosphere; Active Food Packagin
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Packaging is intended to protect foods against environmenta
invasion. Among the many external variables that may
adversely affect foods are an excess or de�ciency of moisture,
oxygen, dirt, humans (through tampering), dust, animals,
insects, and microorganisms. Packaging and processin
are increasingly becoming integrated with each other; an
example is canning, which is really a packaging and therma
preservation operation in which the can, its product contents,
the �lling temperature, air removal, closure, heating, cooling,
and distribution must be an uninterrupted continuum, or else
preservation is not effected.

More traditional preservation processes, such as drying an
freezing, do not necessarily require close relationships betwee
the product, process, and packaging; the process and th
packaging may be separate and the preservation effect still wi
be achieved. In contrast, in preservation processes, such
thermal pasteurization, modi�ed-atmosphere packaging
aseptic packaging, retort pouch, and tray packaging, it i
necessary to integrate all the elements to ensure the optimum
preservation of the contained foods. For example, in aseptic
packaging, preservation is achieved by sterilization of the
product independently of the package, and the packaging
equipment and assembly environment therefore must be sterile
to exclude microorganisms from the ultimately hermetically
sealed package. It is essential that the operations be connect
by sterile linkages and that no microorganisms are permitted to
contaminate any element.

For these reasons, it has become increasingly important tha
the packaging be incorporated into the system if the objectives
of delivering safe and high-quality food are to be achieved.

To understand fully the role of packaging in food preser-
vation, it is perhaps instructive to offer a few de�nitions.
‘Packaging’ is a term describing the totality of containment for
the purpose of protecting the food contents and includes the
package material, its structure and the equipment that marries
the package structure to the food. Package materials are th
components that constitute the structures usually known as
packages or containers. Package materials are no longer sing
elements but rather are composites of several different mate
rials. In addition, new forms of packaging increasingly are
replacing the traditional cans, bottles, jars, cartons, and cases
o

r-

t
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Preservation Requirements of Common Food
Categories

Meats

Fresh Meat
Most meat offered to consumers is freshly cut, with little
further processing to suppress the normal microbiological
�ora present from the contamination received during the killing
and breaking operations required to reduce carcass meat t
edible cuts. Fresh meat is highly vulnerable to microbio-
logical deterioration from indigenous microorganisms. These
Encyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
microorganisms can range from benign forms, such as lactic aci
bacteria or slime-formers, to proteolytic producers of undesirable
odors and pathogens, such asEscherichia coliO157:H7. The major
mechanisms that retard fresh meat spoilage are temperatur
reduction to (or near) the freezing point and a reduced oxygen
atmosphere during distribution to retard microbial growth.
Reduced oxygen levels could provide conditions for the expres
sion of pathogenic anaerobic microorganisms, a situation usually
obviated by the presence of competitive spoilage organisms
Reduced oxygen levels also lead to the color of fresh mea
being the purple of myoglobin; exposure to air converts the
natural meat pigment to the bright cherry-red oxymyoglobin
characteristic of most fresh meat offered to and accepted b
consumers in industrial societies. Reduced oxygen packagin
is achieved through the mechanical removal of air from the
interiors of gas-impermeable multilayer �exible material
pouches closed by heat-sealing the end after�lling.

Ground Meat
About 40% of fresh beef is offered in ground or minced form
to enable the preparation of hamburger sandwiches and
related foods. Ground beef was originally a by-product– that
is, the trimmings from reducing muscle to edible portion
size. The demand for ground beef is now so great that som
muscle cuts are ground speci�cally to meet the demand.
Grinding the beef further distributes the surface and below-
surface micro�ora and thus provides a rich substrate for
microbial growth even under refrigerated conditions. Rela-
tively little pork is reduced to ground fresh form; however,
increasing quantities of poultry meat are being comminuted
and offered fresh to consumers, both on its own and as
a cheaper substitute for ground beef. The major portion of
ground beef is ground coarsely at abattoir level and package
under reduced O2 levels for distribution at refrigeration
temperatures to help retard microbiological growth. The
most common packaging technique is pressure-stuf�ng into
chubs, which are tubes of�exible gas-impermeable materials
closed at each end by tight-�tting metal clips. Pressure-
stuf�ng the pliable contents forces most of the air out of
the ground beef, and because there is no head-space withi
the package, little air is present to support the growth of
aerobic spoilage microorganisms, such asLactobacillusand
Leuconostocspp. At the retail level, the coarsely ground beef is
ground �nely to restore the desirable oxymyoglobin red color
and to provide the consumer with the desired product.

In almost all instances, the retail cuts and portions are
placed in expanded polystyrene (EPS) trays, which are ove
wrapped with plasticized polyvinyl chloride (PVC) �lm. The
tray materials are resistant to fat and moisture to the exten
that many trays are lined internally with absorbent pads to
absorb the purge from the meat as it ages or deteriorates in th
retail packages. Because of the prognosis, the PVC materia
are not sealed but rather are tacked so that the somewha
water-vapor-impermeable structure does not permit loss of
78-0-12-384730-0.00244-5 1017
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1018 Packaging of Foods
signi� cant moisture during short refrigerated distribution.
Being a poor gas barrier, PVC� lm permits the access of air and
hence the oxymyoglobin red color is retained for the short
duration of retail distribution.

Case-Ready Meat
For many years, attempts have been made to shift the reta
cutting of beef and pork away from the retailer’s back room and
into centralized factories. This movement has been stronger in
Europe than in the United States, but some action has been
detected in the latter country in the wake of theE. coliO157:H7
incidents. Case-ready retail packaging in the United Kingdom
where the practice is relatively common, involves cutting and
packaging meat under extremely hygienic conditions to reduce
the probability of microbiological contamination beyond that
of the indigenous micro� ora. Packaging is usually in a gas
barrier structure, typically a gas–moisture barrier foam poly-
styrene trays heat-sealed with polyester gas-barrier� lm. The
internal gas composition is altered to a high content of O2 (up
to 80%) and of CO2 (up to 30%), with the remainder (if any)
being nitrogen as a� ller gas to ensure against package collaps
arising from internal vacuum formation. The high O2 concen-
tration fosters the retention of the oxymyoglobin red color
preferred by consumers, while the elevated CO2 level
suppresses the growth of aerobic spoilage microorganisms
Using this or similar technologies, refrigerated microbiological
shelf lives of retail cuts may be extended from a few days to a
much as a few weeks, permitting long-distance distribution, for
example, from a central factory to a multiplicity of retail
establishments. One thesis favoring the centralized packagin
of ground beef is that the probability of the presence ofE. coli
O157:H7 is reduced. On the other hand, if the pathogen is
present at the central location, the probability of it being
spread among a number of retailers is increased greatly
Nevertheless, the use of central factories, which probabl
would be under federal government supervision in the United
States, and certainly under technical supervision, would
increase the probability of the emerging packaged meat being
microbiologically safe.

Alternative packaging systems for case-ready beef an
pork include the ‘master bag’ system used widely for freshly
cut poultry (see Poultry section) in which retail cuts are
placed in conventional PVC� lm –overwrapped EPS trays and
the trays are multipacked in gas-barrier pouches whos
internal atmospheres are enhanced with CO2 to retard the
growth of aerobic spoilage microorganisms. Another popular
system involves the use of gas-barrier trays with heat-se
closure using � exible gas and moisture barrier materials
Conventional non-gas-barrier trays such as EPS may b
overwrapped with gas–moisture barrier � exible � lms subse-
quently shrunk tightly around the tray to impart an attractive
appearance. Other systems, all of which involve the remova
of O2, include vacuum skin packaging in which a � lm is
heated and draped over the meat on a gas–moisture barrier
tray. The � lm clings to the meat so that no head-space
remains, with the result that the meat retains the purple
color of myoglobin. In one such system, the drape� lm is
a multilayer whose outer gas-barrier layer may be removed
by the retailer, exposing a gas-permeable� lm that permits
the entry of air, which reblooms the pigment and restores the
desired color. Variations on this double � lm system include
packaging systems in which the� lm is not multilayer but is
composed of two independent � exible layers, the outer being
impermeable to gas and moisture and the inner layer being
gas permeable to permit air entry to restore the red color. In
all instances, the microbiological shelf life is extended by
reduced temperature plus reduced O2 levels, which inciden-
tally or intentionally may be enhanced by elevated CO2

concentration.

Processed Meat
Longer term preservation of meats may be achieved by curing
using agents such as salt, sodium nitrite, sugar, seasoning
spices, and smoke, and by processing methods such a
cooking and drying. These treatments alter the water activity
add antimicrobial agents, provide a more stable red color, and
generally enhance the� avor and mouth feel of the cured
meats. Cured meats often are offered in tubular or sausag
form, which means that the shape is dictated by the tradi-
tional process and consumer demand. Because of the adde
preservatives, the refrigerated shelf life of processed meat
generally several times longer than that of the fresh meat
Because cured meats are not nearly so sensitive to oxyg
variations as fresh meat, the use of reduced O2 atmospheres to
enhance the refrigerated shelf life is quite common. The O2
reduction may be achieved by mechanical vacuum, inert ga
� ushing, or a combination of methods. Because the condi-
tions have been changed to obviate the growth of anaerobic
pathogenic microorganisms, reduced oxygen conditions
generally are effective in retarding the growth of aerobic
spoilage microorganisms.

The containers for reduced O2 packaging of cured meats
are selected from a multiplicity of materials and structures
depending on the protection required and the marketing
needs: Frankfurters generally are sold in twin web vacuum
packages in which the base tray is an in-line thermoformed
nylon–polyvinylidene chloride (PVDC) web and the closure
is a heat-sealed polyester (PET)/PVDC� exible material. Sliced
luncheon meats and similar products are packed in thermo-
formed unplasticized PVC or polyacrylonitrile trays, heat-sea
closed with PET/PVDC. Sliced bacon packaging employs on
of several variations of PVDC skin packaging (in contact with
the surface of the product) to achieve the oxygen barrier. Ham
may be fresh, cured, or cooked, with the cooking often per-
formed in the package. The oxygen barrier materials
employed are usually a variation of nylon/PVDC in pouch
form.

Poultry
Poultry meat is most commonly chicken, but turkey is
becoming an increasingly signi� cant category of protein.
Furthermore, chicken is increasingly penetrating the cured
meat market as a less expensive but nutritionally and func-
tionally similar substitute for beef or pork. Since the 1970s,
poultry processing in industrial societies has shifted into
large-scale, almost entirely automated killing and dressing
operations. In such facilities, the dressed birds are chilled in
water to near the freezing point, after which they usually
are cut into retail parts and packaged in case-ready form
EPS trays overwrapped with printed PVC or polyethylene� lm.
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Table 2 Ranges for bacterial growth

Organism pH range

Gram-negative bacteria
Escherichia coli 4.4–9.0
Pseudomonas ßuorescens 6.0–8.5
Salmonella typhimurium 5.6–8.0

Gram-positive bacteria
Bacillus subtilis 4.5–8.5
Clostridium botulinum 4.7–8.5
Lactobacillussp. 3.8–7.2
Staphylococcus aureus 4.3–9.2

Packaging of Foods 1019
The package is intended to appear as if it has been prepare
at the retailer’s location, but in reality it is only a moisture and
microorganism barrier. Individual retail packages, however
may be multipacked in gas-impermeable� exible materials to
permit gas � ush packaging, thus extending the refrigerated
shelf life of the fresh poultry products.

Poultry is especially susceptible to infection withSalmonella
spp., which are pathogenic in large quantities. Such organism
are not removed or destroyed by the extensive washing an
chemical sanitation of current poultry-processing plants,
merely reduced in numbers. Modi� ed-atmosphere packaging
has relatively little effect on Salmonellaand so refrigeration
during distribution is critical in the drive to avoid increasing
populations of this bacterium.

All meat products may be preserved by thermal sterilization
in metal cans or, less frequently, glass jars. The product is� lled
into the container, which is hermetically sealed, usually by
double-seam metal end closure (seeFigure 2). After sealing, the
cans are retorted to destroy all microorganisms present an
cooled to arrest further cooking. The metal (or glass) serves a
a barrier to gas, moisture, and microbes to ensure inde� nite
microbiological preservation. Cans or jars do not, however,
ensure against further biochemical deterioration of the
contents.
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Fish

Fish is among the most dif� cult of all foods to preserve in its
fresh state because of its inherent microbiological population,
many organisms of which are psychrophilic (i.e., capable of
growth at refrigerated temperatures). Furthermore, seafoo
may harbor a nonproteolytic, quasipsychrophilic anaerobic
pathogen,Clostridium botulinumtype E. The need to prolong the
refrigerated shelf life of fresh� sh suggests the application of
modi � ed-atmosphere packaging in which reduced O2 levels
and elevated CO2 levels are present (Table 1). A reduced O2

atmosphere, however, can permit the expression of type
botulinum, and for this reason, reduced O2 packaging for sea-
food is discouraged in the United States. This is not the situa
tion in Europe, where gas-barrier� exible and semirigid plastic
packaging similar to that described for case-ready fresh be
often is applied.

Packaging for fresh seafood is generally moisture resista
but not necessarily resistant against microbial contamination.
Simple polyethylene � lm is employed often as liners in
Table 1 Pathogens of concern in modi� ed-atmosphere-packaged
and vacuum-packaged foods

Psychrotrophs– growth at 3–4 � C
Listeria monocytogenes
Yersinia enterocolitica
Bacillus cereus
NonproteolyticClostridium botulinum

Pseudopsychrotrophs– growth at 7–8 � C
Escherichia coliO157:H7
Salmonellasp.

Mesophiles– growth at>10 � C
ProteolyticClostridium botulinum
corrugated� berboard cases. The polyethylene serves not on
to retain product moisture but also to protect the structural case
against internal moisture.

Seafood may be frozen, in which case the packaging i
usually a form of moisture-resistant material in addition to
a structure such as polyethylene pouches or polyethylene
coated paperboard cartons.

Canning seafood is much like that of meats as all seafoods
have a pH above 4.6 and thus require high-pressure cooking o
retorting to effect sterility in metal cans (Table 2).

One variation unique to seafood is thermal pasteurization,
in which the product is packed into plastic cans under
reasonably clean conditions, achievable in contemporary
commercial seafood factories. The� lled and hermetically
sealed cans are heated to temperatures of up to 80� C to effect
pasteurization to permit several weeks of refrigerated shelf life
The system is usually effective becauseC. botulinumtype E
spores are thermally sensitive and may be destroyed b
temperatures of 80 � C. To ensure against growth of other
pathogens that may grow at ambient temperatures, however
distribution at refrigerated temperatures is dictated.
r

g

Dairy Products

Milk
Milk and its derivatives are generally excellent microbiological
growth substrates and therefore are potential sources of path
ogens. For these reasons, almost all milk is pasteurized the
mally as an integral element of processing. Refrigerate
distribution generally is dictated for all products that are
pasteurized to minimize the probability of spoilage.

Milk generally is pasteurized and packaged in relatively
simple polyethylene-coated paperboard gable-top cartons o
extrusion blow-molded polyethylene bottles for refrigerated
short-term (several days to 2 weeks) distribution. Such
packages offer little beyond containment and avoidance of
contamination as protection bene� ts; they retard the loss
of moisture and resist fat intrusion. Newer forms of milk-
packaging incorporate reclosure, a feature that was missin
from the traditional gable-top cartons. Furthermore, modern
packaging environmental conditions have been upgraded
microbiologically to enhance refrigerated shelf life by pre-
sterilizing the equipment, shrouding, and using clean air.

An alternative, popular in Canada, employs polyethylene
pouches formed on vertical form, � ll, and seal machines and
are heat-sealed after� lling. This variant has been enhanced by
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1020 Packaging of Foods
reengineering into aseptic format, a system that has not becom
widely accepted. Pouch systems generally are less expens
than paperboard and semirigid bottles, but they are less
convenient for consumers. Little difference exists between th
three packaging systems from a microbiological perspective.

In some countries, aseptic packaging is employed to
deliver � uid dairy products that are shelf stable at ambient
temperatures. The most common processing technology i
ultrahigh-temperature short-time thermal treatment to ster-
ilize the product followed by aseptic transfer into the pack-
aging equipment. Three general types of aseptic packagin
equipment are employed commercially: vertical form,� ll, and
seal in which the paperboard composite material is sterilized
by high-temperature, high-concentration hydrogen peroxide
(removed by mechanics plus heat); erected preformed
paperboard composite cartons, which are sterilized by
hydrogen peroxide spray (removed by heat); and bag-in-box
in which the plastic pouch is presterilized by ionizing radia-
tion. The former two generally are employed for consumer
sizes, while the last is applied to hotel, restaurant, or institu-
tional sizes, largely for ice cream mixes. Fluid milk generally is
pasteurized, cooled, and� lled into bag-in-box pouches for
refrigerated distribution.

Cheese
Fresh cheeses such as cottage cheese fabricated from past
ized milk generally are packaged in polystyrene tubs o
polyethylene pouches for refrigerated distribution. Such
packages afford little microbiological protection beyond
acting as a barrier against recontamination– that is, they are
little more than rudimentary moisture loss and dust protec-
tors, but they are adequate because the distribution time is so
short. Enhancement of refrigerated shelf life may be achieve
by clean� lling or the use of a low-O2, high-CO2 atmosphere,
all of which retard the growth of lactic acid spoilage
microorganisms.

Fermented Milks
Fermented milks such as yogurts fall into the category of fresh
cheeses from a packaging perspective– that is, they are pack-
aged in polystyrene or polypropylene cups or tubs to contain
and to protect minimally against moisture loss and microbial
recontamination. Their closures are not hermetic and so ga
passes through both the closures and the plastic walls, an
microorganisms could enter after the package is opened
Because the refrigerated shelf life is short, however, fe
measures are taken from a packaging standpoint to lengthe
the shelf life. Clean packaging often is used to achieve sever
weeks of refrigerated shelf life. Aseptic packaging occasional
is used to extend the ambient temperature shelf life of these
products. Two basic systems are employed: one uses preforme
cups, and the other is thermoform,� ll, and seal. In the former,
the cups are sterilized by spraying with H2O2 and heating to
remove the residue before� lling and heat-sealing a � exible
closure to the� anges of the cups, which are impermeable to ga
and water vapor. In the thermoform, � ll, and seal method,
a sheet of multilayer barrier plastic sheet (usually polystyrene
plus PVDC) is immersed in H2O2 to sterilize it, air-knifed to
remove the residual sterilant, heated to softening, and formed
into cups by pressure. The web containing the connected cup
-

is within a sterile environment under positive pressure of sterile
air. The cavities are� lled with sterile product and a � exible
barrier material web, usually an aluminum foil lamination
(also sterilized by H2O2 immersion), is heat-sealed to the cup
� anges. Filled and sealed cups then pass through a sterile a
lock. These aseptic dairy packaging systems also may
employed for juices and soft cheeses.

Recently, aseptic packaging of dairy products has bee
complemented by ultraclean packaging on both preformed cup
deposit, � ll, and seal and thermoform, � ll, and seal systems. In
these systems, which are intended to offer extended refrigerate
shelf life for low-acid dairy products, the microbicidal treat-
ment is with hot water to achieve a four-dimensional (4D) kill
(i.e., four times the decimal reduction time) on the package
material surfaces. The same systems may be employed to ac
ieve ambient temperature shelf stability for high-acid products,
such as juices and related beverages.

Cured cheeses are subject to surface mold spoilage as well
to further fermentation by the natural micro � ora. These
microbiological growths may be retarded by packaging under
reduced O2 atmospheres which may or may not be com-
plemented by the addition of CO2. To retain the internal
environmental condition, the use of gas-barrier package
materials is commercial. Generally,� exible barrier materials
such as nylon plus PVDC are employed on horizontal� ow
wrapping machines or on twin web thermoform, vacuum, and
seal machines. On twin-web machines, the� at sealing web is
usually a variant of polyester plus PVDC. One problem is that
some cured cheeses continue to produce CO2 as a result of
fermentation, and so the excess gas must be able to escape fro
the package or else the package might bulge or even burs
Somewhat less gas-impermeable materials are suggested
such cheeses.

In recent years, shredded cheeses have been popularize
Shredded cheeses have increased surface areas that increase
probability of microbiological growth. Gas packaging under
CO2 in gas-impermeable pouches is mandatory. One feature o
all shredded cheese packages today is the zipper reclosu
which does not represent an outstanding microbiological
barrier after the package has� rst been opened.

Ice Cream
Ice cream and similar frozen desserts are distributed unde
frozen conditions and so are not subject to microbiological
deterioration, but the product must be pasteurized before
freezing and packaging. The packaging needs to be moistur
resistant because of the presence of liquid water before freezin
and sometimes during removal from refrigeration for
consumption. Water-resistant paperboard, polyethylene-
coated paperboard, and polyethylene structures are usuall
suf� cient for containment of other frozen desserts.
Fruit and Vegetables

In the commercial context, fruits are generally high-acid foods
and vegetables are generally low acid. Major exceptions ar
tomatoes, which commercially (not botanically) are regarded
as vegetables, and melons and avocados, which are low acid

The most popular produce form is fresh, and increasingly
fresh cut or minimally processed. Fresh produce is a living
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1022 Packaging of Foods
microbiological contamination after freezing, although the
polyethylene pouches are generally heat-sealed.

Canning of low-acid vegetables to achieve long-term
ambient temperature microbiological stability is the same
as for other low-acid foods, with blanching before placement
in steel cans (today all welded side-seam tin-free steel, with
some two-piece cans replacing the traditional three-piece
type), hermetic sealing by double-seaming and retorting
and cooling. Canned fruit generally is placed into lined
three-piece steel cans using hot-� lling coupled with post� ll
thermal treatment. Increasingly, one end is‘easy open’ for
consumer convenience. Newer techniques involve placing
fruit hot into multilayer gas- and moisture-impermeable tubs
and cups prior to heat-sealing with � exible barrier materials
and subsequent thermal processing to achieve ambien
temperature shelf stability or extended refrigerated tempera
ture shelf life. These plastic packages are intended to provid
greater convenience for the consumer as well as to commu
nicate that the contained product is not ‘overprocessed’like
canned food.

Tomato Products
The highly popular tomato-based sauces and pizza toppings
must be treated as low-acid foods if they contain meat, as so
many do. For marketing purposes, tomato-based products for
retail sale commonly are packed in glass jars with reclosabl
metal lids. The glass jars often are retorted after� lling and
hermetic sealing; major differences from the technique using
metal cans include counterpressured retorting and longer times
for heating and cooling, as the thick-walled glass is a therma
insulator.

Juices and Juice Drinks
Juices and fruit beverages may be hot-� lled or aseptically
packaged. Traditional packaging has been hot-� lling into steel
cans and glass bottles and jars. Aseptic packaging, describ
previously for paperboard composite cartons, is being applied
for polyester bottles using various chemical sterilants to effec
the sterility of the package and closure interiors. Much fruit
beverage currently is hot-� lled into heat-set polyester bottles
capable of resisting temperatures of up to 80� C without
distortion. Hermetic sealing of the bottles provides a microbi-
ological barrier, but the polyester is a modest oxygen barrie
and so the ambient temperature shelf life from a biochemical
perspective is somewhat limited.

Since the 1970s, high-acid� uid foods such as tomato pastes
and non-meat-containing sauces have been hot-� lled into
� exible pouches, usually on vertical form, � ll, and seal
machines. The hot-� lling generates an internal vacuum within
the pouch after cooling so that the contents are generally shel
stable at ambient temperature. Package materials are usual
laminations of polyester and aluminum foil with linear low-
density polyethylene (LLDPE) internal sealant; this resists the
relatively lengthy exposure to the high heat of the contents
during and immediately following � lling. The heat-seal is
hermetic. Some efforts have been made to employ transparen
gas- and water-vapor barrier� lms in the structures: polyester–
ethylene vinyl alcohol laminations with the same LLDPE
sealant. Transparent� exible pouches offer the opportunity for
the consumer to see the contents, and for the hotel, restauran
or institutional worker to identify the contents without needing
to read the label.
Other Products

A variety of food products that do not fall clearly into the meat,
dairy, fruit, or vegetable categories may be described a
‘prepared foods,’ a rapidly increasing segment of the industrial
society food market during the 1990s. Prepared foods are thos
that combine several different ingredient components into
dishes that are ready to eat or simply require heating. If the
food is canned, the thermal process must be suitable for the
slowest heating component, meaning that much of the product
is overcooked to ensure microbiological stability. If it is frozen,
the components are separate, but the freezing process reduc
the eating quality. The preferred preservation technology from
a quality retention or consumer preference perspective i
refrigeration.

Incorporation of several ingredients from a variety of sources
correctly implies many sources for microorganisms– aerobic,
anaerobic, spoilage, benign, and pathogenic. Where refrigera
tion is the sole barrier, microbial problems are minimized by
reducing the time between preparation and consumption to less
than 1 day (under refrigeration at temperatures above freezing
plus a nodding acknowledgment of cleanliness during prepa-
ration. As commercial operations attempt to prolong the quality
retention periods beyond same-day or next-day consumption,
enhanced preservation‘hurdles’ have been introduced. These
microbiological growth retardant factors include elevated salt or
sugar concentrations, reduced water activity, reduced pH to
minimize the probability of pathogenic microbiological growth,
selection of ingredients from reduced microbial count sources,
and modi � ed-atmosphere packaging. The last often is suggeste
as a potential stimulus for the growth of pathogenic anaerobic
microorganisms, because the multiple ingredient sources ca
almost ensure the presence ofClostridium spores, and the
reduced O2 low-acid conditions are common to the types of
products, such as potato salad and pasta dishes. Furthermor
distribution temperatures often may be in the 5 � C range or
higher.

Packaging for air-packaged prepared dish products general
is oriented thermoformed polystyrene trays with oriented
polystyrene dome closures snap-locked into position (i.e., no
gas, moisture, or microbiological barriers of consequence)
Refrigerated shelf life is measured in days. When the product i
intended to be heated for consumption, the base tray packaging
may be thermoformed polypropylene or crystallized polyester
with no particular barrier closure. For modi� ed-atmosphere
packaging, the tray material is a thermoformed, coextruded
polypropylene–ethylene vinyl alcohol with a � exible gas–
moisture barrier lamination closure heat-sealed to the tray
� anges. Refrigerated shelf life for such products may b
measured in weeks.

For several years, the concept of pasteurizing the content
vacuum packaging, and distribution under refrigeration has
been debated and commercially developed in both the United
States and Europe. The sous-vide technique is the most publ
cized process of this type. In sous-vide processing, the produc
is packaged under vacuum and is heat-sealed in an appropriat
gas- and water-vapor barrier� exible package structure, such a
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Packaging of Foods 1023
aluminum foil lamination. The packaged product is processed
thermally at less than 100� C to destroy spoilage microorgan-
isms and then chilled for distribution under refrigerated or (in
the United States) frozen conditions. The US option is to
ensure against the growth of pathogenic anaerobic microor
ganisms. A similar technology is cook-chill in which pumpable
products such as chili, chicken à la king, and cheese sauce a
hot-� lled at 80 � C or more into nylon pouches, which imme-
diately are chilled (in cold water) to 2 � C and then distributed
at temperatures of 1 � C. The hot-� lling generates a partial
vacuum within the package to virtually eliminate the growth of
any spoilage microorganisms that might be present.

This listing is only a sampling of the many alternative
packaging forms offered and employed commercially for foods
subject to immediate microbiological deterioration. An entire
encyclopedia would be required to enumerate all of the known
options available to the food-packaging technologist with the
advantages and issues associated with each.
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Figure 1 Metal can construction: (a) three-piece steel can, (b) two-
piece steel or aluminum can. From Soroka, W., 1995. Fundamentals of
Packaging Technology. Institute of Packaging Professionals, Herndon,
Virginia with permission.
Package Materials and Structures

Package Materials

In describing package materials, different conventions ar
employed depending on the materials and their origins. The
commercial conventions are used with some common indi-
cator of quantitative meaning to establish relative values.

Paper
The most widely used package material in the world is pape
and paperboard derived from cellulose sources, such as tree
Paper is used less in packaging because its protective pro
erties are almost nonexistent and its usefulness is almos
solely as decoration and dust cover. Paper is cellulose� ber
mat in gauges of less than 250 microns. When the gauge
250 microns to perhaps as much as 1000 microns, the
material is known as paperboard, which in various forms can
be an effective structural material to protect contents agains
impact, compression, and vibration. Only when coated with
plastic does paper or paperboard provide any sort o
protection against other environmental variables such as
moisture. For this reason, despite their long history as
packaging materials, paper and paperboard are only infre
quently used as protective packaging against moisture, ga
odors, or microorganisms.

Paper and paperboard may be manufactured from trees o
from recycled paper and paperboard. Virgin paper and paper
board, derived from trees, have greater strength than recycle
materials whose� bers have been reduced in length by multiple
processing. Therefore, increased gauges or calipers of recyc
paper or paperboard are required to achieve the same structura
properties. On the other hand, because of the short� ber
lengths, the printing and coating surfaces are smoother. Pape
and paperboard are moisture-sensitive, changing their proper
ties signi� cantly and thus often requiring internal and external
treatments to ensure suitability.

Metals
Two metals commonly are employed for package materials
steel and aluminum. The former is traditional for cans and glass
bottle closures, but it is subject to corrosion in the presence o
air and moisture and so is almost always protected by other
materials. Until the 1980s, the most widely used steel protec-
tion was tin, which also acted as a base for lead soldering of the
side seams of‘tin ’ cans. When lead was declared toxic an
removed from cans during the 1980s in the United States, tin
also was found to be super� uous, and its use as a steel can line
declined. The tin in ‘tin-free’ cans was chrome and chrome
oxide. The construction and closure techniques of metal can
are shown in Figures 1–3.

In almost every instance, the coated steel is further protecte
by organic coatings such as vinyls and epoxies, which provid
the principal protection.

Steel is rigid; is a perfect microbial-, gas-, and water-vapo
barrier; and is resistant to every temperature to which a food
may be subjected. Because steel–steel or steel–glass interfaces
are not necessarily perfect, the metal often is complemented b
resilient plastic to compensate for the minute irregularities.

Aluminum is lighter in weight than steel and easier to
fabricate; it therefore has become the metal of choice fo
beverage containers in the United States and is favored in othe
countries. As with steel, the aluminum must be coated with
plastic to protect it from corrosion. It is the most commonly
used material for can-making in the United States. Aluminum
cans, however, must have internal pressure from CO2 or N2 to
maintain their structure, and so aluminum is not used widely
for food-canning applications in which internal vacuums and
pressures change as a result of retorting.

Aluminum may be rolled to very thin gauges (8–
25 microns) to produce foil, a � exible material with excellent
microbial-, gas-, and water-vapor barrier properties when it is
protected by plastic� lm. Aluminum foil generally is regarded
as the only ‘perfect’ barrier � exible package material. Its de� -
ciencies include a tendency to pinholing, especially in thinner
gauges, and to cracking when� exed.

In recent years, some applications of aluminum foil have
been replaced by vacuum metallization of plastic� lms, such as
polyester or polypropylene.
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Figure 2 Operation of af� xing or double-seaming a metal closure to
a metal can body. From Soroka, W., 1995. Fundamentals of Packagi
Technology. Institute of Packaging Professionals, Herndon, Virginia
with permission.
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Figure 3 Double-seam closure on a metal can. From Soroka, W.,
1995. Fundamentals of Packaging Technology. Institute of Packaging
Professionals, Herndon, Virginia with permission.
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Glass
The oldest and least expensive package material is glass, deriv
from sand. Furthermore, glass is a perfect barrier materia
against gas, water vapor, microorganisms, and odors. Th
transparency of glass often is regarded by marketers an
consumers as a desirable property. Technologists may view th
transparency as less than desirable because visible and ultr
violet radiation accelerates biochemical (particularly oxidative)
reactions.

Glass is energy intensive to produce; it is heavy an
vulnerable to impact and vibration even though it has excellent
vertical compressive strength. For these reasons, glass is be
displaced by plastic materials in industrial societies.

Plastics
The term‘plastics’ describes a number of families of polymeric
materials (Table 3), each with different properties. Most
plastics are not suitable as package materials because they a
too expensive or toxic in contact with food, or they do not
possess properties desired in packaging applications. Th
most commonly used plastic package materials are poly
ethylene, polypropylene, polyester, polystyrene, and nylon.
Each has different properties (Table 4). Plastics may be
combined with each other and with other materials to deliver
the desired properties.

Polyethylene
Polyethylene is the most used plastic in the world for both
packaging and nonpackaging applications. It is manufactured
in a variety of densities, ranging from 0.89 g cm� 3 (very low
density) to 0.96 g cm� 3 (high density) and it is lightweight,
inexpensive, impact-resistant, relatively easily fabricated, an
forgiving. Polyethylene is not a good gas barrier and generally is
not transparent but rather translucent. It may be extruded into
� lm with excellent water-vapor and liquid containment prop-
erties. Low-density polyethylene� lm more commonly is used
as a� exible package material. Low-density polyethylene is also
extrusion-coated onto other substrates such as paper, pape
board, plastic, or even metal to impart water and water-vapor
resistance or heat-sealability.

Although used for � exible packaging, high-density
polyethylene more often is seen in the form of extrusion
blow-molded bottles with impact resistance, good water, and
water-vapor barrier, but poor gas-barrier properties. Any o
the polyethylene in proper structure functions as an effective
microbial barrier.

Polypropylene
Like polyethylene, polypropylene is a polyole� n, but it has better
water-vapor barrier properties and greater transparency an
stiffness. Although more dif� cult to fabricate, polypropylene
may be extruded into � lms that are used widely for making
pouches particularly on vertical form,� ll, and seal machines. In
cast � lm form, polypropylene is the heat-sealant of choice on
retort pouches because of its fusion-sealing properties, an
because in this form, it is a good microbial barrier.

Polypropylene’s heat resistance up to about 133� C permits
it to be employed for microwave-only heating trays. Unfortu-
nately, microwave heating alone is insuf�ciently uniform to be
a reliable mechanism for reducing microbiological counts or
destroying heat-labile microbial toxins in foods.

Polyester
A cyclical polymer that is relatively dif� cult to fabricate, poly-
ethylene terephthalate polyester is increasingly the plastic o
choice as a glass replacement in making food and beverag
bottles. Polyester plastic is a fairly good gas and moisture
barrier; in bottle, tray, or � lm form it is dimensionally stable
and strong. Its heat resistance in amorphous form is suf� cient
to permit its use in hot-� llable bottles. When polyester is
crystallized partially, the heat resistance increases to the level o
being able to resist conventional oven heating temperatures
For this reason, crystallized polyester is employed to manu
facture ‘dual ovenable’ trays for heat-and-eat foods (‘dual
ovenable’ means that the plastic is capable of being heated in
either conventional or microwave ovens).

The transparency of polyester makes it highly desirable from
a marketing standpoint for foods that are not light sensitive.

Nylon
Polyamide or nylon is a family of nitrogen-containing poly-
mers noted for their excellent gas-barrier properties. Moisture
permeability tends to be less than in the polyole� n polymers
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Table 3 Package plastic structures

Plastic Structure Qualities

Polyethylene (PE) Three basic types: high-density, linear
low-density, low-density

Moisture barrier

Polypropylene (PP) Higher temperature than polyethylene
Low density, high yield
Very good moisture barrier

Ethylene vinyl alcohol (EVOH) Excellent O2 barrier resin
Moisture sensitive, poor water barrier
Used in coextrusion, expensive

Polyvinylidene chloride (PVDC) Excellent O2, moisture,� avor,
fat barrier

Dense

Polyvinyl chloride (PVC) Stiff, clear– without plasticizer
Soft with plasticizer
No barrier

Polyamide (PA) (Nylon) Temperature resistant
Very good O2 barrier
Thermoformable

Polyethylene terephthalate (PET) (polyester) High temperature after orientation

Polyacrylonitrile (PAN) Very good O2 barrier
Not processable in extrusion unless

copolymer

Polystyrene (PS) Stiff, brittle, clear
Very little barrier

Packaging of Foods 1025
and nylon is somewhat hygroscopic, meaning that the
gas barrier may be reduced in the presence of moisture. Ga
and water-vapor barriers are enhanced by multilayering
with polyole � ns and high-gas-barrier polymers. Nylons are
thermoformable and both soft and tough, and so they often
are used for thermoformed processed meat package structur
in which the oxygen within the package is reduced to extend
the refrigerated shelf life.

Polystyrene
Polystyrene is a poor barrier to moisture or gas. It is, however
very machinable and usually highly transparent. Its structural



-
ial

,
n
e

e

f
t

l

ve

or

g

Thread

Neck ring
(bead)

Neck ring
parting line

Neck base

Mould seam

Sealing surface
(land)

Finish

Neck

Shoulder

Table 4 Properties of plastic package materials

Material SpeciÞc gravity Clarity or color Water-vapor transmissiona Gas transmissionb Resistance to grease

Polyethylene
High density 0.941–0.965 Semi-opaque Low High Excellent
Medium density 0.926–0.940 Hazy to clear Medium High Good
Low density 0.910–0.926 Hazy to clear Good High Good

Polypropylene 0.900–0.915 Transparent Good High Excellent
Polystyrene 1.04–1.08 Clear High High Fair to good
Plasticized vinyl chloride 1.16–1.35 Clear to hazy High to low High Good
Nylon 1.13–1.16 Clear to translucent Varies Low Excellent

aWater-vapor transmission rate is measured in gm� 2 for 24 h at 38� C and 90% relative humidity.
bGas transmission is measured in cm3 ml�1 m�2 for 24 h at 1 atm, 30� C, and 0% relative humidity.
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strength is not good unless the plastic is oriented or admixed
with a rubber modi � er that reduces the transparency. Poly
styrene often is used as an easy and inexpensive tray mater
for prepared refrigerated foods.

Polyvinyl Chloride
PVC is a polymer capable of being modi� ed by chemical
additives into plastics with a wide range of properties. The� nal
materials may be soft� lms with high gas permeabilities, such
as used for overwrapping fresh meat in retail stores; stiff� lms
with only modest gas barrier properties; readily blow-moldable
semirigid bottles; or easily thermoformed sheet for trays. Gas
and moisture impermeability is fairly good but must be
enhanced to achieve‘barrier’ status.

This material falls into a category of halogenated polymers
which are regarded by some environmentalists as less tha
desirable. For this reason, in Europe and to a lesser extent in th
United States, PVC has been resisted as a package material.

Polyvinylidene Chloride
PVDC is an excellent barrier to gas, moisture, fat, and� avors,
but it is so dif � cult to fabricate on its own that it is almost
always used as a coating on other substrates to gain th
advantages of its properties.

Ethylene Vinyl Alcohol
Ethylene vinyl alcohol (EVOH) is an outstanding gas- and
� avor-barrier polymer, which is highly moisture sensitive and
so must be combined with polyole� n to render it an effective
package material. Often EVOH is sandwiched between layers o
polypropylene that act as water-vapor barriers and thus protec
the EVOH from moisture.
t
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Figure 4 Glass bottle nomenclature. From Soroka, W., 1995. Funda-
mentals of Packaging Technology. Institute of Packaging Professionals,
Herndon, Virginia with permission.
Package Structures

Currently, rigid and semirigid forms are the most common
commercial structures used to contain foods. Paperboard is mos
common, in the form of corrugated � berboard cases engineere
for distribution packaging. In corrugated � berboard, three webs
of paperboard are adhered to each other with the central or
� uted section imparting the major impact and compression
resistance to the structure. Folding cartons constitute the secon
most signi� cant structure fabricated from paperboard. Folding
cartons are generally rectangular in shape and often are line
with � exible � lms to impart the desired barrier.
Metal cans traditionally have been cylindrical (Figures 1–3),
probably because of the need to minimize problems with heat
transfer into the contents during retorting. Recently, metal– and
particularly aluminum – has been fabricated into tray, tub, and
cup shapes for greater consumer appeal, with consequentia
problems with measuring and computing the thermal inputs to
achieve sterilization. During the 1990s, shaped cylinders entered
the market again to increase consumer market share. Few ha
been applied for cans requiring thermal sterilization, but barrel
and distorted body cans are not rare in France for retorted low-
acid foods. Analogous regular-shaped cans are being used f
hot-� lling of high-acid beverages.

Noted for its formability, glass traditionally has been
offered in a very wide range of shapes and sizes, includin
narrow-neck bottles (Figure 4) and wide-mouth jars. Each
represents its own singular problems in terms of fabrication,
closure, and– when applicable – thermal sterilization.
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Plastics are noteworthy for their ability to be formed into
the widest variety of shapes. Thin� lms can be extruded for
fabrication into � exible package materials. These� exible
materials then may be employed as pouch or bag stock or a
overwraps on cartons or other structures, or as inner protectiv
liners in cartons, drums, and cases. Thicker� lms (sheets) may
be thermoformed into cups, tubs, and trays for containment.
Plastic resins may be injection- or extrusion-molded into
bottles or jars by melting the thermoplastic material and
forcing it, under pressure, into molds that constitute the shape
of the hollow object (e.g., the bottle or jar).

See also:Cheese in the Market Place;Chilled Storage of Foods
Use of Modi� ed Atmosphere Packaging; Food Packaging
Antimicrobial Properties;Fermented Milks:Range of Products;
Fish:Spoilage of Fish; Heat Treatment of Foods– Principles of
Pasteurization;Ice Cream:Microbiology; Spoilage of Meat;
Curing of Meat; Spoilage of Cooked Meat and Meat Prod
Milk and Milk Products:Microbiology of Liquid Milk;Milk and
Milk Products:Microbiology of Dried Milk Products;
Microbiology of Cream and Butter;Heat Treatment of Foods:
Thermal Processing Required for canning.
s;
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Taxonomy and Systematics ofPantoeaspp.

Phylogenetic relationships amongPantoeaspecies were initially
based on 16S rRNA gene sequence analysis, which showed th
Pantoea agglomerans, Pantoea ananatis, and Pantoea stewartiiwere
closely related. The same result was obtained based on the thre
protein-coding genesatpD, carA, and recA. Multilocus sequence
analysis (MLSA) was also used to de�ne species and to explore
sequence discontinuities amongPantoeaspp. Another accepted
method for studying strain relationships is multilocus sequence
typing (MLST). This method consists of sequencing interna
portions of several protein coding genes. In contrast to MLSA
MLST relies on the comparison of allelic pro�les of strains within
species, whereas MLSA uses concatenation of gene sequence
de�ne boundaries and phylogenetic relationships between
species. The use of MLST proved to be a powerful tool t
delineate and identify Pantoeaspecies: the genusPantoeadoes
not form only one phylogenetic branch. The designed primers
used were applicable to Enterobacteriaceae strains of all gene
and species and allowed ampli�cation and sequencing of six
genes (fusA, gyrB, leuS, pyrG, rplB, and rpoB) in species belonging
to many genera (Brenneria, Buttiauxella, Cedecea, Edwardsiella,
Enterobacter, Erwinia, Escherichia, Haemophilus, Hafnia, Klebsiella,
Kluyvera, Morganella, Pantoea, Pasteurella, Pectobacterium, Photo-
rhabdus, Proteus, Providencia, Salmonella, Serratia, Shewanella,
Shigella, Tatumella, Yersinia). This set of genes provided better
resolution and reliability than the 16S rRNA. A phylogenetic tree
based on the concatenated sequences of the six housekeepi
genes con�rmed that the genusPantoeais heterogeneous.Pan-
toeaspecies were divided into two clusters. One cluster containe
the type species of the genusP. agglomerans(formerly Enterobacte
agglomerans, Erwinia herbicola, Erwinia milletiae) clearly demar-
cated from the other species,P. ananatis(formerly Erwinia ana-
natis and Erwinia uredovora), P. stewartii(formerly E. stewartii),
and Pantoea dispersa. The second cluster contained the strain
isolated from fruit and soil originating in Japan – that is, Pantoea
citrea(causing pink disease of pineapple plant),Pantoea terrea,
and Pantoea punctata, which are associated strongly with the type
strain of Tatumella ptyseos. These results supported the revision o
the taxonomic status of the Japanese group ofPantoeaspecies,
which were suggested to be reclassi�ed as belonging to the genus
Tatumella. In 2009, a French study showed the importance of
using multiple independent gene sequences to obtain phyloge
netic information over that obtained with the 16S rRNA gene.
The GenBank/EMBL/DDBJ accession numbers for the 16S rRN
gene sequences ofTatumella punctata, Tatumella terrea, and
Tatumella citreaare available. An MLST website onP. agglomeran
strain characterization and evolution is available athttp://www.
pasteur.fr/mlst. Between 2009 and 2011, a team of scientists
based in South Africa and Belgium demonstrated the power
fulness of using DNA–DNA hybridizations, partial 16S rRNA
gene sequencing, coupled with partialgyrB sequencing, and
MLSA based on partial sequences ofgyrB, rpoB, infB, and atpDto
characterize novelPantoeaspecies (and most likely new clusters).
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Three novel species were proposed:Pantoea rodasii, Pantoea
rwandensis, and Pantoea wallisii. They were isolated fromEuca-
lyptusplant seedlings, showing symptoms of bacterial blight and
dieback in Colombia, Rwanda, and South Africa. They also have
characterized fourPantoeaspecies isolated from human clinical
samples – that is, P. septica, P. eucrina, P. brenneri, and
P. conspicua, and proposed the transfer ofPectobacterium cypripe
to the Pantoeagenus asP. cypripedii.
Sources ofPantoeaspp.

Pantoeaspecies have been isolated from feculent material, in
soil, water, plant (as epiphytes or endophytes), seeds, fruits
(e.g., pineapple, mandarin oranges), and the human and
animal gastrointestinal tracts, in dairy products, in blood and
in urine. Pantoeaspecies cause infections in humans and in
plants, but the diversity of Pantoeastrains and their possible
association with hosts and disease is dif�cult to demonstrate.
Thus, they have been isolated from animal and human speci-
mens (e.g., feces) and involved in some diseases (e.g., arthritis
Some species are plant pathogens and some are opportunist
pathogens in the immunocompromised human, causing
wound, blood, and urinary-tract infections.
Phenotypic Description, IdentiÞcation, and Detection
of Pantoeaspp.

Pantoea genus consists of Gram-negative, noncapsulated
nonsporing, facultatively anaerobic, straight rods that are
motile by peritrichous �agella. Most strains produce a yellow
pigment, and one strain was capable of producing a blue
pigment. They are catalase positive and oxidase negative. Th
attack sugars fermentatively, usually without gas production.
Pantoeadoes not utilize the amino acids lysine, arginine, and
ornithine, a characteristic that sets it apart from the other
Enterobacteriaceae genera. The Gþ C content of PantoeaDNA
ranges from 49% to 61%. No beta-lactamase was found among
the Pantoeaspecies.

Biochemical tests suchas the API� 20E,VITEK� 2 GN, Biotype-
100 systems (bioMérieux, Marcy-l’Etoile, France) and BD
Phoenix� Automated Microbiology System (Becton Dickinson
Diagnostic Systems) are broadly used forPantoeastrains identi-
�cation. Biochemical methods have previously been shown to
misidentify P. agglomeransand Enterobacterspp. Molecular
biology techniques, such as ampli�ed ribosomal DNA restriction
analysis, are used to con�rm phenotypic identi �cation. The use of
multilocus sequencing of protein-coding genes was recently
proposed as a useful reference tool for the identi�cation of
P. agglomeransand for the characterization of atypical strains of
P. agglomerans. Analytical chemistry methods, such as whole-cel
matrix-assisted laser desorption ionization time-of-�ight mass
spectrometry (MALDI-TOF MS) methods and reference spectr
Microbiology, Volume 2 http://dx.doi.org/10.1016/B978-0-12-384730-0.00245-7
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recently were developed for the accurate identi� cation of
P. agglomerans. These methods were used to detect differences
the protein pro� le within variants of the same Pantoeastrain,
including a ribosomal point mutation conferring streptomycin
resistance. MALDI-TOF MS-based clustering was shown
generally agree with classi� cation based on gyrB sequencing,
allowing for rapid and reliable identi � cation at the species level
e

s
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,
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Pantoea stewartii

Pantoea stewartiisubsp. stewartii is the agent of Stewart’s
vascular wilt in maize and sweetcorn plants. A TaqMan� -based
real-time polymerase chain reaction (PCR) assay targeting th
cpsDgene enabling reliable, rapid, and speci� c detection and
identi � cation of P. stewartiiin maize leaves and seeds wa
developed. Direct processing of leaf lesions and seeds by th
real-time PCR detected 10 and 50P. stewartiicells per reaction,
respectively. This real-time PCR assay would avoid fals
negative results and reduce the time required for certifying
maize seed shipments.
-

n
e
as
f
s

d

g

g

al

d

y

s

Pantoea ananatis

Pantoea ananatisis facultatively anaerobic, which like most
Pantoeaspecies are motile, produce a yellow pigment in culture,
and are indole positive. The gene-encoding membrane pyrro
loquinoline quinone (PQQ)-dependent glucose dehydroge-
nase andpqqABCDEFoperon essential for PQQ biosynthesis
have been identi� ed, thus suggesting the mechanism through
which P. ananatisaccumulates gluconate during aerobic growth
in the presence of glucose.Pantoea ananatisis a common
epiphyte that also occurs endophytically in hosts in cases in
which it has been reported to cause disease symptoms and i
hosts in which no such symptoms have been described. Som
strains are ice nucleating, a feature that has been used
a biological control mechanism against some insect pests o
agricultural crops and by the food industry. Pantoea ananati
infects both monocotyledonous and dicotyledonous plants.
The symptoms are diverse depending on the host infected an
include leaf blotches and spots; die-back; and stalk, fruit, and
bulb rot. Pantoea ananatishas both antifungal and antibacterial
properties. These characteristics have the potential of bein
exploited by biological control specialists. Pantoea ananatisis
also considered to be an emerging human and plant pathogen
based on the increasing number of reports of diseases occurrin
on previously unrecorded hosts in different parts of the
world. Pantoeahas been found in cotton, corn, and grapes
hosting cotton � eahoppers (Pseudatomoscelis seriatus), corn � ea
beetle (Chaetocnema pulicaria), and pest grape phylloxera
(Daktulosphaira vitifoliae), respectively. Its unconventional
nature lies in the fact that unlike the majority of plant patho-
genic microbes,P. ananatisis capable of infecting humans and
occurs in diverse ecological niches, such as part of a bacteri
community contaminating aviation jet fuel tanks and
contributing to growth promotion in potato and pepper.
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Pantoea agglomerans

Pantoea agglomeransappears to be the most studied species o
this genus. Utilization of D-tartrate could differentiate
P. agglomeransfrom other Pantoeaspecies, whereasmyo-inositol
and meso-tartrate is used only by P. agglomeransand closely
related Pantoeaspecies. There are few data concerning th
susceptibility of P. agglomeransto antimicrobial agents. In
2000, a clinical isolate of P. agglomeransrecovered from
a patient with septic arthritis was reported to be highly resistant
to fosfomycin. In 2011, a case ofP. agglomeranspneumonia in
a heart–lung transplant recipient following transplantation was
reported: the organism was treated successfully with ertapenem
(INVANZ� ). Pantoea agglomeransis a ubiquitous Enter-
obacteriaceae that is found in plants and in the feces of humans
and animals. Synonyms ofP. agglomeransreported as early as
1888 are E. agglomerans, Bacillus agglomerans, E. herbicola,
Bacterium herbicola, Pseudomonas herbicola, Corynebacterium
beticola, and Pseudomonas trifolii. Reported type strains of
P. agglomeransare ATCC 27155, CCUG 539, CDC 1461-67
CFBP 3845, CIP 57.51, DSM 3493, ICPB 3435, ICMP 12534
JCM 1236, LMG 1286, and NCTC 9381. Within the genus,
P. agglomeransis the most commonly isolated species in
humans, resulting in soft tissue or bone and joint infections
following penetrating trauma by wooden material such
as pencil and tree branch.Pantoea agglomeransbacteremia has
been described in association with the contamination of
intravenous � uid, total parenteral nutrition, anesthetic agents,
and blood products. In a Brazilian hospital, a transference tube
connected with NaCl 0.9% solution used for venous hydration
was found to be the source of an outbreak of nosocomialP.
agglomerans. The latter may have been contaminated through
the hands of staff members.Pantoea agglomerans, which is
known to colonize cotton and cotton plant heavily, is associ-
ated with cotton fever, a benign febrile syndrome seen in
intravenous drug abusers.Pantoea agglomeransinfection cases
(septic monoarthritis) were reported to be due to plant mate-
rial contamination such as a wood sliver embedded in the
thumb or a thorn into a knee. In many cases of infection, the
true pathogenicity of this bacterium is dif� cult to discern
because of the polymicrobial nature of most of the bacteremic
infections. Where conventional antimicrobial therapy fails to
treat cases of penetrating trauma caused by soil-encruste
objects or vegetation,P. agglomeransshould be suspected as the
etiologic agent. PCR detection of therepAgene, associated with
pathogenicity in plants, was positive in all clinical strains of
P. agglomerans, suggesting that clinical and plant-associated
strains do not form distinct populations.

Strain typing and population genetics studies are necessar
for epidemiological purposes and to identify strains with
important phenotypes, such as virulence to plants or humans.
For example, it is important to determine whetherP. agglomeran
strains differ in their abilities to infect humans or to cause speci� c
diseases in plants.Pantoea agglomeransstrains have been differ-
entiated using � uorescent ampli� ed fragment-length poly-
morphism (fAFLP) or pulsed-� eld gel electrophoresis.
Pantoeaas Part of the Microbiota
in Food Fermentation

Pantoeaspecies were found to play active roles in some spon
taneous fermentations, such as cocoa beans fermentations. Th
role was also investigated to hinder the spoilage of vegetable b
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plant pathogens. In the case of the cocoa beans fermentation
lactic acid bacteria and acetic acid bacteria are responsible f
the generation of the main end-products of pulp carbohydrate
catabolism – that is, ethanol, lactic acid, acetic acid, or
mannitol. Pantoea species are among the predominating
microbiota during the early stages of both heap and box
spontaneous cocoa bean fermentations in Côte d’Ivoire, where
they are thought to be responsible for gluconic acid production.

The effect of microarchitectural structure of cabbage
substratum or of the background bacterial� ora on the growth
of Listeria monocytogenesas a function of incubation tempera-
ture was investigated. A cocktail mixture of bacteria, among
which P. agglomeranswas included, was used to pseudo-
simulate background bacterial� ora of fresh-cut cabbage. It was
found that the constituted background bacterial � ora had no
effect on the growth of L. monocytogenes.
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Use ofPantoeaas Microbial Temperature Indicator

Fresh foods are easily spoiled by the growth of contaminants a
a particular temperature. Thus, monitoring and recording the
temperature history of these products during the period from
manufacturing to consumption is important. Devices capable
of assessing the temperature history of food are known as time
temperature indicators (TTIs) and are categorized as electroni
chemical, and biological. The main advantage of a microbial
TTI is that test microorganisms that have growth characteristic
similar to those of food contaminants can be selected. The
mechanism in most microbial TTIs is an irreversible color
change of a chemical chromatic indicator, which follows a pH
decline due to microbial growth in a medium. Pantoea
agglomeransis capable of producing a deep blue pigment in
a nonselective medium containing glucose, soya, and glycero
Pigment production is affected by the initial cell density.
Namely, at higher initial cell densities ranging from 106 to
108 cfu cm� 2 on the agar plate, faster pigment production was
observed, but no blue pigment was produced at a very high
initial density of 10 9 cfu cm� 2. Although the bacterium was
capable of growing at temperatures above and below 10� C, it
could produce the pigment only at temperatures above 10� C.
Moreover, the pigment production was faster at higher
temperatures in the range of 10–20 � C. Thus, a TTI equipped
with a P. agglomeransstrain producing the blue color may be
able to indicate spoilage of nonsterile food that have been
exposed to extreme temperatures.
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Exopolysaccharide Production byP. agglomerans

Hydric stress in soil is a major factor limiting crop production.
Pantoea agglomeranscould play a role in the regulation of the
water content of the rhizosphere of wheat by improving soil
aggregation. The rhizosphere is an important source of organi
materials in soils through the release of soil root material,
which then stimulates microbial activity and biomass. The
complex and dynamic interactions among microorganisms,
roots, soil, and water in the rhizosphere induce changes in soi
physicochemical and structural properties. The production of
exopolysaccharide (EPS) possibly enhances water retention
the microbial environment and might regulate the diffusion of
carbon sources. The effect of bacterial secretion of an EPS o
rhizosphere soil physical properties was investigated by inoc
ulating a P. agglomeransstrain isolated from the rhizosphere of
wheat growing in a Moroccan vertisol. After inoculation of
wheat seedlings withP. agglomerans, colonization increased at
the rhizoplane and in root-adhering soil (RAS) but not in bulk
soil. The intense colonization of the wheat rhizosphere by these
EPS-producing bacteria was associated with signi� cant soil
aggregation, as shown by increased ratios of RAS dry mass
root tissue (RT) dry mass (RAS/RT) and the improved wate
stability of adhering soil aggregates. The maximum effect o
P. agglomeranson both the RAS/RT ratio and aggregate stability
was measured at 24% average soil water content. The use
EPS-producing bacteria as inoculants in Mediterranean whea
� elds could help to regulate hydric stress and improve whea
growth.
Use ofPantoeaspp. to Control Plant Infections
and to Improve Plant Health and Growth

Spraying ofP. agglomeransculture onto rice plants enhanced the
transportation of the photosynthetic assimilation product from
the � ag leaves to the stachys. A rice endophyte strain o
P. agglomeranswas shown to � x nitrogen and produced in vitro
four categories of phytohormones, which were indole-3-acetic
acid, abscisic acid, gibberellic acid, and cytokinin. Inoculation
of P. agglomeransimproved the biomass of rice seedlings by
63.4% on N-free medium. It was suggested that the endophyte
promotes host rice plant growth and affects allocations of host
photosynthates. Similarly, immersion of lemons at 20� C and
below in a P. agglomeranssuspension at 108 cfu ml� 1 was
shown to reduce green mold (Penicillium digitatum) incidence.
No mechanism of action was suggested.
Biocontrol with P. agglomerans

Fire blight, caused byErwinia amylovora, is the most serious
bacterial disease of pear and apple trees. Streptomycin an
oxytetracycline are registered in the United States for control o
� re blight. Streptomycin was an effective chemical for the
management of � re blight until pathogenic strains resistant to
the antibiotic emerged in several pome fruit growing regions.
Oxytetracycline is registered for use only on pear and is
considered less effective than streptomycin for suppression o
antibiotic-sensitive populations of E. amylovora. As pathogen
resistance has compromised the effectiveness of streptomyc
for � re-blight management, interest in biological control of this
disease has increased. Biological control focuses primarily o
suppression of the epiphytic growth phase of the pathogen on
blossoms prior to infection and endophytic growth. Pantoea
agglomeransis a bacterium that is ubiquitous in nature and
occurs naturally on fruit trees. It colonizes� owers and other
parts of fruit trees and occupies sites that would otherwise be
colonized by the � re blight pathogen. It will suppress� re blight
on fruit trees and shrubs when applied during � owering. The
earliest studies on biological suppression of� re blight with
P. agglomeranswere conducted in the 1930s. Production of
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antibiotics inhibitory to E. amylovoraby several strains ofPantoea
spp. seems important for inhibition of this microorganism in
pear and apple trees. The antibiotics, referred to as herbicolins
pantocins, or microcins, are characterized by the reversal o
inhibition by addition of exogenous amino acids (e.g., histidine,
leucine, and arginine) to culture media, sensitivity to heat, pH
extremes, and proteases or penicillinases inactivation.Pantoea
agglomeransproduces two antibiotics, named pantocin A and B,
inhibiting E. amylovora. The differences in their inhibitory
activities and sensitivities to extremes of pH, in addition to the
genetic difference, clearly indicate that pantocin A and pantocin
B are two distinct compounds. Pantocin B structure has
been determined as (R)-N-[(( S)-2-amino-propanoylamino)-
methyl]-2-methanesulfonyl-succinamic acid. Pantocin B inhibits
N-acetylornithine transaminase through competitive binding
with N-acetylornithine, thus interfering with the last step in the
arginine biosynthetic pathway. Most strains ofP. agglomeran
produce histidine-reversible or histidine- and leucine-reversible
antibiotics. The antibiosis of E. amylovoraby a P. agglomeran
strain can be abolished in the presence of a combination of
histidine and arginine but not by either amino acid alone. The
structure of pantocin A is unknown since it was found labile to
extremes of pH (3.5 and 10). It is similar to herbicolin O,
produced by Pantoea vagansin that its molecular weight is less
than 3500 Da. Herbicolin O, a beta-lactam antibiotic is a Pan-
toeahistidine-type antibiotic. The two pantocins also affect other
bacterial species, such asXanthomonas campestris, Escherichia col,
Enterobacter aerogenes, and Serratia marcescens, and are inactive
againstPseudomonas putidaand Agrobacterium tumefaciens.

The genes encoding for antibiotic biosynthesis in
P. agglomeranshave been localized to the chromosome in severa
strains and on plasmids in others. The population dynamics and
disease suppression with aP. agglomeransstrain that produces
a single antibiotic was compared with treatments involving
(1) an antibiotic-de � cient derivative strain, (2) streptomycin or
oxytetracycline, and (3) water treatment. BothP. agglomeran
strains reduced the growth of E. amylovoraon blossoms
compared with inoculated water-treated controls. Overall, both
P. agglomeransstrains reduced incidence of� re blight by 55%
and 30%, respectively, while streptomycin and oxytetracycline
reduction was 75% and 16%, respectively. Other mechanisms
such as competitive exclusion or habitat modi� cation, could
also contribute to disease suppression byP. agglomerans. In non-
European countries, several strains ofP. agglomeransare sold as
commercial biological control agents againstE. amylovoraon
apple and pear trees.Pantoea agglomeransstrains are effective
against other bacterioses, such as basal kernel blight of barle
and postharvest fungal diseases of pome fruits. Three comme
cial P. agglomeransstrains have been registered for biocontrol of
� re blight: BlossomBless� in New Zealand and BlightBan
C9-1� and Bloomtime� in the United States and in Canada.

In Europe, commercial registration of P. agglomeran
biocontrol products is hampered because this species i
currently listed as a biosafety level 2 organism due to clinica
reports as an opportunistic human pathogen. Plant-origin and
clinical strains were compared by a team of scientists in
Switzerland and Spain in a search for phenotypic–genotypic
discrimination using multilocus phylogenetic analysis and
fAFLP � ngerprinting. There was no difference in growth at
37 � C between clinical and biocontrol isolates; both types of
strains grew poorly at 37� C compared with growth at 27 � C.
This supports the weakness of this criteria to determine path
ogenicity. The majority of the clinical isolates from culture
collections were found to be improperly designated as
P. agglomeransafter sequence analysis. In theP. agglomeran
sensu strictogroup, there was no discrete clustering of clinical or
biocontrol strains, and no marker was identi� ed that was
uniquely associated to clinical strains. Their polyphasic analysis
indicated that clinical and biocontrol strains cocluster within
P. agglomerans sensu stricto. They suggested that both isolates
from clinical and environmental habitats have undergone
indistinguishable evolutionary changes and that there was no
discernable specialization of clinical isolates toward human
pathogenicity or biocontrol isolates toward a plant-associated
lifestyle. Comparison between genomes of biocontrol and
clinical-type strains of P. agglomeransindicated that antibiotic
production (presence ofpaaABCgenes) and nectar sugar utili-
zation as a sole carbon source are generally associated wi
antagonistic activity. However these features cannot b
considered as unique and universal signatures of biocontro
isolates since their presence has also been reported in som
clinical strains. They recommended that the lack of Koch’s
postulate ful� llment, rare retention of clinical strains for
subsequent con� rmation, and the polymicrobial nature of
P. agglomeransclinical reports should be considered in biosafety
assessment of bene� cial strains in this species.
Biosafety Assessment ofPantoeaBiocontrol
Preparation

Information leading to a registration decision regarding the
biosafety assessment of a microbial pesticide included the
following: the microorganism ’s biological properties (e.g.,
production of toxic by-products); reports of any adverse inci-
dents; its potential to cause disease or toxicity as determined in
toxicological studies; and the levels to which people may be
exposed, relative to exposures already encountered in nature t
other isolates of the microorganism. When biocontrol prepa-
rations of P. agglomeransstrains C9-1 and E325 were tested on
laboratory animals there were no signs that it caused any
signi� cant toxicity or disease. Since the maximum use rates o
the biocontrol strains are close to the natural population levels
of P. agglomerans, with a maximum of two applications per
season which are made only during the� owering season,
exposure to biocontrol strains is not expected to be signi� cantly
above levels already encountered in nature. After application
bacterial populations are expected to dissipate over time from
exposure to UV and as the� owers dry up. Furthermore, safety
measures such as the requirement for personal protectiv
equipment are imposed to ensure that the risks to workers
handling biocontrol strains are acceptable. Adapted from
Health Canada Pub 4248 RD-2009-0819 and reproduced with
permission of the Minister of Health.
Risk of Infection

As previously described, strains ofP. agglomeransfound in
nature have been associated with minor wound infections
involving punctured skin. Current knowledge suggests tha
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P. agglomeransinfections are most likely to arise when the
protective skin barrier is breached, and particularly if the host is
immunocompromised. The risks of infection from handling
biocontrol strains are mitigated since biocontrol products are
only handled by commercial applicators who are required to
wear the personal protective equipment prescribed on the
product label during all handling activities. This includes
gloves, long pants and shirts, shoes, and a dust� lter mask.
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Risk of Allergy and Environmental Risks

As Gram-negative bacteria,P. agglomeransstrains contain in
their cell walls lipopolysaccharide (LPS), which if inhaled in
large amounts, can cause in� ammation in the respiratory
system upon repeated exposure. However, such reaction can b
avoided if workers follow label recommendations to minimize
exposure. Dietary exposure and risk from food and water are
minimal to nonexistent. The risks from antibiotics produced by
Pantoeaspp. for the general population, including infants and
children or animals, were evaluated negligible. As a genera
precaution, handlers of microbial pesticides are asked not to
contaminate irrigation or drinking water or aquatic habitats
through equipment cleaning or waste disposal. In addition,
growers must not allow ef� uent or runoff containing the
biocontrol preparation to enter lakes, streams, ponds, or other
water bodies.
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Polymerase Chain Reaction – The Method

The PCR technique,�rst described by Kary Mullis in the mid-
1980s, is a three-step cyclicin vitro procedure based on the
ability of the DNA polymerase to copy a strand of DNA. When
two primers bind to complementary strands of target DNA,
the sequence in between is ampli�ed exponentially with each
cycle, making the technique a very sensitive tool. The presenc
of even one copy of the original template within the reaction
mixture can be detected within a couple of hours, as about
a billion copies are created. The results of PCR are tradition
ally (in conventional PCR) detected by agarose gel electro
phoresis and stained with a nonspeci�c (i.e., sequence-
independent) DNA-intercalating dye such as ethidium
bromide. Identi� cation of the bands can be con�rmed by
sequencing.

Advancements in PCR technology allowed the detection o
�uorescent signals generated during the PCR reaction. This ne
PCR assay is known as quantitative PCR (qPCR), but it is ofte
also referred to as real-time PCR. By performing qPCR, prod
ucts are detected at every cycle of the reaction and the increa
in detected signal is proportional to the amount of ampli� ed
product. The most important reasons for choosing qPCR are
(1) the detection of PCR products in real time, which makes
PCR no longer a black box; (2) the low detection limit in
comparison to conventional PCR due to ampli�cation of small
fragments, resulting in a higher reaction ef�ciency; (3) the
absence of post-PCR processing, reducing the risk of contam
nation, potentially leading to false positive results; (4)
sequence-based discrimination of PCR products; and (5) the
possibility of quanti �cation of the initial DNA concentration.
The latter characteristic is the most important improvement,
after which the technique has been named qPCR. Quanti�ca-
tion of the initial DNA concentration allows new applications
such as gene expression studies and quanti�cation of bacterial
and viral pathogens in food samples, rather than merely
determining their presence or absence (Figure 1).
ncyclopedia of Food Microbiology, Volume 2 http://dx.doi.org/10.1016/B9
qPCR �uorescence chemistries can be sequence indepe
dent or sequence dependent. Sequence-independent�uores-
cent dyes intercalate in the minor groove of double-stranded
DNA (dsDNA), after which their �uorescence signi�cantly
increases. Examples of commercially available sequence-ind
pendent �uorescent dyes are Sybr Green I, SYTO-9, SYTO-
and SYTO-82, which vary in their absorption and emission
spectral characteristics. A disadvantage of these compounds
that nonspeci�c PCR ampli�cation products (¼ amplicons)
and primer dimers will also result in positive �uorescent
signals. Because each dsDNA product has its own characteris
melting temperature (Tm), depending on its length and
guanosine–cytosine (GC) content, melting curve analysis can
distinguish different amplicons and thus sequence-speci�c
detection is possible. A more recent improvement of the
melting curve analysis is called ‘high-resolution melting ’
(HRM), which makes use of (1) instruments allowing more
precise temperature control and data acquisition and (2)�uo-
rescent dyes such as LC Green and LC Green Plus, ResoLig
and EvaGreen, with improved dsDNA binding saturation
properties. By combining a qPCR reaction with HRM analysis
detection, genotyping of samples can be done in a closed assa
system. In this case, the HRM analysis identi�es sequence
differences in certain amplicons after the qPCR reaction
withou t opening the tubes. These amplicons can then be
selected for further analysis (e.g., for sequencing). Alternatively
genotyping of samples to discriminate between known alleles
or single nucleotide polymorphisms (SNPs) can be done by
qPCR combining universal primer pairs suitable for all allelic
variants with allele-speci�c �uorescent probes (see sequence
dependent chemistries below). In this way, different alleles can
be detected simultaneously in different�uorescence channels
Sequence-dependent qPCR chemistries usually use the0

nuclease assay with�uorescent TaqMan� probes or the
molecular beacon technology. TaqMan� probes are DNA
oligonucleotides, sequence speci�c for the PCR amplicon,
which are labeled with a �uorescent dye at the 50 end and
78-0-12-384730-0.00246-9 1033

http://dx.doi.org/10.1016/B978-0-12-384730-0.00246-9


-

e

g

r

l-

.
bly

.

o
n

ts

Figure 1 Top: Conventional PCR. Endpoint detection of the PCR products using gel electrophoresis and visualization with ethidium bromide; Lane
1 ¼Fermentas massruler, Lanes 2–10¼PCR products (positive), and Lane 11¼no PCR product (negative); agarose gel (1.5% (w/v) run 30 min at 100 V
in a tris-acetate-ethylenediaminetetraacetic acid (EDTA) (shortened to TAE) buffer). Bottom: Quantitative PCR (qPCR). Real-time detection of the increase
of PCR products using� uorescent dyes: qPCR with Sybr Green I detection, run on 7300 Real-Time PCR System qPCR of Applied Biosystems, analyzed
with Sequence Detection Software (SDS) version 1.4.
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a quencher at the 30 end. After the probe anneals to the
amplicon, the 50 exonuclease activity of the DNA polymerase
cleaves the probe, and the� uorescent dye is released and
separated from the quencher, which results in a considerably
increased� uorescence emission. A molecular beacon is a single
stranded hairpin loop structure with a � uorescent dye on the 50

end and a quencher at the 30end. When the beacon binds to the
complementary sequence (i.e., the PCR amplicon), the
secondary structure and the concomitant quenching activity
will be removed, resulting in the release of� uorescence.

An additional improvement of PCR is the multiplexing
approach whereby two or more different target sequences ar
ampli � ed using multiple primer pairs in a single PCR reaction.
For instance, samples can be evaluated for multiple targets durin
a single reaction or for multiple (virulence) genes in the charac-
terization of an isolate. A successful multiplex PCR, whether o
not in quantitative format, requires thorough evaluation to
safeguard the test performance characteristics. A reliable simu
taneous ampli� cation of more than one target should be feasible,
even when these targets are present in different concentrations

Since the PCR assay technologies have been considera
improved, the current challenges are to tackle the pre- and
postassay work� ows and to correctly interpret the PCR results
Therefore, each PCR test needs to be optimized, taking int
account preparatory stages related to the sample preparatio
(i.e., lysis of cells of the target microorganisms, nucleic acid
extraction from complex food matrices or substrates, and
possibly copy DNA (cDNA) synthesis).
Sample Preparation, a Prerequisite to Reliable PCR
Detection of Pathogens in the Food Laboratory

The terminology ‘rapid’ and ‘sensitive’in the description of the
PCR technique as a detection method for foodborne pathogens
is relative and should be interpreted with care. The PCR
ampli � cation as such is rapid, as it takes only 30–90 min, but
nucleic acid extraction is a prerequisite. In addition, instead of
bacterial cells in food as requested by legal criteria, PCR detec
nucleic acid copies in a microtube. In general, DNA and RNA
extraction from bacteria or viruses in solid food samples starts
with homogenizing the sample in extraction buffer, followed
by sampling 1 ml of the bacterial or viral suspension, and
� nally concentrating the extracted nucleic acids in 100ml of
extract, of which a maximum of 10ml is used in the PCR
reaction. Detection of low numbers of foodborne pathogens
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(i.e., 1–10 cells per 25 g; EU, 2005) relies therefore on a prio
cultural enrichment procedure, consisting of incubation of the
food sample overnight in enrichment medium prior to the
nucleic acid extraction procedure. For reliable PCR detection
this means that, for example, one cell present in a food sample
(e.g., 25 g) needs to grow during prior enrichment to levels of
at least 100 cells ml� 1 of the bacterial suspension. This corre
sponds tow 10 multiplications. The minimum time needed for
the prior enrichment to enable a positive PCR detection can be
calculated from the mean generation time, which isw 20–
30 min at optimum growth conditions. Based on this knowl-
edge, it seems thatw 4–5 h of prior enrichment is needed to
obtain a positive test result starting from low initial numbers.
Moreover, the microbial cells present in the food are most often
stressed and/or sublethally injured cells due to processing an
preservation techniques such as salting, acidi� cation, freezing,
packaging, and so on. Therefore, an increased lag phase (2–3 h)
is expected leading to a prolongation of the minimum time to
enrich. In agreement, present PCR-based validated proprieta
methods on the market for detection of foodborne pathogens
(summarized in Table 1) recommend a 6–24 h prior enrich-
ment step before proceeding to DNA extraction and execution
of PCR.

In the case that multiple microorganisms are targeted
simultaneously by multiplex PCR, a proper enrichment
medium should be selected if low levels need to be detected
taking into account differences in growth rates and growth
requirements of the speci�c bacterial species. It should be
noted that shortening enrichment procedures can impair the
detection of sublethally injured cells and thus may lead to false
negative results. Rather than reducing the enrichment protoco
the sample preparation procedures can be further optimized to
reduce the time to detection, for example, by the concentration
of bacteria or DNA from larger volumes (e.g., the use o
bacteriophage-based capture), the selective isolation of targ
DNA by hybridization to oligonucleotide probes linked to
magnetic nanoparticles, devices enabling the upscaling o
available capture or extraction methods (e.g., Pathatrix� ), and
so on. Nevertheless, in concentrating cells (or DNA), care has t
be taken not to concentrate inhibitory compounds from, for
example, the food matrix, since this might lead to inhibition of
the PCR reaction and thus false negative results.
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PCR Is Currently an Accepted Method in the Food
Microbiology Laboratory

PCR can be used in food microbiology not only as a diagnostic
tool, but also for the identi � cation and typing of isolates. PCR is
favored for diagnostic applications in cases where time fo
detection is a crucial factor (<24 h method) or if the current
applicable conventional plate count method lacks accuracy due
to unsatisfactory speci� city or sensitivity; for example, when
overgrowth of the target microorganism by accompanying� ora
is observed on selective plates. qPCR can be more sensitive th
conventional cultural methods, for example, for bacterial path-
ogens that are easily stressed or not easily cultivable on plate
(e.g., Campylobacter jejuni). Moreover, culture-based techniques
are unable to detect microorganisms in the viable but noncul-
tural (VBNC) state; this requires nonculture-based ones such a
PCR. Finally, PCR-based identi� cation and typing can be
considered as preferential over phenotypic identi� cation and
typing methods, especially for atypical strains.

Phenotypic typing methods include growth on speci� c
substrates (e.g., biotyping); growth in the presence of drugs
toxins, and bacteriophages (e.g., antibiogram typing, bacte
riocin typing, and phage typing, respectively); and the expres
sion of speci� c molecules, such as surface antigens (serotyping
and allelic variants of housekeeping enzymes (multilocus
enzyme electrophoresis (MLEE)). Phenotypic typing methods
though still useful, have a number of practical limitations.
Most phenotypic typing methods are speci� c for certain
bacterial species and are not generally applicable. Th
discriminatory power, typeability, test repeatability, and
reproducibility are often variable or poor for phenotypic typing
methods in comparison to genetic ones. The typeability (i.e.,
the method’s ability to assign a type to each isolate) is usually
100% for genetic methods, but can be low for classic pheno-
typic methods; in serotyping, for example, the existing sero-
typing schemes do not cover the whole genetic variation
Moreover, phenotypic markers are less stable and thus les
reliable as epidemiological markers, because horizonta
exchange of the gene encoding a phenotypic typing marker ma
yield a distorted view of the evolutionary history and thus the
relatedness of isolates. Therefore, genetic typing typical
includes multiple loci such as multilocus sequence typing
(MLST), or even genome-wide genetic variation such as pulse
field gel electrophoresis (PFGE). In general, sequence-bas
genetic typing methods are more transportable, are more
objective, and generate the most consistently comparable dat
(i.e., DNA sequences), of which the differences have a clea
genetic meaning and indicate phylogenetic relations and thus
actual relatedness of the compared isolates. Identi�cation of
bacterial species is also more reliable when using genet
methods than phenotypic ones. Phenotypic identi� cation
methods require strict standardization of experimental condi-
tions, since phenotypes are the result of genotype expressio
which generally is quite susceptible to changes in environ
mental conditions. Moreover, characteristic traits encoded in
a single gene or located on plasmids can be exchanged or lost i
the (respectively) presence or absence of selective condition
and thus lead to misidenti� cation. Therefore, the advantages o
genetic tests contributed to the increased interest of imple
menting PCR in diagnostic and public health laboratories.

Quality controls are crucial to examine the validity of the
PCR results. Positive controls per PCR run are required to chec
for the good execution and functioning of the protocol. The
inclusion of a PCR internal ampli� cation control (IAC) is rec-
ommended to avoid possible false negative results due to
inhibition of the PCR reaction by food matrix components,
since PCR inhibitors are detected in just about any food type
including meat, milk, cheese, produce, and spices. An IAC i
a nucleic acid that is coampli� ed in the same tube as the targe
nucleic acid, but the PCR product of the IAC and the target can
be differentiated. An IAC can be a nontarget sequence (hete
ologous IAC) or the target sequence with a deletion (homol-
ogous IAC) according to ISO 22174:2005. While the latter may
induce competition with the ampli� cation of the target
sequence, the former may induce a risk of undesired interac
tions between multiple primers. In addition, the establishment



Table 1 Overview of validated PCR methods for the detection of foodborne pathogensa

Detection
system PCR assay Website

Campylobacter
spp.

Cronobacter
spp.

Escherichia
coli O157

Listeria
spp.

Listeria
monocytogenes

Salmonella
spp.

Staphylococcus
aureus

iQ-Check� qPCR for
detection

www.bio-rad.com AFNOR
AOAC-RI

AFNOR
AOAC-RI

AFNOR
NordVal
AOAC-RI

AFNOR
NordVal
AOAC-RI

LightCycler�

(foodproof� )
qPCR for

detection
www.roche.com MICROVALb AOAC-RI

NordVal
AOAC-RI
NordVal

NordVal
AOAC-RI

BAX� system PCR and qPCR
for detection

www.qualicon.com
www.oxoid.com

NordVal
AOAC-RI

AFNOR
AOAC-RI

AFNOR
AOAC-RI

AFNOR
AOAC-RI
AOAC-OMA

AFNOR
NordVal
AOAC-RI
AOAC-OMA

AOAC-RI

GeneDisc qPCR for
detection and
quanti� cation

www.genesystems.fr AFNOR AFNOR AFNOR AFNOR

ADIAFOOD� qPCR for
detection

www.aeschemunex.com AOAC-RI AOAC-RI AOAC-RI AFNOR
AOAC-RI

AFNOR
AOAC-RI

TaqMan�

Detection kit
qPCR for

detection
www.appliedbiosystems.com AFNOR

AOAC-RIc

MicroSEQ� qPCR for
detection

www.appliedbiosystems.com AOAC-RI AOAC-RI AFNOR
AOAC-RI

R.A.P.I.D.� LT
real-time PCR
system

qPCR for
detection

www.idahotech.com AOAC-RI AOAC-RI

IEH PCR for
detection

www.iehinc.com AOAC-RId AOAC-RI

HQS qPCR for
detection

www.adnucleis.com AFNORb AFNOR AFNOR

Assurance
GDS�

qPCR for
detection

www.biocontrolsys.com AOAC-OMA AOAC-RI AOAC-RI AFNOR
AOAC-RI
AOAC-OMA

aValidation by European validation bodies AFNOR (Association Français de Normalisation, France), NordVal (part of the Nordic Committee on Food Analysis, Norway), and MicroVal (European Validation and Certi� cation Organisation, Europe)
or US validation bodies AOAC Research Institute (RI), and AOAC-Of� cial Method of Analysis (OMA).
bValidation scope restricted to certain product categories.
cSalmonella enterica.
dSTEC (Shiga toxin–producingE. coli).
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PCR Applications in Food Microbiology 1037
of comparable ampli� cation ef� ciency might be more dif� cult.
Positive controls and IACs should be selected with care to avoid
false positive results due to contamination of these controls
between wells. Especially when small single-stranded synthet
nucleotide fragments are ampli�ed, well-to-well migration of
small-sized DNA fragments during real-time PCR runs due to
coevaporation with water could yield false positive results. The
use of genomic DNA or plasmids containing the target
sequence can resolve this problem.

Negative controls are needed as even the slightest contam
ination can lead to false positive results. Optimization of PCR
has made it an intrinsically extremely sensitive technique, and
DNA might be persistent (and thus ampli� able) under harsh
conditions. Even in the era of qPCR using a closed-tube format
the threat of contamination is still to be taken into account.
Therefore, an adequate laboratory infrastructure (with pre- and
post-PCR areas) is preferable. Preventive measures such
decontamination of the working place by shortwave UV irra-
diation, highly concentrated sodium hypochlorite solutions, as
well as the use of aerosol-tight pipettes and sterile plasti
disposables and glassware are crucial. To reduce carryov
contamination, uracil DNA –glycosilase (UNG) in combination
with deoxyuridine triphosphate (dUTP) can be used to mini-
mize the risk of carryover contamination from PCR products
produced in a previous PCR reaction.

In this context, positive results in qPCR with threshold cycle
values (Ct values) above 40 (an overall indication of very low
levels of DNA, near the theoretical detection limit) should be
interpreted with care. It is advised to establish conditions for
data rejection (e.g., ignoringCt values �40 if 35 corresponds
with the lowest concentration). Although this seems obvious,
dif � culties might be encountered when qPCR assays a
applied as diagnostic tools for a particular combination
microorganism–food matrix. For example, the detection limit
of Salmonella entericain chocolate was increased at least fourCt

values compared to the detection limit in other matrices. On
the other hand, cutoff values around 40 might be of interest for
the detection of foodborne viruses such as norovirus mainly
due to the fact that (1) no preenrichment step can be included
for this microorganism, (2) the existing extraction method
cannot rule out inhibition completely, and (3) the infectious
dose is estimated to be low.

qPCR is a rapid tool for screening. If positive PCR result
are obtained, con� rmation by means of culture, if available,
should be carried out. It might be useful to isolate the
bacterial cells for further characterization, although it is
known that in speci� c situations (e.g.,C. jejuni detection in
raw poultry), the classic cultural methods fail to detect the
target organism.

In the case where RNA is targeted (e.g., detection of RN
viruses such as norovirus), a reverse transcription (RT) ste
needs to be carried out prior to performing the PCR. Similar to
the PCR step, appropriate controls are required for the RT ste
In this case, the template should be RNA instead of DNA.
s n
.

Validated PCR Methods for Foodborne Pathogens

Classic cultural methods are still considered the gold standard
in food microbiology (bacteriology). Many international
reference methods (e.g., International Organization for Stan-
dardization (ISO) or European Committee for Standardization
(CEN) methods) rely, at least partially, on these classic cultura
methods. PCR, the main alternative for microbial methods, is
acceptable only if all parties (e.g., the client or authority and the
laboratory) involved with the analysis accept the proposed
methodology. This means that the laboratory should prove that
the PCR method has characteristics comparable to those of th
classic cultural method (i.e., reliability and trueness) to avoid
false negative and false positive results. According to EU Reg
lation 2073/2005, the use of alternative methods in food
microbiology is acceptable only when the methods are validated
in accordance with the protocol set out in ISO standard 16140
for method validation (ISO 16140:2003). The use of validated
methods is also a prerequisite for accredited laboratories
according to ISO 17025:2005.Table 1 provides an overview of
PCR methods with at least one validation certi� cate at the time
of writing (for further updates, see www.aoac.org, www.afnor-
validation.com, www.microval.org, and www.nmkl.org).

Notwithstanding the external validation of a method, when
implementing a new method in an analytical laboratory, this
method should be subjected to a secondary validation (also
referred to as veri� cation) to demonstrate that the method’s
characteristics for a de� ned food matrix meet the criteria set out
by the laboratory. Reference documents are available with
regard to de� nitions and general requirements for the detection
of foodborne pathogens (ISO 22174:2005; ISO 20838:2006;
ISO/FDIS 22119:2009) and performance characteristics (ISO
FDIS 22118:2009) by qPCR. A number of reference material
(e.g., loops with a de� ned quantity of Salmonellaspp. or other
bacteria) are available that are helpful for the validation of
classic and molecular methods or for the evaluation of the
entire method’s ef� ciency, including extraction, puri� cation,
and ampli � cation.

It should be mentioned that besides the validation certi� -
cate, selection criteria based on techno-managerial aspects a
important in deciding which alternative method best � ts the
purpose. The PCR technique has evolved in recent years
a convenient and rapid method. Especially, the standardization
of PCR protocols, the development of a convenient PCR ki
format, and the elaboration of user-friendly software interfaces
for interpretation of PCR results made the technique accessibl
for technicians and routine laboratories, even if these are no
particularly trained in molecular biology. In addition, the
suppliers of PCR reagents and kits have acknowledged th
perspectives of PCR as a tool in food microbiology and have
therefore built up a strong customer support system, offering
a wide range of tailored PCR products.
Application of PCR in Food Microbiology – Example

Characterization of Pathogenic Food Isolates

As mentioned in this chapter, PCR-based methods for the
identi � cation and typing of foodborne bacteria are advanta-
geous and recommended above phenotypic ones. For speci� c
bacterial isolates from food, further characterization beyond
species identi� cation can be required (e.g., when a particular
species contains both harmless and pathogenic strains, whe
speci�c starter cultures are used during food fermentation, etc.)
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This characterization is possible by PCR detection of speci� c
(virulence) genes, gene variants, and several� ngerprinting
methods for genotyping.

Harmless and pathogenic Escherichia colistrains can be
distinguished and serotyped using multiplex PCR assays. Fo
example, Shiga toxin–producing E. coli(STEC) strains can be
identi � ed by simultaneously targeting genes coding for Shiga
toxins (stx1and stx2) and additional potential virulence factors
intimin ( eae) or enterohemolysin (hly) as well as unique
sequences that are speci� c for serotypes O157, O26, O103,
O111, O121, and O145. A commercial multiplex qPCR
(GeneDisc, PALL) exists for simultaneous detection of gene
stx1 and stx2; eae; O group–associated genes of EHEC O26
O103, O111, O145, and O157; and the � agellar H7 gene,
allowing parallel examination of six samples for the identi� -
cation of predominant STEC serotypes.

Serotyping of Listeria monocytogenesis also possible by
multiplex PCR-based methods, and invasive and noninvasive
L. monocytogenesstrains can be differentiated by a PCR–
restriction fragment length polymorphism (PCR–RFLP)
method that detects variations in theinlA gene.

Enterotoxigenic Bacillus cereusstrains can be detected with
multiplex PCR assays targeting emetic (ces) and diarrheal (hbl,
nhe, and cytK) toxin genes, for which good correlations with
immunoassays and cytotoxicity tests were found.
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Quantitative PCR Enabling Enumeration
of Foodborne Pathogens

The development of qPCR has enabled a quantitative
approach. However, in order to keep the relation between the
numbers of microorganisms in the food and the enumeration
by PCR, a prior enrichment step must be avoided. Therefore
there is a need for a dedicated (often labor-intensive) sample
preparation for recuperation of microorganisms from the food
and acquisition of good-quality DNA and RNA for ampli � ca-
tion. Besides appropriate controls described earlier in this
chapter, a process control will have to be taken as well to
evaluate the potential loss of target microorganisms during the
extraction procedures.

To enable calculation of a starting amount of DNA in an
unknown sample, the qPCR results, expressed asCt values,
need to be correlated with (DNA) target concentrations,
expressed as DNA copies, bacterial cells, or colony-formin
units (CFUs) per milliliter. This requires a calibration curve,
also known as a standard curve, generated by qPCR analysis
a serially diluted standard of the target microorganism or the
target DNA of a known concentration, which was determined
by an alternative enumeration method in parallel (such as
a spectrophotometer in the case of nucleic acids or plating, o
microscopy or � ow cytometry in the case of bacteria). The
calibration curve for qPCR quanti� cation is often a dilution
series of pure template DNA in water, previously cloned in
a plasmid in a bacterial host and extracted from a highly
concentrated culture. This type of DNA standard curve is
expressed as copies per milliliter, and it assumes 0% inhibition
of the qPCR reaction due to coextraction of inhibitory sample
components and 100% DNA extraction ef�ciency from the
target microorganisms in the food sample. The real DNA
extraction ef� ciency (usually<100%) can be determined from
samples or pure cultures of the target microorganism by per
forming qPCR analysis and enumeration by an alternative
method (such as plating, microscopy, or� ow cytometry; hence
expressed as CFUs or cells per milliliter) in parallel. It must be
noted that serial dilution of one highly concentrated standard
stock does not account for variable DNA extraction ef� ciency as
a function of the DNA concentration (e.g., lower DNA extrac-
tion ef� ciency when the target bacteria are present in low
concentrations). Finally, the sample matrix is often a source of
PCR inhibitors. When the aim of qPCR is target quanti� cation
instead of detection, partial inhibition of the PCR reaction
should also be taken into account, rather than the complete
inhibition usually investigated with IACs. Therefore, it is rec-
ommended to spike a serial dilution of a standard concentra-
tion of target bacteria on the sample matrix, followed by
individual DNA extraction and qPCR enumeration of each
concentration, strictly according to the same protocol as the
unknown samples will be processed and analyzed. The
construction of this type of calibration curve is more labor
intensive, since several extractions should be made for eac
combination of a target organism–sample matrix, but it results
in a realistic enumeration and assessment of the real detectio
and quanti� cation limits, since it takes the (variable) DNA
extraction ef� ciency and possible partial qPCR inhibition into
account.

Currently, no validated assays employing qPCR for direc
enumeration of foodborne pathogens in food products are
commercially available. Enumeration of L. monocytogenesin
smoked salmon by qPCR has been reported. However
the limit of quanti � cation is situated at w 103–104 cells g� 1.
This limit is still too high for practical application, since most
samples taken along the food chain are contaminated with
lower numbers of pathogens (usually< 100 g� 1).

An important limitation of PCR is the impossibility to
determine the viability of the microorganism of interest.
Detection of DNA originating from dead microorganisms is
possible, and the extent to which this happens depends on
the environmental conditions. To exclude detection of
nonviable microorganisms, a preenrichment step can be
combined with the PCR analysis. However, this approach
implicates the inability for quanti � cation, since the detection
does not correspond anymore with the original number of
target organisms. Alternatively, the detection of only viable
cells in a quantitative way is possible with the detection of
messenger RNA (mRNA) instead of DNA, since dead cell
rapidly lose their unstable mRNA molecules. Important to
note is that the extraction of RNA for quanti� cation may be
dif � cult from complex samples such as certain food matrices
Another alternative way to avoid qPCR detection of dead
cells is combining qPCR with selective DNA intercalating
dyes such as ethidium monoazide (EMA) or propidium
monoazide (PMA), which selectively penetrate damaged cel
membranes and thus selectively bind to DNA from dead
cells after light exposure. The DNA–EMA or PMA complexes
are insoluble and are not retained during subsequent
genomic DNA extraction, which results in selective DNA
extraction from living cells. Optimization of EMA or PMA
treatments is required to avoid the detection of dead cells
without in � uencing the detection of viable cells, but the
ef� cacy of such a promising approach should further be
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explored for different food matrices and bacteria. To detec
infective viral particles, rather than viral DNA or RNA from
inactivated viruses, it was suggested (1) to analyze a long o
speci� c target region in the viral genome, (2) to include
a pre-PCR sample treatment based on proteases and/
nucleases, (3) to perform immune capture, or (4) to
combine virus cell attachment with PCR to have a link with
viability and infectivity. Nevertheless, for each of these
suggestions, concerns were raised since their success
application depends upon the virus strain and the history of
the virus. Further studies are still required.
by
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Quantitative PCR for Expression of Virulence Genes

qPCR is a widely used technique to measure gene expression
quanti � cation of mRNA. After extraction, the RNA must� rst be
converted by use of a reverse transcriptase enzyme into cDN
which can then be ampli� ed by PCR. The technique is called
reverse transcription qPCR (RT-qPCR). No single standar
operating protocol exists for gene expression analysis by RT
qPCR, since all the steps in the procedure have to be optimize
according to the speci�c conditions and samples. Gene
expression levels are calculated by the ratio between th
expression of the target gene (i.e., the gene of interest) an
the expression of one or more reference genes (often househol
genes). This is called relative quanti� cation. The expression of
the used reference gene(s) should not change under th
experimental conditions. For this reason, it is useful to
normalize against a number of reference genes for the calcu
lation of the expression. Although changes in environmental
conditions affect virulence gene expression, differentia
expression of virulence genes indicates differences in virulenc
capacity of bacterial foodborne pathogens under identical
culture conditions. For example, signi� cant differences ininlA
and inlB (both important for invasion into target human cells)
gene expression have been observed between clinical an
nonclinical strains of L. monocytogenes. Since expression of
(virulence) genes varies during the growth of bacteria, it is
important to compare gene expression levels of strains in the
same growth phase. For example, speci� c virulence genes of
L. monocytogenesare expressed at higher levels at the end-lo
phase compared with the mid-log phase. Similarly, maximal
expression ofmntH (important for survival of S. entericain the
macrophage) occurs during the early exponential growth
phase. Environmental and food-related stress conditions also
in� uence the expression of speci� c genes. For example, suble
thal stress exposure leads to an increased expression ofgadD2,
a gene important for acid survival, in L. monocytogenes, sug-
gesting that the low pH of minimally processed food products
might in � uence the survival of this pathogen in the stomach.
Currently, most experiments performed to analyze the in� u-
ence of food-related stress conditions on the virulence o
foodborne pathogens are done in media mimicking the food
product. Validation experiments on real food products are
necessary but may be challenging because of the low amoun
of target bacterial cells, the presence of background� ora, and
food components that may interfere with the pathogens.
Moreover, the expression pattern of the genes under stud
should not change during the isolation of the pathogen from
the food.
Immuno-Quantitative PCR for Detection of Bacterial Toxin

IqPCR is a technique that is based on three advantageous prin
ciples: the speci� city of antigen–antibody recognition, the sensi-
tivity of qPCR, and the possibility for quanti � cation by qPCR. Its
main advantage to other immunological methods appears to be
its high sensitivity. It typically leads to a 10- to 1000-fold increase
in sensitivity compared to an analogous enzyme-ampli� ed
immunoassay. For example, detection ofStaphylococcus aure
enterotoxin B was approximately 1000 times more sensitive with
iqPCR than with the enzyme-linked immunosorbent assay
(ELISA) using the same antibodies (Figure 2).
Detection of Norovirus by Reverse Transcriptase PCR

Detection of norovirus in cases of foodborne outbreaks or
monitoring programs relies on RT-PCR. Because of the lack o
cultivability, concentration of virus particles and extraction of
viral RNA from suspected food are needed. The low infectious
dose, the often low contamination levels found on food, and
the presence of inhibitory food components impose dif� culties
in developing reproducible and reliable extraction procedures
for viral RNA. It is therefore important to implement a process
control to estimate the extraction ef� ciency of the extraction–
concentration protocol being used. The process contro
should be closely related to the target organism, normally
absent in natural samples, easily available, simple to stan
dardize, and not harmful to work with. Murine norovirus,
feline calicivirus, and a genetically modi� ed mengovirus have
been described as process controls when detecting noroviru
and other enteric viruses in foods. Con� rmation of positive
qPCR results, even when all appropriate controls are included
is hampered by the inability to reproduce the PCR results by
conventional PCR followed by sequencing. A possible expla
nation is the insuf� cient sensitivity of conventional PCR to
provide fragments of a useful length in the region mostly used
to sequence and/or genotype norovirus. Whether or not posi-
tive PCR results are con� rmed, the threat to public health is
questioned as no straightforward relation between the detec
tion of genomic copies and the presence of infectious virus
particles has yet been established.
Conclusion and Perspectives

The scope of PCR techniques is continuously broadened, an
an increasing number of applications in both research and the
application � eld in food diagnostics and food safety emerge.
The PCR technique now enables not only detection of practi-
cally all foodborne bacterial pathogens, but also detection of
foodborne viral agents such as norovirus via RT-PCR and o
bacterial toxins via immuno-qPCR. The introduction of qPCR
technology, enabling one to record the increase of PCR produc
in real time rather than at the end of the PCR, allowed quan-
ti � cation of the target nucleic acid sequence and thus als
indirect quanti � cation of the microorganism or toxin of
interest. In addition, qPCR has become an indispensable too
for research work in our quest to understand the sources and
behavior of pathogens in the food chain. User-friendly and
validated PCR methods, accompanied with comprehensible
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Figure 2 Principle of immuno-quantitative PCR (iqPCR): using the same antibodies for antigen capture and detection as in the conventional enzyme-
linked immunosorbent assay (ELISA), subsequent signal ampli� cation and detection by qPCR are much more sensitive than those using enzymatic
activity, and thus iqPCR signi� cantly decreases the limit for antigen detection, usually between 10- and 1000-fold. (Reproduced from Rajkovic A., El
Moualij B., Fikri Y., et al., 2012. Detection ofClostridium botulinumneurotoxins A and B in milk by ELISA and immuno-PCR at higher sensitivity than mouse
bio-assay. Food Anal. Methods 5, 319–326. DOI 10.1007/s12161-011-9300-7 with permission of the authors.)
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software to give step-by-step guidance when going through th
protocol and to interpret the results, have led to the acceptance
of PCR as a complementary tool to the set of rapid diagnostic
test methods available in microbial analysis in foods.

Still, the detection of multiple microorganisms in a multi-
plex format is limited and needs to be explored further.
Therefore, a thorough investigation of sample preparation
steps, including preenrichment and nucleic acid extraction
procedures, is prerequisite. Besides, multiplex assays simult
neously detecting and characterizing isolates might be o
interest. Another remaining challenge is the interpretation of
qPCR results in food diagnostics, especially in relation to qPCR
A key issue to be addressed is the use of PCR results in ri
assessment whereby the viability and/or infectivity of the
present genomic copies needs to be questioned.

See also: Bacillus– Detection by Classical Cultural Techniqu
Campylobacter: Detection by Cultural and Modern Techniqu
Detection by Latex Agglutination Techniques;Escherichia coli
O157 and Other Shiga Toxin-ProducingE. coli: Detection
by Immunomagnetic Particle-Based Assays;Management
Systems:Accreditation Schemes;Listeria:Detection by
Classical Cultural Techniques;National Legislation, Guidelines
and Standards Governing Microbiology:European Union;
Nucleic Acid–Based Assays:Overview;Staphylococcus:
Detection of Staphylococcal Enterotoxins;Verotoxigenic
Escherichia coli: Detection by Commercial
Enzyme Immunoassays;Virology:Introduction.
;
;
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Carl A. Batt joined the faculty in the College of Agriculture and Life Sciences at Cornell University in
1985. He is the Liberty Hyde Bailey Professor in the Department of Food Science. Prof. Batt al
serves as Director of the Cornell University/Ludwig Institute for Cancer Research Partnership, he
a co-Founder of Main Street Science, and the founder of Nanooze, an on-line science magazine
kids. He is also the co-Founder and former co-Director of the Nanobiotechnology Center (NBTC)e
a National Science Foundation supported Science and Technology Center. Currently he
appointed as an Adjunct Senior Scientist at the MOTE Marine Laboratory in Sarasota Florida. H
research interests are a fusion of biology and nanotechnology focusing on cancer therapeutics.

Prof. Batt received his Ph.D. from Rutgers University in Food Science. He went on to do pos
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doctoral work at the Massachusetts Institute of Technology. Throughout his 25 years at Cornell, Prof. Batt has worked at the interfa
between a number of disciplines in the physical and life sciences seeking to explore the development and application of novel technologie
to applied science problems. He has served as a scienti� c mentor for more than 50 graduates students and over 100 undergraduates, many o
whom now hold signi � cant positions in academia, government and the private sector, both in the United States and throughout the world
Partnering with the Ludwig Institute for Cancer Research, Prof. Batt has helped to establish a Good Manufacturing Practices Bioproduct
facility in Stocking Hall. This facility, the only one at an academic institution in the United States, is a state-of-the-art suite of clean room
which is producing therapeutic agents for Phase I clinical trials. One therapeutic, NY-ESO-1 is in clinical trials at New York University an
Roswell Park (Buffalo, NY). A second therapeutic SM-14 is about to enter clinical trials in Brazil.

Prof. Batt has published over 220 peer-reviewed articles, book chapters and reviews. In addition, from 1987e 2000 he served as editor for
Food Microbiology, a peer-reviewed journal and editor for theEncyclopedia of Food Microbiologythat was published in 2000. In 1998, Prof. Batt
cofounded a small biotechnology research and development company, Agave BioSystems, located in Ithaca, NY and continues to serve a
Science Advisor. From 1999e 2002, Prof. Batt was the President of the Board of Directors of the Ithaca Montessori School, an independen
progressive community-based school. In 2004, he co-founded Main Street Science, a not-for-pro� t organization to develop hands-on science
learning activities to engage the minds of students.

Prof. Batt has been a champion of bringing science to the general public, especially young students, and making dif� cult concepts
approachable. Prof. Batt is the founder and editor of Nanooze, a webzine and magazine for kids that is focused on nanotechnology and h
a distribution of over 100,000 in the United States. Prof. Batt is also the creator of Chronicles of a Science Experiment which is co-produc
by Earth & Sky. He headed a team that developed two traveling museum exhibitions to share the excitement of emerging technology with th
general public. The� rst exhibition, ‘It ’s a Nanoworld’ is currently on tour in the United States and has made stops including a six-month stay
at Epcot in Disney World. The second exhibition,‘Too Small to See’began its tour at Disney World and is continuing to tour throughout the
United States. More than two-million visitors have seen these exhibits. A third exhibition for long-term display at Epcot called‘Take
a Nanooze Break’ opened in February 2010 with a fourth ‘Nanooze Lab’ that opened at Disneyland in Anaheim CA in November 2011. The
two Disney exhibits will reach in excess of 10M visitors each year.
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Mary Lou Tortorello grew up in Chicago, IL, USA, and attended Northern Illinois University (B. S.,
Biological Sciences) and Loyola University of Chicago (M.S., Biological Sciences). She receiv
a Ph.D. from the Department of Microbiology at Cornell University in 1983. Post-graduate work
included gene transfer inEnterococcus, phage resistance in dairy starter cultures, rapid assays f
detection of pathogens including Listeria monocytogenes, and teaching the undergraduate course
General Microbiology, at Cornell. Her background includes work at Abbott Laboratories as produc
manager of the con� rmatory serum diagnostic test kit for the HIV/AIDS virus. Since 1991 she ha
been a research microbiologist with the U.S. Food and Drug Administration, Division of Food
Processing Science and Technology, in Bedford Park, IL, USA, and is currently Chief of the Fo
Technology Branch. Her research interests include improvements in microbiological methods an
d
the behavior and control of microbial pathogens in foods and food processing environments. She is Co-Editor of theEncyclopedia of Foo
Microbiologyand the Compendium of Methods for the Microbiological Examination of Foods. She serves on the Editorial Board ofJournal of Food
Protectionand is Chief Editor of the journal Food Microbiology.
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Frédéric CARLIN (born 1962 in France) is Research Director at INRA, the French National Institu
for Agricultural Research. He is currently working at the Mixed Research Unit 408 INRA– University
of Avignon Safety and Quality of Products of Plant Origin, at the INRA research center Provence–
Alpes – Côte d’Azur in Avignon. His research activity has been devoted to microbial safety an
quality of minimally processed foods, in particular those made with vegetables, and to the problems
posed by Listeria monocytogenesand the pathogenic spore-forming bacteria,Bacillus cereusand
Clostridium botulinum. His � eld of interest also includes Predictive Microbiology and Microbial Risk
Assessment. He has published more than 70 papers and book chapters on these topics. He
contributing editor for Food Microbiologyand member of the editorial board of International Journa
of Food Microbiology.
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Ming-Ju Chen, Sr
Ming-Ju Chen is a distinguished Professor at the University of National Taiwan University (NTU)
Taiwan. AT NTU, she has served as both the director of Center for International Agricultura
Education and Academic Exchanges and the Chair of the Department of Animal Science an
Technology. She earned the doctorate in Food Science and Technology at the Ohio State Univers
and a Master Degree in Animal Science at National Taiwan University.

Dr. Chen’s research interests now include isolation and identi� cation of new bacteria and yeasts
from different resources and applications for these strains in human food and animal feed. She als
involves the development of a new platform to evaluate the functionality of probiotics and study
the possible mechanism and pathway. Dr. Chen has published over 100 papers in areas such
dairy science, microbiology, food science, and functional food. She also contributes more than
seven book chapters.

Dr. Chen has achieved many external and professional awards and marks of recognition. Sh
was awarded a Distinguished Research of National Science Council, Chinese Society of Fo
Science, and Taiwan institute of Lactic Acid Bacteria. She is a fellow of the Chinese Society
Animal Science. She also received Distinguished Teaching Award of National Taiwan Univers
from 2005–2012.
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Dr. Chen holds and has held a number of leadership roles. In Dec. 2013, she was elected as President of the Association of Animal Scie
and is the � rst female to be elected to that role. She was General Secretary of the Asian Federation of Lactic Acid Bacteria (2009–2013), and
was General Secretary of the Association of World Poultry Science in Taiwan (2004–2008). She was executive secretary of the 9th Inte
national Asian Paci� c Poultry Conference in Taipei in Nov. 2011.

Dr. Chen regularly speaks at international conferences, and is a member of a number of editorial boards of journals in her research ar
including Food Microbiology, American Journal of Applied Sciencesand Chinese Animal Science.
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Dr. Maria Teresa Destro is currently an Associate Professor of Food Microbiology in the Departme
of Food and Experimental Nutrition at the University of Sao Paulo (USP), Brazil, where she is
responsible for teaching food microbiology to undergraduate and graduate students. She als
delivered courses at several universities in Brazil and in other South American countries. H
research areas of interest are foodborne pathogens, with a special interest inListeria monocytogene
from detection and control to the in � uence of processing conditions on the virulence of the
pathogen. She has served as lead investigator and collaborator in several multi-institutional projec
addressing food safety and microbial risk assessment.

Dr. Destro has fostered extension and outreach activities by helping micro and small food
producers implement GMP, HACCP programs, and by training private and of� cial laboratory staff
in Listeriadetection and enumeration. As an FAO certi� ed HACCP instructor, she has delivered
courses all over Brazil. She has served on several Brazilian Government committees and works at
international level with FAO, ILSI North America, and PAHO.
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Dr. Destro has been very active in several scienti� c associations including the International Association for Food Protection where she ha
been serving in different committees. Dr. Destro was responsible with others for the establishment of the Brazil Association for Foo
Protection, the � rst IAFP Af� liate organization in South America. She has also acted as an ambassador for IAFP in different Latin Amer
countries, always committed to spreading the IAFP objective: advancing food safety worldwide.
Geraldine Duffy
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Dr Geraldine Duffy holds a Bachelor of Science Degree from University College Dublin and a PhD
from the University of Ulster, Northern Ireland. She has been Head of the Food Safety Departmen
at Teagasc, Food Research Centre, Ashtown, Dublin, Ireland since 2005. Her research focuses
detection, transmission, behaviour and control of microbial pathogens, in particular ver-
ocytotoxigenic E. coli, Listeria, Salmonella, and Campylobacteralong the farm to fork chain. She
has published widely in the � eld of microbial food safety with over 80 peer reviewed publications
including books and book chapters. Dr Duffy has considerable experience in the co-ordination of
national and international research programmes and under the European Commission Framewor
Research Programme and has co-ordinated multi-national programmes onE. coliO157:H7 and is
currently co-ordinating a 41 partner multinational European Union Framework integrated research
project on beef safety and quality (Prosafebeef). She is a member of a number of profession
committees including the scienti� c and microbiological sub-committee of the Food Safety
Authority of Ireland and serves as a food safety expert for the European Food Safety Authori
(EFSA) biohazard panel, W.H.O / FAO and I.L.S.I. (International Life Science Institute).
f
t

m
e

w.
foods

he
gy

ral

f

Danilo Ercolini
Danilo Ercolini was awarded his PhD in Food Science and Technology in 2003 at the University o
Naples Federico II, Italy. In 2001 he was granted a Marie Curie Fellowship from the EU to work a
the University of Nottingham, UK, where he spent one year researching within the Division of Food
Science, School of Biosciences. He was Lecturer in Microbiology at the University of Naples fro
November 2002 to December 2011. He is currently Associate Professor in Microbiology at th
Department of Agricultural and Food Sciences of the same institution.

He is author of more than 70 publications in peer-reviewed journals since 2001. His h-index is
27 and his papers have been cited more than 2000 times according to the Scopus database (ww
scopus.com). He was book Editor of“Molecular techniques in the microbial ecology of fermented”
published by Springer, New York– Food Microbiology and Food Safety series by M. Doyle.

He has been invited as a speaker or chairman at several international conferences. He is on t
Editorial Board of Applied and Environmental Microbiology, International Journal of Food Microbiolo,
Food Microbiology, Journal of Food Protectionand Current Opinion in Food Science. He is Associate Editor
for Frontiers in Microbiology.

He has been responsible for several grants from the EU and Italian Government and has seve
ongoing collaborations with partners from industry. He was granted the Montana Award for Food
Research in 2010. He is responsible of a high-throughput sequencing facility at the Department o
Agricultural and Food Sciences at the University of Naples.

He has been working in the� eld of microbial ecology of foods for the last 12 years. His main
activities include the development and exploitation of novel molecular biology techniques to study
microorganisms in foods and monitor changes in microbiota according to different fermentation
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or storage conditions applied to food products. The works include the study of microbial pop-
ulations involved in the manufacture or ripening of fermented foods. In addition, he has studied
diversity and metabolome of the spoilage microbiota of fresh meat during storage in different
conditions including aerobic storage, vacuum, and antimicrobial active packaging.

The most recent interests include the study of food and human microbiomes by meta-omics
approaches including metagenomics and metatranscriptomics. Recently, he is involved in sever
projects looking at the structure and evolution of human-associated microbiome in response
mainly to diet and diet-associated disorders.
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Soichi Furukawa
Soichi Furukawa was awarded his BS in 1996 and his PhD in 2001, both from Kyushu University
Japan. During 1998–2001 he was a Research Fellow of the Japan Society for the Promotion
Science. Since 2001 he has worked as Assistant Professor, Principal Lecturer, and is now
Associate Professor at the College of Bioresource Sciences in Nihon University, Japan. He worked
a Researcher during 2005-6 in the O’Toole laboratory at the Dartmouth Medical School, New
Hampshire.

He has authored 59 papers in scienti� c international journals, and is involved with the
following academic societies: Member of American Society for Microbiology; Administration of� cer
of Japan Society for Lactic Acid Bacteria; Representative of Japanese Society for Bioscience
Biotechnology; Member of Japanese Society for Bioscience, Biotechnology, and Agrochemis
Member of Japanese Society for Food Science and Technology. He also is an editorial boa
member of the Japanese Journal of Lactic Acid Bacteria.

He was awarded the Incentive award of The Japanese Society for Food Science and Techno
(2007), and the Japan Bioindustry Association, Encouraging prize of Fermentation and Metabolism
(2009).
Colin Gill
Colin Gill has worked on various aspects of the microbiology of raw meats, including frozen
product, since 1973; until 1990 in New Zealand, and subsequently with Agriculture and Agri-Food
Canada. He has published some 200 research papers or review articles in scienti� c journals and
books.
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Jean-Pierre Guy
JPG is a researcher of IRD (Institut de recherche pour le développement, France). As a microbial e
physiologist he started his career in the 1980s by exploring the world of methanogens and sulfate
reducing bacteria,� rst in the lab of Professor Ralf Wolfe (University of Champaign Urbana, USA).
Following this � rst research experience, he was during a nine year stay in Mexico a visiting researc
at the UAM-Iztapalapa (Universidad Autonoma Metropolitana) and investigated the microbial
ecophysiology of anaerobic digestion for the treatment of wastewaters from the agro-food and
petrochemical industries.

Back to France in 1995 at the IRD’s research centre of Montpellier, he started a new research o
the microbial ecophysiology of traditional amylaceous fermented foods in tropical countries,
mainly those consumed by young children (6-24 m.o.) as complementary food to breast feeding in
African countries (e.g. Burkina Faso, Benin, Ethiopia,. ), exploring the relation between the food
matrix, its microbiota, and the nutritional quality of fermented complementary foods.

On the present time, JPG is the head of the IRD’s research group“NUTRIPASS”: “Prevention of
malnutrition and associated pathologies” (http://www.nutripass.ird.fr/).
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Vijay K. Juneja
Dr. Vijay K. Juneja is a Lead Scientist of the‘Predictive Microbiology’ research project at the Eastern
Regional Research Center, ARS-USDA, Wyndmoor, PA. He received his Ph.D. degree in F
Technology and Science from the University of Tennessee, Knoxville. Vijay has develop
a nationally and internationally recognized research program on foodborne pathogens, with
emphasis on microbiological safety of minimally processed foods and predictive microbiology. He
has authored/coauthored over 300 publications, including 135 peer-reviewed journal articles and is
a co-editor of eight books on food safety. Dr. Juneja has been a recipient of several awards, includin
the ARS, North Atlantic Area, Senior Research Scientist of the year, 2002;‘2005 Maurice Weber
Laboratorian Award,’ of the International Association for Food Protection; ‘2012 Institute of Food
Technologists (IFT) Research and Development Award’; ‘2012 National Science Foundation Food
Safety Leadership Award for Research Advances’, etc. He was elected IFT Fellow in 2008.
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Michael G. Kontomina
Michael G. Kontominas is a Chemistry graduate of the University of Athens (1975). He earned his
Ph.D. in Food Science from Rutgers University, New Brunswick, NJ, USA in 1979. After a short po
doc at Rutgers U. he joined the faculty of the Chemistry Department, University of Ioannina,
Ioannina, Greece in 1980 where he was promoted to Full Professor in 1997. He served as Visitin
scholar at Michigan State University, East Lansing, MI, Rutgers University and Fraunhofer Institut
Munich, Germany. He also served as Visiting Professor in the Chemistry Department of th
University of Cyprus and the American University in Cairo, Egypt. He has published 166 articles in
international peer-reviewed journals and more than 20 chapters in book volumes by invitation. His
research interests include: Analysis of Contaminants in Foods, Non thermal methods of Foo
Preservation, Food Packaging, and Food Microbiology. He has co-authored two University tex
books on ‘Food Chemistry’ and ‘Food Analysis’ respectively and edited two book volumes,‘Food
Packaging: Procedures, Management and Trends’ (2012) and ‘Food Analysis and Preservation:
Current Research Topics’ (2012). He has materialized numerous national and international (EU,
NATO, etc.) research projects with a total budget over 5 M Euros. He is editor of two internationa
journals (Food Microbiology, Food and Nutritional Sciences). He has supervised 14 Ph.D. and 45 MSc
theses already completed. He has served for several periods as Head of Section of Industrial a
Food Chemistry, Department of Chemistry, University of Ioannina and as national representative o
Greece to the European Food Safety Authority (EFSA) in the Working group: Safety of Irradiate
Food. He received the 1st prize both at national and European level in the contest‘Ecotrophilia
2011’ on the development of eco-friendly food products. During the period 2010–2012 he served
on the Board of Directors of the Supreme Chemical Council of the State Chemical Laboratory o
Greece. He is also technical consultant to the Greek Food and Packaging industry.
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Dietrich Knorr
He received an Engineering Degree in 1971 and a PhD in Food and Fermentation Technology from
the University of Agriculture in Vienna in 1974.

He was Research Associate at the Department of Food Technology in Vienna, Austria; Visiti
Scientist at the Western Regional Research Centre of the US Department of Agriculture, Berke
USA; at the Department of Food Science Cornell University, Ithaca, USA and of Reading Universit
Reading, UK. From 1978 until 1987 he was Associate Prof., Full Professor and Acting Chair at th
Department of Food Science at the University of Delaware, Newark, DE, USA where he ke
a position as Research Professor. From 1987 to 2012 he was Full Professor and Department He
at the Department of Food Biotechnology and Food Process Engineering, Technische Universi
Berlin, including the position of Director of the Institute of Food Technology and Food Chemistry
at the Technische Universität Berlin. He also holds an Adjunct Professorship at Cornell University

Prof. Knorr is Editor of the Journal “ Innovative Food Science and Emerging Technologies”.
He is President of the European Federation of Food Science and Technology, member of th

Governing Council, International Union of Food Science and Technology, and Member of the
International Academy of Food Science and Technology.

In 2013 he received the EFFoST Life Time achievement Award, 2011 he got the IAEF L
Achievement Award, in 2003 the Nicolas Appert Award, and in 2004 the Marcel Loncin Researc
Prize of the Institute of Food Technologists and the EFFoST Outstanding Research Award as wel
the Alfred-Mehlitz Medaille, German Association of Food Technologists.

Prof. Knorr has published approximately 500 scienti� c papers, supervised approx. 300
Diploma/Master Thesis and approx. 75 PhD theses. He holds seven patents and is one of the I
“highly cited researchers”.
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Aline Lonvaud
Aline Lonvaud is Professor Emeritus at the University of Bordeaux in the Sciences Institute of Vin
and Wine. After obtaining her master’s degree in biochemistry, she completed her� rst research at
the Institute of Oenology of Bordeaux under the direction of Professor Ribéreau-Gayon and
obtained his Doctorate in Sciences for his studies on the lactic acid bacteria in wine. She began h
career in 1973 as a teacher and as a researcher for the wine microbiology at the University
Bordeaux. Her work then continued those very new on the malolactic enzyme of lactic acid bacteria
At that point she engaged her research towards other metabolic pathways lactic acid bacte
important for their impact on wine quality. The bacterial use of citric acid, glycerol, the decar-
boxylation of certain amino acids, the synthesis of polysaccharides have been studied from th
isolation of bacteria to the identi� cation of the key genetic determinants of these pathways. On the
practical level this has led to accurate genomic tools, sensitive and speci� c, made available to
oenology laboratories for wine control and prevention of spoilage. By the late 1980s, Professo
Aline Lonvaud had addressed the topic of theOenococcus oeniadaptation to growth in wine, in
relation to industrial malolactic starter cultures, by the � rst studies on the signi� cance of the
membranes composition for these bacteria. The accumulation of results on the metabolic pathway
and the � rst data on the adaptation of cells to their environment, obtained in the framework of
several PhD theses, showed the need to implement other approaches. For this she directed t
research in order to learn more about the diversity of strains of theO. oenispecies and their rela-
y

,

tionships with the other partners in the oenological microbial system. Among recent work Professor Aline Lonvaud led a phylogenetic stud
on the biodiversity of O. oeniwhich involved more than 350 strains isolated worldwide. Currently, the microbiology laboratory of the wine
develops an axis on the microbial community of grapes and wine, started under the leadership of Aline Lonvaud for some� fteen years. The
students of DNO (National Diploma of Oenology) and other degrees of Master of the ISVV bene�t from these results, which are also valued
by the activity of the spin-off “Micro� ora� ” of which Professor Aline Lonvaud provides scienti� c direction. Today as Professor Emeritus
Aline Lonvaud works as an expert in the microbiology group of the OIV (International Organisation of Vine and Wine), as editor and
reviewer for various scienti� c journals and for professional organizations in the� eld of microbiology of wine.
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Aurelio López-Malo is Professor in the Department of Chemical, Food, and Environmental Engi
neering at Universidad de las Américas Puebla. He has taught courses and workshops in vario
Latin American countries. Dr. López-Malo is co-author of Minimally Processed Fruits and Vegeta
bles, editor of two books, authored over 30 book chapters and more than 100 scienti� c publications
in refereed international journals, is a member of theJournal of Food ProtectionEditorial Board. Dr.
López-Malo received his PhD in Chemistry in 2000 from Universidad de Buenos Aires in Argentina
the degree of Master in Science in Food Engineering in 1995 from the Universidad de las Améric
Puebla, and he graduated as a Food Engineer from the same institution in 1983. He has presente
over 300 papers in international conferences. He belongs to the National Research System
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The Encyclopedia of Food Microbiologyis a comprehen-
sive and authoritative study encompassing over 400
articles on various aspects of this subject, contained i
three volumes. Each article provides a focuse
description of the given topic, intended to inform
a broad range of readers, ranging from students, to
research professionals, and interested others.

All articles in the encyclopedia are arranged alpha
betically as a series of entries. Some entries compris
a single article, whilst entries on more diverse subject
consist of several articles that deal with various aspec
of the topic. In the latter case, the articles are arrange
logically within an entry. To help realize the full
potential of the encyclopedia we provide contents,
cross-references, and an index:
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Contents

Your � rst point of reference will likely be the contents.
The complete contents list appears at the front of eac
volume providing volume and page numbers of the
entry. We also display the article title in the running
headers on each page so you are able to identify you
location and browse the work in this manner.

You will � nd “dummy entries” where obvious
synonyms exist for entries, or for where we have
grouped together similar topics. Dummy entries
appear in the contents and in the body of the ency-
clopedia. For example:

BUTTERseeMILK AND MILK PRODUCTS:
Microbiology of cream and butter
Cross-references

All articles within the encyclopedia have an extensive
list of cross-references which appear at the end of eac
article, for example:

MILK AND MILK PRODUCTS: Microbiology of
cream and butter

See also:ASPERGILLUSj Introduction; BACILLUSj
Bacillus cereus;CAMPYLOBACTERj Introduction;
CLOSTRIDIUM j Introduction; ENTEROBACTER;
ESCHERICHIA COLIj Escherichia coli;FERMENTED
MILKS j Range of Products;LISTERIAj Introduction;
PROTEUS; PSEUDOMONASj Introduction;
RHODOTORULA; SALMONELLAj Introduction;
STAPHYLOCOCCUSj Introduction; THERMAL
PROCESSESj Pasteurization;ULTRASONIC
STANDING WAVES
Index

The index provides the volume and page number
for where the material is located, and the index
entries differentiate between material that is a whole
article; is part of an article, part of a table, or in
a � gure.
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Introduction

Cells of the Gram-positive genusPediococcusuniquely divide in
two planes to form tetrads. Cultures usually show perfectly
round cocci (0.4–1.4 mm in diameter) in pairs and tetrads.
Some pediococci have a peptidoglycan of the type Lys-D-Asp;
others have diaminopimelic acid (DAP) in the cell wall.

On the basis of comparisons of 16S ribosomal RNA (rRNA)
catalogs and sequences of Gram-positive bacteria, the pe
iococcal evolutionary line of descent is within the clostridial
lineage. This lineage is characterized by a low Gþ C ratio
(<50%). Pediococcusspecies have a Gþ C ratio in the range of
37–42% (Tm). Similarities in 16S rRNA sequence for ped-
iococci and related Lactobacillussp. range from 84 to 87%.
Pediococci are found along with lactobacilli and Leuconosto
sp. in plant habitats. They have more in common physiologi-
cally with these organisms than with the streptococci, which are
more associated with animal habitats.

Twelve species of the genusPediococcusare listed in the
2009 edition of Bergey’s Manual of Systematic Bacteriology: Ped-
iococcus acidilactici, Pediococcus claussenii, Pediococcus cellico,
Pediococcus damnosus, Pediococcus inopinatus, Pediococcus parvulu,
Pediococcus pentosaceus(with two subspecies pentosaceusand
intermedius) and Pediococcus stilesii, Pediococcus argentinicus, Ped-
iococcus ethanolidurans, Pediococcus lolii, and Pediococcus siamen.

Pediococcus halophiluswas reclassi� ed in the genusTetrage-
nococcus, as the type speciesT. halophilus. Pediococcus urinae-e
is phylogenetically closely related to the genusAerococcus.

The starch metabolizing Pediococcus dextrinicusdoes not
show a close phylogenetic relationship (DNA homology of
5–8%) to other Pediococcusspecies and may become a new
genus.
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General Characteristics and Physiology

Pediococcal colonies vary in size (1.0–2.5 mm in diameter),
and they are smooth, round, and greyish white. All species
grow at 30 � C, but the optimum temperature range is
25–40 � C. Pediococcus pentosaceushas a lower optimum
temperature for growth (28–32 � C) than P. acidilactici(40 � C),
but the latter grows at 50� C.

The optimum pH for growth is 6.0 –6.5. Half of the species
grow at pH 4.2, and most of them (exceptP. damnosus) grow at
pH 7.0.

Most Pediococcusspecies (except forP. damnosus) can grow
in the presence of 4.0 and 6.5% NaCl but not in the presence o
10% NaCl. Lactic acid production byP. pentosaceus, in a bacte-
riological medium at 27 � C, is inhibited 36.0–51.0% by
concentrations of NaCl from 3.0 to 3.9% (w/v), respectively.

Some strains of P. acidilactici and P. pentosaceushave
proteolytic enzymes, such as protease, di-peptidase, dipeptidy
aminopeptidase, and amino-peptidase.Pediococcus pentosac
shows strong leucine and valine arylamidase activities. Th
pediococci are facultatively anaerobic to microaerophilic.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
i

Pediococcus damnosusand P. parvulusrequire the most anaerobic
conditions. Pediococcus acidilacticiand P. pentosaceusdemon-
strate good growth under both aerobic and microaerophilic
conditions. Under aerobic conditions, pediococci produce
acetic acid with less lactic acid.

The pediococci are usually catalase and benzidine negativ
Catalase activity can be detected in some pediococci whe
grown in low- or high-carbohydrate media. This pseudocata-
lase (nonheme Mn catalase) activity is insensitive to both
cyanide and azide, suggesting the absence of a heme molecu
Some strains are able to incorporate exogenously provide
heme into a catalase molecule. Cytochromes are absent. Th
formation of hydrogen peroxide by some pediococci led to the
consideration of a � avoprotein enzyme system as the electron
transport chain. This system does not fully reduce oxygen to
water but rather to the toxic hydrogen peroxide. Reduced
nicotinamide-adenine dinucleotide (NADH) oxidase activity
may be present in pediococci, leading to the production of
water. Some pediococci may cause bleaching to complet
hemolysis of blood agar.

Minimal inhibitory concentrations (in broth) indicate that
both P. pentosaceusand P. acidilacticishow high sensitivity to
erythromycin and minimal sensitivity to neomycin and strep-
tomycin. The sensitivities to penicillin, chloramphenicol, and
chlortetracycline were intermediate.Pediococcus pentosaceuis
more sensitive than P. acidilactici to antibiotics except for
chlortetracycline, chloramphenicol, erythromycin, and strepto-
mycin. Chlortetracycline was most inhibitory and penicillin was
least inhibitory to the fermentation of glucose by P. pentosaceu
in meat; streptomycin and neomycin showed intermediate
inhibition. Pediococci are resistant to vancomycin (Van). The
antibiotic resistance of strains should be considered in practica
applications.
Metabolism

The pediococci are chemoorganotrophs requiring, among
other things, a carbohydrate and an array of vitamins, amino
acids, and metals for growth. A monosaccharide such a
glucose is probably transported into the pediococcal cell via the
phosphoenolpyruvate:phosphotransferase system (PEP:PT
and undergoes glycolysis utilizing the Embden-Meyerhof-
Parnas (EMP) pathway yielding pyruvate. The pyruvate i
reduced to lactic acid with the coupled reoxidation of NADH to
NAD. The overall pathway is homolactic, with 90% or more of
the end product being lactic acid.

The pediococci possess NAD-dependentD(�) and L(þ)
lactate dehydrogenases (LDH). They mainly formDL and L(þ)
lactate. The� nal pH in de Man, Rogosa, and Sharpe (MRS
broth is usually < 4.0. Testing the fermentative activity of ped-
iococci can be done in quarter-strength MRS broth. Certain
strains of P. pentosaceusproduce about 0.4% lactic acid from
glucose (0.5% w/v), of which 84 and 16% wereL- and D-lactic
acid, respectively. The same strains do not produce lactic ac
78-0-12-384730-0.00247-0 1
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from D-arabinose,D-lactose, orL- and D-xylose. Lactate is also the
major end product from the fermentation of fructose, ribose,
and arabinose, in addition to smaller amounts of ethanol and
acetate. Some strains produce equimolar amounts of lactat
and ethanol from the fermentation of xylose. Good growth of
pediococci can be obtained onD-xylose under aerobic condi-
tions and the presence of glucose. Glycerol utilization is favored
under aerobic conditions and by catalase-positive pediococci
which yield equimolar amounts of lactic acid, acetic acid, and
acetoin in addition to CO 2. Some strains ofP. pentosaceusand
P. acidilacticihave intracellular b-galactosidase activity when
grown in the presence of lactose. Fewer strains of pediococ
have such activity when grown in the presence of glucose. Th
synthesis of b-galactosidase by pediococci is inducible with
lactose, galactose, maltose, melibiose, lactobionic acid, an
possibly cellobiose.

Theb-galactosidase ofP. pentosaceushas a molecular weight
of 66 000 and an optimal activity at pH 6.5 and at 45 � C.
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Nutrition

Pyridoxal is necessary forP. acidilactici. Some strains of
P. acidilacticiand of P. pentosaceusrequire biotin whereas other
strains do not. Some strains ofP. pentosaceusand P. parvulus
require folinic acid, which can be replaced by thymidine.
Pediococci require vitamin B12. Tween 80 stimulates the
growth of pediococci, and it is necessary forP. parvulusand
P. dextrinicus.

Pediococci require 16–17 amino acids; the requirement is
strain speci� c. Methionine and lysine are stimulatory to the
growth of pediococci. The requirement for amino acids by
P. acidilacticistems from either a base substitution mutation or
an extensive genetic lesion. Pediococci cannot grow o
ammonium salts as a sole source of nitrogen and usually do
not reduce nitrate. Pediococcus pentosaceusmay have a heme-
dependent nitrite reduction capability with ammonia as the
sole product.

Pediococci require several inorganic ions, at trace level, fo
normal growth and metabolic activity. Some of these inorganic
ions are potassium, phosphate, magnesium, calcium, zinc
iron, and manganese. Rubidium may fully or partially substi-
tute for potassium. Magnesium is used for cell division and is
found in phosphorylation systems especially in the glycolytic
pathway often acting as a link between substrate, enzyme, an
coenzyme. Magnesium stimulates the growth of pediococc
and is involved in the synthesis of intermediate metabolites,
utilization of RNA, energy-yielding enzymes, assimilation of
certain amino acids, decreasing the binding ability of heavy
metals, and protecting against metal toxicity. Calcium may be
needed in the formation of some proteases. Some enzyme
such as LDH contain zinc. Iron in a preformed heme group is
essential to catalase activity. Manganese is associated w
adenosine triphosphate and can replace magnesium in many
biological reactions. Manganese enhances the activity of man
enzymes. This metal is also necessary for the induction o
enzymes participating in the fermentation of ribose. Manga-
nese is also a component of the metallo� avin enzyme nitrite
reductase. The catalytic active center of nonheme catala
contains a binuclear manganese center, which undergoe
oxidation (Mn þþþ ) and reduction (Mn þþ ) in the presence of
H2O2. Manganese may substitute for superoxide dismutase in
P. pentosaceusas a scavenger of the superoxide radical (O2

� ) and
may be required for RNA polymerase. Ions such as Mgþþ ,
Mnþþ , Znþþ , and Coþþ stimulate the activity of b-
galactosidase.
Genomics

The genome ofP. pentosaceusATCC 25745 is 1.83 Mbp in size
and contains approximately 1847 predicted genes. It includes
5 rRNA operons and 55 tRNA genes. The Gþ C content is
37.4%. The genome is also predicted to contain 1757 open-
reading frames (ORFs) of which 80% have a predicted func
tion. The genome encodes a broad repertoire of transporters fo
ef� cient carbon and nitrogen acquisition from the nutritionally
rich environments. Pediococci may have had extensive gen
loss and key gene acquisitions via horizontal gene transfe
during their coevolution with their habitats. The genome of
P. pentosaceusATCC 25745 has a pediocin-like locus encoding
for a broad spectrum bacteriocin named Penocin A. A mutation
in the inducer gene prevents expression of the gene i
P. pentosaceusATCC 25745. Restoration of the inducer gene led
to production of Penocin A.

Pediococcus acidilactici, P. damnosus, P. parvulus, and
P. pentosaceusharbor one or several plasmids, ranging in size
from 1.8 to 190 kbp. Most plasmids undergo both rolling circle
and theta-type replication. The plasmids encode for bacteriocin
formation, exopolysaccharide production, raf� nose, melibiose,
sucrose, and often lactose utilization and antibiotic resistance
All bacteriocin (pediocin)-producing strains of P. acidilactici
contain a 9.4 kbp (6.2 MDa) plasmid. Pediococcus pentosac
(FBB61¼ATCC 43200), which produces Pediocin PA contains
a 19.5 kbp plasmid (pMD136). Pediocin PA-1 production,
immunity, and secretion are determined by an operon con-
taining four genes. Insertion sequences (IS elements) repre
senting the IS30 and IS3 families have been identi� ed in
pediococci. These short DNA sequences code for protein
(transposases) that are implicated in the transposition activity
and cis-acting sequences required for mobility.

Pediococci isolated from spoiled ciders are known to
produce ropiness and show resistance to plasmid-encode
oleandomycin as well as tolerance to 10% ethanol and to
15–50 mg ml� 1 total SO2 (pH 3.8).
Pediocins

Pediocins (bacteriocins) are proteinaceous antimicrobials
produced by pediococci. In general, they have a relatively
narrow killing spectrum and are only toxic to bacteria closely
related to the producing strain. Producer cells are immune to
their own pediocin.

Pediococci produce pediocins within bacteriocins classes
II, and III. The majority of class I and II bacteriocins are active in
the nanomolar range.

Class I bacteriocins, such as pediocin PD-1, are lantibiotic
(contain amino acids such as lanthionine and methyl-
lanthionine), small, heat-stable, single- and two-peptide
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Pediococcus 3
compounds whose inactive prepeptides are subject to extensiv
posttranslational modi � cation.

Class II bacteriocins are small peptide (30–60 amino acids,
<10 kDa), heat-stable (up to 121 � C), nonlantibiotics, and
commonly not posttranslationally modi � ed. This class
includes classes IIa, IIb, and IIc.

The majority of pediocins are class IIa bacteriocins. Ped
iocins PA-1 and AcH (similar to each other and produced
by P. acidilactici) belong to this class. Class IIa is a large anti
listerial group distinguished by a conserved N-amino-terminal
sequence YGNGV (tyrosine-glycine-asparagine-glycine-valine
The C-terminal is responsible for species-speci� c activity,
causing cell leakage by permeabilizing (formation of pores) in
the target cell envelope. Several class IIa bacteriocins ha
potential applications in food preservation and food safety
against spoilage and foodborne pathogenic microorganisms.

The production of pediocin PD-1 by P. damnosusstarts
during early growth and reaches a plateau at the end of the
exponential growth. The size of this pediocin is approximately
3.5 kDa. Pediocin PD-1 is heat resistant (10 min at 121� C),
remains active after 30 min of incubation at pH 2–10, and is
resistant to treatment with pepsin, papain, alpha-chemotrypsin,
and trypsin but not to proteinase K. Pediocin PD-1 is not active
against other pediococci (different from other pediocins
produced by P. acidilacticiand P. pentosaceus). Pediocin PD-1 is
bactericidal against sensitive cells of wineOenococcus oeni.

Pediocin PA (80 kDa) formed by P. pentosaceus(FBB61¼
ATCC 43200) is encoded by a 19 515 bp plasmid (pMD136)
and belongs to class III bacteriocins. These are large, heat-lab
bacteriolysins (lytic proteins, often murein hydrolases).

Other examples are pediocin N5p (P. pentosaceus) from wine
that is different from PA-1 and AcH as it adsorbs to Gþ and G�

cells. Pediocin ST18 (P. pentosaceus) and bacteriocin ACCEL are
similar to PA-1. Pediocin AcM (P. acidilactici) may be different
from PA-1.
n

s
s

n

o-

is
Genetic ModiÞcation

Genetic modi� cation of meat starter cultures can produce
strains with desirable phenotypic characteristics. Curing a strai
of P. pentosaceusfrom a plasmid encoding for the fermentation
of sucrose results in a (Suc� ) industrial culture, which in a mix
sugar fermentation, can utilize glucose without affecting the
sucrose. Conjugation and transformation occurs in both
P. pentosaceusand P. acidilactici. Some strains of pediococci are
transformed effectively by electroporation with Lactococcu
lactis lactose plasmids, pPN-1 or pSA3. The transformant
rapidly produce acid, ef� ciently retain the plasmid in lactose
broth and are not attacked by bacteriophage in whey collected
from commercial cheese facilities. Genetically modi� ed strains
of P. pentosaceuscontaining the MLS (macrolide lincosamide
streptogramin B) R plasmid pIP 501 show 16 000 and 32 times
more resistance than the parent strain to erythromycin and
chloramphenicol, respectively. On the other hand,P. acidilactici
show increased resistance to erythromycin by about 32 000
times.

Frequent transfers of plasmids may be observed betwee
Pediococcus, Enterococcus, Streptococcus, and Lactococcusspp. The
pediocin PA-1 operon (from P. acidilacticiPAC1.0) can be
expressed inL. lactisin reasonable amounts when the operon is
placed under the control of a lactococcal promoter. The lacto-
coccin A operon expressed inP. acidilacticiPAC1.0 results in
a strain-producing both lactococcin A and pediocin PA-1.
Bacteriophage

Two types of temperate bacteriophage associated wit
P. acidilacticican be induced with mitomycin C. Two prophage
gene clusters exist in the genome ofP. pentosaceusATCC 25745. A
lytic phage,f ps05 (Siphoviridae family or Bradley’s group B1),
associated withPediococcussp. LA0281 from cucumber fermen-
tation, produces mostly clear and round-shaped plaques on the
lawn of the starter strain. The average size of the phage is 51.2 n
in head diameter and 11.6 nm wide� 129.6 nm long for the tail.
The single-step growth kinetics curve show that the eclipse an
the latent period are 29 and 34 min, respectively, with an average
burst size of 12 particles per infective center. The optimum
proliferating temperature (35 � C) is slightly lower than that of
cell growth (35–40 � C). The phage genome (24.1 kb) is a linear
double-stranded DNA without cohesive ends.
Methods of Detection and Enumeration

Pediococcal cultures can be detected and enumerated usin
among others, bacteriological media, DNA, and immunological-
based methods. Viable cells of pediococci can be counted usin
� uorescence microscopy and staining with two� uorochromes,
erythrosine B (ERB) and 40,6-diamidino-2-phenylindole (DAPI).
Viable cells appear as bright blue or bright green� uorescence,
whereas dead or heat-treated cells have only low-intensity� uo-
rescence. Pediococci can be detected by electrical impedance a
by a � uorescent antibody technique.
Bacteriological Media

Pediococci can be isolated from foods or drinks using numerous
media such as Acetate Agar (pH 5.6–5.8), Universal Beer Agar
(UBA), Modi � ed Wallerstein laboratory nutrient (MWLN)
agar, Glucose Yeast Extract Agar, Homofermentative-Heter
fermentative Differential (HHD) medium, HLP Medium (Hsu ’s
Lactobacillus–PediococcusMedium), and Acidic Tomato Broth to
name a few.

PSM (Pediococci Selective Medium) is suitable for the
enumeration of pediococci in samples containing bacilli, bi� -
dobacteria, enterococci, lactobacilli, lactococci, propionibac-
teria, streptococci, and yeasts. Ampicillin is added to inhibit
Lactobacillus plantarumand Lactobacillus casei.

To detect pediococci in beer Kirin-Ohkochi-Taguchi (KOT)
medium and Sucrose Agar (SA) may be used. Sucrose Agar
normally used for surface plating. The incubation is under
aerobic conditions (3–6 days, 30� C). The medium yields large
colonies (2.5–3.6 mm in diameter) and more of them
compared with other media.

In general, the pour plate method is recommended combined
with aerobic or reduced oxygen incubation. Some surface-plated
pediococcal cultures develop better if incubated under reduced
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4 Pediococcus
oxygen conditions (a candle jar, the microaerophilic Gas Pack
system, or a CO2 incubator), whereas other strains do well
aerobically.

In comparison with lactobacilli, pediococci usually develop
smaller colonies (2.0–3.0 mm in diameter) on Lee’s Multi-
differential Agar. The pediococcal colonies are yellowish gree
and have a halo limited to the edge of the colony. Prolonged
incubation results in a larger halo. Either Lactobacillus Selec
tion Agar (LBS) or Rogosa SL Agar (each at pH 5.4) can be use
for the selective enumeration of pediococci. Either bromocreso
green (blue to green colonies) or brilliant green (may increase
the selectivity of the medium) may be added as an enumera
tion aid. Cycloheximide may be added to suppress yeasts
Plates are incubated for 4 days (or until large enough colonies
develop) at 32 � C.

Differentiation of pediococci from lactobacilli can be done
using MRS differential (MRSD) medium (modi� ed MRS, pH
5.5). In addition, the hydrophobic grid membrane � lter system
with 0.025% fast green FCF dye may be used. After an anae
obic incubation (25 � C) followed by staining (0.4% w/v bro-
mocresol purple), the pediococcal colonies are blue, wherea
colonies of homofermentative and heterofermentative lacto-
bacilli are green.

As other lactic acid bacteria (LAB) may develop colonies on
the pediococcal selective media, it becomes necessary to furth
characterize the puri� ed isolated colonies. Some tests include
morphology, cell arrangement, cultural characteristics, catalas
activity, oxygen requirement, acid production from carbohy-
drates and sugar alcohols, type of lactic acid, hydrolysis o
arginine, susceptibility to Van, % Gþ C, and growth at
different temperatures. For further identi� cation of the species
of Pediococcus, it is recommended to consult Bergey’s Manual of
Bacteriology. Characterization of carbohydrate fermentation can
be done using either the APILactobacillussystem or the Minitek
system. Increasing the inoculum size to 109 cfu ml� 1 may help
with slow-growing strains. A simple, rapid test for the
presumptive identi� cation of catalase-negative nonhemolytic
pediococci has been developed, using disc tests for suscep
bility to Van and production of leucine aminopeptidase
(LAPase) and pyrrolidonylarylamidase (PYRase). The ped
iococci are unique in being vancomycin resistant (Vanr),
PYRase negative, and LAPase positive.
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DNA-Based Methods of IdentiÞcation

Identi � cation at the species level can be achieved by sever
methods such as 16S and 23S gene sequencing, DNA probe
ribotyping, randomly ampli � ed polymorphic DNA (RAPD)
polymerase chain reaction (PCR), and pulsed-� eld gel elec-
trophoresis (PFGE). Total genomic DNA–DNA hybridization is
reliable for differentiation of Pediococcusspecies.

A rapid (3 days) PFGE method for identi� cation of species
and strains of pediococci exists as well as a solution-phas
hybridization PCR–enzyme-linked immunosorbent assay
(ELISA) for detection and quanti� cation of pediococci.

Pediococcus pentosaceusfrom commercial sauerkraut
fermentations may be characterized using an rRNA gen
intergenic transcribed spacer (ITS)-PCR method with a data
base of known ITS-PCR patterns for LAB supplemented wit
16S rRNA gene sequence analysis. One primer pair, constructe
by using a multiple sequence alignment with 23S rDNA
sequences of related LAB, can be used for the general identi� -
cation of the genus Pediococcus. A species-speci� c multiplex
PCR (a primer set for a rapid multiplex PCR identi� cation
method), tested on 109 strains, may be used for the identi� -
cation of eight typical species of pediococci. Experiments
with inoculated grape musts show that the detection limit is
10 cells ml� 1.

Different strains of the genusPediococcuscan be detected
using nucleic acid probes, some of which were developed fo
organisms that cause beer spoilage but are not present i
unspoiled beer.D-lactate dehydrogenase gene fragment speci� c
for strains of P. acidilacticimay also be used. Direct PCR using
the sequence of the glucan plasmid may be used to detec
ropy P. damnosusstrains in wine, with a detection limit of
102 cfu ml� 1.

Denaturing gradient gel electrophoresis (DGGE) of DNA
fragments generated by PCR with 16S ribosomal DNA-targete
group-speci� c primers may be used to detect food-associate
pediococci and other LAB in human feces.
Immunological-Based Methods of IdentiÞcation

An ELISA and colony immunoblotting may be used to isolate
Pediococcusspecies from fermented meat products. The mono-
clonal antibody Ped-2B2 does not show any cross-reaction
with other LAB or other Gþ or G� organisms. A membrane
immuno � uorescent antibody test may be used to detec
diacetyl-producing Pediococcuscontaminants of brewers’ yeast.
Speci� c precipitin, detected for pediococci, can be used a
an aid in the identi � cation of these cultures. A monoclonal
antibody-based enzyme immunoassay for pediocins of
P. acidilactici exists. A rapid immunoassay for diacetyl-
producing pediococci uses a membrane� lter to trap bacteria
and to react with cell surface antigens monoclonal antibodies
(Mabs) and with � uorescein-conjugated indicator antibodies.
Fourteen isolated Mabs show good potential for rapid, sensi-
tive, and speci� c immunoassay detection of beer spoilage
P. damnosus, P. pentosaceus, and P. acidilactici.
Some Practical Applications

Pediococci may be used in a variety of applications.
Vitamin Assay – Pediococcus acidilactici(NCIB 6990) is

highly sensitive to pantothenic acid and can be used for the
bioassay of this vitamin.

Fermentations – The pediococci are used in the commercia
fermentation of meats, vegetables, and sour wheat� our with
no added sugar. Lactose-positive pediococci may replac
Streptococcus thermophilusin Italian cheese starter blends to
combat S. thermophilusbacteriophage problems in mozzarella
cheese plants.

The cultures may be used as frozen or lyophilized (free cel
or immobilized) concentrates. Pediococcus acidilacticiand
P. pentosaceusare used in the fermentation of meats. Manganese
enhances the fermentation of meats at a suboptimal incubation
temperature for the culture. Pediococci were inhibited by KCl,
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as a salt substitute. The use of mix starter cultures could b
a problem as some strains of pediococci may inhibit the growth
of other strains of pediococci, L. plantarum, and Leuconosto
mesenteroides.

Biopreservatives – The pediococci may be useful as bio-
preservatives to control the growth ofSalmonella typhimurium
and Pseudomonassp. (in pasteurized liquid whole eggs and
cooked mechanically deboned poultry meat), Staphylococcu
aureus (cooked mechanically deboned poultry meat), and
Listeria(milk). Pediococci also increase the shelf life of refrig-
erated mechanically deboned poultry meat, ground beef, and
ground poultry breast.

There are con� icting reports as to the inhibition of Clos-
tridium botulinumby pediococcal bacteriocin. Pediocin may be
effective in controlling Listeriain milk and during the fermen-
tation of turkey summer sausage. BothP. acidilactici and
P. pentosaceusmay control the growth of Yersinia enterocolitic
serotype 0:3 and 0:8 in fermenting meat.

Probiotics – The application is limited to animal feed (such
as fermented liquid diet to newly weaned pigs). The European
Food Safety Authority considersP. pentosaceus(DSM 16244) to
be a safe feed additive for all animal species.

Health – Pediococci are opportunistic pathogens and they
are recognized as potential human pathogens that may caus
septic and goutic arthritis, especially for debilitated persons
Pediococcus acidilacticicaused septicemia in a 53-year-old man
and P. pentosaceuscaused bacteremia in a 64-day-old infant.
They may also cause hepatic abscesses, pneumonia, a
possibly meningitis. Thus far, food-grade pediococci have no
been implicated in human diseases. Some pediococci are abl
to form depressor amines such as tyramine (in beer) and
histamine.
See also:Bacteriocins; Biochemical and Modern
Identi� cation Techniques; Fermented Foods; Genetics o
Microorganisms;Lactobacillus; Listeria; Metabolic Pathways;
Nucleic Acid–Based Assays:Overview; Starter Cultures.
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It is dif � cult to overestimate the importance of Penicilliumin
nature and in the affairs of humans. Penicillium species are
almost everywhere: ubiquitous, opportunistic saprophytes.
Nutritionally, they are supremely undemanding, being able to
grow in almost any environment with a sprinkling of mineral
salts and any but the most complex forms of organic carbon,
and within a wide range of physicochemical parameters.

Many Penicilliumspecies are soil fungi, and their occurrence
in foods is more or less accidental and rarely of consequence
Others have their major habitat in decaying vegetation, seeds
or fruit, ecological niches that prepare them well for a role in
food spoilage. Overall, Penicilliumspecies are very important
agents in the natural processes of recycling used biologica
matter. In consequence, they also play an important role in the
spoilage of many kinds of foods.
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Taxonomy

For the past 30–40 years, food spoilage fungi have been clas
si� ed under a system called‘dual nomenclature,’ where species
that produce sexual stages (known as teleomorphs) have bee
classi� ed in genera separate from species that produce onl
asexual stages (anamorphs) in genera such asAspergillus, Peni-
cillium, and others. Species producing sexual stages withPeni-
cillium anamorphs have been classi� ed in Eupenicilliumand
Talaromyces. However, at the International Botanical Congress
held in Melbourne in July 2011, it was decided to abandon
dual nomenclature. Henceforth, or at least as soon as the
formal approvals have been negotiated,Eupenicilliumspecies
will be classi� ed in Penicillium, while species formally classi� ed
in the PenicilliumsubgenusBiverticillium will be classi� ed in
Talaromyces. The situation is complicated by the fact that many
species now classi� ed in Talaromycesdo not produce a sexual
stage at all, and will continue to be sought asPenicilliumspecies
in identi � cations.

It can be expected that it will take several years for thes
changes to become accepted routinely! In the meantime, where
6 Encyclopedia of Food
name changes have been agreed on, it seems sensible to u
both the old and new names together.

Penicillium is a large genus with about 200 recognized
species, of which 50 or more are of common occurrence
Almost all species grow well on a wide range of laboratory
media, producing small, circular colonies, low and usually
profusely sporulating in gray green or gray blue colors. In
consequence, mostPenicilliumspecies can be readily recognized
at the genus level.

Classi� cation within Penicillium(and asexual species now
classi� ed in Talaromyces) is based primarily on microscopic
morphology of the fruiting structure, termed the penicillus
(Figure 1). Penicillium is divided into subgenera based on
the number and arrangement of phialides (elements
producing conidia) and metulae and rami (elements sup-
porting phialides) that make up the penicillus, which is
borne on the main stalk cells (stipes). The currently accepted
classi� cation includes three subgenera, plus species formerl
classi� ed in subgenusBiverticillium(now in Talaromyces). In
subgenusAspergilloides, penicilli are monoverticillate, that is,
phiali des are borne directly on the stipes without intervening
supporting elements. In subgeneraFurcatumand Biverticil-
lium (now Talaromyces), penicilli are biverticillate, that is,
phialides are supported by metulae; and in subgenusPeni-
cillium, both metulae and rami are usually present,
producing terverticillate penicilli ( Figure 1). Separation of
subgenusFurcatumfrom Talaromycesrelies on small differ-
ences in phialide shape, metula length, and some other
features, which are not all obvious at � rst but re� ect
fundamental phylogenetic differences betweenTalaromyce
and the Penicilliumsubgenera.

Identifying Penicillium isolates requires some experience
The species commonly occurring in foods are mostly similar in
color and general colony appearance. Reproductive structure
are small and often break up after a few days. Identi�cation to
species level is best accomplished if isolates are grown unde
standard conditions of medium and temperature, and exam-
ined after a standard time, so that important taxonomic attri-
butes, including colony diameters, colony colors, and fruiting
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00248-2

http://dx.doi.org/10.1016/B978-0-12-384730-0.00248-2


A)

,
l,

Figure 1 Fruiting structures (penicilli) characteristic ofPenicilliumspecies, showing differences among subgenera. (a, b) Penicilli characteristic of
subgenusAspergilloides: (a)P. citreonigrumand (b)P. glabrum; (c, d, e) penicilli from subgenusFurcatum: (c)P. citrinum, (d)P. oxalicum, and (e)P. oxalicum
conidia; (f–h) penicilli from subgenusPenicillium: (f) P. crustosum, (g) P. expansum, and (h)P. roqueforti; and (i) penicilli fromTalaromyces: P. variabile.
Bars¼ 10mm, except (e) bar¼ 5 mm.

Table 1 Signi� cant mycotoxins known to be produced by speci� c
Penicilliumspecies

Mycotoxin Toxicity, LD50
a Species producing

Citreoviridin Mice, 7.5 mg kg� 1 i.p. P. citreonigrum
Mice, 20 mg kg� 1 oral Eupenicillium

ochrosalmoneum
Citrinin Mice, 35 mg kg� 1 i.p. P. citrinum

Mice, 110 mg kg� 1 oral P. expansum
P. verrucosum

Cyclopiazonic acid Rats, 2.3 mg kg� 1 i.p. P. camemberti
Male rats, 36 mg kg� 1 oral P. commune
Female rats, 63 mg kg� 1 oral P. chrysogenum

P. crustosum
P. griseofulvum
P. hirsutum

PENICILLIUMj Penicillium and Talaromyces:Introduction 7
structures, are reproducible. The standard conditions forPeni-
cillium and Talaromycesidenti � cation are incubation for 7 days
on Czapek yeast extract agar (CYA) and malt extract agar (ME
at 25 � C, preferably supplemented with growth on 25% glyc-
erol nitrate agar (G25N) at 25� C and on CYA at 37� C (see
Table 2).

Macroscopic morphological characters are used in identi� -
cation, including colony diameters, colors of conidia, myce-
lium, exudates and medium pigment, and, to a lesser extent
colony texture. Microscopic observations are also essentia
especially of penicillus type, conidial morphology and
dimensions, and the dimensions of the penicillus components.
Secondary metabolite pro� les have become a valuable aid to
identi � cation, though only rarely essential to differentiate
closely related species.
s

l

P. viridicatum
Ochratoxin A Young rats, 22 mg kg� 1 oral P. verrucosum
Patulin Mice, S mg kg� 1 i.p. P. expansum

Mice, 35 mg kg� 1 oral P. roqueforti
Penitrem A Mice, I mg kg� 1 i.p. P. crustosum
PR toxin Mice, 6 mg kg� 1 i.p. P. roqueforti

Rats, 115 mg kg� 1 oral
Secalonic acid D Mice, 42 mg kg� 1 i.p. P. oxalicum

ai.p., intraperitoneal injection.
Teleomorphs (Sexual States)

Some Penicillium species are associated with ascomycetou
teleomorphs, one of which has been known asEupenicil-
lium. Under the provisions of the Botanical Code agreed on
in July 2011, all Eupenicillium species should now be
known by the Penicillium name associated with the sexua
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Table 2 Media recommended for enumeration and isolation ofPenicilliumspecies

Medium Component Amount pH Comments

Dichloran rose bengal
chloramphenicol
agar (DRBC)

Glucose 10 g 5.5–5.8 After the addition of all ingredients, autoclave at 121� C
for 15 min. Store away from light (photoproducts of
rose bengal are highly inhibitory to some fungi,
especially yeasts). Medium is stable in dark for> 1
month at 1–4 � C. Stock solutions of rose bengal and
dichloran need no sterilization; they are stable for very
long periods.

Peptone, bacteriological 5 g
KH2PO4 1 g
MgSO4$7H2O 0.5 g
Agar 15 g
Rose bengal (5% w/v in water, 0.5 ml) 25 mg
Dichloran (0.2% w/v in ethanol, 1 ml) 2 mg
Chloramphenicol 100 mg
Water, distilled 1 l

Dichloran 18%
glycerol agar (DG18)

Glucose 10 g 5.5–5.8 Add minor ingredients and agar to ca. 800 ml distilled
water. Steam to dissolve agar, then make to 1 l with
water. Add glycerol– � nal concentration is 18% w/w
not w/v. Sterilize by autoclaving at 121� C for 15 min.
The� nalaw is 0.955.

Peptone 5 g
KH2PO4 1 g
MgSO4$7H2O 0.5 g
Glycerol, AR 220 g
Agar 15 g
Dichloran (0.2% w/v in ethanol, 1 ml) 2 mg
Chloramphenicol 100 mg
Water, distilled 1 l

Dichloran rose bengal
yeast extract sucrose
agar (DRYS)

Yeast extract 20 g Sterilize by autoclaving at 121� C for 15 min.
Sucrose 150 g
Dichloran (0.2% in ethanol, 1 ml) 2 mg
Rose bengal (5% in water, 0.5 ml) 25 mg
Chloramphenicol 100 mg
Agar 20 g
Water, distilled 1 l

Czapek yeast extract
agar (CYA)

K2HPO4 1 g 6.7 Use re� ned table-grade sucrose free from SO2. Sterilize by
autoclaving at 121� C for 15 min.Czapek concentrate 10 ml

Trace metal solution 1 ml
Yeast extract, powdered 5 g
Sucrose 30 g
Agar 15 g
Water, distilled 1 l

Czapek concentrate NaNO3 30 g Keep inde� nitely without sterilization. Shake before use to
resuspend ppt of Fe(OH)3.KCl 5 g

MgSO4$7H2O 5g
FeSO4$7H2O 0.1 g
Water, distilled 100 ml

Trace metal solution CuSO4$5H2O 0.5 g Keeps inde� nitely without sterilization.
ZnSO4$7H2O 1g
Water, distilled 100 ml

25% Glycerol nitrate
agar (G25N)

K2HPO4 0.75 g 7.0 Glycerol should be of high quality with low (1%) water
content (if lower grade is used, allowance should be
made for the additional water). Sterilize by autoclaving
at 121� C for 15 min.

Czapek concentrate 7.5 ml
Yeast extract 3.7 g
Glycerol, AR grade 250 g
Agar 12 g
Water, distilled 750 ml

Malt extract agar (MEA) Malt extract, powdered 20 g 5.6 Commercial malt extract used for home brewing is
satisfactory as is bacteriological peptone. Sterilize by
autoclaving at 121� C for 15 min. Do not sterilize for
longer or the medium will become soft.

Peptone 1 g
Glucose 20 g
Agar 20 g
Water, distilled 1 l

8 PENICILLIUMj Penicillium and Talaromyces:Introduction
name. A second teleomorph, Talaromyces, was associated
with PenicilliumsubgenusBiverticillium– and that name has
been retained for all species in both Talaromycesand
Biverticillium. This is an unwelcome complication in food
mycology, as the use of names inEupenicilliumand Talar-
omycesprovided valuable information on properties due to
the ascospores, including heat and chemical resistanc
Now we face the situation wherePenicilliumincludes some
species showing heat resistance, and some species
Talaromycesthat do not.

Fortunately, only a few Penicilliumand Talaromycesspecies
(in the new sense) produce teleomorphs, and of these fewe
still occur in foods. However, those that do occur possess
important properties.



-

e,
d

r
to
.

d

r
of

-
l
d
f

d
ive

e

t

r

-

:

s

s
e

PENICILLIUMj Penicillium and Talaromyces:Introduction 9
The Sexual State inPenicillium Species

Penicilliumspecies that produce a very hard (sclerotioid) asco
mycete state were given the nameEupenicillium in 1892.
However, for many years it remained common practice to name
both sexual and asexual states by theirPenicilliumname. As well
as con� icting with provisions of the International Code of
Botanical Nomenclature (as it then was), this practice ignored
the in� uence of the ascospores on cultural appearanc
longevity, heat and chemical resistance, and so on, so foo
mycologists took up the practice of usingEupenicilliumnames.
This practice has now had to be abandoned, and it is no longe
valid to describe new species in this genus. It can be expected
take some time for this generic name to fall into disuse, however

Ascosporic species ofPenicillium are characterized by the
production of macroscopic (100–500 mm diameter), smooth
walled, often brightly colored bodies known as cleistothecia. In
many species, cleistothecia become rock hard as they develop an
may remain so for many weeks or months,� nally maturing from
the center to yield numerous eight-spored asci. Most of the 40 o
so species recognized to be ascomycetous are soil fungi and
little interest to the food microbiologist. However, as the result of
soil contamination of raw materials, such species have been iso
lated as heat-resistant contaminants of fruit juices on severa
occasions. No particular species appears to be responsible, an
growth of the fungus in the product has been rare. As a cause o
food spoilage, ascosporicPenicilliumspecies can be safely ignore
unless an unusual set of circumstances leads to excess
contamination of some raw material or product with soil.
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Talaromyces

The name Talaromycesis derived from the Greek word for
‘basket,’ which aptly describes the body in which ascospores ar
formed. Known as a gymnothecium, this ascocarp is composed
of � ne hyphae woven into a more or less closed structure o
indeterminate size. Until very recently,Talaromyceswas charac-
terized by the production of yellow or white gymnothecia in
association with an asexual state that belonged inPenicillium
subgenus Biverticillium. Now, however, Talaromycesincludes
those species, so the genus can no longer be de� ned by its
ascocarps alone, but by ascocarps or a conidial state that unt
now was characteristic ofPenicilliumsubgenusBiverticillium.

About 25 species inTalaromycesproduce ascospores, most o
them soil inhabitants. However, some of these ascospore type
are heat resistant, and consequentlyTalaromycesspecies are
sometimes isolated from pasteurized fruit juices and fruit-based
products.Talaromyces macrosporusis the most frequently isolated
of these. Talaromyces� avus, the most common Talaromyce
species in nature, is occasionally isolated from commodities
such as cereals.Talaromyces wortmannii, similar in many respects
to T. � avusbut readily distinguished by its slower growth, is the
only other species likely to be found in foods.
n

Enumeration and Isolation

Enumeration procedures suitable for all common Penicillium
species are similar. Any effective antibacterial enumeratio
medium can be expected to give useful results. However, som
Penicilliumspecies grow rather weakly or uncharacteristically on
very dilute or carbohydrate-de� cient media such as potato
dextrose agar or plate count agar. Moreover, it is important tha
enumeration media for Penicilliumspecies restrict growth of
spreading fungi that would overgrow the slowly developing
Penicillia, and also to inhibit bacteria. For these reasons, the
media most often recommended for enumeratingPenicillium
species are dichloran rose bengal chloramphenicol aga
(DRBC) for foods of high water activity (more than 0.95 aw)
and dichloran 18% glycerol agar (DG18) for foods of lower aw

(seeTable 2).
Nearly all foodborne Penicilliumspecies produce character

istically small, low and heavily sporulating, blue or green
colonies on DRBC and DG18, and they are readily recognizable
to genus. Con� rmation requires microscopic examination of
a wet mount made from a sporing portion of the colony, where
the fruiting structures (the penicilli) characteristic of the genus
will be seen. A few species are more� occose, with fewer spores
again, microscopic examination will provide con� rmation to
genus. Identi� cation of ascosporicPenicilliumand Talaromyce
colonies on primary isolation plates may require microscopic
examination of colonies, with observation of developing
cleistothecia or gymnothecia as well as penicilli.
Isolation

Isolation of Penicilliumspecies is straightforward. Media such a
CYA or MEA are usually used for isolation and storage. Pur
colonies can be obtained by the use of a wet needle to selec
a discrete clump of spores from a colony on an antibacterial
medium such as DRBC or DG18. Purity can be checked b
inoculating a CYA plate at three points, incubating at 25� C for
7 days, and examining for sectoring or other indications of
variation in growth rate such as might be caused by a mixed
culture or bacterial contamination.
Preservation

Penicilliumspecies survive well on slants at room temperature
but storage at refrigeration temperatures is preferable to elim
inate the danger of mite infestations. Long-term storage a
�80 � C or by lyophilization is strongly recommended, and
usually presents no problems.
Physiology

Penicilliumspecies have a highly evolved physiology, resulting
in adaptation to a very wide range of habitats. All foodborne
Penicilliumspecies are capable of growth at low pH, certainly
down to pH 3 and some to pH 2. All species studied have been
capable of growth at pH 9, and some above pH 10.
Oxygen Tension

SomePenicilliumspecies can grow in low-oxygen tensions.Peni-
cillium expansumand Penicillium roquefortiare able to grow nor-
mally in 2% O 2. Penicillium roquefortiis capable of slow growth in
0.5% O2, even in the presence of 20% CO2, while growth and
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sporulation can still occur in the gas combination 20% O2 plus
80% CO2. These species are exceptional: mostPenicilliumspecies
require relatively high O2 concentrations for normal growth.
e .
Heat Resistance

Species ofPenicillium and Talaromyceswith ascosporic states
display notable heat resistance. Values around a D90 of 2–
6 min with a z value of 5–10 � C have been reported for
ascospores ofT. macrosporus. As these fungi do not produce
ascospores under conditions prevailing in food factories, the
presence of heat-resistant ascospores in foods is invariably th
result of soil contamination of raw materials.
f

e.

Water Activity

Many Penicilliumspecies are marginally xerophilic. Nearly all
studied species inPenicilliumsubgenusPenicilliumare able to
grow down to 0.82 aw. A few species from subgenusPenicillium
and subgenusFurcatumare capable of growth down to 0.78aw,
including Penicillium brevicompactum, Penicillium chrysogenum,
Penicillium implicatum, Penicillium fellutanum, and Penicillium
janczewskii. In contrast, only one or two Talaromycesspecies are
capable of growth below 0.86aw.
,

s

o
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Temperature

Most Penicilliumspecies grow over lower temperature ranges
and none are thermophiles. Nearly all species inPenicillium
subgenusPenicilliumare capable of growth below 5� C, and
some at 0� C, making these very important spoilage fungi in
foods stored at refrigeration temperatures. A few common
species (e.g.,Penicillium citrinumand Penicillium oxalicum) grow
well at 37 � C, as do someTalaromycesspecies (e.g.,Talaromyce
funiculosus), but species from these genera rarely compete with
Aspergillusspecies at high temperatures.
is
l
k

is
Preservatives

A few Penicilliumspecies are preservative resistant. Notable
P. roqueforti, which is a frequent source of spoilage of cerea
products, especially rye breads, commonly preserved with wea
acids in Europe.Penicillium roquefortiis also unusually tolerant
of sorbic acid, which it degrades to produce a kerosene taint.
y
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Penicillium Species Important in Foods

Fifty or more Penicilliumspecies are of common occurrence in
nature, so a wide range of species can occur in foods. Man
simply turn up as adventitious contaminants and rarely cause
serious losses. Some, however, have a clear ecological asso
tion with certain raw material types or certain food processes
and play a major role in food spoilage. Only a few have serious
implications for toxicity. The major species are described brie� y
in this section, grouped by subgenus.
e
ies

,

SubgenusAspergilloides

Penicillium citreonigrumis discussed in this article as the major
source of citreoviridin, and is believed to have been very
important as a contaminant of yellow rice in Japan 100 years
ago. However, this species appears to be of rare occurrence
foods in recent times, and it is mentioned here only because of
its undoubted toxicity and historic importance. On CYA and
MEA at 25� C, P. citreonigrumgrows slowly, producing small,
yellow-pigmented colonies 20–25 mm in diameter in 7 days,
and diminutive monoverticillate penicilli.

The most important spoilage species in subgenusAspergil-
loidesis Penicillium glabrum. On CYA and MEA, this species
grows rapidly (40–55 mm diameter), with usually low and � at
colonies, and is heavily sporing and gray green, with little other
pigmentation or sometimes a yellow or orange reverse on CYA
Penicilli are monoverticillate, swollen at the apices, and con-
idia are spherical and � nely roughened. This species is o
common occurrence in a wide range of foods and raw mate-
rials, and sometimes causes spoilage of cheese and margarin
Few other monoverticillate species are common in foods: if
a strain answering the above description is isolated from
a foodstuff, it is likely to be this species.
SubgenusFurcatum

The most important foodborne species in this subgenus is
P. citrinum. This species is found in foods from all geographic
areas; indeed, it is among the most ubiquitous of fungi. It
occurs universally in cereals and nuts. Spoilage due t
P. citrinumappears to be rare, however. It forms relatively smal
colonies on CYA (25–30 mm diameter) and characteristically
smaller ones on MEA (less than 20 mm diameter). Penicilli are
distinctive, consisting of a cluster of divergent metulae and
phialides, with conidia produced in columns. Sometimes, the
colony reverse and medium on CYA are colored yellow from
citrinin production.

Penicillium corylophilumproduces rather similar penicilli to
P. citrinum, but with less metulae, often of unequal length.
Colonies on CYA and MEA are larger, 25–45 mm diameter after
7 days,� at, and with pale greenish colors often evident in the
colony reverses.Penicillium corylophilumcauses spoilage of high-
fat foods and sometimes jams. Occurrence in cereals and nuts
common.

Unlike the previous two species,P. oxalicumis widespread in
tropical foods and in maize. It grows rapidly on CYA at 25� C
(colonies 35–60 mm diameter) and at 37 � C (up to 40 mm
diameter). Colonies are� at and profusely sporulating, so that
after 7 days conidia will break off in crusts if the colony is
jarred. Conidia are large and can surpass 5mm in length.
SubgenusPenicillium

A number of important food spoilage species are classi� ed in
subgenusPenicillium, and identi� cations are not easy as a rule
However, a few species are found on speci� c substrates, and
these can help to provide an introduction to the subgenus. One
such species isP. expansum, the common apple rot fungus. In
culture on CYA and MEA, it produces deep, dark green colo
nies, 30–35 mm diameter in 7 days, with brown exudate and
reverse pigments. Microscopically, this species produces th
closely appressed three-stage penicillus characteristic of spec
in subgenusPenicillium, and stipes are smooth walled. All apple
and pear cultivars are susceptible to growth of this fungus
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PENICILLIUMj Penicillium and Talaromyces:Introduction 11
which causes very large losses, especially in roughly handled
long-stored fruit. Indeed, P. expansumis a broad-spectrum fruit
pathogen capable of spoiling tomatoes, avocados, mangoes
and grapes. It is the major source of the mycotoxin patulin in
fruit juices.

The species causing rots inCitrus fruits are also readily
recognized.Penicillium italicumproduces colonies 30–40 mm
diameter on CYA but often larger, up to 55 mm, on MEA.
Colonies are dark green,� at, with brown pigmentation in
medium and reverse. Penicilli are terverticillate, with distinctive
ellipsoidal to cylindroidal conidia. Penicillium italicumcauses
destructive rots on all kinds of Citrusfruits, but is rarely found
on other kinds of foods. Penicillium digitatumproduces� at and
usually spreading colonies on both CYA and MEA. It is readily
distinguished from other species by its olive colony color and
by forming large penicilli, with two or three branching stages,
and large (up to 8 mm or more long) ellipsoidal to cylindroidal
conidia. Like P. italicum, P. digitatumcauses destructive rots in
Citrus fruits, and again is rarely isolated from other sources
Neither species produces mycotoxins.

As it is used in cheese manufacture,P. roquefortimay be
isolated from any blue cheese, and it is readily recognized
Colonies on CYA and MEA are� at, are 40–70 mm diameter in
7 days, and form spores with dull green colors. Reverse shad
may be green or brown. Penicilli are large and terverticillate
with very rough stipes. Conidia are large and spherical.Peni-
cillium roquefortiis also a common spoilage fungus in cheeses
breads and other cereal products, preserved foods, or food
stored under modi� ed atmospheres where conditions have no
been maintained stringently. This species produces a range
mycotoxins (Table 1).

A second important cheese spoilage species isPenicillium
commune, and dull gray growth on refrigerated cheese is often
due to this species. It is known to be the wild ancestor of
the cheese moldPenicillium camemberti. Penicillium commun
produces dull gray green colonies on CYA and MEA (30–37
and 23–30 mm diameter, respectively), with terverticillate
penicilli, rough-walled stipes, and smooth spherical conidia.
This species produces the mycotoxin cyclopiazonic acid.

Some other important species from subgenusPenicilliumare
not too dif � cult to recognize. Penicillium chrysogenum, like
P. citrinum, is a ubiquitous fungus, with no obvious preferred
habitat. It is among the most common Penicillia isolated from
foods, but rarely causes spoilage. On CYA and MEA, it produce
� at, yellow green colonies, usually 35–45 mm diameter after
7 days, often with yellow pigmentation in exudate or medium.
Penicilli are terverticillate, with smooth stipe walls like
P. expansum, but rather spindly by comparison. Conidia are
small and ellipsoidal. Nearly all isolates produce cyclopiazonic
acid.

Of rather less common occurrence thanP. chrysogenum,
Penicillium crustosumis nevertheless a very important species
because it produces the potent neurotoxin penitrem A. Isola
tion of more than an odd colony of this species from spoiled
foods is a warning signal.Penicillium crustosumforms colonies
35–45 mm in diameter on both CYA and MEA, with heavy dull
green sporulation and usually little other pigmentation. This
species is most readily recognized on MEA by the formation o
crusts of conidia that break off when the plate is jarred. That is
a feature in common with P. oxalicum, but the penicilli of
P. crustosumare three- or four-stage branched, stipe walls ar
rough, and conidia are spherical.

An important species for mycotoxin formation is Penicil-
lium verrucosum. It is distinguished by producing small (less
than 25 mm diameter), yellow green, usually deep colonies
on CYA and MEA. Penicilli are usually three-stage branched
though sometimes with two or four stages evident, and are
broad, with rough stipes and small smooth conidia. It is
emphasized that this species only occurs in cool temperat
climates, and is found almost exclusively on cereals
Unknown in warmer regions, it produces ochratoxin A in
cereals whenever it grows.
TalaromycesSpecies Important in Foods

Talaromycesspecies, including those previously classi� ed in
PenicilliumsubgenusBiverticillium, are relatively rare in foods.
As noted in this article, species producing ascospores (e.g
T. macrosporus) can survive heat processing and may occur in
pasteurized juices. The most common species that is strictl
conidial is Penicillium variabile, which is frequently isolated
from cereals and� our. On CYA and MEA, it produces small
(15–22 mm diameter), gray green colonies that are� at, usually
with some yellow pigment. Penicilli are two-stage branched,
with a tight cluster of metulae supporting slender phialides and
ellipsoidal conidia. This species makes the minor toxin rugu-
losin, but this is not of serious concern to the food processor.

Endemic in maize,T. funiculosusalso occurs in a wide range
of other foods and sometimes causes spoilage. It forms pal
gray, loosely textured colonies 25–45 mm diameter in 7 days
on MEA and CYA at both 25 and 37� C, respectively. Penicilli
are biverticillate, with short stipes (less than 100mm long) and
ellipsoidal conidia.
Mycotoxins

Penicillium species possess exceptionally diverse metabo
capabilities, with reports of production of literally hundreds of
compounds by one species or another. The pro� les of such
compounds have proven to be highly species speci� c: some-
times whole families of such metabolites are produced by
a single species, but not at all by closely related taxa. No
surprisingly, then, a very wide range of potentially toxic
compounds has been reported to be produced byPenicillium
species. The situation is complicated by two facts: som
important compounds are produced by more than one species
and the literature is cluttered with inaccurate reports of
production of speci� c metabolites by particular species. Fo
example, the well-known mycotoxin citrinin has been reported
from no less than 20 species, but only three have been shown
to be authentic producers.

It is also important to note that some highly toxic
compounds, produced by particularPenicilliumspecies, are not
of practical importance because the species concerned ve
rarely enter the food chain. For example, verruculogen and
rubratoxin A are both highly toxic compounds. However, the
producers of verruculogen, Penicillium simplicissimumand
Penicillium paxilli, are soil fungi and are very uncommon in
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foods, while rubratoxin A is known to be produced by only
three isolates of an unnamed species.

The most important Penicillium mycotoxins are listed in
Table 1 and are discussed in the section Subgenus Penicillium
e
nt
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Citreoviridin

Acute cardiac beri beri, a disease often responsible for th
deaths of healthy young Japanese people, was prevale
100 years ago as the result of consumption of‘yellow rice.’ The
role of citreoviridin in this disease has been well documented.
It is principally produced by P. citreonigrum(synonyms Peni-
cillium citreovirideand Penicillium toxicarium), a species usually
associated with rice, less commonly with other cereals, and
rarely with other kinds of foods or raw materials. Once the sale
of yellow rice was banned in Japan,P. citreonigrumseems to
have become a rare species, and no outbreaks of poisonin
have been reported in the past 100 years. Citreoviridin is
also produced by Penicillium ochrosalmoneum, a relatively
uncommon ascosporic species associated with maize.
t
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Citrinin

Primarily recognized as a metabolite ofP. citrinum, citrinin
is also produced by P. expansumand some isolates of
P. verrucosum. Penicillium citrinum is among the more
commonly occurring Penicilliumspecies, and the toxin citrinin
appears to be abundantly produced in nature. Citrinin is
a signi� cant renal toxin affecting monogastric domestic
animals including pigs, dogs, and poultry. It causes watery
diarrhea, increased water consumption, and reduced weigh
gain due to kidney degeneration. Its effects in humans are
uncertain.
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Cyclopiazonic Acid

At least seven common Penicillium species produce cyclo-
piazonic acid (Table 1). As this toxin is also produced by
Aspergillus� avus, it therefore must be of common occurrence in
the environment. It has been detected in naturally contami-
nated maize, peanuts, and other foods. It is quite toxic to
chickens, but appears to be of less concern in humans. Apa
from Aspergillus� avus,P. communeappears to be the most
common natural source of cyclopiazonic acid.
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Ochratoxin A

Ochratoxin A is the most important toxin produced by a Peni-
cillium species. It occurs whenP. verrucosumgrows in cereals in
cool temperate climates (i.e., Europe and Canada). Ochratoxin
A damages kidney function, and has been shown to be toxic in
all tested animal species. It is also carcinogenic, but mos
toxicologists agree that chronic toxicity to kidneys is the more
important effect. Ochratoxin A is fat soluble and not readily
excreted, so it accumulates in the bodies of animals. Recen
studies have shown that ochratoxin A is present in the blood of
most Europeans, but the consequences for human health
remain uncertain – no human syndrome has been unequivo-
cally associated with ochratoxin A. It was once believed that i
was a causal agent of Balkan endemic nephropathy, a kidne
disease with a high mortality rate in certain areas of Bulgaria
Yugoslavia, and Romania, but recent evidence indicates that
is unlikely.
Patulin

The most important Penicilliumspecies producing patulin is
P. expansum, best known as a fruit pathogen, but also of
widespread occurrence in other fresh and processed foods. Th
production of patulin in rotting apples and pears by
P. expansumcan be a problem. The use of such fruit in juice or
cider manufacture can result in quite high concentrations of
patulin (up to 350 mg l� 1) in the resultant juice. The acceptable
level in foods is considered to be 50mg kg� 1. Scrupulous
attention to culling of diseased fruit is essential to maintain
levels of patulin in commercial juices below this � gure: the use
of high-pressure water jets for washing fruit used in juice
manufacture is recommended.
Penitrem A

Chemicals capable of inducing a tremorgenic (trembling)
response in vertebrate animals are regarded as rare– except for
fungal metabolites, of which at least 20 such compounds have
been reported. Tremorgens are neurotoxins; in low doses, the
appear to cause no adverse effects on animals, which are able
feed and function more or less normally while sustained trem-
bling continues to take place. Several of these tremorgeni
mycotoxins are produced by Penicillium species, the most
important being penitrem A, a highly toxic compound ( Table 1).
Virtually all isolates of P. crustosumproduce penitrem A at high
levels, so the presence of this species in foods is a warning signa
Diagnosis of the mycotoxicosis caused by penitrems is dif� cult.
However, reports of death or severe brain damage in sheep
horses, and dogs due to naturally occurring penitrem A have
been suf� ciently frequent to indicate that this compound is both
a potent neurotoxin and of widespread occurrence. The effect o
penitrem A in humans is unclear, but it seems likely that it exerts
a powerful emetic effect, which may limit toxicity.
PR Toxin

Cheese molds (i.e., the molds used to produce mold-ripened
cheeses, which are staple human foods in many countries) hav
understandably come under intense scrutiny for potential
mycotoxin production. The search for toxins has not gone
unrewarded. As discussed in this article,P. camembertiproduces
cyclopiazonic acid, while P. roqueforti, the other major cheese
mold, produces at least three toxins: PR toxin, roquefortine,
and patulin. PR toxin has caused sickness in cattle fed plastic
wrapped silage with damaged walls. As mentioned,P. roqueforti
can grow in very low oxygen concentrations. Extensive studie
indicate that neither P. camembertinor P. roquefortiproduces
toxins at appreciable levels in cheese.
Secalonic Acid D

Secalonic acid D is produced as a major metabolite ofP. oxali-
cum and has signi�cant animal toxicity. It has been found in
nature in grain dusts, at levels of up to 4.5 mg kg� 1. The
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possibility that such levels can be toxic to grain handlers
especially in maize silos, cannot be ignored. However, the role
of secalonic acid D in human disease remains a matter fo
speculation.
IRO

ger, New York.
.E.,
ss, Boca Raton,

2010. Food and
Netherlands.
See also:Natural Occurrence of Mycotoxins in Food;Spoilage
of Plant Products:Cereals and Cereal Flours;Spoilage
Problems:Problems Caused by Fungi.
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Introduction

Some Penicillium species have been used for centuries fo
production of certain popular food products, such as white
mold cheese, blue mold cheese, and mold-fermented salami
Apart from these well-known applications, Penicilliumspecies
occur as contaminants on many cheese and meat products, an
sometimes they are accepted on raw milk cheeses as an ess
tial part of the product. In other cases,Penicilliumgrowth on
foods is entirely undesirable, especially as manyPenicillium
species produce mycotoxins and volatile secondary metabolite
that could be regarded as off-� avors. Most mold-fermented
products are produced in two steps. A lactic acid bacteria
fermentation will be essential for cheese and salami quality and
aroma, but fungi that can grow at lower water activities can
tolerate the lactic acid–fermented products and grow after
salting and drying. Penicillium roquefortiis especially tolerant to
the metabolic products of lactic acid bacteria, such as lacti
acid, acetic acid, and carbon dioxide, and is thus inside the
cheese products, whilePenicillium camembertiand Penicillium
nalgiovenseare more salt tolerant and will grow on the surface of
the products. Sometimes other fungi including yeasts and
smear bacteria, including Brevibacterium linens, will also
contribute to the aroma of cheeses. The different microorgan
isms also produce extracellular enzymes, changing the textur
of the food products.

Penicilliumspecies are also known for their production of
bioactive secondary metabolites used as drugs, such as pen
cillin, griseofulvin, compactin, fumagillin, fumitremorgin C,
and mycophenolic acid. Other biotechnological applications
include colorants, volatile aromatic compounds, organic acids,
vitamins, and many other products. However, most species o
Penicilliumare regarded as spoilage and mycotoxin-producing
organisms. These fungi grow well on most foods and produce
a series of mycotoxins, including ochratoxin A, citrinin, patulin,
citreoviridin, and secalonic acids.

Mold-fermented cheeses and sausages are, however, v
popular in many countries, and are regarded as valuable and
tasty delicacy foods. Fungi of the generaAspergillus, Eurotium,
Neurospora, Rhizopus, and several others are also used for fer
menting foods, especially in Asia, but in Europe the most
popular fermented foods involve P. camemberti, P. nalgiovense,
and P. roqueforti.
e,

,
t

y,
Fermented Meat Sausages

Air-dried fermented meat sausages (salami or saucisson) ar
mostly in southern Europe, often fermented withP. nalgiovense,
or more rarely with Penicillium chrysogenum. These mold-
fermented sausages are very popular in countries like Italy
Romania, Hungary, Switzerland, Spain, and France, and abou
60–100% of all dry sausages are mold fermented. Mold-
fermented dry sausages are also produced in German
14 Encyclopedia of Food
Bulgaria, Belgium, and Austria, but are less common in these
countries. Other countries in northern Europe are slowly
beginning to appreciate the unique � avor of these fermented
products. Even though lactic acid bacteria are the� rst organ-
isms to ferment such products, the organism most tolerant to
acetic acid and CO2, P. roqueforti, is not used for these products.
RatherP. nalgiovenseand P. chrysogenum, which are salt tolerant,
will grow on the surface of the dried sausage products, either a
the result of deliberately adding spore suspensions of pure
conidia or by contamination. A layer of P. nalgiovensemay cover
the surface of the salami, before other fungi can establish
themselves, but in some casesPenicillium nordicum, a very ef�-
cient producer of the nephrotoxic mycotoxin ochratoxin A,
may go unnoticed, as many isolates ofP. nordicumhave white
conidia, as do many of the desired mold,P. nalgiovense.

If dried sausages are contaminated with Penicillia with
green spores, the surface of the dry sausages is often� ushed
with water and a layer of rice meal may be added to super� -
cially look like surface growth of P. nalgiovense. However, th
may be problematic, as mycotoxins from toxinogenic Penicillia
may diffuse into the sausage, and these mycotoxins will not be
removed from the product. Some of the fungi that may
contaminate salami and their potential mycotoxins are listed in
Table 1. Hungarian and German sausages are lightly cold
smoked during processing, while most other dry sausages ar
not. The degree of smoking will in� uence the composition of
the funga of these products. Penicillia constitute up to 95% of
the surface funga, while fewEurotiumspecies (Aspergillus glau
cus), which are very salt tolerant, are an important part of the
remaining fungi growing on meat products. The important
Penicillia are listed in Table 1 and have been part of the‘house’
funga, especially in Italian dry meat factories. Because a larg
part of these Penicillia are toxinogenic, it is recommended that
such sausages be inoculated with conidia ofP. nalgiovenseto
prevent the growth of other Penicillia. On the other hand, the
‘house’ funga may be an important part of particular products
and contribute to the aroma, and toxinogenic Penicillia may
not necessarily produce their toxins in salami.Penicillium olsoni
and P. chrysogenummay be acceptable species, as they are n
known to produce mycotoxins in salami, but especially Peni-
cillium aurantiogriseum, Penicillium polonicum, and P. nordicum
should be avoided, as they may produce nephrotoxins.
Ochratoxin A, produced by P. nordicum, is teratogenic, neph-
rotoxic, and a possible carcinogen, but was found� rst on dry
salami from northern Italy. Arti � cially inoculated Penicillium
has been shown to contain citreoviridin, citrinin, cyclopiazonic
acid, mycophenolic acid, or ochratoxin A, depending on the
fungus (Table 1). Penicillium expansumhas occasionally been
listed as a starter culture, but appears to produce too many
mycotoxins to be of use in fermenting. The advantages of using
known starter cultures, such asP. nalgiovense, for salami
production are that a layer of this fungus produces proteolytic
and lipolytic enzymes and otherwise contributes to the aroma,
especiallythrough production of NH 3 after proteolysis, making
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00249-4
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Table 1 Penicilliumspecies and potential mycotoxin production
on fermented meat and cheese products

Species Mycotoxins known

P. aurantiogriseumNephrotoxic glycopeptides, penicillic acid,
verrucosidin

P. bialowiezense Mycophenolic acid
P. brevicompactumBotryodiploidin, mycophenolic acid
P. capsulatum None
P. carneum Isofumigaclavine A, mycophenolic acid, patulin,

penicillic acid, penitrem A, roquefortine C
P. chrysogenuma Roquefortine C, secalonic acid D and F
P. commune Cyclopiazonic acid, rugulovasine A and B
P. cyclopium Penicillic acid, viomellein, xanthomegnin, vioxanthi
P. crustosum Penitrem A, roquefortine C, terrestric acid
P. discolor Chaetoglobosin A, B, C
P. echinulatum Arisugacins, territrems
P. expansum Chaetoglobosin A, B, C, citrinin, patulin,

roquefortine C
P. freii Viomellein, xanthomegnin, vioxanthin
P. nalgiovensea None
P. nordicum Ochratoxin A
P. olsonii None
P. oxalicum Roquefortine C, secalonic acid D and F
P. palitans Cyclopiazonic acid, isofumigaclavine A and B
P. paneumb Botryodiploidin, marcfortines, patulin, roquefortine C
P. polonicum Nephrotoxic glycopeptides, penicillic acid,

verrucosidin
P. roquefortib Isofumigaclavine A and B, PR-toxin, roquefortine
P. rubensa Roquefortine C
P. verrucosum Citrinin, ochratoxin A
P. viridicatum Viomellein, vioxanthin, viridic acid, xanthomegnin
Talaromyces

variabilisc
Rugulosin

aProduces penicillin.
bRarely found on salami, but rather on cheeses.
cFormerly inPenicillium, all species in the formerPenicilliumsubgenusBiverticillium
have been transferred toTalaromyces.
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the meat product less acidic and more aromatic. Catalas
production may add to the antioxidative effect of mold growth
and protect against rancidity caused by chemical oxidative
changes. Furthermore, nitrate reductase is produced.

Most Penicillia have nitrate reductase, and thereby produc
nitrite, that may help maintain the red color of the salami and
help preserve the product, especially because of the antibact
rial effect of nitrite. Moreover, the layer of white Penicillium
indicates that the product has matured completely, and the
visual appearance is recognized as a quality parameter by man
cosumers. In Italy, the surface of such mold-fermented salami
should be off-white, and in Hungary they are regarded of high
quality if they are light gray. Sometimes, however, the surfac
mold layer is removed, and the dry sausage is either kept thi
way or rolled in rice meal, to give a white appearance. Addition
of spices, preservatives, and other additions may change th
composition of the Penicillia present, as well as their
biochemical activities. Since most fungi used commercially for
fermenting dry meat are penicillin producers (Table 1), it is
particularly important to prevent secreting this antibiotic into
the products.

The content of the sausage products is often lean pork, por
fat, and/or beef and selected spices. Sugars will often be adde
to have a good growth of lactic acid bacteria. Often sausages a
stuffed in either an intestine or cellulose or collagen casing
This also will have an in� uence on the fungi inoculated, and so
will have the temperature by which the sausages are stored, th
humidity and the degree of smoking. Initially, the temperature
of the greening rooms is 20–22 � C with a relative humidity of
95% for 5–7 days. Thereafter, the temperature and wate
activity are lowered to approximately 15� C and 75%. These
conditions are ideal for the growth of Penicillium. Curing or
drying for 1 or 2 months will reduce the water content of the
meat product to approximately 40%. The� nal product is � rm
and dry and no longer supports fungal growth. By manipu-
lating these storage conditions, mycotoxin formation may be
prevented completely or at least partly.

n

Pork Ham and Faroan Lamb Meat

Parma ham (Italy), Serrano ham (Spain), Südtiroler Bauerns-
peck (Germany), Binden� eisch, Bündner� eisch (Switzerland),
and country-cured hams (United States) are often overgrown
with Eurotiumand Penicilliumspecies. These raw hams are ofte
initially prepared by rubbing their surfaces with a mixture of
salt, nitrate, and carbohydrates. After a cool soak treatmen
they are ripened for a period of 5–10 months. Some of the
same species that can grow on dry sausages can also gr
on dry-cured ham, including the ochratoxigenic species
P. nordicumand Penicillium verrucosum. Often the Eurotia and
Penicillia will grow heavily on these hams, and this fungal layer
is removed by brushing, trimming, or washing. The most
common Penicillia are P. expansum, P. commune, P. olsonii,
P. nordicum, and P. polonicum, and all these Penicillia are
potentially toxigenic (Table 1). As there is no casing on hams,
mycotoxins may diffuse into the hams, and the hams should be
examined for such potential mycotoxins. Among Eurotium
species,E. repens, E. rubrum, and E. herbariorumare the most
common, but these species are not known for their mycotoxin
production.

Faraon outdoor air-dried lamb thighs will be slowly dried at
a low temperature, and psychrotolerant species dominate on
such products. Penicillium solitum, a nontoxigenic species,
dominate these products, but occasionally the ochratoxin A
producing P. nordicumhas been found.

C

White-Fermented Cheeses

Penicillium camembertiis the only truly � lamentous species
used for white mold cheese. The yeast-like fungusGeotrichum
candidummay, however, also be in some soft cheese varietie
and other yeasts are often present too. The white mold cheese
are often made from raw or pasteurized cow’s, goat’s, or sheep’s
milk. Camembert- and Brie-type cheeses (Table 2) originated
in France, but are now produced both in Europe and the
United States. Camembert cheeses have a soft creamy cen
and a nutty and mushroom-like � avor, the latter � avor caused
by 1-octen-3-ol, a conidium germination inhibitor. After the
lactic acid fermentation, yeast may grow in the cheeses, an
P. camembertiwill establish itself on the surface of the cheese
There are differences between the different strains o
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Table 2 Examples of cheese varieties being ripened
usingPenicillium

Variety Country of manufacture

Blue-veined
Ädelost Sweden
Bayrisch Blau Germany
Bejes-Treviso Spain
Blauschimmelkäse Switzerland
Bleu d’Auvergne France
Bleu de Bresse France
Blue Shropshire England
Cambozolaa Germany
Cabrales Spain
Caledonean Blue Scotland
Cashel Blue Ireland
Castello Denmark
Danish Blue (Danablu) Denmark
Edelpilzkäse Germany
Fourme d’Ambert France
Gammelost Norway
Gorgonzola Italy
Grünschimmelkäse Austria
Hunstman England
Ku� u Turkey
Lymeswold England
Magura Bulgaria
Merinofort Hungary
Mycella Denmark
Nuworld USA
Roquefort France
Saga Denmark
St Clemens Bleu Denmark
Stilton England
Tulum Turkey
Valdeon Spain
Wensleydale England
White mold cheeses
Brie France
Camembert France
Carré de l’Est France
Chaource France
Coulommier France
Neufchâtel France
Weissschimmelkäse Germany

aFermented with bothP. camembertiandP. roqueforti.
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P. camemberti: some produce large amounts of lipolytic and
proteolytic enzymes, and others produce large amounts of the
mycotoxin cyclopiazonic acid (at least in pure culture). Some
strains produce a heavy white mycelium and others a� atter
mycelium. The color of the colonies often remains white, but
someP. camembertistrains will produce gray-green conidia. On
raw milk cheeses,P. camembertimay develop pink, red, or
yellow mycelium colors with time. The tolerance to salt may
also differ somewhat.

Traditional Brie cheeses have a succession of microorga
isms during fermentation. After the initial lactic acid fermen-
tation, the cheese is smeared withB. linens or similar
coryneform bacteria. They can only grow on this type of chees
becauseP. camembertiand often also yeasts will eventually raise
the pH to 7–7.5. The proteases ofP. camembertiresult in the
formation of ammonia, often giving part of the expected � avor,
at least in mature Brie cheeses. Degradation of calcium phos
phate at the surface results in a diffusion of this salt toward the
rind of the cheese, resulting in a softening of the inner part of
the cheese.
Blue-Fermented Cheeses

Blue-fermented cheeses constitute an important part of the
cheese palette in many countries (Table 2). Channels will be
made by piercing with metal sticks in these cheeses, an
P. roqueforti, the only � lamentous fungus used for this type of
cheeses, will grow in the channels and caves made. Sometime
cheese varieties are made that have a surface growth ofP. cam-
emberti(intentionally added) or Penicillium caseifulvum, that is
part of the house funga, especially in Mycella and Danablue
cheeses, but often blue cheeses rather contain different yeas
from the house funga.Penicillium roquefortiis especially suited
for growth in the cheeses as it tolerates all the metabolic
products produced by the lactic acid bacteria added initially.
Tolerance to acetic acid and CO2 is especially important. On
the other hand, P. roquefortiwill grow on the surface of the
cheese only if the NaCl concentration is low, as it
competes poorly with other more salt-tolerant Penicillia,
such as P. caseifulvum. The blue-green conidiation occurs
2–3 weeks after inoculation. Penicillium roquefortiproduces
large amounts of blue-green melanin in the spores, and
sometimes also in the mycelium, hence the dark blue–green
color in the reverse of colonies of P. roquefortigrown on
Czapek-based media. The conidiation can be very heavy i
P. roquefortiand will contribute to the desired turquoise color
of the veins in the blue cheeses. Large numbers of conidia ar
produced in surface culture and sold commercially.
Flavors ofPenicillium

Penicillia produce species-speci� c mixtures of volatile com-
pounds. Some are a result of degradation of amino acids, wherea
others are caused by degradation of linoleic acid, that is, 1-octen
3-ol, and � nally some are true secondary metabolites, including
a series of terpenes with characteristic� avors. Some of the
volatiles produced by P. camembertiinclude ethyl acetate,
isobutanol, ethyl isobutanoate, isobutyl acetate, styrene
1-octen-3-ol, 3-octanone, 3-octanol, and ethyl hexanoate-
2-methyl-isoborneol. The latter terpene has a typical soil-like
smell. Penicillium roquefortiproduce, among others, isobutanol,
isopentanol, 2-methyl-butanol, isobutyl acetate, 1-octene,
3-octanone,b-myrcene, p-cymene, limonene, linalool, and many
other terpenes. Furthermore, other volatile components are
produced by proteolytic and lipolytic degradation of the milk/
cheese components, and by processes caused by interactio
between the bacteria, yeasts, and the� lamentous fungi present.
Methyl ketones are especially important for blue cheeses, but ar
also present in white mold cheeses, and some of these ketones a
degraded to secondary alcohols. Small peptides also contribute to
the � avor and are released after proteolysis. The most commo
are glutamic acid, leucine, and lysine. Glutamic acid may
contribute to an Umami like � avor of the cheeses.
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Features of Some Penicillia That Are Used as Real
or Can Be Potential Starter Cultures

Many isolates of the species characterized below are availabl
and they may differ somewhat in their conidium color, enzy-
matic activities, growth characteristics and CO2, temperature,
and salt tolerance. However, within these species, the variatio
between isolates is not very pronounced. On the other hand
most species growing on meat and cheese have commo
features, such as production of lipases and proteases. All th
fungi listed can grow on creatine sucrose agar, as opposed
contaminant fungi, such asP. aurantiogriseum, Penicillium bre-
vicompactum, Penicillium cyclopium, P. nordicum, P. polonicum,
and P. verrucosum, which grow poorly on creatine-sucrose agar
Some other fungi that produce mycotoxin and are undesirable
on meat and cheese products includePenicillium crustosum,
Penicillium discolor, Penicillium echinulatum, Penicillium palitans,
and P. expansum. These latter fungi all grow well on creatine-
sucrose agar, and some of them have been implicated i
mycotoxicoses in animal pets. Sometimes, more than one
fungus is used for combined blue and white mold cheeses. In
such cases,P. roquefortigrow inside the veins of the cheeses and
P. camembertior P. caseifulvumon the outside.

Penicillium camembertiis a member of Penicilliumsubgenus
Penicillium section FasciculataseriesCamemberti. Well-known
synonyms of P. camembertiarePenicillium candidum, Penicillium
album, and Penicillium caseicola. Penicillium camembertican be
regarded as a domesticated form ofP. commune, a very
common cheese contaminant. This species can potentiall
produce cyclopaldic acid, cyclopenin, cyclopenol, cyclopeptin,
cyclopolic acid, cyclopiazonic acid, dehydrocyclopeptin, FKI-
3389, frequentin, palitantin, rugulovasine A and B, viridicatin,
and viridicatol. Most strains of P. camembertionly produce
cyclopiazonic acid, but this mycotoxin is produced in white
mold cheese in much higher amounts at 25� C than at refrig-
erator temperatures. The other extrolites listed are less commo
in P. camemberti, but quite common in P. commune.Penicillium
camembertigrows well at 5� C, but poorly at 30 � C and not at all
at 37 � C. The pH range for P. camembertiis like that of
P. nalgiovense, 3.5–8. Penicillium camembertiis halotolerant and
sometimes grows better at 5% NaCl than at 0% NaCl. Workers
in white mold cheese factories can occasionally get an allergi
reaction to P. camemberti(Cheese-washers lung).

Penicillium caseifulvumis a member of Penicilliumsubgenus
Penicilliumsection FasciculataseriesCamemberti. Some isolates
of this species can produce cyclopenin, cyclopenol, cyclo
peptin, dehydrocyclopeptin, and rugulovasine A and B, but no
isolates can produce cyclopiazonic acid. Some isolates of th
species are therefore an attractive candidate for the productio
of mold-fermented cheeses. The species has been found on th
surface of blue mold cheeses, and such cheeses often are
a very high quality. It has not as yet been used intentionally for
mold-fermented cheeses. It produces a white mycelium, bu
light turquoise conidia, so unless this color can be accepted on
the surface of mold-fermented cheeses, white spore mutant
need to be developed. The physiological features of this specie
are nearly the same as those ofP. camemberti.

Penicillium chrysogenum(the most important synonym
is Penicillium notatum) and Penicillium rubensare members
of Penicillium subgenus Penicillium section Chrysogenaseries
Chrysogena. They have been used sporadically for the produc
tion of meat products, as they give a less characteristic arom
than P. nalgiovense.Penicillium chrysogenumis the most com-
mon fungus in indoor environments. The type culture of
P. chrysogenumwas found on cheese and may have originated
from the indoor air spore in the factory. BecauseP. chrysogenum
and P. rubensare so common in indoor air, they may also
contaminate several kinds of foods. However,P. chrysogenum
and P. rubenshave not been used as a starter culture for chees
Penicillium chrysogenumcan produce the extrolites andrastin
A and B, chrysogenamide, chrysogine, circumdatin G, cit
reoisocoumarin, meleagrin, penicillin, roquefortine C and D,
secalonic acid D and F, sorbicillins, and xanthocillin X, while
P. rubensonly produces andrastin A, chrysogine, meleagrin
penicillin, roquefortine C and D, sorbicillins, and xanthocillin
X. Among these extrolites, only secalonic acid D and F ar
regarded as mycotoxins.Penicillium chrysogenumand P. rubens
are salt tolerant and grow well at low-water activities, as low as
0.78–0.81 and also grow well from pH 3 to 8. These species
grow rapidly and produce a white mycelium, but often yellow
exudate droplets and diffusible pigments and green, blue-green
to dark green conidia.Penicillium chrysogenumis used as a meat
starter culture perhaps because it grows faster tha
P. nalgiovenseand may compete better than other� lamentous
fungi of the contaminating house funga. Penicillium chrys
ogenumand P. rubensgrow well at 5 and 30 � C, but poorly or
not at all at 37 � C.

Penicillium nalgiovenseis a member of Penicilliumsubgenus
Penicilliumsection ChrysogenaseriesChrysogena. It was origi-
nally found on a Czech cheese variety, but fresh isolates hav
later been used primarily for mold-fermented sausages. Isolate
of this species are able to produce citreoisocoumarin, dia
portinol, diaportinic acid, dichlorodiaportin, dipodazin,
6-methyl-citreoisocoumerin, nalgiovensin, nalgiolaxin, and
penicillin. None of these extrolites has been shown to be
classi� able as mycotoxins. Chemotaxonomy and molecular
data indicate that theseP. nalgiovensecan be divided into two
different, closely related species. Taxonomically,P. nalgiovens
is most closely related toP. chrysogenum, P. rubens, Penicillium
dipodomyis, and Penicillium� avigenum, and all these species may
be potential candidates for food fermentation. However,
P. nalgiovensewill give a very � ne aroma in meat and specialty
cheese products, while the other species may be less suite
Penicillium nalgiovense, like all other Penicilliumspecies, which is
salt tolerant and tolerates 6–8% sodium chloride. It has been
found in brine used for salting cheeses and is able to grow on
cheese, where the presence ofP. nalgiovenseis unwanted. It
grows poorly at 5 � C and not at 37 � C. The pH range for this
species is from 3.5 to 8. The original cheese isolates are growin
slowly, while isolates used for meat fermentation grow rapidly.
Colonies of P. nalgiovensehave white mycelium and often white
conidia, but such isolates are mutants of wild-type isolates
producing dark green conidia. Both the white and green types
are found on contaminated dried meat products and cheese
Like P. camemberti, P. nalgiovensemay cause allergy to workers
from factories producing the mold-fermented foods.

Penicillium roquefortiis a member of Penicilliumsubgenus
Penicillium section Roquefortorumseries Roquefortorum. Syno-
nyms of P. roquefortiinclude Penicillium gorgonzolaeand Peni-
cillium stilton. Penicillium roquefortican produce andrastin A-D,
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citreoisocoumarin, isofumigaclavine A and B, mycophenolic
acid, PR-toxins (Penicillium roquefortitoxins) including eremo-
fortins, and roquefortine C and D in pure culture, but only the
seemingly nontoxic secondary metabolites have been found in
cheese. Mycophenolic acid is strongly immunosuppressive an
so may lead to bacterial infections, but this health aspect has
not been investigated yet. PR-toxin is a mycotoxin, but it is
unstable in cheese. Other species in seriesRoquefortorumare
Penicillium paneum, Penicillium carneum, and Penicillium psy
chrosexualis. None of these latter three species seems to be suite
for blue cheese production, because they can produce myco
toxins such as botryodiploidin, patulin, and penicillic acid.
Physiologically, all species in seriesRoquefortorumare unique in
Penicillium, being particularly tolerant to acetic acid, CO2, and
lactic acid, acetic acid being the most fungicidal compound.
This resistance to acetic acid and other products from lactic aci
bacteria strongly indicate that species inRoquefortorumhave
coevolved with lactic acid bacteria.Penicillium roquefortican
tolerate 6–10% sodium chloride, but is not as tolerant as
P. camemberti, P. caseifulvum, or P. nalgiovense. It can grow from
pH 3 to 10.5, with an optimum between 4.5 and 7.5. Penicil-
lium roquefortigrows well between 3 and 28� C, and not very
well at 30 � C. This species is usually fast growing and produce
a dark green characteristic reverse on most laboratory med
and dark green conidia. White mutants of P. roquefortiare
available and have been used for Nuworld cheese.

Penicillium solitumhas been found on fermented air-dried
lamb thighs and garnatalg on Faroe Islands. This specie
produces the extrolites compactin, cyclopenin, cyclopenol
cyclopeptin, dehydrocompactin, dihydrocyclopeptin, ML-236A,
ML-236C, palitantin, solistatin, solistatinol, viridicatin, and
viridicatol, but none of these extrolites are regarded as myco
toxins. Rather, compactins, solistatin, and solistatinol are
cholesterol-lowering compounds. Being nontoxigenic,P. solitum
may be a candidate for intentional addition to meat products,
but until now has only been found very frequently on air-dried
meat as part of the natural funga.Penicillium solitumis salt
tolerant and grows better on 5% NaCl than on 0% NaCl. It
grows very well at 3� C, but very poorly, sometimes not at all,
at 30 � C.
See also: Brevibacterium; Cheese:Mold-Ripened Varieties;
Fermented Meat Products and the Role of Starter Culture
Mycotoxins:Classi� cation;PenicilliumandTalaromyces:
Introduction; Starter Cultures; Starter Cultures Employed
Cheesemaking;Starter Cultures:Molds Employed in Food
Processing.
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Petri� lm plate methods are an alternative to conventional agar
plate methods for microbiological testing of food and bever-
ages. Petri� lm plates embody an all-in-one plating system
developed and registered by the Food Safety Division o
the 3M� Corporation. This system can be classi� ed as an
improvement on traditional colony count methods. The
improved methods permit reductions in the times for prepa-
ration and use of microbiological materials and increase the
number of samples that can be analyzed in a given time
However, in most cases, there is no substantial reduction of the
time needed to complete each assay.

In this article the following sections are included:

l List of available commercial products
l Range of food product applications
l Description of the general method and procedures
l Procedures speci� ed in regulations, guidelines, and

directives
l Advantages and limitations compared with conventional

and other alternative techniques
l Interpretation and presentation of results
,

rs)

,

,
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Available Commercial Products

Depending on the product, boxes of 50, 100, 500, or 1000
units are available. Dry rehydratable� lms are marketed by
3M� , and at May 2011 the following products are available:

Culture � lms:

l Petri� lm aerobic count plate
l Petri� lm Enterobacteriaceaecount plate (including Salmo-

nella, Shigella,and Yersinia)
l Petri� lm coliform count plate
l Petri� lm Escherichia coli/coliform count plate
l Petri� lm selectiveE. colicount plate
l Petri� lm yeast and mold count plate
l Petri� lm high-sensitivity coliform count plate
l Petri� lm rapid coliform count plate
l Petri� lm staph express count plate
l Petri� lm environmental Listeriacount plate

3M� also offers a Petri� lm plate reader (PPR) for the
automated reading and recording of results of Petri�lm plates
(aerobic, coliform, E. coli/coliform count, and select E. coli),
with the results for a plate being obtained in 4 s.

The Petri� lm kit HEC (detection of enterohemorrhagic
E. coli) was previously available but has been withdrawn. The
Petri� lm aerobic count plate can be used with De Man, Rogosa
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
and Sharpe (MRS) broth as the sample diluent, in combination
with anaerobic incubation, to enhance the growth of homo-
and hetero-fermentative lactic acid bacteria in processed mea
and high-acid products.

The boxes in which the plates are supplied are provided
with plastic spreaders to assist in applying pressure to plates i
order to spread the inoculum over the culture medium area of
each plate. The Petri� lm environmental Listeriaplate spreader
is available in boxes with two units. For Petri� lm staph express
count plates, a disk for spreading inocula is also available.

Once a box has been opened, it should be sealed with tap
and stored at room temperature and at less than 50% relative
humidity. The remaining plates should be used within 1 month.
Range of Food Product Applications

Table 1 shows studies in which Petri� lm plate products have
been evaluated or compared with conventional methods for
determining aerobic bacteria, Enterobacteriaceae, coliforms,
E. coli, Staphylococcus aureus, and yeasts and molds in a wide
range of foods. Also, comparison of Petri� lm and traditional
methods for the detection/recovery ofListeriafrom food envi-
ronmental surfaces has been reported.

The main groups of foods sampled were:

l Dairy products (raw milk, pasteurized milk, powdered milk,
cheeses, yogurt, and ice cream)

l Meat and meat products (ground meat, minced meat,
carcasses, beef, pork, sausages, and poultry, among othe

l Fish and seafood (surimi, etc.)
l Eggs
l Vegetables (frozen and chilled)
l Fruits and fruit juices (apples, strawberries, orange juice

pulp, etc.)
l Cereal products (sliced bread, bakery, corn meal, and� our)
l Spices and peanuts
l Miscellaneous (mushroom in conserve, frozen gravy

prepared and refrigerated meals, and others) (seeTable 1).
General Method and Procedures

The dry � lm plates are ready-to-use systems consisting of tw
plastic � lms attached together along one edge and coated o
their opposed surfaces with culture media ingredients (selective
or nonselective, depending on the target microorganisms) with
an indicator dye, and a cold-water-soluble gelling agent. The
78-0-12-384730-0.00250-0 19
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Table 1 Selection of food applications of Petri� lm plate products

Food products PetriÞlm plate products References

Dairy products:
Raw milk PAC; RCC; PSS Freitas et al., 2009; Priego et al., 2000; Nogueira Viçosa et al., 2010
Pasteurized milk PAC; RCC Dawkins et al., 2005, Freitas et al., 2009; Raybaudi et al., 2005
Powdered milk PEB; PAC Silbernagel and Lindberg, 2002; Dawkins et al 2005
Cheese PYM; PEB; PSS; RCC Taniwaki et al., 2001; Silbernagel and Lindberg 2003, Paulsen et al., 2008; Nogueira

Viçosa et al., 2010; Kinneberg et al., 2002
Fermented milks PEB; PAC Silbernagel and Lindberg, 2002; Dawkins et al., 2005; Nero et al., 2008
Meat and meat products:
Ground meat RCC; PEB Priego et al., 2000; Silbernagel and Lindberg, 2002; Paulsen et al., 2008
Beef PEC; PAC Russell, 2000; Dawkins et al., 2005
Pork PAC, PCC Park et al., 2001
Meat products PAC; RCC; PEB; PSS Scmelder et al., 2000;Priego et al., 2000; Paulsen et al., 2008; Wichmann-Schauer

and Jöckel, 2004
Poultry PEC; PSS; PAC; PEB Russell, 2000; McMahon et al., 2003; Dawkins et al., 2005; Silbernagel and Lindberg,

2002, Paulsen et al., 2008
Fish and seafood PAC; RCC; PEB; PSS Dawkins et al., 2005; Chung et al., 2000; Silbernagel and Lindberg, 2002; Paulsen

et al., 2008; Wichmann-Schauer and Jöckel, 2004
Eggs RCC; PEB Priego et al., 2000; Silbernagel and Lindberg, 2002
Vegetables/fruits RCC; PYM; PEB Priego et al., 2000; Taniwaki et al., 2001; Paulsen et al., 2008
Spices/peanuts PYM; PEB Taniwaki et al., 2001; Silbernagel and Lindberg, 2003
Cereal products RCC; PYM; PEB Priego et al., 2000, Kinneberget al., 2002; Taniwaki et al., 2001; Paulsen et al., 2008
Miscellaneous foods

(prepared foods and others)
PYM; PEB; RCC; PSS Taniwaki et al., 2001; Silbernagel and Lindberg, 2003, Paulsen et al., 2008; Kinneberg

et al., 2002; Silbernagel et al., 2003, Wichmann-Schauer and Jöckel, 2004

PAC, Petri� lm aerobic count; PEC, Petri� lm E. coli; PEB, Petri� lm Enterobacteriaceae; PCC, Petri� lm coliforms count; PYM, Petri� lm yeast/mold; RCC, Petri� lm rapid coliforms
count; PSS, Petri� lm Staph express.

Figure 1 Place the Petri� lm plate on a� at surface.
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target area of the plate used for colony counting has squares o
various sizes depending on the product (see section on Inter
pretation and Presentation of Results, below) to facilitate
enumerations. These methods are an alternative to standar
plate count methods since it is possible to dispense with Petr
dishes, the preparation of culture media, and several steps o
traditional methodology.

Indicators can provide for rapid identi� cation of colonies.
Thus, there are plates forEnterobacteriaceae, coliforms, and
E. coli,which use violet red bile nutrients as culture media and
tetrazolium (2,3,5-triphenyltetrazolium chloride) as an indi-
cator dye. In the case ofE. coli, there is a glucuronidase indicator
(5-bromo-4-chloro-3-indolyl- b-D-glucuronide) that givesE. coli
colonies with a blue precipitate around them. Also, for total
aerobic bacteria, an indicator pigment improves the interpre-
tation of colonies.

No antibiotics need to be added for the yeasts and molds
method, and no enrichment step is needed for the environ-
mental Listeriacount plate method.

The methodology for plating on Petri� lm plates is simple,
and the steps to be followed with each product are identical,
with the exception of some speci� c peculiarities concerning the
type of spreader. The differences in incubation time and
temperature of the plates are in line with what has been
established for the standard plate methods. In general, a stan
dard protocol would be as follows (Figures 1–4):

1. Place the Petri� lm plate on a � at surface.
2. Lift the top � lm and carefully dispense, for most types of

plates, 1 ml of a sample or sample dilution on to the center
of the bottom � lm. Exceptionally, for the high-sensitivity
coliforms count (HSCC) plate, 5 ml of inoculating � uid is
required.
3. Roll the top � lm down on to the sample carefully,
to prevent air bubbles from being trapped beneath the
� lm.

4. Distribute the sample evenly within the circular inoculating
area, applying pressure to the center of the plastic spreade
(� at side down) provided with each pack. Do not slide the
spreader across the� lm.

5. Remove the spreader and leave the� lm undisturbed until
the gel solidi� es, usually within 1 min but after 2–5 min for
HSCC plates.

For Environmental Listeriaplates, it is necessary to allow for
repair of injured Listeriabefore plating, by incubating samples
in buffered peptone water at room temperature for 1–1.5 h. No
enrichment step is needed.
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Figure 3 Roll the top� ll down on to the sample.

Figure 4 Use the spreader to distribute the sample.

Figure 2 Lift the top� lm and dispense.
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Petri� lm plates should be incubated horizontally with the
clear side up, in stacks of less than 20. Current standar
methods should be followed for selection of the incubation
temperature, depending on the microorganisms being targeted
and the Petri� lm plate being used.

Colonies can be isolated for research or identi� cation by
lifting up the top � lm and picking colonies from the gel.
.
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Procedures SpeciÞed in Regulations, Guidelines,
and Directives

In order to be used in food analysis, a new microbiological
method must be rapid, suitable for routine analysis, precise and
accurate, technically viable, and internationally acceptable
This last criterion is particularly important, so various inter-
national organizations concerned with the microbiological
condition of foods carry out validation programs with collab-
orative studies.

Petri� lm plate methods have been subject to this acceptanc
testing. Petri� lm methods have been validated by the French
Standardization Association (AFNOR) and recognized as of� -
cial methods by the Association of Of� cial Analytical Chemists
(AOAC) and the International Dairy Federation (IDF)
(Table 2) for use with a wide range of foods.

These methods have been approved in many countries, fo
various types of foods. These countries include Australia
(Department of Agriculture and Fisheries), Brazil (Ministry of
Agriculture), Canada (Health Canada, Health Protection
Branch), Chile (Department of Agriculture), Colombia, El Sal-
vador (Ministry of Public Health), France (AFNOR), Germany
(Deutsches Institut für Normung), Japan (Ministry of Health),
South Korea (Korea Food and Drug Administration), Mexico,
New Zealand (New Zealand Food Safety Authority), Nordic
Countries (Nordval Validation), Poland (Polish Normalization
Committee), Republic of South Africa, United Kingdom
(Campden Food and Drink Research Association and Leathe
head Association study), United States of America (AOAC
International; American Public Health Association, US
Department of Agriculture, and US Food and Drug Adminis-
tration), and Venezuela.

The Standard Methods for the Examination of Dairy Prod
(APHA) recognized in its 17th edition (2004) the Petri� lm
aerobic count, coliform count, Enterobacteriaceaecount, E. coli/
coliform count, high-sensitivity coliform count, rapid coliform
count, and yeast and mold count plate. TheCompendium o
Methods for the Microbiological Examination of Foods(APHA), 4th
edition (2001), included the aforementioned Petri � lm
methods and the method for lactic acid bacteria.
f

Advantages and Limitations

According to the reported studies, the main advantages o
Petri� lm plate methods compared with conventional tech-
niques are as follows:

l Simple and rapid (ready-to-use system) application
l Ease of transport
l Convenient storage and preparation of materials
l Flexible � lms prevent contamination or drying of surfaces
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Table 2 International Petri� lm plate certi� cates, recognitions, and validations (up to 2011, May)

OfÞcial organization Food products PetriÞlm plate products Reference

AFNOR All foods Aerobic count plates 3M� certi� cate 01/1-09/89
All foods (except raw shell� sh) Coliform count plates 24 h total coliform result 3M� certi� cate 01/2-09/89A
All foods (except raw shell� sh) Coliform count plates 24 h total coliform result 3M� certi� cate 01/2-09/89B
All foods Coliform count plates 24 h thermotolerant

coliform result
3M� certi� cate 01/2-09/89C

All foods SelectedE. colicount plates 3M� certi� cate 01/8-06/01
All foods Rapid coliform count plates 14 h result 3M� certi� cate 01/5-03/97A
All foods Rapid coliform count plates 24 h result 3M� certi� cate 01/5-03/97B
All foods (except processed pork

products)
Rapid coliform count plates 24 h result 3M� certi� cate 01/5-03/97C

All foods Enterobacteriaceaecount plates 3M� certi� cate 01/6-09/97
All foods High-sensitivity coliform count plates 3M� certi� cate 01/7-03/99
All foods Staph express count system 3M� certi� cate 01/9-04/03

AOAC Raw and pasteurized milk Aerobic count, coliform count plates 986.33 method
Dairy products Aerobic count, coliform count plates 989.10 method

High-sensitivity coliform count plates 996.02 method
Foods Aerobic count plates 990.12 method

Coliform count,E. coli/coliform count plates 991.14 method
Yeast and mold count plates 997.02 method
Rapid coliform count plates 2000.15 method

Poultry, meats, and seafood E. coli/coliform count plates 998.08 method
Selected foods RapidS. aureuscount system 2001.05 method

Enterobacteriaceaecount plates 2003.01 method
Selected processed and prepared

foods
Staph express count system 2003.07 method

Selected dairy foods Staph express count system 2003.08 method
Selected poultry, meats, and seafood Staph express count system 2003.11 method
Environmental sampling EnvironmentalListeriaplates Certi� cation No. 030601

FIL/IDF Dairy products Bulletins 285/1993 and 350/2000

AOAC, Association of Of� cial Analytical Chemists; AFNOR, French Standardization Association; FIL/IDF, International Dairy Federation.
Source:3M� Microbiology Products, Europe Laboratoires 3M Santé, Boulevard de l'Oise, 95029, Cergy-Pontoise Cedex, France.
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l Indicators and grids aid in interpretation
l Accuracy
l Selectivity
l Less space required for storing and incubating plates
l Less time needed for plating samples.

The use of selective nutrients in most of the available
products means that other microorganisms, which could
confuse the results, are unlikely to grow. In the case of the Pe
ri� lm yeast and mold plate, no addition of tartaric acid
or antibiotics is required, but interpretation problems may arise
in the identi � cation and counts of yeast and mold colonies.

The Petri� lm high-sensitivity coliform count plate can
detect coliforms at numbers of 1 cfu g� 1.

Compared to the traditional plate count techniques, Petri-
� lm plate methods have an economic advantage, allowing
greater numbers of samples to be processed in a given time
thus increasing the work capacity of the laboratory and reducing
the number of laboratory routines required for each test.

In comparison with other methods, Petri� lm methods do
not signi� cantly reduce the time required for each assay to b
completed because the incubation periods necessary for mos
Petri� lm plates and the corresponding agar plates are the same
However, the Petri� lm rapid coliform count (RCC) plate
reduces the time needed for results to 14 h, with less time neede
for presumptive results. Con� rmation of the results needs no
more than 24 h, which is the time needed for the traditional
plate count method. Also, Petri� lm staph express can currently
give con� rmed results at 24 h. For Petri� lm environmental
Listeria, it is possible to have counts at 26–30 h. The Petri� lm
E. coli/coliform count plate gives results at 24–48 h, and the
Petri� lm selectiveE. colicount plate gives results at 24 h.

The relevant literature cites� nd many studies evaluating
Petri� lm ef� ciency in comparison to other methods (tradi-
tional plate count method and other alternative methods)
and with a wide range of foods. Also, many collaborative
studies have been published. In general, Petri� lm methods
give results that are as satisfactory as, if not better than, th
corresponding traditional methods when they are used for
speci� c purposes or routine testing of foods (see also the
above section, Procedures Speci� ed in Regulations, Guide-
lines, and Directives). Reports on Petri� lm yeasts and molds
indicate that counting the colonies can present some dif�-
culties. Yeast colonies can be very small with inconspicuou
colorations. Also, mold colonies can sometimes overlap,
which then makes counting dif� cult.
Interpretation and Presentation of Results

The interpretation of Petri� lm plates is based on identi� ca-
tion of the typical colonies of each target microorganism. The
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Figure 6 Colonies on Petri� lm rapid coliform count plate.
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role of the indicators is important. For instance, in the Pet-
ri � lm plate method for E. coli/coliform, the glucuronidase
indicator allows distinction of colonies of presumptive E. coli
from the colonies of other coliforms. In the case of Petri� lm
yeast and molds, the indicator can also help distinguish
between the two types of microorganisms, and microorgan-
isms of each type, due to the phosphatase reaction. Similarly
the size of the colonies or the colony edges can help in
interpretation. In this case, it is important not to confuse the
change of color of the indicator with the reaction that can be
caused by some food components. Guidelines provided with
the Petri� lm products contain examples of different inter-
pretations and hypotheses.Figures 5–7 show some examples
of Petri� lm results.

The plates have incorporated grids to facilitate the direc
count of colonies. Also, for colony counts interpreted as being
positive, a Quebec colony counter or any colony counter with
a magni� ed light source can be used. Since 2004, an automate
count has been possible, using a PPR to collect counts o
colonies of aerobic microorganisms, enterobacteria, coliform,
coliforms, and E. coli. With this reader, the data are stored
automatically. The use of the PetriScan� automated dry � lm
counter has been reported. PetriScan� data can be stored and
maintained in database� les.

For Petri� lm staph express count plate interpretation, red-
violet colonies are considered as positive. If any other colony
colors are present, a Petri� lm staph express disk should be used
to differentiate S. aureusfrom other staphylococci, after 3 h of
incubation at 37 � C. DNAase pink zones will appear around
S. aureuscolonies.
n

Figure 5 Colonies on Petri� lm aerobic count plate.
The recommended counting range on Petri� lm plates is
15–100 colonies for the Enterobacteriaceaeplates and 15–150
for Petri� lm coliform count, E. coli/coliform, Petri � lm rapid
coliform count, and Petri� lm yeast and molds plates. For
a high-sensitivity coliform count, which is especially indicated
for a small number of this type of microorganism, 150 is
considered to be the maximum count. For the Petri� lm aerobic
count plate, the recommended counting range is 25–250.

Samples that have higher counts than those cited above ca
be estimated by determining the average number of colonies in
Figure 7 Colonies on Petri� lm Escherichia coli/coliform count plat.
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24 PetriÞlm Ð A SimpliÞed Cultural Technique
one square (1 cm2) and correcting for the inoculated area.
These inoculated areas are the following:

l Petri� lm Enterobacteriaceaecount plate, Petri� lm E. coli/
coliform plate, Petri� lm rapid coliform count plate, and
Petri� lm aerobic count plate: 20 cm2

l Petri� lm yeasts and molds count plate and Petri�lm staph
express: 30 cm2

l Environmental Listeriaplate: 40 cm2

l Petri� lm high-sensitivity coliform count: 60 cm 2

Petri� lm plates are also reliable for monitoring the envi-
ronment. Obviously, if surfaces are tested by the direct contac
procedure, results will be expressed as counts per 20 cm2 for
aerobic count plates,E. coli plates and coliform plates, and
counts per 30 cm2 for yeasts and molds. For air sampling,
results will be expressed as count per 40 cm2 for aerobic count
plates,E. coliplates, and coliform plates. Yeast and mold results
will be expressed as counts per 60 cm2 because a double surface
is exposed to the air for 10–15 min.

In the case of environmentalListeriaplates, the interpreta-
tion can be made from a quantitative, semiquantitative, or
qualitative point of view. To express quantitative results, it is
necessary to take into account the area sampled, the volume o
hydration � uid in the sampling device, the volume of the
buffered peptone water added, the volume plated (usually
3 ml), as well as the number of colonies counted. Then, it is
possible to calculate the cfu/area with:

cfu=area ¼ ðNumber of colonies

� ½ml hydration fluid þ ml BPW�O 3 mlÞ

O area sampled

Also, it is possible to determine the result per sample.
Where many small colonies or gas bubbles develop, the

count is expressed as too numerous to count (TNTC). This ca
also be indicated when the gel thins or sometimes change
color. When many colonies are close to the edges of the growth
area, they should be considered TNTC.
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Introduction

Phycotoxins are the toxins produced by algae or seaweed
(Greek ‘phucos’ means seaweed and‘toxin ’ means an organic
poisonous substance). Algae are phototrophic eukaryotic
microorganisms. A large part of the marine and aquatic� ora
includes algae that comprise macroalgae or seaweeds and t
microscopic algae or microalgae. A group of marine algae
called dino� agellates, are notorious for the production of
certain potent toxic compounds. Besides, yellow-brown algae
(diatoms) and blue-green algae (cyanobacteria) also have bee
reported to produce various such toxic compounds. Whether
the ability to produce toxin by algae and cyanobacteria is
acquired during the course of evolution to avoid predation is
not very clear. The toxins produced by algae and cyanobacter
are known as phycotoxins. The molecular mass of phycotoxins
ranges fromw 300 to 3500 Da. They belong to different group
of chemical compounds, such as alkaloids, cyclic peptides
cyclic polyethers, cyclic imines, or heterocyclic amino acids
Chemical structure of some common phycotoxins is displayed
in Figure 1.

Food poisoning caused by the consumption of seafood,
such as� sh, mussels, clams, and oysters, has been observ
worldwide. Many of the � shes are inherently nonpoisonous
but become poisonous after feeding on poisonous algae. Thus
humans may suffer poisoning either due to consumption of
those � sh that feed on the toxigenic algae or through the
consumption of those carnivorous � sh that feed on these
herbivorous � sh. Besides, shell� sh-like mussels, clams, and
oysters feed on dino� agellates or red algae with which they
may be associated and thus become toxic. Again the carnivo
rous � sh that feed on these organisms will also become toxic
Human and animal algal poisoning also can occur by direct
consumption of poisonous algae that contaminate drinking
water and water used for the preparation of food and feed.
l
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Toxins Produced by Dinoßagellates and Diatoms

Dino � agellates are unicellular� agellated algae belonging to the
phylum Pyrrophyta. Their cells contain chlorophylls a and c.
They occur in both freshwater and marine habitats. A typica
representative isGonyaulax(also referred as red dino� agellates).
They undergo rapid multiplication leading to red appearance of
water. The carbon reserve material in Pyrrophyta is starch an
the cell wall contains cellulose. Dino� agellates produce two
types of toxins. One causes respiratory paralysis (paralyt
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
poisoning) and the other causes gastrointestinal problems
(diarrheic poisoning).

Brackish water ponds and estuarine water may also harbo
toxic yellow-brown algae belonging to the Chrysophyta, also
called phyto� agellates or diatoms. These are unicellular alga
containing chlorophylls a, c, and e. Naviculais the typical genus
including more than 10 000 species. The carbon reserve in th
chrysophyta is lipid and the cell walls contain components
made up of silica. Chrysophyta occur in soil, freshwater, and
marine environments. Prymnesium parvum, a common yellow-
brown alga, is involved in toxicity of � sh. It produces a toxin
that inhibits transfer of oxygen across the gill membranes
and has been a great problem in commercial farms in Israel
The toxin is a nondialyzable, thermolabile, saponin-like
compound that is a potent hemolytic agent. Most cases of
seafood poisoning, however, include gastrointestinal, neuro-
logical, or both symptoms. Toxins produced by dino� agellates
and diatoms can be classi� ed in the following groups.
Saxitoxins Group

Saxitoxins (STX) are neurotoxic alkaloids that include STX
gonyautoxin, neosaxitoxin, and decarbamoylsaxitoxin. STX i
one of the major causes of paralytic poisoning occurring after
consumption of seafood. It is water soluble, base labile, and
heat stable. Steaming or cooking does not affect the potency o
this toxin. STX was named after the giant Alaskan butter clam
(Saxidomus giganteus). The toxin is produced by dino� agellates,
such asProtogonyaulaxsp., Pyrodiniumsp., Gymnodinium cate
natum, Alexandrium catenella, and Alexandrium minutum. Thus,
human consumption of seafoods harvested from areas where
these dino� agellates thrive in abundance (i.e., algal blooms)
can lead to the outbreak of paralytic poisoning. STX is a sodium
channel blocker. All paralytic toxins contain a guanidino
group. The positively charged guanidino group interacts with
a negatively charged carboxyl group at the mouth of the
sodium channel on the extracellular side of the plasma
membrane of nerve and muscle cells. Blocking of the sodium
ion transport through nerve and muscle cell membranes results
in paralysis. The symptoms of paralytic poisoning involve
tingling and prickly sensations around the face,� ngers, and
toes; in extreme cases, there is muscular paralysis and respi
tory dif � culty that can lead to paralysis of skeletal muscles
respiratory paralysis, and death. The onset of symptoms ma
start within a few minutes to a few hours of the consumption of
contaminated seafood.
78-0-12-384730-0.00251-2 25
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Figure 1 Chemical structure of some common phycotoxins.

26 Phycotoxins



th

e
d

o

in

r

s

f

e

Phycotoxins 27
Another toxin, related to STX, involved in paralytic
poisoning is sulphocarbamoyl gonyautoxin. This toxin is
also produced by G. catenatumand Gonyaulax catenella, now
renamed Alexandrium. Alexandriumis one of the important
species of toxic marine dino� agellates responsible for re-
ported poisoning from Australia and America. Extracts of
G. catenellahave been found to cause toxicity in mice. The
� sh and shell� sh escape poisoning as the algal toxin is
bound by the hepatopancreas from where it is excreted
gradually. The regions of the world where paralytic
poisoning has occurred include areas around the North
Sea, the North Atlantic coast of America, the North Paci� c
Coast of America, and the coastal area of Japan, Sou
Africa, and New Zealand. Gonyautoxin is a derivative of
STX and, therefore, like STX it blocks sodium in� ux into
the nerve and muscle cells. The symptoms of poisoning ar
similar to those of STX. Other STXs, neosaxitoxin, an
decarbamoylsaxitoxin also block the voltage-gated sodium
channels at the neuronal level. STXs have the potential t
provide prolonged-duration local anesthetic effect. Among
STXs, neosaxitoxin have showed local anesthetic effect
a human trial when injected in the subcutaneous plane.
e

-

.

-

Okadaic Acid Group

The lipophilic polyether compounds, which include oka-
daic acid (OA) and its derivatives, are named dinophysis-
toxins. Poisoning results in nausea, abdominal pain, and
discomfort, followed by diarrhea after consumption of
seafood contaminated with OA. OA is named after the
black sponge Halichondria okadaifrom which it was � rst
isolated. It is produced by the benthic dino� agellate Pro-
rocentrum limaand the planktonic dino � agellate Dinophysis
acuminata. Dinophysistoxin-1 and dinophysistoxin-2 were
� rst isolated from dino� agellate Dinophysis fortii and
Dinophysis acuta, respectively. These toxic compounds caus
abdominal pain, nausea, vomiting, and diarrhea. They are
powerful inhibitors of certain serine–threonine protein
phosphatase. OA and dinophysistoxin-1 have a tumor-
promoting activity. OA also increases DNA methylation
that may interfere with gene regulation, expression, and
cell proliferation by a gap junction intracellular commu-
nication inhibition mechanism.
d ar,
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Brevetoxin Group

Blooms of a halophilic dino � agellate Karenia brevis
(formerly known as Ptychodiscus brevis) are reported to be the
cause of brevetoxin (BTX) in seafoods. These are lipi
soluble and heat-stable, cyclic polyether compounds. A
number of BTXs have been identi�ed. BTX-2 (type B) is re-
ported to be the most abundant in this group of toxin in
K. brevis. BTX binds to voltage-gated sodium channels in
nerve cells, leading to disruption of normal neurological
processes. Consumption of the toxic� sh can cause tingling
of facial muscles, dilation of pupils, and a feeling of
inebriation.
Ciguatera Toxin Group

The name ciguatera is derived from a Spanish name cigua fo
a sea snailTurbo pica. Ciguatera toxin poisoning is caused by
consumption of certain tropical � sh. The ciguatera syndrome
has been documented since the sixteenth century and i
probably a leading cause of morbidity in tropical regions.
About 300 species of � sh and shell� sh inhabiting shallow
waters are known to cause Ciguatera. These include� n � sh such
as reef and island� sh, grouper, and surgeon� sh. The poisoning
is a serious foodborne disease in some of the island nations in
the Caribbean and the Paci� c where � sh forms a major
proportion of the human diet. It may also have economic and
legal implications for the hotel and food industries dealing in
tropical � sh. These� shes feed on a marine macroalgae and
dead corals on which some dino� agellates, such asDiplopsalis
sp. and Gambierdiscus toxicus, found as epiphytes. These dino-
� agellates have been identi� ed as the source of the coral ree
� sh. Once contaminated, the toxic� sh lose their toxicity rather
slowly. The onset of poisoning takes 3–4 h after consumption
of the toxic � sh. Initially, there are gastrointestinal symptoms,
such as nausea, vomiting, diarrhea, and abdominal pain. Thes
are followed by various symptoms, including bradycardia,
tachycardia, arrhythmias, and hypotension, in a number of
cases.

Ciguatoxins include at least three separate toxins: cigua
toxin, maitotoxin, and scarotoxin. These are heat stable and
lipid soluble. Ciguatoxin is a polycyclic ether with extremely
high toxicity. It is reported to act at the molecular level on
voltage-dependent sodium channels and to increase the
permeability of excitable membranes to sodium.Gambierdis-
cus toxicusalso produces another toxin called maitotoxin,
which causes nausea and neurological de� cits. Maitotoxin is
named from the ciguateric � sh Ctenochaetus striatus– called
‘maito ’ in Tahiti from which this toxin was � rst isolated.
Maitotoxin activates calcium permeable nonselective cation
channels, leading to increase in cytosolic calcium ions
Necrosis may occur due to the activation of calcium-
dependent protease calpain-1 and calpain-2 by this toxin.
Neurological dysfunction includes the reversal of the sensa
tions of hot and cold, called dry ice sensation. Relapse may
occur, but death is rare.
Domoic Acid Group

Domoic acid (DA) is a water-soluble cyclic amino acid
responsible for amnesic poisoning. Amnesic poisoning can
be a life-threatening syndrome that is characterized by both
gastrointestinal and neurological disorders. Gastroenteritis
usually develops within 24 h of the consumption of toxic
seafood. In severe cases, neurological symptoms also appe
usually within 48 h of toxic seafood consumption. The source
of this toxin is a marine diatom Nitzschia pungensnow named
Pseudo-nitzschia multiseries. The symptoms include headache
dizziness, vomiting, diarrhea, dif� culty in breathing, and
coma. Short-term memory loss or amnesia is the character
istic symptom of DA poisoning. DA is a potent agonist of
receptors for excitatory amino acids, such as glutamic an
kainic acids in the central nervous system, and cause
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depolarization of neurons and increases in cellular calcium.
Isomeric and enantiomeric forms of DA have also been
reported.
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Azaspiracid Group

Azaspiracids (AZAs) are polyether marine toxins that accumu
late in various seafoods and have been associated with seve
gastrointestinal human intoxications. An outbreak of human
illness in the Netherlands during 1995 was associated with
ingestion of contaminated seafood originating from Killary
Harbor, Ireland. The symptoms were typical of diarrheic
poisoning, but their levels in the seafoods were well below the
regulatory level. Later, it was established that these seafood
were contaminated with a unique marine toxin, originally
named ‘Killary-toxin ’ or KT-3, which was renamed as AZA
Studies on mice indicate that this toxin can cause serious tissu
injury, especially to the small intestine, and chronic exposure
may increase the likelihood of the development of lung
tumors.
n

f

in
Palytoxin Group

Palytoxin (PTX) is a very dangerous toxin produced by
several marine species. PTX originally was isolated in 1971 i
Hawaii from the seaweed-like coral ‘Limu make o hana’
(Seaweed of Death from Hana). Zoanthids (Anthozoa,
Hexacorallia) are colonial anemones that contain this toxin.
PTX is a large, complex molecule with a long poly-
hydroxylated and partially unsaturated aliphatic backbone,
containing 64 chiral centers. More recently, several analogs o
PTX were discovered from the species of dino� agellate genus
Ostreopsis. The most commonly reported complications of
PTX poisoning appear to be rhabdomyolysis, a syndrome
injuring skeletal muscle, causing muscle breakdown, and
leakage of large quantities of intracellular (myocyte) contents
into blood plasma.
ls.
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Apart from these toxins, pectenotoxins are a group of large
cyclic polyether compounds associated with diarrheic
poisoning. They often are found in combination with OA and
dinophysisotoxins in seafoods. Pectenotoxins are produced
exclusively byDinophysissp. They bind to actin � laments and
alter cellular cytoskeleton. They can cause damage to liver cel
Yessotoxin, a disulfated polycyclic ether toxin, was� rst re-
ported in scallops (Patinopecten yessoensis). Yessotoxin and its
analogues are produced by the dino� agellate algaeProto-
ceratium reticulatum, Lingulodinium polyedrum, and Gonyaulax
spinifera. Limited toxic effects have been seen after ora
administration of this toxin to animals. However, Yessotoxin
has toxic effects in mice when administered by an intraperito-
neal injection. Gymnodimine and spirolide are other neuro-
toxins produced mainly by the dino� agellateKarenia selliformis
and Alexandrium ostenfeldii, respectively. These are a heterog
nous group of marine biocompounds called imines. They cause
irreversible blockage of nicotinic acetylcholine receptor,
a channel receptor situated on the membrane of muscle or
nerve cells that allow passage of small ionized molecule into
and out of the cell. This inhibition causes muscular or cerebral
dysfunction.
Toxins Produced by Cyanobacteria

The blue-green algae or cyanobacteria are a very ancient an
diverse group of microorganisms. Cyanobacteria are prokary
otic oxygenic phototrophs that contain chlorophyll a and
phycobilins, but not chlorophyll b. Although cyanobacteria do
not belong to the algae, they commonly have been called blue-
green algae. Therefore, traditionally the toxins produced by
this group of microorganisms have been discussed under alga
toxins. This also may be due to the fact that like dino� agel-
lates, their toxins have been involved in food poisoning
caused by the consumption of � sh and other seafoods. The
earliest reports involveNodularia spumigena, which thrive in
brackish water and cause death of livestock due to hepato
toxicity and liver failure. A cyclic pentapeptide is reported to be
the cause of toxicity and named nodularin. It is resistant to
boiling at neutral pH, and has LD50 of the order of 70 mg kg� 1

in mice by intraperitoneal injection. Another blue-green
involved in poisoning of livestock from freshwater lakes is
Microcystis aeruginosa. This produces a water-soluble cyclic
polypeptide, Microcystis, quite similar to nodularin having
hepatotoxic effect.

Some cyanobacteria also synthesize and accumulate certa
alkaloidal toxins. The common species producing such toxins
include Anabaena circinalisand Anabaena� os-aquae. These cya-
nobacteria are also found in shallow freshwater lakes and are
toxic to many animals. Anabaena circinalisproduces heat-stable
neurotoxin, anatoxin a, which has been found to be a blocking
agent for postsynaptic neuromuscular transmission. The clin-
ical symptoms in test animals include leaping movements,
abdominal breathing, and convulsions occurring within a few
minutes of an intraperitoneal injection. Another toxin from
A. circinalisand A. � os-aquaeis called anatoxin a(s). This is
naturally occurring organophosphate neurotoxin related to
guanidine. It is an irreversible cholinesterase inhibitor. The
symptoms of toxicity include lacrimation, salivation, urination,
and diarrhea. Anabaena� os-aquaealso produces microcystin.
In addition, STX is also produced by cyanobacteriaAphanizo-
menonsp.,Anabaenasp.,Cylindrospermopsissp.,Lyngbyasp., and
Planktothrixsp.

Several species ofCaulerpa(seagrape) andSchizothrix calci
cola, found in the Paci� c Ocean, may also cause poisoning due
to the presence of alkaloid caulerpin and lipopolysaccharides
respectively.
Toxins of Bacterial Origin Associated with Algae

There are� shes that become poisonous due to the presence o
bacteria in their body. These are tetraodons or puffer� shes.
Although the toxin in these � shes is of bacterial origin, the
bacteria responsible for the production of these toxins may be
associated with algae on which the� sh feed.
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Tetrodotoxin

Tetrodotoxin (TTX) is present in puffer� sh also called blow� sh
(fugu) or sea squab. TTX actually is produced by marine
bacteria as well as by intestinal micro� ora of TTX-producing
� sh. The bacteria includeVibrio alginolyticus, Vibrio damsela,
Streptococcussp., Bacillussp., and Pseudomonassp., which lead
a parasitic or symbiotic existence on puffer� sh. These bacteria
have been found to be epiphytic on the species of calcareou
algae, Jania sp., and Alteromonassp., on which these � shes
normally feed. TTX blocks the sodium pump. It binds to the
sodium channel in nerve cells and blocks the propagation of
nerve impulses. This causes elimination of electrical differen
tial created by the in� ux of sodium and ef� ux of potassium
ions. The onset of poisoning could be as soon as 10–45 min
after consumption. It involves nausea, vomiting, and diarrhea,
followed by dizziness, tingling of lips and extremities, paral-
ysis, respiratory arrest, and death.
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Controlling Phycotoxin Poisoning

Seafood toxicity can be prevented only by effective manage
ment. It includes monitoring toxin producers in waters, and
phycotoxins in seafood. Monitoring of contamination should
not only be limited to � sh but also extended to shell� sh or/and
other seafood. Water containing dino� agellate bloom need to
be identi� ed, and the propagation of algae in water bodies
should be controlled. Release of ef�uents containing nutrients,
such as nitrogen and phosphates, results in eutri�cation of
water bodies, which also encourages the formation of toxic
algal blooms. Soluble nitrogen and phosphates therefore
should be removed from ef� uents before release into water
bodies. The toxin content of seafoods harvested from noti� ed
areas should be monitored regularly. While preparing seafood
for human consumption, adequate care should be taken to
eviscerate seafood and particularly remove those organs th
are known to concentrate phycotoxins. Generally, there are no
antidotes for seafood poisoning, and therefore supportive care
including mechanical ventilation in patients with severe
paralysis, is the mainstay of treatment. Animal studies have
shown that vasodilators, such as papaverine and isosorbid
dinitrate, can be bene� cial antidotes in case of immediate
exposure to phycotoxin in certain cases.
;
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Introduction

The use of physical forces for the purpose of separation i
a common practice in food processing. Sedimentation is the
operation based on gravity force to separate particulate
materials from liquids or gas. Nonetheless, this separation
operation is highly dependent on the speci� c gravities and on
interactions among the constituents of the mixture. Conse-
quently, materials with very similar speci�c gravities or that
are strongly associated will demand a long time to separate o
even may not be separated ef� ciently. In that case, a separa
tion method that is based only on gravity forces is not prac-
tical for large modern food industries, which commonly
handle large amounts of raw materials a day. Therefore, th
application of centrifugal force through the use of equipment
called centrifuges was developed and has great usage in foo
industry. Hydrocyclone separation is another approach based
on centrifugal force, successfully applied in the recovery o
yeasts from fermentation processes.

Normally, the centrifugal forces are greatly superior to
gravity forces allowing quicker separation of two immiscible
liquids, or a liquid and a solid. As stated by Earle, the centrif-
ugal power over a particle that is forced to assume a circula
rotation is given by the following:

Fc ¼ m � r � u2; [1]

where Fc is the centrifugal power over a particle to sustain
its circular rotation, r is the radius of the circular rotation,m is
the mass of the particle, andu is the angular velocity of the
particle.

Or, since u ¼v/r, where v is the tangential velocity of the
particle:

Fc ¼
m � v2

r
: [2]
0 Encyclopedia of Food
Rotational speeds normally are expressed in revolutions pe
minute, so that eqn [1] can also be written asu ¼2pN/60 (as it
has to be in seconds, divide by 60):

Fc ¼ m � r � ð 2pN=60Þð2 � p � N=60Þ2

¼ 0:011 � m � r � N2; [3]

where N is the rotational speed in revolutions per minute.
If this is compared with the force of gravity (Fg) on the

particle, which is Fg¼m� g, it can be seen that the centrifugal
acceleration, equal to 0.011� r � N2, has replaced the gravi-
tational acceleration, equal tog. The centrifugal force often is
expressed for comparative purposes as so manyg.

Centrifugation is a unit of operation commonly used for
clari� cation of fruit juices and beverages, dewatering of vege
table oils, starch re� ning, production of bakers’ and distillers’
yeast, desludging of animal oils, collection of starter cultures in
the starter culture industry, dried milk and infant formula
manufacture, and clari� cation, separation, standardization,
and removal of microorganisms from milk. In spite of the
diverse applications of centrifugation in food industry, the
most important, for quality and safety aspects of foods, corre-
sponds to centrifugation of milk aimed at removing bacterial
contaminants.
Principle of Centrifugation

Centrifugation employs centrifuges � tted with a stack of
conical discs assembled in a bowl that rotates at high speed
and utilizes differences in density of� uid components, extra-
neous matter, and microorganisms to achieve the desired
separation. The spaces between consecutive discs serve
channels for � uid � ow and separation. The equipment design
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00253-6
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Figure 1 Liquid (a and b) and liquid–solid (c and d) centrifuges.
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features that distinguish the centrifuges for continuous clari� -
cation, separation or standardization of milk, and removal of
bacteria, include differences in the discs and the spee
of centrifugation. Liquid and liquid –solid centrifuges can be of
different formats: conical (Figure 1(a)), nozzle (Figure 1(b) ),
telescoping bowl (Figure 1(c)), and horizontal bowl with scroll
discharge (Figure 1(d) ).

In the milk industry, centrifugation is normally used for the
purpose of clari� cation – i.e. to remove extraneous particles
from milk without affecting its composition. The removal of
micro� ora by centrifugation is based on size and density
differences between bacteria and� uid components. The
speci�c gravity of milk (1.032 for whole milk, 1.036 for skim
milk) and cream (0.993 for 40% fat cream) is less than that of
bacteria (1.07–1.13) and that of heat-resistant spores (more
than that of other bacterial cells). Consequently, when milk is
centrifuged under a high force (9000–10 000 g) the bacterial
cells are removed from the milk. Under continuous application
of such centrifugation, the bacteria form a concentrated
suspension in a small amount of milk.

A bacteria-removing centrifuge is similar to a centrifuga
milk clari � er but rotates at a much higher gravitational force to
enable removal of bacteria. Milk � ows in an upward direction
through a hollow spindle and into the bottom of the rotating
disc stack via the center. In some designs, milk enters th
centrifuge from the top, but in either case, milk moves in an
upward direction through the disc stack via holes near the
periphery of each disc, starting from the bottom disc. The heavy
bacterial cells are thrown in an outward direction against the
wall of the bowl, whereas the milk with a reduced bacterial
load move up to the top center of the bowl and out. In a clar-
i� er, the gravitational force is lower (< 4000 g) so bacteria are
not removed. A cream separator operates at approximatel
4000 g. Milk moves up the disc stack through holes in the discs
located approximately halfway between the edge and the cente
of the disc. As milk travels in the channels between the discs
milk fat in the form of cream (which has a lower density than
skim milk) migrates toward the center of the disc, and the skim
milk (which is heavier) is thrown out toward the edge of the
discs. Cream and skim milk emerge from the top of the
centrifuge through separate outlets.

Modern bacteria-removing centrifuges may be of either one
phase or two-phase design (Figure 2). In the one-phase design,
the bacterial mass accumulates on the walls of the bowl with
some milk solids as sludge, and this is also known as the
bactofugate. It is discharged intermittently (every 20–40 min)
and forms approximately 0.15% of feed volume. The bowl of
the centrifuge, where the sludge accumulates, may be su
rounded by cooling water to prevent it from baking on to the
walls. In the two-phase design, there are two outlets at the top
of the centrifuge, one for the bacteria-reduced milk and another
for the continuous removal of the bactofugate. In both cases
the aim is to remove the sludge so as to maintain the ef� ciency
of bacterial removal during continuous operation for
periods of more than 10 h. In early models, the lack of timely
removal of the sludge limited the ef� ciency.

In the two-phase system, the bactofugate is approximately
3% by volume. This bactofugate, which is approximately 18%
solids, may contain as much as 13% milk protein but practi-
cally no fat. This creates an imbalance in the composition of
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Figure 2 Bowl of (a) one-phase and (b) two phase bacteria-removin
centrifuge. Courtesy of Tetra Pak, Lund, Sweden.
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milk and causes a 5–10% loss in cheese yield and also produce
a softer cheese. Kosikowski in a 1970 patent proposed a ne
process in which the sludge is diverted to a sterilizer to kill the
spores. Somatic cells also are concentrated in the sludge an
destroyed by sterilization. The sterilized sludge is blended bac
Figure 3 Double bactofugation with two one-phase bactofuges and a
one-phase bactofuge. Reproduced with permission of Tetra Pak, Lun
with the bactofuged milk. The protein lost in the sludge thus is
recovered and consequently there is no loss in cheese yiel
Cheeses produced with such milk do not have the softness
defect either. This process has the Tetra Pak trade nam
‘Bactotherm.’ The process is also used to manufacture low–
heat-treated milk powder.

The bactofuge is connected in series with the pasteurizer an
the cream separator. There are several potential arrangemen
for bactofugation plants, however, which will vary with the
� nal use sought (Figure 3). Raw milk is � rst preheated in the
regeneration section of the plate pasteurizer to the cream
separation temperature. The milk is standardized to the
required fat level with the help of the cream separator before
� owing into the bactofuge at the same temperature. If the plant
is equipped with a bactotherm unit, the bactofugate is sterilized
and blended with the bacteria-reduced milk and routed back to
the pasteurizer where it is heated to the pasteurization
temperature (72� C) and held for 15 s prior to cooling.
Operating Parameters

At a constant g force, the microbial removal ef� ciency of
a centrifuge depends on various factors, such as (1) the feature
of the microorganisms (size, form, density, or outer surface);
(2) the existence and power of forces attracting the bacteria
cells or bacterial cells and milk components; (3) temperature of
bactofugation, which directly in� uences the viscosity; (4) rate
� ow (liters per hour); (5) centrifugal force as determined by
speed or spin rate of the centrifuge; (6) quality of the milk to be
centrifuged; (7) a centrifuge designed to minimize recontami-
nation; and (8) the space between the disc stack that deter
mines their numbers. Further factors such as the position in the
processing line and observation of the capacity for which the
equipment has been designed also in� uence on bactofugation
ef� ciency.

The ef� ciency of bactofugation differs between types of
bacteria because of density differences. For example, bactof
gation ef� ciency of spores reaches 95–98%, while with vege-
tative cells it is not greater than 88–92%. This ef�ciency,
however, is increased if double bactofugation is used
Regarding temperature during centrifugation, it is known that
with the optimum ranging between 55 and 60 � C. At lower
temperatures, ef�ciency is low, whereas at higher temperatures
it becomes dif� cult to ascertain whether the reduction of
bacterial counts is because of temperature or centrifugation
The impact of temperature on the removal of bacteria may be

g

sterilizer 1, pasteurizer 2, centrifugal separator 3, automatic standardization unit 4,
d, Sweden.
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attributed to viscosity changes and agglutinins. As the
temperature of milk is increased, its viscosity decreases, makin
it easier for the bacterial cells to migrate through the� uid in the
centrifuge. For example, removal is more than 97% at 60� C,
but it may be as low as 85% at 45� C. Another factor at high
temperatures (>75 � C) is the inactivation of agglutinins. When
agglutinins are inactivated, the binding of spores ofClostridium
tyrobutyricumto fat globules is limited, increasing removal
ef� ciency during centrifugation. Despite this, the effect of
temperature is not critical for all � uids. For example, in apple
juice, reductions of more than 99% have been reported at 7� C,
which is advantageous for sensory properties of the juice tha
may deteriorate at high temperatures.
l

l
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Applications

Bacterial centrifugation is used for a wide range of commercia
applications, especially in the dairy industry. Scienti� c studies
have been conducted to determine the ef�ciency of removal by
centrifugation of various microorganisms that include aerobic
and anaerobic spore formers, total bacteria counts, propionic
acid bacteria,Escherichia coli, Aerobacter aerogenes, lactobacilli,
yeasts and mold (in apple juice), and staphylococci and
enteric bacteria in liquid egg whites. Furthermore, the remova
of somatic cells from milk by centrifugation also has been
studied. The ef�ciency of removal of these microorganisms
varies because of varying physical properties. In raw milk, it is
possible to achieve at least a 98% reduction ofC. tyrobutyricum
by centrifugation. Reductions of more than 99.5% are possible
by employing two centrifuges in series. Removal ef� ciencies are
exempli� ed in Table 1.
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Fluid and Dried Milk Processing

Breed reported in 1926 on the scienti� c comparison of gravity
versus centrifugal separation of cream on bacterial ce
numbers. It was observed that cream that was separated b
gravity carried with it large numbers of bacteria. Subsequen
work has demonstrated that the spores of some bacteria, suc
as C. tyrobutyricum, attach to the fat globules and rise to the
surface with cream. The application of centrifugation to remove
bacteria from milk was � rst reported by Professor Simonart of
Belgium in 1953. In his studies, centrifugation of milk at 9000 g
and at temperatures of 65–75 � C removed more than 99% of
Table 1 Removal of micro� ora by centrifugation

Reduction (%)

Milk (54–65 � C)
Anaerobic spore-formers 96–99.6
Aerobic spore-formers 90–95
Total bacterial count 90–95
Escherichia coliandAerobacter aerogenes 99.4
Staphylococci 98.5
Enteric bacteria 99.8
Apple juice (7� C)
Total bacteria count 99.8
Yeast, mold 99.9
the bacteria. To this end, the interest primarily was to signi� -
cantly lower the total bacterial count. Thus, the application of
centrifugation for the removal of bacteria originally was
developed to extend the shelf life of � uid milk. The major
application in the twenty- � rst century is the removal of the
anaerobic spore-forming bacterium,C. tyrobutyricumfrom milk
intended for cheesemaking. The spores of this microorganism
are extremely heat-resistant, and normal pasteurization treat
ments are not suf� cient.

The term ‘bactofuge’ is a trade name for the centrifuge
manufactured by the Tetra Pak Company (Lund, Sweden
for removing bacteria. Other companies such as Westfali
(a division of GEA, Bochum, Germany) also manufacture such
centrifuges and refer to them as bacteria-removing centrifuge
Commercial units with capacities of 15 000–25 000 l h� 1 are
common in the dairy industry ( Figure 4).

With bacterial centrifugation of raw milk, it is possible to
extend the shelf life of pasteurized� uid milk by 3 –5 days. This
approach is used commercially by some dairies. In this appli-
cation, the bacteria-removing centrifuge usually supplements
rather than replaces pasteurization or ultrahigh temperature
(UHT) treatment (135– 150 � C for 2–5 s). Enzymes that cause
milk spoilage (e.g., lipases causing rancidity) are not removed
by centrifugation and have to be inactivated by pasteurization.
Pasteurization or UHT treatment also kills the small numbers
of bacteria that are not removed by centrifugation. Minimal
temperatures for UHT may be employed because of the low
load of spores in milk after centrifugation. The ability to
remove aerobic spore formers (Bacillus cereus) is of particular
value in the manufacture of UHT milk, dried milk, and evap-
orated milk, including infant formula. In these products, spores
of B. cereusthat survive heat treatment cause storage-relate
defects, such as bitter� avors, and age gelation (in evaporated
milk). Removal at low temperatures by centrifugation mini-
mizes these defects.
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Cheese and Whey Processing

The cheese industry probably has been the biggest bene� ciary
of centrifugation technology. Early Italian cheesemakers use
the gravity force to separate the fat from the milk by allowing it
to sit in shallow trays for 8–10 h. As the fat rose, bacterial cells
also were carried, resulting in a milk of better microbiological
quality for the manufacturing of cheeses aged for extended
periods (more than 2 years in some cases). The use of gravi
force may lead to a reduction in the total bacterial count in raw
milk. Despite this, sedimentation as applied by early Italian
cheesemakers is not practical for large modern dairies, whic
commonly handle more than 1 million kilograms of milk
a day. After the introduction of corn silage in France in 1970 the
large increase inC. tyrobutyricumcounts in raw milk caused
problems, especially in Emmental cheeses. This also has bee
a problem in several other countries in Europe and affects othe
salt-brined cheese varieties, such as Gouda, Edam, and Gruyè
Spore counts in milk of as low as 300 spores per liter for Gouda
cheese or more than 2000 spores per liter for Emmental chees
lead to vigorous butyric acid fermentation and, consequently,
late gas blowing in cheese.

The large amount of gas formed during this reaction within
2 months of cheesemaking leads to cracking and, in extrem



ld.
lt

e

h

e

e

ly

y

Figure 4 Bacterial-removing centrifuges at an Emmental cheese factory.
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cases, explosion of the cheese (Figure 5). This problem is of
great economic signi� cance because the cheese cannot be so
Slow salt diffusion in cheeses such as Gouda and the low sa
content of Maasdam cheese make them more vulnerable to this
defect. Measures taken to prevent such defects include th
addition of lysozyme, nitrates, or formaldehyde to milk
(not permitted in some countries) prior to cheesemaking. In
some countries, it is common to offer economic incentives for
milks with low anaerobic spore-former counts and penalties
are assessed on a graded scale for high counts. Milks with hig
counts are bactofuged and blended with the rest of the milk
supply prior to cheesemaking.

When milk is not pasteurized, as in some cheesemaking
operations, centrifugation may be supplemented with treat-
ments, such as the application of formaldehyde, hydrogen
peroxide, nitrates, or lysozyme, where permitted. A two-stag
bactofugation system is usually suf� cient to lower the spore
count to safe levels, but if the spore count is high, 2.5–5 g of
sodium nitrate per 100 l of milk in addition to bactofugation
is effective. Without bactofugation, much larger amounts are
needed: 15–20 g per 100 l. Similarly, in the manufacture of
Figure 5 Late gas blowing in Gouda cheese. Courtesy of FV Kosikow
LLC, Great Falls, Virginia, United States.
Grana Padano cheese in Italy, formaldehyde at 25–40 mg
per liter traditionally was added to milk. This practice in
combination with natural creaming of milk lowered the
anaerobic spore counts by 91%. Some manufacturers hav
now adopted bacteria-removing centrifuges and are able to
lower spore counts by more than 98% without using
formaldehyde.

Other applications of bacteria-removing centrifuges in
the cheese industry include whey processing. Whey general
is used for the manufacture of products, such as whey
protein concentrates, which in turn are used as ingredients
in foods. It is important therefore to retain the functional
properties of the whey proteins, which are affected adversel
affected by heat. Whey is clari� ed to remove cheese curd
� nes and then are bactofuged at low temperatures (35� C). It
is possible to lower the bacterial population (which consists
mainly of starter bacteria) by 95% or more. After minimal
pasteurization, the whey is concentrated by ultra� ltration
and dried.
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Harvesting Bacteria and Yeasts in the Industry of Starters

Concentrated cultures of lactic acid bacteria commonly are
used in the production of fermented milk products and
cheeses. These concentrated cultures, often referred to as dir
vat set cultures, contain 50–100 � 109 bacterial cells per gram.
Selected bacteria are grown in specialized growth media con
taining the required nutrients to optimum numbers. The entire
liquid mass then is centrifuged using a bacteria-separating
centrifuge. Unlike the centrifugation of milk, in this case, the
bactofugate is the desired end-product as it contains the
concentrated mass of culture bacteria. In cases in which auto
matic desludging is employed to recover the concentrated ce
mass, the concentrate volume may be adjusted to a constan
level – e.g., 5% of the original feed volume – to obtain
consistency in the cell numbers. This is important to achieve
reliable day-to-day starter performance among different
batches of culture concentrates for cheesemaking. Th
ski
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concentrate thus prepared has a cell concentration approx
mately 20 times that of the feed. Cell recoveries are high during
centrifugation; only approximately 1% of the total culture cells
in the feed are lost during the centrifugation process. The ce
concentrate is frozen immediately in liquid nitrogen typically
at �196 � C and is packaged in aluminum cans or paperboard
containers. The culture can be added directly to milk for
fermentation to proceed. Proper sanitary operation of the
centrifuge is essential to ensure that other bacteria do no
contaminate the culture concentrate.

Centrifugation also is applied to separate yeast cells from
culture media during the manufacture of bakers’ yeast and
single-cell protein. In these processes, the culture medium is fe
to the centrifuge when yeast cell numbers have reached th
desired level. A force of 4000–5000 g is used, which is lower
than that for bacteria because yeast cells are denser. The slud
consists of a concentrated mass of yeast cells, sometimes call
‘yeast cream’ because of its creamlike consistency. This mas
then is processed further prior to packaging.

Since 1987, centrifugation technology for the removal of
bacteria has faced stiff competition from a new technology for
milk processing, namely micro� ltration. This process enables
the removal of bacteria, spores, and somatic cells from milk a
low temperature and with very high ef� ciency using speci�c
membranes, and it already is being used commercially to
process� uid milk and milk for cheesemaking. It is by no means
comparable to sterilization. The economics of operation will
determine which technology is preferable for a given
manufacturing plant.
See also:Bacteriophage-Based Techniques for Detection of
Foodborne Pathogens;Cheese:Microbiology of Cheesemaking
and Maturation;Clostridium: Clostridium tyrobutyricum; Heat
Treatment of Foods:Ultra-High-Temperature Treatments;Milk
and Milk Products:Microbiology of Liquid Milk;Milk and Milk
Products:Microbiology of Dried Milk Products;Physical
Removal of Micro� ora:Filtration.
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Introduction

Filtration is a unit operation used to separate insoluble solids
from liquids. Insoluble solids are retained on the surface of
porous barriers or inside the barriers’ structures. The barrier
used to retain the insoluble solids is a� lter or � lter medium,
and it can be made of fabric� lter cloths, meshes, and screens o
plastics or metals, or by beds of solid particles. The suspensio
to be � ltrated is known as feed, whereas the solids retained an
the liquid passing the barrier are called retentate (or� lter cake)
and permeate (or� ltrate), respectively (Figure 1). Filtration has
been used widely in the food industry during sugar extraction,
dewatering of starch, separation of gluten suspensions, re� ning
of edible oils, and clari� cation of juices and beverages.

Membrane processes are another type of unit operations use
to separate solids from liquids. Normally, barriers are of micro-
scopic sizes and the application of pressure is needed to ensu
the desired separation. Several types of membrane processes ha
been found applications in industries, such as reverse osmos
(RO), micro� ltration (MF), ultra � ltration (UF), nano � ltration
(NF), and electrodialysis (Figure 2). Except for electrodialysis, all
of the other mentioned membrane separation operations are
pressure driven. RO uses nonporous membranes and high
transmembrane pressures are required. RO is used mainly fo
concentration purposes and allows water permeation only. MF
uses porous membrane with pore width >0.1–0.2 mm and
demands low pressure. It is an intermediate process betwee
� ltration and UF. UF uses porous membranes with pore width
between 0.001 and 0.1mm and separates macromolecules. NF
uses porous-charged membranes with pore width<1 nm
(0.001 mm), and low pressure and similar membranes when
compared with RO. Electrodialysis is a membrane process tha
uses electric� elds to remove ions from suspensions. Membrane
processes have been used for desalting brine, recovery of lacto
Figure 1 Basic principle of� ltration. Insoluble solid particles present in
the feed do not cross the� lter being retained, whereas liquid portion and
small particles pass through (� ltrate). Fromhttp://en.wikipedia.org/wiki/
File:FilterDiagram.svg.
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from whey, sugar recovery in confectionary, and clari� cation and
sterilization of fruit juices and in brewing products.

These techniques have a major relevance in food industrie
when they are used to retain microorganisms. The physica
removal of microorganisms by � ltration and membrane
processes can be employed to recover the solid discontinuou
phase (the cells) to produce, for example, concentrated starters
or to clear the � ltrate of microorganisms (air � ltration, liquid
product cold sterilization). In either case, separation of the two
phases enables an upgradation of the product and facilitates
downstream processing. In general, media� ltration is more
expensive than thermal methods, but these separation
processes can be used for heat-sensitive products (the cells
the � ltrate) or for � uids with low boiling points that cannot be
processed thermally.
Principles of Filtration

Considering that a particle-containing� uid is passing through
a � lter and that the pore dimensions of the � lter are smaller
than the average size of the particles, cake will be formed at th
� lter’s area, A. The pores are considered as small cylinders
length l. The velocityn of the � uid (laminar � ow rate) in the
pore is given by Poiseuille’s law (eqn [1]):

v ¼
d2

32h
$
Dp
Dl

; [1]

where d is the diameter of the pore,h is the � uid viscosity,
and Dp/Dl is the pressure drop per length unit (with
p1 ¼upstream pressure and p2 ¼downstream pressure of
the � lter, Dp¼p1 � p2). Moreover, � ow rate through a pore p
(dVp/dt) is given by eqn [2]:

dVp

dt
¼

Q
d2

4
v: [2]

If the � lter possessesn pores per surface area, then the
instantaneous� ow rate will be as follows:

dV
dt

¼ A$n
Q

d2

4
$

d2

32h
$
p1 � p2

l

¼ k
A$n$d4ðp1 � p2Þ

n$l

and if Rs ¼
1

k$n$d4 then

dV
dt

¼
Aðp1 � p2Þ

h$Rs$l
:

[3]

Rs is a characteristic of the� lter. It increases when the
resistance of the � lter to the � ltration � ux increases. An
important consideration in cell � ltration is cake formation:
Because the cell deposit at the surface acts as a� lter itself, Rs is
the sum of theRs1 of the � lter (considered to be constant during
the operation) and the Rs2 of the cell deposit, which increases
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00252-4

http://en.wikipedia.org/wiki/File:FilterDiagram.svg
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Figure 2 Types and ranges of some membrane-based processes separations.
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during � ltration as the thickness of the cake increases. Ve
often Rs2 equals or exceedsRs1 during long periods of � ltration.
When the cake thickness increases or when the depth� lters has
retained a certain mass of solids, the energy required fo
� ltration must be increased. A positive pressure must be
applied between the upstream and the downstream sides of the
� lter. It increases the cost of pumping and depends on the
mechanical resistance of the� lter. This important problem of
decreasing permeate’s � ux rate may be overcome either by
increasing the area of the� lter or discarding the cake.

Numerous techniques are used to remove the cells from the
� lter surface, for instance, gravity, a� xed knife on the rotating
� lters, back� ush of gas or permeate, and manual cleaning. An
interesting approach to this problem is the use of tangential
� ow (cross-� ow) � ltration. The � uid containing the particles is
Figure 3 Double bactofugation with two one-phase bactofuges and a
one-phase bactofuge. Reproduced with permission of Tetra Pak A/B
pumped tangentially to the � lter surface (Figure 3). The
erosion caused by the � uid velocity at the � lter’s surface
counteracts the particle convection, which tends to build
a deposit.

Among the different membrane � ltration processes
(Figure 2), the most interesting for micro� ora removal is
micro� ltration (membrane pore size range 0.1–10 mm).
Although micro � ltration is not a new process, it attracted
renewed industrial interest in the 1980s with the development
of membranes with improved physicochemical properties.
These inorganic membranes (aluminum oxide, titanium oxide,
or zirconium oxide over an agglomerated carbon or an alumina
support) offered new opportunities for cell processing because
of their stability to heat, acid, and alkali, which rendered them
steam sterilizable.
sterilizer 1, pasteurizer 2, centrifugal separator 3, automatic standardization unit 4,
, Lund, Sweden.
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Factors Affecting Filtration Processes Performance

For ef� cient removal of microorganisms by� ltration processes,
it is important to focus both on the physical characteristics of
the cells and on the speci�cities and mode of operation of the
� lters.
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Microorganism and Medium Characteristics

The size of the cells is one of the main parameters to conside
Easiest to remove by� ltration are mycelial fungi, which are
several millimeters in size. Yeast cells (typically 2–6 mm),
bacteria (0.1–3 mm), and viruses (0.03–0.1 mm) are more
dif � cult to remove. Many other parameters may be involved in
the ef� ciency of the micro� ora removal: the cell concentration
in the � uid; the morphology of the cells (rods, cocci); plasticity
and compressibility of the cell bodies, allowing leakage of cells
through spaces that are smaller than the smallest dimension o
the organism (especially under high pressure); global electric
charge presented by the cells to the surrounding medium
presence of extracellular polysaccharide (slime), which ca
stick the cells to the � lter; and the cell mode of association
(length of the chains), which dramatically increases the
apparent size of the particle. The characteristics of th
surrounding medium are also of major importance, including
temperature, viscosity, Newtonian or non-Newtonian behavior
of the broth, pH, presence of particles other than the microbial
cells of interest, chemical aggressivity, and volatility.
Filter Characteristics

The type of equipment selected for the� ltration of media or gas
depends on the desired � ow rate, cost of the considered
products and materials, and the initial microbial charge– that
is, the ‘expected characteristics’ of the � ltered product or the
retained material (complete cell removal is not always desired).
The two types of � lters most commonly used are depth� lters
and absolute or screen� lters.
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Depth Filters

The suspension of particles passes through a porous or� brous
mass made of packed materials, such as� berglass, cellulose
� ber mats, or cotton. These� lters work on the high probability
of collision between the microorganisms and the � bers; this
probability increases with the length of the � lter. This type of
� lter leads to pressure drops. They must be properly main
tained (to avoid bacterial growth in the � lter) and used. They
fail to perform ef � ciently for gas� ltration when the gas is wet
(water or oil droplets) or when gas velocity is too high. If this
type of � lter cannot completely remove the microorganisms,
they are ef�cient enough in many applications.
r
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Absolute or Screen Filters

The mechanism of � ltration is absolute size exclusion: The
maximum pore size is less than the minimum size of the
particles to be removed. Membrane� lters made with poly-
meric material (including cellulose nitrate, cellulose acetate,
vinyl polymers, polyamides, and � uorocarbons), having
a � xed submicrometer pore structure of uniform size
distribution, tend to be used in preference to depth � lters.
Most of them are steam sterilizable and are stable agains
aqueous solutions and many organic materials. A pleated
structure often is used to increase the area of the� lter in
a small unit.
Mode of Operation of the Filter

Pressure of� ltration and velocity of the � uid are key factors
affecting performance in micro� ltration. The � ow velocity at
the membrane surface induces a high wall shear stress that
essential to avoid fouling phenomena. To master this essentia
operational control, several works focus on the study of tran-
sient and stationary operating conditions, initial cell concen-
tration ( Ci), permeation � ux (J), and ratio of permeation � ux to
wall shear stress (sw) on the performance of micro� ltration.
The effect of the pressure difference applied across th
membrane depends on the � ltration process considered
(Figure 2).
Filter Aids

In the classical� ltration methods, the accumulation of cells on
the � lter surface decreases the� ltration rate, with undesirable
economic consequences. The addition of� lter aids to the
medium may resolve this problem, especially in fermentation
broths. The major additives are diatomaceous earth and perlite
which are used in the fermentation industry. Their use can
increase the relative� ow rate by more than 20 times. To avoid
losses, the known binding properties of certain molecules
(proteins, antibiotics) on these materials must be examined
before scaling up the process. Moreover, although these� lter
aids are cheap, they may necessitate expensive ef� uent treat-
ments, and environmental laws relating to their use are
becoming stricter.
Integrity Testing of Membrane Filters

The integrity of the � lter is of major importance to ensure
the quality of � ltration. Besides visual examination of the
� lter surface and the � ltrate optical density in classical
� ltration, bubble point and forward-� ow tests are used to
ensure that the membrane� lter is not defective and that it
has been installed correctly. For particular uses, many othe
laboratory tests could be used to examine the selectivity o
the separation– for example, the use of a� ltrate sample for
a bacterial growth test.
Materials and Systems for Food Uses

Classical Filtration

An illustration of classical � ltration is shown in Figure 1. The
type of � lters, their geometry, size and chemical nature, thei
mode of operation, the cleaning procedures, and the costs ar
almost as numerous as food products. Versatility of construc
tion allows speci� c design of a� lter based on the characteristics
of the microbes and� uid to be separated, and the size and cos
of the process considered.
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Tangential Filtration

A schematic representation of tangential� ltration is shown in
Figure 3. The choice for the size of membrane pores depend
on the manufacturer. Different con� gurations of � ltration
membranes include plate and frame, spiral-wound, tubular,
and hollow- � ber membranes. They are assembled i
modules. The term ‘module’ is used to de�ne the smallest
practical unit containing one or more membranes and sup-
porting structures. The different geometries offer speci� c
advantages and disadvantages with regard to� ltration area,
control of fouling, facility of cleaning, investment, and oper-
ational costs. In most cases, the� nal choice of � ltration unit
will be made only after it has been tested on the real product
in the plant, where a complete technical and economic eval-
uation can be done. Most manufacturers are conscious of th
importance of such testing and offer the use of a pilot plant
for assays.
Applications in the Food Industry

Cross-� ow � ltration, especially with ceramic membranes, can
be used for most applications of traditional � ltration: water
potabilization for industrial or drinking uses, including
removal of pyrogens, wastewater treatment, and oil–water
separation. Several industries use this type of� ltration process,
but the food industry is the most heavily involved in the use
and development of � ltration processes. In food industries,
these processes are used chie�y to remove micro� oras.
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Milk

Raw milk is classically heat treated to kill the natural micro-
� ora, which can impair the taste and biochemical characteris
tics of the product. The time–temperature combination applied
to the milk depends on the bactericidal effect expected
(pasteurization, thermization, ultrahigh temperature treat-
ment, etc.). These treatments are ef�cient, but the shelf life of
minimally treated milk is short, whereas more highly processed
milk may have impaired organoleptic properties and is less
desirable for cheese manufacturing. Clearly, there was a nee
for an ef� cient treatment that would not impair milk quality.
Filtration technology has been in use in the dairy industry since
the early 1970s, when the pressure-driven� ltration processes,
reverse osmosis, and ultra� ltration, emerged as the perfect tools
for the concentration of whey and standardization of milk
proteins. The microbial puri� cation of milk by micro � ltration
is a major recent advance.

The introduction of micro � lters with pore sizes of 0.1–2 mm
and high � ux rates for the elimination of milk bacteria was
proposed in 1986. Fouling problems were overcome by a new
hydraulic concept: a recirculation loop of micro� ltrate that
permits a constant low transmembrane pressure all along
a micro� ltration ceramic membrane with a highly permeable
support and a multichannel geometry in spite of a high
retentate recirculation velocity (6–8 m s� 1). Filtration � uxes of
500–700 l h� 1 m� 2 are obtained.

The temperature of operation ranges between 35 and 50� C.
The retentate � ow extracted (3–5% of the entering � ow)
contains the bacteria and may be heat treated for anima
feeding or may be mixed with cream for fat standardization.
The retentate-cream mix is blended with the permeate and
� nally is homogenized, pasteurized, cooled to 6� C, and
packaged. This means that less than 15% of the milk is treate
at high temperature, which is why this system has so little effec
on the natural taste of the milk. The rate of the main protein
in milk (casein) permeation is about 99%, while the rate
of bacterial retention is above 99.5%. The average decima
reduction is 2.6 (or more if two micro � ltration steps are
coupled) and is independent of the initial level of the bacterial
population. There is a non-negligible effect of soluble milk
components that interact with the membrane support before
favoring internal adsorption of microorganisms. Experimen-
tation with various microbial species or strains indicates that
the morphology and cell volume affect the retention by the
membrane. The � rst industrial use of this process was in
Sweden to improve the shelf life of pasteurized milk, which
was increased from 6–8 days to 16–21 days, with a notable
improvement in the milk � avor. Several dozen industrial plants
with capacities between 1000 and 20 000 l h� 1 are currently in
use, mainly in Europe.

Whey, which is the main by product of the cheese and
casein industries, is clari� ed by cross-� ow micro� ltration
(0.1 mm) to improve � ux and hygienic conditions during
subsequent ultra� ltration (for the recovery of whey protein
concentrates).
Wine

The bottling of wines is one of the most important operations in
winemaking. Filtration, together with adjustments of chemical
preservatives, is a key step before bottling. The continuing tren
toward the use of lower levels of chemical additives enhances th
use of membrane � ltration to prevent unwanted microbial
action in bottles. Membrane � lters are used to exclude not only
large particles such as microorganisms but also crystals an
partially soluble colloids such as polysaccharides, proteins, o
tannins. Generally, wines are pre� ltered with depth � lters before
membrane � ltration. Most of these membranes are made from
synthetic polymers (cellulose acetate, cellulose nitrate, or poly
sulfone). Tangential micro� ltration is now the most ef� cient
method, but it is expensive. Fouling of the � lters is caused by
colloids from yeasts or grapes rather than by the microorgan
isms. The traditional use of cold temperature for that� ltration
decreases the permeation� ux. All of the bottling equipment
(including the � lters) is heat sterilized after pretreatment with
detergents and sanitizing agents. The control quality tests fo
sterility in the bottling line include sampling of airborne
microbes in the bottling area and of bottle and cork washings.

Beer

In beer manufacture, signi�cant losses occur in fermentation
and maturation tank bottoms after beer removal. The recovery
of beer from tank bottoms after yeast fermentation with cross-
� ow micro� ltration (ceramic membranes) appears technically
feasible and is attractive in economic terms. The process
installed to save on polishing and clarifying agents and to
reduce ef�uent problems. Nevertheless, membrane� ltration is
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not effective for total beer � ltering because low� ux and the
retention of protein and aroma compounds render the process
uneconomical.
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Clari�cation of Beverages and Fluids

Tangential � ltration is already used in vinegar, cider, and fruit
juice clari� cation and sterilization, brine regeneration, gelatin
treatment, and water puri� cation. The animal blood valoriza-
tion for foods must begin by complete � ora removal, which
currently is done by tangential� ltration with steam sterilizable
membranes. The areas of interest in the food industry for
complete micro� ora removal are growing as the industrial and
consumer preference for food of high microbial quality
increases (long preservation periods and very low risk o
pathogenic or spoilage bacteria presence).
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Fermentation Industry

The development of biotechnology has increased the us
of membrane-separation techniques. Major applications
include media sterilization, the separation and harvesting of
microorganisms and enzymes, the elaboration of continuous
high-cell-density bioreactors, and tissue culture reacto
systems.
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Media Sterilization

Media for animal cell multiplication or addition of heat-
sensitive nutrients (e.g., vitamins and antibiotics) are steril-
ized mainly by � ltration. Most industrial fermentation media,
however, are heat treated for technical and economic reason
The ingredients could exhibit severe fouling problems,
leading to losses of nutrients in the medium and decreasing
the operating time of the � ltration operation; numerous
expensive cleaning procedures would then be required. Th
low cost of most of these industrial nutrients limits the use of
� ltration for such a purpose, with some exceptions. The
production of clean water also is dependent on severa
� ltration steps, some of which are designed for bacteria and
virus removal.
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Figure 4 Membrane bioreactor for propionic acid production. UF,
ultra� ltration.
Cell Processing

Lactic acid bacteria are used extensively in many foo
fermentations to preserve, retard spoilage, and improve� avor
and texture. Cultures of lactic acid bacteria increasingly ar
being used in agriculture as inoculants in the preservation of
fodder as silage and in probiotic feed supplements. They also
produce antagonistic compounds, such as antibiotics and
bacteriocins. They� nd commercial applications in the dairy
industry, in preservation of sausages and meats, in pickling
vegetables, and in preparing fermented beverages.

Physical concentration of starter cultures can be achieve
using such techniques as centrifugation, spray-drying, freeze
drying, and membrane processes. Greater recovery of bioma
is one of the major advantages of � ltration technology
compared with centrifugation. Moreover,� ltration (1) obviates
the production of aerosols that may cause allergic reaction
among employees; (2) can produce cell-free extracts no
usually found in other techniques, such as centrifugation; (3)
provides a higher production rate unmatched by other tech-
niques; and (4) is economically attractive. Besides, bioreactor
coupled with a cell-recycling membrane process require high
cell viability and high permeate � ux to remove lactic acid from
the fermentation broth to obtain increased lactic acid and cell
mass production.

Nonetheless, few reports describe the optimization of cross
� ow MF and UF of lactic acid bacteria. Higher MF� ux was
obtained with a 0.45 mm pore size membrane compared with
0.8 and 1.2mm with a permeate enriched with a mixed culture
of Lactococcus lactissubspp.diacetylactisand Lactococcus cremo
and Leuconostoc mesenteroidessubsp. citrovorum. Recent work
underlines the relevance of media composition, microbial
strain, and membrane roughness on cross-� ow � ltration of cell
suspensions.

Available information is scarce about the optimization of
operating conditions during UF or MF of lactic acid bacteria. A
better management of the cell � ltration operation is
undoubtedly commercially important in improving membrane
bioreactor performance.
Continuous High-Cell-Density Bioreactors

Most biological conversion processes are conducted in batc
mode. The advantages of such technologies are numerou
particularly simplicity and the low cost of the technology and
materials. Nevertheless, there are disadvantages in compariso
with continuous fermentation processes: low productivity
(long periods for start-up and shutdown), batch-to-batch
variations in quality, and high upstream and downstream
processing costs. Researchers and manufacturers looking f
an ef� cient continuous process with high volumetric produc-
tivity and simpli � ed downstream processing technology
therefore developed the concept illustrated inFigure 4 for the
continuous production of propionic acid. A continuous stirred
tank reactor is coupled to a micro� ltration unit in a closed-
loop con� guration, including a recirculation pump, to achieve
the � ow velocity required by the � ltration process. The total
volume of the system is kept constant by adjusting the
incoming new medium � ow rate to the permeate� ow rate.
The membrane is chosen to allow a complete retention of the
cells in the loop and to obtain a cell-free permeate, which
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contains the desired biosynthesized molecules (which must be
able to pass through the pores of the membrane). The
downstream processing is simpli� ed by the sterile nature of
the ef� uent, allowing most separation methods to be used
afterward (electrophoresis, chromatography, etc.). One of the
major advantages of this system is the increase of the ce
biomass inside the loop. In such bioreactors, cell densities a
high as 100 g l� 1 (dry weight) can be obtained for bacteria and
can reach more than 330 g l� 1 for yeasts. With such cell
concentrations, the volumetric productivities increase drasti-
cally: Propionic acid productivity is more than 430 times
higher than in the classical batch process.

Such membrane bioreactors could be used with one o
several stages with the same or different microorganisms i
each bioreactor. The concept of membrane bioreactors also
used widely with enzymes. The membrane is chosen to retain
the enzyme (and very often, the macromolecular substrate
such as proteins or starch) in the loop, while the products pass
through the membrane (in most of the cases, ultra� ltration
membranes). Many such processes with microorganisms o
enzymes have been developed on an industrial scale worldwid
since the 1980s for the production of ethanol, sparkling wine,
organic acids, and peptides.
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Filtration of Air

The � ltration of air, employed in numerous industries such as
fermentation and electronics, is being used more and more in
food industry processes like cooked meals preparation. Filtra
tion is the most practical and economical solution to the
problem of removing dust and organisms from enclosed
spaces. The quality of the un� ltered air could vary from
1.5 � 107 particles (size � 0.1 mm) per cubic foot (28.3 dm3)
for clean air, to 3 � 108 particles (size�0.1 mm) per cubic foot
for dirty air. To obtain a reduction of 10 8 (to obtain 1 –10
particles per cubic foot) � lters with a minimum ef � ciency of
99.999% on particles (size 0.12mm) must be used. The� lters
must have several properties: high retention ef� ciency, low
cost, ease of use, and simple cleaning procedure. Partic
retention by air � lters involves four mechanisms: (1) direct
interception, (2) inertial impaction, (3) diffusional intercep-
tion, and (4) electrostatic effects.

The quality of the air in ‘white chambers’ depends on the
� ltering system and also on the people working there, on the
properties of the raw materials used in the room, the shape
of the furniture, the quality of the manipulations, and on the
complete air distribution system. The most widely used
classi� cation comes from US Federal Standard 209 published
in 1963 and subsequently modi� ed (209 A in 1973, etc.).
Class 100 corresponds to no more than 100 particles (size
�0.5 mm) per cubic foot (28.3 dm 3); class 10 000 corre-
sponds to no more than 10 000 particles (size�0.5 mm) per
cubic foot; and class 100 000 corresponds to no more than
100 000 particles (size �0.5 mm) per cubic foot or 700
particles (size� 5 mm) per cubic foot. The number of particles
must be measured near to the working areas while the rooms
are in use.

Air � lters often are used in combination with other methods
of eliminating microbial particles in the air: ultraviolet or
thermal treatments before� ltering could improve the ef� ciency
of particle removal. Drying treatments must be applied to the
air before depth � ltration. Filter system maintenance includes
the performance of integrity tests at any time. These challeng
tests, which have been developed by most of the� lter manu-
facturers, are made with suspensions of uniformly viable
microorganisms or phages.
See also:Cheese:Microbiology of Cheesemaking and
Maturation;Fermentation (Industrial):Basic Considerations;
Fermentation (Industrial):Media for Industrial Fermentations
Heat Treatment of Foods:Ultra-High-Temperature Treatmen
Heat Treatment of Foods– Principles of Pasteurization;
Hydrophobic Grid Membrane Filter Techniques; Starter
Cultures;Wines:Microbiology of Winemaking.
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Characteristics of the Species

Pichia pastorisis a methylotrophic yeast that belongs to the
class Ascomycetes. It normally exists in the vegetativ
haploid state. Vegetative reproduction is by multilateral
budding. Nitrogen limitation stimulates mating and leads to
the formation of diploid cells. Pichia pastorisis considered to
be homothallic because cells of the same strain can mat
with each other. There may be more than one mating type in
the population, which switches at a high frequency so that
mating occurs between haploid cells of opposite mating
type. Diploid cells maintained in standard vegetative growth
medium remain diploid. If they are moved to nitrogen-
limited medium, they undergo meiosis and produce
haploid spores.

Physiological regulation of mating in P. pastorisfacilitates its
genetic manipulation. Because it is most stable in its vegetativ
haploid state, easy isolation and characterization of mutants
are possible.

Currently, P. pastorisis one of the main expression systems
for the production of heterologous proteins. A number of
bacterial and mammalian proteins have been expressed in
P. pastoris(Table 1).
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History

Pichia pastorisinitially was chosen for the production of single-
cell proteins for feed stock. This was due to its ability to grow
to very high cell densities in simple media containing meth-
anol. The production of single-cell proteins from P. pastoris
was considered a commercially viable option because the
synthesis of methanol from natural gas (methane) was inex-
pensive in the late 1960s. Phillips Petroleum Company,
Bartlesville, Oklahoma, developed protocols to growP. pastoris
Table 1 Heterologous proteins expressed inP. pastoris

Protein
Expression
levels (g l� 1)

Mode of expression
and Mut phenotype

Invertase 2.3 Secreted, Mutþ

a-Amylase 2.5 Secreted, MutS

Spinach phosphoribulokinase 0.1 Intracellular, MutS

Human serum albumin 3.4 Secreted, MutS

Bovine lysozyme C2 0.55 Secreted, Mutþ

Hepatitis B surface antigen 0.4 Intracellular, MutS

HIV-1 gp120 1.25 Intracellular, Mutþ

Carboxypeptidase B 0.8 Secreted, Mutþ /MutS

Bovineb-lactoglobulin 1.5 Secreted, Mutþ

Tumor necrosis factor 10.0 Intracellular, MutS

Human interferon (IFN)-a2b 0.4 Intracellular, MutS

Anti–A33 single-chain antibody 4.0 Secreted, Mutþ
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on methanol in continuous cultures. With the increase in the
price of methane due to the oil crisis in the 1970s, however,
interest in P. pastorisfor the production of single-cell proteins
waned. In the 1980s, Salk Institute Biotechnology/Industrial
Associates (SIBIA), located in La Jolla, California, unde
contract with Phillips Petroleum Company, developed the
Pichia expression system for the production of foreign
proteins. In 1993, Phillips Petroleum Company released the
Pichiaexpression system to research laboratories in academ
institutions. Since then, P. pastorishas been used widely used
as an expression system even in laboratories not routinely
working with yeasts. The Pichia expression system is
available commercially from Invitrogen (Carlsbad, California,
United States).
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Advantages of UsingP. pastoris

The use ofP. pastorisas a protein expression system has gaine
rapid acceptance in the past decade. This can be attributed t
high protein yields, very high levels of secretion with little or no
secretion of native proteins, easy scale-up, and ease
handling.

Pichia pastoriscan be manipulated genetically using the
same protocols as forSaccharomyces cerevisiae, one of the best-
studied eukaryotes. It has a strong preference for respirator
growth, and this trait enables it to be cultured to high cell
densities compared with other fermentative yeasts. Apar
from these bene� ts, P. pastorisalso is capable of post-
translationa modi � cations of proteins, such as proteolytic
processing, glycosylation, and disulfide bridge formation.
Many proteins, which form inactive inclusion bodies in
Escherichia coli, are expressed in their biologically active state
in P. pastoris.

The yields from the Pichiaexpression system generally ar
better than those from higher eukaryotic systems, such as inse
and mammalian cell lines. Expression in excess of 10 g l� 1 have
been reported. It is also cost-effective and less time-consumin
than the higher eukaryotic systems. One of the challenges in
glycosylation that can be achieved more authentically using
mammalian cell culture is being overcome by the engineering
of strains whose glycosylation machinery yields a glycosylated
protein, which is more like human glycosylated patterns than
other hosts.

The importance of P. pastorisas a recombinant host for the
production of heterologous proteins has driven a considerable
amount of energy toward the characterization of the genomics
and secretome of the organism. TheP. pastorisgenome is
9.43 Mbp with a total of 5313 protein coding genes. Important
pathways for the metabolism of methanol and formaldehyde
have been identi� ed.

The secretome ofP. pastorishas also been characterized by
two-dimensional (2D) gel electrophoresis and mass spec
trometry. A total of 75 different proteins have been identi� ed in
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00254-8
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Table 2 Pichia pastorisexpression host strains

Strain name Genotype Phenotype

Y-11430 Wild-type NRRLa
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the supernatant of methanol grown P. pastoris. The identi� ca-
tion of these proteins along with their genome sequences
establishes a larger base of signal sequences to select from
engineering strains for the secretion of heterologous proteins.
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GS115 his4 Mutþ His�

KM71 aox1D::SARG4 his4 arg4 MutS His�

MC 100–3 aox1D::SARG4 his4 arg4
aox2D::Phis4 his4 arg4

Mut� His�

SMD1168 pep4Dhis4 Mutþ His� , protease-de� cient
SMD1165 prb1 his4 Mutþ His� , protease-de� cient
SMD1163 pep4 prb1 his4 Mutþ His� , protease-de� cient

aNorthern Regional Research Laboratories, Peoria, Illinois, United States.
Reproduced with permission from Higgins and Cregg, 1998.
ThePichia Expression System

Pichia pastorisproduces the enzyme alcohol oxidase that is
required for it to metabolize methanol. The � rst step in the
metabolism of methanol is the oxidation of methanol to
formaldehyde, resulting in the formation of hydrogen
peroxide. This reaction is catalyzed by alcohol oxidase an
takes place in a specialized membrane-bound organelle calle
the peroxisome. Strong proliferation of peroxisomes is seen
during methanol utilization in P. pastoris. Peroxisomes
sequester the toxic hydrogen peroxide from the rest of the cel

Alcohol oxidase (AOX) has poor af� nity for oxygen. Pichia
pastoriscompensates for this de� ciency by expressing large
amounts of this enzyme. Two genes,AOX1and AOX2, code for
alcohol oxidase activity. The former accounts for more than
90% of the enzyme activity, while the latter accounts for less
than 5% of the activity. TheAOX1promoter is regulated tightly
and induced by methanol, but it remains repressed under other
conditions, including carbon starvation. This protein consti-
tutes up to 5% of the total soluble protein during methanol
induction in shake � ask cultures. It can constitute more than
30% of the total soluble protein during growth on methanol in
the fermenter. Thus, this promoter is especially suited for the
controlled expression of foreign genes. By placing the foreign
gene under the control of theAOX1 promoter, it is possible to
grow the culture on a noninducing carbon source like glycerol
until a suitable cell density is attained and then induced with
methanol.

Other inducible and constitutive promoters have also been
utilized for heterologous gene expression inP. pastoris, such as
the promoter of the glutathione-dependent formaldehyde
dehydrogenase gene (pFLD1), which is independently induc-
ible by methylamine and methanol, and the promoter of
glyceralde-hyde-3-phosphate dehydrogenase gene–constitutive
expression.
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Pichia Strains and Plasmids

All strains of P. pastorisare derivatives of the wild-type strain
NRRL-11430 (Northern Regional Research Laboratorie
Peoria, Illinois). Most strains are de� cient in the enzyme his-
tidinol dehydrogenase (Table 2). This aids in the selection of
transformants that harbor the expression vector containing the
HIS4 gene. Auxotrophically marked strains are useful in the
selection of diploid strains. Biosynthetic genes, such asarg4-
argininosuccinate lyase and ura3-orotidine 5 0-phosphate
decarboxylase, are some of the other commonly used auxo
trophic markers in the Pichiasystem.

Three types of host strains are categorized according to the
ability to utilize methanol, resulting from mutations in one or
both AOX genes. The most commonly used strain is GS115
This strain has both theAOX1 and AOX2 genes and grows on
methanol at wild-type rate. This phenotype is termed Mutþ
(methanol utilization). KM71 is a strain in which the chro-
mosomal AOX1 gene is replaced with theS. cerevisiae ARG
gene. Therefore, this strain has lower alcohol oxidase activit
from AOX2. It grows very slowly on methanol and this
phenotype is termed MutS (methanol utilization slow). The
strain MC 100–3 has a Mut� phenotype as it has deletions at
both the AOX1and AOX2loci. This strain is unable to grow on
methanol, but the AOX1 promoter is inducible by methanol.
Mut � strains, and therefore, it requires an alternative carbon
source such as glycerol for growth. Excess glycerol, however, h
a negative effect on expression and has to be fed at growth
limiting rates.

For the large-scale production of secreted proteins, Mutþ

strains often are used because they grow much faster o
methanol compared with the AOX-defective strains. MutS and
Mut � strains are more tolerant, however, to residual methanol
in the fermenter than the Mutþ strains. For this reason, the
AOX-defective strains sometimes are preferred over Mutþ

strains for the production of secreted proteins. For intracellular
expression, theAOX-defective strains are preferred because lo
levels of alcohol oxidase expression increase the speci� c yield
of the heterologous protein.

Some secreted foreign proteins are unstable in theP. pastoris
culture medium due to the action of endogenous proteases
The strain SMD1168 is similar to GS115 except that it lacks
proteinase A activity. Other protease-de� cient strains are
SMD1163 and SMD1165. These strains are used in cases
which proteolytic cleavage results in low yields of expresse
proteins.

The schematic of a typicalPichiaexpression vector is shown
in Figure 1. The vector, pPIC9, consists of theAOX1 promoter
fragment, theAOX1 transcription terminator region and the 30

AOX1 region. The AOX1 promoter is followed by the
S. cerevisiaea-mating factor (a-MF) signal sequences and
a multiple cloning site. This plasmid also carries the histidinol
dehydrogenase gene (HIS4), which is used to select for
recombinant P. pastorisclones. The ColE1 sequence and th
gene for ampicillin resistance on the plasmid are useful for
subcloning into E. coli.
Construction of Recombinant Strains

To obtain stable recombinant strains ofP. pastoris, the expres-
sion vectors are integrated into the host genome. Linear DNA
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Figure 1 Pichiaexpression vector. Reproduced with permission from
Invitrogen Corporation, 1996.
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can generate stable transformants because of homologou
recombination between the plasmid DNA and homologous
regions within the genome. Selection of transformants is based
on histidine prototrophy.

Integration of the expression vector can occur in three ways
This generates transformants with different methanol utiliza-
tion phenotypes (Mut þ , MutS), depending on the host strain
used (Figure 2). It is possible to stimulate either single or
double crossover events by linearizing the plasmid. If the
plasmid is cut at one of the restriction sites within the 50 AOX
sequences, it will stimulate single crossovers, leading to th
insertion of the expression cassette at either theAOX1 locus as
in GS115 or aox1::ARG4locus as in KM71. The phenotype of
such transformants would be Hisþ Mutþ if the host strain is
GS115 and Hisþ MutS if the host strain is KM71.

Insertion of the plasmid also can occur at thehis4locus on
the host genome. This results from a single crossover eve
between the his4 on the chromosome and the HIS4 on the
plasmid. Because the genomicAOX1 locus is not involved, the
Mut phenotype of the Hisþ transformant would be the same as
the host strain used.

Double crossover events can be generated in the stra
GS115 by cutting the plasmid at theBglII site. This leads to the
formation of a fragment with the AOX1sequences at its termini
and the gene of interest andHIS4 in between. This would
stimulate gene replacement events atAOX1. The resulting
strains would lack AOX1 and would have to depend on the
weak AOX2 gene for methanol utilization. The phenotype of
such a transformant would be Hisþ MutS.

Multiple gene insertion events can occur at thehis4 or the
AOX1loci, leading to the generation of multicopy recombinant
strains. Such events have been found to occur spontaneously
a low frequency of 1–10% of all selected Hisþ transformants.
The Mut phenotype of such strains would be the same as the
host strain used.

Even though high yields have been obtained from single-
copy recombinants, yields from multicopy strains often have
been found to be signi� cantly higher. As a result, methods of
generating multicopy strains have been developed. These a
based on three different approaches. The� rst approach
involves identi� cation of multicopy strains that occur naturally
within the population of transformants. A large number of
transformants can be screened for protein expression usin
SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis). Multicopy transformants can be identi� ed based
on their protein yields, which typically are higher than those
from single-copy transformants. Alternatively, immunoblot-
ting or colony hybridization can be carried out to detect
multiple copies of the heterologous gene.

The second approach is to detect multicopy strains within
a population based on their level of antibiotic resistance. For
this, plasmids carrying theTn903kanRgene are used. This gen
confers resistance to G418. The level of antibiotic resistanc
depends on the number of copies of this gene. Multicopy
strains will be resistant to higher concentrations of G418 and
thereby can be identi� ed.

The third approach involves transformation of the host cells
with a vector carrying multiple copies of the expression cassette
By this method, a single gene insertion event would be suf� -
cient to generate a multicopy strain.
Protein Expression

Once stable recombinant strains are obtained, test tube culture
are used to screen for protein expression. To maximize protein
yields, the cells are grown under noninducing conditions until
the culture reaches the log phase (OD600 ¼ 2–6). Then the
culture is induced with methanol and the regiment depends on
the type of methanol utilizer. For the most common Mut þ

strains, methanol is added every 24 h until maximum produc-
tion is obtained, which varies from 2 days to more than 10 days.

One of the advantages in usingP. pastorisis the ease with
which small cultures can be scaled up to larger volumes
without any decrease in yield. Therefore, when optimum
conditions for expression are determined, the culture volume
can be scaled up using large shake� asks or by fermentation.

Protein yields are typically higher in fermenter cultures than
in shake � asks. One of the reasons for this is that high cel
densities (>300 g l � 1 dry cell wt) can be reached in fermenter
cultures. The level of product yield is directly proportional to
the cell density, especially in the case of secreted proteins. Th
other reason for higher yields in the fermenter cultures is that
optimum levels of oxygen and methanol can be maintained.
Both excess oxygen and methanol have a negative effect o
protein expression.

A number of fedbatch and continuous culture schemes have
been developed for the high-cell-density fermentation of
expression strains. The process of fermentation usingP. pastoris
can be divided into three stages. The� rst is the continuous
phase, using glycerol as the carbon source, which lasts for abou
24 h. The second stage is the glycerol fedbatch phase. In th
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Figure 2 Integration of expression vectors into thePichia pastorisgenome. (a) Single crossover integration at thehis4locus. (b) Integration of vector
fragment by replacement ofAOX1gene. Reproduced with permission from Higgins and Cregg (1998).
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stage, glycerol is fed at a growth-limiting rate. During growth
on glycerol, the cells multiply rapidly but remain strongly
repressed. The third is the methanol fedbatch phase. Th
optimum period of induction and the time of harvest have to
be determined empirically for each protein.
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Posttranslational ModiÞcation of Expressed Proteins

Signal Sequence Processing

One of the main attractions of the Pichiaexpression system is
its ability to secrete heterologous proteins at high levels with
little or no secretion of native proteins. As a result of this,
downstream processing of secreted proteins becomes muc
easier.

A signal sequence is required for the proper secretion of th
foreign protein. The native signal sequence of the foreign
protein has been used successfully in some cases, for examp
bovine lysozyme. In some cases, however, native sign
sequences have not worked well, for example, invertase. Yea
signal sequences have been used as other alternatives. The m
commonly used yeast signal sequence is the preproa-MF
sequence fromS. cerevisiae. In S. cerevisiae, three enzymes are
required for the proper processing of thea-MF signal sequence
They are a signal peptidase that cleaves the pre region,KEX2
gene product that cleaves at the junction betweena-MF prepro
region and the foreign protein, and the product of STE13that
removes Glu–Ala spacer residues from the amino terminal of
the foreign protein. A number of foreign proteins have been
expressed inP. pastorisat high levels and in the fully processed
state using thea-MF. This indicates that the enzymes for pro-
cessing the signal sequence are present in suf� cient quantities
in the P. pastorissecretory system as well. Incomplete processin
of the signal sequence also has been observed in some cas
Conformational characteristics of the expressed protein could
prevent access to the signal sequence processing enzymes.
Glycosylation

Glycosylation is another posttranslational modi� cation carried
out by P. pastoris. Both O- and N-linked glycosylation has been
observed in proteins expressed in this yeast.N-linked glyco-
sylation in P. pastorisis signi� cantly different than in higher
eukaryotes. Oligosaccharides fromP. pastorislack the N-ace-
tylgalactosamine, galactose, and sialic acid residues found i
mammals. Carbohydrate side chains in mammals are
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46 Pichia pastoris
composed of a mixture of different sugars (complex type) or of
Man5–6GlcNAc2 (high mannose type) or both. In Pichia, the
carbohydrate side chains usually are of the high mannose type
Two distinct patterns of glycosylation, however, are seen with
regard to the number of mannose residues added. In some
cases, 8–15 mannose residues are added, for example, invertas
from S. cerevisiae. In other cases, hyperglycosylation has bee
observed.

Core structures ofP. pastorisoligosaccharide molecules have
been determined to be identical to those ofS. cerevisiae. The
structure of the oligosaccharide side chains fromP. pastoris
secreted invertase has been determined. The major spec
found were Man8–11GlcNAc2 and all except Man11GlcNAc2

were identical to S. cerevisiaecore structures. The terminal
mannose residues in P. pastoriswere of the a-1,2 type, as
opposed to the more common a-1,3 type in S. cerevisiae. Apart
from the absence ofa-1,3-linked mannose, little information is
available about the structure of outer chain oligosaccharides
The mechanism underlying the addition of outer chains is also
not well understood.

N-linked glycosylation in P. pastorisposes a problem with
regard to the use of expressed proteins for therapeutic appl
cations. The high mannose oligosaccharide could be highly
antigenic and could preclude therapeutic use. The othe
problem, due to differences in glycosylation pattern between
P. pastorisand mammals, is that the long outer chains could
interfere with the proper folding of proteins. Remedies for
these challenges have been realized by the engineering
strains that mimic human-like glycosylation of heterologous
proteins.
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Importance to the Food Industry

Pichia pastorisinitially was used to produce single-cell
proteins, several unusual enzymes (e.g., alcohol oxidase
formate dehydrogenase), and metabolites such as adenosin
triphosphate, aldehydes, and amino acids. Since then
a number of food proteins and enzymes have been expresse
in P. pastoris(Table 1). Recombinant amylases and sugar
converting enzymes from different sources have bee
expressed inP. pastoris. Examples of this class of proteins are
a-amylases 1 and 2 from barley. These enzymes from
P. pastoriswere found to be similar in structure and function to
those from malt extracts. b-Lactoglobulin, the major whey
protein in bovine milk, has been expressed inP. pastorisat
the level of > 1 g l� 1. The physical characteristics of this
recombinant protein were found to be indistinguishable from
the native bovine form.

Pichia pastorishas also been used as a biocatalyst in th
conversion of glycolate and its derivatives to glyoxalate and
other corresponding 2-oxo-acids. This reaction produces
hydrogen peroxide that has to be metabolized for the ef� cient
conversion of the substrate. Recombinant strains ofP. pastoris
carrying the glycolate oxidase gene from spinach and the
endogenous catalase have been used as catalysts for t
process.
Conclusion

Pichia pastorishas been used successfully for the production o
a number of heterologous proteins, including those scaled to
commercially viable processes.
See also:Saccharomyces: Saccharomyces cerevisiae;
Single-Cell Protein:Yeasts and Bacteria.
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Introduction

The genus Plesiomonas(plesios, neighbor and monas, unit;
meaning ‘neighbor to Aeromonas’) includes one species,Plesio-
monas shigelloides, of Gram-negative, catalase- and oxidase
positive rods, currently considered to be a member of the
family Enterobacteriaceae, being the only oxidase-positiv
genus of this family.

This bacterium is an aquatic organism that occurs in fresh
and estuarine water and seawater, particularly in tropical and
subtropical climates, although it can be isolated from water
from cold environments.

In humans, P. shigelloidesis recognized as a rare agent o
extraintestinal diseases, and it is receiving increasing attentio
as an agent of gastrointestinal illness, associated with traveler’s
diarrhea and consumption of contaminated water, raw or
undercooked � sh, and shell� sh.

Many aspects of the biology of this species are no
completely elucidated, including mechanisms of pathoge-
nicity, incidence in foods, and diagnostic procedures.

This chapter reviews the available information on this
species, covering mainly taxonomic aspects, habitats an
ecology, pathogenicity and virulence, incidence and control of its
presence in foods, and methods for detection and identi� cation.
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Taxonomy and Habitats

History and Current Taxonomic Status

This bacterium was� rst described in 1947 after being isolated
from the feces of a patient; it received the name of Strain C27
and was thought to be a member of the family Enter-
obacteriaceae. In 1954, the C27 organism was moved to th
genus Pseudomonaswith the species name of shigelloides,
considering its Shigella-like characteristics. In 1961, it was
transferred to the genusAeromonas(within the family Vibrio-
naceae) asA. shigelloides, based on the cytochrome oxidase
activity, � agella morphology, and other biochemical proper-
ties. The transfer of C27 strain to the new genusPlesiomonaswas
proposed in 1962 since the organism did not exhibit some
important characteristics, such as the enzymatic activity, tradi
tionally linked to the genus Aeromonas.

The bacterium remained within the family Vibrionaceae,
together with the generaVibrioand Aeromonas, mainly because
the genera included in this family shared common features,
such as oxidase-positive activity, polar� agellation, and aquatic
habitat, rather than an evolutionary relationship among them.
Since the early 1980s, with the advent of techniques to measur
evolutionary sequences, like DNA hybridization and small-
scale DNA sequencing, it became clear that the gene
Plesiomonasand Aeromonashad to be removed from the
Vibrionaceae. Analysis of the small-subunit ribosomal RNA
demonstrated the relationship of the genusPlesiomonaswith
the family Enterobacteriaceae and thus was included in the
second edition of the Bergey’s Manual of Systematic Bacteriolo,
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
being the only oxidase-positive member of this family. Although
it has been suggested that additional data could support the
allocation of the genusPlesiomonasin a new family, the Plesio-
monadaceae, the results obtained in a multilocus sequenc
typing (MLST) study of 77 isolates from different sources and
different geographic origin, showed thatP. shigelloidesconstitutes
a branch nested deep within the family Enterobacteriaceae, with
no signi� cant intraspecies structures and that the oxidase activit
could be a derived characteristic that evolved secondarily from
an oxidase-negative ancestor.

Habitats

Plesiomonas shigelloidesis primarily an aquatic organism. It
usually is found in fresh surface water (rivers, lakes, stream
ponds, and sediments) or estuarine water, but it also can be
recovered from marine environments. Its minimum growth
temperature (8� C) in � uences the more frequent occurrence in
tropical and subtropical climates and also the seasonal incidence
in temperate climates.P. shigelloides, however, has been recov
ered from aquatic environments in cold geographic areas, suc
as Central Europe, Sweden, and even a lake situated north of th
Polar Circle. It also has been reported thatPlesiomonasrecovery
and density signi� cantly correlated with index parameters for the
trophic state (Secchi depth, a measurement of water clarity, an
chlorophyll A) and for fecal pollution ( Escherichia coli). Thus, in
addition to temperature, the availability of nutrients and the
level of sewage pollution are factors that support increasing
concentrations ofP. shigelloidesin surface water.

The organism has been isolated from a wide range of warm
and cold-blooded species other than man. Fish and shell� sh in
the natural habitats of P. shigelloidesappear to act as secondary
reservoirs for the bacterium, which has been isolated from
crabs, bivalve mollusks, and the intestines of freshwater and
marine � sh, with an incidence ranging from 10 to 59%. Wild
birds have also been found to carryP. shigelloidesand most bird
species from which the bacterium has been isolated either live
in aquatic ecosystems or feed on� sh. Isolation of P. shigelloide
also has been reported from marine mammals, reptiles and
amphibians, monkeys, food animals (pigs, cattle, poultry,
sheep, and goats), and domestic animals (cats and dogs). Th
organism has been associated with disease in cats, freshwa
� sh, reptiles, and turtles.

Plesiomonas shigelloidesis not a part of the normal gut � ora of
man and the rate of carriage among healthy people is generall
low (.2 –3.2%) although it varies considerably with location,
the highest rates corresponding to tropical and subtropical
countries.
Clinical Features

Plesiomonas shigelloidesalways has been considered as a huma
pathogen, causing two categories of infections: gastrointestina
infections and extraintestinal diseases.
78-0-12-384730-0.00392-X 47

http://dx.doi.org/10.1016/B978-0-12-384730-0.00392-X


-
n
y

f

,

r
.

s
,
te

ry

t
,

-

d
s
ly

,
f
ly

s.

s
,

i-

s

ial
s

f

.

st

es

,

a

h

48 Plesiomonas
Gastrointestinal Disease

Gastroenteritis is the most common illness associated with
P. shigelloidesinfection. A number of epidemic outbreaks of
diarrhea are attributed toP. shigelloidesas the causative agent and
a series of case reports predominantly from tropical and
subtropical countries. In cold and temperate climates,Plesiomo
nas cases of gastroenteritis often are associated with foreig
travel. Traveler’s diarrhea is seen year round, whereas locall
acquired infections show a marked seasonal trend related to
environmental contamination of freshwater, with the peak
occurring during the warmer seasons. Approximately, 70% o
people who present diarrhea linked to this organism have either
an underlying disease (cancer, Crohn’s disease, achlorhydria
diverticulosis, cirrhosis) or an identi� able risk factor (e.g., trop-
ical travel or seafood consumption). It seems that the organism
affect all age groups, although most studies indicate a highe
incidence in adults. Both males and females are affected equally

At least three major clinical presentations ofP. shigelloide
gastroenteritis occur: a secretory (watery) type of diarrhea
a more invasive disease resembling shigellosis, and a subacu
or chronic disease lasting between 2 weeks and 2–3 months.
On occasions, the organism, in association with other enteric
pathogens (i.e.,Aeromonas sobria), has been reported to cause
a cholera-like disease. It remains unclear whether the secreto
form is more common that the dysenteric.

The infective dose is unknown but is presumed to be very
high. On average, symptoms may begin between 24 and 50 h
after consumption of contaminated food or water although
shorter incubation times of 1–1.5 h have been reported. Diar-
rhea is the predominant symptom occurring in 94% of cases.
Accompanying symptoms vary, but severe abdominal pain or
cramping, nausea, and vomiting and low-grade fever are mos
common. Less frequent symptoms include chills, headache
and some degree of dehydration.

Patients with stool positive for P. shigelloideshave either
watery diarrhea or diarrhea with blood and mucus. The secre
tory form varies in severity from a mild illness of short duration
to severe diarrhea. It usually is reported to last between 1 an
7 days but can persist as long as 21 days, with up to 30 stool
per day at the peak of the disease. The dysenteric form is usual
severe, being characterized primarily by abdominal pain with
the presence of macroscopic blood and mucus in the stools
which often are greenish tinged and slimy. In most cases o
P. shigelloidesgastroenteritis, the episode resolves spontaneous
in a few days but in a signi� cant proportion, infection becomes
subacute or chronic and does not resolve until the patient is
placed on appropriate antimicrobial therapy. There also have
been reports of fatal cases subsequent to primary enteric illnes

For P. shigelloidesdiarrhea, the drugs of choice have been
tetracycline or trimethoprim–sulfamethoxazole. Plesiomona
shigelloidesstrains present natural resistance to penicillins
roxithromycin, clarithromycin, lincosamides, streptogramins,
glycopeptides, and fusidic acid.

Extraintestinal Disease

Extraintestinal infections due to P. shigelloidesare relatively
rare. The organism has been implicated in cases of sept
cemia, meningitis, intra-abdominal infections (cholecystitis,
pseudoappendicitis, peritonitis), endophthalmitis, and other
ocular diseases, wound infections, cellulitis, osteomyelitis,
arthritis, proctitis, and pyosalpingitis. Most episodes of septi-
cemia occur in adults, with the gastrointestinal tract being the
source, although some may originate from infected wounds or
trauma. Meningitis usually is associated with neonates and
appears to be transmitted vertically during birth. In the case of
neonatal meningitis, the fatality rate approaches 80%. Although
predisposing factors leading to disseminatedP. shigelloide
infections are at present poorly de� ned, people with conditions
leading to an impaired immune function are thought to be at
increased risk of developing systemic disease.
Pathogenicity and Virulence Factors

Although there has been interest in the pathogenicity of
Plesiomonas, many aspects remain unknown. One of the
problems is the lack of animal models for conclusive identi-
� cation of virulence determinants and the negative result
obtained in one human volunteer study, even though a recent
study indicated that experimental infection of neonatal Bagg
Albino (BALB/c) mice may serve as an animal model for
studying the initial steps of gastrointestinal colonization
and the diarrheal disease syndrome caused by several bacter
and protozoan pathogens and that such a model can serve a
a step leading toward improved models for understand-
ing gastrointestinal colonization and the diarrheal disease
syndrome.

Current evidence indicates that the exact mechanism o
P. shigelloidespathogenicity is not fully elucidated and that
more than one virulence factor is required to cause diarrhea
Experience with other enteric pathogens (e.g., mesophilic
Aeromonas, Yersinia enterocolitica, or E. coli) suggests that
perhaps only some strains can cause disease in certain ho
population. A number of putative virulence factors have been
identi � ed, but none is widely accepted as being important for
Plesiomonas-associated infections or tested for routinely. In
addition, few have been investigated in detail.

Toxins

Whether P. shigelloidesproduce toxins is a controversial issue.
Initial research using the adult rabbit ligated ileal loop assay
showed the presence of few positive results. Also several studi
concluded that no enterotoxic or cytotoxic activities were
observed with isolates ofP. shigelloidesof different origins. At
the same time, several reports claimed the puri� cation and
characterization of heat-labile and heat-stable enterotoxins
and it was proposed that iron could be an important factor in
the production of toxins by P. shigelloides. More recently, it has
been reported that P. shigelloidesstrain P1, isolated from
patients suffering from diarrhea, produces a cytotoxin that gave
a positive reaction in the suckle mouse assay. It consists of
complex of anti-cholera toxin-reactive protein and lipopoly-
saccharide (ACRP-LPS complex) with the ACRP exhibiting bot
cytotoxicity and enteropathogenicity.

Invasiveness

Information on P. shigelloidesmechanisms involved in attach-
ment, chemotaxis, and penetration of the gastrointestinal
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epithelium and its associated mucous layer is scarce. Adheren
to host cells is a fundamental step in bacterial infection and
many enteropathogens possess surface structures that facilita
adherence to host cell epithelial surfaces. ForP. shigelloides, the
presence of a glycocalyx and the presence of GroEL, a he
shock protein, have been proposed as factors that could faci
itate the attachment ofP. shigelloidesto the surface of the cells. It
also has been isolated as a 40 kDa cytotoxic outer membran
protein (ComP), and researchers have suggested that Com
may be the predominant virulence factor that triggers cell death
in the host cells following infection.

Some authors have suggested that cell invasion may occu
through a phagocytic-like process, followed by the rearrange
ment of the cytoskeleton proteins, which is important for the
endocytosis of bacteria by the epithelial cells and for the
induction of apoptotic cell death. Finally, the inhibitory
activities of P. shigelloidestoward papain-like proteinases
suggest that cathepsin inhibition is of importance to the
survival and spread of this pathogen in a mammalian host.
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Hemolytic Activity

Ef� cient mechanisms for iron acquisition from the host during
an infection are considered essential for virulence. A mecha
nism for iron acquisition is the production of hemolysins,
which release iron from intracellular heme and hemoglobin.
For P. shigelloides, the detection of hemolytic activity also has
been questionable, but using appropriate methods, a number
of workers have provided evidence that most isolates from
different sources and geographic areas have the ability t
display cytolytic activity against erythrocytes. In addition, the
genes encoding the heme iron utilization system of
P. shigelloides, which is similar to that of Vibrio cholerae, have
been isolated and characterized. One of them, thehugA gene,
encodes an outer membrane receptor, HugA, required fo
P. shigelloidesheme iron utilization. Detection of the hugA gene
is common in clinical and environmental P. shigelloide
isolates.

The presence of hemolytic molecules and the HugA oute
membrane receptor may represent an important pathway for
iron acquisition. Furthermore, vacuolating activity associated
to hemolysin production has been reported for some strains of
P. shigelloides. The hemolysin(s) roles in the ability to escape
from the intravacuolar compartment and enterotoxigenicity
have been suggested. The available studies indicate th
P. shigelloidescould produce, at least, two hemolytic factors,
their expression and detection being in� uenced considerably
by environmental growth conditions and testing procedures.
For this bacterium, the overlay assay appears to be the be
routine procedure for detecting hemolytic activity.
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Plasmids

Many P. shigelloidesstrains contain plasmids. A very large
plasmid (>150 MDa, w 230 kb) was found in 12 of 27 clinical
isolates, but it was not the same as the large virulence plasmi
described forShigellaspecies and enteroinvasiveE. coli. A very
large plasmid (between 118 and 312 MDa) was also detected in
� ve clinical isolates, which appeared to facilitate the uptake o
P. shigelloidesinto the mucosa of the distal ileum of gnotobiotic
piglets. Furthermore, when one gnotobiotic piglet was infected
with a cured strain, the animal remained healthy. It is possible
that unstable virulence plasmids may be involved in
P. shigelloidespathogenicity.

Another plasmid-mediated property is antimicrobials
resistance. Five strains ofP. shigelloidesisolated from Louisiana
blue crabs (Callinectes sapidus) were screened for resistance to
selected antibiotics and presence of plasmids. Each isola
carried three plasmids of approximately 2.5 kb, 3.8 kb, and
5.3 kb. Plasmid curing linked the streptomycin resistance
determinant with the 3.8 kb or 5.3 kb plasmids. Others
workers, however, have failed in demonstrating any association
between plasmids and antibiotic resistance.

The O antigen structure of the LPS ofP. shigelloidesserotype
O17 is of particular interest since it is identical to that of
Shigella sonnei, a cause of endemic and epidemic diarrhea and
dysentery worldwide. The O-antigen gene cluster of both
S. sonneiand P. shigelloidesO17 is located on the plasmid Pinv.
This invasion plasmid is essential for penetration of host
epithelial cells and therefore is considered to be an important
virulence factor.
Other Putative Virulence Factors

Plesiomonas shigelloidesstrains show elastolytic activity, which
may be involved in connective tissue degradation. Elastin
degradation appears to be cell associated, enhanced when th
strains are grown in an iron-depleted medium, and lost after
thermal treatment at 100� C for 10 min. The enzymatic activity
is inactivated by phenyl-methyl-sulfonyl � uoride that is an
inhibitor of serine proteases.

Tetrodotoxin is a potent marine neurotoxin, named after
the order of � sh from which it is most commonly associated,
the Tetraodontiformes. The toxin can be produced by different
bacterial species, one of them beingP. shigelloides. This bacte-
rium has been identi� ed as a histamine producer in scombroid
� sh species, suggesting thatP. shigelloidescould play an
important role within � sh histidine decarboxylating bacteria
because of its association with aquatic environments.
Plesiomonasin Food

Incidence and Factors AffectingP. shigelloidesin Foods

Most human P. shigelloidesinfections are suspected to be
waterborne. Untreated or poorly chlorinated drinking water
has been implicated in a number of large outbreaks of gastro
enteritis with high attack rates. In addition, a number of cases
have been associated with recreational use of water and wate
from aquaria. Snake-to-human transmission ofP. shigelloide
gastrointestinal infection has been reported. Outbreaks o
Plesiomonas-associated gastroenteritis have been attributed t
contaminated oysters and also to � sh (salt mackerel and
cuttle� sh salad), crab, shrimp, scallops, and sushi consump
tion. In the United States, infection with P. shigelloideshas been
strongly associated with eating raw or undercooked shell� sh,
usually raw oysters, and with traveling to high-risk areas (i.e.
Mexico or Southeast Asia). The high incidence in Japan ha
been linked with dietary habits and also with trips to other
Asian countries.
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Thus, the usual route of transmission of the organism in
sporadic or epidemic cases is by ingestion of contaminated
water or raw shell� sh. In fact, only one known case has been
associated with food other than water or� sh, with chicken being
implicated. The bacterium also poses a hazard for people with
water-related occupations or practicing water-related sports.

Although information on the effects of intrinsic and
extrinsic factors on the growth of P. shigelloidesis limited to
a few papers, a review on this subject has been undertaken b
the International Commission on Microbiological Speci� ca-
tions for Foods.

The minimum growth temperature is widely accepted to be
8 � C although at least one strain has been reported to grow a
0 � C. Optimum growth appears to occur in the range 37–39 � C
and the maximum growth temperature is around 45� C.
Isolates from� sh and clinical specimens were reported to grow
at 10 � C, although it required at least 9 days for visible growth
to occur. Strains of this organism can be recovered from frozen
foods stored by years. Temperatures of 42–44 � C have been
recommended for the isolation of P. shigelloideswhen the
presence of other organisms poses a problem.

The characterization of 40 P. shigelloidesisolates from
a variety of sources (water, sediment,� sh, bivalve mollusks,
and stools) led to the conclusion that the organism is able to
withstand up to 5% NaCl in trypticase soy broth but only up to
3% in a less-nutritious medium, such as tryptone broth. All
cultures grew in the pH range 4.5–8.5, with 60% growing at pH
4 and 85% at pH 9.

Salt tolerance of isolates from� sh and clinical samples
tested in trypticase soy broth was dependent on strain origin
thus, strains from clinical specimens tolerated less salt (3.5%
than those from marine environments (5.5%). Minimum aw

for growth of P. shigelloides, which varied with strain, and the
type of humectant used, ranged from .92 (glycerol) to .97
(NaCl and sucrose).

Knowledge of the effect of food processing onP. shigelloide
is extremely limited. Studies to date indicate that pasteurization
at 60 � C for 30 min is an effective mean of destroying
P. shigelloidescells. Some experiments were carried out to
evaluate the effects of storage in air and under vacuum an
a modi� ed atmosphere, consisting of 80% CO2, on the growth
of P. shigelloidesspiked on cooked cray� sh tails. The organism
did not grow at 8 � C under any packaging system. At 11� C, the
organism grew well in air but was strongly inhibited by the
modi � ed atmosphere and, to a lesser extent, by vacuum, and a
Table 1 Factors affecting growth and survival ofPlesio

Optimum R

Temperature (� C) 37–39 8a–
pH 7 4–9
NaCl (%) 1 0–5
Water activity 0.99 0.9
MAP 80%
Pasteurization
High hydrostatic pressure

aSome strains are reported to grow in the range 0–10� C.
bMinimum water activity to grow varies with humectant, bein
cGrowth decreases after 2 days exposure to an atmosphere
14 � C, only the modi � ed atmosphere inhibited P. shigelloide
growth. As for other Gram-negative, mesophilic, facultative
anaerobic pathogenic bacteria, low temperatures and CO2 are
effective means in preventingP. shigelloidesgrowth in raw foods
packaged under oxygen-reduced conditions.

Apart from the few data reporting temperature and pack-
aging in� uences on the behavior ofP. shigelloides, information
about the effects of technological factors on this bacterium
is absent in the literature to date. Our experience indicates
that the resistance of this bacterium to pulsed electric
� eld (PEF) treatments seems to be weak, even more whe
compared with other Gram-negative bacteria, and it could
be especially sensitive in pH 4 buffer. Other results showed
that the numbers of P. shigelloidesdropped 3 and 6 log cfu g� 1

after high hydrostatic pressure (HHP) treatments of 300 and
400 MPa, respectively, on� sh samples arti�cially contami-
nated with a bacterial mix (Table 1).
Control

As the usual route of transmission of the organism in sporadic
or epidemic cases is by ingestion of contaminated water and
raw or undercooked� sh and shell� sh, the risk of infection can
be reduced by avoiding the use of untreated water for drinking
and food preparation, by maintaining appropriate heating
temperatures for � shery products, and by avoiding contami-
nation of cooked or processed foods. Public health measure
such as routine testing of drinking water for microbial indica-
tors and free chlorine substantially also reduce waterborne
outbreaks and subsequent morbidity. Appropriate chill storage,
salting conditions, and CO2 will prevent growth of the
organism. Correct use of the temperature appears to be suf� -
cient to control this bacteria because D56 values of several
Plesiomonasstrains in pH 7 and pH 4 citrate-phosphate buffers
showed their strong thermosensitivity (ranging between D
values of .06 and .10 min). Application of emerging technol-
ogies, as HHP or PEF, seems to reduce the contamination b
P. shigelloidesup to safe levels.
Detection and IdentiÞcation ofP. shigelloides

Plesiomonas shigelloidescan be found on several kinds of
samples (clinical and environmental, including water, � shes,
monas shigelloides

ange Treatment
Number of log

reductions

45
.5

2–0.99b

CO2
c

60� C/30 min 5–6
300 MPa 3
400 MPa 6

g higher with NaCl and sucrose (0.97) than with glycerol (0.92).
with 80% CO2 at 11� C, but not at 14� C.
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Table 2 Characteristics ofPlesiomonas shigelloidesand useful traits
to differentiate from related genera

Characteristics
Plesiomonas
shigelloides

Motile
Aeromonas Proteus

O/129 susceptibility S R
Acid production from

inositol
þ –

Gelatin liquefaction – þ
Oxidase þ þ –
Catalase þ þ þ
Motility þ þ þ
Urea hydrolysis – þ
Ornithine decarboxylase þ v
Lysine decarboxylase þ v
Arginine dihydrolase þ
Indole production þ
Methyl red þ
Voges–Proskauer –
Citrate utilization –

þ , most strains (� 90%) positive;–, most strains (� 90%) negative;v, variable
percentages of positive strains.
Adapted from Janda, J.M., 2005. Genus XXVII.Plesiomonas. In: Garrity, G.M.,
Brenner, D.J., Krieg, N.R., Staley, J. (Eds.), Bergey’s Manual of Systematic Bacte-
riology, vol. 2, Part B, Springer Verlag, New York, pp. 740–744. Farmer III, J.J.,
Arduino, M.J., Hickman-Brenner, F.W., 2006. The genusAeromonasandPlesiomo-
nas. In: Falkow, S., Rosenberg, E., Schleifer, K.-H., Stackebrandt, E., Dworkin, M.
(Eds.), The Prokaryotes, third ed., vol. 6, Springer, Heidelberg, pp. 564–596.
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and foods), and the purpose of the analysis can be different in
each situation. The selection of a concrete procedure of analys
will be in � uenced by (1) the required selectivity (mainly, the
ability to suppress background microbiota); (2) the desired
diagnostic feature (mainly, the ability to differentiate between
P. shigelloidesand other morphologically or biochemically
similar bacteria); (3) the presumed presence of injured cells
and (4) the need for quantifying the Plesiomonaspopulation.

The classical procedure for detection ofP. shigelloidesfrom
clinical and environmental samples includes the isolation of
more or less typical colonies on a selective and differential aga
and the con� rmation of the identity of isolates by a set of
morphological and biochemical tests. For the isolation,
different solid media have been used, particularly enteric agars
The morphology of Plesiomonascolonies on such media,
however, is similar to that of colonies of other growing bacteria
(Aeromonas, Enterobacteriaceae).

Two differential media, formulated speci� cally for the
isolation and enumeration of P. shigelloidesare inositol brilliant
green bile salts agar (IBB) andPlesiomonasagar (PL). Besides the
selective components (brilliant green and bile salts), IBB aga
includes inositol as a carbon source, which can be used only fo
a few competing bacteria. At the same time,Plesiomonasferments
inositol, giving red to pinkish colonies on IBB, while non-
fermenting inositol strains, such asAeromonasstrains, appear
colorless (in overcrowded plates, Plesiomonascolonies can
appear small and white) and coliforms form greenish or pink
colonies. On PL agar, lysine decarboxylase-positive and non
fermenting organisms, such asP. shigelloides, form pink colonies
surrounded by a red zone. Because of the reduced concentratio
of bile salts, however, PL agar is less inhibitory for the
competitive microbiota than IBB agar, the latter generally being
preferred for the isolation of Plesiomonasfrom environmental
samples. On the other hand, PL agar shows a better performanc
in recovering heat- and cold-stressed cells ofPlesiomonas.

For routine analysis of environmental samples incubation
of plates at 35� C for 24–48 h generally is recommended,
although 44 � C was found to be the optimal incubation
temperature to easily differentiate colonies ofPlesiomonasand
Aeromonasin 24 h when Plesiomonasdifferential agar is used.

Enrichment of samples before plating is a controversia
practice. Four media have been proposed: alkaline pepton
water, bile peptone broth, and tetrathionate broth with or
without iodine. If tetrathionate broth (with or without iodine)
is selected as enrichment media, incubation at 40� C for 24 h
seems to provide the highest recovery ofP. shigelloides. To
increase the recovery ofP. shigelloides, it is a common practice
to combine the direct plating on two selective media (usually
IBB agar and PL agar) and enrichment on tetrathionate broth
without iodine followed by streaking on the two selective
media.

The identi� cation of suspect isolates presents little dif� cul-
ties, and it can be done by inoculation in triple sugar iron (TSI)
slants and inositol gelatin deeps, with incubation at 35� C for
24 h. An oxidase test and Gram stain is also necessary.Plesio-
monas shigelloidesis a Gram-negative rod, oxidase-positive
alkaline over acid with no gas or hydrogen sul� de in TSI; it
ferments inositol and fails to hydrolyze gelatin. Table 2
summarizes the main characteristics ofP. shigelloidesand useful
traits to differentiate from related genera.
Alternatively to the classical biochemical identi� cation,
miniaturized systems– like API 20E, BBL Crystal E/NF, Phoenix
100 ID/AST, and NID Panel– offer reliable results. Common
bionumbers for P. shigelloidesare 7144204 and 7144244 (API
20E system) and 2203200257 and 2223200257 (BBL Crysta
E/NF).
Molecular Diagnosis ofP. shigelloides

Due to the low pathogenic potential of P. shigelloides, limited
investigations have been conducted to facilitate the detection
of the microorganism. The molecular methods reported for
P. shigelloidesare focused on polymerase chain reaction (PCR)
The � rst published procedure was directed toward speci� c
sequences of the 23S rDNA, amplifying a fragment of 284 bp
This method was checked against a number of isolates o
P. shigelloidesfrom aquatic environments (clinical and animal
origin), but it was applied only to pure cultures, and a proce-
dure for the testing of clinical and environmental samples was
not provided ( Table 1).

In the � rst PCR procedure, two modi� ed methods were
developed that allowed for quanti� cation of P. shigelloides. The
� rst method was carried out in homogenates of shell� sh tissue
(clams and oysters) that were then seeded with known
numbers of a collection strain of P. shigelloides. The bacteria
were recovered by differential centrifugation, and DNA was
extracted and puri� ed. After PCR ampli� cation, the PCR
products were resolved by electrophoresis in controlled
conditions and stained with a � uorescent reagent. The gel wa
photographed and the � uorescent intensities of the DNA
bands were analyzed and plotted against the log of colony
forming units per gram. The detection level was 60 cfu g� 1

for clams and 200 cfu g� 1 for oysters, but they were improved
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to 4 and 40 cfu g� 1, respectively, with the introduction of
a nonselective enrichment step. The second modi� cation was
developed to differentiate live and dead cells by using a DNA
intercalating dye unable to penetrate into live cells. The dye
would be incorporated mainly by dead cells with damaged
membranes, inhibiting PCR ampli� cation of the target DNA. At
the same time, quanti� cation of the viable cells is achieved by
analyzing the relative � uorescent intensities of DNA bands
obtained after a controlled PCR ampli� cation.

A quantitative assay was developed based in the ampli� -
cation of 23S rDNA. A labeled probe also was designed to
speci�cally bind to the amplicon. The reaction mixture
included a generic donor in � uorescent resonance energ
transfer to excite the labeled probe, and this is possible only if
ampli � cation occurs. The intensity of the measured� uores-
cence is proportional to the amount of DNA generated during
the ampli � cation process, and the time of detection is related to
the initial amount of DNA. The sensitivity of the assay was
tested using serially dilutedP. shigelloidesDNA, and the speci-
� city was determined against 27 other bacterial species impli
cated in gastrointestinal disease. The PCR procedure w
applied on stool samples from patients with diarrhea.

A different PCR assay was developed for detection o
P. shigelloidesin � sh samples. The PCR was directed toward th
hugA gene that encodes an outer membrane receptor require
for heme iron utilization and probably implicated in the
virulence mechanisms of Plesiomonas. The assay has bee
applied both to pure cultures of bacteria and to food samples.
The selectivity was tested against strains of bacteria common
found in aquatic environments or of relevance as foodborne
pathogens. Another assay based in the loop-mediated
isothermal ampli � cation directed toward the same target (hugA
gene) recently was developed and applied to the detection o
P. shigelloidesin simulated human stools.
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Typing

Serotyping has been an important tool for differentiating
among strains of P. shigelloides, since biotyping is of limited
value, due to the phenotypic homogeneity of this species. Two
major schemes initially were developed and later uni� ed in
an international antigenic scheme. Serotyping has been use
for epidemiological studies with clinical and environmental
strains, but now it used is on the decline likely to be replaced
by molecular methods. Although many isolates ofPlesiomona
carry plasmids, plasmid pro� ling does not seem to be a suit-
able procedure for epidemiological studies because of thei
heterogeneity. Molecular typing, such as random ampli� cation
of polymorphic DNA (RAPD), pulsed-� eld gel electrophoresis
(PFGE), and, more recently, MLST and matrix-assisted las
desorption ionization time-of- � ight mass spectrometry, has
been used to investigate the diversity and relationships o
isolates from different origins. It was shown that RAPD and
PFGE were able to discriminate among strains belonging to
different serotypes but not among strains from the same sero
type. All the methods tested had good performance; consid-
ering that RAPD is fast, simple, and inexpensive, it could be
a promising method for routine typing of P. shigelloidesuntil
a standardized procedure is available.

See also: Aeromonas;Aeromonas: Detection by Cultural
and Modern Techniques;Fish:Spoilage of Fish; Shell� sh
Contamination and Spoilage;VibrioIntroduction, Including
Vibrio parahaemolyticus, Vibrio vulniÞcus, and OtherVibrio
Species.
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Introduction

The growing resistance of bacteria to antimicrobial agents ha
become a pressing global problem. In particular, it is reported
that methicillin-resistant Staphylococcus aureusalone killed
some 19 000 people in the United States (Klevens et al., 2007)
and 1600 people in Britain in 2005 ( UK, Of� ce for National
Statistics, 2009), while a new class of drug-resistant bacteria
recently was identi� ed (Kumarasamy et al., 2010). Further-
more, there is an enormous demand for antimicrobial products
on food packaging – for example, where recent studies hav
shown the presence of campylobacter on 34% of packagin
and its survival in various gas mixtures that usually are used fo
gas packaging of food (Harrison et al., 2001).

Therefore, with increasing concern over the growing resis
tance of bacteria to antibiotics, there is a considerable interes
in both the preparation of antimicrobial materials as well as in
an understanding of the mechanism of bacterial adhesion to
the various substrates. Although it is well-known that bacterial
adhesion to surfaces is the essential initial step in the patho
genesis of infections, the molecular and physical interactions
that govern bacterial adhesion have not been understood in
detail, and there is still a limited understanding of the key
material surface control parameters, the signals, and th
Figure 1 Factors in� uencing bacterial adhesion.

Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
bacterial properties that lead to prescribed bacteria–material
responses (Figure 1) (reviewed in Katsikogianni and Missirlis,
2004; Missirlis and Katsikogianni, 2007).

One of the reasons is that for many of the materials used
the surface chemistry is quite complex. Many commercially
available materials may contain additives that result in uncer-
tainties concerning the types of functional groups present at the
surface (Tyler et al., 1992). Surface modi� cation usually
introduce numerous functional groups and chemical crosslinks
(Balazs et al., 2003; Katsikogianni et al., 2006), while chemical
treatments often cause severe degradation of the surfac
leading to increased roughness as well as to surface heterog
neity (Katsikogianni et al., 2006). Time-dependent conforma-
tional rearrangements also may be observed (Katsikogianni
et al., 2008), although when the materials are loaded with
antibiotics, the risks for the spread of antibiotic resistance
following the biomaterial prophylactic and therapeutic clinical
use also should be considered (Campoccia et al., 2010).

For these reasons, a rigorous study of the effects of surfa
chemistry on bacterial adhesion requires a model system tha
allows precise control of the type and the con� guration of
functional groups at the substratum surface. In this direction,
much interest has arisen in self-assembled monolayers (SAMs
with the goal of developing molecular-level control over
78-0-12-384730-0.00255-X 53
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surface properties (Wasserman et al., 1989) and providing the
capability of circumventing many of the aforementioned
experimental uncertainties.

In this article, the use of SAMs for the evaluation of the effec
of the surface chemistry, energy, charge, and surface topo
raphy on bacterial adhesion is discussed, as well as how thi
knowledge is used to prepare nonfouling and antimicrobial
surfaces.
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SAMs as Model Systems for Bacterial
Adhesion Research

SAMs are a useful class of materials for fabricating surfac
with homogenous chemical properties and studying
interfacial interactions (Castner and Ratner, 2002). SAMs
formed by the adsorption of terminally functionalized alka-
nethiols [HS(CH2)n–R] onto gold substrates (Bain and White-
sides, 1988) or terminally functionalized alkyltrichlorosilanes
[Cl3Si–R] or alkyltriethoxysilanes [EtO3Si–R] onto hydroxylated
silicon and glass surfaces (Wasserman et al., 1989) are structur-
ally the best ordered interfaces currently available for studying
the interaction of proteins, bacteria, and cells with substrates o
different surface chemistries. SAMs make it possible to contro
the functional groups presented at the bacteria-material inter-
face. OH, CH3, NH2, COOH, positively charged NH2, poly
(ethylene glycol) (PEG), and ethylene oxide–terminated
substrates are among others that have been produced, even b
their incorporation into polymeric materials, and their effect on
bacterial adhesion has been examined. According to thes
results, the effect of surface chemistry, energy, and charge o
bacterial adhesion is discussed.
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Parameters In�uencing Bacterial Adhesion

Surface Chemistry and Energy

According to our previous results (Katsikogianni and Missirlis,
2010a, 2010b), bacteria adhered most to the CH3-terminated
substrate, the one with the lowest surface energyðgLW� AB

S Þ,
followed by the positively charged NH2, the noncharged NH2

groups, and the COOH, and minimally on the OH-terminated
glass, the substrate with the highestgLW� AB

S . In another study
by Tegoulia and Cooper (2002), bacterial adhesion was lower
on ethylene oxide–bearing surfaces (EG3), followed by the
hydroxyl surfaces, and was higher on carboxylic- and methyl
terminated SAMs.

Trying to explain bacterial adhesion to the various
substrates, the changes in the chemical structure that took plac
during the organosilane deposition were considered to be the
important parameters. The implementation of the ‘LW�AB ’
thermodynamic approach allowed for the investigation of how
the phenotypic responses of the bacteria were correlated no
only with the total material surface energyðgLW� AB

S Þand its
apolar ðgLW

S Þand polar ðgAB
S Þcomponents, but also with the

electron-donor ðg�
S Þand the electron-acceptorðgþ

S Þcharacter
of the substratum surfaces as well.

Regression analysis of these data revealed that the number
adherent bacterial per cm2 was correlated negatively with the
total material surface energyðgLW� AB

S Þ and its polar ðgAB
S Þ
component (p < .001), whereas there was not signi� cant
correlation with its apolar ðgLW

S Þcomponent. Concerning the
g�

S and the gþ
S character of the substratum surfaces, the regre

sion analysis revealed that all the parameters were correlate
negatively with g�

S (p < .001), but they were not signi� cantly
correlated with gþ

S . The electron-donor character of the
substratum surface therefore seems to be one of the materia
properties that control bacterial adhesion. In particular, an
increase ing�

S decreases bacterial adhesion (p< .001). Since the
gLW

S did not vary signi� cantly among the various materials and
the bacterial polar component was lower than this of the
suspensionðgAB

B < gAB
L Þ, bacterial adhesion was not energeti-

cally favorable asgAB
S increased. This could be explained by the

presence of hydrated layers at the surfaces with high surfac
energy and around bacteria, because of their hydrophilic-polar
nature, which, during bacterial adhesion, overlap and give rise
to repulsions that commonly are known as ‘hydrophilic repul-
sions’ or ‘hydration forces’ (van Oss, 2003).
Surface Charge

The zeta potential of the substratum surfaces is anothe
parameter that signi� cantly in� uences bacterial adhesion. In
our previous study (Katsikogianni and Missirlis, 2010a), we
observed that bacterial adhesion was correlated negatively wit
the materials’ zeta potential, because the two tested bacteria
strains appeared negatively charged when bacteria were su
pended in 0.01 and 0.1 M phosphate buffered saline (PBS). Fo
this reason, adhesion was found to be lowest onto the
OH-terminated glass that appeared to be charged negatively i
the same solution.

Moreover, Kiremitci and Pesmen (1996) showed that
bacterial adhesion was reduced on the negatively charged pol
(methyl methacrylate)/ acrylic acid (PMMA/AA), while it was
increased on the positively charged PMMA/dimethylamino ethyl
methacrylate (PMMA/DMAEMA).
Surface Topography

It has been found that the irregularities of a surface promote
bacterial adhesion and bio� lm deposition whereas the ultra-
smooth surfaces do not favor them (reviewed inKatsikogianni
and Missirlis, 2004). This may happen because a rough surfac
has a greater surface area and the crevices in the roughen
surfaces provide more favorable sites for colonization. Bacteria
preferentially adhere to irregularities that conform to their size
since this maximizes bacteria surface area. Grooves or scratch
that are on the order of the bacterial size increase the contac
area and hence the binding potential, whereas grooves that ar
much larger and wider than the bacterial size approach the
binding potential of a � at surface. Grooves or scratches that ar
too small for the bacterium to � t them reduce the contact area
of the bacterium and hence binding (Edwards and Rutenberg,
2001).

Furthermore, according toTruong et al. (2010) roughness
variation at the nanoscale, as this was observed by atomic forc
microscopy (AFM) but not by pro� lometry, in � uenced bacte-
rial adhesion, with more bacteria adhering to the rougher
substrate (Ra of 1.12 � 0.30 nm, in comparison to
0.59 � 0.27 nm).
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Environmental Parameters

Certain factors in the general environment, such as tempera
ture, time of exposure, bacterial concentration, the presence o
antibiotics, and the associated� ow conditions affect bacterial
adhesion (reviewed inKatsikogianni and Missirlis, 2004).

Flow conditions are considered dominant factors that
strongly in� uence the number of attached bacteria (Isberg and
Barnes, 2002) as well as the bio� lm structure and performance.
It generally is considered that higher shear rates result in highe
detachment forces that result in decreased numbers of attache
bacteria (Katsikogianni et al., 2008; 2010b). Moreover, there is
evidence that suspended bacteria can respond to shear b
altering their growth rate, morphology, size or density, and
metabolism (Liu and Tay, 2001). Therefore, a biological
phenomenon, besides a simple physical effect, may underline
the observed relation between the shear rate and the resultin
bio� lm structure.

Furthermore, the concentrations of electrolytes and the pH
value in the culture environment also in� uence bacterial
adhesion. Bunt et al. (1993) showed that greatest adhesion
to hydrophobic surfaces was found at pH between 2.2 and 4
in the range of the isoelectric point when bacteria are
uncharged, and ionic strength 1 M. Moreover, in our recent
study (Katsikogianni and Missirlis, 2010a), we found that the
increase in ionic strength from 0.01 to 0.1 M increased bacteria
adhesion to all the substrates but mostly to the OH-terminated
one that was highly negatively charged, as the bacterial cell als
were charged negatively, under the lower ionic strength
conditions. The effect of the increase in ionic strength on
bacterial adhesion is suggested to be due to the suppression
the solvation barrier and the negligible electrostatic interac-
tions (repulsive). Therefore, ionic strength and pH in� uence
bacterial adhesion by changing the surface characteristics
both the bacteria and the materials (hydrophobicity charge)
and therefore by changing the physicochemical interactions in
the initial adhesion phase.

Taking in to consideration how surface chemistry, energy
and charge, as well as the effect of environmental paramete
on bacterial adhesion, a wide range of surface treatments hav
been proposed to prevent bacterial adhesion. Most of the
nonfouling or antimicrobial treatments that have been sug-
gested by scientists– and some of the treatments that have been
applied by such companies as SurModics, AcryMed, Edward
Lifesciences, Johnson & Johnson, Bayer Material Science, a
Biosafe– rely on increasing the surface energy of the substrat
or on the impregnation with biocides and antibiotics (see
company webpages and brochures). A number of these surfac
treatments for the preparation of nonfouling and antimicrobial
surfaces are detailed in the following sections.
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Nonfouling and Antimicrobial Surfaces

Plasma Treatments

Among the advantages of plasma processing of the materia
surface are (1) its ability to change the substrate surfac
chemistry without altering its bulk properties, (2) the sterilizing
effect of the plasma, and (3) ease of process scale-up
industrial scale (webs, tubes, fabrics, etc.). For example
companies such as PlasmaTreat currently sell atmospher
plasma systems for the activation and coating of surfaces with
treatment widths of 2.5 m and at processing speeds o
25 m min � 1. Therefore, the atmospheric plasma surfac
modi � cation technologies are readily scalable and raw materia
costs are relatively low compared with the potential added
value that can be obtained using these surface treatments.

Since it has been shown that materials with high surface
energy and polar component are more resistant to bacteria
adhesion, in our previous study (Katsikogianni et al., 2008) we
examined the effect of He and He/O2 treatment of poly
(ethylene terepthalate) (PET) on the adhesion ofStaphylococcu
epidermidis. The results showed that adhesion was reduced o
the treated materials in comparison to PET, whereas the agin
effect and the consequent decrease in the surface free ener
and polar component favored bacterial adhesion. Moreover,
Balazs et al. (2003) observed that O2 plasma–treated poly
(vinyl chloride) (PVC) reduced Pseudomonas aeruginosaadhe-
sion as much as 70%. In another study, however,S. epidermidis
adhesion was increased by O2 plasma–treated polystyrene
(Morra and Cassinelli, 1996).

Therefore, it should be taken into account that controversies
concern the effect of the material surface-free energy o
bacterial adhesion. These controversies may be due to diffe
ences in the bacterial strains used or in the experimenta
conditions and could lead to questions about the applicability
of this method for the preparation of antimicrobial substrates.
Moreover, the plasma parameters should be chosen in suc
a way so that the aging effect and the subsequent hydrophobi
recovery are minimized.
Plasma Deposition of Nonfouling and Antimicrobial Coatin

In the direction of the increased material surface energy, th
plasma deposition of poly (ethylene oxide) (PEO)-like coat-
ings (Da Ponte et al., 2012; Johnston et al., 1997) has been
suggested as an effective method for the preparation of resi
tant to bacterial adhesion surfaces. Moreover, plasma depo
sition of diamond-like carbon ( Katsikogianni et al., 2006) and
superhydrophobic coatings (Stallard et al., 2012) has been
proven to signi� cantly reduce bacterial adhesion in compar-
ison to untreated surfaces. Furthermore, plasma deposition o
terpinen-4-ol, a component derived from tea tree oil, resulted
in a coating with bactericidal properties that depended on the
plasma deposition parameters. Although it signi� cantly
reduced bacterial adhesion under low-power deposition, its
antimicrobial properties were lessened when it was deposited
under high-power conditions (Bazaka et al., 2011).
Plasma Pretreatment and Immobilization of Nonfouling
and Antimicrobial Coatings

Few studies exist that address the question of longer term
stability and performance of protective antibacterial layers. A
study by Kingshott et al. (2003) showed that physisorbed PEO
polymers did not provide lasting reduction in bacterial adhe-
sion, whereas PEO chains covalently attached to a bulk mate
rial showed stable effectiveness. An explanation is that bacteri
can act as surfactants; displacing physisorbed polymer chain
from the bulk material surface, whereas covalently surface
grafted polymer chains resist such displacement, presentin
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longer lasting effectiveness than is possible via releas
approaches.

Plasma polymer coatings are well suited as adhesive inte
layers for the covalent surface immobilization of antimicrobial
organic molecules, for several reasons, such as their ease
deposition, good adherence on most substrate materials, and
that they can provide reactive chemical surface groups, fo
covalent grafting, which are not available on the underlying
bulk material or device. Antimicrobial molecules that contain
chemically reactive groups, such as hydroxyl, carboxy
amino, and so on, can be immobilized covalently onto plasma
polymer surfaces using well-known facile chemical interfacia
reactions.

In this direction, a number of studies have used plasma
polymer coatings as interlayers for the covalent grafting o
fouling-resistant PEG (Kingshott et al., 2002), as well as various
cationic compounds, such as quaternary ammonium
compounds (Tiller et al., 2001); cationic peptides, such as
melittin ( Thierry et al., 2008) or chitosan (Joerger et al., 2009);
and cationic proteins, such as lysozyme (Conte et al., 2008).

Therefore, a number of cationic surfaces have been found t
possess antibacterial activityin vitro. Although the mechanism
of action is not fully understood, the leading hypothesis is that
the cationic chains attract the negatively charged bacterial cell
as described in the section about the effect of the surface charg
on bacterial adhesion, and they can penetrate the ce
membrane causing loss of the membrane integrity.

The dif� culty, however, is to develop a readily scalable
process to apply these chemical functionalities, as adheren
coatings, whereas the main concern remains the cytotoxicity o
these compounds.
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Incorporation of Metal Nanoparticles and Ions

The antibacterial properties of silver have been known since
antiquity, and silver has been applied widely on a number of
commercially available products, ranging from refrigerator
coatings to creams, wound dressings, clothing, vascular an
urinary catheters, and other medical devices. The problem
however, is the toxicity of the released silver into the environ-
ment and therefore there have been calls to severely limit its
application ( Chopra, 2007). Moreover, silver is a relatively
expensive element, doubling the cost of a standard urinary
catheter, and it compromises the optical properties of the� nal
material.

A number of other transition metal ions also are known to
possess antibacterial activity, and their release from polymeri
coatings can be used analogously to achieve short-term
prevention of bacterial adhesion to materials. Copper (Daniel
et al., 2009) and ZnO ( Perelshtein et al., 2009) have been
deposited by sputtering, ion implantation, and plasma-
enhanced chemical vapor deposition or through microwave-
plasma synthesis. As in the case of silver, however, toxicit
effects need to be considered.
e

Established Antibiotics

The application of commercial antibiotics onto the material
surface is one way against bacterial adhesion. To enhance th
long-term stability and the effectiveness of the products, in
many cases, the antibiotics should be grafted covalently on the
surface. The covalent surface immobilization of antibiotics is
analogous to the covalent immobilization of proteins. Plasma
pretreatment of the substrate has been used to enable th
grafting of commercially available antibiotics (Aumsuwan
et al., 2007). Although effective, the ongoing release of anti-
biotics promotes the development of resistant microbial strains
(Campoccia et al, 2010), although there have been recent
reports of bacteria resistant to both antibiotics and silver
(Percival et al., 2005).

The issue of selecting resistant bacterial strains through a
excessive use of antibiotics is one of the main driving forces
behind research into new antibacterial substances.
Natural Antimicrobial Compounds

The use of extracts from plants and herbs as well as of honey a
a traditional remedy for bacterial infections has been known
since ancient times. The antimicrobial compounds in plant
materials commonly are found in the essential oil fraction
of leaves (thyme, rosemary, eucalyptus, olives, tea tree o
and many others), � owers or buds (clove), bulbs (garlic and
onion), seeds (nutgem and parsley), rhizomes (asafetida), and
fruits (Joerger, 2007). Moreover, many of these compounds
possess antioxidant properties, making them good alternatives
for food-packaging applications, although they exhibit lower
levels of toxicity in comparison to other antimicrobials
(Contini et al., 2012).

The bioactive compounds found in plant extracts can be
divided into several categories. Various phenols and phenolic
acids, quinones, � avonoids, � avones, � avonols, tannins,
coumarins, terpenoids, alkaloids, lectins, and polypeptides
have been found to exert a broad spectrum of biological
activities (Cowan, 1999), including antimicrobial properties.
The mechanism of the antibacterial action of these substance
remains largely unknown. Recent studies, however, have sug
gested that the inhibition of nucleic acid synthesis, binding to
cell wall, disruption of the microbial membrane, interference
with the two bacterial cell communication strategies of quorum
sensing, and swarming or inactivation of bacterial adhesins
enzyme, and cell envelope transport proteins may be the
primary causes of the antibacterial character of at least some o
these compounds (Cowan, 1999).

In addition to plant extracts, honey has been widely re-
ported to exhibit antibacterial activity, and a honey-infused
bandage called Medihoney (Molan, 2005) was granted
approval by the US Food and Drug Administration in 2007. It
is made with highly absorbent seaweed soaked in a specia
sterilized Manuka honey. Several studies have shown tha
certain honey types possess an antibacterial activity that persis
even after removal of hydrogen peroxide by catalase. In
particular it has been reported that Manuka honey, derived
from the Manuka tree (Leptospermum scoparium) in New Zea-
land, has a very high level of‘nonperoxide’ antibacterial activity
based on the 1,2-dicarbonyl compound Methylglyoxal, and its
antibacterial action is due to its effect on the DNA, RNA, and
protein synthesis in bacterial cells (Mavric et al., 2008).

Honey has not been applied as a thin coating, however,
reducing the cost and enhancing the mechanical properties and
the stability of the coating. Moreover, most of the active
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compounds found in the natural antimicrobials, such as fur-
anones, do not possess convenient chemical groups for inter
facial covalent bonding, and therefore they should be linked
using less common chemical strategies (Read et al., 2009).

In agreement with the results observed using the SAM
(Katsikogianni and Missirlis, 2010a, 2010b), hydroxyl groups
are essential for the antimicrobial function. Therefore, the
furanone ring structure and the phenolic hydroxyl group in the
case of serrulatanes should remain away from the substrate an
undisturbed when covalent immobilization is attempted. For
this reason, copious pathways have been suggested that a
slow while the antibacterial activity may be reduced upon
functionalization ( Vasilev et al., 2011).
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Conclusion

A large amount of research work has been done and grea
achievements have been made in understanding the mecha
nisms of bacterial adhesion. Most of the studies so far have
utilized different materials (glass, metals, polymers), different
bacterial strains or species and concentrations, and differen
experimental procedures (static,� ow, AFM, time, environment).

From the results obtained using SAMs as model surfaces
examine bacterial adhesion, it seems that bacteria preferentiall
colonize surfaces that have lower surface energy and pola
character. Taking the topography into consideration, it appears
that increased roughness at the nano- and microscale an
especially irregularities that conform bacterial shape increas
bacterial adhesion.

Therefore, surfaces that present -OH groups appear mo
resistant to colonization, and therefore surface modi� cation in
this direction, using either chemical or natural extracts, seem
to be a promising way to prevent bio� lm formation. The use of
natural extracts is not based on a single pharmaceutical agent o
biocidal activity, and therefore common bacterial strains have
not developed noticeable resistance against these surface
Moreover, their antioxidant properties indicate that their anti-
microbial effectiveness can be explored toward food packagin
applications.

In the case of antimicrobial surfaces, an increase in rough
ness and positive charge possibly would enhance the antibac
terial properties of the surface, by killing the more attached
bacteria to their increased surface area.

The dif� culty, however, is to develop a readily scalable
process to apply these functionalities, as adherent coatings, i
a continuous process onto a wide range of polymers. Moreover
the main concern remains the toxicity of many of these
compounds.

Since bacterial adhesion is a complicated process affected b
many factors, such as bacterial–material properties and envi-
ronment – and, furthermore, because the experimental evalu
ation of the relative contributions of these factors is extremely
dif � cult – more investigations are needed to advance ou
understanding of the mechanisms of bacterial adhesion and to
attain appropriate methods to prevent them from happening.
Surface–chemical modi� cations often lead to surface hetero-
geneity and increased surface roughness. Trace impurities
many of the polymers used and coating defects result in
uncertainties.
Therefore, a rigorous study of the effects of surfac
chemistry–topography on bacterial adhesion and protein
adsorption remains a prerequisite for the understanding of
the bacterial adhesion mechanism and toward the design
of both antifouling and antimicrobial materials, pointing
to the importance of the detailed surface analysis to ensure
reliable interpretation of biointerfacial interactions.
See also:Bacteria:The Bacterial Cell;Bacteriocins:Potential in
Food Preservation;Bacteriocins:Nisin; Bio� lms;Campylobacter;
Natural Antimicrobial Systems:Preservative Effects During
Storage;Natural Antimicrobial Systems:Antimicrobial
Compounds in Plants; Packaging of Foods; Predictive
Microbiology and Food Safety;Staphylococcus: Introduction;
Active Food Packaging.
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Introduction

Predictive microbiology may be considered to be theapplication
of research concerned with thequantitativemicrobial ecology of
foods. In general, viruses and protozoa are inert in foods and
have no ‘ecology’ as such. Thus, predictive microbiology
initially was concerned almost exclusively with the growth and
death of bacteria and fungi in foods, but the survival and
inactivation of foodborne viruses and protozoans have also
begun to be modeled.

Predictive microbiology is based on the premise that the
responses of populations of microorganisms to environ-
mental factors are reproducible and that, by characterizing
environments in terms of those factors that most affect
microbial growth and survival, it is possible, from past
observations, to predict the responses of those microorgan
isms in other, similar, environments. This knowledge can be
described and summarized in mathematical models that can
be used to predictquantitatively the behavior (e.g., growth,
death, toxin production, etc.) of microbial populations in
foods from knowledge of the environmental properties of
the food over time.

This article considers the history, philosophy, and impetus
for development of the � eld; principles of mathematical
modeling in general; types of models used in predictive
microbiology; uses, strategies, and resources for‘predictive
microbiology ’ within the food industry; an assessment of the
performance of ‘predictive microbiology’ models; and future
research directions and anticipated outcomes.
y
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Past and Present

Origins

In the 1980s, it was recognized that traditional microbiological
end-product testing of foods was an expensive and largel
negative science, and a more systematic and cooperativ
approach to the assurance of the safety of foods was advocate
The concept of‘predictive microbiology’ was proposed within
which the growth responses of microbes of concern would be
systematically studied, quanti� ed, and modeled mathemati-
cally with respect to the main factors (e.g., temperature, pH
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
and water activity (aw)) affecting their growth in most foods.
It was suggested that models relevant to broad categories o
foods would greatly reduce the need for ad hoc microbiological
examination and enable predictions of quality and safety to be
made quickly and inexpensively. The concept had been sug
gested as early as 1937, but was not seriously attempted unt
the early 1980s when the availability of funding in response to
major food-poisoning outbreaks, and the ready access to
computing power, enabled its realization.

Although having generally gained acceptance for som
applications by industry and regulators, some still view the
concept with skepticism and claim that too many variables are
related to food structure and microbial physiology to enable
reliable predictions to be made. These criticisms are discusse
later, but it is noteworthy that models that predict the
combined in � uences of 12 different environmental factors
that may be present in foods now have been developed and
have resulted in a reliable model broadly applicable to many
foods. In 2007, the Codex Alimentarius Commission
proposed revised guidelines for the management of the risk o
Listeria monocytogenesin foods. Those guidelines differentiated
between foods that do, or do not, support the growth of
L. monocytogenesand explicitly referred to the use of predictive
microbiology to determine within which category a particular
food falls.

Mathematical models for the rate of death of microbes,
and particularly spore-forming bacteria, have formed
the basis of the food canning industry for over 50 years,
and mathematical models of microbial growth rates and
biochemistry are applied routinely in biotechnology and
industrial fermentation design. In those � elds, models are
directed toward optimization of growth and physiology,
often in large scale, homogenous, axenic, chemically de� ned,
media under well-controlled conditions. In predictive
microbiology, the interest is in growth minimization or
arrest, in nutrient-replete limited batch cultures, and at cell
densities lower than is usual in fermentation or biotech-
nology. Modeling of survival (and possible regrowth) in
stressful environments, or under varying temperature
conditions that could include both growth and inactivation
conditions, has special signi� cance in predictive microbi-
ology. The dif� culty in data acquisition and the limitations
78-0-12-384730-0.00256-1 59
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60 Predictive Microbiology and Food Safety
of experimental data obtained under such conditions poses
extra problems when developing such models.

Research in the 1970s had considered the limits to
growth of microbial pathogens, but it did not use mathe-
matical models to summarize the observations. Impetuses in
the 1980s, mentioned earlier, led to research and systemati
collection of growth-rate data or, in the work dealing with
Clostridium botulinum, data on the probability of toxin
formation in foods within a certain time. Large research
programs to develop models for the growth of foodborne
microbial pathogens were initiated in the United Kingdom
and the United States, and were complemented by
independent smaller programs in other nations. A range of
data sets and models for the growth rate of pathogens and
spoilage organisms resulted, many of which are now incor-
porated into software packages or Internet-accessible colla
tions of data and models, including ComBase, SymPrevius
and the Seafood Spoilage and Safety Predictor. Subs
quently, the emergence of low-infectious-dose pathogens
(e.g., enterohemorrhagicEscherichia coli(EHEC)) in ‘ready-
to-eat’ foods refocused attention on describing limits to
growth and rates of both thermal and nonthermal
inactivations.
d

d

t

n

e

-
n

in

e

s
,
ls
t

t

,

Impetus and Bene�ts

Consumers desire foods that are considered to be‘fresher,’ and
more ‘natural,’ that is, less processed, while also expecting foo
to be free from potentially harmful microbes, additives, or
contaminants. These competing demands require a better an
more quantitative understanding of microbial physiology and
ecology in foods and microbial responses to food preservation
methods, so that food processing can be� ne-tuned to mini-
mize processing while also maintaining product safety and
stability. Proponents claim that a quantitative approach to
microbial ecology and physiology, made possible through
predictive microbiology, enables the following:

1. prediction of the consequences (for product shelf life and
safety) of changes to product formulation;

2. rational design of new processes and products to mee
required levels of safety and shelf life;

3. objective evaluation of the microbiological consequences of
processing operations and, from this, an empowering of the
hazard analysis and critical control points (HACCPs)
approach;

4. objective evaluation of the consequences of lapses i
process and storage control and, from this, appropriate
remedial action;

5. when combined with stochastic modeling techniques (see
risk assessment), the ability to analyze systems to determin
which steps in the handling of the product contribute most
to the overall risk and to assess the equivalence of alterna
tive food safety management systems that have arisen i
different nations; and

6. development of training and teaching tools.

Thus, quantitative approaches to the microbial ecology of
foods, and their application through predictive microbiology,
are becoming essential elements of microbial food safety and
quality assurance systems.
Limitations

Objections to the utility and reliability of predictive microbi-
ology have been articulated and may be grouped into� ve
interrelated areas:

1. assessment of initial conditions;
2. relevance of model systems to foods;
3. variability in responses;
4. provision of ‘user-friendly’ technology; and
5. empirical nature of the current generation of models.
Assessment of Initial Conditions
Prediction of the absolute number of organisms present in
a food at a particular time requires knowledge of the following:

1. the number and concentration present at some earlier time
2. the physiological state of those organisms; and
3. the environmental conditions the organisms have experi-

enced subsequently.

If a food is produced to a consistent level of quality, an
initial contamination level and initial physiological state (that
in turn affects the ‘lag time’) can be characterized and used for
subsequent calculations.

If the initial microbiological status of the product is
unknown, useful information can still be derived by using the
concept of relative rates. In this approach, the relative change
the growth and death rate and, from this, the changes in the
microbial load over time can be calculated– that is, regardless
of the initial population size, the expected bacterial concen-
tration at some later time will be n-fold greater or n-fold less,
as a consequence of the environmental conditions to which the
product has been exposed.

Other criticisms of the application of predictive microbi-
ology are addressed later in this article.
Theory and Philosophy of Mathematical Modeling

Considerations in Modeling

The essential purpose of mathematical models is to describ
succinctly a set of observations, or data. From a scienti� c
perspective, however, it is more useful to consider a model a
describing an underlying process, whether known or proposed
which generates those observations or data. Such mode
embody a hypothesis, that is, a model is the expression of tha
hypothesis in mathematical terminology.

Predictive microbiology involves the systematic study and
quanti � cation of microbial responses to environments in
foods. It � rst is aimed, simply, at the collection and mathe-
matical description of microbial response data, but mathe-
matical modeling also provides a useful and rigorous
framework for the scienti� c process. To develop a consisten
scienti� c framework to interpret the microbial ecology of
foods, it is desirable to integrate the patternsof microbial
behavior discerned with corresponding knowledge of the
physiology of microbes.

Thus, two major types of model are recognized. Empirical
models are derived from an essentially pragmatic perspective
and simply describe the data with generic mathematical
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= + + +y � x 1 � x 2 ��

Parameters Error term

Figure 1 An example of a mathematical model showing the nomenclatu
of the component terms. The values of the independent variables (X1, X2) are
known or set before the response (y) is observed. The values of the
parameters (a,b,g) are determinedby thedata, and are calculated,or‘� tted,’
to minimise the difference between the observed response and that pred
by the model. The stochastic term (� ) indicates the extent to which the
predicted response differs, on average, from the observed response.
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relationships, often as complex polynomial expressions. When
taken to its extreme, this approach has been described as simp
‘curve� tting.’ ‘Mechanistic’ (or ‘deterministic’) models are built
up from theoretical bases and, if they are correctly formulated
may allow the interpretation of the response in terms of known
phenomena and processes. Mechanistic models are easier
develop further as the quantity and quality of the information
on the modeled system increases.

Although the development of predictive microbiology has
seen more mechanistic elements used in model construction
in practice, no models are purely mechanistic, although some
remain purely empirical. Nonetheless, even empirical models
aid the food microbiologist in day-to-day decision making, and
validated models have utility in improving food safety whether
or not the underlying ecological, physiological, and physico-
chemical processes are understood.

Whatever its type, the mathematical expression of a mode
has several component parts, which are described and name
in Figure 1.
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Practical Model Building

A spectrum of needs and strategies exists for developin
predictive models for food microbiology. These are summa-
rized in Table 1.
Table 1 Diversity of problems and methods in predictive
microbiology

Problem types Toxin formation
Shelf-life prediction (spoiler growth)
Pathogen growth
Pathogen survival
Death or inactivation

(pasteurization, canning, irradiation)
Model types Death rate

Probability of growth or toxin formation
Growth rate
Growth limits

Data collection methods Turbidimetry
Metabolite assays
Viable counts
Impedance or conductance
Luminometry
Typically, a reductionist approach is adopted, and models
are developed from observations under well-de� ned and
well-controlled conditions in laboratory media. The primary
variable of interest may be growth rate, death rate, the time for
some event to happen or some condition to be reached, or the
probability that the event will happen within some pre-
determined time. Typically, this response will be characterized
by recourse to a model. For example, bacterial death rat
cannot be measured directly; it must be derived from
measurements of numbers of survivors over a period of time.
The interpretation of this decrease in numbers is aided by
a model, for example, a � rst-order reaction rate model.
Inherent in this approach would be the assumption that
microbial death caused by high temperature is well described
by log-linear kinetics. Although this assumption is the subject
of debate (other models for survivor curves include multihit
and multitarget theories, energy-distribution, heterogeneous
heat-resistance, Weibull, etc.), D-values (the reciprocal of th
death rate on log10 scale and assuming log-linear inactivation
kinetics) can be used to summarize the reduction in microbial
numbers over time under different conditions of pH, temper-
ature, aw, and so on.

Next, a model that relates the effect of those environmenta
conditions on D-values would be developed. In doing so, the
log-linear death model has been ‘embedded’ into a more
complex model for the effects of environmental conditions on
the rate of heat inactivation. This process can continue, fo
example, by modeling the fate of a pathogen during processing
and subsequent distribution, storage, and preparation for
eating, such as would be done in exposure assessments
quantitative microbial risk assessment or in developing
computer software applications.

Nomenclature has been proposed for the different levels o
models. Primary models focus on the temporal variation of
responses, for example, changes in the microbial level ove
time in a constant environment. They enable parameters tha
are characteristic of the studied organism and the environmen
(like maximum speci� c growth rate,‘m,’ or death rate,‘k’) to be
estimated. The dependence of these factors on environmenta
conditions is then summarized in a secondary model. To
enable practical application, that is, to make predictions, these
models could be incorporated into interactive computer soft-
ware – a tertiary model. A more detailed description of the
process of model building is given in Box 1.
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Variables Modeled

In the large government-sponsored modeling programs under-
taken in the late 1980s and 1990s, the key independent variable
considered were temperature, pH,aw (or concentration of
a speci� c humectant), nitrate concentration, added organic acids
and gaseous atmosphere. In general, these factors were those
which most modeling groups were interested, but the role of
speci� c preservative compounds in some foods in combination
with these dominant factors increasingly is recognised. In many
practical situations, temperature has the most dominant effect on
microbial growth rate, followed by aw and then pH. In some
foods, however, other factorswill have acritical affect but only
when the dominant constraints have caused the organisms to be
near its limit for growth. In principle, each additional factor



Box 1 Developing a predictive model for bacterial growth as a function of environmental conditions.

Letx(t ) be the concentration of a bacterial population at the timet. If the concentration changes by a small amount, dx(t ) in an in� nitely small time, dt, then dx(t)/dt,
the‘derivative’ of thex(t ) function at the timet (i.e., the rate of change of cell numbers per unit time) is called theinstantaneous, orabsolute, growth rate. If growth is
exponential, however, the instantaneous growth rate depends on the number of cells present. A more useful measure, independent ofx(t), is therelativegrowth rate,
that is, the proportional change in cell concentration per unit time. Proportional change is most easily understood by the familiar plot of logarithm of cell concentration
against time.

Lety(t ) denote the natural logarithm ofx(t ), that is,y(t )¼ lnx(t ). The derivative ofy(t), that is, the slope of the lnx(t ) vs.t plot, is thespeciÞc growth rateof the
population and can be considered as the number of divisionspercellperunit time (Figure B1). It is denotedm(t ). Hence,

mðtÞ ¼
1

xðtÞ
dxðtÞ

dt
¼

dðln xðtÞÞ
dt

¼
dyðtÞ

dt
:

During exponential growthm(t) is, in theory, constant.
Frequently the derivative (slope) of the log10x(t) function is called the growth rate but, because the log10 scale is used, it is 2.3 times smaller than thespeciÞc

growth rate. This is not of itself a problem as long as it is used consistently and understood by all users.
InFigure B1, the graphs show exponential growth only. A typical bacterial growth curve has sigmoid shape, due to lag and stationary growth stages, and

commonly is described by (at least) four parameters, as shown inFigure B2.

Following from the previous information, the steepest tangent to the curve is themaximumspeci� c growth rate,mmax,, which occurs at the point of in� ection.
The end of the lag phase, denoted here byl , traditionally is de� ned as the time when that steepest tangent to the slope crosses the level of inoculum.

Description of the dependence of these parameters on the actual physicochemical environment in foods (and analogous parameters describing survival and
death) is the major thrust of predictive microbiology. Other parameters of the growth curve, like the maximum population density and the inoculum (ymaxandy0 in
Figure B2) are either less important, or not the subject of modeling. From the perspective of microbial safety and quality, the stationary phase is of little interest and
the inoculum level,y0, does not depend on the environment but is speci�c to each situation.

A basic hypothesis is that, in the same environment, the maximum speci� c growth rate is a reproducible parameter, is characteristic of the organism, and does
not depend on the history of the cells. It is considered to be anintrinsiccharacteristic, orintrinsic parameter, of the microbe in that speci� ed environment. This does
not hold for the lag parameter, as demonstrated inFigure B3.
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Figure B2 A classical bacterial growth curve showing three phases of growth (lag, exponential, and stationary) and the parameters needed to
describe that curve mathematically.

62 Predictive Microbiology and Food Safety



,

ht
o

f

Environment-Dependence of Growth Parameters
From the previous information,mmax, the maximum speci�c growth rate, is the parameter that is primarily suitable for modeling. Frequently, for stochastic reasons, its
square root or logarithm is modeled as function of temperature, pH,aw, and so on either by a product or a sum of simple functions of the individual environmental
variables or by a second-order multivariate response surface of the variables involved.

When lag-time models are considered, the raw data used for model creation should be collected in such a way that the history of the cells (expressed by the
physiological state of the inoculum) is the same and also that the models are applicable only for cell populations with a similar history. The structure of most lag-time
models is similar to that of the growth-rate models.
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Figure B3 History-dependence of the maximum speci� c growth rate and the lag. These growth curves are from replicate experiments, except
that the inoculation was prepared differently and led to different physiological states of the primary culture. The maximum speci� c growth rates
are the same while the lag periods are different because the latter parameter depends on the history of the cells.
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included in a predictive model has the potential to exponentially
increase the amount of data required for model development,
although more ef� cient experimental designs have been
proposed for predictive microbiology based on observations of
how environmental factors interact to limit microbial growth
rates and limits. Nonetheless, when multiple factors govern the
microbial ecology of the product, it may be more practical to
develop the model directly from observations made in the
product of interest, or a model system closely based on the
physicochemical properties of the product of interest. Earlier
Table 2 Some considerations in the selection of models

Subject Reasons

Parameter estimation properties Relates to the procedure o
whose estimation properties
(independent, identically dis

Stochastic assumption The form of the model, and ch
prediction and observations
of the magnitude of the resp
of other data.

Parameter interpretability It is useful if the parameters ha
dependent variables. This c
model, although this may be

Parsimony Follows from the principle of‘Ock
describe the underlying beha
data, that is, generates a mo
have better descriptive abili

Correct qualitative features In mathematical terms, these
monotony, locations of extre
model should satisfy that.

‘Extendability’ When a model is developed fur
the new, more complex mod
large-scale modeling programs represented a strategy that soug
to determine general patterns of response and, from that base, t
work toward more and more speci� c cases. The product-speci� c
approach equally aids the modeling initiative if all variables
controlling growth in that situation are identi � ed and quanti� ed.
Modeling‘Rules’

Several factors dictate the choice of model structure. Some o
these are described brie� y in Table 2, but a full explanation is
f estimating the model parameters. In general, models should have parameters
are close to those of linear models, that is, estimates should be‘iidn’:

tributed, normal)
oice of response variables, should be such that the difference between
is normally distributed and that the magnitude of the error is independent
onse, otherwise the� tting can be dominated by some data, at the expense

ve biological interpretations that can be related readily to the independent and
an simplify the process of model creation and also aid in understanding of the

less important initially than the behavior and performance of the model.
am’s Razor’: models should have no more parameters than are required to
vior studied. Too many parameters can lead to a model that� ts the error in the

del that is speci� c to a particular set of observations. Nonparsimonious models
ty but poorerpredictiveability.
are the analytical properties of the model function. They include convexity,
me, and zero values. If biological considerations prescribe any of these, the

ther (such as to include more, or dynamically changing environmental factors)
el should contain the old, simpler one as a special case.
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beyond the scope of this article. Readers are referred to th
suggested reading list for further details.

Pragmatically, two features of a model are critical to its
utility. The � rst is the ability to predict accurately microbial
responses under all conditions to which the model applies.
Evaluation of this ability is termed loosely as‘model validation ’
and is described later. Failure to address the issues listed
Table 2 may be revealed when the model is ‘validated.’
The second critical factor is the range of independent variable
and variable combinations to which the model applies.
o

e
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Interpolation

A fundamental principle of mathematical modeling is that
unless a model is fully mechanistic, the model should not
be used to make predictions of responses to conditions
beyond the range of factors explicitly tested during the
development of the model, that is, empirical models can be
used for interpolation but not for extrapolation. Interpola-
tion is currently the fundamental basis of predictive
microbiology – predictions are made by interpolation
between conditions at which the responses of microbes have
been tested and recorded previously. So that model users d
not attempt to use a model to make predictions for which it
was never intended, users must be fully aware of the region
of variables for which the model is valid. In cases in which
many variables are involved, the determination of the
interpolation region is not self-evident – the region is
sometimes unexpectedly small, but tools for its de� nition
are available.
e
d
g

Model Types

Models fall into two main groups: kinetic models, which ar
concerned with rates of response (e.g., growth, death); an
probability models, which originally are concerned with predictin
the likelihood that organisms would grow or produce toxins
within a given period of time. Latterly, probability models have
been extended to de� ne the absolute limits for growth of
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Figure 2 Example of nonthermal death curves. The curves represent t
vw ¼ 0.996, and then sub-cultured to fresh medium with lower water a
below that which permits growth. The temperature of the incubations w�

same primary model� tted to each experimental dataset. Source: Shadb
International Journal of Food Microbiology 9,129–138.
microorganisms in speci� ed environments, for example, in the
presence of a number of stresses that individually would not be
growth limiting but that collectively prevent growth. This
approach represents a quanti� cation of the hurdle concept.
Kinetic Models

Modeling Death Rate
Thermal
Inactivation of microbes by lethal high temperature is the
cornerstone of the canning industry. Predictive mathematical
models have been used in that industry since the 1920s. Thos
models and their performance are discussed elsewhere in thi
volume.

Nonthermal
Study of the inactivation of bacteria due to nonthermal factors,
principally growth-preventing combinations of aw, pH, and
organic acids, is in its infancy and the patterns of behavior are
unclear. Constant death rates less commonly are observe
under these conditions, and multiphasic inactivation responses
frequently are reported.Figure 2 depicts a complex multiphase
survival curve.

Modeling Growth Rate
The process of model development was discussed brie� y
earlier. A detailed example is presented inBox 1.
Probability Models

Probability models consider the probability of some event
within a nominated period of time. The probability of detectable
growth when plotted as a function of time is a sigmoid curve
with an upper asymptote representing the maximum probability
of growth given in� nite time. The probability is a function of the
time required for germination or lag resolution, the rate of
growth of the organism, and the number of cells initially present.
As these models typically involve an element of time, the
distinction that traditionally has been made between this kind of
probability model and kinetic models is somewhat arti� cial.
30 40 50

e (h)

he survival ofEscherichia coliM23, grown to stationery phase in laboratory broth of
ctivity due to the addition of sodium chloride. In each case, the water activity is
as 25C which is, of itself, not lethal toE. coli.The solid lines are those from the
olt, C.T., Ross, T., McMeekin, T.A., 1999. Non-thermal death ofEscherichia coli.
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Figure 3 Growth limits ofE. coliNT (R31) with respect to temperature
and water activity and� tted by a‘generalized nonlinear regression’ model.
The solid line corresponds to those combinations of conditions at whi
growth is predicted in 50% of trials; the dashed line corresponds to
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once in 10 trials. X, no growth observed in 50 days;C , growth observed
in � 50 days. Source: Salter, M.A., 2000. International Journal of Foo
Microbiology 61, 159–167.

Predictive Microbiology and Food Safety 65
Superimposed on the time dependency of probability of an
observed response is that, in some environments, som
proportion of cells never may be able to initiate growth. Prob-
ability models incorporate stochastic elements, such as th
variability in lag times, growth rates, and whether individual
cells will be able to initiate growth.

Growth–No Growth Interface Models
The paradox of maintaining food safety while minimizing
processing leads to a desire to de� ne minimum combinations
of preservative factors that prevent the growth of speci� c
microorganisms. An example of this type of response and
model is shown in Figure 3.
e

.
o

ns
Model Performance

Each step in the model construction process introduces som
error. Table 3 indicates error sources relevant to predictive
microbiology.

Model predictions can never perfectly match observations
To assess the reliability of models before they are used t
Table 3 Sources of error in models in predictive microbiology

Error type Error source

Homogeneity error Arises because some foods are cle
foods may include many different m
inhomogeneity of foods.

Completeness error Arises because the model is a simpli� catio
the model in practice.

Model function error Arises mainly from the compromise m
approximation to reality.

Measurement error Originates from inaccuracy in the raw
measure accurately the environme

Numerical procedure error Includes all errors that are the cons
of which are methods of approxima
errors.
aid decisions a process termed‘validation ’ is undertaken. Vali-
dation typically involves the comparison of model predictions
to analogous observations not used to develop the model.
Among several proposed metrics, two complementary, dimen-
sionless, measures of kinetic model performance are widel
used to assess the‘validity ’ of predictive microbiology models.

The bias factoris a multiplicative factor by which the
prediction, on average, over- or underpredicts the observe
response time. Thus, a bias factor of 1.1 indicates not only tha
a growth model is ‘fail-dangerous’ because it predicts longer
response times than are observed, but also that the prediction
exceed the observations, on average, by 10%. Conversely, a b
factor less than one indicates that a model is, in general,‘fail-
safe,’ but a bias factor of 0.5 indicates a poor model that is
overly conservative because it predicts response times, o
average, half of that actually observed. Perfect agreeme
between the ratio of predicted and observed response time
would lead to a bias factor of 1, as would a data set of obser
vations in which overpredictions of response times were
perfectly balanced by underpredictions to give an overall bias
factor of 1, that is, with no systematic error.

In recognition of this, the accuracy factoris used and is also
a simple multiplicative factor indicating the spreadof observa-
tions about the model’s predictions. An accuracy factor of two, for
example, indicates that the prediction is, on average, a factor o
two different from the observed value, that is, either half as large
or twice as large. As such, the accuracy factor is a measure of t
con� dence that predictions will match the observed responses.

The bias and accuracy factors can be used equally we
for any time-based response– for example, lag time, time to an
n-fold increase, death rate, or D-value.

The indices may fail to reveal some forms of systematic
deviation between observed and predicted behavior in which
case graphic methods can also be useful. The meaning of th
bias and accuracy factors and examples of systematic deviatio
are illustrated in Figure 4.

The error in the estimate of maximum speci� c growth rate
(or doubling time) of an organism determined from
measurement of growth in laboratory media is generally
z 10% per independent variable. As a‘rule of thumb, ’ each
additional environmental factor (pH, aw, etc.) adds 10%
relative error to the model, assuming that the interpolation
region of the model is comparable to the whole growth

ch
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arly not homogenous or, at the scale of a microorganism, apparently consistent
icroenvironments. Current predictive models do not account for this

n, that is, only a limited number of environmental factors can be included in

ade when using empirical models, that is, that the model is only an

data used to generate a certain model, that is, due to limitations in our ability to
nt and the microbial response.
equences of the numerical procedures used for model� tting and evaluation, some
tion only. Generally, these are negligible in comparison with the other types of
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model compared to the pooled data set has a bias factor of 1. The model,
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model validation. Source: ross, t. (1996). indices for performance eva
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Ross, T. (2000). Growth limits ofListeria monocytogenesas a function of
temperature, pH, NaCl, and lactic acid. Applied and Environmental
Microbiology 66, 4979–4987.
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region. (Models with a small interpolation region have
smaller error.) Thus, the best performance that can be ex
pected from a kinetic model encompassing the effect of three
environmental factors on growth rate is�30% (or an accuracy
factor of 1.3).

The completeness error is still the greatest error source
predictive models due to other food and microbial ecology
effects (structure, competition) that are dif� cult to quantify.
The following scheme shows the relative contribution of
various factors to the overall error of predictive models when
applied to microbial growth in foods:

Biological and environmental heterogeneity > model
structure> measurement limitations > numerical procedures.
n

Growth Limits Models

Quantitative indices of performance are not yet well developed
for growth boundaries models. A simple measure is the‘percent
concordance’ between the model’s predictions and observa-
tions. Alternatively, graphic comparisons are useful as shown in
Figure 5.

Performance Evaluation, Applied
A number of data sources for model validation exist. Data from
other modeling studies can be used as can the results of‘inocu-
lated pack studies’ under well-controlled laboratory conditions.
Analogousdata fromthescienti� c literaturealsomaybeavailable.
These sources represent different levels of data� delity. The use of
literature data is complicated because the data available ofte
were not intended for modeling studies, for example, relevant
(environmental) data from which to make a matching prediction
often is not supplied and has to be estimated and the growth-rate
data permit an approximation only of the growth rate.
Conversely, in a practical situation in which a model was used,
such data might not be available either, that is, comparison to
literature data, while underestimating the best possible perfor-
mance of models, may be more indicative of the level of con� -
dence that one can have in model predictions in the real world.
Increasingly, the variability in responses between strains of the
same species is being recognized as a signi� cant source of‘error.’

Models Compared with Other Models
Models developed by different methods, by different workers,
and using different strains, in different parts of the world,
nonetheless, often are consistent. Examples are given
Table 4. Although model predictions often agree with one
another, in some cases, they perform equally poorly when
compared with the growth of pathogens in foods. Further
examination of these ‘failures’ can reveal that there are de� -
ciencies in the model, that is, the‘completeness error’ is too big
(e.g., because more environmental variables are considered i
one model than the other). The good performance of models
in many situations, however, provides con� dence that the
concept is sound but that most models are far from being
complete for all foods.

Fluctuating Conditions
Limited data are available for the performance evaluation of
models when applied to � uctuating storage conditions. In
general, bacteria respond quickly to changed conditions and
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Table 4 Evaluation of the performance of growth-rate models

Model – organism and variables Data type Number of data Bias factor Accuracy factor

Staphylococcus aureus Data used to develop model 212 1.00 1.20
Temperature, water activity Inoculated foods– same strain 38 1.00 1.26

Independent published data– various strains 49 1.01 1.53
Brochothrix thermosphacta Data used to develop model 44 1.00 1.26
Temperature, pH, water activity Independent data– various strains – 0.73 1.83
Escherichia coli Data used to develop model– Model A 240 1.00 1.30
Temperature, pH, water activity,

pH, lactic acid
Independent data– various strains and foodsa 178 0.84 1.43
Independent studies in laboratory broths– Model Aa 75 0.78 1.61
Independent studies in laboratory broths– Model Ba 75 0.73 1.56
Model Acf. Model B 75 1.07 1.45

Psychrotrophic pseudomonads Data used to develop model 113 1.00 1.07
Temperature, water activity Inoculated foods– same strain 96 1.00 1.10

Inoculated foods– same strain independent workers
in industry

29 0.96 1.21

Independent published data– various strains 266 0.87 1.30
Independent model Integrated over the

region 2–11 � C,
at aw ¼ 0.995, pH¼ 5.8.

� 1.05 � 1.10

aModel A and Model B were developed by independent research groups using different methods. They are compared with data published by yet other independent workers.
The corresponding predictions of each model then were compared to each other. The models are more consistent with each other than either is with the available published
data, suggesting completeness errors.
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display growth rates that are characteristic of the new env
ronment, that is, there is little effect of cell environmental
history. When environmental changes are large and rapid
however, new lag phases may be induced. Existing predictiv
microbiology models do not model such lag phases. The esti
mation of lag times remains a problem for the interpretation of
� uctuating temperature histories.
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Figure 6 An example of the performance of a predictive model applied
to microbial growth under� uctuating temperature conditions. The growth
of pseudomonads in minced beef was monitored and compared to the
predictions of an independent model derived previously. The solid line is
the line of growth predicted by the model and is the observed growth.
(N.B. the model did not include lag time predictions, thus the model
predictions begin after the lag phase is resolved atw 1500 min). The
lower graph shows the temperature during the trial. Source: Neumeyer K.,
Ross T., McMeekin T.A. (1997). Development of pseudomonas predictor.
Australian Journal of Dairy Technology 52, 120–122.
Existing Technology and the Future

Technology

Numerous models have been published or are available in
software. One of the best-known software applications is the
publicly and freely available (via Internet access) ComBas
Predictor, which is part of a vast repository of food micro-
biology data. The data were collated to ful� ll the original aim of
predictive microbiology, that is, to enable identi� cation of data
relevant to a particular food or microbe combination. ComBase
Predictor, however, also enables models to be developed from
the collated data and to provide predictions of population
increases under unchanging conditions. Other free, Internet
accessible, software packages integrate the effect of� uctuating
environmental conditions over time to predict the change in
microbial populations. (An example of this approach is shown
in Figure 6.) Other computer-based applications, including the
development of expert systems, have been proposed but no
all are freely available. The use of arti� cial neural networks to
develop models from data has also been described.

New Zealand food safety managers have used predictiv
models for regulatory purposes for several years, and othe
countries are beginning to explore their use. In Australia, the
‘Refrigeration Index’and other tools underpinned by predic-
tive microbiology models are endorsed by government and
industry for decisions regarding the safety of meats and
fermented meats. Large food processing and retailing organ
zations have also begun to adopt the philosophy and related
technologies and, as noted earlier, Codex has endorsed the us
of predictive microbiology as part of overall strategies for
managing the risks fromL. monocytogenesin foods. This uptake
was hastened, in part, by the endorsement of quantitative risk
assessment by the World Trade Organization.
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Future Developments

In the future, models most likely will become increasingly
mechanistic and will encompass more variables relevant to the
microbial ecology of foods as part of a ‘systems biology’
approach. The ultimate aim is to develop a mechanistic and
quantitative understanding of the factors that govern the
microbial ecology of foods, that is, to replace empiricism with
quantitative data on microbial ecology or physiology at the
cellular and subcellular levels.

Variability, whether in terms of the initial microbial load, the
speci� c strains present, physiological condition of those cells
(e.g., in lag, activated spores, stress responses invoked, etc.)
distribution within the food, will always limit the ability of
predictive models to predict the absolute safety and quality of
a speci� c food item. When model inputs are variable, outcomes
will also be variable. Thus, a probabilistic, or stochastic, approach
is inevitable and the same software tools that facilitated the
development of quantitative microbial risk assessment, for
example, Monte Carlo simulation software, make this possible.

Stochastic approaches will complement further study and
de� nition of bacterial responses close to the growth–no growth
boundary and the further development of software-based tools
that can answer such questions as‘What is the probabilityof
growth and if growth occurs, atwhat rate?’

Predictive microbiology is a powerful tool to aid microbial
food safety and quality assurance, both in its own right and as
a complementary tool for HACCP programs, hurdle tech-
nology, and quantitative microbial risk assessment.
;

ty

as

nal

obiology. Inter-

ting growth of
al of Food

f the
1875
See also:Fermentation (Industrial):Basic Considerations;
Fermentation (Industrial):Control of Fermentation Conditions
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Available Water;Ecology of Bacteria and Fungi in Foods:Effects
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Introduction

Fresh foods always contain microorganisms both on their
surfaces and within. These microorganisms, if they are no
destroyed, will spoil the food. The prevention of food spoilage
by inhibiting or destroying the microorganisms is the basis of
food preservation. This can be done by chemical treatment
freezing, curing, dehydration, or thermal processing.

The chemicals used to prevent food spoilage have som
antiseptic properties under the conditions of use and are
known as preservatives. Broadly speaking, a preservative
a chemical substance capable of retarding or arresting th
growth of microorganisms to prevent such processes a
fermentation, acidi� cation, or decomposition, which cause
deterioration of � avor, color, texture, appearance, and nutritive
value. The main objectives of using preservatives are to exten
the shelf life, retain nutritive value, and ensure safety. Chemica
preservatives often are used in combination with physica
methods; such combinations may allow the preservatives to be
used at lower concentrations, thus retaining the quality of the
product.
l
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e

The Need for Preservatives

The twentieth century witnessed radical technologica
advancement in the physical methods of food preservation.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
These developments include preservation of food by therma
processing, refrigeration, freezing, concentration, drying, and
more recently the use of irradiation. In spite of this techno-
logical advancement, the worldwide population explosion has
resulted in a crisis of food supply, which demands a reduction
in losses to the minimum. The countries with the greatest
nutritional need are the least developed, suffering from inad-
equate production, distribution, transportation, storage, and
preservation facilities. These countries are not in a position to
afford the latest technologies for the preservation of food by
physical methods, and thus they depend on the use of chemica
preservatives that are not only effective but also safe an
inexpensive. As physical methods are not suitable for all type
of foods, these days even industrial countries are making use o
chemical preservatives.
Properties of Preservatives

The desirable properties of a chemical substance to serve
a preservative are as follows:

1. A preservative used for antimicrobial purposes should kill
the microorganisms rather than inhibit their growth.

2. Any bacteriostatic preservative is most effective if it persist
until the food is ready for consumption. If the food is
undergoing processing, the bacteriostatic preservativ
should persist until the food is further processed.
78-0-12-384730-0.00257-3 69
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Table 1 Preservatives used in food

Traditional
preservatives Synthetic preservatives Bacteriocins

Sugar Organic Nisin
Salt Acetic acid, acetates,

and diacetates
Smoke Sorbic acid and its salts
Spices Benzoic acid and its salts
Vinegar p-hydroxybenzoic acid esters

and their salts
Alcohol Boric acid and borates

Citric acid and its salts
Formic acid and formates
Lactic acid and its salts
Propionic acid and its salts
Inorganic
Polyamino acids
Carbonic acid (CO2)
Sulfurous acid and sul� tes (SO2)
Nitrites and nitrates
Phosphates
Hydrogen peroxide
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3. A preservative should have an adequate degree of resistan
to heat.

4. The speci� city range of a preservative should correspond
with the range of microorganisms that contaminate and
develop on the food.

5. A preservative that is intended to supplant thermal pro-
cessing should provide a degree of security againstClos-
tridium botulinum similar to that given by the normal
thermal processing.

6. The preservative should neither be destroyed by th
miscellaneous reactions of the food nor be inactivated by
the metabolic products produced by the microorganism.

7. Any antimicrobial preservative should not readily stimulate
the appearance of resistant strains of microorganisms.

8. There should be a suitable procedure for determining the
amount of the preservative in different foods.

Other desirable properties of a preservative are as follows

l It should have a practical value and be economical.
l It should be a nonirritant and have low (or no) toxicity.
l It should not retard the activity of digestive enzymes or

harm the consumer.
l Within the body, it should not decompose into substances

more toxic than the preservative itself.
-
e
e

ClassiÞcation

Preservatives include traditional (natural) preservatives, bacte
riocins, and synthetic preservatives.
,
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Traditional Preservatives

Compounds such as sugar, salt, vinegar, organic fruit acids
wood smoke, alcohol, and various spices used in the preser
vation of food for centuries are regarded as traditional
preservatives. Salts and sugars dissolve in the water of the foo
to form strong solutions in the process of curing and
conserving. The difference between the concentration of th
solution and that of the microbial cell cytoplasm causes
dehydration of the cell, which leads to its inhibition or death.
Salamis, hams, jams, and condensed and sweetened milk a
examples of this principle. Smoking destroys bacteria on the
surface of food.
y

s.
,
d,

.

by
-

o

Synthetic Preservatives

Apart from vinegar, some other acids and their salts are legall
permitted preservatives (Table 1). The other synthetic preser-
vatives used are nitrites and nitrates, sulfur dioxide, and
sulfites, carbon dioxide, phosphates, and hydrogen peroxide.

Chemical preservatives are classi� ed based on their chemical
nature and action. On the basis of their chemical nature, they are
of two types: inorganic preservatives and organic preservative
Nitrates, nitrites, sulfites, sulfurous acid, borates, hypochlorites
and peroxide are inorganic preservatives. Benzoates, formic aci
sorbic acid, and propionic acid– and their sodium and calcium
salts– as well as esters ofp-hydroxybenzoic acid are classi� ed as
organic preservatives.
Bacteriocins

Bacteriocins are a group of small antimicrobial peptides and
mostly are plasmid mediated. They generally inhibit only
closely related bacteria. Species and strains of Gram-positiv
lactic acid bacteria (LAB) possess the capacity to produc
bacteriocins or bacteriocin-like compounds. Bacteriocins have
attracted particular attention as their producer organisms have
GRAS (generally recognized as safe) status and are natura
present in many food products. Bacteriocins are a heterogeni
group of peptides and can be grouped into the following three
classes:

1. Lantibiotics (with 19 –37 amino acids), heat stable-Nisin,
Lactocin S, Lacticin 3147, and Subtilin

2. Nonlantibiotics ( <15 kDa), small and heat stable-Pediocin
PA-1, Lactacin B, Lactacin F, Leucocin A-UAL 187, an
Lactococcin G

3. Small, heat labile proteins of more than 30 kDa– Caseicin
80, Lacticins A and B

Out of many bacteriocins, Nisin is the only puri � ed bacte-
riocin extensively used as food preservative in many countries
Nisin is a polypeptide with molecular weight 3500 Da, with its
rare amino acids (Lanthionine, 3-methyl-lanthionine, dehy-
droalanine, and dehydrobutyrine). Nisin has several advan-
tages as a food preservative as it is nontoxic, easily degraded
digestive enzymes, thermostable, and does not contribute off
� avors and off-odors.

Nisin initially forms a complex with a lipid precursor
molecule in the formation of bacterial cell walls. The Nisin-
lipid complex-II then inserts itself into cytoplasmic effuse of
essential cellular components, resulting in inhibition or
death of bacteria. Gram-negative bacteria are resistant t
Nisin because their outer membrane, which is making cell
walls, is far less permeable than those of Gram-positive
bacteria.
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Table 2 Inhibitory action of sorbic acid, benzoic acid, and sulfur dioxide on bacteria, yeasts, and molds

Preservatives

Sorbic acid Benzoic acid SO2

Organism pH MICa pH MICa pH MICa

Bacteria
Escherichia coli 5.2–5.6 50–100 5.2–5.6 50–120 100–200
Serratia marcescens 6.4 50 50
Bacillussp. 5.5–6.3 50–1000
Clostridiumsp. 6.7–6.8 100–1000
Salmonellasp. 5.0–5.3 50–1000
Lactobacillussp. 4.3–6.0 200–700 4.3–6.0 300–1800 100
Pseudomonassp. 6.0 200–400
Streptococcussp. 5.5–5.6 50–100
Micrococcussp. 5.2–5.6 200–400
Yeasts
Saccharomycessp. 3.2–5.7 30–100 4.0 80–160
Hansenula anomala 5.0 500 200–300 5.0 240
Torulopsissp. 4.6 400 200–500
Candida krusei 3.4 100 300–700
Candida lipolytica 5.0 100
Byssochlamys fulva 3.5 50–250
Molds
Rhizopus 3.6 120 5.0 30–120
Geotrichum candidum 4.8 1000
Oospora lactis 3.5–4.5 25–200 300
Penicilliumsp. 3.5–5.7 20–100 2.6–5.0 30–280 5.0 160–400
Aspergillussp. 3.3–5.7 20–100 3.0–5.0 20–300 4.5 220
Fusariumsp. 3.0 100

aMIC, minimum inhibitory concentration, expressed in parts per million (ppm).
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Antimicrobial Properties

Spectrum of Activity

These preservatives do not have a complete spectrum of actio
against all microorganisms that spoil foods. Most preservative
predominantly act against yeasts and molds (Table 2). In
general, most of the organic acids have the broadest spectru
of antimicrobial activity and are useful against many spoilage
bacteria, fungi, and yeasts. Benzoic acid is used primarily as a
antimycotic agent and most yeasts and molds are inhibited.
The activity of benzoic acid against bacteria is variable. Pro
pionic acid and its salts are highly effective mold inhibitors, but
yeasts and most bacteria are less affected. Inhibition of rope
forming bacteria in bread is a speci� c target for propionic acid.
Acetic acid is more effective against yeasts and bacteria th
molds; Acetobactersp., certain LAB, and some yeasts are res
tant to acetic acid. Lactic and citric acids have only moderat
antimicrobial activity. These acids inhibit the formation of
a� atoxin and sterigmatocystin. Sorbic acid and its salts hav
a wide spectrum of activity against catalase-positive bacteria
yeasts, and molds and are highly active against osmophilic
yeasts. Sulfur dioxide and sulfites also have a broad spectrum o
antimicrobial activity in acid foods. This preservative is more
effective against bacteria than molds and yeasts, with Gram
positive bacteria being less susceptible than Gram-negativ
bacteria. Sulfites inhibit enterobacteria andSalmonella. Lacto-
bacilli are highly sensitive to SO2. Yeasts react differently to SO2
depending on the strain. The practical importance of nitrite is
in the inhibition of spore-forming bacteria; it also affects
Achromobacter, Aerobacter, Escherichia, Flavobacterium,
coccus, and Pseudomonas.
Mechanism of Antimicrobial Action

Food preservatives inhibit not only the general metabolism but
also the growth of the microorganisms. Depending on the type
of preservative used, the� nal state at which the microorgan-
isms are killed is reached within a few days or weeks, at th
usual applied concentrations. The timescale for the killing of
microorganisms under the in� uence of preservatives corre
sponds to the relationship

K ¼ 1=t$ln Z0=Zt

or

Zt ¼ Z0$e� Kt

whereK is the death rate constant,t1 is the time period, Z0 is the
number of living cells at the time when the preservative begins
to act, and Zt is the number of living cells after time t.

The given formula is considered to be the basis for studying
the action of preservatives in foods. This rule is valid, however
only for relatively high dosages of preservatives and a genet
cally uniform cell material. A preservative added to a food
when microbial counts are low inhibits microorganisms in the
initial lag phase; the dosage of preservatives necessary
practice to inhibit microorganisms in the exponential log phase
would be too high. Preservatives are not designed to kill
microorganisms in substrates already supporting a massiv



,

s

t
,
s in

of
)

t

l

th

s
.

-
y

r

lt

he

ch

l,

e

re

ic
d

st

72 PRESERVATIVESj ClassiÞcation and Properties
germ population. In general, the action of preservatives
includes physical as well as physicochemical mechanisms
especially the inhibitory action on enzymes.

The partial dissociation of weakly lipophilic acid food
preservatives plays an important role in the inhibition of
microbial growth. The undissociated lipophilic acid molecules
are capable of moving freely through the membrane. They pas
from an external environment of low pH (where the equilib-
rium favors the undissociated molecules) to the cytoplasm,
which is of high pH (where the equilibrium favors the disso-
ciated molecules). At the high pH level, the acid ionizes to
produce protons, which in turn acidify the cytoplasm and break
down the pH component of the proton motive force. To
maintain the internal pH, the cell then tries to expel the protons
entering it. In doing so, it diverts the energy from growth-
related functions and hence both the growth rate and yield of
the cell fall. If the external pH is low and the extracellular
concentration of the acid is high, then the cytoplasmic pH
drops to a level at which growth is no longer possible and the
cell eventually dies. Some preservatives also exert speci� c
effects on metabolic enzymes. Sorbic acid is reported to reac
with the sulfhydryl groups of enzymes, such as fumarase
aspartase, succinic dehydrogenase, catalase, and peroxidase
bacteria, molds, and yeasts. Antimicrobial activity of organic
acids increases with chain length, but the limited water solu-
bility of long-chain acids restricts their use.

Benzoic acid is effective only in acid foods. It inhibits
enzymes of acetic acid metabolism, oxidative phosphorylation,
amino acid uptake, and various stages in the tricarboxylic acid
cycle. It also alters membrane permeability of the microbial
cell. Transport inhibition is the primary mode of action of
parabens. Respiration of microbial cells also is inhibited.

Antimicrobial action of propionic acid is due to inhibition
of nutrient transport and growth by competing with substances
like alanine and other amino acids required by microorgan-
isms. Antimicrobial action of formic acid is similar to any
acidulant. Additionally, formic acid inhibits decarboxylase and
heme enzymes, especially catalase. The antimicrobial effect
other acids (e.g., lactic, tartaric, phosphoric, and succinic acids
is due to acidi� cation of the microbial cell and inhibiting
nutrient transport.

Sulfur dioxide is highly reactive, and therefore it interacts
with many cell components. The sulfite ion acts as a powerful
nucleophile, cleaving the disulfide bonds of proteins, which
changes the molecular con� guration of enzymes, thus modi-
fying active sites. It reacts with coenzymes (nicotinamide
adenine dinucleotide (NADþ )), cofactors, and prosthetic
groups such as� avin, thiamin, heme, folic acid, and pyridoxyl.
In the case of yeast, the blocking of the oxidation of glyceral-
dehyde-3-phosphate to 1,3-bisphosphoglycerate is the salien
feature. Sulfite treatment of yeast cells results in a rapid
decrease in adenosine triphosphate (ATP) content prior to cel
death. This is attributed to inactivation of the enzyme glycer-
aldehyde-3-phosphate dehydrogenase. Sulfite also reacts wi
carbonyl constituents of the metabolic pool to form hydrox-
ysulfonates. Yeasts when treated with sublethal concentration
of sulfite tend to excrete increased amounts of acetaldehyde
This is due to the trapping of this metabolic intermediate as the
stable hydroxysulfonate, thereby preventing its conversion to
ethanol so that the reaction equilibrium shifts. Glycerol is
formed instead of ethanol by reduction of glyceraldehyde-3-
phosphate to glycerol-3-phosphate, which subsequently is
dephosphorylated. In Escherichia coliNAD-dependent forma-
tion of oxalacetate from malate is inhibited. Sulfite destroys the
activity of thiamin by breaking the bond between the pyrimi-
dine and thiazole portion of the molecule.

The antimicrobial action of nitrite is based mainly on the
release of nitrous acid and oxides of nitrogen. Nitrite inhibits
active transport of proline in E. coliand aldolase from E. coli,
Enterococcus faecalis, and Pseudomonas aeruginosa. Reaction
between nitric oxide from the nitrite and iron of a cidophore
compound involved in electron transport in clostridia accounts
for the anticlostridial action. Nitrite reacts with heme proteins
such as cytochromes and sulfhydryl enzymes, resulting in the
formation of S-nitroso products.
Combination of Preservatives

No single preservative is active against all spoilage microor
ganisms. Attempts have been made to compensate for this b
combining various preservatives with different spectra of
action. In general, organic acids are compatible with other
preservatives and many combinations are synergistic, fo
example, the following:

l Benzoate with SO2, CO2, NaCl, boric acid, or sucrose
l Propionate with CO2 or sorbate
l Sorbate with sucrose or NaCl
l Lactic acid with acetic acid.

The combinations of sorbic acid, benzoic acid, or esters ofp-
hydroxybenzoic acid with Nisin and tylosin are useful because
they extend the spectrum of action to coverE. coli, Lactobacillus,
and Staphylococcusstrains. Cured meats are rarely involved in
Clostridium perfringensfood poisoning. This is a � ne example of
the hurdle concept: Individual preservatives such as sa
content, nitrite, and heat processing are insuf� cient to ensure
safety but effectively control growth of C. perfringensin
combination. Contrary to general expectations, not all
combinations give better results than individual constituents.
The presence of one preservative may sometimes weaken t
effect of the other. For instance, boric acid has the tendency to
weaken the effect of other preservatives in their action onE. coli.
Its action against fungi proved to be synergistic, however. On
the other hand, the presence of some chemical substances su
as calcium chloride, which is not a food preservative and has no
antimicrobial effect individually, slightly weakens the ef� cacy
of sorbic acid, benzoic acid, and other preservatives. In genera
a bene� cial effect will be obtained by using preservatives with
substances that counter dissociation, such as acids, or thos
that reduce water activity, for example, NaCl or sugar.
Degradation of Preservatives

In general, food preservatives are stable substances and a
unlikely to decompose within the speci� ed storage time.
Occasionally, however, certain preservatives such as organ
compounds are decomposed by microorganisms and are use
as a source of carbon by them. Decomposition of this type of
preservative is possible, if the preservative is ineffective again
microbes and also if the food contains a large number of
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microbes. Therefore, it is impossible with such preservatives t
arrest the spoilage of food and to maintain the food in an
apparently fresh condition. The best example of this
phenomenon is the conversion of sorbic acid to hexadienol by
some strains of LAB. This product reacts with ethanol to form 1-
ethoxy-2,4-hexadiene and 2-ethoxy-3,5-hexadiene, which giv
a geranium-type odor in wines.
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Interaction of Preservative with Food Components

Chemical reaction between food preservatives, food compo
nents, and microorganisms may lead to the formation of
reaction products of toxicological importance and reduction in
the concentration and the activity of the preservative. Some
food preservatives such as sorbic acid, SO2, sulfites, and nitrites
have an extensive reactivity with food components.

Sorbic acid reacts with low-molecular-weight thiols of food,
such as cysteine and glutathione, to form the 5-substituted 3
hexenoic acid. Sorbic acid also undergoes autooxidation to
malonaldehyde, acetaldehyde, andb-carboxyacrolein.

Owing to its high chemical reactivity, sulfur dioxide may be
involved in a variety of interactions with food ingredients. The
action of SO2 in destroying thiamin in food is signi� cant. An
important nucleophilic reaction of the sulfite ion is its addition
to the a-b-unsaturated carbonyl moiety of 3,4-dideoxyosulos-
3-enes formed as reactive intermediates in Maillard and
ascorbic acid browning, which causes a considerable depletio
of the preservatives in foods susceptible to nonenzymatic
browning.

The nitrite added to meat is converted to nitric oxide, which
combines with myoglobin to form nitric oxide myoglobin. The
N-nitrosamines formed by the cooking of nitrite-cured meat
are potent carcinogens. Nitrosophenols formed byC-nitro-
sation of phenolic components of food are readily oxidized to
the corresponding nitro compounds; S-nitroso compounds are
readily formed by the nitrosation of thiols and represent
a reversibly bound form of the preservative.
y

tly

g.

s,
f

,

o-

f

n

e

i-
Uses

Preservatives applicable to a particular need are determined b
the composition of the food, the type of microbial spoilage,
and the desired shelf life. As well as the speci� c physical
properties, cost is also an important consideration in the
selection of preservative. Preservatives are incorporated direc
into food products or developed during processing food.
Traditional preservatives have been introduced through
processes such as fermentation, salting, curing, and smokin
Spices are commonly added in small amounts to the food as
a preservative. Sugar is used in the preservation of jams, jellie
candied fruit, and sweetened condensed milk. The main use o
smoke is to preserve meat and� sh products. Salt is used to
preserve many foods, including butter, margarine, cheese
sausages, ham, and� sh.

Chemical preservatives may be applied directly, most often
as an ingredient of manufactured foods, but also by dipping,
spraying, gassing, or dusting. Some preservatives are incorp
rated in the packing material rather than applied directly to the
food. Vinegar or acetic acid is used in many foods, including
mayonnaise, catsup, salad dressings, pickles, and meat. Lac
acid is used as a� avoring agent in frozen desserts and as a
emulsi� er in bakery products. It is also used for faster nitrite
depletion and botulinal protection due to lowered pH in meat
product processing.

Sodium benzoate is the most widely used preservative fo
acid foods, including carbonated and still beverages, salads
fruit desserts, fruit cocktails, and margarine. Sodium benzoate
is used at concentrations of 0.03–0.10%. Because of the
astringent � avor of benzoates, they often are used in combi-
nation with sorbate or parabens. Parabens are used to preserv
soft drinks, fruit products, jams, jellies, pickles, cream, and
pastes. TheN-heptyl ester can be used in beer fermentation a
a level of 12 mg g� 1. Parabens may be added as a dry or liquid
ingredient to food.

Sorbic acid and its salts frequently are used because of the
high solubility. Sorbates are used in cheese products, bake
foods, fruits, fruit juices, vegetables, soft drinks, wines, jellies
jams, syrups, salads, margarine, and� sh products. Since
sorbate inhibits yeasts, it is not used in yeast-raised bread
Sorbate may be added directly to the food or it may be applied
by dipping, spraying, dusting, or impregnating packing mate-
rials and wrappers. Recent studies showed the effectiveness
sorbate as an antibotulinal agent in meat products.

In food processing, gases such as SO2 and CO2 may be used
as antimicrobial agents or for other purposes. These gases m
have direct or indirect antimicrobial effects. Sulfur dioxide is
principally used in wine preservation. It is employed as a liquid
under pressure or in aqueous solution. Additionally, various
sulfite salts (sodium sulfite, sodium hydrogen sulfite, sodium
metabisulfite, potassium metabisulfite, and calcium sulfite)
containing 52–68% active SO2 are used to preserve a variety o
foods, such as fruit juices, soft drinks, dehydrated fruits and
vegetables, pickles, syrups, meat, and� sh products. In wine,
sulfite also is used as an equipment sanitizer, antioxidant, and
clari� er and to prevent bacterial spoilage during storage. A
combination of 200 mg sorbic acid, 220 mg potassium sorbate,
and 20–40 mg SO2 per liter provides a comprehensive protec-
tion to the wine. Proteolytic breakdown of meat may be pre-
vented by sulfites. Sulfur dioxide is added to foods to prevent
enzymatic reactions, notably browning.

Carbon dioxide is used to control psychrotrophic spoilage
of meat and meat products, poultry, � sh, eggs, fruits, and
vegetables. Carbon dioxide generally is used in the form o
a lique� ed gas or as dry ice (solid CO2), which sublimes to
form CO2 gas. Carbon dioxide applied under pressure with low
temperature results in rapid biocidal action. Carbon dioxide is
a major applicant in carbonized soft drinks, mineral water,
wines, beers, and ales. It functions as an antimicrobial and
effervescing agent. It inhibits aerobic spoilage organisms whe
used in vacuum-packed meats at a concentration of 10–20%;
higher concentrations may cause undesirable odors. Th
combination of O 2 and CO2 in a controlled atmosphere delays
the respiration, ripening, and spoilage of stored fruits and
vegetables.

Nitrites are added to cheese and meat products. The add
tion of nitrite not only prevents the growth of toxigenic
microorganisms but also the production of toxins. Nitrite
added to meat results in both chemical and antimicrobial
effects. It reacts with heme proteins to form the characteristic
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74 PRESERVATIVESj ClassiÞcation and Properties
cured meat color and has a mild antioxidant effect that prevents
rancidity and a warmed-over � avor. At low pH, nitrite is
depleted by increased formation of nitrous acid and nitric
oxides, which are the reactive forms of nitrite. Because of this
the addition of acids, acidulant, or glucono-delta-lactone has
a bene� cial effect on the action of nitrite. For the positive
chemical effect (color and � avor), a nitrite concentration of
50 mg g� 1 is needed, whereas antibotulinal activity requires
a concentration of 100mg g� 1. Lower concentrations of nitrite
(40–80 mg g� 1) in combination with sorbate are more effective.
In the United States, the content of sodium nitrite in cured
meat products is limited to 200 mg g� 1, with speci� c regulatory
levels varying with the product. In the United Kingdom,
potassium and sodium nitrite are permitted in cured meats up
to a maximum of 200 mg g� 1.

Nisin has been used to preserve dairy products, egg prod
ucts, pasteurized soups,� avor-based products, canned foods
meat products, sea foods, salad dressing, and alcohol beve
ages. Nisin is predominantly sporostatic rather than sporicidal
and, for this reason, it is widely used as a natural preservative
Ethylenediaminetetraacetic acid enhances the antimicrobia
activity of Nisin against Gram-negative bacteria. Nisin is stable
at pH 2.0 and can be autoclaved at 121� C. Increasing alka-
linity results in the loss of antimicrobial activity of Nisin.
Nisin is used in canned products as a sterilizing auxiliary.
Natamycin (pimaricin) is permitted in some western Euro-
pean countries for surface preservation of cheese and as a
additive to cheese coating. It has been used to retard yeast an
mold spoilage of fruit, fruit juices, cottage cheese, poultry
products, and sausage.
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Toxicology and Regulatory Status

Traditionally processed food in general� nds ready acceptance
by regulatory authorities. This is not the case for foods pro-
cessed by the addition of chemical preservatives, where it
essential to ensure that the preservative used does not becom
a health hazard to human beings.

Benzoic acid and its salts have low toxicity in experimental
animals and humans. Humans have a high tolerance to sodium
benzoate because of a detoxifying mechanism, in which
benzoate and glycine or glycuronic acid are conjugated and
excreted as hippuric acid or benzoyl glucuronide. Benzoate i
not mutagenic in Drosophilaor Salmonellabut interacts with
nucleosides and DNAin vitro. Sodium benzoate and benzoic
acid are GRAS at concentrations up to 0.1% in the United
States. In the United Kingdom, benzoic acid and its salts are
permitted on a wide scale in accordance with the Preservative
in Food Regulations of 1979. Parabens toxicity is low, with an
acute toxicity dose LD50 of 180–8000 mg kg� 1 of body weight
in experimental animals, varying with the form of administra-
tion. The acceptable daily intake (ADI) is 10 mg kg� 1 of body
weight of average human. The methyl and propyl parabens are
GRAS in the United States, with a total addition limit of 0.1%.

Propionic acid and its salts are readily absorbed by the
digestive tract owing to their high water solubility. This acid
decomposes in mammals by linkage with coenzyme A via
methylmalonyl-CoA, succinyl-CoA, and succinate to yield CO2

and H2O. The ADI set by the Food and Agriculture
Organization (FAO) and the World Health Organization
(WHO) is not limited. These preservatives are permitted for use
in many countries.

Sorbic acid is nontoxic and is metabolized by fatty acid
oxidation, pathways common to both laboratory mammals
and humans. The oral LD50 for rats is 7–10 g kg� 1 of body
weight, and 6–7 g kg� 1 of body weight for the sodium salt. In
highly sensitive individuals, this preservative irritates the
mucous membranes. Sorbates have no mutagenic, teratogeni
or carcinogenic action. The FAO/WHO acceptable daily
intake of sorbic acid and its salts is 25 mg kg� 1 of body
weight, the highest ADI of the common preservatives. In the
United States, sorbic acid and sorbates are GRAS. T
maximum permissible level is 0.1–0.2%. These compounds
are permitted in all countries for preservation of a wide variety
of foods.

Sulfur dioxide and sulfites in the body are oxidized to
sulfate and excreted in urine. Although vitamin B1 de� ciency,
diarrhea, organ damage, and decreased usage of dieta
protein and fat are some of the adverse effects of SO2 in
human beings, actual poisoning by SO2 and sulfite is not
possible because of vomiting. Sulfite is not a carcinogen, bu
SO2 is mutagenic. Levels of application are restricted to
500 mg g� 1 owing to � avor problems. The FAO/WHO accept-
able daily intake of SO2 and sulfites is 0.7 mg kg� 1 of body
weight per day for the average human. It is dif� cult to estimate
an average human intake of SO2 since consumption of treated
foods is high. Sulfur dioxide intake may sometimes exceed the
ADI value. For example, the consumption of about three
glasses of wine per day alone leads to an SO2 intake exceeding
the ADI. Sulfur dioxide destroys the thiamin in foodstuffs, and
many of the reported toxicity problems are symptoms of
thiamin de � ciency. It also interacts with folic acid, vitamin K,
and certain � avins and � avoenzymes. This problem can be
overcome by supplementing nutritionally adequate diet,
which can withstand substantial intakes of SO2 in terms of
thiamin destruction. Humans ingesting up to 200 mg SO2 per
day showed no signs of thiamin de� ciency or changes in
urinary excretion.

Products of nitrite, which reduces hemoglobin and
increases the methaemoglobin content of the blood, are highly
toxic to humans. Methaemoglobinemia may result in death
due to oxygen shortage. Infants less than 6 months old are
particularly susceptible. Neither nitrate nor nitrite have tera-
togenic action. The formation of potent carcinogenic
compounds, nitrosamines, in cooked cured meat products can
be reduced by the combination of nitrite with other preserva-
tives, such as sorbic acid or common salt. The LD50 of nitrite for
human beings is 300 mg kg� 1 body weight. Sodium and
potassium nitrite are permitted in many countries, including
the United States and the United Kingdom, to preserve mea
and � sh products and cheese. Nitrate contributes little or no
preservative action except as a source of nitrite (e.g., followin
reduction by Micrococcusspecies in curing or fermenting
meats). The FAO and WHO acceptable daily intake of nitrate is
0–5 mg kg� 1 per day and for nitrite 0–0.2 mg kg� 1 per day.
See also:Clostridium: Clostridium botulinum; Preservatives:
Traditional Preservatives– Oils and Spices;Traditional
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Preservatives:Sodium Chloride;Preservatives:Traditional
Preservatives– Organic Acids;Preservatives:Traditional
Preservatives– Wood Smoke;Permitted Preservatives:Sulfur
Dioxide;Preservatives:Permitted Preservatives– Benzoic Acid;
Permitted Preservatives– Hydroxybenzoic Acid;Permitted
Preservatives:Nitrites and Nitrates;Preservatives:Permitted
Preservatives– Sorbic Acid; Preservatives: Permitted
Preservatives– Nisin; Permitted Preservatives– Propionic
Acid;Preservatives:Traditional Preservatives– Vegetable Oils.
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Introduction

One of the � rst chemical preservatives allowed for use in foods
by law is the IUPAC (International Union of Pure and Applied
Chemists)-named Benzoic acid, which commonly is known by
other such names as benzenecarboxylic acid, phenylformi
acid, dracylic acid, or carboxybenzene. It is the simples
aromatic carboxylic acid containing a carboxyl group bonded
directly to the benzene ring. Benzoic acid was� rst obtained as
the dry distillation of gum benzoin, which is a resin obtained
from the bark of several species of trees in the genusStyrax, and
this remained the original source of the preservative for a long
time. Later, it was observed to occur naturally in its free and
bound form, as benzoic acid and benzoic acid esters, respe
tively, in many plants and animal species (Table 1). The levels
of benzoic acid and its esters in gum benzoin are about 20 and
40%, respectively, and the level of the acid in berries range
from .03 to .13%. Benzoic acid occurs in other fruits, such as
plums, prunes, cinnamon, and cloudberries, to such a level that
they can be stored for long without microbial spoilage. The
early recognition of benzoic acid as an effective preservative
connected to the realization that it occurs naturally in certain
plants and that fruits of such plants keep for a long time
without spoiling. Early recognition of benzoic acid as an
effective preservative most probably is connected to thes
discoveries and subsequent trials with impressive results
Utilization of benzoic acid in food preservation predates the
earliest food legislative records. Major food legislation that
dealt speci� cally with preservatives in foods was published in
the United Kingdom in 1925 under the Public Health
(Preservatives in Food) Regulations, with benzoic acid and
sulfur dioxide as the permitted preservatives included therein
Science-based desirability of benzoic acid as a preservati
stems from its low toxicity and lack of color, among other
properties. One shortcoming, however, is its limited solubility
in aqueous systems, which places preference on sodium an
potassium salts as these readily dissolve. Potassium salt
preferred for health reasons to minimize the sodium level in
food.

Benzoic acid has been accepted by the European Commu
nity as well as by most countries of the world and is listed
wherever there are published food regulations. It is classi� ed as
a permitted preservative by the U.S. Food and Drug Adminis
tration , is af� rmed as generally recognized as safe (GRAS), an
is accepted as an acid food additive to inhibit growth of molds,
yeasts, and bacteria. It is one of the most widely used acids i
industrial food and beverage production. Benzoic acid is
a weak aryl carboxylic acid, recommended by the Joint Exper
Committee of Food Additives (JECFA) of the Codex Ali-
mentarius Commission of the Food and Agriculture Organi-
zation and World Health Organization (FAO/WHO) at an
acceptable daily intake level of 5 mg kg� 1 for humans. Different
countries have different legislated limit values allowed for
its use in their foods. Actual average daily intakes of benzoic
acid therefore vary from country to country and depend also
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on individual ’s choice of benzoic acid–preserved foods for
consumption ( Table 2). A cursory look atTable 2shows ranges
of levels of benzoic acid usually added to various selected
foods, the likely levels that are ingested by individuals who
consume such benzoic acid–preserved foods, and their likely
corresponding uptake per body weight. The perceived and
demonstrated safety of benzoic acid and sodium benzoate in
foods is the reason for its acceptance as a food preservativ
This, in turn, accounts for the huge global production output of
about 600 000 metric tons of either benzoic acid or benzoate
each year. Although benzoic acid commonly is used, some
concerns that often are raised over the addition of any chemica
substance to food, as well as the possibility of generating
resultant chemicals from the interaction of such chemicals with
chemical constituents of the preserved food, equally apply in
its use. Properties of importance and other speci� cations
regarding benzoic acid in food are listed inTable 3.
Foods to Which Benzoic Acid May Be Added

The range of foods to which benzoic acid can be added (Table 4)
was realized almost as early as its preservative importance w

appreciated. Benzoic acid is known to be effective at low pH
which serves as a pointer to the range of foods that it can preserv
well. Although most foods are close to neutral in pH and thus
within a suitable pH range for microbial development and
spoilage, some foods are acidic when harvested or before the
are processed. Fruits, often with a pH between 2.5 and 4.0, fa
into this category and naturally contain acids as their intrinsic
component. Grapes contain tartaric acid, as well as wines, which
are made from grapes, whereas apples contain malic acid an
citrus fruits contain citric acid. Consequently, juices produced
from fruits are naturally acidic. Other foods develop acidity as
a result of microbial growth; this is referred to as biological
acidity. Different organic acids are products of fermentation of
various sugars, which are available in fruits, vegetables, an
carbohydrate-based foods. Acidity caused in such fermente
foods lowers their pH, thus placing them in the category of foods
for benzoic acid preservation. In an acidic medium, hydrogen
ions (Hþ ) abound, and although the hydrogen ion concentra-
tion as released by the acids within the food on their own is
inhibitory to most microorganisms, some can tolerate the levels
encountered in food. Such acid-tolerant microorganisms are the
target of the added preservative. Foods and beverages, which a
characterized by high sugar content, constitute another group
that is amenable to the preservative action of benzoic acid
Benzoic acid therefore often is used to preserve jams, jellies, ic
creams, sauces, and chewing gums. Confectioneries a
preserved using benzoic acid, particularly those chemically
leavened. The inhibitory action of benzoic acid on microor-
ganisms especially yeasts makes it inappropriate for confec
tioneries that are produced through fermentation as the dough
leavening process would be hampered.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00265-2
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Table 1 Natural (nonadditive) levels of benzoic acid in selected
foods

Food
Free and bound benzoic
acid levels (mg kg� 1)

Origin and source of
benzoic acid metabolite

Berries 300–1300 As free and bound
metabolites in
Vacciniumspecies

Other fruits < 14 Metabolites in their
respective plants

Honey < 100 From different� oral
sources

Milk < 6 Metabolites excreted
through mammary
gland

Cheese < 40 From milk containing
benzoic acid as
metabolite

Potatoes, beans,
cereals

< .2 As metabolites in their
respective plants

Yogurt 12–40 From milk containing
benzoic acid as
metabolite
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High-acid foods well preserved by benzoic acid include
fruit products, carbonated or sparkling drinks, soft drinks
(phosphoric acid), fermented vegetables, syrups, and othe
acidi� ed foods. Other similar products of low pH belong to the
range of foods whose shelf life can be extended using th
benzoates. While the effectiveness of benzoic acid has bee
established for high-acid foods, other foods outside the Hþ

concentration classi� cation of high-acid foods now enjoy an
extended shelf life through the use of benzoic acid in combi-
nation with other preservative methods (Table 3). Benzoic acid
is used with ice and brine as an effective preservative for� sh and
other marine products.
he
Behavior of Benzoic Acid in Food

In its pure form, benzoic acid is a white crystalline powder and
is odorless when applied to food. Salts of benzoic acid, which
are soluble in the aqueous phase of food, are also white and
commonly are referred to as benzoates. The effectiveness of t
acid derives from its action within the aqueous phase of even
Table 2 Estimates of human exposure to additive benzoic acid
in selected foods

Food

Preservative
level
(mg kg� 1)

Daily intake
per person
(mg kg� 1)

Corresponding daily
uptake per body
weight (mg kg� 1)

Soft drinks 150 55.8 .8
Fruits 14 .57 .008
Marmalade 500 4.1 .06
Reduced sugar jam 20–333 < 5 < .07
Nonalcoholic drinks 55–251 < 5 < .07
Sauces 71–948 < 5 < .07
Semiprocessed� sh 653 < 5 < .07
compartmentalized foods, consisting of both oily and aqueous
phases, like butter, margarine, and low-fat spreads. Even a
benzoates, it is the benzoic acid molecule rather than the sal
per se that is microbicidal. The effectiveness of benzoic acid lie
in the undissociated (nonionized acid) molecules that increase
in number as the pH of the food environment drops. The
dissociation constant (pKa) of benzoic acid is 4.2, at which pH
the concentration of both the dissociated and undissociated
fractions are equal (Figure 1).

A shift in the balance between the ionized and nonionized
acid is achieved exponentially in favor of the nonionized
molecule as the pH of the food drops below 4.2. It is the total
effect of the concentrations of the benzoic acid, its anions, and
that of its H þ at low pH that exert inhibitory action on the
surviving microorganisms. The in� uence of food pH on the
effectiveness is such that the benzoates are relatively ineffecti
in foods like milk, meats, poultry, � sh, and butter with pH
values of 6.0 or above. A rise in pH to 6.0 reduces the level o
nonionized molecules of benzoic acid to about 1.5%. A drop in
pH from the p Ka value to 4.0 increases the level of the non-
ionized molecules to 60%. The benzoates are most effective i
foods of pH range 2.5–4.0. Even though benzoic acid has been
used in combination with low temperature to preserve nonacid
foods (e.g.,� sh), it is not able to control bacterial development
effectively because the prevailing alkaline pH of such foods is
outside its action range; in the case of� sh, it is able to suppress
the formation of trimethylamine, the compound responsible
for the typical smell of spoiled � sh. Unguarded addition of any
chemical, even benzoic acid to food would be objectionable
and even hazardous. For this reason, the recommende
maximum concentration of benzoic acid is .1% (w/v). No
physiologic change has been observed in humans from this
concentration of benzoic acid, although in fruit juices, it may
impart a disagreeable burning or peppery taste. Although
benzoic acid is effective in acid foods, it does not permanently
preserve apple juice in spite of its low pH (3.0) even at the
maximum acceptable concentration, unless the initial micro-
bial contamination is low. In highly contaminated cider juice,
.1% concentration of benzoic acid is unable to preserve the
juice. Although growth of certain spoilage organisms is
retarded by benzoic acid, inhibition can be a problem.
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Antimicrobial Action of Benzoic Acid

For any chemical preservative to be effective at halting th
development of microorganisms, it must interfere with at least
one subcellular target such as the genetic material, the syste
for protein synthesis, metabolic enzymes, the cell membrane
or the cell wall, since each of these components is essential fo
cell multiplication. The modes of action of most chemical
preservatives– including benzoic acid, even though it has
a relatively simple structure– were not known until recently.
This is because acceptance of chemical preservatives was sim
based on observed effectiveness and presumed safety. T
benzoates are active against a wide range of microorganism
but at the low pH of 2.5 –4.0 at which these compounds are
most active, bacteria generally are unable to grow. Molds and
yeasts, however, can tolerate and grow within such a pH range
Benzoic acid, though effective against molds, lactic and aceti



Table 3 Important criteria of benzoic acid in food preservation

Criteria Description and values Implication

IUPAC name Benzoic acid Standard nomenclature
Synonyms Benzenecarboxylic acid

Benzeneformic acid
Benzenemethonic acid
Phenylformic acid
Dracylic acid
Carboxybenzene

Common structure-based names

Appearance Colorless in solution Blends well with food
Odor Pleasant odor Nonobjectionable in food
Major purity criteria White crystalline powder

Not less than 99.5% content
Melting point 121.5–123.5� Ca

Boiling point 249� C

Established properties

Chemical stability Stable under normal food processing temperature
and pressure

Suitable for heat-processed foods

Incompatibilities with other materials Incompatible with strong oxidizing agents, strong
bases, amines, ammonia isocyanates

Unsuitable for foods with high contents of these
materials

Forms in which used Sodium benzoate
Potassium benzoate
Ammonium benzoate
Calcium benzoate

Salts more soluble in aqueous medium than the
acid
Effective in undissociated form

Water solubility 2.9 g l� 1 at 20� C Low solubility
Octanol/water partition coef� cient LogKow of 1.9 Low potential for bioaccumulation
Alcohol solubility Soluble in ethanol Activity in alcoholic beverages
Dissociation constant At 25� C– 6.335� 10� 5 Measure of propensity for dissociation
pKa 4.2 Weakly acidic
Legislative status Permitted arti� cial preservative GRAS Safety indicator
Acceptable daily intake (FAO/WHO; JECFA) 0–5 mg kg� 1 body weightb Global upper safety threshold
pH range of antimicrobial action 2.5–4.0 Effective in high-acid foods
Combination of treatments with: Cold temperature

Heat (pasteurization)
Acidulants
Other weak acid preservatives
Anaerobiosis

Hurdle technology (synergism)

FAO/WHO, Food and Agriculture Organization and World Health Organization; GRAS, generally recognized as safe; JECFA, Joint Expert Committee of Food Additives.
aAfter vacuum drying in sulfuric acid desiccator.
bAs the sum of benzoic acid and benzoates expressed as benzoic acid.

Table 4 Major acid foods preserved by benzoic acid and permitted
concentrations

Food product pH range

Concentrations
used
(mg kg� 1)

Fruit juices and concentrates 2.3–3.6 100–500
Canned fruits < 4.6 250–500
Carbonated drinks 2.5–3.0 200–400
Noncarbonated drinks 2.8–3.3 500–1000
Pickles, relishes, and sauerkrauts 2.7–3.0 250–1000
Vegetables and salads 3.5–4.0 1000–2000
Pie� llings 3.0–3.8 1000–2000
Mayonnaise and similar emulsi� ed

sauces
4.1–4.4 250–2000

Tomato purée and ketchup 4.0–4.3 250–1000
Sugar and� our-based

confectionery
3.5–4.2 1000

Butter and margarines 6.2–6.5 100–1000
Fish, semipreserved 6.0–6.5 1000–4000
Prawn and shrimp, preserved 6.0–6.3 2000–4000
Tea and coffee liquid extract 4.5–5.4 250–1000
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acid bacteria, and other low-pH survivors, often is required at
amounts close to its allowed upper limits to prevent spoilage.
Effective preservation of foods contaminated with these
organisms requires concentrations close to allowed limits
C C
O O
O O
H +

H
+

Nonionized Ionized
benzoic acid benzoic acid

(undissociated) (dissociated)

Figure 1 Reversible ionization equation of benzoic acid.
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because the resistant spoilage organisms can withstand th
high levels of benzoic acid through adaptation responses
which enables them to remain viable but not dead. Inhibition
under this circumstance is therefore cytostatic rather than
cytocidal.

As a weak acid, benzoic acid is lipophilic and thus moves
freely across the cell membrane. Uptake of benzoic acid i
closely linked with its interference with the membrane function
and metabolic activities. In a low pH food suitable for its
antimicrobial action, the high concentration of undissociated
molecules that predominates causes uncontrolled leakage o
available Hþ across the membrane into the interior of the cell;
because of its lipophilic nature, benzoic acid affects the cellula
membrane processes, thus changing membrane� uidity. Accu-
mulation of H þ increases within the cell and releases protons
which because they cannot diffuse back across the membran
leads to acidi� cation and consequently provides an environ-
ment unfavorable for cellular activities. Cytosol acidi�cation is
known more recently not to be the major mechanism of
inhibitory action for benzoic acid. In addition to acidi � cation
of the internal system of the cell, benzoic acid is inhibitory to
a number of metabolic enzymes, namely those of the tricar-
boxylic acid cycle and the glycolytic pathway. Speci�cally, it
inhibits the activities of the dehydrogenases ofa-ketoglutarate
and succinate and prevents their conversion to succinyl-CoA
and fumarate, respectively, as well as inhibits the formation
of their respective reduced cofactors, nicotinamide adenine
dinucleotide (NADH) and � avin adenine dinucleotide
(FADH2). Activities of carboxypeptidase of yeast are inhibited
partially by benzoic acid, implying inhibition of the transport
system from endoplasmic reticulum to Golgi complex. It also
inhibits the enzyme 6-phosphofructokinase and blocks
oxidation of glucose and pyruvate at the acetate level, thu
further blocking formation of NADH. Inhibition of the reduced
cofactors affects the ef�ciency of the oxidative phosphorylation
reactions of the electron transport chain. Growth inhibition by
benzoic acid correlates with increase in the adenosin
diphosphate/adenosine triphosphate ratio, which in turn
depends on the activation of a set of protective pumps that
extrude acids from the cell. By their modes of action, benzoic
acid and the benzoates cause oxidative stress to microorga
isms and generally are antimicrobial when acid-tolerant
microorganisms are encountered.

While these facts have been established for the mode o
action of benzoic acid within subcellular systems and meta-
bolic pathways, more studies on the de� nitive mechanism of
action of benzoic acid are being pursued. Benzoic acid, more
recently, also has been observed to exhibit synergistic effe
tiveness with nitrogen starvation through inhibition of the self-
adjusting mechanism of macroautophagy. When eukaryotic
organisms are exposed to an environment de� cient of nitrogen,
they respond by degrading their lysosomes through the
projection of membranous structures that are made to envelop
and sequester a couple of cytosolic organelles, speci� c and
nonspeci� c biomolecules. The enveloping membrane eventu
ally fuses into a double-bilayer vesicle, which further fuses with
vacuolic membrane releasing the biomaterials into the enclo-
sure to form autophagic bodies. Various hydrolyzing enzymes
then degrade the autophagic bodies, releasing essential poo
of biosynthetic molecules that are utilized by microorganisms,
thus enabling their survival during nitrogen starvation. Growth
inhibition by benzoic acid under this situation is by circum-
vention of the survival adaptation mechanism during nitrogen
starvation by the microorganism. This shows that the quantity
and type of nitrogen moiety in the food is important to the
attainment of inhibitory effectiveness in food and therefore
serves as an indicator for the types of food in which benzoic
acid should be effective as a preservative. Moreover, whil
survival of the yeast cells is inhibited by the acid, the cells also
lose their viability, implying that benzoic acid is cytocidal
under this circumstance.
Importance of Species and Strain Tolerance

High-acid foods naturally offer an unsuitable environment for
growth of most bacteria, while molds and yeasts that grow in
that range constitute their important spoilage� ora. Benzoic acid
is used in food preservation primarily as an antimycotic agent
and is thus inhibitory to most molds and yeasts. Among the
yeasts of importance in benzoic acid-preserved foods are th
acid- and benzoate-tolerant species of yeastZygosaccharomyc
bailii, Zygosaccharomyces Rouxii, and Saccharomyces cerevisiae, and
mold species (Aspergillus parasitcus), which can grow at food pH
of 2–3 even in the presence of high concentrations of benzoic
acid considered to be near permissible limits. These yeasts a
a nuisance as contaminants of high-acid foods and constitute
the major spoilage � ora as they cause serious economic losse
in food and beverage industry. Viability of contaminants under
high levels of preservatives places the wholesomeness of th
food at the edge of failure as a slight shift in any predisposing
factor can cause the contaminants to burst out in growth.

Bacterial inhibition in high-acid foods is even more signif-
icantly viewed in light of the unfavorable pH for the growth of
food-poisoning species. A pH of 4.6 is the minimum for growth
of most acid-tolerant food-poisoning bacteria: Clostridium
botulinum, Staphylococcus aureus,Yersinia enterocolitica, and
Listeria monocytogenes. It is in certain low-acid foods, some of
which are preserved using benzoic acid (Table 4), which these
organisms are important, and care is needed in safeguardin
against them. Reduction in the effectiveness of benzoic aci
at higher pH levels is compensated for by its effectiveness i
combination with other suitable preservative treatments.
Important bacteria in high-acid foods are lactic acid bacteria
and spore-formers, particularlyBacillus coagulans. Benzoic acid
is effective at controlling these organisms. Mycotoxigenic
molds, which constitute another group of important � ora in
foods, generally are inhibited by benzoic acid at low pH.
Interaction with Other Preservative Treatments

While the parahydroxybenzoates (closely related to the
benzoates) have the advantage of being effective over a wid
range of pH, the narrow pH range for the benzoates restricts
their usefulness; for this reason, they are used in combina
tion with other treatments for effective stabilization of foods
(Table 3). Various combinations of weak acids may be incor-
porated in foods where individual chemical concentrations
in high proportions are known to effect palatability. Such
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combinations often act synergistically against microorganisms
to enhance their effectiveness. Acidulants like acetic, citric, an
lactic acids often are used to lower the pH of foods, creating an
environment conducive for the antimicrobial action of the
benzoates.

Benzoic acid also is used in combination with temperature
to effect food preservation. It is used with low temperatures to
prepare germicidal ices in which� sh, prawns, and shrimps
can be preserved. It gives a good synergistic mixture with bori
acid and fumaric acid for the manufacture of ice and helps to
prolong the shelf life of ice for long without affecting the
texture, taste, or appearance. At a concentration of .1% solu
tion of benzoic acid, the freezing point is only slightly more
than 3 � C. It is an eutectic mixture, and it is suf� ciently
inhibitory to the growth of microorganisms. Benzoic acid
alone in ice is more effective than in combination with other
preservatives such as sorbate or ethylenediaminetetraace
acid with ice. Similarly, a combination of benzoates with
higher temperatures (pasteurization) is required for effective
preservation of most of the benzoate-preserved commercially
manufactured packaged foods. Benzoic acid is not particularly
good at stabilizing foods with high moisture content alone. It
is effective in such foods in combination with pasteurization,
anaerobiosis, and low-temperature storage. While reduce
and increased temperature treatments are microbistatic an
microbicidal respectively, the benzoates act with either treat
ment synergistically to halt the growth of the microorganisms
present or surviving in the food. In a similar vein, because
growth of microbial contaminants is halted during nitrogen
starvation, the metabolic dynamism of the cells works in
a manner to ensure self-adjustment called macroautophagy to
enable recovery. This is a process that releases essential poo
biosynthetic building blocks to help them replenish de� cits in
nitrogen. In the presence of benzoic acid, this process i
inhibited, thus leading to death of the cells as there will be no
available pool of biosynthetic materials to enable survival.
Macroautophagy therefore works in synergy with benzoic acid
to effect a cytocidal action on the microorganisms.
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Dietary Exposure, Metabolism, and Toxicology

Dietary intake of benzoic acid by humans is attributable to two
main sources, namely through consumption of foods naturally
containing benzoic acid and those to which the acid is added
for preservation. Carbonated soft drinks and water-based
� avored drinks constitute one of the major sources of this
preservative in man’s dietary intake, rising to an average daily
consumption � gure of about 400 ml per adult. Apart from soft
drinks, soy sauce is another important source in Asian coun
tries, especially China where it is a common part of their menu.
National mean estimates of benzoic acid intakes for Japan i
about .18 mg kg� 1 body weight per day and 2.3 mg kg� 1 body
weight per day in the United States, while consumers in the
United States who are on the upper extreme margin o
consumption can show as high as 7.3 mg kg� 1 body weight per
day. Within the allowed limits of benzoic acid in foods by the
Joint Expert Committee on Food Additives (FAO/WHO),
countries with higher permissible levels in their foods show
corresponding higher levels of daily intakes per person a
indicated in the results of a comparative survey in selected
countries. The levels of benzoic acid in certain foods assayed i
England ranged from 54 to 100 mg l� 1, while for Japan it
ranged from 50 to 200 mg l� 1 and for the Philippines it ranged
from 20 to 2000 mg l � 1. Consequently, the levels of daily
intakes among their citizenry, which depends on their choice of
food and quantity of consumption, correlate with the allowed
levels in foods in these countries. The average daily intake o
benzoic acid from various processed foods ranges from 1.4 to
10.9 mg per person for benzoic acid–preserved food for
consumers in Japan. This translates to about .02–.2 mg kg� 1

body weight of a person that weighs between 50 and 70 kg. In
England, a similar survey gave a corresponding dietary intake o
below 5 mg kg� 1 body weight per day. In Germany, a mean
daily intake of 55.8 mg per person or .8 mg kg� 1 body weight
for a 70 kg body weight is observed.

Upon ingestion of benzoic acid and its salts, there is rapid
absorption from the gastrointestinal tract. The acidic pH of the
tract favors the undissociated form of benzoic acid molecule,
reaching peak plasma level within 2 h after ingestion. Benzoic
acid quickly is metabolized in the liver to form hippuric acid by
conjugating with glycine. Glycine availability is such an
important factor in the metabolism of benzoic acid, that
glycine sources like glutamine, creatinine, urea, or uric acid ar
depleted when there is a de� ciency in glycine to make glycine
available for metabolism. Hippuric acid when formed is then
quickly excreted in urine. This rapid detoxifying mechanism by
humans is responsible for their high tolerance of benzoic acid
and benzoates in general. Minor amount of benzoic acid is also
excreted in urine.

Various tests have been carried out with benzoic acid to
check for their toxicity, mutagenicity or genotoxicity on
prokaryotes, eukaryotes, and several mammalian system
however, none has shown any positive results as levels fa
above those allowed in foods were freely administered. Human
experiments that have been carried out even with high doses o
benzoic acid, although with a limited number of subjects, still
did not show any adverse effect. Benzoic acid itself is neithe
mutagenic nor carcinogenic.
Concerns

There are concerns over benzoic acid forming benzene,
known carcinogen in those soft drinks containing vitamin C, as
a result of reaction with ascorbic acid or erythorbic acid, which
is a diastereomer of ascorbic acid. Soft drinks including juices
happen to be among the major contributors of benzoic acid to
human dietary intakes, and hence the weight of this concern
Reaction of benzoic acid with ascorbic acid gives rise to
Benzene molecules through decarboxylation of benzoic acid
This happens especially when drinks are exposed to heat an
ultraviolet light. The presence of ultraviolet rays in sunlight
portends some level of risks in consumption of drinks
improperly stored in the open under the sun.
See also:Clostridium: Clostridium botulinum; Ecology of
Bacteria and Fungi in Foods:In� uence of Redox Potential;
Heat Treatment of Foods:Synergy Between Treatments;
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Hurdle Technology;Listeria monocytogenes; National
Legislation, Guidelines, and Standards Governing
Microbiology:European Union;Preservatives:
Classi� cation and Properties;Preservatives:Traditional
Preservatives– Organic Acids;Staphylococcus:Staphylococcu
aureus; Zygosaccharomyces.
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Esters ofp-hydroxybenzoic acid, commonly termed parabens,
are used as antimicrobial agents in pharmaceuticals, food
products, and cosmetics. The� rst report on the antimicrobial
activity of parabens was published as early as the 1920s.

Parabens were synthesized in order to replace benzoic an
salicylic acids, which were limited to use within the acid pH
range. The esters permitted for use in the United States a
methyl, ethyl, propyl, and heptyl. They are available as ivory to
white free-� owing powders, which are relatively nonhygro-
scopic and nonvolatile compounds. With the exception of
methyl ester, all parabens are odorless. Methyl ester has a fai
characteristic odor. The esters are stable in air and resistant
cold, heat, and steam sterilization. However, parabens ca
undergo hydrolysis into p-hydroxy benzoic acid and the cor-
responding alcohol under a combined effect of temperature,
pH, and time. Solutions of parabens at pH 3, 6, and 8 remain
unchanged during storage at 25� C for 25 weeks, and at pH 3
and 6 when heated for 30 min at 120� C. However, at pH 8,
about 6% hydrolysis is reported to take place.

An increase in the chain length of the ester decreases th
solubility of parabens in water as seen from solubility of 0.25%
(w/v) for methyl, 0.02% for butyl, and 0.0015% for heptyl
parabens. In contrast, their solubility in oil, ethanol, and
Table 1 Properties of parabens

Property Methyl Ethyl

pKa 8.47
Molecular formula C8H8O3 C9H10O3

Molecular weight 152.14 166.17
Melting point (� C) 131 116
Solubility (g per 100 g)

in water at: 10� C 0.20 0.07
25� C 0.25 0.17
80� C 2.00 0.86

in ethanol at 25� C 52 70
in propylene glycol at
25� C

22 25

in olive oil at 25� C 2.9 3.0
in peanut oil at 25� C 0.5 1.0

Structure

OH

O O

CH3

OH

O O

LD50 (mg kg� 1)a 2000 2500

aThe values are for the sodium salts of the corresponding ester.
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propylene glycol increases. Some general properties of par
bens are listed inTable 1.
Range of Foods to Which Parabens May be Added

In order to take advantage of their solubility and antimicrobial
pro� le, these parabens are generally used in combination a
0.05–0.10%. Common applications include the use of methyl
and propyl parabens in the ratio of 2–3:1 in various food
products. Applications have been used or tested in baker
products, cheeses, soft drinks, beer, wines, jams, jellie
preserves, pickles, olives, syrups, and� sh products.

A 3:1 combination of methyl and propyl paraben at
0.03–0.06% may be used to increase the shelf life of fruit cakes
nonyeast pastries, icings, and toppings. A 2:1 combination of
the same esters may be used in soft drinks and for marinated
smoked, or jellied � sh products (0.03–0.06%), � avor extracts
(0.05–0.1%), preservation of fruit salads, juice drinks, sauces
and � llings (0.05%), jams and jellies (0.07%), salad dressings
(0.1–0.13%), and wines (0.1%).

Parabens are effective at both acidic and alkaline pH
The pH range for antimicrobial activity of parabens is 3–8,
Paraben

Propyl Butyl

8.47
C10H12O3 C11H14O3

180.21 194.23
96–97 68–69

0.025 0.005
0.05 0.02
0.30 0.15

95 210
26 110

5.2 9.9
1.4 5.0

C2H5

OH

OO

C3H7

OH

O O

C4H9

3700 950

Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00266-4
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Table 2 Minimum inhibitory concentration of parabens compared to other preservatives at pH 5 and 9

Minimum inhibitory concentration (%)

Chaelomonium
globosum Alternaria solani Penicillium citrinum

Aspergillus
niger

pH pH pH pH pH pH pH pH
5 9 5 9 5 9 5 9

Benzoic acid 0.10 – 0.15 – 0.20 – 0.20 –
Methyl paraben 0.06 0.10 0.08 0.10 0.08 0.15 0.10 0.15
Propyl paraben 0.01 0.04 0.02 0.05 0.01 0.06 0.03 0.05
Propionic acid 0.04 – 0.06 – 0.08 – 0.08 –
Sorbic acid 0.06 – 0.02 – 0.08 – 0.08 –

‘–’ indicates no activity.

Table 3 Regulatory status of different parabens in the United States

Compound Regulation Limitation

Methyl parabens
(FEMA no. 2710)

FDAx182.1
FDAx172.515

GRAS, chemical
preservative, up to
0.1%

Synthetic� avor
Propyl parabens Same as above Same as above

PRESERVATIVESj Permitted Preservatives – Hydroxybenzoic Acid 83
compared to 2.5–4.0 for benzoate. Parabens are particularly
useful in high-pH foods where other antimicrobials are
rendered ineffective. This can be seen fromTable 2 which
shows the minimum inhibitory concentration of parabens and
other food additives against four types of molds at pH 5 and 9.
It is believed that parabens exert their antimicrobial action in
the undissociated form; benzoic acid also operates in this way
Esteri� cation of the carboxyl group retains the undissociated
form of the parabens over a wide pH range. The weake
phenolic group provides the acidity rather than the carboxyl
group; hence salt formations involve reactions with the
phenolic hydroxyl group.

Parabens may be used in combination with benzoate,
especially in foods that have slightly acidic pH values. Evidenc
of additive antimicrobial effects of parabens and benzoates is
available. The compounds can be incorporated into foods by
dissolving in water, ethanol, propylene glycol, or the food
product itself. Dry blending with other water-soluble food
ingredients can also be done before addition to foods. Disso-
lution in water is generally carried out at room temperature,
and if required, at 70–82 � C. In ethanol or propylene glycol,
a 20% stock solution of the parabens is prepared and then use
in foods. The high cost of parabens limits their applications in
food products. While some investigators believe parabens to
have a de� nite taste at the concentrations used, other source
disagree.

The regulatory status in the United States of different par
abens is given in Table 3. Methyl and propyl parabens are
permitted as antimycotics in food packaging materials. In the
United Kingdom, methyl, ethyl, and propyl parabens are
permitted in food in accordance with the Preservatives in Food
Regulations 1989.Table 4 lists the maximum levels (mg kg� 1)
in different foods according to these regulations, whileTable 5
gives the maximum permitted levels of parabens in foods in
other selected countries. Many countries, including Japan, als
permit the use of butyl ester in foods.
(FEMA no. 2951)
Butyl parabens
(FEMA no. 2203)

FDAx172.515 Synthetic� avor

n-Heptyl paraben FDAx121.1186 In fermented malt
beverages to inhibit
microbiological
spoilage, 12 ppm
maximum

FEMA, Flavor and Extracts Manufacturer’s Association; FDA, Food and Drug
Administration; GRAS, generally regarded as safe.
Behavior and Antimicrobial Action of Different
Forms in Foods

Microbial inhibition due to parabens increases with an
increase in the alkyl chain length. Antimicrobial action of
methyl ester is some 3–4 times that of the ethyl ester some
5–8 times that of the propyl ester, and about 25 times as
powerful as phenol. Branched chain esters have a low
antimicrobial activity. Table 6 shows minimum inhibitory
concentration of esters of p-hydroxybenzoic acid against
growth and end-product production of selected microorgan-
isms. Variations in the minimum inhibitory concentration
spectrum for the same organism have been reported b
different workers. This is due to the different strains of the
organism, different incubation conditions with respect to
time, temperature, and pH, and variations in media, assay
techniques, and analysis of results. Minimum inhibitory
concentrations against various bacteria and fungi at pH 6 vary
from 12 to 400 ppm. Very little research is available on the
activity of n-heptyl ester in foods, although it is known to be
effective in inhibiting bacteria involved in malolactic
fermentation of wines.

Yeasts and molds are more sensitive to parabens tha
bacteria. They are more effective against Gram-positive bacter
than Gram-negative species. Parabens are capable of inhibitin
both membrane transport and the electron transport system,
inhibiting synthesis of DNA and RNA, or inhibiting some key
enzymes, such as ATPases and phosphotransferases. A rece
identi � ed mechanism of antimicrobial effect of parabens is its
interaction with the mechanosensitive channels to upset the
osmotic gradients in bacteria. The uptake of parabens into
microbial cells showed that the activity of the different esters
was identical once the inhibitor molecules had reached their
targets. The difference between the activities of paraben
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Table 4 Foods permitted to contain parabensa according to the Preservatives in Food Regulations 1989

Food Maximum levels (mg kg� 1)

Beer 70
Beetroot, cooked and prepacked 250
Chicory and coffee essence 450
Coloring matter, except E150 caramel, if in the form of a solution of a permitted coloring matter 2000
Dessert sauces, fruit-based with a total soluble solids content less than 75% 250
The permitted miscellaneous additive dimethylpolysiloxane 2000
Aqueous solutions of enzyme preparations not otherwise speci� ed, including immobilized enzyme preparations

in aqueous media
3000

Flavorings or� avoring syrups 800
Freeze drinks 160
Fruit-based pie� llings 800
Fruit, crystallized, glace or drained 1000
Fruit (other than fresh fruit) or fruit pulp, including tomato pulp, paste, or puree 800
Glucose drinks containing not less than 235 g of glucose syrup per liter of the drink 800
Grape juice products (unfermented, intended for sacramental use) 2000
Herring and mackerel, marinated, whose pH does not exceed 4.5 1000
Horseradish, fresh grated and horseradish sauce 250
Olives, pickled 250
Pickles other than pickled olives
Prawns and shrimps in brine

250
300

Preparations of saccharin and its sodium and calcium salts and water only 250
Salad cream, including mayonnaise and salad dressing 250
Sauces other than horseradish sauce 250
Soft drinks for consumption after dilution not otherwise speci� ed in this schedule 800
Soft drinks for consumption without dilution not otherwise speci� ed in this schedule
Soup concentrates with a moisture content of not less than 25% and not more than 60% (only methyl)

160
175

Tea extract, liquid 450
Yogurt, fruit 120

aParabens, methyl-, ethyl-, and propyl-4-hydrozybenzoate and their sodium salts.

Table 5 Maximum permitted levels (mg kg� 1) for parabens in foods in selected countries

Food Belgium Denmark Germany Italy Norway Sweden Canada

Fish semipreserves 1000 300 1000 1000 500 500 1000
Fruit juice 200a 1000 1000
Fruit pulp þ 1000 þ
Jam 300 900 1000 1000
Mayonnaise 300 1200 1000b

Mustard, prepared 300 1500 900 1000 1000
Pickles 300 900 1000 1000
Sauces, spiced 1000c 300 1500 900 1000 1000
Soft drinks containing fruit juices 200 900 1000 1000
Soft drinks,� avored, usually carbonated 200 1000 1000

þ , No maximum permitted level.
aNot for direct consumption.
bOf the fat content.
cpH more than 5.
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should be considered as differences in the ability to reach the
same target. The effectiveness of parabens is also dependent
the cellular lipid components. The outer membrane in E. coli
acts as a barrier to higher parabens. Besides, there are diff
ences in solubility of paraben esters in the membrane lipids.
This explains the relatively weak inhibition of Gram-negative
bacteria to parabens. Genera of microorganisms inhibited by
parabens include Alternaria, Aspergillus, Penicillium, Rhizopus,
Saccharomyces, Bacillus, Staphylococcus, Streptococcus, Clostridium,
Pseudomonas, Salmonella,and Vibrio. In combination with
heating, parabens are reportedly effective againstSalmonella
and yeast. Some organisms are not inhibited by parabens
For instance, Alcaligenes viscolactisin skimmed milk is not
inhibited even by 600 ppm of propyl paraben. Similarly,
erratic behavior is seen with some organisms. For example
4000 ppm of propyl paraben inhibits growth of Pseudomona
fragi, but 2000 ppm actually stimulates the growth of the same
organism.

Methyl and propyl parabens have also been shown to
inhibit toxin formation by Clostridium botulinumat 100 ppm.
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Table 6 Minimum inhibitory concentration of esters ofp-hydroxybenzoic acid against growth and end-product production of selected
microorganisms

Minimum inhibitory concentration (ppm)

Microorganisms Methyl Ethyl Propyl Butyl Heptyl

Bacteria, Gram positive
Bacillus cereus 2000 100–1000 125–400 63–400 12
Bacillus subtilis 2000 1000 250 63–400 –
Clostridium botulinumtoxin production 100 100 –
Clostridium botulinumtype A 1000–1200 200–400 –
Clostridium perfringens 500 – –
Lactococcus lactis – 400 12
Listeria monocytogenes > 512 512 –
Staphylococcus aureus 4000 1000 350–500 125–200 12

Bacteria, Gram negative
Aeromonas hydrophila,protease secretion – > 200 –
Enterobacter aerogenes 2000 1000 1000 4000 –
Escherichia coli 2000 12–1000 400–1000 4000 –
Klebsiella pneumoniae 1000 500 250 125 –
Pseudomonas aeruginosa 4000 4000 8000 8000 –
Pseudomonas fragi – 4000 –
Pseudomonas ßuorescens 2000 1000 –
Salmonella typhi 2000 1000 –
Salmonella typhimurium – > 300 –
Vibrio parahaemolyticus – 50–100 –

Fungi
Aspergillus ßavus – 200 –
Aspergillus niger 1000 50–500 200–250 125–200 –
Byssochlamys fulva – 200 –
Candida albicans 1000 500–1000 125–250 125 –
Penicillium chrysogenum 500 250 125–250 63 –
Rhizopus nigricans 500 125 –
Saccharomyces bayanas 930 220 –
Saccharomyces cerevisiae 1000 80–500 125–200 200 100
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The concentration for inhibiting toxin formation is much lower
than the concentration of 1200 ppm methyl and 200 ppm
propyl required for growth inhibition. Ethyl paraben is effec-
tive in inhibiting botulinal toxin in canned comminuted pork.
The actual inhibition of C. botulinumis much lower in actual
foods as compared to laboratory media. Propyl paraben is
known to inhibit protease secretion by Aeromonas hydrophilaat
200 ppm. Parabens are not very effective as replacements
nitrite in cured meats.

The antimicrobial action of parabens has been attributed to
interference with nutrient transport functions, inhibition of
germination of the bacterial spore, respiration, protease secre
tion, and DNA, RNA, and protein synthesis. Parabens inhibit
both membrane transport and the electron transport system
Inhibition of ATP production in the presence of parabens has
been demonstrated withBacillus subtilis.
s
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Metabolism and Toxicology of Parabens

Parabens have an acute toxicity of low order. The oral LD50

value in mice for methyl and propyl esters in propylene glycol
is greater than 8000 mg kg� 1.

The parabens are believed to be absorbed in the intestine
and then travel to the liver and the kidney where they are
hydrolyzed to p-hydroxybenzoic acid. They are excreted in
urine unchanged or as p-hydroxyhippuric acid, glucuronic
acid esters, or sulfates within 24 h. Parabens have bee
observed to have a local anesthetic effect that increases wi
the increasing number of carbon atoms in the alkyl group.
Ethyl and propyl parabens at 0.05% cause a local anestheti
effect on buccal mucosa, while 0.1% methyl paraben has
a similar effect as 0.05% procaine solution. Propyl parabens
had effects on sperm production at a relatively low dose in
male juvenile rats. Methyl parabens has been shown to be
noncarcinogenic in rats fed 2–8% in the diet. Ethyl parabens
at 2% levels in feed also has been shown to be noncarcino
genic in rats. Contradictory reports are available on the effec
of parabens on the skin. Esters ofp-hydroxybenzoic acid
cause delayed-type contact allergy. Parabens are tested
a 15% mixture of methyl, ethyl, and propyl p-hydrox-
ybenzoates (patch test). While some reports suggest tha
parabens in foods cause dermatitis of unknown etiology,
other reports indicate no skin irritation, even at concentra-
tions as high as 5%. Parabens exhibit very weak estroge
activity in vitro and in vivo, but evidence of paraben-induced
developmental and reproductive toxicity in vivo lacks
consistency and physiological coherence. Evidence attemp
ing to link paraben exposure with human breast cancer is
nonexistent.
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Assay Techniques for Parabens

Various techniques are available for quantitative and qualita-
tive analyses of parabens. Thin-layer chromatography (TLC
on kieselguhr-silica plates using hexane-acetic acid solven
system is a simple qualitative technique. In an assay procedur
accepted by the Food and Agriculture Organization (FAO), the
compounds are separated from an acidi� ed food system using
steam distillation. This is then followed by solvent extraction
using diethyl ether. The extract is spotted on the TLC plates an
separated with a 90:16:8 solvent system of toluene:methanol
acetic acid. After development, the plates are observed unde
ultraviolet light or Denige ’s reagent (mercuric oxide–H2SO4).
Reversed-phase TLC on silanized silica gel using ether-
ethylacetate-saturated borate at pH 11 has been successfu
used for the separation of methyl, ethyl, propyl, and benzyl
esters.

Millon ’s reagent has also been used to detect the presence
parabens and free acids in foods. This reagent gives a rose-r
color with neutral ammonium salt of p-hydroxybenzoic acid;
hence, it is necessary to hydrolyze the esters with alcoholi
potash before carrying out the tests. Another technique
involves extraction of the compounds by the above method
followed by saponi� cation and spectrophotometric determi-
nation of p-hydroxybenzoic acid at 255 nm. Reaction of ami-
noantipyrine with p-hydroxybenzoic acid has also been
claimed to be speci� c for qualitative detection.

Bromination of the samples enables separation of benzoic
acid and parabens on the TLC plate. Benzoic acid does no
brominate, while parabens give two spots after development
Gas chromatography of the trimethylsilyl and silyl derivatives
of parabens has shown good recovery rates of 92–100% from
various foods such as ketchup, salad mixes, salad dressing
pickles, and fat-containing foods. High-pressure liquid
chromatography techniques for determination of parabens are
also available, as such or in tandem with mass spectrometry

Conversion of the parabens into their 3-nitro derivatives
and 2,4-dinitrophenyl esters followed by polarographic esti-
mation has given less than 4% coef� cient of variation in
replicate determinations. With the exception of the TLC
method, no other collaborative studies have been recorded.
See also:Preservatives:Classi� cation and Properties;
Preservatives:Permitted Preservatives– Benzoic Acid.
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Introduction

Natamycin is a polyene macrolide antimycotic produced by
strains of the Actinomycetes, such asStreptomycetes natalen
S. chattanoogenesis, and other closely relatedStreptomycesspecies.
As an antimycotic, it exhibits strong antimicrobial activity
against yeasts and molds. Prevention of fungal spoilage o
foods is an important issue for the food industry as economic
losses due to spoilage can be considerable. Apart from th
visual and organoleptic spoilage of foods, many molds can
produce mycotoxins that have carcinogenic properties.

Natamycin shows no activity against bacteria. Such
a selective antimicrobial activity has led to its use in bacteria
fermented foods, whereby its selective action has no negativ
effect on the bacteria culture responsible for the desired
fermentation but will have a positive antimycotic effect
against contaminating yeasts and molds. Thus, it is used ofte
on the surface of cheese, fermented meats or in yogurt, fe
mented creams, and similar products. It is marketed
commercially as the Natamax� family of products by Danisco
and as the Delvocid� family of products by DSM. China also
has manufacturers. To date, natamycin is the only microbially
derived antifungal compound that is used in the food
industry.
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Figure 1 The structure of natamycin.

Table 1 Advantages of natamycin over sorbate

Natamycin Sorbate

Natural Chemical
Fungicidal Fungistatic
No effect on bacteria Bactericidal
No migration into food Penetrates into food
No� avor Bitter� avor
Effective at 1–40 mg kg� 1 Effective at 1000–2000 mg kg� 1

Effective at pH 3–9 Effective only at acidic pH
History

Natamycin was� rst produced in 1955 from a culture � ltrate of
a Streptomycetesisolated from a soil sample in South Africa. Its
name is in fact derived from the South African province, Natal,
from where it was originally isolated. Other names used in the
past are pimaracin and tennectin. Commercial preparations are
produced by fermentation of S. natalensisin a medium con-
taining a carbon source (typically starch or molasses) and
a fermentable nitrogen source (typically corn steep liquor,
casein, soya). Fermentation is aerobic and mechanical agitatio
and antifoaming agents can aid the process. The temperatur
range is 26–30 � C and the pH range is 6–8. Due to its low
solubility, natamycin will accumulate mainly as crystals, and
these can be extracted following separation of the biomass b
solvent extraction. The natamycin content of most commercial
preparations is 50% with the incipient being lactose, glucose
or salt. There are also natamycin-based products that contai
food-grade polymers that aid the adherence of natamycin for
the surface treatment of foods. Recently DuPont introduced
Natamax� plus B, which is natamycin complexed with cyclo-
dextrin. This has increased solubility compared with standard
natamycin preparations. Other natamycin-based products are
used for topical veterinary and pharmaceutical applications to
treat fungal infections, such as ring worm in horses and funga
eye infections (keratitis) in humans. Recently, the biosynthetic
gene cluster for natamycin production has been characterize
for S. chattanoogenesis.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Structure and Properties

Natamycin is a polyene macrolide with a molecular weight of
665.7 Da and the empirical formula C33H47 NO13. Its struc-
ture has been determined and is shown inFigure 1. As dry
powder it can be stored for several years with minimal loss of
activity. Aqueous suspensions are less stable, particularly
exposed to light, certain oxidants, and heavy metals, bu
they remain suf� ciently stable during practical use. Thus
compounds such as peroxides or chlorides, often used a
cleaning or disinfectant agents, should be used with care in the
proximity of natamycin. Although solutions are more unstable
in acid or alkaline conditions, the pH of most food products is
not normally at levels that cause problems. Like similar
polyene macrolides, natamycin is amphoteric containing one
basic and one acidic group. Natamycin has low solubility in
water (approximately 40mg ml� 1) and is almost insoluble in
nonpolar solvents, but it shows good solubility in strong polar
organic solvents such as glycerol, methylpyrrolidone, and
glacial acetic acid. The low solubility in water can be an
advantage for the surface treatment of food as it will stay on
the surface where it is needed instead of migrating into the
food. Natamycin has numerous advantages over other anti
mycotic preservatives such as sorbates and these are summ
rized in Table 1.
78-0-12-384730-0.00269-X 87
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Table 2 Sensitivity of molds to natamycin

MIC (mg ml� 1)a

Byssochlamys fulva040021
Penicillium candidumS66
P. chrysogenumS138
P. communeABC118
P. cyclopiumS124
P. nalgiovenseS125

0.1–1.25

Aspergillus chevalieri4298
A. clavatus
A. nidulans
A. ochraceus4069
Cladosporium cladosporioides
Gloeosporium album
Penicillium chrysogenum
P. islandicum
P. verrucolosumvar.cyclopium
Sclerotinia fructicola

0.1–2.5

Botrytis cinerea 1–25
Aspergillus nigerCBS733.88

A. versicolor108959
B. nivea163642
Fusarium solaniS200
P. roquefortiS44

2.5

Absidiasp.
Acremomium sclerotigenum
Alternariasp.
Aspergillus ßavusCBS 3005

4.0–8.0
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Mode of Action and Antimicrobial Activity

Natamycin acts by combining with ergosterol and other sterols
present in the cell membranes of yeasts and vegetative myc
lium of molds. It was thought that this interaction resulted in
pore formation, resulting in leakage of cellular material, but
recently it has been shown that this is not the case. Rather, th
interaction of natamycin with ergosterol results in the preven-
tion of cell division and loss of enzyme function. Less is known
about the action of natamycin against mold spores, but it is
thought to inhibit their germination. Ergosterol is not found in
the cell membranes of bacteria and hence their resistance. It
found in algal cell membranes and thus algae are also sensitive
There are no reports of development of resistance to natamyci
in vivo. Studies undertaken in cheese and fermented sausa
factories that have used natamycin for several years showed n
increase in the levels of natamycin-resistant yeasts and mold
compared with similar factories not using natamycin.

Most molds (Table 2) are sensitive to natamycin at
concentrations of 40mg ml� 1 or less. Yeasts (Table 3) are even
more sensitive with minimum inhibitory concentrations of
5 mg ml� 1 or less. A few species of molds such asPenicillium
discolor that have no or low levels of ergosterol in their
membranes can have reduced sensitivity. However, suc
reduced sensitivity rarely if ever causes problems in practica
food preservation. Laboratory experiments to induce resistanc
have been unsuccessful.
t

A. ßavusBB 67
A. ßavusMadagascar
A. ßavusPort Lamy
A. niger
A. versicolor
Mucor mucedo
Penicillium digitatum
P. expansum
P. notatum4640
P. nigricans
P. viridicatumWestling
Methods of Assay

The natamycin contents of food products can be determined
by microbiological, immunological, mass spectrophotometric
(MS), liquid chromatographic (LC), and high-performance
liquid chromatographic (HPLC) methodologies. Minimum
detection limits for these methods are approximately
0.5 mg g� 1. Recently an LC-MS/MS method was developed tha
has a minimum detection limit of 0.0003 mg ml� 1.
d

s.

-

,

ce

nd

ds,
lso

Scopulariopsis asperula
Aspergillus oryzae

Fusariumsp.
Geotrichum candidum
Penicillium roquefortivar.punctatum6018
Rhizopus oryzae4758

10

P. discolor547.95
P. discolor549.95
P. discolor551.95

> 40

aMinimum inhibitory concentration (de� ned as no growth after 5 days at 25� C.
Inoculum of ~104 spores in center of agar plate).
Toxicology and Legislation

Toxicology studies have been undertaken using mice, rats, an
guinea pigs. Natamycin was least toxic if administered orally
(LD50 ¼1500 mg kg� 1 body weight in rats and mice) or
subcutaneously (LD50 ¼5000 mg kg� 1 body weight) and most
toxic if administered intravenously (LD50 ¼5–10 mg kg� 1). No
natamycin was absorbed from the intestinal tract after 7 days’
feeding of up to a maximum 500 mg natamycin per day.
Feeding studies have been conducted in rats, rabbits, and dog
The acceptable daily intake (ADI) was set at 0.3 mg kg� 1 of body
weight per day in 1976 by the Food and Agricultural Organi-
zation/World Health Organization. It should be noted that no
ADI has been set by the European Union.

Speci� cation of natamycin in the United States (21 CFR
172.55) requires purity of the anhydrous compound to be
97 � 2% containing less than 1 ppm arsenic and no more than
20 ppm heavy metals.

Natamycin is approved as a food preservative in 32 coun
tries worldwide. In the European Union, it has the E number,
E235, and is permitted for surface treatment of hard, semihard
and semisoft cheese and dry sausages at a maximum surfa
concentration of 1 mg dm� 2, and penetration is restricted to
5 mm below the surface. A more general use is approved in
South Africa where it is approved in wine (principally to
prevent secondary fermentation by yeast), fruit juices and pulp,
various cheeses, yogurt, canned foods, processed meat, a
various � sh and shell� sh products. In the United States, nata-
mycin is permitted on a weight basis of 20 mg kg� 1 in certain
cheeses and shredded cheese, on the surface of baked goo
and in cottage cheese, cream cheese, and sour cream. It can a
be used in yogurt in the United States provided the yogurt is
labeled as‘nonstandard of identity.’
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Table 3 Sensitivity of yeasts to natamycin

MIC (mg ml� 1)a

Brettanomyces bruxellensis
Candida albicans
C. kruseiH66
C. pseudotropicalisH3
C. validaH74
C. vini
Debaryomyces hanseniiH42
Dekkera bruxellensisCBS2796
D. bruxellensisCBS4459
D. bruxellensisCBS6055
Hanseniasporum uvarumCBS5074
Hansenula polymorpha
Pichia membranaefaciensH67
Rhodotorula mucilaginosaCBS8161
Saccharomyces (Zygosaccharomyces) bailii
S. bayanus
S. bayanusIO18-2007
S. carlsbergensisCRA6413
S. cerevisiaeATCC9763
S. cerevisiaeCRA124
S. cerevisiaeH78
S. cerevisiae8021
S. cerevisiaevar.ellipsoideus
S. exiguus
S. ludwigii0339
Torulopsis candida
Z. bailiiCRA229
Z. rouxiiCBS1640

1.0–2.5

Candida guilliermondii
C. kefyrH2
C. paralopsilosisNCYC458
C. utilisH41
Kloeckera apiculata
Kluyveromyces lactisH17
Rhodotorula gracilis
Saccharomyces cerevisiae
S. cerevisiaevar.paradoxusH103
S. exiguusRees CBS1514
S. ßorentinusH79
S. unisporusH104
S. (Zygosaccharomyces) rouxii0562
S. sake0305
Torulopsis lactis-condensi
Torulaspora rosei
Zygosaccharomyces barkerii

3.0–10.0

aMinimum inhibitory concentration (de� ned as inhibition of growth for 14 days at
25� C. Inoculum level at ~103 cfu ml�1 ).
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Natamycin as a Cheese Preservative

Use on the surfaces of cheeses is the largest application f
natamycin. Experience has shown that it is most effective if it is
evenly applied at suf� cient concentration (0.6–1 mg g� 1). The
three main methods of surface treatment are spraying the
surface of the cheese with a natamycin suspension, dipping o
showering the cheese in a suspension, and applying natamyci
in a polyvinyl acetate suspension coating to the cheese surfac

Suitable spraying equipment is critical to successful appli
cation of natamycin onto the cheese surface. A number o
companies specialize in such equipment. Suspensions o
natamycin can support the growth of bacteria over time, and to
prevent this, 8–10% salt can be added to the suspension.

For shredded cheese, pneumatically driven spray guns a
recommended to spray the shredded cheese as it is bein
tumbled, thus ensuring homogenous application to the
surface. It is essential that the spraying system is well main
tained, with properly designed spray nozzles positioned
correctly in the spraying drum. The recommended concentra
tions of the natamycin suspension are 1250–2500 mg l� 1. The
suspension should be sprayed at approximately 6 l ton� 1 to
achieve a target level of 7–15 mg kg natamycin on the cheese
shreds. Due to its low solubility, it is important to keep nata-
mycin preparations in suspension by stirring or agitation;
otherwise, it will gradually settle out. Successful application of
natamycin onto shredded cheese can delay or protect again
yeast and mold spoilage in modi� ed atmosphere packs that
acquire leaks (a common problem) and also extend the shelf
life of the product once the pack has been opened.

Natamycin can be used in the production of blue cheese to
prevent excessive development of the mold,Penicillium roque
forti, on the cheese surface. The desirable level of natamycin o
the cheese surface is 12mg cm� 2 or more. This can be achieved
by using shower-type saturation spraying with natamycin
preparation (as a 1250–2500 mg l� 1 natamycin suspension)
using a recirculation system to optimize economical use and
keep the natamycin preparation in suspension. Blue cheese
can be treated with natamycin either before or after punching
(piercing). Treated cheeses have been shown to have superi
interior blue mold development compared with untreated
cheese where undesirable surface growth can block the openin
of the punch hole, limiting oxygen availability.

The best way to treat cheese blocks is by using spray equi
ment that employs spinning disc technology or pneumatically
driven nozzles. A very� ne even spray should be applied to all
six surfaces of the block of cheese in conjunction with a moving
conveyor belt system. Excess spray suspension can be recir
lated for further use. As mentioned, the addition of 8–10% salt
is recommended for such use to prevent bacterial growth during
prolonged run times. Block cheeses also can be treated b
simple dipping into natamycin suspensions for a few seconds.
Use of natamycin combined with polymers can increase the
adherence of the natamycin to the cheese surface. Chees
treated with natamycin must be allowed to dry before packing
or wax coating. Many cheeses are susceptible to unsight
surface growth of molds during ripening. Ripening typically
takes place at 10� C or above, with the cheeses stored on larg
shelves in large ripening rooms. Cheeses, such as parmesa
require a long ripening period and during this period can be
subject to mold contamination and subsequent spoilage.
Polyvinyl acetate (PVA) and water-based emulsion coatings ar
plastic-type coatings in liquid form that dry on the surface of the
cheese to form a protective� lm. The � lm can be removed at the
end of the ripening period. PVA coatings that contain natamycin
preparations are commercially available from coating manu-
facturers. The natamycin content of the coating ranges from 250
to 1000 mg kg� 1. The coating can be applied to the chees
surface by dipping, spraying, or painting either manually or
mechanically. Often several coats are applied at regular interva
during ripening, the cheese being turned at regular intervals to
achieve thorough and complete protection.
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Various feta-type cheeses are often soaked or stored in brin
(8–20% salt). Salt-tolerant (halophilic) yeasts and molds are
a potential spoilage problem. Natamycin added to the brine at
10–20 mg ml� 1 will prevent or delay their growth. Natamycin at
concentrations of 10–30 mg g� 1 can be mixed into soft cream
cheeses and cottage cheese dressings to provide protecti
against yeast and mold spoilage.
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Natamycin for Fermented Sausages

Fermented sausages are prepared by stuf� ng casings with
ground meat and fat inoculated with an acidifying bacterial
starter culture or allowing natural contaminant fermenting
organisms to grow. A wide variety of cured or fermented
sausages are popular with consumers in many countries. Fe
mented sausages are popular in mainland Europe. Example
include Bresaola, Morttadella, Salami, Pastirma, Pepperon
Saucisson Sec, and Summer Sausage. The fermentation proc
can last for variable periods of time ranging from 1 day to 1
month at 15–25 � C depending on the size and type of
sausage.

Fermented sausages are prone to spoilage by the growth
yeasts and molds, resulting in unsightly surface mycelium or
colonies. During ripening, the pH falls and this reduces the
water-holding capacity of the meat, resulting in an increase in
surface moisture. This provides ideal conditions for surface
mold growth. Later, during wholesale distribution or retail
storage, there is further potential for unwanted fungal growth.
A wide variety of molds can be implicated in storage, including
Aspergillusand Penicilliumspp. The recommended dosages fo
dipping or spraying sausages are 2500–4000 mg ml� 1 in water.
Thorough agitation is required to keep the natamycin in
suspension, and spraying of the sausages must be even a
complete. A further method of treating the sausages is to
pretreat the casings before stuf� ng. This can be best achieved by
soaking the casing in a 500–1000 mg ml� 1 natamycin suspen-
sion. It is more effective, however, to treat the sausages aft
stuf� ng.
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Figure 2 The effect of natamycin on the growth ofSaccharomyces cerev
Natamycin as a Yogurt Preservative

Yogurts because of their low pH can be prone to spoilage by
yeasts and molds. A preservative is required that has no neg
tive effects on the viability and fermentation performance of
the bacterial starter cultures used in yogurt production, but it
shows amtimicrobial activity against yeasts and molds. The
selective antimicrobial action of natamycin meets this criteria
and natamycin is an effective preservative in both set and
drinking yogurts. The natamycin can be added to the milk
before or after pasteurization at the same time as the inocula
tion of the starter cultures. The effect of natamycin at concen
trations ranging from 0 to 20 mg ml� 1 against an inoculated
yeast is shown inFigure 2.
Natamycin as a Preservative on the Surface of Baked Go

Surface mold growth on baked goods, which includes bread
tortillas, muf � ns, and cakes, restricts the shelf life of thes
products and can have a signi� cant economic impact. Applica-
tion of natamycin to the surface of baked goods using� ne sprays
using either spray gun or spinning disc technology as describe
has proved to be an effective method in increasing shelf life. As
with the surface spraying of cheeses and sausages, it is importa
that the natamycin be applied evenly to all surfaces. Surfac
levels of natamycin that have been proved to be effective ar
0.5 mg cm� 2 and above. Natamycin is approved in the United
States at levels in bread up to 14mg g� 1, tortillas and English
muf� ns up to 20 mg g� 1, and cakes and U.S.-style muf� ns at
7 mg g� 1. In China, it can be used on the surface of moon cakes
and baked goods when applied by spraying or dipping in
a suspension of concentration of 200–300 mg kg� 1, providing
that the residues in the treated product are less than 10 mg kg� 1.
Natamycin Control of Yeast Spoilage in Wine

Although wine is produced by the fermentative action of yeasts,
this same metabolic activity can result in spoilage. Unwanted
40 45 50 55 60 65 70 75 80
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isiaeH78 in live yogurt at 8� C.
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yeast growth can cause several wine defects: ester taints, vola
acidity, phenolic off- � avors, deacidi� cation, turbidity, and
unwanted secondary fermentation of semisweet wines. Thi
spoilage can be caused not only by contaminant yeasts but als
by those used for wine fermentation if their growth is
unchecked or is restarted by the addition of further nutrients.
Yeast spoilage can result in serious economic loss and
a worldwide problem. It is only in South Africa, however,
where such use in wine is authorized. In that country, nata-
mycin is allowed in wine, alcoholic fruit beverages, and grape-
based liquors at a maximum level of 30mg ml� 1. Natamycin
usually is added after fermentation is completed, the wine has
been racked, and free sulfur-dioxide levels have been adjuste
to 37 mg ml� 1. The wine is then� ltered and natamycin added at
5–10 mg ml� 1 before bottling. It is used particularly in semi-
sweet wine to reduce secondary fermentation and can b
employed when chemical preservatives, such as sorbate an
sulfur dioxide, fail to control the growth of spoilage yeasts. It
has been determined that the half-life of natamycin in wine
under typical storage conditions is around 20 days.
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Natamycin to Control Spoilage of Fruit Juices

Natamycin has been shown to be an effective preservative i
both pasteurized and unpasteurized fruit juices, preventing the
growth of yeasts and molds. Additional levels typically used are
6–12 mg ml� 1 and ef� cacy in delaying or preventing yeast and
mold spoilage is usually superior to sorbate at 1000mg ml� 1 or
higher. Furthermore, yeasts and molds are becoming increa
ingly resistance to sorbate, and the use of high levels of sorbat
can have a bad taste effect. Retention of natamycin in orang
juice pasteurized at 80� C for 10 min is around 70%.
e

ti-
Potential Applications

Potential applications include uses on the surface of such fruits
as strawberries, use in tomato pureé, and use in black oliv
production to prevent the growth of molds on the surface of the
brine during the fermentation process, without interfering with
the desired lactic acid bacteria fermentation. Although not
a food use, natamycin has been proposed as a selective an
fungal agent in microbiological agar media.
See also: Alternaria; Aspergillus; Aspergillus: Aspergillus oryzae;
Aspergillus: Aspergillus ßavus;Bread:Bread from Wheat Flour
Brettanomyces; Byssochlamys; Candida; Cheese:Microbiology
of Cheesemaking and Maturation; Food Packaging with
Antimicrobial Properties; Confectionery Products– Cakes and
Pastries;Debaryomyces; Fermented Meat Products and the R
of Starter Cultures; Fermented Milks and Yogurt;Fusarium;
Geotrichum; Characteristics ofHansenula:Biology and
Applications; Intermediate Moisture Foods;Kluyveromyces;
Mucor; PenicilliumandTalaromyces:Introduction;
Preservatives:Classi� cation and Properties;Preservatives:
Permitted Preservatives– Sorbic Acid; Permitted Preservativ
– Propionic Acid; Rhodotorula;Saccharomyces– Introduction;
Spoilage of Plant Products: Problems caused by Fungi;
Spoilage Problems:Problems Caused by Fungi;Streptomyces
Wines:Microbiology of Winemaking;Zygosaccharomyces;
Resistance to Antimicrobials; Fruit and Vegetable Juices.
Further Reading

Delves-Broughton, J., Steenson, L., Dorko, C., Erdmann, J., Mallory,
Thompson, B., 2010. Use of natamycin as a preservative on the su
goods: a case study. In: Doona, C.J., Kustin, K., Feeherry, F.E
Studies in Novel Food Processing Technologies. Woodhead Pub
pp. 303–330.

Delves-Broughton, J., Thomas, L.V., Doan, C.H., Davidson, P.M., 2005
Davidson, P.M., Sofos, J.N., Branen, A.L. (Eds.), Antimicrobials in
CRC Press, pp. 275–288.

Stark, J., Tan, H.S., 2003. Natamycin. In: Russell, N.J., Gould, G.W
Preservatives. Kluwer Academic, London, pp. 179–195.

Thomas, L.V., Delves- Broughton, J., 2001. Applications of the natur
vative natamycin. Research Advances in Food Science 2, 1–10.



Permitted Preservatives – Nitrites and Nitrates
JH Subramanian, LD Kagliwal, and RS Singhal,Institute of Chemical Technology, Mumbai, India

� 2014 Elsevier Ltd. All rights reserved.
This article is a revision of the previous edition article by Rekha S. Singhal, Pushpa R. Kulkarni, volume 3, pp 1762–1769,� 1999, Elsevier Ltd.
r

al.

le

s.
Salts containing nitrite have been used since Homer’s period
(850 BC) to preserve meat, although nitrite was in reality an
impurity in salt. Romans were aware of the antimicrobial ef� -
cacy of nitrite and they regularly used salt containing saltpete
or nitrite for curing and pickling meats. Until the 1940s, nitrate
was believed to possess antimicrobial properties mainly due to
ignorance about other factors like pH, which affect microbial
growth. It was subsequently established, however, that nitrate
was reduced to nitrites by micro� ora in certain foods andin vivo
by gut micro� ora. Once the antimicrobial nature of nitrites was
ascertained, nitrate was relegated to serving as the raw materi

Although nitrites are added principally to cure meat, it acts as
a multifunctional additive. It bestows color by reacting with the
heme pigments in the muscle, stabilizes� avor; delays devel-
opment of rancidity owing to its antioxidant nature (reduction
of the ferric state active in lipid oxidation to the inactive ferrous
state), and confers antimicrobial properties– the most notable
of which is the inhibition of spore germination and toxin
production by Clostridium botulinum. In spite of its many
obvious advantages, its safety is questionable because of its ro
in the formation of potentially carcinogenic nitrosamines. Both
nitrites and nitrates pose a� re hazard; on mixing with organic
matter, these ignite with friction and may even explode at high
temperatures. Fortunately, commercial curing mixes minimize
this hazard as these are composed of sodium chloride with
a small percentage of nitrites and nitrates.

A few physical properties of nitrites and nitrates are
presented inTable 1.
,
-

Foods to Which Nitrates and Nitrites May Be Added

Nitrites normally are mixed with meat binders and cure
ingredients before adding to meat products. Meat products
including bacon, frankfurters, corned beef, ham, and various
Table 1 Properties of sodium and potassium nitrites and nitrates

Property Sodium nitrite Sodium nitrate

Molecular formula NaNO2 NaNO3
Molecular weight 69.00 85.00
Color Slightly yellowish or white

crystals; sticks or powder
Colorless trans

crystals

Odor – Odorless
Taste Slightly salty Saline; slightly
Melting point (� C) 271 306.8
Boiling point (� C) 320 (decomposes) 380 (decompo
Density at 16� C 2.168 2.261
Solubility Deliquescent in air; soluble

in water; slightly soluble
in alcohol

Deliquescent i
air; soluble i
slightly solub
alcohol

92 Encyclopedia of Food
types of sausages and canned cured meats,� sh, poultry prod-
ucts, and prepackaged as well as cut deli meats bene� t from
nitrite addition. Nitrites also are used to preserve processed
cheese (prevent spoilage byClostridium tyrobutyricumor Clos-
tridium butyricum), cereals, bread, pretzels, crackers, white� our,
white � our products, certain beers, scotch, and some whiskey
Regulation of Nitrate and Nitrite Addition

The maximum permitted levels of nitrates and nitrites to be
added in cured meat across various countries is outlined in
Table 2.

Sodium nitrite is approved by US Food and Drug Admin-
istration at a maximum level of 200 ppm as a color � xative
and preservative in smoked, cured sable� sh, salmon, and
shad and in meat products, including poultry and wild game
(21 Code of Federal Regulations(CFR)172.175, 172.177, 181.34,
and 573.700). In 2002, the World Health Organization set the
acceptable daily intake for nitrate at 3.7 mg kg� 1 body weight
and nitrite at 0.07 mg kg� 1 body weight (expressed as nitrate
and nitrite ion).

As per the rules laid down in 1999 by the US Department of
Agriculture (USDA; 9CFR318.7) for nitrite addition to bacon;
either one of the following combinations is preferred:

l 100 ppm sodium nitrite or 123 ppm potassium nitrite
þ 500 ppm sodium erythorbate or sodium ascorbate

l 40–80 ppm sodium nitrite ppm or 49 –99 ppm potassium
nitrite þ 550 ppm sodium erythorbate or sodium
ascorbateþ 0.7% sucroseþ Pediococcussp.

Modi � cations have been made to the existing provisions in
Schedule 2 Part C of the Miscellaneous Food Additives Regu
lations 1995 by the Miscellaneous Food Additives and
the Sweeteners in Food (Amendment) Regulations 2007
Potassium nitrite Potassium nitrate

KNO2 KNO3

85.11 101.11
parent White or slightly yellowish

deliquescent prisms or
sticks

Transparent; colorless or
white crystalline powder

– Odorless
bitter – Cooling; pungent; salty

387 334
ses) Decomposes 400 (decomposes)

1.915 2.109
n moist
n water;
le in

Very soluble in water;
slightly soluble in
alcohol

Soluble in glycerol; water;
moderately soluble in
alcohol
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gTable 2 Maximum permitted levels of nitrites and
nitrates in cured meat in various countries

Country Nitrite (mg kg� 1) Nitrate (mg kg� 1)

Belgium 200a

Denmark 75b 500c

France 150 None
Germany Nonea 500
Italy 150 250
Netherlands 500 2000
United Kingdom 200 500
Norway 60a,c

Sweden 200a

Canada 200 200

aMust be mixed with NaCl before use.
b25 mg kg�1 in fully preserved products.
cCertain products only.
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(MFASF, England). The MFASF aims to maintain the microbi
ological safety of food products while controlling the level of
nitrosamines to a minimum. Acknowledging and respecting
the opinion expressed by European Food Safety Authority
(EFSA) on 6 November 2003, MFASF reduced the previous
approved levels of nitrites and nitrates in meat and other food
products. Additionally, in accordance with EFSA’s recommen-
dations, future decisions regarding their levels would depend
on the quantity added rather than the residual amounts. In
complete accordance with this regulation, except for certain
traditional food products, the legislation de� nes the acceptable
limits of potassium and sodium nitrite in meat products and
sterilized meat products as 150 and 100 mg kg� 1, respectively.
Table 3 Regulatory status of nitrite and nitrate

Compound Regulation Limitation

Sodium nitrite FDAa 172.175 (1) As a color� xative in smoked c
10 ppm (0.001%) in the� nished

(2) As a preservative and color� xati
cured salmon, and smoked, cu
level of sodium nitrate does n

(3) As a preservative and color� xativ
meat and meat products (inclu
sodium nitrite to not more than
not more than 500 ppm in the� n

CFIAb (1) In products other than side ba
(2) In the curing of side bacon, th

FSAc (1) Other than certain traditional
a maximum amount added of

Sodium nitrate FDA 172.170 (1) As a preservative and colo� xati
cured salmon, and smoked, cu
level of sodium nitrite does no

(2) As a preservative and color� xativ
curing of meat and meat prod
amount of sodium nitrate to no
nitrite to not more than 200 pp

CFIAb (1) In the production of slow cured
be used in addition to the nitri

FSAc (1) The legislation limits the use o
bacon/ham (250 ppm) and cu

aFDA, US Food and Drug Administration.
bCFIA, Canadian Food Inspection Agency.
cFSA, Food Standards Agency, United Kingdom.
Non-heat-treated meat products can be preserved usin
potassium and sodium nitrate 150 mg kg� 1, although nitrates
could be present in other heat-treated meat products owing to
the spontaneous transformation of nitrites to nitrates in a low-
acid environment. The highest acceptable level de� ned for
Bacon, Filet de bacon(a conventional French product) and other
similar products is 250 mg kg� 1 residual without added E249 or
E250. Addition of extract obtained from vegetables like spinach
or celery to food products is approved, provided the extract is
considered only as a food additive. From a preservation point of
view, this would not be allowed by Directive 95/2/EC, as its
ability to support preservation is yet to be evaluated and
approved. The maximum nitrites or nitrate levels permitted by
different countries are shown in Table 3. For potassium salts,
appropriate concentrations to take in to account the higher
molecular weight of potassium need to be calculated.
Behavior of Nitrites in Food

Ionic nitrite though nonreactive in aqueous solutions, can be
converted under mildly acidic conditions to a powerful nitro-
sating agent N2O3 on treatment with nitrous acid ( eqn [1] and
eqn. [2]).

NO2
� þ H2O ������ !

acid ðHþ Þ
HNO 2 þ H2O [1]

2HNO 2 / N2O3 þ H2O [2]
HNO 2 þ Hþ þ Y� / NOY þ H2O [3]
ured tuna� sh products so that the level of sodium nitrite does not exceed
product.

ve, with or without sodium nitrate, in smoked, cured sable� sh, smoked,
red shad so that the level of sodium nitrite does not exceed 200 ppm and the

ot exceed 500 ppm in the� nished product.
e, with sodium nitrate, in meat-curing preparations for the home curing of
ding poultry and wild game), with directions for use that limit the amount of
200 ppm in the� nished meat product, and the amount of sodium nitrate to

ished meat product.
con, the maximum level of sodium nitrite salts is 200 ppm.
e maximum input level of sodium nitrite salts is 120 ppm.
products, the legislation limits the use of sodium nitrite in meat products to
150 ppm, and in sterilized meat products to 100 ppm.
rve, with or without sodium nitrite, in smoked, cured sable� sh, smoked,
red shad, so that the level of sodium nitrate does not exceed 500 ppm and the
t exceed 200 ppm in the� nished product.
e, with or without sodium nitrite, in meat-curing preparations for the home
ucts (including poultry and wild game), with directions for use that limit the
t more than 500 ppm in the� nished meat product and the amount of sodium
m in the� nished meat product.
meat products, sodium nitrate salt at a maximum input level of 200 ppm, may

te salts; exception for dry rub–cured meat applies.
f sodium nitrate in meat products to 150 ppm; exception applies for Wiltshire

red tongue (10 ppm).
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In the presence of certain anions (Y� ) like chloride and
thiocyanate, additional nitro agents are produced (eqn [3]).

Nitroso derivatives result from the reaction of these nitro-
sating agents with a broad array of nucleophilic substrates
(eqn [4]).
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Table 4 Relationship between IAMS criteria for the ideal
preservative and nitrite

Criterion
Compliance of nitrite with
the criterion

Toxicological acceptability ?
Microbiological activity �
Long persistence in foods �
Chemical reactivity High
High thermal stability Not relevant
Wide antimicrobial spectrum Gram-positive bacteria
Substrateþ N2O3 / SubstrateeNO [4]

Measurable nitrites in cured meat decline rapidly during
curing and subsequent storage. Nitrite cannot be termed a
a direct toxicant; however, the highly reactive nitrite is reduced
to nitric oxide, which binds and reacts with many meat
components, such as proteins, lipids, and carbohydrates. It is
likely that similar reactions could take place in microbial cells.

Reaction with Proteins

Sodium nitrite can react with secondary amines and amides
in vitro to form potentially carcinogenic N-nitroso compounds
possessing teratogenic and mutagenic properties. Nitrosatio
reactions occur at the following:

1. N-terminal amino or imino residues

eCHRNH 2 þ N2O3 / eCHROH þ HNO 2 þ N2[ [5]

2. Peptide linkages

N-nitrosated peptide bonds reported in cured meats
are comparatively unstable and therefore not likely to persist.
Terminal diazohydroxides, formed due to hydrolysis of
N-nitrosated peptide bonds, decompose quickly with the
removal of nitrogen. This reaction is important in the
creation of protein-bound residues of N-nitrosoproline and
N-nitrosohydroxyproline.

3. Amino acid residue side chains, which could be the result of
the following:
l C-nitrosation of tyrosine presence con� rmed by enzyme

hydrolysis
l N-Nitrosation of indole side chain in tyrosine presence

doubtful in cured meat because of its unstable nature
l S-nitrosation of thiol group of cysteine – The S-cysteine

formed is less effective as anticlostridial agent than nitrite
S-cysteine is considered to be the major contributor of
free nitrite depletion in cured meat, accounting for 25%
of the added nitrite in cured meat.

Reaction with Other Constituents

Nitrites can react with other organic constituents, such as the
following:

1. Production of pseudonitrosiles arising due to the binding of
nitrites with lipids.

eCH ¼ CHe þ N2O3 / eCHNO eCHNO 2 [6]

2. Nitrite reacts reversibly with carbohydrates to form nitrite
esters.
Active against foodborne pathogens þ
No development of microbial resistance þ
Not used therapeutically þ
Assay procedure available þ

þ , complies with criterion;� , does not comply; ?, debatable.
ROH þ N2O3 / RONO þ HNO 2 [7]

3. Nitrite reacts with the phenols generated during smoke
curing to form unstable C-nitroso derivatives that are con-
verted to stable C-nitro derivatives. A series of such
C-nitroalkylphenols have been identi� ed in bacon.
4. Oximes are formed due to the C-nitrosation of activated
methylene groups like those found in 3-deoxysuloses (inter-
mediates of ascorbic acid and Maillard browning reactions).

5. Nitrite reacts with alcohols forming alkyl nitrites.
6. Nitrite forms thionitrites when reacted with thiols.
7. Alcohols and unsaturated derivatives are produced on the

reaction of nitrites with primary amines.
8. Under acidic conditions, sodium nitrite could react with

phenolic antioxidants (viz., phenol, 3-methoxycatechol,
catechol, vanillin, and butylated hydroxyanisole) creating
compounds with proliferative, hyperplastic, genotoxic, and
carcinogenic properties.

9. Approximately 5–15% of the nitrite added to meat reacts
with myoglobin forming nitrosohaemoglobin, conferring
the characteristic red color to cured meat. It may ge
oxidized to nitrate (1–10%), remain as free nitrite (5–10%),
converts to nitric oxide gas (1–5%), be bound to sulfhydryl
groups (5–15%), lipids (1– 5%), and proteins (20–30%).
Analytical procedures have been devised for qualitative and
quantitative detection of nitrites.
Antimicrobial Action of Nitrite

Table 4 summarizes the compliance of nitrite with the criteria
put forth by the International Association of Microbiological
Societies (IAMS) for use as an ideal preservative.

Inhibition of putrefactive anaerobes cannot be ensured at
concentrations as high as 22 000mg g� 1, if conditions favorable
for their growth exist. Sodium nitrite has been used mainly in
conjunction with other constituents of the curing mixtures such
as salt, ascorbate, and erythorbate. Thermal treatment of th
product, the growth of competing � ora, the type of phosphate,
the levels included in the formulation, and the temperature of
abuse could further in� uence its antibotulinal effectiveness.
Depending on the interplay of preservatives with other
parameters, these risk factors could be either enhanced o
reduced. The data for pasteurized ham are shown inTable 5.

Although nitrite does not seem to have a signi� cant inhib-
itory effect on spore germination, it could inhibit botulin
production above 50 mg g� 1 sample. Inhibitory effect is better
demonstrated in acidic pH and anaerobic conditions. The loss
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Table 5 Risk factors for changes in the levels of nitrite and other components of the curing mixture,
singly and in combination in pasteurized ham

Components of the curing mixture Risk factors

Components when used alone
Percent salt at (i) 2% (ii) 3.5% (iii) 4.5% (iv) 5.5% (i) 4 (ii) 1 (iii) 0.5 (iv) 0.1
Nitrite (mg kg� 1) at (i) 50 mg (ii) 100 mg (iii) 200 mg (iv) 300 mg (i) 10 (ii) 3 (iii) 1 (iv) 0.5
Percent Polyphosphate at (i) 0% (ii) 0.3% (i) 1 (ii) 0.2–1.0 depending on salt, pH,

and the type of phosphate
pH Value of (i) 5.7 (ii) 6.0 (iii) 6.4 (i) 0.3 (ii) 1 (iii) 4.0
Process time at 80� C for (i) 0.7 min (ii) 6.7 min (iii) 12.7 min (i) 3 (ii) 1 (iii) 0.9
Storage temperature at (i) 15� C (ii) 20� C (iii) 25� C (i) 1 (ii) 5 (iii) 7
Components in combination
3.5% saltþ 200 ppm nitriteþ processing time at 80� C for

6.7 minþ storage at 15� Cþ pH 6.0
1

2% saltþ 50 ppm nitriteþ storage at 20� Cþ pH 6.4 800
4.5% saltþ 100 ppm nitriteþ storage at 20� Cþ processing time

of 0.7 min at 80� C
23

4.5% saltþ 100 ppm nitriteþ storage at 20� Cþ processing time
of 0.7 min at 80� Cþ 0.3% polyphosphate

5

Table 6 Conditions of inhibition of various organisms in the
presence of nitrite

Organism Conditions of inhibition

Clostridium perfringens 200mg ml� 1 nitriteþ 3%
salt (20� C, pH 6.2)

50mg ml� 1 nitriteþ 4%
salt (20� C, pH 6.2)

Salmonellasp. 400mg ml� 1 nitriteþ 4%
salt (10–15� C, pH 5.6–6.2)

Escherichia coli 400mg ml� 1 nitriteþ 6%
salt (10� C, pH 5.6)

Achromobacter, Enterobacter,
Escherichia, Flavobacterium,
Micrococcus,andPseudomonas

200mg g� 1 and pH 6.0

LactobacillusandBacillus Resistant to nitrite
Staphylococcus aureus 200 ppm nitrite at pH 5.6

or less (inhibitory)
1.0% nitrite and pH 5.6

or less (bactericidal)
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of nitrite in meat or culture associated with pH and tempera-
ture is given by an exponential equation

log10ðhalf -life of nitrite Þ ¼6:65 � 0:025

� temperatureðin � CÞ þ 35

� pH:

Nitrite inhibits cell division of spore formers, though it is
rendered futile if the spore count is high. Temperature plays an
important role in in � uencing botulin production. A tempera-
ture of at least 10� C or lower has been proposed for cured
meats. Limited quantity of nitrite is essential to attain a product
of acceptable standards in case of irradiated meat (irradiation
of meat products is not allowed in many countries). Table 6
exempli� es the antimicrobial effectiveness of nitrite, alone and
in combination with other constituents.

Use of extremely high nitrite concentrations coupled with
reduced pH results in meat discoloration termed‘nitrite burn.’
Micrococci generally found near the fringes of cured mea
sausages orStaphylococcussp. present within the sausage bring
about the conversion of nitrate to nitrite. Addition of preservative
to the media before autoclaving is observed to be more effective a
inhibiting C. botulinum. This effect is observed in the temperature
range of 95–125 � C at pH 6.0 and is attributed to the formation of
‘Perigo inhibitors’. A mixture of cysteine, nitrite, and ferrous salts
has been used to understand the principle underlying this effect

Later reports proposed the presence of reducing agents, su
as thioglycollate, ascorbate, or cysteine, and protein hydrolysat
as a prerequisite for the occurrence of this effect. When suc
mixtures are heated, iron-sulfur bridge compounds are formed,
which are effectual inhibitors of Clostridial spores. Furthermore,
Perigo and Roberts con� rmed the superior inhibitory effect of
nitrite heated in laboratory media against 30 Clostridial strains.
The ‘Perigo inhibitor ‘ seems to demonstrate some inhibitory
activity even againstEnterococcus duransand certain strains of
Bacillussp. A few microbes, such asEnterococcus faecalisand
Salmonellasp., exhibit resistance to this factor. Meat particles ar
known to curb or neutralize the effectiveness of‘Perigo inhibitor ’
to some extent. Processed meat products cured with sodium
nitrite are not at risk for the growth of Clostridium perfringen
during extended chilling and cold storage. Nitrites in combina-
tion with enterocin AS-48 reduceLactobacillus sakeiin cooked
ham below the detection limit and prevent spoilage during
storage. Furthermore, the combination of nitrite with lactic acid
shows synergistic effect in inhibition of Listeria monocytogenes.
Mechanism of Action of Nitrite

Iron-containing cofactors or enzymes have been identi� ed as
possible targets to inhibit germination. The probable mecha-
nisms are as follows:

l Nitrate ion affects the phosphoroclastic enzyme system
involved in the conversion of pyruvate to acetate. They
rapidly reduce the adenosine triphosphate levels within the
microbial cell, resulting in pyruvate excretion.
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l Nitrate ion exists in equilibrium with nonionic forms,
including nitric oxide (NO). NO chelates both nonheme and
heme iron of cytochrome oxidase in aerobes and inhibiting
them. Iron-sulfur enzyme, ferredoxin, or pyruvate ferrodoxin
oxidoreductase are inhibited inC. botulinum.

l Chelating agents, such as ethylenediaminetetraacet
acid, erythorbates, sodium ascorbate, and polyphosphates
sequester iron and augment the antibotulinal ef� ciency of
nitrite.

l High nitrite concentrations possibly could inactivate
5-nitrosation of sulfhydryl enzymes.
e
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Importance of Species and Strain Tolerance

Tolerance to nitrite vary considerably with species, even th
genetic strain of the animal, as well as the life stage of the
species being evaluated. Appreciable variation exists amon
proteolytic and nonproteolytic strains of C. botulinum with
respect to physical factors in� uencing antibotulinal activity,
such as temperature, water activity, and acidity (pH); however
species or strain-speci� c variation in response is yet to be
understood and documented.
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Toxicology

Toxicologically, nitrites and nitrates are considered jointly due
to the ease of conversion of nitrate to nitrite by certain intes-
tinal micro � ora. Furthermore, the levels of related risks canno
be easily established owing to the complex and interlinked
chemistry of nitrite, nitric oxide, and related compounds.
Substantial attention has been paid since 1960s on investi
gating the toxicological safety of nitrite with respect to nitro-
samines formation.

A well-documented source of nitrites in humans is via the
intake of vegetables, water, and cured meat. The fatal dosage
sodium nitrite is in the range of 22–23 mg kg� 1 of body weight.
Nitrite exhibits severe toxic effects owing to reduced oxyge
transport in the bloodstream due to formation of methemo-
globin. Extreme susceptibility is noted in infants younger than
6 months with fatal cases of poisoning being reported after
intake of vegetables or water containing 100–500 ppm nitrite.
Studies also report the hypotensive nature of nitrites and its
ability to disrupt thyroid function.

Nitrite induces mutations in certain strains of Salmonella
typhimuriumgenerally employed for detecting base-pair substi
tutions. A few epidemiological studies suggest an apparen
connection between dietary intake of nitrates and nitrites, and the
incidence of cancer. The unusually high susceptibility to esoph
ageal cancer in Henan province of China has been attributed to
the intake of vegetables pickled in nitrate and nitrite rich water.
Recent studies, however, are unable to establish any correlatio
between dietary nitrite and gastric cancer.

Absence of any apparent dose–response relationship is
further complicated by evaluating its safety at higher dosage
Until now, there has been no direct evidence to link nitrite
intake with carcinogenicity; however, at higher doses, it is
proposed that it functions as a cocarcinogen. Thiamine mon-
onitrate, an offending compound, was found in few baby foods
packaged in jars besides cereals and other infant foods lik
cheese and macaroni.

The etiology of multiple sclerosis is not de� nitely known
and can be attributed ecologically to diet (food pattern). One
hypothesis is that the preservation of meat by nitrite and wood
smoke plays a role, and the protective in� uence of a� sh and,
possibly, a vegetable diet are supported by some reports. Mor
studies will be required, however, for a de� nite conclusion.
The number of cases of Barrett’s esophagus, a complication of
gastroesophageal re� ux disease and premalignant condition,
was three times higher in subjects consuming nitrites than
nonconsuming subjects. Furthermore, the consumption of
cured or smoked meat and � sh leads to the formation of
carcinogenicN-nitroso compounds and may be associated with
leukemia risk among children and adolescents, and the intake
of vegetables and soybean curd may be protective.
Interaction of Nitrite with Other Preservatives

A daily consumption of food products with a concoction of
additives poses health risks. It therefore is imperative to under
stand the underlying principle and chemistry of the interactions
occurring between various additives. Nitrite often is used in
conjunction with other additives and, therefore, knowledge of
the reactions resulting from their interactions is necessary.
Ascorbic Acid

Nitrosation in cured meat could be prevented by treating
nitrous acid with ascorbic acid to yield dinitrosyl ascorbate,
which can be broken down to dehydroascorbic acid and nitric
oxide. The nitric oxide formed reacts with atmospheric oxygen
and water to yield a mixture of nitric and nitrous acids; this
serves as a sink for the removal of excess nitrous acid from th
system, as nitrate is comparatively unreactive.

Reaction between ascorbic acid and nitrous acid is effective i
eliminating a carcinogenic nitrosamine, N-nitrosopyrrolidine,
created during the process of frying in bacon. As the nitrosamine
is formed in adipose tissue, fat-soluble ascorbyl palmitate is
noted to be better suited than ascorbic acid. The degradation
products of ascorbic acid also undergo degradation to form
certain compounds that also react with nitrites, although the end
products of the reaction have not yet been identi� ed.
Sorbic Acid

Sorbic acid inhibits the growth of C. botulinumand further
reduces nitrosamine formation. To counter the use of nitrite at
high concentrations in meat curing, fractional replacement of
nitrite by sorbic acid has been put forth. This approach could
produce mutagenic end products under acidic conditions. Of
these 1,4-dinitro-2-methylpyrrole (DNMP) and ethyl nitrolic
acid can be formed in a few hours at 60� C, the maximum yield
being obtained in the proportion of nitrite:sorbic acid (8:1).

Use of sorbic acid in combination with ascorbic acid
diminishes mutagenicity. Ascorbic acid reduces the C-4 nitro
group in DNMP to a C-4 amino group leading to the formation
of a nonmutagenic compound, 1-nitro-2-methyl-4-amino-
pyrrole. Osawa et al. (1986) put forth a hypothesis outlining
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similar reducing compounds and their signi� cance in lowering
the levels of mutagens in vegetable juices.

Sulfur Dioxide

A combination of nitrite with sulfur dioxide is rarely used.
Nitrite reacts with bisul� te ion forming sulfonates of either
hydroxylamine or ammonia. The additives lose their individual
preservative abilities due to such reactions. Such reaction
would be well suited to remove excess nitrite in certain
processes. HydroxylamineN,N-disulfonates are formed when
alkali metal nitrites react with an excess of bisul� te under cold
conditions, whereas at higher temperatures, the same reactan
result in the nitrogen atom being completely substituted
forming N,N,N-bonded trisulfonate. Hydrolysis of disulfonate
under acidic conditions produces the monosulfonate and
bisul� te ion, while the trisulfonate yields sulfamates. Further
reaction of sulfamates with nitrous acid leads to the production
of bisulfate ion and nitrogen gas.

Chloride Ion

The addition of sodium chloride to cured meat at 2.0–2.5%
does not seem to have an effect on the levels of nitrosamines
Sebranek and Fox (1985) have suggested the formation o
nitrosyl chloride to affect nitrosation reactions. This hypothesis
has been strengthened by the kinetic evidence for the produc
tion of nitrosyl chloride provided by Fox et al. (1994) in model
(meat) systems. The kinetics data proposed that ascorbic ac
alone could reduce nitrous acid and nitrosyl chloride to form
nitrous oxide, which further reacted with myoglobin, leading to
the production of nitrosylmyoglobin derivative. The mecha-
nisms put forth, considered two scenarios.

A semistable mononitroso ascorbyl dimer forms in the
absence of chloride ion, whereas in its presence, a chlorid
catalyzed reaction continues by the simplistic reduction of
nitrosyl chloride by ascorbic acid. Although nitrosyl chloride is
known to exist under strongly acidic conditions, it has neither
been isolated nor identi� ed under the mild acidic conditions
that exist during meat curing. As a result proof of its existence
remains unsubstantiated.

Lecithin

Lecithin generally is used for emulsi� cation, as a dietary supple-
ment, and as an antisticking agent. It serves as a source of cholin
which on heating could degrade to trimethylamine. Subsequent
demethylation yields dimethylamine, which reacts with nitrite
to form carcinogenic dimethylnitrosamine. The production of
dimethylnitrosamine has been demonstrated in a model system
in which sodium nitrite was heated with lecithin at pH 5.6. Foods
having lecithin as well as nitrite possibly could be a source of
nitrosamines. Health threats posed by such interactions are yet t
be properly investigated and con� rmed. It is important to explore
and understand the relevance of such interactions in real foods.
i

Transformation of Nitrite to Nitrosamines

Interaction of nitrites with amines and amides leads to the
formation of extremely potent carcinogenic nitrosamines and
nitrosamides. Comprehension on possible contamination of
foods with nitrosamines crept in the late 1950s in Norway. The
death of domesticated animals due to severe liver disorder
resulting from a diet of nitrite-preserved� sh shed light on this
issue.N-nitrosodimethylamine was isolated and its role as the
causative agent was established. At pH above 7.0,N-nitro-
samides undergo rapid decomposition. Animal-feeding studies
con� rmed the carcinogenic nature of 70% of the tested
compounds. N-nitrosodimethylamine, N-nitrosodiethyl-
amine, N-nitrosopiperidine, and N-nitrosopyrrolidine are
some of the main N-nitrosamines formed in foods. Eqn [8]
depicts theN-nitrosation of a dialkylamine.

R2NH þ N2O3 / R2NeNO þ HNO 2 [8]

Anions such as halides, acetates, phthalates, sulfu
compounds, weak acids, certain carbonyl-containing
compounds, and thiocyanates catalyze the reaction. Th
catalytic potential of thiocyanate is 15 000 times greater than
that of chloride. The rate of reaction is highest in the pH range
of 2.25–3.40. The presence of carboxyl groups such as i
formaldehyde could drive the nitrosation process under
alkaline conditions. The process of nitrosation could either be
catalyzed or inhibited by simple polyphenolic compounds,
their role being determined by the structure of these
compounds.

Exclusion of oxygen during processes such as frying coul
reduce the formation of N-nitrosamines by 90%. Formation of
N-nitrosamine is greater in processes carried out at elevate
temperatures for shorter periods as opposed to the use of lowe
temperatures for longer periods. Foods processed in microwav
show undetected or negligible levels of nitrosamines.

A few of the amides found in animal tissues– for example,
N-nitrosoproline, pyrrolidine, spermidine, proline, and
putrescine – act as precursors inN-nitrosopyrrolidine forma-
tion, with proline being the chief precursor. An important
aspect ofN-nitrosopyrrolidine formation is its absence in lean
edible portions of meat and its concentration in the fried-out
fat and the vapor. On the basis of this discovery, adipose tissu
can be termed asN-nitrosopyrrolidine generator; surfactants
and cell membranes facilitate the partitioning of N2O3 to the
nonaqueous phase. The aqueous nature of curing solution
presents practical dif� culties in its implementation.

Microorganisms capable of in� uencing nitrosamine
formation exhibit features, such as nitrate reduction and
oxidation, oxidation of ammonia to nitrate, conversion of
nitrates to amino acids or ammonia, pH reduction, and
production of nitrosation catalyzers. Microorganisms catalyze
nitrosation through enzymatic and nonenzymatic routes. The
factor supporting nitrosation in Escherichia colihas been
identi � ed as the enzyme nitrate reductase, althoughNeisseria
sp. lacking this enzyme manages to catalyze the same proces
Denitri � ers – for example, Pseudomonas aeruginosa, Neisseria
sp., Alcaligenes faecalis, and Bacillus licheniformis– carry out
nitrosation at a faster pace as compared with nondenitri� ers.
Intestinal microorganisms mediate the generation of nitro-
samines within human body. At neutral pH values, nitrate-
reducing enterobacteria produce nitrosamines from nitrate
and secondary amines. Additionally, at neutral pH, many
non-nitrate reducers like Lactobacilli, group D Streptococc,
Clostridium sp., Bacteroidessp., and Bi� dobacterium sp.,
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nitrosate secondary amines with nitrites by the proposed
mechanism of enzyme catalysis.
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Consumer Concern about Amines

N-nitrosamines are generated in a variety of animals at physi
ological pH and are suspected to be potent carcinogens. On
of the main concerns regarding nitrate or nitrite consumption
is their reactivity with natural amines present in food within
the stomach yielding carcinogenic compounds affecting the
stomach, liver, and esophagus. Nitrosamines, based on the
stability, are classi� ed into liver carcinogens (stable) and
esophageal carcinogens (unstable).

N-nitrosamides differ from N-nitrosamines in the production
of tumors; the former produces tumors at the site of application,
whereas the latter produces tumors at a different site. LD50 of
N-nitrosomethyl-2-chloroethylamine is 22 mg kg� 1 and that
of N-nitrosodiethanolamine is 7500 mg kg� 1.

The carcinogenic nature ofN-nitrosamines comes to the
forefront on metabolic activation involving hydroxylation of an
a-carbon atom to the nitrosamino nitrogen forming the chemi-
cally unstable a-hydroxyalkylnitrosamine. It undergoes natural
rearrangement yielding an aldehyde and a primary alkyldiazo-
hydroxide structure. An alkyldiazonium ion is formed from the
latter compound on the loss of a hydroxide ion. The alkyldiazo-
nium ion undergoes decomposition to generate molecular
nitrogen and a carbonium ion that alkylates proteins, nucleic
acids, water, or other nucleophiles. Initiation of tumors is in� u-
enced not only by the extent of damage but also by the extent o
DNA repair and the site of damage at the molecular level.

Numerous attempts have been made by researchers to cur
nitrite levels while achieving inhibition of C. botulinum. A
combination of nitrite (40 mg g� 1) with sorbic acid or potas-
sium sorbate does seem to deliver the required preservatio
effect in canned pulverized pork and chicken meat frankfurters
It is essential to remember that combining sorbic acid with
nitrite could lead to the formation of mutagenic products.
Furthermore, certain studies report sorbates to elicit an allergi
reaction apart from rendering a chemical-like� avor, ‘prickly’
mouth sensation and a sweet scent in bacon.

Alternatives such as parabens have been explored for nitrit
substitution in meat products with less encouraging results.
Another approach investigated involved using a lactic acid
starter culture in combination with dextrose. This decreases th
pH to a point at which nitrite concentrations as low as
50 mg g� 1 were found to be adequate to inhibit growth and
botulin production. Further probable alternatives include use
of nisin at 75 ppm, hypophosphite at 3000 ppm, and 40 ppm
nitrite with 1000 ppm hypophosphite. The drawback in using
these alternatives is that none of these possesses the function
features demonstrated by nitrites in cured meats.
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Conclusion

The human body does contain certain defence mechanisms to
counter the toxic effects of nitrite and nitric oxide to at least
some extent which is found to be lacking in some bacteria,
including C. botulinum. Nitric oxide and nitrite are common
human metabolites, derived from arginine by the action of
nitric oxide synthases. Although not a xenobiotic, nitric oxide
has many physiological functions and plays an important role
in launching an in � ammatory response to microbial infection.
Taking into consideration the health risks and possible toxic
and carcinogenic effects posed by nitrite intake, efforts ar
being made to restrict the quantity of nitrite added to foods. It
will be dif � cult to accomplish complete removal of nitrites
from human diets or the environment as bacteria can reduce
nitrate found in vegetables to nitrites. Nitrates occur in vege-
tables at levels of several 1000 ppm. Also, additional sources o
nitrite include saliva (1–10 ppm) and drinking water (up to
45 ppm). Any attempt to decrease nitrite levels must not fail to
notice the risk posed bybotulin; especially as the hazards pre
sented by the toxin are much greater than those caused b
either nitrite or nitrate.

A thorough understanding of the underlying events that
retard growth, identifying cellular nitrite-binding target sites,
and biochemical processes triggered in the presence of nitrite
would prove bene� cial. Armed with this knowledge, a search
for compounds that mimic the action of nitrites can be
mounted. Identi � cation, selection, and investigation of such
compounds as a substitute for nitrite could contribute to
improved means of food preservation.

See also:Bacillus: Introduction;Clostridium; Clostridium:
Clostridium botulinum; Clostridium: Detection of Neurotoxins o
Clostridium botulinum; Escherichia coli:Escherichia coli;
Spoilage of Meat; Curing of Meat; Spoilage of Cooked Mea
Meat Products.
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Introduction

Propionic acid is a preservative developed speci� cally to
combat the rope-forming organism, Bacillus mesentericus, in
bread. This compound is a member of the aliphatic mono-
carboxylic acid series containing from 1 to 14 carbon atoms
which all have antimicrobial activity. Propionates have been
selected over other members of the series because the tastes a
odors of the higher homologs become evident in baked goods.
This preservative is also a normal metabolite of the micro� ora
in the gastrointestinal tract of ruminants. It is found to the
extent of 1% in Swiss cheese because of the growth an
metabolism of the genusPropionibacterium, where it also acts as
a preservative.

Some general properties of propionic acid and its calcium
and sodium salts are given inTable 1.
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Foods Permitted to Contain Propionic Acid

Propionic acid (pKa – 4.87) and its salts are mainly used in
bread and bakery products, including � our confectionery,
above a water activity of 0.65 to suppress the bacteria that ar
responsible for causing rope in the center of bread and for the
growth of molds on bread and cakes. Most molds are
destroyed during baking, but surface contamination can occur
under the wrapper during subsequent storage. This additive i
also used as a mold inhibitor in cheese foods and spreads
Propionates do not inhibit yeasts, and hence they do not
interfere with the leavening in bread dough. Calcium propi-
onate is the preferred salt, because it also contributes to th
enrichment of the product. For chemically leavened products
sodium propionate is preferred, because the calcium ions
interfere with the leavening action. In processed cheese
Table 1 Properties of propionic acid and its calcium and sodium s

Property Propionic acid

Molecular formula C3H6O2

Molecular weight 74.09
Appearance Oily liquid
Odor Slightly pungent, disagreeable
Melting point (� C) � 21.5
Boiling point (� C) 141.1
pKa 4.87
Solubility Miscible in water, alcohol,

ether and chloroform

LD50 (per kg body weight):
Oral (mg kg� 1)
Intravenous (mg kg� 1) 625 (mouse)

LD50, median lethal dose.

Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
propionates are added to the starting materials in the cooker
They may be added before or along with emulsifying salts in
pasteurized processed cheese and cheese spread. Propiona
may be mixed with other ingredients and used in a cold pack,
or they may be sprinkled onto the ground cheese base while i
is being processed.

Calcium and sodium propionates are listed as antimycotics
when migrating from food packaging materials. For butter,
propionate-treated parchment wrappers give suf� cient
protection, although propionates are not used in butter itself.
Maximum permitted levels of propionates in bread and cheese
in selected countries are given inTable 2. The Codex General
Standard for Food Additives permits propionic acid and its
salts at 3000 mg kg� 1 in whey protein cheese and as per good
manufacturing practice (GMP) in a wide range of food
product categories such as dairy, fruits and vegetables, anim
products, alcoholic and nonalcoholic beverages, cereals an
seasonings.

Sodium propionate at 0.2–0.4% is known to inhibit the
growth of molds on the surface of malt extract. Sodium
propionate delays spoilage not only in fresh� gs, syrup, apple
sauce, berries, and cherries but also in neutral vegetables su
as lima beans and peas. Ammonium propionate is used as
preservative in ruminant feeds at 0.2–0.4%.

The regulatory status of propionic acid and its calcium
and sodium salts in the United States is summarized in
Table 3.
Behavior of Propionic Acid in Food

The compliance of propionates with the criteria laid down by
the International Association of Microbiological Societies
(IAMS) for an ideal preservative is given inTable 4. Propionic
alts

Sodium propionate Calcium propionate

C3H5NaO2 C6H10CaO4
96.07 186.22
Transparent crystals or granules White crystals

Cheese-like Cheese-like

150 g per 100 ml at 100� C in water
4 g per 100 ml in alcohol at 25� C

55.8 g per 100 ml at
100� C in water
Insoluble in alcohol

5100 (rat) 3340 (rat)
1380–3200 (rat) 580–1020 (rat)

78-0-12-384730-0.00270-6 99

http://dx.doi.org/10.1016/B978-0-12-384730-0.00270-6


r

-
se.

Table 2 Maximum permitted levels of propionates in bread
and cheese in selected countries

Country
Baked goods
(mg kg� 1)

Breada

(mg kg� 1)
Cheese, including
processed (mg kg� 1)

Belgium 3000
Denmark 3000 3000
France 5000
Germany 3000
India 5000
Italy 2000 2000 Noneb

The Netherlands 3000
UK 1000 3000
Norway 1000 5000
Sweden 3000 3000
Canada 2000 2000 2000
USA GMPc 3200 3000

aCertain types only, mostly sliced wrapped.
bTreatment of rind only.
cGMP is good manufacturing practice for which there is no speci� ed level.

Table 4 Relationship between IAMS criteria for the ideal preservative
and propionate

Criterion
Compliance of propionate
with the criterion

Toxicological acceptability þ
Microbiological activity –
Long persistence in foods þ
Chemical reactivity Low
High thermal stability Not relevant
Wide antimicrobial spectrum Gram-positive

bacteria, molds
Active against foodborne pathogens (þ )
No development of microbial resistance þ
Not used therapeutically þ
Assay procedure available þ

Key:þ complies with criterion; (þ ) complies to some degree;– does not comply.
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acid has a low chemical reactivity and a long persistence in
foods, two highly desirable qualities in a food preservative.
ina
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Antimicrobial Action of Propionic Acid

The use of propionic acid and propionates has been directed
primarily against molds, although some species ofPenicillium
can grow on media containing 5% propionic acid. Calcium
propionate is required at lower concentration than sodium
propionate to arrest the growth of molds. It is especially active
against the rope-forming bacterium Bacillus mesentericus; this
spore-former can be inhibited even at pH 6.0. Some Gram-
negative bacteria are also inhibited. It is also found to inhibit the
growth of Listeria monocytogenes. Sodium propionate at
0.1–5.0% delays the growth of Staphylococcus aureus, Sarc
lutea, Proteus vulgaris, Lactobacillus plantarum, Torula, and
Saccharomyces ellipsoideusby 5 days. Organic acids, including
propionic acid, are effective in combination with heating against
Salmonellaand yeast. The presence of ethylenediaminetetra
acetic acid (EDTA) further enhances the activity of propionic
acid againstAspergillusand Fusarium.

The propionate accumulates in the cell and competes with
alanine and other amino acids necessary for the growth o
Table 3 Regulatory status of propionate in the United States

Compound FEMA No. Regulation Lim

Propionic acid 2924 FDAx 182.1 GRAS, ch
Sodium and calcium propionate FDAx 17 In bakery

in bread
used in

FDA In bread,
FDAx 182.1 GRAS, ch
MID Alone or

by weig

FEMA, Flavor and Extract Manufacturers Association; FDA, Food and Drug Ad
Department of Agriculture, which is responsible for clearing additives intended
microorganisms. It also inhibits the enzymes necessary fo
metabolism. Propionate is converted to propionyl-CoA, which
inhibits CoA-dependent enzymes, such as pyruvate dehydro
genase, succinyl-CoA synthetase, and ATP citrate lya
Depending on the concentration, propionic acid also lowers
the intracellular pH. This effect also inhibits growth and kills
the cells. It is more pronounced in the undissociated portion
of the acid than in the dissociated portion, which is also
favored by its low dissociation constant. The bacteriostatic
action of sodium propionate can be overcome by the addition
of small amounts of b-alanine for Escherichia coli, but not for
other organisms, such asAspergillus clavatus, Bacillus subtilis,
Pseudomonasspp., andTrichophyton mentagrophytes. It is believed
that the inhibitory action of sodium propionate against E. coli
may be due to interference withb-alanine synthesis.
Metabolism and Toxicology of Propionates

Propionic acid is formed by the decomposition of a number of
amino acids and by the oxidation of fatty acids containing an
odd number of carbon atoms. Hence, it is a physiological
intermediate product of the normal metabolism. Even after
large doses, no signi�cant amounts of propionic acid are
excreted in the urine. In vitro, propionic acid is completely
oxidized by liver preparations to carbon dioxide and water.
This decomposition takes place by the linkage of propionic
itation

emical preservative
products, alone or with calcium propionate, up to 0.32% by weight of� our
, enriched bread, milk bread, and raisin bread, and up to 0.38% of� our
whole-wheat bread
up to 0.32% by weight of� our
emical preservative

with calcium propionate, to retard mold growth in pizza crust, up to 0.32%
ht of� our; product speci� cation apply

ministration; GRAS, Generally Recognized as Safe; MID, Meat Inspection Division of the U.S.
for use in all meats and meat products except poultry.
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acid with coenzyme A via methylmalonyl-CoA, succinyl-CoA,
and succinate. Hence, the Food and Agriculture Organization
of the United Nations and the World Health Organization have
not prescribed acceptable daily intake, although technologica
limitations restrict the amount and scope of propionates as
a food preservative. Sodium propionate is an allergen; when
heated to decomposition, it emits toxic fumes of Na2O, and it
is also reported to have some local antihistaminic activity.
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See also:Bacillus: Introduction;Bread:Bread from Wheat
Flour;Fermentation (Industrial):Production of Some Organic
Acids (Citric, Gluconic, Lactic, and Propionic);
Propionibacterium.
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Table 2 Properties of sorbic acid and its potassium salt

Sorbic acid Potassium sorbate

EU numbera E200 E202
Molecular formula CH3–CH] CH–CH]

CH–COOH
CH3–CH] CH–CH]

CH–COOK
Molecular weight 112.13 150.22
pKa 4.76
Melting range 132–137� C Decomposes> 270� C
Solubility (%)

in water at 20� C 0.15 58.20
in water at 100� C 4.00 64.00
in corn oil at 20� C 0.80 0.01
in 10% sucrose 0.15 58.00
in 10% NaCl 0.07 34.00

aSodium sorbate E201, calcium sorbate E203.
Data from Sofos, J.N., 1989. Sorbate Food Preservatives. CRC Press, Boca Raton.
[Note: this is the most extensive reference book on sorbate].
Introduction

Sorbic acid derives its name fromSorbus aucuparia, because it was
from the unripe berries of this tree (otherwise known as Rowan
or Mountain Ash) that the acid was � rst isolated (Table 1). Its
potential as an antimicrobial agent was discovered 70 years late
and in the twenty-� rst century, sorbic acid and its salts (generally
called sorbates) are used as preservatives in a variety of foo
in many countries.

Sorbic acid is an unsaturated aliphatic straight-chain
monocarboxylic fatty acid, 2,4-hexadienoic acid. Salts and
esters form by reaction with the carboxyl group; reactions also
occur via its conjugated double bond. The acid and its sodium,
calcium, and potassium salts are used in food. The potassium
salt is commonly used because it is more stable and easy t
produce. Furthermore, its greater solubility extends the use o
sorbate to solutions appropriate for dipping and spraying
(Table 2). Other derivatives with antimicrobial capabilities
(sorboyl palmitate, sorbamide, ethyl sorbate, sorbic anhy-
dride) have limited use because they are more insoluble, toxic
and unpalatable.

Sorbate has several advantages as a preservative in food. F
example, although initially thought to have only antimycotic
activity, it is now known to also inhibit bacteria. Effective
concentrations do not normally alter the taste or odor of
products, and in addition, it has more activity at less acidic
values (> pH 6.0) than propionate or benzoate. Sorbate is
considered harmless: following thorough toxicological testing,
it was granted generally recommended as safe status. I
acceptable daily intake of 25 mg kg� 1 body weight is higher
than that of other preservatives, and it is considered less toxi
than NaCl, with a median lethal dose (LD50) of 10 g kg� 1

(compared with 5 g kg� 1 for NaCl). Metabolism of sorbate in
the body is by b-oxidation (as for other fatty acids), forming
CO2 and water. It has a yield of 28 kJ g� 1 (of which 50% is
biologically usable) and a half-life in the body of 40 –110 min.
A recent, much-publicized study from the University of
Southampton, however, linked sorbate, when used with other
food additives, to hyperactivity in children.
Table 1 History of the use of sorbate as a food preservative

1859 Isolated from the oil of berries of the rowan (mountain
ash) tree

1870–1990 Chemical structure formulated
1900 First synthesized by condensation of crotonaldehyde a

malonic acid
1926 Synthesis of sorbic acid by oxidation of sorbaldehyde
1939–1940 Recognition of antimicrobial properties
1945 US patent for use as antifungal agent in foods
1940–1960 Industrial production; use in dairy, fruit, and vegetable

products
1974 Potassium sorbate discovered to inhibit growth of bacter

102 Encyclopedia of Food
Methods of Detection

Detection methods require the quantitative extraction and
separation of sorbic acid from the food material without food
ingredient interference. Extraction can be by acid–steam
distillation, selective gas diffusion, or solvent extraction, while
in some foods, � ltration, dialysis, or direct analysis has been
used. Common methods for qualitative and quantitative
detection of sorbic acid in foods include colorimetric and
spectrophotometric techniques; chromatographic methods
also have been applied.
as
,
t

Behavior of Sorbate in Food

Sorbate levels may fall during storage because of microbia
growth, oxidation, or reactions with food constituents. Stability
varies according to product type and depends largely on its
composition (pH, organic acids, other additives, water activity,
humectants, microbial numbers, and so on) as well as on
storage temperature and packaging. For example, 10% loss w
reported from cured meat after cold storage for 50 days
compared with nearly 50% loss in sliced cured meat stored a
22 � C in a relative humidity of 70%.

Although the pure crystalline acid is stable, it undergoes
autooxidation when dissolved in water, producing such
carbonyls as malonaldehyde, acetaldehyde, andb-carbox-
ylacrolein. This process can occur in food, forming unsightly
brown pigments by the reaction of b-carboxylacrolein with
amino acids and proteins. This occurs more rapidly in light,
with heat and acidity, and is in� uenced by irradiation, salts,

nd

ia
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Table 3 Food in which sorbate may be used as a preservative

Examples
UK maximum in ppm (typical levels
in other countries)

Dairy
Prepacked slices 1000
Processed 2000
Desserts (not heat-treated) 300a

Mature cheese (Surface treatment: 100–3000)
Cottage cheese (500–700)

Meat
Semimoist pet food (1000–3000)
Dried meat Surface treatment: no maximum
Pâté 1000b

Fish
Semipreserved 2000b (500–2000)
Salted and dried 200b (5% immersion; 10% as

spray)
Cooked shrimps 2000
Fresh 1–5% dip, or storage in ice

with 1–5%
Vegetables

In brine, vinegar, or oil 2000a (500–2000)
Prepared salads 1500a

Fermented (500–2000)
Olives 1000
Potato dough, prefried slices 2000

Fruit
Sauces 1000 (500–1000)
Dried (200–500 or 2–10% dip
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trace metal ions, sugars, glycerol, and amino acids. Autoox
idation of sorbic acid in aqueous solutions decreases as pH
rises. Degradation is generally more rapid at higher wate
activity levels, depending on the humectant. Glycine and eth-
ylenediaminetetraacetic acid (EDTA), for instance, may
enhance degradation. It has been suggested that an EDTA–Fe2þ

complex can form by iron scavenging from packaging material
which catalyses autooxidation. Interactions with amino acids
and proteins, particularly those containing free sulfhydryl
groups, also may affect stability.

Since oxygen causes sorbate decomposition, adding antio
idants or vacuum packaging in oxygen-impermeable materia
can reduce the problem. Tests on fruit and� sh products found
sorbate loss was proportional to the oxygen permeability of the
packaging material (polypropylene> glass). Polyphosphate,
propyl gallate, dodecyl gallate, and nordihydroguaiaretic acid,
and an ascorbic acid–nitrite combination have shown protec-
tion in vitro.

The fat-to-water partition coef� cient of a preservative (its
ratio of solubility in the fatty and aqueous phases) is an
important consideration for products with high lipid content.
Sorbic acid has a fat-to-water partition coef� cient of 3 and
consequently is more ef�cient in these products than benzoate
(partition coef � cient 6.1), but is less ef�cient than propionate
(partition coef � cient 0.17). The fat composition and concen-
tration, soluble food components, and pH also determine
solubility. The solubility ratio, for example, is lowered by acetic
acid but rises with added NaCl, sucrose, or glucose.
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or spray)
Juice (500–2500)
Candied or crystallized 1000a

Low-sugar jams and jellies 1000a

Bakery
Cakes and mixes (100–3000)
Prepacked sliced bread, partially
baked goods, and� ne baked
goods withaw < 0.65

2000

Emulsions
Fat or sauces< 60% fat (excluding
butter)

1000

Fat or sauces< 60% fat 2000
Margarine (unsalted) (500–1000)
Mayonnaise (1000)

Beverages
Wine 200 (200–400)
Nonalcoholic drinks
(not milk-based)

300 (100–1000)

Mead 200
Spirits< 15% alcohol by volume 200 or 400a

Liquid tea concentrates, fruit, and
herbal infusion concentrates

600a

Miscellaneous
Chewing gum 1500a

Batters 2000
Confectionery (excluding chocolate) 1500c (500–2000)
Toppings and syrups 1000
Cereal or potato-based snacks,
coated nuts

1000b

Mustards, seasonings, condiments 1000a (250–1000)
Liquid egg 5000a

Liquid soups and broths (not
canned)

500a

aWith benzoate.
bWithp-hydroxybenzoate.
c

Foods to Which Sorbic Acid or Sorbate May Be Adde

Sorbate is used as a preservative in a wide range of produc
(Table 3). It can be mixed with dry ingredients (e.g.,� our, salt)
or applied to surfaces by dipping, spraying, or dusting. It can be
incorporated within packaging material using organic carriers
such as ethanol, vegetable oil, or propylene glycol. Permitted
levels depend on the product type and country of origin, but
the maximum is generally 0.2%. Higher concentrations can be
used in packaging or surface treatments. Sorbate use in the U
is covered by Schedule 2, Part A of the Miscellaneous Foo
Additives Regulations 1995 (Statutory Instrument 3187).

Sorbate is used in cheese products primarily as an antifunga
agent and to prevent the formation of mycotoxin. It is more
effective in this regard than propionate and benzoate. If sorbate
is applied to the surface, the porosity and fat content of the
cheese in� uence the rate and degree of absorption into the
product. The complete transfer of sorbate from a wrapping into
cheese can occur in 2 weeks. The calcium salt is least soluble
fat and water, and remains longer on the surface; this is the bes
sorbate to use on hard cheeses with long maturity periods. It is
best not to use sorbate in cheeses whose� avor and appearance
result from mold growth. It should not be added to wax
coatings because the temperatures used to melt the wax w
cause volatilization.

In the United Kingdom the use of sorbate in meat is
restricted to the surface treatment of dried products. This i
similar to the United States, where 10% sorbate solutions can
be used to treat the surface or casings of dried sausages stored
room temperature. Sorbate is used more extensively in mea
products in countries such as Japan and Korea.
With both benzoate andp-hydroxybenzoate.
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Table 4 Examples of organisms reported to be inhibited by sorbate

Category Organisms

Yeasts Brettanomyces, Candida, Cryptococcus, Debaryomyces,
Hansenula,

Kloeckera, Pichia, Rhodotorula,Saccharomyces,
Torulaspora, Torulopsis, Zygosaccharomyces

Molds Alternaria, Aspergillus, Botrytis, Acremonium,
Byssochlamys, Chaetomium, Cladosporium,
Colleototrichum, Fusarium, Geotrichum,
Helminthosporium, Heterosporium, Humicola, Mucor,
Penicillium, Phoma, Pullularia, Rhizoctonia,Rhizopus,
Sporotrichum, Trichoderma, Truncatella

Gram-positive
bacteria

Arthrobacter, Bacillus, Clostridium, Lactobacillus,
Listeria, Micrococcus,Mycobacterium, Pediococcus,
Staphylococcus

Gram-negative
bacteria

Acetobacter, Acinetobacter, Aeromonas, Alcaligenes,
Alteromonas, Campylobacter, Enterobacter,
Escherichia, Klebsiella, Moraxella, Proteus,
Pseudomonas, Serratia, Vibrio,Yersinia
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Vacuum and modi� ed-atmosphere packaging may extend
the shelf life of � sh products, but preservatives such as sorba
are needed to prevent the growth of anaerobic bacteria
which metabolize trimethylamine oxide, an osmoregulatory
compound, to trimethylamine, causing off-odors. Halotolerant
organisms also cause� sh spoilage. The moldSporendonema ep
zoum causes dun and sorbate is better than propionate in
controlling this. Sorbate can be applied to the� sh surface in
various ways– by immersion, spraying, as a powder, in fat,
packaging or ice. Sorbate is allowed only in packaging materia
in some countries (e.g., India). Fish can be preserved by treatin
with a solution of 0.5 –2.0% sorbate and 15–20% NaCl,
followed by refrigeration. A simple treatment of freshwater� sh in
Africa combined 1.5% NaCl with 1500 ppm sorbate followed
by 3 days drying in the sun. Similarly, sorbate used with lactic acid
bacteria reportedly improved preservation. Shelf life was
extended to 15 days by dipping in 5% sorbate, followed by
packaging in 100% CO2 and refrigeration.

Sorbate often is used to preserve fresh, fermented, an
pickled vegetables. Lower levels (0.025–0.05%) may be added
during fermentation by lactic acid bacteria, with a subsequent
increase in concentration to 0.1–1%, which prevents mold
spoilage. Many fermented vegetable products are acidic. Lo
pH, NaCl, lactic acid, and acetic acid increase sorbat
effectiveness.

Spoilage of bakery goods can be better controlled using
sorbate rather than propionate, and sorbate has less effect o
� avor; it will, however, inhibit bakers’ yeast. Products leavened
with yeast can either be sprayed after baking or alternativ
products can be used: slow-release preparations, such
encapsulated compounds or sorboyl palmitate. This anhydrous
mixture of sorbic and palmitic acids will not inhibit yeasts, but
during baking hydrolyses to form sorbic acid, which is active
during storage. Torulopsis holmii(now reclassi� ed as Candida
milleri sp. nov), a sorbate- and propionate-resistant yeast, ca
be used to ferment sourdough bread. Sorbate can be use
without problem in products leavened with baking powder
and can be added before baking as it normally withstands this
process. It will control common spoilage organisms such as
Bacillus(which forms rope) and osmotolerant yeasts (in sugary
confectionery) as well as the pathogenStaphylococcus aure
(in cream-� lled goods). Sorbate works well with citric acid,
NaCl, propionate, and sucrose. For instance, potassium sorbat
in combination with calcium propionate extended the shelf life
of tortilla dough at pH 5.8 to >14 days.

Sorbates are used to protect fruit products (particularly
intermediate-moisture fruits) from mold and yeast spoilage.
Dipping (in 2 –10% sorbate) is the recommended application
method for fruits with irregular surfaces. Treatments such a
heat processing, which affect product quality, may be reduced
by use of sorbate. Additional pasteurization or sulfur-dioxide
treatment may be necessary to control enzymatic browning and
oxidation. The storage life of cut apples and potatoes, for
example, was extended using a cellulose-based edible coatin
containing antioxidants, acidulants, and sorbate. Sorbate works
well with sugar, and lower levels can be used in jams and jellies
It prevents spoilage fermentation by molds and yeasts in fruit
juices and wines, which are often acidic. Although benzoate is
as effective as sorbate at low pH, the latter is a better prese
vative of beverages. It has less effect on� avor but can cause
turbidity. A sorbate–benzoate combination is often used in
drinks, and sorbate is also effective with ascorbic acid. Highe
levels of vitamin C remained in juice preserved using sorbate
compared with pasteurization, but levels were lower compared
with SO2 treatment.

Not all countries permit sorbate in wine. In still wine, it
prevents unwanted yeast fermentation, particularly in young or
sweet vintages. Potassium sorbate can precipitate as bitartrat
Sorbate is not recommended in sparkling wine since it may
form ethyl sorbate, which has an unpleasant smell. The spec
trophotometric analysis of bitter substances in beer may be
affected by sorbate.

Sorbate is often used with benzoate in emulsions (e.g.
butter, salad dressings). The shelf life of butter can be doubled
with this combination. It prevents mold growth, reducing
oxidation and the release of free fatty acids and thiobarbituric
acid. In many countries, although not in the UK, sorbic acid is
permitted in margarine.

More recently, sorbate has been tested in African and Asia
products. For example, it reportedly extended the shelf life of
pinni, a traditional Indian sweet, from 10 to 30 days in ambient
temperature. Spoilage byLactobacillus, Bacillus, andSaccharomyce
was similarly reduced in a Nigerian fermented rice product.
Antimicrobial Action of Sorbic Acid

Inhibition by sorbate may cause cell death, slowing of growth,
attenuation of virulence, and prevention of spore germination
(Table 4). The extent of inhibition depends on the product
composition as well as on environmental variables such as pH
(Table 5).

Most yeasts are inhibited by 0.01–0.2% sorbate, and the
induction of major heat shock proteins has been reported
in acidic conditions. Sorbate affects all stages of the growth
cycle of molds: spore germination, outgrowth, and mycelial
growth. It may interfere with transport mechanisms in con-
idia, causing depletion of adenosine triphosphate (ATP).
Mycotoxin synthesis may be controlled by preventing nutrient
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Table 5 Examples of minimum inhibitory concentrations (MICs)
reported for sorbate

Organism pH MIC (ppm)

Yeasts Candida lipolytica 5.0 100
Candida milleri 4.6 400
Rhodotorula 4.0–5.0 100–200
Saccharomyces 3.0 30–100

Molds Aspergillus niger 2.5–4.0 100–500
Botrytis cinerea 3.6 120–250
Byssochlamys fulva 3.5 50–250
Cladosporium 5.0–7.0 100–300
Fusarium 3.0 100
Mucor 3.0 10–100
Penicillium 3.5–5.7 20–1000

Gram-negative
bacteria

Escherichia coli 5.2–5.6 50–100
Pseudomonas 6.0 100
Salmonella 5.0–5.3 50–1000

Gram-positive
bacteria

Bacillus 5.5–6.3 50–1000
Clostridium 6.7–6.8 100–10 000
Lactobacillus 4.3–6.0 200–700

Data from Eklund, T., 1989. Organic acids and esters. In: Gould, G.W. (Ed.),
Mechanisms of Action of Food Preservation Procedures. Elsevier, London,
pp. 161–200.
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uptake, although subinhibitory levels, in certain circum-
stances, have stimulated production. This is possibly due to
accumulation of an intermediate in mycotoxin synthesis
(acetyl-CoA) resulting from interference in the tricarboxylic
acid cycle.

Bacterial inhibition has been shown in laboratory media,
model systems, and food products. Strains affected includ
catalase-positive and -negative species (Lactobacillus, Clostridium
botulinum), as well as mesophilic (Salmonella, Staphylococcu)
and psychrotrophic strains (Aeromonas, Listeria, Yersinia).
Con� icting reports on the ef� cacy of sorbate againstListeria
monocytogenesmay be due to variations in the media or food,
pH, or sorbate concentration. Suppression of listeriolysin
production has been demonstrated. In laboratory media, high
levels (500 ppm) were required for complete inhibition of
Escherichia coliO157 at pH values > 4–5.

Several mechanisms for bacterial inhibition have been
suggested. The cytoplasmic membrane is thought to be a majo
target. Like other organic acids, sorbic acid enters the cell in it
undissociated form and dissociates in the more alkaline cyto-
plasm, making it more acidic. This reduces the electrochemica
gradient across the membrane, dissipating the proton motive
force causing, among other problems, depletion of ATP levels
Interference with electrochemical potentials across mitochon
drial membranes has been observed inPenicillium crustosum.
Dissipation of the proton motive force may contribute to the
inhibition of nutrient uptake that has been observed, but other
mechanisms may be involved. It has been suggested tha
sorbate uncouples the nutrient transport system from the
electron transport chain and, in addition, damages the structure
and � uidity of the membrane.

Sorbate has been observed to disrupt cell walls. Cell division
in Clostridium, for example, was completely inhibited, and at less
inhibitory levels, abnormal and elongated cells were formed.
Divisional wall formation also was prevented in Bacillus, and
Listeriawas rendered more susceptible to NaCl. The cell wall o
Shewanellas putrefacienswas observed to become more hydro-
phobic as well as experiencing damage to its outer membrane

Endospore germination is prevented, as well as spor
outgrowth after triggering of germination. This is possibly due
to the alteration of the spore membrane (increasing its� uidity)
and/or to the inhibition of sporeolytic enzymes important for
germination.

Sorbate is thought to affect several enzymes, causin
disruption to nutrient transport, metabolism, cell growth, and
division. Inhibition of fungi may partly result from interference
with dehydrogenases, which are involved in fatty acid oxida-
tion. Enzymes of the tricarboxylic acid cycle are inhibited,
including malate dehydrogenase, isocitrate dehydrogenase
a-ketoglutarate dehydrogenase, succinate dehydrogenas
fumarase, and aspartase. The active sites of certain enzym
(e.g., fumarase, aspartase, succinic dehydrogenase,� cin, and
yeast alcohol dehydrogenase) may be reduced by sorba
binding to their sulfhydryl groups, possibly by addition to thiol
in cysteine. Autooxidation of sorbic acid forms sorboyl perox-
ides, which affects catalase activity. Sorbate also inhibit
enolase and proteinase which may affect respiration by
competing with acetate in acetyl-CoA formation.
Importance of Species-Strain Tolerance

It is generally observed that sorbate is more effective again
catalase-positive and aerobic bacteria than against catalas
negative and anaerobic bacteria, particularly above pH 4.5
Reports vary as to the level of sorbate tolerated by lacti
acid bacteria. For instance, the appearance and quality o
a fermented cucumber product was impaired owing to the
inhibition of the starter culture by 0.1% sorbate. Lactic
acid bacteria are capable of fermenting sorbate, producing
ethyl sorbate, 4-hexenoic acid, 1-ethoxyhexa-2,4-diene, an
2-ethoxyhexa-3,5-diene. Sorbate-containing wines with a high
bacterial count can have a geranium-like smell.

Several strains of yeasts and molds tolerate sorbat
including the yeastsBrettanomyces, Candida, Saccharomyces, and
Zygosaccharomyces, and the mold Penicillium. Preconditioning
with sorbate induces and increases tolerance. Resistance may
due to an ability to expel the anions or to cell shrinkage creating
smaller membrane pores. Sorbate effectiveness againstZ. rouxii,
for example, was in� uenced by changes in the lipid composi-
tion of the cytoplasmic membrane, altering its permeability.
Enzymes affected by sorbate may be protected by the produc
tion of polyols and other such compatible solutes.

Sorbate metabolization by molds in cheese and fruit
products has been documented. Molds capable of this include
Aspergillus, Fusarium, Geotrichum, Mucor, and Penicillium. Deg-
radation may be by a decarboxylation reaction forming 1,3-
pentadiene (which smells like kerosene), by esteri� cation
producing ethyl sorbate, or by reduction producing 4-hexenol
and 4-hexenoic acid.
Interaction with Other Preservative Treatments

Food additives, storage conditions,and processing treatmentsca
all affect sorbate activity (Table 6). For example, more sorbate
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Table 6 Examples of sorbate interactions with other preservative treatments

Treatment Organism/product Effect of combination

NaCl Clostridium botulinum Synergistic reduction of toxin in meat slurries
Heat (49� C for 5 min) Fresh fruit slices Shelf life increased from 2 to 90 days
Water activity of 0.87 and pH 3.7 Marmalade Storage increased to 3 months
Irradiation (3 kGy) Apergillus ßavus Synergistic inhibition of growth and a� atoxin production

Fresh� sh Shelf life extended from 20 to 35 days
High hydrostatic pressure Zygosaccharomyces bailii Reduced pressure required for inactivationin vitro
Isobutyric acid Aspergillus niger Synergy
Gluconic acid
Cysteine-HCl
CaCl2 Aspergillus niger Antagonism
Malonic acid
Malic acid
Formic acid Escherichia coli Addition

Saccharomyces cerevisiae Antagonism
Aspergillus niger Synergy

Acetic acid Italian dry sausage Enhanced inhibition of mold growth
Citric acid
Nitrite Listeria monocytogenes Synergy

Bacon and cured meat Enhanced antibacterial activity
Nisin L. monocytogenes Synergy

Vegetarian food Shelf life extended
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usually is required to preserve products of higher water activity
and less acidity. This was demonstrated in grape juice, wher
sorbate at 100mg ml� 1 prevented Talaromyces� avusascospore
outgrowth at pH 3.5, but a higher concentration was needed
at pH 5.4.

Sorbate can enhance heat inactivation of spores an
diminish cell recovery from thermal injury. For example,
treatment of kwoka (a Nigerian nonfermented maize meal)
combined with 60 min steaming extended its shelf life by
2 days. The storage period of fruit products can be similarly
extended by mild heat treatment with sorbate. Reduced wate
activity generally increases activity.

Sorbate is usually more effective at low pH (Figure 1).
Like other organic acid preservatives, its antimicrobia
activity is greatest when it is undissociated. It has a pKa of
4.75 at which it is 50% undissociated. This compares with
0.6% at pH 7, 6.0% at pH 6, 37% at pH 5, and 86% at pH 4.
For example, repression ofBacillusspore germination was
about � ve times greater at pH 6 than pH 7. The acidulant
itself is in� uential; organic acids enhance activity more than
inorganic acids. Mathematical modeling and growth
.

d

Figure 1 The effect of pH and NaCl concentration on sorbate activity
Contour maps showing growth (in optical density units) ofSalmonella
typhimuriumafter 48 h at 30� C on brain–heart infusion agar plates with
gradients of pH and NaCl concentration. (a) Control plate with no add
preservative. (b) Plate containing 0.1% (w/v) sorbate.
investigations have indicated that the dissociated acid also
shows antimicrobial activity. One study at pH levels over 6.0
reported that >50% of observed inhibition was due to the
dissociated form.

Nitrite is used not only to combat Clostridium botulinum
growth in processed meat but also to enhance the product’s
color and � avor. The possibility of replacing nitrite with
sorbate has been investigated owing to concern aboutN-
nitrosamine formation. In the USA the maximum nitrite level
in bacon is 120 ppm and 10 ppb for nitrosamines. The use of
0.26% sorbate with reduced nitrite levels (40 ppm) reportedly
did not signi � cantly impair the � avor or appearance of bacon
and was effective againstC. botulinum. Bacon inoculated with
spores and stored for 60 days at ambient temperature deve
oped toxin in 0.4% samples containing nitrite (120 ppm),
58.8% with sorbate (0.26%), and none with 0.26% sorbate
plus 80 ppm nitrite. This sorbate–nitrite combination also
signi� cantly reduced nitrosamine levels and proved effective
in other cured meats and against other bacteria. The treate
bacon, however, had an unsatisfactory� avor, and some tasters
experienced allergic reactions. This has not been repeated
other studies, and it was not proved that the reaction was due
to sorbate. A further concern is that sorbate can react with
nitrite to form potential mutagens, including ethylnitrolic acid
and 1,4-dinitro-2-methylpyrrole. These only form at very low
pH and with high levels of nitrite and are unstable (particu-
larly at pH above 5.0).

Incorporation of sorbate before irradiation can prevent off-
odors developing and generally improves product quality.
Sorbate may reduce vitamin C loss and browning, by reacting
with hydrogen atoms and hydroxyl radicals.

Table 6 shows reported examples of synergy with sorbate
Synergy has been observed with SO2, fatty acids, sucrose fatty
acid esters, betalains, propionate, ascorbate, amino acids, an
polyphosphate as well as a range of antioxidants (butylated
hydroxyanisole, butylated hydroxytoluene, tertiary butyl
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hydroxyquinone, and propyl gallate). Antagonism has been
observed with certain nonionic surfactants

See also: Aspergillus; Bacillus: Introduction; Bacterial
Endospores;Bacteriocins:Nisin;Bread:Bread from Wheat
Flour;Cheese:Microbiology of Cheesemaking and
Maturation;Clostridium; Confectionery Products– Cakes and
Pastries; Dried Foods;Escherichia coliO157:E. coliO157:H7;
Fermented Vegetable Products; Fermented Meat Produc
the Role of Starter Cultures;Fish:Spoilage of Fish;Heat
Treatment of Foods:Synergy Between Treatments;
Intermediate Moisture Foods;Lactobacillus: Introduction;
Listeria: Introduction; Spoilage of Meat;Mycotoxins:
Classi� cation;Traditional Preservatives:Sodium Chloride;
Preservatives:Traditional Preservatives– Organic
Acids;Permitted Preservatives:Sulfur Dioxide;
Preservatives:Permitted Preservatives Benzoic
Acid; Permitted Preservatives– Hydroxybenzoic Acid;
Permitted Preservatives:Nitrites and Nitrates;
Permitted Preservatives– Propionic Acid;Rhodotorula;
Saccharomyces– Introduction;Staphylococcus: Introduction;
Starter Cultures;Wines:Microbiology of Winemaking;Yeasts:
Production and Commercial Uses;Zygosaccharomyces.
nd
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Introduction

Sulfur dioxide is an important chemical extensively used in the
processing and preservation of foods of both plant and animal
origin. It has been known since ancient times as a sanitizing
agent or antiseptic. It gained popularity as a preservative owing
to its apparent lack of toxicity in mammals. Its use was wide-
spread in the United States and other countries in the Western
hemisphere until the early part of the twentieth century when
incidents of abuses like masking the initial stage of spoilage in
foods led to legislation to check indiscriminate and fraudulent
commercial applications. Sulfur dioxide is a colorless gas with
a characteristic odor. It is highly soluble in water and lique� es
at �10 � C. It is used in gaseous or lique� ed form, or as its
neutral and acid salts.
.
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s,
Sulfur Compounds

The sulfur dioxide-generating compounds with application in
the food industry are as follows:

l Sulfur dioxide as a gas
l Sulfurous acid
l Salts of sulfurous acid, such as sodium sulfite, sodium

bisulfite, and potassium sulfite
l Hydrosulfurous acid and its salt, sodium hydrosulfite
l Pyrosulfurous acid and its salt, sodium pyrosulfite or

metabisulfite.

The sulfur dioxide content of these compounds is listed in
Table 1.
d
l

Sulfur Dioxide Gas

The gas is obtained directly by burning sulfur from natural
sources. It is the cheapest of all the sources of sulfur dioxide an
Table 1 Approximate theoretical available sulfur dioxide content o
various sources

Compounds Formula Availability (%

Liquid sulfur dioxide SO2 100.00
Sulfurous acid (6%) H2SO3 6.00
Potassium sulfite K2SO3 33.00
Sodium sulfite Na2SO3 50.8
Potassium bisulfite KHSO3 53.3
Sodium bisulfite NaHSO3 61.6
Potassium metabisulfite K2S2O5 67.4
Sodium metabisulfite Na2S2O5 57.7

From Joslyn, M.A., Braverman, J.B.S., 1954. The chemistry and technology of
pretreatment and preservation of fruit and vegetable products with sulphur diox
and sul� tes. Adv. Food Res. 5, 97–154.
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very effective for purposes of disinfection. Grapes and cut fruits
are exposed to fumes of burning sulfur before dehydration or
transportation.
Salts of Sulfurous Acid

Sulfite, bisulfate, and metabisulfite are extensively used in
foods and beverages. They can be easily applied in dry form o
as solutions. They are stable, economical, and comparativel
free from heavy metal impurities. Sulfite solutions are easily
absorbed by fruits, which are dipped in the solution before
freezing or dehydration.
Liquid Sulfur Dioxide

Liquid SO2 is free from impurities and is commonly used in
wineries. Accurately measured quantities can be incorporated
Special steel containers are required for storage and tran
portation, making it a costly source of SO2.
Range of Foods to Which Sulfites May Be Added

The range of foods into which sulfur dioxide is incorporated
includes fruits, vegetables, fruit juices and concentrates, syrup
wines and jams, and to a lesser extent prawns,� sh, minced
meats, sausages, and mushrooms.

The maximum permissible levels of SO2 in some important
foods as speci� ed by the Preservatives in Food Regulation 1979
for the United Kingdom are listed in Table 2. Only slight
variations exist between the maximum levels permitted in
various products in different countries, because of universa
concern for consumer protection.
Antimicrobial Action of Sulfur Dioxide

Sulfur dioxide is highly soluble in water and forms sulfurous
acid, which dissociates into bisulfite or sulfite depending on
the pH. Undissociated sulfurous acid is claimed to be the main
antimicrobial agent inhibiting bacteria, yeasts, and molds.

The possible mechanisms of inhibition by sulfurous acid
are attributed to the following:

l Reaction of bisulfite with acetaldehyde in the cell
l Reduction of essential disulfide linkages in enzymes
l Formation of bisulfite addition compounds that interfere

with respiratory reactions involving nicotinamide adenine
dinucleotide (NAD).
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Table 2 Maximum UK permitted levels of SO2

Food product
Maximum SO2 level
(mg kg� 1)

Fruits, fruit pulp, tomato pulp 350
Fruit spread 100
Grape juice products 70
Jams 100
Mushrooms, frozen 50
Pickles 100
Raw peeled potatoes 50
Salad dressing 100
Sauces 100
Soft drinks for consumption without dilution 70
Dehydrated potatoes 550
Dehydrated cabbage 2500
Yogurt 60
Beer 70
Wine 450
Flour for biscuits 200
Desserts, fruit-based milk and cream 100
Sausages or sausage meat 450
Hamburgers or similar products 450
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Factors In�uencing Antimicrobial Action

Initial Microbial Population and the Stage of Growth

The initial level of bacterial contamination affects the preser-
vative ef� cacy of SO2. Minced meat samples containing
300 ppm of sulfur dioxide during refrigerated storage revealed
spoilage on the 6th day for samples with an initial contami-
nation level of 7.6 � 107 cfu g� 1, compared with spoilage on
the 13th day for samples with an initial microbial load of
6.9 � 105 cfu g� 1.
c-
Table 3 Approximate shelf life of minced meats at different storage
temperatures, with or without SO2

Preservation
storage temperatures (� C) Without SO2 With SO2

7 3–5 days 13 days
15 1–2 days 6–7 days
22 < 20 h 1–2 days
Type of Microorganisms Present

Strains like acetic acid bacteria, yeasts, and molds are effe
tively eliminated through incorporation of SO 2. The inhib-
itory effect also depends on the levels of SO2 incorporated
and maintained. Coliaerogenousbacteria were not affected by
150 ppm, but at 450 ppm, their multiplication was totally
inhibited. Cyclopiazonic acid produced by Aspergillusspecies
and Penicilliumwas inhibited by potassium metabisulfite.
d

Sulfur Dioxide-Producing Sources

Equilibrium between various forms of SO2-undissociated
sulfurous acid, free sulfite, or bisulfite ions and hydroxysulfo-
nates is determined by pH, temperature, composition, and
storage condition of foods.
s,
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Free and Bound Components of Added Sulfur Dioxide

The free or unbound component of added SO2 has the signif-
icant antimicrobial action. It is claimed that the inhibition
power of the free component of added SO2 is 30–60 times
more effective than that of the bound component.
Composition of the Food and Food Products

Foods containing higher levels of components that form inert
complexes on reaction with SO2 cannot be effectively preserved
with SO2 alone, especially at room temperature.
In�uence of pH

The antimicrobial action of SO2 is more effective in foods with
acidic pH. Two to four times as much SO2 is required to inhibit
growth at pH 3.5 compared with pH 2.5. At higher pH values
like 7, sulfites do not appear to have signi�cant inhibitory
action on yeasts and molds and very high levels are required to
control growth of bacteria. Acid is commonly added to lower
the pH of foods, enabling preservation with lower levels of
SO2. Sulfites are being used in antimicrobial edible coatings.
Effect of Heat

Heating to high temperatures drives off SO2 from foods and
considerably reduces the antimicrobial effects. On heating, the
sulfur compound decomposes and the free component escape
by volatilization. At pasteurization temperatures, it is reported
to increase the thermal death rate of microorganisms presen
and enables more rapid destruction of microbes.
Temperature of Storage

A synergistic action of lower temperatures and SO2 addition is
claimed by some investigators, as more pronounced bacterio
static effects were observed in minced meat samples stored
lower temperatures than at higher temperatures (Table 3).

It is generally assumed that sulfite preservation of foods a
room temperature competes with refrigerated storage of foods
without any additives.
Behavior of Sulfur Dioxide in Foods

Several reaction products are formed through reversible an
irreversible reactions in SO2-treated foods. The amounts of
interaction products vary in different foods depending on the
processing and storage conditions. Because of these reaction
SO2 has multifarious functions in addition to its antimicrobial
effects. It can act as an antioxidant, as a bleaching agent,
a color � xative, and as an inhibitor of enzymic discolorations
and nonenzymic browning. The interaction products of
reversible reactions of sulfites do not pose serious problems a
most of them are unstable. Addition of SO2 to menadione,
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a water-soluble synthetic form of vitamin K, is reported to
result in the formation of a reversible sulfonate adduct, which
readily dissociates in animals to become a source of vitamin
K. Irreversible reactions, however, like cleavage of thiamin
have nutritional signi� cance.
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Inhibition of Enzymic Discoloration

Enzymic browning is a result of processes involved in the
production of pigments from enzymically oxidized phenolic
compounds of natural origin. Sulfites form inactive
complexes with enzymes or combine with breakdown
products to form stable complexes, thus inhibiting enzyme-
induced formation of abnormal colors in fruits and vegeta-
bles during processing and storage. Sulfite dips are used t
control discoloration due to enzymic browning in frozen
stored fruits and vegetables, as food enzymes are no
destroyed by freezing. The development of white speck
during storage in prawns can be controlled with the use of
10% salt and 0.04% sodium metabisulfite solution without
loss of nutrients. The formulations based on 4-hexyl-resor-
cinol and sulfides can delay the appearance of melanosis in
prawns by inhibiting polyphenoloxidase activity. Commer-
cial sulfides can inhibit luminescent bacterial growth.
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Inhibition of Nonenzymic Browning

Nonenzymic browning involves reactions between amino
groups and carbonyl groups leading to the formation of
insoluble, dark-colored compounds with a bitter taste. Sulfur
dioxide is the most commonly used chemical to inhibit
nonenzymic browning in foods. Inhibition of browning reac-
tions by SO2 is attributed to the stabilization of the interme-
diate compounds formed. It combines reversibly with reducing
sugars and aldehyde intermediates and irreversibly with certain
unsaturated aldehyde intermediates.

The appearance of heat-processed and canned vegetabl
fruits, � sh, and comminuted meat products like sausages ca
be improved through the inhibition of nonenzymic browning.
White wines are treated with SO2 gas or metabisulfite to inhibit
nonenzymic brown discoloration during storage. Sulfur
dioxide also inhibits nonenzymic browning in dehydrated
fruits and vegetables during storage at ambient temperatures
d
d
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Antioxidant Properties

Sulfur dioxide in the form of a gas or a sulfite dip during
processing and storage of dehydrated vegetables, fruits, an
grape juice prevents loss of ascorbic acid. It is used in canne
tomato sauce to prevent carotenoid oxidation and to preserve
the bright color. It is added to beer as a solution in water to
inhibit adverse changes in� avor due to oxidation by dissolved
oxygen. Lipids in sausages and comminuted meat products ar
protected from oxidation changes if sulfite or metabisulfite is
included. It also prevents the oxidation of the essential oils and
carotenoids and inhibits development of abnormal color and
� avor in citrus juices.
Reducing and Bleaching Actions

Sulfurous acid and the acid sulfites reduce many colored
compounds to colorless derivatives. Dried cut fruits with slight
darkening can be almost completely restored to their original
color by treating with SO2 probably owing to the formation of
colorless compounds. In sugar processing, SO2 bleaches the
naturally occurring pigments such as anthocyanins and other
colored nonsugars and also reduces darkening during evapo
ration and crystallization owing to its combination with
reducing sugars. As a reducing agent, it keeps reductones in th
inactive reduced form rather than in the active dehydro form.
The attractive bright pink color of sulfited minced meat
samples is maintained until spoilage during storage at 7–15 � C.
This color � xation property of SO2 is attributed to its ability to
maintain heme iron in the reduced state. Studies revealed
increased consumer preference for cooked sulfited mince
meat samples. Sulfites also prevent gray discoloration in
minced meats and raw sausages when they are exposed to a
Sodium metabisulfite has been used extensively in the mush
room industry as a whitening agent.
Losses from Binding to Food Constituents

Sulfur dioxide is highly reactive with other components in
foods; hence it does not persist for long periods. A large part o
the SO2 added to foods remains � xed or bound. Glucose,
aldehydes, ketonelike substances, pectin, and so on present
foods determine the extent of binding of added SO2 in foods.
However, 0.2% potassium metabisulfite with 2% citric acid can
extend the shelf life of tofu without disturbing its sensory
properties and without losses.

Glucose binds SO2 in a reversible manner. The extent of
binding is reported to be related to the total concentration of
soluble solids in the food. Combination of bisulfites with
sugars is much slower than with aldehydes and ketones and th
products formed are relatively less stable. Sulfur dioxide afte
combination with sugars or aldehydes exercises very little
antimicrobial action.

When increased levels of SO2 are added to foods, the
proportion of the free component increases. At low pH, the
combination of SO2 with glucose is delayed, ensuring that
more time is available for the SO2 to act on the microorganisms
present.

Levels of SO2 decrease considerably during storage. Loss o
SO2 in sealed bottles of wine initially containing up to
400 ppm ranges between 20 and 50%. In minced meat
samples incorporating 450 ppm of SO2, levels started to
decrease within a few hours. During storage at 7� C, levels of
SO2 decreased to around 295 ppm after the� rst day, to
270 ppm on the third day, to 240 ppm on the � fth day, and
stabilized at 200 ppm on days 7–13, after which spoilage was
observed. In samples stored at 15� C, residual SO2 levels
decreased to 350 ppm on the� rst day, 280 ppm on the third
day, and 220 ppm on the � fth day. Spoilage was noticed on
the sixth day of storage when the residual level was 120 ppm
Reduction in the concentration of SO2 is faster at higher
temperatures and it also coincides with increased microbial
loads.
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Importance of Species and Strain Tolerance

Sulfur dioxide is reported to have selective antiseptic action
Acetic acid bacteria, lactic acid bacteria, and coliaerogenou
bacteria are more sensitive than others. This compound i
most effective against Gram-negative bacteria. Several studi
indicate a general decline in the growth of spoilage organ
isms and also of added cultures ofClostridium botulinum,
Clostridium sporogenes, Clostridium perfringens, and Salmonella
typhimuriumin minced meats with SO2 levels of 450 ppm.
Bactericidal effect was found to be signi� cant within 3 h of
the addition of Salmonella enteritidisand Yersinia enter
ocolitica. Germination of bacterial spores also was found to
be affected. In minced meats without preservative, all groups
of bacteria multiply throughout the storage period, whereas
in sulfited samples only a portion of the micro � ora causes
spoilage.

During storage of minced meat samples with 450 ppm of
SO2 at 7 � C, coliforms, salt-tolerant bacteria and streptococc
did not reveal signi� cant changes in their numbers. Lactoba
cilli, however, were signi� cantly inhibited by day 9 when
spoilage was noticed. These organisms play a major role in th
spoilage of vacuum-packaged meats during refrigerated storag
It is to be explored whether extension of refrigerated storage life
of vacuum-packaged meats is possible with the addition of SO2
or sulfites in a safe way. In a minced meat sample with
450 ppm of SO2 stored at 15� C, lactobacilli, salt-tolerant
bacteria, and enterococci showed signi�cant increases afte
a lag phase of 4–5 days. A combination of 0.6% chitosan with
170 ppm of sulfite retarded growth of spoilage organisms for
24 days.

Among yeasts, fermentative types are more resistant tha
true aerobic species. Certain desirable strains of yeasts requir
for fermentation are made sulfite resistant through gradual
sensitization. Such resistant yeasts are utilized for fermentatio
in winemaking at levels of SO2 at which other undesirable
strains of yeasts and molds do not develop.
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Safety
Toxic Effects in Humans

The extensive use of SO2 in the form of sulfites, bisulfites and
metabisulfites in foods and beverages the world over indicate
that allergic reactions and residual toxicity problems in
consumers are almost nil in the normal pattern of human
exposure. In spite of its high reactivity with biologically
important molecules, SO2 is oxidized to sulfate by sulfite
oxidase enzyme and excreted in urine safely. The enzym
sulfite oxidase is reported to be present at higher than
adequate levels in liver and other tissues of the human body
The capacity of the mammalian sulfite oxidase for sulfite
oxidation is reported to be extremely high in relation to the
normal sulfite load expected from both endogenous and
exogenous sources.

Sulfites are known to destroy thiamin (vitamin B1) in
foods by cleavage of thiamin into 4-methyl-5-hydroxyethyl
thiazole and the sulfonic acid of 2, 5-dimethyl-4-amino-
pyrimidine. This cleavage is completed within 24–48 h at
a pH of 5.0 and at room temperatures. Hence, sulfites are
not used in foods that are major sources of thiamin. Studies
have revealed, however, that humans consuming up to
200 mg of SO2 per day showed no signs of thiamin de� -
ciency. This reaction need not be taken as a serious disa
vantage since some nutrient losses are expected in almost a
popular commercial methods of food preservation. Adverse
effects were not observed even with chronic sulfite admin-
istration. Chronically ingested sulfite does not accumulate in
the tissues or reach levels hazardous to human healt
because of its rapid metabolic removal. However, problems
may occur in humans affected with sulfite oxidase de� ciency
disease.

The possibilities of undesirable interactions between SO2
and other dietary components or cellular constituents
leading to interference in metabolic processes or damage t
the structural integrity of proteins have not been evidenced
in human systems; hence, SO2 is considered to be a safe
preservative if used in permitted levels. A few cases of allerg
reactions observed in asthma patients after consumption o
sulfited foods such as pickled onions were found to be due
to the presence of very high levels of SO2. If foods are pro-
cessed at permitted levels of SO2, such problems may not
arise.
Conclusion

The rapid strides made by the processed and convenienc
food industry would not have been possible without the
use of traditional and chemical preservatives. In view of
concerns about potential toxicity to the consumers in the
long run, the worldwide trend is to restrict the use of
these preservatives to well below their legally permitted
levels. No single permitted preservative ful� lls the needed
requirements of effectiveness and absolute safety. Sulfu
dioxide is no exception to this, in spite of its proven effec-
tiveness and safety as indicated by its continued usage i
a wide range of foods. Future development will lead to the
optimum utilization of combinations of permitted preser-
vatives so that their individual levels of incorporation can be
greatly reduced without compromising the safety and
stability of food products. A combination of 50 ppm of
sorbate and 50 ppm of SO2 is reported to have inactivated
yeasts such asSaccharomyces cerevisiaeduring heating, even in
the presence of glucose. The food industry requires th
continued use of preservatives like SO2 in traditional ways
until synergistic combinations have undergone detailed
investigations on enhanced safety.
See also:Preservatives:Classi� cation and Properties;
Preservatives:Traditional Preservatives– Organic Acids;
Preservatives:Traditional Preservatives– Wood Smoke;
Preservatives:Permitted Preservatives– Benzoic Acid;
Permitted Preservatives– Hydroxybenzoic Acid;Permitted
Preservatives:Nitrites and Nitrates;Preservatives:Permitted
Preservatives– Sorbic Acid;Spoilage of Animal Products:
Seafood;Wines:Microbiology of Winemaking; Production
of Special Wines; Wine Spoilage Yeasts and Bacteria; Ad
in Processing Technologies to Preserve and Enhance the
of Fresh and Fresh-Cut Fruits and Vegetables.
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Introduction

True spices are de� ned as the roots, bark, buds, seeds, or fruit
of aromatic plants that usually grow in tropical and some
temperate climates. Essential oils (EOs) are de� ned as being
a group of odorous principles, soluble in alcohol and to
a limited extent in water, consisting of a mixture of esters,
aldehydes, ketones, and terpenes. These compounds are main
responsible for the characteristic aroma and� avor of the spices.
The use of volatile solvents (e.g., acetate, ethanol, ethylen
chloride) could provide not only a more complete � avor
pro� le than the EO (oleoresins) alone but also a more poten-
tial antimicrobial inhibitor. Pharmacy, cosmetic, and � avor
industries are the main end users of spices, herbs, and the
compounds. Although the majority of the EOs are classi� ed as
generally recognized as safe (GRAS), their use in foods
preservatives often is limited due to� avor considerations, since
effective antimicrobial doses may exceed organolepticall
acceptable levels. In comparison with their use as compound
that enhance the� avoring and antioxidant effect of foods, the
potential use of these compounds as natural antimicrobial
agents, which is not well exploited, may lead to the reduction
of chemical substances in the food industry– for example, with
the new food that is introduced in the market and requires
a long shelf life and greater assurance of freedom from food
borne pathogens. The excessive use of chemical preservativ
many of which are suspect because of their potential carcino
genic and teratogenic attributes or residual toxicity, has resulte
in increasing pressure on food manufacturers to eithe
completely remove chemical preservatives from their products
or adopt more natural alternatives for the maintenance or
extension of a product’s shelf life.

Food microbiologists have investigated the antimicrobial
properties of many herbs, spices, and food plants. The curren
advances in pharmacognosy and related sciences in which a
increasing interest is being taken in the potential use of plant
constituents as drugs or antimicrobials in general have no
been taken into account.
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Range of Extracted Oils and Spices Available

Achiote, allspice, almond (bitter), anethole, angelica, anise
asafoetida (Ferulasp.) basil, bay, bergamot, calamus, camo
mile-German, cananga, caraway, cardamom, celery, chi
cinnamon, citronella, clove, coriander, cornmint, cortuk,
cumin, dill, elecampane, estragon, eucalyptus, fennel, gal
(sweet), garlic, geranium, ginger, grapefruit, laurel, lavender
lemon, lime, linden � ower, liquorice, lovage, mace, mandarin,
marjoram, mastic gum tree (Pistacia lentiscusvar. chia), melissa,
mint (apple), musky, bugle, mustard, neroly, nutmeg, onion,
orange, oregano, paprika, parsley, pennyroyal, peppe
peppermint, petitgrain, pimento, rose, rosemary, saffron, sage
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
sagebrush, savory, sassafras, spike, spearmint, star an
tarragon, tea thuja, thyme, turmeric, valerian, verbena, vanilla
wintergreen, and wormwood are only a few among the 1500
herbs, spices, and plants that have been reported as potenti
sources of antimicrobial agents (Wilkins and Board, 1989).

Steam distillation is the most commonly used method to
produce � avoring substances on a commercial basis. Extractio
by means of liquid carbon dioxide, under low temperature and
high pressure, is a more expensive alternative that provide
a more natural organoleptic pro� le. This differentiation on
their organoleptic pro� les also re� ects the differences on
chemical composition between EOs by steam distillation and
those produced by solvent extraction. These chemical compo
sition differences also in� uence their antimicrobial properties,
since literature reports have indicated that EOs extracted from
herbs with hexane exhibit superior antimicrobial activities as
compared with their corresponding EOs that are obtained by
steam distillation. Because all EOs are volatiles, however, the
have to be stored in airtight containers in the dark to prevent
compositional changes.
Chemical Composition of Flavoring Substances

Chemical composition analyses of EOs obtained from plants
usually have been performed by gas chromatography and mas
spectrometry. A typical EO scan includes more than 60 indi-
vidual components; while the major components can account
up to 85%, the minor components are present only in trace
amounts. The major component content of many economi-
cally interesting EOs are shown inTable 1 in which the main
constituents of EOs that possess signi� cant antibacterial activ-
ities also are indicated (Table 1). Despite the presence of many
major constituents that display antibacterial activity, the anti-
bacterial properties of some EOs mainly are attributed to their
content of phenol monoterpenes. Furthermore, experimental
evidence indicates that minor constituents also play a critica
role in their antibacterial activities, possibly via a synergistic
effect with other components. This has been delineated for the
EOs of sage and oregano.

In general, a great number of compounds have been shown
to possess antimicrobial activity, including the following:
apigenin-7-glucose, benzoic acid, berbamine, berberine
caffeine, caffeic acid, 3-o-caffeoylquinic acid, carnosol, car
nosic acid, carvacrol, caryophelene, catechin, cinnamic acid
citral, chlorogenic acid, chicorin, coumarine,p-coumaric acid,
cynarine, dihydrocaffeic acid, dimethyloleuropein, esculin,
eugenol, ferulic acid, gallic acid, geraniol, gingerols, humu-
lone, hydroxytyrosol, hydroxybenzoic acid, hydroxycinnamic
acid, isovanillic, isoborneol, linalool, lupulone, luteoline-5-
glucoside, ligustroside, myricetin, oleuropein, paradols, pro-
tocatechuic acid, rutin, quercetin, resocrylic, salicylaldehyde
sesamol, shogoals, syringic acid, sinapic acid, tannins, thymo
tyrosol, verbascoside, vanillin, and vanillic acid (Burt, 2004).
78-0-12-384730-0.00258-5 113

http://dx.doi.org/10.1016/B978-0-12-384730-0.00258-5


-
-
t

ts

l

-

,

,

,

of

i-

f

y

,

e

l
s,

Table 1 Major components of selected essential oils that display
signi� cant antimicrobial properties

Essential oil Major components Composition (%

Origanumspp.
(oregano)

Carvacrol 0–89
Thymol 0–64
g-Terpinene 2–52
p-Cymene 0–52
Linalool 4

Thymusspp. Thymol 4–64
p-Cymene 0–56
g-Terpinene 2–31
Carvacrol 16–61
Geraniol 3–42
Geranyl acetate 0–10
Borneol 0–8
Linalool 0–7
b-Caryophyllene 0–6

Cinnamomumspp.
(cinnamon)

trans-Cinnamaldehyde 65

Syzygium aromaticum
(clove)

Eugenol 75–85

Saturejaspp. Thymol 13–41
Carvacrol 4–44
g-Terpinene 6–25
p-Cymene 6–18
b-Caryophyllene 4–9
Carvacrol 27–44
b-Caryophyllene 5–9

Salvia ofÞcinalis(sage) a-Thujone 20–42
Camphor 6–15
1, 8-Cineole 6–14
b-Pinene 2–10
a-Pinene 4–5

Rosmarinus ofÞcinalis
(rosemary)

1, 8-Cineole 3–89
a-Pinene 2–25
Bornyl acetate 0–17
Camphor 2–14
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Among these compounds, thymol from thyme and oreg-
ano, cinnamic aldehyde from cinnamon, and eugenol from
cloves have been reported to have a wide spectrum of antimi
crobial effectiveness. Phenolic compounds are the major anti
microbial components of the EOs of spices. For this reason, i
needs to be clari� ed that the present review is dealing with
a general assessment of antimicrobial action of EOs extrac
(either with steam distillation or with volatile solvent) or of
speci�c compounds, for example, phenolics such as eugeno
and thymol ( Fisher, 1992).

Furthermore, the chemical composition of the EOs depends
greatly on their harvesting period and cultivation site. This can
be rationalized considering the biosynthetic pathway of their
major components. For example, in the case ofOriganum,
Satureja, and Thymus species, p-cymene and g-terpinene
constitute the precursors of their phenol monoterpenes carva
crol and thymol. Thus, research� ndings on EOs of Greek
Origanum, Satureja, and Thymusplants have indicated that the
sum of these monoterpenes represents the bulk of their EOs
regardless of their cultivation site or harvesting time. Similar
� ndings were obtained for EOs ofThymus vulgarisfrom Italy
and GreekSatureja thymbraand Satureja parnassica. In particular,
it was shown that during their premature vegetative stage
g-terpinene andp-cymene constitute the major components of
the EO. As the� owering period approaches, a simultaneous
gradual diminishment of monoterpene precursors and the
prevalence of their phenolic metabolites is observed. Thus
during the full � owering period, carvacrol prevails as the major
component, while the end of the � owering stage delineates
a sharp decrease of carvacrol levels and the predominance
thymol as a major component of the EOs, followed by the
restoration of monoterpene precursors, when the premature
vegetative stage is approached. The aforementioned data ind
cate that the four compounds are biologically and functionally
associated, supporting the theory that thymol and carvacrol are
biosynthesized from p-cymene andg-terpinene. In this regard,
it is evident that EOs obtained during (or immediately after)
the � owering season of a plant, exhibit the most signi� cant
antimicrobial activities. Finally, the EOs composition obtained
from different parts of the same plant may vary signi�cantly.
For example, EO obtained from coriander seeds (Coriandrum
sativum L.) has quite a different chemical composition
compared with the EO of cilantro, which is produced from the
immature leaves of the same plant.

)

Mode of Action on Microbial Cells

The ability of EOs to act on different targets in bacterial cells, as
well as the variation between organisms as to relative sensitivity
of these targets needs to be noted. As far as the activity o
naturally occurring compounds is concerned, Gram-positive
bacteria are more sensitive, in general, to the previousl
mentioned substances than Gram-negative ones; variation in
the rates of inhibition is evident also among the Gram-negative
bacteria. A possible explanation for their general reduced
activity toward Gram-negative bacteria could be that due to the
lipophilic nature of the oils, they fail to diffuse across the outer
membrane. The higher antimicrobial activity of mint EO
against Salmonella enteritidisin comparison to Listeria mono-
cytogenescontradicts the view that Gram-positive bacteria are
more susceptible to EOs than Gram-negative ones.

Although the mechanism of action of the phenolics and
EOs on microorganisms has not been elucidated, it is generally
accepted that these not only attack the cytoplasmic membrane
thereby destroying its permeability and as result releasing
intracellular constituents, but also could cause membrane
dysfunction in respect of electron transport, nutrient uptake,
nucleic acid synthesis, and ATPase activity. This may be th
result of impairment of a variety of enzyme systems, including
those involved in energy production and structural component
synthesis.

In other words, the bactericidal and bacteriostatic effect of
phenolic compounds is shown by perturbations of cytoplasmic
membrane of sporulated microorganisms or not, at two
different levels: cell wall and membrane integrity and the
physiological status of bacteria (Tassou et al., 2004).

In both cases, the perturbation can be observed in severa
ways, such as by measuring leakage of cellular material
monitoring changes in the � uidity of the membrane and the
variation of phospholipid content, monitoring changes in the
membrane functions such as electron transport and nutrients
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uptake, and monitoring the effect of these compounds on
membrane-bound enzymes.
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Cell Wall Integrity

The phenolic-EO compounds are membrane-active agent
possibly because they affect its permeability. Indeed thes
compounds attack the cytoplasmic membrane releasing intra
cellular constituents. When Escherichia coli, Staphylococ
aureus, Listeria plantarum, Pseudomonas fragi, and Pseudomona
� uorescensare exposed to phenolics-EO compounds, there i
a leakage of the Na glutamate-3,4-14C, NaH2

32PO4, UV-
absorbing material, 14C labeled compounds, nucleotides,
glutamate, potassium, and inorganic phosphate. The weak
ening or destruction of the permeability barrier of the cell
membrane can count for this loss. Leakage of intracellula
compounds is known to be a general phenomenon induced by
many antibacterial substances.

The increase in the permeability of the cell membrane could
be attributed to the phenolics-EO compound’s ability to bind
proteins, probably through hydrophobic interaction, or to react
with the phospholipid component of the cell membrane of
bacteria (e.g.,Pseudomonas aeruginosa). These reactions may
cause (1) signi� cant changes in the fatty acid composition and
phospholipid content of these organisms and (2) precipitation
of proteins (e.g., cytoplasmic). In the former case, as most o
the EOs are highly hydrophobic, the cytoplasmic membrane is
likely to be the main site of adsorption since the cell wall of, for
example,St. aureuscontains as little as 1 or 2% lipid material.
The low water solubility of many phenolics-EO, probably
precludes any signi� cant diffusion into the cytoplasm. More-
over, low temperature decreases the solubility and hence th
concentration of the phenol in the cell membrane lipid. While
this is one possibility, the effect of temperature on rates of
reaction probably is more important. Lysis of bacterial proto-
plasts by phenolics-EO occurs at concentrations lower than
those causing leakage of nucleotides from whole cells. This i
an indication that the cell wall might play an important role in
the relative resistance of whole cells lysis by low concentration
of phenolics. It has been suggested that low concentration
affect the activity of enzymes associated with energy production
while higher amounts cause a precipitation of proteins. There is
not a de� nite answer to the question whether the alleged
damage caused to the cell membrane is quantitatively related to
the amount of phenol derivative to which the cell is exposed or
whether the effect is such that once small damages are cause
the lesions enlarge and leakage proceeds continuously.

The binding with proteins is evident with the differences in
the high-performance liquid chromatography (HPLC) protein
pro� le or SDS-PAGE electrophoresis protein pattern of broth
inoculated with St. aureusor S. enteritidisand supplemented
with phenolics or EOs. The extracellular material, as demon
strated with HPLC, is only a measure of a generalized loss o
membrane function, and it is more likely that these compounds
interfere with energy metabolism, synthesis of macromolecules
or the cell membranes of actively growing cells. This account
for the differences found in the utilization of glucose and
amino acids as well as the production of metabolic products
in broth inoculated with S. enteritidiswhen mint EO is added.
With the last mentioned view in mind, the use of scanning
electron microscopy shows that the whole cells of untreated
L. plantarum, Bacillus cereus, and St. aureusare smooth compared
with those treated with phenolics for 24 h. In the latter case, the
bacterial surfaces become irregular and rough.
Physiological Status

As far as it concerns the second level of physiological alteration
phenolic-EO inhibit Staphylococcusenterotoxin B (SEB) and
lactate production as well as the rate of glucose assimilation in
well-buffered media, despite little or no effect on � nal cell
mass. The decrease in the percentage of glucose and ami
acids utilization, as well as the reduction in the formation of
L-lactate, could be due to the inhibitory effect of phenolic-EO
on substrate uptake, on speci�c enzymes, or on the electron
transport chain. Similar results are obtained withS. enteritidis
inhibition of growth and enterotoxin A production by
St. aureusstrain 100 by butylated hydroxyanisole has also been
noted. The effect of various phenolic compounds on the
membrane-bound ATPase activity ofSt. aureusvaries signi� -
cantly. Some stimulate the activity whereas others either inhibit
it to various degrees or are found to be neutral. These result
suggest that there is no general overall effect of their activity on
the membrane-bound ATPase ofSt. aureus.

As far as the effect of EOs onL. plantarumis concerned, there
is no in� uence on the rate of glycolysis, although a decrease i
the ATP content of the cells has been observed.

Studies with spore-forming bacteria (e.g.,Bacillus) show that
these may be more sensitive than non-spore-forming ones to
the phenolic compounds. The activity of phenolics from olives
could be decisive for spores as well, as they may denatur
germination enzymes, inhibit the lytic enzyme subtilopeptidase
A, or interfere with the use of L-alanine or other amino acids
necessary for the initiation of the germination process.

The ability of phenolics and EOs to affect many cell types
could be explained if their mechanisms of action were to
cause membrane perturbations, thus leading to cell disfunc
tion. These compounds probably do not share a common
mechanism of action and there may not be a single targe
associated with the inhibition of microorganisms by these
compounds. This type of mode of action could be bene� cial
in terms that it would be dif � cult for microbes to evolve into
phenolics-EO-resistant strains. This proposal also would
explain the fact that phenolics, EOs, and phytoalexins gener
ally cause static rather than right toxic effects; cell membrane
that leak or function poorly would not necessarily be lethal
but probably would cause a slowing of metabolic process,
such as cell division (Billing and Sherman, 1998; Denyer and
Hugo, 1991).
In Vitro and In Situ Studies

The EOs of spices or herbs show bactericidal activity again
Gram-positive but only bacteriostatic activity against Gram-
negative bacteria (Table 2).

So far, the majority of tests for monitoring the antimicrobial
activity of these compounds have been performedin vitro, and
this activity is in� uenced by the culture medium, the temper-
ature, and the inoculum size.
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Table 2 Antimicrobial spectrum of essential oils from herbs, spices, and various plants

Gram positive Gram negative Yeasts and fungi

Arthrobactersp.

Bacillussp., B. subtilis, B. cereus
Brevibacterium ammoniagenes, Br. linens
Brochothrix thermosphacta
Clostridium botulinum, Cl. Perfrigenes,

Cl. sporogenes
Corynebacteriumsp., Enterococcus faecalis
Lactobacillussp., L. plantarum,

L. fermentum Leuconostocsp.,
Leuc. cremoris

Listeria monocytogenes, L. innocua
Micrococcussp.
Micrococcus luteus
Pediococcussp.
Propionibacterium acnes
Sarcinaspp.
Staphylococcusspp., St. aureus,

St. simulans, Weissella minor

Acetobacterspp.

Acinetobactersp., A. calcoaceticus, Aeromonas hydrophila
Alcaligenessp., A. faecalis
Campylobacter jejuni
Citrobactersp., C. freundii
Edwardsiellasp.
Enterobactersp., En. aerogenes
E. coli, E. coli0157:H7,Erwinia carotovora
Flavobacteriumsp. Fl. suaveolens, Klebsiella

sp., Kl. pneumoniae
Moraxellasp.
Neisseriasp., N. sicca
Pseudomonasspp., Ps. aeruginosa, Ps. ßuorescens,

Ps. fragi, Ps. clavigerum, Ps. putida
Proteusspp., P. vulgaris
Salmonellaspp., S. enteritidis, S. senftenberg,

S. typhimurium, S. pullorum
Serratiasp., S. marcescens
Vibriosp., V. parahaemolyticus
Yersinia enterocolitica

Aspergillus niger, As. parasiticus, As. ßavus, As.
ochraceus

Candida albicans
Fusarium oxysporum, F. culmorum
Mucorsp.
Penicilliumsp., P. chrysogenum P. patulum,

P. roqueforti, P. citrinum
Rhizopussp.,
Saccharomyces cerevisiae
Trichophytonmentagrophytes
Pityrosporum ovale

116 PRESERVATIVESj Traditional Preservatives – Oils and Spices
It must be noted, however, that all potent antibacterial EOs�
assayed duringin vitro studies � have to be used in higher
concentrations to produce similar effects on foodstuffs. Reason
explaining this activity difference may concern (1) the availability
of nutrients in large quantities at food preparations, as compared
with the laboratory media, which may enable the fast repair of
damaged cells by the respective bacteria; and (2) the in� uence of
bacteria’s sensitivity by both intrinsic (fat, protein, and water
content; antioxidants; preservatives; pH, salt, and other additives
and extrinsic (temperature; packaging in vacuum, gas, and ai
and characteristics of microorganisms) food properties.
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Microbial Inhibition by Essential OilsIn Vitro

Gram-Positive Species
Active agents from linden � ower, orange, lemon, grapefruit,
mandarine, rosemary, oregano, thyme, cumin, caraway clove
thyme, allspice, basil, sage, spearmint, mastic gum, and onion
retard the growth of St. aureus,which probably is the most
commonly used bacterium in studies of antimicrobial activity
of EOs.

The effect of different EOs (rosemary, cloves, and oregano
mainly from spices againstL. monocytogenes, the psychrotrophic
Gram-positive bacterium responsible for listeriosis, has been
examined as well. The psychrotrophic and aciduric nature of the
latter microorganism plays an important role in the � nal net
effect. The EO ofMentha piperitavar.of� cinalisagainst strains of
L. monocytogenes– tested with the disc agar diffusion method–
exhibits moderate inhibition, while the EOs of cinnamon,
cloves, oregano, and thyme are the most inhibitory. The EO
from clove at 0.5 and 1% concentrations is bactericidal to this
organism when grown in laboratory media at 4 and 24� C.

The inhibition of spore-forming bacteria by spices and their
EOs also has been studied.Clostridium botulinum, Cl. Sporogen
and Cl. perfringensare inhibited by the EOs of garlic, mace,
achiote, onion, cinnamon, thyme, oregano, clove, pimento,
and black pepper. It also was observed that the effect of spic
oils on spore germination is reversible. The oils of black pepper
and clove have a greater inhibitory effect on vegetative ce
growth than the other oils. The oils do not have a signi� cant
effect on outgrowth of spores, but there is a decrease in the rat
and extent of germination of Bacillus subtilisspores in the
presence of clove and eugenol. The composition of the media
used to test the oils affects the activity of EOs.

Gram-Negative Species
The growth of Salmonellaspp. and Aeromonas hydrophilais
inhibited by EOs of linden � ower, basil, spearmint, thyme,
oregano, orange, lemon, grapefruit, mandarine almond, bay,
clove, coriander, cinnamon, pepper, mastic gum and clove
coriander, and nutmeg.

Yeasts and Mycelial Fungi
Clove is the strongest antifungal spice and cinnamon is also
quite inhibitory, while mustard, garlic, allspice, and oregano
give smaller degrees of inhibition againstPenicilliumspp. and
Aspergillusspp. Contradictory results have been obtained with
oregano and thyme oils in tests with Aspergillus niger, As
ochraceus, Asp.� avus, Asp. niger, Penicillium chrysogenu
Rhizopussp., andMucorsp. Thyme and oregano oils can stim-
ulate the growth of Asp.� avusand Asp. parasiticus, while at the
same time acting as antia� atoxigens.Aspergillusand Penicillium
isolates from black table olives are inhibited with methyl-
eugenol and the EO of the spiceEchinophora sibthorpiana.
Foods in Which Essential Oils and Spices Are Employed

From 6000 BC and 1000 BC, spices and herbs were added t
foods not as preservatives but mainly as seasoning additives du
to their aromatic characteristics. Even in the beginning of
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twentieth century, spices and herbs were used for culinar
delight. The addition of these ingredients in fermented ethnic
foods gained popularity not only in the Middle East, Balkans,
Indian subcontinent, and the Far East but also in other countries
and spread to Europe, the United States, and elsewhere. Th
main consumers of spices now include the meat industry and in
particular the manufacturing of sausages, while oils are used b
the � avor industry for � avor enhancement and antioxidant
effect. The potential use of these ingredients as natural antim
crobial agents is less exploited than their use as compounds
which enhance the � avoring and antioxidant effect of foods,
with the consequence of reducing chemical substances.
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Methods Used to Assay the Antimicrobial Activities

The antimicrobial activities of plant-derived compounds
against diverse types of microbes, including foodborne path-
ogens, are well documented in the literature, although these
results are not directly comparable because various distinct an
divergent data have been reported for the same antimicrobia
compound or mixture.

These literature assay methods measure the (1) inhibition
zone of bacterial growth around a paper disk containing the
compound (or mixture) tested, on various nonspeci� c
substrates; (2) minimum inhibitory concentration that is
necessary to inhibit the bacterial growth; (3) inhibition of
bacterial growth on an agar medium when the tested compound
(or mixture) is diffused in agar; (4) optical density changes of
a growth medium (nonselective broth) in which inoculum and
antimicrobial compounds were added; and (5) changes in the
impedance of a nonspeci� c growth medium (broth), with or
without antimicrobial compounds addition ( Bloom� eld, 1991).
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Factors Affecting Antimicrobial Action

Proteins, lipids, carbohydrates,aw, pH and temperature, and
chelating compounds are factors that affect the antimicrobial
activity of phenolics. The antimicrobial effect of phenolics–
EOs againstSt. aureus, P.� uorescens, and Saccharomyces c
evisiaeis in� uenced by the presence of different amounts o
casein and corn oil. The increase of proteins in the medium
(broth culture, model food system, or in situ food) affects the
inhibitory action of these compounds on the survival and
growth of target microorganisms. For example, the resistanc
to sage EO increases with decrease in water content an
increase in protein and fat content of the food. The loss of
antimicrobial activity of phenolics against the microorganisms
has been attributed to binding of the compounds to food
proteins (milk, meat, � sh). The fats also in� uence the effec-
tiveness of phenolics-EOs and, in general, reduce their ant
microbial activity. Indeed, because of their hydrophobic nature
the EOs are much more soluble in the lipid ingredients than in
the aqueous phase of the food. Because bacterial proliferatio
takes place in the latter, EOs become ineffective toward th
microbial � ora. It has been suggested that a fat coat coul
form on the surface of bacterial cells and possibly preven
the penetration of the inhibitory substances from a spice. The
addition of carbohydrates (e.g., glucose) has no effect on the
inhibitory action of the EOs in broth cultures inoculated with
S. enteritidisand St. aureus.It can be concluded that the pres-
ence of relative high concentrations of fats or protein in foods
are more effective than carbohydrates in protecting microor-
ganisms from the inhibition action of EOs.

The synergetic effect of salt in the inhibitory effectiveness o
phenolics-EOs is disputed. For example, the inhibitory effect of
sage againstB. cereusin rice or in strained meat is more
pronounced when salt is used in combination. Other research
workers have not found this synergetic effect withS. enteritidis
or Lactobacillusspp., at least in broth cultures. In food model
systems, such as egg� sh salad (a very salty food), it seems tha
the EO of mint at concentrations of 1.0% (v/w) affects
S. enteritidisas soon as it is inoculated into the food.

The effect of pH on the preservation capacity of phenolics is
slightly more complex, as the effect depends on the microor-
ganism tested and the form of the carboxyl group of the
compound. The synergism of pH and EO is evident especially
in a food model system with low pH (tzatziki), where the most
bactericidal effect is observed. On the other hand, in a food
model system with neutral pH (pate), the addition of EO is
ineffective toward the target organisms; pH modulates the rate
of the inhibitory reactions as well as the chemical characteris
tics of the main substances that make up the EO. The increase
antibacterial activity of the EO at low pH can be related to the
fact that the EO constituents become more hydrophobic at low
pH and dissolve better in the lipid phase of the bacterial
membrane (Branen and Davidson, 1983).

Temperature and ethylenediaminetetraacetic acid (EDTA
can also play an important role on the inhibitory effect of EO
(oregano) on the death rate of microorganisms. Namely, with
mayonnaise, an acidic food, storage at 18–22 � C for 24 h results
in a marked decrease in the populations of pathogens, bu
refrigeration temperatures protectSalmonellaspp. Refrigeration
temperatures enhance the inhibitory activity of sage, but not of
cloves and oregano, on L. monocytogenes; with cloves, the
organism dies more rapidly in tryptone soya broth at 24� C
rather than at 4� C. The EO in combination with EDTA is
inhibitory to Ps. fragi, whereas a concentration of 0.01% (w/v)
EDTA does not signi� cantly increase the effect of the EO on
Salm. serEnteritidis. The chelating agent EDTA affects the surfac
of Gram-negative bacteria and, in many cases, causes the ou
membrane to become more permeable to various molecules.

For example, the presence of mint oil in high-fat products
pate and � sh roe salad produces only a limited antibacterial
effect against L. monocytogenesand Salm. ser. Enteritidis,
whereas the same EO was much more effective when it wa
used in cucumber and yogurt salads (both constitute low fat
and pH products). Another parameter limiting the antibacterial
activity of an EO can be the physical structure of a food. Fo
example, the size of the oil droplets of a food emulsion is
found to promote the bacterial growth within colonies by
protecting them from the EO action.
Recent Developments in the Application
of EO in Food Industries

Active Packaging

To meet the food industry’s growing demand, during the past
two decades, a vigorous research activity was initiated towar
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the development of ef� cient food-packaging techniques.
Among the various packaging technologies developed by (and
for) the food industry, modi � ed atmosphere packaging (MAP)
is responsible for the evolution of fresh and minimally pro-
cessed food preparations, especially for meat and meat prod
ucts. The incorporation into the packaging materials of EOs in
volatile form could allow these compounds to ‘surround’ the
food through diffusion or partition or to be released through
evaporation in the headspace. The latter may be accomplishe
through the use of antibacterial EOs, which are volatile and
regarded as‘natural’ alternatives of chemical preservatives.
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Bio�lm Disinfection

Limited information is available however, on the comparative
evaluation of EOs or their by-products (e.g., hydrosols) as
disinfectants against bacterial bio� lms in comparison with
chemical ones. In addition, the effectiveness of various EO
components has been demonstrated against bio� lm strains of
E. coli and Pseudomonasspp., while a recent report indicated
that the EO of S. thymbrais effective against spoilage and
pathogenic bacteria in monoculture and mixed-culture bio-
� lms that are associated with traditional fermented sausage
Different disinfectant solutions based on the essential oils of
Cimbopogon citratusand Cimbopogon nardusagainst L. mono-
cytogeneshave been found to be active against bio� lm forma-
tion of this pathogen.

Recent studies showed that chemical sanitizers (such a
lactic acid, HCl, ethanol, and NaOH) failed to eliminate
ef� ciently the bio� lms from stainless steel surfaces in
comparison with the dramatic effect of the essential oil of
S. thymbra� and its hydrosol � which when tested as natural
sanitizers on the same surfaces, were found to possess pote
disinfectant activities against bacterial species grown a
monoculture or as mixed-culture bio� lms.
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Introduction

There is a common misperception that the addition of acids to
foods is problematic due to the corrosive and toxic properties
of this class of compounds. This perspective is countered by th
reality that acids that are derived from organic compounds or
organic acids are ubiquitous substances found throughou
nature that participate in the most vital biochemical pathways
in the human body (e.g., pyruvic acid and citric acid).
Furthermore, the addition of organic acids to foods and
beverages is one of the most ancient practices, providing a
extremely simple and effective method for preventing food-
borne illness and preserving food products. The most common
foodborne pathogenic bacteria of interest are unable to grow a
pH levels lower than pH 4.0 (Figure 1), although the most
common microorganisms capable of growing in foods at pH
levels lower than 4.0 are typically yeasts, molds, and som
acidophilic spoilage bacteria, which serve as bioindicators o
unwholesomeness, includingAlycyclobacillus, Lactobacillus, Lac-
tococcus, Leuconostoc, and Bi� dobacterium. In addition to food
safety aspects, the addition of organic acids to foods als
imparts � avor and antioxidant activity and maintains organo-
leptic properties over extended shelf-life periods.

Organic acids have played a signi� cant role in foods and
beverages for thousands of years. Tartaric acid residues ha
been found in Iranian wine jars, which some believe to date
from 5000 to 5400 BC. The natural acids from grapes
including tartaric and citric acids, enhance the� avor and add
to the antioxidant properties of grape food products and
beverages. The addition of citric, malic, or tartaric acids to
Salmonella
Campylobacter
Escherichia coli

Staphylococcus aureus
Listeria

Bacillus cereus
Clostridium botulinum

Lactobacillus
Acetobacter

Yeasts
Molds

2 3

Figure 1 Typical minimum pH levels necessary for the growth of pat
acid- and acetic-acid-producing bacteria, yeasts, and molds. Low pH
molds, and bacterial acidophiles.

Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
grape-based beverages has become a common industrial pra
tice due to the stabilizing effect of these organic acids and the
resulting ability to enhance product shelf life.

The antimicrobial and corresponding health-promoting
nature of organic acids has been known for thousands of years
In geographic regions where water quality is routinely unsani-
tary, common cultural practices have been adopted whereby
small quantities of lemon juice or wine are added to the
drinking water prior to potation. This process of acidifying
beverages to pH levels less than 4.0 is known to inactivat
harmful bacteria or sensitize them to subsequent inactivation
in the gastrointestinal tract when consumed immediately
thereafter. For example, allusion to this ancient practice is made
in the New Testament scriptures, where the Apostle Paul direc
the young evangelist Timothy,“No longer drink only water, but
use a little wine for your stomach’s sake and your frequent
in� rmities” (1 Tim. 5:23, New King James Version), a statemen
that is reputed by many to be in reference to the puri� cation
effect achieved by diluting water with wine. Antecedent to this,
it is recorded by Titus Livy that the great military commander
Hannibal and his Carthaginian army carried substantial
quantities of sour wine for this very purpose while crossing the
Alps into Northern Italy during the Second Punic War. In fact,
the word vinegar is derived from the Latin words‘Vinum’ and
‘Egre’ (Vinegre), which literally translates to ‘wine sour’ or
spoiled wine. Use of sour wine during this period of history was
one of the only reliable ways of ensuring uncontaminated
water, especially when an army was on the march. The Roma
armies were also known to be supplied amply with sour
(aceti� ed) wine, purportedly for this very purpose, as well as
4 5 6 7

pH range for growth 

hogenic bacteria commonly involved in foodborne illnesses, as well as for lactic
levels restrict the growth of pathogens but allow the growth of spoilage yeasts,
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due to its lower expense in comparison to the more costly
nonaceti� ed fermented alcoholic wines.
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Organic Acid–Based Acidi�cation of Foods

The range of foods containing organic acids is extensive an
includes such products as colas, sport drinks, fruit juices and
fruit products, spreads, sauces, dressings, mayonnaise, pickle
pickled eggs and meats, salsa, sauerkraut, kimchi, tea, coffe
cocoa, fermented sausage, vinegar, kombucha, candie
desserts, soy sauce, canned vegetables, yogurt, and vario
other fermented dairy products. Some foods are manufactured
to include the arti� cial addition of acids, while other acids are
intrinsic to the food itself or are generated by microbial agents
in the food during the fermentation process. Organic acids are
entirely natural components of many foods, notably fresh fruits
and fruit juices. Grape juices and wine characteristically contain
tartaric acid. Malic acid is found in apples, and citric acid is
found in citrus fruits, such as lemons, grapefruit, and oranges
(seeTable 1 for a list). Many fruit juices contain a mixture of
organic acids, with citric and malic acids being most commonly
found in substantial quantities. Acids commonly added to
foods are not generally chemically pure compounds, rather
they are incorporated as subcomponents of natural substance
that are added to foods during the manufacturing process.

The concentrations of acids in fruit juices obtained from
ripened fruits are approximately 1%, although black currant
can contain up to 4% citric acid, which may contribute partially
to the unusually high antioxidant content of black currant in
comparison to other fruits. Acid levels in fruits vary consider-
ably with ripeness: Unripe fruits contain a higher concentration
of acid but little sugar, in fact, unripe lemons may contain as
much as 5–8% acid content. Inversely, overripened fruits
Table 1 Range of pH values and major acids present in various fr

Fruit pH range Major acids

Apple 2.9–4.5 Citric, malic
Blueberries 2.8–3.2 Quinic, citric
Cherry 3.7–4.4 Ascorbic, citric
Cranberry 2.2–2.5 Malic, citric
Grape 2.9–3.9 Malic, tartaric
Grapefruit 2.9–3.6 Citric, quinic
Guava 3.2–4.2 Citric, malic
Kiwifruit 3.1–4.0 Quinic, citric
Lemon 2.0–2.6 Citric, quinic
Lime 1.6–3.2 Citric, quinic
Lingonberry 2.6–2.9 Citric, malic
Mango 4.3–6.0 Citric, tartaric
Orange 2.6–4.3 Citric, quinic
Papaya 5.2–5.7 Citric, malic
Passion fruit 2.6–3.4 Citric, malic
Peach 3.6–4.0 Malic, citric
Pear 3.0–4.5 Malic, citric
Pineapple 3.1–4.0 Citric, malic
Plum 3.0–4.5 Malic, quinic
Red raspberry 2.5–3.3 Citric, malic
Strawberry 3.0–3.5 Citric, ascorbic
Tomato 4.1–4.7 Citric, ascorbic
contain signi� cant sugars but minimal acid content. The
legislation concerning food additives varies widely from
country to country. As such, organic acids may be categorize
into one of several food additive groups including:

l Acidulants – acids added to increase the acidity of a food
and/or to impart a sour taste

l Flavors– acids added for arti� cial � avoring
l Antioxidants – acids that preferentially combine with

oxygen compounds, thus preventing deterioration of the
food by oxygen-free radicals or other oxygenated reactiv
species

l Preservatives– acids that protect foods against deterioration
caused by microorganisms

Since most acids exhibit a variety of chemical properties, it is
possible for a given acid to be classi� ed into several categories
For example, the addition of acetic acid to a food item can
increase the acidity of the food, impart a distinctive� avor, and
act as a preservative. In the European Community, however
regulations on this classi� cation system are more restrictive
where sorbic acid, benzoic acid, and propionic acid are all lis-
ted as preservatives (described fully elsewhere); ascorbic acid
considered an antioxidant; and citric, malic, lactic, tartaric, and
acetic acids are recognized solely as acidulants. In the Unite
States, by comparison, food additives, including many organic
acids, are recorded on a Food and Drug Administration (FDA)–
approved list termed generally regarded as safe (GRAS
compounds, enabling premarket clearance from the FDA
without the need for further classi� cation.

Acids that have been approved GRAS by the US FDA fo
speci�ed purposes in foods include acetic, ascorbic, benzoic
butyric, caprylic, citric, formic, lactic, malic, propionic, sorbic,
succinic, and tartaric acids, in addition to some of their salts
(e.g., calcium acetate, sodium acetate, calcium ascorbat
uits, at a normal ripeness

Other acids

Quinic, tartaric, caffeic, ferulic, benzoic
Malic, ellagic, chlorogenic, salicylic
Malic, tartaric, quinic, shikimik
Benzoic, quinic, ellagic, oxalic
Quinic, ellagic, citric
Malic, tartaric, oxalic, succinic, ascorbic, ferulic, dehydroascorbic
Ellagic, salycilic
Malic, oxalic, ascorbic,
Malic, tartaric, oxalic, succinic, ascorbic, ferulic, dehydroascorbic
Malic, tartaric, oxalic, succinic, ascorbic, ferulic, dehydroascorbic
Benzoic, salycilic, lactic
Anacardic, gallic, dehydroascorbic, ascorbic, malic
Malic, tartaric, oxalic, succinic, ascorbic, ferulic, dehydroascorbic
Dehydroascorbic, ascorbic, oxalic, tartaric, quinic, succinic, fumaric
Ascorbic, dehydroascorbic, nicotinic,
Tartaric, chlorogenic
Caffeic, quinic, tartaric, fumaric, shikimik, lactic, succinic, oxalic, acetic
Quinic, tartaric, chlorogenic, ferulic, oxalic
Citric, fumaric, benzoic
Isocitric, hydroxybenzoic, benzoic
Malic, tartaric, hydroxybenzoic, ellagic, gallic, chlorogenic
Oxalic, salycilic, ascorbic, malic, glutamic, aspartic
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sodium ascorbate, sodium benzoate, calcium citrate, calcium
diacetate, manganese citrate, potassium citrate, sodium citrat
calcium lactate, calcium propionate, sodium propionate,
calcium sorbate, potassium sorbate, sodium sorbate, and
sodium tartrate).

The amount of acids added to foods depends on the type o
acid, the food substance, the desired organoleptic properties
and the speci�c purpose for which the acid is added. For
example, acidulants generally are added in large quantitie
(several parts per 100), whereas preservatives,� avors, and
antioxidants are added more sparingly (e.g., 100–500 parts per
million).
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Citric Acid

Citric acid is one of the most versatile, inexpensive, and widely
used organic acidulants, and it commonly is applied to the
production of fruit- � avored beverages. It is contained in al
fruits listed in Table 1 and represents one of two major acid
constituents contained in most of these fruits. In addition, citric
acid is also used in jams, confectioneries, candy, cheeses, juic
wine, canned vegetables, and sauces. Owing to its widesprea
usage, citric acid has become the gold standard against whic
other acidulants are measured, including such parameters a
taste, titratable acidity, and acidi�cation. In particular, citric
acid is highly favored by the food industry on account of its
light fruity taste, solubility, low cost, and abundant supply.
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Malic Acid

Malic acid, like citric acid, is a general-purpose acidulant. I
normally is associated with apples; in fact, its common name is
derived from the Latin word for apple, malum, although it is
also a major acid constituent of cranberries, grapes, guav
lingonberries, papaya, passion fruit, peaches, pears, pineappl
plums, and raspberries (Table 1). Although it is used in many
food products, it often is preferred in apple-containing foods,
such as ciders, due to its� avor and relatively higher cost when
compared with citric acid. Malic acid, however, has a fuller,
smoother taste than citric acid that is bene� cial in low-energy
drinks, where malic acid masks the unpleasant� avors of some
arti� cial sweeteners. It is positioned economically between
citric and tartartic acids in price.
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Tartaric Acid

Tartaric acid has a stronger, sharper taste than citric aci
Although it is renowned for its natural occurrence in grapes, it
also occurs in apples, cherries, papaya, peach, pear, pineapp
strawberries, mangos, and citrus fruits. Tartaric acid is use
preferentially in foods containing cranberries or grapes
notably wines, jellies, and confectioneries. Commercially, tar-
taric acid is prepared from the waste products of the wine
industry and is more expensive than most acidulants, including
citric and malic acids. Tartaric acid is one of the least antimi-
crobial of the organic acids known to inactivate fewer micro-
organisms and inhibit less microbial growth in comparison
with most other organic acids (including acetic, ascorbic,
benzoic, citric, formic, fumaric, lactic, levulinic, malic, and
propionic acids) in the published scienti� c literature.
Furthermore, when dissolved in hard water, undesirable
insoluble precipitates of calcium tartrate can form.
Acetic Acid and Vinegar

Because of its pungent odor and taste, acetic acid is used
substantial amounts but it is somewhat limited in food
applications for products such as pickles, chutney, salad
creams, mayonnaise, dressings, and sauces. Nevertheless,
often the acid of choice in these foods precisely because of it
organoleptic properties and it almost always is applied to foods
in the form of vinegar. Acetic acid occurs naturally in trace
amounts in some fruits, such as pears. Vinegars typicall
contain between 4 and 8% acetic acid and are formed by
the action of acetic acid bacteria on ciders, wines, or yeas
fermented malt. Vinegars often are sold in the form of white
(distilled), apple cider, malt, wine, sherry, Balsamic, rice,
coconut, palm, cane, raisin, date, beer, honey, East Asian Blac
Job’s tears, Kombucha, Kiwifruit, sinamak, and spirit vinegars
Balsamic vinegars are highly prized, of Italian origin, having
been made in the Modeno Reggio Emilia and as far back a
1046 BC. Authentic Balsamic vinegar is made from grape syru
having been aged for 12–25 years in a succession of barrel
composed of chestnut, acacia, cherry, oak, mulberry, ash, o
juniper wood. Prime Balsamic vinegars can sell for more than
US$11 000 per gallon (or US$3000 per liter).
Lactic Acid

Lactic acid has a very smooth, mild taste compared with other
acidulants. It naturally occurs in trace amounts in some fruits,
including lingonberries and pears, and is one of the principal
organic acids reputed for its antimicrobial activity, especially in
fermented foods. Lactic acid is used at substantial concentra
tions in fermented meats, dairy products, sauces, brine
preserved pickled vegetables, and salad dressings. It is also us
in carbonated beverages, as a� avor modi� er, as well as in fruit
and vegetable preserves.
Phosphoric Acid (Inorganic Acid)

Phosphoric acid, although an inorganic acid, is worthy of
mention in this chapter. It is used predominantly as an
acidulant, almost exclusively in the production of carbonated
beverages, although its use in foods bears controversy due to i
effects on health. Comparatively, phosphoric acid is extremely
inexpensive, possessing a characteristic� at sour taste that is
reminiscent of citric acid. It is a relatively strong, dissociated
acid, enabling it to easily acidify colas to the low desired pH
(2.5) needed to establish proper carbonation, although its
antimicrobial ef� cacy is far inferior to most organic acids,
principally due to its dissociated state, which precludes ease o
transport across the bacterial membrane.
Fumaric Acid

Fumaric acid is an acidulant that possesses a fruitlike� avor. It
occurs naturally, albeit in limited amounts, in such fruits as
papayas, pears, and plums. Fumaric acid has FDA GRAS sta
in the United States, but its application is not permitted in



te

-

t

122 PRESERVATIVESj Traditional Preservatives – Organic Acids
Europe. In the United States, fumaric acid is used principally in
fruit juices, gelatin desserts, tortillas, and pie� llings. It is rela-
tively cheap, but it has the great disadvantage of a stronger tas
than citric acid and is dif� cult to dissolve in water. The solubility
of fumaric acid, in fact, is only w 6 g l� 1 (i.e., 0.6%), which is
further complicated by the extended times necessary for solu
bility concentrations to go into solution. For this reason, solu-
bility often is hastened by heating the solvent, which frequently
precludes its use for many food industry applications.
d

Adipic Acid

Adipic acid is rarely encountered in the United States, although
it occasionally is used as an acidulant of fruit-� avored bever-
ages, jellies, jams, and gelatin desserts. Additionally, it is use
in the formulation of antacids on account of its characteristic
tart � avor. It is favored in dry foods because it is not hygro-
scopic, thus not absorbing moisture from ambient air.
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Levulinic Acid

Recent work out of the University of Georgia, which led to
a subsequent patent and product commercialization,
combined various concentrations of levulinic acid and sodium
lauryl sulfate (sodium dodecyl sulfate (SDS)) resulting in
synergistic bacterial inactivation. Although levulinic acid is less
well known than other organic acids, numerous recent research
publications touting the ef� cacy of levulinic acid plus SDS for
pathogen inactivation on feathered poultry carcasses, chicke
wings, poultry processing water, fresh sprouts, lettuce, alfalf
seeds, pecans, chicken cages, food-processing contact surfa
and bio� lms shows promise for industrial application.
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Ascorbic Acid

Ascorbic acid and its associated salts are used frequently as
antioxidant in canning and to prevent browning in cut fruit and
vegetables and have GRAS status.
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Benzoic Acid

Benzoic acid primarily is precluded from use in foods due to its
extremely low solubility, although its associated salts are used
more frequently. For example, sodium benzoate is FDA GRA
for use as a preservative in foods, primarily to prevent the
growth of yeast and molds, especially in food products with
a pH of less than 4.5.
s
s

Cinnamic Acid

Cinnamic acid is a common constituent in numerous plants,
although it is produced synthetically. It is known to have a
strong broad-spectrum antimicrobial effect, but it is precluded
for use in most foods due to its strong organoleptic properties.
t e
Formic Acid

Formic acid is known for its strong antimicrobial effects,
although it is used principally as an antimicrobial in livestock
feeds and forages. Formic acid (HCOOH) has the shortes
chain length of any organic acid, which may contribute its
antimicrobial properties.
Toxicity

Toxicity of most organic acids, as determined by oral ingestion
in animal models, is generally low, ranging from LD50 values
(i.e., a dose necessary to induce mortality in 50% of the tes
population of animals) of 1000 mg kg � 1 of body weight for
dehydroacetic acid up to 11 700 mg kg� 1 of body weight for
citric acid, both as determined using a rat model. When
administered intravenously, the LD50 is lower and ranges from
42 mg kg� 1 of body weight for citric acid in a mouse model up
to 2430 mg kg� 1 of body weight for adipic in a rabbit model.
The Food and Agriculture Organization (FAO) of the United
Nations has set no limit on the daily intake of the following
organic acids in the human diet: acetic, citric, lactic, malic, and
propionic, whereas other acids have set limits (e.g., fumaric and
tartaric at a maximum daily intake of 6 and 30 mg kg� 1 of body
weight, respectively).
,

Behavior of Various Organic Acids in Foods

Chemical Properties of Organic Acid Acidulants

The most common types of organic acids are the carboxylic
acids, a subclass of acids possessing carboxyl groups. Carbo
ylic acids vary in the number of acidic groups present on each
molecule. For example, citric acid and isocitric acid are tricar
boxylic acids possessing three dissociation constants (i.e., pK1,
pK2, and pK3); ascorbic, malic, tartaric, fumaric, succinic, and
adipic acids are dicarboxylic acids, possessing two dissociatio
constants (i.e., pK1 and pK2); and lactic, acetic, benzoic,
butyric, cinnamic, formic, gallic, propionic, pyruvic, and sorbic
acids are all monocarboxylic possessing only one dissociation
constant (i.e., pK1). Acidi� cation by acids requires the release o
protons (H þ ) from the molecule. The attributed strength of an
acid is a function of the ability of an acid to release a proton.
Fully dissociated, strong acids, such as hydrochloric acid (HCl)
effectively release all protons at the pH range of foods. In
contrast, acidulants of foods are described as weak acid
exhibiting only partial dissociation in typical pH ranges. Weak
acids in solution form an equilibria between an undissociated
state and charged anions and protons as follows:

HA ðundissociated acidÞ% A� ðanionÞ þ Hþ ðprotonÞ:

Equilibria are pH-dependent. At lower pH values, the
proton concentration is higher, pushing the equilibrium
toward a more undissociated acid.Figure 2 shows the disso-
ciation curve for acetic acid. At a pH below 3.0, acetic acid exist
almost entirely as an undissociated molecular acid, wherea
above pH 6.5, it is almost entirely dissociated into acetate
anions. The pKa value is considered the pH at which the acid
and anion coexist in equal proportions. Weak acids in solution
form buffers that resist changes in pH. Maximal buffering
capacity occurs at the pKa value (seeFigure 2) with the effective
buffering range extending 1 pH unit on either side of the pKa.

Food acidulants have a variety of pKa values (Table 2) and
thus are dissociated to different extents at any given pH. Som
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Figure 2 The effect of pH on the proportions of undissociated acetic acid and acetate anions. At the pKa value, acid and anion are present in equal
proportion. Buffering capacity of acetic acid (histograms) was determined by titration. One unit of buffering capacity is the proton concentration
(mmol l� 1) required to move the pH of 1 l by one unit.

Table 2 Chemical properties and structure of commonly used food acidulants

Acid Structure Mol. wt. pKa logpoct

Citric COOH

OH

HOOCCH2CCH2COOH

192.13 5.7; 4.3; 2.9 � 1.222

Malic HOOCCHCH2COOH

OH

134.09 4.7; 3.2 � 1.984

Tartaric OH

OH

HOOCCHCHCOOH

150.09 3.9; 2.8 � 2.77

Fumaric HOOCCH] CHCOOH 116.07 4.0; 2.8 � 0.748

Latic
HOOCCH=CHCOOH

90.08 3.66 � 0.186

Acetic CH3COOH 60.05 4.7 � 0.168
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acids contain several carboxylic acid groups, each wit
a different pKa value (seeTable 2). Citric acid, for example,
contains three carboxylic acid groups and forms three anions
predominantly singly charged above pH 2.9, doubly charged
above pH 4.3, and triply charged at above pH 5.7. This property
extends the buffering capacity of citric acid, to a buffering range
from pH 1.9 to pH 6.7 ( Figure 3). Dicarboxylic acids also give
a wide buffering range, effectively forming excellent buffers
over the pH range of most acidic foods. In comparison,
monocarboxylic acids possess a limited buffering range; a food
acidi� ed with acetic acid is unbuffered effectively below pH
3.75, allowing easy movement of pH in this area.
t

Acidi�cation and Associated Flavor in Foods

The primary chemical effect of an acidulant in food is to lower
the pH value. To what extent the pH falls depends on the
buffering capacity, fat content, acid type, and concentration.
The acidi� cation ability of different acids can be compared on
a molar basis or by weight. In general, food additions are
determined as percentages by weight or parts per million
(ppm). On a molar basis, food acidulants are surprisingly
similar in acidi � cation power (Figure 4). On a weight basis,
however, differences between acids become more marke
smaller acids with lower molecular weights being most
effective.

Surprisingly, the � avor characteristics of these acids d
not always re� ect acidi� cation power. This is because sen
sory cells on the tongue that detect sourness more ef� ciently
sense acidity as a function of acid concentration (at a constan
pH value), rather than the pH itself. Figure 5 shows the
comparison between various acids in terms of perceived
acidity, such that fumaric > malic ¼ tartaric¼acetic> citric >
lactic.
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Figure 3 Effective buffering ranges of acidulants commonly used in foods. Acids containing multiple carboxyl groups have broader buffering ranges
than monocarboxylic acids.
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Effect of Organic Acids on Microbial Cells

A wide variety of acids occur naturally or are added to foods
These acids differ in structure and chemical properties (se
Table 2) and different antimicrobial actions have been
proposed for various acids.Figure 6 shows the likely mecha-
nism of action by traditional acid preservatives. These include
action by low pH on the cell wall and plasma membrane,
action in lowering the internal cytoplasmic pH, chelation of
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trace metal ions from substrate media and from the cell wall,
and perturbation of membrane function by acid molecules.
Some acids are antimicrobial by a single mechanism, wherea
others may combine several distinct actions.
Organic Acid Acidi�cation of Substrate Media

The primary function of an acidulant is to lower the pH of
foods; consequently, the primary action of traditional acid
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Membrane
fluidity and
structure

Microbial cell

External pH

Cytoplasmic
pH Metal ion

chelation

Chelation of
ions in the wall

Figure 6 Potential sites of antimicrobial action by acids. Acids may a
by lowering external pH, by affecting membrane structure and� uidity,
depressing cytoplasmic pH, or chelating metal ions from the substrate
media or cell wall.
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preservatives on microorganisms involves the direct action o
protons on microbial cells. Protons are charged particles tha
pass slowly through lipid membranes. The action of pH on
microbial cells is likely to involve cell walls, the outer faces of
membranes, as well as proteins protruding through the
membrane. Of these, pH is the most likely to affect proteins,
such as enzymes, transport permeases, and pumps. Proto
association with proteins affects charge stability, altering
Acetic acid

Fumaric acid

Citric acid

Malic acid

Tartaric acid

Lactic acid

Succinic acid

0 200 4

Inhibitory c

A
ci
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Figure 7 Comparison of the minimum inhibitory concentrations (MIC
extract-peptone-dextrose growth medium (YEPD), 30� C, at pH 4.0.
conformation and folding. In this regard, it has been shown
that replacement of the Hþ -adenosine triphosphate (ATP)ase
proton pump in yeast membranes by an ATPase pump of plant
origin prevented yeast growth in acidic conditions demon-
strating that the yeast pump could tolerate acidity but that the
plant ATPase could not.

If acidulants inhibit microorganisms only via depression of
media pH, at any given pH value, all acids theoretically would
be equally effective preservatives.Figure 7 illustrates that this is
not true. Acetic and citric acids inhibit microbes more effec-
tively at substantially lower concentrations than other acids,
indicating that these acids possess additional mechanisms o
action.

ct
Modulation of Cytoplasmic pH by Organic Acids

Lipid membranes are amphipathic and, therefore, are generally
impermeable to charged ions, except by speci� c transport
mechanisms. Protons penetrate membranes poorly, as d
charged anions, and thus strong acids are often less effectiv
antimicrobial agents in comparison with weak undissociated
acids. Correspondingly, uncharged acid molecules diffuse
rapidly though the plasma membrane if they are lipid-soluble.
The ‘weak acid’ theory of microbial inhibition by lipophilic
00 600 800 1000

oncentration (mmol l–1)

s) of acidulants, determined againstSaccharomyces cerevisiaeX180–1B in yeast
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preservatives proposes that acid molecules in foods rapidl
diffuse through the plasma membrane into the cytoplasm
(Figure 8). The neutral cytoplasmic pH causes acids to disso
ciate, by shedding Hþ into charged anions and protons, both of
which are unable to diffuse out of the cell. Diffusion continues
until the acid concentration is equal on both sides of the
membrane, during which time, anions and protons have been
concentrated in the cytoplasm. If preservatives are present
suf� cient concentration, accumulated protons can overwhelm
cytoplasmic buffering and lower the internal pH. Low cyto-
plasmic pH (pH i) then leads to denaturation of nucleic acids
and enzymes, inhibits metabolism, and prevents active trans
port requiring a DHþ gradient. Active pumping aimed at
removing protons from the cell interior by means of
membrane-bound Hþ -ATPases can raise the internal pH bu
also can consume excessive ATP and may cause inhibition b
means of energy depletion.

The weak acid theory often is assumed wrongly to apply to
all acids. For an acid to function as a weak acid preservative,
must satisfy the following criteria:

l Liphophilic
l Able to traverse (diffuse) rapidly across the cellular

membrane
l Concentrates within the cytoplasm as a result of low pKa
l Able to release suf� cient protons in the cytoplasm at the

minimum inhibitory concentration (MIC) to overcome
cytoplasmic buffering and depress cytoplasmic pH

According to the partition coef� cient in Table 2, traditional
acidic preservatives, such as citric, malic, fumaric, and tartar
acids are not lipophilic, but rather they are very lipophobic.
Consequently, these impermeant acids cannot, therefore, ver
well act as weak acid preservatives or depress the cytoplasm
pH, although known antimicrobial activity may be a function
of external pH depression, chelation effect, and externa
membrane perturbation.

Acetic acid, in contrast, is lipid soluble; diffuses rapidly
through the plasma membrane; is ef� ciently accumulated in
the cytoplasm; and, moreover, has been demonstrated to caus
a rapid collapse in pHi. A lowering of the pH of the medium
greatly enhances the effectiveness of acetic acid (Figure 9), not
only increasing the undissociated acid concentration but
also increasing the degree to which anions and protons are
accumulated in the microbial cytoplasm. Acetic acid appears
therefore, to exhibit antimicrobial capacity as a classic weak
acid preservative, in addition to action on external pH.

Lactic acid shows a degree of lipid solubility and has been
shown to diffuse slowly through membranes. Inhibition by
lactic acid, however, has not been correlated with a decline in
pHi, and although weak acid action may contribute to inhibi-
tion by lactic acid, it appears that other mechanisms of inhi-
bition, such as external pH depression, are also involved.
Chelation by Organic Acids

Most acids form complexes with metallic ions, but for the
majority, af� nity of acids for metals is low, and complexes are
correspondingly unstable. Certain acids, however, often those
with multiple carboxylic acid groups, form stable complexes,
which can chelate a substantial proportion of metallic ions,
with greatest af� nity for transition metal ions – for example,
Fe3þ . Table 3 shows the af� nity constants, K1, for acid–metal
complexes. Figures quoted are the log of the equilibrium
constant. Stability of citric acid complexes is some 2–3 logs
greater than those of malic, tartaric, or lactic acid.

The antimicrobial action by citric acid is known to involve
chelation and is overcome by the addition of metal ions
(e.g., Mgþþ , Caþþ ). It appears probable that citric acid
removes key nutrients from media, preventing microbial
growth. Chelators have their greatest af� nity for Fe3þ , but the
identity of growth-limiting nutrients depends on microbial
ion requirements, the concentrations of metal ions in media,
and the af� nity of acids for each ion. Action by citric acid via
chelation is supported by the� nding that its inhibitory action
is pH dependent, with the greatest microbial inhibition
occurring at higher pH values (seeFigure 9). Stability of
complexes formed by multiple charged anions, predominat-
ing at high pH, is some 6 logs greater than those of the
undissociated acids (Table 4).

The inhibitory action by malic, tartaric, and succinic acids
may also involve chelation activities, given the af�nity of these
acids for metal ions and the high concentrations of these acids
used in food. This hypothesis is corroborated in yeasts and
molds, where the MIC of these acids appears to re� ect the
overall stability of acid–ion complexes.

In addition to chelation of nutrient ions, acids also act by
damaging the cell walls of bacteria by chelation of metal ions
embedded within the structure. EDTA, a common chelating
agent, is known to cause Gram-negative bacteria to be susce
tible to a variety of antibiotics. It is thought that EDTA achieves
this by removing metallic cations from the bacterial outer
membrane, subsequently opening up the structure and allow-
ing access of antibiotics to the cell.
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Effects of Organic Acids on Microbial Populations
and Spoilage

The effect of a preservative on a microbial population may be
to cause cell death, stasis (viable but inhibited cells) or retard
growth. Since traditional acid preservatives include many
different acids, acting by different mechanisms against a variet
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Figure 9 The effect of pH on inhibition ofSaccharomyces cerevisiaeX2180–1B by (a) acetic acid and (b) citric acid. Growth was examined in a matrix of
� asks at pH 2.5–7.5 containing various acid concentrations, after 3 days shaken at 30� C. Acetic acid was more inhibitory at a low pH, whereas citric acid
was more inhibitory at a high pH.
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of microorganisms, it is understandable that there is no single,
uni� ed effect on microbial populations.

Acidity – low pH – (<pH 4.0) will cause loss of viability in
most bacterial populations (Figure 10). The kinetics of bacte-
rial cell death depend to a great extent on the previous history
of the population, notably phase of growth and prior exposure
Table 3 Chelation properties of acidulants used in foo
concentration in the United States, is listed for compariso

Cation EDTA Citric Ma

Kþ 0.96 0.59 0.18–
Naþ 1.79–2.61 0.70 0.28–
Mgþþ 8.69 3.16–3.96 1.70
Caþþ 10.45–10.59 3.40–3.55 1.96
Mnþþ 12.88–13.64 2.84–3.72 –
Znþþ 15.94–17.50 4.98 2.93
Cuþþ 18.80–19.13 5.90 3.43
Fe3þ 23.75–25.15 11.40 7.1

The stability constant values, K1 for acid–metal ion complexes quoted
to acid. It is wrong, however, to assume that instantaneous
bacterial death occurs in foods at a pH lower than 4.0. As
incidents of food poisoning associated with Escherichia co
O157:H7 and Salmonellahave shown, bacteria can remain
viable in juices at pH 4.0 for several weeks and in fact actually
may turn on acid resistance genes in the pathogens, whereb
ds; ethylenediaminetetraacetic acid (EDTA), permitted in low
n

Acid

lic Tartaric Succinic Lactic

0.23 – – –
0.3 1.98 0.3 –

1.91 – 0.73
2.17 1.20 0.90
1.44–2.92 – 0.92

2.69–3.31 1.76–3.22 1.61
–3.97 2.6–3.1 2.93 2.5

6.49 6.88 6.4

are the log of the equilibrium constant at 20–25� C.
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Table 4 Stability constants, log equilibrium constant of copper(II)
complexes with malic acid and malate ions

Acid Ligand form Cation Stability constan

Malic acid H2L Cuþþ 2.00
Malate� HL� Cuþþ 3.42
Malate2� L2� Cuþþ 8.00

Undissociated malic acid predominates below pH 3.2, malate� predominates
between pH 3.2 and 4.7 and malate2� above pH 4.7
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Figure 10 Growth-phase-dependent death ofListeria monocytogenes
ScottA, in BHI media acidi� ed to pH 3.0 with HCl. Open squares,
stationary phase; solid squares, exponential phase. Courtesy of MJ Da
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they are more resistant to stomach acid during passage throug
the human gastrointestinal tract. Lower pH values (e.g., 2.5)
furthermore, although inactivating most enteric pathogenic
bacteria, have little or no effect on the viability of spoilage
yeasts or molds.

Weak acids that are able to diffuse through the plasma
membrane, including lactic, acetic, and benzoic acids, greatl
exacerbate the effect of pH. Bacterial populations are killed
faster and at higher pH values when acidi� ed with weak lipo-
philic acids. Growth of yeasts and molds is inhibited by
permanent weak acids, usually without losing viability. Weak
acids characteristically prolong lag phase duration, and a
subinhibitory concentrations, reduce growth and metabolic
function. Chelating agents also characteristically do not kill
microorganisms but rather prevent growth by limiting metallic
nutrient availability.
s

t
l
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Sublethal Effects, Species–Strain Variability,
and Interaction with Other Factors

Acid Resistance and Sensitivity

There is considerable variation in microorganisms as to their
sensitivity to traditional acid preservatives. This variation
extends from the overall sensitivity to low pH of bacteria,
yeasts, and molds– to particular acid-resistant genera– to
variation in sensitivity of strains within species and even vari-
ation between individual cells in populations, caused by their
phase of growth and previous history.

Acid-tolerant bacteria include acetic acid bacteria, such a
the generaAcetobacterand Gluconobacterspp. and lactic acid
bacteria, such asLactobacillus, Lactococcus, Streptococcus, Leuco-
nostoc,Enterococcus, and Oenococcus. Other acid-tolerant spore-
forming bacteria include the Gram-positives – Clostridium
butyricum and Clostridium pasteurianum, Alicyclobacillusspp.,
Bacillus coagulans, Bacillus macerans, and Bacillus polymyxa.

Bacterial spoilage at low pH most frequently is associated
with Gram-negative bacteria belonging to the genusGluco-
nobacter (Acetomonas). These bacteria require oxygen fo
growth and are restricted by gas-impermeable packagin
and minimal head space. Acetic acid bacteria are resistant t
normal concentrations of preservatives.Lactobacilliand Leu-
conostocspp., the lactic acid bacteria, are known to promote
spoilage through loss of astringency, production of slime and
gas, ropiness, turbidity, or production of off-� avors. These
microorganisms can grow in products at pH 2.8 but are
relatively heat sensitive. Spore-forming Alicyclobacillus
(formerly Bacillus) spp. acidoterrestris, acidocaldarius, and
cycloheptanicuscan survive pasteurization and grow well at
low pH. Consequently, these organisms are particularly
problematic for the beverage industry. Even at low levels o
growth, Alycyclobacillusgenerates the highly pungent phenolic
metabolic by-product guiacol, which can be detected by the
human nose in the range of parts per billion and leads to the
spoilage of fruit juices, fruit juice blends, sports drinks, and
lemonade.

There are a number of preservative-resistant spoilag
yeasts.Zygosaccharomyces bailii, Zygosaccharomyces bisporus, and
Zygosaccharomyces lentusare highly preservative resistant
Zygosaccharomyces rouxii, Saccharomyces cerevisiae, Saccharomyce
bayanus, Saccharomyces exiguus,Schizosaccharomyces pombe, and
Torulaspora delbrueckiiare moderately to highly resistant. Indi-
vidual strains show considerable variation in acid resistance
(Figure 11), despite genetic con� rmation that these individual
strains belong to the same species. Molds generally are mor
sensitive to weak acid preservatives, an exception beingMon-
iliella acetobutens, an acetic acid–resistant mold that causes
spoilage in pickles and vinegar.

t

vis.
Habituation and Adaptation to Acids

The addition of organic acids to foods progressively lowers the
pH value and increases the concentration of acid. Studie
involving bacteria tend to focus on the effect of pH, this being
the major bactericidal force, whereas yeasts and molds, whic
are substantially immune to low pH, have been studied more
extensively in relation to the acid concentration. Acid stress
responses, sublethal adaptation, and habituation to pH and
acids are not yet fully understood and thus remain an area of
active research in bacteria and yeasts.

It is well established for many bacteria, including E. coli,
Salmonella typhimurium, Listeria monocytogenes, and Lactobacillus
spp., that survival at low pH is enhanced by prior exposure to
mildly acidic pH. Bacteria cultured and transferred from
neutrality to pH 3 die rapidly. An intermediate stage at pH 4.5
for some 20–60 min greatly increases the proportion of
surviving cells. This acid tolerance response (ATR) is not ye
fully characterized, although there appear to be severa
components of the ATR, some requiring protein synthesis and
others which are shared in stationary phase resistance. The AT
involves a set of some 50 gene products, acting to improve pH
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Figure 11 Variation in sensitivity to acetic acid by individual strains ofZygosaccharomyces lentus. Yeasts were grown in yeast extract-peptone-dextrose
(YEPD) growth medium, corrected to pH 4.0 after acetic acid addition, at 25� C for 1 week. Courtesy of H. Steels.
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homeostasis, reducing energy dissipation, enhancing DNA
repair, correcting protein misfolding by chaperones, and
continuing membrane biosynthesis. TherpoSgene encodes an
alternative sigma factor ss, a critical stationary phase regulator
that is also involved in the ATR. The protein RpoSp is synthe
sized semiconstitutively and typically degrades rapidly. When
the growth rate is impaired, the regulatory ss is stabilized and
induces expression of a number of enzymes involved in
protection and repair of DNA and proteins and in
detoxi� cation.

Adaptation by yeasts to acid preservatives has been a
ongoing industrial problem for decades. Growth of yeasts on
splashes of preserved products results in populations of adap
ted yeasts capable of tolerating unusually high concentrations
of preservatives.Figure 12 shows that yeasts grown for 1 week
at subinhibitory concentrations of acetic acid subsequently can
grow in media containing twice the concentration of acetic
acid. The explanation for adaptation by yeasts may involve
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Figure 12 Adaptation bySaccharomyces cerevisiaeX2180-1B to acetic aci
(a) Nonadapted yeasts were grown for 7 days in tubes of YEPD contai
acid permitting growth (90 mmol� 1) and reinoculated into a similar serie
mechanisms to conserve ATP, pdr12 drug-resistance pumps
remove acid, or simply that accumulation of acids within the
cytoplasm creates buffering capacity (seeFigure 8), which
resists further change in pHi when cells are reinoculated into
higher levels of acetic acid.
Interaction of Acidulants with Other Factors

The most signi� cant factors capable of modifying the preser-
vative effect of acidulants are the pH and the intrinsic buffering
capacity of the food. The primary antimicrobial action by
acidulants is to lower the pH. Foods with a higher pH or with
substantial buffering will limit pH reductions. Buffering may
be achieved by other acids or their corresponding salts or by the
presence of substantial quantities of proteins or amino acids
Lowering the pH substantially increases the effect of lipophilic
acetic acid, acting as a weak acid preservative but may decrea
the effect of chelating acids such as citric acid (seeFigure 9).
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Many foods are preserved by high-temperature pasteuriza
tion. When acidulants are used to lower the pH, the pasteuri-
zation requirement is reduced substantially. This partially is
due to the effect of acids on bacterial spores. Heat-resistan
bacterial spores often require heating to 121� C for many
minutes to achieve sterilization. At pH values below 4.0, spore
germination is inhibited and pasteurization at a much lower
temperature is suf� cient to kill vegetative bacterial and yeast
cells. Additionally, heat is a much more effective sterilant under
acidic conditions, a property that is capitalized upon during
traditional and commercial fruit juice bottling.

The behavior of acids in foods also depends on the nature
and properties of the food itself. Foods contain proteins,
composed of amino acids, which effectively buffer the food
matrix, resisting changes in pH. Foods also may contain fats o
lipids. Lipophilic acids may be removed from solutions by
partitioning them into the lipid fractions. The partition coef-
� cients for food acidulants are shown in Table 2, as log Poct

values, the log of the distribution between water and octanol.
Negative values show that acids are preferentially soluble in
water, rather than lipids. Lactic acid and acetic acid, howeve
are moderately lipophilic and a sizable fraction of these acids
may partition into the lipid phase in foods containing fats or
oils (e.g., salad cream, mayonnaise, and dressings) and can b
reduced effectively in concentration.

See also:Ecology of Bacteria and Fungi in Foods:In� uence
of Redox Potential;Ecology of Bacteria and Fungi in
Foods:Effects of pH;Spoilage Problems:Problems Caused
by Bacteria;Spoilage Problems:Problems Caused by
Fungi;Zygosaccharomyces; Preservatives:Permitted
Preservatives– Benzoic Acid;Preservatives:Permitted
Preservatives– Sorbic Acid.
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Introduction

Sodium chloride occupies a unique place in human evolution
and human life. So abundant in nature and vital for life
processes, it has been designated the� fth element, equated
with earth, air, water, and� re. Ancient records indicate that salt
was used to cure meat in 3000 BC. By 850 BC, during the time
of Homer, the use of salt and smoke already were old practices
In the Middle Ages, potassium nitrate (saltpeter) was added to
the process to increase the preservative action of salt and
prevent botulism, particularly in sausage. Somewhat later, acid
ingredients (fruit juice, wine) were added to salt–water brines
used to preserve vegetables. The food we eat is tasteless witho
salt. Salt enhances the� avor of foods and plays a functional
role in food processing. For instance, salt controls microbial
growth and shifts the fermentation in a desirable direction in
products, such as pickles and sauerkraut; it controls yea
activity, strengthens the gluten, and enhances crust color i
bakery products; it controls lactic acid fermentation rate as wel
as enhances� avor, texture, ripening, and shelf-life extension in
cheeses; it lowers water activity (aw), strengthens gel structure
and enhances color in processed meats. Preserving food mea
preventing spoilage and suppressing growth of pathogens
often by making the environment unfavorable for bacteria,
yeasts, and molds. Microorganisms need relatively neutral pH
and high aw. Theaw of food can be lowered by removing water,
by adding solutes (sugar, salt), or by freezing. Most fresh food
have aw values of 0.95–0.99, allowing growth of numerous
microorganisms (Table 1). The minimum aw for most bacterial
growth is 0.90–0.91, except for certain halotolerant and halo-
philic bacteria and osmophilic fungi. Often a higher aw is
required for toxin production. The growth rate of bacteria is
Table 1 Approximate water activity (aw) values of selected foods and

aw NaCl (%) Sucrose (%) Foo

1.00–0.95 0–8 0–44 Fre
m

0.95–0.90 8–14 44–59 Pro
o

0.90–0.80 14–19 59–Saturation (0.86aw) Age
h

0.80–0.70 19–Saturation (0.75aw) Mo
0.70–0.60 Par
0.60–0.50 Cho
0.40 Drie
0.30 Drie
0.20 Drie
0.19 Sug
0.10–0.20 Sod

Adapted from Troller, J.A., Christian, J.H.B., 1978. Water Activity in Food. Aca
affect microbial growth. In: Modern Food Microbiology,� fth ed. Chapman & Hall, N

Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
greater than that of yeasts or molds; therefore, in foods with
high aw, bacteria generally will outgrow the fungi to cause
spoilage. Fruits and fermented foods commonly are spoiled by
fungi due to the acidity of the product, which restricts bacterial
growth even at high aw. Products with low aw due to high salt
concentrations (ham, salted � sh) often are spoiled by hal-
otolerant or halophilic bacteria.
NaCl Suppression of Growth

Salt has a variety of effects on both food tissues and microbia
cells that are responsible for its preservative action. It ca
inactivate enzyme systems vital to the cell, slowing or stopping
growth. It can draw water out of the cells due to osmotic
pressure. It can have speci� c effects at the membrane level. In
most cases, the effectiveness of NaCl as a preservative a
depends on other environmental factors such as pH.

Prevention of pathogen growth is critical in preserved foods.
Most spore-forming microorganisms can grow only at pH
values of 4.6 or higher. To preserve them by tying up available
water, low-acid foods (pH > 4.6) must have theiraw reduced to
<0.94 by adding solutes to prevent growth and toxin produc-
tion. The endospore-forming rods (Bacillusand Clostridium)
vary greatly in their salt tolerance, ranging from 2 to 25%.
Clostridium botulinum, like most pathogens, will not grow in an
acid environment (pH < 4.6) (Table 2). The microorganisms
found in the human gut, including enteric pathogens, such as
Escherichia coliand Salmonellaspp., do not tolerate elevated salt
levels growing at minimum aw of 0.93–0.98. In skim milk,
4–6% salt has strong inhibitory effects againstE. coliO157:H7
at pH 4.7, and salt at increasing concentrations can enhanc
of sodium chloride and sucrose solutions

ds

sh meat, fresh and canned fruit and vegetables, frankfurters, eggs,
argarine, butter, low-salt bacon

cessed cheese, bakery goods, raw ham, dry sausage, high-salt bacon,
range juice concentrate
d cheddar cheese, sweetened condensed milk, jams, margarine, cured
am, white bread
lasses, maple syrup, heavily salted� sh
mesan cheese, dried fruit, corn syrup, rolled oats, jam
colate, confectionery, honey, dry noodles/pasta
d egg, cocoa
d potato� akes, potato chips, crackers, cake mix
d milk, dried vegetables, chopped walnuts
ar
a crackers

demic Press, New York and Jay, M.J., 1996. Intrinsic and extrinsic parameters of foods that
ew York.
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Table 2 Inhibitory water activity (aw) values for growth of selected microorganisms

aw Bacteria Yeasts Molds

0.98 Clostridiuma, Pseudomonasb

0.97 Clostridiumc

0.96 Flavobacterium, Klebsiella, Lactobacillusb, Proteusb,
Pseudomonasb, Shigella

0.95 Alcaligenes, Bacillus, Citrobacter, Clostridiumd, Enterobacter,
Escherichia, Proteus, Pseudomonas, Salmonella, Serratia,
Vibrio,Clostridiumspores

0.94 Lactobacillus, Microbacterium, Pediococcus, Streptococcusb

0.93 Lactobacillusb, Streptococcus, Vibriob, B. stearothermophilus
spores

Rhizopus, Mucor

0.92 Rhodotorula, Pichia
0.91 Corynebacterium, Staphylococcuse, Streptococcusb

0.90 Micrococcus,Pediococcus Saccharomyces, Hansenula
0.88 Candida, Torulopsis Cladosporium
0.87 Debaryomyces
0.86 Staphylococcusf

0.85 Penicillium
0.81 Saccharomyces
0.80 Most nonmarine bacteria Aspergillus

Mycotoxin
Produces a� atoxin

0.75 Halophilic bacteria A. ßavus, A. ochraceus
0.65 Aspergillus
0.61 Xeromyces, Zygosaccharomyces

aClostridium botulinumtype C.
bSome strains.
cC. botulinumtype E, some strains ofC. perfringens.
dC. botulinumtype A, B,C. perfringens.
eAnaerobic.
fAerobic.
Source: Leistner, L., Rodel, W., 1975. The signi� cance of water activity for microorganisms in meat. In: Water Relations in Foods. Academic Press, London and Banwart, G.J.,
1981. Control of microorganisms by retarding growth. In: Basic Food Microbiology. AVI, Westport, CT, p. 347.
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inactivation of the organism at pH levels between 4.1 and 4.7.
Some strains ofVibriofail to grow without NaCl – the optimum
concentration is about 3%. Skin � ora, such asStaphylococcu
aureus, because of their exposure to the salts found in sweat, ar
very salt tolerant. Tolerance of anaw of 0.86 induced by 10%
NaCl classi� es them as halophiles.

NaCl is more inhibitory than glycerol and sucrose to salt-
sensitive bacteria (most spore-formers, Enterobacteriacea
members, Pseudomonas� uorescens) and less inhibitory than
glycerol to salt-tolerant bacteria (Micrococcaceae members
Vibrio) at comparable aw values. Clostridiumgrowth is sup-
pressed and spores are inhibited completely from germination
when NaCl is used to lower aw to 0.95; no inhibition occurs
with glycerol, glucose or urea at thisaw (nor above 0.93). When
aw is maintained above the minimum for P. � uorescensgrowth,
NaCl completely inhibits catabolism of glucose, and DL-argi-
nine; glycerol is inhibitory at much lower aw values. In general,
NaCl is more inhibitory to respiring organisms than glycerol.

The interactive effects of pH and temperature with NaCl
have been demonstrated for both lag phase and generation
time of a mixture of six strains of (cold-tolerant) Aeromonas
hydrophila. At 3 � C, pH 7.0, increasing NaCl from 0.5 to 2.5%
increased lag phase from 186 to 519 h and generation time
from 9 to 28 h; when temperature was increased to 7� C, lag
phase increased from 55 (0.5% NaCl) to 128 h (2.5% NaCl)
and generation time increased from 5 to 15 h. At 7� C, with pH
reduced to 5.4, lag phase increased from 142 (0.5% NaCl) to
449 h (2.5% NaCl) and generation time increased from 9 to
39 h. At pH 7, the effect of adding NaCl (0.5 or 2.5%) was
proportionally approximately the same at 3 � C and at 7 � C.
Decreasing pH to 5.4, under temperature abuse conditions
(7 � C), resulted in approximately the same lag and log phases
(at 0.5 and 2.5% NaCl) as at 3� C indicating that pH is a factor
under some conditions. It was reported, however, that the
minimum inhibitory concentrations of NaCl were independent
of pH (5.7 –7.0) for Gram-positive lactic acid bacteria and
S. aureus. Toxin production by S. aureusis affected by both NaCl
and pH. Even if growth is suppressed by the addition of 10%
salt, toxin production (per unit of growth) is unaffected
between pH 5 and 7. Reduction of pH <4.5 allows reduction
of NaCl to about 4% to limit toxin production.
Mechanisms of NaCl Suppression of Growth

Several mechanisms of NaCl-induced suppression of microbia
growth work in concert. The NaCl effect is partially the general
effect of reducedaw: Cellular requirements that are mediated
through an aqueous environment are progressively shut down
there is damage to the cell membrane (which must be main-
tained in a � uid state) and there is osmolysis, disruption of
Nþ /Kþ balance, and in some cases, direct effects on speci� c
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PRESERVATIVESj Traditional Preservatives – Sodium Chloride 133
enzymes and DNA. At low NaCl levels (0.5–2.0%), denatur-
ation does not appear to be the mechanism by which NaCl
affects microbial enzyme systems; however, the contribution to
the ionic strength and aw of the system must be considered
Solutes, such as NaCl, that do not diffuse freely into the cel
when concentration is high can affect processes that ar
occurring at the cell surface, such as transport. Most transport
active, exhibiting saturation kinetics at<100 mmol concentra-
tions of solute; the cell surface is exposed to much higher solute
concentrations than what it has evolved to handle. However,
microbial growth in the presence of NaCl concentrations that
would inhibit enzymatic activity inside the cell requires that
substrate (glucose, etc.) transfer should continue. NaCl ca
decrease enzyme activity by denaturing the enzyme, b
reducing the catalytic activity, and by altering cofactors.

To damage microbial enzymes, NaCl must gain access to th
intracellular pool. Enzymes can be damaged in a variety o
ways by high ionic environments and perhaps by NaCl
speci�cally. Many of those involved in the preservation effect of
NaCl are involved with cellular recovery from stress. Enzyme
important to microbial survival and recovery from injury that
appear to be sensitive to NaCl concentration include the
oxidoreductases– catalase, superoxide dismutase, and perox
dase. The functions of these enzymes are to control th
concentrations of hydrogen peroxide, lipid peroxides, and
superoxide anion, oxidation intermediates involved in the
formation of free radicals. Bacillus subtilisaldolase, which is
involved in energy transfer, is inhibited by NaCl to the same
degree as growth is suppressed; however, this relationsh
varies among genera and species. Protein decarboxylas
appear to be inhibited in putrefactive microbes. Salt is a known
pro-oxidant. Suf� ciently high intracellular NaCl concentrations
may disturb oxidative metabolism through its effects on
nonheme iron. The iron cofactors required by enzymes in the
tricarboxylic acid (TCA) cycle ultimately may back up the TCA
cycle. Microbial iron sulfur enzymes may be inhibited.
Restriction enzymes involved with DNA repair are also sensi
tive to NaCl. It has been suggested that the alteration in ionic
strength of the environment results in a loss of ions from DNA
molecules that destabilize them suf� ciently to allow confor-
mational change, especially under heat stress.

NaCl can increase the activity of some microbial enzymes
As NaCl increases (up to 8%), proteolytic and peroxidase
activities of Aspergillus parasiticus, Aspergillus� avus,Aspergillus
ochraceus, and many Penicillium species increase markedly
Lipolytic activity in these fungi in the presence of NaCl
increases to a lesser degree, but those without it are unable
develop it in the presence of NaCl. Above 8%, proteolytic,
lipolytic, and peroxidase activity decrease, and foods contain
ing or coated with salt above this level are poor substrates fo
a� atoxin production by A. � avusand A. ochraceus. The increased
activities at levels up to 8%, however, pose problems in some
fermented products for which these fungi are selected, alter th
product, and potentially produce mycotoxins.

NaCl can promote the conversion of the microbial envi-
ronment to a hostile one. The lactic acid–producing bacteria
have inhibitory and lethal effects on a variety of foodborne
pathogens and food spoilage microbes. The use of NaCl to
select for these bacteria effectively concentrates their inhibitor
effects whether or not their organic acid, bacteriocin, or
hydrogen peroxide production is upregulated. On the other
hand, high salt brines select for acid-tolerantRhodotorula glutini
varieties that produce both polygalacturonase and pectin
methyl esterase, which softens texture by converting pect
substances into more soluble forms.
Salt Tolerance

The degree of tolerance of spoilage microbes for decreasedaw

induced by NaCl depends on whether the required nutrients
are present in optimal amounts. Salt tolerance, due to reduced
aw and possibly to NaCl-speci� c effects, also depends on
whether factors such as pH, temperature, and redox potentia
are optimal or suboptimal, and to some extent on their normal
environment. Salinity (0.85–0.90% NaCl) produces an
isotonic condition for nonmarine microorganisms. Higher salt
concentrations increase osmotic pressure, resulting in the ne
movement of water out of the cell; the result is plasmolysis,
which results in growth inhibition and possibly death. Most
nonmarine bacteria can be inhibited by a hypertonic solution
of 20% NaCl. Some microbes, because their natural environ
ment is high in NaCl or of high ionic strength, may be halo-
philic, requiring higher salt concentrations to live and grow.
Others may be able to survive but not grow in high salt
concentrations (halotolerant). The minimum aw at which
halophiles can grow is 0.75 (a saturated NaCl solution).
Xerophilic fungi grow below aw 0.85. Osmophilic yeasts do not
have a general requirement for lowaw but tolerate it better than
nonosmophiles for which the lower limit is about 0.87.
Osmophilic and xerophilic yeasts and molds such asZygo-
saccharomyces rouxiiand Xeromyces bisporuscan grow ataw values
of 0.65–0.61. Osmotolerant yeasts include many members of
the genera Candida, Citeromyces, Debaryomyces, Hansenula,
Saccharomyces, and Torulopsis. An osmotic stress can be
encountered byListeria monocytogenesin foods, such as cheese
and sausages, and also in the host gastrointestinal tract. A
osmotolerance response is seen inL. monocytogenesisolates
exposed to sublethal pH and a low sodium chloride concen-
tration (pH 5.5 and 3.5% (w/v) NaCl). NaCl concentrations of
1–10% have a positive in� uence on the bio� lm forming ability
of L. monocytogenesat various temperatures. The survival o
L. monocytogeneson dry stainless steel is enhanced in the pres
ence of NaCl and food residues.
Mechanisms of Salt Tolerance

The primary mechanism by which (halotolerant and halo-
philic) microbes protect themselves against osmotic stress i
through intracellular accumulation of compatible solutes such
as Kþ . This intracellular accumulation is the result of altered
solute transfer and altered cellular synthesis of osmotically
active species. Many halophilic bacteria require KCl from their
environment; they accumulate and concentrate it to balance
osmotic pressure. Many Gram-negative bacteria accumula
proline by enhanced transport. The imposition of osmotic
stress that removes water from the cell, increasing the Kþ ion
concentration, triggers accumulation of amino acids. Addition
of L-proline (to growth medium) enhances growth of these
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bacteria in a high-osmotic-strength environment. In addition
to transport of proline, synthesis of glutamine is used by
S. aureusunder osmotic stress from 10% NaCl.Listeria mono
cytogenesaccumulates glycine betaine and carnitine. Addition of
glycine betaine enhances the survivability ofL. monocytogene
during desiccation on parsley surfaces for 4 days at 60% relativ
humidity and 20 � C. Listeria monocytogenesstrains exhibiting an
osmotolerance response express proteins related with glyco
ysis, general stress, and detoxi� cation. The proteins BetL, Gbu,
OpuC, and DnaK are involved in the osmotolerance response
of L. monocytogenes. Salt tolerance inE. coliO157:H7 is regu-
lated by the rpoSsigma factor.

Halotolerant and xerotolerant fungi tend to produce poly-
hydric alcohols, such as glycerol, and then alter their transpor
out of the cell. In nontolerant fungi, such as Saccharomyce
cerevisiae, some tolerance can be produced by shifting energ
into synthesis of protective polyhydric alcohols, resulting in an
increased requirement for glucose. The transport of the poly
hydric alcohols then is regulated to prevent their movement
out of the cell. Other osmoprotectants synthesized or trans-
ported by microorganisms include glutamate,g-aminobutyrate,
alanine, sucrose, and trehalose.
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NaCl Effects on Heat Resistance

Heat resistance of some microbes increases when NaCl is us
to decrease aw. The enterococci, Enterococcus faecium, and
Enterococcus faecalis, often survive the pasteurization tempera-
ture (68 � C) used for partially cooked, canned hams. These
organisms are most heat resistant at anaw of 0.95 when salt is
used. The heat resistance ofLactobacillusalso increases whenaw

is reduced with NaCl; it is maximal at 0.975–0.985, which also
has implications for preserved meat products. NaCl (up to
10%) increases heat resistance ofSalmonella. NaCl also protects
L. monocytogenesagainst the lethal effects of heat in beef gravy
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Effect of NaCl on Spores

Lower than optimum aw usually increases microbial resistance
to heat – spores are most heat resistant ataw values of 0.20–
0.40. Bacillus stearothermophilusspores, indicators of thermo-
philic spoilage, are quite heat resistant at highaw values; they
pose a problem at pH values above 5.7. If foods containing
these spores are stored at temperatures>45 � C, heat processing
time at 121 � C may be> 20 min to attain commercial sterility.
When NaCl is the solute, these spores are strongly inhibited a
aw 0.93. Not all solutes have this effect, however, and salt doe
not have this effect on all spores.Bacillus subtilisspores are
inhibited by 0.2 mol l � 1 NaCl. Clostridium botulinumspores
exhibit decreased ability to recover from heat stress and gamm
radiation when grown out in the presence of 1–2% NaCl
regardless of pH. NaCl in combination with heat can have
varying effects on germination, outgrowth, and� rst doubling
of C. botulinumspores. NaCl has similar effects on the ability of
Bacillus cereusto form spores. Heat resistance of bacterial spore
depends partly on maintenance of low water concentrations in
the central protoplast, possibly via osmotic dehydration, which
is dependent on the presence of both anions and cations.
Salt-Induced Microbial Selection

Often, preserving food is a matter of selection or suppression o
speci�c microbes that alter pH. The mesophilic Gram-negative
rods and psychrophiles are inhibited by 4–10% salt. The lactic
acid–producing bacteria vary in salt tolerance from 4 to 15%.
Spore-forming bacteria generally tolerate 5–6% salt.

Alteration of pH by the production of organic acids from
carbohydrate catabolism is used widely in the food fermenta-
tion industries. The fermentation process takes advantage o
the fact that growth and activity of many undesirable microbes
are inhibited by the presence of solutes. The groups tha
tolerate the higher salt concentrations found in brines or
anaerobic environments (submerged in brine) using the sugar
leached out of vegetables, such as cucumbers, as an ener
source are primarily lactic acid–producing bacteria. These
organisms predominate within 24–48 h in typical fermentation
brines. The� rst 2 days of a fermentation process is a critica
period during which effort must be directed toward encour-
aging growth of acid-producing bacteria and inhibiting
proteolytic bacteria such as pseudomonads that tend to raise
pH by production of ammonia and other basic by-products.

A variety of vegetables are preserved by brining or fer
menting. Fermented pickles are cured over a 3–6-week period
to a pH of about 3.5. Most brined pickles are made in a low-
salt brine (3–5% salt), which contains some added acid in
addition to the salt. After suf� cient lactic acid is produced,
acetic acid–producing bacteria take over to continue to lower
the pH and alter the � avor of the product. Vegetables can be
fermented in a high-salt brine (10% salt) but must be desalted
by soaking in water before further processing. Pickled vegeta
bles made in low-salt brines need no desalting. When cabbag
is fermented to sauerkraut by lactic acid–producing bacteria,
selection of the desired types of bacteria requires not less tha
2% and not more than 3% salt. Sauerkraut is microbiologi-
cally stable without refrigeration at 3% salt and 1.50% titrat-
able acidity.

Speci� c concentrations of salt favor the growth ofLeuco-
nostoc mesenteroides, Lactobacillus brevis, Pediococcus cerevisi,
and Lactobacillus plantarumin the correct sequence during the
fermentation process. The Gram-positive cocci include aerobi
and facultative anaerobic bacteria in the family Micrococcacea
(genera Micrococcusand Staphylococcus) and the family Strep-
tococcaceae (generaStreptococcus, Leuconostoc, Pediococcus, and
Aerococcus). Micrococcusare important spoilage bacteria that can
grow in the presence of 5% NaCl. Most strains ofStaphylococcu
can grow in 7.5% salt; some tolerate 15% salt. Accurate sa
concentration is critical: too little results in poor � avor and soft
texture, too much selects for osmophilic yeasts.

Yeasts and molds are able to grow at loweraw than bacteria.
If they dominate, they convert the lactic acid to nonacid
products, raising the pH back up into the range at which
pathogenic organisms can grow. When the pH increases, th
available proteins are used by proteolytic organisms, such a
Bacillus. Yeast species vary greatly in their tolerance to salt. The
are more salt-tolerant between pH 3.0 and 5.0, but some yeast
will grow even in quite acid, salty brines. Several types of yeas
can grow in pickle brines containing 19–20% NaCl. Suf� cient
salt prevents growth ofSaccharomyces rouxiiin foods with aw

below 0.81.
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Cucumbers usually are submerged in brine withaw of about
0.87 using 18–20% NaCl but higher levels may be used.
Cabbage is fermented in 2.5% brine. These salt concentration
may select for halotolerant yeasts, such as members of th
Rhodotorulagenera, which produce a softening or pink discol-
oration in sauerkraut. Rhodotorula glutinisvarieties produce
polygalacturonase and pectin methyl esterase, which soften
texture. This yeast is selected for its activities late in th
fermentation period because of its acid tolerance.

In natural cheeses, salt retards the growth of undesirabl
bacteria, assures the predominance of the desired� ora,
controls the rate of lactic acid production, and aids in satis-
factory development of � avor, body, and texture during the
ripening process as well as contributing salty� avor. Cheese
may be rubbed with dry salt or brined in a 20–25% NaCl brine
during ripening to limit the growth of proteolytic bacteria that
require higher aw. Salt commonly is used as a cheese compo
nent at 1.75–3.00%. In pasteurized process cheeses, an
particularly in shelf-stable products that are not commercially
sterile, salt plays a critical role in preventing growth ofC. botu-
linum. NaCl at a concentration of 3.5% is inhibitory to Clos-
tridium tyrobutyricum, which causes spoilage in cheeses.
s

e

r

is

-
,

h
t
.
s

n

-

.

l
at

.

-
s

Direct Preservation by Salt

Salt in concentrated solutions exerts osmotic pressure suf� -
ciently high to draw water from or prevent normal diffusion of
water into microbial cells causing a preservative condition to
exist. Between 18 and 25% salt in solution generally prevent
all growth of microorganisms in foods. Products with high salt
concentrations will keep inde� nitely without refrigeration even
if exposed to microbial contamination, provided they are not
diluted above a critical (salt) concentration by moisture
pickup. This has been the basis for the preservation of a wid
variety of foods throughout history.

The art of curing meat with salt is very old. Salt crystals o
corn (old Norse korn for grain) were applied dry or in brine to
beef to produce corned beef. Finished products contain
�6.25% salt. NaCl is used in combination with nitrite and
other ingredients to delay growth of undesirable microor-
ganisms and improve the product shelf life and safety of meat
products. Cured meats generally contain suf� cient NaCl to
decreaseaw to between 0.88 and 0.95. Salt can prevent toxin
production by C. botulinumtype E in � sh (under temperature
abuse conditions), but the concentration needed is unac-
ceptable to most consumers. Lipid oxidation in meat products
is accelerated by added salt; the common usage level (1.5%)
particularly damaging. A 25% salt reduction (to 2.00–2.25%)
does not adversely alter the shelf life or microbial character
istics of bologna, frankfurters, ham, or bacon; however
further reduction signi� cantly reduces both shelf life and
predominant � ora. Bacon with 0.7% NaCl spoils in<8 weeks,
while that with 1.2 –1.5% does not. Large reductions in NaCl
levels in cured meat products are not recommended. Dry
cured meat products depend on both salt and nitrite as well as
smoking (dehydrating) for their shelf stability. Salt (3%) is
applied directly to fresh pork belly together with sugar and
a nitrite source. Dried beef is produced in a similar way, using
about 7% salt.
Some meats are fermented or cured and fermented b
submerging them in a brine (pickle) and allowing lactic
acid–producing bacteria to lower the pH to <4.6. Gram-
positive bacteria of the Lactobacillus, Pediococcus, and Micro-
coccusgenera, which are desirable for meat fermentation
generally tolerate aw of 0.95 and sometimes less. On the
other hand, yeasts and molds of the generaDebaryomyce
and Penicilliumare quite active at thisaw and below. Spore
germination of members of the genera Clostridium and
Bacillus is inhibited. Current brining techniques for hams
allow reductions of salt; a 60–70% saturation level with an
aw of 0.87–0.82 is used for immersion. Additional solutes
(sodium nitrite, various sugars, and phosphates) add to the
aw-reducing effect of the brine.

Commercial salting using high levels of NaCl as a primary
mechanism of preserving meat, � sh, and vegetables has
become less important since the advent of refrigeration. Some
types of � sh (herring, anchovies) are still preserved by dry
salting or in heavy brines. The fat in high-fat� sh (cod, tuna)
may oxidize as a result of the pro-oxidative effect of NaCl and
growth of halophilic bacteria. Dipping � sh in NaCl before
storage in modi� ed atmosphere packaging (MAP) signi� cantly
decreases bacterial counts during storage compared wit
holding in MAP alone. A 5% NaCl dip also decreases the exten
of pH change and total volatile bases and increases shelf life
The surface effect (osmotic) on bacteria subjected to dips i
synergistic with the effect of CO2, perhaps by increasing CO2
(by � sh tissue) absorption; CO2 is converted to carbonic acid,
lowering tissue pH.

In the case of liquid whole egg and egg yolk, 5–8% salt is
used for preservation. NaCl can have a cryoprotective effect o
egg yolk stored at � 24 � C by inhibiting its gelation at
concentrations of 4–8%. NaCl also can protect the egg white
lysozyme, a natural antimicrobial enzyme, against heat inac
tivation at temperatures between 73 and 100� C, under alkaline
conditions.

Sodium rarely is used as a preservative in fruit products
One product in which 6– 8% brine is added at the interme-
diate stage before preserving with sugar is the raw materia
used for making succades. Research, however, has shown th
sodium chloride can have some indirect bene� cial roles in
the fruit industry. Polyphenol oxidase is the browning
enzyme, which causes an undesirable color on many fruits
Sodium chloride has been effective in inhibiting this enzyme
isolated from grapes at pH values less than 5.0. Poly
galacturonase is an enzyme present in some fruits, which i
used by the food industry in the extraction and clari� cation
of juices. This enzyme is thermolabile and attempts have
been made to increase its thermostability using various
additives. Sodium chloride enhances the thermostability of
this enzyme even at low pH values below the optimum for
this enzyme.
Summary

NaCl is an effective antimicrobial operating in different ways.
Halotolerant and osmotolerant bacteria, yeasts, and molds
have developed compensatory metabolic processes that allow
them to continue to live and in some cases grow and produce
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toxins and spores, even in relatively high salt concentrations
The antimicrobial activity of salt can be either direct or indirect
depending on the amount added and the purpose it serves. The
mechanism of inhibition of microorganisms by sodium chlo-
ride is mainly by lowering the aw of the substrate. Studies also
have indicated that NaCl could have a role in interfering with
substrate utilization in microorganisms. Since the amount of
sodium chloride needed to be added to foods to prevent
microbial growth is large and will cause an unacceptable taste
it is used in conjunction with a variety of other preservative
conditions. Different preservation methods (Fermentation in
brines, addition of sugars, low-salt preservation in conjunction
with refrigeration, and MAP) have been developed to
encourage the growth of acid-producing bacteria, which, even
in the presence of NaCl, are capable of suppressing the activi
of many of these spoilage organisms. Excessive sodium intak
in humans has been linked to hypertension and the related
cardiovascular problems and stroke. Hence, there are man
consumer concerns and the food industry is trying to minimize
the salt content of food products.

See also: Aeromonas; Aspergillus; Aspergillus: Aspergillus ßavus;
Bacillus: Introduction;Geobacillus stearothermophilus(Formerly
Bacillus stearothermophilus); Clostridium; Clostridium: Clostridium
botulinum; Escherichia coli:Escherichia coli; Fermented Vegetabl
Products; Fermented Meat Products and the Role of Starte
Cultures; Traditional Fish Fermentation Technology and Re
Developments; Heat Treatment of Foods– Principles of
Pasteurization; Curing of Meat;Salmonella: Introduction;
Staphylococcus:Staphylococcus aureus; VibrioIntroduction,
IncludingVibrio parahaemolyticus, Vibrio vulniÞcus, and Other
VibrioSpecies;Xeromyces: The Most Extreme Xerophilic Fungu
Zygosaccharomyces.
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Introduction

Numerous vegetable oils are derived from various sources
These include the popular vegetable oils: the foremost oilsee
oils – soybean, cottonseed, peanuts, and sun� ower oils; and
others such as palm oil, palm kernel oil, coconut oil, castor oil,
rapeseed oil, and others. They also include the less commonl
known oils, such as rice bran oil, tiger nut oil, patua oil, niger
seed oil, piririma oil, and numerous others. Their yields,
different compositions, and by extension their physical and
chemical properties determine their usefulness in various
applications aside from edible uses.

In recent years, concerns have risen about the process
foods that are consumed. Synthetic preservatives, which hav
been used in foods for decades, have been found to have som
negative health consequences. The use of synthetic compound
has signi� cant drawbacks such as concerns about residues o
food and, hence, the need to replace synthetic preservative
with natural, effective, and nontoxic compounds like extracts
and essential oils of spices and herbs. Spices and herbs ha
been added to food since ancient times, not only as� avoring
agents but also as folk medicine and food preservatives.

A research study identi� ed antibacterial properties of
essential oils in vapor phase against� ve foodborne bacteria–
Escherichia coli, Listeria monocytogenes, Pseudomonas aerugino,
Salmonella enteritidis, and Staphylococcus aureus. In vitro anti-
bacterial activity of some essential oils in vapor phase wa
evaluated, and the minimum inhibitory concentrations (MICs)
were recorded. Results are summarized inTable 1. The most
efficient wasArmoracia rusticana(horseradish), which inhibited
both Gram-positive and Gram-negative strains, andAllium
sativum(garlic), which was signi� cantly more active against
Gram-positive than against Gram-negative bacteria. Findings o
this research suggested that horseradish, garlic, oregan
marjoram, savory, thyme, large thyme, and wild thyme essen
tial oils were highly effective in vapor phase and potentially
could be used to � ght against foodborne bacterial pathogens.
Table 1 MICs (ml cm� 3) of essential oils in vapor phase effective ag

Plant species Yield % (v/w)

Gram-positiv

L. monocytogenes

Thymus pulegioides 0.15 0.26
Thymus serpyllum 0.27 0.53
Thymus vulgaris 0.23 0.26
Satureja montana 0.28 0.26
Origanum vulgare 0.8 0.066
Origanum majorana 0.53 –
Allium sativum 0.33 0.0083
Armoracia rusticana 0.03 0.0083

aMarija, M.�S., Nevena, T.N., 2009. Antimicrobial effects of spices and herbs ess

Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
The use of food preservatives probably has changed foo
production patterns and eating habits more than has the use of
any other class of food additive. These food preservativ
chemicals confer substantial bene� ts on man, by the preser-
vation and increased palatability of food. Most preservatives
are now considered to be without potential adverse effects and
some preservative methods also include lye, canning and
bottling, burial in the ground, controlled use of microor-
ganism, jellying, and jugging, among others.

Approximately 75% of the world ’s production of oils and
fats come from plant sources. Vegetable oils among othe
things are used for certain technical applications. There is grea
interest in � nding antioxidants from natural sources for food
because of the preservative nature of these antioxidants. Lipid
containing polyunsaturated fatty acids are readily oxidized by
molecular oxygen and such oxidation proceeds by a free-radica
chain mechanism. The most common are tocopherols, which
are hindered phenolic chain–breaking antioxidants. Chain-
breaking antioxidants are highly reactive with free radicals and
form stable compounds that do not contribute to the oxidation
chain reaction.
Vegetable Oil Preservatives

Vegetable oils in particular are natural products of plant origin
consisting of ester mixtures derived from glycerol with chains
of fatty acids containing about 14–20 carbon atoms with
different degrees of unsaturation. They are obtained from oil
containing seeds, fruits, or nuts by different pressing methods
solvent extraction, or a combination of these methods. There
are three methods of extracting vegetable oils from nuts, grains
beans, seeds, or olives. The� rst is by use of a hydraulic press
which is an ancient method and yields the best quality oil. The
second method is by expeller, in which cooked materials go
into one end and are put under continuous pressure until they
are discharged at the other end with oil squeezed out normally
ainst foodborne bacteriaa

e Gram-negative

S. aureus E. coli P. aeruginosa S. enteritidis

0.033 0.033 – 0.26
0.033 0.033 – –
0.017 0.033 – 0.033
0.033 0.033 – 0.26
0.017 0.066 – 0.13
0.53 0.26 – –
0.0083 0.53 0.53 0.26
0.0083 0.0083 0.0083 0.0083

ential oils. APTEFF, 40, 1–220.
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138 PRESERVATIVESj Traditional Preservatives – Vegetable Oils
at high temperatures. A third method is solvent extraction; with
this method, oil-bearing materials are ground, steam cooked
and then mixed with the solvent (of a petroleum base), which
dissolves out of the oils, leaving a dry residue. The solvent i
separated from the oils.

Some essential oils– such as aniseed, calms, camphor, ceda
wood, cinnamon, eucalyptus, geranium, lavender, lemon,
lemongrass, lime, mint, nutmeg, rosemary, basil, vetiver, and
winter green– traditionally are used by people in different parts
of the world. Cinnamon, clove, rosemary, and lavender oils
have shown both antibacterial and antifungal properties. As
a result of these properties they can act as preservatives es
cially for food.
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Examples of Vegetable Oil Preservatives

Lemongrass Essential Oil

Lemongrass (Cymbopogon citratus L.), which is a species of grass
is adapted to warm climatic conditions. Upon steam distilla-
tion of dried leaves, a yellowish-colored, strongly fragrant
liquid called lemongrass oil is obtained, which has properties
attributed to its strong chemical composition. The active
ingredients present in lemongrass essential oil are myrcene
limonene, citral, geraniol, citronellol, geranyl acetate, neral,
and nerol. Although myrcene and limonene are aromatic
compounds, citral and geraniol serve as an antimicrobial and
insecticidal, respectively. This oil counteracts fungi, bacteria
and also insects in general. Additionally, lemongrass oil is
a natural food preservative. Recent studies suggest that the u
of pure lemongrass essential oil is an innovative and useful tool
as alternative to the use of synthetic fungicides or other sani
tation techniques in storage and packaging. Its use as a
alternative food preservative and the effectiveness of th
essential oil depends on the target pathogen.

For example, the low pH of yogurt offers a selective envi
ronment for the growth of acid-tolerant yeasts and molds.
Therefore, it is not surprising that various investigators have
found that yeasts are the primary spoilage microorganisms fo
yogurt and that fruits, � avors, and coloring agents are frequen
contamination sources. The spoilage of yogurt by yeast
generally has been characterized by yeasty off-� avors, loss of
textural quality due to gas production, and swelling and
occasional rupturing of the product containers. As a result
there is an apparent need for an effective preservation metho
to control acid-tolerant spoilage yeasts and molds in yogurt.
The study carried out by some researchers showed th
lemongrass essential oil was effective. It was observed that th
addition of the appropriate concentration of the essential oil
(0.1%, w/v) improved the physicochemical properties as well
as sensory characteristics of yogurt, and this essential oil coul
be used for decontamination of dairy products such as yogurt
from mycotoxigenic fungi and prevent mycotoxins formation,
in addition to its bene � cial properties as a functional food.
Thyme Oil

The essential oil from thyme (Thymus vulgaris L.) can be used as
a potential botanical preservative in ecofriendly control of
biodeterioration of food commodities during storage. The
thyme essential oil may be recommended for large-scale appli
cation as a plant-based preservative for stored food item
because of its strong antifungal as well as antia� atoxigenic ef� -
cacy. This oil showed highest antifungal ef� cacy. The thyme oil
absolutely inhibited the mycelial growth of Aspergillus� avusand
exhibited a broad fungitoxic spectrum against eight different
food-contaminating fungi. The oil also showed signi� cant anti-
a� atoxigenic ef� cacy as it completely arrested the a� atoxin B1
production. Thyme oil as fungitoxicant was also found to be
superior over most of the prevalent synthetic fungicides. The
thyme essential oil may be formulated as a safe and economica
plant-based preservative against postharvest fungal infestatio
and a� atoxin contamination of food commodities.
Savory Oil

Winter savory (Satureia montana) contains pinene, carvacrol
30–40%, cymene 20–25%, terpenes 40–50%, cineol, and
a small amount of thymol. A study of the antibacterial and
antifungal properties of savory oil was investigated. The action
of this oil on 10 types of Staphylococcus, 14 other microorgan-
isms, and 11 fungi were examined, includingCandida albicans,
Candida tropicalis, and Trichophyton interdigitale. The results were
encouraging as it was equal to thyme in performance. Savor
oil, which is rich in carvacrol (56.8%), is very active in vitro
againstC. albicans.
May Chang Oil

Citral is obtained from Litsea cubeba. Citral accounts for 75% of
May Chang oil and has two isomers– neral and geranial –
which are the respective aldehyde equivalents of nerol and
geraniol. Citral is known to be an antifungal.
Tea Tree Oil

The essential oil extracted fromMelaleuca alternifolia, which
contains 1,8-cineole at around 4% and terpinen-4-ol, was
11 times more potent than phenol, which at that time was one
of the most potent antiseptics in commercial use. The
concentration of oil used againstC. albicanswas 0.5%.

The oil has been shown to have antimicrobial activity,
which varies with microorganisms.

The antimicrobial activity of the oil correlated well with the
terpinen-4-ol level of the oil for C. albicans. There was no
simple correlation between terpinene-4-ol levels of the oils,
however, and their activity againstStaphylococcus, suggesting
that for this particular microorganism, some other components
of the oil were responsible for a signi�cant proportion of the
overall antimicrobial activity. Although p-cymene usually is
present at only 2–5% in commercial tea tree oil, its powerful
antimicrobial activity makes a signi� cant contribution to the
oil ’s overall activity.
Palm Oil

Palm oil is a lipid extracted from the � eshy orange-red meso-
carp of the fruits of the oil palm tree (Elaeis guineensis), which
contains 45–55% oil. Palm oil is light yellow to orange-red in
color depending on the amount of carotenoids present. Palm
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oil may be fractionated into two major fractions: a liquid oil
(65–70%) palm olein and a solid fraction (30 –35%) stearin.
Palm oil is the second major edible oil used worldwide. Palm
olein (PO), a liquid fraction obtained from the re � ning of palm
oil, is rich in oleic acid (42.7–43.9%), beta-carotene, and
vitamin E (tocopherols and tocotrienols).

One of the unique characteristics of palm oil is its high
content of carotenoids and tocopherols. Carotenoids, togethe
with tocopherols, contribute to the stability and nutritional
value of palm oil. It is oxidatively stable due to a fatty acid
composition with low polyunsaturation and high antioxidant
content.
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Red Palm Oil

Red palm oil (RPO) is extracted from the oil palm (Elaeis gui-
neensis) fruit. RPO is unique compared with other dietary fats in
that palm oil contains the highest known concentrations of
natural antioxidants, particularly provitamins A carotenes and
vitamin E.

RPO contains high levels of carotene, but its intense red colo
makes it unacceptable for many applications. Several studie
have illustrated that RPO is a rich cocktail of lipid-soluble
antioxidants such as carotenoids, vitamin E, and ubiquinone.

RPO contains vitamin E tocotrienols, which act as a super
antioxidant. The carotenoids in RPO also act as antioxidants.
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Oils from Vegetables as Possible Preservatives

1. Cinnamon oil from Cinnamomum zeylanicumhas antifungal,
antiviral, bactericidal, and larvicidal properties. A liquid
carbon dioxide extraction at 0.1% has been demonstrated to
suppress the growth of many organisms, includingE. coli,
S. aureus, and C. albicans.

2. The volatile oil of Helichrysum italicum� owers has been
reported to exhibit antimicrobial properties in vitro against
S. aureus, E. coli, aMyobacteriumspecies,and C. albicans.High
activities were observed in oil samples containing higher
concentrations of nerol, geraniol, eugenol,b-pinene, and
furfurol.

3. Of the oils tested,Eucalyptus citriodorawas the most effective
inhibitor especially of C. albicans.

4. Garlic bulb contains 0.1–0.4% of a volatile oil composed of
alliin or S-methyl L-cystein sulfoxide. Allicin is the major
odor principle that is produced by the enzymatic action of
alliinase on alliin. The bulb also contains about 17% of
proteins, mineral matters, and vitamins. The main compo-
nents of garlic are fructosans, which account for up to 75%
of the dried weight. The smell and the bacteriostatic and
antifungal properties are due to the sulfur-containing
compounds. They are particularly ef�cient against derma-
tophytis and pathogenic yeasts (Candida).
t

s

Major Component of Vegetable Oil That Makes It
a Self-Preservative

Antioxidants

Antioxidant is a chemical that delays the start or slows the rate
of lipid oxidation reaction. It inhibits the formation of free
radicals and hence contributes to the stabilization of the lipid
sample. Natural antioxidants are constituents of many fruits
and vegetables, and they have attracted a great deal of publ
and scienti� c interest. The amounts of these protective anti
oxidant principles present under the normal physiological
conditions are suf� cient only to cope with the physiological
rate of free-radical generation. Vegetable oils contain natura
antioxidants and the most common are tocopherols, which
are hindered phenolic chain–breaking antioxidants. Chain-
breaking antioxidants are highly reactive with free radicals and
form stable compounds that do not contribute to the oxidation
chain reaction.

Most biologically relevant free radicals are derived from
oxygen and nitrogen. Free radicals also are known as reactiv
oxygen species (ROS), and these compounds are forme
when oxygen molecules combine with other molecules. An
oxygen molecule with paired electrons is stable; however
oxygen with an unpaired electron is reactive. The radicals ar
likely to take part in chemical reactions, taking electrons from
vital components and leaving them damaged. Free radical
steal electrons from cells, DNA, enzymes, and cell membrane
Removing these electrons changes the composition of th
structure from which it was stolen. Cells are damaged and
therefore do not function normally. Enzymes cannot do their
jobs as catalysts for cellular reactions. Compromising the
integrity of cellular membranes leaves them vulnerable to
attack by viruses, bacteria, and other invaders.

Antioxidants are molecules that slow down or prevent the
oxidation of other compounds. Not only soluble antioxidants
but also complex enzymatic systems, such as catalase, sup
oxide dismutase, and some peroxidases, may be used by cells
avoid undesired oxidations. Some researchers reported that th
ROS affect many cellular functions by damaging nucleic acids
oxidizing proteins, and causing lipid peroxidation. Whether
ROS will act as a damaging, protective, or signaling facto
depends on the delicate equilibrium between ROS production
and scavenging at the proper site and time. Oxidative stres
occurs when this critical balance is disrupted because of th
depletion of antioxidants or excess accumulation of ROS, or
both.

At least two possible mechanisms have been suggested b
which antioxidants function to reduce the rate of oxidation of
fats and oils. These are as follows:

l Hydrogen donation by the antioxidant
l Electron donation by the antioxidant

It is thought that these mechanisms are the most probable
modes of action of antioxidants.

The most important carotenoids are alpha-carotene, beta
carotene, betacryptoxanthin, lutein, violaxanthin, neo-
xanthin, and lycopene. Beta-carotene is the most widely
studied carotenoid. Carotenoids are widely distributed
natural pigments responsible for the yellow, orange, and red
colors of fruits, roots, � owers, � sh, invertebrates, and birds.
Alpha-carotene and lycopenes are the major carotenoids tha
are composed mainly of carbon and hydrogen atoms. In
humans and animals, carotenoids play an important role in
protection against photooxidative processes by acting a
oxygen and peroxyl radical scavengers.a-Carotene is a fat-
soluble member of the carotenoids that are considered
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provitamins because they can be converted to active vitamin
A. Beta-carotene is converted to retinol, which is essential fo
vision. It is a strong antioxidant and is the best quencher of
singlet oxygen.

The best dietary sources of beta-carotene are yellow an
orange fruits and vegetables. Some of them contain more
than 80% of their provitamin A in the form of a-carotene.
Only some carotenoids found in nature have provitamin A
activity.

Vitamin E is one of the most important lipid-soluble
primary defense antioxidants. It is a generic term used fo
several naturally occurring tocopherols and tocotrienols. In
its function as a chain-breaking antioxidant, vitamin E
rapidly transfers its phenolic H-atom to a lipid peroxyl
radical, converting it into a lipid hydroperoxide and
a vitamin E radical.

Palm vitamin E (30% tocopherols, 70% tocotrienols) has
been researched extensively for its nutritional and health
properties. Tocopherols (vitamin E) and tocotrienols (provi-
tamin E) are powerful antioxidants that confer oxidative
stability to RPO as well as help to keep the carotenoids and
other quality parameters of the oil stable. Vitamin E scavenge
peroxyl radical intermediates in lipid peroxidation. Tocoph-
erols, a lipid-soluble antioxidant, are considered to be potential
scavengers of ROS and lipid radicals. Out of four isomers o
tocopherols found in plants, a-tocopherol has the highest
antioxidative activity due to the presence of three methyl
groups in its molecular structure.
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Introduction

Smoking as a method of food preservation is an age-old
process that probably dates back to the start of human civi
lization. It is likely that the practice of smoking meat and � sh
outdates the art of cooking in containers, as open-� re contact
(roasting) with food must have been the earliest form of
cooking even before earthenware pots were made. Th
importance of wood as fuel, with wood smoke as an integral
part of that, and perhaps later its utilization in food processing
is tied to the same aspect of civilization. Since wood smoke is
generated by burning wood, both smoke and heat of wood
combustion likely were discovered to be useful for food pro-
cessing about the same period. The traditional practice o
exposing food to wood smoke goes hand in hand with drying
and is a food-preservative effort that involves a combination
of several preservation processes and substances. This art m
have assumed more importance and became adopted out o
the relish for the products of the process, which contain
desirable attributes of added� avor, odor, and color by the
wood smoke.

The preservative role of food smoking is still of primary
signi� cance in developing countries because alternative o
complementary methods for effective preservation require
equipment that depends on electricity or kerosene, which are
costly and out of reach of the majority of the populace.
Smoking, for instance, is the major form of preservation prac-
ticed by the artisanal� shing populace, which constitutes about
70% of the � shing entrepreneurs in Sub-Saharan Africa, with
the other being large� shing vessel companies. The bulk of al
� sh caught and all game hunted for food, accounting for about
80% of the total, are smoke or heat preserved. More than 500
metric tons of smoked � sh is exported from West Africa to the
United Kingdom alone, annually. This quantity is valued at
between 9.3 and 14.9 million United States dollars. On the
other hand, smoking is no longer primarily a preservative effort
in the modern food industry in different parts of the industrial
world, as its importance lies more in the desirable� avors and
odors that it imparts to food. Efforts at simulating this form of
food processing have been actualized in condensing wood
smoke derived through a process of destructive distillation into
water in the form of liquid smoke. The smoke solution is
further modi � ed to develop a wide range of smoke� avors.
Food is brought into contact with liquid smoke, which
contains essentially the chemical constituents of wood smoke
While food legislation in European Union countries de� nes
food preservatives as excluding, among others, wood smoke o
liquid solutions of smoke, legislation in Canada, countries of
Asia, and countries of Africa allow wood smoke to be used as
a natural preservative along with other chemical preservatives
The legislative directive on food smoking generally allows only
the smoke or liquid solution of smoke obtained from wood or
woody plants in their natural state and disallows those woods
that have been impregnated, colored, glued, painted, or treated
with any form of chemical.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Range of Smoked Foods

Quite a wide range of foods are subjected to smoking depending
on the food culture of the population. Certain foods are
commonly smoked across all food cultures where smoking is
a culinary tradition. Animal � esh, which encompasses both mea
and � sh, forms the major category of foods that are processed b
exposure to wood smoke. While meat covers mammalian� esh,
other speci� c types are poultry and game. Fish includes both
marine and nonmarine water � sh, all of which are commonly
smoked. Other smaller marine animal life, like lobsters, shrimps,
and crustaceans, are equally processed by smoking. The list of th
speci� c types of each of these categories of animal� esh is as
numerous as the number that exists in nature that is edible. And
a variety of recipes exists for smoked products that are obtainabl
from each � esh type, again depending on the food traditions of
the people. Some of the well-known animal� esh that commonly
is smoke processed both by traditional uncontrolled methods
and by modern industrial techniques is listed inTable 1. Foods of
animal � esh are highly perishable and require immediate
preservative processing to halt microbial deterioration as soon a
the animal is caught or slaughtered.

Foods other than those of animal � esh that are smoke pro-
cessed vary across the continents and are known by local nam
in different parts of the world. In many parts of Africa, as in Asia,
different types of alcoholic and nonalcoholic beverages are
smoke produced by preparing the drink in smoked pots. A
number of alcoholic beverages are smoke processed in Ethiopia
The fermentation vessels for these beverages are densely smok
by inverting them over smoldering wood before being used to
ferment ground barley or wheat malt, as in the case fortalla beer
production or diluted honey fermentation, in the case of tej
wine. These alcoholic beverages have a special smoky aroma a
� avor. Nonalcoholic drinks are prepared in parts of Asia by
collecting and preparing different plant saps in smoked pots.
Jaggeriis a Sri Lankan drink prepared from coconut sap in this
way. Copra meals are prepared by exposing coconut kernels t
heat and smoke. Additionally, the oil obtained from smoked
copra has a desirable smoky� avor. Smoked foods in other parts
of the world include smoked plant products like nuts and seeds.
African Smoked Fish

The predominant traditional mode of meat, � sh, and game
preservation in Sub-Saharan Africa especially the West Africa
subregion is by smoking. Documentary estimates put the
proportion of smoked � sh at between 70 and 90% of total
catch. West African smoked� sh has assumed a level o
importance on international trade, particularly to the United
Kingdom and North America. This is a result of demands by
consuming migrants arising from their preference for smoky
� avor and the formation of food habits. While the smoking of
foods is now practiced in combination with other comple-
mentary hurdle technology in other cultures of the industrial
78-0-12-384730-0.00261-5 141
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Table 1 Animal� esh types commonly smoked and accessory preservative treatment

Animal ßesh/source

Type of smoking/accessory treatments

Controlled Traditional uncontrolled

Category SpeciÞc type Method Accessory Method Accessory

Meat Beef H/s Curing/refrign H/s Dry-salting/drying/refrign
Mutton H/s Curing/refrign H/s Dry-salting/drying/refrign
Pork H/s Curing/refrign

Ham
Bacon
Frankfurter

– –
H/s Curing/refrign – –

– –
Bush (undomesticated) – – H/s Drying/refrign

Poultry Chicken – – H/s Curing/refrign
Duck – – H/s Curing/refrign
Turkey H/s Curing/refrign – –

Game Partridge
Pigeon
Guinea fowl

– –
– – H/s Drying
– –

Fish: marine Salmon
Herring
Mackerel
Sardine
Cod

C/s Brining/refrign H/s Drying

Haddock – –
Trout H/s Brining/refrign – –

Fish: nonmarine Cat�sh
Mud� sh
Cichlid
Mullet

– –
– –
– – H/s Drying
– –

Miscellaneous Prawn
Shrimp

H/s Brining/drying
C/s Brining/refrign – –

Mussel
Molluse

– –
H/s Brining/refrign H/s Dry salting

H/s, Hot smoking; Refrign, chilling and freezing; C/s, cold smoking;–, uncommon method.
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world, it is essentially the sole method of preserving animal
� esh in Africa. The moisture level is reduced to a minimum
level through repeated smoking as the� sh is subjected to high
temperatures, especially in the� rst few hours of smoking. The
resulting heat sterilizes the � sh and halts the activity of
enzymes in the tissues and intestines. It also frees part of th
moisture, thus allowing quick drying of the � sh. Within
3–5 days of smoking, the� sh becomes dry and brittle and may
remain wholesome up to this point. The moisture loss is so
rapid that the following pattern is observable: about 3% of
weight loss between catch and after preparation for smoking
which further rises to about 55% weight loss within 24 h of
smoking, then to about 65% weight loss after 48 h and further
rises to about 80% loss within 72 h of smoking. All � sh types
found in coastal waters (Table 2(a)) as well as those found in
the fresh water bodies in the hinterland (Table 2(b) ) are
smokable. Smoked� sh of all edible species and smoked game
commonly are found on display in the open markets and along
major highways close to intersections with rivers.
t

t
l,
Active Antimicrobial Constituents of Wood Smoke

Thermal combustion of wood generates both smoke and hea
simultaneously. Smoke generation results from the temperature
gradient that exists between the outer combusting wood surface
as it is being oxidized and the dehydrating inner core of the
wood. The temperature rises from about 100� C to between 300
and 400 � C as the internal moisture content of the wood
approaches zero. It is this temperature gradient that favors wood
degradation, giving rise to smoke generation. Wood smoke can
be generated from any type of wood obtained from hewn dried
green plants, but dicotyledonous plants give harder, more
compact woody stems than monocots and are more suitable for
steady smoke generation. Plants that have� brous stems are not
as good as hard woods that burn longer and that have good-
quality smoke. In addition, � brous soft woods hold signi� cant
levels of resins that upon combustion give harsh-tasting soot
Different types of hard woody plants serve as sources for smok
generation and certain types are preferred over others. The majo
components of hard wood are cellulose and hemicelluloses,
which form the basic structural materials while lignin serves as
the bonding glue for them. Because these structural materials ar
basically sugar compounds, they caramelize to give carbony
compounds with sweet� owery and fruity aromas. Lignin, on the
other hand, is a complex aggregate of phenolic molecules tha
gives smoky, spicy, and pungent compounds, such as guaiaco
phenol, and syringol, in addition to sweeting vanillin and iso-
eugenol. Wood is used in the form of logs, chips, peats, or
sawdust for smoke generation. Hard woods commonly valued



ens

t

e

-

Table 2(a) Major West African estuarine fish and shrimps of commercial value in smoked� sh trade

Aquatic environment Family Species Common name

Marine, continental shelf,
estuarine, brackish,
creeks, coastal and
delta waters

Sciaenidae Pseudotolithus elongatus
P. senegalensis
P. typhus

Croakers

Clupeidae Ethmalosa frimbriata
Ilisha Africana

Bonga
Shad

Polynemidae Galeoides decadactylus
Polynemus quadriÞlis
Pentanemus quinquarius

Thread�n

Sphyraenidae Sardinellaspp. Sardine
Barracuda

Cyanoglossidae Cyanoglossusspp. Soles
Carangidae Caranxspp. Jack
Ariidae Ariusspp. Marine cat� sh
Bagridae Chrisichthys nigrodigitatus Brackish water cat� sh
Pomadasyidae Pomadasys jubelini Grunters
Penaeidae Penaeus notialis

Parapenaeopsis atlantica
Southern pink shrimp

Guinea shrimp
Palaemonidae Palaemonspp. White shrimp
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in the tropics for smoking are obtained from the plants of
Anthonata mycrophylla, Rhizophora racemosa, Dialium guin
Lophira alata, Entadrophragma cylindricum, and Naudea diderrichii,
among others. Many other woody stems available in the vas
tropical regions serve equally well and sometimes� brous stems
such as from the coconut plant and coconut shell are used wher
Table 2(b) Major West African inland fresh water fish

Aquatic environment Family Sp

Inland fresh waters: Rivers,
tributaries, dams,
lakes, and ponds

Gymnarchidae Gy
CichlidaeF Or

Or
As
He
Til
Sa

ClariidaeF He
He
Cl
Cl

Latidae La
Citharinidae Ci

Di
Schilbeidae Sc
Bagridae Ba
Carcharhinidae Ca
Clariidae Cl
Cyprinidae Ct

Cy
La

Clupeidae Et
Mormyridae Mo
Channidae Pa
Protopteridae Pr
Polypteridae Po
Arapaimidae He
Mochokidae Sy

F, Family of fish species that are farmed.
is,
hardwood is scare. The smoking industries make use of hard
wood logs, chips, or sawdust from hickory and oak. For a kiln of
about 375 kg capacity, about 13 kg of wood is combusted
per hour.

Smoke is made up of vaporized chemical compounds,
most of which have been identi� ed. They are mainly acidic
of commercial value in smoked� sh trade

ecies Common name

mnarchus niloticus Aba Asa
eochromis niloticus Nile tilapia
eochromis aureus Blue tilapia
tatotilapia bloyeti Bloyet’s haplo
michromis fasciatus Banded jewel� sh
apia zillii Redbelly tilapia
rotherodongatilaeus gatilaeus Mango tilapia
terobranchus bidorsalis African cat� sh
terobranchus longiÞlis Vandu

arias angiullaris Mud� sh
arias gariepinus North African cat� sh
tes niloticus Nile perch
tharinus citharus Moon� sh
stichodus rostiratus Grass eater
hilbe mystus African Butter cat� sh
grus bayad Bayad
rcharhinus leucas Mud� sh

arias lazerra Mud� sh
enopharyngodon idella Grass carp
prinus carpio carpio Common carp
beo coubie African carp
hmalosa Þmbriata Bonga shad
rmyrus rume rume Mormyrids
rachanna obscura Snake-head
otoperus annectens anneteus West African lung� sh
lypterus angsorgii Guinean bichir
terotis niloticus Heterotis
nodontis euptera Feather� n squeaker
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compounds, terpenes, carbonyl compounds, phenolic
compounds, and hydrocarbons, all of which vary in their roles
(Table 3) and number about 200 different chemical
compounds. Carbonyl compounds are brownish and
responsible for most of the color imparted on smoked foods
by wood smoke. Formaldehyde, which is one of the carbonyl
compounds, is notable for its antimicrobial activity. It has
a broad spectrum of activity and is the most active among the
antimicrobial constituents of wood smoke. It is directly used
as a bacteriostat in cheese milk to preventClostridiumsp. from
forming gas holes during the manufacture of Provolone
cheese. It is equally used as a sterilizant in food-wrapping
materials. Hexamethylene tetramine is a chemical compound
commonly used to wash fruit; this compound eventually
breaks down to formaldehyde to give protection against
microorganisms. Higher aldehydes are among the othe
carbonyl constituents and are produced in quantities � ve
times greater than formaldehyde. The acidic constituents o
wood smoke include acetic, formic, pyroligneous, and higher
acids, all of which are antimicrobial in activity. Organic acids
generally have antimicrobial properties. They lower the
internal pH of microbial cells through easy passage across th
membrane, as a result of their lipophilic property. They
inhibit growth by interacting with the microbial cell
membrane, thus neutralizing its electrochemical potential.
Other antimicrobial constituents of note are the organic
alcohols and the ketones.

The main preservative function of phenolic compounds in
wood smoke is their antioxidant activity. They prevent oxidative
rancidity in smoked foods, thereby contributing to the preser-
vation effect of smoking. Although phenol has long been known
Table 3 Major constituents of wood smoke of signi� cance

Group of compounds Chemical compounds

Carbonyl compounds Formaldehydea Ant
Other Aldehyde
Alcohols

Phenolic compounds Phenola Ant
Guaiacol Ant
Syringcol
Eugenol
Isoeugenol

Acetosyringone
Syringaldehyde
Vanillin
Acetovanillone
Cathecol

Acid compounds Formic acida Ant
Acetic acida Ant

Hydrocarbons Benzo(a)pyrena Car
Tars
Benzo(a)anthracene
Benzo(b)� ouranthene
Dibenz(ah)anthracene
Indeno(1,2,3-cd)pyrene

Terpenes Hemiterpenes
Sesquiterpenes
Triterpenes

aSpeci� c compound capable of exerting the speci� ed function.
to have antimicrobial properties (as used by Lister), it is not
directly applied to foods as a preservative because of its toxicit
even at low concentrations. About 60% of the phenolic fraction
in wood smoke is made up of guaiacol (2-methoxyphenol),
syringol (2,6-dimethoxyphenol), and their 4-substituted
derivatives, namely, eugenol (4-allylguaiacol), isoeugenol
(4-propenylguaiacol), syringaldehyde (4-formylsyringol), and
acetosyringone (4-methylketone guaiacol). Guaiacol is
responsible for the smoky taste and syringol is responsible for
the smoky aroma. Phenols are therefore said to be responsibl
for the main desirable� avors and odors characteristic of smoked
foods.

The rate and extent of smoke deposition on the food
exposed during the process of smoking depend on a numbe
of factors that are dif� cult to control with traditional kilns.
These dif� culties led to development of the modern tech-
niques that place the important parameters under control
within ranges that are best for safe and good-quality products
Such factors include smoke density and velocity, the
concentration of certain smoke constituents in the air
(particularly vapor), the location and distance of the food
within the kiln and from the smoke source, the proportion of
air and air velocity, and the relative humidity and food surface
moisture, among other factors. The rate of smoke absorption
by smoking food under standard conditions of operation is
proportional to the optical smoke density. Smoke density is
measurable using a smoke density meter, which is incorpo
rated in the kiln or smoke house. The cumulative smoke
treatment applied to the food also can be measured. For
normal commercial practice, the smoke density value for� sh
is about 0.9 m� 1. The extent of smoke deposition on food can
in food smoking function and importance

SpeciÞed compoundsa Group

imicrobial Antimicrobial
Surface pellicle formation coloring

ioxidant
imicrobial Antioxidant

Surface pellicle formation
Aroma enhancing
Flavor enhancing

Taste enhancing
Coloring

ibacterial Antibacterial
ibacterial
cinogenic Coloring

Surface pellicle formation

Aroma enhancing
Surface pellicle formation
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be directly estimated by measuring the phenol concentration
as the phenol value.
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Effect of Deposition on Microbial Cells and Micro�ora

Achievement of smoke deposition on products is visible giving
a characteristic dark-brown creosote coating appearanc
Creosote normally is applied to wood for protection against
deterioration; however, in spite of the known speci� c activity of
some smoke constituents, the levels at which they are deposite
seem to be more enhancing of esthetic appeal than having
a direct effect on the microorganisms. Smoking deposits its
constituents on the outer surface of the food and does not
penetrate deep into the food especially with hot-smoked foods.
Cold-smoked foods allow more smoke penetration as there is
little hardening of the outer surface. Barring the effects of al
accessory preservative efforts, such as brining and drying, th
micro� ora of the food does multiply even in the presence of the
smoke deposits. The concentration of the smoke constituents–
particularly the antimicrobial constituents, formaldehyde, and
acidic compounds– seems not to be at levels that are inhibitory
to the micro� ora. Smoked foods that have not undergone some
other hurdle treatments readily go moldy when moisture levels
are high enough to permit growth but a� atoxin production, for
instance, is delayed. Smoke deposits exert an indirect effect; th
glossy pellicle formed on the food surface by the phenol-
coagulated surface protein presents the microbial cells with an
unsuitable environment for optimal multiplication.
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Likely Preservative Effect of Smoking

Given that the initial efforts at smoking foods was for preser-
vative purposes, the achievement of that purpose can b
attributed to a combination of accessory processes that ar
preparatory to smoking as well as to smoke deposition on the
food surface. These accessory processes include reduction
available moisture from the food tissues through brining or
salting and evaporation due to heat generated by the therma
combustion of the wood. The effectiveness of any food pres
ervation method has to do with the quality of the raw material
or its sanitary state. Most foods that go for smoking have high
levels of moisture, thus making them liable to the fast devel-
opment of microorganisms. The raw material stands to give
a better quality smoked product when its initial microbial
count is low. Should there be any delay in processing, the food
must be held at suitably low temperature until the process
begins.

The process starts by cleaning the raw materials for smokin
to rid the surface of dirt and slime (� sh). For scaly� sh, the
scales are removed before washing after which they are draine
of water. This also helps to reduce the surface micro� ora,
particularly putrefying bacteria. Flesh foods like� sh and meat
are cured by direct application of salt to the surface or are
dipped in brine (70 –80% saturated salt solution) for about
5 min for small � llets and cuts for large � llets. This leaves
a desirable tissue salt concentration of about 2–4% or up to 8%
in direct salt applications. The result is a preservative effect as
plasmolyzes the microbial cells and is thus microbistatic or
disruptive to the cells of contaminating microorganisms. The
micro� ora associated with brined� esh foods are largely halo-
philic and osmotolerant microorganisms. These include both
spoilage � ora and pathogenic bacteria. The spoilage� ora
include Lactobacillus, Micrococcus, Halobacterium, Halococcus,
Pseudomonassp., and other members of Enterobacteriaceae
while the pathogenic bacteria areStaphylococcus aureus, Vibrio
parahaemolyticus, and Clostridium botulinum. At the salt concen-
tration attained during brining or salting, inhibition of growth
of most of these microorganisms is achieved without making
the product unpleasantly salty to taste. Brining reduces the
microbial load by as much as 85–90% and it provides a surface
gloss after smoking, in addition to serving as a condiment, thus
improving the desirability of the product. Brining and curing
also withdraw moisture that otherwise would be available for
microbial growth. Brine strength is regularly checked using
a brineometer and old brines are discarded at intervals; other
wise the microbiological quality of the product may be
affected. As brines continue to be used, bacterial contamination
builds up in them; this may increase the load on good-quality
raw food entering the brine. In addition, reduction in brine
strength results from either drip water from the subsequent
� esh dips or absorption of salt. All these act on the effectivenes
of the preservation process and must be prevented. Afte
brining, the � esh food is drained and allowed to dry. Drying is
done in chill rooms in industrial setups and can go on for
several hours; with traditional processors in developing trop-
ical countries, drying � sh is achieved within 1–2 h in a sunny,
windy atmosphere. This step dries the surface water of th
� sh, leaving a� rm skin barrier against entry of microorganisms,
which is also suitable for smoke deposition. On the other hand,
it exposes the� sh to microbial contaminants. Fish sizes above
1.5–2 kg are usually sliced vertically across their lengths into
cuts before smoking. This gives more surface areas for brinin
drying, and smoke deposition and offers better preserved
portions of large � sh that ordinarily would take longer to
process and smoke effectively. The process of smoking requir
arranging the food on racks or trolleys with separate smoking
compartments from the � re chamber. Arrangement of the food
is done in a manner to ensure that all surfaces are exposed bu
not piled on top of each other so as to hasten drying from the
heat of combustion and for smoke deposition. The wood is
allowed to burn, producing smoke, but not allowed to burst
into � ame. This ensures a moderately low but steady heat tha
is allowed to rise within the � rst hour. The heat generated
causes the food temperature to rise up to 55–80 � C with the
traditional uncontrolled system and sometimes up to 120� C
for meat. For the more advanced techniques of smoking using
the Torry kilns where smoke-in� uential parameters are
controlled, cold smoking is done at about 30 � C for about 2 h
while hot smoking is done at temperatures of 70–80 � C for
2–3 h after initial holding at 50 � C for 30 min. At these
temperatures most saprophytic, non-spore-forming microor-
ganisms are killed. The food is thus pasteurized. Moreover
enzymatic activities are usually halted at about 60� C, pre-
venting activity of the endogenous enzymes of the food.
Furthermore, the smoke generated in the process deposits i
constituents on food surfaces as efforts are made to trap th
smoke in the kiln to prevent its escape. The formaldehyde and
phenols convert the brine-solubilized protein on the food
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146 PRESERVATIVESj Traditional Preservatives – Wood Smoke
surface into a coagulated, smooth, resinous pellicle on which
other smoke constituents such as tars, aldehydes, alcohol
ketones, acidic compounds, and phenols are deposited. Thes
together serve as reinforcement of the food surface again
development of microorganisms, thus helping to preserve the
food. The phenols in their capacity as antioxidants also preven
oxidative rancidity, which is a common spoilage feature of fatty
foods.

Established synergies between other preservative process
and smoking allow for desirable results of food smoking
through various combinations (Figure 1). The options in use
by food-smoking practitioners all ensure unfavorable envi-
ronments for microbial growth. In the uncontrolled system of
smoking, even in tropical countries, intermediate-moisture
foods are smoke dried until their water activity (aw) falls within
the range (aw 0.6–8.5) as they are shelf-stable without refrig-
eration. In such a form, they are almost brittle and are retailed
in the market for as long as 2 weeks. When moisture levels ris
as a result of absorption from the atmosphere, they are
returned for further smoking to check the development of
microorganisms. Nonetheless, sanitary assessment of suc
retailed � sh often shows evidence of insect infestation as well a
bacterial and mold contamination. The most common insect
STEPS IN
SMOKING
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Figure 1 Wood smoking and complementary hurdle technology in fo
found is Dermestesspecies, while for bacteria the most common
are S. aureus, Pseudomonas aeruginosa, Klebsiella, Bacillu, and
Proteusspecies. Commonly encountered mold contaminants
include Aspergillus� avus, Aspergillus fumimigatus, Asperg
tereus, Aspergillus niger, and Rhizopus, Absidia, Mucor, Clados
rium, and Penicillium species. About 17.5% of airfreighted
consignments of smoked � sh to the United Kingdom from
West Africa are rejected by the Port Health Authority for reason
of improper packaging, labeling, and contamination. A lack of
emphasis on other synergistic packaging practices in the Africa
smoking procedure is responsible for some of the losse
incurred in smoked � sh trade. Vacuum packaging of smoked
meat or � sh products is an equally effective complementary
method in use with smoking. It removes much of the air that
supports growth of spoilage microorganisms or causes oxida
tive rancidity, while preserving the distinct taste and aroma of
the smoked food. These factors together illustrate the ef� cacy of
a combination of preservative treatments, termed the hurdle
effect (Figure 1) or synergism. Smoked foods therefore can
rightly be classi� ed as hurdle-technology foods. By de� nition,
these are products whose shelf life and microbiological safety
are extended by several factors, none of which on its own
would be suf� cient to inactivate undesirable microorganisms.
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Possible Risks to the Consumer

The agelong practices of wood preservation with chemicals
many of which are hazardous to health, constitute a problem
that requires scrutiny of the type of wood allowed for food
smoking. Other possible hazards associated with smoking o
foods began to attract attention in the 1950s when it was
discovered that the polycyclic aromatic hydrocarbon (PAH)
constituent of wood smoke could be carcinogenic. Equally
hazardous are other chemicals generated as a result of reactio
during the exposure of food to smoke and heat. The following
risks may be encountered by consumers of smoked products
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Wood-Based Risks

Logs of wood specially hewn for cooking or smoking are
desirable for good-quality smoking of foods. The problem of
deforestation leading to scarcity of such wood and the rising
level of urbanization makes lumber acquired from demolition
sites easy alternatives that are available for smoking especia
in developing countries.

1. The possibility of using discarded construction wood or
lumber from a mill may constitute a health hazard as such
pieces of wood usually are treated with chemicals to preven
fungal or insect infestation to resist rot. Ingestion or inha-
lation of chemicals used in wood treatment can be highly
dangerous and hence the use of wood treated with chem
icals is prohibited in food smoking. A lot of lumber is
treated with powdered subcarbonates of soda, mercury, an
pentachlorophenol (a blend of mercury with chlor-
ophenates) to prevent sapstains. Other antisapstain
include borate mixtures, 3-iodo-2-propylyl-butylcarbonate,
propiconazole all of which are biocidal and therefore
hazardous to living fauna, including humans and aquatic
forms. Some of these wood preservatives can introduc
carcinogens, such as sodiumo-phenylphenate, to the food if
such chemically preserved wood is used in food smoking.

2. The hydrocarbon fraction of wood smoke consists of about
30 different PAHs as well as 40 other compounds. Among
the PAHs, benzo(a)pyrene (b(a)P) is carcinogenic and ha
been detected in smoked foods in varying amounts. Level
ranging from 5.3 ng g� 1 to 14.8 mg g� 1 of foods have been
detected in various species of� sh as well as smoked ready
to-eat meats. Improved knowledge about food smoking
allows for the control of smoking parameters to limit
hydrocarbon generation in smoke. Important in� uential
factors are temperature and air velocity. At temperature
above 400� C for wood decomposition and 200 � C for
oxidation, hydrocarbon generation from lignin and cellu-
lose is highly favored. Poplar wood is known to produce the
greatest amount of PAH among other wood types.
Concentration of PAH is lowest when temperature for
production of liquid smoke was 530–559 � C. Below these
values, high concentrations of the desirable constituents
(phenols, carbonyl compounds, and acidic compounds) of
wood smoke are produced with little or no carcinogenic
aromatic hydrocarbons. Speci� c conditions at which
formation of PAH is effectively suppressed while favoring
production of desirable compounds are operated. The
contents of B(a)P in � sh smoked in traditional kilns are
higher than in � sh smoked in smoke houses under
controlled parameters. Whether it is cold smoking (at
30 � C) or hot smoking (at 80 � C), temperatures are well
below those established as favoring PAH generation.

3. Certain condensates of liquid smoke have been queried
over their safety. The safety of some liquid smoke� avorings
like Primary Product FF-B is under investigation by the
European Food Safety Authority as it is regarded as weak
genotoxic. Primary Product AM 1 is another� avoring in
liquid smoke described as potentially toxic to human.
Heat-Based Risks

1. Other hazardous chemicals closely associated with smoke
animal proteins result from the effect of heat on the food
components during the smoking process. A group of these
are water-soluble, heat-stable polar substances with muta
genic activity. Mutagens such as amino-carbolines ar
formed when the surface temperature of meat rises to abou
200 � C or even 115� C for � sh in the presence of high
moisture content. The mutagens are formed as a result o
pyrolysis of amino acids and proteins in heated meat and
� sh; heat is an integral part of smoking.

2. Maillard browning of food, which is observed when food is
exposed to heat, is a reaction between sugars and amin
compounds of foods. Heating and dehydration give rise to
brown polymeric compounds – melanoidins – which are
sugar–amino acid Amadori compounds. Maillard reactions
occur readily in smoked products processed even unde
controlled conditions. Prolonged consumption of Maillard
browned diets causes physiological disorders of the live
and kidneys. Puri� ed Maillard reaction products such as
pyrazines, reductones, dicarbonyls, and furan derivative
have shown mutagenic activities.

3. Heating of proteinaceous foods also leads to the formation
of amino acid complexes that may be hazardous to health.
Lysinoalanine is formed when stock � sh (dried cod) is
exposed to a temperature of 90� C at a pH above 13. This
complex has been implicated in renal damage. Although
there is a dearth of information regarding formation of
lysinoalanine in foods, since conditions for smoked � sh
products are suitable for the formation of lysinoalanine, its
importance cannot be overlooked.

4. Gizzerosine (2-amino-9-(4-imidazolyl)-7-azanonanoic) is
another chemical substance associated with heat-expose
� sh. This substance is a derivative of histamine or histidine
Gizzerosine causes stomach or gizzard erosion and blac
vomit in chicks.

5. While it is common for smoked foods to be viewed as ready-
to-eat foods that do not need further cooking, certain risks
are associated with this habit. Curing and smoking are not
substitutes for cooking, particularly for � esh foods, given
some of the temperatures attained during the process. Fles
foods that are known to harbor parasites require further
cooking to remove any cysts. Pork (ham) retained in smoke
houses until it reaches an internal temperature of 61� C will
not be safe if it containsTrichinella.Ham labeled as ready to
eat is held at a temperature that raises the internal temper
ature to 68 � C, at which point it is considered safe.
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See also:Chilled Storage of Foods. Dried Foods;Heat
Treatment of Foods:Synergy Between Treatments; Hurdle
Technology; Intermediate Moisture Foods; Packaging of F
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Introduction

Prion diseases are fatal neurodegenerative diseases in huma
and animals. Natural cases can occur in humans (Creutzfeldt–
Jakob disease (CJD), Gerstmann–Sträussler–Scheinker syn-
drome, Fatal Familial Insomnia, Kuru and others), bovines
(bovine spongiform encephalopathy, BSE), sheep and goat
(scrapie), felidae (feline spongiform encephalopathy), and
mink (transmissible mink encephalopathy). Although the
de� nite nature of the infectious agent is still under debate, the
involvement of a physiological surface protein on neuronal
cells, named prion protein (PrP), is well established in the
pathogenesis of these diseases.

Prion diseases are also called transmissible spongiform
encephalopathies (TSEs), a term that summarizes the mos
characteristic features of these diseases: all of them are tran
missible, they cause spongiform alterations in certain areas o
the central nervous system, and they cause a nonpurulen
encephalopathy.

The etiology of TSEs can be infectious (e.g., in the case
BSE, which was transmitted by BSE-contaminated cattle feed
genetic (associated with mutations in the humanPrP gene),
and spontaneous (e.g., sporadic CJD). One of the mos
remarkable characteristics of TSEs is the fact that even t
genetically acquired diseases are transmissible.
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The Molecular Mechanism of Prion Diseases

Prion diseases are unique infectious diseases of which the exa
nature of the infectious agent is still enigmatic. Initially, either
slow viruses like lentiviruses or ‘virinos’ were postulated by
different authors for decades to be the causative agents, whic
were in both cases supposed to carry a very small nucleic ac
component that would have to be surrounded by host-speci� c
proteins. Later, some authors postulated in the 1960s that this
agent must be completely devoid of nucleic acids. Stanle
Prusiner systematically continued working on this idea and
elaborated the ‘protein-only theory ’ in 1982, postulating that
the misfolded protein itself was the infectious agent and
designating it as proteineaceous infectious particle (‘proin,’ this
later was changed to‘prion ’). This work was honored with the
Nobel Prize in Medicine in 1997.

Shortly after the elaboration of the protein-only hypothesis,
a host-encoded protein was identi� ed to be involved in the
disease process and therefore was designated the prion protei
Prion proteins of different mammalian species and even of bird
and � sh species display a high level of homology. The physi
ological function of the prion protein, however, is still not fully
understood. Transgenic mice and transgenic cattle lacking th
prion protein are fully viable, which may be explained by the
early substitution of the cellular function of the prion protein
by other proteins. It could be shown that the prion protein
plays a role in the circadian rhythm and the signal transmission
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
in the GABAergic system. The prion protein can also bind
speci�cally to divalent cations, referring to its role during the
ion homeostasis of the cells in the nervous system. The prion
protein also seems to be involved in the development and
maintenance of certain cell fractions of the immune system
and, � nally, it seems to play a role in the development of
neurons. Taken together, the prion protein must have
a considerable impact on the interaction of signal cascades o
the cell surface, especially on neurons. The prion protein is
expressed mainly in the nervous system on the surface o
neurones and astrocytes, but also in other organs, such a
kidney and testes.

The mature prion protein includes 230–240 amino acids,
depending on the species. During maturation, a 22 amino acid
segment is cleaved off from the N-terminus and a 20 amino
acid sequence from the C-terminus is replaced by a glyco
sylphosphatidylinositol anchor (GPI anchor). By this GPI
anchor, the protein is attached to the cell membrane. The prion
protein has two glycosylation sites that can be occupied by
N-glycans, resulting in the typical three-banding pattern of
protease digested PrPSc, displaying the unglycosylated, the
mono-, and the diglycosylated forms of the protein.

During the disease progression, the cellular form of the
prion protein (PrPC) is converted into its pathological isoform,
PrPSc (Sc standing for scrapie-associated form). Two model
have been proposed to describe the conversion process of th
prion protein: the model of the nucleation-dependent crystal-
lization and the heterodimer model. According to the � rst
model, the equilibrium between PrPC and PrPSccan be changed
in favor of PrPSceither by a spontaneous PrPScformation or by
external PrPSc addition. These PrPSc molecules act as crystalli-
zation seeds for further conversion processes. Larger PrPSc

aggregates dissociate into smaller aggregates and thereby ac
new crystallization seeds. The second model postulates th
presence of a chaperone‘protein X’ assisting in the conversion
of PrPC into PrPSc, which usually is controlled by an energy
barrier. Both PrP isoforms share identical amino acid
sequences, but they differ in their three-dimensional structure
with the pathological form displaying increased b-sheet
contents. This results in an increased stability of the protein
associated with a decreased solubility in detergent solution
and a partial resistance toward protease degradation. Both o
these features are utilized during the diagnosis of prion disease
(Figure 1).
Prion Diseases and Other Proteinopathies

Recent scienti� c work has elucidated remarkable parallels
between prion diseases and other protein accumulation
diseases such as Morbus Alzheimer, Morbus Parkinson, an
Chorea Huntington. All of these diseases are correlated with the
accumulation of a misfolded cellular protein, followed by
neurodegeneration. In the case of Morbus Alzheimer, severa
78-0-12-384730-0.00379-7 149
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Figure 1 Western blot detection of disease-associated PrPSc after
precipitation of the scrapie-associated� brils (SAF).

150 Prions
hypotheses have been postulated to explain the disease deve
opment. One of the most widely acknowledged hypotheses
states that the Ab protein is accumulated and forms Ab � brils
and plaques. In an early step of the disease, ab oligomers are
formed that block the synapse functions of neurons. Interest-
ingly, the prion protein has been identi� ed as one of the
possible binding partners of ab oligomers. Secondly, the tau
protein also seems to play a role in the pathogenesis. Morbus
Parkinson is caused by the accumulation ofa-synuclein in so-
called Lewy bodies. An accumulation of a mutated form of the
cellular protein huntingtin leads to the development of Chorea
Huntington. The physiological function of huntingtin is still
largely unknown, but it seems to play a role in the cell signaling
and intracellular transport. While huntingtin normally harbors
a base triplet CAG (cysteine–adenine–guanine) coding for the
amino acid glutamine of less than 36 copies in the polyQ
region, the same protein in an affected person can harbor up to
250 CAG repeats.
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The History of Prion Diseases

Although scrapie in sheep and goats as the prototype of prion
diseases has been known since the eighteenth century, th
infectious nature was demonstrated only in the 1930s by
transmission experiments in sheep. These diseases moved in
the scienti� c and public attention after the detection of the� rst
BSE cases in the United Kingdom in 1986. More than 180 000
cases of BSE have been con� rmed worldwide since, with an
estimated 3.5 million cattle having been infected with the BSE
agent in the United Kingdom alone. Ten years after the� rst BSE
noti � cation, cases of a variant form of Creutzfeldt–Jacob
disease (vCJD) were detected in the United Kingdom and in
other countries with a high BSE incidence. In the recent years
chronic wasting disease (CWD) has occurred in increasin
numbers in deer and elk in the United States and in Canada.
The Host Range of Different Prion Diseases

Although natural TSE cases have been detected thus far only
humans, ruminants, felidae, and mink, a much broader range
of species was identi� ed to be susceptible to a TSE infection
under experimental conditions: mice, hamsters, ferrets, bank
voles, and pigs, as well as nonhuman primates. The interspecie
transmission is limited by the so-called species barrier tha
seems to depend mainly on the rate of amino acid homology of
the prion proteins of the two involved species. This barrier can
be overcome, however, by a massive dose, or by a highl
effective route of inoculation, or by a combination of both,
resulting in a much broader range of susceptible species upo
experimental challenge as compared with natural conditions.
Prion Diseases Relevant for Food Hygiene

Bovine Spongiform Encephalopathy

BSE is addressed in detail in an individual chapter in this
encyclopedia. For almost 20 years after the detection of the� rst
BSE cases in the United Kingdom, it was widely acknowledge
that only one BSE strain existed. Then, in 2004, two so-fa
unknown BSE forms were described simultaneously in cattle
over 8 years of age. These so-called atypical BSE forms we
postulated to occur spontaneously in older cattle and have
been detected as individual cases in the European Union, in
North America, and in Japan. The one form� rst noti� ed in
France was designated H-type BSE due to the slightly highe
molecular mass of the unglycosylated form of the prion
protein, and the second phenotype� rst described in Italy was
entitled L-type BSE or BASE (bovine amyloidotic spongiform
encephalopathy) due to its slightly lower molecular mass of the
unglycosylated PrP form and the amyloidotic deposits detected
in the brains of affected cattle. By challenge experiments with
both atypical BSE forms in cattle, it could be demonstrated that
the pathogenesis and agent distribution in both atypical BSE
forms resembles mostly the one that was already known for the
classical BSE form. This implies that the infectivity is largely
restricted to the central nervous system (CNS) and that only in
a late stage of the disease, a centrifugal spread into th
periphery, including skeletal muscle tissue, will occur. These
� ndings are even more important since challenge experiment
in human transgenic mice and in macaques have reveale
a higher zoonotic potential of the L-type BSE form as compared
to classical BSE. Due to the occurrence in older animals at a ve
low rate, a spontaneous origin has been postulated for both
atypical BSE forms. This would implicate that also L-type BSE
cases will appear sporadically in the future, which must be
considered when revising the BSE eradication measures like th
BSE surveillance of healthy slaughtered cattle, removal o
the speci�ed risk material that may carry BSE infectivity in
incubating animals, and speci� c feed bans.

Moreover, it was deciphered by mouse bioassays in differen
conventional and transgenic mouse lines, that both H- and
L-type BSEs can acquire the biochemical characteristics
classical BSE under certain circumstances. This has lead to t
theory that one or several cattle spontaneously diseased wit
atypical BSE may have been the origin of the worldwide BSE
crisis.
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Prions 151
Scrapie

Scrapie is a disease of sheep and goats that has been known
almost 300 years. Although highly transmissible within a� ock
of susceptible sheep, there is so far no indication for a zoonotic
potential of this disease. Attempts have been made to bree
TSE-resistant sheep, which was hampered by the fact that a
atypical scrapie form was detected in 1998 that mainly affects
the sheep genotypes that display a low susceptibility to scrapie
These breeding programs, however, mainly were implicated to
reduce the susceptibility of the sheep population to an infec-
tion with the BSE agent, which is still successful. After the
emergence of BSE in the European cattle population, there wer
rising concerns that the BSE agent may have been spread to t
small ruminant population, resulting in the implication of
a TSE surveillance program for these species. As a res
a distinct rise in the number of noti � ed scrapie cases wa
observed throughout Europe. Although no ‘natural’ BSE case
was detected in sheep, two cases of BSE in goats were detec
in France and Scotland.

An atypical scrapie form has been identi� ed in Norwegian
sheep in 1998, followed by the detection of such cases in
almost all European member states, as well as the Falklan
Islands, the United States, and Canada. The existence of aty
ical scrapie in Australia and New Zealand has also bee
postulated. The number of noti� ed atypical scrapie cases clear
exceeds that of classical scrapie cases in some countries. T
TSE form differs from classical scrapie by its biochemica
properties detectable in the immunoblot and by the anatom-
ical distribution of the PrPSc depositions in the brains of
affected sheep. The intra- and interspecies transmissibility o
this disease can be considered very low. Interestingly, so-calle
protease-sensitive prionopathies have been described recen
in human patients. The accumulated PrPSc displays a banding
pattern reminiscent of that associated with atypical scrapie.
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Chronic Wasting Disease

CWD is a scrapielike disease of cervids that� rst was observed in
the 1960s in Colorado and Wisconsin, United States. Since
then, it has spread dramatically into 17 states in the Mideast
Midwest, and western part of the United States, and into two
Canadian provinces. Captive and free-ranging mule dee
white-tailed deer, and elk are the most affected species, an
therefore the disease eradication measures are highly laboriou
and not always effective. Due to the excretion of the agent via
saliva, urine, and feces, the eradication of this disease in free
ranging and captive animals must be considered almos
impossible. Extensive studies are ongoing to reveal the degre
of a zoonotic potential of this disease, which is crucial for
a comprehensive risk assessment. Hunters in the affected are
are asked to have the animals tested for CWD befor
consuming the meat, and to avoid eating meat from deer and
elk that look sick or that test positive for CWD.
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TSE Pathogenesis

The pathogenesis and the agent distribution in TSE-affecte
humans or animals do not only depend on the TSE strain but
also on the involved host species. Although some TSE–host
combinations display a pathogenesis that is restricted strictly to
the central and peripheral nervous system (e.g., this is the cas
in BSE in cattle and spontaneous CJD in humans), others show
a clear involvement of the lymphoreticular system from early
time points after the infection (such as the BSE-associate
human vCJD, or BSE and scrapie in sheep). The TSE path
genesis in a species has an in� uence on the transmissibility of
the disease to other individuals or to other animals. This was
proven tragically when the � rst cases of vCJD transmitted via
blood transfusion were identi� ed. This transmission never has
occurred with spontaneous CJD, as the lymphoreticular system
is not involved in this TSE form. The same holds true for scrapie
or BSE-infected sheep that shed infectivity through thei
excretions (such as saliva, urine, amniotic� uid), resulting in
the contamination of sheep pastures that, even after year
without sheep grazing, may stay contaminated with the agen
and result in the transmission of the disease to sheep that ar
kept on the same ground after years.

Therefore, a profound understanding of the pathogenesis o
the different TSE forms is a prerequisite for de� ning adequate
protection measurements in the � elds of human medicine,
food quality, and veterinary medicine.
Inactivation of TSE Agents

Any inactivation methods aimed at the destruction of nucleic
acids (RNA or DNA) that effectively inactivate viruses and
bacteria did not reduce the infectivity of prions essentially.
Although dry heat alone is not suitable for the inactivation of
prions, the combination of heat and vapor pressure (136� C per
�3 bar) for more than 1 h has been shown to ef� ciently reduce
the infectivity in contaminated samples. Formol, ethanol, and
hydrochloric acid will have a stabilizing rather than a degrading
effect on prions. Meanwhile, 1 M sodium hydroxide or 2.5%
sodium hypochloride are highly effective in the inactivation of
prions but also highly corrosive to many materials. Alterna-
tively, chaotropic salts like 6 M guanidine hydrochloride can be
used. All chemical inactivation procedures need to be applied
for at least 1 h.
Consumer Protection Measures Based on Our Actu
Knowledge on Prion Diseases

The implemented TSE consumer protection measures are bas
on three major aspects: (1) the testing of healthy slaughtered
cattle over a certain age limit, (2) the separation and inciner-
ation of speci� ed risk materials (SRM), and (3) the BSE-speci� c
feed bans. Firstly, the testing of healthy slaughtered cattle is th
most direct method to identify BSE diseased cattle and to
remove them from the food and feed chains. As mentioned,
BSE infectivity is restricted largely to the CNS in incubating
cattle, and a centrifugal spread occurs only in the� nal stage of
the disease. In this stage, a BSE infection will be detected by th
currently approved BSE rapid tests. The age limit for the BS
testing has been adjusted several times within the Europea
Union and is currently set at 24 months for all healthy
slaughtered cattle, with the exception that member states can
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Table 1 Tissues that shall be designated as speci� ed risk material if they come from animals whose origin is in a member state or third country or
of one of their region with a controlled or undetermined BSE risk (according to EU regulation 999/2001)

Species

Bovine animals 1. The skull excluding the mandible and including the brain and eyes, and the spinal cord of animals over 12 months
of age.

2. The vertebral column excluding the vertebrae of the tail, the spinous and transverse processes of the cervical,
thoracic and lumbar vertebrae, and the median sacral crest and wings of the sacrum, but including the dorsal root
ganglia, of animals over 30 months of age.

3. The tonsils, the intestines from the duodenum to the rectum, and the mesentery of animals of all ages.
Ovine and caprine

animals
1. The skull including the brain and eyes, the tonsils, and the spinal cord of animals over 12 months of age, or that have

a permanent incisor erupted through the gum.
2. The spleen and ileum of animals of all ages.
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under certain epidemiological conditions, apply for the
extension of the age limit to 72 months. This option has been
used by 17 EU member states. All risk animals (fallen stock and
emergency slaughtered cattle) over 30 months of age have to b
tested as well to ensure the epidemiological control of this
higher risk group, again with the option to apply for the
extension of this age limit to 48 months under the above
mentioned conditions. The age limit for the testing scheme
applied in North America in accordance to the World Organi-
sation for Animal Health (OIE) guidelines is 30 months for
both healthy slaughtered cattle and risk animals.

Secondly, the SRM removal is a very important element o
the implemented measures to prevent any tissues that ma
contain the BSE agent in incubating cattle from entering the
human food or animal feed chain. The list of SRM materials to
be incinerated has also been adapted several times with th
increasing knowledge on the pathogenesis and agent distribu
tion in BSE-incubating cattle. The SRM de� nition as laid down
in EU regulation 999/2001 in its actual version is summarized
in Table 1. The major difference between the SRM de� nition
applied in the European Union and in North America is that
within the European Union, the intestines from the duodenum
to the rectum and the mesentery of animals of all ages are
considered as SRM, whereas in North America this only applie
to the distal ileum in sensu strictu.

Thirdly, speci� c feed bans have been implemented and
amended repeatedly since the beginning of the BSE crisis. In th
United Kingdom, a ban on feeding ruminant protein to rumi-
nants was� rst introduced in 1988, immediately after the reali-
zation that BSE infections in cattle were foodborne. From June
1994, the European Union prohibited the feeding of mamma-
lian protein to ruminant species in all member states. The UK
feed controls were extended in March 1996 to prohibit the
feeding of mammalian meat and bone meal to all farmed
livestock. After the distinct increase in the number of noti� ed
BSE cases throughout Europe, an expanded ban on the feedin
of all processed animal protein (PAP) to all farmed animals was
implemented in the European Union in 2001, with certain
limited exceptions, to exclude cross-contaminations with feed
not intended for ruminants. Currently, the reintroduction of the
feeding of poultry and pig-derived PAP under certain well-
de� ned circumstances is under discussion within the European
Union. These include that the proteins must be derived from
materials that are� t for human consumption, that any intra-
species recycling still must be precluded, and that no PAP are fe
to ruminants. In North America, the feeding of animal proteins
that may include SRM to all farm animals is prohibited.

The combination of these three measures has proven to b
very effective in the protection of the consumer from BSE-
contaminated food and in the interruption of the BSE infection
chain in the cattle population. The latter can be shown convinc-
ingly on the basis of the German data: Of the 422 noti� ed
indigenous BSE cases, 420 have been born before 1 January 200
which is when the BSE eradication measures were implemented
Two animals were born shortly after the implementation, which
most probably is due to anaccidental or intended continuation of
the use of BSE-contaminated feed after the feed ban.
Diagnostic Methods

Since 1998, commercially produced rapid tests are available fo
the surveillance of cattle and small ruminants for BSE and
scrapie. Several evaluation procedures have been performed b
the European Food Safety Authority, resulting in the approval
of certain rapid tests by the European Commission for the
testing of cattle for BSE or small ruminants for TSE. The actua
list of approved rapid tests in the European Union is shown in
Table 2. All rapid tests are based on the detection of the
protease resistant PrPScisoform in an obex or lymphatic tissue
sample (according to the manufacturers instruction for use),
and the signal detection is either performed by enzyme-linked
immunosorbent assay (ELISA), Western blot, or by lateral� ow.

Any samples that are repeatedly reactive in the rapid test ar
sent to the National Reference Laboratory (NRL) for con� r-
mation. There, either a histopathological or immunohisto-
chemical analysis will be performed for the detection of
histopathological lesions or PrPSc depositions in the obex
region of the brainstem. Alternatively, the accumulation of
scrapie-associated� brils (SAF) can be investigated by an OIE-
approved protocol followed by Western blot detection, or by
electron microscopical analysis. Finally, a rapid test can be use
for con� rmation under certain conditions, that is, the analysis
has to be performed at the NRL, and one of the applied tes
systems must be a Western blot.

Because of the detection of two natural BSE cases in goats
2005 and 2006, all TSE positive cases in small ruminants have to
be further analyzed in a discriminatory test to differentiate
between a scrapie and a BSE infection. Several discriminato
test systems are listed in EU regulation 999/2001 for this
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Table 2 List of approved rapid TSE tests (according to EU regulation 999/2001)

BSE in cattle TSE in small ruminants

Prionics-Check Western test Bio-Rad TeSeE SAP rapid test
Enfer Test and Enfer TSE Kit, version 2.0, automated sample

preparation
Bio-Rad TeSeE Sheep/Goat rapid test

Enfer TSE, version 3 IDEXX HerdChek BSE-Scrapie antigen test kit, EIA
Bio-Rad TeSeE SAP rapid test
Prionics-Check LIA test
IDEXX HerdChek BSE antigen test kit, EIA and IDEXX HerdChek

BSE-Scrapie antigen test kit, EIA
Prionics-Check PrioSTRIP
Roboscreen Beta Prion BSE EIA test kit
Roche Applied Science PrionScreen

Figure 2 Test principle of the discriminatory Western blot applied in
Germany (FLI-Test) for the differentiation of a BSE from a scrapie infec
in small ruminants.

Prions 153
purpose that are based either on a Western blot, ELISA, o
immunohistochemical detection of the different binding af � n-
ities of BSE- and scrapie-associated PrPSc to monoclonal anti-
bodies. This difference is caused by the speci� c protease cleavag
sites of the PrPSc molecules, resulting in a shorter residual
protein after protease digestion in the case of BSE-associat
PrPSc, which will be detected only by an antibody binding to the
core region of the protein (e.g., mab L42), but distinctly less so
by an antibody binding to a more N-terminally located binding
site (e.g., mab P4). The test principle is shown inFigure 2.
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Conclusion

Our knowledge about the pathogenesis and agent distribution
in the different forms of animal TSEs, as well as about the
diagnostic possibilities and the ef�ciency of inactivation
procedures have increased considerably during the past decad
With today’s knowledge, we are in the position to apply
effective surveillance and control measures to prevent anothe
worldwide BSE crisis. The discovery of atypical BSE and scrap
cases, however, has demonstrated the need for a� exible
diagnostic and regulatory system to be able to detect any nove
TSE forms and to apply control measures accordingly.
See also:Bovine Spongiform Encephalopathy (BSE);Heat
Treatment of Foods:Synergy Between Treatments; Microbi
Risk Analysis; Food Safety Objective; Thermal Processes
Commercial Sterility (Retort).
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Figure 1 Quality criteria of probiotic dairy products.

Table 1 Spectrum of microorganisms (genus level) relevant for
probiotic products

Food
Lactobacillus, BiÞdobacterium, Lactococcus,Streptococcus
Pharmaceutical products and food supplements
Lactobacillus, BiÞdobacterium, Lactococcus,Streptococcus, Enterococcus,
Introduction

According to de� nition, probiotics are live microorganisms,
which when administered in adequate amounts exert bene� cial
effects to humans and animals (seeMicro� ora of the Intestine:
Biology of Bi� dobacteria, Biology of Lactobacillus Acidophilu,
Micro� ora of the Intestine: Biology of the EnterococcusSpp.,
Micro� ora of the Intestine: Detection and Enumeration of
Probiotic Cultures). Hence, the bene� cial nature of microor-
ganisms as well as their individual viability and growth
performance can be regarded as crucial factors in determinin
the microbiological and biofunctional quality of probiotic
products. Probiotic microorganisms are the result of extensive
selection and screening procedures aiming not only at identi-
fying and assessing bacteria with de� ned probiotic properties,
which may vary from strain to strain, but also at� nding strains
with proven identity and safety as well as stability. Importantly,
probiotic products have to pass clinical studies if they are to be
marketed along with certain health claims.

Hence, four main criteria comprise the general requirements
for probiotics used in dairy products and thus form the basis for
individual quality assessment of each product (Figure 1). Among
these prerequisites, the bacterial viable count re� ects the micro-
bial cell density of a product and also the individual stability of
the probiotic microorganisms used. The number of probiotic
microorganisms in a product is usually examined with culture
methods and expressed as colony-forming units per milliliter or
gram (cfu ml� 1 or g� 1). High viable count levels are of major
relevance for product quality and have to be maintained both
during the shelf life and during gastrointestinal passage, upon
ingestion of the product. These criteria are in accordance with the
World Health Organization ’s guidelines and are also taken into
consideration by many legal authorities worldwide.
n

s

Escherichia coli, Saccharomyces
Feed additives
Lactobacillus, BiÞdobacterium, Enterococcus, Pediococcus, Bacillus,

Kluyveromyces,Saccharomyces

Fermentation 
microflora 

Probiotic 
microflora 

Figure 2 General microbial composition of probiotic dairy products
(example fermented milk).
Microßora of Probiotic Products

Individual Composition

Different types of probiotic foods have been successfully
developed and introduced as carriers of bene� cial microor-
ganisms. Among these, fermented milk products (mainly
yogurts and yogurt-like drinks) possess a major relevance i
human nutrition, and a steadily increasing variety of probiotic
yogurts has been offered on the market (seeFermented Milks:
Range of Products). In addition, powdered infant formulas
with viable probiotics embedded in a dry matrix also play some
role as nonfermented products. It should not be forgotten that
probiotic microorganisms have a long history as bene� cial feed
additives.

While different genera lactic acid bacteria (see Lactobacillu:
Introduction, Lactobacillus: Lactobacillus delbrueckiissp. bulgar-
icus, Lactobacillus: Lactobacillus Acidophilus, Lactobacillus:
154 Encyclopedia of Food
Lactobacillus Casei, Lactococcus: Introduction, Lactococcus: Lacto-
coccus lactisSubspecieslactis and cremoris, Starter Cultures,
Streptococcus: Introduction, Streptococcus thermophilus) and bi � -
dobacteria (see Bi� dobacterium) dominate in probiotic foods
and pharmaceutical preparations, other microorganisms such
as bacilli and yeast have been applied in the feed industry
(Table 1). Importantly, de� ned strains with proven clinical eviden
are preferred and marketed.

Usually, the micro� ora of a probiotic yogurt is of dual-type
composition and consists of different cultures, each with
different tasks (Figure 2). The fermentation culture (mainly of
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00271-8

http://dx.doi.org/10.1016/B978-0-12-384730-0.00271-8
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classical yogurt type) basically carries out the acidi�cation of
the milk, also accomplishing typical � avor and textural prop-
erties of the end product. In the case of probiotics, it may
practically be considered as the background micro� ora. The
aim of the probiotic bacterial compound is to equip the
product with health-promoting attributes. Some probiotic
bacterial strains are applied together with the fermentation
culture, thereby yielding some co-fermentation, whereas
others, which do not tend to multiply during fermentation,
may be added to the fermented product as bacterial concen
trates (either in a deep-frozen stage or as lyophilisates) righ
after classical fermentation. As different targets are to be me
Table 2 summarizes the most relevant individual differences
between classical fermentation and probiotic cultures.
Table 2 Major differences between fermentation and probiotic cult

Parameter Fermentation culture

Origin Isolates from fermented food
Physiological properties – Low intestinal relevance

– High fermentation capacity
– Formation of aroma compound
– Preservation effect

Nutritional relevance Low (except enzymes)
Viable count Typical for fermented product
Viable count stability Product oriented

Table 3 Survey of culture methods applied for the presumptive de

Category Method

Probiotic microßora
Lactobacillus acidophilusgroup

(L. acidophilus, L. gasseri,
L. johnsoni)

MRS agar supplemented
(10 mg l� 1) and clindamy
anaerobic incubation fo

Rogosa agar supplemente
40 mg l� 1, anaerobic inc
37� C

Lactobacillus caseigroup (L. casei,
L. rhamnosus)

MRS agar supplemented
(50 mg l� 1), anaerobic in
at 37� C

Bi� dobacteria (B. animalissubsp.
lactis, B. longum, B. breve,
B. infantis, B. adolescentis)

TOSb (10 g l� 1)-propionate
supplemented with MUPc

anaerobic incubation fo

Fermentation microßora
Yogurt bacteria (Streptococcus

thermophilus, Lactobacillus
delbrueckiisubsp.bulgaricus)

M17 agar (S. thermophilus), a
(L. delbr.subsp.bulgaricu
incubation (M17) for 48
(MRS) for 72 h at 37� C

Sour milk bacteria (Lactococcus lactis) M17 agar, aerobic incu

aXGlu: 5-Bromo-4-chloro-3-indolyl-b-D-glucopyranoside (chromogenic dye).
bTOS:trans-galactosylated oligosaccharide mixture (prebiotic carbohydrate com
cMUP: Mupirocin lithium salt (antibiotic).
Microbiological Examination Methods

The detection and enumeration of probiotic bacteria in fer-
mented dairy products is part of the regular quality assessmen
and, in general, can be subdivided into two categories: routine
and advanced methods. Concomitantly, the laboratory equip-
ment necessary to facilitate these analyses is different and ma
range from conventional microbiological tools, glassware, and
disposable material to cutting-edge analytical technology.

Routine Methods
Routine methods mainly include conventional culture-based
plate count techniques using an array of selective media an
incubation conditions tailored for the different target microor-
ganisms (Table 3). Most of the methods and media have been
ures

Probiotic culture

Mainly isolates of human origin or fermented milk
– High intestinal relevance
– Lower fermentation capacity

s – Limited formation of aroma compounds
– Limited preservation effect
High (probiotic biofunctionality)
Characteristic and suf� ciently high to exert probiotic effects
Product- and gut-oriented (gastrointestinal passage)

tection and enumeration of probiotic bacteria in fermented dairy products

Standard (reference)

with cipro� oxacin
cin (1 mg l� 1),

r 72 h at 37� C

ISO 20128: 2006 (IDF 192: 2006) Milk
products– Enumeration of presumptive
Lactobacillus acidophiluson a selective
medium– Colony-count technique at 37
degrees C.

d with Xglua at
ubation for 72 h at

Kneifel and Pacher (1993). International Dairy
Journal 3, 277–291.

with vancomycin
cubation for 72 h

Björneholm et al. (2003). Microbial Ecology in
Health Disease 14 (Suppl. 3), 7–13.

agar
at 50 mg l� 1,
r 72 h at 37� C

ISO 29981: 2010 (IDF 220: 2010) Milk
products– Enumeration of presumptive
bi� dobacteria– Colony count technique at
37 degrees C.

cidi� ed MRS agar
s) aerobic
h and anaerobic

ISO 7889: 2003 (IDF 117: 2003) Yogurt–
Enumeration of characteristic
microorganisms– Colony-count technique
at 37 degrees C.

bation for 48 h at 30� C ISO 9232: 2003 (IDF 146: 2003) Yogurt–
Identi� cation of characteristic
microorganisms (Lactobacillus delbrueckii
subsp.bulgaricusandStreptococcus
thermophilus).

pound).
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Figure 3 Methodological approaches in quality monitoring of probiotic dairy products.
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standardized by international organizations and are based on
extensive collaborative trials, including expert laboratories and
statistical evaluation of the results. Usually, typical colonies
selectively detected on the agar plates need to be veri� ed by
useful procedures. So, in general, these plate count methods a
to be considered as methods for the presumptive detection and
enumeration of speci� ed microorganisms. While microscopical
and enzymatic methods have formerly been applied to
individual colony isolates to con� rm the results (e.g., the fruc-
tose-6-phosphate-phosphoketolase assay for bi� dobacteria and
physiological tests using microarray pro� les for lactobacilli),
Table 4 Survey of advanced methods applied for the detection, en

Molecular enumeration methods
Hybridization techniques Fluorescencein-situhybridization (
PCR-based techniques Real-time quantitative PCR (RT
Flow cytometric techniques Different staining principles allow

detection of cells
Identi� cation based on phenotypic information
Morphology-based techniques Cultivation on selective and e
Physiology-based techniques Different biochemical pattern
Chemotaxonomic markers Cell wall compounds, total cellula
FTIR spectroscopy Identi� cation is based on referenc

software (e.g., arti� cial neural ne
Mass spectrometry e.g., by matrix-assisted desorptio

spectrometry (MALDI-TOF MS
Identi� cation based on genotypic information
Probe-based techniques Hybridization of complementary

sequences (e.g., microarray a
Ribotyping Separation and identi� cation of rRN
PCR-based methods Application of primers for genus-
Sequencing Based on whole genome sequen

recA, tuf, hsp60), which are of ta
Molecular typing methods
PFGE Pulsed-� eld gel electrophoresis (P

with rare-cutting enzymes
PCR-based typing Random-ampli� ed polymorphic DN

(repPCR), ampli� ed fragment len
restriction analysis (ARDRA)

MLST Multi-locus sequence typing (ML
different house-keeping gene

SNP/INDEL Single-nucleotide polymorphism

aThe taxonomic resolution of the various techniques also depends on difference
spp. have been de� ned).
molecular biological methods have been increasingly intro-
duced as an alternative with high precision and selectivity. Thes
methods will be described in more detail below.

For routine analysis of probiotic microogranisms in non-
fermented products, the possible need for bacterial resuscitation
should be taken into consideration. This is, for example, of
relevance when microencapsulated bacteria are to be examine
The nature of the diluent as well as the temperature and dura
tion of the resuscitation procedure prior to performing micro-
biological examination may in � uence the viability status and
the individual growth performance of the target strains.
umeration, characterization, and typing of probiotic bacteria

Taxonomic resolutiona

FISH) Species–strain
qPCR) Species–strain

the live/dead differentiation and speci�c Genus–species–strain

Taxonomic resolutiona

lective media, microscopy Genus–species
s Genus–species
r proteins, enzyme patterns, etc. Genus–species–strain
e data basis, data processing using special
tworks)

Species–strain

n ionization-time of� ight mass
)

Genus–species

Taxonomic resolutiona

synthetic oligonucleotides to bacterial DNA
nalysis)

Genus–species

A genes (e.g., 16S rRNA) Genus–species–strain
species- and strain-speci� c targets Genus–species–strain
cing or de� ned genes (e.g., 16S rRNA,rpoB,
xonomic relevance

Genus–species

Taxonomic resolutiona

FGE) of chromosomal DNA after restriction Species–strain

A (RAPD), repetitive-sequence-based PCR
gth polymorphism (AFLP), ampli� ed rRNA

Genus–species–strain

ST): characterization of alleles present at
loci

Species–strain

(SNP) and INDEL (insertion/deletion) Species–strain

s within de� ned genera (e.g., to date, more than 170 species and 27 subspecies ofLactobacillus
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Microencapsulation or special coating treatments of lyophilized
bacteria are known to maintain elevated cell counts in dried
food matrices, such as infant formula, even over several months

Advanced Methods
As visualized in Figure 3, the spectrum of methodologies
applied depends on the practical needs and on individual
questions to be answered. If a clear indication of the viability is
needed (e.g., when a stability monitoring of probiotic bacteria in
products or even during gastrointestinal passage is of interest
staining methods using� uorogenic markers (live–dead stains)
demonstrating the individual stage of bacterial cells have been
introduced. Furthermore, � uorescence in-situ hybridization
(FISH) techniques allow some selective monitoring of de� ned
strains. Instrumentally, methods can be performed either
manually (via microscopy) or (semi-) automatically using � ow
cytometric equipment.

In addition to the enumeration of probiotic microorgan-
isms, their taxonomical identity should be proved by state-of-
the-art methods. In general, taxonomical investigations need to
be based on pure bacterial isolates. This means that pur
cultures have to be grown before they can be identi� ed. Only
a very limited number of techniques (e.g., FISH, species- an
strain-speci� c PCR-based detection) are applicable for sample
with mixed strains or even more complex matrices (e.g., fer
mented milk, intestinal, or fecal samples). Based on that,
a series of phenotypic and genotypic techniques have becom
available for the identi� cation of probiotics, each of them
exhibiting different levels of technical complexity and taxo-
nomic resolution ( Table 4). For a� rst tentative classi� cation on
the genus level, phenotypic methods are often favored
However, the usefulness of biochemical systems is fairly limited
due to the high intraspeci� c phenotypic variability observed
with some species. Many of the identi� cation databases linked
to these biochemical systems, therefore, are not well docu
mented and lack the relevant species information.

Today’s modern taxonomy of microorganisms is mainly
built on molecular data. These kinds of data are becoming
increasingly available as a result of the improved recovery an
the growing understanding of DNA and RNA. The ongoing
progress in method development, including the analysis of
small amounts of DNA and RNA as well as the handling of
large and complex datasets (e.g., sequencing and typing data
has led to a deepened set of analytical methods with differen
taxonomic resolution. Therefore, the complete identi� cation of
a microorganism requires a larger number of techniques facil
itating the so-called polyphasic approach to bacterial system
atics: The more data you have to compare, the more complet
and accurate the identi� cation is.

Recent developments display a trend toward molecula
techniques based on DNA-sequence-based information (e.g
Multi-locus Sequence Typing, Single-Nucleotide Polymorphism-
based typing), which is complemented by the development of
sophisticated techniques based on phenotypic information
(e.g., Matrix-Assisted Desorption Ionization-Time Mass Spec
trometry, FTIR-spectroscopy).

See also: BiÞdobacterium; Biochemical and Modern
Identi�cation Techniques:Micro� oras of Fermented Foods;
Fermented Milks:Range of Products; Fermented Milks and
Yogurt; Northern European Fermented Milks; Fermented M
Products of Eastern Europe and Asia;Lactobacillus:
Introduction;Lactobacillus: Lactobacillus delbrueckiissp.
bulgaricus; Lactobacillus: Lactobacillus brevis; Lactobacillus:
Lactobacillus acidophilus; Lactobacillus: Lactobacillus casei;
Lactococcus: Introduction;Lactococcus: Lactococcus lactis
Subspecieslactisandcremoris; Micro�ora of the Intestine:
Biology of Bi� dobacteria; Biology ofLactobacillus Acidophilus;
Micro� ora of the Intestine: Biology of theEnterococcusSpp;
Micro�ora of the Intestine:Detection and Enumeration of
Probiotic Cultures; Starter Cultures;Starter Cultures:
Importance of Selected Genera; Starter Cultures Employe
Cheesemaking;Streptococcus:Introduction;Streptococcus
thermophilus; An Introduction to Molecular Biology (Omics)
Food Microbiology;Identi�cation Methods:Introduction;DNA
Fingerprinting:Pulsed-Field Gel Electrophoresis for Subtyp
of Foodborne Pathogens;Identi�cation Methods:DNA
Fingerprinting: Restriction Fragment-Length Polymorphism
Bacteria RiboPrint�: A Realistic Strategy to Address
Microbiological Issues outside of the Research Laboratory
Multilocus Sequence Typing of Food Microorganisms;
Application of Single Nucleotide Polymorphisms–Based Typing
for DNA Fingerprinting of Foodborne Bacteria;Identi�cation
Methods and DNA Fingerprinting:Whole Genome Sequencin
Identi�cation Methods:Multilocus Enzyme Electrophoresis;
Identi�cationMethods:Chromogenic Agars;Identi�cation
Methods:Immunoassay;Identi�cation Methods:DNA
Hybridization and DNA Microarrays for Detection and
Identi� cation of Foodborne Bacterial Pathogens;
Identi�cation Methods:Real-Time PCR;Identi�cation
Methods:Culture-Independent Techniques; Viable but
Nonculturable.
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Figure 1 Examples of food safety programs involved in the farm-to-table
food chain.
Introduction

Microbial food safety is a major concern of producers,
processors, contributors, retailers, food service operators, an
consumers. Many opportunities exit for cross-contamination of
food at all stages of the farm-to-table food chain because
anything that comes in contact with food products becomes
a potential source of microbial contamination. Thus, safety
prerequisite programs such as Good Agricultural Practice
(GAP), Good Manufacturing Practices (GMP), and Good
Hygienic Practices (GHP) have been recommended to provide
the foundation for a food safety control program, Hazard
Analysis and Critical Control Point (HACCP) in the United
States, the European Union, and Asian countries (Figure 1).

In GHP, there are some cases in which a HACCP-base
approach is involved as a means to enhance food safety. The
prerequisite programs should be documented with written
Sanitation Standard Operating Procedures (SSOP) establishe
by an operator for the day-to-day sanitation activities. The
safety systems are designed to prevent, reduce to accepta
8 Encyclopedia of Food
levels, or eliminate the microbial hazards of food. This concept
is consistent with that of food hygiene de� ned as all conditions
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00274-3

http://dx.doi.org/10.1016/B978-0-12-384730-0.00274-3
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and measures necessary to ensure the safety and suitability
food at all stages of the food chain. The hygiene concep
involves personal hygiene, hygienic design of the processin
plant and its equipment, and hygiene practices.

This article brie� y describes these items in an overal
approach to hygienic processing, which are covered in detail in
other chapters within this book.
d

e
s

-

,
s
,

o

Microbial Risks

Foodborne Pathogens

Microorganisms that are harmful to humans are pathogenic
organisms. The vast majority of outbreaks of food-related
illnesses occur due to foodborne pathogens, such asSalmonella,
Escherichia coliO157:H7, Campylobacter jejuni, Clostridium per-
fringens, Staphylococcus aureus, and Norovirus. Common food-
borne pathogens that cause outbreaks are summarized by foo
categories (Table 1). Outbreaks associated with meat products
include poultry, beef, and pork, and the most common path-
ogens areSalmonellain poultry, E. coliO157:H7 and C. per-
fringensin beef, and Salmonellaand S. aureusin pork. Other
high-risk products include seafood, eggs, dairy, and produc
(fruits and vegetables). The most common causes of outbreak
areVibrio parahaemolyticusand Norovirus in seafood,Salmonella
in eggs,C. jejuni and Norovirus in dairy, and Salmonellaand
Norovirus in produce. Hazards in seafood include not only
pathogens such asVibrio and Norovirus in shell� sh but also
chemical toxins such as scombrotoxin and ciguatoxin in� n� sh.
The majority of seafood outbreaks have been caused by food
borne toxins rather than foodborne pathogens. The natural
habitat of Salmonella, E. coli, Campylobacter, and Clostridiumis
the intestinal tract of animals and in some cases humans, and
Staphylococcusis present in the skin of animals and humans.
Consequently, outbreaks due to meat or poultry link these
Table 1 Summary of common foodborne pathogens that cause ou
categories

Food category Common foodborne pathogens that cause o

Poultry Salmonellaspp.,Campylobacter jejuni, Clostridium
perfringens, Staphylococcus aureus, Bacillus cereu,
Listeria monocytogenes, Norovirus

Beef Escherichia coliO157:H7,Clostridium perfringens,
Staphylococcus aureus, Bacillus cereus, Salmonell
spp., Norovirus

Pork Salmonellaspp.,Staphylococcus aureus, Clostridium
perfringens, Bacillus cereus, Norovirus

Seafood Vibrio parahaemolyticus, Salmonellaspp.,Clostridium
perfringens, Bacillus cereus, Norovirus, Hepatitis

Eggs Salmonellaspp., Norovirus

Dairy Campylobacter jejuni, Salmonellaspp.,Escherichia c
O157:H7,Listeria monocytogenes, Norovirus

Fruits Salmonellaspp.,Escherichia coliO157:H7, Noroviru
Cyclospora cayetanensis

Vegetables Salmonellaspp.,Escherichia coliO157:H7,Clostridiu
botulinum, Norovirus

Sources: DeWaal, C.S., Roberts, C., Catella, C., 2012. Outbreak Alert! 1999-2
Spoilage and Microbes. Saiwai Shobo, Tokyo, Japan.
pathogens. In contrast, the foodborne pathogens are not nor-
mally associated with fresh produce but occur due to
contamination by animal manure, contaminated soil and
water, or infected humans. The primary source ofBacillus cereu
and Clostridium botulinumis soil, and these pathogens are
widely distributed in the environment. Viruses such as Nor-
ovirus and Hepatitis A and parasites such asCyclosporahave
been isolated from wastewater and do not grow but remain
viable on food. In most cases of virus outbreaks linked to
foods, infected individuals have been identi�ed as the source of
contamination. Therefore, it is important to prevent contami-
nation of foodborne pathogens and also eradicate them if
contaminated through the use of hygienic practices.
Spoilage Microorganisms

Most micro� ora of food products do not usually represent
a public health concern. However, the high population of these
bacteria or fungi (molds and yeasts) may contribute to deteri-
oration of the quality and reduce the shelf life of foods. The
spoilage microorganisms found on foods are primarily
epiphytic microorganisms associated with the raw products
(e.g., intestines and epidermis of animals and� sh) and their
environment (e.g., soil and air of the stockyard, undersea soil
and seawater). Second, transfer of the spoilage microorganism
occurs from the processing and transporting environment (e.g.
processing facility and equipment, packaging materials, and
workers handling products) to foods. Spoilage microorganisms
normally found on products are summarized by food category
(Table 1), although micro � ora depends on many factors such
as temperature, pH, water activity, atmosphere, and availability
of nutrients. The normal micro� ora of either meat or nonmeat
foods is made up largely of Gram-negative rods assigned t
primarily Pseudomonasand Gram-positive bacteria such as
Bacillus, Staphylococcus, and Micrococcus. In addition to these
tbreaks and common spoilage microorganisms in micro� ora in various food

utbreaks Common spoilage microorganisms in microßora

s
Pseudomonas, Micrococcus, Acinetobacter, Flavobacterium,

Moraxella, Lactobacillus

a
Pseudomonas, Achromobacter, Micrococcus,Acinetobacter,

Bacillus, Lactobacillus

Pseudomonas, Achromobacter, Micrococcus,
Staphylococcus, Streptococcus, Brochothrix

A
Pseudomonas, Alteromonas, Moraxella, Vibrio,

Photobacterium, Bacillus
Micrococcus, Staphylococcus, Streptococcus,Pseudomonas,

Aeromonas,Alcaligenes
oli Micrococcus, Staphylococcus, Streptococcus,Pseudomonas,

Flavobacterium, Corynebacterium
s, Alternaria, Fusarium, Diaporthe, Cladosporium, Candida,

Curtobacterium
m Pseudomonas, Enterobacter, Pantoea, Stenotrophomonas,

Bacillus, Agrobacterium

008. Center for Science in the Public Interest.www.cspinet.org.; Fujii, T. (Ed.), 2012. Food
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bacteria living in the plant, animal, and soil environment,
Vibrionaceae are commonly found on seafood, and molds and
yeasts generally dominate rather than bacteria on fruits.

Although it is vital to prevent contamination and to
decontaminate spoilage microorganisms to enhance food
quality, the goal of hygienic practices is not only to eliminate
but also to manage nonpathogenic indigenous microorgan-
isms so that they can play a positive role in the competitive
inhibition of a pathogen. Bacteriocin-producing lactic acid
bacteria and siderophore-producingPseudomonasare known to
be speci�c microbial competitors due to the antimicrobial
activity of the produced substances or competition for nutrients
between epiphytes and pathogen.
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Bio�lms

Bio� lms are de� ned as an assemblage of surface-associat
microbial cells that are embedded in a protective extracellular
matrix, mainly consisting of polysaccharide and glycoprotein
produced by the microorganisms. The colonization of micro-
organisms is the� rst stage in bio� lm formation, which occurs
under appropriate conditions on either living food or inert food-
contact surfaces. The microbial clusters within a network o
internal channels in a bio� lm contain spoilage and foodborne
pathogenic bacteria. The pathogens that can easily produc
bio� lms include E. coliO157:H7, Listeria monocytogenes, Salmo-
nella typhimurium, C. jejuni, and Yersinia enterocolitica. If patho-
genic bio� lms are formed and provide a reservoir of
contamination in the food environment, these � lms on food
and food-contact surfaces increase the risk to public health.

It is very dif� cult to completely remove bio� lms from the
food-processing facilities, because bio� lms dramatically increase
the resistance of embedded organisms to chemicals and hea
The occurrence of bio� lms also can reduce heat transfer and
operating ef� ciency in heat exchange equipment. Therefore
integrated hygienic strategies for controlling bio� lm formation
in the food industry include sanitation of food-contact surfaces
using effective cleaner and sanitizers coupled with physica
methods, proper design of the plant and its equipment, and
training personnel to be knowledgeable in managing bio� lms.
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Hygiene Management

Good Hygienic Practices

GHP includes general food hygiene practices based on th
Codex General Principles of Food Hygiene to achieve the goa
of ensuring that food is safe and suitable for human
consumption. GHP is often referenced in other food safety
programs, such as GAP and GMP, and the concept can also b
incorporated in the HACCP concept. The application of GHP is
considered to be a necessary preventive measure in providin
safe food throughout the food chain. The establishment of
GHP includes the following areas:

1. Decontamination of primary production (raw material)
2. Design and construction of plant and equipment
3. Control of the production process and operation
4. Plant maintenance and sanitation
5. Personal hygiene
6. Management of transportation
7. Product information and consumer awareness
8. Staff training
Good Agricultural Practices

GAP has been recommended to minimize the microbial food
safety hazards of produce on the farm by the US Food and Drug
Administration (FDA), the US Department of Agriculture, and
the Centers for Disease Control and Prevention. GAP identi� es
potential points of contamination during growing, harvesting,
washing, sorting, packing, and transporting of produce, and it
is intended to prevent microbial contamination rather than
take corrective action once contamination has occurred. Th
important areas of GAP management include the following:

1. Water quality (e.g., agricultural water, processing water, an
washing water)

2. Treated manure and municipal biosolids
3. Worker health and hygiene
4. Field, facility, and transport sanitation (e.g., toilet facilities

and hand-washing station, sewage disposal, equipmen
maintenance, and pest control)

On the other hand, GLOBAL-GAP (formerly called EUREP
GAP) started as an initiative by retailers who belonged to the
Euro-Retailer Produce Working Group (EUREP). The GLOBAL
GAP standard is primarily designated to reassure consumer
about how food is produced on the farm to minimize any
detrimental environmental impacts of farming operations, to
reduce the use of chemical inputs, and to ensure a responsibl
approach to worker health and safety as well as animal welfare
Good Manufacturing Practices

The US FDA’s regulations establish GMP in manufacturing,
processing, packing, or holding human food as the minimum
sanitary requirements necessary to ensure the production o
wholesome food. GMP is applied to avoid preparation of food
under conditions that are un� t for food or unsanitary condi-
tions, whereby it may become contaminated with � lth or
rendered injurious to health. GMP should be taken in combi-
nation with SSOP for implementing a successful HACCP
program. In contrast, the GMP established by the Institute of
Food Science and Technology (IFST) in the United Kingdom is
a quality management system that combines manufacturing and
quality control procedures aimed at ensuring that products are
consistently manufactured to their speci� cations. The compo-
nents of GMP for wholesome food include the following:

1. Personnel sanitation and training
2. Plant and environmental sanitation
3. Equipment sanitation
4. Production and process controls
5. Defect action for natural or unavoidable defects in food that

present no health hazard
Hazard Analysis and Critical Control Point

HACCP is the most ef�cient and � exible food safety manage-
ment system around the world. It is recommended by the



,

or

s

nt

t

d
d

)

r

PROCESS HYGIENEj Overall Approach to Hygienic Processing 161
Codex Alimentarius Commission, which developed and
approved a standardized and updated HACCP system utilized
by many government agencies and regulatory authorities
responsible for food safety. HACCP is designed to identify
evaluate, and control the system so that potential biological,
chemical, and physical hazards can be reduced, prevented,
eliminated from raw material production, procurement, and
handling to manufacturing, distribution, and consumption of
the � nished product. As compared with reactive programs, it is
a proactive approach designed to prevent contamination before
it occurs rather than testing for contamination after it may have
occurred. A HACCP program is based on seven principles:

1. Conduct a hazard analysis from primary production to the
� nal consumer.

2. Determine the critical control points (CCPs) required to
control the identi � ed hazards.

3. Establish the critical limits that must be met at each CCP.
4. Establish procedures to monitor CCPs.
5. Establish corrective actions to be taken when there i

a deviation identi� ed by monitoring of a CCP.
6. Establish procedures for veri� cation that the HACCP system

is working correctly.
7. Establish effective record-keeping systems that docume

the HACCP program.

Since HACCP is not a stand-alone food safety program, i
must be supported by a solid foundation of prerequisite
programs including GAP, GMP, and GHP and documented
using SSOP. It is also important that once written and imple-
mented, every HACCP plan should be validated daily to ensure
its completeness and workability.
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Personal Hygiene

Health Status

People suffering disease or injuries can carry pathogen
microorganisms on their skin and hands or in their digestive
systems and respiratory tracts. Such personnel should not b
allowed to enter any food-handling areas, because they ma
unintentionally contaminate food, food-contact surfaces, water
supplies, or other workers. Any person so suspected shoul
immediately report any active case of illness to the managers o
supervisors and be excluded from any operations that may
result in contamination of food or food-contact surfaces until
the medical condition is resolved or the wound is healed.
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Disease Control

People with direct access (e.g., processing, storage, and transp
workers) and indirect access (e.g., equipment operators, buyer
and pest control operators) to the production areas of food
must maintain personal health and cleanliness. Personnel who
have diarrhea, vomiting, fever, jaundice, skin lesions, o
discharges from the ear, eye, and nose are not allowed to hand
food, food-contact surfaces, and food-packaging materials to
prevent food from becoming contaminated by the infected
person. People suspected to have colds or other contagiou
diseases also should not be allowed to handle products. Minor
cuts and wounds should be thoroughly washed and covered
with a suitable waterproof dressing when personnel with such
injuries are permitted to continue working.
Personal Cleanliness and Behavior

All people engaged in food-handling activities should maintain
adequate personal cleanliness. Hand should be washed an
sanitized effectively when personal cleanliness may affect foo
safety, including the following:

1. Before starting work
2. After using the toilet
3. After any other absence from workstation for breaks
4. After handling raw food or any contaminated materials
5. After engaging in any activity that may contaminate hands

Use of gloves is not a substitute for handwashing, so
handwashing should be performed before putting on gloves.
Nondisposable gloves should be washed and sanitized before
starting work, while disposable gloves should be changed
whenever contamination is a possibility.

Food handlers should wear clean clothes and additional
outer items, such as a hair net or cap to restrain hair, and
they should wear aprons or footwear to protect from inad-
vertent contamination during processing. Unsecured jewel-
ery (e.g., watches, dangling earrings, rings with stones
should not be worn or brought into the processing area.
Food handlers should refrain from behavior that could
contaminate food, such as eating, chewing, smoking, o
spitting.
Training

Personnel should receive training to follow good personal
hygiene practices, including personal health and hygiene
employee roles and responsibilities, and the principles and
practices of sanitation. An educational seminar should be
conducted for all new employees and a continuous refreshe
training should be required for temporary, seasonal, and full-
time employees. The training should provide not only infor-
mation on what should be done but also an understanding of
why it is important.

The training for personal health and hygiene covers
proper handwashing techniques, wearing clean clothes and
additional outer covering, reporting illness or symptoms of
illness, and appropriate conduct in food handling areas.
Under the training on employee roles and responsibilities,
employees need to understand the importance of the tasks
for which they are responsible for the production of safe
food. In particular, employees should be trained to identify
food safety hazards, to understand the procedures fo
monitoring conditions, to tak e the appropriate corrective
actions, and to consult with their supervisory personnel if
the established limits are not met. Employees with cleaning
and sanitation duties should be trained to understand the
principles and practices required for effective cleaning and
sanitation to produce safe food. This training should cover
the proper use, handling, and storage of cleaner and san
tizer; the proper cleaning and sanitizing steps within pro-
cessing areas; and the proper use of cleaning and sanitizin
equipment.
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Hygienic Design of Plant and Equipment

General

Hygienic design is a good partner with hygienic practices in
conducting an effective and workable hygienic program. When
a new or renovated plant is designed, all construction speci� -
cation and layouts need to be considered based on the concept
of HACCP. Buildings, � xtures, and equipments should be
designed, constructed, and located to prevent the product from
potential microbial, chemical, and physical contamination,
and they should be easy to clean and maintain. Surfaces an
construction of walls, � oors, drains, ceilings, and equipment
are all crucial to protect the product from microbial, chemical,
and physical hazards.
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Plant Location and Layout

Hygienic design starts with deciding where to locate the plant.
The plant should be located away from the following:

1. A wildlife area that harbors lots of birds, rodents, insects,
and other pests

2. A land� ll where wastes cannot be removed effectively
3. An abattoir where environmental pollution can occur
4. Open agricultural and livestock production � elds and

stagnant water subject to� ooding

Tall weeds and grass should not be allowed to grow near the
plant. Outside grounds should be paved and well drained to
minimize bird, rodent, and insect attraction.

The facility should be designed so that product, equipment,
people, and air can locate or� ow only in one direction to keep
from the raw material area to the� nal product area to prevent
the potential for microbial cross contamination. The � owing
location or � ow is recommended as follows:

1. Having a minimum of entrances and exits to the processing
rooms

2. Locating restrooms and handwashing facilities to facilitate
appropriate use

3. Locating a disinfectant foot foam or bath at all entrances
and exits

4. Having short direct routes for both product and personnel
� ow

5. Using an air� ltration system with positive pressure from the
cleanest area (e.g., packaging and� nal product storage area)
to less clean areas (e.g., receiving area)

6. Restricting the movement of totes, tools, implements, and
people from the receiving and storage areas to the proces
ing and packaging area
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Walls

External walls should not have ridges or protrusions where
birds can roost or nest. The construction materials of walls
need to be water-, rodent-, and insectproof. Exterior doors
entrances, and windows should be screened adequately t
prevent the ingress of bird, rodent, insect, and other pests.

Internal walls should be smooth, water-resident, washable
and cleanable. There should be no ledges to accumulate dus
and debris, which can become breeding sites for insects. A
structural seams and crannies need to be� lled to prevent dust
and debris collection and microbial contamination. The junc-
ture of � oor with wall is important to prevent insect entry and
avoid dust accumulation. Floor and wall joints and corners
should be coved to facilitate cleaning.
Floors and Drains

Floors must withstand chemical abuse from the use of cleaners
sanitizers, and lubricants and physical abuse from the moving
and dropping of equipment and tools. The � oors should be
constructed with a waterproof and monolithic covering that
prevents moisture from penetrating.

In wet processing areas, sloping� oors to drains at a 1–2%
grade should be designed to provide adequate drainage. Floo
drains should be accessible for cleaning and sanitizing. Fitting
� oor drains with seals and grates could help prevent the entry
of rodents and insect pests.
Ceilings

Ceiling material should be nonabsorbent and easy to clean.
Ceiling and overhead� xtures (e.g., pipes, air vents, and lights)
should be constructed to prevent the collection of dirt,
formation of condensation, shedding of particles, and poor
re� ection of light. All the utility runs should be above the
ceiling where there should be space accessible for maintenanc
of utility piping and pest control. Any piping runs under the
ceiling should be mounted away from the ceiling surface for
maintenance and cleaning.
Equipment

Processing equipment includes closed process lines and par
(e.g., pipelines, pumps, valves, and in-line mixers) and open
process lines and parts (e.g., conveyors, belts, tables, and ope
vessels). Equipment coming into contact with product must be
made of nontoxic, nonreactive, noncorrosive, durable, and
cleanable materials. All the surfaces should be smooth
nonporous, and free of pits, folds, cracks, crevices, or ope
seams. Where necessary, equipment should be disassembl
for maintenance, cleaning, sanitizing, monitoring, and in-
spection without the use of special tools.

Equipment used to cook, heat, cool, or freeze food should
be designed to rapidly achieve and maintain the required
temperatures with safety and suitability. Such equipment
should be designed to have a means of controlling and moni-
toring not only temperature but also humidity and air � ow.
Hygienic Practices

Environmental and Equipment Sanitation

Accumulation of pathogenic microorganisms and bio� lms
may be found on walls, � oors, and surfaces of processing
equipment, in restrooms, breakrooms, and waste areas. Pe
harborage and infestation may occur in such areas where ther
are breeding sites and supply of food. Hygienic practices should
be employed to prevent creating an environment and equip-
ment conducive to pathogens and pests. A comprehensiv
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plant sanitation must refer to facility environment and pro-
cessing equipment to facilitate the continuing and effective
control of microbial and pest hazards. The speci� c areas of the
plant and processing equipment should be cleaned and sani
tized on a frequent basis. Sanitizing must always follow
cleaning. Cleaning should effectively remove food and other
soils or residues, while sanitizing involves the reduction of
microorganisms to safe levels at which they do not presen
a public health concern.

The necessary cleaning and sanitizing methods and mate
rials would depend on the nature of the food-processing plant.
An example of a processing plant environmental sanitation
master schedule is shown inTable 2. The areas to be cleaned
should specify cleaning methods, tools, materials, and fre
quency according to the environmental cleaning programs, for
example:

1. Walls should be foamed, brushed, and rinsed with chlorine-
quaternary ammonium (quat)-based cleaner using a soft
nylon brush and high-pressure hose once per month.

2. Floors should be washed and rinsed with chlorine-quat- or
iodine-based cleaner using a hard bristle broom and� oor
scrubbers that are hosed daily.

3. Drains should be cleaned,� ooded, and rinsed with chlo-
rine-alkaline detergent and quat- or iodine-based cleane
using a soft nylon brush daily.
Table 2 Example of a processing plant environmental sanitation m

Area

Cleaning/
sanitation
method Tools

Walls Foam, brush,
rinse

Soft nylon brush,
high-pressure hose

Ceiling Foam, brush,
rinse

Nylon brush, high-pres
machine

Floors Wash, rinse Hard bristle broom (n
� oor scrubbers hose

Doors Foam, scrub,
rinse

Scouring pad, cloth

Plastic curtains Foam, rinse Foam and rinse
Overhead pipes, electrical

conduits, structural beams
Foam, brush Brush, bucket,

high-water-pressure
machine

Hoist, overhead light� xtures Wipe, clean Cleaning pad
Refrigeration coils Rinse, sanitize High-pressure hose
Chillers Scouring Scouring pad
Air distribution� lter Soak Plastic bins
Drains, trench Clean,� ood,

rinse
Soft nylon brush, 50 ga

container

Grids Brush, rinse Nylon brush, high-wa
pressure machine

Waste, dumpster areas Foam, brush,
rinse

Nylon brush, high-pres
foam machine

Employee breakrooms
and bathrooms

Wash, rinse Nylon brush, sanitary
brushes

Maintenance areas Scrub, rinse Nylon brush

Adapted from Gorny, J.R. (Ed.), 2001. Food Safety Guidelines for the Fresh-cu
VA with permission.
4. Ceiling should be foamed, brushed, and rinsed with chlo-
rine-quat-based cleaner using a nylon brush and high-
pressure machine daily.

5. Restrooms and breakrooms should be washed and rinse
with chlorine-based soap or quat using a nylon brush
frequently throughout the day.

When cleaning processing equipment, the combined use o
chemical and physical methods (e.g., heat, scrubbing, and
turbulent � ow) should be applied to remove soils and residues
from contaminated equipment surface. Under the cleaning-out-
of-place technique, dissembled equipment parts and tools are
placed in a recirculating tank for high velocity physical and
chemical cleaners, whereas the internal parts of equipment ar
often cleaned by recirculating the cleaning product throughout
the cleaning-in-place system. As an alternative to wet cleaning
using a water solution of chemical cleaners, dry-cleaning
methods (e.g., compressed air, brushes, brooms, and vacuum
cleaners) should be applied in the � nished product areas,
packaging-material areas, chemical-storage areas, and employ
locker areas of the plant.

After cleaning and sanitizing, visual inspection and
microbiological monitoring (i.e., traditional, modi� ed and
rapid, or real-time assays) should be conducted to verify
effectiveness of the cleaning and sanitizing procedure
Whenever an area is found unsanitary, the area should b
aster schedule

Cleaning materials Frequency

Chlorine-quat-based cleaner Once per month
Walls adjacent to processing

equipment should be
cleaned daily

sure Chlorine-quat-based cleaner Once per month

ot straw),Chlorine-quat- or iodine-based
cleaner

Daily

Chlorine-quat-based cleaner Once per week

Chlorine-quat-based cleaner Once per week
Chlorine-quat-based cleaner Once per month

Water, light detergent Once per quarter
Water, sanitizer with quat Once per quarter
Acid cleaner As needed/Audit
Chlorine-alkaline detergent Once per quarter

llon Chlorine-alkaline detergent,
quat- or iodine-based
sanitizer

Daily

ter- Chlorine-alkaline detergent Daily

sure Heavy duty chlorine-based
cleaner

Daily

Chlorine-based soap or quat Frequently throughout
the day

Degreasing agent Once per month

t Produce Industry, fourth ed. International Fresh-cut Produce Association, Alexandria,
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rechecked to determine whether the cleaning and sanitizing
program instituted were effective.
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Cleaning and Sanitizing Chemicals

Since cleaning and sanitizing chemicals may be toxic, the
should be used and handled carefully in accordance with the
manufacturer’s instructions and in accordance with relevant
national and local government regulations. Toxic chemicals
should be labeled clearly and stored separately from food
food-contact surfaces, and food-packaging materials.

Cleaning chemicals used in plants are commonly formu-
lated with several different types of materials, which are alkalis
(strongly, moderately, and weakly alkaline), acids (strongly
and mildly acidic), chelating agents, chlorine, solvents, and
surfactants (Table 3). When selecting cleaning chemicals, the
soils to be removed should be considered in addition to safety
issues. The residual soils present in food-processing facilitie
include organic soils (e.g., carbohydrates, proteins, fats an
oils, and petroleum products) and inorganic soils (e.g., hard
water scale, corrosion, milk stone, beer stone, vegetable ston
and detergent residues). Generally, alkaline and neutral cleane
solutions should be used to effectively remove the organic soils
exhibiting acidic or neutral pH characteristics, whereas acidi
chemicals should be chosen to remove the inorganic soils with
an alkaline pH. For example, an alkaline cleaner solution can
be used to remove carbohydrate soils in potatoes, pastas, fruits
rice,� our, grains, and soft drinks and proteinaceous soils in red
meat, pork, poultry, seafood, milk, and eggs. Acidic cleaners ar
necessary for the removal of the inorganic mineral scale, bee
Table 3 Common cleaning and sanitizing chemicals used in food-
processing plants

Type Compound

Cleaning chemicals
Acids Hydrochloric acid, nitric acid, phosphoric acid,

citric acid, acetic acid
Alkalis Sodium hydroxide, potassium hydroxide, sodium

metasilicate, sodium carbonate
Chelating
agents

Ethylenediamine tetraacetate (EDTA), sodium
gluconate

Chlorine Sodium hypochlorite, calcium hypochlorite
Solvents Glycol ethers, ethyl alcohol
Surfactants Alkylbenzene sulfonate, alcohol ethoxy sulfate

Sanitizing chemicals
Alcohol Ethyl alcohol, isopropyl alcohol
Aldehyde Formaldehyde, glutaraldehyde
Chlorine Sodium hypochlorite, calcium hypochlorite,

chlorine dioxide
Iodine Diatomic iodine, iodophor
Quaternary
ammonium
compounds
(quats)

Benzalkonium chloride, benzethonium chloride,
cetylpyridinium chloride

Oxide Ozone
Peroxide Hydrogen peroxide, peroxyacetic acid

Sources: Gorny, J.R. (Ed.), 2001. Food Safety Guidelines for the Fresh-cut Pro
Industry, fourth ed. International Fresh-cut Produce Association, Alexandria, V
USA; Takano, M., Yokoyama, M., 1998. Inactivation of Food-borne Microorganis
Saiwai Shobo, Tokyo, Japan.
and vegetable stone (calcium oxalate), and milk stone (trical-
cium phosphate) that build up on the equipment.

Common sanitizing chemicals used in food-processing
plants are shown in Table 3. A sanitizer should be selected
based on the nature of practices to be done and the approved
use for speci�c areas of the plant or equipment. Three main
factors in� uencing the choice of a sanitizer are as follows:

1. Type of equipment or surface to be sanitized
2. Sanitizing equipment to be used
3. Effectiveness against pathogenic and spoilage micro

organisms

For example, chlorine compounds (i.e., liquid, solid, and
gas injection forms) are the most widely used sanitizers on
equipment in food-processing plants because of their effec
tiveness against all microbial forms, including bacteria, yeasts
molds, spores, and viruses. Iodine compounds are effectiv
against all forms of microorganisms except for spores and ar
used widely by the meat industry to sanitize equipment and
utensils and as an employee-sanitizing dip. Quaternary
ammonium compounds (quats) are cationic surfactants and
are used primarily on walls, � oors, drains, and aluminum
equipment. They are more effective against fungi than chlorine
compounds but are not effective for Gram-negative bacteria
including certain pathogens (e.g.,Escherichia coliO157:H7 and
Salmonellaspp.) and spoilage bacteria (e.g.,Pseudomonasspp.
and coliform groups).
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Water Sanitation

Only potable water should be used in food-processing plants
to avoid contamination of food and food-contact surfaces.
Water for operations in cleaning and sanitizing the facility
and equipment should be of adequate quality to facilitate
the effectiveness of the cleaner and sanitizer. Water hardne
is a major concern for cleaning and sanitizing, because hard
water (over 120 ppm CaCO3) can result in poor solubility
of the cleaner, excessive power consumption, and increase
chemical consumption. To offset the effects of the hard
water, chelating agents should be formulated as cleaning
chemicals.

Large volumes of water are commonly used to prepare the
product for processing, processing the product, and
manufacturing ice in a food-processing plant. The processing
water that is recirculated for reuse should be treated and
maintained in a sanitary condition that has no risk of decay and
foodborne illness. Sanitation of water is critical, because wate
may introduce or spread contaminants to a product, if it is not
properly sanitized. When selecting a wash water disinfectant, i
is important to ensure that all necessary regulatory approvals
are in place. If the product is a raw agricultural commodity,
oxidizers such as sodium hypochlorite, chlorine dioxide,
hydrogen peroxide, peroxyacetic acid, and ozone are approve
to use for washing in a processing plant in the United States
The effectiveness of an antimicrobial agent depends on the
concentration, pH, temperature, water hardness, amount of
any contaminating organic matter, time of exposure, type of
product, water to product ratio, and growth stage of organisms.
For example, with a chlorine-based disinfectant, hypochlorous
acid (also called available chlorine) is the active antimicrobial

duce
A,
ms.
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component of a hypochlorite solution. The amount of hypo-
chlorous acid varies depending on the pH of the water, the
amount of organic matter in the water, and the temperature of
water. When using chlorine compounds to disinfect water,
hypochlorous acid or free chlorine concentrations in the water
should be monitored during the processing operation.
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Pest Control

A pest control program to eliminate pests (e.g., birds, rodents
reptiles, and insects) that can be a vector for pathogens
essential to good hygienic practices. The pest control syste
should include both physical and chemical controls to prevent
entry, harborage, and infestation of pests, and it should provide
a means to monitor, detect, and eradicate pests. Chemica
controls should be applied by a licensed pest-control operator
or according to relevant regulations. Some controls recom
mended are as follows:

1. Keeping all exterior windows and doors closed tightly when
not in use

2. Using wire mesh screens for open windows, doors, and
ventilators

3. Sealing holes, drains, and other places that pests are likely t
access

4. Stacking food above the ground and away from walls or
holding them in pestproof containers

5. Removing waste products from the facility or storing them
in covered, pestproof containers

6. Inspecting the facility and surrounding area for evidence of
pest infestation

7. Using pesticide, chemicals, mechanical traps, and bait an
glue stations

Transport Sanitation

Transportation is the last stage of the food chain to the customer
and consumers. The transport step, route, and operation var
depending on the nature and condition of the food product.
Each food product must be adequately protected from sources o
contamination during transport based on its speci� c hygiene
practices. The common ways to minimize food safety risks
include ensuring hygienic design, adequate maintenance of th
vehicles used for transporting the product, and avoiding cross
contamination during transporting. The following practices are
recommended for hygienic management of food transport:

1. Designing and constructing vehicles to be easily cleaned an
disinfected

2. Cleaning and sanitizing both internal and exterior surfaces
of the trailer
3. Keeping food refrigerated at temperatures appropriate fo
the product during transport to protect them from unde-
sirable microbial growth

4. Equipping refrigerated trailer with temperature measuring
devices, preferably implementing datalog systems

5. Separating different foods or foods from nonfood items
suf� ciently to avoid cross-contamination during combined
transport
See also:Bio� lms; Food Poisoning Outbreaks; Good
Manufacturing Practice;Hazard Appraisal (HACCP):The Overall
Concept; Designing for Hygienic Operation;Process Hygiene:
Types of Sterilant;Process Hygiene:Modern Systems of Plan
Cleaning;Process Hygiene:Risk and Control of Airborne
Contamination;Process Hygiene:Disinfectant Testing;Process
Hygiene:Involvement of Regulatory and Advisory Bodies;
Process Hygiene:Hygiene in the Catering Industry;Spoilage
Problems:Problems Caused by Bacteria;Spoilage Problems:
Problems Caused by Fungi; Sanitization.
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Design of hygienic operation is essential for food safety and
successful implementation of hazard analysis and critical contro
point (HACCP). In designing a hygienic operation, buildings,
installations, equipment, nature of the product, scale of opera-
tion, reception, storage, transportation, air and water quality,
cleaning, and disinfection, personnel should also be on the
checklist. Design and location of processing equipment within
the plant, personnel hygiene, and cleaning and disinfecting
processes applied to the plant and equipment are all important
factors for a safety product. The U.S. Food and Drug Adminis
tration has published current good manufacturing practice
(cGMP) in Manufacturing, Packing, or Holding Human Fo
in Code of Federal RegulationsTitle 21, Volume 2, Part 110.
This regulation includes subparts related to personne
(21CFR110.10), buildings, and facilities (21CFR110.20,
21CFR110.35, 21CFR110.37), equipment (21CFR110.40)
production and process controls (21CFR110.80, 21CFR110.93)
The U.S. Food Safety and Inspection Service (FSIS) has propos
that sanitation standard operating procedures (sanitation SOPs
are necessary because they clearly de� ne each establishment’s
responsibility consistently to follow effective sanitation proce-
dures and substantially minimize the risk of direct product
contamination and adulteration. As FSIS proposed, each estab
lishment should identify both preoperational and operational
sanitation procedures. The preoperational sanitation program
includes cleaning of the general equipment and facility. All
equipment is cleaned and disinfected before production begins
Each day the quality control (QC) manager should perform
a sanitation inspection after preoperational equipment cleaning
and disinfecting. The results of the inspection should be recorded
The QC manager should also perform daily microbial moni-
toring for total plate counts. If microbial counts are too high, the
QC manager should notify the sanitation manager and try to
determine the cause of this raised level. In this situation, all
cleaning and disinfecting procedures and personnel hygiene
should be reviewed. Preoperational sanitation procedures should
be distinguished from sanitation activities that are carried out
during the operation. Processing operations should also be per
formed under sanitary conditions to prevent direct and cross
contamination of food products. Employee hygiene practices,
sanitary conditions, and cleaning procedures should be main-
tained throughout the production shift (e.g., from slaughter to
processing in a meat or poultry plant).

Hygienic practices for processing include the following:

1. Employees should clean and disinfect all equipment,
conveyor belts, tables, and other product contact surface
during processing to prevent contamination of food products.

2. Employees should take appropriate precautions when going
from a raw product area to a cooked product area to preven
cross contamination of cooked products. Employees chang
their outer garments, wash and disinfect their hands with an
approved hand-disinfectant, put on clean gloves for that
166 Encyclopedia of Food
room, and step into a boot-disinfecting bath upon leaving
and entering respective rooms.

3. Raw and cooked processing areas are kept separate. Th
should be no cross-utilization of equipment between raw
and cooked products.
Nature of the Product and Scale of Operation

Building and operations are designed according to the nature o
the product. The premises should be of suf� cient size for the
intended scale of operation and should be sited in areas that are
free from problems such as a particular pest nuisance, objec
tionable odors, smoke, or dust. The buildings should be large
enough to maintain the necessary separation between
processes to avoid the risk of cross contamination.

In food production, the raw materials are diverse. In some
food-processing operations, cleaning and disinfection need to
be done every few hours. The timing must be determined for
the speci�c food and nature of the operation. The soil type,
which varies with the nature of the product, can be fat deposit,
blood, milkstone, and other organic or inorganic deposits such
as metallic ones on processing equipment. It is important to
identify the soil type and to use the most effective detergents
and sterilants.

The checks for raw material should include physical exam
ination, microbiological tests, organoleptical assessment, and
inspection for evidence of pest infestation. These examinations
are for high-risk category products. Raw materials and othe
ingredients should not contain pathogenic microorganisms at
a level that might cause disease, or they should be treate
during manufacturing in such a way that the microorganism
level should be decreased, so that they cause no poisoning
Depending on the nature of the product, the storage conditions
for raw material should be designed. The conditions should not
be detrimental to the product; temperature control integrity is
maintained, and products should not be at risk from pests.
Frozen materials must be stored as frozen. Ingredients must b
taken out of their boxes or bags or decanted from their outer
packaging in a speci� c area. All unpacked materials should be
transferred to the processing or production area in blue-colored
plastic bags or clean, inert containers, for example, stainles
steel tote bins or plastic trays. The type and level of microor-
ganisms vary with the nature of the product. Besides natura
microorganisms, a food can be contaminated with microor-
ganisms from outside sources such as air, soil, water, humans
food ingredients, equipment, packages, and insects.

According to the cGMP regulations (21CFR110.80), some
precautions should be taken for foods that can support rapid
growth of undesirable microorganisms as follows:

l Refrigerated foods should be kept at 7.2� C or below
depending on the food.

l Frozen foods must be kept frozen.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00272-X
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l Hot foods should be held at 60 � C or above.
l When acid foods or acidi� ed foods (pH 4.6 or below) are

stored in hermetically closed packages at ambient temper
atures, heat treatment should be applied.
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Equipment, Vats, Pipework, and Other Plant Items

Equipment and its failings can also be the source of product
contamination. Inadequate cleaning can be the source of cros
contamination. In some equipment, small parts, inaccessible
sections, and certain materials may not be suf� ciently cleaned
and disinfected. Dead spots can serve as sources of pathoge
and spoilage microorganisms in food. When designing
hygienic food-processing equipment, the protection of food
being processed from microbial contamination should be
considered. Basic principles of hygienic design are give
below:

1. All surfaces in contact with food should not react with the
food and must not yield substances that might migrate to
or be absorbed by food. Surface material should be non-
toxic.

2. All surfaces in contact with food should be microbiologi-
cally cleanable, smooth, and non-porous to avoid particles
being caught in microscopic surface crevices or becomin
dif � cult to dislodge and therefore constituting a potential
source of contamination. The joints on the surfaces in
contact with food should be smooth.

3. All surfaces in contact with food must be visible for
inspection, or the equipment must be readily dismantled
for inspection, or it must be demonstrated that routine
cleaning procedures eliminate the possibility of
contamination.

4. All surfaces in contact with food must be readily accessible
for manual cleaning, or if clean-in-place (CIP) techniques
are used, it should be demonstrated that the results achieve
without disassembly are equivalent to those obtained with
disassembly and manual cleaning.

5. All interior surfaces in contact with food should be arranged
so that the equipment is self-emptying or self-draining.
When designing equipment, it is important to avoid dead
space or other conditions that trap food and allow micro-
bial growth to take place.

6. Equipment must be designed to protect contents from
external contamination. Products should not be contami-
nated by leaking glands, lubricant drips, and the like, or
through inappropriate modi � cations or adaptations.

7. Exterior surfaces of equipment not in contact with food
should be arranged to prevent the harboring of soils,
microorganisms, or pests in equipment,� oors, walls, and
supports. For example, equipment should� t either � ush
with the � oor or be suf� ciently raised to allow the � oor
underneath to be readily cleansed.

8. Where appropriate, equipment should be � tted with
devices that monitor and record its performance by
measuring factors such as temperature/time,� ow, pH, and
weight.

9. Freezer and cold storage rooms should be supplied b
temperature-measuring or -recording device, and ther
should be automatic systems for temperature regulation or
an alarm system to alert employees to critical temperature
changes.

Food-processing equipment becomes soiled with food
residues in the course of use and can act as a source
microbial contamination. Hygienic processing of food
requires that both equipment and their premises are cleaned
frequently and thoroughly to restore them to the desired
degree of cleanliness. The equipment should be arranged an
located to permit easy access and cleaning, such as 90 cm o
the � our, 45 cm from the ceiling, and 90 cm from the wall
and other equipment.

Microbial bio � lm formation is one of the main problems in
food industry, and it is very dif � cult to clean. Initial treatment
with hydrolyzing enzymes may be necessary. Following
enzyme treatment, EDTA, together with quaternary ammo-
nium compound treatment, can be used. In addition, design of
processing equipment may be necessary to prevent or contro
bio� lm formation.

After cleaning and disinfecting, tanks and containers should
be inspected for cleanliness and for state of repair. Control is
obtained through hygienic design of the equipment and
properly evaluated cleaning and disinfecting regimes. Tanks
vessels, vats, and pipes must be designed to prevent contam
nation, particularly by rodents and other pests, birds, dust, and
rain.

Tanks, plate heat exchangers, pipelines, and homogenize
are examples of equipment that can be cleaned and disinfecte
by CIP systems. CIP systems are capable of cleaning stora
tanks, vats, and other storage containers by use of spray bal
and provide the advantage of high hygienic standards with
lower labor cost. Fixed or rotating spray balls produce a high-
velocity jet of liquid to remove residual soil or other contam-
ination. Pipelines and other plant items can be cleaned by
high-velocity water (>15 m s� 1) and appropriate detergents,
which are recirculated.

Extreme temperature and abundant use of water and steam
are two of the general problems of food processing. Thes
problems create a potential for water condensation on pipes
and surfaces and can also lead to microbiological contamina-
tion of exposed food. Proper vents, steam traps, and guttering
to void water are some of the control measures used. Dead end
or tees or low spots in pipework should be eliminated for
internal surfaces to drain readily. Mixing vats should be
covered, and overhead pipes and exposed-beam ceiling
should be eliminated. Pipework, light � ttings, and other
services should be sited to avoid created dif� cult-to-clean
recesses or overhead condensation. Piping should not b
exposed over the product stream. Horizontal surfaces (pipe
hangers, beams, ductwork) over exposed product areas shou
be eliminated. Weld joints should be continuous-welded and
ground smooth in food contact equipment, including
pipelines.
Critical Points of High Contamination Risk

Foods can become contaminated during processing due to
cross contamination via contaminated raw food or personnel,
aerosols, malfunctioning or improperly disinfected equip-
ment, misuse of cleaning materials, rodent and insec
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Table 1 Some risk points related to the environment and precautions
to decrease them

Factor
Some high-risk
points

Necessary properties/precautions
to decrease the risk

Building Floors Impervious, non-slip, washable, crack-
free

Internal walls Impervious, smooth, easy to clean, easily
disinfected, light-colored

Floor–wall
junction

Minimum 2.5 cm radius

Ceilings Easy to clean, light-colored, non-� aking,
Designed to prevent dirt accumulation and

to minimize condensation, mold growth
Toilets Not open directly to processing area,

enough in number, in sanitary and good
condition

Contain hand-washing facilities with hot
water, soap, and hand-drying unit, self-
operating doors

Air Humidity Dry air
Dust content Low dust load

Proper ventilation and air� ltration,
positive air pressure

Water Microbial load Drinkable water
Chemical

composition
Drinkable water

Soil No soil and soil contamination

Personnel Health screening
Applying cGMP precautions

(21 CFR110.10)
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infestations and improper storage. In particular, contamina-
tion from raw materials forms the major source of contam-
ination within the plant. For example, raw milk may be
contaminated with pathogens such asSalmonella, Brucella,
Campylobacter, Listeria monocytogenes, and Mycobacterium bovi,
as well as psychrotrophic spoilage organisms such as pse
domonads. Hence control of raw milk delivery is considered
to be a main point in reducing the risk of contamination.
This control can be achieved by inspection after cleaning and
disinfecting the tanks and containers, keeping the tempera
ture constant during transportation and testing raw milk
before use in the dairy factory. Similarly, the main source of
potential hazard by pathogens in meat and poultry products
is fecal contamination of carcasses during slaughtering. I
insuf� cient care is taken when handling and dressing during
slaughter and processing, the edible portions of the carcas
can become contaminated with disease-causing bacteria.
these organisms are introduced into the environment, they
may be transmitted from one carcass to another. Therefore
preventing moving fecal pathogens is vital and will also be
a critical part of the HACCP plan in any slaughter
establishment.

The overall layout of the plant should be designed to
ensure a smooth � ow from reception of raw materials and
storage to product storage and dispatch. The production
layout should include physical separation to prevent cross
contamination via the operation or personnel. Areas may be
designed as high-risk or low-risk depending on the sensitivity
of the materials being handled and the process used. High
and low-risk areas should be physically separate, should us
different sets of equipment and utensils, and workers should
be prevented from passing from one area to the other without
changing their protective clothing and washing their hands.
The principal situation where such a separation would be
required is between an area dealing with raw foods, particu-
larly meat, and one handling the cooked or ready-to-eat
product. It is essential that no cross contamination from raw/
low-risk areas to high-risk areas occurs via drainage system
The ideal system will provide two separate drainage patterns–
one for raw/low-risk areas and another for high-risk areas
connecting via main below-ground drains through trapped
inlets.

Chilling should also take place in high-risk areas. In chill
rooms, the major factors in� uencing the microbial growth are
moisture and temperature. Psychrotrophic organisms need high
humidity for growth. Psychrotrophic organisms growing in cold
rooms arePseudomonas, Acinetobacter, Moraxella, psychrotrophic
Enterobacteriaceae, L. monocytogenes, and psychrotrophic molds.
All such organisms prefer moisture to grow. Any excess moistur
should be rapidly removed. By applying a bactericidal gel or
detergent sanitizer, pipework can be cleaned.

The plant should be designed to restrict non-essentia
personnel from passing through high-risk processing and
packaging areas. If any visitor is to enter those areas, he or s
needs to be informed about hygienic rules and regulations
applied and warned to obey these rules. Food content pack
aging or primary packaging should be carried out in the high-
risk area. The operation of outer packaging should be
completed outside the high-risk area. Many types of packaging
materials are used in the food industry. Since they are in direc
contact with food and in some cases used in products which are
ready-to-eat, the proper microbiological standards for pack-
aging materials are essential.
Risk from the Environment

The environment in which food processing is conducted is an
important factor in determining product quality. It is important
that the buildings provide a comfortable and pleasant working
environment conducive to good hygienic practices. The
micro� ora of processing plants is composed of microorganisms
that gain entry from the air and water and by animals, raw
materials, dust, dirt, and people. Improperly cleaned equip-
ment or facilities may serve as vehicles of contamination. A
sanitary food environment is free of insects, rodents, birds, and
contamination sources.

Some of the important risk factors from the environment
are given below and summarized inTable 1.
Building

In processing areas,� oors should be made of durable mate-
rial that is impervious, non-slip, washable, and free from
cracks or crevices that may harbor contamination. Interna
walls should be smooth, impervious, easily cleaned, and
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disinfected and light-colored. Ceiling areas should be
designed to prevent the accumulation of dirt and debris,
which could contaminate food products during processing.
Floor–wall junctions should be rounded to facilitate cleaning
with a minimum 2.5 cm radius. Ceilings should be light-
colored, easy to clean, and constructed to minimize conden
sation, mold growth, and � aking. There should be enough
toilet facilities in sanitary and good condition all the time.
There should be self-operating doors, and toilets should not
open directly on to food-processing areas and must be
provided with hand-washing facilities supplied with hot
water, soap, and hand-drying facilities.
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Air

Collection of dust encourages infestation or bacterial growth.
Microorganisms do not grow in dust, but are transient and
variable depending on the environment. Their level changes
with the degree of humidity, size, and level of dust particles,
temperature and air velocity, and resistance of microorgan
isms to drying. Generally, dry air with low dust content and
higher temperature has a low microbial level. The organisms
that can be predominantly present in air are spores ofBacillus
spp., Clostridiumspp., molds, and some Gram-positive (e.g.
Micrococcusspp. and Sarcinaspp.) species as well as yeasts.
the surroundings contain a source of pathogens (e.g., anima
farms or sewage treatment plants), different types of bacteria
including pathogens and viruses (including bacteriophages)
can be transmitted via the air. Proper ventilation facilities to
prevent dust entering the processing plant should be
installed. Careful maintenance of ventilation and air � ltration
systems is needed to minimize airborne transfer ofSalmonella
in some plants such as a dried-milk-producing plant. Rooms
designed for aseptic� lling of foods, for example, UHT milk,
may require devices for sterile� ltration of air. Moisture on
the surface of unpackaged foods or ingredients enhance
microbial growth. In warm areas, effective ventilation can
remove excessive heat, steam, aerosols, and smoke. In ad
tion to air � ltration, using positive air pressure, reducing the
humidity level, and installing UV light can also be preventive
measures for airborne contaminants, including insects from
the air.
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Water

Water is used to wash and process foods, such as in cannin
and cooling of heated foods, and to wash and disinfect
equipment. It is also used as an ingredient in many processe
foods. Thus water quality can greatly in� uence microbial
quality.
Water from unsafe sources has frequently caused enter
infections and intoxications, particularly Salmonella enteric
serovar typhi infections and shigellosis. If there is no public
supply or plant-owned well, adequate storage facilities made
from non-corroding, non-toxic material must be provided.
Chlorine-treated potable water (drinking water) should be
used in processing, washing disinfection, and as an ingredien
Although potable water does not contain coliforms and enteric
pathogens, it can contain spoilage bacteria. To overcome th
problems of spoilage bacteria such asPseudomonas, Alcaligenes,
and Flavobacterium, many food processors use water, especiall
as an ingredient, that has a higher microbial quality than
potable water.
Soil

Bacillus aureus, Bacillus subtilis, and Bacillus licheniformisare
common in soil and can easily enter food premises. Many
other bacterial genera as well as molds and yeasts can get in
foods from the soil. Soil contaminated with fecal materials
may be the source of enteric pathogenic bacteria and viruse
in food. Removing soil (and sediments) and avoiding soil
contamination reduce microorganisms in foods from this
source.
Personnel

All staff working in a food factory should be trained to be aware
of the standards of personnel hygiene. They are responsible fo
the quality and safety of the products they manufacture.
According to the cGMP regulations (21CFR110.10), in order to
maintain cleanliness the following precautions should be
taken:

l Wearing garments appropriate for the operation.
l Ensuring adequate personal hygiene.
l Washing hands and sanitizing when necessary with an

appropriate hand sanitizer.
l Removing uncovered jewelry.
l Wearing proper gloves for food handling.
l Wearing clean, appropriate hair-net, -cover, etc.
l Storing personal items out of the area where food produc-

tion takes place.
l Banning actions (eating food, chewing gum, smoking

etc.) that will contaminate food with foreign
substances.

Food-handling personnel have been the source of patho
genic microorganisms in foods that may later cause food-
borne diseases, especially with ready-to-eat foods. I
particular, high-risk staff should be aware of medical
screening procedures. All staff should be subjected to healt
screening, including part-time and seasonal workers.Staphy-
lococcus aureusis usually transferred to cooked food from
personnel, and occasionally from pets and pests. Personne
should inform the supervisor if they have any illness, and
these personnel should not attend operations until they are
fully recovered. Cross contamination within food-handling
areas occurs through many vehicles, including personne
These regulations about personnel should be kept unde
control by a responsible supervisor. Separation of clean from
unclean sections and processes is crucial.
See also:Hazard Appraisal (HACCP):The Overall Concept;
Hazard Analysis and Critical Control Point (HACCP):Critical
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Control Points;Process Hygiene:Types of Sterilant;Process
Hygiene:Overall Approach to Hygienic Processing;Process
Hygiene:Modern Systems of Plant Cleaning;Process Hygiene
Risk and Control of Airborne Contamination;Process Hygiene
Disinfectant Testing;Process Hygiene:Involvement of
Regulatory and Advisory Bodies;Process Hygiene:Hygiene in
the Catering Industry.
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Sanitization of Fresh-Cut Produce

Why Do We Need to Sanitize Fresh-Cut Produce?

The demand for fresh salad vegetables and fruit has increased
recent years worldwide. Rising consumption levels have resu
ted in a higher frequency of outbreaks of foodborne illness
associated with raw produce. Outbreaks of foodborne illnesse
related to the consumption of fresh produce have been docu
mented. In a recent risk prioritization study, leafy green vege
tables were identi� ed as the commodity group of highest
concern from a microbiological safety perspective.Escherichia
coliO157:H7, Salmonella enterica, and Listeria monocytogenesare
among the bacterial pathogens most frequently associated with
foodborne disease resulting from the consumption of fresh
produce.

Salmonellaspp. is the most common cause of diseas
outbreaks linked to fresh produce, including sprouted seeds
cantaloupe melons, tomatoes, unpasteurized citrus juices
rocket, and other lettuce varieties.Escherichia coliO157:H7 has
been documented as a cause of produce-related foodborn
disease outbreaks. Although fresh produce was not considere
a signi� cant vector for the transmission of E. coli O157:H7
until the mid-1990s, a series of outbreaks associated with
minimally processed produce clearly showed that contami-
nation can occur. The largestE. coli O157:H7 outbreak
occurred in 1996, when more than 6000 school children in
Japan were infected withE. coliO157:H7 from white radish
seed sprouts. Between 1993 and 2006, 26 reported outbreak
of E. coliO157:H7 infection have been traced to contaminated
lettuce and leafy green vegetables. A recent multistate outbrea
in the United States linked to bagged fresh spinach cause
approximately 205 con� rmed illnesses, 31 cases of hemolytic
uremic syndrome, and 3 deaths. More recently, multination
outbreak in Europe linked to sprout caused approximately
47 deaths by E. coli O104. The Gram-positive bacterium
L. monocytogenesis another foodborne pathogen of both
public health and food safety signi� cance. Although substan-
tial literature concerns the isolation, attachment, survival, and
growth of L. monocytogeneson produce, until 2010, only two
fresh-cut produce-related listeriosis outbreaks had bee
reported in the United States. A multistate outbreak of liste-
riosis linked to whole cantaloupes occurred in 2011. The
outbreak of listeriosis sickened more than 146 individuals in
28 states. The infection eventually was linked to contaminated
cantaloupe, and the outbreak was blamed for at least 30
deaths.

On the basis of previous outbreaks of foodborne illness
associated with the consumption of fresh produce, fresh-cu
produce is needed to control or remove microbial pathogens.
Sanitization of produce plays an important role in the preser-
vation of food quality and safety of consumption. Washing and
sanitization has been an indispensable step during the pro
cessing of fresh-cut produce.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
What Kinds of Sanitizers Can Be Applied to Fresh-Cut
Produce?

Numerous sanitizers have been examined for their effectivenes
in killing or removing pathogenic bacteria on fresh produce, such
asE. coliO157:H7, Salmonellaspp., andL.Monocytogenes.Washing
produce with tap water cannot be relied on to completely remove
pathogenic and naturally occurring bacteria. Chlorinated water
(mainly sodium hypochlorite, NaOCl) is the most frequently
used sanitizer for the washing of produce. This treatment
however, has a minimal sanitizing effect and results in less than
a 2 log cfu g� 1 cycles reduction of bacteria on produce. Although
other sanitizers including chlorine dioxide (ClO2), hydrogen
peroxide (H2O2), organic acid, and calcinated calcium solution
have been evaluated, these sanitizers have a minimal sanitizin
effect, which is almost equal to that of chlorinated water.

The bactericidal effect greatly depends on the kind of vegeta
bles. For example, investigations of the effectiveness of sanitize
have been conducted mainly for lettuces and tomatoes. Becaus
lettuce and tomato have a relatively smooth surface, sanitizers ar
highly effective in killing or removing surface microorganisms. In
contrast, investigations have demonstrated that cucumbers ar
hard to sanitize using sodium hypochlorite or chlorine dioxide.
Chlorine dioxide (5.13 ppm) reduced aerobic mesophilic
bacteria by 2 log cfu g� 1 cycles when applied for 30 min. Chlorine
(250 ppm) reduced aerobic mesophilic bacteria by 2 log cfu g� 1

cycles when applied for 4 h. Even blanching at 80� C for 120 s
reduced aerobic mesophilic bacteria by 2.5 log cfu g� 1 cycles.
Thus, care must be taken for the kind of vegetable for appropriate
sanitization process. For the readers’ information, the effects of
several sanitizers on fresh produce are summarized inTable 1.
Electrolyzed Water and Ozonated Water

Most sanitizers are made from the dilution of condensed solu-
tions, which in handling involves some risk and is troublesome.
A sanitizer that is not produced from the dilution of a hazardous
condensed solution is required for practical use. One of the
candidate sanitizers is electrolyzed water. Electrolyzed water
produced by the electrolysis of a dilute (0.1–0.2%) sodium
chloride (NaCl) solution utilizing a commercially available
apparatus. The electrolysis apparatus usually electrolyzes
a low level of 10–20 V of DC in a two-cell chamber separated by
a diaphragm. In the anode cell, water reacts on the anodic
electrode and produces oxygen and hydrogen ion. Chlorine ion
also reacts on the electrode and generates chlorine gas. Chlorin
gas reacts with water, and generates hypochlorous acid (HOCl
As a result, a low pH solution containing a low concentration of
HOCl is produced in the anode cell. This solution is called acidic
electrolyzed water (AcEW). AcEW contains HOCl, dissolve
chlorine gas, and some activated chemical species. On the othe
hand, in the cathode cell, water reacts on the cathode electrod
and produces hydrogen and hydroxide ion. A high pH solution
78-0-12-384730-0.00279-2 171
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Table 1 Summary of the effect of various sanitizers on fresh produce

Sanitizer treatment Product Microbial reduction Reference

Chlorine
200 ppm for 10 min at 4 and

22� C
Shredded lettuce and

cabbage
1.3 and 1.7 log (lettuce) and 0.9 and 1.2 (cabbage)

reductions inListeria monocytogenespopulations at
4 and 22� C, respectively

Zhang and Faber (1996)

200 ppm for 10 min Lettuce leaves 1.79, 2.48, and 0.33 log reduction inSalmonella, E. coli
O157:H7, and aerobic mesophilic populations,
respectively

Beuchat (1998)

100 ppm for 3 min at 47� C
(warm) and 4� C (chilled)

Shredded lettuce 3 and 1 log reduction in natural micro� ora using warm
and chilled water, respectively

Delaquis et al. (1999)

100 ppm for 3 min at 25� C Lettuce leaves 1.4 log reduction in APC (compared with untreated) Kim et al. (1999)
200 ppm for 3 min at 25� C Lettuce leaves 2 log reduction in APC (compared with untreated) Kim et al. (1999)
200 ppm for 10 min at 20� C Shredded lettuce 1.2 log reduction in APC (compared with untreated) Garcia et al. (2003)
Electrolyzed water
20 ppm at 3 min at pH 6.8 Fresh-cut vegetables 0.6–2.6 log reduction of total microbial count Izumi (1999)
45 ppm for 3 min at 22� C Lettuce 2.41 and 2.65 log reduction ofE. coliO157:H7 and

L. monocytogenes, respectively
Park et al. (2001)

Acidic electrolyzed water
(pH 2.6, ORP 1140 mV,
30 ppm) for 10 min

Lettuce 2 log reduction of viable aerobes Koseki et al. (2001)

Alkaline electrolyzed water for
1 min followed
by acidic electrolyzed water
for 1 min

Lettuce 2 log reduction of viable aerobes Koseki et al. (2001)

Acidic electrolyzed water for
5 min at 50� C

Cut lettuce 3 log reduction ofE. coliO157:H7 andSalmonella Koseki et al. (2004)

Ozonated water
1.3 ppm for 3 min (bubbling) Lettuce 1.2 and 1.8 log reduction of mesophilic and

psychrotrophic microorganisms, respectively
Kim et al. (1999)

1.3 ppm for 5 min (bubbling) Lettuce 3.9 and 4.6 log reduction of mesophilic and
psychrotrophic microorganisms, respectively

Kim et al. (1999)

5 ppm for 10 min Lettuce 1.5 log reduction in APC Koseki et al. (2001)
2.5, 5.0, 7.5 ppm, stirred for

10 min at approximately
20� C

Lettuce 0.6–0.8 log reduction in APC (compared with
untreated)

Garcia et al. (2003)

3 ppm for 5 min (bubbling) Lettuce 4–5 log reduction of mesophilic bacteria Rodgers et al. (2004)
ClO2

5 ppm for 10 min at 4� C and
pH 7.4

Shredded lettuce 1.1 log reduction ofL. monocytogenes(compared with
untreated)

Zhang and Faber (1996)

1.24 ppm for 30 min at 22� C
and 90–95% relative
humidity

Surface-injured green
peppers

6.45 log reduction ofE. coliO157:H7 Han et al. (2000)

10 ppm for 10 min Lettuce 1.55–1.93 log reduction ofE. coliO157:H7 (compared
with untreated)

Singh et al. (2002)

5 ppm for 5 min Lettuce ~5 log reductionE. coliO157:H7 andL. monocytogenes Rodgers et al. (2004)
Others
2% H2O2 at 50� C Lettuce < 4 and 3 log reduction ofE. coliO157:H7 and

L. monocytogenes, respectively
Lin et al. (2002)

Peroxyacetic acid (Tsunami
100), 80 ppm at 3–4 � C
for 15 s

Shredded lettuce and
romaine lettuce pieces

~1 log reduction ofL. monocytogenes Beuchat et al. (2004)

Peracetic acid (80 ppm) for
15 min

Lettuce leaves 1.85 and 1.44 log reduction in aerobic mesophilic and
total coliform populations, respectively (compared
with untreated)

Nascimento et al. (2003)

CTP (100 and 200 ppm) for
5 min

Fresh produce 4.8 and 5.1 log reduction ofE. coliO157:H7 and
L. monocytogenes, respectively

Rodgers et al. (2004)

Basil essential oil (.1 and 1%
(v/v))

Fresh-cut lettuce 2 and 2.3 log reduction of viable bacteria, respectively Wan et al. (1998)

CPC (.1–.5%) for 5 min Vegetables 2.4–3.2 log reduction ofS. Typhimuriumand
1.0–1.6 log reduction forE. coli

Wang et al. (2001)

APC, aerobic plate counts; CPC, cetylpyridinium chloride; CTP, chlorinated trisodium phosphate; ORP, oxidation reduction potential.
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is produced in the cathode cell. This solution is called alkaline
electrolyzed water. AcEW is reported to have strong bactericid
effects on most pathogenic bacteriain vitro. Decontaminative
effects of AcEW on the surface of lettuce and raw tuna wer
reported. AcEW has effectively inactivatedE. coli O157:H7,
Salmonella enteritidis, and L. monocytogeneson lettuce, alfalfa
seeds and sprouts, tomato, and egg surfaces, as well
Campylobacter jejunion poultry.

Another alternative candidate sanitizer is ozone or ozonated
water. Ozone is a strong disinfectant and has been use
extensively in drinking water treatment, particularly in Euro-
pean countries, as an alternative to chlorine. Because ozon
decomposes spontaneously to oxygen, it leaves no toxi
residue. Therefore, ozone has been proposed as an alternati
sanitizer to chlorine that can produce toxic compounds such as
trihalomethane. Ozone has been shown to inactivate bacteria
on various produce, including lettuce, carrot, bean sprouts, and
alfalfa seeds and sprouts. The presence of organic matter an
limited accessibility of ozone to the surface of the objective
would in � uence the potential bactericidal effect. Most produce
processors apply over� ow techniques to supply fresh and
suf� cient quantities of sanitizer for appropriate bactericidal
effect. Although the ozone concentration in the ozonated water
without over � ow decreased by dipping the cut lettuce, the
ozone concentration in the ozonated water was stable with
over� ow. The use of ozonated water with over� ow in the case
of vegetable dipping treatment will be required for stable
ozone concentration and for stable bactericidal effect.
-
e
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Ð30
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Ozone HW + Ozone NaOCl Water

Time (d)

Figure 1 Changes in (a) phenylalanine ammonia lyase (PAL) activity and
in green color as measured by (b) the a* value for lettuce treated with
distilled water (water), ozonated water (ozone, 5 ppm), sodium hypo-
chlorite solution (NaOCl, chlorine 200 ppm) for 5 min, and hot water (HW)
(50� C, 2.5 min) followed by ozonated water (HWþ ozone, 5 ppm,
2.5 min) and subsequently stored at 10� C for 6 days. Results are
mean� SD of� ve replicates. Values with different letters for each day
show statistical signi� cance atp< 0.05. Reproduced from Koseki, S.,
Isobe, S., Effect of ozonated water treatment on microbial control and on
browning of iceberg lettuce (Lactuca sativaL.). Journal of Food Protection
69, 154–160. Copyright 2006, with permission from International Asso-
ciation for Food Protection.
Quality Changes in Fresh-Cut Produce during
Distribution

Browning of Fresh-Cut Lettuce

Besides the microbiological safety, good appearance of fresh
cut vegetables is required by consumers. To satisfy both th
requirements, the combined treatment of mildly heated water
followed by ozonated water was examined for the preparation
of high quality fresh-cut lettuce. The combination treatment of
mild-heat water (50 � C, 2.5 min) followed by ozonated water
(5 ppm, 2.5 min) had the same bactericidal effect as treatmen
with ozonated water alone (5 ppm, 5 min) or NaOCl (200 ppm,
5 min). Bacterial populations were reduced by 1.2–1.4 log
cfu g� 1 cycles.

The combination treatment greatly inhibited the phenylal-
anine ammonia lyase (PAL) activity, which is associated with
the browning of cut lettuce, after 3 days storage compared with
other treatments (Figure 1). The NaOCl treatment showed
similar changes in PAL activity as the water-wash treatmen
Ozonated water treatment increased the PAL activity compare
with other treatments after 1 day of storage. The inhibition
of browning was apparent from macroscopic observation.
Although hot ozonated water could be used to simplify pro-
cessing, it is only possible to dissolve extremely small amounts
of ozone in hot water (HW). Moreover, undissolved, gaseous
ozone would be detrimental to the working environment and
human health. This combination of HW treatment followed by
ozonated water treatment will be suitable for practical use in
the lettuce-washing process for preserving both the microbio
logical and visual quality of lettuce.
The number of bacteria on the lettuce treated with sani-
tizers, however, initially was reduced but then increased rapidly
compared with the water-wash treated lettuce during storage a
10 � C (Figure 2). Bacterial growth on lettuce treated with san-
itizers is more rapid than that on untreated lettuce. This would
be due to an initial decrease in the bacterial population, which
reduces the number of the competing bacteria, and would
allow the remaining bacteria to thrive. Similar � ndings have
been reported for L. monocytogenesgrowing on endive and
alfalfa sprouts,Listeria innocuagrowing on lettuce and coleslaw,
and E. coliO157:H7 on ground beef. Fresh-cut lettuce often is
treated with sanitizers, such as chlorine, to reduce the bacteria
counts during processing. Reduced background levels of nativ
bacteria might be caused by human pathogenic bacteria
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Figure 2 Bacterial growth on lettuce treated with distilled water (wate
ozonated water (ozone, 5 ppm), sodium hypochlorite solution (NaOC
chlorine 200 ppm) for 5 min, and hot water (HW) (50� C, 2.5 min)
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at 10� C for 6 days. Results are mean� SD of� ve replicates. Reproduced
from Koseki, S., Isobe, S., Effect of ozonated water treatment on micro
control and on browning of iceberg lettuce (Lactuca sativaL.). Journal of
Food Protection 69, 154–160. Copyright 2006, with permission from
International Association for Food Protection.
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growth either through cross-contamination or due to the
persistence of pathogenic bacteria after treatment. Furthermore
HW treatment causes the enhancement of the growth o
pathogenic bacteria. Care therefore must be taken whe
handling cut lettuce that has been treated with sanitizers and
HW, and it will be necessary to control bacterial growth by low-
temperature management.

Bacterial Growth of Fresh-Cut Lettuce during Distribution

Recently, more studies have revealed the pathogen behavio
on fresh produce. It has been reported that the growth of
L. monocytogeneson iceberg lettuce at 5 and 13� C with incre-
ments of 2.66 and 4.85 log cfu g� 1 cycles, respectively, afte
14 days under modi� ed atmosphere packaging condition. On
cut lettuce and whole leaf spinach that was packaged an
stored at 4� C, E. coliO157:H7 contamination could still be
detected after typical handling practices, although populations
decreased from initial levels in many cases by at least 1.5 lo
units. Although E. coliO157:H7 levels decreased on products
handled and stored under recommended conditions, survivors
persisted. Another study illustrated that at 20� C, preinocula-
tion culture conditions had little impact on the growth of E. coli
O157:H7 on cut lettuce. Survival at 5� C was signi� cantly better
(p< 0.05), however, for cultures grown at 15 or 37� C in
minimal medium and to late stationary phase. On the other
hand, the impact of preinoculation handling on survival on
lettuce plants was less clear. Storage at 5� C allowed E. coli
O157:H7 to survive, but limited its growth, whereas storage at
12 � C facilitated the proliferation of E. coliO157:H7. There was
more than 2 log units increase in O157 populations on lettuce
when held at 12 � C for 3 days. At 12� C, the visual quality of
lettuce eventually experienced a signi�cant decline, but the
quality of this lettuce was still fully acceptable when E. coli
growth reached a statistically signi�cant level. A predictive
model for growth and die-off of E. coliO157:H7 on lettuce has
been developed and successfully simulatedE. coli O157:H7
behavior on lettuce under static and� uctuating temperature
conditions. Listeria monocytogenesand Salmonellagrowth on
various vegetables also was examined. It was indicated tha
L. monocytogeneswas able to grow in more storage conditions
(7 and 15 � C) and vegetables than those onSalmonella. Growth
of both microorganisms was inhibited in carrots, although
a more pronounced effect has been observed againstL. mono-
cytogenes. Furthermore, a growth model ofL. monocytogenesand
Salmonella on cut lettuce was developed.

This chapter has discussed a case study on pathogen grow
on cut lettuce. The viable counts ofL. monocytogeneson lettuce
under real temperature conditions are shown in Figure 3 with
growth curves predicted using the Baranyi–Ratkowsky model as
shown below.

dq
dt

¼ mmaxqðtÞ [1]

dN
dt

¼
qðtÞ

1 þ qðtÞ
� mmax �

�
1 �

N
Nmax

�
� N [2]

Where N denotes the bacterial cell concentration (cfu g� 1) at
time t, q is a dimensionless quantity related to the physiological
state of the cells,mmax is the maximum speci� c growth rate
(1 h� 1), and Nmax represents the maximum population density
of the bacteria (cfu g� 1). The model for mmax was substituted
into the above differential equation, and the temperature was
dependent on time. The system was solved numerically by the
fourth-order Runge–Kutta method as a means to obtain
predictions of bacterial concentration during time-dependent
temperature� uctuations.

Overall predictions for each pathogen agreed well with
observed viable counts (Figure 3). The results indicated that
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the Baranyi–Ratkowsky model is able to predict the growth
of pathogens on lettuce under real temperature history
during distribution from the farm to the retail store in most
cases. Predicting the growth and behavior of pathogeni
bacteria in or on lettuce will help to reduce the microbial
risks associated with the consumption of salad vegetables
such as lettuce, as well as provide valuable information
concerning the shelf life of products to consumers. Since the
prediction of pathogenic growth during distribution will
serve as proof of the importance of low-temperature
management, it is useful to thoroughly investigate all aspects
of temperature management for those concerned with the
distribution of such products.
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See also:Good Manufacturing Practice; Designing for Hygi
Operation;Process Hygiene:Types of Sterilant;Process
Hygiene:Overall Approach to Hygienic Processing;Process
Hygiene:Disinfectant Testing.
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General Introduction

Current Government Activities

An issue is the fragmented responsibility for regulation and
control. In response to these and other concerns, in 1998 the
U.S. government commenced its food safety initiative, with
a budget of $43 million in 1998 and an additional $101
million requested for 1999. In the European Union, this led to
the reorganization of the Commission services and calls by
then-Commissioner Jacques Santer to set up a centralized foo
safety authority. In the United Kingdom, the government
announced proposals to set up a centralized food safety
authority.

Through their powers to control hazardous imports and
also the fact that they have highly developed structures o
legislation, the European Union and the United States may
exert an in� uence that extends beyond their geographic
boundaries. In the case of the European Union, states aspirin
to membership may adopt the EU directives as part of their
commercial, legislative, and political strategies. Other neigh
bors, such as Norway and East European Countries of th
European Union may do so for reasons of simple pragmatism
and enlightened attitudes to harmonization, often as partners
in the whole regulatory process.
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Risk Management and HACCP

The most potent international trend has been toward meth-
odologies based on risk management, such as hazard analys
and critical control points (HACCP). Legislative and regula-
tory implementation is at various stages around the world,
with logistical problems of training for regulator and operator
alike, in the switchover from prescriptive control to one based
more on management of risk. There are signs of error in
making conceptual change from one of � xed designs and
threshold values to one of risk assessment and critical contro
point methodologies. For example, in the Netherlands, the
application of HACCP in various food-processing sectors is
supported by hygiene codes produced by industry associa
tions under the control of the Ministry of Health, Welfare, and
Sport (MHWS). In an investigation of recent hygiene codes, it
was noted that key de� nitions such ascritical control pointdid
not agree among the various hygiene codes, leading t
potential problems for operators who might be affected by
a number of different codes. The European Union has made
the boldest move by making HACCP mandatory across the
food industry, while Australia and New Zealand are moving in
the same direction. In the United States, the pattern has bee
one of introducing HACCP laws by industry sector, with
considerable debate and discussion about how to ensure the
best results.
176 Encyclopedia of Food
Hierarchical Regulatory Structures

The structure of regulation generally is re� ected increasingly in
its phases of introduction. At the highest and earliest level, laws
and regulations are introduced before being supported by
subsequent standards.

Further support may be given in parallel by guidelines and
standards that are produced in the� rst instance by voluntary
bodies, but that may be promoted to the status of national or
international standards. In the European Union, the trend is
toward guidelines for hygienic design linked to performance
standards and tests. In the United States, standard designs
equipment may be quoted in legislation (e.g., 3-A standards
for equipment designs are quoted in the Pasteurized Milk
Ordinance). The current moves in the European Union
toward harmonized standards for the interpretation and
implementation of HACCP also re� ect this pattern (see
Section Supporting Standards and Structure for HACCP).
Supporting Standards and Structure for HACCP

HACCP also requires to be supported by good manufacturing
practice and does not facilitate food processors with regard to
sourcing satisfactory equipment and process designs. To som
extent, work to provide design standards is done by the Euro
pean Hygienic Equipment Design Group (EHEDG), the 3-A
Committee, International NSF (formerly National Sanitation
Foundation), and the Comité Européen de Normalisation
(CEN) Safety in Biotechnology standards and International
Organization for Standardization (ISO).

An important principle of approaches based on risk
management is that of veri� cation and validation leading to
equipment and process quali� cation – providing documented
proof that they can achieve the required product safety. This
requires much more development by legislators, inspectors
auditors, and operators in the food industry, as it has conse-
quences for the framing of supporting laws and standards
More recently, CEN standards and guidelines supporting
directives based on risk management (90/219/EEC, 90/679/
EEC) have provided optional methods in informative annexes,
while providing for the use of validated alternatives. Fixed
standards are reserved for reference activities, such
measurement and testing. In contrast, laws are being passe
elsewhere that prescribe� xed controls for food processing. For
example, the recently enacted California law (California
CURFFL section 113996(b)), intended to re� ect most cooking
requirements of the Food Code, speci� ed cooking temperatures
for foods of animal origin, microwave cooking of raw foods of
animal origin, and reheating of foods.

Some countries have seen the need for‘route maps’ as
exempli� ed by the UK Industry Guide to Good Hygiene Pract.
This guide gives information about whether certain procedures
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00278-0
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are a legal requirement (in the United Kingdom) or just good
practice.

Some EU member states such as the Netherlands have
accreditation scheme for HACCP. Independent auditors such a
Netherlands Organisation for Applied Scienti� c Research (TNO),
Bureau Veritas, and Société Générale de Surveillance (SGS)
accredited as auditors and perform the accreditation services.

An overall international summary of the systems in the
main trading blocs is given in Table 1.

As a necessary prerequisite to HACCP, food safety liabilit
is already covered in EU member countries and in the United
States by product liability laws and by general civil and
criminal codes governing the behavior of individual citizens.
Worker safety (e.g., exposure to bovine spongiform encepha
lopathy (BSE), Escherichia coliHO157, Bacillus anthracis, or
antibiotic-resistant strains ofSalmonella) usually is covered by
existing national industrial safety legislation such as the UK
Control of Substances Hazardous to Health (COSHH) and
Safety at Work laws. The EU directive 90/679/EEC control
work with pathogenic organisms, which affects especially
(though not exclusively) food microbiology laboratories.

An important aspect of legislation is to de� ne the scope of
any new laws, especially to identify existing legislative instru
ments that may affect hygiene aspects of food processing an
provide guidance or de� nition of what type of operation
quali � es as a food-processing operation. In some jurisdictions
such as the United States, restaurants currently are treat
differently from large food-processing operations, although
moves are in place to require a form of HACCP.

A positive trend in the voluntary industry sector has been
the joint agreement between EHEDG, 3-A, and Internationa
NSF to develop standards for food-processing equipment. Thi
agreement is supplemented by the EHEDG’s efforts to involve
Japanese bodies in this cooperation.
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International Level

Food and Agriculture Organization/World Health Organiza
Codex Alimentarius

The Food and Agriculture Organization/World Health Orga-
nization (FAO/WHO) Codex Alimentarius committee speci� -
cally concerned with food hygiene is the Codex Committee on
Food Hygiene (CCFH), chaired by the United States. It ha
produced the following standards:

l Draft Revised Recommended International Code of Practic
– General Principles of Food Hygiene ALINORM 97/13,
Appendix II; adopted with editorial changes, in particular in
the Spanish version

l Draft Revised Guidelines for the Application of the Hazard
Analysis and Critical Control Point (HACCP) System ALI-
NORM 97/13A, Appendix II: adopted with editorial
changes, especially in the Spanish version

The approved forward standards program for the FAO
WHO Codex Alimentarius Committee on Food Hygiene
(CCFH) committee includes the following:

l Code of Hygienic Practice for Milk and Milk Products
l Hygienic Recycling of Processing Water in Food-processin

Plants
n

l Application of Microbiological Risk Evaluation to Interna-
tional Trade

l Revision of the Standard Wording for Food Hygiene
Provisions (Procedural Manual)

l Risk-based Guidance for the Use of HACCP-like Systems
Small Businesses, with Special Reference to Developin
Countries

l Management of Microbiological Hazards for Foods in
International Trade

Codex Committee on Milk and Milk Products

The Code of Principles concerning Milk and Milk Products was
produced in 1958 at the initiative of the International Dairy
Federation (IDF) by the Joint FAO/WHO Committee of
Government Experts on the Code of Principles concerning Milk
and Milk Products. At that time, IDF was already active in
drafting compositional standards for milk and milk products.
The standards IDF elaborated as a nongovernment bod
missed of� cial recognition by governments, as there was no
structure to obtain their approval. To achieve regulatory status
for compositional standards, IDF requested FAO/WHO to
convene a meeting of government experts to initiate a Code o
Principles and associated standards for milk and milk products.
In 1993 the resulting Milk Committee was fully integrated into
the Codex system as the Codex Committee on Milk and Milk
Products (CCMMP).

IDF maintained its role as technical adviser to the new
CCMMP and its formal status is speci� ed in the revisedProce-
dural Manual of the Codex Alimentarius Commission(9th ed.,
1995): “ In the case of milk and milk products or individual
standards for cheeses, the Secretariat distributes the reco
mendations of the International Dairy Federation (IDF)” .

Most of the standards concern composition of dairy prod-
ucts, but a few concerned hygienic practices:

l Code of Hygienic Practice for Unripened Cheese and
Ripened Soft Cheese (in preparation)

l Code of Hygienic Practice for Dried Milk (CAC/RCP
31:1983)

l Code of Hygienic Practice for Milk and Milk Products (in
preparation)
Europe

The laws applied by the national authorities have been
harmonized at the EU level by a framework directive. This lays
down the law for general principles for the inspection,
sampling, and control of foodstuffs. It also provides for
inspectors to be empowered to examine records and seize o
destroy foodstuffs that are unsafe or otherwise noncompliant.
The framework directive requires the member states to inform
the Commission of their control activities and provides for EU-
wide coordination through annual control programs. In addi-
tion, the Karolus program provides for exchange of control
of� cials.

Some controls also are undertaken at the union level. Thes
are targeted at ensuring the adequacy and equivalence of th
controls applied by the national authorities and involved teams
of of � cials from the Commission in checking that the national



Table 1 The structure of regulatory systems in the main trading blocs

Jurisdiction Authority Laws OfÞcial standards Voluntary standards

International World Trade Organization SPS Code Agreement on Sanitary and
Phytosanitary Measures

International Organization for Standardization ISO/TC 199 Safety of Machinery
(SC 2 Hygiene Requirements for
the Design of Machinery)

ISO/DIS 15161 Guidance on the Application of
ISO 9001/9002 to the Food and Drink
Industry

ISO/CD 14159 Hygienic Requirements for the
Design of Machinery

Food and Agriculture Organization/World Health
Organization (FAO/WHO) Codex Alimentarius
Commission

Codex Alimentarius (Alinorm 97/13 and
Alinorm 97/13A)

Codex Committee on Food Hygiene
Codex Committee on Meat Hygiene (CCMH)
Codex Committee on Milk and Milk products

(CCMMP)
International Dairy Federation Code of Hygienic Practice for Unripened

Cheese and Ripened Soft Cheese (in
preparation)

Code of Hygienic Practice for Dried Milk
(CAC/RCP 31:1983)

Code of Hygienic Practice for Milk and Milk
Products (in preparation)

Europe European Council 93/43/EEC Food Hygiene
89/392/EEC Machinery Directive and its

amendments 91/368/EEC, 93/44 and 93/68
EEC 92/59/EEC Council Directive Concerning

General Product Safety
EEC 93/465/EEC Conformity Assessment and

Rules for Af� xing the CE Mark
EEC 93/68/EEC Amending Directives on CE

Marking: 87/404/EEC, 88/378/EEC, 89/106/
EEC, 89/336/EEC, 89/392/EEC, 89/686/EEC,
90/85/EEC, 90/384/EEC, 90/385/EEC,
90/396/EEC, 91/263/EEC, 92/42/EEC and
73/23/EEC

EEC 94/62/EEC Packaging and Packaging
Waste– amended by 97/129/EEC and
97/138/EEC

90/679/EEC Worker Safety Pathogenic
Organisms

90/220/EEC Deliberate Release of Genetically
Modi� ed Organisms

Comité Européen de Normalisation CEN TC 153
Food Processing Machinery

EN 1672–1 and-2 and for speci� c
machines: EN 453, EN 1673, EN
1974, EN 12505, EN 12505, EN
12331, EN 12853

European Hygienic Design Group (EHEDG) Guidelines and standards (in association with
3-A, and International NSF (see Section
The European Hygienic Equipment Design
Group)
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USA Food and Drug Administration Code of Federal Regulations Federal Food,
Drug and Cosmetic Act

Federal Bureau of Investigation Federal Antitampering Act
Department of Transportation Sanitary Food Transportation Act
Department of Commerce National Oceanic and

Atmospheric Administration
U.S. Department of Agriculture (USDA)
Food Safety and Inspection Service (FSIS) Clean Water Act (CWA)
Centers for Disease Control and Prevention (CDC)
Environmental Protection Agency (EPA)
3-A Organization 3-A standards
International NSF NSF and NSF/ANSI standards

Australia and
New Zealand

Australia New Zealand Food Authority State and Territory legislation (i.e., Food Acts
and associated food hygiene regulations)
Food Standards Code

Production Quality Arrangements
(PQA) for meat processing

Approved Quality Arrangement
(AQA) for meat processing

Meat Safety Quality Assurance
(MSQA)

Japan Ministry of Health and Welfare
Environmental Health Bureau
Japan Food Hygiene Association 6-1 Chome,

Jungumae Shibuya-ku Tokyo
Japan Food Machinery Manufacturers Association

(Mr Sueichi Shimada, Managing Director)
Fooma Building 3-19-20 Shibaura, Minato-ku
Tokyo 108-0023

China Ministry of Health of the People’s Republic of
China

Food Safety Law of the People’s Republic
of China

General Administration of Quality Supervision,
Inspection and Quarantine of the People’s
Republic of China

State Food and Drug Administration
Ministry of Agriculture of the People’s Republic of

China
State Administration for Industry and Commerce

of the People’s Republic of China
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systems are capable of meeting these goals. As in Australia, Ne
Zealand, and the United States, however, much of the direc
control is under the aegis of individual states.

The particular dangers arising from zoonotic diseases, suc
as salmonellosis, tuberculosis, and viral contaminants, have
led the Commission’s veterinary inspectorate to control and
approve establishments in countries that produce food of
animal origin for export to the European Union. Such products
are controlled at the point of entry into the European Union. In
the main, however, food of nonanimal origin has not been
subject to this type of control, nor is the importation of these
foodstuffs into the European Union restrictive.

In recent years food policy at the international level has
been moving in a new direction: toward the industry taking
responsibility for the control of the foodstuffs it produces,
backed up by of� cial control systems. The European foodstuffs
industry has been at the forefront of the development of
preventive food safety systems, in particular HACCP, which
requires the industry to identify and control potential safety
hazards. Control measures are decided and applied b
industry, with a view toward producing safe food. The national
authorities check that the controls are adequate. Although
initially introduced by industry and employed in a non-
mandatory manner, the success of this approach has led to
being included in several directives.

Thirteen product-speci� c directives cover products of
animal origin, from production to the point of distribution,
and lay down detailed requirements. On the other hand, one
horizontal hygiene directive covers all other products, with
requirements based on goals, intended results, good hygien
practices, and HACCP principles. This directive covers veget
products throughout the chain and includes products of
animal origin even after the point of distribution. It imposes
the responsibility for the safety of food and the prevention of
unacceptable risks to the consumer on the industry. At the sam
time, it allows industry the � exibility to meet its obligations by
the most appropriate means available, and to respond quickly
to new pathogens or contaminants while providing a basis for
innovation. This challenges industry, particularly smaller
businesses, to maintain a good technical understanding of food
safety. Voluntary business sector guidelines on hygiene pra
tices and HACCP, produced by the industry in conjunction
with the competent authority, provide the basis for common
understanding. Backed up by effective controls, this approach i
intended to ensure a high level of health protection. Some
standardization of this approach between sectors and state
would be bene� cial. A nonexhaustive list of national standards
in support of EU directives is given inTable 2.

Countries known to be pressing for relevant uni� ed
CEN standards include Denmark, France, Ireland, and th
Netherlands.

EU directives which impact on food hygiene include the
following:

l EEC 89/392/EEC– Council Directive on the Approximation
of the Laws of the Member States Relating to Machinery
amended by 91/368/EEC

l EEC 91/368/EEC– Council Directive amending Directive 89/
392/EEC on the Approximation of the Laws of the Member
States Relating to Machinery; amended by 93/44 and 93/68
l EEC 92/59/EEC– Council Directive Concerning General
Product Safety

l EEC 93/44/EEC– Amendment to 91/368; Council Directive
on the Approximation of the Laws of the Member States
Relating to Machinery; amended by 93/68

l EEC 93/465/EEC – Council Directive Concerning the
Conformity Assessment and Rules for Af� xing the CE Mark

l EEC 93/68/EEC– Amending Directives on CE Marking: 87/
404/EEC, 88/378/EEC, 89/106/EEC, 89/336/EEC, 89/392/
EEC, 89/686/EEC, 90/85/EEC, 90/384/EEC, 90/385/EEC
90/396/EEC, 91/263/EEC, 92/42/EEC, and 73/23/EEC

l EEC 94/62/EEC – Council Directive on Packaging and
Packaging Waste; Amended by 97/129/EEC and 97/138
EEC

The trend in the management of risk in the food-processing
chain increasingly is toward farm-to-fork initiatives. Among the
issues being addressed are the following:

l The exclusion of endemic animal disease which may affec
humans, notably BSE, scrapie, andSalmonella.

Sweden and Finland have laws and procedures that ar
aimed at eliminating Salmonellafrom the animal and human
food chain. Sweden has been lobbying vigorously for adoption
at EU level of their approach.

l The control of antibiotic-resistant bacteria by banning the
routine use of antibiotics in animal feedstuffs.

In short, the argument is that feeding antibiotics to animals
will lead to an increased prevalence of bacteria-possessin
resistance genes in the intestines of the animals. At slaughte
the carcass will inevitably be contaminated with bacteria con-
taining these genes. The genes can be transmitted to huma
microbes when the food is prepared or consumed, and in the
end, humans can get infections with microbes harboring these
genes, causing treatment to fail. (It is ironic at a time when
doctors are restricting the prescription of antibiotics to human
patients to limit the development of resistant bacteria that
some of the same or related antibiotics are being fed freely to
farm animals.)

Several EU member states already ban routine feeding o
certain antibiotics in addition to those not permitted at EU
level. Some, such as Sweden, ban antibiotics entirely. Th
Swedish, Finnish, and Danish governments have been takin
a strong role in lobbying at EU level.

In late November 1998, the Commission proposed that
four out of eight antibiotics should be removed from the list of
authorized products. The four (spiramycin, tylosin, virgin-
amycin, and bacitracin) all belong to groups of antibacterials
that are used in human medicine. For the remaining four,
Sweden would have to apply Community legislation (i.e.,
authorize them in Sweden).

In Europe, three initiatives have been made that addres
de� ciencies in hygienic food manufacture.
The EU Machinery Directive

The European Community Machinery Directive 89/392/EEC
and its amendment 91/368/EEC made it a legal obligation for
machinery sold in the European Union after 1 January 1995, to
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Table 2 National standards supporting EU food safety directives

Member country Reference number Title

Ireland IS 3219 Code of Practice for Hygiene in the Food and Drink
Manufacturing Industry

IS 340 Hygiene for the Catering Sector
IS 341 (draft) Hygiene for the Retail and Wholesale Sector

United Kingdom ISO/DIS 15161 Guidance to the Application of ISO 9001 and ISO 9002 in
the Food and Drink Industry

Alinorm 97/13A Draft Hazard Analysis and Critical Control Point (HACCP)
System and Guidelines for its Application

Germany DIN 10503 Food Hygiene– Terminology
DIN 10514 Food Hygiene– Hygiene Training
Draft Food Hygiene HACCP System– Standardization of Flow

Diagram Symbols
DIN 10500, DIN 10500/A1, DIN 10501 supplement, DIN

10501-1, DIN 10501-2, DIN 10501-3, DIN 10501-3
supplement, DIN 10501-4, DIN 10501-5, DIN 10502-4,
DIN 10504, DIN 10505, DIN 10507, DI 10510

Various standards for equipment, including testing

France FD V 01-001 Hygiene and Safety of Foodstuffs– Methodology for
drawing up of Guides to Good Hygiene Practice
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be safe to use, provided manufacturer’s instructions were fol-
lowed. This requirement has vital implications for those
supplying all types of machinery, including that described as
suitable for food applications.

In cases of breaches of food safety legislation, inspectors
the European Union can con� scate and destroy products and
close down operations that threaten public health.
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The European Hygienic Equipment Design Group

The EHEDG develops design criteria and guidelines on factor
design, including equipment, buildings, and processing. They
also develop equipment performance tests to validate
compliance with the design criteria. This is in the spirit of
avoiding prescriptive individual designs and speci� cations.

EHEDG is an independent group with currently 18
specialist subgroups dealing speci� cally with issues related to
the design aspects of the hygienic manufacture of food prod
ucts. Research institutes, equipment manufacturers, foo
manufacturers, and government bodies are all represented.

The EHEDG has formed links with ISO, CEN, Japanes
groups and, in the United States, the 3-A and International
NSF. The prime objective is to ensure that food products ar
processed hygienically and safely.

In the case of 3-A, the link is now a formal one. Standards
are now being produced jointly, and the U.S. Food and Drug
Administration (FDA) and the U.S. Department of Agriculture
(USDA) have an effective say via the 3-A input. The� rst result
was a joint guideline on the passivation of stainless steel fo
hygienic use. The executive committee of EHEDG has a seat o
the steering committee of 3-A and vice versa.

The work of developing guidelines is undertaken, via the
subgroups, through the publication of clear recommendations
for the hygienic and aseptic design and operation of equipment
along with the principles and best methods to con� rm that the
equipment ful � ls these requirements. These groups are draw
from equipment manufacturers, technical organizations, and
manufacturers, chie� y from the food and engineering industry.
Although such a list inevitably will be incomplete because of
the growth in membership, an impression of the composition
of EHEDG is given in Table 3.

EHEDG was formed in response to a perceived need fo
higher standards in the design and testing of hygienic and
aseptic equipment. In particular, participants have contributed
considerable know-how in hygienic and aseptic design. The
motivation has been to improve food safety and to reduce the
complexity and cost of attaining satisfactory levels of safety in
design. A series of guidelines have been or are being publishe
in various languages. These are listed inTable 4.

Many items of equipment have by now been subject to the
EHEDG tests, and this always is advertised by the suppliers.

An example of the contribution made by the participants in
EHEDG has been the development of a new standard fo
hygienic and aseptic seals. Elastomeric seals are one of the mo
common sources of failure in aseptic processing. Afte
a detailed study involving � nite element analysis of the inter-
action of elastomeric components and different seal and
housing geometries plus extensive cycles of testing for clean
ability and sterilizability, two superior new designs have been
produced and published via the German DIN standards
organization:

l DIN 11864–1, publication (1998 –2007): Fittings for the
food chemical and pharmaceutical industry – Aseptic
connection – Part 1: Aseptic stainless steel screwed pip
connection for welding.

l DIN 11864–2, publication (1998 –2007): Fittings for the
food chemical and pharmaceutical industry – Aseptic
connection – Part 2: Aseptic stainless steel� anged pipe
connection for welding.

See also the guidelines listed inTable 5.
CEN Technical Committee 233 Safety in Biotechnology

CEN Technical Committee 233 (TC233) on Safety in Biotech-
nology sets standards for equipment and procedures
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Table 3 Organizations represented in the European Hygienic Equipment Design Group

Research and government institutes Equipment manufacturers Food manufacturers

Biotechnological Institute Danfoss BSN
Denmark Sudmo Cargill
Bundesanstalt fur Tetra Laval H.J. Heinz
Milchforschung, Germany GEA Tuchenhagen Italgel
Bundesgesundheitsamt, APV (Seibe) Kraft Jacobs Suchard
Germany Clextral General Foods
Campden Food and Drink Serac Nestlé
Research Association, UK CMB Rank Hovis MacDougall
College of Biotechnology Fristam Unilever
Portugal Gasti
Institut National de la Robert Bosch
Recherche Agronomique Hamba
France Huhnseal
Ministry of Agriculture, Fisheries and Food, UK KSB Amri
Technical University of Munich, Germany, TNO,

Netherlands University of Lund, Sweden

Table 4 Current list of EHEDG guideline summaries

Title

European Hygienic Equipment Design Group (EHEDG)
The EC Machinery Directive and food-processing equipment
Hygienic equipment design criteria
Welding stainless steel to meet hygienic requirements
Hygienic design of closed equipment for the processing of liquid food
Hygienic pipe couplings
Hygienic design of valves for food processing
Hygienic design of equipment for open processing
A method for assessing the in-place cleanability of food-processing equipment
A method for assessing the in-place cleanability of moderately sized food-processing equipment
A method for the assessment of in-line pasteurization of food-processing equipment
A method for the assessment of in-line steam sterilizability food-processing equipment
A method for the assessment of bacteria-tightness of food-processing equipment
Microbiology safe continuous pasteurization of liquid foods
Microbiologically safe continuous-� ow thermal sterilization of liquid foods
The continuous or semi-continuous� ow thermal sterilization of particulate food
Hygiene packing of food products
Microbiologically safe aseptic packing of food products
Experimental test rigs are available for the EHEDG test methods
Passivation of stainless steel
Hygienic design of pumps, homogenizers and dampening devices
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concerning the processing of recombinant and hazardous
organisms. These standards likely bene� t food process hygiene
through the availability of type-approved components.

This committee has been funded by the European
Community to produce new European standards relating to
safety in biotechnology. The intention is to support and guide
the (European) biotechnology industry in the implementation
and regulation of activities governed by the European
biotechnological safety directives 91/219/EEC, 90/679/EEC
93/88/EEC, and 90/220/EEC. (European directives are in effec
laws applying to EU member states that have to be incorpo-
rated into their respective national legislatures.) Participants in
the formulation of draft standards have included academics,
equipment manufacturers, consultants, and manufacturers
from process industries, including pharmaceuticals, food and
� ne chemicals, research organizations, and national standard
bodies. Representatives have included European Free Tra
Association (EFTA) countries (e.g., Switzerland). The emphas
has been on performance rather than prescription and on an
approach based on hazard assessment and risk managemen

The agreement of standards between parties with suc
a wide group of perspectives and interests has taken conside
able time and effort on the part of those involved. This in itself
is of substantial potential value as a platform for advancement,
for safety, and for greater freedom of trade and international
activities in biotechnology and food processing. In many cases
these standards have values beyond those connected sole
with safety.

In the case of equipment, it will be possible for compo-
nents, such as valves, couplings, separators, pumps, an



Table 5 Supporting standards for food hygiene in the United States

Food equipment

American National Standards Institute
ANSI/NSF 2-1996 Food equipment
NSF 2 Supplement Descriptive details for food service equipment standards
ANSI/NSF 3-1996 Commercial spray-type dishwashing and glasswashing machines
ANSI/NSF 4-1997 Commercial cooking, rethermalization, and powered hot food holding and transport equipment
NSF 5-1992 Water heaters, hot water supply boilers, and heat recovery equipment
ANSI/NSF 6-1996 Dispensing freezers (for dairy dessert-type products)
ANSI/NSF 7-1997 Commercial refrigerators and storage freezers
ANSI/NSF 8-1992 Commercial powered food preparation equipment
ANSI/NSF 12-1992 Automatic ice making equipment
ANSI/NSF 13-1992 Refuse compactors and compactor systems
ANSI/NSF 18-1996 Manual food and beverage dispensing equipment
ANSI/NSF 20-1998 Commercial bulk milk dispensing equipment
ANSI/NSF 21-1996 Thermoplastic refuse containers
ANSI/NSF 25-1997 Vending machines for food and beverages
NSF 26-1980 Pot, pan, and utensil commercial spray-type washing machines
ANSI/NSF 29-1992 Detergent and chemical feeders for commercial spray-type dishwashing machines
ANSI/NSF 35-1991 Laminated plastics for surfacing food service equipment
ANSI/NSF 37-1992 Air curtains for entranceways in food and food service establishments
ANSI/NSF 51-1997 Food equipment materials
ANSI/NSF 52-1992 Supplemental� ooring
ANSI/NSF 59-1997 Mobile food carts
NSF C2-1983 Special equipment and/or devices (food service equipment)
3-A standards
01-07 Storage tanks for milk and milk products
02-09 Centrifugal and positive rotary pumps for milk and milk products
04-04 Homogenizers and reciprocating pumps
05-14 Stainless steel automotive milk and milk product transportation tanks for bulk delivery and/or farm pick-up

services
10-03 Milk and milk product evaporators and vacuum pans
11-05 Place-type heat-exchangers for milk and milk products
12-05 Tubular heat exchangers for milk and milk products
13/09 Farm cooling and holding tanks
16-05 Milk and milk product evaporators and vacuum pans
17-09 Formers,� llers, and sealers of single-service containers for� uid milk and� uid milk products
18-02 Multiple-use rubber and rubber-like materials used as product-contact surfaces in dairy equipment
19-04 Batch and continuous freezers for ice cream, ices, and similarly frozen dairy foods
20-19 Multiple-use plastic materials used as product-contact surfaces in dairy equipment
22-07 Silo-type storage tanks for milk and milk products
23-02 Equipment for packaging viscous dairy products
24-02 Noncoil type batch pasteurizers for milk and milk products
25-02 Noncoil type batch processors for milk and milk products
26-03 Sifters for dry milk and dry milk products
27-04 Equipment for packaging dry milk and dry milk products
28-02 Flow meters for milk and milk products
29-01 Air eliminators for milk and� uid milk products
30-01 Farm milk storage tanks
31-02 Scraped surface heat exchangers
32-02 Uninsulated tanks for milk and milk products
33-01 Polished metal tubing for milk and milk products
34-02 Portable bins for dry milk and dry milk products
35-0 Continuous blenders
36-0 Colloid mills
38-0 Cottage cheese vats
39-0 Pneumatic conveyers for dry milk and dry milk products
40-01 Bag collectors for dry milk and dry milk products
41-01 Mechanical conveyors for dry milk and dry milk products
42-01 In-line strainers for milk and milk products
43-0 Wet collectors for dry milk and dry milk products
44-02 Air, hydraulically, or mechanically driven diaphragm pumps for milk and milk products

(Continued)
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Table 5 Supporting standards for food hygiene in the United Statesd cont'd

Food equipment

45-0 Cross�ow membrane modules
46-02 Refractometers and energy-absorbing optical sensors for milk and milk products
47-0 Centrifugal and positive rotary pumps for pumping, cleaning, and sanitizing solutions
49-0 Air-driven sonic horns for dry milk and dry milk products
50-0 Level-sensing devices for dry milk and dry milk products
51-01 Plug-type valves for milk and milk products
52-02 Plastic plug-type valves for milk and milk products
53-01 Compression-type valves for milk and milk products
54-02 Diaphragm-type valves for milk and milk products
55-01 Boot-seal type valves for milk and milk products
56-0 Inlet and outlet leak-protector valves for milk and milk products
57-01 Tank outlet valves for milk and milk products
58.0 Vacuum breakers and check valves for milk and milk products
59-0 Automatic positive displacement samplers for� uid milk and� uid milk products
60-0 Rupture discs for milk and milk products
61-0 Steam injection heaters for milk and milk products
62-01 Hose assemblies for milk and milk products
63-02 Sanitary� ttings for milk and milk products
64-0 Pressure-reducing and back-pressure regulating devices valves for milk and milk products
65-0 Sight and/or light windows and sight indicators in contact with milk and milk products
66-0 Caged-ball valves for milk and milk products
68-0 Ball-type valves for milk and milk products
70-0 Italian-type pasta Filata-style cheese cookers
71-0 Italian-type pasta Filata-style cheese molders
72-0 Italian-type pasta Filata-style cheese molded cheese chillers
73-0 Shear mixers, mixers, and agitators
74-0 Sensors and sensor� ttings and connections used on� uid milk and milk products
75-0 Belt-type feeders
78-0 Spray devices to remain in place
81-0 Auger-type feeders
E� 600 Egg-breaking and separating machines
E� 1500 Shell egg washer
Drinking water treatment units
ANSI/NSF 44-1996 Cation exchange water softeners
ANSI/NSF 53-1997 Drinking water treatment units– health effects
ANSI/NSF 55-1991 Ultraviolet microbiological water treatment systems
ANSI/NSF 58-1997 Reverse osmosis drinking water treatment systems
ANSI/NSF 62-1997 Drinking water distillation systems
Accepted practices(3ÐA)
603-06 Sanitary construction, installation, testing, and operation of high-temperature short-time and higher heat

shorter time pasteurizer systems
604-04 Supplying air under pressure in contact with milk, milk products, and product contact surfaces
605-04 Permanently installed product and solution pipelines and cleaning systems used in milk and milk product

processing plants
606-04 Design, fabrication, and installation of milking and milk handling equipment
607-04 Milk and milk products spray-drying systems
608-01 Instantizing systems for dry milk and dry milk products
609-02 Method of producing steam of culinary quality
610-0 Sanitary construction, installation, and cleaning of cross� ow membrane processes
611-0 Farm milk-cooling and storage systems
Food, Safety, and Quality Systems/HACCP-9000
NSF HACCP-9000–1996 NSF guidelines for the application of ISO 9000 and HACCP requirements to global food and beverage industries
ISO/DIS 15161 guidance on the application of ISO 9001 and ISO 9002 in the food and drink industry
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sampling devices, to be type approved according to thei
cleanability, sterilizability, and leak-tightness. These hygiene
related performance ratings will have to be obtained by
recognized laboratories using documented test procedures an
documented test conditions (e.g., for a mechanical seal: oper
ating temperature, rotational speed, pressure, number of hours
operation, sterilization conditions, and frequency). Equipment
that carries the CEN biosafety mark will have to be manufac-
tured to a recognized quality management system. This ha
wider potential value than just for biosafety.

Again, there is an emphasis on type testing and certi� ca-
tion of equipment, with similar control and documentation
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requirements to those of the EHEDG tests. The idea of thes
tests is not to guarantee that a particular type of equipment
will pass validation in every installed circumstance, but
rather to give relative comparisons that can inform design
choices.
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The United States

General

The United States maintains an interlocking monitoring system
that watches over food production and distribution at every
level: local, statewide, and nation.

Continual monitoring is provided by food inspectors,
microbiologists, epidemiologists, and other food scientists
working for city and county health departments, state public
health agencies, and various federal departments and agencie
Local, state, and national laws, guidelines, and other directive
dictate their precise duties. Some monitor only one kind of
food, such as milk or seafood. Others work strictly within
a speci� ed geographic area. Others are responsible for onl
one type of food establishment, such as restaurants or mea
packing plants. Together they make up the U.S. food safet
organization.

The agencies listed below also work with other govern
ment agencies, such as the Federal Bureau of Investigatio
(FBI) to enforce the Federal Antitampering Act and the
Department of Transportation to enforce the Sanitary Food
Transportation Act.
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U.S. Department of Health and Human Services: Food and
Administration

The FDA enforces food safety laws governing domestic an
imported food, except meat and poultry, by the following:

l Inspecting food production establishments and food
warehouses and collecting and analyzing samples fo
physical, chemical, and microbial contamination.

l Monitoring safety of animal feeds used in food-producing
animals.

l Developing model codes and ordinances, guidelines, and
interpretations and working with states to implement
them in regulating milk and shell � sh and retail food
establishments, such as restaurants and grocery stores.
example published by the FDA is the Model Food Code,
a reference for retail outlets and nursing homes and othe
institutions on how to prepare food to prevent foodborne
illness.

l Establishing good food manufacturing practices and other
production standards, such as plant sanitation, packaging
requirements, and HACCP programs.

l Working with foreign governments to ensure safety of
certain imported food products.

l Requesting manufacturers to recall unsafe food product
and monitoring those recalls.

l Taking appropriate enforcement actions.
l Conducting research on food safety.
l Educating industry and consumers on safe food-handling

practices.
ug

Food Safety Modernization Act
The Food Safety Modernization Act (FSMA) was signed into
law by President Barack Obama on January 4, 2011. The aim
of this law is to ensure that the U.S. food supply is safe by
enabling the FDA to focus more on preventing food safety
problems. The law has granted FDA powers in the following:

l Prevention: The new law requires food facilities to have an
effective written food safety plan. Moreover, the FDA must
issue regulation to prevent intentional adulteration of food
and can hold food companies accountable for preventing
contamination.

l Inspection and Compliance: The FDA will conduct
mandatory inspection for domestic and international food
facilities. The FDA will have access to records, includin
industry food safety plans. The FDA will require some
� nished products to be tested by approved labs.

l Response: For the� rst time, FDA will have mandatory recall
authority for all food products and could suspend regis-
tration for food facilities. In 2012, Sunland Inc. of Portales,
NM, which produces peanut products, became the� rst food
facility suspended by the FDA after their massive nation
wide peanut butter recalls.

l Imports: The FDA requires quali� ed third-party certi� cation
that can prove that foreign food facilities comply with U.S.
food safety standards. The importer is responsible for veri
fying their foreign suppliers.

l Enhance Partnerships: The FDA collaborates with othe
government agencies, domestic and foreign, to achiev
public health goals.

Food Facility Registration: Since October 2012, the updated
food facility registration system by the FDA is available, which
requires all facilities (domestic and international) to renew
their registration (the new registration link is http://www.
fda.gov/Food/GuidanceComplianceRegulatoryInformation/
RegistrationofFoodFacilities/default.htm).
U.S. State and Local Governments

State and local governments work with the FDA and other
federal agencies to implement food safety standards for� sh,
seafood, milk, and other foods produced within state borders
by the following:

l Inspecting restaurants, grocery stores, and other retail foo
establishments, as well as dairy farms and milk-processin
plants, grain mills, and food manufacturing plants within
local jurisdictions.

l Impounding (stopping the sale of) unsafe food products
made or distributed within state borders.
U.S. Department of Commerce: National Oceanic
and Atmospheric Administration

Through its fee-for-service Seafood Inspection Program, th
National Oceanic and Atmospheric Administration inspects
and certi� es � shing vessels, seafood-processing plants, an
retail facilities for federal sanitation standards.

l Seafood Inspection Program, 1315 East–West Highway,
Silver Spring, MD 20910, USA. Tel.:þ 1 800 422 2750.
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U.S. Department of Agriculture: Food Safety and Inspectio
Service

The USDA’s Food Safety and Inspection Service enforces foo
safety laws governing domestic and imported meat and poultry
products by the following:

l Inspecting food animals for diseases before and afte
slaughter.

l Inspecting meat and poultry slaughter and processing plants
l Monitoring and inspecting processed egg products with the

USDA’s Agricultural Marketing Service.
l Collecting and analyzing samples of food products for

microbial and chemical contaminants and infectious and
toxic agents.

l Establishing production standards for use of food additives
and other ingredients in preparing and packaging meat and
poultry products, plant sanitation, thermal processing, and
other processes.

l Making sure all foreign meat and poultry-processing plants
exporting to the United States meet U.S. standards.

l Seeking voluntary recalls by meat and poultry processors o
unsafe products.

l Sponsoring research on meat and poultry safety.
l Educating industry and consumers on safe food-handling

practices.
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Centers for Disease Control and Prevention

The Centers for Disease Control and Prevention (CDC
supports the work of the other U.S. agencies involved in food
hygiene by the following:

l Investigating with local, state, and other federal of�cials
sources of foodborne disease outbreaks.

l Maintaining a nationwide system of foodborne disease
surveillance.

l Designing and putting in place rapid electronic systems for
reporting foodborne infections.

l Working with other federal and state agencies to monitor
rates of, and trends in, foodborne disease outbreaks.

l Developing state-of-the-art techniques for rapid identi� ca-
tion of foodborne pathogens at state and local levels.

l Developing and advocating public health policies to
prevent foodborne diseases.

l Conducting research to help prevent foodborne illness.
l Training local and state food safety personnel.
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The Food Safety Initiative

One of the Food Safety Initiatives major programs got under
way in May 1998 when the Department of Health and Human
Services (which includes the FDA), the USDA, and the Environ
mental Protection Agency (EPA) signed a memorandum of
understanding to create a Food Outbreak Response Coordinatin
Group (FORC-G). The new group will achieve the following:

l Increase coordination and communication among federal,
state, and local food safety agencies.

l Guide ef� cient use of resources and expertise during a
outbreak.

l Prepare for new and emerging threats to the U.S. food supply
In addition to federal of� cials, members of FORC-G include
the Association of Food and Drug Of� cials, National Associa-
tion of City and County Health Of � cials, Association of State
and Territorial Public Health Laboratory Directors, Council of
State and Territorial Epidemiologists, and National Association
of State Departments of Agriculture.

Although not strictly regulatory in nature, a powerful sup-
porting capability is to be able to identify and pinpoint the
source of outbreaks and incidents, especially those that cros
state and other boundaries. A national computer network is
being established to help identify outbreaks of foodborne dis-
eases and help to issue alerts more quickly. The network, calle
PulseNet, will link public health laboratories and state health
departments with investigators at the CDC, the FDA, and the
USDA. Using DNA � ngerprinting to identify and match such
foodborne pathogens as theEscherichia colibacteria, it is intended
to provide alerts via the Internet in as little as 48 h. Although not
strictly regulatory in nature, a powerful supporting capability is to
be able to identify and pinpoint the source of outbreaks and
incidents, especially those that cross state and other boundaries.
national (US) computer network was established to help identify
outbreaks of foodborne diseases and help issue alerts mor
quickly. The network, called PulseNet, links public health labo-
ratories and state health departments with investigators at the
CDC, the FDA, and the USDA. Using DNA� ngerprinting to
identify and match such foodborne pathogens as the Escherichia
coli bacteria, it isprovides real-timealertsvia the Internet.By2013
PulseNet had been implemented in Canada, Latin America and
Caribbean, Europe, Africa, Middle East, and Asia Paci� c. By 2013,
PulseNet has been implemented internationally in countries/
regions such as Canada, Latin America and Caribbean, Europ
Africa, Middle East, and Asia Paci� c.
Supporting Standards

3-A, International NSF, and the American National Standards
Institute (ANSI) produce standards and guidelines relevant to
food process hygiene (Table 5).

The EPA and USDA currently are seeking comments on
Draft Uni � ed National Strategy for Animal Feeding Operations.
Australia and New Zealand

Existing food hygiene regulations are contained within state
and territory legislation, such as Food Acts and associated foo
hygiene regulations. The Australia New Zealand Food Authority
(ANZFA) was formed in 1991 as a result of a treaty signed
between the two countries to develop joint food standards. At
this stage, however, food hygiene lies outside this treaty.

The Authority has developed national food safety standards
for Australia and New Zealand - theAustralia New Zealand
Food Standards Code. Enforcement and interpretation of the
Code is the responsibility of state and territory departments
and food agencies within Australia and New Zealand. The code
also covers the composition of some foods e.g. dairy, meat, and
beverages, as well as standards developed by new technologi
such as genetically modi� ed foods. It is also responsible for
labelling both packaged and unpackaged food, including
speci�c mandatory warnings or advisory labels.
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The national review of food regulation currently under way
in Australia is seeking assistance through industry association
from a range of businesses interested in determining how much
it costs them to comply. Hard data are being sought to asses
how costly excessive and inef� cient regulation is to the food
industry, to consumers, and to government.

The aim of the review is to reduce the regulatory burden on
the food sector and improve the clarity, certainty, and ef� ciency
of the food regulatory system, while protecting public health
and safety.

Food safety programs are currently voluntary in New
Zealand, but if a food business chooses to develop a food
safety program, it can be exempt from the current New
Zealand food hygiene regulations.

The meat-processing sector has been in the vanguard
HACCP. As early as 1989 the federal inspection syste
introduced a voluntary system called Production Quality
Arrangements (PQA). This covered sanitation, slaughte
� oor, boning room and offal room, and small goods/
canneries. Also in 1989 an Approved Quality Arrangemen
(AQA) was introduced for cold stores and transport of meat.
Each system included HACCP. These systems allowe
processors to take responsibility for many of the inspection
duties traditionally undertaken by AQIS inspectors. At the
end of 1994 the uptake was about 40%. In 1994 the Meat
Safety Quality Assurance (MSQA) system was introduce
gradually to replace the PQA system. It incorporated most o
the ISO 9000 elements and used HACCP as the basis fo
process control. A second edition of MSQA, undated
recently was published. This edition updates the previous
MSQA and replaces the AQA system and may be used for a
red and white meat operations, game meat, and rabbits
MSQA is expected to be fully implemented in all export
establishments by early 1999. About 50% of products from
export plants enter the domestic market.

In early 1997, the various state, territory, and common-
wealth agencies adopted a set of common Australian standard
for processing meat under ARMCANZ, whereas previously eac
had its own standard. Domestic processors use these standar
while AQIS retained its equivalent Export Meat Orders. Thes
standards are based on ISO 9000 and incorporate HACCP
Company staffs, with regulatory or external third-party audit-
ing, now control most domestic production.

In 1999 the state of Victoria moved quickly in implement-
ing the proposed food safety reforms and began requiring high-
risk food businesses to have food safety programs in place.
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Canada

The Canadian Food Inspection Authority carries out enforce
ment of the Canadian Food and Drugs Act regarding food
processing. Its inspectors have wide powers and may enter foo
preparation premises or conveyances and examine anythin
that the inspector believes on reasonable grounds is used o
capable of being used for manufacture, preparation, preserva
tion, packaging transport, or storage of food products. They
may open and examine any receptacle or package that th
inspector believes on reasonable grounds contains any articl
to which this Act or the regulations apply and also examine and
make copies of, or extracts from, any relevant books, docu
ments, or other records.

They also have powers to impound materials and articles.

Scandinavia

Although Sweden and Finland are covered above as part of th
European Union, the Scandinavian group of Norway, Sweden
and Finland are covered here speci� cally because of their
distinctive and important approach to regulating the problem
of Salmonellaat source in the animal and human food chains.
It is vital for companies wishing to export animal or human
feed to these countries to be aware of the compulsory controls
that are involved, if they are not to incur a risk of substantial
losses.

In many countries, the endemic presence of pathogens suc
as Salmonellaand Campylobacterin domesticated animals and
birds is accepted as inevitable. By adopting an approac
combining unequivocal regulatory, educational, organiza-
tional, and compensation measures, including compulsory
intervention, it has been demonstrated that even in an area
surrounded by countries whereSalmonellais endemic, it has
been possible to bringSalmonellato its knees. This important
approach may well spread to other jurisdictions, especially the
European Union, where the Scandinavian members have bee
� ghting to be allowed to maintain their system and further to
persuade the rest of Europe to do likewise.

In Sweden,Salmonellacontrol was introduced for the � rst
time in 1961, following a serious epidemic of Salmonella
typhimuriumin humans in 1953, where some 90 people died
and approximately 9000 were taken ill. The source was
discovered to be contaminated meat and meat products
from a slaughterhouse. This forced new legislation to be
introduced.

Since 1961 noti� cation of all kinds of Salmonellaisolated in
animals or animal feeding stuffs has been compulsory in
Sweden. Continuous surveillance and control programs were
initiated and animals from infected herds were banned from
sale. Food from which anySalmonellabacteria have been iso-
lated is by law considered un� t for human consumption.
Detection of Salmonellaalways triggers a number of compul-
sory measures regulated in the Swedish legislation, with the
intent to trace and eliminate the infection and its sources.
Norway and Finland have similar laws and systems.

Today, much less than 1% of all animals and animal
products for human consumption are contaminated with
Salmonella. Detection in cutting plants and retail outlets is rare,
in contrast to most other countries in Europe and in the United
States, where it is not at all uncommon to � nd that, for
instance, raw chicken, beef, pork, and eggs hostSalmonella
bacteria.

Infection in Humans

In the case of Sweden, theSalmonellaControl Program in farm
animals is the responsibility of the Swedish Board of Agricul-
ture (SBA) and the National Food Administration (NFA), and if
Salmonellais detected in animals or foodstuffs, it must be
noti � ed. Specially appointed veterinarians are responsible fo
the of� cial inspection and sampling.
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In Sweden, Norway, and Finland, human infections account
for only 0.04% of the population per year, of which approxi-
mately 85% acquired the disease while traveling abroad. In
other European countries the situation is reversed.
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SalmonellaControl in Sweden

The aim of the program is to obtain animal products for
human consumption free from Salmonella. The methods used
to reach this aim are as follows:

1. To monitor and control the feed and water used in all types
of holdings where animals are kept to prevent and exclude
Salmonellacontamination of all parts of the food-producing
chain.

2. To monitor and control the animal breeding stock at all
levels to preventSalmonellafrom being transmitted between
generations in the food production chain.

3. To monitor and control all other parts of the food
production chain from farm to retail outlets at critical
control points at which Salmonellacan be detected and to
preventSalmonellacontamination in every part of the chain.

4. To undertake the necessary action in case of infection. Th
includes sanitation of infected � ocks or herds.

Antibiotics or hormones are not permitted for use as
prophylactic treatment or growth promotion in any farm
animal, regardless of species. Such substances can be used o
for treatment of speci� c diseases, after prescription by a cert
� ed veterinarian, and must be followed by a withdrawal period
according to legislation, during which meat, milk, and eggs are
considered un� t for human consumption. In a survey carried
out in 1997, no illegal substances were found, out of the 20 000
meat samples from cattle, swine, sheep, and horses that we
analyzed from every slaughterhouse in Sweden.
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Pigs and Cattle

The aim of the control is to monitor the animal population to
identify Salmonella-infected herds to minimize the spread of
infection and to eliminate Salmonellafrom infected herds. The
program is of� cially supervised and consists of two parts:

1. Monitoring the situation by of � cial sampling in slaughter-
houses and cutting plants; the number of samples is decided
by the number of animals slaughtered.

2. Testing on the farms in health programs monitored by the
Swedish Animal Health Services, or when there is clinica
suspicion of Salmonellain sick animals.

If Salmonellais detected on a farm, the herd is put under
of� cial restrictions, which include speci� c hygienic measures in
the herd, prohibition on moving animals to and from the farm,
and prohibition on visiting the herd. Chronically infected
animals are eliminated from the herd, and such slaughter may
take place only after special permission and according to
special rules. An of�cial investigation to � nd the source of the
infection is performed.

During 1997, close to 30 000 samples were collected and
analyzed in slaughterhouses and cutting plants. In slaughter
houses, a total of only threeSalmonella-positive lymph nodes
from cattle and � ve from pigs were found, and none was found
in cutting plants. That is a frequency of 0.08% for the country as
a whole. In the cutting plants, surface swabs from the carcasse
are analyzed to detect whether the plant has been contami
nated by Salmonella. Only two positive results, from pigs, were
found in 1997.
Poultry

As practiced in Scandinavia, the� ve basics ofSalmonella-free
production are as follows:

1. The day-old chick has to beSalmonellafree.
2. Feed and water must beSalmonellafree.
3. The environment has to be, and must remain,Salmonella

free.
4. The entire production chain has to be checked regularly.
5. Immediate action has to be taken whereverSalmonellais

detected, regardless of serotype.

There are two control programs for birds while living on
the farms, a voluntary and a mandatory one, with identical
testing schemes. Both include production birds, such as
broilers, layer hens, and turkeys, as well as breeder birds an
egg production. The voluntary program started in the 1970s,
while the compulsory program was started about 10 years later
Participation in the voluntary system is only possible if the
higher levels of the production chain for that farm (parent and
grandparent � ocks) are also members. Farms not participating
in the voluntary scheme are covered by the mandatory scheme
Participation is obligatory if producers are to deliver poultry to
the slaughterhouse or eggs to the packing center.

The farms participating in the voluntary program bene�t
from higher compensation in the case of an outbreak (up to
70% in the voluntary program vs. up to 50% in the mandatory
program). In 1998, about 96% of the broiler farms
(accounting for 98.5% of the produced poultry meat) and
close to 25% of the layer farms were members. All breede
� ocks are members, except for a few small ones. The hig
frequency of participation can be explained by the fact that
the government no longer pays the costs associated with a
outbreak of Salmonellain broiler � ocks, and the insurance
companies demand participation to compensate the farmers
The industry also makes demands on its members through the
organization Svensk Fågel.

Sampling of the slaughter and cutting plants for poultry is
a substantial element of the program. The number and
frequency of the sampling depend on the size of the plant. In
broiler farms, sampling is organized in combination with an
inspection on the farm 2 weeks before slaughter. The birds ar
not admitted to normal slaughter procedures unless proven
negative for Salmonella, to avoid contamination of the plant,
but are destroyed ifSalmonellais detected. Since 1998, this also
is compulsory for ostrich.

If Salmonellais found, the infected � ock, broilers, and layer
hens alike, as well as turkeys and ostriches, are immediate
destroyed, strict hygienic measures are enforced on the farm
and the source of infection is traced and eliminated. Eggs in
which an invasive (i.e., transmitted within the eggs) serotype of
Salmonellais detected are destroyed. On farms where a nonin
vasiveSalmonellais present, the eggs can be heat treated and the
sold. The layer hens in which a noninvasive Salmonella is found
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can, after special permission from the NFA, be slaughtere
according to a special procedure, instead of being destroyed.

Out of nearly 4000 yearly samples of poultry taken from
slaughterhouses and cutting plants during 1996 and 1997, only
two were positive each year, indicating a detected frequency o
Salmonellaas low as 0.05%.
t
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Feed Companies

Feed companies must apply strict testing forSalmonellaboth on
raw materials and on � nished feedstuffs, as well as a stric
hygiene program, the principles of which have existed for
nearly 50 years. According to legislation, it is compulsory to
heat treat all industrial poultry feed, including the concentrates.
A strict separation between processed feed and unprocess
raw materials is compulsory in the plants. In 1996,Salmonella
was found in only 0.5% and in 1997 in 0.6% of the 6000
analyses performed in the process control. This control system
for animal feed is the strictest in Europe and probably in the
world.
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Does This Pay?

A cost-bene� t analysis was made in 1994 by the National
Veterinary Institute, the Swedish Board of Agriculture, and the
National Bacteriological Laboratory. It compared the annual
costs arising from human salmonellosis and the annual cost of
control measures to prevent or minimize the extent ofSalmo-
nella infection in domestic and imported animals (poultry,
cattle, and swine) and in animal products.

The analysis concluded that, should the control cease, th
� nancial cost alone of treating human salmonellosis case
would exceed the cost of the prevention program. Total annua
costs, at 1992 prices, were estimated at between 112 and 11
million SEK with a control program in effect, whereas the costs
would be between 117 and 265 million SEK without such
a program.

Costs for investigating outbreaks and control by local and
regional authorities were not estimated. If these and other
losses for pain and suffering, loss of leisure time, and produc
tivity losses in factories and establishments due toSalmonella
outbreaks were included, the estimated bene� ts would increase
considerably.

This information was provided by Dr Eva Örtenberg, DVM,
Veterinary Inspector, National Food Administration, Uppsala,
Sweden.
Japan

The Environmental Health Bureau of the Ministry of Health
and Welfare is responsible for food hygiene. For import foods,
Guidelines on Hygiene Control of Import Processed Foods
was published in 2008 based on food safety law, food sanita-
tion law, and Special Measures Law Concerning the Preventio
of Poisonous Substances from Contaminating Food in Distri-
bution. For more information, see http://www.mhlw.go.jp/
topics/yunyu/dl/guideline080715.pdf .
China

A Food Safety Committee at the State Council is responsible fo
the Food Safety Law of the People’s Republic of China. The
Committee was launched in 2005 and is supported by the
following agencies:

l Ministry of Health of the People’s Republic of China
l General Administration of Quality Supervision, Inspection,

and Quarantine of the People’s Republic of China
l State Food and Drug Administration
l Ministry of Agriculture of the People’s Republic of China
l State Administration for Industry and Commerce of the

People’s Republic of China

Local governments at and above the county level should
take responsibility and coordination roles in regulating food
safety.

See also:Good Manufacturing Practice;Hazard Appraisal
(HACCP):The Overall Concept;Hazard Analysis and Critical
Control Point (HACCP):Critical Control Points;Hazard
Appraisal (HACCP):Involvement of Regulatory Bodies;Hazard
Appraisal (HACCP):Establishment of Performance Criteria;
National Legislation, Guidelines, and Standards Governin
Microbiology:Canada;National Legislation, Guidelines, and
Standards Governing Microbiology:European Union;National
Legislation, Guidelines, and Standards Governing
Microbiology:Japan; Microbial Risk Analysis.
Further Reading

Lelieveld, H.L.M., 2003. Hygiene in Food Processing. Woodhead Pub
Scallan, E., et al., 2011. Foodborne illness acquired in the United S– major

pathogens. Emerging Infectious Diseases 17, 7–15.
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Clean-in-Place

A satisfactory standard of hygiene is a statutory requirement in
food and pharmaceutical processing. Cleanliness is an essenti
component of process hygiene. Modern food and pharma-
ceutical-processing plants are cleaned-in-place (CIPd), that i
the equipment is not dismantled during internal cleaning.
Clean-in-place (CIP) practices originated in the dairy industry
in response to a need for frequent, rapid, and consisten
cleaning. During CIP, various� ushing, cleaning, and sanitizing
� uids are brought into contact with the wetted parts of the
plant. Cleaning may be done on a once-through basis, or
some of the cleaning agents may be recirculated to reduc
consumption of water, chemicals, and energy. Cleaning is
achieved by physical action of high-velocity� ow, jet sprays,
agitation, and chemical action of cleaning agents enhanced b
heat. Although mechanical forces are necessary to remove gro
soil and to ensure adequate penetration of cleaning solutions
to all areas, most of the cleaning action is provided by
chemicals– surfactants, acids, alkalis, and sanitizers.

A CIP system consists of the piping for distribution and
return of cleaning agents, tanks and reservoirs for cleanin
solutions, heat exchangers, spray heads,� ow management
devices (supply and return pumps, valves, sensors and gage
recording devices), a programmable control unit, and other
items. Although a CIP system requires a signi� cant initial
capital investment, CIP is economical relative to manual
cleaning in most large-scale processes. CIP greatly reduces lab
demand. CIP methods often consume less water and chemica
relative to manual cleaning, especially if the cleaning solutions
are recycled. A properly designed, validated, and operated CI
system ensures consistent and reproducible cleaning. Becau
little or no equipment is dismantled, the downtime is reduced
and more time is available for productive use of machinery.
Consistent cleaning eliminates product contamination and
associated rejection of batches. As another important consid
eration, the CIP technology enhances safety by eliminating o
minimizing operator contact with hazardous cleaning agents,
bioactive products, and potentially pathogenic biohazard
agents. Other unsafe situations are avoided because work
entry into equipment is not required. The main advantages of
CIP are summarized inTable 1.

Although initially developed for cleaning liquid food –
processing plants, CIP methods are now widely used to clea
Table 1 Advantages of cleaning-in-place

1 Rapid and consistent cleaning
2 Reduced product contamination because of reproducible cleaning
3 Reduced labor demand
4 Reduced consumption of water and cleaning agents
5 Reduced downtime as equipment does not need to be dismantled

cleaning
6 Enhanced worker safety because of a reduced need for handling o

chemicals and opening of potentially contaminated equipment

190 Encyclopedia of Food
all types of food and pharmaceutical process equipment and
facilities. Machines for processing solids, for example, those
used in solid-state fermentation, can be effectively CIPd
Similarly, spray dryers, centrifuges, evaporators, chromatog
raphy columns, and membrane� ltration modules can be CIPd;
however, CIP is possible only if the process equipment has
been designed speci�cally to be CIP capable. The speci� c design
requirements are discussed later in this chapter.
t
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,

The Cleaning Problem

Various kinds of machinery are employed in food and phar-
maceutical processing. A plant may have a variety of tanks
fermenters or bioreactors, pumps, valves, centrifuges, homog
enizers, heat exchangers, evaporators, spray dryers, and pa
aging machines, as well as other devices. A vessel may ha
internals, such as agitators, ports for sensors, shafts an
mechanical seals, mechanical foam breakers, baf� es, and gas
spargers, all of which have an impact on cleanability. Irre-
spective of the type of equipment, all plant components for
food and pharmaceutical processing should be CIP capable
Equipment design should ensure that all surfaces that in any
way contact the product, including vapor, foam, and sprayed or
splashed material, receive cleaning solutions during CIP. Fo
example, a submerged culture fermenter may need to b
supplied with CIP solutions at multiple points to ensure proper
cleaning. In addition to being sprayed in the vessel, the CIP
solutions may have to be sequenced through the submerged
aeration pipe, the air exhaust lines that may be contaminated
with � ne culture droplets and foam, the mechanical foam
breaker, and the various supply lines for the medium, inoc-
ulum, antifoam agents, and pH control chemicals, as well as
any harvest lines. Cleaning of the sample valve and an
retractable probes will require attention. Similar speci� cs need
to be evaluated during the design of other process items and in
planning a CIP scheme.

Satisfactory cleaning standards are attained by close
matching the CIP devices and procedures to the speci� c
con� guration of the process equipment. In addition, the
physicochemical nature of the cleaning problem needs to be
evaluated in detail. The same type of equipment processing
different foods or pharmaceutical broths will present cleaning
problems of different dif � culty. For example, a cream
pasteurization unit processing a relatively viscous high-fa
material may be more dif� cult to clean than a fruit juice
pasteurizing plant. Similarly, fermenters used to culture yeast
and non-polymer-producing non� lamentous bacteria may be
easier to clean than a bioreactor used to culture� lamentous
fungi, e.g., Aspergillus nigerfor making citric acid. Such
considerations will affect the cleaning regimens as well as the
choice of the speci�c cleaning agents. In one case, a 1 min
prerinse may be suf� cient to remove gross soil; in another case
a 5 min prerinse may leave behind a lot of adhering debris, thus

for
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affecting the cleaning time, temperature, and strength o
cleaning agents needed for subsequent cleaning steps.
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Figure 1 Preferred arrangement of any dead legs in pipework.
CIP System Design Guidelines

General Aspects

Design and construction of a CIP system demand the sam
level of attention to hygienic practice as does engineering of the
process equipment. Sanitary and sterile engineering standard
vary somewhat among industries. Minimally, the process and
CIP hardware should comply with the 3-A Sanitary Standards
promulgated in the United States and now widely followed.
The following speci� cations conform to the best current prac-
tices including the 3-A Sanitation Standards and the Good
Manufacturing Practice (GMP) regulations established by the
U.S. Food and Drug Administration (FDA) and accepted in
similar forms in Europe, Japan, and Canada. Acceptabl
hygienic practices relevant to CIP capability require the
following:

1. Product contact surfaces should be durable, nonporous
nonabsorbent, and nontoxic. The surface should be non-
shedding, and nothing should leach into the product.
Suitable materials of construction include stainless steel
Types 304 and 316, certain types of glass, and certain ela
tomers for gaskets.

2. Because the surface� nish affects cleanability, product
contact surfaces should be smooth and free of cervices an
pits. Generally, a 150 grit polished surface is the minimum
acceptable for food contact surfaces, but signi�cantly better
� nishes commonly are used in sterile bioprocess
equipment.

3. Product and solution piping and equipment should have
CIP � ttings with smooth surfaces and contours. Welded
joints should be used as much as possible. Welds should b
smooth and free from pits, cracks, inclusions, and other
defects. Welds should be ground� ush with the internal
surface.

4. Removable� ttings should be hygienic. The joint and gasket
should be � ush with the internal surface.

5. Lines should be relatively horizontal and sloped to drain
points. Vessels and equipment should be similarly self-
draining. Vessel drain nozzles should be� ush with the
internal surface, and drains should be located at the lowes
point. The base of a tank should be contoured to ensure
complete emptying.

6. The minimum acceptable CIP� ow velocity through pipes
and � ttings is � 1.5 m s� 1 (5 ft s� 1).

7. The temperature of the CIP� uids should be controlled to
within �2.8 � C (�5 � F) and the return � ow temperature
should be recorded.

8. Product and CIP lines joints require high-quality welding,
as noted later in this chapter.

9. The speci� c CIP methodology should be validated for
satisfactory performance.

The speci�c methods to comply with these various guide-
lines will be discussed later in this chapter.

Typically, stainless steel Type 304 construction of CIP
system components is satisfactory, although the equipmen
used directly in food and pharmaceutical processing generally
is made of the higher grade Type 316L steel, which resis
corrosion better. Process vessels, such as bioreactors, intend
for sterile operation require an easy-to-clean smooth surfac
� nish: An electropolished surface with an arithmetic mean
roughness (Ra) value of less than 0.3mm is preferred. In
contrast, the components of the CIP system, tanks, pipes
valves, and so forth that do not come into contact with the
product may have a lower level of� nish at Raof 0.4–0.5 mm,
without electropolish. This level of � nish allows a level of
cleanability equivalent to that accepted in hygienically
designed dairy product contact surfaces and is quite satisfactor
for the CIP system. Further lowering of the surface� nish is not
recommended because the CIP system must be adequately se
cleaning; however, according to 3-A practices, a 150 grit� nish,
equivalent to an Raof about 0.8 mm, is the minimum accepted
for food contact surfaces.

To ensure removal of gross soil and avoid its sedimentation
the minimum � ow velocity through the CIP and transfer piping
should be 1.5 m s� 1, but a higher value of 2.0 m s� 1 is recom-
mended, especially in lines with obstructions. In addition, the
Reynolds number of the � ow must be well into the turbulent
regime to ensure good radial mixing, heat transfer (uniform
heating), mass transfer (of cleaning chemicals and soil), and
momentum (scouring action of eddies) transfer. A minimum
Reynolds number of 10 000 has been suggested, but a highe
value of at least 30 000 is preferred. The Reynolds number fo
a volume � ow rate Q (m 3 s� 1) through a circular pipe of
diameter dp (m) equals

4Qr L

pmLdp

where r L (kg m� 3) and mL (Pa s) are the density and the
viscosity of the � uid, respectively. For cleanability, whenever
possible, the CIP piping should be free of dead spaces an
pockets; if unavoidable, the depth of the dead zone must be
less than two pipe diameters. When a dead leg occurs, it shoul
not point vertically upward or downward where air may be
entrapped or solids may settle. Any dead legs should face th
oncoming � ow (Figure 1). The minimum radius of pipe bends
should equal or exceed the outside pipe diameter. The
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Figure 3 Self-drainage angle of diaphragm valves.
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pipework should be adequately supported to prevent sagging
and consequent accumulation of stagnant pools. The lines and
ducts should have a minimum slope of 1 cm per linear meter to
drain points, but much higher inclinations are preferred.

Any corners and curves in tanks, vessels, bins, and oth
items should be rounded with a minimum radius of 2.5 cm.
Flat-bottomed tanks should have a minimum slope of 1-in-45
from the back to the outlet nozzle; the side-to-center slope
should be 1-in-24 minimum to ensure suf� ciently rapid
drainage that washes out any suspended solids. Vessels shou
be designed to withstand full vacuum, or suitably sized air
vents should be provided to prevent tank collapse (e.g., while
emptying rapidly during various CIP stages). Butt-welded
construction is preferred (Figure 2). The welds should be
ground � ush with the internal surface and polished in the same
way as the vessel. Welds are dif� cult to notice in high-quality
construction. Lap welds contoured to ensure satisfactory
drainage are acceptable in some cases (Figure 2). Pipe welds
should be of a similarly high quality. Product and CIP pipe
welds require a shielded tungsten arc welding method or
a technique capable of producing equally high-quality welds.

A CIP system and process machinery must use various kind
of valves for � ow management. Only sanitary valves should be
used in sterile process systems. Sanitary valve designs inclu
valves with a metal bellows-sealed stem, diaphragm valves, an
pinch valves. The operating mechanisms of these valves a
fully isolated from the process stream. All other types of valves
even those commonly accepted in food-processing plants, carr
a signi� cant risk of contaminating the process with accumu-
lated debris or becoming a source of infection. Accumulation
of debris at gaskets and valve spindles has been clearly doc
mented for ball valves, butter� y valves, and gate and globe
valves, which are dif� cult to clean using CIP methods. Except in
vertical pipes, installation of a diaphragm valve requires
attention to its self-drainage angle. The angle varies with valv
size and manufacturer. In most cases, drainage through th
pipe will not be impeded if the valve stem inclination from the
horizontal ( Figure 3) is 15� or less. All valves and� ttings
should have a self-cleaning design. Only sanitary-type� ow
measurement devices (e.g., vortex and magnetic� ow meters),
and mass� ow meters relying on an oscillating � ow-through
tubular loop, are acceptable.
Inside of 
vessel

(a)

(b)

Inside of 
vessel

Figure 2 (a) Butt and (b) lap welds.
Design of the CIP system should consider cleanability of the
system and attention must be given to drainage, elimination
of crevices and stagnant areas, minimization of internals
arrangement of valves and pumps, piping welds, sanitary
couplings, instrumentation, and instrument ports. Spray
devices are used in the CIP solution recirculation tanks to clean
the tank at the same time as the process machinery. The CI
system must have splash-resistant exterior with a clean desig
that is easily washable by hosing or wiping. Smooth external
contours (Figure 4) and an absence of extensive ledges hel
ensure an easily cleanable exterior. Placement of the equipmen
should not interfere with thorough and easy cleaning of the
area. In large facilities, the CIP equipment is installed in
dedicated areas.

Depending on the process, the size of the vessels and othe
process machines may range widely in a given plant. Thus, th
volume requirements of cleaning solutions may vary tremen-
dously, imposing dif � cult demands on the design of the CIP
system. Preferably, the� ow variation for cleaning different
process circuits should be kept small: Sizing the CIP� ow
control valves, chemical dosage pumps, heat exchangers, an
other items becomes dif� cult if the � ow variation exceeds 50%.
A CIP system is designed to satisfy the� ow requirements of the
largest piece of equipment. The supply pump is sized for the
pressure drop in the longest� ow circuit. If a discharge � ow
control valve is used to control the supply rate of the CIP� uids,
Figure 4 A hygienically designed centrifugal pump with smooth
contours and polished surfaces. Courtesy of APV Limited.
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Figure 5 Spray devices: (a) spray ball CIP� uid distribution to upper parts of tank only, (b) directed spray pattern from a spray ball, and (c) dynamic
spray jets.
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the supply pump needs to be sized for 1.2–1.3 times the head
loss of the longest CIP circuit. The CIP solution tanks are size
to accommodate the volume needs of the largest� ow circuit.
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CIP Spray Devices

Tanks and other spaces are cleaned by spraying CIP solution
Either static or dynamic spray devices (Figure 5) are used to
ensure that the CIP solutions reach all of the parts of the unit
being cleaned. Static spray heads– usually spray balls, but also
drilled tubes and bubbles – have no moving parts and are
considered self-cleaning sanitary devices. Dynamic se
cleaning and sanitary spray balls are also available. Dynami
spray nozzles, driven by liquid � ow or mechanical means, are
not self-cleaning or sanitary, and hence, they are little used in
hygienic applications.

Spray balls are designed to suit speci� c vessel volume and
con� guration. The balls are self-draining. Frequently, the balls
are drilled to provide a directional spray pattern so that dif� -
cult-to-clean areas receive more spray (Figure 5). Because of
this directional � ow, a removable spray ball needs to be
installed correctly to ensure effective cleaning. Permanentl
installed spray devices are common in sanitary but non sterile
process equipment. Permanent installation is not recom-
mended in fermenters and bioreactors because of potentia
dif � culties with sterilization. Instead, a spray device should be
mounted in a dedicated port on top of the fermenter just before
cleaning. The CIP inlet pipe connecting to the spray ball and
the region directly above the spray ball also need to be cleaned
Typically, these areas are cleaned by an upward discharge
CIP � uids from engineered clearances between the spray ba
sleeve and the inlet pipe (Figure 6).
g

o

Tank wall

Spray ball

CIP flow

CIP flow
discharge

Figure 6 Upward discharge of CIP� uids from designed clearances for
cleaning the spray ball supply pipe and the tank wall directly above th
spray ball.
Spray balls typically require a� ow of 4–12 l min � 1 m� 2 of
the internal surface in horizontal or rectangular tanks and in
vessels with baf� es, agitators, and other projections. Similar CIP
� ow rates are used for spray dryers, cyclones, ductwork, an
other machinery. The balls are operated at 20–25 psig
(1.4–1.7 bar gage). Pressures greater than 30 psig (2.1 bar gag
are not wanted because they lead to the generation of a� ne
spray that is ineffective in cleaning. The CIP� uids should irri-
gate all parts of the vessel without leaving dead spots. Multiple
spray balls are sometimes needed to ensure full coverage of th
internal surface. Generally, the spray heads are positioned nea
the top of the tank, as close as possible to its vertical central axis
In vertical cylindrical tanks without internals, the recommended
spray ball � ow rate is 0.52–0.62 l s� 1 m� 1 (2.5–3.0 gpm per
linear foot) of the tank circumference. Often, the balls are
designed to spray the upper third of the tank and the remaining
surface is irrigated by the falling liquid � lm. The CIP solution
� ow should be suf� cient to ensure a Reynolds number of at
least 2000 in the irrigating� uid � lm. The Reynolds (Re) number
is calculated as follows:

Re ¼
r Ludf

mL

which, for a tank with circular cross-section, approximates to
the following:

r LQ
pmLdT

:

Here df is the � lm thickness, dT is the tank diameter, u is the
liquid velocity in the falling � lm, and Q is the volume � ow rate
reaching the tank wall. Typical spray ball� ow rates for hori-
zontal cylindrical tanks are noted in Table 2.

High-pressure dynamic spray heads rely on the scourin
action of the jet for cleaning. Because the jet continuously
moves in three dimensions, the entire vessel wall is not irri-
gated at a given instance and, therefore, the� ow rates can be
lower, for example, 19–38 l min � 1 (5–10 gpm). Movement of
the jet is essential to the effective functioning of the dynamic
cleaning heads; hence, motion detectors may be needed t
demonstrate satisfactory operation throughout the cleaning
e

Table 2 Typical spray ball� ow rates for horizontal cylindrical tanks

Tank volume (m3) Flow rate (l min� 1)

4.5 212
9.0 300

13.5 325



s,

to

t

194 PROCESS HYGIENEj Modern Systems of Plant Cleaning
cycle. Also, a constant� uid supply pressure is essential to
proper functioning. Jet spray cleaning requires higher pressure
typically 30–40 psig (2.1–2.8 bar gage). Some industrial
cleaning processes use extremely high pressure jet blasting
remove hardened material, but this type of cleaning is
uncommon in food and biopharmaceutical processing.
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CIP Chemicals

CIP relies substantially on the action of chemicals on soil;
hence, proper selection of cleaning agents is essential. Carb
hydrate and protein-based soil is removed by alkalis. Fats and
oils are insoluble in water and may protect other underlying
soil. Fats are melted by heat and effectively solubilized by
alkalis. Polyphosphates emulsify fats and oils, thus, increasing
the rate of alkaline digestion. Mineral deposits are produced
when hardwater with or without alkali is heated. Similarly,
calcium-containing deposits form when heating milk and
spinach (calcium oxalate). Such deposits resist alkalis but ar
dissolved by acids.

Alkaline cleaners are especially useful as they digest mo
organics. Sodium hydroxide is a commonly used alkaline
cleaner. Typically, a 0.15–0.5% (wt/wt) sodium hydroxide
solution at 75–80 � C (15–30 min) is used, but heat exchange
surfaces with burnt-on protein deposits require treatment with
1–5% sodium hydroxide. Because sodium hydroxide is
corrosive and dif� cult to rinse, silicates and wetting agents are
added to inhibit corrosion and improve rinsing. Alkali may be
supplemented with sodium hypochlorite (30 –100 ppm) to
signi� cantly enhance protein and fat removal capability. The
damage to stainless steel normally associated with chlorine
is insigni� cant in alkaline environment at the noted
hypochlorite concentrations; however, at alkaline pH, chlorine
does not act as a biocide. The amount of various additives, fo
example, sodium metasilicate corrosion inhibitor, sodium
tripolyphosphate sequestering or softening agent, wetting
agents, and others, needed for a given volume of water i
determined by the hardness of the water used in cleaning
High-quality soft water (e.g., reverse osmosis water) is used i
many biopharmaceutical cleaning operations, but the potable-
quality water used to clean food-processing plants may be
much harder. Generally, it is less expensive to use io
exchanger–softened water than to add large amounts of
softening chemicals.

An acid wash generally follows an alkaline wash in food-
processing facilities. Acid neutralizes any alkaline residue an
removes mineral deposits, such as hardwater stone, milk stone
beer stone, and calcium oxalate. Acid cleaners contain abou
0.5% (wt/wt) acid. Formulations may have phosphoric acid;
however, because mineral acids are extremely corrosive to ste
the use of organic acid (e.g., lactic, gluconic, and glycolic
cleaners is preferred. Routine acid washes of biopharmaceutic
process equipment are not necessary if deionized water is use
in production and cleaning, and the peculiarities of production
(e.g., media high in Ca2þ and Mg2þ ) do not contribute to the
build up of acid-soluble deposits. An occasional acid wash–
every 6 months – with 5 min recirculation of 0.5% (w/v)
nitric acid at 60 � C is suf� cient. Nitric acid should not be used
for routine cleaning.
Any wetting agents (surfactants) used in alkaline and acid
CIP washes should be a nonfoaming type, or an antifoam agen
may have to be included in the formulation. Typically,
a cleaning formulation has w 0.15% wetting agent. Depending
on compatibilities, anionic, cationic, or nonionic wetting
agents may be used. Nonionic agents (e.g., ethylene oxide–fatty
acid condensates) are especially useful because they are po
foamers.

A sanitizing wash commonly follows acid treatment in
food-processing facilities. A solution of QAS usually at
�200 ppm is sometimes used. QATs are cationic wetting
agents that have good bactericidal properties especiall
against Gram-positive microorganisms. QATs are less effectiv
against Gram-negative microbes, such asEscherechia coliand
Salmonellasp. QATs are incompatible with many minerals and
soils; hence, they are used in the� nal treatment stages when
all of the soil has been removed. QATs tend to foam. Other
useful disinfecting agents include biguanides and peraceti
acid. Peracetic acid should not be used in water containing
excessive chloride, or corrosion could be promoted in stain-
less steel equipment. A sanitizing wash is essential in food
processing, especially when equipment lines employ les
sanitary devices, such as butter� y and ball valves, or other
machines not intended for extended sterile processing.

These guidelines for the selection of CIP chemicals ar
intended to provide only a general picture. Because the nature
of soil varies tremendously, selection of suitable cleaning
media requires consideration of relevant chemistry, microbi-
ology, compatibility and safety issues, and cost. The commonly
used CIP chemicals and their functions are summarized in
Table 3.
Typical Cleaning Sequence

A typical cleaning sequence for food-processing plants consis
of several steps: a water prerinse to remove gross soil; a h
alkaline detergent recirculation step to digest and dissolve awa
the remaining soil; a water wash to remove residual alkali; acid
recirculation; a water rinse; a sanitizer recirculation; and a� nal
water rinse. A 5 or 6 min prerinse or� ush is usually suf� cient
for bacterial, yeast, and animal cell–culture reactors; often
a 2 min prerinse is satisfactory. Usually, the prerinse is a
ambient supply temperature or at less than 45� C. Prerinsing
should be on a once-through basis without recirculation. This
ensures that the gross soil does not recirculate through the CI
system, thus reducing potential contamination. In bio-
pharmaceutical plant, the prerinse liquid should be allowed to
drain fully. In food-processing facilities, the time-saving prac-
tice of chasing the prerinse with subsequent wash solutions is
common during CIP of certain equipment. For bioreactors for
parenteral products and other biopharmaceuticals, potable-
quality deionized water is recommended for all prerinsing and
detergent formulations. Reuse of water from the intermediate
rinses and the � nal rinse of the previous CIP cycle as the
prerinse of the next CIP event should be avoided if cross
contamination is an issue.

Following prerinse, an alkaline cleaner is circulated through
the equipment so that all product contact surfaces are expose
to this solution. Alkali is often reused for several cleaning
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Table 3 Commonly used cleaning agents and their functions

Cleaning agent Composition Function

Alkaline cleaners Mainly sodium hydroxide or potassium hydroxide with wetting
agents (surfactants), emulsi� ers, and corrosion inhibitors
(e.g., sodium metasilicate). May contain phosphates to
reduce water hardness. May contain chlorine to enhance
ef� cacy in soil digestion.

Provide the main cleaning action on organic materials; digest
proteins, fats, and other organic compounds

Acidic cleaners Mainly phosphoric acid or nitric acid. May contain organic
acids, e.g., sulfamic acid, acetic acid, and citric acid. May
contain surfactants and chelating agents.

Neutralize residual alkaline cleaners; remove mineral scale;
remove rust

Enzymes Proteases, lipases, and carbohydrases. Usually heat stable
enzymes capable of functioning in an alkaline environment
are used.

Digest proteins, fats, and carbohydrates; used in special
applications for which strong alkaline cleaners are
unacceptable

Sanitizers Ozone; chlorine dioxide; hydrogen peroxide; quaternary
ammonium salts.

Kill residual microorganisms

Others Various. Wetting agents (surfactants); water softeners; corrosion
inhibitors
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cycles; however, reuse for the next cleaning is not recom
mended when cleaning machinery for injectable products.
Dilution, contamination with soil and microbial spores that
can survive for long periods, and loss of the quality de� nition
of the starting material for the next cleaning are some of the
arguments against reuse of cleaning chemicals.

The alkali recirculation is followed by a short clean-water
� ush (e.g., 0.5 min) before the acid recirculation step. If acid
recirculation is not used, a longer rinse with potable water or
reverse osmosis water (25–35 � C) is needed to remove all
alkali. When acid washes are used routinely, a 5–10 min
recirculation at ambient temperature is the norm. In bio-
pharmaceutical processes for injectables, a hot water-fo
injection (WFI) � nal wash ensures that all residual wate
complies with the requisite quality speci� cations. In food-
processing facilities, a sanitization wash follows the acid
treatment with or without an intervening clean-water � ush.
With some sanitizers, a� nal water � ush may not be necessary
as long as all sanitizing solution is removed from the process
circuit. A hot-air purge sometimes follows the� nal liquid rinse
to aid emptying and drying. An air purge may be used before
the � rst water � ush to remove all product liquid completely
and to reduce the soil load.

Various equipment may have additional speci� c consider-
ations for CIP. For example, for bioreactors, the sample valv
may have to be manually or automatically repositioned during
the various CIP steps to ensure cleaning. Similarly, sensors su
as pH and dissolved oxygen probes may have to be manually o
automatically retracted during processing. The cleaning
program should ensure – usually by a standard operating
procedure– that such sensors are in the correct position in the
fermenter during cleaning.
in

e

System ConÞguration and Layout

Two main types of CIP systems are available: single-use units
which all cleaning solutions are used once and discarded, and
solution recovery and reuse units that use cleaning media and
rinse liquid more than once. The latter types of systems may
recover the recirculated alkali that is stored for the next cleaning
event. Similarly, the� nal rinse water is recovered and stored fo
use as a prerinse or� ush in the next cleaning event. If only the
alkali is reused, the main supply tank may be suf� cient for
storage. Recovery and storage of rinse water may requi
increased storage capacity and a larger� oor area for the CIP
system. Consequently, the initial installation expense of reuse
systems is greater than for single-use units, but the operatin
costs are lower. Recovery and reuse systems are the norm
large facilities, particularly in food-processing plants. Reuse o
cleaning agents is feasible when soil loads are low and cleanin
events are frequent (e.g., once a day). The quality of th
cleaning agent is less well de� ned in multiple-use systems than
in single-use systems. Single-use systems are preferred wh
cross-contamination is a concern.

A single CIP system usually services all the process equi
ment in a facility. The CIP � ows are directed to selected
equipment or group of equipment by making appropriate pipe
connections at one or more transfer� ow plates (Figure 7). The
� ow plates provide centralized locations for all of the transfer
piping inlets and outlets of the various process machinery in
a given area of the plant. Usually one or two transfer plate
locations are suf� cient, but a complex facility may need severa
locations. A transfer system with two� ow plates for a plant
with three process vessels is shown inFigure 7.

During cleaning, or transfers between vessels, the inlets an
outlets on a transfer plate must be connected by removable
pipe sections that provide positive assurance against accident
mixing of the contents of various process vessels, or a vessel a
the CIP � uids. In practice, � ow plates are so con� gured that
different, noninterchangeable, pipe sections are needed t
connect speci� c inlets and outlets, thus eliminating the possi-
bility of erroneous connection. Either a standard operating
procedure or a computer display usually instructs the operator
to make the necessary connections on the� ow plate. The 3-A
sanitary practices require elimination of the possibility of
accidental intermixing of the CIP� ow with the in-process food.
This is best achieved by physically disconnecting the CIP
system from the process by removing the pipe sections at th
� ow plates. Other than a few manual connections, the CIP
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Figure 7 Arrangement of a train of vessels through the transfer� ow plates for CIP and other transfer operations.
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system uses pneumatically operated automatic valves. The fe
manual connections (e.g., those at the� ow plates) are made
using easy-to-install sanitary couplings.

The simple � ow plate scheme shown inFigure 7 allows for
transfers between various process vessels (e.g., connection o
and B on the � ow plate allows transfer of vessel 1 to vessel 2
and provides a means of circulating the CIP� uids through any
of the tanks. Thus, during the cleaning of vessel 2 (Figure 7),
the CIP supply point 4 is connected to the transfer inlet B, and
the outlet of the vessel (point 2) is connected to the CIP return
line at point C. The spray ball CIP supply point 5 on the second
� ow plate is connected to the spray ball of the tank (nozzle G
on � ow plate 2).

A typical CIP system is shown inFigure 8. For acid or alkali
recirculation, concentrated solutions are metered (pumps P1
and P2 in Figure 8) into deionized water-� lled alkali –acid
tanks. The contents of the tank are mixed by recirculation to the
tank through the CIP supply pump (P3), whereas the CIP
supply valves (1 and 2) are closed. A heat exchanger (E1) hea
the solutions to the desired temperature. The solutions now
� ow through the exchanger, strainer (S1), and sight glass (SG
to the � ow plates for distribution to the spray devices and other
areas of the process equipment and piping. The strainer may b
a self-cleaning type that discharges accumulated debris to drai
whenever the pressure drop across the device exceeds a pre
value. Dry running of the supply pump is prevented by the no-
� ow sensor (FS). The CIP return line (and often the supply
lines) has a sample point (valve 3), and the return pump, too,
has no-� ow protection (FS). A sight glass is provided on the
CIP return line. The return� ow goes into one of the CIP tanks
or to a drain. The temperature of the return� ow is monitored
and recorded (TIR). The steam supply to the heat exchanger
controlled by the return � ow temperature signal during the
recirculation of an alkaline detergent. During� nal water wash,
the conductivity sensor (CS) is used to monitor the return� ow,
which is sent to a drain until a pre set low-conductivity value
has been reached, indicating complete removal of acid or alkal
from the system. Sensors can be provided to monitor the
strength of the cleaning solutions. Sometimes, the cleaning and
sanitizing agents are dosed in-line.

The system shown inFigure 8 relies on a return pump to
move the CIP � uids from the equipment back to the CIP
tanks. Sometimes, the return pump is aided by an eductor
An eductor generates suction in the return line, thus ensuring
that the return pump never air-locks. Whereas an educto
alone may be suf�cient in CIP units with wide-bore and
short-run return pipes, a return pump is usually necessary. To
generate vacuum, an eductor requires a motive� uid. A small
motive pump is used to circulate one of the CIP solutions–
usually the same one as the returning solution– from the
source tank, through the eductor, and back to the source
tank. Thus, the motive � uid is different at different stages of
CIP. An eductor-assisted return is shown schematically in
Figure 9.
t

Automation

Manual operation of CIP systems is feasible only for rela-
tively simple and smaller facilities. CIP of large or complex
processing plants invariably requires automation and
microprocessor-based control. Usually, programmable logic
controllers (PLCs) are used to control the CIP operations
Different areas of a large facility may be in various stages o
processing while other areas are being cleaned. Thus, sele
tion of cleaning routes and operation of valves must elimi-
nate any possibility of contaminating process streams with
cleaning agents.
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Figure 8 A typical multitank CIP system with pumped return. RO, reverse osmosis; HLS, high-level sensor; LLS, low-level sensor; see text for other
symbols.
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Typically, the PLC will be preprogrammed with several
different cleaning programs, one for each cleaning schem
required in a facility. A cleaning program will specify the
cleaning routes, the sequencing of cleaning chemicals, the� ow
rates, the temperature, and the strength of the cleaning agent
The duration of each cleaning step will be programmed, and
the reservoirs of the cleaning chemicals will be monitored to
ensure that suf� cient material is available. Upon completion of
cleaning, complete removal of cleaning chemicals from proces
equipment will be monitored. The status of the many valves
needed to direct the � ow of chemicals will be continuously
monitored using positive feedback loops. In addition to using
dedicated valves, pumps, and other devices, a CIP system mu
make use of process valves, pumps, agitators, and other item
during cleaning. Thus, control of a complex CIP operation
must be closely integrated with control of the process
machinery. In the event of a failure, a well-designed system
CIP tank

CIP
return

Eductor

Motive
pump

Return
pump

Figure 9 Schematic representation of educator-assisted return of CI
solutions. The return pump may not be necessary.
shuts down in a safe state with the cleaning agents remaining
con� ned to speci�ed parts of the plant.

The automated cleaning sequence will stop for any step
that may require operator intervention; the sequence will
recommence when the operator has acknowledged the exec
tion of the manual step. For certain critical events, the
controller will use sensor signals to verify the correct execution
of the manual operation before proceeding with the CIP
sequence. For example, installation of the correct pipe pieces a
� ow plates is detected using proximity switches.

Although the internal CIP program may be quite complex,
the operator interface is kept simple. Simpli� ed process� ow
diagrams or synoptic panels provide instant visual indication
of the status of the CIP operations. Light signals indicate the
status of each relevant valve, pump, and agitator. The operato
interface consists of a simple water-resistant key pad an
display. Back-lit push buttons are commonly used to initiate
the different cleaning programs.
d

to

s
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Validation of Cleaning Operations

Validation of a CIP system is essential to ensure consistent an
acceptable cleanliness. Validation is a demonstration, to
a reasonable degree of assurance, that cleaning according
a speci�ed standard operating procedure actually will attain the
required level of cleanliness, including removal of cleaning
agents, in a reproducible manner. Cleanliness is regarded a
having physical, chemical, and microbiological characteristics
A physically clean equipment is visually free of soil and
deposits that may be felt or smelt. Freedom from unwanted
chemicals, including residues of cleaning and sanitizing agents
implies a chemically clean state. A microbiologically clean
P
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surface is free of unwanted and spoilage agents. In practice, a
acceptable level of cleanliness may be taken as one that woul
eliminate such contamination as would alter the safety, iden-
tity, strength, quality, or purity of the product.

Cleaning is in� uenced by time, temperature, degree o
turbulence, type and strength of cleaning agents, and type o
soil and its load. Other in� uencing factors include equipment
con� guration, the quality of the water used in rinsing, and
formulation of the cleaning solutions. These aspects all should
be considered during validation.

Validation can begin after the prevalidation steps –
installation quali � cation, performance quali� cation, and opera-
tional quali � cation – have been successfully accomplished an
suitable standard operating procedures have been develope
Validation should be carried out according to an internally
reviewed and approvedvalidationprotocol, specifyingobjectives
exact methods for achieving those objectives, and acceptance
rejection criteria. All validation and prevalidation must be clearly
documented with piping and instrumentation diagrams, equip-
ment checklists, calibration records, and performance test results

Suitably placed sampling points for the CIP� ows, sensors
(e.g., conductivity sensor), and sight glasses need to be designe
into the CIP process for ease of validation. In addition, manual
overrides on supply and return pumps and positive feedback
switches to indicate valve positions are useful in validating.

Validation must document the correct sequencing of the
various valves and pumps. Speci� ed temperatures and� ow
rates should be attained for the speci� ed times. The prerinse,
alkali circulation, and other steps must take place in correc
order. Checks are needed on identity, strength, and purity o
the cleaning chemicals and on the quality of water. Any CIP
control hardware and software also need to be validated using
methods previously described for other computer-based
control systems.

After CIP, the equipment should be visibly clean with no
sign of adhering soil. Filling of a bioreactor vessel with clean
water and intense agitation (or aeration in pneumatic reactors)
for a few minutes should not release suspended solids into
water. Residue from the CIP chemicals can be monitored
by such methods as � uorometry, conductimetry, and
pH measurements. Measurements of total organic carbon
proteins, carbohydrates, or speci� c component such as an
enzyme or an antibody may be an indicator of residual soil.
Validated analytical procedures must be employed in these
measurements. When the residual concentrations in the� nal
wash water are below the level of detection, concentrated
samples may be used to prove the reduction of soil to low
levels. When the cleaned surface is wiped with white tissue o
an appropriate material, it should not discolor the tissue.
Extraction of the swab in solvent and analysis of the extract may
indicate the level of residue on the equipment. The total residue
may be calculated based on the surface area of the entir
equipment and the area originally swabbed. Inspection of the
cleaned surface under a 340–389 nm ultraviolet lamp should
show no � uorescence.

Simulated contaminants such as dyes sometimes are used
validate the CIP process. This approach may not give mean
ingful data because different substances have different rinsin
kinetics. Under identical conditions, dyes such as sodium� u-
oresceinate may take signi� cantly longer to rinse than a more
realistic soil, such as casein. Therefore, as far as possible, t
CIP process should be validated with actual soil. Rinsing
kinetics should be considered when designing and validating
the CIP schemes. Surfactants are generally more dif� cult to
rinse from stainless steel equipment than sodium hydroxide,
nitric acid, and phosphoric acid. Among surfactants, nonionic
ones are relatively easy to rinse, but many of these tend to foam
a lot, which is undesirable in CIP systems. Satisfactory remova
of pyrogens may be a consideration during cleaning of equip-
ment that produces injectables. Pyrogen removal issues ar
especially important for chromatography columns, membrane
� ltration modules, and reverse-osmosis water systems that ar
operated in a nonsterile but bioburden-controlled manner.

Equipment normally is cleaned soon after use. If immediate
cleaning is not possible, the validation exercise should
demonstrate that satisfactory cleaning is achieved after th
maximum allowable standing time of the soiled equipment.
Also, if cleaned equipment is not immediately used for pro-
cessing, validation should show that a satisfactorily clean state
is maintained until next use. Alternatively, a second complete
CIP sequence or at least a sanitization wash may be require
just before use.

Some of these validation practices are admittedly more
rigorous than ones employed in the food industry, but scien-
ti � cally based and thorough validation methods are well
established in biopharmaceutical processing.
CIP in the Biopharmaceutical Industry

Cleaning demands and the acceptable practices in CIP o
certain biopharmaceutical-processing facilities can be quite
different from those encountered in hygienic processing of
food and dairy products. Cross-contamination between prod-
ucts needs to be rigorously prevented. Similarly, any level o
contamination with cleaning agents is unacceptable. The
quality of the cleaning agents may have to be controlled to
signi� cantly higher levels than in food processing. Sanitization
washes, for example, with solutions of QATs are not needed fo
bioprocess equipment that is used sterile. The quality of the
� nal rinse water needs to be especially high. The validation
requirements can be more severe.

See also:Good Manufacturing Practice; Designing for Hygie
Operation;Process Hygiene:Types of Sterilant;Process
Hygiene:Overall Approach to Hygienic Processing;Process
Hygiene:Risk and Control of Airborne Contamination;
Process Hygiene:Disinfectant Testing;Process Hygiene:
Involvement of Regulatory and Advisory Bodies;Process
Hygiene:Hygiene in the Catering Industry.
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Introduction

It is important to ensure that food products remain safe and
wholesome throughout their shelf life. Thus, unacceptable
contamination with harmful microorganisms, including
airborne microorganisms during production and storage
must be prevented. Where a product is pasteurized or steri
ized after packaging, this is relatively easy, as such treatme
will take care of all relevant microorganisms. The success o
in-line preservation treatments, such as high-temperature
short-time pasteurization, ultra-high temperature steriliza-
tion, and pulsed-electric � eld treatment, depends on the
successful prevention of recontamination of the treated
product before packaging. This requires the use of asept
process lines, sterile buffer tanks, and internally sterile
packing material downstream from the preservation treat-
ment. In such cases, it is essential that, where the product o
the packing material is exposed to the air, the microbial
quality of the air is well under control.

Where products are exposed to the environment during
preparation and not subjected to a decontamination treatment,
depending on the shelf-life conditions, control of the quality of
the environmental air can be equally important.

If air (or other gases, such as nitrogen and carbon dioxide) is
used as an ingredient for food products, such as whipped cream
and ice cream, they must comply with microbiological product
speci�cations.

This article will deal with the occurrence of microorganisms
in the air, how they may contaminate food products, as well as
methods of preventing such contamination by removal or
inactivation. As it will enable one to calculate the risk of
contamination by airborne microorganisms, methods of
determining the concentration of microorganisms in the air
also are discussed.
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Presence, Transport, and Sedimentation
of Microorganisms

Air carries many microorganisms. Concentrations of 100–
10 000 microorganisms per cubic meter are normal. The
concentration differs according to season and location. In
agricultural areas during harvesting, the concentration of spore
of bacteria and molds in the outside air can be extremely high–
close to a billion per cubic meter. In food factories, spaces
between ceilings and so-called false ceilings as well as spac
between the ceiling and the roof must be carefully sealed off, a
birds, rats, and other pests may� nd this an attractive habitat.
Unless access is denied, highly contaminated dust will accu
mulate here. Draughts carry such dust to the food-handling and
-processing areas. In contrast, in winter after snowfall, the
concentration of microorganisms in the outside air may be very
low. In enclosed spaces, the concentration usually varies les
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between several hundred and a thousand per cubic meter. Mos
microorganisms are harmless; they do not cause illness bu
break down organic matter. If that organic matter is food,
however, they cause spoilage. Some microorganisms can cau
illness. They may be infectious, that is, able to cause illness in
relatively low numbers (between just a few and 100 000) or,
when growing in the product, produce toxins that cause illness.
Therefore, depending on the food produced or processed
control of airborne microorganisms may be necessary.

Ducts, in particular those for air conditioning, may collect
water and allow the growth of microorganisms, which subse-
quently are carried by the � ow of air to the ventilated or
conditioned areas. It is important therefore to ensure that air
ducts are fully self-draining or that other measures are taken to
prevent the accumulation of condensate.

Depending on type and origin, microorganisms may
occur in a variety of states. As a result of their way of growth
conidia (mold spores of Penicillium and Aspergillusspecies)
often will occur on their own, while bacterial spores are
often clustered and surrounded by debris. Many microor-
ganisms are associated with dust particles. Microorganism
also may be included in crystals of salt or sugar. In we
environments, microorganisms may be present in tiny
droplets in aerosols. This will be the case, for instance, in the
neighborhood of sewage plants, whereSalmonellaspecies
may be abundant. Rainfall will create aerosols as a result o
relatively large drops affecting contaminated solid surfaces
Similarly, contaminated aerosols will be created by the use of
water in a factory. Water splashing in areas where th
product is exposed is unacceptable, even if its purpose is t
� ush away spilled food material. Contaminated aerosols also
originate from refrigeration systems with automatic
defrosters. Sometimes, the water collected in trays under
neath chilling units supports selectively the growth of path-
ogenic microorganisms, such as Listeria monocytogene,
because at low temperatures,L. monocytogenessuccessfully
competes with other nonpathogenic bacteria. Such trays
therefore should have a drain and be cleaned and disinfected
at regular intervals. Air contamination also happens as
a result of sneezing, coughing, and talking if people are
suffering from an infectious disease. Fortunately, most
vegetative bacteria die rapidly (in seconds) in dry air. Some
for example, species of micrococci may survive long enough
to cause infection and disease. Spores survive in dry air an
most airborne microorganisms consist of bacterial or fungal
spores. How a microorganism exists has an important
in � uence on its survival as well as on the effectiveness o
inactivation treatments. Soil and crystals may retard inacti-
vation and make some inactivation treatments completely
ineffective. The appearance also in� uences the sedimentation
rate of microorganisms, which is important as the sedimen-
tation rate determines the rate of microbial recontamination
of products during the time of exposure.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00276-7
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Compressed Air

Compressed air can be contaminated and polluted by the
ambient air used, which may carry many microorganisms,
water and particles. Contamination also can be caused by th
compressor, which may be oil lubricated, and by the storage
and distribution lines.
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Clean Compressed Air

A proper treatment of the ambient air, hygienic design, and
correct layout of the storage and distribution piping is
essential.

An ef� cient inlet air � lter should be used before the
compressor. The air exiting the compressor should be cooled b
heat exchangers, especially after coolers in which water th
condenses is drained off. Then a coarse� lter using elements of
sintered plastic, bronze, or stainless steel must be installed t
remove particles up to 25mm and drain some of the oil and
water residues. Residual oil aerosols are then� ltered out by
coalescence. Drying of the air is important to prevent microbial
growth and corrosion. Drying can be done by refrigeration
dryers or desiccant dryers. These treatments in combinatio
with air-purity tests, twice yearly, alongside documented
preventative maintenance can be expected to delive
compressed air of good microbiological quality.
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Compressed Air in the Food Production

The International Standard for compressed air quality
(ISO8573.1: 2001) introduces a simple system of classi� cation
for the three main contaminants present in any compressed ai
system – solid particles, water, and oil . Oil-lubricated
compressors must use food-grade lubricants.

Compressed air used to convey food products or as a food
ingredient must comply with the microbiological product
speci�cations. This air must meet ISO8573.1 Quality Class
2.x.1. (seeTable 1 below). This means solid particles class
2 100 000 of 01–05 mm, 1000 of 05–1.0 mm, and 10 of 1.0–5.0
mm, waterx¼pressure dew point, which must be at least 20� C
below the ambient temperature of the area where compresso
and air piping are located and oil class 1, maximum
0.01 mg m� 3.

If required, air can additionally be sterilized by � ltration
(max. 0.45 mm pore size).

Note that � lters only trap microorganisms but do not kill
them. Therefore, steam is required to sterilize the� lters.
Table 1 ISO8573.1: 2001 (E)

Quality class

Solid particles (maximum number of particles3)

0.1–0.5m 0.5–1.0m 1.0–5.0m

1 100 1 0
2 100 000 1 000 10
3 – 10 000 500
4 – – 1 000
5 – – 20 000
6 – – –
QuantiÞcation of Contamination with Airborne
Microorganisms

By exposing Petri dishes with a suitable agar medium to air for
a known time, the sedimentation rate (sr) of airborne micro-
organisms can be determined. If at the same time the concen
tration ( c) of microorganisms in the air is measured (as will be
explained), it is easy to calculate the settling velocity (v¼sr/c).
In the absence of vertical air currents,v is usually of the order of
3 � 10� 3 m s� 1. Using these data, and assuming that the
density of microorganisms and dust particles is approximately
1000 kg m� 3, it can be calculated using Stoke’s law that the
aerodynamic diameter of airborne microorganisms is effec-
tively of the order of 9 mm.

As the diameter of spores of molds and bacteria is in the
range of 0.3–1.0 mm, it may be assumed that the large
apparent diameter is the result of clustering and association o
the microorganisms with dust particles.

If v is measured in m s� 1 and c in m � 3, sr¼v� c will be in
s� 1 m� 2. With a known exposed product surface area
a measured in m2 and a known exposure timet measured in s,
the rate of infection of a product surface will be:

R [ sr3 a3 s or R [ v3 c3 a3 s

(again in the absence of vertical air currents). For example
a sterilized product is poured into containers with an opening
with a surface area of 3.5� 10� 3 m2 (35 cm2). The time of
exposure is 2 s. The concentration of microorganisms in the ai
(measured) is 800 m� 3. The contamination rate will then be
R¼0.0168. In other words, on average, infection will take
place approximately once per 60 containers.

If there are vertical air currents, as used in some laminar air
� ow systems, the sedimentation rate will be increased dramati
cally. The velocity of air in a laminar� ow usually is 0.3 m s� 1, 100
times as high as the settling velocity. If laminar air� ow is used to
reduce the risk of contamination, the� ow should be horizontal so
that the sedimentation rate is not changed and hence the rate o
infection during exposure remains low.
Methods to Determine the Concentration
of Microorganisms in Air

Microorganisms can travel through the air in three ways:
adhering to a dust particle, adhering to a droplet, or as a single
particle. Microorganisms in the air can be effectively quanti� ed
by the count of colony forming units (cfu). The cfu count
measures the number of live microorganisms that can
per m
Water Pressure dew point� C
(ppm vol.) at 7 bar g

Oil (including vapor)
mg m� 3

� 70 (0.3) 0.01
� 40 (16) 0.1
� 20 (128) 1.0
þ 3 (940) 5
þ 7 (1240) –
þ10 (1500) –
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contaminate the food product and that may be able to grow in
the product. There are in principle two methods of counting cfu
in the air: by passive (settle plates) and active air sampling.

The � rst and simplest method makes use of the sedimen
tation of particles, and for this purpose Petri dishes with a solid
growth medium can be used: these are exposed to the air fo
a � xed time. After incubation, the colonies can be counted and
the number of microorganisms is expressed as cfu per time an
surface area. This method is not an accurate estimate of th
amount of microorganisms in the air. Particle shape and size
and air current patterns will in� uence the settling time of the
microorganisms to be collected.

The second method collects a known volume of air from the
environment, which is directed to a solid growth medium,
passed through a volume of physiological saline or passed
through a � lter. The solid medium can be incubated directly,
the saline needs to be spread over a solid medium and the� lter
needs to be placed on a suitable solid growth medium. After
incubation of the growth medium, the colonies are counted
and expressed as cfu m� 3.

There are many different types of active air samplers, such a
impingers, slit and sieve type impactors,� ltration samplers,
and centrifugal samplers.

Following are advantages of active methods:

l The number of microorganisms can be expressed pe
volume of air sampled and can be calculated to cfu m� 3

l Method is less dependent on the particle size
l Sampling can be done rapidly
l Impactor and � ltration type samplers can be used for the

bacterial count in compressed air

There are also electrostatic and thermal precipitation
samplers, but these are not widely used, as they are dif� cult to
handle, and for this reason are not further discussed in this
chapter.

Active samplers are available in several models, which ar
described in the following sections.
t

Figure 2 Andersen perforated disc sampler.
Slit Sampler

The air to be examined is directed via a narrow slit to the surface
of a solid growth medium (agar) in an open Petri dish
(Figure 1). To get an even distribution of microorganisms over
the surface of the agar, the dish is rotated. Commercial sli
samplers typically collect particles of 0.5mm and above.
d
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h
t
Andersen Perforated Disc Sampler

Impact is obtained by directing the air via small holes to the agar
surface (Figure 2). As this type of sampler can easily be extende
by placing more units on top of each other, it is possible to
discriminate in particle size as the diameter of the holes in the
disc per stage can be varied. In this way, it is possible to tra
particles in a size range from 0.5 to 10mm or larger.

Impinger

The impinger makes use of a liquid medium in which the
particles are to be trapped (Figure 3). A tube with a narrow
opening is placed just over the liquid surface to which the air
stream is directed. Any particle from the air will be blown into
this liquid, which can afterward be examined by standard
microbiological methods. As particles may contain more than
one microorganism, this method will give higher counts if
those particles disintegrate in the process. In contrast, the hig
shear forces to which the microorganisms are subjected migh
inactivate them.
Filtration

Microorganisms can be captured with a membrane� lter
through which the air is sucked, as shown inFigure 4. After
sampling, the � lter can be put directly in a Petri dish with agar
and incubated. The� lter can be soaked in saline solution and
examined using standard microbiological methods. As not all
particles will be released from the disc, liquid-soluble gelatin
� lters can be applied. Filtration of air is not always useful as
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vegetative cells may become dehydrated and die durin
sampling; the low � ow is suitable only for very small volumes.
s

.
,

le

y

Centrifugation

A fan can be used to direct the air to an agar strip that collect
the microorganisms (Figure 5). After sampling, the agar strip is
removed and incubated, where after colonies can be counted
As no high velocities can be generated with this type of sampler
smaller particles are not trapped.
Reduction of Airborne Microbial Contamination

Air can be contaminated with microorganisms and may
contain up to 10 000 cfu m� 3. Without proper treatment, the
air may contaminate food products. Air that is intended to
come in contact with sterile product or used to maintain
a positive pressure in aseptic tanks and equipment must be
sterile. The air to be treated must be of good quality; thus,
removal of moisture, oil, and particles is essential. Treatments
such as inactivation or removal of microorganisms present in
the air can then be applied.

Several methods may be used to reduce the number o
microorganisms in the air. These include physical treatments
and chemical agents or a combination of both. One of the most
used methods of producing sterile air with higher assurance o
sterility is � ltration. Filtration is the removal of particles,
including microorganisms, from the air. Other physical
methods for removing air contamination are centrifugal
(multicyclone), rotary � ow collector, Venturi scrubber, and
electrostatic precipitator.

Once the number of microorganisms in the air is reduced or
the air is sterile, recontamination should be prevented. The
equipment should then be hygienically designed and easy to
clean and to disinfect. Keeping the sterile area above atmo
spheric pressure will prevent recontamination.

Reducing the viable count in air can be achieved by severa
methods: physical, chemical, or a combination of both. Phys-
ical means such as moist heat, dry heat (including incinera-
tion), ultraviolet (UV) radiation, and ionizing radiation can
inactivate microorganisms in air. Not all methods are equally
reliable or effective, and differences in resistance betwee
microorganisms must be taken into account. If spores must be
inactivated, higher temperatures are required than for vegeta
tive microorganisms. From the physical processes in practice
only dry heat (including incineration) and UV are used for
sterilization of air.
Inactivation by Heat

Dry heat (hot air or superheated steam) at a temperature o
160 � C or higher, including incineration at higher tempera-
tures, can be used to sterilize air. At lower temperatures, dr
heat is much less effective than moist heat (saturated steam
which is applied at 121 � C or higher. Incineration is an old
method of destroying waste. Incineration has many desirable
features; it destroys the structure and appearance of the waste
reduces volume; it permits energy in the waste to be recovere
as heat; and the heat can destroy all microorganisms in the air
In the twenty-� rst century, incineration is used to treat a variety
of air pollution –control problems related to contamination in
process exhaust gases. This includes the removal of volati
organic components, hydrocarbons, toxic chemicals, and
microbiological contaminants such as viruses and microor-
ganisms. Air can be sterilized within less than a second b
heating to a temperature of 350� C. Incinerators are probably
more reliable than � lters, provided that their design guarantees
that all air is heated to the required temperature for the
required time. Therefore an incinerator must be equipped with
a reliable temperature and � ow control system. Thermal
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incineration with regenerative heat recovery does not require
much energy because of the low heat capacity of air. The energ
required for incineration is derived from the preheat that is
recovered in the regeneration section and from the heat from
fuel or electricity in the combustion zone. Regenerative hea
recovery ef� ciency can be up to 95%. For most applications, the
method is more expensive than� ltration.
re
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0.01 0.1 1 10 100 1000

Particle size (µm, log scale)

Figure 6 Particle size removal by various treatment methods.
Inactivation by Ultraviolet Light

UV radiation can be used to kill microorganisms in air. UV
radiation has a wavelength range between about 210 and
328 nm, with maximal bactericidal activity near the wavelength
260 nm of peak absorption of DNA. Bacterial spores are
generally more resistant to UV light than vegetative cells. UV
light systems are now available for treating air� ow entering
a sterile area. Air disinfection systems are� tted into ductwork,
and microorganisms present are deactivated as they a
exposed to the UV source. UV can also be used to disinfect a
for pressurizing tanks or pipelines. A disadvantage of UV is tha
it is not effective if microorganisms are protected by particles or
embedded in dust, due to shade effects.
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Inactivation Using Chemical Agents

Air in enclosed spaces can be decontaminated by fogging
a technique whereby a solution of antimicrobial chemicals is
dispersed in the air. The aerosol consists of droplets typically
between 5 and 50mm diameter. These droplets may� oat
around for some time before settling on horizontal or adhering
to vertical surfaces. Often fans are used to improve the distri
bution of the aerosols. When the water evaporates, dry residue
of the chemicals may be left on the surface. Where chemicall
contaminated surfaces may– intentionally or unintentionally –
come into contact with the food, the chemicals chosen should
not be toxic. Corrosivity should be considered in choosing
a suitable chemical. The antimicrobial chemical agents may be
several types, such as aldehydes, hypochlorite, and hydroge
peroxide.
ss

Airflow
Toxicity of Chemicals

The use of chemicals in concentrations toxic to microorganisms
may be toxic to humans, which must be taken into consider-
ation. Chemical vapors may be a hazard to the food product
and may pose a danger to personal health, in particular with
respect to the respiratory organs. The maximum allowed
concentration in the air and in the environment should be
speci�ed and monitored.
-

Impaction Interception Diffusion Electrostatic
attraction

Figure 7 Mechanisms by which airborne microorganisms may be
trapped in� brous depth� lters.
Removal of Particles from Air

Removal is a physical treatment method to reduce contami-
nants, including microorganisms from air. The physical
methods of removing air contamination are � ltration, cyclone,
rotary � ow collector, wet-scrubber, and electrostatic precipi
tator. Filtration is a reliable method of producing sterile air.
Figure 6 shows an outline of the particle size removal range for
various physical treatment methods. Apart from� ltration, the
other techniques mostly are used as industrial dust collectors to
clean exhaust gases.
Filtration

Air � ltration has the greatest practical potential of all the
separation methods. Air sterilization is the physical removal of
microorganisms from the air by � lters of appropriate retention
ef� ciency. Depth � lters are made of cellulose, glass wool, or
glass� ber mixtures with resin or acrylic binders. The mecha-
nism of � ltration in depth � lters can be interception, sedi-
mentation, impaction, diffusion, and electrostatic attraction
(Figure 7).

Depth � lters are believed to achieve air sterilization becaus
of the twisted passage through which the air passes, ensurin
that any microorganisms present in the air are trapped not
only on the � lter surface, but also within the interior. Mem-
brane � lters consists of thin (10–100 mm) � lms of polymers,
such as polycarbonate polytetra� uoroethylene. Membrane
� lters prevent microorganisms from passing (straining effect)
because the openings in the� lter material are too small
(average 0.2–0.5 mm). The mechanism for both materials is
shown in Figures 7 and 8.

The quality of air is laid down by the maximum level of
contamination permitted. According to the International
Organization of Standardization (ISO) FS209f, four classes are
recognized: Class 100, Class 1000, Class 10 000, and Cla
100 000. The maximum numbers of particles 0.5mm or larger
per cubic foot (liter) are, respectively, 100 (3.5), 1000 (35),
10 000 (350), and 100 000 (3500). Figure 9 shows the class



d

e

y
e

s,

,

.
s

e

l
o
ce
e
e

t

d
o

.
ir

,
t

10 000

1000

100

10

1

0.1

0.01

100 000

10 000

1000

100

10

1

0.1
0.01 0.1 0.2 0.5 5 10

Particle size (µm)

P
ar

tic
le

s 
pe

r 
lit

re

P
ar

tic
le

s 
pe

r 
cu

bi
c 

fo
ot

C
lass 100

000

C
lass 10

000C
lass 1000

C
lass 100C

lass 10

C
lass 1

Note : The class limit particle concentrations shown in Figure 9 are
          based on ISO FS209f and defined for class purposes only.

They do not necessarily represent the size distribution to be
          found in any particular situation.

Figure 9 Classes for the quality of air. Class limits in particles per cub
foot of size equal to or greater than particle sizes shown.

Airflow

Depth filter Membrane filter

Figure 8 Mechanism of retention for depth and membrane� lters.
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limits in particles per cubic foot of size equal to or greater than
particle size shown. Classes 10 and 1 are under discussion an
not yet widely applied. Class 100 is most commonly used for
aseptic applications, and hence in sterile areas.

The� brous sheet� lters have a low resistance to air� ow and
a large surface area. Such a� lter is required to provide air with
an extremely low microbiological load to aseptic areas. High-
ef� ciency particulate air (HEPA) � lters meet those require-
ments and are able to remove particles of 0.3mm or larger and
may even remove particles much smaller than this. They hav
ef� ciencies of 99.97–99.997% retention for particles of 0.3mm
or larger. This type of� lter is mostly used in laminar air� ow
(LAF) systems, such as LAF rooms and cabinets.

Multicyclones

Cyclone collectors are one of the simplest dust collectors. The
do not have moving parts and are easy to maintain. Particles ar
separated by centrifugal force. There are two types of cyclone
the axial inlet � ow cyclone and the tangential inlet cyclone. In
the axial � ow cyclone, the air is rotated by guide vanes and
in the tangential type of cyclone the air rotates by� owing from
the tangentially connected inlet pipe. Both types can be applied
in a multicyclone system to separate particles larger than 1mm.
This type can be used to treat air with a high content of pollen
and spores and industrial exhaust gases containing powders
dust, and � ne particles.

Rotary Flow Collectors

This type of collector can separate particles of 0.5mm or below.
The construction and mechanism are more complex than
ordinary cyclones. Air enters a primary vortex chamber at the
bottom where dust is separated by centrifugal force. Then the
air � ows upward through the exit nozzle as a swirling jet into
the main cylindrical separation chamber. Here rotational
descending pure air� ow increases the magnitude of rotation of
the primary vortex � ow and the effect of the centrifugal sepa-
ration of particles.

Wet Scrubber

The wet scrubber washes particles off with water droplets
The collection mechanisms are approximately the same a
in� ltration – impaction, interception, and diffusion. Four types–
vortex, centrifugal, nozzle, and Venturi scrubbers– can separate
easily and cheaply down to a particle size of about 1mm. The
Venturi type is suitable for separating submicron particles down
to about 0.1 mm, but it is relatively expensive to operate.

Electrostatic Precipitator

The electrostatic precipitator separates particles from air by th
direct current (DC) high-voltage electric � eld. A collecting
electrode is shaped as a cylindrical pipe or a set of paralle
plates connected to earth. A negative voltage is applied t
a discharge electrode where a corona discharge from its surfa
is produced. Negatively charged particles are repelled by th
electric charge to the surface of the collecting electrode. Th
particle separation is effective in the range of 0.1–10 mm.
Electrostatic precipitators are mostly used as industrial dus
separators.

ic
Prevention of Recontamination

Once the air is clean or sterile, recontamination should be
prevented. First, the air distribution system (air lines and
equipment) should be hygienically designed to prevent any
recontamination of the air and growth of microorganisms in
the system. Other areas, such as sterile tunnels, tanks, an
cabinets, should be kept at above atmospheric pressure t
prevent recontamination. Sterile locks and air� ltration units
can be used for microbial free environments. Ultraclean rooms
should be kept at above atmospheric pressure of sterile LAF
Aseptic packing and processing requires the use of sterile a
and LAF cabinets, rooms, and tunnels. The building, rooms
cabinets, tanks, and container (packaging) must then be kept a
above atmospheric pressure.
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Validation, Assurance, and Maintenance of Air Filters

Filters are available in various grades. For sterile� ltration
membrane � lters and HEPA depth � lters are used. Where
membrane � lters are used, the particles are retained by sieving
for depth � lters, they are retained by adsorption and intercep-
tion. Sieve � lters are so-called membrane or absolute� lters;
adsorption � lters are depth � lters and have no de� ned pore
size. When sieving, the pores are smaller than the particles to b
trapped, whereas by adsorption, the particles stick to the� lter
material and are captured within the� ber structure of the� lter.

The ef� ciency of depth � lters is commonly speci�ed
according to the dioctylphthalate (DOP) test (DOP-smoke
penetration and air resistance of� lters, MIL-STD 283). Using this
test, particles with an average diameter of 0.3mm are sucked
through the � lter layer and the ef�ciency is expressed a
a percentage of particles retained. HEPA� lters have an ef�-
ciency of 99.97% and higher. Mechanical shocks or vibrations
cause depth� lters to release particles.

Sterilizing grades of membrane� lters have pores ranging
from 0.1 to 0.8 mm.

To protect HEPA� lters against damage by particles of high
density (with suf� cient kinetic energy to perforate the
membrane) and to increase the stand time, pre� lters are used.
The stand time is in� uenced by the following:

l Concentration of dust in the air
l Humidity of the air
l Air velocity
l Chemicals
l Temperature
l Pressure differences across the element
l Flow rate.

Too high a pressure drop across a� lter element is nor-
mally a criterion for replacement. Pinholes and other small
defects cannot be detected in this way. To check whether th
� lter is still within the manufacturer ’s speci�cations, special
laser counters can be used. These are capable of detect
particles of 0.3mm and above. Membrane� lters, which are
often used to supply sterile air to fermentation processes, ca
be checked by the water intrusion test. In this test the� lter is
completely wetted and a � xed pressure is applied, which
allows air to diffuse through the liquid and which can be
quanti � ed with a � ow meter. This value is a measure o
effective pore size.

To ensure� lter quality, rely on the manufacturer’s quality
control system, which guarantees that a product meets the
speci�ed requirements. Particles normally remain attached to
the � lter. This is not necessarily so with microorganisms. Moist
air allows bacteria to grow on the � lter surface and often
through the � lter. To check whether membrane� lters are able
to retain microorganisms, challenge tests have been develope
during which the � lter is exposed to large amounts of
Brevundimonas diminuta, which is a very small and motile
bacterium. It has been proven that this bacterium can grow
through � lters with pores of 0.3mm within 24 h. This means
that there should be no water in the pores and for this reason
air � lters should be hydrophobic.
Conclusion

Air carries many microorganisms that may make food un� t for
consumption. There are ways to quantify the risk of infection.
There are also several effective ways to reduce the concentrati
of microorganisms in the air. With proper control, airborne
contamination will not be a major food-poisoning concern.
See also:Preservatives:Classi� cation and Properties; Proces
Hygienej Types of Biocides; Process Hygienej Involvement of
Regulatory and Advisory Bodies.
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Introduction

Public awareness in industrial countries of the hazards assoc
ated with foodborne pathogens is at an all-time high. National
and international media coverage of incidents of contaminated
meat, processed foods, and produce causing outbreaks
Escherichia coliO157:H7, Salmonella, Listeria, and Norovirus
among others in recent years illustrates the potential for disas
trous consequences of breakdown of process hygiene. Hygien
measures in food processing involve many elements, including
plant equipment and process design; cleaning protocols; and
personnel training in the adoption and implementation of
sanitary measures of behavior and food handling. Intrinsic to
many of these elements is the use of biocidal chemical agents t
limit the scope and intensity of microbial contamination.

Characteristics of the chemical entities that� nd use in this
context are reviewed elsewhere in this volume, as are the mo
important regulatory authorities and oversight mechanisms
commonly put in place to control biocide use. Registration of
chemical agents and formulations for applications in food-
processing hygiene generally requires the compilation of data
on ef� cacy and safety testing, suf� cient to justify con� dence
that the products match the demands of the proposed use
pattern. Biocides used in food-processing applications fall into
select categories based on features dependent on their chem
istry. The speci�c uses of most concern are in environmenta
sanitation, especially for food-contact surfaces, topical appli
cation to the hands of food-processing and preparation
personnel, and carcass or foodstuff decontamination by direc
application. Types of protocols commonly applied are
reviewed in this chapter, together with an account of their
respective bene� ts and shortcomings. The suitability of these
test systems in the fast-changing world of food preparation
and distribution, emerging microbial food pathogens, and
conceptual shifts in overall understanding of the relevant
microbial ecology is also considered.
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Testing Protocols for Chemical Agents Used
in Environmental Contamination Control

Principles of Ef�cacy Testing

Ef� cacy testing determines the ability of a disinfectant to kill
a target microorganism under speci� c controlled conditions.
The most important use-patterns for biocides in process
hygiene involve the application of chemical formulations to
environmental surfaces. The principal microorganisms targete
are bacteria, and the test systems employed generally requi
controlled exposure of speci� c strains of pathogenic bacteria to
manufacturer-recommended use-dilution preparations of the
agent or formulation under study. Environmental sanitation in
food processing, however, is not focused entirely on the elim-
ination or reduction in numbers of just foodborne pathogens
but also is aimed at the entire bacterial population, including
those that have no disease-causing potential, microbes tha
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
may generate odors, spoil food products, and decrease she
life.

Bacteria are emphasized in the standards becaus
mammalian viruses, although sometimes present in food-
processing environments, cannot proliferate in the absence o
animal host cells, and therefore traditionally have been less o
a concern. This bias is beginning to be undermined by the
realization that such viruses as Hepatitis A and Norovirus can
contaminate food products and processes, often transferre
from food handlers or exposure to contaminated irrigation
water, and can lead to widespread dissemination of pathogens
in food products, such as fruit and produce. Likewise, ef� cacy
testing protocols for environmental biocides make no reference
to protozoan pathogens, but the recognition that newly
emerging disease agents, such asCyclosporaand others, can
contaminate food surfaces and survive over extended storag
and transportation periods to be distributed on fruits and
vegetables has brought new attention to this group of
microbes. Despite the high visibility of Cryptosporidium, Giardia,
and Cyclospora, outbreaks in contemporary literature on
gastroenteritis protozoan organisms have yet to be incorpo
rated into regulatory ef� cacy considerations for disinfectant
washes or treatments. These are serious developments becau
such pathogens tend to show extraordinary durability in the
environment and are not readily deactivated by the commonly
employed disinfectant agents used in the food industry at
present.

Disinfectant agents generally are formulations of quaternary
ammonium compounds (QACs), iodophors, and chlorine-
based biocides, with the latter dominating in overall frequency
of use. Ef�cacy testing protocols began to be de� ned for food
sanitizers early in the twentieth century as public health
authorities devised preventative hygienic measures in the era o
typhoid fever. Not surprisingly, demonstration of activity
againstSalmonella typhibecame one of the hallmarks of these
� rst testing protocols. S. typhi remained the gold standard
organism in regulatory testing systems for many years
although it has now been supplanted by others. From the
earliest days, it was accepted that biological methods, rathe
than chemical assay methods, were necessary to assess
merits of food-processing disinfectant formulations, in recog-
nition of the fact that the quantitative determination of
biocides in a product often provided less than optimal infor-
mation about their ef� cacy in the practical formulations
necessary for utility in practice.

In the twenty-� rst century, an emphasis on speed o
quantitation and reducing the need for highly trained micro-
biology personnel has produced a rash of chemical assays fo
monitoring microbial contamination levels, in preference to
the more traditional approaches based on a culture of swabs
or the use of Rodac nutrient agar plates with an elevated aga
surface, designed to be pressed onto the test surface area. T
list of new technologies to detect microorganisms is long and
continues to grow; immunoassays that detect bacterial anti
genic components, assays based on detection of nucle
78-0-12-384730-0.00277-9 207
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acids, � uorometric assays to detect adenosine triphosphate
adenosine diphosphate (ATP/ADP) of microbes, bio-
luminogenic systems that can quantify live microorganism
metabolites within a work shift have all contributed to
increased sensitivity and reduced turnaround time from days
to hours or minutes. These systems have found a valuabl
place in microorganism monitoring in food processing for
which detection speed is critical; however, these systems hav
yet to � nd a place in the testing protocols used to determine
the ef� cacy of sanitizing biocidal products for the food
industry.
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Hard Surface Disinfectant Test System Formats

Microbiological tests require exposure of the target organism
in one of three modes (Figure 1):

1. Suspension tests: Wherein suspensions of the organism
prepared from pure cultures are exposed to a speci� ed
volume of a suitable intended use-dilution of the disinfec-
tant, for one or more contact periods, under carefully
controlled conditions of temperature, pH, and soil load. At
the end of the contact period, a sample of the mixture is taken
and subcultured into a liquid medium or plated onto
appropriate media so as to be able to quantify the disinfec-
tant ef� cacy by measuring the numbers of target organism
survivors compared with the initial inoculum. End-points
for the liquid medium approach are usually the dilution
yielding no growth, or the ratio of positive –negative tube
cultures in a series of tubes at each dilution.

2. Use-dilution carrier test (UDCT): Traditionally favored in
the United States, wherein target microorganisms expose
to the disinfectant are dried onto the surface of inert carriers
usually made of glass, stainless steel, or porcelain. Carrie
are immersed in the biocide use-dilution being tested, and
after the contact period is� nished, the carriers are removed
TestUse pattern

Environmental hard-
surface efficacy 

testing disinfectants / 
sanitizers 

Suspe

Exposure of a

Use dilution car

Bacteria on inert c
disinfectant for a

Quantitative ca

Bacteria on inert ca
to disinfectant for

Figure 1 Test systems for hard surface biocides.
and transferred to liquid growth media, and the numbers of
carriers bearing live organisms are determined. Resul
generally are reported as the proportion of positive tubes
out of a replicate set.

3. Quantitative carrier test (QCT): Target microorganisms to
be exposed to the disinfectant are� rst attached to the
surface of carrier vehicles composed of materials expected
be encountered in the food-processing plant. Rather than
being immersed in the disinfectant being evaluated, a small
volume of disinfectant use-dilution is placed on the surface
of the carrier, and after the contact period, the disinfectant is
neutralized by the addition of a standard volume of
appropriate neutralizer. The target microorganism is then
eluted from the carrier for quanti� cation of survivors by
plate count. The QCT differs from the UDCT in two ways:
� rst, ef� cacy is determined by quanti� cation using plate
counts rather than growth–no growth of broth tubes.
Second, the disinfectant exposure to the carrier is closer t
the actual use pattern; the carrier is exposed to a sma
volume of disinfectant only on the contaminated surface
rather than submerged in a relatively large volume of
disinfectant, which would not be the case in application in
a food-processing environment.

Carrier tests often are considered to represent a more rea
istic measure of ef�cacy, because in the real world of contam-
ination, bacteria usually are exposed to disinfectant while stuck
onto a surface rather than in a suspension of liquid. Microor-
ganisms attached to a surface are well known to have a highe
capacity to withstand the action of disinfectants than those in
suspension. The carrier tests therefore are regarded as tough
to pass than suspension tests and are more representative
what will be encountered during environmental surface disin-
fection. The suspension test, however, is easier to carry out an
still has a place as an initial screening test for a disinfectant’s
ef� cacy capacity.
 format 

nsion test 

queous suspensions 

rier test (UDCT) 

arriers are submerged in 
 specific contact time 

rrier test (QCT) 

rriers are surface exposed 
 a specific contact time 

Evaluation method 

Broth tube 
inoculation 

Plate counts 

Broth tube 
inoculation 

Plate counts 
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Sources of Variation
On the face of it, these approaches to evaluation have simpl
structures that would appear to permit ready standardization,
and through appropriate selection of target organisms most
relevant to food hygiene, reliable, reproducible test data for
chemical disinfectants ought to be attainable. In reality, the
numbers of variables that can be introduced into the matrices
of these protocols are enormous. The reproducibility of test
systems from one laboratory to another has been a constan
problem that has plagued the industry for almost a century.
Meticulous attention is required to the details of standardiza-
tion of equipment, sources of consumable supplies, diluents’
water sources and quality, test organism history and strain
maintenance protocols, inoculum preparation methods,
temperature controls (both for the test condition and the
recovery media), neutralization of residual disinfectants,
preparation and storage of test solutions, and benchmark
chemical standards for positive control of target organism
susceptibility. Use of the latter was an essential component o
the earliest test con� gurations. In fact, ef�cacy of new formu-
lations often was referred to in terms of the antibacterial
capacity of a certain number of units of the gold standard
compound, such as phenol. That trend has declined in popu-
larity in recent years, although there is still an acknowledged
need to incorporate a reference biocide as an indicator of the
expected behavior of the test microorganism.

Food-processing hygiene test organism panels are now use
instead of the original reliance on S. typhi. These generall
include E. coli, Staphylococcus aureus, Pseudomonas aerugino,
and Bacillus cereus; a species ofSalmonella, such asS. enterica;
a yeast organism, such asSaccharomycesor Candida; and
a fungus, such asAspergillus. The selection depends on the
intended claims for the product. Strict culture handling and
maintenance requirements are necessary, and the pan
organisms are always tested separately, never as a mixtu
Although the propagation procedures are well described in the
literature and in the regulatory agency protocols, sources o
variation still creep in to confound the comparability of test
runs from site to site. Increasingly recognized as important in
this regard are the following:

1. Factors related to organism “injury ” and subsequent
recovery under suitable conditions after exposure to chem
ical antimicrobial agents.

2. Culture techniques, such as bacteria grown under low
nutrient conditions, including those that would be
encountered frequently in environmental conditions are
known to be more resilient to biocide exposure than if they
were grown in high-nutrient conditions.

3. Application and drying conditions used to attach the
organisms to the carrier that can affect both the number and
the viability of the organisms.

Recovery from injury and the concept of ‘nonviable but
culturable’ organisms continue to generate additional contro-
versy. Disinfectant-injured organisms may have differen
optimal temperatures for growth and media requirements, for
example, compared with unaffected survivors, and this may
confound the reproducibility of assays. Chemical biocides of
different classes cause different types of injury, requiring
compound-speci� c recovery techniques. Disinfectant classe
vary widely in the intensity of their interactions with bio-
burdens so that the conditions of a given test protocol may
furnish reproducible data only with speci� c classes of biocides
and may perform unreliably with others.

Similar idiosyncrasies of common components within
a disinfectant ef�cacy procedure can arise to contribute to intra-
and interlaboratory inconsistencies that underscore the need
for highly regimented adherence to every detail in a procedure
including the following:

1. The in� uence of different amounts and types of bioburdens
used to mimic the organic-rich environment in which
food-processing disinfectants are expected to function
Commonly accepted are whole milk, meat extracts, dried
feces, mucin, yeast suspensions, and serum.

2. Neutralization techniques, applied to the sample after
disinfectant exposure, in an attempt to ensure that there is
no continuation of the antimicrobial action during the
recovery and enumeration of survivors.

3. The contribution by the disinfectant to variability in the
form of lot-to-lot differences in potency, shelf life or age of
the disinfectant, and dilution of the disinfectant. Use-dilu-
tions prepared for ef� cacy testing need to be carefully
controlled, and this topic is subject to its own procedure
to maintain the manufacturer-intended potency of the
disinfectant.

Neutralization measures were a notoriously poorly studied
aspect of test protocols, which probably contributed to much
of the confusion generated by laboratory-to-laboratory varia-
tions in results. The U.S. Environmental Protection Agency
(EPA) currently requires neutralization con� rmation testing for
disinfectant ef� cacy testing. The need for adequate neutraliza
tion is globally accepted by microbiologists to ensure that the
ef� cacy evaluation is being done under conditions of contact
time for the test only. The procedure avoids the possibility that
ef� cacy is supplemented by residual persistent activity in the
carryover in samples– either in the � uid phase of the sample or
as adherent residues on the bacteria themselves. Failure
appreciate the biocide-speci� c characteristics of neutralization
and its importance has led to serious errors in the over-
estimation of product potency of QACs used in the food-pro-
cessing industry.

Process-Hygiene Disinfectants
Regulatory agencies overseeing market entries in this produ
� eld generally act with speci� c statutory authority over the
labels on disinfectants, and hence exercise full control ove
the claims made for every biocidal formulation currently sold
in the regulated territory. Ef� cacy data requirements are
detailed in published protocols, and microbiology laboratory
data to meet these needs are increasingly produced by third
party contractors operating under prescribed conditions (such
as Good Laboratory Practices [GLP] in the United States
which are designed to enhance the prospects for reproduc
ibility of the test data. Reference to these requirements
promulgated by national authorities in Canada, the United
States, and the European Economic Community, is recom
mended for an explicit account of the requisite experimental
protocols and standard test parameters, rather than by
exploration of the peer-reviewed literature on this subject.
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Table 1 Common sanitizers and disinfectants used in plant cleaning

Class Example

Halogens Sodium hypochlorite
Iodophores
Chloramines
Hypobromous acid

Quaternary ammonium
compounds (QACs)

Benzalkonium chloride
Octyl decyl dimethyl ammonium chloride
Dioctyl dimethyl ammonium chloride
Cetylpyridinium chloride

Oxides and peroxides Ozone
Hydrogen peroxide
Chlorine dioxide
Peracetic acid
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Regulatory authorities often arrive at designated protocols a
a result of multilaboratory comparative studies, and these
data may end up being published in the mainstream food-
hygiene or microbiology literature; however, agencies’
adherence to their own published stipulations takes prece
dence over reference to methods described in peer-reviewe
journals. This fact must be considered by those planning the
assembly of data packs in support of the registration of
products for commercial sale.

Product safety is a responsibility of the regulatory authori-
ties and requires acute toxicological evaluation of the product
as sold (i.e., the label speci� es the toxicity of the concentrate in
the bottle or container, if the product is sold for dilution by the
user). Acute toxicity testing for food-hygiene disinfectants
usually requires oral, dermal, and aerosol exposure of rodent
and rabbits, under stringently controlled conditions. For novel
biocidal entities introduced into the market for the � rst time,
subchronic exposures involving protracted periods of admin-
istration of the test article to animals are required.

The demands of the food industry ultimately determine the
viability of disinfectant products in the marketplace. The
requirements for simultaneous cleaning and disinfection have
led to the introduction of a large number of product formula-
tions containing surface-active nonbiocidal constituents whose
in� uence on the overall acceptability of the biocide may be
profound and powerfully potentiating. Buildup of blood, serum,
and meat residues is a major impediment to the ef� cient exercise
of biocidal properties, and detergent dispersal, often with high
temperatures, is increasingly used to improve performance
Higher temperatures generally enhance antimicrobial ef� cacy,
although instability of iodine-containing disinfectants can be
a major deterrent to their use in this mode. Extremes of pH and
water hardness can effectively counteract the effects of a biocid
too, so that free-chlorine-dependent biocides, for example
become nonfunctional outside a narrow pH range. Certain
QACs are seriously adversely affected by both pH and th
hardness of the water used to dilute them for rinses and sprays

Label claims on environmental disinfectants encompass al
the conditions of the recommendeduse patterns, and theseclaim
need to be adhered to diligently if the products are going to
perform as expected, based on the laboratory testing. Misuse an
abuse, inappropriatedilution, inadequate storage conditions,and
improper application techniques often turn out to be the sources
of product failures when these occur in real-world food-process-
ing applications. In practice, cleaning agents in the formulations
are especially important to compensate for these possible errors
Cleaning capacities are not classi� ed or tested by the regulatory
agencies, however, and the characteristics of the so-called ine
compounds usually are held as proprietary information by the
manufacturers and are not required to be revealed on the labels

Sanitizing formulations popularly used for food-contact
surfaces are expected to exercise their biocidal effects extrem
rapidly, against all bacteria types, to bring about a rapid
reduction of the contaminating microorganism numbers. They
may not have the power to effect pathogen destruction over the
longer term on a scale comparable to those products identi� ed
as environmental hard-surface disinfectants. Adequate training
of personnel is the key to compliance with different types of
designated use patterns for environmental biocides in food-
processing facilities.
Testing Protocols for Hand Sanitizers

Effective hand-washing is a major factor in the prevention of
foodborne pathogen transmission. It has been increasingly
recognized as a key element in the avoidance of hospital
acquired (referred to as‘nosocomial’) infections in patients. Yet
among highly educated, health care professionals, compliance
with the practice has been steadily declining to scandalously
low levels. Pathogenic Gram-negative bacteria survive o
human hands for up to several hours when deposited on skin,
and there has been a growing appreciation of the desirability of
incorporating effective biocides in hand-washing formulations
to limit this problem (see Table 1). Testing protocols have been
devised over the years for these topical sanitizers, as they a
called in the food-handling industry, and there are convincing
ways to demonstrate some degrees of ef� cacy (Figure 2), but
many problems remain, and regulatory positions on this
subject leave much to be desired.

The spectrum of biocides with properties that have utility in
this use pattern has been described elsewhere in this volume
The requirements not only for biocidal expression and power
but also for compatibility with frequent prolonged contact with
human skin and food-contact safety impose constraints on the
available choices. Biguanides (such as chlorhexidine gluconat
[CHG]), alcohols, chlorinated phenolic compounds (such as
triclosan), parachlorometaxylenol (PCMX), and iodophors� nd
use in this product category. Test systems for these products
the food industry are aimed at demonstrating signi� cant
reductions in populations of contaminating transient organisms
– that is, bacteria and viruses that do not take up residence on the
skin but that are able to survive for long enough and in suf� cient
numbers to be transferable to food or food-contact surfaces, and
thus serve as sources of infection. Resident microbial� ora on
skin are removed only by procedures and chemicals that effec
surgical hand disinfection, such as prolonged scrubbing with
iodine-containing formulations. Transients are typically Gram-
negative fecal-derived bacteria and enteroviruses, but protozoa
cysts, such as those ofCryptosporidiumand Cyclospora, are now
having to be considered in this context.

Standardization of protocols for registered claims in this
� eld has proven even more dif� cult to develop than in the case
of environmental sanitizers. The variables of time and
concentration are ampli� ed in this instance by a wide indi-
vidual variation in the extent to which inocula of
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Test format Use pattern

Topical (hand) sanitizers 

Impression 

Treated fingertips applied directly 
to nutrient agar 

Rinse 

Fluid sampled after skin wash 

Swab 

Direct swab of treated skin 

Evaluation method 

Plate counts 

Plate counts 

Plate counts 

Figure 2 Test systems for hand sanitizers.
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microorganisms survive on human skin, and in the recover-
ability of challenge microbes in a reproducible fashion. The
aim of the procedures is to determine the relationship between
the numbers of organisms applied to the test skin and those
recovered from hands exposed to the topical sanitizer
compared with control. Benchmark inocula include E. coliand
S. aureus, and recovery techniques vary from direct application
of � nger tips to the surfaces of nutrient agar plates (impression
tests), by swabbing speci� ed areas of skin post-treatment and
challenge, to the collection of rinses and quantitation of sus-
pended survivors using plate-counting techniques. Biocide
containing and control nonbiocide-containing formulations
are compared to assess the merits of each proposed sanitiz
product. Once again, however, nonbiocidal formulations may
have a profound potentiating effect on the ef�cacy of antimi-
crobial compounds in the mixture. Degreasing agents, for
example, may be essential for reliable ef�cacy of formulations
useful for meat handlers.

The legitimacy of product claims is a responsibility of
regulatory agencies, and allowable protocols for certain kinds
of claims are published and periodically revised (e.g., in the
U.S. Food and Drug Administration [FDA] Over-the-counter
[OTC] monograph). These protocols need to be consulted in
the process of product development for the evaluation
component. On the whole, these protocols are simplistic and
are based on activity of the integral biocide in suspension or
carrier tests against target bacteria, taking no account of th
variables affecting ef�cacyin situ. Buyers and users should be
aware of these limited claims of utility. Cleaning food handlers’
skin with soaps and detergents is a fundamental and highly
desirable element of hygienic programs. Removal of soil-con
taining contaminants is of paramount importance. Soaps and
detergents are not intrinsically biocidal, however, and are
readily contaminated by users, and as such, they may serve
rich sources of nutrients for the growth of many bacteria unless
biocides are present. Moreover, despite the disdain fo
antimicrobial sanitizer formulations among many in the health
care industry (who point to equivocal results on the proven
bene� ts of the inclusion of biocides on skin bacterial counts),
objective data support the usefulness of antimicrobial soaps in
limiting contamination and transfer of pathogens.

Manufacturers trumpet such claims loudly. Especially stri-
dent are claims for instantaneous ef�cacy, which almost
assuredly requires the use of high concentrations of alcohols
themselves liable to produce desiccation and skin irritation if
not properly formulated with appropriate emollients. Other
popular claims are for the bene� ts of prolonged residual anti-
microbial activity on the skin after product use. These effects
usually are associated with chlorhexidine (CHX), which binds
to skin cells for long periods, often many hours, although this
compound has weak effects on the important Gram-negative
bacteria. Prolonged use of CHX may lead to brown staining of
tissues, and contact of CHX with protective clothing freshly
laundered with chlorine bleach will lead to permanent and
unsightly brown stains on the garment. In the absence of
a strong, science-based set of protocols and regulatory oversig
for these sanitizers, encouragement of compliance with hand
washing requirements with a formulation that is easy and
pleasant to use and well tolerated by food handlers is probably
the key measure in the food-hygiene business.

Direct observational data on compliance suggest that those
people required to wash their hands frequently on the job
spend no more than 10 s on the procedure. The incorporation
of a powerful biocidal agent therefore seems a sensible step
even if the proven advantages experimentally remain as ye
unquanti � able or not highly reproducible from site to site.
Hand sanitizers have to be considered a likely bene� cial
adjunct to the use of protective-barrier gloves by food handlers
wherever possible in the process. Barriers leak with disturbing
frequency and can lead to a false sense of security, especia
because microbial proliferation on the skin under gloves can
lead to enormous increases in numbers of microbes.
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Testing Protocols for Food Rinses

Antimicrobial food rinses (see Table 2) represent a new use
pattern for disinfectants and sanitizers in the food industry. In
the United States, use of free chlorine at concentrations up to
20 ppm is still the most widely accepted approach to concerns
about carcass contamination in processing, but it is not without
its shortcomings, and alternatives continually are being
researched. E. coli O157:H7 is a principal cause of the
contamination problem on red meat, with Salmonellaand
Campylobacterbeing principal causes on poultry carcasses
Surface contamination of deskinned beef carcasses, an
defeathered broilers arise through fecal material spread aroun
during processing (particularly during skinning and eviscera-
tion) despite handling measures intended to minimize the
spread of fecal material. Concerns about fecal contamination o
vegetables and fruits (such as sprouts and tomatoes) are no
common, especially in view of the fact that an increasing
amount of fresh produce and fruits in the United States is
imported from countries where sanitary oversight of produc-
tion and harvesting of crops for export to the United States is
not as easy to monitor. Routes of fecal contamination of fruits
and produce include the use of human and animal waste as
fertilizer, unhygienic practices of harvesters and food handlers
and poor irrigation water quality.

Anomalously, the special cachet associated formerly with
the designation of foods as fresh has begun to be replace
with suspicions over their safety. Correspondingly, this is
creating a rising demand for safe, effective biocidal rinses fo
a wider array of food products than ever. Shell�sh, for
example, collected from off-shore sites often harbor sewage
derived bacteria and viruses, and in the absence of any sui
able treatment methods, they sometimes are marketed bearin
warning labels identifying them as hazardous to eat. Clearly
chemical decontamination for this application must be water
based, and apart from the overriding needs for safety, the
products must impart no taint or residues, must not discolor
or affect appearance adversely, and must exert their effec
rapidly.
Table 2 Carcass rinses

Product Mechanism of action

Hypochlorite Oxidation
Kill bacteria

Chlorine dioxide Oxidation
Kill bacteria

Organic acid blends Low pH
Bactericidal
Bacteriostatic

Activated lactoferrin Inhibits bacterial attachme
Improves removal

Lactic and citric acid Low pH
Bactericidal
Bacteriostatic

Lauric acid with potassium hydroxide Detergent
Bacteria removal

TSP Detergent
Bacteria removal
Food rinses present unique challenges in determining ef� -
cacy not encountered on environmental hard surfaces
Carcasses and fresh produce have highly variable surfa
morphologies, folds, crevices, pores, hair, and so on, all o
which contribute to protecting and harboring food pathogens
and presenting obstacles to adequate biocide contact and to th
researcher trying to recover these organisms for evaluation. A
in hard-surface sanitation, food-rinse ef�cacy will vary
tremendously depending on the conditions of application, pH,
temperature, contact time, and soil load. Protocols for the
recovery of culturable bacteria from produce, poultry, and meat
carcasses are in common use and are used not only to monito
contamination during processing but also to determine the
antimicrobial ef� cacy of food-rinse procedures. Poultry and red
meat sanitizing washes generally are evaluated in sever
different ways either by performing postrinse swab counts on
treated surfaces, by rinsing test surfaces with a wash solutio
that is then sampled for bacteria quanti� cation, or by collecting
carcass weep� uid for bacteria quanti� cation. Ef� cacy of fresh
produce biocidal rinses can be determined by rinsing and
collecting the rinsate from a wash solution for microbe quan-
ti � cation. Another method for fresh produce is the quanti� ca-
tion of microbes recovered from plant material homogenized
in a buffer solution. Demonstration of signi� cant declines after
short contact times is the goal of rinse products and an array o
new products are always appearing that need to be evaluated
Standardized test systems are beginning to be promulgated b
regulatory agencies, such as the U.S. Department of Agricultur
Food Safety and Inspection Service (USDA-FSIS) whole carca
rinse (WCR) for enumeration of bacteria on poultry.

Dilute organic acids are popular because they fall into the
category of being generally regarded as safe (GRAS) by the FD
and are compatible with organic standards for meat-processing
practices that exclude the use of chlorine rinses. A wide array o
organic acid rinses, which are gaining popularity because o
their effectiveness, include acetic acids, citric acid, and lact
acid among others. Concerns about organic acid include
selecting for acid-resistant strains of Gram-negative bacteria
selection of acid-tolerant spoilage bacteria, and corrosion
Advantages Disadvantages

Well known
Inexpensive

DBPs
Corrosive
Inactivated by organic matter

High activity
Low sensitivity to soil

Corrosive
Safety concerns (explosive)

Well known
GRAS

pH adjustment for waste water
Corrosive

nt GRAS New technology

Well known
GRAS

pH adjustment for waste water
Corrosive

GRAS New technology

Well known High alkalinity
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issues of plant equipment. Chlorine– most commonly used in
the forms of chlorine dioxide (acidi � ed sodium chlorite),
sodium hypochlorite, or calcium hypochlorite – is still the
most commonly used carcass disinfectant in the United States
The formation of toxic disinfection by-products (DBP), its
quick inactivation in the presence of organic matter, and the
fact that the European Union and Canada, among other areas
will not import carcasses treated with chlorine are casting
a shadow over this application. Trisodium phosphate (TSP),
also widely accepted and used in the United States, functions a
a detergent perhaps more than as a biocide, but it effectivel
displaces adherent bacteria from both beef and poultry
carcasses. Lauric acid with potassium hydroxide (LA-KOH
treatment is a new USDA-developed GRAS prechill rins
treatment for poultry that shows promise for the effective
removal of bacteria via detergent properties. Ultimately, its
success will depend on industry acceptance.

Direct exposure of vegetable, fruits,� sh, and shell� sh to
sanitizing chemicals seems likely to increase as industry an
regulators respond to the increasing visibility of microbial
contaminants. The pressure on the food-processing industry to
adopt safety measures will continue to increase as new stan
dards are incorporated into the Hazardous Analysis of Critica
Contact Points (HACCP) for improving food safety in the
United States and elsewhere. But this� eld still has not reached
a state at which experimental approaches have been wide
agreed upon, let alone codi� ed in regulatory agency protocols.
Findings on the presence of pathogenic bacteria within fruits
and vegetables, rather than just adhering to their surface
suggest that bacteria can penetrate and sequester in pla
tissues and cells. Surface decontamination with traditiona
biocidal rinses has proven to be ineffective against bacteria
pathogens internalized in leafy greens. To complicate the
matter, research has demonstrated that bacterial pathogen
such asE. coliO157:H7, can survive and even multiply inside
nonpathogenic protozoa isolated from leafy greens. Methods
Table 3 Contemporary issues facing biocide testing

Issue Laboratory challenges

Bio� lm protection of microbes from full
contact with biocides results in reduced
biocidal activity, survival of pathogens,
source of fouling

Complex to mimic in lab
variable, hard to stand
conditions

Pretreatments such as washing,
detergents, scrubbing, high-pressure
rinses

Not taken into account fo
disinfectant testing, pre
the susceptibility of org
and disinfectants chan

Hiding pathogens protected from biocide
contact when internalized in fresh
produce and protozoa, or embedded
in pores and hair follicles

Standard arti� cial inoculati
does not take into acco
locations, results in dif� c
real-world conditions

Protozoa and viruses largely ignored
in ef� cacy testing of food-hygiene
biocides

May be more resistant to
protozoa and viruses t
with in the laboratory

Biocide-resistant
strains

Strains used in laborator
actual environmental s
underperforms against
real-world applications

Residual biocide ef� cacy No standardized method
ef� cacy
for reliably removing or inactivating cysts of the protozoan
pathogens from plant surfaces have yet to be devised an
currently is under research.

The hazards of shell� sh contamination are not readily dealt
with through the use of rinses. This is largely because oyste
and clams need to be kept alive for distribution and sale, but
they are too susceptible to biocides to be exposed to anti
microbially effective concentrations of most agents.
Contemporary Issues in Disinfectant Testing

Testing protocols are under scrutiny as new research� ndings in
epidemiology and microbial ecology continue to affect the� eld
of food hygiene (see Table 3). Several areas of foodborne
pathogens in the process-hygiene� eld will continue to be
active drivers of continued research and development of new
methods and chemicals to decrease the overall incidences o
food contamination and spoilage, including the following:

l Bio� lms: No amount of rigorous test protocol standardi-
zation under de� ned laboratory conditions can mimic the
full range of working circumstances in real-world applica-
tions. Formation of bio � lms by mixed populations of
microbes on virtually all environmental and food surfaces
have a complex ecology that present complicated condi
tions dif � cult to mimic in de � ned laboratory testing
conditions. Currently, testing protocols used to evaluate
process-hygiene disinfectants take no account of the capa
bilities of approved formulations in dispersing or prevent-
ing bio � lms – factors that can have great bearing on the
ultimate effectiveness of the sanitizing and disinfecting
process. Chemical disinfectants alone are not able to effec
tively remove bio� lm. To be most effective, before appli-
cation, they require the use of surfactant cleansers
sometimes used together with aggressive enzymes
Solutions needed

conditions, highly
ardize for food-hygiene

Prevention and removal ef� cacy methods,
model test systems

r hard surface
treatments can alter
anisms to sanitizers
ging overall ef� cacy

Integrated performance testing of complete
suites of process-hygiene steps

on of food surfaces
unt complex pathogen
ulty of testing

Analysis of actual frequency and contribution
to foodborne outbreaks, standardized
methods to mimic hiding pathogens

biocides than bacteria;
ypically harder to work

Improved methods of detection and
manipulation

y may not represent
trains; biocide
resistant strains in

Ongoing identi� cation and standardization for
appropriate test strains; rotation of multiple
biocides and interventions to prevent
resistant strains from building up

s to measure residual Method development
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degrade the matrix and, where possible, mechanica
removal of the bio� lm by scraping and scrubbing. If bio� lm
is not physically removed, and a disinfectant is used directly
on the surface, the extracellular polymer matrix and dead
bacteria may remain in place, providing an attractive
substrate and nutrient source for subsequent rapid coloni-
zation and bio� lm regrowth.

l Environmental resistance: Just as the formation of bio� lms
provides a new explanation of the observed resistance o
bacterial organisms to disinfectant chemicals in real-world
applications, so too does emerging evidence that some
foodborne pathogens have intrinsic durability pro� les in
the environment that are much more impressive than
previously had been imagined. This is true whether they are
dried on surfaces or suspended in organic soil. Enteri
pathogens are now known to survive for periods of up to
many weeks in fully infective forms, rather than exhibit the
rapid decays in viability expected from older, incomplete
data sets. Environmental contamination therefore has
assumed greater importance in disease transmission, an
this realization may begin to in� uence protocol designs for
ef� cacy evaluation. Target strain selection for carrier tes
may have to include organisms that exhibit these remark-
able durability traits.

l Resistance to disinfectants: Resistance of certain foodborn
pathogens to therapeutic antibacterial agents has becom
a major concern, as evidence of multiple-drug-resistan
E. coli, Salmonella, and S. aureushas become commonplace.
Evidence, albeit controversial, now indicates that some o
these strains also show enhanced resistance to enviro
mental disinfectants. Speci� c, genetically based traits for
resistance to the popular biocide triclosan have raised fear
about comparable trends appearing for other biocides
formerly thought to be immune to this risk. These data
likely will be taken into account in the future selection of
target strains in test protocols. In response to marketplac
concerns about this issue, it is already increasingly common
for manufacturers of biocidal formulations to seek
label claims of ef� cacy against multiple-resistant enteric
pathogens.

l Surface residual disinfectant activity: Food-processin
disinfectants are being developed with enhanced residua
persistence on treated surfaces. These so-called self-sa
tizing effects result from biocidal activity being retained in
the dry, surface-bound state for periods up to many weeks
in some cases. New testing protocols will emerge tha
address the standardization of procedures for allowable
claims for this new feature. It may prove to be a particu-
larly attractive characteristic for food-industry applica-
tions. Certain QACs, the new silver-based polymeric
biocides, and some of the water-soluble N-halamines all
display this advantage and are likely to enjoy wide use a
a result.

l New pathogen problems: Pressures undoubtedly will rise
on the food industry to reduce the risk associated with
contamination with viral pathogens and with the protozoan
parasites Cyclosporaand Cryptosporidium. These microbes
will require special consideration in ef� cacy protocol
improvements, because they are tough adversaries fo
chemical biocide-based approaches.
It will be well to remember, as this debate intensi� es, that
chemical disinfectants can never be more than a supplement to
an entire array of hygienic measures based on well-establishe
sound principles of cleanliness and to thoughtful facility and
equipment design that can overcome both the old and the new
microbial threats to food safety.

See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical Identi�cation Techniques for
Foodborne Fungi:Food Spoilage Flora;Biochemical and
Modern Identi�cation Techniques:Food-Poisoning
Microorganisms;Biochemical and Modern Identi�cation
Techniques:Enterobacteriaceae, Coliforms, andEscherichia
Coli; Biochemical and Modern Identi�cation Techniques:
Micro� oras of Fermented Foods; Bio� lms; Cryptosporidium;
Cyclospora; Food Poisoning Outbreaks;Giardia duodenalis;
Hazard Appraisal (HACCP):The Overall Concept;Hazard
Analysis and Critical Control Point (HACCP):Critical Control
Points;Hazard Appraisal (HACCP):Involvement of Regulatory
Bodies;Hazard Appraisal (HACCP):Establishment of
Performance Criteria;National Legislation, Guidelines, and
Standards Governing Microbiology:Canada;National
Legislation, Guidelines, and Standards Governing
Microbiology:European Union;National Legislation,
Guidelines, and Standards Governing Microbiology:Japan;
Natural Antimicrobial Systems:Lactoperoxidase and
Lactoferrin; Polymer Technologies for the Control of Bact
Adhesion– From Fundamental to Applied Science and
Technology;Process Hygiene:Types of Sterilant;Process
Hygiene:Modern Systems of Plant Cleaning;Virology:
Introduction;Viruses:Hepatitis Viruses Transmitted by Foo
Water, and Environment;Virology:Detection; Sanitization;
Injured and Stressed Cells; Viable but Non-culturable;
Processing Resistance.
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Introduction

Hygiene is de� ned in very broad terms, potentially incorpo-
rating any measure designed to prevent contamination in food,
whether from a physical, microbiological, or chemical source,
at any stage of production. In the United States, there is greate
focus on the concept of food sanitation, de� ned, for example,
as the hygienic practices designed to maintain a clean an
wholesome environment during food processing. However,
even here hygiene as a subject can be seen as extending beyo
the practice of cleaning itself to incorporate those elements tha
make cleaning possible. As an example, good plant, proces
and equipment design is critical to achieve effective sanitation
Similarly, a hygienic processing environment depends on
a broader range of measures, including the right working
practices for personnel involved in handling food, the control
of insect and other pests, and prevention of nonmicrobial
contaminants such as foreign bodies.
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Table 1 Characteristics of food soils

Surface
Deposit Solubility Ease of Removal

Heat-Induced
Reactions

Sugar Water soluble Easy Carmelization
Fat Alkali soluble Dif� cult Polymerization
Protein Alkali soluble Very Dif� cult Denaturation
Starch Water soluble,

Alkali soluble
Easy to

Moderately
Easy

Interactions with
other
constituents

Monovalent
Salts

Water soluble;
Acid soluble

Easy to Dif� cult Generally not
signi� cant

Polyvalent
Salts

Acid soluble Dif� cult Interaction with
other
constituents

Greases and
Oils

Insoluble in
water, alkali,
or acid

Dif� cult Melted with hot
water or steam
but often leave
a residue

Adapted from Schmidt, R.H., 2009. Basic Elements of Equipment Cleaning and
Sanitizing in Food Processing and Handling Operations. Original publication date
July, 1997. Reviewed March, 2009. Available athttp://edis.ifas.u�.edu/fs077
(accessed on 15.01.12.), (with permission).
Cleaning

Cleaning is a prerequisite for effective sanitization, and so
sanitization begins with an effective cleaning program. Organic
deposits from food residues, such as oils, greases, and protein
not only harbor bacteria but may actually prevent the sanitizer
from coming into physical contact with the surface that needs
to be sanitized. In addition, the presence of organic deposits
may actually inactivate or reduce the effectiveness of som
types of sanitizers and rendering the procedure ineffective.

The frequency and type of cleaning depends largely on th
type of food being processed. Equipment for dry foods and
powder does not require more than a simple brushing down
each day, whereas equipment that processes meat, milk, an
some vegetable products may need careful cleaning with both
detergents and sterilants every few hours (because these foo
can support the growth of potentially dangerous bacteria,
whereas dry foods cannot). The type of cleaning depends on
the nature of the soils on the equipment. In general, any
equipment in which foods are deposited on the surfaces and
then heated will be heavily soiled and dif� cult to clean.Table 1
shows examples of food soils that are easy or hard to remove

In large food processing establishments, a general protoco
for maintaining good hygiene works as follows: Large soils and
residues are initially removed by scraping or other mechanica
means followed by high pressure water pre-rinse. The appro
priate detergent is then applied for a speci� ed period, usually
15 min, followed by a potable water rinse to � ush away
residual soil and detergent.

In practice, the choice of detergent may be limited, and it is
best to try a small quantity of what is available to make sure
that it removes the soil, does not corrode the equipment, and
does not leave a taint in foods used afterward. The effectivenes
of detergents is increased by brushing and warming to
40–50 � C. Fats require temperatures above 70� C for removal.
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Regardless of the product used, effective cleaning is depende
on temperature, water hardness, pH of the water used, contac
time, and method of detergent application. Each establishment
will have its own Standard Operating Procedures (SOP), which
has been worked out often by trial and error basis until proper
combinations of the variables have been found to be both
ef� cient and cost effective. Types, functions, and limitations of
detergents used in the food industries are described inTable 2.
Environmental Considerations

Detergents can be signi�cant contributors to the waste discharge
(ef� uent). Of primary concern is pH. Many publicly owned
treatment works limit ef� uent pH to the range of 5–8.5. So, it is
recommended that, in applications where highly alkaline
cleaners are used, the ef�uent should be mixed with rinse water
(or some other method be used) to reduce the pH. Recycling of
caustic soda cleaners is also becoming a common practice i
larger operations. Other concerns are phosphates, which are no
permitted in some regions of the world, and the overall soil load
in the waste stream which contributes to the chemical oxygen
demand (COD) and biological oxygen demand (BOD).
Basic DeÞnitions

It is important to differentiate and de� ne certain terminology
because they are often confusing or misleading, and in
many cases there is an overlap in function. An iodophor, when
used at 25 parts per million ([ppm] of available iodine), is
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00273-1

http://edis.ifas.ufl.edu/fs077
http://dx.doi.org/10.1016/B978-0-12-384730-0.00273-1


Table 2 Types, functions, and limitations of cleaning agents/detergents used in the food industries

Categories of
detergents

Approximate
concentrations for
use (%, w/v)a Examples of chemical usedb Functions Limitations

Clean water 100 Usually contains dissolved air and
soluble minerals in small
amounts

Solvent and carrier for soils, as
well as chemical cleaners

Hard water leaves deposit on
surfaces. Residual moisture
may allow microbial growth on
washed surfaces

Strong alkali 1–5 Sodium hydroxide, Sodium
orthosilicate, Sodium
sesquisilicate

Detergents for fat and protein
Precipitate water hardness

Highly corrosive. Dif� cult to
remove by rinsing Irritating to
skin and mucous membranes

Mild alkali 1–10 Sodium carbonate, Sodium
sesquisilicate, Trisodium
phosphate, Sodium tetraborate

Detergents. Buffers at pH 8.4 or
above
Water softeners

Mildly corrosive High
concentrations are irritating to
skin

Inorganic acid 0.5 Hydrochloric, Sulfuric, Nitric,
Phosphoric Sulphamic

Produce pH 2.5 or below
Remove inorganic precipitates
from surfaces

Very corrosive to metals, but can
be partially inhibited by
anticorrosive agents Irritating to
skin and mucous membranes

Organic acids 0.1–2 Acetic, Hydroxyacetic, Lactic,
Gluconic, Citric, Tartaric,
Levulinic, Saccharic

Moderately corrosive, but can be
inhibited by various
anticorrosive compounds

Anionic wetting
agents

0.15 or less Soaps, Sulfated alcohols, Sulfated
hydrocarbons, Aryl-alkyl
polyether sulfates, Sulphonated
amides, Alkyl-arylsuphonated

Wet surfaces, Penetrate crevices
and woven fabrics, Effective
detergents, Emulsi� ers for oils,
fats, waxes, and pigments,
Compatible with acid or alkaline
cleaners and may be synergistic

Some foam excessively not
compatible with cationic wetting
agents

Non-ionic
wetting agents

0.15 or less Polyethenoxy ethers condensates
Amine-fatty acid condensate

Excellent detergents for oil
Ethylene oxide-fatty acid agents
to control foam

May be sensitive to acids
Used in mixtures of wetting

Cationic wetting
agents

0.15 or less Quaternary ammonium Some wetting effect
Antibacterial action

Not compatible with anionic
wetting agents

Sequestering
agents

Variable
(depending on
hardness of
water)

Tetra-sodium pyrophosphate,
Sodium tri-polyphosphate,
Sodium hexa-meta-phosphate,
Sodium tetra-polyphosphate,
Sodium acid pyrophosphate,
Ethylene-di-amine-tetra-acetic
acid (sodium salt), Sodium
gluconate with or without 3%
sodium hydroxide.

Form soluble complexes with
metal ions such as calcium,
magnesium, and iron to prevent
� lm formation on equipment
and utensils

Phosphates are inactivated by
protracted exposure to heat
Phosphates are unstable in acid
solution

Abrasives Variable Volcanic ash Seismotite, Pumice
Feldspar, Silica� our Steel woolc

Metal of plastic‘chlore balls’c

Scrub brushes

Removal of dirt from surfaces with
scrubbing
Can be used with detergents for
dif� cult cleaning jobs

Scratch surfaces
Particles may become
embedded in equipment and
later appear in food
Damage skin of workers

Chlorinated
compounds

1 Dichloro-cyanuric acid, Trichloro-
cyanuric acid, Dichloro-
hydantoin

Used with alkaline cleaners to
peptize proteins and minimize
milk deposits.

Not germicidal because of high pH
Concentrations vary depending
on the alkaline cleaner and
conditions of use

Amphoterics 1.2 Mixtures of a cationic amine salt or
a quaternary ammonium
compound with an anionic
carboxy compound, a sulfate
ester, or a sulfonic acid

Loosen and soften charred food
residues on ovens or other
metal and ceramic surfaces

Not suitable for use on food
contact surfacesd

Enzymes 0.3–1 Proteolytic enzymes Digest proteins and other complex
organic soils

Inactivated by heat
Some people become
hypersensitive to the
commercial preparations

aConcentration of cleaning agent in solution as applied to equipment.
bSome regulatory agencies require prior approval.
cSteel wool and metal‘chlore balls’ should not be used on food plant.
dSome amphoteric disinfectants are used on food contact surfaces.
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considered to act as a sanitizer. However, the same produ
when applied at 75 ppm falls into the disinfectant category.
Quats (quaternary ammonium compounds) and hypochlorites
are yet other examples in which the use concentration of the
product de� nes its classi� cation.

In order to clarify some key terms that are often used, the
meaning of the products is de� ned here in their legal sense.
f

,

.

Detergents

Detergents are cleaning compounds, usually composed o
mixtures of ingredients that interact with soils. In some deter-
gents, physically or chemically active ingredients, or speci� c
enzymes, are added to catalytically react with, and degrade
speci�c food soil components to make them more soluble and,
thus, easier to remove. The types, functions, and limitations of
detergents used in the food industries are shown inTable 2.
or
-

Sanitizer

In general, to sanitize means to reduce the number of micro-
organisms to a safe level. One of�cial and legal version states
that a sanitizer must be capable of killing 99.999% known as
a 5.0 log reduction, of a speci�c bacterial test population, and
to do so within 30 s. A sanitizer may or may not necessarily
destroy pathogenic or disease-causing bacteria as is a criteria f
a disinfectant.

An alternative de� nition is as follows: a hard surface sani-
tizer is a chemical agent capable of killing 99.9% (3.0 log
reductions), of the infectious microorganisms or to a level
considered safe from a public health viewpoint, within 30 s.
-
d
t

s

i-
t

Disinfectant

A disinfectant is a chemical agent which is capable of destroy
ing disease-causing bacteria or pathogens, but not spores an
not all viruses. From a technical and legal sense, a disinfectan
must be capable of reducing the level of pathogenic bacteria by
99.999% during a time frame greater than 5 but less than
10 min.

The main difference between a sanitizer and a disinfectant i
that at a speci�ed use dilution, the disinfectant must have
a higher kill capability for pathogenic bacteria than that of
a sanitizer.
,
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)
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Table 3 Dry heat sterilization temperatures and times

Holding Temperature
Sterilization Time
(After reaching the holding temperature)

180� C 30 min
170� C 60 min
160� C 120 min
149� C 150 min
141� C 180 min
Sterilant

Sterilizing is the process of destroying all microorganisms
bacteria, germs, and spores. Sterilants must demonstra
absence of growth in test samples, or a 99.9999% (6.0 log
reduction. Sterilants include specialized chemicals such a
glutaraldehyde, formaldehyde, and peroxyacetic acid. Dry hea
(use of dry-heat ovens) and moist heat (use of steam unde
pressure or autoclaving) are also used for sterilization. The term
sterilantconveys an absolute meaning; a substance cannot b
partially sterile.

Types of Sterilant
When choosing a method requiring sterilization, it is necessary
to consider which one would have the least harmful
environment impact, the most cost-effective, the easiest to
apply, and the most suitable under prevailing conditions.
Physical Methods of Sterilization

The effectiveness of sterilization is dependent on a numbe
of factors including: type of material, nature of microorganism,
types of organic material present, initial microbial load,
humidity, pH, temperature, and time. The following types of
sterilization are commonly used in food processing industries.
High-Temperature Sterilization
Dry Heat

Dry heat is considered to be the most reliable method of
sterilization of surfaces and utensils that can withstand heat
For dry heat sterilization to be achieved, a constant supply of
electricity is necessary.

Heat acts through oxidative effects as well as denaturation
and coagulation of proteins. Those surfaces that cannot with-
stand high temperatures can still be sterilized at lower
temperatures by prolonging the duration of exposure. Exam-
ples of temperature and time required for sterilization are
presented inTable 3.
Hot Water

Hot-water sanitizing – through immersion (small parts,
knives, etc.), spray (dishwashers), or circulating systems– is
commonly used. The time required for full sanitization is
determined by the temperature of the water. Typical regula
tory requirements (Food Code, 1995) for use of hot water in
dishwashing and utensil sanitizing applications specify:
immersion for at least 30 s at 77� C (170 � F) for manual
operations; a � nal rinse temperature of 74� C (165 � F) in
single-tank, single-temperature machines, and 82� C (180 � F)
for other machines.

Recommendations and requirements for hot-water sani-
tizing in food processing may vary. The Pasteurized Milk
Ordinance (PMO) speci� es a minimum of 77 � C (170 � F) for
5 min. Other recommendations for processing operations are
85 � C (185 � F) for 15 min, or 80 � C (176 � F) for 20 min.
Steam

The use of steam as a sanitizing process has limited appl
cation. It is generally expensive compared to alternatives, and i
is dif� cult to regulate and monitor contact temperature and
time. Further, the by-products of steam condensation can
complicate cleaning operations.
Low-Temperature Sterilization

Low-temperature sterilization is used for heat- and mois-
ture-sensitive devices. Since the 1950s, ethylene oxide has be
the most common method of low-temperature gas steriliza-
tion. Other methods have emerged that include hydrogen
peroxide þ gas plasma and immersion in a dilute liquid per-
acetic acid.
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Table 4 Properties of an ideal disinfectant

Broad spectrum: Should have a wide antimicrobial spectrum
Fast acting: Should produce a rapid kill
Not affected by

environmental
factors:

Should be active in the presence of organic matter
(e.g., blood, sputum, feces) and compatible
with soaps, detergents, and other chemicals
encountered in use

Nontoxic: Should not be harmful to the user or patient
Surface

compatibility:
Should not corrode instruments and metallic

surfaces and should not cause the deterioration
of cloth, rubber, plastics, and other materials

Residual effect on
treated surfaces:

Should leave an antimicrobial� lm on the treated
surface
Easy to use with clear label directions

Odorless: Should have a pleasant odor or no odor to facilitate
its routine use

Economical: Should not be prohibitively high in cost
Solubility: Should be soluble in water
Stability: Should be stable in concentrate and use-dilution
Cleaner: Should have good cleaning properties
Environmentally

friendly:
Should not damage the environment on disposal

Adapted fromCDC, 2008. Guideline for Disinfection and Sterilization in Healthcare
Facilities, 2008. The complete guideline is available for download in PDF format (948
KB/158 pages).http://www.cdc.gov/hicpac/Disinfection_Sterilization/table_10.html
(accessed on 27.12.11).
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Ethylene Oxide Gas
Ethylene oxide can be used to sterilize most articles that ca

withstand temperatures of 50–60 � C. However, it should be
used under carefully controlled conditions because it is
extremely toxic and explosive. Although it is very versatile and
can be used for heat-labile equipment,� uids, rubber, and so
on, a long period of aeration (to remove all traces of the gas) is
required before the equipment can be distributed. The oper-
ating cycle ranges from 2 to 24 h, and it is a relatively expensiv
process. Sterilization with ethylene oxide should be monitored
by using bacterial spore tests.
Hydrogen Peroxide Gas Plasma

Gas plasma is generated in a chamber under deep vacuu
and acted on by radiofrequency radiation wherein free radica
particles disrupt microbial cellular components. The plasma is
combined with hydrogen peroxide. The cycle time is approxi-
mately 75 min. Diffusion of the vapor and plasma into long,
narrow lumens can be enhanced with use of additional
devices to assure� ow of gas through the device’s lumen.
Diffusion into long lumens even with H 2O2 injection is of
poor quality assurance.
Cold Sterilization

Two types of radiation are used, ionizing and non-ionizing.
Non-ionizing rays are low-energy rays with poor penetrative
power, whereas ionizing rays are high-energy rays with goo
penetrative power. Since radiation does not generate heat, it i
termed ‘cold sterilization.’ Ionizing radiation is generally not
used for food processing sterilization purposes.
Non-ionizing Radiation

Rays of wavelength longer than the visible light are non-
ionizing. Microbicidal wavelengths of ultraviolet (UV) rays lie
in the range of 200–280 nm, with 260 nm being the most
effective. UV rays are generated using a high-pressure mercu
vapor lamp. It is at this wavelength that the absorption by the
microorganisms is at its maximum, which results in the
germicidal effect. UV rays induce formation of thymine–thy-
mine dimers, which ultimately inhibit DNA replication. UV
readily induces mutations in cells irradiated with a nonlethal
dose. Microorganisms such as bacteria, viruses, and yeast th
are exposed to the effective UV radiation are inactivated within
seconds. Since UV rays don’t kill spores, they are considered to
be of use in surface disinfection.

Disadvantages of using UV rays include low penetrative
power and limited life of the UV bulb. In addition, some
bacteria have DNA repair enzymes that can overcome damag
caused by UV rays, organic matter and dust prevents its reac
that are harmful to skin and eyes. Moreover, UV rays do no
penetrate glass, paper, or plastic.
Chemical Methods of Sterilization

Disinfectants are those chemicals that destroy pathogeni
bacteria from inanimate surfaces. Some chemicals have a ve
narrow spectrum of activity and some have a very wide one
Those chemicals that can sterilize are called chemi-sterilan
and those that can be safely applied over skin and mucu
membranes are called antiseptics. An ideal antiseptic or disin
fectant should have the properties as listed inTable 4.

Such an ideal disinfectant is not yet available. The level o
disinfection achieved depends on contact time, temperature
type and concentration of the active ingredient, the presence o
organic matter, and the type and quantum of microbial load.
The chemical disinfectants at working concentrations rapidly
lose their strength on standing. Therefore, it is important to
evaluate the properties, advantages, and disadvantages of t
available sanitizer for each speci� c application (seeTable 5).
Factors Affecting Sanitizer Effectiveness
Physical Factors
Surface Characteristics

Prior to the sanitization process, all surfaces must be clea
and thoroughly rinsed to remove any detergent residue. An
unclean surface cannot be sanitized. Since the effectiveness
sanitization requires direct contact with the microorganisms,
the surface should be free of cracks, pits, or crevices that ca
harbor microorganisms. Surfaces that contain bio� lms cannot
be effectively sanitized.
Exposure Time

Generally, the longer time a sanitizer chemical is in contac
with the equipment surface, the more effective the sanitization
effect; intimate contact is as important as prolonged contact.
Temperature

Temperature is also positively related to microbial kill by
a chemical sanitizer. Avoid high temperatures (above 55� C
(131 � F)) because of the corrosive nature of most chemica
sanitizers.
Concentration

Generally, the activity of a sanitizer increases with increase
concentration. However, a leveling off occurs at high concen
trations. A common misconception regarding chemicals is that
“ if a little is good, more is better.” Using sanitizer concentra-
tions above recommendations does not sanitize better and, in
fact, can be corrosive to equipment and in the long run lead to
less clean ability. Follow the manufacturer’s label instructions.
Soil

The presence of organic matter dramatically reduces th
activity of sanitizers and may, in fact, totally inactivate them.
The adage is“you cannot sanitize an unclean surface.”



Table 5 Summary of some physical and chemical properties of commercially used sanitizers

Chlorine Iodophors
Quaternary ammonium
compounds Acid anionic Fatty acid Peroxyacetic acid

Corrosive Corrosive Slightly corrosive Noncorrosive Slightly corrosive Slightly corrosive Slightly corrosive
Irritating to skin Irritating Not irritating Not irritating Slightly irritating Slightly irritating Not irritating
Effective at neutral pH Yes Depends on type In most cases No No Yes
Effective at acid pH Yes, but unstable Yes In some cases Yes, below 3.0–3.5 Yes, below 3.5–4.0 Yes
Effective at alkaline pH Yes, but less than at

neutral pH
No In most cases No No Less effective

Affected by organic material Yes Moderately Moderately Moderately Partially Partially
Affected by water hardness No Slightly Yes Slightly Slightly Slightly
Residual antimicrobial activity None Moderate Yes Yes Yes None
Cost Low High Moderate Moderate Moderate Moderate
Incompatibilities Acid solutions, phenols,

amines
Highly alkaline detergents Anionic wetting agents,

soaps, and acids
Cationic surfactants and

alkaline detergents
Cationic surfactants and

alkaline detergents
Reducing agents, metal

ions, strong alkalies
Stability of use solution Dissipates rapidly Dissipates slowly Stable Stable Stable Dissipates slowly
Maximum level permitted by

FDA without rinse
200 ppm 25 ppm 200 ppm Varied Varied 100–200 ppm

Water temperature sensitivity None High Moderate Moderate Moderate None
Foam level None Low Moderate Low/Moderate Low None
Phosphate None High None High Moderate None
Soil load tolerance None Low High Low Low Low

Adapted from Schmidt, R. H., 2009. Basic Elements of Equipment Cleaning and Sanitizing in Food Processing and Handling Operations. Original publication date July, 1997. Reviewed March, 2009. Available athttp://edis.ifas.u� .edu/fs077
(accessed on 15.01.12.), (with permission).
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Chemical Factors
pH

Sanitizers are dramatically affected by the pH of the solu
tion. Many chlorine sanitizers, for example, are almost inef-
fective at pH values above 7.5.
Water Properties

Certain sanitizers are markedly affected by impurities in the
water.
Inactivators

Organic and/or inorganic inactivators may react chemically
with sanitizers, giving rise to nongermicidal products. Some of
these inactivators are present in detergent residue. Thus, it
important that surfaces be rinsed prior to sanitization.
Biological Factors

The microbiological load can affect sanitizer activity. Also,
the type of microorganism present is important. Spores are
more resistant than vegetative cells. Certain sanitizers are mo
active against gram-positive than gram-negative microorgan
isms, and vice versa. Sanitizers also vary in their effectivene
against yeasts, molds, fungi, and viruses.
Regulatory Considerations

The regulatory concerns involved with chemical sterilants
are: antimicrobial activity or ef� cacy, safety of residues on food
contact surfaces, and environmental safety. It is important to
follow regulations that apply for each chemical usage situation.

The USFDA is primarily involved in evaluating residues
from sanitizer use, which may enter the food supply. Thus, any
antimicrobial agent and its maximum usage level for direct use
on food or on food product contact surfaces must be approved
by the FDA. Approved no-rinse food contact sanitizes and non
product contact sanitizers, their formulations, and usage levels
are listed in the Code of Federal Regulations(21 CFR 178.1010).
The U.S. Department of Agriculture (USDA) also maintains
lists of antimicrobial compounds (i.e., USDA List of Proprietar
Substances and Non Food Product Contact Compounds)which are
primarily used in the regulation of meats, poultry, and related
products by USDA’s Food Safety and Inspection Service (FSIS
Speci� c Types of Chemical Sanitizers

The chemicals described here are those approved by FDA f
use as no-rinse, food-contact surface sanitizers. In food
handling operations, these chemicals are used as rinse
sprayed onto surfaces, or circulated through equipment in
circulation-in-place (CIP) operations. In certain applications,
the chemicals are foamed on a surface or fogged into the air to
reduce airborne contamination.
Chlorine-Based Sanitizers
Hypochlorites

Because of their effectiveness and relatively low cos
hypochlorites are widely used in a multitude of sanitization
operations and have become a standard to which other sani
tizers are compared. Hypochlorites exert their germicida
activity by inactivating vital bacterial enzymes.

Their main disadvantage is that they are corrosive to meta
surfaces, including stainless steel. Irritants and long-term
exposure are very bad for the respiratory system. Hypochlorite
are not effective against bacterial spores or mycobacteria. Th
are highly ineffective unless the surface/tool is clean (inacti
vated by organic matter). In addition, they decay spontane-
ously with time or exposure to light – diluted bleach solutions
loosen most of their activity within 24 –36 h. Finally, they can
evolve chlorine gas if heated or mixed with a basic/acidic
compound.
Chlorine Dioxide

Chlorine dioxide is a powerful sanitizer and disinfectant
that is produced by reacting sodium chlorite in solution with
an acid. The yellowish-green gas produced in this reaction i
allowed to remain in a closed system until it dissolves in the
solution from which it was generated. The aqueous solution of
chlorine dioxide is subsequently used for sanitization. Chlorine
dioxide is 3–4 times as powerful as sodium hypochlorite as
a sanitizing agent and is generally effective against all bacter
and viruses. It does not have the disadvantages that sodium
hypochlorite has with respect to corrosivity of metal surfaces.

Its main disadvantage is that the extremely reactive nature o
sodium chlorite from which chlorine dioxide is generated poses
a serious and potential� re hazard. The complex and expensive
equipment used to generate chlorine dioxide on site requires
a signi� cant capital outlay, and therefore its use is unattractive
for routine sanitization to the majority of end users.
Electrolyzed Water

Electrolyzed (EO) water has been used as a disinfectant fo
food processing equipment and has been reported to eliminate
foodborne pathogens on food contact surfaces. EO water (pH o
2.53, oxidation–reduction potential (ORP) of 1178 mV and
chlorine of 53 mg l � 1) could also reduceEnterobacter aerogen
and Staphylococcus aureuson glass, stainless steel, glazed an
unglazedceramic tile, and vitreous china surfaces.Since EO wat
is considered to be a solution containing HOCl, the application
of EO water can be� tted into the regulations for hypochlorous
acid (HOCl). In 2002, Japan had of� cially approved EO water as
a food additive and U.S. Environmental Protection Agency (EPA
also approved EO water for applications in the food industry. The
main advantage of EO water is its safety. EO water is also a stron
acid, but different from hydrochloric acid or sulfuric acid. It is not
corrosive to the skin, mucous membranes, or organic materials
When EO water comes into contact with organic matter, or is
diluted by tap water or reverse osmosis (RO) water, it become
ordinary water again. Thus, it has a less adverse impact on th
environment as well as users’ health. Moreover, compared with
other conventional disinfecting techniques, EO water reduces
cleaning times, is easy to handle, has very few side effects, and
relatively cheap (Yu-Ru Huang et al., 2008).

The main disadvantage of EO water is that the solution
rapidly loses its antimicrobial activity if is not continuously
supplied with H þ, HOCl, and Cl 2 by electrolysis. EO water is
a more capable disinfectant than conventional chemical disin-
fectants. However, problems such as chlorine gas emission, met
corrosion, and synthetic resin degradation, due to its strong
acidity and free chlorine content have been a matter of concern
Acidi� ed Sodium Chlorite

Acidi� ed sodium chlorite (ASC) is produced by mixing
a solution of sodium chlorite with any GRAS acid. Acidi� ed
sodium chlorite is being used in many countries, including
Australia and the USA, as an antimicrobial treatment in the
food industry. In 2003, the Australia New Zealand Food
Standards Code was changed to permit the use of sodium
chlorite acidi� ed with citric acid or other food acids for anti-
microbial surface treatment of meat, poultry, � sh, fruits, and
vegetables. The time between mixing and application is les
than 5 min, and chlorine dioxide levels do not exceed 3 ppm.
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In 2005, the FDA approved acidi� ed sodium chlorite as an
antibacterial spray or dip for red meat, poultry, seafood, vege
tables, and fruits. The CFR allows the use of sodium chlorite
solutions for sanitizing food processing equipment and uten-
sils. The safety assessment report concluded that, if proper
used, no residues would be detected in the raw foods o
surfaces following treatment, and therefore there would be no
toxicological concerns (CFR, 2011).
Iodophors

Iodophors exert their bactericidal activity in a similar
manner to that of hypochlorites but to a less rapid degree. They
attach themselves to proteins, speci� cally those containing
sulfur in their composition (cysteine), and inactivate them.
Iodine solutions usually consist of elemental iodine that is
complexed to carriers such as polyvinylpyrrolidone (PVP) or
non-ionic surfactants. The iodine carrier provides a sustained
release reservoir of iodine, and the iodine stays bound to the
carrier until the free iodine concentration in solution falls
below a certain equilibrium level, before additional free iodine
is released into solution. Generally, recommended usage fo
iodophors is 12.5–25 ppm for 1 min.

Their main disadvantage is that they can be highly staining
on virtually any surface, work only within the acidic pH range,
and � ash off at temperatures greater that 35� C. Tends to cloud
plastics. Slightly corrosive in higher concentration, inactivated
by prolonged contact with organic matter.
Quaternary Ammonium Chlorides (Quats)

The quats have varied germicidal activity and are generall
used in low-level sanitization. Their main advantages are tha
they are odorless, nonstaining, and noncorrosive to metals and
are relatively nontoxic at use-dilution concentrations. As sani-
tizers, they exhibit a wide latitude in germicidal activity when
used in hard water and are effective over a wide temperatur
and pH range.

Their main disadvantage is that they are ineffective agains
spores. They show decreased effectiveness in hard water and
ineffective in the presence of organic matter. They also leav
a powdery residue, and ingestion of large amounts can caus
respiratory paralysis/failure.

Under recommended usage and precautions, quats pos
little toxicity or safety risks. Thus, they are in common use as
environmental fogs and as room deodorizers. However, care
should be exercised in handling concentrated solutions or use
as environmental fogging agents.
Acid Sanitizers

Acid sanitizers have a broad spectrum germicidal activity
and are very cost-effective to apply. They are also relative
unaffected by organic matter. Because of their low pH, acid
sanitizers have the added advantage of being able to react wit
both hard water and milk stone deposits, a common soil
occurring in dairies, and for this reason they are ideal for use
under hard water conditions. Because of their combined acid
cleaning, free rinsing, and sanitization properties, they are idea
for use in CIP systems.
Aldehydes (Formaldehyde and Glutaraldehyde)

Aldehydes are extremely reactive chemicals that combine wit
and irreversibly denature key bacterial proteins. They are general
notused for routine sanitization, and theirapplication is restricted
mainly to high-level disinfection. A 2% solution of either
compound exhibits sterilization properties over a given period.
Formaldehyde can leave residual� lms on the surfaces with
which it comes into contact, and therefore its use poses
a potential health hazard. Formaldehyde � lms can also
combine with certain food-containing components and impart
an undesirable medicinal � avor. Because formaldehyde has
been identi� ed as a potential carcinogen, its use is declining
and limited to speci� c applications.

Glutaraldehyde is the most commonly used chemical ster-
ilant. It is noncorrosive on clean surfaces, and it will not fog
glass/optics or plastics. A suf� cient soak in room-temperature
glutaraldehyde will kill virtually anything and everything. It is
highly effective in the presence of organic material (works well
even on a dirty surface). It is equally effective in cold, hot, hard,
or soft water. Glutaraldehyde can be immediately deactivated
by the addition of glycine or sodium bisulfate (these are sold to
clean up glutaraldehyde spills).

Glutaraldehyde has a very strong smell that can linger for
days (the smell is highly reminiscent of formaldehyde). It must
be used with extremely good ventilation. It will penetrate latex
in 10–15 min (use nitrile gloves). Prolonged exposure will
cause irritation with every exposure. It is highly toxic and
carcinogenic. If not inactivated before disposal, it is
a hazardous waste in California. Glutaraldehydes are banned a
sterilants in the U.K. because of safety concerns.
Alcohols

Alcohols exert their germicidal activity by denaturing
bacterial proteins. In the absence of water, proteins are no
readily denatured by alcohol, and therefore a 70% solution of
isopropyl alcohol is a much more effective sanitizer than the
pure (99%) product. Isopropyl alcohol is capable of killing
most bacteria within 5 min of exposure but is ineffective
against spores and has limited virucidal activity. The main
disadvantages of isopropyl alcohol use are its� ammability as
a liquid and its explosivity as an aerosol, and it cannot be
diluted as quats or iodophors can and therefore, is relatively
expensive to use. Alcohols have very limited activity on dirty
surfaces/tools. They cloud some plastics and make acrylics ve
brittle (DON’ T soak acrylic water pipe in alcohol).
Phenolics

Phenolics are cheap and readily available and are ver
effective against fungi, bacteria, and some viruses. Their mai
advantage is that they are highly effective in destroying the
bacteria causing tuberculosis. The main disadvantage is tha
they have very limited activity against some viruses and spores
irritant. They have very high toxicity for cats, reptiles, and birds,
and they can react with certain types of plastic surfaces. Som
phenolic disinfectants leave a greasy residue. They are al
dif � cult to oxidize and therefore dif� cult and expensive to
dispose of in an environmentally suitable manner.
Hydrogen Peroxide (HP)

Hydrogen peroxide, while widely used in the medical � eld,
has found only limited application in the food industry. FDA
approval has been granted for HP use for sterilizing equipment
and packages in aseptic operations. The primary mode o
action for HP is through creating an oxidizing environment and
generating singlet or superoxide oxygen (SO). HP has a fairl
broad spectrum, with slightly higher activity against gram-
negative than gram-positive organisms. High concentrations o
HP (5% and above) can be an eye and skin irritant. Thus, high
concentrations should be handled with care.
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Table 6 Summary of advantages and disadvantages of commonly used sterilization technologies

Sterilization method Advantages Disadvantages

Dry heat l Can be used for glass
l Reaches surfaces of instruments that cannot be

disassembled
l No corrosive or rusting effect on instruments
l Low cost

l Penetrates materials slowly and unevenly
l Long exposure time is necessary
l High temperatures damage rubber goods and some

fabrics
l Limited package materials

Hot water l Relatively inexpensive
l Easy to apply and readily available
l Effective over a broad range of microorganisms
l Relatively noncorrosive, and
l Penetrates into cracks and crevices

l Process that requires come-up and cool-down time
l Can have high energy costs
l Has certain safety concerns for employees
l The process contributing to� lm formations
l Shortening the life of certain equipment or parts

Steam l Nontoxic to staff and environment
l Cycle easy to control and monitor
l Rapidly microbicidal
l Least affected by organic/inorganic soils among

sterilization processes listed
l Rapid cycle time
l Penetrates in packing

l Deleterious for heat-sensitive instruments
l Instruments damaged by repeated exposure
l May leave instruments wet, causing them to rust
l Potential for burns

Hydrogen Peroxide
Gas Plasma

l Safe for the environment
l Leaves no toxic residuals
l Cycle time is 28–75 min (varies with model type) and

no aeration necessary
l Used for heat- and moisture-sensitive items since process

temperature< 50� C
l Simple to operate, install (208 V outlet), and monitor
l Only requires electrical outlet

l Cellulose (paper), linens, and liquids cannot be processed
l Sterilization chamber size from 1.8 to 9.4 ft3 total volume

(varies with model type)
l Requires synthetic packaging (polypropylene wraps,

polyole� n pouches) and special container tray
l Hydrogen peroxide may be toxic at levels greater than

1 ppm TWA

100% Ethylene Oxide
(ETO)

l Penetrates packaging materials, device lumens
l Single-dose cartridge and negative-pressure chamber
l Minimizes the potential for gas leak and ETO exposure
l Simple to operate and monitor

l Requires aeration time to remove ETO residue
l Sterilization chamber size from 4.0 to 7.9 ft3 total volume

(varies with model type)
l ETO is toxic, a carcinogen, and� ammable
l ETO cartridges should be stored in� ammable liquid

storage cabinet
l Lengthy cycle/aeration time

Peracetic Acid l Rapid sterilization cycle time (30–45 min)
l Low-temperature (50–55� C) liquid immersion sterilization
l Environmental friendly by-products
l Sterilant� ows could facilitate salt, protein, and microbe

removal

l Point-of-use system, no sterile storage
l Biological indicator may not be suitable for routine

monitoring
l Used for immersible instruments only
l Some material incompatibility (e.g., aluminum anodized

coating becomes dull)
l Small number of instruments processed in a cycle
l Potential for serious eye and skin damage (concentrated

solution) with contact

Modi� ed from CDC, 2008. Guideline for Disinfection and Sterilization in Healthcare Facilities, 2008. The complete guideline is available for download in PDF format (948 KB/158
pages).http://www.cdc.gov/hicpac/Disinfection_Sterilization/table_10.html(accessed on 27.12.11).
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Peroxyacetic Acid (PAA)
Peroxyacetic acid, or peracetic acid as it is commonl

referred to, is manufactured by reacting acetic acid with
hydrogen peroxide. PAA has grown in popularity because of its
effectiveness and environmental compatibility. Upon degra-
dation, PAA breaks down to acetic acid (vinegar), water, and
oxygen. One major advantage in using PAA is that it also
functions extremely well under cold conditions (4 � C) and,
unlike other sanitizers, does not experience cold temperatur
failure. For this reason, sanitization can be carried out on
equipment and vehicles that do not � rst have to be brought to
ambient temperatures. PAA solutions are generally used a
150–200 ppm and are highly effective against a broad spectrum
of bacteria and spores.

A major disadvantage of PAA is that it is more expensive to
apply than hypochlorite. Moreover, solutions have a short shelf
life. It is a highly ef� cient oxidizer and should not be used with
alcohols at high concentration (spontaneous combustion risk).
It is an irritant. Concentrated peroxyacetic acid compounds are
explosive above 110� C. Pure peracetic acid can explode i
treated roughly. It is far less ef�cient on dirty surfaces/tools but
rapidly gaining popularity because of the multitude of appli-
cations for which it has been registered for with the EPA and is
environmentally compatible. A summary of advantages and
disadvantages of commonly used sterilization technologies has
been given in Table 6.
How Sanitizers Exert Their Germicidal Activity

In general, germicides exert their effect by either attackin
a speci� c part of the bacterial cell or causing damage to some o
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its components. Germicides can fall into three classi� cations,
based on their method of bacterial attack.
f ,
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Cell Membrane Destruction

Germicides such as sodium hypochlorite or peroxyacetic acid
are strong oxidizing agents and can cause total destruction o
the cell membranes, resulting in vital bacterial components
leaking out into their surrounding environment. This process
results in a true microbial death.
ch
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Inhibition of Food Uptake and Waste Excretion

Some germicides, such as quats, have the capacity to atta
themselves onto speci� c sites on the bacterial cell membrane
They do this by virtue of the fact that the quats carry
a positive electrical charge in solution and are attracted to the
negatively charged portions of the bacterial membrane. The
end result is that quats block the uptake of nutrients into the
cell and prevent the excretion of waste products that accu
mulate within their structure. In effect, the cell is both
starved and internally poisoned from the accumulated
wastes.
r

e-
Inactivation of Critical Enzymes

Biocides, such as phenolics, which exert their activity in this
manner, actually enter the cell and chemically react with certain
key enzymes that support either cell growth or metabolic
activities that supply the bacteria with the energy needed fo
growth and multiplication. If inactivation is incomplete, the
injured bacteria can regenerate several hours later and r
contaminate the surface.
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How Bacteria Build up Resistance to Sanitizers

Resistant Bacteria and Sublethal Sanitizer Dosage

In any given population, bacteria exist within a wide range of
sensitivities toward a speci� c sanitizer dose. Under normal
conditions of exposure, sanitizers are capable of destroyin
99.999% of the bacteria present. In essence, a surface th
initially harbors 1 000 000 bacteria per square centimeter prior
to sanitation may be expected to contain only 10 microor-
ganisms per square centimeter afterward. In such a scenario, th
objective of the sanitation process has been achieved in th
sense that the total bacterial population has been reduced to
safe levels.

What may not be as evident is that the remaining 10
surviving microorganisms capable of withstanding the saniti-
zation procedure have the potential to act as a source of future
contamination. If on subsequent clean-up and sanitization,
proper dosing or procedures were not adhered to, or if the
surface had not been adequately rinsed, the 10 surviving
bacteria would survive a second cycle of sanitization, as would
other bacteria. Over a period of time involving several cleaning
and sanitization cycles, the resistant survivors have the capaci
to proliferate, especially during periods in which they are
exposed to food product. When this occurs, the food processing
plant is now dealing with a bacterial population that no longer
responds to sanitizing doses of germicide, resulting in a failure
of the sanitizer to achieve its objectives.
Bio�lm Formation

Bio� lm formation is another mechanism in which bacterial
resistance toward a sanitizer can occur. As previously indicated
proper cleaning is essential before effective sanitization ca
occur. Certain bacteria secrete a polysaccharide that
a constituent of their membrane. These secretions are ver
sticky and attach themselves� rmly to metal surfaces. The
resulting � lm so formed containing trapped bacteria is referred
to as a bio� lm. Bacteria that are responsible for bio� lm
formation may in themselves not be harmful or pathogenic.
However, the gelatinous matrix that they excrete is capable o
attracting to itself and embedding pathogenic bacteria, such a
Listeria monocytogenes. Although the pathogens themselves do
not contribute to the integrity of the � lm, they nevertheless are
capable of contaminating products that come into contact with
the surface.

Bio� lms are often very dif� cult to remove, since their matrix
is very resistant to chemical attack by detergents. They ofte
require higher than normal concentrations of alkaline deter-
gents and strong oxidizing levels of sodium hypochlorite in
order to remove them. Several applications may be required
before the bio� lm can be totally removed.
Detergent–Sanitizer Interactions

Most cleaning products contain non-ionic surfactants (emul-
si� ers and detergents), anionic surfactants, or a mixture of both
in their composition. In solution, non-ionic surfactants are
electrically neutral, but anionic surfactants carry a negative
charge within their structure. When detergent is applied to
a soiled vertical surface, the bulk of product runs within
15–20 min. However, a small but � nite amount of detergent
remains on the surface and contains some of the anionic
surfactant that was present in solution originally applied to the
surface. If the surface is not thoroughly rinsed prior to the
application of a quat sanitizer, the sanitizer can be totally
inactivated. In solution, quats are positively charged and can
therefore combine readily with the negatively charged anionic
residue and become totally inactivated.

A metering system may be set to deliver the correc
concentration of quat (200 ppm), but once the sanitizer comes
into contact with the surface, it reacts with the anionic deter-
gent, and the resulting anionic–quat residue or� lm so formed
has no germicidal activity. An anionic–quat complex so formed
also contains nutrients favoring microbial growth. Such
a complex can actually support bacterial proliferation if left
unchecked.

See also:Designing for Hygienic Operation;Process Hygiene:
Overall Approach to Hygienic Processing;Process Hygiene:
Modern Systems of Plant Cleaning;Process Hygiene:Risk and
Control of Airborne Contamination;Process Hygiene:
Disinfectant Testing;Process Hygiene:Involvement of
Regulatory and Advisory Bodies;Process Hygiene:Hygiene in
the Catering Industry;Thermal Processes:Pasteurization;
Thermal Processes, Commercial Sterility (Retort); Sanitiz
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Introduction

Laboratory Pro� ciency Testing (PT), sometimes referred to a
External Quality Assessment, is an integral part of any labora
tory quality assurance program. PT is de� ned in ISO/IEC
17043: 2010 as “ the evaluation of participant performance
against pre-established criteria by means of interlaboratory
comparison.” Conceptually, PT is based on the assessment o
individual participant laboratories each of which analyze one
or more standardized samples for one or more speci� c analytes.
Microbiological PT schemes provide opportunity to determine
the numbers of de� ned or nonde� ned target groups of organ-
isms in a sample and, in the case of potential food–associated
pathogens, to carry out tests for the detection or enumeration
of de� ned target organisms. In all cases, the participant labo
ratory must use routine test procedures because the purpose
the PT is to enable the laboratory to assess ongoing technica
capability by comparison with other laboratories that carry out
the same analyses.
l
.

,

s

t
h

o

y

-

e

d

.

Why Are PT Schemes Necessary?

Laboratory analysis of commercial or of� cial control samples
or clinical specimens incurs costs that contribute to the overal
cost of providing a quality assessment or a monitoring service
So if a test is worth doing, it is worth doing well. Use of
inadequate procedures, or an improper use of a test procedure
is a waste of money, and inaccurate analytical� ndings may
endanger the well-being of a company, consumer health, or the
health of a patient. To ensure that a set of samples complie
with legislative or commercial microbiological criteria, it is
essential to use laboratory methods that are‘� t for purpose’ –
the methods may be those de� ned in International/European
Standards or they may be alternative commercial methods tha
have been demonstrated to give equivalent results. Suc
methods stipulate the microbiological media, diluents, and
procedures to be used as well as the quantity of each sample t
be examined. Failure to comply fully with such requirements
may result in inaccurate results, which can be demonstrated b
participation in a series of interlaboratory PT studies.
d.
o
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Good Examples of Bad Practice

Some years ago, an irate client telephoned to complain that my
laboratory had reported the presence of salmonellae in 25 g
samples of a product submitted for analysis. He said,“We only
sent them to you because our (retail) customer insisted. Nor-
mally we send samples to X (a commercial testing laboratory)
who never� nd salmonellae in any of our products.” Details of
the method used was obtained by the client, who reported
“they test 1 g of sample and they don’t do pre-enrichment
cultures, because that is much more expensive.” Clearly, he
had not recognized that you only get what you pay for. Nor had
226 Encyclopedia of Food
he understood that the sensitivity of a microbiological test
depends on the amount of sample tested and on the need
to resuscitate sublethally damaged microorganisms by pre
enrichment and enrichment culture. If a criterion requires that
25 g of sample is tested, then that is the amount that must be
tested; if a product potentially contains damaged organisms,
then the method used must include a pre-enrichment step.
Even then, if the level of contamination by the target organism
in the sample is close to the level of detection, it is likely that
some samples may appear not to be contaminated while others
may show evidence of contamination.

This scenario is not unusual. I can think of many other
examples in which poor laboratory practice failed to detect
organisms that were present at low level. One such example le
to an expensive public recall following the explosion of bottles
of a beverage due to growth of fermentative yeasts. Tests o
10 ml aliquots from a small number of 1 l bottles of the product
had failed to detect the presence of yeast. If the same number o
bottles had been incubated at an appropriate temperature for
a few days before visual and laboratory examination, then the
evidence of yeast undoubtedly would have been found.

The bene� t of a PT scheme is that it enables the manage
ment of participant laboratories to compare the performance
of their own laboratory against other laboratories using de-
� ned samples. If performance is below standard, laboratory
management can review and revise their methods to ensur
that quality and safety criteria for products are not compro-
mised by use of inferior procedures.
Who Organizes and Accredits PT Schemes?

Publicly Available PT Schemes

Within Europe, more than 40 organizations provide PT
schemes for microbiological test procedures relevant to foods
and several hundred provide schemes for chemical analyses–
details are given on the European Pro�ciency Test Informa-
tion Service website. Some provide schemes only for a restricte
range of test matrices or for only a small number of target
groups of organisms; others provide a wide range of services
Only about half of these providers, however, have been
approved independently under ISO/IEC 17043 (2010) or other
relevant accreditation schemes.Table 1 provides a schedule of
some accredited PT schemes, including the types of test offere
In countries outside Europe, national accredited schemes als
are established, but it is not unusual for laboratories in many
countries to use European schemes.

Most countries have an approved organization that
provides a facility for accreditation of PT scheme providers. The
UK Accreditation Service assesses providers of PT schemes
ISO/IEC 17043, assesses providers of reference materials to IS
Guide 34, and also assesses the competence of test laboratori
to ISO/IEC 17025. Similar arrangements exist in other
European countries.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00105-1
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Table 1 Examples of food-related accredited European PT schemes

Country Provider Test scheme matrices

Microbiological PT schemes for

Enumeration Detection

Belgium VITO Waters O O
ILVO Raw milk, curd, and cheese O O

France AGLAE Waters O O
CECALAIT Raw milk O
IPL Foods and waters O
BIPEA
RAEMA

Foods and beverages
Dried meat products

O
O O

Germany DDRR Fruit juice O
Milks and meats O O

Netherlands CHEK Milk O O
KWR Waters O

Sweden NFA Freeze-dried organisms O O
United Kingdom LGC Dry foods and ingredients O O

Meat,� sh, and shell� sh O O
Beverages and juices O O
Potable and other waters O O

FEPAS Dry foods and ingredients O O
Meat,� sh, and shell� sh O O
Animal feeds O O

HPA Foods O O
Drinking and recreational waters O O

AGLAE– Association Générale des Laboratoires d’Analyse de l’Environnement, Parc des Pyramides– 427 rue des Bourreliers, HALLENNES LEZ HAUBOURDIN 59320, France.
BIPEA– BIPEA, 6/14 Avenue Louis Roche. Gennevilliers 92230, France.
CECALAIT– Centre d’Etude et de Contrôle des Analyses en Industrie Laitière, P.O. Box 129, rue de Versailles, Poligny CEDEX, 39802, France.
IPL– Institut Pasteur de Lille, Département Eaux et Environnement, P.O. Box BP 2451 rue du Professeur Calmette, Lille 59019 France.
CHEK working group Food and Consumer Product Safety Authority, Paterswoldeweg 1, Groningen, 9700 AL, Netherlands.
DRRR– Deutsches Referenzbüro für Lebensmittel-Ringversuche und Referenzmaterialien GmbH, Bodmanstrabe 4, Kempten 87435, Germany.
FEPAS– Food and Environment Research Agency, Sand Hutton, York YO41 1LZ, UK.
HPA– Health Protection Agency, FEPTU Microbiology Services (Colindale), 61 Colindale Avenue, London NW9 5EQ, UK.
ILVO– Institute for Agricultural and Fisheries Research (ILVO)– Department of Technology and Food, Brusselsesteenweg 370, Melle 9090, Belgium.
KWR– Watercycle Research Institute, P.O. Box 1072, Groningenhaven 7, Nieuwegein 3430 BB, Netherlands.
LGC– LGC Standards Pro�ciency Testing, 1 Chamberhall Business Park, Chamberhall Green, Bury Lancashire BL9 0AP, UK.
NFA– National Food Administration, P.O. Box 622, Uppsala 751 26, Sweden.
RAEMA– ASA, National Veterinary School of Alfort, 94704 Maisons-Alfort.
VITO– VITO, Boeretang 200, Mol 2400, Belgium.
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European Union Reference Laboratory PT Schemes

The European Commission Directorate General for Health and
Consumers (DG Sanco) has designated, among others, tw
laboratories of ANSES (The French Agency for Food, Environ
mental, and Occupational Health and Safety) as the European
Union Reference Laboratories (EURLs) forListeria monocytogen,
Staphylococci, and milk. Part of their duty is to provide a PT
scheme; ANSES also acts as a National Reference Laborat
(NRL) for the same analyses. The EURL scheme provides asse
ment of the performance of NRLs across Europe. The Frenc
NRL scheme provides a similar role for of� cial French laborato-
ries. These schemes differ from the publicly available schemes

NRLs are required to participate in the EURL scheme an
of� cial laboratories are required to participate in the NRL
scheme; the methods to be used are those prescribed as ref
ence methods in European legislation. Furthermore, the EUR
or the NRL investigates the causes of unsatisfactory results a
reviews the validity of corrective actions taken by any default
ing NRLs or of� cial laboratories. Similar schemes are provided
by other EURLs across the European network for tests that fa
within their remit, including tests for mycotoxins and other
contaminants in foods and feeds, and for environmental
contaminants.
-

What Range of Tests Is Included in PT Schemes?

Examples of the range of microbiological tests covered b
commercial PT schemes are shown inTables 2and 3. Many tests
are based on enumeration of microorganisms in food and water
samples; others are designed for detection of speci� c organisms,
usually food-associated pathogens. In a few cases, PT schem
provide freeze-dried ampoules or other preserved suspension
(e.g., ‘lenticules’) of organisms that can be added to food or
water samples in the participating laboratory. The preparation
of food samples for testing is discussed in the following section.

Enumeration Tests (Table 2)

Scheme providers identify the target organisms included in
a sample but do not designate the test procedure to be use
(except for EURL/NRL PT schemes); in most cases, they do n
indicate the probable level of organisms in the sample. Some
tests may be concerned only with determination of, for
example, the total aerobic micro� ora, while others enumerate
speci� c groups of organisms, including pathogens, such a
L. monocytogenesor Staphylococcus aureus. Speci� c groups of
commercially important organisms include butyric acid–
producing clostridia, Bacillus cereus, Enterobacteriaceae, lactic
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Table 2 Examples of PT schemes for enumeration of microorganisms in foods

Test Matrix

Aerobic plate count Beef, milk powder, chicken, water
Aeromonasspp. Water
Coliforms Milk powder, cocoa powder, water
Enterobacteriaceae Milk powder, salad vegetables, cocoa powder
Escherichia coli Beef, mineral water, water
Coagulase positive staphylococci Milk powder
Enterococci Beef, milk powder, cocoa powder
Listeria monocytogenes Chicken
Lactic acid bacteria Beef, fruit juices, beverages
Pseudomonasspp. Water
Bacillus cereus Rice, milk powder
Clostridium perfringens Milk powder, animal feed, water
Yeasts and molds Flour, beef, dairy products, fruit juices, beverages

Table 3 Examples of PT schemes for detection of microorganisms in foods

Test Matrix

Campylobacterspp. Chicken, milk powder
Salmonellaspp. Milk powder, salad, cocoa powder, chocolate, beef
Listeria monocytogenes Soft cheese, beef, meat products
Escherichia coliO157 Salad, fresh milk, herbs, beef
Vibrio parahaemolyticus Fish
Cronobacter sakazakii Infant formula
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acid bacteria, and yeasts and molds. Samples for determinatio
of speci� c organisms frequently include typical environmental
contaminants as competitive micro� ora. The participant labo-
ratory uses its own routine method and reports the results of the
tests and (sometimes) details of the procedure, culture media
and so on to the scheme provider. Hence, results obtained in
one laboratory, using, for example, a pour-plate method, will
be compared by the scheme provider with results from other
laboratories that may have used a spread-plate method, a mos
probable number method, or, increasingly, an instrumental
method based on estimation of impedance, oxygen uptake, and
so on. The results are assessed (see Data Analyses) and
relative performance is reported to each participant compared
with the performance of other participants – but the identities
of the other participants always remain con� dential.
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Detection of Potential Pathogens (Table 3)

Samples for pathogen detection usually will contain the target
organism at a low level, but one that always should give
a positive result by the reference method. This is very importan
because the ability of a laboratory procedure to detect a targe
organism will be affected by microbial distribution in the test
sample. For instance, if it is assumed that the culture used to
inoculate the test matrix conforms to a Poisson distribution,
then to set a target level at fewer than 6 cfu per 25 g sample ma
result in false-negative results from about 0.3% of samples
prepared. Generally, a target cell level of 10 cfu or more is used
As with some enumeration tests, background micro� ora also
are included to ensure that the test sample provides a realisti
challenge to the laboratory test method. Where appropriate, the
challenge inoculum may have been heat or cold stressed to
replicate the effects of processing on target cells. Therefore, th
participant laboratory will need to use pre-enrichment and
enrichment tests to optimize detection of the target organism.

Many schemes provide two samples for analysis by detec
tion methods. Either sample may or may not contain the target
organism and the participant laboratory will not know which
samples contain the target organism. Laboratories are score
on correct identi� cation of the contaminated and non-
contaminated samples.
Sample Preparation, Distribution, Analysis,
and Assessment

Scheme Advisory Committee

An advisory committee (AC) of independent experts should
oversee the PT scheme, although its involvement is no
prescribed in ISO 17043. This is an important role that ensures
that the scheme is operated effectively and in an unbiased
manner. For each round of the scheme, the provider propose
the choice of target and competitive organisms, food matrices
and statistical procedures to be used, which then are approve
by the AC. The AC also reviews the performance of th
(anonymous) participants in each round of the scheme, advises
on any problems that may have been experienced during its
operation, and makes recommendations for future changes to
the scheme. Above all, the AC reviews the overall performanc
of the scheme over time, including recommending how the
provider can assist participants to improve their individual
performance as may be appropriate.
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Sample Preparation and Distribution

Samples for analysis often are prepared by careful bulk mixing
of a suitable quantity of a standardized suspension of the targe
organism into a food matrix, followed by dispensing the
inoculated material into suitable sterile containers to provide
a set of samples in standard quantities, such as 10 or 25 g. A
times, it may be dif� cult to mix the inoculated matrix suf � -
ciently well to ensure, with reasonable precision, that any one
standard quantity of the sample matrix will contain the antic-
ipated level of organisms. It is easier with a liquid matrix that
can be blended and then freeze-dried, than it is with a solid
food. For solid matrices in particular, the simplest method to
ensure reproducibility is to inoculate each individual sample of
dispensed matrix with a standard volume of a suspension of
organisms; for low-level inoculation, this is often the most
appropriate method.

For suf� ciently stable contaminated matrices, it is normal
to store the prepared samples for some weeks before carryin
out homogeneity testing by duplicate analyses on at least 10
and preferably more, randomly drawn replicate samples. The
analyses normally will be done using an internationally
approved reference method (e.g., an ISO Standard method) fo
the relevant target organism. For enumeration methods, the
results of the analysis will be statistically analyzed to determine
the mean value, which may be used to assess values reported
participants, and the variance of the colony counts. Appro-
priate statistical methods are used to assess the reproducibilit
of the results compared with the known uncertainty estimates
for the method. The most commonly used procedure is that
described as a‘test for suf� cient homogeneity.’ If the results
demonstrate adequate homogeneity, then the samples can b
distributed to participants; if not, the test material must be
rejected and fresh samples prepared. For samples intended f
detection of a target organism, the key issue is that results on a
inoculated replicates tested must demonstrate the presence
the target organism, which must not be found in any test on
noninoculated samples.

Distribution of inoculated test materials may be done either
through the postal services or using a carrier; but whicheve
method is used, the samples must be protected adequatel
against transit damage, and the distribution system mus
log10 cfu g–1
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Figure 1 (a) Histogram of bacterial colony counts overlaid with a no
curve obtained by estimating the kernel density of colony counts and
comply with international regulations concerning transmission
of microorganisms. The packs also must contain details of the
samples, together with the procedure for handling them in the
laboratory (e.g., reconstitution of dried sample materials).
The receiving laboratory must notify the scheme provider of
safe, or damaged, receipt and, if samples are distributed unde
controlled temperature conditions, the date and temperature on
receipt. Each participant laboratory then carries out the relevan
test protocol for enumeration or detection within an agreed
time period and submits the results to the scheme provider,
sometimes together with details of the method used.
Data Analyses

The results provided by participants for each round are input
into a database together with information concerning the
participant code and sample codes, the dates of receipt an
testing of samples, the methods and culture media used, and
any other additional information provided by the participant.
Only when all results have been assembled can analysis of th
data be undertaken.
Enumeration Tests

The full data set is examined for evidence of any outlying data
values before determination of the ‘assigned mean value’
calculated after logarithmic transformation and using robust
statistical methods. Decisions must be taken on whether to
exclude any outlying values from calculations of ‘assigned
mean values,’ but all reported values should be included in the
overall assessment. Additionally, a check is made to con� rm
that the data set conforms to a unimodal distribution, which is
done using a statistical program for‘bump hunting ’ (determi-
nation of kernel density). Figure 1 illustrates both a typical
unimodal distribution and a bimodal distribution. If the data
are shown to have multiple modes, it is necessary to assess th
possible causes– for instance, a bimodal distribution might
indicate that one part of the original batch of test material had
a higher level of target organisms than the bulk of the material.
In such circumstances, it may not be appropriate to continue
the analysis and it may be necessary to declare the test roun
log10 cfu g–1
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b)

rmal distribution curve showing a single mode. (b) A bimodal distribution
showing two modes.
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invalid and to repeat the entire exercise. In other cases, th
multiple modes may be caused by use of different methods by
groups of the participants.

Assuming that the test data do conform to a coherent single
distribution, each reported result is converted to a test score
Although other methods of assessment sometimes are used,
generally is recognized that the most appropriate assessment,
recommended by International Union of Pure and Applied
Chemistry (IUPAC), ISO 17043, and ISO 13528 (the latter
providing guidance for the organization and evaluation of PT
schemes, whicharespeci� c to foodmicrobiology), is todetermine
z-scores using an assigned‘reference value’ and an assigned
‘measure of uncertainty’ for the particular PT round. The assigned
reference value usually is determined as the robust mean (i.e.,
mean value determined using a robust statistical analysis) of the
participant data valuesor the mode of the participants’ results, but
in some schemes, the average value determined in the organizin
laboratory might be used. The scheme provider, in conjunction
with the AC, usually sets the assigned‘measure of uncertainty’ –
that is, the overall standard deviation for each PT round.

The value x reported by each participant is converted to
a z-score using the following equation:

z ¼ ðx � xaÞ=sp

wherexa is the ‘assigned value’ (i.e., the best estimate of the true
value of the analyte in the PT matrix, calculated by the schem
provider) and sp is the standard deviation (standard uncer-
tainty) for pro � ciency based on‘� tness for purpose.’ Generally
scores that lie within the rangejzj <2 are considered to be
acceptable, whereas scores>2 jzj <3 would be considered to
warrant investigation and scoresjzj >3 are regarded as unac-
ceptable. On average, provided that the assigned value forsp is
� t for purpose, then for a totally random sample of results
about 1 in 20 would be expected to fall outside thejzj <2 range
and about 1 in 100 would be expected to fall outside jzj <3.

As an example, suppose that for a speci� c PT round the
assigned value (xa) is 5.60 log10 cfu g� 1 and sp ¼ 0.25. Suppose
further that participant A reports a colony count of 4.90
log10 cfu g� 1 and participant B reports a count of 5.69
–8.0

–6.0

–4.0

–2.0

0.0

2.0

4.0

10
55

10
12

10
50

10
21

10
09

10
91

10
11

10
33

11
11

11
02

11
03

11
26

10
38

11
05

Particip

z
-s

co
re

Figure 2 Plot ofz-scores for estimates of a de� ned organism in a food m
of participantz-scores were outside the range� 2 < z < þ 2 and deemed t
log10 cfu g� 1; then the z-scores for laboratories A & B would be
as follows:

zA ¼ ð4:90 � 5:60Þ=0:25 ¼ � 0:70=0:25 ¼ � 2:8
zB ¼ ð5:69 � 5:60Þ=0:25 ¼ 0:09=0:25 ¼ 0:36

The result from participant A is 2.8s below the assigned
value and, therefore, deemed to need investigation, wherea
that of participant B would be 0.36s above the assigned value
which would be within the acceptable range. A typical output
chart for a PT round is shown inFigure 2. In the report of the PT
round, the providers normally will include a table of the
percentage acceptable results.
Detection Tests

Because detection tests are by de� nition qualitative, it is not
possible to derive a score and participant results are reported a
‘satisfactory’or ‘not satisfactory (NS).’ If the PT provider has
supplied two samples, of which only one has been inoculated,
the results must identify correctly which of the samples was
negative and which was positive. Incorrect juxtaposition of the
results will be treated as NS. Similarly, if both samples had
been inoculated, and only one is reported as positive then,
because of the false negative, the results would be deemed N
Other Variations

In some schemes, other variations are possible. For instance,
a test for yeasts and molds, the provider might request the
participants to identify (to generic level) the types of yeast or
mold present in addition to enumerating the organisms.
A further variation might be that only yeasts (or molds) are
present, and the participant would be expected to report zero
mold (or yeast) counts.

A different kind of PT sometimes is conducted. A sample of
food may be distributed together with a hypothetical ‘case
history’ of, for example, food-poisoning symptoms. The
participant is required to decide, based on the‘case history,’
which organism might have been the cause of the incident and
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to undertake appropriate tests to con� rm their conclusion.
Although such test regimes primarily are intended for labora-
tories involved in investigation of foodborne disease, the tests
are equally useful for central control laboratories associated
with large manufacturing organizations. As a variation, foods
inoculated with spoilage microorganisms can be useful as par
of a training regime for laboratory staff.
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Interpretation and Reporting of Results

Use of Results by Scheme Providers

Sometimes, PT providers examine data on a continuing basis a
this provides the opportunity not only to assess the compe-
tence of the scheme participants but also to investigate whethe
the competence of participants has improved by using the PT
scheme.

Occasionally, results from a PT round may indicate one or
more potential problems associated with the scheme. Fo
instance, inoculated organisms may die between the time o
sample preparation and the distribution of sample matrices to
participants. Signi� cant differences between the‘assigned
value’ based on participant results and the average inoculation
value determined in the providing laboratory also may indicate
problems with microbial stability. Similarly, a low incidence of
‘satisfactory’ results for a detection test may indicate a lack o
stability in the samples, the use of a microbial strain that is not
detected reliably by methods other than the reference method
or other issues that need to be identi� ed and resolved. Simi-
larly, problems with bi- or multimodal distribution of partici-
pant results may indicate a heterogeneous sample set o
variability in the results from use of different methods.
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Use of Results by Scheme Participants

Participation in PT schemes is required for laboratory accredi
tation according to ISO 17025 and assessors take the resul
from PT schemes, including the follow-up to unsatisfactory
results, into account during laboratory audits. The primary
purpose of the PT is to enable participants to assess analytic
performance in their own laboratory against a benchmark of
other laboratories carrying out the same test on the sam
standard food sample. Over time, a simple plot of z-scores
provides evidence that the laboratory is continuing to maintain
appropriate standards, or not, as the case may be. The outpu
from PT schemes can be incorporated into in-house statistica
process control charts used to monitor both industrial pro-
duction and laboratory performance.

Evidence of positive performance forms part of the
demonstration of laboratory competence and helps to gen-
erate, or maintain, any claim for due diligence by the organi-
zation. Evidence of poor performance indicates a need to
improve standards and ef�ciency in the laboratory through
staff retraining, amendment of laboratory test procedures, and
so on.
Conclusion

Participation in PT schemes should be considered to be an
integral part of running a testing laboratory. Assessment o
laboratory performance by reference to the performance o
other laboratories that undertake the same analyses is vital. Bu
it is important to recognize that PT schemes for particular
organisms are run infrequently. So any laboratory that is
undertaking analyses should be carrying out regular internal PT
(internal quality control) of methods and analysts, using suit-
able reference materials or in-house spiked samples. Withou
such regular checks, the reliability of laboratory test results ma
be open to question by clients and regulatory authorities.
See also:Hazard Appraisal (HACCP):Involvement of Regulato
Bodies;Hazard Appraisal (HACCP):Establishment of
Performance Criteria; International Control of Microbiolo
Management Systems:Accreditation Schemes;National
Legislation, Guidelines, and Standards Governing
Microbiology:European Union; Microbial Risk Analysis;
Microbiological Reference Materials; Sampling Plans
on Microbiological Criteria.
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Taxonomic Approach

As early as 1906, Von Freudenreich and Orla-Jensen had is
lated various bacteria from cheese, among them bacteri
producing propionic acid which were namedPropionibacterium.
Orla-Jensen later speci� cally isolated propionibacteria and
described them in more detail.
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Genus Description and Phylogenetic Situation

The propionibacteria are classi� ed within the Gram-positive
bacteria group in the subdivision of Actinomycetes (the other
subdivision being Clostridium) which groups together the
numerous species with high GþC%. The GþC% content of
the propionibacteria is in the range 65–67%, according to the
species.

The classi� cation of propionibacteria, as with numerous
other bacterial genera, has advanced considerably during thi
century. In 1930 Bergey’s Manual described eight species, in
1934 nine species and in 1939 11 species. The lastest modi� -
cations were not based on phenotypic characteristics, a
previously, but rather on a genetic approach using DNA/DNA
hybridization. Thus the species have been grouped togethe
into eight species (Bergey’s Manualof 1974 and 1986). The
analysis of 16S rRNA allowed the construction of a phyloge-
netic tree (Figure 1).

This genus is divided up into two groups of species:

1. The cutaneous species (P. acnes, P. granulosum,
P. lymphophilum, P. propionicum, and P. avidum) are
commonly found on the skin and their role ( P. acnes,
P. granulosum) as possible causal agents of disease (acn
vulgaris) is still unresolved.

2. The classical species, also called the dairy spec
(P. freudenreichii, P. acidipropionici, P. thoenii, and P. jenseinii),
are involved in the ripening of Swiss type cheeses. A new
P. lymphophilum

P. freudenreichii
subsp. shermanii

P. freudenreichii

P. cyclohexanicum

P. ac
P. av

P. prop

P. granulosum

P. jensenii
P. thoenii

P. acidipropionici

Luteococcus
japonicum

Figure 1 Phylogenetic tree of thePropionibacteriumgenus based on the a
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species,P. cyclohexanicum, belonging to the classical group
but not found in the dairy products has been described
recently. This species was isolated from spoiled orange juic
and the 16S rRNA sequence shows that it is closely related t
P. freudenreichii.

Only classical species involved in the manufacture of dairy
products are discussed here because of their implications in
food microbiology.

P. freudenreichii groups together the classical specie
P. globosum, P. orientatum, P. coloratum, P. freudenreichii, and
P. shermanii.

P. freudenreichiiincludes two subspecies,P. freudenreichi
subspp. freudenreichii and shermanii, but this division is
currently under discussion because some authors have su
gested the reintroduction of an additional P. globosumas
a subspecies, whereas others think that DNA/DNA homology
within the species is too high to justify a separation into two
subspecies. This species is used as a starter for the manufact
of Swiss-type cheeses and is also used for the production o
vitamin B12 and propionic acid.

P. jenseiniicomprises the classical speciesP. peterssoni,
P. technicum, and P. zeae.

P. thoenii groups together the speciesP. thoenii and
P. rubrum. However, recent studies based on numerica
taxonomy and molecular biology (Tm comparison and
sequence of 16S rRNA) showed that the strains ofP. rubrum
should be incorporated in with the P. jenseiniispecies. This
error in classi� cation has some repercussions on the value
of the phenotypic keys of identi� cation recommended in
the last edition of Bergey’s Manual (1986). In fact the keys
used for the identi� cation of P. thoenii strains were estab-
lished, in part, from the phenotypic characteristics of
P. rubrumstrains.

P. acidipropioniciincludes the older speciesP. pentosaceum
and P. arabinosum.
1%

Bifidobacterium lactis

Escherichia
coli

nes
idum
ionicum

nalysis of the 16S rRNA. (Redrawn from Dasen et al. 1998.)
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Figure 2 Scanning electron micrograph of a strain ofP. freudenreichii.
(Photograph J. Berrier.)
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The taxonomy of propionibacteria is still evolving because,
for some years, scientists have been looking for them ecologica
niches other than dairy products. It is probable that other new
species will be isolated from the environment. A good illus-
tration of this is the discovery of P. cyclohexanicum, a new
species found in spoiled fruit juices.
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Identi�cation Methods

The propionibacteria are pleomorphic rods (Figure 2) but the
cells may be coccoid, bi�d, or branched. Cells may be single
in pairs forming a V or a Y shape, in short chains, and
often grouped in a ‘Chinese character’ type pattern. Their
morphology and arrangement vary according to the strain, the
age of the culture, and the culture medium. This pleomorphic
characteristic means that contamination of all cultures of
propionibacteria with other microorganisms is sometimes
dif � cult to detect. These bacteria are also non-motile and non
spore-forming.

Propionibacteria are chemoorganotrophs and fermentation
products include large amounts of propionic and acetic acids
They are anaerobic to aerotolerant and generally catalas
positive. These characteristics, and especially the production o
Table 1 Main criteria for differentiation of lactic propionibacteria ac

Organism Fermentation of sucrose and maltose Reductio

P. freudenreichii � d
P. jensenii þ �
P. thoenii þ �
P. acidipropionici þ þ

þ , 90% or more strains are positive;� , 90% or more strains are negative; d, 11–89%
propionic acid, allow for relatively easy characterization of
the genus.

Some phenotypic characteristics used in determining
species have been established and are indicated inTable 1.
However, the value of these identi�cation keys has recently
been called into question especially concerning the differ-
entiation of P. thoeniiand P. jensenii. Due to the great variet
of strains, the variability of the phenotypic characteristics
and the subjectivity relative to these identi� cation methods,
these phenotypic keys are not well adapted for specie
determination. Although the fermentation patterns allow for
the differentiation of P. freudenreichii(which uses only a few
sugars for fermentation) and P. acidipropionici(which uses
a larger range of sugars), they cannot be used for the atypic
strains or for differentiating between P. thoenii and
P. jensenii.

Some classical methods, such as lysotyping, have bee
developed for the differentiation of P. acnesstrains. However,
concerning the dairy species, a lysotyping method could not be
developed because, on the one hand, more suitable technique
of � ngerprinting based on molecular biology were recently
developed and, on the other hand, only bacteriophages
infecting P. freudenreichiihave been described and their variety
is too limited to develop a lysotyping method. Other classical
methods, such as serotyping, have not been well develope
and, for the reasons previously outlined, are no longer
available.

Methods Based on Molecular Biology
The best identi� cation methods are based on molecular
biology. Some methods, based on the polymerase chain reac
tion (PCR) allowing ef� cient speciation, have been developed
the primers used having been obtained from the sequence o
the 16S ribosomal genes. Two methods based on the poly
morphism of the 16S rRNA genes have also been develope
(namely the ribotyping and restriction analysis of the 16S rRNA
genes).

Techniques leading to the differentiation of strains, partic-
ularly in order to follow the strains involved in fermentation
processes and to evaluate biodiversity, have been develope
using classical propionibacteria. These ef� cient methods, based
on molecular biology, include the RAPD (randomly ampli� ed
polymorphism DNA) and the chromosome restriction pattern.
In the latter technique, the restriction endonucleaseXbaI cuts
the genome in rare sites and the large fragments obtaine
(about 20) are then separated with pulsed� eld gel electro-
phoresis (PFGE).
cording to Cummins and Johnson (1986)

n of nitrateb-Haemolysis Color of pigment Isomer of DAP in cell wall

� Cream Meso
� Cream L-
þ Red-brown L-
� Cream to orange-yellow L-

of strains are positive.
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Ecological Niche

Milk and Dairy Products

Classical propionibacteria are found in raw milk. Some studies
mention a concentration of 10–1.3 � 104 cfu ml� 1 in French
raw milk, and an average contamination of 7 � 102 cfu ml� 1

and 2.5 � 102 cfu ml� 1 in raw milk used for Italian Grana
cheese and in Swiss raw milk, respectively. This concentration
closely related to the hygienic quality of the milking line.
Moreover, propionibacteria can grow in milk because,
although they preferentially use lactate as a carbon substrate
they can also use lactose. However, their growth in milk is
reduced due to their weak proteolytic activity.

The presence of propionibacteria in raw milk leads to
their development in certain types of cheeses, where they ca
reach levels of 109 cfu g� 1 of cheese. They are predominantly
found in Swiss-type cheese because the temperature of th
long ripening (several weeks at about 24� C), the low salt
concentration and the relatively high pH (5.2) favor their
growth.

Their development may also result in defects in other chees
varieties where propionic fermentation is not desirable (late
blowing in Grana cheese-making, abnormal gas formation in
mozzarella cheese).
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Figure 3 Electron micrograph of phage B22 infectingPropionibacterium
freudenreichii. (Photograph F. Michel.)
Other Ecological Niches

Classical propionibacteria have been found in soil, silage and
vegetable fermentations, but exhaustive studies have onl
been carried out on the habitat of propionibacteria. Propio-
nibacteria have also been isolated from anaerobic environ
ments. Within the rumen, Propionibacteriumspecies are
among other species, responsible for urea breakdown an
ammonia release and this bacterial genus has been found in
anaerobic digesters.
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Relations with Bacteriophages

Bacteriophages infecting a cutaneous species (P. acnes) have
been described since 1970 and studied to develop a typing
method for different strains. However, bacteriophages
infecting the classical propionibacteria, and especially
P. freudenreichiiwere only discovered in 1992. The presence o
bacteriophages has been reported in a wide variety of Frenc
Swiss-type cheeses (16 cheeses of 32 analysed) at various lev
ranging from 14 to 106 cfu g� 1. These bacteriophages presen
a classical morphology (they have an isometric head, a non
contractile tail and a tail plate) (Figure 3) so they belong to
the B1 group of Bradley’s classi� cation. Their genome consists
of a linear double-stranded DNA molecule, 40 kb long, with
cohesive ends.

Temperate bacteriophages have been described and it h
been shown that some strains ofP. freudenreichiiare lysogenic
since they harbor prophages inserted on their chromosome
The multiplication of bacteriophages was found to occur in
cheese during the multiplication stage of propionibacteria in
a warm curing room. Although propionibacteria bacterio-
phages are very common in cheeses, their impact on chee
technology and quality is probably limited. Bacteriophages
coexist in cheese with an abundant population of
phage-sensitive cells, indicating that destruction of propioni-
bacteria is only partial. Because of the solid structure of Swiss
type cheese, bacteriophages cannot propagate throughout th
cheese. Consequently, their multiplication occurs in separate
sites and only partially hampers the propionibacteria
development.

No phage accident has so far been reported in other types o
fermentation processes using propionibacteria.
Enumeration and Culture Procedures

Propionibacteria, being anaerobic to microaerotolerant, do
not grow on solid media exposed to air and, consequently,
obtaining colonies requires growth in anaerobic jars.
However, probably because of their microaerotolerant char-
acter, growth in liquid culture media does not require
anaerobic conditions.

They grow very well on complex media, such as brain hear
infusion (BHI) broth, but because of their long generation
time, contamination with other bacteria can occur, which is
why more selective media are preferred. Yeast extract–sodium
lactate (YEL), where the carbohydrate source is the lactate,
normally used. With this medium, to which agarose has been
added (YELA), 5 to 6 days are required to obtain colonies of 2
mm in diameter which are cream colored forP. acidipropionic
and P. freudenreichii, orange or brick red forP. jenseiniiand brick
red for P. thoenii.
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Selective Medium

Propionibacteria are usually a minority population in milk
samples and, consequently, dif� cult to isolate with nonselec-
tive media. A recently developed medium now available
commercially under the brand name Pal Propiobac� allows for
improved isolation of propionibacteria from samples with
a complex� ora. In addition to classical nutritive elements, this
medium contains glycerol as the fermentation substrate
lithium to inhibit various lactic acid bacteria, a cocktail of
antibiotics active against Gram-negative bacteria, and bro
mocresol purple. The propionibacteria colonies appear on this
medium as brown colonies larger than 0.5 mm in diameter,
surrounded by a yellow area (Figure 4) caused by the pH
decrease resulting from glycerol fermentation.
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Factors Interfering with the Growth of Propionibacteria

Temperature
The optimal growth temperature is 25–32� C. The capacity to
grow at low temperatures depends on the species and strain. I
contrast to the three other species, the majority of strains o
P. freudenreichiiare able to grow at 7� C, probably due to
modi � cation of the fatty acids of the cytoplasmic membrane.

This ability to grow at low temperatures can present prob-
lems in cheese technology because when the ripened chees
are stored in a cold room after ripening, the growth of pro-
pionibacteria can lead to excessive swelling of the cheese loa
-

Figure 4 Colonies ofPropionibacterium freudenreichiiobtained on the
selective medium Pal Propiobac. (Photograph A. Thierry.)
pH
It is dif � cult to de� ne an optimum pH for growth of propio-
nibacteria because this pH depends on the growth medium, the
temperature, and the water activity. In contrast to the lactic acid
bacteria used in cheese manufacture, propionibacteria ar
rather sensitive to acidity.

In YEL medium, the optimal pH for growth of propioni-
bacteria is between 6.5 and 7.0 but they may survive at much
lower pH values. During the ripening of Swiss-type cheese, the
grow at between pH 5.4 and 5.6 which is the pH of the cheese
but they have much greater dif� culty growing below pH 5. In
these cheeses, at pH 5 to pH 6, a variation of 0.1 pH unit can
have a signi�cative effect on their growth.

Effect of Sodium Chloride
As the manufacture of Swiss-type cheese requires brine saltin
of the cheeses just before ripening, the sensitivity of propio-
nibacteria to sodium chloride has been studied. In cheese, sa
is an important factor in � uencing the growth of propionibac-
teria and the inhibiting effect of sodium chloride on growth is
all the more signi� cant since the pH is low.

In YEL medium at pH 7, the great majority of propioni-
bacteria strains are able to grow at a maximum concentration o
6–7% of salt. However, in cheese, their sensitivity is increase
to pH 5.2–5.4, just prior to the beginning of ripening. Their
growth decreases drastically at a concentration of 3% of salt in
cheese, i.e., just beneath the cheese rind.

It has been shown thatP. freudenreichiisubsp.shermaniicells
respond to changes in rich medium osmolarity by varying the
concentrations of speci� c solutes and especially glycine
betaine, in order to maintain their constant turgor pressure.
This property enables them to adapt to the rise in osmotic
pressure due to the salting stage in the cheese process.
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Use of Propionibacteria in Industry

Cheese Making

Propionibacteria are important in the development of � avor
during the ripening process in the manufacture of Swiss-type
cheese. It is dif� cult to determine the exact role of propioni-
bacteria in the production of � avor compounds because the
appearance of aromatic molecules results from the activity o
various bacterial species developing in cheese. However, it ca
be stated that the characteristic� avor due to the propionibac-
teria results from the production of propionic acid, acetic acid
and diacetyl. CO2 is also produced which is responsible for the
‘eyes’ or gas vacuoles characteristic of such cheeses. Althou
their proteolytic activity is not signi � cant, some studies
emphasize their lipolytic capacities. It seems that this activity
which is responsible for the development of aromatic
compounds, is most signi� cant during ripening. However, it
remains to be determined whether these bacteria are respon
sible for the production of aromatic amino acids or
compounds resulting from the catabolism of amino acids.

These bacteria are naturally present in the raw milk used fo
cheese manufacture. However, this natural� ora is becoming
more and more depleted by the improvement of raw milk
quality and the processes of microbiological puri� cation of
milk, such as micro� ltration or bactofugation. For this reason,
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propionibacteria are added at a low concentration (105 cfu
ml � 1 of milk) by the cheese maker at the beginning of the
process. In fact only the speciesP. freudenreichiiis used as
a starter, probably because it is the species most resistant to th
heat treatment applied to the curd during cheese manufacture
However, indigenous propionibacteria are not completely
eliminated by milk thermal treatment and, in spite of their low
concentration, they are able to predominate during the
ripening process because of the signi� cant length of the
ripening period.

Propionibacteria grow in the body of the cheeses after the
development of thermophilic lactic acid bacteria, as they can
obtain their energy for growth from the fermentation of lactate
produced by lactic acid bacteria.
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Production of Propionic Acid

Propionic acid, and its salt, are largely used as mold inhibitors
in baking, as esterifying agents in the production of thermo-
plastics and in the manufacture of � avors and perfume
bases. A large part of this production is via petrochemica
pathways. Nevertheless, fermentation processes have be
described since 1923. The increasing consumer demand fo
biological products and the more ef� cient performance of
new fermentation processes have revived research an
industrial interest for biological propionic acid production.
Moreover, the association of propionic acid with lactic and
acetic acids has been recommended for the preservation o
foods. The US Food and Drug Administration (FDA) lists the
acid, and the Naþþ , Caþþ , and Kþ salts, as preservatives in
their summary of generally recognised as safe (GRAS) add
tives and no upper limits are imposed except for bread, rolls
and cheeses (0.30–0.38%).

The early work on propionic acid fermentation resulted in
the formulation of the Fitz equation:

3 lactic acid/ 2 propionic acid þ 1 acetic acid

þ 1 CO2 þ 1H2O

or

1:5 glucose/ 2 propionic acid þ 1 acetic acid

þ 1 CO2 þ 1H2O
Table 2 Comparison of propionic acid fermentation processes

Organism System Carb

P. acidipropionici Batch Lactose
Glucose

P. acidipropionici(ATCC 25562) CSTR Glucose

Xylose
Plug� ow tubular reactor Glycos

Xylose
Propionibacteriumsp. Calcium alginate gel beads Na-la
P. acidipropionici

(ATCC 25562)
CSTRþ UF cell recycle Xylose

P. acidipropionici CSTRþ UF cell recycle Lactos

Reproduced with permission from Boyaval, P., Corre, C., 1995. Production of p
Theoretical maximum yields are 54.8% (w/w) as propionic
acid and 77% as total acids. Formation of propionic acid is
accompanied by the formation of acetate, for stoichiometric
reasons and to maintain the hydrogen and redox balances.

Various processes of propionic acid production were
described and are shown inTable 2.
Use of Propionibacteria as Probiotics

Although at present propionibacteria are not extensively
commercialized as probiotics, it appears that they do have
a probiotic effect. This probiotic action depends on the
production of propionic acid, bacteriocins, nitric oxide, folacin,
vitamin B12, CO2 and their stimulatory effect on the growth of
other bene� cial bacteria. Moreover, some strains resist the aci
environment of the stomach and the bile salts of the intestine
and reach a high population density within the digestive tract.
Propionibacteria can be used as a probiotic for animals and for
humans. They have been administered to piglets and the effec
on the growth of the pigs was signi�cant. In addition, the
fodder demand was clearly lower when compared with the
control group. A mixture of propionibacteria, lactic acid
bacteria, and bi� dobacteria has been used, with positive
results, as probiotics for calves.

Propionibacteria have also been investigated with regards to
their potential role as human probiotics, especially in curing
certain intestinal disorders of children and elderly people.
They are a source of bene� cial enzymatic activities such as
b-galatosidase andb-glucuronidase.
Production of Vitamin B12

Vitamin B12 is an important cofactor in the metabolism of
carbohydrates, lipids, amino acids, and nucleic acids. The
vitamin is thus an important additive in animal feeds and is
used in chemotherapy, in particular to prevent pernicious
anaemia. Up to now vitamin B12 has been produced by
fermentation on an industrial scale since chemical synthesis o
the vitamin is very dif� cult. For a long time propionibacteria
were used to produce vitamin B12 but Pseudomonas denitri� cans
strains have partly replaced propionibacteria in commercial
vitamin B12 production because they grow faster and yields are
on source Cell concentration
Propionic acid
concentration (gl� 1)

Productivity
(gl� 1h� 1)

– 2.37 0.033

1.5� 109–9.5 � 1011

cells ml� 1
3.74 0.19

0.18
e – – 0.49

0.40
ctate 4 109 cells(free) ml� 1 5 2

95 (gl� 1) 18 2.2

e 100 (gl� 1) 25 14.3

ropionic acid. Lait 75, 453–462.
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higher. Actually, two-thirds of the vitamin B12 produced is via
Pseudomonas denitri� cansand the remainder by Propionibacte
rium freudenreichii. As the vitamin produced by the two species
is marketed at the same price, the advantages of using on
process or the other seem negligible. The production rate o
vitamin B12 is about 20 mg per litre of culture, the molecule
produced by Pseudomonasbeing excreted into the culture
medium whereas in the case of the propionibacteria it is
intracytoplasmic.
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Genetic Improvement of Propionibacteria

Very little work has been carried out on the genetics of pro-
pionibacteria. The development of a cloning system has been
hampered by the lack of a DNA molecule able to replicate
inside this genus. Such a molecule is necessary to develo
a DNA transfer technique and an ef�cient DNA transfer tech-
nique is essential in order to select a DNA molecule able to
replicate.

Propionibacteria have very few plasmids since about 30%
of strains only harbor one to three plasmids and, moreover, the
experiments concerning plasmid curing have not resulted in the
connection of a phenotypic character to the presence o
a plasmid. It was the discovery, in 1992, of a bacteriophage
infecting P. freudenreichiiwhich allowed the development of
a DNA transfer technique. The phage chromosome has bee
used to optimize the conditions of electrotransformation and
a transfer ef�ciency of 7 � 105 transfectants per microgram of
DNA has been obtained. As the various vectors used in Gram
positive bacteria are inef� cient in propionibacteria, a Japanese
� rm producing vitamin B 12 has constructed a vector from
a cryptic plasmid of propionibacteria. In addition to this
plasmid, the patented vector consists of anEscherichia co
vector carrying a gene for chloramphenicol resistance which i
under the control of a propionibacteria promotor. Conse-
quently, due to this cloning system, it will now be possible to
study the propionibacteria gene inPropionibacterium.

As regards the genetic studies of propionibacteria, no gene
have as yet been cloned in propionibacteria and only a few
genes have been cloned and studied inE. coli. These genes
are involved in metabolic pathways, and particularly pathways
involved in vitamin B 12 production.

See also:Bacteriophage-Based Techniques for Detection o
Foodborne Pathogens;Cheese:Microbiology of Cheesemakin
and Maturation; Genetic Engineering; Milk and Milk Produ
Microbiology of Liquid Milk;Milk and Milk Products:
Microbiology of Dried Milk Products; Microbiology of Crea
and Butter;Traditional Preservatives:Sodium Chloride;
Permitted Preservatives– Propionic Acid;Probiotic Bacteria:
Detection and Estimation in Fermented and Nonfermente
Dairy Products; Starter Cultures Employed in Cheesemak
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Characteristics of the Genus

Bacteria of the genusProteusare named after the Greek deity
‘Proteus.’ The isolates of Proteusspp. assume different forms
and their ability to form a spreading growth ( ‘swarming’) over
the surface of appropriate solid media is a characteristic of the
genus. This feature is not unique toProteus, however, and
a similar type of growth may be given by isolates of other
bacteria, such asSerratia marcescensand Vibrio parahaemolyticu.

Bacteria of the genusProteusbelong to the tribe Proteeae
(other genera includeMorganellaand Providencia) in the family
Enterobacteriaceae. Therefore, they are Gram-negative, no
sporing, oxidase-negative, and facultatively anaerobic bacilli
Most isolates are actively motile, particularly when young, by
peritrichate� agella. AllProteusstrains form acid from glucose and
most also form small amounts of gas. Unlike strains of other
genera of the tribe, no strain ofProteusforms acid from mannose,
mannitol, adonitol, or inositol. Lactose fermentation is rare and,
when present, is encoded by a plasmid acquired from outside the
genus. All strains form catalase and an inducible urease. The GþC
content of their DNA is 38–40 mol%, which is a much lower
value than that of most other genera of the Enterobacteriaceae

Strains ofProteusspp. (and also other members of the Pro-
teeae) have one biochemical characteristic that distinguishe
them from all other members of the Enterobacteriaceae (excep
the recently de� ned rare generaTatumellaand Rhanella) – the
ability to oxidatively deaminate certain amino acids, such as
phenylalanine and tryptophan, to the corresponding keto acid
and ammonia. The keto acid acts as a siderophore. Members o
the tribe are also readily recognized by the red-brown, melanin-
like pigment they form when cultured under aerobic conditions
on media containing iron and an aromatic L-amino acid, such
as phenylalanine, tryptophan, tyrosine, or histidine.

The genus Proteushas four species:Proteus mirabilisand
Proteus vulgaris(formerly known together as P. hauseri), Proteus
penneriand Proteus myxofaciens. The most frequently encountered
species isP. mirabilisfollowed by P. vulgaris. Proteus pennerirarely
is encountered andP. myxofaciensis not associated with humans.
Habitat

Proteus myxofacienshas been isolated only from the larvae of the
gypsy moth (Porthetria dispar) and thus will not be considered
38 Encyclopedia of Food
further. The otherProteusspp., however, are distributed widely
in nature and constitute an important part of the � ora of
decomposing matter of animal origin. They constantly are
present in rotten meat and sewage and very frequently in
the feces of humans, animals, and pests like cockroaches an
� ies. They also commonly are found in garden soil and on
vegetables and fruit. In addition to their wide saprophytic
existence, isolates ofProteusspp. are the cause of a number of
septic infections in humans and animals.
Proteusand Food

All uncooked meats, � sh, fruit, vegetables, and foods made
with or from raw eggs or milk should be regarded as probably
being infected with Proteusspp. Most isolates ofProteusspp. are
proteolytic and lipolytic. In addition, Proteusspp. form a variety
of inducible decarboxylases and aminotransferases, dependin
on the proteinaceous nature of the food. Thus, such foods that
are rich in protein and fat may be spoiled if stored under
inappropriate conditions.
Susceptibility to Physical and Chemical Agents

Cells of Proteusspp. are sensitive to heat and are killed readily
by moist heat at 55 � C for 1 h, by common disinfectants, such
as halogens, ozone, and formaldehyde, and by ultraviolet and
g irradiation to which they are as sensitive asEscherichia coliand
Salmonella. Exposure ofProteusto acid conditions (pH 3 –4) for
24 h causes cell death. Some isolates ofProteusspp. can grow in
12–18% NaCl and survive in saturated NaCl for 5 days.Proteus
strains have been shown to survive in frozen food at�20 � C for
2–3 months although they do not grow below 4 � C. Thus, food
that has been autoclaved correctly, or subject to high temper
atures in cooking, or effectively irradiated or disinfected is
unlikely to bear viable Proteuscells.
Pathogenicity and Virulence

Nothing is known about the pathogenicity of P. myxofaciens,
but members of all the other Proteusspp. are pathogenic for
humans. Proteus mirabilisis the most frequently encountered
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00281-0
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Table 1 The major virulence factors ofProteusspp. and their functions

Virulence factor Role in pathogenicity

Fimbriae Enable bacteria to adhere to epithelial cells
MR/P Adhesion to cells of upper urinary tract
MR/K Adhesion to catheters
PMF Adhesion to bladder cells
NAF (UCA) Role unclear

Urease Formation of alkaline pH, formation of bladder and kidney stones, anticomplementary activity,
cytotoxic for kidney proximal tubular epithelial cells

Flagella Movement of bacteria from bladder to kidneys
Hemolysins Cytotoxicity and invasiveness
Immunoglobulin A (IgA) protease Limits effectiveness of immune response
Swarming Coordinate induction of urease, hemolysin, and IgA protease and cell invasion
Amino acid deaminases Formation ofa keto acids as siderophores
Capsular polysaccharide Formation of bio� lms, translocation of swarmer cells
Endotoxin Endotoxicity, serum resistance
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species and is responsible for 70–90% of human infections.
Proteus vulgarisand P. pennericause similar types of infection to
P. mirabilis because their habitats and virulence factors ar
similar ( Table 1). They are isolated less frequently, however
and they may be less virulent.
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Urinary Tract Infections

The common site of Proteusinfection is the urinary tract and
P. mirabilis frequently is implicated with urinary tract infec-
tions. Proteusurinary tract infections are common in young
boys and the elderly. In the latter, they often are associated in
domiciliary patients with diabetes or structural abnormalities
of the urinary tract, and in hospital patients, they are associated
with various forms of urological instrumentation or manipu-
lation. Proteusurinary tract infections tend to be more serious
than those caused byE. coli and other coliforms because,
although these usually are con� ned to the bladder,Proteusspp.
have a predilection for the upper urinary tract where they may
cause pyelonephritis.

The virulence ofProteusfor the urinary tract arises through
the interplay of several virulence factors of which the most
important is urease. This nickel-containing cytoplasmic
enzyme is induced solely by urea. The concentration of urea in
urine is suf� ciently high for the ureases of allProteusspp. to be
able to work at the maximum rate, with that of P. mirabilis, in
particular, giving the greatest rate of urea hydrolysis. Ureas
hydrolyzes urea in urine to ammonia and carbon dioxide.
This reaction may be important in supplying the bacteria with
a source of usable nitrogen for growth in urine. The formation
of ammonia also leads to the alkalinization of urine, and
at pH values above 8, calcium and magnesium ions are
precipitated in the form of struvite and apatite crystals. These
are bound by the polysaccharide slime formed by the cell to
form bladder and kidney stones. The urease-induced
ammonia also protects the bacterial cell from complement
by inactivating it. Animal experiments have con� rmed that
urease is a critical virulence determinant for colonization of
the urinary tract, stone formation, and development of
pyelonephritis. Urease together with hemolysin (see section
Urinary Tract Infections) causes the death of human rena
proximal tubular epithelial cells.
Proteuscells also form a number of different types of� mbriae
(Table 1), which play a signi� cant but more subtle role in
virulence for the urinary tract. Mannose resistant,Proteus-like
� mbriae are expressedin vivo, and although not essential for
infection, they appear to play a signi� cant role in the coloniza-
tion of both bladder and kidney and their presence correlates
with the development of acute pyelonephritis. Proteus mirabilis
� mbriae (PMF) are probably important for colonization of the
bladder although mutants lacking them still can invade the
kidney. Mannose-resistantKlebsiella-like (MR/K)� mbriae and
uroepithelial cell adhesin (UCA) (alternatively known as NAF,
nonagglutinating � mbriae) both bind to uroepithelial cells
and the former also binds to Bowman’s capsule of the glomeruli
and tubular basement membranes of the kidney.

Most strains of P. mirabilisand some of the other Proteus
spp. form a cell-associated, calcium-independent hemolysin
HpmA. Some isolates of P. vulgarisand P. penneriform the
calcium-dependent hemolysin, HlyA, that is very similar to the
HlyA hemolysin of E. coli. Some Proteusisolates form both
types of hemolysin. These hemolysins cause the lysis of a wid
variety of cell types in addition to erythrocytes. Together with
urease,they play an important part in cell invasion and inter-
nalization and ultimately in cell death.

Most isolates of Proteusspp. produce a unique ethyl-
enediaminetetraacetic acid–sensitive metalloproteinase that
cleaves at unique sites the heavy chain of immunoglobulin (Ig)
A1, IgA2, IgG, and both free and IgA-bound secretory compo-
nent. The enzyme is formedin vivoand is active in patients with
a Proteusurinary tract infection. The cleaved antibody frag-
ments have defective immune effector functions, and thereby
the effectiveness of the immune response to the organism i
limited. The proteinase may also play a role in generating
products like glutamine, which is important in inducing
swarm-cell formation. Experimentsin vivoin mice have shown
that proteinase-negative mutants can infect the bladder bu
have reduced ability to infect the kidney and form abscesses.

Motility and swarming are properties that are thought to be
important, if not absolutely essential, in Proteusvirulence.
Antibodies to � agella have been shown to prevent infection of
the kidney. The development of� agella is important in swarm-
cell formation. In this complex process, an environmental
signal, such as that given by a viscous environment or a solid
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surface or glutamine, triggers the normally short (2–4 mm),
sparsely� agellate, bacilli (referred to here as vegetative cells) t
differentiate into swarmer cells that are multinucleate, densely
� agellate, nonseptate, elongated (20–80 mm in length) cells
whose enzymatic activity, antibiotic sensitivity, cell wall
permeability, and lipopolysaccharide composition are different
from the vegetative cell. Moreover, in swarmer cell formation,
there is a coordinated expression of the virulence determinants
urease, hemolysin, and protease. Swarmer cells have the abilit
assisted by the secretion of a cell-surface polysaccharide,
migrate over solid surfaces. Subsequently, they cease migratio
and differentiate back into vegetative cells by division at severa
positions along the length of the cell. It has been shown that
mutants lacking � agella are noninvasive to epithelial cells and
that motile, but nonswarming, cells are much less invasive than
wild-type motile, swarming cells.

Infection of the urinary tract with Proteuscan also give rise
to hyperammonemic encephalopathy and coma. In addition,
it frequently leads to bacteremia.
Bacteremia

Proteus/bacteremias are not uncommon and most are clini-
cally signi� cant. They often are hospital acquired and usually
are associated with elderly people who have other underlying
diseases. They can be dif�cult to treat and have a mortality
rate of 15–88% according to the severity of the underlying
disease.
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Other Infections and Conditions

Proteusspp. have also been isolated in pure culture and with
other organisms from various super� cial lesions. Their presence
in mixed culture favors the multiplication of pathogenic
anaerobes. Occasionally, they are isolated in pure culture from
abscesses, from the meninges, and from blood. BothP. mirabilis
and P. vulgariscan cause osteomyelitis. In neonates, infection o
the umbilical stump often leads to a highly fatal bacteremia
and meningitis. Patients with active rheumatoid arthritis often
have raised antibody levels speci� c for Proteus. The reason for
this may be because of shared epitopes between certain huma
leukocyte antigen types associated with the disease an
particular Proteusantigens, but the relationship betweenProteus
and rheumatoid arthritis remains unclear.
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Gastroenteritis

Although there have been many reports in the past that strains
of Proteusspp. cause diarrhea, there is no strong evidence tha
isolates of Proteusare enteropathogens. Although some claim
they are present more frequently in diarrheic stools than
controls, the contribution of other bacterial and viral enter-
opathogens to the condition cannot be eliminated. Moreover,
in some older reports associatingProteuswith diarrhea, the
incriminating organism now would be classi� ed as a species o
Morganellaor Providencia.

It is worth noting, however, that some species of other
genera of the tribe Proteeae can be enteropathogenic. F
example, Providencia alcalifaciensstrains are found more
frequently in the stools of British adults with diarrhea who have
traveled abroad than in those who have not. Recently, some
P. alcalifaciensstrains have been shown to have the ability to
invade the intestinal mucosa, to cause diarrhea in rabbits, and
to bring about actin condensation in a manner similar to that
caused byShigella� exneri. The genetic determinants of inva-
siveness inP. alcalifaciensare different from those of invasive
Shigellaspp. andE. coliand are not plasmid borne. In addition,
Morganella morganiihas been associated with scombroid food
poisoning. Scombroid � sh, such as mackerel, tuna, sardines
pilchards, and anchovies may, through improper handling
or storage or both, become contaminated withM. morganii.
This organism is one of the best producers of histidine decar
boxylase, and it can be formed at temperatures as low as 7� C.
As a result of the action of this enzyme on� sh muscle, large
amounts of histamine are formed and the critical amount
(100 mg histamine per kilogram of food) can be formed in
a short time. Ingestion of such food leads within 0.5–3 h to
symptoms that may include nausea, vomiting, diarrhea,
headache, urticaria, and a burning sensation in the mouth.
The symptoms may persist for up to 8 h. The intoxication is
not fatal and administration of antihistamines may be helpful.
Cloves and cinnamon are spices that will reduce histidine
decarboxylase production and decrease the likelihood of
scombroid poisoning.
Detection and Isolation ofProteus

Proteusstrains are frequently found in the intestinal tract of
healthy people and animals. There is no evidence that ingestion
of cells of Proteusspp. alone will give rise to gastroenteritis
although ingestion of other organisms in the tribe, such as
M. morganii and P. alcalifaciens, may. The presence ofProteus
spp. in food, however, suggests that it has been prepared o
stored improperly or contaminated with fecal material after
cooking. These foods may contain pathogens, such asSalmo-
nella, Shigella, or Campylobacterspp., which will give rise to
gastroenteritis and dysentery. Such food should not be
consumed.

Isolates of Proteuswill grow readily on a wide variety of
media aerobically over a wide temperature range below 42� C
but optimally at 34 –37 � C. Culture at 22–30 � C on a rich
medium containing salt, such as blood agar, promotes swarm-
ing growth (Figure 1). This feature demonstrates extremely
strong evidence thatProteusis present.

To detect small numbers ofProteusin food, enrichment by
overnight culture at 37 � C in tetrathionate broth is recom-
mended. To make colony counts ofProteusin food and subse-
quently to identify them, the food is emulsi � ed and then diluted
in a suitable sterile isotonic diluent and then is plated out on
culture media with a dry surface that do not permit swarming
growth. Swarming growth can be prevented by increasing the
agar concentration of the medium to 3–4% (but this may alter
the colonial morphology), by bile salts such as those in Mac-
Conkey agar or deoxycholate citrate agar on whichProteus
colonies appear pale as they do not ferment lactose, or by the
omission of salt as in cysteine lactose electrolyte de� cient agar
on which Proteuscolonies appear blue. The same method can be
used to isolate other members of the Proteeae whose colonie
will appear similar to those of Proteus.
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Figure 1 Typical swarming growth ofProteus. The culture medium was
inoculated in the center of the plate withP. mirabilisand incubated
overnight at 30� C.
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IdentiÞcation

After overnight incubation at 37 � C, a single colony of pleo-
morphic Gram-negative bacilli that is oxidase negative and
unable to ferment lactose should be picked and suspended in
a small volume of sterile saline or nutrient broth. The key
biochemical tests to identify the different species ofProteusare
presented inTable 2. They can be made by preparation of the
media as described below or use of commercially prepared
media.
f
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Media and Identifying Tests

Phenylalanine deaminase (PAD) medium contains tryptone
water (Oxoid CM 87) 1.5 g, L-phenylalanine 1 g, and agar 1.3 g
in 100 ml distilled water. After sterilization at 121 � C for
15 min, 2 ml amounts are dispensed aseptically into sterile
tubes and left to solidify as a slope.

Urea–indole medium is prepared by supplementing asep-
tically, when cool, tryptone water (Oxoid CM 87) (1.5 g in
100 ml of distilled water), which has been sterilized at 121� C
for 15 min with � ltered sterile urea (40% w/v in water) to
2% w/v and with a 1 in 200 dilution of phenolphthalein 1% in
isopropanol. The medium is dispensed aseptically in 1 ml
volume into sterile tubes.
Table 2 The important distinguishing biochemical reactions of
Proteusspp.

Organism PADa Mannose Urease ODCa Indole Maltose Xylose

P. mirabilis þ � þ þ � � þ
P. vulgaris þ � þ � þ þ þ
P. penneri þ � þ � � þ þ
P. myxofaciensþ � þ � � þ �

þ , formation of enzyme or product or acidi� cation of sugar;� , no formation of
enzyme or product or acidi� cation of sugar.
aPAD, Phenylalanine deaminase test; ODC, Ornithine decarboxylase test.
Ornithine decarboxylase medium contains tryptone water
(Oxoid CM 87) 0.5 g, L-ornithine HCl 1 g, and 2.5 ml of
bromocresol purple dye 0.08% in 100 ml of distilled water.
After sterilization at 121 � C for 15 min and when cool, the
medium is supplemented aseptically with sterile glucose
(10% w/v in water) to 0.1% w/v and dispensed aseptically in
2.5 ml amounts into screw-capped bottles. The base contro
medium lacks ornithine but is prepared in an identical
manner.

Maltose, mannose, and xylose peptone water sugar medi
are made by supplementing aseptically, when cold, peptone
water (Oxoid CM9) (1.5 g and 2.5 ml of bromocresol purple
0.08% in 100 ml of distilled water) that has been sterilized at
121 � C for 15 min, with the sugar to a � nal concentration of
1% w/v, from a sterile (steamed for 1 h) stock solution of the
sugar (10% w/v in water). These media are dispensed asept
cally in 1 ml amounts into sterile tubes.

The media should be inoculated aseptically with a drop
of the suspension. The inoculated ornithine decarboxylase
medium and the base control medium then should be
protected from the air by overlayering them with a small
volume of sterile mineral oil. All of the inoculated media
then should be incubated at 37 � C for 16–24 h in air and
the reactions then read. A few drops of 10% aqueous ferri
chloride are added to the PAD medium and a few drops of
Ehrlich’s reagent to the urea–indole medium. The formation
of a dark-green color at the surface of the PAD medium
indicates deamination of phenylalanine and the formation
of phenyl pyruvic acid. Formation of a pink color in the
urea medium indicates urease formation. Formation of
a red color in the Ehrlich’s reagent above the medium
indicates formation of indole. The development of a blue
color in the decarboxylase medium, while the base control
remains yellow, indicates decarboxylation of ornithine.
Fermentation of a sugar is denoted by a color change o
blue to yellow.
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Results

The formation of PAD is extremely strong evidence that the
isolate belongs to the tribe Proteeae. The inability ofProteus
spp. to ferment mannose distinguishes this genus from the
other genera, Morganellaand Providencia, of the tribe. All
species ofProteusproduce urease in large amounts. Too much
weight, however, should not be put on this characteristic
alone because some other members of the tribe and othe
organisms within the Enterobacteriaceae also produce ureas
The ability to form ornithine decarboxylase is a property in
the genus of onlyP. mirabilis. The ability to form indole from
tryptophan is an important reaction because it is the de� nitive
test that differentiates P. vulgaris(indole positive) from P.
penneri(indole negative). Proteus vulgarisis the only Proteus
spp. that forms indole. The term ‘indole-positive Proteus,’
which often is seen in the literature, may be a misnomer for
any lactose-negative indole- and urease-forming member o
the Enterobacteriaceae and therefore could represent seve
different bacteria. The only true ‘indole-positive Proteus’ is
P. vulgaris. Isolates of P. vulgariscan be divided into two
biotypes. Biotype 2 strains acidify salicin and degrade aescu
lin, whereas biotype 3 strains do neither of these reactions



s

r-

Table 3 The major distinguishing biochemical activities of members of the Proteeae

Organism PADa Mannose ODCa Urease Indole Trehalose Maltose Adonitol Xylose

P. mirabilis þ � þ þ � þ � � þ
P. vulgaris þ � � þ þ V þ � þ
P. penneri þ � � þ � V þ � þ
P. myxofaciens þ � � þ � þ þ � �
M. morganii þ þ þ þ þ V � � �
P. rettgeri þ þ � þ þ � � þ �
P. alcalifaciens þ þ � � þ � � þ �
P. rustigianii þ þ � � þ � � � �
P. stuartii þ þ � (� ) þ þ � (� ) �
P. heimbachae þ þ � � � � V þ �

þ , formation of enzyme or product or acidi� cation of sugar;� , no formation of enzyme or product or acidi� cation of sugar; (� ), reaction of most isolates;V, different isolates
give different results. In addition, the following properties are common to all members of the Proteeae: motility, inability to ferment dulcitol, lactose, sorbitol, raf� nose
and arabinose, lysine and arginine decarboxylase negative, malonate negative, and mucate negative.
aPAD, phenylalanine deaminase; ODC, ornithine decarboxylase.
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Maltose fermentation is carried out by all species ofProteus
other than P. mirabilisand all Proteusspp. exceptP. myxofacien
ferment xylose. Many isolates of Proteus spp. produce
proteolytic and lipolytic enzymes.

Other important features characteristic of the different
Proteusspp. and the features that distinguish them from other
members of the Proteeae, some of which may act as ente
opathogens, are presented inTable 3.

Most commercial identi� cation systems give good (>90%
accurate) identi� cation of Proteusspp. Most misidenti� cations
label Proteusas M. morganii, Providencia rettgeri, or Providencia
stuartii.
l

.

,

re

Figure 2 Dienes typing ofProteusstrains. A line of inhibited growth
forms only in cases in which the swarming growths of different strains
meet. Therefore, the strain at the top of the plate is identical to the one in
the center and each one of the remaining strains is different from its
immediate neighbor.
ProteusTyping

If there is an outbreak of infection involving Proteusspp., it
may be necessary to identify the strains involved by typing. If
only a few isolates are to be investigated, the simplest and
most rapid method is Dienes typing. In this method, different
strains of Proteusspp. are allowed to swarm toward each other.
A line (called a Dienes line) of complete or partially inhibited
growth forms where the spreading growths of incompatible
strains meet. Such a line does not form between identica
strains (Figure 2). When larger numbers of isolates are
involved, phage typing or serotyping methods can be used
Some 49 O antigens and 19 H antigens have been de� ned for
P. mirabilisand P. vulgaris. Most O antigens are species speci� c,
but some are common to both species. The most discrimi-
nating typing method, however, is that of bacteriocin typing
(P/S typing) in which determinations are made of the type of
bacteriocin (proticine) produced by a strain (the P type) and
the sensitivity (the S type) of the strain to 13 different stan-
dard proticine preparations. Strains of the same P/S type
irrespective of their O and H serotypes, show compatibility in
the Dienes test, whereas strains of different P/S types a
incompatible.
See also:Bacteriocins:Potential in Food Preservation;
Bacteriocins:Nisin;Campylobacter; Campylobacter: Detection
by Cultural and Modern Techniques;Campylobacter: Detection
by Latex Agglutination Techniques;Escherichia coli:
Escherichia coli;Fermentation (Industrial):Basic
Considerations;Fish:Spoilage of Fish;Microbiota of the
Intestine:The Natural Micro� ora of Humans;Preservatives(b):
Traditional Preservatives– Oils and Spices;Traditional
Preservatives:Sodium Chloride;Salmonella: Introduction;
Serratia.
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Characteristics of the Genus

The genusPseudomonasbelongs to the Pseudomonadaceae
a family of Gram-negative Gammaproteobacteria that
includes the genera Cellvibrio, Mesophilobacter, Rhizobacter,
Rugamonas, and Serpens. Also included in this family are
some of the former members of the Azotobacteriaceae
a family of nitrogen- � xing bacteria, which includesAzomonas
and Azotobacter. The taxonomy ofPseudomonashas undergone
much revision since the sequencing of ribosomal RNA gene
caused the� rst major repositioning of members of the genus.
The genus is de� ned taxonomically by phenotype, biochem-
ical and physiological designation, analysis of the cellular
fatty acids, and genomic analysis, including 16S ribosoma
DNA sequence. Other gene sequences including the bet
subunit of DNA gyrase (gryB), RNA polymerase sigma
factors rpoD and rpoBand outer membrane lipoproteins oprI
and oprFhave been used in phylogenetic studies and to aid in
species discrimination. Siderophore structure, including the
� uorescent pigments pyoverdine, has also been described a
a useful taxonomic marker. Currently, more than 200Pseu-
domonasspecies have approved names, and new species a
identi � ed each year as new habitats are explored. The rel
tionship of Azomonasand Azotobacterwith Pseudomonashas
been examined recently because of the similarity of their
environmental niches and metabolic pathways such as
respiratory mechanisms, alginate production, and nitrogen
� xation, and on the basis of phylogenetic relatedness of 16S
rRNA genes and other genomic markers these organism
could be considered to be species within thePseudomona
genus and show greatest relatedness toP. aeruginosa.

Pseudomonasare aerobic with respiratory metabolism where
oxygen is the terminal electron acceptor; in some cases nitrat
can be used as a terminal electron acceptor and then growt
occurs anaerobically. They are motile by one or more polar
� agella, and straight to curved rods that are 1.5–5.0 mm long
with a 0.5–1.0 mm diameter. They are chemoorganotrophic and
244 Encyclopedia of Food
do not require organic growth factors. They are catalase positiv
and usually oxidase positive, are not very acid tolerant, and fai
to grow below pH 4.5.

Pseudomonasis an immensely diverse genus showing a grea
variety of metabolic abilities, a broad ecological distribution
and adaptability to a range of environmental niches. Plant-
associated species can be plant pathogens or act as plant grow
promoters. Pseudomonas syringaeis a signi� cant plant pathogen
with more than 50 pathogenic variants, de� ned by the plant
species it infects; these include a series of economical
important species, such as tomato, beans, rice, tobacco, an
a range of tree hosts such as European Horse Chestnut, oliv
and cherry. In contrast, a number of species are important for
colonizing the rhizosphere, and promoting plant health
through antagonizing plant pathogens. Some, such asPseudo-
monas� uorescens, produce insecticides and therefore can be
used as agents of biocontrol. Nitrogen-� xing species, such as
Pseudomonas stutzeri, colonize plant roots and their nitrogen-
� xing abilities are a positive stimulator of plant growth; the
presence in the genus of such nitrogen-� xing species further
supports the link with the other nitrogen � xersAzotobacterand
Azomonas. The exceptional nutritional versatility of the genus
means they can use a broad range of compounds as carbo
sources, including hazardous environmental contaminants;
Pseudomonas putidais a typical example with a broad range of
biodegradative abilities that can break down unusual carbon
sources, such as toxic organic waste (e.g., petroleum an
aromatic hydrocarbons), and thus is important in bioremedi-
ation. Pseudomonascan also be important pathogens.Pseudo-
monas aeruginosais an important opportunistic human
pathogen, being a major cause of burn and eye infections and
also causing severe lung disease in cystic� brosis patients.
Pseudomonas entomophilais an insect pathogen found to be
pathogenic to Drosophila.

This huge diversity is re� ected in genome structure. The
concept has arisen of a conserved set of genes (the‘core
genome’) and an ‘accessory’ genome, horizontally transmitted
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00282-2

http://dx.doi.org/10.1016/B978-0-12-384730-0.00282-2
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mobile genetic elements, such as genomic islands, transposon
plasmids, and phage, which are the genes that allow adaptation
to a speci� c niche or lifestyle. Thus, the pathogenicPseudomona
species, such asP. aeruginosaand P. syringae, carry a number of
genomic islands and prophage and a range of quorum-sensin
systems that contribute to pathogenicity. Certain virulence
characteristics seem to be common to all the pathogenic strain
(e.g., type three secretion systems), but strain variation in the
exact virulence components present plus variation in the sites a
which these are inserted means that there is great genom
variability even within a species.Pseudomonas syringaeis diverse
and generally is considered to be a species complex wit
specialized pathogenic varieties (pathovars) associated wit
particular plant species. Here, the accessory genome contri
utes to host speci�city; so the olive tree pathogen has genes fo
enzymes that degrade lignin-related aromatic compounds and
other plant cell wall–degrading enzymes, suggesting that th
pathogen has evolved a system to break down the tree’s woody
tissue. In contrast, in the bioremediation speciesP. putida,
a feature is the hundreds of outer membrane and cytoplasmic
transporters that give the organism the ability to take up or
ef� ux a diverse range of substrates.

In P. aeruginosa, however, many virulence genes are part o
the conserved gene set and its greater homogeneity and� exi-
bility of site and host species of infection suggests it is a more
recently evolved pathogen.
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Pseudomonasin Foods and Food Production
Environments

Pseudomonasspecies are common in fresh foods becaus
of their association with water, soil, and vegetation. They
commonly contaminate eggs, meat, milk, poultry, seafood,
vegetables, and even mineral waters. Many species are p
chrotrophic and, therefore, are important spoilage microor-
ganisms in refrigerated foods. BecausePseudomonasspecies
do not require organic growth factors, they normally will out-
compete other bacteria in these refrigerated foods. They ca
use a variety of noncarbohydrate compounds for energy and
can degrade food components, such as acids, amino acid
lipids, pectin, peptides, protein, and triacylglycerols, that
are common in animal and plant foods. The production of
siderophores, such as the yellow-green� uorescent pigment
pyoverdine, allows the � uorescent species to compete in chal
lenging food environments, such as egg white, where iron is
chelated and thus they often are the primary colonizers of such
environments.
Table 1 Physiological and biochemical properties of keyPseudomonas

Species Oxidase Growth at 0� C Growth at 41� C Denitri

P. aeruginosa þ � þ þ
P. ßuorescens þ þ � v
P. fragi þ þ � �
P. lundensis þ þ � �
P. putida þ v � �
P. syringae � v � �

þ , 90–100% strains positive; (þ ), 75–89% strains positive; v, 26–74%strains positiv
The ability of Pseudomonasto form bio � lms allows them to
persist and become frequent contaminants in food production
areas. Bio�lm production is associated with a change in gene
expression with a downregulation of � agella production and
upregulation of alginate, an extracellular polysaccharide tha
aids attachment and increases resistance. They can be a par
ular problem in water, forming bio � lms in pipe work, even in
chlorinated water systems.

The strictly aerobic nature of Pseudomonasdoes limit
their growth in some environments. The use of packing with
modi � ed atmospheres incorporating CO2 will prevent their
growth. Preservatives such as curing salts (NaCl and sodium
nitrite) used in cured and fermented meats and sulfites also
prevent their growth. They are not very heat tolerant and so are
readily removed by heat treatments, such as pasteurization
Their ubiquity in the environment, however, particularly
through their ability to form bio � lms and persist on surfaces
can lead to postprocessing contamination and hence they
can be a problem in pasteurized milk and on cooked meats.
Methods of Detection

Pseudomonasspecies in foods usually are looked for becaus
of their ability to reduce shelf life. A total aerobic count,
especially under psychrotrophic conditions, will detect many
Pseudomonasspecies that cause spoilage of refrigerated food
Selective agars forPseudomonasgenerally are modi� cations of
King’s A medium, which is designed to allow for the produc-
tion of pigments used to identify the � uorescent species. King’s
B medium is used to detect the green-yellow� uorescent
pigment pyoverdine and King’s A medium to detect the blue
phenazine pigment (pyocyanin). Distinction to species level
can be aided using the characteristics inTable 1; commercial
biochemical testing kits have been produced and typically
include some of these key characteristics.
Importance to the Food Industry

Pseudomonasspecies produce proteases, lipases, and pectinas
in the late logarithmic phase of growth, and these enzymes are
used to degrade food components (Table 2). Pseudomona
species may produce pectinases that degrade pectin, the midd
adhesive layer that holds the primary and secondary cellulosic
walls of plants together. Because cellulose is not degraded b
Pseudomonasspecies, there must be damage to the plant ce
wall to allow bacterial entry to cause pectin degradation that
fy Arginine dihydrolase Acid from maltose Pigment production

þ � Pyoverdine, pyocyanin
þ v Pyoverdine

þ þ None
þ þ Pyoverdine
þ v Pyoverdine
� þ Pyoverdine

e;� , 0–10% strains positive.
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Table 2 Important properties of somePseudomonasspecies involved in food spoilage

Species Levan Lipase Pectinase Protease Amylase Psychrotroph Presence in foods

P. aeruginosa � þ � þ � � Pathogen; sometimes isolated
P. ßuorescens v v þ þ � þ Spoilage of egg, meat, milk, vegetables
P. fragi � þ � (þ ) þ þ Spoilage of meat, milk, seafood
P. lundensis � � � þ � þ Spoilage of meat and� sh
P. putida � v � � � v Spoilage of meat and milk
P. syringae v v v v � v Vegetable soft rot

þ , 90–100% strains positive; (þ ), 75–89% strains positive; v, 26–74%strains positive;� , 0–10% strains positive.
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results in soft rot (soft, mushy texture that looks water soaked).
Pectin is broken down into an intermediate that can enter the
Entner–Doudoroff pathway to produce energy for the cell. By-
products can result in off-odors and -� avors and the break-
down of tissues in the vegetables.

Pseudomonasspecies need proteases, peptidases, and relat
enzymes when growing in eggs,� sh, meat, milk, and poultry
because there are very few residual or utilizable carbohydrate
Most Pseudomonasspecies cannot use lactose in milk; hence
they must be able to obtain carbon from protein. Many Pseu-
domonasspecies, such asP. � uorescensand Pseudomonas frag,
can degrade the globular casein proteins in milk, especially the
b-, aS1-, andk-caseins, but not the whey proteins. Many of the
proteases produced byPseudomonasspecies are stable to hea
and survive ultra-high temperature processing; this can caus
problems in long-shelf-life dairy products (cheeses,‘sterilized’
shelf-stable milks) as the proteases remain active and can brea
down the product in storage. SomePseudomonasspecies have
generation times as low as 8–12 h at 3 � C in milk and so even
very low initial contaminant levels can come to dominate the
� nal spoilage � ora.

In meats,Pseudomonasspecies use the residual glucose, lact
acid, free amino acids, and nucleotides for energy; they usuall
will not degrade the intact � brous muscle proteins to any great
extent. Thea-ketoacids (pyruvate,a-ketoglutarate, succinate,
etc.) enter the tricarboxylic acid (TCA) cycle to yield energy fo
continued growth. When populations reach 108 cfu cm� 2,
spoilage is evident through slime formation and off-odors;
growth can continue only to 109–10 cfu cm� 2. Weakening of the
protein bands in sarcoplasmic proteins, disruption of the
actin–myosin myo� brillar proteins, and decrease in stromal
proteins, especially elastin, have been observed after growt
of Pseudomonasspecies; however, degradation of the� brous
structures is not evident. Ester production, which gives a swee
fruity odor is typical of Pseudomonasspoilage, particularly that
of P. fragi, which produces ethyl esters of acetic, butanoic, and
hexanoic acids from glucose.

In � n� sh, Pseudomonasspecies use lactic acid, amino acids
nucleotides, and trimethylamine oxide for carbon before
they break down the protein at the amino- or carboxyl-terminal
ends. This does not occur until the counts exceed 106 cfu cm� 2.
Off-odors and -� avors (acids, amines, ammonia, hydrogen
sulfide, mercaptans, and other compounds) in meats and� sh
begin to appear at 106–108 cfu cm� 2 and surface slime begins
at about 108 cfu cm� 2.

Eggs have barriers to prevent microbial degradation, namely
the cuticle, shell, and membranes plus chemical inhibitors
(lysozyme, conalbumin, etc.). Once they penetrate the pores o
the eggshell,Pseudomonasspecies spoil eggs because� uorescent
species produce the pigment pyoverdine, and this siderophore
allows competition for iron, which is chelated by conalbumin in
the egg white. Egg rots are associated with particular species: gre
rots are typical of P. putida, so-called because secretion of pyo
verdine colors the egg white a� uorescent yellow-green; pink rots
are caused by lecithinase-producingP. � uorescens, which causes
pigment leakage from the yolk through the vitelline membrane.

Pseudomonasspecies produce lipases that degrade fat in milk
and in � sh with high lipid contents (herring, mackerel, and
salmon); however, the adipose tissue in meat and poultry is
insoluble fat that is not available for microbial growth. Lipases
produced by Pseudomonasspecies can also be heat stable an
cause problems similar to those discussed with proteases. Th
lipases selectively cleave the triglyceride at the one and thre
positions producing free fatty acids and 2-monoglycerides.
Glycerol can enter the Entner–Doudoroff pathway of fatty acids
and acetyl-CoA can go into the TCA cycle to yield energy fo
continued growth. Rancidity from C4 to C6 fatty acids, soapy
� avors from higher molecular-weight fatty acids, fruity� avors
from esteri� ed free fatty acids, and cardboard-like� avors from
unsaturated fatty acids oxidized to ketones and aldehydes ar
some of the defects attributed to lipolysis.

Slime polymers can be produced byPseudomonasspecies
using a disaccharide, such as sucrose, because one mon
saccharide is used for energy production and the other fo
a polymer. Levans are polymers of fructose withb-(2/ 6)
linkages that are formed as a defense or as food reserves. Lev
formation results in food having a water-soaked appearance
and feeling slimy to the touch.
Importance to the Consumer

The main signi� cance ofPseudomonasspecies in foods is their
ability to cause spoilage and thus reduce the shelf life of foods
Although P. aeruginosais a medical pathogen, it is generally not
associated with foodborne illness. Food that is spoiled usually
is not harmful to eat but generally is unpalatable. The major
problem Pseudomonas present is that their psychrotrophic
nature and metabolic versatility means that they grow on
a wide range of produce and the usual method of spoilage
prevention, refrigeration, does not prevent their growth,
although they will grow more slowly under adequate refriger-
ation conditions. Modi � ed atmosphere packaging may preven
their growth so, once such packaging is opened, one of the ke
controls is eliminated and the food should be eaten soon after.
Pseudomonasspecies will always be associated with fresh food
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because they are found in many environments and degrad
many organic compounds.
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See also:Bacteria:Classi� cation of the Bacteria– Phylogenetic
Approach;Ecology of Bacteria and Fungi in Foods:In� uence of
Temperature;Ecology of Bacteria and Fungi in Foods:
In� uence of Redox Potential;Ecology of Bacteria and Fungi i
Foods:Effects of pH;Eggs:Microbiology of Fresh Eggs;Fish:
Spoilage of Fish; Spoilage of Meat;Milk and Milk Products:
Microbiology of Liquid Milk;Pseudomonas: Pseudomonas
aeruginosa; Pseudomonas: Burkholderia gladiolipathovar
cocovenenans; Spoilage Problems:Problems Caused by
Bacteria.
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This article describes the essential features of the bacteriu
Burkholderia gladiolipathovar cocovenenansand closely related
strains previously known as biovar farinofermentans(herein
referred to collectively asBurkholderia cocovenenans). Although
these organisms are less well known than many foodborne
pathogens, they are nevertheless signi�cant in certain regions of
the world, causing foodborne intoxication associated with high
mortality.
s

s

Characteristics of the Organism

In 1932, a bacterium was isolated from the fermented food
tempe bongkrek, implicated in an outbreak of food poisoning.
The organism was namedB. cocovenenans, the speci� c epithet of
the organism being derived from cocos(coconut) and veneno
(to poison).

Although originally designated as a species ofBacillus,
the organism is a pleomorphic Gram-negative bacterium,
Table 1 Phenotypic and genotypic characteristics ofB. cocovene
Pseudomonas aeruginosaandB. cepacia

Test
Burkholderia
cocovenenans

B
b

Oxidase (þ )a (þ
PHB production þ þ
Anaerobic growth on nitrate � �

Hydrolysis of:

Gelatin þ þ
Tween 80 þ þ
Lecithin þ þ
Arginine (dihydrolase) � �

Utilization as sole carbon source of:

Adonitol � þ
a-Aminovalerate � þ
m-Hydroxybenzoate � þ
DL-g-Aminobutyrate � v
DL-a-Aminobutyrate � v
Mesaconate þ �
L-Phenylalanine � �
Hippurate � �
Benzoate � �
p-Phthalate � �

DNA relatednessb 100 9
DNA relatednessc 95 1
Mol.% Gþ C 69 6

aWeak reaction, originally considered negative.
bToB. cocovenenans
cToB. cocovenenansbv. farinofermentans.
na, not available; V, variable
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which is usually rod shaped but also appears as coccoid
vibrioid, or � lamentous, depending on cultural conditions.
Rod-shaped cells are 0.4–0.5 � 0.8–1.5 mm in size. The
bacterium is motile by one to four polar � agella. It is
catalase positive, and exhibits a weak oxidase activity
originally described as negative. It grows at 30� C, but not at
4, 10, or 45 � C. Further characteristics appear inTable 1. It
is noteworthy that a number of biochemical and physio-
logical reactions have been reported variably acros
a number of studies, with implications for the classi� cation
of the organism. On ordinary nutrient culture media,
colonies are round and slightly convex, smooth or rough in
texture, and white to deep yellow in color; pigmentation
re� ects toxin production.

As the organism conforms to the general description of
the family Pseudomonadaceae, it was relocated from the
genus Bacillus to the genus Pseudomonas. Subdivision of
Pseudomonasinto groups and ultimately into several genera
on the basis of ribosomal RNA analysis created the genu
nans, B. cocovenenansbv. farinofermentans, compared with

. cocovenenans
v.farinofermentans

Pseudomonas
aeruginosa

Burkholderia
cepacia

) þ þ
� þ

�

þ þ
v þ
– v

þ �

� þ
� �
� þ

þ þ
na �

þ �
v þ

� þ
þ þ
� na

7 23 55
00 26 60
9 67.2 67.4

Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00284-6
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Burkholderia. Early biochemical test data suggested tha
species cocovenenansshould remain in the genus Pseudo
monas, but comprehensive biochemical and nucleic acid
analysis of Pseudomonas cocovenenansin 1995 led to reclas-
si� cation of the species to the new genus. Furthe
nucleic analysis, as well as whole-cell protein pro� ling
and cellular fatty acid analysis, showed the species to b
a junior synonym of B. gladioli, its current taxonomic
classi� cation.

An organism producing similar symptoms to
B. cocovenenans, isolated in China from fermented corn� our,
was described in 1980 as Flavobacterium farinofermenta.
Further biochemical and physiological investigations and later
nucleic acid, serological, and cellular fatty acid studies saw th
organism � rst reclassi� ed into the genus Pseudomonasand
subsequently as a biovar ofB. cocovenenans. Characteristics of
the biovar are given inTable 1.
id
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Toxins

Biochemistry

The major toxin produced by B. cocovenenans, bongkrek ac
(BA) (Figure 1), is a substituted glutaconic acid derivative of
aconitic acid, with the formal chemical designation
3-carboxy-methyl-17-methoxy-6,18,21-trimethyldocosa-
2,4,8,12,14,18,20-heptenedioic acid, chemical formula
C28H38O7, and molecular weight of 486. A pure solution
has an absorption maximum at 267 nm. The free acid is
soluble in fat solvents but insoluble in water, although salts
produced in alkaline solutions are soluble in the latter.
In crude form, and in oil or solvent solutions, BA is heat
stable, becoming less stable the more it is puri� ed.
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Figure 1 Structures of bongkrek acid and toxo� avin.
Preparations of the toxin usually contain some fats or
fatty acids, derived from the coconut-based media usually
employed for cultivation of B. cocovenenans.

Flavotoxin A is the major toxin produced by B. cocovenenan
bv. farinofermentans. The compound has not been chemically
de� ned, but mass spectral analysis has provided an empirica
chemical formula of C9H13O3 and a molecular weight of 169.
Spectral analysis reveals absorption maxima at 232 an
267 nm. Although the molecular weight and chemical formula
for � avotoxin A are somewhat different to those of BA, simi-
larities in mass spectra and absorption maxima suggest the tw
compounds are related. If BA was hydrolytically cleaved at the
points indicated by dashed lines inFigure 1, compounds with
a chemical composition similar to that reported for � avotoxin
A would be generated.

Burkholderia cocovenenansand biovar farinofermentans
produce a second toxin, known as toxo� avin (TF) because of its
physicochemical resemblance (yellow color, green� uores-
cence, stability against oxidation, absorption spectrum) to
ribo � avin. The structure of the toxin is given inFigure 1. It can
be extracted with chloroform and crystallizes into yellow � at
needles with a melting point of 171 � C. A pure solution has an
absorption maximum at 258 nm. Toxo� avin is quite resistant
to oxidizing agents, but it discolors in the presence of sulfur
dioxide.

Accurate determination of levels for the BA and TF require
solvent extraction, followed by puri� cation and separation
using paper, thin-layer (TLC), or high-pressure liquid chro-
matography (HPLC). Once puri� ed and separated, quantita-
tion can be made using spectrophotometry. Routine analysis
of simple extracts can be performed using TLC or HPLC, while
spectrophotometry alone is unsuitable, due to the similar
absorption maxima of the two toxins.
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At present, little is known of the biosynthetic pathways
involved in synthesis of the toxins. Recent developments in
methods for the genetic analysis of the bacterium, based on
genetic manipulation systems applied in a number of other
Gram-negative bacteria, should see these elucidated.
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Production

Coconut culture medium (CCM, see the following section
Isolation and Detection) has been used as a model system to
study the production of toxins by B. cocovenenans. Growth of
the bacterium and production of TF do not vary signi� cantly
between 30 and 37� C; production of BA is optimal at 30 � C.
Toxin production is low during the � rst 24 h of growth,
increasing substantially after 48 h, suggesting that both toxins
are secondary metabolites. Production of BA and TF varie
with strain ( Table 2), and it appears that toxin production is
attenuated during serial subculture.

The common link between B. cocovenenans, biovar far-
inofermentans, and their food associations is the presence o
polyunsaturated fatty acids in vegetable matter, which
appear to serve as substrates for synthesis of BA and� a-
votoxin A. Coconut presscake low in lipid supports little BA
production, while the addition of lipids, particularly those
rich in mid-chain-length fatty acids, promotes synthesis
Unlike BA, production of TF by either organism occurs in
simple bacteriological media, independent of a speci� c food
matrix.
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Action and Symptoms

Of BA and TF, the former is the more severe. The main symp
toms induced by BA are an initial hyperglycemia quickly fol-
lowed by a marked hypoglycemia, which exhausts the glycoge
reserves in many tissues, particularly the liver and heart. Thes
effects stem from inhibition of mitochondrial oxidative phos-
phorylation, in turn due to the inhibition of ADP/ATP trans-
location, as well as interference with the citric acid cycle in hear
muscle.

Toxo� avin functions under aerobic conditions as an active
electron carrier between NADH and oxygen, leading to the
production of hydrogen peroxide, and bypass of the cyto-
chrome system. These characteristics, respectively, probab
confer the strong antibiotic and poisoning properties associ-
ated with the toxin. Toxo� avin is inactive under anaerobic
conditions. Although TF is lethal in small doses when
Table 2 Production (mg g� 1) of bongkrek acid and toxo� avin by differe

Strain
Initial population of
B. cocovenenans(cfu g� 1 CCM)

24

BA TF

ITB 1.2� 106 80 nd
NCIB 2.7� 106 20 nd
LMD 2.9� 106 900 50

nd, not detected
administered intravenously to rats, little morbidity or mortality
is observed in rats or monkeys when given orally, suggestin
this toxin plays only a minor role, if any, in the symptoms
observed during bongkrek food poisoning.

Approximately 4–6 h after ingestion of contaminated food,
victims experience a range of symptoms, including malaise
abdominal pains, dizziness, extensive sweating, and extrem
tiredness, before lapsing into coma. Death usually occurs
1–20 h after the onset of the initial symptoms. After death,
there is little evidence of cause, as no histological changes ca
be demonstrated on autopsy, no bacterial growth can be ob-
tained from various organs, and laboratory animals do not
succumb when fed such organ tissue. Although there are no
precise� gures, mortality is high compared with many food-
borne illnesses.

There is little precise information regarding the lethal dose
of either toxin, but it can be inferred that only milligram
quantities of BA, the more potent of the two toxins, are
required to cause death. It is known that 1–3 mg of BA can be
produced per gram of food within 48 h when high numbers of
the organism develop, and only a few grams of contaminated
food, even after cooking, is suf� cient to kill humans.
SigniÞcance in Foods

Unlike many other foodborne pathogens, B. cocovenenansand
bv. farinofermentansare not associated with a wide range of
foods, instead representing an almost-unique ecology in food
microbiology.

In many countries of the East and Far East, fermente
vegetable products represent a major source of nutrients
particularly protein. These include many varieties of tempe
(see FERMENTED FOODSj Fermentations of the Far East),
produced in Indonesia from a diversity of vegetable matter, as
well as a range of cooked products made from fermented corn
meal, used widely in poorer regions of China.

In parts of Java,tempe bongkrekis prepared from partially
defatted coconut, either the presscake remaining after coconu
oil extraction, or the material left after water extraction of
coconut milk from shredded coconut meat. It is this form
of tempe that is, to date, exclusively associated with
B. cocovenenansintoxication; this is unsurprising given the
association of mid-chain-length fatty acids with toxin
production. The � rst deaths were reported in 1895, and since
1951, consumption of contaminated tempe bongkrekhas
nt strains ofB. cocovenenansgrown in CCM incubated at 30� C

Incubation time (h)

48 72 96

BA TF BA TF BA TF

1450 50 1550 50 1800 70
1700 nd 1150 nd 1400 nd
2600 20 2850 30 3150 50
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resulted in approximately 10 000 cases of intoxication,
including at least 1000 deaths.

In China, toxic products prepared from fermented corn� our
derive from poor handling of the raw material. Corn is soaked
in water for 2–4 weeks, rinsed, and then ground into wet� our
and held at ambient temperature for an inde� nite period prior
to cooking and consumption. These conditions are conducive
to growth of B. cocovenenansbv. farinofermentans. There were
327 cases in 23 outbreaks reported in China between 1961 an
1979, with 314 victims experiencing symptoms within 10 h
and an overall mortality rate of 32.2%.

Intoxication due to B. cocovenenansor biovar far-
inofermentansis, at present, geographically limited, but migra-
tion to and adoption of foreign cuisine by other countries
could lead to more widespread problems with these organisms
d
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Control

As intoxication resulting from either B. cocovenenansor bv.
farinofermentansis associated with traditional fermented foods
consumed by populations of low socioeconomic status, any
approaches to control of these bacteria must be simple and
inexpensive. The� rst measure, intrinsic to production of foods
such astempe, is inoculation of the substrate (e.g., coconut
presscake) with a suf� cient quantity of active fungal (e.g.,
Rhizopus oligosporus) culture. As rapid fermentation ensues,
growth of the pathogen is inhibited. Although this technique is
suitable for fermented foods, it obviously is not applicable to
nonfermented products. In addition, the inoculum at the
village level usually is derived from a previous fermentation,
which provides a culture of variable population and activity. If
B. cocovenenansalready has reached a high population in the
substrate, the fungus, regardless of state, will be inhibited, an
toxin production will follow.

Addition of up to 1.5% sodium chloride, or acidi � cation of
the substrate to pH 4.5, serves to suppress synthesis of BA, a
eliminate TF production, whereas a combination of 2% salt
and acidi� cation to pH 5 prevents production of BA. These
amendments have no negative effect upon growth o
Table 3 Effect of onion extract on toxin production byB. cocovenenansin t
for 48 h at 30� C

Onion extract (%)

Treatment Inoc

PH NaCl (%) Rhizopus oligosporus

0 6.9 0 0
6.9 0 0
6.9 0 3.5 � 105

5.5 0 0
0.6 6.9 0 0
0.8 6.9 0 0

6.9 0 0
6.9 0 3.5 � 105

6.9 1 7.0 � 104

5.5 0 0

nd, not detected
R. oligosporus. Acidi� cation is achieved through the reuse of
soak water or the use of incompletely washed soaking vessel
Acidi� cation has been attempted using acidic plant material,
such asOxalis, but this produces sensory changes in the produc
unacceptable to the consumer.

Crude extracts of various spices– including garlic, onion,
capsicum, and turmeric– inhibit toxin production, and their
effects are enhanced by other amendments, such as the add
tion of salt or reduction of pH. Ef� cacy, however, is inversely
proportional to the population of the pathogen.

The in� uence on toxin production of many of the above-
mentioned factors, including populations of fungal inoculum
or pathogen, salt concentration, pH, or spice extract, is exem
pli � ed Table 3.

Although all the preceding techniques have proved effective
in the laboratory or pilot studies, they have yet to be applied in
the � eld. Other approaches have been taken. To curb th
morbidity and mortality associated with consumption of
contaminated product, the Indonesian government banned the
production of tempe bongkrekin 1988. Such a legislative
approach is unlikely to prove effective in the long term, as
consumers see such products as a vital source of nutrition in the
daily diet.
Isolation and Detection

At present, there is no selective or differential medium speci� c
for the isolation of B. cocovenenans. CCM is used routinely for
culture of the bacterium, as it simulates the environment of
tempe bongkrek, encouraging strong growth and stimulating
toxin synthesis. CCM usually is prepared from fresh coconu
meat by blending with water and pressing twice, although the
pulp also can be produced from rehydrated desiccated coconut
The pulp is then shaped into a small round cake in a suitable
vessel and sterilized by autoclaving. A more conventiona
medium can be prepared by mixing equal quantities of sterile
(autoclaved) commercial coconut cream, and 3% agar. The
latter medium permits simple cultivation of the bacterium and
stimulates toxin production.
empe bongkrekproduced from coconut culture medium, after incubation

ulum (cfu g� 1) Toxin production (mg g� 1)

Burkholderia cocovenenans Bongkrekacid Toxoßavin

6.0 � 104 231 89
2.1 � 107 2406 516
2.1 � 107 1337 456
7.5 � 106 753 491
1.9 � 105 nd nd
1.9 � 105 nd nd
2.1 � 107 788 330
2.1 � 107 387 259
7.5 � 106 nd nd
7.5 � 106 nd nd
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There are no routine noncultural techniques for detection of
the bacterium, although a monoclonal antibody speci� c for the
lipopolysaccharide of both B. cocovenenansand biovar far-
inofermentanshas been developed and may prove useful in the
rapid identi � cation of foodborne disease outbreaks involving
these organisms.
, 1999. Interna-
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Introduction

Pseudomonas aeruginosais a ubiquitously distributed oppor-
tunistic pathogen that inhabits soil and water as well as
animal-, human-, and plant-host-associated environments. It
can be recovered, often in high numbers, in common food,
especially vegetables. Moreover, it can be recovered in lo
numbers in drinking water. This ubiquity would be attributed
to its versatile energy metabolism. Like other bacterial specie
found in the environment, P. aeruginosacolonizes a wide
variety of surfaces (i.e., food packaging, water tap, medica
devices) in a bio� lm form, which makes the cells impervious
to antibacterial agents – including antiseptic cleaning
compounds, disinfectants, and clinically relevant antibiotics–
and to host defenses mediated by macrophages and neutro
phils. Bio� lms in drinking water systems can serve as a
environmental reservoir for P. aeruginosa, representing
a possible source of water contamination, resulting in
a potential health risk for humans (Mena and Gerba, 2009).
Alginate slime forms the matrix of the P. aeruginosabio� lm,
which anchors the cells to a variety of surfaces. Cell–cell
communication by chemical signals is prevalent in the bio-
� lm matrix. Pseudomonas aeruginosause this form of signaling,
termed quorum sensing (QS), to coordinate other behaviors
that generally involve population-level bene� ts, such as bio-
� lm formation or secretion of extracellular factors. The QS
usesN-acyl homoserine lactone signals to synchronize gen
expression during the production of polysaccharides, rham-
nolipid (RL), and other virulence factors. As promising
biotechnological products, RLs produced byP. aeruginosa
have been the most investigated biosurfactant due to thei
potential applications in a wide variety of industries and for
wastewater bioremediation. Other bioremediation properties
of P. aeruginosahave been described from isolates recovere
from industrial polluted ef � uents. SinceP. aeruginosahabitat
is the soil and water, in association with Bacillusspp., Strep-
tomycesspp., and molds, it has developed resistance to
a variety of naturally occurring antibiotics. Moreover,P. aeru-
ginosacan acquire plasmids containing resistance genes, and
is able to transfer these genes by transduction and conjuga
tion. So, P. aeruginosais intrinsically resistant to many of the
antibiotics used in clinical practice. In the last years, the
emergence of multidrug-resistant (MDR) P. aeruginosahas
been a major public health issue worldwide. On the other
hand, metallo-beta-lactamase (MBL)–producing P. aeruginosa
isolates have been identi�ed in environmental water samples,
a fact that emphasizes the importance of surveying environ
mental strains that might act as a source or reservoir o
resistance genes with clinical relevance and that can b
transmitted through food or water.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Biological Characteristics ofP. aeruginosa

The genusPseudomonasincludes a group of species capable o
utilizing a wide range of organic and inorganic compounds and
of living under diverse environmental conditions (Özen and
Ussery, 2012). Taxonomically, the genusPseudomonaswas � rst
proposed byWalter Migula (1895) to include all Gram-negative,
rod-shaped aerobic bacilli that had polar� agella. Encompassing
the newly described genusPseudomonas, in 1917, Winslow and
colleagues established the family Pseudomonadaceae. Becau
de� nition of the genus Pseudomonaswas so broad, unrelated
organisms were added to the genus to the point that in 1984,
there were more than 100 species ofPseudomonaslisted in
Bergey’s Manual of Systematic Bacteriology. So, based on rRNA-
DNA hybridization studies, described by Norberto Palleroni, the
genus was divided into � ve groups called rRNA homology
groups I–V. (Palleroni, 2010). De Vos and colleagues proposed
that the genus Pseudomonasshould be limited to the species
related to P. aeruginosain the DNA-rRNA homology group I.

Pseudomonas aeruginosa(Pseudomonas, “ false unit” , from the
Greek pseudo(false) and the Latin monas(from the Greek for
a single unit); aeruginosa, from the Latin for copper rust) was
described for the� rst time in 1882 in a scienti� c study, entitled
“On the Blue and Green Coloration of Bandages”, published by
Carle Gessard, a French Pharmacist. This study showed th
P. aeruginosaproduced water-soluble pigments, which � uo-
resced blue-green under ultraviolet light. This was later attrib
uted to pyocyanine, a derivative of phenazine. The original
classi� cation of the genus Pseudomonasinto rRNA homology
groups has undergone extensive revision, resulting in the
reclassi� cation of many Pseudomonasspecies into separate
genera. New phylogenetic studies based on similarities of the
16S rDNA sequence have generated theP. aeruginosaaf� liation
group which include P. aeruginosa, Pseudomonas alcaligen,
Pseudomonasmendocina, Pseudomonas pseudoalcaligenes, and
Pseudomonas� avescens, among other species.

Pseudomonas aeruginosais well known for its metabolic
versatility and genetic plasticity. This specie, in general, grow
rapidly and is particularly renowned for its ability to metabo-
lize an extensive number of substrates, including toxic organic
chemicals. Although the organism is an obligate aerobe, it can
use nitrate and arginine as a� nal electron acceptor when O2 is
not available, allowing the organism to grow anaerobically.
Phenotypically, P. aeruginosadisplay the following de� ning
characteristics: non-spore-forming Gram-negative rod
measuring 0.5–0.8 mm in width by 1.5–3.0 mm in length; sac-
charolytic; one polar � agella (providing motility); positive
oxidase test; oxidize glucose; lack of ability to ferment carbo
hydrates; and growth at 42� C. They are Simmon’s citrate and
L-arginine dehydrolase positive, and negative for indole,
78-0-12-384730-0.00283-4 253
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Figure 1 Clinical strains ofP. aeruginosashowing production of pyoverdin (green), pyocyanin (blue), and pyomelanin (brown).
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methyl red, and Voges Proskauer tests. Isolates ofP. aeruginosa
can have multiple colony morphologies. Most colonies are� at
and spread out over the agar surface and commonly produc
two soluble pigments: pyocyanin (phenazine pigment, soluble
in chloroform and water), which gives colonies a blue color,
and pyoverdin (insoluble in chloroform but soluble in water)
also known as the� uorescent pigment, which is a yellow-green
pigment (siderophore under iron-limiting conditions). When
a strain of P. aeruginosaproduces both pyoverdin and pyocya-
nin, the resulting colonies have a blue-green color (DeVicente
et al., 1990). This organism may produce other water-soluble
pigments, such as pyorubrin or pyomelanin, which give colo-
nies a red or brown color, respectively (Figure 1).

On sheep blood agar plates, colonies ofP. aeruginosaoften
display beta-hemolysis and a greenish metallic sheen becaus
of their pigment production. A signi� cant number of cells can
produce exopolysaccharides known as alginate. Mos
P. aeruginosastrains produce a sweet grapelike odor during
growth because of the production of 2-aminoacetophenone,
which is often of diagnostic importance.
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Recommended Methods for Detection and
Enumeration ofPseudomonasand Procedures
SpeciÞed in International Guidelines

Culture-Dependent Methods

The nutritional requirements of isolates belonging to the
Pseudomonasgenus are basic, which makes culturing o
P. aeruginosaquite straightforward. It must be taken into
account, however, that Pseudomonads are obligate aerobe
and usually are motile, which might interfere with microbial
count by determining the number of colony forming units
(cfus). The pour-plate method, thus, is not indicated forPseu-
domonas spp. enumeration because the smaller oxygen
concentration within nutrient agar may not permit the growth
of all cfus present, thus underestimating the total count.

The screening of water samples for the presence
P. aeruginosahas been standardized and described in standar
methods for the examination of water and wastewater,
including in the 20th ed. (1998) and in the International
Organization for Standardization (ISO) 16266:2006 (water
quality – detection and enumeration of P. aeruginosa– method
by membrane � ltration). Under European Union Directives
80/777/EC, 96/70/EC, and 98/83/EC, water destined for
drinking by humans must have a concentration ofPseudomona
spp. lower than one cell in a 250 ml sample. The detection of
such a low concentration by a culture-dependent method like
ISO 16266:2006 (Casanovas-Massana et al., 2010) is achieved
by concentrating the cells present in a 250 ml sample by
� ltration of the sample through a 0.45 mm pore membrane
followed by incubation of the � lter membrane in CN agar
(cetrimide-nalidixic acid) at 42 � C for 48 h. CN agar is a selec-
tive medium that stimulates the production of the blue-green
pigments pyocyanin and pyoverdin. Colonies that are non-
pigmented must then be con� rmed as P. aeruginosaby Gram
staining, oxidase testing (positive), production of pyocyanin
and pyoverdin in King’s B medium (Gill and Stock, 1987), and
checking for acetamide deamination in acetamide broth.
Pseudomonas aeruginosastrain NCTC 10662 should be used as
a positive control for this assay.

The enumeration of pseudomonads from solid food
samples, such as meat and meat products, has been standar
ized by ISO 13720:2010 and Australian Standard (AS)
5013.21-2004. The medium of choice is CFC agar, a selectiv
medium containing cetrimide, fucidin, and cephaloridine. The
plates are incubated at 25� C for 48 h and colonies are
con� rmed asP. aeruginosaby a Gram stain and oxidase testing.
Culture-Independent Methods

Screening for spoilage bacteria by directly detecting specie
speci�c sequences by sequencing metagenomic DNA obtaine
from a sample using next-generation sequencing (NGS) tech
nologies has been developed and validated for meat samples
Ampli� cation of DNA coding for 16S rRNA targets can be
obtained directly from metagenomic DNA, and the heteroge-
neous mixture of amplicons bearing sequences speci� c to
bacterial genomes can be sequenced together in one g
(Reynisson et al., 2008). The detection and identi� cation
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of Pseudomonasspp. in meat samples have been validated by
bacterial 16S tag-encoded FLX Titanium amplicon pyrose
quencing (bTEFAP), which uses this approach, and the poss
bility of bar-coding samples by most NGS platforms means
that amplicons generated from several food samples could by
analyzed in a single run (Ercolini et al., 2011).

A quick quantitative assay to measure the microbial count
of P. aeruginosahas been developed by means of reverse-tran
scriptase quantitative PCR (RT-qPCR) using as template tot
RNA extracted from a sample, which is then reverse-transcribe
using primers speci�c to P. aeruginosa16S rRNA and submitted
to a standard real-time quantitative PCR to determine copy
number, and thus it can infer equivalent cfu g� 1 in the sample
(Matsuda et al., 2007). This method, however, has not yet been
validated for food samples.
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Medical Aspects ofP. aeruginosa

Pseudomonas aeruginosais a major opportunistic human path-
ogen affecting mainly immunocompromised patients, such as
those with cystic � brosis or hematological malignancies.
Infections resulting from P. aeruginosaare often iatrogenic and
are associated with the administration of contaminated solu-
tions, medicines, parenteral nutrition, and blood products. The
patient’s defenses generally may be weakened by debility o
cancer, or there may be speci� c humoral or cellular defects.
Neutropenic patients are especially susceptible toP. aeruginos
infection and to subsequent septicemia. Patients with bron-
chiectasis are particularly prone to chronic infection, and
delayed mucociliary clearance may be responsible.

The most common clinical infections caused by
P. aeruginosaare eye infections, ear infections (swimmer’s ear),
chronic respiratory infections, skin and soft tissue infections
(hot tub folliculitis), and hospital infections (pneumonia, burn
wound, urine, respiratory tract, and blood).

Regarding nosocomial infections, the use of broad spectrum
antibiotics may kill commensal microbiota or more antibiotic-
sensitive pathogenic species causing infection, promoting
colonization by multidrug-resistant P. aeruginosastrains
(Livermore, 2002), which are particularly associated with
progressive and ultimately fatal chronic respiratory infection
in cystic � brosis patients.

The effective treatment of infections caused byP. aeruginos
includes prevention when possible, source control measures a
necessary, and prompt administration of appropriate antibac-
terial agents. Antibacterial deescalation should be pursued in
patients with an appropriate clinical response, especially when
antibacterial susceptibilities are known.
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Relevance ofP. aeruginosain the Food Sector

Although P. aeruginosais a free-living ubiquitous species found
in most natural water bodies and can cause a host of infections
in humans, oral ingestion of P. aeruginosain drinking water
does not necessarily pose a risk of infection by this species i
immunocompetent patients. Pseudomonas aeruginosais an
opportunistic pathogen in humans and is a major stumbling
block in a nosocomial setting; however, its importance in
food microbiology is signi � cant not only as a foodborne
pathogen, but as one of the major spoilers of food and also as
a marker of the hygiene qualities of food and water for human
consumption.

To thrive in a foodstuff, Pseudomonasspp. needs a water
activity (aw) of at least 0.97, which is relatively high in
comparison to the minimal aw of other common foodborne
pathogens, and thus these species are especially hazardous
fresh produce with high water activity, such as meat and fresh
vegetables.

The contribution of P. aeruginosain the spoilage of meat has
been well documented. Because of its ubiquity in water bodies
it is hard to trace the exact source ofP. aeruginosain spoiling
food, as inoculation may be a consequence of handling,
washing, and exposure to contaminated water, as well a
a component of the microbiota of the animal. This species is
found to be a major spoiler of � sh (Reynisson et al., 2008). In
chicken meat, whereas pseudomonads can easily be isolate
from fresh and spoiled meat, it has been shown that most of
the strains causing spoilage are biosurfactant-producing strains
which may give the bacterial cell access to the high lipid conten
in the chicken meat surface.

Dairy products are frequently susceptible to spoilage by
Pseudomonasspp. These pseudomonads produce extracellula
enzymes that degrade the organoleptic properties of milk, and
so they must be screened for before milk is transported and
used for dairy production (Van Tassell et al., 2012).

Pseudomonas aeruginosacan be found as an endosymbiont in
plants, but it can also act as a plant pathogen, causing system
infection in plants leading to plant death. Thus, it is a hazard as
a potential pathogen of crops. Pseudomonads are one of the
key spoilers of legumes.

The participation of pseudomonads in food is not all
negative, as several enzymes, notably lipases, have been is
lated from Pseudomonasspp. for use in the food industry. Some
of these enzymes act on speci� c substrates, such as tri
acylglycerols containing palmitate, and are nontoxic, making
them safe for use in the food industry.
Industrial Aspects and Bioremediation Properties
of P. aeruginosa

Rhamnolipids (RLs) are amphipathic molecules composed of
a hydrophobic lipid and a hydrophilic sugar moiety ( Hauser
and Karnovsky, 1957). This provides these molecules with
tensioactive properties capable of reducing surface tension
forming emulsions, and causing pseudosolubilization of
insoluble substrates, which allows P. aeruginosato utilize
diverse carbon sources, such as alkanes (Figure 2).

As promising biotechnological products, RLs produced by
P. aeruginosahave been the most investigated biosurfactant due
to their potential applications in a wide variety of industries and
the high levels of their production (Pirôllo et al., 2008).
However, even though these biosurfactants are already produce
at an industrial scale, the fact thatP. aeruginosais an opportu-
nistic pathogen imposes a restriction on its large-scale produc
tion due to the intrinsic health hazard of the process. In this
regard, although P. aeruginosadoes not appear in the U.S.
Department of Health and Human Services (DHHS) and
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Figure 2 Two major structures of rhamnolipids (monorhamnolipid and dirhamnolipid). Dirhamnolipid known as� -L-rhamnopyranosyl-�-L-rhamno-
pyranosyl-b-hydroxydecanoyl-b-hydroxydecanoate (Rha-Rha-C10-C10) was the� rst identi� ed rhamnolipid. Rhamnolipids, glycolipids composed of
L-rhamnose and 3-hydroxylalkanoic acid, were� rst identi� ed in the mid-1900s in cultures ofP. aeruginosa, and the structure of a rhamnolipid molecule
was� rst reported in the mid-1960s (Hauser and Karnovsky, 1957). Rhamnolipids are composed of mono- and dirhamnose groups linked to 3-hydroxy
fatty acids that vary in length, the most common beingL-rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate (monorhamnolipid) andL-rhamnosyl-L-
rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate (dirhamnolipid).

256 PSEUDOMONASj Pseudomonas aeruginosa
U.S. Department of Agriculture (USDA) select agents and toxin
list (http://www.selectagents.gov/Select%20Agents%20and%
20Toxins%20List.html), this bacteria does require biosafety
level 2, appropriate for handling moderate-risk agents that cause
human disease of varying severity by ingestion or through
percutaneous or mucous membrane exposure. So, the alternativ
has been to take the gene that produces the rhamnosyltransfe
ase 1 (rh1ABgene) enzyme ofP. aeruginosaand insert it into an
ef� cient and not pathogenic strain ofEscherichia coli, resulting in
the biosynthesis of a rhamnolipid that can aid in the more
ef� cient degradation of hydrocarbons, considering that once the
generh1ABis inside, theE. coliis not longer toxic (Toribio et al.,
2010). More recently, a novel RL biosurfactant–producing and
polycyclic aromatic hydrocarbon (PAH)–degrading bacterium
P. aeruginosastrain NY3 was isolated from petroleum-contami-
nated soil samples. Strain NY3 was characterized by its extrao
dinary capacity to produce structurally diverse RLs. A total o
25 RL components were detected by matrix-assisted las
desorption ionization time-of- � ight mass spectrometry. Among
these compounds, 10 new RLs were identi� ed. In addition to its
biosurfactant production, strain NY3 was shown to be capable of
ef� cient degradation of PAHs as well as synergistic improvemen
in the degradation of high-molecular-weight PAHs by its bio-
surfactant (Nie et al., 2010).

Other bioremediation properties of P. aeruginosahave been
described from isolates recovered from industrial polluted
ef� uents, which were found to exhibit combined heavy metal
and phenol-resistance characteristics, maintaining an ef� cient
metal removal rate. These characteristics, considered togeth
with their ability to grow in waters of marginal quality, revealed
a potential of this specie for wastewater bioremediation
applications. In this regard, bioremediation of environmental
pollution induced by industrial discharge or accidental
hydrocarbon spills has been demonstrated successfully b
using P. aeruginosaLBI (Industrial Biotechnology Laboratory),
which was isolated from hydrocarbon-contaminated soil being
evaluated for hydrocarbon biodegradation. The emulsifying
power and stability of the biosurfactant product was assesse
simulating water contamination with benzene, toluene, kero-
sene, diesel oil, and crude oil at various concentrations. The
strain was able to produce biosurfactant growing in all the
carbon sources evaluated (i.e., diesel oil, kerosene, crude o
and oil sludge), except benzene and toluene. The biosurfactan
was capable of emulsifying all the hydrocarbons tested
denoting potential applications in the bioremediation of
hydrocarbon-contaminated sites. Finally, another study using
a P. aeruginosastrain, named MTCC 4996, isolated from a pulp
industrial ef� uent-contaminated site, was capable of degrading
phenol. (Kotresha and Vidyasagar, 2008).
Pseudomonas aeruginosaBioÞlm
and Quorum Sensing

Bio� lm formation and quorum sensing (QS) are two examples
of group behavior. These two processes can be linked i
different ways. So, although QS can be an integral part in
building a bio � lm community, bio � lm formation may allow
the high local cell densities necessary to achieve a quorum. Q
in prokaryotic biology refers to the ability of a bacterium to
sense information from other cells in the population when they
reach a critical concentration (i.e., a quorum) and communicate
with them. In the QS process, the intercellular communication
among P. aeruginosais based on small, self-generated signa
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Figure 3 Regulation of AHL systems (las and rhl): Each system has its own AHL synthase (LasI and RhlI); an AHL-responsive, DNA-binding regulator
(LasR and RhlR); and AHL signal,N-3-oxododecanoyl-homoserine lactone (3-oxo-C12-HSL) andN-butyryl-homoserine lactone (C4-HL).Pseudomonas
aeruginosaalso possesses a non-AHL extracellular signal, designated as thePseudomonasquinolone signal (PQS), which is integrated into the AHL
signaling circuit. PQS is 2-heptyl-3-hydroxy-4-quinolone.
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molecules (peptides) called‘autoinducers’, which coordinately
regulate gene expression within a population (Wagner et al.,
2006). Autoinducers are acylated-homoserine-lactone (AHL)–
signaling molecules that function as ligands for transcriptional
regulatory proteins. AHL-mediated signaling may resemble
bacterial ‘esperanto’, allowing interspecies communication in
natural environments (Bassler, 1999). Initially, P. aeruginosawas
shown to utilize AHL-based quorum sensing to regulate the
expression of virulence factors and the bio� lm formation
(Juhas et al., 2005). Moreover, P. aeruginosauses AHL signals
during QS to synchronize gene expression important to the
production of polysaccharides and RLs. Currently, it is known
that P. aeruginosahas two primary AHL systems (las and rhl).
Each system has its own AHL synthase (LasI and RhlI), a
AHL-responsive, DNA-binding regulator (LasR and RhlR) and
AHL signal, N-3-oxododecanoyl-homoserine lactone (3-oxo-
C12-HSL) and N-butyryl-homoserine lactone (C4-HL). The las
and rhl systems constitute a regulatory cascade, with the rh
system under control of the las system.Pseudomonas aerugino
also possesses a non-AHL extracellular signal, designated as
Pseudomonasquinolone signal (PQS), which is integrated into
the AHL signaling circuit (Figure 3).

PQS is 2-heptyl-3-hydroxy-4-quinolone and its biosynthesis
requires multiple genes. In addition to PQS, a precursor of
PQS biosynthesis, 4-hydroxy-2-heptylquinoline (HHQ) is also
secreted from the cell and may act as a signaling molecul
(Deziel et al., 2004).
Bio� lms have been implicated in chronic infections; indeed,
bio� lms composed of P. aeruginosaare thought to be the
underlying cause of many chronic infections, including those
in wounds and in the lungs of patients with cystic � brosis.
AHLs are produced during the bio� lm mode of growth and
AHL-dependent QS in� uences the development, integrity, and
architecture of bio� lm communities as well as orchestrating the
optimal timing and production of secondary metabolites to
combat predators and host defense mechanisms. Bio� lm
communities are probably an important aspect ofP. aeruginosa
existence in both natural and clinical settings (Figure 4).

Bio� lms, in the context of both the natural environment and
infectious diseases, are usually diverse, representing multisp
cies communities of diverse microorganisms, promoting
a bacterial architecture for many environmental processes, suc
as genetic transfer, nutrient utilization, and biodegradation,
becoming increasingly resistant to antibiotics.
Pseudomonas aeruginosaand Bacteriocins

Bacteriocins are bactericidal, antibiotic-like substances, whic
are produced as a secondary metabolite by many bacteria an
have the ability to oxidize and reduce other molecules, exhib-
iting killing activity or growth inhibition for strains of the same
or closely related species. InP. aeruginosa, the bacteriocins are
denominated pyocins. They can be produced spontaneously o
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Figure 4 Models for bio� lm development inP. aeruginosa: (a) Initial attachment involves adherence of free-swimming cells (planktonic cells) to the
surface (e.g., catheter, water tap, or a food container); (b) In the case of a� at bio� lm cells continue to multiply and move on the surface, forming a conuent
layer of cells; (c) finally, cells can actively leave the bio� lm to reinitiate the cycle in a process called dispersion or detachment. ATM, antimicrobial agents.
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induced by certain chemicals, such as mitomycin C. The narrow
speci�city of their action and their protein nature distinguish
them from other (classical) antibiotics.

Three different types of pyocins have been identi� ed:
R-type, S-type, and F-type (Nakayama et al., 2000).

They differ by their morphology and mode of killing. Their
bactericidal activities are strain speci� c and have been used as
a typing tool for P. aeruginosastrains, along with other typing
schemes such as serotyping and phage typing.

R-type pyocins resemble in� exible and contractile tails of
bacteriophages and are further classi� ed into � ve groups: R1,
R2, R3, R4, and R5. They are similar to each other in the
structural and serological properties, but they are different in
receptor speci�city. The tail � ber protein, an apparatus for
binding to the receptor of a sensitive bacterial strain, has been
proposed to account for the main difference. The receptors fo
R-type pyocins are lipopolysaccharides or lipooligosaccharide
found in the outer membrane. R-type pyocins, when used to
challenge sensitive cells, provoke a depolarization of the cyto
plasmic membrane in relation to pore formation and inhibit
active transport. Contraction of the tail-like structure is neces
sary for this bactericidal action.

The S-type pyocins are colicin-like (i.e.,E. colibacteriocin),
protease-sensitive proteins. They are constituted of tw
components, an effector and an immunity component. The
large component, or effector component, carries the killing
activity (DNase, lipase, tRNase, and channel-forming activity)
Four subtypes of S-type pyocin have been identi� ed: S1, S2, S3
and AP41. The S-type pyocins cannot be sedimented o
observed by electron microscopy, re� ecting their small size.

F-type pyocins also resemble phage tails,� exible but non-
contractile rod-like structure, with distal � laments. They are
similar in structure and serological properties, but again they
are different in receptor speci� cities. They vary in their host
ranges but are structurally, morphologically, and antigeneti-
cally similar. Three subtypes of F-type pyocins were reported
F1, F2, and F3. The analogy between bacteriocin productio
and bacteriophage liberation was noted following the
discovery of bacteriocins. However, whereas bacteriocins a
often encoded on plasmids, pyocin genes are located on the
chromosome of P. aeruginosa.

Pyocin typing of more than 1400 P. aeruginosaisolates from
environmental and clinical sources has indicated that more
than 90% produce one or more pyocins. Although R and F
pyocins are produced by more than 90% of clinical isolates, S
pyocins are produced by more than 70% of these same strains

Unlike colicins, S-type pyocin gene clusters lack a lysis gen
indicating that different mechanisms might be involved in their
release. The killing spectrum of S-type pyocins is limited to
P. aeruginosa, whereas R- and F-type pyocins kill more broadly,
including other Gram-negative bacteria, such asNeisseriaand
Haemophilus.

Bacteriocins have found a widespread signi�cance in medical
microbiology, particularly in epidemiological studies. Bacte-
riocin typing can be done in two ways: by determining the
bacteriocin production pattern of a strain against a set of stan-
dard indicators and by determining the bacteriocin suscepti-
bility pattern of the strain against a set of bacteriocins, which are
applied to it. Each method has been used in epidemiology to
determine whether the isolates from different sources are the
same. If the isolates are clonally related, their bacteriocin
production or susceptibility patterns will be identical.

Interestingly, bacteriocins have been used as a food prese
vation alternative; indeed, many lactic acid bacteria produce
a wide variety of bacteriocins, with nisin (produced by Lacto-
coccus lactis) being the only bacteriocin recognized by the Food
and Drug Administration and being used as a food preserver
Many bacteriocins have been biochemical and genetically
characterized. In this regard, recently was identi� ed and char-
acterized a 10 kDa pyocin from P. aeruginosaisolated from
garden soil, which exhibited a potential application to be used
in medicine and in the food industry. The pyocin was found
bioactive against Gram-positive bacteria with a maximum
production observed at 32� C in brain heart infusion (BHI)
medium, during the stationary phase. With an estimate titer of
640 AU (activity units) ml � 1, the bacteriocin showed bacteri-
olytic mode of action against the indicator Bacillus strain
(BC31) activity, which was completely lost after proteinase K
treatment, suggesting their protein nature. Further analysis
revealed that P. aeruginosabacteriocin was resistant to high
temperature (100� C for 30 min), detergents (1% solutions of
ethylenediaminetetraacetic acid (EDTA), Tween 20, Tween 80
and sodium dodecyl sulfate (SDS), and organic solvents (1%
solutions of ethanol, butanol, methanol, propanol, chloro-
form, and acetone). Surprisingly, the stability of this pyocin
under extreme pH values (pH 1–11) showed an advantage over
other bacteriocins used as food preservatives and particularl
over nisin, whose preparation is stable at ambient temperatures



se
d

e-

Figure 5 Metallo-beta-lactamase (MBL)–producing (SPM-1)P. aeruginosaisolated from an urban river. On the left: Kirby–Bauer disk diffusion
susceptibility revealing a multidrug-resistant phenotype (resistance to aminoglycosides, extended-spectrum cephalosporins, carbapenems, and quino-
lones, and susceptibility to aztreonam). In the center: Double-disk synergy test for differentiating MBL-producing isolates by using imipenem (10mg) or
ceftazidime (30mg) disk and EDTA-, mercaptoacetic (MAA)-, or mercaptopropionic acid (MPA)-containing disks. A synergic ghost zone could be observed
between the ceftazidime disk and the MAA-containing disk. On the right: MBL screening by using Etest� MBL strip (bioMérieux). MIC ratio of IP
(Imipenem)/IPI (Imipenem-EDTA) of> 8 or > 3 log 2 dilutions indicate MBL production.
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and upon heating under acid conditions (maximum stability at
pH 3). Furthermore, heat resistance is an advantage becau
P. aeruginosabacteriocin may remain active in foods after
cooking and give protection against undesirable bacteria.
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Multidrug-ResistantP. aeruginosa: A Public Health
Issue Worldwide

BecauseP. aeruginosahabitat the soil and water, living in asso-
ciation with antibiotic-producing bacterial and fungus (i.e.,
Bacillusspp.,Actinomycesspp.,Streptomycesspp.,Cephalosporium
spp., and Penicillium spp.), it has developed resistance to
a variety of naturally occurring antibiotics. Production of beta-
lactamase is critical and has been associated with chromosoma
AmpC, plasmid-mediated extended-spectrum beta-lactamase
(ESBLs), and MBLs. These enzymes have contributed to t
resistance to extended-spectrum antipseudomonal cephalo
sporins (i.e., ceftazidime) or carbapenems (i.e., imipenem,
meropenem, doripenem). Conversely, production of 16S rRNA
methylase (i.e., ArmA, RmtA, RmtD) has emerged recently a
a mechanism of high-level resistance to all 4,6-disubstituted
deoxystreptamine aminoglycosides, such as amikacin, tobra
mycin, and gentamicin. Moreover, coproduction of novel 16S
rRNA methylases and MBL has rendered ineffective a poten
double-coverage regimen of carbapenem plus aminoglycoside
contributing to the emergence of MDR phenotypes.

Although mutations in the gyrA and parC genes are
responsible for � uoroquinolone resistance, porin channel
deletion (oprD) appears to contribute to beta-lactam resistance
(mainly imipenem). Furthermore, overexpression of ef� ux
pumps may impact susceptibility to several classes of drugs
including levo� oxacin, cipro� oxacin, imipenem, meropenem,
chloramphenicol, and tigecycline. These various factor
favoring resistance to antibiotics resulted in the emergence an
endemicity of MDR P. aeruginosastrains. (Livermore, 2002).

In the past years, the emergence of carbapenemas
producing P. aeruginosahas been a major public health issue
worldwide. In this concern, the production of MBLs (i.e., IMP,
Imipenemase; VIM, Verona Integron-encoded Metallo-beta-la
mase; GIM, German Imipenemase; SPM-1,São Paulo Metallo-bet
lactamase; AIM, Australian Imipenemase; and NDM-1, New Delhi
Metallo-beta-lactamase), is worrisome, as MBL production
confers resistance to all beta-lactam antibiotics, except aztreo
nam (Figure 5).

In this regard, blaNDM-1-positive bacteria have been identi-
� ed from patients in several countries; most of these patients
had a direct link with the Indian subcontinent. Unfortunately,
NDM-1-producing P. aeruginosahas spread to the environment,
being isolated from seepage water in Hanoi, Vietnam, and from
tap water in New Delhi, India ( Walsh et al., 2011).

SPM-1-producing P. aeruginosahas become endemic in
Brazilian hospitals, being recurrently associated with outbreaks
of nosocomial infection. Curiously, likewise NDM-1, SPM-1-
producing P. aeruginosaisolates have been identi� ed in envi-
ronmental water samples in Brazil (Fontes et al., 2011), a fact
that emphasizes the importance of surveying environmental
strains that might act as a source or reservoir of resistance gen
with clinical relevance and that can be transmitted through food
or water.
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Introduction

Psychrobacter(psychros, cold; bacter, rod) belongs to the
family Moraxellaceae, which also includes the generaAcineto-
bacter, Moraxella, Alkanindiges, Branhamella, Enhydrobacter,
Paraperlucidibaca, and Perlucidibaca. This genus includes
Gram-negative, nonmotile, strictly aerobic, catalase-, and
oxidase-positive rods or coccobacilli that are psychrophilic to
psychrotolerant, halotolerant, competent for natural genetic
transformation, distinguished by the content of three cellular
fatty acids, and often resistant to ionizing radiation. When it
was � rst described by Juni and Heym (1986), the genus
included only one species,Psychrobacter immobilis, but at the
time of writing, there were 34 validly published species names
Most of the describedPsychrobacterspecies have been found in
cold and saline habitats (e.g., Antarctic environments, deep sea
seawater, and krill, crustacean, and other marine life).

Bacteria within this genus have received a great deal o
attention from taxonomists because of their former uncertain
classi� cation status, from biotechnologists because of the
increasing interest in the potential use of enzymes produced by
cold-adapted microorganisms, from microbiologists focusing
on bacterial biogeography from extreme environments, and
from astrobiologists because the terrestrial permafrost provide
an analog of Martian subsurface cryogenic habitats. In food
microbiology, Psychrobacteris considered to be part of the
spoilage � ora of chilled proteinaceous foods and, in clinical
microbiology, several species have been involved in human
and animal diseases, usually as opportunist pathogens.

Accurate identi� cation of bacterial isolates remains an
important task in food, clinical, and environmental microbi-
ology. For all species of psychrobacters, the transformatio
assay appears to be genus speci� c. Phenotypic characterization
of Psychrobacterisolates and 16S rRNA sequencing are consid
ered useful approaches for their identi� cation to the species
level. The current number of recognized taxa described on th
basis of a low number of isolates presents a major dif� culty.
A further problem is that a signi� cant number of food isolates
phenotypically resemblingPsychrobacterare nonmotile variants
of Pseudomonas fragi.

This chapter summarizes the available information on this
genus covering mainly taxonomic aspects, habitats an
ecology, potential spoilage activity and pathogenicity and
virulence, and methods for detection and identi� cation.
Taxonomy

History and Current Taxonomic Status

The history of the genusPsychrobacteris long and complex.
Motile and nonmotile, psychrotolerant, nonpigmented, and
nonfermentative Gram-negative saprophytic bacteria isolated
from foods were classi� ed in 1923 in the � rst edition of Bergey’s
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Manual of Determinative Bacteriologyas Achromobacter. This
genus, which was not included in the Approved List of Bacterial
Names, included both motile and nonmotile strains. A � rst
subdivision separated the nonmotile strains into the genus
Acinetobacter. Later, Acinetobacterwas modi� ed and split into
Acinetobacterspp., with the nonmotile, oxidase-negative strains,
and the nonmotile, oxidase-positive bacteria were assigned to
Moraxellaspp. andMoraxella-like because of their resemblance
Subsequently, it was demonstrated that a large group ofMor-
axella-like strains were all related to a single competent strain
as shown by a genetic transformation assay, and were groupe
together as members of a new genus, the genusPsychrobacte.
Thus, Psychrobacter, with a unique genospecies (P. immobilis)
embraced most of the oxidase-positive strains unrelated to the
true moraxellas. Moraxellaalong with Acinetobacterand Psy-
chrobacterwere � rst placed in the family Neisseriaceaeuntil
DNA–rRNA hybridization data showed that members of the
three genera belonged to a new family,Moraxellaceae. The
family Moraxellaceaeof the order Pseudomonadalesforms
a distinct branch in the class Gammaproteobacteriaand is
a member of the rRNA superfamily II, which includes the
authentic pseudomonads and related organisms. The true
Neisseriaand other members of the family Neisseriaceae, which
are part of the rRNA superfamily III, belong to classBetapro-
teobacteriaand are not related to theMoraxellaceae.

The family Moraxellaceaewas � rst divided into two main
groups, which wereAcinetobacterand another supercluster with
four subgroups: the authenticMoraxella, the genetic misnamed
taxon (Moraxella) osloensis, the genetic misnamed taxon
(Moraxella) atlantae, and a heterogeneous subgroup containing
the genetic misnamed taxon (Moraxella) phenylpyruvica,
P. immobilis, and allied organisms. The family Moraxellaceae
currently includes eight recognized genera:Moraxella, Branha-
mella, Acinetobacter, Psychrobacter, Alkanindiges, Enhydrobacter,
Paraperlucidibaca, and Perlucidibaca. A phylogenetic tree based
on 16S rRNA gene sequences of type strains representatives
the genera included in the family Moraxellaceae is shown in
Figure 1. There had been some problems in the nomenclature
of Moraxellaand Branhamella. In 2008, the Judicial Commis-
sion of the International Committee for Systematics of
Prokaryotes ruled that the namesMoraxella(subgen.Moraxella)
and Moraxella (subgen. Branhamella) should have been
included on the Approved Lists of Bacterial Names, although it
was decided that there was no need to make reference to th
rank of subgenus.Table 1 summarizes the main characteristics
of Psychrobacterand allied genera.
Psychrobacterspecies

The number of described Psychrobacterspecies has rapidly
increased in the last years, mainly due to the increasing
exploration of polar and marine habitats. On the basis of
phenotypic properties, DNA–DNA hybridization and 16S
78-0-12-384730-0.00285-8 261
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Acinetobacter calcoaceticus AJ888983

Alkanindiges illinoisensis AF513979

Paraperlucidibaca baekdonensis GU731671

Perlucidibaca piscinae DQ664237

Branhamella catarrhalis AF005185

Moraxella lacunata D64049

Enhydrobacter aerosaccus AJ550856

Psychrobacter immobilis U39399

Escherichia coli X80725

100

62

100

100

86

81

0.02

Figure 1 Phylogenetic tree based on the 16S rDNA sequences of the type species representatives of the genera included in the family
Moraxellaceae. Tree was constructed with MEGA v 5.0 software using the neighbor-joining method and a bootstrap analysis of 500 replicates. Tamura, K.,
Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5: molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Molecular Biology and Evolution 28, 2731–2739.

262 Psychrobacter
rRNA gene sequence information, currently (July 2012) the
genus Psychrobacterincludes 34 valid species:P. immobilis(as
type species), Psychrobacter adeliensis, Psychrobacter aes
Psychrobacter alimentarius, Psychrobacter aquaticus, Psych
aquimaris, Psychrobacter arcticus, Psychrobacter arenosus,
bacter celer, Psychrobacter cibarius, Psychrobacter cryoha
Psychrobacter faecalis, Psychrobacter fozii, Psychrobacter fri
Psychrobacter fulvigenes, Psychrobacter glacincola, Psych
jeotgali, Psychrobacter luti, Psychrobacter lutiphocae, Psych
marincola, Psychrobacter maritimus, Psychrobacter namh
Psychrobacter nivimaris, Psychrobacter okhotskensis, Psych
paci� censis, Psychrobacter phenylpyruvicus, Psychrobacter p
Psychrobacter proteolyticus, Psychrobacter pulmonis, Psych
salsus, Psychrobacter sanguinis, Psychrobacter submarinus,
bacter urativorans, and Psychrobacter vallis.

There is confusion in the classi� cation of P. phenylpyruvicu,
previously named Moraxella phenylpyruvica. Several authors
have argued that there are a signi�cant number of biological
differences that suggest that this species is misplaced an
probably warrants elevation to a separate, new genus. Sugge
tions for a new genus forP. phenylpyruvicus, however, have been
Table 1 Characteristics useful in differentiating genera of the famiMora

Characteristics Acinetobacter Alkanindiges Branhamella En

Flagellation � � � �
Growth at 37� C þ þ � þ
Anaerobic growth � � � þ
Oxidase � � þ þ
Catalase þ þ þ þ
Acid from glucose v � � ND
Nitrate reduction v þ v þ
Indole production � � � �
Major quinone Q-8, Q-9 Q-8 ND ND
Gþ C (mol%) 40–46 46.2 40–43 66

Symbols and abbreviations:þ , most strains (� 90%) positive;� , most strains (� 90%)
available.
Adapted from Song, J., Choo, Y-J., Cho, J.C., 2008.Perlucidicaba piscinaegen. nov., s
Journal of Systematic and Evolutionary Microbiology 58, 97–102; Wesley, B., 1970. Tr
Journal of Systematic Bacteriology 20 (2), 155–159; Oh, K.-H., Lee, S.-Y., Lee, M.-H.
from seawater. International Journal of Systematic and Evolutionary Microbiolo
rii,
acter
chro-

entis,
icola,
acter

acter
sis,
acter
torii,
acter

never carried out. On the other hand, results of 16S rRNA
sequence analysis and phenotypic traits indicate that the
species belongs to the genusPsychrobacter. Furthermore,
P. phenylpyruvicushas been shown to be clearly embedded in
a central phylogenetic position in the genusPsychrobacter.

Other species such asP. submarinusand P. marincolahave
99.9% similarity in 16S rRNA sequences. Therefore, 16S rRN
gene sequencing methods for somePsychrobacterspecies
identi � cation carry a high risk of misidenti� cation (see Section
Characterization and Identi� cation), and it has been suggested
that Psychrobacterspecies classi� cation has to be revised
by using genotypic methods other than 16S rRNA gene
sequencing.
Habitats

Psychrobacteris considered to be a ubiquitous bacterium resis-
tant to ionizing irradiation and capable of growing at temper-
atures ranging from� 10 to 42 � C. Members of this genus have
been isolated from a variety of low-temperature marine envi-
ronments, including Antarctic sea ice and icy coastal seawate
lyxellaceae

hydrobacter Moraxella Paraperlucidibaca Perlucidibaca Psychrobacter

� � þ �
þ � þ v

� � þ �
þ þ þ þ

þ � � þ
� ND � þ
v � w v

� ND þ �
Q-8 Q-11 Q-8 Q-8

40–49.6 61.3 63.1 41–51

negative; v, variable percentages of positive strains; w, weakly positive; ND, no data

p. nov., a freshwater bacterium belonging to the familyMoraxellaceae. International
ansfer of the organism namedNeisseria catarrhalisto Branhamellagen. nov. International
, Oh, T.-K., Yoon, J.-H., 2011.Paraperlucidibaca baekdonensisgen. nov., sp. nov., isolated
gy 61, 1382–1385.
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ornithogenic soil and sediments, the stomach contents of the
Antarctic krill, Euphausia superba, seawater, the deep sea, and th
internal tissues of a marine ascidian and crustacean specie
low-temperature Arctic permafrost, moderate-temperature
marine environments, and H2O2-containing wastewater. Other
sources include pigeon feces bioaerosol, freshwater� sh, raw
and processed marine� sh, bivalve mollusks, red meat and
poultry products, milk, soft and fresh cheeses, irradiated foods
clinical specimens, the lungs of an infected lamb, and naturally
infected rainbow trout ( Oncorhynchus mykiss).
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Psychrobacterin Foods

Incidence
Some Psychrobacterspecies are considered to be part of th
spoilage � ora of chilled proteinaceous foods stored in air,
although their importance is uncertain since apparently they
are unable to compete with common spoilage bacteria and
have low spoilage potential. Because of their enzymatic activ
ities and resistance to irradiation, however, it has been sug
gested that they could play a lipolytic role when they form large
populations or in irradiated foods. The relative incidence of
Psychrobacterspp. among the storage� ora of milk, meat,
shell� sh, and other chilled raw proteinaceous foods stored in
air accounts for less than 1–10.5%. These bacteria appear to b
more prevalent in fresh marine � sh, particularly in herring,
sardine, and cod, although their highest relative incidences
have been reported on fat surfaces (up to 50% of the spoilage
� ora) and in rehydrated salt-cured and dried salt-cured cod (up
to 90%). More recently, by using molecular methods,Psychro
bacterspp. have been reported as signi� cant among the spoilage
microbiota of cooked peeled Nordic shrimps and high-pressure
treated oysters and also among the surface microbiota o
certain cheese varieties.

Potential Spoilage Activity
It is not an easy task to determine whether a microorganism
commonly isolated from a spoiled food plays a signi� cant role
in spoilage. Microbiological and chemical changes during
storage must be studied, including the relative incidence and
the behavior of the organism throughout the shelf life of that
food, its spoilage potential, and its spoilage activity. The latter
is particularly important and qualitative and quantitative
production of chemical compounds associated with spoilage
should be investigated using the food and its components as
substrates.

Psychrobacteris relatively biochemically inert. Some members
of this genus (e.g.,P. immobilis) are capable of forming acids
from carbohydrates aerobically (Table 2), but the majority of
these species do not show this activity and are incapable of usin
many compounds as carbon source. Only casein hydrolysis i
a signi� cant proteolytic activity for psychrobacters and trime-
thylamine (TMA), indol, and H 2S are not produced. By contrast
Psychrobacterstrains are positive for esterase (C-4), esterase lipa
(C-8), and tributyrin –hydrolysis activity, a high percentage
shows strong lipolytic activity on Tween 80 at 25� C and are
positive for lipase (C14), and about half of the tested isolates
show lecithinase activity.

Data on the qualitative and quantitative production of
chemical compounds associated with spoilage byPsychrobacte
are scarce. Early studies on the spoilage activity ofMoraxella-like
strains showed that on beef, one isolate produced two nitriles
and two oximes, but their relevance to spoilage odors was no
clear. Some volatile compounds (methyl mercaptan, dimethyl
disulphide, and so on) similar to those produced by Shewanella
putrefaciensand Pseudomonas� uorescenswere detected in sterile
� sh muscle inoculated with a strain showing characteristics o
P. immobilisalthough the off-odors were not so intense and no
marked color or textural changes were observed. Ethyl aceta
and other volatile compounds associated with spoiled chicken
meat were also identi� ed in sterilized chicken breast meat
spiked with a Moraxella-like strain. More recently, a mushroom
off-odor produced by P. immobilisin sardines caught in the
Adriatic Sea has been reported. For rehydrated salt-cured an
dried salt-cured cod products, a musty off-odor has also been
associated withPsychrobactergrowth. The offensive odors were
not related to compounds such as TMA, H2S, or histamine,
which are produced by major � sh spoilers, and the authors
suggested that the bacteria originated from the normal skin
micro� ora of living cod or seawater.

Our experience suggests thatPsychrobacterspp. are radio-
resistant nonsporeform bacteria with a low incidence among
the storage � ora of chill proteinaceous foods held under
aerobic conditions. Most of the available data indicate that
apparently they are unable to compete with common spoilage
bacteria in these ecosystems. It also seems unlikely that they a
responsible for the spoilage of irradiated meat.
Clinical Isolates: Putative Virulence Factors

Although little is known about the clinical signi� cance ofPsy-
chrobacter, some case reports of conjunctivitis, peritonitis,
endocarditis, infant meningitis, arthritis, surgical wound
infections, and bacteremia have been described as bein
produced by severalPsychrobacterspecies, mainly in immuno-
compromised patients. There is also a report of a strain
implicated in bacteremia and diarrhea of a cirrhotic patient
after consumption of raw clams (Panopea abrupta). For animals,
Psychrobactercan be an opportunistic pathogen in farmed
salmonids and may cause lung infections in sheep.

Studies on the putative virulence factors forPsychrobacte
spp. have not yet been published. For some Gram-negativ
pathogenic bacteria, such asAeromonasspp., the potential
roles of extracellular enzymes in virulence have been sug
gested. Thus, proteases may contribute to pathogenicity b
causing direct tissue damage or enhanced invasiveness, a
lipolytic enzymes may be important for bacterial nutrition.
They may constitute virulence factors by interacting with
human leukocytes or affecting several immune system
functions by free fatty acids generated via lipolytic activity.
Psychrobacterspecies in general do not hydrolyze proteins
but often produce lipases able to hydrolyze different
substrates.

Ef� cient mechanisms for iron acquisition from the host
during an infection are considered essential for bacterial viru-
lence. The availability of free iron in mammalian hosts is
limited. A mechanism for iron acquisition is the production
of hemolysins, which release iron from intracellular heme
and hemoglobin. Another mechanism for iron acquisition
by bacteria is the production of iron chelators termed
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Table 2 Phenotypic characteristics ofPsychrobacterspecies

Growth on MA

Reduction
of nitrate
to nitrite

Acid
production
from sugars
(API 20E,
Biomerieux) Urease

Enzyme activity in API ZYM tests

37� C
12%
NaCl

Acid-
phospho-
rilase

Alkaline
phos-
phatase

Cystine
arylami-
dase

Esterase
(C4)

Esterase
lipase
(C8)

Leucine
arylami-
dase.

Lipase
(C14)

Naphtol-
AS-BI-
phospho-
hydrolase

Valine
arylami-
dase

P. adeliensis � ND þ V � ND � ND ND ND ND þ ND ND
P. aestuarii þ � � V � � � � � � þ � � �
P. alimentarius � þ � þ � (þ ) þ � þ þ þ � (þ ) �
P. aquaticus � � þ V þ ND þ ND ND ND ND þ ND ND
P. aquimaris � þ � þ � � þ � þ þ þ � � �
P. arcticus � þ þ V � þ þ � þ þ þ � þ þ
P. arenosus þ � þ þ � � þ � þ þ þ � (þ ) �
P. celer þ þ � V � ND þ � þ þ þ � ND �
P. cibarius � � þ � � � v(þ ) � � þ þ � þ v(þ )
P. cryohalolentis � þ � V � � þ � þ þ þ þ þ �
P. faecaßis þ þ þ � � � þ � (þ ) þ � þ þ �
P.fozii � þ � V þ � þ þ þ ND þ � ND �
P. frigidicola � � � � � � � þ � þ þ � þ �
P. fulvigenes þ þ þ � þ � þ þ þ þ þ � (þ ) �
P. glacincola � þ þ V � � þ þ þ ND ND þ þ þ
P. immobilis � þ þ V � � þ � ND ND ND þ ND þ
P. jeotgali � � þ � þ � þ þ þ þ þ � v(þ ) �
P. luti � � þ � � � þ � þ � þ þ þ �
P. luliphocae þ � þ V þ � � � � þ þ � þ �
P. marincola � þ � � � � þ � þ þ þ � þ �
P. maritimus þ � þ � þ ND ND ND ND ND ND ND ND ND
P. namhaensis þ þ � þ � � þ � þ þ þ � � �
P. nivimaris � þ ND V ND ND ND ND ND ND ND ND ND ND
P. okhotskensis � � þ � � � þ � þ þ þ þ þ �
P. paciÞcensis � � � V þ þ þ þ ND ND ND � ND þ
P. phenylpyruvicusþ � � � þ þ þ ND � ND ND � ND ND
P. piscatorii � þ (þ ) V (þ ) ND ND ND ND ND ND þ ND ND
P. proteolyticus � þ � (þ ) þ þ þ � þ þ þ � þ (þ )
P. pulmonis þ � þ � � � � þ þ þ þ � � þ
P. salsus � ND � V � ND � ND ND ND ND � ND ND
P. sanguinis þ � þ � þ � þ � þ þ þ � þ �
P. submarinus � þ � þ � � þ � (þ ) þ þ � (þ ) �
P. urativorans � � v(� ) � v(þ ) � � � � þ þ � � �
P. vallis � � þ V � ND þ ND ND ND ND þ ND ND

Symbols and abbreviations:þ , positive; (þ ), weakly positive; v(þ ), 11–89% of the strains are positive and the type strain is positive; v(� ), 11–89% of the strains are positive and the type strain
is negative;� , negative; ND, not determined.
Data were obtained from the descriptions ofPsychrobacterspecies listed in“Further Reading” section and also adapted from Romanenko, L.A., Tanaka, N., Frolova, G.M., Mikhailov, V.V., 2009.
Psychrobacter fulvigenessp. nov., isolated from a marine crustacean from the Sea of Japan. International Journal of Systematic and Evolutionary Microbiology 59, 1480–1486.
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siderophores. Interesting observations noted in our studies
concern the ability of wild-type and reference Psychrobacte
strains to display strong beta–hemolytic activity against eryth-
rocytes of dog, sheep, rabbit, and horse, as well as to produc
siderophores and actively bind Congo red dye. Congo red
binding correlates with the expression of outer-membrane
hemin-binding proteins, which is associated with virulence in
a number of Gram-negative human pathogens.

The antibiotic susceptibility pro� le of Psychrobacterspp. is
poorly known since most studies have included only a limited
number of antimicrobials or only a few strains. Published data
and those obtained by us show that all or the majority of the
Psychrobacterstrains is resistant or had intermediate resistanc
to lincosamides, oxacillin, novobiocin, and trimethoprim. For
colistin, wild-type strains from foods are more sensitive than
reference strains. Intrinsic resistance of Gram-negative bacter
to antibiotics is thought to result from the presence of the
outer-membrane barrier and the activity of multidrug ef� ux
pumps. The multiple drug resistance of some wild-typePsy-
chrobacterstrains from foods is noteworthy since the simulta-
neous development of resistance to several antibiotic classes fo
bacteria in foods is considered as a matter of public health
concern.
Environmental Isolates: Adaptation and Survival

Studies with Psychrobacterspp. isolated from the Siberian
permafrost have shown that members of this genus can grow
under the major stresses in frozen environments such a
subzero temperatures (down to�10 � C) and high salt (up to
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Detection and Enumeration in Foods

Isolation and Preservation

Psychrobacterspecies grow well in rich media of common use,
but they are dif� cult to differentiate from other related bacteria
on such media. Two media (medium M and medium B), which
were formulated to improve the recovery of Acinetobacter,
showed a good performance for psychrobacters as well. Bot
media included bile salts and crystal violet, and colonies of the
generaAcinetobacterand Psychrobactergrew as convex, opaque
and light blue colonies. In our laboratory, we have developed
a medium (Psychrobater isolation agar) for the speci� c isola-
tion of Psychrobacter, consisting of a heart infusion agar base
supplemented with 0.05% ammonium chloride, 5% sodium
chloride, and 0.003% Congo red. After 48 h of incubation at
25 � C, Psychrobactercolonies grow as small colonies (2 mm of
diameter) with dark pink-red center due to the uptake of Congo
red. The performance of thePsychrobaterisolation agar has been
tested on a variety of spiked food commodities (milk, � sh,
shell� sh, and meat) with good results differentiating Psychro
bactercolonies from other related bacteria, as nonmotile vari-
ants of P. fragi.

Short-term preservation of isolates can be achieved on aga
slopes of a rich standard laboratory medium. Cryopreservation
at –20 � C in the presence of 20–40% glycerol is a suitable
procedure for long-term storage.
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Characterization and Identi�cation

DNA transformation Assay
Many psychrobacters are competent for genetic trans
formation. This fact made it possible to devise a trans-
formation assay that permits de� nitive identi � cation of
isolates tentatively identi� ed as P. immobilis. In this proce-
dure, crude DNA of cultures to be assayed are obtained b
suspending a loop of growth (on heart infusion agar (HIA))
in 0.5 ml of lysis solution (0.05% sodium dodecyl sulfate in
0.15 M sodium chloride – 0.015% trisodium citrate). The
suspended cells are then heated in a water bath at 60� C for
1 h and stored at refrigeration until tested. A hypoxantine
and thiamine-requiring mutant Psychrobacterstrain Hyx-7
(ATCC 43177) grown on HIA is the recipient strain used to
assay the DNA samples. For the transformation assay, ce
paste of the recipient strain is placed on small areas of an
HIA plate and a loopful of the crude DNA preparation from
each test strain is added, mixed, and spread over an area
about 5–8 mm in diameter. On the same plate, a loopful of
each crude DNA is cultured for sterility and one section is
reserved to culture the auxotrophic mutant strain without
addition of DNA (non-DNA treated control). After overnight
incubation at 20 � C, no growth should be observed in the
DNA control areas, but non-DNA treated samples and the
DNA-Hyx-7 mixtures must grow. A loopful from each of the
growth areas is then streaked on a section of plates con
taining M9A medium or medium P96. After incubation for
3 days at 20� C, all auxotrophic cells transformed to proto-
trophy appear as visible colonies while the mutant strain is
unable to grow. The appearance of transformant colonies on
one of the two latter media con� rms that the tested strain
belongs to the genusPsychrobacter.
Phenotypic Characters
On standard complex media such as HIA, Tryptone yeast extrac
agar or Trypticase soy agar,Psychrobacter speciesform cream or
white, smooth, convex colonies with a buttery consistency that
occasionally can be pink. Although Gram negative, the cells can
retain crystal violet dye and occasionally resemble Gram-posi
tive bacteria. Under optimal growth conditions, all species are
coccobacilli (0.4–1.8 mm long and 0.4–1.6 mm wide) but
rodlike cells in chains have also been observed. The cells a
nonmotile although they may have � mbriae and be able to
move by twitching motility. All Psychrobacterstrains are strictly
aerobic, catalase, and cytochrome oxidase positive.

Psychrobacters grow best at pH values between 6 and 8, bu
did not grow below 5.5 or above 9. For these bacteria are
distinctive to grow at low temperatures and tolerate a wide
range of NaCl concentrations. Both characteristics along with
the ability to grow at 35–37 � C and tolerance to ox-bile salts
can be useful for differentiation of some Psychrobacterspp. A
number of species require or are stimulated by sodium ions.

Psychrobacters are rather inert in biochemical tests fre
quently used for bacterial identi� cation. Therefore, most Psy-
chrobacter isolates cannot be identi� ed by widely used
commercial identi� cation kits, such as the Analytical Pro�le
Index (API) system. Except for some species and strains withi
species, no acid is produced from carbohydrates. In genera
most psychrobacters fail to break down polysaccharides and
other complex substrates, and only a minority hydrolyzes
proteins (casein and gelatin). They prefer organic acids and
amino acids as carbon sources, although uric acid can serve
the sole source of carbon, nitrogen, and energy for certain
species. A high percentage show lipolytic activity on different
substrates such as Tween 80 and egg yolk.Table 2 lists some
phenotypic characteristics that are useful for distinguishing
valid Psychrobacterspecies.

Chemotaxonomy
The fatty acid pro� le of nearly all Psychrobacterspecies is similar
and characterized by large amounts of oleic acid (18:1u 9c),
the exception beingP. arcticusand Psychrobacter cryohalentis. The
main cellular fatty acid of P. cryohalentisis 18:1u 7c, whereas for
P. arcticus, saturated 18:0 dominates, but a shift toward
monounsaturated 18:1 occurs in the presence of salt or low
temperatures. Both species have been described from sampl
taken from permafrost in Siberia.

In Psychrobacterspecies, the major quinone is ubiquinone-8
(Q-8), and they are also rich in wax esters, which is a common
feature for the family Moraxellaceae.

Molecular Approaches
DNA Base Composition and DNA Hybridization
The DNA Gþ C base composition of psychrobacters is in the
range 41–51 mol%, which is similar to other genera of the
family, but lower than that of other related genera, as Pseu
domonas. Despite of many drawbacks, DNA hybridization
analysis is still considered a major criterion for species delin-
eation, but it is of limited use for identi � cation of isolates.

16S rRNA Sequencing
16S rRNA or rDNA sequence analysis has become a major too
in the determination of relationships between bacteria, and it is
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widely used for identi� cation purposes. The resolution offered
by the 16S rRNA gene is not high enough to differentiate
between closely related species ofPsychrobacter, such as
P. marincolaand P. submarinus, which share 99.9% sequence
similarity. Furthermore, a majority of the available Psychro
bactersequences are derived from biodiversity surveys, whic
often generate partial sequences with suboptimal information.
In addition, almost all of Psychrobacterstrains available from
culture collections were deposited before the description of the
majority of the known species and classi� ed according to
phenotypic data, which can lead to incongruent identi� cation
by 16S rRNA sequencing. In our experience, 16S rDN
sequence analysis is a useful method for genus adscription an
can replace the more laboriously transformation assay, but it is
of limited value for species identi� cation.

Other Genotypic Tests
Some authors tried to avoid the drawbacks of 16S rRNA and
perform other sequences analysis, as gyrB, which showe
greater resolution and reproducibility than 16S rRNA.

Automated ribotyping has been used to differentiate among
Psychrobacterspecies, with promising results, but the few
available data do not allow for general conclusions on its
effectiveness as an identi� cation tool.

In our laboratory, we have developed a polymerase chain
reaction (PCR) procedure for the ampli� cation of a fragment of
420 bp of the lip1 gene (GenBank accession number X67712)
which codi� ed for a lipolytic enzyme, with the primers Ps_lipF
(50-CGG CGC AAT CAG TGT GGC TTA TG-30) and Ps_lipR
(50-ACT TGT GCT TGC GGG ATG ATT TTT-30). The PCR was
employed for the speci� c detection of P. immobilisamong other
bacterial species (P. fragiand other pseudomonads) that can be
easily misidenti� ed because they share similar habitats or cha
acteristics, with excellent results. No data were obtained on th
performance of the PCR procedure on other lipolytic species o
Psychrobacteras P. glacincola, P. luti, P. okhotskensis, and
P. cryohalentis.
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Applications

Because most of the describedPsychrobacterspecies have been
found in cold habitats, selectedPsychrobacterstrains are used as
a source of cold-adapted enzymes. This kind of biocatalysts i
industrially appreciated for its energy-saving strategies. Tha
and other properties (high salt tolerance and thermolability)
make these enzymes appreciated for several biotechnologic
applications in pharmaceutical, detergent, chemical, biomed-
ical, and food industries. A number of lipases from Psychro
bacterstrains have been biochemically characterized and the
genes cloned. Also, cold-active glutamate dehydrogenase
metaloproteases, andb-lactamases isolated fromPsychrobacte
strains have been characterized.

Psychrobacterstrains are used as a source of novel restrictio
endonucleases with applications in recombinant DNA tech-
nology, as well as of heat-labile uracil-DNA glycosylases, whic
are useful in the polymerase chain reaction to control carryove
contamination.

Bioactive metabolites of medical interest, such as bile acid
derivatives, cyclic dipeptides, compounds with antibacterial
and antilarval activities, modi� ed nucleosides used as antiviral
and antitumoral agents have been produced and characterize
from psychrobacters from marine habitats.

Nickel-resistantPsychrobacterisolates acting as plant growth–
promoting bacteria have demonstrated the ability to improve
nickel phytoextraction by energy crops, being candidates to be
used for remediation of metal contaminated sites.

Selected Psychrobactercultures from contaminated sedi-
ments have the capacity to volatilize inorganic and organic
mercury to elemental mercury and to form bio� lms on pumice
particles. Such Hg-resistantPsychrobacterstrains can be used in
bioremediation processes of mercury polluted systems.

SomePsychrobacterisolates from marine environments have
the ability to utilize various hydrocarbons, such as alkanes
(n-C8 to n-C40), naphthalenes, and xylenes, as sole carbon an
energy source at low temperatures (4–10 � C), so they are
included in the consortia of microorganisms used for cleaning
oily waters.

Psychrobacterisolates from activated sludges have the ability to
degradate nonylphenol ethoxylates (synthetic nonionic surfac-
tants of wide use in several industries because of their excellen
detergent and wetting properties), so they can be included in the
bacterial consortia employed for the biological remediation
processes of ef� uents from wastewater treatment plants.

Psychrobacterstrains from the intestinal tract of Atlantic cod
(Gadus morhua) have probiotic potential in cod aquaculture,
because of their ability to modulate defense mechanisms of� sh
as well as to develop antagonistic activity against two of the
most common bacterial pathogens for cod (Vibrio anguillarum
and Aeromonas salmonicida).

Certain Psychrobacterspecies are part of the dominant
bacterial populations developed on different surface-ripened
cheeses. Some of these species as well as other psychrobac
isolated from immersion curing brine show proteolytic,
aminopeptidase, and deaminase activities and a high� avoring
potential in cheese and cured meats production. On the other
hand, some species ofPsychrobacter(P. alimentarius, P. cibarius,
P. jeotgali) were � rst isolated from several traditional fer-
mented seafood, although their role in this kind of foods is
not clear.

Taking into account their frequent presence in marine
waters,Psychrobacteralong with other marine bacteria can be
used as marker of drowning in seawater in forensic analysis.

See also: Acinetobacter; Fish:Spoilage of Fish; Spoilage of Mea
Milk and Milk Products:Microbiology of Liquid Milk; Shell� sh
Contamination and Spoilage.
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Introduction

Supplying consumers with microbiologically safe products is
a high priority with regulatory authorities worldwide. But
since it is recognized that governmental supervision canno
assure absolute food safety, strong emphasis is placed o
the manufacturer’s responsibility for the hygienic and toxico-
logical quality of foods, limiting the state ’s task to ‘control of
the control.’ To meet these product liability demands, the
food industry increasingly relies on process control system
and longitudinally integrated quality and safety assurance
programs.

The underlying idea is that the safety and quality of the
products are controlled best through effective management o
those processing areas where hazards may arise. After asses
the risks associated with the food, processing steps are select
whereby preventive measures will lead to the elimination of the
hazard. Establishing critical limits within these processing step
and monitoring relevant parameters will result in its control.
However, a systematic approach known as hazard analys
critical control point (HACCP) system does not suffer either
from slow and cumbersome conventional methods in food
microbiology which allows rapid evaluation of raw materials
on delivery or ‘online ’ control measures during processing
cyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Even with end-product testing, they often permit only a retro-
spective assessment of the food’s microbiological condition,
since many foods are highly perishable. Therefore, much effor
has been made to develop methods that enable a more rapid
estimation of the microbiological quality of foods.
Food Hygiene Inspection

Businesses that produce or prepare food for the public are
inspected to make sure that (1) the food is safe to eat and (2)
the description of the food doesn’t mislead the customer. These
inspections enforce the Food Safety Act and the regulation
made under it. Food hygiene is one of the three main risk-rating
scores of the Code of Practice to implement“effective inspec-
tion and enforcement to maintain and improve the compliance
of food establishments with food law.” Cleaning and hygiene is
a primary preventative measure for all food business operator
both large and small, and is a key component of many food
safety initiatives such as HACCP and Safe Food Better Busine

The inspectors might come on a routine inspection or they
might visit in response to a complaint. How often the inspectors
routinely inspect the business premises depends on the type o
business and its previous record. The inspectors will look at how
78-0-12-384730-0.00287-1 269
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Figure 1 Inspection procedure: process flowchart.
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the business is operating, to identify potential hazards, and to
make sure that the business is following the law. When the
inspectors visit, they must follow the Food Standards Agency’s
Framework Agreement on local authority food law enforcement
and relevant Food Safety Act Codes of Practice. A standa
inspection procedure and process� owchart are given inFigure 1.
l

h-
.

l

Training of Inspection Staff

New inspection techniques are making great demands on the
quali � cations of the inspection staff. The numerous analytica
options can be confusing and overwhelming to the user. It is
the user who decides whether a microbiological test is
reasonable– the fact that it is applicable does not mean that it
is necessary or useful– and which technique should be applied.
Because new analytical procedures are based on various tec
nologies and designs, their performances are highly variable
Moreover, many automated instruments exhibit a so-called
‘black-box’ phenomenon. The utmost caution is advised with
such instruments; reliable results are only feasible when they
are properly maintained and calibrated. Test results must neve
be accepted in an uncritical manner.

Therefore, incorporation of accelerated methods into the
microbiological analytical repertoire must be accompanied by
training the inspection staff. By following the literature or
attending occasional meetings, one is not likely to be able to
keep abreast of the rapidly changing and developing� eld of
inspection techniques.
Hygiene Monitoring

Hygiene monitoring commonly consist in a visual inspection
and is utilized to assess the hygienic status of critical contro
points. Usually, the commercial methods are simply adapted to
industrial need, and are more rapid and economical than the
traditional methods. In order to ensure food safety, the
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processing facilities must maintain essential principles such a
microbiological, chemical, and physical safety within the
production facilities, including the interior surfaces, equipment,
instruments, and devices. Failure to comply with these principles
may lead to an unsafe food product. The consequences ma
include damage to the goodwill of the food manufacturer,
a penalty imposed upon the manufacturer by inspection
authorities, production losses, and risks to the consumer’s health.
Researchers have emphasized the role of cleaning and disinfe
tion in the whole production process, which is indispensable for
manufacturing safe food products. The effectiveness of cleanin
and disinfection should be monitored by regular controls carried
out by the food processing facility staff. The controls are based on
microbiological tests that cover in particular interior surfaces,
equipment, and instruments. Although it is possible to deter-
mine the quantity and species of microorganisms using the
traditional method of bacterial colony count evaluation, the time
factor is a signi� cant disadvantage. However, the time factor is
a signi� cant disadvantage of this method. The traditional
method works only retrospectively because the results are ava
able in 24–48 h at the earliest. Because of this delay, the operato
of the food processing plant has no chance to correct any de� cits
in hygiene that may continue occurring in the ongoing procedure
of food processing or distribution. Therefore, simple and rapid
methods to monitor hygiene in the working environment are
needed in food-processing plants. Detection methods with low
initial costs and low running costs have been explored by food
manufacturers as described inFigure 2.
d

,
.

Microbiological Examination of Foods

General Considerations

To get reliable results from microbiological examination of
foods, many factors must be taken into consideration. Firstly,
‘food’ is an extremely varied matrix that contains in� nite arrays
of ingredients, shows a high variability in physical composition,
is subjected to multifold processing technologies, and is stored
under many different conditions. Furthermore, its intrinsic � ora
may consist of high numbers of typical quality indicating
microorganisms as in the case of fermented products. Also
they may contain varying amounts of shelf life limiting or even
hazardous microorganisms. On the other hand, there are
numerous sterilized products. In contrast to chemical and
physical contaminants, microorganisms are mostly heteroge
neously distributed in foods, and their concentration seldom
remains constant. In addition, microbial cells may be injured
only sub lethally due to food manufacturing processes or
food ingredients, thus escaping detection if no preventive
measures are taken. The same problem may occur whe
a high background � ora prevents selective isolation of speci� c
bacteria.
Methodological Requirements

Three main categories of analytical procedures can be distin
guished. Firstly, analysis may be directed toward the rapid and
easy tool for estimation of total surface cleanliness, including
the presence of organic debris and microbial contamination.
Secondly, analysis may be performed in order to quantify the
total microbial number, special indicative groups or speci� c
microorganisms. Thirdly, characterization of isolated micro-
organisms may be desired.

Considering the broad range of analytical procedures
available particular requirements were de� ned which an
optimum method should meet. High sensitivity, which is
de� ned as the lowest amount of microorganism detectable,
should be of primary importance. Likewise, high accuracy is
essential. The analytical result should meet the true value an
reproducible (i.e., high precision). As explained above, rapidity
is another important factor. Under practical conditions or for
economic considerations, the use of simple, inexpensive
universally applicable, and less laborious methods are favored
Furthermore, the testing system must maintain higher level of
hygiene and safety. Unfortunately, an optimum technique



Table 1 Rapid methods for microbial detection, enumeration, and characterization in food microbiology: overview

Direct methods Indirect methods

Microcolony and single cell detection Methods based on growth and metabolic activity
Conventional microscopy Optical methods
Epißuorescent techniques Colorimetry and� uorometry
Direct epi� uorescent� lter technique (DEFT) Turbidimetry
Antibody direct epi� uorescent� lter technique (Ab-DEFT) Pyruvate determination
Membrane� lter microcolony� uorescence technique (MMCF) Thermal methods
Flow cytometry Microcalorimetry
Classical culture-based method Electrical methods
Modi� cations of culture-based methods Direct conductimetry/impedimetry
1. Based on colony count method Indirect conductimetry/impedimetry

CHROMagar™, Chromocult� , Coliform Agar. Radiometry
2. Based on MPN method Swab method

SimPlate� , TEMPO�

ISO-GRID system
3. Biochemical-based methods

For example, DOX, BacTrac
Immunological methods Methods based on microbial cell components
Agglutination tests Luminometry
Immunodiffusion tests ATP-bioluminescence
Immunoassays based on labeled antibodies Bacterial bioluminescence (‘in-vivobioluminescence’)
Immuno� uorescent assays (IF) Limulus amoebocyte lysate test
Radioimmunoassays (RIA) Ergosterol determination
Enzyme immunoassays (EIA) Bacteriophage-based detection methods, e.g., VIDAS-UP� , AlaskafastrAK™
Immunomagnetic separation
Lateral� ow devices (LFD)
Nucleic acid–based methods Combined methods
DNA probe hybridization Biosensors
Conventional, real-time, and multiplex
Polymerase chain reaction (PCR)
Fluorescentin situhybridization (FISH)
Fingerprinting-like methods
Microarrays
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covering all requirements does not exist. In particular, the
various analytical techniques available differ quite markedly in
accuracy; hence validations by in-laboratory and/or inter-
laboratory comparisons against commonly agreed standard
methods are necessary.
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Rapid Methods

Ideally, rapid methods should enable a quick estimation of the
microbiological parameters that allow food manufacturers to
take corrective actions immediately in the course of the
manufacturing process. However, the majority of methods
characterized as‘rapid’ do not meet this demand. Nevertheless,
they offer a more or less pronounced advantage in analytica
time compared to their conventional equivalent by eliminating
laborious and/or subjective elements through mechanization
and automation.

Improved rapidity can be applied at each step of the anal-
ysis, i.e., the sampling process, sample treatment, and dete
tion/enumeration procedure. Although labor-saving and
automated methods speed up the processes of sampling an
sample treatment, thus improving the laboratory’s output, the
in� uence on the total analysis time is usually negligible owing
to the incubation time required for traditional culture-based
methods. A meaningful cutback in analytical time can only be
obtained if alternatives to the traditional incubation methods
are developed (Table 1).
Classical Cultural Methods

Conventional methods for the enumeration of bacteria in food
are the colony count methods. In the colony count method, the
total number of bacteria in a product is determined by inocu-
lating dilutions of suspensions of the sample onto the surface
of a solid-growth medium by the spread-plate method or by
mixing the test portion with the lique � ed agar medium in Petri
dishes (pour plate method). Enumeration is performed after
incubation for � xed periods at temperatures varying from 7 to
55 � C in an aerobic, micro-aerobic, or anaerobic atmosphere
depending on the target organisms. During incubation each
individual cell will multiply into a colony that is visible to the
naked eye. Classical culture methods have a quanti� cation
limit of ca. 4 cfu ml � 1 for liquid foods or ca. 40 cfu g� 1 for solid
foods, which corresponds to ca. 4 colonies per plate if 1 ml of
the primary suspension is used for plating. Based on ISO 7218
the presence of 1–3 colonies per plate only indicates detection
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of the target organism and numbers obtained as such should
only be reported as estimated numbers.
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Chromogenic and Fluorogenic Isolation Media

The recognition of presumptive colonies of target organisms
has been facilitated by introducing chromogenic and� uoro-
genic media. These are microbiological growth media tha
contain enzyme substrates linked to a chromogen (color reac
tion), � uorogen (� uorescent reaction), or a combination of
both. The target population is characterized by enzyme system
that metabolize the substrate (sugar or amino acid) to release
the chromogen/� uorogen. This results in a color change in the
medium and/or � uorescence under long-wave UV light. The
incorporation of such � uorogenic or chromogenic enzyme
substrates into a selective medium can eliminate the need fo
subculture and further biochemical tests to establish the iden-
tity of certain microorganisms.
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Modi�ed Cultural Methods

A variety of rapid methods have been elaborated, which
predominantly aim to reduce the workload and facilitate the
work� ow by reducing the manipulations and/or the necessity
for a full lab infrastructure, and not necessarily shorten the time
to detection. Some of these modi� ed cultural methods are
based on the colony count method, e.g., 3M� Petri� lm � and
Compact Dry, whereas others make use of the principle of the
MPN method, e.g., TEMPO� , SimPlate� , and ISO- GRID.

3M™PetriÞlm™(3M™)
The 3M� Petri� lm � plate is an all-in-one plating system.
Ingredients vary from plate to plate depending on cultured
microorganisms. Rather than a Petri dish, 3M� Petri� lm �
makes use of thin plastic � lm as a carrier of the culture
medium. Generally, the 3M� Petri� lm� plate comprises
a cold-water-soluble gelling agent, nutrients, and indicators for
activity and enumeration. An important advantage of the 3M�
Petri� lm � plate is the fact that it is very thin (a � lm), saving
space in the incubator. After incubation, typical colonies can be
counted either manually (facilitated by the grid on the back-
ground of the � lm and characteristic colored colonies) or
automatically.

Compact Dry (Nissui Pharmaceutical Co., Ltd.)
The Compact Dry plates also have a dedicated user-friend
small plastic dish format that contains dehydrated nutrients
and differentiating components. Similar to the 3M� Pet-
ri � lm� , Compact Dry plates are also thin, light, and conve-
nient to handle. The presence of chromogenic substrates an
redox indicators stain the grown colonies on the incubated
plates with different colors, facilitating interpretation of the
plates.

SimPlate� (BioControl Systems)
Detection and enumeration of microorganisms by the
SimPlate� methods rely on a binary detection technology. It
uses IDEXX’s Multiple Enzyme Technology� (MET� ) to
detect bacteria in food and in water. Visible color changes
occur as a result of bacterial enzyme interaction with
substrates present in the liquid culture medium. These
biochemical reactions allow for more sensitive enumeration
because fewer microorganisms are required to cause th
indicator color change than are needed to form a visible
colony on agar plates. The number of wells that� uoresce is
converted to an MPN using the table provided with the
product. A number of 84 wells result in a very high counting
range and precise 95% con� dence limits. The counting range
is from <2 to 738 per plate (more than double of a standard
pour plate).

ISO-GRID Systems
ISO-GRID or NEO-GRID membrane� ltration systems utilize
hydrophobic grid membrane � lter technology to detect and
quantify target organisms.

TEMPO� (Bio-Me«rieux)
The TEMPO� test is an automated MPN enumeration method
and consists of a vial of culture medium and a card, which
are speci� c to the test. Dedicated equipment and software
support the inoculation and reading of the cards. Starting from
the primary suspension, the vial of culture medium is inocu-
lated with the sample to be tested. The inoculated medium is
transferred by the TEMPO� Filler into the card which contains
3 sets of 16 wells (small, medium, and large wells) with a 10-
fold difference in volume for each set of wells. The card is
designed to simulate the MPN method but using 16 replicates
instead of the usual 3 or 5, thus reducing the uncertainty of the
method and enabling accurate quanti� cation. The card is then
hermetically sealed in order to avoid any risk of contamination
during subsequent handling. Target microorganisms multiply
in the culture medium, resulting in a signal detected by
the TEMPO� Reader (based on � uorescent pH indicator,
b-glucuronidase activity, etc.). The enumeration range is
10–49 000 cfu ml� 1 or 100–490 000 cfu ml� 1, depending on
the protocol.

Colilert� (IDEXX Laboratories)
Colilert � is used for the simultaneous detection and enumera-
tion of total coliforms and Escherichia coliin water and waste-
water based on the MPN principle. Colilert� uses the patented
De� ned Substrate Technology� (DST� ) as two chromogenic
nutrient-indicators; ortho-nitrophenyl- b-d-galactopyranoside
(ONPG) and 4-methylumbelliferyl- b-d-glucuronide (MUG) are
the major sources of carbon in Colilert� and can be metabolized
by the coliform enzyme b-galactosidase and theE. colienzyme
b-glucuronidase, respectively. As coliforms grow in Colilert� ,
they useb-galactosidase to metabolize ONPG and to change i
from colorless to yellow. Escherichia coliusesb-glucuronidase to
metabolize MUG and create� uorescence. Since most noncoli
forms do not have these enzymes, they are unable to grow an
interfere. The few noncoliforms that do have these enzymes ar
selectively suppressed by Colilert� ’s speci� cally formulated
matrix.

Soleris™(Neogen)
The Soleris� technology monitors changes in the chemical
characteristics of microbial liquid growth medium and detects
microorganisms with pH and other sensitive reagents. The
reagents change their spectral patterns as the metabolic proce
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takes place, which can be detected photometrically by an
optical instrument and monitored at predetermined time
intervals. The key to the technology is the monitoring of these
changes in a semi� uid zone of the patented organism-speci� c
vial. Sensitivity ranges from a single organism per vial to
108 cfu ml� 1 (upper limit), but the time at which growth is � rst
detected is inversely proportional to the log number of bacteria
in the sample (Table 2).
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Biochemically Based Enumeration Methods

Impedance

This method is based on the principle that bacteria actively
growing in a culture medium produce positively or negatively
charged end-products (early stages of breakdown of nutrients
that cause an impedance variation of the medium. This varia-
tion, which is proportional to the change in the number of
bacteria in the culture, makes it possible to measure bacteria
growth. The time at which growth is � rst detected, referred to as
detection time (DT), is inversely proportional to the log number
of bacteria in the sample, which means that bacterial counts can
be predicted from DT. A calibration process is required initially
to establish a mathematical relation experimentally between DT
and the log number of target bacteria. BacTrac (Sylab) is a
example of an impedance-based method. It can be used fo
qualitative and quantitative applications to detect the bio
burden load, the quantity of selected groups of microorganisms,
or the presence/absence of selected pathogens.
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ATP Bioluminescence

This technique measures light emission produced due to the
presence of ATP, which is involved in an enzyme–substrate
reaction between luciferin and luciferase (bioluminescence).
The quantity of light produced (measured as Relative Ligh
Units or RLUs) is proportional to the concentration of ATP and,
thus, to the number of microorganisms in the original sample.
ATP bioluminescence can be used for enumeration of tota
count, but it is only applicable if high numbers of bacteria are
present (> 10 000 cfu g� 1). Calibration curves should be
established (per type of food or surface) to correlate ATP
measurements to microbial counts.

Presence of ATP is not restricted to bacterial cells but
a basic compound of any biological material. Thus ATP
bioluminescence is generally used as a rapid indicator of the
bio-load present. As such, this technique is mostly used to
estimate the total surface cleanliness, including the presence o
organic debris and microbial contamination, providing results
within less than 5 min.
d

Microscopic-Based Enumeration Methods

Flow Cytometry

Flow cytometry enables both qualitative and quantitative
analysis of microbial cells in liquids. The sample is injected in
a thin, rapidly moving carrier � uid that passes through a light
beam. The previously� uorescently labeled cells are detecte
one by one with a photoelectric unit. By using nonspeci� c and
speci�c � uorochromes, as well as different wavelengths, and by
measuring at different angles, it is possible to discriminate
between bacteria in mixed populations.

The practical use of� ow cytometry is still limited to few
examples. However, since the possible applications ar
numerous, it should be considered as a promising technology in
the future. Most microorganisms are optically too similar to
resolve from each other or from debris; therefore, labeling with
� uorescent dyes can be used to probe the viability and meta
bolic state of micro organisms. Flow cytometry is often used in
combination with live-dead staining (SYTO-9 in combination
with propidium iodide) or in combination with viability
staining (e.g., ChemChrome (AES Chemunex)) indicating
metabolic activity. For routine analyses of milk, water, beverage
or dairy industries � ow cytometry is used.
Direct Epi�uorescent Filter Technique

The Direct epi� uorescent� lter technique DEFT is a microscopic
cell-counting method. A pre-treated sample (detergents and
proteolytic enzymes) is� ltered over a polycarbonate membrane.
The microbial cells are concentrated and collected on the
membrane, where they are stained with� uorescent dyes. The
microscopic analysis is performed in this surface. Incident light
illumination (epi � uorescence) is used to examine the� lter sur-
face.This detection can be automated by linking the microscope
to an image-analyzing system. The actual staining and counting
takes less than 0.5–1 h, but sample pretreatment steps lengthen
the total detection time. The detection limit is 104–105 cells ml� 1.
Just as� ow cytometry, this technique has been described for the
determination of total count in liquid food.
Immunoassays

All immunoassays are based on the highly speci� c binding
reaction between antibodies and antigens. The selection of a
appropriate antibody (monoclonal or polyclonal) is the deter-
minant factor for the method ’s performance. Usually, any posi-
tive result for pathogens obtained with immunoassays is
considered as presumptive and requires further con� rmation.
Detection limit is approximately 10 4–105 cfu ml� 1, depending
on the type of antibody and its af� nity for the corresponding
epitope, meaning that for the enrichment step, often a two-step
procedure is needed. Several types of immunoassays are availab
in food diagnostics, of which lateral � ow devices (LFDs), enzyme-
linked immunosorbent assays (ELISAs), and enzyme-linked
� uorescent assays (ELFAs) are widely used. Immunomagne
separation (IMS) assays, though a sample preparation too
instead of a detection method, have been developed as an aid in
reducing the time for the enrichment step prior to detection.
Lateral Flow Devices

An LFD generally comprises a porous membrane, typically
nitrocellulose, with an immobilized capture protein for the
target analyte, forming a visible line in a viewing window, due to
nanoparticles of gold or colored latex particles, after contact with
the speci� ed analyte. For the test to be valid, a control line should
form in a second viewing window. In most devices, an antibody



Table 2 Methodological properties of selected rapid methods in food microbiology

Method

Purpose Detection
limit ca. (cells
ml� 1 or g� 1) Rapidity Selected instruments and suppliersqual. quant. char.

Direct methods
Epißuorescence microscopy
DEFT – þ – 104 < 1 h Bio-Foss (Foss Electric, Denmark), COBRA (Biocom, France),

Autotrak (A.M. Systems, UK)
Ab-DEFT þ þ þ 103 < 1 h
MMCF – þ – 103 � 7 h
Flow cytometry þ þ – 104 < 0.5 h BactoScan (Foss Electric, Denmark), ChemFlow (Chemunex, France),

Argus Flow Cytometer (Skatron, Norway)
Indirect methods
Methods based on growth

and metabolic activity
Colorimetry, Fluorimetry þ þ – 101 0.5–30 h Omnispec (Wescor, USA), Fluoroskan (Labsystems Oy, Finland)
Turbidometry þ þ – 102 0.5–30 h Bioscreen analysing system (Labsystems Oy, Finland), AutoMicrobic

System (Vitek Systems, USA), Cobas Bact Centrifugal Analyzer
(Roche Diagnostica, Switzerland)

Pyruvate determination (þ ) (þ ) – 102

Conductimetry/impedimetry
Direct þ a þ – 101 0.5–30 h Bactometer (Bio Merieux, Germany), BacTrac (Sy-lab, Austria), Malthus

(Malthus Instruments, UK), RABIT (Don Whitley Scienti� c, UK)
Indirect þ þ – 10� 1 0.5–30 h Malthus (Malthus Instruments, UK), RABIT (Don Whitley

Scienti� c, UK)
Radiometry þ þ – 102 1–18 h Bactec (Johnston Laboratories, USA)
Methods based on microbial

cell components
ATP bioluminescence þ þ – 104 30 s–2 h BactoFoss (Foss Electric, Denmark), Biocounter (Lumac/Perstorp

Analytical, Netherlands), Luminometry System (Bio-Orbit Oy, Finland),
AutoPICOLITE (Packard Instrument Company, USA), Biotrace
Luminometer (Biotrace, UK)

ATP bioluminescence in
hygiene monitoring

þ (þ ) – < 2 min HY-LiTE (Merck, Germany), Uni-Lite (Biotrace, UK) Checkmate
(Lumac/Perstorp Analytical, Netherlands), Lightning (Idexx, USA),
Systemsure (Celsis, USA)

Bacterial bioluminescence þ þ þ 103 < 1 h
Nucleic acidÐbased methods
PCR þ (þ ) þ 100 direct in

food: 104
< 2 days

Dot Blot þ (þ ) þ 104 < 2 days
Colony hybridization þ þ þ 101 < 2 days

qual., qualitative result (presence/absence); quant., quantitative result (enumeration); char., microbiological characterization;þ , applicable; (þ ), applicability restricted;� , not applicable.
aIf special selective media are available.

R
apid

M
ethods

for
F

ood
H

ygiene
Inspection

275



t
of

f

f

276 Rapid Methods for Food Hygiene Inspection
is commonly used as capture protein, which speci� cally binds
and captures a particular antigen if present in the sample. In mos
cases a sandwich assay is used. The test is fast (reading in terms
minutes) and simple both in use and in interpretation.
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Enzyme-Linked Immunosorbent Assays and Enzyme-Link
Fluorescent Assays

ELISA is a biochemical technique that couples an immunoassa
with an enzyme assay. In most of the alternative methods
a sandwich ELISA is used. The sandwich ELISA compris
different steps. Speci� c antibodies are af� xed to the surface of
the wells of a 96-well microtiter plate. The sample, with an
unknown amount of target antigen, is added and allowed to
bind to the af � xed antibodies. Unbound antigen is removed by
a washing step. In a second phase, antibodies targeting th
antigen are added again to the wells. This step is followed by
the addition of an enzyme-labeled secondary antibody. This
secondary antibody is allowed to bind to the previously added
antibody. Washing steps are included to remove nonbound
secondary antibodies. In the� nal step, a substrate is added so
that the enzyme can convert to a detectable signal. The ELIS
detection itself only takes 2–3 h. Today many ELISA tests ar
available as robotized automated systems not only to reduce
the hands-on time but also to improve the reproducibility and
standardization of each step of the assay.
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Immunomagnetic Separation and Concentration

Super paramagnetic particles can be coated with antibodies
allowing speci� c capture and isolation of intact cells directly
from a complex sample suspension without the need for
column immobilization or centrifugation. This method is
now generically referred to as immunomagnetic separation
and concentration. In the ISO 16654 detection methods for
E. coliO157:H7 from foods, IMS is incorporated in order to
pick up selectively the O157 serotype. InSalmonellaspp.
detection methods, IMS is often integrated to replace the
selective enrichment step, and thus approximately gaining
24 h. Monosized super paramagnetic polymer particles
known as ‘Dynabeads’ are available commercially from Invi-
trogen-Dynal. Pathatrix, an automated system, is a patente
recirculating immunomagnetic separation technology. This
technique enables to scale-up the application of IMS from the
usual 1 ml to ca. 400 ml volumes. By recirculating the sample
over a capture phase, comprised of immobilized antibody-
coated magnetic beads, the sensitivity of the capture i
increased and thus accomplishes potential signi� cant reduc-
tion of time to detection. A high-volume wash also enables
the ef� cient removal of the sample matrices, nonspeci� c
microorganisms, and PCR inhibitors. This technique is
approved by AOAC INTERNATIONAL to perform as
described.
are
f

Bacteriophage-Based Detection Methods

Bacteriophages are viruses that infect bacteria. Phages
extremely host-speci� c. Most bacteria can be infected by
particular phages, and it is common that a given phage can
recognize and infect only one or a few strains or species o
bacteria. The speci� city of these phages is partly mediated by
tail-associated proteins that distinctively recognize surface
molecules of susceptible bacteria. Bacteriophages or proteins o
bacteriophages have been included in various ways in detection
methods for pathogens.

The speci�c bacteriophage tail-associated proteins can b
attached to paramagnetic beads to capture bacteria in suspen
sion. The bacteria–bead complex can be integrated in fast
detection protocols. Paramagnetic beads coated with phag
proteins were shown to perform much better than commer-
cially available antibody-based beads, both with respect to
sensitivity and percent recovery. TheListeria Capture kit
(Hyglos) can be integrated as part of a rapid detection method
in a similar way as IMS. Another example of the integration of
bacteriophage recombinant protein technology in detection
methods is the new line of the VIDAS� system, called VIDAS�

UP for the detection of E. coliO157 after 6 h. The VIDAS� UP is
an automated qualitative test for the detection ofE. coliO157
in food, feed, environmental samples, and soil. Results of the
test as such are obtained within hours, although also a prior
enrichment takes 6–24 h depending on the type of
microorganism.
Microscopically Based Detection Methods

Although the � ow cytometry may intrinsically detect individual
cells because of the small-volume samples, it may still not be
sensitive enough to detect bacterial concentrations less tha
103–104 bacteria ml� 1 because of the low inoculation volume.
In these situations, an enrichment prior to � ow cytometry
analysis may be envisaged to increase the bacterial load of th
sample to a level at which it may be detected. The principle of
� ow cytometry is mentioned above in the part of enumeration
methods. Alternatively, instead of using a � ow cytometer,
stained cells may be visualized and detected by means o
an epi� uorescent microscope. The use of epi� uorescent
microscopy in the frame of � uorescent in situ hybridization
(FISH) is described in the next section on molecular-based
detection methods.
Molecular-Based Detection Methods

Two methods, that is, FISH and PCR are in particular relevan
for detection of bacteria in food. The selection of a speci� c DNA
sequence, to serve as a probe or primer, along with the
conditions for hybridization, is the determinant factor for the
speci�city of these molecular methods.
Fluorescentin situ Hybridization

Fluorescent in situ hybridization with ribosomal
RNA (rRNA) targeted oligonucleotide probes is the most
commonly applied technique among the non-PCR-based
molecular techniques. The choice to target RNA instead o
DNA results in a more sensitive technique (higher copy
numbers available) and the link to viability. In the elabo-
ration of FISH, microbial cells are treated with appropriate
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chemical � xatives and then hybridized under stringent
conditions on a glass slide or in solution with oligonucle-
otide probes. Generally, these probes are 15–25 nucleotides
in length and are labeled covalently at the 50 end with
a � uorescent dye. After stringent washing to remove
unbound probe, speci� cally stained cells are detected via
epi� uorescence microscopy. The limit of detection is
approximately 104 cfu ml � 1. After prior enrichment (usually
overnight) to attain these levels of detection, results are
available in 3 h, while the hands-on time required per
analyze is only a few minutes. FISH is commercially
exploited by, for example, Vermicon, which has a detection
kit for different pathogenic and nonpathogenic
microorganisms.
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Conventional, Real-time, and Multiplex Polymerase
Chain Reaction

The PCR technique is a three-step cyclicin vitro procedure
based on the ability of the DNA polymerase to copy a strand
of DNA. The region to be ampli� ed is speci�ed by the choice
of primers. Primers are short oligonucleotides, usually 20–30
nucleotides in length, whose sequence matches the end o
the region of interest. Ampli� cation takes place over
a number of cycles. During each cycle, the double-strande
DNA template is denatured by heating to produce single
strands. The reaction mixture is then cooled, allowing the
primers to bind to the single strands. This provides an active
site for thermo-stable DNA polymerase, which synthesize
the complementary strand, producing again double-stranded
DNA. In subsequent cycles, primers will bind to both the
original DNA and the newly synthesized DNA, resulting in an
exponential increase in the number of copies. The presence o
even one copy of the template within the reaction mixture
can be detected within a couple of hours as about a million-
fold of copies are created. The results of PCR are traditionall
(conventional PCR) detected by agarose gel electrophores
and staining. This enables the ampli� ed DNA to be visual-
ized as bands differing in size. Speci� city of the bands may be
further identi � ed by sequencing. PCR as such is taking onl
ca. 30–90 min. Indeed, PCR methods for detection of path-
ogens in foods recommended a 6–8 h up to 24 h prior
enrichment step before execution of PCR, as only a sma
volume (1 ml) is processed to extract DNA. The inclusion of
an internal control is recommended to highlight inhibition
of the PCR reaction. Real-time PCR is a rapid tool fo
screening of samples, still in case of positive PCR results,
should be tempted to con� rm the positive result by means of
the culture-based method.
r

Microarrays

Microarrays or gene chips provide a miniaturized system fo
the simultaneous analysis of hybridization of � uorescent-
labeled single-strand nucleotide chains to an array of oligo-
nucleotide probes immobilized on a support such as glass or
a synthetic membrane. PCR ampli� cation is often used prior
to hybridization to increase the sensitivity of detection. DNA
microarrays may be very useful for detecting multiple bacteria
simultaneously on a single glass slide. The complexity of the
food matrix is a major drawback of microarrays to be used as a
detection method. Therefore, microarrays could be described
as a tool for identi� cation, genotyping, and pathotyping
(detection of appropriate virulence factors) or characteriza-
tion of bacterial isolates. Since DNA arrays allow simulta-
neous measurements of thousands of interactions betwee
mRNA-derived target molecules and genome-derived probes
they are rapidly producing enormous amounts of raw data
never before encountered by biologists. The analysis of dat
on this scale is a major current challenge and therefore need
permanent attention to the issue of sample preparation and
genetic material puri� cation for successful and reliable
analysis.
Biosensors

Biosensors are de� ned as analytical devices that combine bio-
speci�c recognition systems with physical or electrochemica
signaling. Biosensors for the detection of pathogens in the food
industry consist of immobilized biologically active material,
like enzymes, antibodies, antigens, or nucleic acids, in clos
proximity to a receiving transducer unit. Target recognition
results in the generation of an electrical, optical, or thermal
signal that is proportional to the concentration of target
molecules. Examples of physical signals, which can report th
presence of molecules, are� uorescence signals from dyes
electric � elds from molecular charges, or mass changes o
refractive index changes from the adsorption of molecules onto
sensor surfaces.

Biosensors have the potential to shorten the time between
sampling and results, but due to problems with long-term
stability, reusability, and sterilizability, biosensors have so far
been mostly used for detecting chemical substances. Neve
theless, their future potential is enormous, since they can offe
a very sensitive and accurate‘online ’ control system for food
manufacturing processes.
Selection Criteria for Alternative Rapid Methods

Numerous and diverse alternative methods for microbial
analysis of foods, as described above, exist. They are curren
brought to the market by various suppliers in a variety of
formats as a result of recent developments, particularly in the
� elds of biotechnology, microelectronics, and related software
development. Many of them have been proven to be equivalent
to the ‘golden standard’ reference methods with regard to the
performance characteristics of the method. Owing to an over
load of alternative methods and/or formats on the market,
food business operators or competent authority, for which
microbial analysis (MA) of food is only a supporting tool in the
assurance of food safety, have dif� culties in deciding which
method is best for their purpose in their particular context.
Therefore, selection criteria are listed inFigure 3 which can aid
in the process of decision-making regarding the selection of the
most appropriate methods for MA in a speci� c situation. The
list of selection criteria can help the end user of the method to
obtain a systematic insight into all relevant factors, beyond the
technical performance characteristics of the method that may
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Figure 3 Selection criteria involved in decision-making regarding alternative microbial analysis.
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affect the choice of method to be implemented in the labora-
tory. The selection criteria are chosen based on a technoman
gerial point of view ( Figure 3) and consist of four main inputs
of information: (1) objective of MA, (2) managerial selection
criteria, (3) technological selection criteria, and (4) sustain-
ability selection criteria.
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Validation of Methods

For food safety management systems, as well as with regard
governmental monitoring systems or compliance testing, it is
important that the results obtained with these ‘rapid’ alterna-
tive tests are reliable and that all parties involved agree with and
accept the methodology employed. Food business operator
have the opportunity to use analytical methods other than the
reference methods, in particular more rapid methods, as long
as the use of these alternative methods provides equivalen
results. According to the EU Regulation 2073/2005, use o
alternative analytical methods is acceptable when the methods
are validated in accordance with the protocol set out in the
International Organization for Standardization (ISO) standard
16 140 for method validation. The use of validated methods is
also a prerequisite for (service) laboratories accredited accord
ing to ISO 17025 or food companies whose labs are an inte-
grated part of the companies’ food safety management systems
and are subjected to third-party audits that require quality
assurance-based test results.
Conclusions

With regard to the selection of an appropriate method for
microbial analysis, it has been emphasized that no method is
100% sensitive, 100% speci� c, or capable of providing results
without hands-on time and at low cost. All methods have
advantages and disadvantages. The challenge is to select t
method that possesses most of the characteristics of the idea
method for the user’s practical context. The advantages o
a method should be optimally exploited, and the disadvan-
tages should be recognized. Most of the newly developed
methods for microbial analysis aim for multifunctionality,
rapid TTD, and high throughput/automation and are thus
rather directed to large-capacity service labs or large comp
nies’ in-house labs. Other methods, such as chromogenic
agars and the lateral� ow devices, rather target on-site or
ad hoc analysis to control food safety. The main advant-
ages of these methods are the user-friendliness in reading
interpretation of the results, and sometimes (though not
always) the potential to be fast. Other important advantages
are that no extra investment needs to be made regardin
speci� c equipment and that cost-effectiveness is obtained also
if only a limited number of analyses are needed. Overall,
nowadays the classical cultural methods remain the basis bu
also evolve by using more differential media for the detection
of target microorganisms on agar plates (e.g., chromogeni
media), and broths that enhance resuscitation and
growth. Evolution in alternative rapid methods, mainly
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immunological and molecular methods, focuses on the
combination of available techniques e.g. combination of
immunocapture and PCR, and/or by elaboration of new
formats optimizing reading and registration software rather
than introducing new principles of detection or enumeration.
Many of these rapid systems are rather directed to large
capacity service labs or large companies’in-house labs. This is
strengthened by the tendency of many small and medium
enterprises in the food industry to outsource microbial anal-
ysis to service labs. Different stakeholders may choose th
most appropriate alternative rapid analyzing technique based
on the discussed selection criteria.
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Introduction

Processing is done to improve food’s palatability, extend its
shelf life, and decrease the risk of diseases transmission. She
life extension is accomplished by eliminating or decreasing the
concentration of spoilage microorganisms and enzymes, o
merely by inhibiting the activity of these agents. Processing
enhances food safety by eliminating toxin-producing organ-
isms or, in many cases, just inhibiting their growth. Safety also
is accomplished when infection-causing organisms and viruse
are eliminated or their level is reduced to below infectious
doses. Effective processes, along with proper packaging, shou
maintain product safety and stability during the course of
storage, distribution, and consumption.

The ability to inactivate spoilage and pathogenic organisms
is crucial for the success of most food processes. In most situ
ations, it is impractical to aim at total elimination of micro-
organisms of concern; such a process may render the foo
overly processed and thus unsuitable for human consumption.
The word ‘inactivation,’ as used in this chapter, refers to the
destruction of microorganisms as judged by their inability to
recover on microbiological media.

Physical processes commonly are used to target microbia
populations in food. These processes include heat, radiation
and ultrahigh pressure. Processes that decrease water availabi
in food (e.g., concentration and drying) expose microbial
population to stresses that may render harmful microorganisms
inactive. Additives of different types have been used by pro
cessors to modify food characteristic and create hostile env
ronments for contaminating microorganisms. The addition of
acids and other antimicrobial chemicals are examples of addi
tives that accomplish this goal.

A newly established food-processing facility may run
trouble free for years; then processing-resistant microorganism
gradually appear and cause product failure. These microor
ganisms survive processes designed to cause their destructio
Processors struggle to alleviate the hazard associated wi
resistant microbial strains and minimize the ensuing negative
economic impact. This chapter includes a brief account of how
these processing-resistant strains develop. Awareness of th
problem could help researchers develop methods to minimize
the impact of processing-resistant microorganisms in food.
-

-
f

Innate Resistance to Processing

Microorganisms differ in structure and physiological charac-
teristics, leading to considerable variability in response to
80 Encyclopedia of Food
processing. Variability in resistance to processing is observe
not only among species but also among strains within a given
species. At the structural level, sensitivity to processin
increases with cell complexity. Eukaryotic microorganisms
such as fungi, have complex cells compared with those o
prokaryotes (i.e., bacteria and archaea). Bacteria typically hav
simply structured cells consisting of cell envelope and cyto-
plasmic material. Yeast cells, in comparison, carry numerou
organelles, such as membrane-bound nucleus, mitochondrion,
Golgi apparatus, and peroxisomes. These organelles provid
plenty of sensitive sites that can lose functionality during pro-
cessing treatments. On the contrary, bacterial cells lack many o
these targets, thus exhibiting greater resistance to processi
compared with yeast cells. Treatments necessary to contr
foodborne bacteria often are suf� cient to control or eliminate
fungi in food; hence, food processors are most concerned abou
resistance of bacteria to processing. Therefore, most of th
subsequent discussion deals with bacterial resistance t
processing.

The envelope of the bacterial cell constitutes the� rst line
of defense against deleterious factors, including processin
treatments. Constituents of the envelope serve differen
protective functions (Table 1). The peptidoglycan provides
mechanical strength to the cell envelope, thus protecting cells
against mechanical disruption by processes such as high
pressure homogenization, ultrasonic cavitation, and osmotic
shocks. The outer membrane of Gram-negative bacteria add
to the barrier characteristics of the cell envelope; this
membrane contributes to the resistance of these bacteria t
some antimicrobial chemicals. The cytoplasmic (inner)
membrane provides the main barrier properties, particularly
in the case of Gram-positive bacteria. The melting point of
this membrane in� uences bacterial resistance to hea
Fluidity of the membrane is likely to affect resistance of
bacteria to freezing, high-pressure processing, and pulse
electric � eld.

The greater the complexity of microbial cells, the larger the
number of targets affected during processing. It is generall
granted that physical processes (e.g., heat and gamma radi
tion) that decrease bacterial load to safe levels are more tha
suf� cient to protect food against fungal contaminants. Some
cytoplasmic components may be damaged during processing
whereas others may help the cell recover from injury or
sublethal damage. Dry heat and gamma radiation cause dam
age to DNA and induce mutations, leading to cell lethality.
Stability of ribosomes contributes to the resistance of bacteria
to thermal treatments. Ribosomes and ribosomal RNA degra
dation by heat precedes loss of cell viability. Expression o
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00426-2
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Table 1 Contribution of cell structure to processing resistance of microorganisms

Structure Contribution to processing resistance

Bacterial cell envelope Peptidoglycan in Gram-positive bacteria l Provides mechanical strength
l Increase resistance to processes that cause cell

mechanical disruption
Outer membrane in Gram-negative bacteria Barrier to chemical antimicrobials
Cytoplasmic membrane l Fluidity, melting point, and barrier properties affect

various processes
l High meting point increases heat resistance

Intracellular components Subcellular organelles in eukaryotic cell Presence of organelles increases sensitivity of eukaryotic
cell to physical and mechanical processes

DNA: genes encoding to speci� c resistance Expression of these genes leads to resistance. Examples:
l Glutamate and arginine decarboxylase genes and acid

resistance inE. coli
l Beta-lactamase gene and resistance to penicillin

Ribosomes Instability of ribosomes correlate to heat sensitivity of
bacteria

Protein l Enzymes stability increases resistance to heat
l Proteins containing iron-sulfur clusters sensitize

bacteria to ultrahigh-pressure processing
Spores Bacterial spore Multiple protective layers and core dehydration contribute

to resistant to all forms of processing
Fungal sexual spores Production of sexual spores (e.g., ascospores) increases

fungal resistant to thermal processing
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molecular chaperons (GroEL and GroES) in combination with
lysyl-tRNA-synthetase was found to be essential for increase
thermoresistance ofEscherichia coli. These chaperons help repai
proteins damaged by heat.

Sporulation dramatically increases resistance of microor
ganisms to processing. Compared with vegetative cells, bact
rial spores are resistant to heat, gamma radiation, ultrahigh
pressure, antimicrobial preservatives, sanitizers, and disinfe
tants. Presence of multiple protective layers surrounding the
spore core, dehydration of the core, and other factors con
tribute to the extreme resistance of bacterial spores to pro
cessing. Some fungi form sexual spores, exhibiting great
processing resistance than that of the parent cells. It was foun
the heat resistance ofSaccharomyces cerevisiaeascospores was
more than 100-fold greater than that of the vegetative cells o
the same strain.
Table 2 Physiological status as a factor in resistance of micro

Physiological state

Phase of growth Transition to stationary phase

Dormancy in non-spore formers

Thermobiological state Optimum growth temperature

Incubation at unfavorable growth temp

Response to heat shock

Osmotolerance Response to reduced water activity or
Microbial Physiology and Resistance to Processing

Selected physiological states, and contributions to processin
resistance, are described in this chapter (Table 2). Transition of
a growing bacterial culture from the exponential to the
stationary phase is marked with distinct physiological changes
During entry into the stationary phase, starved cells synthesiz
maintenance proteins and express genes encoding alternativ
sigma factors. Compared with actively growing cells, stationary
phase cells are smaller in size, their surface contains mor
hydrophobic molecules that favor cell aggregation, and their
membranes become less� uid and less permeable. These
changes coincide with increased cell resistance to heat shoc
oxidative stress, and osmotic challenge. Extended stationar
phase may lead to a state of dormancy that likely will add to
population resistance to processing.
organisms to processing

Contribution to processing resistance

Increase resistance due to structural and physiological
changes

Decreased metabolic activity presumed to increase
resistance to processing

Compared with mesophiles and psychrophiles,
thermophiles are more resistant to lethal thermal
treatment

erature Incubation at higher than optimum temperature increase
thermal resistance of bacteria and their spores

Bacteria synthesize specialized proteins that repair
denatured protein

dry state Osmotolerant organisms grow or merely survive at low
water activity, which could lead to spoilage of
intermediate moisture food
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282 Resistance to Processes
Thermobiology, or the response of microorganisms to
environment temperature, is an important consideration in
de� ning resistance to heat. It generally is accepted that th
higher the optimum temperature for growth, the greater the
thermal resistance of bacterial cells, and the in case of a spo
former, the greater the thermal resistance of the resulting
spores. Growing bacteria at temperatures higher than tha
required for their optimum growth increases their thermal
resistance. Additionally, bacteria grown at these elevate
temperatures produce spores with greater heat resistance tha
those grown at optimum growth temperatures. Many envi-
ronmental factors (e.g., medium pH, water activity, and pres-
ence of biocides) affect resistance of microorganisms to hea
Heat resistance of two lactic acid bacteria and yeast increase
when these organisms were heated in concentrated juice
compared with single-strength juice.

Osmotolerance is an important determinant of cell viability
at reduced water activity or dry conditions. Some microor-
ganisms are capable of maintaining intracellular osmoregula-
tion as a mechanism to remain viable under osmotic stress
When exposed to osmotic stress, these organisms accumula
compatible solutes (osmoprotectants) in cell cytoplasm. These
solutes bind water and generally do not interfere with the
metabolic activities of the cell. In response to low water activity,
some bacteria accumulate amino acids and potassium ions
Osmotolerant fungi may accumulate glycerol, erythritol, and
arabitol. Variability among microorganisms in osmoregulatory
capacities may explain the differences in water activity limits for
their growth.
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Dormancy of Processing Resistance

According to some researchers, vegetative bacteria exist in thr
physiological states: (1) viable (i.e., capable of multiplying in
microbiological media); (2) dormant, which need resuscitation
before regaining ability to multiply; and (3) nonviable, which are
incapable of dividing under any tested conditions. Despite the
controversy surrounding these terminologies, it is generally
accepted thatnon-spore-formingbacteriamay undergo aphaseo
slow metabolism and these ‘dormant’ bacteria require special
culturing procedures to return to active metabolism and multi-
plication. Dormancy has been presumed to increase bacteria
ability to resist processing despite limited experimental data
that unequivocally support this claim. Recently, it was shown that
desiccatedSalmonellacells in peanut oil entered a physiologically
dormant state in which <5% of the bacterial genes were tran-
scribed actively; however, a few genes involved in stress respo
se, such as heat- and cold-shock proteins and sigma factor
maintained active transcription. A higher state of dormancy is
evident when bacteria form spores. Viability of spores is sustained
despite absence of metabolic activities, and these spores a
known to be greatly resistant to all processes used to treat food
lsevier Applied

the recovery of

., 2008. Sexual
ilage fungus
vi-
How Do Foodborne Microorganisms Develop
Resistance to Processing?

Microorganisms may be exposed to a given process multiple
times before the product is distributed for consumption. A batch
of underprocessed food may be reprocessed to meet regulator
standards. For example, dairy processors use equipment d
signed to reprocess milk if it did not receive full pasteurization
during its initial passage into the plate-heat exchanger. In
a different scenario, residues of processed food may remain i
the processing environment or equipment and contaminate
a fresh batch of raw food yet to be processed. Consequently
microorganisms in these resides are exposed to the same proce
multiple time. During food canning, blanching is a mild heat
treatment that could be applied before retorting (i.e., thermal
sterilization).

Repetitive exposure to processing serves as a selective fo
against food microbiota. Repeated heating, for example, may
select for thermally resistant forms, such as bacterial endo
spores and fungal sexual spores. Similarly, thermoduric vege
tative cells may be selected preferentially after repeate
pasteurization. Enrichment of these forms in food during
repeated processing may increase the risk of spoilage, tox
production, or persistence of infectious microorganisms.

When a hazardous microorganism in food is subjected to
a sublethal process, the microorganism may respond adap
tively and become resistant to a lethal level of the same process
This behavior is explained by a common biological phenom-
enon known as ‘stress adaptive response.’ For example, expo-
sure to mildly acidic pH may protect members of the food
microbiota to a subsequent severe acid treatment. Bacteria ma
adapt to mild heat by synthesizing special proteins (called
chaperones) that protect vital enzymes in the cell agains
denaturation by more severe heat treatments.Escherichia co
was found to adapt to repeated high-pressure processin
through elaborate gene regulation processes.

See also:Heat Treatment of Foods:Principles of Canning;Heat
Treatment of Foods:Synergy Between Treatments; High-
Pressure Treatment of Foods;Xeromyces: The Most Extreme
Xerophilic Fungus;Nonthermal Processing:Irradiation;
Thermal Processes:Pasteurization; Thermal Processes,
Commercial Sterility (Retort); Injured and Stressed Cells; V
but Non-culturable.
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Introduction

Among the Zygomycetesfungi, some of the best-known and
most studied species can be found within the genusRhizopus.
These fungi are generally saprophytes and can be found livin
on dead and decaying organic material, for example, on leave
or in the soil. They are well spread and can be encountered in
several different niches from the warm and moist Southern Asia
to the colder Northern Europe.

The most described member of theRhizopusgenus is
Rhizopus oryzae. This species has not only raised signi� cant
research interest, but also is used in full-scale industria
applications. One long-time use of these fungi is in tempe,
a dish from soybeans fermented byR. oryzaeor the related
Rhizopus microsporus, which has been indigenous to Southeas
Asia since 500 years ago, and used as a common meal b
millions of people. In addition, several other foodstuffs and
beverages also useRhizopusspecies in their processing. The
ongoing research on Rhizopushas two main focuses: One
focus is the production of organic acids, mainly L-lactic acid
and fumaric acid. The other focus is on enzyme production,
where Rhizopusis in possession of an impressive array. Th
more prominent examples include amylases, pectinases
cellulases, proteases, and phytases.Rhizopushas also been
investigated with other purposes in mind, such as treatment
of industrial wastewater from organic sources and production
of animal feed.

The Rhizopusgenus is not known only for its positive char-
acteristics. It is also a known cause of food spoilage, particularl
of crops, which causes huge economic losses during storag
and transportation. Rhizopus stoloniferis a prime example
behind Rhizopus-soft rot disease. This species is even able
spoil food after preventive treatment, since its enzymes ar
remarkably heat stable and are active even after 40 min a
100 � C. Some strains ofRhizopusare also known to be oppor-
tunistic pathogens and can result in zygomycosis in immuno-
compromised individuals.
o

l

General Characteristics ofRhizopus

All members of the Rhizopusgenus are � lamentous fungi,
lacking the large fruiting bodies that are produced in higher
fungi (i.e., Ascomycotaand Basidiomycota). Instead, they can
form millimeter-size structures, which in large numbers can
look like fuzz to the naked eye (Figure 1(a)). If the mycelium
is submerged, Rhizopusis able to produce spore structures
that break the surface and resist wetting (Figure 1(a)).
Furthermore, under good growth conditions, the Rhizopus
mycelium lacks septa (Figure 1(b) ), which is present in the
higher fungi. Septa can be produced during unfavorable
growth conditions, in a process that ends with the formation
284 Encyclopedia of Food
of arthrospores and chlamydospores from the old hyphae.
Therefore,Rhizopusand other Zygomyceteshave been termed
lower fungi and are considered to be evolutionary primitive.
Modern molecular phylogenetic classi� cation supports this
scheme and indicates that the phylumZygomycotawas the
� rst fungi living on land after diverging from waterborne
fungal phylum Chytridiomycotaw 500 million years ago.
Later, Ascomycotaand Basidiomycotawere diverging from
Zygomycota.

The ‘primitive ’ structure of Rhizopushas some bene� ts, and
it allows the fungi to grow and spread rapidly through
a substrate. This is re� ected by the substrates, which the fung
seem best adapted to utilize (i.e., more easily degradabl
substances such as starch, pectin, and hemicelluloses). The
facts makeRhizopusto be considered as‘� rst colonizers’ – that
is, the group of microorganisms that normally are the� rst to
colonize accessible substrates such as dead and decaying pla
material in nature. In addition, Rhizopusspecies are able to
degrade cellulose, albeit at a slower rate than the more
specialized brown-rot fungi. This has been re� ected by modern
genomics and proteomics, where comparatively few cellulase
have been identi� ed from Rhizopusspecies. In the case o
monosaccharide and disaccharide utilization, a distinctive
evolutionary adaptation and specialization is evident.Rhizopus
species are able to assimilate sugars normally found during
hydrolysis of plant-based materials, such as pentoses an
cellobiose. Sucrose, however, generally is not utilized by thes
fungi. A summary and a comparison with one of the most
studied organisms, Saccharomyces cerevisiae, are presented in
Table 1.

One of the hallmark characteristics ofRhizopusand many
other zygomycetes is the structure and composition of their
cell wall. The cell wall skeleton is made up of polymers
consisting of glucosamine andN-acetylglucosamine, where an
initial polymer of N-acetylglucosamine is partially deacety-
lated in the joining to the skeleton. Since most glucosamine
units of the polymer have become deacetylated, it is called
chitosan. The concentration of chitosan has been measured t
be up to 50% (w/w) of the cell wall. Considering this abun-
dance, it is obvious that chitosan plays an important role in
the cell wall, which is not known in detail. It is responsible for
the shape of the organism and containment of the membrane-
bound protoplast where most of the metabolic activity
takes place. The inside has a high-hydrostatic‘turgor pressure’
and would burst in the absence of a cell wall. Furthermore, the
cell wall protects against noxious compounds, but allows
uptake of nutrients and excretion of waste products as wel
as enzymes for digestion of large nutrient molecules before
uptake.

Concerning food applications, none of theRhizopusstrains
involved in food production has been shown to produce any
mycotoxins. One strain ofR. microsporus, however, was shown
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00391-8
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Table 1 General pattern of sugar assimilation forRhizopus,
compared withS. cerevisiae

Rhizopus S. cerevisiae

Sugar Aerobic Anaerobic Aerobic Anaero

Glucose þ þ þ þ
Mannose þ þ þ þ
Fructose þ þ þ þ
Galactose þ þ þ þ
Xylose þ � � �
Arabinose v � � �
Sucrose � � þ þ
Cellobiose þ þ � �

v, variable strains.

Figure 1 (a) Rhizopusspp. in submerged cultivation; the white fuzz
(w 1–10 mm in diameter) are spore-bearing structures that have brok
the water surface. (b) When the submerged mycelium is viewed in t
microscope, no septa can be seen (when growth is good). The bar
corresponds to 50mm.
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to produce rhizonin, causing liver and kidney lesions. This
strain also produces rhizoxin, a compound that prevents the
formation of new blood vessels (angiogenesis) and might
have a potential for the treatment of human diseases such
as cancer.
Metabolism and Metabolites

The metabolic pro� le of Rhizopusis very similar to that of
baker’s yeast. The carbohydrate catabolism and anabolism o
Rhizopusis more diverse, however. Regardless of the substra
and condition, almost all sugar derivatives are channeled
through pyruvate. The notable exception is glycerol, which is
produced during oxygen-limited conditions to retain the redox
potential of the cells when additional biomass is synthesized.
Thus, pyruvate can be considered to be at the center of th
carbohydrate catabolism of the fungus (Figure 2).

Normally, if the oxygen supply is limited, pyruvate will be
transformed into lactic acid or ethanol, depending on the
Rhizopusstrain, which results in 2 mol adenosine triphosphate
(ATP) being produced per mole of the hexose sugars. Th
carbon source should be hexoses, however, or a compound tha
is easily hydrolyzed into hexoses. On the other hand, if oxygen
is present, the pyruvate will form acetyl-CoA and enter the
tricarboxylic acid (TCA) cycle, which yields the maximum
amount of energy for the cells (32 mol ATP) and allows the
highest biomass production.

Neither of the two pentose sugars, xylose and arabinose,
utilized by Rhizopusin anaerobic conditions. If the oxygen supply
is limited, the utilization also is very limited. Xylose is � rst
converted to xylitol, where the redox carrier NADPH is oxidized
to NADPþ . In the next step, when xylitol is converted to xylulose,
NADþ (another redox carrier) is reduced to NADH. Xylulose is
then consumed by the cells. Thus, the net effect from these� rst
two reaction steps can be summarized as follows:

NADPH þ NADþ / NADPþ þ NADH

In the case of arabinose utilization, this effect is doubled as
2 mol NADPH are used and 2 mol NADH are produced in the
formation of xylulose. The NADPþ could be reduced back to
NADPH in the hexose monophosphate pathway. It would
leave a large excess of NADH, however. The NADH, in turn
cannot be oxidized to NADþ without a net loss of ATP unless
oxygen is supplied. The same situation arises in the vas
majority of fungi able to utilize pentoses.

Considering the adaptation of Rhizopustoward the more
easily degradable polymers found in plant material, utilization
of galacturonic acid is to be expected. Galacturonic acid, th
oxidized and acid form of galactose, is the main structural
monomer of pectin. There are just a few reports regarding
utilization of galacturonic acid by Rhizopusthat showed posi-
tive results. This utilization seems to be strictly aerobic, and no
consumption was seen under anaerobic conditions. This fac
might be expected, as in one of the initial biochemical reac-
tions, the galacturonic derivate is split into pyruvate and
L-glyceraldehyde, which is reduced to glycerol. It is similar to
the case of pentoses, since the catabolism of galacturonic ac
involves multiple redox carriers: NADH/NADþ , NADPH/
NADPþ , and mitochondrial FADH 2/FAD. Thus, to retain the
internal redox balance and to release energy, oxygen
required. No extracellular metabolites have been detecte
during aerobic growth on galacturonic acid.

When faced with multiple carbon sources,Rhizopusprefers
hexoses, which are readily utilized even during anaerobic
conditions. Hexose dimers, such as cellobiose, are also readi
utilized, followed by the pentoses, assuming aerobic conditions.
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Galactose

Glucose-6-P

Glucose

Mannose

Arabinose
Xylose

PyruvateGlycerol

Lactate

Ethanol

Fumarate

Acetyl-CoA

Xylitol

2-P to 7-P 
sugar poolFructose Fructose-6-P

TCA

Xylulose

Acetate

Galacturonate

Acetaldehyde

Figure 2 An overview of the metabolic pathways ofRhizopus. Reactions depending on or signi� cantly induced by aerobic conditions have been marked
as blue. After xylulose, the sugar is phosphorylated and enters a complex series of reactions involving two to seven carbon phosphorylated sugars. TCA,
tricarboxylic acid cycle.
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If none of these carbon sources are in suf� cient amounts, lactic
acid, ethanol, or acetic acid will be utilized, followed by glycerol
and galacturonic acid.

In addition to oxygen-limited conditions, several Rhizopus
strains, especially ofR. oryzae, are known to have the highes
production and yield of lactic acid in very aerobic conditions.
For this purpose, some stress factor should be used to trigge
the fungi to produce lactic acid, rather than cell mass. In most
cases, the stress factor is nitrogen limitation, but phosphate
limitation also has been reported. Even though fungal
fermentations have been considered to result in lower yields
than bacterial fermentations for lactic acid production, yields
of 0.90 g g� 1 from both hexoses and xylose have been reported
by Rhizopusspecies. It can be compared with the maximum
theoretical yield of lactic acid of 1.0 g g� 1 of hexoses or
pentoses.

Fumaric acid is another signi� cant product of Rhizopus
during aerobic conditions. Rhizopusspecies have even bee
divided into two subgroups, the lactic acid producers and the
fumaric acid producers as the major metabolite. Fumaric acid is
one of the organic acids normally associated with the TCA cycl
(Figure 2). The achieved yields from the fumaric acid
producing strains of Rhizopusexceeded the theoretical yield
possible from the oxidative TCA route. This resulted in
discovering that Rhizopusis able to convert pyruvate into
fumaric acid without direct involvement of the TCA cycle. The
process, which is cytosolic, converts pyruvate into oxaloacetat
via CO2 � xation. The oxaloacetate is then reduced to malate
which is converted to fumarate. To maintain the ATP produc-
tion of the cells, the TCA cycle is still active, which results in
a slight reduction of the fumaric acid yield. Thus, fumaric acid
yields up to 0.85 g g� 1 sugar. For this pathway to produce high
amounts of fumaric acid, carbon sources need to be readily
available, while growth has to cease. This normally is achieved
via nitrogen limitation.

One interesting anabolic process ofRhizopusis the synthesis of
cell-wall chitosan. The� rst step in chitosan synthesis is chitin
production. Chitin is synthesized from UDP-N-acetylglucos-
amine (i.e., the chitin monomer attached to a UDP molecule).
Assuming no recycling of old chitin–chitosan (Figure 3) is taking
place, the precursor of UDP-N-acetylglucosamine is fructose-6-P
which is converted to glucosamine-6-P.The acetyl group in acety
CoA is then transferred, formingN-acetylglucosamine-6-P, which
is changed toN-acetylglucosamine-1-P. After reaction with UTP
UDP-N-acetylglucosamine is produced. In the next step, chitin is
synthesized by chitin synthetases, transmembrane enzyme
associated with chitosomes. Before it has time to crystallize, the
chitin produced is deacetylated partially by chitin deacetylase to
chitosan.
Utilization of Complex Substrates
and Enzyme Production

Rhizopusspecies are well known to be able to utilize starch. In
the production of various beverages,Rhizopusis used for
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simultaneous sacchari� cation and fermentation of mainly rice
starch. In food spoilage,Rhizopusremains a constant threat for
starch-based crops. The enzymes required for starch degrad
tion are referred to as amylases, which includea-amylase,
isoamylase, and glucoamylase.a-Amylase and isoamylase
shorten the starch polymer, by random hydrolysis of the
backbone, and the glycoside bonds leading to the branches
respectively. Glucoamylase then converts the oligomers into
free glucose monomers. The ability for the differentRhizopus
species to utilize starch is explained by the high production of
all the different amylases. The production is high enough
such thatRhizopusis used for commercial amylase production.
Commercial amylases are applied extensively in food indus
tries to obtain glucose and in beverage industries to obtain
glucose syrup.

Different Rhizopusspecies are also well known to degrade
pectins, which are constituents of various plant cell walls. Pectin
is generally a homopolymer of galacturonic acid monomers, but
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it also contains sugar monomers, including rhamnose, galactose
and arabinose. Due to the diverse structure of the pectin poly
mers, many different types of pectinases, or pectic enzymes, a
needed to fully hydrolyze it. One example is the poly-
galacturonases, which hydrolyze the glycoside bonds betwee
galacturonic acid residues. The ability ofRhizopusto ef� ciently
degrade pectin correlates with the capacity to produce a hig
quantity of a wide range of pectinases. The pectinase productio
is good enough such that different species ofRhizopusare
successfully competing with other microorganisms during the
degradation of almost solely pectin structures in the retting of
� ax � bers.

Rhizopusis not specialized toward cellulose degradation, but
different strains of these fungi still exhibit the production of
different cellulases. Considering the reported activity of
Rhizopuscellulases on materials related to food and beverage,
is possible that the enzymes produced byRhizopuscan
primarily hydrolyze the more easily degradable (amorphous)
celluloses. When cellulose is hydrolyzed, the glucose dime
cellobiose is released. Before it can be utilized, it has to b
converted to the glucose monomers withb-glucosidase. Since
Rhizopuscan produce cellulases, it is not surprising thatRhizopus
can also produceb-glucosidase. Similar to the cellulase pro-
duction, however, Rhizopusis producing comparatively few
b-glucosidases. The number of different hemicellulases pro
duced is also rather limited in comparison with other fungi. At
least oneRhizopusstrain has also been reported to lack essentia
enzymes required for full utilization of all hemicellulosic
compounds. One strain of R. oryzaehas been reported to lack
all of the necessary xylanases and thus is unable to fully utilize
xylan. Other strains ofR. oryzae, however, are known xylanas
producers.

In plants, roughly 60–90% of the phosphorous content is
stored in the form of phytate (myo-inositol with six phos-
phate groups attached,Figure 3). To get access to the phos
phate, the phytate has to be hydrolyzed, a reaction catalyze
by phytases. Several fungal genera are known as phyta
producers, and Rhizopusis no exception. Enzymatic hydro-
lysis of phytase is a stepwise reaction, which releases th
phosphates sequentially. Different phytases initiate the
hydrolysis of different phosphate groups, a property that has
been used to place phytases into different groups. In the cas
of Rhizopus– similar to other fungi and bacteria phytases that
initiate hydrolysis on the C1- and C3-phosphates are known
to be produced. In addition to the release of phosphates,
hydrolysis of phytate also results in the release of myo
inositol, which can be utilized by the fungi. Indirectly, it also
results in increased accessibility of trace metals, since phyta
is a strong chelating agent.

Considering Rhizopus’ ability to utilize protein-rich sources,
it should come as no surprise that these fungi are poten
protease producers. This protease production is exploited
during the production of tempe, which leads to improved
digestibility of the � nished product consisting of digested
soybeans and fungal biomass. Proteases act by hydrolyzing th
peptide bonds between amino acid residues and can be grou
ped depending on which amino acid residues they act on.
Proteases also can be grouped according to the pH range
activity, that is, acid, neutral, or alkaline proteases. Although
different Rhizopusstrains are known to produce a wide range of
proteases of practically all different groups, the exact charac
teristics are highly strain dependent. Thus, differentRhizopus
strains exhibit different protease activities at different times and
in different conditions. Proteases fromRhizopuscurrently are
being produced commercially.

Lipases are a group of enzymes with the primary function
to catalyze the hydrolysis of triglycerides to glycerol and free
fatty acids. They, however, also are involved in both hydro-
lysis and synthesis of other esters. There is a signi� cant
commercial lipase production worldwide, and Rhizopusis one
of a handful of fungal genera utilized for this purpose. Similar
to many other enzymes, there are both intracellular and
extracellular lipases, and their levels are dependent on th
growth conditions. For Rhizopus, however, the production o
extracellular and intracellular lipases is induced by different
conditions. In general, if production of extracellular lipases
are induced, production of intracellular lipases will be
repressed, and vice versa. Since lipase production diffe
between the different Rhizopusstrains, � rm conclusions
should not be made. Pure, easily degradable carbon source
such as glucose, generally lead to a decrease in the produ
tion of lipase. Glycerol, which is both harder to degrade and a
component of triglycerides, generally induces lipase produc
tion. In the case of nitrogen sources, organic compounds (e.g.
peptone) have been the best inducers for lipase. Use of yea
extract as a nitrogen source has been found to both induce
and repress lipase production, depending on other environ-
mental factors and strain used.

Rhizopusstrains are known to utilize other substrates and
produce other types of enzymes as well, although not all can
be reviewed here. Urea can be degraded into ammonia and
CO2 by urease. Lignin peroxidase has been con� rmed to be
produced and excreted by at least one strain, which indicate
a potential ability to degrade lignin. Rhizopusalso is known
to produce several enzymes for degradation of chitin.
Whether these enzymes are produced primarily for modi� -
cation and reuse of their own chitin, or for the utilization of
extracellular sources of chitin, has yet to be conclusively
shown. Rhizopus, however, has been proven to be able
utilize external chitin.
Cultivation

In general,Rhizopusdoes not require speci� c growth factors and
is able to grow in a wide range of settings and harsh conditions.
Growth requirements can be summarized as a carbon source
a nitrogen source, a phosphate source, a sulfur source, and tra
metals. Rhizopusseems to be able to synthesize all vitamins
required by it. If lipids are present in the medium, Rhizopuswill
utilize them, but the lipid composition of the cells will remain
unaffected. The fungus either modi� es the lipids, or completely
degrades them and synthesizes its own. Growth is generall
best at around 30–35 � C, but Rhizopusstrains that grow well at
45 � C have been identi� ed.Rhizopusgrows best at slightly acidic
pH; around 5.5 generally is used. The growth is relatively
unaffected down to pH 3.5–4.0, while good growth has been
observed at even lower pH. Mainly depending on the carbon
source,Rhizopuscan grow in aerobic or anaerobic conditions,
although the presence of trace amounts of oxygen in the
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Table 2 Composition of a basal medium, a rich
medium, and a trace metal solution forRhizopus
cultivations

Compound Concentration (g l� 1)

Basal medium
D-glucose 30
(NH4)2SO4 7.5
KH2PO4 3.0
MgSO4$7H2O 0.5
Trace metals 10 ml l� 1

Rich medium
D-glucose 30
Yeast extract 5
(NH4)2SO4 7.5
KH2PO4 3.5
CaCl2$2H2O 1
MgSO4$7H2O 0.75
Trace metals 10 ml l� 1

Trace metal solution
EDTA (C10H14N2Na2O8$2H2O) 3.0
CaCl2$2H2O 0.90
ZnSO4$7H2O 0.90
FeSO4$7H2O 0.60
H3BO3 0.20
MnCl2$4H2O 0.19
Na2MoO4$2H2O 0.080
CoCl2$2H2O 0.060
CuSO4$5H2O 0.060
KI 0.020
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anaerobic fermentations has not been conclusively ruled ou
yet. Aerobic growth is signi�cantly better than anaerobic
growth.

Cultures of Rhizopusare generally easy to maintain, and
they grow well on general purpose agar. Two recommended
general purpose agars are PDA (Potato Dextrose Agar) an
YPD (Yeast Peptone Dextrose agar). PDA is made from (g l� 1)
potato extract 4, D-glucose 20, and agar 15. YPD consists o
(g l� 1) yeast extract 10, peptone 20,D-glucose 20, and agar 20
Incubation generally is carried out for 3–5 days at approxi-
mately 30 � C, although growth should be visible to the naked
eye within the � rst 24 h, often only a few hours after inocu-
lation. If petri dishes are used, it is recommended to incubate
them with the agar facing up. If the cultivation is not carried
out in the dark, the light source is recommended to be above
the plates. If slants are used instead of petri dishes, inoculation
is recommended in the bottom of the slant, allowing the
fungus to grow upward. Furthermore, the cultivation should
be aerobic, and thus plates should not be sealed with paraf
ilm, and slants should have the screw caps untightened to
allow access to air. Slants can be sealed after cultivation an
normally are stored at 4� C to room temperature up to 6
months, reliably.

Submerged cultivation of Rhizopuscan be accomplished
easily in media optimized for S. cerevisiae, as there are minor
differences in their nutritional demands. The compositions of
a basal medium and a rich medium are shown inTable 2. The
salt needs to be autoclaved separately from the glucose an
yeast extract. If a completely de� ned medium is desired, the
yeast extract should be removed, although this will cause
slower growth. More complex medium also can be used for
cultivation of Rhizopus, including different industrial process
streams and wastewaters. Depending on the composition
additional nutrients may or may not be needed. If they
are, additional nitrogen and phosphate sources, such a
NH4H2PO4 and NH3, usually are suf� cient to ensure good
growth of the fungi.
Genetic Analysis and Manipulation

Compared with the higher fungi, relatively little effort has
been spent on gathering genetic information on Rhizopus.
Rhizopus oryzaeis the most studied species, and its entire
genome was sequenced in 2004–05. The genetic sequence
shown mainly have been used for phylogenetic studies in an
effort to determine the relationship between different fungal
species. The genetic data also support the grouping within
R. oryzaebased on its metabolite production (lactic or fumaric
acid). With the support of the genetic evidence,R. oryzae
might be split into two species, R. oryzaeand Rhizopus delema.
The genomes of the sequencedRhizopusstrains can be accesse
via GenBank.

Several attempts have been made to genetically manipulat
Rhizopus. This includes both random mutagenesis with ultra-
violet (UV) light and chemicals, and may target speci� c
approaches. The target often has been to improve the metab
olite yield or to increase the enzyme production. Since pyruvate
is at the crossroads for metabolite production (cf.Figure 2), the
genes coding for the enzymes leading to the different pathway
from pyruvate generally have been in focus. Both over
expression of the pathway leading to the desired metabolite
and repression of the pathway leading to the undesired
metabolites have been attempted. For enzyme production
overexpression of the desired enzyme has been attempted. Th
genes coding for the enzymes of interest also have been clone
to other microorganisms, such asS. cerevisiae.
Conclusion

Although Rhizopusspecies have been considered primitive, thei
metabolic diversity is not simple. Their capacity to rapidly
invade and grow on decaying plant material and their ability to
infect fruits and crops have left them with an impressive ability
to utilize a wide range of substrates. This includes everything
from simple sugars to more complex molecules, such as starch
pectin, chitin, hemicellulose, cellulose, and protein. This also is
re� ected in their enzyme production, which is exploited in
industrial processes, and their modest demands on cultivation
media. With the advent of genomics to Rhizopus, a deeper
understanding of the behavior of this genus hopefully is in the
making.
See also:Fermentation (Industrial):Basic Considerations;
Fermented Foods:Fermentations of East and Southeast A
Classi�cation of Zygomycetes:Reappraisal as Coherent Cl
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The GenusRhodotorula

Harrison (1928) described the genusRhodotorulato include
red-pigmented yeasts that do not produce ascospore
Currently, Rhodotorulaincludes anamorphic basidiomycetous
yeasts composed of 62 described species grouped in a
extremely polyphyletic grouping, with Rhodotorula glutinisas
the type strain. Species ofRhodotorulaoccur in the Sporidiobolus,
Erythrobasidium, and Microbotryum clades of the Ure-
diniomycetes, and the Microstromatales and Ustilaginales
clades of the Ustilaginomycetes. Most species (41) are groupe
in the class Microbotryomycetes, 18 are grouped in the clas
Cystobasidiomycetes, 2 in the class Exobasidiomycetes, and
in the class Ustilaginomycetes (Table 1).

A number of distinctive traits that include the absence of
ballistoconidia, the inability to ferment, and the formation of
red or yellow pigments characterize members of the genusRho-
dotorula. Most species cannot assimilatemyo-inositol (exceptions
include Rhodotorula phylloplanaand Rhodotorula yarrowiiand
some strains of Rhodotorula bacarum) or synthesize starchlike
compounds, and no xylose is present in whole-cell hydrolyzates
except for R. yarrowii. Cell shapes include subglobose, ovoid
ellipsoid, or elongated and reproduction occurs through polar or
multilateral budding; pseudo- or true hyphae may develop.
Rhodosporidiumis the sexual state of several species ofRhodotorula.
Rhodotorulais an ubiquitous environmental yeast and frequently
is isolated from water, soil, plants, and animals. Identi� cation
of the species ofRhodotorulabased solely on physiological tests
is dif� cult due to the polyphyletic nature of this genus.
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Pathogenicity

Human Disease

Despite the ubiquitous nature of the genusRhodotorulain the
environment, it is not commonly associated with human
infections. Before 1985, no cases ofRhodotorulainfection was
reported. Since then, the incidence increased and current
between 0.5 and 2.3% of fungemia cases are due toRhodotorula.
Three species– R. glutinis, Rhodotorula minuta, and Rhodotorula
mucilaginosa(¼ Rhodotorula rubra) – are considered opportu-
nistic pathogens of humans. These yeasts can cause localiz
infections in immunocompromised and immunocompetent
hosts as well as fungemia in immunocompromised hosts or
patients in intensive care. Most reported cases ofRhodotorula
infections are caused byR. mucilaginosa. Localized infections
caused byRhodotorulamostly involved the eyes. Keratitis is
treated successfully with topical treatment. Endophthalmitis
has a poor prognosis, however, and patients often lost vision
Other infections involving Rhodotorulainclude meningitis,
infection of a prosthetic joint, peritonitis, onychomycosis, oral
ulcers, dermatitis, endocarditis, and lymphadenitis. Most
patients with such localized infections survive; however, some
cases of meningitis proved fatal. The most common risk facto
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
for R. mucilaginosafungemia is central venous access, such a
central venous catheters or umbilical venous catheters, esp
cially long-term use. Other risk factors or underlying conditions
include hematological malignancies, lymphoma, leukemia,
short bowel disease, immunosuppression, liver disease, chroni
renal failure, use of broad spectrum antibiotics, and sickle cel
anemia. The increase in these risk factors since 1985, especia
the more widespread use of central venous catheters, as well
immune suppression due to organ or bone marrow transplants,
chemotherapy, and AIDS, may explain the emergence of thi
pathogen in reported literature, especially since 2000. The
second most prevalent species isR. glutinis, followed by
R. minuta. Rhodotorula glutiniswas reported as the cause o
meningitis and keratitis and R. minutaas the cause of endoph-
thalmitis and an infection in a prosthetic joint. Both species have
been reported as being able to cause fungemia, although to a fa
lesser extent thanR. mucilaginosa. Care, however, should be
taken when interpreting results, suggesting infections caused b
R. glutinisand R. minuta. In most cases, these species we
identi � ed only using phenotypic characteristics, such as th
formation of pink colonies and the inability to utilize maltose.
Because otherRhodotorulaspecies (i.e.,Rhodotorula lysiniphila,
Rhodotorula pallida, and Rhodotorula sloof� ae) share these char-
acteristics, misidenti� cation can result and it is important to
use molecular techniques to conclusively identify the causative
agents. Several reports ofRhodotorulainfections in immuno-
competent hosts resolving without the use of antifungal treat-
ment suggest that these yeasts have a low inherent virulence.
Animal Disease

Rhodotorulaspecies have been isolated from a number o
animals and were reported to cause dermatitis in chickens and
a cat as well as skin lesions in a sea lion. In addition,Rhodotorula
is also involved in bovine mycotic mastitis. This genus has been
isolated from the ear canal of cattle with parasitic otitis, the
oropharynx and cloaca of ostriches, the cloaca of wild birds, the
genital tract of healthy female camels, conjunctiva of healthy
horses, marine shrimp, digestive tract of German cockroache
and the mouth cavity and gastrointestinal tract of reptiles. It
often is found in feces of pigeons and other wild birds. Because
of the ubiquitous nature of Rhodotorula, the isolation of these
yeasts from nonsterile sites of animals (and humans), especially
mucous membranes, does not necessarily implicate it in disease
These different habitats may spread the yeast to humans.
The Association ofRhodotorulawith Foods

Rhodotorulaspecies has a minimum growth temperature
between 0.5 and 5� C and a maximum near 35� C. Numerous
reports, however, suggest temperatures well below zero, an
the ability to survive at 62.5 � C for short periods. A minimum
aw for growth near 0.92 and a minimum pH of 2.2 in the
78-0-12-384730-0.00289-5 291
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Table 1 Accepted species in the genusRhodotorula

Class Microbotryomycetes

Order Sporidiobolales
1. Rhodotorula araucariae
2. Rhodotorula colostri
3. Rhodotorula dairenensis
4. Rhodotorula glutinis(type strain)
5. Rhodotorula graminis
6. Rhodotorula mucilaginosa
7. Rhodotorula paciÞca
8. Rhodotorula taiwanensis

Order Microbotryales
9. Rhodotorula hordea(not assigned to an order)
10. Rhodotorula arctica
11. Rhodotorula auriculariae
12. Rhodotorula bogoriensis
13. Rhodotorula buffonii
14. Rhodotorula cresolica
15. Rhodotorula crocea
16. Rhodotorula cycloclastica
17. Rhodotorula difßuens
18. Rhodotorula eucalyptica
19. Rhodotorula ferulica
20. Rhodotorula foliorum
21. Rhodotorula glacialis
22. Rhodotorula himalayensis
23. Rhodotorula hylophila
24. Rhodotorula ingeniosa
25. Rhodotorula javanica
26. Rhodotorula lignophila
27. Rhodotorula nothofagi
28. Rhodotorula philyla
29. Rhodotorula pilatii
30. Rhodotorula psychrophenolica
31. Rhodotorula psychrophila
32. Rhodotorula pustula
33. Rhodotorula retinophila
34. Rhodotorula sonckii
35. Rhodotorula subericola

36. Rhodotorula terpenoidalis
37. Rhodotorula vanilliva
38. Rhodotorula yarrowii
39. Rhodotorula rosulata
40. Rhodotorula silvestris
41. Rhodotorula straminea

Class Cystobasidiomycetes

Order Cystobasidiales
42. Rhodotorula benthica
43. Rhodotorula calyptogenae
44. Rhodotorula laryngis
45. Rhodotorula lysiniphila
46. Rhodotorula minuta
47. Rhodotorula pallida
48. Rhodotorula pinicola
49. Rhodotorula sloofÞae

Order Erythrobasidiales
50. Rhodotorula armeniaca
51. Rhodotorula aurantiaca
52. Rhodotorula bloemfonteinensis
53. Rhodotorula lactosa
54. Rhodotorula lamellibrachii
55. Rhodotorula marina
56. Rhodotorula meli
57. Rhodotorula orientis
58. Rhodotorula oryzae
59. Rhodotorula pini

Class Ustilaginomycetes

Order Ustilaginales
60. Rhodotorula acheniorum

Class Exobasidiomycetes

Order Microstromatales
61. Rhodotorula bacarum
62. Rhodotorula phylloplana
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presence of HCl or organic acids were found for a number of
species. The ability of the species to grow and survive a
variable environmental conditions gives the organism an
advantage to spoil foods and beverages. The rapid growth a
refrigerated temperatures means thatRhodotorulaspecies
commonly are associated with dairy products, fresh and
processed meat, seafood, and various frozen vegetable pro
ucts. Their growth at low pH values allows growth in fruit
juice concentrates, citrus products, and olives, whereas the
resistance against higher temperatures enhances growth
heat-treated apple sauces, potato chips, ready-to-eat airlin
meals, and apple pies.
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The Occurrence ofRhodotorulain Foods and Beverages

Rhodotorulaspecies are ubiquitous saprophytic yeasts that ar
recovered from a wide variety of environmental sources
Several authors described the isolation of the genus from
different ecosystems, including those with extreme
conditions, such as in the depth of the sea, high-altitude lakes
the soil and vegetation of Antarctica, hypersaline aquatic and
high-temperature environments, and gastrointestinal tracts
Many species within the genus are considered typical ai
contaminants or frequently are isolated from aquatic sites. It
is therefore not surprising that the genus also commonly is
associated with foods and beverages. Several studies have
ported the presence ofRhodotorulaspecies from a diverse
group of foods like peanuts, apple cider, cherries, fresh fruits
fruit juice, cheese, milk, sausages, various meat product
crabs, edible mollusks, and crustaceans.Rhodotorula mucila
ginosais considered one of the top 10 yeast species causin
food spoilage.
Rhodotorula in SpeciÞc Types of Food Products

Sugary Fruits

Sugary fruits are considered to be habitats for yeasts. Wheth
the yeast will colonize to the extent to cause spoilage depend
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Rhodotorula 293
on the inherent properties of the yeast, and the environmental
conditions prevailing in the fruits. Although various species of
Rhodotorulahave been isolated from the skins of grapes
watermelons, oranges, pears, mangos, and grapefruit, they we
not primarily responsible for spoilage. Although numbers on
the skins may be low, cells as high as 4.3 log10 cells m� 1 were
found on sliced watermelons and grapefruit kept at refrigerated
temperatures or when fruit is allowed to fall naturally, partic-
ularly if the skin is damaged. Colonization by Rhodotorula
usually is associated with tropical fruits like pineapple, banana,
kiwi, papaya, and ripe apples.

Fruit juices are an adverse environment for most microor-
ganisms, but are excellent substrates for supporting the growt
of yeasts due to its low pH values.Rhodotorulaspecies can adap
to these stresses and species, such asR. mucilaginosaand
R. glutinis, proliferate in grape, strawberry, and pear juices
In fact, R. mucilaginosastrains have been applied in experi-
mental winemaking, resulting in a � oral aroma and some sweet
and ripened notes. The wine also showed an increase in fre
terpenes, which may modify the bouquet.
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Meat, Poultry, and Fish Products

An increase in yeast numbers during refrigerated storage o
meat products indicates that yeasts contribute to changes i
substrate composition that may lead to spoilage, although
they rarely are the direct cause or determining factor fo
spoilage. Rhodotorula glutinis, R. mucilaginosa, and R. minuta
frequently are isolated from beef, poultry, sausage,� sh, and
shell� sh. These species are typical air contaminants and occ
on equipment and in chilled storage rooms as well as on the
fresh product. Rhodotorula glutinisis considered to be one of
the most frequent psychotropic yeasts isolated from chilled
meat, and as relative populations change during refrigeration
storage, it will increase in numbers. The salt-tolerant specie
R. mucilaginosacan develop on the surface of salami casings
but it does not necessarily contribute to the ripening. Other
than Pichia species,Rhodotorulaspecies were the most preva
lent isolates from dry-cured ham. Rhodotorula plays an
important role in the spoilage of fresh and frozen poultry
carcasses. A large increase in the number ofR. glutinis on
turkey carcasses is considered to be responsible for carcass
odor, whereasR. mucilaginosais predominant on the surface of
fresh and frozen chicken carcasses. Similar tendenci
regarding the presence ofRhodotorulaspecies were detected a
the site of processing.

Yeasts species prevalent in water frequently are isolate
from � sh and shell� sh in the speci� c site.Rhodotorulaspecies
predominate in nonpolluted waters, seawater, and lakes and
therefore are found on the skin, gills, mouth, and feces of� sh.
Red-pigmented species ofRhodotorula, including R. glutinis,
R. mucilaginosa, and R. pallida, predominate among other
isolates from seafood, such as oysters, quahogs, mussels, a
clams. It is known that at the end of storage of shrimp on ice,
only R. mucilaginosaand R. minuta are present.Rhodotorula
mucilaginosaand R. glutinisare natural contaminants of oysters
representing 32% of the yeast populations, causing pink
discoloration of both fresh and frozen oysters. Despite their
high frequency of appearance, it appears to play little part in
the spoilage of refrigerated seafood.
Dairy Products

Despite the lack of utilizing lactose, the main sugar present in
milk, as carbohydrate, the ability to grow rapidly at low
temperatures, contributes to the presence ofRhodotorulaspecies
in dairy products like butter, yogurt, soft cheeses, and cream
Because the species produce extracellular proteases and lipas
it is likely that they may cause spoilage.Rhodotorula mucilag
nosa is predominant in yogurts and at lower numbers in
cheeses, butter, and cream in which they usually are associate
with pink spots on the surface. In Pakistan, however, they were
identi � ed as the most predominant yeast species in buffalo
milk and, in Bulgaria, in a number of dairy products. Some
representatives of the genusRhodotorulacause staining and give
a bitter taste to butter.
Industrial Applications ofRhodotorulaSpecies

Pigment Production

Most Rhodotorulaspecies are typical carotenoid biosynthetic
yeasts, producing distinctive yellow, orange-red colonies
The main carotenoids produced are torularhodin, torulene,
g-carotene, and minute b-carotene. Pigment production
may be too low for industrial applications, as is the case of
R. mucilaginosa. Therefore, the species is cocultivated with
other microorganisms to achieve higher production. The
main attraction of using Rhodotorulaspecies as pigment
producers is the economic advantages of microbia
processes using natural low-cost substrates like cheese-whe
sugarcane juice, peat extract, whey, grape must, be
molasses, hydrolyzed mung bean waste� our, soybean and
corn � our extracts, sugarcane molasses, and coconut wat
as carbohydrate sources. Other than being natural pig
ments, carotenoids also have important biological activities,
including acting as precursor for vitamin A biosynthesis,
enhancement of the immune system, and reduction of the
risk for degenerative diseases such as cancer, cardiovascu
diseases, macular degeneration, and cataracts. Cons
quently, carotenoids represent a group of valuable mole-
cules for industrial application as food additives, potential
pharmaceutical ingredients, and as single-cell protein (SCP
for aquacultured animals. Feed supplementation with a
Rhodotorulacell mass has been found to be safe and
nontoxic in animals.

Strain improvement, controlled physiological and nutri-
tion stress, mutation, and cultivation of Rhodotorulaspecies in
various liquid substrates have led to an increase in the yield o
these pigments and an improvement of biomass production,
R. glutinis showed enhanced b-carotene production when
grown on the brine generated from fermented vegetables, and
an anticarcinogenic effect of the spray-dried carotenoid wa
detected in mice. In addition, R. glutiniscould produce up to
135 mg� 1 carotenoids in fed-batch fermentation using crude
glycerol, obtained as a by-product from biodiesel production,
as the sole carbon source.Rhodotorula mucilaginosafrequently
is applied as a carotene producer because of its rapid growt
rate and maturity within 4 days. This yeast was also converted
into a hyperpigmented mutant by means of ultraviolet-B
radiation.
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Exopolysaccharides

In addition to being able to form carotenoid pigments intra-
cellularly, representative species of the genus also possess
ability to synthesize other bioactive substances extracellularly
Strains ofR. mucilaginosaand R. glutiniscultivated on synthetic
substrates containing carbohydrates (primarily glucose) can
synthesize exopolysaccharides. The microbial polysaccharide
are added to food products to function as thickeners, stabi-
lizers, emulsi� ers, gelling agents, and water-binding agents
The monosaccharide composition of the synthesized
biopolymer is predominantly D-mannose. Similarly, exopo-
lysaccharide produced byRhodotorula acheniorumalso resulted
in high mannose content (92.8%) and 7.2% glucose. The
interaction between the polysaccharide synthesized b
R. acheniorumand xanthan showed a synergistic effect
resulting in a 40% higher viscosity when mixed, compared
with the xanthan alone.

Fats and Lipids

The oleaginous yeast speciesR. glutinisand Rhodotorula gracili
are capable of forming large quantities of fat under suitable
conditions, such as nitrogen limitation. Rhodotorulaspecies
can produce more than 20% of their biomass as lipid and the
yields can approach 70% (dry weight) of cell mass under
specialized culture conditions. The yeasts can produce a lipid
yield of 54% from molasses and 67% from sugarcane syrup
Waste cellulose hydrolyzates, molasses, peat moss hydrol
zate, ethanol, glucose, crude glycerol (as a by-product from
biodiesel production), lactose in whey, and xylose are all
substrates for lipid synthesis. The major fatty acids synthesize
are oleic (47%), linoleic (8%), and palmitic (37%) acids,
which are similar to palm oil, whereas the major sterols are
campesterol (42%) and stigmasterol (27%). The biosynthesis
of long-chain (C16–C18) or short-chain (C8–C12) saturated
and unsaturated fatty acids can be manipulated by regulation
of culture temperature as seen withR. minuta grown on
molasses. Arachidonic acid, a precursor of eicosanoi
hormones, is also found in R. acheniorum, Rhodotorula aur
antiaca, and R. bacarum.

Biocontrol Agents

Microbial biocontrol agents have shown a great potential as
an alternative to synthetic fungicides for the control of post-
harvest decay of fruits and vegetables. An antagonisticRho-
dotorula strainhas been reported as an effective biocontro
agent against postharvest decay of apples, pears, swe
cherries, and oranges.Rhodotorula glutinisis an effective
biocontrol agent against gray mold spoilage on strawberries
caused by Botrytis cinerea. The yeast cells are known to
suppress the germination of B. cinereaconidia. Biocontrol
ef� cacy was enhanced with the addition of salicylic acid.
Improved biocontrol activity was also observed when this
yeast was grown in the presence of chitin. Similar improved
effectiveness was observed usingR. mucilaginosain combina-
tion with phytic acid. Rhodotorula aurantiacasuppresses gray
mold on apple, whereasR. glutiniscontrols blue mold ( Peni-
cillium expansum), gray mold, and side rot on pears as well as
gray mold on greenhouse sweet pepper.Rhodotorula aurantiac
and R. mucilaginosacan prevent decay in apples. The latter ha
also been shown to limit spore germination and growth of
B. cinereaand P. expansumin the control of postharvest
diseases, such as gray and blue molds. The mode of action o
R. mucilaginosais based on the induction of activities of
defense-related enzymes, such as peroxidases and po
phenoloxidase in apples. This is likely to increase the
synthesis of metabolites that are directed against pathoge
infections. Rhodotorula minutahas been applied successfully a
a biocontrol agent of postharvest mango anthracnose and is
a protective agent against the toxic effect of a� atoxin.

Biocontrol can also be applied by means of‘killer ’ activity,
sinceR. glutinisand R. mucilaginosahave these effects on other
microorganisms. Species representative ofRhodotorulaare
known to have ‘killer ’ activity against most ascomycetous and
basidiomycetous species. In addition, R. glutinis produces
antibacterial compounds inhibitory to both Pseudomonas� uo-
rescensand Staphylococcus aureus. Rhodotorula colostriproduces
and excretes an extracellular toxin, mycocin, which is lethal to
other sensitive yeast strains.

Other Applications

Rhodotorulaspecies are considered useful for SCP productio
due to their high yields of biomass from both methyl alcohol
and ethyl alcohol, and the favorable balances of amino acids
in their biomass. Rhodotorula glutiniscan produce SCP from
methyl alcohol while some other species, in a continuous
supply of ethyl alcohol (1.0%), can generate a cell yield
of 64.4 g per 100 g ethyl alcohol, and the crude protein
content in the cells is found to be 50% (w/w). Similarly, high
yields were obtained when aRhodotorulaspecies was grown
on acetic acid and acetaldehyde.Rhodotorula pilimanae, iso
lated from strawberries, yielded 51% protein on a dry yeast
basis when grown in enriched coconut water.Rhodotorula
mucilaginosa, grown in pure glycerol, showed biomass yields
similar to those on glucose, indicating that the yeast has the
ability to convert low-value crude glycerol to added-value
products.

The use ofRhodotorulaspecies has many other applications
in the degradation of products adding value. Examples include
R. gracilisin the enrichment of wheat bran, producing red
carotenoids and polyunsaturated fatty acids; the biodegrada
tion of lindane, a notorious organochlorine pesticide; and the
degrading of phenolic compounds in olive mill wastewater,
thereby purifying the waste and producing antioxidants.Rho-
dotorula mucilaginosahas been applied as a potent degrader o
diesel oil, and Rhodotorula graminishas been selected for lipid
production for second-generation biodiesel from crude glyc-
erol and other cheaper compounds.
See also:Biochemical Identi�cation Techniques for Foodborn
Fungi:Food Spoilage Flora;Chilled Storage of Foods:
Principles;Ecology of Bacteria and Fungi:In� uence of
Available Water;Ecology of Bacteria and Fungi in Foods:
In� uence of Temperature;Fungi:Classi� cation of the
Basidiomycota; Spoilage of Meat;Single-Cell Protein:Yeasts
and Bacteria.
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Yeasts are classi� ed into three groups: ascosporogenous yeast
basidiosporogenous yeasts, and imperfect yeasts.Saccharomyce
is the representative of ascosporogenous yeasts and historica
is the most familiar microorganism to humans. This genus was
� rst described by Meyen when he assigned beer yeast
Saccharomyces cerevisiaein 1838, and it was rede� ned by Reess
in 1870 from the observations of ascospores and their germi
nation. The name is derived from the Greek words sakcharon
(sugar) and mykes (fungus). The number of Saccharomyce
species has changed according to the criteria used to delim
species, and nine species are now accepted in the gen
Saccharomyces(Table 1).
Characteristics of the Genus

The vegetative cells ofSaccharomycesspecies are round, oval, or
cylindrical and reproduce by multilateral budding. They may
cyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
form pseudohyphae but not septate hyphae. The yeasts ar
predominantly diploid or occasionally of higher ploidy. Asci,
which are persistent and usually transformed by direct change
from the vegetative cells, may contain one to four ascospores
The ascospores are round or slightly oval, with smooth walls
Conjugation occurs during or soon after germination of the
ascospores. Some strains ofS. cerevisiaeand its related species
used in the brewing, distilling, and baking industries hardly
form ascospores at all. Continuous selection with respect to
their practical properties seem to cause loss of sporulation
ability in these strains.

The most notable physiological characteristic ofSaccharo
mycesspp. is their capacity for vigorous anaerobic or semi-
anaerobic fermentation of one or more sugars to produce
ethanol and CO2. These sugars includeD-glucose,D-fructose,
D-mannose, and D-maltose except in the case of certain
mutants. Most strains ofSaccharomycescan grow onD-galactose
under aerobic or anaerobic conditions; however, none of them
78-0-12-384730-0.00290-1 297
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Table 1 The species accepted in the genusSaccharomyces

Species Authority

Saccharomyces arboricolus F.-Y. Bai and S.-A. Wang (2008)
Saccharomyces bayanus Saccardo (1895)

Saccardo var. bayanus (2000)
Saccardo var. uvarum Naumov (2000)

Saccharomyces cariocanus Naumov, James, Naumova, Louis,
and Roberts (2000)

Saccharomyces cerevisiae Meyen ex E. C. Hansen (1883)
Saccharomyces eubayanus Libkinda et al. (2011)
Saccharomyces kudriavzevii Naumov, James, Naumova, Louis,

and Roberts (2000)
Saccharomyces mikatae Naumov, James, Naumova, Louis,

and Roberts (2000)
Saccharomyces paradoxus Bachinskaya (1914)
Saccharomyces pastorianus Hansen (1904)

Kurtzman, C.P., 2005. Yeast Systematics and Phylogeny– Implications of Molecular
Identi� cation Methods for Studies in Ecology. Springer, Berlin; Kurtzman, C.P., F
J.W., 2011. The Yeast– A Taxonomic Study,� fth ed. Elsevier, Amsterdam.
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utilizes lactose, pentose, alditols, and citrate as carbon source
assimilates nitrate as a nitrogen source, or hydrolyzes exog
nous urea. Among polysaccharides, starch and pectin ar
exceptionally utilized by certain (not all) strains of S. cerevisiae.
They do not produce starch-like compounds. Their ubiquinone
is exclusively Q-6, but this feature is common in the genera
Kluyveromyces, Torulaspora, and Zygosaccharomyces.
,

-

IdentiÞcation ofSaccharomycesSpecies

Yeasts are usually classi� ed by the characteristics of microscopic
appearance, sexual reproduction, and physiological features
including (1) fermentation of certain sugars semianaerobi-
cally; (2) assimilation of various compounds each as sole
carbon or nitrogen source; (3) growth without an exogenous
supply of certain vitamins; (4) growth in the presence of 50%
or 60% (w/w) glucose; (5) growth at 37 � C; (6) growth in the
presence of cycloheximide; (7) splitting of fat, production of
starch-like polysaccharides, hydrolysis of urea; and (8) forma
tion of acid.
-
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Saccharomyces sensu stricto

Saccharomyces sensu strictospecies, including S. cerevisiae,
Saccharomyces bayanus, Saccharomyces paradoxus, and Saccharo
myces pastorianus, are phylogenetically closely related in the
genus Saccharomyces. The speciesS. cerevisiae, S. bayanus,
Saccharomyces eubayanus, and S. pastorianusare speci� cally found
in the environments of wineries and breweries. The relative
genome sizes of these three species are estimated to be 1.0
1.15, and 1.46, respectively.Saccharomyces paradoxusis exclu-
sively isolated from natural sources such as tree exudates, so
and Drosophila. Cells ofS. paradoxusare small in size and readily
form asci compared with the other three species. Effectiv
separation of the Saccharomyces sensu strictospecies is compli-
cated because these species often have apparently identic
morphological, physiological, and serological properties. The
four species have been differentiated from each other by DNA
reassociation studies. Strains with 80–100% overall homology
of base sequences are considered as belonging to the sam
species, while the strains of distantly related taxa show
homology of less than 30%. Among the four species,
S. pastorianusreveals 53% homology to S. cerevisiaeand 72%
homology to S. bayanus, suggesting an intermediate position
between two unrelated species,S. cerevisiaeand S. bayanus
(see Saccharomyces: Brewer’s Yeast).

Since species division within theSaccharomyces sensu str
group were clari� ed at the molecular level, it became possible to
determine those physiological responses necessary for sepa
tion of the four taxa. Saccharomyces bayanusand S. eubayanusare
the only species of the genus that can grow in the absence o
vitamins. Maximum growth temperature immediately distin-
guishesS. bayanus, S. eubayanus, and S. pastorianus, which never
grow at above 35� C, from S. cerevisiaeand S. paradoxus, which
grow at 37� C, and often at up to 40–42 � C. An active fructose
transport system is present in the group of S. bayanus,
S. eubayanus, and S. pastorianus, while fructose uptake is reduced
in S. cerevisiaeand S. paradoxus. Saccharomyces cerevisiaeis
distinguished from S. paradoxuswith respect to the assimilation
by S. cerevisiaeof D-mannitol and fermentation of maltose.
Further details ofSaccharomycesspecies differences, particularly
as they apply to brewer’s yeast species, can be found in Chapte
Saccharomyces: Brewer’s Yeast.

ell,
Saccharomyces sensu lato

Saccharomyces kudriavzeviiand Saccharomyces mikataeare unusual
members of the genus as judged from narrow fermentative
pro� les and the ability to grow in the presence of 0.1% cyclo-
heximide. Assimilation of ethylamine, cadaverine, and lysine
can differentiate these two species.

Saccharomyces cerevisiaeis characterized by much lower
G þ C values (34.7–36.6%) than other Saccharomycesspecies
(39.3–41.9%), but do not grow in the presence of 0.1%
cycloheximide.Saccharomyces arboricolusdiffers from S. bayanus
in the assimilation of glycerol as a sole carbon source and
ethylamine, cadaverine and lysine as sole nitrogen sources.
Saccharomyces kudriavzevii

Saccharomyces kudriavzeviiis easily distinguishable from other
species of this genus since it is characterized by a wide assim
ilative and fermentative pro� le, including the ability to utilize
ethylamine-HCl, cadaverine, and lysine as sole nitrogen sour
ces for growth as well as the ability to both assimilate and
ferment melibiose. The distinct character was already antici
pated by molecular taxonomic studies which showed no
nucleotide homology between S. kudriavzeviiwith either
Saccharomyces sensu strictoor sensu latostrains, where DNA
homology values were never above 22%.
Molecular Methods to Differentiate Species

The conventional taxonomic tests to assess physiologica
features are fundamental for identi� cation, but the results have
shown to be insuf� cient for species delimitation and discrimi-
nation of interstrain variability. The genetic basis behind many
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Figure 1 Electrophoretic karyotypes ofSaccharomycesspecies. Chro-
mosomal DNA of type strains was separated in 0.8% agarose gel in
0.5� Tris–borate EDTA (TBE) (45 mmol l� 1 TBE, pH 7.3, 1 mol l� 1 EDTA)
at 125 V and 14� C. Pulse times were 3 min for 24 h followed by 5 min
for 16 h.
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of these characteristics is often either poorly understood o
unknown. In the past, DNA reassociation studies have signi� -
cantly contributed to molecular taxonomy of the genus
Saccharomyces. This method was used to reestablish severa
species names, reduce other names to synonyms, describe n
species, and raise the likelihood of the existence of additiona
species. However, the equipment used to measure DNA ass
ciation is highly specialized and expensive, and the amoun
of data obtainable in an average week is relatively small
Discrimination of the closely related species has been con� rmed
by other molecular techniques, such as whole-cell protein
patterns, multilocus enzyme electrophoresis, fructose transpor
systems, mitochondrial DNA restriction analysis (see Sacchar
myces: Saccharomyces cerevisiae), electrophoretic karyotypes,
random ampli � ed polymorphic DNA polymerase chain reac-
tion (RAPD-PCR) and restriction fragment length poly-
morphism patterns, and rRNA gene sequencing. These method
are valid additions (not replacements) to the conventional
taxonomic tests, and those applicable to the food and beverag
industry are described below and in ChaptersSaccharomyce
Saccharomyces cerevisiaeand Saccharomyces: Brewer’s Yeast.
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Electrophoretic Karyotypes

Chromosomal patterns resolved by pulse� eld gel electropho-
resis are called electrophoretic karyotypes. By comparing th
results from this method and DNA reassociation, it has been
demonstrated that electrophoretic karyotypes of the two strains
are identical when DNA sequence homology is over 85%, while
low DNA relatedness corresponds to completely different
chromosomal patterns. Since similar, but not identical,
karyotypes are not interpreted as either different species o
polymorphisms in the same species, karyotyping is not as
reliable as DNA base sequence comparisons, but is undoub
edly an important adjunct. Electrophoretic karyotypes can serve
as a rapid, inexpensive, and relatively easy� rst approach for
evaluation of a group of physiologically similar strains.

The general feature for ascosporogenous yeasts is t
presence of one to� ve bands of chromosomal DNA larger
than 1000 kb as in S. kudriavzevii(Figure 1), whereas in
most Saccharomycesspecies, chromosomes smaller than
1000 kb are observed. Chromosomes ofSaccharomyces sen
strictospecies were resolved into 12–16 bands in the range
200–2200 kb. None of the other species contains chromo-
somes smaller than 300 kb. The patterns ofSaccharomyce
sensu strictospecies are similar and are distinguishable from
the other species at a glance. A multivariate analysis of th
polymorphisms in the numbers and molecular weights of
chromosomes has revealed that theSaccharomyces sensu st
strains could be separated into four clusters that correspond
to the four species.
r

s

Random AmpliÞed Polymorphic DNA Polymerase
Chain Reaction

Analysis by RAPD-PCR involves the use of small random
primers and low stringency primer annealing conditions to
amplify arbitrary fragments of template DNA. The single
primer will anneal at any point on the genome where
a near-complementary sequence exists, and if two priming
sites are suf� ciently close, then PCR ampli� es the fragment
between them. A number of fragments of various sizes may
be produced; formed patterns are speci� c for the particular
DNA template used. This technique is suitable for typing
and identi � cation of microorganisms, but several problems
are present. First, the whole patterns of electrophoresi
are not always the same in independent experiments, and
only the reproducible bands should be scored. Second, the
results are affected by the nucleotide sequence of the prime
used.

After the PCR products have been resolved, genetic distan
is calculated manually as the number of different bands
between two patterns divided by the sum of all bands in the
same patterns. A value of 0 indicates that the two strains had
identical patterns, and a value of 1 indicates that the two
strains had completely different patterns. The dice matrix
obtained from these data is used to construct an unrooted
dendrogram.
Ribosomal RNA Gene Analysis

The analysis of rRNA genes, which can elicit exact data withou
pairing two samples, is one of the promising methods among
these tools applied to the phylogenetic study of yeast. In
S. cerevisiae, the co-transcribed genes for small (17S–18S), 5.8S,
and large (25S–28S) rRNA and 5S rRNA genes occur as tan
demly repeated units on chromosome XII. Sequence compar
isons of the rRNA genes have shown a relatively high degree o
evolutionary conservation and have been used as bases fo
inferring phylogenetic relationships. The 18S rRNA gene
sequence ofSaccharomycesspecies has been almost completely
sequenced and their relationships investigated in detail, but the
entire region of 18S rRNA is not simply and rapidly determined
by anyone.

The region spanning the internal transcribed spacer
(ITSs) and the entire 5.8S rRNA gene is ampli� ed by PCR
using pITS1 (50-TCCGTAGGTGAACCTGCGG-30) and pITS4
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Table 3 Application ofSaccharomycesspecies in the food industry

1. Industrial alcohol and alcoholic beverages
2. Bakery products
3. Biomass, extracts, autolyzates, and� avoring

compounds
Figure 2 Size of ITS regions ampli� ed from the type strains
of Saccharomycesspecies.
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(50-TCCTCCGCTTATTGATATG-30), which are derived from
conserved regions of the 18S and 28S rRNA genes, respective
The size is over 800 bp forSaccharomyces sensu strictospecies and
less than 800 bp for the otherSaccharomycesspecies (Figure 2).
Furthermore, restriction analysis of ITS region allows the
separation of S. cerevisiae, S. bayanus, S. eubayanus, and
S. pastorianus. These may be useful methods to identify
Saccharomycesisolates.
g

l
f

Detection, Isolation, and Cultivation

Composition of media for yeast detection and isolation is
shown in Table 3. The presence of yeasts in food and wild
yeast in alcohol beverages is usually investigated usin
e
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,
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Table 2 Composition of culture media

Medium Contents Percentage w/v

YM Yeast extract 0.3
Malt extract 0.3
Peptone 0.5
Glucose 1
Agar (if required) 2

YPD Yeast extract 1
Peptone 2
Glucose 2
Agar (if required) 2

Potato-dextrose agar Potato extracta 23 (volume)
Glucose 2
Agar 2

Yeast nitrogen base
(YNB glucose)

Yeast nitrogen base
without amino acidsb

0.67

Glucoseb 2
Agar (if required) 2

Fowell’s acetate agar Sodium acetate 0.5
Agar 2

McClary’s acetate agar Glucose 0.1
Potassium chloride 0.18
Yeast extract 0.25
Sodium acetate 0.82
Agar 1.5

Gorodkowa agar (modi� ed) Glucose 0.1
Peptone 1
Sodium chloride 0.5
Agar 2

Malt extract agar Malt extract 5
Agar 3

aThe� ltrate autoclaved for 1 h at 120� C after washed, peeled, and� nely grated
potato (100 g) is soaked in 300 ml tap water for several hours in a refrigerator a
� ltered through either cloths or membranes.
bTenfold concentrated solution is� lter-sterilized and added.
nutrient media such as yeast extract–malt extract (YM) agar,
which is principally composed of yeast extract and malt
extract. Potato-dextrose agar is suitable for storage of culture
but is not satisfactory for detection because each specie
develops a less characteristic colony on this medium. Colonies
of Saccharomycesand some species ofHansenulaand Pichia,
which ferment glucose vigorously, are simply discriminated on
the agar plate: When medium containing 0.5% glucose, 0.05%
2,3,5-triphenyltetrazolium chloride, and 1.5% agar is overlaid
on the agar plate and incubated for 2–3 h at 30 � C, the color of
the colony changes to pink or red.

Selective isolation of yeasts and estimation of viable cel
number require special techniques to repress the growth o
bacteria and fungi. The use of acidi�ed agar (<pH 5.0) is
adequate for isolation of yeasts from samples containing
bacteria. When acidi� ed medium alone is inadequate to
eliminate bacterial growth, chloramphenicol dissolved in
ethanol (20 mg ml � 1) is added at a � nal concentration of
50 mg ml� 1. Unlike other antibiotics that depress bacterial
growth, chloramphenicol can be added to the medium before
autoclaving. Addition of either 0.2% sodium propionate or
2–3% ethanol to an acidic medium has only limited effect on
prolonging the growth of fungi. However, it is possible to
isolate yeasts selectively by the difference in growth rates in th
presence of sodium propionate.

Saccharomyces sensu strictospecies frequently appear afte
enrichment in YM broth in which glucose was added at
10–20%. The addition of a suitable indicator such as brom-
phenol blue permits the monitoring of changes in pH and
periodic adjustments if desired. Glucose and other components
should be autoclaved separately to avoid browning. Less than
0.1 g of sample is added to 10 ml of the modi� ed YM broth
containing chloramphenicol and sodium propionate in a test
tube. After static incubation for the desired period, about
0.1 ml obtained from near the bottom is transferred to another
medium. The fermentation rate can be followed by recording
the weight decrease of� asks due to the loss of the CO2. This
procedure is repeated several times to enrich yeasts fermentin
glucose vigorously. The culture broth is successively dilute
and spread on a plate of acidi�ed YM agar.

For cultivation, Saccharomycesyeasts are generally grown on
yeast extract–peptone–dextrose (glucose) (YPD) medium (see
Table 2) rather than YM medium, at 25–30 � C. The most
common system for aerobic growth uses liquid medium in an
Erlenmeyer� ask on an orbital shaker. Shaking at 150–200 rpm
provides ef� cient aeration for 100 ml volume of medium in
a 300 ml � ask. The growth rate varies depending on strain
medium, and incubation temperature, typically within the range
of 90 min –3 h per doubling time. The cell concentration can be
determined using an electronic particle counter or a hemocy-
tometer and microscope. Alternatively, a spectrophotometer
can be used to measure turbidity at 600 nm. Typically, a yeas
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culture in a logarithmic phase of growth of 0.1 will contain
about 2 � 106 cells.

Ascospores are induced on the sporulation media, most o
which have been developed forSaccharomycesspecies. Young
cells grown on YM agar for 2–3 days are spread on Fowell’s or
McClary’s agar based on sodium acetate, Gorodkowa agar, o
malt extract agar, and incubated at least 4–6 weeks. Freshly
isolated cells sporulate on the isolation medium and asco-
spores can be observed after cultivation for about 1 month,
while the cells cultured on the nutrient medium often require
certain sporulation media to convert asci.
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Importance to the Food Industry

The genusSaccharomycesis the most extensively utilized group
of yeasts for the bene� t of humans. Saccharomyces cerevis
and related species are employed in three main processes
the food industry ( Table 3). The � rst is the production of
industrial alcohol and alcoholic beverages, including wine,
beer, sake, and potable spirits.Saccharomyces pastoria
(including Saccharomyces carlsbergensis) was initially recog-
nized as a lager brewing strain.Saccharomyces bayanushas been
mostly associated with the wine industry. Second is the baking
industry; originally, spent yeasts from the brewing and
distilling industries were used for baking, but they became
insuf� cient as the baking industry expanded. Yeasts for doug
leavening are now propagated to meet these growing need
The third process includes the production of biomass, extracts
autolyzates, and� avoring compounds. The yeast used in such
processes can be either purpose-grown or a by-product o
a related process.

Saccharomyces bayanusand its anamorph, Candida holmii, are
also (along with S. cerevisiae) responsible for the leavening of
sourdough, which is usually prepared by adding a commercially
produced culture containing lactic acid bacteria. No other
species ofSaccharomycesis of commercial importance for baking,
although some strains ofTorulasporaandZygosaccharomycesspp.,
formerly accepted in the genusSaccharomyces, are used for
baking and the production of miso and shoyu, respectively.

Saccharomycesspecies are found in many foods and some
times cause spoilage. Wild strains (unwanted strains) which
contaminate the pure culture reduce the fermentation rate and
diminish the quality of � nal beer in the brewing process. Killer
wild yeasts will dominate within a short period of time when
inoculated strains are killer-sensitive. In sake brewing and wine
fermentations, killer sake and wine strains were constructed b
the methods of backcrossing and cytoduction to overcome
these problems.

Most species of the genusSaccharomycesare ‘generally
recognized as safe’owing to the fact that many strains have been
applied to the food and beverage industries. There is no
con� rmed report of disease in healthy humans and other warm-
blooded animals caused bySaccharomyces sensu strictospecies.

See also: Saccharomyces cerevisiae(Sake Yeast);
Saccharomyces: Saccharomyces cerevisiae; Saccharomyces:
Brewer’s Yeast.
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Brewer’s Yeast Strains

The characteristic� avor and aroma of any beer are, in large
part, determined by the yeast strain and fermentation condi-
tions. Thus, proprietary strains belonging to individual brewing
companies are usually (but not always) jealously guarded and
conserved. In Germany, most of the beer is produced with only
four lager strains, and approximately 65% of the beer is
produced with one strain.

The genusSaccharomycescontains many yeast species tha
are generally regarded as safe (GRAS) and produces the tw
important primary metabolites – ethanol and carbon dioxide
(CO2). Lager and ale, the two main types of beer, are fermente
with strains of Saccharomyces pastorianus(Saccharomyces uvaru
(carlsbergensis)) and Saccharomyces cerevisiae, respectively. The
scienti� c literature sometimes refers to them asS. cerevisiae(ale
type) and S. cerevisiae(lager type), but the use ofS. pastorianusis
becoming increasingly common.

With the advent of molecular biology-based methodolo-
gies, genome sequencing of ale and lager brewing strains ha
shown that they are interspecies hybrids with homologous
relationships to one another and also toSaccharomyces bayan,
a yeast species employed in wine fermentation and identi� ed
as a wild yeast in brewing fermentation (Figure 1).

The gene homology betweenS. pastorianusand S. bayanus
strains is high at 72%, whereas the homology betweenS. pas-
torianusand S. cerevisiaeis much lower. Recently, a research
group from Argentina, Portugal, and the United States has
published a paper entitled “Microbe domestication and the
identi � cation of the wild genetic stock of lager-brewing yeast”
(reference below). They con� rm that S. pastorianusis a domes-
ticated yeast species created by the fusion ofS. cerevisiaewith
a previously unknown species that has now been designate
Saccharomyces eubayanusbecause of its close relationship to
S. bayanus. They also report thatS. eubayanusexists in the forests
of Patagonia and was not found in Europe until the advent of
trans-Atlantic trade between Argentina and Europe. This pape
S. pastorianus S. paradoxus 

S. bayanus 

S. cerevisiae 

50% 50%

72%low

low

Figure 1 TheSaccharomyces sensu strictogroup for ale and lager yeast
strains.
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contains a draft genome sequence ofS. eubayanus, and it is
99.5% identical to the non-S. cerevisiaeportion of the S. pas-
torianusgenome sequence and suggests speci� c changes in wort
sugar and sulfate metabolism compared to ale strains that are
critical for determining lager beer characteristics.

Traditionally, lager is produced by ‘bottom-fermenting
yeasts’ at 7–15 � C which, at the end of primary fermentation,
� occulate and collect on the bottom of the fermenter. ‘Top-
fermenting yeasts,’ used for the production of ale, ferment at
temperatures between 18 and 22� C. At the end of fermenta-
tion, the culture forms into loose clumps of cells that are
adsorbed onto CO2 bubbles, and are carried to the surface o
the wort. Consequently, top yeasts are collected or cropped
(skimmed) for reuse from the surface of the fermenting wort,
whereas, bottom yeasts are collected (cropped) from the
bottom of the fermenter. The difference between lager and ale
on the basis of bottom and top cropping has become less
distinct with the advent of cylindro-conical fermenters for both
ale and lager fermentations, where the yeast sediments to th
base of the vessel, and centrifuges, where the yeast remains
suspension throughout the fermentation.

There is a plethora of literature describing the genetics and
biochemistry of S. cerevisiaelaboratory strains, but there is
a lack of knowledge regarding the genetics and biochemistry o
industrial Saccharomycesstrains. The haploid strain that the
molecular biologist employs in the university research labora-
tory as the organism of choice is usually totally unsuitable for
use in breweries. Brewing yeasts and many other industria
yeasts have been selected over time for those characterist
which render them unamenable to easy genetic manipulation
in the laboratory. They are usually polyploid or aneuploid, lack
a mating-type characteristic, sporulate poorly, if at all, and the
spores that do form are usually not in fours and exhibit poor
spore viability, rendering tetrad analysis dif� cult.
y

tic
Wort Fermentation

The objectives of wort fermentation are to consistently metab-
olize wort constituents into ethanol and other fermentation
products in order to produce beer with satisfactory quality and
stability. Another objective is to produce yeast crops that can be
con� dently repitched into subsequent brews. During the
brewing process overall yeast performance is controlled b
a plethora of factors. These factors include the following:

l The yeast strains employed and their condition at pitching
and throughout fermentation

l The concentration and category of assimilable nitrogen
l The concentration of ions
l The fermentation temperature
l The pitching (inoculation) rate
l The tolerance of yeast cells to stress factors such as osmo

pressure and ethanol
l The wort gravity
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00293-7
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l The oxygen level at pitching
l The wort sugar spectrum
l Yeast� occulation characteristics

These factors in� uence yeast performance either individu-
ally or in combination with others and also together permit the
de� nition of the requirements of an acceptable brewer’s yeast
strain: “ In order to achieve a beer of high quality, it is axiomatic
that not only must the yeast be effective in removing the
required nutrients from the growth/fermentation medium
(wort), able to tolerate the prevailing environmental condi-
tions (for example, ethanol tolerance) and impart the desired
� avor to the beer, but the micro-organisms themselves must b
effectively removed from the wort by � occulation, centrifuga-
tion and/or � ltration after they have ful� lled their metabolic
role” (Stewart and Russell 2009).

It is worthy of note that brewing is the only major alco-
holic beverage process that recycles its yeast. It is therefo
important to jealously protect the quality of the cropped yeast
because it will be used to pitch a later fermentation and will
therefore have a profound effect on the quality of the beer
resulting from it.

Over the years, considerable effort has been devoted i
many research laboratories to the study of the biochemistry
and genetics of brewer’s yeast (and industrial yeast strains in
general). The objectives of these studies have been twofold:

l To learn more about the biochemical and genetic makeup
of brewing yeast strains

l To improve the overall performance of such strains, with
particular emphasis being placed on broader substrate
utilization capabilities, increased ethanol production, and
improved tolerance to environmental conditions such as
temperature, high osmotic pressure and ethanol, and
� nally, to understand the mechanism(s) of � occulation
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Wort Sugar Uptake

When yeast is pitched into wort, it is introduced into an
extremely complex environment due to the fact that wort is
a medium consisting of simple sugars, dextrins, amino acids
peptides, proteins, vitamins, ions, nucleic acids, and other
constituents too numerous to mention. One of the major
advances in brewing science during the past 30 years or so h
been the elucidation of the mechanisms by which the yeast cell
under normal circumstances, utilizes in a very orderly manner
the plethora of wort nutrients.

The majority of brewing strains leave the maltotetraose and
other dextrins unfermented, butSaccharomyces diastaticusis able
to utilize dextrin material as a result of the secretion of the
extracellular enzyme glucoamylase. The initial step in the
utilization of any sugar by yeast is usually either its passag
intact across the cell membrane or its hydrolysis outside the ce
membrane, followed by entry into the cell by some or all of the
hydrolysis products. Maltose and maltotriose are examples o
sugars that pass intact across the cell membrane, wherea
sucrose (and dextrin with S. diastaticus) is hydrolyzed by an
extracellular enzyme, and the hydrolysis products are taken u
into the cell. Maltose and maltotriose (Figure 2) are the major
sugars in brewer’s wort, and as a consequence, a brewer’s yeast’s
ability to use these two sugars is vital and depends upon the
correct genetic complement. It is probable that brewer’s yeast
possesses independent uptake mechanisms (maltose an
maltotriose permease), to transport the two sugars across th
cell membrane into the cell. Once inside the cell, both sugars
are hydrolyzed to glucose units by thea-glucosidase system. It
is important to reemphasize that the transport, hydrolysis, and
fermentation of maltose is particularly important in brewing,
since maltose usually accounts for 50–60% of the fermentable
sugar in wort.

Wort contains the sugars sucrose, fructose, glucose, maltos
and maltotriose, together with dextrin material. In the normal
situation, brewing yeast strains (ale and lager strains) ar
capable of utilizing sucrose, glucose, fructose, maltose, an
maltotriose in this approximate sequence (or priority),
although some degree of overlap does occur (Figure 3).

Maltose fermentation in Saccharomycesyeasts requires a
least one of � ve unlinked (each independent) MAL loci, each
consisting of three genes encoding the structural gene fo
a-glucosidase (maltase) (MAL S), maltose permease (MAL T
and an activator (MAL R) whose product co-ordinately regu-
lates the expression of thea-glucosidase and permease gene
The expression of MAL S and MAL T is regulated by maltos
induction and glucose repression. When glucose concentra
tions are high (>10% (w/v)), the MAL genes are repressed, and
only when 40–50% of the glucose has been taken up by yeas
from the wort will the uptake of maltose and maltotriose
commence. Thus, the presence of glucose in the fermentin
wort exerts a major repressing in� uence on the wort fermen-
tation rate.

Using the glucose analogue 2-deoxy-glucose (2-DOG)
which is not metabolized by Saccharomycesstrains, sponta-
neous variants of ale and lager strains have been selected
which the maltose uptake is not repressed by glucose, and a
a consequence, these variants (called derepressed) ha
increased wort fermentation rates. Once the sugars are insid
the cell, they are converted via the glycolytic pathway into
pyruvate. Large-scale wort fermentation trials with derepresse
strains have so far failed to show signi�cantly increased
fermentation rates.
Wort Nitrogen Metabolism

Active yeast growth involves the uptake of nitrogen, mainly in
the form of amino acids, for the synthesis of proteins and other
nitrogenous compounds of the cell. Later in the fermentation
as yeast multiplication stops, nitrogen uptake slows or ceases
In wort, the main nitrogen source for synthesis of proteins,
nucleic acids, and other nitrogenous cell components is the
variety of amino acids formed from the proteolysis of barley
proteins. Brewer’s wort contains 19 amino acids, and as with
wort sugars, the assimilation of amino acids is ordered. Four
groups of amino acids have been identi� ed on the basis of
assimilation patterns (Table 1). Those in Group A are utilized
immediately following yeast pitching (inoculation), whereas
those in Group B are assimilated more slowly. Utilization of
Group C amino acids commences when Group A types are fully
assimilated. Proline, the most plentiful amino acid in wort and
the sole Group D amino acid, is utilized poorly or not at all.
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Figure 3 Order of uptake of wort sugars by yeast.

Table 1 Classi� cation of amino acids according to their spread of
absorption from wort by a brewing yeast strain

A – Fast
absorption

B – Intermediate
absorption

C – Slow
absorption

D – Little or no
absorption

Glutamic acid
Aspartic acid
Asparagine
Glutamine
Serine
Threonine
Lysine
Arginine

Valine
Methionine
Leucine
Isoleucine
Histidine

Glycine
Phenylalanine
Tyrosine
Tryptophan
Alanine
Ammonia

Proline

Figure 2 Structure of maltose and maltotriose.
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Proline is usually still present in beer at 200–300 mg l� 1.
However, under aerobic conditions, proline is assimilated after
exhaustion of the other amino acids since its uptake requires
the presence of mitochondrial oxidase which is not active
under anaerobic conditions.

The regulation of amino acid uptake by brewer’s and related
yeast strains is complex, involving carriers speci� c to certain
amino acids and a general amino acid permease of broad
substrate speci�city. The utilization pattern of wort nitrogen is
due to a combination of the range of permeases present, thei
speci�city, and feedback inhibition effects resulting from the
composition of the yeast intracellular amino acids.

The metabolism of assimilated amino nitrogen is depen-
dent on the phase of the fermentation and on the total quantity
provided in the wort. The majority of amino nitrogen is ulti-
mately utilized in protein synthesis and, as such, is vital for
yeast growth. It would appear that amino acids are not usually
incorporated directly into proteins, but are involved in trans-
amination reactions, a signi�cant proportion of the amino acid
skeletons of yeast protein being derived via the catabolism o
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wort sugars. This explains why the total amino content of wort
is important in determining the extent of yeast growth, the
amino acid spectrum being somewhat secondary. However, th
amino acid spectrum of wort does in� uence beer� avor.

The yeast assimilates the wort amino acids, a transaminas
system removes the amino group and the carbon skeleton i
anabolized, creating an intracellular oxo-acid pool. The oxo-
acid pool generated by the transaminases and anabolic rea
tions is a precursor of aldehydes and higher alcohols which
contribute to beer � avor. Thus the formation of higher alcohols
(i.e., higher in number of carbon atoms than ethanol) is tied in
with nitrogen metabolism. In addition, during fermentation
(particularly during stress conditions) the yeast culture secrete
proteases (mainly Proteinase A) which hydrolyses large
peptides containing 8–10 amino acids to smaller peptides (2–3
amino acids) which are taken up by the yeast.

The main nitrogen composition of wort has far reaching
effects on both fermentation performance and beer� avor.
Where barley malt is used as the principal source of extract, th
quantity and composition of amino acids are such that these
problems are not encountered. However, care must be exercise
when using adjuncts (unmalted cereals, syrups, or sucrose
many of which are relatively de� cient in amino nitrogen.
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Oxygen and Yeast Lipids

Wort fermentation in beer production is largely anaerobic, but
when the yeast is� rst pitched (inoculated) into wort, some
oxygenmust be made available to the yeast. Indeed, it is now
evident that this is the only point in the brewing process where
oxygen is bene� cial. Oxygen must be excluded as far as it i
possible from all other parts of the process because it will have
a negative effect on beer quality. Speci�cally, it will promote
beer� avor instability. The widespread adoption of high-gravity
brewing procedures has increased our awareness of th
importance of oxygen during wort fermentation and has
stimulated basic and applied research on the mechanisms o
oxygen interactions during cell growth and the application of
this knowledge in the process.

Oxygen has a profound in� uence on the activity of yeasts
and particularly on yeast growth. Certain yeast enzymes only
react with oxygen and it cannot be replaced by other hydrogen
acceptors. This applies to the oxygenases involved in th
synthesis of unsaturated fatty acids and sterols which are vita
components of cell membranes. Quantitative studies on the
effect of aeration on yeast growth and fermentation have been
given little serious consideration until the last 25 years. The
traditional concept of beer fermentation was that growth
occurred prior to the fermentation of most wort sugars and
that fermentation was carried out by nongrowing, stationary
phase cells. It is now known that yeast growth, sugar utiliza-
tion, and ethanol production are coupled phenomena. For
example, the rate of fermentation by growing, exponential
phase cells of a speci� c ale yeast strain is 33-fold higher than
that of nongrowing cells.

For a brewery fermentation to proceed rapidly, suf� cient
amounts of yeast must be synthesized. Inadequate growth o
a brewer’s yeast culture will result in poor attenuation, altered
beer � avor, inconsistent fermentation times, and recovered
pitching yeasts which are undesirable for subsequent fermen
tations. Trace amounts of oxygen have profound stimulatory
effects on yeast fermentation and particularly on yeast growth
Pasteur demonstrated that oxygen was necessary for norm
yeast reproduction, although excessive wort aeration cause
undesirable � avor effects on the � nished beer. Oxygen
requirements were con� rmed by such early notable brewing
researchers as Adrian Brown, Horace Brown, and Frans Win
isch (see Further Reading section). Windisch concluded tha
over vigorous aeration of fermenting worts led to yeast‘weak-
ness,’ illustrated by increasingly sluggish fermentations char-
acterized by longer lag phases, a slower speci� c rate of
fermentation and/or residual sugar remaining in the� nal beer.
The critical importance of oxygen was con� rmed when in 1954
(see Further Reading section) it was shown that under anae
obic conditions Saccharomycesyeast strains require both pre-
formed sterols and unsaturated fatty acids as growth factors
These two lipids are both found in membranes and are critical
for membrane function and integrity. Both of these lipid classes
require molecular oxygen for their biosynthesis.

Lipids in beer quantitatively form an almost negligible
component, but can in� uence its organoleptic and physico-
chemical properties. Malt is the main source of unsaturated
fatty acids in wort. Wort concentrations of these acids are sub
optimal and can be growth limiting. During fermentation,
yeast can take up free fatty acids from wort, most of which are
incorporated as structural lipids.

Yeast cultures synthesize fatty acids throughout fermenta
tion, but the ratio of the acids varies with time. Unsaturated
fatty acid (e.g., palmitoleic (C16:1) and oleic (C18:1) acids)
synthesis only occurs in the presence of dissolved oxyge
Oxygen is present in aerated/oxygenated pitched wort fo
a relatively short period (3–9 h) and during this period there is
a large increase in the percentage of unsaturated fatty acid
When oxygen is depleted there is an increase in the production
of short-chain fatty acids (C6)–(C12).

The sterol component of brewing yeast ranges from 0.05 to
0.45% of the cellular dry weight (depending on the prevailing
environmental conditions) and accounts for less than 10% of
the total cell lipid. Ergosterol is the major sterol in brewing
yeast strains and can account for over 90% of the total sterol
The biosynthetic pathway for sterol formation is complex. The
important fact is that the precursor sequences can be synthe
sized anaerobically, but the � nal reaction that produces
ergosterol requires molecular oxygen. The major function of
sterols in yeast is to contribute to the structure and dynamic
state of the membranes. The primary role is to modulate
membrane � uidity under � uctuating environmental condi-
tions. For example, ergosterol confers increased resistance
ethanol and multiple freeze-thawing effects. A decrease in th
ergosterol level of membranes has been directly related t
a reduction in cell viability in the presence of ethanol.

Pitching yeasts are propagated under weakly aerate
conditions or recovered from previous fermentations. In both
cases, the cells are lipid-depleted and to promote norma
growth and wort attenuation, either preformed lipids must be
added to the wort or oxygen be made available for their
synthesis. In commercial brewing, only the second alternative
is feasible. Wort is cooled and aerated/oxygenated to
8–20 mg l� 1 dissolved oxygen (DO). Within a few hours of
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Figure 4 Intracellular concentrations of glycogen and lipids in a lage
yeast strain during fermentation of a 15� Plato wort.
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pitching, most of this oxygen is removed from the wort. During
this time there is intensive synthesis of lipid (sterol and fatty
acid) and a decrease in cellular glycogen. In practice, ster
synthesis by brewing yeasts in the presence of oxygen appea
to be of greater signi�cance than unsaturated fatty acid
synthesis. This may be due to the contribution of wort to the
fatty acid pool. Wort does not contribute exogenous sterol to
the fermentation (Figure 4).
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Flavor Products

Although ethanol (together with carbon dioxide) is the major
excretion product synthesized by yeast during wort fermenta
tion, this primary alcohol has little impact on the � avor of the
� nal beer. It is the type and concentration of the many other
yeast excretion products formed during wort fermentation that
primarily determine the � avor of the beer. The formation of
these excretion products depends on the overall metabolic
balance of the yeast culture, and there are many factors that ca
alter this balance and consequently beer� avor. Yeast strain,
fermentation temperature, adjunct type and level, fermenter
design, wort pH, buffering capacity, and wort gravity are all
in � uencing factors.

Some volatiles are of great importance and contribute
signi� cantly to beer � avor, whereas others are important
in building background � avor. The following groups of
substances are found in beer: organic and fatty acids, alcohol
esters, carbonyls, sulfur compounds, amines, phenols, an
a number of miscellaneous compounds.

In � avor terms, the higher alcohols (also called fusel oils)
that occur in beer and many spirits are:n-propanol, isobutanol,
2-methyl-1-butanol, and 3-methyl-1-butanol. However, more
than 40 other alcohols have been identi� ed. Regulation of the
biosynthesis of higher alcohols is complex since they may be
produced as by-products of amino acid catabolism or via
pyruvate derived from carbohydrate metabolism.

Esters are important � avor components which impart
� owery and fruit-like � avors and aromas to beers, wines, and
spirits. Their presence is desirable at appropriate organoleptica
concentrations, but failure to properly control fermentation
can result in unacceptable beer ester levels. Organoleptical
important esters include ethyl acetate, isoamyl acetate, isobuty
acetate, ethyl caproate, and 2-phenylethyl acetate. In total, ove
90 distinct esters have been detected in beer.

Some 200 carbonyl compounds are reported to contribute
to the � avor of beer and other alcoholic beverages. Thos
in� uencing beer� avor, produced as a result of yeast metabo
lism during fermentation, are various aldehydes and vicinal
diketones, notable diacetyl. Also carbonyl compounds exert
a signi� cant in� uence on the� avor stability of beer. Excessive
concentrations of carbonyl compounds are known to cause
stale � avor in beer. The effects of aldehydes on� avor stability
are reported as grassy notes (propanol, 2-methyl butano
pentanol) and a papery taste (trans-2-nonenal, furfural).

Quantitatively, acetaldehyde is the most important alde-
hyde. This is produced via the decarboxylation of pyruvate and
is an intermediate in the formation of ethanol. It may be
present in beer at concentrations above its� avor threshold
(w 10 mg l� 1), at which it imparts an undesirable ‘grassy’ or
‘green apple’ character. Acetaldehyde accumulates during th
period of active growth. Levels usually decline in the stationary
phases of growth late in fermentation. As with higher alcohols
and esters, the extent of acetaldehyde accumulation is dete
mined by the yeast strain and the fermentation conditions.
Although the yeast strain is of primary importance, elevated
wort oxygen concentration, pitching rate, and temperature all
favor acetaldehyde accumulation. In addition, the premature
separation of yeast from fermented wort does not allow the
reutilization of excreted acetaldehyde associated with the late
stages of fermentation. The potential toxic effects of acetalde
hyde on yeast cultures and on consumers of alcoholic bever
ages requires further study.

Other important � avor-active carbonyls, whose presenc
in beer is determined during the fermentation stage, are
the vicinal diketones, diacetyl (2,3-butanedione) and 2,3-
pentanedione. Both compounds impart a‘butterscotch’ and/or
‘stale milk’ � avor and aroma to beer. Quantitatively, diacetyl is
the most important since its � avor threshold is w 0.1 mg l� 1

and is ten fold lower than that of 2,3-pentanedione. The
organoleptic properties of vicinal diketones contribute to the
overall palate and aroma of some ales, but in most lagers, they
impart an undesirable character. A critical aspect of the
management of lager fermentations and subsequent matura
tion is to ensure that the mature beer contains concentrations
of vicinal diketones lower than their � avor threshold.

Diacetyl and 2,3-pentanediones arise in beer as by-product
of the pathways leading to the formation of valine and
isoleucine. Thea-acetohydroxy acids, which are intermediates
in these biosyntheses, are in part excreted into the fermenting
wort. Here they undergo spontaneous oxidative decarboxyl-
ation, giving rise to vicinal diketones (Figure 5). Further
metabolism is dependent on yeast dehydrogenases. Diacetyl
reduced to acetoin and ultimately 2,3-butanediol, and 2,3-
pentanedione to its corresponding diol. The diacetyl reduction
can only occur if yeast is present in suspension. The� avor
threshold concentrations of these diols are relatively high and
therefore the � nal reductive stages of vicinal diketone metab-
olism are critical in order to obtain a beer with acceptable
organoleptic properties (Figure 6).

The diacetyl concentration peak occurs toward the end o
the period of active growth. The reduction of diacetyl takes
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place in the later stages of fermentation when active growth
has ceased. In terms of practical fermentation managemen
the need to achieve a desired diacetyl speci� cation may be
the factor which determines when the beer may be moved
to the conditioning phase, � ltered, or centrifuged (depending
on the processing procedures). Thus, diacetyl metabolism is a
important determinant of overall vessel residence time, which
clearly affects the ef�ciency of plant utilization. It is worthy of
note that diacetyl and other vicinal diketones can also occur in
beer as a result of bacterial contamination particularly from
Lactobacillusand Pediococcus. Sulfur compounds make a signi� -
cant contribution to the � avor of beer. Although small
amounts of sulfur compounds can be acceptable or even
desirable in beer. In excess they give rise to unpleasant of
� avors, and special measures such as purging with CO2 or
prolonged maturation times are necessary to remove them
Many of the sulfur compounds present in beer are not directly
associated with fermentation, but are derived from the raw
materials employed. However, the concentrations of hydrogen
sulphide (rotten egg aroma) and sulfur dioxide (burnt match
aroma) are dependent on yeast activity. Failure to manag
fermentation properly can result in unacceptably high levels of
these compounds occurring in the� nished beer.

The concentration of hydrogen sulphide and sulfur dioxide
formed during fermentation are primarily determined by the
yeast strain used, although the wort composition and the
fermentation conditions are major factors, particularly where
levels are abnormally high. Both compounds arise as by
products of the synthesis of the sulfur-containing amino acids
cysteine and methionine from sulfate. Their synthesis is in� u-
enced by wort composition in that the yeast will preferentially
assimilate sulfur-containing amino acids. It is only when wort
is depleted in such amino acids that the biosynthetic route
comes into operation.
Yeast Flocculation Properties

The � occulation property, or conversely, lack of� occulation, of
a particular yeast culture is one of the major factors when
considering important characteristics during brewing and other
ethanol fermentations. Unfortunately, a certain degree of
confusion has arisen by the use of the term� occulation in the
scienti� c literature to describe different phenomena in yeast cel
behavior. Speci� cally, � occulation, as it applies to brewer’s yeast,
is “ the phenomenon wherein yeast cells adhere in clumps and
either sediment from the medium in which they are suspended
or rise to the medium’s surface.” This de� nition excludes other
forms of aggregation, particularly that of ‘clumpy-growth’ and
‘chain formation ’. This nonsegregation of daughter and mother
cells during growth has sometimes erroneously been referred t
as � occulation. The term ‘non� occulation’ therefore applies to
the lack of cell aggregation, and consequently, a much slowe
separation of (dispersed) yeast cells from the liquid medium.
Flocculation usually occurs in the absence of cell division, but
not always, during late logarithmic and stationary growth phase
and only under rather circumscribed environmental conditions
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involving speci� c yeast cell surface components (proteins and
carbohydrate components) and an interaction of calcium ions.
Although yeast separation often occurs by sedimentation, it may
also be by � otation because of cell aggregates entrappin
bubbles of CO2 as in the case of‘top-cropping’ ale brewing yeast
strains.

Individual strains of brewer’s yeast differ considerably in
� occulating power. At one extreme there are highly non-
� occulent, often referred to as powdery, strains. At the othe
extreme there are� occulent strains. The latter tend to separate
early from suspension in fermenting wort, giving an under-
attenuated, sweeter and less fully fermented beer. Beers of th
nature, because of the presence of fermentable sugars, are liab
to biological instability. By contrast, poorly � occulent (non-
� occulent or powdery) yeasts produce a dry, fully fermented
more biologically stable beer in which clari� cation is slow,
leading to � ltration dif � culties and the possible acquisition of
yeasty off-� avors. The disadvantages presented by the two type
of yeast strain are especially relevant to more traditiona
fermentation systems where the fermentation process i
dependent upon the sedimentation characteristics of the yeas
Contemporary brewing technology has largely reversed thi
situation where yeast sedimentation characteristics are now
� tted into the fermenter design.

The ef�ciency, economy, and speed of batch fermentations
have been improved by the use of cylindro-conical fermenta-
tion vessels and centrifuges (which are often but not always
employed in tandem). There is no doubt that the differences in
the � occulation characteristics of various yeast cultures ar
primarily a manifestation of the culture’s cell wall structure.
Several mechanisms for� occulation have been proposed. One
hypothesis is that anionic groups of cell wall components are
linked by Ca2þ ions. In all likelihood, these anionic groups
are proteins. Another hypothesis implicates mannoproteins
speci�c to � occulent cultures acting in a lectin-like manner to
cross-link cells; here Ca2þ ions act as ligands to promote� oc-
culence by conformational changes. Most people working in
the � eld agree that the latter hypothesis is the most credible
In addition to � occulation there is the phenomenon of co-
� occulation. Co-� occulation is de� ned as the phenomenon
where two strains are non� occulent alone, but � occulent when
mixed together. To date, co-� occulation has only been
observed with ale strains, and there are no reports of co-� oc-
culation between two lager strains of yeast. There is a third
� occulation reaction that has been described where the yea
strain has the ability to aggregate and co-sediment with
contaminating bacteria in the culture. Again this phenomenon
appears to be con� ned to ale yeast strains, and co-sedimenta
tion of lager yeast with bacteria has not been observed.

As described above,� occulation requires the presence o
surface protein and mannan receptors. If these are not availabl
or are masked, blocked, inhibited, or denatured,� occulation
cannot occur. Onset of� occulation is an aspect of the subject
that is of great commercial interest but relatively little is known
about it. As previously discussed, the ideal brewing strain
remains in suspension as fermenting single cells until the end
of fermentation when the sugars in the wort are depleted, and
only then does it rapidly � occulate out of suspension. What
signals the onset of activation or relief from inhibition? This is
still an unanswered question that is currently being studied by
a number of research laboratories.

Yeast� occulation is genetically controlled and research on
this aspect of the phenomenon dates from the early 1950s
However, because of the polyploid/aneuploid nature of
brewing yeast strains, most, but not all, of the research on
� occulation genetics has been conducted on haploid/diploid
genetically de� ned laboratory strains. Numerous genes have
been reported to directly in� uence the� occulent phenotype in
Saccharomycesspp. Five dominant � occulation genes have been
identi � ed: FLO1(alleles areFLO2, FLO4, FLO8), FLO5, FLO9,
FLO10, andFLO11as well as a semidominant gene,FLO3, and
two recessive genesFLO6and FLO7. In addition, mutations in
several genes, including the regulatory genesTUP1 and SSN6,
have been found to cause� occulation or ‘� aky’ growth in
non� occulent strains. In total, at least 33 genes have bee
reported to be involved in � occulation or cell aggregation.
Although the role of many of these genes is far from under-
stood, FLO1and other FLOgenes have been successfully clone
into brewing yeast strains and the � occulation phenotype
expressed.
See also: Saccharomyces– Introduction;Saccharomyces
cerevisiae(Sake Yeast);Saccharomyces: Saccharomyces
cerevisiae.
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Table 1 Key properties for the identi� cation
of S. cerevisiae

Property S. cerevisiae

Fermentation
Sucrose þ
Raf� nose þ
Trehalose –
Assimilation
Sucrose þ
Maltose þ
Raf� nose þ
D-Ribose –
Ethanol þ
D-Mannitol –
Nitrogen source
Cadaverine-2HCl –
Ethylamine-HCl –
L-Lysine –
Growth
Characteristics of the Species

The yeast that has been most closely associated with human
kind, Saccharomyces cerevisiae, has long been used for brewing,
distilling (for both potable alcohol and industrial alcohol),
winemaking, and baking bread, and for yeast extracts for food
and � avoring as well as therapeutic purposes. It is by far th
most studied and best understood species of the yeast domai
and an important model system for basic research into the
biology of the eukaryotic cell. Indeed, the ability to rationally
manipulate all aspects of its gene expression byin vitro genetic
techniques offers S. cerevisiaea unique place among
eukaryotes.

Saccharomyces cerevisiaeis the type species of the genu
Saccharomyces, introduced by Meyen in 1838 and de� ned by
Rees in 1870. Hansen described the beer yeast,S. cerevisiae, in
1888 (the early history of Saccharomycesresearch is discussed b
Holter and Moller, 1976; also see Oliver, 2011). The species i
a member of the family Saccharomycetaceae and the subfamil
Saccharomycetoideae, characterized as a unicellular fung
reproducing vegetatively by multilateral budding and sexually
by means of ascospores. The asci are persistent and contain o
to four globose ascospores. The vegetative cells are globo
ovoidal, or cylindrical and appear butyrous and light cream-
colored, while the surface is smooth and� at.

The taxonomy ofS. cerevisiaehas undergone major changes
especially with the impact of molecular biology on its classi� -
cation. Over the years, the genus included a variable number o
heterogeneous species, as many as 41 species in 1970. Af
extensive rearrangement of species and genera, seven spe
were recognized in 1984.Saccharomyces cerevisiaerepresented
some 21 earlier taxa grouped inSaccharomyces sensu str,
being justi� ed taxonomically from physiological tests. Genetic
analysis, however, contradicted the amalgamation and conse
quently the species were separated into four variably relate
species in 1985. The separation of the four species remain
uncertain by physiological tests owing to exceptions that exis
when larger groups of strains are involved. In 1990, seve
species were proposed, listing 130 synonyms forS. cerevisia
with the inclusion of many subspecies and varieties encom
passing breadmaking, brewing, and wine and cider yeasts, a
well as naturally occurring species. At this time, some taxono
mists refrained from differentiating between closely related
Saccharomycesspecies solely on the basis of DNA–DNA
hybridization and consequently placed these species in
S. cerevisiae. It was only in the 1990s that the properties of this
species were listed (Table 1).
Cycloheximide (1000 ppm) –
30� C þ
37� C v
Vitamin free –
Gþ C 39–41%
Coenzyme Q6

v, variable.
Physiological and Biochemical Properties

A large number of publications have accumulated for more
than a century discussing the physiology, biochemistry, and
molecular biology of S. cerevisiaein detail. The signi� cance of
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
the yeast as a fermentative species, particularly for its role i
alcoholic fermentations, has urged many scientists to study the
factors governing the growth, survival, and biological activities
of this critical species in different food ecosystems.

The species is able to ferment hexose sugars, such asD-
glucose, D-fructose, and D-mannose. The rate of D-glucose
fermentation is normally the most aggressive. Other sugars tha
can be fermented by most strains ofS. cerevisiaeinclude
sucrose, maltose, maltotriose, and D-galactose, whereas
dextrins and starch are fermented only by specialized varietie
of S. cerevisiae(Saccharomyces diastaticus), and lactose is not
fermented by this species. TheL-sugars and all pentoses also ar
considered nonfermentable, although xylulose can be fer
mented. Aside from the hexoses and their dimers and oligo-
mers, the species readily metabolizes nonfermentabl
compounds, such as lactic acid, other organic acids, an
polyhydroxy alcohols. Strains of S. cerevisiaediffer in their
ability to utilize nitrogen sources (see Saccharomyces: Brewer’s
Yeast). Many inorganic ammonium salts have been found to
promote growth, whereas strains exhibit different abilities to
utilize free amino acids. Nitrates as well asL-amino acids such
as L-proline usually are not utilized. Conversely, some
S. cerevisiaestrains can utilize urea as a source of nitrogen.

Various growth factors are required by someS. cerevisia
strains, taken up during biosynthesis to relieve the cell of the
need to synthesize the compound, thereby saving energy
78-0-12-384730-0.00292-5 309
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Table 2 Signi� cance ofS. cerevisiaein foods and beverages

Role ofS. cerevisiae Examples

Production
of fermented
beverages
and breads

Wine, beer, cider, distilled beverages, bread,
sweet breads, sourdough bread, cocoa,
fermented juices, and honey

Food spoilage Processed fruit products– juices, purées, fruit
pieces, bakery products containing fruit

Fruit yogurt, labeneh
Minimally processed fruits and vegetables
Cucumbers in brine
Alcoholic beverages

Processing
food wastes

Growth on vegetable by-products, citrus
by-products, beet molasses, and whey

Source of food
ingredients

Flavor compounds,d-decalatone, phenylethanol,
yeast extract

Fractionated yeast cell components–
mannoproteins, glucomannans, yeast glycans,
yeast protein concentrate, invertase,
ergosterol, and glucans

Fructose syrup
Probiotics (Saccharomyces boulardii)

310 SACCHAROMYCESj Saccharomyces cerevisiae
De� ciency in inositol can lead to less effective cell division, and
de� ciency of thiamin in the absence of pyridoxine reduces
growth. Some strains, however, require either thiamin or
pyridoxine, the � rst stimulating growth. Biotin and pantothe-
nate also are essential for all strains ofS. cerevisiae.

With respect to their occurrence and survival in foods and
beverages, the most distinctive characteristic of species
Saccharomycesappears to be their tolerance to high ethanol
concentrations. The resistance of the differentS. cerevisia
strains may vary, but in general, most strains are able to grow in
beverages containing 8–12% ethanol (v/v) and will survive
concentrations of about 15%. Normal glucose fermentations
may yield concentrations of about 12% ethanol, while saké
fermentations may yield concentrations as high as 20% ethano
when the presence of unsaturated fatty acids promotes alcoho
tolerance. The sensitivity of the species to ethanol, howeve
increases with temperatures >30 � C or <10 � C. During
fermentations for ethanol production, temperatures of 5–10 � C
higher than the optimum result in a decrease of cell growth but
increased ethanol productivity. Although most S. cerevisia
strains will grow at any temperature between 5� C and 40 � C,
optimum temperature for maximum growth rate is strain
dependent, generally in the region of 25–35 � C. Optimum
temperatures are lower, however, when cell yield is considere
rather than growth rate. Alcoholic fermentation is further
enhanced by the extraordinarily rapid growth capabilities of
this species under oxygen limitation, resulting in high alcoholic
fermentation rates. The species therefore has a selecti
advantage over strictly aerobic yeasts, thriving under low
oxygen tension in beverages and in the inner layers of food
Oxygen is an essential nutrient for all yeasts, and although
S. cerevisiaecan grow under microaerophilic conditions, oxygen
is essential to maintain cell viability. Under anaerobic condi-
tions, the synthesis of certain cellular constituents (such as fatt
acids and sterols) ceases and, consequently, the yeast cells s
growing.

The in� uence of water activity on yeast survival and growth
is an important feature in respect to the growth of yeasts in
foods. Saccharomyces cerevisiae, although not regarded as
a xerotolerant species, responds to a decrease in theaw value of
a medium by synthesizing glycerol, thereby lowering the
osmotic pressure difference across the yeast plasma membran
The species leaks much of the polyol into the medium,
however, and therefore fails to adapt suf� ciently to the stress.
This xerotolerance is in� uenced by the nature of the solute, the
temperature, and other ecological factors, but minimum aw

values for growth ofS. cerevisiaerange between .89 and .91 with
glucose, fructose, and sucrose as the stressing solutes and val
of 0.92 with salt (NaCl).

Saccharomyces cerevisiae, like all yeasts, prefers a slightly
acidic medium with an optimum pH between 4.5 and 6.5. The
species, however, shows a remarkable tolerance to pH, bein
capable of poor growth at pH values as low as 1.6 in HCl, 1.7 in
H3PO4, and 1.8–2.0 in organic acids. It has a maximum
tolerance to benzoic acid 100 mg kg� 1 at pH 2.5–4.0 and to
sorbic acid 200 mg kg� 1 at pH 4.0. The inhibition of the growth
of S. cerevisiaeby these organic acids mainly is due to
dysfunction of cell membrane permeability. Other acids
reported to inhibit the growth include p-coumaric acid (100–
250 ppm) and ferulic acid (50–250 ppm) as well as natural
inhibiting compounds, such as xylitol (.5%), tuberine, and the
antioxidants butylated hydroxyanisole, tertiary butylhy-
droquinone, and propyl gallate (50–500 ppm). Caffeine, con-
albumin, lysozyme from eggs, and high ethanol concentrations
are all natural mycotic inhibitors of S. cerevisiaestrains,
although cinnamon and clove oils, which contain high levels of
eugenol, stimulate pseudomycelium formation. With respect
to resistance to inactivation by heat, vegetative cells hav
a decimal reduction time at 60� C (D60) of 0.1–0.3 min,
whereas ascospores are much more resistant, with a D60 of
5.1–17.5 min. Heat resistance can be enhanced when heatin
cells grown in media with a reduced water activity. In
a medium based on fruit juice [pH 3.1, .99 aw, (12 � Plato)
12 � Brix], the D60 was 0.3–2 min, but at .93 aw, the D60 was
5 min or more.

The importance of S. cerevisiaein the food industry is
strengthened by its ability to produce and secrete extracellula
polygalacturonase enzymes, which may have consequences f
the fermentation of plant-derived substrates. The species als
produces extracellular proteases (under stress conditions) fo
the breakdown of proteins and polypeptides, whereas
S. diastaticusproduces glucoamylase, initiating partial hydro-
lysis of starch and dextrins.
Importance to the Food Industry

Saccharomyces cerevisiaeis commercially signi� cant in the food
and beverage industries (Table 2) because of its role in the
following:

l Production of fermented beverages and breads
l Spoilage of foods and beverages
l Processing food waste
l Production of food ingredients as a probiotic
l Production of industrial ethanol
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Saccharomyces cerevisiaehas been developed as a mode
eukaryotic organism for a number of reasons, for example:

l Saccharomyces cerevisiaeis a small single cell with a doubling
time of 30 � C of 1.25–2 h and importantly can be cultured
easily. Consequently, they permit the rapid production and
maintenance of multiple strains at low cost.

l S. cerevisiaecan be manipulated genetically allowing for
both the addition of new genes or deletion through
a plethora of homologous recombination techniques.
Saccharomyces cerevisiaewas the � rst eukaryotic genome to
be completely sequenced. The genome sequence was pu
lished in 1996 and has been updated regularly in the
SaccharomycesGenome Database. Currently, it is considered
that the genome is composed of 12 156 677 base pairs and
6275 genes organized on 16 chromosomes. The ability to
culture this yeast species as a haploid simpli� es the isola-
tion of mutants and haploid –diploid hybrids.

l As a eukaryote,S. cerevisiaehas a similar internal cell
structure as plants and animals (details later).

l S. cerevisiaeis economically the most important microor-
ganism employed on the plant (details later in this chapter
and see Saccharomyces: Brewer’s Yeast).

Studies on intracellular organelles in S. cerevisia
(membranes, vacuole, nucleus, endoplasmic reticulum, and
mitochondria) have contributed considerably to basic knowl-
edge on eukaryote organelles. In particular, research on yea
mitochondria has advanced our general knowledge of this
organelle. In S. cerevisiae, respiratory de� ciency (RD) or ‘petite’
mutation is the most frequently occurring mutant. This mutant
arises spontaneously when a sequence of the DNA in th
mitochondria becomes defective to form a� awed mitochon-
drial genome. Consequently, the mitochondria are unable to
synthesize certain proteins. This type of mutation is called
‘petite’ because colonies (not individual cells) of such a mutant
are usually much smaller than wild-type respiratory suf� cient
(RS) colonies (also called‘grande’; seeFigure 1).
l
.

Figure 1 RS and RD mutants– triphenyl tetrazolium chloride overlay.
RS colonies are red and RD colonies are white.
The RD mutation usually occurs at frequencies of between
.5 and 5% of the population, but in some strains, levels as high
as 50% have been reported (Silhankova et al., 1970a). RD
mutants can also occur as the result of de� ciencies in nuclear
DNA, but these are much rarer.

De� ciencies in mitochondrial function result in diminished
ability to function aerobically and as a result these yeasts ar
unable to metabolize nonfermentable carbon sources, such a
lactate, glycerol, or ethanol (Figure 2).

Many phenotypic effects occur as a result of this mutation
and include alteration in sugar uptake (particularly maltose
and maltotriose), by-product formation, and intolerance to
stress factors, such as ethanol, osmotic pressure, and tempe
ture. Also, further to the discussion of‘storage and preservation
of stock yeast cultures’, RD mutants are dif� cult to store, and
liquid nitrogen and �70 � C refrigeration have been found to be
the most effective storage matrices (Russell and Stewart, 1981
Flocculation, cell wall and plasma membrane structure, and
cellular morphology are affected by this RD mutation.

Beer produced with a yeast culture that contains a high leve
of RD cells (>25%) is likely to have � avor defects and
fermentation problems. For example, beer produced from
these mutants contain elevated levels of diacetyl and highe
alcohols (Silhankova et al., 1970b). Wort fermentation rates
are slower, higher dead cell counts are observed and biomas
production and � occulation ability were reduced.

Fundamental research on yeast mitochondria has assiste
our knowledge of human mitochondrial function and disease.
It is beyond the scope of this chapter to discuss in detail human
mitochondrial diseases. This group of disorders is by cause
dysfunctional mitochondria often as a result of mutations to
mitochondrial DNA. These diseases take on unique characte
istics because of the way they often are inherited and becaus
they are critical to overall cell function. Many of these disease
symptoms often are called mitochondrial myopathy. In addi-
tion to these myopathies, other examples of mitochondrial
diseases include diabetes mellitus (type 1) and deafness, Le
er’s hereditary optic neuropathy, myoneurogenic encephalop-
athy, and myoclonic epilepsy.

Mitochondrial research with yeast has provided a great dea
of fundamental information that has assisted medical research
Indeed, current research removing the mtDNA from the ovaries
of ‘diseased’ patients and replacing it with ‘normal’ mtDNA
donors to produce zygotes is a novel technique with signi� cant
potential. The basic techniques manipulating mtDNA have
been developed withS. cerevisiae.
Figure 2 Growth of RS and RD cultures on fermentable (glucose)
and nonfermentable (lactate) carbon sources.
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Production of Fermented Foods and Beverages

Saccharomyces cerevisiaeis best known for its domesticated role
in the production of breads and fermented alcoholic beverages
and for adding positively to the � avor and quality of the � nal
product. Saccharomyces cerevisiaeconverts hexose and disac
charide sugars, to ethanol, CO2, and a variety of compounds,
including alcohols, esters, aldehydes, and acids that contribute
to the sensory characteristics of the food or beverage.

In the baking industry, S. cerevisiaegenerally is inoculated
into bread dough as approximately 2% of the total ingredients.
The primary role of S. cerevisiaeis to convert the available
carbohydrate (mainly glucose, fructose, sucrose, and maltose
into CO 2 gas. The yeast also assists in dough and� avor
development, through the reduction of dough pH and the
production of reducing compounds, such as glutathione,
affecting dough rheology and strength, and volatile compo-
nents. Growth and fermentation of the yeast is in� uenced by
a number of factors, such as the inoculation rate, available
carbohydrate (glucose, fructose, sucrose, and maltose), th
osmotic pressure, and the water activity. Bakers’ strains of
S. cerevisiaeare chosen for their ability to produce CO2 rapidly
from the available carbohydrates in the dough. Because sucros
is fermented preferentially, strains with strong invertase activity
normally are used to ensure swift sugar utilization and rapid
fermentation rate. Saccharomyces cerevisiaestrains do not all
readily ferment maltose, and it is necessary to select strains fo
baking that are adapted to maltose utilization, especially for
use in dough that contains little or no sucrose. In cases in which
high concentrations of sucrose are used (25% sucrose,aw .92),
strains are selected for their osmotolerance. Osmotolerance o
S. cerevisiaehas been correlated with low invertase activity and
production and include accumulation of low-molecular-weight
metabolites, including glycerol.

Saccharomyces cerevisiaealso contributes to acid fermentation
in a wide range of bread and pancake dough. The best known o
these is the sourdough process, which uses rye and wheat� ours.
These fermentations usually are conducted by a mixed ecolog
of lactic acid bacteria and yeasts, includingS. cerevisiae, and may
develop naturally or as a result of inoculation with a starter
culture. Saccharomyces cerevisiaemay be present as 60% of the
yeast population together with other species ofSaccharomyce
and Candida. The activity of the yeast during acid fermentations
is in� uenced by its ability to grow at low pH ( <4.5) and to
survive in the presence of organic acids. Further study is require
to de� ne the role of S. cerevisiaein these fermentations.

Saccharomyces cerevisiaeis the principal yeast species
involved in the production of many alcoholic beverages.

Fermentation may be the result of spontaneous developmen
of the micro� ora associated with the raw materials, or a pure
culture of yeast may be used. Probably the best understoo
processes are wine, beer, and cider fermentations and no
distilling to produce both potable and fuel ethanol. Wine is
fermented either by natural fermentation or by inoculation with
a starter strain of S. cerevisiae. Starter cultures are added a
approximately 106–107 colony forming units (cfu) per milliliter
and achieve a maximum population of 108 cfu ml� 1 at the end
of fermentation. Fermentation initially is conducted by
a complex � ora. As the ethanol content increases, howeve
S. cerevisiaebecomes the dominant species. The� nal ethanol
content of the wine varies within the range of 8–14%, and
production of � avor compounds varies between strains. O
increasing interest is the ability of S. cerevisiaeto produce
glycosidases, which may enhance the� avor of wines by releasing
� avor components from grapes, and pectin-degrading enzymes
which may be useful for clari� cation and � ltration of grape juice.
Cider fermentation has a similar ecology and biochemistry to
wine fermentation, resulting in a beverage containing 1.5–8.5%
ethanol. Although traditionally ciders have been fermented
naturally, most commercial cider fermentations in the twenty-
� rst century are produced with an inoculated strain of
S. cerevisiae. Other beverages are produced worldwide, from
fruits, honey, and tea, all involving yeast fermentation with
contribution from S. cerevisiae. Less attention has been given to
the ecology of these fermentations and more research is require
to understand the role played byS. cerevisiae.

Beer is produced from alcoholic fermentation of extracts
from cereal grains (for further details, see Saccharomyc:
Brewer’s Yeast). Although a complex micro� ora is associated
with the process, in most commercial beer production, the
alcoholic fermentation is conducted by an inoculated strain of
S. cerevisiae. The yeast is added to the sterile wort (a malted
boiled, hopped cereal extract) providing a starting population
of 10–15 � 106 cfu ml� 1. The onset of fermentation is rapid,
with a short lag phase, and the fermentation is often complete
within 4 –10 days by which time the yeast population has
increased to 6–8 � 107 cfu ml� 1, producing 2–6% ethanol.
Brewing strains are selected for their in� uence on the� avor of
beer and for their ability to � occulate and sediment at the end
of fermentation, assisting in yeast cropping for reuse and clar
i� cation of the beer. As with wine and cider, S. cerevisia
produces a range of volatile� avor and aroma compounds,
including higher alcohols and esters that in� uence the � nal
quality of the beer. The yeast reduces compounds such as dia
cetyl to the more pleasant� avored acetoin or 2,3-butanediol
during beer maturation. Yeast autolysis products also may
bene� t the � avor of the � nal product. A second species of
brewing yeast (Saccharomyces pastorianus) is employed for lager
beer production (see Saccharomyces: Brewer’s Yeast).

A variety of beer products are produced worldwide from
cereals such as barley, wheat, rice, maize (corn), and sorghum
some by natural fermentation. For example,S. cerevisiaeis the
primary yeast involved in the fermentation of Bantu beer,
a sour, unhopped, unpasteurized African beer produced from
sorghum by natural fermentation. The process also involves
other microorganisms, such as lactic acid bacteria, and result
in a low pH product (pH 3.0 –3.3) with 2 –4% ethanol.

Saccharomyces cerevisiaeis used in the production of distilled
alcoholic beverages, such as rum, vodka, whisky, brandy, an
saké fermentation. Distilling strains are inoculated into raw
material extracts at approximately 106–107 cfu ml� 1 to conduct
the initial fermentation. For whisky production, S. cerevisia
ferments a slurry of cereals, such as maize, wheat, rye, or barle
to produce 6–9% ethanol. The resulting mash is distilled to
produce whisky. Saké strains ofS. cerevisiaeare chosen for their
ability to tolerate high ethanol concentrations. They ferment
a steamed rice mash to produce 15–20% ethanol (seeSaccha-
romyces cerevisiae(Sake Yeast)).

Saccharomyces cerevisiaeis the most common species iden-
ti � ed during the natural fermentation of cocoa. It contributes to
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the chocolate � avor by producing aroma compounds such as
esters and higher alcohols including isoamyl alcohol and 2-
phenylethanol. Strains of S. cerevisiaeisolated from cocoa
fermentation also exhibit pectinolytic activity, which aids in the
breakdown of the cocoa bean pulp.
d

e-

g

ted

iae

n
r,

s.

d
lt

s

w.

s
t

,

n

t

d

g

s
ll
g

-

y.

-

s

Spoilage of Foods and Beverages

Saccharomyces cerevisiaeoccurs widely in foods but infrequently
is designated as a causative agent for spoilage. It is implicate
mainly in the fermentative spoilage of high-sugar foods and
beverages. BecauseS. cerevisiaecan tolerate ethanol concentra-
tions of up to 15%, it may occasionally spoil alcoholic bever-
ages, including wine and beer.Saccharomyces cerevisiaealso is
isolated from dairy products, including milk, yogurts and
cheese, fermented vegetables, and minimally processed veg
table products, although the signi�cance of this species in the
spoilage of these products is not de� ned clearly.

Saccharomyces cerevisiaeis widespread in nature, on fruits,
leaves, and nectars. Although it is not commonly associated
with the spoilage of fresh fruits, it often is implicated in the
spoilage of processed fruit products. Contamination with
yeasts may arise from the fruit, insect vectors, or processin
environment. Final yeast populations of fruit juices may reach
107–108 cfu ml� 1. Saccharomyces cerevisiaehas been reported to
form approximately 25% of the yeast population of fruit juice
concentrates. The species also causes spoilage of carbona
soft drinks and fruit drinks, sports drinks, puréed fruits, and
canned fruit products. Bakery products containing fruit are also
susceptible to spoilage byS. cerevisiae. Yeast counts in products,
such as apple turnovers, may reach up to 106 cfu ml� 1 resulting
in spoilage and blown packages. Saccharomyces cerevis
cultures have been isolated as part of the� ora of dry or semidry
dates,� gs, and prunes. Few quantitative data are available o
the occurrence of yeasts in minimally processed fruits; howeve
S. cerevisiaehas been implicated as part of the spoilage� ora of
peeled oranges and commercially processed grapefruit section
Saccharomyces cerevisiaeis less commonly associated with
vegetables, but it has been isolated from spoiled, softene
cucumbers in brine. Softening was thought to occur as a resu
of yeast enzymatic activity.Saccharomyces cerevisiaehas been
isolated from minimally processed vegetable products, such a
processed lettuce, and is implicated in the fermentative
spoilage of low pH, mayonnaise-based salads such as colesla
The extent of its contribution to salad spoilage requires further
investigation.

Alcoholic beverages may be spoiled by undesirable strain
of S. cerevisiae. For example, beer may be spoiled by wild yeas
strains that produce fruity and phenolic � avors or sulfurous
compounds. Hazy beers result from the presence of wild
non� occulating strains in beer. During wine fermentation,
indigenous strains of S. cerevisiaemay produce undesirable
characteristics. Killer strains ofS. cerevisiaecan prevent the
growth of some inoculated species, resulting in ‘stuck’
(incomplete) fermentation.

Saccharomyces cerevisiaemay be isolated from a variety of
dairy products, including milk, yogurts, and cheeses.Saccha-
romyces cerevisiaecannot metabolize the milk sugar lactose.
Because of this, yeasts rarely grow in milk stored at refrigeratio
temperatures because they are outgrown by psychrotrophi
bacteria. In sterilized milk in the absence of competition,
S. cerevisiaeexhibits weak lipolytic and proteolytic activity and
is capable of growth to reach populations of 108–109 cfu ml� 1.
In sweetened milks, it can utilize the added sucrose, causin
fermentative spoilage. Saccharomyces cerevisiaefrequently is
isolated from fruit yogurt and can establish good growth
(107 cfu g� 1) when inoculated into yogurts stored at tempera-
tures ranging from 5 to 20� C. Saccharomyces cerevisiaealso is
present in labeneh, a strained yogurt, as the predominan
spoilage organism, reaching populations of 107 cfu g� 1 during
refrigerated storage.Saccharomyces cerevisiaeis often present in
soft and mold-ripened cheeses. It has been reported in Italian
Stracchino cheese at 3.1% of the yeast population and in
Camembert cheeses, when about a third of the samples teste
contained 103–104 cfu g� 1 S. cerevisiae. It is less frequently
isolated from high-salt cheeses because of its inability to
tolerate NaCl at concentrations greater than 5%. It may be
present in semihard and hard cheeses, however, includin
Cheddar cheese. Growth ofS. cerevisiaein cheeses is thought to
be related to its ability to use lipid and protein products from
other species and possibly its ability to utilize lactic acid present
in the cheese. The signi� cance of yeast species such a
S. cerevisiae, as spoilage organisms, in cheeses is not we
understood, and it has been suggested that rather than causin
spoilage, it may play a role in � avor development during the
maturation of cheeses.
Processing of Food Waste

Several reports describe the use ofS. cerevisiaein the processing
of food wastes to produce feedstocks and ethanol.Saccharo
myces cerevisiaecan be used to derive ethanol from substrates
such as beet molasses, a by-product of the sugar industr
Depending on growth conditions, ethanol concentrations of
50–60 g l� 1 have been achieved from an initial sugar concen
tration of 250 g l � 1. Other agroindustrial wastes may be pro-
cessed byS. cerevisiae. Whey and starch-fermenting strains of
S. cerevisiaehave been engineered for industrial production of
ethanol. Plant leaf waste from vegetables such as cauli�ower,
mustard, turnip, and radish plants have been fermented by
a mixed culture of yeasts, includingS. cerevisiae, to produce
animal feeds high in protein and vitamins. The biological
oxygen demand also was reduced after fermentation.Saccha-
romyces cerevisiaehas been used to ferment citrus by-products in
preparation of clouding agents for beverages. The soluble solid
content of the peel was reduced by 50–60% after fermentation,
but the cloud stability was not suf� ciently stable for addition to
beverages.
Source of Food Ingredients and Processing Aids

Saccharomyces cerevisiaeexhibits a wide range of biochemical
properties of value as a food ingredient. Approximately 90% of
yeast and yeast-based products originate fromS. cerevisiae, and
include yeast extracts,� avors, and enzymes. The production
of volatile � avor components such as 2-phenylethanol and
d-decalatone is of commercial importance. The rose� avor,
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2-phenylethanol, is produced from phenylalanine during
alcoholic fermentation and is produced during saké fermen-
tation at levels of 20–70 ppm. Overproducing mutants of
S. cerevisiaeare used to increase the yield by up to 40-fold. The
compound d-decalatone is produced by biocatalytic conversion
by S. cerevisiaeof 11-hydroxyhexadecanoic acid via the inter-
mediate 5-hydroxydecanoic acid, which is lactonized at low
pH. Its precursor, 11-hydroxyhexadecanoic acid, is present i
large amounts in resin from the roots of the Mexican jalap
plant. This process has been patented.

Saccharomyces cerevisiaeis the main source of yeast extract
used for its � avor and nutrient-enhancing potential in the food
industry. In foods, yeast extract is used to give a savory, mea
� avor and as a source of vitamins. Strains ofS. cerevisiaehave
been genetically engineered to overproduce glutathione (3–
8%), which is used as a� avor enhancer and dough container.
Other � avor enhancers produced byS. cerevisiaeinclude diso-
dium 5 0-inositate and disodium 50-guanylate. These
compounds are obtained from the RNA of yeast cells via
enzymic hydrolysis of inosine 50-monophosphate (IMP) and
guanosine 50-monophosphate (GMP). Bakers’ strains of
S. cerevisiaecontain approximately 8–11% RNA, and concen-
trations of GMP and IMP of 1.5–6% may be achieved. The yeas
extract market is growing annually at approximately 10–12%
for food applications and also for feeds, aquaculture, fermen-
tation substrates, and cosmetics. Yeast extracts usually a
produced from spent brewer’s and baker’s strains of
S. cerevisiae. The extract or autolysate is produced by heating the
yeast cells to 40–60 � C followed by the addition of plasmo-
lysing agents or hydrolytic enzymes. Cell debris, including cel
walls, is removed by centrifugation after which the liquid
extract is processed by� ltration and spray drying, to yeast
extract powder or paste (> 70% dry matter).

Cells of S. cerevisiaemay be completely fractionated. Cells
are autolyzed and the main components separated by a serie
of extraction and precipitation steps. Yeast protein concentrate
(15% yield) and cell wall protein (15% yield) can be used in
the food industry for their water-holding and oil-binding
capacities. Primary yeast glycan is potentially useful as a foo
hydrocolloid, for thickening purposes, and glucomannans (up
to 18% yield) show potential as emulsifying agents. Man-
noproteins extracted fromS. cerevisiaeare similar in function to
emulsi� ers, such as sodium caseinate. Other products includ
phospholipids, ergosterols, invertase, and glucans. Glucan
from cell wall extracts may be used as animal probiotics.

Several reports describe the use ofS. cerevisiaefor the
production of fructose syrup from plant material, such as
deseeded carob pods and Jerusalem artichokes. Fermentati
of carob with a glucophilic strain of S. cerevisiaeproduced
a liquor containing up to 11.3% fructose, which is useful as
a sweetener in confectionery products. For the fermentation o
Jerusalem artichokes, strains ofS. cerevisiaeare selected for their
ability to ferment sucrose and small inulin (fructose) polymers.
Syrups containing up to 95% fructose are produced.

Saccharomyces cerevisiaepotentially is useful in the food
industry as a probiotic organism.Saccharomyces boulardii(95%
homologous with the genome of S. cerevisiae) has been shown
to be of bene� t for preventing antibiotic-associated diarrhea in
humans and rotavirus infections in children. Further evalua-
tion of its bene� ts is required.
Methods of Detection and IdentiÞcation in Foods

Saccharomyces cerevisiaegrows on a wide range of media
generally in use for isolation and enumeration of yeasts from
foods. These media include malt extract agar, yeast–mold
medium, glucose–yeast extract, tryptone glucose, and yeas
extract agar. In the brewing industry, brewing strains of
S. cerevisiaeare often enumerated on wort agar. Restriction of
bacterial growth on these media may be achieved by adding
antibiotics, such as chloramphenicol or oxytetracycline
(100 mg l� 1), or by acidi� cation to pH 3.5. Acidi� cation may
prevent the growth of sublethally injured yeast cells. For the
isolation of S. cerevisiaefrom food molds (e.g., mold-ripened
cheeses), biphenyl (50 mg l� 1) can be incorporated into the
medium as an antimicrobial agent.

Differential and selective media have been developed fo
the enumeration of S. cerevisiae; for example, ethanol sul� te
medium was developed for the selective enumeration of
S. cerevisiaein the presence of non-Saccharomycesspecies.
The medium, containing 12% ethanol and .015% sodium
metabisul� te, has been used to selectively enumerat
S. cerevisiaeduring the early stages of wine fermentation. The
performance of the medium in suppressing the non-
Saccharomycesspp. is erratic, however, because of the dif� -
culty in maintaining consistent concentrations of ethanol in
the agar. Biggy agar is used as a differential medium fo
enumeration of H2S-producing strains of S. cerevisiae.
Hydrogen sulfide–producing colonies react with bismuth
sul� te present in the agar, causing the colonies to appea
brown-black. Wallerstein Laboratories agar has been used t
differentiate, by colony color, between killer and sensitive
strains of S. cerevisiae.
Methods for the Identi�cation ofS. cerevisiaeStrains Include
the Following

l Identi � cation of S. cerevisiaefollows the morphological,
physiological, and biochemical tests described by C. P
Kurtzman and J. W. Fell (see Further Reading). The mai
characteristics of the species are listed inTable 1. Ellipsoidal
or cylindrical cells, production of pseudohypha, and the
formation of smooth walls, with globose to short ellip-
soidal ascospores are factors assisting the recognition of th
species. Microscopic analysis and sporulation tests provid
rapid presumptive diagnosis of the species. Vigorous
fermentation of sugars is a key feature of the species. Seve
commercially available yeast identi� cation kits give repro-
ducible and reliable identi� cation of this species, including
the API 20C and ID 32C systems (bioMérieux, Lyon,
France) and the Biolog YT plate system (Biolog Inc., Cal
ifornia, USA).

l Random ampli� ed polymorphic DNA assays are used to
differentiate S. cerevisiaefrom other species. Randomly
applied primers are used to generate a pattern of DNA
fragments. Patterns are visualized and compared.

l A polymerase chain reaction (PCR)–restriction fragment-
length polymorphism method for targeting single-stranded
ribosomal DNA (ss rDNA) has been used to differentiate
S. cerevisiaefrom species ofZygosaccharomycesand Candida.
A 1200 base-pair internal fragment of the ss rDNA is
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ampli � ed and characteristic fragmentation patterns are
generated by digestion with restriction endonucleases. Th
primers for DNA ampli � cation were designed on the
conserved region at the beginning and middle of the gene
encoding ss rDNA for Candida albicans(primers: 50-GTC-
TCA-AAG-ATT-AAG-CCA-TG-30 and 50-TAA-GAA-CGG-
CCA-TGC-ACC-AC-30). The PCR product was digested using
the restriction enzymes MseI, AvaII, TaqI, ScrFI, HhaI,
Sau3AI, MspI, and CfoI. Saccharomyces cerevisiaewas differ-
entiated from the species of Zygosaccharomyces, Candida
valida, and Candida lipolyticaby the MseI digest.
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Methods for the Typing ofS. cerevisiaeStrains Include
the Following

l Pulsed-� eld gel electrophoresis (PFGE) is used to chara
terize strains ofS. cerevisiae, based on the variability of their
chromosomal constitution. The chromosomes are separated
electrophoretically and visualized using staining techniques

l As an alternative method, PCR� ngerprinting primers for
the microsatellite sequences may be used to discriminat
S. cerevisiaestrains. Microsatellite sequences are repetitiou
and occur randomly within the genome of yeasts, providing
a ‘� ngerprint’ of individual species. Primers consisting of
the repeating oligonucleotides are synthesized and used i
a PCR reaction to generate PCR fragments of differin
lengths that are visualized using gel electrophoresis an
staining techniques. The PCR patterns from a database a
used to identify and type yeast isolates.

l Most often, however,S. cerevisiaestrains are discriminated by
a simple PCR that ampli� es the interdelta regions of the
genome (Legras and Karst, 2003). The patterns of ampli� -
cation are in general as discriminatory at the strain level than
those obtained by PFGE karyotypes.
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See also:Bread:Bread from Wheat Flour; Cocoa and Coff
Fermentations; Beverages from Sorghum and Millet;
PCR Applications in Food Microbiology;Probiotic Bacteria:
Detection and Estimation in Fermented and Nonfermente
Dairy Products;Spoilage Problems:Problems Caused by
Fungi; Starter Cultures;Wines:Microbiology of Winemaking;
Saccharomyces– Introduction;Saccharomyces cerevisiae
(Sake Yeast);Saccharomyces: Brewer’s Yeast.
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Sake yeast is used for the fermentation of sake, a traditiona
Japanese alcoholic beverage. Sake is produced using rice grain
a raw material by means of two microorganisms: koji mold
(Aspergillus oryzae) and sake yeast (Saccharomyces cerevisia).
In sake-brewing, the hydrolysis of rice starch by enzyme
produced by cultivation of koji mold on steamed rice grains is
followed by ethanol fermentation by sake yeast. Such fermen
tation is called simultaneous sacchari� cation and fermentation
(SSF) because the hydrolysis and the ethanol fermentation
proceed simultaneously in the same vessel. A number of usefu
sake yeast strains have been isolated from sake mash (morom
in the sake-brewing factories of various regions in Japan. In
addition, new types of sake yeast have also been develope
mainly by mutagenesis and enrichment culture.
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Taxonomy and Characteristics

The sake yeast was� rst isolated in 1897 from moto, the seed
mash of sake, and namedSaccharomyces sakeYabe. Subse-
quently, many sake yeast strains have been isolated and use
for sake-brewing in Japan. The morphological, physiological,
biochemical, and industrial characteristics of sake yeast strain
have been mainly studied by Japanese researchers. T
commercially used strains, e.g., Kyokai numbers 6, 7, 9, and 10
have been distributed through the Brewing Society of Japan
(Table 1).

Sake yeast strains were reclassi� ed asS. cerevisiaeHansen
based on the 1970 edition of Lodder’s “The yeast, a taxonomic
study” after reexamination of their characteristics. The standar
description of sake yeast vegetative cells is that they are globo
or oval, and transform directly into asci containing one to
three, occasionally more, globose or short oval ascospore
However, their ability to form ascospores is much lower than
that of laboratory strains. Their ability to assimilate and
ferment various carbon compounds is similar to that of
S. cerevisiae. Sake yeast haploids can freely mate with othe
Table 1 Sake yeast strains distributed by the Brewing Society
of Japan

Kyokai number Source sake brewery Year
Commercial
use at present

1 Sakuramasamune 1906 –
2 Gekkeikan 1911 –
3 Suisin 1914 –
4 Chugoku region 1923 –
5 Kamotsuru 1923 –
6 Aramasa 1935 þ
7 Masumi 1946 þ
8 K6 mutant 1960 –
9 Kouro 1953 þ

10 Tohoku region 1947 þ
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haploid strains of S. cerevisiae,and the resultant diploid hybrids
can produce viable spores. Moreover, recent genome analysis
the representative sake yeast strain Kyokai number 7 reveale
that its genome shares an average nucleotide identity of 96%
with the standard S. cerevisiaelaboratory strain S288C. There-
fore, that sake yeast belongs toS. cerevisiaehas been widely
accepted. However, there are many differences in the chara
teristics of sake yeast and those ofS. cerevisiaestrains such as
brewers’ and bakers’ yeasts (Table 2). Recent phylogenic
analyzes using DNA markers revealed that sake yeast, similar
wine yeast, forms a distinct subcluster in anS. cerevisiaephy-
logenic tree.

In general, sake yeast only weakly ferments maltose. I
addition, sake yeast, but not brewers’, wine, or bakers’ yeast, has
the ability to grow either in vitamin-free medium containing
ammonium sulfate as the sole nitrogen source or in biotin-
de� cient medium. Pantothenic acid auxotrophy of the sake
yeast, however, depends on the nitrogen source; most strains ca
grow in medium containing ammonium sulfate as the sole
nitrogen source, but not in medium containing an organic
nitrogen source, such as casamino acid or asparagine, althoug
Kyokai number 7 requires pantothenic acid in both media.

The sake yeast has been reported to be resistant to yeast
din, a product of koji mold; Kyokai numbers 6, 7, 9, and 10 are
resistant, although the growth of other useful strains such as
wine and bakers’ yeasts is inhibited in the presence of
50–200 mg ml� 1 yeastcidin. This resistance was suggested to b
a key feature in distinguishing sake yeast from other usefu
strains.

Sake yeasts, but not wine, brewers’, and bakers’ yeasts, have
the ability to aggregate withLactobacillus plantarumin citric acid
buffer (pH 3.0). Aggregation depends on the electric charge o
the sake yeast cell surface. Since the cell surface of sake yeast
a positive charge butL. plantarumhas a negative charge in acidic
solution, aggregation of these cells occurs. The cell surface
other yeasts has a negative charge, which does not allow them
to aggregate with L. plantarum cells. This physicochemical
property of the sake yeast cell surface is relevant to th
Table 2 Difference in characteristics between sake yeast strains and
otherS. cerevisiaestrains

Characteristic Sake yeast OtherS. cerevisiae

Ability to ferment maltose Weak Moderate to strong
Growth in vitamin-free mediuma Growth Variable
Growth in biotin-de� cient mediuma Growth Variable
Foam formation on sake mash Foam Non-foam
Aggregation withLactobacillus

plantarum
Aggregation Non-aggregation

Charge on the cell surface at pH 3.0 Positive Negative
Ethanol production in sake moromib 20–22% 16–19%

aVitamin-free medium containing ammonium sulfate as the nitrogen source.
bThe highest ethanol concentration that is produced in sake mash.

Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00291-3
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formation of a large amount of foam in the early stage of sake
mash. Sake yeast cells that are capable of forming foam hav
the following characteristics:

1. Foam-forming sake yeast cells adsorb carbon dioxid
bubbles onto their surfaces.

2. This adsorption ability is lost following protease treatment.
3. Foam-forming sake yeast cells aggregate withL. plantarum

cells, which have a negative charge in acidic solution
(pH 3.0).

4. Foam-forming sake yeast cells transfer to the benzene lay
in a double-layer system of benzene and water.

It was deduced from these facts that foam-forming ability is
due to the hydrophobic nature of the mannoprotein of which
the yeast cell surface is composed.

Although sake-brewing is usually performed in open
vessels, harmful contaminants from wild habitats are avoided
by the addition of lactic acid to the yeast seed culture (moto),
which causes a reduction in the culture pH. Therefore, lactic
acid tolerance is essential for sake yeast growth.
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Importance of Sake Yeast in the Sake Industry

Outline of Sake-Brewing

Sake is produced in most regions of Japan with the exception o
the southern, warmer parts, as sake fermentation requires a low
temperature. The annual sake production in 2009 was
47 882 kl. Sake has also been produced in countries other than
Japan. However, there is little difference in the sake-brewin
process (Figure 1) between different regions.

The� rst step in sake-brewing is the preparation of rice koji,
a culture ofAspergillus oryzaeon steamed rice. In the second step
steamed rice, sake yeast, and water are combined in a vessel
make the seed mash, moto, which is a yeast starter for the mai
sake mash, moromi. About 7–8% of the total amount of rice is
used for moto preparation. Many microorganisms are involved
Rice grain

Polished rice

Steamed rice

Water

Sake yeast

Koji

Sake mash (moromi)

Seed mash (moto)

Lactic
acid

Sake

Solids

(3 batches)

(3 batches)

(3 batches)

Filtration

Figure 1 The sake-brewing process.
in the traditional moto preparation, and the change in micro-
bial � ora has been well studied.Leuconostoc mesenteroides and/
or Lactobacillus sake produce lactic acid, which acidi� es the
moto in the early stages of the preparation. Accordingly,
harmful bacterial contaminants are successfully suppressed. I
most modern sake-brewing processes, lactic acid is initially
added to the moto instead of depending on lactic acid bacteria.

During moto preparation, the rice grains are gradually
degraded and sacchari� ed by the rice koji enzymes. By assim
ilating the produced components as well as glucose, the seede
sake yeasts are grown to a high cell density of about 3� l08 cells
per milliliter. In the � nal moto stage, the moto is usually cooled
to prevent excess formation of ethanol that results in yeast ce
death, and is stored for 3–7 days before its use for fermentation
in the sake mash, moromi.

The� nal step is the main sake mash, moromi. In this stage
the rice koji, steamed rice, and water are again added succe
sively in three batches to promote favorable yeast growth. Sak
moromi is then subjected to simultaneous sacchari� cation
and fermentation for about 20–30 days at a maximum
temperature of less than 15� C. When fermentation ceases to
produce about 18–20% ethanol, the moromi is � ltered to
remove the solids, which are the undigested rice material
yielding fresh sake.
e

e
ol

ds

-
s

re

st
r

f
n

The Role of Yeast in Sake-Brewing

In sake moromi, sake yeast produces ethanol, organic acid
amino acids, and other components that are essential for the
sake � avor. Of these organic acids, lactate, succinate, an
malate are major components, the productivity of which is
dependent both on the kind of sake yeast strains and on the
condition of the moromi fermentation. Although acid
production by yeast cells must be physiologically regulated, its
regulation mechanism is not yet clear. Furthermore, the control
of pyruvate is important because excess of this acid in th
moromi results in the production of acetaldehyde and diacetyl,
which are components of the off-� avors in sake.

Generally, amino acids in the moromi are produced from
rice-grain protein by the proteolytic enzymes of koji. In the
early moromi stage, the amounts of amino acids decrease du
to vigorous assimilation by growing yeast cells, whereas in the
middle–late stage the level of amino acids increases, since th
yeast cells cease growth because of the increased ethan
concentration. A high ethanol concentration in moromi may
cause yeast cell death and autolysis, which releases amino aci
into the moromi. Excessive amounts of amino acids in the
moromi result in discoloration and poor-quality sake. To
prevent this spoilage, sake moromi should be controlled to
ensure as little yeast autolysis as possible; for instance, main
tenance of a low fermentation temperature at the late stage i
one effective method.

Two kinds of esters, isoamyl acetate and ethyl caproate, a
major components of the fruity aromas of sake. Isoamylacetate
is synthesized by alcohol acetyltransferase bound to the yea
cell membrane. This enzyme is unstable at temperatures highe
than 10 � C, and its enzyme activity is inhibited by the incor-
poration of an unsaturated fatty acid such as linoleic acid into
the yeast cell. This inhibitory effect increases as the number o
fatty acid double bonds increases. Since unpolished rice grai
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Table 3 TTC basal medium and TTC agar

Basal medium TTC agar

Glucose 10.0 g Glucose 0.5 g
Peptone 2.0 g TTCa 0.05 g
Yeast extract 1.5 g Agar 1.5 g
KH2PO4 1.0 g Water 100 ml
MgSO4$7H2O 0.4 g
Agar 30.0 g
Water 1000 ml
pH 5.5–5.7

a2,3,5-triphenyltetrazolium chloride.

Table 4 b-Alanine medium

Glucose 20 g
(NH4)2SO4 0.5 g
KH2PO4 1.5 g
MgSO4$7H2O 0.5 g
b-alanine 40mg
Thiamine 200mg
Pyridoxine 200mg
Nicotinic acid 200mg
Inositol 1000mg
Biotin 0.2mg
p-aminobenzoic acid 200mg
Agar 30 g
Water 1000 ml
pH 5.0
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contains a large amount of unsaturated fatty acid, especially in
the outer layer, more than 30% of the outer surface matter is
usually removed to reduce its level. The most highly graded
sake, ginjo-shu, is made from rice that contains little fatty acid
because of the high degree of polishing; greater than 40% of the
surface matter is removed. In ginjo-shu brewing, fermentation
is also performed at a lower temperature (usually below 12� C),
which results in a long, slow fermentation. Ginjo-shu contains
more esters and fewer organic acids, amino acids, and sug
than normally graded sake.

Sake yeast can produce ethanol at a concentration as high
20–22% in moromi. The following explanations for this
characteristic have been suggested:

1. Both sacchari� cation with koji enzymes and ethanol
fermentation proceed simultaneously in the same vessel o
sake moromi, which keeps the glucose concentration a
a suf� ciently low level that it does not inhibit ethanol
fermentation.

2. Sake moromi is kept at a low temperature (e.g., 15� C)
during fermentation, which decreases ethanol damage o
the yeast cells.

3. Sake moromi contains a high proportion of solids, which
are derived from the rice substrate and reduce ethano
damage of the yeast cells.

4. Proteolipid derived from koji mold promotes yeast growth
in the presence of a high concentration of ethanol.

5. Oxidation–reduction potential is regulated in sake moromi,
which encourages yeast proliferation.

6. Sake yeast can produce more ethanol in sake morom
compared to other S. cerevisiaestrains.
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Detection of Contaminating Yeast in Moromi

Since ethanol fermentation is generally performed in an open
vessel, wild yeast from natural habitats may contaminate the
moromi, thereby decreasing product quality. Therefore, for
commercial sake-brewing it is important to monitor the pop-
ulation of sake yeast in the moromi and its starter culture,
moto. The following methods are commonly employed to
distinguish seeded sake yeast strains from other wild contam
inant yeasts.
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TTC Agar Overlay Method

This method was� rst developed to detect a respiratory de� cient
yeast mutant, which is unable to reduce 2,3,5-triphenyl-
tetrazolium chloride (TTC); the mutants can be distinguished
as white, small (petite) colonies in contrast to wild-type colo-
nies that can reduce TTC and appear red in color. This metho
can be applied to distinguish yeast in sake moromi as follows:

1. After dilution, the sake moromi sample is spread on TTC
basal medium (Table 3) and incubated at 30 � C for several
days.

2. After colonies have grown on the basal medium, TTC agar i
overlaid on the medium, and incubated at 30 � C until the
color changes.

3. The colonies are counted based on differences in the colo
tones. There are some differences in the colony color ton
among various yeast; for instance, Kyokai numbers 6, 7, 9
and 10 and their mutants can reduce TTC and appear red
whereas petite yeast and most wild yeast, including� lm-
forming yeast such asHansenulaspp., usually appear as white
or pink colonies, respectively. The color tone change
depending on the kind of carbon source contained in the TTC
basal medium. In practice, these differences are very useful fo
distinguishing Kyokai yeast from other yeast; therefore, this
method has been widely used for monitoring the sake-
brewing process. Although the color changes appear to be du
to differences in ability to reduce TTC, the biochemical
mechanism that underlies color development is not yet clear.
b-Alanine Method

Theb-alanine method is used to distinguish Kyokai number 7,
the most widely used strain for commercial sake-brewing, from
other strains. Kyokai number 7 requires pantothenic acid in
media that contain either an inorganic or an organic nitrogen
source, and also shows a temperature-sensitive requirement fo
b-alanine, a component of pantothenic acid; i.e., this strain can
grow in a medium containing ammonium sulfate as the
nitrogen source andb-alanine instead of pantothenic acid at
a lower temperature (20� C), but not at a higher temperature
(above 35� C). Using this physiological characteristic, Kyokai
number 7 in sake moromi can be distinguished as follows:

1. After dilution, the sake moromi sample is spread on
b-alanine medium (Table 4) and incubated at 35 � C for
2 days. The resultant colonies corresponding to yeast othe
than Kyokai number 7 are then counted.
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2. The culture is then incubated at 20� C for 1–2 days. Newly
appearing colonies will be only Kyokai number 7.

Recent gene cloning analysis revealed that this temperatur
sensitive phenotype is complemented by ECM31, which
appears to encode an enzyme involved in pantothenic acid
synthesis. Kyokai number 7 has a mutation inECM31, sug-
gesting that the temperature-sensitive phenotype is caused b
this mutation.
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Acid Phosphatase Stain Method

Kyokai numbers 6, 7, 9, and 10 and their mutants show no acid
phosphatase activity on medium containing high concentra-
tions of phosphate, as the gene expression of this enzyme
repressed with excess of phosphate. Differences in acid pho
phatase activity among sake yeast can be determined using th
diazo-coupling reaction. Using this method, Kyokai yeast can
be detected as follows:

1. The sake moromi sample is spread on TTC basal medium
(seeTable 3) containing enough phosphate to inhibit the
expression of phosphatase activity and is incubated at 30� C
for several days.

2. An upper agar layer, which is composed of 0.05% sodium
a-naphthyl acid phosphate, 0.05% fast blue B, 0.01 mmol l� 1

acetate buffer (pH 4.0) and 1.5% agar, is overlaid on the basa
medium and is incubated at 30� C for 30–60 min.

3. The noncolored colonies are Kyokai yeast, and the colore
colonies (red or dark red) are other yeast.
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Breeding of Sake Yeast

Most of the sake yeast strains in industrial use were isolate
from moromi that produced high-quality sake. To develop new
products and increase the ef� ciency of sake-brewing, these
yeasts have been improved by mutagenesis and enrichmen
culture (Table 5). It is noteworthy that many mutant strains
that were developed using modern biotechnology are also
actually used in industrial sake-brewing, although sake
brewing is a very traditional industry.
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Non-Foam-Forming Mutants

Common sake yeast such as the Kyokai strains forms a thic
foam layer on sake moromi in the early stage, thereby pre
venting vessels from being used to full capacity. To reduce th
amount of foam on sake moromi, non-foam-forming mutants
Table 5 Development of useful sake yeast strains

Useful characteristic Isolation method

Non-foam-forming Nonadsorption to bubbles
Killer activity Back cross or cytoduction
Ethanol tolerance Enrichment culture

Ester production Antibiotic resistance
Adenine auxotrophy Mutation and enrichment c
Arginase de� ciency Enrichment culture
were bred from foam-forming sake yeast by utilizing the
af� nity of foam-forming cells for bubbles as follows:

1. Sterilized air is blown vigorously into foam-forming sake
yeast culture broth containing non-foam-forming mutants
that occur spontaneously at a very low frequency, and the
vessel over� ows until most of the broth has spilled over
(froth � otation method).

2. The mutants remain in the vessel, while most of the foam-
forming yeast cells are removed with the air bubbles
because of their ability to adsorb to the bubbles. This
procedure results in an increase in the proportion of non-
foam-forming mutants in the broth.

3. Next, the residue is cultured in fresh medium, followed by
a repetition of the froth � otation method.

4. The proportion of mutants in the broth continues to
increase as these procedures are repeated until the mutan
are � nally isolated.

Because the characteristic of foam-formation is a property o
the yeast cell surface, non-foam-forming mutants can be iso
lated not only by the froth � otation method but also by
a method based on the fact that they do not adsorb toLacto-
bacillus plantarumcells, which have a negative charge in acidi
solution (pH 3.0).

Since these mutants have almost the same characteristi
as the parental strains except for their non-foam-forming
properties, they are currently widely used in sake-brewing
The gene involved in foam formation, named AWA1, has
been cloned and sequenced by a Japanese research gro
and has been found only in sake yeast strains. This gen
codes for a protein component of the yeast cell wall, which
confers cell surface hydrophobicity. It was also shown
that a non-foam-forming mutant had a mutation in its
AWA1 gene.
Killer-Resistant Sake Yeast

The ‘killer ’ strain of Saccharomycesproduces a protein that kills
yeast that lacks immunity to this toxin. Because the killer strain
has immunity to its own toxin, it is not self-destructive.
However, since most sake yeasts have no such immunity
contamination by wild killer yeast in the fermentation process
causes severe damage to the seeded sake yeast, resulting in s
fermentation and a decrease in product quality. Therefore, new
killer yeast that can produce high-quality sake is very effectiv
against contamination, because this yeast is not only resistan
to wild killers, but can also destroy wild killer-sensitive yeast
contaminants.
Practical effect

Effective utilization of fermentation vessel
Prevention of wild yeast contamination
Increased ethanol concentration
Prevention of yeast autolysis in sake mash
Higher aroma components

ulture Makes pink sake
Makes sake free from urea
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Killer activity and immunity depend on two kinds of killer
plasmids, M-dsRNA and L-dsRNA, which are small and larg
double-stranded, virus-like RNAs, respectively. M-dsRN
encodes the killer protein, whereas L-dsRNA encodes th
envelope protein of these double-strand RNAs; i.e., both
genes are essential for killer expression. Therefore, a use
killer yeast can be bred by transferring these plasmids into the
cytoplasm of the host yeast. Killer sake yeast has been co
structed by transfer of killer plasmids into the cells of Kyokai
number 7 by cytoduction using a nuclear fusion-de� cient
killer mutant, which can form normal zygotes but is defective
in nuclear fusion. By this means, it is possible to transfer these
plasmids into useful yeast cells without crossing the nuclea
genes.
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Ethanol-Tolerant Mutants

In the late stage of sake moromi fermentation, the ethanol
concentration is higher than 18%, leading to an increased
content of dead yeast cells, which results in an increase i
amino acids and a decrease in sake quality. Mutants that ca
tolerate ethanol at high concentrations have been isolated from
Kyokai strains by enrichment culture using a medium con-
taining 20% (v/v) ethanol. These mutants can produce a higher
concentration of ethanol and lower amounts of amino acids
than the parental strains in sake moromi. The Kyokai number
11 yeast, which was developed from Kyokai number 7, is such
a yeast mutant that is commercially used. This mutation seem
to be related to properties of the cell surface, because th
mutant showed higher tolerance to digestion by the yeast-lytic
enzyme, zymolyase, as well as to killer toxin than the parenta
strains. Recent DNA microarray analysis showed that man
genes known to be induced by environmental stresses wer
highly expressed in Kyokai number 11 even in the absence o
stress. Elevated expression of stress-induced genes is likely to
a reason for pleiotropic phenotypes of the ethanol-tolerant
mutant. However, the mutant gene that is involved has not yet
been identi� ed.
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Ester-Producing Mutants

Ester compounds are major components of sake aroma. In
particular, the characteristic fruity aroma of ginjo-shu is
comprised of isoamyl acetate and ethyl caproate. Therefore
many researchers have tried to breed mutant strains with highe
production of these esters. One of the precursors of isoamy
acetate synthesis is isoamyl alcohol, whose synthesis seems
be a rate-limiting step for isoamyl acetate synthesis. Isoamy
alcohol synthesis is synthesized through a branched-chain
amino acid synthesis pathway and is regulated by feedbac
inhibition by leucine. A mutation-encoding resistance to
a leucine analogue may cancel the feedback inhibition by
leucine, leading to higher synthesis of isoamyl alcohol. There
fore, a strain producing suf� cient isoamyl acetate was bred by
selecting mutants resistant to 5,5,5-tri� uoroleucine. On the
other hand, one of the precursors of ethyl caproate synthesis i
caproic acid/or caproyl-CoA, which are produced by the fatty
acid synthesis pathway. Fatty acid synthesis of yeast is catalyz
by fatty acid synthase, which is inhibited by cerulenin. Some
cerulenin-resistant mutants were found to produce much more
caproic acid and ethyl caproate than the parental strains
Currently, cerulenin-resistant mutants are widely used in the
brewing of high-quality sake with a rich aroma. Since the
cerulenin-resistant mutants produce a very strong aroma
a mixture of wild type and mutant strains is often used to
obtain a moderate aroma.
Other Useful Sake Yeast Strains

Adenine auxotrophic yeast mutants (ade1and ade2) produce
a red pigment in cells and have therefore been used to
develop a novel pink sake product. A yeast adenine auxo
trophic mutant was isolated from sake yeast by UV muta-
genesis and auxotrophy enrichment by nystatin treatment.
Although this mutant is commercially used, its fermentation
ability is slower than the more common yeast due to the
adenine auxotrophy.

Ethyl carbamate is a potential carcinogen contained in
many foods and beverages. Ethyl carbamate is reported t
be made nonenzymatically from its precursor urea during
sake storage. Since urea is synthesized in yeast by argina
which is encoded by CAR1, a car1 mutant is expected to
produce lower urea levels. Thus,car1 mutants of industrial
sake yeast strains were bred and are used for brewing lo
urea-content sake, resulting in low ethyl carbamate conten
after storage.

Many sake yeast strains were bred by genetic engineerin
techniques to improve the quality and productivity of sake.
However, only a few such strains are used in industrial sake
brewing because of lack of public acceptance.
Recent Progress in Understanding the Molecular
Biology of Sake Yeast

Genome Analysis

Recently, the genome of Kyokai number 7 was sequence
and compared with that of the standard S. cerevisiaestrain
S288C. The overall genomic sequence and structure of Kyo
kai number 7 were nearly identical to those of S288C,
although there were two large inverted regions on chromo-
somes V and XIV. Sake yeast, including Kyokai number 7, i
heterothallic diploid, whereas wine yeast is usually homo-
thallic. A survey of heterozygous base positions betwee
homologous chromosomes revealed that the heterozygos
ities were unevenly distributed and that many of them were
clustered in speci� c regions of the chromosomes. These
mosaic-like patterns seem to re� ect the evolutionary history
of Kyokai number 7: repeated loss of heterozygotic events
happened in an ancestral heterozygous diploid strain, which
was a spontaneous hybrid of two different haploid sake
yeast. Although almost all ORFs in the two strains share
more than 99% identity, there are many genes that are
speci� cally present or absent in Kyokai number 7. Examples
of genes found in the genome of Kyokai number 7 but not in
that of S288C are AWA1, which is required for foam
formation of sake yeast, and BIO6, which is involved in
biotin biosynthesis. AWA1 and BIO6 are found in the sub-
telomeric region of chromosomes, suggesting that these
regions are susceptible to change.
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Genotype–Phenotype Relationship

Although the genome structure is known, elucidation of the
relationship between genes and phenotype is still a challenge
Two types of methodology are employed to obtain insight into
this relationship. One is analysis of speci� c mutations, and the
other is a statistical genetic method. One example of the forme
method is analysis of a nonfunctional mutation of MSN4.
Sequence analysis of the Kyokai number 7 genome reveale
that it has mutations in MSN4, which encodes a stress-activate
transcription factor. DNA microarray analysis of gene expres
sion demonstrated lower expression of genes that are regulate
by Msn4p in Kyokai number 7 compared to the laboratory
strain. These� ndings suggest that sake yeast is not necessar
more stress tolerant than other yeast strains, although sak
yeast produces more ethanol in sake moromi. One example o
the statistical genetic method is quantitative trait locus (QTL)
analysis. The laboratory yeast strain X2180, the diploid strain
of S288C, produces lower levels of ethanol and aroma
components than Kyokai number 7 in sake moromi. To iden-
tify the genetic loci involved in the different sake-brewing
characteristics of these two strains, QTL analysis of haploi
offspring of the heterozygous diploid of the haploid strains of
these two strains was performed. This analysis identi� ed several
signi� cant QTLs involved in ethanol and aroma component
productivity. The results showed that these characteristics we
determined by multiple genetic loci and that Kyokai number
7 alleles can have a negative effect on sake-brewing, althoug
the overall performance of Kyokai number 7 is better than
X2180, suggesting room for genetic improvement.
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The role of Salmonellain foodborne disease was� rst docu-
mented in the late 1800s, although association with human
clinical disease, in the form of typhoid, dates back to the
beginning of that century. In 1885 an organism, designated
Bacillus cholerae-suis, was isolated by a veterinary pathologist,
D.E. Salmon, from pigs suffering hog cholera, with similar
organisms isolated from outbreaks of foodborne disease and
infected animals. To accommodate these organisms, the genu
Salmonellawas created by Lignières in 1900, in honor of
Salmon.

Despite extensive efforts to understand and contro
members of the genus,Salmonellaremains a major concern to
food microbiologists throughout the world, due primarily to
the ubiquitous association of the bacterium with food animals
and their production environment.
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Characteristics ofSalmonella

The genusSalmonella, within the family Enterobacteriaceae, is
composed of facultatively anaerobic, oxidase-negative, cata
lase-positive, Gram-negative, rod-shaped bacteria; the rods a
typically 0.7–1.5 � 2–5 mm in size, although long � laments
may be formed. Most strains are motile and ferment glucose
with production of both acid and gas. Further biochemical tests
22 Encyclopedia of Food
commonly are employed to distinguish salmonellae from
other genera within the family Enterobacteriaceae are given in
Table 1.
Serology

Salmonellae are further characterized into serotypes or serova
within the Kauffmann –White antigenic scheme, based on
differences in reaction with antibodies of two major and, in
some cases, other minor types of cell surface antigens. Note tha
the terms ‘serovar’ and ‘serotype’ (both abbreviated as ‘ser’)
have been used variably and interchangeably over time
A recent recommendation suggested use of the term serotyp
instead of serovar, although the latter is now in widespread use
(and is retained here).

Strains are divided into serogroups, based on differences i
epitopes of lipopolysaccharide (LPS), a major component of
the outer membrane of Gram-negative bacteria. LPS, desig
nated the O or somatic antigen for serological purposes, is
composed of three components– lipid A, core polysaccharide,
and oligosaccharide side chain– the last conferring serogroup
speci� city. The LPS side chains are composed of repeatin
units of oligosaccharides, which in turn are composed of
a range of sugars, including rare heptoses, such as abequo
and tyvelose. Strains lacking the side chain O antigen ar
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00294-9
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Table 1 Biochemical tests used in characterization and reactions
of the genusSalmonella

Test Typical reaction Percent (%) positiv

Decarboxylation of:
Lysine þ 97.4
Ornithine þ 90

Production of:
Hydrogen sul� de þ 95.3
Indole � 1.1
Urease � 0
Arginine dihydrolase þ 92.8
Phenylalanine deaminase � 0

Metabolism of glucose:
Fermentation þ 100
Methyl red þ 100
Voges–Proskauer � 0
Gas production d 89.4

Fermentation of:
Arabinose þ 90.0
Xylose þ 94.6
Rhamnose þ 91.4
Maltose þ 97.3
Lactose � 0.3
Sucrose � 0.2
Raf� nose � 3.3
Mannitol þ 99.7
Sorbitol þ 94.5
Dulcitol d 88.1
Inositol d 38.5
Adonitol � 0
Salicin � 0.6

Liquefaction of gelatin � 0.6
Utilization of citrate d 86.9

þ , > 90% positive;� , < 10% positive; d, 10–90% positive.
Some positive reactions may be delayed (3 or more days).
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known as rough strains, producing rough colonies on plate
media, and failing to agglutinate with homologous
antiserum.

Each serogroup is determined by a particular O antigen, eac
distinct antigen denoted by a number; for groups A, B, C, and D,
respectively, the O2, O4, O6, and O9 antigens are diagnostic. I
addition, some serogroups contain subgroups, differentiated by
other O antigens; O antigens 6,7 and 6,8 de� ne subgroups C1
and C2, respectively. Many serovars possess other O antige
such as O12, which are found in a number of serogroups and
are thus of less diagnostic value (Table 2). The O antigens are
numbered between 1 and 67, though noncontiguously, some
antigens having been removed from the typing scheme as the
were assigned to organisms originally but no longer within the
genusSalmonella. These antigens may be encoded chromoso
mally, such as O12, or may be introduced into serovars by
lysogenic bacteriophage, an example being O1 in many sero
vars of serogroups B and D. In the latter case, the antigen
underscored in the antigenic formula (Table 2) to denote its
instability, as the antigen will be lost if a strain is cured either
naturally or arti � cially of the encoding phage.

Occasionally, some chromosomally encoded antigens may
not be expressed, or only at levels not detected by agglutina
tion. These antigens, such as O5 in serovar Typhimurium, ar
denoted in the antigenic formula by square brackets (Table 2).
Although the presence of lysogeny-derived O antigens is a
accepted part of the antigenic formula for a number of long-
standing serovars, lysogenic variants of some serovars a
designated as variants of the parent serovar, rather tha
affording them separate serovar status. This is particularl
important in light of the identi � cation of variants with more
than one lysogeny-derived antigen, and the potential for
discovery of many more such variants. This has led in some
cases to the abolition of some serovar names (e.g., Orion and
variants;Table 2).

Within serogroups, strains are further differentiated into
serovars, based on variation in� agellins or H antigens, the
subunit proteins of � agella. Someserovars arede� ned easily with
respect to H antigens as they produce only one form or phase
these serovars are termed monophasic. Most serovars, term
diphasic, are capable of producing two distinct forms of� agella.
Some strains are genotypically triphasic, capable of producing
a third phase H antigen, which may be encoded chromosomally
or, more often, extrachromosomally (plasmid-borne), although
phenotypically these strains appear diphasic. An alternative H
antigen produced in phase 1 is referred to as an R-phase
antigen. Phase 1 H antigens are described by lowercase lette
(a, b, c) or, beyond the 26th such antigen, by the letter‘z’ and a
consecutive number (z1, z2. z83, etc.). The� rst phase 2 H
antigens identi� ed are described, like O antigens, by numerals
(1, 2, 3), although many serovars express H antigens typical o
phase 1 as phase 2 antigens (e.g., e, n, x). In a culture of
multiphasic serovar, the population may be composed of
a mixture of phase 1 and phase 2 cells, or a predominance o
a single type. During serological characterization of a strain
alternative phase antigens are induced by a culture of the strai
in the presence of antisera to the� rst identi� ed antigen.

As of 2008, there were 2579 serovars ofSalmonella enterica,
of which 58.9% belong to subspeciesenterica(Table 3). On the
basis of the numerous characterized O and H antigens, the
description of new antigens, and evidence for ongoing hori-
zontal gene transfer, there is potential for the creation of many
new serovars. Indeed, new serovars are regularly describ
(almost 150 between 1996 and 2008;Table 3), and it is almost
certain more will continue to be discovered.

Strains of individual serovars can be subdivided using
a range of phenotypic and genotypic methods, including bio-
typing, phage typing, antibiotic susceptibility testing or resisto-
typing, restriction endonuclease analysis, restriction fragmen
length polymorphism (RFLP)-probe techniques (such as ribo-
typing) and IS200 typing, rep-PCR, pulsed-� eld gel electropho-
resis (PFGE), multilocus sequence typing (MLST), and plasmid
pro� ling and � ngerprinting. Although it is beyond the scope of
this discussion to describe the technical details or advantage
and disadvantages of many of these methods, or their applica
bility to speci� c serovars, it is worth noting that the ef� cacy of
any technique varies with serovar. The current method of choice
in reference laboratories for a growing number of serovars is
phage typing; however, with typing sets having been developed
for serovars Enteritidis, Heidelberg, Paratyphi B, Typhi, Typhi
murium, and Virchow, molecular techniques such as PFGE, rep
PCR, and MLST are gaining popularity. Further strain analysi
becomes necessary when a particular phage type (PT) of a ser
var becomes dominant, such as Enteritidis PT4 in the United
Kingdom.
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Table 2 Antigenic formulas of selectedSalmonellaserovars, including those exhibiting normal, lysogeny-derived and weak
O antigens, capsular (Vi) antigen, and R-, mono-, di-, and tri-phase H antigens

Serovar (serogroup) Somatic antigens

Flagellar antigens

Phase 1 Phase 2 Phase 3

Paratyphi A 1,2,12 a [1,5]
Typhimurium (B) 1,4,[5],12 i 1,2
‘So� a’ (B)a 1,4,12,27 b [e,n,x]
Virchow (C1) 6,7 r 1,2
Muenchen (C2) 6,8 d 1,2
Typhi (D) 9,12[Vi] d –
Typhi (R-phase) 9,12[Vi] j z66
Dublin (D) 1,9,12[Vi] g,p –
Enteritidis (D) 1,9,12 g,m –
Pullorum (D) 1,9,12 – –
Orion (E) 3,10 y 1,5
Orion var 15þ (Binza) 3,15 y 1,5
Orion var 15þ ,34þ (Thomasville) 3,15,34 y 1,5
Rubislaw (F) 11 r e,n,x
Rubislaw (triphasic) 11 r e,n,x d

aSubspecies II (Salmonella entericasubsp.salamae) serovars are no longer described by name.The serogroup-speci� c antigen is in bold and subgroup
antigens italicized for clarity, but usually would appear in normal font.

Table 3 Number of serovars in each species and subspecies ofSalmonella, 1992–2008

Salmonella entericasubspecies/species

Year

1992 1996 2000 2004 2008

Subsp.enterica(I) 1379 1435 1504 1517 1531
Subsp.salamae(II) 466 485 502 503 505
Subsp.arizonae(IIIa) 93 94 95 96 99
Subsp.diarizonae(IIIb) 309 321 333 334 336
Subsp.houtenae(IV) 64 69 72 72 73
Subsp.indica(VI) 10 11 13 13 13
Bongori(V) 18 20 22 22 22
Total number 2339 2435 2541 2557 2579
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Taxonomic Considerations

Taxonomy

On the basis of biochemical and physiological tests, the genus
Salmonellaoriginally was differentiated into � ve and later seven
subgenera, designated I, II, IIIa, IIIb, IV, V, and VI (Table 4).
Currently, after analysis by modern techniques, the genus i
considered to consist of either one or two species. Evidenc
from DNA hybridization and numerical taxonomy supports
the existence of only one species,S. enterica, while sequence
analysis of the DNA-encoding ribosomal RNA as well as mul-
tilocus enzyme electrophoresis have demonstrated separatio
into two current species,S. entericaand Salmonella bongori, the
former composed of six subspecies, and the latter representin
Salmonellasubspecies V (Table 3). Most serovars of signi� cance
in humans, including those responsible for foodborne disease,
belong to subspecies I (S. entericasubsp.enterica).

Salmonellacan be further subdivided into biotypes, de� ned
as the biochemical variation in two strains of the same serovar
and phage type, based on variable susceptibility to speci� c lytic
bacteriophages.
Nomenclature

Within the subgenus system, at the serovar level, salmonella
historically have been afforded species status, the name of th
particular serovar appearing in a typical italicized in its genus–
species form; for example, serovar Typhimurium has been
described asSalmonella typhimurium.

Currently, salmonellae are described in the scienti� c litera-
ture in two ways. The historical form remains, but in the second
and more recent convention, subgenera I–IV and VI have been
designated as subspecies ofS. enterica, whereas subgenus V ha
been elevated to the speciesS. bongori(Tables 3 and 4). Only
serovars of subspecies I are given names, and the serovar nam
is not afforded species status. Thus, serovar Typhimurium i
described fully asS. entericasubsp. entericaserovar Typhimu-
rium, which is abbreviated conveniently to Salmonella Typhi
murium. Since 1994, no new serovars of any subspecies hav
been assigned names. Retention of the serovar name, whi
distinguishing serovars from species, represents a satisfacto
reconciliation of taxonomy and nomenclature on the one hand
and practical microbiology on the other. Serovars of subspecie
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Table 4 Biochemical and physiological characteristics of the species and subspecies ofSalmonella(note the old and new taxonomic designations)

Test

Entericasubspecies

Enterica Salamae Arizonae Diarizonae Houtenae Indica Bongori
(I) (II) (IIIa) (IIIb) (IV) (VI) (V)

Fermentation of:
Dulcitol þ þ � � � d þ
Sorbitol þ þ þ þ þ � þ
Salicine � � � � þ � �
Lactose � � d d � d �

ONPG (2 h) � � þ þ � d þ
Utilization of:

Malonate � þ þ þ � � �
Mucate þ þ þ d � þ þ

Additional tests:
Growth with KCN � � � � þ � þ
L- (þ ) or D-Tartrate þ � � � � � �
Galacturonate � þ � þ þ þ þ
Gelatinase � þ þ þ þ þ �

g-Glutamyltransferase þ þ � þ þ þ þ
b-Glucuronidase da d � þ � d �
Lysed by phage O1 þ þ � þ � þ d
Usual habitat Warm-blooded animals Cold-blooded animals and environment

aTyphimurium.
þ , 90% or more positive reactions;� , 90% or more negative reactions; d, different reactions given by different serovars.
Le Minor, L., Véron, M., Popoff, M., 1982. Annals of Microbiology (Inst. Pasteur). 133 B, 223–243 and 245–254; Le Minor, L., Popoff, M.Y., Laurent, B., Hermant, D., 1986.
Annales de L’Institut Pasteur/Microbiology. 137 B, 211–217.
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other than entericaare described simply by their antigenic
formula, although some of the older and more common
serovars of subspecies other thanS. entericaoften are referred to
by name – for example, S. entericasubsp. salamaeserovar
1,4,12,27:b:[e,n,x] commonly is known asSalmonella so� a, even
though the serovar is now of�cially known only by its antigenic
formula.

Salmonellaserovars originally were named for the diseas
syndrome in various hosts, examples being serovars Typh
Typhimurium, Abortusovis, and Bovismorbi� cans in humans,
mice, sheep, and cattle, respectively. Shortly thereafter, nome
clature based on species and syndrome became limiting, an
names were assigned according to the� rst geographic site
of isolation, examples including serovars Adelaide, Dublin,
London, Miami, and Moscow.
e

an
Physiology

A range of environmental conditions affects the growth, death,
or survival of salmonellae, forming the basis for control and
preservation measures in the food-processing industry. Thes
include temperature, pH, and water activity (aw), and combi-
nations thereof.
-
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Temperature

Salmonellae can grow within the range 2–54 � C, although
growth below 7 � C largely has been observed only in bacteri
ological media, not in foods, while growth above 48 � C is
con� ned to mutants or tempered strains. The optimum
temperature for growth is 37 � C, which is not surprising given
that the natural ecology of mostSalmonellastrains of concern to
public health is the gastrointestinal tract of warm-blooded
animals.

Above the maximum growth temperature, salmonellae die
quickly and, in general, are readily destroyed by mild heat
processes, such as pasteurization. Susceptibility varies wi
strain, however. Studies of many strains in model system
have demonstrated mean D-values at 57 and 60� C of 1.3 and
0.4–0.6 min, respectively, andz values of 4–5 � C. Salmonella
Senftenberg 775W, the most heat-resistant strain ofSalmonella
thus far identi� ed, has D-values at the same temperatures o
31 � C and 4–6 min. Exposure to adverse conditions, including
exposure to sublethal temperatures and extremes of pH
increases resistance. Foods high in solids content, particular
protein or fat, and low in moisture (and aw) are highly
protective, with survival in foods such as chocolate or peanut
butter measured in hours between 70 and 80� C. Increased heat
resistance is less marked when solutes such as NaCl rather th
sugars are used to reduce water activity.

Salmonellae survive quite well at low temperatures.
Although the time varies with substrate and the in� uence of
such factors as pH andaw, strains may survive for days to weeks
at chill temperatures. During freezing, a population of salmo-
nellae will be reduced inversely to the rate of freezing, further
in� uenced by the degree of protection afforded by the matrix in
which the organism is held and the physiological status of the
cells, with log-phase cells being more susceptible to damage
After freezing, a population of Salmonellaundergoes a slow
decline, and the rate of decline is inversely proportional to
the storage temperature. In a protective matrix, and unde
commercial freezing conditions, salmonellae may survive for
months or years.
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Table 5 Characteristics ofSalmonellapathogenicity islands

Designation
(alternative) Size in kB

Base composition
%Gþ C (range) Insertion point Distribution

Variability
(stability) Virulence functions

SPI-1 39.8 47 ßhA-mutS Salmonellaspp. Conserved T3SS, iron uptake
SPI-2 39.7 44.6 tRNAvalV S. enterica Conserved T3SS
SPI-3 17.3 47.3 (39.8–49.3) tRNAselC Salmonellaspp. Variable Mg2þ uptake
SPI-4 23.4 44.8 tRNA-like Salmonellaspp. Conserved Unknown
SPI-5 7.6 43.6 tRNAserT Salmonellaspp. Variable T3SS effectors
SPI-6 (SCI) 59 51.5 aspV Subsp I, parts in IIIB, IV, VII Unknown Fimbriae
SPI-7 (MPI) 133 49.7 (44–53) tRNApheU Subsp. I serovars Instable Vi antigen, pilus assembly,sopE
SPI-8 6.8 38.1 tRNApheV sv Ser. Typhi Unknown Unknown
SPI-9 16.3 56.7 Prophage Subsp. I serovars Unknown Putative toxin, unknown
SPI-10 32.8 46.4 tRNAJeuX Subsp. I serovars Unknown SEF� mbriae
SGI 1.43 48.4 thdF-yidY Subsp. I serovars Variable 5 Antibiotic resistance genes
HPI Unknown Unknown tRNAasnT (ychF) Subspecies IIIa, IIIb, IV Unknown High-af� nity iron uptake

After Schmidt, Hensel, January 2004. Clinical Microbiology Reviews 17 (1), 14–56.
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pH

The optimum pH for growth of Salmonellais within the range
6.5–7.5, with strains growing at pH values up to 9.5, and
down to 4.05, although the minimum varies considerably
with the acidulant used to reduce pH. Although growth occurs
down to or close to the minimum pH with nonvolatile
organic acids, such as citric acid, or mineral acids, such a
hydrochloric acid, growth stops at higher pH values when
volatile fatty acids (VFAs) are used (e.g., pH 5.4 in the pres
ence of acetic acid). The inhibitory effect of VFAs is inversel
proportional to chain length and to increases under anaerobic
conditions, presumably due to a decrease in available energ
(adenosine triphosphate (ATP)) and a consequent decrease i
ability to remove the acids from the intracellular
environment.

Increasing temperature increases sensitivity to low pH, a
does the presence of food additives such as salt or nitrite
Sensitivity to pH is a major preservative factor in foods to
which acidulants are added, such as mayonnaise, or in which
acids are produced by fermentation, such as salami or chees
The effect of acidulant is exempli� ed by the increased survival
of SalmonellaEnteritidis in mayonnaise made with lemon juice
(citric acid) rather than vinegar (acetic acid).

Tolerance or adaptation to low pH is signi� cant with respect
to virulence, increasing the likelihood of surviving gastric acidity,
or the acidic intracellular environment of phagocytic cells.
Salmonellae generally exhibit three distinct responses to acidity
a general pH-independent, RpoS-mediated stress response, a
a pH-dependent response, both activated in the stationary phase
as well as a pH-dependent log-phase response.
-
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Water Activity

Salmonellae grow at aw values between 0.999 and 0.945 in
laboratory media, down to 0.93 in foods, with an optimum of
0.995. Although there is no growth below 0.93, Salmonella
survives, and the time of survival increases asaw decreases. In
low-moisture foods, such as pasta, peanut butter, and choco
late, survival is measured in months. Salt (NaCl), used as
a solute to lower water activity and as a preservative in foods, i
inhibitory toward salmonellae at concentrations of 3–4%, with
tolerance increasing at temperature between 10 and 30� C.
Virulence Factors

The ability of salmonellae to infect and cause disease in a rang
of hosts involves an extensive array of constitutive or inducible
factors that interact with host systems. Many of these factors ar
thought to have been acquired by horizontal gene transfer and
integrated into the bacterial chromosome onSalmonellapath-
ogenicity islands (SPIs), of which 12 currently are recognized
SPI1 and SPI2 are the most critical to cell invasion. Thes
determinants (Table 5), along with virulence traits encoded
elsewhere on the chromosome or on plasmids (e.g.,� mbriae)
are common to many strains and function together to allow
salmonellae to function as pathogens.
Lipopolysaccharide

The study of the LPS of strains of different serovars has show
that variation in the amount produced, the length of O side
chains, and the degree of glycosylation all affect virulence, the
latter being enhanced when the former properties are increased
Long side chains sterically hinder the ability of components of
the complement cascade system to bind to the surface of th
Salmonellacell, preventing lysis.

In addition, the composition of the O side chains in � uences
virulence, particularly the ability to cause invasive infection, as
different serogroup determinants interact differently with
components C5 to C9 of the complement cascade. Thus
propensity to invade decreases respectively in serogroups B,
and C, ignoring other virulence characteristics. It is not
surprising then that the majority of human Salmonellainfec-
tions involve serovars of serogroups A to E.
Fimbriae

Many salmonellae produce one or more of the several distinct
� mbrial structures described thus far, a major research mode
for the study of � mbriae being serovar Enteritidis.
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Type 1, mannose-sensitive� mbriae are expressed by strain
of many Salmonellaserovars including Enteritidis, in which they
are known as SEF21. Although they function similarly, the type
one � mbriae of salmonellae are distinct from those ofE. coli.

Fimbriae composed of 14 kDa subunits have been
described in SalmonellaEnteritidis and a small range of other
serogroup D salmonellae, including serovars Blegdam, Dublin
and Moscow. The SEF14� mbria is likely to be associated with
virulence as it shares homology with an adhesin from enter-
otoxigenic E. coli.

SEF17� mbriae, originally described in S. Enteritidis, have
been identi� ed in a wide range of serovars as well as diarrhea
genic strains of E. coli. These extremely hydrophobic and
aggregative� mbriae bind � bronectin strongly, indicative of
a role in adherence. SEF17 also activates tissue plasminoge
both directly and indirectly through the induction of host
tissue plasminogen activator, suggesting a role in dissemination

SEF18, the latest of the� mbrial structures to be described, is
manifested as a� brillar structure in serovar Enteritidis, but as
a more amorphous matrix on the cell surface in the other
Salmonellaserovars in which it has been detected.

It is likely that other � mbrial structures will be identi � ed
among salmonellae, some of which may be distributed widely,
whereas others, like SEF14, may be restricted to a narrow ran
of related serovars. At the same time,� mbrial structures
currently associated with some serovars will be demonstrate
in others.
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Toxins

Enterotoxin is produced by many strains ofSalmonella, repre-
senting the virulence factor responsible for the onset of diar-
rheal symptoms. Although early studies suggested a serolog
relationship between theSalmonellaenterotoxin, cholera toxin
(CT), and the labile toxin (LT) toxin of enterotoxigenic E. coli,
more recent serological and nucleic acid studies indicate the
are distinct entities. TheSalmonellaenterotoxin appears to be
structurally similar to CT, however, consisting of A and B
subunits; subunit A stimulates host cell adenylate cyclase while
the B subunit produces a pore through which subunit A enters
the cell. Increased levels of cellular cyclic AMP (cAMP) lead t
a net massive increase in concentration of sodium and chloride
ions and a consequent accumulation of� uid in the intestinal
lumen.

Salmonellae also produce a membrane-bound proteina-
ceous cytotoxin, which is serologically and genetically distinct
from Shiga toxins of Shigellaand E. coli. The toxin, which may
be released intracellularly as a consequence of limited bacteria
lysis, inhibits protein synthesis, leading to host cell lysis, and
dissemination of the bacterium. Host cell lysis also may result
from chelation of divalent cations by the toxin, causing
disruption of host cell membranes.
er
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Siderophores

Acquisition of iron is critical to survival and growth of micro-
organisms and must be prised from the host during infection
as iron is complexed in a range of proteins, or the little free iron
available must be scavenged. Salmonellae, as do many oth
members of the Enterobacteriaceae, produce two types o
sequestering molecules, or siderophores, to acquire iron. Th
� rst, a high-af� nity siderophore known as enterochelin or
enterobactin, is a phenolate, composed of a cyclic trimer of
dihydrobenzoic acid and L-serine, while the second, the
hydroxamate aerobactin, is synthesized from a citrate molecule
and two lysine derivatives. Enterochelin or aerobactin seques
ters ferric ions from the environment (intestinal lumen, serum)
and, after binding to an outer-membrane protein, is trans-
located to the cytoplasm, where Fe3þ is reduced to Fe2þ , the
latter being released from the siderophore. Strains producing
enterochelin generally are more virulent than those producing
aerobactin.
Other Chromosomally Encoded Factors

A series of genes, the products or functions of which severa
have not been fully characterized, occur within large gene loci
the pathogenicity islands referred to earlier (and inTable 5).
A series of 15 genes, theinv region, occurs within one such
island and is necessary for epithelial cell invasion, known gene
products responsible for early stages of cell engulfment
including epithelial cell membrane ruf � ing, and assembly and
translocation to the bacterial cell surface of attachment
appendages. Theinv genes are expressed during late logarithmi
or early stationary phase under conditions of high osmolarity
and low oxygen tension, which are conditions encountered in
many internal body sites. Other regions of the chromosome
encode factors necessary for intracellular survival; theoxyR
locus encodes proteins protective against the toxic oxyge
products in macrophages, and thephoP/phoQregulatory system
is required for expression of factors permitting survival within
phagocytic cells.

Regulatory gene products, such as sigma factors, also pl
a role in pathogenicity. Sigma factor RpoH, responsible for
regulation of heat shock proteins (HSPs), is expressed durin
intracellular growth, while HSPs of 58 and 68 kDa are
synthesized not only in response to heat shock, but also
constitutively at a low level at 37 � C, and at increased levels
during infection. The sigma factor RpoS is strongly expresse
intracellularly, and it is likely to regulate cytotoxic factors, as
rpoS-negative mutants, while surviving intracellularly, cause
less cell death than wild-type strains.
Plasmids

Strains of a number of Salmonellaserovars, including Chol-
eraesuis, Dublin, Enteritidis, Pullorum, and Typhimurium,
harbor large serovar-speci� c plasmids, between 30 and
60 MDa in size. Although these plasmids vary considerably
in size, incompatibility group, and overall homology, they
contain an essentially identical piece of DNA, known as the
Salmonella plasmid virulence or spv region. The region
contains at least � ve genes,spvRABCD, transcription regu-
lated by both the spvRgene product, and the sigma factor
RpoS, in� uenced in turn by such factors as the host intra-
cellular environment, low pH, iron limitation, and nutrient
limitation concurrent with reaching the stationary growth
phase. The gene products ofspvABCDappear to enhance
intracellular multiplication and systemic dissemination.
Minor sequence differences in spvR markedly affect
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transcription of spvABCD, in turn in � uencing the invasive-
ness of different serovars.

For any serovar, the role in virulence played by the plasmid
or more speci�cally the spvgene products varies with host.
For example, the plasmid of serovar Enteritidis affects invasion
in cattle and mice, but not in chickens.

Interestingly, some host-adapted serovars such as Typh
and gastroenteric serovars with a predisposition to extra
intestinal infection, such as Virchow, do not harbor virulence
plasmids; the homologous virulence genes, in some cases, hav
been located within the chromosome of these serovars.
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Pathogenesis

Infectious Dose

Infection begins with ingestion of a dose of the bacterium
suf� cient to broach the� rst line host defenses and colonize the
gastrointestinal tract. The dose required is in� uenced by the
nature and physiological status of the strain, the matrix in
which the strain is ingested, and the status of the potential host.
Although the ‘typical’ infectious dose is considered to be in the
range if 106–108 cfu, epidemiological evidence from a number
of outbreaks has demonstrated that the infectious dose can b
substantially less, as little as a few cells (Table 6).

Different strains of Salmonellapossess a diversity of viru-
lence factors that can be brought to bear against the hos
defenses, with the number and type of these factors having
a profound effect on pathogenesis. The physiological state o
the organism, whether in active log-phase or the stationary
phase, may have an impact on survival, both in the food matrix
and upon entry into the host.

The host also in� uences infectious dose. The very youn
have a poorly developed immune system and low gastric
acidity, while the elderly and immunocompromised demon-
strate only a weak immune response against infection.

A food matrix high in fat or protein offers signi � cant
protection to the organism within it, both in relation to the
external environment and that within the host. Such foods act
as a barrier to gastric acidity, and those high in fat also are
voided quickly from the stomach, both serving to transport
salmonellae quickly and without injury to the lower gastroin-
testinal tract. Additionally, cells present in such a matrix will be
Table 6 Infectious doses associated with outbreaks
of salmonellosis

Food vehicle Salmonellaserovar
Infectious dose
(cfu ingested)

Chocolate Eastbourne 100
Chocolate Napoli 10–100
Chocolate Typhimurium < 10
Cheddar cheese Heidelberg 100
Cheddar cheese Typhimurium 1–10
Peanut butter Mbandaka 10–100
Hamburger Newport 10–100
Ice cream Enteritidis 25–50
Paprika-� avored

potato chips
Saintpaul/Javiana/Rubislaw < 45
in a dormant and thus are more resistant to a physiological
state.

The combination of these factors results in outbreaks
involving low infectious doses, exempli� ed by an outbreak
involving peanut butter in Australia. Small populations of
serovar Mbandaka were ingested in peanut butter by a largel
young population, resulting in a widespread outbreak, with
severe gastroenteritis experienced by many of those af�icted.
f

-

Disease

Salmonellae are considered to cause two distinct diseas
syndromes, described simply as gastroenteritis and system
disease, although it is now clear that some strains of typically
gastroenteric serovars are capable of causing systemic disea

Systemic disease usually is associated with strains or ser
vars that inhabit a narrow range of hosts, such asSalmonella
Dublin in cattle, SalmonellaPullorum in poultry, and Salmo-
nella Typhi, Paratyphi, and Sendai in humans; such strains o
serovars and are termed host dependent or host adapted. Th
systemic syndrome is characterized by a long incubation
period, a lower infectious dose than that generally associated
with gastroenteric disease, a range of extraintestinal symptom
(particularly fever), and, commonly, establishment of an
asymptomatic carrier state following resolution of acute
symptoms. Further detail is provided in a subsequent discus
sion of SalmonellaTyphi.

Clinical signs and symptoms of typical human salmonel-
losis, which may be foodborne, include acute onset of fever,
abdominal pain, gastroenteritis, nausea, and vomiting. The
incubation period is generally 12–72 h, commonly 12–36 h,
with an average duration of 2–7 days. The disease is usuall
self-limiting, with patients recovering uneventfully (without
antibiotics) within a week. Antibiotic treatment is necessary in
less than 2% of clinical cases, where severe dehydration occur
especially in the elderly (>50 years), young children
(<5 years), or the immunocompromised, who may account for
up to 60% of all noti � ed cases and may contribute signi� cantly
to the overall low mortality rate of 0.1 –0.2%.

Some patients (<1%) develop complications or long-term
effects (sequelae), which may include arthritis, osteoarthritis,
appendicitis, endocarditis, pericarditis, meningitis, peritonitis,
and urinary tract infections. Following clinical illness, there
also may be a period of intermittent fecal shedding, lasting
from days to years, with a medium term of 5 weeks, and<1%
becoming chronic carriers. Children are proli� c shedders and
may shed salmonellae at populations of up to 106–107 cfu g� 1

of feces during convalescence, increasing the likelihood o
propagation of infection particularly among immediate family
and primary care givers.

Most nontyphoidal salmonellae enter the body through
ingestion of contaminated food or water, or via person-to-
person spread, most commonly child to mother. After
ingestion, the organism passes through the stomach and duo
denum, as a food bolus (which may contain fats and other
protective components), and colonizes the ileum and colon.
The bacterium invades the intestinal epithelium, proliferating
within the epithelium and the M cells within the Peyer’s
patches. The molecular pathways induced to allowSalmonella
entry into the cell are initiated by the SPI-1 genesinvAand orgA
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with both mannose-sensitive and mannose-resistant� mbriae
involved in attachment to these cells. This leads to membrane
ruf� ing and passive uptake of the bacterium into the host cell
vacuoles, with migration from the apical to basal pole of the
endocyte and, on occasion, eventual release into thelamina
propria.

After invading the intestine, most salmonellae induce an
acute in� ammatory response that may then induce cytotoxins,
which may inhibit protein synthesis, with consequent ulcera-
tion. This in � ammatory response is initiated by invaded
epithelial cells, which synthesize and release various proin
� ammatory cytokines. This evokes an acute in� ammatory
response and also may be responsible for damage to th
intestine, with common resultant symptoms including fever,
chills, abdominal pain, leukocytosis, and diarrhea.

The diarrhea is due to secretion of� uid and electrolytes by
the small and large intestines. The mechanisms of secretion a
unclear, but the secretion is not merely a manifestation of
tissue destruction and ulceration but rather a complicated
innate defense mechanism. It has been suggested, howev
that invasion of the intestinal mucosa or cytotoxins (as
Table 7 Major foodborne outbreaks of human salmonello

Year Country Vehicle

1953 Sweden Pork
1964 Scotland Canned corned bee
1967 United States Ice cream
1968 Scotland Raw pork
1973 Trinidad Milk powder
1974 United States Potato salad
1976 Australia Raw milk
1977 Sweden Mustard dressing
1981 Netherlands Salad base
1982 England/Wales Chocolate
1984 Canada Cheddar cheese
1985 United States Pasteurised milk
1987 China Egg drink
1988 Japan Cooked eggs
1989 United States Cantaloupe melon
1990 United States Bread pudding
1991 Germany Fruit soup
1993 Germany Potato chips
1994 United States Ice cream
1995 United States Sprouts
1996 Australia Peanut butter
1997 Australia Pork rolls
1998 United States Toasted oat cereal
1999 Australia? Unpasteurized orang
2000 EU (5 countries) Lettuce
2001 Germany Chocolate
2002 Spain Vanilla cream pastry
2003 Austria Eggs
2004 Germany Pork
2005 Spain Precooked chicken
2006 United States/Canada Tomatoes
2007 Japan Boxed lunches
2008 Denmark Pork
2009 United States Peanut butter
2010 United States Eggs
2011 United States Turkey
mentioned earlier as a virulence factor) induce accumulation of
cAMP, thereby inducing secretion through the production of
local prostaglandins and other components of the in� amma-
tory response.

In susceptible hosts, the salmonellae may escape from th
basal side of epithelial cells into the lamina propriaand then
spread to mesenteric lymph nodes and throughout the body
via the systemic circulation. This system con� nes and controls
spread of the organism. The host cell-mediated and humora
immune systems, however, are pivotal in preventing dissemi
nation to other organs – namely, the liver, spleen, gallbladder,
bones, and brain.
SigniÞcance to the Food Industry

Sources ofSalmonella

Many biological entities, living and dead, act as reservoirs o
Salmonella, and a diversity of foods have been implicated in
outbreaks of foodborne disease (Table 7). As the natural
habitat of salmonellae signi� cant with respect to foodborne
sis

Serovar Cases

Typhimurium PT8 8845
f Typhi PT34 507

Typhimurium PT2a, Braenderupw 1790
Typhimurium PT32 472
Derby w 3000
Newport w 3400
Typhimurium PT9 > 500
Enteritidis PT4 2865
Indiana w 600
Napoli 245
Typhimurium PT10 2700
Typhimurium 16284
Typhimurium 1113
Salmonellaspp. 10476
Chester 295
Enteritidis w 1100
Enteritidis 600
Saintpaul, Javiana, Rubislaw > 1000
Enteritidis PT8 > 200 000
Newport 133
Mbandaka > 200
Typhimurium PT1 > 770
Agona 209

e juice Enterica? 500
Typhimurium 396
Oranienburg 439
Enteritidis PT 6 1435
Typhimurium DTU29 > 300
Bovismorbi� cans PT24 525
Hadar 2138
Typhimurium 190
Enteritidis 1148
Typhimurium PT U292 1054
Typhimurium 22 500
Enteritidis 1939
Heidelberg 111
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disease is the gastrointestinal tract of humans and othe
primarily warm-blooded animals, it is not surprising that the
major food vehicles of transmission are animal-derived foods.
Plant foods also may act as vehicles, following environmental
contamination.

Both animal and, to a lesser extent, plant-derived animal
feed materials are important in the persistence of salmonellae
in the food production environment. This is exempli � ed in the
poultry industry, where stringent control of feed materials
results in a signi�cant decline in the carriage rate ofSalmonella
by poultry.

In geographic regions where environmental sanitation is
poor, water also represents a signi� cant source of transmission,
directly through consumption, but also, importantly with
respect to the food industry, through use in food processing,
particularly when water is used with minimally processed
foods.
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Incidence

Worldwide, foodborne bacterial infection associated with
Salmonellais considered to be second only to that involving
Campylobacter, with the incidence of Salmonella infection
seemingly increasing. To some extent, the increase may b
attributed to better reporting and surveillance, rather than a real
increase in disease. Nevertheless, a signi�cant proportion of the
reported cases represents an actual increase.

The case rate for human salmonellosis varies immensely
from <1 to > 300 per 100 000 population and is profoundly
in� uenced by geographic, demographic, socioeconomic
meteorological, and environmental factors.

Concerning speci� c serovars, the dominant type asso
ciated with foodborne illness for many years in many
parts of the world was the ubiquitous Typhimurium. From
the early 1980s, a major public health problem began to
emerge, involving strains of serovar Enteritidis capable o
systemic colonization of poultry leading to widespread
foodborne disease associated with consumption of
contaminated eggs and raw or lightly cooked foods con-
taining them.

Since the early 1990s, a speci� c type of Salmonella Typhi
muriumknown as de� nitive type (DT) 104 has become a major
problem in the United Kingdom and Western Europe and now
also in the United States. Strains ofS. TyphimuriumDT104 are
extremely invasive, and many contain large plasmids, confer
ring resistance to a range of antibiotics, including ampicillin,
chloramphenicol, streptomycin, sulfonamides, and tetracy-
cline. Still newer strains have been found to be resistant to
trimethoprim and cipro � oxacin.

Different regions of the world experience problems with
speci�c serovars from time to time. Using Australia as an
example, more than 80% of human infections with serovar
Virchow occur in the state of Queensland, whereas thos
involving serovar Mississippi are largely con� ned to Tasmania.
i- e,
Control ofSalmonella

Control of Salmonellawith particular regard to foodborne
disease is problematic, given the close links between the env
ronment, feeds, food animals, and humans and, broadly,
requires vigilance at two levels, in food production and food
processing.

A range of management strategies have been developed
devised to control salmonellae in food production environ-
ments, particularly that for the production of poultry, a major
vehicle of transmission of Salmonella. These strategies include
the provision of Salmonella-free stock and feed, stringent
biocontrol, particularly of rodents, vaccination with attenuated
Salmonellastrains, and use of probiotic preparations (e.g.,
competitive exclusion).

Perhaps the most important control measure in food pro-
cessing involves education,� rst of commercial food handlers in
the areas of personal and food hygiene, particularly in the food
service sector of the food industry, and second of consumers
who are the food handlers involved in food service at the
domestic level.

Although Salmonellamay never be eliminated completely,
signi� cant reduction should be achieved through the applica-
tion of appropriate control strategies within a well-developed
and implemented hazard analysis and critical control point–
based food safety plan from the commencement of produc-
tion through to consumption.
Concepts in Detection

It is not the purpose of this article to discuss at length the
methods by which salmonellae are detected, but it is worth-
while to consider general issues that may affect the process.

The physiological state ofSalmonellahas a profound effect
on culturability. For a clinical specimen, in which salmonellae
often are present in high numbers and in a completely vege-
tative state, isolation by direct plating is feasible. The convers
generally is true of a food sample, in that salmonellae, if
present, will be in low numbers and often in a poor physio-
logical state, suffering injury due to such processes as chilling
freezing, heating, or extremes of pH. Nevertheless, such ce
are still capable of recovery after ingestion, potentially causing
disease, and thus must be detected. To aid recovery o
salmonellae and facilitate the detection process, food sample
are subjected to nonselective liquid preenrichment (resusci
tation). This is followed by selective liquid enrichment,
permitting further growth of the now-vegetative salmonellae,
while suppressing the background� ora that develops during
resuscitation. Finally, the selective enrichments are plated an
any isolates are characterized.

Some foods also may in� uence the recovery ofSalmonella.
Many spices prove inhibitory toward salmonellae in culture,
due in many cases to the antimicrobial activity of essential oils
associated with odor and� avor, whereas the anthocyanins in
chocolate and other cocoa-based products also inhibit growth.
These must be neutralized to facilitate recovery, using suc
strategies as dilution, addition of neutralizing agents, or use of
an alternative enrichment medium.

Most salmonellae exhibit a common pattern of biochemical
reactions and physiological traits, many of which are exploited
in cultural methods for detection. Some strains, however, may
display one or rarely more atypical reactions or traits, including
fermentation of disaccharides, such as lactose and sucros
failure to produce hydrogen sulfide, lack of lysine
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decarboxylation, or lack of motility. In the case of such strains,
cultural detection may fail. Atypical strains are rare in relation
to the many thousands isolated annually, occurring at an
incidence of less than 0.1% for any given trait. The incidence o
atypical strains in relation to a speci� c food matrix may be
much higher, however, because of selective pressure, with a
example being lactose-positive strains in dairy products.

Detection of salmonellae, including many atypical strains,
can be performed using a range of noncultural techniques
usually following some form of enrichment. These include
serological techniques, such as latex agglutination and enzyme
linked immunosorbent assay, and nucleic acid techniques
such as PCR; these techniques are the subjects of subsequ
chapters.
See also:Food Poisoning Outbreaks;Hazard Appraisal
(HACCP):The Overall Concept;Microbiota of the Intestine:The
Natural Micro� ora of Humans;Salmonella: Salmonella
Enteritidis;Salmonella typhi; Salmonella: Detection by Classica
Cultural Techniques;Salmonella: Detection by Immunoassays
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Introduction

Salmonellaspp. are Gram-negative, non–spore-forming, usually
motile facultative rod-shaped anaerobes from the family Enter-
obacteriaceae, known as‘enteric’ bacteria. The genusSalmonella
consists of two species:Salmonella entericaand Salmonella bongor.
Salmonella entericais divided into six subspecies:S. enterica
subsp. enterica(I), S. entericasubsp. salamae(II), S. enterica
subsp. arizonae (IIIa), S. entericasubsp. diarizonae (IIIb),
S. entericasubsp.houtenae(IV), and S. entericasubsp.indica(VI).
The symbol V indicates serovars ofS. bongori. This odd bit of
nomenclature, for S. bongori, is a remnant of an older taxonomy
whereS. bongoriwas considered to be a subspecies ofS. enterica
rather than a species in its own right. Each species and subspec
contains various serovars de� ned by a characteristic antigenic
formula. As of 2007, there were a total of 2579 known serovars
in the two species. Most of theSalmonellaisolates that cause
human infection belong to S. entericasubsp.enterica.

Salmonellaspp. are found worldwide in vertebrates (warm
and cold blooded), invertebrates, and the environment.
Salmonellaspp. can cause a wide range of illness, from life
threatening typhoid fever to salmonellosis. These infections are
normally foodborne, but they can also result from person-to-
person contact and contact with contaminated surfaces
Typhoid fever is caused bySalmonellaTyphi, SalmonellaPara-
typhi A, S. Paratyphi B, andS. Paratyphi C. Typhoid fever is
a systemic infection of the blood that can infect organs, such as
but not limited to, the gall bladder, liver, and spleen. The
infection usually causes a rash and a sustained fever as high
40 � C. The organism responds well to antibiotics and subsides
within 2 –3 days of initiating treatment. Salmonellosis is a much
less severe disease whose symptoms are diarrhea, fever, a
abdominal cramps 12–72 h after infection. Salmonellosis
usually lasts 4–7 days, and most persons recover without
treatment. However, for some in more susceptible populations,
diarrhea may be so severe that hospitalization is required and
the illness may be fatal.

Foodborne Salmonellais one of the leading causes of
foodborne illness in the United States with approximately
40 000 cases of salmonellosis reported each year. Becau
many cases are not diagnosed or reported, the actual number o
infections may be 30 or more times higher. The foods involved
in Salmonellaoutbreaks include meat and poultry products,
fruits and vegetables, eggs, milk, nuts, peanut butter, an
spices.Salmonellainfections follow the fecal oral route and can
arise from domestic livestock, pets, manure or animal wastes
irrigation or wash water, food-processing or preparation envi-
ronment, and/or food handlers. Improvements in livestock
hygiene, meat-packing plants, and the harvesting of fruits and
vegetables along with their packing operations help to reduce
the prevalence of salmonellosis caused by contaminated foods
Education of food industry workers in basic food safety as
well as inspections by public health authorities help prevent
332 Encyclopedia of Food
cross-contamination and other food-handling errors that lead
to outbreaks.

Reference methods for the detection and isolation of
Salmonellain foods can be found in the U.S. Food and Drug
Administration’ s (FDA’s) Bacteriological Analytical Manu
(BAM), the U.S. Department of Agriculture’s (USDA’s) Micro-
biology Laboratory Guidebook(MLG), and the International
Organization for Standardization’s (ISO) Salmonellamethod
ISO 6579:2002 (E). These are not the only reference method
for the isolation and detection of Salmonellain foods, but they
are representative of culture methods used worldwide. The U.S
FDA BAM Salmonellaculture method speci� es different preen-
richment methods for different food types and includes a wide
variety of foods. The USDA MLGSalmonellaculture method was
developed for analysis of Salmonellafrom meat, poultry,
pasteurized egg, and cat� sh products which fall under the
jurisdiction of USDA. ISO’s 6579:2002 Salmonellaculture
method is a horizontal method for the detection of Salmonella
from food and animal feedstuffs, as well as environmental
samples from food production and food-handling areas.
Salmonellaculture methods provide isolates that can be sub-
typed both phenotypically and genotypically for foodborne
outbreak trace-back investigations. Subtyping is essential fo
matching clinical isolates from patients with isolates from
outbreak sources, so that outbreak vehicles can be identi� ed.
Salmonellaisolates are also required for regulatory agencies t
take enforcement action in the United States.
Detection ofSalmonellain Foods

Methods for detecting and isolatingSalmonellaspp. from foods
involve preenrichment of foods in nonselective media,
enrichment in selective enrichment media, and plating onto
selective/differential plating agars. Individual colonies are then
subjected to biochemical screening and biochemical/serolog
ical con� rmation ( Figure 1). These� ve steps are utilized by all
three reference methods mentioned above, but different media
are used for each of the steps. TheSalmonellaculture method
takes up to 6 days for negative results. A substantial number o
rapid alternative noncultural screening methods have been
developed to produce results more quickly for food and envi-
ronmental samples. Many of these methods are commercially
available and have been successfully validated by the AOA
International and/or AFNOR (Association Française de
Normalization). The AOAC Performance Tested Methodssm

(PTM) program has validated more than 20 commercial test
kits for the rapid detection of Salmonella. These rapid screening
methods use a variety of different technologies, including novel
cultural techniques, immunomagnetic separation, enzyme
immunoassay (EIA), and enzyme-linked immunoabsorbent
assay (ELISA)-based assays that incorporate� uorescent or
colorimetric detection systems. They also include simple latera
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00297-4
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Figure 1 Detection ofSalmonella(BAM culture method).
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� ow assays that incorporate immunochromatographic tech-
nology, and molecular techniques such as DNA hybridization
and PCR-based assays. Some rapid methods can be used
high-throughput screening of Salmonella. Many of the immu-
noassays require a selective enrichment step and produc
a result in 2 days or less, whereas molecular assays genera
only utilize an incubated preenrichment and require no more
than a single day for results. Presumptive-positive results
obtained from rapid methods, must be con� rmed with
a reference or of�cial culture method if either regulatory or
source tracking activities are contemplated.
e

f e
s

Preenrichment

Salmonellais often found in foods in relatively low levels with
various degrees of injury arising from conditions such as
freezing, drying, and heating that are encountered during food
processing, storage, and transportation. Preenrichment is th
initial step of the isolation procedure and is the critical step
necessary to allow injuredSalmonellacells to resuscitate and
proliferate. Direct enrichment of food homogenates in selective
broth media may lead to the inactivation of debilitated cells
that are sensitive to some selective agents. Direct plating o
food homogenates onto selective/differential plating agars may
not allow for the detection of low numbers of Salmonella
organisms that are not homogeneously distributed, are injured,
are susceptible to the selective agents in the agar, or are
the presence of competitors that may overgrow the plates
A sequential enrichment in nonselective and selective media
allows for enhanced detection and recovery of sublethally
injured Salmonella.

Preenrichment media are nonselective broth media that
provide nutrients for cell growth and multiplication, repair of
cell injury, rehydration, and dilution of toxic or inhibitory
substances. Some preenrichment media include nutrien
supplements to support the resuscitation of injured cells. For
example, pyruvate, hematin, and/or menadione can be added
to preenrichment media to promote the recovery of the freeze-
dried Salmonellacells. Sodium pyruvate is particularly useful
for heat- or acid-injured cells. Some other additives are
sometimes incorporated into preenrichment media. For
example, milk casein is used to neutralize inhibitory antho-
cyanins in cocoa, and K2SO3 in tryptic soy broth is used to
neutralize endogenous propyl disful� des in onion powder
and garlic powder. Papain and cellulose solutions are used to
reduce the viscosity of gelatins and gums. Brilliant green and
crystal violet dyes are used to increase the selectivity of th
media against Gram-positive organisms. Surfactants, such a
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Tergitol� Anionic 7, are added to a preenrichment media to
aid in the recovery of Salmonellafrom foods with high-fat
contents by dispersing the lipid particles containing entrap-
ped Salmonellaorganisms.

FDA’s BAMSalmonellaculture method uses several different
preenrichment media that are speci� c to the food type tested.
These preenrichment media include buffered peptone wate
(BPW), universal preenrichment (UP) broth, lactose broth,
Trypticase� (tryptic) soy broth (TSB), brilliant green water, and
reconstituted nonfat dry milk. BPW is ISO’s generic preen-
richment media for the isolation of Salmonellafrom most
foods. It is formulated with peptone, sodium chloride, diso-
dium phosphate, and monopotassium phosphate, which give
an incubating preenrichment a high buffer capacity to prevent
a rapid drop in pH and to maintain a neutral pH over the 24 h
incubation period. Moreover, it contains no sugars, so the
acidic by-products of anaerobic fermentation do not drive
down the pH of the medium, unlike other preenrichment
media such as lactose broth. It has been shown that BPW
provides optimal resuscitation conditions for freeze-injured
Salmonellain frozen vegetables (these organisms are sensitive
low pH). Modi � ed BPW is the double-strength BPW, which
keeps pH more stable for acidic foods.

UP broth was designed to permit resuscitation of suble-
thally injured Salmonellaand Listeriafrom foods. Its formula
includes tryptone, proteose peptone, monopotassium phos-
phate, disodium phosphate, sodium chloride, dextrose,
magnesium sulfate, ferric ammonium citrate, and sodium
pyruvate. UP broth, without ferric ammonium citrate, should
be used for foods thought to be contaminated with S. Typhi,
since UP broth, with ferric ammonium citrate, may cause
overgrowth of competitive organisms in the foods being tested.
UP broth is strongly buffered and stabilizes the pH of acidic
food homogenates at 6.3� 0.2, so that injured cells are allowed
to resuscitate and proliferate.

Lactose broth is one of the most widely used preenrichment
media in the BAM. It is not a speci� c enrichment for Salmonella,
but rather provides a self-limiting environment for lactose
fermenting non-Salmonellaspecies. MostSalmonellastrains do
not metabolize lactose, but some background micro� ora, if
present, will ferment lactose to produce acid. The pH of the
preenrichment media then falls, and the reduced pH suppresse
the growth of competitive micro� ora. Salmonellais fairly acid
tolerant, but its growth is also somewhat suppressed unde
acidic conditions. This is less problematic for culture methods,
since selective enrichment and selective/differential plating
follow preenrichment, but it is more problematic for 24 h
qPCR methods where preenrichment in lactose broth may
result in � nal levels of Salmonellathat are less than the limit of
detection (103 cfu ml� 1) of the qPCR methods.

TSB is a nutritious medium that will support the growth of
a wide variety of microorganisms. It is used for shell eggs
liquid whole eggs, hard-boiled eggs, and several different type
of spices in the BAM. Brilliant green water, made with brilliant
green dye, is used in the BAM for recoveringSalmonellafrom
nonfat dry milk. Reconstituted nonfat dry milk, with brilliant
green dye, is recommended in the BAM for candy and cand
coating (including chocolate). Brilliant green dye selects agains
Gram-positive bacteria, which are often found in dairy prod-
ucts and some chocolates.
Preenrichments forSalmonellaare generally incubated from
33 to 37 � C for 18–24 h. The recommended preenrichment test
portion-to-broth ratio is most commonly 1:9 (e.g., 25 g per
225 ml). Food homogenates can be prepared by blending,
soaking, stomaching, or swirling, depending on the cultural
requirements of the food sample. For example, some foods
such as seeds or leafy green vegetables, must not be homog
nized, because blending releases inhibitors into the homoge
nate, which can inhibit the growth of Salmonellaand thus
produce false-negative results. These foods should be soake
without any form of homogenization. Other foods, such as
peanut butter and tomatoes, must be homogenized to release
the pathogen into the preenrichment broth. After the preen-
richment, a portion of the preenrichment is subcultured to
selective enrichment media. Studies have shown that incubate
preenrichments of low-moisture foods can be refrigerated for as
long as 72 h without any signi� cant decrease in the recovery o
Salmonella, thereby making it feasible to initiate analyses as
a late as Thursday with no weekend work being involved.
Selective Enrichment

Salmonellaare often found in relatively low numbers, as
compared to other competitive micro� ora indigenous to foods
and the environment. Selective enrichment uses selective agen
that suppress the growth of competitive micro� ora while
allowing Salmonellato proliferate. The use of selective media
has been proven to be essential for the recovery ofSalmonella
from a wide spectrum of foods and environmental surfaces. The
US FDA’s BAM Salmonellaculture method uses three different
selective enrichment media: Rappaport–Vassiliadis (RV) broth,
selenite cystine (SC) broth, and tetrathionate (TT) broth.
UDSA’S MLG and ISO 6579:2002 culture methods use the
same selective media but with slight formulaic variations as
compared to the BAM. For example, USDA’s MLG uses modi-
� ed RV (mRV) broth, RV R10 broth, or RV Soya Peptone Brot
(RVS), and TT (Hajna) broth (TTH), while ISO uses RV medium
with Soya (RVS) and Muller-Kauffmann TT (MKTTn) broth.

RV medium was developed by Rappaport et al. and modi-
� ed by Vassiliadis et al. to selectively enrich forSalmonellaspp.,
according toSalmonella’sdistinct characteristics, as compared to
other Enterobacteriaceae, such as its ability to survive at rela
tively high osmotic pressures, to multiply at relatively low pHs,
to be relatively resistant to malachite green, and to have rela
tively less demanding nutritional requirements than other
bacteria. RV broth ingredients include tryptone, sodium chlo-
ride (NaCl), potassium dihydrogen phosphate (KH2PO4),
magnesium chloride hexahydrate (MgCl2$6H2O), and mala-
chite green oxalate. Soya peptone, in RVS broth, and enzymat
digest of casein, in RV R10 broth, are used to replace tryptone i
RV broth. Tryptone (soya peptone or enzymatic digest of casein
provides amino acids and other nitrogenous substances to
satisfy the general growth requirements ofSalmonellain RV
broth. Potassium dihydrogen phosphate acts as a buffer, and
magnesium chloride hexahydrate (MgCl2$6H2O) raises the
osmotic pressure in the medium to produce a hypertonic
solution inhibitory to Proteusspp. and certain coliforms. Mal-
achite green oxalate inhibits the growth of many microorgan-
isms other thanSalmonellaspp.SalmonellaTyphi and Salmonella
Choleraesuis, which are sensitive to malachite green oxalate an
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may be inhibited. Thus, the use of RV medium is not recom-
mended for use with matrices thought to be contaminated with
either S.Typhi or S.Choleraesuis. The low pH (5.5� 0.2) of RV
broth, combined with the presence of magnesium chloride and
malachite green, becomes selective for the highly resistan
Salmonellaspp. and is particularly effective for use with foods
that have high levels of background micro� ora. The BAM
recommends that RV medium be made from its individual
ingredients, since RV medium, made from its individual
ingredients, has been shown to be more effective than som
commercially available preparations.

SC broth is the modi� cation of the formula of selenite broth
described by Leifson for the selective enrichment ofSalmonella
spp. Its ingredients include tryptone or polypeptone, lactose,
sodium acid selenite (NaHSeO3), disodium phosphate
(Na2HPO4), and L-cystine. Tryptone or polypeptone is a source
of nitrogen, amino acids, and vitamins essential for growth.
Lactose is added as a fermentable carbohydrate to prevent a ri
in pH during the incubation because any increase in pH will
reduce the selectivity of selenite. The fact thatProteusand
Pseudomonasspecies do not ferment lactose may explain why
they escape inhibition. Disodium phosphate acts as a buffer
Sodium acid selenite is the selective agent against Gram-positiv
bacteria and most enteric Gram-negative bacilli exceptSalmo-
nella. L-Cystine lowers the toxicity of sodium selenite and adds
more organic sulfur. SC broth contains toxic levels of selenium
which increases the cost of its disposal, because it is classi� ed as
hazardous waste by the U.S. Environmental Protection Agenc
(EPA). Studies have shown that RV medium is superior to SC
broth for the recovery of Salmonellaspp. from foods with high
levels of competitive micro� ora (�10 4 cfu g� 1). Therefore, SC
broth has been replaced with RV medium as a selective medium
in BAM for the analysis of all foods, except guar gum and foods
thought to be contaminated with S.Typhi.

TT broth is recommended by FDA’s BAMSalmonellaculture
method as a selective enrichment for the isolation and detection
of Salmonellaspp. and some strains ofS. Typhi from foods. Its
ingredients include polypeptone, sodium thiosulfate pentahy-
drate (Na2S2O3$5H2O), calcium carbonate (CaCO3), bile salts,
potassium iodide (KI), Iodine (I 2), and brilliant green dye.
Polypeptone provides amino acids and other nitrogenous
substances for the general growth requirement in the broth
Tetrathionate is formed in the medium upon addition of
Iodine–Potassium Iodide (I2-KI) solution. It serves as a selective
agent, combined with sodium thiosulfate, to suppress coliforms
and other micro� ora. Bile salts and brilliant green dye are
additional selective agents used to inhibit Gram-positive
microorganisms. Calcium carbonate neutralizes and absorb
toxic metabolites during the incubation. TTH is the modi� ca-
tion of TT broth with the addition of D-mannitol, yeast extract,
glucose, sodium chloride, and sodium desoxycholate. It is
recommended by FDA for the detection ofSalmonellaEnteritidis
in poultry houses and in USDA’s MLG for the isolation of
Salmonellafrom meat, poultry, egg, and� sh products. Mannitol
and glucose are the fermentable carbohydrates. Sodium de
oxycholate is an additional selective agent used to inhibit the
growth of Gram-positive organisms and as a dispersant to
separate fat cells from meat products. MKTTn broth is a modi
� cation of TT broth, using novobiocin, which is recommended
for the isolation of Salmonellafrom foods in ISO’s 6579:2002.
Novobiocin is used to suppress the growth ofProteusspecies in
the broth. TTH and MKTTn media are not recommended for use
if it is suspected that the food is contaminated withS.Typhi.

As no one selective medium is capable of recovering all o
the Salmonellaserovars and some selective media inhibit the
growth of some Salmonellastrains, each of the three referenc
methods recommends the use of two selective enrichmen
media for the cultural analysis of foods. The amount of
preenrichment broth subcultured into selective media should
be suf� ciently small, so that it will not interfere with selectivity.
Typically, a volume of 0.1 ml of the incubated preenrichment is
subcultured to a 10 ml aliquot of RV medium and 1.0 ml is
subcultured to 10 ml aliquots of SC and TT broths. The incu-
bation temperature and period are also critical to achieve
optimal performance of selective media. For foods with a low
microbial load ( �10 4 cfu g� 1), FDA’s BAM method recom-
mends that RV medium be incubated at 42� 0.2 � C and that TT
and SC broths be incubated at 35� 2 � C. For foods with high
microbial loads, such as shrimp, chicken, and some leafy gree
vegetables, elevated temperatures enhance the recovery
Salmonellaspp. and increase inhibition of competitive micro-
� ora. Thus, TT broth incubated at 43� 0.2 � C and RV medium
at 42 � 0.2 � C are used with high microbial load foods. USDA’s
MLG and ISO’s 6579:2002 recommend that TT and RV media
incubated at 42� 0.5 � C. TT and RV media are incubated from
18 to 24 h depending on the method used. The BAM recom-
mends the use of a circulating water bath for the incubation of
RV and TT media incubated at 42 and 43� C, respectively.
Incubated selective media, from low-moisture foods, can be
refrigerated for several days without negatively affecting th
recovery ofSalmonellaspp.
Plating Enrichment Cultures onto Selective Agars

Selective plating is used to select and differentiateSalmonella
from other micro � ora by plating incubated selective enrich-
ment media onto selective/differential plating agars. Selective
plating media suppress the growth of some competitive
micro� ora while allowing the growth of distinct well-isolated
Salmonellacolonies. Various selective plating media have bee
formulated to obtain pure, discrete colonies characteristic of
Salmonellaspp. These selective media usually contain nutrient
for growth, carbohydrates for fermentation that are character
istic of enteric bacteria, and indicator dyes to indicate produc-
tion of hydrogen sul� de (H2S) and pH changes. They also
contain one or more inorganic salts to maintain the osmotic
balance in the medium. Among the more popularly used
media are xylose lysine desoxycholate (XLD) agar, xylose lysin
Tergitol� 4 (XLT4) agar, Hektoen enteric (HE) agar, bismuth
sul� te (BS) agar, brilliant green (BG) agar with or without
novobiocin, double modi � ed lysine iron (DMLI) agar, modi-
� ed semisolid Rappaport–Vassiliadis (MSRV) agar, and
SalmonellaChromogenic agar. Since each agar uses one or mo
different selective agents and none is ideal for all types o
Salmonellaspp., it is recommended that two or more agars be
used in combination to ensure that atypical strains, such as
those that are lactose- or sucrose-utilizing, will not be missed

XLD agar is used to distinguishSalmonellafrom competitive
micro� ora, such asEscherichia coli, that are usually present in
foods. It uses sodium desoxycholate as a selective agent
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as dust). MSRV agar is a semisolid medium in the Petri plate
that allows motility to be detected as a growth halo emanating
from the point of inoculation. The halo can be picked and
puri � ed.

SalmonellaChromogenic agars are selective and differentia
media for the presumptive identi� cation of Salmonellaspp. from
a variety of food products. There are several chromogen
agar media available in the marketplace. They include
BBL� CHROMagar� (BD Diagnostic Systems),SalmonellaChro-
mogenic medium (Oxoid Ltd.), RAPID’S Salmonella(Bio-Rad
Laboratories), ChromID Salmonella(BioMérieux), SMS� (AES
Chemunex), and RIDA� COUNT Salmonella/Enterobacteriaceae
(R-Biopharm AG). All of these agars contain proprietary mixtures
of chromogens and selective agents, so it is not possible to discu
their speci� c modes of action in depth here.SalmonellaChromo-
genic medium (Oxoid Ltd.) is one exception in that the manu-
facturer reports that the chromogens used in the medium
are 5-bromo-6-chloro-3-indolyl caprylate (Magenta-caprylate)
and 5-bromo-4-chloro-3-indolyl b-D galactopyranoside (X-gal).
Typical Salmonellaspp. (lactose negative) hydrolyze magenta
caprylate to produce magenta, or mauve colonies. X-gal is utilized
by b-D galactosidase-positive organisms to produce blue colonies
The magenta color overwhelms the blue produced by the utiliza-
tion of X-gal, so Salmonellacolonies appear magenta or mauve
Bile salts are added to inhibit the growth of Gram-positive
organisms, in addition with novobiocin to inhibit Proteusgrowth,
and cefsulodin to inhibit growth of Pseudomonads.

Because the selectivity of the plating media is critical
procedures for preparation and storage of the prepared plate
must follow the instructions found in the reference methods or
in the manufacturer’s package inserts. Media should be
prepared as directed by the manufacturer. Most selectiv
plating agars should be incubated for 18–24 h at 35–37 � C.
Freshly poured BS agar and BG agar plates must be incubat
an additional 24 h, if no typical colonies appear on the plates
after 24 h. Incubation in excess of 48 h may lead to false
positive results. All the presumptive-positiveSalmonellacolo-
nies should be subcultured for biochemical testing and
con� rmation.
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Table 1 ScreeningSalmonellacultures in triple sugar iron
(TSI) agar and lysine iron agar (LIA)

TSI reaction (slant/butt) LIA reaction (slant/butt) Keep/Discard

K/A (red/yellow) K/K (purple/purple) Keep
K/A (red/yellow) K/A (purple/yellow) Keep
A/A (yellow/yellow) K/K (purple/purple) Keep
A/A (yellow/yellow) K/A (purple/yellow) Discard

K, alkaline reaction; A, acid reaction.
Biochemical Screening

Biochemical screening is recommended in U.S. FDA BAM
USDA MLG, and ISO culture methods. It is used to differentiate
presumptiveSalmonellaspp. colonies that require con� rmation
from those that should be discarded. Screening reduces th
number of cultures submitted for con� rmatory biochemical
and serological tests, thus reducing the labor and expense o
con� rming isolates.

Two of the more commonly used biochemical screening
agar media are triple sugar iron (TSI) agar slant and LIA slan
TSI slants are used for the determination of carbohydrate
fermentation and H2S production by Gram-negative bacilli. TSI
agar contains three carbohydrates (0.1% glucose, 1.0% lactos
and 1.0% sucrose), a pH indicator, phenol red for detecting
carbohydrate fermentation, and sodium thiosulfate and ferrous
sulfate for detection of H2S production. The glucose concen
tration is one-tenth of the concentration of lactose or sucrose to
help facilitate the detection of microorganisms that only
ferment glucose (Enterobacteriaceae). If only glucose
fermented, the acid product will turn the butt from red to
yellow; while the small amount of acid in the slant will oxidize
rapidly to cause the medium to revert to an alkaline pH (red).
The acid reaction (yellow) in the butt is maintained because it
is under lower oxygen tension. If either lactose or sucrose i
fermented, suf� cient acid production will turn both the butt
and slant yellow. If no fermentation occurs, the slant and butt
will remain red. If gas is produced during fermentation, it will
show in the butt either as bubbles or as cracking of the agar. I
H2S is produced, it will react with iron salt, yielding the typical
black iron sul� de in the butt. TSI slants should be capped
loosely during incubation to allow free air exchange to enhance
the alkaline condition of the slant. If the tube is tightly
capped, the acid reaction from glucose fermentation will also
involve the slant. The typical appearance ofSalmonellaspp. in
a TSI agar slant appears as red (alkaline) slant and yellow (acid
butt, with or without blackening of agar (H 2S production).
LIA slants are used to differentiate enteric bacilli, based on
lysine decarboxylation or deamination and H2S production.
Since lysine decarboxylation is strictly anaerobic, the LIA slant
must have deep butt (4 cm). LIA slants contain lysine, glucose
ferric ammonium citrate, sodium thiosulfate, and bromocresol
purple. Glucose serves as a source of fermentable carbohydra
The pH indicator, bromocresol purple, is changed to yellow
color at or below pH 5.2 and is purple at or above pH 6.8. Ferric
ammonium citrate and sodium thiosulfate are indicators of
H2S production. Lysine is used for the detection of lysine
decarboxylase and lysine deaminase reactions. A positive lysin
decarboxylase reaction produces an amine end-product tha
reacts with pH indicator to give purple (alkaline) butt, while
a negative reaction causes yellow (acid) butt. A positive lysine
deaminase reaction produces ammonia that reacts with the
ferric ammonium citrate to form a dark red color on the slant of
the tube, while negative reaction remains purple slant.Proteus
spp. and Providenciaspp. produce a red slant over a yellow
(acid) butt. A positive H 2S reaction blackens the medium in the
butt of the tube. The appearance of typicalSalmonellaspp. on
LIA slants appears as a purple (alkaline) butt with a purple
slant, with or without blackening of agar (H 2S production). TSI
and LIA slants are generally used in conjunction with each
other to screen culture as shown inTable 1. It should be
stressed that TSI slants should not be excluded if they appear t
be non-Salmonellaspp. when the accompanying LIA slants are
typical for Salmonellaspp., because some lactose- or sucros
positive Salmonellaspp. produce acid slant and acid butt with
or without blackening.

FDA’s BAM recommends that two typical or atypical (if no
typical Salmonellacolonies are observed)Salmonellacolonies be
picked from 24 h selective agar plates to inoculate TSI and LIA
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slants. If no typicalSalmonellacolonies appear at 24 h BS plates
then typical colonies should be picked at 48 h. If no typical
colonies appear at 48 h, then atypical colonies should be
picked. This strategy of picking atypical colonies when typica
colonies are not present is recommended by FDA’s BAM. It was
developed because up to 4% of allSalmonellacultures isolated
by FDA analysts from certain foods, especially seafood, durin
the past several years have been atypical. Colonies should b
picked with a sterile inoculating needle by lightly touching the
center of the colony to be picked. The TSI slant should be
inoculated by streaking the slant and stabbing the butt, and
then without � aming the needle, inoculate LIA slant by stabling
the butt twice and then streaking slant. TSI and LIA slants
should be incubated at 33–37 � C for 24 h. The tubes should be
loosely capped to maintain aerobic conditions during incuba-
tion to prevent excessive H2S production. If the cultures appear
mixed on the slants, they should be re-streaked onto an
appropriate selective plating media, and the plates should
be incubated at 33–37 � C for 24 h. Presumptive-positive
Salmonellacolonies should be transferred to TSI and LIA slants
for retesting. All presumptive TSI cultures should be con� rmed
with biochemical and serological tests. The urease test, utilizing
urea broth as a biochemical screen, is often performed with
subcultures from presumptive-positive TSI slants to differen-
tiate members of the genusProteusfrom those of Salmonellaon
the basis of urea utilization. Lack of color change (urease
negative) is indicative of Salmonellaspp.
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Biochemical and Serological Con�rmation

Biochemical and serological testing are traditional methods for
the identi� cation and con� rmation of Salmonellaspp.

Many biochemical tests can be performed to characteriz
Salmonellaspp. The key tests include fermentation of glucose
(TSI), lysine decarboxylation (LIA), H2S production (TSI and
LIA), negative urease reaction in urea broth, negative indole tes
fermentation of dulcitol, negative potassium cyanide (KCN)
broth test, negative malonate broth test, negative Voges
Proskauer test, positive methyl red test, phenol red lactose o
sucrose broth test, and Simmons citrate agar test. As alternativ
to conventional biochemical tube systems, many commercially
available rapid biochemical test systems can be used for th
identi � cation of Salmonella, such as VITEK 2 system, API 20E
MICRO-ID, Enterotube II, and Enterobacteriaceae II. Thes
commercial biochemical test kits should be used following the
manufacturer’s instructions and should not be used as a substi
tute for serological tests.

Serological testing is based on the fact thatSalmonella
spp. have three types of antigens: somatic (O),� agellar (H),
and capsular (Vi). Somatic (O) antigens are polysaccharide
associated with lipopolysaccharide on the cell wall. Flagella
(H) antigens are � agella proteins.SalmonellaTyphi, S.Dublin,
and some strains of S. Paratyphi C carry the Vi-antigen,
a polysaccharide capsular antigen, which is a major and
essentially distinct virulence factor for these three serotypes.
is unnecessary to fully serotypeSalmonellaisolates to con� rm
that they are Salmonella; thus serological con� rmation typi-
cally relies on polyvalent antisera for somatic (O) and� agellar
(H) antigens. Isolates can be serotyped and subtyped at a late
date. If S. Typhi is suspected, anti-Vi sera can be used fo
examination of Vi-antigen. Since Salmonellaexhibit phase
variation between motile and nonmotile phenotypes, different
H antigens may be expressed. Nonmotile isolates can b
induced to switch to the motile phase using a Craigie tube.
Isolates with a typical biochemical pro� le, which also agglu-
tinate with both H and O antisera, are identi� ed asSalmonella
spp. Where results are inconclusive, it may be necessary
perform additional biochemical tests. Positive isolates are
often sent to recognized reference laboratories for furthe
serotyping to identify the serovar using speci� c antisera. The
Kauffman-White-Le Minor scheme, found in the World Health
Organization’s Antigenic Formulae of the Salmonella Serovars9th
edition (2007), summarizes antigenic formulas of then known
Salmonellaserovars (2579). It is a reference document for
Salmonella spp. serotyping. Other techniques have been
developed to subtype Salmonella isolates, such as phage
typing, antibiotic susceptibility, pulse � eld gel electrophoresis
(PFGE), and molecular serotyping, but traditional serotyping
is still considered the gold standard for the � rst level of
subtyping.

See also:Salmonella: Introduction;Salmonella: Salmonella
Enteritidis;Salmonella typhi; Salmonella: Detection by
Immunoassays.
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Antigenic Makeup ofSalmonella

Salmonellaserovars exhibit three different cell-surface anti
gens. The somatic (O) antigens, which are present on th
outer membrane, are part of lipopolysaccharides (LPS
moieties. The heat-stable somatic antigens ofSalmonella
include both speci� c determinants and/or nondiscriminatory
antigens. TheSalmonellasubspecies are divided into over 50
serogroups based on the presence of somatic (O) antigen
including A, B, C1, C2, D1, E1, E2, E3, and E4. Although
speci� c somatic antigens (LPS) have considerable discrim
natory power but cross-reaction can occur between th
common antigens among the different serotypes ofSalmo-
nella. The anti-Salmonellaantibodies could cross-react with the
antigenically closely related species of certain genera. Ge
clusters controlling the somatic antigen ofSalmonellathat has
closer similarity with the somatic antigen of other genera are
supposed to have originated from a common ancestor. The
O-antigen modi� cations could possibly be attributed to the
induction by prophage genes outside the gene cluster during
the evolutionary process of species divergence.

The� agellar (H) antigens, which are heat-labile proteins, are
associated with peritrichous� agella. Variation of the � agellar
antigens between two forms (biphasic antigenic variation), H1
and H2, in which the � agellar subunit consists of FliC or
FliB protein, respectively, is noticed in serotypes such a
S. Typhimurium. Phase variation is also common among
Salmonella serotypes, and variable expression of� agellin
proteins, resulting in the assembly of � agella with different
structures, can be observed. In the case of biphasic organism, th
phase inversion technique could be used to determine both
phases. The capsular or virulence (Vi) antigen is also available t
screen theSalmonellaserotypes (group D).Salmonellaserotypes
such as Typhi, Paratyphi C, and Dublin exhibit the capsular
antigens (Vi), which are referred to as K antigens in othe
enterobacteriaceae. Serotyping employingSalmonellaantigens
could be used for the differentiation among serotypes based on
somatic, � agellar, and capsular antigens using slide agglutina
tion or tube agglutination tests.

The expression ofSalmonellaantigens could be affected
by the components of the growth medium. For example,
Salmonella entericagrown on solid medium containing iron,
thiosulfate, hexoses, and amino acids is reported to undergo
cell-surface differentiation such as increased� agellation and
conversion from rough to smooth LPS. Similarly, peptone
constituents of culture medium could induce morphological
differences in S. Typhimurium, consequently affecting sero-
logical identi � cation. Transfer of a� agellate Salmonellafrom
nutritionally poor media deprived of optimum amounts
of tyrosine into a rich nutrient broth could allow � agella
synthesis, indicating that the a� agellate form is still able
to produce � agella as reported in the study by Gray et al
(2006).
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Enzyme-Linked Immunosorbent Assay

Enzyme-Linked Immunosorbent Assay (ELISA) tests ar
applied for the detection of Salmonellaantigens or antibodies
in a sample. However, most of the foodSalmonellaELISAs are
based on the detection of Salmonellaantigens using anti-
Salmonellapolyclonal or monoclonal antibodies as primary
antibodies tethered to a solid support for the capture of
antigens. Nonspeci� c immobilization of the Salmonellaanti-
gens in food could also be performed using passive adsorp
tion on solid surfaces such as polystyrene microtiter plates
The primary antibodies bind speci� cally with the Salmonella
antigens if present in food samples, resulting in speci� c
antigen–antibody complexes. The detection of antigen–
antibody complexes could be performed using secondary
antibodies conjugated to an enzyme (such as alkaline phos
phatase) in a sandwich format assay. The positive detection i
facilitated by the development of a detectable color due to
enzymatic reaction by conjugate, when an appropriate
substrate (such asp-nitrophenyl phosphate) is applied to the
conjugate. Many other combinations of conjugates and
substrates could also be used such as Horse Radish Peroxida
conjugate and 3,30,5,50-tetramethylbenzidine substrate.
Washing steps are frequently performed to remove unbound
antibodies and avoid any unspeci� ed bindings to ensure
speci�city of the assay. Relative quanti� cation of Salmonella
antigens in unknown samples could be performed by
comparing against the standard curve values to give a positiv
or negative call to a sample. ELISAs could be performed in
various formats (such as direct and indirect) other than
sandwich, which is described here.

The direct application of some food samples on solid assay
surfaces may result in nonspeci� c binding of matrix compo-
nents, which in turn may interfere with antigen–antibody
reactions or lead to nonspeci� c results. Several ELISAs hav
been developed to detect antigens ofSalmonellaspp. in foods.
Besides primary antibodies used in the capture and immobi-
lization of Salmonellaantigens present in food samples, alter-
nate ligands have been employed in enzyme immunoassay fo
the detection of Salmonella. For example, polymyxin-ELISA was
reported for the detection of group D salmonellae (including S.
Enteritidis), using polymyxin immobilized in the wells of
microtiter plate as a high-af� nity adsorbent for LPS antigens.

Although the sensitivity of ELISAs depends on the food
matrices being analyzed (among other factors), the typical limit
of detection varies from as low as 104 to >10 5 CFU ml� 1.
Sensitivity of the assay could further be affected by interferenc
due to background � ora in food matrices, expression of
Salmonellaantigens in the food, and growth rate ofSalmonella
strains. Speci� city of ELISAs forSalmonelladetection mostly
relies on the speci� city of the antibodies employed. Mono-
clonal antibodies could be more speci� c, but achieving inclu-
sivity for more than 2400 Salmonellaserotypes could be
78-0-12-384730-0.00299-8 339
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340 SALMONELLAj Detection by Immunoassays
challenging. Similarly, polyclonal antibodies could be more
inclusive, but there could be concern of cross-reactivity with an
antigenically closer genus such asCitrobacterspp.

The enrichment of food samples is required to achieve the
limit of detection by enzyme-based immunoassays. For appli-
cation in several immunoassays, heating of enriched samples
performed to release the antigens from bacteria attached to th
food matrix. Many modi � ed versions of ELISAs have bee
reported that require relatively smaller sample volumes and have
improved detection limits with fewer reports of false-positive
results. Further modi� cations have been reported to enhance the
sensitivity and multiplexing ability of the assay and to make it
more quantitative. In this effort, � uorogenic and electro-
chemiluminescent reporters have been employed in place o
traditional chromogenic reporter substrates. Automated ELISA
formats are amenable to performing large numbers of sample
analyses with relative ease and rapidity. The choice of conjuga
system also plays an important role in the application of ELISA-
based detection in food matrices. For example, when using
peroxidase conjugates, care should be taken as many foo
pathogens express intracellular peroxidases or catalases or bo
thus resulting in nonspeci� c immune reaction. Alternatively,
conjugates based on alkaline phosphate could be used.Salmo-
nella concentration using immunoconcentration approaches
could be performed upfront of enzyme immunoassay. These
combined immunoconcentration-ELISA approaches could help
reduce the time to detection and achieve enhanced detectio
sensitivity. The automated immunoconcentration platforms are
commercially available, which can process several samples
a single run, thus improving the overall ef� ciency.

In general, ELISAs are simple, easy to perform, scalab
and adaptable assays. Some of the commercial ELISAs provid
simplicity of visual detection of color changes due to positive
enzymatic reactions; however, many others are automated
Table 1 Selected immunology based commercial products for dete

Assay name and source Technique

TECRASalmonellaVIA (3 M) ELISA
TECRASalmonellaULTIMA (3 M) ELISA
VIP Gold� for Salmonella(BioControl Systems) Lateral� ow imm
Reveal� test systemsSalmonella(Neogen Corp.) Lateral� ow imm
RevealS.Enteritidis (Neogen) Lateral� ow imm
OxoidSalmonellaLatex Test (Oxoid, Thermo Fisher

Scienti� c Inc.)
Latex agglutinat

Assurance EIASalmonella(BioControl Systems) Enzyme imm
RapidCheckSalmonellaspp. (SDIX) Lateral� ow imm
RapidCheckSalmonellaEnteritidis (SDIX) Lateral� ow imm
Dynabeads� Anti-Salmonellaantibody (Invitrogen, Life

Technologies)
Immuno-magne

BeadRetriever� system (Invitrogen, Life Technologies) Immuno-ma
Pathatrix (Matrix MicroScience, Life Technologies) IMS syste
BiolineSalmonellaRapid Test Kit Methods (Bioline) ELISA
MicrogenSalmonellaLatex Kit (KeyDiagnotics) Latex slide aggl
Wellcolex� ColorSalmonella(Remel, Thermo Fisher

Scienti� c Inc.)
Latex agglutinat

serogrouping
VIDAS� SLM (bioMerieux SA) ELFA
VIDAS� ICS (bioMerieux SA) Immunoconcen
VIDAS� UPSalmonella(bioMerieux SA) ELFAa

aCombine speci� c phage protein technology.
Commercially available ELISA and immunoconcentration
assays forSalmonelladetection in foods are listed in Table 1.
Enzyme-Linked Fluorescent Assay

Enzyme-Linked Fluorescent Assays (ELFAs) are based
enzymatic reactions similar to ELISA but instead use� uoro-
genic substrates such as 4-methylumbelliferyl phosphate
(4MUP) as the reporter. 4MUP can detect much lower levels
of alkaline phosphatase (10� 9 M) by converting 4MUP into
the � uorescent product 4-methylumbelliferone. However,
colorimetric substrates such asp-nitrophenyl phosphate
(PNP) can detect only 10� 5 M of alkaline phosphatase as it
converts PNP into the yellow pigmentedp-nitrophenol. ELFA
is reported to be more sensitive and faster than ELISA. Th
automation, rapidity, and ease of use of the automated ELFA
formats have further increased ELFA’s popularity. Application
of ELFA-based assays for the detection ofSalmonellain various
food matrices has been widely reported. Alternate ligands
such as aptamers, recombinant phage proteins, and peptide
could also be applied in conjunction with antibodies to
enhance the sensitivities and speci� cities of ELFA. It must be
noted that the sensitivity of ELFA still relies on the upfront
enrichment of samples using broth media. Commercially
available ELFAs for the detection ofSalmonellain foods are
listed in Table 1.

It must be noted that all samples analyzed using enzyme
immunoassays must be con� rmed using culture-based proce-
dures to conclude the test results. Until cultural con� rmation
procedures are completed, a positive immunoassay should be
considered only a presumptive result. Immunoassays for
detection are not to be confused with de� nitive serological
methods, such as serotyping, which can be con� rmatory.
ction and identi� cation ofSalmonellain food

Target organism(s)

Salmonellaspp.
Salmonellaspp.

unoassay Salmonellaspp.
unoassay Salmonellaspp.
unoassay SalmonellaEnteritidis
ion Salmonellaspp.

unoassay Salmonellaspp.
unoassay Salmonellaspp.
unoassay SalmonellaEnteritidis
tic beads Salmonella

gnetic separation (IMS) systemSalmonellaand other foodborne pathogens
m Salmonellaand other foodborne pathogens

Salmonellaspp.
utination test Salmonellaspp.
ion test (detection and
)

Salmonellaspp.

Salmonellaspp.
tration Salmonellaspp.

Salmonellaspp.
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Lateral Flow Immunoassay (LIA)

The Salmonellaantigens present in food samples can be visu
alized using speci�c antibody coated test strips. The test strip
for lateral � ow assay hasSalmonella-speci� c capture antibodies
impregnated in a solid support such as a nitrocellulose
membrane at a de� ned distance from the sample application
slot. The detection antibodies coupled to colloidal latex or gold
particles are placed near the sample application slot. When a
enriched food sample is applied, theSalmonellaantigens bind
with the detection antibody, and the complex moves laterally
toward the impregnated capture antibody due to capillary
action. The antigenic complex and detection antibody in the
moving � uid segregates into two different capture zones, one
speci�c for the Salmonellaantigen–antibody complex and the
other speci� c for the unbound detection antibody. A positive
test result is visually evident (usually by two colored lines)
when aSalmonella-speci� c reaction occurs. This differs from the
visible signal caused by the detection of an antibody-only
control (such as a single line). Detection using these strips i
rapid and takes around 5-10 min. Lateral� ow immunoassays
have been reported for the detection ofS. entericafrom a variety
of food matrices. Several lateral� ow immunoassays for the
detection of foodborne Salmonellaare commercially available
(Table 1). Lateral � ow assays are usually reported to hav
a high limit of detection; thus sample enrichment prior to test is
required. There are reports of a relatively higher number o
false-positive results using LIA as compared to more traditiona
microtiter plate ELISA methods. Serotype-speci� c LIA for the
detection of S. Enteritidis in poultry products such as eggs are
also commercially available. When applying such assays, it i
important to differentiate S. Enteritidis from closely related
serotypes of Salmonellasuch as non-Enteritidis group D1
Salmonella(such asS. Berta orS. Dublin). Further, many viru-
lent phage types ofS. Enteritidis have been reported; thus the
inclusivity of these in the S. Enteritidis-speci� c assay become
important. Advancements such as automated readers coul
further improve the usefulness of this assay format. Overall, the
ease and rapidity of using LIA makes it convenient to perform
preliminary screening of pathogen contamination in foods and
environmental samples, despite its comparatively lower speci
� city and sensitivity.
e
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Latex Agglutination Assay

Latex agglutination (LA) is an immunoassay that is performed
mostly for the primary culture screening ofSalmonellaby mixing
isolated colony from plate with sensitized latex beads linked to
antibodies speci� c for Salmonellaantigens. Visible clumping
indicative of a positive reaction can be compared with positive
and negative control samples. Attention must be paid to observe
the isolates that autoagglutinate; otherwise they can interfer
with interpretation of the result. LA assays are rapid and easy t
perform, providing results within a few minutes. These assays ar
mainly used for the presumptive con� rmation of the isolated
colonies and could help reduce samples for further con� rma-
tion. However, LA can also be performed for detection of
Salmonelladirectly from enriched food samples. Speci� city of LA
assays relies on the speci� city of antibodies incorporated in the
assay. Many latex agglutination kits, including Salmonella
serogroups speci� c tests, are commercially available for the
detection of foodborne pathogens (Table 1).
See also:Salmonella: Introduction;Salmonella: Detection by
Classical Cultural Techniques.
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Characteristics of Species

The bacterial genusSalmonellais a member of the family
Enterobacteriaceae. It consists of two genetically distinc
species, one of which (Salmonella enterica) includes six
biochemically de� ned subspecies. Only one of these subspecie
(S. entericasubsp. enterica) causes disease in warm-blooded
animals, and includes more than 2500 motile and non-host-
adapted serovars such asS. entericasubsp. entericaserovar
Enteritidis. The concise, traditional designations for these
serovars (such asS. Enteritidis) remain in common usage to
facilitate description for diagnostic and epidemiologic
purposes.

Like other members of its genus,S.Enteritidis is a straight,
rod-shaped bacterium, with individual cells measuring
approximately 0.7–1.5 � 2.0–5.0 mm. These are non-spore
forming and Gram-negative organisms, and they can be staine
with common dyes such as methylene blue or carbolfuchsin.
They are motile because of the presence of peritrichous� agellae
and are facultatively anaerobic (able to grow well under both
aerobic and anaerobic conditions). Their optimum growth
temperature is near 37� C (with an overall growth range of
about 5–45 � C), and their optimum growth pH is around 7.0
(with an overall growth range of approximately pH 4.0–9.0).
Cellular components, such as� agellae and� mbriae, may not
be expressed under extreme pH conditions. High water activity
levels (aw values above 0.93) promoteS. Enteritidis survival
and growth in both foods and environmental reservoirs, but
S.Enteritidis often survives and persists for extended periods o
time after drying. This pathogen, however, is characteristicall
heat sensitive and thus readily destroyed by thorough cooking
or pasteurization.

Salmonella Enteritidis has relatively simple nutritional
requirements, so most culture media that supply sources o
carbon and nitrogen can support growth. On most agar media,
S.Enteritidis colonies are typically about 2–4 mm in diameter,
round with smooth edges, slightly raised, and glistening.
SalmonellaEnteritidis ferments glucose (to produce both acid
and gas), dulcitol, mannitol, maltose, and mucate, but not
lactose, sucrose, malonate, or salicin. It produces hydroge
sul� de on many types of media, decarboxylates ornithine and
lysine, utilizes citrate as a sole source of carbon, and reduce
nitrates to nitrites. It does not hydrolyze urea or gelatin, does
not produce indole, is catalase positive, oxidase negative
methyl-red positive, and Voges–Proskauer negative. In the
Kauffmann–White scheme for identifying and differentiating
Salmonellastrains based on their expression of somatic (O)
� agellar (H), and capsular (Vi) antigens, S. Enteritidis is
a member of somatic group D1, and its antigenic formula is
1,9,12:g,m:[1,7]. The important host-adapted pathogens of
poultry, S. Pullorum and S. Gallinarum, are also members of
somatic group D, but these organisms are nonmotile and differ
from S.Enteritidis in several nutrient utilization properties.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
The patterns of lysis that follow exposure to a de� ned set of
bacteriophages often are used for the differentiation of
S. Enteritidis strains from diverse sources. Phage typing ha
been useful to discriminate isolates to establish epidemiological
relationships, but individual phage types have not been shown
to possess any de� nitive properties that determine their path-
ogenicity or public health signi� cance. Phage type 4S. Enter-
itidis strains, which predominated in Europe for many years,
sometimes were associated with a high propensity to caus
invasive disease in young chicks, but direct comparisons with
strains of phage types (such as 8 and 13a) that have pre
dominated in North America generally have not revealed
meaningful differences in the outcomes of infection in mature
chickens.

SalmonellaEnteritidis is a frequently reported agent of
foodborne zoonotic infection transmitted from poultry to
humans. Diverse invertebrate and vertebrate hosts, howeve
serve as natural reservoirs ofS. Enteritidis (including insects,
reptiles, wild birds, and rodents). Newly hatched chicks are
highly susceptible toS.Enteritidis infection before they acquire
a complete and protective intestinal micro� ora from their
environment (which competitively excludes S. Enteritidis
colonization). Chicks exposed toS. Enteritidis during the � rst
week of life can remain infected for many months. Periods of
stress that disrupt the normal intestinal� ora of mature laying
hens, such as induced molting by feed restriction, can decreas
resistance toS. Enteritidis infection. Clinical disease and even
mortality sometimes are associated withS. Enteritidis infec-
tions in chicks, but infected adult poultry usually remain
asymptomatic. Nevertheless,S.Enteritidis is highly invasive in
both chicks and mature chickens. Invasion through the intes-
tinal epithelium produces disseminated systemic infection and
colonization of a variety of internal organs. Of particular
importance for public health, S.Enteritidis has a uniquely high
ability to colonize the reproductive tracts of laying hens and
thereby is incorporated into the contents of developing eggs
Experimental infection studies have documented that
S. Enteritidis invasion of the ovary (where egg yolks are
produced) and the oviduct (where albumen is secreted around
yolks as they descend through the reproductive tract on the wa
to oviposition) is the basis for the production of eggs harboring
S. Enteritidis in their edible interior contents.

Several virulence factors have been identi� ed that
contribute to the pathogenic behavior of S. Enteritidis in
chickens. Both endotoxins and exotoxins play important roles.
SalmonellaEnteritidis endotoxin, associated with cell wall lipo-
polysaccharide (LPS), enhances resistance to attack and dig
tion by host phagocytes. The ability to synthesize complete
LPS is essential for invasiveness. Heat-labile, proteinaceo
exotoxins also are involved inS. Enteritidis virulence. Entero-
toxin activity induces secretion by intestinal epithelial cells,
whereas cytotoxin inhibits protein synthesis and causes struc
tural damage to intestinal epithelial cells. LPS,� agellae, and
78-0-12-384730-0.00295-0 343
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� mbriae of S. Enteritidis have been associated with intestina
attachment and invasion of internal organs, although no single
factor has been identi� ed as entirely essential to these processe
.
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Methods for Detection in Foods

A diversity of culturing protocols are followed for the isolation
and identi � cation of S. Enteritidis and other Salmonella,but
most standard methods follow a similar overall outline
involving four principal steps. First, preenrichment in nonse-
lective media promotes the multiplication of very small
numbers of S. Enteritidis and helps resuscitate injured cells
Second, selective enrichment promotes expansion of th
S. Enteritidis population and suppresses the growth of other
competing organisms. Third, plating on selective and differ-
ential agar media further suppresses competitors and yield
visually distinctive isolated colonies, each derived from a single
cell. Fourth, colonies appearing to beSalmonellaare con� rmed
by biochemical testing and then are subjected to serologic
testing to con� rm their serotype identity asS.Enteritidis.

Standard culture methods are considered de� nitive because
they yield bacterial isolates from positive samples. More rapid
detection methods incorporating polymerase chain reaction
(PCR) or enzyme immunoassay technologies have bee
applied and evaluated widely. Many rapid methods are highly
accurate, sometimes demonstrating nearly complete agreeme
with reference culture methods, but they generally are no
accepted as de� nitive proof of positive results without con � r-
mation by a culture method that yields an S.Enteritidis isolate.
Rapid methods exhibiting both high speci� city and sensitivity
can serve as cost-effective screening tools in combination wit
culture-based con� rmation of positive results, especially when
a single preenrichment culture step can support both
approaches.

Approved methods for the detection and identi� cation of
Salmonellahave been de� ned (and are periodically updated) by
a number of standardization organizations around the world,
including the US Food and Drug Administration (FDA), the US
Department of Agriculture (USDA), the International Organi-
zation for Standardization, and the European Union. In the
United States, the FDA and USDA share regulatory authority fo
egg safety, but the primary responsibility for food safety in shell
eggs and egg-containing foods rests with the FDA. Accordingly
the following outline of typical conventional culturing
methods is based primarily on the FDA’s Bacteriologica
Analytical Manual. Additional useful information regarding
methods for detecting Salmonellain eggs and egg products is
found in the Compendium of Methods for the Microbiolog
Examination of Foods(published by the American Public Health
Association).
n

r-
Conventional Methods

Different culturing protocols have been developed to detect
S.Enteritidis in food, environmental, and veterinary diagnostic
samples, but similar underlying principles apply in all of these
contexts. Because eggs are the food commodity most ofte
associated with S. Enteritidis transmission, the following
section describes standard methods for testing shell eggs fo
internal S. Enteritidis contamination as an example of how
these general principles are implemented:

l After disinfecting eggshells, aseptically open eggs t
remove their contents and mix them thoroughly until
homogeneous.

l Pool together the contents of 20 eggs to improve detection
sensitivity using an affordable number of samples. These
pooled samples are preincubated at room temperature for
up to 96 h to promote S.Enteritidis growth to a consistently
detectable level.

l Preenrich a 25 ml portion of each incubated egg pool in
225 ml of trypticase soy broth containing 35 mg l� 1 ferrous
sulfate for 24 h at 35–37 � C.

l Transfer 0.1 ml of each incubated mixture to 10 ml of Rap-
paport-Vassiliadis (RV) medium and 1.0 ml of incubated
mixture to 10 ml of tetrathionate (TT) broth. Incubate RV
broth for 24 h at 42 � C and TT broth for 24 h at 35–37 � C.

l Streak 10ml of each incubated broth culture onto plates of
bismuth sul� te, Hektoen enteric, and xylose lysine desoxy
cholate agars. Incubate these plates for 24 h at 35–37 � C.

l Pick two or more colonies from each incubated agar plate
with typical Salmonellaappearance and inoculate tubes of
triple sugar iron (TSI) agar and lysine iron agar (LIA).
Incubate these tubes for 24 h at 35–37 � C.

l For isolates producing characteristicSalmonellafermenta-
tion patterns in TSI and LIA tubes, determine serotype using
batteries of appropriate somatic (O) and � agellar (H)
antisera.

Poultry carcass rinsates or poultry meat product homoge
nates can also be tested forS. Enteritidis by this culturing
protocol. Likewise, samples from live poultry and their envi-
ronment are evaluated using generally similar methods, excep
that preenrichment is not used and brilliant green and xylose-
lysine-tergitol 4 agars usually are employed as plating media.
l

Rapid Methods

Commercial

Currently, there are two commercially available rapid methods
for the detection of S. Enteritidis in foods. The Salmonella
Enteritidis Reveal� antibody-based test system manufactured
by Neogen Corporation (Lansing, MI, USA) enables rapid
recovery ofS.Enteritidis in food, poultry house environments,
and animal feed. It was reviewed under the AOAC Researc
Institute’s Performance Tested MethodsSM and approved to
carry the Institute’s certi� cation mark. In the procedure, a test
sample can be initially enriched using the same protocols as
FDA or other various enrichment procedures followed by
placement in a test kit containing anti–S. Enteritidis mono-
clonal antibodies that yield a proportional color change in
conjunction with a positive sample. Testing time after a 48 h
enrichment is 15 min. The RapidChek SalmonellaEnteritidis
test kit manufactured by SDIX (Newark, DE, USA) is also an
immunoassay-based system that has received AOAC perfo
mance testing approval. It is a murine monoclonal speci� c
antibody designed to detectS. Enteritidis and other group D1

serovars in poultry environmental samples, shell egg pool
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samples, and chicken carcass rinsates. The test kit emplo
a double sandwich setup as a lateral� ow test strip that
combines with a phage-based primary enrichment step
(16–22 h at 42 � C for drag swab and chicken rinse samples
40–48 h at room temperature for egg pools). Further incuba-
tion (6 –8 h for egg pools or 16–22 h at 42 � C for drag swab and
chicken rinse samples) of an aliquot from the primary enrich-
ment in a secondary media is completed before inserting the
test strip into the enriched sample. Presumptive detection and
identi � cation of 1–5 S. Enteritidis bacterial cells per sample is
possible.
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In addition to immuno-based rapid detection assays,
molecular-based detection assays have been extensive
explored as potential methods for the detection and identi� -
cation of Salmonella spp. Traditionally, DNA–PCR–based
ampli � cation of speci� c DNA sequences has been used t
detectSalmonellain a wide range of food matrices. These PCR
systems were successfully developed as standardized metho
and numerous commercial test kits have received AOAC
approval. These systems generally still require an enrichmen
step, and there is some concern regarding the ability to differ
entiate viable cells from nonviable cells. The developments in
high-throughput sequence laboratory capabilities as well as
powerful sequence alignment search software, however, hav
made it possible to directly compare large sequence data se
and differentiate minor genetic differences. These advance
ments have revolutionized the overall philosophy and general
approaches for rapid detection and identi� cation technologies.
This has led to the generation of multiple primer sets (multi-
plex primers) that can target several genes for simultaneou
ampli � cation during the PCR assay. Consequently, it is much
easier to not only differentiate Salmonellafrom non- Salmonella
bacterial cells but also distinguish among individualSalmonella
serovars.

Direct quantitation of Salmonellabacterial populations
has now become possible as well. The advent of revers
transcriptase PCR to detect RNA avoids the false positiv
associated with detectable DNA remaining after bacterial death
The presence of highly degradable RNA corresponds muc
more closely with the presence of viableSalmonellacells since
an intact viable cell presumptively would be required to retain
detectable RNA. Before these RNA-based methods becom
more widely used as standard methods, however, it remain
critical to consistently overcome sample matrix interference
with the PCR assay. It is also important to ensure that the
number of cells being quanti� ed correspond proportionally
with the amount of RNA being produced such that incremental
quantitative increases or decreases in one measurement
re� ected consistently in the other measurement. Hence, th
choice of representative target gene(s) is critical. DNA micro
arrays either as amplicon- or oligonucleotide-basedarrays
which represent either entire genomes or partial genomic
platforms, are being employed more frequently for compara-
tive genetic analysis, gene detection, and quanti� cation to take
advantage of the ability to engage many more genes simulta
neously in the assay. As more commercial microarrays becom
available for Salmonellaserotypes, the ability to develop
custom-designed detection kits for speci� c strains may become
possible.
Importance in the Food Industry

Far more S. Enteritidis cases and outbreaks have been attrib
uted to eggs and egg-containing foods than to any other food
vehicle. Between 1985 and 2002, 81% of S. Enteritidis
outbreaks in the United States were linked to the consumption
of eggs. Shell eggs and egg-containing products such
homemade mayonnaise, hollandaise sauce, ice cream, an
custards have all been implicated as sources inS. Enteritidis
outbreaks. Pooling of eggs, storage at warm temperatures, an
inadequate cooking have all been identi� ed as important
factors leading to an increased risk of disease transmission
especially when affected foods are served to highly vulnerabl
populations in day care centers or nursing homes. Because o
the widespread distribution of commercially produced eggs,
S. Enteritidis outbreaks can be disseminated to large numbers
of people in diverse locations. For example, a 2010 egg
associatedS.Enteritidis outbreak in the United States involved
more than 1900 people in 11 states.

Throughout the world, heightened concerns about egg
transmitted S. Enteritidis infections in humans have led to an
intensi� ed focus on preventing or controlling S. Enteritidis
infections in egg-laying � ocks of chickens. Both government
regulatory programs and voluntary industry efforts have sought
to prevent the production and marketing of contaminated eggs.
Extensive testing of breeding� ocks for S. Enteritidis infection
(as under the auspices of the National Poultry Improvement
Plan in the United States) plays a critical role in preventing the
vertical transmission of infection to the chicks that eventually
will grow to become egg-laying hens. In laying� ocks, control
programs (administered by the FDA) combine comprehensive
sets of risk reduction practices with intensive testing to identify
infected houses and� ocks. The most common testing approach
screens for infection using samples from the laying house
environment and then con� rms threats to public health by
culturing eggs. Similar control programs have been associate
with signi� cant reductions in the frequency of human
S. Enteritidis infections in several nations.
Overall Economic Impact

The USDA’s Economic Research Service estimates th
Salmonellainfections, from all sources, cost about $2.7 billion
annually, based on an estimate by the Centers for Diseas
Control and Prevention of 1.4 million Salmonellacases annu-
ally from all sources, with 415 deaths. The estimated averag
cost per case is $1896. In 2006, the most recent year for whic
data are available,S.Enteritidis caused almost 17% of reported
cases of salmonellosis. Although the costs of risk reduction
and regulatory compliance for egg producers (which include
� ock testing, biosecurity, sanitation, rodent and insect
control, poultry house cleaning and disinfection, and vaccina-
tion) can be very high, the alternative costs associated with
S. Enteritidis outbreaks (regulatory interventions, product
recalls, reduced market access, diminished consumer con� dence
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and purchasing, and lawsuits by affected consumers) generall
are even higher. For example, the US 2010S.Enteritidis outbreak,
although attributed to only two egg producers in a single state
still involved more than 550 million eggs being recalled.
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Contamination of Raw Foods

Eggs

Microbial contamination of eggshells can result from exposure
to feces and other environmental sources in laying houses an
inadequately sanitized egg-processing facilities. Pathogens th
survive processing later can be introduced into the edible liquid
egg contents when the shell is broken for use or consumption
Moreover, eggshells are porous and do not effectively imped
bacterial penetration into the interior from areas of moist fecal
contamination. The two underlying shell membranes consti-
tute a more effective barrier, except in cases in which the
separate to form an air cell in the large end of the egg. Washin
to remove bacteria is a routine egg-processing practice in man
countries. Washing may remove the proteinaceous cuticle
which plugs the pores in the shell, and improper temperature
control during washing can create a pressure gradient (as th
interior contents cool and contract) that facilitates microbial
movement across the shell membranes. Nevertheless, althoug
a diversity of Salmonellaserotypes can be found on eggshells
few of these are associated with a signi�cant incidence of egg-
transmitted human disease. This suggests that only a sma
proportion of public health problems related to eggs are
attributable to shell contamination.

Internal contamination of eggs with S.Enteritidis is believed
to be mostly the result of a process that often is referred to a
‘transovarian transmission,’ in which systemic infections of
laying hens lead to deposition of the pathogen inside the
contents of developing eggs in the reproductive tract. Chicken
typically become infected with S. Enteritidis when oral inges-
tion from the environment leads to colonization of several
regions of the gastrointestinal tract, particularly the crop and
ceca. Invasion through mucosal epithelial cells allows systemi
dissemination to diverse internal organs, including reproduc-
tive tissues.SalmonellaEnteritidis accesses the interior content
of eggs by colonizing the ovary (the site of yolk maturation and
release) and the oviduct (the site of albumen secretion around
the descending yolk). SalmonellaEnteritidis has been found
inside preovulatory follicles and from forming eggs removed
from the oviducts of infected hens.

Laying hens typically produce internally contaminated eggs
for only a few weeks following oral inoculation. The patterns of
egg contamination over time in commercial laying � ocks,
however, can be irregular as infection spreads graduall
through each house. The production of contaminated eggs is
a relatively infrequent event within infected � ocks. The overall
incidence of S. Enteritidis contamination of eggs from
commercial � ocks in the United States has been estimated a
only around 0.005%. Naturally contaminated eggs character
istically contain very small numbers ofS.Enteritidis cells when
they are laid. Fewer than 10S.Enteritidis cells have been found
in most contaminated eggs, although larger populations have
been reported in a small fraction of eggs. Even when laying
hens were infected experimentally with very large oral doses o
S. Enteritidis, only small percentages of eggs were contam
nated and most contaminated eggs harbored fewer than one
S. Enteritidis cell per milliliter of liquid egg contents.

Infected laying hens can depositS. Enteritidis in either the
yolk or albumen of developing eggs (or sometimes both),
perhaps depending on which region of the reproductive tract
(ovary or oviduct) was colonized. Analysis of eggs laid by both
naturally and experimentally infected hens has indicated that
S.Enteritidis is deposited more often in the albumen or on the
vitelline (yolk) membrane than inside the interior contents of
the yolk. This conclusion is consistent with the typically small
numbers of S.Enteritidis found inside freshly laid eggs, as rapid
microbial multiplication to higher numbers would be antici-
pated to follow deposition inside the nutrient-rich yolk.
Albumen is not a good bacterial growth medium, as a conse-
quence of antibacterial albumen proteins, such as ovo-
transferrin (which binds iron to limit its availability to
microorganisms) and increasing pH as the egg ages. Neve
theless,S. Enteritidis can survive and sometimes even grow
slowly in albumen. Nutrients are abundant in egg yolk (and
antimicrobial proteins are absent), soS.Enteritidis growth can
be rapid and proli � c. Small initial numbers of S. Enteritidis
cells can multiply to dangerously high concentrations within
a single day in egg yolks at warm temperatures.Salmonella
Enteritidis grows rapidly in eggs yolks at 15� C or higher and
moderately at 10� C or higher, but growth ceases at 4� C and
below. Even when S. Enteritidis initially is deposited on the
exterior surface of the vitelline membrane or in nearby areas o
the albumen, bacterial migration across this membrane still
can result in extensive multiplication inside yolks. Salmonella
Enteritidis penetration into yolks increases with storage time
and temperature. Alternatively, the gradual degradation of
vitelline membrane integrity as eggs age (especially at warm
temperatures) can cause the release of yolk nutrients to suppo
microbial growth in the albumen.
Poultry Meat

Broiler (meat-type) chickens can also become infected with
S. Enteritidis and carry the organism into the slaughter plant
inside their intestinal tracts. During the evisceration of
carcasses, mechanical rupturing of crops or intestines can lea
to external contamination of edible muscle tissues. Further
cross-contamination of carcasses can occur readily in wate
� lled chilling tanks. As with eggs, S. Enteritidis in broiler
chickens is controlled by the application of comprehensive
risk-reduction practices in both the production and processing
environments. Thorough cooking of poultry meat products at
adequate temperatures will destroyS.Enteritidis contaminants.
Contamination of Nonpoultry Raw
and Processed Foods

Although not as common as eggs, other raw foods such as raw
milk, sprouts, and tree nuts can be associated withS.Enteritidis
contamination and subsequent outbreaks. In the Netherlands
in 2000, an outbreak of S.Enteritidis phage-type 4b was traced
to the consumption of bean sprouts, and contaminated seeds
were identi� ed as the most likely cause of contamination
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because hypochlorite solution concentration administered by
the grower apparently was too low for seed disinfection. In
2004, raw almonds distributed throughout the United States
and internationally were implicated as a source of the
S.Enteritidis infections. A total of 29 individuals from 12 states
and 1 Canadian province were identi� ed as being infected by
S. Enteritidis with symptoms occurring from September 2003
to April 2004. SalmonellaEnteritidis contamination can be
problematic in processed foods if the production operation
does not perform as designed or the processed food become
contaminated postprocessing during handling. The well-
documented S.Enteritidis 1994 outbreak from ice cream in the
US Midwest often is cited as a classic example in which thes
types of failures occurred.
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Importance to the Consumer

The FDA estimates that 142 000 human illnesses each year a
caused by consuming eggs contaminated withSalmonella.
Individuals infected with Salmonelladevelop diarrhea, fever,
nausea, abdominal cramps, headaches, and vomiting 12–72 h
after infection. Symptoms usually last 4–7 days and the
majority of those infected by Salmonellarecover without treat-
ment. In some people, however, the diarrhea may be so sever
that they need to be hospitalized. More severe systemic infec
tions may occur in humans who are more vulnerable such as
the very young, the elderly, and the immunocompromised. In
some cases, these infections can have more long-term cons
quences leading to chronic conditions, such as arthritis or
endocarditis.
h
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Epidemiology

Since the 1980s, public health authorities around the world
have continued to report high incidences of humanS. Enter-
itidis infections. In both 2008 and 2009, S.Enteritidis was the
Salmonellaserotype most often associated with human illness
in the United States, with more than 7000 cases reported eac
year. Many cases of salmonellosis go unreported, and one team
of epidemiologists calculated that more than 100 000
S.Enteritidis illnesses could occur in the United States each yea
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Prevention

Although substantial public and private resources have been
committed to controlling S.Enteritidis infections in egg-laying
� ocks, risk assessment calculations by epidemiologists hav
identi � ed some postproduction parameters that are vital for
reducing disease transmission. Indeed, egg refrigeration an
pasteurization have been reported as the control practices mos
likely to protect consumers. Egg refrigeration is intended to
prevent the multiplication of small numbers of S. Enteritidis
contaminants to levels more likely to pose a danger to
consumers. For example, federal regulations in the United
States require all eggs to be refrigerated at 7.2� C or less within
36 h of collection. BecauseS.Enteritidis is highly susceptible to
destruction by heating, pasteurization of egg products is
extremely effective, as documented by the extreme infrequenc
of disease transmission attributed to properly pasteurized
liquid egg products. Effective technologies for pasteurization of
shell eggs also are available, although they are not widely use
because of their cost.

Although, the FDA has put regulations in place to help
prevent contamination of eggs on the farm and during ship-
ping and storage, consumers also play a key role in preventin
illness associated with eggs. Currently, the FDA requires a
cartons of shell eggs that have not been treated to destro
Salmonellato carry the following safe handling statement:“To
prevent illness from bacteria: keep eggs refrigerated, cook eg
until yolks are � rm, and cook foods containing eggs thor-
oughly.” Eggs that have been treated to destroySalmonellasuch
as in-shell pasteurization, for example, are not required to carry
safe handling instructions. Clearly, the most effective way to
prevent egg-related illness byS.Enteritidis is for the consumer
to know how to safely buy, store, handle, and cook eggs and
other foods that contain them. The FDA has posted on their
website (http://www.fda.gov ) a FoodFacts synopsis on how
a consumer can safely handle eggs entitled“Playing it Safe with
Eggs – What You Need to Know” and is provided in the
following section.
Purchasing

l Buy eggs only if sold from a refrigerator or refrigerated case
l Open the carton and make sure that the eggs are clean an

the shells are not cracked.
l Refrigerate�40 � F (�4 � C) promptly at all times.
l Store eggs in their original carton and use them within

3 weeks for best quality.
Preparation

l Cross-contamination between cooked foods and raw foods
that may still be contaminated with S. Enteritidis or other
foodborne pathogen is always a danger. Therefore during
food preparation, one should wash hands, utensils, equip-
ment, and work surfaces with hot, soapy water before and
after they come in contact with eggs and egg-containing
foods.

l Cook eggs until both the yolk and the white are � rm.
Scrambled eggs should not be runny.

l Casseroles and other dishes containing eggs should b
cooked to 160 � F (72 � C). Use a food thermometer to be
sure.

l For recipes that call for eggs that are raw or undercooke
when the dish is served, for example, Caesar salad dressi
and homemade ice cream, use either shell eggs that hav
been treated to destroySalmonella, by pasteurization or
another approved method, or pasteurized egg products
Treated shell eggs are available from a growing number o
retailers and are clearly labeled, and pasteurized egg prod
ucts also are widely available.

Serving

Bacteria can multiply in temperatures from 40� F (5 � C) to
140 � F (60 � C), so it is very important to serve foods safely.

l Serve cooked eggs and egg-containing foods immediate
after cooking.
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l For buffet-style serving, hot egg dishes should be kept hot
and cold egg dishes kept cold.

l Eggs and egg dishes, such as quiches or souf� és, may be
refrigerated for serving later but should be reheated
thoroughly to 165 � F (74 � C) before serving.

l Cooked eggs, including hard-boiled eggs, and egg
containing foods should not sit out for more than 2 h.
Within 2 h either reheat or refrigerate.
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Storage

l Use hard-cooked eggs (in the shell or peeled) within 1 week
after cooking.

l Use frozen eggs within 1 year. Eggs should not be frozen i
their shells. To freeze whole eggs, beat yolks and white
together. Egg whites can also be frozen by themselves.

l Refrigerate leftover cooked egg dishes and use withi
3–4 days. When refrigerating a large quantity of a hot egg
containing leftover, divide it into several shallow containers
so it will cool quickly.
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Traveling

l Cooked eggs for a picnic should be packed in an insulated
cooler with enough ice or frozen gel packs to keep them cold

l Do not put the cooler in the trunk – carry it in the air-
conditioned passenger compartment of the car.
l If taking cooked eggs to work or school, pack them with
a small frozen gel pack or a frozen juice box.
See also:Eggs:Microbiology of Fresh Eggs;Eggs:Microbiology
of Egg Products; Food Poisoning Outbreaks; Microarray;
Molecular biology;Process Hygiene:Involvement of
Regulatory and Advisory Bodies;Salmonella: Introduction;
Salmonella: Detection by Classical Cultural Techniques;
Salmonella: Detection by Immunoassays.
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ClassiÞcation

Super Kingdom: Bacteria; Kingdom: Bacteria; Phylum: Proteo
bacteria; Class: Gammaprotobacteria; Order: Entrobacteriale
Family: Enterobacteriaceae; Genus:Salmonella; Species:Enterica;
Subspecies: Enterica; Serovar (The serovar classi� cation of
Salmonellais based on the Kauffman–White classi� cation that
allows serological varieties to be differentiated from each other
Several new methods forSalmonellatyping and subtyping include
genome-based methods such as pulsed-field gel electrophores
(PFGE), multiple loci variable-number tandem repeat (VNTR)
analysis (MLVA), multilocus sequence typing (MLST), and
(multiplex) –polymerase chain reaction-based methods.):Typhi
,

ic

n

t
s

,

f
ar,

,

y

-

i.
ce

d
e

s

g,

n
s
-

Introduction

The Salmonellagenus consists of rod-shaped, Gram-negative
non-spore-forming, predominantly motile, enteric bacteria
ranging from 0.7 to 1.5 mm in diameter, and from 2 to 5mm in
length. These bacteria are facultative anaerobes using organ
substrates and oxidation–reduction reactions for energy. Most
Salmonellaspecies produce hydrogen sul� de, are unable to
ferment lactose, and can be detected readily by growing o
media containing ferrous sulfate. There are more than 2500
serotypes (serovars) ofSalmonella, based on the somatic or cell
wall antigens (O-antigen), � agellar antigens (H-antigen), and
surface or envelope antigens.Salmonella entericaserotypetyphi
(Salmonella typhi), is a Gram-negative, obligate anaerobe tha
causes systemic infections and typhoid fever in humans. It ha
no known natural reservoir outside of humans and little is
known about the historical emergence of humanS. typhiinfec-
tions. It originally was isolated in 1880 by Karl J. Erberth.
Salmonella typhiis a multiorgan pathogen characterized to
inhabit the lymphatic tissues of the small intestine, liver, spleen,
and bloodstream of infected humans. It is not known to infect
animals and is most common in developing countries with poor
sanitary systems and lack of antibiotics, putting travelers to Asia
Latin America, and Africa in a high-risk group. Typhoid fever is
still common in the developing world, where it affects about
21.5 million people each year. This disease is rare in the United
States and other industrial nations, but it always poses the risk o
emergence. In the United States, about 400 cases occur each ye
and 75% of these are acquired while traveling internationally.
The earliest recorded epidemic occurred in Jamestown, Virginia
where it is thought that 6000 people died of typhoid fever in the
early seventeenth century. Of the 266 people infected in the
United States in 2002, approximately 70% had traveled inter-
nationally within 6 weeks of the onset of disease.
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Salmonella typhiis a Gram-negative, obligate anaerobe tha
belongs to the serogroup D within subspecies I of the genus
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Salmonella, and it is represented by the antigenic formula
9,12:d:–. Characteristics ofS. typhiare both genotypically and
phenotypically similar to the genus Salmonella. It, however,
displays distinctly different reactions for a number of
biochemical tests that normally are used for the characteriza
tion of Salmonellaspp.

The complete sequencing of theS. typhi genome has
revealed that there are about 204 pseudogenes encoded
S. typhi. A majority of these genes are inactivated by a sto
codon, indicating that they were recently evolved. Out of these
204 genes, 27 are insert-sequence-remnants and originate
from a bacteriophage, 75 are housekeeping genes, and 46 a
associated with host interactions. MostS. typhistrains possess
a genome of between 3.9 and 4.9 Mb, suggesting a long histor
of insertions, deletions, or horizontal genetic exchange. They
also may harbor large plasmids, many of which confer antibi-
otic resistance. Furthermore, unlike otherS. entericaserotypes,
the gene order ofS. typhiis also variable due to the rearrange
ment of rRNA genes using homologous recombination. The
two most commonly used strains of S. typhi, CT18 and Ty2,
share 195 out of the 204 of these genes, making them 98%
identical to each other. In addition to the O and H antigens,
strains ofS. typhimay also produce an antigen, designated as V
The Vi antigen is a capsular polysaccharide covering the surfa
of S. typhi. It was discovered by Felix and Pitt in 1934 who
named it the ‘Vi antigen,’ for virulence, based on its ability to
cause virulence in mice and to induce an immune response in
rabbits.

Characterization of S. typhi strains using phenotypic or
genotypic analysis is common. Phage typing is a common
method utilized for phenotypic analysis, especially during
illness outbreaks. Bacteriophages speci� c to the Vi antigen can
differentiate S. typhiinto 108 phage types. Phage typing during
outbreaks has revealed that certain strains are restricte
geographically. For example, phage types 0, D1, Dz, and th
H-j/H-z66 are restricted to Papua New Guinea, Mediterranean
countries, India, and Indonesia, respectively, while phage type
A and El are found more globally.

Salmonella typhistrains can also be differentiated using
a variety of molecular techniques such as PFGE, IS200 typin
ribotyping, and ampli � ed fragment-length polymorphism.
These � ngerprinting methods have been used to identify
multiple distinct clones, suggesting multiple diversity of
S. typhi. PFGE is used to further characterize strains of commo
phage types, to distinguish between strains from sporadic case
versus outbreaks, and to differentiate between strains exhibit
ing different virulence. It has also been utilized to highlight
genetic differences among isolates obtained from blood and
feces during the course of a single infection. Most typhoid
outbreaks have been reported to be caused by single PFG
genotypes; however, sporadic cases in endemic areas genera
have been associated with multiple PFGE genotypes. A wid
range of restriction enzymes (XbaI, AvrII, and SpeI) produce
easily interpretable patterns. Ribotyping, using restriction
enzymes (PstI andClaI) to digest chromosomal DNA, has been
78-0-12-384730-0.00296-2 349
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effective in tracebacks for epidemic strains and can discriminat
between strains of multiple phage types. Ribotyping, along
with � iC probes, suggests thatS. typhievolved in Southeast Asia,
with the H-j genotype found only in Indonesia. The IS200,
a Salmonella-speci� c insertion sequence, has been used with
some degree of success, although the typing occasionally can b
confused by plasmid-borne sequences.
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Pathogenesis and Disease

Typhoid Fever

Salmonella typhicauses typhoid fever, which is a febrile
systemic illness, atypical of the gastrointestinal syndrome
associated with mostSalmonellaspp. It is transmitted by the
fecal–oral route, mainly via contaminated food and water in
the developing world. Individuals with typhoid fever can carry
the bacteria in their bloodstream and intestinal tract. In
addition, a small number of individuals (1 –5%), called
carriers, recover from the illness but continue to harbor the
bacteria in their gallbladder, serving as a reservoir for thes
pathogens. Both ill persons and carriers shedS. typhiin their
feces (stool). Transmission ofS. typhiis therefore common
due to eating food or drinking beverages that have been
handled by a person who is sheddingS. typhior if sewage
contaminated with the bacteria gets into the water used for
drinking or washing food. Typhoid fever is more common in
areas of the world where handwashing is less frequent an
water is likely to be contaminated with sewage. An estimated
12–33 million cases of typhoid fever occur each year, resulting
in approximately 600 000 deaths. Typhoid fever is not
common in the industrial regions of the world such as the
United States, Canada, Western Europe, Australia, and Japa
Over the past 10 years, travelers from the United States t
Asia, Africa, and Latin America have been especially at ris
Travelers visiting the developing countries therefore need to
consider extra precautions.

Typhoid fever is an insidious disease characterized by feve
headache, constipation, malaise, chills, and myalgia with few
clinical features that reliably distinguish it from a variety of other
infectious diseases. Severe disease manifestation (includin
septic shock), in terms of disease mortality, are hemorrhagic
necrosis of the ileal Peyer’s patches (PP), resulting in tissue
perforation, peritonitis, septicemia, and death.

The pathogenesis of this disease depends on the inoculum
size of the ingestedS. typhicells, the virulence of the strain, the
host’s immune response, and previous exposure. The etiologi
agent may be recovered from the bloodstream or bone marrow
and occasionally from the stool or urine. The infectious dose
for S. typhiis not well known but is speculated to be 1–2 log
colony forming units (cfu), lower than that for most Salmonella.
It can be affected by the same factors that affect the infectiou
dose for typical Salmonellaspp. causing gastroenteritis.

The S. typhiinfection begins in the gastrointestinal tract
with the ingested bacteria invading the intestinal mucosa via
the M cells of the PP (the� rst exposure of PP toS. typhi) and
colonizing the reticulo-endothelial system. The bacteria
eventually enter the lymphatic system, moving to the
mesenteric lymph nodes where they begin to multiply within
the macrophages, eventually destroying the macrophage
Following multiplication, S. typhiinvades the bloodstream as
numerous S. typhicells are released into the blood, where they
disseminate widely, causing transient primary bacteremia
Although S. typhiis removed from blood by macrophages that
line the sinusoids of the liver, spleen, and bone marrow, it can
continue to replicate in these sites. The reentry of bacteria into
the blood (secondary bacteremia) marks the onset of clinical
disease. The microorganism then localizes into the deepe
tissues of the spleen, liver, gallbladder, and the bone marrow
triggering the onset of the typical typhoid fever symptoms.
Symptoms most characterized by this disease often include
a sudden onset of high fever, headache, and nausea. Othe
common symptoms include loss of appetite, diarrhea,
anorexia, abdominal tenderness, enlargement of the splee
(depending on where it is located), and constipation, pro-
gressing to fever, and the appearance of red spots on the tors
Progression to this� rst clinical manifestation of the disease is
slow with the onset time ranging from 3 to 56 days, with
10–20 days being more typical. The pathogen can be isolated
easily from blood and urine during the earlier phase of the
disease. The fever can last for several weeks, during which tim
the bacteria reach the gallbladder and multiply in the bile.
Salmonella typhiinfection of the gallbladder can lead to rein-
fection of the intestinal tract as the pathogen-rich bile� ows
into the small intestine. At this point, the organism localizes
in the PP of the ileum (second exposure of PP toS. typhi)
causing in� ammation, ulceration, and necrosis (typhoid
ulcers) of the ileum. This usually occurs during the third week
of illness and is marked by watery diarrhea. The hemorrhaging
of the ulcers eventually can lead to bloody diarrhea and
potential intestinal perforation, resulting in peritonitis and
septicemia, the most common cause of death in typhoid fever.
This advancement of illness is common in less than 5% of the
patients; however, it has a mortality rate of 40%, which can
increase to 83% if treatment is delayed for more than 96 h. At
this phase of the disease, the organism is isolated more readil
from the stools.

A number of extraintestinal complications can also occur
with S. typhiinfection, which can involve the central nervous
system (3–35%), cardiovascular system (1–5%), pulmonary
system (1–86%), bone and joints (1%), hepatobiliary system
(1–26%), and genitourinary system (<1%). Some complica-
tions include perforated terminal ileum or appendix, paralytic
ileus, hepatitis, hepatic failure, bronchopneumonia, thyroid
abscess, myocarditis, neonatal encephalopathy, and menin
gitis. Other sequelae, such as reactive arthritis in individuals o
particular histocompatibility (human leukocyte antigen) types
also may develop.
Treatment

Compared with foodborne gastroenteric salmonellosis (0.1–
0.2%), mortality rates of S. typhiare especially high, ranging
from 2 to 10%. The high signi� cance of the disease warrant
treatment with antibiotics. Selection of the appropriate anti-
biotic for the treatment of S. typhiinfection requires knowledge
of the antibiotic susceptibility or resistance of isolated strains
and the complications associated with it. Traditional drugs
of choice are chloramphenicol, ampicillin, amoxicillin, or sulfa
compounds, such as trimethoprim or sulfamethoxazole. With
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the increased mortality resulting from resistance to chlo-
ramphenicol and the rare chloramphenicol-induced bone
marrow toxicity, ampicillin and trimethoprim-sulfamethoxazole
(TMPSMZ) became more popular in the treatment ofS. typhi
infection. The emergence,however, ofmultidrug-resistant (MDR)
strains of S. typhiin recent years, including resistance to chlor
amphenicol, ampicillin, TMPSMZ, streptomycin, sulfonamides,
tetracycline, and trimethoprim, has put the ef� cacy of these
drugs in question. Along with antibiotic treatment, supportive
measures such as oral or intravenous hydration, blood trans
fusion (if needed), tepid bath, and sponging and proper nutrition
are equally important in managing typhoid fever.
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Virulence Factors

Similar to other Salmonella, virulence of S. typhiis complex and
multifactorial. The organism produces an extensive and divers
array of virulence factors contributing to infection and disease
The virulence ofS. typhidepends on its ability to invade cells
and form a protective lipopolysaccharide (LPS) coat, the pres
ence of the Vi antigen, and the production and excretion of
invasin (inv genes), a protein that invades the nonphagocytic
cells, where the bacterium is able to survive and replicat
intracellularly. The S. typhichromosome contains three path-
ogenicity islands and the inv genes reside within the largest
A locus designated sipEBCDA, which is composed of� ve genes,
is considered important for entry into epithelial cells. It shows
strong homology to the ipa genes present on the large virulenc
plasmid of Shigella, which confer the same function. Addition-
ally, S. typhiproduces highly glycosylated LPS as an integral pa
of the outer membrane. Furthermore,S. typhican produce both
type I and type III � mbriae along with others. Genes responsible
for synthesis of � mbriae, including the sefoperon, have been
located on the chromosome ofS. typhi, rather than on serotype-
speci� c virulence plasmids in relevant serovars, such asTyphi-
muriumand Enteritidis. The presence of Vi antigen, the secretio
of invasin, and the formation of LPS are the three most impor-
tant factors associated with the organism’s virulence.

Salmonella typhistrains synthesize two types of siderophore
that are common to enteric pathogens, aerobactin and enter
ochelin. The production of the latter is more common than the
former, suggesting the invasive nature of this serovar. Produc
tion of toxins, including the enterotoxin (typical of Gram-
negative organisms), is one of the many virulence factor
expressed byS. typhistrains. It produces an endotoxin that is
structurally similar to cholera toxin and also a cytotoxin,
encoded by thestpAgene, which is similar to the enterotoxin
produced by Yersinia enterocolitica.

An extremely important and highly distinct virulence factor
of S. typhiis the production of Vi antigen. This antigen is a linear
homopolymer of tx-1,4-1inked N-acetyl galactosaminuronic
acid, O-acetylated at the C-3 position. The Vi antigen plays an
important role in the pathogenesis of S. typhiduring survival
within the macrophages and in the bloodstream. It provides
protection against the blood serum, blocking C3b complement
(opsonizing) activity against LPS. Strains not expressing the V
antigen, however, have also shown to be hyperinvasive, indi
cating that the antigen may not be necessary during this phase o
infection. Expression of Vi antigen is regulated by three loci
viaA, viaB, and ompB that are separated widely. The viaA locu
commonly is found in enteric bacteria, whereas the viaB rarely is
found in other Salmonellaspp.

In the past couple of decades, antibiotic resistance, partic
ularly the emergence of MDR strains ofSalmonella, has raised
concerns particularly with its link to antibiotic use in livestock.
These strains have been identi� ed and grouped into a single
haplotype named H58. Acquisition of large conjugative IncH1
R-plasmids (71–166 MDa) is found to be responsible for
multiple resistance of S. typhi. Many S. typhistrains contain
plasmids encoding resistance to chloramphenicol, ampicillin,
tetracycline, sulfamethoxazole, and cotrimoxazole, antibiotics
commonly used to treat typhoid fever. Additionally, resistance
to gentamicin, kanamycin, streptomycin, piperacillin, and
ticarcillin have also been observed.

The evolution of MDR S. typhistrains has also been a caus
of concern over therapy, and newer drugs– including furazoli-
done; quinolones, such as o� oxacin, nor� oxacin, per� oxacin,
and cipro� oxacin; and newer-generation cephalosporins, such
as ce� xime, cefotaxime, ceftizoxime, and ceftriaxone– are being
tested in these cases. More recently, it has been reported th
these strains are resistant to cipro� oxacin, also called nalidixic-
acid-resistantS. typhi(NARST) strains, and also have reduce
susceptibility to � uoroquinolones. This resistance, which is
either chromosomally or plasmid encoded, has been observed
in Asia. A signi� cant number of strains from Africa and the
Indian subcontinent are of the MDR type. A small percentage o
strains from Vietnam and the Indian subcontinent are NARST
strains. These MDR strains are considered to be more virulen
than susceptible strains resulting in higher bloodstream infec-
tions and fatality rates.
Importance in the Food Industry

Sources of Transmission

An infected food handler plays a major role in the transmission
of S. typhi. These individuals, as described earlier, are chron
carriers of the bacteria and continue to shed the organism ove
extended periods of time. A number of outbreaks resulting from
such carriers have been reported, with the most widely docu
mented one involving Mary Mellon, also known as Typhoid
Mary. A variety of foods have been associated with the trans
mission of S. typhi, including unpasteurized liquid whole egg,
raw milk, soft cheeses made from raw milk, ice cream, ready-to
eat red meat and poultry products, shell� sh, and fresh produce.
These foods may be contaminated through human or water-
borne transmission, such as the use of contaminated water fo
irrigation or washing of fresh produce. Once contaminated and
with optimal environmental conditions, the populations of the
pathogen may increase in such foods. Intrusion of contaminated
cooling water used in the processing of canned foods, especiall
canned meats, has resulted in several outbreaks. Shell� sh,
including clams, oysters, and mussels, that are also ofte
consumed raw, have been implicated inS. typhi outbreaks.
Particularly, � lter feeding of these shell� sh in contaminated
water leads to the concentration of the organism in the tissues o
the shell� sh. Outbreaks from drinking contaminated water have
also been reported in the past. Water may get contaminated
through seepage of sewage into natural sources, especially
areas where typhoid is endemic.
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Control Measures

SinceS. typhiis con� ned to humans as its host and the trans-
mission is more commonly waterborne than foodborne, control
measures are slightly different from those applied to broad-host-
range Salmonella. Good personal hygiene and food-handling
practices are key to the control of this important pathogen.
Emphasis must be put on identifying chronic carriers ofS. typhi
and excluding them from food handling and production
scenarios. Additionally, use of potable water in the production
and processing of foods is extremely important, especially fresh
produce and seafood that generally are consumed raw.

See also:Salmonella: Introduction;Salmonella: Salmonella
Enteritidis;Salmonella: Detection by Classical Cultural
Techniques;Salmonella: Detection by Immunoassays.
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Introduction

In the past, the acceptance or rejection of a food was decide
ideally by inspection of 100% of the items of a lot, as still is
done in the case of meat inspection. If the test was too labo
rious and slow or destroyed the unit, testing of representative
samples was done instead. This concept still is used for lots o
unknown history (port of entry situations). In contrast, quality
and safety of a food cannot be retroactively incorporated into
a product by testing. Modern quality assurance systems
including the hazard analysis and critical control points
(HACCP) concept, do not standardize the product, but rather
they serve to standardize the production process to guarante
safe food. Although sampling for the surveillance of microbi-
ological criteria is not super� uous, it has shifted to the level of
veri� cation instead.
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Sampling and Sample Preparation

Sampling

An unrestricted sampling plan must be used to guarantee
a valid estimation of the characteristics of interest. An orga
nizational prerequisite is that all units of the population or
the lot are registered and available for sampling. If possible
random sampling occurs by using random-number tables or
generators. For process control, systematic sampling wit
a random starting point is recommended because of its grea
practicability. First, a starting point is randomly � xed and then
additional samples are taken at prescribed intervals.

The random selection of a given number of random samples
of a lot is referred to as a unitary (on-stage) procedure. Thi
procedure is repeated from lot to lot without further division
into subsamples, strata, or phases. Sequential sampling lik
two-stage or two-step strategies, in which a second samplin
must occur after an indifferent result in the � rst sampling
to produce a clear decision, are avoided in the microbiological
quality control because of the time-consuming analytical
procedures.
e

Sample Preparation, Bulk (Gross), and Pooled Samples

Sample collection, identi� cation, shipment, storage, and pre-
paration should follow the well-known rules. For microbio-
logical analysis, the test material must be homogenized
carefully to minimize uncertainty.

Instead of the usual procedure of analyzing each sampl
separately, all samples can be combined into a composite
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
sample and only an aliquot from the bulk composite sampleis
tested. This saves both the time and labor. On the other hand
all information regarding the variance between the samples is
lost because only one result (realized arithmetic mean) is ob-
tained and this also has been proven to be especially suscep
tible to outliers. But in the case of using three-class sampling
plans, bulk sampling very often leads to the same decisions a
analyzing each sample separately.

The termpoolingdescribes when sample units are combined
into one composite sample and the entire material is then
analyzed. This procedure is useful with presence–absence tests
where the sample size isn > 1 and zero tolerance exists. Thes
premises are given in Salmonella testing. The theoretical
threshold of detection can only be in� uenced by the total size
of the pooled sample, whereas the size of the subsamples
optional.
Sampling Plans

To simplify, each unitary sampling concept is de� ned clearly
once the number of analytical test units (¼ sample size)n and
the acceptance numberc have been established in a sampling
plan for microbiological quality control. If the sample n has
more than c defective units, the corresponding lot must be
rejected. Otherwise (number of defective units� n), it must
be accepted.
Microbiological Criteria

The decision whether a product is conforming or defective is
done by assessing the analytical results with the help of criteria
A microbiological criterionmeans a criterion de� ning the
acceptability of a product, a batch of foodstuffs, or a process
based on the absence, presence, or number of microorganism
or on the quantity of their toxins or metabolites, per unit(s) of
mass, volume, area, or batch. Afood safety criterioncharacterizes
the acceptability of a product placed on the market, whereas
a process hygiene criterionindicates the acceptable functioning of
the production process.

Because various terms relating to microbiological criteria
have been rather loosely used in the past, it is recommended to
obey the following de� nitions:

l A microbiological standardis used to determine the
acceptability of a food. As a mandatory criterion in the
sense as de�ned earlier, it is incorporated into a law or
regulation.
78-0-12-384730-0.00302-5 353
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354 Sampling Plans on Microbiological Criteria
l A microbiological guidelinemay be established as a criterion
by a regulatory authority, industry trade association, or
a company to indicate what is expected for the microbial
content of a food when best practices are applied. Guide
lines are advisory in the nature and may not lead to the
rejection of a food.

l A microbiological speci� cationis a purchase speci�cation that
is established from the industry or government to reduce
the likelihood of accepting an ingredient or food that may
be unacceptable in terms of safety or quality. Such criteria
may be mandatory or advisory according to use.

l The targets to be met by standards, guidelines, or speci� -
cations are thefood safety objectives(FSO), the maximum
frequency or concentration of a hazard in a food at the
time of consumption that provides or contributes to the
appropriate level of (health) protection. Maximum levels at
other points along the food chain are called performance
objectives(PO).

Unfortunately the term ‘microbiological criterion, ’ which
may be a synonym for ‘limit of acceptance,’ on the one hand,
often is used in a more extensive and detailed sense on th
other hand. Following the extensive de� nition, a microbiolog-
ical criterion consists of the following:

l A statement of the microorganisms of concern or their
metabolites and toxins and the reason for that concern.

l Microbiological limits considered appropriate to the food at
speci� c points of the food chain. These limits are meant to
provide a statistically designed tool for determining
whether FSOs or POs are being achieved.

l The number of analytical units that should conform to these
limits.

l A sampling plan de� ning the number of � eld samples to
be taken, the method of sampling and handling, and the
size of the analytical unit.

l The analytical methods of detection or quanti� cation.
l The food to which the criterion applies.
l The points in the food chain where the criterion applies.
l Any action to be taken when the criterion is not met.
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Table 1 Minimum number of sample units required for evaluating
in� nitely large lots based on the number of tolerated percentage of bad
units in the lot (reject quality level or RQL) as well as type 2 errora in
case of a presence–absence test

RQL (%)

1 � b (%)

95 99 99.9

25 11 17 25
10 29 44 66
5 59 90 135
1 299 459 688
Intuitive Sampling Plans

In view of the simple structure of the usual microbiological
sampling design (laying down n and c), it is not surprising
that plans of this kind often are drawn up intuitively. This
expression characterizes a procedure in which the samp
size and the acceptance number are� xed by the parties
involved chie� y from the point of plausibility. Although
mathematical and statistical aspects do not enter into it, one
can work with such intuitive plans, and they may be found
worldwide in practice. The fact that pragmatic tests do not
guarantee transparency of the quality assurance become
evident when either the producer or the consumer has
doubts about the reliability of the decision and nobody is
able to answer.
0.5 598 919 1379
0.2 1497 2301 3451
0.1 2995 4603 6905

aType 2 error [1� b (in %)] is the reliability with which a bad lot should be rejected;
rejection numberd � 1.
Factors In�uencing the Sample Size of Sampling Plans

Those responsible for the introduction of sampling procedures
often are interested only in � nding out how many random
samples must be drawn without taking the speci� c require-
ments (What do we want the sampling plan to do for us?) into
account. But there exists a complex relationship between th
sample size on the one hand and the variance (homogeneity of
the lot), stringency, and reliability on the other hand. This can
be expressed by the following equation:

sample size [ reliability 2 3 stringency2 3 varianceðs 2Þ

Reliability(precision) denotes the probability of a correct
decision at a given level of stringency, which means rejection o
‘bad’ lots and acceptance of‘good’ lots. If a batch or population
with fewer defects than tolerated is falsely rejected on the basi
of a sampling result we call it producer’s risk(type 1 error, a),
whereas the consumer’s risk (type 2 error, b) quanti � es the
probability to accept a bad lot wrongly.

Stringency(discriminating power, critical difference, and
accuracy) in quality assurance is the degree of exceedin
(microbiological) limits that can be detected with a given
degree of probability. Smaller differences often go unnoticed.
As with reliability, the extent of testing is positively correlated
with stringency requirements. Additionally, the previous
equation shows that for a given sample number, the two
criteria are inversely proportional.

The combined in� uence of reliability (1 � b) and the
stringency parameter calledreject quality level(RQL, maximum
permissible percentage of bad units) on the sample numbers of
a (theoretically) in � nite lot is given in Table 1. The enormous
sample numbers to detect, for example,Salmonellacontami-
nation levels of >5% ( n ¼ 59) or >1% ( n ¼ 299) with high
probability (1 � b ¼0.95) should not be blamed on biometrics
but are due to the statistical properties of an alternative crite-
rion as gained by presence–absence tests.

Variancedescribes how far values lie from the mean and
characterizes the spread of the distribution. In contrast to reli-
ability and stringency, the variance cannot be prescribed. I
inherently is correlated to the existing distribution of the
microorganism in the food and must be determined in most
cases.

Qualitative (alternative, discontinuous, or discrete) charac
tics generally manifest in the opposites, good versus bad o
present versus absent. These characteristics frequently app
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Figure 1 Acceptance curve (operating characteristic or OC function)
showing producer’s and consumer’s risk correlated with acceptable
quality level (AQL) and lot tolerance percent defectives (LTPD). The AQL is
the point on the horizontal axis measured from an OC curve such that a lot
with that percent of defectives has high probability (e.g., 99%) of
acceptance. This is also referred to as the producer’s risk or low proba-
bility (e.g., 1%) that a good lot will be rejected. Similarly, the LTPD is
referred to as the consumer’s risk or the quality level at which a poor lot
has a low probability (e.g., 5%) of being accepted.
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Figure 2 Operating characteristic (OC) functions for three-sampling
plans with two different sample sizes and two different ratios ofc to n.
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in the microbiology. The best-known example is probably the
absence–presence test, in which a bacterial cell is present o
absent in a de� ned analytical unit. These qualitative charac
teristics usually follow the Poissonor the binomial distributions.
The variance in this case is determined by the correlation
between good and bad units. This can be calculated as a dire
mathematical relationship between the variance and proba-
bility of occurrence. If one estimates the percentage o
acceptable units from a random sample, the corresponding
variance can be derived.

Occasionally, there are alsocontagious alternative distributio
with elevated variation (e.g., negative binomial distribution)
for microbiological criteria. The sample plans, however, were
not modi � ed, because the clumping factor often only affects
reliability.

Quantitative (continuous) characteristicsmay be of any
possible value in a de� ned distance. Almost all analytical data
belong to this group, including bacterial counts in food
samples. Such date points usually follow a normal distribution
in homogenized food or a logarithmic normal distribution in
food with propagating microorganisms or heterogeneous
structure of the matrix. One of the characteristics of normal
distributions is that no relationship exists at all between the
mean and the variance, Consequently, to construct an appro
priate testing plan, the variance must be captured and deter
mined independently of the average. It is either estimated
simultaneously with the mean directly from random samples
or is known from preliminary trials.

Unless the material being examined is homogenous
small sample sizes lead to imprecise and uncertain decisions
The single sample is the least informative strategy and shoul
be used only for preliminary testing of freshly prepared
� uids or powders. Nevertheless, the microbiological stan
dards in the United Kingdom, Australia and New Zealand,
Wisconsin (United States), Switzerland, and Germany
(German Society for Hygiene and Microbiology) are valid for
the single sample.

In contrast, the increase in information obtained from more
than � ve samples is slight because of the square root function
Therefore, the addition of more random samples with
complicated analysis often is not worth the effort, even for
heterogeneous foods, especially when it involves a quantitative
characteristic. The well-known sampling plans of the Interna-
tional Commission on Microbiological Speci � cations for
Foods (ICMSF) and the European Community (EC) Regulation
No. 2073/2005 establish sample sizesn � 5.

The importance of the relationship between sample size n
population size Noften is overestimated. There are no interac
tions with reliability and stringency in the extremely frequent
cases in which the relationship betweenn/N < 0.10. For that
reason, a constant sampling fractionn/N means that lots of
smaller size are tested with a smaller margin of safety–
a philosophy that is no longer followed in modern quality
control.

The operating characteristic curve(OC function and accep-
tance curve) may be interpreted as the‘genotype’ of a distinct
sampling plan because that a function characterizes th
performance of an OC function and improves the transparency
of the abstract decision process (Figure 1). For every combi-
nation of sample sizen and acceptance numberc, the OC curve
visualizes the probability of acceptance as a function of the
actual condition (e.g., real proportion of Salmonella-positive
chicken carcasses in a lot). For each defective unit percentag
the probability of achieving an acceptable result is to be read
from the OC function curve. Figure 2 shows the in� uenceof
two different sample sizes and acceptance numbers on th
operating characteristic. Only with the aid of the relevant OC
function can one imagine how a sampling plan works.

Resamplingis the not uncommon but inadmissible practice
in which results of the � rst set of samples lead to rejection of
the lot and a second set is drawn to yield acceptable results
This procedure of resampling alters the OC function and
enhances the consumer risk.
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Risk-Based Sampling Plans

The sample size is mainly given by the reliability and stringency
strived for. In food quality control, these two statistical
parameters are chosen according to the health risk and othe
points of relevance are connected with the microbiological
agent. In detail, the following factors are taken into account:

l Type and extent of the hazard based on the target organism
l Microbiological status of the raw materials
l Postharvest process technology
l Likelihood and consequences of microbial contamination

or growth during subsequent handling, storage, and use
l Intended use of the food; consumer information and

awareness
l Traceability of the food ingredients; need to inform the

personnel along entire food chain
l Consumption of the product by groups with lowered

immune resistance (young, old, pregnant, and immuno-
compromised (YOPI))

l Cost–bene� t ratio associated with the application of the
criterion

The food products are grouped into categories based on th
number and importance of the risk factors, and in turn, these are
placed into speci� c reliability and stringency requirements and
� nally into sampling plans. In the end, however, the absolute
number of random samples per lot and the testing frequency are
arbitrary and cannot be determined mathematically from risk
characterization aside from the logical rule that the sample
number should grow with the severity and frequency of a hazard.

A compromise needs to be made between stringency, rel
ability, analytical effort, and health risks to achieve a realistic
level of testing.There are no completely optimal plans, nor is
a single universal plan for all control situations.
Table 2 Sampling plans for combinations (called‘cases’) of degrees of

Degree of concern relative to utility and health hazard

Conditions

Conditions re
of concern

Utility; general contamination, reduced shelf life, incipient
spoilage

Increase she
Case 1
Three-class
n ¼ 5, c ¼ 3

Indicator; low, indirect hazard Reduce haza
Case 4
Three-class
n ¼ 5, c ¼ 3

Moderate hazard; direct, limited spread Case 7
Three-class
n ¼ 5, c ¼ 2

Serious hazard; incapacitating but not usually life
threatening, sequelae are rare, moderate duration

Case 10
Two-class
n ¼ 5, c ¼ 0

Severe hazard; for (1) the general population or (2)
restricted populations, causing life threatening or
substantial chronic sequelae or illness of long duration

Case 13
Two-class
n ¼ 15, c ¼ 0

aMore stringent sampling plans would generally be used for sensitive foods de
re

Unitary (One-Step) Attributive Two-Class Sampling Plans

As explained, the simplest concept to control an alternative
characteristic is to determine the number of random samples
required, and then to � x how many sample units may exceed
the limit m without rejecting the lot (acceptance numberc). In
the case of presence–absence tests, a result abovem means
a positive result. Regardless of whether the family MIL-STD
105 D/ABC-STD 105/ISO 2859 also contains such sample
designs, the� rst successful attempt at developing tailor-made
test plans for microbiological demands was made by the US
SalmonellaCommittee of the National Research Council. The
sampling procedures for monitoring Salmonellacontamina-
tion is known as the FOSTER-plan. The problem-oriented
approach to risk evaluation de�nes with four hazard charac-
teristics (nonsterile food for YOPI, sensitive ingredients, no
destructive step during manufacture, and likelihood of growth
if abused). According to the combination of these character-
istics, there are� ve sample sizes between 15 and 60 25-g unit
for c ¼ 0 or between 24 and 95 sample units forc ¼ 1. Later,
acceptance numbersc > 0 were abandoned for food safety
criteria because in the case of pathogens zero tolerance
recommended.

When the FOSTER-plan became accepted, the questio
arose as to how far tests of this kind can be applied not merely
to the control of Salmonellacontamination, but also to other
traits of microbiological quality assurance. In this situation the
ICMSF published sampling plans for microbiological analysis
as an attempt at a universally applicable sampling strategy. Th
sampling plans also work with risk categories, here called case
The actual version including 15 possible cases derived from
a combination of � ve health hazard classes with three condi
tions that reduce, do not change, or increase hazard is shown in
Table 2.
health concern and conditions of use (ICMSF)

in which food is expected to be handled and consumed after sampling in the
usual course of eventsa

duce degree Conditions cause no change
in concern

Conditions may increase
concern

lf life No change Reduce shelf life
Case 2 Case 3
Three-class Three-class
n ¼ 5, c ¼ 2 n ¼ 5, c ¼ 1

rd No change Increase hazard
Case 5 Case 6
Three-class Three-class
n ¼ 5, c ¼ 2 n ¼ 5, c ¼ 1
Case 8 Case 9
Three-class Three-class
n ¼ 5, c ¼ 1 n ¼ 10, c ¼ 1
Case 11 Case 12
Two-class Two-class
n ¼ 10, c ¼ 0 n ¼ 20, c ¼ 0
Case 14 Case 15
Two-class Two-class
n ¼ 30, c ¼ 0 n ¼ 60, c ¼ 0

stined for susceptible populations.
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Microbiological
technique

Parameters important 
for plan construction

Variance

Criteria for 
decision making

Sampling plan

Quantitative results Qualitative results

Mean value 
variance

Plate count

Has to be determined 
separately

Mean value limit

Variable plan 
containing a variance:
• fixed from previous 

examination
• estimated from the 

random sample

Presence/absence test

Percentage of 
/– results

Given by percentage
of /– results

Percentage m/M

If count or 
concentration 

tests, 
a three-class

plan is preferred

If /– tests,
a two-class

plan is required 

Is it possible to accept 
the

presence of this 
organism in the food? 

If no, 
c = 0

If yes, 
c 1

Assignment to 
categories/classes

Figure 3 Design of variable and attributive sampling plans.
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The attributive two-class sampling planalso can be used for
quantitative characteristics (e.g., colony counts) by transferring
these quantitative data into attributive data. Such a trans
formation is achieved in two steps:� rst, a contamination limit
m is � xed; then, as a second step, the transformation itself i
carried out by assigning all test results to groups according t
whether they exceed the previously determined limit. The resul
of this procedure is an attributive þ/ � structure of the trait
being analyzed. Transforming quantitative information into an
attributive criterion avoids the dif � culties of having to deter-
mine the variability. In the case of quantitative criteria, it is
independent from the mean, whereas the mean and the vari
ance of an alternative criterion are correlated by simple math
ematical rules (Figure 3).

Up to now, attributive two-class sampling plans are used
mainly for food safety criteria. The acceptance number is
regularly c¼ 0, and the two classes are called satisfactory vers
unsatisfactory or acceptable versus unacceptable.
Unitary Attributive Three-Class Sampling Plans

The transformation of a quantitative into a qualitative crite-
rion lowers the level of information considerably, because the
actual amount of variation within the lot cannot be derived,
nor how far away the single results are from the limit. To
avoid losing the information contained in the colony counts
or other quantitative data – as happens when applying the
two-class plan – the three-class sampling planwas developed
and promoted.

Three-class sampling plans are used mainly for testin
against process hygiene criteria. One random sample ofn units
is tested for the two different microbiological limits m and M at
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358 Sampling Plans on Microbiological Criteria
the same time. The criterionm in common practice re� ects the
upper limit of a good manufacturing practice and should rely
on surveys on the microbiological condition of samples, drawn
from consignments that were manufactured, stored, and
distributed under prescribed good conditions, which previ-
ously had been validated. In contrast, the criterionM marks the
borderline beyond which the level of contamination is
hazardous or unacceptable. Therefore, corresponding to it
name, the plan discerns three classes of microbiologica
quality: the satisfactory range from 0 tom, the acceptable class
betweenm and M, and the so-called class of defective quality
(unsatisfactory or unacceptable) aboveM. An acceptance
number c is assigned to each of the two limitsm and M; the
value assigned toM is alwayscm ¼ 0. A lot will be rejected of at
least one unit in a sample if the sizen exceeds the limitM or if
more units range above the limit m than the acceptance
number cm would permit. Therefore, this sampling plan could
be interpreted as a combination of two attributive two-class
plans, one with m and cm � 1 and the other with M and cM ¼ 0.

In some guidelines,cm is de� ned as the number of samples
that can fall betweenm and M without one result exceedingM.
This modi� cation does not alter the OC function and leads to
the same decisions, but it creates confusion in consideration o
the theoretical background.

With the limit M and the corresponding acceptance numbe
cM ¼ 0, the principle of zero tolerance is incorporated into the
three-class sampling plans. An acceptance number ofcM ¼ 0
makes sense only if applied to pathogenic microorganisms or
their toxins (and a second limit mwith cm � 1 is inappropriate in
this case), whereas it seems inappropriate on the other hand to
take a whole consignment from the market when no compliance
with the process hygiene criteria is obtained. In the practice o
hygiene control, the decision not to accept the unsatisfactory lot
independent of passingcm or cM seldom leads to real rejection. In
most cases, just corrective actions should be done.

Concerning the most popular three-class sampling plan
wheren ¼ 5, cm ¼ 2, and CM ¼ 0, it was demonstrated that the
additional risk of rejecting a lot with an acceptable, techno-
logical unavoidable standard deviations (in log units) solely
due to a single sample lying aboveM (and not more than two
samples lying abovem) is reasonable, if the difference between
M and m does not fall below 1.84 � s . Results of surveys
indicate that the usually chosen distances (M � m) of 0.5 log
units for recently homogenized foods and 1.0 log units for
material with heterogeneous distributed microorganisms ful� ll
this condition. In addition to the variation between sample
units, these values include the sampling errors and the
analytical errors (¼ uncertainty) of laboratories working in
compliance with the good laboratory practice (GLP).

After the � rst publication, three-class attribute plans have
undergone considerable changes in the hands of some user
The original design envisaged only two decisions for food–
acceptance or rejection– in spite of being grouped into
three classes. The design was amended to includethree deci-
sions with different consequencesfor each of the three classes
Whether in the form of a traf� c light system, red-yellow-green,
or by tolerance intervals, the possibility of tolerating with
increased control (meaning retesting to verify the result) was
included in the plan as a third decision in addition to
immediate rejection or acceptance. Furthermore, som
regulations for hygiene control contain a fourth judgment –
spoiled – which refers to a limit lying 1 or 2 log units above
M. A statistical evaluation, not to mention a calculation of the
OC function, of these modi� ed three-class attribute plans
never has been made. Thus, the three- or four-decision plan
are pseudostatistical procedures derived from ICMS
instructions but that have lost their clearly de� ned working
strategy with a good versus bad decision and reverted to th
intuition stage.

It is a little bit confusing that some three-class sampling
plans for process hygiene criteria group the results into the
three classes satisfactory (if all values observed< m), acceptable
(if a maximum of c/n values are betweenm and M, and the rest
of values observed are< m), and unsatisfactory (if one or more
of the values observed are> M or more than c/n values are
between m and M). But only in the case of an unsatisfactory
result, must corrective actions be done, whereas both of the
classi� cations satisfactory and acceptable mean acceptance
the lot or the process. In the sense of statistical quality control,
this interpretation of results characterizes a clear good or bad
two-decision strategy.

Another modi � cation of attributive three-class sampling
plans includes a proposal to combine the sample units per lot
into a bulk composite sample. The analytical result represents
the realized arithmetic mean of the target organism or substance
Acceptance or rejection of the batch depends only on the fac
whether the limit m is exceeded by the result. It was shown fo
the example of raw minced meat that with a probability higher
than 95%, the two-class sampling plan with bulk composite
samples andcm ¼ 0 leads to the same decisions as analyzing th
corresponding � ve single samples and applying the three-clas
decision plan with cm ¼ 2 and cM ¼ 0. When sampling for
analyses of Enterobacteriaceaeand aerobic colony counts of
carcasses in US slaughterhouses, tissue samples are taken fr
different sample sites of the carcasses, pooled before examin
tion, and used as a bulk composite sample to determine thedaily
mean log. At the end, the result is compared with the microbio-
logical limit m (and sometimesM) to get a decision.
Variables Plans

If the result of a bacteriological examination is available in the
form of a quantitative characteristic, the use of attributive plans
always means a loss of information. The degree of which
a result falls above or below the limits is not mentioned; also
the true variability is not included in the construction of the
plan. In the � eld of quality control, the so-called mean value
plan often is chosen because it is the easiest to understand an
to use. Applied on microbiological data, the general focus of
this kind of test for signi� cance is the decision as to whether or
not the mean of the (log-)transformed colony counts exceeds
the limit m with a given probability. Incidentally, the mean
value plan shows a certain correspondence to an attributive
two-class plan wheren ¼ 5 and c ¼ 2, because in that plan,
acceptance or rejection depends only on the third highest value
which represents the median. In other words, a lot is to be
condemned solely if the median in alternative plans or the
arithmetic mean in variables plans lies above the limit m.
Unfortunately, other variables plans prefer an approach based
on tolerance limits(percentiles). As is the case with attributes
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plans, a population gives cause for rejection if a certain
percentage of samplesP (e.g., 10% or 5%) exceeds the critica
bacterial count. Furthermore, the user has to choose betwee
variables plans with an empirical standard deviation or plans
with a variance estimated from the sample itself. This confusing
situation impedes the application of variables plans, although
their discriminating power is a little bit better than the strin-
gency of corresponding attributive plans.
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Control Charts

The random sampling plans discussed previously serve t
evaluate uniform, discrete, and de� ned lots. The information
from a previous test does not in� uence the next decision. Such
acceptance sampling plans for quality control of lots can also
be used for the continuous control of products or processes in
principle. They represent a procedure, however, that is mor
passive than active and with which the essential goals of quality
control cannot be reconciled. The quality control strategy
should achieve the following:

l Yield information about the characteristics of the process
especially average quality, as well as unavoidable variation

l Maintain perfect production as long as deviations from the
quality standard are clearly shown so that production of
faulty units is recognized early.

The task of lot testing, namely, to accept or reject certai
product units, has less signi� cance.

A control chart is employed for the continuous evaluation
of quality control to determine the agreement between� xed
standard and the reality of practice. The essential characterist
of a control chart is that it forms a continuous graphic repre-
sentation of the quality status of production under consider-
ation of prescribed tolerances.

Besides a baseline for the level of control that is attainable
when the procedures of good hygiene practice (GHP) and the
HACCP are under control, every control chart in which random
sampling results are recorded in chronological order requires
the subgroup size (n � 2) to be established as well as sampling
frequency, target organism, and observed statistical paramet
including its variability, critical limits, and � xed corrective actions
in case of rejection. According to thes concept, most quality
control charts have 2s (w 95%) limits as warning limits and 3 s
(w 99%) limits as stopping limits, where a single result exceeding
the warning limits – in practice the� rst attention step– provides
a higher level of caution, and results outside the stopping limits
demand immediate corrective actions in the production process

Control charts exist for quantitative or variable and for
qualitative or attributive data. Variable control charts mainly
measure the central tendency (i.e., the arithmetic mean) or the
variability (i.e., the range). Independent of this kind of data,
there is a choice between cumulative SUM (CUSUM) and
moving SUM (MOSUM) charts. CUSUM charts use the averag
deviation from the reference taking into account all previous
points. They are characterized by a high discriminating power
MOSUM charts or ‘moving windows’ detect any major shift
rapidly because the count is derived only from a certain
number of the last subsamples.

Although often proposed, a practical introduction of
continuous quality monitoring has seldom succeeded to date,
or at least there is scarcely any reference in the literature to i
practical use. One exception is testing of carcasses by t
industry for the presence ofSalmonellaor Escherichia coliwith
MOSUM charts in the United States. Everybody should realize
that the wealth of data created by quality control programs
and HACCP systems presents the best situation of optimally
exploiting the informational content of these results with the
help of quality control charts.
Future Scope of Sampling

For three decades, the application of random sampling plans
for microbiological testing in food safety and food hygiene
management has shifted from more or less arbitrary and
intuitive formulations to a system of scienti� cally supported
attributive plans. Depending on the food and the microor-
ganism of concern, the corresponding critical limits and sample
sizes are derived statistically in accordance with the output o
a risk characterization. It is common practice now to use three
class sampling plans for process hygiene criteria or other count
or concentrations and two-class sampling plans (mainly with
the acceptance numberc¼ 0) for food safety criteria. The most
detailed plans are published by the International Commission
on Microbiological Speci� cations for Foods (ICMSF) or are laid
down in the EC Regulation No. 2073/2005 on microbiological
criteria for foodstuffs.

In the future, these attributive sampling plans will be tailor-
made for all pathogenic microorganisms (bacteria, viruses
yeasts, molds, algae, parasitic protozoa, microscopic parasit
helminths, and their toxins and metabolites) to test the
acceptability of every speci�c foodstuff or process forming
a major source of foodborne diseases in humans. To contribute
to the protection of public health and to prevent differing
sampling schemes, it is necessary to establish globally harmo
nized sampling strategies. Further efforts should be done to
evolve statistically based and at the same time practicabl
instructions for analyses of trends in the test results.
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What is Sanitization?

Sanitization can be de�ned as any procedure that will lower
the microbial pathogen load on a surface to a safe level, thus
protecting public health. Inadequate cleaning and sanitizing
of food-contact surfaces can potentially lead to food spoilage
or even foodborne outbreaks of disease. The Association o
Of� cial Analytical Chemists (AOAC) states that sanitization
is a process that reduces the microbial contaminant level o
a food product’s contact surface by 99.999% (5 log reduc
tion) in 30 s. In the food industry, this process is typically
performed by using chemical sanitizers and/or disinfectants
although irradiation and heat treatment are possible options.
Disinfection is typically de� ned as a process capable o
killing pathogenic microbes on inanimate surfaces. By de�-
nition, disinfection does not necessarily kill bacterial endo-
spores and thus is not a sterilization method. A disinfectant
is, therefore, the chemical agent used to disinfect surfaces.
should be noted that disinfecting methods can utilize
nonchemical methods such as heat or irradiation. With food-
contact surfaces, a separate, but closely related process
cleaning, which is the removal of visible dirt and/or residual
food matter from surfaces. Cleaning may not remove all
microorganisms from food-contact surfaces (which may lead
to bio � lm formation), thus the need for sanitization.
Organic and inorganic soil may also protect microorganisms
from the action of sanitizing agents, emphasizing the need
for cleaning prior to sanitization. Some of the most
commonly used sanitizers are summarized below and in
Table 1.
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Type of Food-Contact Surfaces

The type of surfaces and the type of material may greatly affec
sanitization. The U.S. Food and Drug Administration (FDA)
de� nes a food-contact surface as“a surface of equipment or
a utensil with which food normally comes into contact; or
a surface of equipment or a utensil from which food or liquid
may drain, drip, or splash into a food, or onto a surface
normally in contact with food. ” In addition to various
surfaces in restaurants and food-serving facilities, food
contact surfaces are found in dairy farms, dairy plants
slaughter houses, grocery stores, and several other facilitie
Examples of food-contact surfaces include all utensils, knives
spoons, spatulas, plates, sinks, pots, pans, cutting board
food processors, mixers, preparation tables, slicers, and the
mometers, just to name a few. Materials include glass, wood
various plastics, stainless steel, and various metals. Stainle
steel is often the preferred material because of its durability
and the smoothness of its � nish, which facilitates cleaning
and sanitization. Stainless steel is also more easily disinfecte
than most other surfaces.
360 Encyclopedia of Food
Type of Microorganisms on Food Surfaces

Microbial contamination of food-processing surfaces, equip-
ment, and facilities with pathogenic microorganisms can lead to
disease transmission. Several pathogenic microorganisms (som
of them potentially deadly) have been associated with food-
surface contamination. This includes several Gram-negativ
bacteria (e.g.,Escherichia coli, including the O157:H7 serotype,
Shigellaspp., Salmonellaspp., Serratiaspp., Pseudomonasspp.),
Gram-positive bacteria (e.g.,Staphylococcus aureus, Listeria mono-
cytogenes, Clostridium perfringens, Bacillus cereus), protozoan para-
sites (e.g.,Cryptosporidiumspp.), enteric viruses (e.g., noroviruses
hepatitis A virus), and foodborne fungi (e.g., Penicilliumspp.,
Fusariumspp.). Bacterial spore-formers, such as members of th
generaClostridiumand Bacillus, are especially dif� cult to kill with
commonly used sanitizers and disinfectants. Several microor
ganisms, including many pathogens, can attach to food-contac
surfaces and survive for extended periods of time, thus furthe
demonstrating the need for proper sanitization.
Type of Soiling on Food-Contact Surfaces

Food Residues

A key concept in sanitation is the condition and cleanliness of
food-contact surfaces. Soil on food-contact surfaces can b
visible or invisible to the naked eye and consists of any
unwanted food residues. Unwanted food residues can occur in
the form of mineral salts, including hard-water salts, carbohy-
drates, proteins, and fats. Any residue will drastically interfere
with sanitization. Most sanitizers are tested and evaluated on
precleaned, nonporous food-contact surfaces, which may no
necessarily represent actual conditions in the food industry.
Soiling of food-contact surfaces often leads to the formation of
bacterial bio� lms on various surfaces (discussed below), and
this presents an additional challenge to the goal of achieving
sanitization.
Bio�lms

Several bacteria are capable of adhering to a variety of food
contact surfaces (and materials) and growing as bio� lms. A
bio� lm is a matrix of bacterial cells� rmly adhering to a surface
which create, through the production of extracellular poly-
saccharides (EPS) and capsular material, a suitable environ
ment for the attachment and growth of additional types of
bacteria. The further development of the bio� lm is helped by
chemical and physical interactions between cells and betwee
cells and surfaces. Moreover, it is now well established tha
surface-attached bacteria (bio�lms) are more resistant to sani-
tization practices than free-living bacteria.

Although rough surfaces facilitate bacterial adhesion
smooth surfaces can still be colonized and form bio� lms.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00407-9
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Table 1 Summary of the characteristics of some of the most commonly used sanitizers for food-contact surfaces

Sanitizers Typical concentrations
Reported target
microorganisms Toxicity and/or limitations Format

Chlorine < 200 ppm Broad spectrum Corrosive
pH and temperature sensitive

Gas or aqueous

Chlorine dioxide 50–200 ppm (aqueous)
< 40 ppm (gas)

Broad spectrum, sporocidal Corrosive
On-site production required

Gas or aqueous

Quaternary ammonium
compounds

200–400 ppm Broad spectrum, bio� lms Sensitive to organic soil and
water hardness

Aqueous

Ozone 1–5 ppm Broad spectrum, strong
oxidant

Unstable, potentially toxic,
expensive to generate

Gas or aqueous

Peracetic acid 150–200 ppm Broad spectrum, bio� lms
may be sporocidal

High cost Aqueous

Lactic acid 1–4% (v/v) Bio� lms High cost; Often used in
combination with a surface-
active agent

Aqueous

Iodophors 6–75 ppm Broad spectrum, less active
against bio� lms

Yellow residues on surfaces Aqueous (with
a solubilizing agent)

Acidic electrolyzed
water

50 mg l� 1 Broad spectrum Can be corrosive Aqueous

Essential oils 0.5–1.0% (v/v) Broad spectrum Longer contact times needed Aqueous
Silver nanoparticles 6–60mg ml� 1 Broad spectrum, bio� lms Potential toxicity Dry applications, aqueous
Ultraviolet irradiation Several Joules cm� 2 Broad spectrum Does not penetrate barriers Nonionizing irradiation

Sanitization 361
Bio� lms are physically, chemically, and biologically very
complex. As a bio� lm grows and develops, the transport of
chemical biocides is reduced, making bio� lm bacteria more
dif � cult to eliminate. These bio� lm bacteria can be either
pathogenic or spoiling agents. As an example, recent studie
have shown thatE. coliO157:H7 can form a bio� lm on food-
contact surfaces, especially when the bacterial cells produc
a large amount of EPS. These pathogenic bacteria can survi
on stainless steel surfaces, in a desiccated state, for up to
days, and the bio� lm can provide some resistance to chlorine
disinfectants. Another example is the development of bacteria
bio� lms in dairy-processing lines. In the dairy industry, bio-
� lms have been shown to be the main reservoir of contami-
nation of milk and other dairy products. Even with adequate
sanitizing practices, food-spoilage bacteria (e.g.,Pseudomona
spp., Bacillusspp.) and pathogenic bacteria (e.g.,Listeriaspp.)
have been shown to be associated with bio� lms in stainless-
steel processing lines, and some studies have shown th
antibiotic-resistant and heat-resistant strains can be presen
compounding the problem. Because stainless steel is
commonly used material for a variety of surfaces in hospitals
restaurants, slaughter houses, and food-processing facilitie
these examples illustrate the importance of controlling and
eliminating bio � lms. Recent studies have focused speci� cally
on sanitizers and technologies that can help suppress bacteria
bio� lms. Controlling the development and growth of bacterial
bio � lms on food-contact surfaces will remain an important
aspect of public health.
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Sanitization Processes

Cleaning of Food-Contact Surfaces

Cleaning is a crucial step in a sanitization program. Simply
applying a chemical sanitizer by itself is not suf� cient, and
a thorough cleaning of food-contact surfaces is required to
prepare them for sanitization. Cleaning typically consists of
several steps: dry cleaning to remove large particles and so
from surfaces, prerinsing with water to remove smaller parti-
cles, and the application of a detergent in the form of a surface
active agent to remove additional soil and some bio� lm
bacteria.

Cleaning can be done manually, semiautomatically, or
automatically with clean-in-place systems. High-pressure
washing can also be used and is useful for large surfaces. As f
disinfectants and chemical sanitizers, the action of detergent
and surface-active agents is affected by contact time, temper
ture, pH, and the type of surface to be cleaned.
Chemical Sanitizers

Several types of chemical sanitizers have been approved for u
on food-contact surfaces. In the United States, the Environ
mental Protections Agency (EPA) is responsible for the regis
tration of sanitizers for use on food-contact surfaces. In genera
sanitization is impacted by the concentration or dilution of the
chemical sanitizer (assuming a chemical sanitizer is used), th
hardness of the water used for dilution, the type of surface to be
sanitized, the contact time, the microbes present, the type and
amount of soil on the surface, and the temperature at which
sanitization takes places. In some cases, the pH of the surfac
may also have an impact. The type of microbe present is ver
important. For example, if a food-contact surface is contami-
nated with spore-forming bacteria, it may be very dif� cult to
achieve adequate killing of the bacterial spores. Moreover, i
EPS-producing bacteria are present on a food-contact surfac
they will have the tendency to form bio� lms, which would
impact sanitization as well. Nevertheless, most approved san
itizers, when used under the appropriate conditions, have
adequate capacities to reduce microbial loads to safe levels. Th
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362 Sanitization
section below describes some of the most commonly used
chemical sanitizers along with some of their advantages and
disadvantages.

Chlorine
By far the most commonly used sanitizer for food-contact
surfaces is chlorine (Cl2). Chlorine can be used as a gas
(chlorine gas) or as an aqueous solution in the form of
sodium hypochlorite. Chlorine causes a variety of damage to
cells and viruses, including changing the permeability of
membranes, reducing cell size in bacteria, and oxidizing
surface proteins. The active form of chlorine, upon water
hydrolysis, is hypochlorous acid (HOCl). More hypochlorous
acid is formed under acidic conditions, thus chlorine is
a more effective disinfectant when the environment is slightly
acidic. In the United States, regulations allow the use o
chlorine-containing sanitizers; however, the maximum
concentration of sodium hypochlorite must not exceed
200 ppm as available Cl2. Moreover, all residual chlorine
must be rinsed off or drained before contact with foods. One
of the disadvantages of Cl2 is the fact that it is inherently
unstable. For example, it reacts very rapidly with organic
matter, forming harmful by-products. Chlorine is also desta-
bilized by high temperature and by changes in pH. Finally, it
can be very corrosive. On the other hand, it remains a rela
tively cheap disinfectant with a broad spectrum of action, and
it will continue to be a very important sanitizer for food-
contact surfaces in the future.

Chlorine Dioxide
Chlorine dioxide (ClO 2) is in general a very powerful disin-
fectant. Chlorine dioxide is a broad oxidant and sanitizing
agent; it functions by disrupting cell membranes and protein
synthesis. It can be used as a gas or in an aqueous form
Chlorine dioxide has been widely studied as a sanitizer and
typical aqueous concentrations range from 50 to 200 ppm. As
a gas, chlorine dioxide has been shown to be sporocidal (to kill
bacterial spores) at concentrations ranging from 10 to
40 mg l� 1 and with contact times of at least 30 min on surfaces
such as metals, plastics, and glass (but less ef�ciently when
applied to wood). Concentrations of chlorine dioxide gas as
low as 2 mg l� 1 have been shown to inactivate more than
5 log CFU cm� 2 of Listeria monocytogenesbio� lm cells on a meat
slicer, demonstrating the potential of this sanitizer. However,
the main problem with chlorine dioxide is that it can be
corrosive to steel surfaces, especially under acidic conditions.
also needs to be produced on site.

Quaternary Ammonium Compounds
Quaternary ammonium compounds (QACs) are sometimes
referred to asquats. These compounds are among the mos
commonly used disinfectants in the food industry, and there
are numerous commercially available products and formula-
tions. They are cationic surfactants (positively charged
surface-active agents) that impact cell walls and membrane
after relatively long contact times. Their permanent positive
charge makes them bind readily to the negatively charged
surface of most microbes. QACs are used at concentration
ranging from 200 to 400 ppm for various food-contact
surfaces. QACs are generally very stable, mostly unaffected
pH levels, and remain effective on a food-contact surface fo
a long time. Their antimicrobial activity is more selective than
that of other disinfectants, they are inactivated by organic soil,
and they should not be diluted in hard water. QACs are,
however, generally very effective against bacterial bio�lms.
An example of a QAC is benzalkonium chloride, which is
often used as a cleaner and sanitizer for various food surface
both at home and in industrial applications such as dairy
equipment.

Ozone
Ozone (O3) is generated as a gas and can be dissolved
solution. It is a stronger sanitizer and disinfectant than chlo-
rine-based sanitizers. It is, however, very unstable and must b
generated on site. It is also potentially very toxic. Ozone react
with various cellular components by oxidizing them readily.
For food-contact surfaces, ozone can be applied as a gas or
solution (aqueous ozone). With aqueous ozone, only a few
mg l� 1 (1–5) are necessary to achieve disinfection. When usin
gaseous ozone, humidity is very important and affects the
ability of gaseous ozone to penetrate cells and ultimately kill
microorganisms. Typically, much higher concentrations of
gaseous ozone are required than concentrations of aqueou
ozone. In some facilities, pipes can also be sanitized with
ozone using a clean-in-place system. Regardless of the app
cation, because ozone is a gas, it leaves no residues on foo
contact surfaces.

Peracetic Acids
Peracetic acid is an organic acid generated by reacting ace
acid and hydrogen peroxide. Several commercial formulations
are available. In solution, peracetic acid dissolves and forms
back acetic acid and hydrogen peroxide. Peracetic acid is used
concentrations of 150–200 ppm on various food-contact
surfaces. It is ef�cient in removing bio � lms and works well at
colder temperatures. Peracetic acid is believed to function in
a similar fashion as other oxidizing agents by reacting with
cellular proteins and enzymes. In a recent study, peracetic aci
at 30 mg l� 1 was shown to be more ef�cient than 250 mg l� 1 of
sodium hypochlorite at removing bio � lm cells of S. aureus
from stainless steel and polypropylene surfaces. Another stud
suggests that peracetic acid sanitizers may have some sp
ocidal activity against suspended bacterial spores in an aqueou
solution on stainless steel surfaces. However, sporocida
activity was minimal against spores adhering to stainless stee
without the presence of an aqueous suspension.

Lactic Acid
Lactic acid is an organic acid generated by microbial fermen
tation. Several studies have tested a 2% concentration of lacti
acid as a sanitizer, either by itself or in combination with
a surface-active agent. Lactic acid–based sanitizers interfere
with cell membrane permeability and cell functions such as
nutrient transport. These sanitizers are very promising and
research is ongoing regarding their uses. For example,
a recent study, ten commercially available sanitizers were teste
for their effectiveness againstListeria monocytogeneson high-
density polyethylene cutting boards. Of all the products tested,
which included QACs and sodium hypochlorite, a lactic-based
sanitizer was the most effective against bio� lm cells.
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Iodophors
Iodophors are solutions that contain iodine and a solubilizing
agent. In this way, a small amount of iodine is slowly released
in solution. They are typically used at concentrations ranging
from 6 to 75 ppm. Iodophors penetrate the cell walls and
membranes of microorganisms and interfere with DNA
synthesis. Iodophors also bind to proteins, causing their inac-
tivation. However, they are less effective against bio� lms than
other disinfectants. One of the most widely used iodophors is
povidone-iodine, which is often used for the disinfection of
surfaces in breweries and dairy industries. Iodophors ar
generally less toxic than other disinfectants, but they leav
a yellow residue on surfaces.

Acidic Electrolyzed Water
Acidic electrolyzed water is produced using sodium chloride to
yield sodium hypochlorite by electrolysis. Acidic electrolyzed
water has a pH of about 2.5 and has been reported to be
a strong and broad spectrum disinfectant for use on food-
contact surfaces. It is not corrosive to skin or mucous
membranes; however, it can be corrosive to certain metals
Studies have indicated that acidic electrolyzed water a
50 mg l� 1 (available chlorine concentration) can reduce both
Gram-positive and Gram-negative bacteria by more than 5 logs
with 1 min of contact time. To achieve similar inactivation
levels with a solution of sodium hypochlorite solution,
a concentration of 120 mg l� 1 was required, thus demon-
strating the potential of acidic electrolyzed water.

Essential Oils
The application of essential oils as natural sanitizing agents ha
been shown to reduce the growth and survival of various
pathogens on food-contact surfaces. Essentials oils from
a variety of sources (e.g., eucalyptus, cinnamon, lemon, pine
clove) have demonstrated good germicidal activities and some
potential as sanitizers. Recently, the germicidal activity o
cinnamon essential oil and cinnamaldehyde, at approximate
concentrations of 0.5–1.0% (v/v) and for contact times of less
than 20 min, was demonstrated against E. coli and
L. monocytogenescells attached to stainless steel surfaces. In th
same study, the activity of these natural agents compare
favorably to the germicidal activity of sodium hypochlorite,
hydrogen peroxide, and a QAC.

Silver Nanoparticles
Silver nanoparticles are already used as antibacterial agents o
some nonfood surfaces, such as air conditioners, odor-resistan
clothing, and washing machines. Some studies have indicate
that silver nanoparticles, at concentrations ranging from 6 to
60 mg ml� 1, are very ef�cient at removing and killing various
bacterial cells (e.g.,Listeriaspp., Salmonellaspp., E. coli, Pseu
domonasspp., and S. aureus) adhered to stainless steel, sug
gesting that silver nanoparticles could be used as sanitizers i
the food industry, perhaps for small surfaces such as utensils
More research is needed to assess the potential of nanoparticl
for the food industry.

Gas Plasmas
Newly emerging technologies, such as pulsed electric� elds and
low-temperature plasma, appear promising in the controlling
of bacteria on food-contact surfaces. Gas plasmas are generat
by using an external electric� eld to a neutral gas to induce its
ionization. Gases that can be used include oxygen, nitrogen
and carbon dioxide. The generated gas plasmas will contai
mixtures of ions, electrons, free radicals (e.g., reactive oxyge
species), and various types of radiation such as ultraviolet (UV
photons. These are all very germicidal and this technology ha
a good potential against bio� lms. New technologies of gener-
ating gas plasmas are relatively simple and inexpensive, and g
plasmas can now be generated at near room temperatures.
Irradiation

Irradiation technologies typically use nonionizing radiation
(UV light) or ionizing radiation such as gamma rays. Gamma
rays have the potential to destroy DNA beyond repair, thus
killing cells and viruses. A recent study of Gram-negative
bacteria showed that a combination treatment of 80 ppm of
sodium hypochlorite and 2.0 Gy gamma irradiation has
potential synergistic effects and could eventually be utilized for
the sanitization of food-contact surfaces. However, this type o
technology is very expensive and cannot be expected to b
routinely used in the industry.

UV is a physical agent that uses a low-wavelength germ
cidal light that causes DNA mutations through the adsorption
of light by DNA, which can be lethal to cells and viruses.
Pulsed UV is an emerging technology that has several poten
tial applications. With this technology, light is pulsed several
times per second and very high microbial inactivation levels
are achieved. This provides a high degree of penetration an
microbial inactivation. Some lamp systems can yield severa
joules per cm2, and inactivation of more than 6 logs of E. coli
O157:H7 and Listeria monocytogeneson a stainless steel slicing
knife has been demonstrated. Other studies have shown
a synergistic bacterial effect with the utilization of UV irradi-
ation in combination with sodium hypochlorite. The
combination of UV and sodium hypochlorite, tested at
various doses and concentrations, resulted in greater bacteri
inactivation than either treatment alone. Unfortunately, UV
does not easily penetrate barriers, so microorganisms can b
shielded by soil on food-contacts surfaces. Nevertheless, U
technologies will continue to evolve and � nd more uses in
sanitation.
Heat

Thermal sanitization involves the use of hot water or steam on
food-contact surfaces. Steam has limited applications becaus
it is generally expensive to generate and it is dif� cult to precisely
monitor its application. Hot-water immersion is more
commonly used, especially for small objects (e.g., utensils) o
circulating systems and pipes (e.g., dairy systems). Hot wate
sanitization is commonly used in dairies because of its rela-
tively low cost and its ef� ciency. According to the U.S. Food
and Drug Administration (Grade A Pasteurized Milk Ordi-
nance), hot water sanitization must be done at a minimum
temperature of 77� C for 5 min. However, there are many other
regulations in other industries and varying applications.
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Resistance to Sanitizers

Spore-forming bacteria as well as bio� lm bacteria (EPS-forming)
have an intrinsically higher resistance to sanitizers. However, ca
microorganisms, especially bacteria, acquire resistance to san
tizers? Can resistance increase upon exposure? The evolution
antibiotic resistance in bacteria has been very well documented
and demonstrated. Several species of bacteria have becom
resistant to many antibiotics over time because of repeated
exposure and the misuse of antibiotics. Essentially, bacteria
resistance to antibiotics evolves through selective pressures th
favor cells with resistant phenotypes and characteristics. Antibi
otic resistance is mediated by the mutations of key genes and/o
the acquisition of resistance‘R’ plasmids. Can a similar trend be
detected in the use of sanitizers? The acquisition of simila
resistance characteristics to sanitizers does not appear to be
common. Part of the reason might be that sanitizers often have
a broad spectrum of action (e.g., oxidizing all proteins in cell),
preventing cells from easily evolving resistance through muta
tions. Several studies have attempted to simulate selective pre
sures and promote ‘sanitizer resistance’ through multiple
repeated exposures to sublethal concentrations of sanitizers. I
most cases, this has been unsuccessful. However, there are so
exceptions to this effect. For example, strains ofS. aureushave
been shown to acquire resistance to some QACs through th
evolution of ef � ux pumps (similar to antibiotic ef � ux pumps
responsible for resistance to some antibiotics). The gene
responsible for the ef� ux pumps are usually carried on mobile
elements such as transposons and plasmids. A recent study al
showed that cells ofListeriaspp. recovered from a mature bio� lm
had increase resistance to peracetic acid, possibly due to cellul
morphological changes. There are also some concerns regardi
the use of sublethal concentrations of chlorine, which may lead
to resistance patterns. However, more studies are needed
evaluate these hypotheses.
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See also:Ultraviolet Light; Food Safety Objective;Nonthermal
Processing:Pulsed UV Light;Nonthermal Processing:Irradia-
tion; Thermal Processes:Pasteurization; Thermal Processes
Commercial Sterility (Retort); Processing Resistance; Mod� ed
Atmosphere Packaging of Foods.
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Taxonomy, Morphology, and Physiology
of Schizosaccharomycesspp.

Kurtzman and his colleagues in 2011 recognized three specie
belonging to Schizosaccharomyces: Schizosaccharomyces po
Lindner (1893), Schizosaccharomyces octosporusBeijerinck
(1894), and Schizosaccharomyces japonicusYukawa and Maki
(1931). The corresponding classi� cation criteria essentially
involve the number of spores per ascus and the capacity t
ferment maltose, melibiose, and raf� nose (Table 1).

The speciesS. pombehas elongated cylindrical cells that are
3–5 � 6–16 mm (Figure 1). They exist either as single cells or in
pairs. Schizosaccharomyces pombeis an ascosporogenic or spor
ulating (Figure 2) yeast belonging to the family Saccha-
romycetaceae. It reproduces vegetatively by binary � ssion
(Figure 1) by forming a wall at the center of the cell. Pseudo
myceliacan be formed, but no� lm is produced on the surface of
liquid media. Its cells do not assimilate nitrates, and they do
not possessb-glucosidase, an enzyme required to break down
arbutin. The species is capable of producing urea hydrolysis.
negative reaction with diazonium blue makes it possible to
distinguish it from basidiomycetousyeasts. The fermentative
power of the species is high, producing 10–12.6� of alcohol in
anaerobiosis and 13–15� with slight aeration.
ble 1 Key properties of species within the genus
hizosaccharomyces

operty S. pombe S. japonicus S. octosporus

ol% Gþ C 42 32–36 40
rmentation of
Sucrose þ þ –
Raf� nose þ þ –
similation of
Sucrose þ þ –
Raf� nose þ þ –
D-Gluconate þ – –
owth at
32 � C v þ –
37 � C – þ –
mber of ascospores 4 6–8 6–8

ue hyphae – þ –
enzyme Q10 nd Q9

variable; nd, not detected.
om Martini, A.V., Martini, A., 1998.Schizosaccharomyces. In: Kurtzman, C.P.,
ll, J.W. (Eds.), The Yeast, A Taxonomic Study, fourth ed. Elsevier Science,
sterdam, pp. 391–394.

cyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
e

Schizosaccharomyces pombeis capable of metabolizing malic
acid to produce ethanol and CO2 (Figure 3). Chalenko (1941)
isolated a synonym of S. pombe– Schizosaccharomyces a
ovorans(acidodevoratus) – that removed practically all of the
malic acid from culture media.

Schizosaccharomycesposses a cell structure denominated
Schizosaccharomyces-type between ascomycetousyeasts. Its cell
wall has a speci� c structure and composition due to the pres-
ence of polysaccharides and sugar derivatives that are unusu
within the family Saccharomycetaceae. In 1995, Kopeck
studied the cell wall formation of this yeast using electron
microscopy and enzyme techniques, and found that the main
differences betweenSaccharomyces cerevisiaeand S. pombeto be
the possession of a-galactomannose rather than mannose
along with the presence ofb-(1/ 3) glucan (Figure 4).
Physiological and Biochemical Properties

The � ssion mode of cell division by Schizosaccharomycesspp.
has attracted signi� cant fundamental research aimed at
understanding the physiology and molecular biology of this
(a)

(b)

(c)

(d)

(e)

Figure 1 Vegetative reproductive morphology of the genus
Schizosaccharomyces.
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Figure 2 Details ofSchizosaccharomyces pombesporulation.

366 Schizosaccharomyces
process. It is used as a model organism for genetic an
molecular cell-cycle studies.

In contrast, little information has been published on the
factors that affect the survival, growth, and biochemical activ-
ities of these yeasts in food ecosystems. The few data availab
Figure 3 Biochemical mechanism for the fermentative decompositio
alcohol dehydrogenase.

Figure 4 Illustration of theSchizosaccharomyces pombecell wall.
are restricted largely to studies withS. pombe. A systematic and
detailed study of these properties is needed.

These yeasts are facultative anaerobes that metaboli
hexose sugars. They do so principally by fermentation through
the glycolytic pathway to produce ethanol and carbon dioxide,
as well as a range of secondary metabolites (Figure 4, Table 2).
Ethanol concentrations as high as 14% can be obtained.

The concentrations of other volatile metabolites produced
by S. pombeare not distinctive. Compared with yeasts in other
genera, however, high concentrations of hydrogen sulfide have
been reported. Glycerol is catabolized, but the pathway is
different from that in S. cerevisiaeand involves a nicotinamide
adenine dinucleotide (NADþ )-linked glycerol dehydrogenase
and a dihydroxyacetone kinase. The fermentative power of the
species is high, producing 10–12.6� of alcohol in anaerobiosis
and 13–15� with slight aeration. Pseudomycelia can be
formed, but no � lm is produced on the surface of liquid
media. Its cells do not assimilate nitrates, and they do not
possessb-glucosidase, an enzyme required for breaking down
arbutin.
n of malic acid bySchizosaccharomyces. PD, pyruvate decarboxylase; ADH,
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Table 2 Some relevant technological properties ofSchizosaccharomyces pombe

End-product Concentrationa Preservative Minimum concentration to inhibit growthb

Ethanol 2–14% Benzoic acid 600 mg l� 1

Propanol 1–15 mg l� 1 Sorbic acid 600 mg l� 1

Isobutanol 3–22 mg l� 1 Sulfur dioxide 125–200 mg l� 1

Isoamyl alcohol 5–40 mg l� 1 Methyl parabenzoic acid 750 mg l� 1

Phenyl ethanol 13 mg l� 1 Acetic acid 16 g l� 1

Ethyl acetate 10–40 mg l� 1 Propionic acid 10 g l� 1

Isoamyl acetate < 0.1 mg l� 1 Carbon dioxide 6.6 g l� 1

Acetaldehyde 5–160 mg l� 1 Actidione 100 mg l� 1

Acetic acid 0.1–0.3 g l� 1 Glucose 500 g l� 1

aAs determined after grape juice fermentation.
bValues measured at pH 3.5.
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Species ofSchizosaccharomycesare notable among yeasts for
their strong ability to metabolize L-malic acid to ethanol under
anaerobic conditions. Malate is� rst decarboxylated to pyruvate
by an NAD-dependent malic enzyme. The pyruvate is decar
boxylated to acetaldehyde, which is reduced to ethano
(Figure 3). A proton–dicarboxylate symport has been
demonstrated for the transport of malic acid into S. pombeand
the presence of glucose is required forL-malic acid metabolism.

The absence of data suggests that extracellular amylas
pectolytic enzymes, and proteases are not produced bySchizo-
saccharomycesspp., but more speci� c investigation is needed.
Schizosaccharomyces pombecan be transformed, however, to
degrade starch with plasmids carrying the glucoamylase gene
Saccharomyces diastaticus. Schizosaccharomyces octosporusproduces
an extracellular lipase that can hydrolyze lard to produce
signi� cant quantities of stearic acid, but the lipid-degrading
ability of other species ofSchizosaccharomyces is not known.

The cardinal temperatures for the growth ofSchizosaccha
omycesspecies do not appear to have been reported. The mo
recent taxonomy (Table 1) indicates S. japonicusas the only
species capable of growing at temperatures as high as 37� C, but
earlier literature reports the growth ofS. pombeand S. octosporu
at this temperature. There is little doubt that these specie
grow well at temperatures of 15–30 � C, but the minimum and
maximum temperatures for growth need to be determined.
What pH values limit their growth is also uncertain. One study
suggests that the best growth occurs at pH values around 5.
but it is signi� cant that these yeasts are often isolated from th
juices of acid fruits and readily grow in wines, at pH 3.0–3.5,
although at slower growth rates thanS. cerevisiae.

With respect to occurrence and growth in foods, the most
distinctive feature of these yeasts is their ability to tolerate low
water activity (aw) environments as imposed by the presence o
high sugar concentrations. In this context, they widely are
recognized as xerotolerant or osmotolerant yeasts, capable
growth in the presence of 50% glucose (and possibly 60%
glucose) at aw values as low as 0.78. Their xerotoleranc
depends on the solute and yeast species. ForS. pombeand
S. octosporus, minimum aw values of 0.89–0.90 have been
reported with glucose, fructose, and glycerol as the stressin
solutes; for S. japonicus, these values are 0.92–0.94. All these
species, however, are less tolerant of high salt (sodium chlo
ride) concentrations and do not grow ataw values less than 0.95
in the presence of this solute. There are isolates ofS. pombethat
are incapable of growing in the presence of 3% NaCl, pH 5.5
Growth in low aw environments is accompanied by the
production of intracellular glycerol as a compatible solute.

Another notable property of Schizosaccharomycesspp. is their
relatively high tolerance to preservatives, such as benzoat
sorbate, acetic acid, and sulfur dioxide, which commonly are
used in food processing (Table 2), although the data are mostly
limited to observations with one species,S. pombe. This species is
generally two to three times more resistant to these preservative
than S. cerevisiae. Resistance to inactivation by heat processin
has been studied forS. pombe, where approximately 99% of the
population suspended in phosphate buffer, pH 6.5, containing
48% sucrose (aw 0.95), was killed at 65 � C within 3 min (D 65

1.99 min). Faster death rates were obtained when sucrose wa
omitted from the buffer. Greater thermotolerance is induced by
preexposing the yeast cells to mild heat (40� C), which induces
the synthesis of intracellular trehalose as a thermoprotectant.
Signi�cance in Foods and Beverages

The genusSchizosaccharomycesusually has been described as
food spoilage microorganisms owing to the production of
metabolites with negative sensorial impacts, such as volatile
acids, H2S, or acetaldehyde. These microorganisms, howeve
have also been used at the industrial level in cane suga
fermentation during rum making, palm wine production, and
cocoa fermentation.

Most research focuses on their ability to metabolize
almost all malic acid with the production of ethanol rather
than their fermentative power. Other yeast genera are als
capable of reducing malic acid levels, but only raising rates
around 20%. Until now, the lactic acid bacteria Oenococcu
oeni and Lactobacillus plantarumhave been the most tradi-
tionally used organisms to remove malic acid from musts
and wines, especially in red winemaking. The malolactic
fermentation performed by these microorganisms, however,
is one of the most complicated processes in enology due to
growing requirements. Maloalcoholic fermentation could
preserve young aroma characteristics and, at the same tim
reduce the ‘green apple sourness’ that malic acid brings to
wine when it is present in high levels. Furthermore,S. pombe
and Schizosaccharomyces malidevoransreadily grow in musts
and wines, making lactic acid bacteria use unnecessary an
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368 Schizosaccharomyces
maintaining grape variety and yeast fermentation aromas. In
northerly viticultural regions, where grape malic acid
contents can be high, the possible use ofSchizosaccharomyc
spp. to reduce malic acid concentrations is awakening a lo
of interest. The International Organization of Vine and Wine
(OIV) recently approved ‘deacidi� cation by Schizosaccha
omyces’ (Resolution OENO/MICRO/97/75/phase seven), but
the number of commercial strains available for this is
limited. The major drawback in enology is the strong acetic
acid production, at least for the unselected strains
commonly used in winemaking. In pure fermentations
performed in the laboratory, it is normal to obtain contents
of acetic acid around 1 g l� 1, which is intolerable for
obtaining quality wines. Because of this, mixed and
sequential cultures with Saccharomyceshave been used to
mitigate the negative effects of the scant enological aptitude
of currently available Schizosaccharomycesstrains. Under-
standing how to isolate and select more appropriateSchiz-
osaccharomycesstrains is therefore of great interest. Finally
the use ofSchizosaccharomycesspp. alone, or with other yeast
species in combined fermentations, could reduce wine
standardization as described by some authors, increasin
the complexity and aroma pro� le of modern wines.
Figure 5 PotentialSchizosaccharomycesindustrial oenological applicatio
gray area focuses new resources of solving different issues.
Nevertheless, new potential Schizosaccharomycesindus-
trial enological applications have appeared during the past
few years (Figure 5). Those resources are quite differen
from the classic abilities to degrade malic acid or to ferment
sugar. These new trends deserve to be explored furthe
Some Schizosaccharomycescurrently are used at laboratory
scale to reduce the gluconic acid (negative quality factor
contents of spoiled musts. Other new applications are aging
over lees due to their stronger autolytic release of cell wal
polysaccharides than Saccharomyces(the classic genus
used for this purpose). At 28 days, the polysaccharide
concentration produced by S. pombewas more than 10
times greater than that produced by the regularS. cerevisia
commonly used for these activities. Lyophilized yeasts of
this genus also have been used as a bioadsorbent to reduc
negative volatile compounds in wine such as 4-ethylphenol.
A reduction of 25% was obtained with this process, using
less biomass than in the case in whichS. cerevisiaewas
used. The urease activity described forSchizosaccharomyc
spp. is also of interest with respect to food safety; this
genus produce wines with much lower urea content than
wines produced with classic S. cerevisiae. The null urea
(main ethyl carbamate precursor) presence could reduc
ns. Light gray area focuses novel problems in viticulture and oenology; dark
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Schizosaccharomyces 369
high wine ethyl carbamate contents, which are one of the
main food safety problems in modern enology. In this case,
the wines fermented with S. pombeobtained � nal urea
values lower than 0.4 mg l� 1, values that were 90% lower
than those of wines fermented with Saccharomyces.

In addition, the Schizosaccharomycesgenus is a high pyruvic
acid producer, much higher than the classic yeasts used in th
fermentation processes, reaching levels 10 times higher tha
S. cerevisiaestrains chosen for this objective. The maximum
values obtained for Schizosaccharomyceswere some 0.4 g l� 1 at
48 h. This can improve the formation of stable color pigments
such as vitisins A-type pigments. Furthermore,Schizosaccha
omycesspp. is related to the formation of large amounts of
pyranoanthocyanins. Values signi� cantly higher than speci� -
cally selected strains of the genusSaccharomyceshave been
obtained in trials. This intensi� es the postfermentation color of
wines somewhat, because of the signi� cant hydroxycinnamate
decarboxylase activity developed bySchizosaccharomyces, which
favors the formation of vinylphenolic pyranoanthocyanins.
The relevance of these compounds in increasing chromati
parameters has been described extensively in scienti� c
literature.

Another � nding of interest is that wines obtained using
Schizosaccharomycesspp. (both in mixed and sequential
fermentations) presented lesser amounts of ethanol after suga
depletion was complete. This glycolytic inef� ciency could
constitute a key to solving excessive alcohol wine conten
a situation that is now becoming more and more usual in warm
viticultural regions.
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Enumeration and Identi�cation

The Schizosaccharomycesyeasts occasionally have been iso
lated in fermented drinks or derived products such as
grapes, must, wine, and beer. Most of the isolates involving
the genus Schizosaccharomyceshave been achieved in foods
having high sugar content, such as honey, sweets, molasse
and dried fruit. No yeast belonging to the genus Schizo-
saccharomycesappears among the 20 foodborne yeasts mos
frequently described (Figure 6). These yeasts also hav
been isolated occasionally in fermented drinks or derived
products (grapes, must, wine, and beer). All of this has
prevented obtaining commercial strains with industrial
Figure 6 Simpli� ed model by genus of the frequencies (%) calculate
ages, wine, and beer; (c) low-aw products. The reduced incidence of the
Zygosaccharomyces; Tsp,Torulaspora; Schizo,Schizosaccharomyces; S’codes,
Klu,kluyveromyces; Hsp,Hanseniaspora; Dek,Dekkera; Cry,Cryptococcus.
qualities; in spite of, for example, the recent interest of
enological industries in obtaining strains that can be
exploited industrially, due to the OIV’s recent approval of
‘Deacidi� cation by Schizosaccharomyces’ as an authorized
practice (Resolution OENO/MICRO/97/75/Stage seven). No
commercial strains are selected, however, probably becaus
of their reduced presence in musts and the lack of a satis
factory method for isolating them appropriately.

Some authors suggest the use of culture media with high
contents of tryptone glucose yeast extract agar and antibacteri
antibiotics, such as chloramphenicol, oxytetracycline, genta
micin, and streptomycin. Also, the use of high concentrations
of sugar and acetic acid as selective agents or the use of lysine
a selective source of nitrogen is suggested. No speci� c culture
medium has been described to date for isolating yeasts of the
genusSchizosaccharomyces, despite the great interest that these
yeasts have aroused in enological realms. Our personal exp
rience has shown us that, in spite of using these culture media
there are numerous false positives; this makes the isolation o
an elevated number ofSchizosaccharomycesstrains impossible.

A new method in process of patenting recently was devel
oped to isolate or select strains ofS. pombe(Figure 7). This new
methodology is based on using a differential selective medium
mainly constituted by the antibiotic actidione. This antibiotic is
used widely in differential selective media in reference to the
genera Brettanomyces/Dekkera. The genusSchizosaccharomyc
also appears among their occasional false positives described
isolating Brettanomyces/Dekkera.

The remaining possible actidione-resistant false positive
(Figure 8) can be inhibited with compounds tolerated by this
genus in elevated concentrations such as benzoic acid an
acetic acid or in high sugar concentrations (Table 2). As
a differential agent, malic acid is used, which makes it possible
to detect its degradation in liquids in which individuals with
malate dehydrogenase activity are developed. This metho
(Figure 7) makes it possible to isolate more than 100 different
Schizosaccharomycesstrains from different substrates, such as
honeys, concentrated musts, and grapes. Nevertheless, only
of the 138 strains studied presented an appropriate industrial
pro� le, based on classic parameters, such as correct sug
consumption, moderate acetic acid production, complete
malic acid degradation, glycerol production, and the correct
sensory pro� le of the wines produced with these strains.
d for yeast species in foods by Deák (2008). (a) All foods; (b) fruits, bever-
genusSchizosaccharomyceswith respect to the others can be seen. Zygo,
Saccharomycodes; Sacch,Saccharomyces; Rho,Rhodotorula;
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Figure 8 Frequency model (%) calculated by yeast species in foods by Deák (2008) corrected to actidione-resistant species. (a) All foods; (b) fruits,
beverages, wine, and beer; (c) low-aw products. A signi� cant increase can be seen in the probability of� nding yeasts belonging to the genusSchizo-
saccharomyces. C,Candida; H,Hanseniaspora; D,Dekkera; S,Schizosaccharomyces; P,Pichia.

Figure 7 Method of isolating strains of the genusSchizosaccharomycesdeveloped by Benito et al. (2012).

370 Schizosaccharomyces
See also: Brettanomyces; Fermentation (Industrial):Basic
Considerations;Fermentation (Industrial):Control of
Fermentation Conditions;Fermentation (Industrial):
Production of Amino Acids;Fermentation (Industrial):
Production of Colors and Flavors;Fermented Foods:Origins and
Applications; The Leuconostocaceae Family;Saccharomyces:
Saccharomyces cerevisiae; Wines:Microbiology of Winemaking
Wines:Malolactic Fermentation;Yeasts:Production and
Commercial Uses;Zygosaccharomyces; Wine Spoilage Yeasts
and Bacteria.
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Characterization of the Genus

The genusSerratiais named after Sera�no Serrati, an Italian
physicist, and belongs to the family Enterobacteriaceae
tribe Klebsiellae. Nine species have been isolated from
clinical as well as food samples:Serratia marcescens, Serratia
liquefaciens, Serratia rubidaea(also called Serratia mar-
inorubra), Serratia� caria, Serratia fonticola, Serratia odorifera,
Serratia plymuthica, Serratia grimesii, andSerratia proteama
culans (Tables 1 and 2). Serratia marcescensis the best-
characterized member of the genus. Another species of th
genus isSerratia entomophila, an insect pathogen that cause
amber disease in the grass grub,Costelytra zealandica. As in
other microorganisms, the classi� cation of species is based
on morphological, physiological, biochemical, and carbon
source utilization tests (Table 1). The differentiation of
types within each species is based on biotyping, serotyping
phage typing, bacteriocin typing, whole-cell protein
� ngerprinting, and DNA analysis.

The cells are Gram-negative straight rods with rounded
ends, 0.5–0.8 mm in diameter and 0.9–2 mm in length. They are
facultative anaerobes, catalase-positive, and motile with peri
trichous � agella. In a minimal medium containing ammonium
sulfate as the nitrogen source, they can use many different com-
pounds as sole carbon sources, includingD-glucose,D-fructose,
D-ribose, L-malate, L-aspartate, citrate,N-acetylglucosamine, glu-
conate, and mannitol (Table 1).

Depending on the genotype and cultural conditions (e.g.,
amino acids, carbohydrates, pH, inorganic ions, and tempera
ture), colonies are most often opaque, somewhat iridescent
and white, pink, or red on both selective and nonselective aga
plates. Two biogroups (A1 and A2) ofS. marcescensand most
strains of S. plymuthicaand S. rubidaeaproduce pink or red
colonies, preferably on peptone glycerol agar. However, some
strains of Serratiaspp. produce pigments on all types of solid
media. The red color is due to prodigiosin and/or pyrimine.
Prodigiosin is a nondiffusible pigment. Pyrimine is a water-
soluble pigment that is produced by some strains of
S. marcescensbiogroup A4. Nonpigmented species or biotypes
of Serratiaproduce opaque-whitish, mucoid, or transparent
smooth colonies on nutrient agar.
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Some strains of S. liquefaciens,S. odorifera, S. plymuthica
and S. � caria can grow at 4–5 � C; other strains of S. odorifera
S. marcescens, and S. rubidaeacan grow at 40� C. Most Serratia
strains can grow from pH 5 to 9 and are among the bacteria that
can grow in foods with water activity of 0.91–0.95. They also are
able to grow in foods from low redox potential (Eh) of �200 mV
(meat) to high redox potential of þ300 mV (fruit juice).

Serratia marcescensresponds to the environment with
changes in shape and movement. In liquid media, the cells are
short rods known as swimmers, with one or two � agella. On
0.70–0.85% agar, they transform to swarmers– aseptate,
elongated cells with 10–100 lateral � agella. In higher agar
concentrations, they convert to short rods with 2–5 peri-
trichous � agella and form small colonies. The� agellin proteins
of swimmer and swarmer cells are identical.

The complete genomes of some species ofSerratiahave
been sequenced. The circular DNA is reported to hav
5 113 802–5 488 853 nucleotides. The mol % GþC of the DNA
is 52–60. In addition, several plasmids of various sizes, ranging
from 2.1 to 275 kb, have been detected in different species o
Serratiaand have been sequenced.

Serratiaspecies are important in food microbiology, not
only because they are involved in food spoilage, but also
because they are opportunistic pathogens that can caus
various diseases in humans and animals. The diseased foo
animals, in turn, may produce contaminated milk or meat,
with further spread of the bacteria occurring through contam-
inated milking machines or other equipments. Flies also may
be the vehicles of transmission in food establishments.

Members of the genusSerratiaare distributed in soil, air,
and water. They are associated with large numbers of plant
and animals (including insects, birds, and their eggs). Some ar
insect pathogens, and others produce antifungal and antimi-
crobial agents. They utilize a wide range of nutrients, and even
have been shown to grow in disinfectant solutions and double-
distilled water. They can resist some antiseptics and have bee
found in counterfeit toothpaste. They colonize and survive on
meat-packaging materials, hospital instruments, and farm
equipment, including milk pumps. Serratiaspp. have been
found in milk, ice cream, coffee from vending machines, water
and sodas (regular or diet) from soda fountain machines,
78-0-12-384730-0.00304-9 371
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Table 1 Biochemical reactions of different species ofSerratiaisolated from clinical samplesa,b

Species S. marcescens
S. marcescens
biogroup 1

S. liquefaciens
group S. rubidaea

S. odorifera
biogroup 1

S. odorifera
biogroup 2 S. plymuthica S.� caria S. fonticola

Indole production 1 0 1 0 60 50 0 0 0
Methyl red 20 100 93 20 100 60 94 75 100
Voges-Proskauer 98 60 93 100 50 100 80 75 9
Citrate (Simmons’) 98 30 90 95 100 97 75 100 91
Hydrogen sul� de (TSI) 0 0 0 0 0 0 0 0 0
Urea hydrolysis 15 0 3 2 5 0 0 0 13
Phenylalanine deaminase 0 0 0 0 0 0 0 0 0
Lysine decarboxylase 99 55 95 55 100 94 0 0 100
Arginine dihydrolase 0 4 0 0 0 0 0 0 0
Ornithine decarboxylase 99 65 95 0 100 0 0 0 97
Motility (36� C) 97 17 95 85 100 100 50 100 91
Gelatin hydrolysis (22� C) 90 30 90 90 95 94 60 100 0
Growth in KCN 95 70 90 25 60 19 30 55 70
Malonate utilization 3 0 2 94 0 0 0 0 88
D-Glucose: acid 100 100 100 100 100 100 100 100 100
D-Glucose: gas 55 0 75 30 0 13 40 0 79
Lactose fermentation 2 4 10 100 70 97 80 15 97
Sucrose fermentation 99 100 98 99 100 0 100 100 21
D-Mannitol fermentation 99 96 100 100 100 97 100 100 100
Dulcitol fermentation 0 0 0 0 0 0 0 0 91
Salicin fermentation 95 92 97 99 98 45 94 100 100
Adonitol fermentation 40 30 5 99 50 55 0 0 100
myo-Inositol fermentation 75 30 60 20 100 100 50 55 30
D-Sorbitol fermentation 99 92 95 1 100 100 65 100 100
L-Arabinose fermentation 0 0 98 100 100 100 100 100 100
Raf� nose fermentation 2 0 85 99 100 7 94 70 100
L-Rhamnose fermentation 0 0 15 1 95 94 0 35 76
Maltose fermentation 96 70 98 99 100 100 94 100 97
D-Xylose fermentation 7 0 100 99 100 100 94 100 85
Trehalose fermentation 99 100 100 100 100 100 100 100 100
Cellobiose fermentation 5 4 5 94 100 100 100 88 6
a-Methyl-D-glucoside

fermentation
0 0 5 1 0 0 70 8 91

Erythritol fermentation 1 0 0 0 0 7 0 0 0
Aesculin hydrolysis 95 96 97 94 95 40 81 100 100
Melibiose fermentation 0 0 75 99 100 96 93 40 98
D-Arabitol fermentation 0 0 0 85 0 0 0 100 100
Glycerol fermentation 95 92 95 20 40 50 50 0 88
Mucate fermentation 0 0 0 0 5 0 0 0 0
Tartrate, Jordan’s 75 50 75 70 100 100 100 17 58
Acetate utilization 50 4 40 80 60 65 55 40 15
Lipase (corn oil) 98 75 85 99 35 65 70 77 0
DNase at 25� C 98 82 85 99 100 100 100 100 0
Nitrate/ nitrate 98 83 100 100 100 100 100 92 100
Oxidase, Kovacs 0 0 0 0 0 0 0 8 0
ONPGc 95 75 93 100 100 100 70 100 100
Yellow pigment 0 0 0 0 0 0 0 0 0
D-Mannose fermentation 99 100 100 100 100 100 100 100 100

aEach number gives the percentage of positive reactions after 2 days of incubation at 36� C.
bData from Farmer et al. (1985).
co-Nitrophenyl-b-glucopyranoside.

372 Serratia
frozen unpasteurized fruit juices, eggs, and meats. Othe
sources are expressed mother’s milk, parenteral nutrition,
heparin and saline� ush syringes, magnesium sulfate solutions
in� uenza vaccines, blood products, and medical devices.

Many Serratiaspecies produce hemolysin, and most have
DNA that hybridizes to probes for the Serratia marcesen
hemolysin gene ShlA. In contrast, S. � caria has a smaller
hemolysin gene that fails to hybridize to these probes. The
restriction enzyme pattern of the hemolysin gene differs with
the strain. TheS. marcescenshemolysin causes pore formation
in erythrocyte membranes, resulting in osmotic lysis of eryth-
rocytes, leading to the release of hemoglobin. It also forms
pores in � broblasts and epithelial cells. The phospholipase
activity of S. marcescensgenerates lysophospholipids, which
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Table 2 Some reported associations of diseases with species ofSerratiaand types of food from whichSerratiaspecies have been isolated.
The association of food with the etiology of the disease is not implied

Species Reported cases of disease Reported isolation from foods

S. Þcaria Septicemia Figs
S. fonticola Leg abscess Fruit juice, coconut, coffee from vending machine
S. grimesii Not reported, isolated from patient’s blood Dairy product
S. liquefaciens Nosocomial infections Dairy and meat products

Pork meat juice, minced beefa

S. marcescens Many nosocomial infections
Bacteremia, death

Dairy and meat products, bread
Parenteral nutrition

S. odorifera Infant fatal septicemia, sepsis Pecorino cheese
S. plymuthica Septic shock, bacteremia, chronic

osteomyelitis, sepsis, septicemia
Fish, raw vegetable processing

line (vegetable washing)
S. proteamaculanssubsp.quinovora Pneumonia Pork meat juice, minced beefa

S. rubidaea Infection of bile and blood of a
patient with bile duct carcinoma

Frozen fruit juices, spoiled coconut, cheese

aS. proteamaculansandS. liquefacienshave been detected from minced meat by whole-cell protein analysis.

Serratia 373
also can lyse red blood cells and have a hemolytic activity on
human blood agar plates.

Serratia marcescensproduces extracellular enzymes tha
include a nuclease, a lipase, two chitinases, and several prot
ases. The extracellular endonuclease ofS. marcescensnonspe-
ci� cally cleaves double-stranded and single-stranded DNA, a
well as RNA.

Members of this genus are known to have caused variou
infections, including wound and urinary tract infections,
pneumonia, sepsis, and meningitis. Intravenous injection with
Serratia-contaminated products has resulted in sepsis and
death. Outbreaks of S. marcescensbloodstream infections
caused by contaminated products (total parenteral nutrition
and pre� lled heparin and saline syringes) have resulted in
product recalls.

The clinical symptoms of foodborne Serratiainfection are
similar to those of other coliforms and need laboratory iden-
ti � cation. Not all strains of Serratiaare pathogenic through
the oral route. Five strains ofS. marcescensand 2 of S. rubidaea,
out of 21 strains isolated from fruit juice and � sh samples,
killed mice by parenteral inoculation but not through oral
feeding. The virulence factors inSerratiaare not well under-
stood and may be a combination of several factors.Serratia
proteases have been shown to cause pneumonia in guinea pig
A heat-labile enterotoxin was detected in three strains o
S. marcescensand one strain of S. rubidaeaby the rabbit ligated
ileal loop test, the mouse foot pad test, and the vaso-
permeability factor test. Cytotoxic effects on a monolayer of
Vero cells were found in the cell-free culture� ltrates of two
enterotoxigenic S. marcescensstrains. An Escherichia colistrain
carrying anS. marcescenshemolysin gene colonized the urinary
tract of the rat more than an isogenic strain without this gene,
and it elicited a stronger in� ammatory response. Using the
nematode Caenorhabditis elegansas a model to � nd Serratia
virulence genes by gene-knockout experiments, the genes f
lipopolysaccharide biosynthesis, iron uptake, and hemolysin
production were found to be correlated with virulence. Path-
ogenic strains were reported to have a different type of� mbriae
from nonpathogenic strains, to be resistant to multiple
drugs, and to be agglutinated by<1.3 M salt concentrations.
However, multiple drug-resistant nonpathogenicSerratiaspp.
strains also are found. The ability to resist serum bactericida
action, strong siderophores, and cell-wall antigens are among
other factors assumed to be related to the pathogenicity o
Serratia.
Methods of Detection

Serratiais one of the easiest genera to differentiate from others
in Enterobacteriaceae, even in the absence of pigments.
highly selective medium for the isolation of all Serratiaspecies
is caprylate-thallous (CT) mineral salts CT agar. It contains
0.01% yeast extract, 0.1% caprylic (n-octanoic) acid as a carbon
source, and 0.025% thallous sulfate for inhibition of other
organisms. CT agar supports the growth of allSerratiastrains
tested but few other bacteria. The ef�ciency of colony forma-
tion of known strains on CT agar is 80.7% as high as on
a nonselective complex medium.

Another selective medium for differentiating nonpigmented
Serratia strains from other Enterobacteriaceae is Tween 8
medium, which contains 3.3% tryptose blood agar base, 0.4%
Tween 80, and 0.015% CaCl2. Serratiahydrolyzes Tween 80 via
an esterase, resulting in the release of free fatty acids, which
the presence of calcium form an opaque zone around the
colony. Cronobacter sakazakiialso forms this zone around the
colony, but it is lecithinase-negative on egg yolk agar. Othe
media used for differentiation and isolation of Serratiaare
DNase agar, which contains DNA, and deoxyribonuclease
toluidine blue-cephalothin (DTC) agar, which contains ceph-
alothin (to which most strains of Serratiaare resistant). On
blood agar and some other media,S. marcescensproduces red
colonies. On CT agar, colonies ofSerratiaspp. are small and
slightly bluish-white. On Tween 80 agar, colonies are large
pinkish, and surrounded by a white zone of precipitate. The
characteristics listed inTable 1 differentiate the members of
this genus from other Enterobacteriaceae. The following
biochemical reactions (Table 1) differentiate species ofSerratia
from each other: DNase (25� C), lipase (corn oil), and gelati-
nase (22� C) production; lysine and ornithine decarboxylase;
and L-arabinose,D-arabitol, D-sorbitol, adonitol, and dulcitol
fermentation. Musty or vegetable-like odors inS. odoriferaand
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374 Serratia
S.� caria, and pigment formation in some strains of S. rubidaea,
S. marcescens,and S. plymuthica, are also helpful in identifying
these species.

Miniaturized biochemical detection systems such as BBL�
Enterotube II and API 20E strips have also been used to identif
Serratiaspecies. Identi� cation may also be conducted by using
automated microbial identi � cation systems.Serratia species
that can be identi� ed by the Vitek 2 GN card, from bioMerieux,
areS.� caria, S. fonticola, the S. liquefaciensgroup, S. marcescen,
S. odorifera, S. plymuthica, and S. rubidaea. The GENIII Gram-
Negative Aerobic Bacteria system from Biolog can also identif
S. proteamaculansand S. entomophila, in addition to those listed
for Vitek 2. It considersS. grimesiito be S. liquefaciens. However,
although S. proteamaculans, S. grimesii,and S. liquefaciensare
considered S. liquefaciens-like organisms, they can be distin-
guished based on their DNA relatedness.

For isolation and identi � cation of Serratia spp., liquid
foods, milk, or eluates from washed or suspended foods or
other suspected sources can be either plated directly on bloo
agar or CT agar or concentrated or enriched before plating. T
maximize the number of bacterial colonies, the samples
should be centrifuged. The pellet should be suspended in
phosphate-buffered saline and either plated directly or
enriched before plating by incubation with shaking at 37� C
for 24 h. After inoculation, the plates are incubated both at
37 � C for 24 h and 30 � C for 48 h. Suspected colonies ofSer-
ratia then are transferred to Tween 80 agar and incubated fo
another 24 h. The bacteria that form precipitates around
colonies on Tween 80 are identi� ed to species by biochemical
reactions.

The U.S. Food and Drug Administration (FDA) and U.S.
Centers for Disease Control and Prevention (CDC) conside
infection with Serratiaspp. among the nosocomial infections,
and the CDC investigates reported cases of infection with
Serratia. Serratiais listed in the FDA Bad Bug Book under
‘miscellaneous bacterial enterics’ that may cause acute or
chronic gastrointestinal diseases, may be recovered from fres
water, farm produce, and other natural environments, and may
be associated with food spoilage. FDA regulations seek t
ensure that biological and pharmaceutical products and
medical devices are free of contamination of harmful agents
including Serratia,and to send warnings and issue recalls i
needed.
y
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Importance of Genus

Some members of the genusSerratia that were previously
considered harmless are opportunistic pathogens that have now
been shown to cause a variety of infections and even death. The
do not cause infections in healthy individuals, but therapies,
conditions, and procedures that compromise patients immu-
nologically or physiologically make them susceptible to colo-
nization by opportunistic pathogens, including Serratia.Infants,
very old patients, and intravenous drug users are also susce
tible. Serratia marcescenscauses a variety of nosocomial infec
tions; other species have been isolated from clinical specimens
but their involvement in pathogenicity was not clear until
recently (Table 2). Outbreaks of Serratiainfection have occurred
in neonatal intensive care units and in pediatric hospital bone
marrow transplant and oncology units. Serratia marcesce
bacteraemia in hospitals has resulted in the death of patients.

Almost all species ofSerratiahave been isolated from foods,
including fruits and vegetables (Table 2), and an infection by
S. � caria in a surgery patient appeared to result from eating
contaminated � gs.

The connection between the development of disease and
consumption of foods contaminated with Serratiais not well
established, except that contamination of expressed mother’s
milk with S. marcescenshas been a cause of infection and a milk
pump was proved to be the source of an epidemic strain in
a hospital nursery. This strain was resistant to disinfectants bu
was eliminated by heat sterilization, which ended the outbreak.
Both S. marcescensand S. liquefacienscause mastitis in dairy
cattle, which may produce infected milk. Slaughter of animals
with subclinical infections may result in meat contamination.
Serratiaspp. have been isolated from beef, milk, ham, chicken,
� sh, and shrimp.

Another important characteristic of Serratiain food micro-
biology is the involvement in spoilage of foods (eggs, butter,
milk, coconut, and bread) and discoloration of cheeses. It also
causes greening and malodor formation in meat. Dairy products
could become contaminated by using Serratia-contaminated
milk. Contamination of ice cream and cheeses can also occu
during handling at the retail market. Serratiaspp. may survive in
foods unsuitable for the growth of other bacteria, such as
smoked and dried� sh. Some strains ofSerratiaspp. were shown
to have a mean minimum growth temperature of 1.7� C in beef,
and others resist pressure treatment during processing of groun
chicken. The Serratiaspp., which cause red discoloration of
cheese, are relatively resistant to 9% salt and grow at pH 4–9.

In conclusion, becauseSerratiaspecies can survive condi-
tions that are unsuitable for the survival and growth of other
organisms, they are able to contribute to food spoilage and ac
as both foodborne and opportunistic pathogens.

See also:Classi� cation of the Bacteria:Traditional;Bread:
Bread from Wheat Flour; Cheese in the Marketplace;Cheese:
Microbiology of Cheesemaking and Maturation;Cheese:
Mold-Ripened Varieties; Role of Speci� c Groups of Bacteria;
Eggs:Microbiology of Fresh Eggs;Eggs:Microbiology of Egg
Products; Fermented Milks and Yogurt;Fish:Spoilage of Fish;
Freezing of Foods:Growth and Survival of Microorganisms
Ice Cream:Microbiology; Spoilage of Meat; Spoilage of
Cooked Meat and Meat Products;Milk and Milk Products:
Microbiology of Liquid Milk; Packaging of Foods;Process
Hygiene:Risk and Control of Airborne Contamination;
Shell� sh (Mollusks and Crustaceans):Characteristics of the
Groups;Spoilage of Plant Products:Cereals and Cereal
Flours;Spoilage Problems:Problems Caused by Bacteria;
Modi� ed Atmosphere Packaging of Foods.
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Mollusks

Kingdom: Animalia
Superphylum: Lophotrochozoa
Phylum: Mollusca(Linnaeus, 1758).

Mollusks include approximately 120 000 described species
and another 200 000 undescribed molluscan species (Chapman,
2009; FAO, 2012; Ruppert et al., 2004).

Before the seventeenth century, the studies of mollusk
mainly described their body structure. From the seventeenth
to the nineteenth centuries, research on classi� cation was
carried out by a number of scientists, such as Lister, Linné
Lamarck, Reeve, Sowerby, Keiner, and Fisher. In particula
study of mollusks’ anatomy was initiated in the late-eigh-
teenth century by several scientists, including Guettard
Adamson, Poli, and Curvier (Haszprunar, 2001; Pelseneer,
1906). Those studies contributed greatly to the classi� cation
of mollusks and became the basic knowledge for the study on
biology of mollusks. In the twentieth century, most of the
structure and function of the organs of mollusks’ species were
de� ned. Also the physiological characteristics, ecology
nutrition, growth, and reproduction of mollusks groups were
identi� ed.
l
g

Figure 1 Anatomy of snail (Mollusca, Gastropoda).
Characteristics

Molluscaconstitute one of the largest animal phyla and are the
most highly adapted in the animal kingdom. Adaptability is
shown by the number of species and variety of habitats to
which they have become adapted (Ruppert et al., 2004; Ponder
and Lindberg, 2008).

Molluscaare distributed in almost all habitats. In the sea,
they range from the deepest parts of the ocean to the intertida
area. They can live in freshwater as well as on land. Thus, durin
evolution, they have become highly adapted and live in virtu-
ally all available habitats (Ponder and Lindberg, 2008; Wilbur
et al., 1985).
6 Encyclopedia of Food
Molluscaare divided into eight classes. ClassGastropodaare
by far the largest group of mollusks. More than 40 000 species
comprise more than 80% of living mollusks (Chapman, 2009;
Brusca and Brusca, 2003).

The main anatomical characteristics are as follows
(Figures 1–3).
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00305-0
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Figure 2 Anatomy ofMeretrix lyrata(Mollusca, Bivalvia).
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l Bilaterally symmetrical and soft unsegmented body :
Except for the Gastropoda, other classes ofMolluscahave
unsegmented soft bodies with bilateral symmetry (Ruppert
et al., 2004). There are three distinct body zones, including
a head-foot, a visceral mass, and a mantle (Brusca and
Brusca, 2003; Giribet et al., 2006; Wilbur et al., 1985).

l Body wall : The tissue is covered by a� exible body wall
termed the mantle, but also known as a pallium (Brusca and
Brusca, 2003). The mantle may secrete a calcium carbonat
shell that can be external or internal. The body wall usually
is stretched out to form a thickened mass, called a foot. The
body wall is covered by an outer epidermis and an under-
lying dermis. There are pili, mucous glands, and sensor
organs on the surface of the epithelium. Muscle tissue i
found in the locomotion structure, which is represented by
muscular feet or by tentacles, as is the case with squid o
octopus (Hayward, 1996; Ruppert et al., 2004).

l Mollusca shell: In general, to protect themselves, mos
mollusks secrete calcium carbonate layers that are con
nected via protein to create the shell. The outside shell laye
is made up of thin periostracum. The thick prismatic
calcium carbonate layer is found in the middle, and the thin
nacreous layer makes up the inside of the shell (Hayward,
1996; Ruppert et al., 2004).

Some species have only a� eshy mantle, which secretes and
modi � es the shell.

l Digestive tract: In most mollusks, the digestive system is
complex, starting with the mouth and ending with anus.
With the exception of Bivalvia, a radula may be present. This
is a unique tonguelike scraping organ that is covered in
hundreds, sometimes even thousands of microscopic teeth
that primarily are composed of chitin (Brusca and Brusca
2003; Ruppert et al., 2004).

Next to the mouth is a short esophagus, followed by
a stomach. One or two digestive glands are connected t
stomach. The digestive enzymes are released into the stoma
and consequently the extracellular digestion occurs. InCepha-
lopoda, the extracellular digestion is complete. In other specie
of Mollusca, the � nal stage of digestion is intracellular digestion,
which occurs inside the digestive gland. Nutrients are absorbe
into the blood and provided throughout the body or stored in
the digestive gland (Hayward, 1996; Brusca and Brusca, 2003).
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Figure 3 Anatomy ofLoligo vulgaris(Mollusca, Cephalopoda).
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Excretory organs constitute one or two kidneys, including
ducts and excretory holes. The undigested food is compresse
and packaged into solid wastes that are sent from the anus to
the mantle to be released outside (Ruppert et al., 2004).

l Sensory organs: Most mollusks have developed sensory
organs. The sensory organs are quite developed, includin
touch, smell, taste, balance, and vision (only in some
species) (Ruppert et al., 2004). The eyes ofCephalopodaare
well developed.

l Molluscarespiration : Respiration is performed by ctenidia
(gills), lungs, mantle, or the body surface, which is varied
among species and depends on the type of habitat. Th
ctenidia are located in the mantle cavity. Some mollusks
have the ctenidia inside the mantle (Cephalopoda, Bivalvia
Chiton, and Prosobranchia); some others have gills outside
(Opisthobranchia) in the tissue with many blood vessels.
Some mollusks respire via lungs inside the mantle (Pulmo-
nata and Scaphopoda). In general, the intertidal marin
mollusks are exposed to air and water alternately, so they
must be able to respire in both conditions. Beside this case
the terrestrial mollusks have lungs instead of ctenidia so
they can respire in both water and air environment. In
addition to respiration, waste excretion also takes place
through ctenidia, as well as the gill surface which is called
the metanephridia (Brusca and Brusca, 2003; Pechenik,
2000; Ruppert et al., 2004).

l Circulatory system: Every mollusk has a circulatory system
Only the Cephalopodahave a close circulatory system with
arteries, veins, and capillaries. The other mollusks have a
open circulatory system, which includes a heart, blood
vessels, and blood sinuses (Ruppert et al., 2004). The blood
circulates between gills and heart via the blood-� lled
hemocoel (blood cavity). This body cavity is usually very
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small and surrounds the heart. The hemocoel has a numbe
of other parts, such as the renal sinus (Hayward, 1996;
Brusca and Brusca, 2003). TheScaphopodahave no heart. For
these species, the blood is circulated by muscular fee
(Haszprunar, 2001; Brusca and Brusca, 2003).

Mollusca have different types of oxygen-carrying blood
respiratory pigments. Most of Pulmonataand all of Proso-
branchiaand Cephalopodahave hemocyanin, which is copper
based. A few mollusks have hemoglobin (an iron compound)
in their blood, such as some species ofBivalviaor Pulmonata.
The oxygen transportation capacity of hemoglobin is better
than that of hemocyanin (Brusca and Brusca, 2003; Ruppert
et al., 2004).

l Nervous system: Mollusks have a complex nervous system
with various pairs of ganglia and two pairs of nerve cords.
Each mollusk’s class has a different nervous system, althoug
someChitonhave no nervous ganglia.Gastropodaand Cepha-
lopodatypically have a circumesophageal nerve ring. Octo
puses, squids, and nautiluses (classCephalopoda) have evolved
nervous systems that contain a well-developed brain (Brusca
and Brusca, 2003; Haszprunar, 2001; Ruppert et al., 2004).

l Moisture dependence: Most mollusks need moisture to
keep their soft bodies moist, which is why the major of
mollusks are predominately marine species (Groves, 2012;
Ruppert et al., 2004).

Reproduction
Most species ofMolluscaare gonochoristic, but some species ar
hermaphrodite. Several species of subclass, such asProso-
branchia, Opisthobranchia, and Lamellibranchia, are protandric
hermaphrodite; early in life, their gonads are male and then
later change to female. All species of the subclassPulmonataand
the remaining species of the subclassOpisthobranchiaare
simultaneous hermaphrodite; their gonads are both male and
female at the same time. Individually, both eggs and sperm are
produced at the same time and the gonad of each individual is
called hermaphroditic gonads (termed ovotestes). The simul-
taneous hermaphrodites usually are paired mutually to
exchange their sperm. To date, none of theCephalopodaspecies
have been found to be hermaphrodite (Brusca and Brusca
2003; Haszprunar, 2001; Pechenik, 2000).

The genital ducts of mollusks commonly merge with part of
the excretory system. The basic pattern of reproduction is on
of separate sexes. Sperm and eggs are spawned into the wa
and therefore fertilization is external. Internal fertilization,
however, also can be seen in several species, includingCepha-
lopoda. Cephalopodashows special adaptations for the internal
fertilization. The modi � ed hand of male of Cephalopod
develops into copulatory organs. In some cases, the modi� ed
hand changes dramatically forming the hectocotylus (hecto
means 100 andcotylusmeans suckers), which is used as a too
to move sperm to the female ofCephalopoda. The hectocotylus
of the male of Nautilus protrudes on the back of the mantle
cavity of the female until the sperm is transferred completely
(Brusca and Brusca, 2003; Ruppert et al., 2004). External
fertilization occurs most commonly with Bivalvia, Chiton,
Caudofoveata, Solengastres, and a fewGastropoda(Ruppert et al.,
2004). External fertilization also occurs with Scaphopodaand
perhaps occurs withMonoplacophora. Some terrestrialMollusca
and freshwater Mollusca(Gastropodaand Bivalvia) fertilize to
adapt to the adverse environmental conditions.

Planktonic larval stage of mollusks is observed for externally
fertilized aquatic species. Free-swimming planktonic marine
larva with several bands of cilia are called trochophore. This
stage is similar toPolychaetaclass of annelid worms (Annelida).
There is no exact evidence of direct evolution from annelid
worms to mollusks. Whether the similarities of Annelidaand
Molluscatrochophores are due to an evolutionary relationship,
or just a random similarity between two species, is unknown
(Brusca and Brusca, 2003; Ruppert et al., 2004).

The planktonic larvae of Gastropoda, Bivalvia,and Scapho-
podaare called veligers (Brusca and Brusca, 2003; Ruppert et al.,
2004). Veligers are hatched from egg capsules or develope
from an earlier trochophore larval stage. The general structur
of the veliger of larva includes a shell that surrounds the viscera
organs, which has much of the nervous system, and a ciliated
velum that is used for both swimming and food collection.
Veligers spend a substantial time in swimming in the water
before they metamorphose to the juvenile stage. The velum and
feet of the veliger can retract into the shell for the protection of
these structures from either predatory or mechanical damage
For Mollusca, which have shell, their metamorphosis is often
a sudden change of the morphology of the shell.

Most freshwaterMolluscaare fertilized internally and larval
stages develop inside the mother’s body. A small number of
larvae types, however, are found in water at some develop
mental stage. In particular, for the few freshwaterBivalvia, veli-
gers are free-living larvae, although the regulation of osmotic
pressure in the freshwater environment is an obstacle for them

Most veligers of freshwater Bivalvia transform into
glochidium – small, nonswimming larvae. To disperse them-
selves, larva attach to� sh, for example, to the gills of a� sh host
species, for a speci�c time period before they detach and fall to
the substrate, taking on the typical juvenile stage form. If the
glochidium cannot attach to the host species, they will die.

For most of the more evolutionarily developed Mollusca
species, especially theGastropoda, there is no free-living larval
stage. Larvae metamorphose to become the juvenile stag
inside the shell or in a special cavity of their mother’s body.

Unlike most other mollusks, Cephalopodado not have
a distinct larval stage. The eggs ofCephalopodadevelop in their
egg pouch and the youngCephalopodaare shaped like the adults
(Ruppert et al., 2004).
Classi�cation

Molluscaclassi� cation system was developed based on the
following properties:

l Structure, shape, and number of the shell
l The structure of their head (development or degradation)
l The shape of their foot
l The structure of their nervous system
l The place, structure, and number of the respiration organ

(gills, lung)
l The structure of radula, teeth
l Sex (gonochoristic or hermaphrodite)

There are several different classi� cation systems of the
Mollusca. Previously, there were many classi� cation systems,
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such asPelseneer (1906), Cooke (1917), and Thiele (1929).
Typical system classi� cation of Pelseneer (1906)and Thiele
(1929) divided Molluscainto � ve classes:Amphineura, Gastro
poda, Scaphopoda, Lamellibranchia, and Cephalopoda. According
to this classi� cation system, based on the structure of the
nervous system, the authors addedChaetodermomorpha, Ne
meniomorpha, Monoplacophora, and Polyplacophorainto one class,
called Amphineura.

More recently, based on the design of the shell, some
taxonomists divided Molluscainto seven or eight classes. Typi
cally, there are the classi� cation systems ofRuppert et al. (2004)
and Pechenik (2000). According to these classi� cation systems,
the Amphineuraclass was separated into three new classe
including Aplacophora, Monoplacophora, and Polyplacophora. Gas-
tropoda, Bivalvia, Scaphopoda, and Cephalopodaclasses have no
changed. In this way,Molluscaconsist of seven classes.

In this article, Molluscaclassi� cation is based on the classi-
� cation of Pechenik (2000), Ruppert et al. (2004), the British
Database of World Flora and Fauna, and the Auckland Institute
and Museum of New Zealand, with modi� cation on Aplaco-
phora. Aplacophorais divided into the following two classes:
Caudofoveata (Chatodermomorpha) and Solengastres(Neo-
meniomorpha). On the basis of the morphological and molec-
ular analyses, this article adds new permutations of interna
molluscan relationships, even bringing the conchiferan
hypothesis into question, so in this article, Molluscaare classi-
� ed into eight classes (Figure 4).
Figure 4 Diagram of phylogenesis ofMolluscaandCrustacea.
Some scientists also mention two other classes that ar
extinct, namely Rostroconchiaand Heicionelloida(Clarkson,
1998; Runnegar and Pojeta, 1974). These were marine specie
and can now be found only as fossils.

Aculifera
Aculiferaare a clade of mollusks. They have calcium scales tha
are secreted by special cells of the mantle tissue. They a
divided into three classes (Brusca and Brusca, 2003; Ruppert
et al., 2004).

ClassPolyplacophora
The main characteristics ofPolyplacophorainclude (1) elongate
or oval, dorsoventrally � attened, bilaterally symmetrical,
marine; (2) with dorsal shell of eight plates embedded in
a tough mantle; (3) mantle-edge stiffened (called the girdle);
(4) large, muscular, ventral foot (girdle and foot can act as
suction cup); (5) poorly differentiated head without eyes or
tentacles; (6) mantle cavity with a groove around the foot, with
6–88 pairs of ctenidia; (7) anus subterminal, without jaws; (8)
radula present, radular teeth have iron oxides on teeth; and (9)
sexes separate; mostly with larval stages (Brusca and Brusca
2003; Haszprunar, 2001; Ruppert et al., 2004).

There are about 1000 species and 13 families (FAO, 2012;
Ruppert et al., 2004). The main families include Lepidopleur-
idae, Hanleyidae, Ischnochitonidae, Callochitonidae, Sc
chitonidae, Mopaliidae, Chitonidae, and Acanthochinonidae.
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ClassSolenogastres (¼ Neomeniomorpha)
Previously, some researchers classi� ed Caudofoveataand Sol-
engastresinto one class– Aplacophora– but today they are split
into two separate classes:Solengastres(Neomeniomorpha) and
Caudofoveata(Chaetodermomorpha).

Neomeniomorphaare solengasters that lack a shell and hav
almost no head. They crawl on their ventral surfaces. They hav
no excretive gland, no gonad duct, and some even have n
ctenidia. They have a ladderlike nervous system that suggests
evolutionary relationship with � atworms. All species ofSol-
engastresare hermaphrodites, and their mating occurs by gonad
stylet. There are more than 200 species and 21 familie
(Chapman, 2009; Ruppert et al., 2004).

The main species includeChevroderma, Dondersia, Epimen
Kruppomenia, Neomenia, Proneomenia, Pruvotina, Rhopalom,
and Spengalomenia.

ClassCaudofoveata (¼ Chaetodermomorpha)
Chaetodermomorphaare wormlike mollusks that live in ventricle
burrows on the deep sea� oor. They have spicules on the body
wall. They lack the following molluscan traits: shell, crystalline
style, statocysts, foot, and nephridia.

Some of the organs in this class are degenerate, for examp
a very small head, no eyes, and nonfeeling tentacles. They ha
no excretory organs and no gonad ducts; instead, the gona
sinus system goes through heart. Some species are witho
ctenidia. There is the chitin disk at the end of the head, and
their function has not been identi� ed yet. There are about 120
species (Ruppert et al., 2004).

The main species includeChaetoderma, Falcidens, Limifos
Psilodens, and Scutopus.

Conchifera
Mantle tissue secretes one or more lime shell. They have n
distinct clades and have no scales. There are� ve classes (Aiken
et al., 2013).

ClassMonoplacophora
The main characteristics ofMonoplacophorainclude (1) small,
deep sea, almost bilaterally symmetrical; (2) have undivided
arch shell; (3) body with distinct head and radula, without eyes
or sensory tentacles (except around the mouth); (4) foot-
retractor muscle; (5) anus median, posterior; (6) mantle cavity
large, extending laterally and posteriorly around the foot with
three, � ve, or six pairs of ctenidia; (7) eight pairs of pedal-
retractor muscles for locomotion; (8) � ve to six kidney pairs;
(9) sexes separate; and (10) external fertilization (Brusca and
Brusca, 2003; Haszprunar, 2001; Ruppert et al., 2004). This one
family has more than 30 species (Ruppert et al., 2004).

The order Neopilinidae includes Laevipilina, Micropilina
Monoplacophorus, Neopilina, Rokopella, and Vema.

ClassGastropoda
Gastropodais the largest class ofMollusca. They are found in
marine, freshwater, and terrestrial habitats.

Most Gastropodahave torsion that is the 180-degree, coun
terclockwise twisting of the visceral mass, mantle, and mantle
cavity (Figure 1) ( Ruppert et al., 2004). This position twists the
gills, anus, and openings from the excretory and reproductive
systems just behind the head and nerve cord, and twists th
ia

,

digestive tract into a U shape. The torsion ofGastropodaallows
the head to retreat into the shell and protects them from
predators. It also allows clean water to enter the anterior of the
mantle cavity, which helps the snail’s sensory organs to direc
tionally orientate the snail when moving.

Not all Gastropodahave 180-degree torsion, however, some
others, like Opisthobranchiaand Pulmonata, have 90-degree or
120-degree torsion. Some will be detorsioned after a twis
(Ruppert et al., 2004).

The visceral mass ofGastropodaoften is protected by coiled
univalve shells, which have varied shapes. Depending on th
species, the sizes of shells are different. The early fossils
Gastropodahave a shell coiled in one plane creating a cumber
some shell. The modern species are asymmetrically coiled int
a more compact form from 1 mm to 60 cm. Most Gastropoda
have coiling shells. Some species have an underdeveloped sh
or no shell like Opisthobranchia. Less-evolvedGastropodahave
symmetrical coiling shells, whereas the higher evolutionary
species have asymmetric coiling shells (dextral coiling shell).

Gastropodamove by ciliated � attened feet, covered with
gland cells. The small species use cilia to propel over mucus
while the larger species use waves of muscular contractions. Th
aquatic Gastropodause modi� ed feet for clinging (Ponder and
Lindberg, 2008; Ruppert et al., 2004).

Most Gastropodafeed on algae and small organism from
substrate using their radula. Some others feed on plants, or ar
scavengers, parasites, or predators. Their digestive tract is c
ated. Food is suspended in a mucus mass, called a protostyl
which extends into the stomach and is rotated by the cilia.
Thus, enzymes are released from the digestive gland to tre
food. The undigested food materials are formed to fecal pellet
in the intestines and released out.

Gastropodahave open circulatory system with the muscular
heart, which is located in the anterior part of the visceral mass
Their blood leaves vessels and� ows directly through the cells
into the sinus spaces. Generally, most species have two cham
bers: an auricle, which receives blood from the gill and
a ventricle, which pumps it into the aorta. Some primitive
Gastropoda(order Archeogastropoda) have two gills, each
supplying its own auricle. Gastropodacontract muscles to push
blood into structures that help push the snail forward (Brusca
and Brusca, 2003; Ruppert et al., 2004).

The nervous system ofGastropodahas six ganglia in the head
and foot. The Osphradiahave chemoreceptors on the anterior
wall of mantle. Their eyes may be at the beginning or at the end
of the tentacles. They have simple photoreceptors and ma
consist of lens and cornea (Hayward, 1996; Haszprunar, 2001;
Ruppert et al., 2004).

The modern Gastropodahave nephridia, which consists of
a sac of highly folded walls where the waste is modi� ed and
certain ions and organic molecules are reabsorbed. Aquati
species excrete ammonia. Terrestrial snails can conve
ammonia to uric acid that is less toxic and can be excreted in
a semisolid form to conserve water (Pechenik, 2000).

The Gastropodaclassi� cation system is complex. Many
different characteristics differentiate against the native ance
tors, such as the following: their head usually is well developed;
they have eyes and tentacles or� at feet. On the basis of the
morphology, structure, and function of the respiratory organs,
Gastropodacan be divided into three structural groups: (1) the
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l Order Arcoida. The families includeArcidae, Curculladaeida
Glycymercididae, Limopsidae, Noetiidae, Parallellodontidae, and
Philobryidae.

l Order Limoida. The main family is Limidae.
l Order Mytiloida. The main family is Mytilidae.
l Order Ostreoida. The main families include Anomiidae,

Dimyidae, Entoliidae, Gryphaeidae, Ostreidae, Pectinidae
catulidae, Propeamussidae, Spondylidae, andSyncyclonemidae.

l Order Pterioida. The main families include Isognomonidae
Malleidae, Pinnidae, Pteriidae, and Pulvinitidae.

Subclass Paleoheterodonta. There are about 1200 specie
(Chapman, 2009; Ruppert et al., 2004).

l Order Trigonioida. The main family is Trigoniidae.
l Order Unionoida. The main families include Etheriidae,

Margaritiferidae, Mutelidae, andUnionidae.

Subclass Heterodonta. There are about 4000 specie
(Chapman, 2009; Ruppert et al., 2004).

l Order Veneroida. The main families include Arcticidae, Tra-
pezidae, Astartidae, Cardiniidae, Cardiidae, Carditid
Condylocardiidae, Chamidae, Corbiculidae, Pisidiidae, Cr
tellidae, Cyamiidae, Neoleptonidae, Sportellidae, Dreisse
Galeommatidae, Lasaeidae, Leptonidae, Glossidae, Kellie
Vesicomyidae, Cyrenoididae, Fimbriidae, Lucinidae,
tromyidae, Thyasiridae, Ungulinidae, Anatinellidae, Cardili
Mactridae, Mesodesmatidae, Pharidae, Solenidae, Dona
Psammobiidae, Scrobiculariidae, Semelidae, Solecurtidae
inidae, Tridacnidae, Glauconomidae, Petricolidae, Turtoni,
and Veneridae.

l Order Myoida. The main families include Gastrochaenidae
Hiatellidae, Corbulidae, Erodonidae, Myidae, Spheniops
Pholadidae, and Teredinidae.

Subclass Anomalodesmata. There are about 450 specie
(Chapman, 2009; Ruppert et al., 2004).

Modern phylogenetic studies now incorporateSeptibranchia
(Anomalodesmata) into subclass Heterodonta. Their septum,
however, is replaced by a� lamentous gill and other morpho-
logical specializations that relate to their carnivorous habits.
There are only a few hundred species.

l Order Pholadomyoida. The main families include Clav-
agellidae, Cuspidariidae, Laternulidae, Lyonsiidae, Pando
Pholadomyidae, Cleidothaeridae, Myochamidae, Periploma
Promyidae, Thraciidae, and Verticordiidae.

l Order Septibranchoida. The main families include Poromyi-
dae, Verticordiidae, and Cuspidariidae.

ClassScaphopoda
Their main characteristics ofScaphopodaare as follows: (1)
the shell looks tusk shaped; (2) bilaterally symmetry, with an
elongate body in tubular 1-piece shell that is tapered and
open at each end; (3) a large mantle cavity, extending along
whole ventral surface; (4) without gills, circulatory system
and heart; (5) head without eyes, with radula, and paired
clusters of clubbed contractile tentacles (captacula); (6
capture food with captacula (eachScaphopodahas 100–200
captaculas); (7) separate sexes; (8) external fertilization; an
(9) all burrowing marine animals ( Chapman, 2009; Ruppert
et al., 2004).
li-

There are about 400–500 species (Chapman, 2009; Ruppert
et al., 2004).

l Order Dentaliida. The main families include Anulidentalii-
dae, Calliodentaliidae, Dentaliidae, Fustiariidae, Gadilinid
Laevidentaliidae, Omniglyptidae, and Rhabdiae.

l Order Gadilida(suborder Entalimorpha). The main families
include Entalinidae(subfamiliy: Bathoxiphinae), Entalinidae
(subfamiliy: Entalininae), and Entalinidae (subfamiliy:
Heteroschismoidinae).

l Order Gadilida(suborder Gadilimorpha). The main families
include Gadilidae (subfamily: Gadilinae), Gadilidae
(subfamily: siphonodentaliinae), Pulsellidae, and
Wemersoniellidae.
,
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ClassCephalopoda
Their main characteristics of Cephalopodaare shown in
Figure 3. The most complex mollusks have (1) bilaterally
symmetry with linearly chambered shell with characteristic
sutures between the chambers, often the shells are reduced
lost; (2) when an external shell is present, the animal inhabits
the last chamber, a thin� lament of living tissue (the siphun-
cle) extending through older chambers; (3) close circulatory
system; (4) reduced foot forming a siphon through which
water forced by contraction of mantle, providing jet pro-
pulsion for locomotion; (5) head is in line with the visceral
mass; (6) mouth with a radula and a beak; (7) the mantle is
muscular and encloses all of the body except the head an
tentacles and acts as a pump to bring large quantities of wate
into the mantle cavity; (8) a vernus gland that becomes the
brain with cartilage surrounding to protect; (9) sexes are
separated, some tentacles of male are modi� ed for copulation;
juveniles are hatched directly from eggs– no free-swimming
larvae; and (10) benthic or pelagic marine (Chapman, 2009;
Ruppert et al., 2004).

This class contains about 900 species and 44 families
including octopuses, squids, cuttle� shes, and nautiluses
(Chapman, 2009; Ruppert et al., 2004).

SubclassTetrabranchia.

l Family Nautilidae

SubclassDibranchia.

l Order Decapoda. The main families include Spirulidae,
Sepiidae, Sepiadariidae, Sepiolidae, Loliginidae, Enoplot
dae, Onychoteuthidae, Gonatidae, Histioteuthidae, Om
trephidae, Architeuthidae, Chiroteuthidae, and Cranchiidae
(Ruppert et al., 2004; Groves, 2012).

l Order Octopoda. The main families include Opisthoteuthidi-
dae, Grimpoteuthididae, Luteuthididae, Cirroteuthididae, In
tae sedis, Vampyroteuthidae, Amphitretidae, Bolitaen
Ocythoidae, Argonautidae, Tremoctopodidae, Vitreledone,
and Octopodidae(Ruppert et al., 2004; Groves, 2012).
Crustacea

Kingdom: Animalia.
Phylum: Arthropoda.
Subphylum: Crustacea(Brünnich, 1772).
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Crustaceacurrently includes 68 171 described species and
another 150 000 estimated species (Chapman, 2009; Regier
et al., 2010).

Crustaceaincludes some familiar animals, such as crabs
lobsters, cray� sh, shrimp, krill, and barnacles. The fossilCrus-
tacea (Conchostraca, Ostracoda) are found from the Middle
Cambrian time period. Their fossils are valuable as stratigraphic
indicators and often are used in the search for crude oil. Becaus
of the wide distribution, Crustaceaplay an important role in the
ecosystem.Crustaceaare intermediate animals that are capable
of transforming organic materials, for example, eating organic
mulch, plants, microorganisms, and small animals to higher
quality organic compounds (Aiken et al., 2013; Joel, 2013).

Crustaceahave an exoskeleton that is molted as they can
grow. Most crustaceans are free-living aquatic animals, bu
some are terrestrial, parasitic, or sessile.

Many largeCrustaceaare exploited as high-value seafood by
industry. More than 10 million tons of Crustaceaare produced
by � shery for human consumption; the majority of which are
shrimp and prawns. In nature, Crustaceaare a very important
food source for many marine species. For example,Euphausia
superbais the main food of Antarctic whales. Some small
Crustacea, such asDaphnia moinaare used commercially as
arti� cial � sh food (Alan and James, 2001; Joel, 2013).

Some Crustaceaare quite harmful and damaging animals
(Joel, 2013; Hayward, 1996). Some like Limnoriaand Chelura
can damage boats. The species ofCopepoda, Isopoda, and Bran-
chiuraparasitize� sh. SomeCopepodaare the intermediate host
of the tapeworm. Eriocheir sinensisimmigrated to the Baltic Sea
and destroyed sea dikes.Alpheidaeoften give sounds that can
disturb underwater sound wave communications.
t
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Figure 5 Anatomy ofFenneropenaeus indicus(Crustacea, Malacostraca).
Characteristics

Main anatomical characteristics are shown inFigures 5 and 6.

Body Segmentation and Appendages
There is a heteromorphic segmentation onCrustaceaand the
segmented type is different each class (Aiken et al., 2013; Joel,
2013; Hayward, 1996). Segments are arranged into distinc
tagmata, such as the following: cephalon or head, thorax, and
abdomen or pleon. Some Crustaceahave cephalothoraxes
composed of a cephalon and thorax that are covered by a singl
large carapace. Originally, allCrustaceahave one part of pro-
cephalon, including acron with � rst antennae and� rst body
somite with second antennae. SomeCrustaceahave complex
procephalon with � ve pairs of antennae: two pairs like
common Crustacea, the third pair at the upper mandible, and
two pairs at the lower mandibles. The body part (thorax and
abdomen) of Crustaceado not have the same number of body
segments, for example, shrimp and crabs have eight somites o
thorax and seven somites of abdomen.

Exoskeleton
The body of Crustaceais protected by the hard exoskeleton,
which must be molted for the animal to grow ( Aiken et al.,
2013; Joel, 2013). The shell surrounding each somite can be
divided into a dorsal tergum, ventral sternum, and a lateral
pleuron. Various parts of the exoskeleton may be joined
together by � exible cuticle.
The exoskeleton ofCrustaceacontains high chitin content.
The amount of nonsoluble protein is higher than soluble
protein (actropodin) ( Aiken et al., 2013; Joel, 2013). Their
epicuticun layer has no wax, permitting water and calcium,
phosphate, and carbonate absorption. Consequently, the
exoskeleton is biomineralized with calcium salt and becomes
harder. There are many cilia and glades on the exoskeleton. Th
color of Crustaceais derived from pigments that are under the
cuticun or in the chromatophore tissue (Urich, 1994).
The main pigment is a carotene, called zooerythrin. Some
Crustaceahave guanin (monoamino – monoxypurin) as white
pigment. When Crustaceais alive, their pigment is cyanocris-
talin (light blue). When Crustaceais heated, cyanocristalin
changes to zooerythrin (red color).

Respiration
All Crustaceahave gills (Aiken et al., 2013; Joel, 2013). Their
respiration may be within thoracic cavity or on appendages.
Respiratory activity is due to continuous� ow of water through
their gills. Some underdevelopedCrustacea(Copepoda, Ostra-
coda) have no separated respiration organs, and thus the g
exchange is through the cuticun layer.

Digestion
Crustaceadigestive tube is divided into three main parts: fore-,
mid-, and hindgut ( Aiken et al., 2013; Alan and James, 2001).
A thick cuticun layer on the front of the intestinal tubule
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Figure 6 Anatomy ofScylla paramamosain(Crustacea, Malacostraca).
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(fore-gut) grinds food, which functions like a stomach. The
midgut is simple and consists of a liver–pancreas gland. The
shape of the liver differs. It is tubular in the Copepodaand
Amphipodaand block shaped for other species. The hindgut is
a straight tubule, with no appendicle glands. In some species
like Amphipoda, a malpighian tubule between the midgut and
hindgut functions as an excretion organ. In some parasites, like
Sacculina, the gut is reduced.

Excretion
The excretion organs are formed from antennae (antenna
gland) or maxillae (maxillary gland) ( Aiken et al., 2013; Alan
and James, 2001; Zrzavý and�Stys, 1997). When Crustaceaare in
the larva stage, the excretion is performed by two glands, but a
Crustacea mature, it can be diversi� ed in different ways. For
example, the excretion organs of adultNebaliaand Cypridina
are from both glands, but the excretion organs ofAnotracais
from antennal gland, and the excretion organs of developed
Crustaceaare from maxillary gland. In general, the basic
excretion organ consists of one bag sinus and one duct, but i
can be complicated inDecapoda(scrolled gut, urinary bladder,
kidney). The excreta are ammonia or uric acid.

Endocrine Glands
Crustaceahave many endocrine glands involved in the molting
process, such as color changing, reproduction, and gender contr
(Aiken et al., 2013;Alan and James, 2001; Joel, 2013; Zrzavý and
�Stys, 1997). The endocrine glands include the Y-organ and th
androgenic glands. The Y-organ gland controls the molting
process, regeneration, and growth, as well as effecting spawnin
and color change. The spermatogenesis gland is attached to th
vas deferens and controls all the sexual differentiation in males; in
females, the ovaries keep this function. The neuroendocrine
system is composed of the X-organ-sinus gland complex locate
in the eyestalks (lateral protocerebrum).

Circulatory System
Crustaceahave open circulatory with no veins. MostCrustacea
have a few, short, and open-ended arteries. The heart pulsat
and pushes the blood through the dorsal vessel to the organ
sinuses. From there, blood continues to the gills and then goes
to pericardial sinus and back to the ostia in the heart (Aiken
et al., 2013; Urich, 1994).

Specialized blood pigments carry oxygen. Blood ofCrus-
taceacan coagulate in response to wounds. There are thre
components that can be present in crustacean blood, including
(1) hemolymph – ‘colorless’ blood that is nutrient carrier
component of blood; it also may carry some oxygen, and is
involved in clotting; (2) hemocyanin – a true copper-based
pigment that carries oxygen found in developedCrustacea;
(3) and hemoglobin – a true iron-based pigment found in
underdeveloped Crustacea. Most species have hemocyanin
their blood ( Joel, 2013; Urich, 1994).

The circulatory system of some smallCrustaceais underde-
veloped, such asDaphnia, which have no gills, and Copepoda,
which have no circulatory system. The most developed
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Crustaceaare theDecapoda, which have heart, heart sinus, and
complex arteries system (Aiken et al., 2013; Joel, 2013).

Nervous System and Sense Organs
A nervous system is typical for arthropods with dorsal brain,
paired ventral nerve cord, and ganglia (Aiken et al., 2013; Joel,
2013; Zrzavý and�Stys, 1997). The brain of Crustaceaconsists of
fore-, mid-, and hindbrain. The forebrain consists of brain and
vision ganglia and control their eyes. The midbrain consists of
inside antennae ganglia which control the pair of inside
antennae. The hindbrain consists of outside antennae gangli
that control the pair of outside antennae.

The sympathetic nerve develops well. The abdomen gangli
form two types: (1) horizontal (two nerves move closer
together, the two ganglia of each somite join to one, forming
the nervous system chain); and (2) vertical (forming ganglia
under maxilliped with three pairs of maxillary ganglia).

The sensory organs are well developed (Aiken et al., 2013;
Joel, 2013; Zrzavý and�Stys, 1997). Most have both compound
and simple eyes. Depending on the species there are differen
eye types, such as median simple eye (naupliar– from nauplius
larvae) or compound eyes– ommatidia (25 –14 000). There are
mechano and chemoreceptors (taste) on mouthparts. The
tactile hairs and spines spread over body. There are priocepto
and statocysts (single pair at base of the� rst antennae) for
orientation in soft tissues between segments. ManyCrustacea
make underwater noise to communicate. Some of them have
light-emitting organs and communicate by light.

CrustaceaReproduction
Most Crustaceaare separate sex (dioecious) animals, but a few
of them are hermaphrodites (e.g., barnacles) (Aiken et al.,
2013; Joel, 2013; Zrzavý and�Stys, 1997). Female can mate only
after � nal molt and develop large ‘aprons’ for carrying eggs.
Males deliver a sperm packet to the receptacle using modi� ed
swimmerets. A few groups reproduce parthenogenetically (e.g
brachiopods, ostracods, isopods, and a few cray� sh); males are
rare or unknown. Eggs generally are released into the wate
Most crabs and shrimp retain their eggs until they are hatched
in brood pouches. In some Crustaceasuch as cray� sh, devel-
opment is direct with no larval stage. But most Crustacea
produce a variety of distinctive larval forms as the animal
develops. Many marine Crustaeabegin with a characteristic
larval form (nauplius larva) and then become some other larva
distinctive for the speci� c group, such as zoea larva (o
Decapoda), or copepodit (for Copepoda), or mysis (for shrimp),
or megalopa (for crabs) (Aiken et al., 2013; Alan and James,
2001; Joel, 2013; Zrzavý and�Stys, 1997).
-
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Classi�cation

Formerly, the classi� cation of Crustaceawas based mainly on
the size and the number of somites of their body and not on
evolutionary relationships (Aiken et al., 2013; Joel, 2013). For
example, two subclasses were divided, such as (1) underde
veloped Crustacea(Entomotraca), which are small size, have
un� xed segments number, unidenti� ed boundary between
body parts, without abdomen, and (2) higher Crustacea(Mal-
acostraca), which have � xed number of somites, have abdomen,
compound eyes, and complicated reproduction. At present
there are many opinions about the classi� cation system of
Crustacea. In this article, Crustaceaare divided into six
subclasses with more than 20 000 species (Figure 4) ( Aiken
et al., 2013; Regier et al, 2010; Zrzavý and�Stys, 1997).

ClassRemipedia
Remipediais an archaicClustaceaclass. There are now about 10
known living species. They have not been well studied and al
known species are from underwater caves. They live in th
burrows of the volcanic islands, such as those of the Hawaiian
archipelago. Their body is elongated, with more than 30
segments, and each has biramous legs (Aiken et al., 2013;
Regier et al, 2010).

Order Nectipoda.

ClassCephalocarida
Cephalocaridawere found identi� ed in 1957, along the coasts of
the United States, the West Indies, and Japan. Their size is sma
of about 2–3 mm long. They live in bottom sediment from
intertidal zone to 300 m. There are about nine species. Thes
primitive and blind animals commonly are called horseshoe
shrimp and date to the Holocene period (Aiken et al., 2013;
Regier et al, 2010).

Order Brachypoda.

ClassBranchiopoda
Branchiopodaare archaicCrustaceathat breathe through feathery
gills at the base of walking legs (Aiken et al., 2013; Regier et al.
2010). Most are exclusively freshwater organisms, or survive in
brine pools, but only a few are truly marine species.Branchio-
podafeed mainly on algae, bacteria, protists, and microscopic
animals.

Except for the water � eas (order Cladocera), Branchipoda
generally inhabit temporary pools, ponds, and beaches (Aiken
et al., 2013). They typically appear in the spring and disappear
in late summer or autumn as habitat dries. MostBranchipoda
have drought-resistant eggs, which can survive in dried o
frozen conditions for years. Their eggs usually are hatched into
nauplius larvae. There are about 10 000 species, such as wat
� eas, fairy shrimp, and brine shrimp (Aiken et al., 2013; Regier
et al, 2010).

l Order Anostraca. These still retain the original head; they
have free maxillary somites, segmented body, stalke
compound eyes, no carapace; graceful movements, an
often are transparent. They use legs to swim upside-down
usually in unisexual reproduction; their eggs have strong
shells that preserve egg viability for a few years unti
favorable hatching conditions arise. There are about 180
species, mostly live in swamps, ponds, or temperate fresh
water. They are common but seldom seen without close
observation. Representative species areBranchiopus, Chiro
cephalus, and Artemia.

l Order Notostraca. These have a carapace covering the thora
and many somites (up to 40) and live in freshwater within
temperate regions. The representative species isTriops can-
crformis. They are existing commonly in temperate seawater
but their fossils date from the Triassic period (200 Ma).

l Order Cladocera. Most are abundant in permanent fresh-
waters and seawater. They do not have an obviousl
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segmented body; enclosed within a bivalve shell called
a carapace that covers the thorax and the abdomen but no
the head;� ve or six pairs of feet that� lter the water for food
inside the carapace; a large eye that looks like a single e
but is actually two compound eyes that are fused together
very large antennae that are used for locomotion; cyclo
morphose (change in season); and alternating phenom-
enon of unisexual and sexual reproduction. The female
carries eggs around in a brood pouch enclosed in carapac
The order has about 400 species (e.g.,Daphnia carinata,
Simocephalus elizabethae, Moina dubia, and Diaphanosoma
sarsi in the small ponds; Daphnia lumholtziand Bosmina
longirostrisin the lake; Penillia avirostrisin the brine and
brackish water).

l Order Conchostraca. Two carapaces covers the whole body
Their eggs can withstand the unfavorable environmenta
conditions.

l Other orders include Lipostraca, Laevicaudata, Spinicaud,
and Cyclestherida.
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ClassMaxillopoda
Maxillopodacan live as free-swimming, settled, or parasitic
organisms. The mouth appendage transform into the� lter-
feeding organ, the thorax appendage moves water to brin
the food to mouth. There is no abdominal appendage.

There are about 10 000 species, such as copepods, barn
cles,� sh lice, and tongue worms (Aiken et al., 2013; Regier et al,
2010).

l Order Mystacocarida. There are only nine known marine
species. They are tubular elongated blind forms with smal
size (<0.5 mm), living in the spaces between sand grains.
Their larvae are nauplius.

l Order Copepoda. These are small, lack carapace, and ha
slender, clearly segmented body, without compound eyes
Their large pair of antennae is used for movement and
feathery legs to� lter food. One or more trunk segments fuse
to form a head. Copepodaare free-living and parasitic,
worldwide, marine and freshwater, and some terrestria
Crustacea. Their larvae are nauplius, metanauplilus, and
copepodit.

l Order Branchiurra. They are small and parasitic on skin of
marine and freshwater � sh. The body is simple and� at,
divided into two parts including thorax with appendages
and abdomen without appendages. Larvae develop from
eggs, and when hatched, release larva with adu
morphology adults.

l Order Cirripedia. There are two main kinds of marine
barnacles: goose barnacles (with stalk) and acorn barnacle
(without stalk). Their legs develop into feathery cirri for
� ltering water. Their larvae (nauplius, cipris) can swim freely
in water. The carapace ofCirripediaprojects backward from
the head, consisting of several calcareous plates enclosing t
body. They have six pairs of legs and reduced abdomen.
d

;
in
ClassOstracoda
Ostracodabodies are short and enclosed in a calci� ed bivalve
shell that completely covers the entire animal (Aiken et al., 2013;
Regier et al, 2010). The bivalved carapace encloses trunk an
limbs. Their body is not clearly divided into segments, which
makesOstracodadifferent from many other crustaceans. They are
common in freshwater and marine habitats.Ostracodagenerally
feed on bacteria, fungi, algae, and detritus. Most species a
parthenogenetic with larva as nauplius. Their viable eggs hav
been collected from dried ponds and revived after 20 years.

There are about known live 13 000 species and 65 000 foss
species.
ClassMalacostraca
Malacostracais the largest class ofCrustaceaand is extremely
diverse. These date to the Cambrian period. They are large an
have soft shells (Figures 5and 6). They have compound stalked
or sessile eyes; have eight thoracic and six abdominal segmen
the carapace is fused with the� rst three thoracic segments, bu
the fourth thoracic segments is uncovered. They have abdom
inal appendages called pleopods. The� rst pair often is used in
mating, and the sixth pair is turned backward for swimming,
termed uropods (Aiken et al., 2013; Regier et al, 2010). Larvae
are nautilus, zoea, mysis, and megalopa (Aiken et al., 2013;
Joel, 2013).

This is a very large class composed of about 22 000 speci
with many orders (Aiken et al., 2013; Regier et al, 2010).

l Order Leptostraca. Bivalved carapace encloses eight pairs o
lea� ike limbs; 10 marine species; seven abdomina
segments; small size (6–8 mm). Representative species ar
Nebaliaand Paranebalia.

l Order Isopoda. Worldwide, about 4500 species.Isopodais the
only group of Crustaceawith truly terrestrial representatives:
sow bugs and pill bugs; most species are either marine o
terrestrial, a few (about 5%) are freshwater species. They a
found mainly crawling on the substrate or under rocks and
submerged plants in small lakes and streams, and there ar
a few cave-adapted forms that occur in subterranean water
They have eyes without stalks; no carapace; abdomina
appendages � attened; and respiratory thoracic limbs
without exopods. They seldom are found in open water, are
mainly scavengers, and are dioecious with no larval stage

l Order Stomatpoda. There are about 350 marine species. The
are found hiding in the sand; eyes are stalked; two movable
segments in head with two pairs of antenna; second thoracic
limbs massive; abdomen has six segments;� rst � ve limbs
have a partial nipper.

l Order Mysidacea. There are about 500 marine species. Thes
have a� attened body side to side; thorax with one to three
somites; abdominal swimming foot; compound eyes
without stalked; gills on the thorax appendage. Females
keep their eggs until youngMysidaceahatched. They feed on
algae, microbes, and smallClustacea.

l Order Amphipoda. There are about 6000 species. These a
mainly marine, with some freshwater species. They hav
� attened body side to side; head with one to two thoracic
somites; compound eyes without stalked; without carapace
abdomen is not separated sharply from cephalothorax.
Generally, they are much more active at night than during
daytime. Amphipodaare voracious feeders: omnivorous
scavengers; feed on all kinds of plant and animal matter
a few are parasites. The female brood eggs and young
a ventral brood chamber.
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388 SHELLFISH (MOLLUSCS AND CRUSTACEA)j Characteristics of the Groups
l Order Euphausiacea. Small shrimplike animals; carapace
does not cover gills; thoracic limbs with two developed
branches; have no maxillary climbs; eggs usually shed free
(not carried); worldwide. There are 85 marine species.

l Order Decapoda. There are about 10 000 mostly marine
species that are found worldwide, but some are freshwate
or terrestrial. These 10-leggedCrustaceahave a large cara
pace and enclosed gills. The� rst three pairs of thoracic
appendages are modi� ed for feeding (maxillipeds). Usually
they have more than one set of gills, stalked compound
eyes, and� ve pairs of walking legs. Eggs often are attache
to abdominal appendages. Most crabs and shrimp carry
their eggs or brood their young. They can be� lter feeders,
herbivores, or scavengers.
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Molluscan shell� sh are prized as a high-value food with
excellent nutritional and health bene� ts. Worldwide, bivalve
shell� sh consumption is on the order of 18 million tons
per year (Anonymous, 2012). Commercially important oysters,
mussels, and clams include the Paci� c oyster (Crassostrea gigas),
the Chesapeake oyster (Crassostrea virginica), the Sydney Rock
oyster (Saccostrea glomerata), European � at oyster (Ostrea
edulis), Mediterranean mussels (Mytilus galloprovincialis), blue
mussels (Mytilus edulis), New Zealand green-lipped mussels
(Perna canaliculus), Japanese carpet shell clams (Ruditapes phil
ippinarum), grooved carpet shell clams (Ruditapes decussatu),
and northern quahog or hard clams (Mercenaria mercenaria)
(Anonymous, 2012). Molluscan shell� sh are ef�cient � lter
feeders, bioconcentrating microbes, biotoxins, and chemica
pollutants present in shell� sh growing waters. This fact
makes raw shell� sh consumption by far the most risky food
from a food safety standpoint (Olivera et al., 2011). Oysters are
most often consumed raw while clams also are popular raw.
Mussels are less often consumed raw but occasionally a
eaten raw in some regions. In the United States, many stat
regulatory agencies require that consumer health risk notices b
present on restaurant menus and consumption risk warning
signs be prominently displayed at retail outlets.

Raw shell�sh consumption was � rst recognized as a food
safety issue in the late 1800s, when they were implicated as th
source of typhoid fever outbreaks in New York City. Oysters
had become exposed to raw sewage that was contaminate
with Salmonella typhi(Potasman et al., 2002; Rippey, 1994).
Today, typhoid fever associated with shell� sh is virtually
unheard of due to sewage treatment and shell� sh-growing
water-classi� cation systems that monitor the presence o
fecal coliform bacteria in growing waters or in shell� sh meat.
Essentially, this monitoring system uses fecal bacteria to asse
the degree to which shell� sh growing areas and shell� sh
themselves are affected by fecal pollution. Although this clas
si� cation system doubtlessly prevents many nonhygienic
shell� sh from ending up on a dinner plate, oysters – and
shell� sh in general– still are prone to microbial contamination
by fecal viruses,Vibrio bacteria, and occasionally nontyphoid
Salmonella.
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Microbial and Chemical Contaminations

Viruses

Fecalborne viruses can pose a substantial risk to the shell� sh
consumer. There are hundreds of different virus types an
strains that have been identi� ed in fecal waste with novel
bioinformatic techniques revealing a plethora of new previ-
ously unknown strains (Ng et al., 2012). Typically, these
viruses are small and lack a lipid envelope around their capsids
Being nonenveloped makes fecal viruses stable in the env
ronment, resistant to organic solvents, and relatively thermo-
stable. Unlike enteric bacterial pathogens in foods, foodborne
viruses do not replicate within foods or shell� sh, rather they
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
contaminate foods. Therefore, viral illness from shell� sh
consumption is not a result of temperature abuse. Consump-
tion of small numbers of infectious virions, probably less
than 100 particles, may be suf� cient to initiate an infection
(Cliver, 1997; Teunis et al., 2008). The degree to which many of
the numerous different viruses that have been identi� ed in
shell� sh are transmitted by shell� sh to consumers is relatively
unde� ned. Two virus types, however, norovirus (NoV) and
hepatitis A virus (HAV), are clear and present threats to the
shell� sh industry and consumer alike.

NoV is now estimated to be the number one cause of
foodborne illness in the United States with one person in six
contracting this virus every year (Scallan et al., 2011). Due to its
high infection rate, NoV is routinely found in sewage. This virus
causes vomiting and gastroenteritis, which can last for 24–48 h.
The reported prevalence of NoV RNA sequences in mark
oysters in the United Kingdom and United States recently were
reported as 76.2 and 4.4%, respectively (DePaola et al., 2010;
Lowther et al., 2012). The high frequency of NoV RNA detec-
tion clearly demonstrates that virus contamination of oysters is
currently common, representing a substantial problem. The
degree to which detected NoV sequences represent actu
infectious virus currently is unknown because inactivated virus
particles can test positive using molecular methods.

Owing to an ongoing vaccine campaign, HAV is becoming
increasingly rare in the industrial world (Jacobsen and Koop-
man, 2004). This virus, however, is exceptionally persistent in
the environment and within oysters (Kingsley and Richards,
2003; Provost et al., 2011). Contracting HAV can be medically
serious with a 1% mortality occurring in people over the age of
50 years (FitzSimons et al., 2010). Because HAV is endemic
within the developing world and other regions, such as the
Mediterranean, global trade involving shell� sh has been
a source of outbreaks (Furata et al., 2003; Kingsley et al., 2002;
Sánchez et al., 2002).

Other fecal viruses that are transmitted less commonly by
shell� sh but nonetheless have been documented as bein
associated with bivalve shell� sh consumption include Aichi
virus (AiV), hepatitis E virus (HEV), Sapovirus, and Astrovirus
(Crossan et al., 2012; Nakagawa et al., 2009; Namsai et al.,
2011; Ueki et al., 2010). AiV has been implicated in oyster-
borne outbreaks in France and Japan, suggesting that this viru
probably has a worldwide distribution but to date has not been
commonly associated with shell� sh (LeGuyader et al., 2008;
Yamashita et al., 1995). AiV does cause gastroenteritis, but an
association with more serious illness has not been identi� ed.
Virulent HEV, which often is transmitted person to person, is
endemic in Asia, the Middle East, and Africa and can be ver
serious medically with especially high mortality reported for
pregnant women in the third trimester (Purcell and Emerson,
2001). Sapovirus, a calicivirus that is distinctly different, but
phylogenetically related to Norovirus, and Astrovirusalso have
been identi� ed in gastroenteritis outbreaks in which oysters
were implicated (Chiba et al., 2000; Nakagawa et al., 2009;
Ueki et al., 2010).
78-0-12-384730-0.00306-2 389
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VibrioBacteria

Vibrionaceae are a family of aquatic bacteria that often are
naturally endemic to warm marine and estuarine waters. The
presence ofVibrio bacteria in shell� sh growing waters is not
a direct result of anthropogenic pollutants (Cook and Ruple,
1989). Their presence and potential levels in oysters, howeve
can be postulated based on temperature and salinity of growing
waters (Fujikawa et al., 2009). Although a number of different
Vibriosp. and other closely related bacteria have been identi� ed
or implicated as shell� sh-borne (Altekruse et al., 2000; Calci
et al., in press; DePaola, 1981), two vibrios are substantial
challenges for the seafood industry.

The � rst, Vibrio vulni� cus(Vv), is endemic year round in
tropical regions and during the warmer months in temperate
climates. It grows in warm brackish water at temperatures
primarily between 18 and 26 � C in waters with up to 2.5%
salinity (Burkhardt et al., 1992; Garthright et al., 1998; Motes
et al., 1998). Although contracting Vv illness is rare, when
contracted by humans via shell� sh consumption or environ-
mental exposure,Vv illness can have a high mortality rate due
to septicemia (Desenclos et al., 1991; Drake et al., 2007).
Generally speaking, healthy persons are not prone to infection
by this bacterium, but about 7% of the US population is
probably susceptible due to underlying health conditions
(Drake et al., 2007; Thacket et al., 1984). Susceptible persons
may have a liver disease (i.e., hepatitis, cirrhosis, and alco
holism), diabetes, certain cancers (such as lymphoma and
leukemia), or HIV or simply be taking immunosuppressive
medication (Scallan et al., 2011).

The second Vibrio presenting dif� culty for the oyster
industry is Vibrio parahaemolyticus(Vp). This bacterium is
naturally endemic to warmer waters but can be found in waters
as cool as 13� C (Fujikawa et al., 2009). Vp typically causes
gastroenteritis of about 2 weeks’ duration and although quite
unpleasant,Vpis ordinarily not associated with septicemia and
mortality.

Vibrio cholerae(Vc) infection is uncommon but can be
acquired by raw shell� sh consumption (Morris, 2003). Vccan
be associated with major pandemics after which low levels of
pathogenic Vc strains may persist within the environment for
decades (Morris, 2003).

Identi � cation of Vp, Vv, and Vc is primarily by laboratory
culture but quantitative DNA-based polymerase chain reaction
(PCR) increasingly is now being used (Hossain et al., 2013;
Jones et al., 2009). Molecular characterization of clinical and
environmental Vibriostrains has shown that pathogenic clinical
strains often encode sequences termed virulence markers
‘pathogenicity islands’(Cohen et al., 2007; Hurley et al., 2006;
Vongxay et al., 2008). These pernicious DNA sequences appea
to enhance the ability of Vibrioto induce illness and commonly
are found in clinical strains isolated from ill patients but not
commonly found in strains isolated from the environment.

Other Pathogens

Microorganisms such asCryptosporidium, Giardia, and Toxo-
plasmahave been shown to be readily bioconcentrated in
shell� sh, and evidence indicates that they can remain viable
within shell� sh species, suggesting that shell� sh may have
some potential to transmit these parasites when consumed
(Graczyk et al., 2007; Robertson et al., 2007). Cryptosporidium
and Giardiaare associated with human sewage, whereasToxo-
plasma predominately are associated with feline species
Evidence of transmission to humans is not well documented.
Presumably, control measures preventing fecal exposure o
shell� sh beds effectively would limit this potential route
of transmission.

Salmonellawas identi� ed in 7.4% of US market oysters
(Brands et al., 2005), although a subsequent survey found only
1.5% of US market shell� sh to be contaminated with Salmonella
(DePaola et al., 2010). Other bacteria that have been associate
with shell � sh-borne outbreaks include enterotoxigenicEscher-
ichia coli, Campylobacter jejuni, Staphylococcus aureus, and Shigella
spp. (Brands et al., 2005; Butt et al., 2004; Grif� n et al., 1983;
Reeve et al., 1989) Viable Shewanellaand Photobacteriumbacteria
also have been isolated from shell� sh, although not directly
implicated in an outbreak (Richards et al., 2008).

Chemical Contamination

Shell� sh are subject to anthropogenic chemical contamination
(i.e., oil spills, heavy metals, industrial organic compounds).
Industrial chemicals that potentially threaten shell� sh include
DDT, chlordane, polychlorobenzenes, polyaromatic hydrocar-
bons, and butylin ( Dodoo et al., 2013; Takabe et al., 2012; Xia
et al., 2012). Heavy metals include lead, mercury, selenium,
and cadmium (Apeti et al., 2012; Chararlang et al., 2012; Ju
et al., 2012; Mai et al., 2012; Najiah et al., 2008). Harvest sites
and shell� sh harvested from these areas must be monitored fo
the presence of these chemicals.

Biotoxins accumulate in shell� sh as a result of digestion of
phytoplankton, dino � agellates, and algae on which the
bivalves feed (Andejelkovic et al., 2012; Ciminello and Fat-
torusso, 2006). Mussels and scallops are particularly prone to
accumulate biotoxins. During blooms (i.e., red tide) or at
different life-cycle stages, these microorganisms produc
chemical toxins that in suf� cient concentration can have rather
nasty biological effects on shell� sh consumers (Lee et al., 2011;
Hinder et al., 2011; Kalaitzis et al., 2010). Among these toxins
are paralytic shell� sh poison, amnesiatic shell� sh poison, and
diarrheic shell� sh poison. These toxins can be lethal or caus
permanent neurological damage, including permanent loss of
short-term memory (Jeffery et al., 2004; Lefebvre and Rober-
ston, 2010; Watkins et al., 2008). There are no suitable post-
harvest mitigation strategies against these toxins. Even cookin
will not neutralize their effects. Therefore, shell� sh and shell-
� sh harvest areas are closely monitored for biotoxins
by analytical chemical techniques, such as gas chromatog
raphy–mass spectroscopy (McNabb et al., 2012) or by mouse
bioassay (Gerssen et al., 2010; Suzuki et al., 2012). Because it
can be dif� cult to identify the natural sources of biotoxins,
shell� sh management protocols usually involve closure of
shell� sh beds when biotoxin levels are high and reopening
after multiple successive tests, indicating that biotoxin levels
have returned to safe levels in shell� sh.
Management and Mitigation

A key management technique for shell� sh is product tracking
and trace back. In most jurisdictions, such as under the US
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National Shell� sh Sanitation Program Model Ordinance,
shell� sh harvesters are licensed and all shell� sh harvested
must be tagged with the name, address, and license number a
well as the harvest location and the harvest date, to provide
trace-back information should a problem arise. If shell� sh are
harvested from multiple locations, these different shell� sh
must be kept separated. This information is retained by dealer
and retailers well beyond the date of sale to facilitate source
tracking should shell� sh become implicated in an outbreak.
All shell� sh must be harvested from‘approved’ areas in open
status to minimize illness risk. Illegal harvesting of shell� sh
from nonapproved waters, a practice commonly termed
‘bootlegging,’ is a serious threat to the shell� sh consumer and
industry alike. The continental United States has had only two
outbreaks of HAV associated with oysters since 1986. In both
cases, these outbreaks were associated with illegal harve
and sale of bootleg oysters (Lowry et al., 1989; Sheih et al.,
2007). One drawback of the product trace-back system is tha
it is reactive and relatively slow. Although the harvest and sale
of shell� sh from an area implicated in an outbreak can be
blocked, often much of the previously harvested raw product
already has been consumed. Furthermore, once a recall ha
been issued, all shell� sh and products must be destroyed. This
can have devastating� nancial consequences for shell� sh
processors who may have stored large quantities of shucke
breaded, and frozen shell� sh which once recalled have
suddenly become worthless.
y

as

s,

of

-
t

e
n

,

i-
e

or
t

g

d

re

-

Fecal Bacteria and Viruses

Shell� sh growing areas typically are classi� ed in several
different categories that include approved, conditionally
approved, restricted, conditionally restricted, and prohibited.
A number of factors are taken into consideration to determine
these classi� cations. Factors considered include levels of heav
metal and chemical contamination, potential impacts and
proximity to industrial sites, locations of sewage outfalls, and
proximity to bathing beaches and recreational areas. One of the
primary classi� cation criteria is regular monitoring of fecal
coliform or other fecal indicator bacteria, such asE. coli. These
bacteria are monitored year round by regulatory authorities
either directly within shell � sh meat, as typically is done in the
European Union, or by monitoring shell � sh-growing waters,
as is done in the United States. Essentially, this system is used
a proxy measurement for the degree to which a given shell� sh
area is affected by fecal wastes. Typically, shell� sh harvested
from restricted areas are depurated before sale. In this proces
live shell� sh are placed in tanks containing sanitary water to
pump for 2 days; principally to purge any fecal bacteria from
shell� sh meats and to permit release of grit and sand.

As described in the introduction, this classi� cation and
monitoring system’s utility is well established after almost
a century of use. This system, however, also has a number
limitations and drawbacks. First, the presence of fecal coliforms
does not necessarily indicate human contamination. For
example, natural contamination from waterfowl or other
wildlife could cause high bacteria counts. Also, in warm
nutrient-rich waters, these bacteria may replicate in the shell
� sh-growing waters, resulting in elevated bacterial counts tha
do not accurately re� ect the impact of human waste. Perhaps
more signi� cantly for coastal areas, the presence of high fec
bacteria levels do not predict the levels of Vibrio since
fecal bacteria are principally anthropogenic and vibrios are
natural bacteria with levels that are determined principally by
environmental conditions ( Motes et al., 1998). Furthermore,
fecal bacterial standards are less than ideal at predicting th
potential presence of fecal viruses. By their nature, fecal viruse
such as hepatitis A virus andNorovirus, are hardy, remaining
viable in the aquatic environment, and even within shell� sh,
much longer than fecal bacteria. For this reason, depuration is
considered to be of dubious value as a virus intervention for
oysters because viruses do not purge ef� ciently from live
shell� sh (Croci et al., 2002; Grohmann et al., 1981; Kingsley
and Richards, 2003; Provost et al., 2011).

Simple expedient methods for direct detection of viruses
within shell � sh meats are highly desirable, but current
methods generally are limited to outbreak tracking and use in
laboratory studies (Kingsley et al., 2002; Kingsley and Richards,
2001). Challenges for direct routine virus testing of oysters are
that present methods are not sensitive enough to detect the
minimal infectious dose in shell � sh meat and are considered
too cumbersome to test more than a handful of samples at
a time. As an alternative to direct testing of shell� sh for viruses,
there has been interest in developing and using alternative
indicators as surrogates of fecal virus pollution. One increas
ingly popular idea is to use male-speci� c coliphage, essentially
a virus that infects E. coli, that commonly is found in the
human intestinal tract (Burkhardt et al., 1992; Calci et al.,
1998; Doré et al., 2000). This idea has some appeal becaus
these phage particles also are hardy in the environment and ca
infect only E. colithat is growing at 35 � C (approximately 95 � F)
or higher, meaning that detected phage most probably are
derived from a human, or at least an animal gut, as opposed to
possibly autonomous propagation within the environment in
nutrient-rich waters. In some jurisdictions, coliphage now is
being used to assess the safety of shell� sh after adverse events
such as accidental sewage release and mandatory shell� sh bed
closings due to � ood events. The potential drawbacks assoc
ated with the use of MS-2 bacteriophage as an indicator ar
that, ultimately, it is only a surrogate for human viruses and
MS-2 measurement does not measure the actual presence
absence of human viruses. Furthermore, studies have no
always found a clear relationship between detection of high
levels of MS-2 and the presence of human viruses (Lodder-
Verschoor et al., 2005; Umesha et al., 2008).

After shell� sh harvest, food-handling precautions should be
followed to avoid the introduction of foodborne pathogens as
would be appropriate for any raw or processed food. Proper
hygiene of workers, wearing gloves, and regular hand washin
must be practiced. Ill workers should be sent home. Aero-
solized vomit can carry infectious NoV and has been associate
with outbreaks originating in kitchens (Patterson et al., 1997)
as well as outbreaks associated with oysters from waters whe
� sherman and aquaculture workers have become ill (Berg et al.,
2000; McIntyre et al., 2012).
VibrioManagement

Given its potential to cause serious life-threatening septi
cemia, control strategies forVv are of paramount importance.
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Although a few virus particles often are suf� cient to initiate
a NoV or HAV infection, lower numbers of Vv are considered
to be a less signi� cant risk in oysters (Anonymous, 2005).
Although Vv and Vpare endemic to warm waters, live actively
pumping shell � sh normally do not contain excessively high
levels of Vv and Vp. Unlike viruses, however, Vibriocan grow
exponentially within shell � sh in a matter of hours after
harvest, especially when exposed to prolonged warme
temperatures; growing to levels in excess of 105 g� 1 oyster
tissue (DePaola et al., 2010; Gooch et al., 2002; Johnson et al.,
1973; Kaysner et al., 1989). This outgrowth of vibrios in
harvested oysters does not abate until the oyster has bee
suf� ciently cooled to approximately 10 � C, which is the rec-
ommended storage temperature for live shell� sh (Burnham
et al., 2009; Chae et al., 2009; Cook, 1994, 1997). Elevation of
Vibrio levels can occur within shell� sh exposed to warm
sunshine at low tide. Therefore, one basic management an
control strategy for Vibrio is temperature management of
harvested oysters. In some jurisdictions, exposure of harveste
shell� sh to elevated temperatures is limited by restricting
harvest to the cooler parts of the day (i.e., mornings) in
warmer months when Vibrio is a signi� cant risk. Also many
jurisdictions require watermen to cover their harvest with
a tarp to prevent direct sun exposure, reducing the tempera
tures that harvested oysters potentially could achieve befor
refrigerated storage, thereby reducing the potential levels o
vibrios in shell � sh. The chill temperature and time required to
achieve refrigeration storage temperatures should be moni
tored closely to ensure that oysters are cooled suf� ciently
before shipping because most truck refrigeration units usually
are suf� cient only to maintain cool product temperatures and
not capable of actually cooling down loads during shipment.
Where shell� sh normally are harvested at low tide (i.e., the
Paci� c Northwest), harvest is sometimes restricted to non-
daylight low-tide periods during warmer months when
temperatures are cooler and direct sunshine cannot warm th
oysters.

A number of effective commercially viable postharvest
processing (PHP) treatments reduceVvin oysters. One method
is � ash freezing or individual quick freezing, termed IQF (Liu
et al., 2009). In this method, half-shell oysters are passed
through a freezer tunnel that freezes the oysters (Muth et al.,
2002). A second popular method is the Ameripure process in
which � ash or cool pasteurization is performed by placing
oysters in warm water at approximately 52� C for 24 min and
then placed in cool 4 � C water for 15 min (Andrews et al., 2000;
Muth et al., 2002). A third PHP treatment is irradiation, where
whole shell oysters are subjected to up to 5.5 KGy from
a 60cobalt irradiation source (Jakabi et al., 2003; Song et al.,
2009). High-pressure processing (HPP) is another PHP inter
vention that is becoming increasingly popular (Kingsley,
2013). HPP is a process by which whole in-shell oysters ar
treated with approximately 40 000 psi for 3 min. This reduces
Vv to ‘nondetectable levels’ and has the added bene� t of
separating the meat from the shell, facilitating the shucking
process and enhancing on-the-half-shell presentation. HPP
machines are expensive, but costs are not unworkable
provided high-throughput economies of scale are applied.
Research has shown that whileVpis slightly more baroresistant,
HPP can be applied successfully as an intervention (Kural et al.,
2008; Ma and Su, 2011). There is also some evidence that HPP
can extend refrigerated shelf life of shucked shell� sh because it
can inactivate spoilage bacteria (He et al., 2002). As a general
rule, vibrios are not thought to reduce dramatically when
depurated (Croci et al., 2002). Currently, however, there is
some interest in depurating shell� sh in conditions that are
not conducive to Vibrio growth, such as depuration in refrig-
erated water (Chae et al., 2009). Whether this eventually will
prove to be a useful intervention for Vibrio remains to be
determined.
PHP for Viruses

Postharvest interventions for virus contamination of shell� sh
have been elusive.

Viruses are more thermostable thanVibrio. Therefore,� ash
heating is not suf� cient to inactivate viruses. In fact, cooking
conditions for Norovirus inactivation within shell� sh have
not been de� ned. Unfortunately, in some cases, outbreaks
associated with supposedly‘properly cooked’ shell� sh have
been documented (Chalmers and McMillian, 1995; Kirkland
et al., 1996; McDonnell et al., 1997). NoV and other enteric
viruses generally are resistant to freezing, so� ash freezing is
not a potential option ( Richards et al., 2012b). Irradiation
can inactivate viruses, but the dosage required is probabl
too high to be of commercial utility because oysters lose their
raw character (DiGirolamo et al., 1972; Harewood et al.,
1994). High pressure has been researched extensively as
intervention for NoV and HAV (reviewed by Kingsley, in
press). High pressure does inactivate HAV and NoV within
raw oysters, but the pressure required is above leve
currently used commercially for Vv intervention and shuck-
ing (Calci et al., 2005;Kingsley et al., 2002, 2007; Leon et al.,
2011). As noted earlier, depuration is not effective agains
HAV and NoV (Kingsley and Richards, 2003;Love et al.,
2010; Provost et al., 2011; Richards et al., 2010; Schwab
et al., 1998).
Oyster Quality and Shelf Life

As described previously, oysters must be harvested in a manne
consistent with the shell� sh management plan. Evaluation of
bacterial quality of oysters such as total aerobic bacteria plat
counts, if required, should be performed as soon as possible
but de� nitely within the � rst 24 h to prevent aberrant results
(Calci et al., in press). Harvested oysters should be checked fo
‘gappers’ indicated by a shell that does not completely close
and indicating that this is a dead shell� sh that needs to be
discarded. Bivalves with broken, cracked, or damaged shel
should be discarded. Closed shells lacking oyster meat ar
sometimes called‘mudders’ or ‘box shells.’ These also should
be discarded before sale. Storage of oysters should be in cool a
refrigeration. Direct contact with wet ice can kill live shell� sh,
so its use is not recommended. With proper storage, harveste
shell� sh may remain alive for as long as 14 days. As a high
water-activity food, shucked shell� sh have a limited shelf life,
even when properly stored, which is typically 7–10 days under
refrigeration.
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A number of factors in� uence the quality and taste of oysters
and other shell� sh. First, oysters being estuarine creatures ca
thrive in a wide variety of salinities. The degree of saltiness in an
oyster will directly mimic the water from which it is harvested,
since unlike vertebrates, oysters do not osmoregulate. Th
overall condition of wild-caught oysters can be seasonally
dependent. Commercially produced mussels typically are
grown in high-salinity water, so saltiness is not likely to vary to
a great degree. Oysters typically expend a great deal of metabo
reserves in the process of spawning, after which they can b
somewhat emaciated. Mussels tend to spawn more proli� cally,
so time of year is less of an issue with these shell� sh.

An interesting development over the past few years ha
been the use of triploid oysters for aquaculture, which have
three sets of chromosomes instead of the normal two sets
These oysters are incapable of spawning and focus all the
energy on growth, reducing the time to maturity and market-
ability ( Honkoop et al., 2003). These sterile triploid oysters
maintain a more consistent high-quality meat throughout the
year because they do not expend energy reserves for gam
production. Also, these oysters mature faster, reducing the tim
required to raise a marketable oyster. As an aside, there h
been substantial interest in using nonnative triploid oysters for
aquaculture. The supposition that these nonnative oyster
always will remain sterile is in question, however, because i
was noted that cells within triploid oysters appear capable of
reverting to diploid over time ( Gong et al., 2004). Given the
potential of oysters to live for several decades, it is conceivabl
that older ‘mosaic’ oysters, which become a mixture of triploid
and diploid cells, eventually could produce viable gametes,
thereby inadvertently introducing a viable reproducing, and
perhaps undesirable, nonnative oyster (Gong et al., 2004).

Another factor that in� uences taste, texture, and color o
oysters is the microbial content of the water from which they are
feeding. Overall, the microbial content of oysters will be
a function of the waters from which it was harvested (Kueh and
Chan, 1985). Generally speaking, colder water has less bacteri
activity than warmer water, so harvested shell� sh will re� ect
these levels (Pujalte et al., 1999). ‘Freshness’ of oysters is
a function of bacterial activity, which directly affects � avor,
odor, texture, and color. One technique used to assess th
bacterial quality of oysters is the aerobic plate count (APC)
Essentially, this count determines the numbers of total aerobic
microbes from which individual isolates may be further iden-
ti � ed, if desired. For example,Cao et al. (2009) showed that for
Paci� c oysters (C. gigas), Vibrionaceaeand Pseudomonaswere
predominant in freshly harvested and shucked oysters. Initia
APC counts were less than 104 colony-forming units per gram
(cfu g� 1) but reached 107 cfu g� 1 after 8 days of refrigerated
storage. Generally, total bacteria above 107 cfu g� 1 is not
considered to be acceptable quality (Kim et al., 2002). Cao et al.
(2009) also noted that, on a percentage basis,Pseudomona
bacteria increased dramatically after 12 days of refrigerate
storage. The amount of Gram-positive bacteria declined from
about 21 to 3% and Gram-negative percentage (predominately
Pseudomonas) rose to 95 from 75%. Another bacteria associated
with spoilage is the H2S-producing Shewanella putrefacien
Bacterial growth also can be indicated by the measure of tota
volatile bases-nitrogen (TVB-N), which essentially measur
ammonia and methyl amines produced as a consequence o
spoilage. Thirty milligram per 100 g TVB-N is considered to be
the limit beyond which � sh products are considered spoiled
Given the differences between� sh and shell� sh, however,
a lower limit of 22 mg per 100 g has been suggested (Cao et al.,
2009). Typically, as oysters spoil, a slight but important reduc-
tion in pH is noted. Fresh oysters have a pH of about 6.3, but
when spoiled have a pH of 6 or less (Cao et al., 2009; Lorca
et al., 2001). For mussels,Pseudomonasand Shewanellaare also
the predominant spoilage bacteria (Goulas et al., 2005).

Recent investigations into the bacterial communities found
in Paci� c oysters using nonculture-based methods indicate
that these shell� sh have high levels ofBacteroideteswhen stored
at 15 or 30 � C as compared with oysters stored at 4� C in which
Fusobacteriawas predominant (Fernandez-Piquer et al., 2012).
Cold storage of shell� sh as shellstock rather than as shucke
product may delay spoilage somewhat (Hood et al., 1983).
Although shell� sh may remain viable in cold storage for
a couple of weeks, it is clear that spoilage can begin within
1–2 weeks. Therefore, after more than 2 weeks, live shell� sh
may not be safe to eat (Aaraas et al., 2004). As a general rule,
interventions that reduce bacterial pathogens (i.e., HPP and
irradiation), to some degree, can inactivate spoilage bacteria
thereby somewhat extending the shelf life of shellstock and
shucked shell� sh (Aishie et al., 1996; Andrews et al., 2000;
DiGirolamo et al., 1972; He et al., 2002).
Future Challenges and Perspectives

It is clear that the global shell� sh industry faces a number of
future challenges. Viruses from human waste clearly represe
a future challenge for the oyster industry. In the industrial
world, traditional sewage treatment is focused on reduction of
fecal bacteria, and given the resilience of fecal viruses, it is cle
these viruses can remain viable to a limited degree after thes
treatments (Da Silva et al., 2007). Many localities shunt storm
water runoff through sewers, overwhelming sewage treatmen
plants and resulting in the release of untreated or partially
treated sewage after storm events. Thus, it is clear that improve
sewage treatment and treatment standards would be of grea
bene� t. Even improving basic hygienic and sanitation stan-
dards in the developing world would greatly improve the
marketability and sanitary quality of shell� sh produced in
these countries. A worldwide HAV vaccine campaign, with
emphasis on the developing world, would bene� t the general
population, as well as the oyster industry. Currently, vaccines
are under development for NoV and HEV. Should effective
vaccines become available, this likely would be of direct bene� t
to the shell� sh industry as well. The past decade has see
considerable improvement in virus-testing methods for shell-
� sh with the advent of PCR-based testing methods. Sensitiv
high-throughput virus-testing methods for shell� sh still are
needed. Perhaps the biggest future research challenge for t
problem of shell� sh-borne viruses will be to � nd a suitable
postharvest treatment for raw shell� sh.

For the Vibrio problem, an economical means of cooling
shell� sh immediately after harvest would be of great bene� t to
the industry. A means to inactivate or purge vibrios from live
shell� sh also would be valuable because all current interven
tions kill or mortally damage shell � sh. Use of Vibrio-speci� c
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predatory bacteria to destroy the bacteria within oysters, and
perhaps growing waters, may be possible (Richards et al.,
2012a). It is dif � cult to speci� cally predict the future impacts of
global warming, but as global water temperatures increase, i
would seem probable that vibrios will become an increasing
problem in ‘cooler’ regions. A cogent example would be theVp
outbreak associated with Alaskan oysters a few years ag
(McLaughlin et al., 2005). As climate change occurs, it also
seems probable that biotoxin-producing microorganisms will
colonize new locations, potentially causing previously unseen
problems.
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Disclaimer

Mention of trade names or commercial products in this
publication is solely for the purpose of providing speci� c
information and does not imply recommendation or
endorsement by the US Department of Agriculture (USDA).
The USDA is an equal opportunity provider and employer.
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See also:Bacteriophage;Fish:Spoilage of Fish; High-Pressu
Treatment of Foods;VibrioIntroduction, IncludingVibrio
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Introduction

The genusShewanellawas established in 1985 by MacDonnell
and Colewell, and named in honor of Dr J. Shewan for his work
on the microbiology of � sh. Taxonomically, theShewanellaare
members of the order Alteromonadales, family Shewanella
ceae, and class Gammaproteobacteria (Figure 1). Morpholog-
ically, they are Gram negative, straight or curved rods, an
motile by a single, unsheathed, polar� agellum. To date, the
genus includes more than 50 named species (Figure 2) with
broad environmental distributions, including (but not limited
to) freshwater lakes, ocean sediments, marine environments
and oil � elds. They are found in iced� sh and proteinaceous
foods. Occasionally, some strains have also been isolated from
clinical samples. The primary species of interest to the food
industry, Shewanella putrefacienshas been known since the early
1930s, although under changing names and in various taxo
nomic positions. Its importance stems from its role in spoilage
of chiller-stored, protein-rich foods of high pH (e.g., marine
� sh, chicken, and vacuum-packed high-pH beef). Recently
however, other Shewanellaspecies (Shewanella baltica, Shewa-
nella algidipiscicola, Shewanella glacialipiscicola, Shewanella
0.01

Pseudoalteromonas halopl
(Pseudoalteromonadaceae

Pseudom
(Pseudom

Colwellia psychrerythrae

Moritella marina (Moritellace
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Ferrimonas balearica (Ferrim
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Escherichia coli (Enterobacter
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Figure 1 Phylogenetic tree of the Alteromonadales and some close-
using the neighbor-joining (NJ) method, and genetic distances were c
The tree was outgrouped withPseudomonas aeruginosa.

Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
hafniensis, and Shewanella morhuae) isolated from Baltic Sea
marine � sh were also reported to show strong� sh spoilage
activity. TheseShewanellaspp. can produce a variety of volatile
sulfides, including H2S, and in marine � sh they reduce trime-
thylamine oxide (TMAO) to trimethylamine (TMA), resulting
in a characteristic� shy smell. It has been demonstrated that
Shewanellaspp. at levels as low as 108 cfu g� 1 of iced marine
� sh can cause unpleasant sensory changes. OtherShewanella
species are known to have unique metabolic characteristics
including dissimilatory reduction of manganese, iron oxide,
and other metal compounds, and production of poly-
unsaturated fatty acids in their cell membrane lipid. Addi-
tionally, Shewanella algae, formerly identi � ed asS. putrefaciens,
has been implicated in human disease (bacteremia and sepsis
Characteristics of the Food SpoilageShewanella

As it is regarded as a species representative of� sh spoilage
bacteria, much research has focused onS. putrefaciens. Even so,
the taxonomic position of S. putrefaciensremains generally
confused, with the positions of some strains identi� ed as
anktis
)
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onadaceae)
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related families based on 16S rRNA gene sequences. The tree was constructed
omputed by Kimura’s model. The scale bar indicates the genetic distance of 0.01.
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Figure 2 Phylogenetic tree of theShewanellabased on 16S rRNA gene sequences. The tree, including all of theShewanellaspp., was constructed using
the NJ method, and genetic distances were computed by Kimura’s model. The scale bar indicates the genetic distance of 0.01.

398 Shewanella
S. putrefaciensstill unresolved. Initially, S. putrefacienswas
identi � ed as a species ofAchromobacter, a group comprising
various Gram-negative, nonfermentative, oxidase-positive, and
rod-shaped bacteria. The species was transferred to the gen
Pseudomonasby Long and Hammer in 1941 and placed in
Pseudomonasgroup III/IV of the Shewan 1960 classi� cation
scheme. However, due to the difference in guanineþ cytosine
(G þ C) content between Pseudomonas putrefaciens(typically
43–53%) and other pseudomonads (typically 58–72%), the
species was transferred to the genusAlteromonas. In 1985,
MacDonnell and Colwell suggested thatAlteromonas putrefa
ciens, along with two other marine species, be transferred to
a completely new genus,Shewanella. The study was based on
comparison of 5S rDNA gene sequences, and the� ndings
suggested that the genusShewanella, at the time composed of
S. putrefaciens, S. benthica, and S. hanedai, be included in the
family Vibrionaceae. However, despite sharing a number o
phenotypic characteristics with other genera in Vibrionaceae
(e.g., association with the marine environment, the ability to
use various electron acceptors, and the production of hydro-
lytic enzymes),Shewanellametabolism is strictly respiratory. By
a number of simple biochemical tests,S. putrefacienscan be
distinguished from related Gram-negative organisms (Table 1).

The widespread adoption of molecular methods, such as
those based on the polymerase chain reaction (PCR) or DNA
sequencing, and subsequent phylogenetic studies based on 16
rRNA gene sequences resulted in a major reclassi� cation of
bacterial taxonomy, including the establishment of the family
Shewanellaceae to encompass the genusShewanella. As 16S
rRNA gene analysis occasionally lacks the speci� city for
differentiation of close relatives, higher resolution molecular
identi � cation markers were required to distinguish the ever
expanding pool of Shewanellaspecies. To resolve this limita-
tion, more recent studies have targeted the rapidly evolving
gene gyrB, which encodes the B subunit of DNA gyrase, t
examine the phylogeny ofShewanellaspp.

Shewanella putrefaciensis evidently a very heterogeneous
species. For example, whileS. putrefacienswas originally
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Table 1 Phenotypic characteristics ofShewanellaceaeand some closely related Gram-negative families

Reaction Shewanellaceae PseudoalteromonadaceaePseudomonasspp. Vibrionaceae Enterobacteriaceae

Gram reaction � � � � �
Shape Rod Rod Rod Rod Rod
Motility þ þ þ (þ ) (þ )
Requires Naþ for growth (� ) þ � (þ ) �
Cytochrome oxidase þ þ þ þ �
Catalase þ þ þ þ þ
Acid fromD-glucose � /O � O F F
TMAO reduction þ Nd � þ þ
H2S production þ (� ) � (þ ) (þ )
Ornithine decarboxylase þ � � (� ) þ /�
Reduce nitrate to nitrite þ (� ) (þ ) (þ ) (þ )
Deoxyribonuclease (DNAse) þ þ (� ) (þ ) (� )
Gþ C%a 38–54 36–48 58–70 38–63 38–60

þ positive; (þ ) a few negative;þ /� some positive, some negative; (� ) a few positive;� negative; F, Fermentative; O, Oxidative; Nd, no data; TMAO, Trimethylamine oxide.
aMay vary slightly depending on method of determination (e.g., high-performance liquid chromatography or Tm).
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typi� ed as being Gram negative, rod shaped, motile, positive
for oxidative acid production, nonhalophilic, and aerobic,
several researchers identi� ed a mesophilic, halotolerant group
often associated with warm-blooded animals and, occasion-
ally, with disease in humans. Owen et al demonstrated that the
heterogeneous group of organisms known asS. putrefacien
could be divided into four distinct groups (i.e., Owen’s groups
I–IV). Based on genomic DNA relatedness, it was demonstrate
that clinical isolates were clearly distinguished from the food
spoilage strains that comprised Owen’s groups I and II. Recent
research utilizing DNA sequence methods has demonstrate
that the great majority of the mesophilic isolates were members
of a different species,Shewanella alga, corresponding to Owen’s
group IV. The use of classical phenotypic characterization t
distinguish between S. algaeand other species supported this
af� liation with group IV. Distinguishing characteristics of
S. algaeinclude high G þ C content (52–56%), growth at 42 � C,
and tolerance of 10% NaCl. Subsequently, Owen’s groups I and
II were reclassi� ed asS. putrefaciensand S. baltica, respectively,
based on 16S rDNA sequence analysis. However, taxonom
positions for Owen’s group III strains have not been resolved
primarily because this group was heterogeneous from the� rst.
The food spoilage strains, composed ofS. putrefaciensand
S. baltica, are characterized by the ability to grow at 4� C,
a relatively low Gþ C content (< 48%), and the ability to
produce H2S and TMO. While S. putrefacienswas generally
considered the primary � sh spoilage species, research b
Gram et al found that S. balticawas the dominant spoilage
species of Baltic Sea� sh stored on ice. Biochemically oriented
analyses such as protein pro�ling, ribotyping, and 16S
rDNA gene sequencing further indicated that numerous� sh
spoilage bacteria have been erroneously classi� ed as
S. putrefaciensor S. baltica. These have since been reclassi� ed
into four psychrotrophic Shewanellaspp., S. algidipiscicola,
S. glacialipiscicola, S. hafniensis, and S. morhuae, based on poly
phasic analysis that considered both phenotypic and molecular
characteristics.

While phenotypic characterization, protein pro� ling, and
DNA sequence analysis of gyrB and 16S rRNA genes have be
utilized in reclassi� cation of the subgroups of S. putrefaciens,
more work is need to develop accurate taxonomy. Moreover
little is known about clonal differences within the species (e.g.,
if particular clones are selected for during chill storage o
foods). Randomly ampli � ed polymorphic DNA (RAPD) anal-
ysis has been used to assess the genetic diversity of enviro
mental isolates of S. putrefacienswith the identi � cation of
several distinct genotypes; however, the species appeared to
stable over time. Preliminary experiments with RAPD typing of
isolates from� sh showed that, while strains isolated from fresh
� sh are almost all genotypically different, some selection is
seen during storage of the� sh on ice. However, large variation
was seen between individual� sh. Whole-genome sequencing
with high-throughput computer analysis techniques are
expected to provide further information about clonal differ-
entiation among food spoilage strains of S. putrefaciensin the
near future.
Biochemical and Physiological Attributes

All Shewanellaspp. were historically regarded as being assoc
ated with � sh spoilage, but evaluation of the growth of various
Shewanellaspp. in cod juice at 0� C indicated that S. putrefaciens,
S. baltica, S. glacialipiscicola, and S. morhuaewere the most
important � sh spoilage organisms (Figure 3). These bacteria
have the following characteristics in common. They are Gram
negative, motile rods with positive oxidase and catalase reac
tions that cannot ferment glucose; but they can reduce nitrate
and TMAO, produce H2S, hydrolyze gelatine, and show DNase
and ornithine decarboxylase activities (Table 2). The presence
of � agella can differ with the culture medium. Cells cultured in
liquid medium have a single polar � agellum, but on some solid
media the cells may have several lateral� agella.

The organisms are strictly limited to respiratory metabolism;
but they are outstanding in their ability to use a variety of elec-
tron acceptors, including oxygen, ferric iron(III), manganese(IV),
TMAO, dimethyl sulfoxide, nitrate, nitrite, thiosulfate, fumarate,
sulfite, and elemental sulfur. Details of mechanisms for dis-
similative reduction of metal were studied with Shewanella
oneidensisMR-1 (formerly S. putrefaciensMR-1). Due to their
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Figure 3 Growth of threeS. balticastrains and sixShewanellaspp. strains in cod juice at 0� C. C1 and C2:S. algidipiscicola; C3 and C4:S. morhuae; C5:
S. glacialipiscicola. Reproduced from Vogel, B.F., Venkateswaran, K., Satomi, M. and Gram, L., 2005. Identi� cation ofShewanella balticaas the most
important H2S-producing species during iced storage of Danish marine� sh. Applied and Environmental Microbiology 71: 6689–6697.

Table 2 Typical reactions of� sh spoilageShewanellaspecies

Reaction S. putrefaciens S. baltica S. hafniensis S. morhuae S. glacialipiscicola S. algidipiscicola S. alga

Gram reaction � � � � � � �
Shape Rod Rod Rod Rod Rod Rod Rod
Motility þ þ þ þ þ þ þ
Growth at
4 � C þ þ þ þ þ þ –
37� C þ – – – – (þ ) þ
42� C – – – – – – þ
Growth at 0� C in cod juice þ þ Nd þ þ – –
Growth in 6% NaCl – þ þ – – þ þ
Cytochrome oxidase þ þ þ þ þ þ þ
Catalase þ þ þ þ þ þ þ
Acid fromD-Glucose � /O � /O � /O � /O � /O � /O � /O
TMAO reduction þ þ þ þ þ þ þ
H2S production þ þ þ þ þ þ þ
Ornithine decarboxylase þ þ þ þ þ – þ
Reduce nitrate to nitrite þ þ þ þ þ þ þ
Gelatinase þ þ þ þ þ – þ
DNAse þ þ þ þ þ – þ
Gþ C%a 45 46 47 44 44 47 52–56

þ positive; (þ ) a few negative;þ /� some positive, some negative; (� ) a few positive;� negative; TMAO, Trimethylamine oxide; Nd, no data.
aMay vary slightly depending on method of determination (e.g., high-performance liquid chromatography or Tm).
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versatile use of electron sinks,Shewanellaspp. may occur in
many ecological niches. They are believed to be important in
nature for the turnover of, for example, Fe and Mn in aquatic
environments. The ability of Shewanellaspp. to reduce Fe(III)
and produce sulfides can be a cause of microbial corrosion o
metals. During aerobic growth, the organisms sequester iron
(for use in cytochromes) by use of low-molecular-weight
iron chelators known as siderophores. Fish is an iron-limited
substrate, and growth of Shewanellaspp. on � sh facilitates
siderophore production. Whether or not the organisms chelate
iron during anaerobic respiration is not known. During anaer-
obic respiration with Fe(III) as an electron acceptor, some strain
of S. putrefaciensare able to degrade aromatic hydrocarbons
(e.g., benzene), and it may thus be a potential biodegrader in
the cleanup of environments polluted by oil and oil products.

The ability of Shewanellaspp. to use TMAO as an electron
acceptor is a major reason for their importance in� sh spoilage,
as the reduced compound, TMA, has a characteristic� shy smell.
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CH3CHOHCOOH + (CH3)3NO CH3COCOOH + (CH3)3N + H2O

Lactate TMAO Pyruvate TMA

Pyruvate oxidation

CH3COCOOH + (CH3)3NO CH3COOH + (CH3)3N + CO2

TMAO respiration of Shewanella putrefaciens

Overall reaction

CH3CHOHCOOH + 2 (CH3)3NO CH3COOH + 2(CH3)3N + H2O + CO2

Pyruvate TMAO TMA

2 TMALactate TMAO

Acetate

Acetate

Figure 4 Lactate oxidation with TMAO under anaerobic conditions inShewanella putrefaciens.
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Thus, S. putrefaciensproduces a large amount of TMA under
anaerobic rather than aerobic conditions. The mechanism o
TMAO reduction was studied usingS. putrefaciensstrains. A
summary of TMAO reduction in the presence of lactate by
Shewanellaspecies is shown inFigure 4. Respiration using
TMAO or other compounds as electron acceptors is carried ou
through a range of typec cytochromes and the� nal electron
carrier, the reductase. TMAO reductase is localized in the per
plasmic space, whereas some experiments have shown t
Fe(III ) reductase to be located in the outer membrane.

Experiments carried out in the 1980s indicated that
S. putrefaciensuses the tricarboxylic acid (TCA) cycle during
anaerobic respiration; however, recent experiments have su
gested that instead it uses a fusion of the truncated TCA cycle an
the anabolic serine pathway.Shewanella putrefaciensis a potent
producer of volatile sulfides and produces H2S from cysteine.
Other sulfides probably originate from methionine metabolism.
During storage of � sh, S. putrefaciensalso degrades ATP-relate
compounds and is capable of producing hypoxanthine (a bitter-
tasting component) from inosine monophosphate.

Fish spoilage Shewanellaspp. produce a wide range of
degradative enzymes, but some of the resultant biochemica
characteristics are different among the species. Apart from th
ability to reduce TMAO and produce H2S, the hydrolysis of
DNA and the decarboxylation of ornithine are important tests
for their classi� cation. Shewanellaspp. also hydrolyze proteins
(casein and gelatin), RNA, and some fatty acid esters of sorb
tan (Tween compounds). By a number of simple biochemical
tests,� sh spoilageShewanellaspp. may be distinguished from
other Shewanellaspecies that can be involved in food spoilage
(Table 2).

Whole-genome sequences for someShewanellaspecies
have been determined, with genomic information about
S. putrefaciensand S. baltica, as representatives of the food
spoilage species, being reported and deposited in public
databases. The sequenced organisms areShewanella ama
zonensis, S. baltica (� ve strains), Shewanella denitri� cans,
Shewanella frigidimarina, Shewanella halifaxensis, Shewanella
loihica, S. oneidensis, Shewanella pealeana, Shewanella piezot
lerans, S. putrefaciens,Shewanella sediminis, Shewanella woody,
and four unidenti � ed Shewanellastrains. The genome size o
Shewanellaranges from 4.3 to 5.9 Mb, with 8–12 copies of
the ribosomal RNA operon being present in each genome, and
1–3 plasmids being present in some strains. The GC conten
of each species, except that forS. piezotolerans, agrees with data
obtained using high-performance liquid chromatography or
the Tm method. In the case of food-relatedShewanella, the
genome size ofS. putrefaciens, as determined from two strains,
is 4.66–4.84 Mb with a GC content of 44.5%. These� ndings
are in agreement with previous data obtained using HPLC or
Tm methods. The genome size ofS. balticais 5.05–5.35 Mb
(nine strains) with a 46.3% GC content. Both species have 10
copies of the 16S rRNA gene with sequence variation betwee
each copy.

Whole-genome sequences are expected to provide usef
information with which to elucidate metabolic pathways for
particular characteristics ofShewanella(e.g., TMAO reduction
and metal reduction). The type II fatty acid biosynthesis
pathway and the genes related to metal reduction in
S. piezotoleransand S. oneidensisMR-1, respectively, have been
determined. Thus, whole-genome data can provide excellen
raw material for the generation of hypotheses of historical
homology that can be tested with phylogenetic analysis and
compared with hypotheses of gene function. Further analysis o
whole-genome comparisons focusing on evolution in Shewa-
nellahas shown that no single orthologous copy of 16S rRNA
exists across the species and that the relationships amon
multiple copies are consistent with 16S rRNA undergoing
concerted evolution.

As further studies after whole-genome sequencing, gen
arrays can be routinely used to evaluate gene expressio
especially in the environment for study of activities such as
metal reduction. Some studies of this sort have been performed
using S. oneidensisMR-1.
Applications

Applications for Shewanellaas current-generating device
include wastewater treatment, conversion of waste biomass
and bioremediation of chemical pollutants, radionuclides,
toxic elements, harmful organics, and other compounds.

Owing to the broad speci� city of the anaerobic reductase
enzyme system inShewanella, S. oneidensisMR-1 strains can
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reduce and mobilize toxic and radioactive metallic pollutants,
including arsenic, cobalt, chromium, mercury, plutonium,
selenium, technetium, and uranium. Their capabilities have
made them prime candidates for use in contaminated systems
in which the addition of nutrients or microorganisms might be
used for the in situ immobilization of toxic elements. Such
approaches might be particularly valuable in storage tanks o
other locations in which high volumes of dilute waste are
present. With the discovery of many other metal-reducing
bacteria, this approach will almost certainly be adopted for
in situ and ex situbioremediation of toxic metal contaminants.
The Shewanellaare well suited to some applications, being
tolerant to oxygen and thus reasonably robust for introduction
into polluted environments with various oxygen concentra-
tions. Some strains have only limited versatility in the use of
electron donors, so success might depend on the choice o
strain. Sul� de formation has received little attention as
a method for remediation of metal contamination, particularly
insoluble sul� de formation as a method of removing transition
and heavy metals. TheShewanellamay offer some interesting
variations on this theme via the production of sul� de from
thiosulfate, a process that can be regulated by the addition o
other electron acceptors.

The use of halogenated organic compounds as termina
electron acceptors during anaerobic respiration, also known
as dehalorespiration, is a characteristic of someShewanella.
Shewanella putrefaciens200 can reductively dehalogenate tet-
rachloromethane (CT), andS. algaeBrY can transform CT via
reduction of the redox-active vitamin B12, which acts as
a catalyst in the reaction.Shewanella oneidensisalso reductively
dehalogenates CT, polychlorinated biphenyls, gamma-hexa
chlorocyclohexane (lindane), 1,1,1-trichloroethane, and
pentachloroethane. Dehalogenation of these compounds has
been studied, and some degradation mechanisms have bee
proposed. The reduction of 1,1,1-trichloroethane and penta-
chloroethane has been described in conjunction with the
microbial reduction of iron-bearing clay minerals. Although
CT is usually converted to chloroform, which remains
harmful, new technology or research may overcome this
disadvantage.

A unique activity of some Shewanellaspp. isolated from
sediment is degradation of cyclic nitramines such as the
explosive RDX. Little is known about RDX degradation mech-
anisms, but the full-genome sequences determined fo
RDX-degrading S. halifaxensisand S. sediminisshould allow
elucidation of complete mechanisms of RDX degradation. In
addition, some strains of S. putrefaciensdegrade aromatic
hydrocarbons, and may have applications in the cleanup of
some environments.

A microbial fuel cell (MFC) is a bioelectrochemical system
that drives a current by mimicking bacterial interactions found
in nature. Shewanellaspp., particularlyS. oneidensis, can be used
in MFCs that exploit the organisms’ ability to dissimilate
various metals. A typical MFC consists of anode and cathod
compartments separated by a cation-speci� c membrane.
Energy can be harvested from biomass when bacteria oxidiz
organic compounds and an electrode is the� nal electron
acceptor. Further development of MFCs is expected becau
these energy-generating systems are environmentally friend
and sustainable.
Clinical Relevance

Shewanellaspp. can be secondary or opportunistic pathogens
but infections caused by them are rare. Nevertheless,S. algae
and S. putrefacienshave been implicated occasionally in cases
of bacteremia or septicemia, and are associated with a wid
spectrum of clinical syndromes such as cellulitis and other
skin and soft-tissue conditions, arthritis, otitis media or otitis
externa, respiratory distress, intraabdominal infection, pneu-
monia, and empyema.Shewanella algaeand S. putrefaciensare
generally susceptible to common antibiotics, although drug-
resistant strains may emerge during antibiotic treatment of
infections. The role of Shewanellain pathogenesis and its
clinical signi� cance remain unde� ned. According to the only
case study analysis,Shewanellainfection is correlated with an
immunocompromised state, and liver disease appears to be
a strong risk factor. Virulence factors forShewanellaclinical
isolates are largely unknown. However, recent work has
indicated that S. algaeis more virulent than S. putrefaciens, an
it is speculated that the hemolytic activity ofS. algaecould be
an important virulence factor. Shewanella algaeis tolerant of
bile salts and produces extracellular virulence factors such a
siderophores and other exoenzymes. The production o
tetrodotoxin, the puffer� sh neurotoxin, has also been repor-
ted, but this � nding has not been con� rmed. The most
obvious source for human infection is exposure to seawater
in a Danish study of ear infections, >80% of patients had
been swimming in the sea shortly before symptoms devel-
oped. The ability to form bio � lms is likely associated with
pathogenicity.

Because the classi� cation of S. putrefacienshas been
confusing, better methods for identi� cation of Shewanella
strains isolated from clinical specimens are needed. Th
organisms known asS. putrefacienscan be divided into Owen’s
four groups. The characteristics that distinguishS. algaefrom
other species show thatS. algaecorresponds with Owen’s group
IV. Semiautomated and automated identi� cation systems often
identify S. algaeasS. putrefaciensowing to databases in which
S. algaeis not considered.

A few studies have identi� ed S. algaeand S. putrefaciensas
opportunistic pathogens in nonhuman species. In China and
Taiwan,S. algaestrains have been isolated as causative agents
abalone mortality in hatchery ponds and have caused ulcer
diseasein the marine � sh Sciaenops ocellata. Shewanella putre
facienshas also been identi� ed as virulent bacteria in juvenile
freshwater zebra mussels.Shewanella maris� avi has recently
been reported as highly pathogenic for sea cucumber.
Tolerance of Conditions in Foods

The food spoilage species ofShewanellaare all psychrotrophic.
All grow at 4 � C and many grow at 0� C, but few grow at 37� C.
Although they are associated with the marine environment,
these bacteria do not tolerate high NaCl levels (e.g., 10%). The
sensitivities to NaCl of the psychrotrophic species vary, with
some being inhibited by and others being tolerant of 6% NaCl.
These nonfermentative organisms are relatively sensitive to low
pH. Some species are able to grow at pH 5.5, whereas others a
not. In general, the species most tolerant of NaCl are also mos
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tolerant of low pH. Because food spoilageShewanellacan use
various electron acceptors in anaerobic respiration, the organ
isms are not usually inhibited by vacuum packing. As the� sh
spoilage organismsS. putrefaciensand S. balticaare sensitive to
CO2, the shelf life of stored� sh can be prolonged by modi� ed
atmosphere packing under CO2. Use of CO2 alone will not
reliably inhibit growth of Shewanellaspp., but addition of
acetate to CO2-packed� sh � llets is effective for extending the
storage life. AsS. putrefaciensis usually associated with spoilage
of chill-stored fresh foods and is inhibited by comparatively
low NaCl concentrations, there has been little study of its
tolerance of common food preservatives. Addition of sorbic
acid to � sh products would be expected to inhibit growth of the
� sh spoilage Shewanellaspp., but further study of this is
necessary.
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Methods of Detection and Enumeration in Foods

There are no international standards or guidelines for accept
able numbers of S. putrefaciensor Shewanellaspp. in foods, so
no selective medium exists for the enumeration of
S. putrefaciensand other food spoilage Shewanella. However,
various media and procedures for their presumptive identi� -
cation have been described, which depend on detection of H2S
production or reduction of TMAO. Although all the methods
described in this section are indicative of biochemical reactions
characteristic ofS. putrefaciens, other bacteria with the same
abilities will obviously interfere with the identi � cation of
S. putrefaciensand related organisms. Several speci� c and
sensitive molecular methods for detection of the food spoilage
Shewanellahave been developed.
e

,
,

,
s
d

Media

As it is regarded as a species representative of� sh spoilage
bacteria, much research has focused onS. putrefaciens. Several
media have been used for enumeration ofS. putrefaciens,
relying on the ability of the organism to produce H2S, its
characteristic salmon-pink pigmentation, or both (Table 3).
Peptone iron agar is rich in peptones and contains ferrous
sulfate. Bacteria-producing H2S from peptone degradation will
appear with a black precipitate of FeS below and around the
colony. Lyngby iron agar relies on the same reaction, but the
basic medium has been modi� ed by inclusion of thiosulfate
and L-cysteine to increase the sulfur-containing compounds
available to organisms growing on the agar. Shewanella
Table 3 Indicative agars for detection ofShewanella
putrefacienson � sh

Principle Medium Temp (� C) Incubation

Pigment Long and Hammer 21 2 days
Pigmentþ H2S Long and Hammer 15 7 days
H2S production Peptone iron agar (Difco) 20 3 days

H2S medium 20 4 days
Iron agar, Lyngby (Oxoid) 20–25 3–5 days

Reproduced from Gram, L., 1992. Evaluation of the bacteriological quality
of seafood. International Journal of Food Microbiology 16: 25–39.
putrefaciensdegrades both the inorganic and organic sulfur
sources. The pH of the medium is 7.4, which tends to stabilize
any FeS that forms. The medium is used for pour plating with
a covering layer, which enhances FeS production. FeS is n
stable and may be oxidized to Fe(OH)3. Thus, the black
precipitate will be oxidized, if the agar plates are left for too
long and/or at too high a temperature. For routine purposes,
incubation at 20–25 � C for 3–5 days is suitable.Shewanella
putrefaciensproduced pink, reddish, and brownish colonies
when screened on modi� ed Long and Hammer medium,
probably due to production of colored cytochromes. As a more
rapid detection method for sulfide-producing bacteria,
a method that involves measurement of the � uorescence
during incubation of iron broth (IB) inoculated with food
samples was developed. Since changes in the� uorescence of IB
can be detected sooner than visible changes and with greate
sensitivity, the time for detection can be reduced. Routine
cultural media include marine agar (marine agar 2216; BD)
and commonly used media such as nutrient agar (BD) and
triple sugar iron agar (Oxoid). However, plate count agar is
sometimes not suitable for quantitative cultivation of
S. putrefaciensand other food-related species, because of its lac
of Fe-containing components.
-
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Rapid Methods

Several attempts have been made to develop rapid methods fo
quantifying S. putrefaciens. For rapid detection of Shewanella
spp., methods based on detectingShewanella-speci� c DNA and
RNA sequences and monitoring speci� c chemical compounds
that are byproducts of the metabolism ofShewanellaspp. have
been developed.

Molecular-based Methods
PCR and quantitative PCR methods are useful and sensitiv
methods for detection of individual Shewanellaspecies.
Although to date few primer sets have been used with food
micro� ora, the sensitivities of techniques targeting 16S rDNA
23S rDNA, internal transcribed spacer (ITS) region, and gyrB
with detection limits of 10 2–103 cfu g� 1, are signi� cantly
higher than those of probe-based methods with sensitivities of
106–107 cfu g� 1. Therefore, while a DNA–RNA probe has been
designed and successfully applied in a study of Fe(III ) reduction
by Shewanellaspp., the lack of sensitivity limits the use of this
technique for detection of food spoilage organisms. Recently
a molecular-based speci� c detection system forS. putrefacien
was constructed, using a reverse transcription, loop-mediate
isothermal ampli � cation technique. However, procedures for
extraction of DNA–RNA from food samples must be carefully
evaluated, as the existence of PCR inhibitors in foods or over
estimation of bacterial numbers by ampli� cation of DNA from
dead cells may bias results. As a rapid identi� cation tool for
food spoilage Shewanellaspp., a whole cell protein � nger-
printing technique by matrix-assisted laser desorption/ioniza-
tion and time of flight (MALDI-TOF) mass spectrometry has
been developed. This method can be used to identifyShewa-
nella species rapidly and precisely (e.g., it has been used t
distinguish S. algae, S. baltica, and S. putrefaciens). The principle
and features of molecular-based detection techniques ar
summarized in Table 4.
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Table 4 List of rapid methods for detection ofShewanellaspecies

Methods Principle
Target for
detection Organisms Purpose

Detection
limited Comments

PCR Amplify the speci� c
region of DNA

16S rRNA gene S. putrefaciens Detection < 103 copies per
reaction

Sometimes hard to
distinguish species
level onShewanella

DNA gyrase B subunit
gene (gyrB)

S. oneidensis Detection < 103 copies per
reaction

Highly speci� c at
species level

DNA–RNA probe
hybridization

Probe hybridize
with speci� c
DNA–RNA region

16S rRNA gene S. putrefaciens Detection > 106 cfu g� 1 Sometimes hard to
distinguish species
level onShewanella

LAMPa Amplify the speci� c
region of DNA

ITS between 16S rRNA
and 23S rRNA genes

S. putrefaciens Detection > 5 copies per
reaction

Primer construction is
hard, but highly
speci� c

MALDI-TOF-
MASb

Whole cell
� ngerprinting;
comparison of
mass fragment
patterns with
database

Whole cell protein S. putrefaciens,
S. algae, and
S. baltica

Identi� cation – Need expensive
equipment

aMatrix-assisted laser desorption/ionization and time of� ight mass spectrometry.
bLoop-mediated isothermal ampli� cation.
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Rapid Methods Based on Measurement of Reduction of T
While the agar methods described in this chapter rely on
detection of H2S production, several rapid methods utilize the
other main ( � sh) spoilage reaction, the reduction of TMAO to
TMA. This can cause three physical changes in a grow
medium: An increase in electrical conductivity (at neutral pH),
a reduction in the oxidation–reduction potential ( Eh), and an
increase in pH (Table 5). Typically, a known amount of sample
containing unknown numbers of S. putrefaciensis incubated at
15–25 � C in a � xed volume of TMAO-containing broth and the
time required for a signi� cant change in any of the above-
mentioned parameters to be detected is determined. Thi
detection time is inversely proportional to the initial number of
TMAO-reducing bacteria.

The reduction of TMAO, which is not ionized, to TMA,
which is positively charged at neutral pH, is an ideal reaction
for detection of bacterial growth by monitoring the conduc-
tivity of a growth medium. The numbers of S. putrefaciensin
iced cod, for example, can be estimated quite accurately b
this method using a TMAO-containing broth in which 1 ml of
a 10� 1 suspension of the food sample is inoculated into
10 ml of broth ( Figure 5). Changes in Eh are dif� cult to
Table 5 Principles used for rapid incubation detection of reduction
of trimethylamine oxide indicative ofShewanella putrefaciens

Physical parameter Physical change Measured by

Conductance Increase Automated conductance
measurement
(e.g., Malthus
or Bactometer)

Eh Decrease Eh indicator read visually
pH Increase pH meter

pH indicator read visually

Reproduced from Vogel, B.F. and Gram, L., 1994.Shewanella. In: Robinson, R.K.
(Eds.), Encyclopedia of Food Microbiology. London: Elsevier, pp. 2008–2015.
Omeasure automatically, but changes in the color of a redox
indicator, such as resazurin, can be used instead. Changes
conductance can be detected as soon as ionized TMA
produced in suf� cient quantity, whereas changes inEh are not
observed until all TMAO has been reduced. Therefore, theEh

detection time will always be some hours longer than the
conductance detection time. Addition to the medium of
formate, which is a good electron donor for anaerobic
respiration utilizing TMAO, increases the TMA production
and thus the sensitivity of the method. Increases in TMA can
also be detected in a nonbuffered medium by pH measure-
ments. No attempts have been made to automate these
methods.

Immunological Methods
Speci� c poly- and monoclonal antibodies againstS. putrefacien
have been produced and employed in various enzyme-linked
immunosorbent assays (ELISAs). Numbers of 107 or more
bacteria per gram are required if the organism is to be detecte
in these assays. Attempts to concentrate the bacteria b
methods such as immunomagnetic separation have not been
successful.
t

Importance ofShewanellaSpecies
in the Food Industry

The Shewanellaspp. involved in food spoilage are exempli-
� ed by S. putrefaciens. Shewanella putrefaciensplays an
important role in the spoilage of iced stored marine � sh,
spoilage of which also involvesPhotobacteriumspp., Pseudo-
monasspp., and lactic acid bacteria. Live� sh accumulate
virtually no glycogen in their muscle tissue, so decrease in
the muscle pH postmortem, as a result of the conversion of
glycogen to lactic acid, is limited. Rarely does the pH of� sh
muscle fall below 6.0. Consequently, it provides a suitable
medium for growth of S. putrefaciens, which is inhibited a
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Table 6 Volatile compounds produced byShewanella putrefaciensgrown in foods and in model substrates

Compounds produced

Substrate Amines SulÞdes Aldehydes and ketones Odor

High-pH beef Nd Hydrogen sul� de Not different from Eggs
Methane thiol sterile control Putrid
Dimethyl disul� de
Dimethyl trisul� de
Methylthio acetate
bis(methylthio) methane

Chicken Nd Nd Nd Dishrag
Wet dog
Sulfur

Raw Jaira shrimp or banana
prawn (Penaeus merguiensis)

Trimethylamine volatile
bases

Methane thiol Dimethyl disul� de Putrid sul� de-like

Methyl propyl disul� de
Dimethyl trisul� de

Marine� sh (Gadus morhua) Trimethylamine Hydrogen sul� de Putrid
Methane thiol Cabbage-like
Dimethyl sul� de Fishy

Marine� sh (Sebastes melanops) Trimethylamine Hydrogen sul� de Propionaldehyde
Methane thiol 1-penten-3-ol
Dimethyl disul� de 3-methyl-1-butanol
Dimethyl trisul� de

Nd, not done.
Reproduced from Vogel, B.F. and Gram, L., 1994.Shewanella. In: Robinson, R.K. (Ed.), Encyclopedia of Food Microbiology. London: Elsevier, pp. 2008–2015.
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lower pH values. The ability of the organism to grow at low
temperatures, with a generation time of approximately 24 h
at 0 � C; its reduction of TMAO to TMA; and its production of
volatile sulfides account for its involvement in � sh spoilage.
Since the bacterium is relatively pH sensitive, it does no
normally grow on red meats and poultry breast muscle in
which postmortem glycolysis causes decreases in pH t
values between 5.8 and 5.5. However, on high-pH red meat
and poultry leg muscle, S. putrefaciensis often found as part
of the Gram-negative spoilage� ora, and when it grows on
these foods it produces a range of volatile sulfides. Off-odors
associated with the growth ofS. putrefaciensare described as
putrid, sulfurous, and rotten (Table 6) when numbers reach
108–109 cfu g� 1.

The spoilageShewanella, including S. putrefaciens, typically
constitute only a minor fraction of the initial micro � ora on
newly caught� sh. During chilled (iced) storage, the micro� ora
becomes dominated by a number of Gram-negative, psychro
tolerant bacteria species, includingShewanella, which grows to
levels of 107–108 cfu g� 1 (Figure 6).
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The total numbers of bacteria on a food provide no certain
information about the quality or spoilage status of the food; for
example, with iced cod, only few of the bacteria species in the
spoilage � ora produce the spoilage off-odors and off-� avors
that render the� sh unacceptable. In iced cod and other marine
� sh, the biochemical changes resulting in spoilage off-odors
and off-� avors can be largely due to the activities o
S. putrefaciens. Even so, the numbers ofS. putrefaciensdo not
provide an indication of the organoleptic quality of the � sh,
but they do allow prediction of the remaining shelf life
(Figure 7).

S. putrefaciens, like many Gram-negative bacteria, is capable
of attaching to surfaces. When grown in relatively nutrient-rich
environments, it can form thick bio � lms on the available
surfaces. Studies of bio� lms on steel surfaces have shown
that S. putrefaciens, like many other bacteria, produces a� brous
net of exopolysaccharides in which the bacteria proliferate
This enables the bacteria to readily adhere to surfaces in food
processing facilities. Nothing seems to be known about the
effect of cleaning and disinfecting agents onShewanellaspp. in
bio� lms.
See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical Identi�cation Techniques for
Foodborne Fungi:Food Spoilage Flora; Bio� lms; Chilled
Storage of Foods:Principles*;Electrical Techniques:Food
Spoilage Flora and Total Viable Count;Fish:Catching and
Handling;Fish:Spoilage of Fish; Spoilage of Meat;Metabolic
Pathways:Release of Energy (Aerobic);Metabolic Pathways:
Release of Energy (Anaerobic); PCR Applications in Food
Microbiology;Pseudomonas: Introduction;Psychrobacter;
Shell�sh (Mollusks and Crustaceans):Characteristics of the
Groups; Shell� sh Contamination and Spoilage;Spoilage
Problems:Problems Caused by Bacteria;VibrioIntroduction,
IncludingVibrio parahaemolyticus, Vibrio vulniÞcus, and Other
VibrioSpecies;Vibrio: Standard Cultural Methods and
Molecular Detection Techniques in Foods;Identi�cation
Methods and DNA Fingerprinting:Whole Genome Sequencin
Identi� cation of Clinical Microorganisms with MALDI-TOF-
in a Microbiology Laboratory; Modi� ed Atmosphere Packagin
of Foods;Packaging:Controlled Atmosphere.
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The Pathogen

The genusShigellacomprises four taxonomic subgroups as
de� ned by the antigenicity of the somatic O antigens. There are
four subgroups: Shigella dysenteriae(Group A; 15 serotypes);
Shigella� exneri(Group B; 8 serotypes);Shigella boydii(Group C;
19 serotypes); andShigella sonnei(Group D; 1 serotype). The
subgroups and serotypes are classi� ed based on biochemical
characteristics, e.g., mannitol utilization, and on their antigenic
properties based on the differences in the O antigen (lipo-
polysaccharide).Shigellaspecies lack� agella and capsule and
therefore the H and K antigens, respectively. These microbes a
Gram-negative, non-spore-forming rods, facultative anaerobes
and are nearly genetically identical to the genusEscherichia.
Shigellae can be biochemically distinguished from other enteric
bacteria by their inability to ferment acetate, mucate, and
lactose (although some strains ofS. sonneimay ferment mucate
or lactose upon prolonged incubation), utilize citric acid,
inositol, salicin, or adonitol as a sole carbon source, or
synthesize lysine decarboxylase. Additionally, shigellae requir
nicotinic acid, are oxidase negative, do not produce H2S, and
do not produce gas from glucose except forS. � exneri6 and
S. boydii14. Shigella dysenteriaestrains are not able to ferment
mannitol, and S. dysenteriaetype 1 expresses an activeb-
galactosidase and does not produce catalase, an extremely ra
feature among Enterobacteriaceae.

Based on comparative genomic studies, the traditiona
classi� cation of the four Shigellaspecies as an independen
genus from Escherichia colihas been revisited. MostShigella
strains can be separated into three main clusters that originate
from multiple E. coliancestors.Shigella sonneiand S. dysenteria
type 1 appear to share an ancestral linkage withE. coli
O157:H7, and S. dysenteriaetypes 8 and 10 are isolated clones
within E. coli. The genomes ofShigellaand E. coliK-12 have
a high degree of similarity. The notable differences in the
Shigellagenome can be attributed to the gain and loss of genetic
loci through several different mechanisms. Acquisition of the
virulence plasmid with subsequent loss of speci� c genetic loci,
such as thecad and avl genes, provided the newly evolved
microbe a greater degree of pathogenicity.

Additional changes to the Shigellagenome were affected
by bacteriophage-mediated gene acquisition and insertion
sequence (IS) genome rearrangements. These genome mod� -
cations most likely in� uenced the expansion and reduction of
the genome size, introduced pseudogenes by generating poin
or frameshift mutations, and included IS-mediated insertions,
deletions, and rearrangements in the chromosome and viru-
lence plasmid. Interesting to note are the absence or mutation
of selected genes that if present in theShigellagenome would be
considered a hinderance toShigellapathogenesis. Coined black
holes, the absence of certain genes such ascadAand ompT, refer
to genomic gaps that appear to enhance the virulence o
408 Encyclopedia of Food
Shigella. These genes encode lysine decarboxylase and an ou
membrane protease, respectively. Lysine decarboxylase yiel
cadaverine from lysine which appears to inhibit enterotoxin
function whereas the protease breaks down IcsA (VirG) pre
venting the intercellular spread of Shigellabetween colonic
epithelial cells. Other losses of genetic loci that are considere
antivirulence genes as part of the larger evolution picture of
pathoadaptation arenadAand nadB. These inactivated genes in
Shigellaprevent quinolinate production in the overall NAD
biosynthetic pathway. The presence of quinolinate inShigellais
thought to inhibit a number of virulence properties, including
cell invasion and intracellular spread. Overall, the phenotypes
lost during the evolution of Shigellaas a pathogen can be
attributed to loss of motility, several surface proteins and
metabolic and transport functions that seem to re� ect their
current biological niche as an intracellular pathogen.

Enteroinvasive E. coli (EIEC) strains produce the same
symptoms (dysentery) and carry the same large virulenc
plasmid as Shigella. Taxonomically, they are more closely
related to Shigellathan to commensal E. colistrains. EIEC share
some identical O antigens with Shigella, but unlike shigellae,
are motile and are able to utilize lactose, mucate, and acetate
Current thought is that EIEC arose in a different path than
Shigellavia several independent acquisitions and deletions
from different E. coliancestors. They could be considered as a
intermediate stage in the convergent evolution of EIEC and
Shigellaparadigm, whereas the latter is a more contagious and
virulent pathogen.

Shigella� exneriis endemic in developing countries and is
the most common Shigella species isolated worldwide,
accounting for nearly 60% of all cases. The picture forS. sonne
is different, whereas it is responsible for nearly 75% of all
shigellosis cases in industrialized countries but only 15% in the
developing countries Table 1. A recent (2009) World Health
Organization (WHO) report indicates that worldwide, the
estimate for the number of people infected withShigellaranges
from 90 to 120 million with approximately 600 000 deaths, the
majority (60%) occurring in children under the age of 5. A
higher estimate was recently published indicating that
approximately 130 million cases of shigellosis occur annually
in Asia with nearly 880 000 deaths attributed to this pathogen.
Again, children under the age of 5 years were the highest part o
the population at risk for illness and death. Of note is the
number of traveler-related cases of shigellosis in industrialized
countries. Approximately 500 000 cases of shigellosis occu
annually with military personnel and people who travel from
these countries to other parts of the world, particularly to
certain regions, such as in Central America and Asia. In th
United States, nearly 15% of foodborne incidences of shigel-
losis were related to travel abroad. As recently reported by th
Centers for Disease Control and Prevention (CDC), the annua
number of foodborne illnesses in the United States was
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00308-6
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Table 1 Characteristics ofShigellaspecies

Species Serogroup
Number of
serotypes Geographic distribution Distinguishing characteristics

S. dysenteriae A 15 Indian subcontinent, Africa, Asia,
Central America

Type I produces Shiga toxin, causes most severe
dysentery, high mortality rate if untreated;
can cause HUS

S. ßexneri B 8 Most common isolate in
developing countries

Elicits less severe dysentery thanS. dysenteriae

S. boydii C 19 Indian subcontinent predominantly,
rarely isolated in industrialized countries

Biochemically identical toS. ßexneri,
distinguished by serology

S. sonnei D 1 Most common serogroup isolated in
developed countries

Produces mildest form of shigellosis

Table 2 Examples of worldwide foodborne outbreaks caused by
Shigella

Year Strain Food commodity Location

2000 S. sonnei Five-layered bean dip USA
2001 S. sonnei Raw oysters Japan
2004 S. ßexneri Macaroni salad, coleslaw,

potato salad
USA

2005 S. ßexneri
serotype 2a

Beef, other USA

2006 S. sonnei Beans USA
2006 S. sonnei Lettuce-based salad USA
2007 S. sonnei Raw baby corn Denmark,

Australia
2009 S. dysenteriae

type 2
Sugar snap peas Europe

2010 S. sonnei Restaurant USA
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estimated to be 9.4 million cases. The mean number of food-
borne shigellosis was given as 131 254 with a range o
24 511–374 789. This represents the� fth most common
bacterial source of foodborne illness in the United States.

The distribution of Shigellaworldwide re� ects the dynamics
of one serotype replacing another serotype (Table 1). Shigella
dysenteriae, the dominant serotype in the early twentieth
century, was uprooted byS. � exneri. However, in developed
countries,S. sonneiis the dominant serotype present. The latter
phenomenon may be attributed to a higher socioeconomic
environment that more than likely has a much better sanitation
system in place and the means to practice better hygiene. I
some areas, such as Thailand, the heterogeneity of theShigella
population is undergoing a shift of serotypes primarily based
on economic development. In a recent study of six Asian
countries, S. � exneriwas the dominant Shigellaserotype in � ve
countries. However, in Thailand, a country undergoing
economic growth, S. sonneiwas the most frequent isolate
reported. In this study,S. boydiiwas the second highest isolated
serotype, afterS. � exneri, recovered in Bangladesh. The forme
pathogen is rarely common worldwide with the exception of
the Indian subcontinent.

What was interesting to note was that variation in serotype
differed temporally with regard to the geographic location. One
consequence of this change in distribution may affect the
effectiveness of any potential vaccine to use in areas of th
world that demonstrate such shifts in serotypes. One plausible
explanation given was the distribution of certain Shigellasero-
types with the age of patients. In certain countries,S. sonneiwas
the more frequent isolate in younger patients (less than 5 year
old) than in older children, whereas in the latter population,
S.� exneriwas more common. This may re� ect the development
of natural immunity to one serotype and susceptibility to
another serotype that may be indigenous to that given
geographical area. Since there is only one serotype ofS. sonnei,
perhaps some immunity develops that protects future infec-
tions by this serotype. Conversely, in the six Asian countrie
studied, the S. � exneriserotypes most frequently isolated were
1a, 1b, 2a, 2b, 3a, and 6. Immunity to one S. � exneriserotype
may not transfer protection to the other serotypes. This varied
distribution of serotypes across a de� ned area of the world
illustrates the dif� culty in research to develop an effective
vaccine.

Shigellais easily spread by the‘� ve Fs’: food, � ngers, feces
� ies, and fomites. Shigellosis is a highly communicable diseas
in part because of the rapid spread of the pathogen and the low
infectious dose of 10–200 cells. These factors contribute to the
rapid transmission of Shigella. As examples,S. sonneican
survive for over 3 h on � ngers, andS. dysenteriaetype 1 can be
recovered for up to 1 h.Shigella� exnerican survive in feces for
12 days at 25� C. Therefore,� ies can transmit the pathogen
from fecal matter to foods. Inanimate objects, such as utensils
used in food preparation, can also act as a vehicle for food
contamination. Shigella sonneican survive on metal utensils for
more than 2–28 days at 15� C and up to 13 days at 37� C. In
addition to transmission routes as sources of contamination,
other contributing factors that increase the growth or survival
of shigellae in foods include improper storage, inadequate
cooking, contaminated equipment, and poor personal hygiene
of food handlers and preparers. Other potential sources o
contamination, particularly with raw vegetables, are � elds
where sewage is used as fertilizer or wastewater is used f
irrigation. As shown in Table 2, different types of food
commodities can be contaminated with Shigellaspp. Some of
the outbreaks listed involved several different countries indi-
cating again that food-related causes can extend beyond on
country’s borders.

As for clinical presentation, the onset of shigellosis usually
occurs within 1–7 days but typically manifests itself around day
3 following ingestion. The disease usually is self-limiting,
resolving within 5–7 days, although the illness can persist in
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410 Shigella: Introduction and Detection by Classical Cultural and Molecular Techniques
a patient for up to 1–2 weeks. Shigellosis can be fatal, especial
for immunocompromised individuals and malnourished
people, and particularly in children younger than the age of 5
years and the elderly. Humans are the only known natural host
of shigellae.Shigellaspecies cause gastroenteritis with diarrhea
ranging from mild cases to severe dysentery with blood and
mucus in stools. Shigella dysenteriaetype 1 causes the most
severe disease, whereasS. sonneiproduce the mildest. Shigella
� exneriand S. boydiiinfections can be either mild or severe.
Other characteristics of the disease include abdominal cramps
fever, and tenesmus.

Illness caused byS. dysenteriaetype 1 is of particular concern
since this pathogen is the soleShigellato harbor the Shiga toxin
genes. This organism is typically found in economically stresse
environments that are usually crowded with poor sanitation
practices and facilities. Hemolytic uremic syndrome (HUS) is
a sequella of S. dysenteriaetype 1 infections in which renal
functions are affected, leading to kidney failure.Shigella� exneri
infections can also lead to reactive arthritis, notably in people
with the HLA-B27 genetic marker. Symptoms may be presente
as painful joints, eye irritation, and dif � culty with urination.

The disease is usually self-limiting, and antibiotic treatment
is not always indicated. However, antibiotics may be appro-
priate for patients who have a severe form of shigellosis or any
other underlying illness and may be at risk for systemic spread
of the pathogen. Antibiotics that have been effective and used
are trimethoprim-sulfamethoxazole, nor� oxacin, cipro� oxacin,
and furazolidone. The emergence of antibiotic resistance
among bacterial pathogens has been noted for a long period
of time and is not restricted to any particular geographical area
A recent report from New York City parallels the occurrence
of antibiotic resistance worldwide with signi� cant levels of
resistance to amoxicillin-clavulanate (66%), ampicillin (68%),
and trimethoprim-sulfamethoxazole (66%) with four to � ve
cipro� oxacin-resistant strains of several shigellae also note
(Wong et al. 2010). In addition, a current trend is the isolation
of multi-antibiotic resistant shigellae worldwide, notably with
resistance to ampicillin, trimethoprim-sulfamethoxazole,
chloramphenicol, and tetracycline.

Efforts to produce an effective vaccine against all four strain
of Shigellahave been stymied due to the heterogeneity o
selected targets found on the cell surface of all the variou
serotypes. Vaccine development utilized either attenuate
strains or O antigens (polysaccharides) ofShigellawith mixed
test results. Although some protection was observed, fever an
mild diarrhea were common symptoms. The WHO has recog-
nized the need for a vaccine againstShigellaas a critical research
venture. A vaccine(s) effective againstS. sonnei, S. dysenteria
type 1, S.� exneri2a, S.� exneri3, and S.� exneri6 would reduce
infections caused by more than 80% of shigellae responsible
for morbidity and mortality worldwide.
e

-

d

Pathogenesis

The pathogenicity ofShigellacan be viewed from two perspec-
tives: the pathogen and the host response to the invasion by the
pathogen. The multigenetic loci responsible forShigellaviru-
lence are primarily located on a large virulence plasmid with
some genetic loci on the chromosome. Brie� y, after ingestion
and transiting the stomach, the pathogen invades colonic M
cells. After post-transcytosis and reaching the other side of the M
cell, the pathogens are engulfed by macrophages. They not onl
survive phagocytosis, but someShigellaeffector proteins induce
apoptosis killing macrophages, and releasing interleukin 1b and
initiating an in � ammatory host response. Once the bacteria
invade adjacent epithelial cells via the basolateral cel
membrane, they stimulate the release of host proin� ammatory
cytokines and subsequently cause an acute in� ammatory
response. Inside the epithelial cells, the pathogens multiply
intracellularly and spread intercellularly from cell to cell.

The plasmid-encoded virulence-related genes are comprise
of about 33 genes contained in two large operons transcribed in
opposite orientation. Proteins encoded by these genes ar
primarily the components of the type III secretion system
(T3SS) apparatus. The proteins that compose this secretio
apparatus are encoded by themxi/spa(mxi-membrane expres-
sion of invasion plasmid antigens;spa-surface presentation of
Ipa antigens) loci. Additional functions of plasmid-borne gene
products are effectors, translocators, transcription activators
and chaperones. TheipaBCDA(invasionplasmid antigens) gene
products are immunodominant antigens detected in sera of
convalescent patients and experimentally challenged monkeys
Some Ipas are secreted from the internal milieu of the pathogen
through bacterial membrane via the needle complex of the T3SS
to the bacterial cell surface. There are related secretion system
found in a variety of plant and animal pathogens that share
both functional and sequence homologies such as the gene
involved in � agella synthesis and secretion of Yops inYersinia.
Additionally, the two pathogenic-related operons in theShigella
virulence plasmid closely resemble, in both gene organization
and protein sequence, the comparable virulence-associate
chromosomal region of SalmonellaTyphimurium.

The T3SS spans the inner and outer membrane to allow the
release of the Ipa proteins to the host cell. At this site, these Ip
proteins act as translocators, interacting with the host-cel
membrane and inducing the formation of pseudopodia. The
IpaB and IpaC proteins, and most likely IpaA, form a complex
on the bacterial cell surface that interacts with the host-cel
surface to enable the entry ofShigellainto host cells via bacte-
rium-directed phagocytosis. IpaD is also required for insertion
of the IpaBC complex into the host-cell membrane. In labo-
ratory studies, puri� ed IpaC was found to induce cytoskeletal
reorganization via actin polymerization and depolymerization
on host cells. Since IpaA binds to vinculin and promotes F-actin
depolymerization, current thought is that this step facilitates
reorganization of the host-cell surface structures and modulate
bacterial entry after induction by contact with Shigellasecreted
proteins. Another virulence factor encoded on the virulence
plasmid is icsA(virG). IcsA is an outer membrane protein that is
asymmetrically localized at the old pole of the bacterial cell and
catalyzes the polymerization of host-cell actin. This causes th
formation of an actin tail that provides motility for the
organism through the host cell. The process allows the path
ogen to enter the neighboring cell without leaving the initially
infected host cell and encountering the exterior environment,
exposing the bacteria to the host immune system.

As noted above, there are genetic elements that are locate
in the Shigellachromosome. Two pathogenicity islands in
S. � exneri, one denoted as SHI-1 (Shigellapathogenicity island
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1), contain the setgene, which encodes an enterotoxin. Within
the same open reading frame is another gene,she, which
encodes a protein with putative hemagglutinin and mucinase
activity. Theiuc locus, which contains the genes for aerobactin
synthesis and transport, is present in the pathogenicity island
SHI-2. Aerobactin, a hydroxamate siderophore, is used b
S. � exnerito scavenge iron.

Regulation of the expression of the virulence genes ofShigella
occurs through a variety of environmental stimuli, with
temperature being the most notable. Temperature also play
a pivotal role in regulating the expression of virulence genes
found in other pathogens, including S.Typhimurium, Bordetella
pertussis, Yersiniaspp., and Listeria monocytogenes. At 30 � C, the
expression of the virulence genes inShigella is repressed.
Therefore, Shigella species grown at this temperature are
noninvasive in cultured mammalian cells. The noninvasive
phenotype is reversed by shifting the growth temperature to
37 � C affecting the action of three gene products. VirR (H-NS) is
a chromosomally encoded global negative regulator involved in
a variety of regulatory pathways. The virulence plasmid encode
VirF is a transcriptional activator that is a member of the AraC
family. H-NS acts to block VirF activity at the VirB promoter.virB
and mxiEare virulence plasmid encoded genes that induce th
expression of the type 3 secretion proteins, theipa, spa, andmxi
gene products. The exact mechanism is unknown, but mutations
in H-NS result in an absence of temperature regulation, while
mutations in VirF or VirB result in an inability to produce the
Ipa, Spa, and Mxi proteins. Temperature is not the only regu
lating factor; pH and osmolarity are two other environmental
stimuli that have an effect on gene expression.
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Shigella in Foods

Survival in Foods

Food matrices and the resident microbial� ora present have
a pronounced effect on the growth and survival of Shigella
in situ. Introduction of shigellae into foods, particularly raw
produce that are minimally processed, most likely occurs
during handling and processing, including irrigation, harvest-
ing, and hand packaging. Since humans are the primary hos
for Shigella, the presence of this pathogen in the phylosphere
(the total above-ground surfaces of plants) would not be
indicative of a natural event but more re� ective of human
intervention.

Shigellaspecies are not fastidious with regard to their growth
requirements and can be cultured in the laboratory using
complex media. Overall temperature range for growth is from 6
to 47 � C, and species can survive at temperatures used f
freezing, –20 � C, and refrigeration, 4–6 � C. Shigellae are rela
tively resistant to acidic conditions and are salt tolerant.
Noteworthy is its ability to survive in many of the organic acids
used as preservatives in foods and found in citrus fruits
depending on the temperature that the bacteria are exposed to
the lower the temperature, the longer the survival rate. A
detailed review of the survivability and growth of Shigellain
foods is presented in ICMSF (1996).

Shigellais often considered as a waterborne pathogen an
can survive in water for nearly a month with relatively little loss
in numbers. As a foodborne pathogen, shigellae are no
indigenous to any food, and its presence in a food is indicative
of fecal contamination. Historically, Shigellaspecies have been
associated with different food groups, including various salads
(potato, chicken, macaroni, tuna, shrimp), produce, and
unpasteurized milk. In recent foodborne outbreaks worldwide,
contaminated (S. sonnei) raw baby corn and sugar snap pea
were responsible for 227 laboratory-con� rmed cases in 2
countries (Denmark and Australia), andS. dysenteriaetype 2 was
responsible for 35 laboratory-con� rmed cases in Sweden. In the
United States, there were several foodborne outbreaks linked t
Shigellafound in various types of foods, including foods served
in a restaurant in Chicago which sickened at least 116 people
(Table 2).

Shigella sonneican grow in a number of produce commod-
ities, such as in shredded lettuce held at room temperature
Additionally, S. sonneisurvives in potato salad and raw ground
beef held at cold temperature for at least 28 days and 9 days
respectively. Tomatoes have been implicated in several food
related outbreaks of shigellosis, and experiments indicate tha
S.� exneri2a can survive for at least 72 h on damaged tomatoes
Furthermore,S. � exnerihas been found to grow on the surface
of cucumbers for up to 24 h at 25� C and 37 � C and survive for
more than 72 h at 5 � C. One plausible explanation for the
difference noted between cucumbers and tomatoes is that th
skin of the cucumber is more textured than the waxy tomato
skin. The pathogen may have a safer haven in potentia
microsites on the cucumber surface and may be more protecte
from desiccation. Other foods that supported growth of
S. � exneriat 25 and 37� C include sterilized milk, cooked rice,
lentil soups, cooked beef, or� sh. Additionally, S. � exnerican
persist for at least 3 days in all these foods except� sh when
stored at 5� C.

Shigellacan survive a temperature range of–20 � C to room
temperature; however, they survive for a longer time in foods
stored frozen or at refrigeration temperatures than at room
temperature. This survival time is also dependent on the
treatment of the food prior to being stored at any temperature.
In one study, two different strains of S. boydii18 were inocu-
lated into bean salad and stored at 4 or 23� C. No growth was
observed at the lower temperature, but both strains survived
However, at 23� C, a two order of magnitude increase was
noted over 2 days in cell number, and then a decrease in the
number of viable cells was observed.Shigellaspp. can survive in
a wide range of foods under different environmental condi-
tions. They have been shown to survive at room temperature up
to 50 days in foods such as milk,� our, eggs, clams, shrimp, and
oysters, 5–10 days in acidic foods such as orange and tomato
juice and carbonated soft drinks, and 1–2 weeks in refrigerated,
fermented milk. Lastly, under laboratory conditions, Shigella
spp. can grow at temperatures as low as 6� C and up to 48 � C
and have a pH range of 4.8–9.3.
Detection ofShigella from Foods

Bacteriological Methods

Methods used to isolate, detect, and identifyShigellaspecies
from foods can be divided into three major categories:
conventional bacteriological methods, nucleic acid-based
methods, and biosensors. Presently, no single or de� nitive
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method has the robustness, rapidity, and ef� cacy to be effective
for detectingShigellain foods. A lack of an effective enrichment
media that selects against microbial populations found in
foods and concurrently selects forShigellaseverely hampers the
isolation of this pathogen from foods. This may re� ect the
sometimes fragile existence of shigellae under various env
ronmental conditions which in � uences the physiological state
of the pathogen. Different growth parameters may be needed to
properly resuscitate injured or stressed cells.

Most isolation methods entail growth in a broth medium
followed by plating on different selective agars. New to the
playing � eld are chromogenic agars that can be used to sele
against indigenous microbial populations found in foods and
provide a visual means to determine the presence ofShigella
species by colony color. This twofold ability of chromogenic
agars may replace other agars used in the isolation ofShigella
from foods. Common agars used in routine isolation of Shigella
include MacConkey, xylose lysine desoxycholate (XLD), des
oxycholate citrate, tergitol 7,Salmonella/Shigella, and Hektoen
enteric agars, each with particular strengths and weaknesses

Shigella grown on MacConkey agar, a low-selectivity
medium, produces colonies that are translucent and slightly
pink with or without rough edges. Eosin methylene blue (EMB)
and Tergitol-7 agar are alternative low-selectivity agars con
taining lactose. Colorless colonies on EMB plates or bluish
colonies on the yellowish-green Tergitol-7 agar are indicative o
Shigella. Desoxycholate and XLD agars are intermediate sele
tive media and are the preferred media to isolateShigellaspp.
Shigellacolonies on XLD agar are translucent and red (alkaline)
Although most Shigellado not ferment xylose, some species, fo
example, S. boydii(variable), may be missed, and therefore
plating on other agars may avoid any false-negative results
Shigellaspp. form reddish colonies on desoxycholate agar
Highly selective medium include Salmonella–Shigella and
Hektoen enteric agars. SomeShigellaspp., such asS. dysenteriae
type I, are unable to grow on highly selectiveSalmonella–
Shigella medium. On this agar medium, Shigella produces
colorless, translucent colonies. Colonies on Hektoen enteric
agar appear green, as do colonies fromSalmonellaspp. E. coli
strains form yellow colonies.

The general biochemical characteristics ofShigellaexploited
are that they are nonlactose-fermenting bacteria that do no
produce H2S (except forS. � exneri6 and S. boydii14) as indi-
cated on triple sugar iron slants. Shigellae are typically negativ
for lysine decarboxylase, sucrose, urease, citrate, and indole, d
not produce gas from glucose, and are nonmotile. Alterna-
tively, commercially available biochemical test kits or instru-
ments can be used to presumptively identify Shigellaspp.
Further identi� cation utilizes serological tests with polyvalent
antiserum to identify the Shigellagroup at the serovar level,
(A–D). In some cases, some EIEC strains share homology wit
antigenic structures of someShigellaserotypes. Several sero
types of S. dysenteriae, S. � exneri, and S. boydiihave reciprocal
cross-reactivity withE. coliO antigens of the Alkalescens-Dispa
bioserogroup or EIEC.
in
Molecular-Based Methods

Polymerase Chain Reaction-based assays, whether
conventional or real-time multiplex formats, offer a robust
and more rapid means of identifying isolated colonies. This
technology is also a potentially powerful screening tool for
analyzing food samples. An effective means to identify and/
or detect Shigellaspecies using PCR assays is to target th
ipaH genes, since this particular gene is present in th
pathogen’s chromosome and also in the virulence plasmid.
Inclusion of a genetically unique control strain and an
internal ampli � cation control increases the con� dence level
of any PCR result in yielding a true positive or negative
ampli � cation reaction. The bevy of molecular-based test
available can also be used in an identi�cation scheme from
serovars to strain-speci� c; they represent an important tool
for food safety.

One of the signi� cant impacts of molecular-based
methods, such as real-time PCR, the concurrent ampli� cation
of nucleic acid target sites, and the data read-out indicating
the status of the reaction, is the reduction of time of analysis
from 2 to 4 h for conventional PCR to less than 1 h. A plethora
of publications are available in the literature that describe
different PCR-based assays, most targeting theipaH genes as
well as other genetic loci, that have been shown to be effective
in detecting Shigellaspp. These assays are in several differe
formats, either as single, nested, and multiplex PCR assay
designed to amplify speci�c genetic marker(s) present in
single copy (e.g., the two Shigella enterotoxin genes) or
multiple copies ( ipaH) in the Shigellagenome. In some cases
EIEC andShigellashare sequence homology; therefore, there i
no discrimination of these two pathogens by PCR. Further-
more, the need for a PCR-based assay to differentiate betwee
and identify the four Shigellaserotypes is apparent. Recen
publications have now focused on providing this discrimi-
natory power.

The technology that may have the most signi� cant
potential impact on rapid diagnosis of different aspects of
food safety is microarray platforms. Chips can be designed to
contain probes to varying targets, including genes speci� c for
Shigellaserotype identi� cation, antimicrobial resistance, and
virulence. As with most isolation and detection schemes,
sample preparation ranks as the most critical step in accurac
of analysis. Oligonucleotide microarrays can easily be inte
grated in the overall identi� cation scheme by having speci� c
targets embedded and used to not only con� rm the presence
of Shigellain a food sample but also to identify the speci� c
serotype. Therefore, the application of microarrays can be
used for routine monitoring of food samples and also in
response to foodborne outbreak investigations. One such
microarray targets the O-serotype-speci� c genes of 34 of the
43 Shigellaserotypes.

Other molecular-based methods have been applied as
a means to type Shigellaspp. Plasmid analysis, restriction
fragment length polymorphism methods, pulsed-� eld gel
electrophoresis (PFGE), ampli� ed fragment length poly-
morphism analysis, PCR-based genotyping, variable number o
tandem repeat analysis, multilocus sequence typing, and
single-nucleotide polymorphism analysis have all been repor-
ted to type Shigellaspp., but not all have been widely accepted.
PFGE is an internationally accepted means to differentiate
strains, particularly those that are involved in outbreak situa-
tions. Shigellaspp. are one of � ve databases that the CDC
maintains for bacterial foodborne pathogens. A major asset for
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these databases is the rapid identi� cation of a potential etio-
logical agent of an outbreak in order to minimize the number
of future cases. As for surveillance, in the United States, Food
Net is a joint collaborative program among a few federal
government agencies, the CDC, the USDA/Food Safety an
Inspection Service, and the FDA, and 10 state health depar
ments. This project reports the occurrence of laboratory
con� rmed cases of several foodborne pathogens, includin
Shigella.

One of the major drawbacks of molecular-based detection
methods is that in general a positive ampli� cation does not
prove that the target organism was viable or not and capable o
causing disease. Although PCR, particularly in a real-tim
format, is a sensitive and speci� c technology, as compared to
conventional culture/bacteriology, its strength as an applica-
tion tool may be as a very effective screening tool.
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Impact on Industry and the Consumer

Shigellaspecies are not indigenous to any food; contamination
is from an external source, either directly or indirectly from an
infected human. In a recent updated estimate on the number of
foodborne illnesses caused byShigella, approximately 32 000
cases of shigellosis occur in the United States annually. Th
source of many shigellosis outbreaks has been traced to th
ingestion of raw or fresh vegetables, particularly in salads an
seafood, bakery products, chicken and hamburger, basicall
covering the farm-to-fork continuum. Outbreaks also occur in
establishments that serve foods prepared on the premise, suc
as restaurants, where salads may be handled by infected foo
handlers. Additionally, there are examples of outbreaks cause
by individuals who either were responsible for preparing meals
for thousands of people at mass gatherings or from homemade
products for local festivals.

The food industry, in conjunction with regulatory
agencies, have devised a program (Hazard Analysis and Cr
ical Control Point; HACCP) to identify and control speci� c
food-related practices. This analysis indicates where tests f
the presence of foodborne pathogens at critical stages of foo
production should be implemented. HACCP is a respectable
monitoring system for other pathogens commonly known to
be associated with foods, such asSalmonellaspp. and E. coli
O157:H7; however, testing for the presence of shigellae in
foods is usually not routinely performed. In many cases,
contamination of foods with Shigellaoften occurs between the
processing plant and the consumer through handling by
infected employees. Proper adherence to good manufacturin
processes, such as hand washing and temporary removal
employees with characteristic diarrheal illness, can reduce no
only outbreaks of shigellosis but also other forms of food-
borne diseases.

Consumers should obtain their fresh and prepared vegeta
bles from reliable sources, wash produce, store them at suitabl
(refrigerated) temperatures, cook foods adequately, refrigerat
leftovers promptly, and cleanse cooking utensils and equip-
ment. Many agencies, including the WHO, are emphasizing
adequate hand washing by the consumer before and while
preparing meals as a primary means of reducing the spreadin
or contracting of a foodborne illness. Much worldwide
attention has been given to the overall safety of food produc-
tion, whether for domestic consumption or for global
commerce. As indicated by recent foodborne outbreaks, and
not necessarily by Shigella spp., food safety-related trends
should address all aspects of foods, from large-scale productio
and wide distribution, globalization of the food supply, eating
outside of the home, emergence of new pathogens, and
a growing population of at-risk consumers. With the
continuing rise in food prices and the increasing number of the
world ’s population confronting starvation, food safety should
be kept on the table as a primary concern. LikeShigella, many
pathogens have a low infectious dose and can spread rapidl
throughout a population.
See also:Biochemical and Modern Identi�cation Techniques:
Enterobacteriaceae, Coliforms, andEscherichia Coli;
Enterobacteriaceae, Coliform, andEscherichia coli: Classical
and Modern Methods for Detection and Enumeration;
Escherichia coliO157:E. coliO157:H7; Food Poisoning
Outbreaks; Molecular Biology in Microbiological Analysis;
Genomics;EnteroinvasiveEscherichia coli: Introduction and
Detection by Classical Cultural and Molecular Technique
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Introduction

The extent of shortfall in protein varies from country to country
and must be considered within the framework of each national
economy. The shift from grain to meat diets in industrial and
developing countries is of dramatic proportions and leads to
a much higher per capita grain consumption, since it takes
3–10 kg of grain to produce 1 kg of meat by animal rearing and
fattening programs.

The experimental use of microbes as protein producers ha
been widely successful. This� eld of study has become known
as single-cell protein (SCP) production, referring to the fact that
most microorganisms used as producers grow as single o
� lamentous individuals rather than as complex multicellular
organisms, such as plants or animals.

Eating microbes may seem strange, but people have lon
recognized the nutritional value of the large fruiting bodies of
some fungi, that is, mushrooms. Mushroom growing, because
of its antiquity, can be considered a conventional type of food
production. This article is concerned with novel processes fo
growing fungal mycelia, which lend themselves to biotechno-
logical processing.

The pioneering research on SCP production, conducted b
Max Delbriick and coworker in Berlin, about one century ago,
highlighted the potential use of surplus brewer’s yeast as
a feeding supplement for animals. The term SCP was coined i
the 1960s to embrace microbial biomass produced by fermen-
tation. The SCP production technologies developed as a prom
ising way to cultivate enough protein for the world’s protein
hunger. Over the past two decades, there has been a growin
interest in using microbes for food production, in particular for
feeding domesticated food-producing animals such as poultry
Use of SCP derived from low-value waste materials for anima
feed may increase the food available to humans by reducing
competition between humans and animals for protein-rich
vegetable foods. Major companies throughout the world have
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
long been involved in developing SCP processes, and many SC
products are now commercially available.

SCP may be used as a protein supplement, as a food add
tive to improve � avor or fat binding, or as a replacement for
animal protein in the diet. Microorganisms have high DNA and
RNA contents and human metabolism of nucleic acids yields
excessive amounts of uric acid, which may cause kidney stone
and gout. Because humans have a limited capacity to degrad
nucleic acids, additional processing is required before SCP ca
be used in human foods. In animal feeding, SCP may serve a
a replacement for such traditional protein supplements as� sh
meal and soy meal. The high protein levels and bland odor and
taste of SCP, together with ease of storage, make SCP a pote
tially attractive component of manufactured foods. Also its
high protein content makes it attractive for feeding farmed
crustacea and� sh.
SigniÞcance of Single-Cell Protein

Microorganisms produce protein much more ef� ciently than
any farm animal (Table 1). The yields of protein from a 250 kg
cow and 250 g of microorganisms are comparable. The cow
will produce 200 g of protein per day, whereas the microbes, in
theory, can produce 25 tons in the same time under ideal
growing conditions.

The advantages of using microbes for SCP production ar
outlined in Table 2.

Choice of Mycelial Fungi in Biotechnology

Currently, fungi are used for the production of secondary
metabolites of medicinal and industrial importance (antibi-
otics, mycotoxins, and fermented foods). Filamentous fungi
also play a signi�cant role in the food industry, for example,
adding � avor to certain cheeses and in the production of
78-0-12-384730-0.00311-6 415
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Table 1 Time required to double the mass
of various organisms

Organism Doubling time

Bacteria and yeasts 20–120 min
Molds and algae 2–6 h
Grass and some plants 1–2 weeks
Chickens 2–4 weeks
Pigs 4–6 weeks
Cattle (young) 1–2 months

Table 2 The advantages of using microbes for single-cell protein
production

1. Microorganisms can grow at remarkably rapid rates under optimu
conditions; some microbes can double their mass every 30–60 min.

2. Microorganisms are more easily genetically modi� ed than plants and
animals; they are more amenable to large-scale screening program
select for higher growth rate and improved RNA content and can
subjected more easily to gene transfer technology.

3. Microorganisms have a relatively high protein content and the nut
tional value of the protein is good.

4. Microorganisms can be grown in vast numbers in relatively small
continuous fermentation processes, using a relatively small land ar
and growth is independent of climate.

5. Microorganisms can grow on a wide range of raw materials, includi
low-value agri-industrial residues and by-products.

6. The production is independent of seasonal and climatic variations
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oriental foods (Table 3). They are used as a major protein
source in some food additives and extenders and to improve
the protein content of animal feeds.

In the previous examples, the� lamentous fungi, although
playing an important role, are generally a minor component of
the � nal product. It is possible, however, to utilize the physical
characteristics of these fungi to assemble structured foo
products whose sensory textures are similar to muscle tissu
food products. An example of this approach is given in the
following section.
Table 3 Direct food uses of fungi

Fungal species Application

Edible macrofungi
Agaricus bisporus Common edible mushroom
Lentinus edodes Shiitake mushroom
Volvariella volvacea Chinese or straw mushroom
Flammulina velutipes Winter mushroom
Pleurotusspp. Oyster mushroom
Tuber melanosporum Truf� e

Cheeses
Penicillium roqueforti Roquefort, stilton, blue
Penicillium camemberti Camembert, brie, soft-ripened cheeses

Oriental food fermentations
Monascus purpureus Ang-kak, anka koji, or beni koki

(red rice– culture grown on rice grains)
Aspergillus oryzae/A. sojae Miso (fermented soybeans)
Aspergillus oryzae/A. sojae Shoyu (soy) sauce
Rhizopus oligosporus Tempeh or tempe kedele

(fermented soybean cotyledons)
Texture and Flavor of Mycoprotein

In addition to the growth rates of organisms used for SCP, their
conversion of substrate to protein is much more ef� cient than
conversion of feed by farm animals. This is shown inTable 4.

The � lamentous morphology of the fungi means that the
mycelial mass has a natural texture, which can be used t
impart a meatlike texture to the product, which may also be
favored and colored to resemble meat. The coarseness of th
texture depends on the length of the hyphae, which can be
controlled by adjusting the growth rate.
Commercial Exploitation of Mycelial Fungi

The following characteristics determine the choice of fungi as
organisms to be used in a large-scale industrial fermentation
process, producing a low-cost� nal product:

l Good at breaking down a wide range of complex substrates
(e.g., cellulose, hemicellulose, pectin)

l Can tolerate low pH values, which helps in preventing
contamination of the culture

l Few nutritional requirements
l Ease of recovery of biomass by� ltration
l Ease of handling and of drying the biomass
l Structure conferred by hyphae allows the fabrication of

textured foods

The industrial production of SCP continues to excite
attention, particularly in relation to the use of simple carbo-
hydrates as feedstock for microbial growth and biomass
production. Today, however, the economics of production has
shifted the emphasis from the application of SCP to solve the
problem of starvation to the production of novel foods for use
in advanced economies.
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Features of Commercial Exploitation of Fungi

Following are the features of commercial exploitation:

l Rapid growth rate and high protein content compared with
plants or animals.

l Can be produced in large amounts in a relatively small area
using biological by-products as sources of nutrient, such a
the by-products from the confectionery and distillery,
vegetable and wood-processing industries, although for
human food application, the use of food or reagent-grade
nutrients is essential.

l Fungal cells contain carbohydrate, lipids, and nucleic acids
and a favorable balance of lysine, methionine, and trypto-
phan amino acids that plant proteins often lack.

For example, fungi can be used to improve the nutritional
quality of food grains, such as barley. Barley is de� cient in
lysine, which is normally added to barley feed in the form of
expensive proteins such as� sh or soy meal. Fungal supple-
mentation is achieved by adding a nitrogen source to a barley
gruel and then inoculating it with an amylolytic (starch-
decomposing) fungus, such asAspergillus oryzaeor Rhizopus
arrhizus. The barley starch is hydrolyzed to glucose and the
protein content increases as the fungus grows. Expensiv
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Table 4 Myco- and animal protein: conversion rates in protein formation

Producer Starting material Product-protein Total product

Cow 1 kg feed 14 g 68 g beef
Pig 1 kg feed 41 g 200 g pork
Chicken 1 kg feed 49 g 240 g meat
Fusarium graminearum 1 kg carbohydrateþ inorganic N 136 g 1080 g wet cell mass
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sterilization steps are not required at any stage of the proces
and the product provides an ideal feed for use in pig production.
e

Growth Rates of Fungi

Although fungi usually grow more slowly than bacteria or
yeasts, the data inTable 5 show that, for the practical consid-
eration of biomass production, the growth rates of fungi can be
adequate.
Table 5 Maximum speci� c growth rates (mmax) of� lamen

Fermentation substrate Fungi

Cassava Aspergillus fumigatus12
Carob extract Aspergillus nigerM1
Corn stover Chaetomium celluloly
Glucose Fusarium graminearu
Carob extract Fusarium moniliforme
Not stated Fusariumsp. M4
Whisky distillery spent wash Geotrichum candidum
Sul� te liquor Paecilomyces varioti
Milk whey Penicillium cyclopium
Starch hydrolysate Penicillium notatum-c
Mung bean whey Rhizopus oligosporu
Not stated Trichoderma album
Coffee wastes Trichoderma harzian,

Table 6 Analysis of fungi for protein production (all values are in %

Fermentation substrate
Culture
type (FP) Fungi

Cassava extract b Aspergillus fumigatus121
Cassava b Aspergillus fumigatus121A
Ground barley b Aspergillus oryzaeCMI 44242
Hydrolyzed potato b Aspergillus oryzaeNRRL 3483
Hydrolyzed potato b Aspergillus oryzaeNRRL 3484
Cassava starch b Cephalosporium eichhorniae
Crop residues c Chaetomium cellulolyticum
Glucose c Fusarium graminearumCMI 145425
Carob extract c Fusarium moniliforme
Glucose ND Fusarium semitectumCMI 135410
Sul� te liquor c Paecilomyces variotii
Hydrolyzed potato b Penicillium notatum-chrysogenum

CMI 138291
Milk whey c Penicillium cyclopium
Cassava extract b Rhizopus chinensis
Waste paper b Scytalidium acidophilum
Fiber board waste water b Sporotrichum pulverulentum
Cassava extract b Sporotrichum thermopile
ND b Trichoderma album

FP, fermentation process; b, batch; c, continuous; ND, no data.
Composition of Fungi and Nutritional Values

The nutritional value of fungal protein has been shown to be
very satisfactory and compares well with protein from yeasts
and bacteria. The compositions of some of the important fungi
used for biomass production are shown in Table 6. The dis-
tinguishing feature of fungal composition lies in the distribu-
tion of the nitrogen content. Crude protein values based on
total nitrogen � 6.25 can be misleading for SCP, because of th
RNA content of microbial cells and because fungi have
tous fungi used for biomass production

Temperature (� C) mmax (h� 1)

1A 45 0.11
36 c. 0.16

ticum 37 > 0.24
m 30 0.28

30 0.22
35 0.30
22 0.385

i 38 0.31
28 0.20

hrysogenum 30 0.20
s 32 0.16

28 c. 0.46
umRifai 30 0.10

dry weight)

Crude protein
(total N� 6.25)

True protein
nitrogen

Nonprotein
nitrogen RNA Lipid Ash

40 31.5 21.3 ND 12.2 ND
37 27 27 ND ND ND
39.4 30.2 23.4 2.5 ND ND
40 22 45 ND 2 9
39 25 35.9 ND 2 9

49.5 37.8 23.6 ND ND ND
45 ND 5 10 5

60 42 30 10 13 6
43 30 30 8 5 ND

48 34.5 28.1 3.2 ND ND
55 ND 10 1.3 6
43 36 16.3 ND 1.6 5

54 38 29.6 9 ND ND
49 37 24.5 ND ND ND
45 36 20 6.2 2.6 3.5
43 30 16.2 ND 10 6
37 26 29.7 ND 6.6 ND
64 54 16 4–6 6–12 6–9
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substantial amounts of their nitrogen asn-acetylglucosamine in
chitin of the cell wall. The protein content of the cells is
approximately two-thirds of the total nitrogen, whereas RNA
accounts for 15% and chitin for 10%. The chemical composi-
tion of single-cell biomass is not � xed; it varies with the
limiting substrate, culture conditions, growth rate, tempera-
ture, and pH. Biomass is grown for its protein content and
therefore is never produced under nitrogen limitation; in
consequence, the lipid content of the cells is almost invariably
low, because fungal cells tend to synthesize maximum lipid
content only under nitrogen limitation.
s,

s

SCP Production Method

The central operation in SCP production is fermentation, for
optimum conversion of substrate to microbial mass (Table 7).
Any such operation requires the speci� cation of the medium
and the growth conditions, the design and operation of
a suitable fermentation vessel and associated control system
and the separation of the cell mass from the fermentation
broth. On a commercial scale, SCP invariably is produced in
submerged liquid culture. Batch or continuous culture
Table 7 Fermentative production of fungal protein

Carbon and energy
source Fermenter Microorganism

Tempe
(� C)

Glucose, citrus press
water, orange juice

1 l, 40 l bottle Agaricus blazei Ambie

Glucose 20 l fermenter Agaricus campestris 25
Malt syrup cane

molasses
27

Carob bean extract 3000 l fermenterAspergillus niger 30–36
Coffee waste water 5000 gal.

(18 927 l) tank
A. oryzae 28

Glucose 300 ml� ask Boletus edulis 25
Brewery waste,

grain press liquor
250 ml� ask Calvatia gigantea 25

Brewery waste, trub
press liquor

25

Carob bean extract 14 l fermenter Fusarium moniliforme30
Corn and pea waste 37 854 l aeration

pool
Geotrichumspp. Ambie

Corn and pea waste 189 270 l pool
(continuous)

Gliocladium
deliquescens

Ambie

Soy whey 18 l fermenter Ambie
Glucose 30 l fermenter Lentinus elodes 25
Cheese whey, corn

canning waste,
sul� te liquor,
pumpkin

10 l carboy, 7 l Morchella crassipes 25

Canning waste 18.93 l carboy Ambie
Sul� te waste liquor 18.93 l carboy M. deliciosa Ambie
Cheese whey, corn

canning waste
37.85l carboy M. esculenta 25

aon dry weight basis; carboy-glass, plastic, or metal round bottles.
techniques may be used. Continuous culture, which offers
considerable advantages in terms of overall productivity of the
fermentation processes, has been the chosen method o
production in commercial SCP systems. On a commercia
scale, this requires specialized plant, which is able to with-
stand initial sterilization procedures before each production is
run and which has sensors� tted into the vessel to monitor the
parameters of the process.
RNA Reduction Processes

To meet the 1976 requirements of Food and Agricultural
Organization/World Health Organization PAG (1976) and to
limit the ingestion of RNA from nonconventional food sources
to 2 g per day, various methods of RNA reduction have been
investigated:

1. Alkali extraction lowers the RNA levels of the mycelium.
Treatment of proteins with alkali can lead to the formation
of the dipeptide lysinoalanine, which is undesirable in
food materials, and care has to be exercised to prevent thi
from occurring. It was claimed that the use of alkali
rature
pH

SpeciÞc growth
rate (m) or
dilution
rate (D: h� 1)

Culture
densitya

(g l)

Mycelial yielda g
per g substrate

Supplied Used

nt 3.5–7.5 15.2 30 42

4.5 20
5.0–5.5 7.2 15.8 44.6

3.4 m¼ 0.25 31.5 45
4.0–4.5 D¼ 0.037 5

4.5–5.5 m¼ 0.0017 2.5 25
6.0 6.25 24.8

6.0 27.72 74.9

5.5–6.5 m¼ 0.18 8.8 0.384
nt 3.7 0.75–1.0

nt 4.6 1.2

nt 4.6 3.2–3.5
5.5 m¼ 0.12 7.5 26
6.5 8.02 33.6 48.6

nt 5.0–6.0 1.9 65
nt 6.0 10 32

6.5 7.85 32.8 48.1
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extraction improved the consistency, color, and odor of
Pekilo protein biomass if the alkali was neutralized with
acid before washing. Care had to be taken to ensure tha
the pH did not fall below 6.0, as this caused RNA to be
reprecipitated on to the biomass and hence increased th
RNA level of recovered cells.

2. Endogenous enzymic hydrolysis reduces the RNA leve
from 9% to less than 2%.

3. Heat shock at 64 � C inactivates the fungal protease and
allows the endogenous RNases to hydrolyze the disrupte
ribosomal RNA.
-
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Recovery of Biomass from Culture Broths

One of the major advantages possessed by the� lamentous
fungi over single-celled organisms is the ease with which the
former can be separated from the culture medium. On
a small scale,� ltration using � lter paper and Buchner funnels
usually is adequate. For larger volumes, a low-speed, perfo
rated-bowl centrifuge gives good results. On a large scal
rotary vacuum � lters are the method of choice; nylon � lter
cloths of suitable retentivity can normally recover>99.9% of
biomass mycelium and provision may be made for spray
washing as part of the� ltration operation; biomass removal
is done by scraper blade. With a vacuum of 60–65 cm Hg,
� ltration rates of around 70–80 kg m� 2 h� 1 from a medium
containing 20% total solids are achievable. To reduce
subsequent costs of drying if required, various dewatering
equipment can further reduce the 80% water content of� lter
cake. Continuous screw expellers of the type used in th
brewing industry for dewatering spent grains can be used
High-volume throughput necessitates continuous equip-
ment. In the Pekilo process, mechanical dewatering produce
a material of 35–45% total solids.
ot
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Drying

Fungal biomass is easy to dry because its structure does n
tend to collapse and lead to case hardening, as does bacteri
biomass. Using a continuous band drier with single-pass warm-
air down� ow, an air temperature of 75� C is optimal for drying
a Penicilliummycelium ex-vacuum � lter at 20% solids; a resi-
dence time of 20–30 min produces a product of 8–10%
moisture. Heating at too high a temperature reduces the
nutritional value of the product because of alteration in lysine
availability. Other forms of simple driers such as rotary drum
driers are also applicable.
General Product SpeciÞcations for SCP
as Human Food

Important aspects of the product quality of SCP include the
following:

l Nutritional value
l Safety
l Production of functional protein concentrates
Digestibility (D)

D is the percentage of total nitrogen consumed that is absorbed
from the alimentary tract. The total quantity of microbial
protein ingested by animals is measured and the nitrogen
content (I) is analyzed. Over the same period, feces and urin
are collected, and fecal nitrogen content (F) and urinary
nitrogen content (U) are measured. Thus

D ¼
I � F

U
� 100

Biological Value (BV)

BV is the percentage of total nitrogen assimilated that is
retained by the body, taking into account the simultaneous loss
of endogenous nitrogen through urinary excretion. Thus

BV ¼
I � ð F þ UÞ

I � F
� 100:

Protein EfÞciency Ratio (PER)

PER is the proportion of nitrogen retained by animals fed the
test protein compared with that retained when a reference
protein, such as egg albumin, is fed.
Preservation of Mycoprotein

Preservation is by freezing or chill storage.
Testing mycoprotein for nutritive value and safety has been

extensive and in 1985 resulted in permission being granted by
the Ministry of Agriculture, Fisheries and Food for free sale o
mycoprotein in the United Kingdom.
Commercial Production of Mycelial Protein

Pekilo Process

Pekilo is a fungal protein product produced by fermentation of
carbohydrates derived from spent sulfite liquor, molasses
whey, waste fruits, and wood or agricultural hydrolysates. It has
a good amino acid composition and is rich in vitamins.
Extensive animal feeding test programs showed that Pekilo
protein is a good protein source in the diet of pigs, calves
broilers, chickens, and laying hens. Pekilo protein is produced
by a continuous fermentation process. The organism, Paecilo
myces variotii, a � lamentous fungus, gives a good� brous
structure to the� nal product. The� rst plant was installed at the
Jamsankoski pulp mill in central Finland in 1973. As an animal
feed component, Pekilo protein is comparable to fodder yeast,
which is also produced by fermenting spent sulfite liquor.
Mycoprotein Production

In the UK Rank-Hovis-McDougall, in conjunction with
Imperial Chemical Industries (ICI) (in 1993, ICI demerged
into Zeneca and became the new ICI) commercially



Table 8 History of commercial mycoprotein

1965 The search is started for mycoprotein foods by Rank-Hovis-McDougall with ICI.
1967 The microorganism used for production of mycoprotein is identi� ed asFusarium graminearum.
1969 Initial work is begun into� avor and texture of mycoprotein.
1975 Pilot development production facility is set up.
1985 Ministry of agriculture,� sheries and food acceptance in the United Kingdom.
1986 Marlow Foods formed. The Quorn brand name launched. First ever mycoprotein retail product– a vegetable pie.
1990 First home-cooking product launched: Quorn pieces.
1992 First European launch in Benelux countries.
1996 Mycoprotein products launched in Switzerland.
1997 Product range exceeds 50 items in UK supermarkets.
1998 Expansion of product range in the United Kingdom and Europe.

Development in other countries. Available in markets of the United Kingdom, Belgium, Switzerland, the Netherlands, and Ireland.
2002 Mycoprotein products launched in the United States.
2003 Mycoprotein products launched in France.
2004 McDonald’s introduced a Quorn-branded burger bearing the seal of approval of the vegetarian society.
2005 Quorn replaced around 60% of the meat products in UK food market by their products based on mycoprotein.
2006 Mycoprotein products available in stores in the United Kingdom, Spain, Belgium, Sweden, the Netherlands, the United States,

Switzerland, and the Republic of Ireland.
2010 Mycoprotein products launched in Australia.
2011 Quorn foods launched a‘vegan burger’ into the US market.

Table 9 Commercial food products made from mycoprotein which are available in the UK supermarkets

Chilled products Q pieces, Q mince, Q nuggets, Q chilled sausages, peppered Q steak, crunchy Q� llets garlic and herb, lemon and black pepper
crisp crumb Q� llets, Q oriental� llets, Q steak Diane, Q lamb-� avor grills, Q en crûte, Q� llets, Q creatives Thai, Q creatives
Italian, Q bolognese, Q� llets in a tomato, red wine, and mushroom sauce, Q� llets in white wine and mushroom sauce, Q BBQ
burger, tikka pieces, Q salmon style dill crispbakes, Q tuna style melt,� sh less� ngers, tuna style and sweet corn crispbake,
sizzling BBQ bangers, sizzling burger, sweet and sour crispy bites

Deli products Roast beef-style, smoked chicken-style, honey roast ham-style, garlic sausages-style, turkey� avor with stuf� ng, new Q rashers,
bacon style, wafer thin ham style, chicken style, smoky ham style slices, roast chicken style slices, ham style, smoky bacon
style slices, peppered beef style slices, turkey style with stuf� ng

Ready meals Q lasagna, Q tikka masala, Q oriental stir fry, Q cottage pie, Q mushroom pie, Q korma, Q spicy light bites, Q roasted light bites,
sundried tomato topped� llet, spaghetti and balls, lasagne, sweet and sour, Q mini savory eggs, lamb style grills, breaded
goujons, crispy chicken style nuggets, Swedish style balls, Q satay skewers

Frozen products Q burgers, Q quarter pounders, Q premium burgers, Q southern-style burgers, Q sausages, Q pieces, Q mince, new Q dippers,
new Q lasagne, new Q chili,� llets in tomato and olive sauce, Q chicken style pieces, Q barbeque slices� llets, Q tikka slices
� llets, sausage lattice

Q, Quorn brand name.

Sterilized
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marketed another fungal protein, mycoprotein (Quorn),
derived from the growth of a Fusariumfungus on simple
food-grade carbohydrates. Unlike almost all other forms of
SCP, mycoprotein is produced for human consumption.
nutrients and
minerals

Fermenter

Chillers

Mycoprotein

Centrifuge

Services
e.g., water Heat transfer

Figure 1 Schematic of the mycoprotein fermentation process.
Technical Development of Mycoprotein and Quorn

Marlow Foods, based in the United Kingdom, is involved in the
development, production, and marketing of a range of Quorn
consumer food products made with mycoprotein. Marlow
Foods is a subsidiary of Zeneca Group PLC.

Mycoprotein is the generic name of the major raw material
used in the manufacture of Quorn products. It is composed of
RNA reduced cells of theFusariumspecies (Schwabe) ATCC
20334, grown under axenic conditions in a continuous
fermentation process.Table 8 shows the history of the devel-
opment of commercial Quorn mycoprotein.

Quorn, the brand name of a range of meat-alternative prod-
ucts using mycoprotein as the principal component (Table 9), is
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- Figure 2 Micrograph of mycoprotein illustrating its� lamentous nature.
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registered to Marlow Foods. These products are sold throughou
the United Kingdom and increasingly in western Europe.

Quorn products are a good source of protein, are lower in
calori� c value (89 kcal per 100 g), and have a higher dietary
� ber content than their natural meat equivalents. They contain
no animal fats or cholesterol and have a high level of dietary
� ber. They can be eaten by anyone, although they are not re
ommended for very young children because of their low energy
density. Quorn products have a tender texture similar to that of
lean meat. This makes them attractive to vegetarians who mis
the taste of meat, as well as to consumers who are reducin
their red meat intake.

The cells are grown by continuous aerobic fermentation
(Figure 1) for periods up to 1000 h of continuous operation.
The plant is sterilized between operating runs by the use o
steam under pressure.

The substrate, glucose syrup, and all the nutrients added t
the fermenter are sterile and of food or reagent-grade quality
The water is puri� ed before it is used in the fermenter. The pH in
the fermenter is controlled by the injection of ammonia, which
also provides part of the nitrogen source for the cells
A continuous spill from the fermenter carries away the biomass
produced: The� ow rate is such that the volume of the fermenter
is displaced every 5–6 h. The cell suspension is then taken to
a continuously stirred tank reactor held at approximately 65� C,
to reduce the RNA content (dry weight) from 10% to less than
2%. The suspension is then heated to 90� C, and dewatered by
centrifugation before being cooled. The harvested cells, collec
tively known as mycoprotein, are pastelike in consistency and
contain around 75% moisture.
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Commercial Production of Mycoprotein Food
Products

The harvested cells have a similar morphology to anima
muscle cells– they are� lamentous with a high length–diam-
eter ratio, length 400–700 mm, diameter 3–5 mm, and branch
frequency 1 per 250–300 mm (Figure 2). The product assembly
process seeks to reproduce the structural organization tha
exists in natural meats.

In meat, muscle cells are held together by connective tissue
To establish a similar product texture in Quorn products, the
cells are mixed with a protein binder, together with � avoring
and other ingredients, depending on the� nal product format,
and then heated (Figure 3). This causes the protein binder to
gel and bind the cells together. The resultant structure is ver
meatlike in appearance, texture, and formed products such a
steaks or� llets.
t
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Developing Texture

The ingredients added differ according to the product
produced. The mixture is transported to a forming machine, se
up for the product being produced. For Quorn pieces and
mince the forming machine produces strips of Quorn, which
then are reduced in size. The next step is to steam the mixture
The high temperatures reached during steaming affect gelatio
of the albumen, which is added at the mixing stage; this in turn
improves the texture of the product by increasing� rmness.
After steaming, the products are cooled rapidly, before weigh
ing, packing, and storage.
Characteristics of Mycoprotein Products

Good Source of Dietary Fiber

Because Quorn food products contain 60–90% of mycopro-
tein, there will be a corresponding signi� cant dietary � ber
content in the � nal product. Mycoprotein contains 5.1 g die-
tary � ber per 85 g (Table 10). Fiber includes 65% b-glucans
and 35% chitin, and, of this, 88% is insoluble and 12%
soluble.
No Interference with Mineral Absorption

Quorn products do not contain phytic acid or phytic salts that
may interfere with mineral absorption. No signi� cant effect
on the absorption of calcium, magnesium, phosphorus, zinc,
or iron has been shown in comparison with a polysaccharide-
free diet.
Lower in Fat, Saturated Fat, and Cholesterol than Equiva
Meat Products

Mycoprotein contains only 2.6 g fat and 0.5 g saturated fat per
85 g (Table 10). It does not contain any trans fatty acids
(Table 11). Quorn products, however, may contain slightly
higher levels of fat and some trans fatty acids, as sma
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Mixing Forming
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Figure 3 Schematic of the manufacturing process for Quorn products.

Table 10 Nutrition comparison: mycoprotein compared with other sources of dietary protein

Food type
Measure
(g)

Energy
(kcal)

Protein
(g)

Total carbohydrate
(g)

Dietary Þber
(g)

Total fat
(g)

Fat breakdown (g)
Cholesterol
(mg)Saturated Mono Poly

Mycoprotein 85 72 9.4 7.7 5.1 2.6 0.6 0.4 1.6 0
Cheddar cheese 30 120 7.5 0.38 0 10 6.3 2.8 0.28 32
Whole eggs 50 75 6.3 0.6 0 5 1.6 1.9 0.68 212
Ground beef: regular, medium

baked
85 245 19.6 0 0 17.8 7 7.8 0.66 74

Chicken: light meat, roasted 85 130 23.1 0 0 3.5 0.9 1.3 0.8 64
Fish: cod raw 85 89 19.4 0 0 0.7 0.1 0.1 0.25 47
Soy� our: raw, full fat 30 131 10.4 10.6 2.9 6.2 0.9 1.4 3.5 0
Chickpeas: mature seeds, raw 100 364 19.30 60.65 17.4 6.04 – – – 0
Pigeon peas: mature seeds, raw 100 343 21.70 62.78 15.0 1.49 – – – 0

Table 11 Fatty acid pro� le of mycoprotein (fat content¼ 3 g per
100 g)

Fatty acid
Grams per 100 g fat in
mycoprotein

Grams per 100 g
mycoprotein

C16:Palmitic 9.3 0.3
C18:0 Stearic 2.0 0.1
C18:1 Oleic 9.6 0.3
C18:2 Linoleic 29.8 1.0
C18:3a-

Linolenic
13.5 0.4
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amounts of fat may be added to enhance the taste and texture
These products contain between 2.4 and 8.4 g fat and 0.4–
2.4 g saturated fat per 85 g cooked weight. In comparison
equivalent meat products contain 2.5–3.5 times more fat and
saturated fat.
Rich in Protein Content

Quorn products typically contain between 10 and 13 g of
protein per 85 g serving, most of which comes from myco-
protein. Small amounts come from egg albumen and milk
proteins, which are added in the manufacturing process. The
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Table 13 Essential amino acid content of mycoprotein compared with other foods that contain protein (g amino acids per 100 g edible portion)

Essential amino acids Mycoprotein CowÕs milka Eggb Beefc Soybeansd Peanutse Wheatf Chickeng

Histidine 0.39 0.09 0.3 0.66 0.98 0.65 0.32 0.63
Isoleucine 0.57 0.20 0.68 0.87 1.77 0.91 0.53 1.07
Leucine 0.95 0.32 1.1 1.53 2.97 1.67 0.93 1.59
Lysine 0.91 0.26 0.90 1.6 2.4 0.92 0.30 1.76
Methionine 0.23 0.08 0.39 0.5 0.49 0.32 0.22 0.58
Phenylalanine 0.54 0.16 0.66 0.76 1.91 1.3 0.68 0.85
Tryptophan 0.18 0.05 0.16 0.22 0.53 0.25 0.18 0.24
Threonine 0.61 0.15 0.6 0.84 1.59 0.88 0.37 0.91
Valine 0.6 0.22 0.76 0.94 1.82 1.08 0.59 1.06

aWhole� uid milk (3.3% fat).
bRaw fresh egg.
cGround beef (regular, medium baked).
dMature raw soybeans.
eRaw peanuts (all types).
fDurum wheat.
gChicken, broilers or fryers, back, meat and skin, cooked, stewed.
Source: U.S. Department of Agriculture Nutrient Data Base for Standard Reference, 12 March 1998.

Table 12 Protein, fat, and calorie content of selected commercial mycoprotein food products compared to meat equivalents

Food (per 100 g cooked portion) Protein (g) Carbohydrate (g) Total fat (g) Saturated fat (g) Calories (kcal) Energy density (kcal)

Quorn salmon-style dill crispbakes 7.0 22.0 6.6 1.0 182 1.82
Quorn tuna-style melt 12.0 18.0 12.0 4.3 234 2.34
Fish-less� ngers 10.0 22.0 10.5 1.8 233 2.33
Tuna style and sweet corn crispbake 6.6 22.0 6.2 1.0 176 1.76
Sizzling burgers 18.0 7.0 6.0 3.0 154 1.54
Sizzling BBQ bangers 12.0 9.5 11.0 5.0 195 1.95
Quorn sausages 12.6 11.6 6.8 0.6 165 1.65
Mince 14.5 4.5 2.0 0.5 94 0.94
Sundried tomato-topped� llet 12.5 6.5 5.7 2.6 135 1.35
Sausages and mash 4.6 9.5 2.3 0.8 83 0.83
Cottage pie 2.5 11.0 1.0 0.5 67 0.67
Spaghetti and balls 4.3 11.9 0.8 0.2 76 0.76
Lasagne 4.8 12.5 2.7 1.2 97 0.97
Sweet and sour 3.7 17.0 4.0 0.6 93 0.93
Roast-style sliced� llets 15.5 3.5 6.0 1.0 141 1.41
Cornish style pasties 7.0 31.0 12.0 5.0 260 2.60
Deli bacon style 11.8 3.0 15.5 1.5 199 1.99
Quorn barbeque-sliced� llets 13.0 8.0 1.0 0.3 93 0.93
Quorn tikka-sliced� llets 12.0 9.0 1.5 0.6 98 0.98
Deli chicken style 16.3 4.5 2.6 0.7 107 1.07
Peppered beef-style slices 14.5 7.6 2.1 1.0 107 1.07
Quorn red leicester and onion sausages 15.0 10.0 6.5 4.0 167 1.67
Southern style burgers 10.7 14.5 9.8 1.2 189 1.89
Quorn cottage pie 2.5 9.0 1.4 0.9 59 0.59
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nutritional advantages of Quorn products (Table 12) include
the fact that they are excellent sources of high-quality protein
but are signi� cantly lower in fat, saturated fat, and calories than
many protein foods.
t

High-Quality Protein

Dietary proteins contain a mixture of 20 amino acids, all of
which are necessary to support growth. Although most amino
acids can be made in the body, nine essential amino acids mus
be supplied by the diet: histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan, and valine.
The quality of a dietary protein is based on its content of essentia
amino acids. Table 13 compares the amino acid content of
mycoprotein with other commonly consumed protein foods.

The PER for mycoprotein is 2.4, BV 84, and D 78. A recen
development in the United States required by the Food and
Drug Administration is that the protein digestibility-corrected
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Table 14 Protein digestibility corrected amino acid score (PDCAAS
of selected food proteins

Protein source PDCAAS Data source

Quorn pieces 1.0 d
Casein 1.0 a
Egg white 1.0 a
Chicken (light meat: roasted)trun -1 1.0 c
Turkey (minced: cooked) 0.97 c
Fish (cod: dry cooked)trun -1 0.96 c
Soybean protein 0.94 b
Beef 0.92 a
Mycoprotein 0.91 d
Pea� our 0.69 a
Kidney beans (canned) 0.68 a
Rolled oats 0.57 a
Lentils (canned) 0.52 a
Peanut meal 0.52 a
Whole wheat 0.40 a
Wheat gluten 0.25 a

a: Food and Agriculture Organization/World Health Organization Joint Report (19
b: Sarwar and McDonough (1990).
c: Calculated from amino acid data in the US. Department of Agriculture Data B
for Standard Reference, 12 March 1998 (assumes a digestibility equivalen
beef¼ 94%).
d: Calculated from Marlow Foods data.

Table 15 Vitamin and mineral comparison: mycoprotein compared with other sources of dietary protein

Food type
Measure
(g)

Ca
(mg)

Fe
(mg)

Mg
(mg)

P
(mg)

K
(mg)

Na
(mg)

Zn
(mg)

Vitamin A
(mg)

Thiamin
(mg)

Riboßavin
(mg)

Niacin
(mg)

Vitamin B6
(mg)

Folic acid
(mg)

Vitamin C
(mg)

Mycoprotein 85 38 0.5 38 215 85 4 8.5 0 0.01 0.2 0.3 0.1 0.1 0
Cheddar cheese 30 216 0.2 8.3 154 30 186 0.9 83RE 0.01 0.1 0.02 0.02 5.5 0
Whole eggs 50 25 0.7 5 89 61 63 0.6 95RE 0.03 0.25 0.04 0.07 0.24 0
Ground beef: regular,

medium baked
85 8.5 2.1 12.8 116.5 188 51 4.2 0 0.03 0.136 4 0.2 7.7 0

Chicken: light meat,
roasted

85 11 0.92 19.6 185 201 43 0.66 7RE 0.05 0.08 8.9 0.46 2.6 0

Fish: cod raw 85 11.9 0.42 35.7 117 207 66 0.49 12RE 0.08 0.07 2.1 0.24 6.9 0.9
Soy� our: raw, full fat 30 62 1.9 129 148 755 4 1.0 4RE 17 0.35 1.3 0.14 104 0
Peanut� our: defatted 100 140 2.10 370 760 1290 180 5.10 0 0.700 0.480 27.0 0.50 0 0
Wheat� our: whole grain 100 34 3.60 137 357 363 2 2.60 0 0.502 0.165 4.957 0.407 0 0

RE, retinal equivalent.
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amino acid scoring (PDCAAS) method must be used for most
nutrition labeling purposes. This method takes into account
the food protein ’s essential amino acid pro� le, its digestibility,
and its ability to supply essential amino acids in amounts
required by humans. It compares the essential amino acid
pro� le of a food, corrected for digestibility, to the Food and
Agricultural Organization/World Health Organization 2- to
5-year-old essential amino acid requirement pattern. The 2- to
5-year-old pattern is used because it is the most demanding
pattern of any age-group other than infants.

The PDCAAS for mycoprotein is 0.91, based on a diges
ibility factor of 78% for mycoprotein. Table 14 shows how
mycoprotein compares with the PDCAAS of other food
proteins.
Mineral and Vitamin Composition

Mycoprotein used in Quorn products compares well in mineral
and vitamin composition with other sources of dietary protein
(Table 15). The PDCAAS value for Quorn products (which all
contain egg albumin) is 1.

)

See also:Aspergillus: Aspergillus oryzae; Fermentation
(Industrial):Production of Oils and Fatty Acids;Mycotoxins:
Classi� cation.
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Description

Single-cell protein (SCP) refers to crude or re� ned protein of
algal, bacterial, mold, or yeast origin that is used either as
animal feed or human food. The production and utilization of
microbial biomass as a source of food protein gained particular
interest as an alternative source for proteins of agricultura
origin due to its high content of protein. In addition to
proteins, SCP contains other nutrients, such as lipids and
vitamins; because of this, in recent years, more attention ha
been focused on the use of biomass as food supplements an
having more commercial success than as a simple protei
source.
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Table 1 Main genera of algae used as food and feed and their
cellular organization

Prokaryote organisms
(cyanobacteria)

Eukaryote organism
(true algae)

Unicellular growth Anabaena
Aphanothece
Nostoc
Spirulina(Arthrospira)
Tolypothrix

Chlorella
Oedogonium
Scenedesmus
Spirogyra

Multicellular growth Alaria
Ascophyllum
Caulerpa
Coelastrum
Durvillaea
Ecklonia
Enteromorpha
Laminaria
Monostroma
Porphyra
Ulva
Undaria
Organisms

The term ‘algae’ is given generically to photosynthetic organ-
isms, either microscopic or macroscopic, living largely in water
habitats, growing as undifferentiated or little differentiated
tissues. The designation is applied to taxonomically unrelated
species and, in some cases, includes groups like cyanobacte
or Euglena. The cyanobacteria is a group included in the Pro
karyotae kingdom, and therefore they are related more closel
to bacteria than to ‘true’ algae; even photo-organotrophic
bacteria, such as Rhodopseudomonas palustris, have been
considered as SCP source, but this case will be covered in th
SCP Yeast and Bacteria article. Cyanobacteria are know
sometimes as blue-green algae, and for SCP purposes, th
usually are considered as such.

True algae belong to the Plantae kingdom, being the
simplest plants. They are unicellular and multicellular organ-
isms, some of them reaching huge sizes.

Many algae have been used as food for a long time. Thes
include single-cell organisms as well as multicellular seaweed
which have an important position in the diet of coastal
communities. Table 1 shows the main genera of algae used a
food and their cellular characteristics.

Macroscopic algae hardly can� t the SCP de� nition, due to
their multicellular nature, and the low protein content of the
� nal product (from 6 to 30% on dry-weight basis). They are
collected mostly from the sea, and when cultivated, the
production resembles ‘farming’ more than a biotechnological
process. The most widely consumed seaweed isPorphyra(an
alga belonging to the Rhodophyceae– the red algae), particu-
larly Porphyra tenera, which has a widespread distribution. It is
mainly consumed in Japan, and also in the Philippines, Wales
and New Zealand. Among the most important species of
seaweeds used as food isUlva lactuca(‘sea lettuce’), which is
used as a salad ingredient in Western Europe.Ascophyllum
nodosumis a seaweed used for animal and human consump
tion; it has been harvested for a long time, and recently has also
been produced by aquaculture, in the North Atlantic countries
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
such as South Western Canada and Norway.Enteromorphais
consumed in Hawaii and the Philippines in salads or used as
a � avor enhancer for� sh dishes.Caulerpais consumed in the
Philippines. Laminaria japonicais used in Japanese gastronomy
Durvillaea antarctica, known as ‘cochayuyo,’ is consumed
widely in Peru, Chile, and other countries in the South Paci� c
area.Undaria pinnati� da is consumed in soups and salads in
Japan and Korea.

Both true unicellular algae and cyanobacteria have bee
consumed for centuries. This practice dates back to the Aztecs
Central Mexico, long before the discovery of the New World,
when Spirulina maximawasharvested from natural habitats for
human consumption. A similar species,Spirulina platensis, is
still used in Lake Chad in Central Africa for the same purpose
Both speciesS. maximaand S. platensishave been classi� ed
interchangeably in either the genusArthrospiraor the genus
Spirulina. Other ancient cultures have used microalgae as foo
but to a lower scale. For instance,Nostocis consumed in
Mongolia, China, Thailand, Brazil, and Peru, whileOedogonium
and Spirogyraare consumed in Burma, Thailand, India, and
Vietnam; Chlorellais produced in Japan and Taiwan; andSce-
nedesmusis produced in China.
Production

Besides the traditional harvesting of native algae in severa
regions, industrial and experimental efforts are being made in
many countries, with either large and shallow ponds in areas of
78-0-12-384730-0.00309-8 425
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426 SINGLE CELL PROTEINj The Algae
high sunlight, or bioreactors for the production of unicellular
organisms.

Macroalgae cultivation is started by providing anchorage in
sheltered bays for the initial culture; once a considerable
growth of young plants is obtained, they are transplanted to
nitrogen-rich tidal estuaries with low salinity.

Single-cell algae are produced by a variety of methods
ranging from cultivation in lakes or earthen ditches or ponds,
to technically advanced fermenters or bioreactors. Intensive
cultivation was initiated in the 1940s in Germany, followed by
technological developments in Japan and Taiwan during the
1950s and 1960s. Later on, commercial production systems
were developed in the United States, Mexico, Thailand, and
Israel. Currently, it is carried out in many countries around the
world, although at a modest scale.

Outdoor cultivation may be in open or closed systems.
Growth occurs not more than 0.5 m from the water surface, as
it is controlled by light penetration. In ‘clean-culture’ systems,
a single species is inoculated and can be maintained ove
extended time periods; these are closed photobioreactor
operating either outdoors or indoors, ranging from large closed
areas exposed to sunlight, to smaller reactors illuminated with
arti� cial light.
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Substrate Requirements

Algae are autotrophic organisms with the distinct advantage o
using carbon dioxide as the carbon source. Carbon dioxide
represents the cheapest and probably most abundant carbo
source for microbial growth. Due to such inexpensive
requirements, these organisms are convenient for SC
production. Some species can grow heterotrophically using
organic carbon sources.

The process is limited by the carbon source; the concen
tration of dissolved carbon dioxide is rather low, owing to its
low solubility in aqueous solution. Carbon dioxide can be
injected from combustion gases. Some additional sources o
carbon enhance cell growth; cheap organic materials, such a
manure, molasses, or industrial wastes can be used. Th
added organic compounds are degraded rapidly by bacteria
to make the carbon dioxide needed for algal reproduction.
Lake Texcoco in Mexico has high concentrations of carbonat
and bicarbonate, which are consumed ef� ciently by
S. maxima.

Nitrogen sources are generally nitrates, nitrites
ammonia, or urea. Oxidized nitrogen compounds require
energy to be reduced; therefore, ammonia is a more
convenient form. Many cyanobacteria are able to� x atmo-
spheric nitrogen; species of the genusAnabaenaare partic-
ularly active in doing this.

Another nutrient of importance is phosphorus that can be
incorporated in inorganic form. Micronutrients are needed in
minimal amounts.

The use of waters polluted with organic wastes as input fo
algal ponds has the advantage of using a cheap raw materia
and promoting decontamination while obtaining a good
source of SCP. Even more, the macronutrients neede
(ammonium, phosphate) normally are present in domestic
sewage, animal wastes, and food industry residual waters.
Mass-Culture Open Systems

For open systems, lakes, ponds, and ditches are used. They c
have an earthen� oor or be lined with concrete or plastic. Open
systems have low cell densities with large variation in
productivity, depending very much on water properties and
environmental conditions. In this kind of system, the weather
conditions, especially temperature and sunlight radiation, are
critical. On the other hand, the needed facilities are constructed
with low cost, and large areas are available.

It is a challenge to keep a monoalgal culture in an open-air
system. The propagation of mixed populations and frequent
problems of contamination by bacteria, fungi, protozoa, and
invertebrates usually disturbs the productivity and lowers the
quality of the product. Under such nonsterile, mixed-culture
conditions, however, some algal species tend to predominate
The surface of the water in some ponds or ditches used for mas
production is covered with polyethylene or other plastic
material to reduce the risk of infections. Another possibility to
avoid contamination is the common practice of seeding a large
inoculum to dominate the culture, at least during the � rst
growth phase. Other approaches to promote single specie
culture have been evaluated; for instance, the use of nitrogen
� xing species of the genusAnabaenain media without other
nitrogen source has proved useful. Similarly, the selection o
thermophilic species, such asScenedesmus obliquus, has shown
some preliminary potential.

A gentle agitation is important to achieve high productivity.
It prevents sedimentation, allows a more homogenous expo-
sure of algal cells to light, and reduces nutrient and temperature
gradients along the depth of the culture. To this end, severa
designs have been implemented in ponds and ditches
including paddlewheels, gravity � ow, and pump recycle,
combined with special designs of slopes in oval ponds and
horizontal raceways.

Productivities rarely exceed 30 g m� 2 per day and cell
densities of 2 g l� 1, which are much lower than the values for
other industrial fermentation processes. Some experimenta
improvements have been achieved by optimizing the use of
wastes through the addition of nitrogen sources, adding aera
tion ports, and inoculating selected bacteria that ef� ciently
degrade the diluted organic materials. By such means, the dry
weight productivities reach about four and three times the
average� gures obtained for maize and soybean, respectively
on a yearly basis. With intensive modes of cultivation, algal
cultures can produce up to 20–35 times more protein than
soybean for the same area of land.

An example of a typical mass-culture open system is tha
conducted by the Sosa Texcoco Company in Mexico, mainly
during the 1970s and 1980s, in which an alkaline (pH 9–11)
lake with 900 ha of surface produced up to 1000 metric tons
per year ofS. maxima(equivalent to 0.111 kg m� 2). Weather
conditions in Central Mexico, with high and practically
constant temperature and solar radiation through the year,
and the high alkalinity of the water, favor effortless predom-
ination of S. maximaon Lake Texcoco. The water of the lake
� ows by gravity into sloped spiral raceway, maintaining
a gentle agitation. This factory stopped its production in the
mid-1990s due to a long strike that led to the bankruptcy of
the company.
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The most advanced system developed so far is the High Ra
Algal Ponds, which combine the treatment of sewage with the
simultaneous massive production of algae. The project wa
developed by the Technion Research Center at Haifa, Israel. Ba
infrastructures are shallow canals that add up to a maximum of
1000 m2, equipped with systems for gentle agitation and aera
tion. The process is operated continuously with retention times
varying between 2 and 6 days depending on the season. A stead
multiculture is established in the system within a few days of
operation. This includes bacteria that degrade organi
compounds, and well-de� ned algal species withEuglena, Chlor-
ella, and Scenedesmuspredominating. The maximum daily
productivity reported at times of maximum solar radiation is
30 g m� 2, with an average annual production of 7 kg of algae per
m2. To recover the cells, aluminum sulfate is added as a� occu-
lant, the � oat is then dewatered by centrifugation and dried in
a drum dryer to reach a� nal moisture content of 10%. The� nal
product has been shown to have an excellent nutritional quality,
containing 57.4 g of crude protein per 100 g, and an amino acid
pro� le superior to the average for soybean protein. It has bee
used to complement at least 25% of� sh diet and 10% of poultry
diet with no toxic effects. The resulting ef� uent can be used
directly for crop irrigation.

Chlorella ellipsoideais produced in Taiwan for food use in
open ponds with agitation or circulation. The product is
recovered by� ltration. In China, pilot-scale open systems have
been used for the production of Spirulina, mainly S. platensis.
Ponds about 100 m2, covered with polyvinyl chloride (PVC)
sheets, lead to a daily production of 10 g m� 2 (equivalent to
more than 3 kg per year per m2 if the production could be
maintained constant through the year). Other microalgae
produced in China in open-air systems are Scenedesmu,
Chlorella, and Anabaena.
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Photobioreactors

Photobioreactors are closed systems working either outdoor
or indoors, in which a single species is inoculated to keep
a clean culture operation. Closed cultivation systems offe
better control of contamination and cell physiology than open
systems, leading to higher growth and quality of the harvested
product, but manufacturing costs increase.

Large systems operating outdoors consist of tubes coverin
large areas exposed to sunlight and can be operated either
batch or continuously. Many designs have been constructed o
proposed at pilot scale. Tubes are made of either glass o
plastic, such as polyethylene. Since the tubes behave as so
collectors, overheating is a resulting problem. Hence, the
tubular solar receptors must have a temperature-contro
system, which usually is a water pool. Alternatively, the use o
thermotolerant strains has been proposed to avoid cooling
facilities. Generally, tubes are grouped in several modules t
facilitate control and operation and to offer � exibility to the
system in terms of culture volume. CO2 supply systems, such as
carbonation towers, pumps for circulating the medium, and
tanks to mix nutrients are attached to the solar receptors. Thes
photobioreactors have been used for the production ofChlor-
ella, Spirulina, Scenedesmus, and so on.

Another design constructed in Chile up to a scale of 110 m2

of solar irradiation area consists of a pond made of cemen
lined with an epoxy resin and covered with a polyethylene
dome. The agitation system is a paddlewheel. It has been use
to produce Spirulina biomass, reaching a growth density of
450–750 mg l� 1.

An innovative design, operated in the United States, is base
on the use of oval plastic bags� oating on thermal waters.

Photobioreactors operating indoors necessarily have
smaller sizes because arti� cial light is needed. Designs can be
either plastic tubular systems, or stainless steel fermenter-lik
reactors with internal illumination to allow maximum light
incidence. Their use is rather limited for SCP production
because of low throughputs; however, they are quite adequat
for the production of algal metabolites with high added value,
such as polysaccharides, carotenes, and other pigments, pol
unsaturated fatty acids, and so on.
Harvesting

The recovery of microalgal biomass after production is rather
dif � cult, particularly in large-area lakes, or when low
concentrations occur. Some species such asS. platensis
S. maxima, and Coelastrum proboscideumare skimmed off easily
or harvested by � ltration through cloths or screens. Filter
presses can be used as well. Owing to their small cell siz
(10 mm), other species need to be harvested by centrifugation
or � occulation adding � occulants, such as lime, alum, or
polyelectrolytes.

After harvesting, the algal biomass must be dewatered b
centrifugation or dried. Operations to dehydrate biomass
normally are done by drum-drying, sun-drying, or spray-
drying; the former is the most widely preferred. In some
cases, the product is not dried, for example, in China,Scene-
desmusand Chlorellaare fed to swine as fresh algal slurry.
Nutritional Value and Human Consumption

Algal SCP has a nutritional value similar to other SCP sources
The crude protein content (N � 6.25) varies between 45 and
73%, while the lipid content is 2– 20% which is rich in
essential fatty acids; and the mineral content is 5–10%. The
chemical composition of some algal species is shown on
Table 2.

The protein content of algae is higher than the value for
soybean (40 g per 100 g), and its amino acid pro�le shows an
adequate balance except, as any other microbial biomass, fo
the sulfur-containing amino acids methionine and cystine.

Algal SCP is a good source of vitamins, such as A, B grou
D, C, and E; the content of some vitamins such as thiamine
ribo � avin, folic acid, and carotene is higher in algae than in
many vegetable foodstuffs; it is particularly remarkable that
some of these microalgae, such asChlorella and Spirulina,
contain vitamin B12 (cyanocobalamin), which is found almost
exclusively in animal origin foods.

The content of nutrients, however, is highly dependent on
cultivation and processing conditions. Table 3 shows some
indices of protein quality of some algae. The protein ef� ciency
ratio (PER), net protein utilization (NPU), and biological value
(BV) of algal proteins are somewhat lower than casein. Nutri-
tional tests have shown promise when algae supplemented
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Table 2 Composition of algal species

Spirulina maxima Chlorella Scenedesmus obliquus Scenedesmus acutus

Crude protein (N� 6.25) 55–71 40–58 50–56 46–64
True protein 48–61 – – 44–48
Amino acids g per 16 g N

Alanine 5.0–6.1 4.2–7.4 – 5.3–10.4
Arginine 4.5–9.3 5.8–10.2 – 4.6–7.1
Aspartic acid 6.0–15.2 6.9–8.8 – 6.5–11.1
Cystine 0.6–2.2 0.3–0.9 – 0.6–1.6
Glutamic acid 8.2–21.8 8.0 – 5.3–10.7
Glycine 3.2–4.0 4.9–5.5 – 3.4–7.0
Histidine 0.9–1.6 1.4–3.0 – 1.5–2.3
Isoleucine 3.7–4.5 3.1–6.4 – 2.2–4.9
Leucine 5.6–7.7 6.8–9.7 – 5.0–10.6
Lysine 3.0–4.5 4.9–9.4 – 5.0–6.4
Methionine 1.6–2.2 1.0–2.0 – 1.4–2.7
Phenylalanine 2.8–4.0 3.2–5.1 – 3.6–6.4
Proline 2.7–3.2 2.2–6.4 – 3.1–6.1
Serine 3.2–4.3 3.0–4.1 – 3.2–5.4
Threonine 3.2–4.5 3.6–4.7 – 3.0–5.8
Tryptophan 0.8–1.2 1.0–1.5 – 0.3–1.8
Tyrosine 3.9 2.6–4.1 – 2.0–4.6
Valine 4.2–6.0 4.8–6.0 – 4.7–7.4

Lipids 4–7 6–16 12–14 8–14
Carbohydrates 13–16 – 10–17 –
Minerals 4–9 6–9 4–9 6–17
Vitaminsmg per 100 g

Thiamine 5.5 0.6–2.3 – 1.2–8.2
Ribo� avin 4.0 2.0–6.0 – 3.4–36.6
Pyridoxine 0.3 0.1–3.2 – 1.1–2.5
Nicotinic acid 11.8 10–22 – 12–16.7
Pantothenic acid 1.1 1–10 – 1.5
Folic acid 0.05 0.1–4.0 – 0.7
Biotin 0.04 0.015–0.064 – 0.02–0.2
Cyanocobalamin 0.02 Traces – 0.04–0.44
Ascorbic acid – 18–370 – 165–181
b-Carotene 0.17 – – –
g-Tocopherol 19.0 26–33 – 14–18.5

Main components in g per 100 g dry wt. Amino acids and vitamins as speci� ed.
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with methionine and cystine are fed to broilers. Monogastrics,
however, have problems digesting the whole cells and some
processing therefore is needed.

Algal cell wall is not readily digestible; therefore, any
treatment to disrupt the walls will increase digestibility and
hence nutritional value. Many treatments have been
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Table 3 Parameters of protein quality of some microalgae

Product NPU PER BV

Spirulina platensis 52.7 – 68
S. platensisþ methionine 62.4 – 82.4
Spirulinasp. 65 1.80 75
Spirulinasp. þ methionine 73 – 82
Chlorellasp. 66 – 72
Chlorellasp. þ methionine 78 – 91
Scenedesmussp. 67 1.93 81
Casein 83 2.50 88

NPU, net protein utilization; PER, protein ef�ciency ratio; BV, biological value.
suggested, such as mechanical disruptions, extractions wit
organic solvents, and treatments with alkalis or acids. The
method of drying affects product bioavailability. In drum-
dried algae compared with the air-dried product, NPU is
increased to around 100%, whereas digestibility is increased
to about 60%. This phenomenon may be due to the rupture of
the algal cell walls when water is removed at controlled
conditions.

Many uses have been made of algal SCP, including th
cultivation of daphnid and similar species that thrive on
plankton as a food source in aquaculture. Particularly, some
algal species rich in carotenoids have been used to feed salmo
and trout to enhance the color of their � esh, and the US Food
and Drugs Administration (FDA) has approved the‘all natural’
statement for these farm-raised� shes. In addition to its use as
feed for chicken, swine, and so on, algal biomass has been use
as food worldwide. Chlorellais produced in Taiwan for food
use;Spirulinahas been produced commercially in the United
States, Mexico, Taiwan, Japan, Thailand, and Israel with th
same purpose.
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Figure 1 Commercial products elaborated with driedSpirulina maximabiomass, sold as either nutraceuticals or food supplements in health stores.

Table 4 Functional capacities of a protein concentrate obtained
from Spirulina platensis

Water absorption (g per 100 g protein) 145
Fat absorption (g per 100 g protein) 373
Emulsifying capacity (ml oil per 100 g protein) 113
Foam capacity (%) 205
Foam stability (1 h) (%) 27
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Algal SCP has been used mainly for the preparation o
nutraceuticals or dietary supplements, alone or mixed with
other sources of protein and other food ingredients, sold as
tablets, caps, powders, and other products available mainly in
health foods stores or nutrition centers, but also sold in
groceries, drug, and discount chain stores; they are promoted a
protein and vitamin supplements or to help people to lose
weight. Few in-depth studies, if any, have been conducted to
evaluate the nutritional or health-associated bene� ts of algal
SCP. In countries such as the United States, Mexico, and Chi
algal biomass is sold as tablets or powders, whereas in Japa
and Taiwan it is sold either as dry powder or as pellets.Figure 1
shows some commercial products elaborated with biomass o
S. maxima, either alone or combined with other food compo-
nents as source of protein and vitamins.

The FDA considers SCP from algae dietary supplements;
with any other dietary supplement, manufacturers do not need
FDA approval to sell their product; this means that the FDA
does not keep a list of manufacturers or products on the
market. The FDA must be noti� ced of claims made on the
product label others than nutrition content or approved ‘health
claims.’ Examples of such claims are‘free-radical defense’ or
‘helps combat free radicals’ used in some products containing
algal SCP rich in astaxanthin, a carotenoid with antioxidant
capability; ‘structure and function’ claims such as‘Promotes
cellular health’ or ‘Supports immune system health’ for
a mixture of Spirulinaand Chlorella, statements that the FDA
have not evaluated as‘health claims’; ‘Helps maintain healthy
eyes’ and ‘Helps support immune function ’ claims, which are
used in a product sold as powder or tablets made by a strain o
S. platensisrich in carotenoids.

A wide range of food formulations has been prepared with
algal biomass. For instance, powder meals containingSpirulina
plus soy proteins, oat bran, apple pectin, and vitamins, either
chocolate or vanilla � avored, are sold as energy supplement
powders to mix with milk or juices (such as those shown in
Figure 1). Algal SCP has been used widely as an additive o
supplement to cereal foodstuffs, or as a garnish to salads
Experiences related to supplementation of cereal foods with
algal SCP include mixtures with dough for baked goods and
pasta, such as bread, rolls, cookies, and noodles. In Mexico
S. maximahas been used as a supplement for cookies produce
by a state company as part of a national breakfast program fo
school children. Also the use ofS. maximahas been suggested
to enrich tortillas, increasing their protein content; however,
these products have not found success in the market place.

Concerning functional properties, it has been reported that
S. platensis� our had similar emulsion and foam capacities,
slightly lower water and fat absorption capacities, and lower
foam stability than soybean meal. Using the protein concen-
trate obtained from the � our, improved functional character-
istics except water absorption ability are obtained. Some value
obtained for functional capacities of a protein concentrate
obtained from S. platensisaregiven in Table 4.

The major problems in acceptability of algal biomass are its
unfamiliar and sometimes bitter � avor, as well as the presenc
of dark green pigments that are dif� cult to mask. In addition to
chlorophylls, other pigments, such as carotenes, xanthins, an
phycocyanin, are present in varying amounts. Flavor and colo
may be improved if algal biomass is treated during down-
stream processing for removal of undesirable components.
Toxicological Problems

Algae have been consumed as food for generations without il
effects. No toxic effects have been reported in anima
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evaluations. However, the following considerations must be
taken into account.

A common problem for SCP from any microorganism is the
high content of nucleic acids present in microbial cells.
Consumption by humans of nucleic acids in amounts higher
than 2 g per day can lead to accumulation of uric acid, which
increases the risk of gout or kidney stones. The concentration o
nucleic acids in algal biomass depends on several factors, suc
as species and growth conditions. Cyanobacteria have a nucle
acids content of 2.9–5 g per 100 g, while microscopic plant
algae have 1–17 g per 100 g. These amounts are higher than in
most other foodstuffs.

To reduce nucleic acids content, protein concentrates o
isolate can be prepared by cell disruption and protein separa
tion. Figure 2 shows a diagram of a process for the preparation
of protein isolate from Spirulina. This, however, increases the
cost of the product. In general, algal biomass is consumed by
humans in small amounts and so the consumption of nucleic
acids is below risk.

The cell wall of microalgal biomass represents about 10% o
its weight. It is mainly composed of indigestible poly-
saccharides and some other compounds– for example, murein
in cyanobacteria. The bioavailability of protein from whole
cells is therefore very low. The preparation of protein concen
trates or isolates can be used to obtain products with a high
nutritional value and free of undesirable pigments, although it
represents a costly alternative.

Algae have the ability to remove heavy metals from polluted
waters. Similar physiological phenomena account for accu
mulation of pesticides and organochlorine compounds. This
represents an objection when algae are intended for use as SC
The causes are well identi� ed, however, and some steps can b
implemented to maintain the � nal product composition
within safety levels.

The origin of the water used in cultivation ponds deter-
mines the need for pretreatments. In general, wastes generate
in food industries carry low amounts of the contaminants
mentioned. Urban sewage and runoffs, however, show high
variability in the content of heavy metals and other toxicants.
When these waste streams are subjected to standard seconda
treatments, most organics are degraded, whereas metals rema
associated with the activated sludge, rendering them safe as a
input for algal growth. Furthermore, some studies have
demonstrated that biological absorption of metals is a rather
slow process, requiring more time than the usual retention time
of the water within the bioreactor. It appears that fears con-
cerning the presence of recalcitrant toxicants in algae might b
excessive, although more research is needed to get a cle
picture.

Another problem to consider is the possibility of contami-
nation by pathogenic microorganisms. Certainly, the culture
practices in open systems increase the risk of pathogen
infections. The downstream processes of SCP products a
designed to destroy most of the viable forms present, although
some could survive in the product. Recommendations have
been established for microbiological standards of SCP products
for use in animal feeds.
See also:Fermentation (Industrial):Basic Considerations;
Single-Cell Protein:Yeasts and Bacteria;Single-Cell Protein:
Mycelial Fungi.
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Description

The single-cell protein (SCP) concept is applied to the massiv
growth of microorganisms for human or animal consumption.
SCP is a generic term for crude or re� ned protein whose origin
is bacteria, yeasts, molds, or algae, microorganisms that usual
contain more than 40% of crude protein on dry-weight bases.
The production of SCP has important advantages over othe
sources of proteins, such as its considerable shorter doublin
time, the small land requirement, and the fact that it is not
affected by the weather conditions. Much attention was focused
on the use of petroleum derivatives as substrates for the SC
production during the 1960s and 1970s when the price of this
reserve was low; but, currently, the production of SCP is base
on renewable resources, and its interest is also kept as a mea
to confer value to waste materials. In the past two decades, little
scienti� c and technological contributions have been done in
terms of SCP insensum strictum; most of the recently published
papers have been focused on three aspects: (1) to use SCP
� sh feeding for aquaculture; (2) to diminish biological
contamination of liquid ef� uents, to deal with the stricter
environmental regulations, using the microbial biomass in the
usual applications; and (3) to revaluate agricultural and food
coproducts and by-products, following the same approaches
developed during the 1970s and before.

The organoleptic and functional properties of SCP are no
always competitive, and its main drawback has been its high
production costs. Recent advances in fermentation technolog
and genetic engineering have given SCP production new
opportunities in the market place, together with novel appli-
cations, such as the aquaculture.
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Historical Developments and Implementation of SCP
Production

The � rst developments for SCP production were achieved
during war times when conventional foods were in short
supply. During World War I, Saccharomyces cerevisiaewas
produced massively in Germany from molasses to replace up to
60% of protein imported. A similar experience was repeated
during World War II for the mass production of Candida utilis
(known before as Torula yeast orTorulopsis utilis) on sul� te
liquor from paper manufacturing wastes. After the war, severa
plants were built in the United States and Europe, mainly for
C. utilis production.

Accelerated industrial development and general welfare
expectancy led to a renovated interest on SCP as an alternati
to alleviate food shortage due to a growing imbalance between
food production and demand by world ’s population, mainly in
developing countries. During the 1960s and 1970s, several SC
production plants were built in the United Kingdom, France,
Italy, the Union of Soviet Socialist Republics (USSR), Japan
and Taiwan.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
An important breakthrough took place when the produc-
tion of SCP from hydrocarbons was demonstrated by severa
petroleum companies during the 1950s and 1960s. During the
1970s, considerable research efforts resulted in the use
methanol and ethanol derived from petroleum as convenient
substrates. In the early 1970s, the cost ofn-paraf� n was
approximately US$80 per ton, while crude molasses had an
approximate cost of US$82 per ton. Concerns about substrat
safety and the increase in petroleum prices, however, shifte
the interest back to the utilization of renewal sources, mainly
food and agriculture by-products like molasses and whey, or
industrial wastes rich in starch, cellulose, and hemicellulose
The major SCP projects based on petroleum derivatives a
substrates were abandoned in the 1980s.

During the 1980s, among the European Communist
countries, the USSR had the largest capacity for SCP productio
with at least 86 plants in operation using different substrates.
Some other countries in Eastern Europe like the former Cze
choslovakia had a similar situation. The Soviet delegation re
ported the production of 1 million tons of SCP per year in 1983
during an international symposium on SCP. They had esti-
mated that the USSR would be producing 9 millions tons by
the end of the 1990s.

Along this history of yeast and bacteria SCP development
many industrial processes have been developed worldwide; th
most important are given in Tables 1and 2, even though most
of them currently are not operating. Countries that have been
the most important industrial outputs are the United States, the
United Kingdom, France, Russia, and Cuba.
Suitable Organisms and Substrates

The most frequently used yeasts are the following:S. cerevisia
(and closely related species of the genusSaccharomyces), Kluy-
veromyces marxianus(including synonymous, subspecies, and
asexual forms – such as Kluyveromyces fragilis, Kluyveromyce
lactis, Kluyveromyces bulgaricus, Candida kefyr, and Candida
pseudotropicalis), C. utilis(and its sexual formHansenula jadinii),
Yarrowia lipolytica(formerly known as Candida lipolyticaand
Saccharomycopsis lipolytica), and Pichia pastoris.Recent research
has been published with the marine yeastCryptococcus aureu.

Some yeasts have been used widely in the manufacture o
human foods; S. cerevisiae, K. marxianus, and C. utilis have
received the status generally recognized as safe (GRAS)
human consumption by the US Food and Drugs Administra-
tion. Saccharomyces cerevisiaeis also available as spent yeas
from breweries and alcohol industries; Figure 1 shows an
electronic micrography of this species.Kluyveromyces marxian
and related species are used widely due to their capacity t
assimilate lactose, the carbohydrate present in cheese whey, b
it can also grow on inulin, a fructose polymer found in some
plants, and other simple sugars such as glucose, fructose, an
sucrose; therefore, sometimes it is also grown in molasse
78-0-12-384730-0.00310-4 431
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Table 1 Main yeast SCP industrial and pilot developments

Substrate/yeast Process/product Country

Sul� te liquor
l Candida utilis
l Candida utilis
l Candida utilis
l Candida utilis

St. Regis paper
Boise Cascade
State industry
Attisholz

United States
United States
Union of Soviet Socialist Republics
Switzerland

Hydrocarbons
l Yarrowia lipolytica
l Candida tropicalis
l Candida tropicalis
l Yarrowia lipolytica
l Yarrowia lipolytica
l Yarrowia lipolytica
l Yarrowia lipolytica

British Petroleum/Toprina
British Petroleum/Toprina
Italprotein
Liquichimica/Liquipron
State industry
Swedt
Roniprot

United Kingdom
France
Italy
Italy
Union of Soviet Socialist Republics
Germany
Rumania

Ethanol
l Candida utilis
l Candidasp.

Amoco/Torutein
Mitsubishi

United States
Japan

Methanol
l Pichiasp.
l Pichia pastoris

Mitsubishi
Philipps Petroleum/Provesteen

Japan
United States

Starch
l Saccharomycopsis ÞbuligeraandC. utilis
l Saccharomyces cerevisiae

Symba
Brewers

Sweden
Several

Molasses
l Candida utilis
l Candida utilis
l Candida utilis

Several industrial processes
Several industrial processes
CINVESTAV IPN– union of sugar producers

Cuba
Taiwan
Mexico

Liquid sucrose
l Hansenula jadinii Philipps Petroleum/Provesta United States
Whey
l Kluyveromyces marxianus
l Kluyveromyces marxianus
l K. marxianus, K. lactisandC. pintolopesii
l Kluyveromyces marxianus
l Candida intermedia
l Candida utilis

Wheast-Knudsen
Amber Lab., Universal foods
Fromageries Bel
S.A.V.
Vienna
Waldhof

United States
United States
France
France
Austria
United States

Confectionery ef� uent
l Candida utilis Bassett United Kingdom

Table 2 Main bacterial SCP industrial and pilot developments

Substrate/bacteria Process/product Country

Methane
l Methylococcus capsulatus
l Methylococcus capsulatus
l Methylococcus capsulatus

Shell Oil
Norferm/BioProtein
UniBio/UniProtein

United Kingdom
Norway
Denmark

Methanol
l Methylophilus methylotrophus
l Methylomonas clara

ICI/Pruteen
Hoechst-Uhde/Probion

United Kingdom
Germany

Ethanol
l Acinetobacter calcoaceticus Exxon-Nestle Switzerland
Cellulose
l Cellulomonassp. andAlcaligenessp. Louisiana State University United States
Whey
l Lactobacillus bulgaricusandCandida krusei Kiel Germany

432 SINGLE CELL PROTEINj Yeasts and Bacteria
Because it is able to grow at temperatures as high as 45� C, it
has been used to produce biomass in tropical areas. Generall
K. marxianusis a Crabtree-negative species; in recent yea
strains of this yeast, such asK. marxianusCBS 6556, have been
used for the production of SCP from whey concentrates; such
strain avoids the production of ethanol by the Crabtree effect
due to the high amount of lactose in whey concentrates.
Figure 2 shows an electronic micrography of cells of
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Figure 1 Saccharomyces cerevisiaeobserved by scanning electron
microscopy.

Figure 2 Kluyveromyces marxianusobserved by scanning electron
microscopy.

SINGLE CELL PROTEINj Yeasts and Bacteria 433
K. marxianus. Candida utilis is used for a wide variety of
substrates, such as sucrose, ethanol, and sul� te-spent liquor. It
can also grow on wood hydrolysates because of its ability to
assimilate pentoses. Starchy solids or water streams fro
potato and maize industries require previous hydrolysis for
yeast growth, as in case ofC. utilis, or as in the Symba process
which utilizes amylolytic yeast (Saccharomycopsis� buligera).
Yeasts able to assimilate hydrocarbons areY. lipolytica, Candida
tropicalis, Candida rugosa, and Candida guilliermondii, which
usually can be produced on lipids. Methanol is the preferred
alcohol utilized as substrate byPichiaspecies (P. pastoris, Pichia
methanolica), Hansenula polymorpha, Hansenula capsulata, and
Candida boidinii. The most important processes developed fo
yeast SCP production are shown onTable 1.

Bacteria have been used mostly for the production o
animal feed. The most commercially important species utilize
methane or methanol as substrates, as shown inTable 2.
Methanol usually is preferred over methane because it is wate
soluble and less explosive; however, Shell Oil developed
a process for the production of SCP from methane using the
bacteria Methylococcus capsulatus; more recently, the latest
commercial processes have been developed by Norferm an
UniBio, which produce the products Bioprotein and Uni-
Protein, respectively, at the commercial scale; both produce SC
from M. capsulatusin a mixture of natural gas (mainly methane),
ammonia, oxygen, and several minerals; these products are use
in � sh and animal feed. The Ministry of Agriculture, Fisheries
and Food in the United Kingdom allows the use as feed of ICI’s
(Imperial Chemical Industries) product ‘Pruteen’ from the
bacteria Methylophilus methylotrophus. For the production of
bacterial SCP from ethanol, eitherAcinetobacter calcoaceticusor
Alcaligenessp. has been used in laboratory or pilot plant studies.

Other petroleum derivatives, such as paraf� ns, have been
little considered for the production of SCP using bacteria; some
studies have been done withA. calcoaceticus.

To produce bacterial SCP from whey, several lactic acid an
propionic bacteria have been investigated, frequently in mixed
cultures with yeasts as in the Kiel process. In this case,Lacto-
bacillus delbrueckiisubsp. bulgaricusgrows using the lactose,
converting it to lactic acid; thenCandida krusei, which is unable
to ferment lactose, uses the lactic acid as a carbon source. Bo
fermentations can be performed simultaneously, controlling
the pH by adding ammonia, which is used as nitrogen source
by the yeast.

Lactic acid bacteria proposed for the fermentation of
whey include such species asLactobacillus delbrueckiisubsp.
delbrueckii, L. delbrueckiisubsp. bulgaricus, Lactobacillus cas
subsp.casei, and Leuconostocsp. Additionally, the fermentation
of this substrate with rumen bacteria has been proposed to
produce biomass concentrated by ultra� ltration to be used
as feed.

Propionibacteria, such as Propionibacterium freudenreic
subsp. shermanii and Propionibacterium freudenreichiisubsp.
freudenreichii, produce signi� cant amounts of vitamin B12,
giving an additional attractiveness to their utilization in the
production of SCP. A process using a mixture ofP. freudenreichi
subsp. freudenreichiiand K. marxianushas been proposed for
the production of SCP from whey rich in vitamin B12 and sulfur
amino acids.

Recent research has proposed the use of the photo-org
notrophic bacteria Rhodopseudomonas palustrisfor the produc-
tion of SCP from wastewater to be used as� sh feed, and
the nitrogen-� xing bacteria Gluconacetobacter diazotrophi
(formerly Acetobacter diazotrophicus) proposed for SCP
production from cellulose and starch.

Bacteria have been little explored to produce SCP from
substrates, such as starch and cellulose. A case in point is t
project developed by Louisiana State University in the United
States to produce SCP fromCellulomonassp. andAlcaligenessp.
from cane bagasse; this process was scaled up to the pilot pla
level.

Generally, yeasts have been preferred for SCP productio
over bacteria, especially for human consumption. It seems tha
yeasts are more accepted because they are more familiar
humans through ageless foods like bread or beer. Bacteria hav
some advantages over yeasts, however, such as higher prote
content (Table 3), higher yields (carbon source to protein
conversion), and faster growth rate, although a higher nucleic
acid content (Table 4) limits its uptake in the diet.
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Table 3 Nutritional parameters of SCP products

Kluyveromyces
marxianus

Saccharomyces
cerevisiae

Candida
utilis

Methylophilus
methylotrophus

Methylomonas
clara

Methylococcus
capsulatus

Soya
meal

Protein (g per 100 g dry wt.)
Crude (N� 6.25) 43–58 48 42–57 72–88 80–85 70–71 44–50
True protein 40–42 36 47 64 69–73 – 48
Essential amino acids (g per 16 g N)
Isoleucine 4.0–5.1 4.6–5.5 4.3–5.3 5.2–5.4 3.6 3.3 5.4
Leucine 7.0–8.1 7.0–8.1 7.0 8.2–8.4 6.6 5.4 7.7
Phenylalanine 3.4–5.1 4.1–4.5 3.7–4.3 4.3–6.5 5.1 3.2 5.1
Tyrosine 2.5–4.6 4.9 3.3 3.5–3.8 5.1 2.6 2.7
Threonine 4.1–5.8 4.8–5.2 4.7–5.5 5.7–6.5 4.8 3.2 4.0
Tryptophan 0.9–1.7 1.0–1.2 1.2 1.1–1.6 1.5 1.6 1.5
Valine 5.4–5.9 5.3–6.7 5.3–6.3 6.3–6.5 4.8 4.4 5.0
Arginine 4.8–7.4 5.0–5.3 5.4–7.2 4.3–5.6 3.4 4.4 7.7
Histidine 1.9–4.0 3.1–4.0 1.9–2.1 2.2–2.3 2.8 1.8 2.4
Lysine 6.9–11.1 7.7–8.4 6.7–7.2 4.1–7.3 6.2 0.46 6.5
Cystine 1.7–1.9 1.6 0.6–0.7 0.8 – 0.45 1.4
Methionine 1.3–1.6 1.6–2.5 1.0–1.2 1.4–3.0 2.5 1.98 1.4
PER 1.8 2.0 1.7 – – – 1.4–2.2
NPU 67 – – 84 – – 64
Vitamins (mg gL 1)
Thiamin 24–26 104–250 8–9.5 5 – – 9.0
Ribo� avin 36–51 25–80 44–45 40 – – 3.6
Pyridoxine 14 23–40 79–83 2 – – 6.8
Nicotinic acid 136–280 300–627 450–550 57 – – 24.0
Folic acid 6 19–30 4–21 15 – – 4.1
Pantothenic acid 67 72–86 94–189 11 – – 21.0
Biotin 2 1 0.4–0.8 3 – – –
B12 0.015–0.05 – 0.0001 – – – 0

PER, protein ef� ciency ratio; NPU, net protein utilization.

Table 4 Some reported nucleic acid contents of
SCP products (g per 100 g of biomass in dry wt. basis)

Kluyveromyces marxianus 2.7–10
Saccharomyces cerevisiae 2.5–15
Candida utilis 6.2–10
Methylophilus methylotrophus 16
Methylomonas clara 10–15
Isolated protein fromK. marxianus 1.4–5.7
UniProtein fromM. capsulatus < 1
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Production Processes

Because the SCP must have a competitive price in the protei
market, especially of vegetable origin, it is essential to guar
antee ef�ciency along all stages of the process. In particular, th
carbon source accounts for up to about 60% of the operation
costs. Therefore, high yields of substrate conversion ar
required, high productivity processes must be implemented,
and the utilization of an inexpensive but easy to assimilate
carbon source has to be guaranteed. This explains the gene
alized use of molasses, whey, or industrial residues, dependin
on local availability, and the attempts to implement fossil fuels
as substrates. An important advantage in using hydrocarbons i
the yield, obtaining 1 g of dry-biomass per gram of hydro-
carbon, compared with carbohydrates, which typically yield
around 0.5 g of dry biomass per gram of substrate.
The typical process stages for the production of SCP includ
raw material preparation, fermentation, biomass recovery, cells
disruption, and drying. Figure 3 shows a diagram of a typical
process for the production of yeast SCP.

To maximize carbon assimilation, the nutrients must be
balanced. Sources of nitrogen, minor elements (P, K, S, Mg
etc.), trace elements, and vitamins are adjusted according to th
general composition of the carbon source. This in turn is highly
dependent on the strain used. In general, simple nitrogen
sources, such as urea, ammonia, and nitrate, are used to kee
costs down. Phosphate is supplied as phosphoric acid or a
soluble phosphate salts.

Fermentation variables like temperature, pH, ionic strength,
level of oxygenation, and in the continuous fermentations,
dilution rate, have a strong in� uence on cellular yield. In
particular, an abundant supply of oxygen promotes aerobic
metabolism and higher growth rates. Because of the low solu
bility of oxygen in aqueous media, however, the cost of aeration,
through air sparging and agitation, increases rapidly with the
scale of operation, resulting in an important technical challenge.
Assimilation of n-paraf� ns requires considerably high levels of
oxygenation, and the growth of microorganisms on these water-
insoluble substrates takes place on the hydrocarbon–water
interface. The surface area becomes the limiting factor, and hea
production is about twice that using sugar as substrates.

In general, when yeast biomass is produced, alcohol accu
mulates due to oxygen limitation. Some alternatives proposed
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Figure 3 Diagram of a typical process for the production of yeast SCP.
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for SCP from whey are the production of alcohol as a by-
product from fermentation or the use of Kluyveromycesin
a mixed culture with Candida pintolopesii, where the latter
consumes the alcohol produced by the former. The� rst
approach has been followed by Amber Laboratories (Universa
Foods, United States), and the second one has been followe
by the Fromageries Bel in France;Candida validahas also been
demonstrated to prevent ethanol accumulation when it is
grown mixed with C. kefyr(the asexual form of K. marxianus),
increasing the ef� ciency of whey conversion into biomass up to
20%. A limited oxygen supply when hydrocarbons are used a
substrates led to the production of some metabolites, such a
mono- and dicarboxylic acids and ketons.

To sustain high oxygen transfer rates, large air volumes hav
to be supplied with high agitation rates. Alternative fermenter
designs include the air-lift type, which achieves maximum
oxygenation with minimum power requirements, diminishing
aeration costs signi� cantly. In fact, the largest fermenter eve
operated is an air-lift (3000 m3) for the aerobic production of
M. methylotrophusby ICI. Figure 4 shows a simpli� ed diagram of
the process developed by ICI, which is the most successf
process developed for bacterial SCP production. Currently, th
high-cell-density fermentation designs pioneered by Philipps
Petroleum for the production of Provesta (currently a trademark
of Ohly) allows to obtain up to 160 g l � 1 of yeast biomass,
while traditional fermentation techniques reach at most
30 g l� 1. These fermenters have attached ef� cient systems for
heat removal and oxygen transfer. Another approach has bee
followed by the methane-based SCP-producing companies
Norferm and UniBio, which use loop fermenters operating in
continuous culture. This fermenter design allows an ef� cient
utilization of methane, with yields up to 90%.

Once obtained, the microbial biomass is concentrated by
� ltration or centrifugation. The resulting cell suspension can be
simply spray dried, or ultra� ltered and spray dried; previously,
during drying, the cells could be broken to obtain extracts,
hydrolysates, or autolysates. Finally, the protein can be
concentrated, isolated, or texturized. In the Philipps Petroleum
process, owing to the high cell density, the spent medium is fed
directly to the spray drier without previous concentration.
Nutritional Value

The main nutritional contribution of SCP either for human
food or animal feed is its high protein content. Bacteria have
a protein concentration ranging from 50 to 85% and yeasts
from 45 to 70%. Protein quality is also quite acceptable as
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Figure 4 Industrial process developed in the United Kingdom by
Imperial Chemical Industries for the production of Pruteen usingM.
methylotrophusgrown in methanol.
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compared with vegetable proteins. Generally, SCP from an
source is limited in sulfur-containing amino acids; however,
bacterial proteins tend to have better balances of essentia
amino acids than yeasts and other microorganisms, particularly
with respect to sulfur amino acids. Some parameters of protein
quality are given in Table 3. When methionine is added to SCP,
the protein quality increases considerably and reaches value
similar to those of casein.

SCP is an important source of vitamins; actually, brewer’s
yeast has been used as a vitamin supplement for long. Vitamin
content is also shown in Table 3.
e
d.
Toxicological Aspects

Safety of both microorganism and substrate are important
considerations. Microorganisms used for SCP production have
to be subjected to extensive toxicological clearance. Thos
microorganisms normally presented in fermented foods, such
as S. cerevisiae, are free from suspect and are used withou
worry. The main concern has been linked to the use of petro-
leum derivatives in which residual alkanes must be removed
with solvents. However, some residual hydrocarbons may still
be present, and several reports have stated the presence
unusually high amounts of odd-chain fatty acids and paraf� ns
in tissues from animals fed with SCP from alkanes. These fatt
acids, particularly unsaturated C17, have been suspected t
have toxic effects, even though no evidence has been reporte

The high content of nucleic acids present in microbial cells
also has some consequences. Human consumption of nuclei
acids in amounts higher than 2 g per day could lead to the
accumulation of uric acid, resulting in kidney stones and gout
onset in susceptible people. The concentration of nucleic acid
in the biomass is highly variable and depends on severa
factors. The� rst aspect is the nature, species, and strain of th
microorganisms; normally, bacteria have higher concentrations
than yeasts. Another factor is the growth conditions: the higher
the growth rate, the higher the nucleic acids content in the cell.
Nucleic acid content also changes with the growth phases. Fo
instance, forK. marxianusgrown on whey, the concentration of
nucleic acids reached its peak at the middle of the exponentia
phase.Table 4 shows the nucleic acids content of several SC
products.

To reduce the nucleic acid content, two approaches hav
been followed: to grow the biomass at low rates, or to isolate
the protein by eliminating undesirable compounds. The latter
is usually applied, to eliminate not only nucleic acids but also
the cell wall. In recent years, research has been conducted o
the utilizating external (added) endonucleases to hydrolyze
nucleic acids to obtain protein isolates free from these poly-
mers. Immobilized endonucleases have been particularly
proposed for this purpose.

Yeasts and bacterial cell walls are dif� cult to digest, leading
to poor bioavailability of the proteins, � atulence, allergic
responses, and diarrhea. Some cases of skin rashes, naus
vomiting, and other allergic reactions have been reported, but
they may be eliminated by reducing cell wall and nucleic acids.

Nucleic acid content in SCP for animal feed is not
a problem, because animals have the enzyme uricase tha
prevents uric acid accumulation. Cell wall digestibility in
monogastric animals is also poor.

Some adverse aspects have arisen concerning the SCP fr
M. capsulatusproduced on methane (BioProtein), related to
immune effects in animals and in� ammatory responsein vitro
studies; however, in the case of the immune effects, a Scienti� c
Panel on Animal Feed of the Norwegian Scienti� c Committee
for Food Safety, concluded in October of 2006, that the risk
associated with the human consumption of products from
animals fed on BioProtein is considered negligible. Some
reports have established that these immune effects are asso
ated with heterotrophic bacteria that grow as contaminants in
the fermentation, rather than to M. capsulatusitself.
Cell Disruption and Protein Isolation

Many processes to disrupt the cells have been develope
A common one is autolysis, in which the biomass is exposed
to a heat shock or to chemical compounds, such as
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low-molecular-weight thiols. Yeast autolysis usually takes plac
when cells are heated to 45–55 � C, and it is enhanced by the
presence of NaCl. Further incubation for around 24 h induces
cellular enzymes, leading to the complete lysis of the cells. Th
process also activates endogenous ribonucleases that redu
nucleic acids. Lysis can be facilitated by the addition of exog
enous enzymes, such as proteases,b-glucanases, or lysozyme
Disadvantages of these techniques are the high cost involve
and extensive proteolysis, which reduces yield and functiona
properties of proteins. Chemical treatments with alkalis,
organic solvents, or salts, which weaken cell walls, are als
used. Alkaline treatment may result in undesirable side reac
tions, forming such compounds as lysinoalanine and off-
� avors.

Hydrolysis requires the use of hydrochloric acid at
temperatures as high as 100� C, to treat a slurry with 65–85%
of solids content, followed by neutralization with NaOH. This
process has many drawbacks, such as the risk of accidents w
concentrated acid, the use of anticorrosive equipment, which is
cost intensive, and the destruction of some amino acids and
vitamins reducing the nutritive value of the product.

Physical methods to break the cell walls are the most widely
used. High shear rates are achieved by means of homogenize
or colloidal mills and have been used extensively for SCP
processes.

Once the cells have been broken, the protein is extracte
using water or alkaline conditions; the cell wall debris is
removed by centrifugation and the protein is further precipi-
tated with acid, salt, or heat treatment, while the nucleic acids
remain in the supernatant. Usually, microbial proteins have
their maximum solubility at pH 12, and the precipitation
occurs at pH 4.5. The protein isolate is then obtained. Some
chemical modi� cation during protein extraction include
phosphorylation or succinylation, which facilitate protein
separation from nucleic acids and improve its functional
properties.
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Utilization for Human Food

For food applications, besides toxicity and nutritional quality,
organoleptic acceptability and functional properties are
important considerations.

SCP has been used as protein supplement in baked good
cookies, crackers, snacks, soups, noodles, and special foods l
geriatric or baby meals. Its use as an extender in sausages a
other meat products has been important, mainly in East Europe
countries. Despite the justi� ed production of SCP in terms of
world ’s protein shortage and widespread malnutrition, a real
demand for a protein is based on its chance to compete in
terms of its functional properties like solubility, water binding,
emulsi� cation capacity, gelation, whippability, and foam
stability. The successful supplementation of existing products
and the replacement of traditional proteins with SCP depends
on the availability of proteins matching in functionality, price,
and organoleptic acceptability.

For food applications, whole-dried cells, disrupted cells,
and textured protein products are useful. From disrupted cells
either protein concentrates or isolates can be obtained, which
are better suited for the food industry. Moreover, SCP isolate
can favorably compete with soy isolates from the functional
point of view. Isolation or concentration increases production
costs dramatically.

Processes such as texturization by spinning and extrusion
and enzymatic or chemical modi� cation can improve the
functionality of SCP. For instance, protein� bers obtained by
spinning can form textured protein products, such as meat
extenders.

Enzymatic modi� cation includes partial proteolysis to
improve solubility, emulsi � cation capability, and whipp-
ability, or the reverse reaction known as plastein (peptide bond
formation) to improve nutritional value through the addition
of limiting amino acids. Promising chemical modi � cations
include acetylation, which improves thermal stability, or suc-
cinylation or phosphorylation to increase solubility, emulsi � -
cation, and foaming capacities. Such modi� cations, however,
tend to reduce the nutritive value of the proteins. Experiences
with phosphorylated yeast proteins have demonstrated that
protein recovery can be improved, reducing nucleic acids. Th
functional properties, such as water solubility, water-holding
capacity, and thickening properties can be enhanced, wherea
emulsifying activity is better than soy protein isolate and is
equivalent to sodium caseinate.

Although dried whole cells have limited functional prop-
erties, they are used frequently as� avor-carrying agents and
food binders. Dried yeast cells can act as oil in water emulsion
stabilizers.

The major market for microbial biomass is as a� avor
enhancer for meat products, soups, gravies, barbecues, sauc
salad dressings, seasonings, and any food with savory, chee
or meaty � avors (� avor notes are associated with the� fth basic
� avor called umami), including pizzas, snacks, chips, and so
on. In fact, yeast protein hydrolysates, autolysates, and extrac
have been used as food� avorings for a long time.
Prospects

SCP has to compete with other protein sources, such as so
bean, � sh meal, and milk proteins. It has been widely
demonstrated that to be used as additives in proteins or to be
incorporated in a food, the most important factors to be
considered are the functional properties and price; therefore
these are the main challenges that SCP has to face. Unfort
nately, production and isolation of protein from microbial
biomass is rather expensive because they are capital and ener
intensive. Its broad utilization has been limited for economical
reasons. Autolysates or hydrolysates prepared mainly from
yeasts, however, have gained wide acceptability as functiona
food ingredients. In addition, recent biotechnological advances
such as high-cell-density fermentations, more ef� cient down-
stream operations, and the possibility to genetically improve
microorganisms could reevaluate SCP.

High-cell-density fermenters have made possible a conside
able reduction of equipment size, energy savings, high produc
tivities, and cheaper downstream processing. For instance, dire
spray drying from the fermenter is possible. These kinds o
improvements necessarily could bring SCP to a competitive
level. Currently, this process is been used in the production o
Provesta and Provesteen, trademarks for SCP from yeasts.
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The use of fed-batch fermentations has not been fully
explored for SCP production. This technique is used widely for
the production of baker’s yeast, increasing yields, and avoiding
ethanol accumulation. Some reports applying this strategy to
yeast SCP production have demonstrated increase yield in u
to 70%. The possibility of implementing continuous fermen-
tation technologies to improve productivity has been explored
for the production of SCP. A commercial process operated by
Societe des Alcohols du Vexin (SAV) in France currently is usin
continuous culture for SCP production from whey.

Continuous culture allows for high productivity; this
approach using loop fermenters has been implemented in the
production of M. capsulatusin methane by both Norferm and
UniBio.

Genetic engineering has focused on the possibility o
improving substrate utilization. The � rst modi� ed microor-
ganism utilized in an industrial process and the largest scale
application for genetic engineering is a strain ofM. methylo-
trophusdeveloped by ICI in 1977. The improved strain grown on
methanol can utilize ammonium ion as nitrogen source more
ef� ciently than the wild strain, saving 1 mol of adenosine
triphosphate (ATP) per mole of ammonium assimilated, with
an increase in ef� ciency of 4–7%.

Considerable research based on genetic engineering h
been done to obtain yeasts able to utilize a broader range o
carbon sources, such as lactose, starch, cellulose, xylose, a
chitin to use cheaper and more available substrates.

Another interesting issue is to get easily or geneticall
controlled autolytic cells, for which different approaches have
been followed, including the selection of mutants with weaker
cell wall. Additionally, the introduction of genes coding for
lytic enzymes to facilitate cell disruption, and genes coding for
nuclease activity to reduce nucleic acids content, have bee
explored. Another approach is a system that consists of a regu
lated promoter that controls two genes involved in cell wall
biogenesis, which led to the possibility to trigger cell lysis of
S. cerevisiaeby the addition of methionine; this system has the
possibility to be extended to other yeasts species. Recently,
was reported that a chemically obtained mutant from the
marine yeastC. aureus, which is highly thermosensitive and
permeable, was able to release intracellular proteins when i
was incubated at 37� C and low osmolarity.

An enhancement of the nutritional value by modi� cation of
the amino acids content, or by obtaining proteins with better
functional properties, looks promising. These possibilities have
been investigated, but practical results will take a long time to
be implemented.
Another approach to improve the economics of SCP
would be to produce it as a low-cost by-product in multi-
product microbial processes, such as during processing o
food wastes to reduce biological oxygen demand, or as a by
product from high-added-value enzymes. Another possibility
is the recovery of nucleic acids from bacteria and yeast
biomass to produce 50-nucleotides, which can be used as
� avor enhancers.
See also: Candida; Fermentation (Industrial):Basic
Considerations;Kluyveromyces; Saccharomyces– Introduction;
Saccharomyces: Saccharomyces cerevisiae; Single-Cell
Protein:The Algae;Single-Cell Protein:Mycelial Fungi;Yeasts:
Production and Commercial Uses.
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The worldwide production of hen eggs reached 63 million tons
in 2007, according to the Food and Agriculture Organization,
corresponding to about 1000 billion eggs, based on 16.4 egg
per kilogram. The main producer is China with 41% of
worldwide production, followed by the European Union (EU)
and the United States. The level of egg consumption was est
mated at 145 eggs per inhabitant per year, but large disparitie
are observed between the countries, with more than 300 egg
a year eaten by the Japanese to less than 100 in various cou
tries in Africa or southwest Asia. The egg remains a basic foo
for many populations around the world, providing essential
animal protein resources. The decrease in the trend of shell eg
consumption in occidental countries corroborates the wide
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
development of egg product manufacturing. In 2010, the pro-
cessing of shell eggs into egg products reached 25%, 30%, an
40% of egg production in the EU, the United States, and Japan
respectively. The egg products are processed products resulti
from the breaking of shell eggs, giving rise to the recovery o
separated egg yolk and egg white, or whole eggs in the case
subsequent mixing of both egg components. They are delivere
in different forms, that is, liquid, dried, or frozen egg products.
They are used widely for various food applications, suitable for
artisans, catering, and as ingredients in the food industry. In the
United States and in the EU, egg products are delivered mainl
in the form of liquid whole egg, this latter representing around
50% of production. The other egg products, either elaborated
78-0-12-384730-0.00371-2 439
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440 SPOILAGE OF ANIMAL PRODUCTSj Microbial Spoilage of Eggs and Egg Products
or ready-to-use (poached, scrambled, fried eggs, or omelettes
are produced but to a lesser extent.

The content of shell eggs is generally sterile, even if som
cases of vertical contamination may occur. Contamination
occurs systematically during egg product processing, howeve
through the contact of the eggshells with the egg content at the
egg breakage step. The microbial contamination can lead to
sanitary or spoilage problems. The sanitary problem mainly
concerns SalmonellaEnteritidis, one of the most important
agents involved in outbreaks in relation to shell eggs and egg
products, which has been reported in several countries
Salmonellasp. was identi� ed in more than 75% of worldwide
foodborne outbreaks resulting from the consumption of eggs
and egg products between 1988 and 2007. Even if egg safe
remains a key concern, the sanitary risk has been reduce
particularly through the improvement of hygienic practices in
the breeding environment and a better control of both
pasteurization of egg products and in respect to the cold chain
for their storage. Events of egg product spoilage still can lead t
high economic losses for the industry. Preventing egg produc
spoilage thus represents a real challenge for manufacturers
responding to ever-evolving consumer demand for natural,
safe, nutritious, and tasty food.

This chapter focuses on microbial spoilage of shell eggs an
egg products and reviews the spoilage characteristics, accordi
to the type of product and the � ora involved. The methods
available for monitoring, reducing, and detecting the spoilage
of egg and egg products also are reviewed.
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Eggshell Spoilage

Under healthy breeding conditions, the egg content is generally
sterile just after laying. In the case ofSalmonellaEnteritidis, eggs
may be contaminated during their formation in the ovary or in
the oviduct of infected hens. This type of contamination is
possible when the hen’s reproductive tissues are highly
contaminated but remain low level, sporadic, and far less
frequent than the contamination occurring after laying. This
latter contamination corresponds to the contamination of the
eggshell surface, when the eggshells are in contact with th
hen’s fecal microorganisms, with other microorganisms presen
Table 1 Spoilage characteristics of hen eggshell a

Spoilage characteristics

Fluorescent green rot
Black rot (H2S or putrid odor)

Blue rot
Pink rot (after green rot)
Red rot (no odor)
Green rot (almond-like odor)
Creamy color of yolk, tan color of albumen
Colorless (fruit odor)
Yellow pigment in the shell membrane

Compiled from Board, R.G., 2000. Egg and egg products. In:
and quality of food. Aspen publisher, Maryland, pp. 590–619; Colme
the lecithin complex of egg yolk. Journal of Bacteriology 55,–78
and Hygiene, second ed. Chapman and Hall, London.
in the farm environment, or downstream, in the environment
of the conditioning centers. A diversi� ed microbiota is
involved, sometimes including pathogenic bacteria (essentially
SalmonellaEnteritidis) and also food spoilage microorganisms.
Characteristics and Species Involved in Shell Egg Spoilag

The micro� ora of the eggshell is dominated by Gram-positive
bacteria, such asStaphylococcus, Streptococcus, Aerococcus, and
Micrococcus. Other minor contaminants are Gram-negative
bacteria, such asSalmonella, Escherichia, and Alcaligenesspp.,
and Gram-positive bacteria, such asBacillus. Depending on the
study, the level of mesophilic aerobic microbiota on the surface
of the eggshells ranges from 103.8 to 106.3 cfu per egg, with an
average level around 104.5 cfu per egg. Whereas the dominating
� ora present at the surface of eggshell is composed of Gram
positive bacteria, the contamination of the egg contents mainly
involves Gram-negative bacteria, since these bacteria a
described as better resisting the natural egg defenses. It
recognized that bacteria involved in the spoilage of egg
contents have the following characteristics: (1) high mobility
facilitating penetration through the eggshell and the eggshel
membranes, (2) ability to resist the growth-inhibiting proper-
ties of the albumen, and (3) various enzymatic activities
leading to the breakdown of complex nitrogen and carbon
sources present in the egg� uids, thus rendering this matrix
suitable for supporting bacterial growth.

The spoilage of shell eggs is essentially described accordin
to off-odors and color changes (Table 1). The main egg
spoilage is described as rotten eggs, which appears as color
eggs developing a rotten odor. The bacteria described as bein
involved are Pseudomonas, Proteus, Alcaligenes, Enterobacter,
Serratia, Stenotrophomonas, Cloaca, Acinetobacter, Moraxella, and
Citrobacterspp. Some egg spoilage is described in the form o
a yellow pigmentation of the shell membrane due to the action
of Flavobacteriumor Cytophagaspecies. If a relationship can be
observed between the occurrence of bacteria on the eggshe
and inside spoiled eggs (Table 2), several predominant eggshell
bacteria, such asMicrococcus, rarely are found in rotten eggs. On
the contrary, several bacteria, such asAeromonasand Proteusare
found in low numbers on eggshells, while they are among the
highest occurring bacteria in rotten eggs (Table 2).
ccording to the bacterial species involved

Bacteria involved

Pseudomonas putida
Pseudomonas, Proteus, Aeromonas, Alcaligenes,

Escherichia, andEnterobacterspp.
Pseudomonas aeruginosa
Pseudomonas ßuorescens
Serratia marcescensandPseudomonasspp.
Stenotrophomonas maltophilia
Bacillus cereus
Acinetobacter, Moraxellaspp.,Citrobacter
Flavobacteriumspp.,Cytophagaspp.

Lund, B., Baird-Parker, T.C., Gould, G.W. (Eds.), Microbiological safety
r, A.R., 1948. The action ofBacillus cereusand related species on

7775; Hayes, P.R., 1995. In: Hayes, P.R. (Ed.), Food Microbiology
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Table 2 Comparison of the micro� ora of fresh and spoiled eggs

Type of organism
Frequency of occurrencea

On the shell In rotten eggs

Micrococcus þþþ þ
Achromobacter þþ þ
Aerobacter þþ –
Alcaligenes þþ þþþ
Arthrobacter þþ þ
Bacillus þþ þ
Cytophaga þþ þ
Escherichia þþ þþþ
Flavobacterium þþ þ
Pseudomonas þþ þþþ
Staphylococcus þþ –
Aeromonas þ þ þ
Proteus þ þþþ
Sarcina þ –
Serratia þ –
Streptococcus þ þ

aThe more plus signs, the more frequent the occurrence.
Adapted from Mayes, F.J., Takeballi, M.A., 1983. Microbial contamination of th
hen’s egg: a review. Journal of Food Protection 46, 1092–1098.
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Factors In�uencing Shell Egg Contamination

The spoilage of eggs is related to eggshell contamination an
the ability of some bacteria to penetrate inside the egg.

The type and level of egg contamination of the eggshel
surface are related to the hygienic conditions in which the hens
are reared, the breeding environment, the breeding practice
the housing system, the geographic area, and the seaso
Contamination may also occur during egg transport or pack-
aging in farms or in the conditioning center, either by the
environment, or from one egg to another. Even though the
micro� ora of the eggshell surface varies, the spoilage� ora in
eggs tends to be similar, highlighting the fact that the intrinsic
barriers of the egg have a strong dissuasive in� uence on the
spoilage� ora.

Several authors have studied the factors favoring the pene
tration of microorganisms into the egg. Even if the egg surface i
contaminated, the cuticle, shell, and shell membranes are
barriers preventing the penetration of microorganisms from the
surface to the egg content. Nevertheless, the cuticle, which
resistant to water and penetration by microorganisms, crack
rapidly over time or during egg manipulation, so the effec-
tiveness of this protective coating is limited. The shell, a calci
� ed protein layer, represents a physical barrier but is rathe
ineffective because of the possible passage of microorganism
through the pores, particularly as there is water condensation
on the eggshell. The presence of cracks or microcracks in th
eggshell increases the risk of contamination. The manipulation
of eggs, especially in the conditioning centers, increases the ris
of cracking eggs. The external and internal shell membrane
represent effective� lters composed of antibacterial glycopro-
tein � bers, which may play a role in protection against
penetration.

In addition to these physical barriers, egg white, similar to
an intracellular � uid, is an important line of defense against
invading bacteria. First of all, the egg white environment is not
favorable to microbial development (poor nutritional
medium, alkaline pH, viscosity). Second, it contains molecules
exhibiting antimicrobial activities, such as lysozyme, which
lyses the Gram-positive bacteria; ovotransferrin, which chelate
iron and renders this essential element unavailable for
bacterial growth; proteinase inhibitors (cystatin, ovomucoid,
and ovoinhibitor); and vitamin-binding proteins (ribo � avin
binding protein, avidin, and thiamin-binding protein). There
are probably, as yet, unknown proteins or peptides potentially
involved in the bactericidal or bacteriostatic activities of egg
white. Bacterial growth in egg white and migration into the
yolk depends on the microorganism: Only a few Gram-
negative bacteria, and particularlySalmonellaEnteritidis, are
able to survive and migrate through the egg white and reach the
yolk. Since bacterial growth is very fast in egg yolk, it appear
essential to preserve the antimicrobial properties of the natura
egg white to prevent bacterial growth. Over time, chalazae
and albumen liquefaction, due to the dissociation of the
ovomucin–lysozyme complex at alkaline pH (the pH increases
from 7.6 to about 9.3 following the loss of carbon dioxide a few
days after laying), no longer maintain the egg yolk in a central
position. The distance between the egg yolk and the eggshe
is reduced, hence promoting the access of microorganism
to the egg yolk. Due to the same phenomenon, the vitelline
membrane loses its integrity and becomes more permeable to
solutes, such as egg yolk iron and amino acids, that are essenti
for bacterial growth.

The integrity of these barriers (cuticle, shell, shel
membranes, egg white, and vitelline membrane) is essential to
prevent microbial penetration and proliferation.

e

Controlling, Reducing, and Detecting Egg Spoilage

Various techniques have been explored for the reduction of the
level of eggshell contamination or for preserving or enhancing
the natural defenses of the egg itself. They include both
upstream methods (hen selection, breeding practices, and farm
management) and downstream methods (packaging, trans
port, and storage of eggs).

Since the level of bacteria present on the surface of eggshe
is related to the level of air contamination in the breeding
environment, it appears crucial to limit dust and to promote
good hygienic and building decontamination practices to
prevent the spreading of microorganisms. The micro� ora, but
also the number of cracked or broken eggs, are related to th
type of hen housing system used. Most of the worldwide egg
production farms use conventional cages but, due to animal
welfare considerations, these conventional cages were banne
from the EU in 2012 (EU Directive 1999/74/EC) and were
replaced by aviaries, on-�oor, and free-range systems or fur
nished cages. While the design of conventional cages wa
optimized for achieving high hen performance with the addi-
tional advantage of hygienic egg quality, the use of a nest and
dust bath generally increases the incidence of dirty eggs an
microbial contamination. Many unknown details remain
about the impact of such systems on the egg� ora and, conse-
quently on subsequent egg spoilage events. Therefore, attentio
should be paid in designing cages ensuring the best egg hygien
quality. The practices for egg collection on the farm, sorting
packaging, storage, and delivery must also be improved to
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reduce contamination. Cross contamination must be avoided
by preventing contamination from the staff and the environ-
ment. The presence of cracked or‘� owing’ eggs increases the
risk of contamination. The egg-conditioning step is hence
critical. The integrity of the eggshells appears among the be
defenses of the egg against spoilage bacteria. It is thus reaso
able to assume that the preservation of the natural egg barriers
and mainly the integrity of eggshells, would allow an overall
reduction in the occurrence of egg spoilage problems. In the
packaging center, egg candling is a key step for controlling th
microbiological quality of eggs. Automated mass-scanning
equipment is used as follows: The eggs travel along a conveyo
belt and pass over mechanical light sensors integrated with
computerized systems for the segregation of defective egg
Hand candling, that is holding a shell egg directly in front of
a light source, is done to spot check and determine the accurac
in grading. Advanced technology, utilizing computerized inte-
grated cameras and sound-wave technology, also is bein
applied for the segregation of eggs. The use of ultraviolet (UV
light has been particularly ef�cient in detecting � uorescent
pigment in the albumen due to spoilage by the generaPseu-
domonas. Other methods have been developed for evaluating
egg freshness at research or industrial levels, namely, senso
evaluation, physicochemical methods (pH, Haugh Units),
infrared or front-face � uorescence spectroscopy, and othe
methods involving microwave sensors, electronic nose-base
systems, and nuclear magnetic resonance.

Egg decontamination practices could reduce numbers o
bacteria on the eggshell surface. Various technologies a
employed, depending on the country and the packaging
center. For example, washing table eggs (Class A eggs)
common in many countries, such as in the United States
Canada, Japan, Australia, and Russia. This is not practiced
Europe, however, except in Sweden. This practice is subject
controversy. On the one hand, it is argued that egg washing
decreases the level of eggshell contamination and, cons
quently, the level of internal and external egg contamination.
On the other hand, it is considered to be responsible for
weakening the external barriers of the egg, such as the cuticl
and for the increase in water loss, promoting the penetration
of microorganisms and increasing the level of internal egg
contamination. Other ways of egg decontamination have been
investigated or are under investigation, including eggshel
pasteurization, ‘� ash’ treatment based on hot water or steam,
UV, ozone, irradiation, ultrasonic, electrolyzed water, or
ionized air (plasma) treatment.

Attention should be paid to improving egg storage
conditions, including temperature and duration conditions,
both factors that are particularly involved in the preservation
of the natural egg defenses. These improvements shoul
prevent penetration and growth of bacteria under the eggshel
or inside the egg. The storage of eggs at refrigeration tempe
atures is an effective way of reducing the liquefaction of egg
white, the loss of integrity of the vitelline membrane, and
bacterial growth. The US Department of Agriculture (USDA)
recommends egg cooling after packaging at temperature
below 10 � C.

To conclude, appropriate storage conditions at low
temperature, together with candling technologies for the
rejection of cracked eggs, would enable a reduction in the
overall spoilage events for table eggs in industrial countries
even if eggshell micro� ora is highly diverse. Concerning the
eggs intended for processing into egg products, since th
eggshells are broken, there is a loss of natural egg protection
and thus content is subject to further contamination by the egg-
breakage environment.
Egg Product Spoilage

The main user of egg products is the food industry. This is
because of their various functional properties (foaming,
binding, gelling, or dying properties). Egg products are used in
a wide range of food products, such as sauces, pasta, biscui
cakes, processed meats,� sh products, wine products, ice
creams, and refrigerated desserts. The process of egg prod
manufacturing induces a systematic contamination of the egg
content, since, once broken, the egg loses its natural antimi
crobial defenses. Whole egg and egg yolk are indeed ide
environments for the development of microorganisms.
Furthermore, egg products, themselves liable to contamina
tion, can be added to the composition of susceptible food-
stuffs, which in turn can be spoiled. Monitoring the
microbiological quality of egg contents appears then, essential
especially when they are used as ingredients in susceptib
products. Egg quality, hygiene practices, and the type of tech
nologies used in the egg product industry are critical. Moreover
after breaking, the egg products undergo various separations
processing, and stabilization steps, depending on their desti
nation. These might include pasteurization, sugaring, salting
freezing, concentration, or drying. These operations have
a stabilizing effect, either by destruction or inhibition of the
development of microorganisms.
Spoilage Characteristics and Species Involved

The bacterial spoilage of liquid whole egg and egg yolk often
involves visible modi� cations, such as coagulation or color
changes. The other spoilage characteristics are changes
consistency and viscosity or in� avor. The visual spoilage of egg
white, however, is dif� cult to evaluate. Liquefaction occurs
throughout storage times and for the most part is due to
protein denaturation accompanied by the growth of microor-
ganisms. Nevertheless, considering the antimicrobial proper
ties of egg white described previously, this medium does not
favor bacterial growth, contrary to egg yolk and whole egg
which are highly nutritional media. Events of egg white
spoilage mainly imply defects in the breaking process
providing nutrients from the egg yolk in the case of poor
separation of the egg white and yolk.

Dried egg products also rarely are affected by spoilag
because of low water availability (aw). An essential factor for
bacterial growth isaw, and it corresponds indirectly to the free
water available in a matrix. In dried egg products, spoilage
events may occur only due to mishandling, which enhances
water activity. If we turn to frozen egg products, microbial
growth also is prevented by low water availability. Processed
egg products such as hard-boiled eggs, scrambled eggs, a
toaster eggs generally are cooked under temperatures high
than 71 � C, the process involving the coagulation of egg
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proteins. These temperatures kill the vegetative forms o
spoilage microorganisms. Moreover, these foods often are sol
frozen, avoiding subsequent microbial growth.
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Flora Involved in Raw Egg Spoilage

The majority of the � ora of raw egg products generally include
Gram-negative bacteria, which also are identi� ed as the
dominating spoilage bacteria of shell eggs. Among the spoilag
micro� ora developed in unpasteurized raw liquid whole egg,
the following bacteria were identi� ed: Acinetobacter calcoace
cus, Aeromonas hydrophila, Bacillus cereus, Citrobacter freundii,
Enterobacter aerogenes, Enterococcus cloaca, Escherichia coli, Kleb-
siella pneumoniae, Proteus vulgaris, Serratia marcescens, Pseudo
monas putida, Salmonella typhymurium, Enterococcus faeca,
Lactococcus lactis, and Vibrio metschnikovii. Depending on the
temperature, some species are predominant. For example,
20–30 � C, Enterobacteriaceae are predominant, whereas Pse
domonadaceae and Vibrionaceae commonly are isolated
at 10 � C and 20 � C, respectively. At 5� C, Pseudomonasspecies
generally dominate.

It is hence recommended to respect a storage temperature
4 � C for a time not exceeding a few hours before heat treat
ment to minimize the microbial hazard. Now, there is little
occurrence of raw egg spoilage events of the magnitud
described earlier, except under mismanaged storage condition
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Table 3 Temperature and time combinations for liquid whole egg
pasteurization required by the regulation in various countries

Country Time (s) Temperature (� C)

Australia 150 62
China 150 63
Denmark 90–180 65–69
England 150 64
Poland 180 68
United States 210 60

Adapted from Cunnigham, F.E., 1995. Egg product pasteurization. In: Stadelman,
W.J., Cotterill, O.J. (Eds.), Egg Science and Technology, Food Products Press, New
York, pp. 289–322.
Flora Involved in Pasteurized Liquid Whole Egg Spoilage

It generally is recognized that less than 1% of raw egg bacter
survive pasteurization. The remaining bacteria include strain
of Alcaligenes, Proteus, Flavobacterium, Gram-positive cocci, and
Bacillus. Pasteurization is ef�cient on Enterobacteriaceae, espe
cially SalmonellaEnteritidis, E. coli, and bacteria of the genera
Brochothrix, Pseudomonas, and Campylobacter. Streptococci, Enter-
ococci, and Bacillusspores seem to be less affected by pasteu
zation. Bacillusspores are present at low levels, in both raw and
pasteurized whole egg, but the pasteurization processes,
expected, are ineffective on these spore-forming bacteria. Th
presence ofBacillus, notably those belonging to the B. cereus
group, are able to multiply in liquid whole egg and can lead to
enzymatic spoilage events. These ubiquitous bacteria are dif� -
cult to eliminate because of their heat resistance and their stron
adhering capacities, which allow them to form bio� lms on
machinery surfaces. Finally, some psychrotrophic strains ar
able to grow at temperatures at around 4–6 � C.

The predominant microorganisms surviving pasteurization
are Gram-positive bacteria. Spoilage, however, most commonl
is due to postpasteurization contamination by Gram-negative
bacteria.

The spoilage � ora can lead to technological or sensorial
problems (coagulation, changes in color or in� avor) due to the
production of hydrolytic enzymes, such as lipases, phopholi-
pases, or proteases, even at low temperature. The main enz
matic activities probably involved in the spoilage of egg
products are lipolytic and proteolytic activities expressed for
example byEnterococcusspp. and the lecithinase activity of the
B. cereusgroup. In egg yolk, theB. cereusgroup lecithinase may
lead to the destabilization of its binding properties, hence
causing a marked modi� cation in the colloidal state of the egg
components. Nevertheless, the involvement of other enzymatic
activity and bacteria in the spoilage of egg products has no
received suf� cient attention for establishing a clear relationship
between a type of bacterial enzyme and a speci� c characteristic
of spoilage. Moreover, the putative involvement of heat-
resistant enzymes in spoilage events, well known in the dairy
industry, has never been investigated in the egg produc
environment.
Monitoring and Reducing the Spoilage of Egg Products

In the egg product industry, the destruction of microorganisms
is carried out mainly by heat treatment at temperatures around
65–68 � C for 5–6 min for whole egg and egg yolk. The treat-
ments are milder for egg white (around 55–57 � C for 2–5 min),
due to the higher thermal sensitivity of egg white proteins.
These treatments vary depending on the industry and on
the country. Table 3 presents the different combinations of
temperatures and times required in different countries for
liquid whole egg pasteurization. These treatments are designe
for the destruction of the vegetative microbiota, but they are
ineffective on heat-resistant microbiota.

Practices of sugaring, salting, freezing, concentration, o
drying are ef�cient measures, which reduce spoilage. Eg
contents mainly are processed to reduce microbial growth
through decreasingaw values. The averageaw values of liquid
egg products (egg white, egg yolk, whole egg) are around 1
Drying and concentration of the egg products reduces the
available water. Freezing involves the formation of crystals
(ice), rendering it also unavailable for bacterial growth. The
addition of hydrophilic molecules, such as sugars and salts
also prevents bacterial growth by decreasing theaw values
below 0.85 (for the addition of 50% sugar or 10% salt).

The use of peracetic acid in solution with hydrogen peroxide
and acetic acid on the shell eggs intended for speci� c applica-
tions (such as desserts) or of some additives (e.g., nisin
reduces the spoilage risk in some speci� c types of egg products.

The type of egg product packaging varies from small plasti
pots to large tankers, depending on the� nal destination of the
product (i.e., consumer, artisan, or industry). The temperature
of storage and delivery of pasteurized liquid egg products
should not exceed 4� C. The shelf life depends on the type of
product and on its packaging: 2 or 3 days at 4� C for liquid egg
products conditioned in bulk packages and intended for the
food industry, and several days (up to 60 days) for the small
packaging (1 or 2 kg) intended for artisans, catering, or directly
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for consumers in some countries. A shelf life of several months
at room temperature generally is recommended for concen
trated products and for those exhibiting high sugar or salt
contents and also for frozen egg products.

The� ora of egg products essentially depends on that of the
raw material (shell egg) and is strongly dependent on the
nature of the egg product and on the stabilization processes
carried out in the industry.
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Methods Used to Detect or Predict the Spoilage of Egg
Products

The methods used to predict spoilage events during eg
product processing, including the� nal product, or inside the
foodstuffs composed of egg products among other ingredients
can be divided into two groups: those targeting bacteria
(growth or species identi� cation) and those targeting markers
of spoilage (end-product compounds coming from the bacte-
rial metabolism) ( Table 4).

Classical microbiological methods can be carried out in the
egg product factory to estimate the shelf life of their product.
They should focus, for example, on the search for psychro
trophic � ora or well-known spoilage bacterial species, such a
Bacillusor others. Nevertheless, the microbiological method
takes time, especially when psychrotrophic� ora is tested for.
Alternative methods, based on molecular tools, such as poly
merase chain reaction (PCR), have been developed, whic
identify spore-forming bacteria among the broad range of
whole egg� ora. Moreover, using naturally contaminated food
samples, this alternative method was able to identify specie
that are not detected with the standard method. It also makes
the identi� cation and discrimination among the B. cereusgroup
members possible. Nevertheless, this method targets onl
Table 4 Listing of the available methods for the detection or predic

Methods Spoilage criteria/liquid egg product te

Targeting bacteria
Polymerase chain
reaction (PCR)

Detection and identi� cation of spore-form
bacteria in food/whole egg

Isothermal calorimetry Microbial growth, enzymatic activitie
Optical system based
on red light

Bacterial growth/egg white

Targeting spoilage markers
Odor analysis Slightly sour; putrid/liquid whole, egg w

and egg yolk
Gas chromatography–mass
spectrometry

Dimethylsul� de (DMS)/whole egg, egg w
and egg yolk

High performance liquid
chromatography (HPLC)

Uracil, lactic and acetic acids/whole eg

Enzymatic kit 3-hydroxyl-butyric acid, succinic acid, l
acid, uracil/whole egg and fresh pas

Compiled from Alamprese, C., Rossi, M., Casiraghi, E., Hidalgo, A., Rauzzino,
Food Chemistry 87, 313–319; Brown, M.L., Holbrook, D.M., Hoerning, E.F., Legen
Poultry Science 65, 1925–1933; Correa, E.C., Diaz-Barcos, V., Fuentes-Pila, J., B
Horticulturae 802; Hidalgo, A., Franzetti, L., Rossi, M., Pompei, C., 2008. Chem
Agricultural and Food Chemistry 56, 1289–1297; Hidalgo, A., Rossi, M., Pompei, C., C
Food Science 16, 429–436; Postollec, F., Bonilla, S., Baron, F., Jan, S., Gautier, M
tool for fast detection and identi� cation of spore-forming bacteria in food. Internati
Isothermal calorimetry approach to evaluate shelf life of foods. Thermochimica
spore-forming bacteria and does not discriminate between
spoilage from nonspoilage strains. The search for a speci� c
species does not necessarily imply that this species is involved i
spoilage events. In fact, the ability to spoil the product can vary
from one species to another and from one strain to another, as
described in the dairy industry. Other alternative approaches
use optical methods (red light-emitting diode (LED)) or calo-
rimetrical methods for studying the growth of spoilage bacteria
involved in the spoilage of egg products. Nevertheless, the lac
of sensitivity or the use of speci� c technical equipment cannot
be applied for routine prediction of egg product shelf life.

The search for volatile components formed during the
spoilage of egg products has not been extensively investigate
In the United States, the acceptability of liquid egg product
consumption is partially based on the odor of the product, as
perceived by the trained and licensed USDA egg produc
inspectors. The measurement of dimethylsul� de (DMS) has
been reported as an objective method for the acceptability of
liquid or frozen egg products for human consumption, in
addition to odor analysis. Other studies have proposed uracil
as an ef�cient marker of unacceptable microbial development.
Uracil is formed from uridine, which is naturally present in
eggs, as a consequence of the hydrolytic action of the nucleo
side, phosphorylase, produced by microorganisms. The dete
rioration of pasteurized whole egg, egg white, and egg yolk is
related to the decrease in their uridine concentration in parallel
with the increase in their uracil concentration, occurring during
egg product spoilage. To test the feasibility of using this indi-
cator as a putative marker, the level of spoilage was evaluate
by USDA inspectors, through odor changes, in parallel with
uracil biochemical assays. The threshold for odor detection
corresponded to a concentration of around 1.7mg uracil per
gram of product. Hence, this marker appeared as an ef� cient
tion of spoilage of liquid egg products

sted Advantages Drawbacks

ing Sensitive
Fast
Reliable

Targets only spore-forming bacteria
Does not discriminate between

spoiling from nonspoiling strains
s/whole egg Sensitive Equipment dif� cult to use

Possibility to develop
predictive models

Requires high levels of bacteria
(> 106 cfu g� 1)

hite, Sensitive
Fast

Requires quali� ed panels
Expensive

hite Sensitive High technical constraints

g Fast Not sensitive enough

actic
ta

Fast Low extraction yield
Not sensitive

F., 2004. Hygienic quality evaluation of the egg product used as ingredient in fresh egg pasta.
dre, M.G., Stangelo, A.J., 1986. Volatile indicators of deterioration in liquid egg products.
arreiro, P., Gonzalez, M.C., 2008. Modeling ovoproduct spoilage with red LED light. ACTA
ical markers for the evaluation of raw material hygienic quality in egg products. Journal of
asiraghi, E., 2004. Uracil as an index of hygienic quality in egg products. Italian Journal of

., Mathot, A.G., Hallier-Soulier, S., Pavan, S., Sohier, D., 2010. A multiparametric PCR-based
onal Journal of Food Microbiology 142, 78–88; Riva, M., Fessas, D., Schiraldi, A., 2001.
ACTA 370, 73–81.
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index of the quality of the raw material used for egg product
manufacturing. The use of this marker as a relevant spoilag
marker in pasteurized products seems dif� cult to achieve,
however, since the detection threshold was associated wit
a microbial concentration greater than 106 cfu ml� 1 and was
detectable after the egg samples were spoiled heavily (from
a sensory point of view), and hence no longer suitable for
human consumption. Concerning the convenience of organic
acids as spoilage markers, such as lactic and acetic acids, th
exhibit similar metabolic kinetics as uracil. Moreover, at 4� C,
lactic acid is detected only after 25 days of storage for a micro
bial population reaching levels as high as 107 cfu ml� 1 and also
cannot be used as an early marker of spoilage. The use
3-hydroxybutyric and succinic acids as chemical indexe
intended for the evaluation of the hygienic-sanitary quality of
fresh pasta also has been evaluated. These chemical index
however, were associated with illegal practices (use of broke
eggs or centrifugation) during egg product manufacturing,
leading to high microbial contamination (10 9 cfu ml� 1). As
a consequence, the use of these markers is not relevant in th
prediction of egg product spoilage within the context of
improving food safety, for the consumer, and especially for egg
products that are used in particularly sensitive foodstuffs.

Even if the pathogenic species, includingSalmonella enter
itidis, are under control in the egg product sector, there is a nee
to develop relevant methodologies for the control of spoilage
bacteria, and particularly psychrotrophic and heat-resistan
species that potentially are selected by the transformation and
stabilization processes and by storage at low temperature
Nowadays, the establishment of sensitive and convenien
methods, allowing an early prediction of spoilage events, still
remains a real challenge for the egg product industry and fo
the food industry in general.

See also:Bacillus: Introduction;Bacillus: Bacillus cereus; Eggs:
Microbiology of Fresh Eggs;Eggs:Microbiology of Egg
Products;Salmonella: SalmonellaEnteritidis;Thermal
Processes:Pasteurization; Water Activity.
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World milk production reached 692 million tons in 2011, of
which 600 million were cow ’s milk. The leading cow milk
producer is the European Union, followed by the United States
and India with around 152, 89, and 52 million tons, respec-
tively. Worldwide, approximately 30% of milk production is
used as liquid milk and milk products, 35% is used to manu-
facture cheese, and the remaining 35% is used to make butte
and powered milk. Of course, these proportions vary enor-
mously within and among countries, as does liquid milk
consumption, which in 2009, reached 140 kg per inhabitant in
Ireland to less than 0.6 kg per inhabitant in the Philippines.
Similarly, the type of milk consumed by the population
depends on the country. Pasteurized milk consumption varies
from more than 95% for certain countries such as Finland,
Ireland, and the United Kingdom to less than 5% of total liquid
milk in France, Spain, and Portugal. In these latter countries, i
is about 95% ultra-high-temperature (UHT) milk that is
consumed. The consumption of raw milk, even if it presents
a minor concern (about 1–3% in the United States and in
Europe), still remains a serious cause of disease outbreak
Also, raw milk and raw cheeses were responsible for almos
70% of reported dairy outbreaks between 1993 and 2006 in the
United States. Raw milk is a known vehicle for pathogens such
as Escherichia coli, Salmonellaspp., Listeria monocytogenes, and
Campylobacter jejuni.

The dairy sector is historically one of the� rst food sectors to
monitor the quality of processed dairy products to improve
safety. The pasteurization process, combined with cooling o
the application of UHT treatment and other industrial sterili-
zation techniques have greatly reduced the risk of infection
resulting from the consumption of contaminated milk. UHT of
milk appears to resolve the issue more effectively, allowing
milk to be stored for months, but this also results in sensory
changes that are unacceptable to a number of consumer
Although the sanitary risk linked to milk consumption is the
greatest concern (it is not the object of this article), the bacteria
spoilage problem of milk is still relevant today, as it causes
economic losses and reduced product quality. Moreover
consumers are looking for more natural products with
increased freshness, which appears to con� ict with some
practices, formulations, processes, and packaging.

This article focuses on liquid milk spoilage (raw, pasteur-
ized, and UHT), the characteristics of the spoilage, the specie
and the enzymatic activity involved, and the methods used to
detect or predict milk spoilage.
of
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Characteristics of Milk Spoilage

Milk spoilage is characterized by the modi� cation of visual
appearance, texture, off-odors, and off-� avors. Spoilage char-
acteristics depend on the bacteria involved (species, capacity
growth, and hydrolytic enzymes production in milk) and other
factors such as the type of milk (i.e., skimmed, whole milk),
the process (pasteurized, UHT), time, and the temperature o
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storage. The spoilage potential of bacteria is due to their growth
or ability to produce hydrolytic enzymes, such as lipases or
proteases, even at low temperature. Microbial spoilage of milk
occurs mainly from the metabolism of proteins and fatty acids
and the hydrolysis of triglycerides. The enzymatic activity of
food spoilage bacteria engenders technological or sensoria
problems in the � nal product. Moreover, some of hydrolytic
enzymes are particularly resistant to heat treatment and
sometimes more heat resistant than the bacteria itself. Thes
enzymes could remain active during the storage of milk, even a
low temperatures.

Proteolytic activity is the origin of bitter and rotten off-
� avors, whereas fruity and acid or soapy and rancid off-� avors
mainly involve lipolytic activity. The visual defects of milk
spoilage appear mainly with sweet curdling, gelation of milk,
or bitty cream. Sweet curdling is de� ned as milk coagulation
without signi � cant acid or off-� avor being formed. It involves
principally proteolytic activity and occurs at a pH higher than
that required for acid curdling. Gelation of UHT milk appears
as a rise in milk viscosity immediately before formation of a gel
and loss of � uidity due to proteolysis. This phenomenon,
which is irreversible, occurs during storage, limiting the shelf
life of UHT milk. Bitty cream is de� ned as cream on the surface
of milk, which appears as particles of fat released from fa
globules when the membrane is broken down with lecithinase
activity. Other spoilage types, more rarely investigated, such a
� at sour spoilage results in acid production without gas in
canned milk products. These differ from the spoilage charac
teristics resulting from Clostridium, which involve gas produc-
tion, and acid spoilage due to the breaking down of the
carbohydrates in milk together with the production of acid by
lactic bacteria or Lactobacilli.
Main Species Involved in Spoilage of Milk

Raw Milk

In raw milk, a wide variety of different organisms can
be involved in spoilage. The predominant spoilage bacteria
are Gram-negative bacteria and particularly psychrotrophic
Pseudomonasspp. asPseudomonas� uorescens,Pseudomonas frag,
and Pseudomonas lundensis. Other spoilage bacteria often id
ti � ed in raw milk are Bacillus, Enterobacteriaceae,Acinetobacter,
Stenotrophomonas, and Burkholderiaspp.

The characteristics of microbial populations in raw milk at
the time of processing have a signi� cant in� uence on shelf life,
organoleptic quality, spoilage, and yields of both raw milk and
processed milk. Raw milk spoilage� ora is hidden, and this
diversity is all the more complex as spoilage milk� ora vary
according to the treatment, hygienic procedure, and other
handling factors that differ in each country. Although a wide
range of bacteria can be implicated in spoilage according to the
dairy products involved, spoilage of raw milk involves mainly
psychrotrophic bacteria. These bacteria are not part of th
natural microbial population of the udder, and therefore their
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00443-2
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presence in raw milk is exclusively the result of milk contami-
nation after milking and selection by refrigeration procedures
applied in this sector. The most commonly stated sources o
Gram-negative psychrotrophic bacteria are residual water i
milking machines, milk pipelines, or coolers; dirty udders and
teats; inadequate cleaning of surfaces of dairy equipment with
the possibility of the persistence of adherent bacterial bio� lms;
and, � nally, transport and storage of milk. There are severa
opinions on the sources of psychrotrophic sporeforming
bacteria, such as those from the genusBacillus. In general, the
appearance ofBacillusspp. in raw milk usually is attributed to
seasonal effects. Hay and dust are considered to be sources
these bacteria during winter months, whereas teats dirtied by
soil are sources during the humid summer months. Other
studies suggest mainly that grazing in the summer period and
poor udder hygiene during milking is correlated more closely
with Bacillusincidence than seasonal in� uence.

Currently, the most commonly used heat treatments to
eliminate a lesser or greater part of the raw milk microbiota
include high temperature–short time (HTST) pasteurization,
extended shelf life (ESL) pasteurization, UHT treatment, and
sterilization. HTST, a mild and continuous process (73–76 � C
for 15 s) is the most common form of pasteurization. ESL is
used mainly in the United States and Canada, where a partic
ular shelf life is required. ESL milk is produced by a hea
treatment that is between pasteurization and UHT. The mos
common conditions are in the range of 120–130 � C for a short
time (<1 –4 s). This practice, associated in some cases wi
a micro� ltration step and an ultraclean packaging, allows the
shelf life to be extended for an additional 30–40 days more
than the 2–19 days that traditionally is associated with HTST
pasteurized products. Nevertheless, ESL products must be ke
continually in a well-refrigerated chain (<5 � C) during distri-
bution and in retail stores, just like HTST pasteurized products
to be sold as safe, good sensorial quality products for human
consumption. In most European countries, the UHT process
mainly is used. Heating at temperatures higher than 130� C
(usually 140–150 � C) for a holding period of a few seconds
(usually 2–10 s) is applied, followed by aseptic packaging to
produce a ‘commercially sterile’ product with a 3–6 month
shelf life at ambient temperatures. Spoilage of pasteurized
(HTST) and UHT milk remains an important economic
problem, as this represents the majority of liquid milk that is
produced and consumed worldwide.
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Pasteurized Milk

Pasteurized milk usually is spoiled by psychrotolerant
bacteria, typically nonsporeforming Gram-negative rods or
Gram-positive sporeforming bacteria. Spoilage of pasteurized
milk by Gram-negative rods, such asPseudomonasspp., often
involves inadequate heating of milk or more frequently,
postprocessing contamination. Other microorganisms that are
not expected to survive the pasteurization process, such a
Staphylococcusspp. and Streptococcusor Acinetobacter, Chrys-
eobacterium, Psychrobacter, and Shingomonasspp., are consid-
ered to be pasteurized milk spoilage bacteria coming from
postprocessing contamination. Postprocessing conditions
are the most critical factors determining milk maintaining
quality at low temperature (<10 � C). Food spoilage due to
postpasteurization contamination can be controlled by
corrections in pasteurization protocols and by improving
good hygienic practices and sanitation. When postpasteuriza
tion contamination is excluded, it is almost always psychro-
trophic Gram-positive sporeforming bacteria, which are
involved in the spoilage of pasteurized milk. The predominant
sporeforming bacteria isolated from milk areBacillusspp. and
Paenibacillusspp. These bacteria, present in the farm environ
ment, are recovered in raw milk, survive pasteurization as
spores, germinate, and some of them are able to grow a
refrigerated temperatures to produce extracellular enzyme
causing spoilage of milk. AmongBacillusspecies,Bacillus cereu
and Bacillus circulansare probably the main psychrotrophic
species involved in milk spoilage. It has been estimated tha
more than 25% of spoilage problems encountered with
pasteurized milk are due to the proliferation of Bacillusspecies.
Bacillus cereuscauses off-� avors of milk at counts above
2.105 cfu ml� 1. When growth continues, the product shows
sweet curdling and bitty cream. Predominance ofBacillusspp.
as a spoilage organism depends on storage temperature an
time of storage. Also,Bacillusspp. represents the predominant
bacteria found in early shelf life (<7 days) of pasteurized milk.
During the refrigerated storage of milk, however,Paenibacillus
spp. becomes the predominant spoilage species. Other bac
teria reported in the literature associated to pasteurized milk
spoilage are heat-tolerant bacteria, such asMicrobacteriumspp.,
Acinetobacterspp., andSporosarcinaspp.

The action of thermostable enzymes can be equally
responsible for quality defects of commercial pasteurized milk.
The main producer of thermostable enzymes that has been
studied is P. � uorescens. Moreover, other species found in ra
milk, such as Bacillus, Flavobacterium, Alcaligenes, Aeromonas,
Acinetobacter, and Burkholderia cepacia, are able to produce heat-
resistant lipases, proteases, or phospholipases. It has be
shown that more than 50% of the lipolytic or proteolytic
activity of enzymes secreted by psychrotrophic bacteria othe
than Pseudomonascan survive pasteurization, and some of them
remain active at the storage temperature of pasteurized milk.
UHT Milk

Microbial spoilage of UHT milk can occur by outgrowth of
spores, surviving heat processing, or by heat-process contam
nation (e.g., packaging material or cooling water), or by
a failure in the thermal process. Spoilage problems of UHT
milk due to heat-resistant sporeformers in UHT milk arise if
there is a relatively high population of sporeformers in the raw
milk. In this case, a small number may survive UHT treatment
and cause spoilage due to their proteolytic and lipolytic
enzymes. The spores that are able to survive the UHT proce
are mainly Bacillus stearothermophilus, Bacillus sporothermoduran,
Bacillus subtilis, Bacillus megaterium, and Paenibacillus lactis.
Bacillus stearothermophilushas a high survival potential, but is
unable to grow below 30 � C and is a major problem in warm
climates. In temperate climates, it isBacillus coagulans, B. subtilis,
and Bacillus licheniformisand, in some cases, heat-resistan
strains of B. cereus, which are the major spoilage organisms.
Moreover, these species have been identi� ed in case of post-
processing contamination of milk. So,Bacillusspp. appeared to
be the main species involved in UHT milk spoilage.
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In UHT milk, it is mainly the action of thermostable
bacterial lipases or proteases that limits shelf life, although
endogenous milk enzymes (proteinase) or physicochemica
changes can be involved. Some lipases or proteases produc
during the storage of raw milk remain active even after hea
treatment. In one study, 70–90% of raw milk samples tested
contained psychrotrophic bacteria, capable of producing
proteases that were active after heating at 149� C for 10 s.
Moreover, it has been reported that heating milk at 130� C for
5–10 min leads to a 10% reduction of lipase and that inacti-
vation of some lipases involves temperatures as high of 150� C.
Characteristics of some of those enzymes are described in th
following paragraph.
f

,
y
t

,

.

s
f
y

y

t

e

nd

,

-

;
e

,
-

.

-

l
l.

s
e

s

Enzymatic Activities Involved in Milk Spoilage

The type of enzymes produced depends mainly on the type o
bacteria present but equally on the growth phase, together with
the environmental and nutritional factors. For example, pH,
temperature, oxygen tension, adenosine triphosphate pools
presence of ions, organic nutrients, triglycerides, and man
more factors have been found to in� uence enzyme synthesis. I
has been equally shown that quorum sensing can act on
protease production by Pseudomonas. Proteolytic and lipolytic
enzymes activities have been particularly studied in milk
spoilage. Glycolytic activity has been investigated in the past
but there are no recent data dealing with the implication of this
activity in milk spoilage.

Proteolytic activity is due to the action of protease, which
hydrolyzes the peptide bonds that link amino acids together
in the polypeptide chain forming the protein. Protease
production by psychrotrophic bacteria is reported to be
maximum in the late exponential or stationary phase of
bacterial growth. Populations of psychrotrophic bacteria
ranging from 106 to 107 cfu ml � 1 can produce suf� cient
amounts of extracellular enzymes to cause defects in milk
Extracellular proteases can affect the quality of milk products
in various ways, but largely by producing free peptide prod-
ucts, producing a bitter taste in milk. Pseudomonas� uorescen
proteases, in particular, have been studied. The number o
extracellular protease produced by this species is probabl
unknown and is strongly dependent on the strain. Up to � ve
proteases, all metalloproteases, have been detected (b
zymography after a concentration step of the supernatant) for
one P. � uorescensstrain. Various proteases, mainly from psy-
chrotrophic spoilage bacteria isolated from milk, have been
characterized (Table 1). The molecular weights of most of the
proteases range from 30 to 50 kDa, although lower and higher
molecular weights have been reported. Most proteases from
Pseudomonasare metalloproteases, and they are readily able to
degradek-, a-, and b-casein and have low activity on non-
denaturated whey proteins. Protease speci� city toward these
substrates also varies according to the strain. For mos
enzymes, the optimal pH is approximately neutral, even if
some of them can be active in acidic or alkaline conditions.
Bacillusspecies are known to be able to have more divers
proteolytic activity than Pseudomonasspecies, and many
may produce more than one type of protease. Different
types of proteases, that is, extracellular serine proteases a
metalloproteases, commonly are produced in the same
medium. Also, one B. stearothermophilusstrain produces both
a metalloprotease (about 68 kDa) and a serine protease
(20 kDa). Both proteases have optimal activity at pH 8. In
Bacillus polymexa, a metalloprotease active at pH 5.5–10
(optimum at pH 7.5) was identi � ed. The synthesis of extra-
cellular serine protease has been associated withBacillus
sporulation. In addition to the factors already cited regarding
enzyme production, other factors have been reported, such a
for Bacillus, the initial concentration of spores and the inac-
tivation temperature of the spores and the way the bacteria
grow (in planctonic or adherent bacteria organized in
bio� lm).

Thermostable protease can come from raw milk but
equally from equipment (adherent bacteria organized in
bio� lms from the tank surface). Heat-stable protease can
have a direct impact on the quality of treated milk, but
equally as an activator of endogenous protease in milk. Also
it has been demonstrated that a protease of aB. polymexa
strain (isolated from refrigerated raw milk) interacts with the
plasmin system by acting as a plasminogen activator. Plas
minogen is the active form of plasmin and can induce
proteolysis in milk. Moreover, depending on the protease,
heat treatment applied can (1) decrease enzyme activity with
a variable rate; (2) have no incidence on protease activity
and, in certain cases, (3) act as an enhancer of proteas
activity (Table 1). Some studies have reported that protease
from Pseudomonassp. are more stable than those ofBacillus
sp. It is dif� cult to generalize this property, as heat stability is
variable from one species to another and, to a certain extent
within a species. Moreover, comparison between thermosta
bility is often dif� cult to compare, as different times and
temperatures or mediums are used in experimental studies
Concerning the medium, it appears that medium composi-
tion, and notably the presence of polysaccharides and diva
lent cations (such as Ca2þ ), also increases the heat stability of
some enzymes.

Lipolytic activity is due to the action of esterase, lipase, or
phospholipase, which hydrolyzes fatty acids from milk as
a consequence of the production of free fatty acids, partia
(mono- and di-) glycerides and, in some cases, even glycero
The characteristic spoilage of the milk depends on the
compounds (almost all free fatty acids) produced by lipolysis.
These are low-carbon fatty acids (C4–C12), especially butyric
acid, that mainly contribute to the development of sensory
defects. Fatty acids C4–C8 are to blame for the rancid � avor,
while foul, bitter, and soapy � avors are due to C10–C12 fatty
acids. Because lipases are produced largely by microorganism
in the late lag stage and the early stationary growth stage, ther
is no direct proportional correlation between the number of
microorganisms and the enzyme concentration. Spoilage is
detected when the concentration of microorganisms reache
5 � 105–107 cfu ml � 1. A lower concentration was reported in
the literature and 2.7 � 104 cfu ml � 1 was suf� cient to initiate
lipolysis. Lipase activity is enhanced by physical phenomena
applied in milk processing, such as homogenization, sudden
temperature change, intensive stirring, or milk turbulence
in the pipes, as this treatment may damage the lipoprotein
membrane of fat globules, making the fat vulnerable to
lipase activity.
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Table 1 Properties of some proteases involved in milk spoilage

Protease sources
Molecular
weight (kDa) Substrates

Optimal
pH

Optimal
temperature (� C)

Thermostability (activity retained
(%)/temperature (� C) – time tested)

P. �uorescensLY 13 45 a-Casein> whole casein>
b-casein> k-casein; very low
activity against bovine serum
albumin, hemoglobin,
cytochromec

7 – 60%/63� C– 10 min

P. �uorescensstrain 26 – Whole casein> a-casein¼
b-casein> k-casein; very low
activity againstb-lactoglobulin,
a-lactalbumin, and bovine serum
albumin

6–7 37 95%/62.5� C– 30 min

P. �uorescensM 3/6 45.5 Azocasein;a-b-k casein and a
plasmin substrate (s-2251)

– 37 36%/72� C– 16 s
0%/95� C– 16 s

P. �uorescensRO98 52 k-Casein> b-casein> a-casein 5 35 45.6%/62.5� C– 30 min
P. �uorescensCIP 69.13 49 Casein – 20 –
P. �uorescensSMD 31 45–48 Casein 6–7 – 200%/100� C– 5 min

70%/121� C– 20 min
P. �uorescensF 45 Casein 8.5 45 –
P. �uorescensRm12 45 Hydrolyzea-b-k casein; not

hydrolyze BSA,b-lactoglobulin A,
b-lactoglobulin B,a-lactalbumin

7.5 40 –

P. fragiK12 – Azocasein 6.5–8 37 70%/72� C– 16 s
68%/95� C– 16 s
43%/140� C– 16 s

B. coagulansLY 9 33.5 a-Casein> whole casein>
k-casein> b-casein; very
low activity against BSA,
hemoglobin, cytochromec

7.5 – 60%/63� C– 10 min

B. stearothermophilus 68 Casein 8 70 100%/60� C– 30 min
B. stearothermophilus 20 Casein 8 70 100%/60� C– 30 min
Bacillussp. LY10 37 Whole casein> b-casein>

a-casein> k-casein; very
low activity against BSA,
hemoglobin, cytochromec

6.5 – 20%/63� C– 10 min

B. subtilisLY 11 39 Whole casein> b-casein>
k-casein> a-casein>
hemoglobin> cytochromec;
very low activity against BSA

7 – 60%/63� C– 10 min

B. licheniformis – Casein> whey protein 9 60 –
B. polymexaB17 30 Casein 7.5 50 35%/70� C– 10 min
Klebsiella oxytoca – – 5 and 7 37 100%/100� C– 30 s

74%/142� C– 10 s

Compiled from Dufour, D., Nicodeme, M., Perrin, C., et al., 2008. Molecular typing of industrial strains ofPseudomonasspp. isolated from milk and genetical and biochemical
characterization of an extracellular protease produced by one of them. International Journal of Food Microbiology 125, 188–196; Kohlmann, K.L., Nielsen, S.S., Ladisch,
M.R., 1991. Puri� cation and characterization of an extracellular protease produced byPseudomonas �uorescensM3/6. Journal of Dairy Science 74, 4125–4136; Koka, R.,
Weimer, B.C., 2000. Isolation and characterization of a protease fromPseudomonas �uorescensRO98. Journal of Applied Microbiology 89, 280–288; Madsen, J.S., Qvist,
K.B., 1997. Hydrolysis of milk protein by aBacillus licheniformisprotease speci� c for acidic amino acid residues. Journal of Food Science 62, 579–582; Matta, H., Punj, V.,
1998. Isolation and partial characterization of a thermostable extracellular protease ofBacillus polymyxaB-17. International Journal of Food Microbiology 42, 139–145;
Mitchell, S.L., Marshall, R.T., 1989. Properties of heat-stable proteases ofPseudomonas �uorescens: characterization and hydrolysis of milk proteins. Journal of Dairy
Science 72, 864–874; Mu, Z., Du, M., Bai, Y., 2009. Puri� cation and properties of a heat-stable enzyme ofPseudomonas �uorescensRm12 from raw milk. European Food
Research and Technology 228, 725–734; Rajmohan, S., Dodd, C.E.R., Waites, W.M., 2002. Enzymes from isolates ofPseudomonas �uorescensinvolved in food spoilage.
Journal of Applied Microbiology 93, 205–213; Tondo, E.C., Lakus, F.R., Oliveira, F.A., Brandelli, A., 2004. Identi� cation of heat stable protease ofKlebsiella oxytocaisolated
from raw milk. Letters in Applied Microbiology 38, 146–150; Yan, L., Langlois, B.E., Oleary, J., Hicks, C.L., 1985. Puri� cation and characterization of extracellular proteases
isolated from raw milk psychrotrophs. Journal of Dairy Science 68, 1323–1336.
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Some Pseudomonasstrains secrete two or three protease
but only one lipase implied in milk spoilage. There is a large
diversity of lipases in Pseudomonasspecies according to the
species. Although P. � uorescensis the most frequently
encountered species,P. fragiwas found to cause more severe
lipolytic defects in both single and mixed strain milk cultures,
and lipases produced byP. fragi strains appeared more hea
stable than those produced byP. � uorescensstrains. Even if
lipolytic activity has been less studied compared with
proteolytic activities, both can occur during spoilage and
lipolytic activity and are often associated with a proteolytic
activity. In general lipases that have been characterized from
milk spoiler strains have molecular masses ranging from 30 to
50 kDa, and pH optima between 7 and 9 (Table 2). Optimal
temperatures vary between 30 and 45� C, although the
majority of isolated lipases retain activity at temperatures of
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Table 2 Properties of some lipases involved in milk spoilage

Lipase sources
Molecular
weight (kDa) Substrates Optimal pH

Optimal
temperature (� C)

Thermostability
(Activity retained (%)/temperature
( � C) – time tested)

P. �uorescensNo. 33 52 – 7.5–8.5 45 25%/40� C– 10 min
40%/60� C– 10 min
5–10%/90� C– 10 min

P. �uorescens2D 42 Tricaprin> tripalmitin> tricaprylin>
tributyrin> tristearin> tricaproin>
trimyristin> trilaurin (speci� city in
sn-1 and sn-3 position)

8.5 40 10%/120� C– 14 s
10%/140� C– 3.45 s

P. fragiCRDA 037 25.5 Triacetin, tributyrin, trimyristin, and
triolein (speci� city in sn-1 and
sn-3 position)

8.75 30 –

B. licheniformisDm – Butyrate> caproate> caprylate
(speci� city in sn-1 and sn-3 position)

7–9 – 97%/90� C– 10 min

B. subtilis – Butyrate> caproate> laurate>
caprate> myristate> palmitate

7–9 – 34%/90� C– 10 min

Acinetobacter32 – Butter oil emulsion or tributyrin 8.8 36 142%/138� C– 15 s
Serratia marcescens 52 Tributyrin 8–9 37 15%/80� C– 5 min

0%/90� C– 5 min

Compiled from Abdou, A.M., 2003. Puri� cation and partial characterization of psychrotrophicSerratia marcescenslipase. Journal of Dairy Science 86, 127–132; Chen, L.,
Coolbear, T., Daniel, R.M., 2004. Characteristics of proteinases and lipases produced by sevenBacillussp isolated from milk powder production lines. International Dairy
Journal 14, 495–504; Christen, G.L., Wang, W.C., Ren, T.J., 1986. Comparison of the heat resistance of bacterial lipases and proteases and the effect on ultra-high temperature
milk quality. Journal of Dairy Science 69, 2769–2778; Kumura, H., Mikawa, K., Saito, Z., 1993. Puri� cation and characterization of lipase fromPseudomonas �uorescensNo: 33.
Milchwissenschaft-Milk Science International 48, 431–434; Makhzoum, A., Owusu-Apenten, R.K., Knapp, J.S., 1996. Puri� cation and properties of lipase fromPseudomonas
�uorescensstrain 2D. International Dairy Journal 6, 459–472; Schuepp, C., Kermasha, S., Michalski, M.C., Morin, A., 1997. Production, partial puri� cation and characterisation
of lipases fromPseudomonas fragiCRDA 037. Process Biochemistry 32, 225–232.
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<5 � C. Thermostability of lipases vary a lot between specie
and within the species (Table 2).

One of the most important lipases involved in milk
spoilage is phospholipase C (lecithinase), which hydrolyzes
esters linked to phospholipids. This enzyme is known to
damage milk membrane fat globules and to increase the
susceptibility of milk to lipase (bacterial or endogenous)
action. It is also recognized that degradation of the fat
membrane allowed the formation of fat globules leading to
bitty cream. It is mostly B. cereus, which produces phospholi-
pase, some of which are heat resistant, but other strains o
species ofBacillus, Flavobacterium, Alcaligenes, and Aeromonas
are heat-stable phospholipase producers.

To prevent milk spoilage, methods used to reduce microbial
contamination of raw milk, such as good farm hygiene,
refrigerated storage, enclosed pipeline milk systems, goo
sanitary equipment design, heat treatment (UHT, HTST), and
effective cleaning have been put into place. Other methods
such as bactofugation and micro� ltration, also can increase the
shelf life of pasteurized milk in a maintained cold chain.
Furthermore, milk spoilage prevention can be improved
through the reduction of postprocessing contamination by
adequate cleaning and disinfection of equipment and pack-
aging materials, and by the use of aseptic� lling. Activation of
the lactoperoxidase system, treatment with carbon dioxide
addition of enzymes inhibitors or bacteriocin-producing lactic
acid bacteria, and low temperature inactivation of enzymes
highly participate to reduce spoilage problem. In addition,
accurate spoilage detection and prediction have been invest
gated to give accurate results concerning the shelf life of th
product and to anticipate possible spoilage problems.
Analytical Methods Used to Detect or Predict Milk
Spoilage

It has been a long-standing practice to use microbiologica
standards for indicator microorganisms as a predictor of the
safety and the quality of milk and more generally of dairy
products. Many countries have regulations or guidelines for
these bacteria. Although these tests can be useful as a gene
indication of the cleanliness of the dairy processing operation,
they may not necessarily correlate with the shelf life of the
product. Methodologies used to detect or predict milk spoilage
can be clustered into two groups: those targeting spoilage
bacteria and those targeting enzymatic activity.
Methods Targeting Spoilage Bacteria

Standard plate count procedures traditionally are used to detec
psychrotrophic bacteria in milk, but these techniques require
that the plates are incubated for 7–10 days at 7� C. Alternative
methods involve plate incubation for at least 25 h at 21 � C.
These conventional microbiological methods take a lot of time
and do not always predict necessarily the shelf life of some
products due to the temperature used for testing. Hence there i
a need for rapid, reliable, sensitive methods for the detection of
proteolytic and lipolytic psychrotrophic bacteria in milk.
Polymerase chain reaction based on the search for speci� c
bacteria spoilage such asPseudomonas, or sporeforming
bacteria, or a gene-encoding protease or lipase involved in milk
spoilage have been reported. Not all bacteria from a specie
result in spoilage, and in the case of searching for a gen
encoding an enzyme, the limit concerns the fact that possessin



ed
d
g-

n

in
ed,

SPOILAGE OF ANIMAL PRODUCTSj Microbial Milk Spoilage 451
a gene does not necessarily mean that this enzyme is express
and active. Moreover, the great diversity of enzymes among an
inside a species renders the establishment of a spoilage dia
nostic test dif� cult. Techniques using� ow cytometry, immu-
noassay, microscopy, and infrared spectroscopy have bee
reported for detecting milk spoilage bacteria, but improve-
ments in these methods are necessary for them to be used
routine in the milk industry.
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Methods Targeting Enzymatic Activities

A wide variety of methods have been used to detect or predic
enzymatic activities in milk spoilage. These can be classed int
three categories: those highlighting (1) the disappearance o
a substrate, (2) the appearance of a product, and (3) the
presence of an enzyme (Table 3).

The agar diffusion method can be used to evaluate the
spoilage potential of bacteria using an agar plate with protease
substrate (casein or milk) or with different lipolysis substrates
(tributyrin, tween, egg yolk) to highlight proteolytic activity or
lipolytic activity, respectively. Although this method is rela-
tively simple, it presents the major drawback of requiring time
before having results.

Early methods for the detection of protease activity in
milk were based on measuring (1) the decrease of protein
content using the Kjeldahl method, the Lowry method, and
infrared spectroscopy; (2) the decrease of a speci� c protein as
casein using enzyme-linked immunosorbent assay (ELISA
electrophoresis, and gel � ltration high-performance liquid
Table 3 Some attributes of methods involved in the detection or q� c

Methods

Detection capability

Disappearance of
substrate (Y) or
appearance
of product ([ )

Enzymes
presencea Simple Rapid

Time
consumin

Agar diffusion P, L, Ph X X
Kjeldahl method ProteinY X X
Lowry method ProteinY X X
Electrophoresis ProteinY, peptides[ P X
Gerber method Fatty acidY X X
Spectrophotometric Peptides[ , amino

acid[
P, L, Ph X

Radiometric Peptides[ , amino
acid[

ELISAb P, L X
HPLCc ProteinY, peptides[
Gas

chromatography
FFAd [

Fluorimetry Peptides[ , amino
acid[ , FFA[

P, L

Mass
spectrometry

Peptides[ , amino
acid[ , FFA[

Extraction/Titration FFA[ X X
Thin layer

chromatography
FFA[ X X

aP, Protease; L, lipase; Ph, phospholipase.
bELISA, enzyme-linked immunosorbent assay.
cHPLC, high-performance liquid chromatography.
dFFA, free fatty acid.
chromatography (HPLC); and (3) the increase in levels of
tyrosine- or tryptophan-containing peptides using Folin–
Ciocalteu reagent. Later, reagents, such as� uorescamine, tri-
nitrobenzene sulfonic acid, and o-phthaldialdehyde, were
developed to detect changes in the levels ofa-amino groups. In
the past decade, more sensitive assays have been develop
such as enzyme-linked bioluminescent, � uorescent, and
immunological assays. When used to assay skimmed milk
samples, however, the spectrophotometric and� uorimetric
methods are subject to interference by milk caseins. Reverse
phase HPLC (RP-HPLC) methods have been used to dete
protease activity in milk by measuring the protein breakdown
products. With such methods, however, it is dif� cult to obtain
quantitative results because of the dif� culty in � nding suitable
standards. Radiometric and � uorimetric methods for the
detection of bacterial protease activity in buffers have similar
sensitivity, with a level of sensitivity 1000 times greater than
that of the spectrophotometric assay using Folin–Ciocalteu
reagent. All assay methods have advantages and disadvantag
however, as shown inTable 3. Immunological methods, such
as ELISA, can be used to detect an enzyme both speci� cally and
at a low concentration and allowing analysis of a large numbers
of samples. Nevertheless, most of the current ELISA assays u
sandwich techniques that do not necessarily differentiate
between active and inactive enzymes and therefore can result i
an overestimation of the actual active enzyme levels. Anothe
disadvantage is that ELISA assays can detect only proteins th
are structurally related to the protein giving rise to the antibody
(i.e., having the same epitope regions). Because not all (if any
uantiation of enzymatic activities involved in milk spoilage

Advantages and drawbacks of the methods

g Sensitive
Not
sensitive

Interferences
with milk
component

Specialist
instrumentation

Careful
protocol

Speci�c of one
previously
isolated enzyme

X
X
X

X
X
X X

X X X

X X
X X
X X

X X X

X X

X
X
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of the different proteolytic and/or lipolytic enzymes will be
related structurally, a battery of antibodies will be required to
ensure full detection of a range of possible enzymes in a milk
sample.

Lipolytic activity in milk can be measured indirectly as
changes in the levels of free fatty acids using solvent extraction
followed either by titration with an alkaline solution or by gas
liquid chromatography. Other methods can measure lipolytic
activity directly in milk using chromogenic substrates or
� uorescein-labeled substrates. A re� ectance colorimetric meth-
od using pNP-caprylate that measures lipase activity in turbid
samples, such as milk, has been developed. Overall, th
methods for detection of lipase activity in milk and milk
products are diverse and dif� cult to compare. An ideal assay
method for predicting product quality that could be used
routinely in the dairy industry is elusive. The main problem
associated with all the methods is the interference from
milk lipids. The � uorimetric assay using 4-methylumbelliferyl
oleate shows the highest sensitivity, but it still has the
disadvantage of a reduction of � uorescence intensity (sensi-
tivity) by the � uorescence-quenching effect of milk compo-
nents, such as casein. Assays using chromogenic substra
(e.g., p-nitrophenyl derivatives of fatty acids) are subject to
interference by free fatty acids.

Although a large number of methodologies are used to
study bacteria or enzymatic activity implied in milk spoilage,
the development of techniques to enable a more accurate
determination of shelf life and the implementation of direct
control measures in the dairy industry remain necessary. Even
biosensors, gas-sensor array technology, and Fourier tran
formation infrared spectroscopy are not used routinely today in
the dairy industry, they could represent emerging methods to
predict milk spoilage.

See also:Bacillus: Bacillus cereus; Geobacillus
stearothermophilus(FormerlyBacillus stearothermophilus); Milk
and Milk Products:Microbiology of Liquid Milk;Milk and Milk
Products:Microbiology of Dried Milk Products;Pseudomonas:
Introduction;Spoilage Problems:Problems Caused by
Bacteria.
Further Reading

Braun, P., Fehlhaber, K., 2002. Combined effect of temperature, a
enzymatic activity of spoilage-causing bacteria. Milchwissenscha
International 57, 134–136.

Braun, P., Sutherland, J.P., 2003. Predictive modelling of growth
production and activity by a cocktail ofPseudomonasspp.,Shewanella putre
ciensand Acinetobactersp. International Journal of Food Microbio
271–282.

Braun, P., Fehlhaber, K., Klug, C., Kopp, K., 1999. Investigations into
enzymes produced by spoilage-causing bacteria: a possible basi
shelf-life estimation. Food Microbiology 16, 531–540.

Champagne, C.P., Laing, R.R., Roy, D., Mafu, A.A., Grif� ths, M.W., 1994. Psych
trophs in dairy products-their effects and their control. Critical Re
Science and Nutrition 34, 1–30.

Chen, L., Daniel, R.M., Coolbear, T., 2003. Detection and impact of
lipase activities in milk and milk powders. International Dairy Journa–275.

Dieckelmann, M., Johnson, L.A., Beacham, I.R., 1998. The diversity
psychrotrophic strains ofPseudomonas: a novel lipase from a highly lipolyti
of Pseudomonas ßuorescens. Journal of Applied Microbiology 85, 527–536.

Fromm, H.I., Boor, K.J., 2004. Characterization of pasteurized� uid milk shelf-li
attributes. Journal of Food Science 69, 207–214.

Hayes, W., White, C.H., Drake, M.A., 2002. Sensory aroma charact
spoilage byPseudomonasspecies. Journal of Food Science 67, 448–454.

Heyndrickx, M., Marchand, S., De Jonghe, V., et al., 2010. Understa
venting microbial spoilage and chemical deterioration. In: Grif� ths, M.W. (Ed
Improving the Safety and Quality of Milk. CRC Press, Washington–135.

Ivy, R.A., Ranieri, M.L., Martin, N.H., et al., 2012. Identi� cation and characterizati
psychrotolerant sporeformers associated with� uid milk production and proce
Applied and Environmental Microbiology 78, 1853–1864.

Meer, R.R., Baker, J., Bodyfelt, F.W., Grif� ths, M.W., 1991. PsychrotrophicBacillus
spp. in� uid milk-products: A review. Journal of Food Protection 54,–979.

Sorhaug, T., Stepaniak, L., 1997. Psychrotrophs and their enzymes in
products: quality aspects. Trends in Food Science and Technolog–41.



Seafood
DL Marshall,Euro� ns Microbiology Laboratories, Fort Collins, CO, USA

� 2014 Elsevier Ltd. All rights reserved.
or

n
,

i-

e
l
f

s

e
le
i-

l
t
i-

t
d

t-
l
to

l

s

ta
t
,

,

d

e

id

Table 1 Genera of spoilage bacteria commonly found on seafoods

Bacteria Gram reaction

Acinetobacter �
Aeromonas �
Alcaligenes �
Alteromonas �
Arthrobacter þ
Bacillus þ
Brochothrix þ
Chromobacterium �
Corynebactenum þ
Cytophaga �
Enterobacter �
Enterococcus þ
Flavobacterium �
Halobacterium �
Lactobacillus þ
Listeria þ
Microbacterium þ
Moraxella �
Morganella �
Photobacterium �
Pseudomonas �
Shewanella �
Staphylococcus þ
Streptococcus þ
Vibrio �

Sources: Dalgaard, P., 2000. Fresh and lightly preserved seafood. In: Man, C.M.D.,
Jones, A.A. (Ed.), Shelf-Life Evaluation of Foods, Aspen Publishers Inc., London,
UK, pp. 110–139; Jay, J.M., 2000. Modern Food Microbiology, sixth ed. Aspen
Publishers, Gaithersburg, MD; Koutsoumanis, K.P., 2001. Predictive modeling of
the shelf life of� sh under nonisothermal conditions. Applied and Environmental
Microbiology 76, 1821–1825; Try� nopoulou, P., Tsakalidou, E., Nychas, G.-J.,
2002. Characterization ofPseudomonasspp. associated with spoilage of gilt-head
seabream stored under various conditions. Applied and Environmental Microbiology
68, 65–72; Emborg, J., Laursen, B.G., Dalgaard, P., 2005. Signi� cant histamine
formation in tuna (Thunnus albacares) at 2 � C effect of vacuum- and modi� ed
atmosphere-packaging on psychrotolerant bacteria. International Journal of Food
Microbiology 101, 263–279; Nychas, G.J.E., Marshall, D.L., Sofos, J.N., 2007. Meat,
poultry, and seafood. In: Doyle, M.P., Beuchat, L.R. (Eds.), Food Microbiology:
Fundamentals and Frontiers, third ed. ASM Press, Washington, DC, pp. 105–140
(Chapter 6).
Microbiota of Seafood

It is generally accepted that bacteria are absent, undetectable,
at extremely low populations in edible muscle tissues of most
live healthy � n� sh and shell� sh. On the other hand, � lter-
feeding mollusks (oysters, mussels, clams, and scallops) ca
bioaccumulate harvest-water microbes in their edible tissues
resulting in potentially high microbial populations. When
protective barriers (skins, scales, and shells) and natural ant
microbial defense mechanisms (lysozyme and antimicrobial
peptides) are disturbed during harvesting and processing, th
resulting edible muscle becomes exposed to microbia
contaminants. These contaminants include a wide variety o
bacteria (Gram positive and Gram negative) and fungi (yeasts
and molds), which can attach to exposed cut muscle surface
(Table 1). Although seafoods can harbor viruses, their contri-
bution to spoilage is minimal. In some seafood species, viruses
may cause visual defects evident at harvest. Likewise, som
parasites can cause tissue breakdown, leading to undesirab
texture and visual appearance defects. Sources of contam
nating microorganisms on seafoods include the internal and
external surfaces to which the animal is exposed. Interna
surfaces such as the gastrointestinal tract and gills are importan
harborages of spoilage microbes. External sources of contam
nation include harvest water and sediment environment,
harvest or transport vessel handling and storage environmen
(personnel, equipment, tools, surfaces, water, seawater, ice, an
additives), and further processing environment (personnel,
equipment, tools, surfaces, and additives). Introduction of such
spoilage microorganisms can contribute to rapid spoilage
progression. To delay spoilage, proper use of modern harves
ing and processing methods is essential. Avoiding physica
damage during harvesting can reduce edible tissue exposure
spoilage microbes. Strict adherence to time–temperature
control (cooking or chill storage) and the addition of such
barriers as reduced oxygen packaging or other antimicrobia
treatments can be greatly bene� cial in extending the shelf life
of seafoods.

The main contributing bacteria to seafood spoilage are
members of the Enterobacteriaceae and Vibrionaceae familie
at ambient temperatures andPhotobacterium phosphoreum, She-
wanella (Alteromonas) putrefaciens, Brochothrix thermosphac,
Pseudomonasspp., Aeromonasspp., and lactic acid bacteria a
chill temperatures. Among lactic acid bacteria spoilage genera
the most prevalent areCarnobacterium, Lactobacillus, Weissella,
Brochothrix, Kurthia, and Listeria. Microccoci and staphylococci
can be found on the skin of � sh. Spore-forming Bacillusand
Clostridiumare associated with sediments. Additional genera
that may be found in seafoods includeBrevibacterium, Coryne-
bacterium, Propionibacterium, and Bi� dobacterium.

The temperature of the harvest water can in� uence the
microbiota of seafoods. For example, shrimp harvested in
tropical waters will have a predominance of mesophilic
inhabitants. Conversely, shrimp harvested in polar regions will
be preinoculated with psychrophiles and psychrotrophs. Thus
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
cold water–harvested shrimp will spoil faster under refrigera-
tion than will warm water –harvested shrimp due to the pres-
ence of larger populations of cold-growing bacteria. The
harvestingarea sediment can in� uence numbers and types of
microbes found in seafoods. For example, animals harveste
from estuarine sediments will have more terrestrial microbes
than animals harvested from marine sediments. In addition,
line-caught � sh may have lower bacterial counts than bottom
trawl net-caught � sh, where sediment disruption releases larg
microbial populations.

Most crustacean shell� sh (lobster, crab, and cray� sh) are
kept alive after harvest to retard nonmicrobial spoilage caused
by potent hepatopancreatic proteases, which can cause rap
postmortem tissue breakdown. On the other hand, shrimp die
soon after harvesting, which results in proliferation of bacteria
78-0-12-384730-0.00372-4 453
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454 SPOILAGE OF ANIMAL PRODUCTSj Seafood
on the shell surface and gut that originate from the marine
or pond water environment or that are introduced during
handling and washing. Unlike free-roaming � sh and crusta-
ceans, molluscan shell� sh (oysters, clams, scallops, and
mussels) are sessile� lter feeders, with their microbiota mostly
determined by the surrounding water and sediment of the
growth environment.

For all seafood products, microbiota introduced during har-
vesting, processing, and handling are important contributors to
the ultimate microbial populations and types present on
consumer products. Although a large number of microbial
genera can contaminate fresh seafoods, only a few are consider
dominant spoilers. The two main factors that in� uence domi-
nance are storage temperature and gas atmosphere surr
unding products. For example, if chilled seafood is stored
aerobically, pseudomonads (Pseudomonas fragi, Pseudomona
� uorescens, Pseudomonas putida, and Pseudomonas lundens)
or psychrotrophic Enterobacteriaceae (Hafnia alvei, Serratia
liquefaciens, and Enterobacter agglomerans) are likely to be
major spoilage bacteria causing putrefactive odor develop
ment. Reducing oxygen presence using vacuum- or modi� ed-
atmosphere storage will select for spoilage Gram-positive
bacteria (lactic acid bacteria andB. thermosphacta), which cause
sour off-� avors. Reduced oxygen storage also will select for a fe
Gram-negative spoilage bacteria, such asP. phosphoreumand
S. putrefaciens. Fungi (yeasts and molds) are not normally
contributors of spoiled seafoods unless a bacteriostatic agen
such as anacid picklingagent or lowwateractivity (drying orhigh
salt concentrations) are used or if the product is stored for
extended periods of time in cold and dry environments.
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Factors Affecting Spoilage Bacteria Dominance

There are several intrinsic and extrinsic biological, chemica
and physical factors that in� uence the numbers and types of
microbes that contribute most to spoiled seafoods. Intrinsic
product parameters include the presence of competing micro
biota, integrity of natural physical barriers (mucous, skin,
scales, and shells), and chemical composition, such as nutrien
levels (glucose, nitrogen, and iron), pH, and water activity.
Extrinsic factors include the sanitary condition of the product-
handling environment and the food-processing methods
employed (heating, cooling, high pressure, irradiation, reduced
oxygen packaging, and antimicrobial agents). Predominating
microorganisms must� rst gain access to edible tissues and the
must possess metabolic activities that enhance multiplication
to achieve large population levels along with production of
unfavorable enzymes and metabolites that contribute to
spoilage. In some circumstances, a bacterium can achieve lar
population levels in a product yet may not cause spoilage if
deteriorative changes (off-odors and off-appearance) have no
occurred. For example, products stored in a reduced oxyge
environment can support the growth of large populations of
some lactic acid bacteria without obvious signs of spoilage even
after prolonged refrigerated storage.

Microbial interactions (antagonism, mutualism, synergism,
and commensalism) can affect competition for nutrients and
physical space. The physiological activities of microorganism
can be in� uenced by cell-to-cell communication via quorum
sensing. For example,Pseudomonasspp. can either inhibit or
enhance the growth of competing bacteria.Pseudomonascan
rapidly utilize glucose and produce iron-binding siderophores,
which reduces growth rates of competing S. putrefaciens.
Conversely,Pseudomonascan provide protein hydrolysates that
stimulate the growth of competing Listeria monocytogenes. The
importance of microbial competition is demonstrated by
differences in off-odor production occurring in naturally
contaminated � sh compared with sterile muscle tissue inocu-
lated with spoilage organisms.
Components of Seafood That Support Microbial
Growth

The composition of seafood edible muscles may� uctuate
widely depending on species, age, sex, anatomy, size, harve
season,� shing grounds, and diet in the case of aquacultured
species. Fat in seafoods can be distributed throughout the
muscle tissue and can be present beneath the skin. Non
protein-soluble components (glucose, minerals, vitamins, free
amino acids, ammonia, trimethylamine oxide, creatine,
taurine, anserine, uric acid, betaine, carnosine, and histamine
constitute approximately 1.5% of � sh muscle, and their pres-
ence and abundance can vary with species. Within species, su
components can vary with animal size, harvest season, an
� shing ground. Elasmobranchs, such as sharks and ray
contain more soluble components than other � sh. These
compounds, together with lactic acid, amino acids, nucleo-
tides, urea, and water-soluble proteins, aid in the selection and
predominance of spoilage microbes on seafoods.

Postmortem muscle physiology causes a decline in aden
osine triphosphate (ATP) levels and conversion of glycogen to
glucose. Glucose is metabolized to lactic acid leading to tissu
pH decline. The � nal postmortem pH and the residual
glycogen content of tissues are in� uenced by the initial
amounts of glycogen in the muscle. For example, due to
exhaustive struggling, line-caught� sh can have lower glycogen
reserves than net-caught� sh. In tissue with high initial
glycogen content, the� nal postmortem pH may decrease from
5.5 to 5.9 before ATP exhaustion, leading to cessation o
glycolysis. When low amounts of glycogen are initially
present, such as when� sh are stressed during harvesting,� nal
postmortem pH can be higher (6.0–6.7). In addition to
reductions in glycogen content, other glycolytic intermediates,
such as glucose-6-phosphate and glucose, are also reduced
low levels following rigor. During rigor, proteolytic enzymes,
such as lysosomal cathepsins, result in protein breakdown
yielding soluble low–molecular weight compounds consti-
tuting 1.2–3.5% of muscle tissue.

Muscle glucose is metabolized more rapidly by obligate
aerobic strains of pseudomonads than facultative anaerobic
strains of B. thermosphactaand oxidative strains of
S. putrefaciens. Brochothrix thermosphactahas greater aerobic and
anaerobic spoilage potential than closely related lactobacilli.
During aerobic storage,B. thermosphactautilizes glucose and
glutamate but not other amino acids.

The level of bacterial proteinase activity can in� uence
spoilage bacteria growth rates on protein substrates whe
nonproteolytic bacteria are dominant. As a result, the overall
proteolytic capacity of a bacterial community is linked to the
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abundance and competitive success of the proteinase
producing strains in a product.

Under aerobic conditions, none of the major spoilage
bacteria (pseudomonads, Enterobacteriaceae,Brochothrix ther
mosphacta, and lactic acid bacteria) are known to cease growth
because of substrate exhaustion at the muscle surface. Instea
oxygen availability is a more important factor affecting growth.
Pseudomonads normally are predominating spoilers becaus
of their rapid use of glucose in the presence of oxygen compare
with other spoilage bacteria. They also have antagonisti
potential against competitors as an additional advantage.

Once glucose is exhausted, lactate is almost exclusively th
second energy source utilized by spoilage bacteria under bot
aerobic and anaerobic conditions. Reduced oxygen environ
ments (vacuum- or modi� ed-atmosphere packaging (MAP))
reduce the rate of glucose and lactate utilization compared with
air storage.

Amino acids are the third main energy source for spoilage
bacteria. Once spoilage metabolism progresses, proteins a
degraded by intrinsic muscle enzymes or microbial enzymes
This enzymatic activity releases peptides, amino acids, an
further protein degradation products such as amines.
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Substrate Conversion to Spoilage Compounds

Many of the end products of microbial metabolism are asso-
ciated with spoilage defects, such as off-� avors, foul odors,
slime, and changes in appearance. Indigenous muscle enzyme
nonenzymatically catalyzed chemical reactions, and physica
changes also contribute to seafood spoilage. Microbiologica
activity is the most important factor contributing to proteolytic
spoilage in most seafoods; however, a notable exception can b
found with many crustaceans, where endogenous hepatopan
creas enzymes cause a rapid postmortem muscle breakdow
that is independent of microbial proteases. This is the primary
reason that lobsters, crabs, and cray� sh are kept alive after
harvesting. After harvesting, death of these animals results i
rapid liquefaction of edible tissues.

Under most aerobic storage circumstances, a threshol
spoilage microbial population of 7 –8 log10 cfu cm� 2 or g� 1 is
needed for spoilage to become sensorially evident (slime
formation, putrid sulfur, or ammonia odors). In other circum-
stance, such as under reduced oxygen packaging in which lar
microbial populations may be present, spoilage perception may
not be evident. Another example in which high microbial
populations do not equate to spoilage is the case of bilge-wate
� sh, in which recently harvested� sh come into contact with
heavily contaminated holding tank water. In this case, the� sh
are inoculated with high numbers of bacteria that potentially
can cause spoilage, but the edible� esh is very fresh. It is
important, therefore, to understand that spoilage progression is
related to the relative abundance of spoilage bacteria and thei
activity (proteolysis, lipolysis, and slime formation). Proli � c
protease producers, such as pseudomonads and some lactic ac
bacteria, can help cells penetrate into muscle tissues to acce
additional nutrients for growth. Soluble sarcoplasmic proteins
are the initial substrate for proteolytic attack in muscle foods.
Thus, active protease-producing bacteria can establish
competitive advantage over those stains with reduced activity.
Many spoilage microorganisms produce lipases that can
hydrolyze seafood lipids to form free fatty acids. Microbial
lipase contribution to spoilage, however, is considered
secondary due to abundant autoxidation and abundant unsat-
urated fatty acids found in many types of seafood. Oxidative
rancidity results in the formation of many rancid off-odors and
off-� avors. The rate of rancidity development is independent of
microbial activity, but it is in � uenced by the presence of oxygen
the amount of unsaturated fatty acids, storage temperature and
time, and amount of oxidation catalysts, such as iron. Fatty� sh
are especially prone to rancidity development because of the
presence of large amounts of polyunsaturated fatty acids. Muscl
tissue membrane phospholipids are abundant in unsaturated
fatty acids that are susceptible to oxidation. Because oxygen
a key contributor to both autoxidation and growth of aerobic
spoilage bacteria, its control is an important extrinsic factor
in� uencing seafood spoilage.
Chemical Changes under Aerobic Conditions

Production of amino acid degradation products, such as sulfides
and methyl esters, usually are the� rst spoilage compounds
found during the early stages of aerobically stored chilled sea
foods. To initiate amino acid use, other microbial metabolites
(glycogen, glucose, and lactate) must be depleted on the muscl
surface. Pseudomonads are the major and possibly the sol
producer of ethyl esters, while many other Gram-negative
bacteria (S. putrefaciens, Proteus, Citrobacter, Hafnia, and Serra-
tia) can produce other off-odor compounds. As spoilage prog-
resses, other objectionable compounds are produced, such a
ammonia, hydrogen sulfide, and dimethylsul� de. Hydrogen
sul� de is not produced by pseudomonads, while dime-
thylsul� de is not produced by members of Enterobacteriacea
family. Biogenic amines such as putrescine, cadaverine, hist
mine, tyramine, spermine, and spermidine can be produced in
some� sh during exposure to warm temperatures at harvest an
subsequent handling or during refrigerated storage. Pseudo
monads are major contributors of putrescine formation, while
the Enterobacteriaceae produced mostly cadaverine.

Several Gram-negative bacteria isolated from shrimp ar
proli � c foul odor producers. For example,Chryseomonas luteo,
Serratia marcescens, P. � uorescens, andBrevundimonasspp.
produce the � shy aroma compound trimethylamine. Trime-
thylamine is formed by enzymatic reduction of trimethlyamine
oxide. These bacteria also produce several sulfur-containin
compounds, including methanethiol (garbage odor), dimethyl
disul� de (onion), thiophene (skunky), and dimethyl trisul � de
(cat urine). Other objectionable aroma compounds produced
by these bacteria include isovaleric acid (sweaty foot odor) and
butyric acid (baby vomit). Of these bacteria,C. luteolaproduces
the greatest off-odor intensity. The quantity of indole (moth-
ball or tar odor) in shrimp is considered a quality indicator by
the US Food and Drug Administration. Indole is a microbial
metabolite of L-tryptophan. Other useful seafood spoilage
indicators may include the biogenic amines histamine,
putrescine, and cadaverine. Under limited oxygen and low
temperature storage conditions, some genera in the family o
Enterobacteriaceae may contribute to seafood spoilage b
producing ammonia, hydrogen sulfide, and malodorous
amines from amino acid metabolism.
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Gram-positive bacteria are not considered important
contributors to spoiled seafoods stored under aerobic condi-
tions; however, B. thermosphactacan spoil the fatty surfaces of
aerobically stored � sh by using glucose and glutamate to
produce several spoilage compounds.
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Chemical Changes under Reduced Oxygen Conditio

Under reduced oxygen storage conditions (vacuum- or carbon
dioxide-enriched MAP), products of bacterial fermentation
(lactic, acetic, and formic acids) are predominant spoilage
compounds. Homofermentative (one major by-product) or
heterofermentative (several major by-products) bacteria
produce less offensive sour aroma compounds than the putrid
odors found in aerobically stored seafoods. Organic acids ar
end products of glucose fermentation, which is the primary
source of energy for microbial growth.

Most Gram-negative spoilage bacteria, such as pseudomo
nads, are inhibited by reduced oxygen environments. Aside
from the lactic acid bacteria,B. thermosphacta, S. putrefaciens,
and P. phosphoreumare important spoilers in reduced oxygen
stored seafoods. During storage, organic acids and sulfu
containing compounds like propyl esters and 3-methylbutanol
can be produced. At low temperatures, carbon dioxide
(a component of modi � ed atmospheres) has greater solubility
than at warmer temperatures. When dissolved in the aqueou
phase of foods, carbon dioxide forms carbonic acid, which
along with oxygen deprivation is a contributor to inhibition of
pseudomonad growth. Biogenic amines, such as tyramine
putrescine, and cadaverine, can be produced by lactic aci
bacteria under vacuum or MAP conditions.

Limiting growth of spoilage microorganisms using reduced
oxygen packaging may create an environment conducive t
pathogen growth and toxin production before there is evidence
of spoilage. For example, in reduced oxygen packaged prod
ucts, where refrigeration is the sole barrier to outgrowth of
nonproteolytic Clostridium botulinum(vacuum-packaged raw
� sh, unpasteurized cray� sh, or crab meat), the temperature
must be maintained at 3.3 � C or below from packing to
consumption to prevent growth and toxin formation.
Temperature control by processors is usually possible
however, transportation, retail, and home storage conditions
may be inadequate. The use of time–temperature integrators or
antimicrobial agents may offer appropriate control strategies
throughout distribution. Alternatively, products may be frozen
to prevent pathogen growth.
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Spoilage of Cooked Seafoods

Thorough cooking of seafoods kills vegetative bacterial cells
while bacterial spores may survive. After cooking, produc
cross-contamination with environmental bacteria is a primary
contributor to spoilage of such products. Dominant spoilage
microorganisms in such circumstances include psychrotrophic
micrococci, streptococci, lactobacilli, and B. thermosphacta.
Cooked products can be recontaminated with bacteria found
on raw products during unsanitary handling and exposure to
unsanitary processing steps between cooking and packagin
unit operations. Extended holding periods and elevated
temperatures at these steps can contribute to microbial prolif-
eration in products before packaging. When recontamination is
controlled, nonproteolytic bacteria usually dominate and
result in the development of sour odors. Recontamination with
proteolytic microorganisms results in putrid odors due to
breakdown of amino acids. Spoilage of canned seafoods can b
caused by the use of spoiled raw materials, inadequate therma
processing allowing for the survival of heat-resistant meso
philic sporeformers, slow cooling, or storage of � nished
products at high temperatures that allow for the growth of
thermophilic sporeformers, or for the reintroduction of
microorganisms from postprocessing package leakage.
Spoilage of Processed Seafoods

Spoilage of processed products is in� uenced by the nature of
the raw materials, ingredients used in the formulation, type of
processing, and conditions of storage. Process factors that a
important include degree of heating, pH after fermentation,aw

after drying, package oxygen content, and time and tempera
ture of storage. Slime formation starts with discrete colonies
that then expand to form a uniform gray–green layer of slime.
Formation of slime is dependent on suf� cient product surface
moisture and on the presence of producing microorganisms,
such as yeasts,Lactobacillus, Enterococcus, and B. thermosphacta.
Souring occurs on product surfaces where lactobacilli, entero
cocci, andB. thermosphactaproduce organic acids.

The reduced aw of smoked or cured seafoods inhibits
spoilage by Gram-negative psychrotrophic bacteria at refrigera
tion temperatures and prevents putrefaction. Such products
however, are spoiled by lactobacilli or micrococci, which
tolerate low aw. Air-packaged products are susceptible to
spoilage by micrococci, whereas lactobacilli predominate in
spoiled vacuum or MAP products. Products formulated with
sucrose as an ingredient can be subject to dextran slime forma
tion due to growth of Leuconostocspp. or other bacteria such as
Lactobacillus viridescensor B. thermosphacta. Low aw, presence of
nitrite, and exposure to smoke can provide stability in dry-cured
products by suppressing bacterial growth. Such products usuall
spoil when improperly stored in humid conditions due to yeast
or mold growth. Dry-cured seafoods can spoil if microbial
growth occurs before adequate salt penetration, curing, and
drying is achieved. Dried products remain stable when properly
prepared and stored. To prevent growth of low-water-activity-
tolerant bacteria, yeasts, and molds, product water content dried
seafoods should be reduced to 20% or less. To inhibit growth of
xerotolerant molds, water content must be further reduced to
15%. If dried products are not properly stored in moisture
barrier packages, exposure to high-moisture conditions can rais
aw, resulting in the potential for growth of spoilage microbes.
The addition of antifungal agents may be valuable to retard
growth of spoilage fungi in these products.
Biogenic Amines

Production of biogenic amines by the natural microbial � ora
may be an issue of concern in some stored seafoods. Amine
have been detected in some� sh (primarily scombroid species,
such as tuna, mahi mahi, and mackerel) stored under aerobic o
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vacuum or MAP conditions. The formation of these amines
during storage can lead to human illness known as scombroid
poisoning, which is characterized as a severe and sometime
fatal allergic reaction that occurs shortly after consumption of
contaminated products. Among the amines, levels of histamine
putrescine, and cadaverine may show a constant increase
concentration during storage. Concentrations of spermine
spermidine, and tryptamine usually remain steady, while a
small increase in amounts of tyramine may be observed early in
the storage period. Since lactic acid bacteria andB. thermosphact
do not produce amines, the formation of these compounds
primarily has been attributed to Enterobacteriaceae; howeve
tyramine can also be formed by some strains of the genu
Lactobacillus. Proper sanitation, proper storage temperature, and
storage time limitation should minimize human health prob-
lems associated with biogenic amines in seafoods.
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See also: Acinetobacter;Aeromonas; Alcaligenes; Brochothrix;
Chilled Storage of Foods:Principles; Food Packaging with
Antimicrobial Properties;Clostridium: Clostridium botulinum;
Dried Foods;Ecology of Bacteria and Fungi:In� uence of
Available Water;Ecology of Bacteria and Fungi in Foods:
In� uence of Temperature;Ecology of Bacteria and Fungi in
Foods:In� uence of Redox Potential;Enterobacteriaceae:
Coliforms andE. coli, Introduction; Traditional Fish
Fermentation Technology and Recent Developments;Fish:
Catching and Handling;Fish:Spoilage of Fish;Heat Treatment
of Foods:Spoilage Problems Associated with Canning;
Lactobacillus: Introduction;Metabolic Pathways:Release of
Energy (Aerobic);Metabolic Pathways:Release of Energy
(Anaerobic);Metabolic Pathways:Nitrogen Metabolism; Lipid
Metabolism;Metabolic Pathways:Production of Secondary
Metabolites of Bacteria; Packaging of Foods;Traditional
Preservatives:Sodium Chloride;Preservatives:Traditional
Preservatives– Organic Acids;Preservatives:Traditional
Preservatives– Wood Smoke;Permitted Preservatives:Nitrites
and Nitrates;Process Hygiene:Overall Approach to Hygienic
Processing;Pseudomonas: Introduction;Shell�sh (Mollusks
and Crustaceans):Characteristics of the Groups; Shell� sh
Contamination and Spoilage;Shewanella; Spoilage Problems:
Problems Caused by Bacteria;Spoilage Problems:Problems
Caused by Fungi; Modi� ed Atmosphere Packaging of Foods
Water Activity;Ecology of Bacteria and Fungi in Foods:
Effects of pH.
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Introduction

Cereals include wheat, oats, rye, barley, rice, maize, sorghum
and millet. Worldwide, these are essential crops for human
nutrition – rice alone is the staple food of more than 50% of the
world ’s population. Cereal grains as a whole contribute about
43% to per capita energy to the human diet. Cereals and cerea
� ours are used extensively in brewing, breadmaking, anima
feeds, pasta, biscuits, cakes, and a wide variety of snack food
Cereal-based products generally are considered to be at low ris
in terms of food safety because of the methods used to proces
them. Cereals can be stored very successfully if kept dry, but
they are dried inadequately before storage, they are highl
perishable.

Cereals can be contaminated by a wide range of pathogeni
and spoilage microorganisms during growth, harvest, and
storage. At the time of harvest, they typically harbor tens to
hundreds of thousands of fungal propagules (e.g., spores an
mycelia) and thousands to millions of bacteria per gram.
Populations of fungi can range from 107 to 109 cfu g� 1, while
bacterial counts can vary between 106 and 108 cfu g� 1. Har-
vested grains retain part of their natural� ora and also become
contaminated from the air, soil, and insects. The micro� ora
consists of a wide variety of� lamentous fungi, bacteria, yeasts
some slime molds, and protozoa. Many of these occur
however, only as surface contaminants. Most microbia
biodeterioration problems of cereals are caused by fungi
Although yeasts are numerous, they cause few spoilag
problems.

The bacteria most commonly isolated from cereal grains are
members of the Bacillaceae, Micrococcaceae, Lactobacillace
and Pseudomonadaceae.Bacillusspecies are the most likely to
cause problems later in the supply chain when products are
manufactured. Many of the bacterial human pathogens presen
are environmental contaminants, but the numbers of fecal
organisms are low unless animal manure has been used durin
cultivation as an organic fertilizer. Bacteria are not greatly
involved in grain spoilage except in the case of very damp grain
in which they are particularly active during the � nal stages of
moist grain heating. Moist grain heating occurs when grain is
stored with too high moisture content, or when it becomes wet
during storage. A succession of fungi may then grow, producing
metabolic heat and water, which eventually allow thermophilic
bacteria to grow. Bacteria generally are unable to grow in dr
grain due to its low water activity (aw). They, however, may
persist in cereal� ours even after milling. Bacillusspecies in
� ours can cause problems during breadmaking, andSalmonella
and Cronobacterspecies in infant formula containing cereal
� ours can be a risk to babies.

The fungi associated with cereal grains can be divided into
two groups: the � eld fungi–plant pathogens, which invade the
grains before harvest; and the storage fungi, which invade th
grains during drying and subsequent storage. In addition to
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
causing damage and spoilage of the grain, fungi also ca
produce mycotoxins, which are toxic secondary metabolites
In terms of managing the hazards due to the production of
mycotoxins, storage mycotoxins are considered the easier of th
two groups of mycotoxins to control.
Spoilage before Harvest

The term ‘� eld fungi’ is used to describe fungi that invade
grains in the � eld before harvest. Fungal invasion is most
prevalent during humid and rainy weather. Field fungi invade
the kernels of the grain while they are developing on the plant
or after they have matured, but generally before harvesting
These fungi may cause blemishes, blights, discolorations, an
diseases of the kernels; some also cause disease in pla
grown from infected seed. They typically require high moisture
contents around 20–21%.
Field Contamination

The main invasive� eld fungi include members of the genera
Alternaria, Fusarium, Drechslera, Cladosporium, Botrytis, and
Phoma, but many more genera are encountered.Aspergillus
species generally are considered storage fungi, but some m
invade the grains in the� eld before harvest.Alternariaspecies
are particularly common: they are almost always present on
wheat and barley kernels, where they cause blights and blem
ishes. Preharvest, rice carries a wide variety of mold species
the generaAlternaria, Curvularia, Fusarium, Nigrospora, Chaeto-
mium, Bipolaris, Acremonium, Aspergillus, Penicillium, Rhizopus,
and Trichoconiella, and also carries bacteria of the generaPseu-
domonas, Enterobacter, and Micrococcus. Loose and covered
smuts of wheat, barley, and oats (caused byUstilago tritici,
Ustilago nuda, Ustilago avenae, Ustilago hordei, Tilletia caries, and
Tilletia foetida) may result in heavy crop losses preharvest. In
corn, common invasive species includeAlternaria, Cladospo
rium, Aspergillus, Penicillium, Diplodia, Fusarium, and Gibberella.

The � eld fungi require equilibrium relative humidities
(ERH) of 90–100% for growth (equivalent to >20% grain
moisture content on a wet-weight basis, or 28–33% on a dry-
weight basis). As the cereal grains mature, their moistur
content decreases. Provided they are dried within a few days o
harvest, signi� cant mold growth normally will not occur. If the
grain remains moist for a long period after harvest, however,
mold growth will continue, discoloring the kernel, weakening
or killing the embryo, and shriveling the seed.

The main genera-producing mycotoxins preharvest are
Alternaria and Fusarium. Aspergillus� avus, which normally is
considered as a storage fungus, can grow and produce a� a-
toxins before harvest on maize cobs that have been damaged b
insects. Field fungi die slowly during storage as the relative
humidity falls, so the damage they cause does not usually
78-0-12-384730-0.00312-8 459
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increase during storage. Grains that have been invaded heavi
by � eld fungi have been shown to have increased resistance t
the growth of other fungi during storage. Storage fungi, with
a few exceptions (e.g.,A. � avus), do not invade seeds before
harvest to any signi� cant extent.

The invasion of cereal grains and their products by fungi can
cause a number of undesirable outcomes, which include loss o
seed viability, loss of nutritional value, production of myco-
toxins, deterioration of grain quality, and grain heating. The
relative importance of the various kinds of damage is deter-
mined by the buyer or user of the grain.
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Field Mycotoxins

Mycotoxins are toxic secondary metabolites produced by some
fungi. They can be produced at any stage during production
storage, or processing of cereal crops, provided that condition
are favorable for fungal growth. Some intrinsic and extrinsic
factors may in� uence the production of toxins by molds. The
� rst group includes species and strain speci� city; while in the
second group are temperature, water activity, nutrient avail
ability, chemical agents, and biological interactions of toxi-
genic molds with other microorganisms.

The most important mycotoxins in nature are found in
cereal products and oilseeds, and they may be present i
a food long after the molds responsible for their production
have died. The genera of fungi mainly associated with natu
rally occurring toxins areAspergillus, Penicillium, and Fusarium.
Some examples of mycotoxins occurring in cereals are liste
in Table 1.

In the � eld, fungal growth and mycotoxin production can
be important both in terms of loss of quality or complete loss
of the crop. Plant pathogens, such asFusarium graminearum, can
cause scab in areas of the northern plains, and fungi such a
Fusarium verticillioidesand A. � avuscan produce mycotoxins on
stressed plants.Aspergillus� avus in particular initially can
colonize the plant in the � eld and predispose the grain to
mycotoxin contamination after harvest. Fusariummycotoxins
(zearalenone, trichothecenes, fumonisin, etc.) are produced
mainly during the � eld (cultivation) phase.
Table 1 Mycotoxins produced in cereals

Mold species Mycotoxins produced

Aspergillus parasiticus A� atoxins B1, B2, G1, G2

A. ßavus A� atoxins B1, B2

Fusarium graminearum Trichothecenes: T-2 toxin, HT-2 toxin,
neosolaniol, diacetoxyscirpenol,
deoxynivalenol, and nivalenol;
Zearalenone

F. verticillioidesandF.
proliferatum

Fumonisins

Penicillium islandicum Islanditoxin, luteoskyrin
P. citreoviride Citreoviridin
P. citrinum Citrinin
Claviceps purpurea Ergotamine
P. verrucosum Ochratoxin A
A. ochraceus Ochratoxin A
Control of Spoilage (Field Strategies)

The management of� eld fungi has proven to be most chal-
lenging. Invasion by fungi before harvest depends on the
interaction between the host and the fungus, whereas growth o
fungi after harvest primarily depends on more controllable
aspects, such as crop nutrients, temperature, moisture, an
insects. Prevention of invasion by� eld fungi mainly revolves
around reducing the level of the fungi available to infect cereal
grains during growth. Examples of such strategies includ
adopting appropriate tillage and crop rotation practices, seed
treatments, harvest timing, and possibly using certain fungi-
cides, when allowed. In addition, speci� c modeling tools that
utilize climate information, planting dates, and sampling data
are being developed to help farmers understand the risk for
certain mycotoxins in any given year for certain crops.

The production of mycotoxins in the � eld is dif� cult to
control because it is in� uenced by climatic conditions and
weather, with soil moisture and drought stress on the devel-
oping plant also being important factors.
e
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Spoilage during Storage

Storage Contamination

Molds are capable of growing on a wide range of foodstuffs
and other materials. Cereals typically contain in the range of
70–75% carbohydrate, 8–15% protein, and smaller quantities
of fat, � ber, vitamins, and minerals, and they are ideal substrate
for fungal growth provided that suf� cient water is also available.
Temperature, O2, and aw are the most important factors in� u-
encing mold growth during storage. Storage fungi need les
moisture than � eld fungi (13–18%) to grow and usually do not
present any serious problem before harvest. During storage, th
� eld fungi present on the grain are replaced by fungi capable o
growing at a lower aw. The two main genera causing spoilage
during storage areAspergillusand Penicillium. Many Aspergillus
species are adapted to growth at lowaw, and some of the
Penicilliumspecies can grow at low temperatures, albeit at highe
aw. The types of fungi that can be isolated are indicative of the
storage conditions of the grain. Aspergillus penicillioide
predominates in grain ataw of 0.68–0.75, causing blackening of
the germs. The condition known as ‘sick wheat’ is due to
A. penicillioidesdamaging the germs of grain when the moisture
content is of 14–14.5% (grain ERH 68–73%) and the grain is
being stored for several months. The germs are killed befor
fungal growth is apparent to the naked eye.

The fungi consistently associated with incipient deteriora-
tion are A. penicillioides, Aspergillus restrictus, and Eurotium
species. In grains with aw less than 0.78–0.80, only
A. penicillioidesand Eurotiumspecies can grow to any extent
With aw above 0.80, however, a succession of fungi occurs. Eac
species has a lower limit of moisture level, below which it
cannot grow (Table 2). Rhizopusand Mucor species require
a higher aw of 0.93–1.00.

During storage deterioration, A. penicillioidesand Eurotium
species appear� rst, and raise the temperature of the grain to
35–40 � C. Grain respiration and moisture generated locally by
mold growth raises the aw, permitting Aspergillus candidu,
Aspergillus ochraceus, and A. � avusto grow. When these molds
are growing on about 10% of the kernels in the moist mass,



h

e
,
s

a-

r-

e

e

s

as

s

d

,

ry
s,

e

Table 2 Approximate minimum, optimum, and maximum temperatures and minimum water activity for the growth of common storage fungi
on grain

Species of fungus Minimum temperature (� C) Optimum temperature (� C) Maximum temperature (� C) Minimum water activity for growth

Aspergillus restrictus < 15 25–30 > 37 0.75
A. penicillioides 9 30 40 0.68–0.73a

Eurotiumspp. 4–5b 25–27b 40–46b 0.69–0.71b

A. candidus 10–15 45–50 50–55 0.75
A. ßavus 10–12 33 43–48 0.80
A. versicolor 9 25 35–40 0.76–0.80
Penicilliumspp. � 5–10b 20–31b 30–40b 0.79–0.99b

aDepending on the substrate and species.
bDepending on the species.
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considerable heating occurs and the temperature may reac
50–55 � C. Penicilliumspecies, which require a relatively highaw

for growth, also may be present at this stage. The temperatur
may subside if the heat and moisture are allowed to dissipate
but thermophilic fungi (e.g., Humicola lanuginosa, Thermoascu
crustaceus, Thermoascus aurantiacus) may take over and raise the
temperature even more to 60–65 � C. Heating of the grain by
fungal activity can lead to considerable discoloration and
blackening of the kernels, the loss of nutritional value, and
a reduction of germinability. Thermophilic bacteria then start
to grow and may raise the temperature to 75� C. At this point,
chemical processes take over, sometimes raising the temper
ture to a level that supports spontaneous combustion, but this
phenomenon is common only in the case of commodities with
a high oil content, such as soybeans, and rarely occurs in sta
chy cereals.

‘Stack-burn’ of corn has been reported in Africa, due to
heating, sometimes caused by the growth of thermophilic
fungi, to more than 43 � C over a period of around 100 days.
This results in brown discoloration of the pericarp and embryo
of the stored corn, along with nutritional changes. The growth
of mold on harvested rice can cause heating of the grain and th
development of a yellow discoloration.

The invasion of the germ portion of the grain by storage
fungi often leads to brown or black discoloration, which can be
mistaken for ‘heat damage.’Although such damage often is
associated with high levels of invasion by storage fungi, often
no correlation exists between the extent of the damage and th
temperature of the grain. For example, blackened‘heat-
damaged’ grain can be found even at storage temperatures a
low as 5 � C.

Another factor that in� uences fungal infection of stored
grains is the presence of insects and mites. Species, such
Sitophilus granarius(the granary weevil), physically can damage
grain before and during storage and facilitate invasion by fungi.
They also carry large numbers of fungal spores on their bodie
and help to spread infection.
t

l

Mycotoxins

Aspergillusand Penicilliummycotoxins (a� atoxin, ochratoxin,
etc.) are produced, for the most part, during storage. I
generally has been found that mycotoxin production occurs in
a slightly narrower range of temperature and moisture
contents than those required for growth, with some species
showing toxin production toward the low end of the growth
range, while others produce toxin more toward the high end
for their growth. The minimal temperature for growth and
toxin production by Aspergilli is higher than that for
Penicillia.

Studies have shown thatA. � avusgrows best ataw of 0.95
and 35 � C, although the mold was able to grow at this aw at
temperatures as low as 15� C. For toxin production, however,
the highest levels of a� atoxin were detected at temperatures in
the range 25–30 � C and aw below 0.9. Another example of
a narrower range of environmental conditions for toxin
production when compared with growth is shown by the
production of ochratoxin in wheat and barley by Penicillium
viridicatum. It was shown that the optimum aw for both growth
and toxin production was 0.97. Growth was possible, however,
from 0 to 31 � C at aw 0.95, while ochratoxin A production
could be detected only in the range 12–24 � C.
Control of Spoilage during Storage

In the humid tropics, and in temperate regions when the
harvest months are cool and damp, mold growth can be
a serious problem. Major postharvest losses are sustaine
worldwide because of the fungal spoilage of stored grains and
seeds. Therefore, the control of fungal growth is important.

Common storage facilities for grain include warehouses
bins, barns, elevators, and silos. It is important that the storage
conditions maintain the quality of the grain. One factor
in� uencing the storability of grains is the degree of maturity at
harvesting. When cereals are harvested at maturity, they d
faster than when they are harvested prematurely. Some grain
particularly corn, which is harvested with high moisture
content, must be dried arti� cially to prevent spoilage. High-
temperature grain dryers can be used to rapidly reduce th
moisture content by 5–10%.

If grain is dried to the equivalent of <0.70 aw, then there
should be no problems with spoilage organisms. At thisaw,
bacteria rarely are able to grow, and molds can grow only
to a limited degree. This represents the maximumaw to which
the crop must be dried to enable satisfactory storage of up to
2 years, at a temperature of 21–27 � C. For major grains, the
maximum moisture levels for safe storage are 12–13% for rice;
13% for barley, maize, oats, and sorghum; and 14% for wheat.
Table 3 shows the relationship between moisture content,
relative humidity, and water activity.

Spoilage of stored grains will occur if the overall moisture
content of the grain exceeds the levels that support funga
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Table 3 Equilibrium moisture content and corresponding water
activity at different relative humidities at 25–30 � C.

Moisture content (%) Relative humidity (%) Corresponding water

12.5–13.5 65 0.65
13.5–14.5 70 0.70
14.5–15.5 75 0.75
15.5–16.5 80 0.80
18.0–20.0 85–90 0.85–0.90
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growth. Moisture migration can occur within grain in bulk,
however, due to temperature gradients or the activity of insects
and so apparently dry grain, with moisture contents as low
as 10–12%, can be spoiled. This is particularly important in
the tropics, where wide seasonal temperature change
occur. Temperature differences within the bulk grain of only
0.5–1.0 � C can initiate storage problems, because moisture
evaporates from the grain in a warmer section and condenses i
a cooler section, increasing the moisture content to a level high
enough to permit the growth of molds.

The optimum temperature for the growth of many fungi is
around 30 � C, a common ambient temperature in tropical
regions (Table 1). The refrigeration of grains to about 5 � C
permits safe storage for prolonged periods, even when th
water content of the grain is too high for safe storage at ambien
temperatures. Some species ofPenicillium, however (e.g.,Peni-
cillium aurantiogriseum), can grow slowly at temperatures as low
as�2 � C, andPenicillium expansumcan grow at� 6 � C, although
they do require relatively high moisture content.

Arti� cial aeration, involving the blowing or drawing of
ambient air through the grain, reduces the temperature of the
grain to 5–10 � C, a temperature at which storage molds grow
slowly and insects and mites are dormant. This results in
a uniform temperature being maintained throughout the grain,
which helps to prevent the transfer of moisture within the bulk
grain and adds to its storage life. In cold climates, aeration is
used to achieve a maximum moisture level of about 17% in the
grain. In tropical climates, where the air is much warmer, the
grain should not have a moisture content of more than 12.5%
for long-term storage.

The storage of grain in controlled-atmosphere silos has bee
used to slow mold growth in the grain. Molds are primarily
aerobes, but some can grow in anaerobic conditions. An
atmosphere of 20% CO2 will inhibit the growth of some
storage fungi, but higher percentages of CO2 may be required
for grain with high moisture content, and some storage fungi
will grow in atmospheres containing more than 80% CO2 and
less than 0.2% O2. The depletion of O2 in controlled atmo-
sphere storage helps to reduce the activity of insects, before the
become numerous enough to cause serious damage.

Fumigation of grain helps to reduce mold growth by killing
the insects that damage the kernels. The effects of fumigants a
not long-lasting, however. Methyl bromide destroys both
molds and insects, and phosphine at low levels (0.1 g m� 3) can
retard the development of storage fungi and limit mycotoxin
production. There are concerns about the toxicity of many of
these fumigants, however, and methyl bromide is known to
deplete ozone from the upper atmosphere.
The ef� cacy of fungicides depends on their dissociation in
water, so under dry conditions, the compounds may not be
fungicidal. Dust fungicides, used for the protection of seeds
against damping off, may not inhibit storage fungi – and
concentrations that do so also may kill the seeds. Most fungi-
cides are of little value, because of many factors including
excessive cost, toxicity to humans and animals, effects on th
suitability of the grain for processing, and their dif� culty of
application. Systemic fungicidal seed treatments, however, do
control smuts of cereals effectively.

Propionic acids, and combinations of propionic and acetic
acids, are effective preservatives of grain with a high moistur
content destined for use as animal feedstuff, but the odor and
� avor they impart make them unacceptable for use with food-
stuffs for human consumption. Most of the chemicals used to
preserve damp grain are fungistatic rather than fungicidal
Another factor in� uencing the storability of cereal grains is their
physical condition, because physical damage during harvesting
and processing can contribute to fungal invasion. Therefore
physical damage should be avoided to preserve the natura
barriers of the grain that prevent fungal and insect invasion.

activity
Spoilage of Flours and Cereal-Based Products

Cereal-based products and� ours that are produced without
a heating step (e.g.,� ours and meals) are considered raw
agricultural products and are subject to contamination from
the environments that they were exposed to during production,
harvest, storage, and transport. In general, these products d
not support microbial growth because of their low water
activity. However, microorganisms may survive in them as
vegetative cells or spores for extended periods of time, which
may germinate in the processed product if conditions are right.
Reduction and Control of Microbial Counts in Milled Produ

In general, the microbial contamination of cereal grains is
contained mostly on the surface of the kernels and operations
used for grain processing (e.g., cleaning and milling) will
contribute to the reduction of microbial counts in the � nal
product (e.g., � ours). Research has shown that the removal o
the outermost 4% of the grain is capable of reducing the
microbial load of wheat by 1 log. Other research has also
shown that wheat received from growers, farm bins, or eleva
tors containing 1.6 � 108 cfu of bacteria per gram experienced
a 1 log reduction of contamination after cleaning. Also, milling
the cleaned wheat further reduced the microbial count to
5.0 � 105 cfu g� 1 in the straight grade� our.

In addition to cleaning, washing of the grains before milling
also may contribute to the reduction of microbial contamina-
tion. When ozonated water (1.5 mg l� 1) was used to wash
wheat, about a 1 log reduction in total bacteria and yeast–mold
was obtained when compared with a similar wash with non-
ozonated water. Other studies showed that ozonated
(16.5 mg l� 1) and chlorinated (700 mg l � 1) water used to wash
durum wheat were effective at reducing yeast and mold counts
by 0.5 and 2 logs, respectively, although neither treatment
affected bacterial load. Other strategies to reduce microbia
contamination of cereal products include washing with hot
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water (64–100 � C), steam alone, or in combination with
a variety of chlorine-based sanitizing agents. For example
treating corn with 82 � C water for 60 min or steam for 30 min
before milling reduced bacteria in the � our from 1 � 106 to
7 � 102 cfu g� 1, while corn treated for 1–3 min with chlorine-
based sanitizers dissolved in 65� C water reduced bacterial load
by 1–3 logs, depending on treatment.

After cleaning and washing, some grains are tempered befor
milling, and this step also can be used to reduce the microbial
contamination of the grains. When hard red wheat and soft
white wheat were tempered to 16.5% and 15.5% moisture,
respectively, with water containing ozone (11.5 mg l� 1),
bacteria and yeast–mold were reduced by about 1–2 logs.

After milling, some treatments – such as heat and irradia-
tion – can contribute to further reduce the microbial counts of
the � nal product. Dry heating of wheat � our at 290 � C for
5 min in a hot air oven reduced total bacterial counts from
2700 cfu g� 1 before treatment to 120 cfu g� 1 after treatment.
Gamma rays are a type of ionizing radiation that has been
approved for inactivating microorganisms in some foods, and
in wheat, irradiation mostly has been used to kill insects during
bulk storage of wheat kernels. Only a few studies have reporte
irradiation of wheat � our, and they showed that treating whole
milled wheat with radiation from a 60Co source reduced viable
microorganisms by 2 logs when 1 kGy was used, while 10 kGy
completely eliminated bacteria.

In addition to the treatments discussed for the reduction of
microbial contamination, some practices during processing
will enhance the quality and safety of the � nal product by
controlling the microbial proliferation in the processing areas,
including the inside of processing equipment. Heat generated
by friction during the milling process raises the relative
humidity inside the milling machinery, which results in mold
growth in the � our adhering to surfaces. In turn, fungal spores
then can contaminate the � our being produced. Therefore,
sanitary facilities and sanitary design of equipment are very
important in preventing the buildup of contaminated � our.

In a dry environment, such as a milling facility, it is critical
to avoid any potential for water or moisture introduction
because that is a main contributing factor to the growth and
establishment of microorganisms. Thus, the use of dry cleaning
techniques is always preferable as opposed to wet cleaning.

Although the milling process removes much of the outer
layers of the grain kernels, taking with it much of the microbial
population, � ours, meals, and polished kernels can retain
unsafe contamination. Several studies have reported th
microbial load of wheat � our, with bacterial counts around
4.2 log cfu g� 1, mold counts from 2.2–2.9 log cfu g� 1, and yeast
counts 2.1–3.7 log cfu g� 1. Therefore, it really is important to
control the moisture of � nal product during storage. In the� nal
product, a moisture content of less than 13% will prevent
growth of almost all microorganisms.
d
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s

Control of Spoilage of Cereal-Based Products

Microbial spores that survive the process may germinate an
grow in products made with milled ingredients. For low-moisture
baked products (aw < 0.6), microbiological spoilage is not
a problem. In intermediate-moisture products (aw 0.65–0.85),
osmophilic yeasts and xerophilic molds are the predominant
spoilage microorganisms, and in high-moisture products
(aw 0.94–0.99) many bacteria, yeasts, and molds can be respon
sible for spoilage.

In fact, molds have been implicated in most cases of the
spoilage of cakes incorporating cereal� ours, although the role
of other ingredients that may contain a variety of spoilage
microorganisms also must not be overlooked. Preservatives
such as sorbic acid, have been effective in the control of funga
growth in many foods.

Spoilage of cereal products caused by bacteria include rop
spoilage and red or‘bloody ’ bread. The later is caused by the
growth of the bacterium Serratia marcescensin the � nal product.
The former is caused primarily by Bacillus subtilisand occa-
sionally by Bacillus licheniformis, Bacillus megaterium, Bacillus
pumilus, and Bacillus cereus, whose heat-resistant spores surviv
the baking process. Ropiness occurs particularly when warm
and humid environmental conditions allow for germination of
Bacillusspores. Most types of bakery products can develop rope
including bread, doughnuts, crumpets, and cakes; however
whole-meal and rye breads seem to have a higher propensit
for rope spoilage.

Rope spoilage initially is detected by a sweet fruity odor that
resembles overripe melons or pineapples, which is due to the
release of volatile compounds, including diacetyl, acetoin,
acetaldehyde, and isovaleraldehyde. This is followed by enzy
matic degradation of the crumb caused by the combined effects
of microbial proteolytic and amylolytic enzymes. This results in
discoloration and the crumb eventually becomes soft and
sticky due to the production of extracellular polysaccharides, a
these bacteria are heavily encapsulated.

Rope spoilage largely has been eliminated from
commercially produced bread, by the addition of preserva-
tives and the use of low-temperature storage. Homemade
breads that are popular in industrial countries, however, still
can become spoiled by these strains. On the basis of th
factors that affect the development of rope spoilage, the
following conditions should be avoided to control Bacillus
growth: (1) a slow cooling period or storage above 25 � C
(77 � F), (2) pH above 5, (3) high spore level, and (4) a moist
loaf. Besides these control measures, ensuring adequa
baking and rapid cooling during processing also keep the
problem under control.

The widespread implementation of good cleaning and
sanitation procedures also has contributed to greatly diminish
the incidence of rope spoilage. Another measure that can
contribute to the control of rope spoilage includes the use of
a certi� cate of analysis for incoming raw ingredients to ensure
low rope spore count. It has been suggested, however, that eve
though these measures can reduce the initial spore counts i
dough, they would not prevent germination and growth of
Bacillusspp. in the � nal product; therefore, further hurdles
should be considered such as storage of bread products at lo
temperatures and the use of acid preservatives like propioni
acid and calcium or sodium propionates.
Reduction of Mycotoxins by Processing in Flours
and Cereal-Based Products

Before milling or processing, the removal of contaminated or
damaged kernels by sorting and cleaning may lower the level
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Figure 1 Steps for the production of bread from� eld to table and potential hazards.
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of mycotoxin in the � nal product. Cleaning may reduce
fumonisin concentrations in corn by 26–69%, while in wheat
and barley that are scab infested, it may reduce deoxynivaleno
concentrations by 5.5–19%.

During the milling of grains, the outer layers of the kernel
are removed and with them some mycotoxins also are
removed. Similar to the cleaning and sorting methods, milling
does not destroy or completely remove mycotoxins from the
grains, but it may redistribute the toxin into the different
fractions. Hence, mycotoxins tend to be concentrated in certain
fractions, particularly in germ and bran in the dry milling
process.
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Control of Spoilage from Farm to Table

Food production typically is characterized as a‘farm-to-table’
continuum in which hazards must be managed from the
farm through postharvest handling and processing at
a manufacturing plant. Figure 1 summarizes the major steps in
the production of bread from on-farm handling to retail at the
bakery, and the potential hazards that may accompany eac
part of the chain, as discussed throughout this chapter. Each o
the steps shown in Figure 1 should be evaluated for hazard
that may affect the� nal product. The principles for identifying,
evaluating, and controlling hazards signi� cant to food safety
are known as hazard analysis critical control points (HACCP).
Although originally devised with food processors in mind, the
guiding principles are directly applicable to all stages of the
cereal product process, including agronomy and postharves
practices. Therefore, an HACCP approach to manage grain fo
the prevention of product contamination by microorganisms
and mycotoxins can improve the safety and quality of the� nal
product.
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Introduction

Spoilage of food can be described as a loss of qualitativ
properties in foods with regard to color, � avor, texture, odor, or
shape. It is often the by-products of microbial metabolisms that
make spoiled food offensive. Spoiled food, however, is a more
subjective analysis rather than an objective one and is usuall
made by some organoleptic assessment. For example, Hákarl
a Nordic dish that involves burying shark meat underground
for 3 months and then hanging it to dry for an additional
5 months. Although the smell and taste of this food may be
objectionable to several people, it is considered a delicacy b
many others.

Most spoilage is caused by microorganisms, such a
bacteria, yeast, and molds. For the purposes of this chapte
spoilage of food products will be focused on those caused by
bacteria only. For further information on characteristics of
spoilage bacteria, the reader is encouraged to refer to othe
chapters within this book.
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Meat Spoilage

In healthy animals, the combination of immune system and
the physical barrier of the skin adequately protect organs and
muscle against microorganisms. Therefore, muscle tissues fro
freshly slaughtered animals should be relatively free of bacteria
contamination. The surface of the skin and gastrointestina
tract, however, are heavily colonized with bacteria and provide
a source of cross-contamination during processing. Fo
example, feces and soil can harbor microorganisms, such a
Micrococcus, Staphylococcus, and Pseudomonasspp. As feces and
soil can come into direct contact with animal surfaces, remova
of hides during processing can contaminate tissues via th
skinning knife or by handling. Fresh meat is an ideal source of
nutrients (rich in nitrogenous compounds, minerals and
water), and therefore bacterial spoilage of meat is greatl
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
in � uenced by the sanitary conditions of the carcass and pro
cessing systems (Table 1).
Spoilage of Fresh Refrigerated Meat

Pseudomonasspp. are among the most common spoilage agents
of refrigerated raw meats. This is especially true of raw mea
stored over several days under aerobic conditions and a
refrigeration temperatures (4� C). These psychrotrophic Gram-
negative bacilli � ourish at temperatures between 0 and 20� C.
Furthermore, the high humidity associated with domestic
refrigeration systems can also increase the rate of spoilag
Excessive population ofPseudomonas� uorescens, Pseudomona
fragi, and Shewanella putrefacienswill produce a green water-
soluble slime and off-odors.

Ground raw-meat products can spoil rather quickly due to
the distribution of bacteria by the mechanical action of
grinding and pooling of different meats to make one end-
product. The larger surface area of ground meat, in addition to
cold temperatures (4� C) during storage, creates an environ
ment favored by Pseudomonas, Acinetobacter, Moraxella, and
Aeromonasspp. These organisms will produce discoloration and
unpleasant odors in the product.

Growth of Acinetobacter, Moraxella, andBrochothrixspp. can be
favored when Pseudomonasspp. are restricted by low oxygen
conditions, such as with modi� ed atmosphere packaging (MAP).
At high densities, Acinetobacterand Moraxellaspp. can rapidly
attack proteins to produce off-� avors and -odors, whereasBro-
chothrix thermosphactautilizes glucose and glutamate to produce
off-odors and slime. Flavobacteriumspp. and Serratia marcesce
are other common spoilage organisms of MAP and can produce
greenish-yellow and red discolorations in meat, respectively.

Vacuum-packaged fresh meats tend to undergo conside
ably longer refrigeration than fresh meats without vacuum
packaging. When these products spoil, the predominan
spoilage agents areLactobacillusspp. The prevalence of these
bacteria is determined by a number of factors, including� nal
78-0-12-384730-0.00314-1 465
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Table 1 Bacteria commonly associated with the spoilage of meat and meat products

Type of product Spoilage condition Organism(s) responsible

Fresh beef (stored at approx. 4� C) Surface slime and/or off-odor Pseudomonas, Shewanella, Acinetobacter, Brochothrix,
Leuconostoc, Moraxellaspp.

Red spot Serratia marcescens
Blue discoloration Pseudomonas syncyanea
Yellow discoloration Micrococcus, Flavobacteriumspp.

Ham Bone taint Clostridiumspp.
Souring Lactobacillus,Leuconostoc, Alcaligenes, Pseudomonasspp.
Spongy consistency Bacillusspp.

Vacuum-packed meats Putrefaction and gas production Clostridium, Alcaligenesspp.
Souring Lactobacillus,Leuconostoc, Acinetobacter, Pediococcusspp.
Off-odor and slime Pseudomonas, Brochothrixspp.

Modi� ed atmosphere packaging Souring Lactobacillus,Leuconostoc,Acinetobacterspp.
Cured meat (bacon) Cheesy odor, sour taste, rancid Micrococcus, Lactobacillus, Alcaligenes, Bacillus,

Clostridiumspps.
Sausage (pork) Souring at 0–11� C Lactobacillus,Leuconostocspp.

Souring at 22� C Microbacteriumspp.
Surface slime Lactobacillus,Bacillus, Leuconostocspp.

Processed and cooked meats Souring Lactobacillus,Brochothrixspp.
Dried meats Surface slime Micrococcusspp.

Discoloration Bacillusspp.
Luncheon meats Slime, greening Lactobacillus,Leuconostoc,Pseudomonasspp.
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pH and the level of available oxygen. In vacuum-packaged raw
beef with a pH of about 5.6, Lactobacillus amylovorus, Lacto-
bacillus casei, Lactococcus lactis, Leuconostocspp., Pediococcu
spp., and other lactic acid bacteria predominate. The sou
taste and pungent odor associated with the growth of these
organisms in meat are caused by their production of organic
acids.

Homofermentative strains, such asLeuconostocspp., generate
>80% lactic acid from the fermentation of glucose. Hetero-
fermenters, includingPediococcusspp., can produce at least 50%
lactic acid as an end-product of fermentation. In addition to
souring, Lactobacillusspp. can create slime on the interior walls
of the package and on meat surfaces. Often, a murky liquid is
present in the packaging. Vacuum packaging and MAP ca
create an environment favorable for anaerobic and facultative
anaerobes, such asB. thermosphacta. In suf� cient numbers, this
organism produces diacetyl acetone and 3-methyl butane
resulting in a cheesy odor in meats.
.
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Spoilage of Finished Meat Products

Due to differences in environmental conditions, moisture
content, and pH, the � ora found in � nished meat products is
different from that of fresh raw meats.

Curing is a process during which salt, nitrite, and seasoning
are added to meat to help develop unique characteristics and
� avors. It was initially developed to extend the shelf life of meat
products; however, bacterial spoilage still can be a problem
Bacteria commonly isolated from spoiled cured products
include lactic acid bacteria,Bacillus, Micrococcus, Clostridium,
and Alcaligenesspp. The high fat content and low water activity
of products, such as bacon, can provide adequate condition
for the growth of Lactobacillus, Lactococcus, and Micrococcusspp.
Souring is often a result of these organisms utilizing sugar in
the curing solution pumped into the product. If the sugar
content is>1% of the formulation, there is a greater prevalence
of spoilage issues. This is especially true when these me
products are stored in MAP and vacuum packaging.

Processes employed during curing, such as smoking an
brining, can reduce the susceptibility of� nished meat products.
Some exceptions are sporeformers, such asBacillus and
Clostridium spp. Spores from these bacteria can survive th
cooking process or can be introduced into the� nished product
during handling and packaging.Bacillus cereusand Clostridium
perfringenscan form gas in vacuum-packaged or canned mea
products. They also may cause greening, odor, loss of textur
and excessive liquid production.

Micrococcusand Bacillusspp. are common spoilage agents in
sausages, especially when stored in MAP and at refrigeratio
temperatures (approx. 4� C). Excessive growth of these bacteri
can result in slime formation and gas production.

Bacterial spoilage of luncheon meats such as frankfurter
and bologna can result in sliminess, souring, and greening
Slime spoilage usually occurs on the outer surfaces of sausag
and frankfurters. It normally is caused by excessive growth o
Gram-negative psychrotrophic bacteria (e.g.,Pseudomona
spp.). Greening is also common on frankfurters and results
from the action of peroxides produced by Lactobacillusand
Leuconostocspp. The lower brine levels and more neutral pH of
these types of meat products can make them more susceptibl
to spoilage than traditional cured or cooked meats. In addition,
luncheon meats often are sliced and kept in MAP or vacuum
packaging. The increased surface area or high moisture levels
the packaging and humid storage conditions can make surfac
contamination more noticeable.

A form of spoilage known as bone sour or bone taint can be
caused byClostridiumspp. As the term implies, a sour spoilage
can occur between the� esh and bone of beef rounds and hams.
Such internal spoilage of beef may be due to delayed chilling or
prolonged storage at temperatures between 15 and 25� C. The
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low oxygen levels surrounding the bone allowClostridiumspp.
to proliferate.

Due to a predominant lactic acid � ora and the nature of
fermented meat products, spoilage is minimal. Problems that
occur include an overproduction of organic acid by lactic acid
bacteria. To rectify this problem, meat processors will cook
the fermented meat product after the desired pH has been
reached. This will stop any further production of lactic acid
and souring.
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Bacterial Spoilage of Milk and Milk Products

Spoilage in Raw Milk

Most sources of bacterial spoilage in milk can be traced to the
hide and teats of the animal. Contamination may be due to
infections of the udder, milk ducts, or teats, but most often it
results from unclean or improper cleaned equipment. Mastitis,
an in� ammatory disease that can be found in the mammary
glands of milk-producing animals, is caused by a number of
bacteria, including Pseudomonasand Staphylococcusspp. These
organisms metabolize proteinaceous compounds to change the
normal � avor of milk to a bitter or unclean taste. The
production of ethyl butyrate by Staphylococcusspp. may give
milk a fruity odor. Both Staphylococcus aureusand Pseudomona
aeruginosacan lipolyse milk lipids, resulting in rancidity of raw
milk products.

Lactic acid bacteria can contribute to spoilage of raw milk.
Although end-products of lactic acid bacteria can be desirable
in many fermented milk products, they are considered to be
a source of spoilage in raw milk. The lactic, formic, butyric
acids, and CO2 produced by these bacteria result in souring
foaming, and curdling of milk. Alcaligenesspp. can produce
slime or ropiness (i.e., characterized by a viscous and oil
mouthfeel) in milk when left at ambient temperatures
(22 � C).
Table 2 Bacteria associated with the spoilage of milk and

Type of product Spoilage condition

Raw milk (at 10–37� C) Souring
Raw Milk (at 37–50� C) Souring
Raw Milk (> 50� C) Souring

Unclean� avor
Fruity� avor

Pasteurized milk Bitter taste (proteolysis)
Souring (acid proteolysis)
Sweet proteolysis, curdling and sl
Malty taste
Ropiness
Blue color

Cream and butter Surface taint
Bitty

Hard and soft cheese Slime and off-� avor
Pink discoloration
Holes in curd
Rancidity, soapiness

Cottage cheese Slimy curd, putrid odor
Unclean taste
Discoloration
Spoilage in Pasteurized Milk

Most spoilage of pasteurized milk is the result of recontami-
nation after thermal processing. Although pasteurization
destroys many spoilage bacteria and lessens the grow
potential of others, heat-resistantLactococcusand Lactobacillus
spp. can survive and grow to create spoilage problems. The
conversion of lactose to lactic acid lowers the pH of milk to
about 4.5 and produces curdling. Lactobacillus lactiscan
metabolize leucine to produce 3-methylbutanol, which adds
an undesirable malty taste. Normally, milk contaminated with
L. lactisdoes not undergo a color change. If this organism is
grown in the presence ofPseudomonas syncyanea, however, milk
will turn bright blue.

Heat-stable proteinases and lipases of some psychrotrophi
bacteria are not affected by pasteurization temperatures. Thes
enzymes can cause proteolysis and lipolysis of casein and mil
lipids, respectively, to produce� avor defects. Species ofLacto-
coccus, Lactobacillus, and Clostridiumspp. may result in a sour
taste, whereasProteusspp. can give milk an undesirable swee
� avor. Pseudomonas, Flavobacterium, and Bacillusspp. can give
milk a bitter or off- � avor when present in high numbers. Ropi-
ness is caused byMicrococcusspp. and, especially,Alcaligenes
viscolactis. This is particularly apparent when pasteurized milk is
stored over long periods or kept at ambient temperatures
(22 � C).

Spores ofBacillusand Clostridiumspp. can survive pasteur-
ization temperatures. Bacillusspp. can cause bitty in cream,
which is the result of lecithinase activity on phospholipids. It is
a visual defect and appears as an aggregation of particles th
adhere to the surface of milk cartons.

Ultra-high-temperature milk products are commercially
sterile milks that have been heated at or above 138� C for at
least 2 s. Spores of thermophilic bacteria such asBacillusand
Clostridiumspp. can survive these high temperatures and ma
result in rancidity or souring of pasteurized milk (Table 2).
milk products

Organism(s) responsible

Lactobacillus lactis
Lactobacillus,Staphylococcus
Lactobacillus thermophilus
Pseudomonasspp.
Staphylococcusspp.
Pseudomonas, Flavobacterium, Bacillusspp.
Micrococcus, Bacillus cereus, Lactobacillus, Clostridiumspp.

ime Alcaligenes, Proteusspp.
L. lactis
Micrococcusspp.,A. viscolactis
Pseudomonas syncyaneawith L. lactis
Pseudomonas putrefaciens
Bacillusspp.
Pseudomonas, Leuconostoc, Bacillusspp.
Lactobacillus,Leuconostocspp.
Bacillus, Pseudomonas, Leuconostocspp.
Micrococcus, Serratia, Pseudomonasspp.
Pseudomonasspp.
Escherichia coli
Flavobacteriumspp.
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Spoilage of Other Dairy Products

The micro� ora of whole milk tends to be present in the cream
component. Because cream is the main ingredient of butter
microbial spoilage can be a problem. Microorganisms associ
ated with the lipid hydrolysis of triglycerides to free fatty acids
can produce increased acidity, rancidity, and soapiness i
butter. Causative agents includePseudomonas, Micrococcus, and
Serratiaspp. Surface taint or putridity results from the growth of
S. putrefaciens.

Bacterial contamination of cheese usually is the result o
manufacturing with milk that has a high microbial content
(�1000 cfu ml � 1). The undesirable growth of lactic acid
bacteria, such asLeuconostocspp. and L. lactis, can cause an
undesirable pink discoloration near the surface of cheese
Bacillus, Leuconostoc, and Pseudomonasspp. can attack proteins
and produce carbon dioxide. Production of large amounts of
gas may result in the formation of undesirable holes in curd
during cheese manufacturing. These bacteria are responsible f
bitter � avor and slime in soft and hard cheeses (e.g., Brie an
Parmesan, respectively).

In cottage cheese,Pseudomonasspp., namely P. fragi, can
alter the � avors leaving a putrid, rancid, bitter, or fruity taste.
Another problem is the growth of Flavobacteriumspp., which
can alter the color of cottage cheese.Escherichia coliin high
enough numbers (100 000 cfu g� 1) can result in an unclean or
barny taste, especially when cottage cheese is left at roo
temperature (22� C).
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Spoilage of Fruits and Vegetables

Fresh Fruits and Vegetables

Several fruits and vegetables usually are harvested from or ne
the soil, these commodities can be subjected to a variety o
� ora that may cause spoilage. Losses in product and revenu
associated with microbial spoilage have been estimated to be in
excess of 20% of all fruits and vegetables. For the most par
biochemical composition of fruits and vegetables can be an
excellent growth medium (Table 3). Carbohydrates that are
present in high concentrations in these food products are easily
utilized by a variety of bacteria, resulting in the production of
various degradation by-products. The accumulation of these
Table 3 Chemical constituents of fruits and vegetables

Constituents Examples

Carbohydrates and
related compounds

Polysaccharides, oligosaccharides,
monosaccharides, sugar alcohols (e.g.,
sorbitol), sugar acids (e.g., ascorbic acid),
organic acids (citric acid)

Proteins Albumins, prolamines, peptides, amino acids
Lipids Fatty acids, phospholipids, glycolipids
Nucleic acids and

derivatives
Purines and pyrimidine bases, nucleotides

Vitamins A, D, E (fat-soluble), thiamin, niacin, ribo� avin
(water-soluble)

Minerals Sodium, potassium, calcium, magnesium,
iron

Other components Water, alkaloids, porphyrins, aromatics
products can alter the appearance, texture, and taste of fruit
and vegetables. Unless certain precautionary measures a
made, the shelf life of these products will be short.

Of the problems associated with bacterial spoilage, soft rot
is of key importance in vegetables. Members of theErwiniaspp.
(e.g., Erwinia carotovora), Pseudomonas marginalis, and some
Bacillusand Clostridiumspp. are associated with this problem.
These bacteria produce protopectinases that break dow
pectins found on the outer skin of vegetables. This results in
softening and the production of off-odors. Root crops, cruci-
fers, cucurbits, solanaceous vegetables, onions, and many oth
plants can be susceptible to these organisms.

In potatoes, Erwinia spp. are also responsible for black leg
which is a common rot of potatoes under poor storage condi-
tions. Potatoes can be subjected to bacterial attack byCoryne-
bacterium sepedonicum, which creates a vascular ring and
subsequently produces a creamy-yellow or light-brown discol-
oration and softening of the plant tissues. Scab of potatoes is
caused byStreptomyces scabiesand is seen as brownish spots that
resemble enlarged corky areas.

Corynebacterium michiganesecauses bacterial canker in
tomatoes. Random spotting occurs on the fruit, followed by
decay. Bacterial spot is the production of small, black scabby
fruit spots that is caused byXanthomonas vesicatoria. Pseudo-
monas syringaeproduces bacterial speck on tomatoes, which
appears as numerous small dark-brown spots.

Due to their low pH, bacterial spoilage is not a serious
problem with fruits. If spoilage does occur, it usually is the
acidophilic bacteria that cause the problem. Under normal
storage conditions,Acetobacterand Lactobacillusspp. account for
the reduced shelf life of fresh fruit products. One major excep-
tion is the Erwiniarot of pears. With a pH range of 3.8–4.6, it is
believed that Erwinia spp. can initiate growth on the surface of
the pear, where pH is suspected to be more neutral (Table 4).
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Processed Fruits and Vegetables

Fresh fruits can be further manufactured into a variety of
processed� nished products (e.g., canned). These materials ma
be further subjected to thermal process to help extend the shel
life of the product. As such, the thermal process for many
packaged fruit products will not be subjected to the same
lethality as for neutral pH-based foods. The level of lethality
(typically 90 � C for 10 s) that usually is applied is enough only
to minimize or eliminate vegetative organism from the
product. The lethality, however, may not be suf� cient enough
to eliminate spore-forming bacteria from the product. Typical
spore-forming bacteria that have been attributed to the
spoilage of thermally processed fruit products areAlicycloba-
cillusspp., Bacillusspp., and certainClostridiumspp.

Alicyclobacillusspp. are capable of growing at pH 2.5–6.0
and have been associated with the spoilage of many juice
products (e.g., apple, orange, peach, grape),� avored waters,
and canned fruit with juice. These organisms produce guaiacol
which has been described as a distinctive disinfectant taste o
odor. As no gas is produced, it is dif� cult to determine spoilage
through nondestructive testing (e.g., tap test, bloated appear
ance of packaging, etc.). Some organisms that have bee
associated with this type of spoilage areAlicyclobacillus acid
oterrestrisand Alicyclobacillus acidocaldarius.
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Table 4 Bacteria commonly associated with the spoilage of vegetables and fruits

Type of product Spoilage condition Organism(s) responsible

Various vegetables Bacterial soft rot Erwiniaspp.,E. carotovora, Pseudomonas marginalis,
Bacillusspp.,Clostridiumspp.

Potatoes Black leg Erwiniaspp.
Vascular ring and discoloration Corynebacterium sepedonicum
Scab of potatoes Streptomyces scabies

Tomatoes Bacterial canker Corynebacterium michiganese
Bacterial spot Xanthomonas vesicatoria
Bacterial speck Pseudomonas syringae

Pears Erwiniarot Erwiniaspp.
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Bacillusspp. are other sporeformers that have contributed to
the spoilage of thermally processed fruit products. Of particular
interest isBacillus coagulans, which is another organism that does
not produce gas during its growth phase, but an acid that further
lowers the pH. This phenomenon often is referred to as‘� at-
souring’ as the canned products do not exhibit swelling but have
undergone a notable and undesired acidi� cation. In tomatoes
and other fruit products, spoilage often is accompanied
by a cheesy-sweet smelling odor. Another important non-
gas-producing organism to be aware of isBacillus licheniformis,
which has the ability togrowatpH 4.2and higher.Duringgrowth,
this organism has the ability to release metabolites that can
neutralize the pH of acidic food products and potentially allow
the growth of Clostridium botulinumand its toxin production.

Clostridium butyricumand Clostridium pasteurianumare
sporeformers that will release large quantities of gas during
their growth phase and can be spotted easily by swollen
packaging. In addition, these organisms produce a characte
istic butyric odor that resembles rancid butter.

For low-acid canned vegetables (i.e., pH� 4.6), the thermal
process is considerably higher than for acidi�ed products (i.e.,
minimum 121 � C for 15 min). So, many of the problematic
spore-forming bacteria found in acid products usually are
eliminated. Other types of sporeformers, however, are quite
capable of surviving the ‘commercially sterile’ process. For
example, Geobacillus stearothermophilus(formerly Bacillus stear
othermophilus) is another ‘� at-souring’ organism found in
spoiled cans of peas, corn, and beans. It is a thermophile and i
capable of growth at a minimum of 40 � C. At a maximum,
G. stearothermophilusis able to grow at temperatures between 65
and 75 � C. However, if the product is not exposed to temper-
atures beyond 40� C, there is very little concern of spoilage from
this organism in neutral-based products. Other similar � at-
souring thermophilic sporeformers of concern for canned
vegetables areClostridium thermoaceticumand Clostridium nig-
ri� cans. Regarding the latter, spoilage can cause darkening of th
contents and a rotten egg smell sometimes referred to as‘sul� de
stinker.’ In the mesophilic range, Thermoanaerobacterium th
mosaccharolyticum(formerly Clostridium thermosaccharolyticu)
is another robust sporeformer capable of growing between 32
and 60 � C, producing gas and a cheesy odor.
rs,
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Spoilage of Wines and Beer

A major problem of spoiled wine products is a signi� cant
increase in the acidity of wines due to the production of acetic
acid and lactic acid by heterofermentative and homo-
fermentative bacteria. In addition, wines with high amounts of
these acids often will have high concentrations of histamine.
Examples of the chemical breakdown of acidic substrates ar
depicted as follows:

Malolactic fermentation

l ð�Þ-malic acid ��������� !
Malolactic enzyme

l ðþÞ-lactic acidþ CO2

Tartaric acid decomposition
Tartaric acid��� ! acetic and lactic acidsþ CO2

Excessive malolactic fermentation will decarboxylateL-malic
acid to produce pyruvic acid. The results are wines with reduce
acid content and an unusual � avor. This spoilage problem
normally is caused byLeuconostoc, Pediococcus, and Lactobacillus
spp., but the process may be instigated byOenococcus oeno.
The utilization of tartaric acid by Lactobacillus plantarumwill
increase the acidity of wines. High levels of lactic acid bacteria
can produce diacetyl compounds that create an undesirable
buttery or whey-like aroma. Decarboxylation of amino acids by
lactic acid bacteria is responsible for the production of off-� avors
and -odors (e.g., phenethlyamine, tyramine, putrescine, cadav
erine, and spermidine).

Another common problem with wines is Tourne disease,
caused by the degradation of sugars by facultative and anaerob
bacteria under low alcohol content. It produces a silky cloudi-
ness, mousy odor, and unusual taste. Mousiness is described
an odor similar to mouse urine and is caused byLactobacillus
hilgardii, Lactobacillus brevis, and/or Lactobacillus cellobiosus.

Ropiness can be found in spoiled wines. There is a slimy
viscous, oily characteristic to the wine that is produced by
Streptococcus mucilaginosus, Pediococcus cerevisiae, and Leuconosto
spp. The problem occurs during wine manufacturing. It begins
at the bottom of the fermentation vessel and slowly moves
toward the top. Clostridium butyricummay give a rancid taint
due to production of small amounts of butyric acid. Bacillus
circulansand Bacillus subtilishave been known to produce
signi� cantly in volatile acidity in wines.

In beer, microbial contamination is known to originate from
a variety of sources in the brewing process. Some sources a
raw materials, air, brewing water, additives, and pitching yeast
In addition, hygiene plays an important role, as bacterial resi-
dues on brewhouse tanks, pipelines, valves, heat exchange
and packaging equipment can harbor microorganisms and
compromise the beer fermentation process. Some of the effect
of bacterial contamination range from changes in beer� avor,
appearance, and fermentation performance.
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Lactobacillus brevisis one microorganism that produces
an undesirable ‘silky’ appearance and a diacetyl or‘buttery’
off-� avor. This organism is particularly undesirable as it has
substantial resistance to low pH, ethanol, and hop-derived
compounds (e.g., isohumulone) during the processing of
beer. Another undesirable group of microorganisms in beer
fermentation are Pediococcusspp. (e.g.,Pediococcus inopinatu,
Pediococcus dextrinicus, and Pediococcus damnosus). Pediococci
are responsible for sarcina sickness during yeast fermentation
and give rise to high acidity and buttery aroma due to the
production of diacetyl compounds. Gram-negative bacteria
that also can cause spoilage in beer are from theZymomonas
spp. These organisms create a heavy turbidity and rotte
apple odor.
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Spoilage in Commercial Fermentation Facilities

Consider the following on fermentation systems used for food
production (e.g., soy sauce, fermented� sh sauce, and other
fermented � avorings). Unless sterilized, ingredients used in
fermentation systems are prone to inherent micro� ora even
with the best hygienic practices in place. Even with high hea
processes to pasteurize ingredients, the thermal lethalit
usually is not enough to eliminate sporeformers, such as
Bacillusor Clostridiumspp.

As the undesirable sporeformers get hold of the ingredients
they potentially can overcome the intended microorganism
and take over the fermentation process. As a result, they ca
create a variety of undesirable products, odors, and appea
ances. This is of particular interest regarding fermentation
practices that use lactic acid bacteria in conjunction with
ingredients that are incapable of being sterilized from spore-
formers (e.g., wheat gluten and other grain-based products).
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Spoilage of Cereal Products and Bakery Goods

Due to the low water activity (aw � 0.60) of grains and cereals,
bacterial spoilage usually is not a serious problem. It is mostly
of mold origin. A problem can arise, however, when the water
activity (aw) of the product increases by exposure to higher
relative humidities.

With the production of baked goods, Leuconostocand
Lactobacillusspp. are common spoilage organisms for raw
doughs, biscuits, and rolls before baking. After baking,
B. subtilismay be a problem when baked goods (pH> 5) are
cooled slowly in a moist environment. It can produce ropiness
and a fruity aroma in the � nal product.
Conclusion

Food spoilage may pose economic consequences if certa
precautionary and preventive measures are not performed. Th
food industry has adopted methods to minimize spoilage with
the use of natural preservatives, novel processing system
refrigeration, packaging material and, more recently, manage
ment systems. These techniques, however, are incapable
controlling spoilage if incoming material is not of the highest
quality and handled under good sanitary conditions. In all cases,
the shelf life of many foods can be extended if foods are prepared
to minimize the level of bacterial contamination before � nal
processing.

See also:Confectionery Products– Cakes and Pastries;Hazard
Appraisal (HACCP):The Overall Concept; Heat Treatment o
Foods– Principles of Pasteurization; Spoilage of Meat; Cu
of Meat;Microbiota of the Intestine:The Natural Micro� ora of
Humans;Milk and Milk Products:Microbiology of Liquid Milk;
Microbiology of Cream and Butter; Packaging of Foods;
Spoilage of Plant Products:Cereals and Cereal Flours;Spoilage
Problems:Problems Caused by Fungi;Wines:Malolactic
Fermentation.
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Introduction

Foods can be divided into two broad classes that differ in their
susceptibility to fungal spoilage: fresh or perishable foods and
stored or processed foods. Spoilage of these two classes
foods occurs quite differently, and separate groups of fungi are
responsible for spoilage. Fresh foods can be divided into two
types: foods composed of living cells (fruit, vegetables, nuts
and cereal grains) and high water activity (aw) of perishable
foods, including meat, milk, or fruit juice.
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Spoilage of Living Plant–Derived Foods

Plants have developed effective defense mechanisms again
the invasion by fungi. In response, some fungi have developed
evolutionary pathways to enable them to invade living plant
tissue. Plant tissues are highaw, neutral or acid pH, so it is
a contest between the plant’s defense mechanisms and the
ability of the fungi to overcome them. This plant–parasite
relationship is not dependent on the physical parameters that
generally govern spoilage of foods, but rather it is a complex
interaction that is often poorly understood. It is less relevant for
nuts and cereal grains, which usually dry naturally in the� eld.

The basic difference in the spoilage of fresh fruits and
vegetables lies in the pH of the living tissue. Fruit usually are
quite acid, in the range pH 1.8–2.2 (passion fruit, lemons) to
4.5–5.0 (tomatoes, � gs), and are quite resistant to invasion by
bacteria. Microbial spoilage of fruit and fruit products almost
always is caused by fungi. Vegetables are of near-neutral p
and are susceptible to bacterial invasion as well. Bacterial an
fungal spoilage of vegetables are of roughly equal importance
with Erwinia, Pseudomonas, and Xanthomonas the most
commonly implicated bacterial genera.
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Spoilage of Fresh Fruits

The defense mechanisms in intact fruit are so effective that onl
a relatively few fungal genera and species are able to invade an
cause serious damage. Some are highly specialized pathoge
attacking only one or two kinds of fruit, whereas others have
a more general ability to invade fruit tissue. During fruit
ripening, the pH of the tissue rises, skin layers soften, and
soluble carbohydrate levels increase making fruit more
susceptible to fungal and bacterial attack.
of

,
d

d

Citrus Fruits

The species that most commonly cause postharvest spoilage
citrus fruit are Penicillium digitatum(green rot) and Penicillium
italicum (blue rot). The fungi gain entry if fruit is damaged
during handling and storage, and then decay can spread from
fruit to fruit. These species grow rapidly at 20–25 � C but very
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
slowly below 5 � C or above 30 � C. Another common post-
harvest problem of citrus is sour rot, caused by the yeastlike
fungus, Geotrichum candidum. The rot, which usually occurs in
overmature fruit near the end of storage, is a pale, soft area o
decay that later develops into a creamy, slimy surface growth
At 25–30 � C, fruit will rot completely in 4 or 5 days, and the
disease can spread by contact.Alternariaspecies can cause blac
center rot of oranges and mandarins. This defect is not alway
obvious externally, but manifests as an internal blackening of
the fruit. Mycotoxins such as alternariol (AOH) and alternariol
monomethyl ether (AME) may be associated withAlternaria
rots in citrus. Control of postharvest rots in citrus relies on cool
storage in combination with the application of coatings con-
taining fungicides, such as benomyl, thiabendazole, imazalil,
guazatine, sodium o-phenylphenate (SOPP), or pyrimethanil.
Fungal resistance to these chemicals, along with consume
pressure for safer control methods is providing the impetus for
alternative treatments based on generally regarded as sa
compounds in combination with heat treatments and biolog-
ical control agents, such as naturally occurring bacteria an
yeasts.
Apples and Pears

Penicillium expansumcauses blue rot, the most common and
destructive postharvest problem encountered in apples and
pears (Figure 1). Rot start as a soft, light-colored spot that
spreads rapidly across the surface and deeply into the fru
tissue, with blue-green coremial fruiting structures appearing
on the surface. Penicillium expansumproduces patulin in
affected fruit, so this mycotoxin often contaminates apple and
pear products, such purees, juice, cider, and perry.Penicillium
expansumgrows at low temperatures, so only cold storage
retards spoilage. Apples and pears may also be spoiled b
Penicillium solitum, which causes symptoms similar to
P. expansum, and Botrytis cinerea, which causes gray mold rot in
pears and, less commonly, in apples. A number of other fungi
can also cause postharvest rots in apples but are of le
economic signi� cance.

As with citrus rots, fungal rots in apples and pears are mos
commonly controlled with the fungicides benomyl or SOPP.
Biological control using yeasts and bacterial species is als
being investigated to reduce the dependence on fungicides.
Stone Fruits

The most common postharvest rot in stone fruits (peaches
plums, apricots, nectarines, and cherries) is brown rot cause
by Monilia fructicola. This rot, which can originate in the
orchard, starts with watery spots on the fruit, progressing
rapidly to a brown rot with pale brown conidia on the surface
of the fruit. The other major rot of stone fruits is transit rot
caused byRhizopus stolonifer, Rhizopus oryzae, and someMucor
species. Because of the rapid growth of these fungi, rots sprea
78-0-12-384730-0.00315-3 471

http://dx.doi.org/10.1016/B978-0-12-384730-0.00315-3


Figure 1 (a) Penicillium expansumpenicillus, bar¼ 10 mm; (b) typicalP. expansumrot on pear.
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quickly between adjacent fruit, often affecting a whole box.
Control of both conditions is achieved most effectively by
preharvest application of appropriate fungicides assisted by
postharvest dips and storage below 5� C.
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Tomatoes, Capsicum, and Eggplant

The most important rots of tomatoes and other solanaceous
fruit are caused byAlternariaspecies, most commonlyAlternaria
alternata, but Alternaria solanimay also be responsible. Alternaria
rots appear as dark brown to black, slightly sunken,� rm-
textured lesions. Infection can occur at the stem end of the fruit
or through injury, cracking caused by excessive moisture durin
growth, or chilling. Geotrichum candidumcauses sour rot of
tomatoes in cracked or damaged fruit.Cladosporium herbarum, B.
cinerea, Rhizopus, and Mucorspecies can also cause postharve
rots in these fruit, particularly during transport and storage.
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Melons and Cucumbers

Rock melons (cantaloupes) may be affected by several disease
the most important being stem-end rot due to A. alternata,
manifesting as dark brown to black lesions that eventually
invade the � esh, forming � rm, adherent areas. Anthracnose o
watermelons, caused byColletotrichum lagenarium, appears as
circular or elongate welts, initially dark green and later
becoming brown, dis� guring the melon surface.Cladosporium
species can also invade melons through the stem scar, formin
a rot similar to that caused byAlternaria. A number of Fusarium
species including Fusarium oxysporum, Fusarium solani, and
Fusarium semitectumare also capable of causing postharvest rot
in melons, particularly during prolonged storage.
, Figure 2 Aspergillus carbonariusgrowing on Semillon grapes.
Grapes

BlackAspergillusspecies, such asAspergillus nigerand Aspergillus
carbonarius, can cause Aspergillus bunch rot in grapes
particularly in warmer climates, often resulting in ochratoxin A
contamination of the grapes just before harvest (Figure 2). In
storage, the most important rots are caused byB. cinereaand P.
expansum. Growth of P. expansumin grapes may result in
patulin contamination. Botrytis cinereacan spread rapidly in
boxes of grapes producing large‘nests’ of rot with gray powdery
conidia. Botrytis cinereais also the agent of the highly desirable
‘noble rot ’ in certain wine grapes. Postharvest control of these
fungi mainly relies on treatments with benomyl or sulfur
dioxide.
Berries

Berries (strawberries, raspberries, gooseberries, and so on) a
readily contaminated with soil and fungal spores because they
are of irregular shapes and often grown on or near the ground
The fruit are soft and thus vulnerable to damage during har-
vesting and transport. The most common fungal rots in berries
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Figure 3 Typical highly branched fruiting structure ofBotrytis cinerea,
bar¼ 15 mm.
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are caused byB. cinerea(Figure 3), R. stolonifer, and Mucor
piriformis. Rhizopus stoloniferand M. piriformiscause a majority
of the losses during marketing of all berry fruits. These fung
grow rapidly, and rot can spread from a single infected berry to
destroy an entire punnet or box of fruit within a day or two at
ambient temperature. Botrytiscauses soft rot in caneberries
(e.g., raspberries, loganberries), but a� rm, dry rot in straw-
berries. In both cases, the fruit becomes covered with a growt
of gray mold. Botrytis cinereais the major postharvest pathogen
of kiwifruit, causing stem-end rots.
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Tropical Fruit

Most postharvest diseases of bananas are fungal rots in th
stalks and crowns, caused byColletotrichum musaeand several
Fusarium species. Avocados, mangoes, and papayas a
susceptible to anthracnose and stem-end rots. Anthracnose
usually caused byColletotrichum gloeosporioides, Colletotrichum
acutatum, Botryosphaeria parva, Botryosphaeria dothidea, and
Phomopsissp. and stem-end rot is caused byLasiodiplodia theo
bromaeand Dothiorellaspecies. Pineapples are susceptible
core rot (black rot) caused byCeratocystis paradoxa.
est
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Vegetables

Because vegetables are less acidic than fruit, postharv
diseases are often caused by bacteria, which usually produ
watery or slimy rots. Fungi, however, are also responsible fo
considerable postharvest losses in vegetables. Overall,Botrytisis
the most destructive fungal pathogen on these vegetables.
o
-

t
Figure 4 Aspergillus nigerheads and conidia, bar¼ 50 mm.
Peas and Beans

Botrytis cinereais the most common cause of fungal rot in peas
and beans, although both crops are also susceptible t
anthracnose (Colletotrichumspp). Peas are susceptible to Asco
chyta pod spot (Ascochyta pisi) and Alternaria blight
(A. alternata), and beans are susceptible to‘cottony leak’ caused
by Pythium butleri. Refrigerated storage slows the developmen
of these diseases.
Onions and Garlic

Aspergillus niger(Figure 4) is a recognized pathogen of onions,
producing deposits of black conidia between the outer scales
which may progress to soft rots.Fusariumspecies (F. solani,
F. oxysporum, Fusarium proliferatum) and Botrytis(Botrytis allii
and B. cinerea) may also invade in the � eld and develop in
storage, and severalPenicilliumspecies have been reported to
cause blue rot of onions. Garlic bulbs are susceptible to
a similar range of postharvest pathogens, withPenicillium allii
identi � ed as a signi�cant cause of blue rot.
Potatoes, Roots, and Tubers

Although potatoes are affected mostly by bacterial rots, they ar
susceptible to some fungal diseases, such as dry rot caused
Fusariumspecies, silver scurf (Helminthosporium solani), and skin
spot (Polyscytalum pustulans). Postharvest rot in carrots may be
caused byStemphylium radicinum, Rhizopusspecies,B. cinerea,
Sclerotinia sclerotiorum, various Fusariumspecies, andG. candi-
dum (sour rot). The most serious disease of sweet potatoes
black rot caused byCeratocystis� mbriata, but this crop is also
susceptible to various dry rots as well asRhizopussoft rots.
Ginger is affected mainly by Fusariumrot caused by various
species, especiallyF. oxysporum, but Pythium, Sclerotium rolfsii,
and Penicillium brevicompactumalso cause postharvest spoilag
of ginger.

Yams, which are an important crop in many parts of Africa,
are susceptible to storage decay caused byL. theobromae, Fusa-
rium verticillioides, Penicillium sclerotigenum, and A. niger.
Reducing insect damage in storage barns may reduce pos
harvest fungal attacks. Cassava, an important staple food i
Africa, South America, and Asia, also is spoiled byL. theobromae,
with F. solani, Rhizopus,and Aspergillusspecies also important.
Leafy and Other Green Vegetables

The most generally damaging postharvest fungal diseases
leafy vegetables, such as lettuces, celery, and fennel, are cau
by B. cinerea, R. stolonifer, Rhizoctonia solani, and Alternaria
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species. Cabbages and broccoli may be attacked byB. cinerea,
Alternariaspecies, includingA. alternataand Alternaria brassici
cola, which cause dark spots, and alsoPhytophthoraand Fusa-
rium species during cool storage. Stored asparagus spears
susceptible to rot of the bracts caused byF. verticillioidesor
F. proliferatum, which may result in fumonisin contamination.
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Freshly Harvested Cereals, Nuts, and Oilseeds

The fungi growing on crops, which subsequently will be dried,
have been divided traditionally into ‘� eld’ and ‘storage’ fungi.
Field fungi are plant pathogens or saprophytes that invade the
growing seed or nut before harvest, but they rarely play
a signi� cant role in further deterioration of the crop postharvest.

Wheat, Barley, and Oats
Alternariaspp. (Figure 5(a)), particularly A. alternata, are possibly
the most commonly reported fungi on freshly harvested grain
(Figure 5(b) ). Alternaria alternatacauses downgrading of cereal
due to gray discoloration, and the production of mycotoxins
such as AOH, AME, and tenuazonic acid.Fusariumspp., partic-
ularly Fusarium graminearumand Fusarium culmorum, make up
the other group of important mycotoxin-producing � eld path-
ogens of small grains. These fungi cause a disease known as‘head
scab,’ which can contaminate the crop with a range of tricho-
thecene mycotoxins. Other grain pathogens, such asBipolarisand
Drechslera, commonly are reported, but they do not produce
mycotoxins. Saprophytic fungi, such asEpicoccum nigrum, Cla-
dosporiumspp., Curvulariaspp., Penicilliumspp., Nigrospora, and
basidiomycetous yeasts are also found on freshly harveste
grains, but with the exception of Penicillium verrucosum, which
produces ochratoxin A, none are signi� cant spoilage species.

Rice
Field fungi associated with rice, which are grown in warmer
climatic conditions, differ from grains grown in temperate
Figure 5 (a) Alternaria alternataconidia usually are formed in chains, b¼
regions. Most common fungi areTrichoconiella padwickii,Cur-
vulariaspecies,F. semitectum, Bipolaris oryzae,Nigrospora oryzae,
and Chaetomiumspecies. A number of Aspergillusspecies
(Aspergillus� avus,Aspergillus sydowii, Aspergillus terreus, Asper-
gillus fumigatus,and Aspergillus ochraceus) and Penicilliumspecies
(Penicillium chrysogenum, Penicillium corylophilum, Penicillium
citrinum, and Penicillium islandicum) have also been reported
from paddy rice. Of these Penicillia, only P. islandicumis
associated with mycotoxin production. A� atoxin contamina-
tion of rice is a postharvest and storage problem and is not
formed in rice preharvest.

Maize
Fusariumspp. are the principal fungi causing spoilage of maize
in the ear, the most commonly occurring species being
F. graminearum, F. verticillioides, and F. proliferatum. Fusarium
graminearumand related species can contaminate maize with
trichothecene toxins, while F. verticillioidesand F. proliferatum
produce fumonisins. These latter two species are endemic i
maize in most parts of the world. Aspergillus� avusalso invades
maize (Figure 6) and can produce a� atoxins in the cobs before
harvest, particularly if the plants are drought stressed o
damaged by insects. The presence of a� atoxigenic fungi in
freshly harvested maize has implications for further contami-
nation by a� atoxins during postharvest handling and storage,
especially if drying is slow or delayed. Other fungi commonly
associated with maize preharvest arePenicilliumspp. (Penicil-
lium oxalicum, Penicillium funiculosum, P. citrinum, Eupenicillium
ochrosalmoneum), L. theobromae, and F. semitectum.

Soybeans and Other Beans and Pulses
The most commonly isolated � eld fungi from soybeans
in tropical areas include F. semitectum, L. theobromae, Macro-
phomina phaseolina, A. � avus, and Chaetomiumand Cladospo-
rium spp. In more temperate zones, A. alternata, F.
graminearum, and Phomopsisspp. have been reported. A similar
ar25 mm; (b)Alternariainfection of barley causes black discoloration.
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Figure 6 Aspergillus ßavuscan invade maize cobs in the� eld.

Figure 7 Reduced-salt butter spreads are susceptible to spoilage by
PenicilliumandCladosporiumspecies.
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range of fungi has been reported from other types of beans
and from chick peas.

Nuts and Oilseeds
Peanuts (groundnuts) are particularly susceptible to funga
colonization because of their intimate contact with soil. In
freshly harvested nuts, the most commonly reported fungi are
the potentially a� atoxigenic speciesA. � avusand Aspergillus
parasiticus, as well asA. nigerand a range ofFusariumspecies.
Soilborne pathogens and saprophytes such asMacrophomina,
Rhizoctonia, Chaetomium, and Curvulariamay also be isolated
from freshly harvested nuts.

Aspergillusspecies are the most commonly reported fung
from freshly harvested tree nuts. Again,A. � avusis the most
frequently encountered fungus in nuts, such as cashew
pistachios, almonds, and Brazil nuts. More recently,Aspergillus
nomius(also a� atoxigenic) has been identi� ed as an important
contributor to the a� atoxin burden in Brazil nuts. Aspergillus
niger is probably the next most commonly reported species
from tree nuts, but other Aspergilli are also frequently isolated,
particularly species fromAspergillussection Circumdati, some
of which are potential producers of ochratoxin A. Other
saprophytic fungi, such as Cladosporium, Acremonium, and
various zygomycete species, also occur on freshly harvest
tree nuts.

Coconut Meat
Coconut meat is probably almost sterile before the fruit is
opened, but because it is then dried on the ground, it rapidly
becomes contaminated. In copra,A. � avusis the dominant
species. Other fungi present include other Aspergilli (A. niger,
Aspergillus tamarii, A. sydowii, Aspergillus versicolor, Aspergillus
clavatus), R. oryzae, P. citrinum, Mucorspecies,L. theobromae, N.
oryzae, andCurvularia species.
Spoilage of Fresh Dairy Foods and Nondairy Spread

Yeasts are the most common spoilage fungi in cream, cottag
cheese, and yogurt, particularly in products containing fruit.
The characteristics that enable yeasts to cause spoilage in da
products are growth at low temperatures (<10 � C), production
of proteolytic and lipolytic enzymes to hydrolyze milk
proteins and fats, ability to ferment or utilize lactose and
sucrose, and ability to assimilate lactic and citric acids, which
are the main organic acids in yogurt. Yeast spoilage results i
gas production and off-� avors. Species associated wit
spoilage of these dairy products includeCandida species,
especiallyCandida parapsilosisand Candida famata, Rhodotorula
species,Kluyveromyces marxianus, Pichia anomala, and Yarrowia
lipolytica.

Sour cream may be spoiled by surface growth ofPenicillium
species, particularlyPenicillium glabrum, Penicillium commune,
and P. chrysogenum. Fungal spoilage of ultra-high-temperature
(UHT) dairy products may occur, sometimes as a result o
postprocessing contamination, for example, withG. candidum,
but sometimes with heat-resistant molds, including Byssochl
amys niveaand Talaromycesand Neosartoryaspecies.Fusarium
oxysporumhas also been isolated from UHT-� avored milk
drinks, even though it is not recognized as being heat resistan
Its ability to grow at very low oxygen tensions enables this
species to cause fermentative spoilage.

Solid perishable dairy foods, such as butter and nondairy
spreads (margarines), are susceptible to fungal spoilag
(Figure 7). Reduced-salt butter spreads are more susceptible
fungal spoilage than those containing the normal amount of
salt. Spoilage fungi includeG. candidum, Moniliella suaveolen,
Cladosporium, and Penicilliumspecies. As well as being lipolytic,
these fungi can cause spoilage due to off-� avors, particularly
earthy taints from the production of 2-methyl-isoborneol and
geosmin.
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Figure 8 Growth ofWallemia sebiandAspergillussp. on slivered
almonds.
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Spoilage of Stored and Processed Foods

Food may be preserved for long-term ambient temperature
storage by drying, addition of salt or sugar to reduceaw,
heat processing, the addition of preservatives, or combina
tions of these. Food preservation requires compromise
however, so heat processing may be reduced to enhanc
� avor characteristics and nutritional value, or foods may
not be dried to a safe moisture content to retain� avor and
textural qualities. Some fungi have adaptations that allow
them to grow in extremely concentrated environments, such
as the extreme xerophiles Xeromyces bisporusand Zygo-
saccharomyces rouxii, others such asByssochlamys, Talaromyces
and Neosartoryaspecies produce ascospores of very hig
heat resistance that can survive heat processing and grow
heat-processed acid foods. Some yeasts (e.g.,Zygosacchar
omyces bailii) and molds (e.g., Penicillium roqueforti) are
resistant to commonly used food preservatives. Other fungi
especially Aspergillusand Penicillium species, cause les
speci� c problems but are ubiquitous and often rapid
colonizers, and so they will cause spoilage whenever pro
cessing is inadequate, formulation incorrect, or moisture
content too high.
t
e

Spoilage of Dried Foods

Dried foods are low in moisture and soluble carbohydrate, and
include cereals, nuts, spices, and dried meat and� sh. These
foods may be spoiled by the normal range of xerophilic fungi,
Eurotium, Wallemia, Aspergillus, and Penicilliumspecies. Control
of fungi in foods normally relies on keeping the aw suf� ciently
low to prevent growth. For long-term storage (1 year or more),
foods must be held at or below 0.68aw; for 6 months’ shelf life,
0.72 aw is adequate; andaw levels above 0.77 are unsafe excep
in the short term. Theseaw � gures apply to normal ambient
temperatures (i.e., 20–30 � C). Refrigerated storage will prolong
shelf life at anyaw, provided the air is effectively dehumidi� ed.
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Cereals, Pulses, Spices, and Nuts

In all stored commodities, Eurotiumspecies, which have no
real preference for substrate, occur most frequently,Wallemia
sebiis especially common in cereals and spices, andAspergillus
penicillioides(and Aspergillus restrictus) are important early
colonizers of stored commodities but may be overlooked
because of limited growth on high aw media. Nuts are
susceptible to invasion by Aspergillusspecies, especially
A. � avus, A. niger, Aspergillus candidus, A. ochraceus, and their
close relatives and the xerophilesW. sebiand A. penicillioides
(Figure 8). Cereals in temperate climates always becom
contaminated with Penicillium species, particularly species
from subgenus Penicillium. In rice and other small grains
stored in tropical conditions, Penicillia from other subgenera
(particularly Biverticillium and Furcatum) are more common
(e.g.,P. islandicumand P. citrinum). Aspergillusand Eurotiumare
far more signi� cant components of the storage myco� ora in
tropical conditions than Penicilliumspecies. Important are the
four common Eurotium species (Eurotium rubrum, Eurotium
chevalieri, Eurotium repens, and Eurotium amstelodami), as well as
A. � avus, A. candidus, A. niger, A. versicolor, Aspergillus wentii, and
A. fumigatus.
Flour

The kinds of fungi found in � our are often similar to those
found in stored wheat, such asA. candidus, Penicillium aur-
antiogriseum, P. citrinum, A. versicolor, and A. penicillioides. Wal-
lemia sebi, Eurotium, and Cladosporiumspecies may also be
isolated frequently from � our. Field fungi are also reported
frequently in � our, but they do not cause spoilage. Poor
hygiene in � our mills may also contribute to fungal loads in
� our.
Pasta

Improperly dried pasta can be spoiled by xerophilic fungi such
asEurotiumspecies,A. candidus, W. sebi, Penicillia, and yeasts.
Epicoccum nigrumhas been reported to cause red spots on th
surface of gnocchi (a fresh pasta dumpling containing potato).
Paecilomyces variotii, A. versicolor, E. amstelodami,G. candidum,
Penicillium crustosum, and P. solitumwere reported from fresh
(high aw), modi � ed-atmosphere-packaged pasta products.
Bakery Products

Bread and some pastries have relatively highaw (near 0.95) and
may spoil rapidly from growth of Penicillia (e.g., P. roqueforti,
P. brevicompactum, and P. chrysogenum), Wallemia, Eurotium
species, and other common molds, includingChrysonilia sito
phila (the red bread mold), Rhizopus, and Mucorspecies.‘Chalk
mold ’ defects on bread are caused by white yeast-like fung
(Endomyces� buliger and Hyphopichia burtonii) but yeasts (Z.
bailii, Saccharomyces cerevisiae, and P. anomala) may also
contribute. Flavor defects such as the production of ethy
acetate by these yeasts and fungi can also occur. European r
breads containing acetic acid are susceptible to spoilage b
Penicilliumspecies, particularlyP. roqueforti, P. commune, and
related species. Cakes such as sponge and Madeira cakes may
spoiled by Penicillium species. If sorbate is added to thes
products to extent the shelf life, some Penicillia are capable
of decarboxylating sorbate to 1,3 pentadiene, producing
a kerosene-like odor and causing the cake to spoil even befor
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mold growth is apparent. Modi � ed-atmosphere packaging and
the use of oxygen-absorbing sachets can extend the shelf life
bakery products, but this technology is ineffective against yeas
and chalk mold spoilage.
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Coffee Beans

Ochratoxin A contamination in coffee has prompted a number
of studies on the fungi occurring on coffee beans during drying
and storage.Aspergillusspecies are the dominant fungi, with
A. ochraceus(or Aspergillus westerdijkiae) and A. nigerand closely
related species most commonly reported. Recent changes in th
taxonomy of Aspergillussections Circumdati and Nigri, along
with the description of a number of new species capable of
producing ochratoxin A cast doubt on the identity of many
isolates reported in earlier studies. The most important
producers of ochratoxin A in coffee beans probably are
A. westerdijkiae, Aspergillus steynii, and A. carbonarius. Because of
its prevalence, however,A. nigermay also contribute signi� -
cantly to ochratoxin A contamination in coffee in some parts of
the world.

In some coffee-producing countries, particularly India,
coffee may undergo a process known as monsooning, a solid
state fermentation, which causes� avor changes that impart
characteristic aroma,� avor, and cup quality. In monsooned
coffee,A. niger, A. ochraceus, A. tamarii, A. candidus, A. versicolor,
Penicilliumspp. (including Penicillium rugulosumand Penicillium
chermesinum), W. sebi, and Absidia heterosporahave been re-
ported. Severe fungal infection of coffee beans can lead t
a defect known as‘Rio � avor,’ which is caused by the formation
of trichloroanisoles by fungal metabolism in the beans. A
number of species ofEurotium, Aspergillus, Penicillium, and also
P. variotii have been shown to be capable of methylation of
chlorophenols to chloroanisoles.
r
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Cocoa

Cocoa beans undergo a microbial fermentation as the� rst stage
of chocolate production. In the � rst 2–3 days, there is
a succession of various species of� lamentous fungi, yeasts,
lactic acid bacteria, and acetic acid bacteria, with the latte
stages of the fermentation dominated byBacillusspecies. Fila-
mentous fungi may develop during the fermentation, or later
during storage of the beans, leading to deleterious change
Fungi such asAbsidia corymbifera, R. oryzaeand P. chrysogenum,
A. niger, A. � avus, andA. tamariihave been reported from cocoa
beans with high free fatty acid content. Thermophilic fungi (A.
fumigatus, Rhizomucor pusillus, and Thermoascus aurantiacus) may
develop if the temperature of the fermenting beans reaches 45–
50 � C. Cocoa and cocoa products may contain ochratoxin A
Toxin formation occurs mostly near the end of fermentation
and is probably a result of growth of Aspergillussection Nigri
species (A. nigerand A. carbonarius).
s
ve
Dried Meat

As with other dried foods, the shelf life of dried meat products
is dictated by their aw. There is an added factor in spoilage due
to fat rancidity, which may be induced by yeast or mold growth
during drying and continue in storage. The most common
spoilage species on dried meat areEurotiumspecies,A. candidus,
other Aspergillus, and Penicilliumspecies. The salt-tolerant yeas
Debaryomyces hanseniiand the lipolytic speciesY. lipolyticaare
among the most common yeasts isolated from dried meat
products.
Spoilage of Low-Water-Activity, High-Sugar Foods

Low-aw, high-sugar foods include jams, dried fruit, fruit cakes,
confectionery, and fruit concentrates. These foods are susce
tible to spoilage by the common xerophiles but also provide
ideal habitats for extreme xerophiles, such asX. bisporus,
Chrysosporiumspecies, and the yeastZ. rouxii.
Jams and Conserves

Jams and conserves are made almost entirely from fruit an
sucrose, boiled or evaporated down to 0.75aw or below and
hot � lled into jars, so they very rarely spoil. Many commercial
products are made by a reduced cooking process and are heat
for a shorter time. Their aw often is closer to 0.80–0.82. Thus,
they are likely to support mold growth once they are opened. If
jams spoil, Eurotiumspecies,A. restrictus, and related species
usually are responsible, although xerophilic yeasts also ma
cause spoilage after opening if products are not refrigerated.
Dried Fruit

Sulfur dioxide (metabisul� te) is added to some fruit, such as
apricots, peaches, pears, and bananas before drying, mainly
preserve color. High levels of SO2 completely eliminate fungi,
even during prolonged storage. If the SO2 levels decline to less
than 1 g kg� 1 during storage, these products may be spoiled by
the xerophilic yeastZ. rouxii, which is moderately resistant to
preservatives, and xerophilic fungi, such asX. bisporusand
Eurotiumspecies.

In dried vine fruits, the main concern is ochratoxin A
contamination, which can occur near harvest time and during
drying, if grapes are carrying heavy loads ofAspergillussection
Nigri species, particularly A. carbonarius. The European
Commission has set a limit of 10 mg kg� 1 for ochratoxin A in
dried vine fruit. Although ochratoxin A contamination of dried
vine fruits is widespread, overall levels are low, with only
a small proportion exceeding the European Union limit.
During storage,X. bisporusmay colonize and cause spoilage in
currants and raisins. In � gs, the seed cavities are alway
contaminated by yeasts, and spoilage of dried� gs sometimes
occurs if these contaminant yeasts include xerophilic species
Aspergillusspecies can occur in� gs and may cause spoilage and
form mycotoxins postharvest. Both black Aspergilli andAsper-
gillussectionFlavimay occur, with consequent ochratoxin A or
a� atoxin contamination.
Fruit Cakes and Puddings

Fruit cakes and similar puddings are concentrated foods
because, as well as the fruit, the cake or pudding mix itself i
high in sugar. Such cakes and puddings are expected to ha
a long shelf life, often 6 months, and therefore must be
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prepared and baked to give a� nal aw of 0.75 or below. If
correctly prepared, spoilage is not usually a problem, unlessX.
bisporusis present in one of the ingredients. Ascospores o
Xeromycesmay survive the relatively low internal temperatures
(80 � C or less) reached during the slow baking process for thes
products, so contamination from an ingredient eventually will
cause spoilage. Fruit cakes may also be spoiled byEurotium
species (Figure 9(a)), W. sebi(Figure 9(b) ), A. restrictus, and
A. penicillioides. Good hygiene during manufacture and pack-
aging of these products is important to minimize spoilage from
these xerophiles. Preservatives (sorbate or propionate) may b
added to some higheraw cakes, such as Madeira and light fruit
cakes, but the preservatives are only marginally effectiv
because of the moderate pH of these products (5.5–6.5).
c-

Figure 10 Chrysosporiumsp. causing spoilage of gelatin-based
confectionery.
Confectionery

Confectionery products (chocolates, gelatin confections, and
licorice) have high sugar contents, and rely on their lowaw for
stability. Such products are mainly at risk from spoilage by
extreme xerophiles. In� lled chocolates, fermentation of the
cream � llings by Z. rouxii can lead to gas formation and
cracking of the chocolate couverture. Solid chocolate and
chocolate-coated products may be spoiled by xerophilic
Chrysosporiumspecies (Chrysosporium farinicola, Chrysosporium
inops, Chrysosporium xerophilum), which may grow as thin white
mold across the surface.Chrysosporiumspecies (Figure 10) and
X. bisporushave also caused spoilage in gelatin-based confe
tions. In licorice, we have seen spoilage byX. bisporus
(Figure 11) and A. penicillioides.
i-
n

nd

Figure 11 Xeromyces bisporusgrowing on licorice. This extremely xero-
philic species was� rst isolated from licorice in the early 1950s.
Fruit Concentrates, Honey, and Syrups

Fruit concentrates usually undergo a heat process that inact
vates potential spoilage species, but postprocess contaminatio
can occur. The main spoilage threat to low-aw liquid products is
xerophilic yeasts. Zygosaccharomyces rouxiiis the most
commonly encountered and most problematic species, but
other yeasts, such asZ. bailii, Torulaspora delbrueckii, Candida
lusitaniae, and Schizosaccharomycesspp., have also been reported
as causing spoilage in concentrates, honey, sugar syrups, a
Figure 9 Spoilage of fruit cake by (a)Eurotiumsp. and (b)Wallemia sebi.
malt extract. Occasionally, these products may be spoiled by
surface growth of xerophilic fungi, such asW. sebi and A.
penicillioides, particularly if water condenses, raising theaw of
the surface.
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Figure 12 The white growth ofPolypaecilum piscecovers the entire
surface of this salted, dried� sh from Indonesia.

SPOILAGE PROBLEMSj Problems Caused by Fungi 479
Spoilage of Salted Foods

Salted, dried� sh are the major commodity in this category, as
salting is the most common way to preserve fresh� sh in most
tropical regions, and in some temperate zone countries as wel
In temperate climates,W. sebihas been recorded as the prin
cipal spoilage species. In tropical countries,Aspergillusspecies
(A. nigeraggregate,A. � avus,A. fumigatus, A. penicillioides, and
A. ochraceus) often dominate the myco� ora of dried and salted
� sh. White, halophilic species, such asPolypaecilum pisceand
Basipetospora halophila, are common in salt � sh from some
Asian countries (Figure 12), and indeed, these species seem t
be con� ned almost entirely to this ecological niche.Eurotium
species, particularlyE. rubrum, E. amstelodami, and E. repens, are
also common components of the spoilage fungi found on
dried, salted � sh.

Spoilage of Intermediate-Moisture Processed Meats

Bacon, hams, and many types of dry fermented sausage prod
ucts may be shelf stable or may have extended refrigerated she
life. The most signi� cant mycotoxin problem in these meat
products is ochratoxin A contamination. This can originate
from the raw meat (usually pork meat) if animals are fed grain
containing ochratoxin A, or from growth of Penicillium nordi-
cumduring maturation of processed meats.

Spoilage without mycotoxin contamination, however, is
a more commonly occurring problem. The dominant fungal
populations on cured meats arePenicillium species, usually
from subgenus Penicillium, because curing takes place at rela
tively cool temperatures (10–15 � C) less suitable for the
development of Aspergilli. Eurotiumspecies are also common
and Scopulariopsis(Scopulariopsis brevicaulisand Scopulariops
candida) species have been isolated from cured meats.

Both yeasts and molds can cause spoilage of ham durin
maturation. Yeasts such asD. hanseniiand Candida species
occur on the surface of ripening hams, where they may caus
rancidity due to their lipolytic activity. The mold population on
raw hams during ripening is dominated by Aspergillus
(including Eurotium) and Penicilliumspecies.
e

s

Fungal Spoilage of Cheese

The factors enabling fungi to cause spoilage in cheese are th
ability to grow at refrigeration temperatures, to grow in low
oxygen concentrations, lipolytic activity, resistance to the
preservative action of free fatty acids, and growth at reducedaw.
Most cheeses, except matured hard cheeses, are susceptible
mold growth, so they normally are refrigerated. Penicillium
roquefortiand P. commune(from which Penicillium camembertiis
derived) are particularly well adapted to growth in the cheese
environment, having been used for cheese manufacture fo
centuries. In Europe, these twoPenicillium species are most
common in spoiled cheeses, but P. verrucosum, P. solitum,
Penicillium nalgiovense, and other Penicilliumspecies, along with
Geotrichum, Aspergillus, Mucor, Rhizopus, Alternaria, Fusarium,
Cladosporium, and Scopulariopsishave also been isolated from
moldy cheese. During the prolonged maturation of hard
cheeses, such as Parmesan and Provolone,Eurotiumspecies,A.
versicolor, and other Aspergilli may develop on the cheese rind.

Retail packs of cheese are usually vacuum packaged or g
� ushed, so spoilage is due to growth of species that are ps
chrotolerant and grow under low oxygen conditions. Again,P.
communeand P. roquefortiare the primary spoilage species, bu
other Penicillia from subgenus Penicillium, along with
P. glabrum, may cause spoilage. Packages of shredded and cub
cheese are particularly susceptible to spoilage of this type
because they have a large surface area and may be contaminat
by the shredding or cutting equipment. Yeasts may also spoi
these packs, causing swelling (blowing) of the packs.

In Australasia, large (20 kg) blocks of Cheddar style chees
maturing for 9–12 months at 8–12 � C may develop a defect
known as ‘thread mold.’ The fungi responsible for this defect
are mainly Cladosporiumspp., a Phoma species, and some
Penicillia, particularly P. glabrum.

Yeasts and yeast-like fungi are often present in cheese a
are important in the surface smears used as starters for so
ripened cheeses because of their lipolytic and proteolytic
activities. Geotrichum candidumis a normal part of the myco-
� ora of the smear of surface-ripened cheeses, although it ca
also be present as a spoilage organism in other types of chees
Sporendonema caseiis important in the production of some
smear-ripened cheeses in Italy.Debaryomyces hansenii, Kluyver-
omycesspecies,S. cerevisiae, and Candidaspecies are common
on the surface of many white- and blue- moldripened cheeses
and they may play an important role in the development of
their texture and � avor. Debaryomyces hanseniiand Y. lipolytica,
however, may be responsible for brown defects that sometime
affect some mold-ripened cheeses. When present as spoila
organisms in cheese, yeasts can cause taints and off-� avors due
to their lipolytic and proteolytic activities, and production of
bitter compounds.

Although many of the fungi responsible for cheese spoilage
can produce mycotoxins, contamination from these metabo-
lites is usually only a minor hazard. Penicillium roquefortimay
produce roquefortine and PR toxin, and P. communecan
produce cyclopiazonic acid. Low levels of these toxins hav
been detected in blue- and white-mold-ripened cheeses in
Europe. Ochratoxin A has been detected in blue-mold cheese
again at low levels.
Fungal Spoilage of Heat-Processed Acid Foods

Acid foods, such as fruits and fruit products, traditionally
undergo relatively mild heat processes, as the low pH preclude
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the outgrowth of bacterial spores, which as very heat resistan
Temperatures of about 70–75 � C are usually effective for
pasteurization, inactivating most enzymes, yeasts, and th
conidia of common spoilage fungi. Shelf-stable heat-treated
juices are then usually either hot� lled or aseptically � lled.

Several genera of fungi produce heat-resistant ascospor
that are capable of surviving these relatively mild heat processe
and thus can cause spoilage. The most important and trou
blesome of these are Byssochlamysspecies, particularly
Byssochlamys fulva(Figure 13), B. nivea, andByssochlamys sp
tabilis. Other genera of heat-resistant fungi that commonly
cause spoilage areNeosartorya(particularly Neosartorya� scheri)
and Talaromyces(Talaromyces macrosporusand Talaromyces tra
chyspermus). These fungi are soil inhabitants, and their asco-
spores may contaminate fruit from soil, dust, or rain splash.
They have been isolated from spoiled, heat-treated products
such as fruit juices, fruit purees, fruit concentrates, jelled fruit
products, canned apricots and strawberries, tea-based beve
ages, and even dairy-based products such as cream cheese, U
custard, and UHT-milk-based beverages.

The heat resistance of ascospores varies depending
species, age of ascospores, and heating menstruum amon
other factors. ForB. fulvaat 90 � C, D-values vary between 1 and
12 min. This species can grow under very low oxygen condi
tions, enabling it to cause spoilage in closed containers, such a
cans and UHT packs.Byssochlamys niveais perhaps slightly less
heat resistant than B. fulva, with a D88 value near 1 min.
Byssochlamys spectabilismay be the most heat resistant of the
three species, with D85 values between 50 and 75 min.Neo-
sartorya� scheriis also extremely heat resistant, with survival of
ascospores in canned strawberries processed at 100� C for
12 min. D 88 values varying between 1 and 16 min have been
reported. Many of these fungi also produce powerful pectinase
and polygalacturonases, which attack fruit structure, resulting
in separation or clari� cation of juices, and often complete
breakdown of fruit tissue. The mycotoxin patulin may be
Figure 13 Byssochlamys fulvashowing (a)Paecilomycesanamorph, bar¼ 1
produced by B. nivea, and Neosartoryaspecies are capable o
producing tremorgenic toxins.
Fungal Spoilage of Preserved Liquid Foods

Some acid liquid foods, including fruit juices, cordials, salad
dressings, mayonnaises, and sauces (ketchup), are stabilized
the use of preservatives. A limited number of compounds are
permitted as food preservatives, and the amounts that may be
used usually are speci�ed in food codes. Benzoic acid, sorbic
acid, or sulfur dioxide usually are added to fruit juices, soft
drinks, cordials, and a variety of other products, whereas pro
pionic acid is more common in baked goods. The natural
preservative acetic acid is used in products such as tomat
sauce, pickled vegetables, mayonnaises, and salad dressin
often in combination with other weak acid preservatives.
Ciders and wines are preserved by alcohol.

Liquid products are susceptible to spoilage by preservative
resistant yeasts. The most signi�cant preservative-resistant yeas
is Z. bailii, which, as well as being able to grow in the maximum
permitted levels of weak acid preservatives, is also xerophilic
Thus, it is capable of spoiling any of the liquid acid products
listed earlier. We have isolatedZ. bailii and the closely related
speciesZygosaccharomyces bisporusfrom a wide range of acid-
preserved foods and beverages, including pickled onions
mayonnaise, salad dressings, chili sauce, cordial concentrate
fruit preparations for bakery use, and fruit-based drinks. Other
species of yeast may spoil acid liquid foods.Schizosaccharomyc
pombeis resistant SO2 and may cause spoilage in products
relying on this preservative.Candida parapsilosis, P. anomala,
P. membranaefaciens, T. delbrueckii, and Z. bisporushave caused
spoilage in salad dressings and mayonnaise, which rely on the
preservative effects of acetic acid. Preservative-resistant stra
of S. cerevisiaecan cause spoilage, too. This is hardly surprising
considering that brewing and baking strains of this yeast have
0 mm and (b) heat resistant ascospores and asci, bar¼ 5 mm.
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been selected for their resistance to SO2 (used in the wine
industry) and propionate (used in the baking industry).
;
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See also: Aspergillus; Aspergillus: Aspergillus ßavus;Botrytis;
Bread:Bread from Wheat Flour;Byssochlamys; Cheese in the
Market Place; Confectionery Products– Cakes and Pastries;
Dried Foods;Ecology of Bacteria and Fungi:In� uence of
Available Water;Ecology of Bacteria and Fungi in Foods:
In� uence of Temperature;Ecology of Bacteria and Fungi in
Foods:Effects of pH;Fungi:The Fungal Hypha;Foodborne
Fungi:Estimation by Cultural Techniques;Fungi:Overview
of Classi� cation of the Fungi;Fusarium;Geotrichum; Hurdle
Technology; Intermediate Moisture Foods;Metabolic
Pathways:Production of Secondary Metabolites– Fungi;Milk
and Milk Products:Microbiology of Dried Milk Products;
Microbiology of Cream and Butter;Mucor; Mycotoxins:
Classi� cation; Natural Occurrence of Mycotoxins in Food
Mycotoxins:Detection and Analysis by Classical Techniq
Mycotoxins:Toxicology;PenicilliumandTalaromyces:
Introduction;Penicillium/Penicillia in Food Production;
Preservatives:Classi� cation and Properties;Preservatives:
Traditional Preservatives– Organic Acids;Rhizopus;
Saccharomyces– Introduction;Schizosaccharomyces; Spoilage
of Plant Products:Cereals and Cereal Flours; Water Activit
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The genusStaphylococcusis found in Volume three of Bergey’s
Manual of Systematic Bacteriology: The Firmicutes. The Firmicutes
include the Gram-positive bacteria with both high and low
mol.% Gþ C content and is one of the main phyla within the
Prokaryote. Current phylogenetic placement at the genus an
species level relies heavily on 16s ribosomal sequencing a
opposed to traditional phenotypic methods. The family
Staphylococcaceae currently consists of four genera:Staphylo-
coccus, Jeotigalcoccus, Macrococcus, and Salinicoccus.

Current classi� cation of the Staphylococcusis as follows:

l Kingdom: Prokaryote
l Phylum: Firmicutes
l Class: Bacilli
l Order: Bacillales
l Family: Staphylococcaceae
l Genus:Staphylococcus

The nameStaphylococcusis derived from the Greekstaphylo
(bunch of grapes) and coccus(a grain or berry), henceStaphy-
lococcus– the grapelike coccus. The staphylococci are spheric
Gram-positive cells, approximately 1mm in diameter, and they
can occur as single cells, in pairs, tetrads, short chains (three
four cells), or as irregular clusters. Cluster formation mainly
occurs during growth on solid medium and results from cell
division occurring in a multiplicity of planes, coupled with
the tendency for daughter cells to remain in proximity. The
three-dimensional appearance is apparent with wet mounts
however, stained cells usually give the appearance of irregula
sheets of cells. Staphylococci are nonmotile and asporogenou
capsules may be present in young cultures, but they generall
are absent in stationary phase cells. Colony pigmentation on
a nonselective medium, such as tryptic soy agar, can range from
cream-white to bright orange. Most isolates of staphylococc
are considered as Class II biohazards by the American Typ
Culture Collection (ATCC), while the remaining species are not
known to cause any disease in humans and are listed as Class
2 Encyclopedia of Food
organisms. The federal select agents list published by th
Department of Health and Human Services considers staphy
lococcal enterotoxins (SEs), the main factor involved in
staphylococcal food poisoning, as having‘the potential to pose
a severe threat to both human and animal health, to plant
health, or to animal and plant products’ because of the ability
of these temperature-resistant toxins to result in illness even in
the absence of the live organism.

The National Center for Biotechnology Information
(NCBI), which maintains a curated classi� cation and nomen-
clature database in the public repositories for all organisms
with DNA sequences, has recognized and reported 49 specie
and numerous subspecies ofStaphylococcus. With the develop-
ment of high-throughput sequencing technology, whole-
genome sequencing projects have become commonplace fo
bacteria and other organisms. For Staphylococcus aure,
complete genomic data is available for 49 different strains and,
for Staphylococcus epidermidis, seven strains have been
sequenced. Currently, eight of the remaining Staphylococca
species have at least one strain sequenced. The genom
sequence data con� rm historical mapping data that GþC
content of the genus Staphylococcusranges between 30 and
38 mol.%. Although the overall genomic content of the
Staphylococci is highly similar, there are major differences in
phage content, epigenetic plasmids, and other genes (mos
often those associated with disease) among the differen
species and strains.Table 1 lists the 49 species currently found
in the genus with those that have been completely sequence
designated by (a). Table 2 lists those staphylococcal species o
potential interest in foods.

Staphylococcal species are catalase positive and can grow
aerobes or facultative anaerobes and have both respiratory an
fermentative metabolism. Staphylococci can use a wide variet
of carbohydrates, and they obtain energy via glycolysis
utilizing the hexose monophosphate shunt and the tricarbox-
ylic acid cycle.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00316-5

http://dx.doi.org/10.1016/B978-0-12-384730-0.00316-5
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Table 2 Staphylococcal species of interest in foods

Organism Coagulase Nuclease Enterotoxin Hemolysis Mannitol Site

S. aureus þ � þ þ Nasal membrane
S. intermedius þ þ þ þ (þ ) Nasal membrane, carnivores
S. hyicus (þ ) þ þ � � Skin of pigs, milk
S. delphini þ � þ þ Dolphins
S. schleiferi � þ þ � Human skin
S. caprae � þ þ (þ ) � Goat milk
S. chromogens � Weak þ � Variable Cattle
S. cohnii � � þ � Variable Human and primate skins
S. epidermidis � � þ Variable � Human skin
S. haemolyticus � þ þ þ Variable Human skin
S. lentus � þ � þ Goat milk
S. saprophyticus � � þ � þ Human forehead
S. sciuri � þ � þ Rodent skin
S. simulans � Variable Variable þ Human and primate skins

Table 1 Species ofStaphylococcusrecognized by the National Center for Biotechnology Information

Staphylococcus agnetis Staphylococcus condimenti Staphylococcus croceolyticus
Staphylococcus delphini Staphylococcus aureusa Staphylococcus arlettae
Staphylococcus carnosusa Staphylococcus capraea Staphylococcus devriesei
Staphylococcus capitis Staphylococcus auricularis Staphylococcus cohnii
Staphylococcus epidermidisa Staphylococcus haemolyticusa Staphylococcus piscifermentans
Staphylococcus hominisa Staphylococcus hyicus Staphylococcus intermedius
Staphylococcus kloosii Staphylococcus equorum Staphylococcus lentus
Staphylococcus nepalensis Staphylococcus faecalis Staphylococcus felis
Staphylococcus chromogenes Staphylococcus gallinarum Staphylococcus muscae
Staphylococcus simulans Staphylococcus vitulinus Staphylococcus warneri
Staphylococcus xylosus Staphylococcus lugdunensisa Staphylococcus ßeurettii
Staphylococcus pettenkoferi Staphylococcus leei Staphylococcus succinus
Staphylococcus rostri Staphylococcus lyticans Staphylococcus massiliensis
Staphylococcus microti Staphylococcus saccharolyticus Staphylococcus saprophyticusa

Staphylococcus schleiferi Staphylococcus sciuri Staphylococcus simiaea

Staphylococcus pasteuri Staphylococcus lutrae
Staphylococcus pseudolugdunensis Staphylococcus pseudintermediusa

aSpecies with DNA sequence available.
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The cell wall contains peptidoglycan and teichoic acid. The
peptidoglycan molecule is a glycan chain composed of regu
larly alternating N-acetylglucosamine and N-acetylmuramic
acid residues linked byb-1,4 glycosidic linkages. The averag
chain length varies between 10 and 65 disaccharide unit
depending on the bacterial species. Amide bonds to the
N-terminal L-alanine residues of anL-alanyl-g-D-isoglutaminyl-
L-lysyl-D-alanine peptide link the carboxyl groups of all
N-acetylmuramic acid residues. Neighboring peptides are
interconnected by pentaglycine (occasionally hexaglycine
bridges extending from the carboxyl group ofD-alanine of one
peptide to the � -amino group of the lysine residue of the next
peptide. The peptidoglycan forms a rigid lattice surrounding
the cell. The staphylococci generally are resistant to attack b
the muramidase lysozyme, but they are sensitive to the lytic
endopeptidase lysostaphin, which attacks the glycine–glycine
linkages present in the interpeptide bridges of the peptido-
glycan. Teichoic acids are charged polymers in which repeatin
units of either ribitol or glycerol are linked through phospho-
diester groups. Teichoic acids are found between the cell wa
and the cytoplasmic membrane. They are proposed to function
in maintaining the correct ionic environment for the cyto-
plasmic membrane. They also contribute to the surface charg
of the staphylococcal cell.

In 1871, the German scientist von Recklinghausen� rst
observed cocci in kidneys from a patient who died of pyemia.
Sir Alexander Ogston (a Scottish surgeon) and Louis Pasteu
(both in 1880) demonstrated that certain pyogenic abscesse
were caused by cocci that formed clumps. Ogston observed tw
types of cocci: chains, which he calledStreptococcus, and groups
or clusters, which he calledStaphylococcus. Ogston is credited
with the discovery of staphylococci and with giving the
organisms their name. Rosenbach� rst classi� ed the staphylo-
cocci in 1884 and adopted the Ogston name. Historically,
efforts to classify the staphylococci have been controversial an
confusing. Because any classi� cation scheme is arbitrary,
continuous revisions will occur as new and better information
and techniques are developed.

Most species ofStaphylococcusare common inhabitants of
the skin and mucous membranes. Some species have bee
found to have preferences for certain body sites. For example
Staphylococcus capitisfrequently is found in large numbers on
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Table 3 Differences betweenMicrococcusandStaphylococcus

Characteristics Micrococcus Staphylococcus

Irregular clusters þ þ
Tetrads þ �
Capsule � � /þ
Motility � �
Growth on furazolidone agar þ �
Anaerobic fermentation of glucose � þ
Oxidase and benzidine tests þ �
Resistance to lysostaphin þ �
Teichoic acid in cell wall � þ
Mol% Gþ C of DNA 65–75 30–38
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the scalp and forehead of humans,S. aureuscolonizes the nares
of 25–50% of humans, and S. epidermidisis the primary
organism found on the epidermal layer as part of the normal,
protective � ora. Species ofStaphylococcusfound on humans
include S. aureus, S. epidermidis, Staphylococcus hominis,Staphy-
lococcus haemolyticus, Staphylococcus warneri, S. capitis, Staphylo-
coccus saccharolyticus, Staphylococcus auricularis, Staphylococcu
simulans, Staphylococcus saprophyticus, Staphylococcus cohn,
and Staphylococcus xylosus. Staphylococcus epidermidisare
coagulase-negative staphylococci that are natural inhabitants o
the human skin and account for between 65 and 90% of all
staphylococci isolated. Certain species of Staphylococcu
frequently are found as etiological agents of human and
animal infections with S. aureusbeing the organism most
commonly associated with food poisoning and other human
diseases.

In the clinical laboratory, staphylococci are differentiated
on the production of the enzyme coagulase that catalyzes the
formation of � brin clots in plasma. Staphylococcal coagulase
activates prothrombin, which converts the� brinogen to � brin.
Two forms of coagulase are found to exist: one free and th
other cell-bound. The two differ immunologically and have
slightly different actions. Cell-free coagulase is protein in
nature and different antigenic types have been identi� ed.
Coagulase-positive staphylococci have the ability to caus
blood plasma to form a � brin clot. This enzyme, produced by
most virulent strains, has been suggested to facilitate staphy
lococcal pathogenicity by causing a� brin barrier that appears
to localize acute staphylococcal lesions. The importance of this
barrier in infection is not entirely clear, however, as coagulase
negative staphylococci also may be pathogenic. Clotting o
blood in vivo involves the interaction of a number of compo-
nents. Very brie� y, a clot is formed by the plasma protein
� brinogen which is present in a soluble form in the plasma,
and which is transformed into an insoluble network of � brous
material called � brin.

One of the reasons for the wide use of coagulase as a pos
tive indication for the identi � cation of staphylococci is that the
test is easy to perform and reliable. Cells of the suspec
organism are mixed with commercially available human or
rabbit plasma (with added citrate, oxalate, or ethyl-
enediaminetetraacetic acid, present to chelate calcium, require
for in vivoclotting), using either the tube method, performed in
a test tube, or the slide technique, performed on a microscope
slide. The slide or test tube is incubated at 37� C, and read at 1
and 3 h. Previously, any degree of clotting, however slight, wa
considered positive. Current procedures, as described in th
Bacteriological Analytical Manual, require only a � rm and
complete clot that stays in place when the test tube is inverted
to be considered coagulase positive. Results of the slide test,
which cell clumping is positive, correlate well with those of the
test tube method.

Many foods (fresh and processed meats, poultry, some
seafood, dairy products) can be contaminated with members of
both generaStaphylococcusand Micrococcus. As a result, the two
genera sometimes may be confused. Differences between th
two are found in Table 3.

As mentioned, S. aureusis the species most often identi� ed
with human infection and can cause disease in virtually any
tissue in the body resulting in conditions, such as furuncles and
boils, endocarditis, osteomyelitis, meningitis, pneumonia,
toxic shock, and food poisoning. It requires the presence of
amino acids and vitamins for aerobic growth and, in addition,
uracil and a fermentable carbon source for anaerobic growth
Although S. aureusis capable of anaerobic growth, the best
growth occurs under aerobic conditions. The optimum
temperature for growth is 35 � C, although growth occurs over
the range from 7 to 48 � C. The pH range for growth is between
4.5 and 9.3, with the optimum between pH 7.0 and 7.5. As
environmental conditions become more restrictive, so too does
the pH range for growth. It also can survive in salt concentra-
tions as high as 15%, which directly contributes to the ability to
live in processed and preserved foods.Staphylococcus epidermi
can cause human bacteremia, endocarditis, and infections o
medical shunts, intravenous catheters, joint prostheses, an
genitourinary tract infections. Staphylococcus saprophyticuis
a common cause of urinary tract infections in young women.
Staphylococcus chromogenesfrequently is isolated from the milk
of cows suffering from mastitis. Staphylococcus intermediusand
Staphylococcus hyicusare important pathogens in dogs and pigs,
respectively, and have been shown to produce enterotoxins. In
fact, S. intermediuswas isolated from a butter blend and
margarine in a food-poisoning outbreak in the United States
that sickened at least 265 people in the early 1990s.
Staphylococcal Food Poisoning

In regards to food poisoning, S. aureusis the primary species
and accounts for approximately 14% of all cases in the United
States each year, although that number may be higher due t
the fact that most cases are not reported. Humans are mos
often the source of contamination of food products with
S. aureus, resulting from inadequate storage or cooking of food
and poor hygiene or improper washing of food preparation
equipment. In addition, foods made by hand that require no
additional cooking after preparation (potato salad, sliced
meats, and cheeses) tend to be the items most often contami
nated. Because staphylococci can grow rapidly at room
temperature (doubling time of 20 min) and are extremely salt
tolerant, contaminated food products, if not stored properly,
can contain copious amounts of bacteria and, therefore, high
levels of the toxins responsible for food poisoning. Cooking
food at high temperatures (140� ) will kill the organism, but the
toxins are extremely resistant to heat and are not affected unde



r

t

Table 4 Examples of selective media forStaphylococcus aureus

Agar medium Selective agents Diagnostic agents

Staphylococcusmedium 110 Sodium chloride Mannitol
Gelatin

Vogel–Johnson Lithium chloride Mannitol
Potassium tellurite Tellurite
Glycine Phenol red

Egg yolk–sodium Lithium chloride Egg yolk
Azide Potassium tellurite Tellurite

Polymyxin B sulfate
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these conditions. The toxins are fast acting and illness can occu
within 30 min of consuming contaminated foods although
typical onset is usually within 1–6 h after eating. Once the
toxins are cleared from the body, symptoms will subside. No
fever is typically present and in otherwise-healthy individuals,
illness generally is limited to 24–72 h. In the case of immu-
nosuppressed individuals, hospitalization and intravenous
� uids may be necessary. Antibiotics are not useful in treating
the illness as they target only the organism. Toxins are no
transmissible, however, meaning that staphylococcal food
poisoning is not contagious.
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Baird-Parker Lithium chloride Egg yolk
Potassium tellurite Tellurite
Staphylococcal Enterotoxins

The SEs are responsible for the clinical manifestations o
staphylococcal food poisoning and a septic shocklike illness
Ingestion of these toxins leads to severe gastroenteritis wit
emesis, nausea, and diarrhea. Five major classical types of S
(SEA, SEB, SEC1,2,3, SED, and SEE) and several new SEs (SE
SHE, SEI) also exhibit emetic activity. Additionally, some
additional SE-like toxins have been identi� ed. The different SE
serotypes are similar in composition and biological activity but
are different in antigenicity and are identi� ed serologically as
separate proteins. SEs are single-chain proteins with molecula
weights of 26 000–29 000. In addition to being heat tolerant,
the SEs are stable over a wide pH range and are resistant
degradation by a variety of proteases.

SEs can stimulate mitogenic activity and cytokine produc
tion for a wide array of T-lymphocyte haplotypes. They are able
to activate speci� c sets of T-lymphocytes by binding to major
histocompatibility complex class II (MHC II) proteins. They
bind to the variable region of the T-cell receptorb-chain and
the activated cells proliferate and release cytokines–lympho-
kines, interferon-g (IFN-g), and interleukins. It is because they
exhibit this broad-based activity, that they have been desig
nated as superantigens. This activity is suspected to enhan
virulence by suppressing the host response to staphylococc
antigens produced during infection or present during
toxinoses.
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Isolation and Detection

Direct microscopic examination of normally sterile � uids
(blood, cerebrospinal � uid, and so on) may be useful in the
clinical laboratory. Results should be reported as presumptive
and the diagnosis of ‘Gram-positive cocci resembling staphy-
lococci’ should be made.

Most plating media for the detection of staphylococci
have been developed speci� cally for S. aureus. Staphylococcu
aureus–selective media utilize a number of different toxic
chemicals to achieve selectivity. Some of the ingredient
used include sodium chloride, tellurite, lithium chloride,
and various antibiotics. A number of media have been
suggested for the isolation of S. aureusfrom food when
more than 100 per gram may be present. Some of thes
include staphylococcal medium 110, Vogel–Johnson agar,
egg yolk–sodium azide agar, tellurite–polymyxin –egg yolk
agar, and Baird-Parker agar (Table 4).
Most selective media are suitable for the enumeration of
normal or unstressedS. aureus. Because of processing, prese
vation, or other adverse conditions, however, sublethal stres
may occur, resulting in the increased sensitivity ofS. aureusto
the selective agents. Because injured cells exhibit an increas
sensitivity to selective agents,S. aureusmay go undetected in
conventional selective enumeration procedures. It has bee
demonstrated that the recovery of heated or dried cells o
S. aureusmay be lost or its activity may be reduced by heating or
drying and that blood, which contains catalase, or the addition
of pyruvate, helped in the enumeration by destroying H2O2

produced by the recovering cells. Baird-Parker agar is mo
satisfactory in enumerating injured cells when compared with
other staphylococcal selective media.

Some authors have suggested that most staphylococc
species of clinical signi� cance can be identi� ed on the basis of
a few key characteristics. These include colony morphology
coagulase production, oxygen requirements, hemolysis, novo
biocin resistance, acetylmethylcarbinol (acetoin) production,
aerobic utilization of selected carbohydrates, and certain enzym
activities. On a nonselective agar such as tryptic soy agar
nutrient agar, most staphylococcal species grow abundantly in
18–24 h when incubated at 35 � C, with colony diameter
generally 1–3 mm. Colony morphology may be an aid to species
identi � cation, and colony pigmentation is of importance. A
number of commercial kit identi � cation systems are available
that permit identi � cation of several staphylococcal species.
See also:Staphylococcus:Staphylococcus aureus;
Staphylococcus: Detection by Cultural and Modern
Techniques;Staphylococcus: Detection of Staphylococcal
Enterotoxins.
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Introduction

Staphylococcus aureusis an opportunistic pathogen of humans
and warm-blooded animals. Staphylococcussp. was � rst
described in 1882 by Sir Alexander Ogston who observed the
presence of cocci in purulent lesions in humans. These coc
formed grape-like clusters, and Ogston named this organism
Staphylococcus(Staphylomeans grape in Greek). In 1884,
Rosenbach studied this organism in pure culture and named
the orange colony-forming coccus, Staphylococcus pyoge
aureus. Soon after, in 1884, Staphylococci entered the history o
food poisoning with a large outbreak in Michigan caused by
the consumption of a cheese-containing cocci. In 1914, Barbe
clearly demonstrated that refrigerated stored milk from
a mastitic cow caused staphylococcal food poisoning in
humans. In 1930, Dack isolated a S. aureusstrain from
a Christmas cake involved in a food poisoning causing typical
symptoms of staphylococcal intoxication. Staphylococca
culture � ltrates were injected intravenously to rabbits and
ingested by human volunteers, leading to the onset of Staph
ylococcal food poisoning (SFP), 3 h post ingestion. Dack thus
associated food-poisoning outbreak to the presence of a toxin
produced by aS. aureusstrain.

This article, after some general considerations regardin
taxonomy, types of strains, reservoir, contamination, and
conditions leading to an SFP, will describe the main criteria and
identi � cation methods used forS. aureusidenti � cation in food
samples. The phenotype-based methods will be presented� rst
followed by the molecular-based methods.
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Taxonomy

To date, nearly 50 species and subspecies have been describ
in the Staphylococcusgenus.Staphylococcus aureusis better known
and is frequently involved in the etiology of various toxic
infections in humans. Other staphylococcal species neverthe
less can cause opportunistic infections. Such infections ar
often nosocomial, and sometimes life-threatening, and there-
fore require a rapid and adapted treatment.

Among the numerous staphylococcal species and subsp
cies, only 18 species were found in humans, some of which ar
associated with infections. The other species are found i
animals. Staphylococcal species are generally classi� ed into
two groups based on their ability to produce a cell-free coag
ulase: the coagulase-positive staphylococci (CPS), genera
regarded as pathogens, and the coagulase-negative staphy
cocci (CNS), reportedly less dangerous. Some phenotypi
criteria used to distinguish the most frequent CPS species ar
listed in Table 1. Although some articles reported the
cyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
involvement of CNS in food-poisoning outbreaks, it appears
that food isolates of this group do not often carry risk factors,
such as enterotoxin genes.

Great efforts were dedicated to the rapid and accurat
identi � cation of the S. aureusspecies. Many methods were
developed based on the scheme proposed by Kloos an
Schleifer in 1975. Several automated identi� cation systems and
sensitivity tests are now commercially available.
Conditions Leading to an SFP Outbreak

Five conditions are required for the development of an SFP
outbreak: a source of enterotoxin-producing staphylococci
a transmission to foodstuff, a foodstuff providing conditions
favorable for growth, a permissive temperature during a time
lap suf� cient for bacterial multiplication and toxinogenesis,
and ingestion of toxins in quantity suf� cient to trigger the SFP
symptoms.
Sources of Enterotoxin-Producing Staphylococci

Reservoirs

Foodstuff contamination can have a human, animal, or envi-
ronmental origin. S. aureusis frequently associated to the skin
and mucosa of humans and warm-blooded animals, which can
be healthy and asymptomatic carriers and are the main rese
voirs for S. aureus. S. aureuscan also be isolated from the natural
environment (soil, sea water and fresh water, dust, air)
domestic environment (kitchen, fridge), and hospital envi-
ronment (surface of furniture, sheets, blanket).
Enterotoxigenic Strains

Frequency of staphylococcal enterotoxins A to E (SEA to SE
by S. aureusstrains is highly variable, depending on the
publication, on the origin (food origin or another origin), on
the tested strains, and on their geographic origin. It appears tha
the frequency varies as a function of host origin of the strains
when they are biotyped (i.e., assigned to a speci� c host –
human, bovine, avian, ovine – according to phenotypic
criteria). After various studies, the percentage of strain
producing SEA to SEE varies from 30 to 60% for strains o
human origin, from 60 to 80% for strains of ovine or caprine
origin, and from 0 to 15% for the strains of bovine and avian
origin.

A study conducted in France on various types of foodstuffs
showed that 30.5% of 213 strains tested produced at least one
of the � ve classical enterotoxins (SEA to SEE) with importan
78-0-12-384730-0.00318-9 487
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Table 1 Differentiation criteria among species and subspecies of coagulase-positive (or clumping factor) staphylococci

Features S. aureus
S. aureussubsp.
anaerobius S. delphini S. hyicus S. intermedius S. lugdunensis S. lutrae

S. sciurisubsp.
carnaticus

S. sciurisubsp.
rodentium S. schleiferi

S. schleiferisubsp.
coagulans

Colony size� 6 mm þ � þ þ þ d � � d � d
Colony pigmentation þ � � � � d � d d � �
Anaerobe growth þ (þ ) (þ ) þ (þ ) þ þ (d) (d) þ þ
Aerobe growth þ () þ þ þ þ þ þ þ þ þ
Staphylocoagulase þ þ þ d þ � þ � � � þ
Clumping factor þ � � � d (þ ) � d þ þ �
Thermonuclease þ þ � þ þ � () � � þ þ
Hemolysis þ þ þ � d (þ ) þ () () (þ ) (þ )
Catalase þ � þ þ þ þ þ þ þ þ þ
Modi� ed oxydase � � � � � � � þ þ � �
Alkaline phosphatase þ þ þ þ þ � þ d d þ þ
Pyrrolidonyl arylamidase � ND ND � þ þ ND � � þ ND
Ornithine decarboxylase � ND ND � � þ ND � � � ND
Urease d ND þ d þ d þ � � � þ
b-Glucosidase þ � ND d d þ ND þ þ � ND
b-Glucuronidase � � ND þ � � ND � � � ND
b-Galactosidase � � ND � þ � þ � � (þ ) ND
Arginine dihydrolase þ ND þ þ d � � � � þ þ
Acetoin production þ � � � � þ � � � þ þ
Nitrate reduction þ � þ þ þ þ þ þ þ þ þ
Esculine hydrolysis � � ND � � � ND þ þ � ND
Resistance to novobiocin � � � � � � � þ þ � �

Acid production (in aerobiosis) from

D-Trehalose þ � � þ þ þ þ þ (þ ) d �
D-Mannitol þ ND (þ ) � (d) � d þ þ � d
D-Mannose þ � þ þ þ þ þ (d) (þ ) þ þ
D-Turanose þ ND ND � d (d) ND ND ND � ND
D-Xylose � � � � � � þ þ (d) � �
D-Cellobiose � � ND � � � ND (d) d � �
L-Arabinose � � � � � � ND d (d) � �
Maltose þ þ þ � () þ þ (d) (d) � �
Saccharose þ þ þ þ þ þ ND þ þ � d
N-Acetylglucosamine þ � ND þ þ þ ND � � (þ ) ND
Raf� nose � � ND � � � ND � � � �

Symbols:þ , 90% of the strains or more are positive;� , 90% of the strains or more are negative; d, 11–89% of the strains are positive; ND, not determined; (), a delayed reaction.
Adapted from Kloos, W.E., Bannerman, T.L. 1994. Update on clinical signi� cance of coagulase-negative staphylococci. Clinical Microbiology Review 7, 117–140; Kloos, W.E., Schleifer, K.H. 1986. Genus IV -StaphylococcusRosenbach 1884. In:
Sneath, P.H.A., Mair, N.S., Sharpe, M.E. (Eds.), Bergey's Manual of Systemic Bacteriology, Vol 2. Williams and Wilkins, Baltimore; Schleifer, K.H., 1986. Taxonomy of coagulase-negative staphylococci. In: Mardh, P.-A., Schleifer, K. H. (Ed.),
Coagulase-negative Staphylococci. Almquist and Wiksell International. Stockholm, Sweden, pp. 11–26.
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variations depending on the foodstuffs: 12.5% of SE
producers for the strains isolated from raw cow milk cheeses
31.5% for prepared meals, 62.5% goat and sheep raw milk
cheeses, and 64% for pastries. In this study, about 60% o
food isolates of human origin were enterotoxigenic. Percent
ages of enterotoxigenic strains indeed vary according to th
dominant biotype associated to food category: human
biotype in handmade foodstuffs (prepared meals, pastries)
and bovine or ovine biotype in cheeses made with cow or
ovine raw milk.

From 70 to 95% of the S. aureusstrains isolated from
foodstuffs involved in SFP outbreaks are enterotoxin producer
in laboratory conditions (liquid culture in rich medium).
Among the strains isolated from SFP outbreaks in France
strains producing SEA, alone or together with SED, are the mos
prevalent strains. SEB and SEC are rarer and SEE is almost ne
found. Predominance of SEA is observed in many othe
countries. Some strains do not produce any detectable SE whe
tested in laboratory conditions although they were implicated
in SFP outbreaks. Such results might be due to the fact tha
these strains produce SEs that are not detected by the an
bodies used for the detection (see Staphylococcus: Detection of
Staphylococcal Enterotoxins). Some newly described SE
indeed are not detectable by the commercially available
detection kits.

Presence ofsegto sejgenes was sought by polymerase chai
reaction (PCR) ampli� cation in S. aureusstrains of various
origins. These genes are frequently detected, especiallysegand
sei, which belong to an enterotoxin gene cluster(egc). In some
studies, when these genes are sought, the proportion of strain
that are potentially SE producers increases signi�cantly. In
France, Rosec and Gigaud (2002) showed that 57% of 25
strains isolated from various food wereseg,seh, andseipositive
and 31% were carrier of these genes only. In Italy, Zecconi et a
(2006) showed that 100% of 50 strains isolated from raw milk
of cows suffering from mastitis weresegand sei positive. In
Ireland, Smyth et al. (2006) showed that 64% of 157 strains
isolated from household fridge were seg and sei positive,
whereas only 7% wereseaand seepositive. PCR techniques
detectsegenes in the strains but do not allow determining if the
SE is actually produced. Only detection of the toxin itself in
a suspected foodstuff can demonstrate the involvement of the
SE in an SFP.
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Contamination Mode

Presence ofS. aureusin food has two main origins:

l In raw materials from animal origin (meat, milk),
contamination can result from a primary contamination.
For example, raw milk contamination can be due to the
presence of cow suffering fromS. aureusmastitis in the herd.
Mammalian or avian carcasses can be contaminated durin
slaughtering and can have different sources:S. aureus
carriage on the furs or the feathers, on the udder skin, nares
genital mucosa, and digestive tract; staphylococcal infec
tions (abscesses, super� cial infections).

l For any other foodstuffs, contamination can have a human
origin during food-manufacturing process or in house food
preparation. In this case,S. aureusstrains can come from
healthy carriage on skin and mucosa or from staphylococca
infections (infected wounds, sinusitis, pharyngitis, rhino-
pharyngitis). Contamination can occur either directly
during food manipulation, or through respiratory aerosols,
which are more abundant during infections of upper
airways.

Strains of human biotype are highly prevalent in the strains
isolated from SFP outbreaks. Strains of ovine biotype or non-
host speci�c strains can be associated to SFP in France.

Environmental contamination (processing plant
surfaces) or cross-contamination between foodstuffs is
poorly documented as of yet and their incidence remains to
be evaluated.
Detection Methods forS. aureus

Identi�cation by Conventional Microbiology

Selective and Nonselective Media
Numerous selective or nonselective media were develope
for the isolation of staphylococci. Among the nonselective
media, the most commonly used are solid agar media, such
as blood agar plates, trypticase-soja agar (TSA), Brain-Hea
Infusion agar (BHI agar), Plate count agar plus milk (PCA
milk), and their equivalent in liquid media (BHI, TS Broth).
Selective media are aimed at inhibiting the growth of
bacteria other than S. aureusand at favoring the growth of
S. aureus. Selective compounds are high salt concentration
(NaCl), which results in low aw like in Chapmann agar, or
lithium chloride concentration, glycine and potassium tel-
lurite, and compounds that are included in Baird–Parker
(BP) medium and its derivatives (Table 2). If necessary
sulfamethazine can be added to inhibit Proteusspp. growth.
Selectivity also can be optimized by adding acri� avine and
polymyxine E (colistine) or by applying a temperature
above 42 � C. One might keep in mind, however, that the
more selective the medium is, the more inhibitory it is for
stressedS. aureusisolates.

Some compounds are useful to differentiate staphylo-
cocci colonies (e.g., egg yolk and tellurite in BP,Table 1).
BP medium is the medium of choice in food bacteriology
because it allows the best recovery of stressedS. aureuscells
thanks to sodium pyruvate that activates growth by
degrading H2O2 and to the protective effect of egg yolk.
However, BP-medium is insuf� ciently selective when
samples are rich in other microbial � ora. That is why several
variants of BP are proposed (Table 2). Some are judged too
selective to allow recovering stressedS. aureuscells and
a 1-h preliminary step on BP without selective agents wa
proposed before the addition of the highly selective
medium. The BP medium in which Rabbit Plasma Fibrin-
ogen (RPF-BP) replaces egg yolk is a BP variant used
normalized methods. RPF-BP allows anin situ identi � cation
of CPS colonies.

Although BP and RPF-BP are the most commonly use
media, other media also are used, among which chromogenic
media represent a highly convenient way for a rapid identi� -
cation of S. aureusin various type of samples, including
complex food samples (Table 2)



-
ir

,
s

e

n

s

e

l-

-

r

Table 2 Some selective media used forStaphylococcus aureusdetection

Media Selective agents Diagnostic criterion

Mannitol-salt Natrium chloride Mannitol fermentation
Mannitol-salt-acri� avine Natrium chloride

Acri�avine
Mannitol fermentation

Baird–Parker Potassium tellurite
Glycin
Lithium chloride

Tellurite reduction (black colonies)
Clear halo (egg yolk)

Baird–Parker– Rabbit plasma� brinogen Potassium tellurite
Glycin
Lithium chloride

Coagulase

Vogel and Johnson modi� ed Potassium tellurite
Glycin
Lithium chloride

Tellurite reduction
Mannitol fermentation
DNAse

4S Natrium chloride
Potassium tellurite
Incubation at 42� C

Tellurite reduction
Clear halo (egg yolk)

KRANEP Potassium thiocyanate
Lithium chloride
Sodium azide
Cycloheximide (antifungal compound)

Mannitol fermentation
Clear halo (egg yolk)
Pigment

Columbia CNA Nalidixic acid
Colistin sulfate

Pigment
Hemolysis

Chromogenic media:
l CHROMagarStaph. aureus(Becton Dickinson,

Franklin Lakes, United States)
l ChromIDS. aureus® (Biomérieux, Capronne, France)
l Brilliance Staph 24
l 3M™Petri� lm™Staph express

l RAPID’StaphAgar

Potassium tellurite
Glycin
Lithium chloride

Speci� c colors of the cfu:
l Light purple (patented)

l Green (a-glucosidase)
l Dark blue (patented)
l cfu surrounded by a pink halo,

nuclease activity
l Black

490 STAPHYLOCOCCUSj Detection by Cultural and Modern Techniques
Staphylococcus aureusDetection by Molecular Methods

Molecular Characterization ofS. aureusStrains
The phenotype-based methods, such as phage-typing (lyso
type) and capsular serotyping, are abandoned because of the
low discriminative power compared with the molecular
methods. Among these molecular methods, some methods
like ribotyping, are used to classify the strains at the infraspecie
level or to type the strains for epidemiological purposes using
pulse-� eld gel electrophoresis. In 2003, Hennekinne et al.
(2003) showed that PFGE was ef�cient to type S. aureusstrains
isolated from various foodstuffs.

Characterization of Toxinogenic Strains
In the early 1990s, PCR was applied to search speci� c S. aureus
genes in DNA samples obtained directly from foodstuffs and
not only in DNA extracted from pure culture. The targeted
genes were preferentially those encoding enterotoxins. Thes
latter genes, however, were not always detected inS. aureus
food isolates and other S. aureusgenes, more widely distrib-
uted, such as thenucgene, encoding thermonuclease, were the
chosen (Table 3). These techniques proved a high sensitivity. In
2005, Ikeda et al. (2005) detected by PCR enterotoxin gene
sea, seh, seg, andsei in samples of skimmed milk powder
involved in an SFP outbreak, although noS. aureushad been
found by classical microbiology methods. These results wer
con� rmed by the detection of the SEA and SEH in the milk
powder. SEG and SEI were not detectable at that time (no
speci�c detection techniques were available) but possibly were
present in the samples. Since 2001, the use of quantitative rea
time PCR methods allows evaluating the number of DNA
copies present in the samples. This number is correlated line
arly with the number of bacteria cells and thus it gives an
accurate estimation of the level ofS. aureuscontamination in
the foodstuff. This technique is particularly interesting because
food products can be contaminated byS. aureusat some steps
of the process and might be inactivated by the treatments
applied at some other subsequent steps (providing that DNA
has not been degraded: foodstuff treatments can indeed alte
bacterial DNA). Goto et al. (2007) showed that the amount of
staphylococcal DNA detected in a milk contaminated and then
pasteurized at 63� C, 30 min is lower than that detected in the
same milk after pasteurization at 72� C, 15 s. These authors
hypothesized that part of the DNA is lost due to cell lysis and
subsequent DNA hydrolysis during pasteurization. With arti-
� cially contaminated milk samples, detection limit is around
600 cfu ml� 1 in pasteurized milk samples, whereas it is
10 cfu ml� 1 in raw milk. Detection limits of PCR-based tech-
niques vary from a study to another. Food matrix complexity,
fats content, and the presence of potential PCR inhibitors must
be taken into account in the choice of proper DNA extraction
procedures to obtain a method suf� ciently sensitive and
reproducible. PCR techniques are not widely used in some
foodstuffs because of the lack of standardization criteria.
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Table 3 Some DNA-based techniques forStaphylococcus aureusidenti� cation

Gene or sequence Protein, product, or function Detection method

16S rRNA Ribosomal RNA 16S PCR hybridization
23S rRNA Ribosomal RNA 23S PCR hybridization
aroA 5-Enolpyruvylshikimate-3-phosphate synthase PCR, hybridization
clfA Clumping factor A (adhesion factor) PCR
coa Coagulase PCR
femA Cytoplasmic protein FemA PCR multiplex PCR
femB Cytoplasmic protein FemB PCR multiplex PCR
gap Glyceraldehyde 3-phosphate dehydrogenase PCR, PCR-RFLP hybridization
hsp60 Heat shock protein HSP60 hybridization sequencing
nuc Thermonuclease PCR
pnp Polynucleotide phosphorylase Hybridization
rpoB Subunitb of RNA polymerase Sequence
Intergenic space rRNA Intergenic sequences rRNA 16S-rRNA 23S RS-PCR
Fragment Sa2052 2 kb-longEcoRI subfragment resulting from a 44 kb

macrorestriction fragment
PCR, hybridization

Fragment Sa442 442 base pairsSau3A fragment resulting fromS. aureus
genomic DNA

PCR, hybridization

sodA Superoxide dismutase Hybridization
spa Staphylococcal protein A (two regions detected: region X

and region binding to immunoglobulins G)
PCR

Intergenic space tRNA Intergenic sequences tRNA PCR
tuf Elongation factor Tu PCR, hybridization PCR-RFLP
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Alarçon et al. (2006) described an optimized PCR protocol, for
automated quanti� cation in routine. This method is based on
a 24-h enrichment step followed by a DNA extraction using
DNeasy tissue kit (Qiagen) and a conventional PCR or a qRT
PCR using SYBR-Green, which is 10-fold more sensitive tha
conventional PCR. Goto et al. (2007) advocated washing the
cell pellet extracted from milk � ve times before DNA extraction
to obtain reproducible results.

Although the number of colony-forming units (cfu) per
gram often correlates well with the gene copy number, Hein
et al. (2005) observed discrepancies between these� gures
with gene copy numbers up to 100- or even 1000-fold higher
than the estimated cfu per gram in frozen raw milk samples. It
is thus dif� cult to � nd a clear and systematic correlation
between the number of cfu and the gene copy number
because some food processes either degrade DNA, k
bacteria, or turn them into a nonculturable state.

Although they are highly speci� c and sensitive, PCR result
only allow detection of S. aureusspeci� c genes and gene
encoding enterotoxins, but they do not give information about
the expression of these genes. In other words, the presence of
SE gene does not mean the presence of the corresponding SE
the foodstuff. In 2011, Cretenet et al. (2011) demonstrated, in
a model cheese, that the expression of SE genes can indeed
inhibited in some conditions, that is, the presence of lactic acid
bacteria. Recent efforts thus were dedicated to the developme
of methodologies based on reverse-transcriptase PCR (R
PCR), which enables an estimation of the level of SE gen
expression.
-
e

of
Normalized Methods and Alternative Methods

Because of sanitary rules and mandatory declaration of food
poisoning outbreaks, it appears absolutely necessary to us
robust and reliable methods for the detection of CPS and of SE
Such detections rely on normalized methods or on alternative
methods. Normalization aims at providing standards, or
reference documents, that bring consensual solutions to tech
nical problems in a client–provider perspective. In its interna-
tional de� nition, a standard is “a document, established by
consensus and approved by a recognized body that provides
for common and repeated use, rules, guidelines or characte
istics for activities or their results, aimed at the achievement o
the optimum degree of order in a given context.” Usually,
standards are heavy to implement for operators, and standard
methods may be supplemented by so-called alternative
methods with the same response characteristics (this, howeve
requires a validation against the reference method described i
the standard), but implementation will be easier, faster, and
cheaper.

Normalized Standards
S. aureusis usually isolated from foodstuffs using normal-
ized methods. Reference methods are described in interna
tional standards, which are adopted at the European
level (NF EN ISO 6888-1, -2, et -3). These are classic
techniques of cfu numeration on selective media after direct
inoculation of decimal dilutions of food extracts and
incubation at 37 � C.

The standard ISO 6888-3 describes a method of detectio
and numeration by the technique of the most probable
number (MPN) after an enrichment step. The selective medium
used in the standard is a modi� ed Giolitti and Cantoni broth
whose formula is similar to that of Baird–Parker (BP)
broth (see the Alternative Methods section). After enrichment,
S. aureusis detected by streaking and incubation on agar
selective medium. Such standards are based on two types
agar selective media: BP and RPF-BP.
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Methods using BP medium require a con� rmation test of
several colonies with characteristic and noncharacteristi
aspects, with a coagulase testin vitro. Methods using RPF-BP do
not require con� rmation test. Whatever the medium used,
coagulase-positive colonies are counted and the result i
expressed in cfu of CPS (most likelyS. aureus) by gram or by
milliliter of foodstuff. Fidelity of the methods described in the
standards ISO 6888-1 (BP and BP-RPF) in terms of repea
ability and reproducibility was evaluated in an interlaboratory
test realized with three types of foodstuffs and four levels of
S. aureuscontamination. The � delity of the two methods was
estimated suf� cient. Both methods received an equal status fo
the numeration of CPS in foodstuffs. RPF-BP is recommende
for the detection and numeration of CPS in raw milk cheeses
and any other foodstuff with complex microbial � ora, which
might interfere with the interpretation of BP plates.

Regarding PCR detection, no speci� c standards exist as o
yet for S. aureusbut a series of standards gathered in the generi
name“Food Microbiology – Polymerase Chain Reaction (PCR
for the detection of pathogenic microorganisms in foodstuffs”
provide the general principles, especially:

l The standard ISO 22174: General requirements and
de� nitions.

l The standard NF EN ISO 20837 for the preparation of
samples for qualitative detection by PCR. This standard
describes a protocol for DNA extraction from selective broth
of enrichment, approved by interlaboratory test for two
Gram-negative bacteria.

l The standard NF EN ISO 20838 for the ampli�cation and
qualitative detection.

This standard also describes some tests for the con� rmation
of the identity of the PCR product obtained and provides
remarks on test optimization.

Alternative Methods
S. aureuscan also be counted in foodstuffs by alternative
methods that are commercially available. Such methods are
more user friendly and or more rapid than normalized stan-
dards. To be used in place of a standardized method for of� cial
controls, they must be tested according to a recognize
protocol validation, including trials with a reference method
and a collaborative study.

Petri� lmTM Staph Express (3M) and Rapid Staph Tes
(BioRad) were validated, in France, by AFNOR in 2003 and in
2005, respectively. The Petri� lmTM Staph Express system
includes Petri� lm test containing a selective and differential
chromogenic medium for S. aureusplus a con� rmation disc
allowing observing the DNase activity of colonies. After inoc-
ulation and incubation of the test during 24 h at 37 � C,
S. aureusforms red-purple colonies. If cfu with another color
are visualized, the con� rmation disk is applied on the test
during 3 h at 37 � C. Pink halos around the cfu correspond to
S. aureus.

RapidStaph Test is a Baird–Parker medium optimized for
a reading after 24 h incubation (instead of 48 h in the standard
ISO 6888-1). Two con� rmation tests can be used on charac
teristic colonies: a rapid latex beads agglutination test (Pas
torexR Staph-plus, Bio-Rad) or a streak on RPF-BP allowin
visualization of CPS cfu after an 18 h incubation at 37� C.
Conclusion

Compared with phenotypic methods, molecular methods are
based on DNA and are independent of the expression o
speci�c genes in arti� cial culture conditions (laboratory envi-
ronment). These traits are relatively stable in nature, compared
with phenotypic (biotypes, serotypes, antibiograms). Molec-
ular methods give results independent of potential changes in
experimental conditions.

Molecular methods do not require in vitro culture and thus
allow identifying species that are nonculturable or dif� cult to
grow. Compared with phenotypic methods, molecular
methods targeting chromosomal genes allow the identi� cation
of all strains of a given species because all bacteria conta
DNA. Phenotypic methods remain routinely used because they
are pretty fast and do not require expensive equipment and
reagents or expertise. With the development of chromogenic
media that are increasingly ef�cient and discriminating, such
phenotypic methods have a future in the diagnosis of micro-
biological hazards in foodstuffs.
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Types and General Properties of the Staphylococca
Enterotoxins

Since the� rst characterization of staphylococcal enterotoxins A
and B (SEA and SEB) in 1959–60 by Casman and Bergdoll
(1989), 24 different staphylococcal enterotoxins (SEs)
(including SEC antigenic variants) have been described (Table
1); they are designated SEA to SElV2, in the chronological order
of their discovery except for SEF, which was later rename
TSST1: enterotoxins A (SEA), B (SEB), C1 (SEC1), C2 (SEC2), C3

(SEC3), D (SED), E (SEE), G (SEG), H (SEH), I (SEI), J (SElJ), K
(SElK), L (SElL), M (SElM), N (SElN), O (SElO), P (SElP), Q
(SElQ), R (SER), S (SES), T (SET), U (SElU), and U2 and V.

These toxins (enterotoxin and enterotoxin like) are globular
single-chain proteins with molecular weights, ranging from 22
to 29 kDa. Moreover, their crystal structures, established fo
SEA, SEB, SEC, SED, SEH, SElI, and SElK, reveal signi� cant
homology in their secondary and tertiary conformations. SEs,
SEls, and TSST-1, however, can be divided into four phylogeni
groups on the basis of their primary amino acid sequences.

SEs are resistant to environmental conditions (freezing
drying, heat treatment, low pH) that easily destroy the
enterotoxin-producing strain. They are also resistant to
proteolytic enzymes retaining their activity in the digestive
tract after ingestion. Thermal resistance is dependent on th
relative purity of the SE preparation. Generally, heat treatments
commonly used in food processing are not effective for
complete destruction of SE when present initially at levels
expected to be found in food involved in food-poisoning
outbreaks (0.5–10 mg per 100 ml or 100 g). It should be borne
in mind, however, that thermal inactivation often is deter-
mined by the loss of the serological reactivity of the SE. Bio
logical activity may be lost before the serological activity.
On the other hand, some outbreaks result from eating foods
that have been heated after SE was produced. Thermal stabili
of SE is in� uenced by the nature of the food, pH, presence o
NaCl, and the type of toxin. SEA, for instance, is relatively
more stable to heat at pH 6.0 or higher than at pH 4.5–5.5. SED
is relatively more stable at pH 4.5–5.5 than pH 6.0 or higher.
If SE is not completely inactivated by heat, reactivation may
occur under certain circumstances like cooking, storage, o
incubation.

These proteins have been named according to their emeti
activity after oral administration in a primate model. Jarraud
et al. (2001) renamed some of these toxins as SE-like toxin
(SEl), because either no emetic properties were detected o
because they were not tested in primate models. SEs belong
the broad family of pyrogenic toxin superantigens. Super-
antigens (SAgs), unlike conventional antigens, do not need to
be processed by antigen-presenting cells (APC) before bein
presented to T-cells. This leads to the activation of a larg
number of T-cells followed by proliferation and massive release
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of chemokines and proin� ammatory cytokines that may lead
to potentially lethal toxic shock syndrome as described by
Balaban and Rasooly (2000) (for more details,see Staphylo
coccus: Staphylococcus aureus).

Although the superantigenic activity of SEs has been we
characterized, the mechanisms leading to the emetic activity ar
less documented. Despite considerable efforts to identify
speci�c amino acids and domains within SEs, which may be
important for emesis, results are still limited and controversial.
For example, SElL and SElQ are nonemetic, whereas SE
displays weak emetic activity. These toxins lack the disul� de
loop characteristically found at the top of the N-terminal
domain of other SEs. Nonetheless, the loop itself does not
appear to be an absolute requirement for emesis, although
it may stabilize a crucial conformation important for this
activity. Correlation between emetic and T-cell stimulatory
activities of SEA and SEB where amino acids had bee
substituted have been studied. In most cases, genetic mutation
resulting in a loss of superantigen activity also resulted in loss
of emetic activity. As there was not a perfect correlation
between immunological and emetic activities in all the
mutants, this study suggested that these two activities could
be dissociated.

In contrast to other bacterial enterotoxins, speci� c cells and
receptors in the digestive system have not been linked clearl
to oral intoxication by an SE. Sugiyama and Hayama (1965)
suggested that SEs stimulate the vagus nerve in the abdomin
viscera, which transmits the signal to the emetic center. Sup
porting this idea, receptors on vagal afferent neurons are
essential for SEA-triggered emesis. In addition, SEs are able
penetrate the gut lining and activate local and systemic
immune responses. The diarrhea sometimes associated wit
SE intoxication could be due to the inhibition of water and
electrolyte reabsorption in the small intestine. In an attempt
to link the two distinct activities of SEs, that is, super-
antigenicity and emesis, it has been postulated that enterotoxin
activity could facilitate transcitosis, enabling the toxin to
enter the bloodstream and circulate through the body, thus
allowing the interaction with APCs and T-cells that leads to
superantigen activity according to Balaban and Rasooly (2000)
In this way, circulation of SEs following ingestion of SEs as well
as their spread from anS. aureusinfection site could have more
profound effects upon the host than if the toxin remains
localized.

Enterotoxin gene locations are numerous. In 2010, Argudin
et al. summed up these locations:segenes can be carried by
plasmids (seb, sed, sej, ser,ses, set), phages (temperate forsea,
defective forsee), or by genomic islands (seb, sec, seg,seh,sei, sek,
sel, sem, sen, seo,sep, and seq). Gene encoding for seccan be
located on a plasmid or a pathogenicity island depending on
the origin of the isolate. Jarraud et al. (2001) highlighted the
existence of an operon,egc(enterotoxin gene cluster), encoding
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00319-0
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Table 1 Staphylococcal enterotoxin characteristics

Toxin type

General characteristics Mode of activity

Molecular weight (Da) Genetic basis of SE Superantigenic actiona Emetic actionb

SEA 27 100 Prophage þ þ
SEB 28 336 Chromosome, plasmid, pathogenicity island þ þ
SEC1-2-3 27 500 Plasmid þ þ
SED 26 360 Plasmid þ þ
SEE 26 425 Prophage þ þ
SEG 27 043 enterotoxin gene cluster(egc), chromosome þ þ
SEH 25 210 Transposon þ þ
SEI 24 928 egc, chromosome þ (þ )
SElJ 28 565 Plasmids þ nk
SEK 25 539 Pathogenicity island þ nk
SElL 25 219 Pathogenicity island þ � c

SElM 24 842 egc, chromosome þ nk
SElN 26 067 egc, chromosome þ nk
SElO 26 777 egc, chromosome þ nk
SElP 26 608 Prophage þ nkd

SElQ 25 076 Pathogenicity island þ �
SER 27 049 Plasmids þ þ
SES 26 217 Plasmid þ þ
SET 22 614 Plasmid þ (þ )
SElU 27 192 egc, chromosome þ nk
SElU2 26 672 egc, chromosome þ nk
SElV 24 997 egc, chromosome þ nk

aþ , positive reaction.
bþ , positive reaction; (þ ), weak reaction;� , negative reaction; nk, not known.
cFor SElL, emetic activity was not demonstrated inMacaca nemestrinamonkey.
dFor SElP, emetic activity was demonstrated inSuncus murinusbut not in primate model.
Adapted from Hennekinne, J.A., De Buyser, M.L., Dragacci, S., 2012.Staphylococcus aureusand its food-poisoning toxins: characterization and outbreak investigation. FEMS
Microbiology Review 36, 815–836.

STAPHYLOCOCCUSj Detection of Staphylococcal Enterotoxins 495
for several SEs: SEG, SEI, SEM, SEN, and SEO. Theegcalso
contains two pseudogenes (4ent1 and 4ent2). This locus
probably plays the role of a nursery forsegenes, as phenomena
of duplication and recombination from a common ancestral
gene could explain new forms of toxins. This was demonstrated
by the identi� cation of genes encoding forseu,seu2, and sev
within egc. The location of segenes on mobile genetic elements
can result in horizontal gene transfer between strains o
S. aureus. For example, thesebgene is located on the chromo-
some in some clinical isolates, whereas it has a plasmidi
location in other strains of S. aureus.

A main regulatory system controlling the expression of
virulence factors inS. aureusis the agrsystem (accessory gen
regulator). This system works in combination with the sar
system (staphylococcal accessory regulator). Most but not a
of the expressions of SEs are controlled by theagrsystem. For
example, expression ofseb, sec, and sedgenes isagrdependent,
whereas expression ofseaand sejis agr independent. SEB is a
negative global regulator of exoprotein gene expression actin
through the agrsystem. The expression ofagrsystem is linked
closely to quorum sensing. Four different patterns of expres
sion using quantitative reverse-transcription polymerase
chain reaction (RT-PCR) have been described. The� rst pattern
for sea, see, sej, sek,sep, andseqindicated that abundance of
mRNAs was independent of the bacterial growth phases. In
the second pattern, the transcript levels forseg, sei,sem, sen,seo,
and seuslightly decreased during bacterial growth. The third
pattern indicated a huge and rapid induction of seb,sec, and
sehat the end of the exponential growth phase, whereas the
last highlighted a modest postexponential increase ofsed, ser,
and selexpression.

To conclude this section, the currently known SEs form
a group of serologically distinct, extracellular proteins that
share important properties, namely: (1) the ability to cause
emesis in primate model; (2) superantigenicity through an
non-complete unspeci� c activation of T lymphocytes (as each
SEs binds to a subset of Vb chains) followed by cytokine release
and systemic shock; (3) resistance to heat and to digestion b
pepsin; and (4) structural similarities.
Food Implicated and Major Outbreaks

Staphylococcal food poisoning (SFP) is one of the most
common foodborne diseases in the world. SFP is caused by th
ingestion of SEs, which are produced by enterotoxigenic strain
of coagulase-positive staphylococci (CPS), mainlyS. aureusand
occasionally by other staphylococci species such asStaphylo-
coccus intermediusas described by Khambaty et al. (1994).

When outbreaks occurred during large social events, chaot
situations resulted requiring the rapid implementation of
medical care for a high number of cases.

The incubation period and severity of symptoms observed
depend on the amount of enterotoxins ingested and
the susceptibility of each person. Most common symptoms
include nausea followed by incoercible characteristic vomiting
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496 STAPHYLOCOCCUSj Detection of Staphylococcal Enterotoxins
(in spurts), shortly after (3 h on average) ingesting the
contaminated food and recovery occurs within 24–48 h
without speci� c treatment (see Staphylococcus: Staphyloc
aureus, for more details). Death is rare (0.02% according to
Mead et al., 1999), occurring in the most susceptible people to
dehydration such as infants and the elderly and people affected
by an underlying illness.

Regarding the toxin dose, most of the studies referred to
SEA. In 1991, Notermans et al. demonstrated the feasibility o
a reference material containing about 0.5mg of SEA, as i
had been suggested that this dose can cause symptoms su
as vomiting by Bergdoll (1989). Mossel et al. (1995) cited an
emetic dose 50 value of about 0.2mg SE per kg of human
body weight. They concluded that an adult would need to
ingest about 10–20 mg of SE to suffer from symptoms. Other
authors considered that less than 1mg of SE may cause food
poisoning symptoms in susceptible individuals. Evenson
et al. (1988) estimated that the amount of SEA needed to caus
vomiting and diarrhea was 0.144 mg, the amount recovered
from a half-pint ( w 0.28 l) carton of milk. In a large SFP out-
break in Japan, the total intake of SEA in low-fat milk was
estimated mostly at approximately 20–100 ng per capita. In an
SFP outbreak involving ‘coconut pearls’ (a Chinese dessert
based on tapioca), Hennekinne et al. (2009) estimated the total
intake of SEA per capita at around 100 ng. Finally, Ostyn et al
(2010) investigated SFP outbreaks due to SEE and estimate
that the total intake of SEE per capita was 90 ng, a dose i
accordance with those previously mentioned.

The � rst description of foodborne disease involving staph-
ylococci was investigated in Michigan (United States) in 1884
by Vaughan and Sternberg. This food-poisoning event was du
to the consumption of a cheese contaminated by staphylococci
The authors stated:“ It seems not improbable that the poisonous
principle is a ptomaine developed in the cheese as a result of th
vital activity of the above mentioned Micrococcus or some other
microorganisms which had preceded it, and had perhaps been
killed by its own poisonous products” (Dack, 1956).

Ten years later in 1894, Denys concluded that the illness o
a family that had consumed meat from a cow that had died
of vitullary fever was due to the presence of pyogenic
staphylococci.

In 1907, Owen recovered staphylococci from dried beef
involved in an outbreak showing characteristics of SFP
symptomatology.

Proof of the involvement of staphylococci in food
poisoning was � rst brought by Barber in 1914. He demon-
strated with certainty that staphylococci were able to caus
poisoning by his consuming unrefrigerated milk from a cow
suffering from mastitis, an in� ammation due to staphylococci.
Correlation between staphylococci-containing food and
symptomatology was not recognized until other examples of
food poisoning occurred later in the twentieth century. In
1922, Baerthlein reported a huge outbreak involving 2000
soldiers of the German army during World War I and estab-
lished the possible role of bacteria:

I am going to report the case of an extended demonstration of
poisoned sausages (approximately 2,000 cases) held in the spring
1918 during the military campaign of Verdun, which would prob-
ably have catastrophic military consequences. Early in June 1918,
us

sudden and massive demonstrations that have the appearance of an
acute and in some cases severe gastroenteritis, similar to cholera,
affected the troops around Verdun; entire companies were disabled
except just a few people, and within two days about 2,000 men had
been affected. The symptoms were so severe that some troops (more
than 200) had to be transferred to � eld hospitals. The suspicion of
food poisoning has been mentioned because, according to reports of
the sick, the disease occurred 2 or 3 hours (some of the symptoms
appeared after 6 to 8 hours) after eating a dish of sausages. Only
troops who did not eat the meal were spared, such as soldiers who
had returned to headquarters to receive orders, soldiers who for
other reasons had not eaten sausages, and soldiers who were on
leave and/or following a different diet. However, it was surprising
that among the troops that were not present at the front, such as
butchers, who ate the same sausage two days earlier, we did not
observe any cases of disease. (Baerthlein, 1922)

In 1930, Dack found that a sponge cake was responsible fo
the intoxication of 11 individuals; he highlighted that the
disease was probably linked to a toxin called‘enterotoxin’
produced by yellow hemolytic Staphylococcus. Broth culture
� ltrates of this strain were administrated intravenously to
a rabbit and orally to three human volunteers. The rabbit died,
after � rst developing water diarrhea, and the three volunteers
developed nausea, chilliness, and vomiting after 3 h. In the
same year, Jordan showed that various strains of staphylococ
exhibited cultural properties of generating a substance that wa
puri � ed from broth and, when taken orally, produced gastro-
intestinal disturbance.

A few years later, in 1934, Jordan and Burrows observed nin
outbreaks related to the presence of staphylococci in food
remnants, whereas Dolman explained that“ the food poisoning
substance is probably produced by only a few strains of staph
ylococci, and that it is a special metabolite whose formation and
excretion are favored in the laboratory by such environmental
conditions as a semi-� uid medium and atmosphere containing
a high percentage of carbon dioxide, conditions which promote,
respectively, abundant growth and increased cellular perme
ability with partial buffering ” (Jordan and Burrows, 1934).

One of the � rst well-documented staphylococcal food-
poisoning outbreaks was described by Denison in 1936. This
outbreak occurred among high school students after they had
eaten tainted cream puffs. He depicted the typical symptoms
of 122 cases as follows:
Within 2-4 hours after eating there was� rst noticed a feeling of
nausea. Severe abdominal cramps developed and were quickly
followed by vomiting which was severe and continued at 5-20
minute intervals for 1-8 hours [. ] A diarrhea of 1-7 liquid stools
usually began with the vomiting and continued for several hours
after its onset [.] During the acute stage the temperature was
normal or subnormal, the pulse noticeably increased, there were
cold sweats, prostration was severe and the patients were very
de� nitely in a state of shock. Headache was mild and of a short
duration. Muscular cramping [.] was present in the majority.
Dehydration was marked in some. While the acute symptoms
usually lasted only 1-8 hours, complete recovery [.] was delayed for
1-2 days. (Denison, 1936)

SFP symptomatology has been studied extensively esp
cially by the US Army: in a naturally occurring outbreak
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among US Army personnel, involving 400 out of 600 men,
DeLay reported in 1944 that about 25% of cases were class
� ed as severe or shock cases. Numerous SFP outbreaks h
been described since the end of World War II. For example
Brink and Van Meter from the Institute for Cooperative
Research of the University of Pennsylvania wrote a long repor
on an outbreak of SE food poisoning, which happened in
1960:
e
ed

.

,

:
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t

On a Saturday afternoon in the middle of summer, an epidemic of
staphylococcal enterotoxin food poisoning occurred at a picnic held
two miles from Gabriel, a small Midwestern town. (The name of the
town and other names in this report are� ctitious, in accordance with
commitments to Task Surprise respondents.) About 1,700 persons
attended the picnic, which is an annual affair sponsored by the
Johnson Co., of Croydon, some 60 miles away. Early in the morning,
approximately seven hours before the picnic began, an unventilated,
unrefrigerated truck containing a large supply of ham sandwiches
was parked at the picnic grounds. The truck was exposed to the heat
of direct sunlight, while the average ambient temperature for the day
was close to 100 degrees Fahrenheit. In this environment, the
staphylococcal organisms which elaborate the toxin multiplied
rapidly. During the epidemic that followed, approximately 1,100
persons became ill. (Brink and Van Metter, 1960)

Among more recent examples (Table 2), the case that
happened in 1997 in Florida (United States) during a retire-
ment party at which precooked ham was served provides an
interesting demonstration of the � ve conditions needed to
cause SFPO: on 27 September 1997, a community hospital in
Northeastern Florida (United States) noti� ed the Health
Department about several persons who were treated in th
emergency room because of gastrointestinal illnesses suspect
of being associated with a common meal ingested on 26
September 1997.
Table 2 Excerpt of food poisonings presented in the litera

Year Location Incrim

1968 School children, Texas Chicke
1971 UK army Sausa
1975 Flight from Japan to Denmark Ham
1976 Flight from Rio to NYC Choco
1980 Canada Chees
1982 North Carolina and Pennsylvania H
1983 Caribbean cruise ship Desse
1984 Scotland Sheep’s
1985 France, UK, Italy, Luxembourg Dried
1985 School children, Kentucky 2% ch
1986 Country Club, New Mexico Turkey
1989 Various US states Canne
1990 Thailand Eclairs
1992 Elementary school, Texas Chicke
1997 Retirement party, Florida Precoo
1998 Minas Gerais, Brazil Chicke
2000 Osaka, Japan Low-fa
2006 Ile de France area, France Cocon
2007 Scouts’ camp, Belgium Hamb
2007 Elementary school, Austria Milk, c
2009 Nagoya University festival, Japan C
2009 Various districts, France Raw m
On September 25, a food preparer had purchased
a 16-pound precooked packaged ham, baked it at home a
204 � C for 1.5 h, and transported it to her workplace, a large
institutional kitchen; � nally, she sliced the ham while it was
hot with the help of a commercial slicer. The food preparer
declared that she had no cuts, sores, or infected wounds o
her hands. She reported that she routinely cleaned the slicer i
place rather than dismantling it and cleaning it according to
recommended procedures and that she did not use an
approved sanitizer. All 16 pounds of sliced ham were placed in
a 14-inch by 12-inch by 3-inch plastic container that was
covered with foil and stored in a walk-in cooler for 6 h, then
transported back to the preparer’s home and refrigerated
overnight. The ham was served cold at the party the next day
Leftover food was collected and submitted for laboratory
analysis. Of the approximately 125 persons who attended
the party, 98 completed and returned questionnaires. Of these
31 persons attended the event but ate nothing, and none of
them became ill; they were excluded from further analysis. A
total of 18 (19%) persons had illnesses meeting the case de� -
nition, including 17 party attendees and one person who ate
food brought home from the party. Eighteen persons reported
symptoms such as nausea (94%), vomiting (89%), diarrhea
(72%), weakness (67%), sweating (61%), chills (44%), fatigue
(39%), myalgia (28%), headache (11%), and fever (11%).
Onset of illness occurred at a mean of 3.4 h after eating (range
1–7 h); symptoms lasted a median of 24 h (range: 2–72 h).
Seven persons sought medical treatment, and two of those wer
hospitalized overnight. Illness was strongly associated with the
eaten ham (risk ratio ¼ 26.8). Of the 18 ill persons, 17 (94%)
had eaten ham. The ill person who had not attended the party
had eaten only leftover ham. None of the other foods served a
the party were signi� cantly associated with illness. One sample
of leftover cooked ham and one sample of leftover rice pilaf
ture

inated food Number of cases

n salad 1300
ges rolls, ham sandwiches 100

197
late Eclairs 80
e curd 62
am and cheese sandwich; stuffed chicken 121
rt cream pastry 215

milk cheese 27
lasagna 50
ocolate milk > 1000
, poultry, gravy 67
d mushrooms 102

485
n salad 1364
ked ham 18
n, roasted beef, rice and beans 4000
t milk 13 420
ut pearls (Chinese dessert) 17
urger 15
acao milk, vanilla milk 166
repes 75
ilk cheese 23
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were analyzed by reversed passive latex agglutination (RPLA)
identify SE and were positive for SEA.

The main point highlighted by these reports is that any
food that provides a convenient medium for CPS growth may
be involved in an SFP outbreak. The foods most frequently
involved differ widely from one country to another, probably
due to differing food habits according to Le Loir et al. (2003).
For instance, in the United Kingdom or the United States,
meat or meat-based products are the food vehicles mostl
involved in SFP, although poultry, salads, and cream-� lled
bakery items are other good examples of foods that have
been involved.

As SFP is a short-term disease and usually results in fu
recovery, medical doctors do not take it very seriously
especially when the outbreak affects only a few people
Although such outbreaks should be reported to the sanitary
authorities, De Buyser et al. (2001) consider that this situa-
tion leads to underreporting. Many researchers consider tha
SFP is one of the most common foodborne disease
worldwide.
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Overview of Analytical Methods for SE Detection

Diagnosis of SFP generally is con� rmed either by the recovery
of at least 105 S. aureusg� 1 from food remnants or by the
detection of SEs in food remnants. In some cases, con� rmation
of SFP is dif� cult becauseS. aureusis heat sensitive, whereas SE
are not. Thus, in heat-treated food matrices,S. aureusmay be
eliminated without inactivating SEs. In such cases, it is no
possible to characterize a food-poisoning outbreak by
enumerating CPS in food remnants or detectingsegenes in
isolated strains.

Although S. aureus is usually enumerated by using
microbiological techniques with dedicated media such as
Baird–Parker or rabbit plasma � brinogen agar, four types
of methods are used to detect bacterial toxins in food: bioas-
says, molecular biology, immunological techniques, or mass
spectrometry (MS)-based methods.
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Bioassays

Bioassays are based on the capacity of an extract of th
suspected food to induce symptoms, such as vomiting
gastrointestinal symptoms in animals, or superantigenic action
in cell cultures. Historically, SEs have been detected based o
their emetic activity in monkey-feeding and kitten-
intraperitoneal tests and, more recently, using animal models,
such as house musk shrewsSuncus murinus. Symptoms of SFP
appear if the dose of SEA ingested by the animals is abov
2.3 mg, a considerably higher amount than those involved in
human food poisoning. Thus, this technique is not relevant for
characterizing SFP outbreaks.

Molecular Methods

Molecular biology methods often involve the PCR. These
methods usually detect genes encoding enterotoxins in strain
of S. aureusisolated from contaminated foods. These methods
have two major limitations: � rst, staphylococcal strains must
be isolated from food, and second, the results inform as to the
presence or absence of genes encoding SEs, but they do n
provide any information on the expression of these genes in
food. This method therefore cannot be the sole method for
con� rming S. aureusas causative agent in an outbreak
However, the PCR approach is a speci� c, highly sensitive, and
rapid method that can characterize the S. aureusstrains
involved in SFP outbreaks, thereby providing highly valuable
information. In outbreaks described by Ostyn et al. (2010),
SEE has been found in the common source vehicle and thesee
gene was present in the testedS. aureusisolates. In such a case
segene determination helps to con� rm the role of an SE rarely
encountered. Very recent efforts have been directed to dete
mining directly which segenes are found in suspected foods
Following the huge SFP event that occurred in Japan in Jul
2000 (more than 13 000 people were intoxicated by
powdered or liquid milk), Ikeda et al. (2005) developed
a PCR-based methodology wherebysea, seg, seh, and seigenes
could be detected in the incriminated powdered skim milk,
although cultivable S. aureuswere not recovered from the
sample.

Moreover, to evaluate the toxic potential of strains isolated
from SFP outbreaks, various authors recently have designe
primers to perform PCR and RT-PCR forsegenes.

For example, an ef�cient method for extracting bacterial
RNA accessible for RT-quantitative PCR (RT-qPCR) from chee
has been developed for quantifying relative transcript levels to
evaluate S. aureusenterotoxin gene expression during chees
manufacture. These approaches demonstrate possible tra
scription of mRNA from those genes, but they do not indicate
whether those strains were able to produce detectable o
poisonous levels of toxins in food.
Immunological Methods

The third and most commonly used method for detecting SEs
in food is based on the use of antienterotoxin polyclonal or
monoclonal antibodies. Commercially available kits
(Table 3) have been developed according to two different
principles: (1) enzyme immunoassay (EIA) composed of
enzyme-linked immunosorbent assay (ELISA) and enzyme
linked � uorescent assay (ELFA); and (2) RPLA. It is widel
recognized that the use of immunological methods to detect
contaminants in food matrices is a dif� cult task, mainly due
to the lack of speci� city and sensitivity of the assay. Many
drawbacks impair the development and use of these tech
niques for detecting SEs. First, highly puri� ed toxins are
needed to raise speci� c antibodies to develop an EIA; puri� ed
toxins are dif� cult and expensive to obtain. Moreover, and
until recently, only antibodies against SEA to SEE, SEG, SE
and SElQ were available. The ELISA test will not detec
the other SEs, which could partly explain why some
outbreaks remained uncharacterized without a known etio-
logical agent. Another drawback is the low speci� city of some
commercial kits, where false positives may occur depending
on food components, as it is well known that some staphy-
lococcal proteins, such as protein A, can interfere with the tes
by binding the Fc fragment (and, to a lesser extent, Fab
fragments) in immunoglobulin G from several animal
species, such as mouse or rabbit, but not rat or goat. Othe
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Table 3 Commercially available detection kits

Test kit name Manufacturer Toxins detected
Sensitivity (according
to manufacturer)

Time for analysis
(without extraction time)

Vidas SET2 Biomerieux A, B, C, D, E 0.25 ng g� 1 sample Within 1 day (detection max 80 min)
Ridascreen SET total R-biopharm A, B, C, D, E 0.25 ng ml� 1 Within 4 h
Tecra staphylococcal enterotoxin visual

immunoassay (VIA™)
3M A, B, C, D, E 1 ng ml� 1 in extract Within 4 h

Tecra staphylococcal enterotoxin identi� cation
visual immunoassay (VIA™)

3M A, B, C, D, E Unknown Within 4 h

Transia plate staphylococcal enterotoxins (plus) Biocontrol A, B, C, D, E 0.25 ng g� 1 sample Within 2 h
Transia ID staphylococcal enterotoxins Biocontrol A, B, C, D, E 20–60 pg ml� 1 Within 2 h
SET-RPLA toxin detection kit Oxoid A, B, C, D 0.5 ng ml� 1 in extract 24 h
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interferences are associated with endogenous enzymes, su
as alkaline phosphatase or lactoperoxidase.

Whatever the detection method used and due to the low
amount of SEs present in food, it is crucial to concentrate the
extract before performing detection assays. For this purpos
various methodologies have been tested. Among them, only
extraction followed by dialysis concentration has been
approved by the European Union for extracting SEs from food
as described in the EU regulation 2073/2005.

Up to now, however, after enumerating CPS strains
conclusive diagnosis of SFPs mainly has been based o
demonstrating the presence of SEs in food using commercia
EIA kits designed to detect SEA to SEE or using a con� rmatory
in-house ELISA method to differentiate and quantify these
types of SEs.
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Mass Spectrometry–Based Methods

Because of drawbacks with currently available detectio
methods and the lack of available antibodies against the newly
described SEs, other strategies based on physicochemical te
niques have recently been developed. Among these, MS h
newly emerged as a promising and suitable technique fo
analyzing protein and peptide mixtures. It is among the most
sensitive techniques currently available because it provide
speci�c, rapid, and reliable analytical quanti� cation of the
amount of enterotoxins. The development of two soft ioniza-
tion methods, such as electrospray ionization (ESI) and matrix-
assisted laser desorption/ionization (MALDI), and the use of
appropriate mass analyzers, such as time-of-� ight (TOF), have
revolutionized the analysis of biomolecules. Given the wide
range of methodologies available, a single MS technique
cannot be used for all proteins. The MS method thus requires
the development of a series of techniques, individually suited
for each particular case.

In the case of food analysis, the situation is complex
because the matrix can contain many proteins, lipids, and
other molecular species that interfere with the detection of
the targeted toxin and may distort quanti� cation. Sample
preparation remains the critical step of the analysis. Severa
authors have tried to improve this step, for example, by
optimizing digestion parameters or by adding a puri� cation
step. The strategy of incorporating an isotopically labeled
internal standard into the samples has also been developed
In the case of SE detection, some authors have develope
MS tools to detect these toxins in culture supernatants and
in spiked samples, such as water or apple juice. For exampl
a MALDI-TOF method for detecting S. aureusvirulence
factors such as enterotoxins was developed and was suitab
for detecting SEs other than SEA to SEE in culture supe
natants. More recently, Brun et al. (2007) developed an MS
approach that is able to perform absolute quanti�cation of
SEA and TSST1 in spiked water or urine samples. To improv
characterization and quanti� cation of SEs, this latter meth-
odology was successfully used by Dupuis et al. (2008) and
Hennekinne et al. (2009) to carry out absolute quanti� ca-
tion of SEA in a naturally contaminated cheese sample and
in samples involved in food poisoning outbreak,
respectively.
Conclusion

An overall approach combining classical microbiology to
enumerate CPS strains coupled with immunological tech-
niques, molecular biology, and MS-based methods offers an
interesting alternative for assigning outbreaks to SEs. Thu
the development of standards to perform absolute quanti� -
cation will continue. Although the quantitative MS method
overpasses speci� c technical limitations of existing ELISA
methods for detecting and quantifying SEs, its throughput
and cost per analysis compares unfavorably with ELISA. Fo
this reason, when the MS-based method becomes availabl
for all SEs involved in SFP outbreaks it will not be employed
for routine analysis, but only in special cases to con� rm
outbreaks due to SEs.
See also:Bacillus: Detection of Toxins; Biosensors– Scope in
Microbiological Analysis; Detection of Enterotoxin of
Clostridium perfringens; Clostridium: Detection of Neurotoxin
of Clostridium botulinum; Ecology of Bacteria and Fungi:
In� uence of Available Water;Escherichia coli:Detection of
Enterotoxins ofE. coli; Food Poisoning Outbreaks;Ecology of
Bacteria and Fungi in Foods:Effects of pH;Hazard Appraisa
(HACCP):The Overall Concept;Hazard Analysis and Critical
Control Point (HACCP):Critical Control Points;Hazard
Appraisal (HACCP):Involvement of Regulatory Bodies;Hazard
Appraisal (HACCP):Establishment of Performance Criteria
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Mycotoxins:Detection and Analysis by Classical Techniqu
Mycotoxins:Immunological Techniques for Detection and
Analysis;Nucleic Acid–Based Assays:Overview; PCR
Applications in Food Microbiology; Phycotoxins; Designin
Hygienic Operation;Process Hygiene: Types of Sterilant;
Process Hygiene:Overall Approach to Hygienic Processing
Process Hygiene:Modern Systems of Plant Cleaning;Process
Hygiene:Risk and Control of Airborne Contamination;Process
Hygiene:Disinfectant Testing;Process Hygiene:Involvement of
Regulatory and Advisory Bodies;Process Hygiene:Hygiene in
the Catering Industry;Staphylococcus:Staphylococcus aureu;
Staphylococcus: Detection by Cultural and Modern
Techniques;Identi�cation Methods:Introduction;DNA
Fingerprinting:Pulsed-Field Gel Electrophoresis for Subtyp
of Foodborne Pathogens;Identi�cation Methods:DNA
Fingerprinting: Restriction Fragment-Length Polymorphis
Bacteria RiboPrint™: A Realistic Strategy to Address
Microbiological Issues outside of the Research Laborator
Multilocus Sequence Typing of Food Microorganisms;
Application of Single Nucleotide Polymorphisms–Based Typing
for Dna Fingerprinting of Foodborne Bacteria;Identi�cation
Methods and DNA Fingerprinting:Whole Genome Sequencin
Identi�cation Methods:Multilocus Enzyme Electrophoresis;
Identi�cation Methods:Chromogenic Agars;Identi�cation
Methods:Immunoassay;Identi�cation Methods:DNA
Hybridization and DNA Microarrays for Detection and
Identi� cation of Foodborne Bacterial Pathogens; Identi� cation
of Clinical Microorganisms with MALDI-TOF-MS in
a Microbiology Laboratory.
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Characteristics of the Species

The speciesStaphylococcus aureusis a member of the genus
Staphylococcus, the natural reservoirs of which are the skin and
mucous membranes of humans and animals. Many staphy
lococcal species have become adapted to life on particula
animal species, but in contrast,S. aureusis present on most
marine and terrestrial mammals and may be present a
a nonaggressive member of the normal skin micro� ora or may
be associated with infectivity and disease.Staphylococcus aure
colonizes the cutaneous surfaces as well as host mucosae.
humans, it is found mainly in the upper respiratory tract,
especially the throat and the anterior nares, but also on the
scalp and hands. Up to 50% of humans may be healthy
carriers of S. aureus; however, the frequency of the asymp-
tomatic carriage varies from a study to another. Hence
S. aureuscarriage in the anterior nares or mouth of adult
population was found between 23% and 46%, and coloniza-
tion in children was found as high as 64%. Among healthy
carriers, two distinct pattern of colonization were identi� ed:
intermittent and persistent S. aureuscarriage. Nevertheless, in
a recent study, intermittent carriers and noncarriers showed
similar S. aureuselimination kinetics and similar anti-Staph-
ylococcal antibody levels. This implies that there are only two
human types of nasalS. aureuscarriers: persistent carriers and
others. More insights on the factors favoring persistent carriag
should be provided by future analysis of human genomic
polymorphisms.

Staphylococcus aureusalso may be isolated from healthy
domestic and food animals as well as being associated with
disease, particularly mastitis. Carriage is more associated wit
livestock animals than pets. Hence,S. aureuscarriage in live-
stock animals was assessed at 50% in poultry, 42% in pigs, an
23% in bovines.

As a result of adaptation to the extreme microenviron-
mental conditions that exist on the surfaces of warm-blooded
animals and humans, S. aureushas evolved a high degree o
resistance to desiccation and osmotic stress. They are robu
organisms that survive well outside their natural hosts in air, in
dust, and in water.

Staphylococcus aureusis one of the nearly 50 species, which
include the genus Staphylococcus, a member of the family
Staphylococcaceae, withJeotgalicoccus, Macrococcus, and Salini-
coccus. Staphylococci are Gram-positive, catalase-positiv
coccoid organisms, which grow within the temperature range
7–48 � C with an optimum of 35 –40 � C and can metabolize
glucose oxidatively or fermentatively. When staphylococca
cultures are examined microscopically, the cells are arrange
characteristically in clusters as a result of their mode of division
Members of the S. aureusspecies produce a number of extra
cellular compounds, including membrane-damaging toxins;
epidermolytic toxin; superantigens (SAgs), such as toxic shoc
syndrome toxin (TSST) and staphylococcal enterotoxins (SEs
and exoenzymes, such as coagulase and thermostable nuclea
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
(TNase). Production of coagulase and TNase have been use
widely as identi� cation markers forS. aureus.

Mobile genetic elements (MGE), which may be carried by
S. aureus, include bacteriophages, transposons, pathogenicit
islands, and plasmids. These elements increase the capacity
S. aureuscells to respond to changes in environmental condi-
tions and facilitate the transfer of genetic information between
cells. Studies have shown thatS. aureusMGE encode determi-
nants for resistance to various antimicrobials and are involved
in virulence expression, such as toxin production or adherence
to host. SomeS. aureusplasmids are quite large (40–60 kb) and
the genetic expression associated with these plasmids that ha
been identi� ed to date probably constitutes a small proportion
of the total genetic information encoded.
Toxins and Adhesion Molecules

Staphylococcus aureusproduces a large variety of virulence
factors involved in adhesion, invasion, or host-immune
evasion. Staphylococcus aureusproduces in particular many
cytotoxic toxins such as alpha-toxin, beta-toxin, and delta-
toxin, which recently joined the group of the phenol-soluble
modulins (PSMs), and two-component toxins. This last
group of toxins, also called synergo-hymenotropes toxins or
leukocidins, represents a family of recently discovered protein
that includes gamma-toxin (composed of subunits HlgA,
HlgB, and HlgC), the Panton–Valentine leukocidin (PVL)
composed of subunits LukS-PV and LukF-PV, and the leuko
cidins LukE LukD and LukB LukA (also called LukY LukX and
LukH LukG). Gamma-toxin and LukH LukG leukocidins are
produced by all S. aureusstrains, whereas LukE LukD are
produced by approximately 40% of strains and PVL by 3–50%
of strains depending on the geographic origin. Recently, PV
became frequent in areas like the United States, which
undergoes a massive diffusion of community acquired meth-
icillin resistant S. aureus(CA-MRSA), mainly producing PVL.
Two-component toxins act by synergistic action of two inde-
pendent compounds, the S compound and the F compound,
each one of about 35 000 Da, which join in a sequential way
on the surface of the target cells, human neutrophils, and
macrophages, and form a hetero-octameric pore in the cyto
plasmic membrane.

PSMs are a family of protein toxins that are soluble in
phenols, being highly expressed by virulent strains such a
CA-MRSA. Although PSM toxins also are produced byStaphy-
lococcus epidermidis, they are thought to be a possible cause o
CA-MRSA-related severe infections.

Since the � rst characterization of SEA and SEB in
1959–1960 by Casman and Bergdoll, 22 different SEs hav
been described; they are designated SEA to SElX, in the chr
nological order of their discovery except for SEF, which late
was renamed toxic shock syndrome toxin-1 (TSST-1): entero
toxins A (SEA), B (SEB), C1 (SEC1), C2 (SEC2), C3 (SEC3
78-0-12-384730-0.00317-7 501
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D (SED), E (SEE), G (SEG), H (SEH), I (SEI), J (SElJ), K (SElK
L (SElL), M (SElM), N (SElN), O (SElO), P (SElP), Q (SElQ), R
(SER), S (SES), T (SET), U (SElU), U2 (SElU2), V (SElV), and
(SElX).

These toxins (enterotoxin and enterotoxin like) are glob-
ular single-chain proteins with molecular weights ranging
from 22 000 to 29 000 Da. These proteins have been named
according to their emetic activity after oral administration in
a primate model. Some were renamed SE-like toxins (SEl)
because either no emetic properties were detected or they we
not tested in primate models. Moreover, their crystal struc-
tures, established for SEA, SEB, SEC, SED, SEH, SElI, and S
reveal signi� cant homology in their secondary and tertiary
conformations. SEs, SEls, and TSST-1, however, can be divid
into four phylogenetic groups based on their primary amino
acid sequences. Most toxins of the three major groups
including SEA and SEB, exhibit strong emetic activity in
primates; TSST-1, grouped as the minor group, does no
possess emetic activity in primates. SEs belong to the broa
family of pyrogenic toxin SAgs. SAgs, unlike conventiona
antigens, do not need to be processed by antigen-presentin
cells (APC) before being presented to T-cells. They ca
directly stimulate T-cells by cross-linking major histocompat-
ibility complex (MHC) class II molecules on APC with the
variable portion of the T-cell antigen receptorb chain (TCR
Vb), thereby inducing polyclonal cell proliferation. SAg-
binding sites lie outside the peptide-binding groove and,
therefore, do not depend on T-cell antigenic speci� city but
rather on the Vb region of the TCR (Figure 1). This leads to
activation of a large number of T-cells followed by prolifera-
tion and massive release of chemokines and proin� ammatory
cytokines that may lead to potentially lethal toxic shock
syndrome.
ry

f
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Figure 1 Schematic diagram showing the binding of superantigen (re
and conventional antigen (green) with major histocompatibility compl
(MHC class II) and T-cell receptor (TCR) molecules. Unlike the conve
tional antigen, the SAg binds to the variable portion of the T-cell antig
receptorb chain (TCR Vb) region, independently of T-cell antigenic
speci� city. Therefore, SAg directly stimulates a large number of T-cel
resulting in proliferation and massive release of chemokines and proi
� ammatory cytokines that may lead to potentially lethal toxic shock
syndrome.
,

The SAgs can interact with epithelial cells leading to their
transepithelial transport, cell activation, and induction of
in� ammatory state. First, most SAgs have dose-depende
capacity to cross the intestinal wall and produce a local and
systemic action on the immune system. This transport is
favored by the production of proin � ammatory cytokinelike
elements. Stimulation of intestinal epithelial cells by SEA also
induces an increase in the concentration of intracellular
calcium via the release of cellular calcium reserves leading t
their activation. Finally, superantigenic stimulation of intes-
tinal epithelial cells induces an in� ammatory response.
Although the superantigenic activity of SEs has been we
characterized, as previously presented, the mechanisms leadin
to the emetic activity are less documented. Enterotoxins ar
short-secreted proteins, soluble in water and saline solutions
They share common biochemical and structural properties and
are remarkably resistant to heat: The potency of these toxins ca
be decreased only gradually by prolonged boiling or auto-
claving. Excepting TSST-1, they are highly stable and resistant
most proteolytic enzymes, and thus they retain their activity in
the digestive tract after ingestion.

Ingestion of food containing preformed SE leads to the
rapid development of the symptoms of nausea, vomiting, and
diarrhea that characterize staphylococcal food poisoning (SFP)
The incubation period and severity of symptoms observed
depend on the amount of enterotoxins ingested and the
susceptibility of each person. Initial symptoms, nausea fol-
lowed by incoercible characteristic vomiting (in spurts), appear
within 30 min to 8 h (3 h on average) after ingesting the
contaminated food. Other commonly described symptoms are
abdominal pain, diarrhea, dizziness, shivering, and genera
weakness, sometimes associated with a moderate fever. In th
most severe cases, headaches, prostration, and low bloo
pressure have been reported. In the majority of cases, recove
occurs within 24–48 h without speci� c treatment, while diar-
rhea and general weakness can last 24 h or longer. All eight o
the serologically identi� ed SEs have been implicated in food-
poisoning incidents, although SEA is the antigenic type most
frequently found in cases of food poisoning. There is consid-
erable variation in susceptibility to SE among normal adults
and the precise dose required to cause illness in human
depends on the susceptibility of the individual. The basis for
this is not known, although prior exposure to SEs may confer
a degree of immunity or tolerance. Susceptibility is greatest in
young children; one study showed that as little as
0.5–0.75 ng ml� 1 of enterotoxin A in chocolate milk was able
to cause illness in schoolchildren. In most cases of SFP, n
treatment is required and complete recovery follows quickly
after cessation of symptoms. In severe cases, rehydration an
treatment for shock are necessary and hospitalization may be
required. Death is rare and usually occurs only when the
patient is elderly, very young, or suffering from a debilitating
disease.

Adherence ofS. aureusto the skin surface is a major deter-
minant for colonization and many studies have been carried
out on different aspects of the adherence of the organism to
various types of animal cells or inert food contact surfaces
Microbial surface components recognizing adhesive matrix
molecules (MSCRAMM) adhesin proteins mediate the initial
attachment of bacteria to host tissue, providing a critical step to
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establish infection. The major MSCRAMMs inS. aureusare
protein A, � bronectin-binding proteins (A and B), clumping
factors A and B (� brinogen-binding proteins), and collagen-
binding protein. An additional level of complexity for coloni-
zation and infection with S. aureusis the formation of bio � lms.
Outside the laboratory, most bacteria grow as communities
attached to surfaces known as bio� lms. Bio� lms consist of
bacteria embedded in polysaccharides, proteins, extracellula
DNA, and combinations of these compounds. Bio� lm forma-
tion is a potent immune –evasion strategy, both by physica
blocking of access, and by active immune evasion due to
secreted immune–evasion components. Bacteria in bio� lms are
less sensitive to treatment with antimicrobial agents, which
helps to maintain chronic infections. Proteins involved in
bio� lm formation are the MSCRAMMs, but other proteins as
well as polysaccharide intercellular adhesin, the product of the
icaABCD operon, also play a role. These proteins are of grea
interest for bio� lm prevention and removal.
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Resistance to Antibiotics

The emergence of antibiotic resistance inS. aureusis an issue of
major concern in human as well as veterinary medicine.
Staphylococcus aureushas become one of the most frightening
multiresistant bacteria with a narrowed spectrum of effective
antibiotics to a clinically challenging extent. The history of
staphylococci resistance starts with the introduction of peni-
cillin as widely used antibiotic in 1944. At that point, more
than 94% of S. aureusisolates were susceptible to penicillin,
but by 1950, half were already resistant. By 1960, many
hospitals had outbreaks of virulent multiresistant S. aureus.
These were overcome with penicillinase-stable penicillins, bu
victory was brief; methicillin-resistant S. aureus(MRSA) were
recorded in the year of the drug’s launch. MRSA owe their
behavior to an additional, penicillin-resistant peptidoglycan
transpeptidase, PBP-2A, encoded bymecA gene. Their spread is
clonal, with transfer of mecA being extremely rare. Associate
resistance to aminosides, macrolides, and� uoroquinolone
agents was found in most MRSA strains. MRSA accumulated
hospital setting in the 1970s and 1980s, and beginning with
the 1990s, MRSA emerged as a community-acquired path
ogen. In 2005, the � rst report of livestock-associated MRSA
(LA-MRSA) was published and became of great concern for th
food industry. LA-MRSA frequently are resistant to tetracy
clines due to the presence of thetetM gene on a chromoso-
mally located transposon. Therefore, it is suspected tha
LA-MRSA have emerged and been selected upon tetracycli
administration to piglets.

Until 1996, glycopeptides were universally active agains
S. aureus; then glycopeptide-intermediateS. aureuswere found
in Japan, France, and the United States. This resistance
associated with increased wall synthesis. Few anti-Staphylo
coccal agents were launched from 1970 to 1995, one of them
being linezolid from the oxazolidinone class of antibiotics.
Linezolid was thought to be ef� cient on everyS. aureusstrain.
Recently, a new resistance mechanism emerged, responsible
linezolid, and other ribosome inhibitory agents reduced
susceptibility. This resistance mechanism is due to an enzym
modifying the ribosome site targeted by these antibiotics and
encoded by the cfr locus, harbored on a plasmid found in
LA-MRSA strains.
Methods of Detection and Enumeration
of S. aureusin Foods

Conventional Techniques

Enrichment
When S. aureusare present in low numbers, detection may
require enrichment. Liquid media containing NaCl have been
used but cannot be recommended because stressed cells a
recovered poorly. Other liquid media are more suitable as
selective enrichment medium for S. aureus, including Giolitti
and Cantoni broth and Baird-Parker (BP) broth.

Selective Plating
When numbers are suf� ciently high, S. aureusmay be isolated
from foods by direct plating on selective media. Simple selec
tive media containing NaCl or polymyxin have long been
available but cannot be recommended in preference to BP aga
BP agar is relatively ef�cient for recovering stressed cells. B
agar contains egg yolk plus tellurite for diagnostic purposes
pyruvate plus glycine as selective growth stimulators and tel
lurite plus lithium chloride as selective inhibitors. Although
S. aureuscolonies on BP agar plates are characteristically je
black surrounded by a white rim, an opaque zone and a zone of
clearing, some strains ofS. aureusare uncharacteristic in that
they produce colonies that are lighter in color than normal,
while other strains lack a zone of opaqueness or clearing. Afte
incubation of BP agar plates, however, presumptiveS. aureus
colonies are selected for con� rmatory testing.

ConÞrmatory Testing
Production of coagulase or TNase are the tests most commonl
used to con� rm the identity of presumptive S. aureusisolates,
although it is now known that neither enzyme is unique to
S. aureus. Commercially available slide agglutination test kits
detecting clumping factor and protein A increasingly are being
used for identi� cation of S. aureus. None of the aforementioned
tests are 100% reliable and, therefore, none can be relied on a
the sole con� rmatory test.

IdentiÞcation by Mass Spectrometry
Mass spectrometry is becoming popular for bacterial identi� -
cation in clinical microbiology laboratories. Enthusiastic
reports relate the very good performance of this technology for
species identi� cation, including staphylococci. Studies
showed correct identi� cation in 93.2% of the 230 bacterial
isolates using matrix-assisted laser desorption ionization time-
of-� ight mass spectrometry (MALDI-TOF-MS) highlighting the
high performance of this technology for coagulase-negative
staphylococci (CoNS) identi� cation when compared with
two other commercialized routine identi � cation systems
(BD Phoenix from Becton Dickinson and VITEK-2 from bio-
Mérieux). Similarly, MALDI-TOF-MS Biotyper (Bruker Dal-
tonics) was able to identify a collection of 156 strains
representing 22 different species, includingS. aureusand
obtained concordant identi� cation for 99.3% of the species
previously identi� ed using asodA gene–based oligonucleotide
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array. Moreover, 186 staphylococci strains from the French
National Reference Laboratory for staphylococci were teste
by MALDI-TOF-MS (bioMérieux equipped with SARAMIS™
database); 138 isolates (74.2%) were correctly identi� ed by
MALDI-TOF-MS and 98.8% of isolates were well identi� ed
using a molecular approach (tuf gene sequencing). In this
study, all S. aureusstrains were identi� ed correctly. The
discrepancies concerned CoNS identi� cation and could be
explained by the limitation of the SARAMIS™database, which
only contained the most frequent species encountered in
humans. Indeed, only 15 CoNS species or subspecies hav
a SuperSpectra� in the SARAMIS™database; similar limitation
has been pointed out for Biotyper database. Moreover, the
strain collection tested contained rare CoNS species exce
tionally isolated in clinical microbiology practice. Overall,
these different reports support that MALDI-TOF-MS is appro
priate for staphylococci identi� cation and that it might replace
the molecular gold-standard techniques.

Enterotoxin Production
Detection of SEs is routinely carried out using immunological
methods, although biological assays using kittens, rhesu
monkeys, and chimpanzees have been described. Few labor
tories have the facilities for handling these animals and such
methods are used only for special purposes. Of the immuno-
logical methods available, gel diffusion especially double-gel
diffusion with a reference toxin included to ensure the speci-
� city of reactions have been the methods of choice for years
These methods, however, have been largely supplanted b
reverse-phase latex agglutination (RPLA) and enzyme-linke
immunosorbent assays (ELISAs), which are more sensitiv
and are commercially available as microtiter plate or poly-
styrene bead assay kits. Detection of SE production in pur
cultures is easy to perform by using immunological methods
(e.g., RPLA or ELISA). For detection of SE produced
foods using gel-diffusion methods, it is necessary to carry ou
extraction, puri� cation, and concentration steps before assay
ing for toxin. Use of the much more sensitive RPLA and ELISA
assays for SE detection in foods means that simple extractio
procedures usually are suf� cient. The original ELISAs used
polyclonal antibodies to detect SE but subsequently mono-
clonal antibodies have been used to increase the sensitivity o
the assay.Table 1 summarizes the characteristics of the main
commercialized SE immunological detection assays.

Owing to the drawbacks with currently available detection
methods and the lack of available antibodies against the newly
Table 1 Commercialized assays for detection ofS. aureusSE

Name of the kit Type of assay SE detect

RIDASCREEN ELISAb A to E
TECRA single SET ELISA A to E
TRANSIA plate SET ELISA A to E
SET-RPLA (Oxoid) RPLAc A to D
VIDAS-SET2 (Biomérieux) ELFAd A to E

aDoes not include the extraction step.
bEnzyme-linked immunosorbent assay.
cReverse-passive latex agglutination.
dEnzyme-linked� uorescent assay.
described SEs, other strategies based on physicochemic
techniques recently have been developed. Among these
tandem mass spectrometry (MS/MS) has newly emerged a
a promising and suitable technique for analyzing protein and
peptide mixtures. It is among the most sensitive techniques
currently available because it provides speci� c, rapid, and
reliable analytical quanti� cation of the amount of entero-
toxins. In the case of food analysis, the situation is complex
because the matrix can contain many proteins, lipids, and other
molecular species that interfere with the detection of the tar-
geted toxin and may distort quanti� cation. Sample preparation
remains the critical step of the analysis. Although MS-based
methods may overcame speci� c technical limitations of exist-
ing ELISA for SE characterization, its throughput and cost pe
analysis still compares unfavorably with ELISA ($650 versus
$280 in year 2010).
Molecular Techniques

Isolation and IdentiÞcation
DNA-based techniques in combination with the conventional
cultural techniques of enrichment often have been used to
detectS. aureusin foods. Direct detection of S. aureusin foods
using a DNA-based method is a more desirable approach, bu
major problems remain to be solved before this can be per-
formed routinely. For example, use of polymerase chain
reaction (PCR)-based methods for the detection ofS. aureus
and other pathogens has been hampered by interference o
the PCR reaction due to the presence of inhibitors in certain
foods. Sample preparation methods continue to be improved
and assay formats are becoming available that offer the
possibility of more rapid and sensitive direct detection and
identi � cation of S. aureusin food compared with the use of
cultural methods. Genes involved in the production of coag-
ulase, protein A, and TNase byS. aureuscan be detected using
PCR technology.

Typing
The long-established conventional methods for typingS. aureus
(serotyping, biotyping, and bacteriophage typing) have been
replaced entirely in recent years by the introduction of such
methods as multilocus enzyme electrophoresis; restriction
fragment–length polymorphism; pulsed-� eld gel electropho-
resis of macro-restricted DNA; and PCR-sequencing base
methods using one locus, such as protein A repeat typing (spa
typing), or using multiple loci, such as multilocus sequence
ed Limit of detection (ng ml� 1) Time of analysis (h)a

0.1–0.75 2.5
0.5–1.25 4
0.2 1.5
0.5–1.0 20–24
0.25–0.5 1.5
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typing (MLST) or multilocus variable tandem number repeats
analysis.

Molecular typing methods have been shown to be valuable
strain-speci� c discriminators for the epidemiological charac-
terization of S. aureusand, because of their speed, ease of us
and discriminatory power, they allow for more detailed
investigation of the epidemiology of this organism in the food
chain and clinical setting.

Enterotoxins
Molecular biology methods often involve PCR. These methods
usually detect genes encoding enterotoxins in strains o
S. aureusisolated from contaminated foods. These methods
have two major limitations, however: � rst, staphylococcal
strains must be isolated from food; and, second, the results
inform as to the presence or absence of genes encoding SE
but they do not provide any information on the expression of
these genes in food. This method therefore cannot be the sol
method for con� rming S. aureusas causative agent in an
outbreak. The PCR approach is a speci� c, highly sensitive,
and rapid method that can characterize theS. aureusstrains
involved in food poisonings, thereby providing highly valu-
able information.
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Procedures SpeciÞed in National and International
Regulations or Guidelines

The past 15 years have seen a continuation of cooperatio
between recognized scienti� c organizations both nationally
and internationally through organizations such as the British
Standards Institution and the US Food and Drug Administra-
tion, the Codex Alimentarius Commission, the International
Dairy Federation, the International Organization for Stan-
dardization, and the Association of Of� cial Analytical Chem-
ists. In line with the growing trend toward sharing of
microbiological expertise on a global scale and as part of the
continuing effort to validate and harmonize methods of
microbiological analysis, these organizations have issue
recommendations on methodology for the detection and
identi � cation of S. aureusand its enterotoxins and also have
recommended procedures more generally applicable to food
safety assurance, such as the hazard analysis critical cont
point (HACCP) method.
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Staphylococcus aureusSecreting SEs
in the Food Industry

Although several staphylococcal species have been implicate
in food-poisoning incidents, S. aureusis the predominant
species.Staphylococcus aureusis widespread in nature and
many of the raw materials arriving at food establishments for
processing and manufacture of foods will contain this
organism. If materials containing S. aureusare not processed
and handled properly during food manufacture, there is a risk
of resulting SFP. Although SFP is decreasing in many nation
the relative incidence in various countries varies substantially
depending on geography and local eating habits. In the United
States, for example, it is one of the most economically
important diseases, reported to cost $1.5 billion each year. SF
is only one of a number of foodborne illnesses that increas-
ingly have concerned the food industry, public health
authorities, and consumers, and over several decades, th
assurance of food safety has been a subject of growing interes
In 2008, the European Food Safety Society reported tha
bacterial toxins were involved in 525 of 5332 (9.8%) food-
poisoning outbreaks, corresponding to the third rank of
pathogenicity after those associated withSalmonellaspp.
(35.4%) and viruses (13.1%). Among bacterial toxins, SEs
were involved in 291 of the 525 noti � ed outbreaks (55.4%).
Thus, SEs were involved in 5.5% of all noti� ed food-
poisoning outbreaks in 2008.

Individual procedures employed by those interested in
assuring food safety gradually have been drawn together an
a comprehensive procedure for food safety assurance known a
the HACCP system has evolved, which now is universally
recognized and accepted for food safety assurance.

Essentially, HACCP is a three-component system consistin
� rst of determining the hazard posed to the consumer; second
identifying critical control points to ensure safe management of
the hazard; and, third, carrying out suitable monitoring to
ensure that critical control points are operating effectively.
Many HACCP concepts are not new to the food industry and
have been employed successfully by many sectors of th
industry to ensure the safety of their products. The HACCP
system, however, provides a systematic, uniform approach to
food safety assurance.Table 2 summarizes the hazard associ
ated with the presence ofS. aureusin food, potentially leading
to SFP.

To ensure food safety with regard to this hazard, the
following critical control points should be considered:

l Use of raw materials containing the lowest practicable
numbers of S. aureus

l Use of treatments to reduce microbial load and eliminate
S. aureus

l Use of additives or low temperature to prevent multiplica-
tion of S. aureusduring handling and storage

l Use of hygienic handling to prevent reintroduction of
S. aureus

To ensure correct operation of critical control points,
systematic monitoring should be carried out in accordance
with a statistically based plan.

Multiplication of S. aureusin food is prevented by storage at
7 � C or less. If this temperature cannot be attained consistently
it is necessary to limit the possibility of growth by the manip-
ulation of intrinsic factors such as pH, water activity, and NaCl
concentration in the product.

When monitoring the effectiveness of critical control
points, the results of analyses of samples for numbers o
S. aureusand presence of enterotoxins should be interpreted
with care. Staphylococcus aureuscells compared with SE are
less resistant to processes used in the food industry, such a
low pH, heat, irradiation, and high-pressure treatments.
Thus, a scenario is possible whereby prior growth ofS. aureus
occurs with SE production followed by reduction or elimi-
nation of the organism while biologically active SE remains.
Although SEs are produced over a wide range of environ
mental and storage conditions, it is possible to have
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Table 2 Sources, risks, and consequences ofStaphylococcus aureusin the food chain

Type of contaminating
environment Sources Risks Consequences of failing to control risks

Natural environment Animals, humans, air, water,
vegetation

Poor animal husbandry and poor
human health care

Increase in animal and humanS. aureus
infections and occurrence in nature

Food-processing
environment

Raw materials High numbers ofS. aureus S. aureussurvive processing; cross-
contamination between raw and
processed materials

Processing Processing failure, insuf� cient cleaning
or disinfection, poor ventilation,
insuf� cient water treatment, poor
hygiene

S. aureussurvive processing;
postprocessing contamination of
product withS. aureus

Handling Temperature abuse during storage,
intrinsic growth control factors
incorrectly adjusted

Multiplication ofS. aureusand production
of staphylococcal enterotoxin

Food preparation
environment

Animals, humans, food contact
surfaces, air, water

Contamination of processed food
with enterotoxigenicS. aureus;
temperature abuse during holding
of prepared food

Multiplication ofS. aureusand production
of staphylococcal enterotoxin

506 STAPHYLOCOCCUSj Staphylococcus aureus
conditions of temperature, water activity, and pH such that
growth of the S. aureusorganism occurs with little or no
production of SE. If monitoring reveals the presence of
S. aureusin the environment or product at unacceptable
levels, then the use of a method with powerful discrimina-
tory power to type isolates is invaluable for tracing the source
of the organism. A wide range of foods have been implicated
including meat, milk, � sh, egg, and vegetable products tha
have been processed by heating, fermenting or drying, an
concentrating. The most common factors in SFP outbreak
are as follows:

l Postprocessing contamination of food with S. aureus, most
often a human strain introduced directly by a person
involved in food preparation or, less frequently, an animal
strain of S. aureusintroduced through cross-contamination
from raw foods.

l Holding of contaminated food at a temperature and for
a period suf� cient to allow multiplication of S. aureuswith
concurrent production of SE. Small outbreaks may occur in
the home, but those on a larger scale usually are associate
with social occasions when catering practices, such a
preparation of food well in advance of eating and ‘warm
holding ’ of prepared food, provide the opportunity for
growth of S. aureus.
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Importance of LA-MRSA Emergence for Human Hea

Recently, it has been found that the burden of MRSA coloni-
zation and infection also involves animals, particularly live-
stock. The MRSA clone isolated from the vast majority of pigs
was characterized by nontypability using SmaI digestion,
tetracycline resistance, and MLST-type CC398. Although th
animals are colonized mostly by MRSA, infections have been
described (e.g., in pigs and horses). Spreading of these strain
seems to be linked to the trade between farms (usually from
farrowing farms to � nishing farms). Nevertheless, the spread o
MRSA ST398 among livestock throughout the world within
a few years is not understood. In general, it is well accepted tha
antibiotic use selects for resistant organisms, but this explana
tion is too simple.

The impact of the livestock reservoir for humans currently is
under investigation. In areas with a high density of MRSA
CC398-positive pigs, it can markedly in� uence the MRSA
epidemiology in health care settings. For instance, this has led
to a threefold increase in the MRSA incidence over a few yea
in a Dutch hospital, and in a German hospital, 22% of MRSA
patients colonized with MRSA at hospital admission carried
LA-MRSA CC398.

This continuous import of MRSA CC398 from the animal
reservoir into hospitals can result in nosocomial spread of
MRSA to patient groups susceptible for the development o
MRSA infections. Moreover, this strain has caused seve
human infections, such as endocarditis, soft-tissue infections
and ventilator-associated pneumonia. In general, however
ST398 appears to account for only a small proportion of MRSA
isolates from humans. In a Dutch study, the presence of anima
contact was the most important risk factor, suggesting that the
majority of carriage in animal handlers results from continuous
exposure and not stable colonization. MRSA ST398 isolate
would be nearly six times less transmissible than other types
However, the introduction of novel genes – for example,
immune-evasion molecule-encoding genes, which seem to
make these isolates better adapted to humans– may change
this. Matters of further concern include the facts that virulence
factors for humans (such as PVL cytotoxin) have been detecte
in single MRSA CC398 isolates, and acfr plasmid conferring
resistance against oxazolidinones was found in an MRSA
CC398 background.

The most important danger is when host-adapted strains
acquire virulence factors that enable them to colonize and
infect new hosts. The biggest threat in this respect is furthe
adaptation of ST398 to humans, because of its pandemic
nature and the huge reservoir of livestock animals. Whole
genome sequence–based evidence suggests a high plasticity o
ST398, which originated in humans, adapted to humans,
spread and adapted to animals, and now is adapting back to
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humans by the acquisition of phage-carrying human-speci� c
immune-evasion factors.

See also:Bio� lms;Enzyme Immunoassays:Overview;Hazard
Appraisal (HACCP):The Overall Concept;Staphylococcus:
Introduction;Staphylococcus: Detection by Cultural and Mode
Techniques;Staphylococcus: Detection of
Staphylococcal Enterotoxins; Multilocus Sequence Typing
Food Microorganisms; Identi� cation of Clinical Microorganism
with MALDI-TOF-MS in a Microbiology Laboratory.
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The microorganisms involved in cheesemaking can be divided
into two groups:

l Primary cultures, which are involved in both manufacture
and ripening; and

l Secondary cultures, which are involved in ripening only.

The primary cultures are invariably different species o
several genera of lactic acid bacteria (LAB), includingLacto-
coccus lactissubsp. cremoris, Lactococcus lactissubsp. lactis, Leu-
conostocsp., Streptococcus thermophilus, Lactobacillus delbrueck
subsp.lactis, and Lactobacillus helveticus, whereas the secondary
cultures include different combinations of bacteria, yeasts
and molds – for example, Brevibacterium linens, Brevibacterium
aurantiacum, Pseudoclavibacter helvolus(formerly Brevibacterium
helvolum), Propionibacterium freudenreichii, Debaryomyces hans
nii, Candida utilis, Penicillium camemberti, and Penicillium
roqueforti, depending on the type of cheese being made. In this
contribution, salient properties of both groups of cultures are
considered.
er
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Primary Cultures

Cheese cannot be made without the growth of LAB, which
usually are added deliberately to the milk. In some artisanal
cheeses made around the Mediterranean, however, no start
cultures are used. Instead, the cheesemaker depends on t
adventitious LAB present in the milk for acid production. The
major role of these cultures is to produce lactic acid from
lactose (milk sugar), which results in a reduction of the pH of
the milk and curd. Several species from different genera of LA
are involved, including Lc. lactissubsp. cremoris, Lc. lactis
subsp. lactis, Leuconostocsp., S. thermophilus, Lb. delbruecki
subsp. lactis, and Lb. helveticus(Table 1). These cultures are
also called starters or lactic cultures because they initiate (star
the production of lactic acid. All of these bacteria are Gram
positive, lacking a functional tricarboxylic acid (TCA) cycle
508 Encyclopedia of Food
and, hence, are essentially anaerobes. The bacteria used
secondary cultures are also Gram positive and most of them
have functional TCA cycles and, except forP. freudenreichii, are
aerobes.

There are two types of starter cultures, mesophilic and
thermophilic, with optimum temperatures of w 28 and
w 42 � C, respectively. Each starter type is further subdivide
into mixed (unde� ned) and de� ned cultures.
Mixed Mesophilic Cultures

Mixed cultures consist of unknown numbers of strains of
(mainly) Lc. lactissubsp.cremoris, but they can also contain
Lc. lactissubsp. lactis and Leuconostocspp. and are subcul-
tures of coagulated milks, which produced good quality
cheese in the later part of the nineteenth century when
scienti� c study of the microbiology of starter cultures was
just beginning. They are also called unde� ned cultures. The
Leuconostocsp. and some of the lactococci in mesophilic
mixed cultures can also metabolize citrate (Citþ ). The
Citþ strains generally account for only a small proportion
(usually 1–5%) of the bacteria present, and their primary
function is to produce � avor and aroma compounds (e.g.,
diacetyl and acetate) from metabolism of citrate, rather than
lactic acid. Strains of lactococci unable to metabolize citrate
(Cit � ) dominate these cultures and are responsible for acid
production.

Depending on the � avor producer, mixed-strain mesophilic
cultures are classi� ed into the following:

l L cultures, only leuconostocs as� avor producers (L from
Leuconostoc);

l D cultures, only Citþ Lc. lactisas � avor producers (D from
Lc. diacetylactis, an old name for this organism);

l DL cultures, both Leuconostoc and Citþ Lc. lactisas � avor
producers; and

l O type, no � avor producer.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00322-0
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Table 1 Use of starter cultures in different cheeses

Cheeses Primary cultures Secondary cultures
Important compounds
other than lactic acid

Emmental cheese S. thermophilusandLb. helveticus. Galactose
positiveLb. delbrueckiisubsp.lactismay also
be used

P. freudenreichii CO2; propionate and
acetate

Mozzarella cheese S. thermophilusandLb. helveticusor a natural whey culture
Cheddar cheese De� ned strains ofLc. lactissubsp.cremorisand

Lc. lactissubsp.lactisor O, L, or DL mesophilic
mixed cultures. Sometimes thermophilic cultures
are included

Edam and Gouda cheeses Mainly DL mesophilic mixed cultures CO2 and acetate
Camembert and Brie

cheeses
O, L, or DL mesophilic mixed cultures P. camemberti, G. candidum,

C. utilis
Tilsit, Limburger, and

Munster cheeses
O, L, or DL mesophilic mixed cultures B. linens, G. candidum,

C. utilis
Sulfur compounds,

e.g., methional
Yogurt Mainly thermophilic mixed cultures. De� ned strains of

S. thermophilus, Lb. delbrueckiisubsp.bulgaricus,and
Lb. delbrueckiisubsp.lactismay also be used

Acetaldehyde

Fromage frais and quarg O, L, or DL mesophilic mixed cultures Diacetyl and acetate
Lactic butter DL mesophilic cultures or L and D mesophilic cultures Diacetyl and acetate
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The most common ones are the DL type, and they mainly
are used in fresh cheeses and cultured buttermilk as a source
� avor producers and in Gouda and Edam cheeses in which th
CO2 produced from citrate metabolism is responsible for eye
formation. Despite extensive use, the exact species ofLeuco-
nostocin these cultures is not known, but it is thought to be
mainly Leuconostoc mesenteroides.

Mixed Thermophilic Cultures

These cultures are composed of bothS. thermophilusand
Lactobacillus delbrueckiisubsp.bulgaricusor Lb. delbrueckiisubsp.
lactisand mainly are used in yogurt production. Generally for
cheese production, separate cultures ofS. thermophilusand Lb.
helveticusor Lb. delbrueckiisubsp.lactisare used.

It always has been considered that mixed cultures contain
several strains of each species, but proof of this has been o
tained only recently with the application of Pulsed-Field Gel
electrophoresis to macrorestricted DNA extracted from severa
isolates of each culture. The enzymes used are called restrictio
enzymes and recognize particular sequences of bases in t
DNA at which point the DNA is hydrolyzed. Such analyses have
shown that many thermophilic cultures are pure cultures con-
taining only one strain, while mesophilic cultures contain
several strains, with the same strain sometimes being found in
different cultures. Some thermophilic cultures have been
shown to be mixtures of two strains.

Many mixed cultures also are mixtures in another sense in
that they contain different species of LAB. For example, man
thermophilic cultures contain S. thermophilusand Lb. delbruecki
subsp. bulgaricusor Lb. delbrueckiisubsp. lactis, and many
mesophilic cultures contain Lc. lactissubsp. lactis, Lc. lactis
subsp.cremoris, and Leuconostocsp.
f
f

De�ned Cultures

De� ned cultures are known strains. They are usually isolates o
mixed cultures although green plants, raw milk, ke� r grains,
and cheeses made without starter cultures are potentially usefu
sources. They should be carefully screened for several prope
ties, including the following:

l Ability to produce lactic acid rapidly in milk (e.g., lactococci
should reduce the pH of milk to <5.3 in 6 h at 30 � C from
a 1% v/v inoculum);

l Salt tolerance;
l Ability to withstand attack from bacteriophage (phage) or

to be attacked by different phages;
l Inability to inhibit other starter strains (i.e., lack of bacte-

riocin production); and
l Ability to produce a well-favored cheese.

Their use was pioneered in New Zealand and Australia in
1935 where open texture and bacteriophage multiplication
were major problems in Cheddar cheese production. They
usually are used in mixtures of two to six strains and are also
called multiple strain cultures.

Mesophilic-de� ned cultures mainly include strains of
Lc. lactissubsp.cremoris, but occasionally strains ofLc. lactis
subsp. lactis are used while de� ned thermophilic cultures
are pure cultures of S. thermophilus, Lb. delbrueckiisubsp.
lactis, and Lb. helveticus. Lactobacillus delbrueckiisubsp. bul-
garicusmainly is used in yogurt production. Streptococcu
thermophilusand most strains of Lb. delbrueckiiare unusual
because they excrete galactose in direct proportion to th
amount of lactose used during growth. Thus, there is a need
for another organism, the lactobacillus, which will use this
galactose as an energy source. Some distinguishing chara
teristics of the various bacteria found in starter cultures are
found in Table 1.
Natural Whey Cultures

In some countries, especially France and Italy, back-slopping o
starters frequently is practiced. Whey (or sometimes milk itself)
from the previous day is incubated under carefully controlled
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conditions for use in cheesemaking the following day. This
system generally is used where there is a long tradition o
cheesemaking. These are called natural (or artisanal) whe
cultures and usually contain both mesophilic and thermophilic
starter organisms as well as several otherLactobacillusand
Enterococcusspp. (Table 1).
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Adjunct Cultures

Today, many cheeses like Cheddar, which up to now have bee
made only with mesophilic cultures, are considered to lack
� avor. Mixtures of mesophilic and thermophilic cultures,
mainly strains of S. thermophilus, are used increasingly in the
manufacture of these cheeses. The thermophilic cultures als
produce signi� cant amounts of acid at the cooking tempera-
tures of Cheddar cheese. Carefully selected facultatively hete
ofermentative (mesophilic) lactobacilli like Lactobacillus case,
Lactobacillus pararcasei, and Lactobacillus plantarumalso are used.
The main reason that these are being investigated is that thes
species invariably reach large numbers (>10 6 g� 1) early in
cheese ripening and therefore must play some role in� avor
formation. Their exact role is not clear but is the subject of
considerable current research. These are called adjunct cultur
and are thought to give more rounded, less bitter, and sweete
flavored cheeses. They also slow down the propionic fermen
tation in Emmental cheese, giving more rounded eyes and
a better quality cheese.
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Secondary Cultures

LAB dominate the � ora of all cheeses during ripening, but in
some cheeses, other microorganisms also are involved (e.g
P. camemberti, P. roqueforti, and P. freudenreichii). Growth of
P. camembertiis responsible for the white � uffy surface growth
characteristic of Brie and Camembert cheese, whileP. roqueforti
is responsible for the veins in blue cheeses. Molds are obligatel
aerobic organisms and blue cheeses are pierced to allow ent
of suf� cient O2 into the cheese mass for the mold to grow.
Growth of the Penicilliumspp. also results in the oxidation of
the lactate to CO2 and H2O and a distinct rise in pH of the
cheese during ripening.

In Emmental-type cheese,P. freudenreichiiis used and,
although catalase positive, is essentially an anaerobe an
sensitive to salt. Its main function is to ferment lactate:

3 lactate / 2 propionate D 1 acetateD 1 CO2

This fermentation occurs during the 2- to 3-week period that
the cheese is held in the warm room at 23� C. The CO2

produced is responsible for the large holes, called eyes, whic
are characteristic of Emmental cheese and the propionate give
it a sweetish� avor. Aspartase activity is an important criterion
in selecting suitable strains because fermentation of lactat
without CO 2 production occurs in the presence of aspartate.

Penicillium camemberti, P. roqueforti, and P. freudenreichi
generally are added to the milk with the starter cultures, but in
the case of smear-ripened cheeses– for example, Tilsit,
Munster, and Limburger – bacteria (B. linens), molds (Geo-
trichum candidum), and yeast (D. hanseniiand/or C. utilis) are
inoculated deliberately on to the surface of the cheese after i
has been removed from the brine and drained.Brevibacterium
linensis unable to grow at low pH values. Washed-rind cheese
also are called smear cheeses, because the surface is covere
what appears to be a smear. The yeast and molds grow� rst,
metabolizing the lactate to CO2 and H2O, which results in
a distinct rise in the pH of the cheese from 5.0 to perhaps 5.8, a
which point, the acid-sensitive B. linensbegins to grow and
produces the typical red smear on the surface.Brevibacterium
linensis unusual in that it goes through a distinct rod–coccus
transformation during growth; rod forms dominate young,
exponential cultures and coccal forms old, stationary-phase
cultures. The surface organisms are very salt tolerant and som
strains can grow in the presence of 15 g of NaCl per 100 ml

Despite the fact thatB. linensand G. candidumare inoculated
deliberately on to the cheese surface of washed-rind cheese
recent research has shown that the strains used are not subs
quently recovered from the cheese, except in very low number
early in ripening, raising the question of whether there is a need to
deliberately inoculate the cheese surface. Instead, other adven
tious bacteria, many of which have been described only recently–
for example, Agrococcus casei, Arthrobacter arilaitensis, B. auranti-
acum, Corynebacterium casei, Corynebacterium variabile, Microbac-
terium gubbeenense, andStaphylococcus saprophyticus– and different
strains of yeast from that present in the secondary culture domi-
nate the micro� ora. These microorganisms are present in the
cheese environment (mainly in the brine and on the arms and
hands of the workers). Except forS. saprophyticus, these bacteria
are collectively called coryneforms.

In mold- and smear-ripened cheeses, proteinases an
lipases produced by the molds andB. linenshydrolyze the
casein and fat during ripening to the amino acids, peptides, and
fatty acids, which are the precursors of many of the compounds
responsible for cheese� avor. In addition, P. roquefortiproduces
ketones from the fatty acids, which are mainly responsible for
the strong � avor of blue cheese and the coryneforms produce
the S-containing compounds (mainly methanethiol from
methionine), which are responsible for the ‘smelly sock’ odor
of smear-ripened cheeses.
Bacteriocins

Almost all bacteria are capable of producing proteins, called
bacteriocins, which inhibit the growth of other bacteria. Bacte-
riocins of LAB are being studied intensively because many o
them inhibit pathogens (e.g., Listeria monocytogenesand Staphy-
lococcus aureus). LAB are generally regarded as safe (GRA
organisms, and so any bacteriocin they produce can be used i
foods without the need for exhaustive testing to ensure its safety

Nisin is the most intensively studied bacteriocin of LAB. It is
a small (3.3 kDa), heat-stable peptide produced by some
strains ofLc. lactisand initially was isolated in 1945. It contains
several unusual amino acids likeb-methylanthionine, dehy-
drolanine, and lanthionine due to posttranslational modi � ca-
tion of the amino acids in the peptide. It is soluble at pH 2, but
the solubility decreases as the pH increases, and it is virtuall
insoluble at pH 7.0. It inhibits numerous bacteria, including
several Gram-positive food-poisoning organisms likeS. aureus,
L. monocytogenes, and Bacillus cereusand also cheese spoilage
bacteria. It is used in processed cheese to prevent growth an
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subsequent gas formation by Clostridium tyrobutyricumand
Clostridium butyricum. Nisin has no effect on Gram-negative
bacteria and acts by dissipating the proton motive force
which is an important component in the transport of nutrients
into cells. Other bacteriocins produced by LAB (e.g., pediocin
produced by Pediococcus pentosaceusand lactocin produced by
Lc. Lactis) are also attracting commercial importance.
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Exopolysaccharide Production

Many starters produce exopolysaccharides, which improve th
texture and mouth feel of fermented milks like yogurt and
buttermilk. They are also believed to improve cheese yield and
are especially useful in low fat cheeses because of their wate
binding capacities. Generally, they are composed of differen
ratios and combinations of glucose, rhamnose, and galactose
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Proteolysis

Proteolysis by LAB is important for their growth in milk and in
the ripening of cheese. Starter LAB are auxotrophic and requir
several amino acids for growth. The level of free amino acids in
milk is low and suf � cient to sustain only 20% of the normal
growth of LAB in milk. Therefore, starter bacteria must have
a proteinase system to hydrolyze the caseins to amino acids an
peptides, which are then transported into the cell. Proteolytic
activity is low and not suf� cient to cause visible hydrolysis or
clearing of the milk.

TheLactococcusproteinase has been studied intensively. It is
a large molecule ofw 190 kDa and the amino acid sequence in
all strains studied is similar. The slight differences that do occu
are thought to be responsible for the different proteolytic
speci�cities that have been observed with casein. The enzym
is a serine proteinase that hydrolyzes the different casein
into numerous oligopeptides and amino acids, which then
are transported by various primary and secondary transpor
systems into the cell. Only peptides containing less than eigh
amino acid residues can be transported. Intracellular pepti
dases hydrolyze the peptides into the constituent amino
acids for protein synthesis. Numerous peptidases, including
aminopeptidases, endopeptidases, and peptidases capable
hydrolyzing proline-containing peptides, have been identi� ed
in LAB. The proteinase, peptide, and amino acid transpor
systems and peptidases collectively comprise the proteolyti
systems of LAB. Only limited studies have been carried out on
the proteolytic systems of other starter LAB, but the result
suggest that they are similar. The amino acids are the precurse
of the � avor compounds.

Symbiotic relationships occur in both mesophilic and
thermophilic cultures. In mesophilic cultures, many isolates are
proteinase negative and rely on proteinase positive strains t
provide the amino acids necessary for growth. In thermophilic
cultures, Lb. delbrueckiisubsp. bulgaricusis more proteolytic
than S. thermophilusand hydrolyzes casein to amino acids,
particularly histidine, glycine, valine, and isoleucine, which
stimulate the growth of S. thermophilus. In turn, S. thermophilu
produces formate from lactose, which stimulates growth of
Lb. delbrueckiisubsp.bulgaricus.
Lactate Production

Lactose is the major sugar found in milk and is a disaccharide
composed of glucose and galactose.Lactococcus lactisand Lb.
helveticusferment lactose by the glycolytic (homofermentative)
pathway almost completely to lactic acid, whileS. thermophilus
and most strains of Lb. delbrueckiionly ferment the glucose
moiety and excrete galactose in proportion to the amount of
lactose transported. This results in a build up of galactose, which
could act as a potential energy source for spoilage organism
Lactobacillus helveticusferments both sugars, and, for this reason
is used in Swiss cheesemaking; more recently galactose-positi
strains of Lb. delbrueckiisubsp. lactis have begun to replace
Lb. helveticusbecause they are less proteolytic.Leuconostocand
the obligate heterofermentative lactobacilli ferment lactose by
the phosphoketolase (heterofermentative) pathway to equi-
molar concentrations of lactate, ethanol, and CO2.

Two different systems are used to transport lactose. In mos
starter LAB, lactose is transported directly into the cell by a
permease system where it is hydrolyzed byb-galactosidase.Lacto-
coccussp. use the phosphotransferase system in which the energ
in phosphoenol pyruvate ultimately is transferred to lactose to
form lactose-P as lactose is transported across the cell wall
a complicated series of reactions involving several enzymes.
Diacetyl, Acetate, and CO2 Production

Diacetyl and acetate are important in determining the� avor of
many fermented, unripened products, such as cottage chees
fromage frais, quarg, and lactic butter, while CO2 is responsible
for the small numbers of holes or eyes found in Edam and
Gouda cheese. Citrate, which is present in low concentration
(w 10 mM) in milk, is the precursor for each of these
compounds. There is still considerable debate on what is the
immediate precursor of diacetyl. Some workers believe diacety
synthase is involved. This enzyme condenses acetaldehyd
thiamine pyrophosphate (TPP), produced from pyruvate with
acetylCoA to form diacetyl directly, but this enzyme has not
been found in LAB. However, the majority believe that diacetyl
is synthesized chemically from 2-acetolactate (AL), which is
formed by condensation of acetaldehyde-TPP with a molecule
of pyruvate. AL is extremely unstable (for experimental use i
has to be purchased as a double ester and hydrolyzed just prio
to being used) and is easily decarboxylated chemically, oxida
tively to diacetyl or nonoxidatively to acetoin; the latter reac-
tion also is carried out by AL decarboxylase. Acetoin is
produced in much greater amounts than diacetyl and can be
reduced to acetoin and acetoin to 2,3-butanediol by acetoin
and 2,3-butanediol dehydrogenases, respectively. These rea
tions probably are carried out by the same enzyme. An example
of the growth of the different organisms and product formation
by a DL culture in milk is shown in Figure 1.
Acetaldehyde

Acetaldehyde is produced in small amounts by LAB and more
is produced by thermophilic than by mesophilic starters. It
is an important � avor component in yogurt. It generally is
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a DL culture in reconstituted skim milk (100 g l� 1) at 21� C.
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believed to be formed from sugar (pyruvate) but, in Lc. lactis,
it is formed from threonine in a reaction catalyzed by threonine
aldolase:

Threonine / AcetaldehydeD Glycine

The physiological function of this reaction is thought to be
provide glycine for growth.
-
ly

,

Plasmids and Genetics

Many of the important properties of starter LAB– for example ,
proteolytic activity, bacteriocin production and immunity, the
� rst enzymes in lactose metabolism, and the abilities to trans-
port citrate and resist attack from bacteriophage– are encoded
on plasmids. These are small circular pieces of extrachromo
somal DNA that replicate independently of the chromosome.
They range in size from 2 to 100 kDa. The number of plasmids
found in starter LAB varies from none (most strains of
S. thermophilusand Lb. helveticus) to 11 (some strains of Lacto-
coccus). The functions of most plamids are unknown. Plasmids
have been the cornerstone for the major developments tha
have occurred in starter genetics in the past 20 years. Tran
formation, conjugation, transduction, transfection, and proto-
plast fusion all have been identi� ed in LAB, and numerous
genes have been cloned. Several workers have shown th
plasmid pro� les are useful in distinguishing between strains in
mixed cultures, but this approach does not give a permanen
� ngerprint of a strain since plasmids are easily lost on
subculture.
Production of Bulk Cultures

The culture added to the milk in the cheese vat is called the bulk
culture. Today, the inocula used to produce the bulk cultures
are purchased from specialized laboratories, as frozen or freez
dried, concentrated suspensions, containing high numbers
(>10 10) of cells. These are grown under controlled conditions
(e.g.,Lactococcusat pH 6.0 at 30 � C) in proprietary media and
are harvested, frozen in liquid N2, and either stored at�80 � C
or freeze-dried in volumes suf� cient to inoculate 300, 500, or
1000 l.

Generally, the medium used for producing bulk cultures in
cheese factories is reconstituted skim-milk powder (120 g l� 1)
although proprietary phage–inhibitory media are also used.
The medium is heat treated to> 85 � C for at least 30 min, to
inactivate natural inhibitors in the milk and phage, many of
which are heat resistant. After cooling to the incubation
temperature, the medium is inoculated and incubated for
w 16 h at 21 � C (mesophilic cultures) or w 10 h at 42 � C
(thermophilic cultures). Sometimes, the pH of the cultures is
controlled during growth, either externally, using a pH stat
and a neutralizer (e.g., NH4OH) or internally, using insoluble
salts that solubilize as the pH of the culture decreases an
help to maintain a pH above 5.5. This results in a more active
culture because greater numbers of cells are produced per un
volume.

During incubation, the pH of milk-grown cultures decreases
from its initial level of w 6.6 to 4.6 (mesophilic cultures and
S. thermophilus) and to pH 3.5 to 4.0 (thermophilic lactoba-
cilli). These pH values are equivalent to 0.7% and 1.2% lactic
acid, respectively.

After incubation, cultures are cooled, tested for their activity
(i.e., their ability to produce acid) under de� ned conditions
(e.g., a 1% inoculum followed by incubation at 30 or 45 � C for
6 h), and if satisfactory, are used in cheesemaking. Mesophili
bulk cultures can be stored at 40� C for 2–3 days and thermo-
philic ones at 4 � C for 10–12 days without great losses of activity.
Thermophilic cultures for cheesemaking generally are grown
separately and for yogurt manufacture are grown together.

Nowadays, in many plants, bulk starters are not produced
at all. Instead concentrated cell suspensions, produced in
specialized laboratories, are added directly to the milk in the
vat. These cultures are called direct vat inocula and are relative
expensive, but they do away with the necessity for propagating
and checking cultures for activity in cheese plants. Generally
a small but perceptible lag in acid production is observed in
using them.

by
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Bacteriophage

Attack of starters by bacteriophage or phage is the most seriou
problem in the commercial production of cheese since, once
the cells are attacked, their ability to produce lactic acid is
impaired and, in severe cases, totally prevented. Phage we
� rst identi� ed for LAB in 1935. They are viruses that attac
bacteria and can only multiply inside a bacterial cell. Generally,
phage attack only closely related strains and phage-unrelate
strains are an important components of de� ned strain starter
cultures. Phage have a tail and a head, which contains the DNA

There are two different mechanisms of phage multiplica-
tion, the lytic and lysogenic cycles. The lytic cycle involves fou
steps:

l Phage adsorption
l DNA injection
l Phage multiplication
l Phage release

The phage tail attaches to special receptors on the bacteri
cell and injects the phage DNA into the host cell. The phage
DNA then takes over the metabolic machinery of the host to
synthesize more phage. Once the new phage matures, th
phage lysin, present in the tail, hydrolyzes the bacterial cell wal
releasing new phage to attack new bacterial cells. The perio
from phage infection to phage release (the latent period) is
usually short (w 30 min) and the number of phage produced
per cell (the burst size) can be as high as 200. Assuming a laten
period of 30 min and a burst size of 100, 1 phage can multiply
to 1 000 000 in about 1.5 h. In the same length of time, one
starter cell would produce four to eight cells. These� gures show
the danger of contamination with just one phage. In the lyso-
genic cycle, the phage DNA is incorporated into the bacteria
chromosome. Such phage are called temperate and productio
of new phage particles does not occur. In the commercial us
of cultures, lytic phage are obviously more damaging than
temperate ones.

Lysogenic phage can be induced by ultraviolet light, H2O2,
and mitomycin C and will multiply if a suitable host, called an
indicator strain, is present. The origin of phage has not been
unequivocally demonstrated, but lysogenic phage and raw
milk have been implicated. However, lysogenic phage can b
a source only if an indicator strain on which the induced phage
can multiply is also present.

Many strains used in de� ned strain cultures are selected fo
their inherent resistance to phage. This is mainly due to the
presence of phage-resistant plasmids in the cells. A larg
number of such plasmids have been identi� ed in LAB, espe-
cially in Lactococcus. The mechanisms involved include the
prevention of phage adsorption probably through ‘blocking’ of
the phage receptors on the host, restriction–modi � cation
systems involving endonucleases and methylases, and mech
nisms that do not involve either of these two mechanisms and
that are called abortive infections.

Virtually all starters eventually will succumb to attack by
phage. When this happens, many cultures still contain a smal
number of phage-resistant cells that can be selected by growt
in the presence of the phage. These strains are called bacter
phage insensitive mutants (BIMs) and, if they produce acid
rapidly, they can be used to replace the parent strain in multiple
strain starters. Genetic approaches have been used to improv
the phage resistance of the starter cultures. Many phage res
tant plasmids are mobilizable and can be moved relatively
easily into phage sensitive strains.

The major sources of phage are raw milk, whey, and aero
sols containing whey, which develop in the factory.
Control of Phage

The most important step in producing quality cheese is to
ensure that the bulk starter is free of phage. This point canno
be overstressed, but it often is overlooked in cheese production
Plant sanitation is also important.

The medium used for growing the starter must be hea
treated at high temperatures (>90 � C) to inactivate any poten-
tial phage that might be present. Because of high burst size
one phage in a bulk tank is suf� cient to cause problems so the
heat treatment should be carried out in the same tank in which
the culture is grown. The use of phage-inhibitory media, which
contain high concentrations of citrate and phosphate to chelate
the Ca2þ which is necessary for phage multiplication, also is
recommended.

Aseptic techniques should be used to inoculate the
medium. During cooling, entering the starter tank should be
� ltered through a high ef� ciency particulate air (HEPA)� lter to
prevent airborne phage from entering the tank. A slight positive
air pressure in the starter tank also will help to prevent entry of
airborne phage into the starter tank.

Rotation of phage-unrelated strains is also useful. This
requires daily monitoring of the whey for phage, which nor-
mally is carried out daily in any well run cheese factory. The
development of BIMs can be very useful in this regard.

Residual whey in cheese vats can be a potent source of lyt
phage so cheese vats should be routinely chlorinated betwee
� lls. Chlorine is an effective phagicide. Exposure to 100mg of
available or ‘active’ chlorine per ml for 10 min is usually
suf� cient to inactivate phage. The residual chlorine should not
be rinsed from the equipment to prevent further contamina-
tion with phage from hoses or water. Any residual chlorine is
inactivated immediately once it comes into contact with the
milk. Closed vats should be used.

Addition of rennet to the milk as soon as possible after the
starter has been added to the milk also helps, because th
coagulum will physically separate phage-infected from nonin-
fected cells and phage are unable to penetrate the curd particle
to locate noninfected cells.
Role of Starter Cultures in Cheese Ripening

Each cheese is a unique ecosystem, and the reactions that a
responsible for the production of the � avor compounds occur
at different rates depending on the temperature, the pH, the
presence or absence of a surface micro� ora, the method of
salting (brine or dry), the rate of salt diffusion, the shapes of
brine-salted cheeses, and the starters. Cheddar is an importa
cheese in world trade and will be used as an example. Thi
cheese is made with mesophilic cultures and is dry salted. Th
salt is added to the curd about 5.5 h after inoculation of the
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culture, and the amount of salt controls the subsequent rate of
lactose fermentation by the starter. The salt is dissolved in
the moisture of the cheese and the percent of salt-in-moisture
(S/M) generally lies within the range 4–6; the higher the level,
the slower is the subsequent rate of fermentation. Generally, al
the lactose will be fermented within the � rst week of ripening
and the total amount of lactate at this stage will bew 13 g kg� 1.

The starter bacteria die and lyse during ripening at a rate tha
is an inherent property of the strain and the number of phage
that are present for that particular strain. Lysis results in the
release of intracellular enzymes. It is the activity of these
combined with the starter proteinase and the rennet that results
in the softening of the cheese texture and the increase in th
levels of peptides and amino acids during ripening. The� avor
compounds are produced from the peptides and amino acids
by chemical rather than biochemical reactions. These trans
formations are thought to require the low oxidation –reduction
(O-R) potentials that are characteristic of all cheeses and tha
probably are due to the metabolism of lactose by the starters.

In all cheeses, especially semihard and hard cheeses th
are ripened for several months, growth of nonstarter lactic
acid bacteria (NSLAB) from low levels ofw 102 g� 1 to high
levels of w 107 g� 1 occurs. These includeLactobacillus paracas,
Lb. plantarum, Lb. casei, and Lactobacillus curvatusand are
adventitious contaminants of the milk or the cheesemaking
equipment. The high salt levels, the low pH, the low O-R
potential, and anaerobic conditions in the ripening cheese are
ideal for their multiplication. Such high levels of NSLAB must
have a role in formation of cheese� avor but that role is not
clear. They do, however, transformL lactate to D lactate during
ripening.
ly;
See also: Brevibacterium; Cheese:Microbiology of
Cheesemaking and Maturation; Role of Speci� c Groups of
Bacteria; Fermented Milks and Yogurt;Characteristics of
Hansenula: Biology and Applications;Hazard Appraisal
(HACCP):The Overall Concept;Lactococcus: Lactococcus lactis
Subspecieslactisandcremoris; The Leuconostocaceae Fami
Streptococcus thermophilus.
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Table 1 Examples of fermented foods

Food Ingredients Geographic distribution

Busa Rice, millet, sugar Turkey
Beer Barley Widespread
Cheese Milk Widespread
Chicha Maize and others South America
Dawadawa Locust beans West Africa
Gari Cassava Nigeria
Hongeohoe Fish Korea
Idli/dosa Rice and ground chickpeas

or chana dahl
India

Injera Teff� our Ethiopia/Eritrea
I-sushi Fish Japan
Ke�r Milk Eastern Europe
Kcnkcy Maize, sorghum Ghana
Kimchi Vegetables Korea
Koko Maize, sorghum Ghana
Leavened bread Wheat Europe, North America
Lambic beer Barley Belgium
Mahcwu Maize South Africa
Miso Rice, barley, soybeans Japan
Nam Meat Thailand
Natto Soybeans Japan
Ogi Maize, sorghum, millet Nigeria
Olives Olives Mediterranean Area
Palm wine Palm sap Widespread
Poi Taro Hawaii
Puto Rice Philippines
Salami Meat Widespread
Sauerkraut Cabbage Europe, North America
Sorghum beer Sorghum South Africa
Sourdough bread Wheat, rye Europe, North America
Soy sauce, miso Soybeans Southeast Asia
Surströmming Fish Sweden
Tempeh Soybeans Indonesia
Tibi Fruit Mexico
Yogurt Milk Widespread
Wine Grapes Sweden to New Zealand

Adapted from Adams, M.R., Moss, M.O., 2008. Food Microbiology, third ed. Royal
Society of Chemistry, Cambridge, England.
Introduction

There is an extensive array of foods whose manufacture
dependent on the activities of bacteria and fungi. These
organisms may have developed in a controlled way in foods
through adjustment of the environment (e.g., in soy sauce
manufacture) or have been added as starter cultures (e.g.,
Cheddar cheese production). The microorganisms involved in
food fermentations can have many functions, including pres-
ervation, textural change,� avor modi� cation, and other func-
tional changes. Additionally, fermentation processes (e.g.
vinegar production) can be used to produce ingredients that
can aid the preservation of other foods or to produce foods
(e.g., alcoholic beverages) that can change mood or cognitiv
state. Some microorganisms also are used to enhance th
perceived nutritional status (e.g., Lactobacillus acidophilusor
Bi� dobacteriumspecies) of foods and will not be discussed
further.

The preservation effects of the organisms involved often ar
supplemented by packaging, low-temperature storage, o
reduction of the moisture concentration of the food during
processing. Foods preserved by fermentation include a wid
range of dairy, meat, � sh, cereal, beverage, and vegetab
products (Table 1).

Although some dairy products (e.g., yogurt) may be pro-
duced with a small number of de� ned strains, other products
reply on a complex succession of bacteria often of ill-de� ned
species and strain for their production (e.g., sauerkrau
production).

Lactic acid bacteria (LAB) and yeasts are recognized as t
most frequently used starter cultures in food fermentations and
are readily available from commercial starter suppliers.

Most of the LAB starters in use today have originated from
LAB originally present as part of the contaminating micro� ora
of milk. These bacteria probably originated from vegetation in
the case of lactococci and leuconostocs. Others (e.g., Enter
cocci) and some lactobacilli (e.g., Lb. acidophilus) probably
originated from the intestines of animals and humans.

Modern LAB starter cultures have developed from the
practice of retaining small quantities of material (e.g., whey or
sausage meat) from the successful manufacture of a fermente
product on a previous day and using this as the inoculum or
starter for the preceding day’s production. This practice has
been called various names, but the term back-slopping, which
originated in meat fermentations, is used widely.

Signi� cant technological demands are placed on cultures in
food fermentation processes (Table 2). However, all cultures
used must be safe and should have at least a generally regard
as safe status or a European Food Safety Agency (EFSA) Qu
i� ed Presumption of Safety (QPS) assessment. Virulence facto
are discussed in the section on enterococci.

This article discusses selected economically and scienti� -
cally important genera that are used to effect signi� cant func-
tional changes to foods during fermentation processes.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Bacteria Used as Starters

Lactic Acid Bacteria

Lactic starter cultures can be added to food raw materials a
pure cultures of one or more strains of particular microbial
species or by using material from a previous day’s production
as inoculant. Alternatively, the environment of the food can
be manipulated – for example, by salt addition – to select for
the growth of LAB in such a way as to suppress the spoilag
� ora and to establish a population of desirable lactic acid
bacteria. The latter approach will aid the safe extension o
product shelf life and create a product with required attri-
butes. Note that the sequence of microbial succession in som
78-0-12-384730-0.00321-9 515
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Table 2 Desirable properties of starter cultures

Culture type Property

Dairy cultures Rapid and consistent production of lactic acid. Resistant to natural antimicrobial systems in milk. Insensitive to bacteriophage.
Produce desired� avor and texture. Do not produce faults or off-� avors. Growth characteristics compatible with temperatures
and processing operations. Do not produce bioamines or other toxic substances.

Meat cultures Fast acidi� cation. Produce desired� avor. Provide microbiological stability through generation of antimicrobial substances. Do
not produce bioamines or other toxic substances.

Beer cultures Rapid fermentation. Produce desired� avor. Help stabilize product microbiologically. Possess required� occulation properties.
Do not produce off-� avors. Growth at wide temperature range. Tolerant to osmotic, temperature, and handling stresses. Do
not produce bioamines or other toxic substances.

Wine cultures Osmotolerant. Ethanol tolerant. Flocculation and sedimentation properties. Growth at low temperature. Produce consistent
� avor. Undertake malolactic fermentation as required.

Bread cultures Freeze tolerant. Produce desired� avor. Produce adequate leavening. Do not produce bioamines or other toxic substances.

Adapted from Adams, M.R., Moss, M.O., 2008. Food Microbiology, third ed. Royal Society of Chemistry, Cambridge, England.
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products can be complex and may involve other bacteria and
yeasts and molds.

LAB is a term used to describe a group of catalase-negativ
nonsporulating, Gram-positive rods, cocci, or coccobacilli with
complex nutritional requirements that produce lactic acid as
the major end product of carbohydrate metabolism. Because
many LAB normally cannot synthesize cytochromes and
porphyrins required for aerobic respiration, they are aero-
tolerant or microaerophilic. Some LAB can produce a pseudo
catalase. Some strains, however, can produce a true catalase
grown in media containing hematin.

These bacteria are relatively insensitive to high acidity
which can be employed to inhibit the growth of many patho-
genic and spoilage bacteria.

Traditionally, LAB were allocated to genus based mainly on
Gram-reaction, morphology, catalase reaction, mode o
glucose fermentation (homo- or heterofermentative), carbo-
hydrate fermentation, production of ammonia from arginine,
growth at different temperatures, salt or alkaline tolerance, bile
tolerance, and isomer(s) of lactic acid produced. Some LAB ca
produce L- (þ) lactic acid, others can produceD- (�) lactic acid,
and depending on the species, they also can produce racem
mixtures of L- and D-lactic acid. For many yearsLactobacillus,
Leuconostoc, Pediococcus, and Streptococcuswere considered to be
the core genera, and all strains were considered to be nonmo
tile; however, some strains can be motile. Key distinguishing
attributes of major current genera important in food fermen-
tations are given inTable 3.
Table 3 Characteristics of genera of lactic acid bacteria used as s

Genus Cell Morphologya Fermentation

Lactococcus Cocci in chains Homo L

Lactobacillus Rods Homo/hetero D/L
Leuconostoc Cocci Hetero D

Oenococcus Cocci Hetero D

Streptococcus Cocci in chains Homo L

Pediococcus Cocci, tetrads Homo D/L
Tetragenococcus Cocci, tetrads Homo D/L

� , Most strains are positive.
aDistinguishing between a short rod and a coccus can be dif� cult.
bTaken from Adams, M.R., Moss, M.O., 2008. Food Microbiology, third ed. Ro
The differential characteristics discussed thus far are base
on phenotypic properties and have limited validity in current
microbial classi� cation. They are still used, however, and
provided the limitations are understood have some utility.
Molecular and chemotaxonomic methods now increasingly are
being used to assign genus and species designations. The exte
of DNA–DNA and DNA–rRNA hybridization, similarity
between pro� les produced by restriction mapping of chromo-
somal DNA, and the nucleotide sequence of the 16S and
32S RNAs have been found to be particularly useful in the
creation of the genus. Additional methods, including
serology, also have provided further evidence for the validity of
genus designation (e.g., antisera) against puri� ed superoxide
dismutase, which has been used to demonstrate a similarity
between lactococci but not streptococci or enterococci.

Following recent taxonomic studies, there have been
changes to theStreptococcusgenus in particular, and several new
genera have been added, including one containing motile
species. Some species previously in theStreptococcusgenus have
been designated to two new generaEnterococcusand Lactococcus.

The LAB currently includes 16 genera:Aerococcus, Alloiococcus,
Carnobacterium, Dolosigranulum, Enterococcus, Globicatella, Lacto-
bacillus, Lactococcus, Lactosphaera, Leuconostoc, Oenococcus, Ped-
iococcus, Streptococcus, Tetragenococcus, Vagococcus, and Weissella.

Species from theEnterococcus, Lactobacillus, Lactococcus, Leu-
conostoc, Oenococcus, Pediococcus, Streptococcus, and Tetrageno-
coccusgenera are important or have potential use as starters i
food fermentations and will be discussed further.
tarter cultures

Lactate isomer DNA (mole % GþC)b Growth on Rogosa agar

33–37 –
, D, L 32–53 �

38–41 �
þ

40 –
34–42 þ

þ

yal Society of Chemistry, Cambridge, England.
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Enterococcus
Morphologically, Enterococci are cocci that tend to form chains
of varying length. They produce theL-isomer of lactic acid.
Apart from their ability to grow at 45 � C, at pH 9.6, in high
concentrations of salt, in high concentrations of bile salts, their
general heat tolerance, and their insensitivity to a range o
antimicrobial agents, they are super�cially similar to lactococci.
Before recent taxonomic research, theEnterococcusspecies used
as starters were classi� ed as fecal streptococci and Group
D streptococci. They are normal inhabitants of the intestinal
tract of man and other animals and often are used in micro-
biology as indicators of fecal contamination; some species ar
pathogens.

Species found or used as artisanal cultures or in speciali
cheeses includeEnterococcus faecalisand Enterococcus faeciu;
Enterococcus durans, which also is used in cheesemak
belongs to the E. faeciumgroup.

Designating enterococci as starter bacteria is controversia
There are concerns about the safety of enterococci in foods fo
several reasons, including the ability of some strains to caus
nosocomial infections and to produce bioamines. Bioamines,
such as histamine, putrescine, tyramine, and cadaverine, a
produced by the action of amino acid decarboxylases and ca
cause headaches and other physiological effects. Other LA
however, also can produce amino acid decarboxylases, an
screening new strains for bioamine production before starter
use is recommended.

It is their ability to exchange antibiotic-resistant genes
however, particularly for glycopeptide antibiotics (vancomycin
and teicoplanin), that perhaps raises most concern. Vancomy
cin is one of only a small number of antibiotics that may be
effective against methicillin-resistantStaphylococcus aureus.

Nevertheless, enterococci frequently are found in artisana
cheese starters and fermented meat products in high conce
trations and have been used for many years as probiotics
particularly in treating persistent diarrhea. The ability of some
starter enterococci to produce acid rapidly in milk, grow in the
presence of 6.5% salt, and produce acid at the temperature
used in scalding some cheeses suggests that they are particula
suited for use as cheese starters.

The EFSA performed a QPS assessment forE. faecium
in 2010 and concluded that it was not appropriate to do this
for the species as a whole and that a strain-speci� c safety
evaluation should be undertaken before using anyEntero-
coccusstrain in food. This view was taken because there i
still some uncertainty about virulence determinants in
enterococci.

Genes for virulence traits associated with adherence to hos
tissue, invasion and abscess formation, modulation of host
in� ammatory responses, and secretion of toxic products (e.g
bioamines) have been identi� ed and can be determined
readily.

Lactobacillus
This genus consists of a diverse, large group of rod-shape
bacteria. Some species are homofermentative, and others a
heterofermentative. Some species produce mainlyL-lactate
from glucose, but others produceD-lactate. Some strains exhibit
signi� cant racemase activity, a racemase is an isomera
enzyme, and produceD-/L-lactic acid. Although many strains
,

produce long or short rods, some also may exhibit coccoid
morphology, and this can lead to confusion with leuconostocs
and perhaps even lactococci, indicating the potential disad-
vantages of genus designation based on phenotypic asses
ment. Most strains grow on Rogosa agar.

Most workers divide the genus into three major groupings,
obligate homofermenters, facultative heterofermenters, and
obligate heterofermenters, depending on their ability to metab-
olize hexose and pentose carbohydrates.

The obligate homofermentive bacteria include Lb. acid-
ophilus, Lactobacillus delbruckii, and Lactobacillus helveticus. They
produce mainly lactate from hexoses by glycolysis. They usuall
cannot metabolize pentoses.

The facultative heterofermenters ferment hexoses to mainl
lactic acid by glycolysis but have an inducible phosphoketolase
pathway (operates at low glucose concentrations) that enable
heterofermentative fermentation of pentoses to lactate and
acetate end products. This grouping includesLactobacillus
plantarum, Lactobacillus casei, and Lactobacillus sake.

The third group, which includes Lactobacillus brevis, Lacto-
bacillus fermentum, and Lactobacillus ke�r, uses the phosphoke-
tolase pathway to metabolize hexoses heterofermentatively.

Lactobacilli are used widely in fermented product manu-
facture, including dairy, vegetable, cereal, meat, and� sh
products.

Lactobacillus delbrueckiisubsp. bulgaricusis used along with
Streptococcus thermophilusas a starter in yogurt manufacture.
This subspecies produces almost 2% w/v lactic acid in milk, has
an optimum temperature of 42 � C, and grows at temperatures
of 45 � C and higher. It will not grow in high concentrations of
salt and is sensitive to bile salts.

Lactobacillus caseiis also a normal inhabitant of the small
intestine and is resistant to bile. It is found in some starter
cultures and commonly is one of a number of nonstarter lactic
acid bacteria (NSLAB) found in Cheddar cheese.L-Lactate is the
main isomer of lactose produced, although some strains
produce small concentrations of D-lactate due to weak race-
mase activity.

Lactobacillus helveticusfrequently is used along with other
thermophilic LAB in the manufacture of a range of fermented
milk products, including Emmental cheese, Mozzarella cheese
and yogurt. One advantage of including this species along with
Lb. delbrueckiisubsp. bulgaricusis that Lb. helveticusutilizes
galactose, and this can be useful if products free of reducin
sugars are required.Lactobacillus helveticusis used to produce
modi � ed ‘Cheddar-type cheese’ with some of the ‘sweetness’
characteristics of Swiss cheeses like Emmental. This modi� ed
cheese contains high concentrations of proline produced
by strains with proline-iminopeptidase-like activity. More
recently, designated strains have been used as starter adjun
to reduce bitterness in a range of cheeses, to improve� avor,
and to accelerate ripening. Bitterness is reduced due to pept
dase action on starter-derived (usually lactococci) hydrophobic
peptides. The species produces high concentrations ofD-/L-
lactic acid in milk. Many strains grow at 45 � C, although lower
temperatures 42–43 � C generally give higher recoveries when
enumerated using selective media, such as Rogosa or modi� ed
MRS agars. Most strains show no or little growth at 15� C (some
atypical strains may take several weeks to grow at 15� C or
below).
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Lactococcus
Originally, the bacteria in this group were classi� ed as members
of the genus Streptococcusand designated lactic streptococci
They were differentiated from other streptococci, some o
which are pathogens, by their speci� c reaction with group N
antiserum and by their growth response to temperature, bile,
salt, and dyes. It is now known that serotyping LAB has limited
value in species differentiation. Lactococci do not normally
grow on Rogosa agar.

Lactococci are cocci that are found singly, in pairs, and in
short to long chains. They also can exhibit coccobacilli
morphology due to cell elongation creating confusion with
lactobacilli.

Several distinct species are recognized but onlyLactococcu
lactis is used as a starter culture. There are threeLc. lactis
subspecies:Lactococcus lactissubsp. lactis, Lactococcus lact
subsp.cremoris, and Lactococcus lactissubsp.hordinae. Only Lc.
lactis subsp. lactis and Lc. lactissubsp. cremoris, however, are
used as starters. Another variant ofLc. lactissubsp.lactis, which
is recognized as a biovariant that can utilize citrate,Lactococcu
lactissubsp.lactisbiovar. diacetylactisis of industrial signi � cance
for diacetyl production. Because the ability to utilize citrate is
plasmid encoded and plasmids easily are lost during cell divi-
sion, Lc. lactissubsp.lactisbiovar. diacetylactisrapidly can loose
its ability to metabolize citrate and become indistinguishable
from Lc. lactissubsp. lactis.Many lactococci are dependent on
plasmid borne genes for phage resistance, carbohydra
fermentation, and other desirable technological properties.

Lactococcus lactissubsp. lactis, Lc. lactissubsp. lactisbiovar.
diacetylactis, and Lc. lactissubsp. cremoriseasily can be distin-
guished by testing for arginase production, citrate utilization,
growth in 4% NaCl, and growth at 40 � C. Unlike Lc. lactis
subsp.cremoris, Lc. lactissubsp.lactisand its biovariant grow at
40 � C, in 4% NaCl and produce ammonia from L-arginine.
Lactococcus lactissubsp.lactiscan be distinguished fromLc. lactis
subsp.lactisbiovar. diacetylactisby its inability to utilize citrate.

Differential agar containing citrate, L-arginine, lactose, and
a pH indicator are available (e.g., Reddys differential agar) and
can be used to differentiate between theLc. lactissubspecies
and its biovariant.

Lactococcus lactisis used extensively as a starter in chees
and fermented milks and also can be found in some vegetable
and grain fermentations. Its importance in producing Cheddar,
Colby, and Monterey Jack cheeses in Wisconsin in the Unite
States has resulted in it being designated as the state microb
in 2010.

Leuconostoc
Morphologically, leuconostocs generally appear as cocc
similar in size and shape (occur in pairs and usually in short
chains) to lactococci. Unlike lactococci, most leuconostocs
grow on Rogosa agar and are heterofermentative, producin
carbon dioxide from glucose and usually fructose. Morpho-
logically, some leuconostocs may look like small rods or coc-
cobacilli and can be confused with lactobacilli. Leuconostocs,
however, do not produce ammonia from arginine and only
produce the D- isomer of lactic acid.

Leuconostocs are used as starters, or are selected by en
ronmental pressure, in dairy, vegetable, meat, and� sh
fermentations. The species used or selected by the fermentatio
environment are determined largely by the carbohydrates
present (e.g., fructose, sucrose, arabinose, trehalose in veg
table, and grain products). They tend to be relatively weak acid
producers, and in milk fermentations, they have a more
signi� cant role in � avor rather than acidi� cation.

Several species are important in food fermentations
including Leuconostoc mesenteroidessubsp. cremoris, Leuconosto
lactis (dairy fermentations), Leuconostoc mesenteroidessubsp.
mesenteroides, Leuconostoc kimchii, and Leuconostoc fallax(vege-
table and grain fermentations).Leuconostoc mesenteroidessubsp.
mesenteroidesalso may be signi� cant in meat fermentations.

Isolation and identi � cation of leuconostocs in starters is
time consuming and laborious, and the use of Rogosa agar to
obtain initial isolates has been found useful. Carbohydrate
fermentation and identi � cation of the lactic acid isomer are
useful elements in an identi� cation protocol.

Oenococcus
This recently formed genus contains one speciesOenococcu
oeni, previously classi� ed asLeuconostoc oeni. With a few critical
exceptions,O. oeniis phenotypically similar to bacteria in the
genusLeuconostoc; O. oenihas a high tolerance to ethanol, grows
in 10% ethanol, and can initiate growth in low pH media.

Unlike the other LAB discussed, the role ofO. oeni in
commercial food fermentations is to reduce excess malic acid
acidity in wine. Oenococcus oenican decarboxylateL-malic acid
to give L-lactate, thus reducing acidity and often improving the
overall wine quality. The process is known as the malolactic
fermentation.

Pediococcus
These LAB generally have a distinctive morphology; they ar
cocci that form tetrads following cell division that takes place in
two perpendicular directions in a single plane. Chains of cocci
are not formed. Pediococci do not utilize lactose, but
depending on the strain, form D- or L- or racemic mixtures ofD-/
L-lactic acid homofermentatively from glucose. Some strains
form a pseudocatalase and caution is required when inter-
preting tests for catalase. Pediococci can tolerate high conce
trations of lactic acid, and most will grow in 6.5% NaCl. Most
strains will grow on Rogosa agar.

Several pediococci produce signi�cant concentrations of
lactic acid and are used as starters in vegetable, particular
cucumber and sauerkraut fermentations, and in meat and� sh
fermentations. They are fairly acid tolerant.

Two species,Pediococcus pentosaceusand Pediococcus aci
ilactici, have been well characterized and tend to be used in
controlled fermentations where the temperature is regulated
Neither produces signi�cant acidity below 15 � C and may be
important in the succession of LAB that naturally develops
during some vegetable and meat fermentations. Previously
Pediococcus halophiluswas a recognized species, but following
molecular studies, this has been reclassi� ed within a new
genus,Tetragenococcus, where it is designated asTetragenococcu
halophilus.

Despite their inability to ferment lactose, P. pentosaceusand
P. acidilactici, frequently form part of the NSLAB� ora of mature
cheeses, such as Cheddar. They also may be used as adju
starter cultures to improve the � avor of Cheddar and other
cheeses, including low-fat variants.
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Figure 1 Photomicrograph of yogurt showingS. thermophilus and
L. bulgaricus.
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Streptococcus
Streptococcus thermophilusis the only species of this genus
found in starter cultures. This species is classi� ed as a ther-
mophile growing at 45 � C, and higher. Most strains show no
growth below 15 � C. Starter strains ofS. thermophilusare
similar to Lc. lactissubsp.cremorisin their sensitivity to NaCl;
growth does not take place in media containing more than 2%
NaCl. Morphologically, S. thermophilusare cocci that occur in
pairs and chains. Like lactococci, onlyL-lactic acid is produced
and carbon dioxide is not produced from glucose. Strains
differ in their ability to utilize galactose. Some produce urease
and have the potential to produce CO2 from urea. Since
S. thermophiluscan grow in the regeneration section of paste
urizers, high levels occasionally can occur in cheese and hav
the potential to cause openness. Additionally, the inability of
some strains to metabolize galactose can result in cheese wi
signi� cant concentrations of a fermentable carbohydrate tha
could be used by NSLAB for gas production. Use of non
galactose-fermenting strains will result in high levels of this
reducing sugar in fermented foods. Since galactose and othe
reducing sugars react with amino acids in the Maillard reac
tion, it is usual to only select galactose-utilizing strains to
reduce the probability of undesirable color changes occurring
in heated products.Streptococcus thermophilusdoes not grow on
Rogosa agar.

Streptococcus salivarius, a species commonly found in
saliva, has been shown by DNA–DNA hybridization studies
to be similar to S. thermophilus. Because of this, for some
yearsS. thermophiluswas classi�ed as a subspecies ofS. sali-
varius. It is now accepted, however, thatS. thermophilus,
although similar, is suf� ciently distinct to justify species
designation.

Streptococcus thermophilusis sensitive to low levels of salts
and to high osmotic strength media. M17 medium widely
used in studies with lactococci is not an ideal medium for the
growth of some strains unless it is modi� ed to reduce its
osmotic strength by the reduction of its glycerophosphate
content.

Streptococcus thermophilusis used widely as a starter in the
manufacture of a wide range of cheeses and yogurt. A photo
micrograph of S. thermophilusalong with Lb. delbrueckiisubsp.
bulgaricusin yogurt is shown in Figure 1.

More recently, probably since the mid-1990s, it has been
used widely in the manufacture of Cheddar cheese. It is
a component, along with lactococci, in some commercial
starter concentrates used for direct vat inoculation/direct vat se
(DVI/DVS cultures), where it produces acid rapidly during
scalding and may confer an additional measure of bacterio-
phage (phage) protection. Its incorporation in Cheddar
cultures also has the advantage of increasing the pro� tability of
DVI/DVS cultures to culture suppliers.

Tetragenococcus
This genus is similar in morphology to Pediococcusand forms D-
or L- or racemic mixtures ofD-/L-lactic acid homofermentatively
from glucose. These bacteria can grow in media of high osmotic
strength, up to 25% NaCl, and many strains have an obligate
requirement for NaCl.

This recently formed genus contains four species:T. hal-
ophilus, Tetragenococcus koreensis, Tetragenococcus muriaticus, and
Tetragenococcus solitarius. Tetragenococcus halophiluspreviously
was classi� ed as P. halophilus. Tetragenococcus halophilushas
a major role in the preservation of fermented soy sauce
anchovy pickles, salted anchovies, and miso.
Other Bacteria

Acetobacter

This is one of several genera within the family Acetobacteracea
that produces acetic acid from ethanol. The‘type species’ is
Acetobacter acetithat is used widely as a commercial starter in
vinegar production. Acetobacter acetiis a Gram-negative, obli-
gate aerobic, rod-shaped bacterium, catalase-negative, oxidas
positive, that also can oxidize vinegar to carbon dioxide and
water.

Brevibacterium

This genus contains Gram-positive, catalase-positive, obligat
aerobes that generally are tolerant to>8% salt. They belong to
the ‘coryneform’ group, and cell shape and Gram-reaction vary
with cultural conditions. Younger colonies tend to be rod
shaped.

Only one species Brevibacterium linensis important in
foods. Brevibacterium linensproduces carotenoid pigments
and hence distinctive colored colonies on agar media. Some
strains can grow in 15% salt. Brevibacterium linensis an
essential component of smear-ripened cheeses, includin
Limburger, Brick, and Muenster.Brevibacterium linenswill not
grow below pH 6.0, so deacidi� cation of the cheese surface
must occur � rst. This is achieved by yeasts and molds (e.g
Debaryomyces hansenii, Geotrichum candidum, and Penicillium
camemberti) that utilize the lactate and increase the pH. This
is yet another example of complex microbial succession
processes in food fermentations.
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Propionibacterium

This genus contains Gram-positive, catalase-positive, faculta
tive aerobes that generally have a characteristic club-shaped ro
appearance. Often, the odd-shaped rods can appear branche
Coccobacilli often are apparent. Several species are associa
with food fermentations and vitamin production, in particular
subspecies of Propionibacterium freudenreichii. While some
strains do not ferment lactose, they can utilize lactate as a
energy source with the production of propionic acid, acetic
acid, and carbon dioxide. Dairy strains can produce proline
from milk proteins using proline iminopeptidase.

Propionibacteria are responsible for the eyes found in Swis
cheese. Additionally the acetate, propionic acid, and proline
produced contribute to the sweet and nutty� avor characteristic
of the cheese.
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Bacillus

Bacillusspecies are Gram-positive, catalase-positive rods th
can be obligate aerobes or facultative anaerobes. Strains
Bacillus subtilisare used in the production of natto, a fermented
soybean product. The bacilli produce capsules around cell
containing a polysaccharide. The polysaccharide contribute
to the viscosity and sweetness of natto. Natto starters ar
available commercially, and starter strain BEST195, whic
requires biotin for growth, has been extensively characterized
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Fungi Used as Starters

Many fermented foods are produced by the combined actions
of LAB and fungi. Yeasts particularly those belonging to the
Saccharomyces, Kluyveromyces, and Zygosaccharomyces genera and
molds from the Aspergillus, Geotrichum, Penicillium, and Rhizopus
genera provide most of economically signi� cant fungal-starter
species.

Fungi are much more complex than bacteria and can have
diploid or polyploidal chromosomes encoding for several
times more genes than bacteria. While fungal classi� cation
has advanced signi� cantly from its earlier phenotypic origins,
morphological, physiological, and biochemical properties
still are used largely to designate isolates to genus an
species.

Yeasts differ from fungi in several respects, and some o
these differences are signi�cant in food fermentations. Because
most molds are multicellular and � lamentous, they tend to
form matts on the surface of foods, and holes, cracks, and
� ssures generally are required in the food if mold penetration is
required; yeasts are unicellular and non� lamentous.
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Saccharomyces

This genus is composed of several genera of unicellular yeas
that are oval or spherical in shape and reproduce by multilat-
eral budding. The absence of conjugation preceding ascu
formation, the presence of one to four ascospores per ascus, th
inability to utilize nitrate, and carbohydrate fermentation
pattern classically have been used to distinguishSaccharomyce
from other genera. Because of the heterogeneity of the speci
in the genus, it is likely that current molecular studies will
recommend the redesignation of some existing species an
perhaps new species within the genus.

Saccharomyces cerevisiaealso known as baker’s yeast or
brewer’s yeast has been well characterized. Morphologically
cells may exhibit a round spherical or ovoid appearance. Cells
also can be elongated with pseudohyphae.Saccharomyce
cerevisiaeis a large heterogeneous species and based on DN
homology studies, it has been proposed that it should be
divided into four species: S. cerevisiae, Saccharomyces bayan
(also known as Saccharomyces uvarum), Saccharomyces paste
ianus(also known as Saccharomyces carlsbergensis), and Saccha-
romyces paradoxus.

Yeasts fromSaccharomyceshave been used extensively in
bread, wine, brewing, and other food fermentations for
centuries often in close association with LAB.
Penicillium

Penicillium speciesare used widely in food fermentations, and
through the secretion of pectinases, amylases, proteinase
lipases, and other enzymes, they can break down comple
structural elements of foods releasing substrates for growth. It i
this ability that makes molds so useful in food fermentations.

Important dairy species include Penicillium roqueforti,
which produce the blue veins in cheeses like Roquefort, and
P. camemberti, the white mold covering Brie and Camembert.
Both of these molds secrete lipases and proteases that marked
in� uence the texture, aroma, and taste of these cheeses. Seve
Penicilliumspecies are important in meat fermentations. These
include Penicillium chrysogenumand Penicillium nalgiovense.
These molds promote � avor development during ripening.
Mold metabolites also prevent the growth of surface contami-
nants in fermented sausages.
Aspergillusand Rhizopus

Species from these genera are used to produce seve
economically signi� cant Asian fermented foods. Aspergillus
species, includingAspergillus sojae, are involved in the manu-
facture of traditional soy and rice products, including soy sauce
soy pastes, and rice wines (e.g.,sake). Another traditional
product produced from whole soybeans, tempeh, is manufac-
tured using Rhizopusspecies.Rhizopus oryzaeand Rhizopus oli
gosporusboth have been isolated from tempeh.
Functions of Starters in Food Fermentations

Dairy starter cultures are particularly well characterized and ca
be used to illustrate some of the functional properties of
starters in food fermentations.

The major functions of starters in dairy fermentations are
shown in Table 4. Although acid production is the major task
required of starters in many milk fermentations, starters have
other equally important functions. It also is apparent that
multiple mechanisms are responsible for their ability to
preserve or extend the shelf life of fermented foods.

The rate of acid production in� uences the expulsion of
whey (syneresis) from the curd particles in cheesemaking and
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Table 4 Major functions of starters in milk fermentations

Function Result/mechanism

Acid production Gel formation
Whey expulsion (syneresis)
Preservation
Flavor development

Flavor compound
production

Formation of diacetyl and acetaldehyde

Preservation Lowering of pH and redox potential
Production of bacteriocins such as nisin
Production of hydrogen peroxide
Formation ofD-leucine
Production of lactate/lactic acid
Acetate formation

Gas formation Eyehole formation
Production of openness to facilitate‘blue

veining’
Stabilizer formation Body and viscosity improvement

Increase cheese yield?
Reduced use of milk powder in yogurt making

Lactose utilization Reduce potential for gas and off-� avor
development

Make products more acceptable to the lactose
intolerant

Lowering of redox
potential

Preservation
Aids� avor development

Source: Dairy Science and Food Technology (http://www.dairyscience.info).
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the duration of the cheesemaking process. These are bo
economically signi� cant and must be controlled precisely.

While lactic acid is the most signi� cant acid produced in
dairy fermentations, and is critical to preservation, acetic acid
and propionic acids also may be produced. While pH on its
own, particularly below pH 5.2, will limit the growth of some
spoilage and pathogenic bacteria, the undissociated organic ac
is understood to have a signi� cant antimicrobial effect. The
mechanism is thought to be undissociated acid diffusing into
cells and disrupting essential metabolic processes. Since lac
acid has a pKa of 3.8 at 25 � C and acetic acid has a pKa of about
1 higher, there will be approximately 10 times more undisso-
ciated acetic acid present in equimolar solutions of both acids a
pH 5.2, indicating the higher antimicrobial potential of acetic
acid. Propionic acid has signi� cant antimold activity.

LAB starters, particularly strong acid producers, have th
potential to signi � cantly lower the oxidation–reduction (Eh)
potential in dairy products, particularly in cheese or in liquid
products in sealed systems. The Eh of raw milk is about
þ150 mv, whereas Cheddar cheese has an Eh of around
�250 mv. Reduction of E h to such low values creates an
environment in which only facultative or obligate anaerobic
microorganisms might grow.

Bacteriocin production also may be an important preserva-
tion factor. Many LAB produce bacteriocins, ribosomally
synthesized peptides. Nisin is perhaps the best documented
Nisin will inhibit the outgrowth of Bacillusand Clostridium
spores and also may inhibit the growth ofListeria monocytogen.

Some evidence also indicates that some LAB produce ant
fungal peptides and hydroxylated fatty acids that inhibit the
growth of molds.
LAB can produce micromolar concentrations of hydrogen
peroxide in milk. Milk contains high concentrations of lacto-
peroxidase (EC 1.11.1.7) an enzyme that is largely unaffecte
by pasteurization heat treatments and converts thiocyanate in
the presence of hydrogen peroxide to potent antimicrobial
inhibitors. These can oxidize sulfhydryl-groups in vital meta-
bolic enzymes (e.g., hexokinase) or deplete reduced nicotin
amide adenine nucleotides in bacteria. With some bacteria, the
effect is reversible, but for others, the effect is bactericida
Gram-negative bacteria, such asEscherichia coli, Pseudomona
spp., andSalmonellaspp., are killed.

Mold growth in foods often requires mechanical openness
to permit gaseous exchange and penetration of the mycelium
While special equipment is used to facilitate mold growth, the
production of openness (e.g., slits or seams) is important in
some varieties of blue-veined cheese, such as Cambozola
Blue Brie. This can be achieved by the use of starters containin
strains of Lc. lactissubsp.lactisbiovar. diacetylactisor Leuconsto
species that produce carbon dioxide.

Some starters produce complex polysaccharide-type mate
rials that can be utilized by technologists to improve the body
or viscosity of products such as yogurt or to produce the
essential product characteristics (ropiness) of Finnish long milk
(i.e., Viili).

It should be apparent from this discussion that an array of
protective factors are associated with starters that ca
contribute to food safety.
See also:Bacteriocins:Potential in Food Preservation;
Bacteriocins:Nisin;Biochemical and Modern Identi�cation
Techniques:Introduction;Biochemical and Modern
Identi�cation Techniques:Micro� oras of Fermented Foods;
Brevibacterium; Cheese:Microbiology of Cheesemaking and
Maturation;Ecology of Bacteria and Fungi in Foods:In� uence
of Redox Potential;Ecology of Bacteria and Fungi in Foods
Effects of pH;Enterococcus; Fermented Foods:Origins and
Applications; Fermented Vegetable Products; Fermented
Products and the Role of Starter Cultures; Traditional Fis
Fermentation Technology and Recent Developments;
Fermented Foods:Fermentations of East and Southeast As
Fermented Milks:Range of Products; Fermented Milks and
Yogurt; Northern European Fermented Milks; Fermented M
Products of Eastern Europe and Asia;Fungi:Overview of
Classi� cation of the Fungi;Lactobacillus: Introduction;
Lactococcus: Introduction;Pediococcus; Propionibacterium;
Saccharomyces– Introduction; Starter Cultures; Starter
Cultures Employed in Cheesemaking;Streptococcus:
Introduction;Wines:Malolactic Fermentation; Genomics.
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Introduction

The multicellular � lamentous fungi growing on foods that give
them a cottony appearance are termed mold. The thallus, o
vegetative body, is characteristic of thallophytes, which lack
true roots, stems, and leaves. The molds are differentiated from
yeasts due to the presence of hyphae, which are intertwine
� laments, in the molds. The branching and accumulation of
these hyphae lead to the formation of mycelium. The hyphae
may grow submerged within or on the aerial surface of foods.

Molds are divided into two groups: septate, with cross walls
dividing the hypha into cells (e.g., Penicillium glaucoma), and
non-septate (coenocytic), with the hyphae apparently consist-
ing of cylinders without cross walls (e.g.,Mucor muceda).

Molds do not contain chlorophyll and, therefore, in
contrast to higher plants, they cannot synthesize the essentia
organic compounds for their growth. Instead, they use the
organic compounds present in nature. Therefore, they show
a saprophyte and parasite character.

The cell wall of molds are thin, � exible, and colorless. The
cell cytoplasm includes vacuoles, cell core, and some nutrients
including mainly glycogen and fat. In some species, the fat is
the predominant component of total solids of cytoplasm.

Molds can grow from a transplanted piece of mycelium.
Reproduction of molds is chie� y by means of asexual spores
Some molds also form sexual spores. Such molds are terme
perfect and are classi� ed as either Oomycetes or Zygomycete
if non-septate, or Ascomycetes or Basidiomycetes if septate.
contrast to imperfect molds, no sexual spores have bee
found.
.
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Table 1 Growth temperatures of molds

Species Minimum Optimum Maximum

Aspergillus candidus 10 28 55
Aspergillus clavatus 10 26 38
Aspergillus fumigatus 12 37 52
Aspergillus repens 5 30 38
Aspergillus ßavus 10 30 45
Botrytis cinerea � 4 22 37
Cladosporium herbarum � 6 25 40
Helicostylum pulchrum 0 5 28
Humicola lanuginosa 30 48 60
Mucor pusillus 20 40 55
Neurospora sitophila 5 36 45
Penicillium aurantiogriseum � 2 24 29
Penicillium brevicompactum � 2 22 28
Penicillium citrinum 12 27 34
Penicillium expansum � 2 24 29
Penicillium glabrum 3 24 29
Penicillium roqueforti 2 22 35
Penicillium viridicatum � 2 24 35
Rhizopus stolonifer 1 28 34
Physiological Characteristics of Molds

Like other microorganisms, molds require water, minerals, and
carbon and nitrogen sources for growth. Molds are resistant to
wide variations in environmental conditions, e.g., high salt and
sugar content caused by chitin and cellulose in their cell walls
While, e.g., molds can grow in 50% sugar solution, the bacteria
are lysed at the same sugar concentration due to high osmoti
pressure. In general, molds can utilize many kinds of foods,
ranging from simple to complex. While some species use
simple foods directly, others (e.g.,Penicilliumspp.) reduce the
complex molecules to simpler molecules enzymatically and
then utilize them. The growth of molds depends on the
concentration and type of nitrogen salts, macro-, and micro-
nutrients such as P, K, Mg, Fe, Cu, and Mn. In contrast to othe
microorganisms, the growth of molds is stimulated by sodium
chloride at moderate concentrations.

In general, most molds are able to show activity at much
lower water activity than most yeasts and bacteria. Most yeas
522 Encyclopedia of Food
and bacteria cannot grow below 0.95 water activity (aw),
whereas Ascomycetes and Deuteromycetes can remain acti
when water activity is as low as 0.65. Salt is a determining facto
for aw and has a different effect on different species. Fo
example, while Mucorspp. are sensitive to low salt concentra-
tions, a slight stimulation of growth of Penicillium spp. is
observed at the same NaCl concentration. Overall, below
14–15% total moisture in � our or some dried fruits, the growth
of mold is prevented or considerably delayed.

The optimum growth temperature of molds is around
25 � C, ranging from 20 to 30 � C. However, while some species
require much lower temperature (5 � C for Helicostylum pulch
rum), some species show thermophilic character (optimum
48 � C for Humicola lanuginosa; Table 1).

Molds are aerobic– they need oxygen for growth. They also
grow at low pH values. They can remain active over a wide
range of hydrogen ion concentrations (pH 3–9), but the
majority favor an acid pH (pH 5 –6).

Some species, includingAspergillusspp. andPenicilliumspp.,
are stimulated by CO2 in air (up to 15% CO 2 concentration).
Penicillium roqueforti, which is a starter used in the manufacture
of Roquefort cheese, can remain active at very low oxyge
concentrations (4.2% O2 and 80% CO2).

Compounds inhibitory to other organisms are produced by
some molds such as penicillin fromP. chrysogenumand clavacin
from Aspergillus clavatus. Certain chemical compounds are
mycostatic, inhibiting the growth of molds (sorbic acid,
propionates, and acetates are examples), or are speci� cally
fungicidal, killing molds.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00323-2
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Industrial Importance of Molds

In general, foods on which molds are grown are considered
un� t to consume. In most cases, molds are involved in spoilage
of many kind of foods. On the other hand, some special molds
are useful in the manufacture of certain foods or food ingre-
dients. Thus, some kind of cheeses are mold-ripened, e.g., blu
veined, Roquefort, Camembert, Brie, Gammelost, etc. an
molds are used in making oriental fermented foods such as soy
sauce, miso, sonti, and tempeh. This article will focus on the
molds used as starters for the manufacture of foods rather than
as spoilage agents.
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Mold Cultures

Stock cultures of molds are usually prepared on a suitable aga
medium such as malt extract agar, and lyophilization (freeze
drying) is the most common method of preserving the culture
in a spore state for long periods. Mold cultures can be prepared
in many different ways:

l surface growth on a liquid or agar medium in a � ask
l surface growth on media in shallow layers in trays
l growth on wheat bran which is moistened and may be

acidi� ed or which may have liquid nutrient added, e.g.,
corn-steep liquor

l growth on previously sterilized and moistened bread or
crackers

l growth by the submerged method in an aerated liquid
medium, usually resulting in pellets composed of myce-
lium, with or without spores.

The ef�ciency of the recovery of mold spores varies
depending on the method of production. Washing and
drawing from dry surfaces, leaving in dry material that is
ground up or powdered or incorporating in some dry powder,
e.g., � our are the most common methods of recovering the
spores. The pellets are used as such.

Growing spores ofP. roquefortion sterilized, moistened, and
acidi� ed bread is a common practice, as well as growing on
whole wheat or bread made of a special formula. Following the
formation of mold spores, drying of bread and culture take
place and the culture is used in powder form.

P. camembertispores are prepared by growing the mold on
moistened sterile crackers. A spore suspension is prepared f
the surface inoculation of the Camembert, Brie, or similar
cheese.

When submerged fermentation is required, the pellets or
masses of mycelium produced during the submerged growth
of mold is used. In order to increase the yield of pellets, the
culture should be shaken continuously during the
submerged growth of culture. When surface growth is desire
on liquid or agar medium or bran, mold spores produced by
the methods listed previously ordinarily serve as the
inoculum.

The koji, or starter, for soy sauce is usually a mixed cultur
carried over from a previous lot, although pure cultures of
Aspergillus oryzae, together with a yeast andLactobacillus de
brueckii, have been used. The mold culture is grown on cooked
sterilized rice.
Use of Substances and Enzymes Produced from Molds in
Industry

Molds may be employed for the production of many kinds of
substances such as lactic, citric, acetic, gluconic, malic, fumari
and tartaric acids. In similar manner, the molds are successfull
employed in the production of antibiotics, vitamins, ethyl
alcohol, amino acids, and hormones, and for the preparation
of single-cell proteins and for the synthesis of fat.

Although it is not common, it has been reported that
Rhizopus oryzaehas been used to produce lactic acid from
a glucose-salt mediumin vitro. The production of citric acid
by molds is more common. In particular, A. niger is widely
used in citric acid production. Additionally, other mold
species, includingA. clavatus, A. wentii,P. luteum, P. citrinum,
and Mucor pyriformisare also able to produce citric acid,
mainly from molasses. There is a positive correlation
between the concentration of metal ions and the yield of
citric acid, and a negative correlation is reported between
nitrogen concentrations and the amount of citric acid
produced. Also, the production of citric acid is closely linked
to the suppression of oxalic acid production. In modern citric
acid production methods, the submerged growth of the
mycelium is essential. A sugar concentration ranging betwee
14 and 20%, low pH, temperature around 25–30 � C and
a fermentation period of 7–10 days or lower are the
optimum conditions of production of citric acid by molds. In
the food industry, citric acid is used to adjust the pH, to
develop the � avor and to delay decolorization and browning
in meat and fruits.

Some species, includingM. � avus,A. niger, Fusarium solani,
and P. notatum, are able to bind some inorganic elements such
as sulfur, calcium silicate, and iron hydroxide and therefore
contribute to the protection of environment.

The fungi Aspergillusspp.,Penicilliumspp., andFusariumspp.
may be used in the preparation of single-cell proteins.

Fats are synthesized in large quantities by yeasts, yeast-li
organisms, and molds. Geotrichum candidumis primarily
responsible for the synthesis of fat.

In addition to being used in the production of certain food
additives, the molds synthesize some enzymes which ar
widely used in the manufacture of foods. The enzymes
produced by molds are used in a wide area of the food industry,
varying from baking to dairies (Table 2).

The use of molds in the manufacture of some kinds of foods
has been established for many years. For example,Endothia
parasitica, M. pusillus, and M. miehei are employed in the
production of milk-clotting enzymes (rennin). In addition,
lipases and proteases synthesized byA. nigerand A. oryzaeare
often used to shorten the maturation period in cheese and to
control the development of aroma/� avor. Certain proteases
produced by A. nigerhave been used in cheese-making as a
alternative to the traditional milk-clotting enzyme rennin.

Enzymes produced by A. niger and A. � avus such as
a-amylase, b-galactosidase, b-gluconase, glucoamylase
glucosidase, catalase, pectinase, and cellulase are employ
in the manufacture of many kinds of foods. For instance,
amylase is widely used in bread-making and in breweries
Pectinase and cellulase are used in the preparation of easi
digestible foods.
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Table 2 Enzymes from molds used in food processing

Enzyme Source Industry Application

a-Amylase Aspergillus niger Baking Flour supplement
Aspergillus oryzae Brewing Mashing
Rhizopusspp. Food Syrup manufacture
Mucor rouxii Food

Cellulase Aspergillus niger Food Preparation of liquid coffee concentrates
Trichoderma viride

Glucose oxidase Aspergillus niger Food Glucose removal from eggs
Lipase Aspergillus niger Dairy Flavors in cheese

Mucorspp.
Rhizopusspp.

Pectinase Aspergillus niger Food Clari� cation of wine and fruit juices
Penicilliumspp.
Rhizopusspp.

Protease Aspergillus oryzae Brewing Prevent chill haze in beer
Mucorspp. Food Meat tenderizer
Rhizopusspp.

Rennin-like enzymes Mucor miehei Dairy Curdling of milk for cheese-making
Mucor pusilis
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a-Amylase is one of the commonest enzymes employed in
the food industry. Molds are considered as prime sources o
amylases as well as other enzymes. Depending upon th
method of production, different strains have been recom-
mended in the production of amylase, e.g.,A. oryzaefor surface
application and A. niger for submerged cultures. For the
manufacture of amylases fromA. oryzae, moistened steame
wheat or rice bran is widely used. The whole process take
about 40–48 h at 30 � C in an atmosphere with high humidity.
Amylases are employed in the clari� cation of beer, wines, and
fruit juices and removal of starch from fruit extracts. Also, in the
development of consistency and gas retention of dough
amylases are used in combination with proteases.

Fungal types of pectinase are produced industrially by
species ofAspergillusand Penicillium. Fungal pectin enzymes are
used:

l to accelerate rates of clari� cation and � ltration
l to remove pectin from fruit base prior to gel standardization

in jam manufacture
l to prevent undesirable gel formation in fruit and vegetable

extracts and purées
l to recover citrus oils
l to stabilize cloud in fruit juices.

Proteases are classi� ed according to their optimal pH in
acid, neutral, or alkaline types. Acid proteases are mostl
produced by fungi. A. oryzaeis the main source of fungal
proteases. Various media have been recommended for th
production of proteinase, including wheat bran, soybean cake,
alfalfa meal, middling, yeasts, and other material. Acid fungal
proteinases are used:

l to hydrolyze gluten to reduce mixing time, to make dough
more pliable and to improve texture and loaf volume

l in meat tenderization
l to prepare liquid wheat products
l to reduce viscosity and to prevent gelation of concentrated

soluble � sh products
l to reduce the setting time for gelation without affecting the
gel strength.

They are also actively used in the manufacture of orienta
mold-fermented foods.

Glucose oxidase oxidizes glucose in the presence of oxyge
to form gluconic acid. It is used to desugar– and hence to
stabilize – egg products, and to increase the shelf life of bottled
beer, soft drinks, and other oxygen-sensitive foods. Glucos
oxidase is primarily produced by the submerged growth of
A. niger. Glucose oxidase and catalase are often employe
together to remove residual oxygen from food packages.

Lipase from various species of molds contributes to the
development of � avor in mold-ripened cheeses and catalas
from A. niger, P. vitale, and Mucor lysodelilaticusis used in cake-
baking, irradiated foods, and hydrogen peroxide sterilization
where the elimination of hydrogen peroxide is essential.
Use of Molds in Cheese-Making

Most cheese varieties are consumed as ripened. In the ripenin
process, the indigenous enzymes of milk, milk-clotting
enzyme, (rennin) and starter cultures play determining roles.
Endo- and exoenzymes produced by starter bacteria (lipase
and proteases) give a characteristic aroma/� avor to cheese. The
type of microorganism used varies depending on the type of
cheese. These microorganisms can be applied either alone or
combination with bacteria and yeasts.

In cheese-making,Penicilliumspp. (e.g.,P. camembertiand
P. roqueforti) are widely used.Geotrichumspp. (e.g.,G. candidum)
are also applied to a lesser extent.P. camembertiis employed as
starter for French cheeses made from cow’s milk, such as
Camembert, Brie, Carré de l’Est, Neufchâtel, and some other
cheese produced from goat’s milk. P. roquefortigives a charac-
teristic aroma/� avor to cheeses made from cow’s milk, such as
Bleu d’Auvergne, Bleu de Bresse, Gorgonzola, blue Danoi
Stilton, Roquefort made from sheep’s milk, and some cheeses
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manufactured from goat’s milk. Although it is not common,
G. candidumis used as a starter in some soft cheeses and,
some cases, Camembert, Pont l’Evêque, and Saint-Nectaire
cheeses.

Depending on the type of cheese, the molds can be applied
as follows:

l by adding to cheese milk with starter culture or with milk-
clotting enzyme

l by adding to brine (P. camemberti)
l by spreading on to the surface of cheese in a cold room

(P. camemberti, G. candidum)
l by inoculating into curd before pressing (P. roqueforti).

About 1000 species ofPenicilliumhave been identi� ed so far
and only a few strains of the above-mentioned species are o
industrial importance in terms of cheese production.
P. camembertihas been known since 1906. The growth rate o
P. camembertiis the same as otherPenicilliumspecies. On malt
extract, it produces colonies of 25–35 mm diameter within
2 weeks at 25 � C. The optimum growth temperature of
P. camembertiis around 20–25 � C. While it multiplies at 5 � C,
high temperatures (e.g., 37� C) have an inhibitory effect on
P. camemberti. P. camembertiis moderately tolerant against salt
and 20% salt concentration is accepted as the critical value a
which growth ceases. OtherPenicilliumspecies are more acid
tolerant than P. camemberti. The growth of these species i
favored by low pH (pH 3.5 –6.5). With the exception of selected
strains, no strains are able to grow above pH 7.0.

The growth rate of P. roquefortiis higher than that of
P. camemberti. On malt extract, it spreads within 7 days over
a 40–70 mm diameter area at 25 � C. The optimum growth
temperature of P. roquefortiis around 35–40 � C. On the other
hand, due to its ability to grow at low temperatures (e.g.,
<5 � C), it often spoils refrigerated foods. Although it is favored
by an acid environment (pH 4), it shows activity within a wider
range of pH than P. camemberti(pH 3.0–10.5). Its growth is
stimulated at low salt concentrations but, at 6–8% salt
concentration, the growth rate decreases and, at 20% sa
concentration, it stops completely.

Although it is not as common as P. camembertiand
P. roqueforti, G. candidumis also used in the manufacture of
some cheese varieties. It may grow at 5� C up to 38 � C, but its
optimum growth temperature is around 25 � C. Although it
remains active over a wide pH range, its growth is stimulated by
an acidic environment (pH 5.0–5.5). Unlike Penicilliumspp.,
G. candidumis sensitive to salt and even at 1% salt concentra
tion its growth is slowed: at 5–6% salt concentrations an
inhibitory effect is observed.

P. camembertiand P. roqueforti, which are both of industrial
importance, are aerobic.P. roquefortican even remain active at
oxygen concentration as low as 5%. BothPenicilliumspecies
(P. camembertiand P. roqueforti) are able to metabolize organic
and inorganic compounds. Their lactose metabolism is of
crucial importance in cheese-making.
nt
l

Biochemical Activity ofP. camembertiand P. roqueforti
and Their Role in Cheese-ripening

Both Penicilliumspecies consume lactic acid and lactate prese
in cheese to cover their requirement for metabolites essentia
for growth. As a result of de-acidi� cation occurring during the
consumption of lactic acid and lactate, the pH of cheese
increases, providing a suitable environment for the activity of
enzymes. This leads to the development of aroma/� avor and
cheese texture. In addition, the neutralization of lactic acid
results in stimulation of bacteria and micrococci, which are
acid-sensitive, at the end of the ripening period.

P. camembertisynthesizes two speci�c exocellular enzymes–
acid protease, which is stable within the pH range 3.5–5.5 and
has optimum activity at pH 5.0, and metalloprotease, which is
stable at higher pH ranges (pH 8.5–9.5) and has optimum
activity at pH 6.0. Also, carboxy-peptidase and amino-
peptidase enzymes, whose optimum growth pH range is
between 4.0–7.0 and 7.5–8.5, respectively, are produced by
P. camemberti.

Proteolysis initiated by enzymes produced byP. roqueforti
plays an important role in the development of aroma/
� avor and the texture of blue-veined cheeses. Similar t
P. camemberti, P. roqueforti also synthesizes acid proteas
(optimum pH 3.5 –4.5), metalloprotease (optimum pH
5.5–6.0), carboxy-peptidase (optimum pH 3.5–4.0), amino-
peptidase (optimum pH 7.5 –8.0), and some exoenzymes.

Proteolysis is an important feature of mold-ripened cheeses
(both surface-smeared and blue-veined cheeses). At the end
the ripening period, the ratio of soluble nitrogen to total
nitrogen is around 35% in Camembert cheese and 50% in
Roquefort cheese.

ThesePenicilliumspecies also synthesize lipases which ar
determining enzymes for the aroma/� avor of mold-ripened
cheeses. Lipases produced byP. camembertishow activity
within a pH range 1.0–10.0, with optimum pH at 8.5 –9.5. The
optimum temperature for lipase activity is 35 � C; however, at
0 � C they maintain 50% of maximum activity. P. camembert
causes oxidative degradation of lipids through its enzymes
especially degradation of caprilic acid and, secondarily, lauric
acid. In cheeses whereP. camembertiis used as a starter
a positive correlation between proteolytic activity and lipolytic
and b-oxidative changes is established.

As with P. camemberti, the activity of lipases produced by
P. roquefortivaries depending on the strains. However, an
adverse relationship between proteolytic and lipolytic activity
in cheeses made byP. roqueforti is present. P. roqueforti
synthesizes two exocellular lipases, namely acid lipas
(optimum pH 6.5) and alkali lipase (optimum pH 7.5 –8.0).
These lipases act on tricaproine and tributyrine, respectively
Further enzymatic conversions of free fatty acids lead to
b-ketonic acids and methyl ketones, which give a characteristi
aroma/� avor to mold-ripened cheeses. The level of free fatt
acids in mold-ripened cheeses is an indicator for the level o
lipolysis. For example, in Camembert cheese the level of fre
fatty acids ranges between 6 and 10%, in Roquefort cheese th
falls to 7–12% and in blue cheese it is above 10%.
The Role ofP. camembertiand P. roquefortiin the
Aroma/Flavor of Cheese

The characteristic aroma/� avor of mold-ripened cheeses is
a result of a series of enzymatic modi� cations of milk
compounds. The enzymatic modi� cations of proteins and
lipids, which depend on the technology applied, lead to the
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Table 3 Volatile compounds isolated from Camembert cheese

Primary alcohols C2, 3, 4, 6, 2-methylpropanol, 3-methylbutanol,
oct-1-ene-3-ol, 2-phenylethanol

Secondary
alcohols

C4, 5, 6, 7, 9, 11

Methyl ketones C4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15
Aldehydes C6, 7, 9, 2, and 3 methylbutanol
Esters C2, 4, 6, 8, 10-ethyl, 2-phenylethylacetate
Phenols Phenol,p-cresol
Lactones C9, C10, C12

Sulfur
compounds

H2S, methyl sul� de, dimethylsul� de, methanethiol,
2,4-dithiapentane,
3,4-dithiahexane, 2,4,5-trithiahexane,
3-methylthio, 2,4-dithiapentane,
3-methylthiopropanol

Anisoles Anisole, 4-methylanisole, 2,4-dimethyl anisole
Amines Phenylethylamine, C2,3,4, diethylenamine,

isobutylamine, 3-methylbutylamine
Miscellaneous Dimethoxybenzene, isobutylacetamide
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formation of many kinds of aroma/ � avor compounds. The
type and concentration of acids, primary and secondary alco
hols, carbonyl compounds, esters, and hydrocarbons deter
mine the characteristic aroma/� avor of various cheeses. Suc
compounds, present in Camembert cheese, are shown i
Table 3. The characteristic aroma/� avor compound for this
type of cheese is 1-octene-3-ol and the presence of th
compound at high levels in Camembert cheese causes arom
defects.

In soft cheeses ripened by surface-smeared molds, pheny
ethanol and its acetic and butyric acid esters can easily b
recognized. Depending on the ripening coef� cient of cheese,
sulfuric compounds can also be detected organoleptically.

In Roquefort cheese, the level of fatty acids, methyl ketone
and secondary alcohols determines the characteristic aroma
� avor. However, the level of such compounds in cheese varie
greatly depending upon the technological variables (Table 4).
In mature Roquefort cheese, e.g., the methyl ketones havin
seven and nine carbon atoms are abundant. The methy
ketones are affected by technological applications. The stimu
lated lipolysis of milk fat also causes an increase in the level o
methyl ketones. In contrast, the high level of fatty acids has an
inhibitory effect on the growth of Penicilliumspp. This even-
tually leads to the inhibition of the formation of methyl
ketones. Similarly, salting in� uences the level of lipolysis and,
as a result, retards the release of methyl ketones. It is know
that at high salt concentrations, lipolysis is greatly delayed
Table 4 Variation in the concentration of methyl ketones in

Cheese Age of cheese (C15 þ C13) C

Blue 2 months 1.1 1
Blue 3 months 0.9 0
Blue 4 months 1.3 1
Roquefort 2 months 0.5 0
Roquefort 3 months 0.4 1
Roquefort 4 months 0.3 0
Some methyl ketones are converted to secondary alcohols b
Penicilliumspp.

Compounds formed as a result of degradation of milk fat
characterize the typical aroma/� avor of blue cheeses. Addi-
tionally, esters and phenylethanol present in cheese balance th
typical aroma/� avor of mold-ripened cheeses.
Mycotoxins ofP. camembertiand P. roqueforti

It has long been known that some molds (e.g., A. � avus)
produce mycotoxins which are harmful to humans and
animals and which have carcinogenic effects on humans. Thes
mycotoxins are secondary metabolites which are synthesize
from amino acids and ketonic acids. Cyclopiazonic acid
produced by P. camembertiwas found to be fatal for mice. In
mature Camembert cheese stored at 14–18 � C, this compound
was not found but the formation of cyclopiazonic acid in
cheese stored at 25� C was reported. Additionally, some
authors asserted that cyclopiazonic acid was present on th
surface of Camembert cheese. The effect of cyclopiazonic ac
on humans has yet to be established.

In a study carried out in France, 30 commercialP. camem-
bertistrains were tested bothin vitro and in the cheese factories
to determine their level of toxigenicity and it was reported that
only three strains were found to be toxigenic (one very weak
one medium, and one strong).

P. roquefortiproduces PR toxin, PR imin, and patulin, which
are unstable in cheese.
Application of Molds in the Manufacture
of Oriental Foods

Most of the oriental foods mentioned below have molds
involved in their preparation ( Table 5). In the starter named
koji by the Japanese and chou by the Chinese, molds serve a
sources of hydrolytic enzymes, such as amylases to hydrolyz
the starch in grains, proteinases, lipases, and many others. Fo
the most part the starters are mixtures of molds, yeasts an
bacteria, but in a few products pure cultures have been
employed.
Saké

Saké is a Japanese alcoholic beverage with 14–17% alcohol
content manufactured by means of a mixed fermentation of
molds and yeasts. A starter named koji or chou is produced by
growing A. oryzaeon soaked and steamed rice mash until
blue and Roquefort cheeses during ripening (mg per 10 g of fat)

11 C9 C7 C5 C3

.7 7.6 30.2 20.0 5.1

.7 2.5 3.4 0.9 Trace

.7 8.5 12.4 7.2 Trace

.7 7.4 15.6 11.0 2.4

.6 12.4 9.2 1.2 0

.3 2.6 4.2 0 0
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Table 5 Foods produced by fermentation of molds

Food Mold

Cheese
Semihard blue-veined

(Gorgonzola, Stilton,
Roquefort, Danish blue, etc.)

Penicillium roqueforti

Gammelost Penicillium roqueforti, Penicillium
frequentas, Mucor
racemosus, Rhizopusspp.

Soft cheeses (Camembert, Brie) Penicillium camemberti
Coffee Aspergillusspp.

Fusariumspp.
Soy sauce Aspergillus soyae

(Aspergillus oryzae)
First stage Mucorspp.

Rhizopusspp.
Tempeh Rhizopus oligosporus

Rhizopus stolonifer
Rhizopus arrhizus
Rhizopus oryzae

Tamari sauce Aspergillus tamarii
Miso Aspergillus oryzae
Ang-khak (Chinese red rice) Monascus purpureus
Tou-fu-ju or tofu (soybean cheese) Mucorspp.
Minchin Various mold species
Fermented� sh Aspergillusspp.
Lao-chao Various mold species
Poi Geotrichum candidum
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a maximal yield of enzymes is obtained. In the second stage o
fermentation, Saccharomycesspp. carry out the alcoholic
fermentation.
f

Sonti

Sonti is a rice beer or wine particular to India produced by
mixed fermentation of Rhizopus sontiand yeasts.
d
to
Coffee

Pectinolytic enzymes from Aspergillusspp. and Fusariumspp.
are used to remove the pulpy layers from the coffee beans an
to prevent an off � avor.
ut

n

and
y

-

Tempeh

The manufacture of tempeh, an Indonesian food, includes
several steps. After the soybeans are soaked overnight at 25� C,
the seed coats are removed; then the beans are boiled for abo
20 min. Following drying, the beans are inoculated with a spore
preparation including species ofRhizopus(R. stolonifer, R. oryzae,
R. oligosporus, or R. arrhizus). Incubation lasts at least 20 h at
32 � C until mycelium is grown on the surface without any, or
very little, sporulation. Finally, the sliced product is dipped in
salt water and fried in vegetable oil until it turns light brown.
n
e

Soy Sauce

Soy sauce is manufactured by a two-stage fermentatio
process in which one or more fungal species are grown on
an equal mixture of ground soybean. The starter used in
the manufacture of soy sauce is grown on a mixture of
soybeans, cracked wheat and wheat bran. This mixture
inoculated with spores of A. oryzae(A. soyae) and fermen-
tation continues at 25–30 � C until mold growth is observed
on the surface of the mash. After preparation of koji, the
autoclaved soybeans are inoculated with the starter and
incubated for 3 days at about 30 � C; then, the fermented
soybeans are soaked in salt water containing 24% sodium
chloride. The brined mash is then left from 2.5 months to
a year or longer depending on temperature. The aroma
� avor of soy sauce is chie� y determined by proteinases,
amylases and other enzymes synthesized byA. soyae(ory-
zae). On the other hand, the role of yeasts such asHansenula
spp. and Saccharomyces rouxiiin the development of a tangy
taste, and of bacteria such asTetragonococcus halophilaon the
development of acidic aroma and clear appearance should
also be noted.
Miso

The starter used in the manufacture of miso consists ofA. oryzae
and some yeasts, includingS. rouxiiand Zygosaccharomycesspp.
In the preparation of starter (koji), A. oryzaeis grown on
a steamed polished-rice mash in shallow trays at 35� C, until
the grains are completely covered without the formation of
sporulation. Then, the starter is added into crushed, steame
soybeans, salt is added and fermentation continues for abou
7 days at 28� C. Afterward, the fermentation is extended for 2
more months at 35 � C, and the mixture is matured for a few
weeks at ambient temperature. Miso is usually consumed a
a condiment with other foods.
Ang-khak

Ang-khak is a Chinese red rice which is produced by growth o
Monascus purpureuson autoclaved rice. This oriental fermented
product is usually used for coloring and� avoring � sh and other
food products.
Tamari Sauce

Tamari sauce is a special Japanese fermented product similar
soy sauce. In the manufacture of tamari sauce, the soybea
mash is fermented, with or without rice, by A. tamarii.
Soybean Cheese

Soybean cheese or more familiarly, tofu or tou-fu-ju, is a well-
known Chinese fermented product. The production of soybean
cheeses involves several steps. First, soybeans are soaked
ground into a paste. Afterward, ground soybeans are drained b
means of a cheesecloth bag. The protein in the� ltrate is
coagulated with magnesium or calcium salts. After the coagu
lated product is pressed into blocks, fermentation takes place in
fermentation rooms at 14 � C for about a month. While the
fermentation is continuing, the development of white molds,
probably Mucorspp., is observed. Finally, the fermented chees
blocks are kept in brine or in a special wine until ripening is
complete.
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Minchin

De-starched wheat gluten is the main ingredient of minchin.
The raw gluten including some water is left in a closed jar and
left to ferment for about 2–3 weeks, after which it is salted.
Although the microbiology of minchin is not known with
certainty, it has been reported that it contains seven or eigh
species of molds as well as nine species of bacteria and thre
species of yeasts. Following fermentation, depending on
personal choice, the product can be boiled, baked or fried.
d
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Fermented Fish

Fermented� sh is a common fermented product in China and
Japan. Before fermentation, a cooking step takes place. Cooke
� sh is then fermented with species ofAspergillusand, after
fermentation is complete, the product is dried. In China, fer-
mented � sh is preserved in a fermented rice product called lao
chao. Lao-chao is a result of mixed fermentation of molds and
yeasts. This product is slightly alcoholic.

See also: Aspergillus; Cheese:Mold-Ripened Varieties;
Fermented Foods:Fermentations of East and Southeast As
Traditional Fish Fermentation Technology and Recent
Developments;Fungi:The Fungal Hypha;Geotrichum;
Characteristics ofHansenula:Biology and Applications;Mucor;
Natural Occurrence of Mycotoxins in Food;Penicilliumand
Talaromyces:Introduction;Penicillium/Penicillia in Food
Production;Saccharomyces– Introduction.
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Fermented Foods

The production of fermented food is an ancient practice that
has been used for centuries without any understanding o
microbiology. Although the nature of fermentation was
understood poorly, it was possible to master the process base
on experience. In this way, it has been possible to use microbia
fermentations to preserve perishable products and to increas
the nutritional value of various agricultural products. Acidi� ed
milk, cheese, leavened bread, fermented sausages, wine, be
vinegar, sauerkraut, kimchi, and soy sauce are examples
traditional fermented products. The main types of fermenta-
tions are acidi� cations and alcoholic fermentations. With the
discovery of microorganisms and the development of micro-
biology as a scienti�c discipline, during the past two centuries,
we have gained fundamental insight into food fermentations.
This has allowed for better control over the process through the
use of inoculants to start the fermentation. Such inoculants are
termed starters or starter cultures.
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Inoculation

Spontaneous Fermentation

The origin of fermented food is in all cases likely to be‘spon-
taneous fermentation.’ Although Louis Pasteur elegantly
demonstrated that there is no such thing as‘spontaneous
fermentation,’ for simplicity I use the term to designate
a fermentation based on preexisting, indigenous microbiota in
nonsterile raw materials. Fruits, vegetables, cereals, meat, a
milk contain a large variety of bacteria, yeasts, and molds, and
provided that the conditions are created to favor the relevant
type of microorganisms, a spontaneous fermentation will start
and can lead to the desired product. If the fermentation takes
off in the right direction, the produced metabolites usually will
cause the elimination of competing microorganisms and lead
to food preservation. This is particularly the case for alcoholic
fermentations and for lactic fermentations. Even today, the use
of spontaneous fermentation is a common practice for a large
range of products, including amongst others, wine, artisana
cheeses, sauerkraut, cured hams, and sausages. The meth
used to direct the fermentation in the desired direction is to
adjust temperature, water activity, sugar concentration, and sa
to favor optimal conditions for the desired � ora and to inhibit
the unwanted microorganisms. A large batch-to-batch variation
is inevitable, and even complete failures will not be
uncommon when relying on the indigenous � ora to initiate the
fermentation.
g
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Back-Slopping

A � rst step toward the use of starters was taken by introducin
the practice of back-slopping. In this procedure, a sample o
a successful fermentation is saved to be used as inoculum fo
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
subsequent fermentations. This practice commonly has bee
used in dairy, meat, and sourdough applications. The inocu-
lums typically consist of complex microbial communities. The
microbial composition will vary over time, and the quality of
the fermented food will still show batch-to-batch variation.
Because of the large biodiversity in the inoculum, however, this
system can provide a remarkable robustness and complet
failures will be relatively rare. Some of the back-slopping
inoculum over time were developed into commercial prod-
ucts and thus represent the start of the starter industry.
Commercial Starter Cultures

Commercial starter cultures are standardized inoculum to be
used for the production of fermented foods. Starter cultures are
produced by specialized manufactures. Rigorous quality
assurance and quality control are conducted to ensure perfor
mance, composition, and safety of the culture. The use o
commercial starter cultures will allow the food producer to
maintain control over the production process and minimize
the risk of fermentation failures. Commercial starter cultures
range in complexity from complex microbial communities of
multiple strains and species, over mixtures of a limited number
of microbial strains, to starter cultures of pure single strains
Some fermented foods can be produced using a singl
microorganism, whereas others require the consorted action
of several microbial species. A mixture of several strain
commonly is used even in fermentations in which a single
strain could be suf� cient. The incidence of complete fermen-
tation failures can be reduced by the presence of multiple
strains.
Method of Inoculation

The scaleof the manufacturing setup is an important factor for
deciding how to operate the inoculation process. In large and
very large production plants, timing typically will be extremely
critical. Due to the high value of the individual batches, failures
will not be acceptable. Furthermore, large plants are highly
automated, and they will require the inoculation process to be
automated as well. Smaller operations might be more tolerant
to variations in time and might value convenience rather than
automation.

Irrespective of the scale, there is a connection between th
size of the inoculum and the time needed for the fermentation;
by increasing the volume of the inoculum, it is possible to
reduce the time needed for the fermentation, or it is possible to
save on the use of the starter if you are willing to pay by
increasing the time needed to ferment. Balancing thes
parameters usually will lead to an inoculation rate in the range
of 1–10%.

Direct inoculation means that a starter culture is added
directly to the vessel used for the fermentation. Direct inocu-
lation gives good control of timing of the process and
78-0-12-384730-0.00320-7 529
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consistency. The use of highly concentrated starter culture
allows the desired inoculation rate to be reached by using as
little as 0.01% relative to the fermenter volume. This repre-
sents a convenience, and it will allow a stock of inoculants to
be stored and maintained. If the factory is producing multiple
products, direct inoculation also allows for switching between
products with a very short planning horizon. Depending on
the culture system, automation might be dif� cult. The disad-
vantage of direct inoculation is a high direct cost of starter
cultures.

Bulk starter systems are used for the on-site production of
inoculum. They do require the establishment of a starter room
with fermenters for the propagation of the starter culture. It also
requires the food manufacturer to possess competences i
managing and propagating cultures. The inoculum used to star
the bulk starter fermenters usually will be supplied from
a starter culture company, although some food companies
maintain culture systems of their own. The media used in the
bulk fermenters can be the same as for the food fermentation–
that is, milk if it is a dairy plant – or it can be media optimized
for the microorganisms to be propagated. Such media typically
will consist of protein hydrolysates, carbohydrates, yeas
extracts, peptones, vitamins, and minerals. Bulk starter system
can be adapted to a high degree of automation. The investmen
in extra stainless steel and the maintenance of know-how
represent a signi�cant cost in the addition to the direct
culture cost.
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Culture Formats

The physical format of starter cultures can be liquid, frozen, or
lyophilized.

Liquid cultures are easy to handle but suffer from a rela-
tively short shelf life. A liquid culture will remain active from
a few days up to a couple of weeks.

Deep frozen cultures have excellent storage stability, and
they can be relatively easy to handle and dose. Frozen culture
if stored under optimal conditions (below �50 � C), can remain
viable for years. The easy handling requires that the culture i
frozen as pellets. The disadvantage of frozen cultures is tha
shipment has to be with dry ice and therefore relatively
expensive.

Lyophilized cultures also have excellent storage stability
They can be kept at moderate freezing temperature, and the
even tolerate periods at ambient temperature. The drawbacks o
lyophilized cultures are rehydration and lag phase.

Vials or ampoules of a large variety of microorganisms can
be supplied from various culture collections. Culture collec-
tions represent excellent sources of biodiversity for produc
diversi� cation and innovation. It does require that the receiving
company has the ability to handle and propagate microor-
ganisms and that they have the competences to ensure safe
and regulatory compliance. The majority of the food industry
would leave this part of the innovation process to the dedicated
starter culture companies and rely on the range of cultures
available from them.

Bulks set cultures are supplied from several starter
companies. They offer the cultures in different formats, such a
liquid, frozen, or lyophilized. The typical format for a bulk set
culture, however, is a pouch of lyophilized culture.
Cultures for direct inoculation also are provided from
several companies in liquid, frozen, or lyophilized form. Here,
the typical format will be cartons of frozen pellets. The size of
the packaging will be adjusted to� t the size of the fermentor or
vat. For highly concentrated cultures in the form of frozen
pellets, typical packing sizes range from 0.5 to 10 kg. Auto
mated inoculation systems have required the development of
various special packaging formats of frozen or lyophilized
direct vat cultures.
Performance Properties of Food Cultures

Choosing the culture for a production process is a decision
that has to be based on a match between the desire
fermentation parameters and the performance parameters o
available cultures. Being explicit in formulating what is
desired will improve the chance of identifying an optimal
match. If the best match is less than optimal, there will be an
opportunity for innovation. Specifying the performance gap
and being explicit about the desired performance parameters
increases the likelihood that an optimal culture can be
developed by scientists at a starter company or a researc
institution.
Activity

Some performance parameters are relatively obvious, and th
most obvious parameter usually will be used to de� ne the unit
of activity. This will be the property determining the size of the
inoculum, the time needed for the fermentation, and the cost
of the culture.

For acidifying cultures, the activity units most often will be
based on acidi� cation activity. The acidi� cation activity can be
determined either in the relevant food matrix (e.g., milk, meat,
dough, vegetable extract) or in a medium mimicking the food
as closely as possible. For cultures with other functions
special activity units have to be de� ned based on the speci� c
mode of action. This has been the case for protective culture
preventing food spoilage and for malolactic cultures used for
the reduction of the acidity in some wines. In cases in which
a performance-based assay is dif� cult to establish, the dose
and packaging size usually will be based on cell count or
colony forming units (cfu). Probiotics typically are sold based
on cfu.
Phage Robustness

Closely linked to activity, and even more important than prize,
is the robustness of the culture toward infections by bacterio-
phages. A bacteriophage is a virus attacking a bacterium (phag
is the short version of the name in common use). Some
bacteriophages have a narrow host range and attack only ver
few strains within a species, others have wider host ranges, an
still others are rather promiscuous and infect several species o
bacteria. There is, however, no example of bacteriophage
infecting eukaryotic cells, and bacteriophages generally will no
pose any health risk for humans. The problem with bacterio-
phages is the economic losses they cause. In the dai
industry, bacteriophages are causing considerable losses, and
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particular, the cheese industry is burdened by phage problems
Data about the size of the losses in the cheese industry cause
by phages are not available publicly; estimates of losses in th
range of 1–5% have been reported. The signi�cance of the
problem can be seen from the importance the industry puts on
phage resistance of starter cultures. The single most importan
performance parameter for a cheese starter culture is to b
phage resistant and to behave differently toward phage
compared with other cultures used in the same factory. The
relatively high vulnerability of the cheese industry to phage
attacks is due to the short fermentation time, the repeated us
of cheese vats, the drainage of whey, and the dif� culty to
contain the whey stream within the factory. In other dairy
fermentations, the inoculation can be contained from inter-
mediary and � nal products and phage infections will spread
less explosively within a factory.

A whole range of phage-resistance genes and phage-resista
mechanisms have been isolated and characterized. The arm
available for designing highly robust cultures encompass is a
follows:

l Restriction and modi� cation systems
l Abortive infection
l Phage infection protein
l Bacteriophage insensitive mutations
l Clustered regularly interspaced short palindromic repeats

a novel bacterial immune system

For some types of cultures, it also is possible to combine
acidi� ers of different species. Fast-acidifying dairy cultures ca
be composed of Lactococcus lactiscombined with Streptococcu
salivariussubsp.thermophiles, and thus far, no single phage has
been able to attack both species. The current offer of moder
cheese starter cultures will allow the losses resulting from
bacteriophage attacks to be kept at a low level.

For yogurt cultures and cultures for other fermented milk
products, phage insensitivity is also important and the tools
mentioned thus far generally are used for dairy cultures. Othe
parameters, however, like texture and� avor, will be equally
important.
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Metabolism

The metabolism of a starter culture is of crucial importance for
the type of food product being produced. The metabolism will
determine the quality of the product and the speed of the
fermentation process. Among the acidifying cultures, a large
variety of different metabolisms can lead not only to the
production of different acids as the main fermentation prod-
ucts but also to large differences in the spectrum of othe
metabolites produced. It is customary among the lactic acid
bacteria to distinguish between homolactic and heterolactic
fermentation metabolisms. In homolactic fermentation, the
sole metabolic end product is lactic acid. A dairy product
produced by a culture composed solely of homolactic strains
consequently will be characterized by a clean acid taste and b
devoid of bubbles or eyes. In a heterolactic metabolism, one or
more metabolic products are produced in addition to lactate.
These additional metabolic end products can be acetic acid
acetaldehyde, ethanol, CO2, diacetyl, acetoin, and butanediol.
Heterolactic fermentation will require that the strain possess
other routes to regenerate nicotinamide adenine dinucleotide
(NAD) in addition to lactate dehydrogenase to allow pyruvate
to be diverted in other directions than being reduced to lactate.
Cultures containing heterolactic strains will be characterized by
a variety of � avor notes. If the product is a fermented milk it
probably will contain bubbles and be somewhat sparkling. If
the product is a cheese, it might contain eyes or holes. Th
difference between the amazingly diverse ranges of dair
products mainly is due to the different metabolic routes active
in the microbial cultures. The difference between Gouda and
Emmental cheeses with respect to texture, taste,� avor, eyes,
and holes comes from the difference in metabolism of the
applied cultures at the different temperatures used during
production. Not least the difference in metabolism between the
Leuconostocsused in Gouda and the Propionibacteria in
Emmental contributes to the very different outcomes.

Some metabolites are strong aroma compounds. Typica
examples are acetaldehyde and diacetyl, which are known a
yogurt and butter � avor. Acetaldehyde and diacetyl, however
do occur in different ratios and concentrations in many other
dairy products. The balance between the aromatic metabolite
produced will be different for different species and even
among strains of the same species. The balance also w
depend on the fermentation medium and the temperature. As
metabolites are not only produced but also metabolized, there
is an in� nite space of product diversi� cation by fermenting
milk at different temperatures using different blends of lactic
acid bacteria.

Another aspect of the primary metabolism of a food culture
is the depth of the fermentation before the microorganisms are
inhibited by their own metabolites. For alcoholic fermenta-
tions, this will determine the maximal obtainable alcohol
percentage, and for lactic fermentations, it will determine how
low the � nal pH of the product will be. It is important to
choose the culture according to the desired property of the
product. For fermented milk products, the consumer prefer-
ences have been changing toward milder and less acid
products. To meet the demand for milder yogurts, it has been
necessary to develop strains ofLactobacillus delbrueckiisubsp.
bulgaricuswith less postacidi� cation (i.e., acidi� cation that
occurs during storage).

In addition to the � avor of the food product, the metabolic
activity of the culture will have a profound effect on the texture
of the fermented food. A multitude of molecular mechanisms
can be involved in forming the texture of the fermented food.
Acidity alone has a big effect on texture; however, through the
production of enzymes and polysaccharides, the culture also
can contribute to texture. Yogurt cultures able to produce
exopolysaccharides have allowed for the development o
yogurts with a rich mouth feel without the need to increase the
content of fat and protein. Another interesting but complicated
case is the development of texture in surface-ripened so
cheeses of the Brie and Camembert type (fromage à pâ
molle). Such cheeses are produced by an initial lactic fermen
tation often by applying a complex mixed heterolactic starter
culture. A fungal ripening culture subsequently is applied at the
surface and is allowed to grow for some weeks. The funga
culture provides proteolytic enzymes and creates a pH gradien
across the cheese, which subsequently causes a gradient
different texture.
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Not reaching the right balance between various metabolic
routes will cause deviations in the quality of the fermented
food product. Variations in the culture composition thus can
have a large in� uence on the quality and value of the� nal food
product. Signi� cant growth of additional microorganisms also
can cause a change in the overall metabolic activity. If the
deviations are large, they will be characterized as defects
� avor, texture, or eye formation. Contamination by spoilage
microorganisms or pathogens obviously also will destroy the
value of the product. For manufacturers of fermented food
products, it thus is imperative to pay attention to the quality of
the starter culture and to maintain a high hygienic standard of
the production process to reach high quality, high value, and
hopefully high pro � tability.
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Ripening Processes

Several of the traditional fermented food products, like wine,
cheese, hams, and sausages, require a period of ripening befo
the optimal quality has been developed. The ripening process is
typically a slow process, which can require years to complete
The culture used in the fermentation process plays a part in the
ripening, but usually not through the metabolic processes that
are dominating during the growth phase. It can be indirect
processes like enzymes leaking from dying microorganisms an
chemical reactions between metabolites and hydrolyzed
components of the food. Some of the ripening processes
depend on a slow-growing ripening� ora. Such ripening� oras,
in some cases, are inoculated by applying a starter culture; i
other cases, the ripening� ora exist in the factory or in the caves
of ripening. In the later case, the process can be dif� cult to
transfer or scale up, and it can be dif� cult to restore or modify.
The study of ripening processes has given considerable insig
into the microorganisms performing these valuable biocon-
versions, and it has allowed starter cultures for some ripening
processes to be developed. Currently, the use of modern high
capacity DNA sequencing technologies allows so-called meta
genomic analysis of complex ripening� oras. Expectedly, this
will add to the number of species and genera known to be
bene� cial microorganisms, it will give de� nitive answers about
the safety of the ripening � oras, and it might allow for the
‘domestication’ of novel ‘ancient’ microorganisms. Another
important reason to investigate deeply into the ripening
processes is the desire to accelerate the processes. Operation
large storage facilities for ripening of products is costly, and
also the cost of the capital tied up in the value of the products
during ripening is signi� cant. Reducing the time needed for
ripening processes therefore is expected to increa
pro� tability.
.

r

n

Probiotics

Probiotics are microorganisms that confer a health bene� t on
the host when ingested in adequate amounts. Probiotics can be
administered as food supplements or as food ingredients
Some probiotic strains grow and survive during food fermen-
tations and thus can be included as a component of the starte
culture. Probiotic properties therefore also can be one of the
performance parameters considered for at starter culture. I
particular, fermented milk products have been popular vehicles
for probiotics. Various strains with documented probiotic
properties are available in starter cultures for yogurts and othe
fermented milk products. In particular, species ofBi� dobacteria
and Lactobacillihave been popular as probiotics. Documenta-
tion of this performance parameter will require proper human
clinical trials to be conducted on the speci� c strain in question.
Food Safety

One of the original purposes of using food fermentation has
been to preserve perishable food products. This is an ancien
solution to a food safety problem, as acidi� ed food and alco-
holic beverages, from a microbiological point of view, are safe,
whereas rotten food is unsafe.

The primary metabolites produced during the fermenta-
tion process contribute signi� cantly to the preservation.
Organic acids have an antimicrobial effect in addition to the
conservation conferred by the low pH. Alcohol and other low–
molecular weight metabolites have strong antimicrobial
activities also contributing to the preservation. In addition to
these general effects, strains also are able to produce add
tional compounds with strong antimicrobial activity. The
bacteriocins constitute one such class of antimicrobials
Bacteriocins are antimicrobial peptides, which are produced
and secreted by some bacteria to outcompete other bacteria o
the same or different species. Bacteria with strong antimicro
bial effect have been found within cultures used for food
fermentations. These strains can be used in protective culture
that are used to increase the food safety and to extend the she
life of food products. From one such strain, the antimicrobial
peptide, nisin, has been developed into a natural food
preservative.
Safety of Cultures

Safety is a performance parameter not just for the safet
conferred to the fermented food product, but also in the sense
of the safety of the microorganisms in the starter culture. It is
not at all trivial to draw a � rm line between the good and the
bad microorganisms. Pathogens can be related closely to sa
and bene� cial microorganisms and commonly used bacteria
can harbor unnoticed and maybe silent versions of unwanted
and potentially harmful genes. Unwanted properties include
traits like virulence factors, transmissible antibiotic-resistant
genes, production of biogenic amines, mycotoxins, or other
toxins. Starter cultures need to be examined for the absence o
such undesirable traits. In a few cases, safe versions have be
constructed from problematic strains by removing the unde-
sirable traits.
Microorganisms Used as Food Cultures

An inventory of microorganisms with a documented use in
food fermentations has been established by a working group
under the International Dairy Federation (IDF). Although the
work was hosted by IDF, the aim was to establish a complete
list of species used in food fermentations and not just the
ones used in dairy applications. The list by Bourdichon et al.
(2012) is currently the most complete overview of species
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Table 1 Genera of microorganisms with
documented bene� cial use in food fermentations

Bacteria Yeast and molds

Gram-positive Aspergillus
Arthrobacter Candida
Bacillus Cyberlindnera
BiÞdobacterium CystoÞlobasidium
Brachybacterium Debaryomyces
Brevibacterium Dekkera
Carnobacterium Fusarium
Corynebacterium Galactomyces
Enterococcus Geotrichum
Kocuria Guehomyces
Lactobacillus Hanseniaspora
Lactococcus Kazachstania
Leuconostoc Kluyveromyces
Macrococcus Lachancea
Microbacterium Lecanicillium
Micrococcus Metschnikowia
Oenococcus Mucor
Pediococcus Neurospora
Propionibacterium Penicillium
Staphylococcus Pichia
Streptococcus Rhizopus
Streptomyces Saccharomyces
Tetragenococcus Schizosaccharomyces
Weissella Schwanniomyces

Scopulariopsis
Gram-negative Starmerella
Acetobacter Torulaspora
Gluconacetobacter Trigonopsis
Gluconobacter Wickerhamomyces
Hafnia Yarrowia
Halomonas Zygosaccharomyces
Zymomonas Zygotorulaspora

All microorganisms with current documented food use
belong to one of the genera listed. Not all strains or all
species belonging to those genera, however, will be
bene� cial or safe in food.
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used in microbial food fermentations. The microorganisms
come from 264 different species of bacteria, yeasts, an
molds. Bacteria contribute with the largest number of species
(195), and among those, the group of lactic acid bacteria is
quite prominent. Just the genusLactobacilluscontributes with
84 species� nding diverse uses in dairy, meat, sourdough
soy, and vegetable fermentations.Table 1 gives the names of
the genera providing microorganisms used in food fermen-
tations. Some of the genera listed inTable 1 also contain
species not suitable for food fermentations. This precaution
is also relevant at the species level, however, as some spec
with food use also contain strains that are problematic or
pathogenic.
s

Regulatory Environment for Microbial Food Cultures

The use of food fermentation and microbial food cultures
has only recently come under regulatory frameworks. This
re� ects the fact that the practice has been used for centurie
and has not caused any major perceived risk. With the
current level of scienti� c insight and the current demand for
the highest possible food safety, food fermentations gradu-
ally have come under regulatory frameworks. With the
current use of highly industrialized production procedures
and the larger scale of production, there is indeed a need fo
operating at the highest possible margin of safety. The
regulatory environment has not yet been standardized
internationally. With a gross simpli� cation, it is possible to
address the subject from two angles: either to hold the
producer responsible for the safety or to allow the producer
only to use approved and safe procedures. The United State
has adopted the former and Europe has adopted the latte
approach. The United States Food and Drug Administration
has developed its legal framework around the principle of
generally recognized as safe; whereas Europe, throug
European Food Safety Authority (EFSA), has developed a
approval system based on a quali�ed presumption of safety.
Other countries often will use one of the two systems as the
model for their regulation.
Sources of Microbial Food Cultures

In spite of the ancient origin of food fermentations, the
starter culture industry is still dynamic and innovative. The
starter culture industry has evolved considerably during the
latter decades, and the industry has been consolidate
considerable during this period. Through mergers and
acquisitions, several well-known and respected companie
have disappeared from the market. Some of those compa
nies, however, are still very much alive within the current
hosting company.

Table 2 lists all the major global suppliers of microbial food
cultures as well as some signi� cant regional starter culture
companies. The established starter culture industry has bee
focused on products for dairy, meat, and probiotics. The
market leader within the general starter culture industry is the
Danish company Chr. Hansen. Chr. Hansen has a broad rang
of microbial food cultures.

The area of starters for bread, cereals, and vegetables
covered sparsely and only few of the starter culture companie
have products for these applications. It is to be expected that this
area will be developed signi� cantly during the coming years.

Starter cultures for wine is well established, but only covered
by a few of the starter culture companies. The Canadian
company Lallemand is the leading company for wine cultures.
Lallemand offers a wide range of yeast cultures for various type
of wine, and the company provides wine cultures for the
malolactic fermentation as well. Lallemand also is very strong
within the � eld of probiotics, and the company is active in the
general� eld of yeast and bacterial cultures.

Baker’s yeast is probably the food microorganism produced
in the largest volume. There is, however, very little differenti-
ation among the products.Table 2 is not complete with respect
to yeast-producing companies although DSM and Lallemand
are signi� cant producers of baker’s yeast.

Inoculums for the production of alcohol, beer, and vinegar
do not constitute a signi� cant part of the market for
commercial starter cultures. Those inoculums are maintained
and propagated by the breweries and producing companies.
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Table 2 Suppliers of microbial food cultures

Company name Country of origin Website Geographic focus Product focus

Alce Italy http://www.alce.eu Regional Dairy cultures
Biochem Italy http://www.biochemsrl.it Regional Dairy cultures
Bioprox France http://www.bioprox.com Regional Dairy cultures
Blessing Biotech Germany http://www.blessing-biotech.de Global Meat cultures
Cargill United States http://www.cargill.com Global Wide range of ingredients
CSL Italy http://www.cslitalia.it Regional Dairy cultures
Chr. Hansen Denmark http://www.chr-hansen.com Global All types of cultures for food and feed
CSK Food Enrichment The Netherlands http://www.cskfood.com Global Dairy cultures
DSM The Netherlands http://www.dsm.com Global Wide range of ingredients
DuPont United States http://www2.dupont.com Global Wide range of ingredients
Kerry Ireland http://www.kerrygroup.com Global Ingredients and� avors
Lactina Bulgaria http://lactina-ltd.com Regional Dairy cultures
Lallemand Canada http://www.lallemand.com/ Global Wine cultures, bakers yeast, food

cultures, probiotics
Clerici-Sacco Italy http://www.saccosrl.it Global Dairy cultures
Valio Finland http://www.valio.� Regional/global Dairy, probiotics
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Characteristics of the Genus

The genusStreptococcusconsists of Gram-positive, spherical-
ovoid, or coccobacillary cells, with a diameter less than 2mm,
that form chains or pairs. Cells in older cultures may appear
Gram variable, and some strains are pleomorphic.Streptococcu
spp. are nonsporing and nonmotile. Streptococci are catalas
negative, with the exception of the recently described specie
Streptococcus didelphis, which, on initial isolation on blood agar,
gives vigorous catalase activity that is lost after several passag
They ferment carbohydrates to produce mainly lactic acid, but no
gas, and have complex nutritional requirements. Under glucose
limiting conditions, formate, acetate, and ethanol are also
produced. Most are facultatively anaerobic or aerotoleran
anaerobes; some are capnophilic (CO2-requiring). Occasional
strains synthesize peroxidases, but none of the strains synthesi
heme groups. Some species produce capsules, either of hyalu
onic acid (Streptococcus pyogenes) or a variety of type-speci� c
polysaccharides (Streptococcus pneumoniae), but this is not
a common feature of the genus.Streptococcusspp. generally grow
within a temperature range of 20–42 � C, with w 37 � C being the
optimum in most cases. The mol% Gþ C of the DNA is 33–46.
To differentiate streptococci, various parameters and method
have been used (e.g., colony size, hemolysis, fermentatio
ability, and tolerance tests). The serological test reported b
Lance� eld is one of the most common methods used for classi-
� cation. All Lance� eld groups (A–V, I, and J were unused) were
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
assigned to one or more species. Lance� eld group M was listed
under Species Incertae Sedisin Bergey’s Manual of Systemat
Bacteriology, but at the time of writing, strains of this group were
proposed to be the novel speciesStreptococcus fryi, with Lance� eld
group M antigens. The peptidoglycan belonging to group A, with
L-lysine as the diamino acid in position 3 of the peptide subunit.
The � rst streptococcal genome to be sequenced was that o
a strain of S. pyogenes. It was rapidly followed by the sequencing
of isolates from S. pneumoniae, Streptococcus agalactiae, and
Streptococcus mutansand from the food-grade bacteriumStrepto-
coccus thermophilus. Genomes from 35 species (1.85–2.21 Mbp)
are today accessible and comparative genomics within specie
revealed a profound diversity in gene content.
Habitats and Taxonomy

The initial classi� cation of bacteria of the genusStreptococcu
was based on biochemical, physiological, and serological test
but was rejected by many authors. The development o
chemotaxonomic techniques and genetic analysis ha
improved the identi � cation of streptococci. The use of more
perfect taxonomic criteria allowed the genusStreptococcusto be
divided into three genera, Streptococcus(sensu stricto), Lacto-
coccus, and Enterococcus. The anaerobic species previousl
included within Streptococcus, for the most part, have been
allotted into other genera. Although no single classi� cation
78-0-12-384730-0.00324-4 535
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536 STREPTOCOCCUSj Introduction
system is perfect, one of the most useful tools used to revise th
classi� cation system is the 16S rRNA gene sequencing. By 16
rRNA gene sequence analysis and reassociation data, the gen
S. sensu strictonow includes species that may be divided into six
major groups, along with ‘other’ streptococci remaining
ungrouped. Lactococcuswas formed from the lactic streptococci,
and Enterococcusfrom the enterococci. At the time of writing,
the genus Streptococcusconsisted of more than 65 species
a high number of which have been described relatively recently
On the basis of 16S rRNA species groups, they are allotted int
Pyogenic, Bovis, Mutans, Mitis, Anginosus, and Salivariu
groups. Streptococcus pyogenesis the type species of the genus.
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Oral Streptococci

These streptococci are part of the normal body microbiota found
in the mouth and upper respiratory tract of humans and animals.
This designation does not truly represent the origin of all the
species; some of them originate from gastrointestinal, vaginal
and dairy product sources. Oral streptococci include the viridans
group of Sherman and show a variable type of hemolysis. Some
are involved in human diseases as opportunistic pathogens
Streptococcus salivariusis mainly found on the dorsal surface of the
tongue and in the saliva, whereasStreptococcus sanguiniscolonizes
tooth surfaces, andStreptococcus vestibularisfavors the vestibular
mucosa. The locations in the mouth mostly depend on the
capacity to synthesize speci� c adhesins (lectin-like), which
enable bacteria to bind to complementary host tissues. Data
from rRNA cataloguing and nucleic acid hybridization divide
oral streptococci into four main phylogenetic lineages: the
Mutans, Mitis, Anginosus, and Salivarius species groups.

Streptococcus mutansGroup
Streptococci originally designated asS. mutanswere isolated from
dental caries and from bacterial endocarditis. In contrast to the
initially perceived phenotypic homogeneity, subsequent
serological, genetic, and biochemical studies showed conside
able heterogeneity (Table 1). 16S rRNA data place
Streptococcuscriceti,Streptococcusdentapri,Streptococcusdentirouse,
Streptococcus devriesei, Streptococcus downei, Streptococcu
ferus, Streptococcus macacae, S. mutans, Streptococcus orisra,
Streptococcus orisuis, Streptococcus ursoris, Streptococcus ratti, and
Streptococcus sobrinuswithin the Mutans group. The colonization
of mutans streptococci in the oral cavity is assumed to be cause
by sucrose intake. Several strains of mutans streptococcal speci
which may synthesize glucans, have been isolated from the ora
cavities of various animals (e.g., hamster, rat, monkey, pig, ba
and wild boar).

Within this group, S. mutansand S. sobrinusare the species
most commonly isolated from human sources (primarily the
oral cavity). The species namedS. orisrattiwas isolated from the
teeth of laboratory rats and had the highest 16S rRNA sequenc
similarity with S. ratti, although the combined phenotypic and
molecular data of this species do not wholly support its
inclusion within this group. Streptococcus dentapri, isolated from
the oral cavities of wild boars, exhibited high 16S rRNA gene
sequence similarities with members of the Pyogenic and the
Mutans group, but based on the distinct phenotypic and
genotypic characteristics, and the phylogenetic evidence, it
a member of the last group. The taxonomic position ofS. ferus
is less certain; it is included in this group on the basis of DNA
homology, but it appears to be related to theS. mitisgroup on
the basis of multilocus enzyme electrophoresis.

Streptococcus mitisGroup
Streptococcus oraliswas the original name given to isolates from the
human oral cavity. Currently, the nameS. oralisis used to indicate
a well-de� ned species belonging to theS. mitis group which
includes Streptococcus australis, Streptococcus cristat,
Streptococcus gordonii, Streptococcus infantis, Streptococcu
lactarius, Streptococcus massiliensis, S. mitis, Streptococcus olig
fermentas, S. oralis, Streptococcus parasanguinis, Streptococcus pero,
S. pneumonia, S. sanguinis, and Streptococcus sinen
(Table2),which are mainly isolated fromthe normaloralbiota in
man. The S. mitis group contains several species and is bio
chemically very inert, which can make species-level identi� cation
very challenging. Sequencing of housekeeping genes, such
sodA, rpoB, or tuf, hasprovideduseful tools for the identi� cationof
species within the genusStreptococcusand, inparticular, within the
Mitis group. The dif� culties in achieving an accurate identi� ca-
tion among the species of the Mitis group may have practica
consequences, because this group contains species that a
considered prototype commensals of the digestive and uppe
respiratory tracts, as well as one of the leading human pathogen
(S. pneumoniae).

The initial phenotypic heterogeneity was later con� rmed by
cell-wall analysis, physiological data, and nucleic acid hydrid-
ization; S. sanguiniswas the name given to mainlya-hemolytic,
dextran- or non-dextran-forming streptococci isolated from
patients with bacterial endocarditis. DNA-based studies have
shown the existence of four DNA homology groups within
strains designated asS. sanguinis. Two groups involveS. sanguinis
andS. gordoniiand the third was described asS. parasanguinis. The
fourth group was initially described as the tufted � bril group
because the cells have� brils arranged equatorially in lateral tufts.
DNA homology studies indicated that they constitute a new
species, calledS. cristatus. 16S rRNA comparative sequencing
showed that S. pneumoniaebelongs to the S. mitis rRNA
homology group. Because of its medical importance, it is
considered within the “Streptococcus-medical” in The Prokariots.

Some investigators have preferred to arrange theStreptococcu
spp. differently from the classi� cation listed here. In this case,
they describe an additional species group, theS. sanguinisgroup
(formerly known as S. sanguis; see Table 2), which includes
S. gordonii, S. massiliensis, S. parasanguinis, andS. sanguinisspecies.
The divergent phenotypic characteristics and the 16S rRN
sequence analysis, however, allow theS. sanguinisand S. mitis
groups to be included together.Streptococcus massiliensis, isolated
from a human blood sample, was clustered within the Mutans
group based on 16S rRNA gene sequence comparisons, b
phylogenetic analysis, based onrpoBand sodAgene sequence
comparisons, included it in the S. sanguinisgroup.

Streptococcus anginosusGroup
The S. anginosusgroup include streptococci found in the
mouth, gastrointestinal, and genitourinary tracts as part of the
commensal biota, but are also recognized as pathogens ass
ciated with purulent abscesses. The three species curren
included are S. anginosus, S. constellatus(subsp. constellatusand
subsp.pharynges), and S. intermedius(Table 3). The taxonomy



Table 1 Characteristics of species within theStreptococcus mutansgroup

Characteristics S. criceti S. dentapri S. dentirousetti S. devriesei S. downei S. ferus S. macacae S. mutans S. orisratti S. orisuis S. ursoris S. ratti S. sobrinus

Acid from
N-Acetylglu

cosamine
þ þ þ � ND þ þ þ ND þ þ þ �

Adonitol � ND ND � � � � � ND ND ND � �
Amygdalin þ þ þ ND þ þ d þ þ ND þ �
Arabinose � ND ND � � � � � � ND � � �
Arabitol � ND ND � � ND � ND ND ND ND � �
Arbutin þ þ ND þ ND þ ND þ þ þ ND þ �
Cellobiose þ þ þ þ � þ þ þ þ þ þ þ d
Cyclodextrin � ND ND � � ND � � ND ND � �
Dextrin � ND ND � ND þ � � ND ND ND � �
Dulcitol � ND ND d � � � � ND ND ND � �
Glycogen � ND ND � � � ND � þ ND � � �
Gluconate � ND ND þ � � � ND ND ND ND � �
Glucose þ þ þ þ þ þ þ þ þ þ þ þ þ
Inulin þ ND � d þ � or þ a � þ þ þ � þ d
Lactose d � þ þ þ þ ND þ þ þ þ d d
Maltose þ þ þ þ þ þ þ þ þ þ þ þ þ
Mannitol þ þ þ þ þ þ þ þ � þ þ þ d
Mannose ND þ þ þ þ þ ND þ ND þ ND þ þ
Melibiose þ � � þ � or þ a � � d þ þ þ þ d
Raf� nose þ � � þ � � þ þ þ þ þ þ d
Rhamnose � ND ND � � � � � ND ND ND � �
Ribose � � ND � ND � � � � ND þ � �
Sucrose þ þ þ þ þ þ þ þ þ þ þ þ þ
Sorbitol þ þ � þ þ þ þ þ � þ þ þ d
Sorbose � ND ND d � � � � ND ND ND � �
Starch � ND ND � � þ � � þ ND � � �
Trehalose d þ þ þ þ þ þ þ þ þ þ þ þ
Xylose � ND ND � � � � � ND ND � � �
Hydrolysis of
Arginine � � � � � � � � � � þ þ �
Aesculin d þ þ ND � � þ þ þ þ þ þ d
Glycogen ND ND ND � þ � � ND þ ND ND
Hippurate � � � þ � � ND � ND � � � �
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Table 1 Characteristics of species within theStreptococcus mutansgroupd cont'd

Characteristics S. criceti S. dentapri S. dentirousetti S. devriesei S. downei S. ferus S. macacae S. mutans S. orisratti S. orisuis S. ursoris S. ratti S. sobrinus

Production of
Acetoin þ þ þ þ d þ þ � þ þ þ þ
Alkaline phosphatase ND þ � � � ND ND � � � � ND �
Extracellular p

olysaccharide
þ þ þ ND � þ þ þ � þ þ þ þ

a-L-Fucosidase ND ND ND ND ND ND ND � ND ND ND ND �
b-D-Fucosidase ND ND ND ND ND ND ND � ND ND ND ND �
a-Galactosidase ND � þ ND ND ND ND þ � þ þ ND �
b-Glucosaminidase ND � � ND ND ND ND � ND � � ND ND
H2O2 � ND ND ND � � � � ND ND ND � þ
Hyaluronidase ND ND ND ND ND ND ND � ND ND ND ND �
IgA protease ND ND ND ND ND ND ND � ND ND ND ND ND
Neuraminidase ND ND ND ND ND ND ND � ND ND ND ND �
Urease � ND ND � ND � ND � � ND � � �
Amylase binding ND ND ND ND ND ND ND � ND ND ND ND �
Growth in/at
4% NaCl þ ND ND ND ND ND ND þ þ ND ND d þ
6.5% NaCl d ND ND ND � � � � � ND ND � d
10% Bile d ND ND ND d ND þ d þ ND ND þ d
40% Bile d ND ND ND d ND þ d þ ND ND d d
45� C d ND ND ND � � � d þ ND � d d
Cell-wall components Glucose,

galactose,
rhamnose

ND ND ND Glucose,
galactose,
rhamnose

Glucose,
rhamnose

Glucose,
rhamnose

Glucose,
rhamnose

ND ND ND Galactose,
glycerol,
rhamnose

Glucose,
galactose,
rhamnose

Hemolysis a, g � � a ND g ND a, b, g a ND � g a, g
Lance� eld antigens � � � � � � � � , E A � � � �
Mol% Gþ C 42–44 39.9 41–43 42 41–42 43–45 35–36 36–38 39.6–43.5 42–44 33–35 41–43 44–46
Murein type Lys–Thr–Ala ND ND ND Lys–Thr

–Ala
Lys

–Ala2–3

ND Lys–Ala2–3 ND ND ND Lys–Ala2–3 Lys–Thr–Ala

Serotype a c d ND h c c c, e, f ND d ND b d, g, h,�

Symbols:þ , 90% or more of strains are positive;� , 90% or more of strains are negative; d, 11–89% of strains are positive; ND, not determined.
aProportion of strains reported as giving a positive result differs between studies.
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Table 2 Characteristics of species within theStreptococcus mitisandStreptococcus sanguinisgroups

Characteristics

S. mitisgroup S. sanguinisgroup

S. australis S. cristatus S. infantis S. lactarius S. mitis S. oligofermentas S. oralis S. peroris S. pneumoniae S. sinensis S. gordonii S. massiliensis S. parasanguinis S. sanguinis

Acid from
N-Acetylglu

cosamine
ND þ ND ND þ ND þ ND d ND þ ND þ þ

Amygdalin ND � � ND � � � � � ND þ ND d �
Arbutin ND þ � ND � � � � � ND þ ND d þ
Cellobiose ND ND ND ND d ND � ND ND þ ND ND d d
Glycogen � ND � � � ND d � þ � ND � � ND
Glucose ND ND ND ND þ þ þ ND þ þ þ ND þ þ
Inulin ND � d ND d � � � þ � d � � þ
Lactose þ d þ þ þ d þ þ þ þ þ � þ þ
Maltose ND þ ND þ þ ND þ þ þ þ þ þ þ þ
Mannitol � � � � � � � � � � � � � �
Mannose ND ND ND ND þ þ þ ND ND þ þ ND ND þ
Melibiose � � � � d � þ � � � d � d d
Raf� nose � � � � d d d � þ � d � d d
Ribose � � � � d � d � � � � � ND �
Sorbitol � � � � d � � � � � � � � d
Starch ND ND ND ND � ND d ND d þ � � � d
Sucrose þ ND þ þ þ þ þ þ þ þ þ ND þ þ
Trehalose � þ � � � or þ a d d � þ þ þ � d þ
Hydrolysis of
Arginine þ d � þ d � � � � or þ a þ þ þ þ þ
Aesculin ND � � þ � or þ a � � � d þ þ � d d
Hippurate � ND � þ � þ � � � � � þ ND �
Production of
Acetoin � � � � � � � � � þ � � � �
Alkaline

phosphatase
þ � � þ d d d d � � þ þ d �

Extracellular
polysaccharide

� ND ND ND � ND d ND � ND þ ND � þ

a-L-Fucosidase ND þ ND ND � ND � ND d ND þ ND d �
b-D-Fucosidase ND � d ND d ND þ � d ND � ND d d
a-Galactosidase ND � ND � d ND d � þ ND d � d d
b-Glucosaminidase ND ND ND � d ND þ � ND ND þ � ND �
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Table 2 Characteristics of species within theStreptococcus mitisandStreptococcus sanguinisgroupsd cont'd

Characteristics

S. mitisgroup S. sanguinisgroup

S. australis S. cristatus S. infantis S. lactarius S. mitis S. oligofermentas S. oralis S. peroris S. pneumoniae S. sinensis S. gordonii S. massiliensis S. parasanguinis S. sanguinis

H2O2 ND þ ND ND þ ND þ ND þ ND þ ND þ þ
Hyaluronidase ND � ND ND � ND d ND þ ND � ND � �
IgA protease ND ND ND ND � ND þ ND þ ND � ND ND þ
Neuraminidase � � ND ND d ND þ ND þ ND � ND � �
Urease � � � ND � ND � � � � � ND � �
Amylase binding ND þ ND ND þ ND � ND ND ND þ ND d �
Growth in/at
4% NaCl ND ND ND ND � ND � ND � ND ND ND � d
6.5% NaCl ND ND ND ND � ND � ND � ND ND � �
10% Bile ND ND ND ND þ ND d ND ND þ ND ND d
40% Bile ND ND ND ND d ND � ND � þ ND ND d d
45 � C ND ND ND ND d � d ND � ND ND þ d d
Cell-wall

components
ND ND ND ND Rhamnose,b

ribitol
ND Glucose,

galactose,
N-acetylgala
ctosamine,
rhamnose,b

ribitol

ND Glucose,
galactose,b

N-acetylga
lactosamine,
rhamnose,b

ribitol

ND Glycerol,
rhamnose

ND ND Glucose,
rhamnose

Hemolysis a a a a a a a a a a a � a a
Lance� eld

antigens
� � ND ND � , K, O ND � , K ND � � � , Hc G � , F, G,

C, B
� , Hc

Mol% Gþ C 43–44 42.6–43 39.9–40.4 41.2 40–41 38.7–40.3 38–42 39.8–40.5 36–37 51.1–55.9 38–43 ND 41–43 46
Murein type Lys-Ala-

Gly
ND ND ND Lys–direct ND Lys–direct ND Lys–Ala2(Ser) ND Lys–Ala1–3 ND ND Lys–Ala1–3

Symbols: seeTable 1.
aseeTable 1.
bTrace amounts.
cGroup H varies according to immunizing strain used.
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Table 3 Characteristics of species within theStreptococcus anginosusandStreptococcus salivariusgroups

Characteristic

S. anginosusgroup S. salivariusgroup

S. anginosus

S. constellatus
subsp.
constellatus

S. constellatus
subsp.
pharyngis S. intermedius S. salivarius S. thermophilus S. vestibularis

Acid from
N-Acetylglucosamine d þ þ þ þ � d
Amygdalin þ d þ d þ � d
Arbutin þ d þ þ þ d d
Cellobiose d d ND d þ � d
Inulin � � � � d � �
Lactose þ d þ þ d þ d
Maltose þ þ ND þ þ � þ
Mannitol d � � � � � �
Melezitose ND ND ND � � d �
Melibiose d � � � � d �
Raf� nose d � � d d d �
Ribose � � ND � � d �
Sorbitol � � � � � � �
Starch ND ND ND ND � ND �
Trehalose þ d þ þ d � d
Hydrolysis of
Arginine þ þ þ þ � � �
Aesculin þ þ þ d þ � þ a

Production of
Acetoin þ þ þ þ db (þ ) þ þ b

Alkaline
phosphatase

þ þ þ þ þ � �

Extracellular
polysaccharide

� � � � þ ND �

b-D-Fucosidase � � þ þ d ND �
a-Galactosidase d � � � d � �
b-Galactosidase d � þ þ d þ þ
a-Glucosidase d þ þ þ þ � d
b-Glucosidase þ � þ d þ � �
H2O2 d � ND d � � þ
Hyaluronidase � d d þ � ND �
N-Acetyl-b-

glucosaminidase
� � d þ � � �

N-Acetyl-b-
galactosaminidase

� � þ þ � ND �

Pyrrolidonyl
arylamidase

� � � � � � �

Urease � � � � d � þ
Sialidase � � � þ ND ND
Growth in/at
4% NaCl d d ND d d ND �
6.5% NaCl ND � ND ND
10% Bile d d ND d þ � d
40% Bile d d ND d d � �
45� C d d ND d � þ �
Cell-wall

components
Galactose, glucose,

N-acetylgalactosamine,
rhamnose

Galactose,
glucose,
rhamnose

ND Glucose,
rhamnose

Galactose,
glucose,
N-acetyl

galactosamine,
rhamnose

ND

ND
Hemolysis a, b, g a, b, g b a, b, g a, b, g a, g a
Lance� eld

antigens
� , F, A, C, G � , F, A, C, G C � , F, G � , K � �

Mol% Gþ C 38–40 37–38 35–37 37–38 39–42 37–40 38–40
Murein type Lys–Ala1–3 Lys–Ala1–3 ND Lys–Ala1–3 Lys–Thr–Gly Lys–Ala2–3 Lys–Ala1–3

Symbols: seeTable 1.
aProportion of strains reported as giving a positive result differs between studies.
bSubstrate dependent.
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of the S. anginosusgroup has long been debated. The
DNA–DNA hybridization levels among the three species are
near the borderline of species delimitation, and the phenotypic
differentiation between at least two of the species is not
straightforward. Whole-cell protein electrophoretic analysis
supports the viewpoint that members of theS. anginosusgroup
may be a single species. Support for the present division of th
S. anginosusgroup into the three species has also been provided
by 16S rRNA gene sequence data and further heterogeneity h
been demonstrated by ribotyping, serotyping, and macro-
restriction � ngerprinting by pulsed-� eld gel electrophoresis
(PFGE). Further support has been the demonstration o
a human-speci� c cytotoxin (intermedilysin), the gene for
which is only present in strains of S. intermedius. Streptococcu
intermediusis the species of this group most commonly isolated
from brain and liver abscesses. Isolates of theS. anginosusgroup
have a characteristic butterscotch odor.

Streptococcus salivariusGroup
The name S. salivariuswas originally given to a streptococci
common in human saliva, present in the intestine, and occa-
sionally isolated from patients with endocarditis, terminal
septicemia, and peritonitis. TheS. salivariusgroup is closely
related to theS. bovisgroup by both 16S rRNA gene analysis and
phenotype characteristics. The three species currently include
areS. salivarius, S. thermophilus, and S. vestibularis(Table 3). The
close relationships between two oral species,S. salivariusand
S. vestibularis, and S. thermophilus, a species isolated from dairy
sources but of unknown habitat, have been demonstrated in
several studies using DNA–DNA reassociation and by the pres-
ence of signi� cant amounts of eicosenoic acid (12–17%). The
taxonomic status of S. thermophilushas been in question for
several years, and some investigators proposed th
S. thermophilusshould be a subspecies ofS. salivarius. Subsequent
DNA–DNA reassociation experiments supported the recognition
of S. salivariusand S. thermophilusas distinct species.Streptococcu
vestibulariswas identi� ed from the human oral cavity and its
association with human infections has not been con� rmed.

Streptococcus bovisGroup (S. bovis–S. equinuscomplex)
The species of theS. bovisgroup are a collection of streptococci of
human and animal origin, whose classi� cation has long been
problematic and is currently undergoing revision in the light of
data from molecular methods. DNA–DNA hybridization has led
to the recognition that the namesStreptococcus equinusand S. bovis
are subjective synonyms, with the speci� c epithet S. equinus
having priority. The S. bovis–S. equinuscomplex currently includes
the following species: Streptococcus alactolyticus, S. equinus,
Streptococcus gallolyticus(subsp. gallolyticusand subsp. mace-
donicus), Streptococcus infantarius, Streptococcus lutetiensis, and
Streptococcus pasteurianus(Table 4). They are the nonenterococca
group D streptococci. Recently, the former speciesS. bovishas
been divided into S. gallolyticussubsp.gallolyticus, corresponding
to S. bovis biotype I (mannitol fermentation positive);
S. gallolyticussubsp.pasteurianus, corresponding toS. bovisbiotype
II/2 (mannitol negative and b-glucuronidase positive); and the
more distantly related speciesS. infantarius, corresponding to
S. bovisbiotype II/1 (mannitol negative and b-glucuronidase
negative). Streptococcus macedonicus, the fourth species,
commonly found in cheese, is nonpathogenic and also
considered as aS. gallolyticussubspecies. Overall, because of th
less clear evidence for inclusion ofS. pasteurianusat the subspecies
level, it is considered as a separate species.

Streptococcus gallolyticusis an increasing cause of endocarditis
among streptococci and frequently associated with colon
cancer.Streptococcus alactolyticusis an ureolytic streptococcus
isolated from pig feces and colons; this capacity is relevant fo
the nitrogen metabolism in animals. The nameS. intestinalisis
a junior synonym of S. alactolyticus.

Streptococcus hyovaginalisGroup
In the last years,S. hyovaginalis, isolated from the microbiota of
genital tracts of female swine, was included in theS. mutansgroup
because of similar phenotypic characteristics. In the twenty-� rst
century, by 16S rRNA gene sequence analysis,S. hyovaginalis,
Streptococcus pluranimalium, andStreptococcus thoraltensis(Table 4),
which have been isolated from the genital and respiratory tracts of
domestic animals and birds, formed another species group.

Nutritionally Variant Streptococci
Nutritionally variant streptococci (NVS) are referred to as
satellite-forming, thiol-requiring, vitamin B 6-dependent,
pyridoxal-dependent, or nutritionally de � cient streptococci.
They are part of the normal biota of the human throat, as well
as the genitourinary and intestinal tracts. By using DNA–DNA
hybridization, NVS have been separated intoStreptococcu
adjacensand Streptococcus defectivus(Table 4). On the basis of
recent 16S rRNA� ndings and phenotypic characterization,
NSV should be placed in the new genusAbiotrophia, as
A. adjacenscomb. nov. and A. defectivacomb. nov.
Pyogenic Streptococci

Most pyogenicstreptococci are grouped as the genusStreptococcu-
medical in The Prokariots. They inhabit the skin and mucous
membranes of the respiratory, alimentary, and genitourinary
tracts (Table 5). The species within the present pyogenic
species group include S. agalactiae, Streptococcus can,
Streptococcus castoreus, S. didelphis, Streptococcus dysgalact,
Streptococcus equi, S. fryi, Streptococcus halichoeri, Streptococcus ict
luri,S. iniae,Streptococcus marimammalium,Streptococcus paraube,
Streptococcus phocae, Streptococcus porcinus, Streptococcus pseu
porcinus, S. pyogenes, Streptococcus uberis, and Streptococcus urinal.
All are associated with pyogenic infections in humans or animals.

By DNA–DNA hybridization, S. uberisand S. parauberis
strains were previously both included as distinct genotypes
within S. uberis, but 16S rRNA gene sequence analysis late
demonstrated that the strains were suf� ciently dissimilar to
warrant separate species status.Streptococcus pyogenesis the most
common cause of streptococcal infections in humans. It
produces an impressive array of erythrogenic and cytolytic
toxins, and nonsuppurative sequelae infections include rheu-
matic fever and acute glomerulonephritis. It possesses the Lan
ce� eld group A carbohydrate antigen, and the strains are divided
according to the M, T, and R surface protein antigens. Strepto
lysin S (SLS) and O (SLO), which are proteins involved in the
breakdown of host tissues and cells, and are able to lyse re
blood cells, are synthesized by the majority ofS. pyogenesstrains.

Streptococcus agalactiae, synonymous with Lance� eld group
B streptococci, was originally recognized as a bovine pathogen



Table 4 Characteristics of species within theStreptococcus bovis, Streptococcus hyovaginalis,and nutritionally variant streptococci (NVS) groups

Characteristics

S. bovisgroup S. hyovaginalisgroup NVS

S. alactolyticus S. equinus

S. gallolyticus
subsp.
gallolyticus

S. gallolyticus
subsp.
macedonicus S. infantarius S. lutetiensis S. pasteurianus S. hyovaginalis S. pluranimalium S. thoraltensis S. adjacens S. defectivus

Acid from
N-Acetylglucosamine þ þ ND þ ND ND þ þ d þ ND ND
Amygdalin d þ þ � ND ND ND � da d ND ND
Arbutin d þ ND d ND ND ND ND da þ ND ND
Cellobiose þ þ ND þ ND ND ND þ da þ ND ND
Glycogen � d þ � d � � � � � ND ND
Inulin � d d � � ND � � � þ d �
Lactose � d þ þ þ þ þ þ d þ � d
Maltose þ � þ þ þ þ þ þ d þ þ þ
Mannitol d � þ � � � � þ da þ � �
Melezitose � � � � � � � � da d ND ND
Melibiose d � � /þ ND þ � þ � d d � �
Raf� nose þ d d þ d þ þ � d d � d
Ribose � � � � � � � d da þ � �
Sorbitol � � � � � � � þ da d � �
Starch v d þ d d d � � � þ � þ
Trehalose v d þ � � � þ þ þ þ � þ
Hydrolysis of
Arginine � � � � � � � � d þ ND ND
Aesculin þ þ þ � D þ þ � d þ ND ND
Production of
Acetoin þ þ þ þ þ þ þ þ � þ d d
Alkaline phosphatase � � � � � � � þ d d � �
Extracellular polysaccharide� � þ ND � ND ND ND ND ND � �
b-D-Fucosidase ND ND ND ND ND ND ND ND ND ND ND ND
a-Galactosidase þ d d d þ þ þ � d d � þ
b-Galactosidase � � d d � � þ þ d � � þ
a-Glucosidase ND ND ND d ND ND ND ND þ ND ND ND
b-Glucosidase d þ þ � d þ þ d da þ d �
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Table 4 Characteristics of species within theStreptococcus bovis, Streptococcus hyovaginalis,and nutritionally variant streptococci (NVS) groupsd cont'd

Characteristics

S. bovisgroup S. hyovaginalisgroup NVS

S. alactolyticus S. equinus

S. gallolyticus
subsp.
gallolyticus

S. gallolyticus
subsp.
macedonicus S. infantarius S. lutetiensis S. pasteurianus S. hyovaginalis S. pluranimalium S. thoraltensis S. adjacens S. defectivus

H2O2 ND ND ND ND ND ND ND ND ND ND ND ND
Hyalurinidase ND ND ND ND ND ND ND ND ND ND ND ND
N-Acetyl-b-glucosaminidase� ND ND � � � � þ d � d �
N-Acetyl-b-

galactosaminidase
ND ND ND ND ND ND ND ND ND ND ND ND

Pyrrolidonyl arylamidase � � � � � � � � d � d d
Urease þ � � � � � � � � � � �
Sialidase ND ND ND ND ND ND ND ND ND ND ND ND
Growth in/at
4% NaCl þ þ ND � ND ND � d þ ND ND
6.5% NaCl � � � d � � � � da þ ND ND
10% Bile þ þ ND ND ND ND ND ND ND ND ND ND
40% Bile � þ ND ND ND ND ND ND ND ND ND ND
45� C þ þ þ þ ND ND ND ND ND � ND ND
Cell wall components ND ND ND ND ND ND ND ND ND ND ND ND
Hemolysis a, � a a, a a a a a a a a a
Lance� eld antigens D, G D D,� � , D � , D � , D � � ND � � � , H
Mol% Gþ C 39.9–41.3 36.2–38.6 34.6–38.0 ND ND ND ND 39.5–40.5 38.5 40.0 36–37 46–47
Murein type ND Lys–Thr–Ala ND ND ND ND ND ND ND ND ND ND

Symbols: seeTable 1.
aSource-dependent.
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but has become increasingly important in human infections.
Comparative genome hybridizations, using microarray tech-
nology, revealed considerable heterogeneity among strains
even of the same serotype. This means that genetic acquisitio
duplication, and reassortment events have provided this
species with the diversity required to adapt to new environ-
ments and become a successful human pathogen. Heav
colonization of the maternal genital tract is correlated with
a high risk of infection in newborns; serious infections may
also occur in adults. Because of colonization in udder tissues o
cattle,S. agalactiaeis also found in milk. Experiments involving
a gene knockout mutant of the superoxide dismutase gen
(sodA) in S. agalactiaedemonstrated increased susceptibility to
killing by macrophages and, therefore, indicated production of
superoxide dismutase to be a contributing factor in virulence.

b-Hemolytic large-colony-forming streptococci with Lance-
� eld group C or G antigen are isolated from human throat, skin,
respiratory, and gastrointestinal tracts and are responsible fo
a variety of infections.They arealso importantanimalpathogens
Group C strains were formerly divided into several species, bu
chemotaxonomic and phenotypic examination suggests tha
Streptococcus equisimilisand S. dysgalactiae, together with other
human isolates that produce group G or L Lance� eld antigens,
form the speciesS. dysgalactiae. Within S. dysgalactiae, the name
S. dysgalactiaesubsp. dysgalactiaeis used for strains of animal
origin, commonly associated with bovine mastitis, whereas
S. dysgalactiaesubsp.equisimilisis used for human isolates.

Strains ofStreptococcusisolated from the genitourinary tract
of women were ultimately identi � ed as S. pseudoporcinusin
reference to the similarity of its biochemical pro� le to that of
S. porcinusby 16S rRNA gene sequencing.

The other pyogenic streptococci are of medical interes
for animals. Streptococcus didelphisis isolated from the
tissues of opossums with suppurative dermatitis and hepatic
� brosis.

Animal isolates of Streptococcus zooepidemicusand S. equiare
closely related, and S. zooepidemicushas been proposed as
a subspecies ofS. equi, with an important role in bovine mastitis
as well as in human infections, like meningitis.Streptococcus eq
subsp.equicauses‘strangles’ in horses.Streptococcus equisubsp.
ruminatorum, a novel subspecies recently described, was isolate
from ovine and caprine mastitis and can cause human disease

The nameS. canishas been suggested for animal, but no
human, strains of group streptococci. Strains ofS. caniswere
isolated from the skin, upper respiratory tract, anus, and geni
tals of dogs, cow udders, and the genital tracts of female cat
responsible for infections in animals, including toxic shock and
necrotizing fasciitis in dogs.Streptococcus iniaeis associated with
disease outbreaks in aquaculture farms and has been linke
with transmission from � sh to humans.

A recently isolated species,S. castoreus, originating
from a European beaver, showed the highest 16S rRN
gene sequence similarities with species of the Pyogen
group.

Within the pyogenic species group, some species such
S. uberis, S. parauberis, and S. porcinusare frequently isolated
from raw milk. Some strains of S. uberis, previously reported
from humans, have been reidenti� ed asGlobicatella sanguinis

At the time of writing, strains of the group M streptococci,
isolated from dog, were located within the Pyogenic group of
the genusStreptococcuson 16S rRNA gene-based phylogeneti
analysis and represented a novel species,S. fryi, highly related
to S. marimammalium.
Other Streptococci

Other streptococciis a term used for a small group of mainly
a-hemolytic streptococci that remain ungrouped (Table 6). 16S
rRNA sequence analysis places outside the recognized spec
groups Streptococcus ovis,isolated from sheep; Streptococcu
hyointestinalis,isolated from the intestines of pigs;Streptococcu
entericus, isolated during postmortem examination of feces and
jejunum of a calf diagnosed with catarrhal enteritis; and
S. gallinaceus, isolated from chickens with sepsis. Recently,
S. hyointestinaliswas thought to belong to the Pyogenic group of
streptococci, but this � nding did not receive substantial
support from results obtained by using RNase P (rnpB) gene
sequences for streptococci genotyping.

Streptococcus merionis, which was recently isolated from the
oropharynges of laboratory-kept Mongolian jirds, was consid-
ered the closest phylogenetic neighbor ofS. hyointestinalis, but it
is also phylogenetically related to the members of the
S. bovis–S. equinuscomplex.

Streptococcus minor,a species from dogs, cats, and cattle
shares the highest 16S rRNA gene sequence homology (95.9%
with S. ovis.

Strains ofStreptococcus acidominimus, initially considered to
be a variant of S. uberis, are isolated from the bovine vagina,
occasionally found on the skin of calves and in raw milk. 16S
rRNA analysis shows a loose association betweenS. acid-
ominimus, Streptococcus suis, and S. entericusalthough insuf� -
cient for them to be regarded as forming a species group.

Streptococcus suisis an important pig pathogen. The higher
degree of genetic diversity within this species has been noted b
PFGE. 16S rRNA gene sequence analysis places this spe
outside the main recognized species groups. It should be noted
however, that in one study S. suisclustered together with the
Pyogenic group by 16S rRNA gene sequence comparisons.

Streptococcus henryiand Streptococcus caballi, recently isolat
from the hindgut of horses with oligofructose-induced lami-
nitis, were related most closely toS. suisbased on phylogenetic
analysis and toS. orisrattibased on the manganese-dependen
superoxide dismutase gene.

Streptococcus plurextorum, isolated from pigs, forms a distinct
subline within the genus Streptococcusand exhibits a loose
association with S. suisand S. porci.

Streptococcus ferus, although discussed previously within the
Mutans group, in several studies appears peripheral to this group

Streptococcus rupicapraeis phylogenetically related to strep-
tococcal species not assigned to any of the major recognize
species groups and it was isolated from the liver and spleen o
a chamois with a septicemic process.
Isolation and Cultivation

The nutritional needs of streptococci require the use of complex
culture media that often contain meat extract. Rich agar
containing media (tryptic soy and heart infusion) supple-
mented with 5% animal blood (sheep or horse) are excellent



Table 5 Characteristics of species within theStreptococcus pyogenesgroup

Characteristics S. agalactiae S. canis S. castoreus S. didelphis S. dysgalactiae S. equi S. fryi S. halichoeri S. ictaluri

Acid from
Amygdalin � � ND ND ND ND ND � or þ a ND
Arbutin � þ ND ND ND ND ND ND ND
Cellobiose d ND ND ND ND ND ND ND ND
Cyclodextrin � � � ND ND þ � þ �
Glycerol þ ND ND � d � ND ND
Glycogen � � � ND d þ þ � �
Inulin � � � � � � ND � ND
Lactose d þ � d d � or þ a þ � or þ a �
Maltose þ þ þ ND þ þ þ þ þ
Mannitol � � � � � � � þ �
Mannose ND þ ND ND ND ND � ND
Melezitose � � � ND ND � � � �
Methyl-D-glucoside þ þ þ ND ND þ ND ND �
Methyl-

D-xyloside
d � ND ND ND ND ND ND ND

Pullulan þ þ þ ND ND þ þ þ �
Raf� nose � � � d � � � � �
Rhamnose ND ND ND ND ND ND ND ND ND
Ribose þ þ ND þ þ � or þ a d þ þ
Salicin d þ ND � d þ ND ND ND
Sorbitol � � � � d � or þ a � � �
Starch ND þ þ d þ þ ND � ND
Sucrose þ þ þ ND þ þ þ � �
Tagatose d � � ND ND � � � �
Trehalose þ d � þ þ � or þ a � � �
Hydrolysis of
Arginine þ þ þ d þ þ þ þ �
Aesculin � þ þ � d d � � �
Hippurate þ � � þ d � � � �
Starch � � ND � ND ND ND ND ND
Production of
Acetoin þ � � � � � þ �
Alkaline

phosphatase
þ þ þ þ � þ þ þ þ

a-Galactosidase d d � d � � d � �
b-Galactosidase � � � � d � þ � �
b-Glucosidase � � þ � ND � � ND �
b-Glucuronidase d d þ þ þ þ � � �
Leucine arylamidase � þ þ þ þ þ ND þ þ
Pyrrolidonyl

arylamidase
� � � � � � � þ þ

Growth in/at
4% NaCl ND ND ND ND ND ND ND ND þ
6.5% NaCl d � ND ND � � ND ND �
10% Bile ND ND ND ND ND � ND ND ND
40% Bile d � ND ND � � ND ND ND
10� C d ND ND ND � � ND ND ND
45� C � ND ND ND � � ND ND �
Cell-wall components Galactose, rhamnose,

glucitol,
N-acetylglu
cosamine

ND ND ND N-acetylgala
ctosamine,
rhamnose

N-acetyl
galacto
samine,
rhamnose
or NDa

ND ND ND

Hemolysis a, b, g b b b a, b b bb � g
Lance� eld antigens B G A � C, G, L C M B �
Mol% Gþ C 34 39–40 37.4 ND 38.1–40.2 40–41 or 41.3–42.7a 38.1–38.7 39 38.5
Murein type Lys–Ala1–3 (Ser) Lys–Thr–Gly ND ND Lys–Ala1–3 Lys–Ala1–3 (or 2–3)

a ND ND ND

Symbols: seeTable 1.
aDepending on the subspecies.
bColonies are nonhemolytic on� rst isolation, becomingb-hemolytic after 3 days.
cFurther subdivision of Lance� eld group A strains on the basis of M, T, and R antigens.
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S. iniae S. marimammalium S. parauberis S. phocae S. porcinus S. pseudoporcinus S. pyogenes S. uberis S. urinalis

ND ND þ ND d ND � þ �
ND ND þ ND d ND � þ þ
ND ND d ND d ND d þ þ
ND � ND ND � ND � ND �
� ND � � d þ d � �
ND � � d � ND d d �
� � d � � ND ND þ �
� þ þ � d � þ þ þ
þ d þ þ þ þ þ þ þ
þ � þ � d þ � þ �
þ ND þ ND þ ND ND þ þ
ND � d � � ND � � �
ND � � ND � ND þ d �
ND ND � ND � ND � � �

ND � ND ND d ND d ND �
� � d � � ND � � �
� ND � ND � ND ND � ND
ND � d þ þ þ � þ þ
þ ND þ � d þ þ þ ND
� � d � þ þ � þ �
ND � d d d ND ND d ND
þ � þ � d þ þ þ þ
ND � d ND � � d �
þ � þ � þ þ þ þ þ

þ d þ � þ þ þ þ v
þ � þ � d þ d þ þ
� � d � � � � þ �
þ ND ND � � � ND ND �

� � þ � d V � þ þ
þ d þ þ þ þ d þ

� � d ND � ND � � �
� d � ND � ND � � �
ND � ND ND d ND � ND þ
ND � � � þ ND d þ �
þ þ þ ND þ þ ND þ þ
þ � þ � � � þ þ þ

ND ND ND ND ND þ ND þ þ
� ND d � ND þ � � þ
ND ND ND ND ND ND ND ND ND
� ND ND � ND ND � d ND
þ ND ND � � þ � � �
� ND ND � � � � � ND
Galactose,

glucose,
rhamnose

ND ND ND ND ND Rhamnose,
N-acetylglu
cosamine

Glucose,
rhamnose,
N-acetylglu
cosamine

ND

a, b b a, � b b b b a, g �
� C � , E, P, U � , F, C E, P, U, V � Ac � , E, P, G �
32.9 38.0 35–37 38.6 37–38 ND 35–39 36–37.5 39.0
Lys–Ala1–3 ND ND ND Lys–Ala2–4 ND Lys–Ala2–3 Lys–Ala1–3 ND
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Table 6 Characteristics of species within‘other streptococci’

Characteristics S. acidominimus S. caballi S. entericus S. gallinaceus S. henryi S. hyointestinalis S. merionis S. minor S. ovis S. plurextorum S. porci S. porcorum S. rupicaprae S. suis

Acid from
N-Acetylglu

cosamine
ND ND ND ND ND þ ND þ � � þ þ þ ND

Amygdalin ND ND ND ND ND d � d ND � � þ þ ND
Arabinose � � � � � � � � � � � � þ �
Arbutin ND ND ND ND ND þ ND d ND � þ þ þ ND
Cellobiose ND ND ND ND ND d ND þ ND � þ þ þ ND
Cyclodextrin � � þ � � ND ND ND d � � � � �
Gluconate � ND ND ND ND � ND � ND � � ND ND
Glycerol ND ND ND ND ND � ND � ND � � � � �
Glycogen � þ þ � þ � � þ þ � d � þ þ
Inulin þ þ � ND þ � þ d ND � � � þ þ
Lactose þ � þ þ þ þ þ þ þ þ þ þ þ þ
Maltose ND þ þ þ þ þ þ þ þ þ þ þ þ þ
Mannitol þ � � þ þ � � þ þ � � � � �
Melibiose ND þ � þ þ ND � � � � þ � þ d
Melezitose ND � � � � ND ND � � � � � � �
Methyl-D-

glucoside
� þ þ þ þ � ND � � � � þ ND ND

Methyl-D-
mannoside

� ND ND ND ND � ND � ND � � � ND ND

Pullulan � þ � þ þ � þ ND � � d � þ þ
Raf� nose ND þ � þ � d þ d þ þ þ d þ d
Rhamnose � ND ND ND ND � � � ND � d � þ ND
Salicin ND ND ND ND ND þ ND þ ND þ a þ þ þ þ
Sorbitol � � � � � � � d þ � � � � �
Starch � þ þ ND þ þ þ d ND � þ � þ ND
Sucrose þ þ þ þ þ þ ND þ þ þ þ þ þ þ
Tagatose ND � � � � � ND d d � � � � �
Trehalose � þ þ þ þ þ ND þ þ þ þ þ þ þ
Hydrolysis of
Arginine � � � þ � � ND þ d � � � þ þ
Aesculin þ þ þ þ þ v þ þ þ ND � þ þ þ
Hippurate d � � � � � þ � � � � � � �
Starch ND þ ND ND þ þ ND ND ND ND þ þ
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Production of ND
Acetoin � þ � � � þ � ND � � � d � �
Alkaline phosphatase� � � � � þ � d � � � � � �
a-Galactosidase ND þ � þ þ d � d d þ þ d � þ
b-Galactosidase ND � þ þ þ � þ � � þ þ � þ d
b-Glucosidase ND þ þ þ þ ND þ ND þ � þ þ � ND
b-Glucuronidase þ � � � � ND þ � � þ � � þ þ
N-Acetyl-b-

glucosaminidase
� � ND � � ND ND ND � � � � � þ

Pyrrolidonyl
arylamidase

þ � d � � � � � ND � � � � d

Urease � � � � � � � ND � � � � � �
Growth in/at
4% NaCl ND ND ND ND þ ND ND ND ND ND ND � � ND
6.5% NaCl � � � ND � � � ND ND � � � � �
10% Bile ND þ ND ND þ ND ND ND ND ND ND ND ND ND
40% Bile ND þ ND ND þ � ND ND ND ND ND ND ND d
45� C � ND � ND ND ND d ND ND � � ND ND �
Cell-wall

components
Galactose,

rhamnose
ND ND ND ND ND ND ND ND ND ND ND ND Galactoseb,

glucose,
N-acetylgala
ctosamine,
rhamnose

Hemolysis a a a a a a � a a a a a a a, b
Lance� eld

antigens
� � D D D � D � ND B B � D � , R, S, RS, T

Mol% Gþ C 40 46.8 ND 40.0–41.0 38.7 42.0–43.0 ND 40.6–41.537.5–38.5 42.1 41.5 38.9 43.8 ND
Murein type Lys–Ser–Gly ND ND ND ND Lys–Ala (Ser) Lys-Thr-Ser ND ND ND ND ND ND Lys–direct

Symbols: seeTable 1.
aDelayed acid production after 7 days incubation.
bTrace amounts.
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for cultivating streptococci and determining hemolysis. Growth
of streptococci is enhanced by incubation under anaerobic
conditions at 37 � C. An elevated CO2 level (typically 5%)
during incubation is essential for growing S. mutans, strains of
the S. anginosusgroup, and S. pneumoniae. Strains previously
referred to as NVS require media supplemented with eithe
pyridoxal or cysteine for growth or, alternatively, media may be
supplemented with the addition of w 0.001% pyridoxal HCl.

Streptococci exhibit variable reactions during growth in
6.5% NaCl-containing broth and for the hydrolysis of aesculin
in the presence of 40% bile. Streptococci are characteristical
susceptible to vancomycin and do not produce gas from
glucose in de Man, Rogosa, and Sharpe (MRS) broth medium

Generally, streptococci are not able to produce pyrrolidonyl
arylamidase (PYR) but are able, with some exceptions, to
produce leucine arylaminopeptidase. The absence of motility
the chain formation, and the previously discussed test enable
streptococci to be distinguished from other genera of faculta-
tively anaerobic, catalase-negative, Gram-positive cocci.

Growth in liquid media must be buffered; otherwise, the
decrease in pH will soon become inhibitory. The Todd–Hewitt
broth is the most widely used buffered medium. If immediate
laboratory processing is not possible, the reduced transport� uid
(RTF) of Syed and Loesche is suitable for keeping streptococc
populations at room temperature. Commercially available silica
gel or � lter paper transport systems are also appropriate.

Strains can usually be maintained for several days, or eve
weeks, on plates, at either room temperature or 4� C. Strepto-
cocci can also be kept in litmus milk containing glucose and
yeast extract. Long-term preservation can be achieved b
freezing at�70 � C or in liquid nitrogen or by freeze-drying.
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Oral Streptococci

Several species of oral streptococci give rise to characteris
colonial morphologies by the production of extracellular
polysaccharide on trypticase–yeast extract–cystine (TYC) 5%
sucrose agar, which are useful for preliminary identi� cation.
Mitis salivarius (MS) agar is a widely used medium for the
selection of oral streptococci (Table 7). Selective media for
growing mutans streptococci are based on either MS agar o
TYC agar with increasing amounts of sucrose and the addition
of bacitracin (bacitracin susceptibility is a characteristic of
group A streptococci). Selective compounds, such as cryst
violet, thallous acetate, or sodium azide, are also used.
Table 7 Composition of mitis salivarius (MS) agar

g l� 1

Bacto tryptose (Difco) 10
Proteose peptone no. 3 (Difco) 5
Proteose peptone (Difco) 5
Bacto dextrose (Difco) 1
Bacto saccharose (Difco) 50
K2HPO4 4
Trypan blue 0.075
Bacto crystal violet (Difco) 0.0008
Bacto agar (Difco) 15

Dissolve by heating in deionized water to boiling. Sterilize at 121� C for 15 min. Cool
to 50–55 � C. Add 1 ml of 3.5% potassium tellurite per liter of medium.
Pyogenic and Other Streptococci

The medium colistin crystal violet sulfamethoxazole trimeth-
oprim (CCSXT) agar (Table 8) is widely used for detecting
group A streptococci together with some other con� rmatory
assays. Biochemical tests, easily performed in the laboratory
are an acceptable alternative to serological studies to identif
pyogenic streptococci (Table 9).

Lance� eld group D streptococci will grow on media con-
taining bile and may be differentiated from other streptococci
by rapid hydrolysis of aesculin in the presence of 40% bile.
They may be determined by using the kanamycin aesculin aga
(KAA) medium ( Table 10).
Streptococci in Foods

Except for S. thermophilus, streptococci sensu strictoare not
currently used in food fermentation. The naturally occurring
S. gallolyticussubsp. macedonicusis another promising multi-
functional Streptococcusstarter culture. Some pathogens
however, are introduced into humans and animals by foods.
Oral streptococci are dependent on human diet for nutrition,
and pyogenic and other streptococci are causes of mastitis an
indicators of microbiological monitoring. Thus, all of them, to
varying degrees, may be considered food related.
Streptococcus thermophilus

Streptococcus thermophilusis used as a multifunctional starter
culture to produce fermented milks, including yogurt, and hard
Italian and Swiss cheeses. It grows symbiotically withLactoba-
cillus delbrueckiisubsp. bulgaricus during fermentation to
produce lactic acid and acetaldehyde, which is responsible fo
the characteristic yogurt � avor. In cheeses,S. thermophilus
contributes to milk acidi � cation and to � avor during ripening.
Streptococcus thermophilusalso has a number of functional
activities, such as production of extracellular polysaccharides
bacteriocins, and vitamins. In addition, it also has potential as
a probiotic, as demonstrated by various health effects, transien
survival, and moderate adherence in the gastrointestinal tract
Streptococcus thermophilusis a member of the Salivarius group,
which includes two species isolated from the human oral cavity
and associated with human infections. It has a generally
recognized as safe (GRAS) status in the United States an
Table 8 Composition of colistin crystal violet sulfamethoxazole
trimethoprim (CCSXT) agar

Pancreatic digest of casein, powder 14.5 g
Papaic digest of soybean meal, powder 5 g
Sodium chloride 5 g
Crystal violet 0.2 mg
Colistin sulfate 10 mg
Sulfamethoxazole 24 mg
Trimethoprim 1.25 g
Agar 15 g
Distilled water 950 ml

Soak for 15 min, check and if necessary adjust pH to 7.3� 0.2, bring to the boil to
dissolve the ingredients and sterilize for 20 min at 121� C. Cool rapidly to approx-
imately 50� C, add 50 ml de� brinated sheep blood, mix with gentle rotation, and pour
into Petri dishes.
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Table 9 Differentiation of streptococci with the use of biochemical tests

Susceptibility to

PYR CAMP test
Hydrolysis of
hippurate

Bile
aesculin

Growth
in 6.5% NaCl

Optochin
and bile
susceptibilityBacitracin SXT

S. pyogenes(group A) þ � þ � � � � �
S. agalactiae(group B) � a � � þ þ � þ a �
Large colony (group C and G) � a þ � � � � � �
S. pneumoniae � � � � � þ
S. equisubsp.equi � � � d � þ

Symbols:þ , positive;� , negative; d, strains dependent; SXT, sulfamethoxazole and trimethoprim; PYR, pyrrolidonyl arylamidase; CAMP test, test for enhancement of
hemolysis byStaphylococcus aureusbeta lysin.
aExceptions occur occasionally.

Table 10 Composition of kanamycin aesculin (KAA) agar

Tryptone 20 g
Yeast extract powder 5 g
Kanamycin sulfate 0.02 g
Sodium chloride 5 g
Sodium citrate 1 g
Aesculin 1 g
Ferric ammonium citrate 0.5 g
Sodium azide 0.15 g
Agar 15 g
Distilled water 1 l

Soak for 15 min, check and if necessary adjust pH to 7.0� 0.1 and bring to the boil
to dissolve the ingredients completely. Sterilize for 15 min at 121� C; cool to
approximately 47� C.
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a quali� ed presumption of safety (QPS) status in the European
Union and more than 1021 live cellsS. thermophilusare ingested
annually by the human population. Streptococcus thermophiluis
discussed in detail in another chapter.
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Streptococcus gallolyticussubsp.macedonicus

Streptococcus macedonicus, isolated from naturally fermented
Greek Kasseri cheese, is a streptococcus that does not exh
potential pathogenicity traits. Recently, it has been described a
belonging to the S. bovis–S. equinuscomplex, and it has been
reclassi� ed as S. gallolyticussubsp. macedonicus. Strains of
this species are moderately acidifying and proteolytic, and
they produce exopolysaccharides. Certain strains produc
bacteriocins– for instance, the anticlostridial lantibiotic mac-
edocin – with good properties for its ef� cient application as
a biopreservative in both fermented and nonfermented foods.
Its natural occurrence in diverse European cheeses, howev
and its potential contribution to cheese ripening, in particular
with respect to milk fat hydrolysis and peptidase activity, make
S. gallolyticussubsp.macedonicusa multifunctional candidate as
nonstarter lactic acid bacterium and adjunct culture for dairy
manufacturing.
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Foods as Delivery Agents of Pathogenic Streptococci

Raw milk may contain a wide variety of human pathogens,
including S. pyogenes. These usually reach the milk, via the
milker, from equipment either contaminated by humans or not
adequately disinfected. In the past, infections by group A
streptococci have been spread by raw milk, but this risk ha
been eliminated by pasteurization. In recent years, outbreaks o
streptococcal sore throats have occurred after the consumptio
of reconstituted milk and intensively manipulated foods, such
as salads, rice puddings, and hams, previously contaminated b
handling by infected workers. If contaminated foods are left for
several hours in a warm place, an explosive bacterial growt
occurs, causing outbreaks of pharyngitis.

It has long been disputed as to whether group B streptococc
are identical to S. agalactiae, a bovine pathogen, can cause
serious diseases in humans. In one instance, a correlation wa
established between the occurrence of group B streptococc
disease and consumption of raw milk. Recently, group B
streptococci were identi� ed as a possible cause of disease
transmitted by raw milk and dairy products made from
unpasteurized milk. Consumption of raw milk or its incorpo-
ration into dairy products must be discouraged.Streptococcu
equi subsp. zooepidemicuscauses outbreaks of severe infectio
when ingested with raw milk.

Oral Microbiota

Oral streptococci constitute the dominant acidogenic pop-
ulation in supragingival dental plaque. Because the free suga
concentration in their natural habitat is often low, their main
energy supply is from carbohydrates from dietary foods. Thus
oral streptococci are transiently exposed to mixtures of various
sugars and live under feast or famine conditions. The type o
diet is one of the major factors in controlling the growth
kinetics of oral streptococci. Streptococci in dental plaque mus
survive cycles of acidi� cation to pH w 4.0 and alkalinization to
pH somewhat above 7.0. There is hierarchy to acid toleranc
and mutans streptococci are inherently the most acid-tolerant
bacteria. High levels of inherent tolerance is fundamental for
cariogenicity and related to high levels of proton translocating
F-ATPase activity and to low pH optima for enzyme activity.
Many of the less acid-tolerant bacteria in plaque, such asS. ratti
and S. sanguinis, protect themselves by means of the arginine
deaminase system. NH3 produced within the cell combines
with protons to yield NH 4

þ , and this reaction raises the cyto-
plasmic pH value, thereby protecting sensitive structures. NH3
is also produced by urea hydrolysis.

Many strains of oral streptococci produce extracellular glu
cosyltransferases (GTFs) and fructosyltransferases (FTFs). T
GTFs from the Mutans group cooperatively synthesize adhesiv
water-insoluble glucan from sucrose and facilitate the ability of
this group to colonize tooth surface and to develop dental
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plaque. Several species can bind salivary glycoproteins an
bacteria-derived salivary components. The Mitis group strep
tococci are widespread in the oral cavity, where they ca
contribute to the development of pathogenic oral communi-
ties. They exchange information with community members
through a number of interspecies signaling systems, including
AI-2 and contact-dependent mechanisms.
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Microbiological Monitoring of Foods

Fecal streptococci, such asS. equinus, are considered to be
indicators of fecal pollution of food (i.e., pork, beef, poultry,
and sliced, vacuum-packed sausages and ham) because th
have an advantage over coliforms in that they are more resistan
to most environmental stress.

The most appropriate markers that indicate food contami-
nation from the oral cavity and upper respiratory tract is the
mitis–salivarius group. Their enumeration in food is also useful
in assessing contamination in the food environment. This
applies particularly in situation of mass feeding, such as
industrial catering and hospital food-preparation areas. The
presence of the mitis–salivarius group on cutlery, glasses, and
other dishes indicates inadequate elimination of contami-
nating organisms from the human oral cavity, and to a certain
extent, from the respiratory tract.
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Mastitis

Streptococcusspp. are frequently involved in mastitis, the main
cause of disease and economic loss in dairy cattle.Streptococcu
agalactiae, S. dysgalactiaesubsp.dysgalactiae, S. parauberis, S. uberis,
S. equi, and S. equisubsp. zooepidemicusare some of the most
notable causes of mastitis. Most of these species are spre
between the udder quarters of cows primarily during milking
and, consequently, the milkingclusters, the milker’s hands, udder
cloths, and other equipment become contaminated and may act
as fomites transferring disease among the herd. The spread
S. dysgalactiaeand S. uberisis less dependent on the milking
process because they are more widely distributed in the env
ronment. Nearly 50% of all cows suffer at least one outbreak of
clinical mastitis per lactation. Disease control involves hygienic
practices and the infusion of antibiotic drugs in the udder.

Antibiotic therapy is the primary tool for the treatment in
lactating and dry cows, but the extensive use of antibiotics may
be the cause of the development of resistance in mastiti
pathogens and, in turn, a potential risk for human health.
Environmental streptococci are even more resistant to many
antimicrobial drugs. When antibiotics are used, milk from
treated cows cannot be sold for 3–5 days after treatment. This
procedure is necessary to protect humans who show hyper
sensitivity to antibiotic drugs, as well as to protect starter
cultures used in milk processing. Mastitis may be present in
clinical form, in which macroscopic changes in the milk or
udder are detectable, but subclinical conditions are more
common. Subclinical mastitis can only be diagnosed by
examining milk samples for the presence of pathogenic
bacteria, an increased somatic cell count, or a variety o
biochemical changes. Compositional changes are the result o
an increased movement of blood components into the milk,
causing increased concentrations of bovine serum albumin
immunoglobulin, and sodium and chloride ions, and
decreased concentrations of caseins, lactose, and potassiu
Severe mastitis leads to the production of milk with a reduced
casein/total N ratio, also due to the increased endogenous
proteolytic activity of the milk. These compositional changes
render the milk unsuitable for cheese making because of the
increased time needed for milk coagulation, unacceptable
� rmness of the coagulum, and severe loss of whey.
Rumen Microbiota

The population of microorganisms that inhabit the rumen of
livestock is largely responsible for the digestion in these
animals. Streptococcus gallolyticus, formerly known as S. bovis
biotype I, is part of the rumen biota but also the cause of
disease in ruminants as well as in birds. It is a normal inhabi-
tant of the rumen at moderate cell concentration
(107 cfu ml� 1). Some strains are highly amylolytic and, in
general, it is an essential proteolytic bacterium. If the animals’
diet is radically altered by switching rapidly from a forage to
a grain diet that is rich in readily fermentable carbohydrates,
the rumen fermentation can become unbalanced, resulting in
digestive disorders such as lactate acidosis. Although probabl
not the only cause, S. gallolyticus, in this dietary condition,
proliferates to w 1010 cfu ml� 1 and becomes an important
causative agent of this digestive disorder. Because strains
S. gallolyticusare amylolytic, they show a relatively short
doubling time when grown in vegetables that lack readily
fermentable carbohydrates. Since also showing the homo
fermentative pathway, it has been used as a substitute fo
Enterococcus faeciumas a commercial inoculant in alfalfa silage.
Human Diseases

SomeStreptococcusspp. are clinically relevant for humans, and
a few of the most important diseases are brie� y described in
this section. The pyogenic streptococci together with
S. pneumoniaeare the major pathogens.

Members of the S. anginosusgroup have been mainly asso-
ciated with purulent infections of the mouth and internal
organs, and possible virulence factors, such as hyaluronidas
gelatinase, collagenase, DNase, RNase, and polysacchar
capsule, have been reported.Streptococcus mitisand S. oralisare
the most common strains found in the blood cultures of cancer
patients and are commonly resistant tob-lactam antimicro-
bials. Streptococcus sanguinis, S. oralis, and S. gordoniicause
endocarditis in patients with damaged heart valves and reach
the bloodstream mainly from the mouth, as a result of dental
procedures, such as tooth extraction.Streptococcus pneumoniais
involved in pneumonia, bacteremia, otitis media, sinusitis, and
meningitis, but it is also found as normal inhabitants in the
upper respiratory tract from where it enters the host. In addi-
tion to the polysaccharide capsules, other virulence factors
such as the pneumococcal surface protein A, neuraminidase
pneumolysin, and autolysin, have been detected. Isolates o
pneumococci, commonly resistant to penicillin and other
b-lactam antibiotics, because of a reduced af� nity of the high-
molecular-mass penicillin-binding proteins (PBPs), have arisen
from horizontal gene transfer. Pneumococcal vaccines, made o
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capsular polysaccharides of the most prevalent serotypes is
lated from infections, have been available since the 1970s
Unfortunately, the vaccines are often not effective in person
with poor immunological response. Dental caries in humans
are related mainly to S. mutans.

Streptococcus pyogeneshas been reported as a rare cause
food-transmitted sore throats. Foodborne streptococcal phar
yngitis is more severe and more con� ned to the pharynx than
that caused by endemic airborne streptococci. Other disease
related to Lance� eld group A streptococcus are impetigo, scarle
fever, erysipelas, rheumatic fever, pneumonia, acute glomeru
lonephritis, toxic shock-like syndrome, and septicemia. Group
A streptococci have also been associated with Tourette’s
syndrome, tics, and movement and attention de� cit disorders.
Extracellular products such as streptolysins O and S, hya
uronidase, DNase enzymes (A, B, C, and D), streptokinase
NADase, three pyogenic toxins (A, B, and C), and cell-assoc
ated proteins are the main virulence factors ofS. pyogenes.

Streptococcus agalactiaealso causes serious diseases in human
Both early and late onset neonatal sepsis, characterized b
septicemia and meningitis, and associations with invasive
diseases in adults have been reported. Ribotyping and conven
tional epidemiological markers have been used to establish the
epidemiological interrelationships between the bovine and
human isolates of S. agalactiae. Several extracellular products
such as type-speci� c polysaccharide capsule, hyaluronidase, an
C5a peptidase, have been proposed as virulence factors. T
prevent devastating perinatal group B streptococcal infections
intrapartum administration of antibiotics, and, more recently,
polysaccharide vaccines have been used. In recent years,S. equi
subsp. ruminatorumwas identi� ed in the blood cultures taken
from a man affected by acute spondylodiscitis and endocarditis
showing that this bacterium may cause human disease.Strepto-
coccus equisubsp. zooepidemicuscauses meningitis, usually in
patients who have contact with horses or cattle. It is associate
with high mortality or signi � cant complications, particularly
hearing loss.Streptococcus gallolyticus, a member of the S. bovis
group, is now becoming the� rst cause of infectious endocarditis
among streptococci in Europe. Multiple studies have shown that
endocarditis resulting from this bacterium is often associated
with gastrointestinal malignancy.
See also:Milk and Milk Products:Microbiology of Liquid Milk;
Starter Cultures Employed in Cheesemaking;Streptococcus
thermophilus.
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Introduction

The genusStreptococcusincludes nearly 100 species of Gram-
positive bacteria that have similar metabolic properties, but
that live in diverse habitats and have many physiological
and genetic differences (http://www.bacterio.cict.fr/ ). Whereas
some streptococci are pathogenic to humans and animals
others are normal inhabitants of the oral and gastrointestinal
tract. Currently, the only dairy-associated streptococci remain
ing from those originally described by Sherman in 1937 is
Streptococcus thermophilus. This species has high similarity to
Streptococcus salivarius, and even had been reclassi� ed asS. sal-
ivariussubsp. thermophilusin 1984, but its original taxonomic
status was restored in 1987. It remains, however, as one o
several species positioned within the salivarius subgroup
Importantly, S. thermophilusis a member of the lactic acid
bacteria (LAB) cluster, a group of phylogenetically related
bacteria that play an important functional role in fermented
foods.
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Table 1 Properties and characteristics ofS. thermophilus

Gram-positive, nonmotile coccus
Cell size about 0.7–0.9mm, in pairs or long chains
Facultative anaerobe
Homofermentative (producing mainlyL(þ )-lactic acid)
Ferments lactose, sucrose, glucose, and fructose, with preference for

disaccharides; generally does not ferment galactose
Final pH in broth culture about 4.0–4.5
Catalase negative
Lacks functional cytochromes
Growth temperature maximum about 50–52� C, no growth at 10� C
Optimum growth at 40–45� C
General Properties

Like other LAB,S. thermophilusis non–spore-forming, catalase
negative, facultatively anaerobic, and metabolically fermenta
tive. Microscopically, S. thermophilusappears as spherical o
ovoid cells (0.7–0.9 mm in diameter) in pairs or chains when
grown in liquid media. Despite its name, S. thermophilusactu-
ally grows best at the high end of the mesophilic range, about
42–45 � C. It is very tolerant, however, to high temperature and
can survive typical pasteurization conditions. Similar to other
streptococci,S. thermophilusis heterotrophic, requiring simple
carbohydrates as an energy source and, in general, preforme
amino acids as a nitrogen source. In addition, it shares geneti
and physiological similarities to S. salivarius, as well asStrep-
tococcus pyogenes, Streptococcus pneumoniae, and other patho-
genic streptococci.S. thermophilus, however, does not harbor
intact virulence genes or pathogenic determinants.

Several other phenotypicproperties distinguishS. thermophilus
from related streptococci and other LAB. It does not posses
a group-speci� c antigen and generally is nonhemolytic. The
peptidoglycan structure and genetic organization of the biosyn-
thetic genes are very similar to that ofEnterococcus faeca,
S. pyogenes, and Streptococcus dysgalactiae.It is distinguished,
however, fromenterococci by its relativesensitivity tosalt and bile
acids. The main properties and characteristics ofS. thermophilus
are summarized inTable 1.
Thermotolerant (survives 60� C for 30 min)
Weak or no growth with 2% NaCl
Weak to moderately proteolytic
Ammonia produced from urea, but not arginine
Lacks group-speci�c antigen
Gþ C mol. ratio about 37–40%
Ecology ofS. thermophilus

Perhaps even more so than other dairy LAB,S. thermophilusis
especially well adapted to milk environment, which can be
554 Encyclopedia of Food
considered to be its primary habitat. WhereasLactococcus lact
subsp. lactis and other dairy-associated LAB can be isolate
from nondairy environments, S. thermophilusnever has been
isolated from green plant material or from any clinical sources.
Due to its thermal tolerance,S. thermophilusoften is found in
pasteurization equipment, heat exchangers, and pasteurize
and heat-treated dairy products.
Methods for Cultivation and Enumeration
of S. thermophilus

Most strains of S. thermophilusare easy to propagate in the
laboratory. In addition to a source of fermentable carbohy-
drate, S. thermophilusalso requires digested proteins (e.g.
hydrolyzed casein, tryptone, or beef extract) as a source o
amino acids. Other vitamin and nutrient requirements gener-
ally are satis� ed by the addition of yeast extract. Severa
commercially available media have long been used for genera
propagation and enumeration, including Elliker medium and
M17 medium. The latter contains the buffering agent, b-
glycerol phosphate, which maintains the pH above 5.7 and
provides optimum growth conditions for S. thermophilus.

Interest in enumerating speci� c organisms in yogurt and other
cultured dairy products has led to the development of a variety of
selectiveanddifferentialmedia thatcandistinguishS. thermophilus
from other LAB. In general, identi� cation or differentiation of LAB
in these media is based on growth–no growth or on different
colony morphologies that occur as a result of their fermentation
properties. For example, M17 medium (noted previously) is
inhibitory to lactobacilli (due to the b-glycerol phosphate) and
therefore can be used for selective enumeration ofS. thermophilus
in yogurt. In contrast, Lee’s agar is a differential medium that
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00325-6

http://www.bacterio.cict.fr/
http://dx.doi.org/10.1016/B978-0-12-384730-0.00325-6
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contains lactose and sucrose, and the acid–base indicator bro-
mocresol purple (BCP). On this medium, S. thermophilusforms
colonies that are an intense yellow, due to fermentation of both
sugars, whereasLactobacillus delbrueckiisubsp.bulgaricusferments
lactose but not sucrose, and yields only enough acid to form white
or slightly yellow colonies.

The recommended medium in the 17th and most recent
edition of Standard Methods for the Microbiological Examinatio
Dairy Productsis yogurt lactic agar. This medium is modi� ed
from Elliker medium by the addition of Tween 80, skim milk,
and triphenyltetrazolium chloride. On this medium,
L. bulgaricus will form large white colonies, whereas
S. thermophilusforms small, smooth colonies. L-S differential
medium, which also contains triphenyltetrazolium chloride, is
used to distinguish betweenLactobacillusand Streptococcus, with
the lactobacilli forming irregular, red colonies surrounded by
a white opaque zone, and the streptococci forming round, red
colonies surrounded by a clear zone.
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Carbohydrate Metabolism byS. thermophilus

Although LAB serve a variety of functional roles in fermented
foods, fermentation of sugars and formation of lactic acid and
other end products are among their primary functions. Due to
the importance of S. thermophilusin fermented dairy products,
the physiological and genetic basis of carbohydrate utilization
in this organism has attracted particular research interes
Indeed, S. thermophilusis unique among other LAB for the
narrow range of sugars fermented by this organism as well as b
the unusual manner by which lactose is metabolized.

In rich medium containing a suitable carbohydrate source,
S. thermophilusgrows rapidly, with doubling times of less than
30 min. As much as 30 g l� 1 of lactic acid, mostly in the L(þ )-
lactic acid form, can be produced, provided the medium is
adequately buffered. Other than lactose, however, most strain
are capable of fermenting only a few carbohydrates, a phenotyp
that led one early investigator to note that “S. thermophilusis
marked more by the things which it cannot do than by its
positive actions” (Sherman, 1937). Interestingly, while the
disaccharides, lactose and sucrose, are readily fermented, grow
on the constituent monosaccharides, glucose, fructose, an
galactose usually is slower than on the intact disaccharides
Indeed, most strains ofS. thermophilusare unable to ferment free
galactose and are phenotypically galactose negative. This is
especially relevant trait, because wheneverS. thermophilusis
grown in milk or other media containing excess lactose, galac
tose accumulates in the medium. In contrast, free galactose doe
not appear in the medium when Lactococcus lactisgrows in milk,
since this organism ferments glucose and galactose moietie
simultaneously. Even those strains ofS. thermophilusthat
ferment free galactose still do not do so if glucose is presen
since galactose metabolism is catabolite repressed by glucose
e

r

.

Pathways for Sugar Metabolism

The biochemical pathways responsible for lactose and galactos
metabolism in S. thermophilusare well characterized. The� rst
step occurs when lactose is transported from the extracellula
f

medium into the cell by a lactose transport protein, called LacS
Lactose arrives in the cytoplasm as the free sugar, which is the
hydrolyzed by a b-D-galactosidase to yield glucose and galac
tose. The former is readily fermented via the glycolytic homo-
fermentative pathway. As noted, however, galactose ordinarily i
not fermented and instead is ef� uxed out of the cell. Under
lactose limitation, however, some strains can either fermen
some of the intracellular galactose or reaccumulate and fermen
some of the excreted galactose via the enzymes of the Lelo
pathway. It would appear that galactose ef� ux is a wasteful
process, since only half of the lactose is fermented. Experimenta
evidence, however, has shown that lactose uptake and galacto
ef� ux occur via the LacS transporter that functions as a galacto
side antiporter, exchanging an extracellular lactose for a
intracellular galactose. Moreover, galactose ef� ux serves as
a driving force for lactose uptake, sparing the cell the energy tha
ordinarily would be required for active transport. In the absence
of the exchange reaction, LacS can operate as a symport syste
driven by the proton motive force. Ultimately, however, it now
appears that the lactose-galactose exchange reaction is t
predominant mechanism used byS. thermophilusunder physi-
ological conditions.

The inability of most strains of S. thermophilusto utilize
galactose is not due to the absence of the relevant Lelo
pathway genes, since these genes are present and conserved
most strains. Rather, the phenotype primarily is due to poor
expression of those genes, speci� cally at the level of mRNA
transcription and translation. In fact, it appears that repression
of these genes is the normal state, due to mutations within the
ribosome binding site and possibly the promoter region of the
operon. Although galactokinase, mutarotase, and other Leloir
enzymes for galactose metabolism can be detected, the
activities in most strains are exceedingly low. The few strain
that ferment galactose do so only when the repressing sugar
glucose and lactose, are absent and the inducer, galactose,
present. Under these conditions, derepression can occur, an
the operon is transcribed.
Protein Metabolism

Although many other streptococci are auxotrophic,
S. thermophiluspossesses genes encoding for the biosynthet
pathways of most amino acids. Still, as for other LAB, rapid
growth of S. thermophilusin milk requires the presence of
a proteolytic system to degrade milk proteins into peptides that
then can be transported into the cytoplasm. In addition, intra-
cellular peptidases that can further hydrolyze peptides to amino
acids also must be present.

In S. thermophilus, protein hydrolysis is achieved byPrtS,
a cell wall anchored proteinase encoded by theprtSgene whose
presence or absence is a major determinant of growth rate in
milk. It is not clear how widespread is prtS; of the completely
sequenced strains, only the LMD-9 genome contains this gene
The recent� nding, however, that prtSwas present in 21 of 135
dairy-related strains led to the suggestion that dissemination of
this gene amongS. thermophilusis ongoing and contributes to
this organism’s � tness in milk.

More than 50 peptides are formed from casein by this
enzyme. Transport of peptides is mediated via an oligopeptide
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transporter that belongs to the ATP-binding cassette (ABC
family of transport systems and that shares structural similarity
with the Ami system from S. pneumoniae.
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Use ofS. thermophilusin the Production of Dairy
Foods

The thermal tolerance of S. thermophilusand its ability to
produce lactic acid at temperatures higher than mesophilic
LAB make this organism useful in the fermentation of severa
dairy products, including yogurt and Swiss and Italian cheese
(Table 2). In these products,S. thermophilusferments lactose,
in homofermentative fashion, and causes prompt reduction of
the product pH. In nearly all fermented dairy products made
using S. thermophilus, however, the starter culture also contains
either L. bulgaricusor Lactobacillus helveticus. The relationship
between S. thermophilusand these dairy lactobacilli has been
the subject of much research interest. This is because it is we
established that most strains perform better in milk when
grown together (as mixed genus cultures), compared with
their growth as single-species cultures. Several explanatio
have been proposed to account for this so-called proto-
cooperative growth behavior. First, the lactobacilli generally
are more proteolytic than S. thermophilus. Thus, in dairy
fermentations, the lactobacilli cell wall–bound proteinase
hydrolyzes casein and other milk proteins and thereby
provides S. thermophiluswith peptides and amino acids. In
turn, S. thermophilusproduces small amounts of formic acid
that may stimulate L. bulgaricus. The production of CO2 from
urea byS. thermophilusmay enhance the growth of lactobacilli,
due to the more reduced environment preferred by the latter.
It is also possible that the excretion of galactose by
S. thermophilusprovides galactose-fermenting lactobacilli with
a source of fermentable carbohydrate when lactose is no
available. Finally, coevolution between S. thermophilusand
L. bulgaricusin milk is predicted based on the apparent hori-
zontal gene transfer that has occurred between thes
organisms.

In addition to its role as an acid producer in various fer-
mented dairy products, S. thermophiluscan synthesize other
useful end products, most notably � avor compounds and
polysaccharides. The production of acetaldehyde, which
imparts green or tart-apple-like� avor notes in yogurt, is due,
in part, to metabolism by the yogurt starter culture
Table 2 Applications ofStreptococcus thermophilus

Swiss-type cheeses
Emmenthaler
Gruyère

Pasta� lata cheeses
Mozzarella
Provolone

Hard grating cheeses
Parmesan
Romano
Asiago

Other cultured milks
Yogurt
organisms. WhetherS. thermophilusor L. bulgaricusactually is
the primary producer of acetaldehyde has not yet been
established. In general, acetaldehyde is synthesized via one
several possible pathways. Although glucose metabolism
yields mostly pyruvate and some acetylphosphate, both of
which can serve as substrates for acetaldehyde-yielding rea
tions, the relevant enzyme activities have not been reported
Rather, it appears more likely that acetaldehyde formation
occurs via hydrolysis of the amino acid threonine by serine
hydroxymethyltransferase, an enzyme that has threonine
aldolase activity.

Another important use of S. thermophilusin dairy foods has
less to do with its technological applications and more to do
with its putative nutritional role as a probiotic. Although
S. thermophilusdoes not colonize the intestinal tract of humans,
consumption of viable cells of S. thermophilusmay enhance
lactose digestion by otherwise lactose-intolerant individuals.
Indeed, such individuals have been shown to tolerate yogurt
better than other dairy products containing equivalent
amounts of lactose. This effect evidently is mediated by the
release of b-galactosidase in the small intestine from lysed
S. thermophilusand L. bulgaricuscells. Because sour cream
cultured buttermilk, and other cultured dairy products ordi-
narily are made using lactococci, which do not produce
b-galactosidase, these positive effects are not observed wi
those products.
al
-
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Production of Exopolysaccharides byS. thermophilus

The ability of some LAB to produce exopolysaccharides (EPS
has important practical implications. In yogurt and other
cultured products, these polysaccharides impart desirabl
rheological properties such as mouth feel and viscosity. The
also may be involved in phage defense. In general, the exo
polymers produced by S. thermophilus are hetero-
polysaccharides, consisting primarily of galactose, glucose
rhamnose, and N-acetyl glucosamine monomers. The EPS
produced by S. thermophilusare either capsular or ropy,
depending on their association with the cell surface. Although
many strains of S. thermophilusproduce polysaccharide mate-
rial, the composition and the amounts produced often are
variable, even when growth conditions remain constant.
Indeed, this trait frequently is diminished or lost altogether. It
appears that growth temperature, growth phase, pH, and
culture conditions, especially the speci� c carbon source avail-
able, have profound effects on polymer composition and
quantity.

Biosynthesis of EPS requires the concerted action of sever
proteins, including glycosyltransferases and membrane
spanning transporters. In addition, genome and transcriptional
analyses have revealed the presence of regulatory genes, in
cating coordination of EPS production with environmental
sensing and protein–protein interactions.
ost
Bacteriophages andS. thermophilus

The presence of bacteriophages in cheese factories affects m
LAB, andS. thermophilusis no exception. Until recently, phages
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STREPTOCOCCUSj Streptococcus thermophilus 557
that infect the mesophilic LAB that are used in the manufacture
of the most common cheese types attracted the most attention
In contrast, the S. thermophilusphages were not viewed as
a serious problem, in part, because fewer industrial infections
had been observed. Due largely to the huge increase in th
production of products made using S. thermophilusas a starter
culture (mainly yogurt and mozzarella and other Italian
cheeses), problems with phage have become much mor
common.

Phages that infectS. thermophilusbelong to the Siphoviridae
group. In general, two (but perhaps as many as four) phage
types are recognized based on protein pro� les, DNA homology,
and restriction patterns and other analyses. Genetic analyse
however, have shown little correlation between host range and
gene-based groups. Morphologically, most S. thermophilu
phages have isometric heads and long, noncontractile tails. A
contain double-stranded DNA, with genomes in the range of
30–45 kb. Most phages isolated from cheese plants and dair
environments are lytic; however, temperateS. thermophilu
phages have been characterized. Interestingly, the latter appe
to be quite similar to lytic phages, thus leading investigators to
suggest a common ancestral phage and that a singleS. thermo-
philus phage species exists. Genetic diversity of th
S. thermophilusphage genomes was proposed to be driven b
DNA recombination, mainly at the lysogeny module and the
tail � ber region. In addition, point mutations throughout the
genome (excluding the DNA replication module) also
contribute to diversity. The presence of phage genes that a
homologous both to lactococcal phages and plasmid DNA from
L. bulgaricusemphasizes the pivotal role of horizontal gene
transfer based on ecological relationship in shaping the
S. thermophilusphage genomes.

Although relatively little is known about natural phage
defense systems used byS. thermophilus, restriction-modi� cation
(R/M) systems have been reported that may protect against phag
invasion. The expression of a lactococcal R/M system inS. ther-
mophiluswas shown to confer phage resistance. Additionally, an
antisense RNA strategy targeted to inhibit the translation of phage
replication machinery also impedes the proliferation of phage
population. More recently, the availability of S. thermophilu
genome sequences has led to the profound discovery of CRISP
Cas immunity systemthatprovidesnovel insights into the natural
phage evasion strategy byS. thermophilus.

The CRISPR-Cas system is composed of (1) CRISPR (cluste
regularly interspaced short palindromic repeats) structures o
25–50 bp direct repeats separated by unique spacer sequenc
of similar length, usually 20–60 bp; and (2) Cas (CRISPR-
associated) proteins encoded at the vicinity. The Cas protein
process and incorporate foreign DNA, such as phages or pla
mids, as spacers into the CRISPR region. The CRISPR locu
transcribed and processed by Cas proteins into small RNA
containing the spacer and parts of its� anking repeats. These
small RNAs are then complexed with other Cas proteins to
inactivate homologous foreign DNA by cleavage or RNA
silencing of the targets. Thus, this system provides acquire
immunity whereby the spacer sequences serve as memory DN
that confer immunity against subsequent invasion of homolo-
gous phages.

Several CRISPR–Cas systems inS. thermophilushave been
functionally demonstrated, where the acquisition of new
spacers was observed after challenge with bacteriophage
Alterations of the spacer content have been shown to in� uence
the phage-resistance phenotype of the cells. The coevolution o
S. thermophilusand their phages, combined with the dynamic
nature of the CRISPR loci, provide a practical basis for studyin
the epidemiology of phage attacks. Such studies may lead t
development of phage-resistant strains and also serve as a ba
for genetic typing of strains.
Genomics ofS. thermophilus

Whole genome sequencing ofS. thermophilusstrains revealed
that the species has relatively conserved chromosomal size
1.8–1.9 Mb with a G þ C content of 39%, and contains an
average of 1900 protein-coding genes (Table 3). Figure 1 shows
the circular chromosomal map of S. thermophilusLMD-9
depicting general genome features of this strain. In line with
previous observations that most strains ofS. thermophiluscarry
few, if any, plasmids, only one of the six sequenced
S. thermophilusstrains thus far (LMD-9) harbors cryptic plasmids
of 3–4 kb in sizes. Perhaps the most intriguing� nding from the
genome analyses was the presence of a high number of pse
dogenes inS. thermophilus(10–13% of total genes), the majority
of which encode for mobile genetic recombinases, hypothetica
proteins, carbohydrate transport and metabolism, transcrip-
tional regulators, and cell surface proteins. Notably, the loss o
absence of plant-derived carbohydrate utilization genes as we
as streptococcal virulence-associated genes, indicates th
S. thermophilushas undergone major reductive evolution as
a result of its domestication in the dairy environments. This
� nding also further substantiates the safe consumption of
S. thermophilusin cultured dairy products.

Genome comparison among strains of LMG 18311,
CNRZ1066, and LMD-9 showed that all three have relatively
conserved gene synteny and shared approximately 80% of th
genes. Genome polymorphisms are attributed mainly to genes
encoding for EPS biosynthetic machinery, bacteriocin synthesi
and immunity, remnants of prophage, and bacteriophage
defense mechanisms, such as R/M systems and the CRISPR lo
Comparative genome hybridization of 47 S. thermophilus
strains also found similar subsets of genes that make up the
majority of the S. thermophilusnoncore genes. Most of these
variable genes, along with other strain-speci� c genes, typically
have anomalous Gþ C composition and thus were predicted
to have been acquired via horizontal gene transfer. The
common presence of insertion sequence (IS) elements� anking
these variable regions indicates their prominent role in the
genome plasticity of S. thermophilus. In fact, some of the
hypervariable regions, or so-called genomic islands, wer
identi � ed as hot spots for horizontal gene transfer and usually
contain multiple copies of IS elements that mediate recombi-
nation of foreign DNA. One such example is a 17-kb region
consisting of a mosaic of fragments with more than 90%
sequence identity to DNA from L. bulgaricus, L. helveticus, and
L. lactis. One of the segments encodes for ametChomolog from
L. bulgaricusand L. helveticusthat potentially confers the ability
to synthesize methionine, a scarce amino acid in milk. This
suggests the occurrence of lateral gene transfer amo
S. thermophilusand the other dairy microbes based on



Table 3 General features ofS. thermophilusgenomes

Feature

Strains

CNRZ1066 LMG 18311 LMD-9 ND03 JIM 8232 MN-ZLW-002

Origin Yogurt isolate
(France)

Yogurt isolate (United
Kingdom)

Danisco (United
States)

Milk isolate
(China)

Milk isolate
(France)

Dairy fermentation isolate
(China)

Chromosome size (bp) 1 796 226 1 796 846 1 856 368 1 831 949 1 929 905 1 848 520
Gþ C content (%) 39.1 39.1 39.1 39.1 38.9 39.1
No. of protein-coding

genes
1915 1890 1834 1919 2145 1910

No. of rRNA operons 6 6 6 5 6 5
No. of tRNAs 67 67 67 56 67 57
Plasmid 0 0 2 0 0 0
CRISPR locus 1 2 3 3 2 3
Prophage remnant 1 0 1 1 0 1
Genbank accession no. CP000024 CP000023 CP000419 CP002340 FR875178 CP003499

Figure 1 Genome map ofS. thermophilusLMD-9 chromosome. From the outermost to the innermost circles of the chromosomal map: Circle 1 (blue),
open reading frames (ORFs) on the forward strand; Circle 2, clusters of orthologous groups (COG) functional classi� cation of ORFs on the forward
strand; Circle 3, subcellular locations of predicted proteins encoded on the forward strand; Circle 4 (red), ORFs on the reverse strand; Circle 5, COGfunctional
classi� cation of ORFs on the reverse strand; Circle 6, subcellular locations of predicted proteins encoded on the reverse strand; Circle 7 (black), percentage
of Gþ C composition; Circle 8 (purple), pseudogenes; Circle 9, intact and truncated transposases, in red and green, respectively; Circle 10, key gene
features– urease gene cluster (blue), CRISPR loci (red), prophage remnant (yellow),epsandrgppolysaccharide biosynthesis gene clusters (pink),gal-lac
cluster for lactose and galactose metabolism (cyan), andblpcluster for the biosynthesis and immunity of the bacteriocin thermophilin 9 (green). Adapted from
Goh, Y.J., Goin, C., O’Flaherty, S., Altermann, E., Hutkins, R., 2011. Specialized adaptation of a lactic acid bacterium to the milk environment: the comparative
genomics ofStreptococcus thermophilusLMD-9. Microbial Cell Factories 10 (Suppl. 1), S22.

558 STREPTOCOCCUSj Streptococcus thermophilus
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ecological proximity, enabling it to acquire gene features that
likely will enhance its � tness in the milk environment.

Having evolved in the nutrient-stable milk niche, the
S. thermophilusgenome re� ects a more sedate lifestyle compare
with its phylogenetically closest relative,S. salivarius. The latter
possesses a broader gene repertoire for carbohydrate utilizatio
the biosynthesis of complex polysaccharides, and a wider arra
of cell surface–associated proteins. Nonetheless, both specie
shared unique gene sets (e.g., lactose metabolism and urea
biogenesis), which are not universally present in other strepto
coccal species. Overall, the genome ofS. thermophilusis shaped
by both gene loss and gene gain, resulting in niche-driven gen
features that confer rapid growth in milk, stress tolerance, and
defense mechanisms, all of which re� ect the specialized adap-
tation of S. thermophilusin the dairy environments.

See also:Classi�cation of the Bacteria:Traditional;Bacteria:
Classi� cation of the Bacteria– Phylogenetic Approach;Cheese:
Microbiology of Cheesemaking and Maturation; Role of
Speci� c Groups of Bacteria;Fermented Milks:Range of
Products; Fermented Milks and Yogurt;Lactobacillus:
Lactobacillus delbrueckiissp.bulgaricus;Lactococcus:
Lactococcus lactisSubspecieslactisandcremoris; Metabolic
Pathways:Release of Energy (Anaerobic);Probiotic Bacteria:
Detection and Estimation in Fermented and Nonfermente
Dairy Products; Starter Cultures;Starter Cultures:Importance
of Selected Genera; Starter Cultures Employed in
Cheesemaking;Streptococcus: Introduction; Genomics.
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Streptomycesis the type genus of the family Streptomycetacea
under the order Actinomycetales of the class Schizomycete
The genusStreptomycesis represented in nature by the larges
number of species and varieties among the family Actino-
mycetaceae. The bacteria belonging to this genus mainly ar
found in soil but also a occasionally isolated from manure and
other sources. Although theStreptomycesare eubacteria, they
grow in the form of � laments or as mycelium and do not show
usual bacterial bacillary or cocoid forms. They also form con-
idia, which are produced in chains from spore-bearing aerial
hypha. Streptomycesshow a Gram-positive reaction. They have
DNA with a GþC content of 69 –78 mol.%. In addition,
Streptomycesare unusual among bacteria having protein-capped
linear chromosomes. More than 500 species ofStreptomycesare
listed in Bergey’s Manual of Determinative Bacteriology. With the
development of high-throughput technologies, complete
Streptomyces genomes have been deciphered forStreptomyce
avermitilisand Streptomyces coelicolorA3(2).

Streptomyceshave a complex colony structure based on
multinucleate, branching mycelia, with differentiation of the
colony into vegetative and reproductive structures. This complex
multicellular morphology led earlier microbiologists to believe
that the actinomycetes were fungi or intermediate links between
fungi and bacteria. Now, however, it is proved beyond doubt
that streptomycetes are prokaryotes. Their cell wall structure
genetic material, and phages are similar to those of bacteria.
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Characteristics of the Genus

The Streptomycesdevelop as fully mycelial organisms and
reproduce by the formation of immotile spores at the tips of the
aerial hypha. Nutritionally, Streptomycesare nonfastidious. They
generally do not require special growth factors. Most isolates
produce extracellular hydrolytic enzymes that permit utilization
of polysaccharides, proteins, and fats. Most species belonging t
the genus are aerobic, psychrophilic, or mesophilic saprophyte
that are frequently found in soil. Some Streptomycesare ther-
mophilic, such asS. megasporousand S. graminofaciens. A few of
them are also parasitic on plants and animals.Streptomyce
produce slender, branched hypha 0.50–2.0 mm in diameter,
with or without cross walls. They grow with an extensively
branched primary or substrate mycelium, and more or less
abundant aerial or secondary mycelium. On nutrient media,
colonies are small (1–10 mm diameter) at � rst with a rather
smooth surface but later form a weft of aerial mycelium that
may appear granular, powdery, or velvety. The many species an
strains of the organism produce a wide variety of pigments that
color the mycelium, spores, and the substrate. They als
produce one or more antibiotics against bacteria, fungi, algae
viruses, protozoa, or tumor tissues.

The type species of the genus isStreptomyces albus. Strepto-
mycesthus show differentiation, which is less well known in
bacteria. It produces two types of mycelia: spore-bearing
structure and spores.
560 Encyclopedia of Food
ThermophilicStreptomyces

Most of the species ofStreptomycesare mesophilic. Thermo-
philic Streptomyceshave an optimum temperature above 50� C
such asS. thermophilus. Compost, manure heaps and fodders
are common habitats of thermophilic Streptomyces. Some
strains produce an antibiotic thermomycin. Streptomyces the
modiastaticusand Streptomyces thermofuscushave an optimum
temperature of 65 � C. Streptomyces caseiisolated from pasteur-
ized cheese is reported to be resistant to high temperatures an
to disinfectants. Its thermal death point is 100 � C.
Isolation of Streptomyces

Soil is the natural habitat of Streptomyces. They are abundant in
soil and are largely responsible for the odor of the damp soil.
This odor is due to the production of a number of volatile
substances known as geosmins. The substances are sesq
terpenoid compounds, trans-1,10-dimethyl-trans-9-decalol.
Geosmins also are produced by some cyanobacteria.

Isolation of Streptomycesfrom soil is relatively easy.
A suspension of soil in sterile water is diluted and spread on
a selective agar medium. The selective media often contain
the usual organic salts, a source of carbon, such as starc
asparagine, or calcium malate, and a source of nitrogen, suc
as undigested casein, or potassium nitrate. Enrichment can b
done with the addition of calcium carbonate. Treatment of
soil with phenol (1.5% for 10 min) can eliminate bacteria and
fungi. Alternatively, one can add antibiotics, such as rifam-
picin, cycloheximide, or nystatin. Rose bengal could be used
to curtail spreading growth of fungi. There are several suitable
media, such as glucose-yeast extract-malt extract agar mediu
starch agar medium, and glycerol- and asparagine aga
medium. Trace elements may be added if required in the
synthetic media. The plates are incubated at 25� C for 6–
9 days. After incubation, the plates are examined for charac
teristic colonies of Streptomyces. Streptomycescolonies on
laboratory media often smell strongly of earth. The colonies
are typically � rm and compact in early stages of development
and may be dif� cult for subculturing. Later, aerial hypha
showing loose cottony growth and bearing spores can be
picked up easily. The spores of colonies can be streaked an
isolated. The dusty appearance, its compact nature, and it
color make detection of Streptomycescolonies on agar plates
relatively easy. Identi� cation of Streptomycesis also made easy
by the zone of clearance generally found around the colonies
of Streptomyces.
Pigment Production inStreptomyces

Streptomycesproduce a range of pigments that are generally
water soluble. Pigment production has been used as a taxo
nomic marker for identi � cation of species of the genus.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00326-8
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Table 2 Subdivision ofStreptomycesgenus based on the structure
of sporulating hypha

Groups Structure of sporulating hypha

I Straight sporulating hypha, no spirals
II Straight spore-bearing hypha, in clusters
III Spiral formation in aerial mycelium, long open spirals
IV Spiral formation in aerial mycelium, short compact spirals
V Spore-bearing hypha

Streptomyces 561
Pigment production is lacking in S. albus, whereas a faint brown
pigment may be produced in protein media by species, such a
Streptomyces longisporusand Streptomyces rochei. Soluble blue
pigment is produced by S. coelicolor, Streptomyces pluricol,
Streptomyces cyaneus, and Streptomyces violaceus. Lambda-
actinorhodin is one such blue pigment compound isolated
from S. coelicolor100. The pigment initially may be red or
yellowish red and then changing to blue. Streptomycessp.
(YB-1) is known to produce reddish-purple pigment(s) only in
the presence of rare earths, and the pigment has been found t
be a kind of naphthoquinone. In other species, such asStrep-
tomyces verneand Streptomyces viridans, it may � rst appear green
turning to brown. Yellow or golden yellow pigments are
produced by Streptomyces� aveolus, Streptomyces parvus, Strepto-
myces rimosus, Streptomyces aureofaciens, and Streptomyces xa
thophaeus. Presence of lycopene has been shown inStreptomyce
sp. The characteristic pigment is produced either in the
substrate mycelium or aerial mycelium or the spores of the
species.

Primary or substrate mycelium or vegetative mycelium:
Streptomycesis characterized by a� lamentous morphology
wherein it grows by tip extension to form a mycelium of
branched hypha. Furthermore, it exhibits polarity where
polarized growth can occur at multiple sites along the myce-
lium. This growth by polar extension or tip extension involves
a tropomyosin like coiled protein, DivIVA, which forms olig-
omers at the growth tips. The substrate mycelium is a loose
network of hypha, which grows by extensive branching on the
surface of the substrate. It also is called primary mycelium
Substrate mycelium may have a different color in different
species ofStreptomyces. The characteristic color of the substrate
mycelium of some of the Streptomycesis described inTable 1.

Aerial mycelium or reproductive mycelium have a hairy
layer of specialized hypha that projects away from the
surface of the colony into the air and forms aerial mycelium.
The aerial mycelium bearing the characteristic pigment may
be abundantly present in some species and scant in others
The aerial mycelium is more closely packed than the
substrate mycelium. In those species that do not form
Table 1 Different color pattern of mycelium and spores of
Streptomyces

Structure Species and respective coloration

Mycelium S. clavuligerus,S. violaceoruber– gray
S. somaliensis– white
S. erythrogriseus– red
S. fradiae– yellow
S. ipomoeae– blue
S. mauvecolor– violet
S. aurantiacus– orange turning to red
S. californicus– red turning to blue
S. coelicolor, S. cyaneus– red turning to violet
S. olivoviridis– green turning to olive
S. hygroscopicus– gray turning to black

Spore S. griseus, S. coelicolor– yellow or gray
S. fradiae, S. toxytricini– pink or light violet
S. fragilis– brown
S. glaucescens– blue green
S. albus– white
conidia, the aerial mycelium may be altogether absent.
Streptomyces verneusually does not possess aerial mycelium
Many species form spirals at the end of aerial mycelium
These include S. coelicolor,S. albus, S. longisporus, and
S. diastaticus. Others, such as S. globisporus, S. anulatus,
S. vinaceus, and S. cinnamonensis, are not known to produc
spirals. Aerial mycelium may be profuse in some species, fo
example, S. albus. It may be produced in concentric zones,
for example, in S. anulatus,or in tufts as in S. virido� avus, or
in whorls as in S. reticuli, S. verticillatus, and S. netropsis. Th
color of the mycelium and spore may vary from species to
species as described inTable 1. The genus can be divided
into � ve main groups based on the structure of sporulating
hypha as described inTable 2.
.
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Spore Formation inStreptomyces

Streptomycesform chains of spores from the ends of the aerial
mycelium known as sporophore or conidiophore. At maturity,
the aerial mycelium shows characteristic modes of branching
and transforms into sporophore that form chains of three or
more spores. The spores are also called conidia or con
idiospores or arthrospores. Spores contribute to the survival o
species over long periods of drought and other unfavorable
conditions.

Sporulation in Streptomycesis quite different from the
sporulation in spore-forming bacilli and has been studied in
detail. Sporulation in S. coelicoloris reported to have four stages
In stage one, long cells of the aerial mycelium become coiled
in stage two, sporulation septa are synchronously formed a
regular intervals within such cells, each by the ingrowth of
a double annulus continuous with the cell membrane and wall.
This process is morphologically different from the formation of
cross walls in substrate and aerial hypha normally formed
during the cell division. After completion of the sporulation
septum, the laying down of thick spore wall begins. In stage
four, which merges with stage three, the cylindrical spore
compartments become ellipsoidal. With the disintegration of
the old cell wall external to the spore wall, the sporulation is
complete. Ultimately, the spore chains are joined at a small
interface and by the remnants of the� brous sheath. The spores
of Streptomycesare not very resistant to heat and do not contain
dipicolinic acid. (Dipicolinic acid is found to be associated
with the spores of bacilli and those of thermoactinomycetes
and imparts them heat resistance.) InS. coelicolor, many genes
involved in the differentiation process have been characterized
and split into two classes on the basis of the differentiation
steps. The� rst class, including thebldgenes (for bald, meaning
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562 Streptomyces
unable to form aerial hypha), is essential for full development
of aerial mycelium and its erection, while the second, among
which are the whi genes (for white), is implicated in the
formation of mature pigmented spores. Different kinds of
morphological mutants have been characterized. Thewhi
mutants lacking spore formation have been studied in detail.
However, the shyA mutants sporulate normally but display
hyperseptum formation and altered spore-chain morphology.

In S. coelicolorafter spore germination, which takes about
4 h at 30 � C, a branched network of hypha develops in the agar
and on its surface, giving a colony of about 1 mm diameter
after 48 h. At this stage, the colony is somewhat bald and shiny
As the aerial mycelium develops, it becomes hairy. The white
colony gradually turns gray, the color being the property of the
mature spores.Whi mutants lacking spore formation have been
studied in detail and are discussed elsewhere. Regulation o
morphogenesis in S. coelicolorhas also been studied in detail
using molecular approach. Genetics and the life cycle o
Streptomyceshave been thoroughly studied by David Hopwood
and his colleagues at the John Innes Institute, Norwich, United
Kingdom.

A few Streptomycesform sclerotia in which the cells
are cemented together by a material that contains
L-2,3-diaminopropionic acid. These organisms have been
named Chainia. The ability to form sclerotia is reported to
be lost during laboratory culture.
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Chromosomes and Plasmids ofStreptomyces

Unlike most other eubacteria, chromosomes ofStreptomycesare
linear, and Streptomycesspecies often harbor linear as well as
circular plasmids. Linear plasmids range in size from 12 to
1700 kb. Linear plasmids, though rarely found in other
bacteria, are widespread amongStreptomyces. Linear chromo-
somes and linear plasmids ofStreptomycespossess covalently
bound terminal proteins (TPs) at the 50ends of their telomeres.
These TPs are proposed to act as primers for DNA synthesis th
patches the single-stranded gaps at the 30 ends during replica-
tion. Besides, Streptomyceslinear plasmids usually contain
a single internal replication locus; however, there are certain
reports highlighting the presence of two or more replication
loci in linear plasmids of Streptomyces. Furthermore, it has been
proposed that linearStreptomycesplasmids mobilize themselves
and the linear chromosomes from their telomeres using
terminal protein-primed DNA synthesis.
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Phages ofStreptomyces

Like other eubacteria, Streptomycesare also attacked by
a number of phages, and industrial antibiotic-producing strains
of Streptomycesshould be resistant to their attack. The phages o
Streptomycesare called actinophages. One actinophage ma
attack more than one species (polyvalent). Actinophages hav
been employed in the classi� cation of Streptomyces. Several
actinophages have been reported inStreptomyces, such as phiA7,
in Streptomyces antibioticusand SH10 in Streptomyces hygr
scopicus. Until now, however, genomes of only four Streptomyce
phages have been characterized in detail: phiC31, phiBT1
VWB, and mu1/6. Recently, a temperate bacteriophag
phiSASD1 ofS. avermitilishas been completely characterized.
Sigma Factors inStreptomyces

Streptomycesand related bacteria are characterized by their larg
genomic size and the presence of numerous regulatory gene
Streptomyces coelicolorA3(2) is known to posses 65 RNA poly-
merase sigma factors. The presence of numerous sigma facto
indicates the widespread occurrence of speci� c transcriptional
regulation based on the diversity of promoter sequences
Various major and minor sigma factors have been characterize
in S. coelicolorthat are involved in different responses. Sigma
factors suchs H and s B are involved in stress-response,s WhiG

and s F in spore formation, s LitS in carotenoid production, and
s BldN in aerial mycelium formation. Sigma factors also have
been studied in detail in Streptomyces griseus.
Plant Diseases Caused byStreptomyces

The group of diseases known as bacterial scabs include
mainly diseases that affect underground parts of plants and
whose symptoms consist of more or less localized scab
lesions, affecting primarily the outer tissues of these parts. Th
best characterized of these,Streptomyces scabies, Streptomyce
acidiscabies, and Streptomyces turgidiscabies, are known for
causing the economically important disease potato scab. Th
scab bacteria survive in infected plant debris and in the soil
and penetrate tissues through natural openings or wounds. In
the tissue, these bacteria grow in the intracellular spaces of th
parenchymal cells, but later, these cells break down and ar
invaded. In a typical scab, the healthy cells below and around
the lesion divide and form layers of corky cells. These cell
push the infected tissues outward and give the scabb
appearance. Scab lesions often serve as the point of entry fo
secondary and opportunistic pathogens and saprophytes
which may result in rot of the commodity. All of these species
produce a phytotoxin named thaxtomins, a type of nitrated
dipeptide, which inhibits cellulose synthesis in expanding
plant tissue. The biosynthesis of thaxtomin involves
conserved nonribosomal peptide synthetases, P450 mono
oxygenases, and a nitric oxide synthase, the latter bein
required for nitration of the toxin. This nitric oxide synthase is
also responsible for the production of diffusible nitric oxide
by scab-causing streptomycetes at the host–pathogen inter-
face, suggesting that nitric oxide production might play an
additional role during the infection process. In addition,
during the early infection stage, a virulence protein Nec1 is
secreted that possesses necrogenic activity. The genes
thaxtomin biosynthesis andnec1reside on a large mobilizable
pathogenicity island (PAI, 660 kb)
Common Scab of Tuber and Root Crops

Common scab of potato caused byS. scabiesoccurs throughout
the world. It is most prevalent in neutral or slightly alkaline and
light sandy and dry soils. The same pathogen can cause scab
garden beets, sugar beets, radish, and other crops. The diseas
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Streptomyces 563
generally super� cial. It reduces value rather than yield of the
crop. Severe scab infection may reduce yield, however. Th
symptoms of common scab of potato are observed mostly on
tubers. At � rst they consist of small, brownish, and slightly
raised spots, but later they may enlarge, coalesce, and becom
very corky. The pathogenS. scabiesis a parasite that can survive
inde� nitely either in its vegetative mycelial form or in the form
of spores in the most soils except those that are extremel
acidic. The vegetative form consists of slender about (1mm
thick), branched mycelium with a few or no cross walls. The
spores are cylindrical or ellipsoid of about 0.6 by 1.5mm and
are produced on spiral hypha that develop cross walls from tip
toward the base. As the cross walls constrict, spores are pinch
off. The spores germinate by means of one or two germ tubes
which develop into mycelium. The pathogen is spread through
soil and water and penetrates tissue through lenticels, wounds
and stomata in young tubers. The severity of scab infection
increases with the increase in soil pH from 5.0 to 8.0. The
optimum temperature for disease development is between 20
and 22 � C. Potato scab incidence is reported to be low in moist
soil. Control of common scab of potato is achieved through the
use of certi� ed scab-free seeds or through seed treatment wit
pentachloronitrobenzene or with maneb-zinc dust. Other
Streptomycesassociated with scabies includeStreptomyces clav
fer, Streptomyces� mbriatus, Streptomyces carnosus, and Strepto-
myces craterifer.

Streptomyces ipomoeaeis the etiological agent of thescabof
sweet potato.Streptomyces poolensisand Streptomyces intermed
also are reported to be associated with the scab of sweet potat
Streptomyces tumuliis found to be associated with the scab of
sugar beets.
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StreptomycesAssociated with Humans and Animals

Most members of Streptomycesare saprophytes, but severa
strains may infect and cause disease to humans, includin
wound contamination and abscess formation. Only a few
Streptomyceshave been isolated from pathological material.
Their role as agent of infectious disease cannot be ignored
however. Streptomyces somaliensisis known to cause actino-
mycetomas in humans. TheStreptomycesisolated from animal
bodies and tissue include, Streptomyces listeri, Streptomyce
galtieri, and Streptomyces hortonensis, which show limited
proteolytic action in gelatin and milk. Streptomyces somalien,
Table 3 Some common antibiotics produced byStrep

Common name Producer organism

Streptomycin S. griseus
Spectinomycin Streptomycesspp.
Neomycin S. fradiae
Tetracycline S. aureofaciens, S. rimos
Chlortetracycline S. aureofaciens
Erythromycin S. erythreus
Lincomycin S. lincolnensis
Nystatin S. noursei
Chloramphenicol S. venezuelae
Amphotericin B S. nodosus
Streptomyces kimberi, and Streptomyces beddardiiare strongly
proteolytic species of animal origin. Streptomycesare also re-
ported to be respiratory allergens in humans. There is a repor
that indicates Streptomyces lanatus–mediated pneumonia in
humans. Furthermore, there is also a rare case of lung coin
fection by Streptomyces cinereoruberand Haemophilus in� uen-
zae. Besides, S. griseusis one of the most frequently
encounteredActinomycetesin human specimens, according to
the study performed by the Centers for Disease Control and
Prevention.
Streptomycesas Source of Antibiotics, Antitumor,
and Insecticidal Compounds

One of the most striking properties of Streptomycesis their
capacity to produce antibiotics. This often is seen on aga
plate from which the isolation is carried out. The surrounding
clear zone around a colony points to its antibiotic producing
capacity. Because of great antibiotic-producing potential and
the search for new antibiotics, a lot of research effort has gon
into the study of the genetics of antibiotic production. More
than 500 antibiotics are known to be produced by Strepto-
myces, and many more are likely to be discovered in the future.
More than 50 antibiotics � nd practical application in human
and veterinary medicine. Some of the common antibiotics are
listed in Table 3. Besides antibacterial and antifunga
compounds Streptomycesalso form antiviral compounds such
as ara A and tunicamycin.Streptomycesalso produce antitumor
compounds, such as daunorubicin, mitomycin C, and acti-
nomycin; antiparasitic compounds, such as hygromycin,
monensin, and salinomycins; insecticidal compounds, such
as avermectins; and weed control compounds, such as biala
phos. They also produce several enzymes of industrial use, a
well as enzyme inhibitors and immunomodi � ers for thera-
peutic use.

The reasons for the large-scale antibiotic production by
Streptomycesare not yet clear. The antibiotics produced by
Streptomycesare typical secondary metabolites produced toward
the end of the exponential phase of growth. Antibiotic
production may be related to sporulation in Streptomyces. The
production of antibiotics by Streptomycesis a complex process.
For example, the three parts of the streptomycin– molecule,
streptidine, streptose, andN-methylglucosamine – are formed
by three different pathways and then are joined together to
tomyces

Antibiotic spectrum

Most Gram-negative bacteria
M. tuberculosis, N. gonorrhoeae
Broad spectrum (topical application)

us Broad spectrum
Broad spectrum
Frequently used in place of penicillin
Obligate anaerobes
Antifungal
Broad spectrum
Antifungal
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form the antibiotic ( Figure 1). Production of this antibiotic in
S. griseusis regulated by an inducer called Factor A. The ke
enzymes in the pathway of streptomycin biosynthesis are no
synthesized until the Factor A concentration builds up. Thus,
Factor A acts as a trigger. Similarly, the biosynthesis of antib
otic tetracycline involves a large number of enzymatic steps. In
the case of chlortetracycline, as many as 72 steps and 300 gen
Pathway I Pathway 
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Figure 1 Streptomycin biosynthesis inS. griseus.
are involved. Obviously, regulation of such an antibiotic would
be complex.
Mode of Action of Some Known Antibiotics ofStreptomyces

The aminoglycosides antibiotics such as streptomycin and
neomycin produced byS. griseusand Streptomyces fradiaeinhibit
II Pathway III
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30S ribosome function. Tetracyclines produced by
S. aureofaciensinhibit binding of aminoacyl tRNAs to ribo-
somes. Polyenes, such as amphotericin B and nystatin pro
duced by Streptomyces nodosusand Streptomyces nours,
respectively, inactivate membranes containing sterols. Chlor
amphenicol produced by Streptomyces venezuelaeinhibits
translation step of ribosome function. Macrolides antibiotics,
such as erythromycin and carbomycin produced byStrepto-
myces erythreusand Streptomyces halstedii, respectively, inhibit
50S ribosome function.
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Antibiotic Resistance inStreptomyces

In each antibiotic strain, one or more genes for resistance to
their own antibiotic often are clustered with antibiotic
biosynthesis genes. Self-defense mechanisms include dru
binding or inactivation, target alteration, and reduction of
intracellular concentration by active transport. The presence o
multiple drug transporter proteins in membranes associated
with active ef� ux is also known to contribute to antibiotic
resistance. Self-defense mechanisms have been studied in det
in Streptomyces peucetius. In addition, multidrug-resistance
genes (MDR) systems also are operative inStreptomyces. MDR
systems have been reported inStreptomyces pristinaespira,
S. rochei, Streptomyces lividans, and Streptomyces clavuligerus.
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Anticancerous Agents fromStreptomyces

There has been an increased interest in recent past
explore natural anticancerous agents. There are reports ind
cating occurrence of natural agents inStreptomycesthat have
the property of inducing apoptosis in cancer cell lines.
A marine-derived isolate Streptomyces albogriseolushas been
shown to produce echinosporins (echinosporin and
7-deoxyechinosporin) that exerts antiproliferative effects on
cancer cell lines by inhibiting the cell cycle and inducing
apoptosis. Potent antiproliferative activity also has been
shown by novel compounds phenylpyridineylbutenol and
benzyldihydroxyoctenone isolated from Streptomycessp.
Streptomyces pseudoverticillusproduces pseudoverticin, which
inhibits the cell cycle. Another marine Streptomycessp. is
known to produce streptochlorin, which possess anticance
properties owing to the activation of a caspase cascade an
induction of apoptosis. A recent report shows that salino-
mycin, isolated from S. albus, activates a distinct apoptotic
pathway in human cancer cells that is not accompanied by
cell-cycle arrest and that is independent of p53, caspase ac
vation, and proteasome. Moreover,S. griseusis known to
produce an antitumor moiety chromomycin A3. Undecyl-
prodigiosin produced from S. coelicolorA3(2) has selectively
induced apoptosis in human breast carcinoma cells inde-
pendent of p53.
e
e

Streptomycesas a Biocontrol Agent

Reports have indicated that Streptomycesis an effective
biocontrol agent. Streptomyces neyagawaensishas been shown to
inherit broad spectrum antialgal activity. It could suppress the
biomass of cyanobacterium,Microcystis aeruginosain eutrophic
freshwaters.Streptomyces plicatusapplication to the root system
of tomato plants has been shown to effectively protect it from
phytopathogenic fungi. Streptomyces alnicould be used
successfully in combination with biofertilizers, as environ-
mentally safe, for controlling root-rot of grapevine and other
soilborne plant pathogens, especially with organic farming
systems.Streptomyces lydicus(WYEC108) has been considered
to be a potential biocontrol agent against fungal root and seed
rots. Streptomyces violaceusniger (YCED-9)is an antifungal
biocontrol agent antagonistic to many different classes of plant
pathogenic fungi.
Programmed Cell Death in the Developmental Cycle
of Streptomyces

It has been proposed that certain microorganisms– such as
Streptomyces, Escherichia coli, Bacillus, Anabaena, Caulobacter,
Rhizobium, Myxobacteria, and Xanthomonas– undergo pro-
grammed cell death (PCD) under certain stress condition and
display some markers similar to that of eukaryotic apoptosis.
There are two central developmental fates for theStreptomyce
mycelium: the surface layer, leading to spore formation, and
the underlying, nonsporulating hypha, leading to lysis. This
phenomenon is interpreted by assuming that the lysis of the
substrate mycelium could serve the purpose of providing
nutrients for the developing aerial structures. Thus,Streptomyce
exhibits a ‘multicellular ’ prokaryotic PCD model. Recently, the
classical developmental cycle of Streptomyceshas been
proposed. The existence of a previously unidenti� ed compart-
mentalized mycelium (MI: Compartmentalized � rst myce-
lium) that initiates the developmental cycle after spore
germination has been characterized. MI undergoes a highl
ordered PCD, and the remaining viable segments of this
compartmentalized mycelium begin to enlarge in the form of
a multinucleated mycelium (MII: Multinucleated second
mycelium). MI is the Streptomycesvegetative mycelium and MII
is its differentiated mycelium producing antibiotics and other
secondary metabolites.Streptomycesdeath phenomena, which
occurs during development, presents the characteristics of PC
in which several degradative enzymes are involved in cellula
dismantling involving cell wall, nucleic acids, and protein
degradation. In addition, aerial mycelium and sporulation in
Streptomyceshave been assumed to arise as a result of a kind o
cannibalism in which the purpose of PCD is to release nutri-
ents. In fact, some cellular components released from dying
cells are recycled during aerial mycelium formation and
sporulation.
Toxin-Antitoxin (TA) System inStreptomyces

TA systems are widespread among the plasmids and genom
of bacteria and archaea. The role of these modules in th
genome is not clear; however, they have been reported to b
involved in stress management either through PCD of a wide
part of the population or contributing to the origin of persister
cells by inducing a dormant stage (stasis) that permit the cells
to be highly tolerant to antibiotics.

Recently, a� rst-functional TA system has been identi� ed
in S. lividansand S. coelicolor. This system belongs to the
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YefM/YoeB family and displays considerable similarity toE. coli
YefM/YoeB. The protein YefM is an unstable antitoxin, and
YoeB is a stable toxin. The binding of toxin–antitoxin
complexes to their promoters is the main way to regulate the TA
operon.
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Spoilage of Food byStreptomyces

Members of the genus are reported to cause undesirable odo
and color changes in foods. Different off-� avor compounds that
are formed in apple juice by Actinomycetes (Streptomycesspp.)
were reported with respect to their sensory relevance. Differen
odor compounds generally reported for the spoilage of apple
juice are m-anisaldehyde, octanone, and geosmin. Typica
musty or earthy odors and tastes in food could be attributed to
the activity of Streptomycesin food or their growth in its vicinity.
The presence ofStreptomycesin fresh water environments and
drinking water supplies is common and act as a source o
contamination of foods.

See also:Bacteria:The Bacterial Cell; Bacterial Endospores
Classi�cation of the Bacteria:Traditional;Bacteria:
Classi� cation of the Bacteria– Phylogenetic Approach;
Metabolic Pathways:Production of Secondary Metabolites
of Bacteria;Spoilage Problems:Problems Caused by Bacteri
An Introduction to Molecular Biology (Omics) in Food
Microbiology; Genomics;Molecular Biology:Proteomics; Fruit
and Vegetable Juices.
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Introduction

The thermal process is one of the most used and safe method
for food preservation. It is a unit operation in which food is
heated to a certain temperature and kept for a speci� c time to
ensure the required microbial or enzyme inactivation, which
could result in food spoilage during storage or could
compromise the safety of consumers.

Moreover, the in-package food thermal processing is still the
most effective method of preservation, even when compared
with the recent advances in other food preservation techniques

The preservation of food through thermal processing is
based on using the thermal energy (heat) to inactivate enzyme
and microorganisms, which is obtained due to protein dena-
turation and melting of components, among other effects.

Although microbial and enzymatic inactivation are desir-
able, the thermal process also involves other reactions tha
(usually) are undesirable, such as sensory changes an
destruction of nutrients. The current challenge, therefore, is to
ensure safety and quality, but with better sensory and nutri-
tional attributes, lower costs, and energy consumption.
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
This article describes the main issues related to in-packag
food thermal processing.
Microbial Inactivation Kinetic

The chemical and biochemical reaction rate have an exponen
tial relationship with the temperature (e.g., microbial inacti-
vation). Therefore, just small differences in the heating media
temperature can be expressive during the thermal processin
These differences can be especially critical when related
microbial inactivation, due to the following exponential
behavior of microorganism growth. Therefore, the knowledge
about food properties, heat transfer medium properties, and
microbial inactivation kinetics are essential to de� ne ef� cient
and safe process parameters.

The microbial inactivation kinetic already have been
investigated extensively. In most cases, especially for bacter
the inactivation can be described by a� rst-order kinetic (eqn
[1]). This kinetic shows that the microbial reduction rate at
a � xed temperature (T) is the function of the microbial load in
78-0-12-384730-0.00405-5 567
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the food at a determined moment (C). It means that the relative
microbial reduction (e.g., in percentage) is always equal for
same time intervals (eqn [1]).

dC
dt

¼ � kT$C [1]

To obtain an expression able to correlated microbial inac-
tivation during a time interval and at a � xed temperature,eqn
[1] can be rewritten as follows:

dC
C

¼ � kT$dt [2]

The integration of the eqn [2] through the process time is
expressed as follows:

ZCf

C0

dC
C

¼ �
Ztf

t0

kT$dt [3]

lnðCÞjCf
C0

¼ � kTjtft0 [4]

Considering Dt ¼ tf�t 0 ¼ t,

ln
�
Cf

�
� lnðC0Þ ¼ � kT$

�
tf � t0

�
¼ � kT$t [5]

ln

 
C0

Cf

!

¼ kT$t [6]

Traditionally, the microbial inactivation is expressed by the
decimal reduction time (DT) and de� ned as‘the time required,
at a � xed temperature, to reduce one logarithmic cycle inacti
vation (90%) of the microbial load. ’ This parameter has a direc
relationship with the constant of microbial inactivation rate
(kT), expressed by eqn[7].

kT ¼
2:303

DT
[7]

Using the logarithm in the base 10 (log10 ¼ log):

log

 
C0

Cf

!

¼
t

DT
[8]

The concept ofDT can be understood easily by evaluating
the curve of microbial inactivation (Figure 1), which correlated
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Figure 1 Graphic representation of theDT concept using a hypothetical
the microbial load as a function of time ( t), for which the
population is subjected to a � xed temperature (T). When the
curve is obtained using logarithmic scale in the microbial
concentration axis, theDT value can be identi� ed clearly as the
time required to reduce one logarithmic cycle reduction in the
microbial count. This value is the inverse of the microbial
inactivation curve slope.

The DT values obtained at different temperatures decrease
at each increment of temperature, also following a� rst-order
behavior. This relation can be understood simply by the
observation of the microbial inactivation for different
isotherms (Figure 1). The variation of DT values can be corre-
lated to temperature by the thermal coef� cient (z), which
represents the‘temperature difference required to promote
a reduction of one logarithmic cycle (90%) in the DT values,’
analogously to the data shown ineqns [1–8]. Thez-value thus
can be expressed according toeqn [9]:

log
�

DT2

DT1

�
¼

T1 � T2

z
[9]

Similarly, the z-value concept is better understood graphi-
cally, using a curve that correlated theDT values determined at
different temperatures (T) ( Figure 2). The concepts ofDT and
z-values are not applied exclusively to microbial inactivation.
They can be used in the interpretation of any chemical, phys
icochemical, or biochemical reaction that follows a� rst-order
kinetic model during the food thermal processing (e.g.,
enzymes inactivation, nutrients loss, protein unfolding, and
sensory changes on color and texture).Table 1 shows the
common values of D121� C e zfor these reactions.

The analysis ofTable 1 allows two important conclusions:

l The commonsense conclusion that thermal process
promotes complete destruction of food nutrients is not
correct. In general, nutrients are more heat resistant tha
microorganisms.

l The huge differences in the thermal coef� cients (z) of
microorganisms and nutrients highlights that thermal
processes at temperatures as high as possible are able
guarantee food safety with lower sensory changes an
nutritional losses (see the following sections).

In some cases, the microbial inactivation does not follow
the � rst-order kinetic (eqns [1–8]) and other complex models
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microbial inactivation curve at a� xed temperature (T).



e
.

e
l

,

r
-

s

Table 1 Typical values ofD121� C e zfor biochemical and
physicochemical reactions during food thermal processing

Food constituent z (� C) D121 � C (min)

Vitamin 25–30 100–1000
Color, texture and� avor 25–45 5–500
Enzymes 6–55 1–10
Vegetative cells 4–7 0.002–0.02
Spores 6–12 0.1–5.0
Clostridium botulinumspore 10 0.3

Lund, D.B., 1977. Design of thermal processes for maximizing nutrient
retention. Food Technology 31 (2), 71–78.
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Figure 2 Graphic representation of thez concept.
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are required to describe it. The Weibull model is the nonlinear
model most used to describe the microbial inactivation (eqn
[10] ), being shown in Figure 3. This kinetic is de� ned by two
parameters,b and n, both functions of the temperature (i.e.,
b(T) ¼ bT and n(T) ¼ nT).

log

 
C0

Cf

!

¼ b$tn [10]

The b is the model proportional parameter, which repre-
sents the microbial resistance to the thermal process. Th
higher the b value is, the less resistant the microorganism
The parametern is related to the curve shape. Whenn ¼ 1, the
microbial inactivation follows the � rst-order kinetic (Figure 1).
When n < 1, the curve is concave up, showing that part of the
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Figure 3 Microbial inactivation kinetic following the Weibull model
(at a� xed temperature– T).
microbial population is thermal resistant and that only
a maximum inactivation can be reached. It often is called
‘tailing ’ behavior. On the other hand, when n > 1, the curve is
concave down, highlighting an initial resistance to inactivation
process, which also can indicate that the continued exposur
results in accumulated damage, reducing the survival therma
resistance. It often is called‘shoulder’ behavior.

Both ‘tailing ’ and ‘shoulder’ behavior often are related not
only to the difference on the natural resistance distribution in
the population, but also to mixed cultures and population with
different cell conditions (as at different growth phases).
Moreover, the microbial behavior can be a function of other
environment conditions (such as pH, pressure, food compo-
sition), and also can change with the temperature (e.g.
inverting the concavity in Figure 3).

Considering that the � rst-order kinetic is well applied in
many cases, the additional information of this article is based
mainly on � rst-order kinetic usage.
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In-Package Thermal Process

The in-package thermal process is carried out with the food
previously bottled in a hermetic package. In this case, afte
processing, the food has no contact with the external envi
ronment, reducing the possibility of postprocess contamina-
tion. The in-package thermal processing is also known a
Appertization, in honor of Nicholas Appert, a French confec-
tioner who developed the in-container thermal process meth-
odology to preserve food (Appert, (1810). L’art de Conserver,
Pendant Plusieurs Années, Toutes les Substances Animals
Végétales, Paris) and won an award from Napoleon Bonaparte
who was looking for the development of an ef� cient food
preservation technique.

The package used in this process needs to be resistant
process parameters (temperature, pressure, and variation
these parameters) to avoid deformation on its structure and to
be able to affect the package hermeticity. Many packagin
materials can be used for in-package food thermal process, suc
as metallics (tinplate, aluminum, chromium steel), glasses,
polymeric, and multilayers.

The product heating results in thermal dilatation. Thus, if the
package is fully � lled, it can result in packaging deformation
during the thermal processing, affecting its functionality and
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hermeticity. Therefore, the food package cannot be completel
� lled and requires a‘free’ space (headspace) for food dilatation
(Figure 4). When the package is not completely� lled, however,
an air layer with a high oxygen content naturally will occupy the
headspace. This could increase the oxidative reactions an
allows for the development of aerobic microorganisms.
Oxidation rates increase exponentially with the temperature
increment; consequently, the oxidation during the heat pro-
cessing might compromise the quality of the thermal processed
food. To solve this problem, a package exhaustion process
carried out before the thermal process, removing the air inside
the package and keeping it at vacuum condition.

The headspace exhaustion step can be carried out in man
ways. The most used way is to heat the product, resulting in
vapor liberation, or direct steam injection. In these methods, air
is removed by the vapor/steam and, after the sealing step, th
steam condensation reduces the internal pressure in the ca
(forming vacuum).
.
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Figure 4 Representation of the cold spot location (black stars) durin
in-package food thermal processing using cylindrical cans (longitudin
section): (a) conductive food without headspace, (b) conductive food
with headspace, (c) high consistency convective food, (d) low consiste
convective food, (e) particulates food with high consistency� uid, and (f)
particulates food with low consistency� uid.
After � lling, exhaustion, and sealing steps, the in-packaged
food goes to the thermal processing. The mainly used equip
ment for pasteurization (see de� nitions as follow) are water
aspersion tunnels and water immersion tanks, and for sterili-
zation, retorts operating with steam, water, or both (see further
details). Although some process may be continuous (as bee
pasteurization in water aspersion tunnels), the majority of in-
package thermal processing is carried out using individua
batches.

During the thermal processing, the food-package system i
surrounded by a hot � uid. The system is heated to the proces
temperature by the � uid due to heat transfer proprieties. The
package is retained at process temperature during a preesta
lished time. This time is calculated to guarantee the product
safety and stability at the storage conditions and can be opti-
mized, aiming better nutritional and sensory attributes reten-
tion. This time is called process time (see the following
sections). Then, the food-package system is surrounded b
a cold � uid to stop the thermal effects. Thus, heat� ux is
transferred from � uids to the food-packaging surface, through
the package, to food surface, and� nally through the food.

In the food, the heat transfer is not instantaneous and can
occur by convection or conduction. Hence, there is a region of
slower heating inside the product called the cold spot (CS).

During heat transfer by conduction, thermal energy is
transmitted slowly, molecule per molecule. It is characteristic
for solid, semisolid, and liquid food with high consistency. In
these cases, the thermal diffusivity (a) is the food property that
regulates the product behavior during the thermal processing
The a is determined as the ratio between the� uid ability to
transfer the thermal energy (expressed by its thermal conduc
tivity – k) and the � uid ability to use the transferred heat to
raise its temperature (expressed by its density– r , and speci�c
heat – Cp).

The heat� ux in homogeneous conductive food is uniform
and their CS is found on the geometric center of the package
(Figure 4). The CS location can change due to the non-
homogeneity of food composition or due to the heat in � ux on
the packaging surface (shape and, consequently, contact are
with the heating media). Figure 4(b) shows the effect of the
headspace on the location of the conductive food CS when
food is packaged in cylindrical cans.

The vacuum in the headspace strongly reduces the he
transference. Therefore, the heat in� ux by the can lid is lower
than at the other can walls. Because of this, the CS is moved u
from the geometric center. If the heating� ux is not uniform at
all can surfaces, the CS also will move from the geometric
center. This happens when the food is heated by water aspe
sion or when the package is immersed incompletely in the hot
� uid. When the packaged food travels through the pasteuriza
tion tunnel, hot water is sprayed only on the can lid and body.
Thus, the heating in� ux through the can base is less ef�cient
and the CS is pushed toward the bottom of the package.

When the food is heated inside the package, the food
portion near the heating source (in this case, the interface with
the packaging) heats and, consequently, expands� rst, getting
lower density. For � uids, the density differences between the
portions resulting in buoyancy force higher than the weight
force. Therefore, the resulting force sense is against the gra
tational acceleration and, consequently, the� uid forms an
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Table 2 Main thermal processing characteristics of in-packaged food and aseptic processing

In-packaged thermal processing of food Aseptic processing of food

Solid, liquids, and particulates food Liquid food (limited consistency/viscosity) and particulates food in some cases
High safety Postpackaging can compromise the food safety
Lower energy ef� ciency Higher energy ef� ciency
Package must be resistant to the process Package must to be previously sterilized
Higher food alterations and lower homogeneity of the� nal product Lower food alterations and higher homogeneity of the� nal product
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upward � ow. Upon reaching the top of the pack, the� uid is
conducted to the central axis, that is, it is displaced away from
the heating source. Considering the continuous food upward
� ow, the � uid in the center of the package is forced down
through the central axis, generating characteristic circula
currents, called as natural convection currents (Figure 4(c)).

The convection is characteristic of heat transfer in liquid
food (e.g., juices, beer). The thermal energy transference
faster in the convection process due to the� uid movement. The
location of the CS is complex, however, once it is transien
(changes during the heating time) and dependent of the
process conditions, the food properties, and the package
Traditionally, the CS of convective food is considered to be
located in the symmetrical axis of the package, at one-third o
package height. The real CS location, however, is in the lowe
portion of the package, generally between 10% and 20% of the
height of a cylindrical package (Figure 4(c)).

On the other hand, when heating is uniform throughout
package walls, different� uid � ows, resulting from the heat
transfer with the package walls, met at certain locations
forming small circular currents, which can change the location
of the CS (then called the slowest heating zone).Figure 4(d)
shows a package with secondary currents formation with
opposite directions caused by the encounter of the heating
currents from the package base and downward� ow through
the central axis. In this case, the cold region is moved awa
from the central axis, forming a toroid that surrounds the
central axis. It is the typical behavior of heating low-consistency
foods (e.g., beer) in packages.

The heating rate of liquid food is a function of their thermal
properties (determined by thermal diffusivity – a) and of the
magnitude of convection currents related to its coef� cient of
thermal expansion (b) and viscosity (h, or, for non-Newtonian
� uids, other properties that de� ne its apparent viscosity in the
process– ha). For viscous� uid foods, the resistance to� ow is
high enough to convection that the current becomes negligible.
In this case, the food heating occurs by conduction.

Considering that the heat transfer by conduction is less
effective than by convection,many solid foods are thermal
processed with a liquid portion, aiming to guarantee a faster
and more uniform heating pro� le. Consequently, the � nal
products are more homogeneous and have a lower gradient o
undesirable reactions. These products are called particula
foods and the primary examples include vegetables in brine
(corn, peas, pickles, heart of palm, beans), tuna and sardine in
oil or brine, and meat products added in sauces. In these
cases, the liquid fraction is heated by convection and� ows
through the spaces between the solid fraction, resulting in
a more uniform heating of the product. The convection
currents are slow (around some millimeters per second)
however, and are lower than the terminal velocity of the solid
fraction. Consequently, the� uid movement is not enough to
move the solid fraction. Therefore, the CS of the product is
established for the worst case, that is, at the geometrical center
of the solid located at the region of slower � uid heating
(Figures 4(e) and 4(f)).

Although in-package thermal process causes higher reactio
gradient (microbial and enzyme inactivation, nutrient loss, and
physicochemical reactions) and requires higher energ
consumption (process with lower energy ef� ciency), they are
safer due to the small risk of postprocess contamination. For
this reason, in-package thermal processes are the method mo
applied to guarantee food safety and stability.Table 2 shows
the main differences between the in-package thermal proces
and the aseptic process (without package) of foods.
Commercial Sterilization

The commercial sterilization, also called sterilization only, is
a severe thermal process in which the� nal product must have
an absence of vegetative cells and spores that can develop
common temperatures of distribution and storage. Besides
ensuring food safety, this process guarantees stability a
ambient conditions without the need for additional preserva-
tion technology. An adequate package plays a crucial role fo
maintaining the product sterility.

Commercial sterilization is a preservation method applied
mainly for low-acid foods, such as milk, meat,� sh, beans, corn,
peas, carrots, potatoes, and other vegetables. These foods c
have spores ofClostridium botulinum, which are a potential risk
to the food safety and must be inactivated. Therefore, al
commercial sterilization process are� rstly designed to guar-
antee an adequate level ofC. botulinuminactivation. As can be
seen inTable 1, however, there are more heat-resistant spoilag
microorganisms than C. botulinum, so the commercial sterili-
zation processes generally are more severe than those requir
to simply ensure the food safety.

The sterilized foods generally are processed in pressurize
systems at temperatures around 120–150 � C for an appro-
priate time. The process can be carried out at heat exchange
(i.e., the product is � rst thermal processed and then packaged
or in-package processing. If the process is carried out in hea
exchangers, the food needs to be aseptically packaged
a sterile container, avoiding postprocess contamination. The
sterilized products are stable and have a shelf life of months to
years. In these cases, the end of the product shelf life general
is determined by changes in physicochemical or sensory food
characteristics.

Commercial sterilization inactivates vegetative cells and
spores of pathogens and some spores of spoilag
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microorganisms that may develop under the conditions of
storage and distribution. The process is not conducted to
ensure complete food sterility, that is, to be completely free
from microorganisms, as the process required would caus
intensive nutritional and sensorial alterations. Thus, commer-
cially sterile foods still can have the presence of thermophilic
spores of spoilage microorganisms. This fact must be consid
ered not only for the design of the thermal process but also in
consideration of food storage and its distribution chain.
Furthermore, for this reason, the cooling step must be per
formed quickly, preventing the food from remaining at its
optimum temperature for the development of thermophilic
microorganisms at a suf� cient time for spore germination and
microbial growth.
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Sterilization Processes Design

The thermal processing design needs to consider the he
transfer characteristics from the heating and cooling media to
the product, through the package, and through the product.
Also, it is important to evaluate chemical, physical, and
microbiological characteristics inherent in the food, packaging,
and characteristics of the equipment and heating and cooling
media. These factors guarantee the safe consumption, optimiz
the process costs, and promote lower sensory and nutritiona
changes. Thus, each process step (heating, holding, and coo
ing; Figure 5) must be dimensioned properly, as each one can
be conducted independently, even using different hea
exchange media and equipment.

Heating is the � rst step of the thermal processing and is
carried out to raise the product temperature to the desired
d
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Figure 5 Thermal history of retort used for baby food commercial
sterilization in glass jars (above) and aspersion water for pasteurizatio
tomato products and beer in glass bottles (below).
process temperature (Tp). The challenges of this stage are th
heating rate and product uniformity. The product heating rate
must to be maximized to obtain a fast heating of the CS.
Additionally, this heating must to be uniform, that is, the
thermal histories of each location inside the product must to be
similar. Both characteristics have limitations, however, related
to the physical properties of the product and the heating system

The product physical properties regulate the heat transfe
(magnitude and heating rate uniformity) through the food. For
solids foods, thea is the property that set the heating rate. For
liquid foods, heating rate is determined not only by the a, but
also by its viscosity (h, or, for non-Newtonian � uids, the
properties that de� ne its apparent viscosity in the process– ha).
Although the physical properties are dependent on the product,
they can be modi� ed to facilitate their thermal process. The
dimensioning of the heating step usually is performed by
changing the properties of the heating system.

The properties of the heating system regulates the hea
transfer to the food package. This is the� rst limiting factor of
the food heating rate. The properties are related to the type o
heating � uid used (steam, water, air, or its mixtures) and food–
� uid contact properties (immersion, spray, circulation, static,
contact area). The convective heat transfer coef� cient (h) is the
property that de� nes the system ef�ciency.

The second step of the process is the retention time
which keeps the product at the temperature process (Tp) for
time enough to ensure the desired microbial inactivation
(see the following sections). Figure 6 shows that the CS of
some in-package heat processed products (particularl
conductive food) does not reach the process temperature
The cumulative lethality observed in the CS thermal history,
however, should be suf� cient to achieve the desired micro-
bial inactivation.

Cooling is the third step of the process, which aims to reduce
quickly the food temperature, minimizing the excessive process
of food and the risk of thermophilic microorganism develop-
ment. This step is similar to the� rst, but it uses� uids able to cool
down the product. Some package materials (especially glass) ha
physical limitations to be subjected to abrupt temperature
changes. In these cases, product cooling is carried out in step
and, sometimes, using different cooling� uids (Figure 5).
t
e

f

er

t

Calculating Microbial Inactivation– First-Order Kinetic

Once the package system, heat transfer media, and equipmen
are de� ned, it is necessary to calculate the processing tim
needed to inactivate the desired amount of microorganism.
Thus, it is important to de� ne the process target, that is, the
most thermal-resistant undesirable microorganism or enzyme
in the food product. The thermal process design thus will be
calculated based on this target, ensuring safety and quality o
the processed food.

The thermal process target can be a vegetative cell (as in be
or milk pasteurization), a microbial spore (as in the steriliza-
tion processes of low-acid foods– such as milk, corn, and
tuna), a microbial toxin (as in the pasteurization of palm heart)
or an enzyme (as some resistant pectinolytic enzymes in frui
products). The process target must be chosen aiming,� rs, at
food safety, but second, considering product� nal sensory and
nutritional characteristics and economics.
n of
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Figure 6 Retort and product cold spot (CS) thermal histories, and the sterilization values at the cold spot (Fp) and the mass average sterilization value
(Fm) during a typical conductive food commercial sterilization.
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Thermal processing is carried out to reach an appropriat
decimal reduction (g, eqn [11]) of the processing target. This
considers the initial concentration of the target on the food
(C0) and the � nal concentration required (Cf):

g ¼ log

 
C0

Cf

!

[11]

The initial concentration of the target microorganism on the
food ( C0) is determined by food microbial count. The � nal
concentration required (Cf) can be de� ned according to liter-
ature data or food law regulations, aimed at guaranteeing food
safe and stability. For commercial sterile products, the proba
bility of nonsterile units (PNSU) concept usually is applied.

The PNSU value describes the probability of produce a uni
that had a spore (or vegetative cell) in NPNSUof processed units
(package), according to the following:

PNSU ¼
1

NPNSU
[12]

Table 3 shows the minimal values for PNSU used for
dimensioning the food thermal process. According to these
values, each lot of processed food needs to have at lea
109 units to � nd one spore ofC. botulinumin one package unit.
r

Table 3 Typical values of probability of nonsterile units (PNSU) for
food thermal processing design

Microorganism PNSU

Spoilage mesophilic 10� 6

Spoilage thermophilic (Tstorage< 40 � C) 10� 3–10� 2

Spoilage thermophilic (Tstorage> 40 � C) 10� 6

Important pathogens for public health (asClostridium
botulinum)

10� 9
In this case, the number of decimal reduction can be expresse
by the eqn [13], where mfood_in_package is the product mass of
each package:

g ¼ log

 
C0

Cf

!

¼ log
�

C0$mfood in package

PNSU

�
[13]

Considering the required g and the results of heat pene-
tration tests, the binomial time versus temperature (t � T) can
be de� ned to reach the process lethality. The process tempe
ature is determined based on the microbial resistances, nutri
tional and sensory food characteristics, and equipment and
physical limitations. The process time is determined consid-
ering the inactivation at the most dif� cult case (the slowest
heating point), that is, the CS. The process time is designe
usually considering only the heating and retention steps; the
cooling step is considered to be a safety margin.

A thermal process, however, cannot be characterized onl
by their t � T binomial, because the same binomial can result
in a different decimal reduction due to the food characteristics
(physical properties, heat transfer by convection or conduction,
dimensions, package), heat exchange media (convective he
transfer coef� cient – h, contact area), and the target character
istics (DT e z for the evaluated food). Therefore, the sterilization
value (F – eqn [14]) is the better way to characterize the food
thermal processing.

The sterilization value (F) represents the equivalent time
(min), at the reference temperature (Tref), that the food is
submitted during the processing:

F ¼ tTref ¼ log

 
C0

Cf

!

$DTref ¼ g$DTref [14]

In-package thermal processing is a transient heat transfe
process in which the temperature is a function of the position
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in the food product ( x, y, z) and time ( t). Thus, the microbial
reduction is not uniform in the product. When calculated using
eqn [15], the F is de� ned as mass average sterilization valu
(Fm) and represents the average of the microbial reduction in
the product, that is, the weighted mean value through the
product volume (V) of the individual reductions of each
in� nitesimal volume (d V):

Fm ¼
1
V

ZVn

V0

DTref $gðVÞdV [15]

For conductive food, there is no mixture between regions
with different microbial reductions, and the process design by
the Fmvalue cannot be considered to be a safety method (i.e.
the mean value does not suit the safety requirement). There
fore, the process needs to be designed for the worst case, that
the food CS. In this case, theF value is calculated using the CS
thermal history and called Fp.

A speci� c microbial reduction is observed for each time
interval that the product CS remains at a speci� c temperature.
Therefore, the microbial reduction evaluation during in� ni-
tesimal time through all the process needs to be performed to
obtain the Fpvalue as follows:

Fp ¼ g$DTref ¼ DTref $ lim
Dt/ 0

 
Xtf

t ¼t0

Dt
DTðtÞ

!

¼ DTref $
Ztf

t0

dt
DTðtÞ

¼
Ztf

t0

DTref

DTðtÞ
dt

[16]

Replacingeqn [9] at eqn [16] as follows:

Fp ¼
Ztf

t0

10
TðtÞ� Tref

z dt [17]

Lethality (L) is de� ned as the relative effect of each
temperature in relation to the microbial inactivation of the
temperature of reference (eqn [18]):

L ¼ 10
TðtÞ� Tref

z ¼
DTref

DTðtÞ
[18]

Therefore,Fpcan be rewritten as follows:

Fp ¼
Ztf

t0

LðtÞdt [19]

Finally, Fm(eqn [15]) can be described as follows:

Fm ¼
1
V

ZVn

V0

DTref $gðVÞdV ¼
1
V

Ztf

t0

ZVn

V0

Lðt; VÞdVdt

¼
1
V

Ztf

t0

ZVn

V0

10
Tðt;VÞ� Tref

z dVdt [20]

The Fm can be obtained experimentally using theDTref

values and the microbial decimal reductions, usingeqn [14].
TheFpcan be obtained by monitoring the CS thermal history,
acquiring temperature data at short time intervals (Dt; as
smaller as possible;w 1–5 s for convective foods orw 10–60 s
for conductive foods). Therefore, applying the trapezoidal rule
for solving eqn [17], the Fp value can be determined using
eqn [21]:

Fp ¼
Ztf

t0

10
TðtÞ� Tref

z dty
Xtf

t0

10
TPFðtÞ� Tref

z Dt [21]

Therefore, the sterilization values associated with the
process can be determined using heat-penetration studies
Using these data, the time required is established at the
process temperature, which guarantees the desired decim
reduction (g).

Considering the importance of C. botulinumfor the thermal
processing of foods, the thermal resistance of its spore
commonly is used to express the sterilization process to ensur
minimal safety for commercialization. Using the temperature
of 121.1 � C and C. botulinumheat resistance, the calculatedFp
is then called F0. The F0 is calculated based on the values o
D121� C ¼ 0.21 min ( Table 1) and minimum reduction of 12
logarithmic cycles (g ¼ 12). Using eqn [14], the minimum F0

for food processing is 2.52 min. For safety reasons, howeve
higher values ofF0 are applied.

In some cases, the� nal process will be considerably more
drastic than that required to guarantee the safety of the product
This occurs, for example, for meat products that are processe
thermally, in cases in which a more severe process is needed
guarantee the correct product cooking. For this reason, high
values of Fp and Fm are observed (obtained fromClostridium
sporogenes) in Figure 6 for thermally processed commercial
products.
Process Gradient

In-package food thermal processing results in excessive heatin
of some product areas. This is accomplished to guarante
food safety and stability at the CS. For conductive food, for
which the process is dimensioned forFp, higher F gradients
(e.g., chemical and biochemical reactions) are found in the
� nal product. For convective food, there is a mixture of the
product’s portions, and the� nal microbial count is determined
by the average of each food portion (therefore, linked to theFm
value). In this case, the process could be dimensioned for the
Fmvalue. Because of the need for a temperature measureme
by a thermocouple, the process is carried out for aFpas shown
in Figure 6.

Different processes or package sizes and shapes will result
different temperature and reaction gradients. This proces
homogeneity can be accomplished by sterilization value ratios
(RF). The RFalso is applied for comparison among packages
and processes. TheRFis the ratio between theFpand Fm(eqn
[22] ) and represents the distribution ofFvalues in the product.
Values close to 1.0 indicate processes that are more homog
nous and consequently a lowerF gradient in the � nal product.
On the other hand, lower RFvalues indicate higher gradients of
microbial inactivation, loss of nutrients, and sensory
characteristics.

RF ¼
Fp
Fm

[22]
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An important actual issue in thermal process research is t
evaluate different packages and equipment to obtain bette
foods, with lower costs and higher quality, with RFw 1.0.
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Figure 7 Main changes observed after thermal treatment of hydro-
soluble soy extract (inactivation, destruction, and food characteristics
alteration): inactivation of 1D(a) and 5D(b) of Clostridium sporogenes,
acceptable color (c) and� avor (d) changes, 10% of thiamine destruction
(e) and 90% of factor antitrypsin inactivation (f). Adapted from Kwok,
K.C., Liang, H.H., Niranjan, K., 2002. Optimizing conditions for thermal
processes of soy milk. Journal of Agricultural and Food Chemistry 50
(17), 4834–4838.
Calculating Microbial Inactivation – Weibull Kinetic

If the process target does not follow the� rst-order kinetic, the
microbial inactivation during processing must be calculated in
a different way. In this case, theF value does not make sense
and the microbial inactivation should be evaluated using its
decimal reduction value (g, eqn [11]).

As stated, most of the microbial inactivation behavior can
be described by the Weibull kinetic model (eqn [10]). Thus, for
each small part of the food, at each instant of time (t) during
the thermal process, the correspondent microbial inactivation
will be described by eqn [23], whereT(t) is the temperature at
that volume in the time instant t.

log
�

Cðt � dtÞ
CðtÞ

�
¼ gðtÞ ¼bTðtÞ$tnTðtÞ [23]

Therefore, by derivingeqn [23] in relation to the time, the
momentary inactivation rate (dg(t)/d t) is described as follows:

dgðtÞ
dt

¼ bTðtÞ$nTðtÞ$tnTðtÞ� 1 [24]

Isolating t on eqn [23] (eqn [25]) and then combining eqns
[24] and [25] leads to eqn [26], which must be numerically
solved to obtain the target inactivation during the thermal
processing:

t ¼

 
gðtÞ
bTðtÞ

! 1
nTðtÞ

[25]

dgðtÞ
dt

¼ bTðtÞ$nTðtÞ$

 
gðtÞ
bTðtÞ

! nTðtÞ� 1

nTðtÞ

[26]

It is still a challenge to mathematically model the Weibull
kinetic parameters as function of temperature (i.e.,b¼ f(T) and
n ¼ f(T)), which is essential to solveeqn [26]. For example, the
parametern often is considered to be constant in relation to the
temperature, although the microbial behavior is expected to be
different at different temperatures. Parameterb, however, in
general is assumed to follow a log-logistic model as describe
in eqn [27] (where a is a constant parameter andTref is the
reference temperature).

bT ¼ bðTÞ ¼ln
�

1 þ e½aðT� TrefÞ�
�

[27]

Therefore, further knowledge still is needed, especially
different microbial inactivation data to improve the engi-
neering aspects of the thermal processes design.
-

Optimization

As shown in Table 1, the thermal coef� cient values (z) of
microorganisms and nutrients are different. The vitamin loss
and sensory changes havez-values two to four times higher
than the microbial inactivation. The higher the z-value, the
lower the temperature dependence of the reactionDT value.
Thus, thermal processing at high temperatures results in highe
reductions on microbial inactivation ( DT values) when
compared with nutritional and sensory changes. Therefore
using high temperatures, it is possible to optimize the process
improving the sensory and nutritional food characteristic with
adequate microbial inactivation.

Figure 7 shows the main changes observed after th
thermal process of hydrosoluble soy extract (inactivation,
destruction, and food characteristics alteration). The process
is dimensioned to ensure� ve decimal reductions (5D) of C.
sporogenes(a spoilage microorganism whose thermal resis-
tance is similar to the C. botulinum) and at least 90% of
inactivation of the antitrypsin factor (antinutritional factor
found in several beans). Additionally, color and � avor
changes must to be minimized, with a maximum thiamine
reduction of 10%.

The curve slopes are visibly different. The highest slope o
microbial inactivation curves (1 and 5D) highlighted that it is
highly temperature dependent. In addition, it can be observed
that the process temperature needs to be around 125� C for an
appropriate amount of time, aiming to reach the 5D of C.
sporogenesinactivation with a maximum 10% of thiamine loss.
The correct interpretation of these curves enables therma
process optimization.
Retorts

In-package thermally processed food, basically, can be pro
cessed at temperatures below 100� C (pasteurization of acid
foods – pH lower than 4.5) or at temperatures up to 125 � C
(sterilization of low-acid foods – pH above 4.5) for the needed
time.
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576 THERMAL PROCESSESj Commercial Sterility (Retort)
Thermal processes at temperatures below 100� C normally
are carried out at ambient pressure, in tunnels or water baths. In
the pasteurization tunnels, the containers are loaded at one end
of the equipment and passed under sprays of water as the
move along the conveyor belt. The sprays are positioned in
such a way that the containers are subjected to hot water unti
the required temperature is reached inside the food product
The containers then gradually are cooled with water until they
are discharged from the end of the pasteurizer.

On the other hand, retorts are designed to achieve high
temperatures and pressures, heating foods in hermeticall
sealed containers for a speci�c time at a speci�c temperature.
The most common containers processed in retorts are can
� exible pouches, glasses, aluminum trays, and, more recentl
retortable cartons. Thermal processing of the� exible containers
requires an over pressure greater than the pressure created
the retort temperature to maintain container integrity. This
happens because of the combination of increased vapor pres
sure and expansion of the contents in the container.

Retorts can be divided into three classes: batch, rotary, an
hydrostatic cookers. The most used are the batch or still retorts
once they are more� exible in terms of package sizes and shape
and operation conditions. They may be vertical or horizontal,
still, agitated, cascade, or spray water systems.

The usual heat transfer� uids are saturated steam, water, and
steam–air mixture. Still steam retorts are one of the� rst types of
retort systems, being an excellent medium for heat transfer. Fo
those types, it is important in the operation to remove air
before starting the process as air pockets can create CSs with
the vessel. To overcome this problem, modern retorts may be
equipped with fans to force steam circulation.

Some retorts agitate the containers during processing t
increase the rate of heat penetration into them. Agitation may
either be axial or end-over-end.

For cascade and spray water systems, during processing, t
water is drawn from the bottom of the retort and recirculated
through an indirect heat exchanger where steam is used to hea
the water to processing temperature.

To guarantee food safety and quality of retortable food,
a few requisites have to be taken in account: an accurat
temperature, time and pressure control, a complete removal o
residual air at the early stages of the heating process, an
a uniform temperature distribution inside the retort.
e

Conclusion

Thermal processing is one of the most used methods for food
preservation and the in-package thermal processing is still th
most effective method of preservation, even when compared
with recent advances in other techniques. The correct design o
this process can guarantee food safety with better nutritiona
and sensory qualities, as well as with minimum energy
consumption and costs.
See also:Heat Treatment of Foods:Principles of Canning;Heat
Treatment of Foods:Spoilage Problems Associated with
Canning;Heat Treatment of Foods:Ultra-High-Temperature
Treatments; Heat Treatment of Foods– Principles of
Pasteurization;Heat Treatment of Foods:Action of
Microwaves;Heat Treatment of Foods:Synergy Between
Treatments;Thermal Processes:Pasteurization.
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Introduction to Food Pasteurization
and Historical Aspects

General Aspects of Food Thermal Pasteurization

Thermal pasteurization (65–95 � C) is a classical method of
food preservation that reduces the number of unwanted vege
tative cells of pathogenic and spoilage microorganisms in
foods, extending food shelf life, promoting food safety, and
allowing the reduction and elimination of added chemical
preservatives to foods. This traditional physical process of food
decontamination is still in common use today, being ef� cient,
environmentally friendly, healthy, and inexpensive when
compared with other technologies. The mild temperatures used
allow greater retention of the original properties of the raw
food. A further step toward better quality can be achieved if
pasteurization is used in combination with nonthermal food
preservation methods, such as the use of refrigerated distribu
tion and storage (1–8 � C), vacuum or modi� ed-atmosphere
packaging, added preservatives, and so on. This would allow
the production of safe foods while minimizing the degradation
of the ‘fresh’ organoleptic and nutritive quality of the foods.
Typical pasteurized foods include beverages such as milk, fru
juices, beer, low carbonated drinks, dairy products (e.g.
cheese), meat and� sh products (e.g., cured cooked ham, ho
smoked � sh), some sauces, pickles, and food ingredients.
id

,
y

-

Historical Background

The � rst investigations on pasteurization were carried out in
1765 by Spallanzani. He used a heat treatment to delay
spoilage and preserve meat extract. In 1862–64, Pasteur
showed that temperatures of 50–60 � C for a short time effec-
tively eliminated spoilage microorganisms in wine. Pasteur
(1876) also investigated beer spoilage. When milk producers
adopted this process (Soxhlet, 1886; Davis, 1955; Westhoff,
1978), they were able to eliminate most of the foodborne
illnesses. In low-acid chilled foods, the main goal of pasteuri-
zation is the reduction of pathogens responsible for foodborne
illness and human disease, whereas in the case of high-ac
foods, pasteurization is intended to avoid spoilage and
economic losses (Figure 1).
f

.

Modern De�nition of Food Pasteurization

Pasteurization recently was rede� ned by the U.S. Department
of Agriculture as any process, treatment, or combination
thereof, that is applied to food to reduce the most resistant
microorganism(s) of public health signi � cance to a level that
is not likely to present a public health risk under normal
conditions of distribution and storage (NACMCF, 2006). This
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
de� nition therefore includes nonthermal pasteurization
processes, such as high-pressure processes (HPP) and hi
intensity pulsed electric � elds, and the effects of these new
technologies on microorganisms and foods currently are active
research topics (Hülsheger et al., 1981; Lehmann, 1996;
Hendrickx and Knorr, 2001). Nevertheless, the ef�cacy of HPP
in terms of spore (Lee et al., 2006) and spoilage endogenous
enzyme inactivation is limited ( Raso and Barbosa-Cánovas
2003; Van Buggenhout et al., 2006). In fact, HPP was respon-
sible for stimulating germination of Talaromyces macrospo
mold spores (Dijksterhuis and Teunissen, 2003). Thus, HPP
treatments followed by thermal processing have been proposed
to inactivate the spores (Heinz and Knorr, 2001; Raso and
Barbosa-Cánovas, 2003). After studying combinations of heat
and pressure for the destruction ofClostridium botulinumspores,
Margosch et al. (2006) expressed concerns because high
spore survival was observed when using temperature an
high-pressure treatments simultaneously, in comparison to the
exclusive use of temperature.Silva et al. (2012), however, could
successfully reduce the temperature required to inactivat
Alicyclobacillus acidoterrestrisin orange juice from 85–95 to
45–65 � C when using HPP.
Heat Transfer

Heat transfer primarily involves two components: temperature
and heat � ow, where temperature re� ects the amount of
available energy, and heat� ow represents the displacement of
energy from one location to another due to a temperature
difference.
Heat Transfer in Thermal Processing

Figure 2 shows the principal heat transfer mechanisms
involved in the thermal processing of canned foods. A similar
situation arises during the processing of retortable pouches
rigid plastic, or glass containers. For this reason, it is extremel
dif � cult to develop a model for the prediction of a time-
temperature history inside packaging material. From a prac
tical point of view, a satisfactory process will be determined at
the slowest heating point (cold spot) within the packaging
material. Rule of thumb indicates that if the food is solid, the
slowest heating point will be located at the package center o
mass. For liquids, the rule of thumb indicates that the slowest
heating point will be located one-third from the bottom in
a cylindrical container. This information, however, is insuf� -
cient for modern packaging development (e.g., retort pouches)
In our experience, the slowest heating point (cold spot) must
be determined experimentally.
78-0-12-384730-0.00404-3 577
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Figure 1 Thermal processing of foods.
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Mathematical Modeling and Its Implications for Process
Evaluation Techniques

Most mathematical models for the prediction of time–
temperature histories in food products need to assume one o
the basic modes of heat transfer. Two extreme cases have th
own analytical solutions: (1) perfect mixing of a liquid (forced
convection) and (2) homogeneous solids (pure conduction).
Most foods are an intermediate case, and these extreme sol
tions would provide a guideline for the usefulness of
temperature–time histories (pro� les).

Heat Transfer Model for Perfect Mixing
For forced convection (agitated liquids), it is possible to
assume that the temperature inside the container is uniformly
distributed but time-dependent. Taking the container as
a system, a transient energy balance gives the following:

_Q ¼
vðMEÞSystem

vt
[1]

UAðPT� TÞ ¼MCp
vT
vt

[2]

Provided that the inside temperature of the can is uniformly
distributed, T also denotes the cold spot temperature
(T ¼ TC.P.). Using the initial condition as T ¼ IT at t ¼ 0, and T
at time t > 0, the integration of eqn [2] renders the following:

PT� TC:P:

PT� IT
¼ exp

�
�

UA
MCp

t
�

[3]
The dimensionless temperature ratio for forced convection
(eqn [3]) is dependent on geometry, thermal properties, and
time. Therefore, the aforementioned liquid ratio must be the
same at different PT or IT:

PT� TC:P:

PT� IT
¼

PT0� T0
C:P:

PT0� IT0 ¼ Constant [4]

Heat Transfer Model for Pure Conduction
Heat transfer for pure conduction is based on Fourier’s equa-
tion and can be written as follows:

r Cp
vT
vt

¼ VkVT [5]

If thermal conductivity ( k) is independent of temperature
and the food material is assumed to be isotropic, as is the cas
for most foods within the sterilization temperature range, then
eqn [1] becomes

vT
vt

¼ aV2T [6]

The solutions for different geometries are not necessarily
straightforward. In general, however, the dimensionless
temperature ratio for constant retort temperature can be
expressed as follows (Carslaw and Jaeger, 1959):

PT� TC:P:

PT� IT
¼ f ðinitial temperature distribition ; geometry;

thermal properties; timeÞ

[7]



e

,

-

-

t

Figure 2 Heat transfer to food product in a cylindrical container.
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Therefore, if the initial temperature distribution, geometry,
product (thermal properties), and time are maintained constant
(only changing PT or IT), then the dimensionless temperature
ratio of the solid must be the same at different PT or IT:

PT� TC:P:

PT� IT
¼

PT0� T0
C:P:

PT0� IT0 ¼ Constant [8]

It is important to note that eqn [8] is valid for constant
process temperatures (PT). A simpli� ed analytical solution for
homogeneous solids con� ned to a � nite cylinder is presented
in eqn [9] (Merson et al., 1978). This simpli � ed solution is only
valid for long periods of time (after the initial lag period when
Fourier number > 6) and assumes a Biot number> 40 (the
external heat resistance is negligible when compared to th
internal resistance).

PT� TC:P:

PT� IT
¼ 2:0396 exp

�
�

� �
2:40482

�

R2 þ
p 2

12

�
$

k
r Cp

$t
�

[9]

Heat Transfer Model: A General Approach
Although the heat transfer mechanisms are rather dissimilar
the pure conduction and forced convection models can be
described by the same mathematical expression that was pre
sented byBall (1923) with limitations:

t ¼ f $log
�

j
PT� IT
PT� T

�
[10]

where j ¼
PT� TA

PT� IT
:

As was shown byDatta (1990), the latter expression is not
only valid for � nite cylinders but also for arbitrary shapes (i.e.,
rectangular and oval). The main limitation for heat conduc-
tion is that it is only valid for heating times beyond the initial
lag period (when Fourier number > 6). An interesting, prac-
tical and general conclusion of the heat transfer theory pre
sented here is that eqn [8] remains independent of the
container geometry and the heat transfer mode (conduction or
forced convection) and only requires the constant retort
temperature:

PT� TC:P:

PT� IT
¼

PT0� T0
C:P:

PT0� IT0 ¼ Constant [8a]

Therefore, we can transform the raw data from the hea
penetration tests and use the general method, not only to
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directly evaluate the raw data but also to evaluate processes
different conditions (process temperatures, initial tempera-
tures, and longer or shorter process times) than those originally
recorded.
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Microbial Kinetics of Pasteurization Process

Low-acid foods have been the cause of human diseases such
gastroenteritis and listeriosis. Common symptoms of food-
borne illness include diarrhea, stomach cramps, fever, head
ache, vomiting, dehydration, and exhaustion. Proper cooking
or thermal processing of foods can eliminate most of the
causative agents of foodborne diseases. Although microbia
spoilage of thermally processed foods can be caused by incip
ient spoilage (growth of bacteria before processing) and
recontamination after processing (leakage), we will focus
our attention on the survival and growth of thermoduric
microorganisms (e.g., spore-formers) due to insuf�cient
heat processing. Furthermore, the increasing consumption o
minimally processed and nonthermal processed chilled foods,
pose new risks in terms of public safety and foodborne infec-
tions. The highest incidence of rapid spoilage of processe
foods is caused by bacteria, followed by yeasts and mold
(Sinell, 1980). Parasites (protozoa and worms), natural toxins,
viruses, and prions also can be a problem if industry uses
contaminated raw materials (FDA, 1992). An extensive review
of key microorganisms’ thermal resistance in low- and high-
acid foods pasteurization will be presented in this section.
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First-Order Kinetic Models for Process Design and Assessm

Kinetic models are useful tools for the quanti� cation of thermal
inactivation of microorganisms by food pasteurization. The
change and deterioration of most food factors with isothermal
time exposure follows zero or � rst-order (eqns [11]–[14] )
reaction kinetics (Villota and Hawkes, 1992). Simple � rst order
can be integrated at constant temperature and described eithe
by eqn [11] or, when dealing with microorganisms which also
exhibit log-linear spore inactivation kinetics, by the Bigelow
model (eqn [12]; Bigelow and Esty, 1920; Teixeira, 1992):

N
N0

¼ e� kT� t [11]

N
N0

¼ 10� t
DT [12]

whereN ¼ number or concentration of microbial cells at time t
(min), kT is the reaction rate (min� 1), and DT is the decimal
reduction time (min), both at temperature T.

The temperature effect on the reaction rate constant,kT, is
described by the Arrhenius equation (eqn [13]). The Bigelow
model (eqn [14]) also can be used for � rst-order kinetics
(Saguy and Karel, 1980; Wells and Singh, 1988):

kT ¼ kTref � e
�

h
Ea
R �

�
1

Tþ 273:15 � 1
Trefþ 273:15

	i

[13]

wherekTref is reaction rate at reference temperature (min� 1), Tref

is reference temperature (� C), Ea is activation energy (J mol� 1),
and R is universal gas constant (8.31434 J mol� 1 K� 1).
DT ¼ DTref � 10
� Tref � T

z

�
[14]

where DTref is the decimal reduction time at a reference
temperature andz the number of degrees Celsius required to
reduceD by a factor of 10.

Although log survivors vs time thermal inactivation kinetics
widely are assumed to be linear, deviations from linearity (e.g.,
shoulder, tail, sigmoidal-like curves, biphasic curves, concave
and convex curves) have been reported and remain unex
plained, in particular with vegetative pathogens, such as
Escherichia coli, Salmonellaspp., Listeria monocytogenes, and
Staphylococcus aureus(Chiruta et al., 1997; Juneja et al., 1997;
Juneja and Marks, 2005; Valdramidis et al., 2006; Buzrul and
Alpas, 2007). The observation of tails in the inactivation of
Mycobacterium aviumsubsp.paratuberculosis(MAP) in milk was
explained by cell clumps rather than the existence of a more
heat-resistant cell fraction (Klijn et al., 2001). With respect to
microbial spore thermal inactivation, a log-linear behavior is
commonly observed.
nt

Spores: Heat-Resistant Microbial Forms

Before discussing microbial targets of pasteurization, we mus
recognize that the spore is the most heat-resistant microbia
form, a highly resistant dehydrated form of dormant cell
produced under conditions of environmental stress and as
a result of ‘quorum sensing.’Molds, certain yeasts, and bacteria
can produce spores, although mold and yeast spores are not a
heat resistant as bacterial spores. Heat is the most ef� cient
method for spore inactivation and presently is the basis of
a huge worldwide industry (Bigelow and Esty, 1920; Gould,
2006). Microbial spores are much more resistant to heat in
comparison to their vegetative counterparts, generally being
able to survive the pasteurization process. Spore heat resistan
also may be affected by the food environment in which the
organism is heated. For instance, spores (and vegetative cell
become more heat resistant at low water activity (Murrel and
Scott, 1966; Härnulv and Snygg, 1972; Corry, 1976; King and
Whiteland, 1990; Silva et al., 1999). If after pasteurization the
storage temperature as well as the food characteristics (pH
water activity, food constituents) are favorable for suf� cient
time, surviving spores can germinate and grow to attain high
numbers (e.g., 107 g� 1 or ml) and cause foodborne diseases or
spoilage. Control of spores during storage of pasteurized foods
requires an understanding of both their heat resistance and
outgrowth characteristics.
Microbial Heat Resistance in Low-Acid Pasteurized
Chilled Foods (pH> 4.6)

Minimally heated chill-stored foods have been increasing by
10% each year in market volume, since they are convenien
(ready-to-eat and with longer shelf life than fresh) and can
better retain the original properties of the foods. With respect
to low-acid foods, microbial spores surviving pasteurization
must be controlled, by using cold storage and transportation
(1–8 � C) and a limited shelf life, to minimize the outgrowth of
pathogenic microbes in the foods during distribution. Bever-
ages, such as milk and dairy products (e.g., cheeses); poultr
meat, � sh, and vegetable products (e.g., cooked cured ham
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hot smoked � sh, soup); some shell� sh (e.g., cockles); some
sauces; food ingredients; low carbonated drinks; and certai
fruit juices (e.g., pear, some tropical juices) are examples o
low-acid pasteurized foods. Refrigerated processed foods
extended durability (REPFED) also are included in this class
These generally are packaged under vacuum‘sous-vide’ or
modi � ed atmospheres to ensure anaerobic conditions and
are submitted to mild heat treatments, being stored from
a few days to several weeks depending on the food and severi
of the heat process.

Pathogens in Low-Acid Chilled Foods
Various pathogens can be associated with foodborne diseas
and outbreaks from improperly processed, preserved, an
stored low-acid chilled foods. With respect to public health, the
most dangerous spore-formers in low-acid chilled foods are the
psychrotrophic nonproteolytic strains of C. botulinum(Gould,
1999; Carlin et al., 2000). In spite of the low incidence of this
intoxication, the mortality rate is high, if not treated immedi-
ately and properly. These strains ofC. botulinumhave been
implicated in human botulism incidents from ingestion of the
following contaminated foods ( Lindström et al., 2006): hot-
smoked � sh (Pace et al., 1967), canned tuna � sh in oil
(Mongiardo et al., 1985), canned truf� e cream and canned
asparagus (Therre, 1999), pasteurized vegetables in oil (Aureli
et al., 1999), canned � sh (Przybylska, 2003), and canned
eggplant (Peredkov, 2004). Bacillus cereusis another spore-
forming and pathogenic bacterium detected in pasteurized
and chilled foods, such as cooked rice and other chilled foods
containing vegetables (Carlin et al., 2000), since some strains
of B. cereuscan grow at low temperatures (T < 8 � C) (Dufrenne
et al., 1994, 1995; García-Armesto and Sutherland, 1997;
Choma et al., 2000). Some nonpathogenic spore-formers,
including Bacillusand Clostridiumspp. (Broda et al., 2000), and
molds can cause signi�cant economic losses to food producers
For example, Bacillus circulanswas identi� ed as the major
spoilage Bacillusin commercial vegetable purées pasteurize
and stored at 4 � C (Carlin et al., 2000). Very limited data on
spoilage and thermal resistance of spore-formers are availab
in the literature.

Other examples of foodborne infections from raw and
heated foods include L. monocytogenes(milk, soft cheese, ice
cream, cold-smoked � sh, chilled processed meat products
such as cooked poultry), E. coli serotype O157:H7 (ver-
otoxigenic E. coli; beef, cooked hamburgers, raw fruit juice
lettuce, game meat, cheese curd),Salmonella enteritidi
(poultry and eggs), Vibrio parahaemolyticus(improperly
cooked, or cooked, recontaminated� sh and shell� sh), Vibrio
cholerae(water, ice, raw, or underprocessed seafood), an
foodborne trematodes from � sh and seafood produced by
aquaculture (FDA, 1992; Carlin et al., 2000; WHO, 2002;
Keiser and Utzinger, 2005). Pasteurized milk and dairy
products also may be contaminated with Brucella, thermo-
philic Streptococcusspp., and MAP (Westhoff, 1978; Grant
et al., 1996;Grant, 2003), which can be infectious at low cell
numbers, although they cannot grow at chill temperatures.
Coxiella burnetii, the causative agent of‘Q-fever,’ also can
be a problem in milk ( Cerf and Condron, 2006). Psychro-
trophic spoilage microbes, such lactic acid bacteria (LAB
(Lactobacillusspp., Leuconostocspp., Carnobacteriumspp.),
molds (Thamnidiumspp., Penicilliumspp.), and yeasts (Zygo
saccharomycesspp.), can occur in chilled low-acid foods
during storage, in general due to postprocess contamination
These are very heat sensitive, for example, LABD63 � C is 14 s
in meat sausages (Franz and vonHoly, 1996) and D60 � C is
33 s in milk ( De-Angelis et al., 2004).

Heat Resistance of Psychrotrophic Strains ofC. botulinum
Clostridium botulinumis an anaerobic mesophilic microor-
ganism (26–37 � C), and the strains causing human botulism
belong to Group I (proteolytic, neurotoxins types A, B, and F)
and Group II (nonproteolytic, neurotoxin types B, E, and F).
Strains of group I cannot grow below 10 � C and are not
a concern in cold-distributed foods. On the contrary, the
spores of the nonproteolytic strains are psychrotrophic, being
able to germinate and grow at temperatures as low as 3� C
(Schimdt et al., 1961). Under almost any conditions in which
growth occurs, there will be toxin production; a population of
w 105cells ml� 1 is suf� cient to generate enough toxin to kill
a mouse. Additionally, outbreaks in chill-stored foods not
pasteurized (e.g., fermented seal� ipper, fermented salmon
eggs, low-salt cold-smoked� sh) are evidence that these spore
do not require a heat shock to be activated and germinate
Psychrotrophic strains of C. botulinum, although more heat
sensitive (Table 1) than proteolytic Group I strains, are able to
survive mild heat treatments such as pasteurization, and
therefore good refrigerated storage conditions are require
(Peck, 2006). Cold storage of these foods can reduce or a
least retard toxin production, given that this organism needs
much longer storage periods to produce the lethal toxin– for
example, within 31 days at 3.3� C in beef stew (Schmidt et al.,
1961); within 22 days at 8.0 � C (Betts and Gaze, 1995);
�55 days at 4.4 � C; 8 days at 10� C; and 2 days at 24� C in
crabmeat homogenates (Cockey and Tatro, 1974). A study
carried out with six strains of psychrotrophic nonproteolytic
type E C. botulinumin milk could not detect growth during
22 weeks storage at 4.4� C, but strains ‘Beluga,’ ‘Tenno,’ VH,
and ‘Alaska’ could grow and produce toxin at 10 � C after 21,
28, 42, and 56 days, respectively, while at 7.2� C only ‘Tenno’
could produce toxin after 70 days (Read et al., 1970). Thus, to
control human botulism in low-acid pasteurized foods, the
use of refrigerated storage (T< 8 � C) is required with
a restricted shelf life (ACMSF, 1992;Gould, 1999). Additional
measures of safety with this risky class of foods include the
use of added preservatives such salt (>3.5%) and nitrites
(>100 ppm) (e.g., cured meat products) (Graham et al.,
1996). The unique use of such levels of salts are not suf� cient
to inhibit the proteolytic strains of C. botulinum(Group I
strains mentioned previously) in pasteurized meat products,
and these must be refrigerated (<8 � C). The mild pasteuri-
zation process applied to REPFED followed by extended
storage at chill temperatures, favors the survival and growth
of anaerobic spore-forming psychrotrophic C. botulinum
(Lindström et al., 2006). Concern with this microbe also is
extended to semipreserved foods, such as cured, cooked ham
cold-smoked � sh, fermented marine foods, and dried � sh
(Peck, 2006). Psychrotrophic strains ofC. botulinumpresent
different thermal resistances depending� rst on the heating
menstruum (the food) and, in some cases, on the strain.
Similar results were obtained with nonproteolytic strains



s
e

d
ls,

r

Table 1 Heat resistance of psychrotrophic (group II) nonproteolytic strains ofClostridium botulinumspores

Food product Spore inoculum,botulinumstrains T ( � C) D-value (min) z-value (� C) T range (� C) Reference

Crabmeat Mixture of three strains: Ham,
Kapchunka, 17B

88.9
90.6
92.2
94.4

13
8.2
5.3
2.9

8.6 88.9–94.4 Peterson et al. (1997)

Cod homogenate ATCC 25765, ATCC 9564 75.0
80.0
85.0
90.0
92.0

54
18
4.0
1.1
0.60

8.6 75.0–92.0 Gaze and Brown (1990)

Turkey slurry KAP B5 75.0
90.0

33
0.80

9.4 75.0–90.0 Juneja et al. (1995)

Carrot
homogenate

ATCC 25765, ATCC 9564 75.0
80.0
85.0
90.0

19
4.2
1.6
0.36

9.8 75.0–92.0 Gaze and Brown (1990)

Turkey slurry Alaska 70.0
85.0

52
1.2

9.9 70.0–85.0 Juneja et al. (1995)

White� sh paste Alaska, Beluga, 8E, Iwanai, Tenno 80.0 1.6–4.3 5.7–7.6 73.9–85.0 Crisley et al. (1968)
Blue crab Alaska, Beluga, crab G21-5,

crab 25V-1, crab 25V-2
73.9
76.6
79.4
82.2

6.8–13
2.4–4.1
1.1–1.7
0.49–0.74

7.0–8.4 73.9–85.0 Lynt et al. (1977)

Oyster
homogenate

Minnesota, Alaska, crab G21-5,
crab 25V-1, crab 25V-2

73.9
82.2

2.0–9.0
0.080–0.43

4.2–7.1 73.9–82.2 Chaiand Liang (1992)
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producing toxin types E and B using cod homogenate and
carrot homogenate as heating media (Gaze and Brown, 1990,
Table 1). Thermal resistance data obtained from the literature
(Table 1) revealed thatD90 � C varies from seconds to more
than 8 min, D85 � C from a few seconds to 37 min, andD80 � C

from a few minutes to 140 min. Crabmeat presented the
highestD-value, 2.9 min at 94.4 � C, using a mixture of ‘Ham,’
‘Kapchunka,’ and 17B botulinum strains (Peterson et al.,
1997). Most of the authors published similar z-values,
ranging between 7 and 10� C. Oyster homogenate presented
the lowest heat resistance for the� ve spore strains cocktail
(two from outbreaks in ‘Alaska’ and ‘Minnesota’) of
C. botulinumstudied, the D- and z-values being the lowest
recorded (Chai and Liang, 1992).

Heat Resistance of Other Pathogenic
Spore-Forming Bacteria
Spore-forming pathogens Clostridium perfringensand B.
cereusalso have been responsible for outbreaks in low-acid
underpasteurized chilled foods. Studies with spores of six
strains of C. perfringens demonstrated no growth at
T � 10 � C, although spore germination and extended
survival at low temperatures occurred (De-Jong et al., 2004).
However, knowing that C. perfringensexhibits one of the
fastest growth rates of food-associated bacteria, doubling in
numbers every 8 min at 44� C, and being the most common
foodborne illness caused by a spore-former, it also wa
considered in this review. As a result of temperature abus
during distribution or storage of heated and cooked foods
(e.g., meat products),C. perfringensmay grow, especially in
establishments where large quantities of foods are prepare
several hours before serving (e.g., school cafeterias, hospita
nursing homes, prisons, etc.) with concomitant dif� culties in
rapid chilling to below 10 � C. Spores ofC. perfringensare
more heat resistant than those of nonproteolytic
C. botulinum, for example, in turkey D99 � C ¼ 23 min,
D90 � C ¼ 31 min in pork roll, and D90 � C ¼ 14 min in chicken
breast (Juneja and Marmer, 1996; Byrne et al., 2006;Juneja
et al., 2006).

Eleven strains of isolated psychrotrophic strains ofB. cereus
able to grow at �7 � C in foods presented a 2.2 min-
< D90 � C < 9.2 min in phosphate buffer (Dufrenne et al., 1995).
Other published data gaveD90 � C of 10 min and 4 min in pork
roll ( Byrne et al., 2006) and water (Fernández et al., 2001),
respectively. Psychrotrophic strains ofB. cereusseem to be more
heat resistant than psychrotrophic strains ofC. botulinum.

Heat Resistance of Non-Spore-Forming
Psychrotrophic Pathogens
The pathogenic vegetative bacteriaL. monocytogenes, Yersinia
enterocolitica, and V. parahaemolyticusalso are able to grow in
foods with pH > 4.6 at temperatures lower than 6� C (Pen� eld
and Campbell, 1990), but they are eliminated easily with a few
seconds at 70� C or less (Table 2). Other non-spore-forming
pathogens such asE. coli, some strains ofSalmonella, and Aer-
omonas hydrophilia(Palumbo et al., 1995; Schoeni et al., 1995;
George, 2000; Papageorgiou et al., 2006) also can be a problem
in chilled foods. In general, a few seconds at 65� C was enough
to achieve a one decimal reduction in Listeria, E. coli, and
Salmonella, and a few seconds at 60� C were necessary fo
Y. enterocoliticapopulations. Aeromonas hydrophilapresented the
lowest heat resistance.

The potential for the growth of other vegetative bacterial
pathogens such asCampylobacterspp.,V. cholerae, Shigellaspp.,
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Table 2 Heat resistance of non-spore-forming pathogenic microbes in low-acid foods (pH> 4.6)

Bacteria Food product T ( � C) D-value (min) z-value (� C) T range (� C) Reference

Listeria monocytogenes Ground pork 55.0
70.0

47
0.085

5.9 55.0–70.0 Murphy et al. (2004a)

Cooked lobster 51.6
62.7

97
1.1

5.0 51.6–62.7 Buduamoako et al. (1992)

Rainbow trout roe 63.0 0.44 5.4 60.0–63.0 Miettinen et al. (2005)
Liquid egg yolk 62.2 0.58 6.1 60.0–62.2 Schuman and Sheldon (1997)
Vacuum-packed

minced beef
50.0
60.0

36
0.15

4.2 50.0–60.0 Bolton et al. (2000)

Escherichia coli
O157:H7

Ground
Pork

55.0
70.0

33
0.048

4.9 55.0–70.0 Murphy et al. (2004a)

Fully cooked frank 55.0
70.0

25
0.038

5.1 55.0–70.0 Murphy et al. (2004b)

Ground beef 55.0
65.0

21
0.39

6.0 55.0–65.0 Juneja et al. (1997)

Ground morcilla
sausage

54.0
58.0
62.0

5.5
2.1
0.60

7.4 54.0–62.0 Oteiza et al. (2003)

Salmonellaspp. Ground pork 55.0
70.0

46
0.083

5.9 55.0–70.0 Murphy et al. (2004a)

Green pea soup 60.0
65.6

10
1.0

5.7 60.0–71.1 Thomas et al. (1966)

Chicken thigh meat 55.0
62.5

12
0.84

6.9 55.0–62.5 Juneja (2007)

Liquid egg yolk 60.0
62.2

0.28
0.087

4.3 60.0–62.2 Schuman and Sheldon (1997)

Yersinia enterocolitica Vacuum-packed
minced beef

50.0
60.0

21
0.55

NR 50.0–60.0 Bolton et al. (2000)

Whole and skim milks 62.8 0.17–0.18 NR – Toora et al. (1992)
Aeromonas hydrophila Liquid whole egg 48.0

60.0
3.6–9.4
0.026–0.040

5.0–5.6 48.0–60.0 Schuman et al. (1997)

T ¼ temperature (� C); NR¼ not reported.
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S. aureus, and Enterococcusspp. (FDA, 1992; Jay, 2000) in
pasteurized or chilled foods is very low since apart from being
heat sensitive, food must be temperature abused during
distribution to allow their growth.

Pasteurized Milk
Chilled milk is a particular low-acid pasteurized food of high
consumption. Although the effect of MAP in humans is not
known yet, this bacterium causes disease in cattle, and a
a precaution, the design of pasteurization in milk and dairy
products should consider this bacterium’s thermal resistance
D-values in milk at 63, 66, and 72 � C are 15, 5.9, and<2.03 s,
respectively, and thez-value is 8.6 � C (Pearce et al., 2001),
although Keswani and Frank (1998) obtained much higher
D-values in milk (D63 � C 1.6–2.5 min). Coxiella burnetii(the
causative agent of‘Q-fever’) has D-values of 4.14 min at
62.8 � C and 2.21 s at 71.7 � C, z-value ¼ 4.34 � C in milk
(Cerf and Condron, 2006). The high-temperature short-time
(HTST) pasteurization standard whereby milk is held at
71.7 � C for at least 15 s (or an equivalent process such a
62.7 � C for 30 min) was designed to achieve a 5-log reduction
in the number of viable microorganisms in milk ( European
Economic Community, 1992; Stabel and Lambertz, 2004).
Pasteurizations of 72� C for 15 s, 75� C for 20 s, and 78� C for
25 s resulted in a 4- to>6-log reduction in MAP ( McDonald
et al., 2005).
Microbial Heat Resistance in High Acid
and Acidi�ed Foods (pH< 4.6)

In high-acid and acidi� ed foods, the main pasteurization goal
is to avoid spoilage during distribution at room temperature,
rather than avoiding outbreaks of public health concern.
High-acid foods include most of the fruits, normally con-
taining high levels of organic acids. The spoilage� ora is
mainly dependent on pH and soluble solids. The type of
organic acids and other constituents of these foods such a
polyphenols also might affect the potential spoilage micro-
organisms. Given the high acid content of this class of foods
(pH < 4.6), the pathogens referred to in the previous section
(vegetative and spore cells), including the spore-forming
C. botulinum, are not able to grow. It generally is assumed
that the higher the acidity of the food, the less probable is the
germination and growth of bacterial spores, with a pH< 4.6
being accepted as safe in terms of pathogenic spore-former
However, unusual spoilage incidents in high-acid foods
involving the spore-forming spoilage bacterium A. acid-
oterrestris(Cerny et al., 1984; Jay, 2000) have been reported in
apple and orange juices (Brown, 2000) and other high-acid
shelf-stable foods. Additionally, growth of spoilage spore-
forming Bacillusand Clostridiumspp. has been registered in
less acidic foods (3.7< pH < 4.6) such as tomato purée or
juice, mango pulp or nectar, and canned pear and pear juice



-
d

s

re

t

,

s

-

s

e

s
,

-

-

-
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(Ikeyami et al., 1970; Shridhar and Shankhapal, 1986).
A number of nonpathogenic spore-formers, including facul-
tative bacilli, butyric, thermophilic anaerobes, molds, yeasts,
and LAB, can cause signi� cant economic losses to food
producers in this class of acid foods. Heat-resistant deterio
rative enzymes such pectinesterase, polyphenoloxidase, an
peroxidase also may degrade high-acid foods quality during
storage.

A. acidoterrestrisSpores
Alicyclobacillus acidoterrestrisis a thermo-acidophilic (pH 3.5 –
4.5; temperature 35–53 � C), nonpathogen and spore-forming
bacterium identi� ed in the 1980s (Deinhard et al., 1987;
Wisotzkey et al., 1992), which has been associated with
various spoilage incidents in shelf-stable apple and orange
juices (Silva and Gibbs, 2004). The presence ofu -alicyclic
fatty acids as the major natural membrane lipid component
gave the nameAlicyclobacillusto this genus (Wisotzkey et al.,
1992). Since this microbe does not produce gas, spoilage i
detected only by the consumer at the end of the food chain,
resulting in consumer complaints, product withdrawal, and
subsequent economic loss. Spoilage aromas and taste a
related to the production of a bromophenol and guaiacol. A
relatively low level of 105–106 cells ml� 1 in apple and orange
juices formed enough guaiacol (ppb) to produce sensory taint
(Pettipher et al., 1997). Spoilage byA. acidoterrestrishas been
observed mainly in apple juice, but also in pear juice, orange
juice, juice blends, and canned diced tomatoes (Cerny et al.,
1984; Splittstoesser et al., 1994; Yamazaki et al., 1996; Pon-
tius et al., 1998; Walls and Chuyate, 2000). Incidents were
reported from around the world (Germany, United States,
Japan, Australia, and United Kingdom). A survey carried ou
by the National Food Processors Association in the United
States (Walls and Chuyate, 1998) had shown that 35% of
juice manufacturers had problems especially during warmer
spring and summer seasons, possibly associated withAlicy-
clobacillus. Another incident with many complaints from
consumers, referred to an iced tea (pH¼ 2.7) submitted to
a thermal process of 95� C for 30 s, followed by hot-� lling
into cartons (Duong and Jensen, 2000). The slow cooling of
the hot-� lled tea or the high storage temperature may have
allowed suf� cient time for the spores to germinate and grow,
causing taint problems. Alicyclobacillus acidoterrestrisspore
germination and growth (to 10 6 cfu ml � 1) under acidic
conditions was reported in orange juice stored at 44� C for
24 h (Pettipher et al., 1997) and also in apple, orange, and
grapefruit juices stored at 30� C (Komitopoulou et al., 1999 )
(see Table 3). Spore germination and growth was observed
after 1–2 weeks in apple juice, orange juice, white grape juice
tomato juice, and pear juice incubated at 35� C (Walls and
Chuyate, 2000). Red grape juice did not support growth
(Splittstoesser et al., 1994), possibly due to the polyphenols.
The increase of soluble solids from 12.5� Brix (aw ¼ 0.992) to
38.7 � Brix (aw ¼ 0.96) inhibited growth of A. acidoterrestri
spores (Sinigaglia et al., 2003).

The spores ofA. acidoterrestrisare very resistant to heat
compared with the major spoilage microbes and enzymes
typical in high-acid shelf-stable foods, presenting
4 min < D90 � C < 23 min, 1 min < D95 � C < 5 min, and
7 � C < z-value< 13 � C. Much lower D-values were recorded in
wine (D85 � C ¼ 0.6 min) ( Splittstoesser et al., 1997), potentially
due to the alcohol or other constituents created by fermenta-
tion. Further conclusions about A. acidoterrestrisspore thermal
resistance depend on the spore strain or fruit product. As ex
pected when increasing the soluble solids from 26.1 to
58.5 � Brix in blackcurrant concentrate, the D91 � C-values
increased from 3.8 to 24.1 min (Silva et al., 1999). However,
growth of A. acidoterrestrisis inhibited at high soluble solids
concentration, for example, no growth was observed in apple
concentrate between 30 and 50� Brix (Walls and Chuyate,
2000) and in white grape juice with more than 18 � Brix
(Splittstoesser et al., 1997).

Fungal Ascospores
Fungal growth in pasteurized foods, raw materials, and food
ingredients should be avoided, since some of them are able to
produce mycotoxins. Spores and vegetative cells of most mold
are inactivated uponexposure to60� C for 5 min ( Beuchat,1998).
Notable exceptions are the ascospores of certain strains of th
molds Neosartorya� scheri, Byssochlamys nivea, Talaromyces� avus,
Eupenicillium javanicum, and Byssochlamys fulva(King et al., 1969;
Hatcher et al., 1979; Beuchat, 1986; Scott and Bernard, 1987;
Aragão, 1989; Tournas and Traxler, 1994; Gumerato, 1995;
Kotzekidou, 1997), where for high-acid fruit pulps and juices,
a 0.8 min < D90 � C-value< 8.1 min and 4 � C < z-value< 9.2 � C
were observed (Table 4). The ascospores of several mold specie
have been associated with spoilage of canned tomato paste
surviving pasteurization of 85 � C for 20 min, when initial
numbers were near 105 cfu ml� 1 (Kotzekidou, 1997). After
identi � cation, D-values at 90 � C were determined in tomato
paste, being 8.1 min for aB. fulvastrain, 4.4–6.6 min for N. � scheri
strains, and 1.5 min for a B. niveastrain (Kotzekidou, 1997).
Talaromyces� avusalso has been responsible for fruit juice spoilage
incidents (King and Halbrook, 1987; Scott and Bernard, 1987).
Thermal inactivation studies ofT. � avus, N. � scheri, and Byssochl
amysspp. in � ve fruit-based concentrates (25.2–33.4 � Brix),
resulted in D91 � C of 2.9–5.4 min, <2 min, and some seconds,
respectively (Beuchat, 1986).

Other Spoilage Bacteria and Fungi
Not so commonly, spoilage in less acid foods or fruit pulps and
drinks, such tomato, pear, peach, mango, mandarin, and
orange with pH between 3.7 and 4.5, may be caused byBacillus
subtilis, Bacillus coagulans, Bacillus licheniformis, Bacillus mega
terium, Bacillus polymyxa, and Bacillus macerans(Vaughn et al.,
1952; Gibriel and Abd-El Al, 1973; York et al., 1975;Montville
and Sapers, 1981; Nakajyo and Ishizu, 1985; Shridhar and
Shankhapal, 1986; Sandoval et al., 1992; Azizi and Ranganna,
1993; Rodriguez et al., 1993; Everis and Betts, 2001) and
butyric anaerobes, such asClostridium pasteurianum, Clostridium
butyricum, and Clostridium tyrobutyricum(Ikeyami et al., 1970;
Jacobsen and Jensen, 1975; De-Jong, 1989; Everis and Betts,
2001). An accepted practice to avoid growth of these spore
forming bacteria is the acidi� cation of the food with citric or
ascorbic acids. The spores ofBacillusspp. have very high heat
resistances, 3.5 min< D90 � C < 29.9 min, 1 min < D100 � C

< 6 min, and 9.5 � C < z-value< 15 � C. Clostridiumspp. exhibit
much lower temperature and times for inactivation, D90 � C

in peach 1.1 min and D80 � C in acidi � ed papaya 2.7 min
(Gaze et al., 1988; Magalhães, 1993). Bacillus cereusand two



Table 3 Heat resistance ofAlicyclobacillus acidoterrestrisspores in several high-acid fruit products (pH< 4.6)

Heating medium Spore strain pH SS (� Brix) T ( � C) D-value (min) z-value (� C) Reference

Juices, nectars, fruit
drinks, and wine

Orange juice drink NR 4.1 5.3 95 5.3 9.5 Baumgart et al. (1997)
Fruit drink NR 3.5 4.8 95 5.2 10.8
Fruit nectar NR 3.5 6.1 95 5.1 9.6
Apple juice VF 3.5 11.4 85

90
95

56
23
2.8

7.7 Splittstoesser et al. (1994)

Grape juice WAC 3.3 15.8 85
90
95

57
16
2.4

7.2

Orange juice Type 3.5 11.7 85
91

66
12

7.8 Silva et al. (1999)

Orange juice DSM 2498;
three isolated strains:

46; 70; 145.

3.2 9.0 85
90
95

50–95
10–21
2.5–8.7

7.2–11.3 Eiroa et al. (1999)

Orange juice Z 3.9 NR 80
90
95

54
10
3.6

12.9 Komitopoulou et al. (1999)

Apple juice Z (CRA 7182) 3.5 NR 80
90
95

41
7.4
2.3

12.2

Cupuaçu extract Type 3.6 11.3 85
91
95
97

18
5.4
2.8
0.57

9.0 Silva et al. (1999)

Grapefruit juice Z 3.4 NR 80
90
95

38
6.0
1.9

11.6 Komitopoulou et al. (1999)

Berry juice NR 3.5 NR 88
91
95

11
3.8
1.0

7.2 Walls (1997)

Wine NR NR NR 75
85

33
0.57

10.5 Splittstoesser et al. (1997)

Fruit concentrates
Blackcurrant concentrate Type 2.5 58.5 91 24 NR Silva et al. (1999)
Light blackcurrant concentrate Type 2.5 26.1 91 3.8 NR

SS¼ soluble solids (� Brix),T ¼ temperature (� C), NR¼ not reported,A. acidoterrestristype strain¼ NCIMB 13137, GD3B, DSM 3922, ATCC 49025.

Table 4 Heat resistance of spoilage fungal ascospores in high-acid fruit products (pH< 4.6)

Fungal ascospores Fruit product pH SS (� Brix) T ( � C) D-value (min) z-value (� C) T range (� C) Reference

Byssochlamys nivea Strawberry pulp 3.0 15.0 85.0
90.0

35
6.3

6.4 80–93 Aragão (1989)

Neosartorya Þscheri Pineapple concentrate 3.4 42.7 85.0
90.0
95.0

30
7.6
2.3

8.9 85–95 Tournas and Traxler
(1994)

Pineapple juice 3.4 12.6 85.0
90.0
95.0

20
4.8
1.7

9.2 85–95

Apple juice 3.5 15.0 85.0
90.0

15
2.6

5.3 85–93 Gumerato (1995)

Strawberry pulp 3.0 15.0 85.0
90.0

15
2.6

6.4 80–93 Aragão (1989)

Talaromyces ßavus Apple juice 3.7 11.6 87.8
90.6

7.8
2.2

5.2 89–95 Scott and Bernard
(1987)

Strawberry pulp 3.0 15.0 80.0
85.0
90.0

18
3.3
0.90

8.2 75–90 Aragão (1989)

Eupenicillium javanicumStrawberry pulp 3.0 15.0 80.0
85.0
90.0

15
3.7
0.80

7.9 80–90 Aragão (1989)

SS¼ soluble solids (� Brix),T ¼ temperature (� C).
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strains of Bacillus thuringiensisisolated from spoiled mango
pulp exhibited a D80 � C of 6 min in mango pulp (pH 4.0)
(De-Carvalho et al., 2007).

The heat resistance of various fruit spoilage microorganism
(yeasts: Saccharomyces cerevisiae, Rhodotorula mucilaginos,
Torulaspora delbrueckii, and Zygosaccharomyces rouxii; molds:
Penicillium citrinum, Penicillium roquefortii, and Aspergillus
niger; LAB:Lactobacillus fermentumand Lactobacillus plantarum
was determined in acid juices, with S. cerevisiaebeing the
most heat-resistant microorganism withD57 � C ranging from
9.4 to 32 min ( Shearer et al., 2002).
e

Food Product Quality Evaluation

Thermal pasteurization, intended to inactivate pathogens
and deteriorative microorganisms and enzymes, also may
affect negatively the quality of foods (Lund, 1975; Villota and
Hawkes, 1986). Thus, the heat application should be
minimal and well balanced, being enough for food decon-
tamination while enabling maximum retention of the orig-
inal food quality ( Ramaswamy and Abbatemarco, 1996). The
food color, aroma, � avor, and texture, readily perceived by
food consumers, and the nutritive and health value, generally
are recognized as the major quality factors of foods, being
used for quality optimization of the process. Knowing that
various conditions of heating temperature (T) and time ( t)
lead to similar effects on microbial or enzymatic inactivation,
a process that causes less impact on quality factors can b
selected (Silva and Silva, 1997; Silva et al., 2003). Such
optimization is possible because the thermal degradation
kinetics of quality factors is much less temperature sensitive
than the destruction of microorganisms (Teixeira et al., 1969;
Holdsworth, 1985). The higher the pasteurization tempera-
ture applied, the shorter the times needed for the same
microbial inactivation.
g
.

t

f

De�nition of Cooking Value

The � rst goal of this evaluation was to understand and analyze
the widespread concept of cooking value and to de� ne a general
methodology to quantitatively assess quality and safety in
thermal food processing. The second task was to identify
potential improvements in speci� c thermal processes, which
might affect operating conditions and lead to the imple-
mentation of � ow sheet modi� cations or design rede� nitions.
This is important because paradigms without clear scienti� c
evidence are common in the food-processing industry. An
emphasis will be focused on understanding thermal food
processes in addition to considering quality as an intrinsic and
integral part of the design and optimization process.

Cooking value was� rst proposed byMans� eld (1962) and
was discussed and utilized by several authors before bein
accepted by the food science and technology community
The basic equation for cooking valueCz

Tref
is given by the

following:

Cr ¼
Zt

0

10
T� Tr

zc dt [15]
The cooking value parameterszc and Tr differ according
to the particular thermolabile component. For cooking, the
zc-value chosen is usually 33.1� C, and the reference temp-
erature is usually 100 � C, which is designatedC0 or C33:1

100 ,
although C33:1

121:1 is often used for comparisons withF0 values. It
is important to clearly de� ne the constantszc and Tr to prevent
misunderstandings (Holdsworth, 1997).
Origin and Rationale of Cooking Value

Cooking value was derived from theF0 de� nition (analogous
to P de� nition of eqn [29]). To have a clear understanding
of its usefulness as a quality indicator, we shall� rst give
a derivation and rationale for the F0 value (analogous to P
value). In general, a survivor’s balance for an open system in
a non-steady-state condition is as follows:

½FN�i � ½FN�0 þ M
�
dN
dt

�

t
¼

�
dðMNÞ

dt

�

S
[16]

where

F ¼ flux (kg h � 1),
M ¼ mass (kg),
N ¼ microorganism concentration (kg kg� 1),
t ¼ time (h),
i, o ¼ input and output,
I ¼ inactivation, and
S ¼ system.

When de� ning a closed system (canned food, retortable
pouches, or a particle in a moving system), we obtain the
following equation:

�
dN
dt

�

I
¼

�
dN
dt

�

S
[17]

Considering � rst-order kinetics for the inactivation of
microorganisms and placing it into eqn [17]:

�kN ¼
�
dN
dt

�

S
[18]

Separating the variables, integrating, and taking into accoun

the D-value de� nition: �
RD

0 kdt ¼
RN0

10
N0

dN
N

and therefore,

k ¼
ln 10

D
[19]

Given that the D-value can be expressed as a function o
temperature according to the following:

D ¼ Dr10
Tr � T

z [20]

Replacingeqns [19] and [20] into eqn [18], we obtain the
following:

�
ln 10

Dr10
Tr � T

z

N ¼
�
dN
dt

�

S
[21]

where

T ¼ temperature at the cold spot,
Tr ¼ reference temperature, and
Dr ¼ decimal reduction time at the reference temperature.
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Integrating eqn [21] from N0 to N0/10x for microorganisms
(where x represents the number of decimal reductions) and
between 0 through t for time:

x$Dr ¼
Zt

0

10
T� Tr

z dt [22]

where the product xDr was denominated asFr, and then

Fr ¼
Zt

0

10
T� Tr

z dt [23]

In the case of Tr ¼ 121.1 � C (250 � F), Fr has been
denominated asF0.

With the same constraints and rationale, if a quality factor
shows � rst-order inactivation kinetics, it is possible to obtain
the following expression for a quality factor:

x$Dc
t ¼

Zt

0

10
T� Tr

zc dt [24]

where theDr-value is the referenceD-value for the target attri-
bute, andzc is the correspondingz-value for the target attribute.
As was the case forFr, we can de� ne the following:

x$Dc
t ¼ Cr

then

Cr ¼
Zt

0

10
T� Tr

zc dt

or in its common form

C0 ¼
Zt

0

10
T� 100

zc dt [25]

One practical use of the aforementioned equation is the
calculation of the cooking value on the surface. However, it
would be necessary to have azc-value and a corresponding
Dr-value. Without knowing Dr, the obtained value for Cr is not
interpretable or understandable. Depending on the target
attribute (Dr), Cr will have different meanings.

The calculation of the cooking value (Cr) at the cold spot is
not important because it re� ects the minimum cooking value
of the whole food product.
c-

t

s
e

Quality Retention

A better way to examine the impact on quality of a given
process with the speci� ed constraints is the evaluation of the
target attribute retention. Starting fromeqn [17] and assuming
� rst-order kinetics for the attribute deterioration, we can obtain
an equation for surface retention:

% Surface¼ 100e
� ln 10

Dr

Rt

0
10

TS� Tr
zc dt

[26]

Relating the surface retention (eqn [26]) with the cooking
value (eqn [25]), we obtain the following:

% Surface¼ 100e� ln 10
Dr

Cr [27]
The main difference betweeneqn [26] and the cooking
value equation is that the surface retention is a direct calcula
tion of the process-impact over the surface of the food product.
It is necessary to know the values ofzc and Dr to calculate the
surface retention. In addition, it is also possible to derive an
equation for the average retention. The volume-average qualit
retention value is given by the following:

% Average¼
1
V

ZV

0

C0e
� ln 10

Dr

Rt

0
10

T� Tr
z dt

dV [28]

The main drawback of eqn [28] is the requirement for
temperature data for the entire container during the whole
process.
Corollary

To calculate the cooking value, the only requirements are the
zc-value and the temperature history. According to its de� ni-
tion, the z-value represents the temperature dependency bu
has no relation with the thermal resistance of a given attri-
bute. Conversely, theD-value has a direct relation with the
thermal resistance of the target attribute, and it is not required
to calculate the cooking value. Therefore, the intricate
problem is how to interpret the obtained cooking value as this
value will have different meanings depending on the target
attribute. According to Holdsworth (1997) , D121-values vary
widely from 0.45 to 2350 min.

For example, how does one interpret a cooking value o
30 min ( Tr ¼ 100 � C)? Choosing real values for quality factors
from Holdsworth (1997) (pea purée and green beans) with the
samezc (32.5 � C) and different Dr (4 and 115 min at 121 � C),
the following results were obtained. For the less-resistan
attribute, we obtained a 0.8 decimal reduction and a surface
retention of 15.84%. For the most resistant attribute, we ob-
tained a 0.028 decimal reduction and a surface retention of
93.8%. Another critical aspect of the cooking value is thatzc

presents a wide range among different target attributes. I
appears dif� cult to accept a universal value of 33.1� C for zc.
According to Holdsworth (1997) , zc ranges from 2.66 to
109.7 � C. A small difference of 5 � C in zc will account for
a difference in the cooking value of 10–15% with the remain-
ing problem of its interpretation ( Dr -value?). In the speci�c
case of assessing quality impact in aseptic processing, it is re
ommended to search for soundD- and z-values and then to
quantify the quality retention on the surface of the particle. The
cooking value concept, such as quality retention, is linked
strongly to a � rst-order kineticand closed system. Quality evalu-
ation should be included at all steps of food processing. The
process� ow sheet should include mass and energy balances a
each step in conjunction with quality balances for one or more
target attributes. This approach may lead not only to imple-
menting modi � cations in process operating conditions but
also to � ow sheet rearrangements. In addition, the thermal
processing of foods has been limited to a constant proces
temperature. Variable temperature processing can provid
a means of increasing product quality by improving the
uniformity of the heat penetration within the food product and
reducing processing time.
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Designing Pasteurization Processes

A pasteurization process design for a new product must mee
the speci�cations of the product, such as whether the food will
be distributed at room temperature or refrigerated, the shelf
life, and the consumer types (infants, elderly, or the sick) (Silva
and Gibbs, 2009). The following guidelines are recommended
for developing a proposed pasteurization process:

1. Conduct a hazard analysis to identify the microorganism(s)
of public health concern in the food.

2. Determine the most resistant pathogen of public health
concern that is likely to survive the process.

3. Consider the level of inactivation needed (D- and z-values).
Ideally, this would involve determining the initial cell
numbers and normal variations in concentration that occur
prior to pasteurization.

4. Set a minimum P-value (pasteurization value) that delivers
at least 6D in the most heat-resistant microbe (Betts and
Gaze, 1992).

5. Assess the impact of the food matrix on pathogen survival
6. Validate the ef�cacy of the pasteurization process.
7. De� ne the critical limits needed during processing to meet

the performance standards.
8. De� ne the speci� c equipment and operating parameters for

the proposed pasteurization process.
f

f

e

Process Calculation Technique

During the pasteurization process, the integrated lethality at
a single point within the food container, also known as
pasteurization value (P), is the equivalent time of pasteurization
at a certain temperature (Tref) expressed in minutes (eqn [29])
(Shapton, 1966):

P ¼
ZPT

0

10
�

T� Tref
z

�
dt [29]

where

P ¼ pasteurization value (min),
PT¼ total process time (min),
Tref ¼ reference temperature for the pasteurization target, and
z ¼ z-value for the pasteurization target.
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Milk and Beer Pasteurization

Milk Pasteurization
Milk is a highly nutritious food that serves as an excellent
growth medium for a wide range of microorganisms (Ruegg,
2003). Therefore, fresh milk and milk after � ltration or
centrifugal clari� cation should be pasteurized rapidly. This
treatment is needed to destroy vegetative forms of severa
pathogenic bacteria, such as the tubercle bacillusMycobacterium
tuberculosis, Mycobacterium paratuberculosis, Salmonella, particu-
larly Salmonella typhi,Brucella, and Streptococcus pyogen.
Pasteurization also eliminates a large number of other ther-
molabile bacteria, such as the pathogenic hemolytic staphylo-
coccus, C. burnetii and several coliforms. Furthermore,
nonpathogenic bacteria, such as lactic bacteria, always a
present and may affect the milk quality.

Pasteurization also destroys enzymes, particularly lipase
whose activity is undesirable. Pasteurized milk is not
completely sterile and therefore must be cooled rapidly to 5� C
and kept refrigerated to prevent the proliferation of thermor-
esistant bacteria.

Slow pasteurization is performed at 63 � C for at least
30 min with constant stirring. Great advantages of this system
are that it does not signi� cantly modify the properties of milk,
the milk maintains its nutritional value, and the germicidal
effect is approximately 95%. Fast pasteurization, also known a
HTST, involves heating the milk to 72–77 � C for at least 15 s.
The germicidal ef�ciency of this method is approximately
99.5%, and alterations in the milk components are insigni� -
cant. This process is carried out in tubular or plate hea
exchangers.

The destruction of pathogens in milk requires the following
procedures (Workman, 1941):

1. A treatment time and temperature that guarantees a satis
factory level of destruction of pathogenic microorganisms
in milk with an adequate margin of safety.

2. Equipment that is properly designed and satis� es all sani-
tary requirements.

3. Equipment must be monitored constantly to ensure effec-
tive pasteurization and to meet all operating conditions.

4. Equipment must satisfy the requirements of practical and
ef� cient plant operations.

5. The pasteurized product must be acceptable in terms o
the � avor, color, creaming property, nutrition, and � nal
bacteria content.

McDonald et al. (2005) showed the effectiveness o
pasteurization of MAP in raw milk. A few viable organisms were
detected in 3 of the 20 samples of milk pasteurized at 72� C for
15 s, 75 � C for 25 s, and 78 � C for 15 s. Pasteurization at all
temperatures and holding times was found to be very effective
in killing M. paratuberculosis, resulting in a reduction of > 6 log10

in 85% of the samples and>4 log 10 in 14% of the samples.

Beer Pasteurization
Beer is one of the most consumed alcoholic beverages in th
world, and its stability is achieved by heat treatment. For the
brewing industry, spoilage bacteria are problematic, and they
include LAB, such asLactobacillus brevis, Lactobacillus lindner,
and Pediococcus damnosus, and Gram-negative bacteria, such a
Pectinatus cerevisiiphilus, Pectinatus frisingensis, and Megasphaera
cerevisiae. If the deteriorative organisms are destroyed, beer ca
last for several months. The heat treatment is performed by
� ash pasteurization, in which the beer is� rst pasteurized and
then aseptically packaged into barrels, usually of metal. Alter
natively, heat treatment may be performed by a pasteurization
tunnel, in which the beer is packaged into sterile glass bottles
and then treated in a tunnel pasteurizer.

The general industrial rule has been to use the time–
temperature relationship of 15 min at 60 � C, that is, 15
pasteurization units (PU), where 1 PU is de� ned as the expo-
sure to 60 � C for 1 min. Laboratory tests have shown that
PU values of 1–5 are effective for microbial inactivation, but
8–30 PU generally are used to ensure the absence of resista
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organisms. This is due to operational dif� culties related to the
discontinuities of other equipment in the production line
(Tshang and Ingledew, 1982; Dilay et al. 2006). Because
excessive heat treatment can cause undesirable second
reactions, such as� avor alteration and foaming, the choice of
PU value is always a compromise between extending the she
life and beer quality.
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Sous-Vide Processing

French for ‘under vacuum,’ sous vide is a food-packaging
technique pioneered in Europe, whereby fresh ingredients ar
combined into various dishes, vacuum-packed in individual-
portion pouches, cooked (under vacuum), and then chilled.
Sous-vide food is used most often by hotels, restaurants, an
caterers, although it is expected to become increasingly ava
able in supermarkets. Sous vide is a method of cooking that is
intended to maintain the integrity of the ingredients by heating
them for an extended period of time at relatively low temper-
atures. In some cases, food is cooked for well over 24 h.

For products with a chilled shelf life of less than 10 days, the
target pathogen isL. monocytogenes. For a chilled shelf life of
greater than 10 days, the target pathogen is psychrotrophi
C. botulinum. The minimum possible cooking temperature is
the minimum temperature at which the cumulative lethality
against the target pathogen can be calculated. ForListeria
pasteurization, this temperature is 58� C, and it is 80 � C for
psychrotrophic C. botulinum.

Many studies have been performed with this technology,
and Table 5 shows examples.

Quality Assessments in Sous-Vide Processing
Two types of experiments were carried out considering eithe
L. monocytogenesor C. botulinumas the target microorganisms.
The pasteurization criterion was P70 � 2 min for
L. monocytogenesand P90 � 10 min for C. botulinum. The food
products selected for the experiments were a meatball with
a 20 mm diameter without heat resistance (h tend to N ) and
in� nite slabs of 10, 15, and 20 mm width with heat resistance
at the surface (h equal to 200, 400, and N W m� 2 � C� 1).
Table 5 Examples of applications in sous-vide pasteurization

Microorganism Food Comments

Staphylococcus aureus, Bacillus
cereus, Clostridium perfringens,
andListeria monocytogenes

Salmon Treatment at 90� C
safety and to e

Bacillus cereus spores Chicken Populations wer
products heate

Aerobic and anaerobic bacteria Seasoned beef The sensory qu
processed prod
and 10� C, whic
the convention

Lactic acid bacterias,Bacillus
cereus, Pseudomonas

Milk The processes we
for an internal p
bacteria andPse
microbial� ora o
(> 3 � 104 cfu g
in the fourth we
The results of the meatball experiments con� rmed that the
lower the process temperature, the lower the cooking value a
the surface for sous-vide products subject toP70 � 2 min.
Surprisingly, the reverse was true when the sous-vide produc
was constrained to a P90 � 10 min. The same trend was
observed for the in� nite slab geometry with different thermal
resistances (h from 200 to N W m� 2 K� 1).
Ohmic Heating and Microwave Heating

Ohmic Heating
Ohmic heating technology recently has gained interest becaus
the products obtained are of superior quality than those pro-
cessed by conventional technologies. This mainly is due to its
ability to heat materials rapidly and uniformly, leading to a less
aggressive thermal treatment. Ohmic heating is de� ned as
a process whereby electric currents are passed through foods
heat them. Dissipation of the electrical energy in the product-
mass generates heat.

Ohmic heating is a thermal process. As a result, the sam
traditional time –temperature relationships for pasteurization
can be achieved. The critical factors that must be known o
monitored are time, temperature, physical properties, and
composition of the food product (e.g., pH, water activity, and
fat content), and heating characteristics of the components o
the product. Because the main critical process factor is th
thermal history and location of the cold spot in the product,
the effects on microbial inactivation are the same as for therma
processes. Ohmic heating is a rapid, volumetric, and uniform
thermal process, and the most resistant pathogen is likely to be
the same as that for other thermal processes. No organism
with unusual resistance to ohmic heating have been identi� ed.

The applications of ohmic heating include milk pasteuri-
zation (Sun et al., 2006). In this work, the authors studied the
death rates ofStreptococcus thermophilususing conventional and
combination (sublethal ohmic and conventional) treatments.
The bacteria counts and the calculated decimal reduction time
(D-value) of combination treatment indicated that the
combination treatment had a signi� cantly higher lethality than
that of the control treatment under the same temperature
Reference

for 15 min was most effective to ensure
xtend the shelf life of sous-vide salmon.

Gonzalez-Fandos et al. (2005)

e reduced by 0.5- to 1-log and by 3-log in
d to 77� C and 94� C, respectively.

Turner et al. (1996)

ality-based shelf life of the sous vide
uct was approximately 12 days at 3� C
h was signi� cantly longer than that of
al product.

Jang and Sun Lee (2005)

re performed at 80� C or 91� C for 2 min
roduct temperature of 70� C. Lactic acid
udomonasspecies were dominant in the
f spoiled samples, andB. cereus

� 1) was isolated from spoiled samples
ek of storage at 8� C.

Nyati (2000)
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history conditions. Other works have examined the effects of
ohmic heating on the stability of orange juice in comparison to
conventional pasteurization (Leizerson and Shimoni, 2005).
Although both thermal treatments prevented the growth of
microorganisms by inactivating bacteria, yeast, and molds, the
sensory shelf life of ohmic-treated orange juice was> 100 days
and was almost two times longer than that of conventionally
pasteurized juice.

A study on mold ( A. niger) in tomatoes by Yildiza and
Baysalb (2006) probed the electric� eld strengths in the range
of 36–108 V cm� 1 for different treatment times, and they
demonstrated that A. niger inactivation was increased with
increased electric� eld strength and increased temperature.

Agriculture and Agri-Food Canada’s Food Research and
Development Center have studied the use of ohmic heating on
meat product cooking. Experimental trials have not only yiel-
ded excellent results in energy savings, but also have produce
brine-cured meat products that are of excellent visual quality
and that are similar to products made by conventional cooking.
The reference microorganism used wasStreptococcus faeca
(Reichert et al., 1979). The study demonstrated that in
comparison with traditional treatment, the cooking time was
reduced by 90–95%. To achieve the 40 min pasteurization
equivalent, a paste brought to 75� C would have to stay at that
temperature for at least 15 min, whereas the holding time
could be reduced to as little as 5 min at 80� C.

Microwave Heating
Microwave processing is de�ned as the use of electromagnetic
waves of certain frequencies to generate heat in a materia
Because it is an electrothermal process, microbial destructio
by microwaves occurs through heat. The application of
Table 6 Examples of applications in microwave pasteurization

Microorganism Food Comments

E. coli Apple juice E. colipopulatio
720 W powe
these levels,
between con
treatment. T
within the ra

E. coli Apple cider The purpose w
pasteurizatio
process para
input power
(3, 21, and 4
in a 5-log10 re

Salmonella typhimurium Yolk of shell eggs A 22% reduc
irradiation of
achieved by

Yersinia enterocolitica,C. jejuni,
L. monocytogenes

Milk Batches were
time periods
Y. enterocol
after 3 min,

Alicyclobacillus acidoterrestris
spores

Cream of asparagus Microwave p
compared to
process con
90% microw
power for 7
microwave pasteurization has been applied largely applied to
� uid foods, such as the continuous pasteurization processing
of milk and juices, and the pasteurization of solid food
materials, such as intact shell eggs and pickled asparagu
Bacterial pathogens whose inactivation has been demon
strated using microwave technology include the following:B.
cereus, Campylobacter jejuni, C. perfringens, pathogenic E. coli,
Enterococcusspp., L. monocytogenes, S. aureus, and Salmonella
spp. Parasitic pathogens (Trichinella spiralis, Toxoplasma gondi,
and Anisakis simplex) all have been found to survive variou
microwave treatments, but this most likely is due to the
unevenness of the temperature distribution during the
process.

Microwave technology achieves an effect equivalent to
thermal pasteurization. However, the major disadvantage is
the nonuniform temperature distribution, resulting in hot
and cold spots in microwave-heated products (Vadivambal
and Jayas, 2010). Traditional thermal destruction parameters
form the basis for microwave inactivation, and time and
temperature parameters are critical. Accordingly, the criteri
that should be used to design microwave processes includ
the type of food and its characteristics, the properties assoc
ated with the process (power level, cycling, equilibration time,
and the presence of hot water or air surrounding the food),
the properties associated with the equipment (dimensions,
shape, electromagnetic characteristics of the oven, agitation
presence of stirrers and turntables, frequency (2450 o
915 MHz), and age of the magnetron), the effect of packag-
ing material on process delivery, and a reliable means by
which to monitor the temperature to prevent signi� cant
process deviations.

Table 6 shows examples of applications in pasteurization.
Reference

ns were lower in apple juice at 900 and
r levels for 60 and 90 s, respectively. At
no signi� cant differences were found
ventional pasteurization and microwave
he population reductions were generally
nge of 2–4 logs.

Cañumir et al. (2002)

as to design a continuous� ow microwave
n system and to evaluate the following
meters: Volume load size (0.5 and 1.38 l),

(900–2000 W), and inlet temperature
0� C). The pasteurization process resulted
duction of bacteria.

Gentry and Roberts (2005)

tion in microbes was attained for microwave
15 s, whereas a 36% reduction was
moist heat treatment of 15 min.

Shenga et al. (2010)

processed at 71.1� C (160� F) for various
. Complete inactivation (8–9 log10) of
iticawas achieved after 8 min, ofC. jejuni
and ofL. monocytogenesafter 10 min.

Choi et al. (1993a,b)

asteurization achieved a twofold reduction
conventional treatment at the following

ditions: 100% microwave power for 5 min,
ave power for 6 min, and 80% microwave
min.

Giuliani et al. (2010)
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High-Pressure Processing

HPP is the application of hydrostatic compression in the range
of 600–800 MPa with moderate initial chamber temperatures
of 60–90 � C, which is capable of inactivating microorganisms.
An advantage of HPP is the minimal effect it has on covalen
bonds. Thus, minimal damage occurs to � avors, aromas,
provitamins, and vitamins.

HPP has been applied successfully to beef, vegetable crea
and tomato puree (Rovere et al., 1998; Krebbers et al., 2003;
Raso et al., 1998). However, HPP caused product damage to
watermelon, raw apple slices, and bread (NACMCF, 2006).

Because of the wide variety and combinations of HPP
parameters, a process must be de� ned for each type of food. The
design process requires careful control of food composition,
including pH, water activity, composition, and preservatives. The
critical process parameters include the initial temperature
process pressure, the maintenance of pressure time, the time
reach the pressure, the decompression time, the temperature
treatment, and the absence or presence of added CO2.

In general, Gram-negative bacteria are less pressure-resist
than Gram-positive bacteria, and spores are more resistant tha
vegetative cells. There is a wide range of pressure sensitiv
among the pathogenic Gram-negative bacteria. However, som
strains of Salmonellaand E. coliO157:H7 have demonstrated
relatively high levels of pressure resistance (Benito et al., 1999;
Patterson et al., 1995, 1998;Sherry et al., 2004). To examine
the reduction of psychrotrophs and LAB,Yuste et al. (2000)
pressurized sausage at 500 MPa for 5 or 15 min at mild
temperature (65 � C) and later stored it at 2 � C and 8 � C for
18 weeks. The pressurization generated reductions of approx
mately 4 log cfu g� 1. Patterson et al. (1995) studied the effect of
high hydrostatic pressure (up to 400 MPa) on the survival of
E. coli O157:H7 in ultra-high-temperature–treated milk, and
the treatment achieved a reduction of 5 log10. Alpas et al.
(2000) determined the interactions between high hydrostatic
pressure, pressurization temperature, time, and pH during
pressurization of four foodborne pathogens in juices and
organic acid liquids. The pathogens tested wereS. aureus,
L. monocytogenes, E. coli O157:H7, S. enteritidis, and S. typhi-
murium. The results showed that all the strains exceptS. aureus
had a more than 8-log cycle reduction when pressurized a
345 MPa at 50 � C for 5 min.
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See also:Heat Treatment of Foods–Principles of Pasteurization
Heat Treatment of Foods:Action of Microwaves; High-
Pressure Treatment of Foods; Microbiology of Sous-vid
Products.
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Characterization ofTorulopsis Yeasts

The genusTorulopsisis an obsolete classi� cation. The former
genus covered a heterogeneous collection of asporogenou
yeast species of the family Cryptococcaceae. They have dive
properties but have in common that they are imperfect
(asporogenous) yeasts that do not form ascospores or basid
iospores. Their reproduction is by multipolar budding and the
haploid or diploid yeasts do not form ascospores, teliospores,
ballistospores, endospores, or arthrospores. The teleomorph
of most species is unknown. In general, the cells appear a
globular or ovoid, more rarely elongated. Short � mbriae,
about 0.5 g long, may be present. There is no visible
pigmentation. Some strains produce extracellular poly-
saccharides, which do not react positively with iodine.
Inositol is not used as a carbon source. Weak alcoholic
fermentation may occur. Taxonomic studies revealed many
cross-connections to the genusCandida. The former distinc-
tion based on the pseudomycelium formation, which is well
developed in Candidaand absent or rudimentary in Torulopsis.
Most strains of both Candidaand Torulopsiscannot be resolved
into natural taxa. The division into two genera was arbitrary
and arti� cial.

Both genera have been merged intoCandida, Torulopsis
can be treated as synonym ofCandida. Some species are
reclassi� ed into other genera. Candida includes all yeast
species that cannot be classi� ed into other imperfect genera.
Table 1 surveys the taxonomic classi� cation of selected
former Torulopsisyeasts. Genotyping basing primarily on
sequence analysis of the D1/D2 domain of the 26S rRNA
gene strongly promotes reclassi� cation and phylogenetically
relevant renaming. In recent publications, the termTorulopsis
still is used; therefore, the old nomenclature is used here
without reference to Candidaor other genera.
e

r

e
.,
ri
Physiology

The temperature range ofTorulopsisyeasts spans the whole scal
from psychrophilic (upper limit for growth at or below 20 � C),
through mesophilic (temperature optimum of 20 –50 � C), to
thermophilic (temperature optimum at or above 50 � C). For
example, Torulopsis austromarinaand Torulopsis psychrophilaare
both obligate psychrophilics; examples of obligate thermo-
philics are Torulopsis bovinaand Torulopsis pintolopesii. One
mechanism of T. bovina to adapt to high temperature is
a special membrane lipid composition: the lower the temper-
ature, the higher the degree of lipid unsaturation. There is also
a higher percentage (30–40%) of saturated fatty acids, as
compared with mesophilic and psychrophilic yeasts. The latter
contain approximately 90% unsaturated fatty acids, 55% of
which is linolenic acid. There is differentiation with regard to
b-type cytochromes. There are one, two, and threeb-type
cytochromes in thermophilic, mesophilic, and psychrophilic
yeasts, respectively.Torulopsis bovinais characterized by a high
596 Encyclopedia of Food
cardiolipin (25% of the total phospholipid) and cytochrome
oxidase content.

Most Torulopsisspecies are obligatory aerobic. Some ca
multiply under strict anaerobic conditions. The obligatory
psychrophilic T. psychrophilaand T. austromarinaare obligate
aerobes and are unable to grow anaerobically. In contrast, the
obligatory thermophilic yeasts T. bovinaand T. pintolopesiiare
facultative anaerobes. BothT. bovinaand T. pintolopesiido not
display conventional mitochondrial structures and may form
respiration-de� cient mutants spontaneously or drug induced.
In T. pintolopesiiand in its naturally occurring respiratory-
de� cient mutants, cytochrome oxidase, succinate oxidase, an
reduced nicotinamide adenine dinucleotide oxidase were
absent. The spontaneous respiration-de� cient mutants were
similar to cytoplasmic petite mutants of Saccharomyces ce
evisiae. Induction of respiration de� cient mutants, which lack
cytochrome c oxidase, was also reported fromTorulopsis apicol
and Torulopsis bombicola. The mitochondria of drug or X-ray-
induced respiratory-de� cient mutants of Torulopsis glabratadid
not contain mitochondrial DNA, indicating de � cits in DNA
repair.

Some Torulopsisyeasts can grow in environments that
contain high concentrations of dissolved compounds and in
low-water-activity media, and therefore are important in food
spoilage. The water activity (aw) is de� ned as follows:

In aw ¼ � v mf =55:5;

where v equals the number of ions formed by each solute
molecule, m is the molar concentration of the solute, andf is
the molar osmotic coef� cient. The aw value of pure water is
1.00 (aw of foods is < 1.00) and decreases with increasing
solute concentration. Below a value of 0.95 xerotolerant
(osmophilic/osmotolerant) yeasts, such asTorulopsis candida,
Torulopsis lactis-condensi, and Torulopsis halonitratophila, will
grow. Torulopsis halonitratophilaneeds high salt concentrations
to grow at elevated temperatures at which it normally cannot
grow. One way to adapt to low values is by intracellular accu-
mulation of polyols (glycerol, erythritol) on salt medium.
Intracellular polyols reduce the difference of osmotic pressure
across the plasma membrane, keeping the intracellula
enzymes functional. Extracellular accumulation of glycerol is
known from Torulopsis magnoliaegrown on high glucose
medium.

The preferred pH range for growth is at neutral pH and
below. Speci� cally, D-glucose, D-fructose, and D-mannose as
carbon and energy sources support growth ofT. pintolopesiiover
the pH range of 2–8.
Biochemical Potency

In addition to the conventional sugar and polyol carbon
sources, manyTorulopsisyeasts accept unusual substrates lik
hydrocarbons as their sole source of carbon and energy (e.g
T. bombicola, T. apicola,T. glabrata,and Torulopsis gropengiesse).
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00328-1
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Table 1 Taxonomic consideration of some examples of the obsolete genusTorulopsis

Former obsolete taxonomic classiÞcation Recent taxonomic classiÞcation

T. acris Cryptococcus albidus
T. acrisvar.granulosa, T. albidavar.albida, T. albidavar.

japonica, T. dattilavar.armeniaca, T. dattilavar.
armeniensis, T. liquefaciens, T. mucorugosa, T. nadaensis,
T. pseudoaeria, T. ptarmiganii, T. rotundata

Cryptococcus albidus

T. aeria Cryptococcus aerius
T. apicola Candida apicola
T. bacarum Rhodotorula bacarum
T. biourgei, T. corallina, T. aurantia,T. mannitica Rhodotorula mucilaginosavar.mucilaginosa
T. bovina Candia pintolopesii
T. bombicola Candida bombicola
T. buchneri Symbiotaphrina buchneri
T. candida Candida famata
T. caroliniana Candida lactis-condensi
T. colliculosa Candida colliculosa
T. cremoris Kluyveromyces marxianus
T. dattila Candida dattila
T. emobii Candida ernobii
T. glabrata Candida glabrata
T. gropengiesseri Candida gropengiesseri
T. halonitratophila Candida etchellsii
T. holmii Candida holmiivar.holmii
T. inconspicua Candida inconspicua
T. kefyr Candida kefyr
T. kestonii Candida fermentati
T. lactis-condensi Candida lactis-condensi
T. multis-gemmis Candida multigemmis

Torulopsisspecies mentioned in the text not indicated in this table belong to the genusCandida.
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Subterminal oxidation of alkanes at position 2 by the latter
species yields 2-hydroxy fatty acids.Torulopsis candidaoxidizes
the respectiven-alkanes to dicarboxylic acids. The chain length
of alkanes metabolized ranges from C6 to C22 (except C11).
Other industrial paraf� ns, naphthenic acids, and polycyclic
aromatic hydrocarbons are also oxidized. Different types o
cytochrome P-450 are described. Azole resistances ofT. glabrata
are related closely to the microsomal cytochrome P-450
Alcohol and aldehyde dehydrogenases have been characteriz
in T. candida, T. bombicola, and T. apicola. Diterminal oxidation
of alkanes is carried out by T. gropengiesseri; there is non-
growth-associated hydroxylation of oleic acid to 17-L-hydroxy
fatty acid – for example, fatty acids may be converted into tri-
acylglycerol. Torulopsis haemuloniisuccessfully grows on both
fatty acids and animal lard. Cocultured Torulopsis holmiiand
Yarrowia lipolyticagave a yield of 1 g biomass per gram of olein
feedstock.

Some Torulopsisexcrete quantities of surface-active sopho
rose lipids into the medium if they are cultivated on hydro-
phobic substrates like alkanes, plant oils, and fats. In thes
excreted lipids, the sophorose is linked glycosidically to a long-
chain or (u -1)-hydroxy fatty acid that mostly re� ects the
backbone of the hydrophobic carbon source. The free
carboxylic residue may be lactonized with the 400-hydroxyl
group (Figure 1). Similar compounds can be found in media
with high concentrations of glucose. Sophorose lipids have
antimicrobial and antiviral activities. They have different
effects of medical interest like modulation of the immune
response, act as septic shock antagonist, and display virucid
activity against HIV. In a human promyelocytic leukemia cell
line, they induce differentiation into monocytes. Sopho-
rolipids may serve as building blocks in odor synthesis or to
facilitate nanoparticles.

Other products were obtained with some species, namely
ribo � avin from T. candida, D-glycero-D-mannoheptitol from
Torulopsis versatilis, acetoin from Torulopsis colliculosa(up to
500 mg of acetoin per gram of substrate). Cane molasses
glucose, and sucrose are suitable substrates for aceto
production.

Strains of T. candidaand T. glabrataoxidize methanol. Tor-
ulopsis molicshianaassimilates methanol, ethanol, and polyols.

Torulopsisyeasts have a weak fermentative capacity, sam
species prefer fermentative metabolism under aerobic condi
tion. In the stomach of neonates of the horse, dog, goat, sheep
and newborn human babies, ethanolic fermentation of glucose
is carried out by T. glabrata. Extracellular enzymes, such a
lipases, pectinases, and cellobiose oxidase, have been report
from some species.
Habitats

Torulopsisyeasts have been isolated from a wide variety o
environments. Torulopsis austromarinawas isolated from the
Antarctic ocean.Torulopsisyeasts have been detected in Gua
deloupe coastal waters. Industrial habitats are lubricants and
fuels.Torulopsisspp. are present in a Russian water deposit with
a low mineral content. Torulopsis sorbophilahas been isolated
from a guanosine monophosphate–manufacturing plant.
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Figure 1 Sophorose lipids fromTorulopsis bombicola(acidic form)
(a) and lactonic sophorose lipids fromTorulopsis apicola(b). Reprinted
from Hommel, R., Ratledge, C., 1993. Biosynthetic mechanisms to lo
molecular weight surfactants and their precursor molecules. In: Kosa
N. (Ed.), Biosurfactants: Productiond Propertiesd Applications. Marcel
Dekker, New York, pp. 3–63 with permission of Marcel Dekker Inc.
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Strains of T. glabratawith enhanced resistance to antibiotics
have been found on bath surfaces, in sauna rooms, and in the
water of swimming pools. This yeast also was present in the
faces and in the chlorinated water from bottle-nosed dolphins
and in shell� sh.

Torulopsis psychrophilahas been found in the ataractic soil.
Strains ofTorulopsis azymaand others have been recovered from
soil and rupicolous lichen in South Africa. Torulopsis aeriais
present in the rhizosphere. Isolates from Amazonian soil
samples contain 63%Torulopsisspecies, includingT. glabrata.

Torulopsisstrains have also been isolated from the air.Tor-
ulopsisyeasts have been found on plants,� owers, and fruits;
Torulopsis bacarumand Torulopsis multis-gemmiswere isolated
from wild berries, T. candidafrom apples, and others from
forest substrates.

Various Torulopsisare intracellular symbionts of insects.
Nonpathogenic microorganisms are found in specialized
mycetocyte cells of many insects.Torulopsisyeasts are reported in
Cerambycidae and Anobiidae (Coleoptera) and a few plant
hoppers. Mycetocyte symbionts provide B vitamins and essen
tial amino acids. In bees, fungi and yeasts are found in� oral
nectar, in honey bee stomachs, in honey and pollen, and in dead
or moribund adults. Torulopsis apicola, � rst isolated from the
intestinal tracts of bees in Yugoslavia, is common in bees in
northern California. In other parts of California, predominant
species includeT. magnoliaeandT. glabrata; in Arizona, T. apicola,
T. magnoliae, and Torulopsis stella. Adult bees acquire intestinal
micro� ora by food exchange and the consumption of pollen.
Torulopsisspp. mainly are involved in the conversion, enhance-
ment, and preservation of pollen stored as bee bread.Torulopsis
bombicolais present in bumble bees or their honey in France and
Canada.

Torulopsis insectorum, Torulopsis dendrica, Torulopsis nemode
dra and Torulopsis silvaticaare associated with South African
ambrosia beetles andT. dendrica,T. insectalens, and T. torresii
with other beetles.Torulopsis nitratophilais present in lacewing
insect adults. Torulopsis buchnerii, a symbiont from Sitodrepa
panicea, obtains some nitrogenous compounds and carbohy-
drates, such as proline and trehalose, from the host’s hemo-
lymph and delivers essential amino acids and vitamins, excep
biotin, to the host.

In reptiles, Torulopsisyeasts that were not causing organ
mycosis were most often isolated from the gastrointestinal tract
oral cavity, and the cloaca. The number of yeast-carrying bodie
was greatly increased in dead animals.Torulopsis candidaand
T. glabrataare present in the feces of pigeons, considered to b
an important vector of pathogens to humans and domestic
animals. Candida albicansand T. pintolopesiihave been isolated
from the upper digestive tract of poultry from clinical thrush
cases in Taiwan.Torulopsis pintolopesiiis indigenous to the
gastrointestinal tracts of mice and rats. It forms layers on the
surface of the epithelium. This yeast is an opportunistic path-
ogen in guinea pigs: Alterations of living circumstances may
cause illness. In livers, spleens, and lungs of bats from th
Amazon basin, identical fungal colonization or mixed coloni-
zations in a single organ were partly constituent withT. glabrata.
Torulopsisspp. were present in the organs of other free-living
small mammals and in the cervix of mares. Different strains
are known to cause bovine abortion. Cytopathic effects on rena
tissue cultures of primates are exhibited byT. apicola.

w
ric,
Human Pathogens

Mild, severe, chronic, and systemic fungemia may be caused b
C. albicansand T. glabrata, the most prevalent yeasts in humans,
and some otherCandida. Torulopsis glabrata, present on normal
healthy skin, respiratory system, genitourinary system, and
gastrointestinal system, is usually nonpathogenic, living
saprophytically with the normal � ora and is of low virulence.
Only in weakened or those with diabetes mellitus or immu-
nocompromised people this opportunistic pathogen can have
an effect only when the balance between the host and its� ora is
disturbed. It can become locally invasive and potentially
disseminate. Risk factors are high age, pregnancy, a suppress
immune system, leukemia, large interventions (operations,
intravascular catheter), treatment with high doses of antibiotics
and steroids, and chemotherapy.

Torulopsis glabratamay be involved in candidiases of the
respiratory system, the urogenital system, the central nervou
system, the eyes, bones, and the mouth. Strains have bee
isolated from premature infants, suggesting transplacenta
passage.Torulopsis glabratais the most common yeast species
isolated from vaginal yeasts infections. It causes pancreat
infections, recurrent oral candidiasis, and may be associate
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with cancer. It is involved in hematological malignancies,
fungal diarrhea, and fungemia in children. Emphysematous
gastritis (T. glabrata, Candida krusei, and C. albicans) is a rare but
lethal clinical entity. Torulopsis candidawas characterized as
a member of a fungal consortium causing mycosis of the heart
Torulopsis haemuloniiinvolved in fungemia displays a strong
resistance to different azole derivatives and Amphotericin B
successfully applied in defending candidiasis.Torulopsis neo
formans, living on soil contaminated with bird droppings, can
cause a diffuse pulmonary infection. If inhaled, it may lead to
meningitis and localized abscesses.

Strains of T. glabratadiffer in many respects from the so-
called albicans group (the � lamentous C. albicans, Candida
parapsilosis, Candida tropicalis, and others). Both as a commensa
and as a pathogen,Candida glabratais not dimorphic (blasto-
conidia): It is the only Candida species that does not form
pseudohyphae above 37� C. Adherence to epithelial host tissue
is an extremely important virulence factor in transition from
colonization to invasive candidiasis.Candida glabratagenome
encodes at least 23 proteins of the epithelial adhesin (Epa
family-mediating adherence to host cell far more than in
C. albicans.

Fungemias and blood stream infections (BSIs) due to
C. glabratahave increased as a result of its intrinsic and acquire
(increasing use of antifungal agents) resistance to azole deriv
atives and amphotericin B commonly used. More that 33% of
BSI of theCandidatype are caused byT. glabratain people more
than 60 years of age. This fungemia appears to be multifacto
rial, its prevalence is potentially related to disparate factors
including geographic once.

The ability of T. glabratato carry out ethanolic fermentation
of glucose in the stomach of newborn human babies and in
infant food is considered in connection with sudden infant
death syndrome.
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Regulation and Methods of Detection

General regulations and recommendations concerningTor-
ulopsisyeasts have not been established. Methods for the
detection and differentiation are based on standard assa
procedures of carbohydrate assimilation and fermentation
(biochemical and physiological characteristics), morphological
considerations, and estimates of reproduction characteristics.
general marker for detection and identi� cation is not available
except for the nonformation of pseudomycelium. The� rst steps
of such a procedure include enumeration. Techniques used ar
the direct enumeration by cell counting on Petri plates,
enumeration in liquid media, and membrane � ltering (for
soluble sources).

The most common nonselective media for yeast separation
containing glucose may be used to detectTorulopsisyeasts: Malt
extract medium, tryptone glucose yeast extract medium
oxytetracycline glucose yeast extract medium, Sabourau
medium, and potato-dextrose medium (Table 2). Both acidi-
� cation (pH 3.5) and additions of antibiotics increase the
selectivity. Hydrochloric acid or phosphoric acid is preferred
for acidifying instead of organic acids for general isolation
purposes due to being only slightly dissociated at pH 3.5–4.5
and undissociated acids may have inhibitory effects on mos
yeasts. Beer wort or grape must are used in brewing as liqui
media. Media-containing dyes, such as Schiff’s reagent may be
useful in detecting speci�c yeast spoilers through individual
coloration.

Recommendations for microbial food analysis are focused
on general procedures for typing bacteria, yeasts, and molds b
using agar media. Incubation conditions, including those for
xerotolerant and xerophilic strains, are given inTable 2.

The medically important T. glabratacan be detected by
semiautomated or automated yeast identi� cation systems.
Serological, chemical methods, and gene-based systems (lik
PCR) increasingly are used for initial typing of clinical relevant
samples. Different agar methods have been developed, lik
CHROMagarCandida(designed forC. albicans), comparison of
blood agar, and eosin methylene blue agar, pigmentation of
colonies obtained by reduction of triphenyltetrazolium chlo-
ride added to Sabouraud medium, all aiming to differentiate
T. glabratafrom other associated yeasts of the genusCandida.
CHROMagar Candida is also useful in initial differentiation
and enumeration of some foodborne species because of thei
speci�c color development and colony structure.

Species and strain identi� cation are highly complex as
demonstrated in the routine of CBS-KNAW Fungal Biodiversity
Center. Identi� cation based on morphological, physiological,
and chemotaxonomic characteristics and� nally sequence
analysis of the D1/D2 domain of the 26S rDNA. DNA
sequencing has become a major classi� cation tool and
commonly is used.
Importance to the Food Industry

Because of their enzymatic capabilities and their ability to grow
and survive in extreme environments, different species ofTor-
ulopsisare involved in food processing as acting agents or a
spoiling microorganisms.
Food Processes

Natural fermentations result in enrichment of many carbohy-
drates with proteins and vitamins and in improvement of taste.
Fermentation, initiated by spontaneous contamination
(autochthon population) or by starter cultures, results in soy
being partly hydrolyzed and therefore more digestible.Tor-
ulopsisspp. are involved in the production of miso, which is
used as seasoning or as base for soups in Japan. The r
materials are soy and rice or barley. Starter cultures used toda
include mixtures of xerophilic yeasts (Torulopsisstrains) and
bacteria (lactic acid bacteria). The type of miso largely depend
on the proportions of the ingredients (koji, salt, cooked soy
beans) and also on the type of inoculum. Torulopsisalso
contribute to the formation of shoyo, a soy sauce, and partic-
ipate in the fermentation and aging of other soy sauces.

Ke� r, a Caucasian fermented milk beverage, is produce
from mare’s milk. In addition to some bacteria and Lactobacillus
ke�r, the yeasts involved in its production include Torulopsis
kefyr, additional Torulopsisspp., and Saccharomyces fragilis. The
low fermentative capacity of these microorganisms results in
low alcohol contents in the range 0.01–3%, usually 0.81.5%.
Properly made ke� r contains yeasts (105–106 cfu ml� 1) like



Table 2 Examples of media for yeast enumeration

Media Carbon source Incubation temperature (� C)
Incubation time
(days) pH Remarks/modiÞcations to enhance electivity

Isolation and puri� cation
Yeast-maltose broth or agar (YM)
Glucose-peptone-yeast extract broth

or agar (GPY)

Glucose 10 g l� 1

Glucose 40 g l� 1
20–25 (Mesophilic)
4–15 (Psychrophilic)
30–37 (Thermophilic)

2–5
> 5
2

6 Both also for maintenance
Addition of hydrochloric or phosphoric acid after

sterilization (45� C) for acidi� cation
Habitat-speci� c variations

Maintenance and characterization
Potato-dextrose agar Glucose 20 g l� 1 20–25 5 6–6.3 Acidi� ed with tartaric acid, citric acid, hydrochloric

acid, lactic acid, or phosphoric acid to pH 3.5–4
Malt extract agar Malt extract 20 g l� 1 5–6 As above or mixing with acetic to pH 3.2
Tryptone glucose yeast extract agar Glucose 100 g l� 1 6 Addition of antibiotics (chloramphenicol,

oxytetracycline 100 mg l� 1) is recommended;
acidi� cation to pH 3.5– acidi� ed TGY agar

Rice agar Rice starch Study of morphology
Sabouraud agar Glucose 20 g l� 1 23–30 5 6–6.3 Addition of chloramphenicol (0.5 mg ml� 1) or

gentamycin (0.04 mg ml� 1) or acidi� cation
recommended

Dichloran rose bengal
chloramphenicol agar

Glucose 10 g l� 1 5.6 Chloramphenicol (� nal conc. 100 mg l� 1); for
enumeration in presence of molds

Xerotolerant/xerophilic yeasts
Glucose-peptone-yeast extract agar Glucose 300–500 g l� 1 4.5 Acidi� cating enhanced selectivity; osmotolerant

yeasts successive decreasing sugar (300/100/40/
20 g l� 1)

Incubation an rotary shaker to reduce growth of
molds

Dichloran 18% glycerol medium Glucose 10 mg l� 1, glycerol 220 ml l� 1 5.6 Chloramphenicol 100 mg l� 1, � nalaw ¼ 0.955;
intermediateaw-foodsaw ¼ 0.88; NaCl 100 g l� 1;
growth at reducedaw in presence of NaCl

Malt extract- yeast extract- salt-
glucose agar

Glucose 120 g l� 1 aw ¼ 0.88; NaCl 100 g l� 1

Whalley’s medium Glucose 40 g l� 1, sucrose 800 g l� 1 5–10/14–28 aw ¼ 0.91
Whalley’s medium modi� ed

by Leveau and Bouix
Glucose 20 g, sucrose 20 g, fructose 400 g,

glycerol 95 in 405 ml water
5–10/14–28 aw ¼ 0.86 (more selective vs. xerophilic yeasts)
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T. kefyr, lactobacilli, lactic acid streptococci, and acetic acid
bacteria. In koumiss, an alcoholic mare milk–based beverage
Torulopsisbelong to the primary fermenting microorganisms.

Sake production is a multistage process in which various
microorganisms and consortia of microorganisms are involved.
One central step is the making of moto, which corresponds to
pitching yeast in beer brewing. One of three typical methods
applied is Yamahai-moto. Steamed rice and rice koji are used
Starting at neutral pH values, nitrate-reducing bacteria and
lactic acid bacteria are dominant. Due to the high concentra-
tion of sugars and acidi� cation, the bacterial count decreases
The proportions of wild yeasts change in parallel. Initially,
predominant � lm-forming yeasts, for example, Hansenula
anomala, are replaced by non-� lm-forming yeasts, including
Torulopsis, Candida, Pichia, and Debaryomyces. These microor-
ganisms are derived from rice koji. Moto consists of yeast cell
of high purity and their fermentative capacity may be retained
over a long period of time. The subsequent fermentation
process (moromi) proceeds slowly at constant activity.

Torulopsis(Candida) are involved in the fermentation of Lao-
chao, a Chinese alcoholic rice beverage, in fermentation o
Malaysian tapai. Fermentation of seeds of� nger millet to
produce kodo ko jaanr (Himalayan region) needs amylolytic
activities of C. glabrata. Torulopsisparticipate in rice wine
fermentation.

Spontaneous aerobic fermentation of black olives is
a typical yeast process. Appropriate sugar content, bitter factor
polyphenols, pH, salt concentration, and temperature favor
a slow and mild fermentation. Under these conditions, bacte-
rial spoilage is largely prevented. The fermentation is carrie
out by a group of wild yeasts, including species ofTorulopsis.
The most representative yeast isT. candida, accounting in some
cases for more than 20% of the yeast population. Sal
concentrations below 7% also enable lactic acid–producing
cocci and lactobacilli to settle. Aerobic fermentation has some
advantages over anaerobic fermentation in whichT. candidais
also involved. Bene�ts are a lower incidence of gas-pocke
spoilage, reduction of shriveling in fruits, more homogenous
brines and faster fermentation, and improvement of color,
� avor, and texture.

Ripening of the cocoa fruit is accompanied by a successio
of yeasts starting with the� ower-like T. candida, Torulopsis cas
telli, and T. holmii. Torulopsis candidabelongs to those yeasts tha
are present from� ower to ripe fruit. Large quantities of this
yeast are found in naturally fermenting cocoa.Torulopsisyeasts
are also involved in the fermentation of ginger.

Main processes during the fermentation of the Indian food
idli are leavening and acidi� cation. Besides mostly lactic acid
bacteria,T. holmii and T. candida, are involved in this process.
To shorten the fermentation time, soured buttermilk or yeast
starters are added to the dough. That additionally alters the
pro� le of the microbial consortium. By this process, the
nutritional value (increase of vitamin content) and sensory
qualities are improved signi� cantly.

Yeasts occur very regularly in sourdough starter cultures o
in sourdough. Torulopsis holmiisometimes may be a minor
component of sourdough starter cultures, dominated by lac-
tobacilli. The yeast content in mixed fermentations is reduced
strongly with the increase of acetic acid concentration. In San
Francisco, sourdoughT. holmii is the dominant yeast. The ratio
of T. holmii to lactobacilli is about 1:100. The two have estab-
lished a unique symbiosis. The yeast cannot metabolize
maltose released from starch by amylases, whereas lactobac
have an absolute requirement for this sugar. All other sugar
present in dough are metabolized by the yeast together with
glucose released by lactobacilli.Torulopsis holmiiis resistant to
cycloheximide secreted by lactobacilli and moderately tolerant
to acetic acid. Dead yeast cells serve as the source of seve
amino acids and fatty acids for the lactobacilli.

Torulopsis holmiiis also present in rye � our and may
contribute together with mainly lactobacilli, other Candida
yeasts andS. cerevisiae, to establish a good sourdough culture
from rye.

‘Trosh,’ a starter for Sangak bread fermentation, is
composed mainly of Torulopsis colliculosaand T. candida, which
differ in their spectrum of carbohydrate assimilation.Torulopsis
cremorisis a good utilizer of whey in feed-batch cultivation or in
mixed-culture fermentation with Candida utilis. Torulopsis etha
nolitoleransis used as industrial sul� te fodder yeast; it accepts
ethanol as sole source of carbon.

Traditional preservation techniques (i.e., lowaw, low pH
value, low temperature, and the presence of antibacterial agents
are conducive to yeast growth. Common preservatives, such a
benzoate and sorbate, can be utilized by differentTorulopsis, thus
removing their protective effect. Otherwise, growth ofT. glabrata
is inhibited in the presence of fat emulsions.

Wild strains of Torulopsisact both as agents and spoilers in
winemaking. A large number of‘spoilage’ yeasts is identi� ed in
the total micro� ora of wines and wineries. Grape skins nor-
mally are covered with bacteria, molds, and yeast.Torulopsis
stellata, which tolerates 35� C and ferments fructose faster than
glucose, is present particularly on overripe grapes invaded b
Botrytis cinerea. Torulopsis stellatais known from more than 70%
of the best French vineyards and occurs frequently in Italy
Torulopsis dattilaand Torulopsis kruisiiare found on wild grapes
and T. gropengiesserion grapes and in wines. These populations
reach the highest density at the time of maturity of the grapes
Wild yeasts, such asPichia, Kloeckera, andTorulopsis, often are
more numerous than Saccharomycesand contribute to � avor in
the early stages of fermentation. The yeasts appear durin
spontaneous fermentation and disappears with increasing
ethanol content (<10%). For selected wines, mixed inocula or
de� nite non-Saccharomycesyeasts are used.Kloeckeraor Tor-
ulopsisare involved in the production of Bordeaux wine.
Food Spoilage

Torulopsisyeasts do not belong to the virulent wine spoilers, like
Zygosaccharomyces bailiiand S. cerevisiaeof which only one vital
cell per bottle is suf� cient for spoilage to occur. Torulopsis
candidais a known wine spoiler.

Torulopsisas typical food spoilers have also occupied other
niches. WhereasCandidaprefer to spoil high-acid foods, salt
food, and butter, Torulopsisare associated with milk products,
fruit juices, and acid foods.

The xerophilic T. lactis-condensiand T. versatilisare found in
concentrated juices.Torulopsis candidahas been isolated from
fruits and juices and even from concentrates of orange, apricot
peach, and pear. The yeast� ora of the fruit and of the product is
always similar. Counts in juices document the hygiene
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maintained in the processing unit. Heat-tolerant T. magnoliae
and T. stellatahave been found in orange concentrates and
drinks. Torulopsis glabrata, T. versatilis, and T. haemulonii, all able
to grow in 60% (w/w) glucose, have been reported from fruit
juices and soft drinks. Many contaminations of soft drinks are
due to Torulopsis. Even colas and lemonades are subject t
growth of T. glabrataand T. stellata. The latter also grows in
carbonated soft drinks.

Torulopsis lactis-condensiwas isolated from sweetened
condensed milk in China. Its low ability to ferment glucose and
sucrose (and raf� nose) resulted in gas formation. Torulopsis
apicola, which spoiled and grew on re� ned crystalline sugar,
was found in syrups and intermediary re� nery samples together
with T. lactis-condensi. Torulopsis candidawas detected in raw
cane sugar, and in syrups together withTorulopsis globosaand
Torulopsis kestonii. Chocolate syrup may be a habitat forTor-
ulopsis etchellsiiand T. versatilis. XerotolerantTorulopsisyeasts are
present in � oral nectars, which are infected by bees and othe
nectarophilus insects. This is an important source of spoilage
for facilities processing sugar syrups, honeys, and so on
Beehives and mummi� ed fruits are the most important niches
for hibernation.

Torulopsis kefyrhas been reported from koumiss leaven;
Candidaand Torulopsishave been described in brined fruits. The
spoilage by cider yeasts re� ects autochthon population in
the ground: T. aeria, T. candida, and T. nitratophilacome from
the soil, the tree, the apple� owers, and the fruits. The handling
of fruits is an additional source of spoilage.

Torulopsis, like T. colliculosa, generally are known spoilers of
beer, causing un� nable hazes.Torulopsis spandovensishas been
isolated from different samples of German Pilsner beer. One o
the most predominant infectors is Torulopsis inconspicuain the
United Kingdom. About 49% of yeasts isolated from the air of
a Belgium brewery were ofTorulopsisorigin.

The human-associatedT. glabratahas been found in the
bivalve shell� sh. Plant oils or fat emulsions diminish its heat
resistance and reduce its growth rate. Maintaining a high leve
of hygiene of any food is important to prevent oral applications
of this yeast. Torulopsis glabratacauses ethanol production in
infant food and cola drinks. This has been considered in
connection with auto-brewery syndrome. The ability to oxidize
lactic acid and acetic acid increases the potential for putrefac
tive changes in food and feed. Under aerobic conditions,Tor-
ulopsisyeasts may lower the acid concentration by assimilation
and the rise in pH can allow other bacteria to spoil the fer-
mented foods.

See also:Biochemical and Modern Identi�cation Techniques:
Introduction;Biochemical Identi�cation Techniques for
Foodborne Fungi:Food Spoilage Flora;Bread:Sourdough
Bread;Candida; Yarrowia lipolytica(Candida Lipolytica); Ecology
of Bacteria and Fungi:In� uence of Available Water;Ecology of
Bacteria and Fungi in Foods:In� uence of Temperature;
Fermented Foods:Origins and Applications; Fermented
Vegetable products;Fermented Foods:Fermentations of East
and Southeast Asia;Single-Cell Protein:Yeasts and Bacteria;
Spoilage Problems:Problems Caused by Fungi;Wines:
Microbiology of Winemaking;Yeasts:Production and
Commercial Uses.
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Microscopy is one of the oldest ways to analyze foods for
microbiological quality. It may be used as a direct technique,
that is, allowing the microorganisms to be directly observed
and analyzed as they exist in the food. When used in this way
the microscope can be a tool for rapidly obtaining counts of
microbial cells in foods.

Microscopy has both advantages and disadvantages
comparison with other widely used quantitative methods that
rely on microbiological culture. The microscope is an optical
instrument, and with the capability to ‘just look at’ the
microbial populations in food through the power of magni � -
cation, it is dif � cult to match for its speed of analysis. The food
matrix often interferes with the ability to discern the microbial
cells, however; so the speed is diminished by the need fo
sample clean-up procedures to remove food particles
Furthermore, the sample size that can be analyzed micro
scopically is very small; thus, the sensitivity of microscopy is
usually much less than that of other quantitative methods.
Nevertheless, microscopy can be combined with various
sample preparation and concentration steps to remove inter
fering substances and improve sensitivity. Like other methods
the microscope has limitations with respect to speci� city of the
method. Depending on the degree of speci� city needed, anal-
ysis of subpopulations of microorganisms may be obtained
using the microscope. Speci� c populations may be assessed
though discrimination of gross morphologies of cells or by
using speci�c staining reagents, including highly speci� c
molecular probes.

For obtaining microbial counts in a food, the microscope is
used in conjunction with certain accessories that facilitate
counting of the microbial cells and calculation of their
concentrations in the sample. These accessories include vario
types of etched slides, counting chambers, membrane� lters, in
addition to reagents for staining or differentiation of the
microbial populations. Digital imaging technology and image
analysis software may be used to reduce the labor involved in
manual counting of cells.
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The Direct Microscopic Clump Count

A commonly used technique for enumerating microbial pop-
ulations in foods is the direct microscopic clump count
(DMCC). In this method, a known volume (usually 0.01 ml)
of liquid is placed on an etched or printed microscope slide.
The liquid is dried to form a � lm, then heat-� xed and defatted
if necessary (in the case of whole milk). The� lm then is stained.
A variety of stains can be used, but methylene blue, crysta
violet, and the Gram stain reaction commonly are used. Tota
microbial counts in a sample can be determined by micro-
scopic examination. In using this method, the morphological
characteristics such as rod or cocci can also be determined. T
some extent, these morphological features may help to deter
mine sources of quality problems.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
The DMCC has been applied to the examination of� uid
raw milk and cream samples. By monitoring the quality of
incoming raw milk in a dairy or cheese-processing plant, the
DMCC can help to determine microbial contamination. This
method is not exclusive in determining microbial numbers in
milk; bovine somatic cells can also be determined. If high
numbers of somatic cells are found, it could be an indication of
udder problems or mastitis associated with the cows. When
using the DMCC method to examine pasteurized milk or
powdered milk products, care should be taken in interpreting
the results as there should be low counts of bacterial cells in
these products. This method, however, can yield information
on the past quality history of the product.

DMCC can also be used to examine liquid, frozen, and
rehydrated eggs.

The DMCC method is rapid (individual samples can be
analyzed in 10–15 min), and a number of dried � lms may be
made at one time, stained, and read later. This method require
minimum equipment. Because a variety of stains can be used
different morphological and Gram types can be identi� ed. The
results obtained with the DMCC method are only estimates of
the microbial levels of a food.

The DMCC method requires high bacterial populations.
Only a small volume of sample is examined, and this reduces
the precision of the method, and there may be inaccuracy in
measuring 0.01 ml aliquots. Debris and food particles may
make it dif � cult to see the microorganisms, and a suf� cient
number of � elds must be counted for the method to be accu-
rate. Analyst fatigue is common if many samples are examined
and this could be a source of error or decreased precision
Another disadvantage is that viable and nonviable cells canno
be differentiated. In addition, sampling errors can come from
an unrepresentative sample, failure to release microorganism
from solid foods during the blending process, or irregular
distribution of microorganisms in the � lm because of uneven
spreading or not drying the � lm in a level position. Slide
preparation, staining, counting (from improper illumination
and focusing or counting too few � elds), and calculations also
can lead to errors.

A basic compound light microscope can be used for the
DMCC method. It should be equipped with a 1.8 mm oil
immersion objective, substage, condenser, numerical apertur
of 1.25 or higher, iris diaphragm, mechanical stage, and
oculars. The procedures for preparation and analysis of milk
and egg samples by microscopy have been used for decades a
are standardized, as described in the following sections.
DMCC for Milk Samples

To disperse somatic cells in� lms ef� ciently, the samples to be
tested for direct microscopic observation should be warmed to
40 � C immediately before being transferred to slides. Sample
to be used for direct microscopic observation of bacteria should
not be warmed.
78-0-12-384730-0.00329-3 603
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604 Total Counts: Microscopy
1. Shake the test sample vigorously 25 times.
2. Let the sample sit (but not longer than 3 min) to minimize

the amount of foam.
3. Identify and label each sample.
4. Work carefully and rapidly to avoid bacterial growth while

preparing the � lms.
5. Dip the tip of a Breed pipette 1 cm below the surface of the

well-mixed sample. A calibrated metal syringe, micro-
syringe, or platinum loop can be used to transfer the 0.01 ml
sample. Before use, each instrument must be calibrated
Calibration is based on weight measurements. To calibrate
the instrument, withdraw a test sample and wipe the outside
of the tip. Weight the instrument with sample with an
analytical balance. Record the weight. Discharge the samp
and weigh the instrument without sample. A minimum of
10 trials should be averaged. The difference in weight
between the instrument with sample and instrument
without sample should average 0.0103� 0.0005 g.

6. Rinse the pipette by drawing in and expelling aliquots of
the sample into a waste container.

7. Fill the pipette to above the calibration mark.
8. With clean tissue paper, remove excess sample residue fro

the outside of the pipette. Touch the tip of the pipette to the
tissue. This will draw the volume to the calibration line by
capillary action.

9. Distribute the 0.01 ml mixed sample over the entire 1 cm2

area of the slide using a� amed inoculating needle, not
a loop. The slides should be cleaned with hot detergen
solution or commercial alkaline or acid cleaners and rinsed
with distilled water before use. Each slide should have one
or more clear, etched or painted circles, 1 cm2 in area
(11.28 mm diameter).

10. Allow the � lm to dry thoroughly in a level position at
40–45 � C for 5 min. The samples should be heated slowly
to prevent cracking and peeling of the dried� lm. The
drying surface should be clean and dust-free. The hea
source can be a surface over an electric bulb, a substa
microscopic lamp, or a commercial drying box.

11. While your slide is drying, determine the microscopic
factor of the microscope you are using (seeMicroscopic
Factor Determination ).

DMCC for Liquid and Frozen Eggs

The procedures for preparation and analysis of liquid and
frozen eggs are as follows:

1. For liquid and frozen eggs, place 0.01 ml undiluted egg
material on a clean, dry microscopic slide.

2. Spread over a 2 cm2 etched or painted area (a circular area
with diameter of 1.6 cm is suggested). A drop of distilled
water to the � lm aids in uniform spreading.

3. Let the � lm preparation dry on a level surface at 35–40 � C
for 5 min.

4. Immerse in xylene for at least 1 min.
5. Immerse in alcohol for at least 1 min.
6. Stain for at least 45 s in North’s aniline oil methylene blue

stain (10–20 min is preferred; exposure to up to 2 h does
not overstain).

7. Wash slide by repeated immersions in distilled water and
dry thoroughly before examination.
8. Express� nal result as number of bacteria per gram of egg
material (seeRecording DMCC Results).
DMCC for Dried Eggs

The procedures for preparation and analysis of dried eggs ar
as follows:

1. Place 0.01 ml of a 1:10 or 1:100 dilution of dried egg
material on a clean dry microscopic slide. For samples tha
are relatively insoluble, 0.1 N LiOH may be used as a diluent.

2. The addition of a drop of water to the � lm aids in uniform
spreading.

3. Spread over the 2 cm2 etched or painted area.
4. Follow steps 3–9 of the method for liquid and frozen eggs

(see earlier section). Because the dried egg sample was dil
ted, multiply each count by 10 or 100 depending on whether
� lm was prepared from a 1:10 or 1:100 dilution, respectively.
Fieldwide Single-Strip Method

The� eldwide single-strip method uses a single strip that covers
the width of the microscopic � eld and across the diameter
of the milk � lm. To make a single-strip count, focus on the edge
of the � lm under oil immersion, cover the entire diameter of
the milk � lm, and count cells within the strip and those cells
touching one edge of the strip. Do not count bacteria or
somatic cells that touch the other edge. During scanning of the
strip, continually make � ne focusing adjustments.
Single-Strip Factor Calculation

1. Calculate the area of a single strip (mm2) by multiplying the
length of a strip (diameter of a 1 cm2 circle) by the diameter
of a microscopic � eld. The diameter can be determined by
using a stage micrometer (0.01 mm divisions).

2. Determine the number of single strips in the area of the milk
� lm (0.1 of milk) by dividing 100 mm 2 (the area of the 0.01
milk � lm) by the area of a single strip (calculated in step 1).

3. Convert the number of single strips on a 0.01 ml sample in
terms of a 1 ml sample by multiplying the single number
strips (0.01 ml) by 100. This value is the single-strip factor.

4. To calculate the number of cells per milliliter, multiply the
single-strip factor by the number of cells (somatic or
bacterial clump) in a single strip. This� nal value should be
rounded to two signi� cant � gures.
DMCC Staining Procedures

The procedures for staining are as follows:

1. For products with fat, such as whole milk, cover the slide of
the � xed, dried� lm with xylene for 1 min; otherwise, go to
step 3.

2. Remove the solvent (xylene) and allow to drain dry.
3. Cover with 95% ethanol for 1 min. This will � x the sample

to the slide.
4. Remove ethanol and allow to drain dry.
5. Cover with the appropriate stain for 1–2 min. Use the

modi � ed Levowitz–Weber for cow’s milk and North ’s
aniline oil methylene blue for eggs.
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Table 1 Examination of microscopic� elds

Range of microscopic counts

Number of Þelds to be examined
if the Þeld diameter measures:

0.206 mm 0.146 mm

Under 30 000 60 120
30 000–300 000 30 60
300 000–3 000 000 20 30
Over 3 000 000 10 20
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6. Pour off excess stain and rinse with distilled water.
7. Allow to air-dry thoroughly. The slide may be placed in the

45 � C incubator or slide dryer to expedite drying.
8. Examine the stained� lm using the microscope. If the � lm

is overstained, decolorize with a small amount of ethanol.
9. Count the number of organisms using the oil immersion

objective. Select� elds for counting in such a manner that
they are representative and provide a general cross secti
of the entire � lm. Refer toTable 1 to determine the number
of � elds to be counted.

10. Calculate the direct microscopic count per milliliter. This is
accomplished by multiplying the average count per� eld by
the microscopic factor by the reciprocal of the dilution
factor. Counts should be rounded to two signi� cant� gures.
e

y
r
te
it
DMCC Staining Reagents

When preparing staining reagents, avoid using those that hav
suspended matter. After stain preparation, store the stain to
minimize evaporation of solvents or precipitation of solvents.

Modi� ed Levowitz–Weber stain (tetrachlorethane)
Methylene blue chloride (certi�ed)
 0.6 g
Ethyl alcohol (95%)
 52 ml
Tetrachlorethane
 44 ml
Glacial acetic acid
 4 ml
Add 0.6 g certi� ed methylene blue chloride to 52 ml of 95%
ethyl alcohol and 44 ml tetrachlorethane in a 200 ml � ask.
Swirl to dissolve. Let the solution stand for 12–24 h at
4.4–7 � C. Add 4 ml of glacial acetic acid and� lter through � ne
� lter paper (Whatman no. 42 or equivalent). Store prepared
stains in a clean, tightly closed bottle with a cover that is not
affected by stain reagents.

Modi� ed Levowitz–Weber stain (xylene)

Xylene is less toxic compared to tetrachlorethane
Figure 1 Levowitz–Weber methylene blue stain of a whole, raw milk
Methylene blue chloride (certi�ed)
 0.5 g

sample. (Light microscopy, 100� oil immersion.) The cocci (round) cells
could be representative ofMicrococcus, Staphylococcus, or Streptococcus.
Ethanol (95%)
 56.0 ml
These organisms commonly are found in raw milk. High numbers are
Xylene
 40.0 ml

indicative of mastitis. The rod (long) cells could be representative of the
spore-forming bacteria,Bacillusor Clostridium. These organisms can enter
Glacial acetic acid
 4.0 ml
raw milk from unclean udders or teats or from the environment. The rod
(short) cells could be representative of coliforms. These organisms can
enter the raw milk from the manure, soil, feed, or water. The large, clear
areas represent fat globules found in the raw milk.
Add 0.5 g methylene blue chloride to 56.0 ml of 95%
ethanol and 40.0 ml xylene in a 200 ml � ask. Swirl to dissolve
and then let stand for 12–24 h at 4.4–7.2 � C. Add 4.0 ml glacial
acetic acid, and � lter through Whatman no. 42 paper or
equivalent. Store the stain in a tightly closed bottle that has
a cap that will not be affected by the reagents.

North’s aniline oil methylene blue stain
Aniline oil
 3 ml
Ethanol (95%)
 10 ml
Hydrochloric acid
 1.5 ml
Methylene blue (saturated alcoho
 30 ml
Solution
Mix 3.0 ml aniline oil with 10 ml of 95% ethanol and then
slowly add 1.5 ml hydrochloric acid with constant agitation.
Add 30 ml saturated alcoholic methylene blue solution and
then dilute to 100 ml with distilled water. Filter (Whatman no.
42 paper or equivalent) before use, and store the stain in
a tightly closed bottle, using a cover that will not be affected by
the reagents.

In using the direct microscopic method, an appropriate
number of � elds (Table 1) must be examined to obtain
a statistically accurate result. To obtain estimates of the bacter
or somatic cell count per milliliter, examine each� lm with an
oil immersion objective. When counting bacteria, any two
single cells or clumps of cells (of the same type) separated b
a distance equal to or greater than twice the smallest diamete
of the two cells nearest each other are considered separa
clumps. Cells of different types are counted as a separate un
(Figure 1). When determining somatic cells counts, count only
those with an identi� able stained nucleus.
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Microscopic Factor Determination

For the determination of microbial cell concentrations in the
sample by the DMCC method, it is important to determine
the microscopic factor. The microscopic factor is a numbe
that depends on the optics of the speci� c microscope. It is the
number by which the average number of bacterial clumps or
somatic cells can be multiplied to determine the number of
cells per milliliter. Microscopic factor is determined as
follows:

1. Adjust the light source to provide maximum optical
resolution.

2. Place the stage micrometer (ruled 0.1 and 0.01 mm divi-
sions) on the stage of the microscope.

3. Use the oil immersion objective to focus on the lines on the
stage micrometer. The oil used should have a refractiv
index of 1.51–1.52 at 20 � C and be of a nondrying type. Use
only one drop of oil.

4. Count the number of 0.01 mm intervals, which side by side
reach across the� eld.

5. This number is the diameter (one-half of the diameter is the
radius). Measure the diameter to three decimal places b
counting the 0.01 mm intervals (e.g., 0.175 mm).

6. Calculate the area of the� eld. To do this, square the radius
and multiply by p (3.1416). A microscopic � eld area
determines the amount of milk that can be examined in any
one � eld. Field diameters providing microscopic factors of
300 000–600 000 are recommended.

7. To convert the area of one� eld in mm 2 to cm2, divide the
� eld area in mm2 by 100.

8. To determine the number of � elds in 1 cm2, divide 1 cm2

(the usual area of the etched or painted portion of the slide)
by the area (the number calculated in step 7) of one� eld in
terms of cm2.

9. Calculate the microscopic factor by multiplying the value
obtained in step 8 by 100 (0.01 ml of sample was spread
over the slide surface).

Alternatively, the microscopicfactor (MF) can be Calculated by

MF [ ½ðxÞðyÞ�=pr2 or 10 000=pr2

In this formula, x equals 100 and is the area in mm2

covered by the 0.01 ml of food suspension on the slide. The
value y also equals 100 and is the number of 0.01 ml portions
of food suspension in 1 ml The value equals the radius in
millimeters of the microscopic � eld, and r2 equals the total
area of one microscopic � eld. The radius, r, is the only
unknown value in the equation. This is obtained by means of
the stage micrometer, which consists of a glass slide with� ne
parallel lines placed at 0.01 mm intervals. The microscopic
factor is dependent on the tube length and the objective and
ocular lenses used. The reciprocal of the microscopic facto
represents the amount of 1 ml of milk that is seen in one
microscopic � eld.
e
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Recording DMCC Results

The DMCC per milliliter or gram can be calculated by multi-
plying the average count per� eld by the microscopic factor by
the reciprocal of the sample dilution. For example, if a 1:10
dilution was made, the reciprocal would be 10. Round off the
counts to two signi� cant � gures. The DMCC value should be
reported as DMCC per milliliter or gram of sample. For
samples requiring a 2 cm2 area (egg products), the microscopic
factor must be doubled.
Enumeration of Microorganisms Using Counting
Chambers

Counting chambers are glass slides with grooves or depre
sions onto which coverslips are applied, thus producing
chambers for depositing the samples for analysis. Several type
of counting chambers having different designs are available
Some types have grids of de� ned area (mm2) etched into the
glass slide; others are used with accessory micrometers plac
into the eyepiece of the microscope. The grids provide are
references for facilitating counting and subsequent calculation
of microbial cell concentrations. The depth of the chamber
underneath the coverslip is known (mm), along with the area
(mm 2) covered by the reference grid; thus the concentration o
microbial cells can be computed per unit volume (mm3) of
the sample. A sample is applied into the chamber under the
coverslip, but the sample is not dried as in the DMCC.
The sample on the slide is allowed to settle for 1–5 min and
then is viewed in the liquid state with a 400�, high-dry or
oil-immersion lens. Enumeration of a statistically relevant
number of cells (usually >500) is performed, utilizing the grid
for reference. Procedures have been given to count chamb
enumeration and error minimization. Disposable counting
chambers with integrated covers are available, which eliminate
the need for precise positioning of coverslips and the cleaning
of the chambers after use. This method is appropriate for
foods that have high microbial populations (10 7–108

cells ml� 1) and when food particles will not obscure or be
mistaken for cells. Common types of counting chambers
include the Petroff–Hausser, Hawksley, and Howard mold-
counting chambers.
Howard Mold Count andGeotrichumCount

Molds commonly are found in fruits and vegetables, but their
existence above certain levels is indicative of poor produc
quality. Defect action levels are based on counts of mycelia
fragments in the products, determined by the percentage o
microscopic � elds containing mold � laments. It is important
to be able to distinguish the mold � laments from food debris.
For example, fruits and vegetables will contain plant tissue
and the microscopist must have training in mycology to
recognize mold hyphal � laments against a background of the
plant cell structures. The Howard Mold Count method uses
direct microscopic examination for the detection and
enumeration of mold fragments in canned tomato products,
such as ketchup and tomato paste. Counts ofGeotrichummold
fragments are also indicative of the quality of the food, for
example, in canned vegetables, fruits, and juices. A positiv
� eld is identi� ed as one containing mold � laments whose
combined lengths are greater than one-sixth of the� eld
diameter. The AOAC InternationalOf� cial Methods of Analys



Total Counts: Microscopy 607
provides details for these counting methods with speci� c
reference to various foods.
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Direct Epißuorescence Filter Technique

The direct epi� uorescent � lter technique (DEFT) combines
membrane� ltration with epi � uorescence illumination to obtain
total counts of microbial cells in a food sample. Membrane
� ltration improves sensitivity by producing a concentrated
sample; epi� uorescence illumination allows the � lm collected
on the membrane surface to be analyzed.

The DEFT was developed for enumeration of bacteria in
milk, but it has been applied to other foods. Pretreatment
steps employing enzymes, detergents, and coarse grade p
� lters may be used to improve� lterability of various types of
samples. After the pretreatment steps, the sample is� ltered
through a 25 mm diameter 0.6 mm pore-size black poly-
carbonate membrane� lter and stained with a � uorescent dye,
such as acridine orange. After rinsing and air-drying, the� lter
is mounted on a glass slide in non� uorescent immersion oil.
A coverslip is applied, and then the� lter surface is examined
by epi� uorescence microscopy. The DEFT has been modi� ed
to allow for counting of speci� c microbial populations by
using � uorescent antibodies or � uorescent oligonucleotides.
Speci� c details of the DEFT are described in the Chapter Direc
Epi� uorescent Filter Techniques (DEFT).

Several of the steps involved in the DEFT are illustrated in
Figure 2.

To obtain a cell count, a preliminary scan of the membrane
should be done; if there are typically more than 100 cells
per � eld, it is advisable to perform a dilution of the sample
Figure 2 DEFT preparation steps. (a) Placement of black polycarbon
orange stain may be applied onto the membrane in the� lter holder. (c) Me
ready for counting of cells.
before counting is attempted. Cells in random� elds across the
membrane are counted. The number of� elds that should be
included in the analysis depends on the cell density and is
recommended as follows: if there are 0–10 cells per� eld, count
the cells in 15 � elds; for 11–25 cells per� eld, count the cells in
10 � elds; for 26–50 cells, count in six � elds; for 51–75 cells,
count in three � elds; for 76–100 cells, count in two � elds.
Calculation of the number of microorganisms in the sample is
done as for the DMCC, by utilizing the microscopic factor;
however, in the DEFT, the membrane� lter microscope factor is
required, which is the area of the membrane� lter divided by
the area of the microscope� eld. The concentration of micro-
organisms in the sample is calculated by multiplying the
average number of cells per� eld by the membrane � lter
microscope factor and then by dividing by the volume of
sample � ltered.

An example of acridine orange–stained bacteria prepared for
examination in the DEFT is illustrated in Figure 3. Manual
counting of the population would be dif � cult in this case due to
the high density of cells in the preparation; however, a dilution
of the sample (e.g., 1:10 or more) can be performed for easie
counting. It is necessary to include the dilution factor in the
calculation described previously to determine the total count.

Modi � cations to the DEFT have been explored to provide
speci�city to the staining, for example, application of � uores-
cent antibodies to obtain counts of speci� c microbial pop-
ulations (Ab-DEFT). The spoiled milk preparation shown in
Figure 3 was inoculated with Escherichia coliO157:H7, and the
sample was stained with� uorescein-labeled antibody speci� c
for the O157 cell surface antigen, instead of acridine orange
The � uorescent antibody stain is shown inFigure 4 and illus-
trates the ability of the technique to differentiate only theE. coli
ate membrane in� lter holder. (b) Filtration of sample through membrane. Acridine
mbrane mounted on glass slide on stage of epi� uorescence microscope,
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Figure 3 DEFT analysis of microorganisms present in spoiled milk.
Acridine orange stain, 1000� magni� cation.

Figure 4 Ab-DEFT analysis ofE. coliO157:H7 inoculated into the spoiled
milk that was used inFigure 3. Fluorescein-labeled anti-O157 antibody
stain, 1000� magni� cation.
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O157:H7 cells against the dense background of the spoilag
microbiota.
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Figure 5 Digital image analysis and automated counting ofE. coli
cells using Scanalytics IPLab software: (a) input image, (b) image
segmentation, and (c) automated cell count.
Digital Image Analysis

The labor involved in manual counting of cells may be reduced
through digital image analysis. Microscopes can be access
rized with computer-controlled CCD cameras, which allow
sensitive digital imaging of the samples, and image analysi
software may be utilized for automated counting of cells.
Illustration of the feasibility of performing cell counting in an
automated manner using digital image analysis is shown in
Figure 5.

Although the potential for the technology to achieve auto-
mated cell counting in a research application is feasible, a
shown in Figure 5, commercial development of automated
instrumentation also has been achieved for use by the food
industry, particularly in cases in which microbial counts are
required by regulation, for example, milk quality testing.
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See also:Direct Epi� uorescent Filter Techniques (DEFT); F
Cytometry;Geotrichum;Microscopy:Light Microscopy; Rapid
Methods for Food Hygiene Inspection; Sampling Plans on
Microbiological Criteria;Total Viable Counts:Microscopy.
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Dye Reduction Tests

The dye methylene blue and indicators resazurin and tetrazo
lium salts commonly are used in dye reduction tests. Dye
reduction tests give an estimation of viable microbial pop-
ulations in a food sample based on the time taken by the dye or
indicator to change color. For example, bacterial growth
utilizes dissolved oxygen in a liquid food sample such as milk,
thereby reducing the oxidation–reduction (O/R) potential of
the food. Under reduced conditions, certain commonly used
dyes and O/R indicators can change color.
r

(CH3)2N S

N
Blue

–2H +2H

N(CH3)2

(CH3)2 NN (CH3)2S

N

HColorless

Figure 1 Reduction of methylene blue.
Details of Technique

In the methylene blue reduction test, 1.0 ml of a freshly
prepared solution of methylene blue thiocyanate is mixed with
10 ml of a liquid food sample, such as milk. Tubes of the blue-
colored mixture usually are held at 0–4.4 � C if it is not
immediately convenient to incubate them. The tubes of
samples are placed in a thermostatically controlled water bath
with suf� cient water to heat the samples to 36� C within
10 min of incubation. The water level is maintained above the
level of the tubes’ contents and the samples are protected from
light. During incubation, the samples are observed for color
change. The time taken for color change in the test sample from
blue to colorless is inversely proportional to the number of
metabolically active organisms in the sample. Basically, the
same technique is used in reduction tests involving resazurin o
2,3,5-triphenyl tetrazolium chloride (TTC). Resazurin is used
in two testing procedures to assess the microbial quality of
milk: the 1 h test and the triple reading test. In the 1 h test, the
extent of color change is observed after 1 h of incubation. The
610 Encyclopedia of Food
triple reading test involves measuring the time required (up to
3 h) for reduction of resazurin to a speci� ed color end point. In
reduction tests involving tetrazolium salts, TTC most often is
used because it is less toxic to bacteria.
Chemistry of Dye Reduction

The reduction of methylene blue to its colorless form, leuko-
methylene blue, is shown in Figure 1. Resazurin can be used
in place of methylene blue for assessing the number of viable
microorganisms in raw milk. When added to milk, this indi-
cator undergoes two color changes during reduction (Figure 2).
In the � rst change, the indicator turns pink due to the forma-
tion of resoru� n. This change results from the loss of an oxygen
atom loosely bound to the nitrogen on the phenoxazine
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00334-7

http://dx.doi.org/10.1016/B978-0-12-384730-0.00334-7
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Figure 2 Reduction of resazurin.
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Figure 3 Triphenyl tetrazolium chloride.
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structure and is not reversible. In the second change, the pin
resoru� n is reduced to dihydroresoru� n, which is colorless.
This change is reversed easily in the presence of atmosphe
oxygen. TTC (Figure 3) is colorless when oxidized but gives
a red color when reduced.
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Applications in Food Microbiology

Traditionally, methylene blue and resazurin reduction tests
have been utilized to determine the microbial quality of milk
and ice cream. These tests are used in the grading of raw mi
and can be adapted for use at dairy processing plants, receivin
stations, cheese factories, and similar dairy operations. They a
easy to perform and allow simultaneous testing of numerous
food samples. The methylene blue reduction test has bee
applied in assessing bacterial numbers in ground beef and
predicting sterility of heat-processed foods. The resazuri
reduction test is a rapid, inexpensive, and objective test fo
determining excessive microbial contamination in foods. This
test has been used to assess microbial spoilage of ground be
and sliced raw and cooked meats. It has been applied to frozen
meat, frozen poultry pies and vegetables, liquid and dried eggs
and fresh scallops. In addition, it has been applied to heat-
processed food products, including frozen meals and pre
cooked frozen shrimp, in which naturally occurring biological
reducing agents have been inactivated.

The TTC reduction test has been applied to predict the
microbial shelf life of pasteurized milk and cream and to assess
the contamination levels of food contact surfaces. The
production of a red color from reduction of TTC on areas of
food contact surfaces represents sites of bacterial activity
soiled areas.
l
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Correlation with Plate Counts

Dye reduction tests give a rough estimate of viable bacteria
counts in food in a shorter time than that required by the
standard plate count (SPC). With only two exceptions, tests
conducted using 100 bacterial cultures in milk samples
demonstrated a good correlation between numbers of viable
bacteria and time needed for reduction of methylene blue or
resazurin. Generally, the correlation between numbers o
bacteria in milk and methylene blue and resazurin reduction
time is tenuous. In an assessment of microbial spoilage o
ground beef, there was a signi� cant correlation between the
resazurin reduction and total viable numbers of bacteria.
Limitations

Several factors – including pH, temperature, light, and
concentration of the dye – can limit the effectiveness of dye
reduction tests by affecting the extent of dye reduction. Fo
example, the reduction of TTC is more intense at high pH. Also
the concentration of dyes added to the culture media used in
dye reduction tests is very important because high concentra
tions can have an inhibitory effect on microbial metabolism. In
this regard, the concentration of dyes should be low enough to
prevent inhibition of microbial growth, but high enough to
permit change in the color needed for recording the results of
the tests. Many limitations of the dye reduction tests reduce
their ef� cacy in accurately evaluating total viable microbial
counts in foods. These limitations are as follows:

l Naturally reducing substances in some foods can reduce th
dyes.

l Dissolved oxygen in food and oxygen absorbed from the
atmosphere can prolong the dye reduction time.

l Bacteria trapped in food particles, for example, in the fat
globules in the cream layer of raw milk, may not contribute
to dye reduction.

l Reduction rates differ among bacteria under the same tes
conditions.

l Clumped microbial cells are not inhibited in their reducing
activity but will cause a reduction in plate counts.

l Presence of inhibitors, such as antibiotic residues in milk
can slowdown the metabolic activity of organisms.

l Some bacteria that reduce the dyes may be unable to grow
on the agar medium and at the incubation temperature
used.
Adenosine Triphosphate Assay

Adenosine triphosphate (ATP) is the major source of energy in
living cells. This energy source is depleted within 2 h following
death of the cell. The metabolic pool of ATP per bacterial cell is
normally constant (about0.5 fgpercell); therefore, the amount of
viablemicrobial cells ina systemcan be determined bymeasuring
cellular ATP. Bioluminescent measurement is a popular way o
determining the amount of cellular ATP. This method is based on
ATP measurement by use of the� re� y luciferin-luciferase system.
The � re� y reaction is catalyzed by the enzyme luciferase, whic
uses energy contained in the ATP molecule to promote the
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oxidative decarboxylation of the substrate luciferin. This reaction
results in the emission of light. Since the enzyme luciferase
provides a means of testing for ATP, it permits the use of a rapid
detection test for viable microbial populations.
l

P,

ed
.

,

t

s,

s

m

a

Details of Technique

The following example for assessing the total viable bacteria
count in raw milk by ATP bioluminescence brie� y explains the
technique. The raw milk sample is incubated with an extrac-
tant and apyrase to degrade somatic cells and the released AT
respectively. The milk sample is then� ltered through a posi-
tively charged nylon � lter membrane (0.65 mm pore size) to
concentrate bacterial cells. Residual ATP and apyrase are rins
away from trapped bacterial cells by use of a sterile diluent
ATP is then released from the bacterial cells on the� lter and
the � ltrate is tested for ATP. In the presence of luciferase
luciferin, oxygen, and magnesium ions, the sample that yields
ATP in the� ltrate facilitates the light-producing reaction that is
measured with a liquid scintillation spectrometer or a lumin-
ometer. The amount of light emitted from the sample is dis-
played as relative light units (RLUs). A standard curve tha
relates the ATP assay (log RLU ml� 1) and plate count
(log cfu ml � 1) is used to estimate the total viable bacterial
count in the milk sample.
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Applications in Food Microbiology

The ATP bioluminescence test has been applied for dete
mining microbial quality of both raw and � nished food
products, such as raw and pasteurized milk and cream, chicken
beef, pork, � sh, beverages, fruit juices, and ready-to-eat food
In addition, this test has been applied in estimating the total
viable microbial counts in fresh-cut melon and in microbial
biomass testing. It is widely employed in food processing
plants as a rapid method for monitoring food contact surfaces.
Monitoring involves aseptically swabbing designated areas
using cotton or calcium alginate swabs and recording the RLU
given by a luminometer. As low as 102–103 viable bacteria and
approximately 10 yeast cells per gram or milliliter of food can
be detected by this method.
d

r

Correlation with Plate Counts

Since only living cells contain ATP, the quantity of this
metabolite in a sample should be proportional to the numbers
of viable cells present in that sample. The bioluminescent ATP
assay can predict bacterial numbers within 0.5 log10 of the total
viable counts in beef and chicken, thereby indicating a positive
correlation. A linear relation was demonstrated between
microbial ATP and number of viable bacteria from 106 to 109

colony forming units (cfu) per gram of raw meat. Also, a high
correlation was observed between log10 aerobic plate count
(APC) and log10 ATP in ground beef when samples were
incubated at 20 � C.
is
s
Limitations

The limitations for reliably determining total viable microbial
counts in foods by bioluminescent ATP assay are linked to the
physiological state of viable cells, type of cells (e.g., yeast
bacteria), the presence of nonmicrobial ATP, and the type o
food being tested. The amount of ATP in microbial cells may
differ depending on physiological state and types of cells
present. For example, injured or starved microbial cells may
contain approximately 10–30% of ATP present in healthy
cells, and yeast cells contain approximately 100 times more
ATP than bacterial cells. Additionally, a major limitation is
interference from nonmicrobial sources of ATP in food
samples. Free ATP and ATP in cells of plant or animal origin
must be removed from food samples before use of the ATP
assay. Also, some intrinsic factors in foods, such as pigment
extreme pH, inhibitors, and certain enzymes, can limit the
reliability of the ATP assay. For example, red meat contain
natural pigments that can quench the light produced; acidic
pH of foods (fruit juices) and inhibitors can react with ATP or
luciferase and interfere with the assay. Also, ATPases fro
somatic cells in milk can hydrolyze bacterial ATP and cause the
ATP assay to underestimate the amount of viable bacteri
present.
Catalase Test

The majority of microorganisms that negatively affect food
quality and safety are catalase positive. For example, th
predominant psychrotrophic spoilage bacteria in perishable
foods aerobically stored at cold temperatures, includingPseu-
domonasspp. andAcinetobacter/Moraxella/Psychrobacterspp., are
catalase-positive. In addition, other aerobic spoilage organisms
and the vast majority of bacterial genera in the Enter-
obacteriaceaefamily are catalase positive. Since catalase
a constitutive enzyme in aerobic and many facultative anaer
obic bacteria, its concentration increases as bacterial number
increase. Therefore, catalase activity can be used to ass
bacterial populations under certain conditions.
Details of Technique

The catalase test is based on measuring the amount of ga
produced from a mixture of 3% hydrogen peroxide (H2O2)
solution and a food sample in a closed system. Two methods
have been developed to estimate microbial numbers via the
detection of catalase: the catalase detection tube method an
the catalasemeter.

The catalase tube method involves the use of a Pasteu
pipet, which is heat-sealed at the narrow end. A 0.05 ml aliquot
of liquid sample is � rst dispensed into the wider open end of
the pipet followed by 0.05 ml of 3% H 2O2. The Pasteur pipet is
swirled rapidly to mix its contents, and then the mixture is
forced into the narrow column of the pipet by a quick � ip of the
wrist. The pipet is inverted after 5 s, and the mixture is held via
surface tension in the narrow column of the pipet. Gas bubbles
formed from the activity of catalase accumulate in the upper
part of the narrow column. To lessen the impact of variation in
diameters of Pasteur pipets, the amount of gas generated
expressed as a percentage of the length of the total column (ga
plus liquid). For example

% Gas column ¼ (gas column/total column) � 100.
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Generally, 105 cfu of catalase-positive bacteria per milliliter
of test sample will form a column of gas that increases as the
bacterial count increases.

The catalasemeter involves the use of the disc� otation
method. A paper disc inoculated with an appropriate amount
of liquid test sample is dropped into a test tube containing
3% H2O2 solution (5.0 ml) and 10 � 6 mol l � 1 ethyl-
enediaminetetraacetic acid (EDTA). EDTA prevents trace met
ions from decomposing the H2O2. The inoculated paper disc,
held with forceps, is oriented perpendicularly to the surface of
the H2O2, and then released into the H2O2 solution. The time
from the moment the disc contacts the solution to the time
when it returns to the surface is recorded via interference o
a light beam focused below the meniscus. This measured tim
is noted as the disc� otation time. The buoyancy of the paper
disc is due to molecular oxygen generated from the reaction
between catalase and H2O2 in the interstices of the disc.
A short � otation time (in seconds) results from a high
concentration of catalase, which indicates the presence o
a high population of catalase-positive microorganisms.
Conversely, a long� otation time (100 –1000 s) is due to low
catalase concentration. When catalase is absent, the disc do
not � oat. Data from plate counts and� otation time are used to
prepare a standard curve for estimating the total microbial
counts of unknown samples.
l

.

Applications in Food Microbiology

The catalase test gives a rough estimation of the level of microbia
contamination of foods. This test has been applied in monitoring
microbial contamination of raw materials, food samples from in-
plant production lines, and � nished food products. It has been
employed to assess the bacterial quality of chicken and cod� llets
and to determine the sanitation level in meat-processing plants
In all instances, efforts are made to minimize the in� uence of
nonmicrobial catalase on results of the tests.
od
e

Correlation with Plate Counts

The catalase test via use of the catalasemeter has shown go
correlation with plate counts of psychotrophic bacteria in � sh
(r ¼ 0.95) and chicken (r ¼ 0.93).
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Limitations

The major factors that limit the usefulness of the catalase test fo
estimating aerobic microbial populations are decomposition of
substrate (H2O2), presence of naturally occurring nonbacterial
catalase in test samples, and poor sensitivity of the test for food
samples with low microbial counts. Decomposition of H 2O2 is
caused by trace metal ions in test samples and can be minimize
by the addition of 10 � 6 mol l � 1 EDTA to H2O2.

Also, naturally occurring nonmicrobial catalase in test
samples interferes with the test. This interfering catalase can b
inhibited by acidifying the test sample in pH 3.25 phosphate
buffer. The catalase test is not sensitive enough to dete
bacterial counts less than 104 cfu ml� 1 or cfu g� 1 food.
Therefore, its use is limited to foods with relatively high
bacterial populations. Another factor that can limit the effec-
tiveness of the catalase test is the handling history of the food
sample before testing. For example, freezing and thawing food
samples can disrupt cellular membranes and reduce the tota
viable counts. A combination of lowered bacterial numbers
and catalase activity in disrupted cytoplasmic membrane of
nonviable cells can result in poor correlation between the
catalase test and plate counts.
Electrical Impedance Test

Electrical impedance refers to the resistance to the� ow of an
alternating current through a medium. The use of impedance
tests to estimates numbers of viable microorganisms is base
on the association between microbial metabolic activity and
electrochemical changes in a growth medium. During micro-
bial growth, large, relatively uncharged molecules– such as
sugars, proteins, and fats– are metabolized to smaller, highly
charged molecules– such as lactic acid, amino acids, and fatty
acids. The production of these highly charged molecules result
in a decrease in the electrical impedance of the growth
medium, which can be detected and measured before micro
bial colonies could become visible on agar media. Therefore
impedance testing is a relatively rapid way to estimate tota
viable microbial populations in food products. Several auto-
mated systems are available commercially and the manufac
turers provide information of the technique and ways for
interpreting results of impedance tests for estimating microbial
populations in food.
Details of Technique

For impedance testing, 1:10 dilutions of solid food samples in
0.1% peptone water are prepared and 1.0 ml aliquots of the
diluted samples are each added to 1.0 ml of an appropriate
growth medium in sterile wells of the impedance detection
instrument. Samples (1 and 0.5 ml) of liquid foods can be
added directly to broth and agar media, respectively, in the
wells of the instrument. The samples are incubated and
impedance changes are measured over a 24 h period. Th
impedance detection time (IDT) is recorded and used to esti-
mate viable microbial populations in the samples. The level of
viable microbial populations is related inversely to the IDT.

The two methods used to determine if microbial numbers
meet a set of speci� cations in a particular food sample are the
calibration curve method and the sterility method. In the
calibration curve method, a calibration curve is developed to
relate IDT to a parameter of a comparison method, such as the
SPC. Data from analysis of approximately 80–100 food
samples with microbial counts ranging over several log10 cycles
are used to develop a meaningful calibration curve. Enough
food samples with microbial numbers above and below
a speci�ed limit and representative of natural variation in
microorganisms between different batches are used. Linear o
quadratic regression analysis is used to analyze data from
impedance and comparison methods. In developing a calibra-
tion curve, food samples with high (>10 7 cfu ml� 1) and low
(<10 cfu ml � 1) contamination levels are considered carefully
for the following reasons: � rst, at high contamination levels, it
is impossible to distinguish microbial numbers because the
detection threshold is rapidly achieved; and, second, at low
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levels, there is increased scatter in data points due to increase
sampling errors. Food samples containing few microorganisms
result in extended lag times and long, variable detection times
When a reliable calibration curve is developed, it can be used
for estimating plate counts, determining generation times of
contaminating microorganisms, and classifying samples tha
are above or below an acceptable microbial level.

The sterility method was developed to detect impedance
changes only if the test sample is contaminated above an
acceptable level. In this method, the test sample is diluted to
permit detection of higher numbers of microorganisms that
might be present in the undiluted sample. Impedance detec-
tion in the diluted sample indicates a contaminated product.
For example, if the food samples normally contain between 1
and 500 cfu ml� 1, and the acceptable level is 1000 cfu ml� 1,
a 10� 2 dilution of the sample would be prepared for testing.
This technique could be used for several levels of contamina
tion by using appropriate dilution schemes. The usefulness o
this technique depends on a large difference in counts betwee
acceptable and unacceptable samples.
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Applications in Food Microbiology

Impedance tests are applied in estimating total aerobic counts
and selected groups of organisms, predicting shelf life of foods
determining sterility of ultra-high temperature processing (UHT)
products, preservation challenge testing, and hygiene moni
toring. The most common application of impedance test is for
estimating the APC of food samples. The aim is to determine
whether the microbial population in a test sample falls above or
below a set permissible level. This method has been employe
for a variety of foods, including meats,� sh, raw milk, and frozen
vegetables. A calibration curve must be developed befor
routinely applying this method.

A similar method involving the use of selective media is
applied in detecting Gram-negative spoilage bacteria in
pasteurized milk, coliforms in meat and dairy products,
staphylococci in meat, and yeasts in fruit juices and yogurt
Impedance testing for shelf-life prediction involves a pre-
incubation step whereby the food sample (with or without
added growth media) is incubated at room temperature or
a slightly abusive temperature to permit multiplication of
spoilage microorganisms. A speci� ed volume of sample is then
transferred to the measuring well for automatic impedance
monitoring. Impedance tests are also used to monitor microbial
growth rate in foods with added preservatives and to determine
the inhibitory effects of pH, temperature, and water activity on
bacteria in foods. In addition, they are used to evaluate bio� lms
(from which it is dif � cult to release microbial cells in solution)
and the ef� cacy of disinfectants against bio� lms.
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Correlations with Plate Counts

Impedance measurements for the estimation of psychrotrophs
on cod � llets, raw milk, and pasteurized milk correlate well
with plate counts. In testing of 200 samples of puréed vege
tables for unacceptable levels of bacteria, 90–95% agreement
is obtained between impedance measurements and plat
counts. In comparing plate counts with rapid methods for
estimating microbial shelf life of pasteurized milk and cottage
cheese, impedance measurements are correlated signi� cantly
to shelf life.
Limitations

Natural inhibitors present in some foods, composition of
microbial growth medium, and differences in generation times
of organisms limit the reliability of impedance tests. Natural
inhibitors or added preservatives in foods extend the lag time
and consequently delay production of an impedance signal.
Inhibitors can also increase the generation time of organisms
The effects of inhibitors are minimized by diluting the food
sample, neutralizing the inhibitor, or using separation proce-
dures. Variation in levels of inhibitors results in poor correla-
tion between IDT and plate counts.

The nutrient composition of microbial growth media can
cause microorganisms to utilize different metabolic pathways
in different media. The addition of certain metal ions to liquid
growth medium results in better impedance signals than
others; therefore, it is assumed that certain metabolic pathway
yield better impedance signals. Traditional growth media such
as tryptic soy broth and brain–heart infusion might not always
be useful for impedance testing. In many instances, speciall
formulated growth media produce better impedance signals
than traditional media.
Microcalorimetry

Microcalorimetry involves the measurement of small amounts
of heat that microorganisms produce during growth. The heat
production is closely related to cellular catabolic activities and
can be measured by very sensitive calorimeters such as t
Calvet instrument. This instrument can detect 0.01 calories o
heat per hour from a 10� 1 sample. Microcalorimetry has good
potential for use in the rapid determination of viable micro-
organisms in food.
Details of the Technique

Microcalorimetric tests conducted on food samples measure
the exothermic heat production rate (HPR) of foodborne
microorganisms. Results of these tests can be recorded as tim
to reach the peak HPR or as the minimum detection time.
Samples of food homogenate enclosed in sealed disposabl
glass ampoules are temperature-equilibrated before insertin
them in the ampoule holder in the thermophile area of the
calorimeter. Control (sterile) samples are handled exactly the
same way. The equilibration time is included in the times for
achieving maximum HPRs obtained from the thermograms.
The calorimeter’s operation temperature is usually 30� C, but
other appropriate incubation temperatures can be used. Electri
heaters (w 50 U depending on type of instrument) are used for
electrical calibration of the calorimeter. Proper calibration
ensures that reactions common to both test samples and
controls or minor temperature � uctuations do not contribute
to background signals. The total exothermic HPR is represente
by a microvolt output. The microvolt output is ampli � ed and
graphically recorded as a strip chart with microvolt values that
correspond to appropriate HPRs in calories per hour.
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Applications in Food Microbiology

Microcalorimetry has several applications in food microbi-
ology. This technique has been applied in the study of micro-
bial spoilage of ground beef and canned foods, and estimation
of bacteria in milk and meat products. It has also been applied
in differentiating genera in the Enterobacteriaceae family
detection of Staphylococcus aureus, and characterization of
commercially used yeast strains.
Correlations with Plate Counts

There is a linear relationship between initial bacterial levels
(ranging from 101 to 109 cfu ml� 1) and peak HPRs. Accord-
ingly, a signi� cant correlation exists between initial viable
counts of mesophiles or psychrotrophs and HPR peak times.
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Limitations

Removal of aliquots of test samples from the calorimeter seri
ously interferes with the HPR signal. Therefore, replicat
samples have to be prepared simultaneously and held unde
the same conditions as the calorimeter bath. It is assumed tha
numbers of viable microorganisms in replicate samples corre
spond to their counterparts in the calorimeter. Another limi-
tation is that the operation temperature of the calorimeter can
signi� cantly in� uence the metabolic rate of microorganisms. At
any particular temperature, the generation times of microbial
species vary considerably; for example, at 30� C, mesophiles
grow about 5 times faster than psychrotrophs. Consequently
the use of this temperature for determination of viable counts
via calorimetry reduces the correlation between HPR pea
times and viable counts. It is therefore necessary to explore th
use of an operating temperature that could minimize the
difference in generation times for these two groups of micro-
organisms. Correlation between HPR peak times and initia
microbial counts is strong when monitoring of HPRs is carried
out at 21 � C rather than at 30 � C. Also, the considerable vari-
ation that exists in heat production of bacteria in� uences the
lowest number of bacterial cells necessary to produce detec
able changes in HPRs.
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Radiometry

Radiometry involves the measurement of radioactive CO2
produced by bacterial metabolism of 14C-labeled substrate
incorporated in a growth medium. Labeled (14C) glucose is used
for microorganisms that utilize glucose. Other compounds such
as14C glutamate and14C formate can be used for microorgan-
isms that do not utilize glucose. The CO2 liberated by the
microorganisms is measured by a radioactivity instrument and
the detection times for14CO2 are recorded. These results are use
to estimate the viable microbial counts in test samples.
.
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Details of Technique

Serum vials containing growth medium with radiolabeled
metabolite are inoculated with test samples. Anaerobic
conditions in the vials can be created by using reduced
medium and sparging vial contents with appropriate gases
such as N2 or CO2. Inoculated vials are incubated at an
appropriate temperature, and the head spaces of the vial
periodically are tested for 14CO2. The detection time for
14CO2 is related inversely to the number of viable organisms
in the test sample. The detection time can be shortened
(within limits) by increasing the concentration of radioactive
metabolite in the growth medium. Plate counts of samples
are determined simultaneously and results are used to
construct standard curves of log10 numbers of viable
microorganisms versus14CO2 detection time. The standard
curves are used to estimate total viable counts of unknown
samples.
Correlation with Plate Counts

Results of radiometric tests for pure as well as mixed culture
show good correlation between viable microbial counts and
14CO2 detection time. A high degree of correlation (r ¼ 0.97) is
observed between the concentration of microorganisms in
cooked meat and the14CO2 detection time.
Limitations

First, the relatively high cost of radiolabeled substrate increase
the cost of radiometric testing of food samples. Second, radi
olabeled substrates are not accepted for use in the foo
industry.
Pyruvate Estimation

Pyruvate is a common intermediary metabolite in many
microorganisms. It is formed during glycolysis via the
Embden–Meyerhof–Parnas, the Entner–Doudoroff, and the
Dickens–Horecker pathways. In addition, it is formed from
deamination of amino acids and from free fatty acids. The vast
majority of foodborne bacteria contain pyruvate in their
metabolic pool, and a portion of this metabolite is excreted
into the surrounding medium. Determination of the amount of
microbial pyruvate in a medium can be used to estimate the
concentration of viable cells in that medium.
Details of Technique

The method for pyruvate estimation is based on an enzymatic
reaction involving pyruvate, the enzyme lactate dehydrogenas
(LDH), and reduced nicotinamide adenine dinucleotide
(NADH 2). Pyruvate is enzymatically reduced to lactate by LDH
and NADH2.

The reduction in NADH2 concentration is measured colori-
metrically at 340 nm. The method is automated to facilitate
instrumental analysis of large numbers of samples. Basically, th
automated system consists of a sampler, pump, dialyzers
a single-channel colorimeter, recorder, and voltage stabilizer
Samples of liquid food are pumped in a split stream at a speci� ed
rate and pyruvate present in the samples is dialyzed through
special membranes. The dialyzed pyruvate is passed into a strea
of NADH 2 in Tris buffer or into a buffered mix of NADH 2 and
LDH. The difference in absorbance (control versus pyruvate) i
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recorded. Standard curves that relate colorimetric (340 nm)
values to the concentration of viable microorganisms are devel
oped by using both colorimetric data and data from plate counts
of test samples. The standard curves are used to determine th
concentration of viable microbial counts of unknown samples.
-
Applications in Food Microbiology

Pyruvate estimation has been applied mainly to determine the
adequacy of sanitation practices in milk production and the
bacteriological quality of raw and pasteurized milk to obtain
information on the keeping quality of milk.
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Correlation with Plate Counts

Pyruvate concentration in skim milk correlates relatively well
(r ¼ 0.64) with direct microscopic counts of milk samples;
however, pyruvate concentration in this milk type correlates
poorly ( r ¼ 0.31) with SPCs and psychrotrophic plate counts of
milk. Decreased viability of bacteria due to concentrating and
drying of skim milk has been suggested as the probable caus
for the poor correlations.
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Limitations

The ef� cacy of pyruvate estimation for determining viable
microbial counts in foods is limited by metabolic activities of
microorganisms and the processing history of the product to be
tested. Some bacteria, mainly psychrotrophs, can metaboliz
pyruvate excreted from cells. This microbial utilization of pyru-
vate in test samples can lead to gross underestimation of th
microbial concentration of samples. Stresses imposed by food
processing operations such as heating, drying, and freezing ca
severely injure or destroy microbial cells, resulting in decrease
viability. Decreased viability of microbial cells can lead to poor
correlations of pyruvate concentration with plate counts.
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Nitrogen Reduction and Glucose Dissimilation Test

Among the many groups of foodborne micro� ora, those
that reduce nitrate consist largely of psychrotrophic, non-
fermentative, rod-shaped, Gram-negative bacteria. Thes
organisms are the predominant spoilage micro� ora of raw
protein-rich foods with high pH ( >4.5) and high water activity.
Therefore, nitrate reduction can be used to assess the bacte
ological quality of certain foods by estimating the viable counts
of nitrate-reducing bacteria. By combining the nitrate reduction
test with a test for glucose dissimilation, foodborne microor-
ganisms that do not attack nitrate are included. Since few
foodborne bacteria lack the abilities to reduce nitrate and
metabolize glucose as well, the nitrogen reduction glucose
dissimilation (NRGD) test can be used for estimating total
viable counts of bacteria.
Details of Technique

The technique of estimating total viable counts via the NGRD
test is based on monitoring the rate of nitrate reduction and
glucose dissimilation in test samples. Dilutions (1:10) of test
samples in nonselective broth media are centrifuged to remove
interfering levels of glucose and nitrite. The pellets are sus
pended in broth media containing sodium nitrate and glucose
at concentrations of 5 and 0.5 g l� 1, respectively. The suspen
sion then is incubated at an appropriate temperature and tested
at set intervals for nitrite formation and glucose depletion via
the use of urine analysis dipsticks. Plate counts of the suspen
sion are conducted simultaneously. Nitrite formation results in
a pink discoloration, whereas glucose depletion results in
a color change from green to yellow. The time taken for
detection of nitrite or glucose depletion is inversely propor-
tional to the numbers of viable microorganisms in the test
samples. Standard curves relating nitrate and glucose depletio
times to the concentration of viable microorganisms are
developed by using depletion time data and data from plate
counts of test samples. The standard curves are used to dete
mine the concentration of viable microbial counts of unknown
samples based on nitrate reduction and glucose depletion
times. Separate standard curves for each different food produc
have to be developed because detection times can vary with th
type of food being tested.
Applications in Food Microbiology

The NRGD test has several applications, including selection o
raw food materials with acceptable quality, microbiological
monitoring of perishable foods, and detecting and correcting
mistakes in good manufacturing practices in such areas a
airline catering, meal preparation in restaurants, canteens
hospitals, nursing homes, and production of precooked frozen
foods. Results of NRGD testing can indicate sanitary failures o
temperature abuse that lead to the loss of microbial quality of
foods.
Correlation with Plate Counts

The NRGD test gives a rough estimate of viable bacterial count
in food in a shorter time than that taken for the SPC. Even
though nitrate reduction used alone correlates poorly with total
plate counts in food, nitrate reduction and glucose dissimila-
tion used together correlate well with total plate counts.
Limitations

The effectiveness of the NRGD test to estimate total viabl
counts in food is limited mainly by variations in metabolic
activities among groups of foodborne microorganisms, the
presence of microbial inhibitors in food, and the physiological
state of the foodborne microorganisms. Certain foodborne
bacteria, such as lactobacilli, can deplete nitrite via nitrite
reductase activity to cause false-negative results of NRGD tes
Some bacteria that can metabolize nitrate or glucose may no
form colonies on agar media at the incubation temperature
used for test samples, thus underestimating the total viable
count. Inhibitors in such food as antibiotics in milk can retard
the metabolic activity of foodborne micro � ora and drastically
reduce the rate of nitrate and glucose depletion. Various
degrees of sublethal cellular injuries within the foodborne
microbial population and variations in the makeup of
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microbial communities can result in pronounced differences in
overall metabolic activities that are dif� cult to control.

See also:Application in Meat Industry; Rapid Methods for F
Hygiene Inspection;Total Viable Counts:Speci� c Techniques.

Further Reading

Bautista, D.A., Vaillancourt, J.P., Clarke, R.A., Renwick, S., Grif� ths, M.W., 1995
Rapid assessment of the microbiological quality of poultry carcas
bioluminescence. Journal of Food Protection 58, 551–554.

Boismenu, D., Lepine, F., Thibault, C., Gagnon, M., Charbonneau,
1991. Estimation of bacterial quality of cod� llets with the disc� otation metho
Journal of Food Science 56, 958–961.

Chen, F.-C., Godwin, S.L., 2006. Comparison of a rapid bioluminesc
standard plate count methods for assessing microbial contaminatio’
refrigerators. Journal of Food Protection 69, 2534–2538.

Fung, D.Y.C., 1994. Rapid methods and automation in food microbio
Food Review International 10, 357–361.

Gram, L., Sogaard, H., 1985. Microcalorimetry as a rapid method fo
bacterial levels in ground meat. Journal of Food Protection 48, 34–345.

Jay, J.M., Loessner, M.J., Golden, D.A., 2005. Modern Food Microbiolo
Springer Scienceþ Business Media, LLC, New York.
using ATP

Dugas, H.,

e assay and
consumers

y: a review.

timation of

Kang, D.H., Dougherty, R.H., Clark, S., Costello, M., 2002. Catalase
assessment of high level total mesophilic microbial load in milk. J
Science 67, 1844–1846.

Learoyd, S.A., Kroll, R.G., Thurston, C.F., 1992. An investigation of d
food-borne bacteria. Journal of Applied Bacteriology 72, 479–485.

Marshall, R.T., Lee, Y.H., O’Brien, B.L., Moats, W.A., 1982. Pyruvate as an in
quality in grading nonfat dry milk. Journal of Food Protection 45, 5–565.

Mossel, D.A.A., Corry, J.E.L., Struijk, C.B., Baird, R.M., 1995. Ess
Microbiology of Foods: a Textbook for Advanced Studies. John W
Chichester.

Rule, P., 1997. Measurement of microbial activity by impedance. In:
logical Analysis: New Technologies, IFT Basic Symposium Series,
Dekker, New York.

Russell, S.M., 1998. Capacitance microbiology as a means of determin
of spoilage bacteria on� sh� llets. Journal of Food Protection 61, 844–848.

Ukuku, D.O., Sapers, G.M., Fett, W.F., 2005. ATP bioluminescence
mation of microbial populations of fresh-cut melon. Journal of Food
2427–2432.

Vilar, M.J., Rodríguez-Otero, J.L., Diéguez, F.J., Sanjuán, M.L., Y
Application of ATP bioluminescence for evaluation of surface clean
equipment. International Journal of Food Microbiology 125, 357–361.

Wu, H., Wu, Q., Zhang, J., LI, C., Huang, Z., 2011. Study on rapi
detection of total bacterial counts by the ATP-bioluminescence an
probiotic products. International Journal of Food Science and T
921–929.



Microscopy
ML Tortorello,US Food and Drug Administration, Bedford Park, IL, USA

� 2014 Elsevier Ltd. All rights reserved.
This article is a revision of the previous edition article by C.D. Zook, F.F. Busta, volume 3, pp 2176–2180,� 1999, Elsevier Ltd.
r
s,
s

e

y

e

d

rt
Criteria for viability of microbial cells include the presence of
an intact and functional membrane, metabolic activity, and
ability to reproduce in culture. Lack of reproduction does not
necessarily indicate nonviability, however. Well-recognized
examples of nonculturability exist in the food microbiology
world. Cells that have been injured by food processes, fo
example, exposure to sublethal thermal or chemical stresse
may not be able to reproduce on selective media. Fastidiou
cells, for example, certain probiotic groups, may not reproduce
on nutrient-de� cient media.

Microscopy has been long been regarded as a techniqu
that can assess the populations of viable cells for which the
culturability on laboratory media fails. Microorganism may
fail to culture on laboratory media as an inherent property
of some strains (e.g., Campylobacter) or due to sublethal
injury upon exposure to stress. Several methods emplo
vital stains or indicators of membrane integrity used in
conjunction with � uorescence microscopy or� ow cytom-
etry to quantify viable cells. Caution is advised in applying
any of the viability methods without thoroughly testing
whether the methods function properly for the speci� c
conditions of use.
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Dye Exclusion

One of the oldest vital staining methods is based on the
exclusion of certain dyes by an intact semipermeable ce
membrane. Some acid dyes– such as trypan blue, eosin,
erythrosin, nigrosin, and primulin and the basic dye propi-
dium – do not cross intact cell membranes. As a genera
rule, cells that admit propidium or trypan blue are dead, but
those that exclude these dyes are not necessarily viable. D
exclusion is not to be confused with dye extrusion, which is
a process by which intact membranes actively pump
out dyes.
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Direct Viable Count

The ability of cells to divide is a well-recognized indicator of
viability, and this is the basis for the direct viable count
(DVC). When in the presence of nalidixic acid and nutri-
ents, cells that can divide will increase in length but will not
complete the formation of cell walls and undergo septation.
The elongated cells are enumerated in the DVC. The DV
involves incubation of cells at an optimal temperature in
the presence of yeast extract and nalidixic acid. The samp
is � ltered and stained with a � uorescent dye, such as acri
dine orange or � uorescein isothiocyanate, and the
membrane is analyzed by epi� uorescence microscopy
Viable cells undergo elongation without division. Elonga-
tion results because nalidixic acid inhibits DNA synthesis
618 Encyclopedia of Food
but not other metabolic activities. The stained elongated
cells are counted as viable. The nalidixic acid method works
best for Gram-negative bacteria. Gram-positive bacteria ar
less sensitive to nalidixic acid and should be treated with
cipro� oxacin, a cell division inhibitor for both Gram-
negative and Gram-positive bacteria. Increased length an
volume of rods and increased volume of cocci are used to
quantify viable cells.
Dye Uptake and Enzyme Activity

Viable cells may be determined by their uptake of certain dyes
through intact membranes, coupled with enzymatic action on
the dye. Bacteria require an active enzyme system to conve
the dye to a detectable� uorochrome. Both membrane integ-
rity and enzyme activity are presumed to be indicative of
viability in this method. Numerous dyes are available for this
purpose. A commonly used one is � uorescein diacetate
(FDA), which is an uncharged, non� uorescent, lipid-soluble
dye that is hydrolyzed to � uorescein by nonspeci� c intracel-
lular esterases after uptake. Free� uorescein is polar and is
retained by intact cells; accumulation results in measurable
� uorescence. The� uorescein ion diffuses out of damaged
membranes; cells that do not � uoresce are considered
nonviable. The limitation to this method is the assumption
that membrane repair does not occur, and no damaged cel
can recover. This method is useful for evaluating both
membrane integrity and intracellular enzyme activity. Car-
boxy� uorescein diacetate, a derivative of FDA, is retaine
better in Gram-negative cells in which FDA may be cleaved by
periplasmic enzymes.
Two-Fluorochrome Staining

This method uses a dual staining procedure to differentiate
between viable and nonviable cells. A common pairing is
SYTO� 9 and propidium iodide stains. Alone, SYTO� 9 stains
both intact and damaged bacterial cell membranes. Propi-
dium iodide enters only damaged cells and interacts with
SYTO� 9, modifying its � uorescence. When SYTO� 9 and
propidium iodide are combined, intact cells � uoresce green
and damaged cells� uoresce red. This method produces little
background � uorescence and is useful for mixtures of
different bacteria. The method has been commercialized in
the popular LIVE/DEAD� BacLight� Bacterial Viability kits.
As an example, the dual-staining method was used to illus-
trate stages of laboratory culture resuscitation of aLactoba-
cillus probiotic strain marketed as a dietary supplement
(Figure 1). As with other membrane integrity techniques, the
disadvantages of this method include classi� cation of all
damaged bacteria as dead without regard to recovery an
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00335-9
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Figure 1 Time course of resuscitation of probiotic dietary supplement, using LIVE/DEAD® BacLight™bacterial viability staining. (a) 0 h, (b) 5 h, and
(c) 24 h. Cells stained red are dead; cells stained green are viable.
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classi� cation of all intact bacteria as viable even if they do
not reproduce.
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Microcolony Epißuorescence Microscopy, Antibody-
MEM, and Fluorescencein Situ Hybridization-MEM

The microcolony epi� uorescence microscopy (MEM) tech
nique involves � uorescence staining of cells collected on
a membrane � lter, followed by a growth step to yield
microcolonies. Enumeration of the � uorescent micro-
colonies using epi� uorescence microscopy results in a viabl
count. Cells are recovered from� uids or dilute homogenates
by membrane � ltration. The � lter is transferred to agar
media where microcolonies are allowed to develop. After
incubating for 3–6 h, membranes are stained with a� uo-
rescent dye, such as acridine orange, and then colonies a
quanti � ed by epi� uorescence microscopy. Microcolonies
presumably only arise from viable cells. Fluorescent anti
bodies or oligonucleotide probes may be used to provide
speci� city to the staining in the antibody-MEM and � uo-
rescence in situ hybridization (FISH)-MEM techniques,
respectively. MEM was well correlated with total plate
counting on nutrient agar when actual food samples were
analyzed. This technique has been used with selective med
for microscopic enumeration of pseudomonads, coliforms,
staphylococci, and streptococci in food samples. Limitations
include variable recovery of injured bacteria on selective
media and dif� culty in � ltering foods without using
microbe-inhibitory detergents or enzymes.
Microautoradiography

Uptake and incorporation of radioisotope-labeled sub-
strates, with subsequent detection by microautoradiography
(MAR), can be used to indicate cells that are actively
metabolizing the speci� c substrates. MAR can be coupled
with oligonucleotide probing, for example, using 16S or 23S
rRNA-targeted gene probes in FISH-MAR to identify activ
microbial cells in a sample. FISH-MAR allows a direct
culture-independent way to assess the microbial activity
Although useful in microbial ecology studies to make
a link between phylogenetic groups and their physiological
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functions in complex microbial communities, the technique
has not been exploited generally in food microbiology
studies.
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Table 1 Example of MPN estimates and 95% con� dence intervals
for MPN tube tests when the 3-tube, 5-tube, and 10-tube series are
used. The examples assume that a sample of food (11 g) has been
homogenized in 99 ml of a suitable diluent

Example Series type Positive tubes MPN g� 1

95% ConÞdence
limits

Lower Upper

1 3-tube 1-0-0 4 < 1 18
5-tube 1-0-0 2 < 1 10
10-tube 1-0-0 1 < 1 5

2 3-tube 2-1-0 15 4 42
5-tube 4-1-0 17 6 40
10-tube 8-2-1 17 8 34

3 3-tube 3-2-1 149 37 425
5-tube 5-3-2 141 52 402
10-tube 10-6-4 141 70 278

Table 2 General growth media for total viable counts

Medium Composition

Standard methods
broth

Pancreatic digest of casein, 10.0 g l� 1; yeast
extract, 5.0 g l� 1; glucose, 2.0 g l� 1

Nutrient broth Bacto-beef extract, 3.0 g l� 1; Bacto-peptone,
5.0 g l� 1; pH 6.8 at 25� C

Trypticase soy broth Pancreatic digest of casein, 17.0 g l� 1; sodium
chloride, 5.0 g l� 1; papaic digest of soybean
meal, 3.0 g l� 1; dipotassium phosphate,
anhydrous, 2.5 g l� 1; glucose, 2.5 g l� 1; pH
7.3� 0.2 at 25� C

Yeast extract agar Tryptone, 6.0 g l� 1; yeast extract, 3.0 g l� 1; pH
7.2� 0.2 at 25� C
Introduction

The most probable number (MPN) technique is a method for
getting quantitative estimations of bacteria in food or water
samples. Also known as the method of Poisson zeroes, inc
dence data (þ/ � or positive/negative) are used to estimate
quantitative values by culturing replicate portions of the orig-
inal sample to determine presence or absence of microorgan
isms in each sample. In microbiology, this typically is achieved
by performing serial dilutions of a bacterial culture, dividing
the sample into aliquots or replicates followed by incubation
and subsequent visual examination of each sample for growth
Theoretically, the presence of at least one organism in any o
the tubes would result in a visible change in the properties
of the tube, indicative of growth. MPN methodology is based
on the assumptions that the microorganisms in the sample are
evenly distributed as single entities in the sample and that the
growth (media and incubation) conditions will allow for the
recovery of even a single viable organism. Standard MPN
procedures use a minimum of three dilutions and 3, 5, or 10
replicates per dilution. When more than three dilutions are
used, it is recommended that results from three consecutiv
dilutions should be used to determine the MPN value.

An MPN index number represents the MPN of the bacteria
in the original sample based on the statistical probability of the
coincidence of microorganisms in each sample replicate. A
95% con� dence interval represents a range of actual counts i
a sample, whereby there is a 95% probability that any sample
containing a number of microorganisms within that range
would yield the same result by MPN techniques. Methods that
use a larger number (e.g., 10) of replicates per dilution provide
an MPN result with a correspondingly narrower con� dence
interval. The MPN methodology is particularly useful in
samples where low microbial populations are expected
(<100 g� 1). In samples with high microbial load, the MPN
determinations are not as precise as those obtained by direc
plate counts of colonies that provide results as colony-forming
units per milliliter (cfu ml � 1) sample.

Originally MPN techniques were developed to estimate the
number of coliforms or Escherichia coliin food samples. More
recently, the applications have forayed into the estimation of
total viable microorganisms in food samples. Irrespective of the
organism being tested, the sensitivity, maximum counting
range, and precision are in� uenced by the same factors in each
case as described in the following sections.

The sensitivity of the MPN technique depends on the
combined volume of samples tested in all of the smaller
portions. For example, a typical nine-tube MPN consists of set
of three tubes; a� rst set containing 1.0 ml per tube, a second se
containing 0.1 ml per tube, and a third set containing 0.01 ml
per tube. In this example, one bacterium can be detected in
the 3.33 ml of the original sample that is tested. Thus, the
sensitivity of the test is considered to be approximately 0.3
bacteria per ml.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
The maximum counting range of the MPN technique
depends on two variables: the smallest volume of sample tested
and the number of aliquots of the smallest volumes tested. In
general, MPN methods that use smaller volume replicates and
a larger number of replicates can provide a higher maximum
counting range.

The precision of the MPN procedure depends on the
number of replicates of each volume of sample tested.Table 1
shows selected MPN index numbers and 95% con� dence
intervals for 3-tube, 5-tube and 10-tube dilution series. It can
be concluded from the data given here that the greater the
number of replicates of each volume tested, the more precis
the MPN index number.
Range of Media for Aerobic Counts

The composition of growth medium used in an MPN proce-
dure depends on the detection methods and several example
are listed in Table 2. Typical MPN broth media formulations
78-0-12-384730-0.00333-5 621
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include ingredients that routinely are used for aerobic or
heterotrophic plate counts, with modi� cations in some
instances to promote or inhibit the growth of certain micro-
organisms in the sample.

Typical detection methods include, for example, observing
growth (e.g., turbidity) in the tubes, measuring a � uorescent
by-product of microbial metabolism of a � uorogenic substrate,
or measuring or observing changes in other properties, such a
the pH of the broth medium (e.g., by including a pH indicator
in the medium). The most common detection method is based
on the observance of growth in the media via a change in
turbidity. Chemical indicators (e.g., chromogenic or � uoro-
genic enzyme substrates) have been used to improve the spee
and interpretation of MPN results. Chemical indicators that
may be used for MPN total viable count procedures are listed in
Table 3.

The choice of a detection system used in an MPN procedur
may be affected by the food samples. For example, foods tha
are relatively opaque or acidic may limit the uses of turbidity or
pH-based detection, respectively. Furthermore, some unpro
cessed foods contain enzymes that may react with detectio
systems that include chromogenic or � uorogenic enzyme
substrates, thereby potentially causing false-positive readings i
the lowest diluted samples.
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Recent Developments

While the fundamental principles underlying the MPN method
remain unchanged, several recent developments have focuse
on making the method more user-friendly. One area of
advancement is the development of devices that easily partition
a relatively larger sample (e.g., 1–100 ml) into a plurality of
replicate subsamples. Another area of advancement is th
automation of sample partitioning or analysis.

Early advances in simple devices for sample partitioning
included the hydrophobic-grid membrane � lters (HGMF) sold
under the trade name ISO-GRID� . The HGMF system uses
membrane � lters onto which a wax grid including 1600 indi-
vidual squares is printed. As a sample is� ltered through the
membrane, individual bacteria can be trapped in each square
After � ltering the sample, the membrane� lter is placed onto an
appropriate nutrient medium and incubated until colonies
form in the individual squares on the membrane. Chromo-
genic indicators often are used in the medium to increase the
contrast between microbial colonies and the membrane
material. The number of positive squares is compared with
n-

-

Table 3 Chemical indicators for detection of positive MPN tubes

Detection method Indicator

pH Bromocresol purple
Oxidation–reduction 2,3,5-triphenylterazolium chloride

(TTC); resazurin; methylene blue
Enzymatic detection (� uorogenic,

chromogenic, or combination of
� uorogenic and chromogenic)

4-methylumbelliferyl phosphate;
L-alanine 7-amido-4-
methylcoumarin;
4-methylumbelliferyl-b-D-
glucoside; o-nitro phenyl
derivatives
a chart to estimate the MPN of bacteria in the original sample
volume. This test relies on the assumption that the bacteria are
well distributed in the sample and that the probability of any
organism being partitioned into any individual square is
approximately equal.

Other early devices to partition a sample for MPN analysis
are the SimPlate� device and the Quant-Tray� (both available
from IDEXX Laboratories, Westbrook, ME, USA). With rela
tively little manipulation, samples of about 1 –100 ml can be
mixed with a growth medium and partitioned into replicate
subsamples. Tables or formulas provided with the devices
allow the user to use the number of growth-positive subsam-
ples to calculate the MPN of microorganisms in the original
sample.

Several recently developed methods emphasize the auto
mation of the sample partitioning and analysis. Several
researchers report the use of multiwell plates for MPN testing o
food and water samples. They utilize multichannel pipettors to
achieve a signi�cant reduction in the labor, relative to tradi-
tional MPN methods. Furthermore, multiwell plates can be
read using a variety of commercial plate readers to quantify the
turbidity, color, or � uorescence in each well, thereby reducing
the possibility of human error or variability in the interpreta-
tion of the results.

The TEMPO� system (bioMérieux, Marcy l’Etoile, France) is
another recently developed automated MPN-based test tha
consists of an organism-speci� c culture medium vial and card.
Dedicated instruments with associated software automate the
inoculation of the samples to be tested into the card. Three set
of 16 wells (each successive set representing a 10-fold reductio
in the volume of each well) are inoculated using the TEMPO�

Filler. In contrast to the traditional MPN method (which
typically uses 3, 5, or 10 replicate tubes per volume), the use o
16 replicates in the TEMPO� system increases the sensitivity o
the assay. After� lling, the card is hermetically sealed and
incubated for a speci�ed period of time that is dependent on
the microorganism. After incubation, the card is read in the
TEMPO� Reader, which detects� uorescence that is generated
by enzyme activity associated with microorganisms in the
positive wells. MPN values are calculated in the range o
10–490 000 cfu ml� 1. The automation of the dilution, inocu-
lation, and enumeration steps by the TEMPO� system has the
advantage of freeing up labor to perform other tasks. In addi-
tion to purchasing the cards and culture media for each test
users of the TEMPO� system must purchase a card reade
vacuum � ller, and a computer system.

Several of the newer devices (e.g., the Quant-Tray� and
TEMPO� devices) include two or more sets of microtubes or
microwells. Each set of microtubes or microwells holds
successively smaller volume replicate subsamples. The adva
tage of this con� guration is that it can signi� cantly broaden the
maximum counting range of each device, therebypotentially
reducing the number of dilutions that must be tested per
sample. This advantage may be offset, however, by the inhib
itory effects of certain food or beverage components at low
dilutions. Thorough validations studies should be done with
each food type.

The Quanti-Disc� (IDEXX Laboratories, Westbrook, ME,
USA) is a recent development based on MPN principles and
enzymatic hydrolysis of � uorogenic substrates for the detection
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and enumeration of heterotrophic bacteria in water.
A � uorogenic medium containing substrates for phosphatase,b-
glucosidase, andL-alanine amino peptidase is predeposited in
a sample dispersion module. The addition of a water sample
into the Quanti-Disc� results in the sample being aliquoted
into 50 reaction wells by capillary action, each of which serves a
a replicate. After incubation, the number of � uorescence-posi-
tive wells is counted to derive (e.g., from a table or a mathe-
matical formula) the corresponding MPN of heterotrophic
bacteria in the original sample (MPN ml� 1). A primary advan-
tage of this technology is the spontaneous generation o
multiple replicates via capillary action, thereby reducing the
labor required to manually pipet samples into each well. The
requirement for the use of a separate test unit for each sampl
dilution can be considered a disadvantage in some applications
The use of multiple dilutions can be minimized or avoided,
however, if the samples generally fall within a predictable range
such that an appropriate dilution of the sample can be used to
obtain results that enable the calculation of an MPN result.
Figure 1(a), 1(b), and 1(c) depicts a schematic representation
of a traditional multitube format along with some of the more
recent variations.

In addition to the commercial solutions as described,
researchers continue to describe improvements to the MPN
methodology on a lab scale. The improvements include opti-
mizing media formulation, developing 96-well plate-based
methods, and using trays that help test large numbers o
replicates without requiring extensive dilutions or sophisti-
cated experiments– see, for example, Kodaka et al. (2009) and
Pavic et al. (2009).

Kodaka et al. (2009) described a new MPN dilution plate
method for the enumeration of E. coliin water samples that is
based on an MPN plate that can be used with the� ve-tube
MPN table. The MPN plate that contains a modi� ed
medium utilizing 5-Bromo-4-Chloro- b-D-galactoside (X-gal) and
10 ml sample 

1 ml sample 

0.1 ml sample 

b

a

c

(a)

(c)

Figure 1 (a) Schematic of a typical 5-tube MPN method. (b) Schema
a, b, c, and d depict varying volumes of sample being tested.
4-Methylumbelliferyl b-D-glucuronide is designed to evaluate
100 ml water samples. The plate contains a sample reservo
where the sample is added and over� ows into � ve replicate wells
each capable of holding 0.1, 1, and 10 ml of sample without
requiring any equipment. Excess� uid is allowed to � ow into
a 50 ml collection reservoir. After sample addition, the plate is
covered with a lid and results are determined following incuba-
tion. The authors found that the results with the MPN plate were
not signi� cantly different (p> 0.05) from the traditional � ve-
tube MPN method.

Pavic et al. (2009) described a miniaturized MPN method
for the enumeration of Salmonella in poultry sample. The
method used a 96-well plasma tube rack to prepare a dilution
series of the original sample and used a 96-well microtiter plate
to culture replicate subsamples of each dilution. Presumptive-
positive samples were con� rmed with agar-plating methods.
The results indicated that the miniaturized method required
signi� cantly less time to perform and used less culture media
than traditional MPN methods.
User Interpretation of Results

Interpretation of the MPN results is performed after a suitable
incubation period. At this time, each portion of the original
sample is examined for the presence of visible bacterial growth
or metabolic by-products, depending on the detection method
used in the procedure. The total sample volume demonstrating
bacterial growth is proportional to the number of bacteria per
milliliter in the original samples. The MPN in the sample is
estimated using Thomas’s approximation:

MPN g� 1 ¼ P=ðN � TÞ1=2

wherePis the number of positive subsamples (e.g., tubes o
microwells), N is the quantity of the inocula (g) in the negative
d 

(b)

tic of a QuantiTray� 2000. (c) Schematic of a prototypic multiwell device where
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tubes, and T is the total quantity of inocula (g) in all of the
tubes. The results are reported as MPN g� 1.

In the case of the more recently developed methods, such a
the TEMPO� system, most of these determinations are made by
algorithms that are integral to the system, thus providing
the user with an automated interpretation and a computer-
generated MPN g� 1.

See also:Total Counts:Microscopy;Total Viable Counts:Pour
Plate Technique;Total Viable Counts:Spread Plate Technique
Total Viable Counts:Speci� c Techniques;Total Viable Counts
Metabolic Activity Tests;Total Viable Counts:Microscopy.
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The pour plate method (Table 1) is a technique designed to
enumerate aerobic and facultative anaerobic bacteria in food
shell� sh, water, and dairy products that are capable of growth
under the conditions employed (medium, time, and temper-
ature of incubation). There is no single colony formation
method and set of conditions that will allow enumeration of
all bacteria that may be found in or on a particular product.

The techniques differ from one another only in the manner
in which they are carried out (Table 2). Once the optimum
technique for a product is determined, repeated use on the
product can provide signi� cant public health information.
Since the usefulness of the pour plate technique is highly
dependent on its repetition, the competency and accuracy o
the analyst performing the technique signi�cantly affect the
precision and accuracy of the bacterial count results.

The pour plate method for estimating bacterial populations
consists of the following:
Table 1 Bacterial pour plate techniques

Method Acronym Source

Aerobic plate count APC AOAC, BAM
Heterotrophic plate count HPC APHA
Standard plate count SPC APHA
Mesophilic aerobic bacterial count MABC APHA
Psychrotrophic bacterial count PBC APHA
Thermophilic bacterial count TBC APHA

AOAC¼ Association of Of� cial Analytical Chemists; APHA¼ American Public
Health Association; BAM¼ Bacteriological Analytical Methods, Food and Drug
Administration.

Table 2 Conditions of pour plate use

Product Source

Incubation

MediumTemperature Time

Food AOAC, BAM 35� C 48� 2 h Plate count agara

APHA 7� C 10 days Standard
methods agar

Dairy APHA, BAM 32� C 48� 3 h Standard
methods agar

APHA 7� C 10 days Standard
methods agar

APHA 55� C 48 h Standard
methods agar

Shell� sh APHA 35� C 48� 3 h Standard
methods agar

Water APHA 35� C 48� 3 h Plate count agara

APHA 28� C 5 days R2A agar

aOr equivalent.
AOAC¼ Association of Of� cial Analytical Chemists; APHA¼ American Public
Health Association; BAM¼ Bacteriological Analytical Methods, Food and Drug
Administration.
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1. Mixing a measured volume of sample with a portion of
sterile, melted, and partially cooled agar medium in a Petri
dish

2. Allowing the mixture to solidify on a level surface
3. Incubating the Petri dish containing the sample for the

required time period
4. Counting the bacterial colonies that develop in and on the

agar medium
5. Recording the colony count
Pour Plate Method

Equipment and supplies required to perform the pour plate
method must be controlled carefully to produce accurate
bacterial counts. Speci� cations for the most frequently used
media and diluents are described inTable 3.
Preparation of Culture Medium

Add correct weight of dehydrated culture medium to the
speci�ed volume of reagent-grade water and allow to soak
3–5 min with occasional agitation to aid wetting of the
powder.

Heat the mixture in suitable containers (borosilicate glass or
stainless steel) until ingredients are in solution and the agar is
melted completely.
Table 3 Speci� cations of the most frequently used media and
diluents

Standard methods agar (plate count agar)a

Pancreatic digest of casein (USP) 5.0 g
Yeast extract 2.5 g
Glucose (dextrose) 1.0 g
Agar, bacteriological grade 15.0 g
Reagent-grade water 1000.0 ml
Final reaction, after sterilization pH 7.0� 0.1

R2A agar
Yeast extract 0.5 g
Proteose peptone no. 3 or polypeptone 0.5 g
Casamino acids 0.5 g
Glucose 0.5 g
Soluble starch 0.5 g
Dipotassium hydrogen phosphate: K2HPO4 0.3 g
Magnesium sulfate, heptahydrate: MgSO47H2O 0.05 g
Sodium pyruvate 0.3 g
Agar, bacteriological grade 15.0 g
Reagent-grade water 1000.0 ml
Final reaction, before sterilization pH 7.2

aCommercially prepared, dehydrated tryptone glucose yeast agar is equivalent.
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Table 4 Formulas of buffer or diluent

Stock phosphate buffer solution
Monobasic potassium phosphate: KH2PO4 34.0 g
Reagent-grade water 500 ml
1 N NaOH solution added to give pH 7.2 (about 175 ml is

usually required)
Add reagent-grade water to make 1000 ml
Place in small screw-cap vials, sterilize at 121� C for

15 min. Store at 0–4.4 � C after sterilization

Stock magnesium chloride buffer solution
Magnesium chloride: MgCl26H2O 81.1 g
Reagent-grade water to make 1000 ml
Place in small screw-cap containers. Autoclave at 121� C

for 15 min. Seal containers and store at 0–4.4 � C

Phosphate-buffered dilution water for food, dairy, and shell� sh
product dilution

Stock phosphate buffer solution 1.25 ml
Reagent-grade water to make 1000 ml
Autoclave at 121� C for 15 min in volumes required for use
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Adjust the pH of the medium if necessary using either a base
(1 N sodium hydroxide) or an acid (1 N hydrochloric acid).
Make pH determinations on undiluted agar at 45 � C.

Restore water lost from evaporation, if necessary. If volume
is checked, keep in mind that 1000 ml of water measured at
20 � C will occupy 1027 ml at 80 � C, 1034 ml at 90 � C, and
1038 ml at 95 � C.

Mix agar thoroughly and dispense in suitable containers.
The volume of agar and the type of bottle used should be such
that no part of the contents will be more than 2.5 cm from the
glass or from the surface of the agar.

Sterilize bottled agar in the autoclave at 121� C for 15 min,
allowing suf� cient space between bottles to permit good
circulation of steam.

The autoclave should reach 121� C slowly, but within
15 min. After sterilization, pressure in the autoclave should be
reduced gradually to zero. No less than 15 min is recom-
mended for this procedure. The maximum time from start-up
to unloading the autoclave should not exceed 45 min.
After sterilization, tightly seal containers and store at room
temperature

Phosphate magnesium chloride-buffered dilution water for water
dilution

Stock phosphate buffer solution 1.25 ml
Stock magnesium chloride solution 5.0 ml
Reagent-grade water to make 1000 ml

�

Formulas of Buffers and Diluents

Formulas of buffers and diluents are given inTable 4 and
recommended diluents for use with various products are
indicated in Table 5.
Dispense in quantities as required and autoclave at 121C
for 15 min. Tightly seal containers and store at room
temperature. The addition of magnesium chloride
improves recovery of metabolically injured organisms

Peptone water (0.1%) for water dilution
Peptone 1.0 g
Reagent-grade water to make 1000 ml

�

Preparation of Sample for Dilution and Pour Plate

If additional tests are to be performed on the sample,� rst
aseptically remove the portions to be used for microbiological
analysis.
.

in

.

Dispense in quantities as required and autoclave at 121C
for 15 min

Tightly seal containers and store at room temperature

Peptone water (0.5%) for shell� sh dilution
Peptone 5.0 g
Reagent-grade water to make 1000 ml
Dispense in quantities as required and autoclave at 121� C

for 15 min
Tightly seal containers and store at room temperature

Table 5 Recommended diluent

Product
Phosphate
buffer

Peptone
water

Phosphate/magnesium
chloride buffer

Food R
Shell� sh R R
Dairy R
Water R R

R ¼ Recommended.
Food

Transfer 50 g of food sample to a sterile laboratory blender jar
Add 450 ml of sterile phosphate-buffered dilution water and
blend at 10 000–12 000 rpm for 2 min. This is a 1:10 dilution.
Stomaching has been suggested as an alternative to blending
the preparation of foods for microbial analysis. Stomaching
consists of placing the food sample with the appropriate
amount of diluent in a sterile plastic bag. The plastic bag with
diluent is positioned within the stomacher, which is a metal
box with metal paddles inside. The metal paddles, powered by
a constant speed motor, move in a back-and-forth motion and
pound the sample. The pounding removes the bacteria from
the food particles, partly by the shearing forces of the liquid
and partly by compression of the sample by the metal paddles
Samples with bones or other hard objects cannot be prepared
by stomaching. A laboratory wishing to use stomaching in
place of blending should compare the pour plate count of the
food samples it analyzes by stomaching and blending. If
comparable plate count determinations are obtained, stom-
aching is a viable alternative.
t

t

Shell�sh

Transfer a suitable quantity of shelled shell� sh and liquor from
a sample jar to a sterile tared laboratory blender jar. Weigh the
sample to the nearest gram. Add an equal amount by weigh
of sterile phosphate-buffered dilution water or 0.5% sterile
peptone water. Blend at approximately 14 000 rpm for
1–2 min. Excessive blending must be avoided to prevent hea
build-up, which could result in injury or death of sensitive
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microorganisms. The blended sample should be cultured
within 2 min of blending. This is a 1:2 sample dilution.
Dairy

Before removal of the test portion, thoroughly and vigorously
mix each sample until ensured that a representative portion can
be removed. Sample remains undiluted.
Water

Thoroughly mix all samples before removing the test portion.
Sample remains undiluted.
e

r

Sample Dilution

Select dilutions for the pour plate method so that the total
number of colonies on the plate will be between 25 and 250.
r

Food
Prepare all decimal dilutions with 90 ml of sterile phosphate-
buffered dilution water plus 10 ml of previous dilution unless
otherwise speci� ed. Ordinarily dilutions 1:100 –1:10 000 are
suf� cient.
o

Shell�sh

Use at least two dilutions per sample. For samples with
unknown density, three or four dilutions might be needed.
Prepare the 1:10 dilution by adding 20 ml of the blended
sample (1:2) to 80 ml of sterile phosphate-buffered dilution
water or 0.5% peptone water. Prepare all other decimal dilu-
tions with 99 ml sterile phosphate-buffered dilution water or
0.5% peptone water. Ordinarily dilutions 1:10–1:1000 are
satisfactory.
ive

s

d

.

Dairy

Dilute milk and dairy products having a viscosity similar to
milk by transferring 1 or 11 ml of product to 99 ml of sterile
phosphate-buffered dilution water; use to deliver pipettes and
allow 2–4 s for the product to drain from the 1 or 11 ml
graduation to the pipette tip. This produces a 1:10 or 1:100
dilution.

Dilute dairy products with a viscosity greater than milk by
weighing 11 or 1 g of product into 99 ml of sterile phosphate-
buffered dilution water that has been warmed to a tempera-
ture of 40–45 � C. This produces a 1:10 or 1:100 dilution.
If further decimal dilutions are required, transfer either 11
or 1 ml of product to 99 ml of sterile phosphate-buffered
dilution water.
l

Water

For most potable waters a 1:1000 dilution is suitable. Dilute
sample types (sewage, turbid waters) requiring higher decima
dilutions by transferring 1 ml of sample or previous dilution
into 99 ml of sterile phosphate magnesium chloride dilution
water or 0.1% peptone water.
Pour Plate Procedure

Before starting the plating procedure, melt the required amount
of agar plating medium in boiling water, � owing steam not
under pressure or microwave oven. Do not melt agar more than
once. Cool the medium to 45 � C in a water bath that is oper-
ating in the range of 44–46 � C. Do not depend on the sense of
touch to indicate proper temperature of medium for use. Place
a thermometer in a pilot bottle of agar (a 1.5% agar solution in
a container identical to that used for medium) and expose it to
the melting and cooling cycle with each batch of medium as an
indicator of the temperature in the sterile bottles of medium in
the tempering bath. Do not melt more medium than will be
used within 3 h.

Sterility controls on agar, dilution blanks, Petri dishes, and
pipettes used for each group of samples should be made.

The plating area should be free of dust and draughts. Th
microbial density of the air should be checked during plating
by exposing for 15 min a freshly poured agar plate, cove
removed, on the plating surface. After exposing the aga
medium, replace the cover and incubate the plate with routine
samples. Fifteen colonies or less is considered acceptable.

To ensure a dust-free laboratory bench top, wipe the plating
area with clean paper towels moistened with any approved
sanitizer.

Select the number of samples to be plated in any series s
that all will be plated within 20 min after diluting the � rst
sample. After depositing test portions in the plate, promptly
pour the lique� ed cooled agar into each plate. Lift the cover of
Petri dish just high enough to pour medium. As each plate is
poured thoroughly and evenly, mix the medium and test
portion in the Petri dish. Allow the mixture to solidify on
a level surface. Solidi� cation should occur within 10 min.
Invert plates and place in an incubator within 10 min of
solidi � cation in stacks of not more than four high, with space at
least 2.5 cm between walls of the incubator and culture dish
stacks and between stacks to allow rapid equilibration of
temperature. Arrange stacks over one another on success
shelves to permit circulation of air.

Check the incubator temperature in the areas where plate
are incubated with not less than two thermometers. The entire
thermometer bulb should be inserted through the stopper of
a vial or bottle and completely immersed in water to obtain
reliable readings of the average incubation temperature. Rea
and record the incubator temperature daily in the early
morning and late afternoon when in use.

Avoid excessive humidity in the incubator to reduce
spreader formation. Likewise, avoid excessive drying of plates
Food

Seed duplicate Petri dishes in dilutions of 1:10, 1:100, 1:1000,
etc. Place 1.0 ml of the appropriate dilution in each plate and
add 10–12 ml of lique � ed cooled agar within 15 min from the
time oforiginaldilution. Incubate plates at35 � 1 � C for 48 � 2 h.
Shell�sh

Plate 1.0 ml of appropriate dilutions (1:10, 1:100, 1:1000, and
1:10 000) in duplicate and add 10–12 ml of liquid cooled agar
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within 20 min from the time of original dilution. Incubate
plates at 35� 0.5 � C for 48 � 3 h.
Dairy

Plate two decimal dilutions per sample. Plate 1.0 or 0.1 ml of
undiluted or diluted sample and add 10–12 ml of liquid
cooled agar within 20 min of original dilution. Incubate plates
at 32 � 1 � C for 48 � 3 h.
0

Water

Prepare replicate plates for each sample dilution used. Plate 1.
or 0.1 ml of undiluted or diluted sample and add 10 –12 ml of
liquid cooled agar immediately. Incubate plate count agar
plates at 35� 0.5 � C for 48 � 3 h and R2A plates at 28� C for
5 days.
s
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Counting Pour Plates

Manual Counting

At the end of the incubation period, select spreader-free plate
with 25 –250 colonies. Using a dark-�eld Quebec colony
counter or one with equivalent illumination and magni � cation
and equipped with a guide plate ruled in square centimeters,
count all colonies including those of pinpoint size. Avoid
mistaking particles for pinpoint colonies. Use a hand or elec-
tronic tally in making counts. On laboratory data forms, for
each dilution record, the number of colonies counted on each
plate.

Three types of spreading colonies occasionally are encoun
tered on pour plates:

1. Chains of colonies appearing to be from a single source
Count each such chain as one.

2. A spreader that forms in the� lm of water between the agar
and the bottom of the dish.

3. A spreader that forms in the� lm of water at the edge of the
surface of the agar.

The second and third forms usually result in distinct colo-
nies and are counted as such.

Count and record spreader colonies and normal colonies
under each dilution unless spreader growth plus the area o
repressed growth resulting from spreader growth exceeds 25
of the plate area. Record these counts as spreader.

For plates with no colonies, record the colony count on data
forms as<1. For plates with greater than 250 colonies, where
the number of colonies per square centimeter is less than 10
estimate and record total colonies per plate by counting 12
representative square centimeter areas. Where the number
colonies per square centimeter is more than 10, count four
representative areas. Avoid recounting any square. In bot
instances, compute the average number of colonies per squa
centimeter and multiply the average number of colonies per
square centimeter by the area of the plate. Record as the es
mated count. Each laboratory must determine the area of the
plate used.

When a plate is known to be contaminated or unsatisfac-
tory, record the count as‘laboratory accident’ (LA).
When the colony count of a plate is signi�cantly beyond the
count range of 250 colonies, record the count as‘too numerous
to count.’
Automated Counting

Use the following American Public Health Association (APHA)
guidelines. Automated colony counters, when determined in
individual laboratories to yield counts that 90% of the time are
within 10% of those obtained manually, may be used for
counting plates. When using colony counting instruments,
exercise the following precautions:

1. Align the Petri dish carefully on the colony counting stage.
2. Avoid counting the stacking ribs or legs of plastic Petri

dishes.
3. Do not count plates having unsmooth (rippled) agar

surfaces.
4. Avoid plates having food particles or air bubbles in the agar.
5. Do not count plates having spreaders or extremely large

surface colonies.
6. Avoid scratched plates.
7. Wipe � ngerprints and� lms off the Petri dish bottom before

counting.
Computing and Reporting Pour Plate Counts

On the basis of the recorded sample data, compute the pour
plate count by multiplying the total number of colonies (or
average or estimated number) by the dilution used. Round off
the count to two signi� cant � gures, by raising the second digit
from the left to the next higher number when the third digit
from the left is 5, 6, 7, 8, or 9 and dropping the third digit when
it is 1, 2, 3, or 4. Examples are as follows:

Example 1: 235 (number of colonies) � 100 (dilution) ¼
23 500. This is reported as 24 000.

Example 2: 234 (number of colonies) � 100 (dilution) ¼
23 400. This is reported as 23 000.

Report counts or estimates as colony forming units (cfu) per
gram or milliliter, as applicable.
Counts from Duplicate Plates

Compute the arithmetic average of counts on duplicate plates
of the same dilution. If only one plate of a certain dilution
yields 25–250 colonies, compute the average with the counts
on other plates of the same dilution, unless excluded as
a spreader or an LA, even though the count falls outside
the 25–250 range. The arithmetic average is the cfu g� 1 or
cfu ml� 1.
Counts from Consecutive Dilutions

If counts on plates from two consecutive decimal dilutions fall
in the 25–250 colony range, unless excluded by spreader or LA
compute the counts per milliliter for each dilution by multi-
plying the number of colonies by the dilution used. The
arithmetic average of the two dilution counts is the cfu g� 1 or
cfu ml� 1.
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Counts from Plates with<25 Colonies

Multiply actual number of colonies on lowest dilution by the
lowest dilution. This is the cfu g� 1 or cfu ml � 1.
Examination of

for the Micro-
C
Examination of
Counts from Plates with>250 Colonies

When plates from all dilutions yield greater than 250 colonies,
estimate as directed and report as cfu g� 1 or cfu ml � 1.
sis,

Food and Drug

Microbiological
en
Counts from Plates Recorded as Spreader, LA,
or Unsatisfactory

Report cfu g� 1 or cfu ml � 1 as demonstrated.
Counts from Plates with No Colonies

If all plates from dilutions tested show no colonies, report the
cfu g� 1 or cfu ml � 1 as<1 times the lowest dilution.
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Introduction

The enumeration of viable microorganisms capable of growing
on a nonselective solid media incubated aerobically at meso
philic temperature range is one of the most widely used and
simple tests in food microbiology. Historically, this determi-
nation has received different names that include aerobic plate
count (APC), total plate count (TPC), standard plate count, and
mesophilic count, but they are all considered synonyms. The
determination of total viable aerobic microorganisms in foods
typically is conducted to obtain a rough indication of their
microbiological quality. Although there are several of�cial
methods that estimate the total viable aerobic count, each
protocol is subject to limitations of accuracy and practicality.
The APC method is the most widely used method for
enumerating total viable bacteria in food samples. Compared
with other microbiological determinations, APC is probably
the simplest, but depending on the protocol, results can take
as long as 3 days. A variety of alternative methods have bee
developed to increase the speed or ef�ciency of the traditional
agar plate count methods.

This article provides a summary of the most relevant and
used formats for the quanti� cation of total viable aerobic
microorganisms. These include the traditional APC method,
3M� Petri� lm � plate method, spiral plate method, 3M�
Redigel� test method, SimPlate TPC method, hydrophobic
grid membrane � lter method, plate loop count method, the
drop-plate method, and the Tempo� TVC automated total
vial count that have been approved by different of�cial
government, trade, and guidance organizations. As any othe
culture method, any of these total viable aerobic determina-
tions rely entirely on the ability of microorganisms to grow in
agar media to suf� cient numbers to allow the visualization
of clusters of billions of cells identi� ed as colonies. Depending
on the type of mixing with the solid media, the colonies can
be embedded in the solid media for pour-plating methods or
on the surface of media in the case of spread-plating protocols
The growing media may differ among the different protocols by
the type of gelling agent used, agar, pectin, or proprietary
ingredients, but the nutrient composition is relatively similar.

Most of the methods described in the following sections
have been approved for use in different food industries, in
particular for the dairy industry. The advantages and disad
vantages of each of these methods are discussed. All th
methods include an incubation period to allow for the growth
and replication of the bacteria. The typical incubation
temperatures for aerobic count plates range from 32� 1 � C for
dairy products to 35 � 1 � C for nondairy food and beverages.
- s
Aerobic Plate Count Method

The APC method is almost universally accepted for enumer
ating aerobic bacteria in food and dairy samples and is the
630 Encyclopedia of Food
standard to which other methods are compared. Diluted food
samples are mixed with molten nutrient agar and poured into
a Petri dish, and the mixture is allowed to solidify at room
temperature before incubation. The agar does not contain dye
or indicators. Bacteria in the sample form opaque colonies that
are visible in the essentially transparent agar matrix.

The APC method consists of the following steps:

1. Standard methods agar is prepared, autoclaved, an
allowed to temper at 45 � C.

2. The sample is prepared and diluted according to the stan
dard methods used for each food type.

3. The Petri dishes are labeled and placed on a� at, level
surface.

4. One milliliter of diluted food sample is pipetted into
a sterile Petri dish.

5. Molten, tempered agar (12–15 ml) is dispensed into the
Petri dish.

6. The dish is swirled gently to mix the sample into the molten
agar. The agar is allowed to solidify at room temperature.

7. The dishes are incubated at the appropriate temperature fo
2–3 days, depending on the method used.

8. Colonies typically appear as white or cream-colored ellipses
on the surface or are trapped inside the agar matrix. Plate
with 25 –250 colonies are used for enumerating aerobic
bacteria in food or dairy samples.

A modi � cation of this protocol is the use of spread plating
on previously solidi � ed agar instead of pour plating, but most
of� cial regulatory bodies such as the US Food and Drug
Administration (FDA) and the US Department of Agriculture
only recognize the pour-plating technique. One of the limita-
tions of spread plating is the smaller volume plated, typically
only 0.1 ml per plate.
3M™ PetriÞlm™ Plate Method

The Petri� lm aerobic count plate method for the enumeration
of aerobic bacteria in foods and dairy products has regulatory
approvals, certi� cation, or of� cial recognition in a number
of countries (e.g., AOAC International, Association Française d
Normalisation (AFNOR) Certi� cate Number 3M 01/1 09/89,
Belgium Department of Agriculture, Health Protection Branch
– Canada– Method MFHPB-33, and Victorian Dairy Industry
Authority, Australia). The Petri� lm plate consists of two plastic
� lms coated with adhesive, powdered standard methods
nutrients, and a dehydrated cold water-soluble gelling agent
An indicator dye, triphenyltetrazolium chloride, is included to
help visualize the colonies for counting. This method is used
globally in the food industry as a replacement for traditional
agar pour-plate methods.

The Petri� lm method consists of the following steps:

1. The sample is prepared according to the standard method
used for each food type.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00332-3
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2. The Petri� lm plate is labeled and placed on a � at, level
surface.

3. The top � lm of the plate is lifted.
4. A 1 ml portion of the proper sample dilution is pipetted

onto the center of the bottom � lm ( Figure 1(a)).
5. The top � lm is released and allowed to drop onto the

inoculum.
6. A plastic spreader with a concave surface is placed over th

inoculum. Gentle pressure is applied over the center o
the spreader.

7. The spreader is removed and the plate is allowed to gel fo
1 min before it is moved (Figure 1(b) ).

8. The plates are incubated for 2–3 days, depending on the
method used. The plates are placed in stacks not exceedin
20 during incubation and are not inverted.

9. After incubation, all red spots, regardless of size, are counte
as colonies. The counting range of the plate is 25–250
colony forming units (cfu) per plate.

The Petri� lm aerobic count plate offers a number of advan-
tages over traditional agar plate counts. The sample-ready Pe
ri� lm plate signi� cantly reduces the labor for total viable count
(TVC) tests. No media preparation is needed before the sample
are plated. Another signi� cant advantage is the size of the plates
A stack of 50 Petri� lm plates occupies approximately the same
volume as two standard Petri dishes, which makes storage an
disposal of the plates much more ef� cient than most methods.

Certain bacteria found in some food are able to hydrolyze
the gelling agent in the Petri� lm plates. This hydrolysis may
lead to large, spreading colonies. Frequently, these bacter
grow as ‘spreaders’ on agar, also making the enumeration of
Figure 1 Petri� lm aerobic count plate method.
colonies on agar Petri plates dif� cult. In contrast to pour plates,
where the sample is mixed into 12–15 ml of agar medium, the
sample is not mixed into a larger volume in the Petri� lm plate
method. Consequently, certain inhibitory components of
the food (e.g., pH, salts) may have a greater effect on th
results in Petri� lm plates than they have in agar plates.
.
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Spiral Plate Method

The spiral plate count method is accepted for total microbial
enumeration by the FDA and is an AOAC International Of� cial
Method for food testing. The spiral plate method also has
been used to test milk samples. The spiral plate method is
a variation of an agar spread-plate method. In this method,
a rotating agar plate is inoculated with a liquid sample that is
dispensed at a constant rate. As the dispensing stylus move
away from the center of the plate, the liquid sample is spread
over a larger surface of agar. After incubation, the portion of the
plate that contains a countable number of colonies is identi-
� ed. The number of colonies is divided by the volume of liquid
dispensed in this area to determine the cfu ml� 1.

The spiral plate method consists of the following steps:

1. Prepare and sterilize plate count agar (standard method
agar).

2. Dispense the agar into sterile Petri dishes (on a leve
surface); allow it to solidify.

3. Prepare the food sample for plating, taking care to remove
or minimize particulates that could plug the stylus. Label
the Petri dishes.

4. Clean the stylus tip by rinsing with a sodium hypochlorite
solution followed by a rinse with sterile distilled water.

5. Load the food sample into the Spiral Plater� .
6. Remove the cover and place an agar plate on the platform
7. Place the stylus tip on the surface of the agar and start th

motor.
8. After the plate is inoculated, replace the cover.
9. Incubate the plates for 48� 3 h.

10. Using the transparent plate overlay, choose any wedge, an
begin counting the colonies from the outer edge of the� rst
segment toward the center of the plate until 20 colonies
have been counted. Complete the count of the colonies in
the segment where the 20th colony is found.

11. Use the plate overlay to determine the sample volume in
the region that was counted.

12. To estimate the count, divide the number of colonies by the
sample volume that was counted.

The primary advantage of this method is that one inocula-
tion can enumerate bacterial densities of 500–500 000 cfu ml� 1.
Within that range of microbial densities, no additional materials
(e.g., pipettes, dilution bottles) are needed.

The biggest disadvantage of the spiral plate method is the
tendency of food particulates to plug the inoculating stylus.
This limits the utility of the method. The small volume of
sample plated also limits the sensitivity of this method. The
spiral plate method can be affected by the consistency o
the agar Petri dishes. Therefore, it is recommended that a
automatic dispensing system be used to pour the plates that ar
used with the spiral plater machine.
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3M™ Redigel™ Test Method

The Redigel test was a pectin gel method similar to agar pour
plate techniques and was an AOAC International Of� cial
Method for aerobic count determinations in food. The
method used sample-ready reagent bottles and dishes t
eliminate the media preparation necessary for normal pour
plates. The reagent bottles contained sterile nutrient broth
with pectin. The specially treated Petri dishes used in this
method contained divalent cations to ‘harden’ the pectin. The
gel hardened within about 40 min after the sample had been
added to the plate and the colonies were enumerated using
the same method as agar pour plates. The Redigel test w
compared with several other methods for the enumeration of
aerobic bacteria in food. The Redigel still is listed as an
approved method by the FDA, but 3M, Inc., discontinued the
commercialization of this technology in 2002, and it is no
longer available.
t
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SimPlate Total Plate Count Method

The SimPlate TPC method is a unique variant in aerobic coun
techniques. The method consists of mixing a food sample with
nutrients and indicators and pouring the suspension into
a plastic dish with microwells (Figure 2). Fluorescent enzyme
substrates in the medium are hydrolyzed by the bacteria
during the incubation period. After incubation, the number of
� uorescent microwells is noted and a most probable number
(MPN) table is consulted to obtain an estimate of the number
of bacteria in the original suspension.

The SimPlate TPC method consists of the following steps:

1. The food sample is prepared according to standard
methods.

2. The plastic microwell dishes are labeled for sample
identi � cation.

3. A vial of dehydrated nutrients is hydrated with 9–10 ml
sterile deionized water. The� nal volume of the water plus
the food sample is 10 ml.

4. The food sample is added to the vial. The cap is replace
and the vial is shaken gently to mix the contents.

5. The contents of the vial are poured onto the center portion
of the plastic microwell dish.
Figure 2 SimPlate total plate count method.
6. The lid is placed on the microwell dish and the dish is
swirled to distribute the liquid into the microwells.

7. Air bubbles are released from the microwells by tapping
the dish gently on the counter top.

8. The notch in the lid is aligned with the spout on the
microwell dish and the excess liquid is poured out of
the plate.

9. The lid is rotated to close the spout and the plates are
incubated at the appropriate temperature for 24 h.

10. The plates are examined under an ultraviolet light source
and the number of � uorescent microwells is recorded.

11. An MPN table is consulted and the result is multiplied by
the reciprocal of the dilution to obtain the cfu g � 1 in the
original food sample.

The primary advantage of the SimPlate method is the
shorter incubation time than most aerobic count techniques
(24 vs. 48 h). Another advantage of the method is that you
can obtain MPN estimates up to 738 cfu in the normal
microwell plate and up to 1659 cfu in the high-counting
range plate.

The SimPlate method is relatively new and is not used
broadly in the food industry. The technique is somewhat
cumbersome. A number of foods produce endogenous enzyme
activities that react with the indicators in the SimPlate
medium and cause false-positive reactions.
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Hydrophobic Grid Membrane Filter Method

The hydrophobic grid membrane � lter (HGMF) method has
AOAC International Of� cial Methods approval for APCs in
food. The method uses a membrane� lter imprinted with
a hydrophobic grid that divides the � lter surface into 1600
equal compartments. When a sample is� ltered through the
HGMF, bacteria are distributed randomly into the � lter
compartments. The� lter is placed onto a specially formulated
agar plate and incubated. As colonies grow within the
compartments of the HGMF, they absorb a green dye from
the agar medium. The green dye facilitates the enumeration o
bacteria in food samples. The number of compartments
occupiedby colonies is determined and an MPN estimate is
calculated to determine the cfu ml� 1 in the original sample.

The hydrophobic grid membrane � lter method consists of
the following steps:

1. Tryptic soy–fast green agar is prepared, sterilized, an
dispensed into sterile Petri dishes.

2. The surfaces of the plates are dried before use. The plat
are labeled with sample identi� cations.

3. The� ltration apparatus is autoclaved and cooled. A sterile
HGMF is aseptically placed into the� ltration apparatus.

4. The food sample is prepared by blending.
5. If necessary, the blended sample is treated with variou

enzyme solutions to break down viscous or particulate
matter in the food that may interfere with � ltration of the
sample.

6. The sample is� ltered through the 5 mm mesh pre� lter and
the 0.45 mm HGMF.

7. The HGMF is removed aseptically from the� lter apparatus
and is laid onto the surface of a tryptic soy–fast green agar
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Figure 3 Plate loop count method.
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plate. Care is taken to avoid trapping air bubbles between
the agar surface and the HGMF.

8. The plate is incubated at the appropriate temperature fo
48 � 3 h.

9. The number of (positive) compartments containing green
colonies is enumerated.

10. The MPN is calculated using the following formula:
MPN ¼ N � ln( N/(N � x)) where N ¼ total number of
squares andx ¼ number of positive squares.

The HGMF method offers several advantages over th
traditional agar methods as follows:

1. The HGMF plates are easier to interpret because the coloni
are stained a contrasting color.

2. The sensitivity of the method can be greater than traditional
methods because it is determined by the volume of sample
� ltered through the HGMF.

3. Samples containing up to approximately 10 000 bacteria
can be enumerated on a single plate.

The primary disadvantage of this method is the labor
involved in agar plate preparation, sample preparation, and
maintenance of the � ltration apparatus. Each sample that
is processed contaminates the� lter device and, thus, it
must be cleaned and sterilized before reuse. Another disad
vantage of this method is the limitation imposed by
food particulates that clog the pre�lter or the HGMF. This
limitation may be addressed by enzyme pretreatments
which results in additional labor and material expenses for
each test. Some food debris that is collected on the HGMF
(e.g., corn, tuna) may be stained by the fast green dye. Th
may result in false-positives in some of the affected
membrane compartments.
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Plate Loop Count Method

The plate loop count method is used to reduce the time
necessary to perform APCs on milk samples. The metho
combines the use of a calibrated inoculating loop with
a continuous pipetting syringe (Figure 3) to facilitate the
distribution of a small milk sample into a Petri dish. The
sample is combined with molten agar and the colony counts
are enumerated like other agar pour-plate techniques.

The plate loop count method consists of the following
steps:

1. Sterile Petri dishes are labeled for sample identi� cation.
2. The plate loop apparatus (Figure 3) is sterilized by auto-

claving before use.
3. After cooling, the � lling tube of the continuous pipettor is

placed aseptically into a bottle of sterile dilution media.
The pipettor is adjusted to deliver 1 ml and the apparatus is
rinsed several times.

4. The inoculating loop is passed brie� y through a clean,
high-temperature gas� ame and allowed to cool for at least
15 s.

5. Several 1 ml portions of dilution media are used to rinse
the inoculating loop.

6. The milk sample is shaken brie� y to homogenize the
sample.
7. The rinsed loop is dipped into the milk sample to the bend
in the loop shank (w 3–4 mm above the loop). Care is
taken to avoid passing the loop through foam on the
surface of the sample.

8. The loop is moved through the sample several times before
withdrawing the loop with the 0.001 ml sample. ( Note: The
rate of withdrawal of the loop from the milk will affect
the accuracy of the test.)

9. The loop is held over an open Petri dish and 1 ml of sterile
dilution medium is discharged from the pipette to rinse
the milk sample into the plate. The loop may be � amed
between samples to prevent residue carryover from on
sample to the next.

10. Molten, tempered plate count agar (12–15 ml) is poured
into the plate and mixed with the sample.

11. The plates are incubated at 32� 1 � C for 48 � 3 h.
12. Colonies are counted, the number of cfu is multiplied by

1000 and the results are reported as‘plate loop count per
milliliter. ’

The primary advantage of this method is the speed with
which large numbers of liquid samples can be processed
Another advantage of this method is that it minimizes the
number of dilution bottles and pipettes that are used for
plating large numbers of samples.

This method is not used routinely for food samples. The
plate loop method relies on a homogenous, nonparticulate
sample. Particulate sample matter could have a large impact o
the accuracy and reproducibility of the test. Another disad-
vantage of the plate loop method is the skill that is necessary to
obtain an accurate volume with the calibrated loop. Last, the
method includes the use of agar media, which is laborious to
prepare.
Drop-Plate Method

The drop-plate method is similar to the spread-plate method
for APCs. In this technique, the diluted sample is deposited
over the surface of an agar plate using a calibrated pipette t
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deliver a predetermined number of drops. The drops are
allowed to spread and dry over an area of the agar surface
The plates are incubated and the colonies are counted usin
the same procedures as spread plates. The colony count on ea
plate is divided by the total volume of sample deposited by
the calibrated pipette to determine cfu ml� 1. This technique
is not widely used for aerobic count determinations, and it is
not recommended for food samples containing less than
3000 cfu g� 1.
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Figure 5 Picture of TEMPO TVC Reader station. Source: Crowley,
E.S., Bird, P.M., Torontali, M.K., Agin, J.R., Goins, D.G., Johnson, R.,
2009. TEMPO®TVC for the enumeration of aerobic mesophilic� ora in
foods: Collaborative study. Journal of the AOAC International. 92, pp.
165–174.
TEMPO® TVC Automated Total Vial Count

One of the � rst automated enumerations of aerobic viable
microorganisms in food samples was developed and
commercialized by bioMérieux SA. This novel quanti� cation
technology utilizes a miniaturized version of the MPN tech-
nique combined with the detection of growth by � uorescence
of a proprietary chromophore resulting from microbial
activity. The main components of this technique are the
cleverly designed cards that contain three sets of 16 wells o
2.25, 22.5, and 225 ml, respectively (Figure 1(a)). The inclu-
sion of 16 replicates for each level of dilution improves the
accuracy of the method compared with previously used
manually laborious MPN determinations. The automation
of this method is provided by a pumping instrument (TEMPO
Filler) and a high-throughput � uorimeter (TEMPO reader)
operated by a personal computer. The TEMPO TVC protoco
has received certi� cation for the enumeration of aerobic
mesophilic total � ora in 40–48 h by AFNOR/ISO (16140 BIO
12/15-09/05), Health Canada (MFLP-17), and AOAC Inter-
national (OMA Of � cial Method SM – N� 2008.10). Collab-
orative studies indicated that TEMPO TVC (Figure 4) had
the same level of performance as the reference method fo
aerobic mesophilic organisms in at least 20 different foods
that included � sh, meats, poultry, fresh produce, dairy foods,
and eggs.
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Figure 4 Picture of TEMPO TVC culture medium vial and a Tempo
card. Source: Crowley, E.S., Bird, P.M., Torontali, M.K., Agin, J.R.,
Goins, D.G., Johnson, R., 2009. TEMPO®TVC for the enumeration of
aerobic mesophilic� ora in foods: Collaborative study. Journal of the
AOAC International. 92, pp. 165–174.
The TEMPO TVC method includes the following steps:

1. Homogenize food sample in � lter containing stomacher
bag and dilute in buffer according to expected microbial
counts.

2. Reconstitute TEMPO TVC culture medium.
3. Mix 0.1 ml of homogenate with 3.9 of reconstituted

medium.
4. Scan and match barcodes of inoculated medium vial with

a TEMPO card.
5. Place the inoculated vial into the � lling rack and insert

the corresponding TEMPO card in the slot opposite the
vial and insert the transfer tube into the vial.

6. Place the loaded rack into the TEMPO Filler and press Star
7. After � lling process is completed, incubate cards at 32 to

35 � C for 40–48 h.
8. Place the card rack into the TEMPO Reader (Figure 5).
9. Results expressed as cfu g� 1 are shown on the computer

screen for each scanned card.

Some of the advantages of TEMPO TVC include the hig
throughput of as many as 500 samples per day, the standard
ization, easy use, sample traceability, and the signi� cant
reduction in labor costs. The TEMPO technology may be bette
suited for industrial or service laboratories to justify the initial
investment. Overall this protocol presents a high technology
and ef� cient alternative to one of the most traditional micro-
biological methods in food testing.
r

d

to

s
y

Future of TVC Determination

In the past few years, there have been signi� cant efforts by
industrial and academic researchers to develop new formats fo
the quanti� cation of aerobic mesophilic organisms in food
samples. These activities have been prompted by the nee
to reduce the time of testing and the amount of labor required
to complete the test. These novel approaches are targeting
measure microbial activity instead of microbial numbers as
a measure of populations. The measurement of oxygen appear
to be a viable parameter because most of the organisms ma
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consume oxygen and the rate of oxygen depletion is directly
related to counts. This concept has been evaluated b
researchers and at least a company has initiated commercia
zation of a related technology.

See also:Adenylate Kinase; Application in Meat Industry;
Electrical Techniques:Food Spoilage Flora and Total Viable
Count;National Legislation, Guidelines, and Standards
Governing Microbiology:European Union;National Legislation,
Guidelines, and Standards Governing Microbiology:Japan;
Rapid Methods for Food Hygiene Inspection; Sampling Pla
Microbiological Criteria;Total Viable Counts:Pour Plate
Technique;Total Viable Counts:Spread Plate Technique; Mo
Probable Number (MPN);Total Viable Counts:Metabolic
Activity Tests;Total Viable Counts:Microscopy; Ultrasonic
Imaging– Nondestructive Methods to Detect Sterility of Ase
Packages.
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The spread plate method is a quantitative technique designed
to enumerate mesophilic bacteria in food, water, and dairy
products that are capable of growth under the conditions
employed (medium, incubation temperature, time, and
atmospheric conditions). The acceptable counting range fo
this method is 20–200 colonies, as surface colonies that ar
larger than subsurface colonies will result in crowding at lower
levels than subsurface colonies of pour plates.

The spread plate method offers the following advantages
over the pour plate method:

1. There is no danger of killing heat-sensitive organisms with
hot media.

2. All colonies are on the surface where they can readily b
distinguished from particles of food, dirt, or residue.

3. Any nonselective or selective differential medium can be
used, as translucence of the media is not essential for colon
recognition because all colonies are on the surface.

The spread plate method for estimating bacterial pop-
ulation consists of the following:

1. Spreading a measured volume of sample on the surface o
predried agar medium in a Petri dish.

2. Letting the medium absorb the inoculum.
3. Incubating the Petri dish containing the sample for the

required time.
4. Counting the bacterial colonies that develop on the agar

surface.
5. Recording the colony count.

Because test volumes with the spread plate method ar
limited to 0.1 –0.5 ml of sample, the spread plate method is not
applicable to low count samples (Table 1).
f

Table 1 Validated spread plate methods

Organism

Section no.

APHA/fooda AOACb APHA/waterc BAMd

Aerobic bacteria
Spread plate 4.52 9215C Chapter 3
Petri� lm plate count 4.53 17.2.07
Petri� lm VRB count 24.53 17.3.02 Chapter 4
Petri� lm Escherichia
colicount

17.3.04 Chapter 4

Staphylococcus aureus33.53 17.5.02 Chapter 12
Aeromonas hydrophila30.42
Bacillus cereus 35.21 Chapter 15
Clostridium perfringens37.72 17.7.02 Chapter 16
Listeria monocytogenes38.516 Chapter 10

aAmerican Public Health Association (2001).
bAssociation of Of� cial Analytical Chemists (1997).
cAmerican Public Health Association (2005).
dUnited States Food and Drug Administration (2012).
Preparing Spread Plates

Equipment and supplies required to perform the spread plate
method must be controlled carefully to produce accurate
bacterial counts.

Speci� cations for the most frequently used media and
diluents are described in the section on total viable counts–
pour plate technique and in the speci� c sections of the three
reference publications shown inTable 1.

Prepare the appropriate agar by adding the correct weight o
dehydrated culture medium to the speci� ed volume of reagent-
grade water. Soak medium for 3–5 min with occasional agita-
tion to aid wetting of the powder.

Heat the mixture in suitable containers (borosilicate glass or
stainless steel) until ingredients are in solution and the agar is
melted completely. The volume of agar and the type of
container used should be such that no part of the contents will
be more than 2.5 cm from the glass or from the surface of
the agar.
636 Encyclopedia of Food
Adjust the pH of the medium if necessary, using 1 N sodium
hydroxide or 1 N hydrochloric acid. Make pH determinations
on undiluted agar at 45 � C. Replace water lost from evapora
tion, if necessary.

Sterilize in the autoclave at 121� C for 15 min, allowing
suf� cient space between containers to permit good circulation
of steam.

The autoclave should reach 121� C slowly, but within
15 min. After sterilization, pressure in the autoclave should
be reduced gradually to zero. No less than 15 min is rec
ommended for this procedure. The maximum time from
start-up to unloading the autoclave should not exceed
45 min.

Pour 15 ml of agar into each Petri dish. Lift the cover of the
Petri dish high enough to pour the medium. Use plastic dishes
that are 12 mm deep and have bottoms of at least 80 mm
inside diameter. Petri dishes may be made of glass or nontoxic
sterilized plastic. Keep covers open slightly until agar has
hardened. Close dishes, invert, and store covered at room
temperature for 3–5 days before use. Use of freshly prepare
plates is not recommended.
Spread Plate Procedure

To use this procedure maintain a supply of suitable predried,
absorbent agar plates.

Sterility controls on agar plates, dilution blanks, and
pipettes used for each group of samples should be made.

The plating area should be free of dust and draughts. The
microbial density of the air should be checked during plating
by exposing for 15 min a freshly poured agar plate, with its
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00331-1

http://dx.doi.org/10.1016/B978-0-12-384730-0.00331-1


r

d

d

)

e
fe

t

r

s

d

s.

s

t

for the Micro-
C
Examination of

sis,

od and Drug

TOTAL VIABLE COUNTSj Spread Plate Technique 637
cover removed, on the plating surface. After exposing the aga
medium, replace the cover and incubate the plate inverted with
routine samples. Fifteen colonies or less is considere
acceptable.

To ensure a dust-free laboratory benchtop, wipe the plating
area with clean paper towels moistened with any approved
sanitizer.

Prepare a series of decimal dilutions of the sample base
on the estimated concentration of bacteria in the sample.
Thoroughly mix the dilution and pipette 0.1 ml of each
dilution onto the surface of the predried agar plate. Sterilize
a bent glass rod stick (shaped in the form of a hockey stick
by dipping it in 95% ethanol and quickly � aming the rod to
remove the alcohol. Cool the rod for several seconds. Test th
glass rod on the edge of the agar in the plate to ensure a sa
temperature for use. Spread the inoculum over the entire
surface of the agar in the plate with the bent glass rod. Lif
the glass rod from the agar surface and place it in 95%
alcohol. Cover the plate and allow the inoculum to be
absorbed before inverting the plate. Incubate as required fo
the speci� c test.

Check the incubator temperature in the areas where plate
are incubated with not less than two thermometers. The ther-
mometer bulb should be immersed in water to obtain reliable
readings of the average incubation temperature. Read an
record the incubator temperature daily in the early morning
and late afternoon when in use.

Avoid excessive humidity in the incubator to reduce
spreader formation. Likewise, avoid excessive drying of plate
Counting, Computing, and Reporting Spread
Plate Counts

At the end of the incubation period, select spreader-free plate
with 20 –200 colonies. Using a dark-�eld Quebec colony
counter, or one with equivalent illumination and magni � ca-
tion, and equipped with a guide plate ruled in square centi-
meters, count all colonies, including those of pinpoint size. Use
a hand or electronic tally in making counts. On laboratory data
forms, for each dilution, record the number of colonies coun-
ted on each plate.

On the basis of the recorded sample data, compute the
spread plate count by multiplying the total number of colonies
(or average or estimated number) by the dilution used and the
amount plated. Round-off spread plate counts using the
guidelines described for the pour plate technique. Repor
counts or estimates as colony forming units per gram or
milliliter, as applicable.
Further Reading
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Introduction

The nematode parasiteTrichinellahas been recognized as a caus
for concern as a foodborne pathogen for over a century and
a half. While Trichinellais distributed worldwide and has been
reported in almost all carnivorous and omnivorous animals, it
has been most commonly associated with pork. As pork
production systems have increasingly moved to bio-secur
housing with improved sanitary practices,Trichinellahas essen-
tially disappeared from domestic pigs in many countries.Trich-
inella remains a problem where pigs are raised outdoors or are
otherwise exposed to rodents or wildlife.Trichinellacontinues to
be a common parasite in many game animal species and
therefore poses a human health risk to hunters and others who
do not prepare game meats properly to avoid infection.
Biology

Trichinella spiralis, and related species ofTrichinella, has a direct
life cycle, completing all stages of development in one host
(Figure 1). Transmission to another host can occur only by
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         • Huma
         • Wild g
         • Pig

L1 larvae penetrate ep
of small intestine, und
and become sexually 

igure 1 The life cycle and transmission patterns ofTrichinella spiralis. Redra
n: Balows, W. (Ed.), Laboratory Diagnosis of Infectious Disease: Prin

38 Encyclopedia of Food
ingestion of muscle tissue infected with the encysted larva
stage of the parasite. Once ingested, muscle larvae are digest
free from tissue in the stomach of the host and penetrate into
epithelial cells of the small intestine, where they undergo four
molts to the adult stage. Adult male and female worms mate
and produce newborn larvae, which then leave the intestine
and migrate, via the circulatory system, to striated muscle
tissue. There, they penetrate individual muscle cells, modify the
cells to specialized cysts called Nurse cells, and mature t
become infective for another host. The time required for
complete development from infection to infectivity takes, on
average, 17–21 days.

Adult worms in the intestine continue to produce newborn
larvae in most hosts for several weeks before they are expelle
Once adult worms are expelled and larvae reach and encyst in th
musculature, no further contamination can occur. An animal that
is infected with Trichinella is at least partially refractory to
a subsequent infection due to a strong and persistent immunity.
Contamination of pork, or other meat products, with Trichinella
infective for humans, requires that an animal becomes infected
a minimum of 17 days before slaughter; post-slaughter contam-
ination with Trichinellais not a public health concern.
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wn with permission from Gamble, H.R., Murrell, K.D., 1988. Trichinellosis.
ciples and Practice, Springer-Verlag, New York, 1018–1024.
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ClassiÞcation and Distribution

The composition of the genusTrichinellacontinues to evolve as
new isolates are identi� ed and classi� ed based on biological and
molecular traits. The genus currently includes eight species an
three genotypes. Of these,� ve species and three genotypes a
found encapsulated in the host, while three species are non
encapsulating. All species and genotypes cause disease
humans. Trichinella spiralis(also called T-1) is distributed in
temperate regions worldwide and is associated with a domesti
pig cycle. It is highly infective for pigs, mice, and rats.Trichinella
nativa (T-2) is a cold climate–adapted species. It has limited
infectivity for pigs, being found most commonly in wild canids,
bear, and walrus, and is further distinguished by its resistance to
freezing.T. nativacauses human disease in arctic and subarct
regions.Trichinella britovi(T-3) is found predominantly in wild
animals, although it may occasionally be found in pigs or horses.
It occurs in temperate regions of Europe and Asia.Trichinella
murrelli(T-5) has been reported in wild animals from the United
States and parts of Canada. It has not been reported in domest
pigs, but has been reported from a horse; human infections have
resulted from the ingestion of undercooked game meats.Trichi-
nella nelsoni(T-7) has been isolated sporadically from wildlife in
Africa. It is characterized by greater resistance to elevat
temperatures as compared to other species ofTrichinella.Three
genotypes of encapsulatingTrichinella, designated T-6, T-8, and T
9, have also been described. T-6 is found in carnivores in North
America and parts of Canada. It is similar toT. nativain its resis-
tance to freezing in animal tissues, but does not extend as fa
north in its range. It is distinguished from T. nativa by both
biochemical and molecular characteristics.Trichinella T-8 has
only been reported in Africa. It is similar to T. britovi, but, again,
may be distinguished by both biochemical and molecular char-
acteristics.TrichinellaT-9 occurs in wildlife in Japan and may be
differentiated from T. britoviby molecular methods. No human
cases have been attributed to infection withTrichinellaT-8 or T-9.

Three species ofTrichinellado not form capsules in the host.
These are Trichinella pseudospiralis, Trichinella papuae, and
Trichinella zimbabwensis. T. pseudospiralishas been recovered
from raptorial birds, wild carnivores including wild boar, rats,
and marsupials in Europe, Asia, North America, and the
Australian subcontinent. Several human outbreaks due to
T. pseudospiralishave been reported.T. papuaehas been found in
domestic and wild pigs as well as saltwater crocodiles (fed pig
meat) in Papua New Guinea. Due to its ability to infect reptiles,
it is the suspected agent of human trichinellosis resulting from
the ingestion of turtle and lizard meat.T. zimbabwensisis similar
to T. papuaein its ability to infect reptiles and wild carnivores. It
has been reported in several parts of Africa, but has not bee
implicated in human disease. Detailed information on the
classi� cation of Trichinellaspecies and genotypes can be foun
on the website of the International Trichinella Reference Cente
(http://www.iss.it/site/Trichinella ).
s
n

Human Trichinellosis

Humans acquire infection by ingesting raw or undercooked
meat containing infective stages of the parasite. Trichinellosi
(the disease caused byTrichinellain humans) is manifested by
symptoms associated with worms developing in the intestine
and in the musculature. Intestinal symptoms generally occur
only in heavy infections and are characterized by abdominal
pain and diarrhea. Larvae invading the muscles cause feve
myalgia, malaise, and periorbital edema, and an elevated
eosinophil count is typical. Trichinellosis is generally not
diagnosed until larvae reach the musculature. Diagnosis i
based on a history of exposure to infected or suspect mea
symptoms consistent with trichinellosis, laboratory � ndings
including positive serology, and, in some cases, demonstration
of parasites by biopsy. Treatment of trichinellosis generally
consists of corticosteroids to reduce in� ammation along with
bed rest. Although some drugs can kill worms in muscle tissue
the resulting in� ammation caused by dead worms often creates
greater problems. Recovery is often complete, although muscl
pain and weakness may persist. Occasionally, myocardial o
neurologic complications may occur.
Prevalence in Animals and Humans

Pigs

The prevalence ofTrichinella in pigs varies from country to
country and regionally within countries. The lowest prevalence
rates in domestic pigs are found in countries where mea
inspection programs have been in place for many year
(including countries of the European Union, notably Denmark
and the Netherlands); these countries consider themselves fre
from Trichinella in domestic pigs. In some other countries,
notably in eastern Europe and South America,Trichinellais still
found regularly in the domestic pig population, and, as a result,
outbreaks of human trichinellosis from pork still occur. Only
sporadic information is available on the prevalence of human
trichinellosis in Africa and Asia, but limited reports suggest
high infection rates in pigs. In the United States, the prevalence
in pigs has changed dramatically as a result of modern pork
production practices. At the beginning of the twentieth century,
more than 2.5% of pigs tested hadTrichinellainfection. This
number declined steadily in the second half of the century, and
pig infections are now extremely rare. Major contributing
factors to this decline included the implementation of garbage
cooking laws (1953–1954) and the steady movement to high
levels of bio-security and hygiene in pork production systems.

Horses

Beginning in 1975, a series of large outbreaks of human trichi-
nellosis in France and Italy resulted from the ingestion of raw or
slightly cooked horse meat. While horses are not carnivores
epidemiological evidence suggested that horses from area
where Trichinellawas endemic in pigs may have been fed mea
scraps to fatten them before sale. Despite widespread testin
detection of natural infections in horses has been rare, infected
horses from only Mexico and Romania having been identi� ed.

Wild Animals

Trichinellainfection in wildlife varies tremendously from region
to region, but it is safe to say that no area is completely free
from this parasite in nature. The highest rates of infection are
found in foxes, wolves, and bears, where infection rates ca
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reach 85–90% of the population. It should be noted that
infection rates in wildlife tend to increase in colder climates
because freeze resistant species ofTrichinellaremain viable in
frozen carcasses and available for transmission to another hos
In the domestic pig cycle, rats, skunks, raccoons, and othe
small mammals may play an important role in transmission of
the parasite when pigs are raised outdoors.
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Humans

Reported human cases of trichinellosis resulting from pork vary
from zero in some of the northern and western European
countries to hundreds or even thousands of cases annually in
some eastern European, South American, and Asian countrie
Diagnosis of human infection often occurs only as a result of
multiple case outbreaks. Individual cases are dif� cult to diag-
nose due to the generalized symptoms associated with infec
tion, and they may go undiagnosed. Postmortem surveys in the
United States and elsewhere suggest that reported clinical cas
of trichinellosis represent only a small fraction of actual
infections in humans. For example, a 1943 National Institute of
Health report using samples obtained from cadavers found
16.1% of the US population to be infected, although only
about 400 clinical cases were reported each year between 194
and 1950. This discrepancy between reports of clinical diseas
and actual infection rates probably results from a combination
of subclinical infections and frequent misdiagnosis.
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Epidemiology

Transmission ofTrichinellain the sylvatic (wildlife) cycle relies
on predation and carrion feeding. Generally, prevalence rate
among carnivores increase up through the food chain. Sylvatic
Trichinella infection affects public health in two ways. As
a direct source, game meats pose a signi�cant risk for human
exposure to this parasite. Sources of documented huma
infection include wild boar, bear, walrus, fox, and cougar.
Reduction of exposure toTrichinellafrom these sources relies
on education of hunters regarding the risks associated with
eating raw or undercooked game meats. SylvaticTrichinella
infection can be a source of infection for pigs. This is true for
not only T. spiralisbut also for other species/genotypes that can
infect pigs. Limiting contact of pigs with wildlife is part of an
overall risk management program for control of Trichinella
infection in domestic pigs.

Exposure of domestic pigs toTrichinellaspp. is limited to
a few possibilities including: (1) feeding of animal waste
products or other feed contaminated with parasites; (2) expo-
sure to rodents or other wildlife infected with Trichinella;
or (3) cannibalism within an infected herd. Good production/
management practices in pig husbandry preclude most risk
of exposure toTrichinellain the environment.
s

r
Legislation and Control

Legislation

Many countries require that pigs and horses, and in some case
game meats, sold or distributed for human consumption be
tested for Trichinellainfection. These requirements are in the
form of regulations governing slaughter inspection. The Euro-
pean Union (EU) outlines these requirements in Commission
Directive (EC) No. 2075/2005. Other countries have similar
regulations, and proof of freedom from Trichinella infection
must accompany products traded internationally. The Terres
trial Animal Health Code of the World Organization for
Animal Health Of � ce Internationale des Epizooties (OIE)
speci�es that importing countries should require that an
international health certi� cate accompany imported pork
products. The sanitary certi� cate should attest that the product:
(1) comes from domestic pigs originating from a compartment
with negligible risk for Trichinella infection; or (2) has been
tested forTrichinellainfection at slaughter and was shown to be
negative; or (3) has been processed to ensure destruction o
Trichinella larvae. In the same document, it is speci� ed that
horsemeat sold for human consumption should be submitted
to slaughter inspection or be processed by methods known to
kill Trichinellalarvae.

In countries which have no requirement for testing domesti-
cally consumed pork for Trichinella infection, control of
human exposure relies primarily on processing of ready-to-ea
products (e.g., methods described in the International Com-
mission on Trichinellosis (ICT) Recommendations on Methods
for the Control of Trichinella in Domestic and Wild Animals
Intended for Human Consumption – http://www.trichinellosis.
org/Guidelines.html) and cooking advice to consumers. Con-
sumers of fresh product are advised to cook pork and other
meat products to an internal temperature of 63� C (145 � F).
Preharvest Control

Prevention of infection of pigs on the farm should be the � rst
step in reducing the risk of human exposure. Prevention of
infection requires implementation of sanitary management
practices which include (1) prohibiting the feeding of animal
products (without proper cooking); and (2) preventing expo-
sure to rodents or other potentially infected mammals either
directly or through contamination of feed. Both the EU and the
US have developed legislation for certifyingTrichinellarisk-free
pork production practices (EU Commission Directive No.
2075/2005 and US Code of Federal Regulations, 9 CFR Par
149, 160, and 161). Under these programs, pigs do not require
individual testing; however, periodic monitoring is required to
verify the absence of infection.

The Terrestrial Animal Health Code of the OIE includes
a provision for individual herds or compartments of pigs to be
declared as having negligible risk for‘Trichinella’ based on
criteria including adherence to management practices tha
prevent exposure toTrichinella infection and surveillance of
pigs to assure absence of infection. In addition to the OIE
guidance on negligible risk in herds and compartments, the EU
has developed legislation that allows member countries to
petition to be recognized as a region of negligible risk for
Trichinella in domestic pigs (EU Commission Directive No.
2075/2005). Several EU member countries have developed, o
are developing, petitions providing data to support this status.

Programs de� ning conditions for certi � cation of Trichinella-
free herds or regions require some veri� cation testing, often in
higher risk populations of pigs or wildlife. In addition to the
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direct method of digestion testing (as described below), testing
pigs for Trichinellainfection can be accomplished by detection
of antibodies to the parasites in serum, blood, or tissue� uid
samples. An enzyme-linked immunosorbent assay (ELISA) ha
been used extensively for testing in both pre- and post
slaughter applications. Based on the use of an excretory–
secretory antigen collected from short-termin vitro cultivation
of T. spiralis, the ELISA has proven to be highly sensitive and
speci�c. No cross-reactions are known to occur with use of this
test. The reader is referred to theOIE Manual of Standards fo
Diagnostic Tests and Vaccinesand the International Commission
on Trichinellosis (ICT), “Recommendations on the Use of
Serological Tests for the Detection ofTrichinella Infection in
Animals and Man” (www.med.unipi.it/ict/ICT%20Guideline%
20on%20Serology.pdf) for speci� c methodologies and best
practices for use of this test.
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Postharvest Control

Prevention of human exposure to infected pork-meat products
post-slaughter is accomplished in a variety of ways. In many
countries, inspection programs are in place at slaughter for the
detection of Trichinellain pigs. Where fresh pork is not tested,
alternative methods are used to prevent exposure of humans t
potentially contaminated products. These methods include
processing, by cooking, freezing, curing, or irradiation, togethe
with recommendations to the consumer concerning require-
ments for thorough cooking. Proper use of these processe
including home cooking, has been proven to inactivate infec-
tive Trichinella spiralislarvae and should be used in lieu of
carcass testing whereTrichinellain pigs is known to occur.

Slaughter Inspection
Many countries have approved methods for postmortem
inspection of pork for Trichinella.As it is not possible to see
Trichinellacysts within the tissue by macroscopic examination
it is necessary to perform one of several possible laborator
tests. These methods are outlined in detail in theOIE Manual of
Standards for Diagnostic Tests and Vaccinesand are described in
legislation by some countries (e.g., EU Commission Directive
No. 2075/2005).

The oldest method of direct detection ofTrichinella, and one
that is still used sporadically, is the compression method. Smal
pieces of tissue from pigs or other animals, collected from the
pillars (crus muscle) of the diaphragm, or alternative sites, are
compressed between two thick glass slides (a compressorium
and examined microscopically. A minimum of 1 g should be
examined to allow a theoretical sensitivity of one larva per gram
(a number frequently cited as the threshold of infection posing
a public health risk). In practice, the compression method, using
the trichinoscope, has an approximate sensitivity of 3–5 larvae
per gram of tissue. The compression method is suitable fo
testing small numbers of samples and should be used to tes
carcasses of wild carnivores destined for human consumption

The standard and most widely used method of direct testing
for Trichinella infection is the digestion method. Samples of
tissue collected from sites of parasite predilection are subjecte
to digestion in acidi� ed pepsin. Larvae, freed from their muscle
cell capsules, are recovered by a series of sedimentation ste
then visualized and enumerated under a microscope.
Requirements for performing the digestion test are found in
the Directives of the European Economic Community (EU
Commission Directive No. 2075/2005), in the US Code of
Federal Regulations (9CFR 318.10), and in theOIE Manual of
Standards for Diagnostic Tests and Vaccines. Because of the
widespread use of these methods and their importance in the
determination of Trichinellain pork, a brief outline of meth-
odology is given next.

Pooled Sample Digestion Methods
Post-slaughter samples of muscle tissue are taken from th
pillars (crus muscle) of the diaphragm or alternative sites on
the carcass, including the tongue, masseters, neck, intercosta
or psoas. In pigs, the diaphragm and tongue accumulate
considerably higher numbers of larvae compared to other
tissues. In horses, the tongue, masseters, and muscles of the ne
contain the highest numbers of larvae. For samples from othe
mammals, tongue or diaphragm are good choices for testing
Sample size may be 1 g (as required by the EU), 5 g (as speci� ed
by the US) or larger amounts, to increase sensitivity. Sensitivit
of the method using a 1 g sample is approximately three larvae
per gram (LPG) of tissue, whereas sensitivity using a 5 g samp
is 1 LPG or less. Individual samples or pooled samples of up to
100 g of tissue should be ground, blended, minced, or otherwise
disrupted to allow for their thorough digestion. Ground,
blended, or minced samples are added to 1–2 l of digestion � uid
containing pepsin and hydrochloric acid. Variations in these
methods can be found in the literature. An effective digestion
� uid, used at 1 l per 100 g of tissue to be digested, contains 1.0%
hydrochloric acid and 10 g of pepsin (1:10 000 National Stan-
dard Formulary). The digestion mixture should be agitated, by
mechanical stirring with a magnetic stir bar or motorized stirring
device, at a temperature of 42–46 � C until digestion is visibly
complete (few pieces of musculature remaining). The time for
digestion is 30–60 min or longer, depending on the method of
sample preparation and the inherent digestibility of the tissue.
When digestion is complete, stirring is stopped, and the diges
tion mixture is allowed to settle for approximately 20 min. After
settling, the top three-quarters of the� uid is decanted, and
the remaining � uid and sediment is poured through a sieve
(180–350 mm mesh) into a settling vessel (conical bottom
glass or sedimentation funnel). After settling for a period of
15–20 min, the top � uid is again decanted and the remaining
sediment is poured into a 50-ml conical bottom tube. After
another 10 min of settling, the digest is siphoned to 10 ml, and
this sample is poured into a gridded Petri dish for inspection. If
the � nal settling step results in a cloudy sample, then additional
settling steps may be performed using warm tap water. The� nal
sediment is examined under 15–40� magni� cation for the
presence ofTrichinellalarvae. These larvae measure 0.6–1.0 mm
in length. Viable worms will be coiled or motile, whereas dead
worms will be in a characteristic C-shape.

In interpreting the results of direct methods for the
detection of Trichinella in pork, the following should be
considered. The sensitivity of testing is directly proportional
to the amount of tissue examined. The sensitivity of the
digestion method as described in EU legislation (Commission
Directive No. 2075/2005) is approximately 3 LPG. This level
of detection is considered effective for identifying pigs that
pose a signi� cant public health risk. Although there is



t

.
k

e

-

ld

e

-
at

642 Trichinella
insuf� cient information to determine the exact number of
larvae which cause clinical human disease (and these� gures
will be affected by the type ofTrichinella, the amount of meat
eaten, and the health of the individual), it is generally
considered that consumption of meat with >1 LPG poses
a public health risk. Based on this assumption, most infec-
tions that could cause clinical human disease would be
detected by the digestion method.

Processing
Speci� c parameters exist for the inactivation of Trichinella
in pork products, and these may be seen in depth in the ICT
Recommendations on Methods for the Control of Trichinella
in Domestic and Wild Animals Intended for Human
Consumption ( http://www.trichinellosis.org/Guidelines.html )
and elsewhere. The following discussion is intended to provide
a general overview of processing requirements.

Cooking
Commercial preparation of pork products by cooking requires
that meat be cooked to internal temperatures that have been
shown to inactivate Trichinella. A thermal death curve for the
interaction of temperature and time is shown in Figure 2. From
these and other data, it is known thatT. spiralisis killed in 47 min
at 52 � C, in 6 min at 55 � C, and in < 1 min at 60 � C. It should be
noted that these times and temperatures apply only when the
product reaches and maintains temperatures evenly distributed
throughout the meat. Alternative methods of heating, particu-
larly the use of microwaves, have been shown to give differen
results, with parasites not completely inactivated when the
product was heated to reach a prescribed end-point temperature

The USDA recommends that consumers of fresh pork coo
the product to an internal temperature of 63� C (145 � F).
Although this temperature is slightly higher than the temper-
ature at which Trichinellalarvae are killed (53–55 � C), it allows
for different methods of cooking that do not always result in an
even distribution of temperature throughout the meat. To be
effective, temperatures must be achieved evenly throughout th
meat; heating to 77 or 82� C was not completely effective when
cooking was performed using microwaves. It should be noted
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Figure 2 Linear regression (solid line) and the 99% upper con� dence
limits (dashed line) of the cooking time required at each temperature
the inactivation ofTrichinella spiralislarvae. Reprinted with permission
from Kotula, A.W., Murrell, K.D., Acosta-Stein, L., Lamb, L. and Dougla
L., 1983. Destruction ofTrichinella spiralisduring cooking. J. Food Sci. 48,
pp. 765–768.
that the safe cooking temperatures for inactivatingTrichinella
larvae are higher than temperatures recommended for inacti
vating bacteria in meat (heating to 62.8� C for whole cuts and
71.1 � C for ground products). No information is available on
the possible differential susceptibility of the different species
and types ofTrichinellato heating.

Freezing
Thermal death curves have been generated for the effect of co
temperatures on the viability of T. spiralisin pork. A thermal
death curve for the interaction of temperature and time
is shown in Figure 3. Based on these data, the predicted
times required to kill Trichinellaare 8 min at � 20 � C, 64 min
at � 15 � C, and 4 days at �10 � C. Trichinella was killed
instantaneously at �23.3 � C. The ICT Recommendations on
Methods for the Control of Trichinellain Domestic and Wild
Animals Intended for Human Consumption ( http://www.
trichinellosis.org/Guidelines.html ) recommends that pork
intended for use in processed products be frozen at�17.8 � C
for 106 h, at �20.6 � C for 82 h, at �23.3 � C for 63 h, at
�26.1 � C for 48 h, at �28.9 � C for 35 h, at �31.7 � C for 22 h,
at � 34.5 � C for 8 h, and at � 37.2 � C for 0.5 h. These extended
times take into account the amount of time required for the
temperature to equalize within the meat along with a margin
of safety.

It should be noted that some species and types ofTrichinella
are not susceptible to freezing in the same manner asT. spiralis.
Both T. nativa (T-2) and T-6 can survive normal freezing
temperatures and remain infective. Several outbreaks of human
trichinellosis resulting from freeze-resistant species/types hav
been reported. Although T. nativahas low infectivity for pigs,
other sources of infection, such as bears, are important in
exposure of humans to this parasite.

Curing
The wide variety of processes used to prepare cured pork prod
ucts (sausages, hams, pork shoulder, and other ready-to-e
products) makes it impossible to discuss standard requirements
for inactivation of Trichinella. In the curing process, a meat
product is coated with a salt mixture or injected with a brine
for
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Figure 3 Linear regression (solid line), actual data points, and the 99%
upper con� dence limits (dashed line) of the freezing time (log10) required
at each temperature (� 22 to� 2 � C) for the inactivation ofTrichinella
spiralislarvae. In the regression equation,t ¼required inactivation time
andT¼temperature in� C. Reprinted with permission from Kotula, A.W.,
Sharar, A., Paroczay, E., Gamble, H.R., Murrell, K.D. and Douglass, L.,
1990. Infectivity ofTrichinellafrom frozen pork. J. Food Prot. 53, 571–573.
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solution and held at refrigerated or room temperatures. After the
concentration of curing salts in the tissues has equilibrated, the
product is dried, or smoked and dried, using various tempera-
ture/time combinations that have been shown to inactivate
Trichinella. The curing process involves the interaction o
salt, temperature, and drying times to reach a desired wate
activity, i.e., percentage moisture or brine concentration
Unfortunately, no single or even combination of parameters
achieved by curing has been shown to correlate de� nitely with
Trichinellainactivation. Thus, curing methods intended to render
pork safe with respect toTrichinellalarvae should be validated
to assure that the particular process is effective in killing the
parasites. Validated curing methods that have been used effe
tively may be found in compliance guidance of the USDA’s Code
of Federal Regulations Title 9, Chapter III, 318.10.

Irradiation
Treatment of fresh pork with 0.3 KGy renders Trichinella
completely noninfective.

See also:Curing of Meat;National Legislation, Guidelines, an
Standards Governing Microbiology:European Union;Nucleic
Acid–Based Assays:Overview.
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Introduction

Trichodermaspp. are cosmopolitan soil-dwelling molds. They
attack diverse organic materials and through their degradative
activities produce a range of potentially useful enzymes and
secondary metabolites. A few species are invasive and prese
a concern to the production of certain foods, such as to the
mushroom industry. Furthermore, one species,Trichoderma
longibrachiatum, is a common house mold. On the more posi-
tive side, other species have been developed as biocontro
agents because they possess properties that are antagonistic
plant pathogens. Furthermore, certain species are used
stimulators of plant growth ( Harman et al., 2004).
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Characteristics

Trichodermais a genus of fungi that is present in most types of
soils, where they are the most prevalent culturable fungi.Tri-
chodermaspp. frequently are isolated from forest or agricultural
soils and from wood. Some also have been found growing on
other fungi. There are around 90 species in theTrichoderma
genus.

Typically, the fungus has an optimal growth range of
25–30 � C, and it will not grow at higher temperatures. The
most suitable types of culture media for its cultivation are
cornmeal dextrose agar, in which the colonies appear a
transparent; and potato dextrose agar, in which the colonies
appear white. A yellow pigment may be secreted into the agar
Some species produce a characteristic sweet or coconut odo

From a microscopic view, the conidiophores are highly
branched, loosely or compactly tufted, and often formed in
distinct concentric rings, or borne along the scant aerial hyphae
The typical Trichodermaconidiophore with paired branches
assumes a pyramidal aspect. Phialides typically are enlarged
the middle but may be cylindrical or nearly subglobose. Chla-
mydospores may be produced by all species. Chlamydospore
typically are unicellular subglobose and terminate short hyphae;
they also may be formed within hyphal cells.

Most Trichodermastrains have no sexual stage but instea
produce only asexual spores. Teleomorphs (the sexual repro
ductive stage) of Trichodermaare species of the ascomycet
genusHypocrea(Kirk et al., 2008). These are characterized b
the formation of � eshy, stromata in shades of light or dark
brown, yellow, or orange. Ascospores are bicellular and often
green in color. More than 200 species ofHypocreahave been
described (Samuels, 2006).
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Enzymes

Trichoderma, being a saprophyte adapted to thrive in diverse
situations, produces a wide array of enzymes. By selectin
strains that produce a particular kind of enzyme, and culturing
644 Encyclopedia of Food
these in suspension, industrial quantities of the enzyme can be
produced. For example,Trichodermaand the closely related
Gliocladiumspp. are metabolically versatile in attacking a diverse
range of plant biomass, including oligosaccharides melezitose
raf� nose, and sucrose, and such polysaccharides as cellulos
chitin, inulin, laminaran, pectin, starch, and xylan (Kubicek and
Harman, 1998). Trichodermaspp. has received particular atten-
tion when it was realized that degradative strains isolated during
World War II were particularly ef� cient in producing a complex
of enzymes that attacked crystalline cellulose and in very high
yields. Much of this realization came from the studies of E.T.
Reese and M. Mandels at the US Army Laboratories, Natick, MA
One particular strain, Trichodermasp. QM6a, later de� ned as
Trichoderma reeseiin honor of Elwyn Reese, produced up to
0.5% extracellular cellulase. In a bioenergy program, in which
the production of ethanol was envisioned through the conver-
sion of waste cellulosics, � rst to glucose, and followed by
fermentation by yeast, hypercellulolytic mutants were created to
facilitate the initial hydrolysis of cellulose. Such strains as
T. reeseiQM9414 and Rut C-30 routinely produced 20 gl� 1

extracellular protein, mainly cellulase. Higher productivities
were gained through optimized fermentation protocols (Har-
man and Kubicek, 1998).

As an outgrowth of the bioenergy program,Trichodermahas
since been considered a practical source of enzymes, includin
such food enzymes as cellulase, glucanase, xylanase, pectina
chitinase, laminarinase, and general hemicellulase enzymes
mannanase and arabinosidase.Trichoderma reesei, for example,
is used to produce cellulase and hemicellulose;Trichoderma
longibratumis used to produce xylanase (Felse and Panda,
1999); and Trichoderma harzianumis used to produce chitinase
(Azin et al., 2007).

Commercial cell wall–degrading enzyme preparations were
developed and initially used for the preparation of protoplasts
from plants and also fungi; these‘wall-less’ cells were used for
fundamental studies in cell fusion. These lytic enzyme prepa
rations have been further developed and are now in use to
enhance the ef�ciency of utilization of monogastric animal
feeds. The Genencor International Multifect products are
illustrative. Multifect xylanase is used principally in animal
feeds. Mixes of xylanase and cellulase in Multifect XL and
Multifect GC reduce the viscosity of plant materials and are
used to facilitate the extraction of tea and coffee and the
production of fruit juice, besides being applied generally in
waste treatment and in agricultural silage. Although generally
composed of mixtures of lytic polysaccharases, they are avai
able lacking protease, lipase, and also amylase. Such spec
formulations (Multifect GGC) are used in the baking industry
for modi � cation of dough. A further Trichodermacellulase-
based preparation, Spezyme CP, is used in the corn milling
wheat starch, and fuel alcohol industries to enhance the sepa
ration of starch, gluten, and � ber, thereby facilitating general
operation by reducing viscosity, aiding� ltration, and reducing
fouling of distillation equipment.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00337-2
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Trichoderma 645
Trichodermaenzymes also are used in combination with
enzymes from other microbial species. The classic mixe
product is a cellulase–pectinase blend, the latter enzyme being
from Aspergillus niger. Preparations include Superex Plus and
also Vinemax C, respectively, used for apple juice clari� cation
and pigment extraction of red grapes.Trichodermaspp. produce
a wide range of secondary metabolites, certain ones of whic
are potentially toxic. Thus, it is emphasized that all theseTri-
chodermafood-grade enzymes comply with the Food and
Agriculture Organization/World Health Organization and
Food Chemical Codex and fall into the US generally recognized
as safe (GRAS) category. Kosher grades of these enzymes
available (Sivasithamparam and Ghisalberti, 1998).
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Secondary Metabolites

Trichodermaproduces a diverse range of secondary metabolite
Well over 100 have been characterized fromTrichoderma,
including polyketides, oxygen heterocyclic compounds, pyrones
terpenoids, polypeptides, and derivatives of amino acids and
fatty acids. The coconut odor associated with soils and due
to the volatile 6-pentyl-a-pyrone is produced by Trichoderma
viride and some Trichoderma hamatumstrains. Pigments with
unknown function include the anthroquinones pachybasin
(1,8-dihydroxy-3-methyl-9,10-anthraquinone), chrysophanol(1,8-
dihydroxy-3-methyl-9,10-anthroquinone), and emodin (1,6,8-
trihydroxy-3-methyl-9,10-anthroquinone). Certain Trichoderma
secondary metabolites are toxic to animals and plants, the more
widely known ones falling into three mycotoxin groups: tricho-
thecenes, cyclic peptides, and isocyanide-containing metabolite
Trichothecenes include trichodermin, which has been speculate
to be produced in the soil and impairs plant growth. Cyclic
peptides include the lipophilic alamethicin, suzukacillin, tri-
chotoxins, trichopolyns, and trichorianine, all of which attack
membranes of bacterial and eukaryotic cells and promote lysis
Isocyanides such as trichoviridin are another class of toxi
metabolites known to be produced widely by T. hamatumstrains.
This species occurs as a dominant soil microbe in certain shee
pastures and has been implicated as a cause of ill thrift of shee
through their action in inhibiting their cellulolytic rumen
microbes. As noted, because of the potential toxicity ofTricho-
dermaproducts, their application in the food industry is moni-
tored extremely rigorously.
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Green Mold of Mushrooms

In spite of their ability to produce large amounts of cellulases,
most Trichodermaspp. attack wood quite poorly. They attack
parenchymatous cells and bordered pits, but they are no
aggressive wood destroyers and appear as secondary co
nizers sequentially following primary attack by true wood
decay fungi. This has generated the theory that their ecologica
niche in wood decay is as necrotrophs: Although they are
wood saprophytes, they also are mycoparasites of the deca
fungi. In this sense, their role in attacking mushroom crops–
the mushroom green mold – becomes apparent (Samuels
et al., 2002). Trichodermaspp. have been a periodic concern to
mushroom producers worldwide, as their growth can cause
major economic loss. The commercial production of shiitake
(Lentinus edodes), oyster mushrooms (Pleurotus ostreatus), and
button mushrooms ( Agaricus bisporusand Agaricus bitorquis)
has sustained losses. Indeed, over the past decade, t
occurrence of Trichodermagreen mold has escalated, with
button mushroom ( Agaricusspp.) losses totaling millions of
dollars. Although the disease was recognized as a disorder fo
mushroom production in 1953, over the past decade partic-
ularly aggressive strains of the mold have emerged in th
United Kingdom, Ireland, Europe, Canada, the United States
and Australia. The outbreaks have been widespread, with cro
yields being reduced up to 30%. The mold becomes
predominant through infestation of the mushroom compost.
A more minor disease, mushroom blotch (spot), in which dry,
brown, sunken lesions appear on the stem and cap, has bee
proposed to be caused byTrichodermatoxins diffusing into the
mushroom.

Speciation of Trichodermaby classical characterization
requires sophistication and skill. The weed strains were initially
all considered as taxa ofT. harzianum. Through molecular
biological methodology, however, new designations became
apparent. The initial identi� cations have been quali� ed. There
are four biotypes:Th1 is the same as theT. harzianumneotype;
Th2is a new species;Th3is in reality Trichoderma atroviride, and
Th4 is quite distinctive. Trichoderma harzianumbiotype 4 has
been reclassi� ed asTrichoderma aggressivum.

The Irish Th2 appears to be genetically related to the earlie
Irish isolateTh1and may have evolved from the latter biotype at
some earlier stage. TheTh2and the North American Th4appear
to have independent origins from other wild strains. Control of
greenTrichodermamold is dif � cult but can be achieved through
meticulous hygiene and sanitation and by ensuring that the
composting phase attains full temperature. In addition to good
microbiological aseptic technique, a further central control is to
prevent the dissemination of green mold, whether by humans,
insects, or mites. Indeed, the use of alternativeTrichoderma
biocontrol species to control infestation byVerticilliummold has
resulted in the enhancement of red-pepper mites and spread o
unwanted molds. Modi � ed composting strategies and the
selective use of the rather costly fungicide benomyl are unde
evaluation as additional means of control.

In addition to the spoilage of mushrooms, T. viride is the
causal agent of green mold rot of onion.
Trichodermain Biocontrol of Plant Fungal Pathogens

Several strains ofTrichodermahave been developed as biocon-
trol agents against fungal diseases of plants. The variou
mechanisms include antibiosis, parasitism, inducing host–
plant resistance, and competition. As biocontrol agents, the
species is particularly active against soilborne root diseases–
cereal take-all (Gaeumannomyces graminis), damping off
(Pythium spp.), root rot ( Rhizoctonia solani), and wilts ( Scle-
rotinia sclerotiorum, Verticillium dahliae) – besides leaf pathogens
such as gray mold (Botrytisspp.).

Superior biocontrol strains have been selected, large-sca
production of conidiospores and chlamydospores has been
developed, and specialized means for the delivery of thes
spores are under active development. Strains ofT. harzianum,
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T. viride, and T. hamatumare particularly effective, together
with strains of the closely related Gliocladium. Commercial
biotechnological products have been made usingT. harzianum,
such as 3Tac, and have been useful for the treatment ofBotrytis,
Fusarium, and Penicilliumsp. (Yedidia et al., 1999). Another
species,T. virideis an effective biological control agent against
plant pathogenic fungi, providing protection against such
pathogens asRhizoctonia, Pythium, and Armillaria.

Conidiospores and chlamydospores are considered more
practical inocula as they survive in soil far longer than mycelia.
The initial market niche for these biocontrol agents appears
with greenhouse and ornamental plant production, where
delivery methods and environmental conditions can be
controlled more effectively. A corollary to the use ofTricho-
derma as biocontrol agents is that certain species also ca
promote plant growth. Effects include enhanced germination
and growth of a range of agricultural plants, including corn,
tomato, radish, and pepper. This intriguing concept is under
development and again has to take full measure of the spread
and persistence ofTrichodermagrowth-promoting agents in
the soil.
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Medical Uses

The fungusTrichoderma polysporumcan be harnessed to produce
a calcineurin inhibitor called cyclosporine A (CsA). The
inhibitor is used as an immunosuppressant prescribed in organ
transplants to prevent rejection.
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Conclusion

This chapter has described the main features of theTrichoderma
genus and also has described its industrial uses, in which i
plays a signi� cant role in enzyme production, in cases in which
they are used to produce textiles and food. The most signi� cant
property is with the utilization of the species to destroy fungal
plant pathogens (as a biocontrol agent). In this case
Trichodermaspp. attack, parasitize, and otherwise gain nutrition
from other fungi. They have an advantage in thatTrichoderma
spp. possess innate resistance to most agricultural chemical
including fungicides. The article also considered the risk tha
the fungus presents as a food spoilage microorganism, in which
the mushroom industry, and to a less extent onion production,
experience periodic bouts of contamination.
See also:Spoilage Problems:Problems Caused by Fungi.
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Introduction

TrichotheciumLink ex Fr. is a small and heterogeneous genus o
fungi. Under this genus in Mycobank (http://www.mycobank.
org/), 73 different species are recorded. Some of th
prominent members of the genus are Trichothecium poly
brochum, Trichothecium cystosporium, Trichothecium pravicov,
Trichothecium luteum, Trichothecium parvum, and Trichothecium
roseum. Conidiophores and conidia of the � rst three species are
morphologically different from T. roseum(Pers.) Link ex S.F
Gray, the type species of the genus. The conidial developmen
in the type species has been studied extensively.Trichothecium
Link was � rst reported in 1809. Trichothecium roseum(Persoon)
was placed in the form class Deuteromycetes orFungi imperfecti.
No sexual stages are known in the life cycle of this fungus
Cephalothecium roseumCorda (1838), Hyphelia rosea(Pers.) Fr.
(1825), Hyphoderma roseum(Pers.) Fr. (1849),Hypomyces rose
(Pers.) Sacc. (1870),Puccinia rosea(Pers.) Corda (1840),
Sphaeria roseaPers. (1801), andTrichoderma roseumPers. (1794)
are some of the synonyms ofT. roseum.
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ClassiÞcation ofTrichothecium

Many fungi that are known to have a septate mycelium,
reproduce by means of asexual reproduction by the formation
of conidia. Since these fungi lack a sexual or perfect phase in th
life cycle, systematic classi� cation has not been uniform after
their discovery. They initially were grouped together as
imperfect fungi or Fungi imperfectiunder the form class Deu-
teromycetes. Under Deuteromycetes, order Moniliales, ther
are four form families – namely, Moniliaceae, Dematiaceae
Tuberculariaceae, and Stillbellaceae. The form family Mon
iliaceae is the largest of Moniliales. All imperfect fungi that
produce conidia on an unorganized, hyaline conidiophore or
directly on hyaline hyphae fall in this family. Most species of
the family are saprophytes, but many are plant parasites
animal predators, or human pathogens. Trichotheciumis
another small genus of this form family.

Trichotheciumhas been classi� ed under the class Hypho-
mycetes. The class Hyphomyces under Deuteromycotina is no
a part of the main taxanomic classi� cation of fungi. Like Fungi
imperfecti, it is also a part of the additional special purpose cross
classi� cation in which different conidial forms of Ascomyco-
tina, Basidiomycotina, and sometimes Zygomycotina are
grouped together. It also includes conidial states whose perfec
phase is unknown or lacking. The conidial states of different
conidiogenic fungi were grouped together into form genera for
convenience in identi� cation and nomenclature. The species
included in the form genera are related to each other by the
form of their conidia and conidiogenous apparatus. The
various form genera composed of the various Saccardoan spo
groups are Didymosporous, Basidiosporous, Hyalosporous
and Ascosporus. On the basis of the conidiogenous cell, th
conidial group could be further classi� ed as nonspecialized,
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
ampulliform, raduliform, rachiform, annelliform, pluraliform,
and miscellaneous or nonspeci� c. Furthermore, the genera
produce arthrocatenate conidia from the apical meristem.Tri-
chotheciumbelongs to a miscellaneous group under the form
genera Didymosporous.

The conidial stages of these fungi are very similar to the
perfect fungi. Therefore, recent classi� cation placed Trichothe-
ciumunder the phylum Ascomycota. The current phylogenetic
classi� cation followed by the International Mycological Asso-
ciation, International Commission on the Taxonomy of Fungi,
Systematic Mycology and Microbiology Laboratory (Fungal
Databases, US Department of Agriculture Agricultural Researc
Service (USDA ARS)), National Center for Biotechnology
Information (NCBI), and Index Fungorum classi� ed this fungi
as follows: Kingdom, Fungi; subkingdom, Dikarya; phylum,
Ascomycota; subphyllum, Pezizomycotina; class, Sordar
iomycetes; subclass, Hypocreomycetidae; order, Hypocreale
and genus,Trichothecium.
Characteristic Features

The morphological features of the Trichotheciumconidia are
shown in Figure 1.

Septate hyaline hyphae, conidiophores, and conidia are
visualized. Conidiophores are long and unbranched. They bea
the conidia.
Colony Morphology

The colonies are� at, granular, and powdery. From the anterior,
the color is initially white and becomes pale pink to peach
colored. Trichotheciumgrows rapidly at 25� C on potato
dextrose agar. The fungus forms effused, velvety or powder
whitish gray, yellowish, or pink colonies.

Mycelium

Trichotheciumconidia upon germination form creeping hyphae.
The hyphae are septate, branched, smooth walled, hyaline, o
subhyaline.

Conidiophore

The conidiophores arise singly or in loose groups; erect
straight, or somewhat� exuous; mostly simple but occasionally
branched; septate; and scarcely swollen at the tip, with meri
stematic apices capable of producing conidia in basipeta
succession to form characteristic chains. The conidiophores ar
indistinguishable from the vegetative hyphae until the � rst
conidium is produced. The meristematic apex of the conidio-
phore, which gives rise to meristem arthroconidia (arthro-
catenate) apparently does not elongate signi�cantly during
spore formation. The conidiophore is shortened progressively
with the formation of each conidium, that is, retrogressive
conidial development. The characteristic basipetal catenulat
78-0-12-384730-0.00338-4 647
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Figure 1 (a)Trichothecium roseumconidia; (b)Trichothecium luteum, conidia, and conidiophores with young conidia; (c)Trichothecium parvum, conidia
and conidiophores with young conidia. Rifai, M.A., Cooke, R.C., 1966. Studies on some didymosporous genera of nematode-trapping hyphomycetes.
Transactions of the British Mycological Society 49, 147–168.
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conidial cluster and the asymmetric basal cell of the conidium
are characters of great diagnostic value in assigning a species
the genusTrichothecium.
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Conidia

Conidia arise as blowouts from one side of the tip of the
conidiophore, and after the � rst conidium has been put out
before it fully matures, the next conidium is blown out from
the opposite side. The conidia thus are pinched out one afte
the other and remain attached to each other on the shoulder to
form zigzag chains giving rise to a characteristic head. They a
organized side by side and form an elongated cluster to form
a zigzag pattern at the tip of the conidiophore. New conidia are
produced and added to the bottom of this zigzag column. Their
attachment point to the conidiophore is prominently truncate.
The conidia (12–18 � 8–10 mm) are smooth, slightly thick-
walled ovoid or pear shaped, and two celled, with the apical
cell being larger than the basal cell, which is curved and conical
The conidia are light pink or pale colored, and appear hyaline
under a microscope, but they are pink in masses in culture or
on the host. The conidia are attached to the conidiophore at the
pointed end of their basal cell. Alternating two-celled, clavate
conidia held at their bases are typical characteristic ofTricho-
thecium roseum.
Relatedness to Other Species

Trichotheciumis related closely to a few other fungi. These
include C. roseumCorda, Hyphelia, Trichoderma, and Spicellum
roseum. The� rst three are considered as a synonym. The genu
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Cephalotheciumwas proposed by Corda on the assumption that
in T. roseum, the conidia did not form chain-like clusters. It is
probable that the two genera were based on the same speci
and the synonymy of the two was suggested. This suggestio
was accepted without reservation by the later authors. As far a
Spicellumis concerned, a partial sequence analysis of th
nuclear small 18S and nuclear large 28S ribosomal RNA
subunits of the two species has been carried out. It was sug
gested that the two species are from a monophyletic group. Th
colony characteristics and trichothecenes production by the
two species further strengthens this contention. Differences in
conidiophore branching and conidium ontogeny, however,
are there.
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Figure 2 Naturally occurring trichothecenes. (a) Trichothecene skel-
eton: R1] H; R2] H; R3] H; R4] H; R5] H. T2 toxin: R1] OH; R2] OAc;
R3] OAc; R4] H; R5] OCOCH2CH(CH3)2. (b) Trichothecin: R1] H;
R2] OCOCH–CHCH3H; R3] H; R4] H. Deoxynivalenol (DON): R1] OH;
R2] H; R3] OH; R4] OH.
Phytopathogenic Potential

Trichotheciumis distributed widely on decaying vegetation,
seeds of corn, and foodstuffs (especially� our products) and in
the soil and, therefore, basically are termed as a saprophyte. B
it increasingly is being implicated as a secondary pathogen in
fruits and vegetables. It is commonly considered as a contami
nant and parasite of � eshy fungi. In USDA ARS databas
the T. roseum showed about 222 different plant hosts
found in different parts of the world ( http://nt.ars-grin.gov/
fungaldatabases/). Trichotheciumis known to cause pink rot
of apples, generally following apple scab infection. It can enter
the fruit through the lesions caused by the primary pathogen of
apple scab,Venturia inaequalis. Thus,Trichotheciumcan be called
an opportunistic pathogen in fruits and vegetables. Peach wa
reported earlier to be one of the hosts for the fungus. Recently
it has been reported to be associated with fruits like prunes
(Prunus persica(L) Batsch), nectarines (P. persica(L) Batsch
var. nectarine), eggplant (Solanum melongenaL.), and plums
(Prunus salicina), where it has been shown to cause pink rot.
muskmelons (Cucumis meloL.) and watermelons (Citrullus
lanatusL.), pink rot caused byT. roseumhas been reported from
Japan, the United States, South America, India, and the Unite
Kingdom. It is reported to grow on banana (Musa acuminate).
Trichothecium roseumwas found to sporulate better in the
presence ofMonilinia and Cladosporiuminfections. It is reported
to cause pink rot in vegetables, such as tomato and cucurbits.
is also reported to be a pathogen on tea leaves and also infec
many forest trees.Trichothecium roseumis reported to reduce the
germination potential of seeds. It is also known to cause pink
pod rot of bean (Phaseolus vulgaris). The disease is characterize
by the appearance of powdery mold that is initially white but
eventually turns pink. It appeared in senescent and matured
pods but also could be found in stems, petioles, and dead
leaves.Trichothecium roseumcausing pink mold rot on eggplant
was found in Uttar Pradesh, India.
Mycotoxins Produced byTrichothecium

Trichotheciumis reported to produce a number of secondary
metabolites. These include toxins, antibiotics, and other bio-
logically active compounds. Trichothecenes make up of a group
of closely related sesquiterpenoid compounds that contain
a trichothecene nucleus (Figure 2). The naturally occurring
compounds possess an ole� nic bond at C9 and 10, and an
epoxy ring at C12-13. Thus, they are called 12,13-epoxy
trichothecenes. Trichodermol is the simplest structure in the
family. More than 60 derivatives of trichothecenes are known
whose structures vary in both the position and the number of
hydroxylations, as well as in the position, number, and
complexity of esteri� cations.

Trichothecium roseumproduces a number of secondary
metabolites, including diterpenoids and sesquiterpenoids.
The diterpenoids include rosolactone, rosololactone
acetate, rosenonolactone, desoxyrosenonolactone, hydroxy
osenonolactones, and acetoxy-rosenonolactone. The sesqu
terpenoids have a trichothecene nucleus (Figure 2). These
include 12,13-epoxy tricothec-9-ene, crotocin, trichotheco-
lone, trichothecin, trichodiols, and roseotoxin. New toxic
metabolites, including cyclodepsipeptides, two new sesqui-
terpenoids, and the guangomide A, roseotoxin S, and three
simple trichothecenes were isolated from the cytotoxic
organic extract from Trichotheciumsp. (MSX 51320). Rose-
ocardin, a cyclodepsipeptide, was isolated and characterize
from the culture of T. roseumTT103 shown to increase
the strength of muscular contraction in rat heart muscles
A cyclodepsipeptide toxin from T. roseum– namely, rose-
otoxin B – has been puri� ed and characterized to have
a molecular weight of 591 and an empirical formula of
C30H49O7N5. It consists of 1 mol each of L-isoleucine, N-
methylvaline, N-methylalanine, trans-3-methyl-L-proline,
b-alanine, and 2-hydroxy-4-pentenoic acid joined together by
amide and ester bonds in a cyclic peptide lactone structure.

Trichothecium roseumLZ93 from Maytenus hookeriwas found
to antagonize other pathogenic fungiin vitro. The trichothecin
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was shown to be an antifungal compound responsible for
this antagonism. Two isolated trichothecin derivatives,
8-deoxy-trichothecin, and trichodermol in� uence the sphin-
golipid metabolism in neural cells (neuroblastoma B104
cells) by inhibiting lactosylceramide synthase activity in a cell
type–speci�c manner.

BesidesT. roseum, trichothecene compounds are produced
by fungi, including Fusarium, Myrothecium, Trichoderma, Ceph-
alosporium, and Stachybotrys. In fact, only the prevalence of
trichothecenes in foods and feeds is considered next to a� a-
toxin. The major source of trichothecenes in foods, however, is
Fusarium. The� rst trichothecene compounds, verrucarins, were
reported in 1946.
Figure 3 Formation of trichothecin from acetyl Co-A through a meva
onate pathway.
Biosynthesis of Trichothecin

Trichothecene mycotoxins are derived from the mevalonate
pathway (Figure 3). Trichothecene skeleton is formed from
farnesyl pyrophosphate. Trichodiene, a metabolite ofT. roseum,
was proposed as a regulatory intermediate in the biosynthetic
pathway. Tritiated trichodiene was found to be incorporated
into an epoxy alcohol, trichodiol, which was also found to be
an intermediary metabolite in the pathway for trichothecin
formation. Incorporation of tritiated mevalonate into both
trichothecolone and trichodiol has been con� rmed. Formation
of trichodiene from farnesyl pyrophosphate in a cell-free extract
has been shown.
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Genes and Enzymes for Trichothecenes Biosynthesis

Seven trichothecenes biosynthetic pathway genes have bee
reported to constitute a gene cluster. These seven genes ha
been designatedTri3, Tri4, Tri5, Tri6, Tri7, Tri8, and Tri9. The
functions of the genes in trichothecene biosynthesis are a
follows: Tri3, 15-O-acetyltransferase;Tri4, Cytochrome P450
monooxygenase trichodiene oxygenase;Tri5, Trichodiene syn-
thase; Tri6, Transcriptional regulator; Tri7, 3-acetyl trichothe-
cene 4-O-acetyl transferase; andTri 8, trichothecene C-3
deacetylase.

The enzyme trichodiene synthase is the� rst unique enzyme
in the trichothecene pathway that catalyzes the cyclization of
farnesyl pyrophosphate to trichodiene. Trichodiene synthase
activity was� rst found in cell extracts ofT. roseum. Similar type
of terpene cyclase enzymes are known in the biosynthesis o
cyclic terpenoids in both fungi and plants. Its systematic name
is (2E,6E)-farnesyl diphosphate lyase (cyclizing, trichodiene
forming) EC 4.2.3.6. The alternate names include sesquiter
pene cyclase and trichodiene synthetase. The enzyme requir
Mg for activity and is a homodimer of 45 kDa. Another studied
enzyme is trichodiene oxygenase, which catalyses oxygenatio
of trichodiene to form trichodiol. This enzyme is unstable and
therefore not fully characterized and shows similarity with
cytochrome P450 monooxygenases.
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Detection of Trichothecenes

Trichothecenes are generally extracted from food and fee
samples with aqueous methanol or acetonitrile, defatted
with n-hexane, and partitioned with chloroform or dichloro-
methane. The chloroform or dichloromethane is evaporated
from the extract and the residue is dissolved in methanol. A
thin layer chromatographic (TLC) or gas chromatographic/
mass spectrometric (GC/MS) analysis can be carried out on th
extract. A TLC cleanup is usually recommended before GC/M
analysis. For TLC analysis, a number of developing solvents ar
used. These include benzene:acetone (12:7 v/v), toluene:ethy
acetate:formic acid (6:3:1 v/v), and chloroform:methanol
(9:1 v/v). Detection of trichothecenes can be carried out using
various spray agents, such as sulfuric acid 4-(p-nitrobenzyl)-
pyridine, phluoroglucinol, and aluminum chloride. Detection
limits for trichothecenes by TLC is 0.2–5 ppm (0.2–5 mg ml� 1).
Therefore, extracts from biological samples would have to be
concentrated 10- to 1000-fold to screen for trichothecenes.
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Trichothecium 651
For GC/MS studies, tri� uoroacetate derivatives are obtained
by reaction of the sample extract with tri� uoroacetic anhydride
at 60 � C for 20 min. After evaporation of tri � uoroacetate with
nitrogen, the residue containing the derivatives is dissolved in
chloroform. An aliquot is injected into GC/MS. A fused silica
capillary column coated with dimethyl silicone is used with
a temperature program of 80–300 � C. Carrier gas (helium) is
used with a � ow rate of 90 ml min � 1 at the exit of GC. MS
measurements are performed in positive chemical ionization
mode in methane plasma, with electron energy of 200 eV, an
ion source pressure of 0.6 torr. The quantitation is done
based on an area comparison of two selected ions for eac
trichothecene–tri � uoroacetate derivative with an appropriate
external standard. Picogram quantities of trichothecenes ar
detectable by GC/MS methods. The high-performance liquid
chromatography/MS procedure provides a speci� c and reliable
method to identify trichothecene mycotoxins with a sensitivity
up to the 0.1 ppb level.

Another method for detection of trichothecenes is immu-
noassay using speci� c polyclonal and monoclonal antibodies.
Such speci�c antibodies are developed for most of the major
trichothecenes and their metabolites and are used to produc
highly sensitive and speci� c radioimmunoassays (RIAs)
and enzyme-linked immunosorbent assays (ELISAs) for the
trichothecenes. The lower detection limits for identi� cation of
trichothecenes by RIA is about 2–5 ppb and by ELISA is 1 ppb.
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Toxicity

The� rst report of the toxicity of the extracts ofT. roseumtoward
animals appeared in 1948 and was based on the eye and th
skin tests in rabbits. Later a single dose of trichothecin
250 mg kg� 1 body weight given intravenously, was reported to
cause death in rats. The toxicity of trichothecenes cause radi
mimetic effects. Acute toxicity of trichothecenes to mice varie
from 10 to 1000 mg kg� 1 (administered orally) and in rats
from 4 to 8 mg kg� 1 (administered orally). General toxicity of
trichothecenes may be very high. The dermal toxicity o
trichothecenes (verrucarin A and roridin A) is high and causes
induction of edema and other dermal toxicities by direct attack
on the capillary vessels. International agency for research o
cancer (IARC) has given a rating 3 to trichothecenes. It mean
that the toxin is not classi� able as carcinogenic to humans as
there is insuf� cient evidence of carcinogenicity in humans and
only a limited evidence in animals.

Trichothecin is known to be associated with agricultural
commodities like corn, sorghum, pearl millet, green gram, and
beans. It has been found to be associated with poultry and
cattle feed and oilseed cakes. Trichothecin mycotoxicos
therefore can occur in cattle, swine, horse, sheep, fowls, an
man. The problems associated with trichothecin exposure
include poor feed conversion, feed refusal, diarrhea, dermatitis
hemorrhage, immunosuppression, decreased egg and mil
yield, hemorrhage, and necrosis of rapidly proliferating tissues
such as intestinal mucosa, bone marrow, and spleen in
animals. Consumption of food contaminated with these
mycotoxins causes severe pathological effects in human
which includes multiorgan effects, including emesis and diar-
rhea, weight loss, nervous disorders, cardiovascular alteration
immunodepression, hemostatic derangements, skin toxicity,
decreased reproductive capacity, and bone marrow damage.

Trichothecin changes the morphology of cellular mito-
chondria and the cell viability also attenuated. The features
of apoptosis, such as chomosomal condensation, inter-
nucleosomal fragmentation, expression of proapoptotic
protein Bax, caspase-9, and activity of caspase-3 have be
observed. The expression of antiapoptotic protein Bcl-2
diminished after the treatment of trichothecin. The mito-
chondrial membrane potential (DJm) also decreased in a dose
dependent manner. The Ca2þ overload induced by trichothecin
follows the generation of reactive oxygen species (ROS). Th
apoptosis induced by trichothecin is observed to be mediated
by caspase-9 activation and the decrement of mitochondria
function resulted from the overloaded calcium and ROS
production.

Trichothecenes are cytotoxic compounds that have multiple
inhibitory effects on eukaryotic cells like inhibition of protein,
DNA, and RNA synthesis. Inactivation of initiation, elongation,
and termination steps in protein synthesis reportedly is caused
by the conjugation of trichothecenes molecules to protein,
RNA, and DNA. Trichothecenes have been found to react with
the –SH group of proteins. At the molecular level, trichothe-
cenes inhibit the peptidyl transferase translation by binding to
the 60S ribosomal subunit, suggesting that one of the cytotoxic
mechanisms is translational inhibition. It was shown that
trichothecenes induce mitogen-activated protein kinases
which induce the production of proin � ammatory cytokines,
implying the immune system as the most important target of
trichothecenes. In bacteria, the toxin is also known to prevent
growth, and in general, the sensitive pathogens were inhibited
at trichothecin concentrations of 16 ppm or more.
Other Metabolites ofT. roseum

Reports concerning the metabolic products of the fungus
T. roseumhave appeared in literature since 1946. Extracts o
T. roseumhave also reported to reduce the infectivity of
a number of plant viruses. Antagonism of T. roseumtoward
other fungi led to the isolation of an antifungal compound,
namely, trichothecin. Since then several diterpenoid and ses
quiterpenoid compounds have been isolated, puri� ed, and
characterized from this fungus. Trichothecinols A, B, C, tri-
chothecin, trichodermol, and trichothecolone compounds
isolated from T. roseumwere studied for cancer preventive
properties. Trichothecinol A showed signi� cant tumor
preventive activity. A new fungal antibiotic furanocandin
recently was reported from aTrichotheciumspecies.Trichothe-
cium roseumF1064 is reported to form a new inhibitor of
cholesteryl ester transfer protein.Trichothecium roseumproduces
signi� cant amounts of mycosporine glutaminol during its
sporulation phase. This production is improved when glucose
is substituted by quinic acid in the culture medium. Tricho-
thecin and a polysaccharide fromT. roseumhave shown inhi-
bition of viral infection in Nicotiana glutinosa. Twenty different
volatile compounds, namely, 3-methyl-1-butanol; 3-octanone;
1-octen-3-one; 3-octanol; octa-1,5-dien-3-one; 1-octen-3-ol
6-methyl-5-hepten-2-ol; octa-1,5-dien-3-ol; furfural; linalool;
linalyl acetate; alpha terpinol; beta terpinol; citronellyl acetate;
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nerol; citronellol; phenylacetaldehyde; benzyl alcohol geranyl
acetate; 1-phenyl ethanol; and nerolidol were identi� ed from
T. roseum.
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Biocontrol

Pink rot disease caused byT. roseumis controlled by the
application of iprodione and azoxystrobin. Harpin protein,
a bacterial hypersensitive response elicitor, induced resistanc
in two cultivars of Hami melon fruit against T. roseumand the
induced fruit accumulated defense-related enzymes, peroxidas
(POD) and chitinase (CHT). Another compound, 1, 2 3-ben-
zothiadiazole-7-carbothioic acid S-methyl ester also showed
similar results in muskmelons. Application of sodium silicate
reported to control postharvest pink rot in Chinese cantaloupe
(cultivar Yujingxing) caused byT. roseum. Enhanced POD and
phenylalanine ammonia lyase activities were observed in
sodium silicate–treated melons.
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Biotechnological Applications

Trichotheciumhas shown the potential for biotransformation
of aromatic ketones (acetophenone and its analogous
compounds) to their corresponding (R)-alcohols. Chitinases
produced by this mycoparasites play an important role in
disease control in plants. A novel CHT gene (Trchi1) isolated
from T. roseumhas been cloned and expressed in tobacco plan
and showed increased resistance toAlternaria alternataand
Colletotrichum nicotianaeinfections. Trichothecium roseumhas
been reported to yield a protease in solid-state fermentation
using wheat bran (WB) as substrate. The production of extra
cellular a-amylase by T. roseumwas studied in solid-state
fermentation using WB, rye straw, corn cob leaf, sun�ower oil
meal, and rice husk media. Out of these media, WB exhibited
the highest enzyme productivity. Trichotheciumsp. has been
reported to be used for synthesis of gold nanoparticles in both
intra- and extracellular environments. The gold nanoparticles
are not toxic to the cells, and the cells continue to grow after
their biosynthesis.Trichothecium roseumgrows on hazelnut and
is reported to produce lipase enzyme, which hydrolyzes fat to
produce free fatty acids and partial glycerides.
ory (Fungal

See also: Fusarium;Mycotoxins:Classi� cation; Natural
Occurrence of Mycotoxins in Food.
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Introduction

The safety criteria for aseptic foods are important because of th
long shelf life and unrestricted storage conditions of these
foods. Microorganisms in aseptically processed food caus
quality problems either by spoiling the product or by increasing
the possible health risk. Aseptic products must be absolutely
free of microorganisms, including their spores. To ensure an
acceptably low percentage of unsterile units when marketing
ultra-high-temperature (UHT)-treated products, it is necessar
to check an appropriate number of packed samples for sterility
from every lot. A sampling rate of about 1% generally is rec-
ommended when samples are evaluated for their microbio-
logical safety and sensory quality. However, the system o
destructive sterility testing by sampling currently in use by
foodstuff producers does not guarantee consumer safety an
causes large losses of ready-to-use food. At the commissionin
stage of a new production line, tens of thousands of samples ar
tested by destructive microbiological methods, which are
uneconomical and place a burden on the environment.
Checking every single food container and its product content in
a nondestructive way is expected to increase consumer safe
and avoid losses of foodstuffs and packaging materials.

Traditionally, microbial quality control methods have
focused on assessing speci� c foodborne pathogens. A wide
range of kits and instruments are now commercially available
for the detection of speci�c pathogens, such asClostridium
botulinum, Salmonella, Listeria, and Escherichia coli.However, in
order to check the safety of commercial sterile products
methods that detect the growth of any microorganism are
needed. To date, only two commercial noninvasive methods
are available on the market. The Electester (TuomoHalone
Oy, Toijala, Finland) assesses viscosity changes in the produ
by � rst oscillating the product and then measuring the pattern
of the subsequent damping of the induced motion in the � uid.
Tap Tone (Benthos Inc., North Falmouth, MA, United States)
uses an electric� eld to create a tone, by inducing vibrations in
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
the aluminum foil of the package; the amplitude of the tone
changes if, for example, gas is produced in a package withou
a head space. These indirect methods are often appropriate fo
detecting a number of different microorganisms, but as
microorganisms produce different effects, the methods must be
checked using a wide variety of microorganisms to establish the
extent of their applicability.

Increasing consumer demand has accentuated the need fo
rapid, nondestructive online measurements of food quality.
The ideal method, in addition to being nondestructive, should
be nonspeci� c, to ensure that all types of microbial growth are
detected. Preferably, the method should measure factors tha
can be directly attributed to any organic growth in the product.
A method with high sensitivity means that the necessary
incubation time can be signi� cantly lower than that needed for
standard microbial cultivation. Furthermore, to permit exten-
sive testing, the method should be rapid. A nondestructive
sterility test method that shortens the incubation time is more
reliable than the standard methods currently used, and
a method that requires little labor input has great economic
importance for companies producing aseptic food products.
Potential Nondestructive Sterility Test Methods

Contact Ultrasound Method

One interesting method for nondestructive testing is ultra-
sound technology. Ultrasonics can be used in food engineering
for many purposes, for example, to measure the differen
physical properties of foodstuffs. Its applicability to quality
control of both fresh and processed foodstuffs has been
studied. The stability of reconstituted orange juice, the skin
texture of oranges, cracks in tomatoes, and defects in huske
sweetcorn have been investigated using ultrasonics. It is als
possible to determine the presence of foreign materials such a
metal and bone particles in food products with this method.
Ultrasonic energy can be used for nondestructive measuremen
78-0-12-384730-0.00339-6 653
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Figure 1 The sensitivity of different ultrasound methods to detect contamination. The shaded bars show the number undetected out of 12 samples; open
bars are false positives. The ultrasound method, frequency, and transducer distance shown are listed on the left side of the graphs: (a) inoculum level
< 700 cfu ml� 1 and (b) inoculum level< 10 cfu ml� 1.
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of the thickness of eggshells. It has also been shown tha
ultrasound imaging can be used for nondestructive testing of
the microbiological quality of aseptic milk products.

The investigation was conducted with the primary idea that
any change in properties compared with those of the controls
was an indicator of an abnormality. The ability of some contact
ultrasound techniques to detect contamination in UHT milk is
shown in Figure 1. The sensitivity of the ultrasound methods
was greater with a high inoculum level than with a low level. In
addition, there were more false alarms when a low inoculum
level was used. The most sensitive and accurate ultrasoun
techniques were second harmonic generation, absorption a
60–210 kHz, absorption at 1–6 MHz, and scattering at different
frequencies and transducer distances. The measurements we
clearly dependent on transducer distance and sound intensity
However, laser� uorescence and shearwave could not distin
guish between contaminated products and controls, and in the
case of velocity measurements, the number of undetecte
samples was high both with low and high inoculum levels.
Repeatable and reliable ultrasound results were also shown t
be dependent on the spreading and distribution of microbes in
the package; shaking prior to measurement was signi�cant,
especially in the case of highly contaminated samples and more
viscous products like Nantua� sh sauce.

The potential of second harmonic generation and absorp-
tion was studied more thoroughly in an investigation using
Tetrapak packages provided with windows and water a
a contact medium. The contact ultrasound measurement system
was a semiautomatic system where the sample was manual
changed (Figure 2). The measurement vessel housed th
transducers for the second harmonic measurement in addition
to the ones used for the absorption measurement. An optica
switch indicated when the package was positioned correctly
Small air bubbles that accumulated on the ultrasound window
were cleaned off with brushes. Using this method, it was
possible to record both the absorption and the second
harmonic values at the same time. If only two windows were
used, it was necessary to turn the package through 180� . One
package was measured at a time, the change in absorption (1.1–
5.6 MHz) and the generation of second harmonics (l/ 2 MHz,
132.3 / 6 MHz) were measured, a powerful mathematical
transform (partial least squares regression analysis) was used
extract the characteristic features from the data vector of th
sample, and the characteristic vectors used for statistical infe
ence and the samples differing from the controls were identi� ed.

Absorption and second harmonic measurements were use
to detect contaminated UHT milk packages. Measurement
were performed through the windows without breaking the
package. All the contaminants could be detected after 24 h o
incubation. During that time, the microbial counts in UHT
milk varied between 105 and 106 cfu ml� 1. The detection
threshold for second harmonic generation was 5% and for
absorption was 1.5%. The difference between ultrasound
measurements of control and contaminated samples was
greatest in the case ofE. coliand smallest in the case ofPseu-
domonas� uorescens. Absorption appeared to be a more stab
but less sensitive measurement technique than secon
harmonic generation. Although second harmonic
(3 / 6 MHz) and absorption could distinguish between
control and contaminated packages, differences in their overal
response could be detected. The ability of second harmonic
(3 MHz) measurement to distinguish UHT milk packages
contaminated with E. coli or Lactobacillus plantarumfrom
control packages is shown inFigure 3.

The results of using second harmonic and absorption
methods to detect contaminated UHT milk and Pursoup
vegetable soup packages are presented inTables 1 and 2. The
packages were inoculated with several important contaminants
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Figure 3 Detection ability of second harmonic (3 MHz) ofEscherichia
coli(samples 1–5) andLactobacillus plantarum(samples 6–10) contami-
nated UHT milk packages from controls (samples 11–15) after 24 h. The
measurement values have been corrected for the width of the package.
The microbial levels wereE. coli6.9 log cfu ml� 1, L. plantarum
6.5 log cfu ml� 1.

Table 1 The probability (%) of second harmonic generation and
absorption detecting contaminated UHT milk samples. The measurement
values have been corrected for the width of the package. The detection
threshold level for second harmonic was 5% and for absorption 1.5%

Microorganism

Second harmonic 3/ 6 MHz
Incubation time

1 day 2 days 3 days 4 days

E. coli 20 20 40 nd
L. plantarum 20 20 50 nd
P. ßuorescens 40 40 40 nd
C. kefyr nd 40 40 80
B. subtilis nd 40 40 40
C. sporogenes nd 100 100 100

Probability (day) 30 40 50 70

Microorganism

Absorption
Incubation time

1 day 2 days 3 days 4 days

E. coli 40 80 90 nd
L. plantarum 60 40 100 nd
P. ßuorescens 80 80 80 nd
C. kefyr nd 100 60 100
B. subtilis nd 60 80 100
C. sporogenes nd 100 100 100

Probability (day) 60 80 90 100

nd, no data.

Table 2 The probability (%) of second harmonic generation and
absorption detecting contaminated Pursoup vegetable soup samples.
The measurement values have been corrected for the width of the
package. The detection threshold level for second harmonic was 5% and
for absorption 1.5%

Microorganism

Second harmonic 3/ 6 MHz
Incubation time

1 day 2 days 3 days 4 days

E. coli nd nd nd nd
L. plantarum 80 80 60 80
P. ßuorescens 100 80 100 100
C. kefyr 100 40 100 100
B. subtilis 60 100 100 80
C. sporogenes 80 100 100 80

Probability (day) 80 80 90 90

Microorganism

Absorption
Incubation time

1 day 2 days 3 days 4 days

E. coli 60 60 60 60
L. plantarum 70 60 70 60
P. ßuorescens 100 100 100 100
C. kefyr 80 60 80 100
B. subtilis 20 40 20 40
C. sporogenes 60 100 80 20

Probability (day) 70 60 70 60

nd, no data.
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Figure 4 Thermograms of different bacteria in UHT milk at 30� C.
Squares,Escherichia coli; triangles,Salmonella arizonae; circles,Bacillus
cereus; and crosses,Streptococcus cremorisH414.
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and changes in ultrasound measurements compared with the
controls were followed for 4 days. During the � rst day, the
measurements were performed 5–7 h after the inoculation,
when the microbial counts were lower than 10 cfu ml� 1. From
these results, absorption seems to be the most promising
ultrasound measurement technique in detecting contamina-
tion in UHT milk. The best discrimination was obtained after
72 h of incubation when the microbial counts were 105–
108 cfu ml� 1. However, E. coli, L. plantarum, and P. � uorescen
were detected 5–7 h after the inoculation. Candida kefyr, Bacillus
subtilis, and Clostridium sporogenescould be detected after 24 h
of incubation because of their slow growth rate. Second
harmonic generation seems to be slightly better than absorp
tion to detect contamination in Pursoup vegetable soup.
During the � rst incubation day, 80% of the contaminated
Pursoup vegetable soup packages would be detected by seco
harmonic generation. In the case of Nantua� sh sauce, the
second harmonic could detect only 20–40% and absorption
could detect only 10% of the contaminated packages.

Variation between replicated measurements was slight bu
between samples was signi�cant (seeFigure 3). The reliability
of ultrasound measurements was further improved by taking
into consideration the effects of parameters such as tempera
ture, air bubbles, amount of inoculum, changes in package
width during incubation, and differences in package weight. In
particular the effect of air bubbles in the package windows and
changes in package width after inoculation and during incu-
bation were shown to be important error factors. The use of
brushes removed the air bubbles and also reduced the variation
between replicate measurements and samples. The width wa
shown to vary between UHT milk packages and width also
changed after the inoculation because of the needlestick. Th
possibility of measuring the width of the package using the
same transducers used for interlocating the sample was inve
tigated and were found to be feasible with the transducer pair
used in absorption measurement for UHT milk and Pursoup
vegetable soup. Nantua� sh sauce, however, attenuates th
signal too much for the pulse echo measurement to be
successful.
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Noncontact Ultrasound Method

The noncontact ultrasound method is based on the emission
and reception of ultrasound by piezoelectric transducers. This
includes three steps:

l Generation of ultrasound with pulsed lasers
l Detection of ultrasound with an interferometric probe
l Data acquisition and signal processing

Generation of ultrasound with pulsed lasers is achieved by
electromagnetic radiation from the laser, which is absorbed in
the surface region of the sample, causing heating. Therma
energy then propagates into the specimen as thermal waves, th
heated region undergoes thermal expansion, and thermoelasti
stresses generate elastic waves (ultrasound), which propaga
deep within the sample. The ultrasound waves are detecte
with an interferometric probe, which is designed as a high-
resolution optical spectrometer to detect changes in
frequency of the scattered or re� ected light. This method, which
is being developed in France by SFIM-ODS and Technogram i
cooperation with Danone, has shown some promising results
in detecting contamination in aseptic food products.
Calorimetric and Volumetric Methods

The calorimetric and volumetric methods were developed in the
Netherlands at the Delft University of Technology, in coopera-
tion with the Unilever Research Laboratorium. Metabolically
active and growing microorganisms consume energy and in turn
generate small amounts of heat. This phenomenon is used in the
calorimetric method, which detects small temperature increase
of a product caused by growing microorganisms. The method
uses a specially designed calorimeter, smart temperature senso
and data-processing equipment. The calorimeter contains 100
cavities for 1 l packages. Each cavity is equipped with a sma
sensor. The system is able to follow temperature changes of 10
packs simultaneously for an inde� nite period. The system is
microprocessor controlled and is built in such a way that the
in� uences of environmental temperature changes are mini
mized. The temperature changes in the products tested in thi
system are sensed using smart sensor chips that are in dire
contact with the package material of the product. With current
technology, the heat production of certain organisms can be
detected in the same time period as that needed for the
destructive test method based on adenosine triphosphate (ATP
bioluminescence. However, not all microorganisms produce
enough heat during their growth cycle to be detected. InFigure 4,
thermograms of some bacteria growing in UHT milk are shown.

In practice the implementation of the calorimetric and the
volumetric methods is similar, and by combining the two, the
advantages of both nonspeci� city and sensitivity can be achieved.
A prototype has been developed for simultaneous volume-
temperature monitoring of two 1 l Tetrapaks. Relative tempera-
ture changes of less than 10 mK and relative volume changes o
less than 0.3 ml (0.03%) can reliably be distinguished. These
results are achieved by ensuring a good thermal insulation and by
applying smart sensor interfacing and smart data processing. Th
method has been shown to be attractive for automated, nonde-
structive sterility testing of a number of food packs under labo-
ratory conditions. It is not applicable for intensive 100% sterility
testing of the production lot, because the continuous testing
procedure could last from a few hours up to a few days.
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Impedimetric Method

For intensive, nondestructive sterility testing of 100% of the
production lot, a new impedance method has been studied in
the Netherlands. The main problem to be solved in measuring
the impedance of aseptically packaged food is how to pass a
electric signal through the package. Most food containers ar
designed to prevent any contact between the food and the
surrounding environment to ensure the highest food quality for
the longest time possible. An intermediate aluminum foil layer
acts as a Faraday’s cage and does not allow electromagnetic� elds
to penetrate it. The small change in packaging technolog
required to apply the impedance method is already feasible, and
prototypes of new packages with one small electrode,� xed on
the inside surface of the packaging material and reachable from
outside, are being tested. The inside electrode can be in galvan
contact with the food, or it can be isolated from the food by
a thin thermoplastic layer. As a second electrode, the aluminum
foil itself is used. In the impedance method, the changes in
conductance and capacitance of the food are measured. Th
changes in impedance depend on the number of ions moving in
the liquid – cations moving to the negatively charged electrode
and anions to the positively charged electrode. The increase i
conductance and capacitance caused by the metabolic activity o
the microbes leads to a decrease in the impedance.

It appears that noninvasive sterility testing of the whole
production lot guarantees the high quality of the food imme-
diately after it is produced but not a few months or a year later,
when it may actually be consumed. For such a guarantee
intensive quality checking of the package itself is needed. Fo
aseptically packed foods, this check principally focuses on th
inner thermoplastic layer of the packaging laminate, becaus
any possible leakage in this layer may result in the contents
reaching the barrier layer (aluminum foil) or the � ber layer, at
which time the other barrier properties of the laminate are lost,
even if no actual liquid leakage occurs through the laminate.
This procedure is destructive, time-consuming, and make
signi� cant demands on reliability and costs. At the same time
it does not ensure individual consumer safety as only a very
small part of the production lot is tested.

The impedance method is easily applicable for simulta-
neous sterility testing and leakage detection. For this purpose
the small-surface electrode has to be in galvanic contact wit
the food. Internal leakage has been simulated by making a hole
in the thermoplastic layer, ensuring direct contact between the
foil and the liquid. What is observed in case of leakage is an
increase of the impedance componentsRP and CP and Q that
is easily detectable at frequencies below 10 kHz (Figure 5).
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Conclusion

The marketing study demonstrated the need to develop
new noninvasive methods for detecting the growth of micro-
organisms and the spoilage of products. Although new methods
have been investigated and prototypes developed, none of thes
methods has yet succeeded in meeting the three ideal criteria o
nonspeci� city (detects growth of any microorganism), high
sensitivity (needs only a short incubation time), and rapidity
(permits extensive online measurement) (Table 3). Changes in
physical parameters are measured by ultrasound imaging
using Doppler techniques as well as contact and noncontac
ultrasound methods. The impedance method detects changes i
the conductance and capacitance of the food. The drawback o
these nondestructive methods is that the presence of microor
ganisms is not detected directly but rather by a secondar
parameter that changes with the presence and growth of th
microorganism. These can be viscosity changes in the product o
gas production by the microorganism. However, there are
indications that these methods are sensitive to physica
parameters other than viscosity changes or gas production
Nevertheless, the effects of different microorganisms on the
properties of liquid food products vary considerably and little is
known about how different microbes change the physical
properties of liquid food products; research in this area is
needed.

The smart temperature sensor method, which measures th
minute temperature increases produced by growing microbes
is the only method that directly measures microbial growth.
However, the measurements must be carried out before an
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Table 3 Methods for noninvasive sterility control in aseptically packaged foods

Method Type of changes registered NonspeciÞcity Sensitivity Rapidity

Ultrasonic imaging Physical structures þþ þþ þþ
Ultrasonic Doppler Viscosity, physical structures þþ þþ þþ
Contact ultrasound Physical structures þþ þþ þþþ
Smart temperature sensors Temperature þþþ þþþ þ
Impedance Electrical impedance þþþ þþ þþþ

þ , low;þþ , medium;þþþ , high.
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during the exponential growth phase of the microbe, which
makes the assessment time long and uncertain. In addition, no
all microbes produce detectable amounts of heat during their
exponential growth phase.

Several promising nondestructive sterility test methods have
been developed and studied at the laboratory scale. Most o
these methods presuppose some modi� cations in packaging
technology. Research has shown, however, the potential fo
new industrial-scale test methods. Optimization and online
measurement tests at the industrial scale are needed to veri
the potential and applicability of these methods.
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Introduction

It has long been known that ultrasound is able to disrupt
biological structures, and much work has been done to
investigate the mechanism by which it occurs. The killing
potential of ultrasound was � rst demonstrated when it was
discovered that sonar used in antisubmarine warfare wa
killing � sh in the vicinity. Thereafter, research into ultrasound
as a method for inactivating cells has� ourished. In the 1960s,
research concentrated on understanding the mechanisms b
which ultrasound interacted with microbial cells. This work
investigated the effects of the cavitation phenomenon and
associated shear disruption, localized heating, and free radica
formation. In the 1970s, it was found that brief exposure to
ultrasound caused a thinning of bacterial cell walls, making
them more susceptible to rupturing. In more recent times,
application of ultrasound has been widely investigated for
its potential to cause bacterial cell inactivation. In the
food industry, ultrasound is being viewed as a potential
food-processing tool, which can be used in combination with
other treatments, such as heat and chemicals, to inactivate ke
target bacteria.

Many conventional methods of food processing involve the
input of high levels of heat. Although this may be effective at
inactivating foodborne pathogens and spoilage microorgan-
isms, it can be detrimental to the overall quality of the food
products in question. Techniques involving minimal process-
ing are being investigated in an effort to ensure that the quality
of a product is maintained and ultimately enhanced. Quality
attributes that can be protected by the use of minimal pro-
cessing techniques include appearance,� avor, nutritional
value, and absence of additives.
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Power Ultrasound

De�nition

Ultrasonic techniques are� nding increasing use in the food
industry for both the analysis and processing of foods. Normal
human hearing will detect sound frequencies ranging from
16 Hz to 18 kHz and the intensity of normal quiet conversation
is of the order of 10� 11 W cm� 2. Low-intensity ultrasound uses
very high frequencies of the order of 2–20 MHz, with low
power levels of 0.1–1 W cm� 2; this type of ultrasound is readily
used for noninvasive imaging, sensing, and analysis and i
fairly well established in certain industrial and analytical
sectors for measuring factors such as composition, ripeness, th
ef� ciency of emulsi� cation, and the concentration or disper-
sion of particulate matter within a � uid.

Power ultrasound, on the other hand, uses lower frequencies
normally in the range of 20–100 kHz and can produce much
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
higher power levels of the order of 10–1000 W cm� 2. Low-
frequency high-power ultrasound has suf� cient energy to break
intermolecular bonds. Energy intensities greater than
10 W cm� 2 will generate cavitation effects, which are known to
disrupt some physical systems as well as enhance or modif
many chemical reactions.
Generation of Power Ultrasound

Whatever type of commercial system is used to apply powe
ultrasound to foods, it will consist of three basic parts: gener-
ator, transducer, and coupler.

1. Generator: an electronic or mechanical oscillator that needs
to be rugged, robust, reliable, and able to operate with and
without load.

2. Transducer: a device for converting mechanical or electrica
energy into sound energy at ultrasonic frequencies. Th
three main types of transducer are as follows:
l Liquid-driven transducers: effectively a liquid whistle where

a liquid is forced across a thin metal blade, causing it to
vibrate at ultrasonic frequencies, rapidly alternating
pressure and cavitation effects in the liquid generate
a high degree of mixing. This is a simple and robust
device, but because it involves pumping a liquid through
an ori� ce and across a blade, processing applications a
restricted to mixing and homogenization.

l Magnetostrictive transducers: electromechanical devices
that use magnetostriction, an effect found in some
ferromagnetic materials that changes dimension in
response to the application of a magnetic � eld. The
dimensions of the transducer must be accurately designe
so that the whole unit resonates at the correct frequency
The frequency range is normally restricted to below
100 kHz, and the system is not the most ef�cient (60%
transfer from electrical to acoustic energy with losse
mainly due to heat). The main advantages of these
transducers are their ruggedness and ability to withstand
long exposure to high temperatures.

l Piezoelectric transducers: electrostrictive devices that utilize
ceramic materials, such as lead zirconate titanate o
barium titanate and lead metaniobate. This piezoceramic
element is the most common of the transducers and is
more ef� cient (80–95% transfer to acoustic energy) but
less rugged than magnetostrictive devices; piezoelectr
transducers are not able to withstand long exposure to
high temperatures (normally not >85 � C).

3. Coupler: the working end of the system that helps transfer
the ultrasonic vibrations to the substance being treated
(usually liquid). The design, geometry, and way in which
the ultrasonic transducer is inserted or attached to the
reaction vessel are crucial to its effectiveness and ef� ciency.
78-0-12-384730-0.00340-2 659
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660 Ultrasonic Standing Waves: Inactivation of Foodborne Microorganisms Using Power Ultrasound
For example, with ultrasonic baths, the transducer is
bonded to the base or sides of the tank and the ultrasonic
energy is delivered directly to the liquid in the tank. With
probes, however, the high-power acoustic vibration is
ampli � ed and conducted into the media by the use of
a shaped metal horn; the shape of the horn will determine
the amount of signal ampli � cation.

Several ultrasonic systems are available; they differ mainl
in the design of the power generator, the type of transduce
used, and the reactor to which it is coupled. Typical ultrasonic
systems are as follows:

1. Ultrasonic baths: transducers are normally � xed to the
underside of the vessel, operate at around 20–40 kHz and
produce high intensities at � xed levels due to the devel-
opment of standing waves created by re� ection of the
sound waves at the liquid–air interface. The depth of the
liquid is important for maintaining these high intensities
and should not be less than half the wavelength of the
ultrasound in the liquid. Frequency sweeping is often used
to produce a more uniform cavitation � eld and reduce
standing wave zones.

2. Ultrasonic probes: systems that use detachable horns o
shapes to amplify the signal; the horns or probes are usually
half a wavelength (or multiples) in length. The amount of
gain in amplitude depends on the shape and difference in
diameter of the horn between one face (the driven face) and
the other (the emitting face). If the probe is the same
diameter along its length, then no gain in amplitude will
occur, but the acoustic energy will simply be transferred to
the media.

3. Parallel vibrating plates: opposing vibrating plates offer
a better design for maximizing the mechanical effect of
ultrasound than a single vibrating surface. Plates often
vibrate at different frequencies (e.g., 20 and 16 kHz) to se
up beat frequencies and create a larger number of differen
cavitation bubbles.

4. Radial vibrating systems: this is perhaps the ideal way of
delivering ultrasound to � uids � owing in a pipe. The
transducers are bonded to the outside surface of the pip
and use the pipe itself as a part of the delivery system. Thes
are ideal for handling high � ow rates and high viscosity
� uids. A cylindrical resonating pipe will help focus ultra-
sound at the central region of the tube, resulting in high
energy in the center for low-power emission at the surface
this can reduce erosion problems at the surface of the
emitter.
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Applications for Power Ultrasound in the Food Industry

Power ultrasound is already used to process food materials in
a variety of ways, such as mixing, emulsi� cation, tenderizing,
and aging. Potential and interesting areas of applications for
high-power ultrasound as a processing tool for the food,
pharmaceutical, and chemical industries include enzyme
inhibition, hydrogenation of oils, crystallization control,
extraction of proteins and enzymes, and inactivation of
microorganisms. A more detailed list of potential applica-
tions for power ultrasound in the food industry is shown
in Table 1.
Inactivation of Microorganisms

Mechanism of Action of Ultrasound

Microbial cell inactivation is thought to occur via three
different mechanisms: cavitation, localized heating, and free
radical formation. Cavitation is produced when ultrasound
waves pass through a liquid medium. The waves consist o
alternate rarefactions and compressions and, if the waves are o
suf� ciently high amplitude, bubbles or cavities are produced.
The bubbles collapse with differing intensities, and this bubble
collapse contributes to cell inactivation. There are two sorts o
cavitation – transient and stable– that have been reported to
have different effects.

Stable cavitation occurs due to oscillations of the ultra-
sound waves, which cause tiny bubbles to be produced in the
liquid. It takes thousands of oscillatory cycles of the ultrasound
waves to allow the bubbles to increase in size. As the ultrasoni
wave passes through the medium, it causes the bubbles t
vibrate, creating strong currents in the surrounding liquid.
Other small bubbles are attracted into the sonic� eld, and this
adds to the creation of microcurrents. This effect, which is
known as microstreaming, provides a substantial force that
rubs against the surface of cells, causing them to shear an
break down without any collapse of the bubbles. This shear
force is one of the modes of action that leads to disruption of
the microbial cells. The effect of the pressures produced on th
cell membrane disrupts its structure and causes the cell wall to
break down.

During transient cavitation, the bubbles rapidly increase in
size within a few oscillatory cycles. The larger bubbles eventu
ally collapse, causing localized high pressures (up to 100 MPa
and temperatures (up to 5000 K) to be produced momentarily.
The localized high temperatures can lead to thermal damage
for example, denaturation of proteins and enzymes; however
as these temperature changes occur only momentarily and in
the immediate vicinity of the cells, it is likely that only a small
number of cells are affected.

It is widely believed that cellular stress is caused by the
cavitation effect, which occurs when bubbles collapse. The
pressures produced during bubble collapse are suf� cient to
disrupt cell wall structures, eventually causing them to break
leading to cell leakage and cell disruption. The intensity of
bubble collapse can be suf� cient to dislodge particles, for
example, bacteria from surfaces, and could displace weakl
bound ATPase from the cell membrane– another possible
mechanism for cell inactivation.

Free radical formation is the� nal proposed mode of action
of ultrasound inactivation. Application of ultrasound to a liquid
can lead to the formation of free radicals, which may or may not
be bene� cial. In the sonolysis of water, OH� and Hþ ions and
hydrogen peroxide can be produced, and these have importan
bactericidal effects. The primary target site of these free radicals
the DNA in the bacterial cell. The action of the free radicals
causes breakages along the length of the DNA, causing sma
fragments of DNA to be produced. These fragments ar
susceptible to attack by the free radicals produced during the
ultrasound treatment, and it is thought that the hydroxyl radi-
cals attack the hydrogen bridges, leading to further fragmenta
tion effects. The chemical environment plays an important part
in determining the effectiveness of the ultrasound treatment and



Table 1 List of current and potential applications for ultrasound in the food industry

Application Reported beneÞts

Crystallization of fats and sugars Enhances the rate and uniformity of seeding
Degassing Carbon dioxide removal from fermentation liquors
Foam breaking Foam control in pumped liquids and during container� lling
Extraction of solutes Acceleration of extraction rate and ef� cacy; research on coffee, tea, brewing; scale-up issues
Ultrasonically aided drying Increased drying ef� ciency when applied in warm air, resulting in lower drying temperatures, lower air

velocities, or increased product throughput
Mixing and emulsi� cation Online commercial use often using‘liquid whistle’; also can be used to break emulsions
Spirit maturation and oxidation processes Inducing rapid oxidation in alcoholic drinks; 1 MHz ultrasound has possible applications for

accelerating whisky maturation through the barrel wall
Meat tenderization Alternative to pounding or massaging; evidence for enhanced myo� brillar protein extraction and

binding in reformed and cured meats
Humidifying and fogging Ultrasonic nebulizers for humidifying air with precision and control; possible applications in

disinfectant fogging
Cleaning and surface decontamination Online commercial use for cleaning poultry-processing equipment; possible pipe-fouling and fresh-

produce-cleaning applications; can inactivate microorganisms in crevices not easily reached by
conventional cleaning methods

Cutting Commercial units available capable of cutting dif� cult products (very soft, hard, or fragile) with less
wastage, more hygienically, and at high speeds

Ef� uent treatment Potential to break down pesticide residues
Precipitation of airborne powders Potential for wall transducers to help precipitate dust in the atmosphere; also removal of smoke from

waste gases
Inhibiting enzyme activity Can inhibit sucrose inversion and pepsin activity; generally, oxidases are inactivated by sonication but

catalases are only affected when at low concentrations; reductases and amylases appear to be
highly resistant to sonication

Stimulating living cells Low-power sonication can be used to enhance the ef� ciency of whole cells without cell wall
disruption; for example, in yogurt action ofLactobacillusimproved by nearly 50%; improved seed
germination and hatching of� sh eggs

Ultrasonically assisted freezing Control of crystal size and reduced freezing time through zone of ice crystal formation
Ultrasonically aided� ltration Rate of� ow through the� lter medium can be increased substantially
Enhanced preservation (thermal and chemical) Sonication in combination with heat and pressure has the potential to enhance microbial inactivation;

this could result in reduced process times or temperatures to achieve the same lethality
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it may be possible to manipulate or exploit these conditions to
achieve a greater level of inactivation.
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Factors Affecting Cavitation

The frequency of ultrasound is an important parameter and
in� uences the bubble size. At lower frequencies, such a
20 kHz, the bubbles produced are larger in size, and when they
collapse, higher energies are produced. At higher frequencie
bubble formation becomes more dif� cult, and at frequencies
above 2.5 MHz, cavitation does not occur. The amplitude of the
ultrasound waves in� uences the intensity of cavitation; if a high
intensity is required, a higher amplitude is used.

The intensity of bubble collapse also depends on factors
such as temperature of the treatment medium, viscosity, and
frequency of ultrasound. As temperature increases, cavitatio
bubbles develop more rapidly, but the intensity of collapse is
reduced. This is thought to be due to an increase in the vapo
pressure, which is offset by a decrease in the tensile strengt
This results in cavitation becoming less intense and therefor
less effective as temperature increases. This effect can be ov
come, if required, by the application of an overpressure to the
treatment system. Combining pressure with ultrasound and
heat increases the amplitude of the ultrasonic wave, and it ha
been shown that this can increase the effectiveness of microbia
inactivation. Pressures of up to 200 kPa (2 bar) combined with
ultrasound of frequency 20 kHz and a temperature of 30� C
have led to a decrease in decimal reduction time (D value; i.e.,
more effective microbial destruction) by up to 90% for a range
of microorganisms.
Effect of Ultrasound on Microorganisms

Bacterial cells differ in their sensitivity to ultrasound treat-
ment: Some are more susceptible than others. It has bee
shown that, in general, larger cells are more sensitive t
ultrasound. This may be due to the fact that larger cells have
an increased surface area, which is bombarded by the hig
pressure produced during cavitation, making them more
vulnerable to sonication treatment. The effects of ultrasound
have been studied using a range of organisms, such as th
Gram-positive Staphylococcus aureusand Bacillus subtilisand the
Gram-negative Pseudomonas aeruginosaand Escherichia col.
Gram-positive cells have been found to be more resistant to
ultrasound than Gram-negative cells, and this may be due to
the structure of the cell walls. Gram-positive cells have
a thicker cell wall, which contains a tightly adherent layer of
peptidoglycans, and it has been suggested that this adheren
layer provides the cells with protection against sonication
treatment. Meanwhile, other researchers have investigated th
effect and found that there was no signi�cant difference
between the percentage of Gram-positive and Gram-negativ
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cells killed by ultrasound. Cell shape has been investigated
and it has been found that coccoid cells are more resistant to
sonication than rods. Spore-forming bacteria, such asBacillus
and Clostridiumspp., have been found to be more resistant to
sonication than vegetative bacteria, and many of the bacteria
known to be resistant to heat are similarly resistant to
ultrasound.
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Effect of Treatment Medium

The characteristics of the treatment substrate can in� uence the
effectiveness of the ultrasound treatment applied. It has been
found that the resistance of bacteria is different when treated in
real food systems than when treated in microbiological broths.
For example, foods that contain a high fat content reduce the
killing effect of the treatment. Differences in effectiveness may be
due to the intrinsic effect of the environment on the ultrasound
action or a re� ection of the changes in ultrasound penetration
and energy distribution. In a liquid, the ultrasound waves will
pass through relatively easily, causing cavitation to occur, but in
a more viscous solution, the ultrasound waves will have to be of
a higher intensity to enable the same level of penetration to be
achieved. Low-frequency, high-power ultrasound will be better
at penetrating viscous products than high-frequency ultrasound
This is because ultrasound waves with higher frequency will be
dispersed more easily within the solution, causing a reduction in
the overall intensity of the energy delivered.
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Combination Treatments

Ultrasound applied on its own does not signi� cantly reduce
bacterial levels in systems that may be applied to foods. If it is
combined with other preservation treatments such as heat o
chemicals, however, the bacterial cells undergo a synergist
attack on their vital processes and structures.

Ultrasound and Heat
The most commonly used combination treatments are the use
of heat with ultrasound: This is known as thermosonication. It
is thought that bacteria become more sensitive to heat treat
ment if they have undergone an ultrasound treatment.
Increased cell death has been demonstrated in cells that hav
been subjected to a combined ultrasound and heat treatmen
compared with cells that were exposed to ultrasound treatmen
only or heat treatment only. Spore-forming bacteria have been
shown to have some degree of reduced resistance to heat if the
are also treated with ultrasound. The increased heat sensitivit
Table 2 Inactivation (Dvalues) of a range of bacteria using heat an

Organism Heating temperature (� C) Heat o

Bacillus subtilis 81.5 257
B. subtilis 89 39.2
B. licheniformis 99 5
B. cereus 110 12
Enterococcus faecium 62 11.2
Salmonella typhimurium 50 50
Staphylococcus aureus 50.5 19.7
caused by sonication can be quanti� ed in terms of a decimal
reduction or D value (i.e., the time taken to achieve a 1 log
reduction in cell levels). Table 2 shows the synergistic effect of
heat and ultrasound for a range of bacterial species. Although
these data show up to a 43% reduction in the heat resistance o
the spore formers tested, other studies have shown no effect o
a limited effect for other spore formers. This has been attributed
to the fact that spores contain a highly protective outer coat that
prevents the ultrasound waves from passing through, thus
limiting the amount of perturbation that occurs within the
spore. During treatment with a combination of pressure and
thermosonication, it has been shown that chemicals such as
dipicolinic acid and low-molecular-weight peptides were
released from spores ofBacillus stearothermophilus. In these
combined treatments, spores are subjected to violent and
intense vibrations because of increased cavitation effects. Th
loss of substances from spores during this combination of
pressure, heat, and ultrasound suggests that spore corte
damage and protoplast rehydration may account for the
subsequent reduction in heat resistance.

There is evidence to suggest that the order in which hea
and ultrasound are applied has a different effect on the
inactivation observed. In work done at Campden and Chor-
leywood Food Research Association, samples of products suc
as orange juice and milk were inoculated with key pathogenic
and spoilage organisms and subjected to ultrasound treat
ment. Some of the samples were presonicated at ambien
temperature before application of a relatively mild heat
treatment and sonication. Other samples were subjected to
simultaneous heat and ultrasonic treatment only. These data
are shown in Table 3 for Listeria monocytogenesand in Table 4
for Zygosaccharomyces bailii.

As discussed, the frequency of ultrasound used affects th
type of cavitation response observed.Figure 1 shows the effect
of treating Listeria monocytogenesat 20, 38, and 800 kHz in
whole milk. It appears that 20 kHz was the most effective
frequency, whereas 800 kHz had little effect and resulted in
a survivor tail.

Ultrasound in Combination with Chemicals
Not only has ultrasound been used in combination with heat,
but it has also been used in combination with chemical treat-
ment. Chemicals such as chlorine are often used to decon
taminate food products or processing surfaces, and it has bee
demonstrated that chlorine combined with ultrasound
enhances the effectiveness of the treatment. This theory wa
demonstrated usingSalmonellaattached to the surface of broiler
d high-power ultrasound

nly (min) Heatþ ultrasound (min) Ultrasound only (min)

149 Not tested
22.9 Not tested
2.2 No effect seen
1 No effect seen
1.8 30
30 No effect seen
7.3 Not tested
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Table 4 Dvalues (in minutes) forZygosaccharomyces bailii

Product Heat only (55�C)

Presonication (kHz) Simultaneous (kHz)

20 38 800 20 38 800

Orange juice 10.5 2.4 0.9 1.4 3.9 1.8 > 10
Rice pudding 11.0 2.3 0.5 NT 1.0 NT > 10
Orange juiceþ 5% starch 15.4 NT NT 3.4 0.5–2.1 NT NT

NT, not tested.
Original data from Hurst, R.M., Betts, G.D., Earnshaw, R.G., 1995. The Antimicrobial Effect of Power Ultrasound. CCFRA R&D Report No. 4CCFRA, Chipping Campden,
Gloucestershire.

7

6

5

4

3

2

1

0
0 2 4 6 8 10

Time (min)

Lo
g 

su
rv

iv
or

s 
pe

r 
m

l

Figure 1 Effect of presonication treatment on the inactivation ofListeria
monocytogenesin UHT whole milk at different power ultrasound
frequencies. Filled circles, heat (60� C); open squares, heatþ 20 kHz;
open triangles, heatþ 38 kHz; open circles, heatþ 800 kHz.

Table 5 Effect of high-power ultrasound and chlorine onSalmonellaattached to chicken skin

Treatment Untreated
Ultrasound
only for 30 min

Chlorine only (0.5 ppm free residual)
for 30 min

Ultrasoundþ chlorine (0.5 ppm free residual)
for 30 min

Log10 reductions 1.19 2.59 2.08 4.07

Table 3 Dvalues (in minutes) forListeria monocytogenes

Product Heat only (60�C)

Presonication (kHz) Simultaneous (kHz)

20 38 800 20 38 800

UHT milk 2.1 0.4 0.3 > 10 0.3 1.3 1.4
Rice pudding 2.4 NT NT 0.3–5.9 NT NT 3.4–4.5

NT, not tested; UHT, ultrahigh temperature.
Original data from Hurst, R.M., Betts, G.D., Earnshaw, R.G., 1995. The Antimicrobial Effect of Power Ultrasound. CCFRA R&D Report No. 4CCFRA, Chipping Campden,
Gloucestershire.
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carcasses. Bombardment with ultrasound caused the cells
become detached from the surfaces, making it easier for th
chlorine to penetrate the cells and exert an antimicrobial effec
(Table 5).

Ultrasound is able to disperse bacterial cells in suspensions
making them more susceptible to treatment with sanitizing
agents. One of the possible advantages of combined treatmen
would be a reduction in the concentration of chemicals used in
isolation for sanitation and disinfection or a reduction in the
contact time required. This has additional advantages in tha
there is less likelihood of residual cleaning agents contami-
nating equipment after cleaning.

Ultrasound in Combination with pH
A varying response of microorganisms to ultrasound treatment
depending on the pH of the surrounding medium has been
observed. In particular, it has been found that if the microor-
ganisms are placed in acidic conditions, this leads to a reduc
tion in the resistance of the organisms to the ultrasound
treatment. This may be due to the effects of the ultrasound on
the bacterial membranes, which make them more susceptible
to the antimicrobial effects of the acid or unable to maintain
the essential internal pH conditions.
Conclusion

Ultrasound is currently used in the food industry for mixing,
blending, speeding up the aging processes in meats and wine
and emulsifying fats and oils. It has the potential to be applied
to the pasteurization of a range of low-viscosity liquid prod-
ucts. Ultrasound on its own needs high intensities and pro-
longed application to inactivate microorganisms and enzymes,
and this may cause physical and sensory damage to foods. I
however, ultrasound is used as a combination treatment with
mild pressure, heat, or chemical preservatives, this technolog
has the potential to become a useful processing tool for
achieving inactivation of foodborne pathogens or spoilage
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organisms. A number of issues, however, need to be considere
before ultrasound can be successfully employed. The reliability
of the process needs to be more fully investigated in terms o
assessing microbial inactivation and a wider range of bacteria
needs to be investigated. The ef�ciency of the technology also
needs to be assessed and food manufacturers must decid
whether the ultimate bene� ts outweigh the costs of converting
and maintaining the processing equipment.
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Figure 1 Spectral power distribution of low-pressure mercury source.
Nature of the Emission

Ultraviolet light (UV) is the term given to that portion of the
electromagnetic (EM) spectrum that lies between visible light
and X-rays. There is no universal agreement as to the preci
boundaries of the UV spectrum. The upper limit generally is
delineated with reference to the lowest wavelength detectabl
by the human eye (w 380 nm). The lower limit presents greater
dif � culties: UV is termed‘nonionizing radiation ’ in contrast to,
for example, X-rays, which are referred to as‘ionizing radia-
tion.’ There is no clear cutoff, however, and wavelengths o
about 10 nm, classi� ed in certain quarters as being in the UV
range, do bring about some ionization. The exact location of
the lower limit of the UV spectrum is in one sense irrelevant, as
UV wavelengths below 100 nm are not employed routinely for
inactivating microorganisms. The UV range below 100 nm
commonly is referred to as the‘vacuum UV’ region because the
radiation is absorbed strongly by passage through air
Biomedical interest in UV has given rise to another division of
the upper end of the UV spectrum. The most commonly
accepted boundaries are UV-A for wavelengths between 31
and 380 nm, UV-B for wavelengths between 280 and 315 nm
and UV-C for wavelengths below 280 nm. This latter region
also has been described as‘germicidal’ because contained
within it are the wavelengths most effective at inactivating
microorganisms. It is also common to see the terms‘near UV’ as
implying wavelengths between 300 and 380 nm,‘far UV’ for
wavelengths between 300 and 200 nm, and‘extreme UV’ for
wavelengths below 200 nm. The adjectives‘near,’ ‘far,’ and
‘extreme’ refer to their proximity to the visible region of the
spectrum.

The quantity of UV energy applied to a particular surface
over a given interval of time is known as the UV‘dose’ (D) and
is the product of the UV intensity measured at the surface (I)
and the time of exposure (t):

D ¼ l � t [1]

Doses normally are quoted in mW-sec cm� 2 or in J m� 2.
For objects of complex three-dimensional shapes, it will be

necessary to integrate the dose at points on the surface of th
object to obtain the total UV dose.

It always tacitly has been assumed that dose-time reciprocit
exists – that is, that a particular dose achieved by a low UV
intensity for a long time is equivalent to an identical dose
achieved by a high UV intensity for a short time. Although this
has been borne out in a large number of experimental studies
a small number of departures from this widely held assump-
tion have also been reported.

The measurement or estimation by other means, of the
amount of EM radiation incident on a body or object is termed
‘dosimetry.’ There are a number of methods of measuring UV
dose and the most established of these is chemical actinometry
This technique relies on assaying the concentrations o
the products of certain photochemical reactions having well-
characterized energetics and relating these concentration
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
directly to the quantity of UV energy absorbed. This particular
approach, however, is not always practical, and use also ha
been made of biological systems in what has come to be
referred to as‘biodosimetry.’ This may include the use of entire
organisms– spores of the bacteriumBacillus subtilishave been
particularly favored – or the constituents of organisms. In more
recent studies, DNA has been used as a dosimeter. In the forme
instance viability is used as the measure of dose, whereas in th
latter, the number of speci� c photoproducts induced in the
DNA can be measured and directly related to the UV dose. In
most practical applications, recourse often will be made to
a radiometer that includes a calibrated detector that collects the
energy incident upon it and displays the UV intensity directly.
Sources for Industrial Use

A number of commercially produced sources emit energy in the
UV range, including mercury vapor, metal halide, and xenon
sources. As far as germicidal applications are concerned, th
most widely used sources are the mercury vapor discharge typ
These may be divided broadly into two categories, low-pressur
and medium/high-pressure burners. Although the use of the
latter is by no means rare, the low-pressure sources appear to b
generally favored for most applications.

The low-pressure mercury discharge source is characteriz
by a relatively high conversion of electrical energy to UV a
a wavelength of 253.7 nm, typically this ef�ciency is of the
order of 90% (see Figure 1). The source resembles the
conventional � uorescent gas discharge tube with electrodes a
78-0-12-384730-0.00341-4 665
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Figure 2 Spectral power distribution of a pulsed UV source. The lower spectra result from� ltration to reduce the intensity of IR wavelengths which
cause heating and which is generally undesired in food treatment. Image courtesy of Steribeam Systems GmbH.
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each end. It differs from the latter in that the glass envelope is
made of a UV-transmitting glass and does not contain a phos
phor coating. Quartz gives high UV transmittance but is rela-
tively expensive, and cheaper UV glasses with acceptab
transmittances have been developed. The envelope generally
doped with titanium dioxide to prevent transmittance of
wavelengths below 220 nm, which will convert the oxygen of
the surrounding air into ozone. This is a toxic and corrosive gas
but there are occasions when its production might be desirable
(see ‘Combined treatments’). The gas� ll includes a mixture
of mercury vapor and argon, and maximum UV output is
obtained by maintaining the temperature of the source at about
40 � C. Appreciable departures either above or below this
temperature will result in a reduction of UV intensity. The life
of this type of source is measured in thousands of hours
and typically after 10 000 h UV output will have fallen by
approximately 50%. There has been a general reluctance in th
food industry to use glass in areas where, in case of breakag
for example, contamination of food may occur. This concern
has been addressed by some manufacturers who now emplo
special grades of safety glasses for the manufacture of lam
envelopes or by those who house their sources in seale
enclosures. An alternative to this is to shroud the source in clea
grades of certain� uoropolymer tubes (e.g., PTFE), which can
be heat shrunk over the lamp envelope and which provide
good UV transmissivity.

Medium- and high-pressure discharge sources are typi�ed
by a lower ef� ciency of conversion to germicidal wavelengths
typically only 6–12%. They have a considerably broader emis
sion range than that of the low-pressure sources, making them
suitable for a wider range of applications. These higher oper
ating pressure sources are more compact than the low-pressu
ones and operate at temperatures in the region of 800� C.
Recent years have witnessed the development of quite nove
sources of UV. Among these are‘excilamps,’ which are dielectric
barrier discharge devices based on the transitions of rare ga
excited dimers, halogen excited dimers, or rare gas halide excite
complexes from the excited to the ground state. The emission o
these particular sources range in wavelength from 170 to 350nm

Another interesting development is the pulsed-power UV
sources. These emit their energy in pulses that can be as short
100 s of nanoseconds.Figure 2 shows the spectrum of one such
commercial source. Pulsed sources offer the prospects
reducing treatment times, and there are applications in which
this would prove to be an attractive feature. Much interest also
is being shown in light-emitting diodes (LED) in the UV range.
These are compact devices, and one advantage of this is th
they can be arranged spatially to achieve a more even irradia
tion of objects of complex geometries than would be possible
with conventional sources. LEDs offer the prospects of life
times 100-fold that of conventional low –pressure mercury
sources. Ef�ciencies are currently low compared with visible
LEDs, but it is anticipated that these will improve and also that
the costs of the devices themselves will decrease, making the
an attractive alternative to conventional sources. Wavelength
within the range of 210–365 nm are currently available.
Biological Effects

At the Molecular Level

DNA has a high UV absorptivity, and this is due entirely to its
constituent pyrimidene and purine bases. Because DNA
composition varies from species to species, peak absorptivit
occurs within a range (260–265 nm) rather than at a single
wavelength. This range coincides very closely to the principa
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emission wavelength of the low-vapor-pressure mercury sourc
(253.7 nm) and explains the ef� ciency of sources of this kind in
inactivating living organisms (seeTable 1).

The interaction of UV with DNA is complex, and the
sequence of events following irradiation will depend on
a number of factors. The absorption of UV energy by the base
of DNA will promote chemical reactions involving the bases
and the products of these reactions, if they persist, will interfere
with DNA replication and transcription. The reaction products
commonly are referred to as‘photoproducts.’ A number of
photoproducts have been identi� ed and studied in detail, but
most contain at least one pyrimidine base. These include
dipyrimidine dimers and other so-called pyrimidine adducts,
pyrimidine hydrates, and cross links with proteins. UV may
also induce both single- and double-strand DNA breakages
The formation of a photoproduct does not necessarily imply
a lethal consequence because of the existence of DNA repa
mechanisms. These repair processes play a signi�cant role in
cell survival, and their importance has been demonstrated by
work conducted with mutant organisms lacking repair capa-
bilities. A number of quite different repair mechanisms exist,
and some species of organism may possess more than on
repair mechanism. Their common purpose is to detect and
restore damaged sections of DNA. This may be done by directl
modifying photoproducts, as in the photoenzymatic mono-
merization of pyridimidine dimers, or by excising a damaged
section of DNA and resynthesizing it with reference to the
complementary strand. Repair mechanisms are prone to erro
and although DNA photoproducts may be removed success
fully, imperfect repair of a DNA strand may result in the
formation of altered base sequences and the generation o
Table 1 The direct relative spectral effectiveness of various UV
wavelengths for inactivation of vegetative microorganisms

Wavelength (nm) Relative germicidal effectivenea

210 0.17
215 0.21
220 0.27
225 0.33
230 0.41
235 0.51
240 0.62
245 0.76
250 0.90
255 1.03
260 1.12
265 1.15
270 1.08
275 0.98
280 0.87
285 0.73
290 0.60
295 0.46
300 0.33
305 0.25
310 0.20
315 0.15

aRelative to 253.7 nm.
mutants. The latter can vary in severity with‘silent’ mutations at
one extreme and lethal mutations at the other.

The organism with the highest resistance to UV isDein-
ococcus radiodurans(formerly Micrococcus radiodurans). This
bacterium is also extremely resistant to ionizing radiation and
desiccation. Recent investigations onD. radiodurans have
overturned previously held beliefs that its ability to survive
extremely high doses of both ionizing and nonionizing radia-
tion was due to a supremely ef�cient repair mechanism.
Its repair systems in fact have been revealed to be no mor
ef� cient than those of more UV-sensitive organisms. Instead
a compelling case has been made for the role of manganes
ions, which are able to quench certain reactive oxidative
species, thus preventing damage to proteins including, mos
signi� cantly, those involved in DNA repair. These discoveries
are actually quite profound and may lead to a reinterpretation
of the effects of UV irradiation in organisms in general.

The photoproduct generated in spores is different than that
of vegetative cells. This is thought to be because in spores th
DNA is associated closely with small acid soluble proteins and
that the binding of such proteins induces changes in the
conformation of spore DNA from the B-form to the A-form.
UV-C-induced DNA damage in spores is repaired during
germination when spores reactivate and return to vegetativ
growth. Moreover, evidence has been accumulating steadily t
show that the most ef� cient wavelength for inactivating spores
is in the immediate region of 222 nm – that is, lower than that
of vegetative cells. Spores contain appreciable quantities o
dipicolinic acid and one hypothesis that has been put forward
to explain these � ndings is that dipicolinic acid is able to
absorb UV very ef� ciently at 222 nm and then transfer the
absorbed energy to thymine bases.
f
f

e
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At the Cellular Level

When a population of microorganisms or viruses is irradiated,
inactivation becomes manifested by loss of ability to form
colonies or plaques, respectively. Inactivation of cells o
a particular species generally is presented in the form o
‘survival curves,’ which also are referred to as‘dose–response
curves.’ These show the fraction of the original population of
cells surviving irradiation as a function of dose applied.

Data typically are presented as a plot of the logarithm of
surviving fraction against UV dose. This is largely because if th
inactivation kinetics are simple � rst order, the data will lie on
a straight line (curve‘a’ in Figure 3), according to a model � rst
proposed by Chick over 100 years ago. This response is on
strictly displayed by single-stranded DNA- or RNA- containing
viruses and certain repair-de� cient mutants. In practice, many
survival curves display a plateau region or‘shoulder’ at low UV
doses (curve‘b’ in Figure 3). These vary in prominence and
modeling such behavior becomes more complicated. Empirical
modi � cations of Chick’s Law have been proposed and shown
to yield satisfactory models. More mechanistically based
approaches also have been adopted– one such being target
theory. Originally developed to account for inactivation by
ionizing radiation, the theory is based on the fact that energy
emitted from UV sources is quantized (in the form of UV
photons) and that there are a discrete number of susceptible
targets in a cell that must be struck, or hit, a� nite number of
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Figure 3 Typical inactivation curves.

Table 2 D10
a UV inactivation doses (in mW-sec cm� 2) measured at

253.7 nm for various microbial groups

Group UV dose

Bacteria (including spores) 0.4–30
Enteric viruses 5–30
Fungi 30–300
Protozoa 60–120
Algae 300–600

aDose required to reduce population viability by one order of magnitude.

Table 3 Absorption coef� cients of various liquids to
UV at 253.7 nm cm� 1 depth

Liquid Absorption coefÞcient (a)

Distilled water 0.007–0.01
Drinking water 0.02–0.1
Syrup, clear 2–5
Wine, white 10
Beer 10–20
Syrup, dark 20–50
Wine, red 30
Egg white 100
Milk 300
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times by UV photons for inactivation to occur. According to
target theory, � rst-order kinetics are actually‘single hit–single
target’ functions. The shoulder observed in survival curves ha
been interpreted as a manifestation of cellular repair processe
A dynamic state is postulated in which the repair processes ar
able to repair damage in� icted on DNA at a rate that exceeds
the damage induced. As the UV dose is increased, a threshold
exceeded in which the rate of formation of photoproducts
outstrips the ability of the cellular processes to repair them,
resulting in progressively greater levels of inactivation. Targe
theory is only one approach, and other attempts to model the
inactivation process such as so-called series-event models al
have proved useful.

In addition to the presence of shoulders, survival curves
may display ‘tailing ’ at high UV doses (curve‘c’ in Figure 3).
This phenomenon has been attributed to the presence of UV
resistant cells in a heterogenous population or, alternatively, to
the presence of aggregates of cells in which the cells at th
interior are protected from UV by those cells at the exterior of
the aggregate.

Compilations of values of UV doses necessary to achiev
a speci� ed reduction in the viability of a population of organ-
isms often are to be found in handbooks and in literature
promoting the application of UV for disinfection. It is important
that they be used only for general guidance. There are a numbe
of reasons for this caution; � rst, considerable variation in UV
sensitivity has been reported even within a single species
Second, the conditions of growth and physiological state of the
organism can have a bearing on its UV sensitivity. For example
cells from the logarithmic phase of growth are more generally
sensitive than cells in the stationary phase, also the UV resistanc
of wet, as opposed to dry, bacterial and fungal spores is differen
for some species. Third, the condition under which the cells are
irradiated is important because the penetration of UV into
liquids other than clean water is generally small and the presenc
of dense suspensions of microorganisms or high concentrations
of dissolved species can cause signi� cant attenuation of incident
UV. Finally, UV sources differ in their spectral output, and
individual wavelengths have different lethal effects (seeTable 1).
Table 2 shows typical UV doses required to inactivate different
groups of microorganisms. The upper limit for bacteria is to
some extent distorted by the inclusion of data for extremely UV-
resistant micrococci (e.g.D. radiodurans). To place the data more
in context, a UV dose of 30 mW-sec cm� 2 theoretically would
result in a � ve-log reductions of the common human enteric
pathogens Camplyobacter jejuni, Escherichia coli, Proteus vul
Salmonella enteritidis, Salmonella paratyphi, Salmonella
Shigella dysenteriae, Staphylococcus aureus, Vibrio parahaem,
and Yersinia enterocolitica.Conversely, a dose of 40 mW-sec cm� 2

would bring about a similar theoretical reduction for Listeria
monocytogenesand Salmonella typhimurium. The data for protozoa
include data for cysts of the common waterborne protozoan
Giardia lamblia.
Practical Applications

Liquids

The most successful application of UV disinfection processe
has without doubt been in the � eld of water treatment. High-
purity (drinking) waters in particular represent an ideal
medium for UV irradiation. Liquids that contain solutes or
material in suspension present a greater challenge. Treatme
of such liquids still remains possible provided that suitable
procedures and equipment are employed. The treatability of
any particular liquid will to some extent be determined by its
UV absorption characteristics. As UV passes through a
absorbing medium, its intensity will be reduced as a function of
distance into the medium. Attenuation effects of this kind are
described by the Lambert–Beer Law. If monochromatic UV of
intensity I0 is incident at one surface of a medium of thickness
d, then the Intensity (I) at depth d is given by the following:

I ¼ I0$ead [2]

where‘a’ is the absorption coef� cient. Table 3shows the values
of a for various liquids. There are many compounds that in
solution in water are known to be strongly UV absorbing, and
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whose presence will adversely affect UV treatment. Iron is on
such compound, as indeed are all organic species to varyin
degrees. In addition to dissolved species, solid matter in
suspension also can interfere with UV disinfection. Particles
actually may shield microorganisms from incident UV.
Furthermore, irradiating either solid matter in suspension or
emulsions causes incident UV light to be scattered resulting in
attenuation.

Another important factor in assessing the treatability of
a liquid is the method selected to bring the liquid in contact
with UV. In most cases, this will be a continuous� ow–through
device of some sort; such devices are referred to as‘contactors.’
It is important to ensure that the liquid being treated receives
a dose of UV suf� cient to bring about the desired level of
reduction in viable microorganisms. If a signi� cant fraction of
the liquid � ow is able to bypass the UV sources in some way
then the effectiveness of disinfection will be reduced. There ar
many different designs of contactors, and particular applica-
tions will call for speci� c features. Perhaps, the simples
enclosed con� guration, particularly for low � owrates, is the
annular contactor in which water � ows into the annular space
formed by locating a tubular UV source at the axis of a cylin-
drical outer jacket. This particular con� guration is quite
common, and it has been used successfully in the treatment o
a wide variety of liquids. More sophisticated versions may
feature additional sources at the circumference and baf� es to
prevent short circuiting by the liquid during the treatment.
There do exist contactor designs that differ fundamentally from
that of the annular contactor, for example, longitudinal banks
of tubular UV sources immersed in narrow channels have been
used to disinfect wastewater. It is possible to treat liquids
having high UV absorptivities by presenting the liquid to the
source of UV in the form of a thin � lm. In the Lambert–Beer
Law, stated earlier, the attenuation effect is dependent on th
product of the absorptivity ( a) and the thickness of the liquid
� lm ( d), and if a is high, then d may be decreased to reduce
attenuation. A number of devices, of varying complexity, have
been proposed for producing thin liquid � lms for irradiation,
but they mainly are for low-liquid throughputs.

A feature of most contactors is that the liquid makes contac
with the UV source. This normally will not be direct contact, as
it is usual to shroud the source within a quartz sleeve. The
inevitable consequence of this is that over extended periods o
operation, solid matter will become deposited on the surface of
the source or shroud and will attenuate the UV output of the
source. The treatment of liquids containing high concentra-
tions of suspended matter will be particularly prone to this type
of fouling. Some manufacturers provide automatically oper-
ated mechanical wipers that maintain output intensity,
although others recommend interrupting treatment periodi-
cally to clean the shroud with chemical agents.
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Air

UV has been used successfully to reduce the spread of micr
organisms throughout buildings, including food-processing
facilities, by irradiating the air inside these areas. Most of the
published evidence as to the effectiveness of this form o
treatment comes from studies aimed at reducing or controlling
the spread of disease-causing organisms in hospitals an
surgery waiting rooms. UV sources have been installed i
heating and ventilation ducts but it also is common to place
sources directly in speci�ed areas. In the latter case, source
usually are located so as to achieve‘upper air irradiation. ’ This
is particularly important in cases in which the personnel
occupy the area to be treated, as it is essential to protect them
from direct exposure to UV-C. Specially designed louvers exis
that offer adequate protection to personnel at‘ground level,’
while achieving ef� cient upper air irradiation. This form of
treatment has found particular favor in bakeries for inactivating
airborne mold spores and reducing the spoilage of bread and
other bakery products. UV also is used routinely in areas wher
aseptic transfers of microorganisms is required as in, fo
example, the transfer of starter cultures.

Surfaces

All UV wavelengths have poor penetrability into solid materials
and, therefore, irradiation can be effective only in disinfecting
the surfaces of solids. Furthermore, signi� cant reductions in
microbial viability can be achieved only on surfaces that are
relatively smooth and free of contamination by extraneous
matter. To consider one example, the crevices in between ridge
on the surface of a material may provide microorganisms
present there with protection from incident UV. Shadowing
effects, caused either by surface irregularities or surfa
contamination such as dust also may lead to increased micro
bial survival. Notwithstanding these limitations, UV is used to
treat the surfaces of packaging materials, particularly drink
packaging as well as the surfaces of foods. Planar materials su
as packaging� lm may be irradiated with simple arrangements
of sources. For such applications, it is suf� cient to convey the
� lm past a � xed high-intensity UV source. More complex
geometries may require elaborate combinations of sources an
mechanical mechanisms to ensure that all the surfaces of th
object receive adequate irradiation. Further development o
UV-LED technology would greatly improve the prospects for
the treatment of objects of complex shape.

Combined Treatments

In addition to its direct lethal effects against microorganisms,
UV has been shown to have a synergistic disinfective effect i
combination with other treatments. This may be de� ned as the
effect obtained when a combined treatment has a greater dis
infective effect than the sum of the treatments applied sepa
rately. The most well documented of these effects occurs wit
hydrogen peroxide. Hydrogen peroxide is thought to owe its
disinfective properties to the production of hydroxyl-free radi-
cals (OH� ). These free radical species are very short-lived but a
highly reactive and capable of causing widespread damage t
microorganisms, leading ultimately to death. This differs from
the damage in� icted on living cells by UV. The rate at which
lethal hydroxyl radicals are formed can be increased greatly b
irradiation with UV. Hydrogen peroxide is strongly UV
absorbing, and a number of studies have shown that the greates
degree of synergism is obtained with hydrogen peroxide solu
tions at a concentration of approximately 1%. This synergistic
disinfection has been exploited commercially in the treatment
of packaging for aseptic processing of food. In some applica
tions, an aqueous solution of hydrogen peroxide is sprayed
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onto the surface of the packaging before irradiation. This
process may not be suitable for packaging made of material
that are highly hydrophobic as surface coverage by the hydroge
peroxide may be incomplete. Moreover, the presence of residua
hydrogen peroxide on the surface of food packaging, which late
will come into contact with food, is undesirable and some form
of postirradiation process (e.g., mild heat treatment) may be
necessary to reduce the residual concentration to acceptab
limits. A similar, although less widely investigated, synergistic
effect is that between ozone and UV.

A combined effect of a different kind is the irradiation of the
anatase crystalline form of titanium dioxide with UV-A. Irradia-
tion in the presence of water leads to the formation of hydroxyl-
free radicals. Titanium dioxide has been incorporated into
a variety of materials including ceramic tiles to give what have
become known as‘active surfaces.’ These mayhave application in
food preparation areas in helping to reduce the spread of food-
poisoning organisms. This effectively extends the range of UV
wavelengths, which are useful in inactivating microorganisms.
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Induced Effects in Fresh Produce

In recent years, a new form of application of UV has emerged fo
the treatment of fruits and vegetables. The method relies on the
delivery of relatively low doses of UV-C to induce in the plant
tissue a stress response rather than to bring about direct ina
tivation of microorganisms that may be present at the surface o
the produce. The stress response leads to the production o
speci� c metabolites and also of a number of proteins, including
enzymes, over time. For some types of fruit such as peache
apples, and tangerines, the effects are systemic and therefo
there is no requirement to expose the entire surface of the frui
to UV. For carrots, however, it has been shown that induction of
the stress response is dependent on full surface exposur
A number of the induced metabolites are polyphenolic in
nature and have been shown to exert antifungal properties
Treatment by such means therefore offers the prospect o
extending the shelf life of fresh produce. Commercial exploita-
tion of this phenomenon is still at a very early stage. Moreover,
there could be another advantage to this form of treatment as
certain of the induced metabolites have been shown to be
bene� cial to human health. Perhaps the most studied example
is resveratrol, which is produced in grapes following UV treat-
ment. Interestingly, it has been shown that once induced, the
resveratrol persists even if the grapes are used for winemakin
The health bene� ts claimed for resveratrol range from its having
cardioprotective effects to its playing a chemopreventative role
in skin cancers. It must be stressed, however, that such claim
have yet to be unambiguously demonstratedin vivo.
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Hazards and Adverse Effects

Effects on Humans

All wavelengths in the UV portion of the EM spectrum possess
the potential to cause damage to human tissue. The shorte
more energetic, wavelengths of the UV-C region are associate
with erythema (reddening of the skin) and keratitis and kera-
toconjunctivitis of the cornea. The longer UV-A wavelengths
however, are able to travel further into tissue than UV-C and
there is evidence to suggest that UV-A is able to penetra
beyond the epidermis into the basal germinative layers, leading
to heritable genomic mutations. Therefore, all personnel
potentially at risk of exposure to UV must receive adequate
protection. Moreover, UV equipment must be designed and
installed to minimize the risk of accidental exposure of
personnel.

Mutants and Microbial Recovery

Some fears have been expressed that irradiation of foods ma
result in the production of highly UV-resistant mutants pos-
sessing unquanti� able hazards to public health. Although such
mutants have been generated under laboratory conditions
there is no evidence of their ever having arisen as a result of U
disinfection processing.

As already has been explained, microorganisms inactivate
by exposure to UV subsequently may be able to recover as a resu
of cellular repair processes. Photoenzymatic repair is mor
reliant than other mechanisms on external factors, and most
studies have con� ned themselves to assessing the likely impac
of this type of repair mechanism particularly in UV-irradiated
wastewaters. In photoenzymatic repair, light in or near the
UV-A region, induces enzyme activity capable of monomerizing
pyrimidine dimers. The optimal wavelength is species dependen
but is in the range 310–480 nm. Although it has been shown that
conditions conducive to photoenzymatic repair can arise, the
extent of recovery achieved generally has not been considere
signi� cant enough to warrant changes to existing practices. It i
advisable to limit exposure of UV-treated foodstuffs, however, to
visible light for a time immediately following treatment.
Effects on Foods

It must always be borne in mind, as mentioned, that UV is
a surfacedisinfection treatment owing to the poor penetration
into foods of UV. Therefore, certain foods by virtue of their
physical form or structure are not suitable for disinfection using
UV. In most cases, UV treatment can be designed to minimize
any adverse effects on foods. Overtreatment has been reporte
to result in, among other effects, peroxidation of fats in meat
and other fat-containing foodstuffs, leading to rancidity, furan
formation in fruit juices, and ‘brown spot’ in certain types of
fresh produce. Vitamin C in fruit juices traditionally has been
viewed as particularly susceptible to breakdown by UV, but
commercial treatment of a wide range of juices currently is
being carried out without signi� cant damage to this key
nutrient. An interesting � nding is that UV treatment of mush-
rooms actually increases their vitamin D content.
See also:Lasers:Inactivation Techniques; Packaging of Foo
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Introduction

The genusVagococcuswas established as a separate genus
accommodate the Gram-positive, catalase-negative, motil
cocci, which were earlier referred to as motile lactic strepto
cocci and were shown to be diverse from all known lacto-
cocci. Results of 16S rRNA gene sequencing and DNA–DNA
reassociation studies demonstrated that such strains forme
a separate line of descent within the lactic acid bacteria. Mos
vagococci are dif� cult to differentiate solely on the basis of
phenotypic characteristics, mainly because they are als
phylogenetically and phenotypically similar to members of
the Enterococcusand Lactococcusgenera. The� rst species of the
genusVagococcus, named Vagococcus� uvialis, was described in
1989 to include strains isolated from chicken feces and rive
water. Vagococcus� uvialis has now been reported from
a variety of sources, including human clinical specimens
(blood, peritoneal � uid, and wounds) and domestic animals
(chicken, pigs, cattle, horses, and cats). Seven addition
species subsequently have been assigned to the genu
Vagococcus salmoninarumwas described in 1990 to accom-
modate strains recovered from diseased� sh (e.g., Atlantic
salmon, rainbow trout, and brown trout with peritonitis).
Two species were later found in marine mammals:Vagococcu
lutrae (described in 1999) and Vagococcus fessus(reported in
2000), isolated from common otter and from a seal and
a harbor porpoise, respectively. The� fth vagococcal species
named Vagococcus carniphilus, was proposed in 2004 to
accommodate isolates recovered from ground beef purchase
from retail. The speciesVagococcus elongatuswas described in
2007, based on the characterization of a single uncommon
isolate obtained from a swine-manure storage pit.Vagococcu
penaei and Vagococcus acidifermentansare the vagococca
species most recently identi�ed. Vagococcus penaeiwas
proposed in 2009 to include � ve Gram-positive Vagococcus-
like bacteria isolated from spoilage microbiota of cooked
shrimp. Vagococcus acidifermentanswas reported in 2011 and
was represented by a strain recovered from an acidogen
fermentation bioreactor used to treat food wastewater. The
signi� cance of vagococci as agents of infections and the
presence in food products of animal origin is still unclear.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Description of the Genus

The members of genusVagococcus(wandering coccus) are
facultatively anaerobic, Gram-positive, catalase-negative cocc
Cells occur singly or arranged in pairs or as short chains with
cells elongated in the direction of the chain, and some give the
appearance of short, fat rods. The colony morphology resemble
that of enterococcal and streptococcal strains. Colonies ar
raised and gray-white and they area- or nonhemolytic on agar
media containing sheep blood. They have fermentative metab
olism, with L-lactic acid being the predominant end-product of
glucose fermentation. They may react with Lance� eld strepto-
coccal groups D or N antisera. The cell wall peptidoglycan type is
Lys-D-Asp. The DNA G þ C content ranges from 33.6 to
44.5 mol.%. Eight species ofVagococcushave been described
to date.Vagococcus� uvialisis the species type, and the type strain
is V. � uvialisATCC 49515 (NCFB 2497).

The physiological tests for differentiating the vagococc
and other Gram-positive, catalase-negative cocci are listed
Tables 1 and 2. The presumptive identi� cation of a Vagococcu
can be accomplished by demonstrating that the strain hydro-
lyzes esculin in the presence of bile (bile–esculin (BE) test-
positive), produces leucine aminopeptidase and pyrrolidonyl
arylamidase (LAP and PYR tests-positive, respectively), and
susceptible to vancomycin. Growth at 10� C, 45 � C, and growth
in broth containing 6.5% NaCl can be variable. Motility can
also vary (V. � uvialis, and some strains ofV. carniphilususually
are motile). The vagococci are nonpigmented and are negativ
for production of gas. Most strains are negative for arginine and
hippurate hydrolysis. Delayed or weak reactions with anti-
streptococcal group D serum as well as reaction with group N
antiserum can be observed with some vagococcal strains whe
Lance� eld hot-acid cell extracts are tested by the capillar
precipitation method.

The dif� culty in distinguishing these microorganisms from
other lactic acid bacteria by phenotypic criteria is recognized
widely. On the basis of phenotypic characteristics, most isolate
initially are classi� ed as unidenti� ed or atypical enterococci,
because they resembled some of the less common arginine
negative enterococcal species or the rare arginine-negati
variants of some of the most frequent species ofEnterococcus.
78-0-12-384730-0.00342-6 673
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Table 1 Phenotypic characteristics for the differentiation of selected groups of facultatively anaerobic, Gram-positive, catalase-negative cocci

Genus/genera group Gram stainb

Phenotypic characteristica

VAN GAS BE PYR LAP NaCl 10� C 45� C HEM

Vagococcus ch S � þ þ þ (þ )c (þ )c (� )d a/g
Enterococcusgroupe ch S/R � þ (þ )f þ þ þ þ a/b/g
Leuconostoc/Weisellag ch R þ V � � V þ V a/g
Streptococcus ch S � (� )h (� )i þ V � V a/b/g
Unusual Strep/Generaj ch S � � V V V V V� a/g
Aerococcus cl/te S � V V V þ � � a
Pediococcus cl/te R � þ � þ V � þ a
Tetragenococcus cl/te S � þ � þ þ � þ a
Helcococcus cl/te S � þ þ � þ � � g
Gemella cl/te/ch S � � þ V � � � g

aVAN, vancomycin susceptibility screening test; GAS, gas production in MRS broth; PYR, production of pyrrolidonyl arylamidase; LAP, production of leucine aminopeptidase;
NaCl, growth in broth containing 6.5% NaCl, 10 and 45� C, growth at 10 and 45� C; HEM, hemolytic activity on trypticase soy 5% sheep blood agar.þ , 90% or more of the
strains are positive;� , 90% or more of the strains are negative; V, variable (11–89% of the strains are positive).
bCell arrangement in Gram stain: ch, chains; cl, clusters; te, tetrads.
cStrains are generally positive after long incubation (5 days or more).
dSome strains grow slowly at 45� C.
eEnterococcusgroup includes allEnterococcusspecies, and someLactococcusspecies.
fStrains of some of the more recently recognized, less frequently found, species may be negative or weakly positive.
gLeuconostocandWeisellaare often coccobacillary, sometimes appearing rodlike in chains.
hStrains belonging to theStreptococcus bovis/Streptococcus equinuscomplex are BE positive as well as about 5% of the other streptococci.
iStreptococcus pyogenesstrains are PYR positive. Strains belonging to theStreptococcus porcinus/S. pseudoporcinuscomplex also can be positive.
jUnusual strep or genera include species of streptococci usually found in animals andGlobicatella sanguinisandDolosicoccus paucivorans.

Table 2 Phenotypic characteristics used to differentiate the rarely occurring arginine-negative variants of physiological group II enterococcal
species,Enterococcus columbae, and the most common species ofVagococcus

Genus/species

Phenotypic characteristic

MAN SOR ARG ARA SBL RAF TEL MOT PIG SUC PYU MGP GLY

E. faecalis þ � � � þ � þ � � þ a þ � þ
E. casselißavus þ � � þ V þ V þ a þ a þ V þ V
E. gallinarum þ � � þ � þ � þ a � þ � þ � a

E. columbae þ � � þ þ þ � � � þ þ � �
Vagococcus V � � � V V � a V � þ a V þ V

MAN, mannitol; SOR, sorbose; ARG, arginine; ARA, arabinose; SBL, sorbitol; RAF, raf� nose; TEL, tellurite; MOT, motility; PIG, pigment; SUC, sucrose: PYU, pyruvate; MGP,
methyl-a-D-glucopyranoside; GLY, glycerol;� , � 95% of strains with negative results;þ , 90% or more of the strains are positive; or more of the strains are negative; V, variable
(11–89% of the strains are positive).
aOccasional exceptions occur.
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Results of motility and arginine hydrolysis tests can be helpful
in the differentiation from the lactococci, which usually give
negative and positive reactions, respectively.
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Characterization of the Species

Con� rmation that a strain is a Vagococcusrequires complete
identi � cation to the species level. It generally is accomplished
by using a series of additional conventional physiological tests.
As already pointed out, even using extensive testing, th
differentiation of some vagococcal strains from the enterococc
is sometimes problematic. Tests for production of acid fromL-
arabinose and raf� nose may be useful, sinceV. � uvialisstrains
are negative and the motileEnterococcusspecies,Enterococcu
gallinarumand Enterococcus casseli� avus, are positive. The argi
nine test may be a clue for such differentiation as most strains
belonging to these enterococcal species are positiv
Uncommon arginine-negative variants of the physiological
group II enterococcal species andEnterococcus columbaehave
biochemical characteristics that are similar to those of the
vagococci, especiallyV. � uvialis. Table 2 lists some of the tests
that can be used to differentiate among them.

Table 3 shows the physiological characteristics of the type
strains of all the vagococcal species recognized to date. Th
original description of V. � uvialisreported this species to be LAP
negative, PYR-variable, and negative for growth in 6.5% NaC
broth, but all strains tested at the Centers for Disease Contro
and Prevention have been both LAP- and PYR-positive and hav
demonstrated growth in 6.5% NaCl broth.Vagococcus� uvialis, V.
salmoninarum, and V. carniphilusshare several phenotypic char
acteristics, such as acid production from maltose, ribose, and
trehalose, and test negative for arginine, arabinose, inulin
lactose, melibiose, and sorbose. Variable results are obtained fo
pyruvate utilization, tellurite tolerance, and Voges–Proskauer
(VP) tests. They can be differentiated on the basis of a few
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Table 3 Phenotypic characteristics of the type strains of the different species ofVagococcus

Test
V. acidifermentans
LMG 24798T

V. carniphilus
ATCC BAA-640T

V. elongatus
CCUG 51432T

V. fessus
ATCC BAA-289T

V. ßuvialis
ATCC 49515T

V. lutrae
ATCC 700839T

V. penaei
LMG 24833T

V. salmoninarum
ATCC 51200T

PYR þ þ þ w þ þ þ þ þ
LAP þ þ þ w þ þ þ þ þ
Bile–Esculin þ þ þ w þ þ þ þ þ
Growth in 6.5% NaClþ þ þ w þ w þ þ þ þ w

Growth at 10� C � þ þ w � þ þ þ þ
Growth at 45� C þ þ w � � � þ � �
Growth at 37� C þ þ � d þ þ þ þ � d

Arginine � � � � � � þ �
Hippurate þ � � � � � � �
Motility � þ � � þ � � �
Pyruvate þ þ � � � þ � �
Tellurite � � � � � � � �
Voges–Proskauer � � � � � � � �
Acid production from
Arabinose þ � � � � � � �
Glycerol þ þ � þ w þ w þ þ �
Inulin þ � � � � þ � �
Lactose þ � � – � þ þ �
Maltose þ þ þ þ þ þ þ þ
Mannitol þ � � � þ þ � �
Melibiose þ � þ � � þ þ �
MGP þ þ � � þ þ � �
Pullulan þ � � � þ þ � �
Raf� nose þ � � � � þ þ �
Ribose þ þ þ þ w þ þ þ þ
Sorbitol þ � � � þ þ þ w �
Sorbose þ � � � � � � �
Sucrose þ þ � – þ þ þ þ
Tagatose þ þ þ þ w þ þ þ w þ w

Trehalose þ þ þ – þ þ þ þ
Xylose þ þ w þ � � � � �

PYR, hydrolysis of pyrrolidonyl-b-naphthylamide; LAP, hydrolysis of leucine-b-naphthylamide; MGP, methyl-a-D-glucopyranoside; d, delayed; w, weak;þ , strain gives
a positive result for the test indicated;� , strain gives a negative result for the test indicated.
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phenotypic characteristics, such as motility, and acid production
from mannitol, raf � nose, and sorbitol. Tests for production of
acids from sucrose and glycerol, as well as pyruvate utilization
and tellurite tolerance are also of some help.Vagococcus fessuscan
be distinguished from V. salmoninarumin that it does not
produce acid from trehalose and can be readily differentiated
from V. � uvialisand V. lutraeby its lack of acid production from
carbohydrates, such as maltose, ribose, sorbitol, sucrose,
trehalose.

Rapid systems (API 20 Strep, API Rapid ID 32 Strep, API 5
galleries, and API ZYM) may also be used. Because of the lack
speci�c documentation and well-de� ned numerical pro� les,
however, the identi� cation provided is frequently erroneous
and interpretation of the results is time consuming and
frequently ambiguous.

In addition to the determination of physiological charac-
teristics, analysis of electrophoretic whole-cell protein pro� les
was shown to be a reliable method for the identi� cation of
vagococcal isolates. It has been demonstrated thatV. carniphilus,
V. fessus, V. � uvialis, V. lutrae, and V. salmoninarumisolates
correspond to species-speci� c unique protein pro� les that are
distinct from the protein pro� le characteristics of the entero
coccal and lactococcal species. Genus- and species-spec� c
oligonucleotide probes derived from 16S rRNA also were shown
to facilitate the precise identi� cation of vagococcal isolates.

The use of molecular methods based on polymerase chai
reaction (PCR) ampli� cation or gene sequencing has been
proposed for the identi� cation of the vagococcal species
Partial or nearly entire sequencing of the 16S rRNA gene i
considered to be a practical and powerful tool for the iden-
ti � cation of these microorganisms, and it has been per
formed for all recognized species ofVagococcus. Figure 1
shows the analysis of 16S rRNA gene sequences (obtaine
from the GenBank) to produce the phylogenetic tree
demonstrating the genetic relatedness of all theVagococcu
species. Moreover,V. carniphilusalready has been identi� ed
by culture-independent methods, such as PCR–denaturing
gel electrophoresis (PCR-DGGE). This technique has bee
applied to evaluate several foods, such as cheese and fe
mented sausages, as well as� sh and meat with focus of
spoilage microorganisms. Additionally, molecular character-
ization of V. carniphilus, V. � uvialis, and V. penaeistrains,
using analysis of chromosomal DNA restriction patterns by
pulsed-� eld gel electrophoresis (PFGE) after digestion with
SmaI, resulted in distinctive PFGE patterns, suggesting th
nonclonal nature of these species and indicating the
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Figure 1 Phylogenetic tree based on comparative analysis of the 16S rRNA gene sequences, showing the relationship among species ofVagococcus.
Lactococcus lactiswas used as an outgroup, and bootstraps values at the nodes were displayed as percentages.

676 Vagococcus
potential ability of this typing technique to discriminate
between Vagococcusisolates.

Data on the antimicrobial susceptibility characteristics are
available for a few V. � uvialis isolates. Results of minimum
inhibitory concentration determinations indicated that
V. � uvialis strains are susceptible to ampicillin, cefotaxime,
trimethoprim-sulphamethoxazole, and vancomycin and are
resistant to clindamycin, lome� oxacin, and o� oxacin. Strain-
to-strain variation was observed in relation to 17 other anti-
microbial agents tested, including cefaclor, cefazolin, ce� xime,
ceftriaxone, cefuroxime, chloramphenicol, cipro� oxacin, clari-
thromycin, erythromycin, gentamicin, meropenem, oxacillin,
penicillin, piperacillin-tazobactam, rifampin, tetracycline, and
tobramycin.
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Importance of the Genus in Animal and Human
Diseases: Importance for the Food Industry
and Potential Hazard for the Consumer

The signi� cance of the vagococci as infectious agents may hav
been underestimated, as they may have been misidenti� ed or
overlooked in diagnostic laboratories due to the dif� culties for
their precise identi� cation. Also, the role of Vagococcusin food
spoilage, decreasing its shelf life, as well as the production o
metabolic compounds important for the food industry, is still
unclear.

The pathogenic role of these microorganisms was� rst
recognized when they were identi� ed among the agents asso
ciated with a complex of similar � sh diseases known under the
general denomination of streptococcosis, caused by differen
taxa of Gram-positive cocci. This complex of diseases has lon
been considered a serious problem in cultured marine� sh in
the Far East. Today, with the development of intensive aqua
culture, � sh infections caused by Gram-positive cocci
including vagococcosis, have become a major problem in
various parts of the world, affecting different � sh species
destined for human consumption. Vagococcosis is considered
an emerging disease, particularly for the European trou
industry, affecting either subadult or adult rainbow trout with
high mortality rates. Heavy economic losses caused by thes
infections are in some cases estimated to encompass 45%
total � sh production. In addition, a few reports have demon-
strated thatV. salmoninarumusually is identi� ed from diseased
salmonid � sh (brown trout, rainbow trout, and Atlantic
salmon). Vagococcus lutraeand V. fessuswere identi� ed as
isolates obtained from different diseased aquatic mammals.
Vagococcus� uvialis has been isolated from domestic animals
(cats, horses, and pigs). A laboratory report provided the� rst
evidence of the possible connection of a vagococcal specie
V. � uvialis, as a cause of infections in humans. Little clinical
information was submitted, however, with the cultures iden-
ti � ed. One strain was isolated from the peritoneal� uid of
a nephrology patient, and another from an infected bite wound
in a person who was bitten by a lamb. Two other human
isolates were recovered from blood cultures, and no additional
information on the clinical condition or associated illness was
available. Additional V. � uvialis isolates have been recovered
from a � nger wound of a patient in Canada, the cerebrospinal
� uid of a patient with meningitis in Argentina, and from the
root canal of a patient with an endodontic infection in
Germany. No human infection associated with the other
species ofVagococcushas been documented to date. Therefore
vagococci are not considered to be signi� cant pathogens of
humans, as they probably are associated only with opportu-
nistic infections.

Apart from the economic impact, concerns have been
generated about the potential health hazard that handling or
consumption of colonized or infected � sh, as well as other
animals or their products, can represent for humans. The
question on the potential health hazard in humans still
remains, due to the evidence of acquisition of serious infections
by people who had skin injuries during handling of Strepto-
coccus iniae(another agent of � sh streptococcosis that was not
considered pathogenic for humans)– colonized or – diseased
� sh grown by aquaculture. During the investigation ofS. iniae
transmission from farm-cultured � sh (Tilapia) to humans,
many V. � uvialisstrains were isolated from the surface of the
� sh. It is not known whether these isolates had any effect on the
� sh or whether they could be transmitted to humans. Another
example isLactococcus garvieae, yet another agent of� sh strep-
tococcosis that has been shown to cause disease in cattle and
humans, suggesting the possibility of animals or their food
products as sources for transmission of infections to humans
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In addition, species of Vagococcushave been recovered from
other foodstuff, particularly dairy products such as cheese
Vagococcus lutraeand V. � uvialis were among the prevalent
species of lactic acid bacteria that have been isolated from
Tungrymbai, a traditionally fermented soybean food of ethnic
tribes of Meghalaya, India. The presence of lactic acid bacteri
including vagococci, in foodstuffs, usually is not considered to
be a major concern, however, because they are widely distrib
uted in nature.

In contrast to these concerns, it recently has been propose
that some species ofVagococcuscan be used as probiotics in
approaches for disease control and food preservation.Vago-
coccus� uvialis already has been used to protect sea bas
against vibriosis caused byVibrio anguillarumand may repre-
sent an important management tool for the control of this
disease in marine cultures. A bacteriocin-producing strain o
V. carniphilushas been shown to inhibit the growth of Listeria
innocua, Staphylococcus aureus, and Hafnia alvei. Vagococcu
antilisterial activity already has been tested for the control of
Listeriagrowth on the surface of various cheeses. The use
vagococcal strains has been suggested based on their antag
nistic activities and their low potential of pathogenicity to
humans.

In light of these � ndings, the vagococci should be consid-
ered to be among the emerging zoonotic pathogens that have
been isolated from various species of� sh, as well as mammals,
and � nally humans. Diagnostic laboratories as well as those
devoted to the analysis of food products of � sh and other
animal origin, especially fresh products, must be aware of the
methods for the precise detection of these microorganisms, a
they may serve as vehicles for transmission of infections cause
by this newly recognized pathogen. As more attention and
accurate procedures are incorporated into the identi� cation
schemes to detect and characterize vagococcal strains in t
diagnostic setting, more information will become available to
help answer the many questions raised about the signi� cance
of these microorganisms.
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Suggested Laboratory Procedures for Isolation
and IdentiÞcation

Recommendations for Isolation and Identi�cation
by Physiological Testing

Enriched infusion agar and broth, such as trypticase soy, hea
infusion, Todd-Hewitt, Lactobacillusde Man–Rogosa–Sharpe
(MRS), or brain–heart infusion, support the growth of vago-
cocci, and 5% sheep blood agar plates are recommended t
verify hemolytic activity. If the specimen to be processed for
primary isolation is likely to contain other bacteria, such as
food samples, a BE medium may be an option as a primary
isolation-selective medium. Vagococci growth is better when
incubated for 18–24 h in 3–10% CO2 atmosphere. Specia
attention must be paid to the temperature requirements for
optimal growth of each vagococcal species: Most vagococc
cultures should be incubated at 35–37 � C, whereas
V. salmoninarumgrow better at 25–30 � C. Vagococcus elonga
grows optimally at 35–37 � C, under CO2 incubation, but may
take 2–3 days. The most consistent Gram stains can b
prepared from growth in thioglycolate broth.
Catalase Test
The catalase test should be performed by� ooding the growth
of the bacteria on a blood-free medium with 3% hydrogen
peroxide and observing for bubbling (positive reaction) or not
(negative reaction).

Bile–Esculin Test
The BE medium can be used in agar slants or agar plate
Inoculate the BE medium with one to three colonies and
incubate it at normal atmosphere for up to 7 days. A positive
reaction is recorded when a black color forms over one-half or
more of the slant, or when any blackening occurs on the aga
plate. No color change of the medium indicates a negative
reaction.

NaCl Tolerance Test
Growth in broth containing 6.5% NaCl is determined in heart
infusion broth base with an addition of 6% NaCl (heart infu-
sion base contains 0.5% NaCl), 0.5% glucose and bromocreso
purple indicator. When a frank growth occurs, the glucose is
fermented and the broth color changes from purple to yellow,
but it is not necessary for a positive result: An obvious increas
in turbidity without a change in color is also considered to be
a positive test. One or two colonies or a drop of an overnight
broth culture is inoculated into the broth containing 6.5%
NaCl, and incubated up to 7 days.

LAP and PYR Tests
The LAP and PYR disk tests are performed in the sam
manner, and the disks are available from several commercia
suppliers. Bacterial cultures are grown on blood agar plates fo
18–24 h. The disks may be placed on the blood agar plate in
an area of little or no growth for rehydration or alternatively
can be placed on a slide or lid and moistured with 5–10 ml of
sterile water. The disks are, then, inoculated with the bacteria
culture; two or more loopfulls of inoculum are necessary for
satisfactory results. The disks are incubated at room tempe
ature for the time the manufacturer recommends (usually
2–10 min), the detection reagent is added, and the reactions
are read after 1–3 min. The development of a bright pink-red
color is positive; no change in color or a yellow color is
negative; and the development of a pink color indicates
a weak positive reaction. The test should be discarded afte
10 min if still negative.

Tests for Growth at 10 and 45� C
Growth at 10 and 45 � C is determined in heart infusion broth
base medium containing 0.1% dextrose. The tests are pe
formed by inoculating the broths with a single colony or a drop
of an overnight broth culture and incubating at the respective
temperatures for up to 7 days. The time between inoculation
and placement at the proper incubation temperature should
not be longer than 10 min. When the test cultures are inspected
for growth during the incubation period, the tubes should be
returned to the proper temperature without being allowed to
warm or cool. A positive result is indicated by frank growth and
an increase in turbidity. Be sure to rotate the tube vigorously
after the incubation period. Some bacterial strains have
a tendency to settle to the bottom of the tube, and turbidity will
not be apparent until the content of the tube is mixed.
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Vancomycin Susceptibility Identi�cation Test
Several colonies of the strain are transferred to one-half o
a trypticase soy agar plate containing 5% sheep blood and
spread with a loop or cotton swab to achieve con� uent growth.
The vancomycin susceptibility testing disk (30mg) is placed in
the heavy part of the streak. The inoculated plate is incubated a
5% CO2 atmosphere for 18 h. Strains with any zone of growth
inhibition are considered susceptible, and strains that exhibit
growth up to the disk are considered resistant. Results of thi
test are useful for presumptive identi� cation purposes only.

Carbohydrate Fermentation Test
The carbohydrates that may be tested areL-arabinose, glycerol,
inulin, lactose, maltose, D-mannitol, melibiose, methyl- a-D-
glucopyranoside, pullulan, raf� nose, ribose, sorbitol, sorbose,
sucrose, tagatose, trehalose, and xylose. Acid from carboh
drate is determined in heart infusion broth containing the
speci�c carbohydrate (1%) and bromocresol purple indicator
(0.0016%). The carbohydrate broth is inoculated with a drop
or a loopfull of an overnight broth culture or with several
colonies taken from a blood agar plate. The inoculum should
be from a fresh culture. The carbohydrate broth is incubated for
up to 7 days, in ambient air at the appropriate temperature for
growth. A positive reaction is recorded when the broth turns
yellow.

Gas Production
Production of gas from glucose is determined in Lactobacillus
MRS broth. Two or more colonies from a blood agar plate or
a drop of broth culture are used to inoculate the broth. The
inoculated tube is overlaid with melted petroleum jelly and
incubated for up to 7 days. Gas production is indicated when
the wax plug is completely separated from the broth. Small
bubbles that may accumulate over the incubation period are
not read as positive.

Arginine Deamination
The deamination of arginine is determined in Moeller decar-
boxylase medium containing 1% L-arginine. The medium is
inoculated with a fresh culture and then is overlaid with sterile
mineral oil (1 –2 ml per 5 ml of arginine medium) and incu-
bated for up to 7 days. A positive reaction is recorded when the
broth turns deep purple, indicating an alkaline reaction. A
yellow color or no color change of the broth indicates a nega-
tive reaction.

Motility Test
Motility is determined in modi � ed Difco motility medium. The
medium is prepared by adding 16 g of motility test medium
(Difco), 4 g of nutrient broth powder (Difco), and 1 g of NaCl to
1 l of distilled water. The medium is inoculated with a single stab
(with an inoculating needle, not a loop) about 2.54 cm into the
center of the medium in the tube. The inoculated tube is placed
in a 25–30 � C incubator. Motility is indicated by the spread of
growth to the bottom and sides of the tube. Growth along and
slightly away from the stab indicates negative motility.

Pigment Production Test
Production of pigment is determined by examining a cotton
swab that has been smeared across growth on a trypticase s
5% sheep blood agar plate that has been incubated for 24 h in
a 5% CO2 atmosphere. Production of pigment is indicated by
a yellow color of the growth. A cream, white, or gray color does
not indicate pigmentation.

Pyruvate Utilization Test
A fresh culture is used to inoculate a tube of pyruvate broth. The
broth is incubated for up to 7 days. A positive reaction is
indicated by the development of a yellow color. If the broth
remains green or greenish yellow, the test result is negative.
yellow color with only a hint of green is interpreted as positive.

Tellurite Tolerance Test
Tolerance to tellurite is determined on heart infusion agar with
sheep blood, containing 0.04% potassium tellurite, in an agar
slant tube or agar plate. The medium is inoculated with a fresh
bacterial culture and incubated up to 7 days. Tolerance (posi-
tive result) is indicated whenever black colonies form on the
surface.

Voges–Proskauer Test
The Colbentz modi� cation of the VP test is used to determine
the production of acetylmethylcarbinol. The strains are grown
on blood agar plates overnight. A loop or drop of broth culture is
added to the VP test tube and incubated for 24–48 h. Ten drops
of solution A ( a-naphthol) and 10 drops of solution B (sodium
hydroxide and creatine) are added to a 0.5 ml aliquot of the VP
broth culture. The tube is shaken vigorously, and a positive
reaction is indicated when a red color develops within 30 min. A
pink or rust color is interpreted as a weak positive reaction.
Recommendations for Molecular Identi�cation
of the Vagococcal Species

Sequencing of the 16S rRNA gene is more extensively eval
ated for the differentiation and identi � cation of the vago-
coccal species. This molecular technique has been performe
for all the species of Vagococcusknown to date, and the
sequences are available for comparison purposes via publi
databank of nucleotide sequences, such as the Genbank.
basic protocol for the procedure is provided by Shewmaker
et al. (2004).
See also:Bacteria:The Bacterial Cell;Bacteria:Classi� cation of
the Bacteria– Phylogenetic Approach;Bacteriocins:Potential
in Food Preservation; Culture Collections;Ecology of Bacteria
and Fungi:In� uence of Available Water;Ecology of Bacteria
and Fungi in Foods:In� uence of Temperature;Ecology of
Bacteria and Fungi in Foods:In� uence of Redox Potential;
Enterococcus; Traditional Fish Fermentation Technology a
Recent Developments;Fish:Catching and Handling;Fish:
Spoilage of Fish;Heat Treatment of Foods:Spoilage Problem
Associated with Canning;Lactococcus: Introduction;Lacto-
coccus: Lactococcus lactisSubspecieslactisandcremoris; The
Leuconostocaceae Family;Natural Antimicrobial Systems:
Preservative Effects During Storage;Pediococcus; Probiotic
Bacteria:Detection and Estimation in Fermented and Non
fermented Dairy Products;Spoilage Problems:Problems
Caused by Bacteria;Spoilage of Animal Products:Seafood.
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Introduction

Escherichia coliare common micro� ora found in mammalian
gastrointestinal tract. However, strains of verotoxin-producing
E. coli (VTEC) have been known to produce severe illness in
humans. Symptoms range from mild, nonbloody diarrhea to
hemorrhagic colitis and hemolytic uremic syndrome, which is
a life-threatening condition characterized by hemolytic
anemia, thrombocytopenia, and kidney failure. Verotoxin
production represents one of the most important virulence
factors in the pathogenesis of VTEC.Escherichia coliO157:H7
was, until recently, the most prevalent VTEC in the United
States and worldwide. Other VTEC serogroups, however, a
emerging as foodborne pathogens that pose a serious healt
risk to humans. The majority of these infections have been
associated with six speci�c serotypes: VTEC O26, O45, O103
O111, O121, and O145.
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Safety Considerations

While the absolute number of cases due to VTEC infections i
declining, the proportion of illness caused by non-O157 VTECs
is rising. In the United States, the number of annual illness and
hospitalization due to VTEC is estimated at 175 905 and 2409,
respectively. Of these, approximately 65% are due to non
O157 VTECs. The Centers for Disease Control and Preventio
has published recommendations for the diagnosis of VTEC
(including O157:H7 and non-O157:H7 strains). One key
recommendation is to routinely test stools being cultured for
enteric bacterial pathogens with an assay that detects verotoxin

Foods, particularly those that are unpasteurized or raw, ar
thought to be an important source of VTEC infection. Trans-
mission also may occur through other means, including person-
to-person spread and contact with animals. In 2012, the US
Department of Agriculture (USDA) of� cially expanded its
regulatory scope to include the six non-O157 VTEC strain
(O26, O45, O103, O111, O121, and O145) that, collectively,
cause more outbreaks of foodborne illness thanE. coliO157:H7.
At the time of writing, the Food and Drug Administration (FDA)
regulates only the presence of O157:H7 strains in foods.
-
Commercial Immunoassays

A number of commercial immunoassays are available for the
detection of VTEC from both clinical and environmental
80 Encyclopedia of Food
samples and from multiple food matrices. These tests are
available in a variety of formats, including enzyme immuno-
assays (EIAs) and latex-agglutination and immunoblot-based
assays. These immunoassays detect either the bacterial antige
(e.g., O157, H7) or the verotoxin. The ability to identify the
verotoxin facilitates the detection of both O157 and non-O157
VTECs. Some of the assays are able to differentiate between t
verotoxin types, VT1 and VT2.

The time required for these assays, not including the time
for enrichment, ranges from 10 min to 4 h, depending on the
test format used. The majority of commercial immunoassays
require a selective cultural enrichment of 8–24 h to increase the
number of bacteria to the minimum sensitivity of the test –
typically 104–106 colony forming units (cfu) per milliliter.
The total assay time for these tests is still much shorter than fo
conventional cultural methods, which can take up to 3 days to
give a presumptive positive result.

Table 1summarizes the main characteristics of commercially
available immunoassays, including manufacturer, format, target
antigen, and approval status. In addition to immunoassay used
for VTEC detection from food, immunoassays used for clinical
specimen are included in the tables only for information and
comparison and are not discussed further. Detailed instructions
and speci� c requirements for each test can be determined by
consulting the manufacturer websites, which are listed in
Appendix 1. Table 2 details the performance-related character
istics of the assays, including sample matrices, sensitivity, spe
i� city, and inclusivity. Reported sensitivities and speci� cities of
the immunoassays vary by test format and manufacturer as we
as sample used for testing. The methods used for evaluation o
the assays also vary among manufacturers. Information on the
assays and manufacturers is provided for reference purposes on
and does not constitute an endorsement.
Sample Preparation and Enrichment

All commercial immunoassays for VTEC have similar sample
preparation and cultural enrichment stages, which are based on
those recommended by the USDA Food Safety and Inspectio
ServicesMicrobiology Laboratory Guidebook, and the FDA Bacterio-
logical Analytical Manual. Sample enrichment is necessary when
testing food and environment samples because of the low prev
alence of VTEC. Enrichment times will vary based on the
performance of the individual media and the sensitivity of the
immunoassay in a given matrix. Most enrichment media include
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00343-8
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Table 1 Commercial immunoassays for the detection of verotoxinogenicE. coli

Test Manufacturera Format Target antigen Approval status

Assurance EIA EHEC BioControl Systems Microwell EIA O157:H7 AOAC OMA 996.10; Health Canada
MFLP 81

Duopath Verotoxins
GLISA

Merck KGaA/EMD
Chemicals, Inc

Lateral� ow IA VTEC AOAC PTM 020402, Health Canada
MFLP 83, FDA cleared

DuPont Lateral Flow
Systemb

DuPont Qualicon Lateral� ow IA O157 AOAC PTM 010601, Health Canada
MFLP 19

E. coliVerotoxin (fecal) Diagnostic Automation/Cortez
Diagnostics, Inc

Microwell EIA VTEC

ImmunoCardSTAT!
EHEC

Meridian Bioscience, Inc Lateral� ow VTEC FDA cleared

ImmunoCardSTAT!
E. coliO157 Plus

Meridian Bioscience, Inc Lateral� ow O157:H7

Premier EHEC Meridian Bioscience, Inc Microwell EIA VTEC FDA cleared
Prolisa EHEC EIA BioTRADING Microwell EIA VTEC
ProSpecT Shiga Toxin

E. coli
Remel Microwell EIA VTEC FDA cleared

RapidChekE. coliO157 Strategic Diagnostics, Inc Lateral� ow IA O157 AOAC PTM 070801
REVEAL 2.0E. coliO157:H7 Neogen Corporation Lateral� ow IA O157:H7 and

O157:NM
AOAC PTM 011103, Health Canada

MFLP 94/95
RIDACREEN Verotoxin R-Biopharm AG Microwell EIA VTEC
SafePathE. coliO157

Immunoassay
SafePath Laboratories, LLC Microwell EIA O157

SafePath Verotoxin SafePath Laboratories, LLC Microwell EIA VTEC
SinglepathE. coliO157 Merck KGaA/EMD

Chemicals, Inc
Lateral� ow IA O157 AOAC PTM 010407, Health Canada

MFLP 82
TECHLAB SHIGA TOXIN

QUIK CHEK
Alere, Inc Membrane EIA VTEC FDA cleared

TECRAE. coliO157 VIA 3M Tecra International Pty Ltd Microwell EIA O157 AOAC PTM 001101, Health Canada
MFLP 91

Verotoxin antigen in food Diagnostic Automation/Cortez
Diagnostics, Inc

Microwell EIA VTEC

VIDASE. coliO157 (ECO) bioMérieux sa Microwell, EIA O157 AOAC PTM 010502, AFNOR
BIO-12/08-07/00

VIDAS UPE. coliO157
(including H7)

bioMérieux sa Microwell, EIA O157 AOAC PTM 060903, Health Canada
MFLP 98, AFNOR BIO 12/25-05/09

VIP Gold EHEC BioControl Systems Lateral� ow IA O157:H7 AOAC OMA 996.09; Health Canada
MFLP 87

aSeeAppendix 1for manufacturer websites.
bNot available in the United States.
AOAC OMA, Association of Of� cial Analytical Chemists–Of� cial Method of Analysis; AOAC PTM, Association of Of� cial Analytical Chemists–Performance Test Method; EIA,
Enzyme Immunoassay; IA, Immunoassay.
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an antibiotic to prevent growth of undesirable organisms while
promoting growth of VTEC. This also allows the VTEC to grow
faster in an environment in which competition has been mini-
mized. The protocols for some immunoassays also require hea
treatment of an aliquot of the cultural enrichment to extract the
verotoxin antigens before carrying out the assay.

In general, 25 g of food sample is incubated with 225 ml of
enrichment media for 8–24 h at 37 or 42 � C (exact temperature
varies depending on the enrichment media being used). If large
sample sizes are analyzed, enrichment media is increased pr
portionately to maintain the 1:10 dilution ratio. Some immu-
noassays use conventional and widely available enrichmen
media, whereas others require proprietary enrichment media
Table 2 enlists the enrichment media as recommended by the
manufacturer of each immunoassay. When deciding the selec
tive media, it is important to con � rm that the media have been
validated to work with the test assay of interest. All manufac-
turers of immunoassay kits recommend that presumptive
positive results should be con� rmed using conventional
cultural, biochemical, and serological techniques. Therefore, the
selective enrichment cultures must be retained and stored at 4� C
until completion of the assay.
Manual Immunoassays Protocol

Manual immunoassays can be categories into two types
microwell-based enzyme immunoassays and single-step visua
immunoassays. A microwell-based enzyme immunoassa
employs highly speci� c monoclonal–polyclonal antibodies
that are immobilized in the well. These antibodies capture the
target antigen from the test sample. When the conjugate



Table 2 Performance-related characteristics of the immunoassays used for the detection of verotoxinogenicE. coli

Enrichment
media/timea Throughput

Automation
available

Differentiate
VT1 vs. VT2b

Assay
timec Food matricesd

Clinical
specimenf

VT subtype not
detectedg Sensitivity (%)j SpeciÞcity (%)j

Assurance EIA EHEC mEHEC/8 h High, 96þ Yes – 2 h Multiple matricese – – 90–100k 100k

Duopath Verotoxins mTSBn, mECn, SMAC,
mCAYEc/18–24 h

Low, 1þ No yes 10–20 min – I ND 100 (VT1),
99 (VT2)

98 (VT1),
97 (VT2)

DuPont Lateral Flow
System

LFSE. coli
O157/8–24 h

Low, 1þ No – 10 min Ground/boneless
beef, apple cider

– – ND ND

E. coliVerotoxin
(Fecal)

None High, 96þ No No 50 min – S ND 86–100 98–99

ImmunoCard STAT!
EHEC

GN, MAC,
SMAC/18–24 h

Low, 1þ No Yes 20 min – E, I, P (2b), 2c,
2e, 2f, 2gh

89–100 100

ImmunoCardSTAT!
E. coliO157 Plus

MAC, SMAC/18–24 h Low, 1þ No – 20 min – S, E, I, P – 82–100 99–100

Premier EHEC GN, MAC,
SMAC/18–24 h

High, 96þ No No 90 min – S, E, I, P (2b), 2c,
2e, 2f, 2gh

79–100 96–98

Prolisa EHEC EIA GN, MAC, SMAC,
EZ-Coli/18–24 h

High, 96þ No No 3 h – S, E, I, P ND 93–100 98–99

ProSpecT Shiga Toxin
E. coli

GN, MAC, SMAC/18–24 h High, 48þ No No 3 h – S, E, I, P (2b), 2c,
2e, 2f, 2gh

87–100 99–100

RapidChekE. coliO157 RapidChek
E. coliO157/8–18 h

Low, 1þ No – 10 min Ground/boneless
beef, apple cider

– – ND ND

REVEAL 2.0E. coli
O157:H7

Reveal 2.0
E. coliO157:H7/12–18 h

Low, 1þ No – 15 min Raw ground beef
and beef trim

– – ND ND

RIDACREEN Verotoxin TSBm/18–24 h High, 96þ No No 2 h Enrichment from food – (2d), 2e, 2gi ND ND
SafePathE. coliO157

Immunoassay
Any/8–16 h High, 96þ No – 1 h Enrichment from meat – – ND ND

SafePath Verotoxin Any/8–16 h High, 96þ No No 1 h Enrichment from meat – ND ND ND

(Continued)
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Enrichment
media/timea Throughput

Automation
available

Differentiate
VT1 vs. VT2b

Assay
timec Food matricesd

Clinical
specimenf

VT subtype not
detectedg Sensitivity (%)j SpeciÞcity (%)j

SinglepathE. coliO157 mTSBn, mECn/18–24 h Low, 1þ No – 20 min Raw ground beef,
pasteurized milk

– – ND ND

TECHLAB SHIGA TOXIN
QUIK CHEK

GN, MAC, SMAC,
CT-SMAC,
CHROMagar O157

Low, 1þ No Yes 30 min – S, E, I, P ND 98–100 100

TECRAE. coliO157 VIA 3ME. coli/18–24 h High, 48þ No – 2 h Raw and cooked ground
beef and chicken

– – ND ND

Verotoxin Antigen
in Food

mECn/18 h High, 96þ No No 2 h Food – ND ND ND

VIDASE. coliO157
(ECO)

mTSBn, mTSBa,
BPW/6–7 h

High, 12þ Yes – 45 min Food – ND ND

VIDAS UPE. coliO157
(including H7)

BPW/7–24 h High, 12þ Yes – 45 min Raw ground beef and
beef trim, lettuce,
spinach, water

– – ND ND

VIP Gold EHEC mEHEC/8 h Low, 1þ No – 10 min Raw beef, produce,
fruit juice

– – 93–100k 100k

amTSBn, modi� ed trypticase-soy broth with novobiocin; mECn, modi� ed EC broth with novobiocin; CAYEc, CAYE broth modi� ed according to Evans and supplemented with carbadox; GN, Gram-negative broth; MAC, MacConkey broth; SMAC,
Sorbitol MacConkey agar; TSBm, trypticase-soy broth with mitomycin C; mTSBa, modi� ed trypticase-soy broth with acri� avine; BPW, buffered peptone water.
bVT1, verotoxin type 1; VT2, verotoxin type 2.
cTime denoted does not include enrichment time.
dSample matrix data obtained from the manufacturer’s package insert or the Association of Of� cial Analytical Chemists Research Institute website.
eApple cider, beef trim, blueberries, camembert cheese, cheddar cheese, cooked ground beef, cooked ground poultry, cooked ham, ice cream, liquid egg, liquid infant formula, liquid milk, nuts, pasta, raw ground beef, raw ground lamb, raw
ground pork, raw ground poultry, raw milk, and surimi.
fS, direct stool; E, enrichment broth; I, isolate; P, stool in transport medium (Cary-Blair).
gVerotoxin type in parentheses are detected inconsistently.
hTest evaluation information available from Feng, P.C., Jinneman, K., Scheutz, F., Monday, S.R., 2011. Speci� city of PCR and serological assays in the detection ofEscherichia coliShiga toxin subtypes. Applied Environmental Microbiology 77
(18), 6699–6702.
i Test evaluation information available from Willford, J., Mills, K., Goodridge, L.D., 2009. Evaluation of three commercially available enzyme-linked immunosorbent assay kits for detection of Shiga toxin. Journal of Food Protection 72 (4), 741–
747; and Beutin, L., Steinrück, H., Krause, G., et al., 2007. Comparative evaluation of the Ridascreen Verotoxin enzyme immunoassay for detection of Shiga-toxin producing strains ofEscherichia coli(STEC) from food and other sources. Journal
of Applied Microbiology 102 (3), 630–639.
j Test evaluation information obtained from manufacturer’s package insert. Evaluation standards vary among manufacturers.
kTest evaluation information available from Feldsine, P.T., Green, S.T., Lienau, A.H., et al., 2005. Comparative validation study to demonstrate the equivalence of a minor modi� cation to AOAC methods 996.09, VIP for EHEC and 996.10,
assurance EIA EHEC with the reference culture method for the detection ofEscherichia coliO157:H7 in beef. Journal of the Association of Of� cial Analytical Chemists International 88 (4), 1193–1196.
ND, no data.
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684 VerotoxigenicEscherichia coli: Detection by Commercial Enzyme Immunoassays
antibody containing an enzyme is added, it attaches to the
target antigen forming a sandwich. Addition of the substrate
results in the development of colored product that can be read
using a spectrophotometer.

Single-step immunoassays employ lateral� ow technology
for visual detection. In these devices, the speci� c antibodies are
bound to a chromogenic carrier. Additional speci� c antibodies
are bound to a solid support matrix. During the initial rehy-
dration of the test unit, the antigens in the test sample reac
with the antibody –chromagen conjugate to form an antigen–
antibody–chromagen complex. This complex then� ows later-
ally across the membrane and is captured by the antibody
immobilized on the membrane within the test sample window.
A positive reaction is indicated by the presence of a detection
line in the test sample window. Absence of a line in the test
veri� cation window invalidates the test.
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Automated Immunoassay Protocol

Both fully automated and semiautomated systems are available
for carrying out immunoassays for detection ofE. coliO157 or
VTEC. Fully automated systems carry out all stages in the ass
(sample transfer, washing stages, reagent handling, and inte
pretation) following cultural enrichment. For example, the
VIDAS system (bioMérieux) can perform a wide range o
assays, includingE. coliO157 (VIDAS ECO and VIDAS UP).
Two instruments are available: the VIDAS is capable of running
up to 30 assays and the mini-VIDAS can run up to 12 assay
simultaneously. Results are obtained within 45 min, following
24 h enrichment. An automated immunoconcentration kit
(VIDAS ICE) also is available for use in conjunction with the
VIDAS ECO test to con� rm presumptive positive samples
(see the next section).

Several systems automate the standard microwell-base
EIAs and eliminate the manual pipetting of reagents, washing
and reading stages. In general, these systems can be used w
any standard-format microwell-based EIA to achieve a semi
automated work � ow.
e
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,
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Advantages and Limitation of Commercial
Immunoassays

In general, commercial immunoassays for VTEC detection ar
simple, reliable, and speci� c tests that give results within
10 min (one-step tests) to 4 h (microwell-based tests) when
using a sample from enrichment culture. Enrichment times
range in length from 8 to 24 h. The overall assay time, including
enrichment (8.5–26 h), is still much faster than the conven-
tional cultural methods for VTEC, which take 3 days to
complete, are labor intensive, and lack sensitivity and speci
� city. Any presumptive positive results by immunoassays
however, must be con� rmed by conventional cultural,
biochemical, and serological methods. Automated systems
require higher capital investment, but a lower level of technical
skill. For laboratories with the large sample throughput, an
automated or semiautomated microwell-based system may be
the best choice. On the other hand, one-step assays are simp
to perform but can be less sensitive than microwell-based
assays, can be more labor intensive than semiautomate
systems, and also require subjective interpretation.

Some immunoassays only detect the O157:H7 serotype
which is the serotype most frequently isolated from cases o
VTEC infection in the United States and worldwide. Identi� -
cation of a VTEC requires demonstrating the ability of theE. coli
isolate to produce verotoxin. Because virtually all E. coli
O157:H7 strains produce verotoxin, identi� cation of both the
O and H antigens of this serotype may be suf� cient. To detect
VTEC strains other than O157 and phenotypic variants ofE. coli
O157, methods that detect verotoxin production may be more
useful. The assays that target the verotoxin antigen may no
detect all the subtypes of the verotoxin. One must bear in mind
that with a few exceptions, there generally is limited indepen-
dent validation data on immunoassays for verotoxins and
E. coliO157. Although manufacturers usually provide in-house
performance data relating to sensitivity and speci� city, there is
little information on the performance of the kits with food
samples.

One limitation of the immunoassays for verotoxin detec-
tion is that the presence of the verotoxin cannot be linked to
any strain or serotype. If immunoassays are used alone withou
cultural con� rmation, the suspect organism will not be avail-
able for serotyping, outbreak traceback, and other epidemio-
logical studies.

Cost considerations may in� uence the selection of assay
method. Commercial immunoassays are more expensive than
conventional culturing methods. Other technologies, including
nucleic acid–based methods, also provide alternatives to
conventional cultural methods and immunoassays. These
require methods, however, more advanced technical skills and
the start-up costs may be higher than that for immunoassays.

The choice of assays depends on a number of factor
including speci� city, sensitivity, sample throughput, staff skills,
and � nancial resources. If regulatory requirements have to b
met, validated and certi� ed methods may be more appropriate.
It is important to review the details of the methods to verify
that it has been validated for the sample type being tested and
also that other important factors such as sample size, media
volume and ratio, and enrichment time are understood.
Appendix 1 Manufacturer Websites

l http://solutions.3m.com – 3M Tecra International Pty Ltd.
l www.alere.com– Alere Inc.
l www.biocontrolsystems.com– BioControl Systems.
l www.biomerieux-industry.com – bioMérieux sa.
l www.biotrading.com/ – BioTRADING.
l http://denka-seiken.jp – Denka Seiken.
l http://www.diagnosticautomation.com/ – Diagnostic

Automation/Cortez Diagnostics Inc.
l www2.dupont.com – DuPont Qualicon.
l www.emdmillipore.com – Merck KGaA.
l www.meridianbioscience.com– Meridian Bioscience, Inc.
l www.neogen.com– Neogen Corporation.
l http://www.r-biopharm.com –

R-Biopharm Aktiengesellschaft.
l www.remel.com – Remel.
l http://www.safepath.com – SafePath Laboratories, LLC.
l www.sdix.com – Strategic Diagnostics Inc.
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Introduction

Several species of microorganisms are known to exhibit specia
abilities of survival to withstand adverse environmental
conditions by undertaking uncommon life forms. Depending
on the types of stress conditions encountered, such commonly
known forms may include spores, cysts, and viable but non-
culturable states (VBNC). Most commonly in certain bacteria,
formation of spores is considered to be a tolerance mechanism
against stress conditions and allow survival for extended
periods of time. In case of non-spore-forming bacteria,
however, undergoing a VBNC state can serve as an alternati
mechanism to withstand harsh conditions. This state in
bacteria was noticed during 1982 by the research group o
Dr. Colwell at the University of Maryland, who was working
with the recovery of Escherichia coliand Vibrio choleraafter
incubating the organism in 5–25% salt water microcosms. They
discovered that although these bacteria lost their ability to grow
on an agar plate after exposure to high salt stress, they remaine
viable by undergoing a nonculturable state. Entering into
a VBNC state is advantageous to the microorganisms living in
constantly changing environments involving � uctuating living
conditions that could harm their survival. It is in the interest of
the organisms to gain evolutionary bene� ts by undergoing the
VBNC state so that they can rapidly respond to the altered
environments and living conditions. Entering into this
dormancy stage is oftentimes inevitable for non-spore-forming
bacterial survival under environmental stresses that otherwis
would be lethal to the cells.

The VBNC condition in bacteria remains controversial as
there are some disagreements in the literature about the exis
tence of the VBNC state. Furthermore, there is disagreeme
concerning what is meant by viability and assays to detec
viability. It could mainly be due to the confusion in the VBNC
term that describes the organisms not growing but have the
ability to grow. Another disagreement is in the VBNC state
which is based on the reliability of the assays used for
measuring cell viability since cells must regain growth as
a requirement to de� ne the condition. For these reasons, the
growth-independent viability assays used to detect VBNC cell
are not de� nitive enough. Recent molecular studies measuring
the cell wall components of the VBNC cells and the associate
morphological studies along with the cell wall protein pro � les
have indicated the existence of VBNC state convincingly. Th
state has been documented to be present in wide variety o
bacteria and most important is present among several of the
pathogens in the environment that could have increased
medical implications. For example, theMycobacterium tubercu
losisinfections and recurrence of tuberculosis several years aft
infection are believed to be caused when the bacterium is eithe
in its VBNC state or due to the resuscitation of the pathogen
from the VBNC state. Several review articles published recent
on the VBNC indicate the occurrence of VBNC state amon
686 Encyclopedia of Food
pathogenic bacteria and further studies involving the identi� -
cation of genetic characters of VBNC cells may be needed
provide conclusive evidence of the VBNC condition.

Nevertheless, the bacteria entering into this VBNC state ar
known to exhibit unusual survival strategies against nutrient
deprivation and other stress conditions by showing low levels
of � uctuating metabolic activity and decreased synthesis o
nucleic acids and protein biomolecules. Under this state, the
bacteria can also exhibit morphological changes in terms of
alteration of the cell shape from rods to coccoid forms. This
reduction in cell size and reduced metabolic rates is quite
common to the microorganisms that show survival mecha-
nisms under starvation and other stresses. These bacteria can
resuscitated, however, when the stress conditions are remove
by providing added nutrients or favorable conditions for
growth. Resuscitation of the VBNC cells simply means the
reversal of metabolic and physiological processes to regain th
ability of cells to grow. It is dif � cult to demonstrate that
the resuscitated cells were, in fact, the VBNC cells or simpl
injured cells that were undetectable but have repaired the
injury. It has been reported that simple reversal of the stres
conditions inducing the VBNC state does not lead to the
resuscitation of cells, which further makes it dif� cult to prove
that the resuscitated cells regrew from the VBNC cells.

Thus, the VBNC state demonstrates detectable metabol
function but are nonculturable by available laboratory
methods. In Mycobacterium, however, which can be cultured
only in a living host, it is suggested that the‘dormant’ phase of
their infections, which are eventually responsible for recurrence
of tuberculosis in an individual after a prolonged disease free
period, can also be termed as the VBNC state. The ability t
enter into the VBNC state is well documented in certain Gram-
positive and Gram-negative bacteria, certain yeasts (Brettano-
myces bruxellensis), and Acetobacter pasteurianuscausing wine
spoilage. Bacteria known to enter a VBNC state include sever
of the well-studied human, plant, and animal pathogens, such
asAgrobacteriumtumefaciens, Burkholderia cepacia, Campylobacte
jejuni, Enterobacter aerogenes, Enterococcus faecalis, Erwinia amy-
lovora, E. coli, Helicobacter pylori, Klebsiella pneumoniae, Listeria
monocytogenes, M. tuberculosis, Salmonella enterica, Salmonella
typhimurium, Shigella� exneri, Streptococcus faecalis, V. cholera,
Vibrio vulni� cus, and Xanthomonas campestris. The ability of these
microorganisms to enter into a VBNC state may depend on
their response to several stress factors.
Factors Inducing the VBNC State

Several independent or combinations of chemical and envi-
ronmental factors in� ict a variety of stresses on microorganisms
and many of them are known to induce a VBNC state in
bacteria and yeasts. It is suggested that the stress conditions m
cause injury to the bacterial cells causing them to lose the ability
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00424-9
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Viable but Nonculturable 687
to grow on agar media. The stress conditions implicating the
VBNC state in microorganisms may include nutrient depriva-
tion, nonconducive and extreme-growth temperatures, ultra-
violet light, osmotic concentrations, desiccation, toxic forms of
oxygen, copper and silver, preservatives, and biological factor
Evidently, exposure to starvation, extreme temperature, an
chemicals are the most in� uencing factors inducing the VBNC
state. In laboratory conditions, the induction of VBNC state has
been done successfully by subjecting bacteria to various stre
conditions including exposure to 97–100% ethanol.
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Environmental SigniÞcance of VBNC Cells

The VBNC cells have signi� cant impact on the environmental
ecology, epidemiology, or pathogenesis because of their ability
to survive under the various conditions of microbiological
control. The presence of pathogenic VBNC cells in an environ
ment becomes highly signi� cant depending on their ability to
persist and regain active metabolism and virulence. Based o
this, prevention of VBNC cells in the environments of public
health, pharmaceutical, clinical, and food processing that are
expected to be sterile is very important for health safety. Thes
manufacturing environments often include microbiological
methods determining bacterial growth by plating, broth
enrichments, and membrane� ltration that are unable to assess
the level of VBNC cells that may affect the quality of raw
materials, water, and the whole manufacturing processes. I
addition, the occurrence of the VBNC state among several plan
pathogens has signi� cant environmental implications in terms
of plant pathology and ecology. In the food industry, detection
of food pathogens that may be present as VBNC cells generally
not taken into consideration mainly because of the lack of
information about the VBNC state. There has been con� icting
reports in the literature, however, about the pathogenicity of
VBNC cells when returning to the culturable state. Retaining
virulence after coming out of VBNC state may depend on the
bacterial types and hence VBNC as a threat to public healt
should be evaluated carefully for speci� c bacterial strains. To
clearly state the signi� cance of VBNC cells affecting public
health, it is important to know the health impacts of VBNC cells
in exposed individuals, while determining the health hazards of
speci� c cell types using reliable methods of estimating the
hazards. Furthermore, signi� cant progress for detecting VBNC
cells is needed for the development of new techniques with
increased sensitivity, accuracy, and speed of detection.
.
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Methods for Detection of VBNC Cells

Most commonly, the detection of microorganisms in a variety
of samples is done by measuring the microbial numbers
through direct counting, plating, or microscopy. Microscopy-
based measurements yield enumeration of both live and dead
cells, whereas plate-counting methods estimate viable bacteria
On the basis of viable counts, permissible and tolerable limits
can be established for particular sample types. Although ther
are several methods to assess the viable counts by cultur
means, not all viable counts can be established by suc
methods, which further emphasize the need of sophisticated
methods for such applications. Thus, the methods used to
document VBNC cells must be growth independent and such
methods testing the viability of VBNC cells could involve their
direct detection and measurement of metabolic activity.

Several methods have been used to determine the presen
of VBNC cells in environmental and food samples. These
methods include

1. Direct viable counting
2. Detection of metabolic activity responsiveness
3. Detection of respiration
4. Detection of nucleic acids (DNA, mRNA, and rRNA) by

polymerase chain reaction (PCR) and reverse transcriptas
(RT)-PCR

5. Cytochemical staining
6. Measurements of cellular integrity, including, membrane

potential, membrane integrity (e.g., BacLight live/dead
assay), and� ow cytometry

Other methods include inhibition of DNA synthesis by
nalidixic acid and radiolabelling, 5-cyano-2,3-ditolyl tetrazo-
lium-4,6-di-amidino-2-phenylindole (CTC-DAPI) double-
staining methods, acridine orange direct count (AODC),
4,6-di-amidino-2-phenylindole (DAPI) direct count, and
rhodamine 123 (Rh123).

Most commonly, the direct detection of VBNC cells is done
by using � uorescence-based methods, such as� ow cytometry,
microautoradiography, laser scanning cytometer-scanRD
staining methods of acridine orange direct count,BacLight�

live/dead assay, 2-(p-iodophenyl-3-( p-nitrophenyl)-5-phenyl
tetrazolium chloride (INT) viability staining, CTC staining,
direct viable count (DVC), and direct � uorescent antibody
(DFA-DVC) methods. Some of these methods are described i
the following paragraphs.

Flow cytometer methods measure the VBNC cells based o
labeling and report the cell viability without indicating their
ability to grow and multiply. It is expected that the labeling
technique provides a reliable indirect indication of cell viability
by use of nucleic acid stains, redox indicators, and membrane
potential probes. Flow cytometer method is a quantitative
technique for measurement of size variations in the total
number of cells present in a population. The� ow cytometer–
based methods thus involve detection of light-scattering pul-
ses to relate the intensity to the biomass of a particle passin
through an illuminated high-pressure mercury arc or a laser
beam. This way, the large number of particles can be counted in
short time and this method commonly is used in clinical
studies. This technique is used for counting cells, sorting, and
detection of biomarkers in cells. It allows simultaneous mul-
tiparametric analysis of the physical or chemical characteristic
of up to thousands of particles per second. The enumeration o
viable cells can be done by measuring the changes in shape
the cells that appear elongated or different from the nonviable
cells and differ in the mean scatter signals in relation to their
biovolumes. Typically, � uorescent compounds such as rhoda
mine 123 and ChemChromeB are used to label the membrane-
compromised cells. In some cases, 16S rRNA� uorescent DNA
probes are used to hybridize with viable cells to detect� uo-
rescent light. Enhanced� uorescence within the membrane
permeabilized cells is measured to assess the integrity of th
plasma membrane of viable cells. Using the� ow cytometer
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688 Viable but Nonculturable
method, measurements of altered outer-membrane protein
and lipopolysaccharide components of VBNC cell surface hav
been reported in the literature.

Microautoradiography is a method used for direct detection
of active bacterial cells in complex environments, and it is
possible to determine the ecophysiological features of a single
cell in a mixed community. In this method, the localization of
the labeled radioactive isotope taken up by the cells can be
identi � ed after exposure to a photographic emulsion that form
a pattern on the � lm corresponding to the spatial location of
the radioactive compounds in the cell. Microautoradiography
combined with � uorescencein situ hybridization (or micro-
FISH) utilizes labeled oligonucleotide probes for identi� cation
of the microorganisms and to identify the physiological
features of the cells. It is used to study the physiology of cells in
complex systems. Typically, an environmental sample is
exposed to radioactive isotopes including glucose,3H-acetate,
14C-pyruvate, 14C-butyrate, or 14C-bicarbonate before � xing
the cells on a glass slide. The slide is developed in the dark t
create an image of the isotope on the emulsion and stained
with methylene blue for examination under light microscopy.
The organisms that have taken up the radiolabeled isotope can
then be counted. In the case of micro-FISH method, the
samples are analyzed by FISH using� uorescently labeled 16S
rRNA-speci� c oligonucleotide probes. As indicated, the slides
can be treated with autoradiographic emulsion and visualiza-
tion of the radioactive cells is done using an inverse confoca
laser-scanning microscopy. The combined radiography and
FISH can selectively identify cells metabolizing the radio-
labeled substrate. The viability of the cells is assessed based
the phylogenetic identi� cation of active cells that consume the
radioactive substrate.

Among the DVC methods, use of AODC is one of the older
methods of counting VBNC cells. In this method, the acridine
orange is known to interact with the nucleic acids in the cells
with emission maxima at 640 nm (red � uorescence) for RNA
and 530 nm (green � uorescence) with DNA. Thus, the RNA of
living cells form dimers with acridine orange (AO) producing
red-orange � uorescence and the DNA of dead cells form
monomers with AO producing green � uorescence. The differ-
ences in the� uorescence can thus discriminate the viable and
nonviable cells. Due to the variability in the � uorescence color
with several factors, such as growth media, pH, concentration
of AO, and the incubation time, this method may not clearly
distinguish the injured or dead cells from the active ones, thus
limiting its use to determining only the total counts and not
speci�cally viable cells.

The DVC method is the most commonly used method in
which the viability is measured by the detection of cell elonga-
tion upon incubation with nalidixic acid (DNA gyrase inhibitor)
and yeast extract. Because nalidixic acid is known to inhibit the
synthesis of DNA, it can prevent cell division and increase the
intracellular rRNA content of nonresistant cells. Without cell
division, the cells may respond to the yeast extract and carry ou
their protein synthesis and elongate. Typically, the VBNC cell
elongate and appear differently from the nonviable cells under
direct microscopic observation. It is reported that Gram-positive
bacteria show resistance to nalidixic acid and are not inhibited.
Under extended incubation time of 6 h, which the method
requires, it is also possible for certain Gram-negative bacteria t
follow the same route. Thus, estimation of viable cells using
DVC method is not reliable, but it can be combined with FISH
techniques (DVC-FISH) or DFA-DVC for better results. The
DFA-DVC method utilizes � uorescently labeled monoclonal
antibodies targeting speci� c bacterial types. In this method, the
cells are stained with the� uorescent monoclonal antibodies and
only the viable cells show cell elongation in the presence of yeas
extract and nalidixic acid. The elongated cells thus can b
observed microscopically and compared with nonelongated
DFA-stained nonviable cells.

The Live/DeadBacLight Bacterial Viability Kit is used widely
for the characterization of bacterial viability in different
systems of food safety and environmental monitoring. The
BacLight kit is commercially available (Molecular Probes,
Invitrogen, California) for differentiating viable cells with
intact plasma membranes from the dead cells with compro-
mised membranes. It consists of two stains called propidium
iodide (PI) and SYTO9, and both have the af�nity for nucleic
acids. The SYTO9� uoresces green and stains the live cells
whereas propidium iodide � uoresces red and stains the dead
cells. SYTO9 is an intercalating stain that is able to penetrate a
cell membranes and bind to nucleic acid resulting in green
� uorescence and is usually used to assess total cell counts. T
red � uorescing PI is an intercalating stain and enters cells with
injured cytoplasmic membranes.BacLight kits can be used as
� uorescence microscopy or spectroscopy or microplate reade
assay formats. For microscopy, the two dyes are added t
a bacterial suspension and observed under a� uorescence
microscope after 15 min dark incubation. For the spectroscopy
method, a standard curve is generated by mixing differen
proportions of live and dead cells that are added with the
mixture of two staining solutions. The � uorescence emission
spectra are measured using a� uorescence spectrophotomete
and the ratio of green and red� uorescence measurements i
calculated and plotted with the percent live cells in the
suspension. This linear curve can be used to calculate perce
live–dead cells in an unknown sample.

Laser scanning cytometer–scanRDI method utilizes a solid-
phase cytometry technique for detecting and enumerating low
numbers of � uorescently labeled cells. A� uorescent stain is
used in this method to determine the integrity of the cyto-
plasmic membrane and metabolic ability of viable cells. Typi-
cally, the viable cells present in a sample are� ltered by vacuum
� ltration using a 0.4 mm pore-size membrane� lter. The cells
trapped on the membrane are treated with a substrate such a
� uorescein-di-b-D-glucuronide that can enzymatically cleave
the substrate while retaining the � uorescent end-products
inside. In the case of a lipophilic derivative of � uorescein
ChemChromeB, which diffuses into viable cells, it is cleaved by
esterase enzymes to release� uorescein. This metabolic product
produces a brilliant green color upon irradiation with blue
light. The � uorescence of a single cell or a microcolony thus can
be measured by using the solid-phase cytometer calle
a ScanRDI device, which provides a complete laser scanning
the membrane, allowing the rapid enumeration of viable
� uorescent cells. Furthermore, the membrane is transferred t
an epi� uorescence microscope to validate the� uorescent
events. Although the enzymatic cleavage of the� uorogenic and
chromogenic substrates in growth media may show sensitive
and rapid performance, these methods are more suitable fo
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the viable or injured cells, but enumeration of VBNC cells can
be done indirectly with limited success.

Although several methods have been developed for detec
ing VBNC cells, there is no universally applicable method
because of the variability with cell type and testing systems. Th
majority of the studies detecting VBNC cells suggest that th
bacterial viability measurements or the physiological changes in
VBNC cells should be measured using more than one method
depending on the nature of the microorganism selected.
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Conclusion

It can be reasonably stated that certain microorganisms hav
developed unique survival mechanisms for tolerating envi-
ronmental stress conditions by responding differently to
different stress conditions. For such microorganisms, the
formation of VBNC state seems to be necessary during sta
vation and other stress conditions and they can exist in this
reversible nonculturable state until favorable growth condi-
tions become available. The ability of pathogenic bacteria
to enter into a VBNC state and escaping the detectio
measurements calls for attention toward the associated risk
to human health. The lack of VBNC cell-related outbreaks and
limited information on the virulence of VBNC cells greatly
minimizes this risk, however, and therefore contends the
existence of VBNC condition. Further studies are needed t
overcome the obscure physiological and molecular basis o
VBNC state. It is important to de� nitively identify genes
involved in VBNC state to identify and characterize the
molecular determinants controlling the responses of VBNC
cells to stress conditions.
nd

of

d by
s

y;

., et al., 1985.
viron-
roorganisms.

ion in the death

enescence in

t Probes and
egon
ble

ction

ic method for
biology 25,

ibition of
alis

ty, senescence,

he immortals.

acteria.
ms in the Envi-

rnal of Micro-

athogenic

wards mice, of
icro-
See also: Acetobacter; Biochemical and Modern Identi�cation
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Techniques for Enhancing Microbiological Analysis;
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E. coli;Escherichia coliO157:E. coliO157:H7; Detection by
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Introduction

Overview of the GenusVibrio

The genusVibriois a large group of ubiquitous aquatic bacteria,
with nearly 100 individual species currently identi� ed. They
can be found as planktonic, free-living organisms but
frequently are associated with plankton or aquatic animals,
particularly invertebrates. This suggests that most of th
members of the genus commonly can be found in or on most
seafood products. Fortunately, only a few vibrios have been
associated with human illness; most notably Vibrio para-
haemolyticus, Vibrio vulni� cus, and the type strain of the genus,
Vibrio cholerae. A summary of important traits of these three
organisms and the disease they cause are provided inTable 1.

Vibrio species are members of the gammaproteobacter
in the Vibrionaceae family, closely related to Aeromonads
and Pseudomonads. These are straight or slightly curve
ble 1 Salient characteristics ofV. parahaemolyticus, V. vulniÞcus, and n

Vibrio parahaemolyticus Vibrio v

timal temperature 30–35� C 30–35� C
timal salinity 20–25 ppt 15–20 p
pearance on selective
media

TCBS– green (sucrose negative)
CHROMagar– mauve
CPC derivatives– most strains will

not grow

TCBS– g
CHROM
CPC de

positiv
ulence factors Thermostable direct hemolysin

(TDH), TDH-related hemolysin
(TRH), type three secretion
system (T3SS)

Capsule
cytoly

sociated food products Molluscan shell� sh, crustaceans,
and� n� sh

Mollusc
cepha

sease manifestation Mild to moderate gastroenteritis M
high-r

C, colistin-polymyxin b cellobiose; TCBS, thiosulfate citrate bile-salts sucros

cyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
(‘Vibrio-shaped’), Gram-negative rods, usually with a single
polar � agellum expressed in liquid medium. They are faculta-
tive anaerobes, having respiratory and fermentative metabolic
pathways. Nearly all species are oxidase positive (with th
exception of Vibrio metschnikoviiand Vibrio gazogenes). Most
Vibrios are halophiles, with an obligate requirement for
sodium ions; exceptions includeV. cholerae, Vibrio mimicus, and
Vibrio metecus, which can be found in freshwater environments.
All members of the genus ferment glucose, some with the
production of gas. Additionally, most species ferment maltose,
D-mannose, and trehalose.
Methods of Identi�cation

Traditionally, classi� cation of bacteria is based on biochemical
identi � cation. With Vibriospp., in particular, this is increasingly
problematic. Available biochemical testing methods are
on-O1V. choleraeand the diseases they cause

ulni� cus Non-O1Vibrio cholerae

35–40� C
pt 5–10 ppt
reen (sucrose negative)
agar– turquoise
rivatives– yellow (cellobiose
e)

TCBS– yellow (sucrose positive)
CHROMagar– turquoise
CPC derivatives– purple (cellobiose

negative) or will not grow
, hemolysin, protease,
sin, and chitinase

Unknown

an shell� sh, crustaceans,
lopods, and� n� sh

Molluscan shell� sh, other seafood
products likely

ild gastroenteritis; septicemia in
isk individuals

Mild gastroenteritis

e.
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unreliable for differentiation of Vibriospecies, especially strain
isolated from food or environmental sources. When using
phenotypic traits to identify or speciate vibrios, the type, salt
concentration, and incubation temperature of the test media
can in� uence the observed reaction. To further complicate the
matter, novel Vibrio species are being described at a rapid rate
with more than 25 new Vibriospp. being reported from 2008 to
2012. Full biochemical pro� les of the majority of the new
species are unavailable, making it dif� cult to reliably generate
a taxonomic key for these species based on phenotypic tests

Genetic methods for identi� cation now generally are
considered more reliable than biochemical identi� cation for
Vibriospp. Molecular methods targeting gene sequences speci� c
to the Vibrio genus, or a particular species of the genus, ar
a common means of identifying these organisms. Many
molecular methods currently are available and widely used,
including DNA probes (colony hybridization), polymerase
chain reaction (PCR), real-time PCR, and loop-mediated
isothermal ampli � cation (LAMP). A bene� t of a real-time
PCR and LAMP methods, in addition to their speci� city, is
that these methods can be utilized to identify the target
organism in food, environmental, or clinical samples, without
isolation of a colony.

A wide variety of approaches are available for the identi� -
cation of a bacterial species once a pure isolate is obtained
including the molecular methods described previously. Now
that DNA sequencing is readily available to most researchers
many sequence-based approaches are used. Phylogene
relatedness of isolates based on partial 16S rRNA gen
sequence has been used for some time to differentiate amon
bacterial species.Vibrio species, however, have shown high
variability in this gene, making reliable identi� cation to the
species level challenging. Phylogenetic analysis using othe
gene targets has demonstrated a higher resolving power tha
16S sequence identi� cation. Use of theatpA, recA, rpoB,rpoD, or
toxR partial gene sequences individually has shown reliable
differentiation of Vibrio spp. Additionally, phylogenetic anal-
ysis using multilocus sequence analysis with as few as thre
concatenated gene sequences has demonstrated excell
taxonomic resolution, although seven gene sequences typicall
are used to ensure the highest level of discrimination.

Recently, matrix-assisted laser desorption ionization–time-
of-� ight mass spectrometry (MALDI-TOF MS) has been inves
tigated for use to identify bacterial and fungal species. With
application of proper reference strain spectra, identi� cation of
Vibrio isolates to the species level has been very successf
MALDI-TOF has been reported to reliably differentiate the
closely relatedV. parahaemolyticusand Vibrio alginolyticus. The
method, however, currently is unable to differentiate Vibrio
� uvialisand Vibrio furnissii. These are two closely related marine
vibrios that can be distinguished easily by biochemical tests.
-

4
h
r
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Subtyping Methods

In addition to methods for the detection and identi � cation
of Vibrio species, subtyping (or� ngerprinting) methods are
employed to determine relatedness of isolates. The most stan
dardized � ngerprinting method is pulsed-� eld gel electropho-
resis (PFGE). PFGE is a highly discriminatory subtyping
method with nearly all unrelated Vibrio isolates generating
unique � ngerprints. To con� rm epidemiological links between
patients and between patient and food product, PFGE is used
almost exclusively. A standardized PFGE method does no
currently exist for V. vulni� cusso it currently is used only in
illness investigations in which V. parahaemolyticusor V. cholerae
are the causative agents. In addition to epidemiologic studies
� ngerprint methods can be used in phylogenetic and evolu-
tionary studies to determine the relatedness and ancestry o
isolates.

Investigators have developed many other types of� nger-
printing methods with various degrees of discrimination
between strains. Direct genome restriction enzyme analysi
produces� ngerprints with a similar or slightly greater resolving
power than PFGE. Methods such as arbitrarily primed-PCR
repetitive element sequence-PCR, enterobacterial repetitiv
intergenic consensus-PCR, and restriction fragment-lengt
polymorphism all have similar discriminatory power as PFGE.
Lab-to-lab reproducibility can be problematic, however, and
standardized � ngerprint databases do not exist. For applica
tions where lower resolution is suitable, Intergenic Space
Region 1 (ISR-1) analysis may be appropriate. ISR-1 is a PCR
based method that ampli� es the tRNAs between the rRNA
genes. As there are generally only a few copies of the rRNA p
genome, this procedure results in a 3- to 10-band pattern
rather than the 20- to 30-band patterns generated from the
other methods described previously.
Association with Foodborne Illness

Vibrios are ubiquitous inhabitants of marine and estuarine
environments worldwide. As such, they are common� ora of
marine life, including those consumed as seafood. While there
are now nearly 100 of species ofVibrio identi � ed, less than
a dozen generally are recognized as human pathogens. The
include V. parahaemolyticus, V. vulni� cus, V. alginolyticus,
V. cholerae, V. mimicus, Vibrio cincinnatiensis, V. � uvialis, Vibrio
harveyi, and V. metschnikovii. Additionally Photobacterium dam
sela, subspeciesdamselae, and Grimontia hollisaeformerly were
included in the Vibriogenus (Vibrio damselaeand Vibrio hollisae,
respectively) and occasionally have been associated wit
human foodborne illness.

While the incidence of foodborne illness in the United
States generally is decreasing, vibriosis cases increased m
than 40% in the decade leading up to 2005. Additionally, there
continues to be a trend of increasedVibrio illnesses since 2005,
with more than 40 000 foodborne vibriosis cases estimated per
year resulting in approximately 50 deaths annually. Vibrios are
very susceptible to heat, so illnesses almost always are asso
ated with consumption of raw, undercooked, or cross-
contaminated seafood. In the United States, the majority of
foodborne vibriosis cases (estimated 1175 per year) are asso
ciated with molluscan shell� sh consumption. Fewer illnesses
are associated with consumption of crustaceans (estimated 24
annual illnesses) and no illnesses are reported associated wit
� n� sh in the United States. In contrast, in Japan and othe
Asian countries, where the typical diet contains large amounts
of raw seafood,� n� sh and other seafood types are the leading
vehicles for vibriosis. The leading worldwide causes of food-
borne vibriosis are V. parahaemolyticus, V. vulni� cus, and
V. cholerae. These three species generally are considered to be



s

)

VIBRIOj Introduction, IncludingVibrio parahaemolyticus, Vibrio vulniÞcus, and OtherVibrio Species 693
greatest concern from theVibrio genus.Vibrio parahaemolyticu,
V. vulni� cus, and non-O1 (non-epidemic) V. choleraeare
discussed in greater detail in this article. Epidemic (O1)
V. choleraeis covered in an accompanying article of this
encyclopedia.
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Controls and Regulations

As Vibrios are naturally occurring organisms in seafood prod
ucts, mitigation of these pathogens primarily is focused on
postharvest controls. In the United States, regulations fo
shell� sh handling are provided in the National Shell� sh Sani-
tation Program model ordinance (MO). The MO is published
by the Interstate Shell�sh Sanitation Conference (ISSC), which
is a cooperative program of federal and state regulatory bodie
as well as shell� sh industry representatives. There are no leve
for regulatory action, with the exception of a labeling claim for
postharvest-processed (PHP) product. Instead, regulation o
oysters is based on implementation of time–temperature
controls, with the most stringent controls placed on oysters
intended for the raw half-shell market.

Vibriocontrol plans are implemented in states with a history
of Vibrio illnesses from their shell� sh. These plans employ
predictive modeling to determine the time from shell� sh
harvest to refrigeration. Guidelines also include requirements
for the time from � rst refrigeration until the internal tempera-
ture of the shell� sh has reached a‘no-growth’ temperature for
the pathogen of interest (V. vulni� cusor V. parahaemolyticus).
Vibrio control plans, under the ISSC, also provide options for
seasonal closures of harvest areas if the necessary tim–
temperature controls are unable to be met. Additionally,
some shell� sh producers have chosen to PHP their oysters
There are currently four validated PHPs to reduce vibrios in
oysters: low-dose gamma irradiation, mild heat pasteurization,
individual quick freezing followed by cold storage, and high
hydrostatic pressure. All of these PHPs are required to b
scienti� cally validated, and the data associated with this vali-
dation must be approved by the Food and Drug Administra-
tion before application of the process to market oysters. Thes
validation studies must demonstrate the ability of the process
to reduce the V. vulni� cus or V. parahaemolyticusto non-
detectable levels, de� ned as <30 most probable number
(MPN) per gram, when initial densities are> 10 000 MPN per
gram (a minimum of a 3.52 log reduction).

In Japan, seafood intended for raw consumption must have
V. parahaemolyticuslevels of <100 MPN per gram. No regula-
tion for V. vulni� cusor other Vibrio species is stated. In the
European Union, Regulation No. 2073/2005 de� nes the
microbiological criterion for food products; however, it does
not contain regulation or guidance for Vibrio species.
e
.

Vibrio parahaemolyticus

Characteristics and Identi�cation

Vibrio parahaemolyticusis a straight or singularly curved rod with
a single polar � agellum. Vibrio parahaemolyticusgrows in
a variety of salt concentrations and temperatures, but 20–25
parts per thousand (ppt) salt and 30–35 � C are optimum
growth conditions. One highly differentiating feature of
V. parahaemolyticusis the ability of most strains to metabolize
ethanol at low concentrations.

Vibrio parahaemolyticusfrequently is isolated from seafood,
environmental, and clinical samples using alkaline peptone
water (APW) and thiosulfate citrate bile-salts sucrose (TCBS
agar. Vibrio parahaemolyticusis sucrose negative, so colonie
appear green on TCBS; however, many other vibrios hav
a similar morphology on TCBS, including V. vulni� cus.
Chromogenic agar also is used to isolateV. parahaemolyticu
as it typically inhibits the spreading morphology of
V. alginolyticusthat often overgrows V. parahaemolyticuson
TCBS plates. Common molecular methods for con� rmation
of typical V. parahaemolyticusisolates include DNA colony
hybridization, PCR, real-time PCR, and LAMP. Additionally,
PCR, real-time PCR, and LAMP methods have been develope
for the detection of speci� c virulence-associated genes i
V. parahaemolyticus.
Virulence Factors and Mechanisms

Vibrio parahaemolyticusvirulence was � rst linked to the pres-
ence of a thermostable direct hemolysin (TDH). TDH is
responsible for beta hemolysis on blood agar plates that was
observed from clinicalV. parahaemolyticusisolates. Subsequent
to this discovery, a related enzyme (TDH-related hemolysin
TRH) was described. Together, TDH and TRH have been th
historic virulence indicators in V. parahaemolyticus, with the
majority of clinical isolates containing genes encoding one or
both of the hemolysins (tdh and trh, respectively). More
recently, discovery of type-three secretion systems (T3SS)
V. parahaemolyticusalso have been linked to virulence. All
V. parahaemolyticusstrains are reported to contain T3SS1
encoded on chromosome 1 of the organisms. Additionally,
some virulent strains contain a T3SS2 on chromosome 2
There is a sequence divergence in the T3SS2 operons
V. parahaemolyticusstrains, where T3SS2a is associated with
tdhþ/ trh� isolates and T3SSb is associated withtdhþ/ trhþ and
tdh�/ trhþ isolates.

In addition to the higher prevalence of thetdh, trh, and T3SS2
genes in clinical isolates versus food and environmental isolates
there is evidence of pathogenic effectsin vitro. In cell culture
models, tdhþ strains exhibit greater adhesion and cytotoxicity
than trhþ strains, with tdh�/ trh� V. parahaemolyticusstrains
demonstrating even less adhesion and cytotoxicity. Additionally,
TDH causes beta hemolysis and can lyse human erythrocytes.
intestinal cells, evidence suggests that TDH is a pore-formin
toxin, which leads to an altered ion � ux, resulting in the diar-
rhea associated with illness. Similarly, TRH can induce Ca2þ

activated Cl� channels, resulting in ion � ux and subsequent
diarrhea. Deletion of tdh does not affect cytotoxicity in certain
cell culture models, however; cell death observed in thes
models infected with tdh� strains has been attributed to T3SS2
This system has been shown to be involved in the disruption of
the host actin network and in the inhibition of cell signaling as
modulation of the host innate immune response. Although
T3SS1 is found in allV. parahaemolyticusstrains, it has demon-
strated some pathogenic effects, including induction of auto-
phagy, destabilization of eukaryotic plasma membrane,
disruption of actin cytoskeleton, and involvement in in � am-
mation response.



s
t

e

ll

d
s

s

t

n

.

;

l

ve
e
f

-

ly

ed

f

-

694 VIBRIOj Introduction, IncludingVibrio parahaemolyticus, Vibrio vulniÞcus, and OtherVibrio Species
The currently accepted markers forV. parahaemolyticu
virulence aretdh, trh, and T3SS2; however, it is believed tha
virulence of V. parahaemolyticusis more involved than the
presence of these genes. There are increasing reports oftdh� /
trh� patient isolates. Additionally, in vitro studies have identi-
� ed numerous putative virulence factors. Urea hydrolysis often
is associated with the presence of thetrh gene and can function
as an acid resistance mechanism to help the bacteria survive th
human stomach. Flagella are present and utilized for swim-
ming and swarming, which may contribute to environmental
survival or human intestinal colonization. Multivalent adhe-
sion molecule, an outer membrane protein, has been identi� ed
as essential for initial contact with host cell lines. A type VI
secretion system has been associated with adhesion in the ce
culture model and has demonstrated the potential to modulate
eukaryotic signaling. An uncharacterized protease was observe
to lyse human erythrocytes. In addition, V. parahaemolyticu
produces a siderophore, vibrioferrin.

Further complicating the elucidation of V. parahaemolyticu
virulence is the emergence of pandemic strains. From 1994 to
1996, a new serotype, O3:K6, appeared as the most dominan
serotype ofV. parahaemolyticuspatient strains in Calcutta, India.
Subsequently, this serotype spread to other Southeast Asia
countries, demonstrating the� rst described pandemic spread
of V. parahaemolyticus. In 1998, there was an outbreak of 416
people in the United States caused by this pandemic serotype
By 2004, the pandemic O3:K6 strain had spread to Chile,
Spain, and Mexico. The pandemicV. parahaemolyticusappears
to have an unusually high attack rate compared with other
V. parahaemolyticus. Pandemic strains can be distinguished
serologically and genetically from their less-infective relatives
pandemic strains harbortdh but not trh, usually contain open
reading frame 8 (ORF8) (from a� lamentous phage), and have
a sequence divergence intoxRScalled ‘toxRSnew.’ Multiple
serotypes now are included as part of the pandemic clona
complex: O4:K68, O1:KUT, O1:K25, O1:K41, and O4:K12.
o
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Ecology and Prevalence in Foods

Vibrio parahaemolyticusis a common inhabitant of marine and
estuarine environments, and it commonly is found in and on
the macro� ora and fauna that inhabit those environments.
Vibrio parahaemolyticusgenerally is found in temperate and
tropical regions, where water temperatures are above 15� C.
Vibrio parahaemolyticusis an obligate halophile, but it can be
found in salinities ranging from 5 to >30 ppt (full oceanic
strength). Due to its proclivity for warmer temperatures, the
prevalence ofV. parahaemolyticusin the environment and sea-
food demonstrates a seasonality, with higher levels in the
warmer months. Levels ofV. parahaemolyticusin the environ-
ment, and consequently, seafood, are correlated strongly with
temperature. Within the optimal temperature range, other
environmental predictors for V. parahaemolyticuslevels include
salinity, suspended particulates, and chlorophylla.

Vibrio parahaemolyticushas been detected in and isolated
from molluscan shell� sh and other seafood around the world,
including the Mediterranean Sea, Indian, Paci� c, and Atlantic
Oceans. Detection rates ofV. parahaemolyticusrange from as
low as 8% of mussel samples from the Mediterranean Sea, t
45% of � n� sh samples from the Indian peninsula, to more
than 90% of shrimp samples for aquaculture ponds in South-
east Asia. The most systematic studies available, however, ha
been conducted on US oysters. Studies conducted over th
past few decades have demonstrated the association o
V. parahaemolyticusin the environment with temperature.
Nearly all water and oyster samples from the Gulf of Mexico
contain the organism. During the ‘risk season’ of April to
November, Gulf oysters at harvest generally harbor approxi
mately 1000 V. parahaemolyticusper gram, but levels greater
than 10 000 per gram have been reported. Levels are general
less than 100 V. parahaemolyticusper gram during the
remainder of the year. Additionally, approximately 50% and
35% of the Gulf summer oyster samples containtdh-carrying
strains and trh-carrying strains, respectively. Similar detection
frequencies and levels have been observed for oysters harvest
from the Mid-Atlantic region, but with slightly different
detection frequencies for pathogenic strains (15% fortdh and
40% for trh). Detection rates for V. parahaemolyticusin the
Paci� c Northwest (including Alaska) oysters are slightly lower
at approximately 95% for summer harvest; however, levels o
total and pathogenic strains rarely near those observed in the
Gulf of Mexico.

Oysters collected at the retail level contain, on average, 10
to 100-fold higher V. parahaemolyticuslevels than found at
harvest. This increase is attributed to the ability of
V. parahaemolyticusto grow in shell� sh postharvest, if they are
not properly cooled. One study of oysters at retail in the United
States detectedV. parahaemolyticusin 77% of samples, with
33% of samples containing less than 100 per gram, 29% of
samples containing 100–10 000 per gram, and 15% of samples
containing greater than 10 000 per gram. This study also
demonstrated the prevalence ofV. parahaemolyticusis greatest in
oysters harvested from the Gulf of Mexico, followed by those
from the Mid-Atlantic, and those from the North Atlantic and
Paci� c. Only retail samples from the Gulf and Mid-Atlantic had
levels of more than 100 000V. parahaemolyticusper gram.
Epidemiology

Disease characteristics
Vibrio parahaemolyticusgenerally causes mild to moderate
gastroenteritis with abdominal cramping and diarrhea; low-
grade fever, headache, nausea, vomiting, or bloody diarrhe
also may occur. Onset is acute, with reported incubation times
of 4–96 h. Symptoms generally are self-limiting, with illness
resolving in 24 h to 3 days, but they can be more severe in
immunocompromised individuals. Even in the most severe
gastroenteritis cases, oral rehydration typically is suf� cient for
recovery.

Infection with V. parahaemolyticuscan, but rarely does, result
in septicemia. This manifestation typically is seen only in high-
risk individuals, such as those with liver disease, heart diseas
diabetes, cancer, recent gastric surgery or antacid usage,
otherwise immunocompromised. Septicemia results when the
bacteria enter the blood stream and cause systemic in� amma-
tion leading to increased vascular permeability, which can lead
to shock, organ failure, and eventual death.

The predicted infectious dose for a 90–100% attack rate
is 10 000 000–100 000 000 organisms. There is evidence
however, of varied attack rates and infectious dose based o
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local V. parahaemolyticuspopulations in shell � sh. For example,
in 2004, a V. parahaemolyticusoyster-associated outbreak
occurred in Alaska, with a 72% attack rate, and the average dos
was estimated to be 12 000 organisms.

Frequency of Disease
In the United States, there are approximately 300 laboratory
con� rmed V. parahaemolyticusillnesses each year. The Cente
for Disease Control and Prevention estimates there are a
additional 44 500 cases that are not reported because th
disease is generally mild and self-limiting. It is estimated that
10% of these infections are obtained during travel outside of
the United States, and 86% of the remaining cases are food
borne. This results in an estimated 35 000 domestically
acquired foodborne illnesses a year fromV. parahaemolyticu.
Vibrio parahaemolyticusis estimated to have been responsible fo
24% of all seafood-associated illness outbreaks in the United
States from 1973 to 2006. In addition, V. parahaemolyticusis
estimated to cause 39% of the molluscan shell� sh outbreaks,
with nearly 1200 illnesses.

Many Asian countries do not have a foodborne-illness
reporting system, so disease attribution cannot be made.Vibrio
parahaemolyticus, however, is considered to be the leading caus
of foodborne illness or outbreaks in Japan, China, and Taiwan
where raw seafood consumption is common. For example, in
Japan,V. parahaemolyticuswas responsible for 20–30% of all
foodborne illnesses from 1996 to 1998. From 1991 to 2001,
V. parahaemolyticuswas the causative agent of 31% of food-
borne outbreaks in China. In Taiwan, 69% of bacterial food-
borne outbreaks from 1981 to 2003 were attributed to
V. parahaemolyticus.

Reported illnesses fromV. parahaemolyticusin Europe are
infrequent, although some have been documented. In Spain
8 cases were reported in 1989, 64 illnesses in 1999, an
80 cases in 2004. Additionally, 44 illnesses were reported in
France in 1997.

Associated Foods
In the United States,V. parahaemolyticusillnesses typically are
associated with consumption of raw oysters, but raw clams also
have been implicated. Crustaceans (crab, shrimp, lobster) als
have been associated with illness, but these are generally cas
of cross-contamination of cooked foods with raw product.

In Asian countries where a larger variety of seafood
commonly is consumed raw, shell� sh, crustaceans, and� n� sh
have all been associated withV. parahaemolyticusillness. In
Europe, shell� sh, crustaceans (mainly shrimp), and� n� sh also
have been associated with illnesses.
.

Vibrio vulniÞcus

Characteristics and Identi�cation

Vibrio vulni� cusis a curved rod with a single polar � agellum.
Vibrio vulni� cushas a slightly lower salt tolerance thanV. para-
haemolyticus. Optimal growth conditions for V. vulni� cusare 15–
20 ppt and 30–35 � C. One differential characteristic of
V. vulni� cusis the ability of most strains to hydrolyze esculin.
Vibrio vulni� cusfrequently is isolated from seafood, environ-
mental, and clinical samples using APW and colistin-polymyxin
B cellobiose (CPC) agar, or one of its derivatives [i.e., modi� ed
CPC (mCPC) or CPCþ]. Vibrio vulni� cusis naturally resistant to
these two antibiotics in the medium and ferments cellobiose, so
it appears as yellow colonies on CPC-based media. Rece
reports indicate this highly selective media also will grow other
cellobiose-positive marineVibrio species, requiring subsequen
isolate con� rmation. Common molecular methods for
V. vulni� cusidenti � cation include DNA colony hybridization,
PCR, real-time PCR, and LAMP. The majority of these method
target thevvhA(V. vulni� cushemolysin) gene, which appears to
be unique to V. vulni� cusso it is considered to be a reliable
species-speci� c target.
Virulence Factors and Mechanisms

While many putative virulence factors have been described in
V. vulni� cus, none have been identi� ed as essential for human
virulence. The presence of a polysaccharide capsule is arguab
the most critical virulence factor produced byV. vulni� cusas it
provides an avoidance mechanism for the host immune
system.Vibrio vulni� cusalso produces siderophores, which are
used for iron acquisition and aids in survival in the host.
Flagellum production appears to be involved in adhesion in
cell culture models, so it may play a role inin vivoattachment.

Puri� ed hemolysin (vvhA) has been demonstrated to cause
destruction of host tissues in mice, similar to skin damage seen
in human infection. Knockout mutants of V. vulni� cusde� cient
in hemolysin production, however, do not show a signi� cant
decrease in cytotoxicity.Vibrio vulni� cusalso produces a 45 kDa
metalloprotease that enhances vascular permeability and
induces hemorrhaging via digestion of vascular basemen
membranesin vitro. The metalloprotease also degrades elastin
� brinogen, and inhibitors of complement and is thought to
contribute to the development of skin lesions observed during
infection. Mutations in the metalloprotease did not signi � -
cantly affect cytotoxicity. Protease, mucinase, lipase, chon
droitinase, hyaluronidase, DNase, esterase, and sulfatase ha
been described as putative virulence factors, but the deletion o
genes encoding for each of these does not result in attenuation
Inhibiting the production of the type IV pilus produced by
V. vulni� cusresults in attenuation in a mouse model, likely do
to the fact that these pili are the mechanism for secretion of
hemolysin, cytolysin, protease, and chitinase.
Ecology and Prevalence in Foods

Like V. parahaemolyticus, V. vulni� cusprefers warmer environ-
ments, generally>20 � C, so a seasonal trend is observed in
their prevalence and levels in the environment and seafood
Vibrio vulni� cusprefers moderate salinity environments, but it
can be found in salinities of 5–25 ppt. Temperature is the
primary environmental predictor of V. vulni� cusin the envi-
ronment, with salinity also in � uencing the observed variability.

While V. vulni� cus has been less studied than
V. parahaemolyticus, there are still numerous reports on the
prevalence and levels of this organism in the environment and
seafood around the world. In Europe, 3.5–8% of seafood
samples (mainly mussels and oysters) examined contain
V. vulni� cus. Similarly, 2.4% of shrimp from Southeast Asia
contained V. vulni� cus. In India, 75% of freshly harvested
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oysters containedV. vulni� cus. In the United States, 100% of
Gulf of Mexico oysters harvested during warm months (May to
October) contain V. vulni� cus. In general, the levels are between
1000 and 10 000 per gram during that time, but less than 10
per gram during December to March. This is also true of oyster
harvested from the Mid- and North Atlantic areas during the
same time periods.

As with V. parahaemolyticus, V. vulni� cus can replicate in
seafood postharvest if not cooled immediately, so levels at time
of consumption (retail, market) are generally greater than at
harvest. One study of a Chinese local seafood market found
V. vulni� cusin 100% of razor clams, 100% of tiger prawns, and
56% of shrimp, with levels up to approximately 70 000 per
gram. In the United States, 74% of retail oysters were found to
harbor V. vulni� cus, with the greatest detection frequency in
oysters from the Gulf of Mexico, followed by those from the
Mid-Atlantic, then those from the North Atlantic, and the
Paci� c. Nearly half (47%) of the samples hadV. vulni� cuslevels
less than 1000 per gram, 10% had levels 1000–10 000 per gram,
and 17% contained greater than 10 000 per gram. All samples
containing greater than 100 000 V. vulni� cusper gram were
harvested from the Gulf of Mexico or the Mid-Atlantic region.
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Epidemiology

Disease Characteristics
Vibrio vulni� cusfoodborne infections almost exclusively result
from the consumption of raw or undercooked molluscan
shell� sh predominately from oysters in the United States.
Disease onset generally occurs between 12 and 24 h pos
consumption of seafood. Mild gastroenteritis (similar to
V. parahaemolyticusillness) symptoms are typical in healthy
individuals and rarely reported. In susceptible individuals (see
‘risk factors’), however, the disease can progress rapidly to a life
threatening systemic illness. Signs and symptoms frequentl
include fever, hypotension, disorientation, and secondary
lesions on the extremities. WhileV. vulni� cusis susceptible to
antibiotic treatment, timely intervention is critical. Many cases
have documented less than 24 h from disease onset to deat
without appropriate intervention. Even with intervention, the
case fatality rate is the highest of foodborne pathogens (35%)
in the United States.

The infective dose ofV. vulni� cushas been estimated based
on epidemiological data to be as low as 1000 organisms. It
also is predicted, however, that at a dose of 1 000 000 organ
isms, there is a 1 in 50 000 chance of a high-risk individual
becoming ill.

Risk Factors
Any condition that weakens the immune system can predis-
pose individuals to a more severe infection fromV. vulni� cus.
These conditions include chronic illness, liver disease (infec
tious or alcoholism), diabetes, malignancy (cancer), chemo-
therapy, renal disease, hypogammaglobulinemia, pregnancy
organ transplant, or any form of medically induced immuno-
suppression (such as steroid usage or radiation therapy).

Frequency of Disease
In the United States, there are approximately 100 laboratory-
con� rmed V. vulni� cusillnesses annually, and estimates sugges
that an equal number of cases are unreported. It is estimated
that 2% of these infections are obtained during travel outside of
the United States, and 47% are foodborne. These estimate
indicate 96 foodborne illnesses occur each year in the United
States fromV. vulni� cus. Most remaining (w 100) V. vulni� cus
cases are from wound infections, which can become equally
severe as cases acquired from food consumption. With its high
fatality rate, V. vulni� cus is the leading cause of seafood-
associated deaths in the United States.

Vibrio vulni� cushas been documented to be responsible for
only one seafood-associated illness outbreak in the United
States since 1973; the outbreak consisted of two illnesse
associated with consumption of molluscan shell� sh. Vibrio
vulni� cusgenerally is associated with sporadic illnesses, likel
due to the fact that host susceptibility plays such a large role in
disease manifestation.

In Japan, an estimated 425 cases occur annually: 43%
manifest as primary septicemia associated with seafood con
sumption, 12% gastroenteritis, and 45% from wound infec-
tions. Japan also reports a 75% mortality rate in patients with
septicemia. In Taiwan, approximately 20 cases are reporte
annually, but without source attribution (seafood or wound).

Associated Foods
In the United States,V. vulni� cusillnesses are almost exclusively
attributed to consumption of raw oysters, usually from the Gulf
of Mexico. Oysters from other regions (Mid- and North
Atlantic), however, and raw clams also have been implicated
Crustaceans (primarily crabs) have been associated with illnes
(particularly in Louisiana), but these are thought to be cases of
improper food handling.

In Asian countries where a larger variety of seafood i
commonly consumed raw, shell� sh, crustaceans,� n� sh, and
cephalopods have all been associated withV. vulni� cusillness.
Vibrio choleraeNon-O1

Characteristics and Identi�cation

Vibrio choleraecan appear as curved or straight rods with a single
polar � agellum. The most de� ning characteristic ofV. cholerae
is its ability to grow in the absence of salt, although the optimal
salt concentration for growth is 5–10 ppt. The optimal growth
temperature of V. choleraeis 35–40 � C. The increased temper-
ature tolerance ofV. choleraeis another characteristic that can
be used to differentiate it from other human pathogenic
vibrios. Vibrio choleraefrequently is isolated from food, envi-
ronmental, and clinical samples using APW and TCBS aga
Vibrio choleraeis sucrose positive, so it will produce yellow
colonies on TCBS, which will differentiate it from V. mimicus,
another Vibrio that does not require salt for growth. Most
strains of V. choleraealso will grow on CPC-based media typi-
cally used for isolation of V. vulni� cus, but they are cellobiose
negative and thus produce clear or purple colonies.

Many isolation and identi � cation techniques forV. cholerae
focus on the pandemic serotype (O1) or the major pathoge-
nicity factor, cholera toxin (CT). Pandemic, toxigenicV. cholerae
is discussed in a separate article of this encyclopedia. A
such, methods described in the following sections are for
identi � cation of V. choleraespecies, regardless of virulence o
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pandemic potential. Common molecular methods for
V. choleraeidenti � cation include PCR, real-time PCR, and
LAMP. These methods generally target thehlyA, ompW, or rpoB
genes. While these genes are not unique toV. cholerae, genetic
diversity within the Vibriogenus is exploited to develop species
speci�c methods.
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Virulence Factors and Mechanisms

Generally,V. choleraenon-O1 strains do not produce the classic
enterotoxin, CT. Some strains that do produce CT, howeve
have been associated with choleragenic illness, notably sero
types O75 and O141. Non-O1 V. choleraeproduce other
enterotoxins, cytotoxins, and hemolysins, but little has been
done to demonstrate their contribution to virulence. Vibrio
choleraealso produces a type VI secretion system that ma
contribute to the organism’s pathogenicity. Aside from identi-
� cation of the potential factors, the virulence mechanisms of
nontoxigenic V. choleraeremain unknown.
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Ecology and Prevalence in Foods

Nonpandemic (non-O1) V. choleraehas not been the subject of
many environmental or food surveys. The relatively few studies
that have been conducted demonstrate the ubiquitous presenc
of the organism in warm brackish and freshwater environments
around the world. Non-O1 V. choleraehas been isolated from
water and sediment in US coastal areas at detection frequencie
of 55% and 22%, respectively. Additionally, detection rates of
4–6% have been reported in seafood harvested from non
cholera-endemic areas. In cholera-endemic areas, non-O
strains have been isolated from up to 80% of water samples
during a single study.
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Epidemiology

Non-O1 V. choleraegenerally causes a mild, self-limiting
gastrointestinal illness, with diarrhea, abdominal cramping,
and fever. Symptoms such as nausea, vomiting, and blood o
mucus in stools infrequently are reported. Symptoms generally
appear within 1–2 days of consumption of seafood and
gastroenteritis resolves within 7 days. Non-O1V. choleraehas
been reported to cause aspiration pneumonia, cellulitis, and
wound infections. Reports of septicemia are rare and typically
occur in high-risk individuals. In the United States, nearly all
non-O1 V. choleraeillnesses are associated with consumption
of raw molluscan shell� sh, with approximately 50 illnesses and
2–3 deaths reported annually.
ly
d

n
s

e

i-
.

OtherVibrio Species

Characteristics and Identi�cation

All of the aforementioned complications of biochemical
identi � cation of Vibrio species, apply to‘other’ vibrios as well.
Additionally, due to the lower public health risk posed by this
group of vibrios, speci� c genetic-based tests are less frequent
available than for pathogens of greatest concern. PCR-base
detection methods are available, however, forV. alginolyticus,
V. mimicus, G. hollisae, and Photobacterium damselae.
Virulence Factors and Mechanisms

Very little is known about the pathogenicity factors associated
with many of the other Vibriospecies. What is known, however
frequently is assumed based on the presence of virulenc
factors found in the more notable pathogens of this species. Fo
example, some V. alginolyticusstrains have been found to
harbor a trh gene nearly identical to that from V. para-
haemolyticus. SomeV. mimicusisolates produce CT, the major
disease-causing toxin ofV. cholerae. Additionally, V. mimicus
has been found to produce an additional enterotoxin with
hemolytic activity toward intestinal epithelial cells. Evidence
for production of cytolysins by V. furnissiiexists, but it has not
been examined thoroughly. Vibrio metschnikoviiproduces ver-
otoxins and hemolysins, but virtually nothing is known about
the prevalence of these factors among strains. Siderophor
production in G. hollisaehas been documented in response to
iron starvation, but its role in pathogenicity has not been
examined.
Ecology and Prevalence in Foods

Presumably due to the lower reported disease frequency of thes
organisms, and subsequent lesser concern, little is known abou
their prevalence in the environment or food supply. From
available reports,V. alginolyticusappears to be the most common
organism of this group in seafood and environmental samples,
followed by V. � uvialis/V. furnissiiand V. mimicus. Vibrio algino-
lyticushas been detected in US and European shell� sh at harvest
and in aquacultured shrimp from Southeast Asia with detection
rates between 5% and 50%. Additionally, some reports in Asia
have found greater than 80% of water samples to contain
V. alginolyticus. Vibrio � uvialis, V. furnissii, V. mimicus, and
V. metschnikoviihave been identi� ed in seafood or environ-
mental samples in the United States, Europe, Asia, and Afric
typically with very low frequency (generally lower than 40%)
and levels (generally less than 1000 per gram of seafood).
Epidemiology

Other vibrios that have been associated with human illness
are V. alginolyticus, V. � uvialis, V. mimicus, V. furnissii,
V. metschnikovii, V. harveyi, G. hollisae, and P. damselae. Nearly
all of these organisms are considered opportunistic pathogens
with illnesses being more severe in high-risk individuals
(immunocompromised). Wound infections are common from
this group of vibrios, but foodborne cases also have been wel
documented. Foodborne infection typically results in mild to
moderate gastroenteritis. Occasionally these infections ca
progress to septicemia, with low associated mortality rates (les
than 1%).

In the United States, approximately 60 cases of vibriosis ar
attributed to V. alginolyticusannually, with approximately 15%
attributed to foodborne illness. Vibrio � uvialis, V. mimicus, and
G. hollisaeare reported to be the causative agents of approx
mately 28, 12, and 9 vibriosis cases annually, respectively
There are another 3–4 foodborne vibriosis cases annually
attributed to P. damselae, V. furnissii, V. metschnikovii, and
V. harveyi. Additionally, the causative agent in 25–30 cases of
vibriosis annually is never identi� ed to the species level.
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As with the other major causes of vibriosis, infection with
these organisms most commonly is associated with the
consumption of raw molluscan shell� sh in the United States.
Any seafood product that is consumed raw or cross
contaminated with raw product, however, can be a vehicle
for exposure.
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Food
See also:Vibrio: Vibrio cholerae; Vibrio: Standard Cultural
Methods and Molecular Detection Techniques in Foods; F
Poisoning Outbreaks;Identi�cation Methods:Introduction.
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Introduction

The estimated total cases caused byVibrio spp. in the United
States within a 10-year period is approximately 8028 with more
than half of these cases being acquired from foodborne trans
mission. Vibrio parahaemolyticusand Vibrio vulni� cusmake up
the majority of these outbreaks within the United States,
whereas Vibrio choleraeis mostly associated with overseas
outbreaks. The consumption of raw oysters and shell� sh are
typically associated withVibrio outbreaks. One of the dif� cul-
ties in the detection and prevention of these outbreaks is tha
Vibrio species are routinely isolated and ubiquitous to the
marine environment. However, the majority of these isolates
that are cultured in the laboratory are not virulent and not
a public health concern. Additional molecular con� rmatory
testing has to be carried out on the isolatedVibrio species to
determining whether or not these isolates are pathogenic. Her
we will focus speci� cally on cultural and molecular methods to
detectV. cholerae, V. parahaemolyticus, and V. vulni� cusin foods.
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Culture-Based Isolation and Detection

Pre-Enrichment/Enrichment Media

Essentially all culture-based bacterial isolations are compli
cated by (1) variable and frequently low levels of the target
foodborne pathogen, (2) increases in the population of
nontarget microorganisms that complicate the selection of the
appropriate targets from non- or mildly selective solid agar
media, (3) competition between target and nontarget bacteria
for limited nutrients, (4) changes in the medium pH during
growth, (5) production of inhibitory molecules (e.g., waste
products, bacteriocins), and (6) presence of viable but injured
or slow-growing target cells. Traditional culture-based detec
tion methodologies (and many molecular-based approaches)
rely on sample enrichment to amplify the number of target
foodborne pathogens to minimize the effects of the issues jus
stated. Although much work has gone into the development of
selection procedures for detection and enumeration ofVibrio
species from food and environmental matrices, the choice for
selective enrichment and plating media is limited compared to
other foodborne pathogens. Although the nutrient composi-
tion of the various enrichment broths may vary somewhat,
most rely on the ability of Vibrio to tolerate high alkalinity and
resistance to the antibiotic peptide polymyxin B or polymyxin E
(colistin) as the primary means of selection. Because enrich
ment broths used in the propagation of vibrios are not wholly
exclusive, short incubation periods are typically recommended
However, since sample setup and enrichment cannot typically
be performed in a standard 8-h workday, the use of overnight
enrichment is more common.

Alkaline Peptone Water (APW) was originally used in the
late 1800s for the isolation of V. choleraeand has since become
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
the standard enrichment broth for the isolation of both
V. vulni� cusand V. parahaemolyticusfrom food and environ-
mental samples. APW contains 1–2% (w/v) peptone (small
molecular weight peptides and polypeptides typically derived
from the proteolytic digestion of milk protein or other animal
proteins) and 0.5–3% (w/v) NaCl. The relatively high pH
(8.1–8.6) is the sole selective criterion used to suppress non
vibrio microorganisms. For of� cial analysis, the test sample
(25 g for V. choleraeisolation or 50 g for V. vulni� cusor V. par-
ahaemolyticusisolation) is typically blended in a 1:10 ratio, with
APW followed by incubation at 35 � C for 12–24 h. APW is also
used as the growth medium for enumeration of vibrios for
of� cial test samples by the most probable number (MPN)
technique.

Although they have not been recommended for the analysis
of of� cial test samples, several other selective enrichment broth
are available for cultivating some pathogenic vibrios from
various food and environmental matrices. PNCC (5% peptone,
1% NaCl, 0.8% cellobiose, 1-4U colistin, pH 8.0) is similar to
APW, in that it contains both peptone and NaCl as nutrients to
promote growth of vibrios and an alkaline pH that suppresses
the growth of background microorganisms but differs in that it
contains an additional carbohydrate source (cellobiose) and the
antibiotic peptide colistin. The addition of colistin further
inhibits the growth of background microorganisms, thereby
increasing its selectivity. Cellobiose is added as a readily avai
able fermentable carbohydrate source that preferentially
increases the growth ofV. vulni� cus. The particular formulation
of this enrichment broth makes it more suitable for the recovery
of V. vulni� custhan for V. parahaemolyticus.

In addition to alkaline pH and polymyxin peptides, other
selective agents can be used for the selection of someVibrio
species during cultural enrichment. ST broth that contains the
bile salt sodium taurocholate has been recently introduced for
the selective enrichment of V. parahaemolyticus. Similar to
previously mentioned enrichment broths, ST broth has
a nutrient composition composed of primarily peptone (1%)
and NaCl (1%). This enrichment broth differs from both APW
and PNCC in that it contains MgCl2 (0.1%) and that it does not
utilize an alkaline pH for selectivity. The� nal pH of ST broth is
approximately 6.0.

Salt-polymyxin B broth (SPB) and salt colistin broth (SCB)
are two additional enrichment formulations used primarily for
the isolation of V. parahaemolyticus. Similar to previously
mentioned enrichment broths, both SPB and SCB have nutrien
compositions consisting of peptone (1%) and NaCl (2%).
Both enrichment formulations are additionally supplemented
with yeast extract. SPB and SCB enrichment formulation
utilize highly alkaline pH ( w 8.8) and polymyxin antibiotics
for selectivity.

Glucose-salt-teepol broth (GSTB) is another alternative
that has been used in the isolation of vibrios, particularly
V. parahaemolyticusfrom food matrices. GSTB has a nutrient
78-0-12-384730-0.00347-5 699
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base composed primarily of peptone (1%) and NaCl (3%) but
has been further supplemented by the addition of glucose
(0.5%) and beef extract (0.3%). Similar to other vibrio
enrichment broths, GSTB uses a highly alkaline pH (w 8.8) for
selectivity, plus the addition of the detergent Teepol and the
dye methyl violet. Substitution by sodium lauryl sulfate (SDS)
for Teepol in the formulation is sometimes used.
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Table 1 Formulations for pathogenicVibriospecies enrichment and
isolation media used for analysis of of� cial test samples.

Media component APW TCBS mCPC CC T1N1/T2N2

Yeast extract 5.0
Beef extract 5.0 5.0
Peptone 10.0 10.0 10.0 10.0
Tryptone 10.0
Sucrose 20.0
Cellobiose 10.0 10.0
Sodium thiosulfate 10.0
Sodium citrate 10.0
Sodium cholate 3.0
Ferric citrate 1.0
Sodium chloride 10.0 10.0 20.0 20.0 10.0/20.0
Oxgall 5.0
Bromo thymol blue 0.04 0.04 0.04
Thymol blue 0.04
Cresol red 0.04 0.04
Agar 15.0 15.0 15.0 20.0
Colistin 400 000 U 400 000 U
Polymyxin B 100 000 U
pH 8.5 8.6 7.6 7.6 7.1

Amounts are in g l�1 unless otherwise stated.
Selective/Differential Media

Primary and secondary enrichment formulations used in the
selective growth of foodborne pathogens rarely if eve
demonstrate absolute target speci� city thus the need to apply
continuing selective pressure during the isolate puri� cation
stage (i.e., streak plating) of culture-based isolation procedures
Similar to the vibrio speci� c enrichment broths, the selective/
differential agars used for the isolation and/or enumeration of
vibrios from food matrices typically start with a basal formu-
lation that contains peptone (0.5–1.5%) and NaCl (5–30%)
and include individually or in combination various bile salts,
detergents, and/or dyes as selective agents. Many of these ag
contain additional carbohydrate sources, buffering agents, and
inorganic salts.

Thiosulfate-citrate-bile salt (TCBS) agar is recommended fo
the analysis (detection and enumeration) of of� cial test
samples by the US Food and Drug Administration (FDA). TCBS
is a peptone (1%) and NaCl (1%) based media similar to many
of the vibrio enrichment broths previously mentioned. TCBS
utilizes highly alkaline pH ( w 8.6) and a mixture of bile salts
(Oxgall and sodium cholate) as the primary selective mecha
nism for inhibiting nontarget microorganisms. Sucrose
fermentation is used as a means of differentiatingV. cholerae
(yellow colonies) from either V. vulni� cusor V. parahaemolyticu
(green colonies). A secondary differential reaction involving
sodium thiosulfate and ferric citrate is designed to distinguish
nontarget H2S producing marine bacteria from vibrios.

Cellobiose-polymyxin B-colistin (CPC) and modi � ed CPC
(mCPC) were developed for the isolation of V. choleraeand
V. vulni� cusfrom environmental samples. The formulations of
these two selective agars differ in the amount of colistin, with
a lower amount (4 � 105 U/I) being present in mCPC compared
to CPC (1.4� 106 U/I). Similar to many selective/differential
agars developed for vibrio isolation, CPC and mCPC consist o
a formulation base composed of peptone (1%) and NaCl
(20%). Both are further supplemented with 0.5% beef extract.
Both agars contain the antibiotic peptides polymyxin B
and colistin as selective agents; however, unlike other media
these do not rely heavily on pH (w 7.6) as a selective agent
Differentiation between V. vulni� cusfrom other Vibrio species
can be determined from the ability of V. vulni� custo ferment
cellobiose, which results in a characteristic yellow colony with
a yellow halo. The FDA recommends mCPC for the analysi
(detection and enumeration) of of � cial analytical test samples.
The omission of polymyxin B from the formulation results in
cellobiose-colistin (CC) agar. The level of colistin in the agar is
the same as in mCPC. Although not routinely used for of�cial
test sample analysis, this modi� cation may be useful for the
isolation of some polymyxin B-sensitiveV. vulni� cusstrains.

Tryptone salt agar is a very simple formulation that is used
during analysis of of� cial test samples by the FDA. T1N1 is used
for cultivating V. choleraefollowing primary selection of typical
colonies from either TCBS or mCPC agars. Similarly, T1N3 is used
for cultivating V. vulni� cusand V. parahaemolyticusfollowing
primary selection from either TCBS or mCPC agars. This media
comprised simply of peptone (1%), agar (15%), and varying
levels of NaCl (1% for T1N1, 2% for T1N2, 3% for T1N3, etc.).

The formulations for enrichment broths and isolation media
used for analysis of of� cial test samples are summarized in
Table 1. In addition to those media recommended for of� cial
analysis, several selective/differential agars have been succe
fully used for the isolation of vibrios from various foods.
Although the exact formulations of these agars differ, the
majority of these agars typically utilize a combination of alka-
line pH, high NaCl concentration, polymyxin antibiotics, and
salts of bile acids as selective agents. Several different mech
nisms of differentiating V. vulni� cusand V. parahaemolyticusare
also incorporated into these media. Sucrose is commonly added
to distinguish between sucrose fermenting and nonfermenting
organisms (V. choleraetypically ferments sucrose, whereas
V. vulni� cus and V. parahaemolyticusdo not). Cellobiose
fermentation is another commonly employed differentiation
technique to differentiate V. vulni� cus from other vibrios.
Sodium-dodecyl-sulfate (SDS) can be included both as a selec
tive agent and as a differential agent (sulfatase activity). Th
nutrient composition, selective agents, and differentiation
systems of several of these media are given inTable 2.
Con�rmation Media

Distinguishing between Vibrio species and other nontarget
marine organisms, as well as distinguishing between differen
species ofVibrio, can be accomplished using metabolic and
physiological traits derived from traditional biochemical
assays.Table 3 summarizes the biochemical assays commonly
used in the positive identi� cation of the pathogenic Vibrio
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Table 2 Formulations for various isolation media for pathogenicVibrio
species reported in the primary literature.

Media component VP VV VVE VVM STT SPS

Agar 20.0 15.0 15.0 15.0 15.0
Peptone 10.0 2.0 10.0 10.0
NaCl 20.0 10.0 20.0 10.0 20.0
Tryptose 10.0
Sucrose 20.0 15.0
Cellobiose 5.0 15.0
Lactose 0.1
Sodium citrate 10.0
Sodium dithionate 10.0
Sodium

taurocholate
5.0

Oxgall 8.0 1.0
Yeast extract 5.0 5.0 4.0
Beef extract 10.0 5.0
Casamino acids 0.5
MgCl2*6H2O 2.0 4.0
K2PO4 1.0
KH2PO4 1.0
MgSO4*7H2O 0.1
KCl 1.0 4.0
SDS 0.2 1.0
Teepol 2.0
Crystal violet 0.0015 0.005
Polymyxin B 100 000 U 100 000 U
Colistin 100 000 U
Salicin 20.0
Tween 80 0.54
Potassium tellurite 0.005
Cresol red 0.04 0.04
Bromothymol blue 0.04 0.04 0.05 0.04
Thymol blue 0.04
pH 8.6 8.6 8.5 8.5 8.0 7.6

All amounts are in g l�1 unless otherwise stated. References to the original literature
describing these media plus others not included can be found in the additional
reading at the end of this chapter.

Table 3 Biochemical characteristics of pathogenicVibriospecies
isolated from foods

Biochemical test
V. parahae
molyticus V. vulni� cus V. cholerae

TCBS agar Green colonies Green colonies Yellow colonies
mCPC agar No growth Yellow colonies Green colonies
CC agar No growth Yellow colonies Green colonies
Oxidase Positive Positive Positive
Arginine

dihydrase
Negative Negative Negative

Ornithine
decarboxylase

Positive Positive Positive

Lysine
decarboxylase

Positive Positive Positive

0% NaCl No growth No growth Positive
3% NaCl Growth Growth Positive
6% NaCl Growth Growth Negative
8% NaCl Growth No growth Negative
10% NaCl No growth No growth Negative
42� C incubation Growth Growth Growth
Sucrose Negative Negative Positive
D-Cellobiose Variable Positive Variable
Lactose Negative Positive Negative
L-Arabinose Positive Negative Negative
D-Mannose Positive Positive Positive
D-Mannitol Positive Variable Positive
ONPG Negative Positive Positive
Voges-Proskauer Negative Negative Variable
Gelatinase Positive Positive Positive
Urease Variable Negative Negative

Day 1

50g sample
+

450g APW

18–24 h at 35 C

Day 2

Streak to
TCBS mCPC

18–24 h, 
35 C

18–24 h, 
40 C

Day 3

Streak suspect
Vibrio sp.

VIBRIOj Standard Cultural Methods and Molecular Detection Techniques in Foods701
species. Traditional biochemical analysis is often not practical
especially when large numbers of samples are being teste
Several commercially availableVibrio identi � cation platforms
are currently available (e.g., API 20E and Vitek II both by bio-
Mérieux). Both of these identi� cation platforms are a series
miniaturized biochemical assays applied on a single card for
rapid setup.
al

to

to T1N3 agar

18–24 h, 
35 C

Day 4 Confirm API 
20E/

V. parahaemolyticus
test for tdh gene
by PCR or probe

Day 5
V. vulnificus
assume isolate
is virulent

Figure 1 Schematic illustrating the isolation ofV. parahaemolyticusand
V. vulniÞcusfrom food products.
Detection ofVibrioin Foods by Conventional Culture

Guidance for the detection of pathogenicVibrio in of � cial test
samples is provided in the FDABacteriological Analytical Manu
(BAM) and is summarized in Figure 1. For V. vulni� cusand
V. parahaemolyticus, a 50 g analytical test portion of either
molluscan shell� sh and nonmolluscan seafood is blended with
APW (1/10 � nal dilution), which is then enriched for 18 –24 h at
35 � C. Colony isolation (i.e., streak plate) is performed using
both TCBS and mCPC agars that are both incubated 18–24 h at
35 � C. Typical morphologies from well-isolated colonies are
considered presumptive, and these colonies are transferred
T1N3 agar plates, which are incubated for 18–24 h at 35 � C.



If

t

.

Day 1

12 oysters
+

Equal weight PBS
(1:2)

18-24 h at 35 C

Day 2

Streak turbid tubes
(3 highest dilutions)

TCBS    mCPC

Blend 90 s

20g blended sample
+

80g PBS
(1:10)

1:10
(–1)

1:100
(–2)

1:1000
(–3)

1:10,000
(–4)

1 ml

APW APW APW APW10 ml
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Positive identi� cation is then determined using either traditional
biochemical assays or the API 20E biochemical assay.
V. parahaemolyticusis identi� ed, then virulence is established by
determining the presence of thetdhgene using either PCR or DNA
hybridization. The procedure for the detection of V. choleraeis
similar with a few exceptions. First, a 25 g test portion size is used
and is blended with 225 ml (1/10 dilution) of APW for both
molluscan shell� sh and nonmolluscan seafoods. A second 25 g
test portion is blended with 2250 ml (1/100 dilution) of APW
when testing molluscan shell� sh. The blended test portions are
then incubated 18–24 h at 42 � C. Typical colonies from either
TCBS or mCPC are transferred to T1N1 agar plates (not T1N3 as is
used for otherVibriospecies). PresumptiveV.choleraecolonies are
subjected to additional testing including the oxidase test (positive
for V. cholerae), 0% NaCl (V. choleraeare capable of growing in the
absence of NaCl), and the string test (formation of a mucoid
stringwhena colony isdissolved in 0.5% sodiumdesoxycholate).
If all three tests are positive, then additional con� rmation using
traditional biochemical assay or the API 20E biochemical tes
strip is performed. Supplementary con� rmation and presump-
tive establishment of virulence is performed by slide agglutina-
tion using O1 and O139 polyvalent antisera. For isolates that are
O1 positive, the presence of thectx gene (gene encoding the
cholera toxin) is determined by polymerase chain reaction (PCR)
e

-

18–24 h, 18–24 h, 
35 C 40 C

Confirm typical colonies
API 20E/ Biochemical 

Figure 2 Schematic illustrating the enumeration ofVibriospecies using
the most probable number technique.

Overlay plate containing suspect Vibrio with 
#541 Whatman filter (85 mm) for 1–30 

Place filter in glass Petri dish containing 
1ml lysis solution (0.5N NaOH, 1.5M NaCl)

Microwave in 15–30 s intervals
liquid is mostly evaporated 

Neutralize filters with 4 ml of 2 m
ammonium acetate for 5 min at room temperature

Rinse filter twice with 10 ml SSC buffer (1X 
Enumeration ofVibrioin Foods

For enumeration of of� cial test samples, the most-probable-
number (MPN) method ( Figure 2) and surface plating onto
a nonselective medium followed by DNA colony hybridization
(Figure 3) are the two recommended procedures. Enumeration
of mollusks begins by blending approximately 200–250 g
(approximately 10–12 oysters) of the test sample with an equal
weight of phosphate buffered saline (PBS). Serial dilutions
(typically 1/10) designed to achieve 0.1–0.0001 g of the test
sample are prepared in PBS, followed by inoculation of 1 ml of
each dilution into 10 ml of APW, which is then incubated
overnight at 35 � C. Since APW does not demonstrate absolut
speci�city for Vibrio, their presence in turbid tubes must be
con� rmed. A loop full of inoculum from each turbid tube of
the three highest dilutions is surface-plated onto TCBS and
mCPC agar plates, which are then incubated overnight at 35� C.
Typical colonies are transferred to T1N3 agar plates for identi-
� cation using a colony lift procedure with subsequent DNA
probe assay (Figures 3 and 4). Enumeration of V. vulni� cusand
V. parahaemolyticuscan also be accomplished by direct plating
(10� 1–10� 3) the blended sample onto T1N3 and VV agar
plates. The transfer of colonies to� lter paper (i.e., colony lift) is
performed following overnight incubation at 35 � C, and
species determination is made using DNA probes recognizing
the tlh or tdh gene for V. parahaemolyticusor the vvhAgene for
V. vulni� cus. Enumeration of each species can then be per
formed using the probe positive spots on the� lter paper.
Treat filters with 10 ml Proteinase K  
(20 mg ml–1)

Rinse three times with 10 ml SSC for
10 min at room temperature 

Figure 3 Colony lift technique used in the identi� cation of pathogenic
V. parahaemolyticusandV. vulniÞcusby DNA probe hybridization.
Molecular Detection Methods

Con�rmation by Colony Lift Assay/DNA Hybridization

A colony lift with subsequent DNA probe hybridization is
recommended for con� rming the virulence of individual Vibrio
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Soak filter in 10–15 ml hybridization buffer for 30 min at 
55 °C (V. vulnificus) or 54 °  C (V. parahaemolyticus) 

Add 10 ml new prewarmed hybridization 

Add probe (0.5 pmol ml–1 final) and incubate at 55 or 5 °C
(for V. vulnificusor V. parahaemolyticus, respectively) 

Rinse filter twice in 10 ml of SSC + 1% SDS 
for

tlh probe or 3× SSC + 1% SDS for tdh probe at

Rinse filter 5 times in 1× SSC at room temperature

Add 20 ml NBT/BCIP solution and incubate
in the dark 1–2. Rinse with tap water to stop 

color development.

Figure 4 Identi� cation ofV. parahaemolyticusandV. vulniÞcusby alkaline
phosphate labeled DNA probe hybridization.

VIBRIOj Standard Cultural Methods and Molecular Detection Techniques in Foods703
isolates. Probes targeting thectx gene of O1 serogroup
V. choleraeand targeting thetdh gene ofV. parahaemolyticusare
recommended for of� cial test samples. All isolates ofV. vulni-
� cusare considered virulent. DNA hybridization is also rec-
ommended when a total Vibrio count is not suf� cient (i.e.,
species-speci� c enumeration is required). DNA probes recog-
nizing the tlh and vvhA genes are used to determineV. para-
haemolyticusand V. vulni� cus, respectively. Simultaneously,
a probe targeting thetdhgene can be used to further distinguish
virulent from avirulent V. parahaemolyticus. The speci�c
sequence of the DNA probes can be found inTables 4 and 5.
A schematic detailing the colony lift procedure and the DNA
hybridization assay is shown inFigure 4.
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Polymerase Chain Reaction (PCR)

PCR has emerged as one of the leading molecular techniques
food safety for con� rming isolate identi � cation, determining
the presence of pathogenicity/virulence markers, and� nding the
presence/absence of target microorganisms in food sample
Conventional PCR protocols for species con� rmation and
determination of virulence have been established forV. cholera
and V. parahaemolyticusand for species con� rmation of
V. vulni� cus(virulence is assumed for this organism) and are
recommended for of� cial test samples in the FDA BAM.
ct

-

PCR Identi�cation ofV. cholerae

PCR determination of the presence of thectxgene (gene encoding
for the cholera toxin) is recommended if the expression of cholera
toxin cannot be con� rmed in culture � ltrates under laboratory
conditions. PCR samples are prepared by culturing the suspe
isolate overnight at 35� C in APW. The cell suspension (1 ml) is
washed and resuspended to its original volume of using nuclease
free water. DNA is extracted by boiling the suspension for 10 min.
To minimize potential cross-contamination and to ensure
uniformity across multiple individual PCR reactions, it is rec-
ommended that PCR master mixes (commercial or laboratory
prepared) be used. The reaction is prepared using a forwar
primer with the sequence 50-tgaaataaagcagtcaggtg and a rever
primer with the sequence 50-ggtattctgcacacaaatcag. The therm
cycling parameters include an initial denaturation of 3 min at
94 � C followed by 35 cycles of 1 min at 94� C (denaturation),
1 min at 55 � C (primer annealing), and 1 min at 72 � C (primer
extension). A � nal extension of 3 min at 72 � C is then per-
formed. At the completion of the thermal cycling, the reaction
should be held at 4 � C until it is analyzed. Successful ampli� -
cation of ctx gene is determined by analyzing 10ml of the PCR
product plus 2 ml of 6X gel loading dye on a 1.8% agarose ge
containing 1 mg ml� 1 ethidium bromide. The agarose gel is run
at a constant voltage of 5–10 V cm� 1. Agarose gel electropho-
resis separates the DNA fragments by size by using an electric
current to move molecules through the gel. The ethidium
bromide intercalates the DNA and upon exposure to UV light
will � uoresce, thus allowing for visualization of the 777 bp
(base pair) PCR product.
PCR Identi�cation ofV. parahaemolyticus

A multiplex conventional PCR has been developed and is rec
ommended for isolate con� rmation and determination of the
potential virulence of V. parahaemolyticusisolated from of� cial
test samples. This multiplex PCR is detailed in the FDA BAM
The suspect isolate is cultured overnight at 35� C in TSB-2%
NaCl. An aliquot (1 ml) of the cell suspension is concentrated
by centrifugation, washed twice with physiological saline
(1 ml), and resuspend at a volume of 1.0 ml in sterile water.
The DNA is extracted by boiling the concentrated suspension
for 10 min. The DNA ampli� cation reaction uses three pairs of
primers, each targeting three different virulence genes (tlh, trh,
and tdh) of V. parahaemolyticus. The primer set L-TL (50-aaa gcg
gat tat gca gaa gca ctg) and R-TL (50-gct act ttc tag cat ttt ctc tgc)
target the tlh gene, which encodes a thermolabile hemolysin
(bacterial exotoxin capable of lysing red blood cells) that is
believed to be present in allV. parahaemolyticusstrains but not
found in other species ofVibrio, thereby providing a useful way
of segregating this organism from other vibrios. The primer se
VPTDH-L (50-gta aag gtc tct gac ttt tgg ac) and VPTDH-R (50-tgg
aat aga acc ttc atc ttc acc) target thetdh gene, which encodes
a thermostable hemolysin and when present con� rms the
virulence of the isolate. The primer set VPTRH-L (50-ttg gct tcg ata
ttt tca gta tct) and VPTRH-R (50-cat aac aaa cat atg ccc att tcc
target the trh gene, which encodes for a second thermostabl
hemolysin that shares 60% homology with the tdh expressed
hemolysin and when present also con� rms the virulence of the
isolate. The ampli� cation conditions include an initial hold at
94 � C for 3 min (1 cycle) followed by 25 cycles of denaturation at
94 � C for 1 min; annealing of primers at 60 � C for 1 min; and
extension at 72� C for 2 min. A � nal extension at 72� C for 2 min is
performed before stopping the reaction by holding at 8� C. Once
PCR iscomplete, theproduct (10mlplus2 ml6Xgel loadingbuffer)
is analyzed on a 1.5–1.8% agarose gel containing 1mg ml� 1

ethidium bromide. The visualization of a 450 bp product con� rms
the presence of thetlh gene, thus con� rming that the isolate is
V. parahaemolyticus. The presence of a 270 bp or a 500 bp PCR
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Table 4 Molecular methods for the identi� cation ofV. parahaemolyticus

Application Gene Sequence Reference

PCR tdh Forward FDA BAM
50-cca tct gtc cct ttt cct gcc-30

Reverse
50-cca cta cca ctc tca tat gc-30

tlh Forward FDA BAM
50-aaa gcg gat tat gca gaa gca ctg-30

Reverse
50-gct act ttc tag cat ttt ctc tgc-30

trh Forward FDA BAM
50-ttg gct tcg ata ttt tca gta tct-30

Reverse
50-cat aac aaa cat atg ccc att tcc g-30

Real-time PCR tdh Forward Blackstone et al., 2003
50-aaa cat ctg ctt ttg agc ttc ca-30

Reverse
50-ctc gaa caa caa aca ata tct cat cag-30

Probe
50-FAM-tgt ccc ttt cct gcc ccc gg-TAMRA-30

Multiplex PCR tdh Forward FDA BAM
50-gta aag gtc tct gac ttt tgg ac-30

Reverse
50-tgg aat aga acc ttc atc ttc acc-30

tlh Forward FDA BAM
50-aaa gcg gat tat gca gaa gca ctg-30

Reverse
50-gct act ttc tag cat ttt ctc tgc-30

trh Forward FDA BAM
50-ttg gct tcg ata ttt tca gta tct-30

Reverse
50-cat aac aaa cat atg cccatt tcc g-30

ERIC-PCR Forward Maluping et al., 2005
50-atg taa gct cct ggg gat tca c-30

Reverse
50-aag taa gtg act ggg gtg agc g-30

RAPD-PCR Primer 1 Maluping et al., 2005
ggt gcg gga a
Primer 2
gtt tcg ctc c
Primer 3
gta gac ccg t
Primer 4
aag agc ccg t
Primer 5
aac gcg caa c
Primer 6
ccc gtc agc a

704 VIBRIOj Standard Cultural Methods and Molecular Detection Techniques in Foods
product con� rms the detection of thetdhor trh gene, respectively
and establishes the virulence of the isolate.
g
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PCR Identi�cation ofV. vulniÞcus

SuspectV. vulni� cus isolates obtained by enrichment or by
either MPN or direct plating enumeration procedures using
of� cial test samples are required to be con� rmed to the species
level. A conventional PCR using a single set of primers targetin
the vvhAgene that encodes a hemolysin has been develope
and is recommended for con� rmation of V. vulni� cusisolated
from of � cial test samples. The suspect isolate is culture
overnight at 35 � C in TSB-2% NaCl. An aliquot (1 ml) of the
cell suspension is concentrated by centrifugation, washed twic
with physiological saline (1 ml), and resuspend at a volume of
1.0 ml in sterile water. The DNA is extracted by boiling the
concentrated suspension for 10 min. The PCR is performed
using the primer set Vvh-785F (50-ccg cgg tac agg ttg gcg ca) an
Vvh-1303R (50-cgc cac cca ctt tcg ggc c). The ampli� cation
conditions include an initial hold at 94 � C for 10 min (1 cycle),
followed by 25 cycles of denaturation at 94� C for 1 min;
annealing of primers at 62� C for 1 min; and extension at 72� C
for 1 min. A � nal extension at 72� C for 10 min is performed
before stopping the reaction by reducing the temperature to
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Table 5 Molecular methods for identi� cation ofV. vulniÞcus

Application Gene Sequence Reference

PCR vvhA Forward FDA BAM
50-ccg cgg tac agg ttg gcg ca-30

Reverse
50-cgc cac cca ctt tcg ggc c-30

Real-time PCR vvhA Forward Panicker and Bej, 2005
50-tta tgc tga gaa cgg tga ca-30

Reverse
50-ttt tat cta gcc cca aac ttg-30

Probe
50-ccg tta acc gaa cca ccc gca a-BHQ-30

Multiplex real-time
PCR

vvh Forward Panicker et al., 2004
50-ttc caa ctt caa acc gaa cta tga-30

Reverse
50-att cca gtc gat gcg aat acg ttg-30

Probe
50-gaa gcg ccc gtg tct gaa act ggc gta acg-30

viuB Forward
50-ggt tgg gca cta aag gca gat ata-30

Reverse
50-tcg ctt tct ccg ggg cgg-30

Probe
50-tta aac caa ttt gcg agc cta tat c-30

ERIC-PCR Forward Radu et al., 2000
50-atg taa gct cct ggg gat cac-30

Reverse
50-aag taa gtg gac tgg ggt gag c-30

RAPD-PCR M13 Lin et al., 2003
50-gaa aca gct atg acc atg-30
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8 � C or less until analysis. Once PCR is complete, the produc
(10 ml plus 2ml 6X gel loading buffer) is analyzed on
a 1.5–1.8% agarose gel containing 1mg ml� 1 ethidium
bromide. The visualization of a 519 bp product con� rms the
presence of vvhA gene, thus verifying that the isolate is
V. vulni� cus.
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Real-Time PCR (qPCR)

Real-time PCR methods (which employ simultaneous nucleic
acid ampli� cation and con� rmation by hybridization in
minutes to hours) are particularly useful, as these methods can
be made at least semiquantitative by correspondence t
a standard curve. The DNA is extracted by boiling, and the PC
reaction is prepared using either a� uorescent dye (SYBR green
or � uorophore-probe (TaqMan)-based protocol. To minimize
potential cross-contamination and to ensure uniformity across
multiple individual PCR reactions, it is recommended that
SYBR Green or TaqMan PCR master mixes (commercial
laboratory prepared) be used. The primers designed targe
species-speci� c virulence genes similar to the ones targeted in
traditional PCR and are listed in Tables 3 and 4. The PCR
cycling parameters still include the denaturation, annealing,
and extension but the times are typically shorter. In the case o
V. vulni� cus, the primers and probe are listed inTable 4 and
follow these conditions: initial denaturation at 94 � C for 120 s,
followed by 40 cycles of denaturation at 94� C for 15 s and
annealing at 58� C for 15 s. Then there is a� nal primer exten-
sion at 72 � C for 20 s.
For SYBR Green protocols, to verify the absence
nonspeci� c product ampli� cation, melting curve analysis is
usually performed over a range of 60–90 � C. The negative� rst
derivative of the change in� uorescence is plotted as a function
of temperature, and ampli� cation speci� city is veri� ed by the
presence of a single peak.

The limit of detection of the qPCR assay is determined by
constructing a standard curve using CT values obtained from
serially diluted DNA initially isolated from a suspension con-
taining approximately 108 CFU ml� 1. The overall sensitivity of
the assay was determined by constructing a standard curv
using CT values obtained from serially diluted cells (108–101

per ml). Unlike traditional PCR, no agarose gel is required.
Strain Typing Method

In microbiology, two general approaches are used to determine
strain relatedness: phenotypic and genotypic methods. Pheno
typic methods, including serotyping, biotyping, and bacterio-
phage typing, are used to determine whether strains are relate
by virtue of phenotypic characteristics such as sugar utilization
or surface antigens. The main advantage of genotyping is that
can discriminate between closely related strains. PCR typin
(which includes random ampli � ed polymorphic DNA PCR
(RAPD-PCR), enterobacterial repetitive intergenic consensu
sequence PCR (ERIC-PCR), repetitive extragenic palindrom
PCR (REP-PCR)), ribotyping, plasmid typing, and pulsed-� eld
gel electrophoresis (PFGE) are several methods commonly use
to discriminate between organisms based on genetic relatednes
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VibrioSerology

Serological typing during an epidemiological investigation of
Vibrio outbreaks can be a valuable tool, and commercial anti-
sera kits are available forV. parahaemolyticus. Because of the
expense, use of serology as a detection or con� rmation tool is
not recommended for the routine analysis of of� cial test
samples. The� agellar (H) antigen is common to all strains of
V. parahaemolyticus, so serotyping with antibodies targeting the
somatic (O) antigens is required. BecauseV. parahaemolyticu
can possess a cell capsule, heating the isolate to 100� C for up
to 2 h is required to expose the somatic antigens. Currently
there are 12 known somatic and at least 71 known capsula
antigens distributed in such a way as to yield 76 unique sero-
types (Table 6). Strains within the serotype O3:K6 have
historically been associated with large outbreaks ofV. para-
haemolyticus-induced gastrointestinal illness; however, recently
(1997–1999) the serotypes O4:K68, O1:K56, and O1:K
untypeable have emerged as prevalent pandemic serotypes.

Like V. parahaemolyticus, the serological classi� cation of
V. choleraeconsists of a� agellar and somatic antigen. Currently,
approximately 200 serogroups have been identi� ed. The
somatic antigen allows for the determination of pathogenicity
with only a few of the serogroups (O1, O139, O141, and O75)
responsible for human illness. Of those serogroups known to
result in human illness, the O1 serogroup has been historically
associated with pandemic outbreaks of cholera. The implica
tion of the other serogroups with classical cholera symptoms
has only occurred recently (1993, 2003, and 2008, respec
tively). Guidance for the analysis of of� cial test samples sugges
performing a serological agglutination test using commercially
available V. choleraeantisera in order to determine whether
suspect isolates belong to a known pathogenic serogroup (O1
or O139). The agglutination test is relatively simple to perform.
Start by adding a drop of sterile 0.85% saline to a clean glas
microscope slide or glass Petri plate. Suspend a colony isolate
on T1N1 agar plates in the drop of saline. Observe for the lack o
agglutination. Add a drop of O1 or O139 antisera to the cell
suspension. Rock the slide (or plate) gently from side to side
while observing against a dark background. A rapid and dense
agglutination indicates a positive reaction. Because relativel
few strains ofV. choleraeare virulent, the use of a commercially
Table 6 Distribution of somatic and capsular antigens for the 76
serotypes ofV. parahaemolyticus

O antigenic
group K antigenic group

1 1, 25, 26, 32, 38, 41, 56, 58, 64, 69
2 3, 28
3 4, 5, 6, 7, 27, 30, 31, 33, 37, 43, 45, 48, 54, 57, 58, 59, 65
4 4, 8, 9, 10, 11, 12, 13, 34, 42, 49, 53, 55, 63, 67
5 5, 15, 17, 30, 47, 60, 61, 68
6 6, 18, 46
7 7, 19
8 8, 20, 21, 22, 39, 70
9 9, 23, 44
10 19, 24, 52, 66, 71
11 36, 40, 50, 51, 61
12 52
available antibody-based assay (immunoassay) for the detec
tion of cholera toxin in culture � ltrate is recommended once
the organism has been isolated from an of�cial sample and
positively identi � ed.
Pulsed Field Gel Electrophoresis

Of all these other methods, pulsed � eld gel electrophoresis
(PFGE) has become an invaluable tool because typing and
discrimination of strains require minimal band fragments,
meaning that interpretation is relatively simple. Once a strain is
typed, its pattern will remain stable and can be duplicated for
up to several years. Furthermore, isolates indistinguishable b
PFGE do not typically show different results when other
methods are used. However, PFGE is a time-consumin
process, and more rapid typing methods are available. Lack o
a standardized protocol has created variability between result
produced in separate labs, although this is less of a problem
today as protocols for speci� c organisms have been established
by the CDC and standards for interpreting the patterns and the
use of previously designated enzymes will help alleviate such
inconsistency among results.

PFGE is a genotyping method that uses alternating electri
� elds to separate DNA molecules as large as 12 Mb. Th
banding patterns of various strains have been used for studying
the size and shape of microbial genomes, cloning, and kar
yotyping of yeasts, fungi, and protozoa. From a food safety
standpoint, the most common use of PFGE has been to study
disease outbreaks of various bacteria, includingSalmonella,
Campylobacter, Shigella sonnei,Enterococcus faecalis, V. cholerae
O1, and Escherichia coliO114.

Sample Preparation for PFGE: Large DNA fragments are
subject to shearing and need to be protected during electro
phoresis. Therefore, DNA is embedded in low-melt tempera-
ture agarose plugs that protect the large DNA molecules b
encapsulation. Restriction enzymes are needed to modify the
DNA to produce simple pro� les of 10–20 bands. The enzymes
used, called infrequent cutters, typically recognize anywher
from 4 to 8 nucleotide bases. Large DNA of 20–200 kb requires
lambda concatemers, which is why a lambda ladder is used to
measure the fragment size when running a gel. When
comparing PFGE patterns, it is dif� cult to compare DNA cut
with 19 different restriction enzymes because of variation in
patterns. For PFGE applications toV. cholerae, the restriction
enzymes S� I and NotI are the most commonly used. These
enzymes are also used for typingV. parahaemolyticusand
V. vulni� cus, although some V. vulni� cusstrains are untypeable
with NotI enzyme.
e
e

k

RAPD-PCR

Random ampli� cation of polymorphic DNA PCR uses PCR as
a method of � ngerprinting. This method uses a random short
PCR primer (10 nucleotides in length) that may or may not
amplify the DNA. These short primers will amplify random
segments of varying length. These different patterns can b
resolved on a gel and easily compared to other samples. Th
advantage is that no knowledge of target gene or speci� c DNA
sequence is needed. The disadvantage to this method is a lac
of experimental reproducibility between multiple attempts on
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the same sample as well as variability between laboratories. I
one study to analyze the genetic variability ofV. parahaemolyticu
strains isolated in the Philippines, a total of six distinct random
10-mer primers sets were used and are listed inTable 3.
Ampli� cation conditions included an initial denaturation step
at 95 � C for 5 min followed by 30 cycles of denaturation at 95 � C
for 1 min; annealing at 35 � C for 1 min; and an extension at
72 � C for 2 min, with a � nal extension step at 72� C for 5 min. In
a study of V. vulni� cusonly one 18-mer primer was used and is
listed in Table 4. Ampli� cation conditions include an initial
denaturation step at 95� C for 10 min followed by 35 cycles of
denaturation at 94 � C for 20 s; annealing at 44� C for 30 s; and
an extension at 72� C for 70 s, with a� nal extension step at 72� C
for 10 min. RAPD-PCR products were then run on agarose o
polyacrylamide gel for V. parahaemolyticusand V. vulni� cus,
respectively. Results were then analyzed by observing the patte
variability between samples.
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ERIC-PCR

ERIC sequences are common to Enterbacteriaceae. This meth
targets the repetitive intergenic sequences that are found in th
speci�c bacterial genome. The primers are designed to anne
to the repetitive sequences and amplify the DNA found
between where these primers anneal. Resulting bandin
patterns on agarose gels can be used to distinguish differenc
in multiple samples. ERIC-PCR primers are listed inTables 3
and 4. Ampli� cation conditions for V. parahaemolyticusinclude
an initial denaturation step at 95 � C for 5 min followed by 35
cycles of denaturation at 92� C for 45 s; annealing at 52� C for
1 min; and an extension at 70� C for 10 min, with a � nal
extension step at 70� C for 20 min. Results are analyzed by
observing variable banding patterns on an agarose gel.
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Introduction

Vibrios are curved Gram-negativeg-proteobacteria with
a single polar � agellum made up of 74 distinct species, and
the environmental factors, including water, temperature,
and salinity, in � uence the diversity of species of the genu
Vibrio. The medically important Vibrio species are divided
into two groups: choleragenic, such asVibrio cholerae, and
noncholeragenic Vibrio species, including Vibrio para-
haemolyticus, Vibrio vulni� cus, Vibrio � uvialis, and Vibrio
metschnikovii.

Among the V. choleraeserogroups,V. choleraeO1 and O139
are toxigenic, and these are free-living in fresh and brackis
water, and they may remain in association with copepods or
other zooplanktons, shell� sh, and aquatic plants. The bacte
rium V. cholerae(O1 and O139 serogroups) is the etiological
agent of epidemic cholera and is transmitted through contam-
inated water supplies or by direct contact with infective fecal
materials. Culture-independent detection of toxigenic
V. choleraeO1 and O139 serogroups revealed a higher abun
dance of free-living bacterium (104–105 cells l� 1) than those
attached to plankton (101–103 cells l� 1). The V. cholerae
genome sequence clari� es the organism’s environmental and
pathobiological characteristics as well as how a free-living
environmental bacterium emerged to a well-established human
pathogen.

Vibrio parahaemolyticusis a halophilic Vibrio species natu-
rally occurring in marine and estuarine waters throughout the
world. It causes foodborne acute gastroenteritis; the clinica
symptoms of human infection include mild watery diarrhea,
abdominal cramps, nausea, vomiting, headache, and fever
Vibrio parahaemolyticusalso causes wound infections and
septicemia; the infection mainly occurs among people with
liver disorders who have consumed V. parahaemolyticus–
contaminated raw seafood. Vibrio vulni� cus is a halophilic
bacterium, which is recognized as one of the most invasive
and rapidly fatal human pathogens. This species has bee
associated with sporadic outbreaks of diarrhea clinically
similar to cholera. Vibrio metschnikoviiis a facultative aero-
anaerobic Gram-negative form. Its distinct biochemical
property of negative oxidase reaction, negative nitrate reduc
tion, and requirement of salt for growth differentiate this
species fromV. cholerae. Vibrio metschnikoviihas been found in
association with children’s watery diarrhea, postoperative
wound infection pneumonia, and neonatal sepsis; its trans-
mission is zoonotic. Vibrio � uvialis, a halophilic Vibrio species
(grow well in the presence of 7% NaCl), is found to be asso-
ciated with acute diarrheal illness in humans, food poisoning
due to consumption of contaminated raw shell� sh, and
extraintestinal infection.

The V. choleraeO1 strains continue to cause cholera
epidemic worldwide. The non-O1/non-O139 V. choleraestrains
cause sporadic cases of gastroenteritis or extraintestin
708 Encyclopedia of Food
infection, and people with non-O1/non-O139 infection can
exhibit signs of invasive disease like bloody diarrhea. The
pathogenicity of V. choleraeO1 strains is due to two virulence
factors: cholera toxin (CT), an enterotoxin, and toxin-coregu-
lated pilus (TCP), an intestinal colonization factor. The non-
pandemicV. cholerae(non-O1, non-O139) strains cause disease
through a type III secretion system, and these strains lack gene
encoding CT and TCP.
V. choleraeIdentity

Cultural and Biochemical

Vibrio choleraecan be procured from rectal swab culture in
alkaline peptone water (pH 8.6; standard medium for enrich-
ment of V. cholerae) and then by plating on thiosulphate citrate
bile salt sucrose (TCBS) agar, the sucrose–bromthymol blue of
which distinguishes the yellow sucrose-positiveV. cholerae
colonies from other bacterial colonies. After overnight incu-
bation at 37 � C, suspected colonies on the TCBS plates we
tested biochemically and con� rmed by agglutination with
polyvalent O1 and monovalent Ogawa and Inaba antisera;
nonagglutinating strains were tested with antiserum to
V. choleraeO139 strain.
Serogroup, Serotype, and Biotype

The strains ofV. choleraeaccount for more than 200 serogroups
(O1–O206). On the basis of the antigenic diversity of their
outer membrane lipopolysaccharides, only the toxigenic
serogroups (O1 and less commonly O139) are responsible for
cholera in the form of epidemics and pandemics. The
V. choleraeserogroups, which are not associated with epidemics
or pandemics, collectively are designated as the non-O1/non
O139 serogroup.

Vibrio choleraeO1 belongs to two biotypes: classical and
El Tor, the identity of which can be differentiated based on
the number of phenotypic traits (Table 1). The V. cholerae
El Tor biotype strains are adapted nicely and thrive bette
in the environment compared with V. choleraeclassical
biotype strains. Although El Tor biotype causes infection
with more asymptomatic carriers, the classical strains caus
more severe and prolonged infection. TheV. choleraeclas-
sical biotype caused six cholera pandemics, and the El To
is the etiological agent of the ongoing seventh cholera
pandemic.

The strains of the Ogawa serotype express the A and
antigens, whereas Inaba strains have antigenic determinants
and C, and the Hikojima strains contain all the three antigens
A, B, and C.Table 2 characterizes theV. choleraeO1 serotypes,
differing from one another only with respect to antigenic
determinants of their O-antigen capsule.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00346-3
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Table 1 Biotype characterization ofVibrio choleraeO1 serogroup

Test

Biotype

Classical El Tor

(a) Reaction
Chicken erythrocyte agglutination Negative Positive
Voges–Proskauer reaction Negative Positive

(b) Sensitivity
Polymyxin B (50 i.u.) Sensitive Resistant
Mukerjee classical phage IV Sensitive Resistant
Mukerjee El Tor phage 5 Resistant Sensitive

Table 2 Serotype characterization ofVibrio choleraeO1 serogroup

O1 serotype

Agglutination in antiserum

Ogawa antiserum Inaba antiserum

Ogawa Positive Negative
Inaba Negative Positive
Hikojima Positive Positive

Figure 1 Report of cholera cases in India to WHO by year 2002–10. *No
report of cholera cases. WHO, 2003. Weekly Epidemiological Record 78,
269–276; WHO, 2004. Weekly Epidemiological Record 79, 281–288;
WHO, 2005. Weekly Epidemiological Record 80, 261–268; WHO, 2006.
Weekly Epidemiological Record 81, 297–308; WHO, 2007. Weekly
Epidemiological Record 82, 273–284; WHO, 2008. Weekly Epidemio-
logical Record 83, 269–284; WHO, 2009. Weekly Epidemiological Record
84, 309–324; WHO, 2010. Weekly Epidemiological Record 85, 293–308;
WHO, 2011. Weekly Epidemiological Record 86, 325–340.
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Phage Types

The V. cholerae–phage typing is a widely accepted criteria for
identifying the epidemic strains, and hence it is important to
monitor the phage types prevailing in an area, as the intro-
duction of a new type may herald the onset of an outbreak.
Among V. choleraestrains, two phage types (namely T27 and
T25) have been reported predominantly from different
geographic regions of India. A great variation in phage
susceptibility has been recorded for tetracycline (T)-resistan
strains from Kolkata, India. Table 3 shows phage types of
V. choleraecirculating in India. Phage types ofV. choleraeare
useful in tracing the origin of newly emerging strains, too.
by

a

,
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Epidemiology ofV. choleraeInfection

The V. choleraeinfection occurs and spreads rapidly in
communities lacking clean water supplies and sanitation. The
causative agents (V. choleraeO1) continue to thrive better in
places where crowded housing conditions are found and
Table 3 Vibrio choleraephage types in India according to new schem

Year Region Strain 27

2004a Mumbai El Tor Ogawa 97.5
2007b Mysore El Tor Ogawa 78.5
2001c Ludhiana El Tor Ogawa 57.7
2005c Ludhiana El Tor Inaba 70.58
1980� 2001d Chennai V. choleraeO1 68.2
1998� 2007e Kolkata V. choleraeO1 76.8

aTurbadkar et al., 2007. Indian Journal of Medical Microbiology 25, 177–178.
bSrirangaraj, V., 2009. Indian Journal of Medical Microbiology 27, 166–167.
cOberoi, A., 2007. Indian Journal of Medical Microbiology 25, 75–76.
dSundaram et al., 2002. Indian Journal of Medical Research 116, 258–263.
eSarkar et al., 2011. Japanese Journal of Infectious Diseases 64, 312–315.
where water and sanitation facilities are poor. The diseas
cholera has been regarded as an emerging and reemergi
infection threatening people in several parts of the globe, and
nearly all of the developing countries have experienced an
outbreak or a threat of the epidemic. Haiti, for example, had
not been affected by cholera during the earlier phases of the
ongoing seventh cholera pandemic. Currently, its population
is more susceptible toV. choleraeinfection. In 2010, the � rst
cholera outbreak occurred in Haiti in more than a century,
and a total of 534 647 cases, 287 656 hospitalizations, and
7091 deaths have been reported as a result of the most rece
outbreak caused byV. choleraeO1 El Tor strains. In 2006,
Angola, having no cholera cases since 1998, was affected
a major outbreak due to an atypical V. choleraeO1 El Tor
strain. Kolkata, India, has been considered as a choler
endemic zone, and V. choleraeinfection severity in Bengal
society has resulted in the recognition of a goddess of cholera
Oladevi (or Oola Beebee), to protect villages from the disease
Figure 1 represents cholera cases from India based on repor
from the World Health Organization (WHO).
e

% Phage type

26 25 23 21 19

� � 2.4 � �
8 � 7.14 7.14 7.14 �
7 � 2 11 2 2

� � � � �
12.3 � � � �
5.7 2.3 � � 3.3
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Figure 2 Cholera incidence (1000 population� 1 year� 1) in three
endemic countries in the globe. *Surveillance did not include pregnant
women and children< 2 years of age in Beira. Deen et al., 2008. PLOS
Neglected Tropical Diseases 2(2), e173 doi:10.1371/jour-
nal.pntd.0000173 (modi� ed).

Table 4 Global report of cholera cases, deaths, and outbreaks from
different countries to WHO (2003–11)

Year

Number of cholera

Cases Deaths
Country
reported

Out
breaks

2002a 142 311 4564 52 28
2003b 111 575 1894 45 42
2004c 101 383 2345 56 30
2005d 131 943 2272 52 49
2006e 236 896 6311 52 46
2007f 177 963 4031 53 45
2008g 190 130 5143 56 55
2009h 221 226 4946 45 47
2010i 317 534 7543 48 36
2011j 589 854 7816 58 30

aWHO, 2003. Weekly Epidemiological Record 78, 269–276.
bWHO, 2004. Weekly Epidemiological Record 79, 281–288.
cWHO, 2005. Weekly Epidemiological Record 80, 261–268.
dWHO, 2006. Weekly Epidemiological Record 81, 297–308.
eWHO, 2007. Weekly Epidemiological Record 82, 273–284.
fWHO, 2008. Weekly Epidemiological Record 83, 269–284.
gWHO, 2009. Weekly Epidemiological Record 84, 309–324.
hWHO, 2010. Weekly Epidemiological Record 85, 293–308.
iWHO, 2011. Weekly Epidemiological Record 86, 325–340.
jWHO, 2012. Weekly Epidemiological Record 87, 289–304.

Figure 3 Global case fatality rate (CFR) due toVibrio choleraeinfection.
WHO, 2003. Weekly Epidemiological Record 78, 269–276; WHO, 2004.
Weekly Epidemiological Record 79, 281–288; WHO, 2005. Weekly
Epidemiological Record 80, 261–268; WHO, 2006. Weekly Epidemio-
logical Record 81, 297–308; WHO, 2007. Weekly Epidemiological Record
82, 273–284; WHO, 2008. Weekly Epidemiological Record 83, 269–284;
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About 1.4 billion people are at risk of cholera, and 2.8
million cholera cases occur each year in endemic countries
and 8.7 � 104 occur in nonendemic countries. Additionally,
every year, about 9.1� 104 people die of cholera in endemic
countries, and 2.5� 103 die in nonendemic countries. Cholera
incidences are different in different countries, even in the
endemic regions like Kolkata (India), Jakarta (Indonesia),
and Beira (Africa), from where isolation of V. choleraeO1
strains only (during 2001–05) have been recorded.Figure 2
represents the rate of cholera in Jakarta (0.5 incidenc
1000 population � 1 year� 1), Kolkata (1.6 incidence 1000 pop-
ulation � 1 year� 1), and Beira (4.0 incidence 1000 pop-
ulation � 1 year� 1). The average global annual incidence rate
is 2.0 cases per 1000 people at risk. Considering the popula
tion living in no-risk zones, however, the estimated average
incidence in endemic countries lessened to 1.15 case
per 1000 population. The WHO has estimated that
disease burden worldwide is 3� 106–5 � 106 cases and
105–1.3 � 106 deaths year� 1. The global cholera cases, deaths
and outbreaks that have occurred in different countries and the
case fatality rate (CFR) are shown inTable 4 and Figure 3,
respectively. Young children living in endemic areas are mos
seriously affected by the disease, but adults and older children
also can get cholera, and the mortality can be high in all age
groups.
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WHO, 2009. Weekly Epidemiological Record 84, 309–324; WHO, 2010.
Weekly Epidemiological Record 85, 293–308; WHO, 2011. Weekly
Epidemiological Record 86, 325–340; WHO, 2012. Weekly Epidemio-
logical Record 87, 289–304.
The Seventh Pandemic El Tor Biotype

The � rst six cholera pandemics (1817–1923), among the
V. choleraeO1 classical and El Tor biotypes, were caused by th
classical strain. In 1961,V. choleraeO1 serogroup biotype El Tor
strains producing El Tor type CT initiated the seventh cholera
pandemic. The seventh pandemic is ongoing with a transien
epidemic occurring due to V. choleraeO139, in 1992. It has
been shown that the seventh cholera pandemic has sprea
from the Bay of Bengal in at least three independent but
overlapping waves with a common ancestor in the 1950s and is
responsible for several transcontinental transmission events
The El Tor strains have transmitted globally and have replace
the classical biotype in the current pandemic.

Biotype-speci� c CTXf is found in V. choleraestrains. El Tor
strains contain CTXET f (harboring El Tor type rstRand El Tor
type ctxB) and classical strains contain CTXCL f (harboring
classical typerstRand classical-typectxB). The sequences of the
ctxAgene-encoding subunit A of CT from both classical and E
Tor strains are identical (in amino acid sequence), but the
sequence ofctxB– the gene-conferring subunit B of CT– of the
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El Tor strain differs from that of the classical strain. The B
subunits of CT possess biotype-speci� c amino acid substitu-
tions at positions 18 and 47. Tyr-18 and Ile-47 are considered
originally typical of the El Tor biotype, whereas His-18 and Thr-
47 are typical of the classical biotype. The genotypic tests t
differentiate V. choleraeO1 biotypes include ctxB(cholera toxin
B), rstR (repeat sequence transcriptional), andtcpA(toxin-cor-
egulated pili) gene typing.

A new biotyping scheme identi� ed two biotypes ‘hybrid El
Tor’ and ‘El Tor variant’ among the newly emergingV. cholerae
O1 strains. The classical biotype is considered extinct, but new
El Tor strains with the classical-typectxB, which are considered
as atypical El Tor (including hybrid biotype and El Tor vari-
ants), have emerged since 1993, to date mainly in Asia and in
Africa. Such atypical variants have exhibited a new arrangemen
in CTX f , holding El Tor or classicalrstRand ctxBgenes. The
current O1 El Tor strains are known to produce a classical typ
of CT with His-18 and Thr-47 in CTB. TheVibrio choleraeO1
strains with conventional phenotypic properties of both clas-
sical and El Tor (polymyxin B; 50 units) susceptibility, and
positive for chicken erythrocyte agglutination (CEA), and
Voges–Proskauer (VP) test, are designated as‘hybrid biotype. ’
TheV. choleraeO1 with typical El Tor phenotypes (resistant to
50 units of polymyxin B, and positive for CEA and VP test)
produces classical-type CT but is designated as‘El Tor variant.’
The atypical strains currently are in the process of replacin
prototype El Tor worldwide. The V. choleraeO1 variants with
both classical (negative for the VP reaction) and El To
phenotypic expression (resistant to lysis by Mukerjee classica
phage IV) are known � rst from patients from Matlab,
Bangladesh. These strains possess phenotypic characteris
not speci� c for classical or El Tor biotypes and hence ar
considered to be hybrids. TheV. choleraeO1 Mozambique
strains displayed typical El Tor phenotypes, and their classica
biotype properties included detection of CTXCL f , and hence
are regarded as unique El Tor variants. The 1992 Kolkata VC5
and VC53 variant O1 strains displayed CTXCL f and the
absence of RS1. On the basis of their polymyxin B–resistant
phenotype, however, these strains were considered to be El To
Thus, they are known to be unique for Mozambique-variant
O1 strains. The presence of El Tor-speci� c gene clusters (vibrio
seventh-pandemic island (VSP) and repeat toxin (RTX)) in the
genome of strains indicating their El Tor lineage, and their CT
subunit B amino acid sequence of classical type, categorized th
strains in the classical biotype. TheV. choleraeO1 variants
contained El Tor genome backbone (El Tor–speci� c gene
clusters: VSP-I and -II, and RTX); CTXCL f and ctxBCL were their
classical biotypic features. During 2007–10, cholera outbreaks
in Vietnam were caused by a single clone of a variantV. cholerae
O1 biotype El Tor strain.
e

e

V. choleraePathogenicity

The pathogenicity ofV. choleraeinfection is due to CT and TCP,
which are regarded as key virulence factors ofV. cholerae, and
they are encoded by thectxABand tcpAgenes, respectively. Th
ctxABgene is located on the CTXf integrated on theV. cholerae
chromosome I. The Vibrio pathogenicity island (VPI)-1
contains the tcpA gene encoding TCP that is involved in the
colonization of V. choleraein the human intestine. It acts as the
receptor for CTX f to infect V. choleraestrains. The CT is
assembled with a toxic-active A-subunit (CTA), which remains
embedded within the circular B-subunit (CTB) homopentamer
responsible for the toxin binding to the cells. The 28 kDa CTA is
made up of 240 amino acids, and each of the CTB monomers is
11.6 kDa, including 103 amino acids.

The CTA is synthesized in the form of a single polypeptide
chain, but it is known to be modi � ed, through the action of
a V. choleraeprotease, into two fragments: CTA1 and CTA2
which remain linked by a disulfide bond. The toxic (enzymatic
ADP-ribosylating) activity of CTA resides in CTA1, wherea
CTA2 acts to insert CTA into the CTB pentamer. The CT acts o
the target cell by adenosine diphosphate (ADP)-ribosylation of
a guanosine triphosphate (GTP)-binding protein, which locks
the membrane-bound enzyme adenylate cyclase in an activ
conformation, and continued activation of the enzyme leads
to an elevation in the level of intracellular cAMP that in turn
stimulates water and electrolyte secretion by intestinal endo
thelial cells and leads to massive� uid loss and profuse diarrhea.

Thus, cholera, which is an acute diarrheal disease, is med
ated by noninvasive enterotoxin CT, secreted byV. choleraeO1
and V. choleraeO139 strains, and because of the ability of CT to
suppress induction of in� ammation during infection, bacter-
emia is rare. The current form of cholera cases is more seve
than before, because of the higher CT production by El Tor
variant strains than typical El Tor. The O139 strain having
classicalctxBgene produced more CT than the strain having E
Tor ctxBgene, indicating V. choleraestrains with El Tor back-
bone, but possessing the classicalctxBgene, produced more CT.

Non-O1 and non-O139 V. choleraestrains cause sporadic
cases of diarrheal illness mediated by toxins, which are distinc
from CT. The infection may lead to invasive extraintestinal
illness and potentially fatal bacteremia occurring mainly in
immunocompromised and cirrhotic patients.
Transmission and Disease Severity

TheV. choleraetransmission pathways include direct person-to-
person contact and indirect environment-to-human trans-
mission. In the human body, V. choleraecolonizes in the small
intestine, and thus infection normally starts with the ingestion
of contaminated drinking water (and food) into which it has
been introduced, and the source of contamination in
epidemics is usually the feces of infected persons. The infectio
may occur through water in which V. choleraeis found natu-
rally. Because V. choleraehas an environmental reservoir
(mainly in warm coastal brackish waters), water (and also
food) from such reservoirs may be contaminated. In an
epidemic, 22.47% of the patients were contracted with the
disease due to secondary person-to-person transmission. Th
occurrence of cholera epidemics is proportional to the preva-
lence of toxigenicV. choleraein the aquatic environment, but
ampli � cation of the involved strains in the human body and
their transmission by the fecal–oral route is an essential feature
of the epidemic.

Vibrio choleraepasses through the stomach, surviving the
gastric acid barrier, to adhere to the intestinal epithelial cells
and produce CT, causing cholera symptoms. A� ushing of the
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Figure 4 Gastrointestinal symptoms (%) from cases ofVibrio cholerae
O75 infection in an outbreak. Onifade et al., 2011. Text data converte
percentage.http://www.eurosurveillance.org/ViewArticle.aspx?
ArticleId¼19870.
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intestinal lumen leads to rice-water stool with a� shy odor, and
up to 20 l of watery diarrhea can be shed daily containing 109

V. choleraeml � 1 of stool. It has been reported that the infective
doses of environmentalV. choleraerange from 102 to 103 cells.
An incubation period of 1 –3 days (range of few hours to
5 days) results in painless voluminous diarrhea with some
abdominal pain or fever. Patient can experience an onset o
vomiting and voluminous rice-watery nonbloody diarrhea and
severe dehydration (>10% total body volume depletion)
within a few hours of disease onset due toV. choleraeinfection.
Thus, the disease is re� ected by profuse watery diarrhea and
vomiting that can lead to dehydration and hypotensive shock.
Individuals with cholera can die of dehydration. The dehy-
dration can be represented as (1) mild dehydration (charac-
terized by the presence of diarrhea, and corresponds to<5%
loss of the body weight), (2) moderate dehydration (charac-
terized by thirst, dry mucous membranes, sunken eyes, and los
of skin turgor; this corresponds to 5–10% loss of the body
weight), and (3) severe dehydration (characterized by uncon-
sciousness, weak pulse, inability to drink; corresponds to
>10% loss of the body weight). The symptoms like muscle
cramps are secondary to the electrolyte imbalances. If patien
are left untreated, the cholera fatality rate reaches 50% within
a few hours to days after onset of the disease.

Symptoms from non-O1 and non-O139 V. choleraeinfec-
tion are milder than those due to O1 and O139 V. cholerae
Affected individuals may develop acute, severe, dehydratin
watery diarrhea that can be fatal if not treated. The cases o
V. choleraeO75 infection, identi � ed in Florida, the United
States, had gastrointestinal symptoms (Figure 4) requiring no
rehydration treatment or hospitalization.
is
Diagnosis, Treatment, and Control ofV. cholerae
Infection

Diagnosis

Severe watery diarrhea in an individual over 5 years of age
highly suspicious for cholera. Diagnosis ofV. choleraeinfection
can be con� rmed by observing classic‘shooting star’ movement
of organisms in cholera stool under a dark� eld microscope. A
dipstick test for rapid diagnosis is available, and a microbio-
logical culture of stool and rectal swab on selective media
con� rms the diagnosis. ForV. choleraeisolation and identi � -
cation, a selective medium, TCBS agar is used, and th
serogroups and serotypes are con� rmed using V. cholerae-
speci�c antisera. The conventional laboratory methods for the
isolation and identi � cation of V. choleraerequiring culture and
biochemical testing, however, are costly, time consuming, and
laborious. There is report on a monoclonal antibody (mAb)–
based two-tip dipstick ELISA method detecting and differenti-
ating V. choleraetoxigenic (CtxB antigen) and nontoxigenic
(OmpW antigen) strains with high sensitivity and speci� city
using a mixture of C1024 ctxB and O1002 OmpW mAbs. The
results correspond to that from conventional cultures of the
samples. A combination of three biochemical tests, oxidase
sucrose fermentation on TCBS, and growth in trypton broth
(0% NaCl), is 100% sensitive and speci� c for V. choleraestrains.
The strains positive for such biochemical tests showed positive
PCR results for therecAgene. Stool culture, however, remains
the gold standard for cholera diagnosis.

d to
Treatment

Fluid therapy
It has been documented that the untreated cholera is fatal in
50% of cases. Oral rehydration salts (ORS) and, when nece
sary in severe cases, intravenous� uids and electrolytes, if
administered in a timely manner and in aggressive volumes
will reduce the case fatality rate to<1%. The WHO suggested
that among V. choleraeinfected persons, 80% developing mild
to moderate acute watery diarrhea require rehydration with
ORS, and the remaining 20% developing severe dehydration
need treatment with intravenous � uids to prevent cholera
deaths.

Chemotherapy
Without appropriate antimicrobial therapy, patients shed
V. choleraefor �5 days, and an effective antibiotic treatment
protocol can reduce shedding of the bacterium in feces from� 5
days to 1–2 days, thereby decreasing the diarrheic stoo
volume, the length of illness, and the chances of disease sprea
It has been reported that antibiotics reduce the volume of stool
output by 8–92%, duration of diarrhea by 50–56%, and
duration of positive bacteria culture by 26–83%. Thus, to
hasten recovery, in conjuncture with � uid therapy, chemo-
therapeutic agents are crucial for combating the disease sprea
Reportedly, patients treated with azithromycin (Az) pass less
stool volume, show shorter diarrheal duration, and require
lower � uid intake compared with patients treated with eryth-
romycin (Er).

Antimicrobial therapy is indicated for severe cases, which
can be treated with T, doxycycline (Dx), furazolidone (Fz), Er,
or cipro� oxacin (Cp). When possible, antimicrobial suscepti-
bility testing should inform treatment choices. Vibrio cholerae
O1 outbreak strains from Vietnam were susceptible to ampi-
cillin/amoxicillin (Am/Ax), Dx, chloramphenicol (C), Cp, and
Az. Antibiotic therapy can be recommended for all hospitalized
patients. Dx remains the � rst-line treatment of cholera, but
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Table 5 Minimum inhibitory concentration (MIC) of cipro� oxacin (Cp) and its ef� cacy againstVibrio cholerae

Year MIC (mg ml� 1) Dose with % efÞcacy Patient

1993� 1995a � 0.003 94% ef� cacy of a single 1 g dose Adults
2001� 2002b 0.023–0.047 60% ef� cacy with a single dose (20 mg kg� 1) Children
2002� 2004c 0.25 27% ef� cacy of a single 1 g dose Adults

Note the association between increased Cp MIC and decreased rate of treatment failure of Cp therapy.
aKhan et al., 1996. Lancet 348, 296–300.
bSaha et al., 2005. Lancet 366, 1085–1093.
cSaha et al., 2006. New England Journal of Medicine 354, 2452–2462.
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alternate drug choices include T, Cp, Az, Er, C, Fz, an
trimethoprim-sulfamethoxazole (Tm-Smz). Er/Az is effective,
appropriate, and has been recommended as a� rst-line drug for
children and pregnant women, and Cp and Dx have been
recommended as the second-line drugs for children. The ef� -
cacy of Cp, an important � uoroquinolone used in cholera
treatment, is shown in Table 5. The antibiotic, sita� oxacin,
which has not been used for the treatment of cholera thus far
was found to be four to six times more potent against
V. cholerae, compared with � uoroquinolones, including Cp,
suggesting its probable use in the treatment of � uo-
roquinolone-resistant V. cholerainfection.

Phytotherapy
Various natural compounds can be used to treat cholera in
parallel to the conventional therapeutic agents. Black tea
(Camellia sinensis) extract was found to be useful in combating
drug resistance of V. choleraeOgawa, for which the zone
diameter of inhibition of the extract ranged 13–21 mm and the
minimum inhibitory concentration was 200 –600 mg ml� 1. The
extract had bactericidal action at 256mg ml� 1. Any kind of
antimicrobial agent targeting bacterial viability, however, may
impose selective pressure and facilitate development of anti
microbial resistance.

Capsaicin, one of the active compounds present in red chili
can inhibit CT production in V. choleraestrains regardless of the
serogroups and biotypes. Red chili and the capsaicin inhibit CT
production in V. choleraewithout affecting bacterial growth.
Because the agents act against virulence expression rather th
the viability of V. cholerae, the chance of developing antimi-
crobial resistance is reduced. The inhibitory effect of spice an
plant extracts or their active components on CT production in
V. choleraeare depicted inTable 6. Regular intake of commonly
available and inexpensive spices, such as red chili, sweet fenn
Table 6 Inhibitory effect of plant-based components on cholera
toxin (CT) production inVibrio cholerae

Spice/plant extract/active component
% Inhibition of CT
production

Red chili (Capsicum annuum)a methanol extract � 90
Cassia bark methanol extractb 45–86
Red pepper methanol extractb 53–80
Star anise methanol extractb 6–66
Capsaicinb (N-anillyl-8-methyl-nonenamide) 70–99

aChatterjee et al., 2010. FEMS Microbiology Letters 306, 54–60.
bYamasaki et al., 2011. Indian Journal of Medical Research 133, 232–239.
and white pepper, can be a possible approach to� ght against
V. choleraeinfection.
Control

According to the WHO’s recommendation, control of cholera
requires the provision of safe drinking water, adequate and
proper sanitation, and proper management of cholera patients.
The WHO recommends the use of safe and effective oral choler
vaccines (OCVs) in cholera-endemic regions and suggests th
use of OCVs in addition to the available prevention and control
measures in outbreak-risk zones. The mathematical models o
cholera transmission based on Haiti’s cholera data stated
that the combined, clean-water provision, vaccination, and
expanded access to antibiotics might avert thousands of death
The internationally licensed recombinant–cholera toxin B
subunit killed whole-cell (rBS-WC) vaccine provides herd
protection along with its direct effectiveness (79%) in residents
in Zanzibar, in east Africa, and this was with a level of protec-
tion similar to that recorded in Beira, Mozambique (78% direct
protection). Cholera transmission can be controlled in endemic
areas with 50–70% coverage (depending on the level of
immunity in the population) of OCVs by reducing the annual
incidence rate of�1 case per 1000 people in the population. It
has been reported that killed WC OCVs conferred herd
protection to residents in Bangladesh who were not provided
with the vaccine.Figure 5 shows the percentage of prevention
of cholera cases (2003–2005), with 50 and 75% OCV coverage,
in Kolkata, India. In Haiti ’s 2010–11 outbreak, the use of OCVs
Figure 5 Prevention (%) of cholera cases in rapid response time with
different OCV coverage in Kolkata, India. Reyburn et al., 2011. PLoS
Neglected Tropical Diseases 5, e952. doi:10.1371/journal.pntd.0000952.
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had an effect on mortality rates, resulting in a decrease in cas
fatality rates to <1%. Nevertheless, the cholera vaccination
must be synergistic with other cholera prevention and
control measures, and more studies are required to evaluat
this effect.
,
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Figure 6 Antibiotic resistance ofVibrio choleraeO1 and O139 strains
causing cholera in China. Yu et al., 2012. PLoS ONE 7(6), e38633.
doi:10.1371/journal.pone.0038633 (modi� ed).
Antibiotic Resistance ofV. cholerae

The rampant use of antibiotics in the treatment of bacterial
infection, including V. cholerae, leads to the development of
single- to multiple-drug resistance among the bacterial strains
causing treatment failure of the infection, which in turn results
in outbreaks and epidemics. TheV. choleraeO1 strains showing
resistance to T (the drug of choice for treating cholera) were
associated with major epidemics as reported in Latin
America, Tanzania, Bangladesh, and Zaire. A number of choler
epidemics and outbreaks were associated with multidrug-
resistantV. choleraestrains, and the antibiotic-resistant pattern
of the strains has changed frequently. Worldwide, it has been
reported that there is great variation in antibiotic resistances
among V. choleraeO1 strains (Table 7). Vibrio choleraeO1
biotype El Tor – showing resistance to co-trimoxazole
(trimethoprim; Tm-sulfamethoxazole; Smz), Fz, sulfafurazole,
streptomycin (Str), and nalidixic acid (Nx) – recently has been
reported from Haiti. Different resistance patterns (Fz-Nx-Tm-
Smz, 44% isolates; Am-Fz-Nx-Tm-Smz, 24% isolates; an
Er-Nx-Tm-Smz, 32% isolates) amongV. choleraeO1 El Tor
Ogawa isolates have been reported from Nepal. The O1 strain
exhibited lower resistance rates to eight antibiotics compared
with O139 strains from China. Figure 6 shows resistance to
eight antibiotics for V. choleraeisolates. The Tamil Nadu (India)
V. choleraeO1 Hikojima strains showed 100% sensitivity to Cp
and Az, and 100% resistance to Tm-Su-Nx. The isolates from
Vietnam exhibited a high rate of resistance to Tm-Smz (100%)
Nx (100%), and T (29%). It has been documented that the
Table 7 Antibiotic resistance patterns of outbreak causingVibrio choler

Year of occurrence Place of outbreak

2000a Kolkata
2000–04b Hubli

2001–06c Delhi
2002d Gujarat
2002–03e Chandigarh
2004f Chennai
2004g Chandigarh
2005h Sangli
2005i Orissa
2010j Tamil Nadu

Cb, carbenicillin; Cfx, cefotaxime; Cm, clindamycin; Cpx, cephalexin; Cx, cloxa
aSengupta et al., 2001. Indian Journal of Community Medicine 26, 137–140.
bChandrasekhar et al., 2008. Southeast Asian Journal of Tropical Medicine an
cDas et al., 2008. Indian Journal of Medical Research 127, 478–482.
dKumar, 2005. Indian Journal of Community Medicine 30, 146–147.
eKaistha et al., 2005. Indian Journal of Medical Research 122, 404–407.
fGoel et al., 2010. Japanese Journal of Infectious Diseases 2005 58, 238–240.
gTaneja et al., 2005. Japanese Journal of Infectious Diseases 58, 238–240.
hKulkarni et al., 2007. Indian Journal of Medical Microbiology 25, 76–78.
iPal et al., 2006. Japanese Journal of Infectious Disease 59, 266–269.
jSekar et al. 2012. Indian Journal of Medical Research 135, 678–679.
V. choleraeO1 serotype Ogawa strains produced TEM-63
b-lactamase, coinciding with a ceftazidime minimum inhibi-
tory concentration (MIC) of 64 mg ml� 1.
Plasmid-Mediated Resistance

A 200 kb self-transmissible plasmid, amongV. choleraeO139
strains, mediating Am-C-Tm-Smz-G (gentamycin)-Km (kana-
mycin)-T resistance has been reported.Vibrio choleraeO1 El Tor
isolated from patients in Uganda possessed a 130 MDa
plasmid conferring Am-C-Tm-Smz-G-Str-T resistance, whic
was transferred fromV. choleraeto other enteric bacteria, indi-
cating its potential to spread. The V. choleraestrains with
plasmid, of different sizes, encoding multidrug resistance of
various patterns have been reported from different parts of the
globe (Table 8).
aeisolates in India

Strain involved Resistance pattern

V. choleraeO1 El Tor Am-Tm-Smz-Nx-Str
V. choleraeO1
V. choleraeO139

Ax-Tm-Smz-Nx-Nfx-Cp

V. choleraeO1 El Tor Fz-Nx-Tm-Smz-Cp
V. choleraeO1 El Tor Tm-Smz-T-Cb-Cm-Cx-Cpx
V. choleraeO1 El Tor Tm-Smz-Fz-Ax-C
V. choleraeO1 El Tor Nx-Ntr-Str-Smz-Tm
V. choleraeO1 El Tor Tm-Nx
V. choleraeO1 El Tor T
V. choleraeO1 El Tor Fz-Nx-Co-Str
V. cholerae Am-Tm-Smz

cillin; Nfx, nor� oxacin; Ntr, nitrofurantoin.

d Public Health 39, 1092–1097.
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Table 8 Plasmid-encoded multidrug resistance ofVibrio choleraefrom different parts of the globe

Geographical region Strain Resistance pattern Plasmid

Tanzaniaa V. choleraeO1 El Tor Cb-Pc 33.7 MDa
Algeriab V. choleraeO1 El Tor Am-C-Su-Tm 72 MDa
Albania and Italyc V. choleraeO1 El Tor T-Str-Tm-Smz 60 MDa
Indiad V. choleraeO1 El Tor Am-Tm-T-Er;

Tm-T-Er/Am-Tm
53.7 kb;
50 kb/50 kb

Indiae V. choleraeO139 Bengal Am-Str-C-Tm-Smz 35.8 MDa
Zambiaf V. choleraeO1 El Tor Tm-Smz-T 140 MDa
Argentinag V. choleraeO1 El Tor Am-C-T-Tm-Str-Km-ESBL 150 kb
Thailandh V. choleraeO1 El Tor Am-C-Nm-Km-G-T-Tm-Smz 100 MDa

Cb, carbenicillin; ESBL, extended-spectrum beta-lactamase; Nm, neomycin; Pc, penicillin; Su, sulfonamide.
aAlison et al., 1986. Antimicrobial Agents and Chemotherapy 30, 245–247.
bDupont et al., 1985. Antimicrobial Agents and Chemotherapy 72, 280–281.
cFalbo et al., 1999. Antimicrobial Agents and Chemotherapy 43, 693–696.
dMandal et al., 2010. Asian Paci� c Journal of Tropical Medicine 3, 637–641.
eMisra et al., 1998. Medical Journal of Armed Forces in India 54, 222–224.
fMwansa et al., 2007, Epidemiology and Infection 135, 847–853.
gPetroni et al., 2002, Antimicrobial Agents and Chemotherapy 46, 1462–1468.
hTabtieng et al., 1989, American Journal of Tropical Medicine and Hygiene 41, 680–686.

Table 9 Demonstration of SXT element among differentVibrio
choleraestrains

Region V. choleraestrain % Isolates

Kolkata, Indiaa V. choleraeO139 65.52
Different places, Indiab V. choleraeO1 97.2

V. choleraeO139 59.7
non-O1/non-O139 12.5

Wardha, Indiac V. choleraeO1 94.7
non-O1/non-O139 100

aAmita et al., 2003. Emerging Infectious Disease 9, 500–502.
bRamchandran et al., 2007. Journal of Medical Microbiology 56, 346–351.
cPande et al., 2012. Indian Journal of Medical Research 135, 346–350.
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Resistance Mechanism

Vibrio choleraestrains have ef� ux pumps acting on several anti-
microbials and elaborate enzymes that hydrolyze many antibi-
otics. The SXT or‘conjugative self-transmissible integrating
element.’ element is known to transfer antibiotic resistances
among V. choleraeisolates. The occurrence of SXT element an
its role in horizontal transfer, as has been studied in different
parts of the globe, emphasizes the need for its detection in the
vigilance of drug resistance inV. cholerae.SXT, in V. cholerae,
carries Tm-Smz-Str-C resistances. TheV. choleraestrains harbor
the SXT element, and associated SXT-resistant genes show
intermediate- to high-level resistance to Tm, Smz, C, and T hav
been recorded. Differences in the antibiotic-resistant gene clus
ters in the SXT element found inV. choleraeO1 and O139 strains
have been reported.Vibrio choleraestrains also share conjugative
R-plasmids, enabling transfer of antimicrobial resistances
among the strains (Table 9). Resistance to quinolones, including
Cp in vibrios, is due to the phenomenon of mutation in gyrA
gene encoding a subunit of DNA gyrase and also due to a muta
tion in parCgene encoding a subunit of DNA topoisomerase IV
n

us
Conclusion

Cholera, which is the result of the infection of toxigenic
V. cholera, is a life-threatening diarrheal disease. Seve
pandemics of cholera and a large number of outbreaks and
epidemics have been recorded worldwide.Vibrio cholerae is
native to the aquatic environment, and its transmission
mainly occurs through fecally contaminated drinking water.
Monitoring the pathogen in water (and in food) as well as in
fecal samples is important in combating cholera. Stool culture
remains the gold standard for cholera diagnosis, but its lack of
sensitivity may lead to an underestimation of test speci� city.
Thus, rapid diagnostic tests are important to enhance the
con� rmation of early outbreak detection or epidemiological
surveillance, which are the key components of ef� cient global
cholera control. To successfully monitorV. choleraeinfection,
especially in endemic areas, cholera surveillance programs ca
adopt a biochemical pro� le of positive sucrose fermentation
on TCBS agar, positive oxidase reaction, and growth in alka
line peptone water without NaCl, providing 100% sensitivity
and speci� city for the identity con � rmation of V. cholerae. The
availability of oral rehydration solution, access to safe
drinking water, proper sanitation facilities, and sound
personal hygiene help communities prevent cholera from
becoming an epidemic outbreak. The WHO’s recommenda-
tion for the treatment of cholera is an oral or intravenously
administered solution containing glucose, sodium chloride,
potassium chloride, and trisodium citrate, which can save
a patient from mild to moderate and severe dehydration.
Appropriate antibiotics (based on susceptibility patterns) can
be recommended for the treatment of cholera patients with
severe dehydration. When the associated strains are foun
susceptible, young children and pregnant women may be
treated with Er or Az; Dx and� uoroquinolones may be used to
treat other individuals. Finally, the WHO has advocated the
use of OCVs during outbreaks as an adjunct in controlling
cholera.
See also: VibrioIntroduction, IncludingVibrio parahaemolytic,
Vibrio vulniÞcus, and OtherVibrioSpecies;Vibrio: Standard
Cultural Methods and Molecular Detection Techniques in
Foods.
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Introduction

Vinegar is essentially a dilute solution of acetic (ethanoic) acid
in water. Acetic acid is produced by the oxidation of ethanol by
acetic acid bacteria, and, in most countries, commercia
production involves a double fermentation where the ethanol
is produced by the fermentation of sugars by yeast. As a resu
the traditional vinegar and the traditional alcoholic beverage of
a country or region often share a common source. This can b
seen in the preponderance of wine vinegar in countries such a
France and Italy, malt vinegar in the UK, and rice vinegar in
Japan.

In all probability, the discovery of vinegar was a fortuitous
result of a failure to produce an acceptable alcoholic beverag
and goes back to the very origins of basic food processing.

The long history of vinegar production is testimony to the
robustness of the fermentation steps involved. With only
modest control measures and without the application of
sophisticated microbiological expertise, the process will work
reliably and reproducibly. The organisms necessary are gene
ally part of the natural micro� ora of the raw materials used,
and the fermentation conditions are selective for their growth
and inhibitory to the growth of most competing organisms.

Vinegar does not generally command the same high price o
esteem enjoyed by alcoholic beverages but has for centurie
made an important contribution to quality, safety, and avail-
ability of foods d a role that shows no sign of diminishing,
despite the advent of alternative methods of food preservation
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r

d

s

l
s

ap

Table 1 Selected vinegar production statistics, 2008

Country Volume (1000 hl) Value (US $ 106)

Brazil 4511.86 85.74
Bulgaria 85.00 3.74
Chile 87.58 7.70
Croatia 88.00 –
Czech Republic 34.00 14.29
Finland 34.00 4.39
Germany 1726.25 177.36
Iran (Islamic Rep. of) 380.00 –
Industrial Output

Some data for the volume and value of vinegar production in
a selection of countries are presented inTable 1. The countries
with the largest exports of vinegar based on both value and
volume in 2009 were Italy, Germany, and Spain, with Italy
exporting 83 million liters, Germany 49 million, and Spain
31 million liters. In terms of volume, the most important single
type of vinegar is that produced from puri� ed ethanol, known
as spirit vinegar in the UK and distilled vinegar in the United
States. It is widely used in food processing because it is wate
white and can be produced at higher strengths than many othe
vinegars (up to around 18% acidity [w/v]). In the developed
world particularly, there is considerable growth in the market
for higher value specialty vinegars such as balsamic, sherry, an
red wine vinegars.
ly

Japan 4043.00 –
Poland 412.70 17.89
Romania 218.00 1.80
Russian Federation 173.00 –
Spain 1154.00 98.14
Sweden 63.27 4.57
Ukraine 22 493.00 –
United Kingdom 889.76 63.08

Source: UN data (http://data.un.org/).
The Production Process

The overall transformation of raw materials into vinegar is
outlined in Figure 1. Both ethanol and acetic acid are primary
metabolites, end products of the main energy-yielding path-
ways of the organisms concerned, and so yields are relative
high. Both the alcoholic fermentation and the aceti� cation
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
stages can proceed with ef�ciencies that are 90% of those pre-
dicted from the stoichiometry of the process considered as
a simple chemical reaction, that is, ignoring substrate losse
due to conversion into biomass and other materials. Conse-
quently, a reasonable expectation would be the production of
1% (w/v) acidity in a vinegar from every 2% (w/v) fermentable
sugar in the original substrate.

The minimum legal standard for the acetic acid content of
table vinegar varies, but is generally between 4 and 6% (w/v)
Therefore any material that contains suf� cient fermentable
sugar to furnish a 10–12% (w/v) solution has the potential to
be used as a source of vinegar.
Alcoholic Fermentation

For many years vinegar makers have exploited lapses in th
brewer’s or the wine maker’s art as sources of relatively chea
raw materials. This is the exception nowadays, howeve
because for consistent and reliable production the alcoholic
feed must be produced speci� cally for vinegar production. Not
surprisingly though, the alcoholic fermentation process used
by vinegar brewers is broadly very similar to that used in the
production of alcoholic beverages.
Starchy Crops

When starchy crops such as cereal grains are used, the sta
must be converted into fermentable sugars. In the production
of malt vinegar, the endogenous starch degrading enzyme
produced during the malting of barley do this, although in
some cases commercially produced concentrates of microbia
enzymes may be added. Other starchy materials, such a
unmalted cereals or starch, can be added as a relatively che
78-0-12-384730-0.00348-7 717

http://data.un.org/
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 STARCHY CROPS
e.g. barley

             rice
             maize
             potatoes
             cassava

SACCHARINE CROPS
e.g. grapes

             apples
             palm sap
             bananas
             pineapples

SACCHARIFICATION
(malting, mould enzymes)

EXTRACTION
(pressing, tapping)

FERMENTABLE SUGARS
(sucrose, maltose, glucose, fructose)

ALCOHOLIC FERMENTATION

2 C2H5OH + 2 CO2C6H12O6

Saccharomyces
cerevisiae

Anaerobic conditions

ETHANOL

ACETIFICATION

CH3COOH + H 2OC2H5OH + O2
Aerobic conditions

Acetic acid bacteria

VINEGAR
(ACETIC (ETHANOIC) ACID)

Figure 1 Vinegar production.
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supplemental source of carbohydrate, up to levels of about
30%. This mix is converted to a fermentable solution known as
‘wort’ by the process of‘mashing.’ The principal reaction within
mashing is the hydrolysis of starch into fermentable sugars
mainly maltose, by a- and b-amylases. The activities of other
malt enzymes such as proteases and glucanases are, howev
important in achieving the fermentability and stability of wort.
The a-amylase attacks the solubilized starch molecule
randomly, cleaving a-1,4-glycosidic linkages and reducing the
viscosity of the wort; and the b-amylase acts on the dextrins
produced, cleaving maltose units from the nonreducing end of
the molecule.

Two approaches to mashing are traditionally used: infusion
and decoction mashing. In the former, the malt and starch
adjunct are milled together and heated with water at a constan
temperature, usually around 65� C. In decoction mashing, the
mix is taken through a range of temperatures by removing
a proportion, heating it and returning it to the bulk. This
procedure exploits the differing optimum temperatures of the
different enzymes present, so maximizing their activity, and is
particularly useful with less well-modi� ed (degraded) malts.
Nowadays, a hybrid of infusion and decoction mashing is
frequently used.

Typically, mashing takes about 3 h. The sweet wort is then
run off to the fermenters. It is at this stage that the production
process of malt vinegar diverges from that of beer brewing. In
the latter, the sweet wort is boiled with hops before fermenta-
tion; this helps stabilize the wort, extracts� avor components
from the hops, and inactivates the malt enzymes. None of these
actions is necessary in the production of malt vinegar: Hops are
not necessary for� avor, and it is advantageous that the activity
of the starch-degrading enzymes continues as long as possible
maximize the conversion of residual dextrins to fermentable
sugars, thus boosting the overall yield.

A different approach is applied in the production of rice
vinegar in Asian countries. The rice starch is generally converte
into fermentable sugars by the action of amylolytic enzymes
produced by molds growing on the substrate. In Japan, the
mold Aspergillus oryzaeis used, andRhizopusand Mucorspecies
are used in China. The mold is grown on the rice to produce
‘koji, ’ which is added to steamed rice in a ratio of about 1:3 and
then mixed with ‘moto ’ (a yeast inoculum: see below) and
water. The amylolytic activity of the koji continues throughout
the fermentation, although anaerobic conditions prevent
further growth of the mold.
Saccharine Crops

In the case of saccharine materials such as fruits, the process f
preparing the alcoholic vinegar stock is relatively simple.
Materials with a high sugar content such as molasses or hone
have to be diluted to an appropriate strength, typically 10–15%
sugar (w/v). Small amounts of nutritional supplements, for
example, ammonium salts, may be added, and the pH may be
reduced to favor yeast fermentation. Most fruits are simply
crushed and pressed to extract a juice that can be fermente
directly, although pectinolytic enzymes may be used to facili-
tate the extraction of the juice.
Yeast Inoculum

Once the fermentable solution has been prepared, a suitable
yeast inoculum, generallySaccharomyces cerevisiae, is added. The
strains may be specially selected, or reconstituted active drie
bakers’ years may be used. In some regions a spontaneou
yeast fermentation occurs, for example, in the production of
palm sap vinegars in countries such as Sri Lanka and th
Philippines. Here the palms are tapped to produce a saccharin
juice, which is fermented by yeasts adhering to the insides o
the collection vessels. The degradative fermentation tha
removes the sweet mucilage surrounding cocoa beans t
produce cocoa sweatings is another spontaneous fermentatio
that has been exploited for the production of vinegar.

The prime objective of the alcoholic fermentation is to
maximize the conversion of carbohydrate to ethanol: at this
stage sensory characteristics are far less important than they a
in the production of alcoholic beverages. It is also important,
however, to maintain adequate levels of hygiene, to ensure tha
premature aceti� cation does not occurd this would inhibit
yeast activity and lead to inef� ciency in the overall conversion
of sugar to acetic acid.
Acetic Acid Bacteria

The second stage of vinegar production is aceti� cation, which
involves the oxidation of ethanol to acetic acid by bacteria.
Bacteria capable of oxidizing ethanol to acetic acid are
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Figure 2 Oxidation of ethanol byAcetobacter. PQQ: pyrrolo-quinone; Q: ubiquinone.
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described as acetic acid bacteria. They are Gram-negati
catalase positive, oxidase negative, and ellipsoidal to rod sha
ped. The cells can vary in length from< 1 mm to>4 mm and can
occur singly, in pairs, and in chains.

Currently, there are 10 recognized genera of acetic ac
bacteria, although only three are commonly associated with
vinegar production: Acetobacter, Gluconobacter,and Gluconace
tobacter. All have the ability to oxidize ethanol to acetic acid,
though Acetobacterand Gluconacetobactercan oxidize acetic acid
(and lactic acid) further to CO2 and H2O. This ability (which is
less marked inGluconacetobacter) is potentially detrimental to
vinegar production because it would convert product to carbon
dioxide but is inhibited at low pH and in the presence of
ethanol. For these reasons, aceti� cations are run at low pH
whenever possible and are terminated while there is still some
ethanol remaining in the product. Once a population of acetic
acid bacteria is overoxidizing, it is not possible to revert back to
partial oxidation. Complete sterilization of the fermenter and
restarting with a fresh culture are necessary.

Very early studies demonstrated that the oxidation of
ethanol to acetic (ethanoic) acid proceeds via acetaldehyd
(ethanal). In acetic acid bacteria, this appears to be a largel
membrane-associated process employing enzymes localized
the periplasmic space. Membrane-bound alcohol dehydroge
nase and aldehyde dehydrogenase both use the prosthet
group pyrrolo-quinoline quinone (PQQ), often containing
cytochrome c. Both enzymes donate electrons to a ubiquinone
embedded in the membrane phospholipids, and the ubiquinol
produced is then oxidized by a terminal oxidase, an activity
associated with cytochromesa1, b, and d in different species.
Thus the oxidation of ethanol results in the net translocation of
protons across the cell’s plasma membrane, generating
a proton motive force that can be used to drive vital processe
(Figure 2).
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The AcetiÞcation Process

Aceti� cation is usually allowed to proceed directly in the clar-
i� ed or partially clari� ed alcoholic stock, which retains suf� -
cient nutrients to support the process. The production of spirit
vinegar generally uses the distillate from a fermented mash or
in the United States, ethanol from petrochemical sources. Suc
materials are devoid of bacterial nutrients which must be
supplied for successful aceti� cation to occur. Some companies
have their own formulations for nutrient supplementation, but
commercial preparations that provide the necessary mix o
minerals, growth promoters, and vitamins in a colorless form
are available.

From the stoichiometry of the aceti� cation reaction, 1 l of
ethanol should produce 1.036 kg of acetic acid and 0.313 kg of
H2O. Therefore, 1% (v/v) ethanol in vinegar stock should yield
approximately 1% (w/v) acetic acid on complete oxidation.
This relationship allows the calculation of the expected strength
of a vinegar and of the overall process ef� ciency, and enables
monitoring of the extent to which losses may be occurring due
to overoxidation and/or evaporation. The composition of an
acetifying liquid is expressed as its concentration sum or GK
(from the German, Gessammte Konzentration) (eqn [1]):

GK ¼ %ðv=vÞethanol þ %ðw=vÞacetic acid [1]

The GK indicates the ultimately attainable acetic acid
content, although aceti� cation is usually terminated slightly
below this value, while some ethanol still remains, to prevent
overoxidation. The GK should, in the absence of overoxidation
and evaporative losses, remain constant throughout the
process. The extent to which this is achieved is expressed by t
GK yield (eqn [2]):

GK yield ¼ 100
Final GK
Initial GK

[2]

The techniques used in commercial vinegar production differ
in the way in which the three interacting components– ethanol,
acetic acid bacteria, and O2 (air) – are brought into contact.
Surface Culture

The simplest technique is surface culture in which the aceti
acid bacteria grow as a surface� lm on the acetifying stock.
This is held in a partially � lled vessel, usually a barrel, in
which holes have been drilled to improve air circulation. The
process can be operated batchwise, the contents bein
allowed to acetify until the required level of acidity is reached
and most of the ethanol is exhausted, at which stage the
contents are removed and the vessel is re� lled with fresh
alcoholic stock. In the re� nement of this technique known as
the Orleans process, aceti�cation is operated semi-
continuously in order to reduce delays and losses that resul
from the bacterial � lm having to reestablish itself after each
batch. When the aceti� cation is complete, a proportion of the
stock is removed through a tap and replaced with fresh alco
holic stock without unduly disturbing the � lm. This approach
has the additional advantages that the bacteria operate ove
a limited range of concentrations of acid and ethanol, and the
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acidity in the cask never drops to a level at which contami-
nation may become a problem.
g
y

e
r

-

s

t
,

e

-

d

,

is

d

Quick Vinegar Process

Faster rates of aceti� cation can be achieved by increasing the
area of contact between the bacteria, the air, and the acetifyin
stock. In the quick vinegar process, this increase is achieved b
allowing the bacteria to grow as a surface� lm on an inert
support material, such as wood shavings, packed in a fals
bottomed tower (Figure 3). The acetifying wash is sprayed ove
the top of the wood shavings and trickles down through the
bed against a countercurrent of air drawn up the tower. Theo
retically, the oxidation of 1 l of ethanol at 30 � C would require
about 2150 l of air but normally the passage of 3–4 times that
volume is required. Air can be pumped in at the base of the
tower, but the simplest quick vinegar generators rely on the
natural current of air drawn up through the tower by the heat of
the reaction within it.

Aceti� cation is a far more exothermic reaction than alco-
holic fermentation. Approximately 8.4 MJ are produced in the
form of heat for every liter of ethanol oxidized, and the high
rates of aceti� cation achieved often necessitate cooling the
generator to prevent the temperature from increasing to level
at which the bacteria would be inactivated. Cooling can be
achieved by equipping the generators with cooling coils or,
more commonly, by passing the acetifying wash through a hea
exchanger. In one type of automatic quick vinegar generator
the wash temperature is adjusted to 28� C before passing
through the packed bed from which it emerges at 35� C, but
some generators have been run very ef�ciently at temperatures
as high as 40–43 � C.

The acetifying wash is collected in a sump at the base of th
vinegar generator and is recirculated through the tower until
aceti� cation is complete. At this stage a proportion of the wash
is drawn off and replaced with fresh vinegar stock.

Problems may result either from lack of homogeneity in the
packed bed, which could lead to channeling or overoxidation,
Exhaust

Sparger

Packing

Air holes

Vinegar in
process

Pump Heat
exchanger

Finished vinegar
out / fresh stock in

Figure 3 The quick vinegar process.
or from the development of cellulose-producing strains of
Acetobacter, which can cause the bed to become blocked and
waterlogged.
Submerged Culture

Submerged aceti� cation, the most technically advanced
method of aceti� cation, is essentially similar to other
submerged fermentations in which the organisms are sus
pended in the medium and an O2 supply is maintained by
bubbling air through the stirred suspension. The most
successful submerged aceti� er in commercial use is the Frings
Acetator (Figure 4) of which there are about 700 around the
world. This has a number of special features, most notably the
aerator, which consists of a hollow-bodied turbine surrounded
by a stator, two static rings separated by a series of angle
plates. The turbine is rotated at speeds of 1450–1750 rpm by
a motor underneath the fermenter vessel. As the turbine rotates
it draws air down a pipe and creates an air– liquid emulsion
(foam), which is ejected radially through the stator to ensure
very ef� cient O2 transfer to all parts of the vessel. Baf� es in the
vessel prevent its contents rotating as a whole. The Acetator
� tted with a mechanical defoamer and an Alkograph that
automatically monitors the concentration of ethanol in the
vessel.

Like the Orleans and quick vinegar processes, submerge
aceti� cation is run semicontinuously, although continuous
operation is possible with low vinegar strengths. Typically, the
initial concentration of acetic acid is between 7 and 10% (w/v)
and the ethanol concentration about 5%. The cycle is termi-
nated when the residual ethanol concentration falls to around
0.3%, after about 24–48 h. The Acetator will normally produce
vinegar with a strength of up to 15% (w/v) acetic acid, which
is comparable to that produced using other aceti� cation
Figure 4 The Frings Acetator.
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techniques. However the Frings Company has developed
technique using two fermenters in series whereby vinegar o
up to 18.5% acidity can be obtained.

Submerged aceti� cation has the advantage of compactness
a low requirement for labor and high ef� ciency. It does,
however, have a high capital cost relative to other techniques
and it consumes power and cooling water at a higher rate. In
addition, the process is particularly susceptible to power fail-
ures; if the O2 supply is interrupted, even brie� y, the bacteria
rapidly succumb to the high acidity of the medium and die. For
example, in a wash with a GK of 11.35, an interruption in
aeration of 1 min completely stopped aceti� cation, and there
was no signi� cant recovery when aeration resumed. Also, th
vinegar produced by submerged aceti� cation is cloudy and
requires � ning and � ltration.
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Microorganisms

The organisms used in commercial vinegar production using
the Orleans and quick vinegar techniques are generally no
derived from pure cultures but have been selected because
their ef� cient performance in practice. Studies of isolates from
commercial vinegar plants, using classical phenotypic and
modern molecular techniques, have shown that the micro� ora
present on the wood shavings in quick vinegar generators i
quite heterogeneous. This can be advantageous in terms
increasing resistance to attack by bacteriophages.

Molecular studies have shown that the micro� ora in
commercial submerged aceti� ers in Germany is much simpler
than that in quick vinegar generators, consisting of one or a few
strains of the speciesGluconacetobacter europaeus. This may
account for the greater susceptibility of submerged aceti� cation
to problems arising from phage infection. Acetic acid bacteria-
speci�c phages have been demonstrated in both quick vinega
generators and submerged aceti� ers. In quick vinegar genera
tors, they may cause only a reduction in the aceti� cation rate
rather than complete cessation. Recommended precaution
against phage infection include pasteurization of the vinegar
stock, use of sterile� ltered air, and the physical separation of
submerged aceti� ers from quick vinegar generators, which may
act as reservoirs of infection.
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Postfermentation Processing

After aceti� cation, it may be necessary to store the vinegar whil
it stabilizes. During this period, previously soluble constituents
such as tartrate (in wine vinegars) and proteins may precipitate
out, and chemical reactions may occur between constituent
such as alcohols and acids that contribute to the bouquet of the
product. The period of storage necessary depends on the ra
materials used and the acidity of the productd vinegars with
high acidity are likely to stabilize more quickly.

Vinegars produced by the Orleans process are often quit
clear when removed from the cask, but most vinegars need t
be � ltered. This is often preceded by� ning with bentonite,
particularly in the case of vinegars produced by submerge
aceti� cation.

Pasteurization or‘hot-� lling ’ will ensure microbial stability
of the product and prevent formation of turbidity or a surface
� lm due to growth of acetic acid bacteria. Sulfite is a permitted
preservative in many countries and is usually used in the
concentration range 50–200 mg l� 1. In addition to its antimi-
crobial effect, its antioxidant properties help to prevent
browning during storage. Coloring agents such as caramel ma
be added to ensure a consistent product color, but in the case o
spirit vinegar, a water-white product is required and it may be
necessary to decolorize it with activated charcoal.
Uses of Vinegar

The principal uses of vinegar are as a condiment and a food
ingredient to � avor and acidify foods. A large proportion of
commercially produced vinegar, up to 70% in the case of the
United States, is used in commercial food processing.

As a condiment, vinegar confers a sharpness to fatty foods o
bland dishes. Its ability to extract � avor components from
herbs and spices has led to the production of a wide range o
vinegars with � avorings such as garlic, chillies, and tarragon
and salad dressings containing flavored vinegars.

The use of vinegar in pickling increases the shelf life and the
safety of foods due to the antimicrobial activity of acetic acid.
The preservative action is not solely due to pH; at a given pH
the antimicrobial activity of acetic acid is far greater than that of
mineral acids such as hydrochloric acid. This is because ace
acid is a weak organic acid (pKa 4.75). As the pH decreases, so
too does the proportion of the acid in the undissociated form.
Table vinegars typically have a pH of 2.7–3.2 and contain
4–5% acetic acid of which 98% or more will be undissociated.
(In pickling, vinegars containing more acetic acid are used to
allow for the dilution of acid by water in the product.) In the
undissociated state, acetic acid is moderately lipophilic and can
pass freely through the microbial plasma membrane into the
cytoplasm. This imposes a metabolic burden on the cell as i
tries to maintain the transmembrane pH differential by
diverting cellular energy away from growth-associated func
tions. The extent of this effect depends on the extracellular pH
and the concentration of acid but a progressive decrease i
growth rate results from an increased metabolic burden. In
most pickles this burden is great enough to prevent the growth
of all but the most acid-tolerant organisms, and those that are
unable to grow will die during storage.
See also: Acetobacter; Fermentation (Industrial):Production of
Some Organic Acids (Citric, Gluconic, Lactic, and Propion
Fermented Foods:Origins and Applications;Gluconobacter;
Preservatives:Traditional Preservatives– Organic Acids.
Further Reading

Adams, M.R., 1998. Vinegar. In: Wood, B.J.B. (Ed.), Microbiology of Fe
second ed. vol. 1. Blackie Academic & Professional, London.

Solieri, L., Giudici, P. (Eds.), 2009. Vinegars of the World. Springer Ve
pp. 297.

Yamada, Y., Yukpan, P., 2008. Genera and species in acetic acid ba
tional Journal of Food Microbiology 125, 15–24.



VIRUSES
Contents
y D

72
Introduction
Detection
Foodborne Viruses
Hepatitis Viruses Transmitted by Food, Water, and Environment
Norovirus
Introduction
DO Clivery, University of California, Davis, CA, USA

� 2014 Elsevier Ltd. All rights reserved.
f
n

-
s
d

ot
,
.

History of Virology

The invention of the microscope, and many subsequent
improvements, afforded a window into the microcosm. Over
time, bacteria (good and bad) and many other classes o
microbes were discovered, but viruses were too small to be see
even with the most ef� cient light microscopes. Filters were
devised that would retain bacteria and other microbes, but
under some circumstances the� ltrates were found capable of
causing disease. This led to the term� lterable virus;‘virus’ came
from classic Latin for a cause of disease (implicitly more
a poison than an infectious agent)– it had no plural and no
explicit de� nition, since causes of disease were poorly under
stood until recently. The � rst viruses described were the one
that caused mosaic disease of tobacco and another that cause
foot-and-mouth disease in animals. Inevitably, viruses of
human disease were also detected; but because they could n
be cultivated in the laboratory, their incrimination as patho-
gens required indirect investigations.
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Environmental Virology

It was eventually demonstrated that viruses causing human
disease might be transmitted directly from an infected person to
a susceptible person or indirectly by means of a vector, fomes, o
vehicle. Vectors are living things, often insects: If they propagat
the virus, they are biological vectors; if they simply carry the virus
from place to place, they are mechanical vectors. A fome
(plural, fomites) is an inanimate object, such as a shared towel.
Vehicles are water or food. Environmental virology� rst focused
on insects, fomites, and water. However, some early report
indicated that viruses could also be transmitted by foods.
eceased

2 Encyclopedia of Food
Food Virology

Early outbreaks, which were reasonably well documented for
their time, implicated raw milk as a vehicle for poliomyelitis,
which was then called infantile paralysis. We now know that
polioviruses do not infect cattle, so the milk was probably
contaminated from milkers' hands soiled with their feces. The
poliovirus would have been inactivated if the milk had been
pasteurized, but machine milking affords a relatively certain
means of preventing poliovirus contamination of the milk,
whereby this particular foodborne virus risk is now negligible in
developed countries. A seminal outbreak report from Sweden
showed that oysters subject to human fecal contamination could
transmit hepatitis. Much has since been learned regarding the
ability of bivalve mollusks to concentrate virus selectively from
environmental water as they feed by� ltration, retain the virus,
and infect people who eat the shell� sh raw. Although any food
mishandled by an infected person may serve as a vehicle for virus
shell� sh are the only vehicle that can selectively concentrate virus
e

Viruses Transmitted via Food and the Environment

The threat of poliovirus transmission via food and water has
been largely obviated by the use of vaccines to eradicate th
polioviruses in developed countries; poliovirus transmission in
poorer countries has multiple routes. Hepatitis A continues as
a signi� cant foodborne virus, even though effective vaccines
have been available for over a decade; these await full imple
mentation. Some outbreaks previously attributed to hepatitis A
virus (HAV) are now known to have been caused by hepatitis E
virus (HEV). However, the great gap in foodborne disease
recording in developed countries, where such instances ar
investigated, has long been ‘gastroenteritis of unknown
etiology.’ A possible case in point occurred at an international
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00349-9

http://dx.doi.org/10.1016/B978-0-12-384730-0.00349-9
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VIRUSESj Introduction 723
conference of experts, entitledMicrobiological Quality of Foo
that was held at Franconia, New Hampshire, 27–29 August,
1962. According to the late Gail M. Dack, PhD, MD, then
Director of the University of Chicago's Food Research Institute
a large number of the experts in attendance were stricken wit
vomiting and diarrhea, with onset times too long for staphy-
lococcal enterotoxin poisoning. Some had onsets of illness
while they were on planes going home– Dr Dack described the
situation with three or more gastroenteritis victims on a plane
with only two washrooms. He managed to bring some samples
back to the Food Research Institute, where neither enterotoxi
nor virus was detected by the methods available at that time
Since 2000, it has been amply shown that the majority of such
outbreaks, and probably the majority of foodborne illnesses in
developed countries, are caused by noroviruses, whose dete
tion was hampered by their inability to replicate in laboratory
cell cultures.
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Gastroenteritis Viruses

The gastroenteritis viruses most often transmitted via food and
water are the noroviruses (see also Chapters Viruses: Foodbor
Viruses and Viruses: Norovirus). They are members of the famil
Caliciviridae, as are the somewhat larger sapoviruses. Both gene
comprise single-stranded, plus-sense RNA coated with protein.

Another important genus is the rotaviruses, which comprise
segmented, double-stranded RNA with multiple protein coats.
The rotaviruses are important causes of infant diarrhea worldwide
but are not necessarily transmitted via food and water. Other
gastroenteritis viruses are transmitted less frequently via food.
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Hepatitis Viruses

Of the several viruses that cause hepatitis in humans, HAV an
HEV are the ones transmitted by a fecal–oral route and there-
fore sometimes via contaminated food and water (see also
Chapters Viruses: Hepatitis Viruses Transmitted by Food
Water, and Environment and Viruses: Foodborne Viruses). In
each instance, there is only one serotype worldwide, but geneti
groupings can be demonstrated by sequencing. Both compris
single-stranded, plus-sense RNA coated with protein. HAV is i
the family Picornaviridae, whereas HEV is in a family of its own
(Hepeviridae), having been ruled out of the Caliciviridae
family for differences in genomic organization. HAV is
human–speci� c, so its transmission via food or water results
from human fecal contamination. HEV may also be trans-
mitted from person–to–person by the fecal oral route, but
several HEV strains infect animals such as swine, and some
these are transmissible to humans as zoonotic infections.
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Other Viruses

With few exceptions, other viruses potentially transmissible via
food or water are enteric agents, transmitted by a fecal–oral
cycle. Viruses belonging to the Picornaviridae family (i.e.
polioviruses, coxsackieviruses, echoviruses, and other enter
viruses) have had the longest and most intensive scrutiny
There is no doubt that vehicular transmission of these occurs
on occasion, but much less frequently than the noroviruses
Other enteric virus groups that may occasionally be transmitted
via food and water are the astroviruses, parvoviruses, adeno
viruses 40 and 41, and reoviruses.

Nonenteric viruses may sometimes be transmitted via
foods. Tickborne encephalitis viruses may infect dairy animals
as a result of tick bites and be shed in milk, causing human
infections if the milk is not pasteurized. Coronaviruses have
occasionally been transmitted via food, and the infamous SARS
(severe acute respiratory syndrome) virus was alleged to b
transmissible via vehicles as well.
Assessment of Risk from Viruses

Diagnostic procedures for some viral infections are relatively
new, whereas others have been in place for decades. Howeve
in the United States and some other developed countries
diagnosis of viral gastroenteritis and hepatitis is far from
routine; poorer countries are even less likely to perform labo-
ratory diagnoses. This means that estimates of the impact o
these viral infections, whether or not they are foodborne, are
likely to be inaccurate.
Relative Incidence

Although most norovirus infections are not acquired from
food, the U.S. Centers for Disease Control and Prevention
(CDC) estimate that noroviruses cause almost 5.5 million
foodborne illnesses in the United States annually, which is
54% of the total for domestically acquired illnesses from the
leading 31 foodborne agents. Other viruses said to caus
substantially smaller numbers of U.S. foodborne illnesses are
astroviruses, HAV, rotaviruses, and sapoviruses. With th
exception of HAV, all are primarily causes of gastroenteritis
Comparable estimates or data from other countries are
extremely dif� cult to obtain. (see also Chapters Food
Poisoning Outbreaks and Viruses: Foodborne Viruses).
Severity

CDC estimates that foodborne norovirus infections lead to over
14 000 hospitalizations and about 149 deaths annually. The
other foodborne viruses are said to have far less impac
Although the noroviruses usually cause only transient (� 2 days'
duration) gastroenteritis, studies in The Netherlands indicate
that they can cause chronic or prolonged infections and illness in
some very young and elderly patients and occasional death in
those with immune impairments. HAV infections in young
children may be mild but produce lifelong immunity, whereas
HAV infections later in life often produce debilitating disease
that may last for weeks. HEV infections (rare in the United
States) are similar, except that they most often affect young an
middle-aged adults and can cause death in 20% of women
infected during the third trimester of pregnancy.
Cost

Estimates of the costs of these foodborne diseases are rare a
largely unreliable. Most of the illnesses are not treated and so
incur no medical costs, but both gastroenteritis and viral
hepatitis result in periods of missed work or study. Food
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workers in particular should not work while shedding virus,
but HAV is shed for 10–14 days before onset of symptoms, and
norovirus is shed in feces for variable periods up to severa
weeks after diarrhea is in remission, so excluding these peopl
is dif� cult. An alternative approach to assessing the impact o
a disease agent is disability adjusted life years (DALYs), whic
the World Health Organization de� nes as“The sum of years of
potential life lost due to premature mortality and the years of
productive life lost due to disability ” ; this obviates differences
in income levels or disability in persons who have no income
and is applicable to mental as well as physical disabilities.
These kinds of data for foodborne viral illnesses would be
welcome and could be used in risk assessments.
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Fecal–Oral Transmission of Viruses and Public Heal

As stated earlier, most foodborne viruses are transmitted b
a fecal–oral cycle and may pass from person to person or via
water and food. In addition, norovirus infections often cause
periods of projectile vomiting that lead to infection of those
exposed by an aerosol route. Because most of these viruses a
human speci� c, human feces are the principal concern.
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Disposal of Human Feces: Technology

Casual fecal disposal still occurs in some areas, due either t
indifference or to lack of alternatives. The water-carriage toile
is the norm in most developed areas, even in poorer countries
what becomes of the wastewater varies. In rural settings, on
site wastewater treatment is the ideal, and the manner o
treatment determines the potential of the ef� uent to contam-
inate groundwater or surface water. In urban settings, waste
water is ideally transported to a central treatment facility where
it is treated and disinfected before discharge. Feces from
facilities aboard public conveyances (buses, trains, ships
airplanes), as well as portable facilities provided for � eld
workers, are ideally conveyed to a treatment facility rather than
being discharged directly to the environment. Less-than-idea
waste treatment occurs in many parts of the world, either for
lack of economic resources or lack of the collective will to
control this hazard.
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Viral Contamination of Food

Human enteric viruses occur in foods as a result of direct o
indirect human fecal contamination, with the already-stated
exception of norovirus in human vomitus. Direct contamina-
tion generally stems from contact of fecally contaminated,
unwashed hands with food; this may occur at any point from
handling of produce in the � eld to � nal serving. Although skin
disinfectants vary in antiviral effectiveness, washing with soap
and water seems to remove viruses effectively from skin. Ideally
food workers – especially those engaged in� nal preparation
and serving – should be immunized against hepatitis A, and
they should not handle food while ill. However, hepatitis A
immunization seems to be rare in food workers, and there are
often disincentives to staying home while ill. Viruses may also
occur in the feces of persons who are not overtly ill, either due to
inapparent infection or during the incubation or convalescent
periods. This means that hand-washing is critical for preventing
food contamination at all times.

Indirect fecal contamination of food may result from use of
human feces as a soil amendment, but this is relatively rare
because nightsoil fertilization is now done in very few loca-
tions. Water containing human feces is a much more common
source of food contamination. As stated above, water used fo
feces disposal may not be treated or disinfected befor
discharge. Such water may be used for irrigation, washing
produce at harvest, and as a diluent in pesticide application,
among other possibilities. Some of the poorer countries are
obliged to use whatever water is available for food production,
without the option of treatment beforehand. Discharges to
saline water may not be treated because the water will not be
made potable, but edible shell� sh in such waters often collect/
concentrate viruses selectively from their environmental wate
and convey them to consumers.
Economic Demands and Rewards

A risk-free food supply is the ideal, but the competitive nature
of the food business necessitates some compromises. F
example, water used for irrigation and other� eld operations
should ideally meet drinking-water standards of purity, but this
is seldom feasible in af� uent nations, and poorer countries are
often obliged to use water that is highly contaminated.
Quantitative risk assessment is� nding application in the � eld
of food virology and may eventually enable determination of
return on investment, in terms of illness prevented by speci� c
risk-management interventions. Costly, incremental gains in
food safety must be applied with caution in that increased food
costs may lead to increased hunger, to the net detriment o
public health. Evaluating costs of foodborne viral disease in
terms of DALYs seems unlikely to provide needed cost–bene� t
data, but such information may be better than none.
Control

Control of foodborne illness ought to take place before an
outbreak occurs; but this does not always happen. Effective
control measures are sometimes ignored; but in the case o
foodborne viruses, useful interventions are still largely in
development. Progress has been slowed by the need to develo
appropriate laboratory techniques. The fact that viruses canno
multiply in foods is of some help.
Monitoring

The greatest progress in food virology to date has been in the are
of molecular detection methods (see also Chapter Virology:
Detection). These methods began as adaptations of clinica
diagnostic methods, with enhanced sensitivity and adaptation
for matrix effects of food and water samples. Application of
detection methods to enhance food safety entails applying them
either in surveys to determine the general prevalence of human
enteric viruses in speci� c foods or in monitoring foods to
determine their virologic safety. Monitoring presents important
problems in that samples are seldom truly representative of the
batch from which they are derived, and only a very small
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quantity of sample is actually tested by a molecular method.
Since viruses cannot be enriched from food samples, concen
tration methods have been developed; these do not increase th
quantity of virus obtained from the original sample. Neither do
most methods distinguish infectious from inactivated virus. All
this means is that it is not productive to apply these methods in
a test-and-hold program in which batches of food are detained
until cleared by laboratory testing.

Development of monitoring methods has addressed indi-
cators, given the problems of testing for human enteric viruses in
food. An indicator, in this context, might be any agent (or even
substance) whose presence in food samples is easily demo
strated and is correlated with viral contamination. The rationale
is that enteric viruses are present only if fecal contamination ha
occurred, so any indicator of fecal contamination may sugges
the presence of viruses. Easiest to detect are fecal pigments
fecal bacteria, but these have very low speci� c correlation with
viruses. Coliphages (viruses that infect enteric bacteria) hav
what might be a closer ecologic relationship to enteric viruses
but have not shown good correlation. Human enteric viruses
that can express themselves in cell culture (vaccine polioviruse
adenoviruses, etc.) offer some attractions, but they are likel
only to be present in food that has been contaminated with
community fecal material, rather than by an individual food
worker. Although indicators continue to be studied, none has
yet shown itself to be a valid substitute for direct testing of
viruses in food or water. Thus, monitoring for them does not
appear likely to improve food safety.
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Prevention

Preventing transmission of virus A via food B ideally involves
conduct of a proper risk assessment/hazard analysis, followe
by identi � cation of a valid risk management intervention
(critical control point – CCP). In its original application in the
U.S. space program, a CCP would either prevent or eliminat
the hazard in question, with prevention the preferred option. In
the case of human enteric viruses, prevention depends ulti
mately on keeping human feces, in any quantity or dilution, out
of food. This would also prevent a great many other foodborne
diseases, but human behavior still occasionally results in direc
or indirect fecal contamination, so the quest for a valid CCP is
likely to lead to efforts to eliminate the contaminant. Physical
removal of viral contaminants from shell� sh is one of the
objectives of depuration and re-laying; the effectiveness of thes
techniques in removing viruses is still being evaluated. Thus, i
viral contamination is assumed and the contaminant cannot be
removed in most instances, the alternative is inactivating the
virus in the food, to prevent consumer infections.
p

s-
Inactivation

The viral particle (virion) of a human enteric virus comprises
just nucleic acid (most often a single strand of RNA) coated with
protein. The nucleic acid contains all the information needed for
the virion to enter a susceptible host cell and direct production
of progeny virus by the cell. The coat protein (capsid) protects
the viral nucleic acid while out in the environment and
combines speci� cally with a receptor on the host cell to induce
engulfment of the virion by the cell and initiation of the
infectious cycle. The capsid is also the antigen to which host
respond by producing antibody; although this property has no
known function in the viral infectious cycle, antibody evoked by
infection or immunization will often limit or prevent infection
by the target virus. Replication (especially RNA-dependent RNA
replication) is highly error-prone, so that many progeny virions
are probably noninfectious by reason of defects in the infor-
mation the nucleic acid contains. The majority of progeny
virions are probably infectious, but they have very little func-
tional redundancy, so that almost any change in any part of the
virus is likely to result in inactivation (loss of infectivity). The
durability of enteric viruses, which enables their transmission
via the environment, resides principally in the capsid– similar
respiratory viruses often have nearly identical nucleic acid
organization but much more labile capsids. A generic property
of enteric viruses seems to be resistance to acid pH. Furthermor
these viruses remain infectious for days to weeks at room
temperature, weeks to months in the refrigerator, and years in
the freezer. Some also withstand drying on surfaces.

Effective agents of viral inactivation include heat, strong
oxidizing agents, alkali, and UV. Biodegradation also inacti-
vates virus, but at a slower pace. Compared to many othe
viruses, enteric viruses are relatively heat resistant: HAV leve
in raw milk were reduced as little as one log by standard
pasteurization. However, none of the enteric viruses will
withstand boiling, and lesser temperatures are effective ove
appropriate periods of time. Chemicals and UV are effective
against viruses in water or on exposed surfaces, but not in th
interior of a food. This means that true CCPs are likely to be
based on cooking or thermal processing, which is sometimes
precluded by gastronomic considerations. For these reason
consumption of uncooked foods must always entail some virus
risk, unless it can be absolutely proven that fecal contamina
tion has been prevented. On the other hand, thermal processe
for most foods (at home or in commerce) that will guarantee
inactivation of any virus that may yet be present are still
awaiting validation. The fact that the noroviruses and hepatitis
viruses do not infect laboratory host systems places a grea
premium on development of other methods to test these
viruses and show whether they have lost infectivity. Some
modes of inactivation (e.g., UV) that cause breaks or cross-link
in the viral nucleic acid may yield negative tests by molecular
methods, but only if the disruption occurs in the segment that
is targeted for ampli� cation by the selected primers.
Immunization

Another way of preventing viral contamination of food and
water is to immunize people so that they do not shed virus in
their feces. HAV is the only major foodborne virus for which
there are licensed vaccines. Efforts are being made to develo
other vaccines but are hindered by inability to propagate the
viruses within in-vitro systems and– in the case of the nor-
oviruses– questions as to the durability of immunity even after
natural infection. However, during norovirus epidemics,
a transient herd immunity seems to occur.

Where sanitation is generally good, susceptibility to HAV
continues into the age groups for whom infection produces signif-
icant illness. This suggests that the vaccine would best be admini
tered in childhood, to minimize later risks; unfortunately, universal
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childhood immunizations may be dif � cult to implement. Immu-
nization might also be required for food workers; problems include
the high cost of the vaccine (relative to what food workers are paid)
and the need to administer two injections at an interval of at least 6
months (food workers may change jobs during that time).
.
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Summary

The dif� culties of studying viruses in the laboratory has delayed
the recognition that they are the leading cause of foodborne
illnesses in developed countries, and perhaps worldwide
Human enteric viruses may be transmitted directly from person
to person or via water, as well as food. The principal syndromes
caused are gastroenteritis or hepatitis, but other systemic o
chronic effects occur at times. Some strains of HEV have anima
reservoirs, but the majority of viruses transmitted to humans via
food are human speci�c. Although the viruses cannot multiply
in food or water, they are relatively durable and continue to
present a health threat for considerable periods of time.

Preventing fecal contamination of food and water will
effectively prevent viral transmission via these vehicles (note
that noroviruses are also shed in vomitus), but human lapses
lead to fecal contamination on occasion. Detection of viruses in
foods by molecular methods has reached a high state of deve
opment, and advances continue to be made. However, thes
methods cannot inherently distinguish between infectious and
inactivated virus, so they require further modi� cation to enable
their use in studying the antiviral effectiveness of food processes
Overall, a great deal of research remains to be done.
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The detection of viruses in foods poses a greater challeng
than that of most foodborne bacteria. Enteric viruses are
submicroscopically small, generally around only 30 nm in
diameter. Due to their low infectious dose, they need to be
present as contaminants in only very low numbers in a food
to constitute a risk to health. They do not change the
appearance or sensorial qualities of food, and their presence
undetectable by sight or smell. They are incapable of growth
in food, and their numbers in a food sample cannot be
increased by enrichment. For these reasons, complex method
must be applied by the analyst in order to ascertain whether
a foodstuff is contaminated by viruses. Methods to detec
viruses in foods are composed of two basic parts: (1) sample
treatment and (2) detection assay. Sample treatment can itse
be performed in four steps: (1) removal of viruses from the
foodstuff to leave them in suspension, (2) removal of food
substances from the virus suspension, (3) concentration o
suspended viruses for delivery to the detection assay, and (4
extraction of nucleic acids from the concentrated viruses
Within each part and step, variations can exist in application
and approach, and this is re� ected in methods that have been
developed and published hitherto.
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Sample Size

To have a reasonable chance of detecting a microorganis
contaminating a foodstuff, a reasonably large portion of
foodstuff must be analyzed. The convention in food microbi-
ology is generally to analyze 25 g of food, and many developed
methods for virus detection likewise use that amount. It may,
however, be of more bene� t to analyze quantities of food that
constitute the average portion size that is consumed in a mea
which 25 g may not re� ect; for example, in the United
Kingdom, it is estimated that the average portion size of
strawberries is 100 g. This would provide more suitable expo
sure assessment data for risk assessment purposes, as
number of microorganisms detected in the sample would
re� ect the number that would be ingested. It is also important
that every effort should be made to collect a sample that is
representative of the food lot from which it is drawn.
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Release of Viruses from the Foodstuff

Predominantly, viruses that can contaminate foodstuffs such a
soft fruit and salad vegetables are not internalized within the
cells or tissues, but instead are located on the surfaces of th
foodstuff. Although it may thus appear that simply washing
these surfaces should be suf� cient to release virus particles from
y Deceased

Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
them, in reality electrostatic and hydrophobic attractions can
occur between virus and foodstuff, which need to be broken to
mediate release of the particles. An effective means of breakin
these interactions is increasing the pH to>7, and therefore
washing of the foodstuff with an alkaline solution or buffer is
commonly employed to elute virus particles from foodstuffs.
The addition of protein, such as beef extract or soya protein, to
the eluant increases the effectiveness of the removal proces
With soft fruits such as raspberries and strawberries, to avoi
breaking up the food, gentle washing is performed (e.g., by
rolling). In centrifugation-based methods (discussed further in
this chapter), the fruit can, however, be homogenized. With
more solid foodstuffs such as salad vegetables, a more vigorou
approach can be followed, such as shaking or vortexing.

The end result of this step is that virus particles are in free
suspension, but the suspending� uid also contains solid or
dissolved food substances.
t
-

Removal of Food Substances

The next step involves removing as much of the suspende
food substances as possible while leaving the virus particles i
the suspension. This should be performed at high pH to
prevent the readsorption of viruses to the food particles during
the procedure, which will reduce the ef� ciency of recovery. Two
main approaches can be applied in this step. The� rst approach
is low-speed centrifugation of the suspension. The speed an
length of time of the centrifugation should be optimized to
sediment the gross particulate matter without sedimenting the
virus particles. When the foodstuff is intact, such as with salad
vegetables or soft fruits after gentle washing, slower speeds
shorter times can be employed than when the sample is broken
up. After centrifugation, the supernatant containing the viruses
is decanted. The addition of a cationic� occulant will increase
the removal of suspended food solids.

Filtration through large-porosity � lters, treated to prevent
adsorption of viruses, can also be used to remove food particles
although clogging of the � lters can be a persistent problem.

Soft fruit contains pectin in varying concentrations
depending on the type of fruit and growth conditions. Pectin
can interfere with subsequent steps, particularly by forming
a jelly upon the pH neutralization or ultracentrifugation; virus
particles become encased in this jelly and are almost impos
sible to separate from it. The addition of pectinase to the
suspension, prior to slow-speed centrifugation or after� ltra-
tion, minimizes jelly formation.

The end result of this step is that viruses are left in
suspension, which is free as far as possible from gross foo
solids (and pectin). The volume of this suspension, however,
may be extremely large relative to the volume of sample tha
can be analyzed by the� nal assay step, and therefore concen
tration of the virus particles is necessary next.
78-0-12-384730-0.00351-7 727
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Concentration of Viruses

As well as the practical need to reduce the volume of virus
suspension remaining after the previous steps, there is th
consideration of likely virus numbers in the sample to take into
account. As mentioned in this chapter, the number of viruses
contaminating a foodstuff need only be quite low for
consumption of the food to constitute a hazard. The infectious
dose of enteric viruses such as hepatitis A is around 10–100
infectious particles, and therefore a method should be able to
detect at least 10 particles per sample size to be useful in an
monitoring program or epidemiological investigation. As most
detection assays can generally handle only very small volume
of sample extract, considerable concentration must be applied
to reduce the original extract volume to a more workable one in
order to have any chance of detecting low numbers of virus.

Different strategies have been proposed for the concentra
tion of viruses, including precipitation, � ltration, centrifuga-
tion, ultracentrifugation, and immunocapture. All have certain
advantages as well as disadvantages to their use.

An effective method of virus concentration is precipitation
of particles out of suspension with polyethylene glycol (PEG).
PEG reduces protein solubility, and addition of it to a virus
suspension encourages virus particles to bind to each other an
to food-derived proteins coming out of solution. A short slow-
speed centrifugation will pellet the virus particles, which are
then resuspended in a small volume of liquid, thus achieving
concentration. PEG is inexpensive and easy to use, and ca
facilitate good recovery of virus out of a suspension. As PEG
may interfere with the � nal assay step, however, it is necessa
to remove it from the concentrated extract, normally by
extraction with a chloroform–butanol mixture. Also, it will
coprecipitate foodstuff-derived substances and particles with
the viruses, and these may also interfere with subsequent step
It is nonetheless the most widely used method and the basis o
developing international standard methods (discussed further
in this chapter).

Viruses may be concentrated by passage through standa
microporous � lters, similar to the type used to trap bacteria,
such as nitrocellulose� lters. Although the pore size of these
� lters is much greater than the diameter of any enteric virus
due to the proteinaceous nature of the capsid, viruses can bind
to the � lter through electrochemical interactions. Virus capsids
have an overall negative electric charge at neutral pH, but in
a suspending medium of pH 3–6 will bind electrostatically to
negatively charged� lters such as those composed of nitro-
cellulose. If using such� lters, the pH of the medium used for
virus elution from the foodstuff should be adjusted before
� ltration. After the suspension has been passed through th
� lter, the binding can be broken, and the viruses eluted, by
passing through an eluant with a pH higher than 7. As with
elution of viruses bound to food surfaces, the addition of
a protein to the eluant will enhance removal of viruses from
the � lter. Only a small volume of eluant should be used, and
thus virus concentration is achieved. Viruses can bind also to
electropositive materials such as glass wool, at neutral pH
Again, a high pH eluant must be used to remove them back
into suspension. An advantage of using� lters is that a high
volume of virus suspension can be handled, and the� lters
may then be stored and, if desired, transported prior to
completion of the analysis. However, a major disadvantage is
clogging: despite the application of the previous step to
remove food solids, some may remain and become trapped in
the � lter, thus reducing or blocking the � ow, which may
necessitate several� lter changes and contribute to a potential
loss of virus recovery or to laboratory contamination.

In ultra � ltration-based concentration, virus is entrapped in
a sample because of its molecular size rather than by particl
charge. Pores in the membrane that are around 10 nm in size
permit passage of liquids and low-molecular-mass particles in
solution but exclude viruses and macromolecules. An advan
tage of ultra� ltration is that there is no prior need to adjust the
pH of the virus suspension. Again, however, clogging can be
a major problem. This can be overcome to some extent in
tangential � ow ultra� ltration systems, where a continuous� ow
of suspension is passed across the membrane, and liquid pass
through the pores while larger sized particles are swept acros
them. The system circulates the suspension, and viruses a
retained in a diminishing volume of liquid until the retention
volume of the system is reached.

Ultracentrifugation can be used to concentrate viruses out o
suspension by sedimentation at around 230 000� g. This
method is highly effective in concentrating all viruses in
a suspension into a pellet at the bottom of the centrifuge tube,
which can then be resuspended in a small volume of liquid. It is
easy to see the pellet because, even in a food extract that has be
highly puri � ed by the preceding steps, there is always a little
debris left that cosediments with the virus particles. The corollary
to this is that if the extract contains high amounts of food
substances that have not been removed, the amount of debris i
considerable and can interfere with resuspension or with oper-
ation of the subsequent steps in the analysis. Ultracentrifugation
is very rapid but requires expensive instrumentation.

An approach that has been demonstrated as potentially usefu
in several laboratory studies is immunocapture, using antibodies,
bound to magnetic beads, which are speci� c to antigenic deter-
minants on virus capsids. The beads are added to the viru
suspension, and then a magnetic� eld is applied to concentrate
them against a surface of the container. The supernatant is the
decanted, and the beads can be washed to further remov
impurities before addition of a medium whose properties are
capable of breaking the bonds between the antibody and the
virus. This medium can be added in a small volume. An advan-
tage of this system is its capacity for speci� c concentration of
a desired target virus from the food extract, although a potential
problem arises if the antibodies are for a speci� c strain of a virus
and other strains may be missed. Histogroup antigens, to which
noroviruses have been found to bind, have recently been used in
an analogous approach and been shown to be capable o
capturing a wide range of norovirus strains.

The end result of the concentration step is that the viruses
that were in the original food sample are now in suspension in
a small volume of liquid, and can then be readily subjected to
further analysis.
Nucleic Acid Extraction

The most effective assays for detection of foodborne viruses ar
those based on ampli� cation of viral nucleic acid. To employ
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them, these nucleic acids must be puri� ed from the concen-
trated virus suspension. Early methods used in-house reagent
but for many years now highly ef� cient commercial kits are
available for nucleic acid puri� cation, some speci� cally mar-
keted for use on viruses. Most of these kits use the principle o
breaking the virus capsid through alkaline lysis, then binding
the released genomic material to silica and washing awa
impurities before eluting the puri � ed nucleic acids into a small
volume (generally around 50–100 ml) of solution. The action
of impurity removal is highly important when analyzing
complex matrices like foodstuffs, which will contain many
substances that are highly inhibitory to nucleic acid ampli� -
cation assays but can be extracted and concentrated from th
food sample along with viruses.

A disadvantage to the use of nucleic acid extraction kits i
that they can be expensive and labor intensive, comprising
several pipetting and microcentrifugation steps. An alternative
is to release the viral nucleic acids directly by heat, and this ca
be done as a� rst stage of the ampli� cation reaction. However,
a highly puri � ed virus suspension is necessary for this, as th
approach will not remove inhibitory substances.

The end result of this step is a puri� ed extract containing the
nucleic acid from the viruses in the food sample. As stated, al
the steps described in this chapter together comprise th
sample treatment. In a highly effective treatment, at least 50%
of the viruses that were in the original food sample comprising
several grams will be represented by their genomes in a volum
of several microliters. The ef�ciency of the sample treatment
can be determined experimentally by spiking food samples
with a known number of virus particles, measuring the number
of virus genome equivalents in the� nal nucleic acid extract (by
real-time polymerase chain reaction (PCR), discussed further i
this chapter), then expressing the latter as a percentage of th
former.

The next stage of the method is to apply the detection assay
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Detection Assay

The assay type most widely used for detection of foodborne
viruses is nucleic acid ampli� cation by PCR, particularly in its
variant, reverse transcription PCR (RT-PCR), which is necessa
for ampli � cation of RNA. PCR has the potential for exquisite
sensitivity, theoretically being capable of amplifying one target
molecule in a single reaction. Because it can target speci� c
nucleic acid sequences, detection of virus from strain to genu
level can be mediated by ampli�cation of sequences in char-
acteristic genomic regions. This is achieved through carefu
oligonucleotide primer design, and assays have in this manne
been developed for strains of all the known foodborne viruses.
Visualization of a signal from a PCR assay was conventionall
performed by running the ampli � ed nucleic acid on an elec-
trophoresis gel, then staining the amplicon with a UV-
� uorescent dye and examining by eye. This approach has bee
mostly superseded by so-called real-time PCR, in which
sequence-speci� c � uorescent probes bind to the amplicon and
are visualized as amplicons accumulate by sophisticate
instrumentation. The use of the probes confers an extra level o
speci�city to a real-time assay. Real-time RT-PCR can also
quantitative, allowing a determination of the original number
of target sequences in the volume of nucleic acid extract used i
the reaction, and the results can be expressed as number
genome copies. Real-time RT-PCR is rapid and has the pote
tial for automation and high throughput; such assays are the
basis for in-development international standards for norovirus
and hepatitis A virus. It does not, however, provide per se an
indication of the infectivity of the detected viruses. Various
ancillary procedures and treatments have been developed tha
aim to allow PCR-based methods to detect only infectious
virus, as described further on in this chapter.

Another molecular approach is nucleic acid sequence-base
ampli � cation (NASBA). As with PCR, NASBA uses sequenc
speci�c primers but is a more complex reaction with three
enzymes working in concert to amplify target sequences. It doe
not, however, require complex thermocycling equipment to
operate. NASBA can also be adapted to real time, allowin
determination of number of genome copies. NASBA assays fo
viruses of major importance such as human immunode� ciency
virus and hepatitis C virus are in common use in clinical
settings, and assays for the common foodborne viruses hav
been described in the scienti� c literature. As with PCR,
a NASBA signal does not provide per se an indication of virus
infectivity.

Examination of a concentrated food extract by electron
microscopy can be performed, but it is very time consuming
and does not give any indication of infectivity.
The Issue of Infectivity

The only unambiguous infectivity assays for viruses that can
reasonably be applied within a method for analysis of food are
based on the use of human volunteers or of tissue culture. The
former, although the ultimate assay for determination of
infectivity of viruses in humans, is highly expensive and can be
complex especially as regards ethical approval. The latter can b
done by challenging cultured cells with the concentrated food
extract (omitting the nucleic acid extraction step) and moni-
toring for cytopathic changes indicative of virus infection. This
is, however, far from rapid, as these changes can take seve
days to become manifest. Furthermore, and most importantly,
cell culture assays for norovirus do not exist, and wild-type
hepatitis A virus grows with dif� culty or not at all on cultured
cells.

Virus detection initially entailed infection of a laboratory
host, with demonstrable effect. The host was most often a cel
culture of primate origin. Many methods were devised for
extracting model viruses from food and water and inoculating
them into cell cultures, but it eventually became clear that the
most important foodborne viruses did not express themselves
in the cell cultures that were available at the time. The viruses o
greatest concern (noroviruses, HAV, HEV, etc.) each comprise
a single, plus-sense strand of RNA coated with protein; the
default molecular method for detecting these became some
version of RT-PCR.

When clinical samples are tested for viruses, infectivity is
not an issue, since the virus is likely to be present in very high
copy numbers and its presence is diagnostic of infection of the
host. Food and environmental samples are likely to contain
relatively few copies of virus, and the signi� cance of the viral
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contamination depends almost entirely on whether the
contaminant is capable of producing infection.

The function of the viral RNA is to code for production of
viral structural (capsid) protein and the various enzymes that
the virus uses to subvert the host cell to produce progeny virus
There are essentially no redundancies in the genome– every
gene must be functional in order to produce an infection. The
capsid must protect the viral RNA from ribonucleases (RNases
(both in the body and in the environment between hosts) and
attach to a receptor on an appropriate host cell to trigger
engulfment of the virion and initiate the infectious process. The
capsid also displays the antigens to which the host produce
antibody in the immune response; the antigenic function is
probably not essential to viral infectivity. Although capsids
comprise large numbers of identical peptide units, it appears
that loss of any of these units impairs the ability of the virion to
attach to host cell receptors.

The viruses transmissible via food and water are relativel
durable in the environment, but they can be inactivated by
a number of agents, such as ultraviolet (UV) light, heat, strong
alkali, strong oxidizing agents, and (more slowly) certain
bacterial enzymes. UV light is known to affect RNA function by
causing strand breaks or cross-links; but it and most othe
inactivating agents also degrade the capsid in some way. R
PCR detection procedures often amplify segments of the vira
RNA that are not affected by inactivation, so test results ar
similar for infectious and inactivated virus. Ampli� cation of the
entire viral genome would obviate this problem if inactivation
entailed RNA degradation, but this is seldom practical.

An alternative approach is to try to exploit loss of capsid
function so as to prevent the RNA from being reverse-tran
scribed at the beginning of RT-PCR. Capsid degradation b
some agents of inactivation may be suf� cient to expose the
RNA to RNase without other measures. Alternately, the
degraded capsid may have become susceptible to proteases th
would not normally attack an intact capsid; this protease
treatment can be combined with RNase to produce a negative
RT-PCR result with virus inactivated by heat, hypochlorite, or
UV light. Other modes of inactivation, such as long periods at
lower temperatures, do not render the capsid protease sensitive
but they do cause the capsid to lose its af� nity for host cell
receptors. Although susceptible host cells are generally no
available for testing, the receptors have been identi� ed in some
instances as human blood group antigens, which could be used
to demonstrate loss of receptor af� nity. Loss of af� nity for
homologous antibody may also be demonstrable, though
serologic tests often require quantities of virus that are unlikely
to occur in environmental samples.

Other approaches to distinguishing inactivated from infec-
tious viruses are also in prospect. If propidium monoazide can
penetrate the capsid (with or without the aid of protease), it
will intercalate into the RNA and prevent transcription. If cells
can be found that will support early stages of infection,
production of minus-sense RNA can be demonstrated, or Tat
peptide linked to a nuclease-resistant molecular beacon ma
cause the infected cell to� uoresce soon after the replicative
cycle begins.

It may be that no one treatment, before or in lieu of RT-PCR,
will give a negative test with every foodborne virus, inactivated
by every possible agent. Test methods may need� rst to be virus
speci�c; this is not necessarily a major concern, since th
selection of primers for PCR is also essentially virus speci� c. On
the other hand, if the test must be adapted to a particular
inactivating agent, this will be inconvenient unless the prob-
able mode of inactivation is known. Validation of risk
management based on a critical control point could easily be
directed to whatever inactivating agent was under assessmen
One would hope, however, that more general treatments can
be devised to limit positive RT-PCR results to infectious virus
in � eld samples whose history is less well known.
Quality Controls

If monitoring of food supply chains for viruses is to be effec-
tively performed as part of a food safety program or an
epidemiological investigation, then it is vitally necessary that
the reliability of the analytical results can be veri� ed. Many
matrices from the food supply chains most prone to virus
contamination – salad vegetable, shell� sh, and soft fruit – are
complex and dif� cult to treat, and can furthermore contain
substances that can inhibit nucleic acid ampli� cation. It is
essential therefore that veri� cation includes recognition of
analyses where the method has failed to perform correctly, a
this may mask the presence of a virus pathogen in a sample b
a false negative interpretation of the absence of a signa
Incorrect performance can occur during the sample treatmen
or the assay, and failed methods can be identi� ed by the use of
two controls: a sample process control and a nucleic acid
ampli � cation control.

A sample process control for a method to detect foodborne
viruses is a nontarget virus added to each sample prior to
sample treatment. A separate assay is required at the end
detect it. The sample process control must be as similar to
foodborne virus as possible, in size at least. The principle of its
use is that if it is detected, then the sample treatment has per
formed correctly. If it is not detected, the treatment has failed
and the foodstuff must be reanalyzed. Several virus types hav
been suggested as sample process control viruses. Muri
norovirus is one, being very similar to human norovirus. Feline
calicivirus, which has also similarities to norovirus, could be
used; it is less robust than norovirus or hepatitis A virus, but
this may make it a good candidate, because if it is detected then
the treatment will have been careful enough to mediate the
detection of the hardier virus types. A genetically modi� ed
strain of mengovirus, a simian picornavirus, is also proposed as
a process control; it is similar in size and some properties to the
common foodborne virus types.

Assays based on nucleic acid ampli� cation are highly ef� -
cient, but they can be affected by the presence of matrix-derive
substances that can interfere with the reaction performing
correctly or stop it altogether. As stated in this chapter, carefu
sample treatment must be employed to remove these inhibitory
substances, but no sample treatment can be relied on
completely, and thus an ampli� cation control should be
employed to verify that the assay has performed correctly. Ther
are two approaches to the use of ampli�cation controls. The� rst
is to run two separate reactions for each sample– one (the test
reaction) contains only the sample nucleic acid, but the other
(the control reaction) contains the sample nucleic acid plus the
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ampli � cation control. The latter is thus termed an externa
ampli � cation control (EAC). If it is successfully ampli� ed to
produce a signal, any nonproduction of a target signal in the tes
reaction is considered to signify that the sample was uncon
taminated. If, however, no signal is produced in both the test
and control reactions, it signi� es that the nucleic acid extrac
contains inhibitory substances and the reaction has failed. In
contrast to an EAC, an internal ampli�cation control (IAC) is
a nontarget DNA sequence present in the very same reaction
the sample nucleic acid extract. If it is successfully ampli�ed to
produce a signal, any nonproduction of a target signal in the
reaction is considered to signify that the sample was uncon
taminated. If, however, the reaction produces a signal from
neither the target nor the IAC, it signi�es that the reaction has
failed. When the reaction has failed but the sample treatmen
has performed correctly (as indicated by the sample proces
control), then the nucleic acid extract may be repuri� ed to
remove inhibitory substances and the assay repeated.
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Issues in Food
Future Developments and Requirements

In the past decade, the role of viruses as major agents of food
borne disease has� nally become widely recognized. Conse-
quently, there are currently international efforts aimed at
tackling the problem of contamination of foods by pathogenic
viruses. For instance, the Codex Alimentarius Commission
Committee on Food Hygiene is developing guidelines on the
control of viruses in food, and the European Commission has
supported research toward integrated monitoring and control of
viruses in food supply chains. As these activities come t
fruition, it may be timely to consider whether food safety or food
process criteria, setting limits for the presence of contaminating
virus in foods for consumption or during food production, can
be established and incorporated into regulations. This would
require the availability of robust, ef� cient, internationally
recognized standard methods for analysis of foods for viruses
Currently, a group (CEN TC 275/WG6/TAG4) set up by the
Committee for European Standardization is developing
methods to detect norovirus and hepatitis A virus in salad
vegetables, shell� sh, and soft fruit. The methods will contain
real-time RT-PCR assays are designed to be quantitative a
incorporate sample process and ampli� cation controls. Results
produced by these methods will be expressed as virus genom
copies per sample. Validation of the methods is planned, and
publication of the standards is scheduled for 2013.
The issue remains of whether detected viruses are actua
infectious, and it will undoubtedly come under much debate
during the formulation of guidelines and criteria. Current
technology appears not to be able to provide a means o
unambiguously determining infectivity rapidly, and new
developments must be awaited. Meanwhile, it may just need to
be accepted that detection of virus genome copies, with all its
limitations, can indicate that a risk of infection exists from
foodstuffs that test positive. Especially with ready-to-eat foods
such as leafy green vegetables and berry fruits, which do no
naturally harbor viruses pathogenic to humans, it could be
prudent for the food industry or regulatory authorities to
establish a zero-tolerance approach to virus contamination; in
this case, ef�cient qualitative methods will be required, with
qualitative methods being deployed mainly for risk assessmen
purposes.

The development of techniques to detect viruses in foods
has reached a stage of re� nement over many years where� t-for-
purpose methods can now be deployed. The use of thes
detection methods will support food safety management
measures, and contribute to meeting the challenge to public
health of virus contamination of foods.

See also:Environmentally Transmissible Enteric Hepatitis
Viruses: A and E; Gastroenteritis Viruses.
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Introduction to Human Enteric Viruses

Human enteric viruses are responsible for substantia
morbidity worldwide and are a signi � cant cause of foodborne
disease. These viruses share certain features and are represe
by several virus families; hence, they are a functional, rathe
than a taxonomic group. Notably host speci� c and tissue
tropic, transmission of enteric viruses occurs primarily through
the fecal–oral route by contact with human feces. Direct
transmission occurs by person-to-person contact, while indirec
transmission happens during consumption of contaminated
food or water, or by contact with contaminated surfaces
(fomites). Although human waste is likely to be handled in
a sanitary manner in most industrial countries, enteric virus
transmission occurs nonetheless. Indeed, in both the industria
and developing worlds, the morbidity and subsequent
economic losses caused by enteric viruses are signi�cant.
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Foodborne Viruses of Epidemiological SigniÞcance

Human Noroviruses

Of all the enteric viruses, human noroviruses (NoV) are
responsible for the greatest disease burden in industrialized
nations. NoV was� rst identi� ed in 1972 in association with an
earlier outbreak of gastroenteritis among school children in
Norwalk, Ohio. Using electron microscopy, researchers iden
ti � ed a small round-structured virus in stool samples of infec-
ted individuals and named it Norwalk virus. Since then, many
gastrointestinal viruses with similar physical characteristics
have been identi� ed. Collectively, these viruses belong to the
family Caliciviridae.

According to the US Centers for Disease Control and
Prevention (CDC), NoV alone accounts for the majority (58%)
of all domestically acquired foodborne illnesses of known
etiology, resulting in 5.5 million food-related illnesses, 15 000
hospitalizations, and 150 deaths annually in the United States.
The economic impact is about $2 billion annually. Contami-
nated food is but one way NoV is transmitted, and this route is
estimated to be responsible for only about 26% of all NoV
infections in the United States. Given this information, and
taking all the other transmission routes into consideration, it is
easy to see that the total burden of NoV illness is staggering.

The rapid and ef�cient spread of NoV is attributed to both
a low infectious dose (estimated to be as few as 10 vira
particles) and the fact that ill individuals shed large quantities
(105–1011 genomic copies per gram of feces) of the virus. Th
disease is characterized by nausea, vomiting (hallmar
symptom), diarrhea, and abdominal cramping, and it usually is
self-limiting. In the United States, it has been estimated that the
overall rates of hospitalization and death due to NoV infection
are low (.03 and <.1%, respectively). Immunity is short-lived
and rarely cross-protective against multiple strains. Currently
there are no vaccines, although this remains an area of activ
research.
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Hepatitis A Virus

First identi� ed as an infectious agent in 1973, hepatitis A virus
(HAV) is the sole member of the genus Hepatovirus,
which belongs to the family Picornaviridae. Although all strains
are made up of a single serotype, genomic diversity allows fo
the classi� cation of HAV into seven genotypes. The majority of
human HAV cases are associated with genotypes GI and GI
whereas the remaining genotypes are mainly of simian origin.

HAV is transmitted by person-to-person contact, illegal drug
use, and contaminated water and food sources. In the majority
of cases, the transmission route is never identi� ed. Foodborne
transmission accounts for approximately 7% of all U.S. HAV
infections, and recent CDC estimates suggest that domestical
acquired foodborne HAV infection results in approximately
1500 illnesses, 100 hospitalizations, and seven deaths in the
United States annually. In developing countries where sanita
tion practices are poor, infections occur at an early age and ar
largely asymptomatic, allowing for full HAV immunity to
develop within the � rst few years of life. On the other hand, in
areas of the world where sanitation is well developed, children
are rarely infected and hence large proportions of the adult
population remain susceptible.

Although HAV accounts for a relatively small proportion of
enteric virus illness in the United States (relative to NoV), it
remains signi� cant because of the associated disease severi
Symptoms range from anorexia, fever, fatigue, malaise, nause
and vomiting during the initial stages of disease, to dark
golden-brown urine, pale stools, jaundice, and right-upper
quadrant pain during the later stages. The majority of HAV
infections are self-limiting, but older individuals are more
likely to develop severe disease. In the United States, it has bee
estimated that the rates of hospitalization and death due to
HAV infection are 31.5% and 2.4%, respectively. There is no
speci�c treatment and most therapy is supportive in nature.
A decrease in the incidence of HAV in the United States ha
been observed over the past 20 years because of vaccinatio
Three vaccines currently are licensed in the United States, an
both infection and vaccination result in lifetime immunity.
Other Viruses with Potential for Foodborne
Transmission

Several viruses other than NoV and HAV have been associate
with the consumption of contaminated food. Of these, Rota-
virusand hepatitis E virus (HEV) are the most signi�cant and
are discussed in the following sections. Additionally,Table 1
brie� y summarizes several additional viruses that may have the
potential for foodborne transmission.
Rotavirus

Rotavirusis the leading cause of infantile diarrhea worldwide
and is responsible for nearly 500 000 deaths per year in chil-
dren under the age of 5 years, mostly in developing countries
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00369-4

http://dx.doi.org/10.1016/B978-0-12-384730-0.00369-4
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Table 1 Other viruses with potential for foodborne transmission

Virus (genus) Disease characteristics Role of foodborne transmission

Poliovirus (Enterovirus) Asymptomatic or mild forms of gastroenteritis,
meningitis, encephalitis, myelitis, myocarditis,
and/or conjunctivitis.

Credible but not well documented.

Human Parechovirus (Parechovirus) Respiratory and gastrointestinal illness
in young children with occasional
infection of the central nervous system.

Credible but not well documented.

Aichi virus (Kobuvirus) Mild to severe gastroenteritis in humans. Recently documented via consumption
of shell� sh.

Human Astrovirus (Mamastrovirus) Acute gastroenteritis in children
and the immunocompromised.

Rare, but documented in shell� sh.

Hepatitis E Virus (Hepevirus) Results in acute hepatitis, which usually
is self-limiting. Pregnant women are
at an increased risk for mortality.

Documented in sporadic cases linked to
consumption of raw or undercooked
animal meats. Potential association
with shell� sh consumption.

Rotavirus Five species (Types A-E); Type A causes
gastroenteritis and dehydration in infants< 24 months,
milder disease in older children, life-threatening
diarrhea in the malnourished; Type B most often is
associated with large epidemics in human children and
adults in China and causes severe gastroenteritis.

Foodborne outbreaks documented but rare.
Has been associated with food
contaminated by ill workers.

Human Adenovirus (Mastadenovirus) Acute gastroenteritis in infants, second in prevalence only
to rotaviruses. Also associated with upper and lower
respiratory illnesses, conjunctivitis, and cystitis.

Adenovirus has been detected in shell� sh,
but no outbreaks have been documented.

Sapovirus Generally only causes mild gastroenteritis
in young children.

Well documented in recent years. Has been
linked to shell� sh and food contaminated
by ill workers.

Information adapted from Jaykus, L., D’Souza, D.H., Moe, C.L., 2013. Foodborne viral pathogens. In: Doyle, M.P., Buchanan, R. (Eds.), Food Microbiology: Fundamentals
and Frontiers, fourth ed., ASM Press, American Society for Microbiology, Washington, D.C., pp. 619–649.
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The disease lasts for 3–8 days and is characterized by fever
vomiting, diarrhea, and abdominal pain. Dehydration from
watery diarrhea poses the greatest threat to infected children
Initial infections are usually the most serious and subsequen
infections are less severe as immunity develops. Since 200
two Rotavirusvaccines have been licensed and are recom
mended for use in all countries by the World Health Organi-
zation. These vaccines tend to be less effective in lower incom
countries, likely because of greater strain diversity and dif� -
culties in reaching target populations.
s
,

y

t,

t

s

Hepatitis E Virus

HEV is the sole member of the family Hepeviridae. Like HAV,
HEV is made up of a single serotype, and at least four genotype
have been identi� ed. Symptoms of the disease are similar to HAV
but pregnant women who become infected with HEV are partic-
ularly susceptible to severe disease, with mortality rates of nearl
30% reported in this population. HEV is more prevalent in
developing countries and is transmitted predominantly through
sewage contaminated water and person-to-person contac
although foodborne transmission has been documented in
sporadic cases. A vaccine against HEV does not yet exist.
l t,
Barriers to the Study of Human Enteric Viruses

The absence of both a reliable cell culture model and an anima
model for propagation of most enteric viruses, particularly
NoV, has been a major barrier to the study of these agents. Th
not only has resulted in a poor understanding of the basic
mechanisms of NoV pathogenesis, but it also means tha
reagents are in limited supply. The few investigators working in
this � eld rely on fecal specimens obtained from infected indi-
viduals as the source of virus; genetically engineered viruslik
particles can be used in some studies. Furthermore, becau
NoVs are genetically and antigenically diverse, broadly reactiv
antibodies are not yet available. In the absence of anin vitro
cultivation model, surrogates often are used to make inference
about inactivation, persistence, and resistance of noncultivable
viruses. Feline calicivirus and murine NoV are the mos
commonly used human NoV surrogates. Other potential
surrogates (Tulane virus, porcine Sapovirus) have been
proposed. At the time of this writing, no one surrogate behaves
identically to human NoV under varying conditions of envi-
ronmental stress. Consequently, data collected using surrogate
must be interpreted with caution.
Foodborne Transmission of Human Enteric Viruses

Epidemiologic evidence clearly demonstrates the importance
of food as a transmission route for enteric viruses. Three food
commodities are associated most frequently with viral food-
borne disease: (1) molluscan shell� sh, (2) fresh produce, and
(3) ready-to-eat (RTE) and prepared foods. This was con� rmed
by a recent review in which CDC researchers determined tha
for outbreaks between 2001 and 2008 attributable to a single
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commodity, leafy vegetables (33%), fruits and nuts (16%), and
molluscan shell� sh (13%) were implicated most frequently.
Additionally, 41% of NoV outbreaks attributed to a food
vehicle were caused by complex foods (i.e., multicomponent
foods), suggesting the importance of prepared foods.
l

l
e

f
f

n
t
g

e,

.
e
ve

s)
,
of
n

be
-

.
d

e
e

t

t

e
n

.

e

g

l

,

e.
e
f
y

e

.

-

Molluscan Shell�sh

Viral contamination of shell � sh (oysters, clams, mussels, and
cockles) occurs during the production phase, when they are
grown in waters contaminated with human feces. Feca
contamination of harvest waters can occur due to illegal
dumping of human sewage, failing septic systems, municipa
waste discharge, and sewage treatment facilities that hav
become overloaded with excessive rainfall. Bioaccumulation o
viruses occurs because shell� sh are� lter feeders. In the case o
NoV, selective binding mechanisms within the digestive tissue
of oysters have been identi� ed, which likely in � uence bio-
accumulation. As shell� sh typically are consumed raw or
minimally processed, any virus present in the tissues ca
present a disease risk. Further complicating the problem is tha
many countries classify shell� sh harvest waters based on testin
overlay waters for fecal indicator bacteria. It generally is
recognized that there is no signi�cant correlation between the
presence of fecal indicators and enteric viruses, and therefor
current regulations cannot fully guarantee consumer
protection.

Preventing harvest waters from becoming contaminated
with human fecal material is the single most effective measure
for controlling enteric viruses in shell� sh. Contamination
events are rare, however, and probably occur sporadically
Because classic microbiological indicators do not ensure th
absence of viruses in harvest waters, preharvest efforts ha
focused on identifying alternative indicators of fecal contami-
nation. Various bacteriophages (F-speci� c RNA or male-speci� c
coliphages, somatic coliphages, phages of Bacteroides fragili
and human adenoviruses have been investigated, but to date
none have achieved widespread acceptance. Direct testing
shell� sh harvesting waters for enteric viruses has bee
proposed, but this approach may not be sensitive enough to
detect the low virus concentrations present in naturally
contaminated waters. Furthermore, these assays have yet to
standardized and widely validated. There are current interna
tional efforts to address this.

Controlled puri � cation methods (depuration and relaying)
rely on the natural tendency of shell� sh to purge contami-
nating microorganisms when allowed to feed for extended time
in a pristine environment. Used widely in Europe, it is generally
recognized that while virus levels may be reduced during
controlled puri � cation, the viruses are not eliminated, hence
these methods do not offer adequate consumer protection
Other postharvest-processing technologies include heat an
high-pressure processing (HPP). The thermal inactivation
pro� le of HAV has been the best studied, and a commonly
recommended time–temperature combination is a treatment
to an internal temperature of 90� C for 1.5 min. This usually
results in unfavorable changes in the sensory attributes of the
product. Although initially promising, recent research on the
ef� cacy of HPP for inactivation of NoV suggests that thes
viruses are highly pressure resistant, with only the most sever
treatments (600 MPa or higher) being effective. Such high
pressures cause a cookedlike appearance in oysters, and t
severity of the treatment may be a barrier to commercialization.
Fresh Produce

The CDC estimates that fresh produce items (primarily leafy
vegetables and fruits) are implicated as the single mos
important commodity linked to foodborne NoV outbreaks.
Little is known, however, about where virus contamination
originates in these foods. One possible mechanism is direc
contact with human feces or fecally contaminated water in
growing � elds. This can occur due to fertilization with human
waste (e.g., soil amendments such as manure or sewag
sludge), or the use of improperly treated wastewater as a
irrigation source. This tends to be a problem more often in the
developing world. Another possibility is irrigation water
contaminated with human fecal matter; such contamination is
usually sporadic in nature. Infected farm workers who handle
raw product during harvest, washing, or packing also may be
a source of virus contamination of fresh produce items.

As is the case for molluscan shell� sh, preventing virus
contamination in fresh produce at the preharvest phase is key
The most important control is preventing human fecal material
from entering the production environment. These preharvest
issues are addressed by virtually all good agricultural practic
documents and training materials. By way of example,
contamination from infected farm workers can be minimized
by adequate employee education on personal hygiene and
food safety practices; adequate access to proper hand washin
and toilet facilities; and restriction of symptomatic individuals
from entering � elds or handling product.

The majority of postharvest decontamination efforts focus
on washing or rinsing produce just before packaging and
distribution. As is the case with irrigation water, it is critical that
the water used to wash produce is free from human feca
contamination. Wash waters typically are supplemented with
sanitizers to reduce the pathogen load on the surface of the
produce. Chlorine is the most widely used sanitizer in the
produce industry, but alternatives such as chlorine dioxide and
ozonated water are becoming increasingly popular. In general
these sanitizers will reduce but not completely inactivate
enteric viruses that are present on the surface of fresh produc
Surface characteristics of many produce items can complicat
the removal of viruses. For example, the wrinkled surface o
leafy vegetables as well as the porous surface of soft fruits ma
entrap virus particles, which in turn can reduce the ef� cacy of
commonly used sanitizers. Recent research has shown that th
addition of surfactants (e.g., sodium dodecyl sulfate) to
the wash water enhances virus removal and inactivation
Alternative sanitizers (e.g., organic/levulinic acid, hydrogen
peroxide, and trisodium phosphate) are being investigated
with mixed results.
Ready-to-Eat and Prepared Foods

RTE and prepared foods are those products that require prep
aration and human handling without being subject to
a terminal heating step before consumption. Prepared foods
are often complex and may contain multiple components.
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Examples include meats and cheeses (sliced at retail), prepare
sandwiches, and salads. In virus outbreaks associated wi
prepared foods, it often is challenging to determine which
component is responsible for contamination of the � nished
product. There is a clear link, however, between viral contam
ination of prepared foods and contact with an infected food
worker. As an example, an HAV-infected food handler at a mea
distribution plant caused an outbreak in Belgium, highlighting
the potential for cross-contamination at the distribution level.
Additionally, the CDC estimates that contact with an infected
food worker was the contamination source for 53% of single-
commodity NoV outbreaks occurring between 2001 and 2008.
Taken together, these� ndings emphasize the role of infected
food handlers as a (if not the) major route of virus contami-
nation in prepared foods.

Prevention of virus contamination in prepared foods
focuses primarily on adherence to strict hygiene practices i
the food preparation setting. Speci� cally, compliance with
hand-washing guidelines; the use of gloves to minimize
contact of food with bare hands; compliance with guidelines
to prevent sick individuals from preparing food; and the
presence of a certi� ed kitchen manager, are all important
factors that help prevent virus contamination of prepared
foods. In the United States, these guidelines are outlined in the
Food and Drug Administration Food Code. Of particular note
is the importance of strict adherence to proper hand hygiene
practices. This is likely to be the single most important factor
for controlling the spread of viruses in a food preparation
setting. Suf� cient reduction of viruses on the hands of workers
is best accomplished by hand-washing in accordance with
recommended Food Code guidelines. Lack of compliance with
these guidelines remains an issue, however, perhaps due to th
perceived tedious nature of the guidelines (e.g., washing hand
for at least 20 s, the use of a� ngernail brush, etc.) and lack of
employee accountability. Alcohol-based hand sanitizers
cannot be relied on to eliminate enteric virus contamination
from human hands.
d
f
-

e

al
h
.

-

.

s

-

,

h

Role of Environmental Persistence
in Foodborne Viral Disease

In general, enteric viruses are more resistant to sanitizers an
disinfectants than bacterial foodborne pathogens. Their ease o
transfer between hands, surfaces, and foods is well docu
mented, and there is extensive evidence supporting their high
degree of environmental persistence, both in epidemiological
studies (e.g., cruise ship outbreaks, institutional outbreaks) and
in laboratory-based studies. Such persistence is likely to b
weeks at a time with minimal loss in virus infectivity. Under
circumstances such as these, routine use of effective chemic
disinfectants is critical. There are very few disinfectants wit
ef� cacy against the enteric viruses, however, particularly NoV
For example, sodium hypochlorite (chlorine bleach), which is
widely used as a disinfectant by the food industry, has little
ef� cacy against NoV at manufacturer recommended concen
trations. In point of fact, the CDC recommends the use of
bleach at concentrations between 1000 and 5000 ppm for
inactivation of NoV on environmental surfaces. These
exceed approved concentrations for use in food applications
Furthermore, NoVs are resistant to many other disinfectants
(quaternary ammonium compounds, ethanol) at manufac-
turer-recommended concentrations. There is a clear need fo
better surface and hand disinfectants with ef� cacy against NoV.
In the United States, however, there are substantial regulator
barriers to this goal.
Foodborne Viral Disease Outbreaks

Consumption of raw shell� sh has been associated with vira
illness for many years. In 1988, a very large outbreak of HAV in
Shanghai, China, resulted in 292 301 illnesses and 32 deaths
A case control study determined that consumption of raw
clams was responsible for this outbreak. To date, this outbreak
remains one of the largest foodborne virus outbreaks and
highlights the importance of preventing shell� sh waters from
being contaminated with enteric viruses.

Fresh produce has been implicated in foodborne viral
disease outbreaks. In 2003, a large HAV outbreak occurred i
patrons of a Pennsylvania restaurant, resulting in 601
illnesses, 124 hospitalizations, and three deaths. Consump
tion of salsa and other green onion–containing foods was
implicated, and further investigation revealed that the green
onions were likely contaminated with HAV during production
or packing on the farms where they were grown in northern
Mexico.

Poor personal hygiene of infected food handlers is probably
the most important contributing factor in foodborne virus
outbreaks. In 2005, an outbreak of NoV in rafters on the Col-
orado River was linked to the consumption of prepackaged,
sliced delicatessen meat and resulted in 137 illnesses. A
employee who used his bare hands to slice the meat one da
after recovering from gastroenteritis was considered the mos
likely source of viral contamination. This outbreak was unique
in that a food handler contaminated a sliced RTE meat product
with NoV at the processing or distribution phase, rather than
during food preparation. In another NoV outbreak, 55 people
became ill after consuming potato salad at a wedding reception
in 1997. A kitchen assistant infected with NoV who vomited in
a vegetable preparation sink the night before the reception wa
determined to be the cause. This outbreak highlights the
importance of vomitus as a potential source of NoV contami-
nation to foods.

Most recently (in 2012), more than 11 000 people fell ill
with viral gastroenteritis. Illness occurred largely in German
school children and was attributed to consumption of frozen
strawberries imported from China. The contamination route is
still unknown at the time of this writing, but this was one of the
largest foodborne disease outbreaks ever recorded.
Foodborne Viral Disease Outbreak Surveillance

Ef� cient disease surveillance networks are an integral compo
nent of an effective public health system, allowing for
improved outbreak detection and response. Launched in 2009
CaliciNet is the national outbreak surveillance network for NoV
in the United States. Speci� cally, state public health lab-
oratories submit NoV capsid sequence data associated wit
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outbreaks to the CDC, forming a national database. The
information is used to link NoV outbreaks that may be caused
by common sources, to monitor trends, and to identify
emerging NoV strains. As of 2012, public health laboratories in
25 states have been certi� ed by the CDC to participate in
CaliciNet.

In Europe, the Foodborne Viruses in Europe network
(FBVE) was launched in 1999 to establish a framework for
rapid exchange of epidemiological, virological, and molecular
diagnostic data on outbreaks of viral gastroenteritis for both
surveillance and research purposes. The FBVE is an attempt
harmonize viral gastroenteritis outbreak reporting across
Europe in an effort to rapidly identify international common-
source outbreaks. Currently, the FBVE network includes 2
actively participating sites in 13 countries. The lack of stan
dardized surveillance systems across the European countri
has been a major hurdle for the implementation of the FBVE.
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Detection of Viruses in Food

Currently, molecular-based detection methods (speci� cally,
reverse transcription quantitative polymerase chain reaction
(PCR), or reverse transcription quantitative polymerase chain
reaction (RT-qPCR)) are the most common means by which
human enteric viruses are detected in food and environmenta
samples. The detection process is not simple, however, large
because most of these viruses cannot be cultivated outside o
a host cell, and hence the classic cultural enrichment method
used to detect bacterial pathogens in foods cannot be used
There are four basic steps to the detection of viruses in food
and environmental samples: (1) virus concentration and
sample puri� cation; (2) nucleic acid extraction and puri� ca-
tion; (3) detection and ampli � cation of nucleic acids; and (4)
con� rmation of ampli � cation products. Each is discussed
brie� y in the following sections.
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Virus Concentration and Sample Puri�cation

In general, concentration and puri� cation methods exploit
the behavior of enteric viruses to act as proteins in solutions
to cosediment by simple centrifugation when adsorbed to
larger particles, or to remain infectious at extremes of pH or
salt, or in the presence of organic solvents. Although methods
vary widely by target virus, food commodity, and laboratory,
a common initial step is the elution of the virus from the
sample matrix, followed by low-speed centrifugation to
remove food particulates, with the viruses remaining in the
aqueous phase. Additional puri� cation steps may be
applied, including � ltration, ultracentrifugation, precipitation
(usually by addition of polyethylene glycol or acidi � cation),
organic solvent treatment for lipid removal, ligand-bound
magnetic separation (using immunobeads, porcine mucine,
or cationic particles), and enzyme pretreatment (to break
down matrix-associated organic matter, particularly complex
carbohydrates). In almost all puri� cation protocols, multiple
steps are combined in series. In each case, the end result
a sample with reduced volume and removal of at least some o
the sample matrix components (e.g., food components, other
viruses, and microorganisms).
Nucleic Acid Extraction and Puri�cation

After concentration and puri� cation, the release of viral
RNA from the capsid is required to facilitate molecular
ampli � cation. Although it is possible to achieve this by
a simple heat step (i.e., 95–100 � C for > 30 s), the more
popular approach is to use commercial nucleic acid extraction
methods, usually those using the chaotropic salt guanidinium
thiocyanate followed by a silica binding step for further nucleic
acid puri� cation. The result is a relatively pure sample of viral
RNA that is of substantially reduced volume relative to the
original sample.
Detection and Ampli�cation of Nucleic Acid Sequences

So-called quantitative or ‘real-time’ RT-qPCR has become the
detection method of choice over the past 10 years. This method
combines nucleic acid ampli� cation with a hybridization step,
theoretically resulting in faster, more sensitive, and speci� c
detection. For HAV detection, broadly reactive primers targeting
the VP1/2A junction or 50 untranslated region of the viral
genome are used in RT-qPCR. Detection of NoV is genogroup
speci�c and based on the use of broadly reactive primers tar
geting the open reading frame 1 (ORF1)–open reading frame
2 (ORF2) junction. For genotyping, primers corresponding to
the NoV capsid region usually are used.
Con�rmation of Ampli�cation Products

Ideally, presumptively positive RT-qPCR results will be
con� rmed by clonal ampli � cation and sequencing of RT-PCR
products. Unfortunately, for samples for which the concentra-
tion of virus approaches the theoretical detection limit of the
ampli � cation assay, cloning and sequencing of RT-PCR prod
ucts may be impossible. There is always a potential for false
positives due to nonspeci� c ampli� cation and probe hybrid-
ization that may cause� uorescence over background levels a
higher PCR cycle thresholds (Ct). Hence, when high Ct value
are obtained and sequencing is impossible, interpretation of
results should be approached cautiously.
Recent Advancements in Virus Detection

As molecular detection assays improve (i.e., detection limits
fall), the need for appropriate controls becomes more
apparent, especially as applied to naturally contaminated
samples. Although most assays employ standard positive an
negative ampli� cation controls for molecular ampli � cation
aspects of the protocol, investigators are beginning to incor
porate process controls and internal ampli�cation controls into
their assay designs. Process controls are used to monitor th
ef� cacy of virus concentration, puri� cation, and nucleic acid
preparation processes. At the time of this writing, there are no
universal guidelines for the choice of appropriate process o
ampli � cation controls.

A major concern about using RT-qPCR methods to identify
viral contamination in foods and environmental samples is
that they cannot discriminate between infectious and nonin-
fectious virus particles. Hence, a positive signal by molecula
ampli � cation does not mean that the product is at risk for
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transmitting a foodborne illness. Development of sample
manipulations that can be used in conjunction with molecular
ampli � cation to help determine virus infectivity status is an
active area of research. Two general approaches currently a
under way, based on the ability to establish full integrity of the
virus capsid or the viral nucleic acid. These efforts are reviewe
elsewhere.
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Conclusion

In many ways, human enteric viruses (particularly NoV) are an
‘ideal’ foodborne pathogen: readily transmissible by many
routes; causing disease at low infectious doses; consisting
many strains with a high degree of genetic and antigenic
diversity; environmentally persistent; and resistant to most
commonly used food processing and preservation methods
including hand and surface disinfectants. Control is further
complicated by the lack of reliable commercial detection
methods for clinical and food or environmental samples. The
absence of a cultivable strain makes the situation even mor
complicated. Clearly, there is much yet to be done as we seek t
better understand and control foodborne viruses. The� eld of
food virology will likely mature substantially in the coming
years as scientists tackle these problems with the help o
developing technologies.
h

ritical Review

gainst human
iews in Food

.P., Lee, A.S.,
.S., 2012. The
tors associated
161
Acknowledgments

This project was supported by Agriculture and Food Researc
Initiative Competitive Grant no. 2011-68003-30395 from the
USDA National Institute of Food and Agriculture.
See also:Process Hygiene:Hygiene in the Catering Industry
Virology:Introduction;Viruses:Hepatitis Viruses Transmitted
by Food, Water, and Environment;Viruses:Norovirus;Virology:
Detection;Water Quality Assessment:Routine Techniques fo
Monitoring Bacterial and Viral Contaminants;Water Quality
Assessment:Modern Microbiological Techniques;
Identi�cation Methods:Real-Time PCR;Identi�cation
Methods:Culture-Independent Techniques.
Further Reading

Glass, R.I., Parashar, U.D., Estes, M.K., 2009. Norovirus gastroenteri
Journal of Medicine 361, 1776–1785.

Hall, A.J., Eisenbart, V.G., Etingüe, A.L., Gould, L.H., Lopman, B.A.,
2012. Epidemiology of foodborne norovirus outbreaks, United State–2008.
Emerging Infectious Diseases 18, 1566–1573.

Hall, A.J., Vinje, J., Lopman, B., Park, G.-W., Yen, C., Gregoricus, N
2011. Updated norovirus outbreak management and disease preve
Morbidity and Mortality Weekly Report (MMWR) 60 (RR03), 1–15.

Hirneisen, K.A., Black, E.P., Cascarino, J.L., Fino, V.R., Hoover, D
inactivation in foods: a review of traditional and novel food-processin
Comprehensive Reviews in Food Science and Food Safety 9, 3–20.

Jaykus, L., D’Souza, D.H., Moe, C.L., 2013. Foodborne viral pathogens. In
Buchanan, R. (Eds.), Food Microbiology: Fundamentals and Frontier
Press, American Society for Microbiology, Washington, D.C, pp. 61–649.

Knight, A., Li, D., Uyttendaele, M., Jaykus, L.A., 2012. A critical review
detecting human noroviruses and predicting their infectivity. C
Microbiology, 1–15.

Li, J., Predmore, A., Divers, E., Lou, F., 2012. New interventions a
norovirus: progress, opportunities, and challenges. Annual Rev
Science and Technology 3, 331–352.

Matthews, J.E., Dickey, B.W., Miller, R.D., Felzer, J.R., Dawson, B
Rocks, J.J., Kiel, J., Montes, J.S., Moe, C.L., Eisenberg, J.N., Leon, J
epidemiology of published norovirus outbreaks: a review of risk fac
with attack rate and genogroup. Epidemiology and Infection 140, 1–1172.



Hepatitis Viruses Transmitted by Food, Water, and Environment
YC Shieh,US Food and Drug Administration Moffett Center, Bedford Park, IL, USA
TL Cromeans,Atlanta, GA, USA
MD Sobsey,University of North Carolina, NC, USA

� 2014 Elsevier Ltd. All rights reserved.
-

.

f

in
of

s.
d
,
es

nd

te

f

l
e

4.
nt

s

.

in
f
-

i-
-

e

-

Introduction

The disease infectious hepatitis can be caused by at least� ve
different hepatitis viruses, but only two of these currently
characterized viruses potentially are transmitted by contami
nated food or water. Hepatitis A virus (HAV) and hepatitis E
virus (HEV) are transmitted by ingestion of virus shed by
infected individuals (fecal–oral route). In contrast, hepatitis B
virus (HBV) and hepatitis C virus primarily are transmitted by
parenteral routes and intimate person-to-person contact
Hepatitis delta virus also is transmitted parenterally and is
infectious only in the presence of acute or chronic HBV infec-
tion. Early studies in the 1960s established two types o
hepatitis, infectious and serum, based on the different modes
of transmission of HAV and HBV. Serologic testing in the 1970s
applied to samples from large epidemics in Asia demonstrated
another agent was responsible. This agent was characterized
the late 1980s and was designated HEV. Hepatitis cases
apparent viral origin continue to occur that cannot be associ-
ated with any known hepatitis virus, or any of the other viral
agents sometimes causing hepatitis, such as cytomegaloviru
This article describes HAV and HEV, the only characterize
hepatitis viruses transmitted through environmental sources
such as food and water. The basic characteristics of the virus
that are relevant to the modes of transmission and epidemi-
ology of the diseases are described. Disease characteristics a
unique patterns of transmission of both viruses worldwide also
are described. Emphasis is placed on characteristics that rela
to the potential transmission via food, and methods for
detection in environmental specimens, including food and
water. HAV has been studied for decades and investigation o
foodborne outbreaks has reached a level of sophistication in
the past decade, in contrast information about HEV started to
unfold in the past decade.
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Hepatitis A Virus

Structure, Genetics, and Biology

Although HAV differs in important biological aspects from
other picornaviruses and is classi� ed in a separate genus, it is
structurally similar containing a single-stranded RNA genome
of positive polarity. The genome of approximately 7500
nucleotides contains a 50 nontranslated region (NTR) of 735
nucleotides, and a 30 NTR of 60 nucleotides. A single open-
reading frame (ORF) of 6500 nucleotides produces a single
polyprotein. This polyprotein is cleaved into 11 proteins by
virus-speci� c proteases and can be divided functionally into
three regions: P1 includes the viral capsid proteins and P2 an
P3 both encode nonstructural proteins, which primarily are
enzymes involved in virus replication. Two small regions are
exceptions: (1) a region of P2 adjacent to P1, which is cleave
with P1 to form a structural protein, VP1/2A, which is involved
738 Encyclopedia of Food
in the assembly of virions; and (2) a region of P3, 3B which
encodes the VPg, a genome-linked virus protein. Structura
proteins are encoded by the P1 region and cleavages of th
polyprotein yield three viral polypeptide (VP) precursors: VP0,
VP1, and VP3. Final cleavages yield VP1, VP2, VP3, and VP
VP1 is the major surface-exposed antigen. HAV has a buoya
density of 1.32–1.34 g ml� 1 in CsCl, and a sedimentation
coef� cient of 156–160 S. A single serotype exists worldwide
and studies of neutralization-resistant mutants indicate a single
conformational immunogenic epitope on VP1 and VP3. HAV
replication in cell culture does not shut off macromolecular
synthesis and the replication is slow, unlike other well-char-
acterized picornaviruses. Some of the biological difference
of HAV from other picornaviruses have been elucidated,
including inef � cient uncoating of virus, an inef� cient internal
ribosome-binding site, and posttranslational processing inef� -
ciency. Signi� cant structural differences could explain that HAV
is more resistant than other picornaviruses to environmental
stresses, including temperature and pH. Speci� cally, proteins
VP4, VP1, 2A, 2B, and 3A are distinct from other picornaviruses
HAV stability in food and environment is illustrated in Table 1,
and described further in a later section.

Nucleic acid sequence comparative analysis of 168 bases
the VP1 and adjacent P2A region (chosen for a higher degree o
sequence variability) of geographically diverse strains estab
lished six genotypes of HAV with variation of 15–25% among
genotypes. Subtypes within these genotypes differ by approx
mately 7.5% of the analyzed base positions. Current genotyp
ing and strain identi� cation rely on larger nucleotide segments,
315 to 450 bases, in similar regions of VP1-P2A or -P2B. Ther
is considerably less genetic variability, however, in comparison
to a picornavirus such as poliovirus. Nucleic acid sequence
analysis of the cloned and sequenced HAV genome demon
strated that the genome organization and translational strategy
are similar to other picornaviruses. The 50 NTR is the most
highly conserved region of the genome within HAV strains and
uniquely differs from those of other picornaviruses. Therefore,
although the 30NTR has as much as 20% variability, the 50NTR
and structural VP regions have been used commonly to desig
the primers and probes for rapid and sensitive detection of
HAV using real-time reverse transcription-polymerase chain
reaction (RT-PCR; see the section Foodborne Disease, Dete
tion, and Prevention).

Geographic analysis of HAV sequence data sugges
endemic circulation of HAV strains. Classical epidemiology
combined with analysis of genomic sequence of HAV RNA
isolated from patients makes determination of a common-
source outbreak possible. If the virus can be isolated from the
food or water source, epidemiologically implicated viral
sequence can be compared with isolates from the patien
specimens or any intermediate source of transmission to
establish or verify the chain of transmission. As more nucleic
acid sequence information is generated for HAV occurring in
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00350-5
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Table 1 Persistence of HAV in environmental media and foods

Food and environmental media Treatments (temp. in� C� time) Remaining % infectious References

Cookies 49� 30 days 0.88 Sobsey et al. (1988)
Milk 62.8� 30 min 0.1 Parry et al. (1984)
Homogenized milk, cream 73� 0.59 and 5.38 min 0.1 Bidawid et al. (2000)
Shell� sh

Acid-marinated mussels 4 � 2 and 4 weeks 6 and 2 Hewitt and Greening (2004)
Clams (depuration) 25� 44 h 54 Love et al. (2010)
Mussel homogenate 60 and 80� 10 min 1 and 0.01 Croci et al. (1999)
Mussels 63 (meat temp.)� 3 min steam 3.1 Hewitt and Greening (2006)
Cockles 85–95� 2 min None Millard et al. (1987)

Fruits and vegetables
Lettuce 4 � 12 days 48–84 Bidawid et al. (2001)
Spinach 5.4� 28.6 days 10 Shieh et al. (2009)
Green onion (dehydration) 48 and 62� 20 h 10 and 0.1 Laird et al. (2011)
Berryþ sucrose (40� Brix) 85� 1–2.8 min 10 Deboosere et al. (2004)
Basil, chives, mint 95� 2.5 min 0.1 or less Butot et al. (2009)

Nonfood media
Seawaterþ marine sediment 5� 60 days 100 Chung and Sobsey (1993)
Septic tank ef� uent 5 � 58.5 days 10 Deng and Cliver (1995)
Dried feces 25� 1 month Positive McCaustland et al. (1982)
Human albumin, 5% 60� 3 h 0.01 Barrett et al. (1996)
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speci�c geographic locations or within speci� c patient groups,
concurrent analysis of genomic sequences from environmenta
isolates for comparison with sequence from clinical samples
will provide molecular epidemiological data for improved
surveillance, prevention, and control activities.

HAV replication in cell culture was not achieved until the
late 1970s after extensive efforts from many investigators, an
cultivation from clinical specimens or environmental sources is
dif � cult and frequently not possible. Higher titer samples from
clinical specimens are needed to initiate infection in cell
culture. Repeated virus passages with incubation periods o
weeks to months are required for growth of wild-type virus
from high titered sources, such as stool of infected individuals,
and viral replication is detectable only by analysis for viral
antigen or nucleic acid, because replication is not lytic or visibly
cytopathogenic. Replicationin vitro may re� ect diseasein vivo,
because the liver damage apparently is immune mediated an
not a direct cytopathic effect of virus replication. After
numerous passages in cell culture or primates, rapidly repli
cating lytic and cytopathogenic variants have been isolated an
characterized and have been useful in laboratory experiments
Cell culture–adapted HAV yields higher quantities of virus than
initial isolates of wild-type virus, but the quantity of HAV
produced is less than the quantity of many enteroviruses, such
as poliovirus. Adaptation of HAV to human cells has given
suf� cient antigen production for inactivated vaccines. More
information about replication, however, will provide infor-
mation for more easily produced vaccines, including poten-
tially a live vaccine, and for more effective detection in foods
and water.
y
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he
Epidemiology and Clinical Disease

Hepatitis A infection is common worldwide and in developing
countries 90% of children are infected by age 6 years, usuall
asymptomatically. In contrast, in industrial countries with
improved hygiene, the majority of children and young adults
remain susceptible to infection. Since infection of older chil-
dren and young adults is much more likely to result in clinical
disease (50–90% above age 5 years are jaundiced), there
appreciable morbidity. The potential for large outbreaks of
disease exists in areas where the standard of living has increas
and a susceptible adult population is present. Worldwide, the
prevalence of HAV antibodies can be categorized into thre
general infection rates: high, intermediate, and low. Western
Europe and North America have low rates; Asia and Russia hav
intermediate rates; and South America, Africa, and southern
Asia have high rates. Epidemiologic data indicate that the fecal–
oral route of transmission is the usual route, although blood-
borne transmission has been documented and found in
populations of intravenous (IV) drug users either due to IV
transmission or poor hygiene. HAV is shed at up to 108 infec-
tious units per gram of stool, while the level of viremia in early
clinical illness is lower, 102–105 infectious units per milliliter
of blood. Infectious virus is transferred from person to person
within a common environment or transferred by contaminated
food or water. The most common risk factor for disease is
personal contact with a person who has hepatitis; this accounts
for approximately 25% of cases. Other known risk factors are IV
drug use, day-care center association, international travel, me
who have sex with men, or exposure to implicated food or
water in an outbreak. Each of these contributes 15% or less to
the total reported cases, and about 45% in reported analyse
have no known risk factor. HAV transmitted by those routes
may then spread to others in the community.

The incubation period of hepatitis A ranges from 2 to 6
weeks with an average of 28 days. Clinical symptoms o
hepatitis A are the same as those of other hepatitis diseases. T
degree of clinically apparent illness is related to the individual’s
age. Fewer than 10% of children under 6 years old develop
jaundice, whereas in older children and adults, icterus occurs in
70% of infected individuals and most have some symptoms
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associated with viral hepatitis. Children may shed virus longer
than adults. Symptomatic infections are characterized by
malaise, nausea, low-grade fever, and headache, progressing
more severe symptoms such as vomiting, diarrhea, and righ
upper-quadrant discomfort. The case fatality rate in the United
States is 0.3%, varying from extremely low in people ages 5–14
years to 2.7% in people older than 49 years. Relapse o
symptoms can occur in 3–20% of people with associated
reactivation of viral shedding.

Experimental infection of nonhuman primates has revealed
patterns of virus replication and excretion. HAV can be detected
in hepatocytes 1 week before liver enzyme elevations; sever
weeks after resolution of disease, HAV antigen is no longe
detected. HAV is shed in feces via bile entering the intestina
tract soon after it is detected in the liver. HAV RNA can be
found up to several months after clinical infection is apparent.
Molecular epidemiology in some outbreaks (Table 2) has been
performed using acute sera and fecal specimens from ca
patients, as well as incriminated food samples for matching
HAV strains. Serological tests� rst detect immunoglobulin
M (IgM) antibody 7 –10 days after infection and usually do not
detect IgM after 4–6 months. Immunoglobulin G (IgG) anti-
body appears soon after IgM and confers lifelong immunity.
Competitive inhibition immunoassays to detect both immu-
noglobulins (total anti-HAV) are commercially available.
Absence of anti-HAV IgM in an individual indicates a previous
infection if the total anti-HAV is positive. Although the liver is
the primary target organ of the virus and the site of almost all
viral replication, an initial low-level replication in the gastro-
intestinal tract has been suggested. Some investigations foun
that the salivary glands, tonsils, and lymph glands of infected
animals contained virus, which suggests a role for oral and
Table 2 Vehicle-identi� ed US foodborne outbreaks of HAV, 1997–2008

Year Cases in each outbreaka Vehicleb

1997 213 Frozen berries
43, 21 Multiple foods, fruit

1998 43, 29 Green onions, berries

1999 40 Salad and sandwich
(35, 20)2, (4, 2)2, 8 Sandwich, salad, multiple food

2000 32, 12, 10 Green onions, multiple foods,
8, 7, 4, 4, 4 Berries, shell� sh, sandwich, sals

2001 40, 8, 7, 3 Ice, milkshake, fries, multiple f
2002 16 Coleslaw
2003 (601, 333, 73, 16)b Green onions

6 Crab dishes
2005 39, 23, (16, 5)b Oysters, tomato, unspeci� ed veg

2006 14, 8 Tap water, ice
2007 15, 3 Ice cream, yogurt, berries, and
2008 22 Romaine lettuce

aOther foodborne HAV outbreaks without vehicle identi� cation are not listed.
bThe type of food that caused more than one outbreak in the same year is listed o
brackets. Therefore, two outbreaks were caused by sandwich alone and another
outbreaks were both incriminated by vegetables.
cOutbreak data were extracted from (1) references listed, (2) CDC online listihttp://
database (1998–2008) athttp://www.cdc.gov/foodborneoutbreaks. If the cases of an ou
number from the indicated publication was used.
saliva transmission. Those sites, however, contain thousands
fold less virus than fecal material.
Foodborne Disease, Detection, and Prevention

Since hepatitis A is a reportable disease in many countries, dat
on the risk factors associated with reported disease can b
compared. In this analysis, 3–8% of reported cases in the
United States are due to contaminated food or water and
almost always are associated with a common-source outbreak
Sporadic cases associated with food would not be identi� ed
easily. In countries where hepatitis A infection is low (such as
Finland) and much of the population is nonimmune, food-
borne outbreaks have been suggested as potential signi� cant
sources of disease. A signi� cant foodborne outbreak occurred
in Shanghai in 1988 with 300 000 cases in 2 months due to
contaminated clams. Shell�sh were taken from a new harvest
area that later was shown to have sewage pollution, and HAV
was isolated from the clams. This outbreak demonstrates the
potential for disease and outbreaks in a population where
immunity is declining and sanitation is improving. For
approximately the past one and half decades, the US foodborne
outbreaks of hepatitis A have been strongly associated with the
consumption of raw or minimally processed fruits, vegetables,
shell� sh, and ready-to-eat foods (Table 2).

HAV infected stools contain up to 109 particles per g of
stool; but the contamination levels that generally are observed
in contaminated food and water are much lower. There has
been no rigorous human infectivity study, but as few as 10–100
particles are estimated to cause infection. Food samples fo
virus analysis usually must be processed to concentrate viruse
and residual natural inhibitors in food often will interfere with
Referencesc

Hutin et al. (1999)
www.cdc.gov/outbreaknet/pdf/surveillance/1997_linelist.

pdf c(2)

Dentinger et al., 2001; CDC online databasec(3) (www.cdc.
gov/foodborneoutbreaks)

CDC online databasec(3)

s
deli meat CDC online databasec(3)

a, sushi
oods CDC online databasec(3)

CDC online databasec(3)

Wheeler et al. (2005)
Amon et al. (2005); CDC online databasec(3)

etables Bialek et al. (2007); Shieh et al. (2007); CDC online
databasec(3)

CDC online databasec(3)

other fruits CDC online databasec(3)

CDC online databasec(3)

nly once. Different outbreaks associated with the same vehicle in the year are designated within
two by salad alone in 1999. Several 2003 outbreaks were caused by green onions. In 2005, two

ngwww.cdc.gov/outbreaknet/pdf/surveillance, and (3) CDC foodborne outbreak online
tbreak was published differently by individual publication and CDC online data, the case
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virus detection. Therefore, the detection of low levels of HAV in
contaminated food and water is more challenging than that in
clinical specimens. Even with the application of a sensitive
molecular assay such as RT-PCR, HAV could not be foun
easily in incriminated food samples, although rapid identi� -
cation of HAV in patients’ specimens was successful. Molecula
epidemiology has been used to identify multistate outbreaks of
hepatitis A traced to frozen strawberries processed at a sing
plant. In 1997, a large outbreak occurred among school-
children from several counties in Michigan, and the epidemi-
ologically associated food was frozen strawberries served i
school lunches (Table 2). All strawberries associated with the
cases were processed in the same plant in the United States b
imported from Mexico. All contaminated strawberries were
processed at a similar time; however, whether contamination
occurred at the agricultural site or processing plant could not be
determined, indicating the complex nature of determining the
source of food contamination in the current international food
supply chain. Along with shell� sh trace information, the use of
molecular epidemiology linked 39 cases of hepatitis A (2005,
Table 2) occurring in 11 restaurants across four states to th
consumption of oysters harvested from a single area. Identica
HAV nucleotide sequences of 315 bases were obtained from
both the implicated oysters and case patients from four states

Pre- or postharvest HAV contamination of food may occur
at several points along the food supply chain. The contami-
nation points may include the production source (such as
cultivation � elds and large batch processing) and the� nal
preparation prior to consumption (via infected food handlers
who may directly contaminate food). Contamination may
occur in the agricultural areas due to such practices as the use
reclaimed wastewater for irrigation or use of human waste as
fertilizer. Contamination of products may occur due to infected
laborers if adequate sanitary facilities are lacking or not used
Fresh produce that is hand-picked and eaten unprocessed (o
processed minimally allowing viral infectivity to be retained) is
particularly susceptible to contamination, and signi� cant
outbreaks have occurred due to this source. With increase
consumption of fresh, uncooked foods imported to industrial
countries from areas with highly endemic disease, this cause o
the disease could become more prevalent. Contaminated
shell� sh eaten uncooked or inadequately cooked has been th
source of outbreaks for decades. Sewage treatment may n
completely remove HAV from wastewater, and wastewater with
HAV may reach shell� sh harvest areas. Filter-feeding shell� sh
concentrate any contamination entering the shell� sh beds.
Although controls are in place to regulate shell� sh beds in most
industrial countries, these do not always ensure the safety of th
products. HAV may persist in the environment for months or
years because the inactivation rates are slow, especially at low
temperatures, such as those encountered in shell� sh beds or in
waters in temperate climates. Depuration, holding of shell� sh
in clean � owing water to remove impurities during natural
pumping, can be an alternative for HAV removal if time and
conditions are adequate. Some European and Asian countrie
use depuration for their commercial shell� sh products.

HAV is more resistant than other picornaviruses to envi-
ronmental stresses. HAV is stable in water up to 60� C and to
80 � C in aqueous solutions with high concentrations of diva-
lent cations. A pH range of 1–10 is tolerated. Organic solvents,
ether, alcohol, chloroform, � uorocarbons, most detergents,
quaternary ammonium compounds, and iodophores do not
appreciably inactivate the virus. Selected experimental data o
stability of infectious HAV in food, environmental sources, or
sources relevant to transmission of virus are shown inTable 1.
Disinfection of water with free chlorine, chlorine dioxide,
ozone, and ultraviolet (UV) radiation can achieve more than
99.99% inactivation under optimum conditions. If HAV is
protected within organic matter or other particles, rates of
inactivation can be reduced dramatically. An example is
shown in Table 1: to inactivate 3 logs of HAV at 73� C in high
fat–containing cream, 5.38 min were required; whereas only
0.59 min were required for low fat–containing homogenized
milk. The inactivation of HAV by high pressure treatments can be
enhanced by low pH (acidic), low salts, and higher temperatures
(30–50 � C). With the initial temperatures <10 � C, the high-
pressure inactivation of HAV in shucked oysters achieves>1 log
and >3 logs for 1 min treatment at 350 and 400 MPa, respec-
tively. For disinfection of contaminated surfaces, 5000 mg l� 1

free chlorine with 1 min contact time has been shown to inac-
tivate HAV. Current industrial practices also include washing
fruits and vegetables with clean water and with or without
additional chlorine. This practice may reduce approximately 1
log of microorganisms by water alone, with additional removal
by disinfectant supplement. Complete removal of microorgan-
isms, including viruses may or may not be achievable if heavy
contamination occurs in the preharvest stage.

With sensitive techniques like RT-PCR followed by nucle
otide sequence analysis, molecular epidemiology is useful to
associate viral outbreaks and cases with a food item. Food
water, and other environmental samples usually require
concentration of the virus for detection of the low levels
typically present. Several approaches to the concentration an
detection of HAV and other enteric viruses from food and
water have been evaluated by numerous investigators. Som
methods include the use of speci� c antibody for recovery of
virus from samples for RT-PCR assays. The method offers th
advantage of detection of complete virus particles with capsid
containing RNA for ampli � cation; however, reagents are no
readily available. Many recently developed approache
involve extraction of RNA from the virus-containing concen-
trates, or from the unconcentrated samples in some instance
(followed by RNA concentration), for direct analysis in RT-
PCR or real-time RT-PCR. Concurrent PCR ampli� cation and
� uorogenic probe hybridization in the real-time monitoring
system eliminates the need for DNA gel electrophoresis o
PCR amplicons, and provides a rapid detection and quanti-
� cation of HAV genome via � uorescence accumulation,
resulting from probe hybridization to the viral targets
ampli � ed. With laboratory modeling experiments, several
methods for detection of HAV in shell� sh or other foods with
sensitivity below 1 infectious unit have been described.
Currently, regulatory agencies aim to select and validat
molecular methods for virus detection in food commodities
prone to viral contamination.

HAV is a vaccine-preventable disease and two vaccines a
licensed for use in people older than 1 year of age. Both
vaccines are available in pediatric and adult doses, and vacc
nation of all 1 year olds is recommended. Currently, about
a 50% pediatric vaccination rate is being achieved. Others tha
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should be vaccinated include those at increased risk for diseas
such as travelers to high-endemic countries, men who have se
with men, those potentially exposed through known sources or
contacts with cases within 2 weeks. Immunoglobulin is indi-
cated for prevention only in exposed people older than 40 years
of age or in infants younger than 12 months. Although the
long-term presence of vaccine immunity is not completely
understood, modeling suggests protection for 20 years. Ther
are no particular recommendations for food handlers. If a food
handler is diagnosed with hepatitis A, however, other food
handlers at the location should receive vaccination or immu-
noglobulin per the general recommendations. The most
important factor in control of disease spread by infected food
handlers is good personal hygiene. Therefore, exercising prop
handwashing procedures, eliminating bare hand contact with
ready-to-eat foods, and excusing from working with foods
during illness are effective measures for food handlers to
prevent any further transmission of the disease.

Pre- and postharvest controls of food production are both
critical to reduce the incidence of viral diseases. Overall, goo
agriculture practice, such as environmental hygiene; using clea
water for food production; good manufacture practice, such as
good record-keeping and personnel-training; hazard analysi
and critical control points (HACCP) programs; and consumer
education are all important in the prevention of foodborne and
waterborne viral diseases.
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Hepatitis E Virus

Structure, Genetics, and Biology

HEV has been classi� ed in its own family Hepeviridae with the
only genus Hepeviruscontaining four mammalian genotypes.
Genotypes 1 and 2 infect only humans and are primarily Asian
strains (Genotype 1) or Mexican (one isolate) and some
African strains (Genotype 2). These two genotypes were th
commonly identi � ed causes of HEV infection worldwide,
primarily associated with large waterborne outbreaks and
sporadic cases in travelers described prior to the late 1990s. Th
identi � cation of a new HEV genotype in swine herds in the
United States ushered in an era of rapid expansion of infor-
mation about the occurrence of HEV with different epidemio-
logical patterns than those previously described. Strains from
Genotypes 3 and 4 have been identi� ed in animals and in
sporadic human cases worldwide. Genotype 3 was� rst iden-
ti � ed in US domestic pigs, which have subclinical infections,
and subsequently found in domestic pigs worldwide. Also,
human infections around the world have been attributed to
Genotype 3. Furthermore, it has been identi� ed in wild boars,
deer, mongoose, and rabbits. Genotype 4 has been found in
sporadic human disease in Asia and in animal strains, including
wild boar in Asia. Other animal strains of HEV have been iso-
lated from rats, cattle, and sheep but have not yet been de� ni-
tively genotyped. Other animal reservoirs of HEV may include
dogs, cats, goats, and rhesus monkeys. Avian HEV from chicke
has been described and may be classi� ed as a separate genus. A
more animal isolates are found, the family may expand and
more genotypes of the current genus may be found. Some of th
animal strains can cross species boundaries, while others cann
or have not been found to do so yet. Currently, Genotypes 3 and
4 are hypothesized to be transmitted zoonotically. In limited
studies, genetic analysis of animal viruses and human viruse
circulating in a particular geographic area suggest sharing of th
viruses.

The HEV genome is a positive-sense, single-stranded RN
molecule of 7.2 kb. The sedimentation coef� cient is 183 s,
and the buoyant density 1.35 g ml� 1 in CsCl. The HEV
genome codes for structural and nonstructural proteins
through three discontinuous, partially overlapping ORF.
The HEV genome has a 30-polyadenylated (polyA) tail.
Nonstructural genes are located at the 50 end and structural
genes toward the 30 end. ORF 1 is approximately 5 kb and
contains the sequence for several enzymes; ORF 2 contains t
major structural proteins and known neutralizing site and is
2 kb, while ORF 3, overlapping ORF 1 by 1 nucleotide and
ORF 2 by 328 nucleotides, encodes an immunogenic protein
HEV is nonenveloped and recent studies indicate the therma
stability is less than HAV, but stability up to 60 � C was
observed. Stability to acid and salts should be high since it
survives the intestinal tract for excretion. Not enough virus has
been produced to study most physical and chemical proper-
ties; however, any method that inactivates HAV would likely
inactivate HEV.

Antibody to HEV was � rst detected by immunoelectron
microscopy with virus isolates from different regions of the
world. A signi� cant amount of research has focused on the
development of immunoassays for IgM and IgG using recom-
binant expressed proteins from ORF 2 (the major neutralizing
site) and ORF 3. Synthetic peptides derived from proteins
encoded by ORF 2 and ORF 3 also have been evaluate
Recombinant protein-based tests detect 90–95% of cases during
outbreaks in HEV-endemic areas. When tests are applied t
populations, however, to determine exposure history or infec-
tion with HEV particularly in industrial countries, results are
more problematic. Assays using ORF 2 and ORF 3 recombinan
proteins and synthetic peptides have been developed and hav
been evaluated on a variety of populations. The sensitivity and
speci� city of the assays are not resolved completely or under
stood and vary between the assays. Seroprevalence studies ha
yielded widely different results in industrial countries ranging
from 0.4 to 24.7% of populations positive. Autochonthous
(locally acquired) hepatitis E infection is more common in
some industrial countries than others, and the incidence can
vary region by region in the countries. It is more common in
older persons, usually male. Current research is directed towar
developing a properly validated method for detection of IgG in
populations. Commercial assays produced in Germany
Singapore, and China are in use in some parts of the world for
diagnosis of disease. All four genotypes are thought to belong to
the same serotype.

The potential for infection of humans with the zoonotic
genotypes of HEV has been revealed by recent reports. Fu
length genomic sequencing of HEV from deer meat and
patients who ate deer meat demonstrated 99.7% similarity.
Wild boar in the region also had the same sequence. Sporadi
cases of acute hepatitis E have been linked to consumption o
raw and undercooked pig livers or grilled pork.

Consumption of raw deer meet has been linked to a cluster
of hepatitis E. Pig livers sold in Japan and the United States
tested 2 and 11% HEV positive by RT-PCR, respectively. Also p
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livers in the United States were demonstrated to contain infec
tious HEV. In addition to the role of meats in transmission,
there is the potential for environmental contamination from
animal farms as waste may� ow to streams and coastal waters
and potentially into irrigation water sources.

Propagation of HEV in cell culture recently has been
reported for Genotypes 3 and 4. Although no sustainable
system has been reported for the nonzoonotic HEV, limited
success has been shown in Genotype 1. Genotypes 3 and 4 a
demonstrated to infect cells from human and animal species,
consistent with the zoonotic characteristic of the genotypes
These developing systems could provide methods for a bette
understanding of virus replication and assembly and therefore
approaches to development of better diagnostic tools and
vaccines.
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Clinical Disease and Epidemiology

Clinical disease patterns vary somewhat between the disease
high endemic countries and that found in countries of low
endemicity. During outbreaks in high endemic countries, the
highest rates of infection are in older children and young
adults, and the mean age for symptomatic infection has been
29 years. Mortality rates of 17–33% among pregnant women
have been seen in all epidemics. Although fecally contaminated
water has been identi� ed as the source of HEV in most
outbreaks, secondary attack rates of 0.7–8% in case households
have been observed. Food contaminated due to lack of san
tation and clean water may be a source of transmission in some
outbreaks of Genotypes 1 and 2, but this is hard to document.
The reservoir of Genotypes 1 and 2 HEV between epidemics
unknown.

The onset of symptoms of classic epidemic hepatitis E
begins within 15–60 days of exposure, with a mean of 40
days. Symptoms include nausea, dark urine, abdominal pain
vomiting, pruritus, joint pains, rash, and diarrhea. About 20%
of patients have fever and most have hepatomegaly. In al
animal models, liver enzyme elevation occurs 24–38 days
after IV inoculation. HEV RNA can be detected by RT-PCR i
the stools 2–3 weeks and until 7 weeks. IgM and IgG antibody
responses are detected about the same time as symptom
IgM persists for 5–6 months. Recent studies of human pop-
ulations indicate waning immunity within a few years,
although other studies suggest that 25% seropositivity last
for 14 years. Where long-term surveillance has been con
ducted, a pronounced seasonal distribution associated with
the local rainy season has been observed for epidemic HEV.
common source, such as contaminated water, is suggested
the epidemics, and HEV has been isolated from source wate
in some endemic areas. The highest rates of infection are i
older children and young adults, and the mean age for
symptomatic infection is 29 years. HEV has been detected i
raw or treated sewage in India, Pakistan, Italy, Spain, and th
United States. Genotype 1 was identi� ed in sewage in Asia and
Genotype 3 primarily in Europe and the United States. Studies
indicate that during epidemics, there are up to three times as
many Genotype 1 subclinical cases. Disease could be main
tained by serial transmission among susceptible individuals,
failures of water treatment plants, or sporadic contamination of
smaller untreated water supplies. Several studies have identi� ed
Genotype 3 from US pig farm waste. Contaminated shell� sh
and produce receiving contaminated irrigation water could be
sources of infection.

The recently described hepatitis E disease in people i
industrial countries having no connection with travel to
endemic countries has been found in two forms, acute and
chronic. The acute disease is usually in older age males som
times with liver disease or higher alcohol consumption history,
and a higher mortality rate is observed. The most common
symptom in this group is jaundice, with fever, joint, and
muscle pain and abdominal pain also reported. A chronic
disease has been described particularly in patients receivin
organ transplant and other immunosuppressed individuals.
Infection with Genotypes 3 and 4 is more sporadic than
Genotypes 1 and 2 and subclinical cases occur.
Prevention and Control

Epidemic HEV infection caused by Genotypes 1 and 2 could be
better controlled by adequate water and sewage treatmen
This has proved dif� cult in developing countries. Chlorination
or boiling of water supplies has been shown to interrupt
disease transmission. The removal and inactivation of HEV by
water and sewage treatment processes and food sanitatio
processes has not been studied adequately due to the lack
a convenient infectivity assay system. Recent studies a
providing tools for these types of studies at least for the
models of Genotypes 3 and 4. Control of the zoonotic geno-
types of HEV may require several approaches. Where it is cle
that consumption of uncooked or inadequately cooked
animal meat is the source of disease, proper cooking should be
the simplest prevention. Research may be necessary to esta
lish the temperature and time effects on HEV inactivation in
the meats. For those unexplained cases of HEV of Genotypes
and 4, other means of transmission that are more subtle but
involve environmental routes need to be assed to bes
approach control measures.

Although immune globulin has been used to prevent
infection in outbreaks, no conclusions about ef� cacy can be
made because these were not controlled trials. A worldwide
prevention strategy of infections in humans will rely on having
a vaccine that is effective. Because all genotypes have o
serotype, development of such a vaccine should be possible
ORF 2 expressed proteins in baculovirus and inE. coli have
been used as vaccines in Phase I/II clinical trials. The baculo
virus expressed protein was shown to prevent overt clinica
disease in a Phase II trial, although no investigation of
subclinical infection was made and further work has not been
performed. A Phase III trial with the bacterial expressed protein
of Genotype 1 virus was shown to prevent infection in a loca-
tion in China where Genotype 4 is predominant. Although
these studies have not yet produced a vaccine, overall success
the trials provides encouragement for the future of an effective
vaccine.
See also:Nucleic Acid–Based Assays:Overview;Virology:
Introduction;Virology:Detection;Water Quality Assessmen
Routine Techniques for Monitoring Bacterial and Viral
Contaminants;Viruses:Norovirus.
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Introduction

The human noroviruses (huNoVs) are the most common cause
of foodborne disease in the United States and are recognized a
the leading cause of epidemic gastroenteritis worldwide. The
were� rst reported on a large public scale during an outbreak on
a school campus in Norwalk, Ohio, in 1968. In a 1972 publi-
cation, Albert Kapikian � rst identi� ed them in clinical samples
through immune electron miscroscopy to con� rm them as the
etiological agent of the outbreak. The virus was named Nor
walk agent and was the� rst virus � rmly associated with acute
gastroenteritis. Although huNoV illness generally is character
ized by acute vomiting and diarrhea for a brief duration, severe
and even life-threatening illnesses occasionally have bee
reported in risk groups, such as the elderly and immunocom-
promised patients.
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Structure, Genetics, and Biology

HuNoVs belong to the family Caliciviridae, which also includes
the established genera of Sapovirus, Lagovirus, Vesivirus, a
the newly discovered Nebovirus. Two additional caliciviruses
recently detected may lead to the establishment of two more
genera with the suggested names of Recovirus and St-Valeria
like. HuNoVs have a single-stranded, positive-sense RN
genome of approximately 7.5 kb in length with a non-
enveloped icosahedral capsid of approximately 27–35 nm in
diameter. The genome consists of three open-reading frame
(ORFs); ORF1, which encodes six nonstructural proteins; an
ORF2 and ORF3, which encode the major (VP1) and minor
(VP2) structural proteins, respectively.

On the basis of similarity in amino acid sequences of the
major capsid protein, huNoVs display a wide degree of genetic
variability and are classi� ed into � ve genogroups (GI–GV),
and each genogroup is further divided into genotypes or
genetic clusters. Genogroups GI, GII, and GIV contain strain
that infect humans, and GIII and GV include exclusively
bovine and murine noroviruses, respectively; however, GII and
GIV noroviruses infect both animals (porcine, canine, and
lion) and humans. Norwalk virus belongs to cluster 1 in GI
and is thus designated as GI.1. GII and GI noroviruses are th
primary etiology of human disease, with GII.4, in particular,
causing the majority of outbreaks. GII.4 noroviruses accoun
for 62% of all reported outbreaks around the world, while in
the United States alone, data collected by the Centers fo
Disease Control and Prevention (CDC) between March 2009
and May 2010 show that 73% of outbreaks were caused b
GII.4. The same group of viruses has been associated wi
pandemics since the mid-1990s and novel epidemic strains
emerge every 2–4 years. Recently, it has been suggested th
outbreaks of foodborne origin in the European Union mostly
are linked to GI and non-GII.4 GII strains, GI and GII coin-
fections often are associated with food- or waterborne
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
outbreaks, while in person-to-person generated outbreaks
GII.4 are mostly implicated.

The genome is protein linked at the 50 end and poly-
adenylated at the 30end. The huNoV virion is composed of 90
dimers of the major capsid protein, VP1, and one or two copies
of the highly variable VP2. The VP1 can self-assemble int
virus-like particles (VLPs) when expressed in recombinan
systems (e.g., insect, plant, prokaryotic, and eukaryotic cells
and these particles mimic the native virus structurally and
antigenically, except that they do not contain RNA. The Nor-
walk capsid has been solved to near atomic resolution by X-ray
crystallography and contains 180 copies of VP1 arranged t
form a T ¼3 icosahedral virion. VP1 can further fold into two
major domains designated S, for the shell domain, and P, for
the protruding domain. In greater detail, the P domain is
composed of two subdomains, P1 and P2. The P1 domain is
located at the most distal surface of the folded monomer and
is relatively conserved, whereas the P2 represents the mo
surface-exposed polypeptide region of the viral particle and
determines its interactions with potential neutralizing anti-
bodies and cell receptors. Temporal sequence changes in th
surface-exposed P2 subdomain have led to alterations in th
histoblood group antigens (HBGA) binding patterns, poten-
tially contributing to the GII.4 epochal evolution.
Immunity

Protective immunity to huNoV infection is complex, involving
both innate host factors and acquired immunity. Antigenic
heterogeneity affects host-protective immunity. Individuals
infected with huNoVs usually mount robust B- and T-cell
responses against homologous strains. Furthermore, epitope
and cross-reactivity outcomes are likely to be variable and
strain dependent within and across genogroups. Long-term
immunity seems more dif� cult to maintain, which can lead to
individuals being repeatedly infected throughout life. Further-
more, cross-protection after infection by different genotypes is
not always complete due to diverse antigenic variation. HBGAs
are terminal carbohydrates found on the surface of erythrocyte
and mucosal epithelial cells as well as expressed in the secret
glycoproteins of milk, saliva, and other secretions of the
gastrointestinal tract. HBGAs with terminal fucose residues ar
capable of binding huNoVs in the gastrointestinal tract and are
associated with infection, although their speci� c role in the
infectious cycle has not been de� ned. GI and GII strains bind
HBGAs at different domains on the P2 region of the capsid.
Recent studies have shown that HBGA expression in the gu
mucosa, and in particular, the secretor status of an individual
(bearing a functional 1,2 fucosyltransferase from theFUT2
allele), determines one’s susceptibility to strains of huNoV.
Nonsecretors, bearing a mutatedFUT2 allele, representing
approximately 20% of people of European decent, exhibit
decreased susceptibility to GI.1 and GII.4 strains. No clea
78-0-12-384730-0.00442-0 745
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correlation has been established for other huNoV genotypes
however, suggesting that nonsecretors are not resistant to a
huNoVs. Distinct mutations of small numbers of amino acids
at or near the HBGA-binding site of the virus capsid have been
shown to have large effects on the binding characteristics o
those strains. Antibody blockade of these antigenic sites on the
viral capsid can elicit evolutionary pressures on the norovirus
capsid protein, resulting in antigenic drift. Because severa
antigenic sites are involved in HBGA carbohydrate recognition
HBGA switching has been proposed as a mechanism to counte
host defenses. Additional mechanisms of immunity outside the
secretor status likely are to be involved and currently are unde
investigation.
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Surrogates

Since the discovery of Norwalk virus, numerous attempts to
culture huNoVs in vitro using continuous cell lines of human
and animal origin, as well as in primary tissues, have not been
successful. Even though murine norovirus (MNV) replicates in
macrophages and dendritic cells, the same type of cells are no
permissive to human strains. Although recent efforts to culti-
vate huNoVs have been reported using a three-dimensiona
organoid model of human intestine epithelial cells attached on
collagen-microcarrier beads in a rotating bioreactor, repro-
duction has not been successful despite attempts by sever
independent laboratories. Recent� ndings of three-dimensional
microorgan cultures of human intestines from pluripotent
stem cells supporting replication of several huNoV GII strains
was demonstrated by detection of viral RNA, immunochem-
istry, confocal microscopy, and immune electron microscopy,
providing a promising approach for further development. To
date, there is no large-scale cell culture or small animal mode
available for huNoV, and hence, much information about the
virus’s infection cycle, pathogenesis, and response to chemic
and environmental assaults remains unknown. In recent years
reverse genetic approaches using porcine, bovine, and murin
models has advanced the understanding of some critical char
acteristics of huNoV replication.

Estimating huNoV infectivity, until now, has required the
use of representative surrogate viruses. Alternative cultu
models for huNoVs have been examined considerably in
previous years and have included feline calicivirus (FCV)
murine norovirus (MNV), poliovirus (PV), and male-speci� c
coliphage (MS2). FCV historically has been utilized as a huNoV
surrogate, as it was one of the� rst cultivable members of the
Caliciviridae family, sharing similarities with huNoV in terms
of its size, shape, and genome organization. The environmenta
persistence, transferability, and response to disinfection hav
been studied extensively with FCV. There have been concer
about its validity as a surrogate, however, due to its sensitivity
to extremes in pH and its different behavior to other decon-
tamination treatments (e.g., heat, alcohol) compared with the
huNoVs. After the discovery of MNV in 2003, this virus was
incorporated in the list of suitable model viruses as it can
replicate in the intestine and share several physicochemica
properties with huNoV. Despite enteric shedding, however,
MNV does not cause gastroenteritis and does not depend o
HBGAs for infection. Application of dual surrogates, FCV in
conjunction with MNV, thus has been recommended. In recent
years, thorough investigation of the culture-adapted, entero-
pathogenic Cowden strain of porcine sapovirus as well as the
Tulane virus, cultivable in monkey kidney cells, has begun to
determine their promise as huNoV surrogates.
Clinical Disease

Norovirus can infect people of all ages. The primary mode of
norovirus transmission is through the fecal–oral route, either
directly via person-to-person transmission, or indirectly via
contaminated water, food, or environmental surfaces. Projec
tile vomiting can aerosolize viruses, which then can contami-
nate environmental surfaces rapidly and extensively, posing
risk to exposed people. Generally, the incubation of huNoV
infection is 24–48 h, but cases less than 24 h also can occu
Normally, symptoms will resolve in 1–3 days, however, viral
excretion can last for many weeks after symptoms reside. Mor
recent reports show that the majority of outbreaks and sporadic
cases involve person-to-person transmission in the United
States and worldwide.

Over the past 10 years, huNoV sequencing of strains from
outbreaks collected from around the world show that GII.4
viruses account for about 70% of all human cases. The high
prevalence of GII.4 could be due to increased environmenta
stability, higher transmission ef� ciency, greater pathogenicity,
or virulence or could be due to their greater propensity to
evolve in the face of population herd immunity. Attack rates of
GII.4 strains are higher when compared with those of other
genotypes, and there is some evidence of increased levels
shedding among GII variants when compared with other
genotypes. On the contrary, GI.1 strains have undergon
limited structural evolution over the past three decades, giving
way to limited structural variation, restricting them from escape
in the face of herd immunity.

The high incidence of disease of huNoV likely is due to
distinguished characteristics of the virus that facilitate its
persistence in the human population. More speci� cally,
huNoVs have a low infectious dose (about 10 viral particles)
and can be shed in vomit and feces at high levels (up to 3� 107

viral particles per episode of vomiting; up to 1011 genomic
copies per gram of stool sample) for long durations (up to
22 d). Asymptomatic infections also occur with a frequency of
5–30%, resulting in virus spread without recognition. HuNoVs
are generally resistant to many environmental extremes (i.e.
low pH, moderate heating, and desiccation). As a result, many
commonly used hand sanitizers and surface disinfectants (i.e.
ethanol, quaternary, and anionic compounds) may have
limited ef� cacy against huNoVs (as demonstrated usin
surrogate viruses).
Foodborne Disease

In the United States, NoVs account for an estimated 58% of al
foodborne outbreaks, and more speci� cally, they are impli-
cated in 40% of all produce-related outbreaks. Food often is
contaminated directly during production, storage, distribution,
or preparation by infected persons. The capsid structure play
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an essential role in virus tolerance to heat, low temperatures
and other physicochemical stresses (such as pH extreme
organic solvents) as well as different disinfection strategies. I
addition, environmental parameters including relative
humidity, temperature, and properties of the surface with
which the virus is in contact, contribute to the persistence and
transferability characteristics of the viruses. Nonspeci� c
adsorption of viruses to surfaces via electrostatic, hydrophobic
and van der Waals interactions (environmental or of foodstuff)
facilitates virus transmission. Furthermore, recent studies reve
speci�c interactions of huNoVs to carbohydrate residues found
on intact or cut surfaces of produce as well as in the gastroin
testinal tissues of oysters.

Although product contamination may occur at any point
along the farm-to-table continuum, some foods present an
increased risk for infection. The� rst major category of such
foods is raw oysters and other shell� sh that have been impli-
cated in numerous huNoV outbreaks globally. These� lter
feeders have the ability to concentrate viral particles from
contaminated waters in their digestive tissues and retain viruse
despite efforts to remove contamination through depuration
processes. Shell� sh contamination with huNoVs is further
complicated by the fact that viruses tend to be environmentally
persistent and the animals usually are consumed either raw o
only lightly cooked. Furthermore, there is not yet a reliable
indicator of the microbial quality of molluscan shell � sh har-
vesting waters, as total coliform and fecal coliform indicators
have been proven inadequate. The degree of uptake an
survival of huNoVs in this matrix depends on several factors
including exposure time, virus concentration in the harvesting
water, presence of particulate matter in the water, and specie
speci�c shell� sh differences, as well as temperature, pH, an
salinity of water. Frequently, in the shell� sh-related outbreaks,
there are several strains detected both in infected patients an
in the involved shell� sh. In addition, there is some evidence for
higher bioaccumulation capacity for GI.1 than GII.4 strains.

Other high-risk food categories prone to foodborne virus
contamination are the ready-to-eat foods (RTE) and produce
or any other items that are consumed without going through
a kill step before consumption. Norovirus contamination of
these items, when identi� ed, often is due to fecal contamina-
tion occurring either at the preharvest level through contami-
nated water, or during postharvest practices either through
contaminated processing water, or more commonly via a food
handler at the point of service. Usually, once the virus has
contaminated produce, it survives because of the low temper
ature at which most items are stored. Produce may becom
contaminated by sewage-contaminated runoff or irrigation
water containing pathogens. Once contaminated, cross
contamination of produce often occurs via comingling during
processing or preparation, or by sharing common washwater.

Indeed, during huNoV transmission and outbreak propa-
gation, the role of the food worker cannot be underestimated.
Food workers are de� ned as individuals having direct contact
with food, working at any point in the food chain, including
harvesting, processing, preparation, or serving. Consumers wh
prepare food at home also are included. According to the data
obtained from 1997 to 2006, viruses were responsible for
60.2% of the foodborne illness outbreaks where food workers
were implicated, and huNoVs accounted for 33.6% of them.
Infected food workers without symptoms are another impor-
tant source of contamination. The period during which an
infected food handler sheds infectious virus in the feces is an
important consideration and still remains unknown. Further
complicating the issue is evidence of presymptomatic feca
excretion from food handlers while incubating the disease. In
addition, huNoVs also can spread through aerosolized vomit.
Improper hygiene practices associated with food workers
include contacting food with bare hands, improper or inade-
quate handwashing, inadequate cleaning of processing o
preparation equipment or utensils, and cross-contamination of
RTE food after contact with contaminated raw materials.
Therefore, if the foods were contaminated before entering the
kitchen, the lack of proper food preparation practices can lead
to pathogen spread and infections.
Control and Prevention

Foodborne outbreak source identi� cation most often is ach-
ieved through retrospective investigation and risk pro� ling for
suspected foods. Food items are seldom tested for huNoVs du
to the dif � culty in obtaining contaminated items, the limita-
tions of public health laboratories in terms of detection
methods (i.e., standard operating procedures for recovering
and detecting huNoVs in foods), and the inability to detect low
numbers of viruses in foods. Surveillance efforts are needed t
determine prevalence of huNoVs in foods and to asses
commodity-speci� c risk. Public health efforts to control and
prevent huNoV illness have focused primarily on outbreak
detection and control. A considerable effort has been given
toward the development of methods for detecting and elimi-
nating huNoVs contamination in food, with a particular
emphasis on shell� sh and fresh produce. Additionally, because
outbreaks of huNoVs illness often occur in institutional
settings, efforts are under way to develop and standardiz
procedures for disinfection of contaminated surfaces.

Although speci� c interactions of enteric viruses with food
have not been fully elucidated, a variety of mechanisms
including ionic and hydrophobic interactions, van der Waals
forces, and binding with speci� c ligands (e.g., HBGA-like
molecules) have been suggested. In addition, cut or damage
plant tissues and stomata facilitate uptake and internalization
into plant tissues. Studying these mechanisms further and
identifying the particular interactions between the various
noroviruses and food surface properties will assist in identi-
fying potential prevention and control techniques.
Produce Sanitation

Generally, fresh produce can be contaminated at any poin
from farm to table. Once the produce is contaminated, it can be
dif � cult to remove or inactivate all the pathogens. Therefore
prevention of virus-contaminated produce from entering into
the food supply is important. One reason for the increased risk
associated with fresh produce is that there is no thermal kill
step before consumption. While nonthermal treatments,
including chemical sanitizers, water rinses, or irradiation, often
are implemented, the ef�cacy of such methods can vary widely
depending on the type of produce being treated and the
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environmental conditions during sanitation. Produce-speci� c
surface morphology and physiological characteristics may
further complicate disinfection as pathogens become sheltered
in crevices and indentions on the surface of the produce
shielding them from removal by rinsing and inactivation by
chemical sanitizers. While produce may receive a wash or rins
in water after harvest, not all fruits can be soaked in water or
a sanitizing solution, as it may alter organoleptic properties or
hasten the growth of fungi.

If groundwater is used as irrigation water, enteric viruses ca
contaminate raw produce on the farm. Even low levels of virus
contamination in irrigation water can be a risk to consumers
due to the ease of transfer and low infectious dose of huNoVs
Several recent outbreaks due to contaminated fresh vegetabl
and fruits suggest contamination may have occurred by irri-
gation during growing or during harvest, but no conclusive
evidence was provided. These studies highlight the dif� culties
in identifying and tracing outbreaks to the point at which the
contamination occurred when retail or food service workers are
not involved.

Postharvest washing is a common treatment for reducing
pathogens on produce. In general, washing with water can
signi� cantly reduce pathogen contamination on the surface of
produce, but it is not suf� cient to eliminate huNoVs or
hepatitis A virus from fresh produce. Chlorine-based sani-
tizers have long been used in wash, spray, or� ume waters for
fresh produce. In current practices for processing leafy green
chlorine (50–200 ppm) is the most commonly used sanitizer
for washing fresh produce. Water containing chlorine
(ranging from 0.3 to 300 ppm) signi � cantly reduced (70.4–
99.5%), but did not eliminate bacteriophages (MS2, FX174,
and PRD1) and poliovirus type 1 from strawberry surfaces
Like many other sanitizers, chlorine has limitations: (1) its
ef� cacy may be reduced by high levels of microbial back
ground, bio� lms, or organic material; (2) chlorine might
affect the sensory properties of products; and (3) there is
potential for mutagenic or carcinogenic disinfection by-
product formation. Other sanitizers, such as organic acid
(peroxyacetic acid), chlorine dioxide, and hydrogen peroxide,
also are not effective in removing and inactivating viruses on
fresh produce. Soaking produce in water may result in path-
ogen spread from contaminated produce to produce items
that initially were not contaminated. Studies have shown that
MNV in contaminated water can easily transfer to uninocu-
lated onion bulbs. Many factors affect the ef� ciency of
washing treatments, leading to variation in levels of pathogen
reduction, including the strength of virus attachment to
foods, the accessibility of attachment sites, and the number o
abrasions or punctures on the surface. Viruses can b
heterogeneously dispersed on produce surfaces, and som
sites may attract virus binding better than others, perhaps
because of the properties of the virus strains or the propertie
of the produce surfaces. While numerous sanitizers exist, n
one sanitizer is appropriate for all produce, and further
investigation is merited.

Other nonthermal treatments have been applied to inac-
tivate pathogens on fresh fruits and vegetables. Many studie
are focused on the reduction and elimination of pathogens
during processing and include such techniques as ionizing
(Gamma) radiation, ultraviolet (UV) light, high-pressure
processing (HPP), and ozone. Doses of Gamma irradiation
between 2.7 and 3.0 kGy could inactivate 1 log10 Plaque
Forming Units (PFU) hepatitis A virus on the surface of lettuce
and strawberries at ambient temperature. Using UV light with
doses of 120 and 240 mJ cm� 2, more than 3 log10 TCID50

(50% tissue culture infectious dose) per milliliter reduction of
both hepatitis A virus and FCV on green onions and lettuce
was found, respectively. Gamma irradiation is considered to
be an effective method of inactivating pathogenic bacteria and
parasites on food. High doses of 10–50 kGy were required for
complete inactivation of foodborne viruses. These higher
doses also resulted in measurable loss of water-soluble vita
mins, and in some foods, a loss of color and� avor. Concerns
of public health near irradiation facilities, negative ad
campaigns, and a lack of consumer acceptability stemming
from false perceptions of health issues related to consumption
of irradiated foods have hindered efforts to increase the pres
ence of irradiated food in the United States. Alternatively, HPP
treatment of fresh-cut strawberries and lettuce at 400 MPa a
4 � C for 2 min resulted in a 5 log10 reduction in MNV infec-
tious titer. With respect to shell� sh, thermal and nonthermal
processing technologies may be ideal for postharvest decon
tamination, provided they do not result in undesirable
organoleptic changes. More research, however, still is neede
to determine which of these new technologies are most
effective in reducing or eliminating microbial hazards while
concurrently preserving the qualitative characteristics of the
foods.
Personal Hygiene

Various interventions can be applied to prevent pathogen
cross-contamination in restaurant and food establishments as
well as home kitchens. Previous studies on food safety in the
kitchen environment have emphasized sanitation of knives,
cutting boards, and food preparation surfaces, as well a
handwashing polices before and after handling foods. Clearly,
the contribution to high secondary spread by vomitus and
fomite contribution should not be neglected. The survival of
huNoVs on a speci�c type of surface depends on factors like
humidity, temperature, and type of surface. In addition, contact
between hands and food is common. Wearing gloves during
the preparation of RTE food, such as fresh-cut produce, rathe
than using bare hands and frequent gloves changing is als
necessary. Common methods for the disinfection or removal of
pathogens from hands and fomites include handwashing and
drying, hand sanitizing wipes, and sanitizing solutions.
Handwashing is a common method of cleaning that is rec-
ommended both before and after working with food, although
it does not completely eliminate pathogens. While glove use is
considered a barrier in preventing contamination from hands,
incorrect usage may allow for hands to contaminate the outside
of clean gloves. Good hand hygiene will decrease the likeli
hood that food is contaminated but implementation must
include the compliance of food workers, employee training,
proper documentation and instructions, and available facili-
ties. Strict personal hygiene during food preparation by food
workers and consumers is necessary. It is important to provide
appropriate education and training as well. Additionally, food
workers bear the responsibility of reporting any activities of
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illness or their personal health status to the supervisor before
working.

Hand sanitizers can come in the form of liquid, gel, or foam,
which present a different method of hand hygiene in that they
rely on pathogen inactivation or killing instead of removal with
mechanical force. While many sanitizers exist, those that ar
alcohol based remain the most common. They are used in
a variety of situations and have been shown to supplemen
prevention and control strategies for reducing absenteeism in
schools, reducing the risk of cross-contamination during
handling of food, and decreasing the prevalence of infections in
health care settings. Current literature indicates that alcoho
alone is insuf� cient for inactivating nonenveloped viruses, like
huNoVs. Recent research in the development of new han
sanitizers has included using ethanol-based sanitizers i
conjunction with additional chemicals for greater norovirus
inactivation, as well as the development of novel non-ethanol-
based sanitizers.

A number of product formulations have been registered on
the US Environmental Protection Agency’s list of surface
disinfectants effective against noroviruses. All have demon
strated ef� cacy against Feline Caliciviruses, inactivating th
virus by at least 3 log on nonporous surfaces following the
manufacturer’s application instructions. Chlorine-based
sanitizers with >200 ppm chlorine are effective against non-
enveloped viruses, but they can irritate skin and are les
effective in the presence of organic material. The CDC
recommends chlorine bleach solution at a concentration of
1000–5000 ppm for disinfection of hard, nonporous, envi-
ronmental surfaces whenever feasible. Novel product formu
lations currently are under development, many of which are
being tested in research laboratories using more than on
norovirus surrogate.
Vaccine

Vaccination is another important food safety strategy.
Currently, an intranasally delivered monovalent norovirus VLP
vaccine is under development by LigoCyte Pharmaceuticals.
recent clinical trial demonstrated its ef� cacy in protecting
against illness and infection following a challenge with the
Norwalk virus (GI.1). Interestingly, patients who produced
postvaccination HBGA-blockage serum antibody titers of 200
or more experienced a reduction in illness and infection after
challenge. Research currently is under way to develop multi
valent vaccines that offer protection from antigenically diverse
virus strains, including the dominant GII.4 noroviruses.

See also:Foodborne Viruses.
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Water activity (aw) is a thermodynamics parameter. The wate
requirements of microorganisms are described in terms ofaw.
W.J. Scott (1953) and his associates� rst established that it is
the aw and not the water content that is correlated with the
microbial growth. aw describes the amount of water available
for interaction and cross-reaction with other molecules and
solutes. When water interacts with solutes, it is not available for
other interactions, and hence, water required for growth of
microbes is not available and they get suppressed.

Water in food not bound to molecules supports growth of
microbes. aw measures availability of this free water that is
not bound to molecules. The availability of free water also
contributes to diminished or altered chemical and enzymatic
reactions involving hydration. aw is de� ned as the ratio of
vapor pressure of food substrate to the vapor pressure of pur
water when both are measured at same temperature. It is a
indicator of the potential for chemical or physicochemical
interaction between water and the rest of the components in
food and is used widely as an indicator of food stability as it
correlates with microbial growth and rate of chemical reactions.
The concept ofaw is related to equilibrium relative humidity
(ERH) in the following way.

ERH ¼ aw � 100

The relative humidity of air in equilibrium with a food
component or sample is called the ERH.
-

t

i

Minimum Water Activity Values for Growth
of Microorganisms

aw is related to water content in a nonlinear relationship known
as the moisture sorption isotherm curve. This can be used to
predict food product stability over a period of time in different
storage conditions.

The aw value of pure water is 1.00. Most fresh foods have
values close to 1.00 or above 0.99. Higheraw values are
required for the growth of bacteria when compared with fungi.
Gram-negative bacteria have higher requirements than Gram
positive organisms. Many microorganisms preferaw values of
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
0.99. Most spoilage bacteria needaw higher than 0.91, whereas
spoilage molds can grow even at 0.80aw. Most of the spoilage
bacteria require a minimum aw of 0.90 for growth in foods.
Most spoilage fungi, for example, Sacchromycesspecies and
Debaryomyces, require a minimum aw value of 0.80 for growth
in foods with 15 –17% moisture.

Many types of yeasts likeCandida, Torulopsis, Haurenula, and
Micrococcuscan grow even at aaw level of 0.80 in foods like
fermented sausage, sponge cake, dry cheese, and margarine
in products with 65% sucrose or 15% salt.

The approximate minimum aw values for growth of Clos-
tridium botulinumtype E and Pseudomonasis 0.97, whereas
Acinetobacterspecies andEscherichia colirequire a minimum
aw value of 0.96.Enterobacter aerogenusand Bacillus subtiliscan
grow even at 0.95 and above.Clostridium botulinumtype A and
B, Candida utilis, and Vibrio parahaemolyticusrequire 0.94,
whereasBotrytis cinerea, Rhizopus stolonifer, and Mucor spinosu
require 0.93 and higher. Halophytes (salt-loving) can grow at
the lowest aw value of 0.75, whereas xerophilic (dry-loving)
molds and osmophilic (preferring high osmotic pressure)
yeasts have been reported to grow at a lowaw of 0.65
and 0.61, respectively. When salt is employed to controlaw,
an extremely high level is necessary to achieveaw values
below 0.80.

The water activities values of certain common foods as re
ported by several authors ( Shelly J. Schmidt and Anthony J
Fontana Jr, 2008) are presented inTable 1. The minimum aw

values required for optimum growth of certain microorganisms
are indicated in Table 2.
Importance of Water Activity in Foods

Control of aw in� uences various aspects of food produc
design, processing, distribution, and consumption.
Indicator of Food Stability

Food products processed to speci�c aw levels that do not
encourage spoilage and pathogenic bacteria, molds, and fung
78-0-12-384730-0.00435-3 751
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Table 2 Minimumaw values required for optimum growth of certain
microorganisms

Name of the bacteria Minimumaw value required

Escherichia coli 0.99
Enterococcus faecalis 0.98
Pseudomonas ßuorescens,

Yersinia enterocolitica, Shigella
0.97

Clostridium perfringens, Bacillus cereus 0.96
Bacillus subtilis, Salmonella newport 0.95
Enterobacter aerogenes, Mycobacterium,

Vibrio parahaemolyticus
0.94

Lactobacillus viridescens 0.93
Micrococcus roseus, Staphylococus 0.91
Lactobacillus, Pediococcus 0.90
Staphylococus aureus 0.86
Listeria monocytogenes 0.83
Halophilic bacteria 0.75
Yeasts 0.86–0.93
Molds 0.60–0.88

Table 1 aw of certain common foods as reported by
several authors

Type of food aw

Beef 0.990
Lamb 0.990
Whole milk 0.998
Chicken 0.979
Coke 0.978
Sausages 0.975
Eggs 0.970
Fruit juices 0.970
Bacon 0.968
Cheddar cheese 0.950
Jams and jellies 0.94–0.82
Sauces 0.81–0.98
Chocolate syrup 0.862
Semidry sausages 0.880
Salami dry 0.875
Cakes 0.720–0.944
Wheat 0.700–0.675
Biscuits 0.630–0.605
Rice 0.531
Oatmeal cookies 0.517–0.553
Potato chips 0.165–0.267
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are safe for consumption. Most spoilage organisms do not grow
below 0.91. aw also in� uences chemical reactions and enzy
matic reactions especially those involving hydration. Loweraw

can control spoilage attributable to such changes.
Designing of Foods

In food products in which crispness and crunchiness are
important, aw values below 0.65 usually are maintained.
aw values contribute to limit moisture migration in composite
food products. It can also be used to predict the migration
of moisture that affects food products. aw can be decreased
with an increase in temperature and increase in pressure.
Shelf Stability of Foods

The shelf life of foods can also be prolonged with suitable
manipulation of aw levels in food products. Addition of certain
agents or solutes (humectants) like glycerol, sucrose, sodium
chloride, and so on can loweraw and enhance storage period.
These agents bind most of the available water molecules an
prevent access to microorganisms for growth purpose. Exactin
requirements for packaging and the preservation of stored
foods can also be moderated with proper manipulation of aw,
which offers greater� exibility in food-processing and distri-
bution-marketing operations. Growth of most bacteria, molds,
and yeasts can be controlled effectively in foods processed t
aw values of 0.80 and below.
Consequences of Lowering the Water Activity

Lowering of aw increases the duration of the lag phase o
growth of microbes, thereby declining the growth rate and
� nally the numbers of the population. The lower aw harmfully
in� uences all of the metabolic activity of the microbes as all
chemical reactions of the cells require an aqueous environ
ment. Environmental parameters like pH, temperature, and
oxidoredox potential can also affect theaw levels.

For survival and growth, bacteria require a positive turgor
pressure. When they experienceaw stress, the cells lose wate
due to osmosis, which results in the shrinkage of the cell and
sometimes plasmolysis. To neutralize and surviveaw stress,
bacteria have evolved a physiological response that include
changes to the cell membrane, protein synthesis, and adjusting
their cytoplasmic aw. A rise in the proportion of negatively
charged phospholipids of the cell membrane leads to increased
levels of solute transport protein. Synthesis of certain protein in
response to stress and intracellular accumulation of compatible
solutes results with lowered aw. Bacteria adjust their cyto-
plasmic aw using one of two stages– that is, salt-in-cytoplasm
type and the organic osmolytic-in-cytoplasm type. Halophytes
maintain the concentration of KCl in their cytoplasm equal to
that of the suspending menstruum, which is referred as the salt
in-cytoplasm response. Nonhalophytes accumulate compatible
solutes (osmolytes) in a biphasic manner. In this, inorganic
salts are excluded, while organic solutes are synthesized
accumulated in the cytoplasm from the environment. As they
are compatible with enzyme, the organic osmolytes are known
as compatible solutes. Compatible solute molecules have low
molecular weight and polar functional groups with no net
charge at physiological pH. They are highly soluble, facilitating
their accumulation to higher intracellular concentration. The
most common compatible solutes in most bacteria are carni-
tine, glycine, betain, and proline. Proline is accumulated to
high levels by Gram-negative bacteria.

The possibilities of survival of some important pathogenic
strains as indicated should be kept in mind while producing
shelf-stable food products.
Methods of Measuring Water Activity

No device can be put into a product to directly measure theaw.
The aw of a product can be determined, however, from the
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relative humidity of the air surrounding the sample when the
air and the sample are at equilibrium. Therefore, the sample
must be in an enclosed space where this equilibrium can take
place. Once this occurs, theaw of the sample and the relative
humidity of the air are equal. The measurement taken a
equilibrium is called the ERH. Two different types of aw

instruments are commercially available. One uses chilled
mirror dew-point technology and the other measures relative
humidity with sensors that change electrical resistance o
capacitance. Each has advantages and disadvantages.
methods vary in accuracy, repeatability, speed of measuremen
stability in calibration, linearity, and convenience of use.

The major advantages of the chilled-mirror dew-point
method are accuracy, speed, ease of use, and precision. T
range may be from 0.030 to 1.000 aw, with a resolution of
�0.001 aw and accuracy of�0.003 aw. Measurement time is
typically less than 5 min. Capacitance sensors have th
advantage of being inexpensive, but they typically are not a
accurate or as fast as the chilled-mirror dew-point method.
Capacitive instruments measure over the entireaw range
– 0 to 1.00 aw, with a resolution of �0.005 aw and accuracy
of �0.015. Some commercial instruments can measure in
5 min, while other electronic capacitive sensors usually require
30–90 min to reach ERH conditions.
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Chilled-Mirror Theory

In chilled-mirror dew-point instruments, a sample is equili-
brated within the headspace of a sealed chamber containing
a mirror, an optical sensor, an internal fan, and an infrared
temperature sensor. At equilibrium, the relative humidity of
the air in the chamber is the same as theaw of the sample.
A thermoelectric (Peltier) cooler precisely controls the mirror
temperature. An optical re� ectance sensor detects the exa
point at which condensation � rst appears. A beam of infrared
light is directed onto the mirror and re� ected back to a photo
detector, which detects the change in re� ectance when
condensation occurs on the mirror. A thermocouple attached
to the mirror accurately measures the dew-point temperature
The internal fan is for air circulation, which reduces vapor
equilibrium time and controls the boundary layer conductance
of the mirror surface. Additionally, a thermopile sensor
(infrared thermometer) measures the sample surface temp
erature. Both the dew-point and sample temperatures ar
then used to determine theaw. During aw measurement, the
instrument repeatedly determines the dew-point temperature
until vapor equilibrium is reached. Since the measurement is
based on temperature determination, calibration is not neces
sary, but measuring a standard salt solution checks prope
functioning of the instrument. If there is a problem, the mirror
is easily accessible and can be cleaned in a few minutes.
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Capacitive Sensor Theory

Some aw instruments use capacitance sensors to measureaw.
Such instruments use a sensor made from a hygroscop
polymer and associated circuitry that gives a signal relative t
the ERH. The sensor measures the ERH of the air immediate
around it. This ERH is equal to sampleaw only as long as the
temperatures of the sample and the sensor are the same. Sin
these instruments relate an electrical signal to relative
humidity, the sensor must be calibrated with known salt
standards. In addition, the ERH is equal to the sampleaw only
as long as the sample and sensor temperatures are the sam
Some capacitive sensors need between 30 and 90 min to com
to temperature and vapor equilibrium. Accurate measurements
with this type of system require good temperature control.
Role of Humectants

The aw of the material has to be decreased to a certain level t
inhibit the growth of contaminating microorganisms. Water-
soluble compounds like sodium chloride and sugar can be
used to lower theaw of foods. Lower amounts of salt than sugar
is necessary for adequate reduction ofaw because of the lower
particle mass of NaCl. NaCl is used in meat products and in
some sour vegetables while sugar is added to fruits and candie

During aw reduction, the following facts should be taken
into account:

1. Characteristic composition of the end product (water,
protein, salt, other soluble materials, insoluble materials)

2. aw to be reached

In reducing the aw, water may be removed either by
adsorption or desorption. Sorption isotherm of material is
a plot of the amount of water adsorbed as a function of the
relative humidity or activity of the vapor space surrounding
the material. Solution of glycerol, NaCl, sucrose, potassium
sorbate, and so on can be added to reduceaw of the product.
Lactose and sugar derivatives can be used in foods as swe
eners and humectants.

The aw depressing property of sodium chloride was the
most effective, followed by that of glycerol and propylene
glycol. Glucose was reported to be not as effective as glycerol o
propylene glycol but was superior to sucrose as anaw-lowering
solute.

Dried, dehydrated low-moisture foods like traditional dried
foods have generally lowaw below 0.60. Intermediate moisture
foods (IMFs) contain 15–50% moisture with aw between 0.60
and 0.85. At aw values of 0.80–0.85, spoilage occurs readily by
fungi in 1 –2 weeks. Spoilage is delayed ataw values of 0.75 and
may not occur during prolonged holding at aw of 0.70.

Even though spoilage cannot occur ataw level less than
0.65, some fungi are known to grow slowly at 0.60–0.62, for
example, osmophilic yeasts such asZygosaccharomyces rouxii, or
Aspergillus glaucusgroup and Xeromyces bisporus, which are the
predominant spoilage molds of dried foods.

The maximum browning rates in fruits and vegetable
products occur in the aw range of 0.65–0.75, whereas nonfat
dried milk browning occurs at 0.70. IMF haveaw values ranging
between 0.60 and 0.85. Dried foods, cakes and pastry, suga
syrup, fruit cakes, honey, fruit juice concentrates, jams, an
condensed milks haveaw value in the range between 0.60 and
0.84. All these loweredaw values are achieved by desorption
adsorption, or addition of permissible additives, such as salts
and sugars.

Fruits and fruit pieces are often used as the necessa
materials in many composite foods. In such systems, theaw

must be controlled to avoid moisture resettlement. The fruitaw
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usually is reduced by controlled dehydration but sometimes
excess hardening may occur. In such cases, an alternative is
decrease theaw by an osmotic treatment – that is, by soluble
solid intake rather than by loss of water. The combination of
osmosis and a limited air-dehydration is reported to be the best
choice.

Generally, small diminution of aw is suf� cient to prevent
the growth of some important spoilage microorganisms,
for example, Pseudomonasspecies that nurture at high aw

and swiftly mess up foods such as fresh meat stored in air
Cured meats generally haveaw suitably reduced to ensure
longer shelf lives. Slow souring caused by lactic acid bacteri
occurs instead. In salamis and dry-cured meat products, slow
spoilage may occur due to lowaw-tolerant micrococci. Of the
food poisoning microorganisms, Staphylococcus aureusis the
most tolerant, with a low aw limit for growth of about 0.86.
Shelf-stable dried foods generally are formulated aroundaw

0.3, where lipid oxidation and other chemical changes are
minimal.

Manipulation of aw, as one of the antibacterial hurdles,
offers great prospects in development of shelf-stable food
products storable at ambient temperature or with minimum
refrigeration requirements. Foods processed to speci� c aw

values offer consumer health protection and contribute to
maximizing food-processing operations.
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Introduction

Providing adequate amounts of drinking water of an acceptable
quality is a basic necessity and ensuring the sustainable, long
term supply of such drinking water is a national and interna-
tional concern. Water testing plays an important role in
ensuring the correct operation of water supplies, verifying the
safety of drinking water, investigating disease outbreaks, an
validating processes and preventative measures. There a
signi� cant challenges in implementing comprehensive and
appropriate water quality testing, particularly in low-resource
settings. As a consequence, the extent and quality of th
information provided by water testing often is inadequate to
support effective decision making.

Continued advances and improvements in molecular and
immunological techniques provide new opportunities for
measuring bacteria more rapidly. While current methods rely
on bacterial growth and metabolic activity, these methods
allow for direct measurement of cellular attributes, such as
genetic material or surface immunological properties. By
eliminating the necessity for a lengthy incubation step, some of
these methods provide results in less than 4 h, a short enoug
time for managers to take action to protect public health.

Molecular and immunological methods have advanced
considerably and apply for water quality testing. Water testing
presents challenges not frequently encountered in other� elds,
such as complex sample matrices and the presence of oth
potentially confounding native bacterial species. As such
extensive testing of these methods is needed to ensure that the
provide comparable reliability to the culture-based methods
they are intended to replace.

The following microbial and nonmicrobial parameters
(Table 1) could provide useful information on (1) the under-
standing of the effects of contamination of drinking water, (2)
water quality and changes in quality, (3) source of waters and
source contributions and exposure pathways, and (4) the
effectiveness of treatment processes.
cyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Detection, IdentiÞcation, and QuantiÞcation
of Microorganisms

In the detection, identi� cation, and quanti� cation of target
organisms, some approaches are based solely on a sing
technique, whereas other strategies take advantage of a comb
nation of different methods. For example, to identify Escher-
ichia coli, reliance can be placed on a 1 day cultivation on
chromogenic media. Alternatively, in a much faster approach
short precultivation on an arti � cial medium can be com-
bined with labeling using � uorescent probes, microscopy, and
laser scanning techniques. On the other hand, alternative
approaches are offered for a number of target organisms. Th
traditional cultivation techniques are usually sensitive, but the
identi � cation often is not as reliable as might be desired.
Methods based on molecular biology tend to be sensitive and
yield reliable identi � cation, but cultivation techniques always
show viable organisms, whereas molecular methods often
reveal dead or inactivated target organisms or nucleic acid. Th
relevance should be considered in the interpretation of results
Nonetheless, the majority of the methods presented in this
chapter have proven to be useful in drinking water microbi-
ology or medical diagnostics, or have displayed great potential
The available methods for the detection of microbial contam-
ination in drinking water are summarized in Table 2.
Detection of Bacteria

It has long been recognized that culture media lead to only
a very small fraction (.01–1%) of the viable bacteria presently
being detected. Selective media (MacConkey agar) was deve
oped for E. coliand coliforms at the beginning of the twentieth
century; various workers have shown that these selective aga
inhibit environmentally or oxidatively stressed coliforms. After
that, specially developed media without selective detergen
agents (e.g., the m-T7 medium) permit a signi�cant improve-
ment in the recovery of stressed target bacteria. In addition
78-0-12-384730-0.00353-0 755
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Table 1 The microbiological and nonmicrobiological parameter of pure drinking water

Microbiological parameter
Sanitary
survey

Source water
characterization

Treatment
efÞciency

Treated
water

Distribution system
(regrowth)

Outbreak
investigation

Total coliform NR NR SA S S S
Thermotolerant coliform SA SA NR SA S S
Escherichia coli S S S S N/A S
Fecal streptococci (enterococci) SA SA N/A N/A N/A S
Total bacteria (microscopic) N/A N/A SA SA S S
Viable bacteria (microscopic) N/A N/A SA SA S S
Aerobic spore-forming bacteria N/A N/A S S N/A S
Sul� te reducing clostridia NR NR N/A N/A N/A S
Clostridium perfringens SA SA SA N/A N/A S
Enteric virus S S N/A N/A N/A S
Cryptosporidium oocysts and giardia cysts S S NR N/A N/A S
Pathogens S S N/A S N/A S

Psychochemical parameter
Color/odor N/A SA N/A S N/A S
pH N/A N/A S N/A N/A S
Turbidity S S S
Solids (total and dissolved) S S N/A N/A N/A S
Conductivity S S N/A N/A N/A S
Particle size analysis N/A N/A N/A S N/A S
Disinfectant residual N/A N/A N/A S N/A S
Organic matter (TOC, BOD, COD) S S N/A N/A S S
Ammonia S S N/A N/A N/A S
Boron, chloramines compounds S S N/A S S S
Nitrate/nitrite S S N/A S N/A S
Sul� de as (H2S) N/A S N/A S SA S
Manganese, copper, zinc, iron N/A N/A S S
Metal (lead, arsenic, chromium) S S N/A S S S
Other anion and cation N/A N/A N/A S N/A N/A

S, suitable; SA, suitable alternative; NR, not recommended; N/A, not applicable; TOC, total organic carbon; BOD, biological oxygen demand; COD, chemical oxygen demand.
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stressed cells have reduced catalase activity and are subject
additional stress once placed on selective media. Coupled with
this is the accumulation of toxic hydrogen peroxide generated
by aerobic respiration. Media without harsh selective agents
therefore, have taken over from the traditional approach. Each
of the cultivation techniques has a particular detection range
depending on the sample volume. Whereas the lower detection
limit depends on the maximum sample volume that can be
processed, the upper limit can be chosen freely by the selectio
of the dilution of the sample assayed.

The presence or absence test is sometimes used to monit
high-quality samples where the presence of the target organism
is improbable. It yields no information on the contamination
level if a positive result is observed. The sensitivity of this
technique depends on the sample volume analyzed and the
precision on the number of samples analyzed in parallel at each
dilution step. When using enough replicates, good precision
can be achieved. Computer programs now available for the
calculation of most probable number (MPN) give freedom to
optimize the design without the restrictions of � xed MPN
tables.

In the techniques based on colony counting, the precision
increases with the increasing total number of colonies counted
from replicate plates and from different dilutions. High
densities of colonies on plates can cause overlap error and th
interference of nontarget colonies also limits the number of
colonies to be counted reliably from one plate. Therefore, the
upper working limit for a plate in colony-counting techniques
depends on the method (selectivity and distinction of the
target), the target organism (size of target colonies), and the
sample (background growth). In all of the enumeration tech-
niques, the cultivation conditions are selected to promote the
multiplication of the target organisms while simultaneously
inhibiting the growth of other organisms. The balance between
sensitivity and selectivity is the reason for different methods or
sample processing for drinking water and highly contaminated
waters.Table 3 summarizes the advantages and disadvantage
of the commonly used cultivation techniques.
Chromogenic Media-Based Detection Methods

Media without harsh selective agents but speci� c enzyme
substrates allow signi�cant improvements in recoveries and
identi � cation of target bacteria. A number of such enzyme-
based methods, allowing quanti� cation within 24 h or less, is
now available. There is a wide variety of characteristics o
commercial chromogenic media available in the market for
microbiological assessment of water. The available chromo
genic medium and selective medium with manufacturer
address have been summarized inTable 4.

In the case of coliforms andE. coli, the Colilert� technique
has been shown to correlate very well with the traditional
membrane � lter and MPN methods when used to test fresh-
water. The Colilert� method is based on the sample turning



Table 2 Methods for the detection of microbial contamination in drinking water

Method Characteristics/advantages Limitations/disadvantages Application: status quo and future perspectives

Detection of bacteria l Detection media mostly inexpensive
l Easy to perform
l Qualitative and quantitative results obtainable
l Differentiation and preliminary identi� cation

possible on selective solid media
l Detection of bacteria occurring in lowest

numbers possible (in combination with
concentration techniques, e.g.,� ltration)

l Time consuming
l Not all bacteria of interest can be detected
l Large sample volumes cause problems for

some of the methods
l Does not detect‘viable but nonculturable’

organisms
l Selectivity for the detection of certain

indicators often is not suf� cient (false-positive
species)

l No information on infectivity of a pathogen
l Biosafety issues

l Standardized (ISO, CEN, APHA) for a number
of species (groups)

l Improved media might be developed to obtain
faster growth and to increase sensitivity and
selectivity of the assays

Detection of bacterial viruses (bacteriophages)l Assays inexpensive and easy to perform
l Quantitation possible
l Similar to bacterial methods
l Minimal biosafety issues (host cells)

l No direct correlation in numbers of phages and
viruses excreted by humans

l Phages can be useful as fecal indicators, as
well as models or surrogates for enteric
viruses in water environments, but care is
needed in interpreting the results

l Standardized methods available (ISO) for
major groups

Detection of animal and human viruses l Several enteric viruses can be propagated in
cell culture (a variety of cell lines have been
tested and used)

l Quantitation possible
l Growth indicates infectivity

l Requires some level of training and specialized
laboratories

l Various cell lines may need to be used for the
detection of a larger number of virus types

l Biosafety issues

l Standardized (ISO, CEN, APHA) for a number
of species (groups)

l New cell lines are being developed and new
media formulation may increase sensitivity

Detection of protozoa l Excystationin vitrocan be taken (to a certain
extent) as indication for viability

l Does not provide information on infectivity for
humans

l Time consuming
l Propagation of most organismsin vitrousing

cell cultures is extremely poor
l Not all protozoa of interest can be detected
l Biosafety issues

l At present, the only available infectivity assay
depends on animal hosts, which is costly and
time consuming

Immunological detection of antigenic structures
associated with microorganisms

l Qualitative and quantitative results regarding
the number of microorganisms possible (to
a certain extent)

l Often needs precultivation step, which is time
consuming

l Lack of sensitivity
l Selectivity can be a problem due to

cross-reacting antibodies

l Assays allow standardization and automation

Immunomagnetic separation l Faster and more speci� c than other concen-
tration methods

l Sound basis for other detection methods,
including polymerase chain reaction (PCR),
Reverse transcriptase-polymerase chain
reaction (RT-PCR),� uorescence activated
cell sorting (FACS),� uorescence in situ
hybridization (FISH)

l Sensitivity, robustness, and consistency can
be affected by environmental conditions

l Selectivity can be a problem due to
cross-reacting antibodies

l No information on infectivity of a pathogen

(Continued)
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Table 2 Methods for the detection of microbial contamination in drinking waterd cont'd

Method Characteristics/advantages Limitations/disadvantages Application: status quo and future perspectives

PCR, qPCR l In principle highly sensitive (but see
limitations)

l Selective
l Speci� c
l Can detect nonculturable microbes
l Faster than other detection methods (3–4 h)
l Sound basis for further analyses of nucleic

acids

l Limited reliability (at present the detection of
an individual microbe cannot be guaranteed
due to inconsistencies in performance of the
technique)

l Suf� cient quantity of nucleic acids from the
targeted microbe has to be recovered

l Negatively affected by certain environmental
conditions

l Basic procedure does not allow quantitation of
the number of ampli� able DNA/RNA fragments

l At present no discrimination between viable
and nonviable microorganisms

l No information on infectivity of a pathogen

l Currently no standardization
l Potential for automation
l Potential for quantitation

RT-PCR, Quantitative reverse transcriptase-
polymerase chain reaction (qRT-PCR)

l As PCR
l Good indication for living (� ow cytometry,

FACS, FISH) organisms with mRNA as target
l Can provide information on pathogenic

potential of an organism when mRNA of
a virulence gene is assayed

l As PCR (except discrimination between viable
and nonviable microorganisms with mRNA as
target)

l Extraction of detectable levels of intact RNA
molecules is problematic due to their
instability

l Currently no standardization
l Potential for automation
l Potential for quantitation

Flow cytometry, FACS l Faster than cultivation methods
l Detection of nonculturable organisms

l No information on infectivity of a pathogen
l Expensive technology
l Limited reliability for the detection of microbes

that are present in extremely low
concentrations

FISH l Faster than cultivation methods
l No precultivation needed
l Detection of nonculturable organisms
l Can detect individual cells when ribosomal

RNA is target
l Different (multicolor)� uorescent labels allow

detection of different microbes
l Can be used in combination with machines

that do automated scanning of� lter surfaces
for � uorescent objects

l Lack of sensitivity with chromosomal genes or
mRNA as target

l Detection is strictly taxonomic
l Differentiation between living and dead cells is

often dif� cult
l Not applicable to detect one indicator per

100 ml without concentration or� ltration

l Potential for automation

DNA microarray l Micromanufacturing techniques allows testing
of up to several 1000 sequences in one assay
on a single chip

l Sensitive, selective, and speci� c to the desired
level to detect groups of organisms or
subspecies, respectively

l Fast (2–4 h)

l At present very cost intensive
l Highly trained personal needed
l Absolute quantitation might be problematic

l Technique not yet widely available

ISO, International Organization of Standard; CEN, Comite European de Normalisation; APHA, American Public health Association.
Adapted from WHO/OECD (2006).
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Table 3 Advantages and disadvantages of the commonly used microbiological techniques

Technique Advantages Disadvantages

Most probable number
(MPN) using liquid media

l Flexible sample volume range
l Applicable to all kinds of samples
l Allows resuscitation and growth of injured organisms
l Usually easy interpretation of test results and no special skills

required
l Minimal time and effort needed to start the test
l The precision and sensitivity can be chosen by selection of

volumes analyzed, number of dilution levels, and number of
replicate tubes

l Media often inexpensive

l In routine application, when few replicates are used, the
precision is often low

l Con� rmation steps involving new cultivations usually are
needed, which increase costs and time

l When the selectivity of the medium is not adequate, the target
organisms can be masked due to the growth of other
microorganisms

l Sample may contain inhibitors affecting the growth of the
target organisms

l For the isolation of pure cultures, further cultivation on solid
media is necessary

l If big sample volumes are studied, costs of media increase and
large space for incubation is needed

Presence or absence test using liquid media l As above l As above
l No information on level of concentration of target organisms

Pour plate l Simple and inexpensive method l The sample volume analyzed routinely is a maximum of 1 ml
l Thermal shock, caused when melted agar is poured on the

sample, inhibits sensitive organisms
l Scoring of typical colonies not easy

Spread plate l Strictly aerobic organism are favored because colonies grow on
the agar surface (unless anaerobic conditions are applied)

l Differentiation of the colonies is easier than from pour plates

l The sample volume analyzed routinely is a maximum of .1 ml
l Scoring of typical colonies not always easy

Membrane� ltration l Flexible sample volume range enabling the use of large sample
volume and therefore increased sensitivity

l Water soluble impurities may interfere with the growth interfering
with the growth of target organisms separated from the sample in
the� ltration step

l Quantitative result and good precision if the number of colonies
grown is adequate

l Further cultivation steps not always needed, which lowers the
costs and time needed for the analysis

l When con� rmation is needed, isolation from well-separated
colonies on membrane is easy

l Quality of membranes varies
l Solid particles and chemicals adsorbed from sample to the

membrane during� ltration of the target organism
l Not applicable to turbid samples
l Scoring of typical colonies not always easy

Liquid enrichmentþ con� rmation or isolation on solid
media

l Liquid enrichment in favorable media and incubation temperature
allows resuscitation of injured or stressed cells

l Streaking of a portion of enrichment culture on an agar medium
allows isolation of separate colonies

l Differentiation and preliminary identi� cation is possible on
selective solid media

l Detection and identi� cation of organisms occurring in low
numbers possible (e.g.,Salmonella)

l Many cultivation steps increase costs of media, labor, skills
needed, and duration of the test

Adapted from WHO/OECD (2006).
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Table 4 Chromogenic media and selective medium for microbiological assessment of water

Type Product Manufacturer Website

Colony count CHROMagar� ECC CHROMagar www.chromagar.com
CHROMagar� Liquid ECC CHROMagar www.chromagar.com
Chromocult EMD EMD Chemicals www.emdchemicals.com
ColiscanEasygel Micrology labs www.micrologylabs.com
Coliscan MF� Micrology labs www.micrologylabs.com
Compact Dry EC� Nissui Pharma www.nissui-pharm.co.jp
Portable Membrane Filtration Delagua www.delagua.org
Portable Membrane Filtration ELE www.ele.com
Portable Membrane Filtration Wagtech www.wagtech.co.uk
Portable Membrane Filtration Merck Millipore www.millipore.com
m-Coliblue 24� Merck Millipore www.millipore.com
Petri� lm� Escherichia coli/Coliform Count 3M www.3m.com
Petri� lm� Aqua Coliforms 3M www.3m.com
RAPID’ E. coli Bio Rad Labs www.bio-rad.com
BColiGel/PathoGelCh Gel Charm Sciences www.charm.com

Most probable number Aquatest� Aquatest consortium www.bris.ac.uk/aquatest
Colilert 10 ml IDEXX www.idexx.com
Coliplate� Bluewaterbiosciences www.bluewaterbiosciences.com
Compartmentalized bag testa University of North Carolina www.unc.edu/sobseylab
Compartmentalized bag testa University of North Carolina www.unc.edu/sobseylab
EC BlueQuant Nissui Pharma www.nissui-pharm.co.jp
LaMotte Coliform test MPN LaMotte www.lamotte.com
Modi� ed Colitag� /iMPN1600a CPI www.cpiinternational.com
Colilert/Quanti-Tray� 200 IDEXX www.idexx.com
Colilert/Quanti-Tray� 2000 IDEXX www.idexx.com

Presence/absence AquaCHROM� CHROMagar www.chromagar.com
Colilert� 10 or 100 ml IDEXX www.idexx.com
Colilert� 18� IDEXX www.idexx.com
Colisure� IDEXX www.idexx.com
Modi� ed Colitag� CPI www.cpiinternational.com
E*Colite Charm Sciences www.charm.com
EC Blue 100P Nissui Pharma www.nissui-pharm.co.jp
H2S test 20 or 100 ml LTEK www.lteksystems.com
HiSelective� E. coli HiMedia www.himedialabs.com
HiWater� HiMedia www.himedialabs.com
LaMotte2� Coliform LaMotte www.lamotte.com
PathoScreen� Hach www.hach.com
Rapid HiColiform� HiMedia www.himedialabs.com
Readycult� EMD Chemicals www.emdchemicals.com
Watercheck� Bluewaterbiosciences www.bluewaterbiosciences.com

Standard media (LTB, BGLB, EC MUG, MI Agar, m-Endo, modi� ed m-TEC, m-FC, etc.) are available from a variety of suppliers, including BD (http://www.bd.com) and Sigma
(http://www.sigmaaldrich.com).
aProduct not commercially available at the time of publication.
Adapted from Bain, R., Bartram, J., Elliott, M., Matthews, R., McMahan, L., Tung, R., Chuang, P., Gundry, S., 2012. A summary catalogue of microbial drinking water tests for
low and medium resource settings. International Journal of Environmental Research and Public Health 9, 1609–1625.http://dx.doi.org/10.3390/ijerph9051609.
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yellow, indicating coliforms with b-galactosidase activity on
the substrate ONPG (o-nitrophenyl-b-D-galactopyranoside),
and � uorescence under long-wavelength ultraviolet (UV) light
when the substrate MUG (5-ethylumbelliferyl-b-D-glucuro-
nide) is metabolized by E. coli containing b-glucuronidase.
Table 5 shows some regularly used chromogenic substance
available for the detection of indicator bacteria.

A major concern with any assay based on enzyme activity i
the interference that can be caused by the presence of oth
bacteria. Some strains ofE. coli (among them pathogenic
strains), however, cannot be detected with this technique since
they are (phenotypically) b-glucuronidase negative. Nonethe-
less, the noted problems generally result in fewer errors than
traditional cultivation-based methods. We recommend that
users select a shortlist of tests for further consideration base
on two criteria: (1) matching tests to resources and (2)
matching tests to applications. After selecting a shortlist for
further consideration, users should consult manufacturers’
websites to review the microbiological performance assess
ments that have been carried out to ensure that the chose
products will provide appropriate sensitivity and speci� city for
the target application.
Detection of Coliphages

Coliphages are microbial indicators speci� ed in the Ground
Water Rule (GWR) that can be used to monitor for potential
fecal contamination of drinking water. The Total Coliform
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Table 5 Examples of chromogenic substrates for the detection of indicator bacteria

Bacteria Chromogenic substance Enzyme tested Disadvantages

Coliform
bacteria

o-Nitrophenyl-ß-D-galactopyranoside
6-Bromo-2-naphtyl-ß-D-galactopyranoside
5-Bromo-4-chloro-3-indolyl-ß-D-

galactopyranoside

ß-D-galactosidase
(E.C.3.2.1.23)

The enzyme can be found in numerous organisms
(including Enterobacteriaceae, Vibrionaceae,
Pseudomonadaceae, and Neisseriaceae, several
Gram-positives, yeasts, protozoa, and fungi

Escherichia
coli

5-Bromo-4-chloro-3-indolyl-ß-D-glucuronide
4-Methylumbelliferyl-ß-D-glucuronide (MUG)
p-Nitrophenol-ß-D-glucuronide

ß-D-glucuronidase
(E.C.3.2.1.31)

b-glucuronidase activity although produced by most
E. colistrains is also produced by other
Enterobacteriaceae including someShigella,
Salmonella, Yersinia, Citrobacter, Edwardia,and
Hafnia strains. The presence of this enzyme in
Flavobacteriumspp.,Bacteroidesspp.,
Staphylococcusspp.Streptococcusspp., anaerobic
corynebacteria, andClostridiumalso has been
reported. This could lead to the detection of
a number of false-positive organisms

Enterococci 4-Methylumbelliferyl-ß-D-glucoside
Indoxyl-ß-D-glucoside

ß-D-glucosidase (E.C.3.2.21)

Modi� ed from WHO/OECD (2006).
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Rule (TCR) speci� es coliform and E. coli indicators for
municipal water quality testing; thus, coliphage indicator use
is less common and advances in detection methodology are
less frequent. Coliphages are viral structures and, compare
with bacterial indicators, are more resistant to disinfection
and diffuse further distances from pollution sources. There-
fore, coliphage presence may serve as a better predictor
groundwater quality. The TCR mandates testing for tota
coliform and E. colicontamination to monitor for potential
human pathogens. Fecal contamination encompasses bot
bacterial and viral pathogens. The use of the bacterial indi
cators does not detect or predict viral contaminants; thus
reliance on bacterial indicators alone is inadequate to predict
viral contamination. More than 50% of waterborne illnesses
since 1980 have been caused by viral contamination of sourc
water. As a result, coliphages, viruses that infect bacteria
the coliform group, were added as another fecal indicator in
the 2006 GWR to allow direct measurement of a viral
surrogate.

Coliphages are classi� ed as somatic or male speci�c. The
somatic coliphages are DNA viruses that infectE. colicell walls.
Male-speci� c coliphages are either DNA or RNA viruses tha
infect through fertility (F) pili of Enterobacteriaceae bacteria.
The host speci�ed in the US Environmental Protection Agency
(EPA) Methods 1601 and 1602 for somatic coliphages is
nalidixic acid-resistant E. coli CN-13. The host bacterium
speci�c for male-speci� c coliphages in the EPA methods is
ampicillin- or streptomycin-resistant E. coliFamp, and the host
speci�ed in European Union (EU) standard methods is
SalmonellaWG 49.

Simple and rapid methods for coliphage detection have
been reported with preliminary detection in a single working
day. Qualitative detection methods are multiple-step proce-
dures that involve coliphage replication in exponential-growth-
phase cells of the hostE. coli (enrichment step) followed by
a spotting on seeded agar for plaque con� rmation. The quan-
titative detection of phages in numbers below the detection
limit of direct plaque assays, therefore, is carried out by direc
plaque assays using large Petri dishes, or the recovery of phag
from large volumes of water followed by conventional plaque
assays on the concentrates. Small numbers of phages in larg
volumes of water may be detected by qualitative enrichment
procedures.
Detection of Viruses

The detection of viruses following the concentration step is
performed in � at bottom stationary � asks or wells or in
rotating test tubes (roll-tubes) containing speci� c cell lines.
Viruses thus are counted as plaques (clearings) in soli
monolayers of cells, as tissue culture for 50% infective dose, o
as MPN in liquid suspensions.

Monolayer plaque assay: The cultivable enteroviruses produce
a characteristic cytopathic effect and some also can produc
visible plaques under a solid nutrient overlay. For the detection
of plaque-forming enteroviruses, the plaque assay has bee
widely used. It has the advantage of providing results
for rapidly growing viruses and can provide an isolated plaque
(the equivalent of a bacterial colony), which can be picked up
and contains a single virus type useful for virus identi� cation
and propagation. Disadvantages include underestimating the
number of slow-growing viruses and not being able to detect
those that are not plaque producing.

Liquid overlay assays: Slow-growing and non-plaque-producing
enteroviruses as well as viruses from the other groups (adenov
ruses, reoviruses, hepatitis A, rotaviruses, etc.) replicate in cells b
do not always produce any microscopic changes. To increase th
probability of � nding the viruses, one, two, or even three passage
incubated for 7–14 days increase the probability of virus detec-
tion by allowing several cycles of replication.

These techniques, under liquid nutrient medium, can be
performed in a macrotechnique (tubes or � asks) or, more
commonly, in a microtechnique (multiwell plates: 96, 24, 12,
6, or 4 wells). The number of inoculated tubes or wells deter-
mines the precision of the assay. When testing samples wit
a probable low number of viruses, a small number of � asks
with a large surface area is preferable to maximize isolation and
reduce the required labor time. The assay relies on variou



l,

762 WATER QUALITY ASSESSMENTj Modern Microbiological Techniques
detection methods to enumerate the viruses in the original
samples, including the following:

l Cytopathic effect (microscopy)
l Immuno � uorescence (with speci� c or group antisera)
l Immunoperoxidase (with speci� c or group antisera)
l Molecular methods (polymerase chain reaction (PCR),

hybridization, etc.)
l Detection of virions in the supernatant by electron

microscopy
l Enzyme-linked immunosorbent assay methods (speci� c for

one or more viruses)

Examples of frequently used cell lines are MA 104, BGM-F
BGM-H, RD, Frhk4, HFS, HEP, Vero, and CaCo-2.
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Detection of Protozoa

In contrast to most bacteriological and virological assays
parasitological (protozoological) samples do not incorporate
an enrichment step based onin vitrocultivation of the captured
organisms in general. Improvedin vitro assays forCryptospo
ridium parvumhave been developed to demonstrate the infec
tivity of the parasite. The majority of the life cycle can be
completed in tissue culture, but the production of new oocyst
numbers is low and usually less than that used for the
inoculum.

The methods for the cultivation of C. parvummay serve as
an example for other protozoa (such asToxoplasma gondii, Iso-
spora belli, Cyclospora cayetanensis, and various genera of
Microsporidia). A variety of cell lines (e.g., CaCo-2 cells, bovine
fallopian tube epithelial cells, Mardin Darby Bovine Kidney
cells, HCT-8 cells) currently is in use for the cultivation of
C. parvum. Cryptosporidium parvumoocysts are treated with 10%
bleach (5.2% sodium hypochlorite, or the sporozoites freshly
recovered by the process of the excystation) and plated ont
HCT-8 cells grown to approximately 60–80% con� uency in
a 5% CO atmosphere at 37� C. Oocyst formation can be
detected 3 days after inoculation. Propagation in cell cultures
may be used in combination with polymerase chain reaction.

Detection of Protozoa on ArtiÞcial Media
Arti� cial culture media for both Entamoeba histolyticaand
Giardia lambliahave been developed and used for diagnosis in
the medical � eld. Historically, these lumen-dwelling protozoa
have been grown in culture media with and without one or
more of the microorganisms with which they are associated
in their normal habitat within the hosts (xenic culture).
Cultivation techniques so far developed are not quantitative
and never have been successfully applied to environmenta
samples.
,
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d

Molecular Methods

Most applied molecular techniques are based on protocols of
nucleic acid ampli� cation, of which the PCR is the most
commonly used. The methods used typically are based on the
detection and quanti� cation of speci� c segments of the path-
ogen’s genome (DNA or RNA). To reach the detection level
the speci� c segments are subjected toin vitro ampli � cation.
These methods allow to rapidly and speci� cally detect micro-
organisms of public health concern. The molecular techniques
available today, however, are being continuously re� ned to be
standardized and make them applicable to a diversity of
matrices, to increase their sensitivity, and to reduce the time
and steps required in the analytical process. Most methods
utilize the following steps: (1) concentration of the organism of
interest from the environmental water sample into a suitable
volume (if necessary), (2) extraction of the RNA or DNA from
the target organism, (3) ampli� cation of the genomic
segment(s) chosen, and (4) detection (or quanti� cation) of the
ampli � ed genomic segment(s).

Molecular methods used to identify speci� c microorgan-
isms and to assess microbial community diversity using DNA
sequences are listed inTable 6.
Polymerase Chain Reaction–Based Detection

A basic laboratory infrastructure is essential to perform PCR
Various kits are commercially available from different
suppliers, which provide all protocols and reagents
needed to carry out PCR-based assays. In addition, a therm
cycler for the PCR reaction and appropriate equipment
for separation (e.g., power supplies, electrophoresis
units) and detection or visualization of nucleic acids are
required.

Reverse transcriptase (RT-PCR)is a technique that offers
potential for assessing viability and the presence of mRNA
There are two steps:

l Reverse transcription that produces DNA fragments from
RNA templates, and

l PCR, which produces multiple copies of the target DNA.

Quanti � cation using RT-PCR is still dif� cult, laborious, and
inaccurate and requires skilled operators and large amounts o
materials. Because neither PCR nor RT-PCR provides reliab
means for quanti� cation, commonly RT-PCR detection of
pathogens in water has been used only as a qualitative presenc
or absence test.

Quantitative-PCR (qPCR) is rapidly being established in the
environmental sector. qPCR is, in many cases, more sensitiv
than either the bacterial culture method or the viral plaque
assay. Quantitative reverse transcriptase PCR (qRT-PCR) u
RNA as a template molecule. qPCR commonly uses� uorescent
dyes, such as SYBR green, for the detection of the ampli�ed
segment. Molecular beacons or other� uorescent probes such as
TaqMan assays (Applied Biosystems, Foster City, CA, USA
Scorpion primers (PREMIER Biosoft International, Palo Alto,
CA, USA), or probes used in the LightCycler (Roche, Indian
apolis, Indiana, USA) lead to higher speci� city based on the use
of complementary primers and probes for the quanti� cation of
the selected genome segment.

The use of qPCR is extending and is under consideration fo
monitoring the environment, water, and food. Besides PCR,
other methods are available to amplify nucleic acids, for
example, Nucleic acid sequence–based ampli� cation (NASBA),
an isothermal method designed to amplify RNA from either
RNA or DNA templates, although it is most commonly used to
amplify RNA. Despite their large advantages, RNA-base
approaches face technical dif� culties, particularly the extraction
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Table 6 Status of molecular methods that can be used to assess water quality

Tools Description Current status References

Direct hybridization Detection of gene, gene
expression

In wide use, requires sequence
knowledge and DNA to label
for probe

Barkay et al., 1985

Polymerase chain reaction (PCR),
Reverse transcriptase-polymerase
chain reaction (RT-PCR),
Multiplex PCR

Rapid, sensitive detection of
speci� c taxa, genes, or gene
expression (RT-PCR)

In wide use, required DNA
sequence information

DeLeon, 1990; Zehr et al., 2001

Quantitative-polymerase chain
reaction (qPCR), Quantitative
reverse transcriptase-polymerase
chain reaction (qRT-PCR)

Rapid, sensitive, quantitative
detection of target

Use increasing rapidly, requires
sequence knowledge

Rose et al., 1997, Gruntzig et al.,
2001; Suzuki et al., 2000

CryptoPMA-PCR assay Genotyping and viability determination
may improve the data on waterborne
exposure toCryptosporidiumand
enhance the validity of human risk
assessment

Newly using Girones et al., 2010; Brescia et al.,
2009

Nested-PCR (nPCR) Increased identi� cation of virus Future use Holtz et al., 2008; 2009; Blinkova
et al., 2009

Fluorescent in situ
hybridization (FISH)

Allows detection, visualization of
individual cells

Widely used, requires actively
growing cells; can be
combined with activity assays

Amanm et al., 1995; Ouverney and
Fuhrman, 2000

Nucleic acid sequence–based
ampli� cation (NASBA)

Isothermal RNA ampli� cation;
pathogen detection

Future use Kozwich et al., 2000; Fox et al.,
2002

DNA microarray Detection of multiple pathogens
increased sensitivity

Future use Gilbride et al., 2006
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of detectable levels of intact RNA (a molecule that is signi� -
cantly less stable than DNA). To minimize this problem,
a number of commercial kits for extraction and puri� cation of
RNA have been developed. The enzymes, reverse transcripta
like the polymerases for PCR, is highly susceptible to a numbe
of inhibitory contaminants commonly found in water (e.g.,
humic compounds). Therefore, considerable efforts have to be
made to remove these compounds prior to testing. Immuno-
magnetic captures as well as nucleic acid capture have proven
be successful for this purpose. Oligonucleotide probe-linked
magnetic beads combined with RT-PCR have been used
detect viable Giardia and Cryptosporidiumin water samples
containing PCR-inhibiting substances.

The detection of genomes by PCR-based techniques do
not provide information about the infectivity of the pathogen
or the indicator detected or the level of risk for the population.
Disinfection of water by UV and chlorine treatments reduces
the numbers of viral particles quanti� ed by qPCR and qRT-PCR
if severe treatments are applied. Commonly applied disinfec-
tion treatments, however, produce a signi� cant reduction in the
number of infectious viral particles without showing equiva-
lent variations in the level of viral genomes quanti� ed by qPCR
and qRT-PCR.

Nucleic acid extraction ef�ciencies vary considerably
between different methods, and the � nal nucleic acid yield
depends on the methods used and the type of environmenta
sample. This makes direct comparison of absolute gen
numbers between studies extremely problematic. Furthermore
the concentration at which inhibitors no longer affect the qPCR
for any sample is not known a priori and must be determined
empirically to ensure that the environmental template and the
target gene for the standard curve have equivalent ampli� cation
ef� ciencies. The ef�ciency of the reverse transcription also may
be variable and in general qRT-PCR is considered to be mor
sensitive to inhibitors than qPCR.
Fluorescence In Situ Hybridization

A typical in situ hybridization protocol includes � ltration of
a water sample through a membrane,� xation of bacterial cells
on the membrane, permeation of cells (to allow the probe to
access its target), hybridization with a � uorescent probe,
washing to eliminate unbound probe, and microscopic
examination.

In this method, bacteria are captured by� ltration of the water
samples through metallic membranes. The cells are then� xed by
placing the membranes on a� lter pad presoaked with para-
formaldehyde solution. They then are treated with lysozyme,
washed and overlaid with hybridization solution containing
a biotinylated peptide nucleic acid (PNA) oligonucleotide probe
speci� c for the detection ofE. coli. The biotin PNA–RNA complex
is detected by incubation in streptavidin horseradish peroxidase
(HRP) followed by the addition of � uorescein tyramide. The
HRP catalyzes the deposition of� uorescein, and the cells are
detected by epi� uorescence microscopy. The test requires n
specialized equipment and is easy to perform in 2–3 h. The
procedure could be performed directly on the water sample
without the need for culture techniques. Unfortunately, dead
bacteria also can be detected after signal ampli� cation. Problems
and shortcomings have been identi� ed when FISH is applied to
the detection of bacteria in water. FISH is an alternative tech
nique for the speci� c detection of C. parvumas traditional
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methods such as antibody staining are unable to distinguish
between different species within the genus.
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DNA Microarray

Integrated systems has been developed for detecting multipl
pathogens and indicators in source, drinking, and recreationa
water. DNA microarray technologies could be the basis for such
a test, although initial results have shown that direct hybrid-
ization of genomic DNA or RNA may not have the desired
sensitivity. If microarray technologies could be coupled with
PCR ampli� cation of the target genes the signal sensitivity
could be increased by 106-fold.

Escherichia coliand Vibrio proteolyticusdetection using
a microarray containing hundreds of probes within a single
well (1 cm) of a conventional microtiter plate (96 well) was
described. The complete assay with quanti� cation took less
than 1 min. The microarray under development by bioMerieux
(using Affymetrix Inc. GeneChip technology) for an interna-
tional water company (Lyonnaise des Eaux, Paris, France)
expected to reduce test time for fecal indicators from the curren
average of 48 h to just 4 h. In addition, the cost for the standard
water microbiology test is expected to be 10 times less than
present methods.
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Conclusion

Regarding the selection of an appropriate method for microbial
analysis, it should be noticed that no method exist that is
a 100% sensitive and 100% speci� c and that can provide results
without hands-on time and at low cost. All methods have
advantages and disadvantages. The challenge is to select
method that ful � lls the most of the characteristics of the ideal
method for the user’s practical context. Advantages of a method
should be optimally exploited and the disadvantages should be
recognized. Most of the newly developed methods for micro-
bial analysis aim for multifunctionality, rapid, and high
throughput and automation and thus are rather directed to
large-capacity service labs or large company’s in-house labs.
Evolution in alternative rapid methods, mainly immunological
and molecular methods, focus on the combination of available
techniques– for example, combination of immunocapture and
PCR or by elaboration of new formats optimizing reading and
registration software rather than by introducing new principles
of detection or enumeration. More information on the stability
of genetic markers and distribution of pathogens and indica-
tors in diverse geographic areas and the diverse matrices
needed for the identi� cation of the most suitable molecular
targets for detection and quanti� cation of pathogens and the
evaluation of the applicability of new indicators. More research
is required on the identi� cation of indicators that better
correlate to pathogen presence as even the newly emergin
indicators often have poor success in predicting pathogen
presence.

The epidemiological pattern of many pathogens is different,
however, which makes it necessary to distinguish between th
signi� cance of analyzing widely spread, highly prevalent indi-
cators of fecal and urine contamination in water as an
indication of potential contamination by many of the patho-
gens and the detection of speci� c pathogens that may be
sporadically highly abundant in water and often do not
correlate to other indicators.

Several assays based on molecular techniques for detectio
and quanti� cation of pathogens and potential indicators have
been developed that may be validated and standardized, and
the technology could be ready for routine implementation and
automation in the near future.
See also:Biochemical and Modern Identi�cation Techniques:
Enterobacteriaceae, Coliforms, andEscherichia Coli; Biosensors
– Scope in Microbiological Analysis;Cryptosporidium;
Cyclospora; Enterobacteriaceae, Coliform, andEscherichia
coli: Classical and Modern Methods for Detection and
Enumeration; Molecular Biology in Microbiological Analys
PCR Applications in Food Microbiology;Total Viable Counts:
Pour Plate Technique;Total Viable Counts:Spread Plate
Technique;Total Viable Counts:Speci� c Techniques; Most
Probable Number (MPN);Water Quality Assessment:Routine
Techniques for Monitoring Bacterial and Viral Contaminan
Indicator Organisms;Identi�cation Methods:Chromogenic
Agars;Identi�cation Methods:Immunoassay;Identi�cation
Methods:DNA Hybridization and DNA Microarrays for
Detection and Identi� cation of Foodborne Bacterial Pathoge
Identi�cation Methods:Real-Time PCR;Identi�cation
Methods:Culture-Independent Techniques.
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Global Population Trends and Water Demands

Water is the elixir of life. The habitability of any location
whether on this planet or in our search for life on other planets
centers around the availability of water. In our search for life
outside this planet, the gold standard for the plausible presence
of life is any signature indicative of present or past water. Wate
sustains life, and thus human and animal lives depend on
access to water. The close dependence of the human race
water supplies has been heightened with the growing globa
population. According to some estimates while the global
population tripled in the twentieth century, the use of water
increased sixfold. Unfortunately, regions of the world where
population growth is expected to increase signi�cantly in the
next decade have some of the smallest reserves of renewab
water resources. Thus, water scarcity is already or will soo
become of strategic importance to many regions around the
world and could possibly lead to regional con� icts.

The rapid urbanization around the world, coupled with the
chronic lack of municipal wastewater collection and treatment
systems, results in increasing contamination of water resource
The impact of urbanization on water resources is not limited to
the underdeveloped or developing regions of the world.
Contamination of drinking water resources by human, indus-
trial, and animal wastes are seen even in highly advance
countries. This could be due to leaking septic tanks, accidenta
cross contamination between sewer and drinking water lines
cracked drinking water lines, coupled with drops in pressure
within the drinking water lines, and so on. The World Health
Organization (WHO) estimates that approximately 2.6 billion
people lack adequate sanitation and about 1.1 billion people
live in areas without any access to clean drinking water. Becaus
of the strategic importance of water quantity and quality, access
to safe drinking water was included as one of the goals of the
Millennium Development Goals of the United Nations.
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Importance of Water Quality and Public Health

All across the world, thousands die each year due to microbially
contaminated food and water. The WHO estimates that
approximately 2 billion people, mostly children under the age
of � ve die each year from diarrheal diseases that are direct
linked to contaminated water. A majority of those affected by
diarrheal diseases are those living in impoverished, peri-urban
or rural areas around the world. Thus, water, sanitation, and
hygiene are critically important to public health worldwide. A
number of factors, including lack of � nancial resources, poor
hygiene, lack of sustainable water resources, absence of infr
structure to manage biosolids and wastewater, and inadequat
public sanitation are responsible for the dire situation today.
766 Encyclopedia of Food
Water Quality and Food Safety

Contaminated water supplies affect public health not only
through pathogens via drinking water. Microbially contami-
nated water can lead to foodborne illnesses if such water is use
for irrigating fresh produce (which is often consumed without
any cooking) and in food processing. Second only to avail-
ability of drinking water, access to food supplies is one of the
greatest priorities for many countries around the world. Hence,
agriculture is a dominant component of the global economy.
Agriculture is the single largest user of freshwater resource
using a global average of 70% of all surface water supplies
Impaired water quality can have serious consequences for th
production and processing of fresh produce, fruits, and pro-
cessed foods. Probably the single most important source o
contamination for fresh produce is water, either irrigation
water or water used during pre- and post-harvest processing. I
the United States, agriculture depends heavily on both surfac
waters and groundwater for irrigation purposes. In many parts
of the world in both developed and developing countries,
wastewater treatment plants release partially treated or rela
tively untreated water into surface waters such as rivers an
streams. Wildlife, cattle-feeding operations, and septic tank
also contribute to the pathogen loading into these waters.

A cornerstone of any public health program is an effective
water quality management program. Inherent to any water
quality management program is a scienti� cally defensible risk-
based monitoring program that screens for the presence an
levels of selected microbiological contaminants. This chapte
provides an overview of water sampling, microbial detection
methods, and US and selected international water quality
standards. Given the critical importance of water quality to
fresh produce and microbiological safety, this chapter also
includes current guidelines for monitoring irrigation water in
the United States.
Microbial Pathogens and Fecal Indicator Organisms

Microbial pathogens such asVibrio cholera, Salmonella, Escher-
ichia coli O157:H7, Cryptosporidium parvum, Entamoeba histo
lytica, Rotavirus and Hepatitis A virus are those organisms
known to cause infection and illness in humans. Fecal indica-
tors are those organisms that are used to infer the presence
fecal contamination, thereby indirectly inferring the potential
presence of disease-causing microbial pathogens. Differen
organisms have been proposed as indicators of fecal contam
nation, such as fecal coliform bacteria,E. coli, enterococci, and
bacteriophages including coliphages (that infect coliforms) and
phages that infectBacteroidesspp. Normally (at least in devel-
oped regions of the world), the levels of pathogens are very low
(except in extreme contamination scenarios) in drinking water.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00352-9
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Since there is the potential for one or more pathogens to be
missed if monitoring programs are focused on just one or two
target pathogens, water quality monitoring should be based on
a ‘tool-box’ approach. In such a strategy, the monitoring
program will focus on screening for multiple pathogens and
indicator organisms.
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Water Sampling

The primary and most important step in determining the
microbiological quality of water is obtaining a ‘representative’
water sample. Sampling can be relatively easy if samples a
obtained from a water distribution system. However, when
sampling groundwater, care should be taken to ensure that the
sample is obtained from a representative part of the aquifer. In
certain instances, monitoring wells have to be installed, and
these wells have to be‘developed’ prior to obtaining samples.
Once monitoring wells are installed and developed, bailers,
grab samplers, submersible pumps, or positive displacemen
pumps can be used to obtain the samples. For sampling from
water distribution systems, the samples can be obtained
directly from sampling ports or directly from spigots. However,
care has to be taken to ensure that the sample that is obtaine
comes from the distribution system and not from dead-end
spots within the distribution system. Although sampling from
distribution systems appears to be straightforward, extreme
care should be taken to ensure that a‘representative’ sample is
obtained, and possible cross contamination from the
surroundings should be understood and prevented. Obtaining
drinking water samples from water distribution systems should
be carefully planned because water (and microbial pop-
ulations) within distribution lines show signi � cant variability
in terms of � ow rates,� ow directions depending on the time of
the day, water use, and the like.

The rule of thumb is to obtain as large a water sample as
possible to increase the likelihood of avoiding false negatives
The Standard Methods for the Examination of Water and
Wastewater (20th ed.) and the United States Environmenta
Protection Agency (EPA) are good resources for the speci� cs of
sample collection, sample volumes, sample preservation, sampl
holding times, and sample storage. The volume of the wate
sample that should be collected for microbiological analysis
depends on the sample type and the target organism (Table 1).

The International Organization for Standardization (ISO)
has also published a number of speci� c standards for micro-
biological parameters, such as sampling procedures an
detection of speci�c target organisms including coliforms,
E. coli, coliphages, enterococci, and sul� te-reducing anaerobes
(clostridia) ( Table 1). These standardized protocols provide
useful information for practitioners who are interested in
following validated protocols. The ISO 19458:2006 standard
provides guidance on water-sampling methods, protocols for
sample handling, transport, and storage.
r

:

International and National Water Quality Standards

The World Health Organization (WHO) Guidelines for
Drinking Water Quality (2011) recommend that all water
directly intended for drinking should not contain E. coli or
thermotolerant coliform bacteria (in any 100 ml sample). In
addition, treated water entering or in the distribution system
should not contain E. colior thermotolerant coliform bacteria
(in any 100 ml sample). These guidelines emphasize thatE. coli
is a precise indicator of fecal pollution, but that the count of
thermotolerant coliform bacteria is an acceptable alternative.
The guidelines further state that total coliform bacteria are not
acceptable as an indicator of the sanitary quality of water
supplies, particularly in tropical areas, where many bacteria o
no sanitary signi� cance occur in almost all untreated supplies.
In terms of analytical methods, the WHO guidelines reference
the ISO standards (methods) for detection and enumeration of
fecal indicator organisms in water (ISO 6461, ISO 7704, ISO
9308, and ISO 10705). In addition to the drinking water
guidelines, the WHO has guidelines for recreational waters and
agricultural waters. The Guidelines for Safe Recreational Wate
(2009) recommend a monitoring schedule based on identi� ed
risk level but do not mention speci� c organisms. The Guide-
lines for the Safe Use of Wastewater, Excreta and Greywate–
Wastewater Use in Agriculture recommends the monitoring
of fecal indicator organisms (E. coli or thermotolerant coli-
forms) and under certain circumstances more resistant micro
organisms (i.e.,Ascarisor bacteriophages).

In the United States, drinking water quality is regulated by
the Safe Drinking Water Act (SDWA) and the National Primary
Drinking Water Regulations (NPDWRs). The SDWA was orig
inally passed by Congress in 1974 and amended in 1986 and
1996. It protects drinking water and its sources: rivers, lakes
reservoirs, springs, and groundwater wells. The NPDWRs a
based on the routine monitoring of total coliforms, where no
more than 5% of the samples may test positive. For distribution
systems that collect fewer than 40 samples per month, only one
may be positive for total coliforms. If total coliforms are
detected, additional sampling and testing for fecal coliforms
and E. coli is required. The regulations do not require direct
monitoring of speci� c pathogens, but they do state that
drinking water should be free of all pathogenic microorganisms
(i.e., Cryptosporidium, Giardia lamblia, Legionella, E. coli, fecal
coliforms, and enteric viruses). If the distribution system uses
surface water or groundwater under the direct in� uence of
surface water, it is required to disinfect and� lter the water in
such a manner that 99% ofCryptosporidium, 99.9% of G. lam-
blia, and 99.9% of viruses are removed. If distribution systems
use groundwater as a source of drinking water, the EPA Groun
Water Rule applies. This rule is meant to reduce the risk o
exposure to fecal contamination. The rule requires that the
distribution system is monitored for total coliforms. If total
coliforms are detected, additional monitoring is required to
determine whether their presence is due to fecal contamination
in the groundwater source. The groundwater samples must b
tested for one of the following indicators: E. coli, enterococci, or
coliphages.

In the European Union, the 1998 Drinking Water Directive
regulates drinking water quality. It states that water intended
for human consumption and/or food production shall be free
from any microorganisms and parasites. It requires regula
(year-round) monitoring for E. coli and coliform bacteria.
Microbiological parameters for treated waters are as follows
zero E. coliand enterococci per 100 ml. The levels of indicator



Table 1 Recommended sample volumes and analytical methods for microbial contaminants in water

Target organism Water type Sample volume Analytical method Method reference

Total coliforms All water typesa Minimum 100 ml Multiple-tube fermentation technique: incubation in lauryl
tryptose broth at 35� C for up to 48 h; con�rmation with
brilliant green lactose bile broth

Standard Method 9221 A,B,C,D

Total coliforms All water types 100 ml–1 l Membrane� lter method: sample is� ltered,� lter is placed
on Endo-type medium (35� C for 22–24 h); veri� cation
with lauryl tryptose broth

Standard Method 9222 A,B,C

Total coliforms andE. coli All water types Minimum 100 ml Membrane� lter method with MI agar: a chromogenic/
� uorogenic medium allowing simultaneous detection

EPA 1604

Total coliforms andE. coli All water types Minimum 100 ml Membrane� ltration method using TTC medium (36 or
44� C for 24 h); con� rmation with cytochrome oxidase
test and indole production

ISO 9308-1

Total coliforms andE. coli Drinking water, source water 100 ml Chromogenic/�uorogenic substrate test: sample plus
enzyme incubated for 24 h at 35� C

Standard Method 9223, Colilert,
Colisure (IDEXX)

E. coli Recreational watersb Minimum 100 ml Membrane� ltration technique using mTEC agar EPA 1103.1
E. coli Recreational waters Minimum 100 ml Membrane� ltration technique using modi� ed mTEC agar EPA 1603
Fecal coliforms All water types Minimum 100 ml Membrane� lter method: sample is� ltered,� lter is placed

on M-FC medium (44.5� C for 24 h)
Standard Method 9222 D

Enterococci All water types 100 ml Multiple-tube technique: incubation in azide dextrose
broth for 24 h at 35� C, con� rmation with bile esculin
azide agar (BEA) and brain–heart infusion (BHI) broth

Standard Method 9230 B

Enterococci Groundwater, recreational waters Minimum 100 ml Membrane� ltration method using membrane
Enterococcus Indoxyl-b-Glucoside Agar (mEI)

EPA 1600

Enterococci All water types 100 ml Membrane� ltration method using Slanetz–Bartley
medium (36� C for 44 h); con� rmation with bile esculin
azide agar

ISO 7899-2

Enterococci All water types 100 ml Enzyme substrate method: sample plus enzyme incubated
for 24–48 h at 41� C

Standard Method 9230D, Enterolert
(IDEXX)

Enterococci Drinking water, recreational waters,
and shell� sh growing areas

Minimum 100 ml Membrane� ltration method using membrane-
Enterococcus-Esculin Agar (mE-EIA)

EPA 1106.1

Clostridium perfringens Drinking water 100 ml Membrane� ltration method using tryptose sul� te
cycloserine (TSC) agar (44� C for 21 h)

ISO 6461-2

Spores of sul� te-reducing
anaerobes (clostridia)

Drinking water 100 ml Enrichment method using Differential Reinforced
Clostridial Medium (DRCM) (37� C for 44 h)

ISO 6461-1
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Heterotrophic plate counts Drinking water Minimum 100 ml Plate count: plate sample on plate count agar, R2A agar, or
HPCA agar (incubation times vary)

Standard Method 9215

Somatic and male-speci� c
coliphages

Groundwater, drinking water, source
water, ef� uent

100 ml or 1000 ml Two-step procedure: overnight enrichment in TSB, then
spotted onto lawn of host bacteria

EPA 1601

Somatic and male-speci� c
coliphages

Groundwater, distribution water,
source water, ef� uent

100 ml Single Agar Layer (SAL) procedure: sample mixed with
host bacteria and molten TSA, poured onto plates,
incubated overnight

EPA 1602

Somatic and male-speci� c
coliphages

All water types 100 ml Double Layer Agar method: sample mixed with host
bacteria and molten TSA, poured onto agar plates,
incubated overnight

ISO 10705

Cryptosporidium(genus
only)

Surface waters 10–50 l Filtration/immunomagnetic separation/� uorescent
antibody microscopy

EPA 1622

CryptosporidiumandGiardia
(genera only)

Surface water and drinking water 10–50 l Filtration/immunomagnetic separation/� uorescent
antibody microscopy

EPA 1623

Enteric viruses Groundwater 50–1500 l Tissue culture; virus-type identi� cation via serological
tests

Standard Method 9510

Enteric viruses, Norovirus All water types Ranging from 120
to 4320 l

Tissue culture and RT-qPCR EPA 1615

Aeromonasspp. Drinking water Minimum 100 ml Membrane� ltration method using ampicillin-dextrin agar
with vancomycin (ADA-V)

EPA 1605

Salmonellaspp. Developed for sewage sludges, can be
used for all water types if needed

Minimum 150 ml Most probable number technique based on enrichment,
selection, and biochemical/serological con� rmation

EPA 1682

aAll water types: drinking water, source water, groundwater, surface water, recreational water, ef� uent.
bRecreational waters include fresh, estuarine, and marine waters.
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organisms for treated waters are as follows: zero coliform
bacteria per 100 ml, zero Clostridium perfringens(including
spores), and no abnormal changes of colony counts at 22� C.
Clostridium perfringensneeds to be measured only if the treated
water originates or is in� uenced by surface water. The directiv
also details methods of analysis, speci� cally referring to the
International Organization for Standardization (ISO) stan-
dards: ISO 9308-1 for coliform bacteria andE. coli and ISO
7899-2 for enterococci. The United Kingdom adopted the EU
standards in the Water Supply (Water Quality) Regulations in
1989 (last amended in 2011). Private water supplies were
covered by the Private Water Supply (Water Quality) Regula
tions in 1991 (last amended in 2010).
e

Microbial Detection Methods

Table 1 lists the water sample volumes and analytical detection
methods that are used for indicator organisms and speci� c
pathogens as recommended by the US EPA and ISO and th
Standard Methods for the Examination of Water and
Wastewater.
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Monitoring of Bacterial Contaminants

In general, water samples are either enriched in some sort o
media or � ltered through a membrane, followed by con� r-
mation on selective media. The most basic methods for wate
analysis are based on the most probable number (multiple-
tube) technique or membrane � ltration. To this day these are
two of the most popular methods. The most commonly used
indicator organisms for routine water quality monitoring are
the total coliforms. They are facultative anaerobic, Gram-
negative, nonspore-forming, rod-shaped bacteria belonging to
the family Enterobacteriaceae. Total coliforms ferment lactose
with gas and acid formation within 48 h at 35 � C.

For the multiple-tube fermentation technique (Standard
Method 9221), the water samples are incubated in lauryl
Table 2 Examples of US EPA-approved commercial test kits for th

Target organism Water type

Coliforms andE. coli Drinking water and source wa
Coliforms andE. coli Drinking water and source wa
Coliforms andE. coli Bottled water and drinking wa
Coliforms andE. coli Drinking water and source wa
Coliforms andE. coli Drinking, bottled, and food/be
Chlorine-stressed coliforms andE. coli Drinking, bottled, and food/be
Coliforms,E. coli, and H2S-producing

enterobacteriaceae
Food, beverages, and waters

Enterococci Drinking water and source wa
Somatic and male-speci� c coliphages Source, distribution, and pro

Somatic and male-speci� c coliphages Source, distribution, and pro

Somatic and male-speci� c coliphages Source, distribution, and pro

Pseudomonas aeruginosa Recreational water and bottle

Note: This table does not present an exhaustive list of all commercially availab
tryptose broth at 35 � C for up to 48 h. The tubes are inspected
for growth, gas, and acid production. Positive tubes are
con� rmed for total coliforms with brilliant green lactose bile
broth (35 � C for up to 48 h), for fecal coliforms with EC broth
(44.5 � C for up to 24 h), and for E. coliwith EC-MUG broth
(44.5 � C for up to 24 h).

For the membrane� lter technique (Standard Method 9222
A, B, C), the water samples are� ltered onto a membrane. This
membrane is placed either on LES Endo agar for 22–24 h at
35 � C or on a pad saturated with M-Endo broth for 22–24 h at
35 � C. To verify that total coliforms are present, typical red
colonies with a metallic (golden) sheen are incubated in lauryl
tryptose broth (35 � C for up to 48 h), followed by brilliant
green lactose bile broth (35� C for up to 48 h). Veri� cation for
fecal coliforms and E. coliis the same as for the multiple-tube
fermentation technique (see above).

Tests for fecal coliforms are often conducted through the
fecal coliform membrane � lter procedure (Standard Method
9222 D). Again, the water sample is� ltered and placed either
on a pad saturated with M-FC medium or directly onto M-FC
agar and incubated at 44.5� C for up to 24 h. No additional
con� rmation step is required.

Table 2 includes a number of methods that commercial
entities have developed for the detection of total coliforms,E. coli,
and enterococci from water samples. These methods have bee
approved by the EPA after a series of rigorous multilaboratory
validation studies. Escherichia coliand coliform tests are among
the fastest and most convenient tests for routine water moni-
toring. In recent years, the enzyme substrate coliform tes
has gained wide acceptance (Standard Method 9223). This test
also available commercially from a number of manufacturers,
most notably IDEXX and Charm Sciences (Table 2). For this
test, chromogenic and � uorogenic substrates are used to tes
for total coliforms and E. coli(a type of fecal coliform), respec-
tively. By de� nition, coliforms are bacteria that possess the
enzymeb-D-galactosidase. This enzyme reacts with chromogen
substrates such as ortho-nitrophenyl-b-D-galactopyranoside
(ONPG) or chlorophenol red-b-D-galactopyranoside (CPRG).
E. colihas an additional enzyme (b-glucuronidase) that reacts
e detection ofE. coliand other indicator organisms in water samples

Test method Manufacturer

ter Colilert IDEXX�
ter Colilert-18 IDEXX�
ter Colilert-250 IDEXX�
ter Colisure IDEXX�
verage water ColiGel Charm Sciences�
verage waters E*Colite Charm Sciences�

PathoGel Charm Sciences�

ter Enterolert IDEXX�
cess water Fast Phage P/A

(Presence/Absence)
Charm Sciences�

cess water Fast Phage MPN
(Most Probable Number)

Charm Sciences�

cess water Fast Phage CTS
(Continuous Testing System)

Charm Sciences�

d water Pseudalert IDEXX�

le kits. Mention of trademarks does not imply endorsement by the author.
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with � uorogenic substrates such as 4-methyl-umbelliferyl-b-D-
glucuronide (MUG). Water samples and enzyme substrates ar
incubated together, typically at 35� C for 18–24 h and then
checked for a color change (coliforms) and� uorescence (E. coli).

The same kinds of analytical methods that are available fo
total coliforms and E. coli, namely, the multiple-tube tech-
nique, the membrane � ltration technique, and the enzyme
substrate method, are also available for enterococci. Overal
the methods are very similar. They only differ in selective media
and enzyme substrates. For the multiple-tube technique, wate
samples are incubated in azide dextrose broth for 24 h at 35� C.
Tubes are examined for turbidity and if positive are plated on
bile esculin azide (BEA) agar and incubated at 35� C for 24 h. If
brownish-black colonies with brown halos are present, they are
transferred into brain–heart infusion (BHI) broth with and
without sodium chloride. If growth is observed after 48 h at
35 � C, the colony is con� rmed as a member of theEnterococcu
genus.

For the enterococci membrane� ltration technique, the
water sample is � ltered over a 0.45mm � lter. The � lter is
subsequently placed on membrane-Enterococcus Indoxyl-b-D-
Glucoside Agar (mEI) and incubated for 24 h at 41� C. Colo-
nies of any color having a blue halo are considered typica
enterococci colonies.

In the � uorogenic substrate enterococcus test (Standar
Method 9230D or Enterolert), the substrate 4-methyl-
umbelliferyl- b-D-glucoside (4-MUG) is hydrolyzed by the
enterococci enzymeb-D-glucosidase, causing enterococci t
� uoresce. The water sample and the substrate are typica
incubated at 41� C for 24 h.

Another popular method is the heterotrophic plate count
(Standard Method 9215). For this method, water samples are
plated on plate count agar, R2A agar, or heterotrophic plate
count agar (HPCA). The only difference lies in the incubation
times. Plate count agar is either incubated at 35� C for 48 h or at
20–28 � C for 5–7 days. R2A agar yields best results whe
incubated for 5–7 days at 28� C. HPCA agar yields best result
when incubated for 7 days at 20� C.

Historically, coliforms, E. coli, and enterococci have been
the indicator organisms of choice for monitoring water quality.
Recently, however, coliphages (viruses that only infectE. coli
cells) have been accepted as an alternative indicator for th
presence of fecal contamination in water by the EPA. Coli
phages share many of the same characteristics as enteric virus
making them better risk indicators. Commercial kits for the
detection of coliphages in water are also available, making
testing easy and rapid.

Typically, if routine monitoring of indicator organisms in
water samples gives positive results, additional sampling and
analyses are triggered. This could include other indicato
organisms, such as coliphages or speci� c pathogens, such as
Salmonella.
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Monitoring of Viral Contaminants (Enterovirus
and Norovirus)

Enteric viruses such as human enteroviruses and noroviruse
are concentrated from source water and drinking wate
by passing large volumes through electropositive � lters.
Electropositive � lters such as the 1 MDS� lter (CUNO, Mer-
iden, CT) and the NanoCeram� (Argonide Corp, Sanford, FL)
are available commercially. The target viruses that may b
present in these large sample volumes are electrostatical
adsorbed onto these� lters because of the charge differenc
between the positively charged� lter surface and negatively
charged virus capsid.

The viruses are then desorbed or eluted from the� lter using
a high pH beef extract reagent (due to reversal of charges). Th
viruses are then subsequently concentrated using organic� oc-
culation. For the detection of enteroviruses, aliquots of the
sample concentrate are inoculated into tissue culture� asks
containing Buffalo Green Monkey Kidney (BGMK) cells. The
cells are examined for a minimum of 2 weeks to detect the
presence of cytopathic effects. The presence of viruses
con� rmed by reinoculation onto fresh cells. The virus
concentration in the sample is calculated in terms of the most
probable number (MPN) of infectious units per liter.

Molecular assays such as RT-qPCR (Reverse Transcripta–
quantitative PCR) can also be used to detect the presence
enteroviruses in the sample concentrate. Since noroviruse
cannot be cultured in the laboratory, molecular assays such a
RT-qPCR have to be used to detect these speci� c viruses. To
employ molecular assays, aliquots of the sample concentrat
are further concentrated using ultra� ltration. From aliquots of
this concentrate, viral RNA is extracted using commercial RNA
extraction kits. The amount of RNA is quanti� ed, and the
presence/absence of speci� c RNA sequences indicative o
enteroviruses or noroviruses are veri� ed using RT-qPCR. The
virus concentration in the sample is then calculated (using
a standard curve) in terms of genomic copies of viral RNA pe
liter. It needs to be borne in mind that molecular assays do not
provide any indication of whether these sequences are derive
from infectious or noninfectious viruses. This is one of the
main drawbacks of using molecular techniques for the detec
tion of pathogens in water or foods.
Monitoring of Protozoa Contaminants
(Cryptosporidiumspp. andGiardiaspp.)

The US EPA Method 1623 details the protocols that should be
followed for sampling and detection of two speci� c protozoa:
namely, Cryptosporidiumspp. oocysts andGiardia spp. cysts
from source waters and drinking water samples. This method
details the sampling, sample elution, and concentration and
pathogen detection steps. The water sample can either b
collected in the � eld or brought back into the laboratory for
processing. The sampling can involve either the use o
specialized� lters (such as the Envirocheck� sampling capsule
or the FiltaMax� foam � lter module) or the portable contin-
uous � ow centrifugation (CFC) apparatus. Depending on the
method used to concentrate the sample, the concentrate from
the sampling step is saved for the subsequent steps. Antibodie
(conjugated to magnetic beads) that are speci� c to the oocysts
and cysts are used to selectively separate the oocysts and t
cysts from the rest of the concentrated sample. The magnet
bead complex is then detached from the oocysts and cysts
Next, the cysts and oocysts are selectively stained in we
slides using� uorescently labeled monoclonal antibodies and
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40,6-diamidino-2-phenylindole (DAPI) stain. The stained
sample is then examined using� uorescence microscopy and
differential interference contrast (DIC) microscopy. The stained
sample is qualitatively examined to determine whether the
oocysts and cysts meet the speci� c criteria of � uorescence, size
and shape. A quantitative estimation of oocysts and cysts on
the well slides is made upon actual counting of � uorescing
objects that meet the speci� c criteria of oocysts and cysts.
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Concluding Remarks

Determining the microbiological quality of water used in food
production and processing is not a simple task. A number of
issues need to be considered– for example, the sampling
location, the appropriate volume that needs to be sampled, the
sample processing technique and, most importantly, which
target pathogen or fecal indicator organism to detect. It is
extremely important to have a clear understanding of the
sampling objectives. The methods that are used for monitoring
(sampling, sample processing, and detection) will depend on
whether the objectives of the sampling are to determine the
possible pathogen exposure or microbial contaminant load in
the sample. Alternatively, monitoring could be performed to
determine the ef� cacy of a disinfection regimen that was
employed. Developing a microbial monitoring program is best
achieved by a team-approach that includes microbiologists
engineers, and microbial risk assessment experts.

See also:Bacteriophage-Based Techniques for Detection o
Foodborne Pathogens;Clostridium:Clostridium perfringens;
Enterobacteriaceae, Coliform, andEscherichia coli: Classical
and Modern Methods for Detection and Enumeration;
Enterococcus; Escherichia coli:Escherichia coli; National
Legislation, Guidelines, and Standards Governing
Microbiology:European Union;Virology:Introduction;Viruses:
Hepatitis Viruses Transmitted by Food, Water, and
Environment;Virology:Detection;Water Quality Assessment
Modern Microbiological Techniques;Detection of Food- and
Waterborne Parasites:Conventional Methods
and Recent Developments.
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Introduction

Several parasite species cause human and veterinary diseas
making them important contributors to disease burden
worldwide. Although these parasites can cause a wide spectru
of symptoms and diseases, food- and waterborne parasite
most commonly are associated with diarrheal illness. Perhap
not surprisingly, this issue is not limited to developing coun-
tries with various large outbreaks reported in industrial nations.
Effective and timely detection of these pathogens is an essenti
step to limit disease transmission and to implement effective
response measures and treatment. Since the discovery of t
� rst etiologic agents, several methods have been invented t
enable microbiologists to detect microorganisms and con� rm
their role in disease. Such methods usually are described a
conventional methods. Subsequently, and as major techno
logical advances kept unfolding, they were applied to improve
our understanding of the microbiology of disease by contrib-
uting to more sophisticated detection tools and enabling sub-
typing of individual strains. Herein, we focused on medically
important food- and waterborne parasites and reviewed the
conventional and modern techniques available to date for their
detection.
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Food- and Waterborne Parasites of Medical
Importance

The environment serves as a transmission route for man
parasites, which have adopted environmentally resistant life
stages, including spores, ova, larvae, cysts, and oocysts. Dise
transmission occurs either through direct contact with infected
hosts or most frequently through fecally contaminated mate-
rial. Food- and waterborne diseases are transmitted throug
contaminated water and food. Although water and food are
cyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
,

two major requirements of the human body, they can serve
as a port of entry of various pathogens. Contaminated water is
an important cause of human infection either through
consumption, contact, or use in food preparation. Contami-
nation of drinking water can be linked to various issues from
use of inadequately treated water sources to occasional failur
of disinfection procedures in main water supplies. Contact with
contaminated water is linked mostly to recreational activities in
fresh or marine waters. Additionally, contaminated water can
enter the food chain if it is used for irrigation or during food
preparation. This is particularly relevant for the food industry
because of the large scale of production and distribution.
Several foodborne outbreaks were traced back to bad hygien
and acute infection of food handlers. Subsequently, the food
industry has implemented guidelines and regulations to
control the spread of water- and foodborne diseases known a
hazard analysis and critical control points. Although best
practice procedures have contributed to reduce the occurrenc
of water- and foodborne diseases, the risk is still present with
several sporadic cases and outbreaks occurring worldwide. Th
most signi� cant parasites associated with water and food
related illnesses are discussed in the following sections.
Cryptosporidiumspp.

Cryptosporidiumis an apicomplexan parasite � rst described
from the gastric epithelium of laboratory mice by Tyzzer in
1907 and later named Cryptosporidium muris. The � rst Crypto-
sporidiumspecies associated with diarrhea and mortality wa
described by Slavin from turkeys in 1955. Until 1970,
Cryptosporidiumspecies were not considered economically o
medically important, but the veterinary importance of Crypto-
sporidiumwas highlighted by the association ofCryptosporidium
parvumwith bovine diarrhea. The public health importance of
Cryptosporidiumbecame clear after the description of severe an
78-0-12-384730-0.00355-4 773
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life-threatening symptoms in AIDS patients. In a review of
worldwide waterborne outbreaks occurring between 2004 and
2010, Baldursson and Karanis found thatCryptosporidiumis the
most common waterborne parasite, responsible for more than
60% of outbreaks. This characteristic is linked mainly to the
environmentally resistant oocyst surviving most water disin-
fection procedures. Only few Cryptosporidiumspp. infect
humans, of which C. parvumand Cryptosporidium hominisare
the most prevalent.
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Giardia

Giardiais a� agellated protozoan parasite. The species releva
to public health is Giardia duodenalis(synonymous with
Giardia intestinalis). Giardia duodenalisis considered the
second most common cause of waterborne outbreaks world
wide (>35%). Eight G. duodenalisassemblages have bee
described to date (A to H), among these, only two (assem-
blages A and B) infect humans.Giardia cysts, while environ-
mentally resistant, are more susceptible to commonly used
disinfectants (chlorine, iodine, and chlorine dioxide) than
Cryptosporidium.
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Entamoeba histolytica

Among six Entamoebaspp., only Entamoeba histolyticais consid-
ered pathogenic to humans causing amebic dysentery. Th
disease is mainly prevalent in tropical countries with an esti-
mated 5 million infections per year and is a leading cause of
mortality from parasitic diseases worldwide. The vast majority
of Entamoebaspp. infections are due to the nonpathogenic
speciesEntamoeba dispar, which is morphologically identical
to E. histolytica.
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Microsporidia

Microsporidiaare spore-forming unicellular parasites related to
fungi. More than 1000 species have been described, mainl
infecting invertebrates and� sh. LikeCryptosporidium, the public
health signi� cance ofMicrosporidiawas highlighted by the severe
clinical outcomes (wasting and diarrhea) in AIDS patients. The
most commonly reported human pathogenic Microsporidia
include Enterocytozoon bieneusi, Encephalitozoon hellem, Encepha-
litozoon intestinalis, and Encephalitozoon cuniculi. Microsporidia
spores are resistant and can survive in the environment for
long period of time. Microsporidiais transmitted through the
consumption of contaminated food or water as well as spore
inhalation. Reports of waterborne outbreaks are scarse, despi
detection of Microsporidiaspores from water sources. Recently
the � rst foodborne microsporidiosis outbreak has been reported
in Sweden associated with cucumber consumption.
f

s

,

r

Cyclospora cayetanensis

Cyclospora cayetanensisis an emerging human pathogenic coc-
cidian parasite, which quickly was recognized as an important
cause of water- and foodborne disease. It is the only species o
the genus infecting humans. One important biological feature
of C. cayetanensisis that, unlike Cryptosporidiumand Giardia,
freshly excreted oocysts are noninfectious and would require
several days or weeks under favorable environmental condi
tions to sporulate and become infectious. This characteristic
in� uences C. cayetanensisepidemiology because person-to-
person transmission and acute infection of food handlers
would not allow for dissemination of the infection.
Toxoplasma gondii

Toxoplasma gondiiis a protozoan parasite infecting warm-
blooded hosts, including humans. The sexual life cycle occurs
in felids. The infection is transmitted either by ingestion of
undercooked or raw meat containing viable tissue cysts or food
contaminated with oocysts (generally from infected cats feces)
Waterborne toxoplasmosis was considered uncommon, but the
association of several outbreaks with the contamination of
water supplies by wild felids’ feces has highlighted the impor-
tance of this mode of transmission.
Detection Matrices

Pathogen detection is an important step in the control of
infectious diseases. The performance of a detection metho
depends on intrinsic characteristics, such as sensitivity an
speci�city, as well as extrinsic factors, such as pathogen load
presence of inhibitory substances, and sample type. The latter
an important characteristic to consider because it inevitably
in� uences the steps required for sample preparation and could
limit the suitability of certain techniques.
Water

The main issue associated with water samples is that parasite
are often present in relatively small numbers; consequently
it may be necessary to test large volumes to ensure adequa
detection. This is particularly relevant for water companies,
which should ensure that bacterial and parasitic loads are
monitored continuously and are at levels safe for human
consumption. The volume of water to be collected has not
reached a consensus, with different volumes used by differen
organizations or researchers. The volume is somehow arb
trarily determined in function of common practices and feasi-
bility, but generally would involve either large-volume
sampling (100–1000 l) over a period of time at a de� ned
� ow rate or small-volume sampling (10–20 l) that could
be repeated several times to generate a composite samp
A concentration step usually follows sampling. The main
concentration methods used are sedimentation, centrifugation,
and � ltration. Sedimentation is based on the characteristic of a
particle to separate from the liquid in solution under the effect
of gravity of its weight and frequently is used as a physica
treatment process for potable and wastewater. Flocculation i
a sedimentation technique that uses a clarifying agent (� oc-
culent) and an adjusted pH to accelerate the sedimentation
process. Several� occulents have been tested for parasites’
concentration, of which calcium carbonate allowed for high
recovery rates forCryptosporidiumoocysts and Giardia cysts.
Centrifugation is also used for parasite concentration; however
speed, volume, and time have to be adjusted and determined
for each parasite species. This technique is not suitable fo
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large-volume processing; therefore, continuous-� ow centrifu-
gation has been developed and used to centrifuge wate
without interruption until the volume of the pellet exceeds
rotor capacity. However, because it requires a low� ow rate for
an ef� cient separation of particles, it is considered to be time
consuming, which limits its usage. Both sedimentation and
centrifugation techniques allow for sample puri� cation as
well as concentration. Technique ef� ciency depends on water
composition, such as the presence of minerals, humic acid
organic material, and free living organisms. The third concen
tration method is � ltration, which is used widely because of
higher recovery rates. Two variants exist: membrane an
cartridge � ltration. For membrane � ltration, water is pumped
through a � at membrane that retains cysts, oocysts, an
particulates of similar or greater size. Several membran
materials are available, with cellulose acetate and poly
carbonate being the most commonly used. After� ltration, the
trapped material is recovered by scrapping and elution and
subsequently could be concentrated by centrifugation. The
limitation of this method is the tendency of the membrane to
get clogged when high-turbidity water is processed. Cross-� ow
membrane � ltration technique has been developed to mini-
mize contaminant buildup and has shown good recovery rates
for Cryptosporidiumand Giardia. For this technique, the water
sample (also called incoming feed stream) passes tangentiall
across the surface of the membrane. The particles are trapp
on the � lter (retentate stream), while the rest of the liquid
sample passes through the membrane (permeate stream
During cross-� ow membrane � ltration, the � lter constantly is
washed away with the incoming stream, which increases it
length of use and makes the technique more economical
Cartridge � ltration has superseded membrane� ltration, and it
allows � ltration of high volumes of water (100 –1000 l) at high
� ow rate (1–5 l min � 1). For this method, high as well as low
recovery rates have been reported in the literature (1–30% and
75%, respectively); however, this seems to depend on wate
quality and parasite concentration. Nevertheless, wate
turbidity remains the main limitation of this technique.
Currently, cartridge� ltration is part of the United States Envi-
ronmental Protection Agency (US EPA) standardized 1623
method for the detection of Cryptosporidiumand Giardia from
water samples.

After concentration, samples are subjected to puri� cation
to eliminate particles that have copuri� ed because of their
physicochemical characteristics. Density gradient separatio
methods are used to purify concentrated water samples relyin
on differential densities between the parasite and other parti-
cles. Various solutions have been used for gradient separatio
sucrose, sodium chloride, cesium chloride (CsCl), potassium
bromide, zinc sulfate, and percoll. The separation solution is
used at a predetermined concentration for optimum separa-
tion. Alternatively, a gradient can be created by layering
solutions of decreasing gravities, which are topped with the
parasite suspension– such technique is called discontinuous
gradient centrifugation. After centrifugation, parasites form
a clear band that separates them from heavier and lighte
contaminants. For example,C. parvumoocysts can be puri� ed
using a discontinuous CsCl gradient, ranging from 1.05 to
1.4 g ml� 1, following centrifugation at 10 000 g for 15 min,
oocysts form a band at the 1.05–1.1 g ml� 1 interface. The
limitation of this technique is that only small volumes of
parasites can be puri� ed. In addition, parasite density is
directly dependent on viability and quality of the (oo)cysts.
Furthermore, the use of puri� cation solutions could result in
loss of viability, potentially limiting subsequent analyses. In
this context, it has been reported that sucrose density centr
fugation allows for selective puri� cation of viable and intact
Cryptosporidiumoocysts. In addition, recovery ef� ciencies seem
to decrease dramatically after 48 h incubation with sucrose
solution, likely because of loss of viability. Recently, immu-
nomagnetic separation (IMS) technique has become widely
used for parasite puri� cation because of high speci� city, ease
of use, and high recovery rates. IMS relies on the use of speci� c
antibodies (directed against surface proteins) bound to
magnetic particles to capture the parasites in the sample an
subsequently isolate them using a magnet. The choice of th
antibody is crucial for IMS performance, of special importance
are speci� city and af� nity. High-af � nity antibodies can be
dif � cult to dissociate from the parasite, therefore reducing
recovery ef� ciencies. Like other concentration and puri� cation
methods, IMS is in� uenced by water turbidity. Although
higher turbidity seems to reduce the ef� ciency of other
methods, it has been reported that moderate turbidity can
increase IMS recovery rates. Nevertheless, other factors can a
in� uence recovery rates, including water sample characteri
tics, methodology, and equipment used. IMS is currently part
of the US EPA standardized method 1623 forCryptosporidium
and Giardiadetection.
Food

Parasites can contaminate foodstuff at various stages o
production. The ready-to-eat products (namely, fruit and
vegetables) are associated with high risk of human infection. As
for other sample types, food is subjected to preparatory step
prior detection, including extraction, concentration, and
puri � cation. Parasite extraction could be carried out through
a simple wash of fruit and vegetables. Wash samples could b
concentrated subsequently by centrifugation to pellet the
parasites. Other protocols involve more rigorous extraction
methods such as use of extractant solutions (mild buffers and
detergents) coupled with mechanical processes, such as stom
aching, pulsi� cation, shaking, and rolling. After centrifugation,
the concentrated parasites can be puri� ed by IMS. Because no
standard method for parasite detection from foodstuff exists,
several optimized techniques derived from standardized
methods for parasite detection in water samples are available in
the literature. One such study compared the effect of severa
extraction and puri� cation methods on the detection ef�ciency
of C. parvumoocysts from foods associated with high gastro-
intestinal risk (raspberries and lettuce). The study� ndings were
used to de� ne an optimized technique that was tested by
conducting an interlaboratory trial in the United Kingdom. The
optimized method consists of C. parvumoocysts extraction by
stomaching in 1 M glycine solution, oocyst recovery by IMS,
immuno � uorescence labeling using a commercial antibody
(Crypt-a-glo), and microscopic examination. The technique
showed 89% sensitivity and 85% speci� city for detection from
lettuce and 95% sensitivity and 83% speci� city for detection
from raspberries.
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Clinical Samples

Because the majority of these parasites cause gastrointestin
symptoms, the main clinical specimen submitted for analysis is
feces. This sample is reportedly dif� cult to test because of the
high level of contaminants and inhibitory substances. Feca
samples do not require concentration before testing becaus
they usually contain high parasite loads. Nevertheless, puri� -
cation can be required, depending on the downstream diag-
nostic technique.
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Conventional Detection Methods

Microscopy

Microscopy has been the method of choice for the detection of
microorganisms and is likely to remain, especially in devel-
oping country settings and in the � eld. Therefore, the value of
the humble microscopy should not be overlooked in the
current era of molecular and technological advances. The main
advantage of microscopy is low cost and ease of use. Micro
copy, however, is heavily dependent on the skill and experience
of the technician for an effective detection and identi� cation
of parasites. Various microscopic preparations are in use– wet,
dry, � xed, and stained– each with limitations and advantages.
Chemical stains that are used frequently for parasite detection
include hematoxylin, acid fast, Giemsa, and Toluidine blue.
Staining can improve detection speci� city; however, dye uptake
can occur in other microorganisms and debris. Therefore
a prior knowledge of parasite morphology and dimension
would assist correct identi� cation. Microscopic observation can
be performed using bright� eld, phase contrast, differential
interference contrast (DIC) as well as� uorescence microscopy
Bright� eld is a basic microscopy technique and depends on
good quality samples for identi� cation (especially for
unstained slides). Phase contrast and DIC have the advantag
of an accentuated contrast between the specimen and th
background, thus allowing for structural observation and
identi � cation of internal morphologies of parasite’s life stages.
Table 1 Morphologic and morphometric characteristics of food- an

Parasite Size Description

C. parvum 4–6 mm Round to oval oocyst, r
shape and measuring
(pellicle, rhoptries, m

G. duodenalis 8–14 � 7–10 mm Oval shape cyst with th
are pear shaped and
a sucking disk on the

E. histolytica 10–16 mm Round to oval cyst with
range in size from 10
pseudopodium. The n
diameter).

Microsporidia 1–4 mm Oval-shaped spore with
C. cayetanensis 8–10 mm Spherical oocysts with a‘w

are double the size. E
Cyclosporaauto� uoresc
450–490 nm� lter).

T. gondii 9 � 14 mm Round to oval unsporul
containing four sporo
For immuno � uorescence assay (IFA), parasites can be stain
directly when incubated with a speci� c antibody chemically
linked to a � uorophore (direct IFA), alternatively, parasites are
incubated with a speci� c unlabeled antibody, which is recog-
nized by a secondary � uorescent antibody (indirect IFA).
Indirect IFA generally is preferred because of low backgroun
� uorescence and� exible use of reagents. Stained parasites a
observed using a� uorescence microscope and an appropriate
� lter. Fluorescein isothiocyanate–labeled speci� c antibodies
are commercially available for most parasites of public health
importance and are used widely for diagnostic purposes
Generally, IFA offers excellent speci� city because antibodies are
genus or species speci� c. Some microorganisms and debris in
the specimen, however, could cross-react and appear� uores-
cent. In such circumstances, it is bene� cial to fall back on basic
characteristics, such are parasite size and internal structure.
addition, the inclusion of additional dyes, such as the nucleic
acid stain 40,60-diamidino-2-phenylindole (DAPI) could facil-
itate identi� cation. DAPI staining is included in the US EPA
standard method 1623. When used with Cryptosporidium
oocysts, DAPI stains the four sporozoites nuclei, thus allowing
unmistakable identi� cation. It is, however, sometimes impos-
sible to see all four sporozoites; therefore, some protocols
stipulate the observation of one or more sporozoite as a satis
factory criterion for identi � cation.

Microscopy relies heavily on parasite morphology and
morphometry. Table 1 summarizes the characteristic feature
of food- and waterborne parasites.Cryptosporidiumdiagnosis
traditionally is performed by microscopic observation of stool
smears, water concentrates, and preparations from foodstuf
Because of the small size and common features ofCryptospo
ridium oocysts, identi� cation can be time consuming and
associated with low speci� city. Staining of parasite preparation
improves speci� city. Modi � ed acid-fast staining has been
adopted widely for the detection of coccidian parasites (Cryp-
tosporidiumand Cyclospora) and shows red-stained oocysts
against a blue-green background. Recommended standardize
procedure for Cryptosporidiumdetection has been issued in the
d waterborne parasites of medical importance

efractile in wet preparation, oocyst contains four sporozoites, of fusiform
3.5–4.2� 0.53–0.6mm. Sporozoites and merozoites have an apical complex

icronemes, electron-dense granules, conoid).
ick and refractile wall; four nuclei are present in a mature cyst. Trophozoites
motile due to their four pairs of� agella. They are 10–12 � 5–7 mm and have
ventral side. Trophozoites have two nuclei and axonemes.

four nuclei, with chromatoid bodies in the immature cyst. Trophozoites may
to 40mm in diameter, movement is rapid gliding by means of single
ucleus is big, spherical and contains a small central karyosome (0.5mm

a characteristic coiled polar tube, layered polarplast, and a posterior vacuole.
rinkly’ coat.Cyclosporaoocysts are similar toCryptosporidiumoocysts but
ach sporulated oocyst has two sporocysts, with two sporozoites each.
e under UV light (blue with 330–380 nm dichromatic� lter and green with

ated oocyst (only in felids). Sporulated oocysts have two sporocysts, each
zoites.Toxoplasma gondiitachyzoites are crescent shaped of 2� 6 mm.
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United Kingdom by the Health Protection Agency as part of the
UK Standards for Microbiology Investigations. Two documents
apply to Cryptosporidium: ‘Investigation of Specimens Other
Than Blood for Parasites’ and ‘Staining Procedures’ (see further
reading section). In the United States, standard method 1623
for the detection of Cryptosporidiumand Giardia is established
and widely used. ForGiardia, diagnosis is based on microscopic
identi � cation of Giardia cysts or trophozoites. Stool samples
can be examined directly or� xed and stained with iodine, tri-
chrome, or hematoxylin. Entamoeba histolyticacan also be
identi � ed by microscopy; however, because this parasite
morphologically identical to other nonpathogenic Entamoeba
species, it is acceptable to report the identi� cation of
E. histolytica/E. disparcomplex from wet preparation or � xed
samples. Additional techniques will be required for de� nitive
identi � cation and speciation. The diagnosis of micro-
sporidiosis is based on the microscopic observation of spore
after staining. Trichome traditionally is used to stain Micro-
sporidiaspores, other stains such as Calco� uor also have been
used. Calco� uor is a chemo� uorescent agent that stains
Microsporidiaspores bluish-white color.Microsporidiadetection
by microscopy is tricky because of the small size of spores an
the unspeci� c staining pattern when chemical or � uorescent
dyes are used. ForC. cayetanensis, microscopic identi� cation is
based on the observation of the oocysts.Cyclosporahas a char-
acteristic staining pattern and auto� uoresce under speci�c
dichromatic � lters (Table 1). Routine procedure for C. cayeta-
nensisidenti � cation include formalin-ethyl acetate concentra-
tion followed by UV epi � uorescence and bright� eld
microscopy or chemical staining of smears (modi� ed acid-fast
or modi � ed safranin-based techniques are used).Cyclospora
oocysts are very similar toCryptosporidiumoocysts but are
double the size; therefore, accurate size measurement
important for correct identi � cation. One of the other dif� cul-
ties associated with the microscopic identi� cation of C. caye-
tanensis is the varying and uneven staining with many
Figure 1 Water- and foodborne parasites of medical importance. (a)Crypt
oocysts on the right, sporozoites are visible. (b)Giardia duodenaliscyst stain
with iodine. (d) Spores ofEncephalitozoon cuniculi(Microsporidia) stained w
MN. (e) Oocyst ofCyclospora cayetanensisstained with modi� ed acid-fast. (
are derived from the CDC-DPDx image libraryhttp://www.dpd.cdc.gov/dpd
traditional chemical stains, including Giemsa, hematoxylin-
eosin, and modi� ed Zielh-Neelsen.Toxoplasma gondiioocysts
can be identi� ed by microscopic observation of concentrated
water samples; however, this does not seem to be common
practice. This is partially due to the lack of standardized
protocol for T. gondiidetection from environmental samples.
The issue is also valid for other parasites of public health
importance. Bioassays and molecular techniques are used fo
the detection of T. gondiifrom environmental samples, whereas
serological tests are used for parasite detection in humans an
other hosts.Figure 1 shows microscopic observation of medi-
cally important parasites using traditional chemical stains.
Immunological Methods

Immunological techniques could be used for detection of
either parasite’s antigens or host antibody reaction. Immuno-
assays for antigen detection offer increased sensitivity an
speci�city when compared with microscopy. Enzyme immu-
noassays (EIA) are available in microplate format, allowing for
screening of a high number of samples, thus making them
attractive to diagnostic laboratories. In addition, several EIA
steps can be automated (pipetting, washing, microplate
reading), dramatically reducing testing time. Several commer
cial kits for parasite detection are available. For example
GiardiaSNAP test allowing for the detection of speci� c antigens
from fecal samples is used extensively in veterinary setting
because of ease of use and excellent sensitivity and speci� city
(95 and 99%, respectively according to the manufacturer).
Some commercial kits allow for simultaneous detection of
several parasites– for example, Triage parasite panel EIAs ha
been shown to allow detection of G. duodenalis, E. histolytica/
E. dispar, and C. parvumfrom fecal samples, with the following
sensitivity and speci� city: 95.9 and 97.4%, 96.0 and 99.1%,
and 98.3 and 99.7%, respectively. In addition to EIA, antigen
detection can be performed by immuno� uorescence using
osporidium parvumoocysts stained with modi� ed acid fast. Inside the
ed with trichrome. (c) Cysts ofEntamoeba histolytica/E. disparstained
ith modi� ed trichrome stain. Image courtesy of Mayo Clinic, Rochester,

f)Toxoplasma gondiicyst stained with hematoxylin and eosin. The images
x/HTML/Image_Library.htmand are used with permission.
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commercial or in-house-speci� c antibodies. Immunochroma-
tography can also be used for antigen detection. It is usually
available in single sample format (dipstick) and it allows for
rapid detection, which can be particularly useful for � eld
testing. Giardia-strip dipstick is the routine method for
G. duodenalisdiagnosis in hospitals and veterinary clinics.
Antigen detection by EIA for other parasites of public health
importance is not widely used. EIA can also be used to detec
antibodies in infected hosts. Antibody detection can be helpful
to con� rm diagnosis, especially for the dif� cult-to-detect
parasites, including Microsporidiaand Toxoplasma, for which
serological tests remain the method of choice in clinical
settings. Because of the nature of the antibody response, th
diagnostic technique can be applied only retrospectively, but it
has epidemiological value.
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Culture

Taking into account the intracellular nature of parasites, it is
somewhat obvious that culture is not a common technique for
the detection of parasites in routine settings. Culture has been
attempted for several water- and foodborne parasites, mainly in
research settings, to uncover cell and functional biology
mechanisms as well as pathogenesis and virulence. Neverth
less,in vitro cultivation of all life stages and long-term main-
tenance in the laboratory remain elusive for several parasites o
public health importance.
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Viability Assessment

The risk of infection from parasites present in water or food
is related directly to their viability. Various techniques have
been developed to differentiate between viable and nonviable
parasites. These methods include the inclusion or exclusion
of vital dyes, such as DAPI and propidium iodide (PI).
For Cryptosporidium, sporozoite nuclei that take up DAPI but
fail to stain with PI, are viable, whereas nuclear materia
that stains with both � uorochromes is not viable. ForGiardia
cysts, inclusion of � uorescein diacetate and exclusion of P
is indicative of viable state. The identi� cation of viable
E. histolyticais based on the exclusion of Trypan blue dye. The
viability of Microsporidiais not assessed routinely, but it also
can be based on exclusion of PI. Other dyes have been used
assess viability ofE. cuniculispores, including SYTOX Green
and SYTO 9. Viable spores fail to uptake the dye while
compromised spores uptake the dye. These dyes usually a
used in conjunction with another stain, such as Calco� uor
white. Generic live–dead assays are available in commercia
kits format. The accuracy of vital dye methods is debatable
because it is not concordant with other viability assessmen
techniques. The main limitation is that the method works only
when the membrane is compromised. Another method used
to assess viability isin vitro excystation, when (oo)cysts are
incubated with appropriate enzymes (trypsin, bile salt, or
sodium bicarbonate) triggering their excystation. Severa
optimized in vitro excystation protocols are available for
Cryptosporidium, Giardia, Entamoeba, and Toxoplasma. In vitro
excystation, however, tends to overestimate oocyst viability
Reserve transcriptase polymerase chain reaction (RT-PCR) h
been used to assess viability by reverse transcription of mRN
targeting several markers. As a molecular technique, it has th
advantage of accurate evaluation of viability; however, it can
be limited by the cost and the dif� culty associated with
extraction and manipulation of RNA. Fluorescencein situ
hybridization can be used to detect oocyst viability when
probes are designed to hybridize with rRNA (18S rRNA has
been used extensively). Flow cytometry has been used to dete
viability, and it is currently the routine method for viability
assessment ofT. gondii oocysts. Biophysical techniques can
be used to assess viability. Electrorotation is based on th
characteristic that unique rotation rate and direction is asso-
ciated with a given particle under a predetermined frequency
of voltage. This technique was used successfully to differen
tiate between viable and deadC. parvumoocysts, making them
rotate clockwise and anticlockwise, respectively.In vitro
infectivity has been used for viability assessment, but it is
reliant on ef� cient cell lines capable of mimicking the infec-
tion course in vivo. Finally, in vivo infectivity (still considered
the gold standard) can be used to assess viability, but it is
limited by the availability of suitable animal model, increased
cost, time-consuming nature, and associated hazard. It i
worth bearing in mind that the presence of oocysts in water or
food, whether alive or dead, represents a risk to human health
which should be investigated and managed to prevent future
contamination.
Modern Detection Methods

Polymerase Chain Reaction

Several molecular methods have been adopted to assist path
ogen detection. The use of PCR for diagnostic purposes
increasingly popular because of excellent speci� city and sensi-
tivity, ease of use, decreasing cost, and speedy results. PCR
likely to become the method of choice for parasite detection
pending wider acceptance from diagnostic laboratories and
even could replace (or at least complement) microscopy.
Nevertheless, PCR has some limitations, such as the nee
for specialized equipment, cost in comparison to traditional
(nonmolecular) techniques, need for adequate control mate-
rial, and issues related to the presence of inhibitors (particularly
relevant for environmental and fecal samples). Negatively
charged inhibitors could be copuri� ed with DNA and are likely
to inhibit the PCR reaction. The presence of inhibitors can be
tested by including an internal control in the reaction mix. The
elimination of inhibitors can be a tedious task; protocol
modi � cations such as dilution, addition of ampli � cation
enhancers (bovine serum albumin, sodium sulfate, dimethyl
sulfoxide, glycerol, polyvinylpolypyrrolidone), and ultra � ltra-
tion before ampli � cation could be attempted to reduce inhib-
itors. For water samples, membrane� ltration has been reported
to eliminate organic and inorganic compounds that can act as
PCR inhibitors. DNA extraction is required before PCR
ampli � cation, which involves cell lysis, removal of proteins
and contaminants, and � nally recovery of DNA. Several
extraction protocols exist that range from traditional methods
such as phenol/chloroform extraction and cesium chloride
density gradient – which can be labor intensive, time
consuming, use toxic reagents, and cannot be automated– to
more advanced methods involving DNA binding to a solid-
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phase support and subsequent elution by precipitation using
ethanol or isopropanol. Anion exchange chromatography is
based on the interaction between the negatively charged DNA
and the positively charged surface of the support and allows fo
the puri� cation of high-molecular-weight DNA. Several readily
available commercial kits for DNA extraction based on the
adsorption of nucleic acids to a silica-gel membrane are used b
diagnostic laboratories. They offer a fast, inexpensive, an
reliable method for DNA isolation. Kits are available in single-
sample format (low throughput) and multiwell-plate format
(high throughput). In addition, these kits have been optimized
by sample type, therefore maximizing the yield and increasing
the quality of the puri � ed nucleic acids.

PCR is based on the exponential ampli� cation of the target
DNA sequence using a thermostableTaqDNA polymerase and
a pair of primers complementary and� anking the target region.
Numerous variants of PCR have been developed to addres
speci�c diagnostic and research questions, such as nested PC
RT-PCR, touchdown PCR, and multiplex PCR, allowing for the
simultaneous detection of several microorganisms of interest
Perhaps the most breakthrough advancement is the develop
ment of real-time quantitative PCR, allowing not only real-time
evaluation of the ampli � ed material without post-PCR
manipulation but also quanti � cation. When determining the
amount of DNA in the sample by real-time PCR, two methods
can be used– either absolute quantitation (determine the copy
numbers of the target sequence using a calibration curve) o
relative quantitation (determined by comparison to a reference
or housekeeping gene). For relative quanti� cation, a standard
curve of a control gene (calibrator) can be used; alternatively
DNA quantity can be determined based on the number of
cycles required to reach a threshold intensity (Ct value) also
called comparativeCt method. Relative quanti� cation is easier
to perform than absolute quanti� cation and generally is suf� -
cient for most quanti� cation purposes. Detection methods for
real-time PCR involve either nonspeci� c � uorescent dyes that
intercalate double-stranded DNA (SYBRGreen) or speci� c
probes labeled with a� uorophore (TaqMan probes, molecular
beacons, Fret probes). For these methods,� uorescence
increases with the amount of ampli� ed PCR product. The
melting temperature of the double-stranded PCR product is
a function of fragment size, conformation, and GC content. The
use of SYBRGreen allows for the construction of melting curves
which are useful for sequence analysis (single-nucleotid
polymorphism) and inhibitors detection. The main limitations
of real-time PCR are high cost of consumables and equipment
dependence on reliable standards, quality of results is highly
dependent on technical skills, and precision (consistent
pipetting is a critical factor). Currently, real-time PCR is not
used routinely for parasite detection, but this is likely to change
when the method becomes more affordable because it offer
several advantages when compared with PCR (higher sens
tivity, no post-PCR processing, real time results, and DNA
quanti � cation).

Several genes have been used for PCR-based detection
parasites; these include housekeeping genes, repetiti
elements, and genes of unknown function. ForCryptospo
ridium, the following targets have been used extensively: 18
rDNA, internal transcribed rDNA spacers,Cryptosporidium
oocyst wall protein (COWP), dihydrofolate reductase,
thrombospondin-related adhesion protein, and heat shock
protein (Hsp70). For Giardia, glutamate dehydrogenase
(gdh), small-subunit (SSU) rDNA, triosephosphate isomerase
(tpi), b-giardin, and HSP70 genes have been used for PC
detection. For E. histolytica, PCR detection mainly ampli� es
SSU rDNA gene; however, histone and hemolysine genes hav
also been used as PCR targets. In addition, PCR-solutio
hybridization enzyme-linked immunoassay (PCR-SHELA)
allowing colorimetric detection of ampli � ed DNA is used for
E. histolytica detection. This technique targets a highly repeti
tive speci� c sequence identi� ed by isoenzyme pro� le and dot
blotting. For Microsporidiaspores (E. bieneusi, E. cunicul
E. hellem, E. intestinalis) and C. cayetanensis, PCR detection is
based on the ampli� cation of speci� c sequences of 18S rDNA
gene. PCR detection ofT. gondiitargets either highly repetitive
speci� c sequences (B1 gene and 529 bp fragment of unknown
function) or single-copy genes (sporozoites and tachyzoites
SAG and GRA protein families). When choosing PCR target
multicopy genes usually are preferred because of increase
sensitivity, especially when testing samples containing low
concentration of genetic material.

Under the constraint of time and to re� ect the quick turn-
around time required for diagnostic tests nowadays, severa
researchpapers aimed to develop and validate multiplex PCR
and multiplex real-time PCR. These usually target medically
important parasites, which are likely to exist in similar niches.
Multiplex real-time PCR has become increasingly popular for
the detection of enteric parasites because it offers decreased c
and allows quick identi � cation with extremely good sensitivity
and speci� city. A multiplex real-time PCR allowing the simul-
taneous detection ofC. parvum, G. duodenalis, E. histolytica, and
E. disparhas been used extensively, whereas other investigato
focused onCryptosporidiumand Giardiadetection only. Speci� c
primers and probes can be added to extend the detection to
other parasites of interest.
DNA Sequence Analysis

DNA sequence variation has been exploited to discriminate
between species and isolates. Techniques such as rando
ampli � cation of polymorphic DNA, isoenzyme analysis, frag-
ment size analysis and restriction fragment-length poly-
morphism have been used. Subsequently, DNA sequencin
became a common and affordable technique, thus allowing
comprehensive and systematic characterization of genomi
material. Several genomic regions have been targete
including housekeeping and highly polymorphic genes.
Sequence analysis has been undertaken mainly for phyloge
netic applications; however, it became clear soon after tha
strain typing can be exploited for numerous other applications,
including source tracking, clinical manifestation, virulence
analyses, and population structure. In addition, typing of
human infective strains enabled to highlight the genotypes or
subtypes of public health importance. As more typing data
became available, our understanding of parasite’s biology,
epidemiology, pathology, virulence, and evolution is likely to
improve. One such example is the extensive subtyping o
clinical isolates of human infective Cryptosporidiumstrains,
based on sequence analysis of the highly variable GP60 gen
thus creating a worldwide mapping of subtype distribution. In
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addition, some GP60 subtypes have been linked to clinical
manifestations and therefore virulence. The pitfall of extensive
typing, however, is the generation of large amount of data that
might not be useful biologically. Exploitation of genes under
selective pressure (microsatellites, contingency genes) f
typing has been debated because it may not necessarily re� ect
the sequence divergence in other genomic regions. Therefor
multilocus sequence analysis has been recommended for
wider coverage of genomic sequence divergence.
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Flow Cytometry

Flow cytometry allows simultaneous analysis and sorting of
single particles based on their physical characteristics by su
pending them in a stream of � uid passing through a beam of
light. The main advantage of� ow cytometry is the ability to
test a large number of particles in a short time period. In
addition, cell-sorting capacity allows for the separation of
single cells (or group of cells) from a mixed population. The
disadvantages of the technique include high cost, speci� c
equipment, optimization, and calibration issues. Nevertheless,
� ow cytometry has many applications in diagnostics, phar-
maceuticals, cell biology, reproductive medicine, and research
To re� ect this popularity, � ow cytometry assays for the
detection of parasites have been developed and validated. Fo
example, a method for Cryptosporidiumand Giardia detection
from water samples based on� occulation concentration fol-
lowed by � ow cytometry was developed by Vesey in 1994 and
was shown to be more sensitive and less time consuming than
� uorescence microscopy. Several protocols for the detectio
and isolation of water- and foodborne parasites have been
validated and are available from the literature. Despite
promising performances,� ow cytometry is not used widely in
diagnostic laboratories, probably because other detection
methods are judged more convenient.
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Emerging Techniques

Microarrays

DNA microarrays (also known as DNA chips) consist of spots
of cDNA or oligonucleotides attached to a support either a glass
microscope slide or a silicon chip. These DNA fragments ar
probes to which the target would hybridize speci� cally. The
complex target probe is subsequently detected in the presenc
of a � uorophore and the � uorescent signal is digitized for
quantitative analysis. Commonly, samples are ampli�ed by
PCR prior hybridization to increase sensitivity. Additionally,
this step could be used to label genomic DNA by inclusion of
� uorescently labeled primers or nucleotides. The main disad
vantages of microarrays are linked to array fabrication
specialized equipment, associated cost, and data processin
Nevertheless, microarray technique is considered to be in a
infancy stage but with a huge potential. Oligonucleotide
microarray has been used by Wang and colleagues (2004) t
detect C. parvum, C. hominis, G. duodenalis(assemblages A, B
and C), E. histolytica, and E. dispar. A panel of primers was used
for each species or assemblage and hybridization pro� les were
exploited for typing. Similarly, microarrays for the detection of
Cryptosporidium, Giardia, Entamoeba, and other enterobacteria
have been developed. The number of included species i
limited only by the interest of the researcher as well as logistic
and experimental limitations. Recently, a TaqMan array card
(384 well single-plex real-time PCR) for the simultaneous
detection of 19 pathogens, including viruses, bacteria
protozoa, and helminthes, has been developed by Liu and
colleagues. The protozoa included wereCryptosporidium,
G. duodenalis, and E. histolytica, for which DNA was ampli� ed
using speci� c 18S primers and probes. The array card showe
85% sensitivity and 77% speci� city when compared with
traditional methods. Although these characteristics are no
optimal, the technique offers a quick, accurate, and quantita-
tive detection of a wide range of enteric pathogens.
Biosensors

Biosensors are devices, combining a biological compound
a biologically derived material (enzyme, antibody, nucleic
acid) or biomimic that interacts with the analyte and a physi-
cochemical transducer system, allowing the detection o
a wide variety of analytes. The transduction system de� nes the
biosensor type (optical, electrochemical, mechanical, piezo
electric) and transforms the signal resulting from the interac-
tion of the analyte with the biological compound into another
signal, subsequently processed by the biosensor reader devic
Biosensors allow highly sensitive and speci� c detection of the
analyte of interest in a short time frame. Biosensors are use
widely in medical, environmental, toxicological, and indus-
trial sectors. The use of biosensors for parasite detection
appealing because of the assay’s characteristics. Electro
chemical, piezoelectric, and� ber optic biosensors have been
developed for the detection of Cryptosporidium. The perfor-
mance of these biosensors seems to be improving with newe
versions (from 105 oocysts per ml to 1 oocyst per ml).
An automated portable � ber-optic biosensor (RAPTOR) for
Giardiadetection has been developed and is a valuable testin
device, especially in � eld settings. Recently, a multiplex
biosensor platform based on cross-linked polydiacetylene
for the simultaneous detection of C. parvum, G. duodenalis
Escherichia coliO157, Salmonella typhimurium, Shigella� exneri,
and E. intestinalishas been developed. The limit of detection is
100 microbes per ml, but the preliminary results are prom-
ising. The main limitations of microarrays and biosensors use
for the detection of parasites from environmental samples are
linked to low pathogen concentration, the presence of organic
and inorganic compounds that can act as inhibitors, and the
fact that cross-reactivity of particulates and other microor-
ganisms would decrease the signal-to-noise ratio, therefor
increasing the detection limit. These limitations, however, can
be overcome using sample concentration and puri� cation
methods prior testing.
Mass Spectrometry

With the increasing amount of data generated by proteomics
and metabolomics, several diagnostic proteins have been
discovered. Matrix-assisted laser desorption ionization time of
� ight (MALDI-TOF) mass spectrometry was used successful
for high throughput, extremely quick, highly speci� c, consis-
tent, and accurate detection of such diagnostic proteins. Thi
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high performance encouraged enthusiasts to claim tha
MALDI-TOF would revolutionize microbiological diagnostics.
This technique has limitations, however, such as high equip-
ment and maintenance cost and, most important, the reliance
on the prior characterization (mass spectrometry characteris
tics) of the diagnostic biomarkers. MALDI-TOF assays for th
detection of Cryptosporidium, Giardia, E. histolytica, and Micro-
sporidia (E. cuniculi, E. hellem, E. intestinalis) have been
described, but they are mostly in the investigation phase aim-
ing to identify unique mass spectral� ngerprints.
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Synthetic Polymer Capture

Synthetic polymers are readily available and extensively use
in many aspects of our daily life. Based on surface protein and
carbohydrate structure of the parasite of interest, syntheti
polymers can be designed to allow speci� c interaction,
binding, and capture. This technology offers good versatility
because of the multitude of polymers available. Despite grea
potential, this technique is still in the development phase.
Two separate studies by the same research group ha
reported on the optimization of C. parvumand G. duodenalis
interaction with a panoply of synthetic polymers in a micro-
array format. These� ndings provide a useful step toward
integrating synthetic polymers into parasite detection
methodologies.
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Nanotechnologies

Nanotechnology is de�ned as downscaling of functional
systems to a molecular scale. It is considered an area of gre
potential in diagnostics because of the laboratory-on-a-chip
(LOC) concept. LOC has the advantages of compactnes
robustness, low cost, low reaction volume, and fast analysis
The small scale, however, can result in some drawback
such as the accentuated effect of physicochemical forces o
miniaturized support, low signal-to-noise ratio, inaccuracy,
and imprecision, and like some of the other emerging tech-
niques, LOC is not yet fully developed and validated. LOC
for the detection of foodborne bacteria (E. coli O157:H7
and S. typhimurium) has been developed, and LOC for
the detection of water- and foodborne parasites is likely to
follow soon.
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Conclusion

In the � ght against infectious diseases, microbiologists seem t
be armored with ever-increasing and improved detection
methods. Undeniably, we have come a long way since the
discovery of the microscope in 1590. Nevertheless, the searc
for the perfect detection technique for medically important
pathogens is far from over. This article reviewed the traditiona
detection methods for water- and foodborne parasites and the
up-to-date emerging techniques that likely will be adopted in
the future. The main recommendation for an adequate
detection method is its suitability for the purpose, whether it is
time, format, scale, throughput, portability, discriminatory
power, or ease of use. One thing that cannot be compromised
in diagnostic settings is the basic concepts of sensitivity and
speci�city. Generally, diagnosis accuracy is high in industria
countries with an ongoing effort to match this performance in
developing countries by designing cheaper, easy-to-use, the
mostable diagnostic kits with a long shelf life.
See also:Biosensors– Scope in Microbiological Analysis; Flo
Cytometry;Immunomagnetic Particle-Based Techniques:
Overview;Nucleic Acid–Based Assays:Overview; PCR
Applications in Food Microbiology;Water Quality Assessmen
Modern Microbiological Techniques; Nanotechnology;
Identi�cation Methods:Immunoassay; Identi� cation of Clinical
Microorganisms with MALDI-TOF-MS in a Microbiology
Laboratory.
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Introduction

Amebiasis is a major cause of death from parasitic infection
resulting in as many as 100 000 deaths worldwide, with
approximately 34–50 million people affected by either
amoebic colitis or extraintestinal infection annually. Although
many Entamoebaspecies have the ability to infect humans,
Entamoeba histolyticais the prodominate pathogenic species.
The parasite exists in two forms: a cyst stage, which is th
infectious form most commonly encountered through inges-
tion of fecally contaminated food or water, and the invasive
trophozoite form. Most infections with E. histolyticatend to be
asymptomatic, but dysentery, amoebic liver abscess, and
rarely, other manifestation such as pulmonary, central nervous
system (CNS), or cardiac involvement can occur. Poor socio
economic conditions and sanitation levels found in developing
countries such as India, Africa, and parts of Central and South
America have led to endemic illness in these areas. Amebiasis
the third most common parasitic infection in the United States
but is mainly observed in migrants from and travelers to
endemic areas.

Diarrheal illnesses have been recorded in medical history
since the time of Hippocrates who wrote, “Dysentery, if it
commence with black bile is mortal.” However, amoebic
dysentery was not described until 1875 when Fedor Lösch iso
lated actively motile ‘Amöeben’ from the stool of a 24-year-old
farmer in Saint Petersburg, Russia. Since Lösch’s initial
discovery, much has been discerned regarding the biology
clinical course, and treatment for this potentially lethal disease.
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Characteristics of the Organism

Entamoebaare pseudopod-forming, protozoan parasites in the
phylum Amoebozoa, class Archamoebae and family Entamoe
bidae. The genusEntamoebaconsists of at least seven differen
species (E. histolytica, Entamoeba coli, Entamoeba hartman
Entamoeba polecki, Entamoeba dispar, Entamoeba moshkovs
Entamoeba bangladeshi)that are able to inhabit the human
intestine and one (Entamoeba gingivalis)that can be found in the
oral cavity. Although E. poleckihas occasionally been implicated
as a cause of diarrhea, it is important to remember that, with the
exception of E. histolyticaand E. moshkovskiimost species of
Entamoebaare generally accepted as commensal organisms of th
large intestine. The three most prevalent and morphologically
identical amoebae areE. histolytica, E. dispar,and E. moshkovski,
all of which display quadrinucleate cysts averaging 10–16 mm in
diameter and mononucleate trophozoites 12–60 mm on
microscopy (Figure 1). Entamoeba hartmanni, also in the quad-
rinucleate cyst clade, is much smaller thanE. histolyticawith cysts
reaching only 10mm in diameter and trophozoites of 3–12 mm
in diameter. The larger cysts ofE. colimay possess as many a
eight nuclei and can be identi� ed by splinter-like chromatid
bodies in their cytoplasm. Entamoeba poleckiis comparable in
782 Encyclopedia of Food
and

size to E. histolytica, E. disparand E. moshkovskii, but has
a distinctive large karyosome and mononucleate cyst. In mos
industrialized countries,E. disparis 10 times more common than
E. histolytica,whereas both are more equally prevalent in some
developing countries. E. moshkovskiiis also widely distributed
geographically.

The life cycle of E. histolytica(Figure 2) begins with the
ingestion of fecally contaminated food or water or through
oral-anal sexual practices. The infective cyst form is resistant t
chlorination, gastric acidity, and desiccation and is able to
survive in moist environments for several weeks. Only 1–100
cysts are required to cause amoebic dysentery in anima
models, an infectious dose comparable to the notoriously
contagiousShigellasp.

Once ingested, the cyst form passes through the stomac
and into the small bowel where excystation occurs. During
excystation, the cyst undergoes nuclear followed by cyto
plasmic division to form eight trophozoites, which then
migrate to the large bowel. Multiplication of trophozoites
occurs through binary � ssion. Often, the newly formed
trophozoites aggregate in the intestinal mucin layer and form
new cysts, resulting in a self-limited and asymptomatic infec-
tion. Trophozoites may also colonize the bowel lumen as
commensal � ora. Alternatively, trophozoite invasion of the
colonic epithelium can occur, leading to extensive in� amma-
tion and destruction of the bowel wall. What in � uences inva-
sion versus colonization or asymptomatic illness is yet
unknown, but potential factors include variation of invasive-
ness between different genotypes ofE. histolytica, as well as host
genetic differences, differences in the microbiome of the hos
gut, host nutritional status, and host immunocompetence.
After invasion, amoebae can spread to the liver through
hematogenous dissemination involving the hepatic portal
circulation. Hematogenous dissemination and direct extension
from liver abscess can also lead to rare extra-abdomina
involvement of the CNS, pulmonary, or cardiac organs.
Trophozoites passed in the stool are unable to survive for any
length of time. The life cycle of amoeba is completed when
trophozoites undergo encystation and cysts are once mor
passed through feces into the environment. The process o
encystation, as studied in the reptilian Entamoeba invaden
species, is thought to involve quorum sensing through Gal/
GalNAc lectin in response to environmental signals such as
osmotic shock, low glucose level, or interaction with colonic
mucins.
Pathogenesis

As its name implies, the pathogenesis ofE. histolyticacenters on
its ability to adhere to and lyse the host cells (epithelial,
macrophages, lymphocytes, and neutrophils) with which it
comes into contact. Adherence of the parasite to host colonic
epithelial cells is facilitated through the parasite’s Gal/GalNAc
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00354-2
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Figure 1 (a) and (b)E. histolyticacysts in saline preparation. (c) Iodine stained cyst from stool. (d)E. histolyticatrophozoite with an ingested erythrocyte,
in a saline preparation from stool. (e) Trophozoite from stool stained with trichrome. From Haque, R., Huston, C.D., Hughes, M., et al., 2003.
Current concepts: amebiasis. New England Journal of Medicine 348, 1565–1573.
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lectin. In addition to its central role in adherence of amoeba to
host cells, Gal/GalNAc lectin also plays a central role in the
subsequent cytolytic event that occurs once the parasite lecti
engages hostN-acetyl-D-galactosamine on O-linked cell-surface
oligosaccharides. Within seconds of direct contact with an
amoebic trophozoite, a rise in intracellular calcium of the host
cell occurs as a result of caspase 3 activation. The host cell th
undergoes membrane blebbing, nuclear chromatin condensa
tion, and intranucleosomal DNA fragmentation. Phagocytosis
of the host cell corpse occurs through the interaction of
multiple ligands and receptors in addition to Gal/GalNAc lec-
tin. In addition to its role in adhesion, cytolysis, and phago-
cytosis, Gal/GalNAc lectin is also involved in protecting
amoeba from complement-mediate killing through its inhibi-
tion of the assembly of C8 and C9 into the C5b-9 membrane
attack complex. Other virulence factors thought to be involved
in host cell killing include amoebapores, which serve to create
holes in target cell membranes, and cysteine proteinases whic
have been implicated in the degradation of colonic mucin
glycoproteins, digestion of hemoglobin and villin, inactivation
of interleukin-18, and digestion of extracellular matrix
proteins.
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Clinical Manifestations

As much as 80% ofE. histolyticainfections are asymptomatic in
nature. Other forms of infection include amoebic diarrhea,
amoebic dysentery/colitis, or extraintestinal disease which
can consist of amoebic liver abscess, cardiac, pulmonary, an
CNS disease. Young age, pregnancy, corticosteroid treatme
malignancy, malnutrition, and alcoholism have all been
identi � ed as potential risk factors for severe disease an
increased mortality in association with E. histolyticainfection.
Indeed, asymptomatic infection with E. histolyticaitself also
carries a small but de� nitive risk for subsequent development
of invasive disease.

Amoebic diarrhea (absence of mucus and microscopic
blood in the stool) generally has a subacute onset, usually ove
one to three weeks, but symptoms can be delayed for sever
months after infestation. Approximately 15–33% of cases of
E. histolyticadiarrhea progress to dysentery, otherwise known a
amoebic colitis, which is de� ned as severe diarrhea with mucus
or visible microscopic blood. Dysentery is often accompanied
by varying degrees of cramping abdominal pain, which can be
severe enough to mimic an acute abdomen. Weight loss i
present in just under 50% of patients; however, fever occurs les
often, affecting only 8–38% of patients. Abdominal distention
and dehydration secondary to diarrhea are rare. Localize
in� ammation from E. histolyticainfection can lead to a mass of
granulation tissue known as an ameboma, an uncommon
condition that can mimic colon cancer. An ameboma will
generally present as a tender palpable mass on physic
examination. Other unusual manifestations of amoebic colitis
are fulminant colitis with bowel necrosis and perforation
(0.5% of cases, mortality rate of greater than 40%) and toxic
megacolon.

Amoebic liver abscess is the most common extraintestina
manifestation of E. histolyticainfection and is 10 times more
common in adult men than women. Liver abscess rarely occurs
in children. Patients present acutely within 2–4 weeks with
symptoms including fever, constant, aching right upper quad-
rant or epigastric pain, and cough. Diarrhea is present in les
than one-third of patients, although they may report having
had symptoms in the previous months. Nausea, vomiting,
abdominal distention, and hepatomegaly with point tender-
ness can also occur. Jaundice is rare. Abscesses are usually si
and are located in the right lobe of the liver in 80% of cases.
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Figure 2 Life cycle ofEntamoeba histolytica.
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Occasionally, liver abscesses can rupture into the peritoneum
leading to peritonitis. Direct extension from liver abscess
rupture can also lead to rare extra-abdominal manifestations.

Pleuropulmonary amebiasis is the most common form of
extra-abdominal amebiasis, occurring in up to 10% of patients
with liver abscess. Mechanisms of infection include serous
effusion, rupture of the liver abscess into the thoracic cavity
leading to empyema, bronchohepatic � stulas, or hematoge-
nous spread resulting in parenchymal infection. Pericardial
involvement of E. histolyticais quite rare and is associated with
a higher mortality rate than pleuropulmonary disease. It results
from the rupture of a liver abscess, involving the left lobe of the
liver, directly into the pericardium. This can quickly lead to
symptoms of severe chest pain, cardiac tamponade, an
congestive heart failure. A third type of extra-abdominal
amebiasis is cerebral amoebic abscess, which occurs in on
0.66–4.7% of patients with amoebic liver abscess. This form
generally results from hematogenous dissemination and can
lead to abrupt onset of neurologic symptoms, including
seizure, with rapid progression to death if left untreated.
Diagnosis

Despite its poor sensitivity (33–35%) and speci� city (as low as
10%), microscopic examination (stool O&P) of stool samples
for cysts and trophozoites remains one of the most utilized
modalities for initial diagnosis of amebiasis in both developing
and developed countries.Entamoeba histolyticacan be detected
through saline wet mount preparations, but generally a fresh
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smear stained with iron hematoxylin and/or Wheatley’s tri-
chrome is also performed for trophozoite identi� cation. Speci-
mens are also concentrated and stained with iodine for cys
detection. Detection of cysts and trophozoites in the stool is
often dif � cult given that organism excretion can vary daily; thus
an examination of a minimum of three specimens, each
collected on separate days, is recommended. Although demon
stration of trophozoites or cysts within a stool sample suggests
amoebic infection, microscopy cannot differentiate between
E. histolytica, E. dispar,or E. moshkovskiispecies. Stool culture for
detection of amebiasis, although more sensitive than stool ova
and parasite examination, is only available in a few research
laboratories worldwide and must be paired with antigen detec-
tion or PCR given its low speci� city for E. histolytica.

Serologic testing as a diagnosis for amebiasis has becom
a mainstay over the past few years. Antibodies againstE. histo-
lyticaare usually detectable within 5–7 days of acute infection;
however, false negatives from samples obtained early in th
course of both intestinal amebiasis and amoebic liver absces
do occur. In general, serologic testing in the case of intestina
E. histolyticainfection is less sensitive than in testing for liver
abscess. It is important to note that antibodies developed by
the host againstE. histolyticatend to remain positive for several
years after initial infection. For this reason, serologic testing ha
proven less useful in endemic areas where reinfection occu
regularly. Serologic testing is therefore best used in conjunction
with PCR or antigen testing.

Fecal antigen testing, using monoclonal antibodies directed
against E. histolyticaspeci� c Gal/GalNAc lectin, is now com-
mercially available for use. Of the three antigen test kits on the
market, TechLabE. histolyticaII ELISA is the only test that is able
to distinguish between nonpathogenic strains of amoeba and
E. histolytica. This test, when measured against the diagnosti
gold standard, culture and isoenzyme analysis, reveale
a sensitivity of 93% and a speci� city of 98%. TechLab antigen
testing has also proven useful in the diagnosis of amoebic live
abscess using sera, stool, and liver pus. In one study, th
TechLabE. histolyticaII assay detected Gal/GalNAc lectin in the
sera of 96% (22 of 23) of patients with amoebic liver abscess
before they underwent treatment with metronidazole. Overall,
Figure 3 (a) Colonoscopic appearance of intestinal amebiasis. (b) Co
of a � ask-shaped colonic ulcer using hematoxylin and eosin staining.
antigen testing provides superior sensitivity and speci� city to
stool O&P examination, is technically simpler to perform,
provides rapid results (<2 h), and provides a potential for
diagnosis in early infection and in endemic areas where
serology is less useful.

Real-time PCR techniques for detectingE. histolytica, though
superior in sensitivity and speci� city to stool antigen testing,
are unfortunately a technically complex means of diagnosis
and are not currently widely available outside the research
realm. Real-time PCR has also proven to be a sensitive test f
detection of E. histolyticain liver abscess pus.

Examination of the large bowel through sigmoidoscopy
and/or colonoscopy can aid in the diagnosis of intestinal
amebiasis. Gross inspection can reveal lesions ranging from
nonspeci� c mucosal thickening and in� ammation to classic
‘� ask-shaped’ ulcers (Figure 3). Biopsies taken from ulcer edges
can be used to visualize parasites through periodic acid-Schi
stains or immunoperoxidase with anti-E. histolyticaantibodies.
Negative aspects of colonoscopy include its invasiveness, whic
can lead to perforation in an already in� amed gut and its lack
of availability in developing countries.

Diagnosis of extraintestinal sites ofE. histolyticacan be
supplemented by radiographic evidence of infection. In the
case of amoebic liver abscess, serology or antigen testing
often paired with CT, MRI, or ultrasound imaging document-
ing a suspicious lesion (single subcapsular abscess in the righ
lobe of the liver). Aspiration of abscess material can subse
quently be tested using antigen testing and PCR. Pleuro
pulmonary disease, cardiac, and CNS involvement can b
diagnosed using chest X-ray, EKG/echocardiogram, and MR
respectively.
Treatment

Untreated asymptomatic infections with E. histolyticapose
a risk of progression to invasive disease and can act as a nidu
for spread of infection throughout a community. Treatment of
asymptomatic intestinal infection or colonization with
E. histolyticaconsists of administration of luminal agents such
lonic ulcers on gross pathologic examination. (c) Microscopic view of cross section
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as paromomycin or diloxanide furoate. Invasive amebiasis
whether intestinal or extraintestinal, should be treated with
metronidazole or another 5-nitroimidazole, agents effective in
eliminating tissue trophozoite forms of E. histolytica, followed
by a luminal agent. Therapeutic aspiration of amoebic liver
abscesses is generally not recommended as an adjunct
antiparasitic therapy unless the patient has made no
improvements with oral therapy within a 5 –7-day period, has
a large abscess (>5 cm) that poses a high risk for rupture, or if
the abscess is located in the left lobe of the liver. In rare cases
fulminant colitis or in the case of abscess drainage, it may be
prudent to add broad-spectrum antibiotics.
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Prevention and Importance in the Food Industry

Prevention of E. histolyticainfection is achieved primarily
through avoidance of fecal contamination of food and water
supplies. Successful prevention in industrialized countries ha
led to dramatically reduced rates of transmission. Unfortu-
nately, in developing nations, this is not the case. More than
one billion people still have no access to safe food or water. In
1998, a study was conducted in Tbilisi, Republic of Georgia
investigating a suspected outbreak of amoebic liver abscesse
From July through September of 1998, thirty-seven cases o
con� rmed amoebic liver abscess were examined. Logist
regression was used to identify the fact that interruptions in the
water supply, decreases in water pressure, and increased wa
consumption were signi� cantly associated with infection. This
data supported the hypothesis that drinking water was the
source of infection, either because of inadequate municipa
water treatment or contamination of municipal water in the
distribution system.

In the industrialized world, as agricultural production
declines and population increases, countries are becomin
more and more dependent on food imported from areas where
access to clean water may be limited. Thus, crops grown i
these areas and exported to other countries run the risk for feca
contamination. Imported fruits and vegetables that are
improperly cleaned or are not commonly cooked or boiled
prior to consumption can lead to infection in the consumer.
Nonpotable water can be introduced to crops during irrigation
or when fertilizer is dissolved in water and sprayed on produce
just prior to harvest. In some countries, crops are directly
fertilized by untreated human excrement. One study of straw-
berries imported from Mexico found that 20/21 samples were
positive for parasites, 37% of which were E. histolytica.
Although documented foodborne outbreaks from imported
foods have not yet been identi� ed, outbreaks of other fecally
transmitted protozoan pathogens such asCryptococcusand
Cyclosporasuggest that this mode of transmission is possible. A
such, fruits and vegetables intended for raw consumption
should always be washed in clean water. When traveling to
endemic areas, care should be taken to avoid uncooked
produce or water that has not been boiled. It is important to
remember that cysts are chlorine resistant and must be
destroyed by heating to over 68� C or by iodine at 200 ppm.

Entamoeba histolyticamay also pose a threat to the food
industry in the guise of infected food handlers, especially recen
immigrants from areas whereE. histolyticais endemic. A recent
study assessing 259 food handlers in the Sudan found tha
20.5% were infected with Giardiaand 2.6% with E. histolytica.
An asymptomatic carrier ofE. histolyticacan excrete millions of
cysts per day for years. In addition, cysts have been found t
remain viable for up to an hour when present in fecal material
found under the � ngernails. Therefore, persons with a known
amoebic infection should abstain from participation in food
preparation until the illness has been eradicated.

See also:Shigella:Introduction and Detection by Classical
Cultural and Molecular Techniques;Detection of Food- and
Waterborne Parasites:Conventional Methods
and Recent Developments.
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Introduction

Winemaking is an ancient biotechnology that has now
become a truly global enterprise significantly affecting the
economic well-being of many countries. The basic activities o
modern wineries are fundamentally the same as those
undertaken traditionally: Sugars from grapes (or other fruits)
are physically extracted and then fermented by yeasts t
produce an alcoholic beverage. Certain bene�cial bacteria
play additional roles in developing the � avor and aroma of
the wine during the malolactic fermentation after primary
alcoholic fermentation.

Wines are generally classi� ed according to color (red,
white, or rosé) and alcohol content– table wines have ethanol
concentrations of 10–15% v/v and forti � ed wines, such as
port and sherry, have ethanol concentrations generally
around 20% v/v. Wines can also be categorized according t
grape variety (there are hundreds of cultivars ofVitis vinifera),
taste (dry, semidry, semisweet or sweet), and texture (still o
sparkling). Important examples of wines based onV. vinifera
cultivars are characteristic of some areas: Pinot Noir (re
Burgundy), Chardonnay and Pinot Blanc (white Burgundy),
Merlot and Cabernet Sauvignon (red Bordeaux), Riesling
Müller-Thurgau, and Sylvaner (German white), Zinfandel
(Californian red), Palomino (Spanish sherry), and Sangiovese
(Italian Chianti).
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Winemaking

The production processes of red and white wines are out
lined in Figure 1. Winemaking basically involves the
extraction of grape juice (‘must’) by crushing the fruit, alco-
holic fermentation by yeasts (endogenous or exogenous
cultures), malolactic fermentation, aging, clari� cation, and
packaging. In red winemaking, crushing is followed by
maceration, which facilitates the extraction of compounds
from the seeds and skins. This extraction is initiated by the
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
action of hydrolytic enzymes released from cells that have
been ruptured during crushing.

Red wine is produced by the fermentation of the juice of
black (or red) grapes, containing the skins. If the skins of black
grapes are removed from the juice, or if white grapes are used
white wine is produced. Rosé wines are produced if the black
grape skins are removed before all the pigment has bee
extracted. Malolactic fermentation may be carried out if desired
(for most red wines and many white wines), to decarboxylateL-
malic acid to L-lactic acid, resulting in a decrease in the acidity
of the wine. The organoleptic properties of wines depend
primarily on the grape cultivar employed and on the metabolic
activities of yeasts and bacteria. During aging, many chemica
reactions between components initially present in grape must
or produced by microorganisms also contribute to the charac-
teristics of the wine.
Microßora Involved in Winemaking

Numerous types of microorganism are involved in wine-
making and can be described as endogenous (from grapes o
winery surfaces) or exogenous (from selected starte
cultures). Yeasts and bacteria can make either bene� cial or
detrimental contributions to wine quality. Traditional, or
spontaneous, fermentations of wine exploit the wild micro-
� ora on the surface of grape skins, together with the yeast
indigenous to wineries (predominantly strains of Saccharo
myces cerevisiae).

The principal microbial genera associated with grapes are a
follows:

l Yeasts: mainly Kloeckeraand Hanseniaspora, with lesser
representations of Candida, Metschnikowia, Cryptococcus,
Pichia, and Kluyveromycesand very low populations of
S. cerevisiae

l Lactic acid bacteria (LAB):Lactobacillus, Leuconostoc, Ped-
iococcus, Oenococcus
78-0-12-384730-0.00356-6 787
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White wines                                                       Red wines

Grapes                                                               Grapes

SO2                De-stemming & crushing De-stemming & crushing           SO2

Malolactic fermentation
(if desired)

Clarification

Maceration Fermentation & maceration

Pressing Pressing
(rosé – early; red – late)

Fermentation 

Maturation

Fining/stabilization/filtration

Final wine bottling

Figure 1 Summary of the main stages in winemaking.

Table 1 Growth of yeasts in a typical natural wine fermentation

Stage of fermentation
Ethanol content
(% v/v) Typical yeasts

Early 0–5 Kloeckera apiculata
Hanseniaspora valbyensis
Candida stellata
Torulaspora delbrueckii
Kluyveromycesspp.
Pichiaspp.

Latter (days 4–10) 5–15 Saccharomyces cerevisiae
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l Acetic acid bacteria: Gluconobacter, Gluconacetobac,
Acetobacter

l Fungi: Botrytis, Penicillium, Aspergillus, Mucor, Rhizopus,
Alternaria, Uncinula,Cladosporium(Note that these fungi are
not implied in the winemaking process.)

The skins of sound grapes typically harbor microbial pop-
ulations of 103–105 cfu g� 1, largely dependent on the envi-
ronmental conditions.

Interestingly, S. cerevisiaeis present at very low concentra-
tions on grape skins. The winery-resident strains of this yeas
may contribute to grape must fermentations.

Table 1 shows the progression of the different genera o
yeasts in a typical spontaneous wine fermentation. Although
yeasts other thanSaccharomycesgrow well during the � rst few
days, they are not very tolerant to the ethanol produced and
generally start to die after about 4 days, when the ethano
concentration reaches about 5% v/v. Subsequently, fermen
tation is carried out predominantly by wine strains of
S. cerevisiae,which are able to tolerate high concentrations of
ethanol (>15% v/v). At the same time, the initial LAB
population, comprising several genera and species, i
inhibited. Subsequently, when the S. cerevisiaepopulation
declines, and after a latent period, LAB (mainlyOenococcu
oeni) multiply.
Role of Yeasts

The composition of grape juice is summarized in Table 2.
Yeasts utilize glucose and fructose, the principal sugars i
grape juice, and metabolize them via the Embden–Meyer-
hof–Parnas (glycolytic) pathway, to pyruvate. This pathway
furnishes the yeast cells with energy and with reducing power
for cellular biosyntheses. Under anaerobic conditions, the
yeasts decarboxylate pyruvate, in a reaction catalyzed b
pyruvate decarboxylase, to yield acetaldehyde and CO2. The
� nal step in alcoholic fermentation is catalyzed by alcohol
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dehydrogenase and involves the reduced coenzyme NADH
and results in the reduction of acetaldehyde to ethanol. The
conversion of glucose to ethanol by S. cerevisiaecan be
summarized aseqn [1]:
o

C6H12O6 + 2Pi + 2ADP + 2H+ 2C2H5OH + 2CO2 + 2ATP + 2H2O

glucose ethanol
[1]
In addition to ethanol and CO 2, one of the quantitatively
most important products of fermentation by wine yeasts is
glycerol. Variable levels (generally in the range 2–10 g l� 1) of
glycerol are found in wine, depending on the yeast strains and
the fermentation conditions. It is produced by the following
reaction (eqn [2]):
y

f

Dihydroxyacetone phosphate Glycerol 3-phosphate Glycerol 
DHAP reductase glycerol phosphatase

NADH + H+ NAD+ Pi

[2]
Glycerol is nonvolatile and does not directly contribute to
wine aroma characteristics. This compound was previousl
thought to confer desirable viscosity, thus improving the‘body’
of the wine, but glycerol’s impact on such characteristics o
wine is now recognized as being minimal.
Table 2 Principal ingredients of grape juice

Component of grape juice Comments

Carbon compounds
Glucose Typical concentration 75–150 g l� 1

Fructose Typical concentration 75–150 g l� 1

Sucrose Trace
Pentoses Unfermentable byS. cerevisiae,fermented

by lactic acid bacteria
Pectins Small amounts
Nitrogen compounds
Free amino acids 0.2–2.5 g 1� 1

Ammonium ions Small amounts, which may be limiting for
yeasts

Proteins Small amounts
Other organic acids
Tartaric acid 2–10 g 1� 1: not metabolized by wine yeasts
Malic acid 1–8 g l� 1: partially metabolized by wine

yeasts, completely by lactic acid bacteria
Minerals
Phosphorus, potassium,

magnesium, sulfur,
trace elements

Adequate supply of bulk minerals and
suf� cient quantities of trace elements

Vitamins Small amounts but suf� cient for growth of
yeasts

Other compounds Sul� te levels depending on the health
quality of grapes

Fatty acids, sterols Sterols and unsaturated fatty acids may
limiting for yeasts
The levels of glycerol found in wine depend on grape
variety, winemaking conditions, and yeast strains employed as
starter cultures.

Glycolysis is the major pathway for the catabolism of
carbohydrates by yeasts, but other metabolic pathways als
operate during grape juice fermentations, including the pentose
phosphate pathway and the citric acid cycle. The limited
operation of the citric acid cycle pathway generates signi� cant
levels (typically around 0.5 g l� 1) of succinic acid in wine.

The metabolism of nitrogen and sulfur compounds yields,
o-

-

at
together with the main metabolites, hundreds of volatile and
nonvolatile minor metabolites, which collectively contribute to
the � avor and aroma of wine. These include:

l Higher alcohols: isoamyl alcohol, active amyl alcohol, iso-
butanol, propanol, 2-phenylethanol

l Esters: ethyl acetate, ethyl lactate, phenylethyl acetate, is
amyl acetate, ethyl octanoate, ethyl hexanoate

l Organic acids: succinic, tartaric, malic, lactic, acetic, citric
l Aldehydes and ketones: acetaldehyde, diacetyl, acetoin
l Sulfur compounds: H2S, SO2, dimethyl sulphide

The relative concentrations of these compounds depend on
the strains of yeast and the fermentation conditions, especially
temperature. White wine fermentations are generally con
ducted at 10–18 � C (for 7–14 days or longer) and red wine
fermentations at 20–30 � C (for around 7 days).

Yeast cells also hydrolyze aroma precursors of grapes th
are responsible for typical grape variety attributes.
ly

lly

nt
Yeast Starter Cultures

Traditional winemaking is characterized by spontaneous
fermentations of grape must with naturally occurring micro-
� ora. Modern, large-scale wineries generally use special
selected starter cultures ofS. cerevisiaein preference to relying
on the fermentative activities of naturally occurring yeasts. Such
cultures are available in dried form (e.g., active dry yeast) from
specialist yeast supply companies. The yeasts are norma
inoculated (at 106–107 cells per ml) in grape must to which
sulfite has been added to limit the growth of indigenous yeasts
and bacteria. Such starter yeasts may not completely preve
the growth and metabolism of indigenous yeasts, including

be
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winery-associated S. cerevisiaeand grape-associated non-
Saccharomyces. However, because the starters experience short
lag phases, they are able to convert sugar to alcohol mor
rapidly in inoculated grape must than in must that has not
been inoculated. Desirable characteristics of wine yeast starte
are summarized below:

l Genetics: homothallic diploid or aneuploid (occasionally
polyploid)

l Growth: minimal or no lag phase; moderate biomass
production; ‘killer ’ character; tolerance to SO2

l Metabolism: rapid and reproducible alcoholic fermenta-
tion; ef� cient conversion of grape sugars to ethanol, CO2
and desirable minor fermentation metabolites

l Stress tolerance (to ethanol, osmotic pressure, temperature
l Flavor: correct volatile acidity; appropriate character o

aroma produced (e.g., esters, terpenes, succinic acid); lo
acetaldehyde; correct balance of sulfur compound produc
tion (low sulphide and thiol production), revelation of
grape variety aromas

l High glycerol production
l Others: low urea excretion, to minimize the production of

potentially carcinogenic ethyl carbamate
in

i
s

-

.

-
a-
Role of LAB

Lactic acid bacteria, or LAB, are found on grape surfaces and
must during wine fermentations and include both lactobacilli
(e.g., Lactobacillus brevis) and lactococci (e.g.,Oenococcus oen).
LAB may cause detrimental aspects to wine sensory attribute
(see below), or they may be bene� cial. An example of the
bene� cial aspects is the malolactic fermentation that occurs
after the main yeast fermentation and results in the decarbox
ylation of L-malic acid to L-lactic acid, catalyzed by the
Table 3 Some biotechnological developments with wine yeasts

Development Comments

Strain identi� cation Genetic� ngerprinting using RFLP and inte
karyotyping (e.g., PFGE) to differentiate
used for strain identi� cation.

Genetic hybridization Desirable� occulation (cellular aggregation
technique, but hybridization is dif� cult due
and spheroplast fusion methods may al

Metabolic engineering Numerous genes from other organisms
using recombinant DNA technology, inc
K1 (killer) toxin, to combat wild yeasts
Bacteriocins, to combat bacterial contam
Pectinases, to increase the� lterability of w
Glucosidases, to release bound terpene
Lactate dehydrogenase, to acidify wines
Malolactic enzyme, to promote malolact
Malic enzyme, to promote maloethanoli
Glycerol phosphatase, to increase glyce
Alcohol acetyltransferase, to elevate es
Increased resveratrol synthesis, to augm
Minimized ethyl carbamate production,

Systems biology Postgenomic techniques and bioinformatic
Fermentation technology Sparkling wines can be produced using

PFGE, pulse-�eld gel electrophoresis; PCR, polymerase chain reaction; RFLP, r
malolactic enzyme in LAB. This reduces acidity and results in
a smoother tasting wine. In addition, citric acid and many other
wine substrates are metabolized into compounds that
contribute to the � nal � avors and aromas.O. oeni is the
dominant bacterial species responsible for the malolactic
fermentation that may occur spontaneously, or may be
controlled by the addition of pure malolactic starter cultures of
O. oeni.
Biotechnological Developments of Wine Yeast

Advances in molecular biology and in fermentation technology
are in� uencing the application of novel strains of yeasts in
winemaking. Some relevant developments are summarized in
Table 3. Recombinant DNA technology offers the greates
potential for the improvement of wine yeasts, particularly in
relation to performance in fermentation and � nal product
quality. Self-cloningof wine yeasts (i.e., yeast–yeast genetic
modi � cation) represents the most attractive approach for
commercial winemaking due to regulatory issues and
consumer acceptability. (The Further Reading list provides
references to various molecular biological approaches for wine
yeast improvement.) However, to date, genetically modi� ed
yeast is only authorized in some areas, and not generally used
Microbial Spoilage of Wine

The growth and metabolic activities of a variety of microor-
ganisms, during winemaking and in � nished wine, can spoil
the organoleptic properties of the� nal product. Several stages
of the production process can be affected by spoilage micro
organisms, as can the grapes used. In particular, the ferment
tion step, stored or bottled wine and the corks used in bottling,
r delta-PCR analyses, microsatellite patterns and pulsed-� eld electrophoretic
wine strains ofS. cerevisiae.Genetic‘marking’ of wine yeast strains can also be

and sedimentation) properties have been introduced into wine yeasts by this
to the homothallic nature of wine yeast strains. Rare-mating, cytoduction,
so be used to generate new wine yeast hybrids.
, including other yeasts, have been introduced into wine strains ofS. cerevisiae
luding genes encoding for:

inants
ine
s and increase fruity aromas
from warmer climates

ic deacidi� cation
c fermentation
rol levels

ter levels
ent wine antioxidants

to lower potential carcinogen
analysis can be used to provide deeper understanding of wine yeast physiology
yeasts immobilized in natural gels such as alginate and carrageenan

estriction fragment length polymorphism.
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Table 4 Spoilage of wine by microorganisms

Microorganism Spoilage effects

Yeasts Estery taints, due to high concentrations of ethyl acetate (> 200 mg l� 1) and methylbutyl acetate (caused
especially byHanseniasporaspecies),� lm formation on wine surfaces, caused by species ofCandida,
PichiaandMetchnikowia, which results in severe� avor taints

Zygosaccharomyces bailii Yeast growth and the re-fermentation of sugars in sweet wine produce turbidity and off� avors
Brettanomycesspp. Haze, turbidity, volatile acidity, mousy, and phenolic taints in stored wine
Schizosaccharomyces pombe Osmotolerant yeast: may produce haze in stored wines
Saccharomyces cerevisiae Re-fermentation of wines with residual sugars
Bacteria
Acetic acid bacteria:Acetobacter

pasteurianus, Acetobacter aceti
Vinegary taints, due to acetic acid in concentrations> 1.2 g l� 1. Other acidic and estery taints, caused by

aerobic metabolism of these bacteria
Lactic acid bacteria These bacteria may cause: increased volatile acidity, due to acetic acid (produced especially by

heterofermentativeLactobacillus, Leuconostoc, andOenococcus); ropiness (caused by somePediococcus
parvulus strains); mousiness (e.g.,Lactobacillusspp.); bitterness (e.g., the acrolein taint caused by
Lactobacillusspp.); breakdown of tartaric acid (e.g., byLactobacillusspp.); and miscellaneous off� avors
(e.g., esters, high alcohols) and odors
Biogenic amines by some strains of any bacteria species

Actinomycesspp.,Streptomycesspp. Earthy, corky taints
Fungi Earthy, corky taints due to fungal growth in wooden barrels and corks
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may be affected.Table 4 lists the major spoilage microbes that
affect wine and summarizes their effects.

Acetic acid bacteria are always present from the grape to th
� nished wine. They need oxygen or high redox potential for
growth, and their deleterious activity (oxidation of ethanol to
acetic acid) is prevented by the low redox of the medium
during the fermentation. During aging, wine is therefore pro-
tected from aeration.

The non-Saccharomycesyeast of the speciesBrettanomyce
bruxellensisis the most off-� avor producing microorganism
redoubtable in red winemaking. By producing ethyl phenols, it
causes considerable loss. It is an increasing concern for win
makers, but early detection is now possible using speci� c
molecular-based diagnostic methods (i.e., polymerase chain
reaction (PCR)).

Some strains of lactic acid bacteria, even in theO. oeni
species, can produce biogenic amines from amino acids. The
are considered as spoiling strains because biogenic amines m
have undesirable effects for some consumers. Other strains ma
produce ropiness. All these speci� c strains are detectable by
speci�c PCR analysis.

Hygiene is the key to preventing microbial contamination
during and after winemaking, and hence is critical in spoilage
control. The exclusion of O2 and the appropriate use of SO2 are
additional measures for the quality assurance of stored wines
Sulfur dioxide (added to wine as potassium or sodium meta-
bisulphite or as gaseous SO2) is an antimicrobial compound
and antioxidant that has for centuries been used to preserv
wine by preventing the growth of undesired microorganisms. It
can be added to grape must and wine at concentrations tha
transiently inhibit the lactic acid bacteria and some non-
Saccharomycesyeasts, but it does not prevent the growth of the
fermentation yeasts (S. cerevisiae) and of the malolactic bacteria
after the alcoholic fermentation. Sulfur dioxide exerts its anti-
microbial action through a combination of enzyme inhibition;
coenzyme, protein, and nucleic acid interactions; cleavage o
vitamins (e.g., thiamin); and depletion of cellular ATP. It is
used widely in all wine-producing countries – the maximum
limits permitted vary according to the type of wines from 120
to 350 mg l� 1 of total SO2. However, in some asthmatic indi-
viduals it can cause allergic reactions that are mild to severe
and it can also affect the skin and the respiratory and gastro
intestinal tracts. Therefore some wines are now produced usin
low levels of exogenous SO2. In spite of intensive research, no
ef� cient alternative antioxidant � avor stabilizers and biocides
have yet been found for use in wines that are at least as ef� cient
as SO2.
See also: Botrytis; Brettanomyces; Fermented Vegetable
Products; The Leuconostocaceae Family;Permitted
Preservatives:Sulfur Dioxide;Saccharomyces: Saccharomyces
cerevisiae; Starter Cultures:Importance of Selected Genera;
Wines:Malolactic Fermentation; Production of Special Win
Yeasts:Production and Commercial Uses.
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Introduction

The science of wine and winemaking is enology; the word
enologyis derived from the Greek ‘oinos,’ means ‘wine’ and
‘logos,’ means ‘word’ or ‘speech.’ Enology covers topics as
varied as wine microbiology, chemistry, tasting, and marketing.
These basic activities are fundamentally the same for any kin
of wine and are adopted both by traditional and modern
wineries. Grape must is fermented to wine by yeast and
sometimes also by lactic acid bacteria that contaminate the
grapes. Commercial preparations of yeasts in the form of activ
dry yeast (ADY) also can be used. All microorganisms pla
important roles in the winemaking by developing complex
aroma and � avor. The wine classi� cation and nomenclature
depend on certain characteristics, such as alcohol concentr
tion, residual sugars, color, and typical sensorial quality related
to grape varieties. In addition, wines can be still or sparkling.
This chapter is focused on some special wines and the
production processes.
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Sweet White Wines

Sweet white wines speci� cally are characterized by a residua
sugar concentration of 30 g l� 1 (3.0%) or more. The two major
categories both are produced from grape musts with high suga
concentration, resulting either from the infection of grapes with
Botrytis cinereaor by dehydration on the vine or on racks after
harvest, followed by freezing of the grape bunches in the case o
ice wines. The former wines are the most complex, the class
examples being the Trockenbeerenauslese of Germany and t
Sauternes of France. The German sweet white wines tend
have low alcohol levels (9–12% v/v) and high residual sugar
concentrations (120–150 g l� 1). Sauternes, in comparison,
have a higher alcohol level (around 14% v/v) and a residual
sugar concentration in the range 65–100 g l� 1. Because of the
winemaking process, in addition to the Botrytisaromas, it also
has the distinctive aroma and � avor of new oak. The sweet
white table wines made without Botrytisoften are made with
Muscat-� avored varieties, or they contain some juice of Musca
gordo blanco (Muscat of Alexandria) grapes to give the wine
some distinctiveness. These special wines are made by stoppi
the fermentation while some residual sugar remains or by back
blending with conserved grape juice. They also may be mad
from grapes that have been dried partially, either on the vine or
on mats spread on the ground.
e.

t
s

Production of White Wines from Botrytized Grapes

The grape varieties used in the production of traditional white
wines are Riesling, Semillon, Sauvignon Blanc, and Muscadell
Varieties differ in their susceptibility to infection, however, and
this in � uences the wine’s character.

Wines produced from Botrytis-infected grapes are the mos
complex and balanced. The epidermal cells of the grape
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
become permeable in such a way that water is lost, resulting in
the contents of the grape becoming more concentrated. Becaus
of the metabolism of some of the organic acids byBotrytis,
however, their concentration is not changed signi� cantly as
a result of infection. On the contrary, dehydration of the grape
berries by simple drying process concentrates the contents o
sugar and acids, resulting in a grape must with a high suga
concentration and high acidity.

Must produced from Botrytis-infected grapes contains lac
case enzyme, which is a polyphenol oxidase. To inhibit its
activity, SO2 often is added. SO2 becomes rapidly bound,
however, because the Botrytized musts are rich in carbony
compounds produced by the mold and acetic acid bacteria
associated on the surface of the grapes. During the fermenta
tion, it is advisable to add 0.5 mg l� 1 of thiamine to the must to
reduce the level of pyruvic acid formed by the yeast and to
lower the sulfite-binding capacity of the � nished wine. The
addition of diammonium phosphate (200 mg l � 1) and
a selected yeast strain to the grape must is desirable; recom
mended yeast strains must be able to cope with high osmotic
pressure and produce low levels of volatile acidity. Particularly
under the high stress conditions of these must due to high suga
concentration, the yeasts generally produce higher concentra
tions of volatile acidity.
Role and Impact of Botrytis in Winemaking

Wines made from grapes that are infected heavily with molds
have an altered chemical composition, since the enzyme
produced by mold can affect the� avor and color of wine as
well as the successful completion of the alcoholic and malo-
lactic fermentations. Molds found on grapes include species o
different genera, Botrytis, Penicillium, Aspergillus, Mucor,
Rhizopus, Alternaria, Uncinula, and Cladosporium, of which
B. cinereais particularly signi� cant. Although B. cinereacan
cause spoilage known as‘bunch rot,’ its development as‘noble
rot’ on grapes in speci�c environmental conditions is used to
produce the distinctive sweet wines Sauternes, Trock
enbeerenauslese, and Tokay. The alcoholic fermentation o
such juices requires particular attention, because they are pron
to become ‘stuck.’ The yeast activity is hampered possibly by
nitrogen de� ciency combined with the high sugar content.
There is also evidence that the mold secretes antiyea
substances.Botrytis cinereaalso produces various polyphenol
oxidases and glycosidases, which affect the color and� avor of
the wine. In addition, extracellular soluble glucans sometimes
produced in signi� cant concentrations block membranes
during the processing of the wine by� ltration.

In the unique climatic conditions of the Sauternes region,
grapes infected with B. cinereaproduce one of the world’s
most exquisite white wines, the production of which appears
to have been well-established in this region by 1830–50.
In the twenty-� rst century, similar wines are produced
throughout much of Europe. The selective use of infected
grapes for wine has been slow to become popular outside
78-0-12-384730-0.00358-X 793
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Europe, but these wines are now produced to a limited exten
in Australia, Canada, New Zealand, South Africa, and the
United States. The reduction in berry volume due to dehy-
dration, the risks of leaving the grapes on the vine to become
overripe, and the dif� culties associated with fermentation and
clari� cation are the main factors that actually result in the
production of more expensive sweet white wines fromBotrytis-
infected grapes.
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Development and Metabolism ofB. cinereaon Grapes

Under certain climatic and viticultural conditions, this fungus
can parasitize healthy grape berries without disrupting the
general integrity of their skin, causing‘noble rot.’ This causes
dehydration and the concentration of some constituents of the
berry. In addition, the metabolism of grape sugars and acids
(especially tartaric acid) gives a juice with increased concen
trations of sugar, glycerol, other polyols, and gluconic acids
and less tartaric acid.

Several hydrolytic enzymes are released byB. cinerea. The
pectolytic enzymes produced by this fungus degrade the pectin
of the berry cell walls, causing the collapse and death of the
affected tissues. The loss of physiological control causes th
fruit to dehydrate in dry conditions, and because the vascular
connections with the vine become disrupted as the fruit reaches
maturity, the lost moisture is not replaced. Additional water is
lost via evaporation from the conidiophores.

When the climatic conditions are not ful� lled, drying of
grapes retards the invasion of grape berries byB. cinereaand
appears to modify its metabolism. The drying process also
concentrates the grape juice, which is critical in the develop
ment of the organoleptic properties of the wine, and the loss of
water also limits the secondary invasion by bacteria and fungi
Saprophytic fungi commonly are present along with‘bunch rot’
caused byBotrytis, but the unpleasant phenolic � avor often
associated with wines produced from grapes infected in this
way rarely is observed in wines produced from grapes with
‘noble rot,’

An indicator of Botrytisinfection is the presence of gluconic
acid. Although B. cinereaproduces gluconic acid, however, the
acetic acid bacteriumGluconobacter oxydansis particularly active
in its synthesis. Acetic acid bacteria frequently invade grape
infected byBotrytisand probably are responsible for most of the
gluconic acid found in diseased grapes. Acetic acid bacteria als
Table 1 Characteristics of juice obtained from Bot

Sauvign

Healthy

Fresh weight of 100 grapes (g) 225
Component of juice (g lL 1)
Total sugar content 281
Acidity 5.4
Tartaric acid 5.2
Malic acid 4.9
Citric acid 0.3
Gluconic acid 0
Ammonia 0.049
pH of juice 3.4
produce acetic acid and ethyl acetate and are the most likel
source of the elevated content of these compounds in wines
but only in case of a large contact with air.

The by-products of Botrytismetabolism, and the concen-
tration of the juice, are signi� cant in terms of the wine
produced. The following factors are involved:

1. Some changes in the juice as presented inTable 1 appear
to be due to the concentrating effects of drying– for
example, the increased concentration of citric acid. Funga
metabolism results in a decrease in the concentrations o
tartaric acid and ammonia. The selective metabolism by
Botrytis of tartaric acid compared with malic acid is
important in the avoidance of a marked decrease in pH or
an excessive increase in perceived sweetness (Table 1).

2. An increase in the sugar concentration of the juice.
3. The production and accumulation of glycerol during noble

rotting may augment the smooth‘mouth feel’ of these wines.
4. Noble rotting causes the loss of some aroma. Severa

aromatic terpenes– including linalool, geraniol, and nerol –
are metabolized by B. cinereato less volatile compounds,
such asb-pinene, a-terpineol, and various furan and pyran
oxides. The latter may produce the phenolic and iodinelike
odors reported in some wines produced usingBotrytis.

5. Botrytisproduces esterases, which degrade the esters th
give many white wines their fruity character. Muscat vari-
eties often lose more� avor than they gain, but Riesling
and Sémillon varieties generally gain more in aromatic
complexity than they lose in varietal distinctiveness.

6. Fungal metabolism results in the synthesis of certain
aromatic compounds, including sotolon, which contrib-
utes a distinctive honeylike fragrance to the wine. Infected
grapes also contain the‘mushroom’ alcohol 1-octen-3-ol.
More than 20 terpene derivatives have been isolated from
infected grapes.

7. Botrytis cinereaaffects the ease of grape-picking, the activit
of yeasts and bacteria in the juice, and the� lterability and
aging properties of the wine.

8. Laccase produced byB. cinerea inactivates antifungal
phenols, pterostilbene, and resveratrol in grapes. In wine
laccase can oxidize a wide range of important grape
phenols – for example, p-, o-, and some m-diphenols,
diquinones, anthocyanins, and tannins – and a few
other compounds (e.g., ascorbic acid). The oxidation of
rytis-infected grapes

on grapes Sémillon grapes

Infected Healthy Infected

112 202 98

326 247 317
5.5 6.0 5.5
1.9 5.3 2.5
7.4 5.4 7.8
0.5 0.26 0.34
1.2 0 2.1
0.007 0.165 0.025
3.5 3.3 3.6
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2(S)-glutathionylcaftaric acid may contribute to the golden
color of the wine.

9. Botrytis synthesizes a series of polysaccharides of hig
molecular mass, including polymers of mannose and
galactose, andb-glucans. The polysaccharides form strand
like colloids in the presence of alcohol, and these can plug
� lters during clari� cation.

10. Botrytisproduces an enzyme that oxidizes galacturonic acid
(produced by the hydrolysis of pectin) to form mucic
(galactaric) acid. Mucic acid slowly binds with calcium,
forming sediment in the bottled wine.
,
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Tokaji Aszú: Hungarian Botrytized Wine

Tokaji (or Tokay) was the� rst deliberately produced Botrytized
wine as a Hungarian dessert wine. Its most famous version
Aszú Eszencia, is derived from juice that spontaneously seep
out of the highly Botrytized berries (aszú) placed in small tubs.
About 1–1.5 l of essenciamay be obtained from 30 l of aszú.
Fermentation continues slowly, for weeks or months, and
alcohol content reaches up to14% (Table 2). For the other
qualities, the number of ‘puttonyos’ (basket of 25 kg of
Botrytized grapes) added to fermenting dry wine determines
the � nal sugar concentration. Usually 2 to 6 baskets are adde
to a volume of about 130 l.
-
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German Botrytized Wine

Auslesewines are derived from specially selected clusters of late
harvested fruit. Beerenauslese (BA) and Trockenbeerenausle
(TBA) wines as their name literally explains are derived from
individually selected grapes (BA) or dried grapes (TBA)
respectively. Although the fruit typically is Botrytized, this is
not obligatory. The BA and TBA juices typically contain more
sugar than is converted to alcohol during fermentation. Auslese
wines are correspondingly sweet and low in alcohol strength–
commonly 6–8% (Table 3). The other main Prädikat wine
categories, namely, Kabinett and Spätlese, may be derived fro
Botrytized juice but seldom are.
f
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French Botrytized Wine

In France, the most well-known Botrytized wines are produced
in the Sauternes region of Bordeaux. Here, over a period o
several weeks, noble-rotted grapes are selected and harvest
Because of the cost of multiple selective harvesting, som
producers exceptionally harvest once and separate th
Table 2 Chemical composition of Botrytized Tokaji wines

Quality grade
Total extract
(g l� 1)

Sugar content
(g l� 1)

Ethanol content
(% v/v)

Two puttonyosa 55 30 14
Three puttonyos 90 60 14
Four puttonyos 125 90 13
Five puttonyos 160 120 12
Six puttonyos 195 150 12
Eszencia 300 180 10

aputtonyos¼ 25 kg basket of sweet Botrytized grapes (known as Aszú).
Botrytized berries from the others. Uninfected grapes are use
in the production of a dry wine. Typically, only one sweet style
is produced in Sauternes, in contrast to the many Botrytized
styles produced in Germany. French styles commonly excee
11% alcohol. Other sweet Botrytized wines are produced
particularly in the Alsace and Loire regions of France.
Port Wine

Port wine is a Portuguese forti� ed wine, it is popularly known
as Vinho do Porto, Porto, or simply Port. This special wine is
exclusively produced in the Douro Valley in the northern
provinces of Portugal. The wine was named as Port in the latte
half of the seventeenth century from the seaport city of Porto
based at the mouth of the Douro River in Portugal. This is the
place where Port wine was aged then brought to market for sal
and exported to other countries in Europe.

Port is a sweet forti� ed wine and traditionally is consumed
as a dessert wine after the main meals. Red Port commonly i
served in Anglo-Saxon countries often with a cheese platter a
a dessert wine, whereas the white and tawny ports usually ar
served as an apéritif. In general, all types of port frequently are
drunk as aperitifs in most of the European countries. Some
other varieties of Port also are available as dry, semidry, an
white. Although some other forti � ed wines similar to port wine
are produced in other countries, such as in Argentina, Australia
Canada, India, South Africa, and the United States, under the
European Union Protected Designation of Origin guidelines,
only those forti � ed wines that are produced in Portugal are
allowed to be labeled as Port or Porto.

Port wine must be richer, sweeter, and higher in alcohol
content than unforti � ed wines. The forti� cation is carried by
the addition of specially distilled grape spirits, known as
Aguardente to fortify the partially fermented grape must. There
are two speci�c categories of port wine, according to their aging
process, eitherbarrel-agedor bottle-agedports. The barrel-aged
process produces a nuttier fragrance pro� le, and this variety of
port is produced for short-term storage and immediate
consumption. The bottle-aged port wine has a fragrance pro�le
much similar to tannic red wines.
t

n

Production of Port

Port is produced speci�cally from those cultivars of grapes that
are grown and processed in the demarcated Douro region o
Portugal. Although several varieties of grapes are approved fo
port production, only � ve varieties– named as Tinta Barroca,
Tinta Cão, Tinta Roriz (Tempranillo), Touriga Francesa, and
Touriga Nacional – usually are cultivated for the port produc-
tion. Touriga Nacional is the most desirable variety of grape for
port, but due to its lower yields, Touriga Francesa is mos
widely planted for large-scale port production. The varieties of
grapes used for the production of port in Portugal are regulated
strictly by the Instituto do Vinho do Porto. The grapes selected
for port production are generally small and dense so that the
fruit produce is concentrated and has long-lasting� avors.

The grapes are crushed, then after a short maceratio
and alcoholic fermentation, brandy is added to stop the
fermentation process. This operation is performed when the
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Table 3 Composition of some Beerenauslese (BA) and Trockenbeerenauslese (TBA) wines

Wine type
Total extract
(g l� 1)

Sugar content
(g l� 1)

Alcohol content
(% w/v)

Total acidity
(g l� 1)

Glycerol content
(g l� 1)

Acetaldehyde content
(mg l� 1)

Tannin content
(mg l� 1) pH

BA 163 74 7.9 8.7 12.0 73 250 3.2
BA 152 103 6.3 9.4 13.6 62 390 3.2
BA 119 78 7.9 7.9 10.9 139 390 3.0
TBA 299 224 5.3 11.4 13.0 56 291 3.6
TBA 303 194 6.4 10.5 40.0 163 446 3.5
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concentration of unfermented sugars corresponds to the� nal
one expected, depending on the type of wine. Such mixing o
spirit in wine helps in two ways; � rst, in stopping the wine
fermentation before all the grape sugar is converted to alcoho
and, second, in increasing the overall alcohol content of the
product. This forti� ed wine then is stored for the aging process
even for several decades. The oxidation, necessary for t
development of the typical bouquet and color of ports, � nds its
conditions in racking and transfers in wood containers of more
or less capacity. All operations are decided according to th
evolution of the wine, which mainly is assessed by tasting.
Storage in barrels most often made of oak completes the
process of elaboration. Such a production process results i
a special wine that usually contains 18–20% alcohol. White
ports are produced in the same way as the red ports, but fo
such port, speci� c varieties of white grapes are used, such a
Donzelinho Branco, Esgana-Cão, Folgasão, Gouveio, Malvas
Fina, Rabigato, and Viosinho.
.
of

o

e
ta

s

h

y

Sherry

Sherry is a forti� ed wine using special varieties of white grapes
The name Sherry comes from Xeres (Jerez) as the variety
grapes used in making Sherry speci� cally are grown near the
town of Jerez (Jerez de la Frontera), Spain. According t
Spanish law, all forti� ed wines labeled as Sherry must legally
come from the region of the Sherry Triangle, which is an area in
the province of Cádiz situated between three towns of Jerez d
la Frontera, Sanlúcar de Barrameda, and El Puerto de San
María.
re
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Table 4 Sweetness and alcohol contents of various types of sherry
wines

Types of sherry (in order
of increasing sweetness)

Sugar concentration
in �nal product (%)

Final concentration of
alcohol in product (%, v/v)

Fino 0–0.5 15–17
Manzanilla 0–0.5 15–17
Amontillado 0–0.5 16–17
Palo Cortado 0–0.5 17–22
Oloroso 0–0.5 17–22
Dry 0.5–4.5 15–22
Pale cream 4.5–11.5 15.5–22
Medium 5.0–11.5 15–22
Cream 11.5–14.0 15.5–22
Dulce/sweet > 16.0 15–22
Moscatel > 16.0 15–22
Pedro Ximénez > 21.2 15–22
Production of Sherry

During the fermentation process, the yeast develops on the
surface of the wine in the form of a compact but foamy layer of
yeast cells. This layer is termed as� oryeasts; these yeast cells a
able to � oat on the surface of the wine. The yeast produce
a waxy coating around the cells, supporting their� oatation on
the surface of wine. Thus, the� or yeast play an important role
in shielding the wine from its exposure to the outer aerobic
environment, by forming a protective layer on the surface of
liquid, which naturally does not allow the air to penetrate in
the fermenting medium. Flor yeast can tolerate higher
concentrations of ethanol, the concentration that usually
inhibits the growth of other microorganisms. After the wine
fermentation is completed, the base wine naturally reaches an
alcoholic strength of between 11% and 12.5% by volume.
The level of alcohol in the base wines is increased b
mixing alcohol in wine until the desired alcoholic strength is
acquired – for example, up to a total alcoholic content of
15.5% by volume for aging as Fino and Manzanilla and up to
17% for aging as Oloroso.

Sherry is produced in a variety of styles to cater for differen
tastes of consumers, ranging from dry and light varieties, such
as Fino, to darker and heavier varieties, such as Oloroso. Bu
nearly all varieties are produced from the Palomino grape.
Sweet dessert wine Sherry is made from Pedro Ximenez o
Moscatel grapes or blended with Palomino-based wine. The
classi� cation of Sherry is done on the basis of sweetness a
presented inTable 4.
Sparkling Wines

The most northern wine-producing region in France called
Champagne is associated with the production of sparkling
wine. Grapes from this region traditionally are pinot or char-
donnay varieties, the former is a red wine. The juice of grape
produced in such northern areas is more acidic, low in sugar
content, and lower in aroma than others.
Primary Fermentation

Grapes are pressed in such a way that the contact of juice wit
skin is as short as possible, especially for pinot, to avoid the
dissolution of anthocyanins, because champagne is a white
sparkling wine. The � rst alcoholic fermentation is carried out
at 15 � C, lower temperatures are considered to give a grass
odor, but the higher temperatures yield wines lacking in
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� nesse. The addition of bentonite or casein can be recom
mended to aid fermentation. Inoculation with selected yeast
strains makes the alcoholic fermentation easier to control
Afterward, when sugars are fermented completely, the malo
lactic fermentation generally must be done to deacidify the
wine and to increase its sensorial quality. Due to the acidity,
inoculation by malolactic starters is needed, as the indigenous
bacteria cannot grow at such acidic pH.

The other objective of malolactic fermentation is to natu-
rally improve the microbial stability of wine, which is necessary
in this speci� c winemaking process. Indeed, after the wine ha
completed alcoholic and malolactic fermentations, it is added
with sugar for the second in-bottle fermentation. The bacterial
sediment produced should be as dif� cult to be removed by
riddling as the yeasts are, and it is important that no more
bacteria should develop. Before preparing the blend (cuvée)
the individual base wines are clari� ed and stabilized separately,
according to the cultivar, site, and vintage.
ed
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Preparation of the Cuvée and Tirage

The blending improves the quality of sparkling wine and
minimizes variations in supply and quality, and hence it
ensures its consistency. Tirage consists of adding a concentrat
sucrose solution (50–65%) and other nutrients to the cuvée.
The solution is added just before the inoculation of yeast, and it
results in a sucrose concentration of about 24 g l� 1. Fermen-
tation produces a pressure of about 600 kPa, which is consid
ered to be appropriate for most sparkling wines. If the cuvée
contains residual fermentable sugars, less sucrose is added.

Thiamine and diammonium hydrogen phosphate,
(NH 4)2HPO4, often are added to the cuvée, in concentrations
of 0.5 and 100 mg l� 1, respectively. Thiamine appears to
counteract the alcohol-induced inhibition of the uptake of
sugar by yeast cells.
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Second FermentationPrise de Mousse

The second fermentation requires the inoculation of the cuvée
with a particular yeast strain and, for this purpose, physiolog-
ical variants of Saccharomyces cerevisiaeare used. Desirable
properties of such strains include the ability to affect the
complete fermentation under conditions of low temperature
(10–15 � C), high ethanol concentration (8–12%), low pH
(3.0–3.5), low nutrient availability, and increasing pressure of
CO2, and in the presence of about 20 mg l� 1 of free SO2, while
producing a good � avor. Desirable strains should undergo
� occulation and sedimentation to facilitate their removal from
the bottle and should undergo autolysis during aging. The yeas
also must produce low concentrations of H2S, SO2, acetalde-
hyde, acetic acid, and ethyl acetate. An active proteolytic abilit
after fermentation aids the release of amino acids and oligo-
peptides during yeast autolysis.

Unfavorable conditions in the cuvee, especially high
concentration of ethanol, require the inoculum to be adapted
before addition; otherwise, most of the inoculated yeast cells
will die, resulting in a prolonged latent period before the actual
fermentation. Acclimatization usually involves the inoculation
of a glucose solution with the yeast at about 20–25 � C. The
culture is aerated to ensure the adequate production of the
unsaturated fatty acids and sterols, which are required for ce
division and membrane function. Once growing actively, the
culture is added to cuvée to reach the concentration of yeast a
about 3–4 � 106 cfu ml� 1 (about 2–5% of the cuvée volume).
Higher inoculation levels are thought to increase the likelihood
of H2S production, and lower levels increase the risk of failed or
incomplete fermentation. Over the next few days, more cuvée is
added, achieving a mixture containing 80–90% cuvée. Simul-
taneously, the culture is cooled to the desired fermentation
temperature.

Once the cuvée has been mixed with the tirage and yeas
inoculum, the wine is bottled and sealed. The wine is kept at
a stable temperature (10–15 � C) for the second fermentation.
At 11 � C, which is a common fermentation temperature in the
Champagne region, the second fermentation may last abou
50 days. During the early stages of fermentation, the yeas
population goes through three or four cell divisions, reaching
a � nal concentration of about 1–1.5 � 107 cfu ml� 1. The rate of
fermentation is largely dependent on the temperature, pH, and
SO2 content of the cuvée.

An innovation in the production of sparkling wine involves
secondary fermentation carried out with the yeast cells immo-
bilized in beads of alginate. Immobilization results in the yeast
cells being more readily removed from the bottle, giving
signi� cant cost savings. Immobilized cells produce a satisfac
tory fermentation and aging, and a product with organoleptic
qualities comparable to those of sparkling wine made by the
traditional process using free yeast cells for the fermentation.

The amount of sugar added to the cuvée after the primary
fermentation determines the amount of CO2 produced. A
sucrose concentration of 20–24 g l� 1 produces a pressure o
500–600 kPa after fermentation, which is considered appro-
priate for most sparkling wines. After fermentation, the bottles
are transferred in cellars, for maturation at about 10� C.
Maturation lasts for at least 12 months; during this period, the
number of viable yeast cells drops rapidly, falling below about
106 cfu ml� 1 after 80 days.

The production process is long and labor-intensive, and this
is re� ected in the price of the� nished product. Attempts have
been made to shorten the maturation, for example, by adding
autolyzed yeast cells at the end of the secondary fermentation
This is not allowed in France, however.

After the secondary fermentation, the yeast cells are sed
mented into the neck of the bottle by a slow process consisting
in the manipulation of the bottle gradually inclined from
horizontal to vertical position, until the yeast cells make
a sediment near the stopper (‘remuage’). The yeast is then
frozen by putting the bottle neck in a cold salt solution around
�20 � C and removed by the pression at the opening of the
bottle with the minimal loss of wine and CO 2 (‘dégorgement’).
Then the liqueur de dosage is added, prepared with wine added
with varying amount of sugar to give the desired sweetness
from about 0.5% for the production of very dry ( ‘Brut’) to
about 10% for the production of sweet sparkling wine.
Yeast in Winemaking Fermentations

Fermentation can be conducted as either a‘spontaneous’ or
a ‘selected-culture’ process. In the former process, the yeas
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present naturally in the grape juice initiate and complete
the fermentation. In ‘selected-culture’ fermentation, ADY
commercial preparation of strains ofS. cerevisiaeare inoculated
into the juice at population of 10 6–107 cfu ml� 1. Saccharomyce
cerevisiaeis remarkably tolerant to high concentrations of sugar,
ethanol, and SO2. It grows and ferments rapidly at the low pH
of grape must. Consequently, it generally metabolizes the
fermentable sugars in must completely to ethanol and many
other secondary products. In sweet special wines, the alcoholi
fermentation sometimes is not complete because of the very
high sugar concentration of the must, or most often it is
stopped by sul� ting when the ethanol–sugar equilibrium is
reached.

The selected-culture approach using ADY commercia
preparations, gives a more rapid and predictable fermentation
Spontaneous fermentation has a more varied outcome, with
the possibility of failures as well as the prospect of wines with
a more interesting character, due to contributions from a range
of yeast species. Wine fermentations induced by the inocula
tion of selected strains of S. cerevisiaeare not devoid of
contributions from the natural yeast � ora, and hence they are
not strictly ‘selected-culture’ fermentations. As an alternative to
spontaneous fermentations or those induced with a single yeas
strain, the juice may be inoculated with a mixed culture of local
and commercial yeast strains. The different non-Saccharomyce
species in� uence the metabolism of one another, resulting in
the production of wine with a higher complexity and regionally
distinctive character.

In inoculated fermentations, S. cerevisiaeusually is added to
achieve a population of about 105–106 cfu ml� 1 in the must.
The indigenousS. cerevisiaeof the grape� ora often contributes
an additional 104–105 cfu ml� 1. The addition of SO2, to
a maximum concentration of 50–60 mg ml� 1, generally has
been thought to inhibit most of the indigenous yeast pop-
ulation of the grapes. As the free SO2 content falls rapidly
during maceration and fermentation, however, the indigenous
strains get opportunity to grow and multiply.

Thus, the addition of SO2 to must reduces the total numbers
of yeast cells and also of lactic acid bacteria; it also results i
qualitative changes in the yeast micro� ora, and after the initial
stages of fermentation, favors the resistantS. cerevisiaeand
Saccharomycodes ludwigiiat the expense of more sensitive non-
Saccharomyces species, such asKloeckera apiculata. The patterns
of microbial succession and dominance are modi� ed by
temperature and many other parameters of the environment,
such as the chemical composition. Ideally, primary fermenta-
tion should take place at about 24� C for 3–5 days for red wines
and at 7–21 � C for 7 days to several weeks for white wines.
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Spontaneous Fermentations

The duration and quality of spontaneous fermentations may
vary, even in the same winery, from year to year, and accordin
to the area of production. Occasionally, spontaneous fermen-
tations generate higher concentrations of volatile acidity than
those produced by induced fermentations. Nevertheless, thos
who favor spontaneous fermentation believe that indigenous
yeasts donate desirable subtle characteristics to the wine an
possibly provide some of the distinctive characteristics o
a regional wine.
In traditional European winemaking, fermentation depends
on the naturally occurring yeasts in the must. Initially,
Saccharomycesis not numerically signi� cant. The dominant
yeasts at this stage includeAureobasidium pullulans, Candida
stellata, Hanseniaspora uvarum, Issatchenkia orientalis, Kloeckera
javanica, Metschnikowia pulcherrima, and Pichia anomala. Han-
seniaspora uvarumis dominant in the early stages of fermenta-
tion in California and mid-Europe, and Hanseniaspora
osmophiliadominates elsewhere.M. pulcherrimais particularly
prevalent in Europe. The climatic conditions during the grape
maturation affect the yeast micro� ora associated with a partic-
ular vineyard.
Induced Fermentations

Intentional inoculation is needed to initiate fermentation
rapidly, for example, after thermovini� cation, in the fermen-
tation of pasteurized juice, to restart‘stuck’ fermentations and
to promote the fermentation of juice made from signi� cant
numbers of moldy grapes, which produce various inhibitors,
such as acetic acid that slow yeast growth and metabolism
Inoculation is required to initiate the second fermentation in
the production of sparkling wine. The predominant reason for
using speci� c yeast strains is to prevent the undesirable� avors
occasionally associated with spontaneous fermentation. In
addition, the distinctive � avor characteristics generated b
a particular yeast strain, by overproduction of odorous volatile
components may in� uence its use.

Winemakers in nontraditional areas rely on the adventi-
tious inoculation of the must with S. cerevisiae: It is now
common practice to add ADY commercial preparation at the
start of fermentation. The use of ADY also is increasing in
traditional regions. In some large wineries, the yeast is propa
gated from master cultures held in-house, but commercially
produced liquid or dried cultures are more convenient in most
cases. Dried cultures, which can be added directly to the va
without any propagation, are particularly useful in small
wineries.

The use of commercial preparations ofS. cerevisiaegenerally
is recognized as minimizing the problems of controlling the
fermentation and as producing wine of consistent quality. The
addition of S. cerevisiaedoes not affect the presence of indige-
nous yeast, or to a great extent the pattern of fermentation. I
appears, however, that during natural fermentation, each stag
is characterized by the development of different strains of
S. cerevisiaeand that the addition of ADY commercial prepa-
ration similarly in � uences the development ofS. cerevisiae,
rather than inhibiting other yeasts.
Quality of Wine

Molecular techniques, mitochondrial DNA restriction analysis,
polymerase chain reaction (PCR) inter-delta patterns, and
speci�c PCR have been used to study yeasts in inoculated an
spontaneous fermentations. Research shows that, generally, th
inoculated strain is primarily responsible for fermentation, but
that the indigenous strains are not suppressed during the� rst
several days of fermentation, and hence they may play
a signi� cant role. A great diversity of strains is present and
although only a few persist throughout the process, the same
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strains tend to be dominant in both natural and inoculated
fermentations.

Although it is recognized that inoculated wines are generally
of higher quality, there is some concern that the characteristic
associated with particular autochthonous micro� ora may be
lost. Studies have shown that some yeasts of low fermentation
power, such asK. apiculata, produce signi� cant quantities of
volatile aroma compounds, particularly esters. Signi� cant
quantities of volatiles also are produced by some strains o
S. cerevisiae, but other strains, including some used for inocu-
lation of the must, produce less. Nevertheless, there is probabl
suf� cient growth of natural aroma-producing strains in inoc-
ulated fermentations to cause the development of typical
characteristics in wines. It has been suggested, however, that
emphasis on choosingS. cerevisiae-selected strains for inocu-
lation may result in wine of lower typical aromas and that
mixed starter cultures, including yeasts that produce volatile
aroma compounds, would be preferable.
.

ferm
ial.

ds.)

vem
. Harwood, Chur,

ntville, T. (Eds.),
y of Microbiolo-

cademic Press,

tion. Academic

, Handbook of
Inc, p. 383.

nerea in enology.
gy of Botrytis.

robiology and

. In: Beverages
n, p. 362.
See also: Botrytis; Gluconobacter; Permitted Preservatives:
Sulfur Dioxide;Saccharomyces cerevisiae(Sake Yeast);Wines:
Microbiology of Winemaking;Wines:Malolactic Fermentation

Further Reading

Agouridis, N., Bekatorou, A., Nigam, P, Kanellaki, M., 2005. Malolactic
wine withLactobacillus caseicells immobilized on deligni� ed cellulosic mater
Journal of Agricultural and Food Chemistry 89 (7), 788.

Aylott, R.I., 1995. Flavoured spirits. In: Lea, A.G.H., Piggott, J.R. (E
Beverage Production. Blackie, Glasgow, p. 275.

Barre, P., Vezinhet, F., Dequin, S., Blondin, B., 1993. Genetic impro
yeasts. In: Fleet, G.H. (Ed.), Wine Microbiology and Biotechnology
p. 265.
entation in

, Fermented

ent of wine

Berry, D.R., 1995. Alcoholic beverage fermentations. In: Lea, A.G.H
(Eds.), Fermented Beverage Production. Blackie, Glasgow, p. 32.

Cheynier, V., Atanasova, V., Fulcrand, H., Mazauric, J., Moutounet, M
in wine and its role in phenolic reactions during ageing. In: Proce
ASVO Seminar Uses of Gases in winemaking. Australian Society o
Oenology, Adelaide, pp. 23–27.

Cheynier, V., Prieur, C., Guyot, S., Rigaud, J., Moutounet, M., 1997.
tannins in grapes and wines and their interactions with proteins. In
(Ed.), Wine: Nutritional and Therapeutic Bene� ts. American Chemical So
Washington, DC, pp. 81–93.

Degré, R., 1993. Selection and commercial cultivation of wine yeast a
Fleet, G.H. (Ed.), Wine Microbiology and Biotechnology. Harwood

Dittrich, H.H., 1995. Wine and brandy. In: Reed, G., Nagodawithan
Biotechnology, second ed., 9. VCH Publishers, Weinheim, p. 464.

Divies, C., 1993. Bioreactor technology and wine fermentation. In: F
Wine Microbiology and Biotechnology. Harwood, Chur, p. 449.

Donèche, R.J., 1993. Botrytized wines. In: Fleet, G.H. (Ed.), Wine M
Biotechnology. Harwood, Chur, p. 327.

Ewart, A., 1995. White wines. In: Lee, A.G.H., Piggott, J.R. (Eds
Beverage Production. Blackie, Glasgow, p. 97.

Fleet, G.H., 1998. The microbiology of alcoholic beverages. In: Woo
Microbiology of Fermented Foods, second ed. 1. Blackie, London,

Fleet, G.H., Heard, G.M., 1997. Wine. In: Doyle, M.P., Beuchat, L., Mo
Food Microbiology Fundamentals and Frontiers. American Societ
gists, Washington, DC, p. 671.

Jackson, R.S., 1994. In: Wine Science Principles and Applications. A
London, p. 467.

Jackson, R.S., 2000. Wine Science. Principles, Practice and Percep
Press, San Diego, CA.

Nigam, P., 2011. Microbiology of wine making. In: Joshi, V.K. (Ed.)
Enology: Principles and Practices, vol. 2. Asiatech Publishers,
ISBN 81-87680-35-3.

Ribèreau-Gayon, J., Ribèreau-Gayon, P., Seguin, G., 1980. Botrytis ci
In: Coley-Smith, J.Y., Vehoeff, K., Jarvis, W.J. (Eds.), The Biolo
Academic Press, London, p. 251.

Shimizu, K., 1993. Killer yeasts. In: Fleet, G.H. (Ed.), Wine Mic
Biotechnology. Harwood, Chur, p. 243.

Varnam, A.H., Sutherland, J.P., 1994. Alcoholic beverages. II Wine
Technology, Chemistry and Microbiology. Chapman & Hall, Londo



Malolactic Fermentation
EJ Bartowsky,The Australian Wine Research Institute, Adelaide, SA, Australia

� 2014 Elsevier Ltd. All rights reserved.
This article is a revision of the previous edition article by T. Faruk Bozo�glu, Seyhun Yurdugül, volume 3, pp. 2311–2316,� 1999, Elsevier Ltd.
r

n

o

ed

r

s

e

e

-

r-

f

t

-

Figure 1 Bacterial driven malic acid conversion as part of malolactic
fermentation. DicarboxylicL-malic acid is directly decarboxylated to
monocarboxylicL-lactic acid. The reaction is catalyzed by the malolactic
enzyme.
Introduction

Malolactic fermentation (MLF) is a bacterial-driven secondary
fermentation that is conducted in virtually all red wine, in
numerous white varieties, and in sparkling wine bases. The
word ‘malolactic’ derives from the conversion ofL-malic acid to
L-lactic acid; however this is a decarboxylation reaction, rathe
than a fermentation. The role of MLF in winemaking is three-
fold: (1) wine deacidi � cation by the conversion of the dicar-
boxylic acid L-malic acid to the softer monocarboxylic acid
L-lactic acid, (2) microbial stability of wine, and (3) wine
aroma and� avor modi� cations. MLF is generally considered to
encompass all the metabolic aspects of bacterial metabolism in
wine during the process, and not just the important deacidi� -
cation reaction.

Since the mid-1800s, the presence of bacteria has bee
known to be associated with wine, albeit initially from
a spoilage point of view. By 1900, the ability of bacteria to
conduct MLF and the signi�cance of the reaction in Burgundy
wines were being understood. Practices were soon employed t
ensure its occurrence in wines of higher quality throughout the
winemaking countries worldwide.

The bacteria that are associated with MLF are encompass
within the lactic acid bacteria (LAB) family, which are involved
in the fermentation of various dairy, fruit, vegetable, and meat
products. Although MLF is most commonly associated with
winemaking, it does not occur exclusively in wines, but can also
be used in cider making and berry wines as well as in cucumbe
fermentations. Oenococcus oeniis the most commonly associ-
ated LAB species with MLF.

Most often MLF occurs after the yeast-driven alcoholic
fermentation (conversion of grape sugar to alcohol); however,
it is not limited to this stage of grape vini� cation. It may occur
in the early stage of alcoholic fermentation, thus conducting
a simultaneous MLF. Historically, the initiation of MLF has
been unpredictable, relying on the indigenous bacterial pop-
ulation. With the introduction of commercially prepared
bacterial cultures for inoculating wine for MLF in the 1990s,
better control of the process has been possible.

This article provides an overview of MLF, the bacteria
involved, and the effects of MLF in wine.
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Malolactic Fermentation

Grape juice may contain 1–8 g l� 1 of the organic acid, L-malic
acid. In cooler wine regions, L-malic acid concentrations are
2–5 g l� 1, whereas in warmer climates they are often below
2 g l� 1. The bacterial conversion ofL-malic acid to L-lactic acid is
well understood and has been established as a direct deca
boxylation with NAD þ and Mn2þ as cofactors without free
intermediates by the malolactic enzyme (a malate decarbox
ylase) (Figure 1). Most LAB isolated from wine possess this
enzyme. The malolactic enzyme is different from malate
800 Encyclopedia of Food
dehydrogenase (L-malate is converted to oxaloacetate) or malic
enzyme (L-malate is converted to pyruvate).

Consequences of the deacidi� cation reaction are an increase
in wine pH and a decrease in titratable acidity. These change
are observed sensorially as a loss of wine sourness;L-malic acid
is harsh tasting (green apple acid), whereasL-lactic acid is
a softer acid (milk acid).

The MLF reaction confers an energetic advantage to th
bacterial cell through an increase in intracellular pH and
increased protomotive force. The model proposes that one
molecule of malate enters the cell, is decarboxylated, and on
molecule of lactate leaves the cell with one Hþ , which is
equivalent to the translocation of one Hþ to the external
environment. The export of lactate provides energy through the
proton gradient for transport processes, and this can be con
verted by the membrane ATPase into ATP– that is, energy for
the cell.

Three genes in an operon have been cloned and characte
ized: mleR(regulator), mleA (enzyme), and mleP(permease).
The permease facilitates the active transport of malate into the
bacterial cell; however, at the low pH of wine, its activity is little
sought since undissociated malic acid can cross the barrier o
the membrane. As formleRits supposed regulatory activity has
never been shown.
Factors Governing Onset of MLF

Wine pH, concentration of ethanol, and sulfur dioxide have
strong in� uences on the growth of LAB and the consequen
ef� ciency of malic acid metabolism. Different LAB species and
strains show different responses to these factors. Cell pop
ulation is crucial for the initiation of malic acid metabolism;
more than 106 cells per ml are required. These factors wil
modulate each other, and the effects can be accumulative (o
compensate). For example, malolactic bacteria may be les
tolerant of low pH and high sulfur dioxide when the concen-
tration of ethanol is higher. Extremes of each factor are les
likely to support the growth of LAB: low pH ( <3.2), high
ethanol content (>12 –13% v/v), and high total sulfur dioxide
(>50 mg l � 1).

Wines with pH values above 3.5 tend to have a mixed
micro� ora, where some species can dominate, and these a
usually more often associated with spoilage (e.g.,Lactobacillus
and Pediococcusspecies).
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00357-8
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Temperature is a signi�cant external factor that will affect
the bacterial growth in wine and successful completion of MLF.
The optimal temperature for wine bacteria is approximately
25 � C; however, the ability to grow ef� ciently decreases as th
ethanol concentration increases. Thus, most ef� cient MLF
occurs in the temperature range 18–22 � C.

Other wine composition factors that will in � uence the
onset of MLF include residual pesticides or fungicides applied
to grapes in the vineyard, residual copper, or substance
produced by growth of yeast, fungi, or other bacteria. During
alcoholic fermentation and subsequent yeast autolysis, yeas
release nutrients that can encourage the growth of malolacti
bacteria (e.g., mannoproteins, amino acids, and peptides) o
inhibit their growth (e.g., sulfur dioxide, toxic fatty acids, and
inhibitory proteins). The presence of bacteriophage has bee
postulated as an alternative explanation for the failure of
MLF.
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Induction of Malolactic Fermentation

MLF can occur either naturally (spontaneously) by the indig-
enous bacterial population or it can be introduced by the
winemaker with a selected bacterial culture. The indigenous
LAB, originating from the grape vines and grape skins and
surviving on winery equipment, are responsible for the
spontaneous MLF in wine. Natural MLF can be unpredictable
sometimes beginning many months after alcoholic fermenta-
tion has completed. This delay in the completion of MLF
leaves the wine at risk to spoilage yeast and bacteria. Bett
control of MLF can be achieved through the inoculation of
wine with a selected bacterial culture. Numerous commercia
strains are available to the winemaker, many of which involve
minimal preparation prior to inoculation into wine. For wines
with more challenging conditions, such as higher ethanol and
low pH, the starter culture may require an acclimatization step
that prepares the bacterial strain for the more dif� cult condi-
tions to be encountered in the wine.

More traditionally, MLF inoculation is performed after
completion of the yeast-driven alcoholic fermentation. Over
the last few years, it has become possible to use co-inoculatio
or simultaneous inoculation of yeast and bacteria in order to
have the wine � nished sooner and thus stabilized earlier
through the addition of sulfur dioxide. This theoretically
minimizes the risk of wine spoilage, especially byBrettano-
myces/Dekkera bruxellensisor other LAB.
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Detection of Malolactic Fermentation

The progress of MLF is usually monitored by the metabolism
of malic acid; however, the product lactic acid can also be
used. The three most common monitoring methods of malic
acid are enzymatic methods, paper chromatography, and
liquid chromatography. The � rst two methods are most likely
to be used in wineries. There are numerous commercially
available kits that utilize enzymatic methods, based on indi-
rect determination of malic acid concentration by the
production of NADH, which is measured spectrophotometri-
cally. Progress of MLF can also be monitored by using pape
chromatography or thin-layer chromatography (TLC). Use of
liquid chromatography is usually limited to research, as it
typically requires an HPLC (high-performance liquid chro-
matography) machine.

Experienced winemakers can detect increased gas produ
tion (effervescence) through the liberation of CO2 during MLF.
Some winemakers are also able to detect the progress an
completion of malic acid metabolism by tasting the wine.
Inhibition of Malolactic Fermentation

The growth of malolactic bacteria and subsequent MLF can b
inhibited by conditions that are less favorable to bacterial
growth and proliferation, such as sulfur dioxide, wine acidity,
and ethanol concentration. Sulfur dioxide has been used for
centuries by the wine industry as an antioxidant and antimi-
crobial agent. The molecular form of sulfur dioxide is the form
that exerts the antimicrobial effect. Free sulfur dioxide diffuses
into the cell, some of which is converted into the sulfite form,
which may react with proteins and nucleic acids. It can inhibit
enzymes, such as ATPases, resulting in reduced cell viabilit
death, and decreased MLF activity. However, it has been show
for a long time that combined SO2 from the addition on the
grapes in picking season also inhibits bacterial growth, though
less ef�ciently.

Wine acidity cannot be used alone to control wine bacteria.
Low pH (high acidity) will limit the growth of numerous
undesirable wine bacteria; however, other wine parameters wil
come into play. Wines with pH below 3.3 are generally more
microbiologically stable than those above 3.5, especially with
an alcohol content exceeding 12–14%.

As the ethanol concentration increases, the growth o
malolactic bacteria usually decreases. However, high ethano
concentrations (>14%) cannot be relied on to prevent MLF; it
will only reduce its initiation. As with wine acidity and
fermentation temperature, wine ethanol concentration is more
restrictive than necessarily inhibitive.

Sterilization of wine will ensure that MLF does not occur,
especially in the bottle. White wines are usually sterile
� ltered, thus reducing the risk of MLF occurring in the bottle,
where the wine might still contain malic acid. However, red
wines do not routinely get sterile � ltered. LAB can be killed
by heat treatment, either at high temperature (w 75 � C) for
a very short time (20 s) (‘� ash pasteurization’) or lower
temperature (w 40 � C) for a longer time (w 1–2 min) just
before bottling (thermolization). Alternatives to sterilization
include treatment of wine with ultraviolet radiation, high-
pressure pulsing, or high-powered ultrasonics. Although used
successfully in other beverage industries, these new techno
ogies are only beginning to become more widespread in
winemaking.

Treatment of wine with natural products such as bacte-
riocins (e.g., nisin) or lysozyme have been used successfull
Lysozyme attacks the cell wall of actively growing LAB cell
and can be used to inhibit bacteria or delay the onset of MLF
It cannot be used as a means of inhibiting the growth of
yeast or acetic acid bacteria. Bacteriocins, especially nisi
have been shown to effectively kill LAB cells. Nisin is
routinely used to control spoilage bacteria during cheese
manufacture. Lysozyme is an approved additive in wine-
making, though currently bacteriocins have not been approved
as an additive.
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Microßora Involved in Malolactic Fermentation

Bacteria naturally present in grape juice include members of the
lactic acid and acetic acid bacteria families. The acetic ac
bacteria is not discussed in this article; the reader is referred t
articles 1, 148, and 348 in the Encyclopedia. The LAB ar
involved in the fermentation of various food stuffs, including
dairy, vegetable, meats, chocolate, and fruits, as well as grape
The four genera associated with grapes and wine areOenococcus,
Lactobacillus, Pediococcus, and Leuconostoc. The species that are
found within these genera are characterized by their ability to
tolerate low pH, high ethanol concentration, and growth in
wine. All wine-associated LAB genera are able to perform
malolactic fermentation. Only Oenococcusis associated with
positive wine attributes, whereas members of the other gener
are generally associated with wine spoilage.

Many of these species are dif� cult to grow on laboratory
media, which is usually MRS media. They can be fastidious
requiring nutritional supplementation, including 4-O-( b-D-
glucopyranosyl)-D-panthothenic acid, a tomato juice factor
also found in apple and grape juices. For isolation from wine,
to avoid the growth of yeast on the nutrient agar medium,
natamycin is added.

When viewed under 1000� magni� cation under the
microscope, the four wine-associated LAB genera can usually b
easily distinguished:Oenococcus– cocci in chains;Leuconostoc–
cocci single or in pairs;Lactobacillus– short or long rods; and
Pediococcus– cocci in a tetrad.
l

Oenococcus

The nameOenococcusrefers to ‘a little round berry from wine ’
and only one species is found in wine;Oenococcus oeni. This
species is well adapted to the harsh wine environment: low
nutrients, high acidity, and high ethanol concentration. When
viewed under a microscope, the cells are ellipsoidal to spherica
in shape, usually present in pairs, but they will form chains in
the presence of ethanol. They form small colonies on solid
media (agar), and growth is slow, usually 7–10 days at 22� C.
O. oeniwill grow better, and even be stimulated, in the presence
of lower oxygen concentrations (micro-aerophilic).
-

,

,

F

Leuconostoc

The nameLeuconostocrefers to ‘a colorlessnostoc’ and only one
species is usually found in wine;Leuconostoc mesenteroides. Leuco-
nostoc paramesenteroidesis now classi� ed as Weissella para
mesenteroidesand can also be isolated from wine. O. oeni
previously belonged within this genus, then referred to asLeuco-
nostoc oenos, and was transferred toOenococcusin the mid-1990s.
st

i-
Lactobacillus

The nameLactobacillusrefers to‘small rod isolated from milk. ’
This genus is the largest among the LAB and has the mo
species found in the wine of the four wine-associated LAB
genera. A total of 17 differentLactobacillusspecies are assoc
ated with winemaking, either with grapes/beginning of alco-
holic fermentation or the MLF of wine. The rod-shaped cells
can vary in length and occur as single cells, in pairs, and
sometimes in chains of varying length. Strains withinLacto-
bacilluswill differ in their ability to survive in wine conditions;
optimum growth temperature is 30–40 � C and the optimum
pH range is 5.5–6.2.
Pediococcus

The namePediococcusrefers to‘a coccus growing in one plane,’
which alludes to a typical feature of this genus that is the
formation of tetrads, where the bacterium divides in two
perpendicular directions. Four Pediococcusspecies are
commonly isolated from wine, usually in high pH wines.
Typical wine spoilage by only somePediococcusstrains results in
a viscous, thick texture, and these wines are referred to as rop
wines. The production of exopolysaccharides causes th
distinctive oily, thick, and viscous texture.
Consequences of Malolactic Fermentation

Wine Quality

MLF in wines is conducted primarily to deacidify the wine.
Even though the increase in wine pH following MLF appears
small, the sensory impact is substantial; the acidic harshness
softened on the palate (taste). In addition, the wine is more
stable as a carbon source,L-malic acid, and other residual
nutrients have been removed during MLF. Yeast and som
bacteria that are able to metabolizeL-malic acid as a carbon
source tend to produce other sensory impacting compounds
that are considered undesirable. Bacterial metabolism during
growth in wine has a vast impact on the wine, particularly on
the sensory (aroma and� avor) of the wine.

In addition, some LAB strains can decarboxylate amino
acids of wine into biogenic amines. Biogenic amines have
undesirable physiological effects when absorbed at a too high
concentration. When selecting strains for MLF, it is important
to screen for their potential to produce undesirable
compounds, such as biogenic amines.
Aroma and Flavor

MLF not only affects the taste of wine through deacidi� cation,
but it also contributes other � avor characteristics that may
either enhance or detract from overall acceptability. Wine� avor
is usually associated with the presence of volatile compounds
but nonvolatile components also in� uence the palate or
mouthfeel of wine. Sensory impressions such as buttery
vanilla-like, nutty, spicy, fruity, vegetative, toasty, sweaty, and
ropy have been used on different occasions to describe ML
in� uences. These� avor changes will be determined by the wine
constituents metabolized by the malolactic bacteria, and the
nature, concentration, and sensory threshold of the metabolic
products they generate.

MLF may affect wine � avor through several mechanisms
(Figure 2). First, there is the deacidi� cation effect already
mentioned. Second, their metabolism of sugar and nitrogen
substrates for growth will produce an array of volatile
and nonvolatile end products. Third, after growth, malolactic
bacteria remain in contact with the wine for some time.
During this time they will autolyze and release a diversity of
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Figure 2 Overview of bacterial metabolism during growth in wine and conducting malolactic fermentation and sensory impact on the wine.
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� avor-impacting substances into the wine. Finally, glycosidase
and other bacterial enzymes could modify grape-yeast- an
oak- derived components to enhance their� avor impact.

One of the major compounds produced by O. oeniduring
MLF is diacetyl, which contributes to the desirable buttery or
butterscotch � avor of wine. The formation of diacetyl during
winemaking is well understood and can be relatively easily
managed with various winemaking techniques. The sensor
perception of diacetyl is dependent not only on concentration
(high concentrations will be overtly buttery and considered
undesirable), but also on the presence of other wine
compounds (buttery character can be masked by strong oa
characters, or very fruity wines).Figure 3 provides an overview
of the formation of diacetyl and how winemaking techniques
can be used to enhance or diminish the buttery character in
wine.

The formation of diacetyl from citric acid is well under-
stood, especially from studies in dairy research, where diacety
is an important � avor compound. The genetics of the pathway
is well characterized. Acetic acid is also produced (at lea
1 mol for 1 mol of citric acid degraded) and inevitably takes
part in the increase of volatile acidity during the MLF.
However, the most dangerous implication of LAB in acetic
acid production during fermentation is the fermentation of
carbohydrates.

O. oenistrains possess various glycosidase activities that c
release latent aroma compounds from their glycosidic precursor
which will contribute to wine aroma. MLF is often conducted in
oak barrels; numerous studies have shown that oak and vanilla
characters increase following MLF.O. oenihave glycosidases tha
are able to release oak lactone from its glycoside.
Color and Phenolics

The in� uence of bacterial metabolism on red wine color is of
considerable interest to winemakers. Phenolic compounds
such as gallic acid and anthocyanins (e.g., malvidin-3-gluco
side) are able to activate early cell growth ofO. oeniand also
affect the rate of malolactic activity. It has been proposed tha
the stimulation of O. oenigrowth in the presence of phenolic
compounds is due to these compounds acting as hydrogen
acceptors. Anecdotal evidence suggests that MLF reduces
color intensity of wine. O. oeni is able to cleave the glucose
moiety from the major red wine anthocyanin, malvidin-3-
glucoside, and use it as a carbon source. This is in agreeme
with the observation that free anthocyanins have a stimulatory
effect on MLF. Conversely, MLF has been shown to assist wit
the polymerization of tannins and anthocyanins to more stable
color complexes, such as pigmented polymers.

Phenolic compounds have been shown to vary in their effect
on the growth of LAB; for example, hydroxycinnamic acids
(ferulic acid, p-coumaric acid, caffeic acid) and hydroxybenzoic
acids (gallic acid, vanillic acid,p-hydroxybenzoic acid) can result
in stimulation or inhibition dependent on LAB species.
Summary

The biochemistry of MLF and its consequences in wine produc
tion are well understood. However, it can still be unpredictable
or a dif� cult process to manage. Inoculating with a selected strain
to induce MLF and the availability of commercially freeze-dried
starter cultures has helped in making MLF a more controlled
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winemaking process. It is widely accepted that MLF can b
used beyond wine deacidi� cation to modulate the aroma and
� avor of wine. The recent sequencing of theO. oeni genome
should facilitate a deeper understanding of the biochemistry and
physiology of this bacterium and its signi� cance in wine
production.

See also: Acetobacter; Bacteria:The Bacterial Cell;
Classi�cation of the Bacteria:Traditional;Bacteria:
Classi� cation of the Bacteria– Phylogenetic Approach;
Brettanomyces; Fermentation (Industrial):Basic
Considerations;Fermentation (Industrial):Production of Some
Organic Acids (Citric, Gluconic, Lactic, and Propionic);
Gluconobacter; Lactobacillus: Introduction; The
Leuconostocaceae Family;Metabolic Pathways:Production of
Secondary Metabolites of Bacteria;Pediococcus;
Saccharomyces: Saccharomyces cerevisiae; Starter Cultures;
Wines:Microbiology of Winemaking; Production of Specia
Wines.
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Introduction

Wine is the product of grape juice fermentation, mostly by the
yeastSaccharomyces cerevisiae. The technological process involves
a wide range of yeast species with different contributions to wine
quality. Many are occasional contaminants caused by equip
ments or are carried by grapes into the winery and have no
obvious role in winemaking. On the contrary, other species are
a permanent concern due to their possible detrimental effects
and are known as spoilage yeasts. As for bacteria, their contr
bution to winemaking should be mainly restricted to malolactic
fermentation, in which Oenococcus oeniis the major agent. Other
lactic acid species (Pediococcusspp. and Lactobacillusspp.) may
participate in the process, some strains of them being also
associated with wine spoilage. On the contrary, all acetic acid
bacteria (Acetobacterspp.,Gluconoacetobacterspp.,Gluconobacte
spp.) are considered to be spoiling agents. The most commonly
recognized symptoms of microbial spoilage are� lm formation
in bulk wines, cloudiness, sediment formation, and gas
production in bottled wines, and off- � avor production at any
processing and storing stages (Table 1). The latter are not easily
de� ned because some microbial metabolites contribute to wine
� avor even when their concentration is below their preference
sensorial threshold. In modern winemaking, most dangerous
hazards are caused by yeast activity because lactic acid bacte
and acetic acid bacteria are more easily prevented by adequa
technological measures (Table 2).
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Description of the Main Spoilage by Yeast and
Bacteria

Yeast

Apiculate Yeasts
Apiculate yeasts owe their denomination to lemon-shaped
form and include species of the generaKloeckera/Hanseniaspora.
They are particularly common on grape surfaces and in juice
after grape crushing. These species are easily controlled
adequate winemaking measures (low temperature, sulfu
dioxide, hygiene) and are inhibited during fermentation. The
production of unwanted amounts of metabolites like ethyl
acetate (vinegar smell) may occur in white juices with long
settling periods or with long skin contact and in long red pre-
fermentative maceration. This spoilage activity is due to their
fast growth, but is not a great concern to enologists because th
preventive measures may be easily implemented.

Film-Forming Species
The denomination � lm-forming yeastincludes a group of species
able to grow on the surface of wine, developing pellicles. The
species of the generaCandidaand Pichia are regarded as the
typical � lm-forming yeasts; however,S. cerevisiaeand other
yeast species may also be recovered from wine entrapped in th
� lm. In the case ofS. cerevisiae, it is even a desirable feature for
the racebeticus, which is one of the agents of sherry-type wine
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
production. The ability to form � lms by Pichia and Candida
spp. is probably explained by their aerobic nature and fast
growth, so the other species are usually minor constituents o
� lm microbiota. In bulk wines they quickly cover the wine
surface when air has not been removed from the top of storage
vessels, and they produce acetaldehyde which imparts a
oxidized (bruised apple) aroma. Although strains of Candida
spp. and Pichia spp. may be tolerant to preservatives, their
control in wines is mainly due to their weak tolerance for low
oxygen concentration, which enhances the inhibitory effect of
ethanol or preservatives. In bottled wines they may caus
sediments if the initial contamination load is high, so these
species are regarded as indicators of poor manufactory pra
tices. They may also produce, at the bottleneck, a� lm or a ring
of cells adherent to the glass, if the closure does not prevent th
diffusion of oxygen, if the level of free sulfur dioxide is too low,
and if the initial contamination is high.

Fermenting Yeasts
The group of fermenting yeasts includes some that ar
dangerous to wine stability. They affect sweet wines in which
they can grow and ferment sugars in spite of the high concen
tration of ethanol and sulfur dioxide. The most notorious is the
speciesZygosaccharomyces bailii, which is able to grow and
produce cloudiness in bottled wine even under low oxygen
concentration and high preservative levels. Cells settle in th
bottom of the bottle and the clumps are easily visible in white
wines after turning bottles upside down. Other fermentative
species include Saccharomycodes ludwigiiand some speci�c
strains of S. cerevisiae, which are also highly tolerant of the
harsh conditions of bottled wine, but have a lower frequency of
occurrence. All these refermenting species or strains are stim
ulated when concentrated grape juices are processed.

These species are usually not associated with off-� avor
production except for S. cerevisiaeand Saccharomyces bayan
which, during fermentation, may produce sulfur-reduced off-
� avors due to the occasional nutritional imbalance of grape
juices. Modern winemaking systems that involve juice pump-
ing under anaerobic conditions tend to increase the problem,
contrary to old systems with juice aeration. If not treated in
time, these taints may persist during storage and in bottled
wines. Volatile phenols (vinylphenols) imparting medicinal
off-� avors may be produced byS. cerevisiaedue to decarbox-
ylation of free hydroxycinnamic acids released by commercia
pectolytic enzymes used to clarify grape juices. The hazard
not common currently because of the improvement in the
purity of enzyme preparations.

Dekkera/Brettanomyces bruxellensis
The role played by the speciesDekkera bruxellensisin red wine
spoilage, resulting from the production of ‘horse-sweat’ taint,
which is provoked by excessive levels of ethylphenols in bulk or
bottled wines, has been more and more considered in recen
decades. Its effects are particularly notorious in high-quality red
wines aged in costly oak barrels, which considerably increase
78-0-12-384730-0.00390-6 805
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Table 1 Most common microbial hazards during wine production

Production stage Hazards Frequency

Rotten grapes during harvest Primary source of spoilage yeasts and acetic acid bacteria Low/high (dependent on weather
conditions)Increased volatile acidity and other off-� avors

Grape juice (settling or prefermentative
maceration)

Production of ethyl acetate by apiculated yeasts Low

Fermentation Production of hydrogen sul� de byS. cerevisiae Moderate/high
Stuck fermentations

Postfermentation Production of acetaldehyde by� lm-forming yeasts or
production of volatile acidity by acetic acid bacteria

Low

Malolactic fermentation Increase in volatile acidity Moderate/high (under pH> 3.50)
Production of off-� avors and off-tastes

Bulk wine storage Production of acetaldehyde by� lm-forming yeasts Low
Slow increase in volatile acidity

Wine storage (tank, barrel, and bottle) Production of volatile phenols byD. bruxellensis Moderate/high
Bottled wine Haziness, cloudiness, sediments, refermentation Low in red wines

Moderate in white wines
High in sweet wines
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the economical losses provoked by spoilage yeasts in the win
industry. Currently, this species is regarded as the main threa
to wine quality posed by yeasts. The effect is not only direct
resulting from the production of these volatile phenols, but
also sometimes indirect because of the technological measure
needed to control its activity that may reduce wines’ attributes.

This species has long been known as an undesirabl
contaminant of ethanol fermentations due to acetic acid
production. It is also known for producing tetrahydropyridines
Table 2 Most frequent wine spoilage microorganisms, their effects

Microorganisms Hazard

Yeasts
Pichia anomala, Kloeckera apiculata Production of ethylacetate du

grape maceration

Pichiaspp.,Candidaspp. Formation of� lms with produc

Saccharomyces cerevisiae Production of sulfur-reduced

Refermentation of sweet wine
Cloudiness and refermentatio

Saccharomycodes ludwigii Refermentation of sweet wine
Cloudiness and refermentatio

Zygosaccharomyces bailii Refermentation of sweet wine
Cloudiness and sediments in

Dekkera bruxellensis Volatile phenol production in s
wines

Lactic acid bacteria
Oenococcus oeni, Lactobacillusspp.,

Pediococcusspp.
Bitterness, ropiness, mousine

mannite, buttery off-� avor, ge

Acetic acid bacteria
Gluconobacterspp.,Gluconoacetobacter

spp.,Acetobacterspp.
Production of acetic acid, eth

acetaldehyde during juice s
fermentative maceration an
(mousy off-� avor) and short-chain fatty acids (rancid off-
� avor), but the ‘horse-sweat’ taint is the main problem. The
widespread use of oak barrels to age red wines, in which the
ability to produce ethylphenols overwhelms the occasional
effects of other microbial contaminants, contributed signi� -
cantly to the notoriety of tetrahydropyridines. In addition, the
controversy about its in� uence on wine quality, highlighted by
winemakers, journalists, and consumers, make this species th
most prominent microbial wine-spoilage subject.
and modes of prevention

Prevention

ring juice settling or Addition of sulfur dioxide
Decrease in temperature
Prompt starter inoculation

tion of off-� avors Remove air by tank topping
Addition of sulfur dioxide

compounds Correct juice nutritional status
Treat wine when detected

s Keep microbial load low
n in bottled wines Use sulfur dioxide, DMDC, heat treatment
s Keep microbial load low
n in bottled wines Use sulfur dioxide, DMDC, heat treatment
s Keep microbial load low
bottled wine Use sulfur dioxide, DMDC, heat treatment
tored or bottled red Keep microbial load low

Use sulfur dioxide, DMDC, heat treatment

ss, lactic peak,
ranium off-� avor

Malic consumption monitoring to stop
fermentation promptly

Adequate levels of sulfur dioxide
Reduction of wine pH below 3.50, when desirable

ylacetate and
ettling, post-
d wine storage

Grape selection
Adequate levels of sulfur dioxide
Minimization of oxygen contact (e.g., wine

transfers, tank and barrel micro-oxygenation,
cork quality)
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Dekkera bruxellensisis rather elusive yeast, being dif� cult to
isolate from sources contaminated by other yeasts due to it
low growth rate. Thus, the use of selective media and long
incubation periods are essential to its recovery. It has bee
rarely isolated from grapes and winery environments, being
dominant in bottled red wines as ethylphenol producers or in
sparkling wines, inducing cloudiness. In relative terms, it is not
so tolerant to ethanol or preservatives asS. cerevisiaeor Z. bailii,
but has the ability to remain viable for long periods and to
proliferate when conditions become less severe. Their occ
sional detection in white sparkling wines may be related to
their resistance to carbon dioxide. However, it is seldom iso-
lated from still white wines, which induce cell death under the
normal range of ethanol and pH values.
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Bacterial Species

Lactic Acid Bacteria
The main function of lactic acid bacteria in wines is to conduct
the bioconversion of L-malic acid into L-lactic acid, named
malolactic fermentation whenever preferred by the winemaker.
Indigenous lactic acid bacteria that spontaneously grow afte
the alcoholic fermentation perform this bioconversion.
However, commercial starters are available in the specie
O. oeni, and Lactobacillus plantarumas a more recent option. The
key for good malolactic fermentation is a short latent period
after the alcoholic fermentation and prompt arrest of bacterial
activity after completion. High pH is more permissive to lactic
acid bacteria growth and helps malolactic fermentation.
However, at high pH the selection of O. oeni is less effective,
and undesirable bacteria can develop.

The speciesLactobacillus hilgardii, Lactobacillus brevis, Lacto-
bacillus buchneri, and Pediococcus damnosusare rather associated
with spoilage. However, only some strains of these species a
involved in the spoilage. There is a wide diversity of spoiling
activities due to lactic acid bacteria, re� ecting their metabolic
versatility (Table 2). The type of defect depends on the
substrate metabolized, and many have been known since Loui
Pasteur0s research:‘ropiness,’ bitterness, and ‘tourne,’ now
known respectively as, glucan production, glycerol and tartaric
acid degradations. A particular case is the‘geranium’ off-� avor
caused by the reduction of sorbic acid added to wine agains
yeast spoilage. Other concerns related to the production o
unde� ned off-� avors still maintain lactic acid bacteria as
possible threat to wine quality.

Acetic Acid Bacteria
All acetic acid bacteria belonging to the generaGluconobacte
spp.,Gluconoacetobacterspp., andAcetobacterspp. spoil wine or
grape must if they multiply. Gluconobacterspp. oxidize grape
sugars primarily by means of gluconic acid, whereasAcetobacte
spp. are the main agents of ethanol oxidation of acetic acid in
wines. They are particularly common in sour rotten grapes
which may increase acetic acid level in grape juices to value
higher than 1 g l� 1 of acetic acid.Acetobacter acetiand Aceto-
bacter pasteurianusare the most common species recovered from
wines. The� nal outcome is wine aceti� cation by accumulation
of acetic acid which, together with ethyl acetate, leads to the
‘vinegar’ taint. Because of their aerobic nature, the main
preventive measure is to avoid contact with air after wine
fermentation. However, they survive during months in
completely � lled barrels during aging, returning to activity if
enough oxygen is redissolved. Usual sulfur dioxide levels ar
not inhibitory enough to kill them or to prevent their growth in
case of aeration. However, usual winery practices prevent the
proliferation and activity. In bottled wines, they gradually
disappear unless the cork is of bad quality.
Control of Microbial Populations in Wines

The enologist may use a wide range of measures to preve
microorganisms’ spoiling activities. They comprise inhibitory
or lethal agents, such as chemical preservatives and heat tre
ments. Other physical operations are not directed to kill
microorganisms but to remove them more or less completely,
such as clari� cation, � ning, and � ltration. All operations must
be accompanied by adequate hygienic procedures to preven
subsequent contamination by the winery’s surfaces. Wine by
itself is a stressful environment, and the intrinsic properties of
each one determine the ef�ciency of each treatment. For
instance, the lack of nutrients makes wine less vulnerable to
microbial growth, and ethanol increases wine robustness
Likewise, carbonation, used in some types of wines, is inhibi-
tory to most yeasts but is not directed to yeast control. With the
opposite effect, oxygen may be added during wine aging, but i
also stimulates some yeast and acetic acid bacteria growt
Moreover, in the wine industry the concept of hurdle preser-
vation is highlighted by the need to decrease the utilization of
sulfur dioxide, which is associated with human allergies and
has been subjected to stricter legal limits. In conclusion, proper
management of microbial contaminants is dependent on an
integrated approach of all factors affecting yeast growth.
Hygiene

Hygiene stringency is important at any time during wine pro-
cessing and particularly after sterile� ltration or � ash pasteuri-
zation so as to avoid contamination and cross-contaminations
when contaminated wines are pumped during winery opera-
tions. Nevertheless, winemakers are aware that, in practica
terms, it is common to encounter situations in which proper
hygiene is not possible. The sanitizing ef�ciency decreases in
materials like stainless steel, concrete, plastic, and rubber as th
result of higher surface roughness. The most dif� cult, or prac-
tically impossible, surface to sanitize properly is the wood used
for wine maturation. Oak barrels are widely used, particularly
for high-quality red wines, and they pose the main dif� culty in
preventing wine contamination, especially by D. bruxellensis.
Sanitizing agents with chlorine must be avoided so as to
prevent the formation of trichloroanisoles, which are respon-
sible for ‘cork taint.’ Most common treatments use hot water,
sulfite solutions, steam, and ozone as cleaning and disinfecting
agents. However, their ef�ciency is limited due to the porous
nature of the wood. The contamination of the outer layers of
the wood may be signi� cantly reduced, but the inner layers,
soaked by wine, still harbor yeast populations able to recon-
taminate wine after sanitation. The critical points are the
grooves and the surfaces between staves, where the sanitizi
agents do not reach the microbial cells embedded in the wood.
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Therefore, recovery of infected barrels must include disman
tling and removal of all parts soaked by wine.
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Clari�cation, Fining, and Filtration

During storage, wines are subjected to several operation
directed to the improvement of aging. Clari� cation by settling
or centrifugation leads to the reduction of suspended materials,
including microorganisms. High-speed centrifugation may
achieve practically sterile wines just after fermentation. Fining
agents, which are usually directed to improve organoleptic
characteristics, also remove microorganisms during wine
settling. Filtration by diatomaceous earths is currently per-
formed during wine aging, and the tightest earths drastically
reduce the microbial numbers. The correct management o
clari� cation, � ning, and � ltration operations favors the mini-
mization of chemical or heat treatments during storage. When
wine is ready to bottle, the prebottling � ltration is the most
common procedure to achieve wine‘sterilization.’ Several types
of � ltering media may be used, depending on winemakers’
decision, and the ultimate goal is to prevent microbial growth
in bottled wines. If coarser pore sizes are used, higher levels o
wine stabilizing treatments should be used. Some wines
particularly stylish red wines, may not be� ltered or pasteurized
because of claimed quality constraints, so they require
adequate doses of preservatives to avoid microbial develop
ment in the bottled product. However, un� ltered or coarsely
� ltered wines are the most frequently affected by‘horse-sweat
taint ’ and by refermentation in the bottle.
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Oxygen and Storage Temperature

Acetic acid bacteria and oxidative yeast are stimulated by sma
amounts of oxygen. The effect of air in contact with wine is well
known by the winemaker. If vessels are not topped, a microbial
� lm develops at the wine’s surface, together with the develop-
ment of an oxidized taint resulting from acetaldehyde formation,
and a vinegar attribute due to ethyl acetate. However, low
amounts of oxygen are required for wine maturation, especially
for red wines, which has led to the development of a recent
practice called ‘micro-oxygenation.’ Therefore, adequate
management of all operations that introduce oxygen into wine is
required to minimize microbial spoilage. In oak barrels, oxygen
continuously diffuses through the wood and makes possible the
growth of D. bruxellensisand Acetobacterspp. Inadequate bottling
machines may introduce oxygen into bottled wine, and that
exponentially stimulates yeast growth. Finally, unadjusted cork
jaws may affect corks, providing channels of air into the bottled
wine, reducing free sulfur dioxide and stimulating yeast and acetic
acid bacteria growth. Storage at low temperatures (naturally
cooled or refrigerated cellars) delays microbial growth but should
not be regarded as a lethal agent, because most microorganism
grow when temperature increases.
,

Chemical Preservatives

In winery practice, the control of microbial populations
depends most effectively on the maintenance of adequate
levels of sulfur dioxide. Sulfur dioxide is subjected to
maximum legal limits. In wines it is present either in the free or
combined form. After addition to grape must or wine, a part of
sulfite is combined to ketonic compounds and loses its anti-
microbial activity. The active form is the molecular sulfur
dioxide, which is a function of free sulfur dioxide and of pH. All
conditions leading to sulfite combination must be minimized.
Rotten grapes, in which not only fungi but also Gluconobacte
spp. have developed, contain high levels of gluconic acid and
oxo fructose that combine with sulfur dioxide. Acetaldehyde,
produced by yeast and oxidative bacteria, leads to the mos
stable form of combined sulfur dioxide. Several parameters can
affect its � nal concentration in wine, especially during the
alcoholic fermentation; it increases when high doses of sulfur
dioxide are added to grapes or grape must. The combination
rate may be 50% or more of the added amount. Therefore,
additions must be controlled after treatment. To prevent
microbial growth, common advised levels are 0.5–0.8 mg l� 1

of molecular sulfur dioxide. Growing populations are more
resistant, requiring 1 mg l� 1 of molecular sulfite to prevent the
proliferation of D. bruxellensis.

Sorbic acid is a weak acid toxic for yeast, which in free form
is present in higher proportions at lower pH values. The
maximum legal limits are 200 mg l� 1 in the European Union
and 300 mg l� 1 in the United States. Because of higher solu
bility, potassium sorbate is used as the vehicle of sorbic acid. Its
usage is advised, together with sulfur dioxide, at the bottling of
sweet wines so as to inhibit fermenting yeasts. It is metabolized
by lactic acid bacteria originating the‘geranium taint.’ At the
maximum legal doses it is not effective againstD. bruxellensis.

Dimethyl dicarbonate (DMDC) has been recently approved
in the European Union to use at the maximum amount of
200 mg l� 1 at bottling for wines with more than 5 g l � 1 of
residual sugar. In the United States, it may be used during the
storage of wine in regular amounts up to the maximum level of
200 mg l� 1. Its ef� ciency depends on the initial microbial
contamination being advised to use at a maximum of
500 viable cells per ml of wine. Yeasts vary in their suscepti
bility to DMDC. Lactic acid and acetic acid bacteria are more
resistant than yeasts, so this preservative should not be use
alone. Therefore, in winery routine, DMDC should be used
together with sulfite during wine storage, if legally authorized,
or at bottling. Its activity depends on adequate homogeniza-
tion achieved by a costly dosing apparatus. The main concern
with this additive is its human toxicity because its hydrolysis
releases methanol.

Lysozyme is an enzyme extracted from the egg whites o
hens; it is directed to the inactivation of Gram-positive bacteria.
Its use is advised when there is the risk for spoilage by lacti
acid bacteria, although it does not fully replace sulfur dioxide.
It may be added prior to malolactic fermentation to guarantee
that this process is only carried out by lactic acid starters o
when there is the wish to delay the onset of this fermentation.
In both cases, there is a risk that the population needed to
conduct the malolactic fermentation is � nally inhibited. In
white and rosé wines, lysozyme may contribute to protein
hazes and should therefore be removed by bentonite� ning.
Heat Treatments

Several heat treatments may be applied in wine processing
with or without deliberate effect on microorganisms. Wine
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refrigeration may indirectly reduce microbial loads; in reality,
the aim is tartaric stabilization, and microbes are removed in
the process. Thermovini� cation consists of heating crushed
red grapes and separating the heavily colored juice to be fe
mented without maceration. The purpose is to extract coloring
matter, not to destroy the microbiota. However, concerning
spoilage by microorganisms, this technique is specially
appropriated for processing rotten grapes because it decreas
contaminants and enables fermentations dominated by
S. cerevisiae.

Heat treatments are rarely used in the wine industry
contrarily to other beverage industries (beer, juices, and sof
drinks), but should be current options, mainly for wines with
residual sugar. In� ash pasteurization, the wine is heated and
cooled in plate exchangers and may be sterile� ltered before
bottling to avoid recontaminations. In hot bottling, or ther-
molization, wine is heated and bottled at the desired tempera-
ture, then cooled after bottling. Wine microorganisms are heat
sensitive, so relatively mild temperatures are enough to ensur
product sterilization. However, winemakers are generally
reluctant to use them because of the claimed, but not proven
deleterious effects on wine organoleptical quality and longevity.
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Microbiological Monitoring

The practical absence of microbiological safety hazards in th
wine industry determine that the implementation of Hazard
Analysis and Critical Control Points (HACCP) and self-control
plans, mandatory in food industries, is not dealt with the
desirable strictness. In fact, the microbial stability of most dry
table wines– white, rosé, or red– usually obtained when good
winery practices are followed, leads to the absence of micro
biological monitoring, or control, by most wineries. Recently,
three hazards of microbiological origin were identi� ed in
wines: (i) mycotoxins, like Ochratoxin A or fumonisins,
produced by saprophytic molds (e.g.,Aspergillusspp., Penicil-
lium spp.) in dried or rotten grapes; (ii) biogenic amines,
usually associated with the metabolism of lactic acid bacteria
after alcoholic fermentation; and (iii) ethyl carbamate, result-
ing from the reaction between ethanol and compounds con-
taining carbamyl groups (e.g., urea) due to yeast activity
However, these hazards are not assessed in routine microbio
logical control because, in general, their risk of occurrence i
rather low.
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Microbial Quality Indicators

The spoiling activity of microorganisms in wines is mostly
monitored by the assessment of chemical indicators. In grape
or grape juices, the chemical indicators are concerned with th
quality of the raw material. They include the determination of
laccase activity (produced by the moldBotrytis cinereaand an
indicator of grapes affected by gray rot) and of gluconic acid
(produced by acetic acid bacteria and an indicator of grape
affected by sour rot).

During wine storage, the main classical indicator of wine
microbial quality is volatile acidity, comprising mainly acetic
acid, which is subject to maximum legal limits of about 1 g l� 1.
Volatile acidity is determined after fermentation, but grapes
may already bear high levels if affected by sour rot. During
sound wine fermentation, values should not pass 0.3–0.5 g l� 1

while malolactic fermentation may be responsible for an
increase of 0.1 to 0.4 g l� 1. During storage, volatile acidity must
be regularly checked because it is an indicator of microbio-
logical stability. After sugar fermentation, the completion of
malolactic fermentation is determined by malic acid determi-
nations. The production of D-lactic acid is concomitant with
that of acetic acid by lactic acid bacteria when they fermen
sugars in too high concentrations in case of stuck alcoholic
fermentation.

It is not current practice to monitor the presence of spoilage
yeasts during spoilage; however, wine should be regularl
inspected for the presence of� lm-forming yeasts growing on
the surface. Microbiological analysis is not a requirement, but
visual inspection of tank tops every 2 weeks is a simple and
effective practice.

Wine bottling is the ultimate stage where microbiological
control should be done. Procedures may include analysis o
empty bottles, rinsing water, closures (corks, rip caps), bottling
and corking machines, and atmosphere. When properly
applied, this control enables the detection of contamination
sources. Most commonly, these sources are located in the� lling
and corking machines. After bottling, common microbial
contaminants of the equipment do not survive for a long time
in wine. Then, if microbial counts are higher than the required
limits, bottles should be kept until the numbers decrease below
those limits. During this quarantine period, if microbial
numbers increase it is recommended that the wine be reproc
essed to prevent future alteration. Currently, commercia
contracts with modern distributors (supermarket chains and
others) and demanding clients may force the implementation
of routine microbiological analysis with relatively strict
microbial speci� cations.
Microbiological Control Methods

As a rule, microbial detection and enumeration are based on
growth on plates containing a general-purpose culture
medium. When samples are supposed to contain low levels o
microorganisms, like in bottled wines and swabs of sanitised
equipment, membrane� ltration is used to concentrate samples
before plating. At other steps of winemaking, on the contrary,
just after fermentations or during aging, the samples are diluted
before plating. The use of the most probable number (MPN)
technique is not common, but according to our practical
experience it would be useful in some situations, particularly in
wines with high percentage of suspended solids or when molds
may cover the agar plates. Using these media where any kind o
microorganisms can grow, distinction between yeasts and
bacteria depends on microscopic observation of colonies
Obviously, this is not convenient for routine analysis. The use
of selective media and incubation conditions allows counting
separately yeast, non-Saccharomycesspp. yeast, lactic acid
bacteria, and acetic acid bacteria. The presumptive identi� ca-
tion results obtained with culture media can be further
con� rmed, if necessary, using molecular biological identi� ca-
tion. These are usually made by external laboratories an
not by wineries because of the degree of expertise and equip
ment required. In rare and special situations, particularly
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commercial con� icts, � ne molecular typing techniques,
adequate to source tracking, may be used for forensic studies o
wine contamination.

See also: Acetobacter; Biochemical Identi�cation Techniques
for Foodborne Fungi:Food Spoilage Flora; Vinegar;Wines:
Microbiology of Winemaking;Wines:Malolactic Fermentation
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General Introduction

Xanthomonasare Gram-negative, aerobic, short, straight-rod
shaped bacteria generally seen as yellow-pigmented colonie
on a nutrient agar plate (Figure 1). The word Xanthomonas
(Xan. tho’mo. nas or Xan. tho’. monas) is composed from the
Greek adjectiveXanthus, meaning yellow, and the feminine
noun monas, meaning unit. In modern Latin, it translates to
‘yellow monad.’ There are exceptions, however, such as th
recently included genusPseudomonas maltophilia, which is not
a plant pathogen and does not produce the characteristic
yellow pigment, whereas,Xanthomonas maltophiliais known to
be an opportunistic pathogen in humans. GþC content of the
members of the genus ranges between 63 and 71 mol.%. Th
majority of the members of this genus are plant pathogens. The
genus was created by Dowson in 1939 following a proposal by
Burkholder in 1930, for a group of plant pathogens until it was
assigned to the genusPhytomonas. Bradbury in 1984 widened
igure 1 Xanthomonascolonies on starch plate.

ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
the de� nition of the genus to include such characteristics as the
absence of denitri� cation, the nature of xanthomonadin
pigment, and many more biochemical and physiological
properties.
o

on
Taxonomy

Xanthomonasis one of the important genera of the family
Pseudomonadaceae in the order Pseudomonadales.Xantho-
monasbelongs to Gammaproteobacteria and is composed of 27
species. Individual species can include many pathovars
Together these species can cause diseases in roughly 400 pl
hosts. A high degree of host plant speci� city is shown by these
pathogenic species. The genus originally was described
Phytomonasin the � rst edition of Bergey’s Manual. The present
description of Xanthomonasin relation to the other genera of
the family Pseudomonadaceae as shown inBergey’s Manual of
Determinative Microbiology(seventh edition) is as follows:

Division: Protophyta
Class: Schizomycetes
Order: Pseudomonadales
Class: Pseudomonadaceae
Genus: Xanthomonas
Species: campestris

The general identi� cation of Xanthomonasto the species
level is based on the ability of the organism to hydrolyze
gelatin and starch, produce nitrites and ammonia from nitrates,
form yellow non-water-soluble pigment in nutrient agar, and
form brown pigment in beef extract agar. Another key for the
classi� cation of Xanthomonasis based on the plant hosts the
bacterium attacks. The members of the genus are known t
attack both monocotyledonous and dicotyledonous. It is
possible to classify a given species to subspecies level based
the pathogen race and host–cultivar relationship.
s

Xanthomonas campestris

The determination of the genusXanthomonasand its species is
relatively easy; however, the characterization ofX. campestri
78-0-12-384730-0.00359-1 811
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pathovars poses problems. An unambiguous identi� cation of the
pathovars ofX. campestriscan be of great use in plant pathology.
TheX. campestrispathovars that are de� ned by the host or disease
symptoms are dif� cult to identify by other phenotypic charac-
teristics.Xanthomonas campestrisgroup is the largest of all and is
found to cause diseases in many plant species. It is therefor
classi� ed into pathovars differentiated by the host reaction.
Application of the newer techniques of classi� cation has been
useful. A relationship of nutritional properties, host speci� city,
and DNA homology groups has been observed. Genetic diversit
among the strains of different pathovars ofX. campestrishas also
been studied for a number of pathovars. It is believed that the
variability could be more pronounced in the regions where the
host plant originated. Ribosomal DNA probes could be useful
tools for the epidemiological studies and in following the genetic
evolution of the strains.
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Pyruvate + Glyceraldehyde 3-phosphate

Pyruvate
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Figure 2 Entner–Doudoroff Pathway.
Morphological Features

Cells of bacteria belonging to this genus are short, straigh
rods, but they are not vibrioid. The size is in the range of
0.4–1.0 � 1.2–3.0 mm. The cells are monotrichous with a polar
� agellum. The bacteria of this genus do not form spores, sheaths
appendages, or buds. The typical colonies on a Luria-Bertan
agar plate are about 2–5 mm diameter, mucoid or buttery, with
a raised center and entire margins. Minimum growth require-
ments are complex and include a need for methionine, glutamic
acid, and nicotinic acid in various combinations. Optimum
temperature for growth is in the range 25–27 � C. No growth is
observed above 40� C and below 5 � C.
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Xanthomonadins

Xanthomonadins are a unique class of carotenoid-like yellow
pigments associated with the outer membrane of the cell wall
in the phytopathogenic genusXanthomonas. Structurally, these
pigments consisted of mixtures of brominated, aryl-polyene
esters. They are water-insoluble pigments and useful chemo
taxonomic markers for Xanthomonas. All yellow Xanthomonas
spp. produce xanthomonadins. Xanthomonadins from
different xanthomonads differed in bromination and methyl-
ation, however. They have been shown to play a role in
protection against damage by visible light in the presence o
oxygen (photodynamic damage) in Xanthomonas juglandisand
X. campestrispv. campestris.
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Biochemical Features

Xanthomonads are chemoorganotrophic and use low-molec-
ular-weight compounds, and some are able to depolymerize
natural polysaccharides and proteins. The cells carry ou
aerobic respiratory metabolism and are nonfermentative. The
members of the genus show oxidase-negative (or weakl
positive) and catalase-positive reactions. The major means o
glucose metabolism is the Entner–Doudoroff pathway
(Figure 2). Acid is produced from mono- and disaccharides.
A weakly buffered medium acid is produced from many
carbohydrates but not from rhamnose, inulin, adonitol, dul-
citol, inositol, or salicin, and rarely from sorbitol. Acetate,
citrate, malate, propionate, and succinate are utilized but
generally benzoate, oxalate, and tartrate are not used. The tes
for indole production from tryptophan, and acetoin produc-
tion (Voges–Proskauer test) are negative (Table 1). The growth
on nutrient agar is inhibited by 0.1% triphenyltetrazolium
chloride. Hydrogen sulfide is produced from cysteine and by
most species from thiosulfate and peptone due to desulfurase
activity. Proteins are usually digested readily and milk becomes
alkaline with the growth of Xanthomonas. Asparagine is not
suf� cient as the only source of carbon and nitrogen. Most
species hydrolyze starch and Tween 80 rapidly. Nitrates are no
reduced. Some species hydrolyze cellulose and pectin.
Industrial Application: Xanthan Gum

Structure

Xanthan gum is a capsular heteropolysaccharide produced b
the strains ofX. campestris. This is often associated quite loosely
with the cells. Its primary structure consists of repeated penta
saccharide units formed by two glucose units, two mannose
units, and one glucuronic acid unit, in the molar ratio
2.8:2.0:2.0, and molecular weight distribution between 2 and
20 million Da. Its main chain consists of b-D-glucose units
linked at the one and four positions. The chemical structure of
the main chain is identical to that of cellulose. Trisaccharide
side chains contain a D-glucuronic acid unit between two
D-mannose units linked at the O-3 position of every other
glucose residue in the main chain. Approximately one-half of
the terminal D-mannose contains a pyruvic acid residue linked
via keto group to the four and six positions. D-Mannose unit
linked to the main chain contains an acetyl group at position
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Table 1 Biochemical characters of differentXanthomonasspecies

Characteristic X. campestris X. fragariae X. albilineans X. axonopodis X. ampelina

Growth at 35� C þ þ þ þ �
Aesculin hydrolysis þ þ þ þ �
Mucoid growth þ þ � � �
Gelatin liquefaction þ þ � � �
Milk proteolysis þ � � � �
H2S from peptone þ � � þ �
Urease � � � � þ
NaCl tolerance (%) 2–5 0.5–1.0 < 0.5 1.0 1.0

Acid production from
Arabinose þ � � � þ
Glucose þ þ þ þ �
Mannose þ þ þ � �
Cellobiose þ � � � �

Xanthomonas 813
O-6. The presence of acetic and pyruvic acids produces a
anionic polysaccharide type. N content varies in the range o
0.3–1%, acetate content in the range of 1.9–6.0%, and pyruvate
content between 1.0 and 5.7%. Puri� ed xanthan is dry, cream-
colored powder having 8–15% moisture content, and 7–12%
ash content. The molecular weight and the extent of pyruvic
acid and acetal substitutions of xanthan depend on theXan-
thomonasstrain, the medium composition, and the operational
conditions used. The nature of the polymer can modify the
rheological properties of xanthan solutions. The pyruvate and
acetate contents in xanthan affect the interaction betwee
molecules of xanthan, and between xanthan and other
polymers.
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Factors Affecting Biosynthesis

The biosynthesis of this capsular polysaccharide could var
depending on growth medium composition, and it is more
in a medium containing carbohydrate and protein. The best
carbon sources were shown to be sugars (glucose an
sucrose) and the best nitrogen source was glutamate a
a concentration of 15 mM. Small quantities of organic acids
(e.g., succinic and citric) when added to the medium-
enhanced production. The concentration of carbon source
affects the xanthan yield; and a concentration of 2–4% is
preferred. Higher concentrations of these substrates inhibited
growth. Nitrogen, an essential nutrient, can be provided
either as an organic compound or as an inorganic molecule
The C/N ratio usually used in xanthan production media is
less than that used during growth. Because xanthan gum
constitutes the bacterial capsule, its production is growth
associated. During inoculum buildup, the cell concentration
is increased but production of xanthan is minimized because
xanthan around the cells impedes mass transport of nutrients
and extends the lag phase of growth. Suppressing xantha
production while building up the cell mass, thus requires
multiple stages of inoculum development. The Food and
Drug Administration (FDA) regulations for food-grade
xanthan gum prescribe the use of isopropanol for precipita-
tion. When the broth is treated under proper conditions
(80–130 � C, 10–20 min, pH 6.3 � 6.9), enhanced
xanthan dissolution occurs without thermal degradation and
disruption of cells is observed. After precipitation, the
product is mechanically dewatered and dried. Most
commercial xanthans have a� nal moisture content of about
10%. After drying, the polymer can be milled to a pre-
determined mesh size to control dispersibility and dissolu-
tion rates. Some commercial xanthan gums are differentiated
only by mesh size. Care is needed in milling so that excessiv
heat does not degrade or discolor the product. Finally, the
packing used must be waterproof because xanthan is hygro
scopic and subject to hydrolytic degradation.
Viscosity

The viscosity of xanthan solutions varies in the range o
13–35 cP. It increases strongly with increasing concentration o
the polymer due to the intermolecular interaction. At low
polymer concentration, the viscosity declines slightly when
a small amount of salt is added to solution due to diminished
intermolecular electrostatic forces, and it increases when a larg
amount of salt is added probably because of increased inter
action between the polymer molecules. The viscosity of a xan
than solution is independent of the salt concentration when
the salt content exceeds 0.1% w/v. During xanthan production,
the pH of the medium decreases from neutral pH to values
close to 5 pH because of acid groups present in xanthan
A study of the pH effects showed that pH control using alkalis,
such as KOH, NaOH, and (NH)4OH, did enhance cell growth
but had no effect on xanthan production. When pH is
controlled, xanthan production ceases once the stationary
growth phase is attained, and this effect is independent of the
alkali used to control the pH. When pH is not controlled, the
gum production continues during the stationary phase of
growth. The viscosity of xanthan gum declines as the dissolu
tion temperature is increased up to 40� C. Between 40 and
60 � C, the viscosity increases with increasing temperature. Fo
temperatures>60 � C, the viscosity declines as the temperatur
is raised. This behavior is associated with conformationa
changes of the xanthan molecule. The conformation shifts from
an ordered (low-dissolution temperature) to a disordered
(high-dissolution temperature) state. An important property of
xanthan solutions is the interactions with plant gal-
actomannans, such as locust bean gum and guar gum. Th
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addition of any of these galactomannans to a solution of
xanthan at room temperature causes a synergistic increase
viscosity.
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Approval for Food Applications

Xanthan is nontoxic and does not inhibit growth. It is non-
sensitizing and does not cause skin or eye irritation. On this
basis, xanthan has been approved by the FDA for use as a foo
additive without any speci� c quantity limitations. In 1980, the
European Economic Community included xanthan to the food
emulsi� er–stabilizer list, as item E-415.
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Properties

Xanthan gum has the following important properties:

l Highly soluble in both cold and hot water.
l High viscosities at low concentrations.
l Remarkable emulsion stabilizing and suspending ability.
l The viscosity depends on temperature (both dissolution

and measurement temperatures), the biopolymer concen
tration, concentration of salts, and pH.

l Its solution shows pseudo-plastic behavior; that is, with an
increase in shear rate the viscosity of a xanthan solution
decreases and vice versa.
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Applications in Food Industry

Because of these properties, xanthan gum serves as an excell
stabilizing, thickening, and emulsifying agent. Xanthan gum
has a wide range of applications. It has several pharmaceutica
food, and nonfood uses. The thickening, stabilizing, jelling,
and emulsifying properties of this polysaccharide make it
useful in the food industry. It imparts good � avor-release
characteristics and sensory qualities to food. It can be pumped
sprayed, and spread easily. Some of the applications of xan
than gum in the food industry are given in Table 4. Xanthan
gum is used as a stabilizer in ice creams and other milk-base
products, in confectionery products and noodles, in salad
dressings, and in nonalcoholic beverages. It is used as a thic
ener in soups, sauces, gravies, shakes, syrups, relishes,
toppings. It is also used as a suspending agent in a number o
foods, including dressings, cake mixes, and batter. For most o
the food applications, the concentration of xanthan used is
below 0.5% (w/w). In its nonfood uses, xanthan gum � nds
application in the preparation of toothpastes, cosmetics,
polishes, paints, adhesives, ceramics, and explosives. In th
petroleum industry, xanthan gum is used for enhanced oil
recovery.
t
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Xanthomonasas Food Spoiler

Preharvest Spoilage

Xanthomonads are the cause of a number of preharves
diseases of fruits and vegetables. They cause blights, spo
cankers, and rots of different fruits and vegetables (Table 3).
Lima bean pods can be spoiled by the common blight
caused by X. campestrispv. phaseoli. Bacterial spots o
tomato and pepper are caused byX. campestrispv. tomato
and X. campestrispv. vesicatoriareduce quality and market-
ability of these important vegetables. One of the most feared
diseases of citrus fruits, citrus canker, is caused byX. cam-
pestrispv. citri. The commodity loses its aesthetic appeal
quality, and marketability, and thereby causes sever
economic losses.
Postharvest Spoilage

Being a part of the natural micro� ora, Xanthomonads are
invariably associated with plants and plant products. The role
of Xanthomonads in the postharvest spoilage of plant foods
and food products has been poorly investigated. The associa
tion of the various hydrolytic enzymes with the growth of
Xanthomonads, however, suggests their high food spoilage
potential. Many Xanthomonads are known to possess
proteolytic, amylolytic, cellulolytic, pectolytic, and lipolytic
activities. As fruits and vegetables provide ample substrate fo
these enzymes, the food spoilage potential of Xanthomonads
is high. Xanthomonads may also bring about yellow discol-
oration of foods because of their pigment-producing poten-
tial. Xanthomonads also produce xanthan gum, which may
cause undesirable gumminess in certain foods and fruit juices
Products formed from the infected plants and plant products
are also likely to undergo spoilage by the action of hydrolytic
enzymes.
Pathogenicity

Among the bacterial diseases of plants, the most widesprea
and destructive losses are caused by the Gram-negative bacte
of the genus,Erwinia, Pseudomonas, and Xanthomonas. The genus
Xanthomonasis of great economic importance because of its
broad host range. Collectively, members of the genus caus
disease on at least 124 monocot species and 268 dicot specie
including fruit and nut trees, solanaceous and brassicaceou
plants, and cereals. They cause a variety of symptoms lik
cankers, necrosis, blight, and spots, affecting a variety of plan
parts, including leaves, stems, and fruits. The collectively broad
host range of the genus contrasts strikingly with the typically
narrow host range of individual species and pathovars, which
typically also exhibit a marked tissue speci� city, infecting either
through stomates to colonize the intercellular spaces of the
mesophyll parenchyma, via hydathodes (water pores at the lea
margin), or via wounds to spread systemically through the
vascular system. The type of physiological function that is
affected� rst depends on the cells and tissues of the host plan
that become infected. Thus, the infection of xylem vessel
interferes with the translocation of water, leading to vascular
wilts and cankers, whereas infection of foliage interferes with
the photosynthetic process as in leaf spots, blights, and
pustules. Some common plant diseases caused byXanthomonas
are listed in Tables 2and 3. Angular leaf-spot disease of cotton
is caused byX. campestrispv. malvacearum. The disease is presen
wherever cotton is grown. The bacterium attacks the leaves a
well as young cotton bolls. In rice,X. campestrispv. oryzaecauses
leaf blight disease. Bacterial blight or stripe of several cerea
and streak of sorghum and maize is caused byX. campestrispv.
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Table 2 Some common plant diseases caused byXanthomonas
campestris

Plant Disease Causative agent

Cotton Leaf spot X. c.pv. malvacearum
Rice Leaf blight X. c.pv. oryzae
Cereals Bacterial blight X. c.pv. translucens
Walnut Bacterial blight X. c.pv. juglandis
Soybean Bacterial pustule X. c.pv. glycines
Sugarcane Gumming disease X. c.pv. vascularum

Table 3 Preharvest diseases of fruits and vegetables caused by
Xanthomonas campestris

Fruit/vegetable Name of disease Causative agent

Lima beans Bacterial blight X. c.pv. phaseoli
Tomato Bacterial spot X. c.pv. tomato
Pepper Bacterial spot X. c.pv. vesicatoria
Cabbage Black rot X. c.pv. campestris
Citrus Canker X. c.pv. citri

Figure 3 Xanthomonas campestrispv. glycinesexhibiting chlorosis on
soybean leaves upon localized inoculation (a–e: different inoculums
size).

Xanthomonas 815
translucens. X. campestrispv. juglandiscauses blight of walnuts.
The bacterial pustule disease of soybean caused byX. campestri
pv. glycinesis known to cause considerable losses in yield
(Figure 3). Gumming disease of sugarcane affecting yields o
sugar is caused byX. campestrispv. vasculorum.
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Molecular Basis of Pathogenicity

Bacterial pathogen–plant interaction involves an interplay of
the various virulence factors, the hypersensitivity respons
and pathogenicity (hrp), and avirulence (avr) genes of the
pathogen and the disease resistance genes in plants. T
virulence factors include agents such as the hydrolyti
enzymes, toxins, polysaccharides, and plant growth regulator
secreted by the pathogen that damage or alter plant cells an
provide optimal environment for the growth of the pathogen.
On the other hand, avirulence factors or the products of
avirulence (avr) genes of the pathogen invoke hypersensitiv
response and death of the surrounding cells in the resistan
host. This restricts the spread of the pathogen and in turn
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Table 4 Applications of xanthan gum in food industry

Product Function

Ice cream Stabilizer
Sauces and gravies Thickener
Dressings Stabilizing and suspending agent
Nonalcoholic beverages Stabilizer
Cake mixes and batters Suspending agent
Relishes Thickener
Processed cheese Stabilizer
Milk-based desserts Thickener
Syrups and toppings Thickener
Noodles Stabilizer
Spring roll pastry Stabilizer
restricts its host range. Hrp genes in the pathogen regulat
both the avr-induced hypersensitivity reaction and the path-
ogenicity. On the basis of mutation data, Daniels estimated
that between 20 and 100 genes are involved in phytopatho-
genicity. Symptoms caused byXanthomonaspathogens can
include chlorosis, necrosis, wilting, hypertrophy, rotting, die
back, and cankers. These pathogens have been described
being both biotrophic (i.e., feeding on living host tissue)
because they multiply considerably before any damage i
visible, and necrogenic (i.e., killing plant cells) because they
cause necrosis. Most Xanthomonads are hemibiotrophic, a
bacteria initially feed on living host cells but then disrupt and
kill host cells and use the nutrients in the dead cells. Many
factors could aid in colonizing the host plant, such as
type II secretion system (T2SS), which includes plant cell
wall degrading enzymes like cellulose, xylanase, poly
galacturonase, and protease; pectate lyase, endoglucana
protease, amylase, and toxins. There is evidence thatXantho-
monasexopolysaccharide (EPS) can be an important virulence
determinant. It has been suggested that the EPS can mask t
bacteria to prevent recognition and plant defense responses
The biological role of EPS probably can be better de� ned by
its three important properties: It is highly hydrated so that it
provides protection against desiccation and hydrophobic
molecules; it is highly anionic, which allows it to concentrate
nutrients and immobilize toxic elements; and it has adhesion
quality that allows an organism to adsorb to biological
surfaces. There is some evidence for lipopolysaccharide (LP
involvement in the suppression of hypersensitive response
(HR) in plant hosts. Recent evidence strongly suggests tha
LPS is likely to be involved in the association of bacteria with
plant cell walls during the infection process. The two-
component signal transducing systems in bacteria usually
are composed of a kinase sensor and a response regulato
although hybrid kinases serving both functions, also exist. At
least three two-component signal transduction systems hav
been discovered inX. campestris. The two-component signal
transducing system encoded by rpfC and rpfG (regulation of
pathogenicity factors) has been proposed to be an element in
the positive regulation of extracellular enzymes and poly-
saccharide production.
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Genetic Diversity

The genusXanthomonasconsists of 27 plant-associated species
many of which cause important diseases of crops and orna
mentals. Individual species comprise multiple pathovars,
characterized by distinctive host speci� city or mode of infec-
tion. Complete genome sequences are available for 11Xan-
thomonasstrains, and draft genomes of seven more strains ar
available, in total representing seven species and nine patho
vars, including vascular and nonvascular pathogens of the
important models for plant biology, Arabidopsis thaliana, and
rice. These include strain 306 of Xanthomonas axonopod
pv. citri (Xac), which causes citrus canker; strain 85-10 o
Xanthomonas axonopodispv. vesicatoria(Xav), the bacterial spot
pathogen of pepper and tomato, formerly a pathovar of
X. campestris, and now a proposed new species,Xanthomonas
euvesicatoria; strains 8004 and ATCC33913 ofXanthomonas
campestrispv. campestris(Xcc8 and XccA), the causal agent o
black rot in crucifers, including the model plant A. thaliana;
strain 756C of Xanthomonas campestrispv. armoraciae(Xca),
which causes bacterial spot disease of crucifers; strai
KACC10331, MAFF311018, and PXO99A ofXanthomonas
oryzae pv. oryzae (XooK, XooM, and XooP), which are
responsible for bacterial blight of rice; and strain BLS256 of
Xanthomonas oryzaepv. oryzicola(Xoc), which is the causal
agent of bacterial leaf streak of rice. The completed sequence
also available for Xcc strain B100. The completely sequence
genomes are similar in general characteristics: sizes range fro
4.83 million base pairs (Mb) to 5.42 Mb; G þ C contents from
63.6 to 65.3%, and numbers of genes from 4598 to 5809.
Gene content is largely conserved, but whole-genome align
ments reveal numerous inversions, indels, and rearrangement
in the genomes relative to one another. The structural variation
among these genomes suggests a high degree of genom
plasticity within the genus overall, consistent with the
molecular genotyping studies cited earlier. Interestingly, the
genome of Xanthomonas albilineans(3.7 Mb) is undergoing
reduction. This may be due to its exclusive existence within the
xylem of the host plant (i.e., sugarcane). A striking feature
shared by the Xanthomonasgenomes is an abundance of
insertion sequence (IS) elements, which are considered to b
important in Xanthomonasgenome evolution. In addition to
serving as vectors for lateral gene transfer, IS elements c
cause other types of genome modi� cations, including dele-
tions and rearrangements. These modi� cations can lead to
acquisition, modi � cation, or loss of gene content. TheX. oryzae
genomes have the highest number and diversity of IS
elements. For example, there are about 700 IS elements o
element fragments in the XooP genome. The presence o
plasmids (2–183 kb) in some strains also contributes to
genetic variation.
l Figure 4 Xanthomonas cells undergoing PCD exhibited induction of
caspase-3-like protien (lane 1) in Western blot analysis (lane 2: cells
that do not exhibit PCD).
Stress Adaptability: Programmed Cell Death

A molecular mechanism of programmed cell death (PCD)
resembling that of eukaryotes was reported inXanthomonas
campestrispv. glycines(Xcg), the causal agent of the bacteria
pustule disease of soybean (Glycine max) as well as other
X. campestrispathovars viz. X. campestrispv. malvacearum.
Xcg was found to undergo postexponential PCD during
certain nutritional conditions. These cells display a typical
exponential growth phase followed by a stationary phase
when cultured in minimal medium (MM). In a protein-rich
medium (PRM), instead of eventually entering the normal
stationary phase, the culture was found to undergo extensive
PCD. The typical rod-shapedXanthomonascells, which are
generally 0.4–1 � 1.2–3 mm in size, were found to trans-
form into spherical membraneous bodies ranging from 0.4
to 0.7 mm in size in PRM but not in MM. Xanthomonascells
grown in PRM displayed caspase-3 activity, which was no
induced when the cells were grown in MM. Furthermore,
a strong Western blot signal was observed with the PRM
grown Xanthomonascells using human caspase-3 antibody
(Figure 4). PRM-grown Xanthomonascultures also displayed
the externalization of membrane phosphatidylserine, as
assayed using annexin annexin V-� uorescein isothiocyanate
labeling. The DNA from Xanthomonascultures undergoing
PCD was also found to possess nicks as shown by th
TUNEL (terminal deoxynucleotidyl transferase dUTP nick-
end labeling) assay. Furthermore, Xcg was found to be
under metabolic stress in PRM as evident from the intra-
cellular accumulation of NADH and ATP leading to accu-
mulation of reactive oxygen species (ROS) along with the
activation of caspase-3. ROS inhibitors signi� cantly inhibi-
ted caspase biosynthesis as well as the activity, eventual
leading to the inhibition of PCD. The presence of sublethal
concentration of an electron transport chain (ETC) uncou-
pler (e.g., 2,4-dinitrophenol) was found to reduce the ROS
generation and increase in the cell survival. These resul
indicated that Xcg cells grown in protein-rich medium
experienced metabolic stress resulting from electron leakag
from ETC and leading to the generation of ROS and
expression as well as activation of caspase-3,� nally resulting
in PCD. A bacterial DNA gyrase inhibitor (e.g., nalidixic
acid) was also found to inhibit PCD. Caspase mutants of
Xcg were found to be PCD negative.
Laboratory Analysis

Starch hydrolysis is a major distinguishing feature of xantho-
monads from the pseudomonads. Partially soluble starch has
been used in several agar media for isolation ofX. campestris.
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Xanthomonas 817
Typical media for the general enumeration of xanthomo-
nads may contain per liter:

1. Potato starch, 10.0 g; K2H2PO4$3H2O, 3.0 g; KH2PO4, 1.5 g;
(NH 4)2$SO4, 2.0 g; L-methionine, 0.5 g; nicotinic acid,
0.25 g; L-glutamic acid, 0.25 g; pH 6.8–7.0; with 15 g agar.

2. Potato starch, 10 g; yeast extract 5.0 g; (NH4)H 2PO4, 0.5 g;
K2HPO4, 0.5 g; MgSO4$7H2O, 0.2 g; NaCl 5.0 g, pH 7.4;
with 15 g agar.

After autoclaving and cooling to 50 � C, the medium could
be forti � ed with one or more of the antibiotics, such as
cephalexin 20 mg ml� 1, kasugamycin, 20 mg ml� 1, chlor-
othalomine 15 mg ml� 1, gentamycin, 2 mg ml� 1, and dyes,
such as brilliant cresyl blue 1mg ml� 1, methyl green 1mg ml� 1,
and methyl violet 1 mg ml� 1. Xanthomonads are generally
resistant to these antibiotics. After spread plating a given
sample on the agar plates, the typical yellow colonies o
Xanthomonasare seen after incubating the plates at 26� 2 � C
for 48 h. The starch hydrolysis is visualized as the zone o
clearance around the colonies. In the absence of dyes, iodin
solution (1%) is spread on the plate to visualize the zone of
hydrolysis by starch.

See also:Bacteria:The Bacterial Cell;Classi�cation of
the Bacteria:Traditional;Bacteria:Classi� cation of the
Bacteria– Phylogenetic Approach; Bio� lms; Metabolic
Pathways:Release of Energy (Aerobic); Molecular Biology
Microbiological Analysis;Pseudomonas: Introduction;
Spoilage Problems:Problems Caused by Bacteria; Genomi
Molecular Biology:Proteomics; Metabolomics;Molecular
Biology:Microbiome.
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Introduction

Foodstuffs with low water content (dehydrated) or water avail-
ability (known as water activity: aw), such as chocolate, dry or
dried fruits, powdered milk and eggs, and so on, are considered
not only physicochemically very stable (so having a long shelf
life) but also microbiologically safe. The xerophiles, extrem-
ophilic microorganisms that are able to grow and produce fertile
structures under lowaw conditions, can result in food spoilage.
Despite there being other de� nitions, a xerophile is a fungus able
to grow below 0.85. Some molds (such as species of the gener
Ascosphaera, Aspergillus, Chrysosporium, Eremascus, Eurotium, Peni-
cillium, and Trichosporonoides, and Basipetospora halophila(J. F. H.
Beyma) Pitt & A. D. Hocking,Bettsia alvei(Betts) Skou,Monascus
eremophilusA. D.Hocking& Pitt, Polypaecilum pisciA. D. Hocking &
Pitt and Wallemia sebi(Fr.) Arx), and yeasts (Schizosaccharomyc
pombeLindner and Zygosaccharomyces rouxii(Boutroux) Yarrow)
are all xerophiles,but the mostextreme isXeromyces bisporusFraser.
igure 1 Xeromyces bisporusFraser. (a) Ascoma (cleistothecia), showi
Fraseriellaanamorph).

18 Encyclopedia of Food
Fungal Description

Colonies � attened and white at� rst, becoming subhyaline to
faintly reddish-brown and powdery due to the abundant
production of ascomata with the age, radiate. Hyphae
septate, thin-walled, hyaline, 4–10 mm wide. Ascomata
closed (cleistothecia), hyaline to pale yellow, stalked,
globose, 40–150 mm diameter; peridial wall very thin, one-
celled, soon evanescent; two-spored spherical asci, 8–12 mm
diameter; ascospores one-celled, fusiform, moon- or D-sha
ped in lateral view, subhyaline, yellowish in mass, thin-
walled, 9–12 � 4 � 5 mm diameter. Anamorph: conidia
thallic (aleurioconidia), terminal on side branches, one(-
three)-celled, globose, pyriform or broadly clavate, hyaline,
thick-walled, 15–40 � 11–15 mm (Figure 1). Colonies
attaining a diameter of 3–6 mm in 1 week, 15–20 mm in
2 weeks, and 50–70 mm in 4 weeks on MY50G agar at 25� C
and pH of 5.5.
ng 2-spored asci and D-shaped ascospores. (b) Terminal aleurioconidia

Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00360-8
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Figure 2 Effect ofaw on the growth rate of seven xerophilic fungi (Aspergillus ßavus, Aspergillus wentii, Basipetospora halophila, Chrysosporium fastidium,
Eurotium chevalieri, Polypaecilum pisci, andXeromyces bisporus), at pH 4.0 and solutes in equal parts (in mass) of dextrose and fructose. Growth rate in
mm h� 1. Data from Pitt, J.I., Hocking, A.D., 1977. In�uence of solute and hydrogen ion concentration on the water relations of some xerophilic fungi.
Journal of General Microbiology 101, 35–40 and Andrews, S., Pitt, J.I., 1987. Further studies on the water relations of xerophilic fungi, including some
halophiles. Journal of General Microbiology 133, 233–238.
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Fungal Physiology

DespiteX.bisporusshowingoptimalgrowthat30–35 � Candanaw

of 0.89–0.84, this fungus also can grow very well between 25 and
37 � C and aw between 0.90 and 0.75 (Figure 2). The maximum
growth rate occurs at pH between 4.0 and 5.5. This fungus show
properties of an extreme xerophile, producing fertile ascomata
0.850.95
Water activity

Figure 3 Effect ofaw and different solutes on the growth rate of three
bisporus, at pH 4.0. Growth figure rate inmm h� 1. Data from Pitt, J.I., Hockin
relations of some xerophilic fungi. Journal of General Microbiology 101–40
xerophilic fungi, including some halophiles. Journal of General Micro
and aleurioconidia at aw as low as 0.67 (after 80 days), compa-
rablewithonly theosmophilicyeastZ. rouxii. Itsxerophilicnature,
however, is only displayed on sugar (sucrose, dextrose, fructose
rich substrates, while increasing concentrations of glycerol and
salts inhibit its growth ( Figure 3). Their ascospores are able to
germinate (even after a long incubation period) at anaw of 0.61–
0.62, and they are moderately heat resistant, 0.1% of thos
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surviving after 100at 80 � C, similar to the characteristics observed
for species ofEurotium. Their decimal reduction time was of
2.3 min at 82.2 � C (F180), with an z value of 16.0� C (in a 50%
sucrose solution of 0.94 aw). The aleurioconidia also were
reported as being able to germinate at a similaraw to the asco-
spores.Someauthors reportX.bisporusashighly tolerant toCO2 in
the presence of small quantities of O2, growing in an atmosphere
composed of 85% CO2 þ 14% N2 þ 1% O2, conditions in which
other fast-growing fungi are inhibited. Recent studies, however
have shownX. bisporusbeing unable to grow in atmospheres of
20% CO2 and <0.5% O 2 or of 80% CO2 and 20% O2. No
production of mycotoxins or other kinds of extrolites has been
reported. Its resistance against the antifungals employed in food
preservation (i.e., sorbic acid) was not studied, but there is some
evidence to support its sensitivity (i.e., the low frequency at which
it is reported as a food spoilage agent).
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Taxonomy

Xeromyces bisporuswas isolated originally in 1946 by W. J. Scott on
a moldy stick of licorice (Glycyrrhiza glabraL.) in Australia, but it
was later described and erected as a new taxon by L. Fraser. S
placed the genus into the class Plectascales, ascomycetes w
closed ascomata (cleistothecia), considered a‘primitive ’ evolu-
tionary character, reporting that its ascogenous cells and (cate
nated) asci resembled those ofPenicillium(teleomorphs). Fraser
did not suggest any other relationships, however. In 1970, von
Arx transferred Xeromycesto Monascusas Monascus bisporu,
proposing the name Fraseriellafor its anamorph (consisting of
terminal aleuriospores), although other authors have not
accepted this synonymy. From nucleotide sequences of th
Internal Transcribed Spacer (ITS) and D1-D2 nuclear regions tha
rebuilt their phylogeny and the nearest domains of the 28S rDNA
taxa, later molecular studies proved thatXeromyceswas related
closely to Monascusspecies in the family Monascaceae (of the
order Eurotiales). Some authors also suggested recognizing th
synonymy proposed previously by von Arx on the basis of these
molecular results. More recently, phylogenies built by other
authors also employed both nuclear regions plus theb-tubulin
gene sequences but used other sorts of phylogenetic analysis a
a higher number of X. bisporusstrains. Their results appear to
demonstrate that Xeromycesis a genus closely related to, but
different from, Monascus. Furthermore, in this study X. bisporus
was placed in the samecluster asChrysosporium inopsJ.W.Carmich
and Chrysosporium xerophilumPitt, which together with Chrys-
osporium fastidiumPitt (the anamorph of B. alvei) show a xero-
philic character (they are capable to grow down to 0.72aw) that is
not shared by other species of the genus. These authors also note
that the ITS sequences of 19 strains ofX. bisporusanalyzed were
highly conserved, differing at most in three base-pair positions.
s

-

t

Ecology and Sources

The natural habitat of X. bisporusremains unknown. Soil and
decomposing plant material have never been reported a
reservoirs. Apparently, this fungus is only able to grow on
substrates with a low aw and a high concentration of sugars,
such as dry or drying fruits, phloem, nectar, and other sugar
rich liquids (from plants or insects).
Xeromyces bisporushas been reported from animal feed (the
Netherlands), candied fruits, chocolate (United Kingdom),
chocolate biscuits (United Kingdom) and chocolate sauces
(United Kingdom), cookies containing dried fruits (Australia),
currants (United Kingdom), date honey (Israel) and Chinese
dates (Australia), dried and high-moisture prunes (Australia,
United Kingdom), fruit cakes (Australia), honey (Japan),
licorice (Australia), mixed dried fruits (Australia), molasses,
spices (Australia), syrup (the Netherlands), table jellies
(United Kingdom), and tobacco (the Netherlands, United
Kingdom). The fungus is often visible after long-term storage
and on moisture-damaged products with a long shelf life
(6 months and longer), especially when they are covered with
plastic � lm.
Isolation Techniques

Diluents

The isolation and quanti� cation by dilution plating that employ
common diluents (i.e., 0.1% w/v aqueous peptone) can be
unsuccessful because osmotic shock-sensible structures, such
the hyphae, can be damaged. It was suggested that diluents wit
a low aw (i.e., 40% w/w glycerol or 50% w/w glucose) might be
useful for counting, but their high viscosity makes them less
practical and direct plating of small masses of mycelium or of
pieces of substrate is recommended for their isolation. Becaus
X. bisporusis able to grow at a maximumaw of 0.97–0.98, other
diluents with lower viscosity, such as 30% w/w of an equal
weight of dextrose (glucose) and fructose or 26% w/w glycerol
(an aw of approximately 0.94), aqueous solutions should be
used. Another dif� culty is encountered when isolatingX. bisporus
in the presence of fast-growing fungi, such as species ofEurotium,
in the same food sample becauseX. bisporushas a slower growing
rate and cannot compete. Some authors, however, suggest a
alternative technique for solving this problem: homogenizing
the food sample within a sterile 65% sucrose solution and
heating the suspension at 65� C for 10 min. Later, the heated
suspension should be plated in 50% SMEA (see below).
Culture Media

Different solid culture media are suitable for promoting the
growth and the production of reproductive (sexual and
asexual) structures ofX. bisporus. We suggest adjusting the pH to
4.0 with phosphoric acid. Dichloran-glycerol agar (DG18),
a medium specially designed for the quanti� cation of xero-
philic fungi from foodstuffs, is not appropriate for recovering
the most fastidious xerophilic fungi, including X. bisporus.

Malt yeast extract 50% glucose agar (MY50G)
Malt extract
 10 g
Yeast extrac
 2.5 g
Glucose
 500 g
Agar-agar
 10 g
Water
 500 ml
Malt yeast extract 50% glucose agar
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Sterilize by steaming for 30 min. Final pH and water activity
are approximately 5.5 and 0.89, respectively. This medium wa
f -

proposed for isolating X. bisporusin the absence of other fast-
growing, osmotolerant or osmophilic fungi, such as species o
Eurotium.

Malt yeast extract 70% glucose fructose agar (MY70G)
Malt extract 6 g
t
Yeast extrac
 1.5 g
r
Glucose
 350 g
Fructose
 350 g
Agar-agar
 6 g
Water
 300 ml
s

,
;

d
e

-

Sterilize by steaming for 30 min. Final pH and water activity
have a value of approximately 5.5 and 0.75, respectively. Thi
medium is suitable for the isolation of X. bisporusin the pres-
ence of other fast-growing fungi.

Fifty percent sucrose malt extract agar (50% SMEA)
Malt extract 50 g
Sucrose
 500 g
Agar-agar
 20 g
Water
 500 ml
s;
Sterilize by steaming for 30 min.
Forty � ve percent dextrose yeast-extract agar
Malt extract
 50 g
Sucrose
 500 g
Agar-agar
 20 g
Water
 500 ml
Sterilize by steaming for 30 min.
Malt salt agar
Malt extract
 20 g
Salt (NaCl)
 75 g
Agar-agar
 20 g
Water
 885 ml
Sterilize at 121� C for 15 min. Recommended for growing
fastidious xerophilic fungi.
of xerophilic
iology 133,

milies of Plec-
Incubation Conditions

Xeromyces bisporusgrow well between 25 and 37� C. A
temperature of 35–37 � C is recommended when other fast-
growing fungi might be present in the same sample. To
prevent desiccation and to stabilize the water content of the
culture media, the inoculated Petri dishes should be sealed
with Para� lm � and introduced into plastic bags (which must
also be sealed) or into a desiccator. If MY70G is used, a satu
rated NaCl water solution must be introduced into the Petri
dish container.
Preservation and Strains Supplying

Isolates can be preserved in slants, at room temperature, unde
sterile mineral oil, on the same culture medium employed
for its isolation. The best technique for long storage is
lyophilization.

Culture ex-type is available from Centraalbureau voor
Schimmelcultures (Utrecht, the Netherlands; CBS 236.71)
CABI’s Genetic Resource Collection (Egham, United Kingdom
IMI 63718), All-Russian Collection of Microorganisms (VKM;
Moscow, Russia; F-1978), and Bioresource Collection an
Research Center (Hsinchu, Taiwan; BCRC 33312) cultur
collections. The larger collection of X. bisporusisolates (11,
including the type strain) is FRR culture collection
(Commonwealth Scienti� c and Industrial Research Organisa
tion [CSIRO], Australia; FRR 0525).
See also: Aspergillus; Aspergillus: Aspergillus oryzae;
Aspergillus: Aspergillus ßavus;Byssochlamys; Ecology of
Bacteria and Fungi:In�uence of Available Water;Ecology of
Bacteria and Fungi in Foods:In�uence of Temperature;
Ecology of Bacteria and Fungi in Foods:In�uence of Redox
Potential;Foodborne Fungi:Estimation by Cultural Technique
Fungi:Classi�cation of the Eukaryotic Ascomycetes;Heat
Treatment of Foods:Spoilage Problems Associated with
Canning;Heat Treatment of Foods:Ultra-High-Temperature
Treatments; Heat Treatment of Foods– Principles of
Pasteurization; Intermediate Moisture Foods; Molecular
Biology in Microbiological Analysis; Applications of
Monascus-Fermented Products;PenicilliumandTalaromyces:
Introduction;Penicillium/Penicillia in Food Production;
Traditional Preservatives:Sodium Chloride;Preservatives:
Permitted Preservatives– Benzoic Acid;Preservatives:
Permitted Preservatives– Sorbic Acid; Natamycin; Permitted
Preservatives– Propionic Acid;Schizosaccharomyces; Spoilage
Problems:Problems Caused by Fungi;Total Viable Counts:
Pour Plate Technique;Total Viable Counts:Spread Plate
Technique;Zygosaccharomyces; Thermal Processes:
Pasteurization; Modi�ed Atmosphere Packaging of Foods;
Packaging:Controlled Atmosphere; Water Activity.
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Introduction

Commercial yeast production worldwide exceeds 1.8 million
tons per year. The yeasts are used mostly by the bakin
industry, but also by the brewing and distilling industries. Yeast
is also a commercial source of natural � avorings, � avor
potentiators, and the dietary supplements.

Yeasts are unicellular eukaryotes, and in several ways a
akin biochemically to higher organisms. They have been shown
to be suitable for the expression of valuable mammalian and
plant proteins and therefore have emerged as an importan
biotechnological asset in recent years.

This article emphasizes on the practical aspects of th
production and preservation of bakers’ yeast.
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History

The practice of yeast husbandry can be dated to the Neolithi
age, that is, long before scienti� c knowledge about microor-
ganisms was available. More authentic evidence dates from 4 t
5 millennium BCE when the arts of leavening, brewing, and
winemaking were well known. The excavation of Thebes in
Egypt has revealed models of baking and brewing dating from
the 11th dynasty (about 2000 BCE).

The use of yeasts therapeutically is revealed in the Eb
Papyrus, one of the earliest known medical documents, dating
from the sixteenth century BCE. Hippocrates (fourth–� fth
century BCE), the well-known Greek physician, also used yeas
therapeutically.

The� rst yeasts used for baking were obtained from the mashe
produced in the manufacture of beer. The� rst compressed yeast
used for baking and brewing were made in England in about
1792, and by 1800, they were available throughout northern
Europe. The large-scale commercial production of bread in the
United States was facilitated by the introduction of an improved
strain of compressed yeast in 1868, by Charles Fleischmann. Th
vigorous research and development effort that ensued yielde
yeast strains suited to each type of fermentation and leavening
For example, some of these strains were able to tolerate high sug
or salt concentrations, or the high temperatures used in fermen
tation and the proving of dough.
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Antonie van Leeuwenhoek (1632–1723) was possibly
the � rst human to set eyes on a yeast, when he observe
a droplet of fermenting beer with the aid of one of the
� rst microscopes, capable of 250- to 270-fold magni� ca-
tion. Interest in yeasts and in microorganisms, in general
then lay almost dormant until Louis Pasteur (1822–1895)
carried out extensive systematic studies that revealed th
nature of yeasts and their extraordinary biochemica
capabilities.
ClassiÞcation

Yeasts are unicellular fungi reproducing asexually by budding
or � ssion and sexually by spore formation. Emil Christian
Hansen’s studies, over a span of 30 years, provided insight into
the biological features of yeasts and facilitated their differen-
tiation and their characterization as species.

Currently more than 500 species of yeasts, belonging to
around 50 genera, are known. Most yeast species belong t
Ascomycotina, a few are basidiomycetes.

Bakers’yeast and the yeasts used in brewing, winemaking
and distilling are strains of Saccharomyces cerevisiae, belonging
to the family Saccharomycetaceae in Ascomycotina.
Saccharomyces cerevisiae
The genusSaccharomyces(translation ‘sugar fungus’) derives its
name from its common occurrence in sugary substrates, such a
nectar and fruits. TheSaccharomycesgenus includes in addition
to S. cerevisiae, other Saccharomycesspecies. The more closely
related are Saccharomyces paradoxus, Saccharomyces mikata,
Saccharomyces bayanus, and Saccharomyces pastorianus. While
S. cerevisiaeis the predominant species associated with wine
and beer, other species ofSaccharomycesalso are capable of
carrying out these fermentations. Thus,S. pastioranusis used in
lager beer fermentation, whileS. paradoxusand S. bayanuscan
be used in wine fermentations. These different species o
Saccharomyces, and different strains of S. cerevisiaehave been
isolated from diverse sources, including breweries, wine
berries, cheese, pear juice and must, honey, eucalyptus leav
ke� r, Drosophila, soil and human skin, sputum, and leg ulcers.
Saccharomyces cerevisiaehas around 87 synonyms worldwide.
78-0-12-384730-0.00361-X 823
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Morphology

After 3 days’ growth in malt extract at 25 � C, S. cerevisiaecells
are either globose in shape (5.0–10.0 � 5.0–12.0 mm)
or ellipsoidal or cylindrical (3.0 –9.5 � 4.5–21.0 mm). The cells
may occur singly or in pairs, short chains, or clusters.

Streak cultures on malt agar are butyrous and cream t
brownish. They are either smooth and slightly raised with
shallow striations or raised, folded, and (often) subdivided.
They can be either glossy or dull.
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Reproduction

Asexual reproduction usually occurs by budding. The buds
arise on the ‘shoulders’ and at either pole of the cell. The
vegetative cells are diploid or polyploid, and this phase
predominates in the life cycle of the yeast.

Sexual reproduction involves the production of asci, within
which ascospores develop directly following meiosis of the
diploid nucleus. The sporulation of S. cerevisiaeis encouraged
by media containing acetate, such as acetate agar. Sporulatio
also occurs on potato–dextrose agar (PDA). True sexua
reproduction is found in some strains, which exhibit hetero-
thallism, of the bipolar physiological type. Compatibility is
determined at one mating-type locus, which may contain either
of two alleles. Conjugation occurs either by the fusion of two
ascospores or by the fusion of two haploid somatic cells of
germinating ascospores. Haploid vegetative clones can b
raised by the germination of isolated spores.
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Hybrid Strains

Cells of opposite mating types can be fused to produce hybrid
yeast strains. This technique can be used to combine industriall
desirable traits, such as high growth rates, high yields, resistanc
to drying, and CO2 production. A range of hybrids has been
developed that are suited to different needs. These includ
rapidly fermenting strains that produce high volumes of CO2 for
automated bakeries, strains with intermediate activity for tradi-
tional bakeries, and strains that ferment more slowly for in-store
bakeries. Strains also have been developed which have improve
resistance to drying, osmotolerance and tolerance to freezing.

If sexual mating is dif� cult to achieve owing to very low
yields of viable spores, modern techniques for improving strains
can be used. These include protoplast fusion and the construc
tion of recombinant DNA, which can be achieved with relative
ease using the tools and techniques of molecular genetics.
f
e

Commercial Production of BakersÕ Yeast

Sources

Industries requiring yeast cultures can either obtain them from
culture collection centers or isolate and develop their own
cultures. In either case, the propagation and maintenance o
cultures for long-term use ensures consistency of performanc
and quality. Basic facilities and expertise within the industry are
required, however.

Saccharomycescan be isolated from natural sources and
maintained in pure culture by conventional microbiological
techniques. The source material (fermenting sugary materials
fruit juices or soil) usually is diluted serially and plated onto
PDA or yeast extract–peptone–dextrose agar. The growth of
yeasts in preference to bacteria is achieved by the pH of th
medium being below neutral (usually 4–6) and the incorpo-
ration of antibacterial antibiotics.

Enrichment culture is a technique by which strains with
characteristics required by industry (e.g., tolerance to high
temp-
eratures) can be isolated from natural habitats. The required
strains are selected either by gradually increasing exposure
the factors to which tolerance is required or by cultivation with
very high levels of the factors over a long period of time.
Maintenance of Cultures

If yeasts are used regularly, for example, in a batch process wi
a constant periodicity, the simplest method of maintaining
stock cultures is to use agar slopes or broth. For sem
continuous and continuous processes, fresh yeast cultures mu
be available because the overgrowth of less ef� cient and low-
performing variants of the yeasts in continuous processes i
a common problem.

Normally, slope and broth cultures are subcultured once
every 2 months. After allowing for adequate growth at
ambient temperature, they are kept at 4–8 � C until use. The
drawback of this simple technique is the risk of contami-
nation and the development of genetic variants that are less
ef� cient than the yeasts originally selected. These undesi
able effects can be prevented by the incorporation of
a ‘selection pressure’to ensure the retention of strains that
perform well in preference to any variants that perform less
well. Examples include the incorporation of a high sugar or
salt concentration in the maintenance medium to retain
yeasts that will be tolerant to high concentrations in the
fermentation.
Preservation of Cultures

Yeasts that are sensitive to dehydration in slope or stab culture
may be maintained by overlaying with mineral oil. It generally
is observed that microbes in soil culture retain their original
characteristics over a relatively long period of time. This is
a simple and inexpensive method, in which sterilized garden
soil containing 60% moisture is inoculated with the culture
and, after allowing for growth at ambient temperature for
a week, is kept at 4–8 � C. All microorganisms except non-
sporulating bacteria sporulate in soil and in this form remain
viable and functional for up to 2 years.

Cultures also can be frozen, keeping them functionally
intact for long periods. The inclusion of glycerol (5–20%) in
the suspension medium and storage at�20 � C are recom-
mended. Well-equipped culture collection centers have facili-
ties for the extended storage of cultures in liquid N2 at �196 � C
or by lyophilization. It is recommended that lyophilized
cultures be stored at 4–8 � C, but they can withstand the
ambient temperatures imposed during transit by post. Frozen
cultures stored in liquid N2 and lyophilized cultures maintain
their genetic constitution and functional characteristics for long
periods of time.
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Growth Requirements

Saccharomyces cerevisiaeis a heterotroph – that is, it requires
preformed organic compounds for growth. It is also a meso-
phile, growing best in the temperature range 25–40 � C. In
common with other living organisms, bakers’ yeast has basic
nutritional requirements for carbon and nitrogen sources,
minerals, and vitamins.
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Carbon

A limited range of sugars is utilized as a carbon source b
S. cerevisiae. Glucose and fructose are utilized readily, and of the
disaccharides, sucrose and maltose are preferred. Other malt
oligosaccharides also can be utilized, but less readily. Notably
S. cerevisiaecannot utilize pentoses, other hexoses, the disac
charides lactose or cellobiose, or the polysaccharides.

In industry, the preferred carbon sources are cane or suga
beet molasses, which have a fermentable sugar concentr
tion of 50 –55% and around 80% total soluble solids. The
composition of typical molasses is shown in Table 1. Being
a by-product of the sugar industry, however, molasses i
considerably variable in composition.

Improvements in the processes for the recovery of suga
have resulted in the production of molasses containing a lower
concentration of fermentable sugars. In addition, molasses is
also the substrate for the production of ethanol, and so in
many countries, it is subject to excise. Alternative substrates fo
the production of bakers’ yeast therefore have had to be
considered. Starchy substrates, derived from low-grade grain
and tubers, are the logical alternative to molasses, but suitabl
manufacturing processes need to be developed. Sugar ca
juice and sugar-beet extract also can be used for the produ
tion of bakers’ yeast, if the process is economically viable.
l
Nitrogen

Saccharomyces cerevisiaecan utilize inorganic nitrogenous
compounds, such as ammonium sulfate, ammonium chloride,
or even ammonia. Urea can be used to provide N2 in the
commercial production of yeasts.
Table 1 Composition of molasses

Component

Percentage of total weight
of molasses

Range Average

Water 17–25 20
Sucrose 30–40 35
Glucose 4–9 7
Fructose 5–12 > 9
Other reducing substances 1–5 3
Other carbohydrates 2–5 4
Ash 7–15 12
Nitrogenous compounds 2–6 4.5
Non-nitrogenous acids 2–8 5
Waxes, sterols, and phospholipids 0.1–1 0.4
Vitamins Trace Trace
Minerals

The major minerals required for growth by S. cerevisiaeare
phosphorus (an important component of nucleic acids),
potassium, calcium, sodium, magnesium, and sulfur. Iron,
zinc, copper, manganese, and cobalt are required as trac
elements. These requirements are largely met by the molasse
with the exceptions of phosphorus and magnesium.

Phosphorus is supplied in the commercial production of
yeasts as phosphoric acid or as phosphate of sodium, potas
sium, or ammonium. Magnesium is supplied as magnesium
sulfate in the growth medium.
Vitamins

Saccharomyces cerevisiaerequires biotin, pantothenic acid,
inositol, and thiamin for growth. These, except for thiamin,
usually are available from molasses in adequate quantities
Sugar-beet molasses, however, is de� cient in biotin and hence
requires supplementation with synthetic biotin. The biotin
requirement of yeast is reported to be increased when ure
is used as the N2 source in the growth medium. A mixture of
L-aspartate and oleic acid was found to completely eliminate
the requirement for biotin.

Molasses must be supplemented with thiamin to enable
maximum growth of the yeast.
d

Oxygen

Saccharomyces cerevisiaepossesses a remarkable ability to adap
to thrive in varying levels of available O2. In very low levels of
O2, its metabolism responds by shutting off the respiratory
enzymes. The yeast then leads a fermentative life, in whic
sugar is partially and nonoxidatively utilized for energy and
the ‘waste’ product is ethanol. In contrast, when adequate O2 is
available, sugar is converted by the respiratory enzymes to CO2
and H2O, as well as to intermediates needed for the cel
biomass. Therefore, in microaerophilic conditions (often erro-
neously termed‘anaerobic’ conditions), the yeast grows signif-
icantly more slowly than in aerobic conditions. The maximum
theoretical yields of yeast solids under microaerophilic (anaer-
obic) and aerobic conditions have been calculated as 7.5 and
54.0 kg respectively per 100 kg of sugar utilized.

In the case ofS. cerevisiae, the concentration of the substrate
(sugar) also in� uences the mode of growth. If the medium
contains >5% glucose, even with high aeration for adequate
supply of O2, the yeast adapts to grow by the fermentation mode,
alcohol being the product of sugar metabolism. This phenom-
enon is known as the‘glucose effect’ or the ‘Crabtree effect.’ If the
glucose level is then lowered to 0.1% and aeration continued, the
metabolism of the yeast shifts from fermentation to respiration.

For aerobic growth, therefore, the sugar has to be supplie
incrementally so that the rate of growth of the yeast (m) does not
exceed 0.2 and the respiratory quotient is maintained at the
value of 1. The production of bakers’ yeast therefore should
take place in aerobic growth conditions, facilitating the ef� cient
oxidation of glucose to CO2 and H2O and the concomitant
formation of adenosine triphosphate (ATP), required for cellular
metabolism and the buildup of biomass. In aerobic conditions,
as much as a third of the available sugar is metabolized via
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the hexose monophosphate pathway, generating nicotinamide
adenine dinucleotide phosphate (NADP), which is mainly
utilized in synthetic reactions. Thus, under aerobic growth
conditions, the yeast’s metabolism is balanced elegantly, gener
ating chemical energy for cellular metabolism and precursor
molecules for cell growth and proliferation. The tricarboxylic
acid (TCA) cycle is particularly important, being involved in
the production of both the biomass precursor molecules and
the chemical energy.Saccharomyces cerevisiaealso possesses the
enzymes involved in the‘glyoxylate shunt.’ This replenishes the
TCA intermediates taken up for biomass formation.
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pH Value

Saccharomyces cerevisiaegrows optimally at pH 4.5–5.0,
although it can tolerate a pH range of 3.6–6.0. At higher pH
values, the yeast’s metabolism shifts, producing glycerol
instead of ethanol in microaerophilic conditions.

In the production of bakers’ yeast, an initial pH at the lower
end of the range inhibits the growth of bacterial contaminants.
As the process progresses toward harvesting, the pH is rais
slightly so that any coloring matter taken up by the yeast from
the molasses is desorbed.
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s

Temperature

Saccharomyces cerevisiaehas one of the shortest generation times
among yeasts, 2.0–2.2 h at 30 � C. Bakers’yeast production is
Seed fermenters

Air
filter

Air pump

Mixe

Extru

Compres

Fermenter

Figure 1 Production of bakers’ yeast.
optimal when the temperature of the cultivation medium is
maintained at 28–30 � C. Productivity, however, in terms of
grams of yeast solids produced per liter of cultivation medium
per hour, depends on the feed rate in fed-batch fermentations
Despite growth at diminished rates being nonexponential, high
productivity still is achieved.
Manufacturing Processes Used for BakersÕ Yeast

The overall process is summarized inFigure 1.
Preparation of Medium

The molasses (containing around 50% fermentable sugars an
80% soluble solids) usually is diluted with an equal weight of
water, and the pH is adjusted to 4.5–5.0 with sulfuric acid. The
diluted molasses is clari� ed using a desludger centrifuge
Clari� cation by � ltration is recommended for beet molasses,
but it is not necessary for cane molasses. The clari� ed molasses
then is sterilized by the high-temperature short-time process
Other sterilization methods, which involve prolonged heating
at low temperatures, cause caramelization and hence a decrea
in the fermentable sugar content.

Medium supplements are added, these typically are a
follows: a nitrogen source (e.g., urea, 2.5 g l� 1); potassium
orthophosphate (KH2PO4), 0.96 g l� 1; hydrated magnesium
Nutrients
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sulfate (epsomite, MgSO4$7H2O), 0.1 g l� 1; and a defoamer
(silicone, fatty acid derivatives, or edible oil), 0.01 g l� 1.

The molasses then is transferred to the fermenter,� lling it to
about two-thirds of its total volume, and pitching yeast is
added. More clari� ed molasses is added incrementally in the
fed-batch cultivation.

A substrate of starch (from corn, sorghum, or tubers),
hydrolyzed by acids or enzymes, or of sugar cane juice, does no
require elaborate clari� cation. Supplementation with
a nitrogen source, minerals, and vitamins, however, is neces
sary. With suitable supplements, these raw materials are we
suited for the production of bakers’ yeast, although economic
considerations may dictate otherwise.
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Figure 2 Airlift fermenter with draft tube.
Cultivation

In industry, bakers’ yeast is produced in fermentation tanks
with a capacity of 200 m3 or more. Tanks, and all connecting
tubes, preferably should be made of stainless steel.

The design and operation of fermenters for the production
of bakers’ yeast must be carefully considered given the inter
relationship between aeration, the speci� c growth rate of yeast
and the substrate concentration. The facility for bubbling
compressed air (as a source of O2) into the medium, to ensure
effective aeration, therefore is particularly important. In prac-
tice, O2 transfer in a fermentation system can be manipulated
by adjusting the bubble size and by the dispersion of air in the
cultivation medium, by using mechanical agitation close to the
point of entry of air into the medium. The level of dissolved O2

during fermentation can be determined by using O2 electrodes.
The features of a typical cultivation tank used for the

production of bakers’ yeast, an airlift fermenter, are shown in
Figure 2. It consists of a cylindrical vessel, provided with
a sparger (aerater) at the bottom for producing air bubbles in
the medium. Aerobic growth results in the generation of almost
14 650 J of heat per gram of yeast solids, and because cul
vation has to be carried out at 28–30 � C, cooling is necessary
This is achieved by cooling coils, either within or outside the
vessel. Directional� ow of the cultivation medium is achieved
by pumping air in at the bottom of a ‘draft tube.’ The ratio
between the depth of the cultivation medium and the diameter
of the vessel has been shown to in� uence O2 transfer. If the
depth of the broth exceeds 3 m, the use of compressed air, t
overcome the hydrostatic pressure of the liquid, is recom
mended. The design of the air sparger is also important fo
effective O2 transfer. The inclusion of a motor-driven impeller
further increases the effectiveness of O2 transfer, but the addi-
tional investment and energy consumption involved may
undermine their cost-effectiveness.

The manufacture of bakers’ yeast begins with a number of
stages that build up production and involves the inoculation of
the medium with pitching yeast. This development process
usually is divided into eight stages, in which the yeast solids
gradually are built up from the slope or � ask culture of yeast.

The entire process involves batch cultivation of yeast in the
initial stages, leading on to fed-batch cultivation in completion
stages. In the batch cultivation, molasses media with highe
sugar concentration are employed to allow the cells to synthe
size the lipids necessary to invigorate the sterol-de� cient yeast
and improve their fermentative ef� ciency. The batch cultivation
includes all the stages of growth. In the lag phase, relevan
enzymes (in gluconeogenesis and glyoxalate shunt) ar
synthesized for generation of intermediate-molecules to
produce yeast biomass. In the subsequent exponential phase, i
which cells commence rapid multiplication, sugar is metabo-
lized mostly via the fermentative route with ethanol being the
main product, while a small amount of sugar is metabolized
oxidatively in mitochondria to carbon dioxide and water. The
yeast in this phase makes only a suboptimal level of biomass for
want of adequate ATP and precursor molecules. Many workers
however, have regarded that prior adaptation of yeast to highe
sugar concentrations in the batch process greatly helps in its full
� edged expression to bloom to highest biomass production in
the subsequent fed-batch phase. Furthermore, ethanol accu
mulating in the batch process begins to get metabolized when
the glucose level falls in the late exponential phase with
continued aeration in place. The desirable outcome of this trend
is preparation of yeast cells to cross over to respiratory phase an
exhaustion of ethanol. This happens in the fed-batch cultivation
that follows in the � nal stages, wherein operational conditions
ensure an increase in the speci�c growth rate and biomass builds
up. Glucose along with other nutrient-supplements is added
incrementally at such a frequency that, while maintaining the
cell multiplication tempo, it does not allow the system to slip
into fermentative phase of growth. An important facilitating
factor in fed-batch cultivation is controlled and sustained
supply of oxygen. High inoculums size, controlled maintenance
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828 Yeasts: Production and Commercial Uses
of pH (4.5), and temperature (30 � C) also are important
contributing factors for high biomass production.

In the � rst two stages, sterilized medium and pure yeas
cultures are employed in pressurized tanks, but the subsequen
stages are operated in open tanks. The entire process is know
to involve 24 generations of the yeast. Cultivation may be
terminated before the normal � nal stage, in which case a yeas
cream is obtained by centrifugation and used for pitching as
required. Typically, over an eight-stage schedule, 0.2 kg of yea
solids give a� nal yield of about 100 000 kg of yeast.

Maturation

At the end of the � nal stage of yeast cultivation, the feed rate is
reduced greatly. This allows the yeast cells to mature and resul
in a low proportion of budding cells, which confers higher
stability on compressed yeast in storage.

Finishing Stages

Yeast Cream
The culture broth can be centrifuged in a continuous centrifuge
(with a vertical nozzle) at 4000–5000 g, leading to almost
complete recovery of the yeast cells. In the� rst run, around
two-thirds of the � uid can be removed, and in subsequent runs,
further concentration of the cells is achieved, producing a slurry
called ‘yeast cream,’ which contains about 20% yeast solids.
Yeast cream can be stored at 4� C for a number of days, with
good retention of viability.

Compressed Yeast
Compressed yeast is prepared from yeast cream by� ltration
or by pressing in a � lter press. Rotary continuous vacuum
� lters also can be used. The pressed cake thus obtained
mixed with 0.1–0.2% of emulsi� ers, such as monoglycerides
diglycerides, sorbitan esters, and lecithin, and then is
extruded through nozzles. The extruded material, in the form
of thick strands, is cut into suitable lengths and is packaged
(usually in packs of about 500 g) in wax paper or polythene
sheet. The compressed yeast must be cooled rapidly an
stored at 5–8 � C.

Active Dry Yeast
Active dry yeast is useful in situations (e.g., homes) where
storage at low temperatures is not possible. It is prepared b
spreading out the pressed yeast cake to produce thin strands o
small particles, which then are dried. Generally, a tunnel drier is
used, taking 2–4 h with the air inlet temperature maintained at
28–42 � C. More modern equipment, achieving either contin-
uous drying or � uidized-bed drying (airlift drying), also is
available. Emulsi� ers such as sucrose esters or sorbitan este
(0.5–2.0%) are mixed with the dried yeast to facilitate rehy-
dration. Antioxidants, such as butyl hydroxyanisole at 0.1%,
are added to prevent undesirable oxidative changes. Active dr
yeast has a moisture content of 4.0–8.5%.
n
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Yeast Products and Uses

Nutritional Yeast

Yeast that has been heat killed and dried is a source of protei
and the B vitamins, and it is useful for supplementing foods
and animal feeds. Currently, the yeast used for these purpose
is derived from brewing, winemaking, or distilling, but the
cultivation of yeast exclusively for food and feed supple-
mentation is a possible future development. The of�cial
de� nitions and standards for such products are laid down by
the International Union of Pure and Applied Chemistry
(IUPAC), the National Formulary (NF XII) of the American
Pharmaceutical Association, and the US Food and Drug
Administration (FDA).
Lysine-Enriched Yeast

Strains of bakers’ yeast that can convert precursor molecule
such as 5-formyl-2-oxovalerate or 2-oxo-adipate to lysine, with
high ef� ciency, have been reported. The use of such strains fo
the forti � cation of lysine-de� cient cereals has potential.
Vitamin-Enriched Yeast

The addition of thiazole and pyrimidine to the cultivation
medium has been shown to cause bakers’ yeast to synthesize
high levels of thiamin (around 600 mg g� 1).

The irradiation of bakers’ yeast with ultraviolet light has
been shown to convert ergosterol to calciferol (vitamin D2),
with a vitamin potency reaching as much as 180 000 interna-
tional units per gram of yeast. Such strains will be useful for the
forti � cation of food, feed, and pharmaceuticals.
Yeast Lysates and Yeast Extract

Yeast autolysates are prepared by imposing conditions tha
trigger the yeast’s native hydrolytic enzymes. These digest th
yeast proteins and nucleic acids, converting them into soluble
substances with an acceptable� avor and taste. The process
involves the addition of ethyl acetate and NaCl (1–3%) to yeast
slurry containing 14–16% yeast solids. The mixture is main-
tained at 45 � C for about 20 h, and then the whole autolysate is
concentrated to a paste or is dried to a powder. The soluble
fraction can be separated by centrifugation and then can be
concentrated.

Yeast hydrolysates also can be obtained by adding hydro
chloric acid to yeast slurry containing 65–80% yeast solids and
subjecting the mixture to re� ux for about 12 h. It is then
neutralized with sodium hydroxide solution and is � ltered,
decolorized, concentrated, and dried. Concentrates of hydro
lysates, containing 42% solids, 18% NaCl, and 3% N2 can be
obtained.

Yeast extract can be used as dietary supplement or foo
� avorings. More important commercial use for yeast extract is
as a component of microbiological and cell-culture media,
usually at 0.3–0.5% level. There is a growing demand for this
purpose both by pharmaceutical companies and institutions.
Yeast as a‘Probiotic’

‘Probiotics’ are considered as those microorganisms tha
provide a health bene� t to humans (or other mammalian
hosts). In humans, currently most probiotics in use are
bacteria, but the yeastSaccharomyces boulardii(or S. cerevisiaevar
boulardii) has been shown to be bene� cial in several trials and



re

n

f

s
e
-

Yeasts: Production and Commercial Uses 829
experiments.Saccharomyces boulardiiwas isolated from Litchis
in Indonesia. Although initially considered a separate species
distinct from S. cerevisiae, molecular typing has revealed that it
should be considered to be a subspecies ofS. cerevisiaerather
than a distinct species. Owing to differences in metabolic and
genetic makeup, however, the nameS. boulardiihas persisted.
Probiotic yeast is taken orally, in a lyophilized form, and is
packaged and prepared by the industry accordingly. There a
currently several manufacturers of yeast probiotics.
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Yeasts in Fermented and Other Foods

Yeasts are part of the micro� ora of many indigenous foods. In
most cases, the micro� ora consists of bacteria and yeasts, an
in some cases fungi. In addition to the fermentation of the
foods, the combination of these organisms adds to the
distinctive texture, aroma, and � avor. An analysis of a large
number of fermented foods in India has revealed the presence
of several yeasts in addition to bacteria. A similar situation
occurs with the fermented foods found in other parts of Asia
and Africa. In Europe, table olives, which are the most widely
fermented vegetable product in the market, involve an inter-
play of micro� ora of lactic acid bacteria with the yeasts
Saccharomyces, Pichia, and Candida. The use of yeasts is no
restricted to the fermented foods sector. In the chocolate
industry, for example, Candida rugosaplays a role in the pro-
cessing of the pectin reducing the bitterness. As the indigenou
fermented food industry grows and becomes organized, there i
an increasing need to standardize the starter cultures tha
involve a mix of organisms to obtain the most suitable texture
and � avor, while also ensuring minimal spoilage.
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Yeast in Ke�r Production

Ke� r is a fermented milk product consumed either as a cold
beverage or along with cereals or used in baked products. It i
thought to aid in digestion and calm upset stomachs. The
production of ke� r involves a mixture of bacteria and yeasts
The milk is pasteurized to remove endogenous micro� ora and
then a speci� c mixture of bacteria (Lactobacillus caucasius) along
with two yeasts (Saccharomyces ke�r and Torula ke�r) are added.
The bacteria ferment the lactose in milk to lactic acid and
provides the tangy� avor, while the yeasts ferment the available
fermentable sugars in milk to yield small amounts of alcohol
and CO2, which gives ke� r its � zz and effervescence.
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Biochemicals

Saccharomyces cerevisiaeis a good and economical source of
several biochemicals that are in great demand by biochemist
and molecular biologists. Saccharomyces cerevisiaeis a source of
the pyridine nucleotides nicotinamide adenine dinucleotide
and NADP and their reduced forms and of several ribonucle-
otides and deoxyribonucleotides, including adenosine mono-
phosphate, adenosine diphosphate, and ATP.
se
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Heterologous Gene Expression inS. cerevisiae

With the advent of the recombinant DNA technology, a major
application has been to extract a desired plant or mammalian
gene and introduce it into a suitable microorganism with the
aid of a vector for expression. As microorganisms can be grow
to huge numbers in a short period of time in fermenters,
copious amounts of the ‘foreign’ gene product can be
produced. The Human Genome Project makes great use o
S. cerevisiaeand its vectors.

In addition to S. cerevisiae, other yeasts are being used a
hosts for heterologous protein expression. These include th
methanolotrophic yeasts Pichia pastorisand Hansenula poly
morpha. These yeasts exploit the strong alcohol oxidas
promoter that is induced by methanol. Proteins, such as viral
proteins for vaccines that have been expressed from th
promoter, lead to high expression levels. In addition, these
yeasts can be grown to high cell density that make them
commercially more valuable. The recently developed‘human-
ized yeasts’ that allow proteins expressed in yeast to obtain the
posttranslational glycosylations seen in mammals is another
big advance that would be useful in the expression of many
therapeutically important proteins in yeasts that depend a lot
on their posttranslational modi � cations.
Metabolic Engineering and Synthetic Biology for High-Val
Natural Product Production

The ease of genetic manipulation of the yeastS. cerevisiaehas
made it an ideal choice and a preferred organism in many case
for the generation of high-valued natural products. This
involves introduction of the pathway enzymes and de novo
design of pathways, followed by manipulation of the yeast to
increase the metabolic� ux through the desired pathway. To
increase the yields of such products in yeast is being increa
ingly possible as a consequence of high-throughput analyse
that enables a better understanding of the cellular response to
the engineered pathways. The production of artemisinic acid in
the yeastS. cerevisiae, a precursor of the antimalarial compound
artemisinin that is found in nature in only certain plants and
thus is dif� cult to get in large amounts, is a success story tha
indicates the power of this approach. A second example is th
production of taxadiene, a precursor of the anticancer
compound taxol, in yeasts. There are also efforts to produc
other high-value compounds that include vanillin and omega
fatty acids using yeast. There is probably no limit to the range o
products that can be synthesized as pathways become know
and knowledge of optimization becomes more de� ned.
Traditional and novel biofuels from yeast continue to remain
a possibility and lot of focus over the last several years has bee
toward making this a commercially viable process.
Future Developments

The major use for bakers’ yeast has been for breadmaking
followed by manufacture of alcoholic beverages and yeas
lysate-based products. There are a number of traditional food
products known especially in the eastern and south-easter
countries that employ yeast for texture and� avor enhancement.
Scope exists for developing commercial processes for the
products, while increasing further demand for the bakers’ yeast.

Yeast has come to occupy a unique place in science an
technology: Being a unicellular microorganism with a short
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life span, it is readily amenable to cultivation and to manipu-
lation to re� ect process needs. It is also amenable to traditiona
and modern methods of genetic engineering, using its natura
recombination processes as well asin vitrotechniques. Yeasts are
eukaryotes and their biochemistry has much in common with
that of higher organisms, including glycosylation and cell
sorting. Metabolic engineering and synthetic biology using
yeasts as hosts is one of the potentially most exciting areas i
which yeasts continue to remain in the forefront. While earlier
all the focus was onS. cerevisiae, it is possible that while other
yeasts also will gain in importance. One of the other areas in
which development is likely is to engineer yeasts to utilize
cheaper carbon sources that include vegetable and plant waste
Yeasts therefore are poised to be major players in biotechnolog
in the future.
;
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See also:Fermentation (Industrial):Basic Considerations;
Fermentation (Industrial):Media for Industrial Fermentations
Saccharomyces: Saccharomyces cerevisiae; Saccharomyces:
Brewer’s Yeast;Single-Cell Protein:Yeasts and Bacteria;
Wines:Microbiology of Winemaking.
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Introduction

The bacterial genusYersinia belongs to the family Enter-
obacteriaceae. On the basis of DNA–DNA hybridization
studies and 16S rRNA sequence analysis, allYersiniaspecies
are more closely related to each other than to any othe
genera of this family. At the time of writing, it includes 17
species that have been isolated from clinical and nonclinica
sources.Yersinia pestis, Yersinia pseudotuberculosis, and Yersinia
enterocoliticaare associated with human and animal diseases
Yersinia pestiscauses plague,Y. pseudotuberculosiscauses
mainly mesenteric lymphadenitis and septicemia, and
Y. enterocolitica, which is the most prevalent species among
humans, can cause a wide range of human diseases varyin
from mild diarrhea to mesenteric lymphadenitis. Yersinia
intermedia, Yersinia frederiksenii,Yersinia kristensenii, Yersinia
aldovae, Yersinia rohdei, Yersinia mollaretii, andYersinia berco
vieri are considered to be mainly environmental species, bu
may act as opportunistic pathogens.Yersinia ruckeriis the
cause of a serious infectious disease in� sh. These eight
species are also known asY. enterocolitica-like species an
were categorized fromY. enterocoliticainto several distinct
species on the basis of DNA–DNA hybridization studies and
on sugar fermentation. The newest members of the genus ar
Yersinia aleksiciae, Yersinia massiliensis, Yersinia similis, Yersinia
entomophaga, Yersinia nurmii, andYersinia pekkaneniithat have
been isolated from environmental and food sources, with the
exception of Yersinia entomophaga, that was isolated from an
insect larvae. The species of major importance in food
microbiology is Y. enterocolitica, which is primarily a gastro-
intestinal tract pathogen acquired through the fecal–oral
route and epidemiologically linked to porcine sources.
However, the epidemiology of the infections caused by
Y. enterocoliticaseems to be much more complex and
remains poorly understood (Bottone et al. 2005; Sprague
and Neubauer, 2005;Merhej et al. 2008; Sprague et al. 2008;
Murros-Kontiaine et al. 2010a, 2010b; Hurst et al. 2011;
Souza et al. 2011).
Encyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
Characteristics of the Genus

Member of the genusYersiniahave a Gþ C content of 46–50%.
Intraspecies relatedness is variable, ranging from 55 to 74%
with the exception of Y. pestisand Y. pseudotuberculosis, which
have more than 90% relatedness within each other. It is
interesting to mention that despite the high genetic similarity
shown betweenY. pseudotuberculosisand Y. pestis, they were not
classi� ed into a single species because of signi�cant differences
in the diseases, mode of transmission, and pathogenesis o
each species. A similarity relatedness varying from 10 to 32% i
observed between the genusYersiniaand the other genera of the
family Enterobacteriaceae.

Yersiniaspp. include Gram-negative, facultative anaerobes
oxidase-negative, catalase-positive, non-spore-forming rods; o
coccobacilli. D-Glucose and other carbohydrates are fermente
with acid production but little or no gas. These bacteria are
0.5–0.8 mm in diameter and 1–3 mm in length, making them
smaller than other members of their family, and grow more
slowly. Pleomorphism is reported and depends on the type of
medium used and the temperature of incubation.Yersiniaspp.
are nonmotile at 37 � C but motile at 25–30 � C because of the
presence of peritrichous� agella, with the exception ofY. pestis,
which is always nonmotile.

The optimum growth temperature is at 25–29 � C, but most
strains can grow at wide range of temperatures, varying from
a minimum of 4 � C to a maximum of 43 � C. However, growth
at 0–1 � C has been observed forY. enterocoliticastrains isolated
from pork, chicken, milk, raw beef, and ice. The minimum
temperature for growth was reported to be�2 � C. Yersinia
pestisand Y. enterocoliticagrow over a pH range of 5.0–9.4, and
the other Yersiniaspp. tolerate a pH range of 4.0–10.0. The
optimum pH for all species is 7.2–7.4. Yersinia pestisand
Y. pseudotuberculosisgrow at salt concentrations up to 3.5%,
whereas other species can tolerate up to 5% NaCl.Yersinia
species grow well on nutrient agar, without any enrichment
procedure. Often a small colony diameter of 1–1.5 mm after
24–30 h and, of 2–3 mm after 48 h, differentiates members of
78-0-12-384730-0.00362-1 831
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832 YERSINIAj Introduction
this genus from other Enterobacteriaceae on the nutrient agar
Most strains will grow on MacConkey agar as well as in
various selective medium, except forY. pestis. For example,
Y. pestishardly grows at all on Salmonella–Shigella (SS)agar
incubated at 25� C, whereas all the other species grow and
produce pinpoint colonies in 24– 30 h. Also, Y. pestisrequires
L-methionine, L-isoleucine, L-valine, and L-phenylalanine for
growth in vitro.

The overall cell wall composition and antigenic structures of
Yersiniaspecies do not signi� cantly differ from other Enter-
obacteriaceae, with an O-speci� c side chain and only minor
variations in the lipopolysaccharides of various serogroups.Yer-
sinia enterocoliticahas more than 70 serotypes,Y. pseudotuberculo
has 15, and Y. pestislacks the O-antigen. Also,Yersiniaspp.
produce no capsules with the exception ofY. pestis, from which
the occurrence of a cell envelope is reported.

The phenotypic differentiation of species of the genus
Yersiniacan be made by using various biochemical tests a
Voges–Proskauer reaction, indole production, citrate utiliza-
tion, ornithine decarboxylase, urease production, and carbo-
hydrate fermentation (Table 1). Some biochemical activities are
temperature dependent and are more constantly expressed
the optimum temperature at 25–29 � C rather than at 35–37 � C.

Among all the Yersiniaspecies listed inTable 1, the most
well studied and characterized areY. pestis, Y. pseudotuberculos,
and Y. enterocolitica.These three species are recognized path
gens for humans and animals.

Yersinia pestis, the etiological agent of plague, is considered
to be an infectious parasite of rodents and causes a highl
severe disease in humans.Yersinia pseudotuberculosisis wide-
spread in mammalian and avian hosts and is a common causa
agent of zoonotic disease in avian and mammalian species
Yersinia enterocoliticais widely distributed in nature and is most
commonly found in the gastrointestinal tracts of swine,
rodents, and dogs, among other animals. In particular,
Y. enterocoliticais an important foodborne pathogen that causes
mainly gastroenteritis in humans and animals. The remaining
species, listed inTable 1, are in its majority ubiquitous, free-
living saprophytes that can be isolated from soil, water, and
various food, and which could be occasionally sources of
infection for humans and animals.
s

,

c

d
Characteristics and Pathogenesis ofY. enterocolitica
and Y. pseudotuberculosis

Pathogenesis is best studied inY. pseudotuberculosisand
Y. enterocolitica, besidesY. pestis.For this reason and also for the
fact that Y. enterocoliticaand Y. pseudotuberculosisare acquired
mainly by the ingestion of contaminated food and water, this
article will focus on the pathogenesis and overall characteristic
of these two species.

For Y. pseudotuberculosisand Y. enterocolitica, the initial event
subsequent to ingestion of contaminated food is invasion of
intestinal epithelial cells with tracking to the lamina propria.
Having entered the lymphatic system, macrophages are invaded
but the microorganisms are still able to survive. A systemic
spread is then possible to the liver, spleen, and mesenteri
lymph nodes. On the basis of the observations of penetration
through epithelial linings and subsequent multiplication in
reticuloendothelial tissues,Y. enterocoliticacan be considered as
an invasive enteropathogenic species likeSalmonella, Shigella,
and some Escherichia coli. For Y. pseudotuberculosis, as with
Y. enterocolitica, it was shown that pathogenesis is intimately
associated with penetration of epithelial linings, survival,
and multiplication within host cells. Although experimental
enteric infections are nearly coincident for both species, for
Y. enterocolitica, this capability is apparently restricted mainly
to certain serogroups, such as O:3, O:5,27, O:5, O:8, and O:9
that are responsible for almost all registered cases of yersinios
in humans.

The promotion of the epithelial cell invasion is connected
to the presence of chromosomal genes termedinv and ail loci in
Y. pseudotuberculosisand Y. enterocolitica. The inv gene encodes
for a protein of 91 kDa in Y. enterocoliticaand of 102 kDa in
Y. pseudotuberculosis, called Invasin (Inv), which is located on
the outer membrane of the bacteria. Despite the difference in
size of Inv encoded by these two species, the two proteins ar
functionally highly conserved. The ail (attachment invasion
locus) accounts for the production of a peptide of 17 kDa
termed Ail. Like Inv, Ail is an outer membrane protein. Theail
occurrence seems to be almost exclusively of pathogen
biotypes (1B, 2–5) of Y. enterocoliticaand Y. pseudotuberculos.
However, this gene has been detected in some strains o
Y. enterocoliticabiotype 1A.

A chromosomal-encoded heat-stable toxin known as Yst (or
Yst-A) has been detected in pathogenicY. enterocolitica
(biotypes 1B, 2–5). Yst is encoded by theyst gene and is
synthesized as a 71-amino-acid polypeptide, the carboxy
terminus of which becomes the mature toxin comprising 30
amino acids. The enterotoxin remains viable at 100� C for
20 min and is not affected by proteases and lipases. Addition-
ally, Yst stimulates guanylate cyclase, with a subsequen
elevation of cyclic guanosine monophosphate (cGMP), which
as a consequence causes perturbation of� uid and electrolyte
transport in the intestinal absorptive cells, resulting in diarrhea.
The gene of a variant called Yst-b, encoded byystB, is frequently
detected in biotype 1AY. enterocoliticastrains.

The pathogenic role of Yst, where body temperature
approaches 37� C, remains questionable once the toxin
is generally not detectable in bacterial cultures incubated
at temperatures above 30� C in vitro, and strains of
Y. enterocoliticathat do not produce the toxin retain full
virulence in animal’s experimental assays. It can be argue
that Y. enterocoliticaenterotoxin production is not signi � cant
in inducing diarrheal disease, but the toxin produced in food
products, which often are incubated at lower temperatures, is
active. It has been shown, however, that enterotoxin
production may be sometimes repressed at refrigeration
temperature (4� C) and that enterotoxin-negative strains of
Y. enterocoliticaO:3 can still induce diarrheal illness. On the
other hand, it was shown thatY. enterocoliticacan produce Yst
at 37 � C, if the bacteria are grown in a medium with high
osmolarity and pH resembling that present in the intestinal
lumen. Enterotoxin production has not been detected in
Y. pseudotuberculosis.

Besidesinv, ail, and yst, other chromosomal-encoded genes
are responsible for the expression of virulence determinants
like iron uptake, � mbriae, lipopolysaccharide (LPS),� agella,
and urease, among others.



Table 1 Phenotypic differentiation of the 17Yersiniaspecies

Reactions or characteristicsa

Fermentation

Yersiniaspecies Motility
Urease
production

Voges–
Proskauer

Indole
production

Citrate
utilization

Ornithine
decarboxylase

Esculin
hydrolysis

Mucate
utilization SucroseL-RhamnoseD-CellobioseD-Melibiose L-Sorbose D-Sorbitol D-Raf�nose

Y. pestis – – – – – – V – – – – V – – –
Y. pseudotuberculosisþ þ – – – – þ – – þ – þ – – V
Y. similis þ þ – – – – þ – – þ – – – – –
Y. enterocolitica þ þ þ V – þ V – þ – þ – V V –
Y. intermedia þ þ þ þ þ þ þ – þ þ þ þ þ þ þ
Y. frederiksenii þ þ þ þ V þ V – þ þ þ – þ þ –
Y. kristensenii þ þ – V – þ – – – – þ – þ þ –
Y. aleksiciaeb þ þ – V – þ – ND – – þ – V þ –
Y. aldovae þ þ þ – V þ – – – þ – – – þ –
Y. rohdei þ V – – þ þ – – þ – þ V þ þ V
Y. mollaretii þ þ – – – þ – – þ – þ – þ þ –
Y. bercovieri þ þ – – – þ V – þ – þ – – þ –
Y. ruckeri V – – – þ þ – – – – – – – – –
Y. massiliensis þ þ – þ V þ þ þ þ – þ – þ þ V
Y. entomophaga þ – ND – þ þ – ND þ – þ þ – – þ
Y. nurmii þ – þ – þ þ – ND þ – þ – – – –
Y. pekkanenii – þ – – – – – ND – – þ – – – –

aIncubation at 28� C until 7 days for carbohydrate fermentation and at 28� C for 48 h for the other tests;þ , � 90% of strains positive;–, � 90% of strains negative; V (variable), 11–89% of strains positive; ND, not done.
bY. aleksiciaecannot be separated fromY. kristenseniibased solely on phenotypic tests.
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834 YERSINIAj Introduction
In addition to the expression of chromosomal virulence
markers, the presence of plasmid-encoding determinants tha
play a major role in the overall virulence of pathogenicYersinia
is of major importance. It was shown that although inv
mutants presented a signi� cant reduction in their ability to
invade epithelial cells in vitro, their virulence for orally inoc-
ulated mice was barely affected. This fact suggests that M ce
may be able to internalize the bacteria in the absence o
a speci� c stimulus or that the bacteria express other proteins
like YadA that play a key role in the invasion and adhesion
process. YadA is a 44–47 kDa outer membrane protein
encoded by the plasmid gene yadA. Additionally, for
Y. enterocolitica, it could be shown that both plasmid-bearing
and plasmid-free strains of serogroup O:3 were able to pene
trate the intestinal mucosa. But only the virulence plasmid-
containing strains were subsequently capable of proliferating
and surviving in the host tissue. These data advance th
concept that plasmid-encoded constituents synthesized
intracellularly in an environment of low calcium content,
subsequent to epithelial cell penetration, act as either anti-
phagocytic factors or prevent intracellular killing within
phagolysosomes.

All pathogenic strains of Y. enterocolitica, as well as the
pathogenic speciesY. pestisand Y. pseudotuberculosis, have in
common the possession of a 70 to 75-kb plasmid carrying
essential virulence genes, including the genes that encode fo
Yersiniaouter membrane proteins (Yops), a type III secretion
system (TTSS), and the gene for the adhesin (YadA). Yops a
exported by this TTSS upon bacterial infection of host cells
preventing complement-mediated opsonization and phagocy-
tosis of the bacteria. Additionally, it counteracts many other
innate and adaptive immune responses. The surface protei
YadA mediates binding to diverse extracellular matrix proteins
adherence to epithelial cell lines, resistance to complemen
lysis, and agglutination.

The virulence plasmid pYV is well conserved among the
pathogenic species, although the routes of infection and the
observed diseases caused byY. pestis,Y. pseudotuberculosis, and
Y. enterocoliticaare different. It was observed that loss of the pYV
plasmid results in the loss of pathogenicity.

To cause disease, pathogenicYersinianeeds a group of
virulence factors of chromosomal and plasmid origin to enable
the bacteria to colonize the host and escape its speci� c and
nonspeci� c immune response.

The main clinical manifestations of human infection caused
by Y. enterocoliticaand Y. pseudotuberculosisare abdominal pain
and diarrhea (gastroenteritis), followed by mesenteric lymph-
adenitis, and terminal ileitis, which can lead to a syndrome
known as pseudoappendicitis. Postinfection autoimmune
sequelae, such as arthritis and erythema nodosum, are occ
sionally seen. Among the rarely encountered manifestations ar
cutaneous infections (cellulites, wound infections, pustules),
focal abscesses (liver, spleen, kidney), septicemia (especially
immunosuppressed patients), pneumonia, and meningitis.
Although similar, there are clear distinctions in frequency, age
and sex-related attack rate, pathology, diagnosis, and epide
miology of Y. pseudotuberculosisand Y. enterocolitica.For
example, Y. enterocoliticacauses diarrhea especially in young
children under 5 years old, whereasY. pseudotuberculosiscauses
gastroenteritis mainly in teenagers and young male adults.
Yersinia enterocoliticastrains are classi� ed into six biogroups,
designated as 1A, 1B, 2, 3, 4, and 5, which are differentiate
based on reactivity to esculin, salicin, indole, xylose, trehalose
nitrate, pyrazinamidase, lipase, and DNAse. The species a
subdivided into different types of clinical and epidemiological
signi� cance. The importance of a stable biochemical typing
scheme in this context is that it allows for the recognition of
potentially human pathogenic strains that possess the plasmid
and chromosomally encoded virulence traits. Strains of
biotypes 1B and 2–5 are considered pathogenic and 1A is
considered to be nonpathogenic. Some data have reporte
biotype 1A strains as the causal agents of infections.

A close correlation seems to exist between the serogroups
Y. enterocolitica, its biogroup designation, and its ecological and
pathogenic behavior.

The important human pathogenic strains are mainly
included among biotype 2 (serogroups O:9 and O:5,27),
biotype 3 (O:1,2,3 and O:5,27), biotype 4 (O:3), and biotype 5
(O:2,3). The bio/serogroup 4/O:3 is the one most frequently
isolated from human clinical material worldwide.

The most peculiar isolates are those including biotype 1
strains, which contain several human pathogens (e.g., serova
O:8) and numerous nonpathogenic isolates. Although esculin
hydrolysis and salicin fermentation can be useful to differen-
tiate between nonpathogenic environmental isolates (positive
for those tests) from potential pathogens (negative), the
introduction of a test for pyrazinamidase activity has been used
to delineate biotype 1 isolates into ‘avirulent’ 1A strains
(positive for all three tests) and virulent 1B strains (negative for
all three tests). In this schema, pathogenic biogroup 1B strains
of serogroups O:4,32; O:8; O:13a, 13b; O:18, O:20, and O:21
are clearly identi� ed. Strains of 1B biotype have been incrimi-
nated in human infections, especially in the United States,
and are known as the American strains, although they have
also been detected in Europe, Africa, and Asia. Given th
considerable number of reports about the isolation of biotype
1A strains from clinical specimens, it may be inferred that these
strains possess a certain pathogenic potential. Biotype 1
strains usually lack the pYV plasmid as well as the class
chromosomal virulence gene markers,ail (attachment invasion
locus), ystA (enterotoxin), and myfA (� mbriae) frequently
present in the other biotypes. However, it has been shown that
some 1A strains can invade epithelial cells, resist killing by
macrophages, and carry some genes associated with virulenc
such asinv (invasin), ystB (enterotoxin), hreP (subtilisin-toxin-
like proteases),fes, fepA, and fepD (iron utilization), and tccC
(homologue of insecticidal toxin complex). The exact patho-
genic mechanism of these 1A strains is unknown.

Pathogenicity ofY. enterocoliticaresulting from the presence
of virulence plasmid also has been evaluated by tests like
autoagglutination, calcium dependency testing, and Congo red
binding.

Yersinia enterocoliticais distributed worldwide in the terres-
trial and aquatic environment, which can be sources of infec-
tion for humans and animals. This species is found among
human clinical isolates more often than the other species
shown in Table 1. Animals from which Y. enterocoliticahas been
isolated include beavers, birds, camels, cats, cattle, sheep, goa
chickens, chinchillas, deer,� sh, dogs, guinea pigs, horses
lambs, oysters, rats, raccoons, and swine, among others. Swin
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YERSINIAj Introduction 835
has been described as an important reservoir for foodborne
infections of humans. Yersinia enterocoliticais the species of
major importance with respect to incidence of the genus
Yersiniain foods. It has been isolated from water, cakes, milk,
carrots, vacuum-packaged meats, seafood, vegetables, be
lamb, and pork, among other food products.

Yersinia pseudotuberculosisis potentially pathogenic for
humans and for a wide range of animal species, and the mos
important reservoirs is believed to be wild animals. Yersinia
pseudotuberculosisstrains can be divided into four biotypes (1, 2,
3, and 4) according to its ability to ferment melibiose and
raf� nose, as well as to utilize citrate as a carbon source. Th
species can be classi� ed into 14 serogroups (O:1 and O:14)
based on the O antigen. Some serogroups can be further sub
divided into 1a, 1b, 1c, 2a, 2b, 2c, 4a, 4b, 5a, and 5b. The bio/
serogroups 2/O:3 and 1/O:1 seem to be the most frequently
isolated from humans and animals. The incidence of the
disease caused by this species varies with the season and
highest during the cold seasons. This is due to the fact that a
Yersiniaspp. multiply even at low temperatures (4� C) and
therefore have a selective advantage over other bacteria.Yersinia
pseudotuberculosisstrains have been isolated mainly from fresh
food like lettuce and carrots, as well as milk products, seafood
and tofu, among others.

The gastroenteritis caused byY. enterocoliticausually does
not require treatment. However, when necessary treatmen
options include trimethoprim-sulfamethoxazole and a � uo-
roquinolone. Resistance to� uoroquinolones has already been
observed. For example, in one study, 23% ofY. enterocolitica
isolated from patients with gastroenteritis in Spain were nali-
dixic acid resistant. The resistance was due to either a mutatio
on gyrA gene or ef�ux mechanisms. Also, Y. enterocolitica
produces two different b-lactamases, which confers resistanc
to penicillin. On the other hand, strains of this species have
been shown to be susceptiblein vitro to aminoglycosides,
chloramphenicol, tetracycline, trimethoprim-sulfamethox-
azole, and extended-spectrum cephalosporins.

In the same way, infections caused byY. pseudotuberculosisare
not usually treated. However, in the case of septicemia the
treatment should be done with ampicillin, streptomycin, or
tetracycline. It is interesting to comment thatY. pseudotuberculo
and Y. pestisare usually susceptible tob-lactam antibiotics, but
their susceptibility to penicillin is in the range of sensitive to
intermediate. Resistance to ampicillin and to streptomycin has
already been described for these species.

The orogastric LD50 of Y. enterocoliticafor mice has been
reported to be around 106 colony-forming units (cfu). Simi-
larly, for humans, an infectious dose of around 106 cells was
reported for Y. enterocoliticaand Y. pseudotuberculosis. However,
in individuals with gastric hypoacidity, the infectious dose may
be lower once the gastric acid appears to be a signi�cant barrier
to infection.
.
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General Characteristics of OtherYersiniaSpecies

Yersinia pestisis the cause of plague. Although plague is
primarily described as a disease of wild rodents,Y. pestiscan be
transmitted by � eas in which the bacteria multiply and block
the esophagus and the pharynx. The� eas can further transmit
the organisms to humans when they take their next blood
meal. After a bite by an infective� ea, the typical bubonic form
of plague is produced in humans. The multiplication of Y. pestis
proceeds intracellular in the host and by the lymphatic system.
The lymph nodes then become rapidly enlarged when they are
in� amed (buboes) and the patient develops a fever after a 2–8-
day incubation period. The disease can evolve to septicemi
and sometimes to a secondary pneumonia. From pneumonia,
droplets can be transmitted from human to human (pneu-
monic plague). For mice, the LD50 dose is 1–10 cells.

Yersinia pestiscan be classi� ed into four biovars called
Antiqua, Medievalis, Orientalis, and Microtus. These biovars
can be differentiated by their abilities to ferment glycerol and
arabinose and to reduce nitrate. Also, in the case of biova
Microtus, additional biochemical, molecular, and pathoge-
nicity features differentiate this biovar.

Bubonic, pneumonic, and septicemia plague must be
treated, and the drug of choice has been streptomycin. Resi
tance to this antibiotic has been rarely reported, and is still the
best choice for treatment. Another antibiotic approved for
treatment of plague is doxycycline. Other alternatives could be
gentamicin and � uoroquinolones. Resistance to streptomycin,
tetracycline, and chloramphenicol was reported forY. pestis
isolated from a patient in Madagascar.

Yersinia frederiksenii, Y. kristensenii, Y. intermedia, Y. mollaretii,
Y. bercovieri, Y. rohdei, and Y. aldovaeare considered to be mainly
environmental species, but they may act as opportunistic path-
ogens. All species have been isolated from human clinica
material, with the exception of Y. aldovae.These species
however, have not been extensively studied because of the lac
of classical virulence markers.Yersinia ruckeriis the cause of
a serious infectious disease in� sh.

Yersinia frederikseniistrains have been isolated from fresh
water or sewage, soil, food, sick or healthy humans,� sh, wild
rodents, and domestic animals. For Y. frederiksenii, three
genomic species have been described that are indistinguishab
on the basis of phenotypic characteristics. Studies have show
that Y. frederikseniiis a genetically heterogeneous species. Th
most common serogroups are O:16, O:1, and O:2.

Yersinia kristenseniihas been isolated from food, animals,
sick or healthy humans, and the environment. The most
predominant serogroups are O:12, O:28, and O:11.

Yersinia intermediahas been detected in food, freshwater
wild and domestic animals, and sick or healthy humans.
Serogroups O:4 and O:17 have been reported as the predom
inant; however, this is not completely clear because mos
Y. intermediastrains are not typable by the Wauter’s serotyping
scheme.

Yersinia mollaretiiand Y. bercovieriwere � rst isolated from
a terrestrial ecosystem and were initially described asY. enter-
ocoliticabiogroups 3A and 3B, respectively. Most strains wer
isolated from environmental sources and foods (raw vegeta
bles), but some were of human origin, mainly from the stools
of both healthy individuals and patients with diarrhea. There is
no evidence that these organisms are pathogenic for humans
Their frequent occurrence in soil, water, food, and environ-
mental samples suggests a saprophytic character. This is su
ported by a lack of virulence factors. Phenotypically, these two
species most closely resemble each other and are next closest
Y. enterocoliticabiogroups 3 and 4.
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Yersinia rohdeiwas isolated from the feces of dogs and
humans, including patients with diarrhea, but also from
surface water. At present, it is not known whetherY. rohdeiwas
the cause of human infections, but it was suggested that th
natural habitat is water and that isolation from dogs and
humans is only occasional. No reports on isolation from foods
are available at present.

Yersinia aldovaeis a species found in aquatic habitats and
soil. No human or animal pathogenicity has been documented
for this species. The most common serogroups are O:17
O:6,31, O:6,30, O: 7,8, O:21, and O:22.

Yersinia ruckerihas been detected in freshwater ecosystem
in the United States, Canada, Australia, South Africa, sever
European countries, and, more recently, Brazil. The red mouth
disease caused by this organism is also known as pink mouth
and pink or red throat in rainbow trout. Also, it can be
responsible for a fatal septicemia in carp and other� sh.

The newest members of the genus areY. aleksiciae,
Y. massiliensis,Y. similis, Y. entomophaga, Y. nurmii, and
Y. pekkanenii, which have been isolated from environmental and
food sources, with the exception ofY. entomophaga, which was
isolated from an insect larvae. Except for the fact that these ar
recently described species, little is known about their epidemi-
ology or other characteristics.
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General Aspects of Detection
and Isolation Procedures

Almost all Yersiniaspecies, except forY. pestis, will be usually
isolated from stools or food samples by inoculation on
standard media, including blood and chocolate agars or
special selective bile salt media, such as MacConkey aga
xylose-lysine-deoxycholate agar,Salmonella–Shigellaagar, and
cefsulodin-Irgasan-novobiocin (CIN) agar, among others,
preferentially incubated at 25–29 � C for 24–48 h.

Taking into consideration that Yersiniaspecies grow more
slowly than most Enterobacteriaceae, the use of a selectiv
medium is recommended if the material to be cultured comes
from a nonsterile site. For recovery ofY. enterocolitica, selective
media including CIN, Salmonella–Shigella deoxycholate
calcium chloride, and MacConkey agars have been use
successfully. CIN agar has been shown to recoverYersiniain
higher rates in comparison with MacConkey and SS agars
However, for the fact that growth of someY. pseudotuberculo
strains can be inhibited on CIN agar and the use of MacConkey
agar for isolation is more advisable.

CIN agar was developed for the direct discrimination of
Y. enterocoliticafrom most other Gram-negative species capable
of growth on this medium. This agar contains cefsulodin,
irgasan, and novobiocin, and the differential qualities derive
from the ability of Y. enterocoliticato produce acid from
mannitol, resulting in a deep red center on theYersiniacolo-
nies, which has been described as a bull’s eye appearance
Citrobacter, Serratia, and Morganella grow on CIN agar,
producing colonies similar in appearance to, but larger than,
those of Yersinia.

For maintenance, stab inoculations ofYersiniastrains can be
stored in the dark at 4� C for a long time. Lyophilization and
deep-freeze storage in 10% glycerol are also recommended.
Yersiniastrains are distinct from other members of the
family Enterobacteriaceae because of the poor growth respons
on enteric agar after 24 h incubation at both 22 and 37� C.
Under both incubation conditions, colony sizes range from
barely perceptible to pinpoint.

The recovery ofYersiniaspp. from foods usually requires
enrichment of the sample before cultivation on agar media.
Several enrichment or selective techniques have been applie
for the recovery, in particular, of Y. enterocoliticafrom meats
and other foods. Enrichment broths can use three selectiv
agents – irgasan, ticarcillin, and potassium chlorate (ITC).
In combination with coupling to direct plating on to
SS-deoxycholate calcium agar, MacConkey agar, or CIN aga
this may be superior for the recovery of Yersinia strains.
Various cold enrichment techniques improve the recovery of
Yersinia strains from contaminated samples. Furthermore,
subsequent post-alkali treatment was reported to enhance
isolation ef� cacy.

The development of DNA hybridization techniques
combined with the application of polymerase chain reaction
(PCR) are common techniques to detect pathogenic bacteria
With respect to food control, DNA techniques have most often
been used to con� rm culture-based techniques. For example
bacteria are enriched and sometimes even puri� ed by tradi-
tional culture procedures and thereafter identi� ed by the use of
DNA-based methods.

With respect to the genusYersinia, a genus-speci� c signature
sequence within the 16S rRNA has been detected, which
promising for its application in food microbiology. To detect
nonpathogenic or pathogenic Y. enterocoliticastrains, several
approaches have been used. A PCR-ampli� ed, digoxigenin-
labeled yst probe (speci� c for the pathogenic Y. enterocolitica
heat-stable enterotoxinystgene) was used to detect and differ-
entiateY. enterocoliticain naturally and arti � cially contaminated
pork and milk samples following enrichment in ITC enrichment
broth. Overall, the hybridization results were in good agreement
when compared to those from standard biochemical and sero-
logical tests. In another study, PCR was used to detect patho
genic Y. enterocolitica. Primers were selected for nested PC
directed at theail locus present on the bacterial chromosome, as
well as at a sequence on the virulence plasmid, termedvirF.

When compared with conventional methods, some advan-
tages, like higher sensitivity and speci� city of the PCR method,
were demonstrated. Especially in environmental and food
samples, dif� culties associated with the isolation of pathogenic
Y. enterocoliticahave been related to the small number of path-
ogenic strains in the samples and the large numbers of othe
organisms in the background� ora. A method comparison has
shown that culture-based methods underestimate the number
of occurrences of pathogenicY. enterocoliticain environmental
samples compared with PCR assays. Despite its bene� ts,
however, PCR-based detection methods can also detect nonv
able cells, which consequently can lead to an overestimation o
viable pathogenicY. enterocoliticaor other Yersiniaspecies.
See also:Bacteria:The Bacterial Cell;Classi�cation of the
Bacteria:Traditional;Biochemical and Modern Identi�cation
Techniques:Introduction;Biochemical and Modern
Identi�cation Techniques:Enterobacteriaceae, Coliforms, a
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Escherichia Coli; Enterobacteriaceae:Coliforms andE. coli,
Introduction;Enterobacteriaceae, Coliform, andEscherichia
coli: Classical and Modern Methods for Detection and
Enumeration; Molecular Biology in Microbiological Analys
Yersinia Enterocolitica; An Introduction to Molecular Biology
(Omics) in Food Microbiology; Genomics;Identi�cation
Methods:Introduction;DNA Fingerprinting:Pulsed-Field Gel
Electrophoresis for Subtyping of Foodborne Pathogens;
Multilocus Sequence Typing of Food Microorganisms;
Identi�cation Methods:Real-Time PCR.
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The genusYersiniain the Enterobacteriaceae family has three
Gram-negative pathogenic species; however, onlyYersinia
enterocoliticaand Yersinia pseudotuberculosiscause gastroenteritis
Foodborne outbreaks are most commonly caused by the cold
tolerant facultatively anaerobic coccobacillus,Y. enterocolitica.
The organism is recognized as a foodborne pathogen an
a large number of food-associated outbreaks of yersiniosis hav
been reported. Common food vehicles in outbreaks of yersi-
niosis are meat (particularly, pork), milk, dairy products,
powdered milk, cheese, tofu, and raw vegetables. In industria
countries, Y. enterocoliticacan be isolated from 1 to 2% of all
human cases of acute enteritis. SinceYersiniacan grow at low
temperatures, refrigerated foods are potential vehicles for th
growth of these organisms.

There is considerable confusion in the literature because no
all Y. enterocoliticastrains can cause intestinal infections. Unlike
intrinsic pathogens, such asShigellaand Salmonella, strain-to-
strain variation has been observed in the pathogenicity of
Y. enterocolitica. The pathogenicity ofY. enterocoliticais correlated
with the presence of a 70–75 kb plasmid (pYV), which is
directly involved with the virulence of the organism. A number
of temperature-dependent phenotypic characteristics, including
mouse virulence, have been associated with the virulenc
plasmid and have been used to differentiate between virulent
and avirulent strains of Y. enterocolitica. The physiological traits
associated with pYV are expressed only at 37� C, which also
fosters the loss of pYV and the concomitant disappearance o
the associated phenotypic virulence characteristics. pYV is stab
in cells maintained at 25–28 � C. Because of the instability of
pYV at 37� C, it is dif � cult to isolate plasmid-bearing virulent
strains (YEPþ ) after initial detection. As a consequence, detec
tion has been hampered in clinical, regulatory, and quality
control laboratories that employ an incubation temperature of
37 � C for isolation and detection of the organism. For example,
such dif� culties were reported in 1992 by the California Health
Department and U.S. Food and Drug Administration (FDA) in
cases of yersiniosis in Los Angeles County, CA. The instability o
the plasmid can lead to confusion concerning whether one is
dealing with virulent or nonvirulent strains. This article
describes the application of pYV-associated virulence determ
nants of pathogenic Y. enterocoliticaas a tool for isolation of
YEPþ serotypes from foods. This article also focuses on the effe
of freeze-stress on the isolation and on detection of YEPþ from
food using the pYV-associated virulence determinants.
,

.
)

Detection of YEPþ Strains

A number of pYV-mediated phenotypic characteristics
including colony morphology, autoagglutination (AA), serum
resistance, tissue culture detachment, hydrophobicity (HP), and
low-calcium response (Lcr) have been applied to the determi-
nation of virulence in strains of YEPþ . These methods require
speci� c reagents and conditions and do not give clear-cut results
In addition, most of these procedures are costly, time
838 Encyclopedia of Food
consuming, complex, and impractical for routine diagnostic use,
particularly in � eld laboratories. Although virulence can be
effectively demonstrated using laboratory animals, this test is
not suitable for routine diagnostic use. Molecular techniques
such as colony hybridization, restriction fragment-length poly-
morphisms, and the polymerase chain reaction (PCR) have been
successfully applied to the detection of virulent strains. These
techniques are complex and time consuming, however. Thes
methods detect only the presence of a speci� c gene and not the
presence of the organism. Although virulence is pYV mediated in
all strains examined, the pYVs involved differ in molecular
weight. Thus, in epidemiological studies, it is not suf� cient to
search for pYV of a particular molecular weight as an indicator of
virulence in YEPþ .
Dye-Binding Techniques for Detection

Analysis of virulence determinants provides a rapid, reliable,
and simple method for the detection and isolation of YEPþ

clones of Y. enterocolitica. The main disadvantage of virulence
determinants for the isolation of YEPþ strains is maintenance
of the pYV since the pYV-associated phenotypes are on
expressed at 37� C, which also fosters the loss of the virulence
plasmid, resulting in plasmidless avirulent (YEP� ) strains. The
ability of Yersiniato absorb hemin from agar media is corre-
lated with the virulence plasmid. This fact led to the postulate
that dye binding may be an indication of the presence of the
virulence plasmid in YEPþ strains. Several dyes, including
crystal violet (CV), were included in brain heart infusion agar
(BHIA) for the detection of YEPþ cells, but all of the dyes bind
to both virulent and avirulent strains after incubation at 37 � C
for 24 h. An alternative procedure of� ooding pregrown colo-
nies of YEPþ at 37 � C with CV solution at a concentration of
100 mg ml� 1 showed that YEPþ cells bind CV and produced
dark-violet colonies (Figure 1(a)). YEP� colonies did not bind
CV and remained white (Figure 1(b) ). The CV � ooding and
binding assay takes about 3–5 min. This technique quantita-
tively differentiates YEPþ cells from YEP� cells from mixed
culture with 95% ef� ciency (Table 1). Figure 2 showed that
YEPþ strains could be detected by CV-binding (appearing as
small dark-violet colony) in a mixed culture of YEPþ and YEP�

(appearing as large white colony) strains. The CV-binding was
also effective with other serotypes mentioned inTable 2 and
correlated with mouse virulence and virulence-associated
characteristics (Table 2).

Even though CV-binding provided a simple and ef� -
cient means of screeningY. enterocoliticafor virulence and
identi � cation of individual pYV-bearing clones, there were
disadvantages to this technique:� rst, it required the extra step
of � ooding, and, second, the CV solution kills the cells in the
colonies. Thus, it was not suitable for isolation of viable YEPþ

strains. So an alternative approach was taken. Congo red (CR
had been used unsuccessfully to screenY. enterocoliticafor
virulence, so more speci� c conditions for the binding of CR to
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00363-3
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Figure 1 Crystal violet binding of colonies ofYersinia enterocolitica
grown on BHA for 24 h at 37� C. After incubation, plates were� ooded with
100mg ml� 1 CV solution. (a) YEPþ cells showing small dark-violet
colonies. (b) YEP� cells showing large white colonies. Reproduced from
Bhaduri, S., Conway, L.K., Lachica, R.V., 1987. Assay of crystal viole
binding for rapid identi� cation of virulent plasmid-bearing clones of
Yersinia enterocolitica. Journal of Clinical Microbiology 25, 1039–1042.

Table 1 Ef� ciency of CV-binding in mixed cultures of virulent (YEPþ )
and avirulent strains (YEP� ) of Yersinia enterocoliticaa

Sample

Estimated no. of colonies in the mixture

No. (%) of colonies
bound to CVb

Avirulent YEP�

colonies
Virulent YEPþ

colonies

A 172 0 0
B 141 16 16 (100)
C 131 31 29 (93)
D 85 56 56 (100)
E 72 98 92 (93)
F 53 124 103 (83)
G 22 130 124 (94)
H 0 175 173 (98)

aYEPþ cells were mixed in various ratios with YEP� cells and surface-plated on BHA.
The mixed colonies were incubated at 37� C for 24 h. The number of virulent
colonies was determined by the CV-binding technique at a concentration of 100mg
CV per ml.
bAverage binding was 94%.
Reproduced from Bhaduri, S., Conway, L.K., Lachica, R.V., 1987. Assay of cry
violet binding for rapid identi� cation of virulent plasmid-bearing clones ofYersinia
enterocolitica. Journal of Clinical Microbiology 25, 1039–1042.

Figure 2 Detection of YEPþ strain in a mixed culture of YEPþ and YEP�

strains by CV-binding technique when cells were grown on BHA for 24
37� C. YEPþ cells are showing small dark-violet colonies and YEP� cells
are showing large white colonies.
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YEPþ cells were evaluated. Because agarose is a purer form
agar, it has been found that its calcium level is lower than in
agar. Both agar and agarose were used as gelling agents in bra
heart infusion (BHI) to attain low and high levels of calcium in
the medium. Taking advantage of the noninhibitory nature of
CR on bacterial growth, the dye was added at a concentration o
75 mg ml� 1 before autoclaving BHI containing either agarose or
agar. The addition of CR in the medium did not change the
concentration of calcium in the respective medium (Table 3).
CR media containing low- and high-calcium levels were used to
determine CR-uptake by YEPþ strains. When YEPþ and YEP�

strains were cultivated at 37� C for 12–24 h on these two
media, only CR containing low-calcium BHI agarose medium
(CR-BHO) demonstrated two types of readily discernible
colonies. The YEPþ cells absorbed CR and formed red pinpoint
colonies (CRþ ; Figure 3(a)). The YEP� cells failed to bind the
dye and formed much larger white or light-orange colonies
(CR� ; Figure 3(b) ). The size and colony morphologies of the
YEPþ strains in CR-BHO also showed Lcr.

Another characteristic feature of the CR-binding technique
for YEPþ strains is the appearance of a white opaque cir
cumference around the red center after 24 h of incubation
(Figure 4(a) and (b) ). Cells in the red center contain the
virulence plasmid, whereas cells in the white surrounding
border do not contain the plasmid since they have lost the CR-
binding property. This observation was also con� rmed by
hybridization with a speci� c DNA probe. Initially, cells do not
lose the virulence plasmid during growth at 37� C but do with
prolonged incubation. This colonial characteristic is another
parameter that can be used to identify YEPþ strains.

Identical results were obtained with other virulent
Y. enterocoliticaserotypes (Table 2). A positive response in the
CR-binding test was correlated with the presence of the viru
lence plasmid, as well as with a number of virulence-associate
properties, including mouse virulence (Table 2). The binding
of CR to virulent strains consistently allowed the ready differ-
entiation of virulent and avirulent strains of Y. enterocolitica.
These techniques do not require special equipment and can b
used to screen a large number of cultures. These tests allo
small and large laboratories to detect a cluster of yersiniosi
cases in a short period of time. This assay can effectively dete
the presence of virulent YEPþ cells in cultures containing
predominantly YEP� cells with 100% ef� ciency (Table 4). Such
cultures are not uncommon in clinical laboratories where
incubation at 37 � C is the standard procedure. This has bee
demonstrated by an FDA investigation to assess aYersinia
outbreak in Los Angeles County, CA, in 1992, where the CR
binding technique detected only 0.3% plasmid-bearing viru-
lent cells in clinical samples. Thus, this technique is highly
sensitive and can be used to detect a low level of YEPþ cells in
a mixture of YEP� and other types of bacteria. These tests als
have made it possible to study the effects of food-processin
conditions on the stability of the virulence plasmid, including
temperature, salt, pH level, and atmosphere.

t

stal
Recovery of YEPþ Clones by CR-Binding

An additional value of the CR-binding technique is that it can
be used to isolate viable YEPþ cells since, unlike CV, the use of
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Table 2 Correlation between dye-binding techniques, virulence, and virulence-associated properties of original and recovereda plasmid-bearing virulent
strains ofYersinia enterocoliticaYEPþ strains

Strains Serotype CMc CV-bindingd Lcre CR-bindingf AAg HPh Plasmid (70–75 kbp) Diarrhea in micei

GER O:3 þ þ þ þ þ þ þ þ
GER-RE O:3 þ þ þ þ þ þ þ þ
GER-Cb O:3 � � � � � � � �
EWMS O:13 þ þ þ þ þ þ þ þ
EWMS-RE O:13 þ þ þ þ þ þ þ þ
EWMS-Cb O:13 � � � � � � � �
PT18-1 0.5, O:27 þ þ þ þ þ þ þ þ
PT18-1-RE 0.5, O:27 þ þ þ þ þ þ þ þ
PT18-1-Cb 0.5, O:27 � � � � � � � �
O:TAC O:TACOMA þ þ þ þ þ þ þ þ
O:TAC-RE O:TACOMA þ þ þ þ þ þ þ þ
O:TAC-Cb O:TACOMA � � � � � � � �
WA O:8 þ þ þ þ þ þ þ þ
WA-RE O:8 þ þ þ þ þ þ þ þ
WA-Cb O:8 � � � � � � � �

aRecovered strains are designated as RE.
bpYV-cured YEPþ strains are designated as C.
cCM, Colony morphology on calcium-adequate BHA. YEPþ cells appeared as small colonies (diameter 1.13 mm) as compared to larger YEP� colonies (diameter 2.4 mm).
dCV-binding, Crystal violet binding. YEPþ cells appeared as small dark-violet colonies on BHA.
eLcr, Low-calcium response. Calcium-dependent growth at 37� C. YEPþ cells appeared as pinpoint colonies of 0.36 mm diameter compared to the larger YEP� colonies
of diameter 1.37 mm on low-calcium CR-BHO.
fCR-binding, Congo red binding. YEPþ cells appeared as red pinpoint colonies on CR-BHO.
gAA, Autoagglutination.
hHP, Hydrophobicity.
iFecal material consistency was liquid; diarrhea was observed, starting on days 3 and 4 postinfection.
Reproduced from Bhaduri, S., Conway, L.K., Lachica, R.V., 1987. Assay of crystal violet binding for rapid identi� cation of virulent plasmid-bearing clones ofYersinia
enterocolitica. Journal of Clinical Microbiology 25, 1039–1042.

Table 3 Estimation of calcium in the media to de� ne low-calcium and
high-calcium media

Medium Calcium concentration inmMa Medium

BHO 238 (low) CR-BHO
BHA 1500 (high) CR-BHA
BHI broth 245 (low) BHI broth

aThe concentration of calcium in each medium was determined by atomic abso
tion analysis.
BHO, Brain heart agarose; BHIA, Brain heart infusion agar; BHI, Brain heart infu
CR, Congo red.
Reproduced from Bhaduri, S., Turner-Jones, C., Taylor, M.M., Lachica, R.,V., 1
Simple assay of calcium dependency for virulent plasmid-bearing clones ofYersinia
enterocolitica. Journal of Clinical Microbiology 28, 798–800.
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CR does not lead to death of the cells. This permits the recover
of YEPþ cells even in cultures, which were grown at 37� C. This
recovery technique has been applied successfully to� ve sero-
types of Y. enterocoliticaand the success rate varied from 5 to
95% (Table 5), indicating strain variation in the stability of the
plasmid. The recovered YEPþ strains show all the plasmid-
associated properties, including virulence in mice (Table 2). By
using the same recovery technique, FDA investigators were ab
to recover and enhance the level of plasmid carriage from 0.3%
to more than 92% from clinical samples obtained during the
1992 outbreak of Y. enterocoliticain Los Angeles County, CA.
Thus, the recovery technique is useful for isolating and
enriching viable YEPþ cells even if they are present at low levels
in mixtures of cells. This further con� rms the presence of the
virulence plasmid in these pathogenic strains for subsequen
investigation. Thus, dye-binding assays offer distinct advan
tages over currently available commercial tests (Table 6).

The CV- and CR-binding techniques permit rapid and
accurate identi� cation of Y. enterocoliticabacterial colonies
harboring pYV. The detection methods are based on fou
virulence determinants:

1. CV-binding and small colony size
2. Appearance of pinpoint colonies (Lcr)
3. CR-binding
4. The appearance of a white border around the red center o

the colony on continued incubation at 37 � C

The combined use of CV-binding and CR-BHO techniques
provides a method to accurately differentiate between patho-
genic and nonpathogenicY. enterocolitica. In addition, the CR-
binding technique allows the isolation of viable YEPþ strains
from foods based on the expression of this virulence
determinant.

rp-

sion;

990.
Isolation of Pathogenic YEPþ Strains from Foods

Common food vehicles in outbreaks of yersiniosis are meat
(particularly, pork), milk, dairy products, powdered milk,
cheese, tofu, and raw vegetables. Most strains isolated from
these foods differ in biochemical and serological characteristics
from typical clinical strains and are usually called nonpatho-
genic or environmental Yersinia strains. The increasing
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Figure 3 Congo red binding of colonies ofYersinia enterocoliticacells grown on CR-BHO for 24 h at 37� C. (a) YEPþ cells showing red pinpoint colonies.
(b) YEP� cells showing large white or light-orange colonies. The concentration of CR used in the binding assay was 75mg ml� 1. Reproduced from
Bhaduri, S., Turner-Jones, C., Lachica, R.V., 1991. Convenient agarose medium for the simultaneous determination of low calcium response and Congo
red binding by virulent strains ofYersinia enterocolitica. Journal of Clinical Microbiology 29, 2341–2344.

Figure 4 Congo red binding of virulent cells ofYersinia enterocoliticagrown on CR-BHO for 24 and 48 h at 37� C. (a) White border around the red center
of the colony after 24-h incubation. (b) Wide white border around the red center of the colony after 48-h incubation. The white border around the red center
of the colony appears darker in the� gure because of the red background of the agar plate, red-pigmented center, and re� ected light source during
photography of the colonies. Reproduced from Bhaduri, S., Turner-Jones, C., Lachica, R.V., 1991. Convenient agarose medium for the simultaneous
determination of low calcium response and Congo red binding by virulent strains ofYersinia enterocolitica. Journal of Clinical Microbiology 29,
2341–2344.
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incidence of Y. enterocoliticainfections and the role of foods in
some outbreaks of yersiniosis have led to the development o
a wide variety of methods for the isolation of YEPþ strains from
foods. Since the population of YEPþ strains in food samples is
usually low and the natural micro� ora tend to suppress the
growth of this organism, isolation methods usually involve
enrichment followed by plating on selective media. Food
matrices can also inhibit the enrichment of YEPþ strains.

The ef�ciency of pYV-bearingY. enterocoliticaenrichment
techniques varies with serotype and depends on the type o
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Table 4 Ef� ciency of Congo red (CR) binding in mixed cultures of
virulent (YEPþ ) and avirulent (YEP� ) strains ofYersinia enterocoliticaa

Sample

Estimated no. of colonies
in the mixture

No. (%) of colonies
bound to CRbAvirulent (YEP� ) Virulent (YEPþ )

CR-BHO:A 67 4 4 (100)
CR-BHO:B 63 10 10 (100)
CR-BHO:C 49 30 30 (100)
CR-BHO:D 35 50 50 (100)
CR-BHO:E 21 70 70 (100)
CR-BHO:F 7 90 90 (100)

aYEPþ cells were mixed in various ratios with YEP� cells and surface plated on CR-
BHO. The mixed colonies were incubated at 37� C for 24 h. The number of virulent
colonies was determined by the appearance of red pinpoint colonies.
bAverage ef�ciency was 100%.
Reproduced from Bhaduri, S., Turner-Jones, C., Lachica, R.V., 1991. Conveni
agarose medium for the simultaneous determination of low calcium response a
Congo red binding by virulent strains ofYersinia enterocolitica. Journal of Clinical
Microbiology 29, 2341–2344.

Table 5 Recovery of plasmid-bearing virulentYersinia enterocolitica
(YEPþ ) strains after detection by CR-binding test

Strain Serotype Percentage recovery

GER O:3 90–95
EWMS O:13 3–5
PT18-1 O:5, 0:27 90–95
O:TAC O:TACOMA 3–5
WA O:8 50–60

YEPþ strains were recovered on CR-BHO. The initial detection and percentage
recovery of YEPþ cells was determined by CV- and CR-binding techniques.
Reproduced from Bhaduri, S., Turner-Jones, C., Lachica, R.V., 1991. Conveni
agarose medium for the simultaneous determination of low calcium response a
Congo red binding by virulent strains ofYersinia enterocolitica. Journal of Clinical
Microbiology 29, 2341–2344.
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food being tested. Different enrichment procedures have been
described to recover the full range of YEPþ serotypes from
a variety of foods. The unstable nature of the virulence
plasmid complicates the isolation of pYV-bearing virulent
Y. enterocoliticaby causing the overgrowth of virulent cells by
plasmidless revertants, eventually leading to a completely
Table 6 Comparison of tests for detection of plasmid-bearing virulen

Detection method Detection principle

CV-binding technique Uses virulence determinants based on dye b
CR-binding technique Uses virulence determinants based on dye b
API Biochemical tests
CIN agar Medium based
SYS Enzyme based
Vitek Medium based
Progen Uses antibody

CV, Crystal violet; CR, Congo red; API, Analytical Products, Plainview, NY; CIN
MO; Progen, Heidelberg, Germany.
avirulent culture. Traditional methods employ prolonged
enrichment at refrigeration temperatures to take advantage o
the psychrotrophic nature of Y. enterocoliticaand to suppress
the growth of background � ora. Due to the extended time
period needed for this method, efforts have been made to
devise selective enrichment techniques employing shorte
incubation times and higher temperature, making them more
practical for routine use. High levels of indigenous microor-
ganisms can overgrow and mask the presence of YEPþ strains,
including nonpathogenic Y. enterocoliticastrains. Enrichment
media containing selective agents such as Irgasan, ticarcillin
and potassium chlorate are effective in recovering a wide
spectrum of YEPþ strains from meat samples. No single
enrichment procedure, however, has been shown to recove
a broad spectrum of pathogenicY. enterocolitica.

Since there is no speci� c plating medium for the isolation of
YEPþ strains, cefsulodin–irgasan–novobiocin (CIN) and Mac-
Conkey agars are commonly used to isolate presumptive
Y. enterocoliticafrom foods. The initial isolation of presumptive
Y. enterocoliticafrom enriched samples on CIN and MacConkey
agars adds an extra plating step, and picking presumptiv
Y. enterocoliticarequires skilled recognition and handling of
the colonies. The unstable nature of the virulence plasmid
complicates the detection of YEPþ strains, since isolation steps
may lead to plasmid loss and the loss of associated phenotypic
characteristics for colony differentiation. Since colonies of
Y. enterocoliticaare presumptive on the plating media, these
isolates should be veri� ed as YEPþ strains. Biochemical reac-
tions, serotyping, biotyping, and virulence testing are essentia
for differentiation between YEPþ , YEP� , environmental
Yersiniastrains, and otherYersinia-like presumptive organisms
Biochemical tests using systems such as API 20E give simil
reactions among these organisms and are not conclusive
Serotyping involving major O and H factors differentiate
between pathogenic and environmentalY. enterocoliticabut fail
to discriminate between YEPþ and YEP� strains. Biotyping
involves biochemical tests, which do not detect the presence o
the pYV. Thus, it does not identify YEPþ strains. Several pYV
associated phenotypic virulence characteristics, including
colony morphology, AA, serum resistance, tissue culture
detachment, HP, Lcr, CV-binding, CR-binding, isolation of
pYV, and colony hybridization techniques have been described
to determine the potential virulence of Yersiniaisolates. Unfor-
tunately, methods described in the literature do not treat
con� rmation of virulence in presumptive or known

ent
nd

ent
nd
t strains ofYersinia enterocolitica(YEPþ )

Comparison criteria

Speci�city Recovery Convenience Cost

inding Virulent strains No Simple and rapid Inexpensive
inding and Lcr Virulent strains Yes Simple and rapid Inexpensive

Yersinia spp. No No Expensive
Yersinia spp. No No Expensive
No No No Expensive
No No No Expensive
Yersinia spp. No No Expensive

, Cefsulodin–irgasan–novobiocin; SYS, Analytical Products, Plainview, NY; Vitek, Hazelwood,
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Y. enterocoliticaisolates recovered from selective agars as a
integral part of the detection method. The fastest enrichmen
procedure available for the isolation of a wide spectrum of
Y. enterocoliticastrains does not include the veri� cation of
isolates as YEPþ strains.
r

s

e
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Direct Detection, Isolation, and Maintenance
of Pathogenic YEPþ Serotypes

No single procedure has been described in the literature fo
simultaneous detection and isolation of various YEPþ sero-
types from a variety of foods. Therefore, this section describe
a technique to detect and isolate YEPþ serotypes directly by
enriching swabs of arti� cially contaminated foods such as
pork chops, ground pork, cheese, and zucchini in a single
enrichment medium and applying CR-binding, Lcr, and
PCR for con� rmation. Since food surfaces are often the
primary site of contamination, arti � cially contaminated
foods are sampled by swabbing the surface with a steril
5 � 5 � 1.25 cm cellulose sponge moistened with modi� ed
trypticase soy broth (MTSB) containing 0.2% bile salts
(Figure 5). Swabs of each food type were enriched in MTS
Figure 5 Diagrammatic scheme for direct detection and isolation of YEþ stra
(238mM) Congo red brain heart infusion agarose; PCR, polymerase
containing 0.2% bile salts at 12� C for direct detection and
isolation ( Figure 6).

The addition of Irgasan plays a critical role in the enrich-
ment of YEPþ strains. Since its presence suppresses the grow
of pure YEPþ cultures grown in MTSB when added at the onse
of growth but not when added after the lag phase, it should be
eliminated from the initial enrichment medium. The addition
of Irgasan after 24 h (day 2) and incubation for an additional
24 h (day 3) at 12 � C allows the growth of YEPþ strains while
effectively inhibiting growth of competing micro � ora. Thus,
YEPþ strains were able to grow to a detectable level even in th
presence of competing micro� ora. It was also determined that
sampling should be done for 48 h total incubation to avoid
sampling after competing micro� ora begin to predominate.
This enhances the isolation of YEPþ strains in the presence of
competing micro� ora through the selection of incubation
temperature, sampling schedule, and timing of antibiotic
addition. Since the actual food sample was not used, and there
was a low level of competing micro� ora, there was optimal
growth of YEPþ strains during enrichment. Thus, this tech-
nique allowed enhanced recovery of YEPþ strains. The YEPþ

strains could be detected and isolated when directly plated on
CR-BHO after 48 h total incubation at 12� C (day 3).
Pins from food. MTSB, modi� ed trypticase soy broth; CR-BHO, low-calcium
chain reaction.
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Figure 6 Flow chart for the direct detection and isolation of YEPþ strains from food.
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The YEPþ colonies from arti� cially contaminated pork
chops (Figure 7(a)), ground pork ( Figure 7(b) ), cheese
(Figure 7(c)), zucchini ( Figure 7(d) ), and porcine tongue
(Figure 7(e)) all appeared as CRþ (red pinpoint) colonies (day
4). Thus, YEPþ strains from each food sample were identi� ed as
harboring the virulence plasmid. The CRþ clones were further
con� rmed as YEPþ strains by multiplex PCR using primers
directed to the ail and virF genes amplifying a 170-bp product
from the chromosome and 591-bp product from pYV, respec-
tively (Figure 8: pork chops, lanes 2–4; ground pork, lanes
8–10; cheese, lanes 14–16; zucchini, lanes 20–22; porcine
tongues, lanes 26–32). Thus, the YEPþ strains were identi� ed
by both pYV-associated phenotypic expression and the pres
ence of speci� c virulence genes.

This method can be completed in 4 days from sample
enrichment to isolation, including con � rmation by multiplex
PCR, and can recover YEPþ strains from pork chops and ground
pork spiked with 10, 1, and 0.5 cfu cm� 2 (Table 7). Cheese
and zucchini required an additional day of enrichment for
detection of samples with an initial inoculum of 0.5 cfu cm � 2
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Figure 7 Recovery of YEPþ strains as red pinpoint colonies on CR-BHO from (a) arti� cially contaminated pork chops, (b) ground pork, (c) cheese,
(d) zucchini, and (e) naturally contaminated porcine tongue. Reproduced from Bhaduri, S., Cottrell, B., 1997. Direct detection and isolation of
plasmid-bearing virulent serotypes ofYersinia enterocoliticafrom various foods. Applied and Environmental Microbiology 63, 4952–4955.
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(Table 7). YEPþ strains could not be recovered from any of the
samples at an initial contamination level of 0.1 cfu cm� 2

regardless of the length of enrichment. This technique has bee
successfully applied in the recovery of different YEPþ strains of
� ve serotypes from arti� cially contaminated pork chops,
ground pork, cheese, and zucchini (Table 8). The successfu
isolation of YEPþ strains from naturally contaminated porcine
tongue veri� ed the effectiveness of this method (Figure 7(e)).
PCR analysis con� rmed the presence of a 170-bp product from
the chromosome and a 591-bp product from the pYV
(Figure 6, lanes 26–32).

The virulence of YEPþ strains recovered from both arti�-
cially contaminated food samples and naturally contami-
nated tongues was con� rmed by pYV-associated virulence
characteristics and mouse virulence testing (Table 9). These
results demonstrate that YEPþ strains recovered using this
method retain pYV, phenotypic characteristics, and pathoge
nicity after isolation from pork chops, ground pork, cheese,
zucchini, and porcine tongue. This method has the following
advantages:

1. It requires only a single enrichment medium for a wide
range of serotypes, including a large number of differen
strains from a variety of foods.

2. It eliminates a presumptive isolation step.
3. It uses a single medium (CR-BHO) for direct detection and
isolation.

4. It preserves the virulence plasmid and pathogenicity.

This procedure is a practical alternative to many other
recovery methods, which require signi� cantly more time for
completion.
Effect of Freeze-Stress on the Enrichment, Isolation
and Virulence of YEPþ in Food

Since yersiniae can grow at low temperatures in food, eve
refrigerated foods stored before consumption are potential
vehicles for infection by these organisms. This ability to grow at
refrigerated temperature means that food samples taken fo
isolation or detection of YEPþ strains should be analyzed
immediately or frozen to avoid skewing the results if enumer-
ating YEPþ . Freezing is an important means of preserving food
for prevention of microbial growth by lowering water activity.
While a portion of the micro � ora may be killed during freezing
due to these factors, a fraction may survive or become suble
thally injured. Therefore, the recovery of YEPþ strains after
frozen storage should be evaluated. It is generally recognize
that the organism can withstand freezing; however,
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Figure 8 Con� rmation of CRþ clones isolated from various arti� cially contaminated foods and from naturally contaminated porcine tongue as
YEPþ strains by multiplex polymerase chain reaction (PCR) using chromosomalail gene andvirF gene from pYV. Lane M¼50–1000 bp
ladder marker. Negative control with no template (lanes 1, 7, 13, 19, and 25). CRþ colony showing the presence of 170- and 591-bp products
with mixture of bothail and virF primers from chromosome and pYV, respectively: pork chops (lanes 2–4), ground pork (lanes 8–10),
cheese (lanes 14–16), zucchini (lanes 20–22), and porcine tongues (lanes 26–32). Positive control with puri�ed DNA from YEPþ strain
showing the presence of 170- and 591-bp products with mixture of bothail andvirFprimers from chromosome and pYV, respectively (lanes 5,
11, 17, 23, and 33). Positive control for PCR assay withl as DNA template (lanes 6, 12, 18, 24, and 34). Reproduced from Bhaduri, S.,
Cottrell, B., 1997. Direct detection and isolation of plasmid-bearing virulent serotypes ofYersinia enterocoliticafrom various foods. Applied
and Environmental Microbiology 63, 4952–4955.

Table 7 Sensitivity of recovery for plasmid-bearing virulent strains of
Yersinia enterocolitica(YEPþ ) strains from arti� cially contaminated foods

Concentration of YEPþ strains
(cfu cm� 2)

YEPþ strains con�rmation

Pork chop Ground pork Cheese Zucchini

10 þ þ þ þ
1 þ þ þ þ
0.5 þ þ þ þ
0.1 � � � �

YEPþ , pYV-bearing virulent strain;þ , Detected;� , not detected.

Table 8 Isolation and con� rmation of plasmid-bearing virulent strains of
Yersinia enterocolitica(YEPþ ) strains from arti� cially contaminated foods

Serotypes Number of strains tested
YEPþ strains con�rmed
by CR-binding and PCRa

O:3 5 þ
O:8 5 þ
O:TACOMA 4 þ
O:5, O:27 4 þ
O:13 3 þ

aCon� rmed by Congo red (CR) binding (YEPþ cells appeared as red pinpoint
colonies on Congo red brain heart infusion and polymerase chain reaction (PCR)).
YEPþ , pYV-bearing virulent strain.
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quantitative data on its enrichment and isolation in food
samples after freezing are lacking. Food samples are ofte
frozen prior to their analysis, which may impair the isolation of
physiologically injured and low levels of the target organism.
Moreover, the unstable nature of the pYV complicates the
isolation of YEPþ strains in frozen food samples. While YEPþ
strains are prevalent in swine and pork products, relatively little
is known concerning the ability of this organism to adapt to the
adverse conditions encountered during food processing and
storage. This section describes the effect of freeze-stress on
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Table 9 Evaluation of plasmid-associated characteristics and mouse virulence of plasmid-bearing virulent strains ofYersinia enterocolitica(YEPþ ) strains
recovered from arti� cially contaminated foods and naturally contaminated porcine tongue

Strain CMa CV-bindingb Lcrc CR-bindingd AAe HPf Plasmid (70–75 kbp) Diarrhea in miceg

GER (O:3) YEPþ strains asþ ve control Small þ þ þ þ þ þ þ
GER (O:3) YEPþ strains from spiked foods Small þ þ þ þ þ þ þ
SB (O:3) from tongue Small þ þ þ þ þ þ þ
GER (O:3) YEPþ strains Large � � � � � � �

aCM, Colony morphology. In a calcium-adequate agar medium (brain heart infusion agar), YEPþ cells appeared as small colonies (diameter 1.13 mm) compared to larger YEP�

colonies (diameter 2.4 mm).
bCV-binding, Crystal violet binding. YEPþ cells appeared as small dark-violet colonies on BHA.
cLcr, Low-calcium response. In calcium-dependent growth at 37� C, YEPþ cells appeared as pinpoint colonies of diameter 0.36 mm compared with the larger YEP� colonies of
diameter 1.37 mm on low-calcium Congo red brain heart infusion agarose medium (CR-BHO).
dCR-binding, Congo red binding. YEPþ cells appeared as red pinpoint colonies on CR-BHO.
eAA, Autoagglutination.
fHP, Hydrophobicity.
gFecal material consistency was liquid; diarrhea was observed starting on days 3 and 4 postinfection.

Table 11 Isolation ofYersinia enterocolitica(YEPþ ) from pork chops
arti� cially contaminated with individual strain (serotype O:3) of GER, SB1,

�
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enrichment, isolation, and detection of YEPþ from pork chops
arti� cially contaminated at low levels using a combination of
a nondestructive swabbing technique for enrichment and CR
BHO medium for isolation or detection applying the method
as discussed in the previous section.

Pork chops were arti� cially surface contaminated with eight
serotypes of O:3 strains– clinical strain: GER; porcine tongue
isolates: SB1, SB2, SB4, SB6, SB7, SB9, and SB10 (Table 10) at
concentrations of 10, 1, and 0.5 cfu cm� 2 to evaluate the effect
of freeze-stress at�20 � C on enrichment, detection, isolation,
and virulence of YEPþ strains. After 48 h of total enrichment in
MTSB at 12� C, the YEPþ was detected and isolated by CR
binding and Lcr on CR-BHO. The YEPþ appeared as red
pinpoint colonies on CR-BHO. Since freeze-thaw affects th
survival of bacteria, the freeze-stressed pork chops were swa
bed when still frozen, thawed at 4� C, and thawed at room
temperature to evaluate how these three conditions affected th
enrichment, isolation, and detection of YEPþ after freezing of
pork chops for 24 h. The recovery of YEPþ was achieved for pork
chops swabbed when frozen and swabbed after thawing at 4� C
and at room temperature at an initial inoculum level
10 cfu cm� 2 (Table 11). At a level of 1 cfu cm� 2, the organism
could be enriched and isolated from pork chops by swabbing
the samples thawed at 4� C and at room temperature (Table 11).
Thus, freezing for 24 h followed by thawing at 4� C and room
temperature did not affect the ef�ciency of swabbing and
enrichment at initial inoculum levels of 10 and 1 cfu cm� 2. The
YEPþ could not be recovered, however from pork chops frozen
for 24 h and swabbed frozen inoculated at a level of 1 cfu cm� 2
Table 10 Serotype O:3 plasmid-bearing virulent strains ofYersinia
enterocoliticastrains (YEPþ ) used in the study

Strain Source

GER Clinical isolate
SB1 Porcine tongue isolate
SB2 Porcine tongue isolate
SB4 Porcine tongue isolate
Sb6 Porcine tongue isolate
SB7 Porcine tongue isolate
SB9 Porcine tongue isolate
SB10 Porcine tongue isolate
(Table 11). This may be due to inef� cient removal of bacteria by
swabbing the meat surface in the frozen state at this inoculum
level. The level of YEPþ after 48-h enrichment was comparable
to that of nonfrozen samples. On the contrary, the YEPþ strain
could not be recovered from any of the samples contaminated
with an initial level of 0.5 cfu cm � 2 regardless of the length of
enrichment, whereas, the organism was isolated at this leve
from pork chops not subjected to freezing (Table 11). The same
results were obtained for all� ve strains used in this investiga-
tion. The possible reason for not recovering YEPþ at this level of
contamination from frozen pork chops is that either the
organism did not survive freezing or the selective enrichmen
medium did not allow repair and enrichment of YEPþ on pork
chops if cells were injured during freezing. These results showe
that freezing of pork chops inhibited the isolation of YEPþ at
a very low level of contamination and that sampling should be
done before freezing to avoid false negative results. The CRþ

clones isolated from freeze-stressed pork chops were furthe
con� rmed as YEPþ by multiplex PCR using primer pairs for the
ail and virF genes, which were con� rmed to amplify a 170-bp
product from the chromosome and a 591-bp product from pYV,
respectively (Figure 9). The pYV-encoded virulence factors
including colonial morphology, CV-binding, Lcr, CR-uptake,
HP, and AA were correlated with mouse pathogenicity and were
used as direct markers for identifying pathogenic isolates o
Y. enterocoliticafrom clinical and food sources. All YEPþ isolates
SB7, SB9, and SB10 and freeze-stressed at� 20 C for 24 h, swabbed, and
subjected to enrichment for 48 h

Contamination level
cfu cm� 2

Swabbing conditions

Fresh Frozen Thawed at RT Thawed at 4� C

10 þ þ þ þ
1.0 þ � þ þ
0.5 þ � � �
0 � � � �

Detected by CR-binding and Lcr techniques (YEPþ ). Colonies appeared as red
pinpoint colonies on CR-BHO.
YEPþ , plasmid-bearing virulent strain; CR-binding, Congo red binding.
Reproduced from Bhaduri, S., 2006. Enrichment, isolation, and virulence of freeze-
stressed plasmid-bearing virulentYersinia enterocoliticain pork chops. Journal of
Food Protection 69, 1983–1985.
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Figure 9 Con� rmation of CRþ clones isolated as YEPþ strains from
pork chops arti� cially contaminated with individual strains of GER, SB1
SB2, SB4, SB6, SB7, SB9, and SB10 and freeze-stressed at� 20 � C for
24 h following multiplex PCR targeting the chromosomalailgene and the
virFgene from pYV. Lanes: M, 50–1000 bp ladder markers; 1–8 CRþ

colonies showing the presence of 170- and 591-bp products using bo
ailandvirFprimers, respectively: 1: GER; 2 SB1; 3: SB2; 4: SB4; 5: SB6
SB7, 7: SB9; 8: SB10; 9: negative control with no template; 10: posit
control using puri� ed DNA from GER O:3 YEPþ showing the presence of
170- and 591-bp products.
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from frozen pork chops expressed these virulence phenotypi
properties and thus were identi� ed as potential YEPþ strains.

YEPþ can survive when present at low to moderate level (10
and 1 cfu cm� 2) contamination on frozen pork chops and can
be enriched and isolated by swabbing pork chops at RT and a
4 � C. The organism, however, could not be isolated at a low
level of contamination (0.5 cfu cm� 2) from pork chops frozen
for 24 h and swabbed when frozen or swabbed after thawing at
4 � C or room temperature. Freezing alone will not add
a signi� cant margin of safety with respect to this pathogen and
cannot replace sanitary production and handling. Pork
contaminated with YEPþ may lead to infection if not properly
handled and suf� ciently cooked, even if the meat has been
previously frozen.

Disclaimer

Mention of trade names or commercial products in this
publication is solely for the purpose of providing speci� c
information and does not imply recommendation or
endorsement by the U.S. Department of Agriculture.

Acknowledgments

I thank Bryan Cottrell of the Molecular Characterization of
Foodborne Pathogens Research Unit at the USDA, Easte
Regional Research Center, Wyndmoor, PA.

See also:Freezing of Foods:Damage to Microbial Cells;
Freezing of Foods:Growth and Survival of Microorganisms;
Yersinia: Introduction.
Further Reading

Bhaduri, S., 2003. A comparison of sample preparation methods for P
pathogenicYersinia enterocoliticafrom ground pork using swabbing and
homogenate techniques in a single enrichment medium. Molecula
Probes 17, 99–105.

Bhaduri, S., 2006. Enrichment, isolation, and virulence of freeze-stre
bearing virulentYersinia enterocoliticain pork chops. Journal of Food Pro
69, 1983–1985.

Bhaduri, S., Conway, L.K., Lachica, R.V., 1987. Assay of crystal violet
identi� cation of virulent plasmid-bearing clones ofYersinia enterocolitica. Journa
of Clinical Microbiology 25, 1039–1042.

Bhaduri, S., Cottrell, B., 1997. Direct detection and isolation of pla
virulent serotypes ofYersinia enterocoliticafrom various foods. Applied
Environmental Microbiology 63, 4952–4955.

Bhaduri, S., Turner-Jones, C., Lachica, R.V., 1991. Convenient agaro
the simultaneous determination of low calcium response and Congo
virulent strains ofYersinia enterocolitica. Journal of Clinical Microbiolog
2341–2344.

Bhaduri, S., Turner-Jones, C., Taylor, M.M., Lachica, R.V., 1990. S
calcium dependency for virulent plasmid-bearing clones ofYersinia enterocolit.
Journal of Clinical Microbiology 28, 798–800.

Bhaduri, S., Wesley, I.V., 2006. Isolation and characterization ofYersinia enterocoli
from swine feces recovered during the National Animal Health Mon’s
Swine 2000 Study. Journal of Food Protection 69, 2107–2112.

Bhaduri, S., Wesley, I.V., Bush, E.J., 2005. Prevalence of pathogYersinia
enterocoliticain pigs in the United States. Applied and Environmental
71, 7117–7121.

Carniel, E., 2006.Y. enterocoliticaand Y. pseudotuberculosisenteropathogen
yersiniae. In: Dworkin, M., Falkow, S., Rosenberg, E., Stackebrand
Prokaryotes, vol. 6. Springer, New York, pp. 270–398. Chapter 3.3.13.

Fredriksson-Ahomaa, M., Korkeala, H., 2003. Low occurrence of pathYersinia
enterocoliticain clinical, food, and environmental samples: a met
problem. Clinical Microbiology Reviews 16, 220–229.

Fredriksson-Ahomaa, M., Wacheck, S., Bonke, R., Stephan, R., 2
enteropathogenicYersiniastrains found in wild boars and domestic pig
borne Pathogens and Disease 8 (6), doi: 10.1089¼fpd.2010.071.

Grahek-Ogden, D., Schimmer, B., Cudjoe, K.S., Nygard, K., Kappe
Outbreak ofYersinia enterocoliticaserogroup O:9 infection and process
Norway. Emerging Infectious Diseases 13, 1–5.

Laukkanen, R., Ortiz Martínez, P., Siekkinen, K.-M., Ranta, J.,
Korkeala, H., 2009. Contamination of carcasses with human pathoYersinia
enterocolitica4¼O:3 originates from pigs infected on farms. Foodborne
and Disease 6, 681–688.

MMWR, 2003.Yersinia enterocoliticagastroenteritis among infants exposed
terlings,Chicago, Illinois, vol. 52, 956–958.

Ortiz Martínez, P., Fredriksson-Ahomaa, M., Sokolova, Y., Roasto,
Korkeala, H., 2009. Prevalence of enteropathogenicYersiniain Estonian
Latvian, and Russian (Leningrad region) pigs. Foodborne Pathoge
6, 719–724.

Ravangnan, G., Chiesa, C., 1995. Yersiniosis: present and future. In:
Symposium Volume on Yersinia, Rome, September 26–28, 1994. In: Cruse, J.
Lewis, R.E. (Eds.), Contribution to Microbiology and Immunology,
New York.

Robins-Browne, R.M., 2001.Yersinia enterocolitica. In: Doyle, M.P., Beuchat,
Montville, T.J. (Eds.), Food Microbiology, Fundamentals and Front
ASM Press, Washington, DC, pp. 215–245.

Weagant, S.D., Feng, P., Stan� eld, J.T., 1998.Yersinia enterocolitica, and
Yersinia pseudotuberculosis. In: Bacteriological Manual, eighth ed. R
A. Food and Drug Administration AOAC International, Gathers
8.018.13.

,

th
; 6:
ive



E

YoghurtseeFermented Milks and Yogurt
Z

tional
ZygomycetesseeClassi� cation of Zygomycetes: Reappraisal as Coherent Class Based on a Comparison between Tradiversus

Molecular Systematics
Zygosaccharomyces
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Introduction

Yeasts of the genusZygosaccharomyceshave a long history of
spoilage in the food and beverage industries, including
several species that are among the most troublesome foo
spoilage organisms. Spoilage resulting from growth and
metabolic activity of Zygosaccharomycesspecies is widespread
which leads to signi� cant economic losses in the food
industry and to a reduction of food supplies worldwide.
Among the species currently assigned to the genus,Zygo-
saccharomyces bailii, Zygosaccharomyces rouxii, Zygosacchar
omyces bisporus, and Zygosaccharomyces lentusare those that
pose the most serious threat of spoilage to processed food
The deleterious effect of these yeast species in foo
ingredients and processed foods that are generally consid
ered shelf stable is attributed to their remarkable ability
to proliferate in a number of environmental conditions
that readily inactivate a broad spectrum of food-associated
microorganisms, ranging from bacteria to molds, such as
low pH, and inhibitory concentrations of weak acids, sugar,
salt, and ethanol. Growth of these yeast species in a partic
ular food is then largely dependent on a series of physica
and chemical parameters that in� uence the properties of
preserved foods.Zygosaccharomyces bailii, which is considered
the most problematic species, causes spoilage in a wid
range of acidic or high-sugar products like mayonnaise
salad dressings, sauces, ketchup, mustards, pickles, carbo
ated beverages, and some wines. On the contrary,Z. rouxii
spoilage usually is related to products with high sugar
content, such as fruit concentrates, liquid sweeteners, an
confectioneries. Zygosaccharomyces bisporushas a spoilage
pro� le intermediate between Z. bailii and Z. rouxii, but it
ncyclopedia of Food Microbiology, Volume 3 http://dx.doi.org/10.1016/B9
occurs less frequently, whereasZ. lentus constitutes an
additional threat to refrigerated foods.
Taxonomy, Morphological Characteristics,
and Ecology ofZygosaccharomycesspp.

The taxonomic status of the genusZygosaccharomyceshas been
controversial throughout time and has been changing rapidly in
recent years. Currently, six species are acknowledged within th
genus. On the basis of multigene sequence analysis, Kurtzma
reassessed the genus and proposed that some of the 11Zygo-
saccharomycesspecies should be transferred to the three phylo
genetically circumscribed genera:Lachancea, Torulaspora, and
Zygotorulaspora. The six species maintained in theZygosacchar
omycesgenus, Z. bailii, Z. bisporus, Z. lentus, Zygosaccharomyc
mellis, Zygosaccharomyces kombuchaensis, and Z. rouxii, represent
a well-supported clade that can also be recognized from
phenotype, which remarkably contains all of the species
considered to be the most notorious spoilage species within the
genus as initially de� ned. Recently, the phylogenetic relation-
ships of a group of isolates originally classi� ed asZ. bailii were
reviewed, which resulted in the distribution of these isolates in
three different species:Z. bailii, Zygosaccharomyces parabailii, and
Zygosaccharomyces pseudobailii. This distribution was based on
differences in their rRNA gene sequences and genome� nger-
printing patterns, although the three suggested species could no
be discriminated using conventional physiological tests. Also
Zygosaccharomyces gambellarensis, isolated from an Italian ‘passito’
style wine, andZygosaccharomyces sapaeisolated from traditional
balsamic vinegar (closely related toZ. rouxii and Z. mellis),
recently have been characterized as newZygosaccharomyc
78-0-12-384730-0.00364-5 849
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Table 1 Key taxonomic, biochemical, and physiological tests required to differentiate three
Zygosaccharomyces– food spoilage species

Results

Tests Z. bailii Z. rouxii Z. bisporus

Glucose fermentation Positive Positive (slow) Positive
Sucrose fermentation Variable (slow) Variable Negative
Growth at 37� C Variable Variable Negative
Growth in presence of 1% acetic acid Positive Negative Positive
Water activity (aw) tolerance 0.80–0.85 < 0.80 < 0.80

Adapted from Kreger-van Rij, N.J.W., 1984. The Yeasts, A Taxonomic Study, third ed. Elsevier Science, Amsterdam.
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species. TheZygosaccharomycesgenus belongs to the family Sac-
charomycetaceae and is closely related to the genusSaccharo
myces, sharing a number of general taxonomic properties with
the later and other yeast genera ubiquitous in foods. The
differentiation of Zygosaccharomycesspecies by conventional tests
is frequently dif� cult, requiring the use of molecular methods for
appropriate identi� cation. Under the microscope,Zygosacchar
omycescells are large, ovoidal, or elongated in shape, sometime
forming pseudohyphae. Asexual reproduction occurs by multi-
lateral budding, while sexual reproduction involves the forma-
tion of persistent asci that generally are conjugated and contain
one to four round or oval ascospores. On various mycological
agars, their macroscopic appearance is of smooth, round
convex, and cream-colored colonies.

Outside the food and beverage industrial environments, the
ecological distribution of Zygosaccharomycesspp. has now only
begun to be elucidated. The most frequently described ecologica
niches are dried, mummi� ed fruit and tree exudates, in vineyards
and orchards, and at various stages of raw sugar re� ning,
commercial syrup production, and winery equipment. The
widespread ecological distribution of these yeasts shows tha
they are well adapted to environmental conditions close to those
found in food and beverages and during industrial production,
thus explaining their potential as food spoilage organisms. An
example that illustrates this behavior is the fact that mummi� ed
fruits, considered to be habitats occupied by these yeast speci
in orchards, provide an acidic environment, rich in sugar, which
corresponds to the properties of the arti� cial spoilage habitat
provided by soft drinks, of which Z. bailii is one of the most
frequent agents of spoilage. Moreover, the impact of these yeas
on the production, quality, and safety of foods and beverages is
linked closely to their ecology, and biological activities and the
physicochemical properties of the ingredients or processed food
can provide useful information concerning species identi� ca-
tion. For instance, if aZygosaccharomycesspp. is isolated from an
acidi� ed food with a high water activity (aw), in which preser-
vatives were added, it is likely thatZ. bailii is the contaminant
detected. On the contrary, if the food in question has a high
sugar or salt content and is not highly acidi� ed, Z. rouxii is ex-
pected to be the spoilage agent.
e
ll
Physiological Traits ofZygosaccharomycesspp.
Associated with Their Spoilage Capacity

Species from this genus exhibit three characteristics that mak
them the most relevant spoilage yeasts in the food and
beverages industries: considerable resistance to weak acids us
as food preservatives (speciallyZ. bailii and Z. lentus), very high
resistance to elevated osmotic pressure imposed by high sug
or high salt concentrations (Z. rouxii and Z. bisporus), and their
capacity to vigorously ferment sugar hexoses, especially fru
tose. Other characteristics of relevance in the context of food
technology are their high tolerance to ethanol and the fact that
their ascospores are thermoresistant. The key physiological an
metabolic traits that underlie preservative resistance and mak
these four yeast species a real threat for the food and beverag
industries are summarized inTable 1.
Resistance Characteristics

Zygosaccharomyces bailii

At present, the yeastZ. bailii undoubtedly is considered to be
the most threatening spoilage microorganism of foods and
beverages, mainly as a result of its capacity to proliferate in the
presence of very high concentrations of weak acids used as foo
preservatives, such as acetic, benzoic, propionic, sorbic acid
and sulfur dioxide, even above the permitted values by some
food legislations. Additionally, this yeast is able to tolerate high
ethanol concentrations (�15% (v/v)) and to grow in a wide
range of pH and aw (2.0–7.0 and 0.80–0.99, respectively).
Moreover, Z. bailii is known to vigorously ferment hexose
sugars, to cause spoilage from an extremely low inoculum (as
small as one viable cell per liter or package), and to tolerate
moderate osmotic pressure (when compared withZ. rouxii).
Therefore, although it is rarely a major spoilage agent in
unprocessed foods, food products that are preserved at low pH
low aw, and contain adequate amounts of fermentable sugars
are at particular risk to spoilage by this yeast.

The high resistance ofZ. bailii to a variety of commonly used
food preservatives is well documented. As mentioned,Z. bailii
is even capable of growing in several food products supple
mented with benzoic and sorbic acids at concentrations above
those legally permitted, at pH values below their pKa. For
instance, this yeast was able to grow in soft drinks (pH 2.5–3.2)
containing 0.05% (w/v) of sorbic acid (pK a ¼ 4.8), although
the European Union (EU) legislation determines that sorbic
acid concentrations in a food product must not be higher than
0.03% (w/v) in soft drinks. Notably, it was found that indi-
vidual Z. bailii cells in a population vary signi� cantly in their
resistance to sorbic, benzoic, and acetic acids, with a sma
proportion of cells being phenotypically much more resistant
to the acid than the average population. Remarkably, it was
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Zygosaccharomyces 851
also shown that the mechanisms of resistance ofZ. bailii to
acetic, benzoic, and propionic acids are closely related, sinc
adaptation to any of the acids was shown to increase the
tolerance to the other preservatives, which may pose a problem
as this yeast might be able to overcome preservative comb
nations. It was thus hypothesized that the remarkable resis
tance to weak acids in Z. bailii is related to population
heterogeneity, namely with the fact that a small number of cells
have a lower intracellular pH that leads to reduced intracellular
acid dissociation. Moreover,Z. bailii has the capacity to adapt
to subinhibitory levels of a preservative, a situation to which it
might be exposed in improperly clean� lling lines, for example,
allowing the yeast to thrive in much higher concentrations of
the preservative than before adaptation.

The preservative resistance ofZ. bailii was demonstrated to be
in� uenced by glucose level, being maximal at sugar concentra
tions from 10 to 20% (w/v). Zygosaccharomyces bailiipreservative
resistance, however, does not seem to be dependent on the typ
of sugar present in the medium as this yeast exhibits comparabl
sorbic acid and benzoic acid resistance, either grown in cultur
medium containing glucose or fructose as fermentable
substrates.Zygosaccharomyces bailiiis only moderately osmoto-
lerant when compared withZ. rouxii, but the salt and sugar levels
in foods are still typically inadequate to hinder its growth.

Most facultative fermentative yeast species cannot gro
under strictly anaerobic conditions and food preservation
methods that limit oxygen availability can be used to control
food spoilage caused by fermentative yeasts.Zygosaccharomyc
bailii cells, however, were shown to maintain their spoilage
capacity, including the production of a considerable amount of
gas, even in nongrowing conditions, suggesting that limiting
oxygen availability is unlikely to limit cell proliferation and
alcoholic fermentation and that it is not a promising strategy to
decrease the risk of spoilage.

Zygosaccharomyces bailii, as well as other members of the
genus, exhibits a fructophilic behavior, consuming fructose faste
than glucose when both carbon sources are present in th
medium. Consequently, yeast growth rates are accelerate
greatly in food products containing more than 1% (w/w) of
fructose, and ethanol production occurs at a higher rate with
a higher yield in the presence of fructose compared with glucose
Fructophily in Z. bailii is based both on the existence of a low-
af� nity, high-capacity transport system speci� c for fructose, and
on the inactivation of the general hexose transport system, that i
triggered by high concentrations of fructose. Moreover, although
Z. bailii is unable to use sucrose as the sole carbon source, th
disaccharide is hydrolyzed at low pH conditions, leading to
a slow buildup of glucose and fructose in acidic processed foods
and beverages during storage, leading to delayed fermentation i
certain food products contaminated with Z. bailii. For this
reason, there often is an extended delay between manufactur
and spoilage of foods containing sucrose, giving rise to a 2- to 4
week interval that precedes the appearance of visible spoilag
and a 2- to 3-month period after manufacturing until the
occurrence of product quality deterioration.
t

Zygosaccharomyces rouxiiand Z. bisporus

As a spoilage organism,Z. rouxii stands out for being the most
osmotolerant yeast species known to date, and the second mos
xerophilic organism described so far, the� rst being the � la-
mentous fungi Xeromyces bisporus. It is able to grow down to 0.62
aw in fructose solutions and to 0.65 aw in sucrose–glycerol
solutions. Moreover, at equivalentaw values, it is less tolerant to
NaCl than to high glucose, with salt-tolerant strains being more
sensitive to pH conditions than sugar-tolerant ones.Zygo-
saccharomyces rouxiioptimum growth temperature is dependent
on aw, with increased optimum growth temperatures at lower
aw. Consequently,Z. rouxii is notorious for its spoilage of foods
with high sugar content.Zygosaccharomyces rouxiiand Z. bisporus
resistance to weak acids preservatives is belowZ. bailii resistance,
however, with most of the strains’ growth being fully inhibited
by concentrations of sorbic and benzoic acids above 500 mg l� 1

(pH 4.0–4.5). They are also more susceptible to acetic acid, i
particular Z. rouxii, which usually is not able to grow with 1%
(v/v; 10 500 mg l � 1) acetic acid.
Zygosaccharomyces lentus

Zygosaccharomyces lentusis related closely to Z. bailii and
Z. bisporus, sharing many of their spoilage characteristics
namely osmotolerance and resistance to benzoic and sorbi
acids. Unlike Z. bailii and Z. bisporus, Z. lentusdisplays slow
growth under aerobic conditions and is not able to grow at
30 � C, but it has the remarkable ability to grow (even if slowly)
at low temperature (4 � C) and, consequently, this yeast can be
signi� cantly more important than Z. bailii in the spoilage of
refrigerated foods. Indeed,Z. lentus was reported as being
unable to grow with 1% (v/v) acetic acid, differently from
Z. bailii, but, when at optimum growth temperatures, some
strains of Z. lentusare even able to surpassZ. bailii acetic acid
resistance.
Mechanisms of Resistance to Food Preservatives

It is generally accepted that weak acids operate as foo
preservatives, at low pH, by diffusing in the undissociated form
through the cell membrane into the neutral microbial cyto-
plasm where dissociation occurs, resulting in a drop of intra-
cellular pH and accumulation of the counter-ion. In
equilibrium, the concentration of the undissociated form will
be the same on both sides of the membrane, whereas th
concentration of the anion will be much higher inside,
depending on the magnitude of the pH gradient across the
membrane. These events trigger metabolic disturbances pr
venting growth and even promoting death of spoilage
microorganisms.

As referred to previously, stressedZygosaccharomycesspp., in
particular Z. bailii, exhibit a remarkably high resistance to
a variety of weak acid preservatives. Although the molecula
mechanisms underlying the resistance of this species to wea
acid stress have not been thoroughly studied, the greate
preservative resistance exhibited byZ. bailii has been suggested
to result from its increased capability to degrade the acid anion,
as well as to limit the diffusional entry of the undissociated
form of the acid into the cells.

The well-known fact that Z. bailii can maintain an unequal
acid distribution across the cell membrane previously had been
explained based on the assumption thatZ. bailii is able to use
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852 Zygosaccharomyces
an inducible, active transport pump to counteract the toxic
effects produced by the buildup of anions inside the cells. It is
now generally accepted, however, that it is unlikely that the
active extrusion of the acid counter-ion alone would be enough
for the establishment of the acid gradient across the cel
membrane. Instead, it is suggested thatZ. bailii cells rely on the
limitation of the diffusional entry of acids into the cells, which
is a much more energy-effective method than the energeticall
expensive extrusion of protons and acid anions. It has been
proposed that in Z. bailii adaptive mechanisms resulting in cell
wall and plasma membrane remodeling lead to decreased ce
envelope permeability and consequent decreased weak ac
diffusion compared with the more acid-sensitive yeast species
such asSaccharomyces cerevisiae.

A remarkable feature ofZ. bailii is its ability to use acetic acid
as a carbon source even in the presence of glucose, where
acetate uptake and catabolism are repressed by glucose
S. cerevisiae. Zygosaccharomyces bailiiis also able to metabolize
sorbate and benzoate using a mitochondrial monooxygenase
with benzoate-4-hydroxylase activity (ZbYme2p), andZ. bailii
resistance to SO2 was proposed to be mediated by the produc-
tion of extracellular sulfite-binding agents, such as acetaldehyde

An additional mechanism involved in Z. bailii response to
stress imposed by weak acids, which involves the activation o
plasma membrane Hþ -ATPase activity under benzoic acid
stress was also demonstrated. This mechanism is essential
counteract the dissipation of the Hþ gradient across their
plasma membrane and intracellular acidi� cation. Moreover,
Z. bailii was found to have an extraordinary ability to tolerate
chronic intracellular pH drops.

Zygosaccharomyces bailiiis highly resistant to cell death
induced by acetic acid and other weak acids at much highe
concentrations than those described forS. cerevisiae. As for
S. cerevisiae, acetic acid induces inZ. bailii either an apoptotic or
a necrotic death process, depending on the acid concentration
In wine fermentation, the high resistance ofZ. bailii to acetic
acid–induced death may be associated with the presence of thi
yeast species at the end of the fermentation process when th
environmental conditions are too severe to allowS. cerevisia
survival.
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Mechanisms of Resistance to High Osmotic Pressur

Zygosaccharomyces rouxiiresistance to hyperosmotic stres
involves the intracellular accumulation of the polyols glycerol
and D-arabitol, to maintain an osmotic equilibrium and thus
stabilize cellular structure and metabolism. The presence o
high NaCl concentrations, however, leads not only to an
increase in osmotic pressure, but also to an additional toxic
effect over cell metabolism and membrane function. To
compensate these deleterious effects and maintain intracellula
cation homeostasis, the extrusion of sodium cations (Naþ )
must occur, and Z. rouxii resistance to stress imposed by the
presence of high salt concentrations was shown to involve three
plasma-membrane transporters (ZrSod2-22p, ZrSod2p, and
ZrSod22p) found to mediate Naþ extrusion in a Hþ -antiport
mechanism. The activity of these transporters thus relies o
the Hþ -gradient, which explains why plasma membrane Hþ -
ATPase (ZrPma1p) is activated under salt stress, bein
important in osmotolerance regulation in this yeast species.
Threalose is another important metabolite that appears to be
involved in extreme salt tolerance, as the genes involved in
threalose synthesis were found to be highly expressed unde
these stress conditions. A response ofZ. rouxii to osmotic stress
at the level of plasma membrane structure was also observed
resulting in decreased membrane� uidity, caused by increased
fatty acid saturation degree.
Heat Resistance

The heat resistance ofZygosaccharomycesascospores is specie
dependent, but several studies have shown that the asco
spores are around 5–8 times more heat resistant than vegetative
cells. More important, it was demonstrated that the type of
food product in which the cells were isolated in� uences the
heat resistance of both structures.Zygosaccharomyces ba
ascospores and vegetative cells seem to be considerably mo
heat resistant than those ofZ. rouxii, although they seem to be
less heat resistant than those ofS. cerevisiae. Moreover, asco-
spores and vegetative cell heat resistance increases asaw

decreases, a phenomenon that is particularly pronounced in
the more osmotolerant species,Z. rouxii. For this species, under
the same conditions, at 55� C, D (decimal viability reduction
time) values ranged from less than 0.1 min at 0.98aw to 55 min
at 0.85 aw. Zygosaccharomyces bisporusascospores have also bee
reported to be resistant to heat treatment, being able to survive
after 10 min at 60 � C, although not after 20 min at the same
temperature. Product composition thus should be taken into
account when calculating pasteurization parameters to ensur
an effective Zygosaccharomycesthermal destruction, although
these species should not be a problem in the preservation o
fruit juices and sugar syrups that are pasteurized at high
temperatures (75–85 � C).
Spoilage in Food and Beverages

Among food spoilage yeasts, those belonging to the genu
Zygosaccharomycesare considered to be the most problematic to
the food and beverage industries, withZ. bailii, representing the
most signi� cant spoilage yeast within the genus. The� rst
reports of fermentation spoilage in mayonnaise and salad
dressings in which Z. bailii was identi� ed as the culprit date
back to the 1920s, and many other reports of similar spoilage
incidents affecting different food products have been described
throughout the years. A common feature among these spoilage
episodes is that they consistently arose in acidi� ed food
products that relied mostly on weak acid addition, in particular
acetic and benzoic acids, for its preservation. In fact,Z. bailii
impact as a food spoilage yeast in a wide range of foods ha
been attributed mostly to its resistance to stress conditions
typical of food and beverage preservation. At the present time
regardless of the progress achieved in product formulation and
control, the design and construction of food-processing
equipment and the development of improved sanitation
technologies, this yeast species still constitutes a challengin
threat of spoilage in mayonnaise, salad dressings, sauce
pickled or brined vegetables, fruit concentrates, and various
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noncarbonated fruit drinks as well as other acidi� ed foods.
Zygosaccharomyces bailiiis also a signi� cant spoiler of wines as
a result of its combined resistance to both ethanol and organic
acids at low pH. Moreover, new food types, such as seasone
mustards and fruit-� avored carbonated soft drinks, are affected
by Z. bailii spoilage.

Typical Zygosaccharomycesspp. spoilage signs include the
appearance of taints, odors, and off-� avors, development of
clouds and hazes and excessive gas production that make yea
spoilage readily detected by customers and consumers. Som
times, yeast growth results in the appearance of particulate
usually as a result of pseudohyphal formation or� occulation,
a phenomenon that seems to be common among Zygo-
saccharomycesspp. Surface-� lms can also be produced.
Although these yeasts generally are not considered huma
pathogens, there have been reports describing that yea
ingestion may cause gastrointestinal disorders, but this require
con� rmation. In addition to causing undesirable properties,
such as excessive gas production, which is a consequence of t
high fermentative ability of these yeasts, they can also lead t
the increase of internal CO2 pressure to the point at which
distortion and explosion of the food package may occur. In the
case of glass jars or bottles, there is the possibility that� ying
debris might cause physical injuries, particularly to the eyes
Plastic containers that burst open might leak their content on
the � oor, and slip and fall injuries might occur. All these situ-
ations make food producers susceptible to suffer potentially
costly contentious liability issues.

Zygosaccharomyces rouxiiand Z. bisporus, being more osmo-
tolerant than Z. bailii, are mostly involved in spoilage of low-aw

processed foods and ingredients. Foods particularly at ris
include liquid sweeteners (honey, molasses, sugar, maple, an
corn syrups), confectionaries (cream, jellies, chocolate
marzipan, and soft-centered fondants), fruit concentrates
sweetened wines and cordials, and salted beans. Fermentati
spoilage caused by these yeasts leads to unpleasant physi
and organoleptic changes in the food products such as effer
vescence and turbidity of liquids and an alcoholic odor or taste,
although the severe incidents that can arise due toZ. bailii
vigorous fermentative capacity, previously mentioned, are
unlikely to happen with these slower fermenters.

Zygosaccharomyces lentusinitially was isolated from spoiled
whole-orange juice and identi� ed by conventional methods as
Z. bailii. Since then, the list of food products contaminated with
Z. lentushas increased and it currently has been isolated in
orange squash, tomato ketchup, whole-orange juice, wine, and
traditional balsamic vinegar. Unlike Z. bailii, however, this
yeast species was shown to be capable of signi�cant growth at
4 � C, which raises the possibility that it might emerge as
a major spoilage threat to refrigerated products that otherwise
would be immune to Z. bailii spoilage.

As mentioned, in some speci� c cases, spoilage signs do no
become evident until 2–4 months after production, often being
dif � cult to identify the precise source of spoilage considering
that the � nal product met the microbiological requirements of
quality control (QC) at the time of production. Evidence
gathered during investigation of several spoilage episodes
however, suggested that certain factors potentiateZygosacchar
omycescontamination occurrence. This type of event usually
involves the unnoticed introduction into the production plants
of the contaminating strains that are then able to proliferate in
several types of equipment (� ller heads, diaphragm valves,
pressure gauges, and dead ends in pipes) and even in lubr
cating oils due to poor or inadequately performed sanitation
procedures. Moreover, the detection of few yeast cells in a foo
product does not guarantee it is safe from spoilage, which is
largely true in the case ofZ. bailii, as this yeast is able to caus
soft drink spoilage even when present at a very low inoculum
(e.g., one viable cell per package or� 10 l of processed
product). Total exclusion of Z. bailii cells from the processed
food is then necessary for effective spoilage prevention. Sim
larly, because of its high osmotolerance, lowaw foods need to
be free ofZ. rouxii to ensure product stability, as they cannot be
made concentrated enough to hinder its growth. Unfortu-
nately, it is not possible for any sanitation or microbiological
QC program to handle this level of risk and the single feasible
options would involve introducing changes in product
composition to increase its stability, as well as the use of high-
lethality thermal-processing processes, although not alway
practical and accepted by the consumers.
Bene�cial Biological Activities
of Zygosaccharomycesspp.

Even though they are better known as food spoilage agents
some species ofZygosaccharomycesgenus are also important in
several industries, mainly for the fermentation of foods and
production of enzymes and other desirable compounds. For
example,Z. rouxii is an important fermenter that together with
Aspergillusspp. plays an important role in the miso (fermented
soybeans paste) and soy sauce industries. These Asian foo
have a high salt content that this yeast can tolerate, producing
glycerol and � avors required for the high quality of the � nal
product.

Zygosaccharomycesare also involved in the production of
Kombucha, a fermented tea-based beverage in whichZ. kom-
buchaensisplays a key role producing ethanol, which is con-
verted to acetic acid byAcetobacter. This species has been
isolated exclusively from Kombucha, so far. Although close to
Z. lentusand resistant to acetic acid, it is not relevant as food
spoilage agent being sensitive to sorbic and benzoic acids
Several Zygosaccharomycesspp. are also involved in honey
vinegar and in traditional balsamic vinegar production.

Zygosaccharomyces bailiihas attracted a lot of attention as
a potential new host for biotechnological processes. In partic-
ular, it is an attractive candidate to allow fermentation
processes to be performed under otherwise-restrictive cond
tions or to be used in heterologous protein and metabolite
production because of its high environmental resilience, high
speci�c growth rate, and high biomass yield. Such applications
already were found to be successful in the production of lactate
L-ascorbic acid (vitamin C), and vitamin B12.
Recovery, Enumeration, and Identi�cation
of Zygosaccharomycesspp.

Several selective media have been developed for the detectio
and quanti� cation of preservative-resistant and osmotoleran
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foodborne Zygosaccharomycesspp. in different food products.
For preservative-resistant species (e.g.,Z. bailii), typical plating
media usually used include the standard nondifferential malt
extract agar (MEA) and tryptone glucose yeast extract ag
(TGY) that are supplemented with� 0.5% glacial acetic acid or
0.05% sodium benzoate. In addition, another medium was
developed to allow the speci�c detection of Z. bailii, ZBM
(Zygosaccharomyces bailiimedium). This medium contains 0.5%
acetic acid, 2.5% NaCl, and 0.01% potassium sorbate, bein
highly selective for detecting the presence ofZ. bailii in food
products. Taking advantage of the different behavior patterns
among yeast species concerning their capacity for simultaneou
or sequential metabolism of a sugar and an acid, a differentia
medium for the enumeration of the spoilage yeastZ. bailii in
wine has also been developed. ThisZ. bailii differential (ZBD)
medium is based on a mineral medium supplemented with
vitamins and oligoelements, bromocresol green as acid-bas
indicator (0.005%, w/v), and a mixture of 0.1% glucose and
0.2% formic acid.

The detection and enumeration of osmotolerant species
such asZ. rouxii employs plating media supplemented with
40–60% glucose (e.g., malt yeast extract 50% glucose agar)
reduceaw and provide an optimum osmotic pressure for these
yeasts’ selection. Inoculated plates routinely are incubated at
either 25 or 30 � C, and aerobic conditions, until signs of yeast
growth are observed. In the particular case ofZygosaccharomyc
spp., growth becomes evident earlier when agar plates ar
incubated at 30 � C.

In the case of yeasts belonging to the genusZygosaccharomyc,
yeast isolation and detection often involves the use of enrich-
ment broths before plating to increase recovery. This step i
particularly important because, as already mentioned, these
yeasts are able to cause spoilage even when very few cells
present. The use of enrichment broths will then facilitate detec-
tion of low numbers of cells, reduce the loss of yeast cells from
osmotic shock, and assist in the recovery of sublethally injured
cells, being particularly important in the detection of osmoto-
lerant species. In those cases, if the product being examined ha
a high sugar or salt content, then it is common to use plating
diluents supplemented with sugar or salt (to a� nal concentra-
tion of 10% or more, usually 40–60% glucose for Z. rouxii
detection). For the enrichment of preservative resistant yeast
a method capable of recovering low numbers of cells ofZ. bailii
in acidi� ed foods has been developed. The method involves an
initial enrichment step (2–3 days) in TGY supplemented with
0.5% acetic acid (TGYA) incubated at 30� C, followed by plating
in TGY agar also supplemented with 0.5% acetic acid and incu
bation for 2 days at 30 � C. The method is performed in triplicate
to increase sensitivity. Moreover, the mentioned yeast plating
assays generally are based on spread plating, a more effect
method than pour plating, but surface plating effectiveness can
be further optimized by combining this method with membrane
� ltration methods. For example, the previously described ZBM
was designed as a plating medium to be used in combination
with hydrophobic grid membrane � ltration for detection of
Z. bailii in acidi� ed food products. The membrane� ltration step
effectively separates viable yeast from food particles that othe
wise would inhibit or cause slow growth.

As mentioned previously, it is often dif� cult to identify
Zygosaccharomycesspp. using traditional biochemical and
physiological tests, asZygosaccharomycescolonies on nonselec-
tive and semiselective media are morphologically similar to
many closely related yeast genera. Moreover, differential an
selective media such as ZBD and ZBM, although allowing
species discrimination and being highly selective, have
a complex formulation, making them unsuitable for routine
laboratory and quality assurance (QA) and QC applications.
Yeast identi� cation kits are also used, for instance, to differ-
entiate betweenZ. bailii and Z. bisporusbased on the results of
a single test, threalose assimilation. These methods typically ar
labor intensive and time consuming, however, requiring
considerable human skill and experience to interpret the
results, which limits their application.

In the past decades, assignment of yeasts to species, gene
and families has undergone a revolutionary change, having
evolved from the use of phenotype to the use of gene
sequences and other molecular criteria, which not only allow
the establishment of phylogenetic relationships but also offer
the most reliable means of species identi� cation. Several
DNA-based technologies have been applied successfully t
identify members of the genusZygosaccharomyces, with small-
and large-subunit rRNA encoding genes and their associate
spacer regions (18S, 26S rDNA, and internal transcribed spac
regions, respectively) analysis being the most useful method
for identifying and typing yeasts. Random ampli� ed poly-
morphic DNA-polymerase chain reaction and microsatellite
polymerase chain reaction assays are two alternative tech
niques commonly used. These molecular methods have
proven to be much more accurate and reliable for yeast iden
ti � cation than the traditional cultural identi � cation methods.
Genetic Tools and Functional Genomic Analysis

In the current era of genomics, the physiological cellular
response to environmental stresses has been studied at th
different omic levels: transcriptome, proteome, and metab-
olome. The exploitation of omic strategies inZygosaccharomyc
yeasts, however, has been limited by the fact that the� rst
genome of a species belonging to this genus,Z. rouxii, was
completed only recently (Génolevures database; www.
genolevures.org). Moreover, compared with S. cerevisiae,
a much more robust experimental model, the number of
genetic and molecular tools developed forZygosaccharomyc
spp. is almost negligible. Nevertheless, some tools currently ar
available: two auxotrophic mutants (leu2 and ura3), a few
multicopy and low-copy vectors, speci� c centromeric plasmids,
plasmids enabling green� uorescent protein (GFP) tagging and
red � uorescent (DsRed) tagging as well as a system for targete
gene deletion in Z. rouxii. In Z. bailii, the construction of
genomic and expression libraries as well as successful ge
deletion and cloning already has been achieved. Molecula
tools for the expression and secretion of heterologous proteins
and metabolic engineering of this species also were developed
in particular a set of Z. bailii expression vectors.

The number of genomewide analyses involving Zygo-
saccharomycesspp. is limited, and only a few studies resulting
from detailed gene-by-gene approaches have been conducte
So far, only one genomewide expression analysis in this yeas
species has been published. The objective of this study was t
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elucidate the adaptive response and intrinsic tolerance to aceti
acid in Z. bailii, using an expression proteomic approach, base
on quantitative two-dimensional gel electrophoresis (2-DE).
Zygosaccharomyces bailiiresponses to acetic acid were suggest
to involve an increased activity of carbohydrate metabolic
processes, in particular, the tricarboxylic acid cycle when glucos
is present and gluconeogenic and pentose phosphate pathway
when acetic acid is the only carbon source. Increased AT
production, required to ensure cell detoxi� cation, was also
suggested, as well as the activation of oxidative and gener
stress responses. The application of this genomewide analys
however, has been limited severely by the lack ofZ. bailii
genome sequence (e.g., in the mentioned study, only 40% of the
differently expressed proteins could be identi� ed partly because
of this limitation). Nevertheless, it is expected that the recently
released genome sequences of strainsZ. bailii CLIB 213T (¼CBS
680) and Z. bailii ISA1307, this one isolated from a continuous
sparkling-wine production plant, will accelerate systems-leve
understanding of the molecular mechanisms of resistance in
Z. bailii and facilitate the control of food spoilage and this yeast
species exploitation for biotechnological purposes.
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Characteristics

The nature of the bacteriumZymomonas mobilisoriginates from
its unique metabolism: yeast-like, ethanologenic fermentation
(¼Zymo) utilizing the Entner –Doudoroff (ED) glycolytic
pathway found in Pseudomonads (¼monas). On the basis of the
characteristics listed inTable 1, all strains of Zymomonasclassi-
fied to date belong to a single species,Z. mobilis. In 1977, Swings
and De Ley concluded from their phenotypic and genetic data
that Z. mobiliswas the only species in the genus and that two
subspecies existed:Z. mobilissubsp.mobilisand Z. mobilissubsp.
pomaceae. In 2006, Coton et al. proposed the novel subspecies
francensis. They used a polyphasic approach to compare
Z. mobilisstrains isolated from French‘framboise’ cider with
a collection of strains from the two de� ned subspecies,Z. mobilis
subsp.mobilisand subsp.pomaceae. Phenotypic characterization
accomplished using physiological tests and SDS-PAGE prote
pro� les revealed signi� cant differences between the two known
subspecies and the French isolates; indeed, three distinct group
were observed.Coton et al. (2006) then further con� rmed these
differences using random ampli� ed polymorphic DNA and
repetitive extragenic palindromic-PCR genotyping methods, in
which the French isolates were clearly distinguishable from the
two previously known subspecies. It was proposed that the
French strains represent a novel subspecies,Z. mobilissubsp.
francensissubsp. nov., and they deposited the typical strain as
Strain AN0101T (¼LMG22974T ¼CIP108684T).
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The following features are characteristic ofZ. mobilis:

l They are rods, 2–6 mm long and 1–1.4 mm wide.
l They are Gram-negative.
l They produce no spores.
l They are usually nonmotile, but if motile, movement is

driven by one to four lophotrichous � agella, and motility
may be spontaneously lost.

l They do not grow on nutrient agar or in nutrient broth.
l They are anaerobic but tolerate some oxygen (facultativ

anaerobic).
l They ferment glucose.
l They ferment fructose.
l They yield almost equimolar amounts of ethanol and CO2.
l They are oxidase-negative.
l Their genome contains 47.5–49.5% guanine plus cytosine

(G þ C).

These 11 features should be considered as minimal fo
description of the genusZymomonas.
Culture Characteristics

On standard medium (SM), colonies are glistening, regularly
edged, white to cream colored, and 1–2 mm in diameter after 2
days at 30� C. Deep colonies in solid SM are lenticular, regular,
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entire-edged, butyrous, white or cream colored, and 1–2 mm in
diameter after 2–4 days at 30� C. Anaerobic surface colonies are
spreading, entire-edged, convex, or umbonate, and 1–4 mm in
diameter after 2–7 days at 30� C. When incubated aerobically,
colonies reach a maximum diameter of 1.5 mm or appear as
microcolonies.
Physiological Characteristics

All Zymomonasstrains are harmless to humans and are often
used as natural inocula for making traditional alcoholic
beverages. Most (90%)Zymomonasstrains are able to grow at
pH 3.5, but the organism does not grow at pH 3.05 or below.
BecauseZymomonasis somewhat thermolabile, the organism
grows best at temperatures between 25� C and 30 � C; 74% of
strains grow at 38� C, but growth is rare at 40� C. Indeed,
growth at 36 � C is the phenotypic index to distinguish the
mobilis(growth) subspecies from thepomaceae(no growth) and
francensis(no weak/no growth) subspecies.Zymomonasis killed
by exposure to 60� C for 5 min.

Nitrate reduction and indole production are negative in
Zymomonas. Catalase is positive, but oxidase is negative
Reduction of methylene blue, thionin, and triphenylte-
trazolium is positive. Hydrolysis of gelatin, Tween 60, and
Tween 80 is negative.Zymomonasutilizes and easily ferments
D-glucose and D-fructose, forming large quantities of CO2

after 1–2 days at 30� C. Half of the strains will grow in
glucose concentrations up to 40%, and manyZymomonas
strains are able to ferment and grow on sucrose. The ability
to ferment sucrose appears to be inducible, as this property
is sometimes lost when Zymomonasis subcultured on
D-glucose. In some instances, sucrose is converted to leva
(b-(2,6)-fructan), fructooligosaccharide, or sorbitol. None-
theless, the range of carbohydrates utilized byZymomonasis
restricted to glucose, fructose, and sucrose. The nitroge
required for growth can be supplied as peptone, yeast extrac
nutrient broth, beer, palm juice, apple juice, or a mixture of
the 20 amino acids. Zymomonasstrains require biotin and
pantothenate as enzyme cofactors. They are somewh
tolerant to a number of antibiotics, including bacteriocin,
bentamicin, kanamycin, methicillin, nalidixic acid,
neomycin, novobiocin, penicillin, polymyxin, streptomycin,
and vancomycin.

Coton et al. proposed the following supplemental phenotypic
properties of themobilis,pomaceae, and francensissubspecies:

The description of Z. mobilissubsp. mobilisis as given by
Swings and De Ley (1984) with the following modi � ca-
tions. Sucrose is fermented. There is growth at 36� C in the
presence of 0.5% NaCl and 0.2% bile salts.
The description of Z. mobilissubsp.pomaceaeis as given by
Swings and De Ley (1984) with the following modi � ca-
tions. Sucrose is not fermented. No growth at 36� C in the
presence of 0.5% NaCl and 0.2% bile salts.
Microbiology, Volume 3 http://dx.doi.org/10.1016/B978-0-12-384730-0.00365-7
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Table 1 Characteristics ofZ. mobilis

Characteristics Reaction or result

Morphological characteristics
Shape Rods, 2–6 mm long and 1.0–1.4mm wide rounded ends
Motility Usually nonmotile; if motile, movement driven by one to four lophotrichous� agella
Spore Not formed
Gram stain Negative

Cultural characteristics
Colonies on standard medium Glistening, regularly edged, white to cream colored, 1–2 mm in diameter after 2 days at 30� C
Deep colonies on standard medium Lenticular, regular, entire edged, butyrous, white or cream colored, 1–2 mm in diameter after 2–4

days at 30� C
Nutrient agar No growth

Physiological characteristics
Parasitic on warm blood Negative; animals and/or humans
Pathogenic for humans Negative
Causes donovanosis Negative
Causes one form of rat-bite fever in humans Negative
Causes vaginitis Negative
Temperature for growth Optimum 25–30� C; growth at up to 38� C
Survival at 60� C for 5 min Negative
Initial pH for growth pH 3.85–7.557
Salt tolerance 1.0% NaCl
Ethanol tolerance 13%
Glucose tolerance 40%
Catalase Positive
Oxidase Negative
Voges–Proskauer test Weak
Nitrate reduction Negative
Indole production Negative
H2S production Positive
Methyl red reduction Positive
Thionin reduction Positive
Triphenyltetrazolium reduction Positive
Gelatin hydrolysis Negative
Tween 60 hydrolysis Negative
Tween 80 hydrolysis Negative
Urease Positive
L-Ornithine decarboxylase Positive
L-Arginine decarboxylase Positive
L-Lysine decarboxylase Positive
Vitamin requirements Pantothenate, biotin
Mol% Gþ C of DNA 47.5–49.5
Carbohydrate metabolism Fermentative and respiratory
Gas from glucose Positive
Major product from glucose Ethanol; 1 mol of glucose fermented to 2 mol of ethanol and 2 mol of CO2

Carbon sources for growth
Sugars utilized D-Glucose,D-fructose, sucrose
Sugars not utilized D-Mannose,L-sorbose,D- andL-arabinose,L-rhamnose,D-xylose,D-ribose,D-sorbitol, salicin,

dulcitol,D-mannitol, adonitol, erythritol, glycerol, ethanol,D-galacturonate,D,L-malate,
succinate, pyruvate,D-lactate (D,L-lactate), tartarate, citrate, starch, dextrin, raf� nose,
D-trehalose, maltose, lactose,D-cellobiose

Antimicrobial agents (amount per disc)
Resistant to Ampicillin (10mg), bacitracin (5mg), cephaloridine (10mg), erythromycin (10mg), gentamicin

(10mg), kanamycin (10mg), lincomycin (10mg), methicillin (10mg), nalidixic acid (30mg),
neomycine (10mg), penicillin (5 U), polymyxin (300 U), streptomycin (10mg), vancomycin
(10mg)

Sensitive to Chloramphenicol (30mg), fusidic acid (10mg), novobiocin (30mg), sulfafurazole (500mg),
tetracycline (10mg)

Zymomonas 857
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The description of Z. mobilissubsp. francensisis as given
by Coton et al. (2006) with the following modi � cations.
The nature is motile. Sucrose is fermented. No growth o
slight growth at 36 � C in the presence of 0.5% NaCl. No
growth in the presence of 0.2% bile salts.

The complete sequence of theZ. mobilisZM4 (ATCC31821)
genome,which isapproximately half as large as thatofEscherichia
coli, was analyzed bySeo et al. (2004), and was later reported with
improved annotation by Yang et al. (2009). The genome consists
of 2 056 416 base pairs forming a circular chromosome with an
average Gþ C content of 46.33%. The 1998 predicted coding
open reading frames (ORFs) cover 87% of the genome, and eac
ORF has an average length of 898 bp. Among the ORFs, 134
(67.4%) have been assigned putative functions, 258 (12.9%) are
matched to conserved hypothetical coding sequences o
unknown function, and the remaining 394 (19.7%) show no
similarity to known genes. The functions of the predicted ORFs
were categorized by comparison with the COG (Clusters and
Orthologous Group) database (Table 2). Of the 0.84% of the
genome that encodes stable RNA, 51 genes encode transfer RN
which correspond to 42 different isoacceptor-tRNA species.
b-
Metabolism

Saccharomyces metabolize glucose to pyruvate via the En
den–Meyerhof–Parnas pathway (EMP); ethanol is then formed
s

r
in

-

Table 2 Functional categories of predicted genes inZ. mobilis

COG categories
No. of
genes

Information storage and processing
J. Translation, ribosomal structure and biogenesis 153
K. Transcription 98
L. DNA replication, recombination and biogenesis 82
B. Chromatic structure and dynamics 1

Cellular processes
D. Cell division and chromosome partitioning 43
V. Defense mechanism 48
T. Signal transduction mechanism 67
M. Cell envelope biogenesis, outer membrane 156
N. Cell motility and secretion 46
U. Intracellular traf� cking and secretion 48
O. Posttranslational modi� cation, protein turnover,
chaperones

101

Metabolism
C. Energy production and conversion 123
G. Carbohydrate transport and metabolism 105
E. Amino acid transport and metabolism 208
F. Nucleotide transport and metabolism 65
H. Coenzyme metabolism 143
I. Lipid metabolism 42
P. Inorganic ion transport and metabolism 115
Q. Secondary metabolites biosynthesis, transport and
catabolism

66

Poorly characterized
R. General function prediction only 243
S. Function unknown 92

Gene count 1739

All genes were classi� ed according to the COG classi� cation.http://genome.ornl.
gov/microbial/zmobORNL/dec2008/fun.html.
from the pyruvate. By contrast, Zymomonasanaerobically
ferments sugars via the ED pathway, forming pyruvate from
gluconate (Figure 1). As in Saccharomyces, the liberated pyru-
vate is decarboxylated, yielding acetaldehyde and CO2, after
which the acetaldehyde is reduced to produce ethanol. Up to
now, the ED pathway has only been observed in aerobic
bacteria such asPseudomonasand Gluconobacter; its identi� ca-
tion in Zymomonasrepresents for the� rst time the ED pathway
has been seen in an anaerobe. InZ. mobilis, glycolytic enzymes
account for 30–50% of the soluble protein. Among these
enzymes, glyceraldehyde 3-phosphate dehydrogenase an
phosphoglycerate kinase are key regulators in the ED pathway
Moreover, the presence of pyruvate decarboxylase and alcoh
dehydrogenase isozymes that are tolerant to high ethano
concentrations enablesZymomonasto perform a pure ethanol
fermentation.

When ATP formation via the EMP and ED pathway was
compared, it was found that the EMP yields 2 mol of ATP per
mol of glucose, whereas the ED pathway yields 1 mol of ATP
per mol of glucose. Thus, the cell yield of ATP from glucose is
less in Zymomonasthan in yeast. The equation describing the
molar fermentation is as follows:

1 C6H12O6 [ 1:93 C2H5OH D 1:8 CO2 D 0:053 CH3CHOHCOOH

The kinetic parameters for ethanol fermentation byZymo-
monasand Saccharomyces carlsbergensishave been compared in
25% glucose under anaerobic conditions (Table 3). Ethanol
production and glucose uptake byZymomonasare three to four
times faster than by S. carlsbergensis. The higher production
results in an ethanol yield that is larger than is traditionally
seen with yeast, despite the fact that the cell yield is smaller in
Zymomonasthan in S. carlsbergensis.

As mentioned above,Z. mobilisutilizes only glucose, fruc-
tose, and sucrose for growth. Although only trace amounts of
by-product are produced during the fermentation of glucose,
signi� cant quantities of levan may be formed during the
fermentation of sucrose. Three sucrose-hydrolyzing enzyme
are involved in the initial step in sucrose fermentation: intra-
cellular invertase, extracellular invertase, and extracellula
levansucrase. Of these, extracellular levansucrase participates
the production of levan and some fructooligosaccharides.
When both glucose and fructose are present in the culture
medium, the sugar alcohol by-product, sorbitol, is accumu-
lated. The formation of this product is due to the action of
glucose–fructose oxidoreductase, which catalyzes the inter
molecular oxidation–reduction of glucose and fructose to form
gluconolactone and sorbitol. Gluconolactone is hydrolyzed by
gluconolactonase and is then metabolized to form ethanol via
the ED pathway. Although the physiological function of the
oxidoreductase remains unclear, the accumulation of sorbitol
in cells may be important for the acquisition of osmotic
tolerance.

Another characteristic peculiar toZymomonasis its tolerance
to high concentrations of both its substrate and product. As
shown in Table 1, some strains ofZymomonaswill tolerate up to
30–40% glucose and 13% (wt/vol) ethanol. Such a high
tolerance to ethanol is exceptional among bacteria; the growth
of most bacteria is inhibited by ethanol concentrations of only
1–2% (wt/vol). By way of explanation, a major protective
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SucroseLevan + oligosaccharides

GlucoseFructose

Fructose 6-P Glucose 6-P

Gluconolactone 6-P

Gluconate 6-P

2-Keto-3-deoxy-gluconate 6-P

Glyceraldehyde 3-P

Glycerate 1,3-P2

Glycerate 2-P

PhosphoenolpyruvatePyruvate

Acetaldehyde + CO2

Ethanol

Ribose 5-P Xylulose 5-P

Glyceraldehyde 3-P Sedoheptulose 7-P

Fructose 6-P Erythrose 4-P

Xylose

Xylulose

Xylose isomerase

Xylulokinase

Transaldolase

Arabinose

Ribulose

Ribulose-5-P

Arabinose isomerase

Ribulokinase

Ribulose-5-P-4-epimerase

Transketolase

Entner–Doudoroff pathway

Pentose phosphate cycle

Glycerate 3-P

Figure 1 The Entner–Doudoroff pathway for carbohydrate metabolism and metabolic engineering of pentose fermentation. Solid arrow, inherent
enzyme; dotted arrow, enzyme introduced fromEscherichia coli.
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function has been ascribed to the hopanoids, which are pen
tacyclic triterpenoids, present in large quantities in the cel
membrane of Z. mobilis. Most likely, these amphiphilic, sterol-
like substances stabilize the cell membrane ofZ. mobilisagainst
solubilization by ethanol.
Method of Detection and Isolation

Detection

Detection of Zymomonasis based on its characteristic ability to
produce CO2 from glucose and its ethanol tolerance. The
Table 3 Ethanol productivity ofZ. mobilis

Kinetic parameters Z. mobilis S. carlsbergensis

Speci� c growth rate,m(per h) 0.276 0.123
Speci� c ethanol productivity,

q p/x (g/g/h)
5.44 0.82

Cell yield, Y x/s (g/g) 0.028 0.043
Ethanol yield, Y p/s (%),

100%¼0.511 (g/g)
95 90

From Rogers, P.L., Lee, K.J., Skotnicki, M.L. and Tribe, D.E., 1982. Ethanol
production ofZymomonas mobilis. Adv. Biochem. Eng. 23:37–84.
detection medium, which was originally formulated in brew-
eries, has the following composition (g l� 1): 3 g malt extract, 3 g
yeast extract, 20 gD-glucose, 5 g peptone and 0.02 g actidione
pH is adjusted to 4.0. The medium is dispensed into 25-ml
screw-capped bottles containing a Durham tube (20 ml per
bottle) and sterilized. Ethanol is then added to a concentration
of 3% (v/v). The presence ofZymomonasis indicated by abun-
dant gas production after incubation for 2–6 days at 30� C.
Because false-positive results may occur if lactobacilli or wild
yeast are present, a Gram stain is recommended.
a-

r

Isolation

It has been reported that in 1923 Lindner isolatedZymomo-
nasfrom the sap of the maguey plant and that Shimwell later
isolated the same bacterium from spoiled beer. Actually,
Zymomonascan easily be isolated from palm sap and palm
wines; however, it is our experience that many types of wine
do not allow the growth of Zymomonas, presumably because
of the presence of preservatives (e.g., potassium met
bisulphite, K2S2O5). Several protocols for the isolation of
Zymomonascan be found in the literature. The media used for
isolation of the organism are classi� ed into two groups
(Table 4): media based on fruit juice, sap, or alcoholic
beverages, which are supplemented with glucose and/o
nutrients; and synthetic media used to isolate strains with
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Table 4 Details of media

Standard medium for identi� cation (SM)
Yeast extract (Difco) 0.5%
D-Glucose 2.0%

For solid medium, agar is added to a concentration of 2.0%
Apple juice–yeast extract medium

Apple juice from a culinary or dessert apple variety
Yeast extract (Difco) 1.0%

pH is adjusted to 4.8 with NaOH. For solid medium, agar is added to
a concentration of 3.0%

Apple juice–gelatin medium
Four-times-diluted apple juice
Yeast extract (Difco) 1%
Gelatin 10%

pH is adjusted to 5.5 with NaOH
Beer–glucose medium

Sterile beer
Glucose 2%

MYPG medium
Ethanol 3.0%
Glucose 2.0%
Malt extract 0.3%
Yeast extract 0.3%
Peptone 0.3%
Cycloheximide 0.002%

pH is adjusted to 4.0
Ethanol and cycloheximide are added after autoclaving
Synthetic medium of Goodman et al.

Basal medium
Glucose 2.0%
KH2PO4 0.1%
K2HPO4 0.1%
NaCl 0.05%
(NH4)2SO4 0.1%
pH 6.0
Metal solution
MgSO4$7H2O 200 mg l� 1

CaCl2$2H2O 200 mg l� 1

Na2MoO4$2H2O 25mg l� 1

FeSO4$7H2O 25mg l� 1

Vitamin solution
Calcium pantothenate 5 mg ml� 1

Thiamin hydrochloride 1 mg ml� 1

Pyridoxine hydrochloride 1 mg ml� 1

Biotin 1 mg ml� 1

Nicotinic acid 1 mg ml� 1

After autoclaving, the� lter-sterilized metal solution is added to the indicated
concentrations, and 1 ml of the� lter-sterilized vitamin solution is added to 1 l of
basal medium. The medium is solidi� ed with 1.5% agar (Difco).

860 Zymomonas
higher ethanol productivity, which contain yeast extract as an
essential additive.

Isolation of Zymomonasis carried out in two steps. First, the
organism is enriched in a liquid medium in screw-capped or
cotton-plugged bottles at 30� C under static conditions. Then it
is isolated by forming colonies on solid medium in Petri dishes
at 30 � C under either anaerobic (e.g., in a BBL Gas Pak anae
obic system) or aerobic conditions. By transferring the cultures
to complex media, the bacteria can be kept alive for 2–3
months at room temperature. Moreover, when lyophilized or
frozen at �80 � C in the presence of 12.5–25% glycerol, Zymo-
monascan be kept for several years.
Importance to the Food Industry

Although in the tropics various strains of Zymomonasare used
to make alcoholic beverages, in EuropeZymomonasis recognized
as a causative agent in the spoilage of beer and apple cider.
Fermentative Agents

Palm Wines
These alcoholic beverages, which are popular in Africa, Sout
America, and Southeast Asia (e.g., Indonesian Tuwak), ar
obtained from the spontaneous fermentation byZymomonasof
the sugary sap of various species of palm tree. The speci� c
characteristics of palm wines depend on many factors
including the length of time the palm trees are tapped, the palm
species, the duration of storage, and the season. Palm wine ma
contain 0.1–7.1% ethanol, depending on the storage prior to
its collection. Typically, however, palm wine contains approx-
imately 4–5% ethanol, and has a pH of 3–4 due to the presence
of tartaric, malic, pyruvic, succinic, lactic,cis-aconitic, citric, and
acetic acids.

The main constituent of palm tree sap is sucrose, though
small amounts of glucose, fructose, maltose, raf� nose, and
malto-oligosaccharides are also present. Palm wines hav
rather complex micro� ora, among which are Saccharomyce,
Zymomonas, lactobacilli, and Acetobacter. It has been hypothe-
sized that palm wine may be the result of mixed alcoholic,
acetic, and lactic fermentation. Nonetheless, it is certain tha
Zymomonasstrains are a very important bacterial constituent.
Zymomonasis largely responsible for the alcohol content and
for frothing that results from CO 2 formation. CO 2 and small
amounts of lactic and acetic acid also contribute to the acidity.
The production of some acetaldehyde and the characteristi
fruity odor of Zymomonasprobably have a positive effect on the
odor and taste of palm wine.

Pulque
This is a popular drink in Mexico. It is a milky and viscous
beverage with about the same alcohol content as bee
(approximately 4–6%). It is produced from the sap of the
maguey plant; the most common species used isAgave atro-
virens. It was the fermentation of Agavesap that Lindner was
studying in 1923 when he discovered that the organism
mediating fermentation was a bacterium that he called
Termobacter mobile(now Z. mobilissubsp. mobilis). Over the
years, this organism has been referred to by many name
including Pseudomonas lindneri(1931), Zymomonas mobili
(1936), Achromobacter anaerobium(1937), Saccharobactersp.
(1937), Saccharomonas anaerobia(1950), Saccharomonas lindne
(1950), Zymomonas anaerobia(1963), Z. mobilisvar. recifensis
(1970) and Zymomonas congolensis(1972). Like palm wine,
pulque has a complex micro� ora, which includes Z. mobilis,
Saccharomyces, lactobacilli, and Acetobacterspp. Pulque is
distinct from mezcal, which, though also derived from maguey,
is a distilled beverage.

Mezcal
Mezcal is a traditional Mexican distilled beverage produced
from the fermented juices of the cooked agave plant core. Th
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Agave salmianafrom Mexico’s Altiplano region is used for
mezcal production. The agave cores are cooked in stone ove
to hydrolyze the inulin into fructose. During this process, the
syrup is naturally fermented by its own microorganisms and
subsequently distilled. Using metagenome analysis of the 18S
28S, and 16S rDNA genes,Escalante-Minakata et al. (2008)
identi � ed the micro� ora involved in mezcal fermentation,
which includes 11 different microorganisms. Three of them are
yeasts:Clavispora lusitaniae, Pichia fermentans, and Kluyveromyce
marxianus. The bacteria found areZ. mobilissubsp.mobilisand
subsp. pomaceae, Weissella cibaria, Weissella paramesenteroid,
Lactobacillus pontis, Lactobacillus ke�li, Lactobacillus plantarum
and Lactobacillus fraginis. In addition, phylogenic analysis
showed that the microbial diversity in mezcal is dominated by
bacteria, mainly lactic acid bacterial species andZymomonas
strains.

Caldo-de-cana-picado
This alcoholic beverage, popular in Northeast Brazil, is obtained
from the spontaneous fermentation of sugarcane juice. The
Zymomonasstrains isolated from caldo-de-cana-picado are ver
motile, with mono- or lopho-trichous � agella, and can ferment at
42 � C with a � occulent deposit. Based on these properties, a ne
taxon Z. mobilisvar. recifensiswas created for these organisms.
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Spoilage Agents

Beer
Zymomonashas been isolated from beer, from the surface o
brewery equipment, and from the brushes of cask-washing
machines. When cask and keg beers are infected withZymo-
monas, the bacteria cause heavy turbidity and an unpleasan
odor of rotten apples due to traces of acetaldehyde and H2S. In
warm weather, beer can spoil within 2–3 days due to the
growth of Zymomonasand the resultant accumulation of acet-
aldehyde. On the other hand,Zymomonashas not been repor-
ted in lager beers; the low temperatures at which lagers ar
processed (8–12 � C) are unfavorable for the growth of
Zymomonas.

Cider and Perry
In recent years, consumers have tended to prefer sweet cide
over drier farm-made ciders. A potential problem for sweet
cider, however, is a second fermentation called cider sicknes
which produces heavy turbidity, high gas pressure, and
a reduction of the sweetness, aroma, and� avor of the cider. To
prevent the development of cider sickness, it is recommende
that the acidity of the cider be kept high and the storage
temperatures low. It has been suggested that theframboisemen
of cider is caused by two different agents: the anaerobic cide
sickness bacillusZymomonasand aerobic acetic acid bacteria
Zymomonasstrains have also been isolated from perry, a cider
like beverage made from pears.
e
-
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Other Applications

Levan and Fructooligosaccharide
Zymomonasaccumulates levan and some fructooligosaccharid
as by-products during the fermentation of sucrose. This char
acteristic has enabled the development of an effective one-ste
enzymatic process for synthesizing levan. By mixing a solution
of sucrose with the extracellular levansucrase derived from
Z. mobilis, excellent quality, uniquely colloidal (viscous paste-
like) levan can be produced. Levans have a wide range o
potential applications, including as food thickeners and as
glazing agents in cosmetics. Interestingly, it was also recent
reported that Z. mobilislevans exhibit antitumor activity against
sarcoma 180 and Ehrlich carcinoma in Swiss albino mice.

Levansucrase also catalyzes fructosyl transfer from sucro
to various mono- and di saccharides to form hetero-fructooli-
gosaccharides (FOS), which have attracted special attentio
due to their many physiological and physical uses (e.g., for
prebiotics, dietary � ber, mineral absorption, defense function,
lipid metabolism, anticancer effects, and control of diabetes).
When the Zymomonasextracellular levansucrase has been use
as a biocatalyst for FOS production in sugar syrup, the yield o
FOS was 24–32%, and was comprised of a mixture of
1-kestose, 6-kestose, neokestose, and nystose.

Sorbitol and Gluconic Acid
Sorbitol and gluconic acid are compounds employed in the
food, pharmaceutical, and chemical industries. Within
the periplasmic space of the cell envelope ofZ. mobilisis the
enzyme glucose–fructose oxidoreductase (GFOR), which
converts glucose and fructose in gluconic acid and sorbitol
respectively. GFOR has a tightly bound cofactor, NADP
(Nicotinamide Adenine Dinucleotide Phopsphate), which is
reduced to NADPH (Reduced Nicotinamide Adenine Dinu-
cleotide Phosphate) during glucose oxidation to glucono-
lactone and is re-oxidized upon the reduction of fructose to
sorbitol. The cyclic nature of GFOR catalysis is quite advanta
geous because the cofactor, generally an expensive reagent
not consumed. Erzinger and Vitolo (2006) demonstrated that
the conversion of glucose and fructose into gluconic acid and
sorbitol can be conducted in a batch reactor using free o
immobilized Z. mobiliscells.
Importance to the Biofuel Industry

The need for development of alternative sources of liquid fuels
has stimulated much interest in bioethanol production from
renewable resources. Today’s biofuel industry produces ethanol
primarily from feedstock, such as cereals and sugarcane, usin
traditional brewing methods with yeast. However, industries
producing these � rst-generation bioethanols, especially from
corn starch, are in competition with the food and animal feed
industries. By contrast, lignocellulosic biomass, like crop waste
forestry residues, and municipal solid waste, has great potentia
to be an important source of bioethanol. This is in large part
because it is the most abundant and sustainable of raw
materials, worldwide, and occurs as a by-product without
competing uses. Consequently, many researchers and comp
nies around the world have been developing industrial
processes for producing lignocellulosic ethanol as a second
generation bioethanol. Within that context, Zymomonashas
attracted considerable attention because the speci� c rates of
sugar uptake and ethanol production are three to four times
faster in Zymomonasthan in commercial yeast. Despite this
advantage, however,Z. mobilisis not well suited for biomass
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conversion because it can ferment only glucose, fructose, an
sucrose. This narrow spectrum of utilizable carbohydrates
severely limits the commercial utility of Zymomonas. Genetic
manipulation to broaden the spectrum of Zymomonas
substrates would substantially increase its industrial utility.
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Host–Vector System

A variety of cloning vectors have been used to geneticall
engineer Z. mobilis. These vectors can be classi� ed into two
groups. The � rst includes hybrid plasmids constructed from
native Z. mobilisplasmids and an E. colivector plasmid. This
construct is necessary because mostZ. mobilisstrains contain
cryptic plasmids. The second contains non-conjugative plas
mids with a broad host range. With respect to the� rst group, an
expression vector has been constructed that will insert the
Z. mobilispromoter and terminator genes into a shuttle vector.
An example of such a shuttle vector betweenZ. mobilisand
E. coli is shown in Fig. 2. As for the second group, the only
genetic markers that can be used so far are resistance to tet
cycline and chloramphenicol.
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Gene Transfer

The conjugal method of transferring genes has proved suitabl
for the introduction of large, broad host-range plasmid vectors
into Zymomonas. For example, it has been possible to use the
kanamycin-resistant helper plasmid, pRK2013, to transfe
a plasmid vector from E. colito Z. mobilis. A conjugation has
also been reported in which a broad host-range plasmid vecto
containing the tra gene from PR4 was transferred fromE. coli
S17-1 toZ. mobilis. In addition, one group of investigators have
used partially spheroplasted cells induced withD-cycloserine
and penicillin G to obtain Z. mobilistransformants at the rate of
104–105 cells per microgram of DNA. An electroporation
method for reproducible transformation was also developed
based on another modi� cation. At a � eld strength of
10 kV cm� 1, transformants were obtained at the rate of 106 cells
per microgram of DNA. Because the transformation ef� ciency
is presumed to be dependent on the strain, it is essential to
optimize the transformation conditions.
Figure 2 Shuttle vectors pZA323 and pZA22. Solid box, endogenou
cryptic plasmid pZM2 fromZ. mobilisATCC29192; open box, pACYC184
Because cell fusion may also be an effective method fo
improving Zymomonas, conditions for the formation, regenera-
tion, and fusion of protoplasts have been examined and estab-
lished. In our experience, fusants (prototrophic recombinants)
can be obtained at a rate of 10� 5 per spheroplast through
intrafusion of mutants lacking the ability to ferment sucrose or
fructose. This may be a useful method for breeding acid-toleran
or thermotolerant Zymomonas.
Metabolic Engineering

The basic recombinant DNA techniques that could be used to
improve Zymomonasstrains are well established and include
a host–vector system, methods for gene introduction, and
methods for using Zymomonaspromoters to drive gene
expression. These techniques could potentially be used t
confer on Zymomonasthe ability to convert all of the major
sugar components of cellulosic biomass into bioethanol.

Xylose and Arabinose
Xylose and arabinose is the major constituents of hemicellulose
large quantities of which are found in agricultural waste, such as
rice straw, corncobs, and parts of hard wood. Zhang et al. hav
described an improvedZ. mobilisstrain capable of producing
ethanol from xylose and arabinose (Figure 1). The introduction
and expression of xylose isomerase, xylulokinase, transaldolas
and transketolase fromE. coliled to formation of a functional
metabolic pathway that converted xylose to central intermedi-
ates of the ED pathway for fermentation of xylose to ethanol.
Moreover, introduction and expression of E. coli arabinose
isomerase, ribulokinase, ribulose-5-phosphate-4-epimerase
transaldolase, and transketolase enabledZ. mobilisto ferment
arabinose. Within a mixed sugar fermentation, the recombinant
Z. mobilisexhibited a preferential order of sugar utilization:
Glucose was rapidly used� rst, followed by xylose and then
arabinose.

Cellulose
The process for second-generation ethanol production includes
three steps: physical and chemical pretreatment, enzymati
hydrolysis, and fermentation. Therefore, to reduce the cost of the
s cryptic plasmid pZM3 fromZ. mobilisATCC29292; hatched box, endogenous
DNA; line, pBR322 DNA.
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hydrolysis of cellulose using microbial cellulases, a number of
groups have begun breeding ethanologenic microorganism
capable of producing ethanol directly from cellulose, though the
production of ethanol from cellulosic materials by genetically
engineered strains has not yet reached a level suf� cient for
commercial application. To breedZymomonasable to ferment
cellulose and produce ethanol directly, it was necessary t
introduce and express both the endoglucanase andb-glucosi-
dase genes. Bacterial cellulase genes, including endoglucana
from Cellulomonas uda, Acetobacter xylinum, Erwinia chrysanthem,
Pseudomonas� uorescens, or Bacillus subtilis, have been introduced
into and expressed inZ. mobilis. Introduction of the Rumino-
coccusb-glucosidase gene fused to a DNA sequence encodin
a secretion signal peptide yielded an enzyme capable of trans
location across the cytoplasmic membrane and enabled
a Z. mobilisstrain to ferment cello-oligosaccharides. However
ethanol production from cellulose by these recombinants has
not as yet been reported.

Other Biomass
Lactose is the major organic constituent of whey, a wast
material of the dairy industry. Production of ethanol from
lactose or whey byZ. mobilishas been improved by introducing
into the organism the E. coli lactose operon or the lac trans-
poson. Almost all Z. mobilisbred this way can ferment lactose to
form ethanol. Z. mobiliscarrying the gal operon derived from
E. coliproduced a small amount of ethanol from galactose. Bee
molasses, a potent starting material for ethanol fermentation,
contains 3–4% raf� nose, and Z. mobilis harboring the
a-glucosidase and lactose permease genes fromE. coliwas used
to produce ethanol from raf� nose. The ability of Z. mobilisto
ferment starch into ethanol has also been investigated. A funga
or bacterial a-amylase gene was introduced intoZ. mobilis, and
the resultant enzyme activity could be recovered from the
culture medium. The level of a-amylase expression in this
Zymomonasstrain was low, but these investigations are a� rst
step toward engineering aZymomonasstrain able to convert
starch into ethanol in a single step.

Many approaches aimed at broadening the spectrum o
utilizable substrates through transfer of appropriate hydrolase
genes have been tried. However, the recombinant strains we
unable to produce ethanol directly from cellulosic biomass.
Although some obstacles remain to be overcome, the compan
DuPont Danisco Cellulosic Ethanol (DDCE) has established
a cellulosic ethanol demonstration facility based on gen\eti-
cally modi � ed Z. mobilis. The facility in Vonore, Tennessee, ha
an annual production capacity of 250 000 gallons of ethanol.
The plant produces ethanol from agricultural residue and
bioenergy crops, including corncobs and switchglass. Recentl
Rogers et al. evaluated the sugar recoveries and fermentabiliti
of eight lignocellulosic raw materials (wheat straw, sugarcane
bagasse, sorghum straw, sugarcane tops, Arundo dona
hydrolysates, oil mallee, pine, and eucalyptus) obtained with
mild acid pretreatment and enzyme hydrolysis using
a recombinant strain of Z. mobilis. From the results, it is evident
that relatively good sugar and ethanol yields can be achieve
from some herbaceous raw materials, suggesting thatZymo-
monasstrains could potentially be used for the production of
lignocellulosic bioethanol. The unique and valuable charac-
teristics of Z. mobilis mean that this organism will almost
certainly be used as a biocatalyst for second-generation bio
ethanol from lignocellulosic biomass in the near future.

See also:Cider (Cyder; Hard Cider); Genetic Engineering;
Metabolic Pathways:Release of Energy (Anaerobic);
Saccharomyces: Brewer’s Yeast;Spoilage Problems:Problems
Caused by Bacteria;Wines:Microbiology of Winemaking.
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Abbreviations used in subentries

BSEe bovine spongiform encephalopathy
E. colie Escherichia coli
PCRe polymerase chain reaction
SNPe single nucleotide polymorphism
UHT e ultra-high temperature
A
aaiA-Ygenes1:706
5-Aalkanolides 1:790
AAL toxin(s) 1:57, 2:860
aap(dispersin) gene1:706e708
AatPABCD transporter complex1:706e707
Abattoirs seeSlaughterhouses
ABC yogurt2:436
ab initio gene prediction2:776
Abiotrophia3:542
Abiotrophia adjacenscomb. nov. 3:542
Abiotrophia defectivacomb. nov. 3:542
AB milk products 1:890, 1:890t
Abrasives, metabolite recovery uses1:822, 1:823f
Absidia2:2
Absolute (screen)� lters 3:38
Absolute (instantaneous) growth rate3:62b
Accreditation schemes2:402

food retailer ’approval schemes’2:403
laboratories seeLaboratory accreditation
pro� ciency testing3:226e227, 3:227t

see also individual countries
Accreditation standards2:402e403

legislation 2:402e403
see also individual standards

AccuProbe� Listeria MonocytogenesCulture
Identi � cation Test

acridinium ester moiety 2:494t, 2:494
active probe tags2:494, 2:495f
applications 2:494
chemiluminescence reaction2:494t, 2:494
conventional culture detection vs.2:499t, 2:499
culture con� rmation kit, points of application
2:495, 2:497f

equipment 2:495t
false negative rate2:498e499, 2:499t
false positive rate2:498e499, 2:499t
inactivated DNA probe tags2:494, 2:495f
medium used, effects on results2:499
performance characteristics2:498e499, 2:499t
principles 2:494
reagents2:494, 2:495t
selective enrichment stage2:495, 2:497f,

2:498f
Accuracy de� nition 2:229
Accuracy factor, predictive microbiology3:65,

3:66f
Accuri� C6 system1:946, 1:948, 1:950f
Acetaldehyde

beer off-� avors1:212e213, 3:306
cheesemaking starter cultures3:511
fermented milks 1:917
ke� r 1:903e904
Streptococcus thermophilus3:556
yogurt taste1:919

Acetate
cheese� avor/aroma 1:399
methanogens, fermentation by

2:602
Acetic acid3:121

adaptation to 3:129f, 3:129
antimicrobial activity 3:71, 3:721

effectiveness3:126f, 3:126
bread making 1:305
cereal grain preservation3:462
chemical properties3:123t
in cider 1:442
dairy fermentation 3:521
dissociation curve3:122, 3:123f
food applications 3:121
lipid solubility 3:126
malolactic fermentation 3:803
partition coef� cients3:130
production

Brettanomyces/Dekkerayeasts1:316
Brevibacterium1:327
Lactobacillusbrevis2:422e423

recovery, solvent extraction1:823
resistance

Acetobacter pasteurianus1:4e5
Gluconacetobacter1:4e5
Penicillium roqueforti3:17e18
Zygosaccharomyces bailii3:850e852

sourdough 1:311, 1:313
structure3:123t

see alsoVinegar
Acetic acid bacteria (AAB)

acid tolerance3:128
characteristics2:102
cocoa fermentation2:103, 1:487, 1:487t
ethanol oxidation 1:8, 1:8f, 3:719f, 3:719
fruit juice spoilage 1:993
on grapes3:794
human pathogens1:3
ke� r grain micro� ora 1:901t
taxonomy 1:3, 2:99
vinegar making1:3, 3:718e719
winemaking 3:788
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Autolysin 1:453e454
Autolysis

� sh spoilage1:932, 1:932f
single-cell protein 3:436e437

Automated cheese vats1:388
Automated immunomagnetic separation (AIMS)

2:351
Automated immunomagnetic separation-

enzyme-linked immunosorbent assay
(AIMS-ELISA)2:352e353, 2:353f,
2:356

Automated ribotyping 2:283e287
animal food products safety2:287
characterization process2:286
clinical uses2:287
costs2:288
data processing2:283e284, 2:284f
E. coli2:284, 2:285f
fragment patterns2:284, 2:285f
identi � cation 2:284
in-� eld applications 2:286
nearest neighbor analysis2:284e285, 2:285f
in plant environment 2:286e287
process2:283f, 2:283

cell lysis 2:283
DNA denaturation 2:283e 284
DNA hybridization 2:283e284
sample culture2:283

restriction endonucleases used2:284
typing applications 2:286e287
water-related research context2:286e287

Autosamplers1:763, 1:763f
Autotrophic nitri � cation 2:544
Autotrophs 2:588
Auxotroph 1:773e774
Available water

concept1:587e588
in� uence of1:587

Avenacin(s)2:922
antifungal activity 2:922
biosynthesis2:927e928
spoilage reduction2:922

Avenacin A-12:921f, 2:922
Avena sativa(oat plants), antimicrobial

compounds 2:922
Average nucleotide identity (ANI)

bacteria
DNA-DNA hybridization correlation

1:179
phylogenetic studies1:178e 179

lactic acid bacteria2:770e771
Avidin 1:613

antimicrobial function 2:936t, 2:945
applications 2:940
biotinylated gene probe detection2:991
mode of action 2:937
properties 2:937
structure2:936

Avocado2:920
Aw seeWater activity (aw)
AWA1 gene

Kyokai number 7 yeast3:320
sake yeast3:319

Axial � laments 1:161
Axial inlet � ow cyclone 3:205
Ayran 1:891
Azaspiracid (Killary-toxin, KT-3) 3:26f,

3:28
2,2-Azino-di-(3-ethyl-benzthiazoline-6-sulfonic

acid) (ABTS)2:930
Azithromycin

Arcobacterinfection 1:67
Vibrio cholerae3:712

Azo-compounds cleavage,Bacteroides1:206
Azohydromonas lata(Alcaligenes latus) 1:38,

1:39f
Azomonas3:244
Azoreductase2:649e650
Azotobacter3:244
Azoxystrobin 3:652
B
Babesia caballi2:935
Babesia equi2:935
Bacillaceae1:112
Bacillales1:111e112
Bacillary dysentery1:718
Bacillocin 490 2:944
Bacillus1:111

aciduric � at sour spores1:135, 1:136t
detection procedures1:137t, 1:138, 1:141

aerobic mesophilic spore formers detection1:135
bacteriocins2:944e 945
characteristics1:111
cider 1:440
colony morphology 1:135
cultural detection techniques, classical1:135

advantages/disadvantages1:141
collaborative evaluations1:141e142
dilutions 1:136
formulations 1:142
general aspects1:136e138
heating 1:136
incubation 1:138
media 1:136
procedures1:136e141, 1:137t
sample size1:136
validations 1:141e142

detection test choice1:135e136
food type and 1:135e136, 1:136t
organism form 1:136
purpose of examination 1:135
sensitivity 1:136

dextran production 1:115e116
DNA uptake 1:112
endospores1:113te114t

cakes/pastries1:497
conversion to vegetative cell1:115
formation 1:112
germination 1:115
hydration 1:115
temperature resistance1:115
testing 1:136

enzymes
commercial uses1:117
isomerization 1:117
production 1:117
sacchari� cation 1:117
thinning reaction 1:117

in fermented foods 1:253
� at sour spore formers detection1:141
foodborne disease/illness1:116, 1:144e145

characteristics1:146t
forespore1:112
genetics1:112
glucose fermentation1:115
growth 1:112e115

anaerobic conditions 1:115e116
optimal conditions 1:115

heat resistance, high-acid foods3:583e584
inhibition

nisin 2:943
sorbic acid3:104

insect control 1:116e117
levan production 1:115e116
mesophilic aerobic spore formers1:136t

detection procedures1:137t, 1:138, 1:141
metabolism 1:115
nitrogen sources1:115
peptidoglycan cell wall 1:112
polymer degradation 1:116
as probiotics 1:117, 1:160

mechanism of action 1:160
pyrazines production 1:790e791
rope spoilage3:463
rope spores

baking test1:141
colonies 1:138
detection procedures1:135,1:137t, 1:138, 1:141
spoilage1:136t
testing 1:136
sous-vide foods2:623
species in genus1:135
as spoilage microorganisms1:115e116

canned seafoods1:937
cheese3:468
cream3:467, 2:721e722, 2:732t
food pH and 1:135
heat-treated foods1:115
liquid egg products 3:443
meat products3:466
milk 3:447, 3:467, 2:726, 2:740
processed fruit3:469
raw milk 3:446e447
sausages3:466

sporulation 1:112
as starter cultures3:520
survival 1:112e115
taxonomy 1:111e112
tetrodotoxin production 3:29
thermophilic � at sour spores

colonies 1:138
detection procedures1:137t, 1:138
detection test choice1:135
spoilage1:136t

toxins 1:148
detection 1:144
see also Bacillus cereus

UHT milk spoilage 3:467
vegetable soft rot3:468

see also individual species
Bacillus acidocaldarius2:524
Bacillus acidoterrestrismedium 1:142
Bacillus agglomeransseePantoea agglomerans
Bacillus alcalophilus1:113te114t
Bacillus amyloliquefaciens1:113te114t
Bacillus anthracis1:118

animal death 1:118
bioterrorism 1:123
capsule1:119, 1:119f

formation detection 1:122
staining 1:120, 1:120f

characteristics1:118e120, 1:140t
classi� cation 1:118
consumer, importance to1:123
detection 1:120e122, 1:122t

antigen-based methods1:120
in the � eld 1:120
PLET agar1:120

food industry, importance to 1:122e123
gamma phage sensitivity1:121e122, 1:122f
herbivore infection 1:118
identi � cation 1:122t, 1:140t

commercially available systems1:122
hemolysis lack1:121
mobility lack 1:121
preliminary tests 1:121e122, 1:122t

pathogenicity 1:116
penicillin sensitivity 1:122
regulations 1:118, 1:122
S-layer1:120
spores1:118

germination 1:118
longevity 1:162e163
release1:118

toxin 1:119, 1:122
US Postal System contamination2:919
virulence factors1:119, 1:119f

minor 1:120
WHO isolation protocol 1:120, 1:121f

see alsoAnthrax
Bacillus atrophaeus2:951e952
Bacillus bi� dus seeBi� dobacterium bi� dum
Bacillus brevis1:145, 1:146t
Bacillus carotarum1:150
Bacillus cereus1:124

Bacillus mycoides vs.1:126
Bacillus thuringiensis vs.1:124, 1:126
characteristics1:124e126
chromogenic media2:254te256t
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Brucellosis (continued)
butter 2:736
chronic 1:337
clinical features1:337, 1:343, 2:736
clinical signi� cance1:343
combination therapy 1:338
control 1:338e339
cream2:736
epidemiology 1:336, 1:341e343
eradication 1:338e339
geographical distribution 1:336
human infection 1:341e343
immunization 1:338e339
incidence 1:336
incubation period 1:343
occupational exposure reduction1:339
outbreaks1:343

milk/milk product associated 1:342t
pathogenicity 1:337
pathogen inhalation 1:337
prevention 1:338e 339
recurrent1:337e338
at risk individuals 1:336e 337
symptomatology 1:337, 1:343
transmission 1:343

dietary customs and1:336e337
human-to-human 1:337
inhalation 1:343
risk 1:336

treatment 1:338, 1:343
resistance1:338

zoonotic nature 1:340
BSE see Bovine spongiform encephalopathy (BSE)
The BSE Inquiry Report1:298
BtuB protein 2:539e540
Bubble column 1:755, 1:756f

airlift fermenters vs.1:755
Buboes3:835
Bubonic plague3:835
Bubood 2:43
Budding yeasts2:389
Budu 1:848e849, 1:855
Buffalo meat 1:184
Buffalo milk 1:396t
Buffered Listeria enrichment broth (BLEB)

colorimetric DNA hybridization 2:480t
Listeria enrichment1:641e642

Buffered peptone water (BPW)
modi� ed

enterohemorrhagic E. coli growth1:639
Salmonella preenrichment3:334

Salmonella preenrichment3:334
Salmonella selective enrichment1:640
Shiga toxin producing E. coli enrichment

1:640e641
Buffering capacity, bacteria1:579
Buffer systems, electrical media1:631
Buildings

design2:107e109
hygienic operation 3:166, 3:168e169

good manufacturing practice and
2:107e109

Bulgarian buttermilk 1:888
Bulk composite samples3:353
Bunch rot 1:293e294, 3:794
Bundle-forming pilus (BFP) 1:722e723
Bundn� eicher3:15
BunseneRoscoe reciprocity law2:978
Buoyant density centrifugation (BDC)2:812e813,

2:813f
Burkholderia 2:567
Burkholderia cepacia3:248t, 2:964
Burkholderia cocovenenans3:248

characteristics3:248t, 3:248e249
control 3:251t, 3:251
detection 3:251e252
fermented vegetable products3:250
in foods, signi� cance3:250e251
isolation 3:251e252
morphology 3:248
taxonomy 3:248e 249
toxins 3:249f, 3:249e250

action 3:250
biochemistry 3:249e250
production 3:250t, 3:250e251, 3:251t
symptoms 3:250

Burkholderia cocovenenans biovar
farinofermentans 3:248t, 3:248

control 3:251
in foods 3:250
taxonomy 3:249
toxins 3:249

Burkholderia gladioli pathovar cocovenenans see
Burkholderia cocovenenans

Burong mangga1:848
Burukutu 1:370e371
1,3-Butadiene2:387
2,3-Butanediol 2:387
2,3-Butanedione see Diacetyl
Butanol toxicity 1:453
Butter 2:731e735

a� atoxins 2:735e736
Brucella abortus1:340
brucellosis 2:736
Campylobacter enteritis2:736
defects2:734t, 2:734e 735
hydrolytic rancidity 2:734e735
ice cream2:235
manufacture 2:731e734, 2:732f, 2:733t

aging 2:733
cooling 2:733
creamfor 2:733
history 2:731e733
Netherlands Institute voor Zuivelondazoek

method 2:733e734
process improvements2:731e734
salt addition 2:733e734

microbiological standards 2:735t, 2:735e736
micro� ora 2:731e734
off-� avors2:734e735
propionate-treated parchment wrappers

3:99
public health concerns2:735e736
salmonellosis 2:736
spoilage2:734t, 2:734e735

bacterial 3:467t, 3:468
fungal 3:475f, 3:475

spreadable2:734
staphylococcal poisoning2:736
starter cultures2:733
storage-related problems2:734
types2:733
Yarrowia lipolytica in 1:376

Butter� elds phosphate1:142
Buttermilk 1:887, 1:909

Bulgarian 1:888
manufacture 1:910t
Nordic 1:897

Butternut squash, packaging of1:433
Butter oil 2:235
Butterwort (Pinguicula vulgaris) 1:898
Butt welds, clean-in-place systems3:192f,

3:192
Butylated hydroxytoluene 2:211
Butyl paraben

minimum inhibitory concentration 3:85t
properties 3:82t

Butyrate, acetoneebutanol eethanol fermentation
1:452

Butyric acid
Clostridium tyrobutyricum

cheese defects1:471
detection in cheese1:469e470

milk off- � avors3:448
production, Brevibacterium 1:327

Butyric anaerobes1:468
Butyricebutanol fermentation 2:598, 2:600f
Butyric fermentation 2:596, 2:598f
Butzler agar1:359, 1:359t
Byssochlamic acid1:346
Byssochlamys2:4
anamorph see Paecilomyces
ascospores1:349

heat resistance1:344, 1:345t
pasteurization process1:344, 1:346t

in canned foods 1:344e345, 1:349
carbon dioxide tolerance1:344
characteristics2:37t, 2:38f, 1:344e346, 1:345t
control 1:349
detection methods 2:72

conductimetry 1:346, 1:348f
direct incubation method 1:346, 1:348f
impedimetry 1:346, 1:348f
plating method 1:346, 1:347f

food industry, importance to 2:39t, 1:349
food spoilage 1:344, 1:349
fruit juice spoilage 1:993
habitat 1:344
heat-processed acid food spoilage3:480f, 3:480
heat resistance3:476, 1:993
low oxygen tension, growth at1:344
molecular identi � cation 1:348e349
morphology 1:344
pectolytic enzymes1:344e345, 1:349
phylogenetic analyses1:344
plating techniques 1:346

contamination 1:346
heating medium 1:346

products at risk of spoilage1:349
species classi� cation 1:344
unacceptable levels1:349

see also individual species
Byssochlamys fulva

ascospore heat resistance1:344, 1:345t, 1:993
combined pressure-temperature effects1:995
in fruit juice 1:995

ascospore inactivation1:346t
byssochlamic acid production1:346
characteristics1:345t
food spoilage 1:349
heat-processed acid food spoilage3:480f, 3:480
heat resistance2:39, 3:480

in fruit juice 1:994t
high-acid products 3:584

modi � ed atmosphere packaging1:349
pectolytic enzymes1:344e345
thermal characteristics1:994t

Byssochlamys nivea
ascospores1:344

heat resistance1:344, 1:345t, 1:995
inactivation 1:346t

characteristics1:345t
food spoilage 1:349
fruit juice 1:993e994
heat resistance2:39, 3:480

high-acid products 3:584, 3:585t
modi � ed atmosphere packaging1:349
patulin production 1:345e346
pectolytic enzymes1:344e345
in raw milk 1:349
thermal characteristics1:994t

Byssochlamys spectabilis
ascospores1:344

heat resistance1:344, 1:345t
characteristics1:345t
food spoilage 1:349
heat resistance3:480

C
Cabbages, fungal spoilage3:473e474
Cabrales cheese,Micrococcusin 2:629

salt effects2:629, 2:630f
Cacao fruit 1:485, 1:485f

pulp 1:485
cadAigene,E. coli1:581
Cadaverine2:362
cadBgene,E. coli1:581
CadCgene,E. coli1:581
Caenorhabditis elegans1:951
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Cyclospora(continued)
detection in foods 1:555e558

molecular methods 1:557e558
sample size effects1:555e556
wash procedures1:556

disinfectant testing3:214
Eimeria vs.1:553, 1:557e558
excystation1:554, 1:556f
food industry, importance to 1:558e559

contamination sources1:558e559
hosts 1:553
life cycle 1:554, 1:555f
microscopy 1:556e557

wash sedimentvs.produce 1:557, 1:557f
oocysts1:553, 1:553f

culturing 1:554e555
isolation 1:554e555
staining 1:556
unsporulated 1:554, 1:556f

pathogenicity 1:553
regulations 1:558
species in genus1:553e555
sporocysts1:553, 1:553f
sporozoites1:553e554
sporulation times 1:554, 1:559
18S rRNA gene1:557e558
staining 3:776e777
taxonomy 1:553
transmission routes1:559

see also individual species
Cyclospora caryolitica1:554, 1:554t
Cyclospora cayetanensis1:554t, 3:774

discovery1:553
endemic countries1:553
epidemiology 3:774
excystation1:554, 1:556f
infection seasonality1:559
life cycle 1:554, 1:555f
microscopy 3:776e777, 3:777f
molecular assays1:557
morphologic characteristics3:776t
morphometric characteristics3:776t
oocysts1:553f, 3:774

microscopic detection1:557
PCR1:558
regulations 1:558
reservoirs/intermediate hosts1:553e554
sporozoites1:554
sporulation times 1:554
staining 3:776e777

Cyclosporacercopitheci1:554t, 1:558
Cyclospora colobi1:554t, 1:558
Cyclospora glomericola1:554, 1:554t
Cyclospora papionis1:554t, 1:558
Cyclospora talpae1:554, 1:554t
Cyclospora viperae1:554, 1:554t
Cyclosporiasis

epidemiology 1:553
foodborne outbreaks 1:559e560
histopathological � ndings 1:559
immunocompromised patients 1:559
outbreaks1:558e559
prevention 1:560, 1:560f
as reportable disease1:558
seasonality1:559e560
symptoms 1:559
treatment 1:559
waterborne transmission1:558e559

Cyclosporine A3:646
Cyder seeCider
Cylindrocarpon heteronema(Fusarium domesticum)

1:409
Cylindrospermopsin 2:563
Cylindrospermopsis raciborskii2:563e564
p-Cymene3:114
Cympopogoncitratus L.essential oil seeLemongrass

essential oil
L-Cystathionine 2:550
Cystatin (� cin inhibitor) 2:936t
Cysteine
biosynthesis2:555e556, 2:556f
as redox sensor1:599e600
structure2:546f

Cysteine proteinases
Entamoeba histolytica3:782e783
Micrococcus2:631

Cysticercosis2:201e203
bovine 2:201e202
control 2:202t, 2:203
disease symptoms2:203
disseminated infection 2:203
epidemiology 2:202t
human infection 2:203

Cytidine degradation 2:560
Cytochrome P450 (CYP) monooxygenases1:790
Cytokines

anthrax toxin 1:119e120
production, Hansenula polymorpha2:123

Cytological light microscopy 2:687e692
Cytometers1:943e944

microscope-based1:944
Cytophage-Flavobacterium-Bacteroides, phylum

seeBacteroidetes
Cytoplasmic inclusions staining 2:692
Cytosine 2:558f
Cytosine triphosphate (CTP)2:533
Cytotoxic outer membrane protein (ComP) 3:48e49
Cyttaria2:3
Cyttariaceae2:3
Cyttariales2:3
Czapek concentrate,Penicilliumenumeration/

isolation 3:8t
Czapek-dot iprodione dichloran (CZID) agar,

Fusarium2:80
Czapek yeast extract agar (CYA),Penicillium

enumeration/isolation 3:6e7

D
Dadih 2:436, 1:850
Dahi 2:436, 1:888
Dairy cultures, desirable properties3:516t
Dairy industry

hygienic practice standards3:177
Leuconostocaceae use2:463

Dairy-processing lines, bio� lms in 3:360e361
Dairy products

Acinetobacterslime formation 1:16
a� atoxin M1 2:883
Bacillus cereuscontamination 1:127e128
bacterial spores1:160
bacteriocins applications1:183e184
Bi� dobacterium2:644
Brucella1:336
Canadian regulations2:904
Carnobacteriumin 1:382e383
enterococci in1:675
enterohemorrhagicE. coli1:716
gas plasma use1:495t
Geobacillus stearothermophilus1:133
Geotrichum candidumin 2:88
heat and organic acids combination2:185
impedance, shelf life estimation1:627
Lactobacillus2:410
lactoferrin effects2:935
Micrococcaceae populations2:629e630
Micrococcusapplications 2:631e633
modi � ed atmosphere packaging2:1014e1015
Mycobacteriumin 2:844, 2:852t
mycotoxin contamination 2:855
nisin use 1:190
outbreak-causing pathogens3:159t
packaging2:1019e1020
pathogens in 3:581
Petri� lm plate applications 3:20t
pH ranges1:578t
preservation requirements2:1019e1020
probiotic seeProbiotic products
Propionibacteriumin 3:234
slime formation 1:16
sorbic acid use3:103t
spoilage

Alcaligenes1:40
Bacillus cereus1:127
bacterial 3:467t, 3:467e468
Candida1:372, 1:372t, 3:475
Flavobacterium1:939
fungal 3:475
Pseudomonas3:246
Pseudomonas aeruginosa3:255
Rhodotorula3:293
Saccharomyces cerevisiae3:313
Serratia3:374

Vagococcusin 3:676e677
see also individual products

Dairy-type spreads2:734
Dali 2:445
Danablu cheese1:409
Dangerous Goods Regulations (DGR)1:550
Danish blue cheese1:409
Danish cheeses,Yarrowia lipolytica1:376
Dan Qu see Monascus-fermented products
dapAgene1:512
dapCgene1:512
dapFgene1:512
Daphnia3:385e386
Daphniamoina3:384
DAPI see4’,6’-diamidino-2-phenylindole (DAPI)
Daptomycin 2:564
Dark-� eld illumination 2:686
Darmbrand1:475
Databases, risk assessment2:140
Data network connections2:396
DCHIP 2:314
D cultures, cheesemaking3:508
ddl gene,Oenococcus oeni2:301e302, 2:302t
16-Deacetoxy-16b-acetylthiofusidic acid 2:574
Deaminases2:544
Death rate modeling

nonthermal 3:64f, 3:64
predictive microbiology 3:64
thermal 3:64

Debaryomyces2:6, 2:42e43
anamorph seeCandida
ascospores1:563
biochemical properties 1:566
characteristics2:37t, 2:42e43, 1:563
detection 1:567e569
ecology1:563
enumeration 1:567e 569

culture media 1:567e569
foods, signi� cance in2:39t, 1:566e567, 1:567t
genetic code changes1:563
growth conditions 1:566
heat inactivation 1:566
identi � cation 1:567e569, 1:568t

commercial systems1:569
molecular tools 1:569
morphological tests 1:569
physiological tests1:569

industrial uses1:566
lipid accumulation 1:566
misidenti � cation 1:569
pathogenic behavior1:567
phylogenetic analysis1:563
physiological properties 1:566
relevant species1:563
single cell oil production 1:566
as spoilage agents1:567
sugar fermentation1:563
taxonomy 1:563
typing 1:568t

see also individual species
Debaryomyces coudertii1:566, 1:568t
Debaryomycesdifferential medium (DDM)

1:567e569
Debaryomyces fabryii1:566e567, 1:568t
Debaryomyces hansenii

as biological control agent1:567
Candida cretensis vs.1:569
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Domiati cheese (continued)
adjunct cultures1:405e406
cheese slurry systems use1:406e407
starter cultures1:405t

freeze-shocked1:406e407
Domoic acid 3:26f, 3:27e 28
DON (DON) seeDeoxynivalenol
Donovanosis 2:384
L-DOPA (L-3,4-dihydroxyphenyllalanine) 1:783

production, Yarrowia lipolytica1:377e 378
Dosa 1:370
Dose response, risk assessment2:142
Dosimetry 3:665
Dot-blot hybridization 2:991e992
Dot blot immunoassays, Aeromonas1:37
Dot-ELISA1:685
Dothideales2:3
Dot-plots 2:779f, 2:779

� ow cytometry data 1:945f
Doubled-stranded DNA (dsDNA) probes 2:310
Double-gel diffusion

Clostridium perfringensenterotoxin 1:466
staphylococcal enterotoxins3:504

Double-helical ribbon impellers 1:819
Double-immunodiffusion assay 2:320

advantages/disadvantages2:320e 321
equivalence point 2:320
precipitate lines 2:320
results2:320, 2:321f
Staphylococcusaureus2:321

Double layer agar method, water quality
monitoring 3:768t

Double modi � ed lysine iron (DMLI) agar 3:336
Douchi1:848
’Dough’ 1:891
Downy mildews 2:44

commercial importance 2:44
Doxycycline

brucellosis 1:338, 1:343
Q fever 1:525
Vibrio cholerae3:712e713

dptAenzyme2:565
Dracylic acid seeBenzoic acid
Draft genome 2:775

disadvantages2:775
Lactobacillus2:773t, 2:775

Drains
hygienic design3:162
sanitation 3:163t, 3:163

Drechslera3:474
Dried beef 3:135
Dried egg(s)1:575, 1:619

Canadian regulations2:903
microbiological effects 1:619
production 1:619

Dried egg mix, Canadian regulations2:903
Dried egg products

Canadian regulations2:903
spoilage3:442e443
water activity 3:443

Dried � sh, mold contamination 1:930
Dried foods 1:574

advantages/disadvantages1:574
Bacillus cereuscontamination 1:127e128
browning rates 3:753
color changes1:576
endospores1:575
fungal spoilage3:476e477
microbiological criteria 1:575
water activity 3:476, 1:575, 3:753

see alsoDrying individual foods
Dried fruit, fungal spoilage 3:477
Dried meat products 1:575, 1:575t

fungal spoilage3:477
Dried milk products 2:738

advantages2:738
drying processes2:738
environmental contamination 3:169, 2:742
heat treatment2:740

functionality and 2:740
manufacturing processes2:738f, 2:738
milk processing 1:575, 2:740e741

agglomeration 2:741
centrifugation 3:33
clari� cation 2:740
coating 2:741
concentration 2:740e 741
evaporation 2:740e741
fat standardization 2:740
homogenization 2:740e741
spore count reduction 2:740
spray-dryingseeSpray-drying

moisture content 2:741
pasteurization 2:739t, 2:740
process monitoring 2:742
raw milk for 2:738e739
recontamination prevention 2:742
suggested standards2:742t, 2:742
types2:738
water content 2:741
whey protein denaturation 2:740

see also individual products
Dried pork 3:135
Dried vine fruits 3:477
Dried yeast1:304

shelf life 1:305
utilization 1:305e306

Dried yogurt 1:921e922
manufacture 1:921e922
types1:921

Drinking water seeWater
Drinking Water Directive 1998 1:545, 3:767e 770
Drinking yogurt 1:908
Drop-plate method 3:633e634
Drug residues2:144
Dry cleaning 3:361
Dry-cured ham

mycotoxins 3:15
Yarrowia lipolytica1:375

Dry-cured seafood spoilage3:456
Dry curing

history 2:502
meats2:502e503

preservation2:506
method 2:503
Salmonella2:506

Dry fermentation, coffee 1:490
Dry heat sterilization 3:218t, 3:218, 3:223t

airborne microbes 3:203e204
Drying

bene� ts 1:574
cocoa fermentation1:489
concept1:574
de� nition 2:738
� sh 1:930
fruits 1:574

methods 1:574e575
pretreatment 1:574

glass transition temperature1:576
microorganisms, effects on1:575e576
process1:574
product structural changes1:576
temperatureof 1:576
time needed1:575
vegetables1:574

methods 1:574e575
water activity 1:587e588

see also Dried foods
Drying injury 2:366t
Dry rot, potatoes 3:473
Dry-salted � sh products3:135

spoilage1:936
Dry sausages2:375

spoilage2:511
Dryspot Campylobacter1:363, 1:364t, 1:365t

controls 1:363
positive result 1:363e364
sensitivity/speci� city 1:366t
test protocol 1:363e364

Dry sugars, ice cream2:235
DsbA 1:600e601
DsbB 1:600e601
DsbC 1:600e601
DSMZ (Deutsche Sammlung von

Mikroorganismen und Zellkulturen) 1:547
L-dsRNA killer plasmid, sake yeast3:320
DtsR1 gene1:510
Dual nomenclature system3:6
Dual ovenable trays2:1024
Duck eggs1:613
Ducts, airborne contamination 3:200
Dun 3:104, 1:936
Dunaliella bardawil 1:786
Dunaliella salina 1:786
DuncaneStrong sporulation medium, Clostridium

perfringens1:465e466, 1:465t
Dungeness crab (Cancer magister) meat1:73
DuPont Danisco Cellulosic Ethanol (DDCE) 3:863
DuPont ID code 2:285f, 2:285
DuPont library 2:285
Dupont ’s Odor and Taste Control2:1004
Durra 1:839
Durvillaea antarctica (cochayuyo)3:425
Dust collectors3:205
Dutch-type cheeses

acetate1:399
defects1:400
diacetyl 1:399
lactate metabolism1:398
starter cultures1:397

D value 2:161, 2:188t
Alicyclobacillus acidoterrestris3:584, 1:996t
Arcobacter1:67
cooking value 3:586
Coxiella burnetii 3:583
de� nition 2:161, 2:170, 2:187, 3:568, 2:746
at different temperatures3:568f, 3:568
foodborne pathogens2:163t
high temperature and3:575
Lactobacillus, fruit juices1:992
low-acid food canning 2:176t
microbial inactivation curve 3:568f, 3:568
Mycobacterium avium subsp. paratuberculosis

3:583
pasteurization 2:170
reference values2:176t
sous-vide foods2:622
spoilage microorganisms2:163t
survival curve2:161f
temperature effects on2:162f
thermosonication 3:662
UHT processes2:187
z value determination 2:161, 2:162f

Dye binding 2:687
Dye exclusion3:618
Dye reduction tests3:610e611

chemistry 3:610f, 3:610e611, 3:611f
dye concentration and3:611
food microbiology applications 3:611
historical aspects2:214
limitations 3:611
plate count correlation 3:611
technique 3:610

Dye uptake, viable cells3:618
Dynabeads� 2:353, 1:741

Captivate beads vs.1:743
E. coli O157 1:741, 1:742f

beads to target cells ratio1:745
Listeria monocytogenes2:487

Dynabeads Max E. coli O157:H7 kit1:741, 1:742f
Dyneinedynactin complex 2:15e17
Dyneins 2:12
Dysentery, amebic3:774
Dyslipidemia 2:649

E
E-415 see Xanthan gum
eaeA gene, enteropathogenic E. coli1:722
EAEC seeEnteroaggregativeEscherichia coli(EAEC)
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isolation techniques 2:72
media for 2:72
speci� c solute effects2:69
water activity 2:68

Extrinsic Raman labels1:686
Extrolites 1:245
Eyepiece micrometer2:687
Eyring’s absolute reaction rate equation1:605

F
Facilitated diffusion (passive transport)2:580,

2:589
FACSMicroCount� 1:946, 1:948
Facultative anaerobes, fermentation2:593
fadB gene2:528
fadC gene2:525e526
fadD15 gene1:510
fadD gene2:525e526, 2:528
fadE gene2:528
FADH2 2:595f, 2:595
fad regulon (fatty acid regulator gene)2:525e526,

2:528
Fans, microwave oven2:151
FAO/WHO

benzoic acid acceptable limits3:76
Food Standards Commission2:379
probiotic safety guidelines2:771
risk communication aims 2:611

Farm animals,Campylobacteroutbreaks1:357
Farnesol1:790
Faroan lamb meat3:15

Penicilliumin 3:15
Far ultraviolet 3:665
fas1 gene2:530e532
fas2 gene2:530e532
Fasciola hepatica

cercariae2:204
disease symptoms2:204
human infection 2:204
life cycle 2:204
miracidium 2:204
prevention 2:202t, 2:204

Faseikh1:855
Fast freezing (quick freezing)1:968e969
FASTplaqueTB� (FPTB)1:201
FAST pro� les,Rhodosporidium1:244
FastrAK assay1:197
FastRAxML algorithm 1:175e176
Fat(s)

commercial 1:792, 1:792t
edible products 1:792t
essential oils, effects of3:117
industrial synthesis

molds 3:523
Rhodotorula3:294

irradiation effects 2:957, 2:959
microwave interactions2:151
nonedible products 1:792t
removal 3:216
staining methods 2:689te691t
ultrasound inactivation rates 2:747e748

see also Lipid(s)
Fat-in-dry matter (FDM), cheese milk1:386
Fatty acids2:521

activation 2:528
active transport2:525e526
bacterial 2:521
biosynthesis2:529e532, 2:530f, 1:793

metabolic pathway 1:793e 794, 1:796f
chemical properties2:521
cis stereoisomer2:521
degradation 2:526f, 2:526e529
fungi differentiation 1:244e245
gas chromatography1:241
industrialproduction1:792
intracellular structures, incorporation into

2:532e534
as metabolic activity substrates2:586
nomenclature 2:520t, 2:521
as oleaginous fermentation substrates1:795e796
a-oxidation (oxidative decarboxylation) 2:526f,

2:526e527
b-oxidation 2:527f, 2:528f, 2:528, 2:586
u -oxidation 2:528e529
oxidation sites 2:526f, 2:526
peroxisomal oxidation 2:528, 2:529f
as sanitizers3:220t
structures2:520t
trans stereoisomer2:521
types2:521

Fatty acid synthase(s) (FAS)2:530
acyl carrier protein (ACP)2:530
type I 2:530e532
type II 2:532

Fatty acid synthetase complex1:793
Fatty acyl-CoA2:532e 533
Favic chandelier2:18
F compound, Staphylococcus aureus3:501
FDA seeFood and Drug Administration (FDA)
Fecal antigen testing,Entamoeba histolytica3:785
Fecalborneviruses, shell� sh contamination 3:389
Fecal coliform(s) 1:667

characteristics2:361
food safety indicators1:691
as indicator organisms2:361, 1:667
tests1:694, 3:768t, 3:770
in water, analytical methods3:768t

Fecal coliform membrane� lter procedure3:770
Fecal contamination, indicators2:361
Fecal disposal technology3:724
Fecal indicator organisms3:766e 767

de� nition 3:766e767
shell� sh growing areas3:391
water quality 3:766e767

Feces
Helicobacter pyloritransmission 2:195e196
parasite detection3:776

Fed-batch fermentations1:752, 1:752f
computer control 1:767
feeding control 1:767
pH monitoring 1:766
single-cell protein production 3:438

Federal Food, Drug, and Cosmetic Act (FFDCA)
2:918

Federal Meat Inspection Act2:915e916
Federal Ministry of Food, Agriculture and

Consumer Protection (BMELV)2:378
Feline calicivirus (FCV)

gamma irradiation 3:748
as human norovirus surrogate3:746
as sample process control virus3:730

Feline spongiform encephalopathy (FSE)1:299
Fenneropenaeus indicus3:384f
FepA receptor2:536
Fermentation 2:591e598, 2:595f

antinutritional toxic compounds, reduction in
1:867

applications 1:837e838
bacterial growth during 2:588e589, 2:589f

death phase2:589
exponential phase2:589
lag phase2:589
stationary phase2:589

cocoaseeCocoa fermentation
coffeeseeCoffee fermentation
de� nition 2:593
as energy source2:593
fungal single-cell protein production 3:418t, 3:418
idiophase 2:570
industrial seeIndustrial fermentation
media, false-positive results2:249
monitoring, online glucose sensors1:284e 285
products 2:593, 2:595, 2:596f
salt-induced microbial selection3:134
secondary metabolites production2:570

see also individual foods
Fermentedbeverages1:252te 253t

alcoholic 1:252te253t
Brettanomyces/Dekkerayeasts in1:319e321
European, history1:835
Saccharomyces cerevisiae3:310t, 3:312e313

see also individual beverages
Fermented corn�our 3:250
Fermented culture yogurt (alternate culture yogurt)

1:908, 1:909t
Fermented� sh 1:930

bene� cial factors1:857e868
contamination risks 1:868
deamination processes1:853
developmental scenario1:853e857
East and Southeast Asia1:846, 1:849
fermentation process1:852e853, 1:930

fat oxidation 1:852
proteolytic activity 1:853
salt concentrations1:853
steps1:852

functional peptides 1:857e867, 1:858t
household-produced products1:853
indigenous products 1:853, 1:868
manufacture 3:528, 1:853

mold use3:528
novel approaches1:858t
nutritional aspects 1:857
process improvements1:852
products 1:853, 1:854t

pickles 1:855e857
production processes1:855e857
salt-dried 1:856
types1:855e856
worldwide 1:853e855

protective cultures, desirable properties1:868
radical scavenging peptides1:858e 859
safety aspects1:868
salting 1:852
spoilage1:936

Psychrobacter2:833
spontaneous fermentation1:852
volatile fatty acids 1:853

Fermented foods1:834
alkaline fermentation 1:250
animal-based1:251te252t
antimicrobial properties 1:254e255
applications 1:837e838
bene� ts of 1:837, 1:837t

dietary variety1:837, 1:837f
biological ennoblement 1:837
Brettanomyces/Dekkerayeasts in1:319e321
Candidain 1:370
commercial development 2:941
current production 1:836
de� nition 1:250
development 1:834e836
East and Southeast AsiaseeEast and Southeast Asia
ethnic mixed amylolytic starters1:252t
examples3:515t
festivals/celebrations1:837
as functional foods 1:837e838
fungal secondary metabolites2:576
future research/developments1:838
Geotrichumin 2:88e89
health bene� ts 1:838
history 1:834t
hurdle technology 2:223
importance of 1:837
individual consumption 1:836t
lactic fermentation 1:250
Lactobacillus2:410
Lactobacillus brevis2:421t, 2:421e422
Lactobacillus bulgaricus2:427e428, 2:428t
medicinal value 1:255
metabolomics 2:783t, 2:783e784
microbial composition 1:253e254

bacteria1:253
� lamentous fungi 1:254
yeasts1:253e254

microbiological investigation 1:255
micro� ora identi� cation techniques1:250

biochemical 1:255
culture-dependent1:258
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glycolipids 2:524
groups 2:11
growth

chemical estimation methods2:68
factors affecting2:68e69
hydrogen ion concentration 2:69
pH and 1:583
preferred temperature range1:603
quanti � cation challenge2:68e69
rates2:68
speci� c solute effects2:69
temperature effects2:14e15, 2:69
water activity and 2:68

heat-resistantseeHeat resistance
heterokaryotic hyphae2:13
heterotrophic nitri � cation 2:545
homokaryotic hyphae 2:13
hyphae growth 2:14e17

apical branching 2:17
apical dominance 2:17
branching patterns2:16f, 2:17
lateral branching 2:17
models 2:15, 2:16f, 2:17

hyphal length measurement2:68
immunological identi � cation techniques

1:245e246
cross-reactions1:248

incubation conditions 2:70
irradiation resistance2:958
lipids 2:521
micropores (multiperforate septa) 2:14
mitosporic seeDeuteromycetes (mitosporic fungi)
molecular identi � cation techniques1:246e247
molecular vs.biochemical identi � cation 1:248
multicellular 2:14
multigen phylogenetics 2:54
mycelial seeMycelial fungi
nomenclature 2:35e37
nutritional values 3:417e418
oleaginous 1:795t, 1:797
organelles2:1
origins of 2:24
paraphyletic relationships2:54
pH homeostasis1:581

cell wall modi � cation 1:581
phyla 2:1
Phylum AscomycotaseeAscomycota
Phylum Basidiomycota seeBasidiomycota
phylum Chytridiomycota seeChytridiomycota
Phylum Zygomycota seeZygomycota
population structure 2:339
proton transporters 1:581
pyridoxal 5’-phosphate synthesis2:541
selective isolation media2:71e 72
septa2:14, 2:15f
shapes,basic2:11
spoilage3:471e481

intermediate-moisture processed meats3:479
low-water-activity, high-sugar foods3:477e478
preserved liquid foods 3:480e481
salted foods3:479
seafood3:454
wine 3:791t

spores
freezing resistance1:970
pulsed ultraviolet light resistance2:979

sporulation
light requirements 2:15
pH effects1:583
processing resistance3:281t, 3:281

as starter cultures3:520
subphylum Entomophthoromycotina 2:54
subphylum Kickxellomycotina 2:54
subphylum Mucoromycontina 2:54
subphylum Zoopagomycotina 2:54
substrates utilized2:589
true hyphae 2:11e13
unicellular 2:14
winemaking 3:788
xerotolerant 3:134
see also individual species; Mold(s); Yeast(s

Fungicides
apple/pear rot prevention 3:471
Botrytiscontrol 1:295

resistance1:295
cereal grains3:462
citrus fruit postharvest rot prevention 3:471
dosage rates1:295
resistance3:471

Fungi imperfecti seeDeuteromycetes (mitosporic
fungi)

Furaneol (strawberry jam� avor) 1:790
Furanocandin 3:651e652
Furans1:861t
Furazolidone 3:712e713
Furcatum3:10

penicillus (fruiting structure) 3:6, 3:7f
Furfurylthiol 1:790e791
fur gene2:536
Furuncles1:31
Furunculosis1:31
Fusarium2:76

asparagus infection2:884
characteristics2:5, 2:76, 2:77t
classi� cation 2:9, 2:32
conidium (macroconidium) 2:76
detection methods 2:80

molecular 2:80
in fruit juices 1:994e995
habitats 2:77te79t
heat resistance1:994e995
identi � cation methods 2:80e81
immunological detection 2:80
macroconidia 2:5
maize spoilage3:474
metabolite pro� les 2:80
minor conidia (microconidia) 2:76
moniliformin production 2:859
morphology 2:32, 2:76
mycotoxins 2:854, 2:857, 2:881t, 2:881,

2:889e891
preharvest cereal grains3:459e460
producing strain identi� cation problems

2:76
regulations 2:81

onion spoilage 3:473
postharvest ginger spoilage3:473
postharvest melon rot3:472
regulations 2:81
species differentiation2:342
taxonomy 2:76

see also individual species
Fusarium avenaceum

characteristics2:76
mycotoxins 2:76

Fusarium cerealis2:76
Fusarium culmorum

characteristics2:76
freshly harvested grain3:474
mycotoxins 2:76

Fusarium domesticum(Cylindrocarpon heteronema)
1:409

Fusarium equiseti2:76, 2:77t, 79
Fusariumgraminearum2:857

characteristics2:76, 2:79
freshly harvested grain3:474
maize spoilage3:474

Fusariumhead blight 2:857
Fusariumidenti � cation database (Fusarium-ID)

2:80e81
Fusarium incarnatum(Fusarium semitectum) 2:79
Fusarium moniliforme seeFusarium verticillioides
Fusarium moniliformevar. subglutinans1:73
Fusarium oxysporum

characteristics2:79
onion spoilage 3:473
UHT dairy products spoilage3:475

Fusarium oxysporumf. sp. lycopersici2:922
Fusarium pallidoroseum2:79
Fusarium poae2:79
Fusarium proliferatum

characteristics2:79
maize spoilage3:474
onion spoilage 3:473

Fusarium pseudograminearum2:342
Fusarium sambucinum2:79
Fusarium semitectum(Fusarium incarnatum) 2:79
Fusarium solani2:79, 3:473
Fusarium solanif. sp. phaseoli2:928e929
Fusariumsporotrichioides2:79
Fusarium subglutinans2:79e80
Fusarium tricinctum2:80
Fusarium venenatum

characteristics2:80
Quorn� production 2:76
recombinant enzymes2:86t

Fusarium verticillioides2:858
characteristics2:80
maize spoilage3:474

Fusel oils (higher alcohols), beer3:306
Fusidic acid2:571t, 2:573e574

applications 2:574
biosynthetic pathway 2:574
industrial production 2:574
semisynthetic derivatives2:574
species producing2:573e574
structure2:574

FUT2allele 3:745e746
Fysiq 1:921
F0 value 3:569t, 3:574

G
GABA (g-aminobutryic acid)

chemical structure2:818f
Monascus-fermented products2:819

gabAgene, fungi1:581
gadD2gene,Listeria monocytogenes2:1039
Gad system,E. coli1:581
Gaeumannomyces graminisvar. avenae2:922
Gaeumannomyces graminisvar. tritici 2:922
Galactaric acid (mucic acid)3:795
Galactomannans, xanthan gum and3:813e814
Galactomyces2:6, 2:88, 2:89f

anamorph seeGeotrichum
Galactomyces candidusseeGeotrichum

candidum
Galactose

amperometric biosensor1:285
bene� cial properties 1:892

a-Galactosidase,Lactobacillus brevis2:423
b-Galactosidase

Arthrobacter1:72
lactic acid bacteria2:649
Lactococcus lactis2:444
lactose intolerant individuals 2:430, 1:893
in media 1:670
Pediococcus3:1

b-Galactosidase transacetylase2:249
Gal/GalNAc lectin 3:782e783
Gallium Arsenide Phosphide detectors

2:679e681
Gallocatechin gallate 2:921f, 2:921
Gambierdiscus toxicus3:27, 1:954
Game meats

smoking 3:142t
Trichinella3:640

Gametangia fusion (gametangiogamy),
Zygomycota2:56

Gamma concept1:584, 1:604
mathematical functions 1:585
pH effect 1:585, 1:585f

Gamma irradiation
Aeromonasinactivation 1:30
Aureobasidium1:105
foodborne viruses3:748
hepatitis A virus 3:748
penetration capacity2:954f, 2:954
as sanitizer3:363
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Ground beef
centralized packaging2:1018
packaging2:1017

Ground meats
packaging2:1017e1018
spoilage

Acinetobacter3:465
bacterial 3:465

Groundnuts see Peanut(s)
’Ground state’ 1:493
Groundwater

contamination 1:975
microorganism survival in 1:975
quality predictors 3:760e761
sampling 3:767

Ground Water Rule3:767
Group translocation 2:580e581, 2:589

de� nition 2:580
Growth-based methods see Rapid automated metho
Growth factors 1:773e774

industrial fermentation media 1:773e 774
Growth limit models

comparison with other models 3:66, 3:67t
validation 3:66f, 3:66e 67

Growtheno growth interface models 3:65f, 3:65
Growth promoting factors, prebiotics as see Prebioti
Growth rate modeling 3:64
Gruyere cheese1:389
gshA (g-glutamyl-cysteine synthase) gene1:600
gshB (glutathione synthase) gene1:600
Guaiacol

Alicyclobacillus 1:47, 1:115, 3:468, 1:995e996
synthesispathway 1:48, 1:49f
vegetative cell concentration1:46t, 1:48

wood smoke 3:144t
Guanin, Crustacea3:384
Guanine 2:558f
Guanosine kinase2:559e 560
Guanosine monophosphate synthesis2:558
Guanosine recycling2:559e560
Gubbeen cheese1:422f

microbiology 1:422e423
Guiacol 3:128
Guidelines for Drinking Water Quality (2011)

3:767
Guidelines for Safe Recreational Waters (2009)

3:767
Guidelines for the Safe Use if Wastewater, Excreta

and Greywater - Wastewater Use in
Agriculture 3:767

Guidelines on Hygiene Control of Import
Processed Foods, Japan3:189

Guillain eBarré syndrome (GBS)1:352, 1:357
Gum benzoin see Benzoic acid
Gumming disease, sugarcane3:814e815
Gundruk 1:254
Gut associated lymphoid tissue2:897, 2:898f
Gut microbiome

age-related differences2:636e637
composition 2:788
core microbiome 2:636e637
dietary effects2:789
HIV progression2:791
infants 2:636e 637

Gut microbiota
adults 2:634, 2:653
aging 2:635f, 2:635, 2:652
antenatal development2:634
bene� cial bacteria2:646
diet and 2:636
differences

across geographic regions2:635e636
across intestinal sites2:635

disease effects2:899t
Enterococcus in2:652e653
environmental factors-in� uencing 2:635e636
functions 2:637, 2:653, 2:658
genomic level2:636e637
housekeeping activities2:637
infants 2:634, 2:652
lifestyle factors-in� uencing 2:635e636
metagenomics2:636e637
metaproteomics2:637
metatranscriptomics2:637
microorganism types2:639
mode of delivery 2:635
mother-to-child transfer 2:634
nanoparticles, interactions with 2:897e898
natural2:634
older siblings 2:636
phylotypes 2:652
progression, birth to elderly 2:634e635,

2:635f
proteomic level 2:636e637
salt tolerance3:131e 132

Gut micro� ora seeGut microbiota
Gymnodimine 3:28
Gypsy tummy seeTravelers’ diarrhea
gyrAgene,Vibrio cholerae3:715
gyrBgene

Aeromonas1:26
Oenococcus oeni2:301e302, 2:302t, 2:305,

2:306f

H
H2O2 seeHydrogen peroxide
HACCPseeHazard analysis and critical control

points (HACCP)
HACCP Procedures for the Safe and Sanitary

Processing and Importing of Juice: Final
Rule 2:918

Haeckel, Ernst Heinrich Philipp August2:20
Haematonectria haematococca2:79
Haemophilus in� uenzae2:759, 2:770
Hafnia 2:117

animal illness 2:118
antibiotic resistance2:119
antibiotic susceptibility 2:119
bacteremia2:118e119
biochemical tests2:117
bio� lm formation 2:118e119
DNA hybridization groups 2:117
epidemiology 2:118
� mbrial adhesins 2:118
in foods 2:118e119
histamine formation 2:119
humans, clinical signi� cance in2:118e119
identi � cation 2:117e118
isolation 2:117e118
lethality 2:118
lipopolysaccharides2:118e119
meat spoilage2:119
molecular detection 2:117e 118
asopportunistic pathogen 2:118
O-serogroups2:118
pathogenicity 2:118
plasmids 2:118
L-proline amino peptidase 2:117
quorum sensing 2:118
serology2:118
siderophores2:118
taxonomy 2:117
virulence mechanisms2:118

Hafnia alvei2:117
isolation 2:117
molecular detection 2:117e118
scombroid poisoning 1:928

Hafnia paralvei2:117e118
Hákarl 3:465
Half-Fraser broth

Listeriaenrichment 1:641e642
Listeria monocytogenes2:471

Halloumi cheese1:405t
Hallucinogens 2:24
Halobacteria

dry-salted� sh products spoilage1:936
halocins 1:182

Halocins 1:182
Halococcus1:936
Halogens, chromogenic substrates and2:251
Halophenols, Alicyclobacillus1:47e48

synthesis pathway1:48
Halophiles, salt tolerance3:133
Halophilic bacteria

dry-salted � sh products spoilage1:936
salt tolerance3:131e132

mechanisms3:133e134
wet-salted� sh products spoilage1:936

Halophilic xerophiles
media for 2:72
speci� c solute effects2:69

Halophytes
water activity requirements3:751
water activity stress responses3:752

Halotolerant organisms, salt tolerance3:133
fungi 3:134
mechanisms3:133e134

Ham
brining 3:135
country-cured 3:15, 2:374
packaging2:1018
Penicilliumin 3:15
smoked 2:374
spoilage

Candida3:479
Debaryomyces hansenii3:479
fungal 3:479
Yarrowia lipolytica1:376

staphylococcal food poisoning outbreak
3:497

Hamster buccal pouch (HMP) carcinogenesis
model 2:824f, 2:824e 825

Hand candling, eggs3:441e442
Hand hygiene, viral contamination prevention

3:735
Hand sanitizers

human norovirus control/prevention 3:749
manufacturers claims3:211
testing protocols 3:210e211, 3:211f

nonbiocidal formulations 3:210e211
recovery techniques3:210e211
standardization 3:210e211

Handwashing 3:161
human norovirus control/prevention 3:748

Hansen, Emil Christian 1:214e215
Hanseniaspora

characteristics2:37t
in foods, importance of 2:39t
winemaking 3:798

Hanseniaspora osmophilia3:798
Hanseniaspora uvarum3:798
Hansenula2:43

disease-causing species2:121
in food production 2:121e122
morphology 2:121
taxonomy 2:121

see also individual species
Hansenula anomala

aroma compound production 2:121
genetic engineering2:121
human disease2:121
as sensor1:277
soy sauce� avor 2:121

Hansenulaautonomously replicating (HARS)
segment2:123

Hansenula polymorpha2:122e123
in applied research/production 2:123e124
asbiological control agent 2:121e122
culture 2:122
as FLD1 overproducer2:124
in food industry 2:123e124
fundamental studies2:122e123
genome2:122
habitats 2:122
hepatitis B vaccine production2:123
heterologous protein expression3:829
hirudin production 2:123
mitochondrial DNA 2:122
nonhydroxylated gelatins production 2:124
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plant items 3:167
plants 3:162

layout 3:162, 3:168
location 3:162

principles 3:167
production layout 3:168
raw materials

contamination prevention 3:167e168
storage3:166

regulations 3:166
scale of the operation3:166e167
soil 3:169
tanks 3:167
vats3:167
walls 3:162, 3:168e169
water 3:169

Hygienic practices3:162e165
cleaning chemicals3:164t, 3:164
environmental sanitation 3:162e164, 3:163t
equipment sanitation 3:162e164
pest control 3:165
sanitizing chemicals3:164t, 3:164
transport sanitation 3:165
water sanitation 3:164

Hygienic processing3:158
cleaning requirements3:167
microbial risks 3:159e 160

Hypersensitivity response and pathogenicity (hrp)
genes3:815

Hypertension regulation, Monascus-fermented
products 2:822f, 2:822

Hyphae
antler 2:18
Aspergillus oryzae1:92
Aureobasidium1:105, 1:108
Basidiomycota2:23
fungal seeFungi
Kluyveromyces2:389
Peronosporomycetes2:47
racquet2:18
spiral 2:18
Trichothecium3:647

Hyphelia roseaseeTrichothecium roseum
Hyphochytridiomycetes 2:13
Hyphoderma roseum seeTrichothecium roseum
Hyphomycetes2:30, 3:647
Hypochlorites 3:221

disadvantages3:221
as meat carcass rinse3:212t
as sanitizers3:221

Hypochlorous acid (HOCl)
as sanitizer3:221, 3:362
as wash water disinfectant3:164e165

Hypocrea2:5
anamorph seeTrichoderma

Hypocreaceae2:5
Hypocreales2:5
Hypomyces roseusseeTrichothecium roseum
Hypothiocyanous acid 2:931
Hypothiocynate 2:931
Hypoxanthine, � sh spoilage

autolysis 1:932, 1:932f
microbial activity 1:934

I
Iberian dry-cured meat products, Micrococcaceae

in 2:628e629
Ibuprofen production, Yarrowia lipolytica

1:377e378
icd mutant, Corynebacterium glutamicum

1:507e508
Ice, vapor pressures1:969t
Iceberg lettuce

bacterial growth 3:174
irradiation 1:985

Ice cream2:235
additives 2:235e236
aging 2:236, 2:238
Bi� dobacteriumsurvival 2:644
contamination
airborne 2:236
method of sale and 2:239

cooling 2:238
dye reduction tests, microbial quality testing3:611
� avoring materials2:236, 2:238
foodborne disease2:239e 240

outbreaks2:238e239
freezer design2:238
hardening process2:238
homogenization 2:236e238
hygiene during production

air � ow 2:237
pest prevention2:237
potable water 2:237
segregated operations2:237

liquid mix 2:236
major components 2:235e 236
minimum heat treatments 2:173
packaging2:236e237, 2:1020
pasteurization 2:173, 2:236e238
plant/equipment cleaning/sanitizing 2:236e237
point of sale problems 2:239
production process2:236e238

cleaning-in-place processes2:237e238
hazard analysis and critical control points

2:237e238
hygiene during production 2:236e237

raw materials2:237
associated hazards2:235e236

recontamination 2:238
SalmonellaEnteritidis 3:346e347
spoilage2:238
storage, microbial changes during2:238e239
workforce hygiene2:237

Iceland, fermented milks1:898f
Ice tea spoilage,Alicyclobacillus acidoterrestris3:584
IcsA,Shigella3:410
icsA(virG), Shigella3:410
ICS-Vidas method,Salmonelladetection 1:649
Identi � cation

geneticmethods 1:230e231
information needed for 1:238t
levels, scope of2:241, 2:242t
methods 2:241

approaches2:242e243
goals2:241
see also individual methods

microorganism types identi� ed 2:241e242,
2:242t

modern techniques1:223
reasons for2:241

see also individual species
Idli 1:314, 3:601

nutritional signi � cance1:858t
Igunaq 1:836
IgY

applications 2:940
mechanism of action 2:938
occurrence2:936
properties 2:937
structure2:936, 2:938f

Ikanago1:855e856
Ike-shoyu1:856e857
Ileal loop assays

enterotoxigenicE. coli1:702e703, 1:733
rabbit use seeRabbit ileal loop assay

Ileum, bacteria in 1:220, 2:635
Ilumina/Solexa sequencing2:262e263, 2:761,2:763f
ImageStream instrument1:948e950
Imaging cytometers1:948e 950

Salmonella1:948e950, 1:951f
Imeretinskii cheese1:405t
Imines 3:28
Imitation cheeses1:385
Imitation creams 2:731
Immune complex transfer enzyme immunoassay

1:685
procedure1:685

Immune-detection tests, Q fever1:526
Immune system, nanoparticle interactions
2:898e899

Immunoaf � nity column (IAC), mycotoxins 2:864,
2:871, 2:875e876, 2:876t

Immunoassay(s)2:318
adjuvant 1:680
antibody 1:680e681

types1:680e681
antigen 1:680
applications 1:683, 1:684t
Bacillus cereus1:126, 1:149t, 1:150
botulinum toxin 1:461, 1:482

falseresults1:482e483
nonspeci� c reactions1:482e483
sensitivity 1:483

components 1:680e681
computer-assisted molecular modeling

1:686e687
current advances1:686
de� nition 2:319, 2:871
detection limits 3:274
E. coliO157:H7 2:319t, 3:684
E. colitoxins 1:693
foodborne chemicals analysis1:683
foodborne microbes analysis1:683
food diagnostics 3:274e276
in foods 1:683
genetically modi� ed organisms products testing

1:683
Geotrichum candidum2:92
hapten 1:680
homogenous 1:682
immunoreaction 1:681
indicator molecule 1:681
methods 1:681
modi � cations 1:683e686
mycotoxins 2:869

advantages2:871
commercial kits 2:876e877, 2:877t
conventional detection methods vs.2:871
performance characteristics2:876t

next-generation antibody-based foodborne
pathogen detection2:324

Pediococcus3:4
Q fever diagnosis1:526
Salmonelladetection 2:319t
strain typing 2:246
trichothecenes detection3:651
types2:319t, 2:319e324
uses2:319e324, 1:680

see also individual types
Immunocapture

ATP bioluminescence and,E. coli0157:H7
detection 1:100e101

viral concentration 3:728
Immunochromatographic assays2:319t, 2:321

advantages/disadvantages2:321f
botulinum toxins 1:483
control line 2:321
E. colidetection 1:672
food diagnostics 3:274e276
genetically-modi� ed seeds1:683
Listeria monocytogenes2:488
mycotoxins 2:874e875, 2:876t

detection reagents2:874
parasite detection3:777e778
principles 1:672
results2:321f, 2:321
Salmonelladetection 3:341

commercially available products3:340t
test strips3:341

Immunocomplexes 1:680
Immunodiffusion assays 2:320e321

types2:320
Immuno-electron microscopy (IEM) 2:715e718

gold tagging 2:717f, 2:717
postembedding method 2:717
preembedding protocol 2:717f, 2:717
strategies2:717
viruses2:715e716
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microorganism inactivation, factors affecting
2:958e960

antimicrobial food additives 2:960
atmospheric gas composition2:960
environmental stress2:959
food fat content 2:959
food product properties 2:959e960
growth phase2:958e959
irradiation dose 2:958
microorganism numbers 2:958
microorganism types2:958
temperature2:960

mode of action 2:181, 2:183e184
oysters

Vibrio control 3:392
viral control 3:392

pasteurizing effect2:956
polymer-based food packaging2:957
process dose2:954
as sanitizer3:363
sorbate and3:106
sprouts

matured sprout treatment 1:1002
seed decontamination1:1002

Trichinellacontrol 3:643
types used2:954
vegetables1:985

Irradiation dose 2:954
Irrigation water

contamination 1:974e975
human enteric viruses3:734

fruit contamination 1:974e975
human norovirus contamination 3:748
microbiological standards 1:975
sources1:974e975
treatment 1:975
vegetable contamination1:974e975

Irritable bowel syndrome (IBS)
intestinal microbiota in 2:791
treatment

Lactobacillus acidophilus2:648e649
probiotics 2:416, 2:648e649, 1:893e894

Ishiru1:855e857
ISO (International Organization for

Standardization) 2:379
internal ampli � cation control, PCR2:813
Listeria monocytogenesdetection protocol 2:471,

2:473e474, 2:474f
process hygiene standards3:178te179t
thermophilic Campylobacterisolation method

1:361, 1:361t
water sampling methods3:767, 3:768t

ISO 6883-3 3:491
ISO 7218 2:393
ISO 8573.1:20013:201t, 3:201
ISO 9000 2:115
ISO 11290-1 Microbiology of Food and Animal

Feeding Stuffs - Horizontal Method for the
Detection and Enumeration of Listeria
monocytogenes, Part 1: Detection Method
2:473e474, 2:474f

ISO 11290-2 Microbiology of Food and Animal
Feed - Horizontal Method for the Detection
and Enumeration of Listeria monocytogenes
and Other ListeriaSpecies, Part 2:
Enumeration Method 2:473e474,
2:474f

ISO 13528 3:230
ISO16140 3:278
ISO 17011 2:402
ISO 17025 3:278

Annex B2:406
culture collections 1:550
section 4 2:404e406
Section 52:406e408
sections2:404

ISO, 19458:20063:767
Isoamylacetate3:317e318
Isoamyl alcohol 3:317e 318, 3:320
Isoamylase3:286e287
Isocitrate dehydrogenase (ICDH)2:585e586
Corynebacterium glutamicum1:507e509

Isocyanides3:645
Isoepoxydon dehydrogenase gene (idh)

1:348e349
Iso� avone 3’-hydrolase (I3’H) 2:926e927
Iso� avone reductase (IFR)2:926e 927
ISO FS209f3:204e205, 3:205f
Isofumigaclavines2:577e578
ISO-GRID� 1:224, 2:231, 3:273, 3:622
ISO Guide 25 2:402, 1:550
ISO Guide 30 2:614
ISO Guide 9000:2000 series1:550
ISO/IEC 17025 2:402
ISO/IEC, 17025:2000General requirements for the

competence of testing and calibration
laboratories2:402

Isolation, conventional
analysis time, length of2:318e319
biochemical con� rmation 2:318
drawbacks2:318e319
laboratory space requirements2:318e319
labor intensity 2:318e319
microbial selection media 2:318
Petri� lm methods vs.3:21e22
preenrichment 2:318
selective enrichment2:318
stages2:318f, 2:318

Isoleucine
biosynthesis2:553f, 2:553, 1:781f, 1:782
catabolism 2:557
degradation 2:555
industrial production 1:782
structure2:546f

Isopenicillin N 2:572t
Isopententenyl pyrophosphate (IPP)1:326e327
Isopoda3:387
Isoprenoids seeTerpenoids
Isopropyl alcohol 3:222
Isorenieratene1:326e327
Isostatic principle, high-pressure processing

2:206e207
Isothermal ampli� cation kits 1:673
Isozymes1:244

fungi differentiation 1:244e245
drawbacks1:245
procedure1:244e245

Listeria monocytogenes2:492e 493
Issatchenkia2:7

anamorph seeCandida
Italian cheeses

Arthrobacter1:74
washed-rind cheese micro� ora 1:423

Italian fermented sausages2:629
Italy, maximum permitted parabens levels

3:84t
Ititu 2:436
iuc locus, Shigella3:410e411
IUPAC, monosaccharide abbreviations2:253t
ivA gene,Corynebacterium glutamicum1:782
Iwashi-shoyu1:856

J
Jaggeri3:141
Jalapeño peppers1:985e986
Jalisco cheese2:491
Jameson Effect1:602
Jamid 1:891e892
Jams, fungal spoilage3:477, 1:499e500, 1:500f
Japan

benzoic acid daily intake 3:80
BSE1:299
cryptosporidiosis outbreaks1:539te540t
enteroaggregativeE. colioutbreaks1:710
fermented � sh sauces1:853e855
fermented foods,Candidain 1:371
� sh paste1:855
frozen food products standards2:913t
gut microbiota 2:636
import certi � cate requirements2:911
meat/meat products regulations2:911

consignment documentation 2:914
microbiological standards 2:912t
prohibited diseases2:912

microbiological standards 2:912t, 2:913t, 2:914
microbiology legislation/guidelines 2:911
milk/milk products microbiological standards

2:912t
poultry regulations 2:912
regulatory bodies

food hygiene 3:189
processhygiene3:178te179t

test methods2:913f, 2:914
Vibrio in seafood regulations3:693
Vibrio parahaemolyticusoutbreaks3:695
Vibrio vulni� cuscases3:696

Jejunum 2:635
Jeotgal1:849
Jeot-kal1:858t
Jerky2:374
Jerusalem artichoke

acetoneebutanol eethanol fermentation substrate
1:454

Saccharomyces cerevisiaefermentation 3:314
Jinhua ham1:849
Johne’s disease (chronic enteritis)2:844
Johnson Murano (JM)emodi � ed Arcobacter

enrichment broth 1:63
Joint FAO/WHO Expert Committee on Food

Additives (JECFA)
average ochratoxin A intake2:889
deoxynivalenol limits 2:890

Joint FAO/WHO Food Standards Program,
purpose of 2:377

Jowari 1:839
Juiceceuticals1:921
Juice drinks, packaging2:1022
Juices, packaging2:1022
The Jungle2:915e916
Jupiter heating system2:188

K
Kaf� r beer1:858t
Kalo porridge 1:835
Kanamycin aesculin agar (KAA) medium3:551t

Lance� eld group D streptococci3:550
Kanamycin-resistant genekan (Tn5) 1:72
Kanjii 1:370
Kanogo1:856
Ka-pi1:849
Karan 1:889
Karenia brevis(Ptychodiscus brevis) 3:27
Karenia selliformis3:28
Karolus program3:177
Kashk1:891
Katsuobushi1:930
Katyk 1:889
KauffmanneWhite eLe Minor scheme, Salmonella

3:322, 3:338
Kazachstania exiguus1:312
Keeving, cider1:441
Ke� r (kefer) 1:891, 1:900e904, 1:909

adjunct probiotic strains 1:902e903
amino acids produced1:904
anticarcinogenic effect1:904
antimicrobial effect 1:904
biogenic amines1:904
blood pressure reduction1:904
composition 1:909t
gastrointestinal proliferation 1:904
health aspects1:904
history 1:900
hypocholesteremic effect1:904
immune system stimulation 1:904
ke� r grains to milk ratio 1:902
lactose intolerance1:904
local names1:900
macrominerals 1:904
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Knapon seeKe� r
Knives, cheese curd cutting1:387e388
Knockout libraries 2:765
Kobra cell 2:866
Koch, Robert2:213, 1:214e215
Kochujang1:848
Kodo ko jaanr 1:370e371, 3:601
Koji 1:758

fermentations 1:758
heat generation1:758

miso 1:848
molds in seeKoji molds
preparation 3:523, 1:846, 1:930
sake production 3:316, 1:846
soy sauce1:848

Kojic acid 1:89
Koji molds 1:93, 3:526

a� atoxin synthetic pathway genes1:96
Aspergillus oryzae1:80e81, 1:93, 1:758
Aspergillus sojae1:758
mycotoxins 2:578

Kojizuki1:930
Kombucha tea

Acetobacter1:9
Brettanomyces/Dekkerayeasts1:320
Gluconobacter2:103
Zygosaccharomyces3:853

Korea
fermented foods 1:835
gut microbiota 2:636

Korea Food and Drug Administration (KFDA)2:378
Koumiss 1:891, 1:904e906

antibiotic effects 1:906
chemical composition 1:906
cholesterol reductions1:906
commercial starter cultures1:905
fermentation metabolites 1:906
medicinal value 1:255
microbiology 1:890, 1:906

geographical variations1:906
metabolites produced1:906

nutritional aspects 1:906
packaging materials1:905
probiotic bacteria and 1:906
production 1:850, 1:905

agitation 1:905
Candidain 1:371
cow’s milk modi � cation 1:905
industrial 1:905, 1:905f
starter culture reactivation1:905
traditional 1:904e906

Kovac’s reagent1:692
Krebs cycleseeCitric acid cycle
Krebspestdisease2:44e45
KT-3 (azaspiracid, Killary-toxin) 3:26f, 3:28
Kule naoto 1:887
Kumis 1:909

composition 1:909t
manufacture 1:910t
Yarrowia lipolyticain 1:376

Kung chao1:849
Kung sam1:849
Kurthia 1:331t
Kurut 1:891
Kusaya1:849, 1:855

production process1:856
Kusaya eki1:856
Kuskuk 1:892
Kvass1:314
Kwashiorkor 1:857
Kwkt 1:322
Kwoka 3:106
Kyokai number 7 yeast3:318e320
Kyokai number 11 yeast3:320

L
LABseeLactic acid bacteria (LAB)
Laban khad1:892
Laban zabady(Zabady) 3:557, 2:644
Laban zeer1:892
LABCRED2:402
Labeneh spoilage3:313
Labnah 1:891
Labneh seeConcentrated yogurt
Labneh anbaris1:891
’Lab on a chip’ 1:284

parasite detection3:781
Laboratory accreditation2:403e404

assessment procedure2:408
bene� ts 2:403
costs2:403
drawbacks2:403e404
gap analysis2:408
surveillance visits2:408
visit plan 2:408

Laboratory analysis2:393
Laboratory design2:393

access2:397
air supply 2:395
contamination avoidance 2:393
data network connections2:396
design team2:394f, 2:394
documentation 2:394e395

design quali� cation 2:395
operational quali � cation 2:395
user requirement speci� cation 2:394

equipment 2:400
essential services/equipment2:397e399, 2:399t

compressed air2:397
demineralized water2:398
distilled water 2:398
gases2:397
incubation 2:398
refrigeration facilities 2:398
safety cabinets2:398
sterilization facilities 2:398e399
vacuum 2:397
washing machines2:399
water 2:397

furniture 2:396
future expansion2:396
goals2:393
humidity 2:396
important considerations 2:393
ISO 7218 2:393
laboratory types2:393
layout 2:395e397

operational requirements2:395
lighting 2:396
management organization2:399f, 2:400t, 2:400
objectives2:393e394

allocated areas2:393
personnel requirements2:400
safetyconsiderations2:397
schematic2:394f
security2:397
services supply2:395e396
space allocation2:396e397
storage2:396
telephones2:396
temperature2:396
work capacity2:393

Laboratory information management systems
(LIMS) 2:396

Laboratory management systems
assessment procedures2:408
components 2:404
implementation 2:404e408
internal audits 2:406
management requirements2:404e406

audit checklist 2:406
complaints 2:405
contracts review2:405
corrective action2:405e406
customer service2:405
documentation master list 2:404
documentation system2:404
document control 2:404
horizontal audits 2:406
improvement 2:405
management system2:404
nonconforming test work, control of 2:405
organization 2:404
preventative action2:406
recordscontrol 2:406
requests review2:405
services/supplies, purchasing of2:405
technical records2:406
tender review2:405
test subcontracting2:405
vertical audits 2:406

management reviews2:406
technical requirements2:406e408

accommodation 2:407
cleaning procedures2:407
environmental monitoring 2:407
equipment 2:407
general2:406
measurement traceability2:407
method validation 2:407
personnel 2:406e407
results reporting2:408
sampling 2:407
test item handling 2:407
test methods2:407
test results quality2:408
training 2:406e407
uncertainty estimates2:407

Laboratory pasteurization count (LPC), milk
2:724e725

Laboratory pro� ciency testingseePro� ciency
testing schemes

lacAgene2:249
Laccase

Aureobasidium pullulans1:108
Botrytis cinerea1:293, 3:794e795
botrytized wines 1:294
industrial applications 1:108

lacoperon 2:248f, 2:248
LacS transporter,Streptococcus thermophilus3:555
b-Lactam antibiotics

classi� cation 2:568f
Klebsiella, resistance to2:387e388
structure2:571f, 2:571
synthesis2:567, 2:568f

Lactate
cheesemaking1:398e399, 3:511
Fructobacillus2:457
health considerations2:423
Lactobacillus brevis2:423
Lactobacillus helveticus3:511
Leuconostoc2:457
Oenococcus2:457
Pediococcus3:1
seafood spoilage3:455

Lactateeacetatee thioglycollatee
ammonium sulfate medium (LATA)
1:470e471

Lactate acidosis3:552
Lactate dehydrogenase (LDH)

Pediococcus3:1
pyruvate estimation 3:615

Lactic acid
antimicrobial properties 2:428, 1:584

fruit/vegetables1:584
applications 3:121, 1:813e814
bene� cial properties 1:892
in bread making 1:305
chelation properties 3:127t
chemical properties3:123t
as egg products spoilage marker3:444e445
fermentation 2:595e596, 2:597f
food industry uses3:121, 2:428
industrial fermentation 1:804t, 1:813e 814

batch fermentations1:814
continuous fermentations 1:814
metabolic pathways1:814
molds 3:523
organisms involved 1:814
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metacercariae2:203e204
reservoir hosts2:204

Livestock
brucellosis eradication1:338e339
Helicobacter pyloridistribution 2:197
MRSA3:503

human health risks 3:506e507
Living plant-derived foods, fungal spoilage3:471
Living tree project1:176
LMP102 2:946e947
Locus of enterocyte effacement (LEE)

pathogenicity island
enterohemorrhagicE. coli1:697
enteropathogenicE. coli1:696e697, 1:723, 1:737

effectors1:723e724
gene regulation1:737
products 1:737
Shiga toxin-producing E. coli1:737

Loligo vulgaris3:378f
Lollo Rosso lettuce (Lactuca sativa), UV-C

treatment 1:986
Lom family proteins 1:724
Long-life yogurt 1:921
Loop fermenters3:435, 3:438
Loop-mediated isothermal ampli� cation (LAMP)

Brettanomyces/Dekkerayeast detection1:321
Shewanelladetection 3:404t
Vibrio 3:692
Vibrio parahaemolyticus3:693

Loperamide, enterotoxigenicE. coli1:731
’Lossy’ substances2:152e153
Lovastatin 2:817e818
Low-acid foods

Canadian regulations2:904
chilled

microbial heat resistance3:580e583
non-spore-forming psychotrophic pathogens in

3:582e583, 3:583t
pathogens in 3:581
spore-forming pathogens in3:582

heat and high hydrostatic pressure combination
2:185
see also individual foods

Low-density polyethylene2:1024
Lower fungi (oomycetes, pseudofungi)2:22
Low-fat yogurt 1:913
Low-intensity ultrasound

applications 3:659, 2:985
living cell simulation 2:985

Low-pressure plasma2:949
Low-sensitive� eld effect transistor (ISFET)2:702
Low-temperature long-time (LTLT) pasteurization

2:169
lethality estimates2:172e173

Low-temperature sterilization3:218
Low-vacuum scanning electron microscope

(LVSEM)2:570
L-proline amino peptidase (LPA),Hafnia 2:117
L-S differential medium, LactobacilluseStreptococcus

differentiation 3:555
LST-MUG assay,E. colidetection 1:664
Lubimin 2:923e924, 2:924f

biosynthesis2:927e928
detoxi� cation 2:929

Luciferase
ATPbioluminescence1:97, 3:611e612
quantum dots and 1:276
as sensor1:276

Luciferin 1:97
LukH LukG leukocidins 3:501
Luminescent immunoassay1:681
Luminex 100/200 1:744
Luminex MAGPIX

optical system1:744
Shiga toxin-producing E. colidetection 1:745
superparamagnetic antibody-coated

microparticles and 1:744
Luminex � xMAP system1:952
Luminometers/luminometry 1:98f, 3:274

ATP bioluminescence3:274
detection time 3:274
Listeria monocytogenesdetection2:494e495, 2:496f

results readout2:495
photometric light units 2:495
relative light units 2:495
as transducers1:281

Luncheon meats
bacterial spoilage3:466
packaging2:1018
preservation2:505

Lung cancer2:888
luxABgenes1:199
lux genes1:198f, 1:199
Luxia-you1:853e855
luxSgene2:798e799
Lycopenes3:139e140

Streptomyces3:560e561
Lycotetraose2:922
Lyngby iron agar,Shewanelladetection 3:403
Lyophilization seeFreeze-drying
lysCgene1:512
LysEgene1:512
LysH5 2:947
Lysin(s)

adenylate kinase-based bioluminescence assay
1:21

bacteriophage1:194e196
in cheesemaking2:757
cloned 2:757
commercial uses2:757
exogenous activity2:757
in foods, uses2:757
nature of 2:756
pathogen detection tests1:197

limitations 1:197
as preservatives2:947
problems with 2:757
production 2:756

in vitro 2:757
resistance to2:757
structure1:197, 2:756

Lysine
animal feed supplementation 1:779e780
applications 1:779e780
biosynthesis pathways2:550, 2:551f, 1:780,

1:781f
L-2-aminoadipate group 2:550
meso-diaminopimelate group 2:550
succinylated intermediates2:550

catabolism 2:550, 2:552f
fermented broth, recovery from1:827, 1:827f
global market 1:513
industrial production 1:779e781

Alcaligenes1:40
optical biosensor1:284e285
structure2:546f

Lysine-enriched yeast3:828
Lysine exporter (LysE) gene1:512
Lysine iron agar (LIA)

Salmonellabiochemical screening3:337t, 3:337
SalmonellaEnteritidis detection 3:344

Lysinibacillus sphaericus1:116
Lysinoalanine 3:147, 3:418e 419
Lysis from without 2:756
Lysotyping, Propionibacterium3:233
Lysozyme2:946

antimicrobial action 3:441, 2:946
antimicrobial function 2:936t
antiviral properties 2:939
beer spoilage bacteria prevention2:939e940
butyric late blowing prevention 2:939
in cheese2:946
EDTA and2:946
egg albumen1:612e613

species variations1:613
egg shell1:612
endospore inhibition 1:166
enzymatic action 2:936e937
food applications 2:939e940
late gas blowing prevention1:472
lysing action 2:937, 2:938f
malolactic fermentation inhibition 3:801
meat preservation2:940
metabolite recovery, industrial fermentation1:823
mode of action 2:937
occurrence2:936
pharmaceutical applications2:939
properties 2:936e937
stability 2:936e937
structure2:936, 2:937f
in winemaking 2:939

microbial population control 3:808
Lysozyme broth,Bacillus cereus1:126

M
Maackiain 2:923e924, 2:924f

biosynthesis2:926
detoxi� cation 2:928e929

Mac1 protein 2:535
MacConkey agar

coliforms 1:669, 1:692
Hafnia isolation 2:117
Mycobacteriumgrowth 2:853
Shigellaisolation 3:412
Yersinia enterocoliticaisolation 3:842e843

Macedocin 3:551
’Machinery mold’ 2:88
Macroautophagy inhibition, benzoic acid 3:79e80
Macrococcus2:627
Macrolides 3:564e565
Macronutrients 1:772, 1:773t
Macrophages, anthrax toxin1:119e120
Macrorestriction 2:267
Macrosporin 1:57
Magnesium

in fermented milks 1:892
Pediococcus3:2
Saccharomyces cerevisiaegrowth requirement 3:825
transport 2:536e537

Magnesium chloride buffer solution 3:626t
Magnesium oxide nanoparticles2:895
Magnetic capture-hybridization PCR (MCH-PCR)

2:996
E. coliO157:H7 1:745

Magnetic immuno-PCR assay (MIPA)2:356
Magnetic particle concentrator (MPC)2:353e354
Magnetostrictive transducers3:659
Magnetron 2:151
Maguey plant sap3:860
Maheu 1:835
Maillard reaction(s)

bread making 1:307
cocoa fermentation1:488
molasses1:775
smoked products3:147
water activity and 1:576

Maitotoxin 3:27
Maize

a� atoxin contamination 3:474
fumonisins in 2:884
fungal spoilage3:474
zearalenone in2:883

Malachite green agar,Fusarium2:80
Malachite green staining method2:689te691t
Malacostraca3:384f, 3:385f, 3:387e388
Malate dehydrogenase2:585e586
Malate:quinone oxidoreductase (mqo) gene

mutations 1:781
Malatya cheese1:403te404t
Malaysian tapia3:601
MALDI-TOF-MS2:326

Acinetobacteridenti � cation 1:14
antibiotic resistance2:332
bacteria identi� cation

blood samples 2:332, 2:333t
from clinical samples 2:332, 2:333t
erroneous2:330
genus level2:330e332
Gram-positive bacteria2:330e332
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Mycobacterium tuberculosis(continued)
in elephants 2:841e842
in ruminants 2:841
in swine 2:841

viable but nonculturable state 3:686
Mycobacterium tuberculosis complex2:841

DNA-� ngerprinting techniques2:853
DNA probes 2:851t, 2:853

Mycobacterium xenopi
clinical signi� cance2:842t
colonial morphology 2:850f
environmental sources2:842t
growth characteristics2:843t
microscopic morphology 2:847f
public health importance 2:844

Mycolic acids1:156, 2:521f, 2:521, 1:779
Mycophenolic acid 2:860
Mycoplasma genitalium 2:282e283
Mycoprotein

calorie content 3:423t
cholesterol content3:421e 422
commercial food products 3:420t

characteristics3:421e424
production 3:421
texture development3:421

composition 3:420
dietary � ber content 3:421, 3:422t
essential amino acid content3:423t, 3:423
fat content 3:421e422, 3:422t, 3:423t
fatty acid content 3:422t
fermentation process3:420f, 3:421
� avor 3:416
formation conversion rates3:417t
historical development 3:420t
mineral absorption 3:421
mineral content 3:424t, 3:424
morphology 3:421f, 3:421
nutritional value 3:422t
preservation3:419
production 3:419e420
protein content 3:422e423, 3:423t

high-quality protein 3:423e424
protein digestibility-corrected amino acid score

3:424t, 3:424
saturated fat content3:421e422
technical development3:420e421
texture 3:416
vitamin content 3:424t, 3:424

Mycosis, Aureobasidium pullulans1:109
Mycosphaerella2:3

anamorph see Cladosporium
Mycosphaerellaceae2:3
Mycosporine glutaminol 3:651e652
Mycotoxicoses2:576, 2:869, 2:870t

human 2:576, 2:577t
veterinarysyndromes2:576, 2:577t

Mycotoxigenic fungi, medium for 2:70e71
Mycotoxins 2:575, 2:869

acute intoxication 2:576, 2:887
analytical methods 2:862e868

bioassay techniques2:867e868
classical techniques2:862
determination 2:865e867
development, specialized organizations in

2:862
immunochemical techniques 2:868
immunological techniques 2:869e879
sample preparation2:862e863
separation2:865e867
standardization 2:870e871

animal health effects2:856e859
antibody-based tests2:868
assay2:870e871
biological effects2:855e856
biosynthesis

factors determining 2:880
temperature effects2:880
water activity 2:880
weather conditions and 2:880

cereal grains
in � eld 3:460
preharvest3:459

chemical structure2:880
chromatography 2:865e867
chronic effects2:576
chronic exposure2:887
classes2:575e576, 2:576t
classi� cation 2:854
combined effects2:892

response to exposure classi� cation 2:892
synergic2:892

commodities susceptible to2:855
control, Debaryomyces hansenii1:567
de� nition 2:854
detoxi� cation methods 2:887

biological 2:887
physical 2:887

discovery2:575
division of 2:881e884
extraction 2:863

chloroform 2:863
cleanup 2:863e865
layer separation2:863
solvents2:863

� uorescence enhancement
cyclodextrins2:866
derivatization 2:866

in food 2:869e870, 2:870t
food contamination 2:855

direct 2:855
indirect 2:855
natural occurrence2:881t

formation prevention methods 2:884e885
of greatest concern2:854, 2:855t, 2:856e859
groups 2:881t, 2:881
health impacts 2:576
heat and ionizing radiation, effects on2:184
historical aspects2:880
human health effects2:856e859
immunoassaysseeImmunoassay(s)
impact of 2:575
importance 2:880
of lesser concern2:859e860
mold-ripened meat products 2:577
pathological effects2:576t
production 2:869

extrinsic factors2:855
intrinsic factors 2:855

raw milk 2:723
role 2:880
sampling 2:862e 863

improper 2:862
processedproducts 2:862
sample size2:862

sources2:880e881
species producing2:576t, 2:855t, 2:855
storage and2:881

conditions control 2:887
stored cereal grains3:461
toxicology 2:576, 2:855e856
toxins 2:854e855
Trichoderma3:645
Trichothecium see Trichothecium
in wine 3:809

see also individual toxins
Mycotyphaceae2:63t
Myocommata 1:923
Myoglobin

cured meats2:502, 2:504f
meat color 2:504f, 2:1007f, 2:1007, 2:1012

MyOne beads2:487e 488
Myotomes 1:923
Myoviridae 1:194, 1:195f
Myrcene3:138
myRDPdatabase1:176
Myrioconium2:5e6, 2:31
Mysidacea3:387
Mystacocarida3:387
Myzocytiopsidaceae2:53
Myzocytiopsidales2:53
N
N2 seeNitrogen
Nabulsi cheese1:403te404t
NaCl seeSodium chloride
NAD+ 2:591f, 2:591
nadA2:541

enteroinvasiveE. coli1:718e719
Shigella3:408

nadB2:541
enteroinvasiveE. coli1:718e719
Shigella3:408

nadC2:541
nadD 2:541
NADH seeNicotinamide adenine dinucleotide

(NADH)
nadI gene2:541
nadR2:541
Naem(nham) 1:850
Nagler reaction,Clostridium perfringens1:465
Na+/H + antiporter, pH homeostasis

E. coli1:580
fungi 1:581

Nalidixic acid
direct viable count 3:618
Listeria monocytogenesenrichment 2:470
viable but nonculturable cells 3:688

Nalidixic-acid-resistantSalmonella typhi(NARST)
3:351

Nam pla seeThai � sh sauce (nam pla)
Nanoarrays, proteome analysis1:284
Nanoclays2:896
Nanocomposite systemsseeNanotechnology
Nanocrystalline silver dressing2:897
Nanodroplets 2:894e895
Nanoencapsulation technology2:896

pesticides2:897
Nano� bers2:894e 895, 2:895t
Nano� lms 2:896
Nano� ltration (NF) 3:36, 1:829

metabolite recovery1:829
Nanomedicine 2:896
Nanoparticles 1:283e284

as antimicrobial barrier 1:435, 2:895t, 2:895
antimicrobial surfaces3:56
biodistribution 2:898e899
in biological systems2:893, 2:897
biosensors1:283e284
characterizationguidelines 2:893
de� nition 1:283, 1:435
enclosed dye particles1:283
engineered2:893, 2:899
forms 1:284
immune system interactions2:898e899
intestinal system, interaction with 2:897e898,

2:898f
natural 2:893, 2:899
properties 2:893
slow release concept2:897
toxic effects1:284

see also individual types; Nanotechnology
Nanopore sequencing2:763, 2:766f
Nanoprobes 2:894
Nanosensors

crop health 2:897
food pathogen detection 2:894

Nanosilver 2:896
Nanosize materials2:894e895
Nanostructures2:894e895, 2:895t
Nanotechnology 2:893

agriculture safety2:894
antibiotic-resistant pathogenic bacteria, targeted

killing 2:896
in appliances 2:896
applications 2:894
crop biotechnology 2:897
de� nition 1:283, 2:893
from farm to fork 2:894t
in food microbiology 2:894, 2:896e897
food processing2:894e896
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Nonenzymic browning inhibition, sulfur dioxide
3:110

Nonequilibrium plasmas 2:948e949
Nonfat dry milk 1:138
Non� occulation, brewer’s yeast3:307e308
Nonfouling surfaces3:55e57

immobilization 3:55e56
plasma deposition 3:55
plasma pretreatment3:55e56

Non-Helicobacter pylorihelicobacters (NHPH)
2:199

Nonhemolytic enterotoxin complex, Bacillus cereus
1:147, 1:147t

immunological detection 1:150
Nonionic agents 3:194
Nonionizing radiation 2:962
Nonionizing sterilization 3:219
Nonprotein nitrogen (NPN) 1:933
Nonradioisotopic immunoassays, mycotoxins

2:871
Nonrespiring foods 2:1006e1007
Nonribosomal peptides (NRPs) 2:564

assembly2:564e565
modi � cation 2:565

Nonribosomal peptide synthesis (NRPS) enzymes
2:564

domains 2:564f, 2:564e565
multimodular structure 2:564f, 2:564e 565

Nonribosomal peptide synthesis pathways
(NRPSP)2:564f, 2:564

Nonstarter lactic acid bacteria (NSLAB)
cheesemaking1:398
cheese ripening3:514
enterococci1:675
Lactobacillus caseigroup 2:435
Leuconostoc1:406
mold-ripened cheeses1:411
white-brined cheeses1:405e406

Non-terpenoid lipids 2:520e524
Nonthermal plasmas 2:948e949
Nonthermal processing2:982

cold plasma seeCold gas plasma
disadvantages2:962
pulsed electric� eld seePulsed electric� eld (PEF)
pulsed ultraviolet light seePulsed ultraviolet

(PUV) light
ultrasonication seeUltrasound (ultrasonication)

Nontuberculous mycobacteria2:841
habitat 2:842t, 2:844

Nootkatone 1:791
nor-1gene1:95e96
Nordic Committee on Food Analysis (NMKL),

Brochothrixenumeration guidelines 1:333
Nordic fermented milks 1:895

backslopping techniques1:895
commercial cultures1:895, 1:896t
DL culture 1:895, 1:896t
drained products 1:898e899
� avor compounds 1:896e897
history 1:895
L culture 1:895, 1:896t
mesophilic starter culture metabolism

1:896e897
citrate metabolism 1:896e897, 1:897f
lactose metabolism1:896
pH effects1:896

microorganisms in 1:895e896
products 1:897, 1:898f

ropy seeNordic ropy milks
Nordic ropy milks 1:887, 1:897e898

commercial starter cultures1:898
exopolysaccharide1:897e898, 1:899f
traditional 1:897e898, 1:898f

Norovirus(es) 3:745
concentration 3:728
disease severity3:723
disinfectant resistance3:735
fruit juices 1:998
’gastroenteritis of unknown etiology’

3:722e723
human seeHuman noroviruses (huNoVs)
outbreaks3:159
relative incidence3:723
shell� sh contamination 3:389
taxonomy 3:723
in water, analytical methods3:768t, 3:771

North America, BSE1:299
Northern European fermented milksseeNordic

fermented milks
Northern Ireland, butter bacteriological standards

2:735
North ’s aniline oil methylene blue stain 3:605
North Sea� sh 1:927t
Norwalk virus 3:732, 3:745
Norway

cryptosporidiosis outbreaks1:539te540t
fermented milks 1:898f
parabens, maximum permitted levels3:84t
waterborne giardiasis outbreak2:95

see also Scandinavia
Nostoc 3:425
Notostraca3:386
Not-ready-to-eat (NRTE) foods2:159

microwave instructions 2:159
Salmonella outbreak2:159

Novae-zalandins1:57
Novobiocin 1:641
Nuclear magnetic resonance (NMR) spectrometry

2:780, 2:782
5’ Nuclease assay2:290e291

costs2:290e291
probes 2:290

Nucleation-dependent crystallization model,
prion proteins 3:149

Nucleic acid-based assays2:808e809
ampli� cation reactions2:996e998
Cronobacter sakazakii detection1:530
Enterobacteriaceae1:236
gene probes seeGene probes
methods 2:990
target sequence ampli�cation 2:993e996

Nucleic acid capture, water quality assessment
3:762e763

Nucleic acid probe assaysseeGene probes
Nucleic acid sequence analysis, hepatitis A virus

3:738
Nucleic acid sequence-based ampli� cation

(NASBA) 2:810f, 2:811, 2:996, 2:997f
virus detection 3:729
water quality assessment3:762e763,

3:763t
Nucleoid 1:157
Nucleotides

catabolism 2:559e560
degradation, � sh spoilage1:932, 1:934
metabolism 2:557e560
salvage2:559e560

Nukadoko1:847
Nukazuke1:847
Nuoc-mam1:848e 849, 1:853e 855, 1:857

volatile compounds 1:861t
Nuoudua1:846e 847
Nurse cells3:638
Nutriceuticals seeFunctional foods
Nutrients, uptake mechanisms2:589
Nutritional diseases1:857
Nutritionally variant streptococci (NVS) 3:542,

3:543t
Nutritional yeast 3:828
Nuts

fungal spoilage
dried products 3:476
freshly harvested produce3:475

ochratoxin A in 2:882
Nylon

modi � ed atmosphere packaging2:1012e1013
as package material2:1024e1025, 2:1026t

qualities 2:1025t
structure2:1025t

Nystatin 3:564e565
O
O2 seeOxygen
Oat plants (Avena sativa), antimicrobial

compounds 2:922
Oats 3:474
Obesity

methanogens2:605
microbiota in 2:791
red mold rice effects2:821f, 2:821

Obligate anaerobes, fermentation2:593
Ochratoxin(s) 2:857, 2:870t

animal health effects2:857
carcinogenicity2:869, 2:870t
commercial immunoassay kits2:878
discovery2:575
human health effects2:857
production detection 2:72
species producing2:854e855, 2:855t
stored cereal grains3:461

Ochratoxin A (OTA) 3:12, 2:881e882, 2:888e889
acute toxicity 2:888
a� atoxin B1 and 2:892
animal disease2:857
in animal feeds 2:889
chemical structure2:857f, 2:882f, 2:888f,

2:888
chronic exposure2:888
citrinin and 2:892
cocoa beans3:477
coffee beans3:477
dietary sources2:888
dried vine fruits 3:477
effects3:12
extraction solvents2:863
in foods, natural occurrence2:881
oral median lethal dose 2:888
oxidative stress2:888e889
regulations 2:889
removal methods 2:887
in salami 3:14e15
species producing2:881t, 2:881, 2:888

Aspergillus2:881
Penicillium3:7t, 3:12

as storage toxin2:881
in wines 2:881e882

Oct-1-en-3-ol 1:414
Octanol 1:454
Octene-3-ol 1:294
Odoriferous fungi 1:245
Odor scavengers2:1004

amine removal 2:1004
Oedogonium3:425
Oenococcus2:461

characteristics2:440t, 3:516t
fermentative characters2:458t
D-lactate production 2:457
malolactic fermentation 3:802
phylogenetic tree2:455e457, 2:456f
as starter cultures3:518

see also individual species
Oenococcus kitaharae2:455e457, 2:461
Oenococcus oeni2:461

culture 2:461
malolactic fermentation 3:518, 3:790, 3:802

starters2:464, 3:807
multilocus sequence typingseeMultilocus

sequence typing (MLST)
phylogenetics2:455e457
population studies 2:304e305

recombination detection 2:302f, 2:305
split decomposition analysis 2:304e305,

2:305f, 2:306f
rRNA operons’ copy number 2:297e298
as starter culture3:518
strains 2:459
whole genomic DNA probe 2:457
winemaking 2:463, 3:790, 3:807
wine spoilage3:806t

Off � avor, coffee fermentation1:490
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microbial cells, effects on3:124e126
microbial populations, effects on 3:126
minimum inhibitory concentrations 3:125f, 3:125
nisin and, in polymeric � lms 1:433e434
packaging containing1:433e434

polymeric � lm 1:433e434
partition coef� cients3:123t, 3:130
pasteurization and 3:130
as preservatives1:584, 2:942e943
production

Bi� dobacterium2:641
molds 3:523

product quality changes2:182
regulation 3:120
resistance to3:128
salts3:120e121
sensitivity to 3:128, 3:129f
speciesestrain variability 3:128e130
spoilage, effects on3:126
stability constants3:128t
structures3:123t
sublethal effects3:128e130
substrate media acidi� cation 3:124e125
sugaraddition to food and 2:942
taste equivalents3:123, 3:125f
toxicity 3:122

see also individual acids
Organic beers1:210
Organic preservatives3:70t, 3:70
Organic solvents

mycotoxin extraction 2:863
precipitation, metabolite recovery1:825

Organism IX see Brevibacterium linens
Organization for Economic Cooperation and

Development (OECD) Biological Resource
Center

Best Practice Guidance1:549e550
common quality standard 1:550

Organon Teknika system1:228
Oriental food manufacture, molds 3:526e528,

3:527t
Origanumoil seeOregano oil
Origen 1:285
Orleans process3:719e720
Ornithine 2:548

sourdough quality 1:313
Ornithine acetyltransferase2:548
Ornithine decarboxylase medium,Proteus3:241
Oropharyngeal anthrax1:116, 1:119
Orotidine-5 ’-phosphate2:558e559
Orthologous proteins comparative analysis

1:175
Oryzalexin 2:923e 924, 2:925f, 2:927e928
Oryzasativa seeRice
Osetinskii cheese1:405t
Osmium tetroxide 2:688
Osmohomeostasis2:223
Osmolyte-in-cytoplasm response1:593, 3:752
Osmophilic yeasts

salt tolerance3:133
water activity requirements3:751

Osmoprotectants3:134
processing resistance3:282

Osmotic potential 1:587
Osmotic pressure1:588b
Osmotic stress3:133e134

hurdle technology 2:226
Osmotic upshock 1:591e592
Osmotolerance

processing resistance3:281t, 3:282
salt tolerance yeasts3:133

Osphradia3:381
Osteomyelitis, brucellosis1:343
Osteoporosis1:893
Ostracoda3:387
Ostrich meat Italian-type salami2:631
Ouchterlony double-immunodiffusion assay see

Double-immunodiffusion assay
Outlines in Systema Ascomycetum2:35e37
Ovalbumin 2:936t
Overpressured-layer chromatography, mycotoxins
2:865

’Overset’ cheese1:417e418
Oviduct, hens 1:610, 1:610f
Ovo� avoprotein 1:613, 2:936t
Ovoinhibitor 1:613, 2:936t
Ovomacroglobulin 2:936t
Ovomucin 1:612, 2:936t, 2:957
Ovomucoid 1:613, 2:936t
Ovotransferrin 1:612e613

antimicrobial effect3:441, 2:936t, 2:937e938,
2:946

applications 2:940
bacteriostatic effect2:937e938
properties 2:937
structure2:936

Oxaloacetate2:548
Corynebacterium glutamicum1:510e511

Oxaloacetate/aspartate family2:548e555
Oxford agar

colorimetric DNA hybridization 2:480t
Listeria monocytogenes2:471, 2:472t

Oxidase test, Enterobacteriaceae1:233
Oxidation, fatty acids seeFatty acids
Oxidative rancidity, seafood3:455
Oxidative stress3:139
Oxidizing agents,Alicyclobacillusinhibition 1:43e46
Oxidoreductases

� avor production 1:790
sodium chloride sensitivity 3:133

Oxidoreduction potential seeRedox potential
Oxidoreduction reaction 1:595
Oxi/Ferm Tube 1:239
Oximes 3:94
2-Oxo-3-phenylpropanoate 2:548
2-Oxobutanoate 2:553
Oxogluconic acids2:103
2-Oxoglutarate family 2:546e548
2-Oxogluturate dehydrogenase2:585e586
Oxoid SalmonellaRapid Test (OSRT)1:646e647,

1:647f
bene� ts/limitations 1:647
evaluation 1:646e 647, 1:647t
sensitivity 1:646e 647

Oxopolyene 1:785
Oxygen

case-ready meat packaging2:1018
controlled atmosphere packaging2:1006
fresh produce controlled atmosphere storage

2:1010, 2:1011t
functions in foods 2:1012
meat color 2:1012e1013
modi � ed atmosphere packaging2:1006, 2:1012

Oxygenases, brewer’s yeast3:305
Oxygen permeable packaging, meat

colonization 2:508e509
spoilage2:511

Oxygenscavengers2:1000e1001
as antimicrobials 2:1001
cakes/pastries packaging1:501
commercial systems2:1001
dual-action 2:1001, 2:1003
inert type 2:1000
iron-based 2:1000
nonmetallic 2:1000e1001
reactive polymer structure type2:1000
system types2:1000
uses2:1001

2-Oxyglutarate1:509
2-Oxyglutarate dehydrogenase complex (ODHC)

1:509e510
Oxymyoglobin 2:1007, 2:1012
5-Oxyprolinase 1:40
Oxyrase�

in enrichment broth 1:639
growth stimulation 1:230

oxyRlocus, Salmonella3:327
Oxytetracycline

bene� cial effects2:563e564
� re blight management2:1030e 1031
Oxytetracycline glucose yeast extract agar (OGY)
2:90t

fungi enumeration 2:71
Oysters

Aeromonasenrichment 1:34
commercially important species3:389
freshness3:393
hepatitis A virus contamination 3:389e 391
microbial content 3:393
noroviruses3:389, 3:734, 3:747
postharvest-processed products

3:693
pressure treatmentsseeHigh-pressure processing

(HPP)
quality 3:392e393
regulations 3:693
shelf life 3:392e393
storage3:392
temperature management,Vibrio control

3:391e392
triploid 3:393
Vibrio contamination 3:390
Vibrio parahaemolyticus3:694e695

levels at time of consumption 3:694
Vibrio vulni� cus3:695e696
viral contamination 3:389

Oyster sauce1:861t
Ozena 2:384
Ozonated water3:171e173

cereal grain washing3:462e463
enteric virus inactivation 3:734
fresh-cut produce washing3:171e173,

3:172t
lettuce browning prevention 3:173

Ozone
as hurdle technology2:224
as sanitizer3:173, 3:361t, 3:362

P
pacA1:581
PacC1:581
PacC/Rim101 1:581
Package materials2:1023e1026

de� nition 2:1017
radiation, effects on2:957
ultraviolet light treatment 3:669

see also individual materials
Package structures2:1026e1027
Packaging2:1017

active seeActive packaging
antimicrobial seeAntimicrobial packaging
beer1:213e214
cakes/pastries1:501, 1:501f
case-ready meats2:1018
controlled atmosphereseeControlled atmosphere

packaging (CAP)
cured meats2:502
dairy products 2:1019e1020
de� nition 2:1017
� sh 2:1019
food processing and2:1017
fruit 2:1020e1022
goals of 2:1006
hygienic operation design3:168
ke� r 1:903
koumiss 1:905
modi � ed atmosphereseeModi � ed atmosphere

packaging(MAP)
nanotechnology 2:894e896
poultry 2:1018e1019
product information and 2:113e114
sterilization, gas plasmas1:496
toxic substance leaching2:144e146
vegetables2:1020e1022

Padaek1:849
Padec1:857
padH/Rim21 1:581
Paecilomyces2:4, 2:9, 2:32

conidial structures2:38f
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Pulsed ultraviolet (PUV) light (continued)
photothermal effect 2:975e977, 2:979
ultraviolet C light 2:975e976

optical sensors2:975
processing parameters2:975, 2:976t

ef� cacy2:978
as sanitizer3:363
sprout seed decontamination1:1002
survival curves2:977e978
total � uence2:975
total light energy dose2:975
traditional UV-C irradiation vs.2:979e980
treatment chamber2:975f, 2:975

Pulsed white light seePulsed ultraviolet (PUV) light
PulseNet3:186, 2:917
Pulses

dried, fungal spoilage3:476
fungal spoilage3:474e475

Pulsi� er 1:223
Pumping system regeneration2:171e172
Puncture probes, pH measurement1:578
Pure Food and Drug Act2:917e918
Puri� ed bacteriocins1:181
Purine deoxyribonucleotides2:558, 2:559f
Purine nucleotides

biosynthesis2:556e557, 2:559f
functions 2:557
structures2:558f

Pursoup vegetable soup packaging sterility testing
3:654e656, 3:655t

Puto1:848
Putrefaction, historical research2:169
Putrefactive Anaerobe (PA) 26792:216
Putrescine3:97

as food spoilage indicator2:362
pycgene1:512
Pyloric cecal,� sh 1:924, 1:925f
Pyocins

Pseudomonas aeruginosa3:257e258
types3:258

Pyocyanin 3:253e254, 3:254f
Pyogenic streptococci

biochemical tests3:550, 3:551t
characteristics3:546t
cultivation 3:550
habitats 3:542e545
isolation 3:550
taxonomy 3:542e545

Pyomelanin 3:253e254, 3:254f
Pyoverdin

Pseudomonas3:245e246
Pseudomonas aeruginosa3:253e254, 3:254f

Pyranoanthocyanins3:369
Pyrazinamidase2:850e852
Pyrazinamidaseactivity test 3:834
Pyrazines1:790e 791
PYR disk test,Vagococcus3:677
Pyrenopeziza2:5
Pyricularia oryzae2:923e924
Pyridoxal 5’-phosphate (PLP)2:541
Pyridoxal/pyridoxamine/pyridoxine kinase 2:541
Pyridoxine

biosynthesis and uptake2:541
industrial fermentation media 1:774t

Pyrimidine nucleotides
biosynthesis2:558e559, 2:560f
functions 2:557
structures2:558f

Pyrimine, Serratia3:371
Pyrin 2:789
Pyrobaculum islandicum3:474
Pyrococcus furiosus2:584
Pyrolysis mass spectrometry1:31
Pyrosequencing2:262e263, 2:293, 2:761, 2:762f

fresh meat during chill storage2:264f, 2:264e266
SNP typing2:293

drawbacks2:293
food microbiology applications 2:293e294

Pyrrolidine 3:97
Pyrroloquinoline quinone (PQQ) 1:5f
Acetobacter1:5
Pyruvate

estimation 3:615e 616
food microbiology applications 3:616
limitations 3:614
plate count correlation 3:613e614
technique 3:615e616

formation 2:593, 3:615
EmbdeneMeyerhofeParnas pathway2:579f,

2:581
Nordic fermented milks 1:896e897
oxidation to acetyl-coenzyme A2:585
reduction 2:594e595

Pyruvate carboxylase (PCx)1:508e511
Pyruvate dehydrogenase2:585
Pyruvateedehydrogenase complex2:585
Pyruvate kinase2:800
Pyruvate utilization test, Vagococcus3:678
Pyruvic acid2:593

excessive malolactic fermentation3:469
production, Schizosaccharomyces3:369
xanthan gum 1:816

Pythiaceae2:52
Pythiales2:52
Pythiogetonaceae2:52
Pythium

asexualreproduction 2:47
heterothallism 2:50
life histories 2:51f
postharvest ginger spoilage3:473

Pythium butleri3:473
pYV,Yersinia3:834
Pyyrolo-quinolone quinone (PQQ) 3:719

Q
Q fever

acute infection 1:525
chronic infection 1:526
clinical manifestations 1:525e526
discovery1:524
epidemiology 1:525
secondary transmission1:525
serological tests, diagnostic1:526
transmission 1:525

see also Coxiella burnetii
Q fever endocarditis1:526
Q-pool 1:600
Quali � ed presumption of safety (QPS)

Enterococcus faecium3:517
meat starter cultures1:873
probiotics 2:771

Qualitative risk assessment2:607e608
Quality assurance (QA)

good manufacturing practice2:106
impedimetry use 1:626
risk characterization2:610

Quality control (QC)
concept2:106
consumer preferences1:520
costs1:520
good manufacturing practice2:106
microbial monitoring 3:166
noninvasive methods3:653
sanitation inspection 3:166

Quality-control laboratories 2:393
Quality manager 2:405
Quality Manual 2:404
Quanti-Disc� 3:622e623
Quantitative carrier test (QCT)

hard surface biocides3:208
use-dilution carrier testvs.3:208

Quantitative PCR (qPCR)seeReal-time PCR
(qPCR)

Quantitative risk assessment2:607e608
Quantitative trait locus (QTL) analysis, sake yeast

3:321
Quanti-Tray�

coliforms enumeration 1:670
E. colienumeration 1:670
Quant-Tray� , most probable number analysis
3:622, 3:623f

Quantum dots (QDs)
as biosensors1:283
� ow cytometry 1:946
luciferase and1:276

Quarantine legislation, culture collections1:550
Quarg

manufacture 1:392
starter cultures3:509t

Quargel cheese listeriosis outbreak1:424e425
Quaternary ammonium compounds (QACs)

3:222, 3:361t, 3:362
bio� lms, ef� cacy against1:264t
clean-in-place3:194
concentrations3:216e218
food-processing plants3:164
mechanism of action 3:224
properties 3:220t
resistance to3:364

Quats seeQuaternary ammonium compounds
(QACs)

Query (Q) fever seeQ fever
Queso blanco cheese1:392e393
Quick freezing (fast freezing)1:968e969
Quinolinic acid seeNiacin
Quinoproteins, Gluconobacter2:100
Quorn� 3:420t

dietary � ber content 3:421
fat content 3:422e423
manufacturing process3:421, 3:422f
mineral absorption 3:421
nutritional value 3:421, 3:423t
protein content 3:422e423
protein digestibility-corrected amino acid score

3:424
technical development3:420e421
texture 3:421
uses2:76

see alsoMycoprotein
Quorum sensing (QS) 3:256e257

Aeromonas1:29
bio� lms 1:259e260
E. coli1:737
enterohemorrhagicE. coli1:737e738
Hafnia 2:118
Klebsiella pneumoniaebio� lm formation 2:385
lactic acid bacteria2:798e 799
Lactobacillusplantarum2:798e799
Pseudomonas aeruginosa3:253, 3:256e257, 3:257f
Staphylococcus epidermidis1:259e260

Quorum-sensing E. coliregulator A 1:737
Qb replicase ampli� cation 2:810, 2:997, 2:998f

R
Rabbit ileal loop assay

Bacillus cereusdiarrheal response1:125
Clostridium perfringensenterotoxin 1:466
enterotoxigenicE. coli1:702e703, 1:733

Rabbit Plasma Fibrinogen-BairdeParker (RPF-BP)
medium 3:489, 3:490t, 3:492

RABIT1:622t, 1:626
Racemase,Lactobacillus3:517
Racquet hyphae2:18
Rad2:954
Radappertization2:956
Radial single diffusion assay2:320

antibodyeantigen precipitate formation 2:320
in laboratory setting 2:320

Radiation
half-life 2:954e 955
useseeIrradiation

Radicidation 2:956
Radioimmunoassay (RIA)1:681

competitive solid-phase2:872f
historical aspects2:215
immunocomplex separation 2:871
mycotoxins 2:871e872

conjugates2:872f, 2:872
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Rock melons (cantaloupes)3:472, 2:491
Rodents, food losses to1:519
Rods

bacterial cell shape1:151e152, 1:152f
Brevibacterium1:324

Rogosa agar (RA)
Lactobacillus brevisisolation 2:419
Lactobacillus bulgaricusdetection 2:425e426,

2:426t
Pediococcus3:4

Roller-drying, dried milk products 2:738
total solid content 2:740e741

Root crops
common scab3:562e 563
fungal spoilage3:473

Ropy brine 1:936
Roquefort cheese

aging 1:411
aroma/� avor compounds 3:526t, 3:526
characteristics1:410t
curds 1:411

piercing 1:411
free fatty acid levels3:525
free fatty acid:total fatty acid ratio1:413e414
history 1:409
legend1:409
Micrococcuspopulation 2:629e630
production 1:391
products 1:411
salting 3:526
uses1:390te391t

seealso Penicillium roqueforti
Roquefortine 2:577e578, 2:860
Roridin A 3:651
Rose bengal chlortetracycline agar (RBC)2:91t

fungi enumeration 2:71
Rosemary oil

chemical components3:114t
in polymeric � lm 1:432

Roseocardin3:649
Roseotoxin B3:649
Rosé wine production 3:787
Rosmarinus of� cinalisoil seeRosemary oil
Rotary disc fermenter1:759, 1:759f
Rotary drum fermenter1:759e760, 1:760f
Rotary � ow collectors 3:205
Rotary systems, thermal processing2:167f, 2:167
Rotavirus3:723, 3:732e733, 3:733t

detection, historical aspects2:215
vaccines3:732e733

Rot fragment counting slide2:92f
Rotten eggs3:440, 3:441t
’Route maps’, process hygiene3:176
Rowan Ash (Sorbus aucuparia) 3:102
rpoDgene1:25e26
rpogene2:432
rpoSgene

acid tolerance response3:128e129
water activity 1:590

RRNA gene restriction pattern analysis
seeRibotyping

RRNA gene restriction pattern determination
seeRibotyping

RRNA operon
copy number 2:282
probes to 2:275e276
structure2:282, 2:283f

RRNA restriction patternseeRibotyping
RRNA Superfamily VI1:61, 1:61t
R2A agar3:625t
R-type pyocins3:258
Rubratoxin 2:860
Rubratoxin A 3:11e12
Rubropunctamine 1:785
Rubropunctatin 1:785, 2:823
Rumen

methanogenesis2:604, 2:605f
microbiome

composition 2:788
nutrient metabolism 2:790
Propionibacteriumin 3:234
Streptococcus3:552

Rumensin (monensin) 2:604
Ruminants, tuberculosis2:841
Ruminococcaceae2:637
Rum spoilage,Leuconostoc2:464
Runner (stolons) 2:18
Russia, cryptosporidiosis outbreaks1:539te540t
Ryan’s agar1:31
Rye bread

dough acidi� cation 1:313
fungal spoilage3:476e477
pentosans1:313
phytases1:313
production 1:309
sourdough propagation 1:311, 1:311t

S
Sabah’s tapai1:846
Sabourand’s 4% glucose-0.5% yeast extract agar,

Geotrichum2:91, 2:92t
Saccharomyces2:7

adopted species3:298t
alcohol production 3:301
anaerobic fermentation3:297e298
anamorph seeCandida
ascospores3:297, 3:301
in baking industry 3:301
brewer’s yeastseeBrewer’s yeast
characteristics2:7, 2:37t, 3:297e298
cidermaking 1:437e439
cultivation 3:300t, 3:300e301
detection 3:300e301

media composition 3:300t
DNA reassociation studies3:298e299
electrophoretic karyotypes3:299f, 3:299
food industry, importance to 3:300t, 3:301
in foods, importance of 2:39t
growth, pH and 1:583
identi � cation 3:298
isolation 3:300t, 3:300e301
’killer ’ strain 3:319
molecular differentiation 3:298e299
morphology 3:297
physiological characteristics3:297e298
ribosomal RNA gene analysis3:299e300, 3:300f
18S rRNA gene sequence3:299
semi-anaerobic fermentation3:297e298
species in genus3:823
spoilage3:301
as starter cultures3:520
taxonomy 3:297

see also individual species
Saccharomyces arboricolus3:298
Saccharomyces bayanus

brewer’s yeast strains3:302f, 3:302
DNA reassociation studies3:298
physiological responses3:298
sourdough leavening3:301
wine fermentation 3:823
wine spoilage3:805

Saccharomyces boulardii2:661t
Saccharomyces carlsbergensis1:801
Saccharomyces cerevisiae3:823

acetic acid, adaptation to3:129f
acid fermentations3:312
alcoholic beverage production3:312
antimicrobial compounds 2:945
asexual reproduction3:824
atomic force microscopy2:672f
bakers strains3:312
beverage spoilage3:310t
biochemical properties 3:309e310
as biochemical source3:829
in bread 1:303, 3:312
Brettanomyces/Dekkerayeast interactions1:322e323
brewer’s yeast strains3:302f, 3:302
budding 3:824
calcium in� ux 1:581
characteristics3:309, 1:319
in cheese3:313
chemical-imaging sensor2:707
cider fermentation 3:312
cider spoilage1:440
conjugation 3:824
copper uptake2:535
dairy product spoilage3:313
detection methods 3:314e315

media used3:314
differential media 3:314
distilled alcohol beverages3:312
DNA reassociation studies3:298
enzymes produced3:310
ethanol tolerance3:310

temperature in 3:310
fermented beverage production3:310t,

3:312e313
fermented foods production 3:310t, 3:312e313
food industry, importance to 3:310t, 3:310e311
as food ingredient source3:310t, 3:313e314

volatile � avor compound production
3:313e314

as food processing aid3:313e314
food spoilage 3:310t, 3:313
food waste processing3:310t, 3:313
fractionated cells3:314
gene homology 3:302
genetic engineering2:83, 3:311

high-value natural product production 3:829
genome3:311

variability 1:247
glucose to ethanol conversion3:788e789
grape skin3:788
growth factors 3:309e 310, 1:773e774
growth requirements 3:825e826

carbon 3:825
microaerophilic vs.aerobic conditions 3:825
minerals 3:825
nitrogen 3:825
oxygen3:825e 826
substrateconcentration 3:825
temperature3:826
value pH 3:826
vitamins 3:825

heat resistance3:310
high acid products 3:586
redox potential and 1:598e599

heterologous gene expression3:829
hybrid strains 3:824
identi � cation 3:309t, 3:314e315

commercially available kits 3:314
methods 3:314e315
morphological tests 3:314

inhibition
natural mycotic inhibitors 3:310
organic acids3:310
pH effects3:127f

inositol de� ciency3:309e310
killer toxins 2:945
lipid accumulation

glucose concentration effects1:798e799
nutrient limitation in 1:801
temperature effects1:799

L-lysine biosynthesis2:550
metabolism, pH effects1:583
L-methionine degradation 2:553
a-MF signal sequence3:45
microbial cyanide biosensor1:277
microsatellite sequences3:315
mitochondrial research3:311
as model eukaryotic organism3:311
morphology 3:309, 3:824
multilocus sequence typing2:309
mutational studies 2:41
NAD synthesis2:541
optimal growth pH 3:826
optimal growth temperature 3:310
oxygen requirements3:310
petite positivity 1:319
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Sulfur dioxide(continued)
cider juice treatment1:437
dried fruit pretreatment 3:477, 1:574
enzyme discoloration inhibition 3:110
� sh spoilage1:933e934
food constituent binding 3:110
foods added to 3:108
future developments3:111
gas3:108
glucose binding 3:110
interaction products 3:109e110
interaction with food components 3:73
losses from food3:110

during storage3:110
malolactic fermentation inhibition 3:801
maximum permissible levels3:108, 3:109t, 1:438,

3:791
menadione and 3:109e110
nitrite and 3:97
nonenzymic browning inhibition 3:110
properties 3:108
reducing actions3:110
regulations 3:74, 3:108, 3:109t
sorbate and3:111
species tolerance3:111
strain tolerance3:111
sweet white wines3:793
thiamin de � ciency and3:74, 3:111
toxicity 3:74, 3:111
uses3:73
wine preservation3:73, 3:791, 3:798, 3:808

Sulfurous acid
antimicrobial action 3:108
bleaching actions3:110
salts3:108
undissociated3:108

Sulpholipids 2:524
Summer sausages1:870
Sun-dried shrimp 2:374
Sun drying 1:574
Sun� ower oil 1:792
Sunki 1:847
Superantigens (SAgs)3:494

Staphylococcus aureus3:502f, 3:502
Supercooling1:964
Supercritical� uid extraction, mycotoxins 2:863
Super kingdoms (empires)2:20, 2:21t
Superoxide dismutase (SOD) enzymes

Brucella1:335e336
copper chaperone2:537
sodium chloride sensitivity 3:133

Super-resolution microscopy2:683
Supplier Quality Assurance (SQA)2:110
Supply chain lengthening, food spoilage and

1:519e520
Surface(s)

processing plant3:167, 3:219
ultraviolet light treatment 3:669

Surfacedisinfectants, noroviruses3:749
Surface-enhanced Raman scattering (SERS)-based

immunoassay1:686
using protein chip 1:686

Surface mold-ripened cheeses
characteristics1:410t
curds 1:410
examples1:409, 1:410t
history 1:409
manufacture 1:410
maturation 1:410
milk coagulation 1:410
ripening 1:388, 1:409
salting 1:410
varieties1:421, 1:421f

see also Mold-ripened cheeses
Surface plasmon resonance (SPR)2:324

immunobiosensors, mycotoxins 2:875
transducers1:279t, 1:282

Surface plasmon resonance-based immunoassay1:686
Surface-ripened cheeses

bacterial seeSmear-ripened cheese(s)
mold seeSurface mold-ripened cheeses
texture development3:531
types1:421

Surface water
contamination 1:975
microorganism survival in 1:975

Surrogates2:358, 2:362e363
desirable characteristics2:362e363
historical aspects2:216e217
human enteric viruses3:733
indicator organismsvs.2:362
as shell� sh fecal virus pollution indicator 3:391
uses2:362

Surstromming1:855
SusC protein1:205
SusD protein 1:205
susGgene1:205
Sushi1:857
Sushi fu 1:857
Suspension array technologyseeSuspension bead

arrays
Suspension bead arrays2:310, 2:312f

hybridization solution 2:314
multiplexing capacity 2:311

Suspension tests, hard surfacebiocides3:208f,3:208
Su sushi1:857
Suusac1:891
Swainsonine degradation,Arthrobacter1:73
Swarmer cell1:159

Proteus3:239e 240
Sweden

accredited pro� ciency testing schemes3:227t
antibiotic use in animals 3:188
butter bacteriological standards2:735
cryptosporidiosis outbreaks1:539te540t
fermented milks 1:898f
parabens, maximum permitted levels3:84t
Salmonellacontrol 3:188

bene� ts 3:189
human infection 3:187e188

Salmonellaelimination 3:180
see also Scandinavia

Swedish Board of Agriculture, Salmonella control
3:187

Sweet acidophilus milk 1:909
Sweet and sour pork2:374
Sweet cherry

fermentation 1:877e878
lactic acid bacteria microbiota1:875e876

Sweet cream butter2:733
Sweet curdling3:446
Sweetened condensed milk spoilage2:726e727
Sweeteners, fermented milks1:913te916t
Sweet potatoes

fungal spoilage3:473
scab disease3:563

Sweet potato-lacto pickles1:881
Sweet trahanas1:892
Sweet whey1:454
Sweet white wines

characteristics3:793
mouth feel 3:794
Muscat-� avored varieties3:793
production 3:793e795

botrytized grapes3:793, 3:794t
Swimming-pool granuloma 2:844
Swine

Arcobacter1:66e67
Helicobacter 2:197
Trichinella control 2:200e201
tuberculosis 2:841

seealso Pig(s)
Swine cysticercosis2:201e202
Swiss cheese

curd cutting 1:387e388
lactate production 3:511
manufacture 1:389

Swiss-type cheeses
adjunct starters1:416
bacteriophages in3:234f, 3:234
defects1:400, 1:417e418
eye formation 1:416e418

critical gas pressure1:417
lactate metabolism1:398
lactose metabolism1:417
nisin 2:943e944
pink spots 1:400
Propionibacterium in 3:234e235
propionic acid fermentation 1:417
ripening 3:235
starter cultures1:397
types1:417t

SYBR Green I
disadvantages2:344
� uorescence2:344
real-time PCR2:344f, 2:344

Symbalance1:921
Symbiotaphrina 2:41
Symport 2:580
Symporters1:589
Synbiotics 2:642
Synbiotic yogurt 1:921
Syncephalastraceae2:2e3, 2:63t
Syncephalastrum2:3
Synechococcus1:277
Syneresis, yogurt1:920
Synergo-hymenotropes toxins (leukocidins, two-

component toxins) 3:501
Synnematin B (penicillin N) 2:572t
Synthetic antibodies1:276
Synthetic colorants

hyperactivity in children 1:785
safety tests1:785

Synthetic Mucor agar (SMA)2:837t
Synthetic polymer capture, parasite detection

3:781
Synthetic preservatives3:70t, 3:70

drawbacks3:137
Syringcol 3:144t
Syrups, fungal spoilage3:478
Systema Ascomycetum2:35e37
Systema Naturæ (1735)2:20
Systematic evolution of ligands by exponential

enrichment (SELEX)1:276
Systematic fungicides, Botrytis control1:295
Systematics2:20
Systems biology2:783

food microorganisms, ecological behavior2:786
wine yeasts3:790t

SYTO� 9
two-� uorochrome staining 3:618e619
viable but nonculturable cells detection

3:688
Syzgium aromaticum oil seeClove oil

T
Taenia2:201e203
Taenia saginata2:201e202

adult tapeworm 2:202
eggs2:202
incidence 2:201t
infection rates 2:201e202
oncosphere2:202

Taeniasis2:201e 203
control 2:202t
disease symptoms2:203
epidemiology 2:202t
human infection 2:203

Taenia solium2:201e202
adult tapeworm 2:202
cysticerci2:201e202
development 2:203
eggs2:202
incidence 2:201t, 2:203
oncosphere2:202

D-Tagatose2:104
Taiwan

Vibrio parahaemolyticusoutbreaks3:695
Vibrio vulni� cuscases3:696











Index 1003
Triglyceride(s)
biosynthesis1:797f
fatty acids, incorporation into 2:532e534

TriglyceridesseeTriacylglycerol
Trimethoprim-sulphamethoxazole (TMP-SMZ)

brucellosis 1:338
cyclosporiasis1:559
Salmonella typhiinfection 3:350e351

Trimethyamine-N-oxide (TMAO) 1:597
Trimethylamine (TMA)

degradation,Arthrobacter1:75
� sh spoilage1:933
seafood spoilage3:455
Shewanella3:397, 3:400e401

Trimethylamine oxide (TMAO)
degradation 1:932
� sh 1:925
� sh spoilage1:932, 1:934t, 1:936
reduction 1:933
Shewanella3:397, 3:400e401, 3:401f, 3:404t,

3:404, 3:405f
Trinitario cocoa 1:485
2,4,6-Trinitrotoluene degradation, Yarrowia

lipolytica1:377
Triophene-2-carboxylic acid hydrazide (TCH)

tolerance susceptibility2:852
Triops cancriformis3:386
2,3,5-Triphenyl tetrazolium chloride (TTC)

agar composition 3:318t
Lactobacilluscaseigroup 2:432
moromi (sake mash) contamination detection

3:318
reduction test

chemistry 3:610e611, 3:611f
food contact surface testing3:611
food microbiology applications 3:611
technique 3:610

Triple quadrupole (QqQ) mass analyzer,
mycotoxin analysis2:866e867

Triple sugar iron (TSI) agar
Plesiomonas shigelloides3:51
Salmonellabiochemical screening3:337t, 3:337
SalmonellaEnteritidis detection 3:344

Trisodium phosphate (TSP)3:212t, 3:212e213
Tritium ( 3H) radioimmunoassay, mycotoxins

2:872
Trochophore, mollusks 3:379
Trockenbeerenauslese wine3:795, 3:796t
Tropical fruits

anthracnose3:473
Candida1:368
fungal spoilage3:472e473
microbiota 1:875

Trosh 3:601
Trout 1:33f
Truf� es2:6
Trypacry� avine 2:470
Trypan blue dye exclusion tests3:618
Trypanosomes, frozen storage effects1:970
Trypanossoma cruzi1:998
Trypticase-peptone-glucose-yeast extract (TPGY)

1:447e448
Trypticase soy brothseeTryptic Soy Broth (TSB)
Tryptic Soy Broth (TSB)

most probable number technique 3:621t
Salmonellaenrichment 1:640
Salmonellapreenrichment 3:334

Tryptone-glucose extract (TGE) agar
Bacillusdetection 1:138
formulation 1:142

Tryptone glucose yeast broth with 0.5% acetic acid
(TGYAA) 2:73

Tryptone glucose yeast (TGY) extract
formulation 2:75
preservative-resistant yeasts2:73
yeast enumeration2:73
Zygosaccharomycesdetection 3:853e854

Tryptone glucose yeast extract acetic acid2:75
Tryptone glucose yeast extract acetic broth2:75
Tryptone salt agar,Vibrio culture 3:700t, 3:700
Tryptoneesoya agar (TSA)
Aeromonasdetection 1:32
enterohemorrhagicE. colienrichment 1:700
Listeria monocytogenes2:471

Tryptoneesoyaeampicillin broth (TSAB),
Aeromonasdetection 1:32

most probable number technique 1:34e 35
Tryptoneesoyepolymyxin broth 1:142
Tryptophan

applications 1:782
biosynthesis2:548, 2:549f, 1:782, 1:782f
degradation 2:548
pig feed supplement1:782
structure2:546f

Tryptophanase2:548
Tryptose-proteose-peptone-yeast extract-

eriochrome T (TPPY) agar2:426e427,
2:427t

Tryptose-proteose-peptone-yeast extract-
eriochrome T with added Prussian blue
(TPPYPB)2:426e 427, 2:427t

Tryptosee sul� teecycloserine (TSC) agar1:465,
1:465t

Tsiortania 1:891
T-2 toxin 2:859, 2:890

acute intoxication 2:890
chemical structure2:859f, 2:889f
chronic exposure2:890
health effects2:859

Tuack1:846e847
Tuba1:846e847
Tube agglutination test,Salmonella1:644
Tuberculosis (TB)

birds 2:841
butter-related outbreaks2:735
clinical features2:841
elephants2:841e842
horses2:841
infection sources2:841
ruminants 2:841
swine 2:841
udder infection 2:841

Tubers
common scab3:562e563
fungal spoilage3:473

Tubular heat exchangers2:172
Tubular photobioreactors 1:754e755

continuous looped-tube arrangement
1:754e755

parallel-tube arrangements1:754e755
Tubular tripartite ( � agellar) hairs (TTHs)2:48f,

2:48
Tuk-trey1:855
Tulane virus3:746
Tumor necrosis factor (TNF)1:40
Tungrymbai 3:676e677
Tungsten� lament, scanning electron microscopy

2:698
Tunnel fermenter1:759, 1:759f
Turkey,Yarrowia lipolytica1:375e376
Turkey X disease2:575, 2:854, 2:880
Turkish Beyaz peynir cheese1:403te 404t

Enterococcusadjunct cultures1:405e406
starter cultures1:405t

inoculation rate 1:405t
Turkish white-brined cheese2:934
Turntable, microwave oven2:151
Tursu 1:879, 1:880t
Tween-80

Mycobacterium2:849e850, 2:851t
Serratiaisolation 3:373e374

12D concept seeBotulinum cook
Two-class attribute plan2:138
Two-class attribute test1:961
Two-class sampling plan2:380, 2:907e909
Two-component toxins (leukocidins, synergo-

hymenotropes toxins) 3:501
Two-dimensional gel-electrophoresis

cellular protein analysis2:765
proteomics 2:793
Two-dimensional PAGE,Corynebacterium
glutamicum1:506

Two-� uorochrome staining 3:618e619, 3:619f
Two-layer plate2:214
Two-site immunoradiometric assay2:873
Two-stage cabinet system, beef carcass

pasteurization 2:983
Tykkmjølk 1:898
Type 1� mbriae, Klebsiella pneumoniae2:385
Type I polyketide synthases2:565t, 2:565e566

domains 2:565
as modular enzyme2:565

Type II polyketide synthase2:565t, 2:566
architecture2:564f, 2:566
compounds produced 2:566
KSb domain (chain-length factor) 2:566

Type II secretion system (T2SS),Xanthomonas
3:815

Type 3� mbriae, Klebsiella pneumoniae2:385
Type III polyketide synthase2:566e567

extender unit 2:564f, 2:566
starter molecule selection2:566

Type III secretion system (T3SS)
Aeromonas1:28
enteropathogenicE. coli1:723
Shigella3:410
Vibrio parahaemolyticus3:693
Yersinia3:834

Typhoid fever3:332, 3:350
epidemiology 3:349e350
extraintestinal complications 3:350
mortality rate 3:350
Peyer’s patches invasion3:350
raw shell� sh consumption 3:389
symptoms 3:350
treatment 3:350e351

Tyramine 2:654
Tyrosine

biosynthesis2:548, 2:549f
pathway 1:782f

structure2:546f
Tyrosine agar

Bacillus cereuscon� rmation 1:126
formulation 1:142

Tyrosine amino transferase (TAT)1:782f
Tzatziki 3:117, 1:891

U
Ubiquinol 2:542
Ubiquinone (coenzyme Q) 2:542
Udder, raw milk contamination 2:722
Udder commensals2:721e722
Udeniomyces2:42
UHT cream spoilage2:731
UHT milk

centrifugation 3:33
contact ultrasound techniques3:654f, 3:654,

3:655t
absorption measurement3:654
second harmonic measurement3:654
sensitivity 3:654

gelation 3:446
heating temperatures3:447
processing2:191
spoilage

Bacillusspores3:447
bacterial 3:467
organisms3:447e448
sporeforming bacteria3:447
thermostable enzymes3:448

worldwide consumption rates 3:446
UHT products

aseptic packaging systems2:192
fungal spoilage3:475
shelf life 2:187, 2:192
sterility tests

electrical techniques1:630
impedance method 1:628

storage2:192
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cryptosporidiosis regulations1:544
E. coliO157:H7 inquiries 1:1
maximum permitted levels 3:84t
national hygiene standards3:181t
parabens regulatory status3:83, 3:84t
salmonellosis outbreaks1:613
sulfur dioxide, maximum permissible levels3:108,

3:109t
UHT processes statutory regulations2:189e190,

2:190t
water quality standards3:767e770

United Kingdom Anthrax Order (1991) 1:122
United States (US)

BSE1:299
cheese production1:384e385
Code of Federal Regulations processed pork

products 3:642
cryptosporidiosis outbreaks1:539te540t
cryptosporidiosis regulations1:544
equipment standard designs3:176
Food and Drug Administration seeFood and Drug

Administration (FDA)
foodborne illness outbreaks

bacterial 1:476t
fruits 1:972
sprouts 1:1000
vegetables1:972

food hygiene supporting standards3:183te184t
food process hygiene supporting standards

3:186
food safety liability 3:177
governmental organization 2:915
gut microbiota 2:636
HACCP legislation 3:176
infant botulism 1:460
local government 3:185
microbiology guidelines 2:915
milk standards 1:396t, 2:724t
natamycin legislation 3:88, 3:90
national legislation 2:915e919
National Shell� sh Sanitation Program Model

Ordinance 3:390e391
parabens regulatory status3:83t, 3:83
propionate regulatory status3:100t
regulatory agencies2:915f, 2:915

continual monitoring 3:185
process hygiene3:185e186
structure3:178te179t

shell� sh handling regulations 3:693
sourdough bread history1:309
standards2:915e919
state government3:185
Trichinella

legislation 3:640
prevalence, pigs3:639

Vibrio vulni� cuscases3:696
water quality standards3:767

United States Department of Agriculture (USDA)
2:915e917

acts of Congress2:915e916
antimicrobial compound regulations 3:221
chicken lethality performance standards2:224
egg product storage conditions1:620t
Food Safety and Inspection ServiceseeFood Safety

and Inspection Service (FSIS)
food safety regulatory agencies2:915f, 2:915
Meat Inspection Regulations2:842
nitrates/nitrites in meat regulations 2:502
non-O157 Shigatoxin-producing E. colitesting

2:917
pasteurization de� nition 3:577
Poultry Inspection Regulations2:842
role of 2:377
rules/regulations 2:916e917

Universal preenrichment broth 1:639
modi � cations 1:639
Salmonellapreenrichment 3:334

Universal selective enrichment broth1:642
University of Vermont broth (UVM-1), Listeria

monocytogenes2:471
University of Vermont Medium, Listeria
enrichment 1:641e642

University of Vermont Modi � ed Listeria
Enrichment Broth 2:480t

Unpasteurized milk seeRaw milk
Unsaturated fatty acids oxidation2:528
Up-converting nanoparticles (UCNP)1:284
Upper air irradiation 3:669
Uracil

degradation 2:560
egg products spoilage detection3:444e445
pantothenic acid synthesis2:541
structure2:558f

Urbanization, water contamination 3:766
Urban Waste Water Treatment Directive 1991

1:545
Urea

� sh 1:925
industrial fermentation biosensors 1:764
industrial fermentation media 1:771

13C-Urea breath test2:193, 2:198f
ureAgene2:196
Ureaeindole medium, Proteus3:241
Urease

Helicobacter2:193
Klebsiella2:386
Proteus3:239t, 3:239
Salmonellatesting 3:337e338

ureBgene2:196
Urfa cheese1:403te404t
Uridine

degradation 2:560
egg products spoilage detection3:444e445

Uridine-5’-triphosphate (UTP) 2:558e559
Uridine monophosphate (UMP)

biosynthesis2:558e559, 2:560f
degradation 2:560f, 2:560

Uridine triphosphate (UTP) 1:21e22
Urinary tract infections

Enterobacter1:655
Proteus3:239e 240
uropathogenic E. coli1:699e 700

Urine samples, bacteria identi� cation 2:332,
2:333t

Uropathogenic E. coli(UPEC) 1:699e700
Uroporphyrinogen III 2:539
Urutan 1:850
US seeUnited States (US)
U.S. Army Natick Research and Development

Center2:377
USDAseeUnited States Department of Agriculture

(USDA)
Use-dilution carrier test (UDCT)

hard surface biocides3:208f, 3:208
quantitative carrier testvs.3:208

User requirement speci� cation (URS) 2:394
US Federal Standard 2093:41
US National Food Processors Association

starch microbiological speci� cations 2:179t
sugar microbiological speci� cations 2:179t

Ustilaginoidea virens1:93
Ustilaginomycotina 2:21
Ustilago2:41
Ustilago maydis1:322, 2:945
UV light seeUltraviolet (UV) light

V
vacAgene,Helicobacter pylori2:196
cis-Vaccenic acid1:608
Vaccines/vaccination

brucellosis 1:338e339, 1:341
E. coliO157:H7, cattle 1:715
enterotoxigenicE. coli1:731
hepatitis A virus 3:732, 3:739, 3:741e742
hepatitis B virus2:123
hepatitis E virus3:743
human noroviruses 3:749
pneumococcal3:552e553
Rotavirus3:732e733
Salmonella, hens1:613e614
Shigella3:409e410
Vibrio cholerae3:713f, 3:713e714

Vacherin cheese, listeriosis outbreak1:424e425
Vacuolar ATPase (V-ATPase)1:581
Vacuum(s) 2:397
Vacuum drying, culture collections1:548e549
Vacuum fermentation, metabolite recovery1:831

applications 1:832
Vacuum packaging

Aeromonassurvival 1:29e30
Brochothrixprevention 1:333e334
intermediate moisture foods 2:373
meat 2:373

bacteriocins use1:184
biochemical changes2:518
sensory qualities, effects on2:1008
spoilage3:465e466, 2:508e509, 2:516, 2:1013

meat products
cooked meats2:1013
micro� ora 2:511
spoilage2:511

mechanism of action 2:1013
pathogens of concern2:1019t
poultry meat 2:1009
raw meat 2:1008
seafood2:1014

spoilage3:456
smoked products3:146

Vacuum permittivity 2:153
Vacuum skin packaging, case-ready meats2:1018
Vacuum storage, seafood spoilage3:454
Vacuum ultraviolet region 3:665
Vaginal delivered infants, gut microbiota2:635
Vagococcosis3:676
Vagococcus3:673

animal diseases3:676e677
antilisterial activity 3:677
characteristics2:440t, 3:674e676

phenotypic 3:673e674, 3:674t
physiological 3:674e675, 3:675t

colony morphology 3:673
consumer, potential hazard for3:676e677
enterococcivs.3:674
food industry, importance for 3:676e677
genus description3:673e674
human disease3:676e677
isolation/identi � cation 3:677e678

gas production 3:678
growth at 10� C 3:677
growth at 45� C 3:677
media used3:677
molecular 3:678
physiological testing 3:677e678

mobility test 3:678
pathogenicity 3:676
phylogenetic tree3:676f
physiological tests3:674t
presumptive identi� cation 3:673
as probiotics 3:677
16S rRNA gene sequencing3:675e676, 3:676f,

3:678
whole-cell protein pro� les 3:675

Vagococcus acidifermentans3:673, 3:675t
Vagococcus anguillarum3:677
Vagococcus carniphilus

� rst identi� cation 3:673
phenotypic characteristics3:674e675, 3:675t
whole-cell protein pro� les 3:675

Vagococcus elongatus3:673, 3:675t
Vagococcus fessus

� rst identi� cation 3:673
phenotypic characteristics3:674e675, 3:675t
Vagococcus salmoninarum vs.3:674e675
whole-cell protein pro� les 3:675

Vagococcus� uvialis
animal diseases3:676
antimicrobial susceptibility 3:676
dairy products 3:676e677
� rst identi� cation 3:673
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Vinegar (continued)
GK yield 3:719
microorganisms 3:721
Orleans process3:719e720
phage infection precautions3:721
process3:719e721
quick vinegar process3:720f, 3:720
submerged culture3:720f, 3:720e721
surface culture3:719e720

alcoholic fermentation 3:717e718
starchy crops3:717e718

coloring agents3:721
as condiment 3:721
� ltering 3:721
industrial output 3:717t, 3:717
pasteurization/’hot-� lling ’ 3:721
in pickling 3:721
postfermentation processing3:721
as preservative3:73, 3:121
production 1:6e7

Acetobacter1:8
Gluconacetobacter1:8
Gluconobacter2:104
mashing 3:717e718
process3:717, 3:718f
saccharinecrops 3:718
yeast inoculum 3:718

regional microbial compositions 1:8
storage3:721
sul� te use3:721
uses3:721

Vinho do Porto seePort
a-Viniferins 2:923e924, 2:925f

biosynthesis2:928
Vinyl phenols, wine off-� avors1:317
Violet red bile agar

coliforms 1:668, 1:692
origins of 2:213e214

Violet red bile glucose agar
Cronobacter sakazakii1:528, 1:530
Enterobacteriaceae enumeration1:668

VIP test1:228
virG (icsA), Shigella3:410
Viridominic acids 2:574
Virology 3:722

detection seeVirus detection
food 3:722
history 3:722

VirR (H-NS) 3:411
Vir toxin 1:690
Virulence 1:31
Virulence genes, nucleic acid-based tests

2:808e809
Virus(es)

atomic force microscopy2:673
capsid (coat protein) 3:725

� lters, binding to 3:728
functions 3:730
inactivation 3:730

control 3:724e726
in fruit juices 1:998
prevention 3:725

detection seeVirus detection
disability adjusted life years3:723e724
enteric seeEnteric viruses
environmental transmission 3:722e723
fecal-oral transmission3:724
foodborne 3:732

environmental persistence3:735
epidemiological signi� cance3:732
outbreaks3:735
surveillance3:735e736

food contamination 3:724
direct 3:724
indirect 3:724
water containing human feces3:724

food transmitted 3:722e723
potential for 3:732e733, 3:733t

freezing effects1:966, 1:966t
in fruit juices 1:998
gastroenteritis3:723
immunization 3:725e726

food workers 3:725e 726
immuno-electron microscopy 2:715e716
inactivation 3:725, 3:730

pressure-induced2:210
irradiation resistance2:958
monitoring 3:724e725

indicators 3:725
outbreaks3:159
public health and 3:724

economic demands/rewards3:724
pulsed ultraviolet light susceptibility 2:979, 2:980t
replication 3:725
risk assessment3:723e724

costs3:723e724
relative incidence3:723
severity3:723

RNA functions 3:730
seafood spoilage3:453
shell� sh contamination seeShell� sh
spike protein studies2:715e716
viral particle (virion) 3:725
in water, monitoring methods 3:771e772

see also individual viruses
Virus detection3:727

detection assay3:729
in drinking water 3:761e 762
in food 3:736e737

ampli� cation products con� rmation 3:736
infectivity status determination 3:736e 737
molecular-based methods3:736
nucleic acid extraction/puri� cation 3:736
nucleic acid sequences detection/ampli� cation

3:736
recent advances3:736e737
sample puri� cation 3:736
virus concentration 3:736

food substances removal3:727
� ltration 3:727
low-speed centrifugation3:727
pectinase in3:727

future developments3:731
future requirements3:731
historical aspects2:215
inactivated vs. infectious viruses3:730
incorrect performance3:730
infectivity, assays3:729e730

human volunteers 3:729
tissue culture3:729

nucleic acid extraction3:728e729
commercial kits 3:728e729

quality controls 3:730e731
ampli� cation controls 3:730e731
nontarget viruses3:730

release of viruses from foodstuff3:727
washing 3:727

sample size3:727
average portion size3:727

sample treatment3:727
ef� ciency3:729

viral concentration 3:728
clogging issues3:728
� lters 3:728
immunocapture 3:728
precipitation 3:728
ultracentrifugation 3:728
ultra� ltration-based 3:728

Vitaceae family, phytoalexins2:923t, 2:923e924
Vital dye methods, parasites3:778
Vitamin(s)

algal single-cell protein3:427
in fermented milks 1:892
in � sh 1:925
importance and functions 2:535
industrial fermentation media 1:774, 1:774t
irradiation effects 2:957
in ke� r 1:903e904
metabolism2:535e543
nanoencapsulation technology2:896
single-cell protein 3:434t, 3:436
structures2:535
synthesis,gut microbes 2:535, 2:790

Vitamin assay, Pediococcus acidilactici3:4
Vitamin B1 see Thiamin(e)
Vitamin B2 see Ribo� avin
Vitamin B6 see Pyridoxine
Vitamin B12 see Cobalamin
Vitamin-binding proteins, egg white 3:441
Vitamin C see Ascorbic acid
Vitamin E

bacterial irradiation resistance2:959e960
functions 3:140
palm oil 3:140

Vitamin-enriched yeast3:828
Vitek 2

probiotic microorganisms 2:662
Serratia detection3:374

Vitek-GNI system, Aeromonas1:26
Vitek system1:227, 1:241

Enterobacteriaceae identi� cation 1:235
food-poisoning microorganisms 1:241
Hafnia identi � cation 2:117

Vitelline membrane, eggs3:441
Vitis vinifera (grapevine), phytoalexins2:928
Vitri � cation 1:969, 1:970f
VogeseProskauer (VP) test

Bacillus cereus1:139
Colbentz modi � cation, Vagococcus3:678
Enterobacteriaceae1:234

Volatile acidity, wine 3:809
Volatile compounds

beer off-� avors1:212e213
Brevibacterium1:329
egg products spoilage detection3:444e445
food spoilage fungi differentiation 1:245
Micrococcus in cheese2:633f, 2:633

Volatile fatty acids (VFAs)
Brevibacterium1:327e329
Salmonella inhibition 3:326

Volatile phenols, Brettanomyces/Dekkera yeasts
1:317, 1:317f

Volumetry, aseptically packaged foods3:656
Voluntary bodies, process hygiene3:176e177,

3:180
Vomitoxin see Deoxynivalenol (DON)
Vomitus, Helicobacter pylori transmission 2:194
von Linné, Carl 2:20
Vorläu� ges Biergesetz1:210
VTEC agar, enterohemorrhagic E. coli1:700
vvhA (Vibrio vulni� cus hemolysin) gene

3:702e705

W
Waldorf process, Candida1:368
Wales, bacterial foodborne outbreaks1:476t
Wallemia 2:10, 2:33
Wallemia sebi

dried food spoilage 3:476
fruit cake spoilage3:477e478, 3:478f
salted � sh spoilage3:479

Wallemiomycetes2:21
Wallerstein Laboratories agar, Saccharomyces

cerevisiae enumeration3:314
Walls

good manufacturing practice2:109
hygienic design3:162, 3:168e169
sanitation 3:163t, 3:163

Warmed-over� avor (WOF), cooked meat2:512
Washed-rind cheese(s) seeSmear-ripened cheese(s)
Washing

cereal grains3:462e463
disinfectant selection3:164e165
eggsseeEgg washing
fresh produce3:171

virus removal 3:734
fruit seeFruit washing
hepatitis A virus 3:741
human norovirus control 3:748
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Dekkera bruxellensis3:806
fermenting yeasts3:805
geranium 3:807
lactic acid bacteria3:807
volatile phenols 1:317, 3:805

off-odors, mousiness3:469
Pediococcus3:469, 3:802, 3:806t
Pediococcus cerevisiae3:469
Pediococcus damnosus3:807
Pichia3:805, 3:806t
Pichia anomala3:806t
Saccharomyces Bayanus3:805
Saccharomycescerevisiae3:313,3:791t, 3:805,3:806t
Saccharomyces ludwigii3:805, 3:806t
Schizosaccharomyces pombe3:791t
Streptococcus mucilaginous3:469
Streptomyces3:791t
symptoms 3:805
Torulopsis3:601
’vinegar taint’ 3:807
yeasts3:791t, 3:806t
Zygosaccharomyces bailii3:791t, 3:805, 3:806t,

3:852e853
Winter savory (Satureia montana)3:138
Wood

bio� lms 1:262
cider vats1:439e440, 1:440f

Wood smoke 3:141
absorption rate 3:144e145
acidic constituents3:143e144, 3:144t
active antimicrobial constituents 3:142e145,

3:144t
compounds in 2:510
consumer, possible risks to3:147
density 3:144e145
deposition effects on microbial cells/micro� ora

3:145
generation3:142e143
legislation 3:141
polycyclic aromatic hydrocarbons3:147
range of foods3:141, 3:142t
treatment chemicals in3:147
vaporized chemical compounds3:143e144, 3:144t
wood type and 3:142e143

Workbenches2:396
WorkersseeFood handlers/workers
Working conditions, good manufacturing practice

2:109
World Cheese Exchange Database1:384e385
World Data Center for Microorganisms (WDCM)

1:547
World Federation for Culture Collections (WFCC)

1:547, 1:550e551
World Health Organization (WHO)

Bacillus anthracisisolation protocol 1:120,
1:121f

cholera treatment recommendations3:712
good manufacturing practice recommendations

2:115
nitrates, acceptable daily intake3:92
role 2:377
water standards3:767

World Trade Organization (WTO)
food quality agreements1:522
food safety agreements1:522

Woronin bodies, multicellular fungi 2:14
Wort

aeration effects3:305
boiling 1:211e212
cooling 1:211e212
dissolved oxygen3:305e306
fermentation 3:302e303

objectives3:302e303
’� rst runnings 1:212
lautering 1:211e212
mashing 1:211
nitrogen sources3:303e304
production 1:211e212, 1:212f
proso millet 1:843
sugars3:303, 3:304f
vinegar production 3:717e718
whirlpooling 1:211e212

seealso Brewing
Wort kettle 1:212
Wort medium, Acetobacter isolation 1:6
Wound botulism 1:459e460

con� rmation/diagnosis 1:481
Wound dressing nanotechnology2:897
Wyerone2:923e924, 2:924f

X
Xanthan gum3:812e814

applications 1:817e818
biochemical reactions1:817
biosynthesis, factors affecting3:813

growth medium contents 3:813
blending with other gums 1:817
chemical reactions1:817
conformation shifts 3:813e814
degradation 1:817
discovery1:816
drying 1:821
economics1:821
fermentation 1:818e819

broth rheology 1:820
heat transfer1:819e820
kinetics 1:819
media carbon-to-nitrogen ratio 1:819
operating parameters1:819
optimum temperature 1:819
oxygen levels1:819
oxygen transfer1:819e820
oxygen uptake rate1:820
pH 1:819
substrate effects1:819
yields 1:819

food industry applications 3:814, 3:815t, 1:818
approval for 3:814
as stabilizer3:814
as thickener3:814

future developments1:821
galactomannans and3:813e814
glucuronic acid residues1:816
manufacturers1:821
market speci� cations 1:817, 1:818t
microbial production 1:818e821

cell removal 1:821
downstream processing1:820e821
impeller design 1:819e820
inoculum preparation 1:818
manufacturing process1:820, 1:820f
media preparation 1:818
media sterilization 1:818
medium reuse1:821
organism preparation 1:818
pH control 3:813e814
recovery operation1:820e821

milling 3:813, 1:821
molecular weight 1:816
nonfood applications 3:814, 1:818
other polysaccharides vs.1:817
pH resistance1:817
precipitation 3:813
properties 3:814, 1:817
pseudoplasticity 3:814, 1:817
pyruvic acid content 1:816
rheology 1:817
solubility 1:817
solvent water separation1:821
stability 1:817
structure3:812e 813, 1:816, 1:816f

helical nature 1:816
temperature variation resistance1:817
toxicity 1:817
uses2:386
viscosity3:813e814, 1:817

Xanthomonadins 3:812
Xanthomonas3:811

avirulence genes3:815
biochemical features3:812, 3:813t
colony morphology 3:811f, 3:811e812
enumeration media 3:817
exopolysaccharide3:815
food spoilage 3:814

postharvest spoilage3:814
preharvest spoilage3:814, 3:815t

genetic diversity3:816
insertion sequence elements3:816

genome sequences3:816
glucose metabolism3:812f, 3:812
growth requirements 3:812
identi � cation 3:811
industrial applications 3:812e814
laboratory analysis3:816e817
morphological features3:812
pathogenicity 3:814e815

molecular basis3:815
plant diseases3:814e815, 3:815t
plant hosts 3:811
programmed cell death3:816f, 3:816
starch hydrolysis3:816
stress adaptability3:816
taxonomy 3:811
virulence factors3:815

see also individual species
Xanthomonas albilineans 3:813t, 3:816
Xanthomonas ampelina 3:813t
Xanthomonas axonopodis3:813t
Xanthomonas campestris3:811e 812

biochemical characteristics3:813t
classi� cation 3:811e812
fruit/vegetable spoilage3:814, 3:815t
pathovars

identi � cation 3:811e812
plant diseases3:814e815, 3:815t

phytoalexins, inhibition by 2:923
programmed cell death3:816
xanthan gum production 1:818

Xanthomonas fragariae3:813t
Xanthomonas vesicatoria3:468
Xanthophils 2:525
XbaI 2:267e 269
Xenic culture, protozoa3:762
Xenobiotics metabolism, Bacteroides1:206
Xenon lamp 2:974
Xeromyces

characteristics2:37t
in foods, importance of 2:39t

Xeromyces bisporus3:818
colonies 3:818
culture collections 3:821
description 3:818f, 3:818
dried vine fruit spoilage 3:477
ecology3:820
fruit cake spoilage3:477e478
incubation conditions 3:821
isolation techniques 3:820e821

culture media 3:820e821
diluents 3:820

licorice spoilage3:478f, 3:478
optimum growth conditions 3:819e820
physiology 3:819f, 3:819e820
preservation3:821
solutes, effects of3:819f, 3:819e820
sources3:820
strains supplying 3:821
taxonomy 3:820
water activity 2:39e40, 3:819f, 3:819e820
xerotolerance2:39e40

Xeromyces bisporus Fraser see Xeromyces bisporu
Xerophiles3:818

in foods 2:39e40
fruit concentrate spoilage3:478
salt tolerance3:133
speci� c solute effects2:69
water activity 2:68

X-rays, penetration capacity2:954
Xylanases

Aureobasidium pullulans1:108
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Xylanases (continued)
industrial applications 1:108
Trichoderma3:644

Xylitol 1:566
Xylitol recovery, membrane separation1:829
Xylose

Debaryomyces1:566
Listeriaspecies differentiation2:471
Zymomonasmetabolic engineering3:859f

Xyloseedeoxycholateecitrate agar (XDCA),
Aeromonasdetection 1:32

Xylose lysine desoxycholate (XLD) agar
Salmonelladetection 3:335e336

false-positives2:249
Shigellaisolation 3:412

Xylose lysine Tergitol� 4 (XLT4) agar,Salmonella
detection 3:336

Xylose reductase1:566
Xylulose-5-phosphate

pentose-phosphate pathway2:582
in peroxisomes2:122

Y
Y-1 mouse adrenal cells,E. colitesting 1:693
YadA3:834
Yakult� 2:436e437, 1:889
Yams3:473
Yarrowia2:7

anamorph seeCandida
characteristics2:37t
in foods, importance of 2:39t

Yarrowia lipolytica1:374f
bio � lms 1:374
biogenic amines1:376
in bioremediation 1:374, 1:376e377
characteristics1:374
cheese spoilage1:415, 3:479
citric acid overproduction 1:377, 1:805
classi� cation 1:374
4-decanolide production 1:790
enzyme production 1:377
fat conversion 1:376e377
foods containing 1:375t
food spoilage 1:376
fragrance production1:378
genome1:374
hydrocarbons conversion1:376e377

cytochrome P450 genes1:377
identi � cation methods 1:375

biochemical 1:375
genotypic 1:375
media used1:375
phenotypic 1:375

inhibition 1:376
natamycin 1:375e376

internal transcribed spacer regions1:374
isolation

from dairy products 1:376
from meat products 1:375, 1:375t

lipase production 1:374, 1:376e377
lipid production 1:377
metabolism 1:374
metal adsorption 1:374
mycelial transition 1:374
oil conversion 1:376e377
organic acid production 1:377
pathogenic 1:374
as probiotic 1:377
protein production 1:377
pseudohyphae1:374
salt tolerance1:374
specialty chemicals production1:377e 378
sporulation 1:374

Yeast(s)
acid tolerance3:128
antimicrobial compounds 2:945
atomic force microscopy2:672e675, 2:674f
as biochemical source3:829
bread making 1:304e306
commercialization forms 1:304
function 1:303
gassingactivity 1:305
storage1:305
utilization 1:305e306

budding ( � ssion) 2:14
butter spoilage2:734e735
cakes/pastries spoilage1:500, 1:500f
cell adhesion2:674f, 2:674e 675
cheese defects/spoilage1:401, 2:1015
chemical-imaging sensor2:707f, 2:707e710
chemical-imaging sensor,in situ observation

2:707f, 2:707
cidermaking 1:439, 1:439t

autolysis 1:439
� occulation 1:439

citric acid overproduction 1:805, 1:807
classi� cation 3:298, 3:823e824
cocoa butterlike fats productions1:802e803
cocoa fermentation1:486e487, 1:487t
coffee fermentation1:492
colorant production 1:785, 1:786t
commercial uses3:823

future developments3:829e830
compressedseeCompressedyeast
cream spoilage/defects2:732t
cytoplasmic water activity1:593
enrichment techniques2:73
enumeration techniques2:73e74

antibiotic use 2:73
growth media 2:73
liquid products 2:73
membrane � ltration 2:73

ester production 1:789
fat content 1:794t
fatty acid uptake2:526
in fermented foods 1:253e254, 3:829

salt-induced selection3:134
� lm-forming, wine spoilage 3:805
� avor compounds 1:788t
in foods

actidione-resistant species3:370f
genus frequencies3:369f, 3:369

freezing effects1:966t
food additives and 1:971

fresh seeFresh yeast
in fruit juices

heat resistance1:993
spoilage1:993

fruit microbiota 1:875
genetic engineering2:87
heat reactions2:170
high-pressure processing sensitivity2:169
high-value natural product production 3:829
historical aspects3:823
impedance techniques1:623, 1:628
inhibition

benzoic acid3:79
essential oils3:116t, 3:116
killer toxins 2:945
sorbic acid3:104t, 3:104e105, 3:105t

iron transport 2:536
ke� r grain micro� ora 1:900e902, 1:901t
koumiss micro� ora 1:906
laser inactivation treatment2:449f, 2:449
lipid accumulation 1:793
asListeria monocytogenesinhibitors 1:425
meat microbiota 2:515t
meat spoilage2:514
metabolic engineering3:829
mold-ripened cheeses1:411e412
multilocus sequence typing2:303t
natamycin sensitivity 3:88, 3:89t
oleaginous seeOleaginous yeast
order Saccharomycetales2:37t, 2:37
organic acids, adaptation to3:129f, 3:129
pH homeostasis1:581
polyunsaturated fatty acids2:521
preservative-resistant2:73e74
aspreservatives2:945
pressure-resistance2:208
as probiotic 3:828e829
production 3:823e830
products 3:828e829
proteomics 2:800e801

study techniques2:800e 801
pulsed ultraviolet light 2:979, 2:980t
pyridoxal 5’-phosphate synthesis2:541
refrigerated foods1:429e430
seafood spoilage3:454
smear-ripened cheeses1:418, 1:422
sorbate tolerance3:105
species delimitation criteria2:42
as starter cultures3:520

centrifugation harvesting3:34e35
sul� te treatment 3:72

resistance to3:111
synthetic biology 3:829
uses3:828e829
water activity

inhibitory values 3:132t
requirements3:751
responses to1:589e591
tolerancerange1:590t

white-brined cheese contaminant1:408
winemaking 3:788e789

alcoholic fermentation 3:788e789
biotechnological developments3:790t,

3:790
citric acid pathway 3:789
EmbdeneMeyerhofeParnas (glycolytic)

pathway 3:788e789
fermentation 3:797e799
glycerol production 3:789
growth patterns 3:788t, 3:788
induced fermentation 3:798
metabolites 3:789
principle genera associated3:787
recombinant DNA technology 3:790
self-cloning 3:790
spontaneous fermentation3:798
starter cultures3:789e790
strain identi� cation 3:790t
temperature effects3:789
wine quality 3:798e799

wine spoilage3:791t, 3:806t
see alsoFungi individual species; Mold(s)

Yeast cream3:828
Yeast extract3:828

in electrical media 1:632
Saccharomycescerevisiae3:314
uses3:828
as vitamin source, industrial fermentation media

1:774
Yeast extract agar, most probable number3:621t
Yeast extracte malt extract agar (YM agar),

Geotrichum2:91t, 2:91
Yeast extract-sodium lactate (YEL),

Propionibacterium3:234e235
Yeast extract-sodium lactate agarose (YELA),

Propionibacterium3:234
Yeast Identi� cation PC Program,Debaryomyces

1:569
Yeastelactic fermentations

Central Asian fermented milks1:900
milk 1:890e 891

Yeast lysates3:828
Yeast morphology agar (YMA),Debaryomyces

hansenii1:567e569
Yeast oil

production process1:800f
re� ning 1:802, 1:803t

Yeast peptone dextrose agar (YPD)
Rhizopuscultivation 3:289
Saccharomycescultivation 3:300t, 3:300e301

’Yeast seed’ 1:846
Yeasts of the World,Debaryomycesidenti � cation

1:569
Yeast water-glucose medium,Acetobacterisolation

1:6
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Yellow-brown algae (diatoms, phyto� agellates)3:25
Yellow corvenia, fermented1:858t
“Yellow-pigmented Enterobacter cloacae”

seeCronobacter sakazakii
Yellow pigments, bacterial1:785
Yellow rice disease2:891
Yersinia3:831

antigenic structures3:832
biochemical tests3:832
cell wall composition 3:832
characteristics1:661t, 3:831e832, 3:835e836
detection/isolation procedures3:836

enrichment techniques3:836
media used3:836

ice cream2:239
intraspecies relatedness3:831
maintenance3:836
optimal growth conditions 3:831e832
phenotypic differentiation 3:832, 3:833t
recovery from foods3:836
selective media3:836
sprouts, foodborne illness outbreaks1:1000
16S rRNA gene sequencing3:836
strain typing 2:340e342

see also individual species
Yersinia aldovae3:831, 3:833t, 3:836
Yersinia aleksiciae3:831, 3:833t, 3:836
Yersiniabercovieri3:831, 3:833t, 3:835
Yersinia enterocolitica3:838

antibiotic resistance3:835
antibiotic susceptibility 3:835
biochemical tests3:842t, 3:842e843
biogroups 3:834
biotyping 3:842e843

1A strains2:340, 3:834
1B strains3:834

characteristics3:832e835
dye-binding detection techniques3:838e 839

other techniquesvs.3:839e840, 3:842t
plasmidless avirulent (YEP-) strains 3:838

electrophoretic types2:340
enterotoxin production 3:832
epidemiology 2:340
food poisoning 1:665, 3:838
genetic lineages2:340, 2:341f
habitat 3:832
heat resistance, low-acid foods3:582, 3:583t
infection

clinical manifestations 3:834
human diseases3:831
treatment 3:835

infectious dose3:835
injury index 2:367t
irradiation resistance2:959t, 2:959
manosonication 2:987
manothermosonication 2:988
modi � ed atmosphere packaged meat2:519
molecular detection 3:838
pathogenesis3:832e835, 3:838
phenotypic characteristics3:833t
plasmid-bearing virulent strains (YEP+)

arti� cially contaminated foods 3:844, 3:845f,
3:846t

detection 3:838
direct detection and isolation 3:843f,

3:843e845, 3:844f, 3:845f
enrichment techniques3:841e842
freeze-stress effects3:847t, 3:848f, 3:848
isolation from food 3:840e843
maintenance3:843e845
selective enrichment techniques3:841e842
virulence 3:845, 3:848f

plasmid-encoding determinants3:834
pYV plasmid 3:838
refrigerated foods1:429
reservoirs3:834e835
selective media3:836
serotyping 2:340, 3:842e843
sources of3:834e835
taxonomic relationships 2:340
type III secretion system3:834
virulence 3:838

genes3:834
white-brined cheese contaminant1:407e 408

Yersiniaenterocolitica-like species3:831
Yersinia entomophaga3:831, 3:833t, 3:836
Yersinia frederiksenii

characteristics3:833t, 3:835
electrophoretic types2:340e342
as opportunistic pathogen3:831

Yersinia intermedia3:831, 3:833t, 3:835
Yersinia kristensenii3:831, 3:833t, 3:835
Yersinia massiliensis3:831, 3:833t, 3:836
Yersinia mollaretti3:831, 3:833t, 3:835
Yersinia nurmii3:831, 3:833t, 3:836
Yersiniaouter membrane proteins (Yops)3:834
Yersinia pekkanenii3:831, 3:833t, 3:836
Yersinia pestis

antibiotic resistance3:835
antibiotic susceptibility 3:835
biovars 3:835
characteristics3:833t, 3:835
hosts 3:832
transmission 3:835
virulence genes3:834

Yersinia pseudotuberculosis
antibiotic susceptibility 3:835
biotypes 3:835
characteristics3:832e835, 3:833t
food poisoning 1:665
hosts 3:832
infection 3:831

clinical manifestations 3:834
treatment 3:835

infectious dose3:835
pathogenesis3:832e835
reservoirs3:835
selective media3:836
serogroups3:835
virulence genes3:834

Yersinia rohdei3:831, 3:833t, 3:836
Yersinia ruckeri2:340e342, 3:831, 3:833t, 3:836
Yersinia similis3:831, 3:833t, 3:836
Yersiniosis3:838, 3:840e841
Yessotoxin3:28
Yiaourti3:557
YILip2 (Lip2p), Yarrowia lipolytica1:377e378
YM-11 Agar2:232e233
YM broth, Saccharomycesdetection 3:300t, 3:300
Ymer 2:445, 1:887
Yogurt 1:908e922

additional ingredients 1:909, 1:912e913
additives 1:912e913
characteristics1:908e909
classi� cation 1:908e909
composition 1:909t
defects1:920
de� nition 1:908e909
fermentation 1:917

Leuconostocaceae use2:463
Streptococcus thermophilus3:550e551

� rmness/hardness1:919
� avors,Streptococcus thermophilus3:556
� ow behavior tests1:920
� uid/drinkable 1:909e 911
gelation, lactoperoxidase system effects2:933
gels, physical properties1:919
history 1:909e910
inoculation 1:917
Lactobacillus bulgaricususe2:410, 2:427e428,

1:909, 1:917
lactoseintolerance 1:254, 2:430, 3:556, 2:649
legislation 1:908e909
lemongrass essential oil, spoilage prevention

3:138
manufacture 1:910e920, 1:910t, 1:911f, 1:918f

cooling 1:918
� nal process1:918
heat treatment1:913e917
homogenization 1:913
powdered milk addition 1:911e912
raw materials1:910
stages1:910e918
sugar/sweetener addition1:912
total solids content standardization 1:911

marketing data 1:908
metabolomics 2:783t
microstructure 1:919, 1:919f

visual observation1:919
milk fat content 1:910e911
natamycin use3:90f, 3:90
nisin use 1:192
nonmilk solids 1:910e911
outlook 1:922
packaging1:918, 2:1020
physicochemicalproperties 1:918e920
postacidi� cation 3:531
protein composition 1:912
quality assessment1:918
recent developments1:920e922
rheology 1:919
sensory properties1:918e920

aroma 1:918
taste1:918

set1:909
shear stress1:920
shelf life 1:920
spoilage

Candida1:372, 1:372t
fungal 3:475
Yarrowia lipolytica1:376
yeasts3:138

starter cultures3:509t, 1:917
forms 1:917
phage insensitivity3:531
ratios 1:917
symbiotic relationship 1:917

stirred 1:909
strained 1:891
texture 1:919, 1:920f

starter cultures in3:531
thickening 2:428
viscoelastic behavior1:919
water activity 1:912
whey protein-casein relationship1:912
Yarrowialipolyticain 1:376

Yogurt lactic agar
Lactobacillus bulgaricus3:555
Streptococcus thermophilusenumeration 3:555

Yogurt-related products1:891
Y-organ gland3:385
Youngiomyces2:58
Yst (Yst-A)3:832
Yst-A (Yst)3:832
Yst-b3:832
Yu-jiang1:855

Z
Zabady (laban zabady) 3:557, 2:644
Zearalenone2:857, 2:870t, 2:883, 2:890e891

acute toxicity 2:890
animal health effects2:857
aquatic environment 2:883
cereal contamination 2:883
chronic effects2:890
foods found in 2:869, 2:883
hematotoxicity 2:890e891
human health effects2:857
lateral � ow devices2:874e875
legislation 2:891
species producing2:854e855, 2:855t, 2:857,

2:881t, 2:883, 2:890
structure2:857f, 2:883f, 2:890

Zeaxanthin 1:785
Zeolites 2:1002
Zha cai1:847
ZiehleNeelsen stain

Mycobacterium2:845f, 2:846f, 2:847f, 2:848
staining procedure2:689te691t
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Zinc de� ciency2:822
Zinc nanoparticles2:895t
Zinc oxide (ZnO)

antimicrobial properties 3:56, 2:895
food packaging1:435
nanoparticles1:435, 2:895

Zinniol 1:57
Zooerythrin 3:384
Zoonotic diseases

European Union regulations 3:180
foodborne pathogens1:954

Zoopagaceae2:64e66
Zoopagales2:64e66
Zoopagomycotina 2:54
Zoospore(s) 2:22

Chytridiomycota 2:22e23
Peronosporomycetes2:47e48, 2:48f, 2:49f

cyst ornamentations2:48, 2:49f
discharge2:47
volume 2:49t

Zootoxin 2:854
Zurich House of Food Safety2:131e132, 2:132f
z value 2:161, 2:171t

Alicyclobacillus acidoterrestris1:996, 1:996t
Bacillus cereus2:623e 624
concept2:170, 3:568, 3:569f
Coxiellaburnetii3:583
de� nition 2:187
foodborne pathogens2:163t
high temperature and2:170, 3:575
pasteurization 2:170
spoilage organisms2:163t
UHT processes2:187, 2:188t

Zygomycetes2:2e 3
cell wall composition 2:13
classi� cation reappraisal2:54
molecular identi � cation 2:56
nomenclatural considerations2:55e56
traditional vs.molecular systematics2:54e67

Zygomycota2:2e3, 2:21, 2:54t, 2:54
asexual propagation2:56
class Zygomycetes2:2e3
family Cunninghamellaceae2:2, 2:63t
family Endogonaceae2:58
family Mortierellaceae2:60
family Mucoraceae2:2, 2:63t
family Syncephalastraceae2:2e3
family Thamnidiaceae2:2
morphological considerations 2:56
nomenclatural considerations2:55e56
Order MucoralesseeMucorales
ordinal structure 2:56e66
phylogenetic reconstruction2:56e57, 2:58f
revisions 2:55t, 2:56e66
sexual stage2:56
species distribution2:57f
zygosporogenesis2:56

Zygophores (progametangia)2:56
Zygosaccharomyces3:849

acid tolerance3:128, 3:129f
ascospores, heat resistance3:852
bene� cial biological activities 3:853
beverage spoilage3:852e853
characteristics2:7, 2:37t

morphological 3:849e850
ecology3:849e850
enumeration 3:853e854
in foods, importance of 2:39t
food spoilage 3:849, 3:852e853

contamination events 3:853
delay in 3:851
fermentative 3:853
� occulation 3:853
packagingdistortion/explosion 3:853
physiological traits and 3:850
quality control 3:853
signs3:853
surface-� lms 3:853

fructophilic behavior 3:851
functional genomic analysis3:854e855
genetic tools3:854e 855
heat resistance3:852
high osmotic pressure resistance3:852
as human pathogens3:853
identi � cation 3:849e850, 3:853e854

DNA-based technologies3:854
enrichment broths 3:854
plating techniques 3:854
yeast identi� cation kits 3:854

new species3:849e850
phylogenetic relationships3:849e850
preservative resistance3:851e852
recovery3:853e854
resistance characteristics3:850e851
taxonomy 3:849e850
xerotolerance2:39e40

Zygosaccharomycesbailii
biotechnological uses3:853
detection/isolation 2:73
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